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ABSTRACT. The randomization of both internal and surface residues in small protein domains followed by
selection from a display library is emerging as a powerful strategy to obtain novel binding specificities.
Small and stable scaffold motifs observed in disulfide-rich proteins are attractive because they are small,
stable, and accessible to chemical synthesis. The elementary structural motif found in the squash trypsin
inhibitor EETI-1I (Ecballium elateriuntrypsin inhibitor) is the cystine stabilized beta-sheet (CSB) motif,
found in nearly 50% of all known small disulfide-rich protein families. We have used Min-23, a short
23-residue peptide containing the CSB motif and shown to be a stable autonomous folding unit and one
of the smallest scaffolds described to date, as a scaffold for selection of new binding ligands. We
demonstrate that the core CSB motif in Min-23 is permissive to loop insertion, using peptide epitopes
from hemagglutinin (HA) and Gla-protein (E). A phage library of more thah different clones has

been constructed by insertion of a randomized sequencesemra of the Min-23 peptide. The selection

of this library on a variety of 7 different targets allowed the isolation of 21 new specific binders, confirming
the potential of Min-23 as a scaffold for the development of new ligands. The derived library is able to
provide a wide range of novel compounds with possible applications in various biological and
pharmaceutical areas.

Large repertoires of proteins have been extensively usedwhile the remaining residues provide adequate structure and
to select ligand-binding molecules for a variety of applica- conformation, effectively forming a scaffold on which amino
tions (1). These combinatorial libraries are typically displayed acids can be inserted and randomized to create new specifici-
on the surface of filamentous phage, which allow rapid ties. Antibodies can be considered a stable scaffold which
isolation of new ligands through several selection cycles supports the binding region comprising up to six constrained
against target molecules. Antibodies, usually as their Fab peptide loops, known as the complementary determining
and scFv fragments, were among the first protein libraries regions (CDRs). As an alternative to single-loop peptide
developed, and many high-affinity antibodies have been libraries, a number of different scaffolds have been developed
selected 1—3). However, the large antigen-binding surface to display a variety of peptide loops, both in number and
on antibodies can prevent their binding to a number of size (L1, 12). The most successful scaffolds reported so far
targets, and smaller molecules such as peptides can somenclude the Z-domain of protein ALB, 14), tendamistatl5),
times provide higher affinity binding reagents that better Kunitz domain (6), fibronectin type Ill domain17, 18) and
penetrate the target molecule. Linear peptide libraries havelipocalin (19, 20), cellulose binding domain (CBDR(, 22),
been developed and successfully selected for high-affinity basic pancreatic trypsin inhibitor (BPTI2J), the variable
binders 4—6). However, imposing some structural con- domain of CTLA-4 @4), or the thermostable carbohydrate
straints can offer affinity advantages during the selection of binding module CBM4-225). Binding proteins derived from
new specificities 7). Short loops were created by bringing these scaffolds have different intrinsic characteristics making
together two segments of the same polypeptide with a them suitable for different applications depending on their
disulfide bond. Disulfide-constrained libraries have proven properties. For example, biosensors require exceptional in
very successful for selection of new binde& 9). Alpha- vitro stability, whereas therapeutic administration requires
conotoxin, a small disulfide-constrained protein, comprising special formulation to achieve the desired in vivo pharma-
two disulfide bonds was mutated and displayed as a phagecokinetics and bioavailability. It is therefore likely that future
library (10). Ligands selected from libraries may require only applications will need a wide range of different scaffolds
a few critical residues that participate actively in binding, with various characteristics.

The natural protein repertoire seems to comprise only a
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Min-23 ====-=-LMREKQDSDELAGSVEGP-~===========NGFEG
Min-23-RT = = ----- LZREKQDSDELAGSVEYEART-~-~-~~-~ EDDLSFEG
Min-23-HA = ----- LMREKQDSDELAGSVEYFYDV-~-------FDYAFEG
Min-23-f @ ---—- LMRCKQDSDELAGSVEGAFVFYPFDPLEFPRAASGEFEG
Min-23-R10 = -—-———- LMRECKQDSDELAGSVER KKK ——————— HAXALFEG

Ficure 1: Sequences of EETI-Il, Min-2330), Min-23-RT (40),
Min-23-HA, Min-23-E, and Min-23 library (Min23-R10). All
sequences have been aligned onto the longest one (Min-23-E), and
dashed are inserted in shorter sequences. The active site in EETI-
Il is highlighted with an arrow. The numbering refers to the Min-
23 sequence and not to wild knottins. The disulfide connectivity is -
shown as lines and gray shaded boxes in Min-23 and its variants. ;g e 2: Schematic representation of Min-23. Cysteines are shown
The additional disulfide bridge in the EETI-II knottin is shown as 55 sticks and are numbered according to the Min-23 numbering.

thin lines. The X letters refer to randomized amino acids in the The triple-strandeg-sheet is displayed as flat arrows. The position
Min-23 combinatorial library, and the Z letter refers to nor-leucine o ihe inserted loops in Min-23-RT, -HA, -E, and -R10 is indicated

in Min-23-RT. by a double-line drawing and a black arrow.

the serine proteinase inhibitors from the squash family, with
only about 30 amino acids and three disulfide bridges, are
among the smallest rigid structure&s). They are composed

of a triple-stranded antiparallgd-sheet, a & helix, two MATERIALS AND METHODS

pB-turns, and a specific disulfide arrangement in which one ] ] ] ] )

disulfide bridge penetrates the macrocycle created by the two Bacterial Strain.The foIIowmg bacterial strain was used:
other disulfide bridges and interconnecting backbogi@gs-(  1G1: K12,A (lac-pro), sufE, thi, hsdD5/FtraD36, proA™

32). This particular arrangement of three disulfide bridges B 1acl‘, lacZAM15. _ _

is present in many proteins with no apparent evolutionary _ €onstruction of the Chimeras Min-23-Ha and Min-23-E.
relationship, the knottins, including protease inhibitors, toxins Phage expressing Min-23 fused to the sequence HA and
from plants and animals, hormone-like peptides, or insect Phage expressing Min-23 fused to the sequence E were

antimicrobials 83). The replacement of the inhibitory loop ~ Prepared by PCR amplification using the following primers.
of the knottin EETI-IF (27) by either 13 residues or 17 For Min-23-HA, we used primers G1;BTACTCGCGG

residues resulted in novel fusion proteins that were correctly CCCAGCCGGCCATGGCCGCCGCCCTGATGCGTTGC-
folded, suggesting that knottins can provide interesting AAACAGGAT 37 G2, SCTGATGCGTTGCAAACAG-
scaffolds for the construction of constrained random libraries GATAGCGATTGCCTGGCGGGCAGCGTGTGC 3G3,
(12, 34, 35). However, the location of the active site in 2 ATAATCTGCGGCCGCGCCGCAGAACGCATAATC-
knottins varies between families, and structural alignments CGGCACATCATACGGATAGCACACGCTGCCCGCC-

and folding experiments suggested that only two out of three AG 3.

