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Helicobacfsr pyiori Ad hasin Binding 
Fueosylated Wisto-Blood Group 
Antigens Revealed by Retagging 

Bag Ilver,* Anna Arnqvisf,* Jahan bgren, Inga-Maria Frick, 
Bangeruia Kersulyte, Engin T. Bncecik,? Douglas E. Berg, 

Antonells Covacci, Lars Engstrand,? Thomas BorknB 

The bacterium Helicobacter pylori is the causative agent for peptic ulcer disease. Bac- 
terial adherence to the human gastric epithelial lining is mediated by the fucosylated 
Lewis b (Leb) histo-blood group antigen. The Leb-binding adhesin, BabA, was pur~fied 
by receptor activity-directed affinity tagging. The bacterial Leb-binding phenotype was 
associated with the presence of the cag pathogenicity island among clinical isolates of 
H. pylorj. A vaccine strategy based on the BabA adhesin might serve as a means to target 
the virulent type I strains of H. pylorj. - ., 
Ht.licobnst<r p>lo~i ,  ;l li~iman-syecitic gastric 
pathogen. was first ~sola teJ  in 1'32 ( 1 )  anc! 
h,ls emerpeJ a h  the c a ~ i s a t i ~ c  apent o t  chrosl- 
ic acti\.e gastritis aslcl peptic ulcer ciiseaae (2) .  
h'lost mfecteil inihr-i~luals s h o ~ ~  no  clinical 
ymptoills, iml3licating aJditional factors, 
s ~ i c h  2s pes~etic preLlispositiosl and the geno- 
type of the infecting htrais-i, is-i ilisease patho- 
genesic. Chronic lllfectlon 1s associated 1vit1-i 
the de~-elopment of gc*atric aiienocarcinoma, 
one ot the most conlmosl t\-pe,q of cancer in 
liumans ( 3 ) ,  a n J  H. py1o1.i was recent11- de- 
fined as 2 cliiss 1 carcinogen (4) .  

T h e  bacterium colonizes the humas1 gas- 
tric liulcosa h ~ -  ;~ilherlnp to the mucous et7- 
ithelial cells and the m~icus  layer limng the 
gaatric epitheliui-il (5). These acll~erel-ice 
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t~rotxrties tirotect the bacteria from the  ex- 
L L 

treine aciciity of the  gastric l~imesl asxi dis- 
ulacelneslt from the  stomach hv fL3rce.; such 
,is those geslerateil by peristalsis and gastric 
emptying. T h e  fucosylated h loo~ i  group an- 
tigens L e a i  1, (Le") ancl H-l (Fig. 1A) 
meiliate ailheres~ce of H. p>lou to h ~ u n a n  
gs t r i c  epithelial cells in situ (6). 

W e  have slovlr biochem~cally character- 
r e d  and iciel-itlfied the H. p > l o ~ i  hlood group 
antigen-hindin2 adhesin, BahA. Vario~is 
strains of H.  prloii .-ere analyzed for binding 
to '"I-labelei1 t~ucosylateil blood Froup anti- 
gens (Fig. 1B) (7 ,  8). Three of the five 
strains examinecl bounJ Lei' and H-1. T h e  
receptor specificities of these strains for the 
sol~thle hlooLi group antigens correlate with 
their adherence rropertiea in situ (6).  T h e  
prevalence of lilood group antiyen-hiniiil-ig 
(BAB) activity n-as also assesseLi alllong 95 
recmt clinical isolates of H pylo,-i, anii 66% 
(63 isolates) hound the Le" antigen (7). 
None o t  the reference strains or the 95 re- 
cent isolates holuld to the related Lei. H-?, 
Le", or Ley antigens (Fig. 1, A and B). These 
results support previous ohserl-ations of the 
receptor specificity of H pvlo7i for the Le" 
ani1 H-l blood antigens (6) and, in 
addition, iielnonstrate the high prel-alence of 
BAB activity among c l ~ ~ l i c a l  isolates. 

