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Antibodies and antibody derivatives have been widely used in diagnostic and
therapeutic applications as well as in biotechnological research tools. Since their
application in these areas requires for their production with a high yield, recombinant
protein technology has been used to meet the increasing demand in the global
market and to reduce production costs. Single-chain variable fragment (scFv), which
is one of the most widely used recombinant antibody fragments, is formed by linking
heavy and light units of variable domains with a flexible linker peptide. Successful
construction of scFvs is based on composition, length and flexibility of linker peptides

in addition to variable domain order.

In this thesis, the production of model scFvs, that are highly soluble, active and
correctly folded in Escherichia coli was proposed and the effects of linker peptides
to properties of scFvs towards immobilization for diagnostic applications were

investigated. For this purpose, anti-HER2 scFv against human epidermal growth



receptor 2 (HER2) and scFv13R4 against B-galactosidase were selected as model
antibody fragments. Firstly, scFv version of the full-length antibody targeting HER2
glycoprotein, which overexpresses in breast cancer patients, was constructed via
splicing by overlap extension polymerase chain reaction (SOE-PCR). Anti-HER2
scFv was expressed in the cytoplasm of E. coli strains BL21(DE3) and SHuffle T7
Express cells, the latter of which has more oxidizing conditions for disulfide bond
formation, to determine the suitable strain for functional production of the scFv.
Evaluation of the host strains revealed significantly higher solubility and up to four-
fold higher antigen-binding activity of anti-HER2 scFv expressed in SHuffle T7
Express versus BL21(DE3). Hence, subsequent productions of scFvs were
performed in SHuffle T7 Express. Thereafter, anti-HER2 scFvs were designed in two
different domain orientations, which were Vu-linker-Vi or Vi-linker-VH, to determine
the optimum domain orientation for this scFv. They were expressed in SHuffle cells
to compare their properties in terms of solubility, monomer/dimer formation, binding
activity and affinity. Soluble production was characterized by Western blot analysis,
and in vitro immunological characterization of anti-HER2-scFv was performed with
enzyme-linked immunosorbent assay (ELISA) and surface plasmon resonance
(SPR). Consequently, domain orientation of anti-HER2 scFv was investigated for the
first time, and each scFv showed high binding activity and selectivity against HER2,
regardless of the variable domain orientation. In addition, effects of bioprocess
operation parameters such as induction temperature, inducer concentration,
duration of induction and medium composition on expression of scFvs were
investigated. It was found that IPTG concentration did not significantly affect the anti-
HER2 scFv expression, higher amount of soluble anti-HER2 scFvs were observed
between 16-20 h after induction and ratio of soluble expression increased at
temperatures lower than 30°C. Overexpression of anti-HER2 scFv was also
observed when produced in chemically defined minimal medium in SHuffle cells. In
the second part of the study, anti-HER2 scFv in Vi-linker-VH orientation was used,
owing to its relatively higher expression. ScFvs were re-designed by adding linkers
with different amino acid composition, towards immobilization onto polystyrene (PS)

surfaces and characteristics of the new scFvs were investigated. Direct, indirect and



sandwich ELISA was performed for determination of immobilization, antigen-binding
properties and detection of HER2, respectively. It was observed that the
immobilization activities of scFvs with different linkers changed in relation to PS plate
type, and absence or presence of Tween 20 in coating buffer. Additionally, the same
linkers were cloned into the other model antibody fragment, scFv13R4, to investigate
the versatility of the effects of linkers and similar results were observed. Lastly, in
silico analysis was performed to observe the effect of linkers on stability and
functionality of anti-HER2 scFvs with homology modelling and molecular dynamics
(MD) simulation. Based on the experimental results and MD simulations, one of the
designed linkers was found to be an appropriate substitution for the standard linker
within the scFvs for immunoassay applications. Overall, the model scFvs
constructed in this study hold great potential as biorecognition elements in
immunoassays or diagnostic tools owing to their highly soluble expression and

biologically active forms with nM range dissociation constants (Ka).

Keywords: recombinant antibody, scFv, Escherichia coli, VL/VH, linker peptide,

immobilization, in silico.



OZET
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URETiMIi VE TIBBi TANIYA YONELIK GELiSTIRILMESI
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Doktora, Kimya Miuhendisligi Bolimu
Tez Danismani: Dog. Dr. Eda GELIK AKDUR
Es Danisman: Prof. Dr. Matthew P. DELISA

Agustos 2021, 159 sayfa

Antikorlar ve antikor turevleri, teshis ve tedavi edici uygulamalar ile biyoteknolojik
arastirmalarda genis bir kullanim alanina sahiptir. Bu alanlardaki uygulamalari
yuksek verimle Uretimlerini gerektirmesinden dolayi, antikorlarin kiresel pazarda
artan taleplerini karsilamak ve uretim maliyetlerini azaltmak igin rekombinant protein
teknolojisi kullaniimaktadir. En yaygin olarak kullanilan rekombinant antikor
fragmanlarindan biri olan tek zincirli degisken fragman (scFv), agir ve hafif degisken
bdlgelerin esnek bir baglayici peptit ile baglanmasiyla olusturulur. Scfv yapilarinin
Ozellikleri, degisken bolgelerin baglanma sirasi ile baglayici peptitlerin igerigine,

uzunluguna ve esnekligine bagl olarak degismektedir.

Bu tez galismasinda, ¢ozundr, aktif ve dogru katlanmis scFv’lerin Escherichia coli
bakterisinde uretimleri onerilmis, bagdlayici peptitlerin  scFv’lerin  diagnostik
uygulamalarda immobilizasyonuna yonelik etkileri arastirnimistir. Bu amagla, insan

epidermal buytime reseptort 2 (HER2)'ye karsi anti-HER2 scFv ve B-galaktosidaza



karsi scFv13R4, model antikor fragmanlar olarak secilmistir. ik olarak, meme
kanseri hastalarinda normalden fazla uretilen HER2 glikoproteinini hedefleyen tam
uzunluktaki antikorun scFv versiyonu, ortusme uzantisi ile ekleme polimeraz zincir
reaksiyonu (SOE-PCR) ile olusturulmustur. Anti-HERZ2 scFv, fonksiyonel uretimi i¢in
uygun hdcrenin belirlenebilmesi amaciyla E. coli BL21(DE3) ve disulfid bagi
olusumu igin sitoplazmasinda daha fazla oksitleyici kosullara sahip E. coli SHuffle
T7 Express hucrelerinin sitoplazmalarinda Uretilmistir. Hucrelerin kargilastirilmasi,
BL21(DE3)'e karsi SHuffle T7 Express'te uretilen anti-HER scFv’nin 6nemli 6lgude
daha yuksek ¢ozunurluk ve dort kata kadar daha yuksek antijen baglama aktivitesi
ile sonuclanmistir. Bu nedenle, scFV'lerin ilerleyen ¢alismalardaki Gretimleri SHuffle
T7 Express ile gerceklestiriimigtir. Daha sonra anti-HERZ2 scFv, 6zellikleri agisindan
en uygun baglanma sirasinin belirlenebilmesi igin Vu-baglayici-ViL ve Vi-baglayici-
Vh olarak tasarlanmistir. C6zunurlik, monomer/dimer olusumu, baglanma aktivitesi
ve afinite 6zelliklerinin kargilastiriimasi amaci ile SHuffle hicrelerinde Uretilmigtir.
Cozunar Uretimleri Western blot analizi ile karakterize edilirken, anti-HER2 scFv’nin
in vitro immunolojik karakterizasyonu enzim bagh imminosorbent analizi (ELISA) ve
yuzey plazmon rezonans (SPR) analizi ile yapilmistir. Sonug¢ olarak, anti-HER2
scFVv’nin olusturulmasinda degigken alanlarin baglanma sirasi ilk defa bu galisma ile
arastirilmis; anti-HER2 scFv, degisken alanlarin baglanma sirasindan bagimsiz
olarak, her iki yapida da HER2'ye kargi yluksek baglanma aktivitesi ve segicilik
gOstermistir. Ayrica, indukleme sicakhdi, indukleyici (IPTG) derigimi, indukleme
suresi ve ortam bilesimi gibi biyoproses isletim kogullarinin scFv Uretimine etkileri de
arastinilmistir.  IPTG derisiminin  anti-HER2 scFv Uretimini o6nemli dlgude
etkilemedigi, indukleme sonrasi 16-20 sa araliginda daha yuksek miktarda ¢ozunur
scFv uretildigi ve 30°C’den dusuk sicakliklarda ¢dzunur protein oraninin arttigi
sonucuna varilmistir. SHuffle hicrelerinde kimyasal olarak tanimlanmis minimal
ortamda da anti-HER2 scFv uretimi gézlenmistir. Calismanin ikinci bolumunde, daha
yuksek protein uretimi sebebiyle Vi.-baglayici-Vh yapisinda anti-HER2 scFv
kullanilmigtir. ScFv’ler polistiren (PS) ylzeylere immobilizasyona yonelik farkl
amino asit bilesimine sahip baglayicilar ile yeniden tasarlanmis ve yeni scFv’lerin

ozellikleri incelenmigtir. Immobilizasyonun, antijene baglanma &zelliklerinin ve



HERZ2'nin tespit edilebilirliginin belirlenmesi igin sirasiyla direkt, indirekt ve sandvig
ELISA yontemleri uygulanmistir. Farkl baglayicilara sahip scFv’lerin immobilizasyon
aktivitelerinin PS plaka tipine ve scFv kaplama ¢ozeltisinin Tween 20 igerip
icermemesine bagll olarak degistigi gozlenmigtir. Ayrica, baglayicilarin bagka
scFV’lerde etkisini anlamak igin ayni baglayicilar bir diger model antikor fragmani
scFv13R4 yapisina da eklenmis ve benzer sonuglar elde edilmigtir. Son olarak,
baglayici peptitlerin anti-HER2 scFV’lerin stabilitesi ve islevselligi Uzerindeki etkilerini
gozlemlemek igin homoloji modelleme ve molekiler dinamik (MD) simulasyonu
yontemleri ile in silico analiz yapilmistir. Deneysel sonuglar ve MD simulasyonlarina
dayanarak, tasarlanan baglayicilardan birinin immunoanaliz uygulamalari igin
standart baglayiciya uygun bir alternatif olabilecegi sonucuna variimistir. Genel
olarak, bu galismada olusturulan model scFv’ler ¢ozunebilir ve biyolojik olarak aktif
uretilebilmeleri ile nM dizeyde ayrisma sabitlerine (Kd) sahip olmalari nedeniyle,
immunoanalizlerde veya tani araglarinda biyolojik tanima elemanlari olarak kullanim

potansiyeline sahiptir.

Anahtar Kelimeler: rekombinant antikor, scFv, Escherichia coli, VL/VH, badlayici

peptit, immobilizasyon, in silico.
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1. INTRODUCTION

Since the first recombinant antibody (Orthoclone OKT3) was launched to the market
in 1986, antibody and antibody derivatives have become the largest market of
biopharmaceuticals owing to their flexibility, specificity and diversity characteristics
[1]. Until December 2019, 79 antibodies have been marketed or approved by the US
Food and Drug Administration (FDA). It is predicted that the annual global sales of
monoclonal antibodies in 2020 will be over 125 billion USD and this value will reach
138.6 billion USD in 2024, thus having a significant growth potential [1, 2].

An IgG molecule, the predominant serum antibody, consists of two light and two
heavy chains, which are held together by disulfide bonds. Each IgG molecule is
composed of three domains that form a Y-shaped structure: two antigen-binding
fragments (Fab) and one fragment crystallizable (Fc). Antibodies can be produced
in polyclonal, monoclonal and recombinant forms. Polyclonal antibodies that
recognize different epitopes on the single antigen are composed of antibodies
produced by different B cells. Monoclonal antibodies (mAb) are molecules
synthesized from a single B cell clone that can specifically bind to a particular region
of the antigen [3]. In addition to full-length antibodies, native antibody fragments can
be isolated or new antibody derivatives which are classified as recombinant antibody
fragments could be engineered. Single-chain variable fragments (scFvs), which are
one of the most frequently used type of recombinant antibodies, are formed by
linking heavy (VH) and light (VL) units of variable domains with a flexible linker
peptide, varying from 10 to 25 amino acids in length [4]. The length and composition
of the linkers as well as orientation of Vi and VL regions could influence

thermostability, production efficiency and antigen-binding affinity of scFvs [5, 6].

Antibodies and antibody fragments are extensively used in therapeutic, medical
diagnostic and biotechnological research applications. Because of the high demand
for antibodies in many of these tools, there has been an increasing interest in studies

on the development of bioprocesses to meet the growing need in the global market



and reduce production costs [7]. The scFv is an active component of the whole
antibody which could maintain comparable specificity and affinity to a target antigen
[8]. Therefore, scFv antibodies could be used as a substitute for whole antibodies.
Compared with the conventional antibodies, the scFv antibody: (i) can be produced
in microbial systems with lower costs owing to its smaller size (ii) can be engineered

to enhance selectivity and affinity, and (iii) shows better tumor penetration [9].

In literature, there are numerous studies on the production and development of scFv
molecules using microbial systems [10]. Escherichia coli is one of the most preferred
microorganisms for expression of recombinant proteins with regard to its fast growth,
lower production costs, well understood genetic structure and ease of genetic
manipulation [11]. However, soluble expression of scFvs in E. coli could be difficult
because of the two intrachain disulfide bonds, which need oxidizing environment for
formation. ScFvs are secreted to the periplasmic or extracellular compartments of E.
coli, which have an oxidizing environment; however, periplasmic expression can limit
the expression yield due to its low capacity [12-14]. Although the cytoplasm has
larger space, reducing conditions cause misfolding and aggregation due to
hindrance of disulfide bond formation and extra protein recovery methods are
required for misfolded proteins expressed in the cytoplasm. Thus, current
investigations are mainly focused on soluble production of scFvs with high yields in
E. coli [15-17].

The principle of the immunosensors is based on the specific recognition of the
antigen/antibodies in the analyte by the immobilized antibody/antigens to the sensor
surface and the generation of signals depending on the concentration of the analyte.
While antibodies are considered to be excellent probes in biosensor applications
owing to their high specificity and affinity toward their targets, using these molecules
can cause some problems such as difficulties in oriented immobilization and loss of
specificity. Hence, protein and genetic engineering techniques allow the use of small
antibody formats to eliminate these problems. ScFv antibodies have much potential

to be used as biorecognition elements in various types of biosensors, optical



biosensors and immunological assays due to their production and modification
easily, lower molecular weight and high customizability with a wide variety of

immobilization techniques [18].

Several approaches have been used for engineering scFvs during their production
to immobilize them to a solid surface without denaturation. For example, the scFv
linker peptides may be designed to have the metal binding cysteine (Cys) or histidine
(His) amino acids in the sequence for the attachment on gold sensor surfaces, with
enhanced orientation, or linkers may contain positively charged amino acids for
immobilization to negatively charged surfaces via electrostatic and non-covalent
interactions [19]. Additionally, material-binding peptides that have the ability of
specifically recognizing the target materials such as hydrophilic polystyrene [20],
silicon [21] and gold surfaces [22] were developed to increase the oriented
immobilization. However, there is no study about the effects of these peptides on
scFvs immobilization, when included within the linker region, which is usually 15

amino acids long.

Successful construction of scFvs is based on composition, length and flexibility of
linker peptides, which can influence stability and structure as well as antigen-binding
activities and expression levels of scFvs. Therefore, selecting a functional linker
among various linkers is one of the crucial steps for designing an optimal scFv [23,
24]. On the other hand, computational approaches could offer molecular insight
without experimental studies. In silico studies including molecular docking and
molecular dynamics (MD) simulation are important tools to understand structure-
function relationships of the protein-ligand, protein-surface and protein-protein

complexes [25].

In this thesis study, the production of model scFvs with soluble, active and correctly
folded properties in E. coli, and engineering the linker region of antibody fragments
to attain well-oriented immobilization to polystyrene surfaces was proposed. Anti-

HER2 scFv against human epidermal growth receptor 2 (HER2) and scFv13R4



against B-galactosidase [26] was selected as model antibody fragments. Since
scFv13R4 was mutated to be produced folded and functional in the cytoplasm in a
previous study [27], it was used in linker engineering part of the study. In the first
part, scFv version of the full-length antibody of Herceptin [28] targeting HER2
glycoprotein, which overexpresses in breast cancer patients, was constructed via
splicing by overlap extension (SOE) polymerase chain reaction. For selection of the
appropriate strain, anti-HER2 scFv was expressed in cytoplasm of E.coli BL21(DE3)
and SHuffle T7 Express cells, the latter of which has more oxidizing conditions. Anti-
HER2 scFvs were designed in two different domain orientations, which were Vu-
linker-VL or Vi-linker-Vu. Considering the results obtained from other studies, the
effects of variable domain orientation were compared in terms of solubility,
monomer/dimer formation, binding activity and affinity. In addition, the effects of
bioprocess parameters such as induction temperature, inducer concentration,
duration of induction and medium composition on expression of scFvs were
investigated. Soluble production was shown using SDS-PAGE and Western blot; in
vitro immunological characterization of anti-HER2-scFv was performed with
enzyme-linked immunosorbent assay (ELISA) and surface plasmon resonance
(SPR). In the second part of the study, anti-HER2 scFvs were developed by adding
linkers with different amino acid composition towards immobilization onto
polystyrene (PS) surfaces and characteristics of the new scFvs were investigated.
Direct, indirect and sandwich ELISA were performed for determination of
immobilization, antigen-binding activity/affinity, and HER2 detection attached on the
PS surface, respectively. Additionally, the same linkers were added in to the other
model antibody fragment, scFv13R4, to investigate the versatility of the effects of
linkers. Lastly, the effect of linkers on stability and functionality of anti-HER2 scFvs
were analyzed with homology modelling and MD simulation methods via GROMACS
[29]. Overall, the model scFvs constructed in this study hold great potential as
biorecognition elements in immunoassays or diagnostic tools owing to their highly

soluble expression and biologically active forms.



2. LITERATURE SURVEY

2.1. Antibody and Antibody Fragments

Antibodies (immunoglobulins) are one of the glycoprotein structures of the immune
system with their high affinity and specific recognition capacity towards antigens.
Immunoglobulins are divided into five classes by their heavy chains (IgA, IgG, IgM,

IgD and IgE) and IgG is the predominant class in the blood.

A full-legth IgG antibody molecule consists of two heavy (H) chains with 50 kDa and
two light (L) chains with 25 kDa molecular weight, and these chains which have
constant (C) and variable (V) regions are held together by disulfide bonds (Figure
2.1). Whereas the H chain contains three constant regions (Ch1, CH2 and Chs) and
one variable region (VH), the L chain has one constant region (CL) and one variable
region (VL) [30].
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Figure 2.1. Representative structure of antibody and antibody fragments [31]



IgG antibody is composed of two main functional parts, the fragment crystallizable
(Fc) and the antigen-binding fragment (Fab). The Fab region consists of the V and
C regions of the heavy (V1 and Ch1) and light (VL and CL) chains. Two Fab domains
having identical antigen-binding sites for a target antigen are connected to the Fc at
the hinge region, which provides a high degree of flexibility for Fabs compared to Fc
(Figure 2.1). While the Fc region composed of C domains of two heavy chains binds
to various effector molecules and cells for activation of the immune system, variable
regions (Fv) play role in antigen binding [32]. Wu and Kabat reported that six loop
regions, three from L and three from H variable domains, are responsible for
specifically recognizing and binding to its antigen by forming a unique surface and
they called them as “complementarity determining regions (CDRs)” [33]. It was
reported that constant domains of antibody exhibit only small changes in sequence
when examined in the different antibody classes, while the CDRs show a high

degree of sequence variability [34].

In addition to Fabs, smaller antibody fragments such as the single-chain variable
fragments (scFv), diabodies, single-domain antibodies and disulfide-stabilized Fv
(dsFv) can be generated from antibodies using antibody engineering and molecular
cloning techniques. These antibody fragments can also be modified to bispecific,
multi-specific, multimeric or multifunctional forms by linking them to other molecules

or fragments [35].

Antibodies and antibody fragments, which have the largest market among
pharmaceutical proteins, are the most valuable proteins that can be used as a
therapeutic, for medical diagnosis and biological research (immunoblotting, flow
cytometry, etc.) tools [1]. Since the first recombinant antibody (Orthoclone OKT3)
was launched to the market in 1986, 79 monoclonal antibodies (mAb) or antibody
fragments have been approved by the US FDA and more than 570 therapeutic
monoclonal antibodies have been used in clinical studies around the world [36]. Until
March 2020, eight antibody fragments were approved as drugs by the US FDA. Six

of them including blinatumomab, ranibizumab, caplacizumab, certolizumab pegol,



moxetumomab pasudotox and brolucizumab were obtained from Escherichia coli,
whereas abciximab and idarucizumab were produced by mammalian hosts, based
on the data reported by “The Antibody Society” [37].

2.1.1. Monoclonal Antibodies

Antibodies are classified into three primary groups based on production technology:
polyclonal antibodies, monoclonal antibodies and recombinant antibodies.
Polyclonal antibodies are characterized by a heterogeneous mixture of
immunoglobulin molecules secreted by different B-cell lineages and recognize
multiple epitopes on the same antigen. These types of antibodies are produced by
injecting the antigen of interest into an animal to obtain high levels of antibodies and
then antibodies are harvested through blood draws. The polyclonal antibodies can
be used directly in serum, which are separated from leukocytes and erythrocytes, or
antibodies can be purified from the serum using affinity column chromatography
methods [38]. Monoclonal antibodies are produced using hybridoma technology,
which was invented in 1975 by Georges Kohler and Cesar Milstein [39]. In this
technology, a myeloma cell becomes drug-sensitive by mutation of hypoxanthine
guanine phosphoribosyl transferase (HGPRT) gene. Then, itis chemically fused with
B-cells from an animal exposed to the antigen of interest and fused cells are
incubated in a medium having the selective drug. Consequently, only the fused cells
which have functional HGPRT gene obtained from B-cells survive, because unfused
B-cells having short life span and unfused myeloma cells which lack HGPR die off.
Thus, fused cells are immortal and carry the antibody gene of B-cells and this brings
growing continuously and producing antibody. Since resulting antibodies are

secreted by the same B-cells, they bind to a single epitope of the antigen [40].

The technology used for monoclonal antibodies have several advantages over the
polyclonal antibodies: (i) the hybridoma technology provides an endless supply for
production of antibody owing to immortality of the hybridoma cell lines; (ii) generation
of monoclonal antibodies becomes simple and effective after the hybridoma clones

are established; (iii) since the target antibody is principally detected based on the



selection strategy, impurity of the antigen can be tolerated; (iv) antibodies having

selective properties for specific structures could be produced [41, 42].

