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MAPK
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Chapter 1

General Introduction



1-1.  Antibody for cancer research and therapy

Monoclonal antibodies (mAbs) have been utilized as one of the most successful
strategies for cancer therapy because they selectively target cell surface antigens or
marker proteins.! However, mouse mAbs produced by hybridoma technology,'
were found to trigger immunogenic response in human and are insufficient to
induce human immune effector responses. To overcome these problems, chimeric,
humanized and fully human mAbs were created by genetic engineering, then
rituximab was approved by the US Food and Drug Administration (FDA) in 1997
as the first chimeric mAb for the treatment of B-cell non-Hodgkin’s lymphoma.?
Thereafter, a number of mAbs and Ab-based molecules such as Ab-drug conjugates
(ADCs), antibody (Ab) fragments and Fc-fusion proteins have extensively
developed to become the dominant products in the biopharmaceutical market.*
mAbs approved by the FDA become 64 products in 2018.°

Through specific binding to target molecules on cancer cells, Abs can mediate
various anti-tumor effects, including cross-linking surface antigens to induce cell
death signals, blocking cell proliferation activation signals such as cetuximab (anti-
epidermal growth factor receptor (EGFR) mAb) and trastuzumab (anti-human
epidermal growth factor receptor-2 (HER2) mAb), antibody-dependent cellular
cytotoxicity (ADCC) such as rituximab (anti-B-lymphocyte antigen CD20 mAb),
complement-dependent cytotoxicity (CDC) and triggering the anti-tumor immune
response® such as ipilimumab (anti-cytotoxic T-lymphocyte-associated protein 4
mAb)’ and nivolumab (anti-programmed cell death protein 1 mAb)3. mAbs are
powerful molecules for effective cancer treatment, but still have some drawbacks,
for example, high molecular weight (MW), limited tissue penetration and high
production cost.” Hence, development of small Ab alternatives such as Ab
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fragments, Ab mimetics or target-binding peptides to overcome the limitation of

mADs has been desired.

1-2.  Conformation of immunoglobulin G and antibody fragments

Immunoglobulin (Ig) G, most popular class of therapeutic mAbs, is a
heterotetrameric glycoproteins consisting of two heavy (H) and two light (L) chains
linked by disulfide bonds'® (Fig. 1-2-1) with approximately 150 kDa molecular
size. Both heavy and light chains contain variable (V) and constant (C) domains,
which are composed of 110-130 amino acids, averaging 12-13 kDa.!! The V
domains bind antigens and the C domains specify effector functions such as
activation of complement or binding to Fc receptors.!? The antigen-binding sites,
also known as hypervariable regions or complementarity determining regions
(CDRs), at the tip of the Fab regions are formed by the V domains of both the H
and L chains. The L chain has two domains known as VL and C. while heavy chain
has four domains, Vi, Cui, Ciz and Cus.!® Each domain has antiparallel curled p-
sheet sandwich that is known as an Ig fold.'*

In addition to the full-length Abs, various types of Ab fragments have been
developed for clinical use.' For example, antigen-binding fragments (Fabs), single-
chain variable fragments (scFvs), divalent and multivalent Ab fragments (i.e.
diabody, tribody, tetrabody and pentabody) and heavy chain antibodies (Vun) were
developed base on their binding affinity, immunogenicity, half-life and effector
function'® (Fig. 1-2-2). There are well known Fabs approved by US FDA; ReoPro
(abciximab), Lucentis (ranibizumab) and Cimzia (certolizumab pegol) are used for
cardiovascular, ophthalmic and immunological indications treatments,
respectively.!” In addition, the other antibody fragments or mimetics are currently
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in clinical development.

antigen —
binding sites

complement and
Fc receptor
binding sites

Figure 1-2-1. Conformation of IgG. H chains fold into a one Vy and either three
Cul, Cu2, Cu3 domains, whereas L chains consist of a Vi and a Cr. CDRs located
at the tip of the Fab regions are formed from the variable domains of both the H and
L chains. Fc region mediates interaction with effector molecules, such as

complements and Fc receptors. A figure was adapted from Junda et al. (2016).'°
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Figure 1-2-2. Schematic structure and MW of intact antibody and various
genetically engineered Ab fragments. A single-domain Ab, also called nanobody,
is the smallest antibody fragment consisting of one variable domain of a heavy-
chain antibody (Vun). VL and Vy together form a monovalent antigen binding site
called Fv and connected through a peptide linker to generate scFv. A (scFv)2/BITE
(bispecific T cell engager) is bispecific single-chain Abs consisting of two scFv
fragments, joined via a flexible linker. Diabody and triabody fragments can be
formed by spontaneous association of monovalent scFvs between V domains. The
80 kDa minibody results from the fusion of scFv to human IgGi Cusz domain. The
scFv-Fc is a small IgG-like recombinant Ab (100-105 kDa) generated by fusion of
a scFv with human IgG1 hinge and Fc regions (Cu2 and Cn3 domains). The scFab
is generated by flexible linking of CL on C-terminus to Vu on N-terminus. scFab

has been multimerized to generate divalent, (Fab)z/sc(Fab), and trivalent (Fab)s.'¢
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1-3.  Antibody mimetics and the alternatives

In addition to antibody fragments, a diverse type of antibody mimetics targeting
marker proteins have been developed. The antibody mimetics are smaller (40 — 100
amino acid residues) than antibodies, often lack or less disulfide bond and have
affinity constants range 1-100 nM. '8 Due to the smaller molecular size, the antibody
mimetics can reduce production cost through bacterial expression system and
chemical synthesis, effectively penetrate cells and tissues and be quickly eliminated
from the body, which is suitable for diagnostic molecular imaging. A numbers of
non-Ig molecules for development of scaffold-based antibody mimetics have been
identified and some of which have already been tested in clinical trials (Fig. 1-3-
1).!” Until 2018, there are only three non-Ig scaffolds, ziconotide (Knottin domain
scaffold), linaclotide (Knottin domain scaffold) and ecallantide (Kunitz domain
scaffold) were approved by FDA for the treatments of neuropathis pain, irritable
bowel disease and hereditary angioedema, respectively, while the pegdinetanib
(CT-322), a human tenth fibronectin type-III (FN3)-based drug, has undergone

phase 11 in clinical trials for the treatment of pancreatic cancer.?’
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Figure 1-3-1. Non-immunoglobulin scaffolds currently used for development
of novel therapeutics. Until 2018, three drugs of Kunitz and Knottin domain-based
drugs have been approved by FDA. The figure was cited from reference.?

1-4.  HER2, a biomarker and target of cancer therapy

The HER2 is a member of the HER/EGFR/ErbB receptor tyrosine kinases
(TKs) family that plays vital role in human cancer.?! The human HER family is
comprised of four members: HER1 (ErbB-1), HER2 (ErbB-2), HER3 (ErbB-3) and
HER4 (ErbB-4), which exist as monomers on the cell surface.?? Binding of ligands
to HER receptors induces the formation of receptor homo- or hetero-dimers,
activating their tyrosine kinases,?® then the phosphorylation of specific tyrosine
residues within their cytoplasmic domain activate signaling pathways (Fig. 1-5-1),
such as the mitogen-activated protein kinase (MAPK) and phosphatidylinositol-
4,5-bisphosphate 3-kinase (PI3K) pathways, leading to cell proliferation, survival,
differentiation, angiogenesis and invasion.?*

HER?2 is a transmembrane glycoprotein, consisting of 1255 amino acids with
MW 185 kDa and it is encoded by HER2 gene which located on human

chromosome 17. HER2 has been identified as a therapeutic target because of its role
12



in the progression of many cancers, including breast cancer,? gastric cancer?® and
ovarian cancer.”’ In line with this, two HER2-targeting mAbs have already been
approved by the FDA for the treatment of HER2-positive cancers: trastuzumab for
the treatment of breast cancer and gastric cancer?® and pertuzumab for HER2-
positive breast cancer.?’ Trastuzumab targets to domain IV of HER2 extracellular
domain and involves in ADCC and blocking of receptor dimerization®® (Fig. 1-5-
2). The success of trastuzumab has promoted development of several mAb targeting
HER?2 receptor: Pertuzumab blocks receptor dimerization of HER2 at the different
site from trastuzumab, Ado-trastuzumab emtansine is ADC and Lapatinib is

reversible inhibitor of the ATP-binding site at the TK domains of EGFR or HER2.%*
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Figure 1-5-1. Signaling pathways activated by dimerization of HER receptors.
Ligand binding HER receptor (step 1) initiates the formation of receptor homo- and
heterodimers (step 2), leading the activation of intracellular TK domain and the
autophosphorylation (step 3), which activates pivotal signaling pathways, PI3K and
MAPK pathways (step 4). As a result, the signals trigger a cascade of complex cell

biochemistry that regulates various cell functions such as proliferation, cell-cycle
progression and survival (step 5).
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Figure 1-5-2. The mechanism of action of trastuzumab. (1) Binding of
trastuzumab to HER2 prevents homo- or heterodimerization of receptors and
disrupts signal transduction, inducing cell death or cell cycle arrest. (2)
Trastuzumab induces tumor-cell killing by Fc receptor-mediated engagement of
immune effector cells, so called ADCC effect.
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1-5. Research purpose

Although mAbs and mAb fragments have become dominant therapeutic agents
due to their high specificity and affinity to target molecules, they suffer from
limitation in high molecular weight, limited tissue penetration and high production
cost. Alternatively, target-binding peptides are small and easily prepared by
chemical synthesis but their binding affinity and biological stability is low.
Therefore, 1 am intended to develop HER2-targeting small proteins with a
molecular size is in chemical synthesizable range and higher binding affinity by
immobilization of binding peptides into small protein scaffolds for clinical
applications.

Previous study found that the affinity and protease resistance of peptides was
greatly improved after their structure was immobilized by grafting into a particular
site in a protein scaffold.’! However, this antibody mimetics is not suitable as a
therapeutic drug because of its high molecular weight and exogenous origin that
may cause immunogenicity. Based on this finding, a method for developing
fluctuation-regulated affinity protein (FLAP) having mAb-derived peptide (AbP)
was designed. This method involves the grafting of AbPs derived from trastuzumab
into small scaffold proteins to immobilize AbPs structure. In addition, because the
grafted peptides in FLAPs are structurally immobilized, these peptides are expected
to have higher proteolysis resistance than linear peptides. Based on such
hypotheses, I am aiming to develop FLAP with an immobilized HER2-binding
peptide (HBP-FLAP) that has improved proteolysis resistance and exhibits specific

HER2-binding properties in vitro and in vivo.
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Chapter 2

Identification of small protein
scaffolds and grafting acceptor sites
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Abstract

The identification of adequate scaffolds and peptide-grafting sites are foremost
step to discovery new Ab mimetics. According to the development of FLAPs, the
suitable scaffold proteins were selected and the appropriated grafting acceptor (GA)
sites were identified by computational search. The thirteen non-Ig proteins were
selected as scaffold candidates and named Sca 1-13 based on their chemical
synthesizable size, a low content of disulfide bonds and non-immunogenic
properties. MD simulations was performed to screen and narrow down the GA
candidate sites based on their properties of solvent accessibility and structurally
constrained hexapeptides. Then thirteen GA sites in six scaffolds (Sca 4, 6, 8, 10,
11 and 12) were identified as suitable sites for immobilizing grafting hexapeptides
with average root-mean-square fluctuation (RMSF) value less than 1.5 A. These 13

GA sites are used for AbP grafting to generate HER2-targeting FLAPs.
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2-1. Introduction
2.1.1 Molecular dynamics (MD) simulations for antibody mimetics

MD simulations is a computational method to imitate the motions of atoms in
molecules of interests. MD simulation becomes an efficient tool for exploring
protein motions, thermal fluctuation and structure of antigen—Ab complexes in
several research fields, especially in the development of Abs or
biopharmaceuticals.!

MD simulations can be used as a starting step for the Ab mimetics design. Force
fields that are source of MD simulation such as AMBER? are usually utilized for
confirming that the simulated system reproduces the actual motion of molecules as
closely as possible. This will allow us to recapitulate in vitro conditions to a certain
extent. In silico methods can be used to reduce Ab mimetics screening time by
narrowing down the numbers of candidates to a select few that will be tested in
vitro.3

Basically, simulation process begins with generating a computational model
from the structural information provided by crystallographic or nuclear magnetic
resonance data.’ Then minimization needs to discover a stable conformation,
followed by equilibration to confirm that the conformation is in equilibrium with
the simulation conditions.** Finally, the simulation is performed by moving the
atoms according to the equation of motion for a certain period of time. Simulation
results can be used to predict or analyze several properties of the molecule, such as
conformational change, fluctuation and binding energies.

