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Using the one-bead one-compound (OBOC) combinatorial method, four heptapeptide ligands of CD21 receptor,
a cell surface marker of malignant B cell lymphoma, were identified with an innovative two-step fluorescence
screening method to overcome the limitation caused by autofluorescence of TentaGel resin. The binding affinities
of selected peptides, YILIHRNB1), PTLDPLP B82), and LVLLTRE B3), were in the micromolar region as
determined by a fluorescence quenching assay. Peplideas conjugated tbl-(2-hydroxypropyl)methacrylamide
(HPMA) copolymer via spacers of different lengths, composed of one to four repeats of the 8-amino-3,6-
dioxaoctanoic acid (A) group. The evaluation of the biorecognizability of HPMA copolyfBérconjugates by

the CD21 receptor revealed that increasing the number of repeats of A in the spacer from one to three resulted
in continuous improvements in the biorecognition by the CD21 receptor; the increase from three to four repeats
showed no significant effect. This work showed the potential of the OBOC combinatorial approach to select
peptide ligands as targeting moieties for CD21 specific polymeric drug carriers.

its extracellular region consisting of ¥36 short consensus
repeats (SCRs), of which SCR1 and SCR2 are responsible for
the interaction with several natural ligands, such as C3d, C3dg,
MA) copolymer is an extensively studied anticancer drug andEpstein Barvirus (EBV)Y” Gold particles coated with C3dg
carrier’? As other water-soluble macromoleculesHPMA were internalized into Raji cells (CD21 positive) through a
copolymer-drug conjugates accumulate passively in solid receptor-mediated endocytosis by CD21 recefitdherefore,
tumors as a result of enhanced permeation and retention (EPR)CD21 targeting could not only direct the tumor specific delivery
effect*® Active targeting of HPMA copolymerdrug conjugates  of anticancer drugs, but also mediate their internalization, thus
can be achieved with the incorporation of cancer cell specific providing a suitable target for a HPMA copolymer-based
ligands, such as carbohydrafdsctins? antibodies’® antibody delivery system for lymphoma chemotherapy. For convenience,
fragmentsi®1l and peptide$?13 resulting in enhanced uptake a truncated recombinant CD21 receptor, rsCR2,# was
of conjugates by cancer cells through receptor-mediated en-prepared. rsCR2:14 consists of the first four SCRs of CD21
docytosis with concomitant improvement of therapeutic efficacy. receptor, and it is fully functional in interactions with ligands
Among different cancer targeting molecules, peptides are of of CD21 receptor. Therefore, it was used as a target molecule
particular interest, as they may be readily identified with for the screening of peptide ligands of CD21 receptor with
combinatorial peptide librari€d. Enhanced peptide targeting combinatorial peptide libraries in this work.
efficiency could be achieved through multivalent interactions  The emergence of combinatorial peptide library techniques
between targets and HPMA copolymegeptide conjugates  has dramatically expedited the screening and identification of
containing multiple copies of peptides within a single polymer novel peptides with desired propertf@&he methods to prepare
chain:21> combinatorial peptide libraries can be generally divided into
Antigenic targets of lymphoma include receptors CD19, two categories: chemically prepared libraries, using methods
CD20, CD22, and CD3¥ The CD21 receptor (complement such as one-bead one-compound (OBBC§ and SPOT

Introduction

The water-solubl®&-(2-hydroxypropyl)methacrylamide (HP-

receptor 2, CR2) is expressed primarily on mature B lympho-
cytes, and also on epithelial cells, thymocytes, and follicular
dendritic cells” Overexpression of CD21 receptor was found
on lymphoblastoid cell lines such as Raiji céfionsequently,
it has been used as an alternative target for lymphdfids.

synthesig827and biologically prepared libraries, using methods
such as phage dispR#°and bacterial displa$f-3:Both OBOC

and phage display methods have been extensively used for
selection and identification of oligopeptide ligands for tumor
targeting!* However, most of the peptide ligand identification

CD21 receptor is a 145 kDa transmembrane glycoprotein with studies ended at verifying the validity of identified sequences,

without evaluating their potentials in drug delivery systems
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Previously, five distinctive pentadecapeptide ligands of CD21
receptor were identified with phage display, and the specificity
of selected peptides was confirmed by phage enzyme-linked
immunosorbent assay (ELISA) and competitive phage ELY¥SA.
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The dissociation constants of three peptides, RMWPSSTVNL-
SAGRR P1), PNLDFSPTCSFRFGCR2), and GRVPSMFG-
GHFFFSR P3), were determined to be within the micromolar

Ding et al.

again distributed evenly into 19 vials, and coupling of the remaining
amino acids was repeated as described above. The side-chain protection
was removed by incubation with phenol/thioanisol¥EDT/trifluo-

range with a fluorescence quenching assay. To verify the roacetic acid (TFA) (0.75:0.5:0.5:0.25:10, w/v/v/v/v) at room temper-

applicability of selected peptides for targeting within a polymeric
drug delivery system, the binding properties of HPMA copoly-
mer—P1 conjugate were examined with surface bound CD21
receptor. It was found that peptidkd retained its biorecogniz-
ability after it was conjugated with HPMA copolymer and that
the multivalency effect was important for interaction between
the conjugate and the receptinterestingly, varying the length
of spacer between peptidel and polymer backbone had a
trivial effect on the conjugate binding, suggesting that peptide
P1 was readily accessible for interaction.

Alternatively, peptide ligands of CD21 receptor could also

ature for 2.5 h. Finally, the resin was washed serially with DMF,
methanol, DCM, DMF, 30% kKD/DMF, 60% HO/DMF, 100% HO,

and phosphate-buffered saline (PBS). The resin was stored in 0.05%
sodium azide/PBS at 2C.

