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Chapter 1: Introduction
1-1. Peptide aptamer

Antibodies have been used as a general reagent for molecular recognition in life science
fields. Since the 1990s, monoclonal antibodies have been developed as molecular targeting drugs to
treat diseases, including cancers and inflammatory disorders [1,2]. Despite their advantages of high
affinity, specificity, long in vivo half-life and generally low immunogenicity, antibodies have several
drawbacks as a therapeutic class. They are relatively large proteins comprised of multiple
polypeptide chains, thus they are often costly to produce, unsuitable for intracellular targets, have
poor tissue penetration, exhibit relatively low thermal stability and site-specific modifications of
antibodies are difficult [3]. In addition, these characteristics may restrict the application of antibodies
to other fields such as nanotechnology.

To circumvent these potential drawbacks, several types of alternative protein scaffolds
have been developed [3-6] (Figure 1-1). The peptide aptamer consists of a short variable peptide
domain presented in the context of a supporting protein scaffold [7,8], which is an alternative protein
scaffold. In the first report of a peptide aptamer, a combinatorial library of constrained 20-residue
peptides displayed by the active-site loop of Escherichia coli thioredoxin was used [9]. As
mentioned above, other protein scaffolds with several variable peptide regions have also been

investigated. Such protein scaffolds can be considered as an extension of peptide aptamers. Those



protein scaffolds can interact with targets via surfaces consisting of noncontiguous peptide

sequences disseminated over several secondary structural elements or across several variable loops

[4,5]. Although the number of randomized regions of these protein scaffolds is distinct from peptide

aptamers, which have a single variable peptide region, the concept of constraining the peptide

conformation using scaffold proteins can be considered a common feature of these affinity proteins.

Some groups have recently used peptides themselves as an affinity reagent as an

alternative to antibodies, and termed the peptides, which exhibit affinity and specificity toward target

molecules, as either ‘peptide aptamers’ or ‘peptide binders’ [10-12]. In this thesis, affinity reagents

based on peptides will be indicated as ‘peptide aptamers’. Peptides can be chemically synthesized,

thus facilitating the incorporation of several modifications to improve their properties. The peptide

aptamers have been applied in several fields, for example in biology [13], material science [14] and

medicine [15-17]. Currently, peptide binding to biomolecules as well as inorganic surfaces (metals,

semiconductors and metal oxides) and organic molecules (nanocarbons, polymers and peptide

assemblies) has been designed by an in vitro selection process [18-20]. Material-binding peptides

with molecular-recognition and self-assembly capabilities represent new smart materials.

The molecular recognition ability of peptides towards several kinds of molecules/materials

has been an attractive property. However, the use of peptides has several issues that need to be

circumvented. Since peptides generally adopt random conformations, energetic and entropic



penalties upon binding to target molecules will be introduced [17]. Furthermore, peptides expose the

vulnerable peptide bond to proteolytic attack, and finally undergo renal clearance. To overcome

these deficiencies as an affinity reagent, several types of constrained peptides have been used as

peptide aptamer candidates, e.g., cyclic peptide with a disulfide bond [21-23], bicyclic peptides with

a chemical compound [21,24], non-natural amino-acid containing peptides [21,25] and disulfide-rich

peptides [26-28]. Generally, these constrained peptides exhibit high-affinity and specificity towards

target molecules and enhanced protease resistance when compared with their linear equivalents.

A B Cc
Affibody Monobody VHH

o Peptide aptamer X
Anticalin (Trx scaffold) DARPIn

Figure 1-1. Representative protein display scaffolds. All images were obtained from PDB. (A)
Affibody: Z-domain of protein A (2B88), (B) Monobody: 10" fibronectin type Il domain (1TTG),
(C) VHH: heavy-chain antibodies from camelids (113V), (D) Anticalin: lipocalin from human
(1LNM), (E) Peptide aptamer: thioredoxin (Trx) scaffold (1XOB) (F) DARPiIn: designed ankyrin
repeat proteins (INOR).



1-2. Disulfide-rich peptides

Disulfide-rich peptides have been found in a wide variety of organisms and have exciting
biological and medicinal applications owing to their stability and structure. Cystine knot peptides are
a major class of disulfide-rich peptides, which have been isolated from various natural sources in
animals and plants [29-31]. They are typically 30 amino acids in length and are defined by a
common and extraordinarily stable tertiary fold (Figure 1-2). The first cysteine residue in the
sequence is linked to the fourth residue, the second to the fifth and the third to the sixth. These three
disulfide bridges endow cystine knot peptides with extraordinary proteolytic, thermal and chemical
stability. They can be boiled, incubated at 65 °C for weeks, or even placed in 1 N HCl or 1 N NaOH,
without loss of structural or functional integrity [32,33]. The loops between the successive cysteine
residues of the cystine knot peptides are diversified with respect to length and amino acid
composition, and thus the motif can be considered as a scaffold to display diverse bioactive peptide
sequences. Given the above characteristics, cystine-knot peptides can be considered as promising
drug candidates [34,35]. For example, conotoxins, isolated from the venom of marine cone snails,
are potent and specific blockers of a variety of ion channels [36,37]. Indeed, the extensively studied
MVIIA has been used clinically for the treatment of chronic pain [38]. On the other hand, cystine
knot peptides can also be an attractive scaffold for the development of peptide-based diagnostics

[39,40]. Kimura et al. reported that an engineered cystine-knot peptide that binds with high affinity



to integrin receptors can be used for tumor imaging by positron emission tomography [41].

Other than cystine knot peptides, three-finger (3F) peptides have been a highly attractive

disulfide-rich peptide scaffold. 3F peptides have conserved residues that contribute to the

characteristic fold. They include eight conserved cysteine residues found in the core region. In

general, they are monomers that have minor differences in their loop lengths and the conformation of

particular turns and twists [42]. Recently, it was reported that a new class of 3F peptides

‘mambalgins’ from the black mamba were able to abolish pain through inhibition of acid-sensing ion

channels expressed in either central or peripheral neurons [43]. These peptides were not toxic in

mice but showed a potent analgesic effect upon central and peripheral injection that can be as strong

as morphine. This example may make three-finger peptides an attractive peptide-based drug

candidate.
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Figure 1-2. The cystine knot motif. Inhibitor cystine knot and cyclic cystine knot (CCK) motifs are
shown. The core of the motif consists from three disulfide bridges with -1V, 1I-V and 1I-VI
connectivity. The first two disulfide bridges form an embedded ring that is threaded by the 111-VI
disulfide bridge. Loop regions between successive cysteine residues have naturally occurring
combinatorial diversity, which has led to cystine knot peptides being used as scaffold to display

bioactive peptide. Backbone is cyclized in CCK which depicted by dished line.



1-3. In vitro display technologies

Directed evolution represents a powerful and well-established method to design the above
affinity proteins or peptide aptamers [44,45]. Directed evolution mimics the process of natural
selection to evolve proteins/peptides towards a desired function or set of properties, or even to
generate proteins/peptides with novel functions. In protein evolution, since proteins cannot be
amplified themselves, the linking of genotype (nucleic acid) to phenotype (protein/peptide) is
required, which enables easy identification and amplification of the selected proteins via the DNA or
RNA template. In vitro display technologies are virus-type strategies, in which the genotype and
phenotype are physically connected. Over the past decade, several types of in vitro display
technologies have been developed, as shown in Figures 1-3 [45,46].

One of the most commonly used in vitro display technologies is phage display, in which
the protein of interest is displayed on the surface of the phage via coat proteins and the encoding
DNA is encapsulated inside the phage. During the last decade, phage display has been widely used to
select/evolve binding interactions, such as antibodies and alternative proteins scaffolds [45]. In
addition, phage display has been used to select peptide aptamers from random peptide libraries
[21-24]. Recently, selection of chemically modified peptides by phage display has been also reported
[21]. However, phage display has several problems related to the use of living cells and

bacteriophages themselves (e.g., small library size (=10') limited by the transformation step, cell



toxicity of the displayed proteins and the effects of the fused coat proteins against function) [47].

