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ABSTRACT

Angiogenesis is essential for tumor growth and metastasis. Here, we
have developed a peptide antagonist of human angiogenin, which is a
potent and tumor-associated angiogenic factor. ANI-E peptide was de

rived from the phage clone, which binds to angiogenin via the disulfide
constrained octapeptide epitope that is displayed on its surface, and is
displaced by actin. Disulfide-constrained ANI-E peptide inhibits the in
teraction of angiogenrn with actin, which is regarded as the angiogenin

binding protein on the surface of endothelial cells, without any visible
effect on the riimnucleolytic activity of angiogenin. The peptide also

inhibits the neovaseularization that is induced by angiogenin in the chick
chorloallantoic membrane assay. The antiangiogenic activity of the pep
tide is specific for anglogenin because the peptide does not have any
apparent effect on embryonic angiogenesis or the preexisting blood yes
sels. The disulfide bond and the glutamic acid inside the disulfide ring of
ANI-E peptide are indispensable for its antiangiogenin activity. Further
more, ANI-E peptide blocks the angiogenesis that is induced by the
angiogenin-secreting PC3 human prostate adenocarcinoma cells, without
any direct effect on the proliferation, as well as the adhesion of PC3 cells
to angiogenin. Therefore, the Inhibition ofthe twnor-lnduced angiogenesis
by ANI-E peptide is most likely caused by the neutralization of the
extracellular angiogenin that is secreted by PC3 cells. On the basis of our
results, ANI-E peptide may be effective for the treatment of various
human tumors that secrete angiogenin. Our results also strongly support

the hypothesis that the interaction of angiogenin with the cell surface
actin-like protein is essential for the biological action of angiogenin, and
angiogenin has an essential role in tumor-induced angiogenesis.

INTRODUCTION

Angiogenesis is a complicated process that involves the formation
of new blood vessels, and it occurs under normal conditions, such as
embryonic development, wound healing, and immune response. Sev
cmi malignant diseases, including rheumatoid arthritis, diabetic reti
nopathy, hemangiomas, and tumor are characterized by the persistent
and unregulated pathological growth of new capillaries (1, 2). The
growth of solid tumors requires constant neovascularization by the
angiogenic factors that are released by tumor and normal host cells
(3). Tumor cells receive nutrients and remove waste products via
newly formed capillaries, and the growth of tumor cells is further
enhancedby the paracrinegrowth factors that are releasedby acti
vated endothelial cells (4â€”7).Furthermore, angiogenesis is essential
for tumor metastasis. Several types of inhibitors that are specific for
different angiogenic factors or for the molecules that are important
components of angiogenesis inhibit the tumor growth in vivo (8â€”I1).
Consequently, inhibition of angiogenesis may lead to inhibition of

tumor growth and metastasis. Therefore, development of inhibitors of
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angiogenesis is an attractive therapeutic approach to the treatment of

tumors.

Several angiogenic proteins (12â€”18), such as basic fibroblast
growth factor, vascular endothelial growth factor, and angiogenin, are
involved in tumor angiogenesis. Among these, angiogenin is one of
the most potent tumor-derived angiogenic factors (12). The angioge
nm gene has been cloned (19), and three-dimensional structures of

human and bovine angiogenin have been determined (20, 21). Human
angiogenin has 35% sequence identity with human pancreatic RNase,
including the principal active-site residues ( 19, 22, 23). Although it is

extremely low compared with that of its homologous protein, RNase,
the ribonucleolytic activity of angiogenin is essential for its angio
genic activity (24â€”27). According to a dual-site model for angiogenin,

the receptor-binding site, which includes residues 58â€”70and 108â€”
111, is also essential for its angiogenic activity (28). Several lines of
evidence suggest that the biological activity of angiogenin is mediated
through the binding to cell surface receptors. Angiogenin activates
phospholipases C and A2 (29â€”31)and undergoes nuclear transloca
tion in endothelial cells (32). It promotes migration, invasion, and
tubular morphogenesis of endothelial cells by the activation of plas
minogen activator and plasmin systems (33, 34). Angiogenin-binding
protein, which is an a-actin-like protein, has been identified from
cultured bovine endothelial cells (35, 36). Actin and antiactin anti
body inhibit the nuclear localization of angiogenin and block the
angiogenesis induced by angiogenin in the chick CAM4 assay (32,

36). Angiogenin variants in which the receptor-binding site is cleaved
by partial protease digestion do not induce angiogenesis (28), and
these derivatives do not inhibit the interaction of angiogenin with
actin as effectively as does native angiogenin (36). Studies of hybrid
proteins in which the receptor-binding site of angiogenin and its
corresponding region of RNase were mutually exchanged clearly
indicate that residues 58 â€”70of angiogenin correspond to the receptor
binding site and are essential for its angiogenic activity (37, 38). In

addition, a I3-residue peptide corresponding to residues 58â€”70inhib
its the angiogenic activity of angiogenin in mice (38). Thus, the
interaction of angiogenin with the cell surface receptor via the recep
tor-binding site of angiogenin is an essential step in the angiogenesis

induced by angiogenin. Therefore, the receptor-binding site of angio
genin appears to be a good target site for development of the antag

onists of angiogenin, and blocking the interaction of angiogenin with
its receptor most likely will inhibit the angiogenesis induced by
angiogenin.