Fluorescent Labeling of rsCR2.1-4.rsCR2.1-4 was labeled with
two different F/P (number of fluorophores per protein) ratios, 1 and 5.
To a solution of rsCR2:24 in 200xL of PBS (0.5 mg/mL), 2Q:L of
1 M NaHCG; (pH 9.0) and 23.3:L of FITC in dimethyl sulfoxide
(DMSO) (10 mg/mL) were added, and the reaction was stirred for 1 h
(F/IP~ 1) or 5 h (F/P~ 5) at room temperature in the dark. To remove
free FITC, the reaction mixture was diluted to 0.5 mL with PBS and

be identified using the one-bead one-compound (OBOC) methodimmediately applied to a PD-10 column (Amersham Biosciences) pre-
with a two-step fluorescence Screening process. On the basigequilibrated with PBS buffer. The concentration of the fluorescently

of the “split and mix” concept?33 Lam et al. developed an
OBOC combinatorial method, which consists of library prepara-
tion, biological screening, and structure determination of
individual hits2® With OBOC, a peptide library containing

labeled protein and labeling efficiency were determined using UV
spectrometry.

Two-Step Fluorescence Screening of Peptide Ligands of CD21
Receptor with FITC-Labeled rsCR2.1—4. First Step: Screening of

millions of different peptides can be synthesized on a resin so Fluorescence Posite Beads with Bound RecepidfentaGel beads
that each bead contains only one distinctive peptide. A most containing the peptide library (2 mL; approximatelyx110° beads)
widely used solid support is the TentaGel resin, which has good were transferred to a polypropylene column. After being washed with

swelling properties in both organic solvent and aqueous solu-

water, the beads were blocked with 0.1% gelatin in water, followed by

tions24 However, fluorescence screening, one of the most direct washing with 0.1% PBS containing 0.1% Tween 20 (TPBS). Next, the
and convenient screening methods, of peptide libraries onbeads were incubated with FITC-labeled rsCR21(F/P~ 1, 0.02
TentaGel resin has been greatly limited, because of theuM) for 1 h with gentle shaking. The unbound receptor was washed

autofluorescence of the TentaGel reis®

In this work, four heptapeptide ligands of CD21 receptor,
YILIHRN (B1), PTLDPLP 82), LVLLTRE (B3), and IV-
FLLVQ (B4), were identified with the OBOC method using a
two-step fluorescence screening method to avoid the limitation

off with TPBS. The beads were then transferred to several Petri dishes,
and fluorescently bright beads were picked under a fluorescence
microscope (Nikon ECLIPSE E800); a total of 48 beads were selected.
Second Step: Screening of Fluorescence NegaBeads after
Treating with Guanidium Hydrochloride (GdCl). Selected beads were

caused by autofluorescence of TentaGel. The binding affinities divided into two groups on the basis of their physical appearance:

of selected heptapeptides, except the hydroph@&4ic were
determined with a fluorescence quenching assay. Peptide
was conjugated tdl-(2-hydroxypropyl)methacrylamide (HPMA)

opaque fluorescence (27 beads) and transparent fluorescence (21 beads).
Both groups of beads were treated with-8CI (6 M, pH 1.0) for 3 h.
Because GWHCI can disrupt the binding of receptor to corresponding

copolymer via spacers of different length, composed of one to Peptide ligands, it was used to differentiate the autofluorescence of
four repeats of the 8-amino-3,6-dioxaoctanoic acid (A) group TentaGel beads. It was found that beads with initial opaque fluorescence
(Figure 1). The biorecognizability of these HPMA copolymer lost the fluorescence after treatment with -BCI; however, the

B1 conjugates by the CD21 receptor was evaluated. Finally, fluorescence of beads with initial transparent fluorescence was retained,
the results on the biorecognition of HPMA copolymer conju- a0 indication of autofluorescence. The fluorescence of opaque fluo-
gates, containing either a heptapeptide selected by OBOC or descence beads was recovered after washing the beads with PBS and

pentadecapeptide selected by phage display, were COmpared'_ncubation with FITC labeled rsCR24, but with lower intensity.
Synthesis of PeptidesPeptides, YILIHRN B1), PTLDPLP 82),
and LVLLTRE (B3), were synthesized manually on a solid support of
2-chlorotrityl chloride resin using standard Fmoc chemistry. The
synthesized peptides were cleaved from resin with a mixture of TFA:
H.O:triisopropylsilane (TIS) (95:2.5:2.5, v/v/v) fo4 h at room
temperature. All synthesized peptides were purified with RP-HPLC and
verified with matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-TOF MS). MALDI-TOF MS calculated
for B1 (MH") 928.53, found 928.61; MALDI-TOF MS calculated for
B2 (MH*) 752.41, found 752.42; MALDI-TOF MS calculated B8

Experimental Procedures

Materials. Soluble CD21 receptor (SCD2%and rsCR2.:+4% were
prepared as previously described. TentaGel S Wak purchased from
Peptides International, Inc. 2-Chlorotrityl chloride resin, MBHA (4-
methylbenzhydrylamine) resin, and Bllo-Fmoc protected amino acids
were purchased from Novabiochem.

Synthesis of the One-Bead One-Compound Peptide Library.
TentaC_«eI S NH (2 g; 90um, 0.2_4 mmol/g substit'utio_n) was useq as (MH*) 843,52, found 843.72.
the solid support for the synthesis of a heptapeptide library. The library o ) o )
was synthesized with standard solid-phase 9-fluorenylmethoxycarbonyl ~Determination of Peptide Binding Constants with Fluorescence
(Fmoc) chemistry using the “split and mix” method. TentaGel S;NH Quenching.A series of mixtures of the labeled receptor rsCHR2TC
was first swollen to equilibrium in DMF overnight and then evenly ~at 0.02uM and peptidesB1, B2, andB3, at different concentrations
distributed into 19 vials. DifferenhN-o-Fmoc protected amino acids ~ Were prepared in 156 of PBS. The mixtures were incubated at room
(19 natural amino acids excluding cysteine) were loaded onto the resintemperature for 5 h. The fluorescence intensity of each sample was
in the presence of DIC/HOBt. The completeness of reaction was measured in duplicates with a LS-55 luminescence spectrometer
monitored with bromophenol blue. After the first amino acid was (Perkin-Elmer) with excitation and emission wavelengths of 495 and
loaded, all of the resin was mixed together and washed with DMF. 515 nm, respectively. The fluorescence background caused by the
The Fmoc protection was removed by incubation twice with 25% peptides was negligible within the concentration range used. The
piperidine/DMF, and the resin was washed with DMF. The resin was association constant was estimated by fitting the quenching data&?De\(}
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CH, ¢=0 MA-A3-B1 (x=3; peptide, YILIHRN)
CH, MA-A4-B1 (x=4; peptide, YILIHRN)
(|:H MA-A2-P1 (x=2; peptide, RMWPSSTVNLSAGRR)
[ 2 MA-A3-P1 (x=3; peptide, RMWPSSTVNLSAGRR)
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“Fr
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R' 2 Peptide Ligands:
o==< Es B1: YILIHRN
H P1: RMWPSSTVNLSAGRR
PEG3400-bi0til'l
Polymer Spacer  Spacer Structure Peptide
Conjugates
pB N/A N/A N/A
PE-A-B1 A —NH—-(CH,),—~O—(CH,),—~CH,—CO- YILIHRN
PE-A2-B1 A2 —[NH-(CH,),~O—(CH,),—~CH,—CO|,— YILIHRN
PE-A3-B1 A3 —[NH—-(CH,),—O—~(CH,),—CH,—CO|,— YILIHRN
PE-A4-B1 A4 —[NH-(CH,),~O—(CH,),—~CH,—CO],~ YILIHRN
PE-A2-P1 A2 —[NH—(CH,),~O—(CH,),—~CH,~CO],— RMWPSSTVNLSAGRR
PE-A3-P1 A3 —[NH—(CH,),—O—(CH,),—CH,—COl;— RMWPSSTVNLSAGRR