disulfide bridges and the small triple-strandédgheet are For Min-23-E, we used primer G1 and G2 as above and
highly conserved and define a common elementary structuralPrimers G4, SSCTCGCCGCACGCGGTTCCAGCGGATC-

motif (36—38). This motif, called the cystine-stabilized CCGATACGGCACCGGCGCGCCGCACACGCT GCCCG-
[-sheet (CSB) motif, was shown to be an autonomous folding CCAG 3, and G5, ATAATCTGCGGCCGCGCCGCA-

unit (39). Although the CSB motif has never been observed GAAGCCGCTCGCCGCACGCG_GTTC'3 )

alone in nature, it appears to be one of the most widespread PCR fragments were cloned into the phagemid vector
disulfide-rich motifs probably due to its high intrinsic stability PHFAsac (41) using itsSfil andNot sites. Ligation products
(39). Indeed, a minimal 23-residue peptide (Min-23), con- Were elgctroporated intBscherichia coliTG1 cells for phage
taining the CSB motif and lacking the inhibitory loop, was Production. _ _ _
designed from EETI-II, synthesized, and subjected to NMR ~ Construction of the Library.A phage display library
analyses which demonstrated a correct native-like fold and €xPressing Min-23 with 10 random amino acids inserted

21 specific clones with various binding properties were
obtained.

a high stability (Tm~ 100°C) (39). Sequences of EETI-Il  Petween residues 16 and 20 of Min-23 was prepared by PCR
and Min-23 are displayed in Figure 1, and a schematic amplification using the following primers: G6755,C -
representation of Min-23 is shown in Figure 2. GATGCGTTGCAAACAGGATAGCGATTGCCTGGCGGG-

In this paper, we show that the Min-23 peptide is an CAGCGTGTGC 3 G6767, SGCCGCAGAAMNNMN-
effective small stable scaffold for obtaining new active NMNNMNNMNNMNNMNNMNNMNNMNNGCACA-
molecules via phage display and selection. First, fusion CGCTG CCCGCCAG 3G1, STTACTCGCGGCCCAGC-
proteins were made by insertion of known sequences ontoCGGCCATGGCCGCCGCCCTGATGCGTTGCAAACA-
the Min-23 peptide. Then a library of 2:8 1® clones was GGAT 3; G9, SATAATCTGCGGCCGCGCCGCAGAA3

constructed by insertion of 10 random amino acids into the PCR fragments were cloned into the phagemid vector
secondg-turn of Min-23. This library was expressed on PHFAsac (41) using itsSfil andNot sites. Ligation products
phage and selected on seven different targets. Selected clone¥ere electroporated intscherichia col(E. coli) TG1 cells

were analyzed for their binding affinity and specificity, and for phage production. The number of transformants after
electroporation was calculated and used to determine the size

1 Abbreviations: CSB, cystine-stabilized beta-sheet; DTT, dithio- of the “prary' . . .
threitol; EETI, Ecballium elateriuntrypsin inhibitor; HA, haemagglu- Selection of the LibrarySeven different proteins were used
tinin. as targets in the selection of the library. The malarial apical
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membrane antigen 1 (AMA-1) was kindly supplied by Dr.
M. Foley, School of Biochemistry, La Trobe University,
Australia. The 60 kDa cytosolic domain of the 70 kDa outer
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The PCR fragments were cloned into the pMal-E vector
using theXbd andHindlll sites. Recombinant proteins were
expressed and purified as describd@8)( Briefly, proteins

membrane translocase receptor from human mitochondriawere expressed as fusion protein with the MBP and isolated

(Tom70) was kindly supplied by Dr. N. Hoogenraad, School
of Biochemistry, La Trobe University, Australia. The anti-
bodies anti-AMA-1 clone 5G8 (5G8 Ab) and clone 1F9 (1F9
Ab) were kindly supplied by Dr. R. Anders, School of
Biochemistry, La Trobe University, Australia. The anti-EBV
antibody (anti-capsid protein gp 125 of Epstein Barr Virus)
clone L2 (anti-EBV Ab), the anti-Nef antibody (anti-aa-31
50) (anti-Nef Ab), and the HIV-1 Nef protein were purchased
from Advanced Biotechnologies Inc., Columbia, MD.

Colony Blot. E. coliTG1 bacteria harboring the plasmid
pHFAsac were grown at 37C and IPTG-induced before
lysis. Periplasmic fractions were blotted onto nitrocellulose
filters and probed with an anti-Flag antibody. Fd-phage were
produced using the phagemid vector as descrid&y all

from the periplasmic fraction. Proteins were purified by
affinity chromatography using amylossepharose resin and
elution with maltose as described3j.

Biosensor Binding Analysi®\ BIAcore 1000 biosensor
(Biacore AB, Uppsala Sweden) was used to measure the
interaction between selected Min-23 binders and target
antigen. The anti-EBV antibody was immobilized onto a
CM5 sensor chip (700 RU) using the standard NHSDC
coupling procedures via amine groups in 10 mM sodium
acetate buffer, pH 4.5, at 258C and 5uL/min flow rate.
The binding experiments were performed in 10 mM Hepes,
0.15 M NaCl, 3.4 mM EDTA, and 0.005% surfactant P20,
pH 7.4, at 25°C and a constant flow rate of sL/min.
Regeneration of the anti-EBV antibody surface was achieved

phage were grown under the same conditions and in parallelby running the dissociation reaction to completion before

with control phage displaying irrelevant protein. Phage
concentration was measured by bacterial infection. Display
of recombinant protein was checked by ELISA and Western
blot. For ELISA, dilutions of phages were coated in 96-well
plates and revealed with an anti-plll antibody and in parallel
with an anti-Flag antibody. For Western blot, dilutions of

the next injection of analyte. The kinetic rate constadqts
and kg were determined at each of the five concentrations
(12.3-204 nM) using the fitting algorithm for 1:1 Langmuir
binding (simultaneous fitting d€; andky) model as described

in BlAevalution 3.0.2.

Molecular Modeling.Structure calculations and displays

phages were subjected to polyacrylamide gel electrophoresiswere performed on a Linux workstation. Figures of structures
and transferred into nitrocellulose membranes. Membraneswere produced with the MOLMOL4d) and POV-Ray

were then revealed with an anti-plll antibody and in parallel
with an anti-Flag antibody. For ELISA screenings, small-

(http://www.povray.org) programs. The MODELLER pro-
gram @5) was used to build initial models from the Min-23

scale preparations of phage were used. Bacterial clones wereolution structure39) and the clone sequences. These initial

grown as previously described2) but in small a volume

of 200uL in 96-well plates. After poly(ethylene glycol) 8000
(PEG) precipitation, phage were finally resuspended in 100
uL of PBS.

