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Thomsen-Friedenreich (TF) antigen occurs on approximately 90% of human carcinomas, is likely
involved in carcinoma cell homotypic aggregation, and has clinical value as a prognostic indicator
and marker of metastasized cells. Previously, we isolated anti-TF antigen peptides from bacterio-
phage display libraries. These bound to TF antigen on carcinoma cells but were of low affinity and
solubility. We hypothesized that peptide amino acid sequence changes would result in increased
affinity and solubility, which would translate into improved carcinoma cell binding and increased
inhibition of aggregation. The new peptides were more soluble and exhibited up to fivefold increase
in affinity (K4 = 60 nM). They bound cultured human breast and prostate carcinoma cells at low
concentrations, whereas the earlier peptides did not. Moreover, the new peptides were potent in-
hibitors of homotypic aggregation. The maturated peptides will have expanded applications in basic

studies of the TF antigen and particular utility as clinical carcinoma-targeting agents.

KEY WORDS: Bacteriophage display; affinity maturation; carcinoma antigen; peptide; glycoepitope; fluores-
cence quenching; confocal microscopy.

1. INTRODUCTION

Tumorigenic transformation of mammalian cells results

2001; Updyke and Nicolson, 1986; Yakushigt al.,
1998). The carcinoma cell-associated carbohydrate anti-
gen, the Thomsen-Friedenreich (TBntigen, may par-

in changes in the repertoire of cell surface carbohydratesticipate in both physiological and pathological processes

(Brockhauseret al.,1998) and can lead to pathologic al-
terations in cellular adhesion and motility functions
(Matarreseet al., 2000). Numerous studies in cultured

that involve cell adhesion (Glinskst al., 2000, 2001,
Matarreseet al.,2000) and migration (Matarress al.,
2000). Springer and colleagues demonstrated that poly-

cell systems, which have been derived from a variety of agglutination in aging red blood cells and carcinoma cell
human cancers, indicate that changes in the cell surfacédhomotypic aggregation were both caused by interactions

expression of molecules that are involved in adhesion
promote carcinoma cell aggregation and increase the ef

ficiency of metastasis in mouse tumor modelsefLal.,
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between a blood group-related disaccharide, later identi-with enhanced carcinoma cell-targeting ability, potent
fied as the TF antigen, and cell surface proteins thatantiaggregation functions, and increased solubility. We
specifically bound to the TF antigen (Springeal.,1975, hypothesized that changes to the peptide amino acid se-
1983; Springer and Desai, 1977). The TF antigen hasquence would result in increased affinity and solubil-
been used clinically as a prognostic indicator (Baldus ity, which would translate into improved carcinoma cell-
et al., 2000) and as a marker of metastasized carcinomabinding characteristics and increased potency of inhibition
cells (Balduset al., 1998). of aggregation.

The TF antigen (galactosgl -3 N-acetyl-galac- In this study, improved peptide sequences were
tosamine) (Peletskaya al.,1996, 1997) occurs on up to identified by using a targeted combinatorial search of the
90% of human carcinomas (Springer, 1984). In normal sequence space immediately surrounding the TF antigen—
cells, the TF antigen is a sialylatégdlinked coreoligo- binding consensus sequence to identify amino acid se-
saccharide structure found on cell surface and secreteadjuences with maturated function. A library of peptides
glycoproteins (Baldu®t al., 1998, 2000; Brockhausen was designed, in which the six-residue TF antigen—binding
et al.,1998). In carcinoma cells, however, the TF antigen consensus sequence was held constant and was flanked
occurs in its immature, nonsialylated form (Brockhausen on each side by domains of random four- or five-amino-
et al.,1998). Although the concentration of the desialy- acid sequences. To select maturated anti-TF antigen pep-
lated TF antigen in healthy tissues is quite low (€., tides, the peptide library was displayed on bacteriophage
1996), several lines of evidence indicate that the TF anti-and affinity selected against purified TF antigen—bearing
gen concentration is markedly increased in carcinoma.glycoproteins.

The naturally occurring anti-TF antigen serum agglutinin Combinatorial maturation is a powerful chemigal

titer is reduced in carcinoma patients (Springer and Desai,to use to improve the binding affinity or other function
1977), and there is increased binding of TF antigen- of novel targeting agents for clinically or biochemically
binding lectins and antibodies to tumor relative to normal relevant antigens. Theoretically, combinatorial maturation
tissue (Springeet al., 1975). compensates for the sparse representation in the initial

Because of the physiological and clinical relevance combinatorial library of sequences related to the optimum
of the TF antigen, small, high-affinity anti-TF antigen sequence and increases the probability of finding rare
molecules (Lundquisét al.,2000) would have wide ap- mutations that improve upon protein function (Scott and
plicability as tumor cell-targeting agents and may further Smith, 1990; Yu and Smith, 1996). Studies in T cell re-
discern the role of the TF antigen in various processes,ceptors and antibodies clearly indicate that targeted com-
such as cell adhesion and cancer metastasis. Howevehinatorial techniques can break the “affinity ceiling” and
most high-affinity carbohydrate binding molecules are improve antibody function (Foote and Eisen, 2000). Yelton
larger multivalent molecules (Lundquestal.,2000) with et al. (1995) reported affinity maturation of an antibody
physicochemical characteristics that limit their clinical that recognizes Lewis Y-type carbohydrates, but matura-
and basic science applications (Jain, 1989). Previously, tion of affinity in small carbohydrate binding molecules
our laboratory identified a series of small peptides that has not been reported.
bound to the TF antigen, which were selected from a Combinatorial maturation yielded second-generation
combinatorial library of random 15 amino acid peptides peptides that bound to the TF antigen with improved
that was displayed on the surface of bacteriophage. A TFaffinity and that also exhibited superior binding to the
antigen—hinding amino acid consensus sequence was idersurfaces of cultured human breast (MDA-MB-435) and
tified (W-Y-A-W/F-S-P) (Peletskayat al., 1996, 1997). prostate (DU 145, LNCaP) carcinoma cell lines display-
The first-generation peptides, including P30 (HGRFILP- ing the TF antigen. Moreover, the second-generation
WWYAF SPS) (Peletskayet al.,1996), bound to the TF  peptides were potent inhibitors of metastasis-related homo-
antigen on selected cultured human carcinoma cell linestypic aggregation of cultured carcinoma cells. These re-
and interfered with metastasis-related cell aggregationsults supported our hypothesis that combinatorial matu-
events (Glinsket al.,2000, 2001; Peletskagh al.,1997). ration could improve upon the carcinoma targeting and
Although these results indicated that the peptides were tarmetastasis-related antiaggregation functions of carbohy-
geting the TF antigen and had antiaggregation potential,drate binding peptides. To the best of our knowledge,
the peptides exhibited low monomeric affinity for the TF this is the first example of the maturation of carbohydrate
antigen and could not be dissolved at high concentrationbinding affinity and an antiadhesion function in a soluble
in aqueous buffers, which significantly limited their use. peptide ligand. The second-generation peptides, which

