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Abstract

Molecules that covalently bind to a native protein of interest are useful for detection
and regulation of the protein. Although many such protein modifiers have been developed
by embedding a reactive group into a non-covalent ligand scaffold, the conventional
methodology often required intense efforts to achieve both selectivity and reactivity. In
this thesis, I describe a new methodology for development of covalent protein modifiers
with readily tunable reactivity by means of in vitro selection. In addition to a model target
protein used for the establishment of the methodology, it was applied to another target
protein to demonstrate the generality. In addition to the work on covalent modifiers, I also
report mathematical modeling of receptor activation induced by dimeric macrocyclic pep-
tides.

Chapter 1 is the general introduction to this thesis. It first describes selective covalent
modifiers of native proteins focusing on conventional design strategies. Then, the chapter
describes non-standard macrocyclic peptides and the in vitro selection system based on
which the new methodology was developed. Finally, the purpose of the research in this
thesis is briefly explained.

Chapter 2 describes the development of the new methodology for discovery of pep-
tide-based covalent protein modifiers. I constructed libraries of macrocyclic peptides
bearing reactive groups and developed an in vitro selection scheme for covalent modifiers
and applied it to a model target protein. I also demonstrated that the reactivity of a dis-
covered covalent modifier could be readily modulated by rational design.

Chapter 3 describes application of the newly developed selection scheme to epidermal
growth factor receptor (EGFR). A selective covalent modifier was successfully identified,
demonstrating the generality of the selection scheme.

Chapter 4 describes mathematical modeling of Met activation induced by dimeric
macrocyclic peptides. To test the hypothesis that bell-shaped dose-response curves ob-

served for receptor activation induced by dimeric macrocyclic peptide ligands could be



explained by change in stoichiometry of the receptor-ligand complex, I constructed a
mathematical model and compared it with the experimental data. The model could repro-
duce the observed profile and it was confirmed that the proposed stoichiometric change
agreed with the model.

Chapter 5 is the general conclusion of this thesis. It summarizes achievements in this

thesis and discusses perspectives.
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Chapter 1

General introduction

1.1 Selective covalent modifiers of native proteins

1.1.1 Covalent drugs

Covalent drugs are drug molecules that covalently, and often irreversibly, bind to a
target protein. Although reactive molecules had been associated with idiosyncratic tox-
icity induced by non-specific modification of endogenous molecules!? and thus had been
usually avoided in drug discovery programs?, many successful drugs have been found to
act in covalent mechanisms*. For example, an anti-inflammatory drug, aspirin, acetylates
a serine residue near the active site of cyclooxygenase to block binding of the natural
substrate, thereby irreversibly inhibiting the enzyme® (Figure 1.1a). Another example is
penicillin antibiotics, which covalently bind to an active site serine of peptidoglycan
transpeptidases to inhibit cell-wall synthesis® (Figure 1.1b).

Compared to conventional non-covalent drugs, covalent drugs have three major ad-
vantages. First, covalent binding allows exceptionally high affinity and thus high po-
tency’. Irreversible inhibitors may even maintain activity against drug-resistant mutations
which increase the affinity to a natural substrate, because, once the covalent bond is es-
tablished, irreversible inhibitors do not compete with the reversible binding of the natural
substrate®. Second, proteins inactivated by an irreversible inhibitor must be resynthesized
to restore the activity, which enables prolonged duration of action and less frequent dos-
ing’. Third, covalent binding can recognize the presence of an appropriate target residue
at a specific position on the target protein, resulting the potential for high selectivity

among a family of proteins!®!!,



Because of these advantages, a class of covalent drugs referred to as targeted covalent
inhibitors (TCIs) has been developed recently'?!3. In contrast to earlier covalent drugs
which were discovered by serendipity, TCIs are specifically designed to covalently bind
to a specific target protein thereby blocking its active site. Many such molecules have
been developed against various target proteins!'*!

by FDA (Figure 1.1c¢).

, and some of them have been approved
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Figure 1.1 | Examples of covalent drugs

(a) Mechanism of action of aspirin.

(b) Mechanism of action of penicillin G.