To circumvent the above limitations, cell-independent in vitro display technologies using a
cell-free translation system, such as ribosome display and mRNA display, have been developed
[48-50]. In ribosome display, cell-free transcription and translation of a non-stop codon mRNA
generates ternary complexes of mRNA, ribosome and the translated protein. No transformation of
living cells is required, allowing generation of very large libraries of up to 10** sequences. On the
other hand, mRNA display involves the covalent puromycin linkage of RNA and protein, generating
stable mRNA-protein fusions compared with ribosome display. Puromycin serves as a stable mimic
of the 3'-region of amino-acyl tRNA. As it enters the ribosomal A site, it binds covalently to the
C-terminus of nascent proteins as a result of the peptidyl transferase activity of the ribosome.
However, in these technologies, the genotype is an RNA molecule, thus selection conditions are
limited owing to the labile nature of RNA molecules. In addition, these methods appear to not be

“user friendly”, because they are used in a rather limited number of labs [44].
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1-4. cDNA display

To increase the stability of the mRNA display molecule, a puromycin-linker, which fuses a
cDNA to a translated protein, was designed and is called cDNA display [51-53]. First, the designed
puromycin-linker DNA (termed long biotin segment puromycin-linker (LBP-linker)) for cDNA
display consists of a ‘ligation site’, a ‘biotin site’, a ‘reverse transcription primer site’ and a
‘restriction enzyme site’ (Figure 1-4A). cDNA is reverse transcribed from the primer site of the
puromycin-linker DNA. Thus, the cDNA and the translated protein are covalently fused via the
puromycin-linker DNA, which is a highly stable genotype-phenotype linkage. Then, to facilitate the
cDNA display preparation, a simpler construct puromycin-linker DNA (named short biotin segment
puromycin-linker (SBP-linker)), in which two G-ribonucleotides (rG) were incorporated as a
replacement of the restriction enzyme site, was designed (Figure 1-4B) [54]. Furthermore, to extend
the selection target varieties, modified puromycin-linker DNA in which the rGs were replaced with
inosines was desogned [55].

Since the cDNA display molecule is highly stable and easily immobilized on a solid
support via the biotin-streptavidin interaction, post-translational reactions such as the disulfide
shuffling reaction can be easily performed. Thus, cDNA display method enable in vitro
selection/evolution of disulfide-rich peptides (Figures 1-5). Indeed, in vitro evolutions of

disulfide-rich peptide aptamers and three-finger peptides containing four disulfide bridges were

10



reported [52,56]. In addition, by taking advantage of the high stability of the cDNA display molecule,

in vitro selection of a peptide aptamer against a receptor protein expressed on living cells was

achieved [57]. Moreover, high affinity peptide aptamers were selected by the cDNA display method

in combination with a technology that generates a huge diverse library using the Y-ligation-based

block shuffling method [58]. As above, cDNA display method can be a powerful technology to

design several kinds of peptide aptamers when compared with other in vitro display technologies.

11



Puromycin

(9]
(9]
T
m
o
§—® Fluorescein
Primer region for ] Restriction site for o
reverse transcription ENMCS Pvull enzyme Biotin
" 3 oC
3’-TCCTGCCCCCCGCCGCCCCCCACGTCGACAAG »~
S Qa39Cag9309999QQCQQCQQQQGGTGCAGCTGTTCVLQ
] |
20
mRNA 2o
3"T 5
Ligation site for
T4 RNA ligase
Puromycin
Q
e}
=
m
2
= Fl i
) ) 9|_® uorescein Cleavage site for
Primer region for s RNase T1/Endonuclease V
reverse transcription -
EMCS
e Cewes) e,
. i'-TccTGCCCCcCcCcGCCcGCcCCcC Biotin
G gaagcaggacggggggcggcgggg

(9]

-

3

9

mRNA o ==
0

¥ a

30 1‘ ,
Ligation site for
T4 RNA ligase

Figure 1-4. Schematic diagram of puromycin-linker DNAs for cDNA display. (A) Construct of
LBP-linker. The LBP-linker construct comprises four parts: a ligation site for mRNA, a primer
region for reverse transcription, a biotin moiety for the immobilization of the mRNA-linker
conjugate on streptavidin-beads, and a restriction site for Pvull enzyme to release the
MRNA/cDNA-protein fusion molecule from the SA-beads. In addition, the LBP-linker includes
puromycin (for the covalent linking of the expressed protein to mMRNA) and fluorescein (for
detection and quantification). The 3-end of the mRNA is shown in lower case letters.
[N-(6-maleimidcaproyloxy) succinimide] (EMCS) is bifunctional cross-linker used in the
preparation of the LBP-linker. (B) Construct of SBP-linker. The SBP-linker has two cleavage sites
for RNase T1 (G-ribonucleotide: rG) or endonuclease V ( inosine: 1) instead of the restriction site of
LBP-linker.
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Figure 1-5. A schematic diagram of in vitro selection/evolution of disulfide-rich peptides by
cDNA display method. DNA library coding disulfide-rich peptide is transcribed into mRNA and a
puromycin-linker DNA is ligated to the 3'-terminus of the mRNA. mRNA-linker conjugates are
translated with a cell-free translation system, resulting peptide-mRNA fusion molecules via a
puromycin-linker DNA are synthesized. The peptide-mRNA fusions are immobilized on a
streptavidin-coated bead using a biotin in the linker and reveres transcribed. After disulfide-shuffling
reaction is performed, cDNA display molecules are released from the bead. Target binding cDNA
display molecule is selected from the cDNA display molecule library and selected cDNA display
molecule is amplified by PCR. Target binding disulfide-rich peptide is enriched by cycling above
steps. By introducing mutations to the selected DNA during PCR amplification, disulfide-rich

peptides can be evolved.

13



1-5. Aims of this study

As described in Chapter 1-3, as disulfide-rich peptides have attractive properties and
functions they represent promising affinity reagents. A native disulfide-rich peptide-based library
[41] and a library in which three cysteines were introduced at specific positions [59] were used.
However in vitro selection/evolution of disulfide-rich peptides from a peptide library in which
cysteines are randomly introduced has not been reported. The aim of this study was to establish an in
vitro selection/evolution system by cDNA display method for disulfide-rich peptide aptamer design

(Chapter 2) and create disulfide-rich peptide aptamers with unique functions (Chapter 3).

14



Chapter 2: Improvement of in vitro selection/evolution system

by cDNA display method

2-1. Increasing the library size in cDNA display by optimizing

purification procedures

2-1-1. Introduction

Although the cDNA display method have been useful for in vitro peptide and protein
selection, its productivity was hindered by the generation of mMRNA/cDNA-protein fusion molecules;
only around 0.1% of the initial mMRNA was ligated to proteins with a puromycin-linker [51].
Recently, this efficiency has been improved to more than 1% by introduction of a novel
puromycin-linker and minor modification of previous method [52,54]. However, the yield of cDNA
display fusion molecules is still smaller than that of mMRNA display fusion molecules (20-30%). The
aims of this study were to investigate which processes during the preparation of cDNA display
fusion molecules shown in Figure 2—1 cause its low yield, and to increase the yield by overcoming

these problems.

15
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Figure 2—1. Scheme of cDNA display preparation. The mRNA-linker conjugate was prepared by
ligation of a puromycin-linker DNA to the 3'-terminus of an mMRNA coding B-domain of protein A
(BDA). The mRNA-linker conjugate was translated by an in vitro translation reaction. The
synthesized mRNA-protein fusion molecule and the remaining mRNA-linker conjugate were
captured with SA-beads from the translation reaction mixture and reverse transcribed on the beads.
The mRNA/cDNA-protein fusion molecule and the mMRNA/cDNA molecule were released from the
SA-beads by RNase T1 treatment. The mRNA/cDNA-protein fusion molecule was purified by the

His-tag in the translated protein.
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2-1-2. Materials and methods

DNAs coding B-domain of protein A were transcribed into mRNA using the T7

RiboMAX express large scale RNA production system (Promega, USA) and the synthesized mRNA

purified with an RNA purification column (FavorPrep After Tri-Reagent RNA Clean-Up Kit,

Favorgen, Taiwan). Puromycin-linker DNAs (1.2 uM) were hybridized to the purified mRNA (1

uM) under annealing conditions (heating to 90 °C for 2 min followed by incubation at 70 °C for 1

min, then cooling to 25 °C) in ligation buffer (50 mM Tris-HCI, pH 7.5, containing 10 mM MgCl,,

10 mM dithiothreitol (DTT) and 1 mM ATP), then the 5'-terminus of the puromycin-linker DNA

and the 3'-terminus of the mRNA were ligated with T4 RNA ligase (Takara Bio, Japan) and T4

polynucleotide kinase (T4 PNK; Toyobo, Japan) by incubation at 25 °C for 60 min.

Ligation products were translated in in vitro translation reaction solution (0.04 uM of

ligated products) with the Retic Lysate IVT kit (Ambion, USA) by incubation at 30 °C for 20 min.

Then, 3 M KCI and 1 M MgCl, were added to the reaction (final conc. of 900 mM, and 75 mM

respectively) and incubated at 37 °C for 60 min. Further EDTA solution (0.5 M, pH 8.0) was added

to the translation reaction (Final conc. of 92 mM) and incubated at 4 °C for 10 min. Then equal

volume of 2X binding buffer (20 mM Tris-HCI, pH 7.5, 2 M NaCl, 2 mM EDTA, 0.1% Twenn-20)

for streptavidin-coated magnetic beads (SA-beads, Dynabeads MyOne Streptavidin C1, Invitrogen,

USA) was added to the EDTA-treated translation reaction mixture. 19.6 puL of the mixtures were

17



incubated with 0.75, 3.75, 10, or 20 pL of SA-beads at room temperature (r.t.) for 15 min. Then

supernatants of each sample were subjected to 4% stacking—6% separating sodium dodecyl sulfate

polyacrylamide gel electrophoresis (SDS-PAGE) containing 8 M urea.