Thus, a new generation of anti-TF antigen peptides are described herein, will have important applications in
were sought. Specifically, we wished to identify peptides further experiments to define the physiological and patho-
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logical roles of the TF antigen and may serve as diag-ciency DH&-F' competent cells (Life Technologies,

nostic and therapeutic agents in the treatment of manyRrockville, MD) and inoculate 6 L of terrific broth (1.2%

forms of carcinoma. bactotryptone, 2.4% yeast extract, 0.504% glycerol,
8.9 mM potassium phosphate, and 16/ml tetracy-
cline). Transformation efficiency was estimated by serial

2. MATERIALS AND METHODS dilutions of the transformation culture. The transforma-
tion yield was estimated to be 8 10° transforming
2.1. Materials units.

Unless specifically noted, all reagents were pur-
chased from Sigma Chemical Co. (St. Louis, MO). Com-
mercial ASF was prepared from fetuin by enzymatic
removal of the terminal sialic acid groups that masked For three rounds of selection, the TF antigen conju-
fetuin’'s 3 sialyl-TF antigen disaccharides (Edge and gated to human serum albumin (HSA) was immobilized
Spiro, 1987). The fUSES5 vector was kindly provided by on a streptavidin-coated Petri dish. Bacteriophage parti-
Dr. George P. Smith (Scott and Smith, 1990). cles were allowed to bind for 4 hr on a rocker table at

4°C. After extensive washing, bound bacteriophage par-
ticles were eluted with 40Q.1 of 0.1 N HCI, pH 2.2,
2.2. fUSE5 Bacteriophage Microlibrary 1 mg/ml BSA and were titered. Colonies from the final-

Construction round output titering plates were used as individual out-
put clones. Bacteriophage clones were selected for se-
guencing based upon the intensity of their signal on a
Sbacteriophage membrane binding assay, as described
previously (Peletskayet al.,1996). The inserts from 196
clones from the combined output of the final round were
sequenced to identify the encoded peptides, by using a
modified dideoxy sequencing method, as described pre-
viously (Peletskayat al.,1997).

2.3. Affinity Selection

A library of double-stranded DNA oligonucleotide
cassettes was synthesized commercially (Sigma-Genosy
Inc., Woodlands, TX). The plus-strand sequence Was 5
TCG GCC GAC GGG GCC (NNK)TGG TAT GCG
TGG TCC CCG (NNK) GGG GCC TCT GGG GCC
GAA AGT-3', where K represented an equal mixture of
G and T, and N represented an equal mixture of all four
deoxynucleotides. NNK represented an equal mixture of
32 triplet codons, including codons for all 20 amino
acids and the amber stop codoh(AG-5'). The result- 3 4. peptide Sequence Analysis and Synthesis
ing peptides contained the six-amino-acid TF antigen—
binding consensus sequence (W-Y-A-W/F-S-P) (Pelet- Peptide sequence analysis was performed by using
skayaet al.,1996, 1997) in the conserved central part of the ALIGN and FASTA programs and the GCG (Genet-
the peptide and terminal regions of random amino acid ics Computer Group, Inc., Madison, W) software pack-
sequence. The large size of the input library(bacte-  agde. Peptides were synthesized by using an Advanced
riophage particles) indicated that a large percentage ofChemTech 396 multiple peptide synthesizer (Advanced
the possible 15-amino-acid peptides were represented ifchemTech, Louisville, KY) and solid-phase Fmoc
the library (Scott and Smith, 1990). chemistry. Peptides were purified by using high-pressure

To construct the bacteriophage vector, the oligonu- liquid chromatography. Their masses were verified by
cleotide cassettes were digested vdjill and ligated using mass spectroscopy.

(10-fold molar excess) into the fUSE5 vector (40
total), which was linearized b$fi endonuclease diges-
tion. The fUSES5 vector (Scott and Smith, 1990) encodes
for a library of bacteriophages, each displaying one or The 1l aliquots of 1 mM ASF were spotted onto
more copies of the recombinant peptide, with unique a nitrocellulose membrane and dried. The nitrocellulose
primary sequence, in the context of the plll coat protein. was blocked (10 mM Tris, pH 7.5, 6% BSA) and washed
The ligation reaction was conducted overnight at 16°C in with Tris-buffered saline, pH 7.5, 0.1% Tween (TTBS).
30 mM Tris-HCI, pH 7.5, 30 mM NacCl, 7.4 mM Mggl The nitrocellulose was incubated with peptide solutions
2 mM dithioerythritol, 0.2 mM disodium ethylenedi- (100 uM in 10 mM Tris, pH 7.5, 6% BSA) for 1 hr,
aminetetraacetate (EDTA), 1 mM spermidine, 0.1 mg/ml washed, blocked, and then incubated with streptavidin—
acetylated bovine serum albumin (BSA), and 0.2BTWP. alkaline phosphatase conjugate (SA-AP) for 1 hr. Pep-
The ligation product was used to transform Library Effi- tide binding was detected colorimetrically by using nitro