ELISA. For detection of protein expressed on phage,

models were submitted to molecular mechanics energy
refinement with the sander module of the AMBER 7 program
(46), using the all-atom parm94 force fieldq) and the GB/

SA implicit solvation system48, 49). Five thousand steps
of energy minimization were first carried out with 1 kcal

dilutions of phage were coated on 96-well plates and revealed™ol * positional restraint on the backbone atoms of the

with an anti-plll antibody, with an anti-E antibody, with an
anti-HA antibody, or with an anti-Flag antibody. To analyze

unchanged Min-23 scaffold. This is to allow the newly
introduced loops to adapt to the Min-23 scaffold, still

the binding of peptides expressed on phage on target protein@voiding unrealistic deviation of the scaffold due to poor
target proteins were coated on 96-well plates at a concentra Initial conformations of the loops. All intramolecular non-

tion of 0.5-1 ug/well. After blocking with 4% dry milk in
PBS for 2 h, phages diluted in 2% dry milk in PBS were
incubated for 1 h. Washes were performed with PBS and
bound phage were revealed with an anti-fd antibody linked
to biotin and an HRP streptavidin conjugate. For competi-
tion experiments, different concentrations of competitors,
such as the antibody anti-AMA-1 5G8 (5G8 Ab) or the
antibody anti-AMA-1 1F9 (1F9 Ab), were mixed with phage
for 30 min at room temperature before incubation with the
target protein in the 96-well plates. For analysis of DTT
sensitivity, phages were incubated with various concentra-
tions of DTT for 30 min at room temperature before
incubation with the target protein in the 96-well plates.

Expression of Recombinant Protei&elected clones were
produced as recombinant proteins in fusion with the maltose-
binding protein (MBP) using the pMal-E vector (New
England Biolabs). Subcloning into this vector was performed
after PCRs of the insert with the primers G33, BC-
CCAAGCTTGCACTCTAGCCGCA GAA 3 and G34,
5'GGATCCTCTAGAATGGCCGCCGCCCTGATGCGTT-
GCAAACAGGATAGC 3.

covalent interactions were computed by setting the non-
bonded cutoff at 99 A. The Generalized Born model was
used to compute the polar contribution to the solvation free
energy, using the parameters from Tsui and C&k. (
Nonpolar contribution to the solvation free energy was
computed as surfter SA, where surften is a surface tension
of 0.005 kcal mot* A=2 and SA is the accessible surface
area. Then, to sample the conformational space available to
the molecules, 500 ps-long molecular dynamics simulations
were performed. During the molecular dynamics runs, the
covalent bond lengths were kept constant by applying the
SHAKE algorithm 60) allowing a 1.5 fs time step to be
used. The system was coupled to a heat bath of temperature
To = 298 K (51), using a temperature relaxation tirhe=

0.2 ps. Conformations were saved every 5 ps, and the
conformation closest to the average conformation was used
for analysis and display.

RESULTS

Modification of Min-23 by Insertion of New Sequences
into a Surface Loop. Expression of the Protein Chimeras
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recombinant expression iB. coli. (A) SDS-PAGE 10% acryl-
amide. (B) Western blot developed with an anti-MBP antibody.
Ficure 3: Analysis of binding specificity of phages displaying Min-  (C) Western blot revealed with an anti-HA antibody. Columns 1
23 chimeras by ELISA. Phage-Min23-HA (gray bars) and phage- and 2: periplasmic fraction before purification on amylose resin.
Min23-E (black bars) were immobilized at different dilutions and Column 3: wash fraction after incubation on amylose resin. Column
were detected with (A) an anti-HA mouse antibody and (B) an HRP- 4: fraction after elution from amylose resin with maltose.
conjugated anti-E mouse antibody. Competition was performed by
incubating the peptide HA with the phage-Min23-HA. Experiments
were performed in triplicate, and error bars represe8D. anti-HA or anti-E antibodies. Similar yields were obtained
with the recombinant protein MBPMin-23 suggesting that
introduction of the new sequences HA or E onto the Min-
alignment and structural analyses showed a great variability23 dsfhafzotf did not S |?n|(fj|can;[jly alter the expresslllotn IIeve:I d
in the size of the last loop of-turn of CSB-containing an a. gse new introduce 'sequenc.es are W,e ) oerag )
proteins, and we predicted this would be an appropriate The plndlng _of these recombinant fusion proteins to th_e_lr
permissive site for introduction of novel loop sequences. The "€SPective antibody was analyzed by ELISA, and specific
core CSB motif is stabilized by two disulfide bridges and a Pinding was observed with soluble MBP-Min-23-HA and
pB-sheet, thus, exposingfaturn for loop manipulation, that ~MBP—Min-23-E, but not with the control MBPMin-23
is, residues 1720 in Min-23 (Figures 1 and 2). The Fhe (data not shown). These results clearlly indicate that new
was kept unchanged because it is predicted to stabilize theS€quences can be introduced onto Min-23 at the selected
CSB motif through hydrophobic interactions with Le@7, position gnd that the 9TreS|due an_d the 1_7_-re5|qlue sequences
39). To verify that new sequences could be inserted onto &€ specifically reco.gnlzed by their specific antibodies when
Min-23 at this position, two protein chimeras were created displayed on the Min-23 scaffold.
by inserting known sequences of different sizes in replace- Construction of a Min-23 Phage Library with Bersity
ment of residues 1720 (Figure 1), the sequence HA in an Exposed LoopA phage display library termed Min-
(YPYDVPDYA) derived from an epitope of the hemagglu- 23-R10 was constructed by PCR using a set of degenerate
tinin protein of human influenza viru§®) and the sequence  primers to amplify Min-23 and replace residues-20 by
E (GAPVPYPDPLEPRAASG) derived from an epitope from 10 random residues. The amplified Min-23 repertoire was
the human bone Gla-proteis3). The resulting chimeras  cloned into the phagemid vector pHFASAC, and the number
Min-23-HA and Min-23-E were expressed on the surface of 0f colonies obtained after electroporation yielded a theoretical
the filamentous phage and tested by ELISA to determine library size of 2.8x 10 unique variants. To confirm library
whether chimeras could still be recognized by their corre- diversity, 30 individual clones were sequenced, and indeed
sponding antibodies anti-HA and anti-E (Figure 3). The the observed residue frequency was similar to that predicted
antibody anti-HA bound specifically onto the phage Min- (data not shown), although residues V, L, and S were slightly
23-HA as well as the antibody anti-E on the phage Min- over-represented as has been observed in other phage display
23-E with both ELISA signals depending on the concentra- libraries ©4). To assess the proportion of clones that
tion of phage. Furthermore, addition of the soluble peptide expressed detectable Min-23 proteins, 40 individual clones
HA was able to completely inhibit the binding of the antibody Were subjected to small-scale bacterial culture with IPTG
anti-HA when it was mixed with the phage Min-23-HA, thus, induction, followed by analysis of periplasmic fractions on
confirming the specificity of the binding. dot-blot using an anti-Flag antibody (data not shown). Out
Expression of the Protein Chimeras Min-23-HA and Min- 0f 40 clones, 29 demonstrated the expected expression levels
23-E as Fusion Proteindvlin-23-HA and Min-23-E were of Min-23 variants, indicating that the Iibrary contains at
expressed as soluble, periplasmic fusion proteins by attach-east 72.5% of clones which display surface proteins.
ment to the C-terminus dE. coli maltose-binding protein Selection of the LibraryA well-characterized antibody
(MBP). It had been previously reported that the oxidation (5G8 Ab) with specificity to the malarial antigen AMA-1
conditions in the periplasm allow the formation of correctly was chosen as the first target to select the Min-23 library.
folded and fully functional fusion of MBP with another CSB  Previous selection of a 20-residue linear-peptide phage
protein (EETI-1I) in high yields 84). Recombinant proteins  display library on the 5G8 Ab had identified that a consensus
were analyzed before and after purification by affinity binding sequence of just three residues, AYP, was sufficient
chromatography on amylose resin. SEFAGE under non-  to bind effectively to 5G8 AbJ5). After the third round of
reducing conditions and Western blot using an anti-MBP selection of the Min-23 phage library on 5G8 Ab, binding
antibody, an anti-HA antibody, or an anti-E antibody were was tested by phage ELISA. Clones were randomly picked
performed (Figure 4). The fusion proteins MBP-Min-23-HA from the selected fraction and used for a small-scale
and MBP-Min-23-E were not degraded, and immunoblotting preparation of phage. Ninety percent of the clones showed
showed a soluble product of the expected size of 49 kDa, specific binding to the antibody 5G8 with no detectable
detected using both antibodies specific for the MBP tag and binding to the protein control, BSA. Fourteen unique clones