The phage-displayed peptide library has been emerged as a pow
erful tool for studies of ligand-receptor interaction and for the discov
cry of phamacologically active lead compounds, such as peptide
agonist or antagonist (39â€”41). We have used a phage-displayed
peptide library to identify the angiogenin antagonists that block the
interaction of angiogenin with actin. For this, we have constructed a
disulfide-constrained octapeptide library in which the peptide epitopes
were fused to the NH2 terminus of pIll coat protein in Ml3 phage.
This report describes the identification of angiogenin antagonists from
the phage library by screening for the phages that bind to angiogenin
and are displaced by actin and by characterization of the peptide

4 The abbreviations used are: CAM, chorioallantoic membrane; rhAng. recombinant
human angiogenin; cfu. colony-forming units; PBST, PBS + 0. I% Tween 20.
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ANTIANGIOGENIN PEPTIDE: ANI-E

synthesized, based on the epitope sequence of the selected phage. The
peptide designated ANI-E inhibits the interaction of angiogenin with
actin in a concentration-dependent manner in vitro and blocks the

angiogenesis induced by angiogenin and angiogenin-secreting tumor
cells, without any apparent effect on embryonic neovascularization or
preexisting blood vessels in the chick CAM assay.

MATERIALS AND METHODS

Construction of a Phage-Displayed Peptide Library. Two complemen
tary oligonucleotides that encode all possible disulfide-constrained forms of
octapeptides (Fig. I) were synthesized with the sequences 5'-TG 0CC (NNK)2
TGC (NNK)4TGC (NNK), ATA GAA GGA CGC CAT GC-3' (â€˜I'OL-52)and
5'-GGC CGC ATG GCG TCC TrC TAT (MNN)2 GCA (MNN)4 GCA
(MNN), GGC CAG CT-3' (â€˜POL-59), in which N is A, T, G, or C; K is G or

T; and M is C or A. To anneal the complementary oligonucleotides, 8 @.tgof
â€˜POL-52and 9 i.@gof â€˜I'OL-59oligonucleotides were phosphorylated with T4
kinase and mixed in 100 @.dof 1 M NaCI. The mixture was heated to 96Â°C for

10 mm and cooled slowly to room temperature. The phagemid pCANTAB5E
(Pharmacia Biotech) was digested with Sf1 and NotI and dephosphorylated

with calf intestinal alkaline phosphatase. Twenty ,.@gofthe completely digested
phagemid were eluted from the agarose gel and mixed with 10-fold molar
excess of the annealed oligonucleotides. These fragments were ligated by the
addition of T4 ligase. The ligated DNA was introduced into Escherichia coli

TGI by electroporation using the Gene Pulser (Bio-Rad), and the transformed
cells were infected with Ml 3K07 helper phage to amplify the peptide-dis
played phage library (39).

Screening of Angiogenin Antagonists from a Phage-Displayed Peptide
Library. To select the phages that display the candidate angiogenin antago
fists, the following biopanning protocol was adopted (42). A combination of

0.1 Mglycine-HCI, pH 2.2, for nonspecific elution and actin for specific elution
of the phages that were bound to angiogenin was used for biopanning. An

ELISA plate (96-well; Maxisorb, Nunc) was coated with 100 ng of rhAng
(R&D Systems) and then blocked with 3% BSA in PBS. In the first round of
biopanning, 1.0 x 1012 cfu of phage library were added to the rhAng-coated
well and allowed to bind at 37Â°Cfor 2 h. After the unbound phages were
removed with PBS and PBST, the bound phages were serially eluted with 50
nM and 5 fLMactin. For second round of biopanning, 6.5 X lOb cfu of the
phages that were eluted with 5 @Mactin were used after amplification. The

angiogenin-bound phages were eluted with 50 n@iactin and then with 0.1 M
glycine-HCI, pH 2.2. Finally, 1.2 X 10' â€c̃fu of the phages that were eluted
with glycine-HC1, pH 2.2, were used for the third round of biopanning. The
angiogenin-bound phages were serially eluted with 50 and 500 nr@iactin, 5 @M
actin, and then glycine-HC1, pH 2.2. The phages in all fractions were titered to
determine the degree of selection during panning.

DNA Sequencing. The phagesselectedfromthethirdroundof biopanning
were precipitated with polyethyleneglycol after amplification, and single
strand DNA was prepared by phenol extraction. The nucleotide sequences of
the epitope of the selected phages were determined by the dideoxynucleotide
chain termination method (43) using the primer with the sequence 5'-TCTG
TATGAGGTITrGCT-3'.

Peptide Synthesis. ANI-E and ANI-V peptides with the sequences
NH2-Ala-Gln-Leu-Ala-Gly-Glu-Cys-Arg-Glu-Asn-Val-Cys-Met-Gly-Ile-Glu
Gly-Arg-COOH (Mr 1934.2 Da) and NH2-Ala-Gln-Leu-Ala-Gly-Glu-Cys
Arg-Val-Asn-Val-Cys-Met-Gly-Ile-Glu-Gly.Arg-COOH (Mr 1904.2 Da),

respectively, were synthesized as disulfide-constrained forms and purified by

PeptidoGenic Research & Co. (Livermore, CA). Peptides were dissolved in

water at 5 mg/mI.The peptide solution was aliquoted and stored at â€”70Â°Cuntil
use.

