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Abstract

Fluorescent signaling peptide aptamers are useful for biological science and
diagnosis. In order to in vitro select the fluorescent signaling peptide aptamers, an
environment sensitive fluorescent probe, 7-nitro-2,1,3-benzoxadiazole (NBD), was
coupled with tRNA through aminophenylalanine and the tRNA was added during
preparation of random sequence peptide library for ribosome display. By introduction of
NBD as a side chain of non-natural amino acid into a library of random sequences, |
successfully obtained fluorescent signaling peptide aptamers and investigated the
interactions of selected peptides with the target molecule in detail.

I selected an aptamer against a target verotoxin which is a shiga-like toxin
protein that causes mild diarrhea to life threatening hemolytic uremic syndrome. In
addition, I investigated the interaction between the previously selected peptides with
calmodulin (CaM).

The selected peptide aptamer against verotoxin showed change in fluorescence
on interacting with verotoxin. This aptamer specifically interact with verotoxin and the
dissociation constant (Kgq) was 3.90 + 1.6 uM. The fluorescence intensity of peptide
aptamer was found to be decreased by 78% on increasing the verotoxin concentration.
The selected peptides can be used for the detection of verotoxin.

On the other hand, the peptide aptamers against CaM showed enhancement in
fluorescence by interacting with CaM in presence of calcium ions. The binding
interactions of the selected peptide aptamers with CaM were investigated by nuclear
magnetic resonance measurements, in addition to the surface plasmon resonance and

fluorescence titration measurements.
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CHAPTER 1

GENERAL INTRODUCTION



1-1 Background

“Aptamer” is the merge of two words ‘aptus’ meaning fit in Latin and ‘meros’
meaning part in Greek!'™!. Aptamers are oligonucleotides (ribonucleic acid, RNA and
single stranded deoxyribonucleic acid, ssDNA) or peptide molecules that can bind to
their targets with high specifity and affinities (picomolar to nano molar dissociation
constants)!”. They are also known as artificial or chemical antibodies which has
attracted the attention of many scientists due to their unique merits over antibodies such

as thermal stability, low cost and unlimited applications® ™.

Peptide aptamers previously known as combinatorial proteins inserted into a
constant scaffold protein!'®"'?!. They were for the first time selected using phage display
technique!’*'. This technique is a molecular approach to express proteins or peptides
on the surface of phage particles with the genetic information of these proteins or
peptides encoding inside!'®!. It expresses natural and random peptides, proteins as well
antibody fragments. This technique was used to convert nucleotide sequences into

peptides and proteins of desired properties''®.

Initially peptide aptamers were developed as research tools to dissect protein
function within complex molecular regulatory networks!'”). These typically contain 8-20
amino acids. They can be engineered via selection from large libraries of random
sequences by direct evolution techniques. Not only are the aptamers important for guide
and self-assembly of large materials but they are valuable in single molecule assay

[18

design'®. They bind to their target proteins with significant affinity and high specificity,

both in vitro and in vivo"®!. They comprises the important assemblage in the field of
aptamers as short peptide has the ability to mimic the interactive features of large and

complex counterparts''®’.



They offer means of high-confidence, ligand-based target validation and can
exhibit different specificity profiles towards a protein family. This particular property
might prove to be important because the concept of ‘multi-targeting’ promises to be a
fruitful avenue for drug discovery and development especially when addressing protein
families whose members exhibit functional redundancy>”. To develop peptide-derived
drugs that can be applied in a general medical setting, several issues (potential
immunogenicity, protease degradation and poor metabolic stability) remain to be
resolved for human administration. The emergent peptide binders that overcome the
above difficulties will allow us to tailor peptide drugs for the prevention, diagnosis and

treatment of a wide variety of diseases*'’.

Now various approaches are established to generate functional aptamers. Some

2224 bacterial surface display®, yeast

classical examples are phage display!
display[26'29], mRNA display[29'33] and ribosomal display[3 4331 Adaptation of the
approach depends on the type of aptamer and its application. All these approaches have
their merits and limitations. In case of phage display, bacterial surface display and yeast
display require transformation of living cells limits number of independent libraries. In
addition, due to requirement of living cell restrict the condition applicable for infectious
virus. The Systematic Evolution of Ligands by Exponential Enrichment (SELEX)
process is limited to generate oligonucleotide aptamer. The main feature of all in vitro
selection approaches is combination of genotype messenger RNA (mRNA) and
phenotype (peptide). This genotype and phenotype conjugation play role to know the
genetic information of the binding aptamer generated from the random library. Thus

the formation of stable complex between genotype and phenotype is essential for the

proper selection of aptamer. This stable complex can be achieved in the ribosomal



display technique. Moreover ribosomal display technique has other advantages over
other approaches. First, the diversity of the library is not limited by the transformation
efficiency of bacterial cells, but only by the number of ribosomes and different mRNA
molecules present in the test tube. Second, random mutations can be introduced easily
after each selection round. Thus, I used ribosomal display technique to select the desired

peptide aptamers.

1-2 Ribosome Display
Ribosome display is a cell-free system for the in vitro selection of proteins and

3637 1t provides a prevailing technology to ascertain

peptides from large libraries
specific, high affinity aptamers from large random libraries. In this technique no
transformation step is required and suitable for generating toxic, proteolytically
sensitive and unstable proteins as well can incorporate non-natural amino acids at

defined positions*.

The first published description of ribosome display was for peptide selection
using a coupled E. coli S30 system and termed ‘polysome display’. To perform this
approach a library containing DNA constructs devoid of STOP-codons (UAA, UAG or
UGA) is in vitro transcribed to yield library mRNA. After the transcription generally

translation takes place in a four-step cycle (Figure 1).
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Figure 1: Translation cycle!”.

This cycle repeat over and over during the synthesis of a protein. In step 1, a
transfer RNA (tRNA) carrying the next amino acid in the chain binds to the vacant
A-site on the ribosome by forming base pairs with the codon that is exposed there. As
only one of the many types of tRNA molecules in a cell can base-pair with each codon,
this new codon determines the specific amino acid to be added to the growing
polypeptide chain. The A and P sites are sufficiently close and this positioning of the
tRNA ensures that the correct reading frame will be preserved throughout the synthesis
of the protein. In step 2, the carboxyl end of the polypeptide chain is uncoupled from
the tRNA at the P site and joined by a peptide bond to the free amino group of the
amino acid linked to the tRNA at the A site. The enzymatic site in the large subunit
catalyzes this reaction. In step 3, a shift of large subunit moves the two tRNAs into the
E and P sites of large subunit. In step 4, the small subunit moves three nucleotides along
the mRNA molecule, bringing it back to its original position relative to the large subunit.
This movement creates an empty A site for the next aminoacyl-tRNA molecule to bind.
mRNA is translated in the 5°- to -3’ direction and N-terminal end of a protein is made

first with each cycle adding one amino acid to the C-terminus of the polypeptide chain.



In normal condition the release of the polypeptides from the ribosome is
signaled by the presence of stop codons. Release factor, a protein, bind to any stop
codon present on A site of ribosome and this binding catalyze the addition of water
molecule instead of amino acid by altering the activity of peptidyl transferase (Figure 2
A). Due to the absence of a STOP-codon in library, ribosomal translation goes to the
end of the mRNA molecules (Figure 2 B). The mRNA molecule, ribosome and newly
synthesized polypeptide stay physically attached in a ternary complex. The addition of
Mg*" ions increase the stability of the translated nascent proteins with the corresponding

mRNA, through the formation of stable protein—ribosome—-mRNA (PRM)

complexest”.

>, Binding of I ]
HaN* release factorto ~ H:N

E A } site A E

H,0

,COOH| Termination
Trp
’

Asn
7
Met
/
W
NH;
[

°
¥ 9 - A

AUGAACUGGUAGCGAUCG A
5 3

P | No binding of 22 o |
HaN" release factorto  HoN

site A

acc/| ACC
AGUGGGUA BBAUCG AQUG AUCG
5 ¥ 5’ ¥

No stop codon

Figure 2: A. The binding of a release factor to site A bearing stop codon terminates translation, the final

phase of protein synthesis. B. In the absence of stop codon, the release factor can’t bind to site A forming

the peptide, ribosome and mRNA complex™.



These complexes enter a selection cycle to expose on the immobilized target. After each
selection cycle, mRNA molecules of captured ternary complexes are reverse transcribed

and amplified in a PCR reaction to generate template for the next selection cycle as

34-35

shown in figure 3%+ This permits the simultaneous isolation of a functional nascent

protein, through affinity for a ligand, together with the encoding mRNA, which is then
converted and amplified as DNA for further manipulation including repeated cycles or

protein expression from a 10'> member DNA library[40].
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Figure 3: Tllustration of a typical ribosome display selection cycle. A library of linear DNA fragments
devoid of STOP-codons is in vitro transcribed to yield library mRNA which on its part is in vitro
translated. The absence of a STOP-codon and addition of Mg**-ions stalls ribosomes on their cognate
mRNA and yields ternary complexes of mRNA, ribosome and displayed protein. These complexes are
then exposed to an immobilized target, non-binding complexes are washed away and the mRNA of
binding complexes is eluted and isolated upon addition of the Mg”", chelator EDTA. Isolated mRNA is

reverse transcribed and PCR-amplified for next selection cycle or post-selection analysis.