Isolates of H.  py1017 are thought to iisfkr 
in virulence and those frollr iniii\~iiiuals with 

'T,iese au:Iiors c o i t r c ~ - e d  ec l~a ly  -o : t i  s ?votk. peptic ulcers most often are type I strains 
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of the 95 recent isolates were analyzed for cag 
genotype (1 1) and binding to the Leb anti- 
gen. The presence of cagA was associated 
with bacterial binding to the Leb antigen; 
73% (54174) of %A+ strains, compared 
with 5% (1120) of the CagA- strains, were 
positive for binding. The cagA gene is locat- 
ed in the 40-kb cag pathogenicity island 
(PAI), which contains genes that encode 
proteins with similarities to components of 
secretion systems (1 2). However, a deletion 
of the entire PA1 that we engineered into a 
type I Leb antigen-binding strain resulted in 
no reduction in Leb antigen-binding activ- 
ity (13). Thus, the epidemiological associa- 
tion between CagA+ status and Leb antigen- 
binding activity is not mechanistic. 

We next determined the affinity con- 
stant (K,) for the BabA-Leb interaction by 
performing receptor displacement analyses 
(Fig. 1C). These results showed that the 
receptor-adhesin complex was formed un- 
der conditions of equilibrium. Most of the 
cells (>90%) of the bacterial population 
exhibited BAB activity, as determined with 
the use of confocal microscopy and fluores- 
cent Leb antigen (14). The Ka value for 
formation of the Leb antigen-BabA com- 
plex was -1 X 10'' M-' (Fig. ID) (15). 
The number of Leb glycoconjugate mole- 
cules bound to BabA was calculated as 
-500 per bacterial cell, similar to the num- 
ber of fimbriae organelles on the surface of 
Escherichur coli ( 16). 

The localization of BabA on the bacte- 
rial cell surface was investigated by immu- 
nogold electron microscopy. The BabA ad- 
hesin was detected on the bacterial cell 
outer membrane by probing with the Leb 
antigen, but not with the Lea antigen (Fig. 
2, A and B) (14). No gold particles were 
located on the flagellar sheath, suggesting 
that, despite their continuity, the mem- 
branes of the cell surface and sheath differ 
in protein composition. 

The molecular mass of the BabA protein 
was characterized by receptor overlay anal- 
ysis. BAB activity corresponded to a single 
75-kD band (Fig. 2C) (17); a 40-kD band 
also detected is probably endogenous perox- 
idase, possibly the 39-kD HP1461 peroxi- 
dase (18), because it stained without the 
Leb conjugate overlay. The panel of strains 
from Sweden, Australia, and South Amer- 
ica showed a conserved molecular mass of 
BabA (Fig. 2D). 

Because the BabA protein is not abun- 
dant (Fig. ID), we developed a combined 
ligand identification and purification 
technique, termed receptor activity-di- 
rected affinity tagging (ReTagging). 
Cross-linking agents with radiolabeled do- 
native tags have previously been used for 
characterization of receptor ligands (19). 
However, for ReTagging, the Leb glyco- 

conjugate was equipped with an  affinity 
tag-donating cross-linker structure. The 
modified Leb glycoconjugate directed the 
targeted transfer of the affinity tag (bi- 
otin) to the BabA protein by virtue of its 
receptor activity (Fig. 3, A and B). After 
cross-linking, the covalently attached bi- 
otin tag was used to identify the adhesin 
with streptavidin (Fig. 2E) (20). One bi- 
otin-tagged protein of 75 kD was detected 
in several strains, consistent with.the re- 
sults of the overlay analysis (Fig. 2, C and 
D). More generally, ReTagging should 

prove useful for diverse studies of interac- 
tions whether in infectious disease, in- 
flammation processes, or cell differentia- 
tion and development. 

The high specificity of the ReTagging 
technique provided a means for dfinity-pu- 
rification of the adhesin protein. After cross- 
linkiie. bacteria were solubilized in SDS -, 

sample buffer, streptavidin-coated magnetic 
beads were added to the solubilized proteins, 
and biotin-tagged BabA protein was extract- 
ed (Fig. 3C) (21 ). The sequences of the 20 
NH,-terminal amino acids of the BabA ad- 

Fig. 1. Biochemical A 19 -C  
characterization of the 
blood group antigen- Galpl.Wl.4 GkNA~p1.3 Galp1.4Gb 0.8 
bindina IBAB) activitv of 2 4 a + Lea 
H. p+ri.' (A) h e  fucisy- I I 
lated blood group anti- 
gens. The H antigen (de- 
fining group O- in 'the . 