Min-23-HA and Min-23-E on the Surface of Pha§equence
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Min-23 LMRCKQDSDCLAGSVCGP-——-—~- NGFCG

Min-23-R10 LMRCKQDS DCLAGS VCXXXXKXXXXXKXFCG g ot [
= -5

A s 00t
R1 LMRCKQDS DCLAGXVCVEVMPPMRXDFCG 3 0 F
R2 LMEXEQDSDCLAGSVCTMFGFIVL . VLERGERL.R. . . X8R ‘i; ]0_3 B
R3 LMRCKQDSDCLAGSVCWAADASGFAFFCG g 101
R4 LMRCKQDSDCLAGSVCWLGGCGDVSLECG £ 10 F
RS LMRCKQDS DCLAGSVCAPVCLLLLERECG 5 10k
R6 LMRCKQDSDCLAGSVCLFLLLGSTLVECG o 10"L
R7 LMRCKQDSDCLAGSVCSPPPGFEFA . FCG & . . -
R8 LMRCKQDSDCLAGSVCYPYDVPDYAFCG 0 1 2 3 4
R9 LMRCKQDSDCLAGSVCL. LIVHLRRRECG Rounds of selections

Ficure 6: Ratio of phage (output phage/input phage) after one,
B two, three, or four rounds of selection of the library Min-23-R10
S17E2  LMRCKODSDCLAGSVCLHYSYPVADPECG on different targets: anti-AMA-1 antibody clone 1F9 (1F9 Ab),
S17E3  LMRCKODSDCLAGSVCQGQSYPDXVVECG purple; clone 5G8 (5G8 Ab), dark blue; AMA-1, red; Tom70,

S1788  LMRCKQDSDCLAGSVCEWSYPPVXESFCG orange; anti-EBV Ab, dark green; anti-Nef Ab, light green; HIV-1
S17E9 LMRCEQDSDCLAGSVCAVAYPVVDXDECG Nef I|ght blue.

S22E2 LMRCEQDSDCLAGSVCSVSYPSEFCG
S22E4 LMRCKQDSDCLAGSVCAVAYPVVEDFCG
S22E5 LMECEQDSDCLAGSVCPFAYPVXPPPFCG

S27E6  LMROCKODSDOGLAGSVCPPVSVAYPEPECE selection was variable for each antigen (Table 1) with a total

$22E7  LMRCKODSDCLAGSVCEWSYBVOESPFCG of 21 differer!t clones isolated for six different targets.

§22E8  LMRCKQDSDCLAGSVCLAPAYPLPPDFCG Selected binders were expressed on phage and tested for
S22B9  LMRCKQDSDCLAGSVCLHYSYPVIGPFCG binding on different targets and on control proteins in ELISA
S22E10  LMRCKQDSDCLAGSVCGSRAYPGRRIFCG to check the specificity. Representative data of clone S66E1
S522E11 LMRCEQDSDCLAGSVCIYSYPVTEQQFCG h ifi . . h .

$22E12  LMRCKQDSDCLAGSVCPLAYPLPOSEECG shows specific binding to the target antibody 1F9 compared

Ficure5: (A) Sequences of random clones from the Min-23 library o i)_alilz\grg_und b|8ndgl_g t? BSA, E.ifnt!bOdy anttl)-Hls, OC; ?ntltl?]dy
before the selection. (B) Sequences of clones after three rounds o2t (Figure 8). Similar specificity was observed for other

selection on the antibody anti-AMA-1, clone 5G8 (5G8 Ab). Clones Selected peptides, for example, clone S42E6 binds specifi-
R2, R8, R9, and S22E2 have loops of different lengths. Periods (.) cally to the target anti-EBV Ab, clones S40E5, S40E7,

represent stop codo_ns. These variations _have be_e_n introduced byS40E9, S40E10, S40E34, and S40E38 bind specifically to

e 21 1047 Tom70, clones SB4E1 and SS4E1 bind speciically o AMA

in red, and the new consensus sequence(,qSYP, is dispiayed iFr)1 b)I/u31' clones S66E1, S66E2, S66E4, S66E8, and S66E18 bind
specifically to 1F9 Ab, clones S45E1, S45E2, S45E6, and
S45E9 hind specifically to anti-Nef Ab, and clone S65E1

were sequenced, and indeed, the consensus sequence AYBinds specifically to Nef (data not shown).

was present in seven clones and the homologous sequence Analysis of Binders (CompetitionT.o further elucidate

SYP in the others (Figure 5). the binding characteristics of selected clones to their targets,

These results show that the Min-23-R10 library comprised competition experiments were performed by incubation of
a wide diversity of sequence variation in the surface loop the selected clones with known ligands for 30 min in solution,
and that specific known binding sequences can be easily andprior to ELISA analysis on immobilized targets. For example,
efficiently selected. Figure 5 also shows nine unique the binding of clones S64E1 and S84E1l to AMA-1 was
sequences of clones randomly picked from the library before competed by the two ligands previously known to bind
the selection. Comparison of Figure 5A and Figure 5B shows AMA-1, the 5G8 antibody and the 1F9 antibody (Figure 9A).
that there was no bias in clones before selection against 5G8The ELISA results demonstrate that 1F9 Ab was able to
Ab and that specific binding clones were easily selected in compete with the binding of both clones S64E1 and S84E1
three rounds of selection. Furthermore, the consensus AYP/but no competition was observed with 5G8 Ab. This indicates
SYP sequences identified after the selection were flankedthat clones S64E1 and S84E1 are binding on the same
by a variable number of random amino acids on each side,overlapping epitope surface as 1F9 Ab on the AMA-1
further confirming the diversity of the library (Figure 5). protein.