Phage ELISA for the Binding of Affinity-selected Phages to Angioge
nm. An ELISA plate was coated with 100 ng of rhAng by incubation at 4Â°C

overnight and then blocked with 1.5% BSA and 0.25% lysozyme in PBS.
Affinity-selected type A or type B phages (1.0 X l0@cfu), which were
preincubated with 0.75% BSA, 0.125% lysozyme, and 0.1% Triton X-l00 in

A A Q L A Xl X2C X3X4X5 X6C X7X8
GCGGCCCAOCTGGccNNKNNKTGCNNKNNKNNKNNKTG@NNKNNK

I I
5tH

Factor Xa

I EG RHAA AETV
ATAGMGGAcGCCATGCGGCCGCAGAAACTG11

I I
Noti K:Gor

PCANTAB5 E
4517bp

Fig. 1. Construction of phagemids that encode a phage-diaplayed peptide library. Random nucleotides were introduced into the NH2-terminal region of the pIll gene of the
pCANTAB5E phagemtd using SfiI and NotI sites. There is a Factor Xa cleavage site 4 amino acids downstream of each epitope. N = A, C. G, or T nucleotide; K G or T; X, random
amino acid encoded by the random nucleotide NNK. The octapeptide epitopes are constrained by a disulfide bond due to the presence of two cysteines.
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Table 1 Summary of three rounds ofbiopanningRound

ofbiopanningcfuâ€•Yield'Input

(phage library)1.0 Xl012First
eluate (50 nM actin)

Second eluate (5 g.tM actin)NDC 5.7 X l0@ND 5.7 Xl0@2Input

(phage eluted by 5 psi actin)
First eluate (50 nM actin)
Second eluate (glycine-HCI, pH 2.2)6.5

X l0@
2.1 X l0@
2.4 X l0@3.2

X lO_6
3.7 XlO_6Input

(phage eluted by glycine-HC1)
Firsteluate(50nM actin)
Second eluate (500 nMactin)
Third eluate (5 @LMactin)
Fourth eluate (glycine-HCI, pH 2.2)1

.2 X 10â€•
2.5 X l0@
6.0 X l0@
3.4 x 106

542.0

X l0@
5.0 X l0@
2.8 X l0@
4.5 X l0 â€˜Â°

ANTIANGIOGENINPEPTIDE: ANI-E

PBS (preblocking buffer), were added to the control wells, which were treated
only with BSA/lysozyme, or to the rhAng-coated wells and allowed to bind at
37Â°Cfor 2 h. After the unbound phages were removed with PBST, the bound
phages were detected by incubation with sheep anti-M13 antibodies (Pharma
cia Biotech) followed by antisheep antibodies conjugated with horseradish

peroxidase. The bound horseradish peroxidase was determined by incubation

with 3 mg/mI of O-phenylenediamine dihydrochloride (Pierce Chemicals) in

30 mrvicitrate, 70 mMNa2HPO4,and 0.02% H202, pH 5.5. After the reaction
was stopped by the addition of an equal volume of 3 N HC1, A4@nmwas
determined in an automated ELISA reader (model EL 3l2e; Bio-Tek Instru

ments). To investigate the effect of reducing agent or Factor Xa on the binding

of type A and B phages to angiogenin, both phages were preincubated with
either 1 mM DU or 0.4 @.tgof Factor Xa per iO@cfu of phages in preblocking
buffer. The tested phages were added to the angiogenin-coated wells, and the
bound phages were detected as above. All assays were carried out in triplicate.

Biotinylation of Actin. Bovine muscle actin (0.5 mg; Sigma Chemical
Co.) was biotinylated using 100 @gof D-biotinoyl-â‚¬-aminocaproicacid N-
hydroxysuccinimide ester (Boehringer Mannheim) according to the manufac
turer's instruction. After the reaction, the mixture was dialyzed against 50 misi

Tris-HCI, pH 7.6â€”100mM NaC1 at 4Â°C.After centrifugation at 12,000 X g for
10 mm, the supernatant was aliquoted and stored at â€”20Â°Cuntil use.

Binding of Biotinylated Actin to the Immobilized Angiogenin. An
ELISA plate was coated with 100 ng of rhAng and then blocked with 1%
gelatin and 1% BSA in PBS. Biotinylated actin (1.6 X l0@ M) in 0.1% gelatin
and varying concentrations of test peptides were added to the wells and
incubated for 1 h at 37Â°C.Each well was washed three times for 3 mm each
with PBST. The bound biotinylated actin was detected by incubation with 16
fmol (58,000 cpm) of 251-labeled streptavidin (Amersham, 20 @Ci/j.@g),0.1%
gelatin, and 0.1% BSA in PBS. After the well was washed three times with
PBST for 3 mm each, the bound â€˜25I-streptavidinwas dissolved in 0.1 N
NaOH, and the radioactivity was determined in a y-counter. All assays were
carried out in triplicate.