2.5. Peptide Binding to Immobilized ASF
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blue tetrazolium, 5-bromo-4-chloro-3-indolyl phosphate, cent decrease from maximum {2 (QupdQmay)] X 100%}
andp-toluidine salt in substrate buffer (50 mM Tris, pH was calculated. All titrations were performed in tripli-
9.5, 50 mM NacCl, 2.5 mM MgCI+6}0D). The dot blots  cate. Binding affinity was calculated by using the single-

were dried and immediately scanned to create a digitalsite Langmuir binding equation (Kiret al., 1994) and
image. The mean pixel intensity (MPI) of the colored dot GraphPad Prism 3.0 software.

was obtained from nonmanipulated scans by using the

Adobe Photoshop software package “Histogram” func-

tion, which derived the MPI by calculating the average 2.7. Cell Lines and Cell Culture

pixel intensity for the selected pixels. Adobe Photoshop ,

reported MPI in arbitrary units (AU) (Millest al.,1997). _ The MDA-MB-435 human breast carcinoma cell
The MPI value of the SA-AP—only dot blot was sub- line, which was isolated from a pleural effusion (Schmidt

tracted from all peptide MP! values before analysis. The &t @l 1999); the DU 145 human prostate carcinoma cell
MPI of P30 was designated as basal MPI (MPLL). line (American Type Tissue Culture, Manassas, VA),
Percent change from basal MPI was calculated by usingWhiCh was isolated from a distal brain metastatic lesion

the Microsoft Excel software package and the formula: (Mickey et al., 1977); and the LNCaP human prostate
Percent increase [(Mp|second-generation peptide. MP'PS()/ cell line (Amerlcan Type Tissue CU“IUI’Q), which was iso-

MPIP39 * 100. lated from a proximal lymph node metastatic lesion
(Horoszewiczet al., 1983), were used in these studies.

_ The B16-F1 melanoma cell line (Fidler, 1975) served as

2.6. Fluorescence Quenching a negative control. Cells were grown to confluence in
Fluorescence quenching was used to study theRPM! 1640 media (GIBCO-BRL, Grand Island, NY)

binding affinity of the anti-TF antigen peptides for the SuPPlemented witb-glutamine, 10% fetal bovine serum,

TF antigen. The fluorophore molecule AlexaFluor 48g Sodium pyruvate, and nonessential amino acids.
was conjugated to ASF or other glycoproteins, accord-
ing to the manufacturer's directions (AlexaFluor 488
labeling kit; Molecular Probes, Eugene, OR). When the
peptides bound to the carbohydrates on the labeled gly- Dispersed cell suspensions (2<4.¢° cells/ml) were
coproteins, the fluorescence of AlexaFluor 488 was prepared in X phosphate-buffered saline (PBS), pH 7.4,
guenched, likely because of interactions between theand 4% formaldehyde, as described previously (Pelet-
fluorophore and tryptophan residues in the peptidesskayaet al.,1997). One 51l drop of each cell suspen-

2.8. Cell Surface Binding and Digital Image Analysis

(Mummert and Voss, 1996). sion was placed on each microscope slide. Slides were
Fluorescence quenching was conducted exactly asdried overnight at room temperature (RT). All peptide
described previously (Komissarast al., 1996, 1997; incubations were conducted simultaneously under iden-

Peletskayaet al., 1997) except that AlexaFluor 488 was tical conditions. Slides were blocked (10 mM Tris, P8,
used as a fluorophore rather than fluoroscein isothio-6% BSA) and washed. Slides were incubated with pep-
cyanate (FITC). AlexaFluor 488 is superior to FITC for tide solution (10QuM or 20 wM, 10 mM Tris, pH 7.5,
fluorescence quenching studies because it has a highet% BSA) for 1 hr at RT. When appropriate, peptide so-
fluorescent yield, its fluorescence is not affected by lutions were preincubated with 1 mM free TF antigen
buffer pH, and it is less sensitive to photobleaching (Accurate Chemical Co., Westbury, NY) for 1 hr. The
(Panchuk-Voloshinat al.,1999). Emission spectra were slides were washed and blocked, and.g@ml NeutrA-
obtained over the wavelengths 500-550 nm. Titrations vidin-Texas Red (Molecular Probes, Eugene, OR) was
(495-nm excitation, 519-nm emission) were conducted added for 1 hr at RT in the dark. Finally, the slides were
by adding increasing concentrations of peptides into awashed, and mounting media and coverslips were added.
1 nM fluorophore solution (10 mM Tris, pH 7.5). Fol- The slides were stored in the dark at 4°C until use. Laser
lowing equilibration, fluorescence emission in counts per scanning confocal microscopy was performed on a Bio-
minute (cpm) was recorded. For titrations, maximum fluo- Rad MRC 600 confocal microscope (University of Mis-
rescence (f&,) was defined as the fluorescence at 519 nm souri Molecular Cytology Core Facility).

of the unliganded fluorophore, and observed fluores- Mean pixel fluorescence intensity analysis (MPFI)
cence (Q,9 was defined as the fluorescence at 519 nmwas used to prepare a semiquantitative analysis of fluo-
of the liganded fluorophore. Each reportegh@nd Qs rescence intensity of peptide binding to cultured narcia
value was the average of readings from a 10-s period andell lines (Bainst al.,1997; Hallahan and Virudachalam,
was corrected for photobleaching (Kanal.,1994). Per- 1997; Liet al., 1997; Miller et al., 1997; Millis et al.,
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1997; Naureckienet al.,2000). The Adobe Photoshop concentration of ASF that caused half-maximal aggrega-

“Histogram” function reported MPFI in AU (Millegt al., tion (EG) was calculated by using sigmoidal nonlinear
1997). Prior to statistical analysis, both background noiseregression analysis and the GraphPad Prism software
(the autofluorescence of cell-free areas) (Bour-&ill., package. To compare the inhibition of homotypic aggre-