Reverse transcription (RT) was performed at 40 °C for at least 10 min in 20 pL of the RT

reaction mixture [50 mM Tris—HCI, pH 8.3, 75 mM KCI, 3 mM MgCl,, 50 mM DTT, 0.5 mM dNTP

mix and 200 U of SuperScriptlll reverse transcriptase (Invitrogen, USA)] . RNase T1 (10 U, Ambion,

USA) and RNase H (10 U, Takara Bio, Japan) were added to the RT reaction mixture and incubated

at 37 °C for 10 min. Released mRNA/cDNA-protein fusion molecules were confirmed by

SDS-PAGE as the above.

2-1-3. Results and discussion

Firstly, the step collecting the mRNA-protein fusion molecules from the rabbit reticulocyte

lysate was optimized. We speculated that ribosomes might strongly bind the mRNA-protein complex

in the lysate before purification with SA-beads, which decrease the binding capacity of the SA-beads.

Thus, we confirmed effect of EDTA treatment to release ribosomes against collecting efficiency of

MRNA-protein fusion molecules from the translation mixture (Figure 2—2A, B). In addition, we

found that SA-beads with a binding capacity 200 times the amount of biotinylated mRNA-protein

18



fusion molecules were required to purify almost the all fusion molecules (Figure 2—3A, B). Similarly,

the final amount of purified cDNA-protein fusion molecules also increased with increased SA-beads

(Figure 2-3C, D). These results suggest that steric hindrance might interfere with biotin-streptavidin

binding considerably.

Second, we optimized the process from RNase T1 digestion to His-tag purification of

cDNA display molecules shown in Figure 2—1. In the cDNA display method, it is very important to

separate mMRNA/cDNA-protein fusion molecules from mRNA/cDNA-linker conjugates (which are

not fused with its coding proteins) to reduce the background in the in vitro selection. Thus His-tag

sequence (Hisx6) was incorporated to the C-terminal region of a coding protein. In this study we

examined whether RNase T1 can digest the guanine base of the SBP-linker in the His-tag-binding

buffer containing imidazole. If possible, buffer exchange for His-tag purification after RNase T1

digestion would be eliminated and so there could be no loss of cDNA display molecules. We found

that RNase T1 worked well in the His-tag-binding buffer, and cDNA-protein fusion molecules were

efficiently purified by His-tag purification without any buffer exchanges (Figure 2—4A, B). As a

result, this modification increased the yield of mMRNA/cDNA-protein fusion molecules by 1.5 times

over the previous method. Moreover, this improvement allows us to save time and cost in the

preparation of mMRNA/cDNA-protein fusion molecules and to help make cDNA display technology

easier to use.

19



One of the crucial problems with cDNA display is the low yield of cDNA-protein fusion

molecules, which is less than 1% of input mMRNA-linker conjugates. In this thesis, we identified that

the mRNA-ribosome-protein complex may sterically hinder the biotin-streptavidin interaction

between the puromycin-linker DNA on the fusion molecules and the SA-beads. In addition,

mRNA-protein fusion molecules without a ribosome could also interfere with the biotin-streptavidin

interaction. Because of these reasons, more SA-beads than expected are required to purify most of

the mRNA-protein fusion molecules. The addition of EDTA into the lysate after translation to

remove the bound ribosome effectively increased the yield of cDNA display molecules. Furthermore,

the simplification of His-tag purification after the release of cDNA display molecules from the

SA-beads by performing RNase T1 digestion in the His-tag-binding buffer also increased the yield

of cDNA display molecules. Finally we achieved 17% of final yield of cDNA display molecule

based on the input mMRNA-linker conjugates (Figure 2—4B), which is more than 10 times higher than

in our previous study [52,54]. Additionally, we recently also succeeded in releasing cDNA display

molecules from SA-beads by using Endonuclease V instead of RNase T1 by designing a new

puromycin-linker [55]. Thus, we believe that this new linker and our currently optimized conditions

will make cDNA display more useful and practical for in vitro proteins/pepties selection.

20
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Figure 2-2. Effect of EDTA treatment on the capturing of mMRNA-protein fusions by SA-beads.
MRNA-protein fusion molecules in the translation reaction mixture with (+) or without (—) EDTA
were incubated with SA-beads [the ratio of the biotin-binding capacity of the SA-beads to the total
amount of puromycin-linker DNA is 200 to 1]. (A) The remaining mRNA-protein fusion molecules
in each translation reaction mixture were analyzed by 4% stacking—6% separating SDS-PAGE
containing 8 M urea. The input mRNA-linker conjugates and translation reaction mixture are shown
in lane | and lane T, respectively. (B) Binding efficiencies are calculated by: [band intensity of the
MRNA-protein fusion molecules in lane T] - [band intensity of the remaining mMRNA-protein fusion

molecules in each lane indicated by “+” or “—” EDTA].
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Figure 2-3. Optimization of the amount of SA-beads to bind the mRNA-protein fusion
molecules. (A) MRNA-protein fusion was prepared from DNA template coding B domain of protein
A (BDA) using SBP-linker as described Figure 2—1. Translation mixture was treated with EDTA
same as Figure 2—2. Then mRNA-protein fusion molecules and remained mRNA-linker conjugates
were collected with 0.0075-0.2 mg of SA-beads per 0.5 pmol of MRNA estimated from the amount
in the ligation reaction [the ratio of the biotin-binding capacity of the SA-beads to the total amount
of SBP-linker (containing a single biotin) is 7.5-200]. Inputted mRNA-linker conjugates (lane 1),
translation mixture (lane T), and remaining mRNA-protein fusion molecules in the translation
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separating SDS-PAGE containing 8 M urea. (B) Binding efficiencies of each ratio were calculated
by: [band intensity of the mRNA-protein fusion molecules in lane T] - [band intensity of the
remaining mRNA-protein fusion molecules in each lane indicated by SA-beads]. Experiments were
repeated three times. Error bars = standard deviation. (C) mRNA/cDNA-protein fusion molecules
were prepared with each ratio of SA-beads. (D) The amount of cDNA-protein fusion molecules
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Figure 2—4. Effect of His-tag-binding buffer in RNase T1 digestion and His-tag purification to
recover mRNA/cDNA-protein fusion molecules from SA-beads. (A) cDNA-protein fusion
molecules were synthesized and released from the SA-beads by RNase T1 treatment in RT reaction
mixture or His-tag-binding buffer (20 mM Sodium phosphate, pH 7.4, 500 mM NaCl, 5 mM
imidazole, 0.05% Tween-20). cDNA-protein fusions in the each sample were purified with 20 puL of
Ni-NTA beads (His Mag Sepharose Ni, GE Healthcare, USA) according to the attached instruction.
Inputted mMRNA-linker conjugates (lane 1), translation mixture (lane T), each supernatant (Sup.) of
Ni-NTA beads and eluate were analyzed by 4% stacking—6% separating SDS-PAGE containing 8 M
urea. (B) Formation efficiencies of mRNA/cDNA-protein fusion molecules from mRNA-linker
conjugates were estimated by comparing the band intensities between the purified cDNA-protein
fusion molecule of each lane and that of the mRNA-linker conjugate (lane I). Results are the mean of

three independent experiments performed in duplicate. Error bars = standard deviation.
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2-2. A pull-down method with a biotinylated bait protein prepared by

cell-free translation using a puromycin-linker

2-2-1. Introduction

In directed evolution studies, many candidate molecules, such as peptide aptamers and
single-chain variable fragments, have been selected by in vitro selection using a cell-free translation
system, including ribosome display, mMRNA display, and cDNA display as described above. Both
cases require that evaluation of many candidate molecules for their affinity against a target molecule
be rapid, easy, and low cost via high-throughput techniques. In particular, for in vitro selection of
disulfide-rich peptide aptamers, kind, rapid, and low cost techniques to confirm affinity of selected
sequences against target molecule may be required. Because disulfide connectivity of selected
disulfide-rich peptides is unknown at that point, it must be need to analysis disulfide connectivity by
some way. In any case, to analysis disulfide connectivity will be a hard work [60]. For the reason,
we established a novel pull-down method using a biotinylated bait protein prepared with a

puromycin-linker DNA and a cell-free translation system.
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2-2-2. Materials and methods

A schematic of the pull-down method and puromycin-linker DNA construct is shown in

Figure 2-5. The pull-down method was validated by testing three well known binding partner types:

(1) BDA and immunoglobulin G (IgG), (2) FLAG tag and anti-FLAG tag monoclonal antibody