(c) Examples of FDA-approved targeted covalent inhibitors.



1.1.2 Labeling of endogenous proteins

Selective labeling of a native protein of interest in complex mixtures such as live cells
and cell lysates is useful for detection and functionalization of that protein. To this end,
various techniques have been developed. The most widely used technique is expression
of the protein as a fusion with a fluorescent protein such as GFP'3, which has been exten-
sively used in live cell imaging. Another common technique is fusion with a protein-tag
or peptide-tag which can be selectively labeled with a cognate reagent. These tags include
SNAP-tag'é, CLIP-tag'’, HaloTag'® and a tetracysteine motif for FIAsH labeling!®. Alt-
hough useful, these techniques require genetic manipulation, and cannot be applied to
endogenous proteins.

As an alternative strategy, molecules that can recognize an endogenous protein of
interest to selectively label it have been developed and application of some of them for
detection and functionalization of a protein in live cells have been demonstrated. For ex-
ample, an antibody equipped with a reactive group could selectively label cells expressing
ErbB2 on the surface, making it detectable by fluorescence®® (Figure 1.2a). Due to the
irreversible covalent binding, the labeling could survive stringent washing in which la-
beling with normal antibody was lost. In another example, a reagent containing '°F was
developed for labeling of carbonic anhydrase in cells?!?? (Figure 1.2b). The labeled pro-
tein worked as a biosensor for ligands of the protein whose response could be detected

by the change in '’F NMR chemical shift.
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Figure 1.2 | Examples of covalent labeling
(a) Labeling of ErbB2 on cell surface by an antibody equipped with a reactive group.
(b) Biosensor created by labeling of carbonic anhydrase with '°F containing reagent.
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1.1.3 Development strategies

The most commonly used strategy involves two steps (Figure 1.3a). First, a selective
non-covalent ligand scaffold is identified. Then, a reactive group of moderate reactivity
(usually an electrophile) is introduced at an appropriate position of the scaffold. When
the molecule is associated with the protein, the reactive group is positioned near an ap-
propriate amino acid on the protein surface (usually a nucleophile) and covalent bond
formation is induced by proximity effect. For example, development of a TCI against
Bruton’s tyrosine kinase, ibrutinib, started with identification of a non-covalent inhibitor
of BTK!C. Then, a three-dimensional structural model of the non-covalent complex was
constructed based on known X-ray structure of a ligand bound state of a similar protein,
and a cysteine poorly conserved across the kinase family was selected for the target of
covalent modification. Finally, several candidate compounds were designed by embed-
ding a reactive group in the scaffold so that the reactive group would react with the cys-
teine, and their activities were tested by in vitro and in vivo assays. In addition to small
molecule ligands, this strategy has also been applied to various ligand scaffolds including

2324 an antibody?® and an affibody®.

stapled peptide ligands

Although the above strategy is useful for development of TClIs and labeling reagents,
the target protein is usually inactivated because the active site is irreversibly blocked by
the ligand scaffold. Thus, the strategy is not suitable for functional analysis of the target
protein. To address this issue, an improved strategy called ligand-directed chemistry was
developed?!2627 (Figure 1.3b). Like the previous strategy, the development starts with a
selective non-covalent ligand scaffold. Instead of directly embedding a reactive group, a
cleavable reactive group bearing a probe molecule is attached. When it reacts with a nu-
cleophile on the target protein, the probe is covalently attached to the target protein, and
the ligand is released as a leaving group, thereby restoring the activity of the target pro-
tein.

In addition to the strategies relying on known ligand scaffolds, there are several re-
ports of screening-based discoveries of covalent modifiers. One example employed a
technique called disulfide tethering?® as the initial step for development of a TCI against
K-Ras(G12C)® (Figure 1.3c). First, a library of disulfide-containing molecules was
screened to identify a molecule that could label a cysteine on the protein. Then, using this

molecule as a starting point, an irreversible inhibitor was developed. In another example,

11



mixtures of reactive molecules were incubated with papain and analyzed by mass spec-
trometry to identify covalent modifiers for the protein®’. This strategy, named covalent
tethering, has been applied to several other proteins®'. There is also an isolated example
where libraries of reactive small molecules encoded by peptide nucleic acids were em-

ployed to identify covalent modifiers for MEK2 and ErbB232,
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Figure 1.3 | Development strategies for covalent modifiers

(a) Identification of a non-covalent ligand scaffold followed by introduction of a reactive group.
(b) Ligand directed chemistry. Cleavable reactive group bearing a probe is attached onto a non-
covalent ligand scaffold. Upon reaction with the target protein, the probe is covalently attached
to the target protein and the ligand scaffold is released.