2000; Smith and Lange, 2001; Wohlaet al., 1999; gation among the second-generation peptides and to
Zucker and Price, 2001) and biochemical noise (the bind-compare maturation of this function to that observed for
ing of the peptide to the control B16-F1 cell line) (Bour- the first-generation peptide P30, 1.5 nM ASF (thg,EC
Dill et al.,2000; Gariniet al., 1999; Zucker and Price, concentration) was preincubated in the presence and
2001) were subtracted from each individual MPFI value. absence of 10Q.M or 20 uM of the second-generation
MPFI is reported numerically as mean MPFI (in At) peptides P30-1 or P17, the first-generation-peptide P30,
standard deviation. or a nonrelevant control peptide and the homotypic ag-
gregation assay was conducted, as described earlier.
Three independent replicates were completed of all ex-
periments. Statistical significance was determined by
using an unpaired, one-taild¢dtest and the GraphPad
The ability of the second-generation peptides to in- Prism software package.
hibit TF antigen-mediated homotypic aggregation in the
MDA-MB-435 human breast carcinoma cell line, which
is a well-established cultured cell model of homotypic
aggregation .(Gllnsk)et al., 2000; Glinskyet al., 2001), 3.1. Combinatorial Affinity Maturation of Anti-TF
was determined. These assays were conducted essen- Antigen Peptides
tially as described in the literature (Lotan and Raz, 1983;
Meronsky et al.,1986; Raz and Lotan, 1981; Updyke and The TF antigen, when exposed on the surface of car-
Nicolson, 1986). Subconfluent MDA-MB-435 human cinoma cells, has been shown to participate in cell adhe-
breast carcinoma cells were suspended and dilutedsion (Glinskyet al.,2000, 2001; Matarreset al., 2000)
to 2 X 10° cells/ml by using Ca- and Mdg*-free and migration (Matarreset al.,2000) functions that pro-
Dulbecco’s PBS, 2 mM EDTA (CM-DPBS) (GIBCO- mote metastasis (Fridmamal.,1990; Jessupt al.,1993;
BRL) (Lotan and Raz, 1983; Meromskyal.,1986; Raz Li et al.,2001; Lotan and Raz, 1983; Luztial.,1998;
and Lotan, 1981; Updyke and Nicolson, 1986). Cell via- Meromskyet al., 1986; Saikiet al., 1991; Updyke and
bility was assessed by trypan blue (Sigma Chemical Co.)Nicolson, 1986; Yakushijiret al., 1998). Earlier obser-
exclusion assay. The peptide P30-1, which was highly vations from our laboratory, as well as others, indicated
specific for the TF antigen and also exhibited the highestthat anti-TF antigen agents, such as antibodies (\&fzeailg
binding intensity to MDA-MB-435 cells, was used to 1997) and peptides (Glinslet al.,2000; Glinskyet al.,
initially define the effect of combinatorial maturation on 2001; Peletskayat al.,1996, 1997), may be valuable in
the ability of the second-generation peptides to inhibit carcinoma diagnosis and could provide valuable insight
homotypic adhesion of MDA-MB-435 cells. Increasing into the role of the TF antigen in homotypic carcinoma
concentrations of ASF (300 fM to 300M) in CM- cell aggregation. Previously, we isolated TF antigen—
DPBS werepreincubated in the presence or absence ofbinding peptides by using combinatorial bacteriophage
100uM P30-1for 0.5 hr at 37°C in a rotating water bath display selection. The peptides bound to the TF antigen
(75 rpm) in siliconized glass test tubes (Meromsky on carcinoma cells but were of low affinity and low sol-
et al., 1986). Then, 5< 10° MDA-MB-435 cells were ubility in physiological buffers. In the present study, we
added (finavolume = 500 wl), and the reaction was in-  sought improved anti-TF antigen peptides that possessed
cubated for 1 hr at 3. The number of aggregated and enhanced carcinoma cell-targeting abilities, potent anti-
single cells in digital fields 20 magnification) was  metastatic activities, and increased solubility.
recorded. Percent aggregation at each ASF concentration  The selection strategy was designed to mimic the
was calculated by dividing the number of aggregated strategy of recombination and somatic mutation used by
cells by the total number of cells (aggregated plus singlethe human immune system to build a repertoire of high-
cells) and multiplying by 100. In the absence of ASF, a affinity antibodies (Foote and Eisen, 2000). To accom-
low level of spontaneous aggregation was observed,plish this, randomized sequence was combined with a
which was not significantly reduced by the addition of known TF antigen—binding consensus sequence. The se-
100 uM P30-1. Basal aggregation was subtracted from lection strategy was designed to expand the sequence
all observations before analysis to account for this. The space from which to select TF antigen—binding peptides

2.9. Inhibition of Homotypic Aggregation of
Cultured Human Carcinoma Cells

3. RESULTS AND DISCUSSION
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and to increase the probability of selecting high-affinity peptides (10-5QuM). This indicated that the second-
binding (Scott and Smith, 1990). Increased stringency generation peptides were more water soluble in physio-
(Scott and Smith, 1990) was clearly observed in the de-logical buffers than was P30.
crease in the number of phage eluted during each suc-  Binding to immobilized ASF was used initially to
ceeding round of selection. The yield from each selection determine if the synthesized peptides could bind to the
round (from 1.0X 10 2% to 6.0X 10 “%) was signifi- TF antigen displayed on ASF (Fig. 1). Detectable sig-
cantly above the level of nonspecific absorption (8.5 nals over background binding (blot with SA-AP only)
105%) (Scott and Smith, 1990), which indicated that suggested that the two synthesized second-generation
specific affinity selection of TF antigen—binding bacte- peptides bound to immobilized ASF with detectably
riophage had occurred (Scott and Smith, 1990). higher intensity than did the first-generation peptide
P30. The increase in binding intensity was most dra-
matic for P30-1, which bound with nearly 80% higher
3.2. Binding of Synthesized Peptides to the TF intensity than did P30.
Antigen on Immobilized Glycoproteins