(mADb), and (3) mouse Fas ligand (FasL) and anti-FasL mAb. Each BDA, FLAG tag, or FasL was

used as a bait protein immobilized on a magnetic bead. The DNA was transcribed into mRNA using

the T7 RiboMAX express large scale RNA production system and the synthesized mRNA purified

with an RNA purification kit (Qiagen, Germany). A puromycin-linker DNA was hybridized to a

purified mMRNA, and the 5'-terminus of the puromycin-linker DNA and the 3'-terminus of the mMRNA

were ligated with T4 RNA ligase and T4 PNK by incubation at 25 °C for 60 min. 6 pmol of the

ligation product was placed into 50 pL of in vitro translation reaction solution with the Retic Lysate

IVT kit and incubated at 30 °C for 20 min. Then, 20 uL of 3 M KCI and 6 pL of 1 M MgCl, were

added to the sample and incubated at 37 °C for 60 min. Further EDTA solution (0.5 M, pH 8.0) was

added to the translation reaction and incubated at 25 °C for 10 min. RNase One (Promega, USA)

was then added to the sample and incubated at 37 °C for 20 min to digest the mRNA. Each

biotinylated bait protein was captured with 10 uL of Dynabead MyOne Streptavidin C1, and washed

three times with 200 pL of 1X binding buffer. 30 puL of each fluorescein-labeled prey protein

solution (200 or 400 nM) was incubated at 25 °C for 30 min with the magnetic beads on which each
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bait-protein immobilized. 1gG and anti-FLAG tag mAb (mouse) were purchased from

Sigma—-Aldrich (USA) and anti-FasL mAb (hamster) from Medical & Biological Laboratories

(Japan). Each prey protein was labeled with N-hydroxysuccinimide fluorescein (Pierce, USA) at a

ratio of <1.0 dye/protein. After three washing of the beads with 200 uL of phosphate-buffered saline

containing 0.1% Tween-20 (PBS-T), the remained prey proteins were eluted by addition of 20 pL

SDS sample buffer and incubation at 90 °C for 5 min. The eluates were subjected to 4%

stacking—12% separating SDS-PAGE and visualized by a Fluorimager (PharosFX; Bio-Rad, USA).

The band intensity in each lane was measured using Quantity One 1-D Analysis Software (Bio-Rad,

USA).
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Figure 2-5. Scheme of the pull-down method using a novel puromycin-linker with a cell-free
translation system. Bait-protein-coding DNA template is transcribed into mRNA by T7 polymerase.
A puromycin-linker NDA is hybridized to the mRNA, and the 5'-terminus of the puromycin-linker
DNA and 3'-terminus of the mRNA are ligated with T4 RNA ligase and T4 PNK. The ligation
product is in vitro translated. Then, mRNA is digested with RNase One. Biotinylated bait protein is
captured with SA-beads and prey protein solution (200 or 400 nM) is incubated with the each
magnetic bead. The binding prey proteins are eluted and are analyzed by SDS-PAGE and visualized
by the Fluorimager.
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2-2-3. Results and discussion

The relative SDS-PAGE band intensities of the four types of prey protein against each bait

protein are shown in Figure 2—6 and, as expected, the interactions of known binding pairs were

detected (Figure 2—6). The relative intensity of pulled-down proteins roughly depended on the

dissociation constant for each interaction (i.e., IgG = anti-FLAG tag mAb < anti-FasL mAb). The

affinity of each protein pair interaction was in the submicromolar to nanomolar range [61-63]. In the

case of FasL and anti-FasL mAb, anti-FasL mAb was most pulled down by FasL. However, it

appeared that anti-FasL mAb was also pulled down slightly by BDA in comparison with negative

controls. This may have occurred naturally because BDA affinity towards antibodies depended on

the antibody species subclass. In general, it is known that BDA binds more strongly to a hamster

antibody (anti-Fas mAb) than a mouse antibody (anti-FLAG mAb) [64]. From the differences in

band intensities between anti-FasL mAb and other negative controls, we concluded that this

pull-down method could be applied to protein—molecular interaction analysis in the micromolar

range of dissociation constants. Furthermore, whether the amount of pulled-down bait protein

depended on the prey protein concentration was examined by testing the pull-down of the

anti-FLAG tag mAb as a prey protein at two different concentrations (400 and 200 nM). Although

anti-FLAG tag mAb was pulled down at both concentrations under the same conditions, anti-FLAG

tag mADb at 400 nM was pulled down more than at 200 nM. This meant that the optimization of prey
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protein concentration against a bait protein will be required if the band intensity of the prey protein

is weak. Fluorescent labeling of the prey protein is valuable for rapid and convenient analysis by

SDS-PAGE. On the other hand, Western blotting could also be useful for detection of pulled-down

protein, which may be particularly important if the molecular probes used for fluorescence could

interfere with protein—protein interactions. In general, pull-down assays are useful as an initial

screening assay to identify previously unknown protein—protein interactions as well as to confirm the

existence of a protein—protein interaction predicted by other research techniques, such as

coimmunoprecipitation [65,66]. In this case, a bait protein is tagged and captured on an immobilized

affinity ligand specific for the tag (e.g., glutathione S-transferase-tagged or His-tagged). Thus, the

use of a protein that is easily biotinylated in vitro as an alternative to other tagged proteins as the

pull-down driver is a promising tool because of the high-affinity interaction between biotin and

streptavidin [67]. However, protein biotinylation by methods, such as amine-reactive biotinylation,

may critically interfere with a protein’s molecular interactions. Using the present method, biotin was

conjugated at the prey protein C-terminus via a polyethylene glycol spacer with a puromycin-linker

DNA, such that the prey protein immobilized on a streptavidin bead interacted with the bait protein

without interference from biotin adducts on the protein surface. Usually, bait proteins are prepared

by Escherichia coli expression or chemical synthesis, which is time-consuming, laborious, and

expensive. One of the advantages of the present method was that the requisite amount of bait
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proteins for an assay could be prepared easily and rapidly at low cost by combination of the

puromycin-linker with a cell-free translation system. Furthermore, the synthesized bait protein could

be easily analyzed by SDS-PAGE and the Fluorimager, because the puromycin-linker has a

fluorescein as well as a biotin moiety (Figure 2-5). In general, it was very difficult to detect a

synthesized bait protein in a crude sample because the amount of protein synthesized in a cell-free

translation system was very low. Ultimately, for the above reasons, many candidate bait proteins

could be assayed simultaneously within 1-2 days using this pull-down method. In conclusion, a

puromycin technique-based pull-down method was developed for evaluating protein—protein

interactions semi-quantitatively in a multisample-processing manner by rapid and simple biotin

modification of a bait protein using a cell-free translation system. It is expected that this method will

be suitable for high-throughput assays of protein—protein interactions, which are required by

genome-wide proteomics and in vitro affinity selection of proteins and peptides.
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magnetic bead with immobilized bait proteins (BDA, FasL, FLAG tag, and Pou-specific DNA
binding domain of Octl (PDO, a bate protein as negative control)) and magnetic beads immobilized
puromycin-linker only (None; negative control) were prepared and incubated with each prey protein
(1gG, anti-FLAG tag mAb, and anti-FasL mAb). Pulled-down prey proteins were analyzed by 4%
stacking—12% separating SDS-PAGE and visualized by the Fluorimager. The band intensity of each
lane was measured using analysis software and relative band intensities of the four types of prey

protein against each bait protein are shown here (bottom). Values are means +standard error (n = 3).
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2-3 Conclusions

We improved the yield of cDNA display molecules from mRNA molecules more than 17

times higher than in our previous study [52,54] by the optimization of preparation procedure. This is

actual increasing of the library size. On the other hand, we established a pull-down method using a

puromycin-linker and a cell-free translation, which may be used to confirm selected peptide

functions. These enable in vitro selection of peptide aptamers by cDNA display method more user

friendly and effective method to design desired peptides.
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Chapter 3: In vitro selection of disulfide-rich peptides against

amino groups by cDNA display method

3-1. Introduction

In vitro selection of peptides from a wide variety of libraries is a powerful approach for the
development of peptide aptamers against several target molecules/materials. Indeed, various peptide
aptamers have been successfully designed to select against not only proteins but also several types of
materials, including metals, metal oxides, metal compounds, polymeric materials, semiconductors
and carbon materials [18-20]. The material-binding peptides can be used as functional nanomaterials
such as surface modifying absorbents for patterning and as catalysis for the preparation of inorganic
particles. The material-binding peptides are comparably short in length, ranging between 7 and 21
residues in length, and some peptides have a cyclic form with a disulfide bridge [14]. In many cases,
the cyclization of a peptide can improve affinity and specificity, whereas in some cases, cyclization
has no or even a negative influence on material binding [68]. As described here, peptides have been
useful reagents for molecular recognition.

Nonetheless, there are only a few examples in the literature of in vitro selection of small
molecule-binding peptides [69-73]; thus small molecule recognition by peptides remains an

unexplored territory. Peptides generally cannot adopt structures that have a cavity or pocket for small
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molecule recognition and binding, and there has been no effective strategy to design peptides that

can bind small molecules. In order to develop a peptide as a useful affinity reagent that is an

alternative to antibodies, more studies describing improvements in the molecular recognition ability

of peptides are required.