(c) Disulfide tethering. A disulfide-containing molecule which react with a cysteine on the target
protein is converted to a covalent modifier.
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1.2 Macrocyclic peptides

1.2.1 Macrocyclic peptides as ligand scaffold

Macrocyclic peptides are an attractive class of ligand scaffolds**-*. In contrast to con-
ventional small molecules, whose small size limits the range of targetable proteins®>3¢
and selectivity among proteins of related functionalities®’, peptides have larger interaction
surface and thus can target wider range of proteins with high selectivity®. While antibod-
ies can also target various proteins with high selectivity, they have higher production cost
compared to chemically synthesized small molecules. On the other hand, peptides can be
readily synthesized by established solid phase synthesis methods. In addition to these
advantages arising from peptides, the macrocyclic structure offers two additional bene-
fits. First, macrocyclization can increase the binding affinity by reducing the entropic cost
of binding because the constrained structure limits the number of conformations available
at the unbound state’*?. Second, macrocyclization can increase passive membrane per-
meability because the constrained structure facilitates the formation of intramolecular hy-
drogen bonding in hydrophobic media so that the energetic cost of desolvation can be
reduced*'. Some macrocyclic peptides are even orally bioavailable*?.

Because of these potential advantages, several methodologies for efficient screening
of artificial macrocyclic peptides have been developed, and ligands for various target pro-
teins have been successfully discovered®’. For example, a macrocyclic peptide inhibitor
with high selectivity was discovered by a screening against a kinase, Akt2 (Figure 1.4).
The peptide could inhibit Akt2 with the ICso value of 110 nM, while it showed >40-fold
higher ICso values for other members of the Akt family (Akt]l and Akt3) and other kinases
(PKA and SGK).

The following sections describe one of the most successful methodologies for screen-

ing of artificial macrocyclic peptides.
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Figure 1.4 | Akt2-selective macrocyclic peptide inhibitor
(a) Structure of the Akt2 inhibitor.

(b) Inhibitory activities against members of Akt family and other kinases.
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1.2.2 FIT system for ribosomal synthesis of macrocyclic peptides

Translation is a biosynthetic reaction of proteins, where peptides are synthesized by
ribosome using mRNA as the template**. Each amino acid is encoded as a triplet of nu-
cleotides (codon) on mRNA, and the recognition of codons is mediated by specific hy-
bridization with the anticodons on the cognate tRNAs. Each tRNA carries a cognate
amino acid which has been attached by an aminoacyl tRNA synthetase. Combination of
these recognition points realizes translation of mRNA sequences into amino acid se-
quences.

Genetic code reprogramming is a technique that allows assigning noncanonical amino
acids to arbitrary codons so that the noncanonical amino acids can be incorporated into

ribosomally synthesized peptides* 7

. This can be achieved by removing aminoacyl-
tRNAs for these codons from the translation system and supplementing it with tRNAs
charged with noncanonical amino acids so that the noncanonical aminoacyl-tRNAs are
used in the translation. A translation system lacking some aminoacyl-tRNAs can be read-
ily prepared using an in vitro translation system reconstituted with purified components*?
in which cognate amino acids are omitted.