In order to develop FLAP, the scaffold proteins were first selected by
computational search and the GA sites for grafting the hexapeptides were identified
by MD simulation.

23



2-2. Materials and Methods

2-2-1. MD simulations

The initial coordinates of nine scFv molecules and 13 scaffolds were taken
from PDB accession codes 2YC1, 3JUY, 3UX9, 4BUH, 4KV5, 4UT7, 4X4X,
5C2B and 5D9Q, and 4HSV, 4ZAl, 2QKQ, 3UA7, 2YUU, 2RGF, 3TSV, 1TTG,
3FIA, 4EN3, 1IWGR, 3PGF and 4DZ8, respectively. The structures of linear CDR
peptides, model linear peptides, model hexapeptide-grafting scFv molecules and
model hexapeptide-grafting scaffold candidates were generated using Discovery
studio 3.1 (Accelrys, San Diego, CA, USA). The systems were optimized via
energy minimization and equilibrated with backbone restraints. Production runs
were performed for at least 10 ns for trajectory analysis. All MD simulations were
performed using the Amber 14 and 16 program packages® on TSUBAME (Global
Scientific Information and Computing Center, Tokyo Institute of Technology). The
Amber ff14SB force field and the GB/SA implicit solvent model were used. The
time-step for MD simulations was set to 2 fs with the SHAKE algorithm. A
nonbonded cutoff of 999.9 A was used. The temperature was kept constant at 300
K using the Berendsen rescaling method.

The root-mean-square fluctuations (RMSFs) during the final 5 ns of each
production run were calculated to investigate the backbone fluctuations in each
system using the cpptraj module. The solvent accessible surface areas (SASAs) of
the final structures of each production run were calculated to identify the solvent-

accessible residues in the 13 scaffolds using the cpptraj module.
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2-2-2. Identification of GA sites

The GA sites were identified via an in silico two-step method. Firstly, the
constrained and solvent accessible (CSA) hexapeptides were selected based on
particular characteristics. The following filters were applied to narrow down the
potential hexapeptides:

1. The hexapeptides were from a loop region sequentially flanked by a-
helices, B-strands or disulfide-bonded cysteine residues.

2. The buried SASA of each residue was larger than 15 A2,

3. The average RMSF of the hexapeptides was less than 1.0 A.

Next, each CSA hexapeptide in the scaffolds was computationally replaced
with 20 different homo-hexapeptides, including Ala-Ala-Ala-Ala-Ala-Ala (A6),
Cys-Cys-Cys-Cys-Cys-Cys (C6), Asp-Asp-Asp-Asp-Asp-Asp (D6), Glu-Glu-Glu-
Glu-Glu-Glu (E6), Phe-Phe-Phe-Phe-Phe-Phe (F6), Gly-Gly-Gly-Gly-Gly-Gly
(G6), His-His-His-His-His-His (H6), Ile-Ile-Ile-Ile-Ile-Ile (16), Lys-Lys-Lys-Lys-
Lys-Lys (K6), Leu-Leu-Leu-Leu-Leu-Leu (L6), Met-Met-Met-Met-Met-Met (M6),
Asn-Asn-Asn-Asn-Asn-Asn (N6), Pro-Pro-Pro-Pro-Pro-Pro (P6), Gln-GIn-Gln-
GIn-GIn-Gln (Q6), Arg-Arg-Arg-Arg-Arg-Arg (R6), Ser-Ser-Ser-Ser-Ser-Ser (S6),
Thr-Thr-Thr-Thr-Thr-Thr (T6), Val-Val-Val-Val-Val-Val (V6), Trp-Trp-Trp-Trp-
Trp-Trp (W6) and Tyr-Tyr-Tyr-Tyr-Tyr-Tyr (Y6), after which MD simulations of
each structure was calculated. CSA hexapeptides in which the average RMSF of all

replaced homo-hexapeptides was less than 1.5 A were identified as GA sites.
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2-3. Results
2-3-1. Selection of small protein scaffold candidates

In order to develop FLAPs, the small protein scaffolds were first computational
selected. Ideal traits of scaffold candidates for drug development include a suitable
size (less than 120 amino acids) that allows straightforward chemical synthesis, a
low number of disulfide bonds and non-immunogenicity. Taking these traits into
consideration, 13 non-Ig proteins of less than 104 amino acids in length that
contained fewer than two disulfide bonds as scaffold candidates from endogenous
proteins were selected and named Scal-Scal3, in which the numbering was
assigned in order of their amino acid length (Table 2-3-1).

To determine the suitable amino acid length of grafting peptides, a length
distribution of antigen-binding contiguous sequences in various Abs were analyzed.
The longest contiguous sequence of antigen-contact residues in 99% of antibody
light chains and 93% of antibody heavy chains is six amino acids (hexapeptide)
(Fig. 2-3-1). Therefore, hexapeptides were selected from antibody CDR loops for

grafting to the scaffolds.

Light chain Heavy chain

40 40

0+ [ 30 } [
£ ] € NG
a 20 F _ 1 a 20
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01234567889 01234567889
Longest contiguous sequence Longest contiguous sequence

Fig. 2-3-1. Length distribution of antigen-binding contiguous sequences in
various antibodies. The longest contiguous sequences that interact with antigen
molecules in light (left) and heavy (right) chains were counted. The binding
information of 109 antibody—antigen complexes was collected by a previous study.’
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Table 2-3-1. List of scaffold candidates

Scaffold Protein/domain/peptide Structural PDBID  Region Length  No. of
candidate name annotation SS bond
Scal CXCL4L1 Small 4HSV 9-54 46 2
cytokines
Sca2 CXCL13 Small 4ZAl 10-55 46 2
cytokines
Sca3 SAM domain of ephrin Orthogonal 2QKQ  908-968 61 0
type-B receptor 4 bundle
Sca4? SH3 domain of Fyn Others 3UAT7 81-143 63
Scab C1 domain of protein Others 2YUU 1-83 83
kinase C
Sca6? Ras-binding domain of Roll 2RGF 11-97 87 0
RalGEF
Sca7 PDZ domain of ZO-1 Roll 3TSV  420-512 93 0
MAGUK
Sca8? Fibronectin type Ill domain  Immunoglo  1TTG 1-94 94 0
bulin-like
Sca9 EH1 domain of intersectin-  Orthogonal 3FIA 6-103 98 0
1 bundle
Scal0? B2-Microglobulin Immunoglo  4EN3 1-99 99 1
bulin-like
Scall? Growth factor receptor- Roll 1IWGR 1-100 100 0
bound protein 7
Scal2? Constant region of IgG- Immunoglo  3PGF 111-213 103 0
light chain (CL) bulin-like
Scal3 Constant region of IgG- Immunoglo  4DZ8 238-341 104 1
heavy chain (CH2) bulin-like

4 These scaffolds have GA sites.
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2-3-2. Determination of the criteria for hexapeptide-grafting sites in scaffolds

The structures of the 13 non-lg scaffolds were equilibrated using MD
simulations. The 185 hexapeptides flanked by a-helices, -strands or disulfide-
bonded cysteine residues in the scaffolds were selected as candidate sites for
substitution with CDR-derived hexapeptides and their solvent accessibility was
determined by measuring their buried SASA (Fig. 2-3-2-1). The hexapeptides with
a SASA value of greater than 15 A? for each residue were selected as solvent
accessible (SA) hexapeptides. As a result, the 185 possible sites were reduced to 69

hexapeptides-grafting candidate sites.
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Residue Residue Residue
— 200 Sca2 (4ZAl) — 200 Sca7 (3TSV) _ 20 Scal2 (3PGF)
=< 150 =<{ 150 =< 150
< 100 < 100 < 100
£ =0 2 =0 2 50
W w9 a9
1 1 21 3 41 1 21 4 61 a1 1 21 41 61 81 101
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Figure 2-3-2-1. SASA calculation of scaffolds. The SASA values of 13 scaffolds
were calculated and are shown by residue. The loop regions are highlighted by light
blue.
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To select ideal grafting sites that enable the grafted hexapeptide to be
structurally constrained, the 69 candidate sites were computationally evaluated
using our original criteria. The atomic fluctuation of each CDR hexapeptide was
evaluated using publicly available structural data from nine single chain Fv (scFv)
fragment antibodies and used to determine the appropriate criteria. Since the CDR
loop of an antibody is immobilized by framework regions (FRs), these regions are
the best suited for determining appropriate criteria for the immobilized state of
peptides. The most flexible hexapeptide sequence (Flex-CDR hexapeptide) in each
CDR was determined based on the RMSF values of all hydrogen-free atoms
calculated using the trajectories of MD simulations (Fig. 2-3-2-2). As a comparison
to the highly fluctuating hexapeptides, the RMSF values of linear hexapeptides with
the same amino acid sequences as the Flex-CDR hexapeptides were also calculated.
These calculations showed that the average RMSF values of the linear hexapeptides
were mostly more than 1.5 A (47/53), whereas the average RMSF values of the
hexapeptides in the scFv were mostly less than 1.5 A (51/53) (Fig. 2-3-2-3).
Therefore, the criterion used for identifying structurally constrained hexapeptides

was an average RMSF value of less than 1.5 A.
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Figure 2-3-2-2. Structural fluctuation of CDRs in antibodies. Nine scFv
fragment antibodies indicated by PDB ID were analyzed to investigate the atomic
fluctuation of CDR hexapeptides. Amino acid sequences of six CDR loops (H1,
H2, H3, L1, L2 and L3) are shown at the top of each panel. The average RMSF
values of CDR-derived hexapeptides in scFv structures were calculated and are
shown in the graphs under the corresponding amino acid sequences. The most
flexible hexapeptides in CDR-H1, -H2, -H3, -L1, -L2 and -L3 (Flex-CDR
hexapeptides) are highlighted by red, orange, yellow, green, blue and purple,
respectively. Since CDR-L3 of the 5D9Q antibody is only five amino acids in

length, the average RMSF values for this peptide are not shown.
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Figure 2-3-2-3. Peptide-immobilizing effect of an antibody. (a) Fluctuation of
CDR peptides in antibody scFv. The average RMSF values of 53 CDR hexapeptides
in nine scFv structures from PDB are shown in the graph. (b) Fluctuation of CDR-
derived linear peptides. The average RMSF values of 53 CDR-derived linear
peptides that possess the same amino acid sequences as the peptides in (a) are shown
in the graph.

After applying the above selection criterion, 60 out of 69 sites were found to
potentially immobilize a grafted hexapeptide (average RMSF < 1.5 A), and 18 out
of these 60 sites were identified with the potential to highly immobilize a
hexapeptide (average RMSF < 1.0 A). This subset of 18 hexapeptides was named
the CSA hexapeptides, and each CSA hexapeptide was named Sca4-1-Scal2-1 to
indicate the scaffold in which it is located and its position from the N-terminus (Fig.
2-3-2-4 and Table 2-3-2). The 18 CSA hexapeptides, which are potential
substitution sequences for antigen binding hexapeptide, within the 7 scaffolds were

evaluated further to identify ideal substitution sites.
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Figure 2-3-2-4. RMSF calculation of scaffolds. The RMSF values of 13 scaffolds
were calculated and are shown by residue. The amino acid residues for 18 CSA
hexapeptides are shown by pink-colored bars. Loop regions are highlighted in light
blue.
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Table 2-3-2. Average RMSF and SASA of CSA hexapeptides

CSA hexapeptide Average SASA (A?)