In medicine, constrained peptides, such as disulfide-rich peptides including venom peptide

‘conotoxins’ and polycyclic peptides [74], have been investigated because of their extreme

specificity and affinity towards a target protein. However, molecular recognition ability of

constrained peptides containing disulfide bonds against non-protein target molecules including small

molecules has not been investigated. Thus, we examined how a constrained peptide containing

disulfide bridges can enhance the molecular recognition ability towards non-protein molecules.

In the cDNA display method, the disulfide bridges in the displayed peptide easily form on

magnetic beads during the preparation process [52,54]. Thus, this method is suitable to screen target

molecule-binding disulfide-rich peptides from a DNA library of coding cysteine-rich peptides in

which the cysteine position is randomized. In this study, an amino group on the polystyrene-based

magnetic bead was chosen as the low molecular weight target, because a functional group

recognizing peptides has not been reported.

34



3-2. Materials and methods

3-2-1. Library construction

A full construct for preparing the disulfide-rich peptide library was designed to facilitate

the formation and purification of cDNA displayed proteins. The full-sequence of the library contains

the T7 promoter, a translational enhancer derived from tobacco mosaic virus ‘omega’, and a Kozak

sequence at the 5' site of the disulfide-rich peptide coding region, whereas the GsS spacer,

C-terminal 6xHis, G,S spacer and primer region for the SBP-linker were placed at the 3' site (Figure

3-1A). The amino acid composition of the library was adjusted by the nucleotide mixture (Figure

3-1B, Table 3-1). The library DNA was prepared by joining the three fragments by overlap PCR.

Each DNA fragment is as follow: (i) fragment 1, sense sSDNA composed of the T7 promoter to an

ATG start codon; (ii) fragment 2, antisense ssDNA corresponding to the disulfide-rich peptide

coding region; and (iii) fragment 3, antisense ssSDNA that consists of the Hisx6 coding region and

the hybridizing region for the SBP-linker (Table 3-1). Initially, fragments 1 and 2 were overlapped

and extended with Tag DNA polymerase (Takara Bio, Japan). This was followed by fragment 3

overlapping to the synthesized double strand (ds) DNA and extended. The resulting full-construct

DNA was purified by 8 M urea containing 6% denaturing PAGE. Purified full-construct sSDNA was

converted to dsDNA by five cycles of PCR for transcription.
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Figure 3-1. The library DNA construct and amino acid composition of the random region. (A)
Construct of library DNA coding cysteine-rich peptides. Symbols and abbreviations are defined as
follows: T7prom, T7 promoter; €, translation enhancer of tobacco mosaic virus; Kozak, Kozak
sequence for translation initiation; MGC, N-terminal three constant amino acids; X;.,7, twenty seven
randomized amino acids; G3S and G,S, glycine-serine linker; 6xHis, hexahistidine tag; and LHR,
hybridization region for puromycin-linker DNA. (B) Theoretical percent appearance of amino acids

in the random region.

36



Table 3—-1. DNA fragments for synthesis of cysteine-rich peptide coding library DNA.

Name Sequence (5'—3")

Fragment 1 GATCCCGCGAAATTAATACGACTCACTATAGGGGAAGTATTTTTACA
(sense strand) ACAATTACCAACAACAACAACAAACAACAACAACATTACATTTTAC
ATTCTACAACTACAAGCCACCATG

Fragment 2 TGATGATGGCTGCCTCCCCCXYZXYZXYZXYZXYZXYZXYZXYZXY
(antisense strand) | ZXYZXYZXYZXYZXYZXYZXYZXYZXYZXYZXYZXYZXYZXYZXY
ZXYZXYZXYZGCAGCCCATGGTGGCTTGT

Fragment 3 GGGGGAGGCAGCCATCATCATCATCATCACGGCGGAAGCAGGACG
(antisense strand) | GGGGGCGGCGGGGAAA

Random amino acid comprised the codon triplets XYZ, where X, Y, and Z indicate nucleotide
mixture, and the mixing ratios were X: A 44%, T 0%, G 38%, C 22%; Y: A 16%, T 30%, G 20%, C
34%; Z: A 45%, T 15%, G 30%, C 10% or X: A 50%, T 0%, G 50%, C 0%; Y: A 16%, T 33%, G
20%, C 31%; Z: A 35%, T 18%, G 32%, C 15%.

3-2-2. SBP-linker synthesis

SBP-linker was prepared from two modified oligonucletoides (Table 3-2) Immediately

prior to use, The 5' thiol group of 20 nmol of puromycin segment was reduced with 0.1 M DTT in 50

uL of 1 M phosphate buffer (pH 7.0) for 1 h at room temperature and then desalted on a NAP-5

column (GE Healthcare, USA). A total of 10 nmol of short biton segment and 2 pmol EMCS were

added to 100 uL of 0.2 M sodium phosphate buffer (pH 7.0), and the mixture was incubated for 30

min at 37 °C, then precipitated with ethanol and coprecipitant (Quick-precip Plus, Edge BioSystems,

USA), and dissolved in nuclease-free water. The reduced PS was immediately added and the mixture

was stirred at 4 °C overnight. The reaction was terminated by adding DTT to a final concentration of
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50 mM and incubating for 30 min at room temperature. Ethanol precipitation at room temperature

was performed to remove the excess PS. To remove the SBS and the un-cross-linked SBS-EMCS

complexes, the ethanol precipitate was dissolved in nuclease-free water and purified with a C18

HPLC column using the following conditions: column, AR-300, 4.6x250 mm (Nacalai Tesque,

Japan); solvent A, 0.1 M triethylammonium acetate (TEAA); solvent B, acetonitrile/water (80:20,

v/v); gradient, B/A (15-35% over 33 min); flow, 0.5 mL/min; detected by absorbance at 260, 280,

and 490 nm. The fraction corresponding to the last peak at an absorbance of 260 (corresponding to a

single peak at an absorbance of 490 nm) was collected. The fraction was dried and the SBP-linker

was purified by ethanol precipitation using Quick-precip Plus. Precipitated SBP-linker was dissolved

in nuclease-free water and stored at -20 °C.

Table 3-2. DNA fragments for synthesis of SBP-linker

Name Sequence (5'—>3") Length | modification
Short biotin g: riboG, B: Biotin-dT,
CCgCBCgACCCCGCCGCCCCCCGICCT | 27 mer )
segment t: AminoC6-dT
Puromycin 5S: 5-ThiolC6, F: FITC-dT,
(5S)TCFzCCP 8 mer .
segment Z: Spcl8, P: 3'-Puromycin
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3-2-3. cDNAdisplay preparation from library DNAs

The library DNAs were transcribed by T7 RNA polymerase in a RiboMAX large scale

RNA production system. Reactions were terminated by adding DNase and products were purified

with an RNA purification column (FavorPrep, After Tri-Reagent RNA Clean-Up Kit, Favorgen,

Taiwan).

The 3'-ends of MRNA molecules were hybridized to the complementary strands of the

SBP-linker under annealing conditions (heating to 90 °C for 1 min followed by incubation at 70 °C

for 1 min, then cooling to 25 °C) in ligation buffer (50 mM Tris-HCI, pH 7.5, 10 mM MgCl;, 10 mM

DTT and 1 mM ATP). T4 RNA ligase (0.4-2 U/pmol mRNA, Takara Bio, Japan) and T4 PNK (0.25

U/pmol mRNA) were then added and the reaction incubated at 25 °C for 1 h. The ligation products

were analyzed using 8 M urea containing 6% PAGE. The ligated products (mRNA-linker

conjugates) were visualized by FITC fluorescence using the Fluoroimager.

2X Binding buffer (20 mM Tris-HCI, pH 7.5, 2 M NaCl, 2 mM EDTA, 0.1% Tween-20)

was added to the ligation reaction mixture and incubated with SA-beads (Dynabeads MyOne

Streptavidin C1) at a ratio of 3.75 puL of SA-beads to 1 pmol of mMRNA-linker conjugates at 20 °C

for 15 min. After washing with 1X binding buffer, the SA-beads were incubated at 30 °C for 25 min

in a cell-free translation mixture with a rabbit reticulocyte lysate (Retic Lysate IVT Kit) at the ratio

of 10 puL of SA-beads to 20 pL of the cell-free translation mixture. To facilitate puromycin
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incorporation to the C-terminus of the peptide, KCI and MgCl, were added to the mixture (final conc.

of 800 and 80 mM, respectively) and incubated at 37 °C for 60 min. Then, to release ribosomes

binding to the mRNA, a pure 0.5 M EDTA solution was added (final conc. of 83 mM) and incubated

at r.t. for 10 min.