2.1.2. Recombinant Antibody Technology

Although monoclonal antibodies produced by hybridoma technology have been
widely utilized as diagnostic and therapeutic agents, the emergence of recombinant
antibody technology and studies towards understanding of structure and action of
antibodies have paved the way for developments in novel production strategies of
antibodies. Antibody fragments which retain their specificity and stability could be

produced via recombinant antibody technology.

Fab fragments that were only obtained by proteolytic cleavage of the antibody using
enzymes such as papain and pepsin in the past could also be produced by
recombinant synthesis [34]. In the late 1980s, Pluckthun and Skerra showed that
correctly folded antibody fragments could be produced by using vectors in bacterial
systems [43]. Afterwards, recombinant antibody fragments have been generated in
various host systems including mammalian [44], plant [45], insect [46], yeast [47]

cells and cell-free systems [48].

The Fv fragment contains variable domains of H and L chains linked via a disulfide
bond. A flexible linker peptide is introduced into the Fv fragment to overcome stability
issues and this structure is named as a single-chain Fv or scFv. Single-chain
antibody fragment (scAb) can be generated by incorporating a light chain constant
domain into an scFv [49]. Diabody is formed from the V4 and VL domains of two
scFvs as two polypeptide chains. These domains are linked by a short glycine-rich
linker to lead intrachain dimerization of the two chains. Single-domain antibodies,
which are another type of antibody fragment, are unpaired variable domains (VL or
VH). These domains that are easy to engineer maintain the antigen binding

specificities of a full-length antibody [50].



2.2. Single-chain Variable Fragments (scFvs)

The scFv antibody was developed recombinantly for the first time in 1988 by Huston
et al. [51] and Bird et al. [4] independently from each other, and contains the
functional V+ - VL regions required for high affinity binding against the target antigen.
These fragments with a molecular weight of about 28 kDa are formed by linking VH
and VL units with a flexible linker peptide (10-25 amino acids) and can be produced
synthetically by genetic engineering techniques with only suitable vector and host

cell combinations.

The most frequently used linkers for the production of scFvs are composed of
repeats of glycine and serine stretches of 15 or 20 aa having sequences of
(GGGGS)s or (GGGGS)4, respectively. Besides minimization of oligomerization,
these linkers are also crucial for correct folding of protein structure and the antigen
binding site formation [51, 52]. It has been estimated that the distance between C-
terminus (carboxyl terminus) of one V domain and N-terminus (amino terminus) of
the other V domain must be at least 3.5 nm to form an antigen binding site [51].
Furthermore, studies have shown that length of the linker have an effect on the
oligomeric state of scFvs. Linker chains greater than 15 amino acids tend to generate
scFvs in monomeric behaviour. While linkers of 6-15 residues results in the formation
of dimeric or trimeric structures, higher order multimeric molecules are produced with
linker chains less than five residues [8, 53]. Linkers less than 15 residues hinder the
correct rotation and pairing of complimentary V domains and this effects the
formation of the proper interface. As a result of this configuration, variable domains
of two, three or four scFvs swap with intermolecular association and diabodies,

triabodies or tetrabodies are formed, respectively [54].

The length and amino acid composition of the linker that offer optimum
thermostability and affinity for the target antigen can show differences among scFvs.
The order of VL and V1 domains with the same linker can also have an effect on
expression efficiency, stability and monomer/dimer formation of scFvs. Linker

sequences could be engineered to improve functionalities of scFvs, when the



produced scFvs show low affinity or poor stability compared to the parental antibody
[6]. In literature, there are some studies investigating linkers with regard to their
length and sequences to improve the solubility and activity of scFvs [55, 56].
Furthermore, the binding order of VL and V4 domains to construct the scFvs show
differences throughout the literature. Whereas Vi-linker-Vn orientation showed
favorable biophysical properties in one study [57], another study reported that the
Vh-linker-ViL was more favorable in terms of characteristics of scFvs [58]. It was also
reported that the two orientations showed the same binding activities [59]. Therefore,
it could be concluded that there is no common rule for the construction of scFv
structure which gives the optimum expression level, stability and activity. Each scFv
requires to be investigated individually to determine the optimum format for

expression.

2.2.1. Expression of ScFvs

Type of antibody fragments, the size and sequence of protein, occurrence of post-
translational modifications and the number of disulfide bonds have an effect on the
expression of antibodies. Recombinant antibody fragments are mostly composed of
antigen binding unit of full-lgG structure and this unit is influenced by the
conformational changes and selected expression conditions may cause aggregation
of the produced antibodies, which renders them inappropriate for applications [60].
Thus, determination of optimum functional expression conditions is important for the

applications of antibodies.

Conventional IgGs are mostly expressed in mammalian cell lines including human
embryonic kidney (HEK), Chinese hamster ovary (CHO) cells since CH2 domain of
full-length antibodies comprises an N-linked glycosylation site [61]. In contrast to
antibodies, most antibody fragments are not glycosylated and this provides
amenability for production in microbial systems, which are cheaper, faster and easier

to cultivate and modify [62].
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The scFvs have several advantages over full-antibodies with Fab and Fc region: (i)
they can be ideal structures for large scale production in microbial systems owing to
their small size and lack of glycosylation [47]; (ii) sequences that code VL and VH
domains are combined in a single transcript and therefore, scFvs could be generated
faster, in higher yields at lower costs, since balancing the expression of the L and H
chains is not required [62]; (iii) they can be easily modified to improve selectivity and
affinity [34]; (iv) they show better tumor penetration in cancer immunotherapy due to
their smaller size [63]; (v) the scFvs do not show effector functions and immune cell
activation due to lack of an Fc region and this allows the scFv molecules to react
with their target antigens without an effect on the immune system of the host [64].
The lack of an Fc region that causes lower thermostability than parental antibody
and tendency to formation of aggregates could be sometimes disadvantageous
based on the usage purpose. This situation leads to a shorter half-life and increment
on the risk of the immunogenicity [35, 65]. This disadvantage could be eliminated by
combination of the scFv with albumin or polyethylene glycol to increase their half-
life. However, these attempts could cause an increment in the size of scFvs and

extra cost, and this could offset the advantages of scFvs over full-antibodies [66].

Despite the advantages of expression in microbial systems, scFvs obtained from
bacteria do not have a comparable stability to whole antibodies or an expression
yield from mammalian hosts, which have yields greater than 10 g/L in CHO cells
[67]. Therefore, recent investigations have been focused on increasing protein
stability as well as expression yield in bacteria with various vector systems, and

engineered strains have been developed for this purpose [31].

2.2.2. Escherichia coli for ScFv Production

Selection of a suitable expression host is the first step for recombinant antibody
fragment production. In the literature, there are studies on the expression of
recombinant antibody fragments in various bacterial hosts such as Escherichia coli
[54], Pseudomonas putidas [68], Bacillus megaterium [69, 70] and Bacillus subtilis

[69, 71]. Escherichia coli is one of the most preferred organisms in recombinant
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protein production owing to its high growth rates, ease of genetic manipulation, well

understood genetic structure and lower production costs [11, 72].

E. coli is composed of three compartments for protein production: cytoplasm,
periplasm and extracellular medium. Expression of scFvs in E. coli could be difficult
because of the intrachain disulfide bonds, which are crucial for structural stability
and correct folding. To address this challenge, there are various approaches based
on the expression compartment. The first approach is development of vector
systems targeting scFvs to the oxidizing periplasm or extracellular medium by adding
signal peptides [12, 73]. The second one is the expression of scFvs in reducing
cytoplasm of E. coli. Although high yields of protein can be obtained from this
compartment, the reducing condition of the cytoplasm which hampers the disulfide
formation is not suitable for functional antibody fragments [74]. As a result, antibody
fragments produced in the cytoplasm show tendencies for instability and insoluble
aggregation, which is known as ‘“inclusion body”. This situation requires the
application of refolding processes after purification that consume extra time, labor
and cost [75]. Another approach is altering of the reduction-oxidation pathways in

cytoplasm with mutations in the E. coli strains [16, 76].

Figure 2.2 summarizes the compartments of E. coli for the expression of

recombinant antibody fragments.
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Figure 2.2. Compartments for the recombinant protein expression in E. coli. Figure
modified from [54]

2.2.2.1. Periplasmic Expression

Proteins are firstly produced in the cytoplasm of E. coli and directed to the secretion
pathways at the inner membrane owing to specific N-terminal sequences. The
periplasmic compartment of E. coli allows for disulfide bond formation via specific

chaperones, enzymes and foldases [77].

Since the scFv molecule requires two disulfide bonds for structural stability and
correct folding, periplasm is the most preferred compartment for antibody fragments
[78, 79]. Secretion of recombinant proteins to the periplasm in E. coli occurs via (i)
signal peptides such as LamB, OmpA, MalE, PelB or PhoA that use the inner
membrane secretion (Sec) pathway, which transports unfolded proteins; (ii) signal
peptides such as TorA or Pac using the twin-arginine transport (Tat) pathway that
transports fully folded proteins or (iii) signal peptides such as DsbA or TolB using the
signal recognition molecule system (SRP) pathway that transports unfolded proteins
[80].
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There are numerous reports about the effects of different signal peptides on the
expression and features of the scFvs [13, 81-83]. For instance, Karyolaimos and
coworkers have screened four signal peptides (DsbA, Hbp, OmpA and PhoA) fused
to an scFv and a recombinant protein with disulfide bonds to increase the production
yield in the periplasm of E. coli. The main finding of this study was that the signal
peptide which gave the highest production differred for each protein, and the
construct having the OmpA signal peptide provided the highest production yield for
the scFv [13]. Kasli and coworkers have investigated the effects of PelB and DsbA
signal peptides on the production of periplasmic scFv and they showed that the PelB
signal sequence resulted in higher scFv solubility and better cell physiology [81]. In
another study, expression of anti-HER2 scFv fused with the PelB signal peptide was
compared for the cytoplasm, periplasm and extracellular regions, and anti-HER2
scFv accumulated in the periplasm as expected, and its accumulation occurred in

the extracellular region after 17 hours as a result of cell lysis [14].

Despite mentioned benefits, the capacity of the periplasm which is less than 20% of
the total cell volume can limit overall expression yield, depending on the protein of
interest, expression host and the type of signal peptide. Another disadvantage of this
compartment is based on the leakage of antibody fragments into the medium.
Antibody fragments accumulate in the periplasm due to metabolic stress. This
situation leads to more permeable membrane structure, which causes a higher
diffusivity of the accumulated proteins from the periplasm to the extracellular medium
[84].

2.2.2.2. Cytoplasmic Expression

Since the cytoplasm has larger space than the periplasmic region, this compartment
has a potential to produce recombinant protein almost 1.5 times the total amount of
intracellular protein [74]. However, reducing conditions of the cytoplasm and
absence of appropriate molecular chaperons result in the partial expression of
disulfide bonds. This reducing environment causes the interaction of partially folded

proteins with each other and also inhibits the intrachain disulfide bond formation
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capability, which result in aggregation and inclusion body formation. Protein recovery
strategies could be applied by in vitro refolding and solubilization processes for
preparation of soluble and functional scFvs from misfolded inclusion bodies. Since
these applications are laborious, time-consuming and can cause poor recovery
yields, the need for different strategies regarding solubility of protein, correct folding

and expression efficiency of antibody fragments in E. coli cytoplasm has arisen [85].

Several studies have suggested that the use of tags or hydrophilic proteins such as
glutathione S-transferase (GST) [86], maltose-binding protein [87] and green
fluorescent protein (GFP) [88] fused to scFvs can enhance yields of soluble and
functional proteins. However, the fusion tags are needed to be cleaved due to
possibility of interference with the protein activity or folding. Removal of tags is also
laborious and needs extra cost. In addition, maintenance of solubility and

functionality of scFv can be difficult without a tag in some situations [89].

The cytoplasm of E. coli, which is occupied by the thioredoxin-thioredoxin reductase
(trxB) and the glutaredoxin-glutaredoxin reductase (gor) systems, has a negative
redox potential. To overcome the limitations due to reducing conditions of cytoplasm,
strains of E. coli such as Origami [90] and SHuffle [91], which are genetically mutated
by the reduction-oxidation mechanisms in the cytoplasm, have been developed to
produce disulfide bonded proteins. Engineering of these E. coli strains was achieved
by deleting trxB and gor genes to provide an oxidative cytoplasmic environment.
Mutant cells become nonviable in the lack of thioredoxin and glutaredoxin pathways
since essential proteins cannot be cycled back to their active reduced states.
Screening of suppressors of AtrxB Agor lethality results in the generation of a strain
whose mutant peroxidase AhpC* has capacity to reduce Grx1 that provides growing
cells [92], while the thioredoxins stay in their oxidized state. Disulfide bond formation
could be catalyzed by oxidized Trx1 and this mutant E. coli strain is named as
Origami. SHuffle strain also has trxB and gor mutations as the Origami, besides the
overexpression of cytoplasmic disulfide isomerase (DsbC) proteins that provide

correctly folded proteins [93].
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There have been a growing number of reports related to expression of a variety of
proteins in SHuffle cells, including full-length 1gG expression for the first time [28].
Ahmadzadeh and colleagues have reported that solubility and production yield of
scFv against HER2 increased when expressed in SHuffle at 30°C [17]. In another
study, Liu and coworkers expressed soluble and active scFvs by the combination of
SHuffle strain and cytoplasmic chaperone optimization [16]. In the referred study,
plasmids containing scFv fragments were transformed in SHuffle strains comprising
different chaperone combinations. As a result of a systematic screening of
chaperones, it was found that GroEL-GroES system was the best in terms of
increasing the expression yield of soluble antibody fragments. Results of the study
also showed that scFvs obtained from this system had a stable tertiary structure as
well as binding activity. In addition to genetically engineered strains, the CyDisCo
(Cytoplasmic Disulphide bond formation in E. coli) system has been used to screen
cytoplasmic expression of Fab and scFv antibodies generated from different
organisms and from various classes of antibodies [94]. This study resulted in
approximately 50% higher soluble expression yield of anti-HER2 scFv with CyDisCo

in EnPresso B media than without CyDisCo.

Collectively, studies emphasize that SHuffle strains have a vast potential for the
expression of active and soluble antibody derivatives in the cytoplasm of E. coli.
Furthermore, combination of SHuffle with cytoplasmic chaperones or tags, as well
as with media for high cell density cultures makes possible the production of proteins

in high amounts on a lab scale [93].

2.2.2.3. Extracellular Expression

Another option for production of scFvs is their direct secretion into the E. coli culture
medium. Generally, protein of interest fused to an N-terminal signal peptide could be
transferred to the periplasm by the Sec machinery. However, it can further pass to
the extracellular medium. Secretion into the extracellular medium has numerous
advantages such as correct protein folding due to more oxidative and ample space,

higher yield of protein expression and ease of purification processes [95].
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Recombinant proteins can also be harvested directly from the culture supernatant in
the case of extracellular expression and this reduces the impurities related to cell
lysis. Additionally, accumulation of inclusion bodies in the intracellular compartments
and toxic effects arisen from some recombinant proteins when expressed

intracellularly can be eliminated in the extracellular secretion.

There are studies that accomplished the extracellular expression by optimization of
the optical density for initiation of induction and by addition of chemical agents such
as Triton X-100 that have increased the permeability of the outer cell membrane [96,
97]. It was reported that the active form of scFv against Aflatoxin B1 with PelB signal
peptide was not found in the periplasmic region, while it was observed in the
extracellular environment with the addition of 0.25% Triton X-100 [12]. There are
also studies that performed extracellular secretin using different signal peptides such
as YebF [95, 98] and OsmY [99] as well as HIyA signal peptide coupled at the C-

terminal and using the hemolysin transport system [100].

2.2.3. Optimization of Expression Parameters

Since a universal methodology giving high functional yield of recombinant antibody
fragments is not found, the expression conditions are required to be optimized for
each antibody individually. Culture media, induction temperature, inducer
concentration, aeration rate, pH, feeding strategies and host/vector systems
influence the production efficiency of the target protein. Studies on optimization of
these parameters have observed a major increment in the yield of antibody

fragments by enhancing solubility, folding, expression and secretion of the proteins

[7].

Nadkarni and colleagues investigated different media compositions and induction
strategies and showed that higher Fab yields could be obtained by Studier’s lactose
autoinduction medium when compared with glucose or glycerol based medium [101].
Other studies reported that L-arginine, sucrose and glutathione addition to culture

media improved the folding or the disulfide bond formation of scFvs, thus increased
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the yields of scFvs [102, 103]. In another study, combination of SHuffle strain with
high cell density cultivation media was reported to increase intracellular single

domain antibody production [104].

Multiple parameters such as inducer, media, aeration and temperature are
sometimes required to be investigated simultaneously for optimization because
changing a single factor each time could be laborious. For this purpose, statistical
design of experiments (DoE) can be applied by detecting a correlation between
multiple parameters and determining the optimum conditions to achieve ideal
expression [7]. Akbari and coworkers optimized the temperature, inducer
concentration and duration after induction for expression of scFv against HER2 by

performing DoE and they obtained 3-fold increase in scFv yield [105].

2.3. Human Epidermal Growth Receptor 2 (HER2) in Cancers

Breast cancer is the second most leading cancer type worldwide, and it is the most
frequent in women with an estimated 2.3 million new cases diagnosed in 2020. It
ranks the fourth for mortality from cancer overall and is the primary cause of cancer

related deaths in women [106].

Subtypes of breast cancer are categorized according to the presence of intracellular
and transmembrane receptors which are estrogen (ER), progesterone (PR) and the
human epidermal growth receptor 2 (HER2, also known as ERBB2). The human
epidermal growth factor receptor family, which has four members (HER1, HER2,
HERS3 and HERA4), is crucial for controlling cell growth and signaling. The expression
level of its members changes related to the type of cancer cells. HER2, a 185 kDa
transmembrane glycoprotein, is composed of three domains: a transmembrane
lipophilic segment, the intracellular tyrosine kinase domain, and an extracellular
domain. Although HER2 lacks a ligand binding domain as distinct from other HER
family members, this receptor is activated upon forming heterodimers with other
receptor family members [107]. Studies showed that heterodimerization among

receptors triggered the cell growth and transformation [108]. Previous studies also
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reported that amplification and overexpression of the gene encoding was observed
in approximately 20% of breast carcinomas and overexpression of HER2 caused
poor prognosis [109]. As a result of these properties, HER2 has ben identified as a
significant biomarker for diagnostic and therapeutic applications related to breast

cancer [110].

2.3.1. Anti-HER2 Antibody and Antibody Fragments

The development of monoclonal antibodies targeting the extracellular domain of the
HERZ2 protein was reported as a breakthrough for breast cancer therapy. Antibodies
against HER2 inhibit the biological activity of protein by (i) hindering receptor
heterodimerization, (ii) reducing receptor on cell surface and (iii) binding to the Fc-

gamma receptors on effector cells to kill tumor cells [111].

Trastuzumab, which was approved by the FDA of the USA in 1998 and also
European Medicines Agency (EMA) in 2000, was developed as the first humanized
monoclonal antibody (mAb) to treat HER2 overexpressing breast cancer [110, 112].
After that, novel therapeutic agents against HER2 have been developed to advance
breast cancer treatment [112]. Pertuzumab, a novel humanized mAb, was approved
by FDA in 2012 and it was used in combination with trastuzumab and a
chemotherapy drug called docetaxel to treat metastatic breast cancer patients that
could not be treated with either trastuzumab or chemotherapy [113]. Franklin and
coworkers showed that pertuzumab could bind to HER2 and sterically inhibit its
dimerization with other HER members [114]. In addition to full-length antibodies,
other studies reported that smaller fragments of trastuzumab and pertuzumab could
inhibit tumor growth [115-117]. The results obtained from studies indicate that the Fc
region is not essential to inhibit the growth of tumor cells. Consequently, the targeting
abilities of scFvs allow them to be utilized in various therapeutic and diagnostic
applications. There have been studies reporting the usage of antibody fragments
against HER2 applied in immunotoxins [118, 119] and immunoliposomes [120] as

breast cancers therapeutics.
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2.4. Antibody-Based Biosensors

The first biosensor introduced by Leland C. Clark in 1956 was invented to determine
the amount of glucose in serum samples [121]. Since then, several types of
biosensors have been developed for detection of a broad range of substrates

comprising proteins, oligonucleotides, small molecules, cells and viruses.

A biosensor contains three parts: a biorecognition element, a transducer and a signal
processing unit. As biosensors are applied to obtain reliable and rapid analyses,
choice of the biorecognition element is an important step for optimization of a
biosensor [122]. Immunosensors, i.e. antibody-based biosensors, are analytic
devices that generate a measurable signal in response to antigen-antibody
interactions. Some key parameters are effective on the performance of an
immunosensor: (i) ability to immobilize biorecognition elements while keeping up
their activity; (ii) selectivity of biorecognition element to a specific analyte in solution;
(iii) minimum level of non-specific adsorption to the solid surface; (iv) sensitive

detection of biorecognition element; (v) stability of biorecognition element [34, 123].

2.4.1. Antibodies in Biosensor Applications

Polyclonal and monoclonal antibody-based immunoassays have been applied as
important diagnostic tools for more than 40 years. Some problems may arise from
usage of polyclonal antibodies as probe in biosensors because of varying affinity
and specificity to more than one target, and batch related differences [124]. On the
contrary, monoclonal antibodies can be more desirable due to specificity to a unique
epitope on the target analyte and reproducibly endless production owing to

immortality of the hybridoma cell lines [125].

The general working principle of an immunosensor is based on the specificity of the
antibody against the antigen in the analyte, and the signal generation depending on
the concentration of the sample. For this purpose, proper immobilization of the

antibody to the sensor surface is significant for an immunosensor design. An
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immobilized full-length antibody can be oriented to the surface in different ways:
side-on (one Fc and one Fab domain bound to the surface), tail-on (Fc domain bound
to the surface), head-on (two Fab domains bound to the surface), and flat-on (with
three domains bound to the surface). If the antigen binding sites of antibodies are
available for interaction with the target protein, maximum performance could be
obtained from the biosensor. Attachment of antibodies through the antigen binding
sites (side-on, head-on and flat-on) causes a decrease or elimination of antigen-
binding activity [126]. Therefore, controlling the orientations of antibodies is

important for improved biosensor sensitivity.

Despite the advantages of monoclonal antibodies, there is the possibility to lose their
function within the biosensor because of unpredictable conformation changes on
solid support or undesirable reactivities occurred by their Fc domain. For this reason,
various recombinant antibody fragments have been optimized in terms of stability
and affinity to increase their usage as antibody-based probes in biosensor
applications [127]. Recombinant antibody fragments have numerous preferable
properties comprising low molecular weight, high flexibility, high customizability and
easy access to the target protein that make them a strong alternative for full-length
antibodies [49].