Six other protein antigens were then used as targets to In areciprocal experiment, the six different clones selected
select new binders from the library, including the malaria on 1F9 Ab were competed with the natural ligand AMA-1.
apical membrane protein 1 (AMA-1), the mitochondrial One representative result for clone S66EL is depicted in
membrane protein Tom70, the anti-EBV antibody (anti-EBV Figure 9B. Indeed, competition for binding on 1F9 Ab was
Ab), the anti-AMA-1 antibody 1F9 (to compare with observed when AMA-1 was added to each of the six selected
selection against 5G8 Ab as described above), the HIV viral clones, S66E1, S66E2, S66E4, S66E8, S66E17, and S66E18,
protein Nef, and an anti-Nef 15 antibody. After the third indicating that all these clones bind on the 1F9 antibody with
and fourth rounds of selection on each target, a significant epitope surfaces overlapping the AMA-1 binding epitope.
enrichment of the phage was detected as represented by the In other examples, S42E6 was tested by ELISA for binding
ratio of output phage/input phage (Figure 6). Clones were to the immobilized anti-EBV antibody while in competition
randomly picked from the selected fraction and used for with the natural target, the Epstein Barr Virus (EBV) protein.
small-scale preparation of phage. Binding was assessed byHowever, no competition was detected (data not shown)
phage ELISA (Figure 7), and positive binders were se- indicating that clone S42E6 apparently binds anti-EBV Ab
guenced and identified as unique clones (Table 1). Theon a different epitope from that recognized by the EBV
number of positive clones after three or four rounds of protein.
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0.8
0.7
0.6
0.5
0.4
0.3
0.2

0.1
0

S42E6
S66E]
S6GE2
S66E4
S66ES
S66E18
S45E2
S45E6
S45E9

S45E1

Antibody antt HBV ~ Antibody antt  AA] clone 1F9 Antibody ants  Nf

S40ET
S40E9
S40E10
S40E34
S40E38
SG4E]
S84E1
S65E]

Tom 70 AMA 1 Nef

Ficure 7: Analysis of binding of selected clones by ELISA. Target proteins (gray) and BSA (white) were immobilized, and selected
clones expressed on phage were incubated. Bound phage were detected with an HRP-conjugated anti-M13 antibody. Experiments were
performed in duplicate, and error bars represestandard deviations.

Table 1: Selection of the Min-23-R10 Library on Different Targets OD 450 m
target 1
concentration number positive
for panning of selection clones 08 _|
target abbreviation  («g/mL) rounds isolated
anti-apical 5G8 Ab 25 3 14 06 _|
membrane(AMA-1) (2 consensus
antibody clone 5G8 sequences) 04
anti-apical 1F9 Ab 5 4 5 A
membrane (AMA-1)
antibody clone 1F9 02
apical membrane AMA-1 10 4 2 ]
protein-1 0 i
mitochondrial Tom70 10 4 6 . o .
membrane protein Ficure 8: Specificity of binding of clone S66E1 on 1F9 antibody
Tom70 _ analyzed by ELISA. Target proteins (BSA, white; antibody anti-
a”t{}ﬁﬁgt(eé’és)a" ant-EBVAb 5 4 1 His, light gray; antibody anti-HA, dark gray; antibody anti-AMA-1
antibody (1F9 Ab), black) were immobilized and were incubated with clone
anti-Nef antibody anti-Nef Ab 5 4 6 S66E1 expressed on phage. Bound phage were detected with an
HIV-1 Nef Nef 5 4 1 HRP-conjugated anti-M13 antibody. Experiments were performed

a Target concentration for panning, number of selection rounds, and " duPlicate, and error bars represetritandard deviations.
number of positive clones isolated.

anti-Nef Ab (data not shown), indicating that they are binding
Similarly, the six clones (S45E1, S45E2, S45E6, S45E8, to overlapping epitopes on Nef.

S45E9, and S45E12) that had been selected on the antibody Assessment of Binding Affinity by Surface Plasmon
anti-Nef were tested in competition with the Nef protein. Resonance (BiacoreYo confirm that the ELISA binding
There was no disruption of the binding for any clone analysis and competition experiments described above were
indicating that all six selected Min-23 variants bind the anti- an accurate representation of the properties of the Min-23
Nef Ab using different epitope surfaces from that recognized variants, several variants expressed in fusion with MBP were
by Nef. In a reciprocal experiment, the single clone (S65E1) purified and their binding kinetics assessed on immobilized
selected on the protein Nef was competed effectively with targets using surface plasmon resonance (Biacore). Min-23
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A OD g OD 55 Min-23-S40E7 Min-23-S40E5
1 = 1 =i oD 450 nm oD 450 nm
08 | 0.8 1 14
0.8 0.8
06 _| 06 0.6 0.6
04 _| 0.4 0.4 0.4
02 _| 02 0.2 - 0.2
5 0 1 10100 "0 1 10100
0 01 1 10100 0 01 1 10100 DTT (mM) DTT (mM)
Ab-5GE (M) Ab-1F9 (M)

B op.. Ficure 10: Sensitivity of binders to reduction of disulfide bridges
S by dithiothreitol (DTT). The protein Tom70 was immobilized and
- was incubated with selected clone S40E5 and S40E7 expressed on

phage, previously mixed with different concentrations of DTT. After
08 several washes, bound phage were detected with an HRP-conjugated
anti-M13 antibody. Experiments were performed in duplicate, and
06 _ error bars representstandard deviations.
04 _|
02 _| : of DTT, as described on the representative graph in Figure
_ 10 for the S40E7 and S40ES5 clones. Interestingly, the binding
. - of clone S40E7 to Tom70 is affected by DTT, whereas the
= e AIMA?] (;:131) binding of clone S40E5 remains unmodified even in the

» . presence of 100 mM DTT. These data indicate that S40E7
Ficure 9: (A) Competition of binding of selected clones S64E1

with the anti-AMA-1 antibodies clone 1F9 (1F9 Ab) and clone 5G8 might require the stab!e Min-23 core scaffold for presentation
(5G8 Ab). The protein AMA-1 was immobilized and was incubated Of the predominant binding loop, whereas S40E5 does not
with selected clone S64E1 expressed on phage, previously mixedhave this dependence. Results for all clones are summarized

with different concentrations of 1F9 Ab and 5G8 Ab. After several in Table 3. Among the 19 specific clones isolated, 9 clones

washes, bound phage were detected with an HRP-conjugated anti .o sensitive to DTT for binding to their targets, clearly

M13 antibody. Experiments were performed in duplicate, and error .~ . ~ . g
bars represent-standard deviations. Clone S84E1 gave similar indicating that these clones require at least the presence of

results. (B) Competition of binding of selected clone S66E1 with the stabilizing disulfide bridges. The remaining 10 clones
AMA-1 by ELISA. The 1F9 Ab, was immobilized and was apparently do not need the disulfide bridges for their binding,

incubated with selected clone S66E1 expressed on phage, previouslyyhich might reflect the display of short linear-peptide
mixed with different concentrations of AMA-1 protein. After several sequences that are capable of binding to the target.

washes, bound phage were detected with an HRP-conjugated anti-
M13 antibody. Experiments were performed in duplicate, and error  Molecular ModelingThree-dimensional models of several

bars representstandard deviations. selected clones for which disulfide bridges are important for
binding and which are thus folded were built to provide
additional information on the selected sequences. In all cases,

Table 2: Apparent Kinetic Rate and Equilibrium Binding Constants

for the Interaction of S42E6MBP with Immobilized AntiEBV it was assumed that the folding of the Min-23 scaffold is