AW- b~~ group sys- Unlabeled glycocon)ugate . 
tem) presents the B (w) 
Fucal.2 residue (no. 1) 
inthemechaintheL@ l:lD, \ ,  
antigen instead presents , , 20 
the Fucal.4 residue (no. 3 C 

2), and the dicosylat- ' ' c 2  

ed L& antigen presents Bo ' lo i 1 
both fucose residues. o , ,,, , ,,, , 
The equivalent H-2, CeX, 1 7 ~ 5  

O 0 0.2 0.4 0.6 0.8 1 .o 1.2 
and Lev antigens dier Bacterial strains Bound (nM) 

respectively by having a central pl.4 linkage, compared with the p1.3 linkage in the previous series (30). 
The fucosylated blood group antigens are typically found on red blood cells where they define the ABO 
blood group system, but they are also expressed on the epithelial cell surfaces as histo-blood group 
antigens (30). Gal, galactose; GlcNAc, N-acetylglucosamine; Glc, glucose. (6) Bacterial binding to 
soluble blood group antigens. Five H. pylon strains (7) were incubated with 1251-labeled blood group 
antigen glycoconjugates (8). Solid bars, Leb; open bars, H-1 ; striped (third) bars, L@; hatched (fourth) 
bars, H-2 plus LeX plus Ley. (C) Receptor displacement assay. Strain CCUGl7875 was incubated for 1 
hour with 10 ng of 1251-hbeled Leb conjugate, and the resulting complex was then challenged with an 
excess of unlabeled Leb or L@ conjugate. The remaining radioactivity in the bacterial pellet was 
measured (8). The Leb conjugate, but not the Lea conjugate, displaced the 1251-labeled Leb antigen from 
BabA. Concentrations of unlabeled conjugate ranged from 50 ng to 8 pg. (D) Scatchard analysis of the 
H. pyb+Leb antigen interaction. Binding of strain CCUG 17875 to the Leb antigen (8) was measured at 
Leb conjugate concentrations of 10 to 260 ng/ml, yielding a K, value of 8 x 1 O9 M-I (15). 

Fig. 2. Localization and characterization of the BabA ---T-" 

adhesin. (A and 6) Electron microscopy of cells of H. 
B-=y--- 

pylon' strain CCUG17875 exposed to biotinylated Leb 
or L@ glycoconjugates, respectively. After washing, 
bacteria were incubated with 10-nm gold-labeled an- 
tibodies to biotin (ICN, Costa Mesa, California), coun- 

+ 
terstained, and air-dried onto formvar-coated copper 
grids (14). Bar, 1 pm. (C) Characterization of the rno- 
lecular mass of the BabA adhesin by receptor overlay - 4- 
analysis (1 7). SDS-solubilzed protein extracts of 
strain CCUG17875 were separated by SDS-PAGE 
and transferred to a PVDF membrane, which was E 

1 2  1 2 3 4  1 2 3 4  
then incubated with biotinylated Leb glycomnjugate kD - 
(lane 1) or bitinylated albumin (lane 2), followed by 97- 

L 
peroxidase-streptavidin. The positions of molecular 66- 

size markers (in kilodaltons) are indicated on the left. 4c- H - 
(D) Receptor overlay analysis of BabA adhesins from 31- 

various strains. Lanes 1 to 4: A5 (Sweden), P466 20- 
(South America), CCUG17875 (Australia), and M019 
(United States), respectively. The lack of a Leb antigen-binding band with M019 is consistent with this 
strain's lack of BAB activity (Fig. 1 B). (E) Receptor activity-directed affinity tagging (ReTagging) (20) of 
BabA from various strains. Lanes are as in (D). Results are consistent with those in (D). 
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hesins from an Australian and a Swedish tified that encode two proteins with almost 
strain were found to be identical, and were identical NHz-terminal domains and com- 
used to construct degenerate polymerase pletely identical COOH-terminal domains 
chain reaction (PCR) primers for cloning (-300 amino acids), but with divergent cen- 
purposes (22). Two sets of clones were iden- tral regions (Fig. 4A). For the identification 