Assay for RNase Activity of Angiogenin. Reactionswere performedat
37Â°Cfor 15 mm in the reaction mixture containing 0.4 mg of tRNA (yeast,
type X; Sigma), 10 @tMphenylmethanesulfonyl fluoride, 1 @.tgof human
angiogenin in 100 @lof 33 mM HEPES/NaOH, pH 7.0, and 33 mrs@NaCl in the
absence or presence of 250 and 500 @g/mlof ANI-E peptide. The reactions
were stopped by the addition of 240 pJ of 3.4% ice-cold perchloric acid, and
the tubes were kept on ice for 10 mm. Samples were centrifuged at 15,000 X g
for 10 mm, and the absorbance of the supernatants were determined at 260 nm
(23, 44). Experiments were carried out in duplicate.

Cell Culture. PC3 human prostateadenocarcinoma(ATCC CRL-1435)
cells were cultured in RPMI 1640 with 10% bovine calf serum and antibiotics

(Life Technologies, Inc.). Cells were subcultured after trypsinization, and the
medium was changed every 2â€”3days.

CAM Assay. The chick CAM assay (12) was carriedout to determinethe
antiangiogenic activity of ANI-E peptide. Briefly, 3 pi of salt-free aqueous

solution containing 10 ng of rhAng and/or test sample was preincubated for 15
mm at room temperature before being loaded onto a one-quarter piece of
15-mm Thermonox disc (Nunc) and dried under sterile air. The disc loaded
with sample was applied to the CAM of 9-day-old embryo. After 48 Â±2 h of

incubation, negative or positive response was assessed under a microscope.
Positive response, i.e., the appearance of a typical spokewheel pattern of new
blood vessels around the loaded samples, was determined by two observers in
a double-blind manner. Assays for each test sample were carried out in four
sets, and each set contained 10â€”20eggs. Modified CAM assay was carried out
to investigate tumor-induced angiogenesis. After trypsinization of confluent
cultures of PC3 cells, the cells were washed once with RPM! 1640 supple
mented with 10% serum and then twice with serum-free RPMI 1640. The
resulting pelleted cells were resuspended at 2 X i07 cells/mi in serum-free
RPM! 1640, which contained 1.5 mg/mI of rat tail type I collagen (Becton
Dickinson) in the absence or presence of ANI-E peptide. Five pJ of the mixture
were loaded onto one-quarter pieces of Thermonox discs and permitted to
polymerize. The discs were applied to the CAMs of 10-day-oldembryos. After
68 Â±2 h of incubation, discs and the surrounding CAMs were photographed,
and the number of blood vessels entering the collagen sponges was counted

under a microscope by two observers in a double-blind manner. Each exper
iment included 12 eggs.

PC3 Cell Adhesion Assay. Confluentcells were harvestedwith trypsin
EDTA mixtures and washed once with RPM! 1640 with 10% bovine calf
serum. The cell pellet was washed twice with serum-free RPMI 1640 contain
ing 0.1% BSA (fraction V. low endotoxin; Sigma). The final pelleted cells

were resuspended in serum-free RPM! 1640 containing 0.1% BSA, and cells
were seeded at 10â€•cells in 0.1 ml onto the wells of an ELISA plate, which were
coated with 4 @g/mlangiogenin. After 2 h of incubation under a humidified

atmosphere of 5% CO2 at 37Â°C,the plates were washed three times with 0.2
ml of PBS. The adhered cells were fixed and stained with methylene blue (45).

The methylene blue that was specifically incorporated into cells was extracted
with 0.1 N HC1, and the amount of acid-released methylene blue was deter

mined by its A@ nm in an automated ELISA reader (model EL 3l2e; Bio-Tek

Instruments). All experiments were carried out in triplicate.

Cytotoxicity Assay. After 24 h of incubation, PC3 cells (7 X l0@), which

were plated to each well of a tissue culture plate (96-well, Nunc), were
treated with varying amounts of ANI-E peptide diluted in culture medium
for three additional days. The number of viable cells was determined using

Cell Titer 96 Non-Radioactive Proliferation assay kit (Promega) according
to the manufacturer's instructions. Each experiment was carried out in

triplicate, and the average value was used to determine the percent viabil
ity.

RESULTS

Construction of a Phage-displayed Peptide Library. A phage
displayed peptide library composed of 3 X 108 independent recom
binants was constructed. Each phage displays an octapeptide epitope
containing a disulfide bond as a fusion protein with the NH2 terminus
of pill coat protein and contains a factor Xa cleavage site between an
epitope and pill coat protein (Fig. 1).

Selection of the Phages That Display Angiogenin Antagonists
from a Phage-displayed Peptide Library. A combination of gly
cine-HC1, pH 2.2, for nonspecific elution and actin for the specific
displacement of the phages bound to angiogenin was used to select the
phages that display the potential angiogenin antagonists. The results
of three rounds of biopanning are shown in Table 1. The yield of the
phages eluted by a high concentration of actin (5 p@M)following
washings with lower concentrations of actin was increased about