As a facile and general methodology for preparation of aminoacyl-tRNA, ribozymes
called flexizymes were developed*”*°. Flexizymes are highly promiscuous catalyst which
can aminoacylate tRNAs using amino acids activated by a leaving group (Figure 1.5a).
Several flexizymes with different substrate scopes have been developed. eFx accepts cy-
anomethyl ester of amino acids with aromatic side chains, while dFx accepts 3,5-dinitro-
benzyl ester of diverse amino acids. By introducing aminoacyl-tRNAs prepared by flex-
izymes into a customized in vitro translation system in which cognate canonical amino
acids are omitted, noncanonical amino acids can be incorporated into peptides. This sys-
tem, referred to as the flexible in vitro translation (FIT) system, have been successfully
applied to various noncanonical amino acids including D-amino acids>*2, B-amino ac-

3455 and a-hydroxy acids®®7.

ids>3, N-alkylated amino acids

The high substrate tolerance of the FIT system allows for ribosomal synthesis of mac-
rocyclic peptides by incorporating amino acids capable of intramolecular reaction with
another amino acid. One of the most convenient and reliable example is translation initi-
ated with N-chloroacetylated amino acids, where the N-terminal chloroacetyl group spon-

taneously react with a downstream cysteine to form a macrocyclic structure closed by a
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stable thioether linkage®®>° (Figure 1.5b). Chloroacetyl group has also been incorporated
into side chain to form an inter-side-chain bond®. Other cyclization chemistries employed
by the FIT system include oxidative coupling®!, click chemistry®? and Michael addition®.
Even bicyclic structures can be produced by combining two cyclization chemistries®?.
Taken together, the FIT system can synthesize macrocyclic peptides, optionally con-
taining multiple non-proteinogenic amino acids, in a template dependent manner. This

feature facilitates construction of libraries of macrocyclic peptides with high diversity.
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Figure 1.5 | Flexible in vitro translation system

(a) Flexizyme-mediated aminoacylation of tRNA.

(b) Ribosomal synthesis of macrocyclic peptide. Initiator tRNA (tRNA™) charged with
chloroacetyl tryptophan (ClAcTrp) is added to methionine deficient in vitro translation system
to assign CIAcTrp to the initiator AUG codon. Peptides synthesized by this reprogrammed
translation system has chloroacetyl group on the N-terminus, and it spontaneously reacts with
the downstream cysteine to form a macrocyclic structure closed by a thioether linkage.
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1.2.3 RaPID system for screening of macrocyclic peptides

To efficiently screen macrocyclic peptides produced by the FIT system, it was com-
bined with an in vitro selection technique known as mRNA display®*>. The resulting
system, referred to as the random non-standard peptide integrated discovery (RaPID) sys-
tem, allows discovery of macrocyclic peptides selectively binding to a given target pro-
tein from a library of trillions of peptides®. The system works as follows (Figure 1.6).
First, a mixture of mRNA containing a random sequence is prepared, and a linker bearing
a puromycin moiety is ligated to the 3’ end. The mRNA library is translated by the FIT
system to prepare a library of macrocyclic peptides. At the end of the translation reaction,
the puromycin moiety on the mRNA is incorporated into the peptide to form a covalent
linkage between the peptide and the mRNA coding for the sequence. Then, the peptide-
mRNA conjugate is converted into peptide-mRNA/cDNA conjugate by reverse transcrip-
tion. The resulting conjugates are incubated with a target protein immobilized on mag-
netic beads, and the binding fraction is recovered. Finally, the cDNA in the recovered
fraction is amplified by PCR and transcribed to generate an mRNA library enriched with
mRNAs coding for target-binding peptides. Usually this selection cycle is repeated sev-
eral times to obtain strong binders. After the selection, candidate peptides can be identi-
fied by sequencing the cDNA.

The RaPID system has been successfully applied to various target proteins to identify
macrocyclic peptides with high affinity and selectivity. Successfully targeted proteins in-
clude a ubiquitin ligase®®, a deacetylace®’, a kinase®®, a demethylase®®, a mutase’®, a gly-

72,73

cosidase’!, transporters’>’? and receptors’7>,

17



Puromycin Macrocyclic peptide
mRNA \ %

NN

AN Ligation S Translation P
3 e o,
e NN LN NN e
NN NN\ NN
Ti ipti Reverse
ranseription transcription
Target protein ~ Magnetic bead
o
e S,
NN Recovery of “\:“\:\ .,
. Son,
I PCR target binders PR,
et o
AN AN\ O\ ’c..,'o,.\
AN\ R\ A\ \ A\
DNA cDNA