Several issues need to be addressed to select the functional peptides against the
target molecules using ribosome display technique. Library construct typically consists
of a T7 promoter that allows for mRNA synthesis, followed by a ribosome binding site
(RBS) that can base-pair with ribosomal RNA, thus recruiting the ribosome to the
downstream start codon (AUG) where protein synthesis is initiated. The open reading
frame frequently starts with a protein detection tag such as the RGS-His6 tag or the
FLAG tag, followed by the library of binding proteins and a spacer protein. A spacer
domain of at least 23—30 amino acids’ length is required at the C terminus, to allow the
protein to exit completely from the ribosome ‘tunnel’ and the translated protein must be
fold correctly into its three-dimensional structure to bind with the target molecule!*' .
Another important issue is stability of the PRM complex together during selection. The
complex is important for the enrichment of the selection, which contains the genetic
information of the peptide aptamers as well keep ribosomal subunit together. Where
large subunit catalyzes peptide bond formation to enable the complete nascent protein

and small subunit mediates the interactions between mRNA and tRNAs that determine

the sequences of the proteins translated.

5, — T7 - 3,

Figure 4: Schematic diagram of the DNA library for ribosome display technology. Here, T7 denotes the
T7 promoter for in vitro transcription; SD, the Shine Dalgarno sequence for in vitro translation followed
by random sequence containing 8-20 random residues; SP, spacer protein which is a part of protein

construct which connects the folded random sequence to ribosome.
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The selection results in gradual enrichment of the library with sequences
exhibiting the increased affinity to the target. Usually after successful selection, the
affinity of the library to the target increases by several orders of magnitude. On average,
from 5 to 15 rounds of selection is sufficient to obtain aptamers. However in some cases
a significant enrichment of the library with sequences specific of the target protein

[44-46

becomes noticeable already after the first rounds of selection!***®!. After cessation of

affinity increase, the enriched library is cloned and sequences of individual aptamers are
determined™”!,

1-2-1 Use of ribosome display

Ribosome display has been used to produce proteins/peptides consisting of not
only natural but also unnatural amino acids in combination with chemically modified

amino acyl-‘[RNAs[48'49

], Thus, using this technique can incorporate the fluorogenic
compound in the peptide aptamers which are useful for diagnosis purposes. Various
types of peptide binders have been selected with such technologies for use in a wide

range of fields from bioscience to medicine’>*.

The ingenuousness of ribosome display allows for the introduction of
additional diversity in between selection cycles using error-prone PCR or by gene
shuffling. This feature makes ribosome display a dynamic selection system that can
mimic the natural affinity maturation process of antibodies where somatic mutations
introduce additional diversity during the development of B-cells. It is reported that the
selection and evolution of scFv antibody fragments with equilibrium dissociation
constants as low as 82 pM when combining ribosome display with error-prone PCR.

The introduced point mutations accounted up to 40-fold increase in affinity as compared

11



to the progenitor clones™”. In another study, the combination of error-prone PCR and
gene shuffling in subsequent cycles yielded an increased population of
affinity-improved variants, and the highest affinity clone, as compared to error-prone
PCR only®”. The introduced point mutations accounted for an up to 40-fold increase in

191 In another study, the combination of

affinity as compared to the progenitor clones
error-prone PCR and gene shuffling in subsequent cycles yielded an increased
population of affinity-improved variants, and the highest affinity clone, as compared to
error-prone PCR only[f’o].
1-3 Applications

Aptamers based drugs are presently under clinical tests, and the first drug
(Macugen) has already appeared on the pharmaceutical market'®.  In vivo experiments
demonstrate that they generally exhibit low toxicity and immunogenicity characteristics,

which make them suitable for therapeutic use®” %%

. They can be used in search for
new inhibitors of different proteins, for this, one can perform a directed search for
molecules, competing with the aptamer inhibitor for binding to the protein target and
thus interacting with the same site of the protein as the original aptamer!”. They are
widely used for detection of different target molecules (in particular, for diagnostic
purposes). It was shown that aptamers could successfully replace antibodies in methods
of ELISA, fluorescent hybridization in situ, western blotting, etcl®46], Aptamers also
used for measuring concentrations of various metabolites and protein factors, for
detection of toxins, revealing specific types of cells and tissues, and cells of pathogenic

[18, 66-69

microorganisms ], Thus, aptamers can be applied as research tools, biosensors,

12



therapeutic agents and so on. Relying on these properties, I designed biomarkers for

proteins by incorporating artificial amino acid coupled t-RNA using ribosome display.

The incorporation of the non-natural amino acids into the selected peptide
aptamers adds new artificial functions to the aptamers which ultimately improve the
applications. The kinds of unnatural component important to improve the functions of
the aptamers are photo-isomerizable, fluorogenic or inhibitor. Incorporation of these
compounds into the peptide aptamers depend on its application. Specifically, addition of
the fluorescence signaling compound is the most promising approach, because the
fluorescence signal measurement technique is most sensitive and reliable to check the
interaction between target and aptamers. I selected the signaling peptide aptamers
consisting environmental sensitive dye 7-Nitro-2, 1, 3-benzoxadiazole (NBD) which
changes fluorescence depending on the surrounding environments. Binding of dye in
hydrophobic pocket enhances the fluorescent intensity but on hydrophilic domain
decreases the fluorescent intensity. The environmental sensitive dye NBD was
incorporated by the combination of ribosomal display and bio orthogonally prepared
tRNA.

In the coming chapters, I will be dealing in detail about the selections of
peptide aptamer containing fluorogeninc dye NBD against the targets verotoxin and
calmodulin. The binding of the selected aptamers against them and their potential

application will also be covered.

13
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CHAPTER 2

IN VITRO SELECTION OF A PEPTIDE APTAMER THAT
CHANGES FLUORESCENCE IN RESPONSE TO VEROTOXIN
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2-1 Introduction

Antibodies are now widely used for various applications, including medical
diagnostics and environmental analysis!'!. However, the main function of antibodies is
to bind to their target molecules. Unfortunately, cumbersome processes are required to
quantify the amount of target-bound antibodies for diagnostic applications. To develop
a separation-free sensor that provides a quantitative signal upon binding to its target,
here in I describe in vitro selection or so-called “molecular evolutionary engineering”,

which offers great potential to engineer an artificial antibody (aptamer)*™,

Oligonucleotide-based signaling aptamers have been reported since the
development of in vitro selection. However, a peptide-based signaling aptamer that has
greater functional diversity when compared with oligonucleotides may facilitate the
development of an aptamer with higher affinity and specificity. In the case of a peptide
aptamer, the selection has been performed from biologically expressed libraries, such as
phage, although, molecular level expression via a bioorthogonal evolution method, such
as ribosome or mRNA display, has also been achieved®'"). Recently, it was reported
that an artificial amino acid carried by a tRNA molecule could be incorporated into a

translated peptide via a cell-free protein synthesis system!'>"%.

To confirm the universality of chemically extended in vitro selection, I have to
demonstrate aptamers to arbitrary targets using developed bioorthogonal evolution

method. In this research, I selected verotoxin as the target (Figure 1A).
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Subunit A
(toxic protein)

Subunit B
(Recognition Lectin)

J

’ Natural Ligand

Verotoxin™ Verotoxin with natural ligand™®

Figure 1: Verotoxin

Verotoxin, a virulence factor of Escherichia coli strains that produce cytotoxin
for vero cells was discovered in 1977. They also known as Shiga-like toxin, belong to
ABs family of toxins comprising of A (an enzymatically active and toxic) subunit and
five identical B (receptor binding portion of the molecule) subunits which allows
pentameric attachment to the cell surface receptors (Figure 1B). The A subunit in this
toxin is responsible for inhibiting protein synthesis through the catalytic inactivation of
60S ribosomal subunits, leading to inhibition of aminoacyl — tRNA binding in the peptide
elongation reaction and these toxins are endocytosed via clathrin-coated or uncoated
pits to the cytosol by the B subunit!’**!. The mature subunit A of this protein comprises
of 293 amino acids whereas each monomer of B subunit consist of 69 amino acids. The
total amino acid present in this protein is 638 with the molecular weight of 70677 Da (A:

32217 Da + B: 7692 X 5)*4.

In this protein, subunit A is situated on the face of the subunit B lectins
(homopentameric protein) and its C-terminus is anchored in a central pore of subunit B

(Figure 2A). The B subunit comprises two three stranded antiparallel B—sheets and an
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o—helix. The functional receptors of verotoxin 1 on the cell surface are glycolipid,
globotriosylceramide (Gbs; Gal (al-4) Gal (B1-4) GlcCer) and globotetraosylceramide,
Gbg. The crystal structure of the verotoxin B pentamer complexed with a Gbs analogue
revealed the existence of three Gbs-binding sites per B-subunit (i.e. 15 binding sites per
B-pentamer) as shown in Figure 2B. The carbohydrate-binding sites are occupied by

residues with polar and acidic side chains which helps in hydrogen bonding with polar

17,27-32]

groups!

Figure 2: A. The side view of B subunit facing the receptor-binding surface at the bottom. B. Three

Gb;-binding sites per B subunit with each monomer shown in different colour®® .

Hydrophobic interactions occur at site 1 whereas at site 2, the presence of three
sugar residues facilitate interaction by hydrogen bonding and site 3, the trisaccharide
chain encourages hydrophobic interactions®’. The binding constant for the soluble
trisaccharide of Gbs to the soluble form of the pentameric subunit B was found to be

relatively weak (milli molar) per one monomer'**=*.