Analysis of the deduced peptide sequences indicated
. . 3

that the TF antigen—binding consensus sequence was in-
tact in the center of all recombinant peptides. A peptide
was selected for synthesis and prospective characteriza- To analyze binding affinity more accurately and
tion if the displayed peptide gave a high intensity signal precisely, a solution binding assay, fluorescence quench-
in a bacteriophage membrane binding assay (data noing, was used to calculate the dissociation constat (
shown) and/or if the deduced peptide sequence was repthat described binding affinity. Binding of the peptides to
resented with high frequency among the selected bactethe TF antigen displayed on ASF was detected by ob-
riophage clones. Since the first-generation peptides wereserving a quenching of AlexaFluor 488 fluorescence. Ini-
highly insoluble, the putative physicochemical nature of tial spectral analyses indicated that the two second-gen-
the peptides was also considered during the choice oferation peptides P30-1 and P17 caused significant
peptides for synthesis. Hence, a peptide was selected foguenching of AlexaFluor 488 fluorescence at a wave-
synthesis if the analysis of the calculated isoelectric pointlength of 519 nm. The maximal quenching that resulted
(pl) and calculated net molecular charge at pH 7.5 (de-from binding of 10uM P30-1 to labeled ASF was more
duced by applying the Henderson-Hasselbach equationthan twice that observed for the same concentration of
indicated that the peptide might be more water-soluble the first-generation peptide, P30 (Fig. 2). P17 (D)
than the first-generation peptide, P30. Given these guide-also caused a larger magnitude of quenching than did
lines, two peptide sequences were selected for synthesi®30 (data not shown). A 10-fold higher concentration of
(Table 1), including P30-1 (IVWHRWYAWSPASRI)
and P17 (YYAWHWYAWSPKSV-). These peptides
tended to have more basic calculated pl and/or higher cal-
culated net molecular charges than did P30 (data notg
shown). During the subsequent functional characteriza- § 100.0
tion, it was observed that precipitation of the second- g g,
generation peptides occurred at 5- to 10-fold higher con- &

= 60.0
centrations (100-50Q.M) than for the first-generation g

.3. Binding Affinity of Synthesized Peptides to the
TF Antigen on Glycoproteins

Table 1. Sequences and Relative Affinity of Microlibrary Peptides

P30-1 P17 P30
Anti-TF Antigen Peptides (100 uM)

Name Sequence ASFa Maturatfon
P30-1 IVWHRWYAWSPASRI 581.1 98.0 0.6 Fig. 1. Binding of anti-TF antigen peptides to TF antigen displayed on
P17 YYAWHWYAWSPKSV- 69.9+ 19.6 4.6 immobilized ASF. The L dots of 1 mM ASF or buffer only were
P30 HGRFILPWWYAFSPS 321.9 70.0 — spotted onto nitrocellulose and dried. The membranes were incubated
Control RNVPPIENDVYWIAF NDF ND3 with biotinylated anti-TF antigen peptides (1QM), control peptide

(100 uM), or SA-AP only and developed colorimetrically. Blots were
aKy = SEM, nM. scanned and intensity of binding was analyzed, as described in
b Maturation= increase in affinity relative to P30. K/{PePide)K (P39), “Materials and Methods.” The data are presented as percent change

°ND, no detectable binding. from basal with the MPI of P30 being designated as basal MPI.
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Fig. 2. Quenching of AlexaFluor 488 fluorescence by anti-TF antigen [Peptide], Log M
peptides. ASF (1 nM) was covalently labeled with AlexaFluor 488.
Binding of anti-TF antigen peptides (40M), but not the control Fig. 3. Affinity of binding to the TF antigen by affinity maturated anti-

peptide (100pM), to the TF antigen displayed on ASF quenches TF antigen peptides. ASF was covalently labeled with AlexaFluor 488.
AlexaFluor 488 fluorescence. Representative emission scans areBinding of anti-TF antigen peptides to the TF antigen displayed on ASF

shown for 1 nM ASF alone (solid line), 1 nM ASF plus (i8I 30- quenches AlexaFluor 488 fluorescence in a dose-dependent manner.
1 (——), 1 nM ASF plus 1M P30 (— ——), and 1 nM ASF plus  P30-1 (filled squaresfy = 581.1+ 98.0 nM; P17 (filled diamonds),
100 uM control peptide (— — — —). The percent quenching by K, = 69.9+ 19.6 nM; P30 (open trianglek), = 321.9+ 70.0 nM; P-

peptides relative to the cognate unliganded ASF solution at 519-nm Control (open squares, RNVPPIFNDVYWIAR, = not calculated.
wavelength was calculated. P30-1, 43.0%; P30, 27.3%; control Affinity (Ky) was calculated by using the Langmuir binding equation
peptide,<0.01%. and was reported & = SEM. Error bars were eliminated for clarity.

the control peptide resulted in no quenching, which indi-
cated that the control peptide did not bind to ASF.
Fluorescence quenching titrations were conducted
to observe the dose-dependent quenching of AlexaFluor Because the anti-TF antigen peptides were selected
488 fluorescence and to deri®g values for binding against immobilized, purified glycoproteins, we asked if
affinity (Kim et al.,1994) (Fig. 3). Both of the synthe- the isolated peptides would specifically recognize the TF
sized second-generation peptides bound with detectableantigen displayed in the context of a cell surface and if
affinity to the TF antigen displayed on ASF. As peptide the observed differences in the affinity of peptide binding
monomers, the second-generation peptide P17 exhibitedo the TF antigen presented on ASF would translate into
a greater than fivefold increase in affiniy & 60 nM) differential binding to the surfaces of cultured carcinoma
over the affinity of the best characterized of the first-gen- cells. Previously, the first-generation peptide P30 was
eration peptides (P3&4 = 320 nM) for the TF antigen  shown to bind at high concentrations (304d) to the TF
(Fig. 3). P30-1 did not show an increase in affingy € antigen exposed on the surface of cultured human breast
581.1 = 98.0 nM) relative to P30. Binding to the TF carcinoma cells (Glinskgt al., 2000, 2001; Peletskaya
antigen was saturable and the change from 10% saturaet al., 1997). To compare the binding of the maturated
tion to 90% saturation occurred over an approximately peptides with that of the first-generation peptides, we ob-
100-fold concentration range, which indicated a specific served binding to the MDA-MB-435 human breast carci-
single-site, noncooperative binding event. noma cell line (Schmidtt al.,1999) used in the original
Although the increase in affinity was not enormous, P30 studies. Additionally, two cultured human prostate
it is consistent with reports of the degree of affinity mat- carcinoma lines (DU 145 and LNCaP), which were de-
uration achieved in carbohydrate binding antibodies, rived from different metastatic stages (Horoszewical.,
which are much larger proteins. Yelt@t al. (1995) 1983; Mickeyet al., 1977), were used. At high concen-
reported a 5- to 15-fold increase in binding affinity after tration (100uM), both second-generation peptides (P30-1,
in vitro maturation of a Fab fragment of an anti-carbo- P17) and the first-generation peptide P30 bound with
hydrate antibody and a 65-fold increase for the completehigh intensity to the surfaces of cultured human breast
IgG molecule. Additional increases in affinity for anti- and prostate carcinoma cell lines (data not shown). There
TF antigen peptides may be achieved by using multiple was no binding by anti-TF antigen peptides to the TF
antigenic peptide (MAP) multimeric constructs. antigen-negative control cell line, B16-F1.