Figure 1. Structures of polymerizable peptide derivatives and HPMA copolymer—peptide conjugates. PB, HPMA copolymer backbone labeled
with a PEGgz400-biotin graft; HPMA copolymer—peptide conjugates consist of three components, an HPMA copolymer backbone, a PEG-biotin
graft used as a label for immunoassay, and peptide ligands with spacers of different lengths, A1, A2, A3, and A4. PB-A—B1, PB-A2—B1,
PB-A3—-B1, and PB-A4—B1, peptide B1 attached to the HPMA copolymer backbone via spacers A, A2, A3, and A4. PE"A2—P1 and PB~A3—
P1, peptide P1 attached to the HPMA copolymer backbone via spacers A2 and A3.

1 with the software KaleidaGraph (version 3:0). they were extended with additional spacers; A, 8-amino-3,6-dioxaoc-
tanoyl-8-amino-3,6-dioxaoctanoic acid (A2), 8-amino-3,6-dioxaoc-
Q. KJIP] tanoyl-8-amino-3,6-dioxaoctanoyl-8-amino-3,6-dioxaoctanoic acid (A3),
= 1+—K[P] (1) and 8-amino-3,6-dioxaoctanoyl-8-amino-3,6-dioxaoctanoyl-8-amino-
@ 3,6-dioxaoctanoyt8-amino-3,6-dioxaoctanoic acid (A4) spacers were
Fo—F added by coupling with one, two, three, or four repeats of Fmoc-A
Q= F (2) (9-fluorenylmethoxycarbonyl-8-amino-3,6-dioxaoctanoic acid, Peptides

International) and capped with methacryloyl chloride. All peptide
monomers were purified with RP-HPLC and were verified with

whereQ is the quenching value defined in eq@y represents maximal MALDI-TOF MS. MALDI-TOF MS calculated for MA-A—B1 (MH*)

fluorescence quenchindsa is the association constant of peplide ;4 g5 tnd 1140.70: MALDI-TOF MS calculated for M2 —
binding, and [P] is the concentration of free peptifig.and F are

fluorescence intensities of fluorescently labeled rsCR2.1In the alp\(_'\ﬂg?éfB(sMﬁ)for:gol72: 5;&?&2&? |'\\/|A§L(§\|I_?|£Jcl)a|§e?\/gr

absence and presence of peptide ligands, respectively. RN T )
Synthesis of Polymerizable Peptide DerivativesPolymerizable calculated for MA-A4-B1 (MH") 1575.87, found 1575.87; MALDI-

N-methacryloylated peptides containing spacers of repeating units of TOF MS calculated for MA-A2—P1 (MH™) 2076.06, found 2076.11;

8-amin0-3,G-diOXaOCtanOiC acid (A)n methacryloyl (MAA*B]., MA — MALDI-TOF MS calculated for MA-A3—P1 (MH+) 222013, found
A2—B1, MA—A3—B1, MA—A4—B1, MA—A2—P1, and MA—A3— 2220.25.
P1 (P1, RMWPSSTVNLSAGRR, was selected by phage disBlay Synthesis of MA—PEGae—Biotin. MA —PEGuoe—biotin  was

were synthesized (see structures in Figure 1) on MBHA resin using synthesized as described previouSlyBriefly, N-(3-aminopropyl)-
standard Fmoc chemistry. After the peptides were synthesized on resin,methacrylamide hydrochloride (MANH,) (2.7 mg) was dissolved “&IDV
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Figure 2. Two-step fluorescence screening of OBOC peptide library: (A) DIC image of TentaGel beads; (B) fluorescence positive beads;
beads 1 and 3 are fluorescence transparent; bead 2 is fluorescence opaque; (C) surface plot of fluorescence of beads in (B); (D) the fluorescence
of fluorescence opaque beads disappeared after treatment with Gu-HCI; (E) the fluorescence of fluorescence transparent beads remained after
treatment with Gu-HCI; and (F) surface plot of fluorescence of beads in (E).