[region] RMSF (&) 1 2 3 4 5 6
Sca4-1 [90-95]* 0.76 109 116 44 22 86 57
Sca4-2 [91-96] 0.83 116 44 22 86 57 156
Sca4-3 [92-97] 0.93 44 22 86 57 156 69
Sca6-1 [74-79]* 0.84 56 92 124 22 54 97
Sca6-2 [75-80]* 0.83 92 124 22 54 97 15
Sca8-1 [50-55]* 0.93 28 96 19 88 36 59
Sca8-2 [51-56]* 0.91 96 19 88 36 59 53
Sca8-3 [63—68]* 0.95 42 101 47 47 44 16
Sca9-1 [67-72] 0.79 126 112 115 108 15 39
ScalO-1 [42—47] 0.63 137 64 115 127 39 150
Scal0-2 [43—48]* 0.62 64 115 127 39 150 41
Scal0-3 [44—49]° 0.58 115 127 39 150 41 39
Scal0-4 [45-50]° 0.57 127 39 150 41 39 98
Scal0-5[73—78]? 0.66 30 99 94 50 56 24
Scal0-6 [85—90]° 0.74 97 53 49 120 141 51
Scall-1[17-22] 1.00 120 89 50 33 55 95
Scall-2 [18-23]* 0.99 89 50 33 55 95 87

Scal2-1[151-156]* 0.80 40 154 39 106 63 18

2 These hexapeptides correspond to GA sites.
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2-3-3. Validation of grafting sites that immobilize a grafted hexapeptide

In developing a method to validate the potential of the CSA hexapeptides as
ideal hexapeptide-grafting sites, it was hypothesized that an ideal hexapeptide-
grafting site could immobilize any hexapeptide structure. To test this hypothesis,
Flex-CDR hexapeptides in two scFv were replaced with 20 different homo-
hexapeptides and the average RMSF values of the grafted hexapeptides were
profiled (RMSF profiling). The homo-hexapeptides included the smallest (Gly-
Gly-Gly-Gly-Gly-Gly; G6), bulkiest (Trp-Trp-Trp-Trp-Trp-Trp; W86), most
hydrophobic (lle-lle-1le-1le-1le-1le; 16), most acidic (Glu-Glu-Glu-Glu-Glu-Glu;
E6) and most basic (Arg-Arg-Arg-Arg-Arg-Arg; R6) peptides among the 6.4 x 107
theoretical hexapeptide species. Therefore, these peptides would be ideal models to
validate scaffolds for resistance to all possible factors that may be problematic in
immobilizing peptides, such as weak atomic forces, repulsion forces and steric
hindrances. RMSF profiling revealed that the majority of the average RMSF values
of the linear homo-hexapeptides were greater than 2 A, whereas the average RMSF
values of all the homo-hexapeptides grafted into scFv were 1.5 A or less (Fig. 2-3-
3-1). These findings indicate that a method for selecting ideal scaffolds using 20

different homo-hexapeptides is valid.
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Figure 2-3-3-1. RMSF profiling of antibodies. RMSF profiling of Flex-CDR
hexapeptides in scFv scaffolds and linear hexapeptides. Two CDR-H3 loops of
scFv proteins (PDB ID: 4X4X and 3UX9) and one computationally-generated
linear hexapeptide were profiled. Hexapeptides with average RMSF values of less
or more than 1.5 A are shown by gray- or magenta-colored squares, respectively.

RMSF profiling revealed that 13 out of the 18 CSA hexapeptides in six
scaffolds have an average RMSF value of less than 1.5 A (Fig. 2-3-3-2a, Tables 2-
3-1 and 2-3-2), indicating that these sites have high potential to immobilize the
structure of any grafted hexapeptide. The structural features of these 13 CSA
hexapeptides, hereinafter referred to as graft acceptor (GA) sites, were then
analyzed. Interestingly, a half of the scaffolds with GA sites (Sca4, Sca6, Sca8,
Scal0, Scall and Scal2) have multiple GA sites (Tables 2-3-1 and 2-3-2). These
GA sites were classified according to their adjoining secondary structures. They
tended to appear in the strand-loop-strand motifs of scaffolds (Fig. 2-3-3-2b). Next,
the influence of peptide deflection on fluctuation was evaluated by analyzing the
distribution of distances between the Ca atoms of the first and sixth amino acids of
GA sites. The results indicate that the distances between the Ca atoms of GA sites
are distributed widely, suggesting that the presence of GA sites is independent of

the peptide deflection (Fig. 2-3-3-2c¢).
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Figure 2-3-3-2. The effect of scaffolds on peptide immobilization. (a) RMSF
profiling of 18 CSA hexapeptides. Average RMSF values of less or more than 1.5
A are shown by grey- or magenta-colored squares, respectively. (b) Structural
motifs of the flanked loops containing the GA sites. SLS, strand-loop-strand; HLH,
helix-loop-helix; SLH, strand-loop-helix; HLS, helix-loop-strand; SLC, strand-
loop-cysteine; CLH, cysteine-loop-helix; CLS: cysteine-loop-strand. (c) Distance

distribution between Ca atoms of the first and sixth amino acids of hexapeptides in
the GA sites.
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Discussion

In this chapter, the selection of small scaffold proteins by computational search
and the identification of GA sites by MD simulation were described. To develop
FLAPs, | initially selected 13 non-lIg human protein scaffold candidates that had
sizes amenable to chemical synthesis and a low number of disulfide bonds, and then
identified six suitable proteins using the validation method. After evaluating all
candidate GA sites with MD simulation, 13 GA sites in 6 scaffolds were identified
as appropriate sites for hexapeptide immobilization. These 13 GA sites were then
used to develop FLAPs in next chapters.

Among six scaffolds, two are well-studied non-lg scaffold proteins, the SH3
domain of Fyn (Sca4, fynomer) and the fibronectin type 111 domain (Sca8, FN3 or
adnectin) (Fig. 2-3-3-2, Tables 2-3-1 and 2-3-2), suggesting that our strategy is a
very effective method for screening practical non-Ig scaffold proteins. These two
domains have relatively high melting transitions (Tm = 72 °C for fynomer and 84 °C
for FN3), low immunogenicity and their biodistribution can be improved by Fc-
fusion and PEGylation techniques. Thus, many mutant proteins have been
developed using these domains as scaffolds and some are under clinical evaluations
for the treatment of cancer, hypercholesterolemia, cachexia and plaque psoriasis.?®
As FLAPs with these scaffolds are suitable for clinical application, they will be
used in future research to advance to FLAPs development for clinical application.

Characterization of the other four scaffolds (Sca6, ras-binding domain of
RalGEF; Scal0, beta 2-microglobulin; Scall, growth factor receptor-bound protein
7; Scal2, constant region of IgG-light chain (Cr)) for clinical applications has
received less attention. Only thermal stability is known for Scal0 (7w = 60 °C) and
Scal2 (Tm = 53 °C for murine CL domain).!!! Although future studies need to
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verify whether these scaffolds are suitable for clinical application, they were

shown to be potential candidates for use as non-Ig scaffolds.
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Chapter 3

Development of FLAPs using
HER2-binding peptide derived
from anti-HER2 monoclonal Abs
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Abstract

mAbs bind to the antigen through their complementarity-determining regions
(CDRs). Small stable proteins containing structurally immobilized CDRs are
promising alternatives to mAbs. This chapter describes an efficient method to create
such proteins, named fluctuation-regulated affinity proteins (FLAPs). In chapter 2,
thirteen GA sites that efficiently immobilize the grafted peptide structure were
initially selected from six small protein scaffolds by computational identification.
For this chapter, five mAb-derived peptides (AbPs) against HER2 breast cancer
marker were extracted from clinically used anti-HER2 mAbs, trastuzumab and
pertuzumab, then grafted to the selected scaffolds. The combination of five CDR
peptides and 13 GA sites in six scaffolds revealed that three out of the 65
combinations showed specific binding to HER2 with dissociation constants (Kp) of
24-65 nM in ELISA and 270-350 nM in biolayer interferometry. Hereinafter, the
three candidates are called AbP-FLAPs. All AbP-FLAPs have FN3-based scaffold
and bind to the same epitope as trastuzumab. In addition, they specifically bound to
HER2 and hardly bound to EGFR, which belongs to the same receptor family as
HER2. Thus, the present strategy is a promising and practical method for

developing small antibody mimetics.
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3-1. Introduction
3.1.1 The design strategy of antibody mimetics

Chemically synthesized small antibody mimetics (maximally around 120
amino acid in length!) that specifically bind to the same epitopes as their parental
mAb drugs provide promising options for molecular-targeted therapies. Low-
molecular-weight proteins have good tissue penetration, a high excretion rate and
low production costs. Thus, in recent years, a variety of small non-Ig proteins have
been generated via affinity selection of protein libraries that present randomized
amino acids on the surface of non-Ig scaffold proteins.>”’ In parallel, antibody
fragmentation technologies have successfully developed small antibody mimetics.
However, current design strategies for reducing mAb size are limited to the
generation of 30 kDa fragment antibodies, which is still too large for practical
chemical synthesis.®> Computational protein design that rationally extracts protein
fragments from large protein libraries makes it possible to more efficiently create

small antigen-binding proteins with higher affinity for epitopes.’

3-1-2. CDR grafting technique for creation of antibody mimetics

The antigen-binding surface of mAbs is often composed of six CDRs, spread
across the Vi and Vi domains. CDR-grafting techniques have been commonly used
to humanize exogenous antibodies to reduce their immunogenicity.!” A typical
grafting protocol for antibody humanization includes the identification of antigen-
binding regions in the parental antibody, the selection of a framework region (FR)
for providing structural support to the grafted CDRs attached to the human antibody,
and, finally, the optimization of amino acid residues outside of the grafted CDRs to
restore or improve the affinity of the humanized antibody.!! In a similar way, small
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antibody mimetics targeting lysozyme have been generated by grafting CDRs from
a single domain antibody to non-Ig scaffolds, including neocarzinostatin,'?
ubiquitin'® and Affitins.'*  Although theses mall antibody mimetics have the same
CDRs as the parental Ab, they showed various affinities for lysozyme (Kp = 0.5—
230 puM), indicating that the scaffolds affect the affinity of the grafted CDRs.
Therefore, when designing high-affinity antibody mimetics for practical use, it is
extremely important both to select appropriate non-Ig scaffolds and to determine
the proper peptide sequences in the CDRs.

In this chapter, FLAPs with AbPs were designed and evaluated. Five AbPs
derived from trastuzumab and pertuzumab were independently grafted into 13 GA
sites identified in chapter 2, resulting in 65 combinations. They were evaluated for

specific binding to HER2.
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3-2. Materials and Methods
3-2-1. MD simulations

The initial coordinates of six scaffolds were taken from PDB accession codes
3UA7, 2RGF, 1TTG, 4EN3, IWGR and 3PGF, respectively. The CDR peptide-
grafting scaffolds were generated using Discovery studio 3.1 (Accelrys, San Diego,
CA, USA). The systems were optimized via energy minimization and equilibrated
with backbone restraints. Production runs were performed for at least 10 ns for
trajectory analysis. All MD simulations were performed using the Amber 16
program packages®® on TSUBAME (Global Scientific Information and Computing
Center, Tokyo Institute of Technology). The Amber ff14SB force field and the
GB/SA implicit solvent model were used. The time-step for MD simulations was
set to 2 fs with the SHAKE algorithm. A nonbonded cutoff of 999.9 A was used.
The temperature was kept constant at 300 K using the Berendsen rescaling method.

The RMSFs during the final 5 ns of each production run were calculated to

investigate the backbone fluctuations in each system using the cpptraj module.

3-2-2. Identification of antigen-binding CDR hexapeptides

Antigen-binding CDR hexapeptides of mAbs were identified using the in silico
alanine hexapeptide scanning method. The binding energies of trastuzumab and
pertuzumab toward HERZ in their complex structures (PDB accession codes 1N8Z
and 1S78, respectively) were predicted by calculating the total energy difference
after energy minimization and equilibration using the Amber ff14SB force field
between bound and unbound structures, referred to as AG scores. Each CDR-
derived hexapeptide sequence was computationally mutated to an alanine
hexapeptide and the top three and two sequences of trastuzumab and pertuzumab,

46



respectively, with AG scores that decreased by at least 23 kcal/mol after alanine

hexapeptide mutation were selected.

3-2-3. Grafting of antigen-binding CDR hexapeptides onto scaffolds

The antigen-binding CDR hexapeptides were computationally grafted into
scaffolds to generate FLAP candidates by replacing the residues of GA sites in the
scaffolds with corresponding residues of the CDR hexapeptides. Structures were
optimized by MD simulations of each FLAP candidate. The heavy-atom RMSD of
the grafted CDR hexapeptides between the peptides in the antibody CDR and those
in the FLAP candidates was calculated from crystal structures of the antibodies and

predicted structures of the FLAP candidates using the cpptraj module.