The SA-beads were washed three times with 1X binding buffer and once with 1X buffer

for the reverse transcription reaction that is attached to a reverse transcription enzyme (ReverTra

Ace, Toyobo, Japan). The reverse transcription reaction mixture (1 mM dNTP, 2.5 U/uL ReverTra

Ace in 1X buffer) was mixed with the SA-beads at the ratio of 15 puL of SA-beads to 10 pL of the

mixture, and incubated at 42 °C for 30-45 min. After washing the SA-beads with the

His-tag-binding buffer (20 mM sodium phosphate, pH 7.4, 0.5 M NaCl, 5 mM imidazole, 0.05%

Tween-20), the His-tag-binding buffer with 5 U/uL RNase T1 (Ambion, USA) was mixed with the

SA-beads at the ratio of 30 pL of SA-beads to 10 pL of the buffer containing RNase T1, and

incubated at 37 °C for 15 min. The supernatant containing the cDNA display molecules was

collected.

To purify cDNA display molecules using the Hisx6 tag in displayed peptides, the solution

containing the cDNA display molecules was incubated with Ni-NTA magnetic beads (His Mag

Sepharose Ni, GE Healthcare, USA) at 10 °C for over 2 h. The Ni-NTA magnetic beads were

washed twice with His-tag-binding buffer, and binding cDNA display molecules were eluted by
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incubation at r.t. for 10 min in the His-tag elution buffer (20 mM sodium phosphate, pH 7.4, 0.5 M

NaCl, 250 mM imidazole, 0.05% Tween-20). The above elution step was performed twice under the

same conditions. Before affinity selection of the disulfide-rich peptides from the cDNA display

library was carried out, the His-tag elution buffer was exchanged to the selection buffer (50 mM

Tris-HCI, pH 7.4, 1 M NaCl, 1 mM EDTA, 0.1% Tween-20) with 1 pM L-cystine using Micro

Bio-Spin columns with Bio-Gel P-6 in Tris Buffer (BioRad, USA). cDNA display molecules

prepared from 10 pmol of library mRNA were digested with 10-30 U of RNase H (Takara Bio,

Japan) in NEBuffer 2 (10 mM Tris-HCI, pH 7.9, 50 mM NaCl, 10 mM MgCl,, 1 mM DTT) by

incubating at 37 °C for 20 min. The resulting cDNA-protein fusion molecules were subjected to 8 M

urea containing 4% stacking—6% SDS-PAGE and visualized with the Fluoroimager.

3-2-4. Affinity selection

The above disulfide-rich peptide library was screened to identify peptides that selectively

bound to the amino group, using Dynabeads M-270 Amine (Invitrogen, USA). The initial round

contained cDNA display molecules prepared from 150 pmol of library mRNA in 70 pL of selection

buffer. This was incubated at r.t. for 1.5 h using a tube rotator (AS ONE, Japan) with 50 uL of

Dynabeads M-270 Amine, which was prewashed using the selection buffer with 100 nM L-cystine.

The beads were washed four times using the selection buffer with 100 nM L-cystine. To elute amino
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group binding cDNA display molecules, the beads were incubated at r.t. for 1 h in 400 pL of

selection buffer containing 0.1 M DTT. This was followed by incubation at 4 °C for 4 h. This was

then incubated at r.t. for 1 h using a micro tube mixer (Tomy Seiko, Japan) in 400 pL of selection

buffer with 1% SDS. cDNA display molecules in each eluate were ethanol precipitated using

ethanol-precipitation Quick-precip Plus. To prepare library DNAs for the next round of in vitro

selection, T7 promoter-reconstructed library DNAs were prepared from the above precipitated

cDNA display molecules by PCR using the following primers: forward primer (5-

GATCCCGCGAAATTAATACGACTCACTATAGGGGAAGTATTTTTACAACAATTACCAAC

AAC-3"); reverse primer (5-TTTCCCCGCCGCCCCCCGTCCTGCTTCCGCCGTGATGAT-3).

A total of four rounds of in vitro selection were performed according to the above

protocol with minor changes as follows. The cDNA display library was prepared from 30 pmol

mRNA in the second round and 20 pmol in the third and fourth rounds. The target bead volume was

successive reduced from 50 to 30 pL, and cDNA molecules that can bind to the bead material were

removed by prescreening using Dynabeads M-270 Carboxylic Acid (Invitrogen, USA).

After the fourth round of in vitro selection, alternation of sequence composition in the

library DNAs was confirmed by direct sequencing. The library DNAs were then cloned by the

pPGEM-T Easy Vector System (Promega, USA) and NEB 5-alpha competent E. coli (high efficiency)

(New England Biolabs, UK), and a total of 90 clones were sequenced by Operon Biotechnologies
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(Japan).

3-2-5. Peptides

The peptides analysed in this study are listed in Table 3-3. A FAM-G;S linker was

introduced to the N-terminal of all synthesized peptides for ease of detection except for CP1 (2SS) in

which FAM was not attached. Three disulfide isomers of CP1 (2SS): CP1 (2SS)-a, B, and y; and two

kinds of fragmented peptides, the N-terminal or C-terminal loop regions of CP1 (2SS)-a: CPI

(1SS)-NTR and CP1 (1SS)-CTR were chemically synthesized by Toray Research Center, Japan. CP1

(2SS); two kinds of serine variants of CP1 (2SS)-a: CP1 (1SS)-A and B; and an alanine variant of

CP1 (2SS)-a: CP1 (Cys—Ala) were chemically synthesized by SCRUM (Japan). All peptides were

certified at more than 90% purity.

Table 3-3. Synthesized peptide list.

No. Name Size Dlsu_lflde Amino acid sequence (N-C)
(aa) bridge

1 CP1(288)?! 34 Unknown GGGSMGCGPSNFDDCPRNYTFNSIDSGYCSGCNH
2 CP1l(28S)-a 34 C7-Cl1l5 and C29-C32 FAM-GGGSMGCGPSNFDDCPRNYTFNSIDSGYC SGCNH
3 CP1(2sS)-B 34 C7-C29 and C15-C32 FAM-GGGSMGCGPSNFDDCPRNYTFNSIDSGYC SGCNH
4 CP1(2SS)-y 34 C7-C32 and C15-C29 FAM-GGGSMGCGPSNFDDCPRNYTFNSIDSGYC SGCNH
5 CP1l(Cys-Ala) 34 - FAM-GGGSMGAGPSNFDDAPRNYTFNSIDSGYASGANH
6 CPl(1ssS)-A 34 C7-Cc15 FAM-GGGSMGCGPSNFDDCPRNYTFNSIDSGYSSGSNH
7 CP1(1SS)-B 34 C29-C32 FAM-GGGSMGSGPSNFDDSPRNYTFNSIDSGYC SGCNH
8 CP1(1SS)-NTR 15 Cc7-C15 FAM-GGGSMGCGPSNFDDC

9 CP1l(1SS)-CTR 15 C5-C8 FAM-GGGSCSGCNH
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3-2-6. Trypsin digestion and mass spectrometry analysis

Ten micrograms of CP1 (2SS) was incubated at 37 °C for 30 min in 52 pL of trypsin

solution (100 mM Tris-HCI, pH 8.0, 1 mM CaCl,, 2 pg trypsin (Trypsin Protease, MS Grade,

Thermo Fisher Scientific, USA)). One microliter of the solution and 4 pL of a saturated solution of

a-cyano-4-hydroxy-cinnamic acid in TA solution (mixture of 0.1% trifluoroacetic acid and

acetonitrile in the ratio of 2:1) were mixed. One microliter of the mixed solution was spotted onto a

target plate and dried in a desiccator, and analyzed with a matrix-assisted laser desorption-ionization

time-of-flight mass spectrometer (MALDI-TOF MS, Autoflex Il1, Bruker Daltonics, USA).

3-2-7. Binding assay against amino group modified magnetic beads

Ten microliters of Dynabeads M-270 Amine and of Dynabeads M-270 Carboxylic acid

were washed with 100 uL of selection buffer. Three kinds of disulfide isomers of CP1 (2SS) were

dissolved in PBS (1mg/mL) and diluted to 2 uM with selection buffer. Thirty microliters of the each

2 uM peptide solution was incubated with the each kind of magnetic beads at 25 °C for 2 h using a

thermo block rotator (SNP-24B, Nissinrika, Japan). The beads were washed twice with 100 pL of

selection buffer and binding peptides were eluted by incubation at 85 °C for 3 min in 20 pL of SDS

sample buffer (125 mM Tris-HCI, pH 6.8, 8 M urea, 4% (w/v) SDS, 6% (w/v) sucrose, optimal a
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suitable amount of xylene cyanol). Eluate was subjected to Tricine-SDS-PAGE and visualized with

the Fluoroimager.

3-2-8. Binding assay against a glass slide

Twenty microliters of solutions containing each disulfide isomer or alanine variant of CP1

(2SS) in selection buffer (without Tween-20) (final conc. of 20 uM) were spotted on a glass slide

(MAS coated glass slide, Matsunami Glass, Japan) and incubated at r.t. for 2 h. Remained solutions

was removed and the each spotted regions were washed four times with 20 pL of selection buffer by

pipetting. The glass slide was dipped in selection buffer for 1 h. Then the glass slide was removed

from the buffer and peptides remaining on the glass slide were visualized with the Fluoroimager.