2.4.2. Immobilization Techniques of Antibody Fragments

Techniques used for immobilization can result in oriented or random attachment on
to solid supports. Immobilization methods should be mild since binding of antibodies
onto the surfaces is required to not affect their binding activity and specificity. Gold
[128], glass [129], copper [128], silicon [130], polystyrene [131] and polymethyl
methacrylate (PMMA) [132] surfaces or magnetic beads [133] can be given as
examples of selected solid supports for the development of antibody-based

biosensors.

Immobilization of antibody fragments could be performed via non-covalent and

covalent attachment methods. Noncovalent binding of antibodies on surfaces is
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executed by physical adsorption occurring with electrostatic, ionic bonds,
hydrophobic and hydrophilic interactions, van der Waals forces between antibodies
and the surface. However, this technique does not allow control in terms of

orientation and often results in poor binding and denaturation [134].

To enhance the antibody binding and reduce the quantity of denatured protein,
modification techniques such as chemical modification or plasma treatment are
applied to increase the hydrophilicity of surfaces [135]. Covalent immobilization of
antibodies to chemically-activated solid surfaces, which are treated to contain
hydroxy, thiol, amino or carboxyl groups for the attachment of antibodies by their free
amino groups, is another method for immobilization. This robust method can
increase the density and orientation outcomes at the surface. Since this method can
also cause conformation changes or denaturation, protein engineering techniques
provide alternative methods to ensure site-directed antibody immobilization.
Directional immobilization provides easy access to the analyte and more uniform
antigen-binding kinetics, which increase the biosensor sensitivity [127]. Affinity
immobilization techniques including material binding peptides, biotin-streptavidin
interactions, DNA directed immobilization and metal affinity can be used to obtain
enhanced protein orientation. Peptide sequences used in these techniques can be
incorporated as tags into the antibody fragments by chemical conjugation or genetic
fusion [135].

There are studies that generated polypeptides which could bind to the metal surface
with strong binding affinity [128, 136]. In a study, scFv against hepatitis B virus
antigen was fused with gold binding peptide and high binding affinity towards a gold
surface was obtained with this structure. In addition, recognition site of scFv was
observed as oriented towards the sample containing antigen after immobilization to
the gold surface [137]. In another study, scFv antibodies were constructed with a C-
terminal cutinase fusion protein to improve the binding of scFvs towards
phosphonate groups on gold surface plasmon resonance (SPR) surfaces [138].

Similarly, Hu and coworkers designed an scFv by incorporating a glycan tag in C-
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terminal of protein for oriented immobilization on aminated supports and functional

activity increased 4-fold relative to ionically adsorbed scFvs [139].

2.4.3. ScFv Immunosensors and Immunoassays

There are numerous groups of biosensors in which scFv antibodies are used as
biorecognition elements: immunoassays, optical, piezoelectric and electrochemical
biosensors [18]. Mechaly and coworkers expressed an scFv targeting B. anthracis
spores and showed its successful application as a biorecognition element in
enzyme-linked immunosorbent assay (ELISA), immunofluorescence assay and flow
cytometry [140]. Hu and colleagues developed an scFv antibody against domoic
acid and successfully immobilized it on a mesoporous silica surface towards
potential immunodetection and immunopurification applications [141]. In another
study, recombinant scFv microarrays were used to classify the metastatic breast
cancer patients by examining the serum protein expression profile for the first time
[142]. Finally, Lee and coworkers developed an scFv sensor chip combined with
SPR system to detect heavy metal contamination of marine organisms [143].
Collectively, these studies show how the recombinant antibody technology can
contribute to effective development of next generation immunosensors and

immunoassays.

2.5. Engineering scFvs for Sensor Surface Immobilization

A wide variety of immunosensor applications have been performed by using
recombinant antibody fragments instead of full-length antibodies, as mentioned
earlier. In general, directional immobilization methods are applied based on the Fc
part or carbohydrate moiety of whole antibodies while these methods are not suitable
for antibody fragments like scFv or scAbs, because of the lack of the glycosylated
Fc domain [49]. Therefore, linker engineering techniques can be used for directed
immobilization of scFvs towards biosensor surface, in addition to affinity and stability

engineering methods that provide increased assay sensitivity, avidity and stability.
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2.5.1. Linker Engineering

There have been several approaches on engineering of scFvs, regarding their
expression plasmid design and production strategy, to achieve immobilization onto
the sensor surface without denaturation. Antibody fragments can be engineered to
comprise metal-binding amino acids such as cysteine (Cys) and histidine (His) in the
flexible linker to allow scFvs to attach at high density onto metal surfaces. Linkers of
scFvs can also be constructed to include positively charged amino acids such as
arginine (Arg) for effective immobilization onto negatively charged surfaces via
electrostatic interactions. Shen and coworkes designed a MUA/A10B scFv against
11-mercaptoundecanoic acid (MUA) containing a 15 aa linker peptide with arginine
(RGRGRGRGRSRGGGS) to improve adsorption efficiency on anionic charged
surface and obtained 42-fold increase in detection limits when compared to A10B
Fab antibody [144]. A 6xHis sequence fused to C-terminus of scFv can be applied
for immobilization by non-covalent interactions to nickel-nitrilotriacetic acid (Ni-NTA)
surfaces. Furthermore, bioaffinity techniques can also be applied by conjugating
scFvs with biotin via free amines on the scFv for immobilization to streptavidin coated
surfaces [49]. A summary of methods used for engineering of scFvs towards

effective immobilization is given in Figure 2.3.

00

Linker

000000 -20.00.90 0000009 0000 00
u; - R fzo I.W.I I.‘K ’.I v
=

B. Electrostatic Coupling C. Covalent Coupling D. Affinity Coupling E. Polyhistidine tag-Ni-NTA Coupling
U : Avidin o.o. o.
NP CysMis CysMis  ooonie
w : NPYNTA o ——

@® siotin

F. Direct Coupling via metal binding amino acids

Figure 2.3. Types of immobilization approaches used for scFvs [49]
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Material binding peptides can also be used for enhanced protein orientation. Phage
screening methods have been developed to generate peptides having specificity to
a variety range of materials such as polystyrene [145], polymethyl methacrylate
[146], polycarbonate [147] and gold [148]. Polystyrene (PS), which is a relatively
inexpensive material, has been widely used as a solid surface in ELISA, biochips
and animal cell culture applications. Therefore, a PS-tag can be a potential peptide
for research in diagnosis, immunoassay applications and drug screening [149-151].
If proteins fused with PS-tag peptides are used as capture reagents in ELISA,
adsorption to polystyrene surfaces and overall capture ability increase [152].
Polystyrene binding peptides have been isolated and optimized in different studies

and Table 2.1 gives amino acid sequences of the various peptides reported.

Table 2.1. Amino acid sequences of PS binding peptides

PS Affinity Peptide Amino Acid Sequence Reference
PS19 RAFIASRRIKRP [153]
PS18 VRSWEEQARVTT [153]
KPS19R KRAFIASRRIRRP [154]
PS19-6 RIIRRIRR [155]
PS19-4 RAIARRIRR [155]
PS19-6L RLLLRRLRR [20]
PS23 AGLRLKKAAIHR [153]
Lig1 FKFWLYEHVIRG [145]
PB-TUP VHWDFRQWWQPS [156]

Peptides given in the table include several basic amino acids (K, R and H) that
interact with the negative charges on polystyrene surfaces. Also, the presence of

aliphatic amino acid residues (A, V, L and |) provides strong hydrophobic interactions
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with benzene ring structure of polystyrene. When binding of these peptides to a
hydrophilic polystyrene was investigated, PS19 and PS19-6 exhibited maximum
binding capacity, which were 81 mg/m? and 86 mg/m?, respectively [20]. Studies
related to site-specific immobilization of enzymes or antibody fragments to
polystyrene surfaces typically were focused on adding these PS-tags to the C-
terminal or N-terminal of proteins. Kumada and coworkers developed a solid-phase
refolding strategy in which PS-tag fused scFvs expressed as inclusion bodies could
immobilize onto hydrophilic polystyrene plate directly, and antigen-binding activities
of scFvs in denatured form were recovered while washing the surface of plate. In
this study, sensitivity of PS-tag fused scFvs attached on the polystyrene surface
increased 25-fold against C-reactive protein (CRP) [157]. In another study, an scFv
fused with PS-tag was used as capture antibody to detect Listeria monocytogenes
in a sandwich ELISA, and improved detection sensitivity was obtained when

compared with the assay using non-oriented scFv [158].

2.5.2. Affinity Engineering

Affinity determines the strength of the interaction between a specific paratope of an
antibody and an epitope of its antigen. Antibodies which have high affinity to a target
protein bind faster and release the protein more slowly when compared with low-
affinity antibodies. High affinity antibodies are also more appropriate to utilize in
immunoassays detecting low concentrations of the antigen. Avidity indicates total

binding strength that occurs from multiple binding interactions.

If a monomeric scFv antibody, which contains only one antigen-binding site has low
affinity in spite of high specificity, it would not be appropriate for applications
detecting trace amounts of antigen since it cannot bind rapidly to an antigen in a
sample solution. Conversely, if monomeric scFvs are assembled together by
engineering to form multimer structures or attached as a layer of scFv on a solid

support, increased sensitivity and avidity towards an antigen can be obtained [19].
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Since high affinity is an important factor for the development of sensitive biosensors,
there are methods to improve the interaction between the antibody and its antigen.
These techniques including random mutagenesis, ribosome display, directed
evolution and computational approaches are applied for optimization of antibody
fragments to have more suitable affinity values for the intended applications [31,
159].

2.5.3. Stability Engineering

Besides long-term storage and reusability of antibody-based chips, stability of
antibodies during manufacturing is also considered to be a significant factor.
Therefore, studies towards increasing stability of antibody fragments have been

attractive for the development of biosensors [127].

Generally, scAb and scFv antibodies show lower stability under thermal stress
relative to whole antibodies. This result requires the suitable combination of antibody
fragment design and selection of bacterial host, perhaps with a robust chaperone
function [31]. Stabilization of antibody fragments can be applied by (i) isolation and
screening of variants showing high stability using display systems [160, 161], (ii)
creating non-native disulfide bond between V. and Vi domains (dsFv) instead of a
linker peptide [162, 163], (iii) rational design of V.-V pair by point mutations [164,
165], and (iv) computational approaches [166].

2.6. Computational Approaches for Engineering of ScFvs

Proteins are composed of long chains of amino acids which have a particular three-
dimensional structure in their native medium. Proteins carry out their biochemical
functions relative to this structure. Therefore, knowledge about the mechanism
which provides folding of proteins into their functional three-dimensional structures
is important for further research. Amino acid sequence and the surrounding medium

of a protein are effective on its folding [167]. To obtain a functionally active protein,
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protein structures having the minimum free energy values are required to be

determined and optimized [168].

In silico protein modelling is useful for predicting the three dimensional structures of
proteins and their active sites [169]. To evaluate the conformational tendency of
proteins, molecular dynamics (MD) simulations could be applied. MD simulations
can be also performed at different temperatures to investigate thermostable nature
of proteins [170]. Moreover, binding interactions of complexes such as protein-
protein, protein-ligand can be investigated [171, 172]. Analyses used in protein

modelling are summarized in Figure 2.4.
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Figure 2.4. A classical workflow for protein modeling. Figure modified from [25]

2.6.1. Structure Prediction Analysis

A protein is made up several levels of structure. The linear amino acid sequence of

the protein is considered as the primary structure. Secondary structure of the protein
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is defined by the local folded structures. The most common forms of this structure
are a-helices and B-sheets which are linked by hydrogen bonds. Lastly, actively

folded three-dimensional structure is described as the tertiary structure.

The availability of protein structure obtained from experimental methods has paved
the way for development of computational structure prediction strategies. Homolog
and “ab initioc” methods can be applied to predict the structure of a protein. In
homology modeling, the aim is to construct a suitable three-dimensional model for
the protein with an unknown structure by utilizing from a template structure whose
sequence shows similarity to the target protein [173]. There are two factors important
for reliable model building. First, template structure and sequence of the target
protein show a detectable similarity. Secondly, correct alignment between the
sequence of target protein and the template structure is required to be computed
[174]. The studies showed that the overall accuracy range obtained by homology
methods were compatible with physical methods such as nuclear magnetic

resonance (NMR) spectroscopy or X-ray crystallography [175].

Homology modelling can be applied via some software programs such as
MODELLER [176], PHYRE 2 [177] and SWISS-MODEL [178]. If the resulting model
shows low sequence similarity, less than 25% with the template structure, ab initio
protocols are applied, which are based only on sequence information. Servers such
as ROBETTA [179] and I-TASSER [180] are utilized for ab initio methods.

Homology modelling methods used in software programs are based on four steps,
given in Figure 2.5. Briefly, related protein structures to target sequences are
obtained from the protein data bank (PDB) and then, the templates appropriate for
modelling are selected. In this step, template showing similarity greater than 25% is
accepted as the reliable homolog and also accuracy of the template with regard to
NMR data and resolution of the crystallographic structure is critical for selection of
the template. Secondly, full-length template sequence is aligned with the target

sequence. If similarity is observed greater than 40%, the alignment is accepted.
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Then, a three-dimensional model is generated for each selected template. Lastly,
scores calculated by the software are analyzed to choose the model. Alignment and
model building steps are repeated if analyzing score of the model is not satisfactory
[181].

Start

v

Identify related structure using
database searching tools

v

Selection of the suitable
templates

y
Align target sequences with
template sequences

Model building

Reliability

Yes

|

Model generated

Figure 2.5. Steps used for homology modeling. Figure modified from [25]

2.6.2. Molecular Docking

Prediction of the desired orientation of the complex, obtained from binding a
molecule to a second molecule to form a stable structure, is applied by molecular

docking which is a computational technique [182, 183]. Binding sites on the protein
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surfaces are important factors for functions of proteins. The determination of these
binding sites is often performed as a first step for studies on protein functions and
drug design. Molecular docking and binding sites prediction can be applied by using
various bioinformatics tools [25]. Web servers such as ClusPro [184], HADDOCK
[185] and SwarmDock [186] have been used for prediction of the structure of protein-

protein complexes.

There have been studies on prediction of antibody fragment structures docked with
their target antigens. For example, Bandehpour and coworkers investigated the
binding mechanism of scFvs and ESAT-6 antigen using ClusPro [171]. In another
study, protein-protein docking was applied using HADDOCK server to investigate
binding structures of scFv and its target protein Pep27, and to predict the epitopes
on Pep27 [187].

2.6.3. Molecular Dynamics Simulations

MD simulation plays an important role in the field of the computational analysis of
biomolecules. Behavior of a molecular system changing with time can be computed
by using MD simulations. This gives knowledge about variations in protein
conformation. In addition, determination of protein structures from experimental
analyses is applied with MD simulations. Hence, this method can be defined as a
kind of computer simulation that gives imitation of the motion of a system by
observing interaction of molecules and atoms for a specific time period. This method
has been generally used for complex dynamic processes comprising protein
stability, protein folding, changes in conformation of system, drug design and

prediction of three-dimensional structures [188, 189].

MD simulations of biomolecules can be applied using various softwares such as
AMBER (Assisted Model Building and Energy Refinement), CHARMM (Chemistry at
HARvard Macromolecular Mechanics), NAMD (Nanoscale Molecular Dynamics),
and GROMACS (Groningen Machine for Chemical Simulations) [25]. Among them,
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GROMACS is a high-performance software that provides different topologies and
parameters for the dynamic simulations of biomolecules [29]. This method is
comprised of five main steps. Firstly, the proteins are added in a box with varying
geometries and desired dimensions to create boundary conditions. Then, proteins
are solvated in water molecules. Secondly, Na* or CI~ ions are added to the system
to neutralize the charges on the protein. Then, minimization of the system is
performed. In the equilibration step, the temperature is increased from 0 K to a target
temperature at a constant volume. Two phases which are NVT ensemble (constant
number of particles, volume, and temperature) and NPT ensemble (constant number
of particles, pressure, and temperature) are applied in the equilibration. Lastly,
simulation is applied at the desired temperature. Defined codes are used for
analyzing the resulting trajectories and observation of the behaviours of the atoms

and molecules.

Analysis of the GROMACS trajectories gives information about the stability, flexibility
and structure of the proteins by calculating radius of gyration (Rg), root mean square
fluctuation (RMSF), root mean square deviation (RMSD) and the solvent accessible
surface area (SASA). Rg measures compactness of the protein. If steady value of
Rg is observed, it shows folding of the protein is in stable configuration. RMSF is
graphed in relation to residue number to indicate the fluctuation of all residues.
RMSD is used to understand stability of protein and closeness to the experimental
structure. RMSD is also plotted, and fluctuations between 1-3 Angstroms are
suitable for small proteins, whereas larger changes show a possibility of
misbehaving of the protein. SASA indicates the interaction surface area of protein
with its solvent molecules. If the temperature increases, SASA also increases related
to the nature of the protein. Proteins denature with the increasing temperature, thus

the hydrophobic region exposes to the solvent due to unfolding [170].

2.6.4. Computational Approaches for Estimation of Binding Free Energies

Binding free energy indicates the strength of the biomolecular interactions. A range

of computational approaches such as thermodynamic integration (Tl), free energy
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perturbation (FEP), or molecular mechanics Poisson-Boltzmann surface area (MM-
PBSA) could be applied for estimation of binding free energies. Among these
approaches, the MM-PBSA is the most commonly used method to calculate

interaction energies for biomolecular complexes [190].

In MM-PBSA, binding free energy (AGoing) of two proteins forming a complex is

calculated using equation (2.1):

AC':‘bind=Gcomplex'(Gprotein"'Gprotein) (2.1)

Equation 2.1 can also be used for other complexes such as protein-DNA, protein-

ligand interactions. The free energy for each protein could be written as:
Gx=EMM 'TS+GsoIvation (2-2)

where x refers to complex or protein. Emm is the average molecular mechanics
potential energy in a vacuum. T refers to temperature and S refers to entropy, hence
TS indicates the entropic contribution. Gsonation term denotes the free energy of

solvation.
Emwm is calculated by the summation of bonded and non-bonded interactions, as

given in Equation 2.3. Angle, bond and dihedral energies are given by Ebonded,

whereas electrostatic and van der Waals energies are given by Enon-bonded.

EMM = Ebonded + Enon-bonded =Ebonded +(EvdW+ Eelec) (2 . 3)

The contribution from the solvent is calculated by the summation of electrostatic

(Gpolar) and non-electrostatic (Gnon-polar) terms as given below:

Gsolvation:G‘polar"'C':‘non-polar (2-4)

33



Collectively, each energy term is calculated individually and binding free energy of

the complex is determined by using Equation 2.1

The relationship between binding energy and equilibrium dissociation constant (Ka)

is given by:

AG=RTInK, (2.5)

where, R and T refers to gas constant and the temperature, respectively [190].

2.7. Experimental Methods for Determination of Antibody Affinity

The affinity for an antigen is one of the most important factors that characterizes
antibody molecules. To calculate the equilibrium constant accurately, the
concentrations of the complex and free antigen or antibody in solution are needed

to be determined in a such condition that does not disturb the equilibrium [191].

Affinity constant of an antibody can be calculated by using various methods. One of
the most reliable and easier techniques is ELISA [192]. The methods applied by
specialized equipment comprise (i) fluorescence quenching in which antibodies bind
to fluorescent antigens and quench the fluorescence, (ii) isothermal titration
microcalorimetry in which enthalpy and equilibrium constant as well as binding
entropy can be determined [193], (iii) flow cytometry, which can be applied for
recombinant antibodies displayed on the microbial cell surface [194], and (iv) surface

plasmon resonance (SPR) [195].

2.7.1. Enzyme Linked Immunosorbent Assay (ELISA)

Enzyme-linked immunosorbent assay (ELISA) is a labeled immunological test which
is applied for sensitively detection and quantification of substances such as proteins,
glycoproteins, antibodies and antigens. This detection is achieved by complexing

antigens and antibodies for production of a measurable signal [196].
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For determination of equilibrium affinity constants of antibodies, Friquet and
coworkers described a competitive ELISA method [192]. In this method, an antibody
in a constant concentration is mixed with an antigen solution which is serially diluted.
Then, the free antibody is calculated by applying indirect ELISA in antigen-coated
plates. According to this method, when an scFv is incubated with an antigen, it can

be defined as:

a=[scFv]=[scFv]s+[scFv], (2.6)

[BS]=[BS]¢+[BS]; (2.7)

whereas a refers to the total concentration, [scFv]r and [scFv]b denote the free and
bound scFv concentrations, respectively. [BS] refers to binding site and it is
summation of free ([BS]r) and bound ([BS]v) binding site concentrations. If the
antigen denoted by x below, is monomeric, [BS] is equal to the antigen
concentration. If the antigen is multimeric, its concentration is multiplied with number

of sites (n):

[BS]=nx (2.8)

Assuming one scFv has one binding site;

[BS]b=[SCFV]b (29)

Thus, dissociation constant can be written as,

_ [scFv]{[BS];
Kd—W (2.10)
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Since the free scFv concentration is measured with this method, [scFv]s is denoted

by y, below. By combining equations (2.6), (2.7) and (2.9),
[BS]i=nx-[scFv],=nx-a+y (2.11)

[BS]p=a-y (2.12)

and combining equations (2.10), (2.11) and (2.12),

y(nx-a+y) (2.13)
Kd= A,
a-y

Thus, Kq value can be calculated from Equation 2.13 [197].

Beatty et al., [198] also described an indirect ELISA method in which antibody
dilutions were mixed with different antigen concentrations. In this method, the total
antibody concentration is plotted against absorbance, which gives the bound
antibody. Dissociation constant is calculated from 50% of maximum absorbance
(ODso) values obtained from curves plotted for two coated antigen concentrations.

Thus, equilibrium dissociation constant is found from the equation below:

_ n[scFVv'];-[scFv]; (2.14)
n-1

d

where [scFV']t and [scFv]: refer to total antibody concentrations at ODso’ and ODso
determined from ELISA applied with two coated antigen concentrations, while n

denotes to the dilution factor of the antigen [198, 199].

It could be concluded that the Beatty method is based on ODsp ratio of two ELISA
curves at different antigen concentrations, whereas Friguet method gives the direct
relation between concentration and signal to calculate concentration of free

antibody.
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2.7.2. Surface Plasmon Resonance (SPR)

SPR is a label free technique which is used for determination of steady-state and

kinetic binding affinities between interacting biomolecules [200]. Reaction rates (kg
and kd) and equilibrium dissociation constant (Kq) of binding molecules can be

calculated by following the immobilization of analyte and ligand on the sensor

surface in real time [201].