3-2-4. Plasmid construction and expression of FLAP candidates

The cDNA encoding fusion proteins composed of a His-tag, Renilla luciferase
8.6-535 (RLuc), GGGS linker and scaffolds (in this order) used for
bioluminescence imaging (BLI)-ELISAs or the c¢cDNA encoding His-tagged
scaffolds used for ELISA were inserted into the multi-cloning site of the pGEX-6P-
3 plasmid (GE Healthcare, Little Chalfont, UK) by the Gibson assembly technique
(New England Biolabs, Ipswich, MA, USA). The cDNA encoding FLAP candidates
were constructed by site-directed mutation of scaffold sequences. These plasmids
were introduced into BL21 (DE3) pLys S cells (Promega, Fitchburg, WI, USA),
after which the glutathione-S-transferase (GST)-tagged fusion proteins were
expressed as described previously.'®

3-2-5. BLI-ELISA
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Bacteria expressing each RLuc-fused FLAP candidate were lysed by freeze-
thaw treatment and sonication. After ultracentrifugation at 210,000 x g for 15 min,
bioluminescence imaging of the supernatant was acquired for 30 s to determine the
concentration of sample proteins based on the sample reaction with the RLuc
substrate coelenterazine-h (10 ng/ul in PBS; Promega) using an IVIS Lumina in
vivo imaging system (PerkinElmer, Waltham, MA, USA). Each BLI-ELISA was
carried out at room temperature in 96-well black plates. The wells were first coated
with HER2-Fc¢ (50 ng/50 pl in PBS; ACRO Biosystems, Newark, DE, USA)
overnight, blocked with PBS containing 2% Perfect-Block (MoBiTec, Gottingen,
Germany) (PBS-PB) for 2 h, incubated with 100 pl of 1 uM sample proteins for 1
h and washed three times with PBS containing 0.05% Tween-20 (PBS-T). After the
addition of coelenterazine-h to each well, bioluminescence imaging was acquired

for 30 s.

3-2-6. ELISA

GST-fused and His-tagged FLAPs were purified from the supernatants of
bacterial extracts by affinity chromatography using GSTrap HP columns (GE
Healthcare) with an AKTA pure 25 system (GE Healthcare). After protease-
cleavage by PreScission Protease (GE Healthcare), His-tagged monomeric FLAPS
were purified using HisTrap HP columns (GE Healthcare) with an AKTA pure 25
system and dialyzed against PBS. Each ELISA was carried out at room temperature
in 96-well black plates. The wells were first coated with HER2-Fc (50 ng/50 pl in
PBS) overnight, blocked with 2% PBS-PB for 2 h, incubated with sample proteins
in 2% PBS-PB for 1 h and then washed three times with 0.05% PBS-T. After
incubation with 1000-fold diluted HRP-conjugated anti-His-tag antibodies (Abcam,
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Cambridge, MA, USA) in 2% PBS-PB for 1 h, the wells were washed three times
with 0.05% PBS-T and three times with PBS. Fluorescence signals generated by
using a QuantaRed Enhanced Chemifluorescent HRP Substrate kit (Thermo Fisher
Scientific) were measured by using an Infinite F500 (Tecan, Mannedorf,
Switzerland) with specific filters (Ex/Em =535 nm/590 nm). For the detection of
trastuzumab (Chugai Pharmaceutical, Tokyo, Japan) and trastuzumab-Fab
(provided by Sysmex Corporation, Kobe, Japan), HRP-conjugated anti-human
Kappa light chain (Abcam) and HRP-conjugated anti-human IgG (Fab) (Merck
KGaA, Darmstadt, Germany), respectively, were used.

For specificity evaluation, the wells were incubated overnight with HER2-Fc
(50 ng/50 wl in PBS), EGFR-Fc (50 ng/50 ul in PBS; R&D systems, MN, USA) or
50 ul PBS and then used as the antigen-coated wells in ELISAS.

For binding competition assays, 100 nM His-tagged monomeric FLAPs mixed
with 100 nM trastuzumab in 2% PBS-PB were used as the sample protein in

ELISAs.

3-2-7. Biolayer interferometry

The kinetics of FLAP binding to HER2 was studied using a FortéBio Octet Red
instrument. The assays were performed at 30 °C in 96-well black plates. HER2-Fc
was biotinylated using a biotin labelling kit (Dojindo, Kumamoto, Japan) and 100
nM biotinylated HER2-Fc in the kinetic buffer (0.1% BSA, 0.002% Tween-20 in
PBS) was used to load the ligand onto the surface of streptavidin biosensors for 300
s. After washing (30 s) and equilibrating (60 s) the biosensor, the association of the
ligand on the biosensor to the analyte in solution (100-1000 nM His-tagged
monomeric FLAPs or 1.25-20 nM trastuzumab-Fab) was measured for 300 s. The
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dissociation of the interaction was subsequently measured for 300 s. Systematic
baseline drift correction was done by subtracting the shift recorded for sensors
loaded with ligand but incubated without analyte. Data analysis and curve fitting
were done using Octet software version 11.0. Experimental data were fitted with
the binding equations available for a 1:1 interaction with local fitting and the mean
+ standard error of the mean (SEM) values of kon and Kott were calculated from the
data of five different concentrations of an analyte. The Kp was calculated as the

ratio of koft/Kon.

3-2-8. Statistical analysis

Data are presented as means £ SEM and were statistically analyzed with a two-

sided Student’s t-test; p values of <0.05 were considered statistically significant.
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3-3. Results
3-3-1. Selection of antigen-binding CDR hexapeptides

The results thus far suggested that the structure of the hexapeptide from a mAb
CDR can be immobilized when it is grafted at the GA sites in scaffolds. HER2 was
selected as a model target for creating FLAPS using our strategy, since this molecule
is one of the most important target molecules of breast cancer and, thus, there is an
abundance of data describing mAbs against HER2.1” The eleven (TH1-TH11),
seven (TL1-TL7) and nine (PH1-PH9) CDR hexapeptides that may bind to HER2
were selected from the Vi domain of trastuzumab, VL domain of trastuzumab and
Vu domain of pertuzumab, respectively, based on the antigen-contact residues in
crystal structures (Fig. 3-3-1-1). These hexapeptides were replaced in silico with an
alanine homo-hexapeptide to calculate the binding energy loss caused by the
replacement. The V. domain of pertuzumab had no HER2-binding CDR
hexapeptide. Three (TH3, TH4, TH5) and two (PH5, PH6) CDR hexapeptides from
the candidate hexapeptides in trastuzumab and pertuzumab, respectively, showed
drastically reduced binding energy following their replacement (Fig. 3-3-1-1). The
results suggest that these sequences are crucial for maintaining strong interactions

with HER2.
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Figure 3-3-1-1. Identification of high-affinity HER2-binding CDR
hexapeptides. The names and amino acid sequences of the HER2-binding CDR
hexapeptides in the variable domains (VL and V) of trastuzumab and pertuzumab
are shown on the left of each panel. F1, C1, F2, C2, F3, C3 and F4 within the upper
box in each panel represent the FR1, CDR1, FR2, CDR2, FR3, CDR3 and FR4
domains of the indicated antibodies, respectively. The position of each hexapeptide
is shown under the box. The binding energy loss caused by the replacement of each
HER2-binding CDR hexapeptide with an alanine homo-hexapeptide is shown in
the right graphs. The high-affinity HER2-binding CDR hexapeptides are indicated
by magenta coloring.
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These five CDR hexapeptides were each grafted into the previously selected
13 GA sites in six scaffolds to generate a total of 65 FLAP candidates: For
convenience, the FLAP candidates were named as [Name of GA site]-[Name of
grafted CDR hexapeptide] (Sca4-1-TH3—-Scal2-1-PH6). As expected, the RMSF
values of all grafted CDR hexapeptides were less than 1.5 A (Fig. 3-3-1-2a),
confirming that our structural constraint index (1.5 A) and screening methods are
reliable. Since the structure of the immobilized peptide varies depending on the
scaffold structure, the root-mean-square deviation (RMSD) values of the CDR
hexapeptides in the scaffolds varied from those in their original crystal structures

(Fig. 3-3-1-2b).

a b
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Figure 3-3-1-2. Fluctuation and shape of anti-HER2 FLAP candidates. (a)
Structural fluctuation of CDR hexapeptides grafted into scaffolds. The FLAP
candidates with an average RMSF value of less or more than 1.5 A are shown by
gray- or magenta-colored squares, respectively. (b) Structural similarity of CDR
hexapeptides grafted into scaffolds with corresponding hexapeptides in antibody-
HER2 complex structures. RMSD values of less or more than 2.0 A are shown by

blue- or orange-colored squares, respectively.

3-3-2. Rapid identification of antigen-binding FLAPs
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The FLAPs with high binding affinity for HER2 were experimentally identified
by screening with a fast and easy method using bioluminescence, which is a highly
sensitive method to quantitatively analyze target-binding proteins even without
protein purification.!® The FLAP candidates fused with GST and RLuc®® were
expressed as a dimeric form in Escherichia coli and the resulting crude extract was
used to examine the binding activities of FLAP candidates to HER2 using a BLI-
ELISA (Fig. 3-3-2-1a). Among the 65 FLAP candidates, strong bioluminescence
signals were detected in all the FLAP candidates with Sca8-1 and Sca8-3 GA sites
(Fig. 3-3-2-1b). In particular, Sca8-1-TH3, Sca8-1-TH5, Sca8-3-TH3 and Sca8-3-

TH5 showed very strong bioluminescence signals (Figs. 3-3-2-1b and c).
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Figure 3-3-2-1. Rapid evaluation of FLAP candidates. (a) Schematic diagram of
the RLuc-fused FLAP structure and the principal for affinity determination by BLI-
ELISA. The binding affinity of FLAP candidates to HER2-Fc was quantified by the
bioluminescence (BL) signal intensity obtained by the reaction between RLuc and
coelenterazine (CTZ). (b, ¢) The HER2-Fc binding activity of the 65 FLAP
candidates. FLAP candidates, each consisting of a scaffold (any of Sca4-1 to Scal2-
1) and CDR-derived hexapeptide (any one of TH3, TH4, TH5, PH5 or PH6), were
evaluated by BLI-ELISA for binding activity to HER2-Fc. Control (Ctl) is the
specified RLuc-fused scaffold without a CDR-derived hexapeptide. A
representative BL image of the BLI-ELISA plates is shown (b) and the average
radiance of each well from three independent experiments is shown as the mean +
SEM (c). White frames in (b) indicate the wells of Sca8-1-TH3, Sca8-1-TH5, Sca8-
3-TH3 and Sca8-3-TH5.



The HER2-binding peptide (Kp = 536 nM) were reported to detect HER2 high-

20 suggesting that a moderate affinity is promising for

expression tumors in vivo,
clinical relevance. All candidates showed Kp values between 270 and 550 nM when
the FLAP structure of each of these four candidates was purified as a monomeric
form and their binding affinity to HER2 was determined by biolayer interferometry
(Fig. 3-3-2-2 and Table 3-3-2). These values are about 570—1200 times higher than
the Kp value of the parental trastuzumab-Fab (Table 3-3-2). In addition, the affinity
of these FLAPs in ELISA is 24-65 nM, about 350-960 times higher than that of the
parental trastuzumab-Fab, but 150400 times lower than the Kp values of the
peptides fused to the C-terminus of the scaffolds (Sca8-Cterm-TH3 and Sca8-
Cterm-THS), consistent with the previous observations'® (Fig. 3-3-2-3 and Table
3-3-2). The developed three AbP-FLAPs share same FN3 scaffold (Sca 8),

indicating that FN3 is a promising scaffold protein for creation of antibody

mimetics.
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Figure 3-3-2-2. Affinity measurement by biolayer interferometry. Biotinylated
HER2-Fc was immobilized on streptavidin biosensors and exposed to various
concentrations of trastuzumab-Fab or FLAP candidates. The representative

sensorgrams from three experiments were shown.
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Table 3-3-2. Affinity toward HER?2 of trastuzumab, the Sca8 scaffold and Sca8-
based FLAPs

Trastuzumab, scaffold Biolayer interferometry ELISA
and FLAPs Ko (M) koo (10*M7s™Y) ko (1072571 Kp (nM)
Trastuzumab (divalent) ND? ND ND 0.015 +0.0032
Trastuzumab-Fab 0.47 290 + 30 0.14+0.015 0.068 +0.014
Sca8-Ctl ND ND ND >10000
Sca8-Cterm-TH3 ND ND ND >10000
Sca8-Cterm-THS ND ND ND >10000
Sca8-1-TH3 350 2.6+0.12 0.90 +0.077 64+ 10
Sca8-1-TH5 270 3.9+0.29 1.1+£0.27 24+32
Sca8-3-TH3 330 2.7+0.30 0.87+0.14 65+8.1
Sca8-3-TH5 550 2.6 £0.49 1.4+0.022 52+ 14
Sca8-2-TH5 ND ND ND 860 + 45

aND, Not determined
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Figure 3-3-2-3. Affinity measurement by ELISA. HER2-Fc was immobilized on
ELISA plates and exposed to various concentrations of trastuzumab, trastuzumab-
Fab, Sca8-Ctl or FLAP candidates. Binding was detected with an anti-human Kappa
light chain-HRP antibody for trastuzumab, an anti-human 1gG (Fab)-HRP antibody
for trastuzumab-Fab or an anti-His tag-HRP antibody for Sca8 and FLAP
candidates. The results are representative of three experiments.