5000-fold after the third round of biopanning (5.7 X !0@ in the first
round of selection and 2.8 X l0@ in the third round of selection). In
the third round of biopanning, most of the phages bound to angiogenin
were eluted by 5 @LMactin, and only 54 phages were recovered during
the subsequent elution with glycine-HCI, pH 2.2. This suggests that
the biopanning methods that were used were quite effective for
enrichment of the angiogenin-binding phage clones that were specif
ically displaced by actin from angiogenin. The nucleotide sequences
of 12 randomly chosen phage clones that were eluted with 5 @Mactin

a To determine the cfu of each phage pool, phage-infected TGI cells were spread on

an ampicillin plate, and the ampicillin-resistant colonies were counted.
b The yield is defined as the ratio of the phages in eluates to the input phages in terms

of cfu.
â€ ÑD, not determined.
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Table2 Aminoacidsequencesof epitopesof theaffinity-selectedphagesfrom the third
round ofbiopanningThe

nucleotide sequences of epitopes of the phages eluted by 5 @LMactin and
glycine-HCI, pH 2.2, during the third round of biopanning were determined. Twenty
seven phage clones were randomly selected. Type A and B phages displayed epitope
peptides having the sequences GECRENVCMG and NTCKRFNCNLrespectively.Phage

clones Frequencyâ€•TypeActin

eluate (5 @LM) 10/12 A
2/12 B

Glycine-HCI, pH 2.2, eluate 13/15â€• A

ANTIANGIOGENIN PEPTIDE: ANI-E

during the third round of biopanning were determined (Table 2). Ten
clones were found to have type A amino acid sequence, and two
clones showed different amino acid sequence (type B). The nucleotide
sequences of 15 clones that were eluted with glycine-HC1, pH 2.2,
following the elution with 5 p.Mactin from the third round of biopan
ning were also determined. Interestingly, 13 clones encode type A
amino acid sequence, except for two clones that did not yield any
identifiable sequence. Therefore, 23 of the 25 phages examined dis
played consensus type A peptide having the sequence GECREN
VCMG, and the remaining two phages have the type B peptide
consensus sequence of NTCKRFNCNL.

Binding of Affinity-selected Type A and B Phages to Angioge
fill. Type A and B phages show higher binding to the human angio
genin that is immobilized on plastic wells than do the phages in the
library (Fig. 2A). This suggests that the binding of type A and B
phages to angiogenin is mediated via the phage-displayed epitopes.

A
100 -

75 -

50-

25 -

0

0

a
a

0
1.

a
C
c)
a

a

0@@

-10 -9 -8 -7

100

75

0

-6 -5
log lactini

-8 -7 -6 -5
log [ANI-EJ

Fig. 3. Effect of actin and ANI-E peptide on the binding of type A (0) and type B (0)
phages to angiogenin. A, inhibition of the binding of type A and B phages to angiogenin
by actin. B, inhibition of the binding of type A and B phages to angiogenin by the
synthetic peptide ANI-E. The binding of the affinity-selected type A and B phages to
immobilized angiogenin in the presence of varying concentrations of actin or AN!-E
peptide was determined as described in â€œMaterialsand Methods.â€•ANI-E peptide was in
a disulfide-constrained form.

The binding is specific for angiogenin because type A and B phages
did not bind to the wells that were treated only with the blocking
agents BSA and lysozyme. The interaction between the two phage
clones and angiogenin does not involve simple charge interaction
because the binding was carried out in the presence of lysozyme,
which has a similar molecular weight and a similar p1 to those of
angiogenin. Furthermore, the presence of 50 @LMof RNase A, which
has more than 35% sequence identity with angiogenin, did not affect
the binding ability of both phage clones to angiogenin (Fig. 2B).
Pretreatment of type A and B phages with 1 nmi Dli.' or Factor Xa
reduced the binding activity of the phage clones to angiogenin (Fig.
2B), withouthavingany effect on the infectivity of the phagesto its
host cells, TG1 (data not shown). Because the octapeptide epitopes of
phages are constrained by a disulfide bond and fused to NH2 terminus
of pill coat protein via the Factor Xa cleavage site (Fig. 1), these
results clearly indicate that binding of type A and B phages to
angiogenin is mediated via their epitope peptides and the disulfide
constrained structure of epitopes is essential for this interaction. Actin
inhibited the binding of both phage clones to angiogenin in a concen
tration-dependent manner (Fig. 3A). Half-maximal inhibition of the
binding of both phage clones occurred at around a micromolar con
centration range of actin. This result, together with the fact that the
phage clones were selected by displacement of the phages bound to
angiogenin by actin, implies that both type A and B phages bind to the
receptor-binding site of angiogenin. Disulfide-constrained peptide
ANI-E (AQLAGECRENVCMGIEGR) was synthesized on basis of
the DNA sequence of the NH2-terminal region of the pifi gene of type
A phage (the epitope sequence plus four additional flanking amino
acids on both sides; see Fig. 1). ANI-E peptide also inhibited the

binding of both phage clones to angiogenin in a concentration-depen

B

50 -

25 -

-4 -3

a The frequency is defined as ratio of the number of phage clones displaying either type

A or type B epitopes and the total number of phage clones.
b The remaining two clones could not be sequenced.