3.4. Binding of Peptides to the TF Antigen Displayed
on the Surface of Cultured Carcinoma Cells



200 Landon, et al.

If our hypothesis was correct, we expected to see anrepeated with this lower peptide concentration {20),
improvement in the cell surface binding characteristics virtually no binding of the first-generation peptide P30 to
of the second-generation peptides relative to P30. How-the TF antigen displayed on cultured carcinoma cell sur-
ever, the saturating intensity of high-concentration bind- faces was visible, with the exception of low-intensity
ing indicated that a lower peptide concentration was re-binding to the human prostate carcinoma cell line DU
quired to answer the question posed. In fluorescencel45 (Fig. 4). This differential binding suggested that the
quenching titrations, saturated binding was achieved level of exposure of the TF antigen might differ between
by the second-generation peptides at a concentration othe carcinoma cell lines. A control experiment, which
20 wM. When the cell surface binding experiments were was conducted to observe the binding of the TF antigen—

MB-435 DU-145 LNCaP B16-F1

30-
48.7+3.0 505+24 53.7+42 01+15
38.1+60 68+05 11.6+0.7
5+14 37.8+1.8 184+22 0.1+08
16209 1.0+£03 19402 00111
Control

Fig. 4. Binding of anti-TF antigen peptides to TF antigen displayed on cultured carcinoma cells.
Laser scanning confocal microscopic examination of cell surface binding of P30-1 and R (20

in the presenceH) and absence—) of competitor (1 mM free TF antigen) and MPFI analysis
were conducted, as described in “Material and Methods.” Binding of P30 and a nonrelevant control
peptide are shown for comparison. Fold reduction in binding intensity to the prostate lines was
calculated by dividing the MPFI in the absence of free TF antigen by the MPFI in the presence of
free TF antigen. The fold reduction in binding intensity to DU 145 cells was 7.4 and 19.9 for P30-1
and P17, respectively. The fold reduction in binding intensity to LNCaP cells was 4.6 and 18.4 for
P30-1 and P17, respectively.
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specific peanutArachis hypogaégalectin (PNA) (Lotan specificity of peptide binding to cell surface carbohy-
et al., 1975) to carcinoma cell surfaces, suggested thatdrates, biotinylated peptides were preincubated with free
the low-intensity binding of P30 to the surface of DU TF antigen. Cell surface binding was observed by using
145 cells resulted from the concentration of the TF antigenlaser scanning confocal microscopy. While there was
on the cell surface as opposed to the dispersed bindingcompetition by 1 mM free TF antigen for binding of both
sites in the other cell lines (data not shown). second-generation peptides (M) to all cell lines,

Visual analysis indicated that the second-generationstrikingly different degrees of competition by free TF
peptides (20uM) P30-1 and P17 (Fig. 4) bound with antigen were observed for the binding of P17 and P30-1
higher intensity to the TF antigen displayed on carcinomato the two prostate lines (Fig. 4). Both visual and MPFI
cell surfaces than did P30. These three peptides showednalyses indicated that the free TF antigen competed
no visibly detectable binding to the negative control cell with high efficiency for P17 binding to both LNCaP cells
line, B16-F1. Visual evaluation suggested that P30-1 (1.0 = 0.3 AU) and DU 145 cells (1.8 0.2 AU). In
bound with higher intensity to the panel of cell lines than contrast, the free TF antigen was unable to completely
did P17. Both peptides also showed diffuse, low-intensity compete (a sixfold reduction in MPFI) for P30-1 binding
binding within the cytoplasm of the carcinoma cells. to either LNCaP (11.6- 0.7 AU) or DU 145 (6.8- 0.5

To confirm our visual observation of differing inten- AU). Thus, P17 appeared to be more specific for cell sur-
sity binding by peptides, a semiquantitative digital analy- face TF antigen than was P30-1. There was no competi-
sis of peptide binding to the cell surface TF antigen wastion by 1 mM free TF antigen for binding of P30 or the
conducted. Similar semiquantitative image analyses havecontrol peptide to any of the three cultured human carci-
been applied in plant (lat al.,1997) and mammalian cells noma cell lines (data not shown).