200 uL of DMF, and 6.7«L of N,N-diisopropylethylamine (DIPEA) different peptides was synthesized with the one-bead one-
was added. T_he_ temperature of the solut_io_n was lowered®@ With compound method. TentaGel S MNifesin was used as solid
an ice bath. Biotif-PEGuoo-N-hydroxysuccinimide ester (NHS) (PEG,  support, and peptides were synthesized with manual solid-phase
poly(ethylene glycol), mol. wt. 3400; NH8-hydroxysuccinimide ester;  Fmoc peptide synthesis. It was noted that the coupling reactions
Nektar Therapeutics) dissolved in 200 of DMF was added dropwise.  of hydrophobic and bulky residues proceeded slower than those
The reaction was kept at @ for 30 min and then left overnight at ¢ small and hydrophilic residues. However, almost all of the
room temperature. The crude product was diluted 1:1 with water and reactions were able to finish withil h asindicated by analysis
MA dffEG?‘“’O;bk')Ot'&KEBTerOOFn,\‘;’I‘SPD;MO C_o"é”;g' IZ';'?&“'? ;’Vg'é’ht with bromophenol blue. To ensure the quality of synthesized
i;a.eMer/mM'ne_ 1 é 1 ) Welly = 2. &l = o library, a control heptapeptide with a known sequence, HPLSSSV,
P ) was synthesized along with the heptapeptide library. The
Synthesis of Biotin-Labeled HPMA Copolymer-Peptide Con- com o)gition of controlg eptide was cgnfiI?mF:ad b auto¥nated
jugates (See Structures in Figure 1).The synthesis of HPMA Edmgn sequencing Th%rzfore the purity of thg synthesized
copolymer-peptide conjugate P-GG—B1 (P? is HPMA copolymer N ) ’ - . ;
backbone labeled with a PBGe—biotin graft) is described as an heptapgptlde library should be usable for the following biological
example: HPMA (14.1 mg), MAA—B1 (6 mg), MA—PEGos—biotin screening.
(3.6 mg) (molar ratio, 94:5:1), and initiator 2;@zobisisobutyronitrile Two-Step Fluorescence Screening of Peptide Ligands for
(AIBN) (1.5 mg) were dissolved in 148 of DMSO in a glass ampule. CD21 Receptor.To minimize the influence of FITC labeling
The solution was bubbled with nitrogen for 10 min and polymerized on the receptor binding, rsCR2:2 with a low fluorescence
in the sealed ampule at 30 for 24 h. After the reaction was finished,  |abel content (F/Rs 1) was used for screening peptide ligands
the reaction solution was diluted to 3 mL with®land dialyzed against of CD21 receptor. By fluorescently labeling the recombinant
water in dialysis tubing with a molecular cutoff of 24 kDa for 3 short CD21 receptor, rsCR2-4, the binding of receptor to its
days. After dialysis, the polymer water solution was lyophilizel. P haptide ligands can be conveniently identified with fluorescence
PP-A2-B2, P?7A3fB_3' FP—A4-B1, PB*AZ*_PL and pLA_S*PI visualization. However, we found, in agreement with previous
were synthesized similarly, _exce_pt that ébhtalned no peptide. The reports, that a very small number of TentaGel beads are
polymers were analyzed with size-exclusion chromatography on an autofluorescerit¥® which largely limited the fluorescence
AKTA FPLC system (Pharmacia). The content of peptide was . ' . . . i )
q . . . ’ o screening process. In this work, an innovative two-step fluo
etermined by amino acid analysis, and the content of biotin was rescence screening process was developed: in the first step. 48
determined with the EZ Biotin Quantitation Kit (PIERCE Biotech. Inc.). gp loped: P,
most fluorescently bright beads were picked; in the second step,

ELISA of HPMA Copolymer —Peptide Conjugates.The receptor ) .
rsCR2.1-4 (150 ng) was coated onto a MaxiSorp plate by overnight 27 fluorescence negative beads were picked after all of the beads

incubation at 4°C. The plate was blocked with 4% milk at room ~from the first step were treated with &4Cl (6 M, pH 1). Gu
temperature for 1.5 h, washed with TPBS, and incubated with HPMA HCI is a strong protein chaotropic agent, and it disrupts the
copolymer-peptide conjugates (0.Q2V) for 30 min. Next, the plate binding between rsCR2-34 and bead-bound peptides, resulting
was washed five times with TPBS, followed by incubation with in the disappearance of fluorescence. However, the fluorescence
streptavidin/horseradish peroxidase (HRP) (Zymed Laboratories) for of the beads, which possessed autofluorescence, was not

30 min. The plate was washed five times with TPBS, and therb&3 susceptible to GUHCI, and the fluorescence did not change after
tetramethylbenzidine (TMB) substrate was added to the plate and treatment with GeHCI. Therefore, fluorescence negative beads
incubated for 30 min. The absorbance was read at 450/630 nm. in the second step actually contained real peptide ligands of
the receptor.
Results In fact, fluorescence of the selected beads in the first screening

step showed two different appearances: opaque and transparent
Synthesis of the One-Bead One-Compound Peptide Li-  (Figure 2). Beads with opaque fluorescence seemed to have
brary. A heptapeptide library containing more than one million homogeneous fluorescence as well; on the contrary, beadsc\%iw
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Table 1. Peptide Ligands of CD21 Receptor Identified with OBOC 0.7
. binding constant, 06 - o ¢ o o o
peptide sequence Ka (M~1) ¢ ¢
B1 YILIHRN 4.6 x 108 L 05 ¢
B2 PTLDPLP 1.0 x 106 &“ 0.4 .
B3 LVLLTRE 2.1 x 106 o
C
B4 IVFLLVQ NDa -(C_, 03.
aND: not determined. § 02 |
transparent fluorescence seemed to have heterogeneous fluo(-j 01 4
rescence. All beads selected in the first step were divided into
two groups on the basis of their fluorescence appearance: one 0 . ‘
group with opaque fluorescence and the other with transparent 0 1 2 3 4 5
appearance. After both groups were treated withHG&ll, the Time (h)

fluorescence of all beads in the opaque group disappeared, while o o _
the fluorescence of the transparent group remained. Furthermoref('l?_‘lj':eRs- G Bl'\;;"vr\}gs '?r'lnc‘z"b";egfwﬁ’tip:'s‘jceR;g—iﬂi’(\)‘ otg 'l\j?zi-j?ht
the Spa“f?" ﬂuo.rescence dIStn.bUtlon_ of selected beads Wasﬂuorescenceﬂquenching ratio was determined as afun/gtioﬁ of time.
characterized with surface plotting using the software of Image
Pro Plus version 4.0 (Figure 2C and F). It was found that spatial 0.6
fluorescence distribution of fluorescence opaque beads and L
transparent beads was clearly different. The fluorescence I
distribution of transparent beads was heterogeneous with rugged 0.5 1
surfaces, while that of opaque fluorescence beads was homo- I
geneous with smooth surfaces. Therefore, it was deducted thato 0.4 [
fluorescence of transparent beads with heterogeneous distribu§ i
tion is probably the result of autofluorescence. Although there o
is not enough evidence to prove it, this fact may be used as ag
cross-reference in fluorescence screening process. S i
With the two-step screening process, we were able to selectd g2 [
27 beads that matched our criteria. Those beads were washed
with TPBS and allowed to incubate with FITC labeled rsCR21
again. The regaining of fluorescence confirmed their binding 0.1
to CD21 receptor, however, with diminished intensity. Probably, ]
the binding has been significantly weakened by the prior ol e
treatment with GtHCI. Finally, we selected the four most 0 05 1 15 2 25 3
fluorescently bright beads and analyzed the peptide sequences