For calculation of equilibrium constants by utilizing SPR, the dynamic equilibrium is

given by,

A+B = A-B

where A refers to analyte which is binding molecule from solution and B denotes the
ligand that is immobilized on the surface. Whereas the forward reaction rate is
defined by the association rate constant (ka), the reverse reaction rate is defined by

the dissociation rate constant (k4). The binding rate is expressed as,

d[AB]
—gt KalAl[Bl-kq[AB] (2.15)
where [B] refers to concentration of the free binding site and [AB] denotes the
complex concentration. [ABmax], given below, refers to concentration of complex at

saturation. [B] can be calculated as:
[B]=[ABmax]-[AB] (2.16)

It can be considered that response (R) of binding scales linearly with [AB]. Thus,

Equation 2.17 is obtained by combining equations (2.15) and (2.16).

dR

E =kaCO(Rmax'R)'de

(2.17)
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where co denotes the analyte concentration and Rmax is the signal obtained in
saturation, where all ligand molecules interact with the analyte. In equilibrium, the

net effect of association and dissociation becomes zero as given below:

dR
azkaCO(Rmax'Req)'deeqzo (2'18)

where Req refers to equilibrium response obtained at co analyte concentration.
Hence, the equilibrium response is related to the affinity constant (Ka) and the
dissociation constant (Kd). This relation can be expressed by the 1:1 Langmuir
isotherm. Thus, Ka and Kq (inverse of Ka) can be calculated from equations (2.19)
and (2.20), respectively [201].

_COKaRmax 219
Req= oKt (2.19)
R =CORmax

20~ oK, (2.20)
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3. MATERIALS AND METHODS

3.1. Bacterial Strains, Plasmids and Chemicals

For molecular cloning experiments, Escherichia coli DH5a was used and
Escherichia coli strains of SHuffle T7 Express [91] and BL21 (DE3) were used as
expression hosts for scFv productions. The plasmids which were used and

constructed in the scope of this study are given in Table 3.1.

Table 3.1. Plasmids constructed and used in the experiments.

Plasmid Description Reference

pET28a(+) Cloning vector, IPTG-inducible, Kan' [202]

Expression vector containing scFv
pMAZ360-scFv735 gene against polysialic acid (polySia), [203]
IPTG-inducible, Amp’

) i : Cloning vector containing 1gG gene

PMAZ360-clgG-Herceptin against HER2, IPTG-inducible, Amp" [28]

Expression vector containing scFv

pET28a-scFv13R4-Flag-6xHis gene against B-galactosidase, IPTG- [26]
inducible, Kan'

Cloning  vector containing (-

pBAD18-Bgal-NStreplltag galactosidase with N-terminal Strepll [26]
tag, L-arabinose inducible, Amp’

Expression vector containing scFv
pET28a-anti-HER2-scFv-V VyW  gene against HER2 in V/Vu This study
orientation, IPTG-inducible, Kan"

Expression vector containing scFv
pET28a-anti-HER2-scFv-VWV.  gene against HER2 in VuVL This study
orientation, IPTG-inducible, Kan"

Expression vector containing scFv

pET28a-anti-HER2-scFv-L2 gene against HER2 with L2 linker, This study
IPTG-inducible, Kan’
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Expression vector containing scFv

pET28a-anti-HER2-scFv-L3 gene against HER2 with L3 linker, This study

IPTG-inducible, Kan’

Expression vector containing scFv

pET28a-anti-HER2-scFv-L4 gene against HER2 with L4 linker, This study

IPTG-inducible, Kan'

Expression vector containing scFv

pET28a-anti-HER2-scFv-L5 gene against HER2 with C-terminal L5 This study

linker, IPTG-inducible, Kan'

Expression vector containing -
galactosidase with N-terminal Strep I
tag and C-terminal 6xHis tag, IPTG-
inducible, Kan’

pET28a-Streplltag-Bgal-Histag

Expression vector containing scFv

This study

pET28a-scFv13R4-L2 gene against B-galactosidase with L2 This study

linker, IPTG-inducible, Kan'

Expression vector containing scFv

pET28a-scFv13R4-L3 gene against 3-galactosidase with L3 This study

linker, IPTG-inducible, Kan"

Expression vector containing scFv

pET28a-scFv13R4-L4 gene against B-galactosidase with L4 This study

linker, IPTG-inducible, Kan’

All chemicals and solvents were analytical grade except otherwise stated.
Oligonucleotide primers and phusion high-fidelity DNA polymerase were used for
PCR amplifications of the Herceptin® (trastuzumab) antibody and scFv domains.
Ncol-HF, Hindlll-HF and T4 DNA Ligase were used for directional cloning of genes
encoding the anti-HER2 scFvs. Luria-Bertani (LB) and Hanahan’s Broth (SOB
medium) were used as growth media. Isopropyl 3-D-1-thiogalactopyranoside (IPTG)
was applied to induce the recombinant scFv expression. Bradford reagent, protein
ladder and Coomassie stain were used for protein analysis. Sodium chloride,
kanamycin monosulfate (Kan), ampicillin sodium crsytalline (Amp), spectinomycin
dihydrochloride pentahydrate (Spec), bovine serum albumin (BSA), D-glucose
monohydrate, tetramethylethylenediamine (TEMED), acrylamide/bisacrylamide

30% w/w solution, ammonium persulfate and sodium dodecyl sulfate (SDS) were
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used for preparation of analysis solutions. Rabbit anti-human IgG (Fc specific)
conjugated to horseradish peroxidase (HRP), anti-6xHis-tag-HRP and Opti-4CN
Substrate Kit was used to detect the expression of scFv-6xHis proteins.
HER2/ERBB2 extracellular domain (human, recombinant) was used as antigen for
anti-HER2 scFv constructs in ELISA assays. StrepTactin-HRP conjugate antibody
was used as detection antibody in Western blot and ELISA experiments. Deionized

water (18.2 MQ cm') was used in all experiments.

3.2. Plasmid Construction

Firstly, anti-HER2 scFv gene was designed based on the combination of the amino
acid sequence of the variable domain (VL) in the light chain and variable domain (VH)
in the heavy chain of the Herceptin constructed in a previous study [28]. These
domains were connected together either by a standard linker containing 15 amino-
acid (G4S)s3 or linkers containing affinity peptides that interact with polystyrene
surfaces mentioned in Table 2.1. Standard linker and new linkers constructed in this
study are given in Table 3.2. The DNA sequences of the variable domains of the
scFvs and linkers are given in Appendix 1. Furthermore, plasmid containing

scFv13R4 [26] gene was redesigned to contain the new linkers (L2-L5).

Table 3.2. Amino acid sequences of linkers between VL and V4 domains.

# Linker Peptide = Amino Acid Sequence Length of Linker

(# of aa)
L1 GS linker GGGGSGGGGSGGGGS 15
L2 PS19-V1 GGGGSRIIIRRIRRG 15
L3 PB-TUP-V1 GGGVHWDFRQWWQPS 15
L4 PS18-V1 GGGVRSWEEQARVTT 15
L5 Cterm-PS19 RINIRRIRR 9

In addition to scFvs, B-galactosidase (antigen for scFv13R4) expression vector was

designed by adding N-terminal StrepTag and C-terminal His-tag to use for detection
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in ELISA and purification analyses. Genetic engineering techniques were applied

according to standard protocols [204] in all designs.

3.2.1. Primer Design

The primers used for construction of anti-HER2 scFv plasmids are given in Table
3.3. Restriction enzyme sequences in the primers are underlined in the table.
Primers were designed for amplification of the variable domains in the light (VL) and
heavy (VH) chains of the full-length antibody using the template vector pMAZ360-
clgG-Herceptin and addition of 30 base pair (bp) linker peptide sequences between
the variable domains. Outer reverse primers also contained 6xHis tag sequence (18
bp) for purification and detection purposes and inner primers were composed of 15
bp common sequence for overlapping. In addition, the 5’ ends of restriction enzyme
recognition sites contained extra nucleotides to enable digestion at the end of DNA
fragments. Formation of primer dimer and self-complementation were controlled by

the freeware OligoAnalyzer™ 3.1.

Table 3.3. Primers used for construction of anti-HER2 scFv plasmids

# Primer Name Sequence (5’-> 3’)

P1  Ncol-anti-HER2-scFv-VL-fwd CCTATGCCATGGATATTCAAATGACCC
AAAG

P2  Anti-HER2-scFv-VL-linker-rev GCTGCCACCTCCGCCTGAACCGCCT
CACCCGTGCGTTTAATCTCCAC

P3  Anti-HER2-scFv-VH-linker-fwd GGCGGAGGTGGCAGCGGCGGTGGCG
GATCGGAGGTTCAATTAGTGGAATC

P4  Hindlll-anti-HER2-scFv-VH-rev GCGATGAAGCTTTTAGTGATGATGATG
ATGATGAGAGCTGACCGTGACCAG

P5  Ncol-anti-HER2-scFv-VH-fwd CCTATGCCATGGAGGTTCAATTAGTGG
AATC

P6  Anti-HER2-scFv-VH-linker-rev GCTGCCACCTCCGCCTGAACCGCCTC

CACCAGAGCTGACCGTGACCAG
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P7

P8

P9

P10

P11

P12

P13

P14

P15

Anti-HER2-scFv-VL-linker-fwd

Hindlll-anti-HER2-scFv-VL-rev

Anti-HER2-scFv-VH-PS19-fwd

Anti-HER2-scFv-VL-PS19-rev

Anti-HER2-scFv-VH-PB-TUP-fwd

Anti-HER2-scFv-VL-PB-TUP-rev

Anti-HER2-scFv-VH-PS18-fwd

Anti-HER2-scFv-VL-PS18-rev

Hindlll-anti-HER2-scFv-CPS19-rev

GGCGGAGGTGGCAGCGGCGGTGGCG
GATCGGATATTCAAATGACCCAAAGC
ATGAAGCTTTTAATGGTGATGATGGTG
ATGGCCGCCTCCTCCCGTGCGTTTAAT
CTCCAC
CGTATCATCATCCGAAGGATCCGACGA
GGCGAGGTTCAATTAGTGGAATC
TCGGATGATGATACGTGAACCGCCTCC
ACCCGTGCGTTTAATCTCCAC
TGGGATTTCCGTCAGTGGTGGCAGCC
GTCCGAGGTTCAATTAGTGGAATC
CTGACGGAAATCCCAATGCACGCCTCC
ACCCGTGCGTTTAATCTCCAC
TCCTGGGAAGAACAGGCGCGTGTGAC
CACCGAGGTTCAATTAGTGGAATC
CTGTTCTTCCCAGGAACGCACGCCTCC
ACCCGTGCGTTTAATCTCCAC
CTTAAGCTTTTATCGTCGGATCCTTCG
GATGATGATACGGTGATGATGATGATG
ATGAGA

ScFv13R4 was used as another model scFv antibody. Primers were designed to

amplify VLand Vi domains of the template vector pET28a-scFv13R4-Flag-6xHis [26]

and add 30 bp different linker peptide sequences between the variable domains. The

primers used for construction of new scFv13R4 plasmids are given in Table 3.4. In

addition, primers were created to amplify the DNA of (-galactosidase from pBAD18-

Bgal-NStreplltag plasmid and add 6xHis tag sequence (P16 and P17).

Table 3.4. Primers used for construction of scFv13R4 plasmids

#

Primer Name

Sequence (5’-> 3’)

P16

StrepTag-Ncol-Bgal-fwd
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P17 Bgal-His-Hindlll-rev ATGAAGCTTTTAATGGTGATGATGGTG
ATGGCCGCCTCCTCCTTTTTGACACCA

GACCAA

P18 Ncol-scFv13R4-VH-fwd CCTATGCCATGGGCGCCGAGGTGCAG
CT

P19 Hindlll-scFv13R4-VL-rev GCGATGAAGCTTTTAGTGATGATGATG

ATGATGTCCCTTGTCGTCATCGTCC

P20 ScFv13R4-VL-PS18-fwd TCCTGGGAAGAACAGGCGCGTGTGAC
CACCCAGTCTGTGCTGACTCAGCCTGC
CT

P21 ScFv13R4-VH-PS18-rev CTGTTCTTCCCAGGAACGCACGCCTCC

ACCTGAGGAGACGGTGACCAG

P22 ScFv13R4-VL-PS19-fwd CGTATCATCATCCGAAGGATCCGACGA
GGCCAGTCTGTGCTGACTCAGCCTGC
CT

P23 ScFv13R4-VH-PS19-rev TCGGATGATGATACGTGAACCGCCTCC
ACCTGAGGAGACGGTG

P24 ScFv13R4-VL-PB-TUP-fwd TGGGATTTCCGTCAGTGGTGGCAGCC
GTCCCAGTCTGTGCTGACTCAGCCTGC
CT

P25 ScFv13R4-VH-PB-TUP-rev CTGACGGAAATCCCAATGCACGCCTCC
ACCTGAGGAGACGGTGACCAG

3.2.2. Plasmid DNA Isolation from E. coli

A commercial mini-prep kit was applied to separate plasmid DNA from E. coli cells,
according to manufacturer’s instructions given in detail in Appendix 2. Briefly, a
single colony from solid agar containing the selective antibiotic was inoculated into
6 ml liquid medium with the selective antibiotic and grown overnight at 37°C and 200
rpm. In the last step of the protocol, 40 ul of elution buffer (EB) was used to isolate

DNA from the spin column and the eluted plasmid was stored at -20°C.
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3.2.3. Polymerase Chain Reaction (PCR) of Variable Domains

ScFv genes were constructed by using a two-step overlapping PCR, which is also
known as Splicing by Overlap Extension or SOE-PCR [205, 206]. In this PCR based
protocol, VL and Vi domains of the full antibody are firstly amplified by PCR with
primers which have 15 bp overlapping sequences to create a linker region. Then,
these fragments, which share a region of homology, are assembled with outer
primers by another PCR. The 3'-end of the top strand of VL fragment anneals onto
the 3'-end of the bottom strand of V4 fragment, and the recombinant product forms.
The SOE-PCR strategy used in this study for the assembly of variable domains is

given in Figure 3.1.

Ncol-VL-fwd VH-linker-fwd
7] ]
H A C, l—' Vy Cy H Herceptin
C1T—1 B
VL-linker-rev VH-rev-6xHis-Hindlll

1. PCR amplification of V, and V,; domains

v |

0
L

Ncol-VL-fwd VH-rev-6xHis-Hindlll
2. Assembly of V, and V,; by SOE PCR

1 v T

Ncol \ |

/135 cycles

[
Linker

Figure 3.1. Schematic representation for assembly of scFv constructs based on

the recombinant Herceptin whole antibody using SOE-PCR strategy
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The amplification of VL and Vu fragments were carried out by two separate PCRs.

The reaction mixtures, prepared on ice, contained the following:

Mixture A (for V. domain) Mixture B (for Vi domain)
35 pl dH20 35 pl dH20

10 pl 5x Phusion Buffer 10 pl 5x Phusion Buffer

1 yl dNTP (10 mM stock) 1 ul dNTP (10 mM stock)

1 ul DNA template (50 ng/ul) 1 ul DNA template (50 ng/ul)
1 pl P1 primer (outer) 1 ul P3 primer (inner)

1 pl P2 primer (inner) 1 ul P4 primer (outer)

1 pl Phusion Polymerase 1 ul Phusion Polymerase

The PCR reaction parameters are given in Figure 3.2.

Step 1 Step 2 Step 3
95°C 95°C
5 min 30 sec e 72°C 72°C
30 sec 10 min
1 min 4°C

Figure 3.2. PCR reaction parameters

After the first set of PCRs, overlap PCR was set up to fuse the VL and VH fragments.
For this, only outer primers were used and both gene fragments were taken in
equivalent amounts (10 ng). The same PCR conditions given in Figure 3.2 were
used. When the PCR was complete, a fraction of the product (~8 ul) was run on an

agarose gel to verify whether the genes were fused. The PCR product was purified
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with a commercial PCR purification kit by following steps given in Appendix 2 for
removal of primers, nucleotides, polymerases and salts. As a last step, 30 pl of dH20

was used to elute purified DNA from spin columns.

3.2.4. Agarose Gel Electrophoresis

After PCR, agarose gel electrophoresis was applied to verify and purify the VL and
Vu fragments. Briefly, 0.8 g of agarose was added in 100 ml 1xTAE and was heated
to dissolve the mix, until boiling point in a microwave oven. Then, it was cooled to
about 50°C and 10 pl of gel stain was added. The gel was poured into a suitable gel
tray and allowed to cool after inserting the appropriate comb. DNA samples mixed
with loading buffer and also the DNA ladder (Appendix 3) were loaded into the wells.
Electrophoresis was performed at 110 V for 20-30 min in the gel tank filled with
1xTAE buffer. The bands were visualized and photographed with gel documentation

system.

3.2.5. DNA Extraction from Agarose Gels

The bands of amplified VL and Vu fragments were separated from the gel with a
scalpel and purified from agarose and salts using a commercial gel extraction kit by
following the steps given in Appendix 2. As a last step, DNA was extracted in 30 pl
of dH20 and stored at -20°C until further use.

3.2.6. Digestion of DNA Using Restriction Endonucleases

The constructed scFv gene and pET28a(+) plasmid were digested with Ncol and
Hindlll restriction enzymes. Digestion reaction mixture was prepared in a tube with

the following components:

DNA fragment :0.5t02 g

10x Reaction buffer : 2 pl

Restriction enzyme : up to 10 U/ug DNA
Alkaline Phosphatase, Calf Intestine (CIP) : 1 pl
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Sterile dH20 : to 20 pl

The digestion reaction was applied at 37°C for minimum 2 h. After restriction
endonuclease digestion, scFv gene was purified with the PCR purification kit. At the
end of the protocol, the purified DNA was eluted with 30 ul of dH20 from the spin
column. The digested vector was run on a gel, excised from the gel with a scalpel
and purified from agarose and salts using a commercial gel extraction kit. To elute
DNA from the spin column at the end of the protocol, 30 ul of dH20 was used and
the extracted DNA was stored at -20°C.

3.2.7. Ligation

The scFv gene was subcloned into pET28a(+) vector between Ncol and Hindlll sites

in 20 pl ligation reaction mixture containing:

10X ligation buffer 22 ul
Insert DNA (0.764 kb) 145 ng
Double digested vector DNA (5252 kb) : 100 ng
T4 DNA ligase 21l
Sterile dH20 :to 20 pl

The amount of insert DNA was calculated based on the insert:vector ratio of 3:1 to
add to the reaction. At the same time, reaction mixture without insert was prepared
for control. The reaction was performed at 16°C for 16 h. The product was stored at
-20°C.

3.2.8. Transformation of E. coli

Firstly, competent E. coli DH5a were prepared with CaCl2 method given in Appendix
2, and stored as 50 pl aliquots at -80 °C. Ligation product (3 ul) was added to the
tubes containing competent cells. The tube was incubated on ice for 30 min, then in

42°C water-bath for exactly 90 sec, and immediately placed on ice for 2 min. Then,
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750 pl of SOB medium was added, and the tube was incubated at 37°C for exactly
45 min, at 200 rpm. The same procedure was applied for ligation control product and
empty competent cells. The concentrated transformation mixture (~50 ul) was
spread on prewarmed LB agar supplemented with 50 pg/ml kanamycin and

incubated overnight, at 37°C.

3.2.9. DNA Sequencing

At least three colonies were selected from LB agar plates and each colony was
cultured overnight in 5 ml LB medium containing 50 ug/ml kanamycin and shaken at
37°C, 200 rpm. Plasmid DNA was isolated as given in Section 3.2.2 and DNA was
obtained in 40 ul of EB buffer. The extracted plasmid was stored at -20°C.

Plasmids were sequenced to confirm absence of mutations and to verify the correct
expression frame using the standard pET sequencing primers. 0.5-1 ug of isolated
plasmid DNA was mixed with sequencing primer of 1 yl and the total volume was
adjusted to 18 pyl by adding EB buffer. The provided data were analyzed using the
freeware ApE v.2.0.51 [207] and SnapGene Viewer [208].

3.3. Recombinant Production of ScFv Constructs

Recombinant protein expression was carried out in laboratory scale air-filtered shake

bioreactors.

3.3.1. Laboratory Scale Production of ScFvs

A single colony of E. coli strains BL21(DE3) or SHuffle T7 Express transformed with
pET plasmids ligated with scFv genes were used to inoculate LB medium containing
50 pg/ml kanamycin and 25 pg/ml spectinomycin (for SHuffle T7 Express strain) in
250 ml flasks. Whereas SHuffle T7 Express were grown at 30°C, BL21 (DE3) cells
were grown at 37°C. The next day, overnight grown cultures were added to flasks
containing 50 ml or 1 L fresh LB media containing 50 ug/ml kanamycin. Volume of

the cells for inoculation was determined by adjusting initial absorbance at 600 nm
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(ODs00) as 0.06. The cells were incubated at either 37°C or 30°C depending on the
type of strain. The media were induced with 0.1 mM IPTG at 30°C for 16 h, when
ODe00=0.7. Cell pellets were obtained by harvesting cells via centrifugation at
4000xg for 20 min at 4°C, and the pellets were kept at -20°C.

3.3.2. Production of ScFv in Different Expression Conditions

To observe the effects of bioprocess parameters on the yield of soluble recombinant
protein, the appropriate expression conditions including temperature of induction,
duration of induction, concentration of the inducer, IPTG, and culture media type
were investigated (Table 3.5). The compositions of all the culture media are given in

detail in Appendix 4.

Table 3.5. Parameters for the production of anti-HER2 scFv.

Parameters Range or Media

Induction temperature (°C) 16, 20, 25, 30

Duration of induction (h) 2,4,16, 20, 24
Concentration of IPTG (mM)  0.02, 0.1, 0.25, 0.5, 1
Culture Media LB, TB, RMM [209], MR2 [210]

3.3.3. Preparation of Fractions

Cell pellets obtained from 4 ml LB medium were resuspended with 250 ul phosphate
buffered saline (1x PBS) buffer. Cells were then ruptured via ultrasonic homogenizer
(4 x 30 s on and 40 s off, on ice). To separate the soluble and insoluble fractions, it
was centrifuged at 13000xg for 10 min and the supernatant, the soluble fraction, was
taken into a new tube. Pellet was washed three times in 50 mM Tris-HCI, 1 mM
EDTA at pH 8.0, to extract the insoluble fraction. Then, it was resuspended in 250
ul PBS and boiled for 10 min in the presence of 2% (w/v) SDS. Thus, this mixture
was solubilized and centrifugation was applied at 13000xg for 10 min. At this time,

the supernatant was recovered as the insoluble fraction.
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3.3.4. Purification of ScFvs by Affinity

Cell pellets obtained from 100 ml or 1 L LB media were resuspended with
equilibration buffer (20 mM sodium phosphate, 300 mM NaCl, 10 mM imidazole, pH
7.4) including a protease inhibitor cocktail. Then, cells were ruptured by either
ultrasonic homogenizer or high pressure homogenizer at 16000-18000 psi.
Centrifugation was performed at 12000xg for 15 min and soluble fractions were
poured to the gravity-flow column loaded with resin and this mixture was incubated
at 4°C for 1 h. Flow-through fractions were collected and the resin was washed with
wash buffer (20 mM sodium phosphate, 300 mM NaCl, 50 mM imidazole, pH 7.4)
until no absorbance was observed at the washing fractions at 280 nm. Lastly, scFvs
that was adsorbed to resin were obtained with elution buffer (20 mM sodium
phosphate, 300 mM sodium chloride, 250 mM imidazole, pH 7.4). Elution fractions
were verified with SDS-PAGE, and then were pooled. ScFvs in elution buffer were

desalted to remove imidazole and concentrated with 10K MWCO concentrator.