3-3-3. Characterization of the anti-HER2 FLAPs

The four AbP-FLAP candidates were examined for their binding specificity as
alternatives to the primary antibody. When the affinities of these FLAPs to HER2-
Fc, epidermal EGFR-Fc or non-coated wells were evaluated by ELISA, the FLAPs
specifically bound to HER2-Fc and hardly bound to EGFR-Fc and non-coated wells
(Fig. 3-3-3a). As they all share their target binding sequences with trastuzumab,

competitive binding was examined by incubating these FLAPs with HER2-Fc
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proteins in the presence of trastuzumab. The binding amount of three AbP-FLAPs,
Sca8-1-TH3, Sca8-1-THS5 and Sca8-3-TH3, decreased significantly in the presence
of trastuzumab (Fig. 3-3-3b), confirming that the FLAPs bind to the same epitope
as trastuzumab. In contrast, Sca8-3-THS was suggested to bind to HER2-Fc with
the different epitope from trastuzumab (Figs. 3-3-3a and b). Therefore, we
hereinafter regard these three candidates, Sca8-1-TH3, Sca8-1-THS and Sca8-3-
TH3, as AbP-FLAP 1, AbP-FLAP 2 and AbP-FLAP 3, respectively. These results

indicate that the AbP- FLAPs have high specificity toward HER2.
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Figure 3-3-3. Characterization of AbP-FLAPs. (a) Specific binding of AbP-
FLAP candidates to HER2. FLAP candidates binding to HER2-Fc, EGFR-Fc or
non-coated well (PBS) were evaluated by ELISA. The mean = SEM of three
independent experiments is shown; *p < 0.05. (b) Binding competition between
AbP-FLAP candidates and their parental mAb. His-tagged FLAPs (100 nM) were
mixed with 100 nM trastuzumab or buffer and FLAP candidates binding to HER2-
Fc were evaluated by ELISA. The mean + SEM of three independent experiments
is shown; *p < 0.05.
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Discussion

This study clearly demonstrated that the strategy of grafting the immobilized
ADbPs into the appropriate scaffolds is a reliable method for generating high-
performance antibody mimetics that bind to the same epitopes as the mAbs from
which the AbPs are derived. The proposed design strategy successfully developed
an immobilized AbP-grafted non-Ig affinity protein, FLAP, which demonstrated
efficient binding to HER2. In addition, the FLAPs were found to barely bind to
EGFR, which belongs to the same receptor family as HER2, indicating that the mAb
specificity of the target-binding peptides is also retained in the FLAPS. The FLAP
property that the molecular size is small enough for chemical synthesis and the
epitope is identical to the parental antibody is a key advantage of FLAPs over
fragment antibodies, which are relatively large molecules. This design strategy for
developing AbP-FLAPs can be applied to many mAbs, facilitating the development
of alternatives to antibodies already used in clinical and basic research.

Amino acid sequences of antibody CDRs would be optimized during the
affinity maturation process to decrease the entropic cost on antigen binding and to
increase the enthalpic contribution.?2* A computational prediction provides
specific indicators for structural immobilization. It also revealed that almost all
CDRs are immobilized in antibody FRs (Fig. 2-3-2-3) and that FRs retain a high
capacity to reduce the fluctuation of various peptides (Fig. 2-3-3-1), clearly
showing that FRs function as a general scaffold to reduce the entropic energy loss
of CDRs on antigen binding. Furthermore, CDR-derived short peptides often lose
their antigen-affinity when released from FRs. Ideally, the CDR-derived short
peptides in FLAPs would be expected to have high affinity, similar to that of the
parental antibodies, because they are structurally immobilized in essentially the
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same structure as antibody FRs. However, our method developed only three FLAPS
out of 65 anti-HER2 FLAP candidates, indicating that the CDR peptides in most
FLAP candidates are not optimally immobilized. The anti-HER2 FLAP candidates
were immobilized (Fig. 3-3-2-2a) with various structures (Fig. 3-3-2-2b) and
various affinities against HER2 (Fig. 3-3-3-1 and Table 3-3-3), confirming that an
appropriate CDR hexapeptide structure is also required for enthalpic interaction.
Further optimization of the immobilized structure of pertuzumab-derived CDR
hexapeptides in more suitable scaffolds may facilitate the development of high-
affinity FLAPs with these hexapeptides. Although a highly accurate structure
prediction is needed to validate the accurate enthalpy and entropy changes on
antigen binding, the currently applied computational calculation has several
limitations, such as the lack of a suitable general algorithm and its high
computational complexity. Thus, the semi-rational strategy presented here is one of
the most feasible methods for efficiently developing antibody mimetics.

The AbP-FLAPs were successfully designed with the new method but the
affinities of these FLAPs were still lower than those of the parent antibodies. A
possible engineering strategy to increase the affinity of FLAPs involves multiple
grafting of immobilized CDR-derived peptides. The strategy may be successful
because antibody paratopes are often formed by a combination of dominant CDRs
and ancillary CDRs. In the case of trastuzumab, for example, CDR-H3 is the
dominant CDR, and CDR-L1 and CDR-L3 are the ancillary CDRs. In this study,
each FLAP has only one CDR hexapeptide from CDR-H3. The additional grafting
of CDR hexapeptides from CDR-L1 and CDR-L3 onto the FLAPs with favorable
geometry may improve the affinity of these FLAPs. Scaffolds such as Scal0 have
multiple geometrically proximal GA sites (Table 2-3-2) and thus may be suitable
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for grafting multiple CDR-derived peptides to yield higher affinity FLAPs and
biparatopic FLAPS.

The dissociation constant (Kp) is determined by the ratio of dissociation (ko)
and association (ko) rate constants. Several molecular properties affect the ko, and
ko values including binding site accessibility, molecular size, hydrophobicity,
conformational fluctuations and electrostatic interaction between binders and
targets.?> In the case of AbP-FLAPs, their small molecular size may cause much
lower k., values compared to the trastuzumab-Fab, because other small protein
binders such as monobodies and nanobodies often have lower k. values than
mADbs.?%?" Therefore, it seems difficult to improve the k., values of AbP-FLAPs to
be comparable to mAb. To obtain higher affinity FLAPs, the improvement of kos
values by some modifications stabilizing the complex structures of HER2 and
FLAPs may be promising way.

Notably, HER2 is expressed at low levels in a wide variety of vitally important
normal tissues and thus there is a concern about side effects in HER2-targeting
therapies using mAbs.?® Base on the recent study using a bivalent anti-HER2
engineered antibody,? the moderate affinity (Kp) of FLAPs created in this study is
within a clinically relevant range, suggesting that mono and multivalent anti-HER?2
FLAPs are promising options for developing specific drugs against HER2-
amplified cancers. The HER2-binding affibodies or peptides were reported to detect
HER2 high-expression tumors in vivo.2%%9%2 Their affinity (Kp) toward
recombinant HER2 proteins were the range of 22 pM-536 nM, indicating that
FLAPs have enough affinity for the development of tumor imaging probes.

Sca8-3-TH5 showed similar affinity and specificity to HER2 with three
FLAPs, but its epitope seemed to be different from trastuzumab, suggesting that
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novel epitope-binding surface was constructed by the grafting of the AbP, TH5.
Although further analysis is required to clarify binding mode of Sca8-3-THD5, this
unexpected result would indicate the usefulness of our method to develop a
practical antibody mimetics with different paratope from parental mADb.

This study demonstrates the general concept for designing high-performance
antibody mimetics by grafting immobilized antigen-binding peptides into non-Ig
scaffolds. This strategy is applicable to the generation of antibody mimetics and
other functional proteins, including receptor ligands, cytokines, inhibitors and
enzymes. Therefore, this study may open new avenues for developing novel
technology platforms in protein engineering and biopharmaceutical design. In
addition, the identified three AbP-FLAPs has same FN3-based scaffold, indicating

that FN3 is a promising scaffold protein for creation of antibody mimetics.
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Chapter 4

Development of FLAPs by grafting
HBPs
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Abstract

Tumor-binding peptides such as HER2-binding peptides (HBPs) are attractive
therapeutic and diagnostic options for cancer. However, the HBPs developed thus
far are susceptible to proteolysis and lose their affinity to HER2 in vivo. This chapter
describes a method to create a HER2-binding fluctuation-regulated affinity protein
(HBP-FLAP) consisting of a structurally immobilized HBP and a FN3, which is the
most appropriate scaffold for HBP grafting as described in Chapter 3. In this method,
HBP was first selected by phage-library screening, grafted into FN3, then improved
the binding affinity by affinity maturation. HBP-FLAP containing YCAHNM
peptide shows increased proteolysis-resistance, specifically binding to HER2 with
a Kp of 58 nM in ELISA and 287 nM in biolayer interferometry. The proteolytic
resistance of HBP was improved in HBP-FLAP. Consequently, I concluded that
FN3-based FLAP is an excellent platform for developing target-binding small

proteins.
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4-1. Introduction
4.1.1 Target-binding peptides

Tumor-binding peptides are a promising alternative to mAbs as they
demonstrate greater tumor penetration because of their small molecular size.!
Various kinds of HBPs have been identified, including a linear peptide KCCYSL,?
bicyclic peptides ACYLQDPNCDWWGPYCGGSG? and a trastuzumab-derived
cyclic peptide FCGDGFYACYMDV.* Trastuzumab- and pertuzumab-derived
peptides, QDVNTAVAW and EWVADVNPNSGGFIYNQYFK, respectively, have
also been designed and used in tumor imaging.>® However, their clinical application
is limited to use as diagnosis probes because short peptides are very sensitive to
protease activity in circulation and tissues, resulting in reduced binding to targets.
Therefore, proteins with proteolysis-resistant target-binding peptides may increase

the applicability of tumor-binding peptides for clinical use.

4-1-2. Use of FN3 as a small protein scaffold

The FN3, one of three types of internal repeats found in the plasma protein
fibronectin, was selected as a scaffold because computational calculations in
chapter 2 revealed that the FN3 has three GA sites in which the structure of grafted
hexapeptides can be immobilized. FN3 is an endogenous protein with small
molecular size (10 kDa), high stability and high solubility.”® FN3 has been already
used for the development of affinity proteins targeting various antigens by protein
engineering,®? some of which have already been in clinical trials,'® suggesting that
FN3 is a promising scaffold protein for creating HBP-FLAPs.

In this chapter, HBPs were screened by phage display technique and were
grafted into FN3 scaffold to generate FN3-HBP candidates. The binding affinity of
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one FN3-HBP was then improved by affinity maturation. Finally, HBP-FLAP with

highest binding affinity among candidates was identified.
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4-2. Materials and Methods
4-2-1. Peptide screening

The T7 phage libraries displaying the random cyclic peptides X3CX3CX3 or
X3CX9CX3, where X represents the randomized amino acids, were constructed
using the T7 Select10-3b vector (Merck Millipore, MA, USA), as described
previously.!! HER2-Fc protein (R&D systems, CA, USA) was biotinylated using
labeling kit (Dojindo, Kumamoto, Japan) and immobilized on streptavidin-
conjugated magnetic beads (Tamagawa seiki, Nagano, Japan). The beads were
blocked with 0.5% BSA in PBS, incubated with the phage libraries of X3CX3CX3
(1 x 10" pfu) or X3CXoCX5 (1 x 10 pfu) for 1 h, washed 30 times with PBS with
1% Tween 20 (1% PBST) and then added to 7 mL of E. coli BLT5403 cells (Merck
Millipore) in log phase growth. After incubation at 37 °C and bacteriolysis, the
phages were recovered from the culture supernatant by centrifugation (9,100 g for
10 min at 4 °C) and used for the next round of biopanning. Amino acid sequences
of displayed cyclic peptides on selected T7 phage clones were analyzed by DNA

sequencing.

4-2-2. ELISA

For phage-ELISA, the wells of a 96-well black plates (Thermo Fisher
Scientific, MA, USA) were coated with 1,000 ng of HER2-Fc, streptavidin (Wako,
Osaka, Japan) or IgG1-Fc (R&D systems) and blocked with 2% Perfect-Block
(MoBiTec, Gottingen, Germany) in PBS for 1 h. Phage solution (1 x 10'° pfu) were
added to each well and incubated for 1 h. After washing the plate, the bound phages
were detected with anti-T7 fiber tail antibody (Merck Millipore) as a primary
antibody and anti-mouse 1gG HRP-linked antibody (Cell Signaling Technology,
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Danvers, MA).