A

E:J control

â€”sngiogenin

1.2

0.9

0
0)
,*

0.3

0.0

100 -

75 -

50 -

25 -

0-

PhageLibrary TypeA TypeB

B

@::@TypeA
â€” TypeB

DTT FactorXa RNasA

Fig. 2. Binding of affinity.selected phages to the immobilized angiogenin. A, binding

of the phages in library and the affinity-selected type A and B phages to the immobilized
angiogenin (0) and nonspecific binding of these phages to the wells blocked with BSA
and lysozyme (0). B, effect of a reducing agent, Factor Xa. and exogenous RNase A on
the binding of the selected phages to angiogenin. The binding of Dli'- or Factor
Xa-treated type A and B phages and the binding of these phages in the presence of 50 @.uti
of RNase A to immobilized angiogenin were determined as described in â€œMaterialsand
Methods.â€•
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genic activity of angiogenin (28.8% positive response, P = 0.014),
which is comparable with the value obtained with 19 pmol of ANI-E.
ANI-E (190 pmol; P = 0.797) or ANI-V (200 pmol; P = 0.513)
peptide alone did not induce or inhibit the embryonic angiogenesis
(P > 0.5).

Inhibition of the Tumor-induced Angiogenesis by ANI-E Pep
tide. We investigated whether the angiogenin antagonist ANI-E in
hibits the angiogenesis induced by the angiogenin-secreting PC3
tumor cells. When PC3 cells (10@ cells) were entrapped in type I
collagen sponges and loaded directly on the CAMs of 10-day-old

embryos, detectable infiltration of blood vessels into collagen sponges
was observed within 3 days (Fig. 5), but the control sponges without

tumor cells did not induce neovascularization. Angiogenin antagonist
ANI-E peptide (258 pmol) abolished the infiltration of most of the
vessels into the collagen sponge without any visible effect on the

preexisting blood vessels. However, the mutant ANI-V peptide (262
pmol) did not affect tumor-induced angiogenesis. Quantitative anal
ysis revealed that there was 64% reduction in the infiltration of blood
vessels into the sponges in the presence of 258 pmol of ANI-E peptide
but only 10% reduction by 262 pmol of mutant ANI-V peptide. This
observation is consistent with the results obtained from in vitro
experiments; the antiangiogenin activity of ANI-V, a mutant form of
ANI-E in which glutamic acid is replaced by valine, is greatly reduced
by the single amino acid mutation (Fig. 4). ANI-V also showed very
little effect on the angiogenesis induced by angiogenin (Table 3). It is
well known that angiogenin supports the adhesion of many types of
human cells, including endothelial, fibroblast, and tumor cells (46,
47). Thus, angiogenin as an adhesion molecule may play an important
role in the process of angiogenesis and cancer metastasis. ANI-E
peptide did not inhibit the adhesion of PC3 cells to immobilized
angiogenin (Fig. 6). Furthermore, ANI-E did not show any cytotox

icity against PC3 cells. Therefore, the inhibition of the tumor-induced

angiogenesis by ANI-E peptide is not caused by cytotoxicity toward
tumor cells but is most likely caused by neutralization of the extra
cellular angiogenin secreted by PC3 cells.

DISCUSSION

Our goal in this study was the identification of angiogenin antag
onists from a phage-displayed peptide library. Several lines of cvi

dence suggest that the interaction of angiogenin with the cell surface
actin-like protein is essential for the angiogenic activity of angiogenin,
and this interaction occurs via the receptor-binding site of angiogenin
(28, 36â€”38).Therefore, the receptor-binding site of angiogenin is a
good target site for development of angiogenin antagonists. Phage

Table 3 Effect ofANi-E on the angiogenic activity ofangiogenin in the CAMassayCAM

assays were performed as described in the â€œMaterialsand Methods.â€•The results
are combined from four sets of assay, and each assay employed 10â€”20eggs. Positive
response indicates a typical spokewheel pattern of new blood vessels around theloadedsamples.No.

of positive eggs/ % positive
Sample no. of total eggs responseIâ€•Water

11/6217.7(5.89?Angiogenin
(0.7 pmol) 32/70 45.7 (7.88) 0.0003

ANI-E (19 pmol) 9/42 21.4 (5.08) 0.544
ANI-E (190 pmol) 8/51 15.7 (7.85) 0.797
ANI-V (200 pmol) 9/43 20.9 (7.46) 0.5 13
Angiogenin + ANI-E (19 pmol) 15/54 3 1.5 (4.6 1) 0.008
Angiogenin + ANI-E (190 pmol) 5/56 16.1 (8.73) 0.894

Angiogenin + ANI-V (200 pmol) 19/50 38.0 (6.08) 0.002

Angiogenin + actin (14 pmol) 15/52 28.8 (2.98) 0.014

,@ I
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Fig. 4. Effect of AN!-E and AM-V peptides on the binding of biotinylated actin to
angiogenin. Binding of biotinylated actin to angiogenin in the presence of varying
concentrations of disulfide-constrained ANI-E peptide (0), linear ANI-E peptide (I msi
DTF-treated; 0), or AN!-V (a mutant AN!-E; L@)was determined as described in
â€œMaterialsand Methods.â€•

dent manner (Fig. 3B), and half-maximal inhibition occurred at
around 50 and 400 @LMfor type A and B phages, respectively.