3.3.5. Preparation of Mammalian Cell Lysate

High-glucose DMEM supplemented with streptomycin (100 mg/ml), penicillin (100
U/ml), and 10% Hyclone FetalClone | serum was used for growth of HER2-positive
SKOV3 cells. After growth was achieved, the medium was separated from cells by
spinning down. Cells were washed three times with 10 ml 1xPBS. Then, cell pellets
were resuspended in lysis buffer (150 mM NaCl, 50 mM Tris-Cl, 1% Triton X-100,
pH 8.0). 1 ml lysis buffer was used for 107 cells. Cells in the lysis buffer were
incubated on ice for 30 min, then centrifuged at 13500xg for 10 min, 4°C. The

supernatant was stored at -20°C as the antigen for immunoassays.

3.4. Characterization
3.4.1. Cell Concentration

UV-Vis spectrophotometer was used to determine the cell concentration via the

absorbance at 600 nm. For this purpose, sample was taken from liquid medium and
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diluted with 1xPBS by 1:1 - 1:5 ratio depending on the cell growth. ODeoo was read

between 0.1 — 0.8 to observe more accurate results.

3.4.2. Total Protein Concentration

Bradford analysis [211] was performed to determine the total protein concentration
by a spectrophotometric method. Briefly, 200 ul of Bradford reagent was mixed with
10 pl sample in a microplate. After incubation for 10 min at room temperature (RT),
the absorbance was measured by a microplate reader at 595 nm. BSA was used as
a standard to prepare a calibration curve and determine the protein concentration in

the range of 0-1.0 mg/ml.

3.4.3. SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE)

To separate proteins based on their molecular weight, SDS-PAGE analysis is
applied. In this method, the use of SDS and reducing agent causes the linear
structure with negative charges by destroying the tertiary structure of protein and
masking the intrinsic charge of the protein. When SDS-treated proteins are loaded
onto gel matrix in an electric field, proteins with negative charges move toward the
anode at different speeds causing protein separation by a molecular sieving effect.
In this study, SDS-PAGE method described by Laemmli [212] was used. For this
purpose, protein samples in cell lysates or purified recombinant proteins (maximum
10 pg) were mixed with the 4x loading buffer combined with 2-mercaptoethanol
(reducing agent) and proteins were denaturated by heating at 95°C for 5 min.
Prestained dual color protein MW marker (3 pl) and samples up tp 50 pl were
separated on a 12% SDS-polyacrylamide gel simultaneously at 100V of constant

voltage.

The SDS-PAGE gels that were not going to be used in western blotting were stained
using Coomassie stain and photographed. For Coomassie staining, the gel was
stained 1 h at RT with gentle shaking after three washes for 5 min with water. Then,

the gel was destained by washing with water for at least 2 h until the background
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was clear and the separated proteins were visualized by the gel documentation
system. Percentage of target protein in the total protein was used to determine the

purity of protein by densitometry analysis [213].

3.4.4. Western Blot Analysis

To detect scFvs in soluble and insoluble fractions, Western blotting was performed.
This method is comprised of three steps: (1) separation of proteins by SDS-PAGE
(2) transfer from the polyacrylamide gel to a membrane, and (3) incubation with
primary antibodies specific for the target proteins and secondary antibodies for
visualization [214]. For this purpose, samples were prepared by mixing with the
sample buffer and loaded on 12% SDS-polyacrylamide gel. Then, separated
proteins were transferred onto polyvinylidene fluoride (PVDF) membrane for blotting.
The blot was blocked with 5% (w/v) milk in TBS (tris-buffered saline) containing 0.1%
Tween-20 (TBST) for 1 h, after washing with TBS. Anti-6xHis-tag-HRP antibody,
1:7000 diluted, was applied for 1 h to probe the membrane, after three washes with
TBST. After incubation with the antibody, washing with TBST and TBS was done.
Lastly, the membrane was incubated with Western substrate to observe the bands.
Relative quantification analysis was done to determine the ratio between soluble and
insoluble expression. Hence, the band of insoluble fractions was taken as reference

and the band intensities of soluble scFvs were divided by the reference.

3.4.5. Size Exclusion Chromatography (SEC)

Separation of multimeric protein structures from monomers, or desalting and buffer
exchange applications to separate small molecules can be performed with size
exclusion chromatography (SEC), also described as gel filtration. This separation
occurs according to the permeation properties of the molecules through a bed of
porous beads with distinct pore sizes. When the molecules go through the column
by the buffer flow, smaller molecules diffuse into the pores that causes a longer
retention time compared to larger molecules [215]. In this method, gel filtration buffer

is passed through the system by the pump and sample is injected through inject

53



valve by a syringe. A detection system placed after the column is applied for analysis
of separation. A 96-well tray is used to collect proteins. A schematic representation

of the SEC system used in the experiments is given in Figure 3.3.

Injection valve

N S N

Mixer ¢ .
fJL’ LS Tubing
N g \
Pumps d)(:) é¢ Sample loop |
A | B Sample i

[
7"’ Waste Column

(@ 0%)

Buffer

| A
" — — UV/Vis absorbance
pH Conductivity

Figure 3.3. Representation of the SEC system. Figure modified from [216] and
[217]

Fraction collector

SEC analysis was performed for anti-HER2 scFvs in different domain orientations.
An FPLC (Fast Protein Liquid Chromatography) system and Superdex-75 gel
filtration column was used for separation of dimeric and monomeric structures. As a
first step, equilibration of the column with 50 ml HBS-EP buffer (0.01 M HEPES, 0.15
M NaCl, 3mM EDTA, 0.005% Tween, pH 7.4) at a flow rate of 0.5 ml/min was applied
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[218]. Purified scFv (1 ml) was injected into the sample loop and the sample passes
through the column at 0.5 ml/min with the buffer. A 96-well collection tray was used
for sample collection. Absorbance values of fractions at 280 nm were recorded by
the software. Hence, these values were graphed to observe multimeric/monomeric

structures.

3.4.6. Enzyme-linked Inmunosorbent Assay (ELISA)

Experiments are performed using hydrophobic and hydrophilic polystyrene plates.
Based on the ELISA type, antibody/antigen coating, an analyte, a primary and/or
secondary detection antibody and substrate are required for the experiment. In this

study, direct, indirect and sandwich ELISA were applied.

3.4.6.1. Direct ELISA

ELISA plate was coated with serial diluted anti-HER2 scFvs, for 3 h at RT. Then, the
plate was washed three times with wash buffer (0.05% Tween-20, 0.3% BSA in
PBS). The coated wells were blocked with 200 ul/well of 5% (w/v) milk in wash buffer
for 2 h at RT. After washing, 100 ul of 1:10,000 diluted anti-6xHis-tag-HRP antibody
was added to each well for detection of scFvs. Last washing step was applied and
100 pl of TMB substrate was added to plate for development of color. Absorbance

was read at 450 nm after reaction temination with 2 M H2SOa.

3.4.6.2. Indirect ELISA

ELISA plate was coated with commercial recombinant human HER2 of 0.2 pg/ml or
mammalian cell lysate of 5-50 pg/ml in PBS, at 4°C overnight. Next day, the plate
was washed three times with wash buffer. Blocking was performed by incubating the
plate with blocking buffer at RT for 3 h. Subsequently, the wells were washed with
the wash buffer three times. Then, 100 ul of purified scFvs with serial dilutions were
added to plate and incubated for 1 h at RT. Concentrations of scFvs added to wells
were calculated by multiplying purity of protein with total protein concentration

determined with Bradford assay. After three times washing, bound scFvs were
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determined by addition of 100 pl of 1:10,000 diluted anti-6xHis-tag-HRP antibody in
wash buffer. After incubating 1 h and applying same washing steps, 100 pl of TMB
substrate was added to plate for development of color. The reaction was terminated
with 2 M H2SO4. Using a microplate reader, the absorbance was measured at 370

nm before quenching, or 450 nm after treatment with H2SOa.

3.4.6.3. Sandwich ELISA

Sandwich ELISA was performed to test binding of scFvs to surfaces and affinity to
the antigen. Briefly, different types of ELISA plates were coated 3 h with purified anti-
HER2 scFv or scFv13-R4 constructs. After washing step, plate was blocked with
blocking buffer for 2 h at RT. After another washing step, plate was incubated with
serial dilutions of purified B-gal or HER2 antigen in the wells (100 pl/well) for 1 h at
room temprature. After washing, 100 pl of 1:5000 diluted StrepTactin-HRP or 1:5000
diluted rabbit anti-human IgG (Fc specific)-HRP antibody was added to each well for
1 h incubation. After the last wash, 100 ul of TMB substrate was added to plate for
development of color. Absorbance was read at 450 nm after reaction temination with
2 M H2SOa.

3.4.7. Statistical Analysis

To compare the differences between soluble/insoluble ratios of scFvs, statistical
analysis was performed. For this purpose, One-way ANOVA with Tukey’s multiple
test was applied via GraphPad Prism software. Based on the analysis, the probability

(P) value less than 0.05 was accepted as significantly different.

3.5. Determination of Binding Affinity
3.5.1. Surface Plasmon Resonance (SPR) Method for Ka Calculation

SPR method was applied for equilibrium binding-affinity measurements by following
similar steps of published studies [218, 219]. Firstly, optimum concentration of HER2
to immobilize on the sensor surface and the optimum pH of the buffer was

determined as 8 ug/ml in 10 mM sodium acetate and pH 5.0, respectively. Covalent
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immobilization of HER2 antigen on CM5 chip sensor surface was achieved by amine
coupling with a level of 800 response units (RU). ScFvs were in diluted in running
buffer (HBS-EP buffer) in the range of 0.625 — 80 nM. Then, each sample was
injected over the chip with the same buffer at a flow rate of 20 pl/min (3 min injection
time, 10 min stabilization time, 15 min dissociation). The surface of the chip was
regenerated by 20 ul/min of 10 mM glycine, pH 1.5 (2.5 min injection time, 5 min
stabilization time) after each injection. The equilibrium response units of each
concentration were fitted to 1:1 Langmuir binding isotherm to calculate the
dissociation constant (Kd) value of scFvs. GraphPad Prism software was used for

nonlinear regression analysis to calculate K¢ based on the Equation 2.20.

3.5.2. ELISA Method for Kq Calculation

Kq values of anti-HER2 scFvs were determined by ELISA using two different

approaches determined by Friguet [192] and Beatty [198].

In the Friguet [192] method, firstly, two identical plates were coated with 0.2, 0.1,
0.05 and 0.01 yg/ml commercial HER2 to determine the antigen coating amount.
Two plates were handled at same time and unbound scFv from first plate was
recovered and used in the second plate. ELISA procedure given in Section 3.4.6.2
was applied. Signals obtained from the two plates were compared and the coating
amount of antigen that gave the signal difference around 10% was chosen. Then,
the ELISA plate was coated with the predetermined amount of HER2. During
blocking part, serial dilutions of HER2 in a final volume of 150 ul and 0.01 ug/ml scFv
(0.37 nM) in 150 pl were prepared. ScFv, 150 ul, was added to each antigen dilution,
mixed and incubated for 1h at RT. Then, this mix was used for the ELISA plate and
the same procedure with Section 3.4.6.2 was applied. Ks was calculated using
Equation 2.13.

For the Beatty [198] method, ELISA plates were coated with 0.2, 0.1, 0.05 pyg/mli
commercial HER2 and the same procedure with Section 3.4.6.2 was performed. Kgd

was calculated using Equation 2.14.
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3.6. In silico Methods
3.6.1. Tertiary Structure Prediction

The 3D models of scFv structures were constructed using homology modeling as
implemented in SWISS Model [181] by following the algorithm given in Figure 2.5.
Anti-HERZ2 scFvs with VLVH order were modeled based on the crystal structure of a
single chain disulfide-stabilized construct (sc-dsFv), diabody (resolution 2.4 A°, PDB
entry:3auv.1.A); while, anti-HER2 scFv-VuVL order was modeled based on the
crystal structure of diabody (resolution 1.7 A°, PDB entry:5gs3.1). 3D structure of
HER2 (PDB entry:1N8Z) was used for docking studies. PyMOL software was used

for visualization of 3D structures.

3.6.2. Molecular Docking of HER2 and Anti-HER2 scfvs

Molecular docking of anti-HER2 scFvs with HER2 antigen was carried out using
ClusPro 2.0, which is a web-based program [184]. Docking was performed in
antibody mode; the scFvs were submitted as the receptor, and HERZ2 as the ligand.
Default parameters were chosen for analysis. The predicted models were selected

based on the energy scores given by ClusPro.

3.6.3. Molecular Dynamics Simulation

MD simulations of anti-HER2 scFvs and scFv-HER2 complexes were performed
using GROMACS version 2018 [29]. Firslty, the proteins were embedded in a cubic
box to create boundary conditions. Then, the system was solvated with water using
spc216 water model, and AMBER99SB-ILDN force field was used. Subsequently,
neutralization was applied by the addition of CI~ or Na* ions. Energy minimization
was performed with two steps before the main run of simulation. The whole system
was energy minimized for 50000 iterations until 1000 kj/mol/nm force was observed.
Equilibration was performed in two phases by maintaining temperature at 300 K and
pressure at 1 atm. The resulting system was subjected to MD simulation for 20 ns.
All the resulting trajectories were analyzed and graphed utilizing from g_energy,

g_gyrate, g_rmsf, g_rms and do_dssp tools of GROMACS.
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MM-PBSA approach supplemented with the g_mmpbsa script program [190] was
used to calculate binding free energy of the selected molecules to investigate the

relative binding affinity, and equations given in Section 2.6.4 were used.
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4. RESULTS AND DISCUSSION

In this study, the production of model scFvs with soluble, active and correctly folded
properties in Escherichia coli strain was proposed and the effects of linker region on
scFvs for diagnostic applications were investigated. In the first part of the study, scFv
version of Herceptin™ [28] was constructed in two different orientations, and
appropriate strain and growth conditions for expression of soluble scFvs were
determined. Then, the expressed recombinant scFvs in different orientations were
compared in terms of solubility, monomer/dimer formation, binding activity and
affinity. Soluble production was shown using SDS-PAGE and Western blot analyses;
while in vitro immunological characterization of scFvs was performed with ELISA
and SPR. In the second part of the study, scFvs containing linkers with different
amino acid composition were constructed and evaluated by both computational and
experimental analyses. ELISA was used to compare the binding activity and affinity
of purified recombinant scFvs. In addition, homology modelling and molecular
dynamics simulation were applied to observe the differences of scFvs related to their

functionality.

4.1. Design and Construction of Plasmids for Anti-HER2 scFv Expression

The antigen-binding site of antibodies forms at the interface of their two variable
domains (VLand VH), where Vi and Vi domains are naturally not directly linked as in
the case of artificially connected scFvs. Different approaches predicting the correct
VH and V. orientation have been developed in antibody humanization and antibody
modeling studies to preserve original antibody domain orientation [220, 221]. An
scFv construct can be formed by fusing a linker between the VL and Vx genes of the
antibody in either the Vu-linker-VL or the Vi-linker-Vx orientation. Previous studies
showed that domain orientation, the length and amino acid content of the linker
peptide could affect antigen-binding activity, expression efficiency and stability of
scFvs [5, 222]. Based on these results, two scFv constructs containing two different

orientations of variable domains (Vr-linker-ViL and Vi-linker-VH) were designed in this
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study (Figure 4.1), due to lack of information about the native domain orientation of
the antibody targeting HER2.

I. pET28a-anti-HER2-scFv-V,Vy; (6004 bp) L vi llinker | vy | 6xHis |

II. pET28a-anti-HER2-scFv-V,V, (6016 bp) [ vy [linker | v, [ 6xHis |

Ncol ~ Hindlll

pET28a(+)

Figure 4.1. Diagram of the pET28a vector encoding anti-HER2 scFvs in VL.VH and
VHVL orientations [223]

Vuand Vi genes were obtained from the heavy and light chain domains of pMAZ360-
clgG-Herceptin plasmid [28]. Primers were designed to amplify Vi and VL domains
of the antibody, which are 330 bp and 360 bp, respectively, and combine these
fragments via the most common (GlysSer)s linker peptide. In addition, primers
designed for the C-terminus contained the polyhistidine tag (6xHis) for immuno-

detection and purification purposes and a stop codon.

P1 and P2 primers (Table 3.3) were used to amplify the VL fragment while P3 and
P4 primers were used for the V4 fragment (Section 3.2.1) in constructing the anti-
HER2-scFv-VLVH gene. The VL gene cassette was 362 bp and Vu gene cassette

was 417 bp, as shown in Figure 4.2.
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Figure 4.2. Agarose gel electrophoresis of VL and Vu genes amplified by PCR to
construct anti-HER2-scFv-ViLVH gene; M: 100 bp DNA Ladder

P5 and P6 primers were used to amplify the Vn fragment while P7 and P8 primers
were used for the VL fragment (Section 3.2.1) to construct anti-HER2-scFv-VrVL
gene. The Vu gene cassette was 395 bp and the VL gene cassette was 396 bp

(Figure 4.3).

500 bp

= - e
300 bp

Figure 4.3. Agarose gel electrophoresis of Vi and VL genes amplified by PCR to
construct anti-HER2-scFv-V1VL gene; M:100 bp DNA Ladder

After verifying the bands of VL and Vi domains, equal amounts of the linker, VL and
Vu domains joined by SOE-PCR generated the anti-HER2 scFv gene in both
orientations, yielding two 764-bp products (Figure 4.4).

62



@) Vi VH (b) M VuVL

M
| ——
R
1000 bp ‘ 1000 bp|

900 bp 900 bp
800 bp 800 bp|
700 bp 700 bp|

Figure 4.4. Agarose gel electrophoresis of overlap extension PCR products of (a)
anti-HER2-scFv-V.Vu and (b) anti-HER2-scFv-ViuVi; M: 100 bp DNA
Ladder

The pET28 plasmid (5369 bp) was digested with Ncol-HF and Hindlll-HF to create
the backbone and visualized in agarose gel electrophoresis after digestion (Figure
4.5, Lane 2). Undigested plasmids run faster on agarose gel and thus, are not useful

in determining the actual plasmid size (Figure 4.5, Lane 4).

M 1 2 3 4

Figure 4.5. Agarose gel electrophoresis of pET28a plasmid. Lane 2: digested with
Ncol-HF and Hindlll-HF, (5252 bp), Lane 4: undigested, M: 1 kb DNA
Ladder

The ligation reaction was performed to clone the double digested PCR products into

double digested vector (pET28a) DNA. Finally, expression plasmids pET28a-anti-
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HER2-scFv-VuVL and pET28a-anti-HER2-scFv-VLVH were generated and the

constructs were verified via DNA sequence analysis.

4.2. Selection of Bacterial Expression System

In this study, cytoplasmic expression of scFvs was proposed due to the larger
production space of the cytoplasm compared to the periplasmic region. However,
expression of scFvs, which have two intramolecular disulfide bonds, could be difficult
in the cytoplasm since reducing environment of this compartment prevents the
disulfide bond formation that is crucial for structural stability and correct folding [224].
Hence, two different bacterial strains, E.coli SHuffle T7 Express and BL21(DE3),
were chosen as candidates for the expression of scFvs. While BL21(DE3) that is the
most widely used bacterial expression host is deficient in proteases OmpT and Lon,
which degrade many proteins, SHuffle T7 Express has been genetically engineered

to provide the oxidizing environment for disulfide bond formation [91, 93, 225].

Firstly, soluble production of scFvs in both strains was investigated by small-scale
expression. Anti-HER2 scFv-VLVH and scFv735 [203] were selected as model
antibody fragments to compare and understand the versatility of effects of the
selected expression hosts on solubility for any scFv. Both strains were induced by
1 mM IPTG at 30°C for 16 h. The predicted sizes of scFvs were ~27 kDa, which
were verified by Western blot (Figure 4.6) with the anti-6x-His-tag-HRP antibody.
While soluble cell lysate protein concentration of BL21(DE3) strain expressing anti-
HER2 scFv was 2.8 mg/ml and that of scFv735 was 6.9 mg/ml, these values were
1.5 mg/ml and 4.8 mg/ml for SHuffle strain, respectively. These results indicated
that the soluble cell lysates of E. coli BL21(DE3) had higher total protein
concentration than SHuffle strain. This could be possibly due to co-expression of
the DsbC in the cytoplasm of the SHuffle strain that restricts the targeted
recombinant protein production [104]. Moreover, protease deficient genotype of
BL21(DE3) could be the reason for higher levels of total protein in this strain [226].
When equal amounts of total proteins were compared in terms of solubility, both

recombinant scFvs exhibited greater soluble accumulation in the soluble fractions
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when expressed in SHuffle cells compared to expression in BL21(DE3), as

expected.

