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ABSTRACT 
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THE BTB DOMAIN OF PATZ1 TRANSCRIPTION FACTOR 

 

 

 

SARAH BARAKAT 

 

Molecular Biology, Genetics, and Bioengineering, Ph.D. Thesis, July 2022  

 

Thesis supervisor: Prof. Dr. Selim Çetiner  

 

 

Keywords: ZBTB, Transcription Factor, PATZ1, Nanobody, Phage display 

 

 

PATZ1 is a transcription factor that belongs to the ZBTB protein family. It is found 
to be overexpressed in some human malignancies such as colorectal and testicular tumors, 
suggesting a proto-oncogenic role. However, this association remains poorly understood. 
The aim of this study was to generate potent and selective nanobodies against the PATZ1-
BTB domain to assist the characterization of its structure and function. For this, a phage 
display nanobody library was screened for PATZ1-BTB domain binders. Candidate 
binders were analyzed by ELISA, expressed in E. coli and purified using affinity and size 
exclusion chromatography. Binding affinities were determined using surface plasmon 
resonance.  Size-exclusion chromatography and a fluorescent two-hybrid assay were used 
for further assessment of specificity and affinity. The effect of the selected nanobodies 
on the expression levels of the known PATZ1 target genes (CTH, ETV1) was assessed 
using real-time PCR. Three nanobody clones with nanomolar affinities were produced as 
soluble proteins at high concentration.  Co-elution analysis showed specific complex 
formation between these nanobodies and the PATZ1-BTB domain. In the fluorescent 
two- hybrid assay, these nanobodies showed colocalization with their target protein in the 
nuclei of live cells. Intracellular stable expression of PATZ1-BTB domain-targeting 
nanobodies resulted in significant increase of ETV1 gene expression and decrease of the 
CTH target gene. Our results suggest that the specific binding of nanobodies to the BTB 
domain of PATZ1 might regulate its gene transcriptional activity. Further investigation 
will clarify if these nanobodies might be used as PATZ1 modulators.  
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ÖZET 
 

 

 

PATZ1 TRANSKRİPSİYON FAKTÖRÜNÜN BTB DOMAİNİNE 

BAĞLANAN NANOKORLARIN İZOLASYONU VE KARAKTERİZASYONU 

 

 

 

SARAH BARAKAT 

 

Moleküler Biyoloji, Genetik ve Biyomühendislik, Doktora Tezi, Aralık2022  

 

Tez Danışmanı: Prof. Dr. Selim Çetiner 

 

 

Anahtar Kelimeler: ZBTB, Transkripsiyon Faktörüdür, PATZ1, Nanobodiler, Faj 

Gösterimi Kütüphanesi 

 

 

PATZ1, ZBTB protein ailesine ait bir transkripsiyon faktörüdür. Kolorektal ve 
testiküler tümörler gibi bazı tümör tiplerinde aşırı üretildiği bulunmuş ve bu özelliğiyle 
proto-onkogen özelliği önerilmiştir. Fakat bu durumun ayrıntıları hala bilinmemektedir. 
Bu çalışmanın amacı, PATZ1-BTB domaininin yapı ve fonksiyon karakterizasyonu için 
tesirli ve seçilmiş nanokorlar üretmektir. Bu amaçla, bir faj gösterimi kütüphanesi 
PATZ1-BTB bağlanıcıları için tarandı. Aday bağlanıcılar ELISA ile analiz edildi, E. coli 
bakterisinde üretildi ve afinite ve boyut dışlama kromatografisi ile temizlendi. Yüzey 
plazmon rezonans ile bağlanma afiniteleri ölçüldü. Daha öte özgüllük ve afinite analizi 
için flüoresan iki-hibrit analizi ve boyut dışlama kromatografisi kullanıldı. Seçilen 
nanokorların PATZ1’ın hedef genlerine (CTH, ETV1) etkisi gerçek zamanlı PCR ile 
ölçüldü. Nanomolar afiniteye sahip üç nanokor çözünür proteinler şeklinde yüksek 
konsantrasyonlarda üretildi. Birlikte elüsyon analizi ile nanokorlar ile PATZ1-BTB 
domaini arasında özel kompleks oluşumu gözlemlendi. Flüoresan iki-hibrit analizi ile 
nanokorlar ile hedef proteinlerinin kolokalizasyonu canlı hücrelerin çekirdeklerinde 
gözlemlendi. Hücre içinde stabil bir şekilde üretilen PATZ1-BTB domainini hedefleyen 
nanokorlar ETV1 gene okunmasını kayda değer derecede arttırırken CTH gene 
okunmasını azalttı. Sonuçlarımız nanokorlar ile PATZ1-BTB domaini arasındaki özel 
bağlanmanın gen regülasyonuna etkisi olabileceğini önermektedir. Bu konuda yapılacak 
araştırmalar sonucunda nanokorların PATZ1 modülatörü olarak kullanılıp 
kullanılamayacağı netlik kazanacaktır. 
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1. INTRODUCTION 