Fig- 3. ReTagging and A Cross-linker c 
purification of the BabA NHS+G 1 2 3 4 5 6  
adhesin. (A) A multifunc- i +Disulfide bond kD 7 

tional cross-linking agent Ary' /. 
was coniuaated to the ~ / / $ t ~ i o t i n  97- 

Leb glycdc&jugate. The 66iZ 
SU~~O-SBED cross-linker Leb-cross-linker conjugate 46t; 

contains an NHS group -. 
for conjugation to the 
protein core of the glyco- - 
conjugate, a central di- 
sulfide bond, a photore- 
active aryl azide group, + Leb ol~gosaccharide 
and a biotin side group 
(star) (20). (B) The Cross- B Leb-binding actlvity UV cross-linking Reducing 
linker-labeled Leb glyco- conditions 
conjugate is incubated Qe\ge Alburn~n 

with H. pylon so that 
binding to the bacteria 
brings the cross-linker A = adhes~n 

.* 
M"tt 

molecule close to the 
adhesin protein. When the cells are subjected to ultraviolet (W) irradiation, the photoreactive group 
forms a covalent bond to structures in the immediate vicinity (that is, the adhesin protein). Exposure to 
reducing conditions (DTT) results in cleavage of the disulfide bond in the cross-linker. The Leb glyco- 
conjugate is subsequently released and washed away. (C) Consecutive steps in the purification of BabA 
protein. Lane 1, SDS-PAGE and Coornassie blue staining of untreated bacterial protein extract (control). 
Lanes 2 and 3, protein extract after the ultraviolet-activated cross-linking reaction; lane 2 shows the 
Coomassie blue-stained gel and lane 3 shows blot detection of biotin-tagged proteins with peroxidase- 
streptavidin [the 75-kD BabA protein (asterisk) and some remaining Leb glycoconjugate of >I00 kD are 
apparent]. Lane 4, blot analysis of the protein extract after treatment with streptavidin-coated magnetic 
beads; no detectable biotin-tagged adhesin protein remained in the protein extract. Lanes 5 and 6, 
Coomassie blue-stained gel and blot analysis, respectively, of BabA protein eluted from the streptavi- 
din-coated magnetic beads. Lanes 7 and 8, Coorna?.de blue-stained gel and blot analysis, respectively, 
of the protein preparation after final fractionation by preparative SDS-PAGE; BabA is now the dominant 
protein band (21). This band was excised for NH,-terminal and COOH-terminal sequencing (21, 23). 

of the functional babA gene, the BabA ad- 
hesin was subjected to large-scale purifica- 
tion by ReTagging, which provided suffi- 
cient protein for determination of the se- 
quence of the 41 NHz-terminal residues. 
The DNA sequence of one set of clones 
encoded this 4lamino acid sequence, and 
the corresponding gene was designated MA.  
The gene corresponding to the second set of 
clones was designated babB. 

The genes corresponding to both sets of 
clones appear to encode proteins with an 18- 
to 20-residue signal peptide sequence that 
would be cleaved during secretion to pro- 
duce the determined NHz-terminal EDD se- 
quences. The calculated molecular size of the 
mature babA product is 78 kD (23). Howev- 
er, the cloned babA gene lacked an initiation 
codon at the start of the open reading frame 
(Fig. 4B). To localize additional babA gene 
alleles, we screened an ordered cosmid li- 
brary, and two babA genes and one babB 
gene were mapped (24). Gene inactivation 
experiments identified the functional babA 
gene in strain CCUG17875, which expresses 
the BabA adhesin; inactivation of the sec- 
ond babA gene, now denoted babA2, resulted 
in a loss of Leb antigen-binding activity, 
whereas inactivation of the original babA 
gene (babA1) did not affect Leb antigen- 
binding activity (U). The functional babA2 
gene was subsequently amplified by PCR and 
sequenced (without cloning). The coding 
region was found to be identical to the pre- 
viously cloned and sequenced babAl with 
the exception of an insert of 10 base pairs 
(bp) with a repeat motif in the signal peptide 
sequence, which resulted in the creation of a 
translational initiation codon (Fig. 4). Se- 
quence analysis of the MA2 gene obtained 
by PCR amplification and cloning in a plas- 
mid in E. cob revealed frequent deletion of 