(Hallahan and Virudachalam, 1997) to protein expression Subsequent fluorescence quenching titrations,
(Bainset al.,1997; Millis et al.,1997) and cellular trans-  which were conducted to define the difference in speci-
port functions (Milleret al.,1997; Millis et al.,1997). The ficity in anin vitro system and to derivE, values to
relative differences in binding intensity detected during the describe the affinity of peptide binding to related oligo-
MPFI analysis represented real differences in binding, saccharides (Fig. 5), indicated that both second-generation
since two sources of nonspecific signal were removed bepeptides had evolved greater specificity for the TF anti-
fore analysis and stringent technical controls were appliedgen than that possessed by the first-generation peptide,
to reduce variability between the digital images to allow P30. Transferrin, which displays sialyl-galactgxe- 4
relative comparisons of binding intensity. In cell surface N-acetylglucoseamine (sialyl-LACNACc) (Finne and Kru-
binding assays, MPFI analysis clearly showed an increasesius, 1979), and fetuin, which displays the sialylated-TF
in signal intensity for P30-1 and P17 relative to the first- antigen (Edge and Spiro, 1987), were labelit Alex-
generation peptide, P30 (Fig. 4). The digital image analysisaFluor 488 and used as fluorophores. Both P30-1 (Fig. 5A)
confirmed our visual analysis that P30-1 bound with and P17 (Fig. 5B) possessed reduced affinity for sialyl-
higher intensity to all cell lines than did P17. LACNACc (P30-1,Ky = 13.3=* 3.2uM, 27-fold reduction;
P17,Ky = 379.1 = 94.1 nM, 18-fold reduction) com-
pared with the TF antigen. Both peptides also bound with
very low affinity to the sialyl-TF antigen displayed on

The effects of affinity maturation on the specificity fetuin (data not shown). Finally, the affinities of the sec-
of carbohydrate binding by the second-generatiotigiep ond-generation peptides for the different carbohydrates
was defined. While, for the most pantyvitro maturation were compared with those of P30. P30 (Fig. 5C) bound
of affinity has not been reported to affect the molecular to sialyl-LACNAc Ky = 1.1 = 0.15uM.) with 3.4-fold
determinants of the specificity of binding (Yeltehal., lower affinity than to the TF antigerkKf = 321.9
1995), intentional broadening of binding specificity via 70 nM). Therefore, affinity maturation appears to have
functional maturation has been reported for some pro-also resulted in selection of second-generation peptides
teins, including cytokines (Charey al.,1999) and anti- (P17 and P30-1) with higher specificity for the TF antigen
bodies (Barbast al.,1994). compared with the first-generation peptide P30.

In this study, combinatorial affinity maturation ap-
peared to result in increased binding specificity for the
TF antigen over closely related carbohydrates. The first
hint of a change in specificity was the differential com-
petition by 1 mM free TF antigen for binding of P17 and
P30-1 to cell surface TF antigen in the DU 145 and Experiments were conducted to determine if, in
LNCaP prostate carcinoma cell lines (Fig. 4). To assessaddition to maturation of the anti-TF antigen peptides’

3.5. Specificity of Carbohydrate Binding

3.6. Inhibition by Anti-TF Antigen Peptides of
Homotypic Aggregation of Cultured Human
Carcinoma Cells
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A binding affinity and specificity, maturation of a physio-
logically relevant function had occurred. We chose to
60- observe the effect of combinatorial maturation on the
50- ) - peptides’ abilities to inhibit homotypic aggregation of
Ratio of Specificity: 26.7 carcinoma cells because the link between TF antigen—
4(0)- mediated carcinoma cell homotypic adhesion and metas-
O tatic potential has been amply demonstrated in a number
30 S ) . .
of tumorigenic cell lines. Thus, if the maturated anti-TF
204 antigen peptides could reduce TF antigen—-mediated
10- i homotypic aggregation, they might have important clin-
ical applications in reducing the metastatic potential of
0- carcinoma cells (Fig. 6).
AA
-10 : : : , : : The prospective physiological and clinical impor-
E 10 9 8 -7 6 -5 -4 tance of the second-generation peptides was demonstrated
= B by the enhanced ability of the second-generation pep-
E tides, compared with the first generation peptides, to in-
o= hibit metastasis-related homotypic adhesion. The best and
z‘é 601 most widely usedh vitro assay for TF antigen—mediated
2 504 Ratio of Specificity: 18.5 adhesion in carcinoma cells is ASF-stimulated homo-
E 40- typic adhesion. Previously, our laboratory demonstrated
that the first-generation peptide P30 inhibited homotypic
e 30- adhesion in MDA-MB-435 human breast carcinoma cells,
J‘_': 20- presumably by binding to and occluding the TF antigen
(Glinsky et al.,2000, 2001). The second-generation pep-
g 10 o tide P30-1, which was highly specific for the TF antigen
< 0- = and also exhibited the highest binding intensity to MDA-
2 10 MB-435 cells, was used to initially define the effect of
& ! ! ! ! ! ! combinatorial maturation on the ability of the second-
5 -10 9 8 -7 -6 5 4 generation peptides to inhibit homotypic adhesion of
C MDA-MB-435 cells (viability >95%).
°\° In our hands, the TF antigen, which was presented
601 on ASF, mediated homotypic adhesion of MDA-MB-435
504 Ratio of Specificity: 3.4 cells, which was significantly inhibited by the maturated
40- anti-TF antigen peptides. Addition of ASF to a single-cell
suspension of cultured MDA-MB-435 cells inducetbae-
301 ; dependent increase in homotypic aggregation (Fig. 5A).
20- The ASF concentration causing half-maximal aggrega-
tion was determined by nonlinear regression to be ap-
10+ proximately 1.5 nM ASF (Fig. 5A). By binding to the TF
0- antigen and occluding its interaction with cell surface
lectins, P30-1 (10G+M) reduced the potency of ASF-
-10 T T T T T T induced aggregation by nearly 1000-fold, with half-
-10 9 8 -7 -6 5 -4 maximal aggregation occurring at an ASF concentration
. of 1.6 uM (Fig. 5A). To compare differences in inhibi-
[Peptide], Log M tion of TF antigen-mediated homotypic aggregation

Fig. 5. Specificity of binding by second-generation peptides P30-2 and a}mong the s:econd-generatlon peptldes and relative to the
P17. Fluorescence quenching titrations of binding of P3@)1 R17 first-generation peptide P30, 1.5 nM ASF (thesgon-