Antibody? conserved in the clones as well as the disulfide pairing, and
Ke(M~15) ke(sD) Ko (M) identical to the disulfide pairing in the CSB motif of EETI-
393 10° 611 104 155x 10-8 II. This was indeed the case for a chimeric peptide obtained

— , by grafting an exogenous loop onto Min-280. Conserva-
aThe kinetic rate constankg andky were determined at each of the . . i . . .
five concentrations (12:3204 nM) using the fitting algorithm for 1:1 t'on,Of the_M'n'Z?’ Scaﬁqld 'S. likely to imply a d_'SUIf'de
Langmuir binding (simultaneous fitting & andk,) model as described ~ Pairing similar to the one in Min-23 and EETI-II. Itis worth
in BlAevalution 3.0.2. noting, however, that all cysteines are close to each other in

these compounds, and whether proven that, in particular
variants fused to MBP were tested in parallel with the cases, different disulfide pairing could occur within the same
recombinant MBP protein. As an example, S42E6 binding Structural framework. This ambiguity led to the probably
was assessed against immobilized anti-EBV antibody result-erroneous proposal that the disulfide connectivity of kalata

ing in kinetics ofKp of 1.55x 1078 M as described in Table  B1 would be HII, 1ll =VI, and IV—-V (56) rather than the
2. S42E6 binding was also assessed against immobilizedl =1V, Il =V, and IlI=VI connectivity, specific of knottins
unrelated antibody and no signal was detected. (57, 58). Also, it has been shown that modification of the

Rele/ance of Disulfide Bridges As Assessed by Seitgiti  cysteine pairing in another small disulfide-rich protein,
to DTT.To determine if the binding of the selected clones maurotoxin, did not markedly alter the scaffol&b9j.
to their target was dependent on the formation of the Therefore, although unlikely, it cannot be ruled out that some
structurally important disulfide bridges of Min-23, we tested clones adopt a similar fold but different disulfide pairings
the binding both before and after reduction with dithiotreithol or even different folds and different disulfide bridges. A
(DTT). For this experiment, prior to analysis by ELISA, each three-dimensional representation of clone S40E7 (Tom70
clone was incubated for 30 min with different concentrations binder) is displayed in Figure 11.
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Table 3: Sequences of Selected Clones and Sensitivity of Their Binding to Reduction of Disulfide Bridges by DTT

Target Clone Sequence DTT sensitivity
5G8 Ab See Figure 5B ND?
1F9 Ab S66E1 LMRCKQDSDCLAGSVCRLHGSWWPYPFCG +
S66E2 LMRCKQDSDCLAGSVCLPYLAWLPSQFCG +
S66E4 LMRCKQDSDCLAGSVCRLQELWDVHTFCG +
S66ES LMRCKQDSDCLAGSVCRIPAAWFSSAFCG +
S66E18 LMRCKQDSDCLAGSVCRLEAAWLPLPFCG +
AMA-1 S64E1 LMRCKQDSDCLAGSVCVSPSWWRGPLFCG -
S84E1 LMRCKQDSDCLAGSVCRLPPLPLWPGFCG +
Tom70 S40E5 LMRCKQDSDCLAGSVCQFHVAFWWPAFCG
S40E7 LMRCKQDSDCLAGSVCASVWWLGPVRFCG +
S40E9 LMRCKQDSDCLAGSVCMYTLWPSYGRFCG -

S40E10 LMRCKQDSDCLAGSVCSFEFFPRFGFFCG -
S40E34 LMRCKQDSDCLAGSVCRFAKRWPPVRFCG -
S40E38 LMRCKQDSDCLAGSVCLQVWWLGPVRFCG -

Anti-Nef Ab S45E1 LMRCKQDSDCLAGSVCIKPVFG.VQAFCG -
S45E6 LMRCKQDSDCLAGSVCIHPLFGFRPSFCG -
S45E2 LMRCKQDSDCLAGSVCVHPVFAIPWGFCG -
S45E8 LMRCKQDSDCLAGSVCARPFFGMFEGFCG -
S45E9 LMRCKQDSDCLAGSVCYSGITMLPYNFCG -
S45E12 LMRCKQDSDCLAGSVCVGWPYVYSKGFCG -
Nef S65E1 LMRCKQDSDCLAGSVCTQVLSFVPWKFCG +

aND = not determined.

report using full EETI-Il as a scaffold described the insertion
of new sequences in the first loop of EETI-B4), that is,

loop “a” according to the knottin nomenclatur@3j. Ad-
ditional sequences were introduced in EETI-Il, and fusion
proteins were successfully expressed, suggesting that loop
“a” could be used for construction of large libraries. In this
study, we chose a different strategy using the elementary
structural motif of EETI-Il, Min-23, that contains only two
out of the three disulfide bridges in EETI-Il and is one of
the smallest scaffolds reported to date. On the basis of
structural analyses and sequence alignments, we inserted
residues in the secoriturn of Min-23. This loop, labeled

“e” according to the knottin nomenclature, shows a great
sequence variability in knottins and other CSB-containing
proteins (http://knottin.cbs.cnrs.fr) as represented in Figure

FiGURE 11: Three-dimensional model of clone S40E7 selected for 12.
binding to Tom70. The Min-23 scaffold is shown as orange coils,  giryctural analysis of loop “e” in knottins clearly shows

ribbons (3¢ helix), and arrows -strand). The backbone of the . L . :
inserted and randomized loop is shown as white ribbons. Side chainsthat this loop adoptg-hairpin conformations with both ends

are color-coded according to the following scheme: hydrophobic, Of the loop being involved in the conserved antiparallel
yellow; polar, cyan; acidic, red; basic, blue; proline, white. The j-sheet locked by disulfide bridges (Figure 1). We thus
C-terminus is shown as a red sphere. The green dashed linehypothesized that this loop would be an appropriate permis-
gulgg’hgzgs ;%efgmqu%rglslﬁii/ee?;u(r:%a?gnebhilﬂgpetr?f the line, residues /o site for introduction of nevg-hairpin-like sequences
and decided to replace residues—PD with a molecular
repertoire (Figure 1). First, well-characterized loop se-
guences, either the 9-residue haemagglutinin (HFY) Er
In this study, we investigated whether the CSB motif could the 17-residue (E-tagpB) was inserted into thg-turn of
be manipulated to obtain new binding reagents using the Min-23. These Min-23 loop insertion mutants were expressed
small, well-defined Min-23 peptide, extracted from the both on phage and as soluble proteins in the periplasi of
squash trypsin inhibitor EETI-1I, as a scaffold. A previous coli. Similarly to wild-type Min-23, the loop insertion

DISCUSSION
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I 1 : /\ I
Min-23-R10 = —————-- LMRCKQD---—--- SDCLAG-SVCXXXXX - —-XXXXXFCG—-—--
Conotoxin EVIA -DDEIKPYGFESLPIL--KNGLCESG--ACVG-—-—---—-———-~— VCADL---
Conotoxin gm9%a ==-SCNN---SCQSH----~-~- SDCASH-CICTF----=----- RGCGAVN--
Kalata B1 -=-VECGE---TEVG-====-=-~ GTCNTPGETESW========= PVCTRNGLP
EETI-II --GCPRILMRCKQD--=---~- SDELAG-EVEGPN-=-=-=-=-=-=-- GFCG-----
Tachystatin A YSRCQLOGFNCVVRSYGLPTIPCCRG-LTCRSYFP--GSTYGRCQRY---
o-atracotoxin HVI SPTEIPSGRPEPYN-==-=-~ ENCCSQ--SCTFKENENGNTVKRCD-~---~-