The verotoxicity increases in the presence of Ca*" and EDTA where as Fe'*
reduced the production of verotoxin 1. The toxicity was found to be stable for up to 60

min at 70 °C (i.e. heat—stable toxin) but at pH 4.5, 90 % activity was found to be reduced.
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The isoelectric point of verotoxin 1 was found to be 7.03. On checking the pl of separate
subunits pl of A was found to be 11.1 and of B was found to be 5.9. Less than 1 pg of
toxin per mL of culture medium was found to be enough to kill sensitive cells overnight!'™®
35361 Most of the occurrences of infections leading to wild outbreaks in the world is due

to the food and water borne transmission’ %!,

The major symptoms seen when infected by this toxin were abdominal pain,
diarrhea, fever and later developed bloody diarrhea followed by epidemics of
hemorrhagic colitis and the hemolytic-uremic syndrome (HUS)"?\. The HUS directly
induces kidney damage and is the major cause of renal failure in children. Some clinical
results suggest that conventional antimicrobial therapies are not useful and even may be
counterproductive so there is a great need to develop new therapies to treat the

. 2
diseases?".

For the detection of the toxin several methods such as PCR (of clinical samples,
feces, fecal broth cultures)*”, SPR (Immobilizing the peptide nucleic acid on the sensor

chip and toxin genes as analyte)*'*!

, immunochromatographic test (Duopath verotoxins
GLISA), antibody capture®®”, bioluminescent enzyme immunoassay'” have been
developed. However, these methods are time consuming.

For the treatment of the infection caused by this toxin, many researches are

44.45)

going on such as binding site inhibition! , neutralization of toxins*\. Currently a

multi targeted approach like multi drug therapy is practiced*’** and a drug Synsorb-Pk

has completed the phase III randomized study'**~"!,

For the treatment of the infection, prompt and adequate detection techniques are

required so that the retrospective and prospective control of infection can be done. Thus,
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in this research, I sought to engineer peptide aptamers by employing ribosome display
(Figure 4) and a tRNA carrying a fluorescent probe, 7-nitro-2,1,3-benzoxadiazole

(NBD), of which fluorescence considerably depends on the environment.
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2-2 Materials and Methods

2-2-1 Materials

Verotoxin (Denka Seiken Co. Ltd., Japan)™"!
Single strand DNA library (ssDNA), primers was synthesized by Operon, Japan.

The library has T7 promoter then ribosomal binding site followed by random sequence,
which is the mixture of (VVN);o, (NNH);o and (NNY) 19, where Vis A, G or C; N is A,

T,GorC;His A, TorCandY is C or T with tol A linker followed by Sec M.

Fwd Primer-1: Fwd T7 TolA long 120719,

5’-TAATACGACTCACTATAGGGCAGAAGCAAGGGCGGCACTTTAAG-3’
Fwd Primer-2: Fwd M13 120117), 5’>-GTAAAACGACGGCCAG-3’
Rev Primer-1: Rev TolA 110617), 5’>-TTAGCTCACCGAAAATATCATCTG-3’
Rev Primer-2: (Geneart RevB 120106), 5’-GCGAAAGCGGCGGCAGATG-3’

Rev Primer-3: (Rev M13 120117), 5’>-CAGGAAACAGCTATGAC-3’
Nunc-plate (Thermo Fisher Scientific, Denmark)
GelCode® blue stain reagent (Thermo scientific, USA)

T7 RiboMAX™ Express Large Scale RNA Production System (Promega, USA)
TURBO DNase (Ambion, USA)

RNA Clean and Concentrator TM-25 (Zymo Research, USA)

E-gel® GO (Invitrogen, Israel)

Prime STAR® GXL DNA polymerase (Takara, Japan)

RNase inhibitor RNasin (Promega, USA)
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DNA Ligation kit (Takara, Japan)

PrimeScript™ Reverse Transcriptase (Takara, Japan)

Pure System®, Classic II 96 kit (BioComber Co. Ltd., Japan)
Zero Blunt® TOPO® PCR cloning kit (Invitrogen, USA)

Nucleo Spin Gel and PCR Clean up (Macherey-Nagel, Germany)
NucAway "™ Spin Columns (Ambion Inc., USA)

KOD plus Neo (Toyobo, Japan)

Agarose LO3 (Takara, Japan)

Bovine serum albumin (Equitech-Bio Inc., USA)

Gelatin, bovine (Sigma, USA)

IgG, rabbit (Sigma, USA)

B-Lactoglobulin, bovine (Sigma, USA)

Ovalbumin (Sigma, USA)

Rink Amide MBHA resin (Novabiochem, China)
N-methyl-2-pyrrolidone, NMP (Wako Pure Chem. Ind. Ltd., Japan)
Piperidine (Wako Pure Chem. Ind. Ltd., Japan)

N-ethyldiisopropylamine (Wako Pure Chem. Ind. Ltd., Japan)
1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid

hexafluorophosphate (AnaSpec Inc., USA)

ECL Advance™ blocking agent (GE, UK)
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Polyvinylidene fluoride membrane (Merck, USA)

Selection buffer: 50 mM Tris-acetate, 150 mM NaCl, 50 mM magnesium acetate and

0.05 % Tween® 20, pH 7

Elution buffer: 50 mM Tris-acetate, 150 mM NaCl, 50 mM EDTA, pH 7
TBST buffer: 50 mM Tris-HCIL, 150 mM NacCl, 0.05 % Tween® 20, pH 7
Blotting buffer: 25 mM Tris-HCl, 192 mM Glycine, 20 % Methanol
Blocking buffer: 4 % Blocking agent in TBST

NBD-C6-AF-tRNA, CoverDirect tRNA reagents for site-directed protein labeling,

Protein Express, Chiba, Japan
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2-2-2 Methods

2-2-2-1 Immobilization of verotoxin for affinity selection

The target protein verotoxin was immobilized on Nunc-plates. These plates
were washed with TBS buffer (300 uL X 3) then different concentrations (1, 5 and 10
uM) of verotoxin were added in the plates. Plates were covered with paraffin films and
left on shaker at 4 °C (25 rpm) overnight. The wells were washed with milliQ water and
stained by GelCode® blue stain reagent for 2 hours. After staining, the wells were
washed with milliQ water and the presence of blue stain was checked. By comparing

the stain result, 5 uM concentration immobilized plates were used for the selection.

2-2-2-2 In vitro selection

a. Construction of DNA template

The DNA template for in vitro selection was designed (Figure 3). The
sequence encompasses of T7 promoter (5’-TAATACGACTCACTATA-3") for in vitro
transcription; SD, a Shine Dalgarno E. Coli ribosome binding site sequence; random

sequence; TolA linker as a protein spacer followed by Sec M for the pause of ribosome.

T7 Random Tol A
promoter SD sequence linker SecM
—— —————

Figure 3: Structure of DNA template

The random sequence consist of VVN, NNY and NNH sequence with amber
codon (TAG, for the incorporation of non-natural amino acid), where V: A, G or C; N:
A, T,GorC; H: A, Tor Cand Y: C or T. During selection these 3 different library

sequences were mixed in equimolar concentration.
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b. Invitro transcription and translation

The DNA template was transcribed and translated. The transcription was
performed at 37 °C overnight using RiboMAX large scale RNA production system.
Next day, reaction was stopped by adding DNase for complete inhibition of template
DNA and incubating the mixture for 30 min. The mRNA was purified by using Zymo
RNA purification kit and translation was conducted using Pure System® Classic II 96 in
the presence of NBD coupled phenylalanine-carrying tRNA, which was synthesized as
described previously®™. The mixture was incubated at 37 °C for 15 min then mixture

was placed on ice for 10 min to stop the translation reaction.

c. Affinity selection and recovery of mRNA

200 pL of the selection buffer (50 mM Tris-acetate, 150 mM NaCl, 50 mM
magnesium acetate and 0.05 % Tween 20, pH 7) was added to the reaction mixture of
50 pL (i.e. dilution for 5 times was done to the translated solution). Then this solution
was added to Nunc-plate and incubated at 4 °C for 1 h. After the plate washed five
times with ice cold selection buffer, elution was carried out by adding 50 uL of the
elution buffer (50 mM Tris-acetate, 150 mM NaCl, 50 mM EDTA, pH 7) till 3" round
of selection. From 4™ to 8" round, elution was performed using verotoxin. The
concentration of the verotoxin used was 7 uM in 4™ and 5" round and 0.1 pM from 6™
to 8" round of selection. The eluted mRNA was purified using RNA Clean and
Concentrator ' “-25. The selection cycle was repeated for eight rounds (Figure 4). For
the specificity of the selected peptide aptamer, negative selection was done using bovine

serum albumin (BSA) immobilized plates from 3™ to 8" round.
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d. RT-PCR of isolated mRNA

The isolated and purified mRNA was mixed with primer Rev Primer-1 and
RNase in a nuclease-free tube and incubated at 65 °C for 5 min. Again for 5 min the
mixture was cooled immediately on ice for 2 min and the reaction mixture was prepared
by combining with reverse transcriptase, pipetted gently and incubated at 50 °C for 1h
and at 70 °C for 15 min. PCR was performed to amplify the reverse transcription
products using Fwd Primer-1 and Rev Primer-1 giving rise to DNAs. NucAway '™ spin
columns were used for the rapid removal of unincorporated nucleotides and salts from
the DNA product. The concentration and quality of the DNA required for the next cycle
was verified by UV absorbance and electrophoresis using 1.5 % agarose gel. The

purified dsDNA was used as a template for the next round of the selection cycle.

e. Cloning and sequencing

After 8" round of selection cloning was done. For the cloning, Zero Blunt®

TOPO® PCR cloning kit was used. The resultant DNA, TOPO vector (PCR" -Blunt
II-TOPO®) and salt solution were mixed at room temperature with low vortex then the
mixture was incubated on ice for 15 min. The ligated product was transformed into E.
Coli and culture was done in LB medium containing 50 pg/mL Kanamycin. From the
culture plate, 96 colonies were picked and colony PCR was performed using Fwd
Primer-2 and Rev Primer-3. The presence of target product was confirmed by gel
electrophoresis. Thus obtained PCR products were treated with Exo-SAP and the
sequences were checked. Sequencing result was analyzed using clustalw software for the
repetition of colonies. The sequence matching was performed using the online software

Basic Local Alignment Tool, BLAST.