 

 

 

1.1. The BTB-ZF Transcription Factors 

 

 

The BTB-ZF is a family of proteins that share a main character of comprising two 

major parts: an N terminus BTB domain and a C terminus ZF motif. The (BTB) stands for 

Bric-a-brac 1, Tramtrack 2, and Broad complex 3,  which are transcription factors cloned from 

mutant Drosophila melanogaster where the conserved BTB sequences were identified for 

the first time 1,4. On the other side, (ZF) stands for the zinc finger motif which was first 

identified as part of the transcription factor IIIA protein1 in Xenopus laevis 5. The BTB 

domain is also known as the POZ domain since it was also discovered in the poxvirus virus 

genome 6,7. The ZF domain was also characterized in Drosophila Krüppel protein that is 

responsible for segmentation 8, therefore, synonymously the BTB-ZF protein family is also 

known as the POK (POZ/Krüppel) family.  

 

The human genome comprises 49 genes that encode BTB-ZF proteins, however, the 

BTB domain is encoded by 107 more genes in various combinations of motifs other than the 

ZF motif 9. The BTB-ZF proteins mostly function as transcription factors where their ZF 

motifs recognize and bind to regulatory regions of target genes 10, whereas their BTB 

domains are responsible for interactions with other transcription regulatory proteins 11, thus 

the transcriptional activity of these factors is highly context-dependent. The BTB domains 

can recruit co-activators such as p300, and act as transcriptional activators; or they can recruit 

co-repressor proteins such as SMRT (Silencing Mediator for Retinoid and Thyroid Hormone 
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Receptor), or NCOR (Nuclear Receptor Corepressor), and thus act as transcriptional 

repressors 12,13.  

 

The exact role that these proteins play in normal, or disease conditions is not fully 

understood and many aspects of the mechanisms behind their mode of action are yet to be 

discovered. However, gene knockout methods, chromosomal aberrations, and epigenetic 

alterations have increased our knowledge about these proteins. Members of this protein 

family are now well known to have important roles in a variety of critical biological 

processes, including the maturation of immune cells and the regulation of immune responses, 
14,15. Other members of this protein family were found to be associated with craniofacial 

development and neuronal apoptosis 16,17. From another aspect, involvement in cell cycle 

control and DNA damage responses suggested a tumor-related function of some of these 

proteins. Indeed, some were found to have an oncogene role such as B-cell lymphoma 6 

(BCL6)  in B cell lymphoma 18–22, or tumor suppressor role such as  APM-1 in association 

with cervical carcinoma 23. 

 

 

1.1.1. The Structure and Function of The ZF Domain 

 

After the first ZF motif was identified as part of the IIIA transcription factor in Xenopus 

laevis 5, many studies were carried to investigate its structure and function. A variety of 

extended sequence motifs were found to accompany these ZF motifs, thus determining their 

functions. One of the domains that were found to accompany ZF motifs was discovered by 

Bardwell and Treisman 7. They found a ZF protein that was coupled with an interaction 

domain of a conserved 120 amino-acid sequence at its N terminus and thus they decided to 

name it ZID (zinc finger protein with interaction domain)7. The same coupled protein was 

also recognized in a group of poxvirus proteins 6, therefore it was subsequently known as 

Pox virus and Zinc finger or “ POZ ” domain for short 7. The POZ domain was identified as 

a conserved sequence in a large family of proteins such as ZF5, Ttk, and GAGA, and many 

organisms spanning Drosophila and Humans 7. In Drosophila, the POZ domain was 

identified in association with Broad Complex (BRC), Tramtrack (Ttk), and Bric-a-brac 
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protein 1,2, therefore a second name the for POZ domain is the BTB domain (Broad-Complex, 

Tramtrack, and Bric-a-brac).  In Drosophila, the POZ domain was found to be involved in 

the regulation of many vital processes such as oogenesis, and eye and limb development 4. 

 

Kruppel-associated box (KRAB) is another protein-protein interaction domain that 

is associated with the ZF motif. Like the BTB/POZ domain, the KRAB domain is a 

widespread domain of a conserved amino acid sequence at the amino-terminal end of proteins 
24. This domain seems to be vertebrate-specific and has been identified in many  human genes 

performing a wide range of functions in hematopoietic cell development and differentiation 
24,25. Another motif that is found in association with zinc finger transcription factors is the 

SCAN domain. The name is derived from the initials of four proteins where this domain was 

initially found (SRE-ZBP, CTfin51, AW-1 (ZNF174), and Number 18 cDNA or ZnF20). 

Like KRAB, it seems to be vertebrate-specific, however, in contrast to KRAB and  BTB/POZ 

domains, the SCAN domain is not associated with either transcriptional activation or 

repression 26. 