For indirect ELISA, the wells were first coated with 50 ng of HER2-Fc,
blocked with 2% Perfect-Block in PBS for 2 h. After incubation with sample
proteins for 1 h, HRP-conjugated anti-His-tag antibody (Abcam, Cambridge, MA,
USA) was incubated for 1 h with the samples and then treated with QuantaRed
Enhanced Chemifluorescent HRP Substrate kit (Thermo Fisher Scientific). The
resulting fluorescence was measured using an Infinite F500 (Tecan, Mannedorf,
Switzerland) with specific filters (Ex/Em = 535 nm/590 nm).

For specificity evaluation, the wells were incubated overnight with HER2-Fc
(50 ng/50 pL in PBS), EGFR-Fc (50 ng/50 pL in PBS; R&D systems) or 50 pL

PBS and applied to the indirect ELISA described above.

4-2-3. MD simulation

Initial coordinates of the FN3 protein were taken from the Protein Data Bank
(PDB ID: I1TTG). The structures of linear peptides and FN3 mutants were generated
using Discovery studio 3.1 (Accelrys, San Diego, CA, USA). The systems were
optimized via energy minimization and equilibrated with backbone restraints.
Production runs were performed for at least 10 ns for trajectory analysis. All MD
simulations were performed using the Amber 14 and 16 program packages'? on
TSUBAME (Global Scientific Information Center, Tokyo Institute of Technology).
The Amber ff14SB force fields and the GB/SA implicit solvent model were used.
The time-step for MD simulations was set to 2 fs with the SHAKE algorithm. A
nonbonded cutoff of 999.9 A was used. The temperature was kept constant at 300
K using the Berendsen rescaling method. The RMSF of all hydrogen-free atoms
during the final 5 ns of each production run were calculated to investigate the
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backbone fluctuations in each system using the cpptraj module.

4-2-4. Plasmid construction and protein purification

The recombinant DNA experiment was carried out according to the necessary
regulations based on the Tokyo Institute of Technology recombinant DNA
experimental safety management regulations defined by the Tokyo Institute of
Technology recombinant DNA experimental safety management committee. The
cDNA encoding the fusion protein, consisting of His-tag, GGGS linker and FN3
(H-FN3), was inserted into the multi-cloning site of pGEX-6P-3 plasmid (GE
Healthcare, Little Chalfont, UK). The plasmid vectors expressing H-FN3 and H-
FN3 mutants were transformed into E. coli BL21 (DE3) pLysS cells (Promega,
Fitchburg, WI, USA). These proteins were expressed in the bacteria as GST fused
proteins. GST-fused H-FN3 and H-FN3 mutants were purified from the
supernatants of bacterial extracts using glutathione agarose (Sigma-Aldrich, MO,
USA). After protease-cleavage of GST by PreScission Protease (GE Healthcare),
the monomeric proteins were purified again using HisTrap HP columns (GE
Healthcare), according to the manufacturer’s instructions, to increase protein

sample purity.

4-2-5. Biolayer Interferometry

The kinetics of HBP-FLAP binding to HER2 was studied using a ForteBio
Octet Red (ForteBio, CA, USA) instrument. The assays were performed at 30 °C in
96-well black plates. HER2-Fc was biotinylated using a biotin labelling kit
(Dojindo) and 100 nM biotinylated HER2-Fc in the kinetic buffer (0.1% BSA,
0.002% Tween-20 in PBS) was used to load the ligand onto the surface of
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streptavidin biosensors (ForteBio) for 300 s. After washing (30 s) and equilibrating
(60 s) the biosensor, the association of the ligand on the biosensor to the analyte in
solution (100-800 nM His-tagged HBP-FLAP in the kinetic buffer) was measured
for 300 s. The dissociation of the interaction was subsequently measured for 300 s.
Systematic baseline drift correction was done by subtracting the shift recorded for
sensors loaded with ligand but incubated without analyte. Data analysis and curve
fitting were done using Octet software version 11.0 (ForteBio). Experimental data
were fitted with the binding equations available for a 1:1 interaction with local
fitting and the mean + SEM values of kon and kofr were calculated from the data of
four different concentrations of analytes. The Kp was calculated as the ratio of

koff/ kon .

4-2-6. Proteinase K treatment

Fifty uM of FN3-pl.M.2 or the C-terminally elongated pl.M.2 peptide
(YCAHNM-GSGSGK) was digested by 50 pU/mL proteinase K for 2 h in 10 mM
Tris-HCI (pH 8.0) containing 10 mM EDTA. Sample aliquots were collected at
various reaction times and analyzed by SDS-PAGE or reversed-phase high-
performance liquid chromatography (HPLC; InsertSustainSwift C18 column; GL
Sciences, Tokyo, Japan). The ratio of intact FN3-p1.M.2 and the C-terminally
elongated pl.M.2 peptide were calculated based on the band intensity of the
digested products on the SDS-PAGE gel and the HPLC peaks in the chromatogram,

respectively.

4-2-7. Statistical analysis
Data in this study are expressed as means + SEM. Differences are analyzed
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with a two-sided Student’s #-test; p values of <0.05 were considered as statistically

significant.
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4-3. Results
4-3-1. Strategy for creating HBP-FLAP

Our previous research demonstrated that short peptides grafted in a particular
region of protein scaffold were structurally immobilized and showed increased
resistance to protease.'® This finding prompted us to develop clinically applicable
HER2-binding small proteins with a structurally immobilized HBP. Fig. 4-3-1
shows a process for producing such protein HBP-FLAP.

The HBPs were first isolated from a phage-displayed peptide library (Fig. 4-3-
1A) and then some six consecutive amino acids (hexapeptides) in the isolated HBPs
were selected and were grafted into the GA site of FN3 to create FN3-HBPs (Fig.
4-3-1B). The binding affinity of the FN3-HBPs was improved by affinity
maturation (Fig. 4-3-1C). The affinity-matured HBP-FLAP that showed the highest
binding affinity among the tested FN3-HBPs was labeled with the near-infrared
fluorescence dye IRDye 800CW which is used in chapter 5 to investigate a target-

binding in vivo (Fig. 4-3-1D).
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Figure 4-3-1. Overview of HBP-FLAP development by grafting HBP into small
protein scaffold for peptide stabilization. (A) The HBPs were isolated from
phage-displayed cyclic peptide library. (B) Hexapeptides trimmed from HBPs were
grafted into the GA site of FN3 scaffold to generate FN3-HBPs. (C) Binding affinity
of FN3-HBP was improved by affinity maturation using alanine scanning and the
FN3-HBP with the highest affinity was screened using phage-displayed FN3-HBP
mutant library to create the optimal HBP-FLAP. (D) The affinity-matured HBP-
FLAP was conjugated with near infrared fluorescence dye IRDye 800CW (IR800)
to give an in vivo imaging probe, HBP-FLAP-IR800.
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4-3-2. Design of a HER2-binding small proteins

Five T7 phage clones, P1-P5, displaying HBPs were enriched by eight rounds
of biopanning against HER2-Fc from T7 phage libraries displaying random cyclic
peptides X3CXgCX3 or X3CXoCX3, where X represents the randomized amino acids
(Fig. 4-3-2A). Further evaluation of the phage clones by phage-ELISA revealed
their target specificity: P1, P4 and P5 bind strongly and specifically, whereas P2
binds weakly to HER2-Fc. P3 binds to IgG-Fc non-specifically (Fig. 4-3-2B).
Therefore, HBPs expressed in P1, P4 and P5 (hereafter named p1, p4 and p5) were
used for the development of FN3-HBPs. Continuous hexapeptides p4.1-p4.4 and
pS.1-p5.4 were prepared from p4 and p5, respectively (Table 4-3-2) and grafted
into the GA site of FN3 (Fig. 4-3-2C). Note that the p1 was originally displayed as
a hexapeptide on T7 phage because the seventh codon is a stop codon.
Computational evaluation by MD simulations confirmed a decrease in the average
RMSF value. This indicates that all linear hexapeptides were immobilized in the
GA site of FN3 (Fig. 4-3-2D). As a result, I obtained nine FN3-HBPs: FN3-pl,
FN3-p4.1, FN3-p4.2, FN3-p4.3, FN3-p4.4, FN3-p5.1, FN3-p5.2, FN3-p5.3 and

FN3-p5.4.
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Figure 4-3-2. Preparation of HBP-FN3s. (A) The frequency of detection of HBPs
during the phage library screening. Phage clones P1 and P2 were selected from an
eight-amino acid cyclic peptide (X3CXsCX3) library. Phage clones P3—P5 were
selected from a nine-amino acid peptide (X3CXgCX3) library. (B) The binding
affinity of the indicated phage clones to HER2-Fc (grey), streptavidin (SA, black)
and IgG-Fc (white) were measured by ELISA and the relative affinities to the
control cyclic peptide library (Lib) are shown. n = 3, mean + S.E.M., *p < 0.05
compared with Lib based on a Student’s #-test. (C) Amino acid sequence of the FN3
domain. The HBP was grafted into FN3 by substitution at residues 51-56, which
are highlighted in pink. (D) RMSF calculation of HBPs in linear form (grey) and
grafted into the FN3 scaffold (black).
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Table 4-3-2. Amino acid sequences of the HER2-binding peptides

Peptides Amino acid sequences

pl YCGCEM

p2 PFICCRRPRGRRCEHG

p3 SLFCWVRVM

p4 AMVCTRARKPKSGCRRVG
pS VELCATAKHEVKSCLSFG
p4.1 TRARKP

p4.2 RARKPK

p4.3 ARKPKS

p4.4 RKPKSG

pS.1 ATAKHE

psS.2 TAKHEV

p5.3 AKHEVK

pS.4 KHEVKS

4-3-3. Affinity maturation of HER2-binding small proteins

Recombinant FN3-HBPs were purified by a bacterial protein expression
system and used to determine the FN3-HBP with highest affinity to HER2. Two out
of the nine FN3-HBPs, FN3-p4.1 and FN3-p5.2, were not expressed but the other
seven FN3-HBPs were expressed successfully as soluble proteins and easily
purified. Evaluation of the binding affinity to HER2 revealed that three out of the
seven, FN3-pl, FN3-p4.3 and FN3-p4.4 bound to HER2 (Fig. 4-3-3-1A) with
dissociation constants (Kp) 280-500 nM (Fig. 4-3-3-2A and Table 4-3-3-1),
indicating moderate binding affinity. Sequence optimization of p1 with the lowest
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Ko value (Kp = 280 nM) was performed to increase the affinity of FN3-pl. By
single amino acid substitutions in pl (YCGCEM) to alanine (A), six FN3-pl
mutants, FN3-p1.1A, FN3-p1.2A, FN3-p1.3A, FN3-p1.4A, FN3-p1.5A and FN3-
pl.6A were generated (Table 4-3-3-2). Reduced binding affinity to HER2 was
observed with FN3-pl.1A, FN3-p1.2A and FN3-p1.6A (Fig. 4-3-3-1B), indicating
that the first (Y51), second (C52) and sixth (M56) residues were important for
HER2 binding. Optimization of the third, fourth and fifth residues of P1 was
performed using a T7 phage-displayed FN3-pl mutant library with three
randomized sequences 51-YCXXXM-56. After eight rounds of biopanning, three
peptides were selected from the most frequently enriched FN3-pl mutants: FN3-
pl.M.1 (YCICCM), FN3-p1.M.2 (YCAHNM) and FN3-p1.M.3 (YCPVCM,; Fig.
4-3-3-1C and Table 4-3-3-2). Amino acid substitutions made in the third, fourth
and fifth residue positions showed minimal effect on structural fluctuations of Y51,
C52 and M56 (Fig. 4-3-3-1D and E). Among the three affinity-matured FN3-p1
mutants, FN3-p1.M.2 showed the highest binding affinity toward HER2 (Kp = 58
nM in ELISA and Kp = 287 nM in biolayer interferometry; Fig. 4-3-3-2B and Table

4-3-3-1) and was selected for further characterization.