B \: Processed 
Upstream Signal peptide protein - 

10 bp RM Predicted 
babA2 T ~ ~ C A G A ~ T T - ~ Q Q ~ ~ A ~ ~ ~  translation 
BabA2 Y K K ~  I L S L T L Q S  L L V S T L S A E D D Q F V T  + 
BabAl s K K E K K n - I L S L T L Q S  L L V S T L S A W D Q F V T  - 
Fig. 4. (A) The translated babA and babB sequences showing regions of amino acid sequence similarity 
and heterogeneity in black and white, respectively. The BabA2 signal peptide starts at position -20. 
Position -1 8 of BabB indicates the predicted translational start position. Positions 721 for BabA(78 kD) 
and 689 for BabB (75 kD) indicate the ends of the open reading frames. (B) Nucleotide sequence of the 
upstream and signal peptide regions of the functional adhesin genebabA2. The putative Shine-Dalgamo 
sequence is underlined. The signal peptide sequences predicted by babA 1 and babA2 are also shown. 
The 10-bp insert with a repeat motif (RM) is absent from babA1, wfiich is othe~lise identical to babA2, 
resulting in elimination of the start codon. A UAA termination codon is present at codon position -24 of 
the signal peptide region in babAl. The accession numbers for babAl and babA2 are AF001388 and 
AF033654, respectively, with both predicted proteins being 91 % identical to HP1243 (18). The acces- 
sion number for barn is AF001389, with the predicted protein being 95% identical to HP896 (18). 
Abbreviations for the amino acid residues are: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I ,  Ile; 
K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. 

hot spots for phenotypic (phase) variation 
within the bab gene family (25). 

The babA and babB coding sequences are 
highly similar to open reading frames in the 
sequenced genome of strain 26695 (open 
reading frames HP1243 and HP896, respec- 
tively) (18). The genomic location of 
babAl corresponds to that of open reading 
frame HP1243, as revealed by an almost 
perfect match between the upstream open 
reading frame HP1244 (ribosomal protein 
S18) and the sequence upstream of babAl 
from strain CCUG17875. No equivalent 
genomic location for the M A 2  upstream 
sequence was detected. Absence of the 
babA2 allele might explain the lack of Leb 
antigen-binding activity in strain 26695 
(Fig. 1B). Although the cag PA1 locus has a - 
lower G+C content than the average of 
39% for H. pylori (18), babA has a G+C 
content of 46%. Differences in G+C con- 

www.sciencemag.org * SCIENCE * VOL. 279 * 16 JANUARY 1998 375 



tent may inillcate the  ac i~~i is i t ion of genes 
and L)K-4 loci fiom different sources. 

'The bnb genes l x l o ~ i g  to a famil\- of -32 
yenes \\-hose products shon. extensive ami- 
n o  acld sequence homolog\- in the  NH,- 
terminal and COOH-termrnal Jomalns 
(13) (Fig. 4iZ), s~iggestinc possibilities for 
recornhination and conseiluent chances 111 

the posrtron. of in~ivlL1ual '~enes.  ~vr;lence 
iupporting thrc possihillty is provided hy the  
ma&' positioni of genes in  several strain.;. I11 

stram 76695, bnbB is located 5.3 kt. from 
the 18nc.4 gene (18). Pulsed-field gel map- 
p i ~ l g  also placecl 12iibB near t ' iicA in strain 
YCTC11637 ( 2 6 ) .  In  contrast, in strain 
NCTC1163Y ( 2 4 ) ,  bi?bA2 is located close to 
tiii.4. Recomhinatlon bet~veen duplicate 
segments would allow adhesin byntlieir.; to 
be readily +\vitched o n  or off. Such a mech- 
anrsm might he important 111 idetermini~~: 
hazt ipecit~cit \-  during co1oni:ation a n ~ i  in 
bacterial l~ersistence dtiring chronic infec- 
t ion ( 2 7 ) .  