31



I T7 Random Tol A
promoter 50 sequence linker ~ SecM

Clonin
Sequencing < J DNA library Mixture of
After 8 rd P (VWN)yg , (NNH),, and (NNY),,

egse et 24
6. RT-PCR . In vitro
transcription
/mRNA

-

)

[ ol

2. In vitro Nﬂbaa-tRNA

0=
5. Elution translatio _.NH
(i
HaN—
=0
o
/*lﬁ:some
L A
Nx gl o o Nascent peptide
/77”‘7/./;///// &
. Al
4 H/Q

g uc
%’;{9
\ w’-i\?f N [&S\?ﬂmmoblllzedVemmxm

/77”;7/; Y4

Figure 4: In vitro selection of verotoxin-binding peptide aptamer carrying NBDaa by ribosomal display.

2-2-2-3 Preparation of non-natural amino acid

First the preparation of NBD labeled amino acid (Figure 5) was carried out as
previously reported”?. NBD-CI was mixed with caproic acid in equal molar ratio in the
presence of three times the molar concentration of NaHCOs;. This mixture was stirred in
MeOH at 0 °C for 30 min, then at room temperature (RT) for 2 hr and again at 50 °C for
2 hr. The reaction was cooled to RT and carefully acidified with 0.1 M HCI. The solid
was filtered off, purified on silica, eluting with CHCI; to CHCl;/MeOH (50:1) to yield
NBD-Caproic acid. This NBD-Caproic acid was mixed with 1.3 times molar ratio
EDC/HCI and 1.2 times molar ratio N-Hydroxysuccinimide then dissolved in CH,Cl,
and stirred at RT overnight. The solvent was evaporated and the residue was washed

with brine, dried over anhydrous sodium sulfate and evaporated under reduced pressure
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to give NBD-Caproic acid-NHS ester as orange solid. This product was directly used in

the next step without purification.

To the solution of pyridine-HCI pH 5: DMF (1:1) equal molar concentration of
NBD-Caproic acid-NHS ester and Fmoc-4-amino-L-phenylalanine added and the
mixture was stirred at 37 °C overnight. The solvent was evaporated under reduced
pressure and the crude residues was purified by flash chromatography on silica gel
(CH,Cl,:CH30H, 100:1 to 50:1, v/v) to give rise to NBDaa (non-natural amino acid) as
orange solid. 1H NMR (400 MHz, DMSO, Appendix 1, 2) 6(ppm): 12.7168 ( br, 1H),
9.792 (s, 1H), 9.535 (s, 1H), 8.478 (d, J= 8.8 Hz, 1H), 8.864 (d, J=7.6 Hz, 2H), 7.687 (d,
J= 8.4 Hz, 1H), 7.631 (t, J=8.4 Hz, 2H), 7.480 (d, J=8.8 Hz, 2H), 7.396 (q, J=6.4 Hz,
2H), 7.328~7.259 (m, 2H), 7.163 (d, J= 8.0 Hz, 2H), 6.396 (d, J= 9.2 Hz, 1H),
4.214~4.065 (m, 5H), 3.460 (br, 2H), 3.017 (dd, J1=4.4 Hz, J2= 14.0 Hz, 1H), 2.802
(dd, J1=9.8 Hz, J2= 13.6 Hz, 2H,), 2.298 (t, J= 7.6 Hz, 2H), 1.174~1.603 (m, 4H),
1.444~1.370 (m, 2H). 13C NMR (100 MHz, DMSO, Appendix 3) o(ppm): 173.313,
170.918, 155.874, 145.125, 144.409, 144.138, 143.718, 143.685, 140.615, 137.916,
137.677, 132.385, 129.225, 127.562, 127.019, 125.249, 125.167, 120.501, 120.032,
118.797, 99.078, 65.573, 55.582, 46.520, 43.204, 36.224, 35.903, 27.410, 26.027,
24.793. The resultant product also confirmed by MALDI-TOF MS analysis. From
MALDI-TOF MS, calculated mass (M+Na) 701.24 and found was 701.202 (Appendix

4).
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Figure 5: Synthesis of NBD labeled amino acid (NBDaa)

2-2-2-4 Peptide synthesis

For the NBD labelled peptides synthesis, microwave-assisted solid phase
peptide synthesis was carried out using a single-mode manual microwave peptide
synthesizer CEM Discover SPS (Matthews, USA). Both the coupling and de-protection
steps were carried out according to the CEM experimental manual. All the peptides
were synthesized on Rink Amide MBHA resin using 0.1 mmol scale. Fmoc protected
resin (212.7 mg) was transferred into a reaction vessel and swollen in NMP for 30 min.
Fmoc deprotection, 20 % piperidine in NMP was performed in two stages with an initial
deprotection of 30 s followed by 3 min at 75 = 5 °C. In the coupling steps, a 5 molar

excess of the corresponding Fmoc-amino acid in combination with the standard
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coupling cocktail N-ethyldiisopropylamine and
1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid
hexafluorophosphate in NMP was used. The reaction mixture was irradiated in the
microwave at 75 = 5 °C for 5 min. For the coupling of histidine and cysteine were
performed at 50 °C to reduce racemization of these amino acids, using an extended
reaction time of 7 min. Similarly, coupling of a non-natural amino acid was carried out
by applying our optimized condition (power 20 W, temperature 50 °C for 17.5 min).
After completion of the peptide synthesis, the resin was de-protected and washed with

NMP followed by chloroform and dried.

De-protection and cleavage of the peptide from the resin was achieved using
trifluoroacetic acid (TFA) in the presence of scavengers (tri-isopropylsilane, m-cresol,
thisoanisol, phenol and 1, 2-ethanedithiol), depending on the amino acids present and
their protection groups. The cleavage mixture was filtered and treated with cold
diethylether. The resulting precipitate was centrifuged, washed with diethylether then
lyophilized for purification. The synthesized peptides were confirmed by MALDI-TOF
mass analysis. The product was purified by reversed-phase HPLC using an Insertsil
ODS-3 column (for 15 min with a linear gradient of 20-80 % acetonitrile in water
containing 0.1 % TFA [v/v], at a flow rate of 1.0 mL/min and a column temperature of
25 °C). The synthesized peptides were purified using HPLC and again confirmed by

MALDI-TOF-MS analysis (Appendix 5 and 6).
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2-2-2-5 Solubility measurement

The synthesized peptides (5 uM) were dissolved in buffer (50 mM Tris-acetate,
150 mM NaCl, and 0.05 % Tween 20, pH 7) with 5 % DMSO and centrifuged at 9300 g
for 5 min. After treatment, the absorbance was measured before and after centrifugation
and visual inspection was performed after centrifugation to observe the sedimentation of

the peptide.

2-2-2-6 Fluorescence measurement

Fluorescence measurements for all the peptides were performed on FP-6500
Spectrofluorometer (JASCO, Tokyo, Japan) at room temperature. First, the fluorescence
of all the synthesized peptides and 4-chloro-7-nitro-2,1,3-benzoxadiazole (NBD-Cl) at
the concentration of 1 uM was measured. Then to check the nature of interaction of
peptides with protein, fluorescence intensity was checked by considering three various
concentrations of verotoxin. The concentration of the peptide used was 1 pM and the
concentrations of verotoxin used were 0, 1, 5 and 10 pM. After checking the
fluorescence intensity nature, the concentration of verotoxin considered were 0-17.5 uM.
Peptides and protein solutions were prepared in the buffer with 5% DMSO. The
fluorescence spectra emission was set between 500 and 650 nm with an excitation at
470 nm. The changes in the fluorescence intensity with and without verotoxin were
recorded. The experiments were performed in triplicates followed by the calculation of
the mean and standard error. Finally, the points were plotted using GraphPad Prism 6
(GraphPad Software Inc., USA). To check the selectivity of the peptide aptamer, the

titration of VT4 (1 uM) vs BSA (0-17.5uM) was carried out.
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For the pH and ion effect on the performance of peptide aptamer (VT4)
fluorescence intensity in different pH and ion concentration were measured. Here, the
concentration of VT4 used was 1 uM and the concentrations of verotoxin used were
0-5.0 uM. The pH of the solution was varied from 4-10 and the ion concentration

ranged between 150-1000 mM.

For the reversibility study of VT4 peptide aptamer towards verotoxin,
fluorescence intensity of protein-peptide complex was measured at pH 7 and re-measured
after changing the complex pH to 3.5. Similarly, the fluorescence intensity was measured
taking protein-peptide complex pH 3.5 and changing to pH 7. For this analysis,
concentration of VT4 used was 1 uM and the concentration of verotoxin used was 2.5 uM.
The data analysis for pH effect and ion effect were done by plotting fluorescence intensity

ratio against concentration of verotoxin using GraphPad Prism 6.