Inhibition of the Interaction of Angiogenin with Actin by
ANI-E Peptide. The disulfide-constrained ANI-E peptide inhibited
the binding of biotinylated actin to the immobilized angiogenin in a
concentration-dependent manner, and half-maximal inhibition oc
curred at around 1 @M(Fig. 4). However, ANI-E peptide did not
inhibit the ribonucleolytic activity of angiogenin, even at a 360-fold
excess of ANI-E peptide (data not shown). As shown in Fig. 2B, the
disulfide-constrained form of the epitope is essential for the binding
activity of the selected phages to angiogenin. Similarly, the inhibitory

activity of ANI-E peptide was also greatly reduced by the pretreat
ment with 1 nmi DTT. The result clearly indicates that the disulfide
bond in ANI-E peptide is essential for the activity of this peptide.
Peptide AM-V (AQLAGECRVNVCMGIEGR) is a mutant form of
ANI-E, in which the glutamic acid is replaced by valine. The inhib
itory activity of ANI-E was greatly reduced by this single amino acid
replacement. The mutant peptide was less inhibitory than the linear
form of ANI-E. Therefore, the glutamic acid inside the disulfide bond
ring is essential for the activity of ANI-E.

Inhibition of the Angiogenic Activity of Angiogenin by ANI-E
Peptide. The ability of ANI-E peptide to inhibit the angiogenic
activity of angiogenin was investigated by the chicken CAM assay
(Table 3). Angiogenin alone (0.69 pmol per egg) induced neovascu
larization in 45.7% of the eggs tested in five sets of assays. This value
(P = 0.0003) is significantly higher than the value obtained with
water alone (17.7% positive response). The activity obtained with
angiogenin in this report is quite comparable with the value reported
by others (36). ANI-E peptide blocked the neovascularization induced
by angiogenin, but this peptide had no effect on the preexisting blood
vessels. In the presence of 19 pmol of ANI-E, a 31.5% positive
response was observed. This roughly corresponds to 50% inhibition of
the response obtained by angiogenin alone. Complete inhibition
(P = 0.894) was seen with 190 pmol of ANI-E peptide. However, the
mutant peptide ANI-V did not significantly inhibit the angiogenic
activity of angiogenin: a 38.0% positive response was observed, even
with 200 pmol of ANI-V. According to a previous report, actin
inhibits the angiogenic activity of angiogenin (36). In our control
experiments, actin (14 pmol) also inhibited about 60% of the angio

a p@ were calculated from Student's t test, on the basis of comparisons with water

control samples tested at the same time as protein samples. P < 0.05, significantly
different from control experiments.

b Values in parentheses are SD.
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A B angiogenin. We used actin for specific displacement of the phages
from angiogenin. After three rounds of biopanning, most of the
phages that were displaced from angiogenin by 5 pM actin display the
consensus type A epitope sequence, GECRENVCMG, and the re
maiming two phages have the type B epitope, NTCKRFNCNL. The
results clearly demonstrate that the panning method used in this study
was effective for enriching the phages that bind to angiogenin. Several
lines of experimental evidence presented in this report suggest that the
selected type A and B phages specifically bind to angiogenin through
its NH2-terminal epitope peptide.

The disulfide-consirained form of ANI-E peptide was synthesized
on the basis of the DNA sequence of the NH2-terminal region of the
pill gene of type A phage. The epitope in ANI-E is flanked by four
additional amino acids on both sides (AQLAGECRENVCMGIEGR).
It is well known that the presence of flanking amino acids can enhance
the binding affinity of selected peptide epitopes (49). ANI-E inhibits
the interaction of angiogenin with actin in a concentration-dependent
manner. In contrast, the peptide apparently does not inhibit the ribo
nucleolytic activity of angiogenin. The results, together with the
observation that the affinity-selected type A phage binds specifically
to angiogenin via its epitope and the binding is abolished by the
presence of actin, imply that type A epitope may directly interact with
the receptor-biding site of angiogenin or may bind to an alternate site
and alter the conformation of the receptor-binding site of angiogenin
in an allosteric manner. The crystal structures of angiogenin and
ANI-E complex will be required to obtain more direct information on
how ANI-E peptide inhibits the binding of angiogenin with actin. The
inhibitory activity by ANI-E peptide, as well as the binding of the
affinity-selected phages to angiogenin, is greatly reduced by the

treatment of reducing agent. Thus, the conformationally constrained
form of this selected epitope is important for its interaction with
angiogenin.

ANI-E peptide inhibits the neovascularization induced by angioge
nm in a concentration-dependent manner in the CAM assay. ANI-E,
at a 28-fold excess over angiogenin, blocks 50% of the angiogenic
activity of angiogenin, and a 280-fold excess of ANI-E completely
blocks angiogemn (P = 0.894). The antiangiogenic activity of this
peptide is specific for angiogenin because the presence of this peptide

@â€”â€˜--@

C D
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I
V 30
0
0
m
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+ con ANI-E ANI-V