W e  propose that  BahiZ-meJiateil ad- 
herence af H .  j ~ y l i o ~ i  to gastric eyithelium 
plq-5 a critical role in efticient deliverl- ot 
bacterial vrr~ilence factors that  damage 
host tis5Lie elther cIrrectl\- or throtigh in- 
flammatory or  au to imm~ine  reactions, 
el-entually leadme to  ulcer disease. Immu- 
ni:ation e s y e r i m c n t  ~ v i t h  ailliesins ~ > f  urn- 

E .  io l i  have i lcmo~iitrateii  t he  
poteiitial for tlie generation of antibodies 
that  ~i ih i l l i t  aLIhes~on ( 2 5 ) .  -4 vaccine 
strategy l~ascii  o n  the  Bah.4 aLIhesin might 
poss~hl\-  target t he  virulent t\-pe I strains of 
H.  p?lon, sparing the  1e.s virulent strains 
that  may 1.e consti tuents of t he  cornmen- 
sal flora ( 2 9 ) .  
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Cancer Treatment by Targeted Drug Delivery to 
Tumor Vasculature in a Mouse Model 
Wadih Map,* Renata Pasqualini,* Erkki Ruoslahtit 

In vivo selection of phage display libraries was used to isolate peptides that home 
specifically to tumor blood vessels. When coupled to the anticancer drug doxorubicin, 
two of these peptides-one containing an CI, integrin-binding Arg-Gly-Asp motif and the 
other an Asn-Gly-Arg motif-enhanced the efficacy of the drug against human breast 
cancer xenografts in nude mice and also reduced its toxicity. These results indicate that 
it may be possible to develop targeted chemotherapy strategies that are based on 
selective expression of receptors in tumor vasculature. 

'1Eniiothelial cells in the aiigiogcnic vessels 
n.itl1111 soli~i tumors express scr-era1 proteins 
that are absent or harely detectable In es- 
tabllshcci hlooil vessels ( I ) ,  illclu~ling a,, 
integrins ( 2 )  and receptors for certain an- 
giogcli~c groxt11 factors ( 3 ) .  W e  ha\,c ap- 
plied in vl\?o selection of phaye pepticie 
libraries to iilentlfy p c p t ~ d c s t l ~ a t  home sc- 
lectivelv to the vasculature of specific or- 
gans (-/ ,  5).  T h e  results of our studies ~ m p l y  
that inany tissues have vascular "aLidrcsses." 
T o  iieterlnine ~\.hether in vi\-o selection 
cc~uld he used to target tuinor blood r.essels, 
I\-e iiljected phage peptlde 1il;rarie into the 
circulation of nuile illice I?earing h~uinan 
l~rcast carclnoina xenoyrafts. 

Recc~verv ot pllaee fi-on1 the  tumors led , L L  

to the identiflcatioil of three inain peptide 
motifs that targeteci the phage into the  
tumors (6 ) .  O n e  motif containeil tllc se- 
quence Xrg-Gly-Asp (RGD)  (7,  8), emheci- 
iieii in a rectide structure that n-e ha\-e 
shon>n to bind selectively to a,  p3 anil u,J5 
integrins (9 ) .  Phage carrying -:this inotlf, 
CDCRGDCFC (terineii RGD-4C),  llolnes 
to s c ~ ~ e r a l  tumor types (including carcino- 
ma, sarcoma, anil melanoma) in a h l ~ l l l ~ .  ~. 
selective manner, and hollling is s p e ~ i t i c a l l ~  
inhibiteil by the cognate peptiile ( 1  i). 