2-2-2-7 Dot blot analysis

This analysis was performed using polyvinylidene fluoride (PVF) membrane.
First the blotting paper in blotting buffer and the required size PVF membrane were
soaked in blotting buffer then in methanol for 20-30 sec respectively. The soaked
membrane was placed on the soaked blotting paper. Then prepared protein samples (2
pL) were spotted onto the membranes and dried at room temperature. The membranes
were then soaked in methanol and then in blotting buffer. Then the membrane was
washed with TBST buffer for 3 times and then blocked for 30 min with blocking buffer.
The membrane were then washed three times (5 min) with TBST and incubated with 10
uM VT4 peptide solution at room temperature for 1 hr. The membranes were washed
three times (5 min) with TBST then the photo was captured using a Molecular Imager
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FX (BioRad, USA). The peptide concentration used was 10 uM and the range of
concentrations of protein used was 5-0.62 uM. For the comparison of verotoxin with
other proteins the concentration of proteins used were 2 uM. The different proteins used
for comparision were verotoxin, BSA, calmodulin, gelatin, IgG, B-Lactoglobulin and

ovalbumin.
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2-3 Results and Discussion

2-3-1 Construction of non-natural peptide libraries

In this study, I involved in vitro, ribosomal display technology using non-
natural amino acid carrying tRNA suppressor strategy for incorporation of unnatural
amino acids (Figure 6). Increase in the expression of amino acid would increase the

diversity which on the other hand enables the detection of greatly enhanced ligands.

Non-natural
amino acid

Supressor
tRNA

Stop codon
(Amber)

Figure 6: Introducing non- natural residues into ribosomal display libraries. In vitro nonsense suppression
using a chemically aminoacylated suppressor tRNA to insert NBD labelled amino acid in ribosomal

display libraries.

2-3-2 Cloning and peptide sequences

After the 8™ round of selection, cloning was carried out and 90 peptide
sequences were successfully found. Seventeen unique peptide sequences were
originated after considering all the duplicate sequences. The sequence having the most
frequency was MAIGVBFAYLCLGGLSG. Ten sequences were at least two repetitions
followed by seven sequences with no repetition. Seven peptide sequences were selected
based upon maximum frequency (Table 1) and synthesized by the solid phase method.
Synthesized peptides were confirmed by MALDI-MS then purified using HPLC. The
purified products were lyophilized and again confirmed by MALDI-TOF mass

spectroscopy (Appendix 7-10).
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Table 1 Selected sequences and synthesized peptides

Peptide Clone Molecular weight Hydrophobic
Peptide sequences”

Names repeat No. Calculated Observed percentageb
VTI1 20 IGVBFAYLCLG 1492.7 1492.9 80
VT2 14 VVLBVSHRVLI 1571.9 1571.8 70
VT3 11 GVLBLYLVTRF 1617.9 1618.2 70
VT4 10 ILFBLRFIAFR 1733.0 1723.7 80
VT5 9 IFLBLLLSSSY 1614.8 1615.2 70
VT6 6 YFIBHAHLYFN 1761.8 1761.7 70
VT7 4 FSLBLTYFAVR 1653.9 1653.2 70

"B, NBD coupled phenylalanine

Hydrophobic percentage calculated using the ‘Peptide property calculator — LifeTein’ online software

excluding B, a non-natural amino acid.

The selected seven sequences were matched using BLAST with the reported
verotoxin interacting sequences of the globotriaoside, GB3 mimic peptide sequence!™”

and GB5 sequence™* but none of them were found to have any similarity.

2-3-3 Solubility

Although the random sequence of DNA coding hydrophilic amino acids was
employed as the selection process, the sequences of the selected peptides were
surprisingly hydrophobic. The calculated hydrophobicity of selected peptides range
from 70 to 80 %. During the selection, the sequences were inserted into longer peptide

sequences and complex with the ribosome and mRNA and were soluble in the selection
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buffer. However, the short peptides required 5% DMSO for solubilization in the buffer.
VT1 and VT4 showed the highest solubility, whereas VT3 and VT6 showed

precipitation (sedimentation) after centrifugation.

2-3-4 Fluorescence of the peptides

The fluorescence of the selected NBD-modified peptide aptamer and NBD-C1
were measured (Figure 7). Although NBD-CI has no fluorescence, the incorporation of
this compound into the peptide gave rise to fluorescence for all peptides. The maximum
fluorescence intensity of peptides VT1, VT2, VT3, VT4, VTS5, VT6 and VT7 were
observed at 535, 540, 534, 531, 541, 539 and 537 nm, respectively. VT4 showed the
highest fluorescence intensity and shortest emission wavelength among all the peptides.
This phenomenon indicates that a hydrophobic environment was formed around the
NBD in VT4 as this peptide has the highest hydrophobicity as well as showing high

solubility.
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Figure 7: Fluorescence emission spectra from NBD-CI and peptides at 1 uM concentration in the buffer
with 5% DMSO. The excitation wavelength was 470 nm. The spectra were corrected by subtracting the

baseline.
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2-3-5 Interaction with verotoxin

The interaction of the selected NBD-modified peptide aptamer to verotoxin
was tested by fluorescence titration measurement. Among the seven peptides, a
fluorescent change was observed only for the VT4 peptide. 1 uM of peptides were
allowed to equilibrate in the presence of 17.5 uM of verotoxin. The other peptides did
not show any fluorescent change as the concentration of verotoxin was increased. The
fluorescence of VT4 decreased by 78 % with increasing verotoxin concentration (Figure
8A). The aptamer bound to verotoxin with a dissociation constant (Kq) of 3.90 + 1.6 pM.
The dissociation constant was determined by fitting the data points on the one-phase
exponential decay equation. In case of the selectivity analysis, the emission intensity
and maxima of BSA was not changed by the addition of VT4, indicating that no

interaction of VT4 with BSA (Figure 8B).
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Figure 8: A. Fluorescence titration spectra of verotoxin with peptide VT4 at 1 uM concentration in the
buffer with 5% DMSO. The excitation wavelength was 470 nm. The spectra were corrected by
subtracting the baseline. B. Fluorescence titration of peptide VT4 with verotoxin and BSA. Data points
and bars represent the means (+ SEM) of three independent observations and the curve shows the best fit

to a one—phase exponential decay equation, n = 3.
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Previously calmodulin-dependent fluorogenic peptide aptamer using the same

1321 In this case, the interaction between the fluorescence of the

method was found
NBD-containing peptide aptamer increased following interaction with the target protein.
In this research, as described above (Figure 7), a hydrophobic environment was formed
around the NBD in VT4, thereby leading to an increase in the fluorescence as the
concentration of peptide was increased. Conversely, in the presence of verotoxin, a
decrease in fluorescence was seen, indicating the exposure of NBD to a hydrophilic
environment owing to the interaction between the peptide and verotoxin as illustrated in
Figure 9. As it is reported that the NBD is a hydrophobic dye and is highly environment
sensitive which on binding with the hydrophobic domain enhances fluorescence

intensity!**> >!

and when interacts with hydrophilic pocket reduces the fluorescence
intensity®®. There is the possibility of interaction of the peptide aptamer at the site 2 of
verotoxin as this site facilitates the hydrogen bonding interaction as it is already reported
that the interaction by the formation of hydrogen bonding decreases the fluorescence

intensity"’!.

Verotoxin

NBD

Hydrophobic

Hydrophilic

Figure 9: Illustration of NBD in VT4 in the absence and presence of verotoxin.
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The ion effect was analyzed in the interaction with verotoxin. The fluorescence
intensity of VT4 does not show any diverse on the specific interaction with the target
(Figure 10). Changing the ion concentration from 150 to 1000 mM of NaCl has no effect

on the interaction between the selected peptide and protein.

1.54

1.0

Fluorescence intensity ratio

0.0 T T
0 2 4 6

Verotoxin concentration (uM)

-~ 150 mM NaCl -== 500 mM NaCl -+ 1000 mM NaCl

Figure 10: Fluorescence titration of peptide VT4 with verotoxin in different ion concentration (150 mM
NaCl, 500 mM NaCl and 1000 mM NaCl). Data points represent the fluorescence intensity ratio at
different concentration of VT4 vs verotoxin and the curve shows the best fit to a one—phase exponential

decay equation.

The effect of pH was analyzed in the interaction with verotoxin (Figure 11) I can
figure out that in low pH the interaction with the target is comparatively low than at high

pH.
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Figure 11: Fluorescence titration of peptide VT4 with verotoxin in different pH (4, 7 and 10). Data points
represent the fluorescence intensity ratio at different pH of VT4 vs verotoxin and the curve shows the best

fit to a one—phase exponential decay equation.

From the reversibility study carried out suggest that at pH 7 the aptamer has
interaction with verotoxin but on decreasing the pH to 3.5 no change in interaction was
seen on the other hand, there is no interaction at low pH 3.5 and on increasing the pH to 7
still the interaction with the protein doesn’t take place thus shows no reversibility by
altering the pH of solution from 7 to 3.5 and from 3.5 to 7 (Figure 12). The absence of

reversibility might be due to the improper selection of the reversibility test method.
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Figure 12: Reversibility study
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2-3-6 Dot blot analysis

From the dot blot analysis, only spot of interaction of VT4 on verotoxin blotted
region was seen (Figure 13A). Although no decrease of fluorescence was observed on
the area blotted with BSA and ovalbumin in different concentration, the blotting of
verotoxin significantly reduced the fluorescence. For more confirmation about the
specificity, the peptide aptamer’s performance was examined with other proteins (Figure
13B). From the figure, it is clear that VT4 specifically binds with target verotoxin and
not with other proteins (BSA, calmodulin, gelatin, IgG, B-Lactoglobulin and ovalbumin).

Thus, this result demonstrates that the peptide detects verotoxin selectively.