83



>
(o)

2 * 2 *
E % .E I*
*
%4—r—| % ;‘
] o 1
2 2
52_ Hﬂﬂ E
< ﬂ [ ﬂﬂ
n:oﬁﬁ <
M o= N Mt o~ - 4 « L L L <
Z 2 g g g 0 0 0 ¢ - o g & 0 Q
L o o o a g o o N = = = = =
Z H O H o m Fral ol e wl ol e
[T [0 TR0 T o5 B o I o0 RN 4.5 )
EEEEEER 2222 2 2
[T T T T T T

o p1.M.1 OYCGCEM ©YCICCM
(25%) <:1.5 L OYCAgNM OYCPVCM
Others wooq L g 8 8
~piM2  Eos |8 © 8
\ (17%) .
p1.M.3 (15%) 1st 2nd 3rd 4th 5th 6th

Amino acid residues

v i k. " b, p ‘J‘
s ey S "
/ .\.}‘ 2% [Vl (8 AN

FN3 FN3-p1  FN3-p1.M1  FN3-p1.M2 FN3-p1.M3

E

A
=

Figure 4-3-3-1. Affinity maturation of HER2-binding small proteins. (A)
ELISA was used to measure the affinity of FN3-HBP mutants toward HER2-Fc.
The mean = SEM of three independent experiments is shown; *p <0.05. (B) ELISA
measurements showing the affinity of alanine substitution mutants of FN3-pl
toward HER2-Fc. The mean + SEM of three independent experiments is shown; *p
< 0.05. (C) The pie chart shows the frequency of detection of the HBP sequence
(YCXXXM) in screening after affinity maturation. (D) Fluctuation of the residues
of the indicated HBP sequences (YCXXXM) in FN3-p1. The RMSF values of each
residue are shown. (E) Predicted structures of FN3, FN3-p1 and FN3-p1.M.1-M.3
showing the GA site (pink) and the grafted HBPs (blue).
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Biotinylated HER2-Fc was immobilized on streptavidin biosensors and exposed to
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experiments (left) and binding kinetics (right) were shown.
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Table 4-3-3-1. Dissociation constant of FLAP candidates

F-body or F-body II Kp (nM)
FN3-pl 280 + 23
FN3-p4.3 450 £ 74
FN3-p4.4 500 + 150
FN3-p1.M.1 68 £ 14
FN3-p1.M.2 58+£5.0
FN3-p1.M.3 109 +28

Table 4-3-3-2. Amino acid sequences of HBPs on FN3-p1

Peptides Amino acid sequences
pl.1A ACGCEM

pl.2A YAGCEM

pl.3A YCACEM

pl.4A YCGAEM

pl.5A YCGCAM

pl.6A YCGCEA

pl.M.1 YCICCM

pl.M.2 YCAHNM

pl.M.3 YCPVCM
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4-3-4. Proteolytic resistance of HBP-FLAP

The protease resistance of pl.M.2 peptide (YCAHNM) was evaluated by
treatment with proteinase K, which cleaves peptide bond adjacent to the carboxyl
group of the 1st (YY) and 3rd (A) residues (Fig. 4-3-4-1A). A C-terminally elongated
synthetic p1.M.2 peptide (YCAHNM-GSGSGK) was used for easy detection of
peptide-proteolysis by HPLC. As expected, the p1.M.2 peptide in FN3 was resistant
to proteinase K treatment for 2 h, whereas the linear p1.M.2 was digested within 10
min (Figs. 4-3-4-1B and 4-3-4-2). The FN3.p1.M.2 hereinafter referred to as HBP-
FLAP was then tested the binding specificity and in vivo applicability in the next

chapter.
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Fig. 4-3-4-1. Proteinase K resistance of the p1.M.2 peptide and FN3-p1.M.2.
(A) Cleavage sites of the p1.M.2 peptide by Proteinase K. Peptide bonds adjacent
to the carboxyl group of the 1st (Y) and 3rd (A) residues are cleaved (red arrows).
(B) Proteinase K resistance of p1.M.2 peptides. FN3-p1.M.2 and the C-terminally
elongated p1.M.2 peptide (c-p1.M.2) were analyzed at 10, 30, 60, 90 and 120 min
after Proteinase K incubation. Percentage of intact FN3-p1.M.2 and the C-
terminally elongated pl1.M.2 peptide was calculated by SDS-PAGE and HPLC

analysis, respectively. n = 3, mean £ SEM, *p < 0.05 compared with incubation

time at 0 min based on a Student’s 7-test.
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Fig. 4-3-4-2. Proteinase K digestion. (A) HPLC analysis of p1.M.2 peptide
digestion by proteinase K. C-terminally elongated peptides appeared at 7 min (red
arrow) in retention time. (B) SDS-PAGE analysis (left panel) and a measurement
of band intensity (right panel) of FN3-p1.M.2 treated with proteinase K at the

indicated times.
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4-3-5. Binding specificity of HBP-FLAP

The specificity of HBP-FLAP for HER2-Fc was further confirmed by an
ELISA using HER2-Fc- and epidermal growth factor receptor (EGFR)-Fc-coated
wells: HBP-FLAP efficiently bound to HER2-Fc but hardly bound to EGFR-Fc-

coated wells (Fig. 4-3-5). These results showed that the HBP-FLAP has high

specificity for HER2.
1.5
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Fig. 4-3-5. Specific binding of HBP-FLAP to HER2. HBP-FLAP binding to
HER2-Fc, non-coated well (PBS) or EGFR-Fc were evaluated by ELISA. The mean
+ SEM of three independent experiments is shown; *p < 0.05.
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Discussion

This study demonstrates the creation and evaluation of a HER2-binding small
protein called FN3.p1.M.2 or HBP-FLAP that efficiently binds HER2 and increases
proteolytic resistance of HBP. FN3-HBPs are created by substituting the HBP
hexapeptides with the residues 51-56 of FN3 that was identified as an optimal GA
site, in which grafted peptides can be immobilized with average RMSF value less
than 1.5 A (Chapter 2 and 3). In the evaluation of FN3-HBPs (Figs. 4-3-2D and 4-
3-3-1A), all grafted hexapeptides were immobilized into the FN3 scaffold and three
FN3-HBPs bound to HER2, whereas the other FN3-HBPs may lose critical residues
for binding. This result shows that the design method of FLAP is a promising
strategy to develop target-binding proteins by grafting target-binding peptides to
the GA site of the FN3 scaffold and can contribute to the development of clinically
applicable target-binding proteins.

Compared to HBP, HBP-FLAP was more resistant to proteinase K (Fig. 4-3-4-
1). The HBP of HBP-FLAP must be exposed on the surface of the molecule because
the GA site was selected because it is a solvent exposed loop in the FN3 structure.'*
Therefore, the proteolysis resistance of the HBP in HBP-FLAP is not because of
reduced protease access to the target sequence but is likely due to its immobilized
structure, which restricts protease activity.

The linear HER2-targeting peptide (KCCYSL)*> and cyclic peptide
(FCGDGFYACYMDV)* reported in other studies showed less serum stability,
which might be caused by susceptibility to proteases. These peptides were
PEGylated to increase resistance to proteases and the molecular mass, resulting in
prolonged blood circulation.!>!® Another study demonstrated that conjugation of a
bicyclic peptide to an albumin-binding peptide increased proteolysis-resistance.'’
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Our study reported a different strategy to improve the proteolysis-resistance of HBP
by peptide grafting, which directly immobilized the conformation of the peptide.

The property of HBP-FLAP may contribute to the applicability in vivo.
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Chapter S

Specific binding of FLAPs to HER2-
overexpressing cells in vitro and in
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Abstract

One common use of mAbs other than molecular targeting drugs is diagnostic
probes, especially for immunostaining, immunohistochemistry (IHC) or in vivo
imaging. Alternatives to antibody, such as small target-binding proteins, are
attractive option because their size can facilitate tissue penetration and reduce
analytical costs. In this chapter, I evaluated the applicability of FLAPs for targeting
HER2-overexpressing cells in vitro and in vivo. Four FLAPs identified in Chapter
3 and 4, AbP-FLAP 1, 2, 3 and HBP-FLAP, bound only to high HER2-expressing
cells and not to control cells, indicating that FLAPs could be developed as mAb
replacement for IHC. In addition, HBP-FLAP clearly delineated HER2-expressing
tumors with a half-life of 6 h after intravenous injection into tumor-bearing mice.
FN3-based FLAP is an excellent platform for developing target-binding small

proteins for clinical applications.
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5-1. Introduction
5-1-1. Immunohistochemistry

IHC is one of the common techniques of immunostaining, an mAb-based
method to detect specific proteins or antigens in samples.' The mAb-based staining
methods involve in several techniques such as flow cytometry, western blotting,
ELISA and immuno-electron microscopy. To date, immunostaining is widely used
in histology, cell biology and molecular biology. IHC is typically used for clinical
diagnostics of cancer and medical research laboratories. The detection strategy of
IHC utilize mAbs are classified as primary and secondary reagents. Basically, the
unlabeled primary mAbs are raised against an antigen of interest, while secondary
mAbs usually conjugated with biotin, enzyme or fluorescent dye are raised against
immunoglobulins of the primary mAb species.?

In order to overcome some limitations of Abs as mentioned before, numerous
Ab fragments and Ab mimetics have been extensively developed for IHC
applications such as Vuu antibody (or nanobody),” affibody,* or affimers.’

In this chapter, according to the properties of FN3-based scaffold, I also aim to

validate the utility of AbP-FLAPs and HBP-FLAP for detection of HER2-

overexpressing cancer cells.

5-1-2. In vivo stability of small therapeutic proteins or peptides

Although the tumor-binding peptides are a promising alternative to mAbs,
their clinical application is limited to use as diagnosis probes because short peptides
are very sensitive to protease activity in circulation and tissues, resulting in reduced
binding to targets. Several strategies have been developed to increase proteolysis-
resistance of peptides in vivo, including conjugation of peptides to macromolecules,
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including polyethylene glycol (PEG), the Fc domain or serum albumin.’

Cyclization of peptides or grafting of peptide into cyclic peptide are also simple
strategies to increase resistance to proteases.’® Recent study found that the affinity
and proteolysis-resistance of peptides was greatly improved after their structure was
immobilized by grafting into a particular site of a protein scaffold.” Based on this
finding, a computational design strategy for developing antibody mimetics named
FLAP are reported on Chapter 2—4.

Chapter 4 showed that protease resistance of HBP was increased in HBP-FLAP.
In this chapter, the HBP-FLAP was prepared as imaging probe and the in vivo

retention was examined in N87 tumor-bearing mice.
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5-2. Materials and Methods
5-2-1. Cell immunostaining

The human cervical cancer cell line HeLa and human gastric cancer cell line
N87 or human breast cancer cells expressing firefly luciferase SK-BR-3/Luc were
obtained from the RIKEN Bio-Resource Center (Tsukuba, Japan) or JCRB Cell
Bank (Osaka, Japan), respectively and maintained at 37 °C in 5% FBS-DMEM
(Nacalai Tesque, Kyoto, Japan) supplemented with penicillin (100 U/ml) and
streptomycin (100 pg/ml) (Nacalai Tesque). The cells (1.0 x 10* cells/well) were
seeded on a slide chamber plate, cultured for 16 h and fixed by treatment with a 4%
paraformaldehyde solution (Nacalai Tesque) for 10 min at 25 °C. The cells were
blocked with 1% BSA/PBS for 1 h at 25 °C. After the addition of 50 nM purified
His-tagged AbP-FLAPs or 100 nM purified His-tagged HBP-FLAP or 5 nM
trastuzumab in 1% BSA/PBS to the chamber, the cells were incubated for 16 h at
4 °C. Thousand-fold diluted Alexa Fluor 488-conjugated mouse anti-His tag
secondary antibody (Medical & Biological Laboratories, Aichi, Japan) or Alexa
Fluor 488-conjugated mouse anti-human IgG Fc secondary antibody in 1%
BSA/PBS were used to fluorescently label the His-tagged FLAPs or trastuzumab,
respectively. After washing three times with PBS, the stained cells were mounted
with Fluoromount (Diagnostic ByoSystems, CA, USA) containing 1/1000 Hoechst
33342 (Nacalai Tesque). All photos were taken using a BZ-X700 microscope
(Keyence, Osaka, Japan) with the filters of BZ-X filter GFP, OP-87763 (Ex: 470/40
nm, Em: 525/50 nm) and BZ-X filter DAPI, OP-87762 (Ex: 360/40 nm, Em: 460/50

nm).
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5-2-2. Flow cytometry

Single cell suspensions of HeLa, SK-BR-3 and N87 cells (1.0 x 10° cells/100
uL) were incubated in PBS containing 1000 times-diluted Alexa Fluor 488 anti-
human HER?2 antibody (clone 24D2; BioLegend, San Diego, CA, USA) on ice in
the dark for 30 min. Cells without immunostaining were used as a negative control.
Flow cytometry was performed by a flow cytometer ec800 (Sony Biotechnology,

San Jose, CA, USA).