A second yeptliie illotlf that accumulat- 
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cii in tumors rr-as iierived from a 1il;rary n.ith 
the general structure CX,CX,CX,C (X 
= variable residue, C = cystcine) (6 ) .  This 
peptlde, C S G R C V S G C A G R C ,  contained 
the sequence Asn-Gly-.4i-y (NGR!, n.hich 
has been identified as a cell adhesion inotit 
(1 1 ) .  X7c tested two other peptides that con- 
tain the N G R  inotif but are i~ther\vise differ- 

ent  from CNGRCVSGCAGRC: a linear 
peptiLlc, NGRAI-IA (1 1 ), and a cvcl~c pep- 
tide, CVLNGRhlEC. Tumor homing for all 
three pcptides rvas independent of the tumor 
t y c  and s p ~ i e s ;  the pllage homed to a 
human breast carcinoina (Fig. 1.41, a human 
Kaposl's sarcoma, c311d a mouse inelanoma 
( 1 2 ) .  W e  synt11csi:eii the nlinilnal cyclic 
NGR pcptiilc fl.oin the CNGRCVSG- 
C A G R C  pha9c and found that t111s pcptide 
( C N G R C ) ,  when coinjected with the phage, 
1nhil7ltcd the accumulation of the CNGR-  
CVSGC.4GRC phage (Fig. 1.4) anii ot the 
two other NGR-displaying phages in breast 
carcinolna xeno~raf ts  (1 2) .  

T h e  tliiril motlt-Gly-Ser-Leu (GSL) 
and its permutations-\\as frequently re- 
covered from screenings using breast carci- 
nolua ( 6 ) ,  IZaposi's sarcoma, anci malignant 
melanoma, ancl ho~ilillg of the  phage \vas 
inliihitcd 1.y the cognate peptide (Fiy. 1B). 
This lnotit \!.as not stuilieil f ~ ~ r t h c r  here. 

T h e  RGD-4C phage holnes selcct~r-ely to 
lxeast cancer xenografts (Fq .  1C) .  This 
homing call he inhihited by the free RGD- 
4C pepticic ( I$) ,  hut not hy the C N G R C  
peptide, even \vhcn this peptide was usei\ in 
amounts 10 times those that inhibited the 
homing o t  the N G R  phage (Fig. l D ) .  Tumor 
honiing of the N G R  phage was alsci partially 
inhibited by tlie RGD-4C peptide (Fip. lE) ,  
but this peptide Ivas only 1 c  to ?C9b as 
potni t  as CNGRC.  A n  unrelateci cyclic pep- 
tlitc, GACVFSI.%HECGA, hail no  effect o n  
the tumor-homing ability of either 
( 1 2). Thus, our 111 1-ivo screenings yicldeci 
tn.o peptlde motifs, RGD-4C and S G R ,  
both of r\,hic11 had yrer-iously been reported 

Fig. 1. Recovery of phage dspay- A B C 
ing iu~ i io r -ho~- i~ng peptides frolii 4 

breast carcinowa xenografts 
P-age [I 3"ransducng unts TC;)] ,; 

\]!as njecied 11-to ihe tall vein of % 
-nice bearlng size-watched MDA- E 
MB-435-der~ved tc,-nors i-1 c-n') 2 

and recovered aLter peliuslon. 
Mean values for phage recovered , 
iron: the tumor or control tlssue 
ibrai~i) and the SEM from tripcate g 
patngs are shov~n, iA) Recovery of O ~ o  peptide CNGRC 
CNGRCVSGCAGRC D-aqe fr0.n 

1 1 GSL phage / 1 Control phage - 

;uwor s o ~ d  bars) and bran 'strped bars) and t~ 

1n;ibiiion of the tu-nor hornng by the soluble 
pept de CNGRC. (B) Recovery of CGSLVRC 
phage and n h b t o n  of tu-nor hornng by the 
soluble peptlde CGSLVRC ;C) Recovery or 
RGD-4C phage (positive control) and un- 
selected pi-age Ibl.arj -nx jnegati?ie control). 
it)) ncreasilig awounts of tlie CNGRC soluble 
peptlde \were Injected \hd~i-; i  the RGD-LC 
phage, iE) ncreasng a-nounts of the RGD-AC 
soluble pepilde j!ere Injected j!lth tile NGR 
phage, nhb i ton  of the CNGRCVSGCAGRC 
phage -orring by the CNGRC peptlde 1s 
sho\*w In (A) n h b t o n  of the RGD-LC phage 
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