0.62uM 1.25uM  25uM  5.0uM

Verotoxin

BSA

Ovalbumin

Figure 13: A. Fluorescence image of the VT4 peptide with verotoxin, BSA and ovalbumin blotted on a
PVF membrane at different concentrations. B. Fluorescence image of the VT4 peptide with 2 uM

concentration of various proteins blotted on a PVF membrane (scale bar, 1 cm).
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2-4 Conclusion

A signaling peptide aptamer that showed a decrease in fluorescence upon
binding verotoxin was successfully in vitro selected using ribosome display with a
tRNA carrying an environment-sensitive fluorescent probe. This selected peptide by
molecular evolutionary engineering technique can be used for the detection of

verotoxin.
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CHAPTER 3

INTERACTIONS OF IN VITRO SELECTED FLUOROGENIC
PEPTIDE APTAMERS WITH CALMODULIN
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3-1 Introduction

Aptamers are functional nucleic acids or peptides isolated from very large
random sequence libraries by in vitro selection based on the affinity to the desired

tl'? The selection of proteins and peptides with desired functions were

specific targe
achieved first using phage display” and the subsequent in vitro translation system
including ribosome and mRNA display!*®!. Evolutionary molecular biology has opened
a new window to evolve artificial aptamers from a library including non-natural amino
acid with the implementation of ribosome and mRNA display selection techniquel’™),
The incorporated number of non-natural components in the selection library is
increasing and I call this transitional period of selection library moving from “natural
soup” to “unnatural soup”[lo].

The kinds of unnatural component incorporated in the selection library have
increased. For example, photo-isomerizable, fluorogenic or inhibitor has been
successfully incorporated into the aptamers. These functional groups added new
artificial functions to the aptamers which inherently has molecular recognition function.
In particular, fluorescence signaling is one of the promising functions for analytical
application, because the technology realizes universal analysis of arbitrary targets
without bound/free separation.

Our previous study selected fluorogenic peptides that bind to calmodulin
(CaM) by combination of ribosome display and bioorthogonally prepared tRNA [H-141
These peptides has the incorporation of a  hydrophobic indicator,
7-nitro-2,1,3-benzoxadiazole (NBD), that emits fluorescence in hydrophobic

environment. However, the site specific interactions between selected aptamers and the

same target have not been structurally investigated in detail. Thus, in this study, I chose
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several major populations of selected aptamer sequences to check their site specific
interaction. I characterized the peptides, confirmed their binding behaviors and studied
about the residues involved in binding using various techniques such as fluorescence,
surface plasmon resonance and nuclear magnetic resonance measurements.

The target was calmodulin which is a Calcium Modulated protein. It is a small
and important messenger protein having only 148 amino acids that activates its
numerous target proteins!"" %!, This protein is a multi-functional receptor in animal and
plant cells regulating many important physiological functions® 4. The crystal structure
of CaM is an unusual dumbbell shape consisting of a long central helix and two
globular homologus domains (N and C) connected by a flexible central linker each
containing two helix calcium binding motifs known as EF hands (Figure 1). In these
domains, binding of Ca** to CaM induces conformational changes that exposes
hydrophobic amino acid residues on the surface of both lobes, creating hydrophobic

1223271 These hydrophobic sites can bind with hydrophobic drugs that inhibit

patchs[
CaM activity, inhibitory ligands like CaM antagonist, Ca®" ions antagonists, CaM
binding proteins and various hydrophobic fluorescent probe molecules®®. By binding to
more than 100 cellular proteins, CaM transduces intracellular (Ca2+) changes into
numerous cellular events®”.. It is an essential regulator of intracellular processes in
response to extracellular stimuli mediated by the increase in calcium ion

concentration>%>!,

Identification of many Ca*’-CaM binding proteins has been done.
CaM plays a vital role in a wide range of cellular Ca*" dependent signaling pathways

through various enzymes such as Ca*"-CaM dependent protein kinase, CaMKI, CaMKII

and CaMKIIP?" 3122 3937 cyelic nucleotide phosphodiesterase”®*!,  NADPH
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4547 [46, 48]

oxidase*, ATPase***, adenyl cyclase!™*”, myosin light-chain kinase , 1nositol

triphosphate kinase and nicotinamide adenine dinucleotide kinase!*”).

Calciym ions

N terminal domain

C terminal domain

Figure 1: Calmodulin with calcium ions (PDB ID: 3cln)
Previously, phage display has been used to isolate CaM binding peptide
library™®® !, The selected CaM binding sequences could not be sufficiently correlated
with naturally occurring proteins®'. The next method widely used to isolate CaM
binding proteins and study protein—protein interaction was yeast two-hybrid analysis.
However, only limited number of CaM-binding proteins were reported due to the
limited library size caused by the use of living cells. To overcome these limitations,
mRNA display and ribosomal display can be used. mRNA display has been used as it
circumvents the difficulties associated with phage and yeast two-hybrid display as well
provides a powerful means for reading and amplifying a protein sequence after been
selected from large libraries, 10'%-10"* 2]
However, CaM-binding peptide aptamers were selected carrying fluorogenic
dye 7-Nitro-2,1,3-benzoxadiazole (NBD, a hydrophobic indicator that changes
fluorescence intensity in response to surrounding environment) from random library

using ribosome display. Among the selected peptide aptamers, C5 (Y WDKIKDXIGG;
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X: NBD coupled phenylalanine) was found to have a strong binding affinity (K4= 850
nM) with the C domain of CaM!"''.

Depending on the high frequency among the selected peptides, four peptides
were synthesized with 5 fixed residues (MAMQA) to the N-terminal of the peptide
sequences which comes from the restriction enzyme site during the selection (Table 1).
For the binding, the peptides must be fold correctively into its three-dimensional
structure thus the elongation of the peptide may help for this. To synthesize the selected
peptides by solid phase peptide synthesis (SPPS), first NBD linked aminophenylalanine

was prepared and used as non-natural amino acid.

Table 1 Selected peptide sequences with 5 fixed residues on N terminal

Synthetic peptides  Clone repeat no.  Sequence with 5 fixed residues on N terminal

MA4 5 MAMQAVVNXVMTQQAG
MB4 9 MAMQASNIXYANKLRR
MC5 4 MAMQAYWDKIKDXIGG
MD9 2 MAMQADMASLVAXVMD

X, NBD coupled phenylalanine
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3-2 Materials and Methods

3-2-1 Materials
Calmodulin from bovine testes (Sigma Aldrich, USA).

2-Amino-2-Hydorxy methyl-1,3-propanediol (Wako Pure Chem. Ind. Ltd., Japan)
Potassium chloride (Wako Pure Chem. Ind. Ltd., Japan)

Calcium chloride dehydrate (Wako Pure Chem. Ind. Ltd., Japan)

Magnesium acetate tetrahydrate, 99.9% (Wako Pure Chem. Ind. Ltd., Japan)

Tween® 20, Molecular biology grade (Promega, USA)

Dimethyl sulfoxide (Wako Pure Chem. Ind. Ltd., Japan)

Phosphate Buffered Salts, Dulbecco’s formula (modified) without magnesium and
calcium (Takara, Japan)

Sodium acetate, anhydrous (Wako Pure Chem. Ind. Ltd., Japan)

Sodium hydroxide (Wako Pure Chem. Ind. Ltd., Japan)

0,0’-Bis (2-aminoethyl) ethyleneglycol-N,N,N’,N’-tetraacetic acid (Dojindo, Japan)
Acetic acid (Wako Pure Chem. Ind. Ltd., Japan)

Series S Sensor chip CM5 (GE, Sweden)

N-hydroxysuccinimide (Tokyo, Japan)

1-Ethyl-3-(3- dimethylaminopropyl) carbodimide, hydrochloride (Dojindo, Japan)
2-Aminoethanol (Monoethanolamine) (Wako Pure Chem. Ind. Ltd., Japan)

Buffer (50 mM Tris-acetate, 150 mM KCI, 50 mM Mg(OAc),, 5% DMSO, pH 7.0 with

5 mM CacCl,)
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3-2-2 Methods

3-2-2-1 Solubility

The synthesized peptides were dissolved in buffer (50 mM Tris-acetate, 150
mM Potassium chloride, 50 mM Magnesium acetate, 5 % DMSO) pH 7.0 with 5 mM
calcium chloride. Prepared 5 uM solution was centrifuge at 14000g for 20 min and

absorbance was measured before and after centrifuge.

3-2-2-2 Fluorescence measurement

The relative fluorescence intensity changes (RFIC) was measured for all
peptides with various concentration of CaM in presence of Ca’" The calculated RFIC
were plotted using Graph Pad Prism 5 (Graph Pad Software, Inc., USA) and the
dissociation constant (K4) values were estimated by non-linear regression analysis of

emission intensities at 535 nm. Excitation wavelength used was 488nm

3-2-2-3 Surface Plasmon Resonance (SPR) measurement

SPR, a more reckonable analysis was carried out to find the dissociation
constant (K4) values. The measurements were performed on a Biacore T100 instrument
with a CMS5 sensor chip (GE Healthcare Bio-Science, Sweden). First the pH scouting
was done to find the optimal pH condition for immobilizing the ligand, CaM. This is
done by testing ligand pre-concentration at a range of pH values more than pH 3.5 and
less than isoelectric point (plI) of the protein. In this, the initial electrostatic attraction of
CaM to the CM5 sensor Chip surface was best performed at a pH lower than its pl i.e.