by Edman sequencing (Table 1). It was found that pgpl&bs Figure 4. Fluorescence quenching of fluorescein-labeled rsCR2.1—4
(YILIHRN), B3 (L.VLLTRE)’ a.nd B4 .(IVFLLVQ) have S_Imllar as a function of peptide concentration. Data are depicted as mean +
structures:  the first four amino acids at the N-terminus Were giandard deviation from duplicate measurements. (O) peptide B1,
composed of hydrophobic residues, mostly of leucine, isoleu- YILIHRN; (O) peptide B2, PTLDPLP; (<) peptide B3, LVLLTRE.
cine, and valine. One may speculate that these hydrophobic
residues mediate hydrophobic interactions with the CD21 indicated in our binding kinetics study of peptide YILIHRN, it
receptor. took abot 3 h toreach quenching equilibrium, although more
Binding Constant Determination with Fluorescence than one-half of maximal quenching was achieved within the
Quenching. It was found that fluorescence quenching due to first half an hour (Figure 3). Consequently, in binding constant
the binding of peptides was not apparent when the labeling of determination studies, fluorescence intensity was measured after
rsCR2.+-4 was low (F/P~ 1) (data not shown). When the the peptides and receptor were incubated for 5 h.
labeling of rsCR2.£4 was high (F/P= 5), the quenching effect The binding affinity ofB4 (IVFLLVQ) was not determined,
was sufficient for the determination of binding affinity. On the because of its excessive hydrophobicity as implied by its
basis of X-ray crystallography of free CD21 (SCR1-2) and the sequence composition. The association constants of peptides
complex of CD21 (SCR1-2) and C3d%8it was found thattwo B2, andB3 were determined to be 4% 10° M1 (fitting error
domains of SCR1 and SCR2 formed a V-shaped structure and= 1.4; R = 0.97), 1.0x 10° M1 (fitting error = 0.3; R =
these two domains were glued together through extensive side-0.98), and 2.1x 10° M1 (fitting error = 0.3; R = 0.99),
by-side hydrophobic interactions. The binding of C3d to CD21 respectively (Figure 4).
receptor induced not only local but also global conformational ~ Synthesis and Characterization of HPMA Copolymer
changes, which suggested that the CD21 receptor (or at leasPeptide Conjugates.All HPMA copolymer conjugates were
SCR1-2) is a relatively flexible molecule and the binding of synthesized by radical copolymerization of HPMA with poly-
CD21 receptor to its ligands was an induced-fitting proééss. merizable derivatives of peptide and biotin using’-a2obi-
This induced-fitting process may change the microenvironment sisobutyronitrile (AIBN) as the initiator. The composition of
of fluorophore of FITC-labeled rsCR2-4, resulting in change  the synthesized polymers is summarized in Table 3. The weight-
of fluorescence intensity, therefore providing a convenient way average molecular weight was determined with size-exclusion
for measuring the binding affinity of the peptidesceptor chromatography on a Sepharose 6B column calibrated with
interaction. Meanwhile, this induced-fitting process may also polyHPMA (PHPMA) standards. Copolymerization with a small
influence the time required to reach binding equilibrium. As amount of MA-PEG,og—biotin provided a convenient way teDV

03 |

Peptide Concentration (Mx10°)
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Table 2. Comparison of Peptide Sequences Obtained from Phage the higher was the amount of surface bouid-R3—B1 (Figure

Display and OBOC 6). When the MaxiSorp plate surface was coated with 7.5 ng
phage display?® OBOC (this work) of rsCR2.1-4, the binding of P—-A3—B1 was comparable to
RMWPSSTVNLSAGRR that of the control surface containing no receptor; when surface
PNLDFSPTCSFRFGC? PTLDPLP? was coated with a double amount of rsCR241(15 ng), the
GRVPSMFGGHFFFSR binding signal increased almost 10 times. However, subsequent
RLAYWCFSGLFLLVC? LVLLTRE, IVFLLVQ, YILIHRN? doubling of the coated amount of rsCR24 only increased
PVAAVSFVPYLVKTY the binding signal less than twice. This direct response®ef P

A3—B1 binding to surface bound receptor density corroborated

2The similar residues of peptides selected from phage display and e . K
OBOC are indicated by boldface italic type. the specific interaction between HPMA copolymg@eptide

. ) . . conjugate and receptor. High receptor density was favorable
monitor the interaction between HPMA copolymggeptide for the multivalent interaction betweeB-PA3—B1 and surface
conjugates and CD21 receptor using the biotin/streptavidin-HRP pound receptor.
detection system in ELISA experiments. Only 1 mol % of MA Comparison of Surface Binding of HPMA Copolymers
PEGyoo—biotin was used in the monomer feed, and the polymer containing Peptides B1 and P1The binding properties of
conjugates contained approximately one biotin per macromol- yp\a copolymerP1 conjugates were studied previoudly.
ecule (Table 3). o Here, their surface binding was compared to that of HPMA

Effect of Spacer Length on Binding of HPMA Copolymer— copolymerB1 conjugates. Four HPMA copolymepeptide
Peptide Conjugates to CD21 ReceptoiThe binding of HPMA conjugates, P-A2—B1, PP—A3—B1, PP—A2—P1, and P—
copolymer-peptide conjugates with surface bound receptor was A3—p1, were incubated with three different surfaces: control
detected with ELISA using biotin/streptavidin/HRP as the g rface without any receptor, surface coated with rsCR2,1
reporting system. Nonspecific binding was blocked with 4% 44 surface coated with sCD24a soluble form of CD21
nonfat milk as it was found to produce the lowest background. receptor. Control polymer without targeting peptide8, &id
Although milk contains various amounts of endogenous biotin, ot show any specific binding to either receptor-coated surface;
which may interfere with the biotin/streptavidin/HRP detection \yhile conjugates P-A2—B1, PP—A3—B1, PB—A2—P1, and
system, it did not seem to cause any problems in the binding pe_A3—p1 all showed specific binding toward both rsCR2.1
studies in this work. If the endogenous biotin were to interact 4 and scD21-coated surfaces (Figure B~R3—B1 showed
with tsr;e detection system, it can be masked with egg white and pigher binding than P-A2—B1 because of the spacer effect
milk.#* _asdiscussed above, whilé-PA2—P1and B—-A3—P1 showed