(B), and P30C) to AlexaFluor 488-labeled ASF (filled squares) and centration) was preincubated with anti-TF antigen pep-
transferrin (filled diamonds) was conducted, as described in “Materials

and Methods.” Binding of the control peptide to AlexaFluor 488— -

labeled ASF (filled triangles) is shown for comparison. The ratio of disaccharide ared) P30-1Ky = 15.6+ 4.1 uM; (B) P17,Kq = 1.3+
specificity was calculated by dividing th€, describing affinity of 0.2 uM; and C) P30,Ky = 1.1 + 0.1 pM. In all parts, affinity Ky)
peptide binding to labeled transferrin by tgdescribing affinity of was calculated by using the Langmuir binding equation and was
binding to labeled ASF. Affinities of the peptides for the transferrin reported a¥y = SEM. Error bars were eliminated for clarity.
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peptide P30 or the second-generation peptide P17. How-

ever, when the concentration of the peptides was reduced
to 20 uM (Fig. 5B), it became apparent the second-
generation peptides P30-1 and P17 more effectively in-
hibited aggregation than did the first-generation peptide
P30. At 20pM, the maturated anti-TF antigen peptides
were able to effect a statistically significant reduction in
ASF-mediated homotypic aggregation. In contrast, the
first-generation peptide P30 produced only a slight de-
. . crease in aggregation, which was not statistically signifi-

-13 -10 -6 3 cant. At a peptide concentration of g, P30-1 was

more effective than either P17 or P30, but P17 caused a
[ASF], LOg M much greater reduction in inhibition than did P30. The in-
hibition of aggregation caused by the second-generation

707 anti-TF antigen peptides did not appear to be a nonspe-
cific effect of the presence of the peptides in the system

I because a nonrelevant control peptide did not reduce
*% * ! ASF-mediated homotypic aggregation at either concen-

tration. These observations also indicated that the second-

* % I I generation peptides might inhibit metastasis-related

2 3 4

n %
[
)
S

io

0N
o

% Aggregat

w
W

processes at physiologically significant concentrations,
perhaps down into the nM range and that anti-TF antigen
peptides can substantially reverse aggregation, even at
5 very low TF antigen concentrations.
Peptide ASF, which has been classically used to induce TF
antigen—mediated homotypic aggregation (Glinsksl.,
Fig. 6. Inhibition of homotypic adhesion by second-generation anti-TF 2000, 2001; Inohara and Raz, 1995; Lotan and Raz,
ntigen i Th rcen hom i r ion of MDA- . .
&éi%spcegfsd?r?ﬁe ;::eﬁietigein;egstiynpgcg)gngcsr?t?zlgonos of ASF 1983; _MeromSk)et al., 1986), @splgys threg COPIeS Of
(open squares) and in the presence of 1BOP30-1 (open triangles)  the N-linked N-acetyl-lactosamine disaccharide in addi-
was calculated, as described in “Material and Methods.” The effective tion to three TF antigen molecules. Although the magni-
concentration at which 50% homotypic adhesion occurredofEtas tude of inhibition by the second-generation anti-TF anti-
calculated by_using sigmoidal dose—response nonlinear regres_sion an(ben peptides indicates that the TF antigen plays the
e e S 4571 primary role in mediating homotypc agaregaton, uture
100:M P30-1, EG, = 1.6 + 1.2 uM). Error bars were eliminated for ~ €XPeriments will be conducted to further clarify the indi-
clarity. B) Inhibition of homotypic aggregation of MDA-MB-435 cells ~ Vvidual role of the TF antigen and the anti-TF antigen
stimulated by 1.5 nM ASF in the absence of peptide (shaded bar, #1),peptides in homotypic aggregation by using the TF anti-
o e b o e bt o tions 5T W 5 couclenty congaled to HSA in the pres-
Eft?e:n 1.5ar:|3)| ASF mliJnus peptide, #2 1.5 nM ASF plus P30-1, #3 ence and absence of anti-TF antigen peptides.
1.5 "M ASF plus P17, #4 1.5 "M ASF plus P30, #5 1.5 nM ASF Nevertheless, our data clearly showed that thensec
plus nonrelevant control peptide). Conditions in which the mean generation peptides could inhibit homotypic aggregation
inhibition of aggregation by an anti-TF antigen peptide significantly and strongly suggests that the maturated peptides may
differs (P< 0.05) from the control condition (1.5 nM ASF, *-Pep”) are  have an important clinical application as antiadhesive,
derloted by as_terlsks (*): Statistical significance was pletermmed by and possibly antimetastatic, agents. Combinatorial mat-
using a one-tailed, unpaira@dtest and the GraphPad Prism software . . . .
package. uration of function resulted in the second-generation
peptides that were able to inhibit aggregation at a low pep-
tide concentration, at which no inhibition by the first-
tides (100uM or 20 wM) before incubation with MDA-  generation peptide P30 was detected. Future experiments
MB-435 cells and inhibition of aggregation was observed. will be conducted to clarify the prospective role of the
At a concentration of 10@M, both the second-generation second-generation peptides in decreasing metastatic
peptides and the parental peptide P30 were able to sigpotential, including observing inhibition of aggregation
nificantly reduce homotypic aggregation of MDA-MB-435 by MAP constructs and determining the cell line and
cells (Fig. 5B). At 10QuM, P30-1 caused a greaiahi- tumortype dependence of inhibition of aggregation by
bition of aggregation than did either the first-getiera the second-generation peptides. There are a multiplicity

% Aggregation =

T

1
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of clinical and basic science applications for the second-
generation anti-TF antigen peptides, offering exciting Inoh

Landon, et al.

Horoszewicz, J. S., Leong, S. S., Kawinski, E., Karr, J. P., Rosenthal,
H., Chu, T. M. et al. (1983).Cancer Res43: 1809-1818.
ara, H., and Raz, A. (199%)ancer Resb5: 3267-3271.

prospects for increasing the understanding of the role of jain, R. K. (1989)J. Natl. Cancer Inst81: 570-576.
the TF antigen, as well as carbohydrates in general, in thelessup, J. M., Petrick, A.T., Toth, C. A, Ford, R., Meterissian, S.,

development and progression of carcinoma.
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