5-2-3. Plasmid construction and protein purification

The recombinant DNA experiment was carried out according to the necessary
regulations based on the Tokyo Institute of Technology recombinant DNA
experimental safety management regulations defined by the Tokyo Institute of
Technology recombinant DNA experimental safety management committee. The
cDNA encoding fusion protein composed of His-tag, GGGS linker and FN3 (H-
FN3) was inserted into the multi-cloning site of pGEX-6P-3 plasmid (GE
Healthcare, Little Chalfont, UK)."® The ¢DNA encoding C-terminally CTag
(GMAQIEVNCSNE)!!-fused His-tagged FLAP (H-FLAP-C) or C-terminally
CTag-fused H-FN3 (H-FN3-C) were constructed by site-directed mutagenesis of
H-FN3 c¢DNA as the template. The plasmid vectors expressing H-FN3-C and H-
FLAP-C were transformed into E. coli BL21 (DE3) pLysS cells (Promega,
Fitchburg, WI, USA). These proteins were expressed in the bacteria as GST fused
proteins. GST-fused H-FN3-C and H-FLAP-C were purified from the supernatants
of bacterial extracts using glutathione agarose (Sigma-Aldrich, MO, USA). After
protease-cleavage of GST by PreScission Protease (GE Healthcare), monomeric
proteins were purified using HisTrap HP columns (GE Healthcare), according to
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the manufacturer’s instructions.

5-2-4. Preparation of HBP-FLAP and FN3 probes

HBP-FLAP-IR800 and FN3-IR800 monomer probes were prepared by
covalent conjugation of a fluorescent dye IRDye 800CW-maleimide (LI-COR
Biosciences, Lincoln, NE, USA) to a cysteine residue at the C-terminus of the CTag
of H-FLAP-C. Twenty-five nmol of unlabeled H-FLAP-C or H-FN3-C was reacted
with 50 nmol of IRDye 800CW-maleimide in PBS for 2 h at room temperature. PD-

10 desalting columns (GE healthcare) were used to purify the reactants.

5-2-5. Mice and in vivo fluorescent imaging

All animal experiments were performed with the approval of the Animal Ethics
Committees of Tokyo Institute of Technology (No. 2017004) and in accordance
with the Ethical Guidelines for Animal Experimentation of Tokyo Institute of
Technology. Male BALB/c nude mice were purchased from Oriental Yeast Co., Ltd.
(Tokyo, Japan). All mice used were 6-9 weeks of age. For the subcutaneous
xenograft model, N87 cells suspended in PBS (1.0 x 10° cells/20 uL) were mixed
with an equal volume of Geltrex (Life Technologies) and injected into the forefoot
of mice. Mice with subcutaneous tumors of 10—15 mm in diameter were used for
experiments. To acquire fluorescence images, 300 pmol in 100 uL PBS of HBP-
FLAP-IR800 or FN3-IR800 was intravenously injected into mice with
subcutaneous tumors in the forefoot. The following conditions were used for image
acquisition: excitation filter = 710 £ 15 nm; emission filter = 800 = 10 nm; and
exposure time = 1 s. The minimum and maximum photons/s/cm?/sr of each image
are indicated in each figure by a yellow-red bar scale.
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5-2-6. Statistical analysis
Data in this study are expressed as means = SEM. Differences are analyzed
with a two-sided Student’s #-test; p values of <0.05 were considered as statistically

significant.
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5-3. Results
5-3-1. FLAP potentially detect HER2-overexpressing cancer cells

The binding specificity of three AbP-FLAP candidates and HBP-FLAP, was
evaluated using cell lines expressing different levels of HER2. HeLa cells (no
HER2 expression), SK-BR-3 cells (HER2 expression) or N87 cells (HER2
expression) were incubated with four FLAPs, followed by staining with a
fluorescently labelled anti-His-tag antibody that binds to the His-tag at the N-
terminus of FN3. A strong fluorescence was observed in SK-BR-3 and N87 cells,
but not HeLa cells (Fig. 5-3-1). These results indicate that the FLAPs specifically

detect HER2-overexpressing cells.
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Fig. 5-3-1. Detection of HER2-overexpressing cancer cell lines by FLAPs. (A)
Immunostaining of HeLa, SK-BR-3/Luc or N87 cells with His-tagged FLAPs or
trastuzumab (green) and Hoechst (blue). Scale bar = 50 um. (B) Flow cytometry
analysis of HER2 expression on the cell surface of HeLa (black line), SK-BR-3
(blue line) and N87 (magenta line) cells. Histograms are representative of two

experiment.
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5-3-2. In vivo fluorescent imaging of a HER2-expressing tumor by HBP-FLAP

To assess the applicability of HBP-FLAP as a probe for targeting a HER2-
expressing tumor in vivo, the HBP-FLAP and FN3 scaffold were labeled with a
near-infrared fluorescent dye IRSOOCW (HBP-FLAP-IR800 and FN3-IR800; MW
= 10 kDa) (Figs. 4-3-1D and 5-3-2A). In vivo imaging was performed at various
post-injection (p.i.) times to monitor HBP-FLAP-IR800 and FN3-IR800 probes in
N87 tumor-bearing nude mice. Although similar fluorescent intensities were
observed in tumors at 0.5 h p.i. of the probes, higher fluorescent signals were
detected at longer periods in tumors from mice injected with HBP-FLAP-IR800
(Fig. 5-3-2B and C). HBP-FLAP-IR800 specifically accumulated at HER2-
expressing tumors with higher T/B ratios when compared with that of FN3-IR800
(Fig. 5-3-2D). As expected from the molecular weight of the probes, both probes
were mainly excreted through the urinary system (Fig. 5-3-2B). These results
suggested that binding to HER2 retained HBP-FLAP for longer periods in tumors
and that the HBP-FLAP design is a promising strategy for developing clinically

applicable small proteins using target-binding peptides.
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Figure 5-3-2. In vivo fluorescence imaging of a HER2-expressing tumor. (A)
Average fluorescent intensity (photons/s/cm?/sr) of HBP-FLAP-IR800 and FN3-
IR800 probe before i.v. injection; n = 3, mean + SEM. (B) Representative in vivo
images of N87 tumor-bearing mice at the indicated times of p.i. of the probes shown
in (A). A dashed blue circle indicates the tumor, a black arrow indicates the liver,
an orange arrow indicates the kidney and the blue arrow indicates the bladder. (C)
Average fluorescent intensity (photons/s/cm?/sr) of HBP-FLAP-IR800 and FN3-
IR800 probes in tumors. (D) The ratio of tumor (fluorescence intensity of tumors)
versus background (fluorescence intensity of muscles) (T/B ratio) of HBP-FLAP-
IR800 and FN3-IR800 probes at the indicated times of p.i.
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Discussion

In this chapter, FLAPs represented specific binding to HER2-overexpressing
cancer cells (SK-BR-3 and N87 cell lines) and showed applicability for targeting
HER2-expressing tumors in vivo (Figs. 5-3-1 and 5-3-2). Although target-binding
peptides/proteins selected by in vitro screening may bind to off-targets in vivo,
HBP-FLAP likely binds to HER2 specifically because no detectable signal was
observed in parts of the body other than HER2-expressing tumors and excretion
organs (Fig. 5-3-2B).

The FLAP design might be a preferable strategy for developing clinically
applicable proteolysis-resistant molecules from target-binding peptides when
compared with cyclization or grafting into cyclic peptide approaches, because many
proteins with a variety of molecular sizes and charges can be used as scaffolds for
developing FLAPs. Therefore, the in vivo retention time of FLAPs can be optimized
by using the appropriate scaffolds. In comparison to other strategies such as
PEGylation, Fc-fusion and albumin-fusion, in which either the C- or N-terminus of
the target-binding peptides is exposed, the FLAP design can mask both termini by
covalent conjugation with the scaffold, suggesting that peptides in FLAP also show
higher proteolysis-resistance to exo-proteases in the body when compared with that
of peptides with other modifications.

The application of HBP-FLAP as a diagnostic probe (in vitro immunostaining
and in vivo imaging) was shown in this study. To address the applicability of HBP-
FLAP for tumor treatment, I need to further evaluate inhibition of HER2-signaling,
cancer cell proliferation and tumor growth. Theragnostic probes by radioisotope-

and near-infrared dye-conjugations are also possible applications of FLAPs.
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Chapter 6

Conclusion and prospect
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Small proteins that chemically synthesizable and specifically bind to cancer
cell markers are promising alternatives to Ab mimetics. These small proteins
overcome some limitations of Ab such as high molecular weight, limited tissue
penetration, and high production cost. Therefore, various types of Ab mimetics have
been extensively developed. Based on our recent study, a structural immobilization
of the target-binding peptides by grafting to a particular site of a fluorescent protein
scaffold increases their binding affinity. In this study, I aimed to develop
fluctuation-regulated affinity proteins (FLAPs) consisting of a small
immunocompatible scaffold protein and a hexapeptide that specifically binds to
HER2, a breast cancer marker. The small scaffold proteins and GA sites were first
selected (Chapter 2). FLAP candidates were designed and created using two
strategies in parallel (Chapter 3 and 4), and evaluated for HER2-binding activities
to identify FLAPs that specifically bind to HER2-expressing cancer cells (Chapter
3-5). I also examined the in vivo applicability of a FLAP as an imaging probe for
HER2-expressing tumors (Chapter 5).

Chapter 2 explains the computational selection of small protein scaffolds and
identification of GA sites. To develop FLAPs, I initially selected 13 non-Ig human
protein scaffold candidates that had sizes amenable to chemical synthesis and a low
number of disulfide bonds, and then identified six suitable proteins using the
validation method. The appropriate GA sites in the scaffold candidates were
evaluated by a unique method using MD simulation. Finally, 13 GA sites in 6
scaffolds were selected for FLAP construction.

Chapter 3 describes the design and evaluation of FLAPs in which HER2-
binding sequences were extracted from anti-HER2-mAbs. Five AbPs were
extracted by binding energy calculations of CDR peptides of clinically used anti-
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HER2 mAbs, trastuzumab and pertuzumab, and grafted into the 13 selected GA
sites, resulting in 65 FLAP combinations. Four out of 65 FLAP candidates showed
strong binding to HER2 with Kp of 24-65 nM in ELISA and 270-350 nM in
biolayer interferometry. Three out of four candidates had FN3 scaffold and bound
to the same epitope as trastuzumab, hereinafter regard these candidates as AbP-
FLAPs.

Chapter 4 describes the design and evaluation of FLAPs in which HBPs were
selected by screening a peptide library. The HBPs were first isolated from a phage-
displayed peptide library and grafted into GA sites of FN3 to create FN3-HBPs.
Binding affinity of the FN3-HBPs was then improved by affinity maturation. The
affinity-matured FN3-HBP, hereinafter referred to as HBP-FLAP, showed clinically
relevant binding affinity (Kp = 58 nM in ELISA and 287 nM in biolayer
interferometry). In addition, proteolytic resistance of HBP was improved in HBP-
FLAP. This property of HBP-FLAP may contribute to the long retention time in
Vivo.

Chapter 5 describes the applicability of FLAPs as diagnostic probes.For in
vitro immunostaining, three AbP-FLAPs and one HBP-FLAP bound to high HER2-
expressing cells (SK-BR-3 and N87 cells) but hardly to control cells (HeLa cells
with low or no HER2 expression). This result suggests that FLAPs might be able to
use for other Ab-based applications. For in vivo imaging, HBP-FLAP was able to
delineate HER2-overexpressing tumors with a half-life of 6 h after intravenous
injection to the tumor-bearing mice. These results indicate that FLAPs specifically
bind to the target and are applicable to both in vitro and in vivo.

The final goal of this research is development of HER2-targeting small proteins
by immobilization of binding peptides into small protein scaffolds. In this study, I
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have demonstrated a successful creation of FLAPs by grafting structurally
immobilized AbPs or HBPs into non-Ig scaffolds. A strategy for creation of AbP-
FLAPs is applicable for other mAbs and other functional proteins. Moreover, a
strategy to create HBP-FLAP is not only found new HBP, but also increase
proteolytic resistance of the HBP. Although the binding affinity of FLAPs is
moderate, this may have the advantage of reducing toxicity due to on-target off-
tumor binding. Since FLAPs are generated from small protein scaffolds of the size
less than 120 amino acid, this chemical synthesizable property might be additional
benefit of production. Due to the specific binding property, FLAPs would be able
to use for several applications such as diagnosis probe or use as a small protein
drug.

Overall, I hope that the efficient and practical method of FLAP development
can be applied to many therapeutic targets, not only cancer but also other diseases
where antibodies and recombinant proteins are currently used. Therefore, this study
may open new avenues for developing novel technology platforms in protein

engineering and biopharmaceutical design.
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