3.9-4.3%Uand higher than pH 3.5, so that the sensor chip surface and the protein carry
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opposite net charges. Thus, CaM was endeavored to immobilize to sensor chip surface
in the range of 3.5 to 4.3. CaM, 50 pg/mL was immobilized on the sensor chip using pH
3.7 and pH 4.0 of 10 mM sodium acetate without Ca*” and CaM was also tried to
immobilize with pH 3.7 of 10 mM sodium acetate with Ca>*. Then injection of 368 uL
of CaM (50 pg/mL) at a flow rate of 10 uL/ min at 25 °C was done to immobilize CaM
on the chip surface with amine coupling at best pH. After the immobilization of CaM on
the sensor surface, affinity analysis were carried out for peptides MB4, MC5 and MD?9.
All the experiments were performed at 25 °C with a constant flow of 30 pL/min. For the
affinity analysis, various concentrations of MB4 (0, 19.53, 39.06, 312.50, 1250, 2500
and 5000 nM); MCS5 (0, 9.76, 19.53, 39.06, 78.12, 156.25, 312.50, 625, 1250, 2500 and
5000 nM) and MD9 (0, 19.53, 39.06, 156.25, 625, 1250, 2500, 5000 and 10000 nM)
peptide solutions in buffer with 0.05 % surfactant Tween® 20 and 5 mM calcium
chloride were injected over the sensor chip containing the immobilized CaM. The
sensor chip was regenerated by injection of 50 mM EGTA (pH 8.0) for 30 sec, followed
by buffer with 0.05 % surfactant Tween® 20 and 5 mM calcium chloride for 5 min to
stabilize the baseline. This measurement was carried out in the presence of calcium ions
only. All of the binding curves were collected by subtraction of the curve for a reference
flow cell and fitted to a steady state affinity model using Biacore T100 Evaluation

Software (version 2.0.3).

3-2-2-4 Nuclear Magnetic Resonance (NMR) measurement

3-2-2-4-1 Observation of CaM-peptide aptamers by NMR
NMR experiments for investigating the interaction of human CaM with MB4,

MC5 and MD9 peptide apramers were performed in a triple-resonance CRYOPROBE
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fitted with a Z-axis pulsed field gradient coil, using a 600 MHz Bruker Advance
spectrometer at 298 K. All NMR spectra were processed on LINUX-PCs using the
Azara 2.8 suite of software, Boucher[61], then visualized and analyzed on LINUX-PCs
using the CcpNmr Analysis 2.2.1 software!®?,

For the NMR titration experiments of '*N-labelled human CaM with MB4,
MC5 and MD9 peptide aptamers, a series of 2D "H-""N HSQC spectra were measured
on "N-labelled CaM (0.1 mM) at various protein: peptide ratios in order to monitor
gradual changes in the chemical shifts or intensity of 'H-""N correlation cross-peaks of
CaM. ""N-labelled human CaM sample was purified using the protocols presented
previously!®!. "N-labelled CaM was dissolved in 50 mM Tris. HCI buffer (pH 7.5)
containing 120 mM NaCl and 2.5 mM CaCl, and 10 % 2HZO. 2D 'H-PN HSQC spectra
were acquired with 8 transients and a total of 2048 (t2, 'HY) X256 (t1, '’N) complex
points. Initially, a reference spectrum was recorded in the absence of peptides. Then the
sample was taken out of the NMR tube and mixed with a 20 mM peptide solution to
achieve a protein: peptide molar ratio of 1:0.5, prior to the next measurement. More
peptide solution was added incrementally to measure 'H-""N HSQC spectra at protein:
peptide molar ratios of 1:1, 1:2 and 1:3. The concentration of the protein was not
adjusted after each titration point due to the small volume of the peptide solution that
was added.

Backbone 'HY, °N, *C* *C’, and side-chain 3P resonance assignments were
performed on '*C/""N-labelled human CaM (0.1 mM for MD9 and 0.2 mM for MB4
and MCS5) dissolved in 50 mM Tris. HCI buffer (pH 7.5) containing 120 mM NaCl and
2.5 mM CaCl, and 10 % “HO in the presence of 0.3 mM MD?9 peptide aptamer and 0.6

mM MB4 and MCS5 peptide. Four 3D triple-resonance NMR spectra, CBCA (CO)NH,
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CBCANH, HNCO and HN(CA)CO were measured. To reduce the experimental time, a

d%¥ was utilised for the indirectly observed "N and "*C

nonlinear sampling metho
dimensions. Approximately 1/8 of the points were selected in a pseudo-random fashion
from the conventional regularly spaced grid of tl, t2 points. For the acquisition
dimension (‘HY) of 3D experiments, 1024 complex points were measured. The
two-dimensional maximum entropy method!®” was used for processing of nonlinearly
sampled *C and "N dimensions with improved resolution. Backbone resonance

assignment of human CaM on its own under this experimental condition was also

performed with essentially identical NMR protocols.
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3-3 Results and Discussion
Selected aptamers MC5, MD9, and MB4 were compared with the naturally

existing CaM binding proteins in plantsm] and in human'’'"’! using the BLAST.
Aptamers MC5 and MD9 did not show any similarity with CaM binding protein but,
MB4 was found to have 25% similarity with the sequence of multi drug resistant
protein’’, which is one of the CaM binding protein in human when. This result
demonstrates that the in vitro selected peptide has the similarity to the protein sequence

which is naturally evolved.

3-3-1 Solubility

MB4, MC5 and MD9 were found to be soluble in buffer with 5 mM calcium
chloride. These three peptides were preceded for further experiments whereas peptide
MA4 was found insoluble in buffer as well in 100% DMSO thus was not proceeded
further. On the other hand, enhancement of solubility on peptide B4, C5 and D9 were
seen on addition of ‘MAMOQA’. This is due to the presence of methionine and glutamine

in the added fixed residue which has the ability to participate in hydrogen bonding!”.

3-3-2 Fluorescence measurement

The fluorescence of the three peptides (MB4, MC5 and MD9Y) in the presence
of calcium ions were measured (Figure 6). As the fluorescence spectrum is very
sensitive to the environment around this dye, this environment sensitive quality of NBD
dye helps to know the effect of increase or decrease in fluorescent intensities on
interaction. Peptides with five fixed residues were titrated with various concentrations
of CaM. In the presence of Ca’’, the fluorescent signal of MB4 peptide increased

significantly up to 16 fold with a concomitant increase in CaM concentration to 10 pM
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(Figure 6A). In case of MC5 and MD9, the increase in fluorescence intensity was by 3

and 3.5 folds respectively (Figure 6B and 6C).

The increase in fluorescence intensity suggests that the peptides bind in the

hydrophobic area of CaM which is exposed on the availability of calcium ions. The

increase in the fluorescence intensity on addition of CaM with the peptide is the clear

indication of the capture of peptide in the hydrophobic lobes of CaM.

Fluorescence intensity
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Figure 6: Fluorescence emission spectra from peptides MB4 (2 uM), MC5 (5 uM) and MD9 (5 uM)

increased on addition of CaM concentration in the presence of Ca®’. The excitation wavelength was 488

nm. The spectra were corrected by subtracting the base line.

From the change in fluorescence spectrum, the relative fluorescence intensity

changes (RFIC) of peptide with CaM were calculated at maximum emission wavelength
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535 nm. The fluorescence intensities of B4 did not showed any saturation upon the
increase of calmodulin concentration up to 20 folds in the presence of calcium ion!'?
but interestingly on addition of ‘MAMOQA’ on B4, the saturation point was observed just
by adding 5 fold excess CaM (Figure 7A).

Similarly, in case of peptide MC5 and MD9, fluorescence intensity was found
to be increased on increasing the concentration of CaM till 15 pM indicating the
binding of these peptides with the protein (Figure 7B and 7C). On the other hand
without Ca®*, the peptides scarcely bound to CaM (Figure 7). Thus the peptide interacts
with CaM in a Ca®>" dependent manner. The RFIC of peptide with CaM was considered
at maximum emission wavelength 535 nm in the presence of SmM calcium chloride.

Thus, the dissociation constant (Kj4) between peptide and CaM were estimated

maximum emission (Table 2).

Table 2 Peptides with dissociation constant values from Fluorescence

Synthetic peptides Dissociation constant, K4 (LM)
MB4 22+0.25
MC5 5.7+0.22
MD9 4.8+0.28
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Figure 7: Data points in blue line represents the relative fluorescence intensity change (RFIC) of Ca*
bound CaM at different concentrations and the curve shows the best fit to non-linear regression analysis
of emission intensities at 535 nm. The red line containing data points indicates the RFIC in the absence of

Ca”" bound CaM.

3-3-3 SPR measurement

For the ligand immobilization pH scouting was done in three different pH
conditions (pH 3.7, pH 4.0 and pH 3.7 in presence of calcium ions). Among the three
condition, better curve was seen at pH 3.7 denoted by the red line (Figure 8). Since the
CMS sensor chip carries negative charge and below the pl the protein caries the positive

charge resulting in the optimal condition for CaM immobilization.
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Figure 8: Senserogram showing the effect of pH on preconcentration of CaM on the CMS5 chip surface.

Red shows the scouting for optimal electrostatic preconcentration at pH 3.7, green line is the measure at

pH 4.0 and blue line is at pH 3.7 with calcium ions.

After the optimal pH condition (pH scouting), ligand was immobilized by
amine coupling. The calculated theoretical response unit was in the range of 304-1523
and the practical response unit on immobilizing protein concentration of 50 pg/mL was

found to be 458, which lies in the range (Figure 9).
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Figure 9: Schematic diagram showing the sensorgram ot CaM immobilization on CMS5 chip surface

using amine coupling.
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Response Unit

Response Unit

SPR analysis contributed the accurate and direct picture of binding of signaling peptide
aptamers (MB4, MC5 and MD9) on immobilized CaM in the presence of Ca*" (Figure
10). The interactions were Ca®" dependent since 50 mM EGTA readily reverse the
interaction. Determination of affinity analysis for peptides MB4, MC5 and MD9 by
steady state affinity model (a model for 1:1 binding at two independent ligand, CaM

sites) with dissociation constant values (Table 3).
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Figure 10: Fitting plots of response values against the concentration of peptides in steady state affinity

model. Solid vertical line denotes the dissociation constants (Kd) value. In the figure, the vertical line in A
shows the Kd for MB5 to be 0.6+ 0.02 uM; the line in B represents Kd of MCS5 to be 0.9 = 0.05 uM and

the final C shows the Kd for MDO to be 7.5 £ 0.37 pM.