Figure 1.6 | Scheme of the RaPID system

Macrocyclic peptides are synthesized by the FIT system, and covalently linked with cognate
mRNA through the puromycin moiety. mRNA is reverse transcribed to synthesize cDNA, and
the target binders are recovered using target protein immobilized on magnetic beads. The cDNA
of the binders is amplified by PCR and transcribed to generate mRNA for the next round of

selection. Strong binders can be selected by repetition of this cycle.
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1.3 Purpose of this study

Although covalent modifiers are useful as drugs and labeling reagents, the conven-
tional strategy for development of selective covalent modifiers suffers from three chal-
lenges, namely, identification of selective non-covalent ligand scaffolds, embedding re-
active groups with appropriate orientation, and fine tuning of the reactivity. Because of
these challenges, development of selective covalent inhibitors often requires intense ef-
forts. To overcome these challenges, my research aimed at establishing a new general
methodology for development of covalent modifiers by exploiting the high selectivity
and the screening system of macrocyclic peptides. In Chapter 2, I developed the method-
ology using a model target protein. In Chapter 3, the methodology was applied to another
target protein, EGFR, to demonstrate its generality.

In addition to the work on covalent modifiers, I also worked on theoretical consider-
ation for activation of a receptor, Met, induced by dimeric peptides. The dimeric peptides
had been developed by homodimerizing macrocyclic peptide ligands discovered by the
RaPID system. Although the dimeric peptides could induce the dimerization and activa-
tion of the receptor, they showed bell-shaped dose response curves, which was counter-
intuitive. To explain such phenomena, a mechanism had been proposed in which the stoi-
chiometry of the receptor-ligand complex was affected by the concentration of the ligand.
In Chapter 3, I constructed a mathematical model and compared it to the experimental

data.
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Chapter 2

Development of a methodology for
discovery of peptide-based covalent
protein modifiers

This chapter is not shown due to reasons involving patent
applications and future publications.
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Chapter 3

Discovery of a covalent modifier for the
extracellular region of EGFR

This chapter is not shown due to reasons involving patent
applications and future publications.
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Chapter 4

Mathematical modeling of activation of
Met induced by dimeric peptides

4.1 Introduction

Met, also known as hepatocyte growth factor receptor (HGFR) or c-Met, is a receptor
tyrosine kinase, and it recognizes hepatocyte growth factor (HGF)"2. When the extracel-
lular region of Met binds to HGF, the receptor dimerizes, and the kinase activity of the
intracellular region is activated by trans-phosphorylation. The activation of Met initiates
several signal transduction pathways promoting cell proliferation, survival and migration.
Because Met-mediated signaling plays an important role in regeneration and protection
of tissues, molecules that can activate Met are potentially useful as a therapeutic for var-
ious diseases®>4.

Previously, artificial Met agonists based on macrocyclic peptides was devloped’”. The
agonists were developed in two steps: first, macrocyclic peptides which can bind to the
extracellular region of Met were discovered by the RaPID system; then, the peptides were
homodimerized through linkers of appropriate lengths. The resulting dimers could induce
dimerization and phosphorylation of Met’>%. However, the activation profiles showed
counterintuitive dose response curves. Increasing concentrations of dimeric peptides in-
creased the level of Met dimerization and phosphorylation of Met at low concentrations
(below ~100 nM), whereas the level of dimerization and phosphorylation decreased at
higher concentrations.

This bell-shaped profile has also been reported for several other combinations of a
receptor and a bivalent ligand, and it has been proposed that it was caused by the change

in stoichiometry of the receptor-ligand complex®®. According to this model, the ligand-
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induced receptor dimerization involves two steps: first, receptor (R) and ligand (L) form
1:1 complex (RL), and then the 1:1 complex binds with another receptor molecule to form
2:1 complex (Rz2L). At high concentrations of the ligand, the formation of 1:1 complex is
favored over 2:1 complex, resulting in the decrease of 2:1 complex (Figure 4.1).