Ficure 12: Alignment of the sequence of the Min-23-R10 library with other knottin sequences. The disulfide connectivity in Min-23-R10
is shown as thick lines and gray shaded boxes. The additional disulfide bridge in knottins is shown as thin lines.

mutants were well-expressed kh coli (Figure 4). Impor- hydrophobic surface might cause non specific aggregation,
tantly, loop sequences were capable of binding their respec-analyses of binding data reveal that S40E7 is indeed
tive anti-HA or anti-E antibodies (Figure 3). Together, these functionally active and folded correctly. Importantly, S40E7
results demonstrate that the selecfeturn of Min-23 is was also shown to be dependent on stable disulfides since it
permissive for insertion and display of new loop sequences.was inactivated by DTT treatment (Table 3).

To then evaluate the use of Min-23 as a library scaffold, S40E7 also comprised the Gi{Pro (GP) dipeptide which
we constructed a Min-23 repertoire (Min-23-R10) comprising is frequently observed ifi-turns and surface loops and is
10 random amino acids in theturn (Figure 1). A 10-residue  indeed present in the native Min-23 structure (as GPNG in
loop corresponds to the upper range of loop sizes in the EETI-II) (Figures 1 and 11). Further, a combinatorial library
knottin family (33) and has previously been shown to be of EETI-Il randomized at GPNG had revealed that the
compatible with correct folding 59). Specifically, the sequence of this turn is significantly constrained and that
homologous “e” loop in naturally occurring knottins is 10 only the native GPNG sequence provides a high yield in the
residues in length in tachystatin A from horseshoe célp ( native fold §5). Also, inserting GPNG in the homologous
and 13 residues in atracotoxin-Hvla from funnel-web spider CMTI-1Il CSB motif significantly improved the chemical
(61) as represented in Figure 12. It is worth repeating that a synthesis yield 6). GP dipeptides can be found in many
chimera in which residues +20 were chemically replaced  spider toxins homologous to the same structural knottin
by 10 empirically selected residues was previously shown family as EETI-Il (33). Thus, the GP dipeptide in the
to fold in a native-like fashion4(). randomized loop may have been selected for structural and

The Min-23-R10 repertoire was constructed as a phagefOldlng reasons in the context of the Min-23 scaffold as a
display library of 2.8x 1 different clones, representing a CSB motif.
fraction of the 16 possible combinations of 10 random Clones S64E1 and S84E1 Selected on the AMA-1 Target.
residues. Phage libraries are always restricted by transforma-The apical membrane antigen 1 (AMA-1) protein is present
tion but are still the most effective technique for display and at the surface oPlasmodium falciparunmerozoites and is
selection of Min-23 variants. Library diversity and expression involved in erythrocyte invasioré{, 68). After the selection
quality were confirmed by analysis of random clones selected of the Min-23-R10 library on AMA-1, two different clones
from the library (Figure 5A). Selecting against a range of were obtained: S64E1 and S84E1l. The S64E1 clone
different target molecules, each with different properties, comprises the GP dipeptide and, as discussed above for
sizes, and potential applications, yielded 21 unique Min-23 S40E?7, this is characteristic of Min-23 with a knottin-fold.
variants, each with specific binding properties (Tables 1 and Of two tryptophan residues, one appears buried by contacts
3). with the core of the molecule while the second is more