Fig. 5. Inhibition of the tumor-induced angiogenesis by AN!-E peptide. Top, angio
genesis was induced by PC3 human prostate adenocarcinoma cells on CAMs of 10-day
old embryos as described in â€œMaterialsand Methods.â€•After 68 Â±2 h of incubation, fat
emulsion (10%; Green Cross Pharmacy Co.. Seoul, Korea) was injected under the CAMs
to make vascular networks clear. Discs and surrounding CAMs were photographed.
Arrowheads, location of discs. A, no cells; B, cells only; C, cells + AN!-E (258 pmol); D,
cells + ANI-V (262 pmol). Bottom, quantification of the inhibition of the tumor-induced
angiogenesis by ANI-E. The effect of ANI-E and ANI-V peptides on the angiogenesis
induced by PC3 cells was investigated as described in â€œMaterialsand Methods.â€•After
68 Â±2 h incubation, the number of blood vessels entering the collagen sponges was
counted under a microscope by two observers, and the mean values were obtained.
Column + con, cells only; Column ANI-E, cells + ANI-E (258 pmol); Column ANI.V,
cells + ANI-V (262 pmol). Columns, average number of vessels of 12 CAMs in each
group; bars,SD.

displayed peptide library is a powerful tool for the development of
pharmacologically active peptide agonist or antagonist (39â€”41).We
constructed a library consisting of phages that display disulfide
constrained octapeptide for the development of angiogenin antago
nists. It is well known that high-affinity ligands can be more easily

identified if a disulfide-constrained library instead of a linear peptide
library is used for screening of target molecules (48). The initial phage
library was composed of 3 x 108 independent recombinants. Al
though this represents a small portion of possible diversity (416 x 28

@ l012), the diversity of our library was still large enough for

screening.
A combination of specific and nonspecific elution methods was

used to isolate the phages that can bind to the receptor-binding site of

125

100

.@ 75.
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@ 50

25â€¢
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-8 -7 -6 -5 -4 -3
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Fig. 6. Effect of ANI-E peptide on the adhesion of PC3 cells to angiogenin and

proliferation of PC3 cells. Assay for adhesion of PC3 cells was performed in the presence
of varying concentrations of ANI-E (0) as described in â€œMaterialsand Methods,â€•and the
result was expressed as percent of the cells adhered in the absence of peptide. PC3 cells
grown in culture were treated with varying concentrations of ANI-E (0) for 3 days, and
percent viability was determined as described in â€œMaterialsand Methods.â€•
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does not have any visible effect on embryonic angiogenesis or the

preexisting blood vessels. The antiangiogenic activity of ANI-E is
comparable with that of previously known angiogenin antagonist
actin; actin at 20-fold excess over angiogenin showed 60% inhibition
of the angiogenesis induced by angiogenin. ANI-E also inhibits the
neovascularization induced by angiogenin-secreting PC3 human pros

tate adenocarcinoma cells without any visible effect on the adhesion
of PC3 cells to angiogenin or the proliferation of PC3 cells. The
results strongly support the hypothesis that the interaction of angio
genin with its binding protein, actin-like protein, is essential for the
biological action of angiogenin (36) and that angiogenin has an
essential role for the establishment of human angiogenin-secreting
tumor cells (10, 50).

Replacement of the glutamic acid inside the disulfide ring of the
peptide by the hydrophobic amino acid valine (ANI-V) causes a
drastic reduction of the activity of ANI-E, including both the inter
action of angiogenin with actin and the angiogenesis induced by
angiogenin and PC3 tumor cells. The results suggest that the glutamic
acid at this position is indispensable for the activity of ANI-E.

The majority of cancer patients die of tumor metastasis. Angiogen
esis is indispensable for growth of primary tumor and metastasis (3).
Thus, the development of inhibitors of angiogenesis could be an
attractive therapeutic approach for the treatment of these malignan
cies. Several antagonists of different angiogenic factors, such as basic
fibroblast growth factor (8), vascular endothelial growth factor (9),
and angiogenin (10, 50) have been developed and are currently in
clinical trial. However, development of new class of antagonists that
can specifically antagonize tumor-secreted angiogenic factors may be
needed for the following reasons. Because more than one angiogenic
factor is involved in tumor-induced neovascularization and different
tumor cells secrete different angiogenic factors, blocking one specific
angiogenic factor by using a specific antagonist may not be sufficient
to inhibit the tumor growth and metastasis in general. Thus, a corn
bination of antagonists that are specific for each angiogenic factor
may be useful for a wide spectrum of cancers. Another consideration
is that the toxicity of the previously developed antagonists may hinder

their direct use in humans in many cases. For example, antibody
antagonists must be humanized for human use (51).

Among the several tumor-associated angiogenic factors, angio
genin is a good target molecule for development of angiogenic
antagonists because angiogenin has been known to be one of the
most potent angiogenic factors secreted by tumor cells and it has an
essential role in the establishment of human tumor cells of differ
ent histological types. Actin and noncytotoxic monoclonal anti
bodies against human angiogenin inhibit the growth of angiogenin
secreting tumor cells in nude mice via neutralization of the
extracellular angiogenin secreted by the tumor cells (10, 50).
However, humanization of murine antibodies for the treatment of
human cancer will be needed to circumvent the immunity problems
(51), and the direct use of actin for humans may cause seriousside
effects, such as pulmonary venous obstruction due to the formation
of actin filaments (52, 53). Unlike antibodies and actin, ANI-E,
which is a peptide antagonist of angiogenin that was developed in
this study, may not cause side effects, such as immunogenic
problems and pulmonary venous obstruction. Therefore, the ANI-E
peptide developed in this study may be useful for the treatment of
angiogenin-secreting human cancer.
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