(a) (b)
BL21(DE3) SHuffle T7 Express BL21(DE3) SHuffle T7 Express

Sol Ins Sol Ins Sol Ins Sol Ins

Figure 4.6. Western blot analysis of insoluble and soluble fractions from SHuffle
T7 Express or BL21(DE3) strains expressing (a) anti-HER2-scFv or (b)

scFv735, normalized based on total protein

In addition to solubility, anti-HER2 scFvs expressed in SHuffle T7 Express and
BL21(DE) were also compared according to their binding activities by ELISA. HER2
positive SKOV3 cell lysate was used as an antigen and soluble fractions of cell
lysates were used as binders for an in-house ELISA test. Firstly, plates were coated
with 5-50 ug/ml mammalian cell lysate to optimize the coating antigen amount.
Binding of the cell lysate decreased with increasing antigen concentration as shown
in Figure 4.7. Hence, the optimum concentration for cell lysate was determined as 5
pg/ml. Then, scFv-VLVH obtained from both strains were affinity purified. Using the
purified proteins in ELISA tests, antibody fragments obtained from SHuffle T7
Express cells showed up to four-fold higher binding signal compared to that
expressed in BL21(DE3) as shown in Figure 4.8. In addition, PBS and BSA were

used as negative controls, with absence of binding activity towards HERZ.
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Figure 4.7. Antigen-binding of cell lysates containing anti-HER2 scFv to determine
the optimum antigen concentration. Plates were coated with 5-50
pMg/ml mammalian cell lysate and 50 pg total protein was applied to
plate. The empty pET28a and PBS served as negative controls.
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Figure 4.8. Binding activity of purified anti-HER2 scFv-VLVH expressed in E. coli
SHuffle T7 Express and BL21(DE3) against HER2 antigen obtained
from mammalian cell lysate. Experiment was performed in triplicate

and error bars display standard deviation (SD) of the mean [223].
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The difference in binding activity could be explained as formation of the disulfide
bonds which stabilized the recombinant scFv, thus affected the antigen-binding
activity. This result was also consistent with a recent study [17]. Additionally,
Safarpour and coworkers compared TNF-a expression in E. coli SHuffle and
BL21(DE3) cells and observed 1.5 times higher disulfide bridge band in SHuffle than
that of BL21(DE3) via Fourier transform infrared spectroscopy (FTIR) analysis [227].
Overall, the subsequent expressions of anti-HER2 scFv were decided to be
performed with SHuffle T7 Express strain owing to higher solubility production and
binding-activity. Moreover, HER2 binding-activity of anti-HER2 scFv obtained from
SHuffle was compared with a full-length antibody (trastuzumab) obtained from a
mammalian cell line [228]. As seen in Figure 4.9, full-length antibody had a higher
binding-activity owing to its two antigen binding sites, whereas scFv having one

binding site also showed a similar binding trend with trastuzumab.
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Figure 4.9. Binding-activity of purified anti-HER2 scFv-VLVH construct expressed
in E. coli SHuffle T7 Express cells and trastuzumab expressed in a
mammalian cell. Experiment was performed in triplicate and error bars

display SD of the mean.
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4.3. Expression of Anti-HER2 scFvs in Different Orientations

As seen in Figure 4.6.a, insoluble accumulation of scFv-VLVH expressed in SHuffle
T7 Express strain was fairly higher than the soluble fraction, while this situation was
the opposite for scFv735 (Figure 4.6.b). Therefore, the effects of bioprocess
parameters such as induction temperature, duration of induction and inducer
concentration were investigated for anti-HER2 scFv expressed in SHuffle cells to

increase the soluble fraction yield.

4.3.1. Effects of Different Induction Conditions on Expression

It was reported that lower cultivation temperatures often cause improved amounts of
correctly folded soluble protein as well as increased intracellular stability of the
protein [229]. Therefore, post-induction temperature (Tind) was decreased from 30°C
to 16°C to observe the effect of temperature. Western blot analysis was performed
to compare insoluble and soluble fractions (Figure 4.10.b). It was observed that the
soluble/insoluble ratio increased approximately three-fold when Tind was lowered to
16°C from 30°C (Figure 4.10.a). In addition, an absorbance value of ODe00=3.5 was
obtained at the end of cultivation for Tina=30°C, while it was 1.9 for 16°C, thus
showing decrease in bacterial growth at lower temperatures, as expected. Hence, it
can be concluded that whereas expression at 30°C results in greater biomass, better
soluble expression was attained at 16°C, since lower temperatures reduces the

tendency to aggregate and misfold, as well as the proteolytic degradation.
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Figure 4.10. (@) Soluble/insoluble ratio for anti-HER2 scFv-VLVh expressed in BL21
(DE3) and SHuffle T7 Express, at different Tina (16°C or 30°C). (b)
Western blots of insoluble (ins) and soluble (sol) fractions from E. coli
SHuffle T7 Express cells expressing anti-HER2 scFv-VLVh induced at
either 30°C (left panel) or 16°C (right panel) for 16 h. Samples were
normalized based on total volume. All data are the average of two
independent experiments; error bars are the standard deviation of the
mean. ** and *** represent the significant differences at P-value<0.01
and P-value<0.001, respectively [223].

After observing the increase in soluble fraction yield at lower temperatures, anti-
HERZ2 scFv expressions in both Vu-linker-ViL and Vi-linker-Vy order were compared
at four induction temperatures of 16, 20, 25 and 30°C. Growth of SHuffle cells
containing anti-HER2 scFv-VuVL and anti-HER2 scFv-VLVh were observed by
measuring the absorbance values of ODeoo between 0-24 hours after induction.
Protein expression was induced when ODsoo values of SHuffle cells reached
approximately 0.6. As shown in Figure 4.11.a and Figure 4.11.b, strains reached
their log phase 4 h after inoculation. When equal volumes of total proteins were
loaded on SDS-PAGE gels, band of overexpression at ~27 kDa was observed in all

induction temperatures for both orientations (Figure 4.11.c and Figure 4.11.d).
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Figure 4.11. Growth curve of SHuffle T7 Express containing (a) pET28a-anti-HER2-
scFv-VLVH (b) pET28a-anti-HER2-scFv-VhVL. SDS-PAGE
analysis of total cell protein containing (c) anti-HER2 scFv-VLVH and
(d) anti-HERZ2 scFv-VhVL expressed in E. coli SHuffle at 16, 20, 25 and
30°C, 16 h after induction

and

It was reported that IPTG in higher concentrations could cause toxic effects on cells
which resulted in reduction in cell growth rate and increase in the amounts of proteins
in the form of aggregations [230]. Therefore, the effect of IPTG on expression of anti-
HERZ2 scFvs were examined by varying concentrations between 0.02 — 1 mM. As
seen Figure 4.12, band of overexpression at ~27 kDa was observed in all induction
concentrations for both orientations, and IPTG concentration showed no significant

effect on scFv expression and cell growth.
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Figure 4.12. SDS-PAGE analysis of total cell protein containing (a) anti-HER2 scFv-
ViVu and (b) anti-HER2 scFv-VuVL induced at various IPTG
concentrations (0.02, 0.1, 0.25, 0.5 and 1 mM) at 16°C for 16 h

In addition, the cell pellet of SHuffle cells containing pET28a-anti-HER2-scFv-VLVH
were collected at 2, 4, 16, 20 and 24 h after induction. As seen Figure 4.13, band of
overexpression at ~27 kDa increased with time. However, total protein

concentration decreased after 20 h of induction.
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Figure 4.13. SDS-PAGE analysis of proteins from whole cell lysate containing anti-
HER2 scFv-VLVh at different post-induction times (2, 4, 16, 20 and 24
h); induction with 0.1 mM IPTG at 16°C. Bl: Before induction
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Overall, production conditions were optimized as 0.1 mM IPTG induction at 16°C for
16 h after induction. Indeed, expression of anti-HER2 scFvs at 20°C and 25°C were
high in terms of both cell growth and total protein concentration. Nevertheless, 16°C
was chosen as the induction temperature, mainly for contunuity of experiments.
Since, lower induction temperature decreased aggregation and favored correct
folding as reported in previous studies, and an acceptable amount of recombinant
protein expression was obtained, being a satisfactory condition for further
experiments. While a recent study indicated 30°C as the optimal induction
temperature for SHuffle strain expressing anti-HER2-scFv [17], another report
showed that an active anti-Listeria monocytogenes scFv could be obtained in the
cytoplasm of SHuffle strain, at Tinag=16°C [231].

4.3.2. Effects of Different Media on Expression

According to the literature, recombinant protein production in a chemically defined
minimal medium is important for large-scale industrial productions. However, there
has been no study about efficient soluble protein expression in engineered cells such
as the SHuffle strain at bioreactor scale by using chemically defined minimal media,
because cells need a rich growth medium including yeast extract or soytone [15].
Nevertheless, in a recent study, Agor/AtrxB E. coli Rosetta-gami B(DE3)pLysS strain
was cultivated in a defined medium and it was the first report for an E. coli having

oxidizing cytoplasm to reach high cell densities in a minimal medium [232].

Hence, two complex media, LB and TB, and two minimal media, RMM [209] and
MR2 [210] were investigated. Batch fermantations were performed in the shake
flasks to compare the four different media. Anti-HER2 scFv-VLVH was expressed in
50 ml culture media, induced by 0.1 mM IPTG at 16°C. In Table 4.1, final ODesoo
values of SHuffle cells and total protein concentrations are given. Depending on the
media, final ODesoo reached ~9 in MR2 which was superior to the other media in terms
of cell density. Total protein concentrations of cells expressed in different media were

in the similar range.
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Table 4.1. Growth characteristics of SHuffle cells in different media.

Medium ODeoo at harvest Total protein (g/L)
LB 35 3.1
RMM 34 4.5
MR2 8.9 4.7
B 6.3 5.0

Expression of anti-HER2 scFv-Vi.Vu was analyzed by SDS-PAGE (Figure 4.14).
Overexpression bands of scFv appeared around 27 kDa in four different culture
media. Hence, our results showed soluble expression of scFvs in SHuffle cells also
in minimal media without complex additives. In summary, TB medium can also be
used as alternative complex media; and for chemically defined media, especially
MR2, can be an alternative with regard to better cell growth and expression for

further high cell-density fermentation experiments.

RMM MR2 TB LB LB B MR2 RMM
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Figure 4.14. SDS-PAGE analysis of total cell protein containing anti-HER2 scFv-
VLVH expressed in different culture media (LB, TB, MR2 and RMM).
(Left side shows equal volume loading, right side shows equal amount

3

of total protein loading)
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4.4. Comparison of Anti-HER2 scFvs

Previous studies on expression of scFv versions against HER2 constructed the
scFvs in the orientation Vu-linker—VL [17, 78]. Since scFvs can be engineered in
both orientations and optimal domain order is specific for each individual scFv,
comparison of two different orientations of scFv was performed for evaluation of the
effect of domain orientation on expression level, biological activity and prevalence of

monomeric/dimeric forms.

4.4.1. Expression Yield of Anti-HER2 scFvs

Anti-HERZ2 scFvs with VL-VH and Vi-VL order were expressed in 1 L culture media,
induced by 0.1 mM IPTG at 16°C post-induction temperature. Before purification,
total protein in empty plasmid and plasmids with anti-HER2-scFv-VuVL and anti-
HER2-scFv-VLVH were observed by SDS-PAGE gel (Figure 4.15.a). Then,
purification was applied with 1 ml Ni-NTA resin. The amounts of anti-HER2-scFv-
VuVL and anti-HER2-scFv-V.VH after purification were determined as 6.2 mg and 9.3
mg, respectively. Moreover, the purities of both constructs were above 99%, as seen
in Figure 4.15.b.

In a recent study, 5 mg/L of scFv version of pertuzumab in the VuVL order was
produced from the soluble fraction, whereas scFv obtained from the insoluble
fraction was 24 mg/L, though an extra in vitro refolding process was applied to make
it biologically active [233]. In another study, 8 mg/L anti-HER2-scFv with 92% purity
was produced in a widely used eukaryotic expression host Pichia pastoris [234].
Thus, it can be concluded that the purity and yields determined for anti-HER2 scFv-
ViVH and scFv-VHVL constructs in this study are compatible with the previous
studies. It is worth noting that both anti-HER2-scFv-VhVL and anti-HER2-scFv-VLVH
showed soluble expression in this study. For example, Ayyar and coworkers reported
that only the scFv with V.-VH orientation was produced in soluble form when two
different domain orientations of the scFv developed for an autoimmune disease were

compared [235].
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Figure 4.15. SDS-PAGE analysis of anti-HER2-scFvs expressed in E. coli SHuffle
T7 cells at 16°C, 16 h. (a) Total protein from pET28a (lane 1 and lane
3), pET28a-anti-HER2 scFv-VLVH (lane 2), and pET28a-anti-HER2
scFv-VuVL (lane 4). (b) Purified anti-HER2 scFv-VLVH (lane 5) and anti-
HER2 scFv-VhVL (lane 6) [223]

4.4.2. Monomer/Dimer Formation of Anti-HER2 scFvs

The formation of monomer/dimer or aggregates is specific for each antibody
fragment, which can be designed with linkers containing different length and amino
acid concentration [236]. Therefore, SEC was applied to examine the formation of
monomeric/dimeric structures of the purified anti-HER2 scFvs. Two elution peaks
referring to monomeric and dimeric forms of scFvs were observed in graphs plotted
with absorbance values of elution fractions as seen in Figure 4.16. Both domain
orders of scFv showed monomeric and dimeric forms. While scFv-VLVu had mostly
dimeric and also a major monomeric portion, scFv-VuVL was mainly in the

monomeric structure.
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Figure 4.16. SEC analysis of (a) anti-HER2 scFv-VLVu and (b) anti-HER2 scFv-
VHVL using a Superdex 75 10/300 GL gel filtration column

Monomeric and dimeric fractions that showed a peak in Figure 4.16 were analyzed
by loading them onto SDS-PAGE gels and staining by Coomassie blue. Since the
reducing conditions of loading dye with mercaptoethanol breaks the dimers while
boiling the samples, all the fractions indicated a single band at molecular size of anti-
HER2 scFv, 27 kDa (Figure 4.17). Additionally, purified anti-HER2 scFv-V.Vu and
anti-HER2 scFv-VHVL were loaded on the SDS-PAGE under reducing (presence of
mercaptoethanol) and non-reducing (absence of mercaptoethanol) conditions as
shown in Figure 4.18. As shown in the figure, the presence of two bands
corresponding to monomeric and dimeric forms were detected, which are
approximately 27 kDa and 54 kDa, respectively. Presence of the band showing the
dimeric structure for anti-HER2 scFv-VLVu was consistent with the SEC analysis.
Based on these results, it can be deduced that dimeric form of scFvs could be formed

by disulfide bridges between free cysteine moieties of scFvs when protein was
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expressed in the oxidizing environment. Since domain order of scFv changes the

prevalence of monomeric and dimeric forms, the order of the VL and V4 domains can

be a significant parameter while constructing the scFv based on the purpose of

application.
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SDS-PAGE analysis for SEC fractions of (a) anti-HER2 scFv-V.V+and

(b) anti-HER2 scFv-VHVL.
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Figure 4.18. SDS-PAGE analysis of purified anti-HER2 scFv-VLVH (right side) and
anti-HER2 scFv-VuVL (left side) under reducing and non-reducing

conditions. R: reducing; NR: Non-reducing
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4.4.3. Antigen-Binding Activities of Anti-HER2 scFvs

It was reported that variable domain orientation also affects antigen-binding
properties of the scFv in addition to expression. It could be explained by the effect
of order of variable domains on the regulation of antigen-binding site geometry [59,
237]. In this study, ELISA and SPR analyses were utilized to investigate the binding
properties of anti-HER2 scFvs. ELISA was applied by interaction of commercial
HERZ2 as immobilized antigen with anti-HERZ2 scFvs diluted serially. It was observed
that anti-HERZ2 scFv-VuVL showed higher binding activity than anti-HER2-scFv-VLVH
between 0.001-0.04 pg/ml scFv concentration (Figure 4.19). It could be also
concluded that dimer formation of anti-HER2-scFv-V.Vh discussed in previous title
does not block the HER2 binding site. In addition, Histidine-tagged scFv13-R4
targeting B-galactosidase was applied to ELISA plates, expecting no binding activity
against HER2.

4.0 -
= anti-HER2 scFv-VHVL

3.5 4 =—4—anti-HER2 scFv-VLVH
3.0 | scFv13-R4
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Figure 4.19. Antigen-binding activities of purified anti-HER2 scFv-V.Vu and anti-
HER2 scFv-VuVL against commercial HER2. Experiment was

performed in triplicate and error bars display SD of the mean [223].
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4.4.4. Binding Affinity of Anti-HER2 scFvs

Surface plasmon resonance (SPR) analysis was applied to determine equilibrium
binding affinity of scFvs towards HER2. For this purpose, purified anti-HER2 scFvs
diluted serially (0.625-80 nM) was interacted with SPR sensor chip coated with
commercial HER2. Binding responses obtained by SPR sensorgram (Figure 4.20)
were used to plot against concentration of scFvs and to fit a 1:1 Langmuir binding

isotherm for determination of the equilibrium dissociation constant, Ka.
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Figure 4.20. SPR sensorgrams of purified (a) anti-HER2 scFv-VLVh (b) anti-HER2
scFv-VxVL

From Figure 4.20, the response values at the steady state or equilibrium phase were
chosen for each concentration of scFv constructs as given in tables in Appendix 5
for anti-HER2 scFv-VLVH and anti-HER2 scFv-VuVL. Response values in Table A5.1
and Table A5.2 plotted in Figure 4.21 shows saturation at binding through 80 nM.
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Figure 4.21. Binding affinity analysis of purified (a) anti-HER2 scFv VL.Vu and (b)
anti-HER2 scFv-VRVL [223]

K4 values for anti-HER2-scFv-ViVh and anti-HER2-scFv-VhVL were calculated
based on the Equation 2.20 given in Section 2.7.2 by using Hill Slope nonlinear
regression analysis. Consequently, K4 values of anti-HER2-scFv-VLVH and anti-
HER2-scFv-VHVL were calculated as 5.30 and 4.82 nM, respectively (Table 4.2). Kq
values of scFvs indicated that anti-HER2-scFv-V.VH and anti-HER2-scFv-VhVL had
similar affinity towards HER2.

Table 4.2. K4 values for binding of purified anti-HER2 scFv to HER2 by SPR

Sample Kd (nM) Std Error R-squared
Anti-HER2-scFv-VLVH 5.30 1.05 0.9959
Anti-HER2-scFv-VrVL 4.82 1.00 0.9970

Kq values obtained for the anti-HER2 scFvs via SPR were in nM ranges, which
shows a high binding affinity. In a recent study, Kq value of pertuzumab scFv against
HER2 expressed in the periplasm of E. coli BL21 (DE3) was determined as 21 nM
via flow cytometry technique [78]. It should be also noted that it would not be correct
to compare the Kq values obtained from different methods due to their individual

phenomena. In another study, Kq value of scFv version of trastuzumab expressed in
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the cytoplasm of E. coli using CyDisCo system was determined as 97 nM via SPR
method [238]. When Kq value in the referred study was compared the values (5.30
and 4.82 nM) obtained in this study via SPR, it could be concluded that anti-HER2
scFvs with higher affinity was produced in this study. Although there was a recent
study on expression of anti-HER2 scFv in VuVL orientation in SHuffle T7 Express

[17], no information was given about affinity of the scFv to HER2 antigen in the study.

As a result, anti-HER2 scFv-ViLVHwas expressed in higher amounts while anti-HER2
scFv-VHVL showed a slightly higher binding activity. The scFvs show tendency to
form dimers, trimers and larger oligomers that limit their applications. Due to the
weak interactions between variable domains, scFvs stay in equilibrium between an
opened state in which domains are disassembled and a closed state in which
domains are assembled. If scFvs stay mainly in the open state, this situation triggers
the inter-chain domain interactions, thus oligomer structures are formed. It was
reported that dimerization could enhance binding-activity owing to avidity effect
[239]. Therefore, it would be expected that VLVH orientation composed of mostly
dimer forms could show a higher antigen-binding capacity. However, differences in
binding site geometry can also disfavor binding. Other studies reported that scFvs
are generally constructed in the VHVL orientation due to distance between linker
peptide and CDR-H3, which is important for antigen-binding [235, 237]. However, in
our case, anti-HER2 scFvs were expressed soluble and showed high binding affinity,
independent of the orientation of the variable domains [223]. Kim and coworkers also
reported that scFv against C-met in the VH1VL orientation had productivity five times
higher than scFv in the VLVH format, while both of them showed almost the same

antigen-binding activities [59].
Based on the obtained results in this study, anti-HERZ2 scFv in VLVH scFv format was

selected for further experiments considering its soluble and functional expression

yield.
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4.5. Design and Expression of Anti-HER2 scFvs with Different Linkers

In the literature, scFvs have been designed in different ways in terms of domain
orientation, linker length and composition, which are crucial for stability, soluble and
functional expression. After having investigated domain orientation, linkers
containing different amino acid compositions were evaluated in this part of the thesis
study. Linker amino acid compositions were decided considering the material
binding peptides which were designed for oriented immobilization of proteins on to
biosensor surfaces. Polystyrene surface, which is commonly used in diagnostic and
immunoassay applications was selected as the model surface. Thus, linker
compositions containing PS binding peptides were designed. These peptides are
generally composed of 9-12 residues as given in Table 2.1. Hence, amino acids such
as glycine (G), serine (S) were added to create linkers in 15 aa length. Since both
amino acid composition and length of linkers influence scFv properties, only the

effect of different amino acids were investigated by keeping the length at 15 aa.

Amino acid compositions of new linkers are given Table 3.1. Firstly, cloning of new
constructs were performed. Gene containing (G4S)s linker was used as the template
for the new constructs. Primers in Table 3.2 were used for amplification of VL and Vu
domains of anti-HER2 scFv. Amplified VL and Vi domains contained sequences of
PS19-V1 (Lane 1 and 2), PBTUP-V1 (Lane 3 and 4) and PS18-V1 (Lane 5 and 6)
linkers. As shown in Figure 4.22, the VL genes were 362 bp, whereas VH genes were
417 bp.
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Figure 4.22. Agarose gel electrophoresis of VL and Vu genes amplified by PCR to
construct anti-HER2-scFv gene (Lane 1,3,5: VL products; Lane 2,4,6:
VH products of genes containing PS19V1, PBTUP-V1 and PS18-V1,
respectively). M: 100 bp DNA Ladder

Two separate PCR products comprised overlapping linker regions given in Figure
4.22 were joined by SOE-PCR to generate a full-length gene of 764 bp (Figure 4.23).
Lane 1, 2 and 3 were the scFvs containing PS19-V1, PBTUP-V1 and PS18-V1
linkers, respectively. In addition, Lane 4 is the PCR product of scFV with standart

linker (G4S)3 contanining C-terminal PS19 with the size of 791 bp.

Figure 4.23. Agarose gel electrophoresis of overlap extension PCR products.
M:100 bp DNA Ladder
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The ligation reaction was carried out for cloning the double digested PCR products
into double digested vector DNA (pET28a). Finally, various recombinant plasmid
constructs between Ncol and Hindlll restriction sites were verified with sequencing
analysis. ScFvs containing (G4S)3, PS19-V1, PBTUP-V1 and PS18-V1 linkers and
C-terminal PS19 were named as anti-HER2 scFv-L1, anti-HER scFv-L2, anti-HER2
scFv-L3, anti-HER2 scFv-L4 and anti-HER2 scFv-L5, respectively, for further

experiments.