To confirm that the above model could explain the bell-shaped response of Met phos-
phorylation by the dimeric peptides, I constructed a simple mathematical model and com-

pared the predictions by the model with the experimental data.

Receptor Bivalent ligand

1 1

e, 'O Gte %S Gte

h WY WS Jo
Activation I r

No ligand Adequate amount of ligand Excess ligand

Figure 4.1 | Proposed mechanism of bell-shaped activation profile induced by bivalent
ligands

Adequate amount of bivalent ligand induces the formation of 2:1 complex between the receptor
and the ligand thereby activating the receptor, while excess ligand induces inactive 1:1 complex.
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4.2 Results and discussion

4.2.1 The model

Although a mathematical model for complex formation based on reaction kinetics had
been reported®’, I could obtain equivalent equations from a simple model based on equi-
librium. The model assumed that the complex formation could be expressed by the fol-
lowing reactions:

R+L=RL K, (4.1)
R+RL =R,)L K, (4.2)

where K; and K, were the equilibrium constants specific to the ligand. In addition to
the affinity between the peptide and the receptor, K, would be affected also by the ori-
entation of the unbound side of the dimeric peptide bound to a receptor and thus should
depend on the linker between the cyclic peptide units. At equilibrium, this model pre-
dicted that the concentration of R, RL and R>L on cell surface ([R], [RL] and [R2L]) could

be expressed using the concentration of L ([L]) as follows:

2[R]total
[R] = : (4.3)
Ky [L]+ 1+ /(K [L]+ 1)2 + bK,[L]
[RL] = 2Kl [LI[R] total ’ (4'4)
Ky [L]+ 1+ /(K [L]+ 1)2 + bK,[L]
bK [L][R]ora

[RoL] =

- (4.5)

2[1(1 [L]+ 1 + /(K [L] + 1)? + 0K, [L]]

where b (= 8K,[R] ) and [R],,, Wwere constants (see Materials and methods for de-
tails on the derivation).

To predict the phosphorylation level of the receptor, I hypothesized that the amount
of phosphorylated receptor (y) would be proportional to the amount of the receptor dimer
([R2L]). Because the phosphorylation is triggered by the dimerization of the receptor,
larger amount of receptor dimer would cause larger amount of phosphorylated receptor.

For the sake of simplicity, I assumed that y could be expressed as follows:

y = alR,L], (4.6)
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where a was a constant. The value of a might depend on the ligand, because different
ligands might induce different structures of the receptor dimer and thus different efficien-
cies of the phosphorylation reaction. From Equation 4.5, y could be expressed as a func-

tion of [L]:

chK (L]
y= : @4.7)
2
2[1<1 [L]+ 1 + /(K [L] + )2 + bK, [L]]

where ¢ = a[R]yy-
To confirm that the above model gave a bell-shaped curve, Equation 4.7 was differ-

entiated:

dy _ cb? K, [LI(1 — Ky [L]) “5)

2[1<1 [L]+ 1+ /(K L] + )2 + bK, [L]]4\/(K1 L1+ 12+ bK,[L]

The derivative was positive when 0 < [L] < K and negative when K; < [L]. This re-
sult indicated that the model gave a bell-shaped curve with a peak at [L] = 1/K;.

The height of the peak (i.e. the maximal phosphorylation level that could be achieved
with the ligand) was

ch aK,([Rga)’
Ymax = Vl[L)1=1/K, = = — 5" (4.9)

2(2 4+ b>2 (14 /14 2K;[R] o)

The fraction of phosphorylated receptor at the peak was

Ymax — aK2 [R]total
Rlioal (14 /T+ 2K, Rl

(4.10)

R

Plotting them as a function of [R],, revealed that higher [R],y, gave higher y_ ..

tota

and yp./[Rlioa (Figure 4.2), suggesting that cells with higher density of the receptor

would be more susceptible to the ligand.
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Figure 4.2 | Predicted maximal phosphorylation level of Met
The amount (a) and the fraction (b) of phosphorylated Met predicted by Equation 4.9 and
Equation 4.10 was plotted as a function of receptor density on cell surface.
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4.2.2 Comparison of experimental data and model