PeptideB1 was used as an example to study the binding similar binding for the lacking of spacer efféétThe binding
properties of HPMA copolymerpeptide conjugates aB1 of PP—A3—B1 was comparable to that oPPA2—P1and F—
demonstrated the best binding affinity with good solubility. T A3—p1, as the binding constant &1 (4.6 x 106 M~1) is only
evaluate whether spacer length has a significant effect on thegjigntly higher than that oP1 (2.9 x 10° M~1).15 For unknown
binding of HPMA copolymerB1 conjugates to CD21 receptor,  reasons, the binding of all four conjugate8-A2—B1, PB—

a series of conjugatesBPA—B1, PP—A2-B1, PP-A3-Bl1, A3—B1 PP—A2—P1 and B—A3—P1 to the rsCR2.+4-

and P—A4-B1 (Figure 1), were prepared, which differed in - coated surface was higher than the binding to the sCD21-coated
spacer length. Because of its flexibility and moderate hydro- grface. Becaus®l was screened with rsCR2:4, the specific
philicity, 8-amino-3,6-dioxaoctanoic acid (A) was used as pinding of HPMA copolymerB1 conjugates to sCD21 con-
repeating units of spacers, A, A2 (dimer of A), A3 (trimer of  fimed the successful identification of peptide ligands of CD21

A), and A4 (tetramer of A), between peptide and polymer yeceptor with our two-step fluorescence screening.
backbone. The binding results of these four peptide conjugates

with different spacersB1 concentration 0.02M) are shown Discussion
in Figure 5. All conjugates showed better binding to the surface
with receptor than to the surface without receptor. Most Peptide Ligand Identification with the One-Bead One-
importantly, a clear spacer effect on the surface binding was Compound Combinatorial Method. OBOC peptide libraries
observed. The conjugate with the shortest spacer,A>-B1, have been used to screen ligands for various targets, such as
showed the weakest binding. With the increase of spacer lengthantibodies’? proteasé? protein kinase, eté? Successful iden-
(from A to A3), the binding increased significantly. This spacer tification of targeting peptides for lymphoma with OBOC has
effect on the binding may be ascribed to the decreased also been reported, with the target of surface idiotype of lym-
accessibility of a peptide after its conjugation with a polyifer, ~phoma cell lineg? anda4$31 integrin receptor in non-Hodgkin's
but the accessibility of the peptide can be improved by using lymphoma?* In this work, heptapeptide ligands of CD21
the proper spacer. A further increase in spacer length, from A3 receptor, an alternative lymphoma target, were identified. Instead
to A4, did not result in an improvement of binding. It appears Of focusing on validating the successful screening, this work
that spacer A3 was sufficient for presenting the targeting peptide further investigated the binding properties of one of the selected
B1; the peptide is fully accessible with either spacer A3 or A4. peptidesB1, after its conjugation with HPMA copolymer.
ELISA of HPMA Copolymer —B1 Conjugate Binding to The one-bead one-compound combinatorial method has found
Surfaces with Different Amounts of rsCR2.1-4. PE—A3— its applications not only in peptide libraries, but also in other
B1 was used to study its specific interaction with surface bound libraries with oligomers such as peptoids, oligocarbamates,
receptor, rsCR2:24. MaxiSorp plate was coated with different  oligoureas, etc., and with small molecules, as long as those
amounts of rsCR2:24 (0—240 ng), which resulted in varied libraries meet three requirements: first, well-established syn-
density of surface bound receptor. The binding of a fixed amount thetic chemistry for library preparation; second, suitable screen-
of PP—A3—-B1 (0.02 uM) was detected with ELISA using ing method to distinguish desired products; and, third, appro-
biotin/streptavidin-HRP as the reporting system. The binding priate decoding system for identification of selected compatind.
of PE—A3—B1 to surface bound receptor was directly related The scope of OBOC was further broadened with the appearance
to the receptor density: the higher was the receptor density, of novel ideas in library preparation such as the one-bead BB)V
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Table 3. Composition of HPMA Copolymer—Peptide Conjugates?

M2 peptide peptide biotin biotin
conjugates structure (kDa) Pde (mol %)¢ no./chain (mol %)® no./chain
pB PHPMA—(PEG—biotin) 63.2 1.7 0 0 0.4 1.8
PE-A—B1 PHPMA—(A—B1)—(PEG—biotin) 42.1 14 2.1 5.2 0.34 1.0
PB-A2—-B1 PHPMA—(A2—-B1)—(PEG—biotin) 39.0 1.3 2.0 4.7 0.23 0.6
PB-A3-B1 PHPMA—(A3—B1)—(PEG—biotin) 38.7 1.3 2.2 4.9 0.45 1.2
PB-A4-B1 PHPMA—(A4—B1)—(PEG—Dbiotin) 411 1.3 1.7 4.2 0.34 1.0
PB-A2—P1 PHPMA—(A2—P1)—(PEG—biotin) 55.6 15 1.1 43 0.36 1.4
PB-A3—P1 PHPMA—(A3—P1)—(PEG—Dbiotin) 37.3 1.5 1.83 3.7 0.31 0.8

apsé; HPMA copolymer backbone labeled with a PEGasg0-biotin graft. » M,: weight-average molecular weight as determined with size-exclusion
chromatography. ¢ Pd: polydispersity, ratio of weight-average molecular weight over number-average molecular weight. ¢ Determined with amino acid
analysis. € Determined with EZ Biotin Quantitation Kit.
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O no receptor

1.2 4 @sCD21
25/ H rsCR2.1-4 W sCR2.1-4

O no receptor "
2 4 0.8
0.6
1.5 A 04 |
1] 0.2
o Cr7mmm i i i
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Figure 7. Comparison of surface binding results of HPMA copoly-
0 mers containing peptides B1 and P1. Data are depicted as mean +

standard deviation from duplicate measurements.
Pe-AB1  P®-A2B1  P°-A3-B1  P°-A4-B1