Firstly, the expression of new constructs was performed to evaluate the linkers on
whether they influenced the solubility. Anti-HER2-scFvs were expressed by inducing
with 0.1 mM IPTG at 16°C for 16 h. After sonication, the concentrations of soluble
fractions of cell lysates obtained from anti-HER2 scFv-L1, anti-HER scFv-L2, anti-
HER2 scFv-L3, anti-HER2 scFv-L4 were 2.2, 1.8, 1.7 and 1.5 mg/ml, respectively.
Same amounts of cell lysates were loaded on to SDS-PAGE gel and Western blot
was performed for analysis of expression with anti-6xHis-tag-HRP antibody. As seen
in Figure 4.24, new anti-HER2 scFvs were expressed in soluble form with a predicted

size of ~27 kDa. The different linkers did not enhance nor inhibit the solubility.

L1 L2 L3 L4

37

25

Figure 4.24. Western blot analysis of anti-HERZ2 scFvs with different linker regions,

normalized based on total protein
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Anti-HER2 scFvs were then purified, desalted and concentrated for further analyses.

The purities of all constructs were above 95% as seen in Figure 4.25.
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Figure 4.25. SDS-PAGE analysis of purified anti-HER2 scFv constructs expressed
in E. coli SHuffle T7 Express at 16°C, 16 h

4.6. Characterization of Anti-HER2 scFvs with Different Linkers

In this part of the study, effects of linker composition on the antigen-binding activity,
binding affinity and efficiency of immobilization to a polystyrene surface were
investigated. Binding activity and binding affinity values were determined by indirect

ELISA, whereas immobilization efficiency was examined by sandwich ELISA.

4.6.1. Antigen-Binding Activity of Anti-HER2 scFvs with Different Linkers

ELISA was applied by interacting serial dilutions of purified scFvs with different
linkers and commercial HER2 as immobilized antigen. ELISA analysis showed that
newly designed scFvs had the similar binding activity with scFv containing the
standard linker (L1), as shown in Figure 4.26. Hence, changing the linker region did
not affect the binding activity of anti-HER2 scFv towards HERZ2. In addition, binding
activity of scFv construction with C-terminal PS19 could not be shown by ELISA due

to the internal His-tag, which was also a problem in Western blot analysis.

85



4.0
3.5 —o—L1 —A—L2

3.0 L3  ——L4
2.5

2.0
1.5

1.0

Binding Activity (Asso)

0.5

0.0 4= TTR—

0.000001 0.00001 0.0001 0.001 0.01 0.1 1 10

scFv concentration (ug/ml)

Figure 4.26. Antigen-binding activity of purified anti-HER2 scFvs against
commercial HER2. Experiment was performed in triplicate and error

bars display SD of the mean.

4.6.2. Binding Affinity of Anti-HER2 scFvs with Different Linkers

Equilibrium dissociation constant, Kq values of anti-HERZ2 scFvs were determined by
ELISA using two different approaches determined by Friguet [192] and Beatty [198].
Firstly, dissociation constant of anti-HER2 scFv-VLVH, which was also determined
by SPR, was calculated by Friguet’'s method. For this purpose, two identical plates
were coated with 0.2, 0.1, 0.05 and 0.01 pg/ml commercial HER2 to determine the
antigen coating amount. Two plates were handled at same time and unbound scFv
from first plate was recovered and applied in the second plate. To compare the
signals obtained in two ELISA plates, the proportion of bound scFv was calculated
from the slope of graphs given in Figure 4.27 as 15.7, 14, 12.2 and 18.6% for 0.2,
0.1, 0.05 and 0.01 ug/ml coating concentrations, respectively. Coating amount was
chosen as 0.05 yg/ml since it was the lowest difference between the two signals
(Figure 4.27).
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Figure 4.27. Slope of ELISA applied by (a) 0.2 pg/ml, (b) 0.1 ug/ml, (c) 0.05 pg/mi
and (d) 0.01 ug/ml coating concentration of HER2

After determination of coating, another ELISA was set up to measure free scFv as a
function of the antigen concentration. Then, based on the absorbance values
obtained from ELISA, antigen concentrations and free scFv concentrations, [scFV]s
were calculated as given in Table A6.1 in Appendix 6. Data from the table were
plotted and fitted to Equation 2.13 to calculate Kq by using the CurveExpert software.
K4 was calculated as 0.49+0.06 nM by using the ELISA method (Figure 4.28).
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Figure 4.28. Data from Table A6.1 which was fitted to Equation 2.13 for
determination of K4 of anti-HER2 scFv-VLVH

While Kq value determined from SPR was around 5 nM, Kq value determined from
ELISA was 0.49 nM, which was ca. 10-fold lower than that determined by SPR. This
indicated that higher binding affinities were observed by ELISA. There have been
studies on comparison of the Kq values determined by SPR and ELISA. Two reports
[240, 241], that are independent from each other, compared the Kq values and they
both reported approximately 10-fold difference between the two methods, which
shows that our results was on par with those studies in literature. The possible
reasons of this difference was reported as (i) more immobilization of antigen on the
plate and (ii) longer incubation time of antigen-antibody complex during ELISA.
These properties could contribute to rebinding effects, which caused an increase on
binding affinities calculated by ELISA [242].

Secondly, Beatty’s method was applied for the Ka calculation of anti-HER2 scFv-
VLVH. For this purpose, the procedure of indirect ELISA was performed with 0.2, 0.1
and 0.05 ug/ml coating concentrations of HER2 as shown in Figure 4.29. Equation

2.14 was used for calculation of the dissociation constant. Anti-HER2 scFv-V.VH
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concentration at half the maximum absorbance was determined by an online fitting

program (raw data given in Appendix 7).
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Figure 4.29. Measurement of anti-HER2 scFv-V.VH affinity by ELISA using antigen
concentrations of 0.2 ug/ml, 0.1 pg/ml and 0.05 ug/mli

Based on the three concentrations of HER2, three dissciation constants (two for n=2,
one for n=4) were calculated. The calculated K4 values for anti-HER2 scFv-VLVH,
was 0.39 nM using antigen concentrations of 0.2 yg/ml and 0.1 ug/ml, 0.53 nM using
antigen concentrations of 0.1 pg/ml and 0.05 pg/ml, and 0.49 nM using antigen
concentrations of 0.2 ug/ml and 0.05 pg/ml. Thus, mean Kq value was calculated as
0.47+0.07 nM, which is compatible with Kq value obtained from Friguet’s method.
Overall, two methods were consistent with each other, and Beatty’s method was
chosen for further calculations since it was more practical and time-saving. In the
next step, affinity measurements of scFvs containing different linkers were

performed to evaluate the effect of linker composition on affinity (Figure 4.30).
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Figure 4.30. Affinity measurement of (a) anti-HER scFv-L2, (b) anti-HER scFv-L3
and (c) anti-HER scFv-L4 by ELISA using antigen concentrations of
0.2 yg/ml, 0.1 pg/ml and 0.05 pg/ml

The Kq values calculated from Figure 4.30 are given in Table 4.3. Consequently, it
could be concluded that changing linker composition did not significantly affect
antigen-binding activity (Figure 4.26) nor affinity. In addition, the scFv containing
PS19 peptide (RINIRRIRR) within the linker region (scFv-L2) showed an increase in
affinity towards HERZ2, as given in Table 4.3.
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Table 4.3.  Ka values for binding of purified anti-HER2 scFv constructs to HER2
determined by ELISA

Sample Ka (1) Ka (2) Ka (3) Kq (average)
Anti-HER2 scFv-L1 0.39 0.53 0.49 0.47+0.07
Anti-HER2 scFv-L2 0.24 0.22 0.23 0.2340.01
Anti-HER2 scFv-L3 0.37 0.53 0.47 0.46+0.07
Anti-HER2 scFv-L4 0.4 0.4 0.4 0.4+0.001

4.6.3. Immobilization of Anti-HER2 scFvs to Polystyrene Surface

One of the aims of this thesis study was to investigate whether the tags developed
for a certain surface affect the immobilization of scFvs when inserted to the linker
region. Polystyrene is one of the most common solid supports used in
immunoassays and have potential protein-based biochip applications [20]. Kumada
and coworkers screened affinity peptides named as PS-tags that showed an
increased interaction with PS surfaces. They demonstrated successful site-directed
immobilization of proteins, which were fused with PS-tags by genetic or chemical
methods [153]. Among screened PS-tags, some peptides showed higher
immobilization efficiency than others based on their amino acid compositions. It was
reported that PS-tags containing basic amino acids such as arginine and lysine
increased the binding affinity of proteins towards hydrophilic PS plates, which had a
negative surface charge [20]. Based on the these results, three different PS-tags in
terms of aliphatic and basic amino acid compositions were selected to add to the
scFv linker region in this study. Among them, PS19-6 (RIIIRRIRR) tag showed strong
binding affinity towards a hydrophilic PS surface in a study reported by Kumada and

coworkers [155].
In studies that evaluated the PS-tags, two kinds of PS plates were used. One of them

was hydrophobic PS plate that was non-treated and used in standard assays. The

other was a hydrophilic plate that was treated for high binding and used in
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immunoassays and protein-protein interaction analyses [155]. Previous studies that
used PS-tags at C-terminal of proteins generally immobilized the proteins on the PS
plates in a buffer containing Tween 20 or BSA [20]. In this study, immobilization of
anti-HER2 scFvs on the two types of PS plates depending on the absence or
presence of Tween 20 was performed, as a first step. The immobilization of the anti-
HER2 scFvs was quantified through direct ELISA by detection of 6x-His at the C-

terminal.

Firstly, in direct ELISA, anti-HER2 scFv was attached on the hydrophilic PS plate in
PBS containing 0.1% Tween 20 (PBST). As shown in Figure 4.31, anti-HER2 scFvs
with different linkers showed no difference at the low concentrations of scFvs and
most of the signals overlapped one another, which made it difficult to distinguish
individual points. However, after 0.5 ug/ml scFv concentration, L1 and L2 linkers
showed improved immobilization relative to the L3 and L4 linkers. In addition, L2

showed slightly higher binding than the standard linker.
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Figure 4.31. Detection of anti-HER2 scFvs immobilized on hydrophilic PS plate in
PBST in the adsorption state. Experiment was performed in duplicates

and error bars display SD of the mean.
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Then, anti-HER2 scFvs were attached on the hydrophilic PS plate in the 1xPBS
buffer as shown in Figure 4.32. In this case, signal intensities of scFvs with L3 and
L4 increased and scFvs showed a similar binding trend. Thus, absence of Tween 20
had positive effects for anti-HER2 scFv-L3 and anti-HER2 scFv-L4 constructs and

increased the immobilization efficiency at low concentrations overall.
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Figure 4.32. Detection of anti-HER2 scFvs in PBS immobilized on hydrophilic PS
plate. Experiment was performed in duplicates and error bars display

SD of the mean.

In previous studies, it was reported that barely detectable signals were obtained from
the protein attached onto hydrophobic PS surfaces in PBST [155]. This could be
explained by inhibition of the physical adsorption of proteins due to Tween 20
addition since binding sites were quickly occupied by the surfactant. Based on these
results, anti-HER2 scFvs in PBST were immobilized onto the hydrophobic plate and

no signal was detected as expected, compatible with the previous studies.

It was reported that when proteins immobilized on the hydrophobic PS surface in the
absence of Tween 20, they were randomly oriented and conformational changes
occurred regardless of the PS-tags. Anti-HER2 scFvs were also immobilized on the

hydrophobic plate in PBS as shown in Figure 4.33. In this case, similar signals were
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detected from scFvs containing different linkers. In addition, the signal of scFv
containing PS19-6 (RIIRRIRR) in the linker region decreased as expected, since
this peptide composed of mostly basic amino acids was reported as effective for
hydrophilic surfaces in the presence of a surfactant. Furthermore, high differences
between duplicates were observed as seen in error bars. This could have occurred

due to the random orientation of scFvs.
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Figure 4.33. Detection of anti-HERZ2 scFvs in PBS immobilized on hydrophobic PS
plate. Experiment was performed in duplicates and error bars display

SD of the mean.

Binding activities of anti-HER2 scFvs were also evaluated by applying sandwich
ELISA with scFvs showing higher immobilization on the hydrophilic and hydrophobic
surfaces. In the sandwich ELISA, anti-HER2 scFv-L5, which contains C-terminal
PS19-6 peptide sequence, was also used to detect HER2. As seen in Figure 4.34,
anti-HERZ2 scFv with the standard linker had still the highest HER2 binding activity
when scFvs were coated in PBS. Anti-HER2 scFv-L5 with C-terminal PS-tag showed
lower binding activity in the absence of PBST, which was compatible with a previous
study [155]. As seen in Figure 4.35, HER2 binding activities of anti-HER2 scFv-L1

and anti-HER scFv-L2 were similar at the tested concentrations. In addition, C-
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terminal PS-tag showed significant difference in antigen-binding activity in the
presence of Tween 20. One explanation for this result could be that lower flexibility
of internal PS-tag could cause the decrease in the affinity compared with the C-

terminal PS-tag.
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Figure 4.34 Sandwich ELISA for detection of HER2 using hydrophilic PS plates
coated with anti-HER2 scFvs in PBS. Experiment was performed in

duplicates and error bars display SD of the mean.
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Figure 4.35. Sandwich ELISA for detection of HER2 using hydrophilic PS plates
coated with anti-HER2 scFvs in PBST. Experiment was performed in

duplicates and error bars display SD of the mean.
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Overall, all anti-HER2 scFv constructs were successfully produced as soluble and
functional. Although all scFvs had a high dissociation constant and showed similar
binding activity, anti-HER2 scFvs with L3 (GGGVHWDFRQWWQPS) and L4
(GGGVRSWEEQARVTT) linker peptides showed lower binding to ELISA plates than
other scFvs. Therefore, anti-HER2 scFvs with L3 and L4 linkers could be eliminated
towards applications for diagnostic tools having PS surfaces. Yet, the highest
oriented binding towards PS and the highest detection of HER2 antigen was
observed in C-terminal PS-tag, anti-HERZ2 scFv with internal PS-tag could be also
an alternative owing to its high affinity and higher absorbance values in the sandwich
ELISA.

4.7. Design and Expression of ScFv13R4 with Different Linkers

In this part of the thesis, linkers containing PS-tags were added to the linker region
of scFv13R4 against (3-galactosidase to determine whether effects of the linker

composition are versatile or specific for each individual scFv.

Firstly, cloning of new constructs was performed. ScFv13R4 gene containing (G4S)s3
linker was used as the template for the new constructs [26]. Primers given in Table
3.4 were used for amplification of Vi and VL domains of scFv13R4. Two separate
PCR products containing overlapping linker regions were joined by SOE-PCR to
generate a full-length gene of 827 bp (Figure 4.36). Lane 1, 2 and 3 were the scFvs
containing PS19-V1, PBTUP-V1 and PS18-V1 linkers, respectively.

The ligation reaction was performed to clone the double digested PCR products into
double digested vector DNA (pET28a). Finally, various recombinant plasmid
constructs between Ncol and Hindlll restriction sites were verified with DNA

sequencing.
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Figure 4.36. Agarose gel electrophoresis of overlap extension PCR products.
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Before evaluating the new constructs, ELISA was performed by coating 1 pg
commercial B-gal and using serial dilutions of scFv13R4 to test specificity of scFv to

B-gal. ScFv13R4 showed binding to antigen as seen in Figure 4.37.
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Figure 4.37. Binding activity of purified scFv13-R4 against commercial 3-gal

To use in ELISA experiments, pET28a-NStrep-fgal-6xHis construct was designed
by using pBAD18-Bgal-NStreplltag as a template [26] and cloning experiments were
performed. After verification with sequencing analysis, expression was tested by
Western blotting. Membranes were probed with anti-6xHis-tag-HRP, anti-Bgal
antibody and StrepTactin antibody, and the predicted size of the protein, ~118 kDa,

was confirmed (Figure 4.38).
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Figure 4.38. Western blot analysis of soluble fraction obtained from SHuffle T7
Express cells expressing B-galactosidase probed with (a) anti-6xHis-

tag-HRP antibody (b) anti-Bgal antibody and (c) StrepTactin antibody

B-galactosidase was purified from 400 ml culture to use for ELISA as an antigen
(Figure 4.39). Desalting column was used to exchange the buffer to PBS and
concentrate. Bradford assay was used to determine the protein concentration and

~2 mg protein was obtained.
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Figure 4.39. SDS-PAGE analysis of the purified 3-galactosidase
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ScFv13R4 constructs were expressed in E. coli BL21(DE3) since it was mutated to
be produced folded and functional in the cytoplasm in a previous study [27]. Cells
were grown by inducing with 0.1 mM IPTG at 25°C post-induction temperature.
Same amounts of cell lysates were loaded on to SDS-PAGE gel and Western blot
was applied to detect expression with anti-6xHis-tag-HRP antibody. As seen Figure

4.40, new scFv13R4 constructs were expressed in soluble form with a predicted size

of ~29 kDa.
L1 L2 L3 L4

37 |

25

Figure 4.40. Western blot analysis of scFv13R4 with different linker regions,

normalized based on total protein

ScFv13R4 antibodies were then purified, desalted and concentrated.The purities of

all constructs were above 95% as seen Figure 4.41.
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Figure 4.41. SDS-PAGE analysis of purified scFv13R4 constructs
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4.8. Characterization of ScFv13R4 with Different Linkers

ELISA was applied by interacting serial dilutions of purified scFvs with different
linkers and purified B-galactosidase as immobilized antigen. ELISA analysis showed
that newly designed scFvs had the similar binding activity with scFv containing
standard linker (L1) as shown in Figure 4.42. Hence, changing of linker region did
not affect the binding activity. These results were also consistent with binding
activities in Figure 4.26.
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Figure 4.42. Antigen-binding activity of purified scFv13R4 against B-galactosidase.
Experiment was performed in triplicate and error bars display SD of the

mean.

Then sandwich ELISA was performed by coating purified scFv13R4 constructs to
test binding to B-galactosidase in hydrophilic PS plates. As shown in Figure 4.43,
scFvs showed binding activities compatible with Figure 4.34. It was confirmed by
different studies that scFvs with C-terminal PS-tags showed high binding activities
in sandwich ELISA [157, 158]. However, there is no information about soluble and
active expression of scFvs with internal PS-tags. Based on the results of this study,
a PS-tag in the linker region of an scFv does not increase their solubility or decrease

antigen-binding activity. However, they could affect flexibility and cause
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conformational changes, thus affect immobilization on the PS surface. Therefore this

situation can also cause a decrease in binding to the antigen in sandwich ELISA.
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Figure 4.43. Sandwich ELISA for detection of -galactosidase using hydrophilic PS
plates coated with scFv13R4 constructs in PBS. Experiment was

performed in duplicates and error bars display SD of the mean.

4.9. In silico Analysis of ScFvs

Based on our experimental results and literature knowledge, it could be concluded
that amino acid composition is a significant design parameter of linker selection for
construction of antibody fragments. However, only experimental results could not be
sufficient for evaluation and optimization of linker composition. Therefore, molecular
dynamic simulations were also applied in this study to understand the effects of
linkers on the structure, stability, folding and binding energies of antibody fragments
and antibody fragment-antigen complexes for further design of antibodies. For this
purpose, SWISS MODEL [181] was used for homology modelling and MD
simulations were performed using GROMACS [29].
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4.9.1. Tertiary Structure Prediction

Three dimensional structures of anti-HER2 scFvs with different linkers and VHVL
orientation with standard linker were constructed by homology modelling method as
shown in Figure 4.44. As seen in the three dimensional models, different linker

peptides caused different flexibilities and structures in the linker region of scFvs.

Figure 4.44. Three dimensional models of (a) anti-HER2 scFv V.VH, (b) anti-HER2
scFv VuVL, (c) anti-HER2 scFv-L2, (d) anti-HER2 scFv-L3 and (e) anti-
HER2 scFv-L4

For evaluation of predicted models, ERRAT and Verify-3D tools in the SAVES server
were used. Based on the scores obtained from these programs, all structures were
acceptable (Table 4.4). In addition, scores given in the table were compatible with a
recent study that reported the molecular modelling of scFvs constructed in four

different linker sequences [243].
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Table 4.4. Model validation scores obtained from online tools

Tool anti-HER2 anti-HER2 anti-HER2 anti-HER2 anti-HER2
scFv VLV scFv VHVL scFv-L2 scFv-L3 scFv-L4

ERRAT 941 95.9 84.2 93.5 95.6

Verify 3D 971 98.8 95.5 87.6 87.6

4.9.2. Molecular Docking of HER2 and Anti-HER2 scFvs

Molecular docking was applied with ClusPro [184] web server by uploading
structures of anti-HER2 scFvs obtained from homology modelling and structure of
HER2 from database. The best model with the lowest energy was selected among
the 29 models given by the server. In Figure 4.45, the structures of anti-HER2-scFvs-

HERZ2 complexes are given.

Figure 4.45. Three dimensional models of (a) anti-HER2 scFv VLVH, (b) anti-HER2
scFv VuVL, (c) anti-HER2 scFv-L2, (d) anti-HERZ2 scFv-L3 and (e) anti-
HER2 scFv-L4 docked with HER2 antigen.
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In addition, binding sites of the scFvs on HER2 antigen given in Figure 4.45 was
consistent with a previous study showing the binding complex of Fab domain of

trastuzumab with HER2 extracellular domain [244].

4.9.3. Molecular Dynamics (MD) Simulation Results

Molecular dynamics simulations were carried out during 20 ns by GROMACS.
Firstly, anti-HER2 scFvs with different domain orientations were analyzed by root
mean square deviation (RMSD) and radius of gyration (Rg). RMSD is one of the
most important factors used for understanding stability of protein and closeness to
the experimental structure. In a RMSD plot, fluctuations between 0.1-0.3 nm are
suitable for small proteins, whereas larger changes show a possibility of
misbehaving of the protein. The backbone RMSDs of anti-HER2 scFv VLVH and anti-
HER2 scFv VuVL docked with HERZ2 are given in Figure 4.46. As shown in the figure,
VLVH orientation remained stable around 0.3 nm while VHVL orientation stabilized
around 0.5 nm. In addition, VuVL orientation showed more fluctuation in the first 10

ns, however changes remained in the range of 0.1-0.3 nm, which can be accepted.
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Figure 4.46. Root mean square deviation (RMSD) evaluation of anti-HER2 scFv
VLVH and anti-HER2 scFv VuVL docked with HER2
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To evaluate the compactness of the complexes, Rg was also compared (Figure
4.47). As shown in the figure, the average radius of gyration of the two complexes
oscillated between 3.3 nm and 3.5 nm. While anti-HER2 scFv V.Vu-HER2 showed
a stabile behaviour, the decreasing trend of the anti-HER2 scFv VHVL-HER2 also

indicated that the complex became stable.
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Figure 4.47. Radius of gyration evaluation of anti-HER2 scFv VL.Vu and anti-HER2
scFv VhVL complex with HER2

Root mean square fluctuations (RMSF) of anti-HER2 scFvs were graphed in relation
to residue number to indicate the fluctuation of all residues. As seen in Figure 4.48,
anti-HER2 scFv VuVL had more flexibility with fluctuation up to 0.5 nm compared with
anti-HER2 scFv VLVH that fluctuated up to 0.25 nm. It is also worth noting that
residue numbers that fluctuated were different in the two constructs and the linker
region have shifted in VuVL since Vi domain of the anti-HER2 scFv had more
residues than that of VL domain. Overall, the effects of the domain orientation on
formation of monomer/dimer and binding activities of anti-HERZ2 scFvs to HER2 were
investigated experimentally as discussed in previous sections. Hence, it is obvious

that structural differences between the two domain orientations affected the binding
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site geometry and stability of proteins. Additionally, higher binding activity of anti-
HER2 scFv VHVL could be explained by the higher flexibility in the linker region.
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Figure 4.48. Root mean square fluctuation (RMSF) evaluation of anti-HER2 scFv

VLVH and anti-HER2 scFv VHVL

In the next step, anti-HER2 scFvs with different linkers were analyzed by RMSD,
radius of gyration and RMSF. The backbone RMSDs of anti-HER2 scFv constructs
and anti-HER2 scFv complexes with HER2 are given in Figure 4.49. As shown in
the figure, all structures reached the stability (Figure 4.49a). Anti-HER2 scFv with L2
linker showed fluctuation when docked with HER2 (Figure 4.49b). Furthermore,

changes in RMSD values remained in the range of 0.1-0.3 nm, which is acceptable.
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Figure 4.49. Root mean square deviation (RMSD) evaluation of (a) anti-HER2 scFv

constructs and (b) anti-HER2 scFv constructs complex with HER2

Figure 4.50 shows the radius of gyration comparison of anti-HER2 scFv-HER2
complexes. Rg values changed between 3.55 and 3.3 nm and anti-HER2 scFv with

L4 linker had more fluctuation than others.