To confirm that the model could explain the observed bell-shaped phosphorylation
profiles, appropriate values for parameters K;, b and ¢ were determined by least
squares fitting to experimentally obtained y values (Figure 4.3 left). The experimental
values were obtained by incubating cells with various concentrations of dimeric peptides
(aML5-PEG3, aMD4-PEG11 and aMD5-PEG11) for 10 min followed by quantification
of the amount of phosphorylated Met by ELISA. Although the K; values determined by
the fitting (3.8, 5.0 and 4.2 uM ™) did not match the values expected from the Ky values
determined by surface plasmon resonance (SPR)”® (1/Kp = 530, 1100 and 480 uM ™),
the disagreement might be caused by the environmental difference between the cell sur-
face and the SPR sensor surface. Using the parameters determined by fitting, theoretical
curves for y were calculated, and it was confirmed that the model could reproduce the
observed bell-shaped profiles (Figure 4.3 left).

The model also allowed estimation of the proportions of receptor states ([R] : [RL] :
[R2L]) (Figure 4.3 right). At lower concentration of L, increasing [L] caused increase of
[RoL], while at higher concentration of L, [RoL] decreased and [RL] increased. These
results agreed with the proposed mechanism in which 1:1 complex is favored at higher
concentration of L. This observation can also be interpreted qualitatively. When the equi-
libriums for the reactions described by Equation 4.1 and Equation 4.2 are established, a

combination of the reactions,

2RL =R,L+L (4.11)

is also in equilibrium. According to Le Chatelier’s principle, increasing the concentration
of L induces the leftward reaction, making RL more favored over R,L. Therefore, with
excess concentration of L, the active R, complex is converted to inactive RL, suppress-

ing the formation of phosphorylated receptor.
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Figure 4.3 | Comparison of the model and experimental data for Met phosphorylation
The theoretical curve of Met phosphorylation (Equation 4.7) as a function of the concentration
of dimeric peptide ([L]) was fitted to experimental values (open circles) by least squares
method, and the parameters K,, b and ¢ were determined (left). Using these parameters, the
relative abundance of R, RL and R,L were calculated (right).
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4.3 Conclusion

In this chapter, I have described my work on mathematical modeling of the bell-
shaped profiles observed in phosphorylation level of Met induced by dimeric peptides.
Curve-fitting to the experimental data confirmed that the model could reproduce the ob-
served behavior. Numerical calculations also confirmed that, according to the model, the
decline of the active 2:1 complex between the receptor and ligand at excess amount of
the ligand is accompanied by increase of inactive 1:1 complex. This behavior can be in-
terpreted qualitatively based on Le Chatelier’s principle. The model also predicted that
cells with higher density of Met is more susceptible to dimeric peptides. Although de-
tailed experimental confirmation remains to be performed, the model described in this
chapter provides deeper understanding of the receptor dimerization induced by homodi-

meric ligands.
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4.4 Materials and methods

Derivation of the equations

The model for dimerization of receptor (R) caused by bivalent ligand (L) is described
by the two reactions,

R+L=RL K, (4.12)
R+RL=R,L K,, (4.13)

where K; and K, are the equilibrium constants. Assuming that equilibriums are estab-

lished for these reactions,

[RL] _K [R,L]
[RIL] " [RI[RL]

= K>, (4.14)

where [R], [RL] and [R:L] are two-dimensional concentrations on the cell surface, and
[L] is three-dimensional concentration in the solution. The unit for, the three-dimensional
concentration, K; and K> are mol dm2, mol dm—, mol™' dm?® and mol™! dm?, respectively.
Note that the equilibrium constants. From Equation 4.14, the concentration of RL and

R:L can be expressed using that of R and L as follows:
[RLI = K{[RI[L],  [RoL] = K Kp[RI[L]. (4.15)
Because the number of the receptor molecules stays constant in the model,

[R] + [RL] + 2[R,L] = [R] (4.16)

total>

where [R]iwotat denotes the concentration of R in the absence of the ligand. Using Equation

4.15, Equation 4.16 can be rewritten as:
[R] + K;[R][L] + 2K1K2[R]2[L] = [Rliotal- (4.17)