Figure 5. Surface binding results of HPMA copolymer—B1 conju-
gates with different spacer lengths. Data are depicted as mean +

OD (450/630nm)

OD (450/630nm)

of TentaGel. To overcome this limitation, instead of using
traditional organic fluorophores, improved visualization has been

standard deviation from duplicate measurements. achieved by labeling target molecules with quantum dots,
because quantum dots provide higher quantum yield, and, more
1.8 importantly, they exhibit narrower and symmetrical emission
164 peaks®**35 Another approach is to remove autofluorescent beads
before the binding assay with the aid of a fluorescence-activated
1.4 1 I COPAS sortef8 In this work, using a readily available organic
E 121 fluorescein dye, this two-step fluorescence screening method
c proved to be successful for screening receptor bound beads. In
§ 14 addition, the discovery of the different fluorescence appearance
g 08 . * of autofluorescent beads (transparent) and beads bound with
N fluorescently labeled receptor (opaque) provided a convenient
8 0.6 | method to expedite the fluorescence screening process. The
04 1 t different fluorescence appearance of selected beads in t_he f_lrst
3 step also demonstrated different spatial fluorescence distribution
021 o as visualized with surface plotting (Figure 2C and F). Hypo-
. thetically, the different fluorescence appearance is the simple
0 o R 5‘0 T '1(‘)0‘ T 1‘50‘ " ‘2(‘)0' T ‘250 reflection of two different fluorescence mechanisms.
Screening Results with OBOC Four different heptapeptide
Receptor Amount (ng) ligands of CD21 receptor were identified with the OBOC
Figure 6. The relationship between the binding of PB—A3—B1 and combinatorial method (Table 1). Previously, five different
amount of surface coating receptor. Data are depicted as mean + pentadecapeptide |igands were identified with phage dié‘blay
standard deviation from duplicate measurements. (Table 2). As determined with a fluorescence quenching assay,

compound library*® dimeric OBOC library?® and topologically the binding constants of peptide ligands selected with both
segregated bilayer beads for OB®Qyew instrumentation like methods were within the same range: with phage disftay,
COPAS (Union Biometrica) for fluorescence screerfihgnd 29x 16 ML P2, 47 x 1P M™% P3, 2.2 x 10° M1, and
creative coding-decoding systefi$? with OBOC,B1, 4.6 x 1®* M71; B2, 1.0x 1(° M~1; B3, 2.1
There are several screening methods for OBOC libraries suchx 10 M~1. Pentadecapeptide ligands did not demonstrate a
as enzyme-linked colorimetric ass®ywhole cell binding much higher binding affinity than heptapeptides, probably
assay'* and autoradiograpi. The enzyme-linked colorimetric ~ because larger peptides have to overcome an extra entropy loss
assay usually requires a reporter protein for detection. Therefore,as compared to smaller peptides in their binding processes. All
beads that specifically bind to the reporter protein have to be pentadecapeptide ligands showed a similar but much larger
removed before screening. Otherwise, false positive beads mightquenching ratio of~70%, while heptapeptide ligands only
be selected. Fluorescence screening has no such problems, bufuenched 2650% fluorescence. This probably suggests that
its application has been largely limited by the autofluorescence larger peptide ligands, pentadecapeptides, induced a I&rgg
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conformational change of the receptor upon binding with ligand, of P1 peptide!® Being relatively small and chemically stable,
most probably because their binding sites covered a larger aregeptides can be readily derivatized and incorporated into a
than the heptapeptide binding area. It is interesting to note thatpolymers with multiple copie%! Thus, multivalency becomes
the peptide B1) possessed both the highest binding constant one major advantage for the designing of polymeeptide
(4.6 x 10° M~1) among the selected heptapeptides and the conjugates for targeted drug delivery. The accessibility of a
highest quenching ratio~50%). In contrast, the peptid82) peptide could be significantly weakened by the conjugation with
having the lowest binding constant (1x010° M~1) also showed polymers, consequently resulting in a decrease or total loss of
the lowest quenching ratie20%), an indication of the possible  binding activity?° It can be greatly improved with the introduc-
relationship between the binding affinity of heptapeptides and tion of spacers with sufficient length. The binding of HPMA
quenching ratio. copolymer-B1 conjugates increased with the increase of spacer

The five pentadecapeptides, selected by phage disptig, length from A to A3.
not demonstrate much homology. However, three out of four  The conformation of HPMA copolymer may change drasti-
OBOC selected heptapeptides, YILIHRN, LVLLTRE, and cally after being conjugated with multiple copies of peptide
IVFLLVQ, possessed some shared features: the first four amino depending on the physical properties of the peptide and the
acids at the N-terminus were mainly hydrophobic residues, content of peptide. Peptide YILIHRNB(L) has an amphipathic
leucine, isoleucine, and valine. By comparing the peptide structure with an N-terminal hydrophobic section (YILI) and a
sequences from OBOC with those from phage display, it was C-terminal hydrophilic section (HRN). It was found that the
found the hydrophobic sections of peptid&s B2, andB3 are HPMA copolymer-B1 conjugate has the tendency to self-
similar to segment LFLLV of peptide RLAYWCFIG&LLV C, associate with the increase of peptide content (to be published).
which was selected from phage display (similar residues are In this work, HPMA copolymerB1 conjugates contain about
indicated in italic boldface typéf. Such a resemblance is a 2% of peptide (approximately 5 peptides per polymer chain),
significant indication of a peptide binding site, because in and the degree of self-association was low. £As-R3—B1
peptide RLAYWCFSGFLLV C, LFLLV resides within two demonstrated comparable binding ®-FA3—P1, the effect of
cysteines, which can form a cyclic structure, and such a structureself-association on the binding seemed to be limited. To evaluate
is usually critical in binding? Additionally, it was also found the effect of self-association on the binding, various amounts
that peptideB2 (PTLDPLP) has plausible similarity to peptide  of acrylic acid (10%, 20%, and 30%) were copolymerized with
PNLDFSPTCSFRFGC selected from phage display. HPMA to disrupt the self-association process as a result of