RMSF analysis giving information about flexibility of linker region was applied for
anti-HER2 scFv with different linker peptides. As seen in Figure 4.51, anti-HER2
scFvs having the standard linker and L2 linker showed the highest fluctuation in the

linker region that indicates flexibility of the linkers.
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The conformations of all the anti-HER2 scFv-HER2 complexes were sampled from
the equilibrated MD simulation trajectories and the binding free energies were
calculated via the g _mmpbsa tool (Table 4.5). The final binding energy is a
cumulative sum of van der Waals, polar solvation, electrostatic, and apolar energy.
While three energy types except polar solvation energy positively contributed to total
binding energy, contribution of polar solvation energy which is positive value is
unfavorable. In addition, since this tool does not calculate entropy term given in
Equation 2.2, it gives relative binding energies. Thus, it is unable to provide absolute
binding free energy used for the calculation of affinity (Equation 2.5). In a previous
study, Platani and coworkers analyzed each term individually, and they reported that
there was a correlation between AGapolar and experimental Kq [245], that means the
hydrophobic effect is substantially responsible for affinity. It was the opposite in our
case, where the anti-HER2 scFv-L2 had the lowest Ky value (Table 4.3), and the

highest AGapolar and AEbinding @among the various versions constructed.

Table 4.5. Binding free energies (kJ/mol) computed by the MM-GBSA method

Sam ple AEvaw AEEioctrostatic AGpolor AGApoIar AEbinding
Anti-HER2
-853 -1327 1790 -127 -517
scFv-VhVL
Anti-HER2
-775 -1220 1501 -110 -604
scFv-L1
Anti-HER2
-548 -1235 1802 -91 -71
scFv-L2
Anti-HER2
-692 -1465 2127 -112 -142
scFv-L3
Anti-HER2
-816 -1134 2004 -128 -74
scFv-L4
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Collectively, it could be concluded that analysis of MD simulations resulted in
compatibility with experimental results in terms of stability, folding and flexibility of
linkers. All anti-HER2 scFv constructs in this study were successfully produced as
soluble, correctly folded and functional. RMSD and radius of gyrations graphs also
showed stability and compactness which means folding of proteins for all
constructions of anti-HER2 scFv. When experimental results and analysis of MD
simulations were investigated in term of binding to the PS surfaces, anti-HER2 scFv
with L3 and L4 linkers showed lower binding to ELISA plates experimentally. As seen
in the Figure 4.51, linker regions of anti-HER2 scFvs with L3 and L4 showed lower
flexibility relative to anti-HER2 scFvs with standard linker and L2 linker. Therefore,
lower binding of these scFvs could be explained by the lower flexibility of linker
region. In addition, all constructed anti-HERZ2 scFv showed similar binding activity
against HER2 experimentally, consistent results could not be obtained with relative

binding energies of simulations.
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5. CONCLUSION

In this study, model scFvs having different constructs were successfully produced
with soluble, active and correctly folded properties in Escherichia coli. In the first
part, anti-HER2 scFv antibodies were constructed in different orientations and these
recombinant scFvs were assessed in terms of solubility, binding activity,
monomer/dimer formation and binding affinity. In the second part of the study, model
scFvs were developed by adding linkers with different amino acid composition
towards immobilization on to polystyrene surfaces and characteristics of new scFvs
were investigated via both computational and experimental analyses. The results
obtained from the expression and characterization of scFv constructs are given

below:

o Anti-HER2 scFv genes yielding 764-bp products were constructed by
connecting VL and V4 domains of the full-length antibody with a standard
linker via SOE-PCR method. Expression vectors of pET28a-anti-HER2-scFv-
VLVH and pET28a-anti-HER2-scFv-VuVL were generated by the ligation
reaction of pET28a plasmid and the anti-HER2 scFv genes.

e Anti-HER2 scFv and scFv735 were evaluated with regard to soluble
expression at 30°C in the cytoplasm of E. coli strains SHuffle T7 Express and
BL21(DE3), the former of which is engineered to provide the oxidizing
environment for disulfide bond formation in the cytoplasm. Western blot
analysis resulted in detection of anti-HER2 scFv and scFv735 bands at the
predicted sizes of ~27 kDa with anti-6xHis-tag-HRP antibody. While the
soluble cell lysates of E. coli BL21(DE3) had higher total protein concentration
than that of SHuffle strain, both scFvs had higher accumulation in the soluble

fractions obtained from SHuffle strain.

¢ When binding activity evaluation of purified anti-HER2 scFvs expressed in
BL21(DE3) and SHuffle strains were performed via ELISA, anti-HER2 scFv
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derived from SHuffle cells showed up to four-fold higher binding signal against

HERZ2 antigen in the mammalian cell lysate.

SHuffle T7 Express strain was used as the expression host for subsequent

experiments owing to higher solubility and binding activity of the scFvs.

Production parameters such as induction temperature, induction period and
inducer concentration for expression of scFvs in SHuffle cells were optimized.
Because of the higher accumulation of scFv in the insoluble fraction obtained
from expression at 30°C, post-induction temperature (Tind) was decreased
from 30°C to 16°C. Hence, the soluble/insoluble ratio increased nearly three-
fold by lowering the induction temperature. Additionally, when growth and
production of SHuffle cells containing anti-HER2 scFv-VLVH and anti-HER2
scFv-VuVL were evaluated together, 20°C and 25°C were high in terms of both
cell biomass and total protein concentration. It was shown that IPTG
concentration did not significantly affect the anti-HER2 scFv expression.
Higher amount of soluble anti-HER2 scFvs were observed between 16-20 h
after induction when compared to 2 and 4 h post-induction time. Overall, these
results could give an insight in the evaluation of these parameters
simultaneously for further statistical design of experiments with less number

of tests.

SHuffle cells containing anti-HER2 scFvs could be alternatively grown in
chemically defined minimal medium or in TB complex medium to obtain high

cell densities and high yields of soluble protein.

Considering the overall parameters, growth of SHuffle cells was performed at
16°C for 16 h with 0.1 mM IPTG induction, which gave a satisfactory

expression for continuity of experiments.
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Anti-HERZ2 scFvs with Vi-Vu and Ve-VL order were assessed with regard to
soluble expression and properties of scFvs. Consequently, production of anti-
HER2-scFv-VLVH and anti-HER2-scFv-ViVL from 1 L cell culture was 9.3 mg
and 6.2 mg, respectively. Monomer/dimer formation was investigated by SEC
analysis and SDS-PAGE. As a result, scFv-VuVL showed predominantly
monomeric form whereas scFv-VLVy was mostly dimeric but also had a
significant portion in monomeric form. Both scFvs generally showed high
binding activity and selectivity against HER2, whereas scFv-VuVLhad a higher
binding activity, between 0.001-0.04 ug/ml scFv concentration than scFv-
VLVH. Equilibrium dissociation constants (Kq) were calculated by SPR and Kg
values of anti-HER2-scFv-VL.VH and anti-HER2-scFv-VHVL were determined
as 5.30 and 4.82 nM, respectively. Collectively, it can be concluded that each
scFv was expressed in soluble and active form regardless of the variable
domain orientation. Based on the higher expression yield of anti-HER2-scFv-

VLVH, following experiments were confined to VLVH orientation.

In the second part of this study, three anti-HER2 scFvs with different linkers
containing polystyrene (PS) binding peptides were constructed. In addition,
PS-tag was added in C-terminal of anti-HER2 scFv with the standard linker.
New anti-HER2 scFvs were successfully produced in soluble form with a
predicted size of ~27 kDa. An affect on solubility was not observed with the

new linkers.

Changing of linker composition did not affect the binding activity and
selectivity of anti-HER2 scFvs against HER2 antigen. Binding affinities of new
constructs were determined by ELISA and Kg values were calculated in the
same range (about 0.4 nM) except anti-HER2 scFv-L2 construct showing
higher affinity (0.23+0.01 nM). In addition, Ka value of anti-HER2 scFv-Vi.Vu
was calculated about 10-fold lower by ELISA when compared with SPR. This
indicated that a higher binding affinity was observed by ELISA, which was
consistent with studies comparing calculated affinity by both ELISA and SPR.
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e When immobilization of new anti-HER2 scFv constructs on the PS surfaces
were investigated, it was observed that immobilization activities of scFvs with
different linkers changed in relation to PS plates, and absence or presence of

Tween 20.

e HERZ2 binding activities of immobilized anti-HER2 scFvs were investigated by
sandwich ELISA. Anti-HER2 scFv with standard linker and anti-HER2 scFv
containing L2 linker showed similar binding activity. However, other anti-
HER2 scFv constructs showed less binding activity due to lower
immobilization yield on the PS surface. In addition, anti-HER2 scFv containing
C-terminal PS-tag showed the highest binding activity among all scFv

constructs.

e Designed linkers were also added between VL and VH regions of scFv13R4,
which was the other model antibody fragment to determine if the effects of
linkers are versatile or specific for each individual scFv. ScFv13R4 constructs
were expressed in E. coli BL21(DE3) by inducing with 0.1 mM IPTG at 25°C
post-induction temperature. Similar to the anti-HER2 scFvs, scFv13R4
constructs were expressed in soluble form with no enhancement and all

constructs showed similar 3-galactosidase binding activity.

e Anti-HER2 scFvs were also evaluated by molecular dynamics (MD)
simulation analyses. Firstly, three dimensional structures of scFvs with
different linkers and orientation were predicted with homology modelling.
Then, anti-HER2 scFv-HER2 docking was performed. RMSD values of
constructs reached stability at the end of 20 ns simulation. MD simulation was
applied to investigate the effect of linker composition on the stability, folding,

flexibility and binding energies of scFvs.

In conclusion, anti-HER2 scFvs constructed in this study hold great potential as

biorecognition elements in immunoassays or diagnostic tools for detection of HER2
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antigen owing to their highly soluble expression and biologically active forms. Based
on the experimental results and MD simulations, anti-HER2 scFv with L2 linker can
be an appropriate substitution for standard linkers in scFvs in immunoassay
applications. Additionally, the in silico analysis strategy used in this study can also
be used for the selection and optimization of linkers or other peptide tags with regard

to stability, flexibility and functionality of proteins, prior to any application.
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APPENDICES

Appendix 1:  The DNA sequences of the VL and V4 domains of the anti-HER2

scFv and linkers

Vi.:

ATGGATATTCAAATGACCCAAAGCCCGTCTTCTTTAAGCGCGTCTGTCGGTGA
TCGCGTGACCATCACGTGTCGTGCGAGCCAAGATGTTAATACGGCGGTGGCC
TGGTATCAACAAAAACCGGGTAAAGCCCCGAAGCTGTTAATCTACAGCGCCA
GCTTTCTGTACTCTGGCGTCCCGAGCCGCTTTTCTGGCAGCCGCAGCGGTAC
GGACTTCACGCTGACCATTAGCAGCCTGCAGCCGGAGGATTTCGCCACCTAT
TATTGTCAGCAGCACTACACCACCCCGCCAACCTTTGGCCAGGGTACGAAAG
TGGAGATTAAACGCACG

VH:

GAGGTTCAATTAGTGGAATCTGGCGGTGGTCTGGTGCAGCCAGGCGGTAGCT
TACGTCTGAGCTGTGCAGCGTCTGGCTTCAACATCAAAGATACCTACATTCAT
TGGGTTCGCCAAGCCCCAGGTAAAGGCCTGGAGTGGGTGGCCCGTATCTAT
CCAACCAATGGCTACACGCGTTATGCAGACTCTGTGAAAGGCCGCTTCACCA
TTAGCGCCGACACCTCTAAGAACACCGCATATTTACAGATGAACTCTTTACGC
GCAGAGGACACGGCGGTGTACTACTGCTCTCGTTGGGGCGGTGACGGTTTC
TACGCGATGGACTACTGGGGTCAGGGTACGCTGGTCACGGTCAGCTCT

L1: GGTGGAGGCGGTTCAGGCGGAGGTGGCAGCGGCGGTGGCGGATCG
L2: GGTGGAGGCGGTTCACGTATCATCATCCGAAGGATCCGACGAGGC
L3: GGTGGAGGCGTGCATTGGGATTTCCGTCAGTGGTGGCAGCCGTCC
L4: GGTGGAGGCGTGCGTTCCTGGGAAGAACAGGCGCGTGTGACCACC
L5: CGTATCATCATCCGAAGGATCCGACGA
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Appendix 2: Protocols used with commercial kits

Extraction of Plasmid DNA

© N o g A~ W DN =

17.
18.
19.
20.
21.
22.

Grow cells overnight in appropriate media and appropriate antibiotics.
Pour overnight sample into 1.5 ml tube.

Spin sample down at 10,000 rpm for 1 min.

Repeat steps 2-3 until all of the sample has been spun down.
Resuspend pellet in 250 ul of P1 Buffer.

Add 250 pl of P2 Buffer.

Mix by inverting four to six times.

Add 350 pl of N3 Buffer.

Spin sample for 10 minutes at 13000 rpm.

. Transfer supernatant to a column.
11.
12.
13.
14.
15.
16.

Spin column down at 13000 rpm for 1 min.

Discard supernatant, DNA is in pellet and add 500 pl of PB buffer.
Spin column down at 13000 rpm for 1 min.

Discard liquid from bottom column and add 750 ul of PE buffer.
Spin column down at 13000 rpm for 1 min.

Discard liquid from bottom column and spin the column at 13000 rpm for 1 min
again for fully dry.

Take column out of flow through tube and put inside of 1.5 ml tube.
Add 50 ul of EB Buffer or sterile water.

Let the column sit for a minute.

Spin column down at 13000 rpm for 1 min to elute DNA.

Discard column, plasmid in now in tube.

Quantify with nanodrop.
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PCR Purification of DNA

1. Add 5 volumes of Buffer PB to 1 volume of PCR sample and mix.
2. Add about 800 ul of this mixture to the column and centrifuge at 13000 rpm for 1
min.

3. Discard flow through and repeat step 2 until all of sample has passed through the

column.
4. To wash, add 750 ul of Buffer PE and centrifuge at 13,000 rpm for 1 min.
5. Discard the flow through and centrifuge for an additional 1 min at 13000 rpm.
6. Place column into a clean 1.5 ml tube.
7. To elute DNA, add 50 ul of Buffer EB or H20 to the center of the column.
8. Quantify with nanodrop.

DNA Extraction from Agarose Gels

1. To a gel-slide, add 900 pl QG buffer and melt at 65°C bath for 0.3-5 min.

2. Add 740 ul of mixture to column, spin 13000 rpm for 1 min, discard supernatant
from tube.

3. Add rest of mixture to column, centrifuge for 13000 rpm for 1 min.

4. Add 500 ul QG buffer to wash column, spin 13000 rpm for 1 min, pour off

supernatant.
5. Add 740 pl PE wash buffer to column, spin down, elute for 1min at 13000 rpm.
6. Spin down by itself to dry for 1 min at 13000 rpm.
7. Put column in to new tube.
8. To elute DNA, add 50 ul Buffer EB.
9. Quantify with nanodrop.

Calcium Chloride Transformation of Bacteria:

1. Subculture 60 pl from overnight cells into 6 mL of fresh medium.
2. Grow cells at any temp to an ODeoo of 0.3-0.4.
3. Spin down at 3000g for 10 min.

4. Discard supernatant.
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5.Resuspend pellet in 0.6 ml of sterile 100 mM CaCl-.
6.Spin down at 3000g for 10 min.

7.Resuspend pellet in 0.3 ml of sterile 100 mM CaClz.
8. Aliquot 50 pl into a tube.

9. Add 2 ul of plasmid or 3ul ligation product.

10.Let sit on ice for 30 min.

11.Heat shock by placing in 42°C water bath for 90 sec.
12.Place on ice for 2 min.

13.Add 750 ul SOB medium.

14.Shake at 37°C for 45 min.

15.Spin down at room temp at 3000g for 1 min.
16.Plate on appropriate antibiotics.
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Appendix 3: DNA Ladders

Kilobases Mass (ng)
- 100 42

g 50 50

_50 42 Base Pairs  Mass (ng)

-1517 45
.- 40 33
-1200 35
L J-30 125
-1000 95
~- 900 27
I, 4o — 800 24
- 700 21
B o - 600 18
- 500517 97
= 400 38
-10 42
— 300 29
- 200 25
i - 100 48
(@) (b)

Figure A3. (a) 1 kb DNA Ladder (b) 100 bp DNA ladder

148



Appendix 4: Composition of growth media used in experiments
LB TB

10 g/L tryptone 12 g/L tryptone

5 g/L yeast extract 24 g/L yeast extract

10 g/L NaCl 9.4 g/lL K,HPO,

2.2 g/LKH,PO,

Riesenberg Mineral Medium (RMM) [209]

13.3 g/L KH2PO4

4 g/L (NH4)2HPO4

1.7 g/L Citric acid

1.2 g/L MgS04.7H20

10 ml/L Trace metal solution
4.5 mg/L Thiamin HCI

27.5 g/L Glucose
Trace Metal Solution: 0.84 g/L EDTA, 0.25 g/L CoCl,6H,0, 0.15 g/L

CuCl,-2H,0, 0.3 g/lLH,BO,,1.5 g/L MnCl,.4H,0, 0.25 g/L Na,MoO,.2H,0, 0.8 g/L
Zn(CH3CO00),.2H,0 and 6 g/L Fe(lll) citrate.
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MR2 Medium [210]

6.75 g/L KH2PO4

2 g/L (NH4)2HPO4

0.85 g/L Citric acid

0.7 g/L MgS04.7H20

2.5 ml/L Trace metal solution

20.0 g/L Glucose

Trace Metal Solution: 5 M HCI, 10 g/L FeSO4-7H20, 2.25 g/L ZnSO4-7H20, 1
g/L CuS0O4-5H20, 0.5 g/L MnSO4-5H20, 0.23 g/L Na2B4O7-10H20, 2 g/L
CaClz2-2H20 and 0.1 g/L (NH4)sMO7024.
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Appendix 5: Raw data for SPR calculations

Table A5.1. Maximum response units of anti-HER2 scFv-V.Vu for
concentration
Concentration (nM) RU-1 RU-2 Average
0.00 4.4 4.2 4.3
1.25 28.0 26.8 27.4
2.50 42.9 45.8 44 4
5.00 61.8 62.9 62.3
10.00 92.4 93.0 92.7
20.00 113.4 114.3 113.9
40.00 122.3 127.5 124.9
80.00 128.6 129.0 128.8

each

Table A5.2. Maximum response units of anti-HER2 scFv-VuVL for each
concentration

Concentration (nM) RU-1 RU-2 Average
0.00 3.6 4.9 4.3
0.625 14.8 15.0 14.9
1.25 25.8 25.6 25.7
2.50 41.0 43.4 42.2
5.00 63.1 64.4 63.8
10.00 83.5 85.6 84.6
20.00 101.2 105.5 103.3
40.00 109.7 109.5 109.6
80.00 116.8 122.0 119.4
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Appendix 6: Raw data for Kq calculations with ELISA

Table A6.1. Absorbance measured at 450 nm in the ELISA

Concentration (nM) A1 A2 Aaverage [scFv]s
50 0.052 0.053 0.053 0.00000

25 0.058 0.054 0.056 0.00088
12.5 0.057 0.072 0.064 0.00288
6.25 0.065 0.070 0.067 0.00369
3.125 0.079 0.082 0.081 0.00705
1.5625 0.139 0.136 0.137 0.02133
0.78125 0.360 0.371 0.366 0.07905
0.390625 0.799 0.799 0.799 0.18849
0.195313 1.073 1.121 1.097 0.26367
0.097656 1.330 1.303 1.316 0.31915
0.048828 1.362 1.436 1.399 0.34000

0 1.560 1.476 1.518 0.37014
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Appendix 7: A sample determination of scFv concentration at half the maximum
absorbance by an online curve fitting program
Results
3.283 L
2959 —
2635 —
2311 —
1.987 —
[ ]
> 1.663 —f
1.339 —
®
1.015 —
0.691 —
0.367 —§
0.043 =
1x107 1x10% 1x10° 1x10* 1x10%® 0.01 0.1 1 10 100 1x10°  1x10*
X
Parameter Value
Inflection Point 0.3936
3.2907 - 0.0532
Equation Y =0.0532 +
1+ (k) 16727
0.3936
Max - Min
Equation Form Y=Min +
1+( X ) Hill coefficient
Inflection Point

Inflection Point Regression Calculator [Data 1]

0.386

*(https://www.aatbio.com)

1.645
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Appendix 8: Publications related to the thesis

Koger i, Cox EC, DeLisa MP, Celik E., Effects of variable domain orientation on anti-
HER2 single chain variable fragment antibody expressed in the Escherichia coli
cytoplasm. Biotechnology Progress, 37, p.9, 2021.
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Appendix 9: Presentations related to the thesis

Koger i., Sahinbas D., Cilasun S., Celik E., 5-7/03/2020. Production of ScFv
Antibody Fragments and Their Applications. International Biotechnology Congress
(BIOT(irkiye-2020), istanbul, Tiirkiye, Abstract Book, P39 (oral presentation).
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