3-2-9. Binding assay against agarose beads

One hundred microliters of diaminodipropylamine-immobilized agarose beads (Calboxylink

Coupling Gel, Thermo, USA, 50% slurry) was poured in a 1.5 mL microcentrifuge tube and washed

three times with 900 uL of selection buffer by centrifugation of the beads and removing the

supernatant. After removing the supernatant as possible by pipetting (about 50 uL volumes of

swollen agarose beads was remained in the tube), 30 uL of each 172 uM peptide solution were added

to the tube, then mixed and incubated at 25 °C for 2 h. After washing the agarose beads twice with
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300 ul of selection buffer, 40 pL of 2X SDS sample buffer was added to elute the binding peptides.

The SDS sample buffer was separated from the agarose beads with an empty column (MicroSpin

Empty Columns, GE Healthcare, USA). 70 uL of eluate was collected and 2 pL of it was analyzed

by Tricine-SDS-PAGE.

3-2-10. Circular dichroism analysis

Circular dichroism (CD) spectra were recorded at 25 °C in 0.1 mm cell from 250 to 195 nm at 50

nm/min on a circular dichroism spectrometer (J-720, JASCO, Japan). Peptides were dissolved (0.2

mg/ml) in 20 mM sodium phosphate buffer, pH 7.4. Spectra were measured four times and averaged

for each sample, and an equally averaged buffer baseline was subtracted.
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3-3. Results and discussion

3-3-1. In vitro selection of amino group binding peptides

After four rounds of the selection, the library DNA was sequenced by direct sequencing

(Figure 3-2). The signal pattern of the random peptides coding region of the DNA library following

the fourth round was different with that of the initial library. This suggested that the specific peptide

sequences were enriched by in vitro selection. Then, DNA molecules in the library after the fourth

round were cloned and 90 clones were sequenced. As a result, the library seems to be converged to

several sequences as shown in Table 3-4. The CP1 peptide is the most converged sequence, whereas

the other peptides in the CP1 group have single or double amino acid substitutions.
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Random peptide coding region
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After fourth roun

Figure 3-2. Direct sequencing of the initial and following the fourth round library DNA. Initial
library (upper) DNA and library DNA after the fourth round of in vitro selection (lower) were
sequenced by direct sequencing of the PCR products. Predominantly random peptide coding regions

in each library DNA are indicated.

Table 3—-4. List of the consensus peptide sequences from the library after the fourth round.

Name Sequence No. of
clones
Library [MGCXXXXXXXXXXXXXXXXXXXXXXXXXXX
CP1 MGCGPSNFDDCPRNYTEFNSIDSGYCSGCNH 10
CP1-2 |MGCGPSNFDDCPRDYTEFNSIDSGYCSGCNH 1
CP1-3 |MGCGPSNFDDCPRNYTFNPIDSGYCSGCNH 1
CP1-4 |MGRGPSNEFDDCPRNYTFNSIDSGYCSGCNH 1
CP1-5 |MGCGPSNFDDCPRDYTEFNPIDSGYCSGCNH 1
CP1-6 |MGCGPSNFDDCPRNYTFNPIDSGHCSGCNH 1
CP2 MGCTQFQGVRPSNCKCTCSGFYRYLYPFWA 1
CP2-2 |MGCTQFQGLRPSNCKCTCPGFYRYLYPFCA 1
CP3 MSWPWHRTHHSYNPWYHYWYRYPTRYRHF'S 5
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3-3-2. Binding assay by a pull-down method

Disulfide connectivity of CP1 with function had been unknown, thus CP1 was chemically

synthesized and disulfide bridges were formed by air oxidation. Affinity of the CP1 was assayed by

pull-down assay in crude condition of disulfide isomers of CP1 (2SS) (Figure 3-3). As a result, CP1

(2SS) was significantly pulled down by each kind of magnetic beads compared with a alanine

variant of CP1: CP1 (Cys—Ala). This result shows that the CP1 (2SS) can interact with each kind of

magnetic beads.

F-CP1 (2SS) FAM-CP1 (Cys—Ala)

03 *\
X > o0 o’ls K- > o0 oF
@0 S Ps(\\ 0@(0 ?& S Ps(\\ o,b{o

Peptide —| s il Sl —| -

Unknown band —p -

Non-reacted NHS- —
fluorescein
Fluorescein —) | —

Figure 3-3. Pull-down assay of CP1 (2SS) and CP1 (C—A). N-terminus of CP1 (2SS) was
modified by fluorescein-NHS: F-CP1 (2SS). 30 pL of 2 uM F-CP1 (2SS) and CP1 (Cys—Ala) were
incubated at r.t. for 1 h with 10 pL of Dynabeads MyOne Strptavidin C1 (SA) or Dynabeads Amine
(Amino) or Dynabeads Carboxylic Acid (Carboxyl). These beads were washed three times with 100
ul of Tris-based buffer (20 mM Tris-HCI, pH 6.8, 1 M NaCl, 0.1% Tween-20). Binding peptides on
these beads were eluted by incubation at 85 °C for 3 min in 20 pL of 1X SDS sample buffer and
analyzed by Tricine-SDS-PAGE.
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3-3-3. Analysis of the relationship between disulfide connectivity and function

To analyze the relation between the disulfide bond connectivity of CP1 and function, CP1

(2SS) was digested with trypsin and the digested peptide fragments were analyzed by MALDI-TOF

MS (Figure 3-4). Trypsin cleaves peptide chains mainly on the carboxyl side of lysine or arginine

amino acids, except when either is followed by proline. Following trypsin digestion, the main peak

was found to (1654.727 m/z) correspond to an N-terminal fragment of CP1 (C7—C15:C29-C32).

Although a second peak (1879.803 m/z) was weak, it may correspond to the C-terminal fragment of

CP1 (C7-C15:C29-C32). On the other hand, the peak which was speculated to arise following the

trypsin digestion of CP1 (C7-C29:C15-C32) and CP1 (C7-C32:C15-C29) was barely detected.

From the above MS analysis of CP1 (2SS) with trypsin digestion, we speculate that CP1

(C7—C15:C29-C32) was the main peptide in the crude mix of the disulfide isomers of CP1 (2SS)

and it may bind to the amino group on the Dynabeads M-270 Amine. To clarify the relation between

disulfide connectivity and binding affinity, three kinds of disulfide isomers of CP1 (2SS) were

chemically synthesized (Table 3-3). Interaction of the each disulfide isomer of CP1 (2SS) was

confirmed by a pull-down assay (Figure 3-5). As a result, CP1 (2SS)-a was found to only bind to the

Dynabeads M270 Amine and Carboxylic acid. These results suggest that the disulfide connectivity

pattern was important for defining the affinity of the CP1.
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The pull-down assay was performed under reducing condition to ascertain the importance

of the disulfide bridges in CP1 (2SS)-a capacity to interact with the beads. As a result, CP1 (2SS)-a

was not pulled down under reducing conditions with DTT (Figure 3-6). This result shows that the

disulfide bridges in CP1 (2SS)-a are crucial to the affinity. This result was consistent with the result

that substitution of all cysteines to alanines gave rise to a CP1 (2SS)-a peptide with no binding

affinity (Figure 3-3).

The actual disulfide bond connectivity of CP1 (2SS) corresponded to the predicted result

derived from Disulfind: Cysteines Disulfide Bonding State and Connectivity Predictor (Disulfind: a

disulfide bonding state and cysteine connectivity prediction server) [75]. Furthermore, we compared

the mobility of each disulfide isomer of CP1 and CP1 (2SS) by Tricine-SDS-PAGE (Figure 3-7, left).

The main band that appeared in the CP1 (oxidized) lane in the case of the oxidized form

corresponded to the mobility of CP1 (2SS)-a. As a control, the reduced form of each disulfide

isomer of CP1 (2SS) showed the same mobility (Figure 3—7, right). In the case of pretreatment with

2-mercaptoethanol, double bands were observed in each lane. This is a result of partially oxidative

folding of CP1 during Tricine-SDS-PAGE, because of the non-reducing conditions used in the

Tricine-SDS-PAGE gel. These results show that CP1 may easily adopted CP1 (2SS)-o fold in

oxidative folding. These results may indicate that the selected disulfide-rich peptides that exhibited

the function had the most dominant disulfide connectivity. In other words, the cDNA display method
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can select disulfide-rich peptides that easily formed specific disulfide connectivity and thereby
exhibit function. This may be an advantage with regard to production of disulfide-rich peptides
selected by in vitro selection, because generally, specific disulfide bridge formation in disulfide-rich

peptides is difficult and requires purification by HPLC [76].