Spacer Effect on Binding of HPMA Copolymer—Peptide electrostatic expulsion. However, this effort was fruitless as the
Conjugates.There is evidence that the accessibility of a peptide surface binding of HPMA copolymeiB1 conjugates containing
can be influenced by conjugation with a polymer: the conjuga- acrylic acid was totally abolished, indicating that acrylic acid
tion of a decapeptide (PYWKWQYKYD) with PEG 20000 interfered with the binding process.
resulted in complete loss of reactivity, while its conjugation with One-Bead One-Compound Peptide Library versus Phage
PEG 5000 maintained its activit).This was confirmed by the  Display Peptide Library. Peptide ligands of CD21 receptor
spacer effect in this work: the binding of HPMA copolymer have been identified with OBOC, and, previously, with phage
B1 conjugates increased significantly with the increase of spacerdisplay!® Phage display is a biological combinatorial method:
length from A (8-amino-3,6-dioxaoctanoic acid) to A3 (trimer by engineering the DNA structure of phage, a phage peptide
of A) (Figure 5). However, in our previous work, HPMA library is constructed, so that millions of different peptides are
copolymer-P1 conjugates, P-GG—P1and B—A2—P1, dem- displayed on the phage capsid and are accessible for interaction
onstrated similar binding to the rsCR2.4-coated surface, with target proteing® OBOC is a chemical combinatorial
although spacer A2 (8-amino-3,6-dioxaoctanoyl-8-amino-3,6- method: with the procedure of “split and mix”, an oligopeptide
dioxaoctanoic acid) in P-A2—P1 is 4 times as long as the library could be constructed on the solid support such that each
GG (glycylglycine) spacer inf>-GG—P1,'>suggesting thatthe ~ bead contains only one single peptide followed by on-resin
length of the spacer has little effect on the binding of HPMA immunological assays, which enable the identification of peptide
copolymer-P1 conjugates. Therefore, the spacer length showed ligands of receptot? Both the OBOC method and phage display
different influences on the accessibility and the binding proper- have been extensively used for selection and identification of
ties of peptide®1 andP1in their HPMA copolymer conjugates.  oligopeptide ligands for tumor targetifg.
Hypothetically, this difference is ascribed to their different  There are reports that peptide ligands with similar sequences
physical properties such as size and hydrophobicity/hydrophi- were identified with both phage display and OBERSS
licity of peptides. Pentadecapeptidel (RMWPSSTVNL- However, a full understanding of the advantages and the
SAGRR) is twice as long as heptapeptiie (YILIHRN), and disadvantages of both phage display library and OBOC library
thus has a better chance to expose itself. In addition, HPMA s helpful for choosing appropriate combinatorial techniques for
copolymer-B1 conjugates may undergo a conformational g specific screening purpose. With phage display, molecules of
change due to the amphipathic compositiorBaf which may  different sizes from oligopeptides to proteins can be displayed
also contribute to the accessibility BfL. on phage coat protein. Phage display can also be conveniently

Structural Factors Influencing the Biorecognizability of used for identification of ligands for tumor tissue in vivand
HPMA Copolymer—Peptide Conjugates.Undoubtedly, the even with patient bod$® The advantage of using OBOC to
biorecognizability of polymerpeptide conjugates is largely prepare the peptide library lies in its extraordinary control on
dictated by the intrinsic binding affinity between peptide ligands the building blocks of the peptide library. The peptide sequence
and its target molecules. Meanwhile, structural factors such ascould be modified wittb-amino acids or other unnatural amino
multivalency for interactiod21> peptide accessibility, and acids to introduce desired properties. With the intercalation of
polymer conformatio?? may also have a significant influence  structural determinants, the peptide structure on resin could be
on the biorecognizability. The importance of multivalent predefined: cyclic structure formation with disulfide bonds of
interaction was clearly demonstrated in the binding studies of two cysteine* and with side chains of lysine and glutamf?e,
HPMA copolymer-P1 conjugates containing various amounts and turn structure formation with prolirfé. CDV
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Conlusions

With a two-step fluorescence screening process, the limitation (14)
caused by autofluorescence of TentaGel was avoided, and four

heptapeptide ligands of CD21 receptor were successfully
identified with the one-bead one-compound combinatorial
method. The dissociation constants of all peptides exBdpt
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(13) Line, B. R.; Mitra, A.; Nan, A.; Ghandehari, H. Targeting tumor
angiogenesis: comparison of peptide and polyapaptide conju-
gates.J. Nucl. Med.2005 46, 1552-60.

Aina, O. H.; Sroka, T. C.; Chen, M. L.; Lam, K. S. Therapeutic cancer

targeting peptidesBiopolymers2002 66, 184—99.

(15) Ding, H.; Prodinger, W. M.; Kopek, J. Identification of CD21-
binding peptides with phage display and investigation of binding
properties of HPMA copolymerpeptide conjugateBioconjugate
Chem.2006 17, 514-23.

were determined with a fluorescence quenching assay to be (16) press, 0. W.: Leonard, J. P.; Coiffier, B.: Levy, R.; Timmerman, J.

within the micromolar range. HPMA copolymer conjugated with
selected peptideB1, demonstrated specific binding toward
CD21 receptor. The binding between HPMA copolymBd

conjugate and CD21 receptor was found to be dependent on

Immunotherapy of Non-Hodgkin's lymphomaldematology (Am.
Soc. Hematol. Educ. Progran2001, 221—40.

(17) Prodinger, W. M. Complement receptor type two (CR2,CR21): a
target for influencing the humoral immune response and antigen-
trapping.Immunol. Res1999 20, 187—-94.

the length of spacer between peptide and polymer backbone: (18) Rask, R.; Rasmussen, J. M.; Hansen, H. V.; Bysted, P.; Svehag, S.

spacers with sufficient length (A3 and A4) were able to
significantly enhance the binding. With the proper spacer,

HPMA copolymer equipped with selected heptapeptides seems
to be a promising targeted anticancer drug carrier for chemo-

therapy of lymphoma. Combined with binding studies of HPMA
copolymer containing targeting peptide derived from phage
display?® this work should be informative for designing and
optimizing other polymeric drug carriers containing targeting
peptide in terms of structural factors such as peptide multiva-
lency, peptide accessibility, and polymer conformation.
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