Table 3 Peptides with binding constant values from SPR

Synthetic peptides Dissociation constant, K4 (LM)

MB4 0.6+ 0.02
MC5 0.9 +0.05
MD9 7.5+0.37

In case of peptide B4 and D9, binding with CaM was observed only after
addition of fixed residue ‘MAMQA’. This clarifies that other sequences in the full
length displayed on ribosome affected the binding of peptide with CaM. Peptide MC5

bind with high affinity and the addition of fixed residue did not show the significant
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change in binding affinity.

3-3-4 NMR measurement

The detail investigation of the binding mechanism of peptide aptamers MB4,
MCS5 and MD9 with CaM were characterized by a series of stepwise, multipoint NMR
titration experiments (Figure 11) by employing '“N-labelled human CaM (in
collaboration with Pro. Ito, TMU). To monitor the 'H-""N correlation cross-peaks, 2D
'H-""N HSQC spectra were measured first in the absence of peptides and then at each
titration point, aiming at identifying the binding interface on CaM.

In case of the NMR titration experiment of '’N-labeled CaM with MB4 peptide,
addition of MB4 peptide affected large numbers of CaM resonances. I observed the
disappearance and emergence of signals, indicating that the timescale of the binding of
CaM protein with MB4 peptide was a slow exchange. The disappearing and emerging
of cross-peaks were initially observed upon the first point of titration (protein: peptide
molar ratio of 1:0.5). On gradually increase of MB4 peptide concentration to saturate
CaM protein to 0.3 mM (protein: peptide molar ratio of 1:3), large number of
precipitates were observed and change in chemical shift of CaM protein was not
saturated. Therefore, CaM protein and MB4 peptide were mixed at diluted condition
(0.01 mM of CaM with 0.03 mM of MB4), and then the sample was gradually
concentrated by using ultrafiltration membrane. As a result, I observed the saturation of
change in chemical shift of CaM protein at protein: peptide molar ratio of 1:3. From the
NMR titration experiment of "°N-labeled CaM with MC5 and MD9 peptide, I also
observed the disappearance and emergence of signals indicating the slow exchange

timescale of binding of CaM with three peptides. The disappearing and emerging of
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cross-peaks were 1n1tc1;aﬂN/ 885%1'”9/83 upon the first point of titration (protein: peptide
molar ratio of 1:0.5) and was almost saturated at around a protein: peptide molar ratio of

1:3 (MC5) to 1:4 (MD9).
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Figure 11: 2D "H-""N HSQC spectrum
It was found that, large number of CaM resonances were affected by addition
of the peptides and theMiraeseabs of the binding were slow exchang®. } Meagdéfficult to
follow the tracks of the affected resonances from backbone resonance assignment of
free-CaM protein. Therefore, assignment of the backbone lHN, 13C“, 13C’, 5N and
side-chain "*C”resonances of '*C/"*N-uniformly labeled CaM protein in the presence of

the peptides were applied. By analyzing the spin-spin connectivity in the 3D
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triple-resonance NMR spectra, 67 % of backbone resonances (100 amino acids out of
149 amino acids) were assigned in the presence of MC5 peptide at the protein: peptide
molar ratio of 1:3. In the case of MB4 and MD9 peptides, no assignment of the
backbone resonance of CaM protein could be done since the quality of 3D NMR spectra
were considerably low. This might be due to low solubility of the peptides which caused
in the inhomogeneity of the NMR sample and low quality of 3D spectra.

Large chemical shift changes induced by the addition of MC5 peptide (A 5>
80 Hz) were found for Ser18, Phe20, Ile28, Val36, Met37, Phe65, from Met73 to Met77,
Glu85, Asp94, Lys95, Leul06, Argl07, Metl10, Thrlll, Lysl16, Leull7, Vall22,
lleul26, Argl27, Alal29, Asnl38, from Glul40 to Met145, which comprise a cluster in
a solvent exposed region. The residues affected by addition of MC5 peptide were
mapped onto the crystal structure of Rattus rattus CaM’®.  This result indicated that
over all region of CaM protein were affected by addition of MC5; however, the changes
for Alal29, Asn138 and from Glul40 to Met145 were particularly large and clustered
(Figure 12). This result indicated that the cluster of residues including Ala129, Asn138
and from Glul40 to Metl45 furnishes the primary binding surface for MCS5 peptide
(Figure 13). This endows the binding surface for MC5 peptide to be at the C terminal of
CaM protein. For the binding surface possibility of MB4 and MD9 peptides, the spectra
obtained from 2D NMR were overlaid and was found to resemble the same pattern of
chemical shift. Thus, these three peptides have the possibility of binding to the

considerably near region of C-terminal domain of CaM protein.
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Figure 12: Mapping of the affected residues by addition of MC5 peptide on CaM. Ribbon diagram of
CaM showing large chemical shift changes induced by addition of MC5 colored in Red. Alal29, Asn138

and from Glu140 to Met145 represented as stick. Ca®" ions represented as Magenta spheres.
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Figure 13: Chemical shift change of CaM by interaction with MC5. The changes in cross-peak were
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3-5 Conclusion

I successfully investigated the detail binding interaction of selected peptides
with CaM using fluorescence titration, SPR and NMR measurements. It was found that
the addition of five fixed residue on N terminal improve the binding efficiency. The
binding affinity from fluorescence titration and SPR was found in nano-molar range.
Furthermore, I examine the binding site of the aptamers with 2D NMR and 3D NMR
and found that peptide aptamer MC5 has the binding site on C terminal of CaM with

high binding affinity.
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This thesis illustrate the design, development and study of fluorescent signaling
peptide aptamers using ribosome display in vitro selection technique. In vitro selection
and interaction of verotoxin binding peptide aptamers and binding interactions of CaM

selected peptide aptamers are conferred in detail.

In chapter 1, the general introduction is given related to the research work
carried out including the background information, techniques used for the study, and its

application.

In chapter 2, the selection of signaling peptide aptamer by molecular
evolutionary engineering technique was successfully conducted. The selected peptide
aptamer against verotoxin showed the decrease in fluorescence intensity by 78% on
interaction with protein at saturated level. The interaction found was highly specific
with the binding affinity 3.9 uM. Thus the developed peptide aptamer can be used for
the detection of verotoxin.

In chapter 3, the detail binding interaction was carried out for the CaM selected
peptide aptamer by adding five fixed residue on N terminal. The result obtained from
the fluorescence titration, SPR and NMR measurements showed that addition of five
fixed residue on N terminal improve binding affinity. The binding affinity from
fluorescence titration and SPR was found in nano-molar range. As well binding site was
found on C terminal of CaM from the 2D NMR and 3D NMR investigation.

The studies carried out in this thesis disclose that ribosome display is a
prevailing technique in developing fluorescent signaling peptide aptamers. The selected
aptamers have potential to develop a diagnosis tool for verotoxin detection and

biosensor to understand about the Ca®* modulated signaling protein CaM.
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NMR spectrum of NBDaa

Appendix 1: '"H-NMR spectrum of NBDaa
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Appendix 2: Aromatic protons of NBDaa
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Appendix 3: *C-NMR of NBDaa
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MALDI-TOF-MS spectrum of NBDaa

Appendix 4: MS spectrum of NBDaa (Calculated M+Na: 701.24)
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HPLC analysis spectrum of peptides selected against verotoxin.
Appendix 5: HPLC analysis of peptide VT4
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HPLC conditions :

Column, Inertsil ODS-3 (250 x 4.6 mm 1.D.) Column temp., 25 C

Mobile phase,  30-60% CH3CN (contg. 0.1% TFA) (30 min)

Flow rate, 1.0 mL/min Detection, UV at 215 nm
Purity : 97.6%
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MALDI-TOF-MS spectrum of peptides selected against verotoxin.
Appendix 6: MS spectrum of peptide VT4 (Calculated M+H: 1733)
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HPLC analysis spectrum of peptides selected against CaM.

Appendix 7: HPLC analysis of peptide MA4
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Purity 89.5%
HPLC conditions :
Column, YMC-Pack PROTEIN-RP (250 x 4.6 mm L.D.)
Column temp., 25°C
Mobile phase,  30-60% CH3CN (contg. 0.1% TFA) (30 min)
Flow rate, 1.0 mL/min
Detection, UV at215nm
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Appendix 8: HPLC analysis of peptide MB4
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HPLC conditions :

Column, Inertsil ODS-3 (250 x 4.6 mm1.D.)

Column temp., 25°C

Mobile phase,  20-50% CH3CN (contg. 0.1% TFA) (30 min)
Flow rate, 1.0 mL/min )

Detection, UV at215nm
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Appendix 9: HPLC analysis of peptide MC5
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Purity :  97.2%

HPL.C conditions :
Column, YMC-Pack PROTEIN-RP (250 x 4.6 mm L.D.)

Column temp., 25°C

Mobile phase,  25-55% CH3CN (contg. 0.1% TFA) (30 min)
Flow rate, 1.0 mL/min

Detection, UV at 215 nm
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Appendix 10: HPLC analysis of peptide MD9
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Flow rate, 1.0 mL/min

Detection, UV at215 nm
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