Solution of this quadratic equation for [R] under the condition of [R] > 0 gives:

_ —(K4[L1+ 1)+ \/(Kl [L]+ 1)2 + 8K K;5[R] ;o[ L]

[R] 4K, K,[L]

—(Ky[L1+ 1) + /(K [L] + 1) + bK, [L]
= 2 bK [R] total b
L]

(4.18)
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where b = 8K,[R],,;- Because subtraction operation in the numerator causes loss of
significance in numerical analysis, the formula was further transformed to avoid subtrac-
tion:

—(K{[L]+ 1) + /(K [L] + 1)2 + bK [L]
[R]=2 total
bK,[L]

Ky [L]+ 1+ /(K [L]+ 1) + K, [L]
Ky [L]+ 1+ /(K [L]+ 1) + K, [L]
2[R]total

= . (4.19)
Ky [L] + 1+ /(K [L]+ 1) + bK,[L]
From Equation 4.15,
2K,[L][R
[RL] = 12 R o : (4.20)
K{[L]+ 1+ /(K [L]+ 1)2 + bK,[L]
bK [L][R
[R,L] = 1R v - (4.21)
2[1(1 [L]+ 1 + /(K L] + 1) + bK, [L]]
If the phosphorylation level (y) of the receptor is proportional to [R2L],
y=a[R;,L]
beK,[L
_ cKilL] -, (4.22)

2[1<1 [L]+ 1 + /(K [L] + 1)? + bK, [L]]
where a is a constant and ¢ = a[R]y,-

Numerical analysis

Numerical analysis was performed with the R statistical environment®®. Least-squares
fitting was performed with the nlm function in the standard library of R.
Quantification of phosphorylated Met on cells

This experiment was performed by Prof. Matsumoto’s group (Kanazawa University)
as described in literatures’>%,
EHMES-1 cells were treated with various concentrations of dimeric peptide for 10

min and fixed with paraformaldehyde. After washing and blocking, the cells were
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incubated with anti-phospho-MET (Tyr1234/1235) (D26) XP rabbit mAb followed by
horseradish peroxidase-conjugated goat anti-rabbit antibody. Tyrosine phosphorylated
Met was detected with ImmunoStar LD reagent (Wako) and measured using ARVO MX
(Perkin Elmer).
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Chapter 5

General conclusion

In this thesis, I have reported a new methodology for discovery of peptide-based co-
valent protein modifiers by means of in vitro selection. In addition to a model target pro-
tein used for its development, the selection scheme was also applied to another target
protein to demonstrate the generality. I have also reported mathematical modeling of re-
ceptor activation induced by bivalent ligands derived from peptides discovered by in vitro
selection.

In Chapter 2, a series of non-natural amino acids were designed, and they were intro-
duced into an in vitro translation system by genetic code reprogramming technique to
prepare libraries of reactive macrocyclic peptides. Then I developed an in vitro selection
scheme of covalent protein modifiers and succeeded in identifying covalent modifiers of
amodel target protein, Avi-TIM. I have also demonstrated that the modification efficiency
of the discovered covalent modifier could be easily modulated by rationally changing the
reactive group. I also applied the newly developed selection scheme to EGFR and suc-
ceeded in identifying a selective covalent modifier as described in Chapter 3. Because the
methodology does not require known ligand scaffold or structural information, it should
be readily applicable to various target proteins which cannot be targeted by conventional
strategies. The facile and general methodology developed in this thesis would provide
useful molecular tools for drug discovery and chemical biology, such as targeted covalent
inhibitors for complete and long-lasting inhibition of a drug target, and labeling reagents
for detection of a protein of interest.

In Chapter 4, I have demonstrated that a simple mathematical model based on chem-
ical equilibrium could explain the bell-shaped profile observed in phosphorylation level
of Met induced by dimeric peptides. The model fitted well with the experimental data,

and it predicted that most of the receptor existed as inactive 1:1 complex with excess

&9



amount of the ligand. The mathematical model should be applicable to other receptor-
ligand pairs and would facilitate mechanistic understanding of the receptor dimerization

induced by homodimeric ligands.
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