1
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= MW: 1654.78

l —
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075 & MW: 1879.97
3
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Figure 3-4. MALDI-TOF MS analysis of the trypsin-digested CP1 (2SS). CP1 (2SS) was
digested with trypsin by incubation at 37 °C for 30 min and the digested peptide fragments were
analyzed by MALDI-TOF MS. Peptide sequences corresponded to several peaks were estimated and

shown over each peak. The MW under each peptide sequence indicates the theoretical values of the
molecular weight.
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Figure 3-5. Binding assay of the disulfide isomers of CP1 (2SS): CP1 (2SS)-a, B, and y against
amino groups or carboxyl groups by a pull-down assay. Each disulfide isomer of CP1 (2SS) was
incubated with amino group (NH>) or carboxyl group (COOH) modified magnetic beads at 25 °C for
2 h in a selection buffer (20 mM Tris-HCI, pH 7.4, 1 M NaCl, 1 mM EDTA, 0.1% Tween-20). After
washing the beads, the remaining CP1 was eluted with SDS sample buffer. The eluates were
subjected to Tricine-SDS-PAGE and visualized with a fluorescence image analyser. A sample (3.3%)

of each imputed disulfide isomer of CP1 (2SS) was loaded as a reference (Lane: Ref.).

DTT 0omM 5mM 10 mM

RN
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Figure 3-6. Pull-down assay of CP1 (2SS)-e. under reduced conditions. CP1 (2SS)-a was
pull-downed with amino group modified magnetic beads or carboxyl group modified magnetic beads
under several concentrations of DTT (0-10 mM). Each eluate was analyzed by Tricine-SDS-PAGE
and visualized by the Fluoroimager. A sample (3.3%) of each imputed CP1 (2SS)-a under each

condition was loaded as a reference (Lane: Ref.).
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Figure 3—7. Mobility comparison of disulfide isomers of CP1 (2SS) on Tricine-SDS-PAGE. Four
peptides: Fluorescein-labeled CP1 (2SS), three kinds of disulfide isomers of CP1 (2SS) were treated
with 2-mercaptoethanol (right) or not (left) and subjected to Tricine-SDS-APGE. Tricine-SDS-PAGE

gel was visualized by the Fluoroimager.

3-3-4. Binding assay against amino groups on several kinds of solid supports

To clear that the CP1 (2SS)-a interact with not material of the magnetic beads but amino

group (NH,) on the beads, binding assay against other solid supports (glass slide and agarose beads)

was performed. We found that CP1 (2SS)-o was the most remained on the glass slide after washing

with the selection buffer for 1 hr (Figure 3-8A). In addition, we found that more amount of CP1

(2SS)-a remained on the agarose beads after washing with the selection buffer compared with other

two disulfide isomers of CP1 (2SS) and alanine variant of CP1 (Figure 3-8B). These results were

consistent with the result of pull-down assay (Figure 3-3, Figure 3-5). These shows that the CP1

(2SS)-a. can interact to amino group on each supports but not surfaces of each supports (magnetic

beads, glass slide, or agarose beads).
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Figure 3-8. Binding assay of CP1 (2SS)-a against amino groups on several types of support. (A)
The three disulfide isomers of CP1 (2SS) and CP1 (Cys—Ala) were spotted on an amino-group
modified glass slide and each peptide remaining on the glass slide after washing was visualized with
a fluorescence image analyser. (B) The three disulfide isomers of CP1 and CP1 (Cys—Ala) were
incubated with amino-group modified agarose-resin beads. CP1-1 (2SS)-a was incubated with the
agarose-resin beads under oxidizing conditions (Ox.) or reducing conditions with DTT (Red.). After
washing the agarose-resin beads, each remaining peptide was eluted with SDS sample buffer. Each
eluate was subjected to Tricine-SDS-PAGE and visualized with the Fluoroimager. CP1 (2SS)-a (1

pmol) was loaded as a reference (Lane: Ref.).

3-3-5. Binding assay of CP1 (2SS)-a derivative peptides

In previous studies, many kinds of cyclic peptides containing a disulfide bond have been

developed to achieve high affinity and specificity against proteins. Although CP1 (2SS)-o contains

two disulfide-bridged loops, it is uncertain whether both these constrained cyclic loops are

indispensable for recognition of the amino group. Hence, to investigate whether both loops are

required for recognition, all possible combinatorial pattern peptides of CP1 (2SS)-a which have only

a single cyclic loop, with or without each remaining region in which cysteines were substituted to

serines, were chemically synthesized (Table 3-3). According to a binding assay of these peptides
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against amino groups on magnetic beads, only CP1 (2SS)-a could recognize the amino group (Figure

3-9). This indicates that both cyclic loops in the peptide CP1 (2SS)-a are required for amino group

recognition. Moreover, the flexible region between the cyclic loops may also be required for

molecular recognition.

CP1(2SS)-«a  CP1(1SS)-A  CP1(1SS)-B

M M — —
c—C-—cC-C C—-C-——88 $—8§——C-C
Target o v X & a8 OQ‘ o v X
molecule < \& Q< \g‘ L < ‘& ex
- -
- — Lad

CP1(1SS)-NTR CP1(1SS)-CTR CP1 (Cys—Ala)

— —

c-c cc A~A—AA
Target . v X & v S & v
molecule ¢ & O & & o & 0

-~

Figure 3-9. Binding assay of CP1 (2SS) derivative peptides. CP1 (2SS)-a and five derivative
peptides of CP1 (2SS)-a: CP1 (1SS)-A, CP1 (1SS)-B, CP1 (1SS)-NTR, CP1 (1SS)-CTR, and CP1
(Cys—Ala) were assayed by the pull-down method under the conditions as described for Figure 3-6.
A sample (3.3%) of each imputed CP1 (2SS) derivative peptide was loaded as a reference (Lane:
Ref.).
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3-3-6. Secondary structure analysis

In a previous study, we found that a peptide with two disulfide bridges interacts with the

interleukin 6 receptor (IL-6R) with high affinity and specificity [51,77]. However, the disulfide

connectivity in this peptide is similar to CP1 (2SS)-y, which is different to CP1 (2SS)-a. The

disulfide bridges in CP1 (2SS)-y causes the molecule to become rigid, but CP1 (2SS)-a, with two

cyclic loops, can has both rigid and flexible regions. Circular dichroism (CD) spectroscopy results

showed that CP1 (2SS)-a contained secondary structures, although CP1 (Cys—Ala) was in a random

coil state (Figure 3-10). This result suggests that the disulfide bonds might enable the peptide to

form secondary structures. In a previous study on polymer-binding peptides (7-mers) that recognize

poly(methyl methacrylate), it was suggested that the rigid and kinked structure formed by proline

and possible hairpin conformation of the essential 4-mer sequence is the most important aspect for

peptide affinity [78]. Recently, the same authors reported the screening, by in vitro selection using

phage display, of short 12-mer peptides recognizing the simplest polycyclic aromatic hydrocarbon,

naphthalene; both the phenylalanine and proline residues were shown to be essential for creating the

specific affinity [79]. A rigid steric conformation for peptides may be very important for molecular

recognition by improving the ability of the peptide to interact with a molecule.
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Figure 3-10. Circular dichroism analyses of CP1 derivative peptides. Each peptide concentration

was 0.2 mg/mL in 20 mM sodium phosphate buffer, pH 7.4. The temperature was set at 25 °C.
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3-4. Conclusions

We have demonstrated that 30-residue peptides containing two disulfide bridges recognize

amino groups on a solid-phase and can be screened in an in vitro selection manner by cDNA display

from a cysteine-rich peptide coding DNA library. Pull-down assays of the disulfide isomers of CP1

(2SS) showed that the unique disulfide bridge pattern of the CP1 (2SS)-a peptide is required for

amino group recognition. Neither of the single cyclic loop regions of the CP1 (2SS)-a peptide could

bind amino groups on the solid-phase. Interestingly, not only both cyclic loops, but also the linkage

region between the loops is indispensable for recognition of the amino group. Therefore, the CP1

(2SS)-a. peptide containing two cyclic loops with disulfide bonds forms a unique conformation that

is able to bind the amino group. This study demonstrates that peptides containing disulfide bridges

can recognize functional groups of organic molecules, such as amino groups. Constrained peptides

containing disulfide bridges as described in this work may represent a new approach in the

molecular recognition of small molecules.
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4. Overall conclusions

First, we have established an in vitro selection/evolution system by cDNA display, which
is suitable to use in the design of disulfide-rich peptide aptamers. Second, we have selected a
disulfide-rich peptide aptamer recognizing amino groups on a solid phase. This is the first report of a
disulfide-rich peptide aptamer recognizing a specific functional group. This study suggests that the
limit of molecular recognition by peptides can be extended by introducing several patterns of
disulfide bridges into the peptide. In addition, it was shown that the cDNA display method represents

a powerful method to screen disulfide-rich peptides from a cysteine-rich peptide library.
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