Clones Selected against Tom7Ahe Min-23-R10 library solvated and adjacent to the surface arginine. The model also
was selected on Tom70, a well-characterized mitochondrial Shows that the two prolines face each other in the hairpin
membrane proteing@). After four rounds of selection, six  00p (data not shown). This arrangement precludes potential
different clones were isolated: S40E5, S40E7, S40E9, extension of thgg-sheet toward the tip of the loop that would
S40E10, S40E34, and S40E38, and the best binder byhave generated a regulgrhairpin. It is likely that the
ELISA, clone S40E7, was selected for detailed analysis. The Prolines participate in the determination of the loop confor-
S40E7 loop sequence has a dominant hydrophobic charactefation and are important for folding. We have observed that
(two valines, two tryptophans, and one leucine) and can beProlines are frequent in the selected sequences from the Min-
modeled as a amphiphilic structure with the charged arginine 23-R10 library, similar to the high proline content in loops
in close contact to the two other positively charged residues Of natural knottins §3).
near the Min-23 N-terminus (Figure 11). Together, these Examination of the sequences of the selected clones (Table
residues constitute a positively charged surface region that3) shows that one arginine is present at position 17 in seven
is complemented by a polar region formed by the 310 helix clones selected on four different targets. Interestingly, the
of Min-23 plus the loop serine. The combination of an three-dimensional model of S84E1 (not shown), a clone
amphiphilic character combined with the presence of a selected on AMA-1 and sensitive to DTT, suggests that the
positively charged cluster is typical of peptides interacting arginine 17 (the first residue in the randomized loop) might
with membranes (via phosphates) as found in several classestabilize the peptide fold by making a salt-bridge with the
of antimicrobial peptides6@). The hydrophobic surface of Min-23 C-terminus. A similar stabilization is found in several
S40E7 is also consistent with the observation that Tom70 squash trypsin inhibitors in which an arginine at or near the
binds to several internal hydrophobic segments of precursorN-terminus makes a salt-bridge with the C-terminus provid-
proteins 64). Although modeling would suggest that the ing a kind of electrostatic “macrocyclization” similar to the
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true peptide macrocyclization observed in squash inhibitors conserved in the Min-23-R10 library, and fold conservation
from Momordica cochinchinensi®9, 70). has been verified on two examples (clone S65E1 and the
In contrast to clones selected on the anti-AMA1 1F9 Ab, Min-23-RT chimera); Min-23 can be claimed to be a
all six clones selected on the anti-Nef Ab are insensitive to validated scaffold.
the presence of DTT. Thus, whereas the structural constraints Other small scaffolds have been recently displayed on fd-
afforded by the scaffold appeared favorable for binding to phage, including alpha-conotoxih@), although the structure
the 1F9 Ab, it seems that no structural constraints were and cysteine pairing in the selected binders were not
necessary for binding to the anti-Nef Ab, as expected for a determined, and the 36-residue cellulose binding domain
target binding a linear peptide (the anti-Nef Ab binds to an (CBD) (21, 22). The CBD scaffold is slightly larger than it
N-terminal poorly structured region of the Nef protein isin Min-23 and significantly differs both in size, conforma-
(residues 3150)). tion, and randomization strategy. Our Min-23-R10 library
Finally, the one clone selected on Nef, clone S65E1 (Table was particularly suited to display exposed but stabilized
3), is not sensitive to competition with the natural target S-hairpins @0). A different peptide scaffold has been
(EBV protein) and thus binds to a different epitope from designed with a single-disulfide bridge and an optimized
that of the natural target. p-hairpin sequence7@), but (i) has not yet been used in
Min-23, a New Small Scaffold for Structurally Constrained phage display selection, (i) is expected to be less stable than
Molecular RepertoiresOf the 21 specific binders that were  Min-23, and (iii) appears useful for display gfturns rather
selected against several targets, 12 were DTT insensitive andhan of -hairpins since thes-hairpin itself is part of the
therefore predicted to display linear epitope loops for which scaffold.
no structural constraints are necessary for binding. Nine The small size of the Min-23 scaffold presents a number
clones were DTT sensitive, indicating conformation-depend- of potential advantages such as simple chemical synthesis
ent binding (Table 3). We are confident that the Min-23 and manipulation, better tissue penetration for in vivo
library contains binders with different structural character- targeting, and enhanced penetration of clefts and cavities in
istics, combining the advantages of linear peptide libraries target antigens. These features generate numerous clinical
and structurally constrained libraries. We are also confident diagnostics and therapeutic applications, especially to bind
that the CSB fold and cysteine pairing in the conformation- immunosilent (buried) epitopes which cannot be accessed
dependent clones are likely to be identical to those of wild- by larger proteins such as the natural immune repertoire.
type Min-23. Interestingly, preliminary results on a chemi- Small protein domains are ideal for in vivo imaging and
cally synthesized peptide corresponding to clone S65E1lintracellular targeting applications. Besides, in contrast to
indicate that this Min-23 variant displays native-like fold and immunoglobulins, small disulfide-rich scaffolds consist of
disulfide bridges (D. Le-Nguyen and A. Heitz, personal a single polypeptide chain, which makes cloning and
communication). Furthermore, an exogenous loop chemically recombinant expression easier. Our selected Min-23 variants
grafted onto the Min-23 scaffold in an identical position and may have practical applications; the malarial apical mem-
residue size to the Min-23 library (Figure 1) was shown by brane antigen-1 (AMA-1) is expressed on the surface of
structural analysis not to perturb the core CSB scaffét.( merozoites, has a role in erythrocytes attachment prior to
Clearly, further chemical characterization and structural parasite invasion5t), and is a potential vaccine candidate
analyses remain to be performed to definitively assess the(80). Selection of AMA-1 binders and/or AMA-1 mimotopes
disulfide connectivity in all selected Min-23 binders. Correct provides high-value reagents in the development of effective
disulfide bonding is the expected display conformation since vaccines directed againgtlasmodium falciparum Two
many larger proteins have been shown to retain correctmonoclonal antibodies are available which recognize both
disulfide pairing on fd-phage, for example, EGF (three recombinant refolde@®lasmodium falciparunrAMA-1 and
disulfide bridges)11), AMA-1 (eight disulfide bridges)5), the native molecule expressed in parasite; 5G8 Ab hinds to
or MTI-2 (four disulfide bridges) {2). Many even larger  a linear epitope of AMA-1, whereas 1F9 Ab recognizes a
protein scaffolds have been effectively displayed in function- conformational epitope56). We have isolated Min-23
ally active conformation, including antibody Fab fragments variants that either (a) bind to AMA-1 as antibody mimetics
(60 kDa) (73), minibodies 74), alkaline phosphatase (121 or (b) bind to 5G8 Ab and 1F9 Ab and are therefore AMA-1
kDa) (75), interleukin 33 (17 kDa) @5), lysozyme (15 kDa) mimetics. It would be interesting to evaluate these mono-
(76), anticalins (17 kDa){7), and Protein A (7 kDa)14). valent Min-23 variants in comparison to the larger, bivalent
To extend the concept of peptide library diversity, an parent antibodies or the AMA-1 antigen in various clinical
innovative report described the simultaneous selection of 22applications. The emergence of HIV-1 drug resistance
phage libraries mixed together, comprising both constrained renders the development of new drugs crucial for improved
and unconstrained peptides8|. The selection on insulin-  HIV treatments. HIV-1 Nef, an accessory protein with
like growth factor-1 (IGF-1) isolated a dominant single- important roles in HIV pathogenicity, is an important drug
disulfide scaffold, CXC, and yielded an antagonist peptide target 81). We have isolated a Min-23 variant that binds to
(78). The Min-23 scaffold described here offers an improve- HIV-1 Nef and could potentially be formulated as a bio-
ment over peptide libraries, because the conserved proteinpharmaceutical. Such small, rapidly targeting and rapidly
core and the additional disulfide bridge are expected to confer penetrating Min-23 reagents could offer significant advan-
well-defined structural constraints and high stability to the tages over the larger immunoglobulin V-like reagents derived
selected binders. Such preferred protein scaffolds have highfrom mammals, camelids, or sharks. Moreover, since Min-
intrinsic stability able to induce geometrical constraints on 23 variants are amenable for chemical synthesis, simple
inserted peptide loopsly, 12, 35). Indeed, since Min-23  modifications can be introduced to reduce immunogenicity
displays high intrinsic stability39), the core sequence is or improve bioavailability. For novel applications, small
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targeting molecules are of great interest as they can penetrate 2.
clefts and enzyme active sites. For example, the thrombin
molecule exhibits an unusual deep and narrow active site
cleft, which is the major determinant for its restricted
substrate specificity8?). A small 46-residue scaffold library 4.
of the tryptase inhibitor (LDTI) was selected on thrombin
and a low-affinity thrombin inhibitor isolatedBg). Min-23
variants are potentially an alternative thrombin inhibitor.
Interestingly, the Min-23 scaffold is based on the structural 6.
motif of knottins, and one naturally occurring circular knottin,
kalata B1, is the orally active component of a plant decoction
used in traditional African medicine38). Circular knottins
display remarkable thermal stability and resistance to exo-
and endoproteases, and chemical routes to synthesis of
circular knottins are now availabl84—86). Therefore, any
Min-23 variant selected against a high-value target could be
stabilized as a circular knottin.

CONCLUSION

Our success in isolating binders from the Min-23 library

on a range of very different targets indicates that Min-23 10.

represents one of the smallest known scaffolds for efficient
phage display and selection. We have shown that the Min-

23-R10 library complements antibody repertoires and pro- 11.

vides a novel application of the CSB motif as a template to
create novel proteins. This study was a proof of principle
clearly demonstrating the potential of the CSB scaffold for

derivation of a structurally constrained random library and 13,

selection of new binders. We have shown that, in many cases,
formation of the disulfide bridges is a requisite for target
binding indicating that the Min-23 variants are structurally
folded. Although modeling provided some structural insights,
more detailed analyses should await chemical synthesis and
structural analysis of many Min-23 variants to (i) determine
the precise effect of inserted loops on the structural scaffold,

(i) elucidate the structural constraints imposed by the CSB  1s.

scaffold, and, ultimately, (iii) obtain information on binding
surface dynamics at the atomic level. This information will,

in turn, be used to create more complex libraries for the 17
selection of novel binding reagents beyond the current
limitations inherent to larger protein scaffolds. The new
structured peptide ligands discovered in this study will bind ;4
pharmacological important targets such as the HIV Nef
protein or thePlasmodium falciparumAMA-1 and may

constitute interesting lead compounds in future drug develop- 19-

ment.
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