 

Structurally each ZF motif is composed of tandem repeats of two cysteines in close 

proximity to two histidines (C2H2) that coordinate a zinc (Zn) ion. The domain folds into a 

finger-like projection that can grasp DNA 27. By this structure, ZF domains are able to bind 

DNA in a new approach based on recognizing varying lengths of nucleic acid sequences. 

While other DNA-binding mechanisms depend on limited homo/heterodimers formation of 

binder proteins on the double helix DNA strand, ZFs’ unique structure provides a huge 

number of combinatorial possibilities for DNA recognition and binding. Therefore, it is not 

surprising that ZFs are not only the most common DNA-binding motif but also one of the 

most widespread motifs in nature10. The discovery of the new binding mechanism of ZFs to 

DNA inspired many researchers about many other possible applications of this mechanism. 

The zinc finger design can produce specific DNA-binding constructs for targeted gene 

expression 28. These constructed ZF-like peptides can switch targeted genes off or on when 

associated with co-activator or repressor domains. Alternatively, zinc finger peptides can be 

combined with an appropriate effector or functional domains to construct chimeric proteins, 

thus the targeted genes can be modified or manipulated 29. 
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In humans approximately 600 to 700 genes encode ZF motifs, reflecting the essential 

role that this class of transcription factors plays 24. Many of these ZF proteins have been 

associated with tumorigenesis, thus understanding the function of this family of proteins is 

critical for human health. As an example, two members of the ZBTB family, BCL6 and PLZF 

(Promyelocytic Leukemia Zinc Finger) proteins were found to be associated with non-

Hodgkin's lymphoma 30, and acute promyelocytic leukemia (APL) 31, respectively. 

 

 

1.1.2.  The Structure and Functions of The BTB Domain 

 

The BTB domain was first identified in the genome of poxvirus 6. The name was 

derived from Drosophila transcription factors (Bric-a-brac, Tramtrack, and Broad complex) 

that had the same sequence that was identified in poxvirus proteins at their N terminus 1,4. 

The BTB domain is mostly identified in eukaryotes, therefore it seems that it had evolved 

after the origin of eukaryotes. However, its existence in viruses might be attributed to the 

evolutionary ability of some viruses to capture cellular genes.  There are around 2800 known 

BTB containing proteins, which makes it one of the most widespread domains. Out of these, 

350 proteins were identified in humans. The rest were identified in a wide range of organisms 

such as plants, metazoans, and fungi. The great versatility of this domain is perhaps the 

reason for this success in evolution 32.  

 

Structurally, BTB domains are composed of around 120 amino acids arranged in a 

unique three-dimensional structure of five α-helix clusters which are capped from one end 

by a short three-stranded beta-sheet 7. The overall arrangement and the secondary structure 

are similar; however, the primary sequence possesses a very high variability especially in the 

core domain 33. Out of the 95 amino acids that form the core domain, only a dozen are 

conserved and most of those are hidden within the scaffold of the domain 33,34. On the other 

hand, the exposed residues contain highly variable residues that constitute the interaction 

surface of the domain.  The large diversity in this interaction surface, allows these domains 

to have a wide variety of protein-protein interaction partners and thus provides the first level 

of their functional diversity. For instance, the variable residues at the interaction surface of 
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the BTB domain in BTB-ZF proteins can allow for homodimerization and 

heterodimerization, as well as recruitment of transcriptional corepressors such as NCOR and 

SMRT 35–37. Tetramerization have also been reported for some BTB domains such as those 

in the potassium ion channel protein 38. 

 

Additionally, some of these BTB domains show gain or loss of some class-specific 

extensions at N- terminus or C-terminus of the core domain. The difference in these class-

specific extension elements provides the second level of functional diversity of these 

domains. For example, the T1 domain contains the ‘‘core’’ BTB elements only. Elongin C, 

on the other hand, is a different BTB domain that lacks the alpha-helix, in contrast to the 

Skp1 BTB domain that has gained two additional alpha-helices at the C terminus and the 

BTB-ZF proteins that have gained an extra alpha-helix and a beta-sheet at their N terminus. 

Accordingly, these proteins are involved in different functions. While T1 is an ion channel 

protein, Elongin C and Skp1 are well-known adaptor molecules for protein degradation. On 

the other hand, most BTB-ZF containing proteins are transcription factors 32,33. 

 

The third level of functional diversity is provided by the diverse domains that can pair 

with the BTB domain. Twenty different domains have been reported to couple with the BTB 

domain, however, five are most commonly observed, these are; Ion transport, NPH3, MATH, 

Kelch, and Zinc Finger domain 32. The mode of coupling with other domains affects in turn 

the function of the protein. For example, ZF coupled BTB proteins have DNA binding ability 

owing to the ZF motif, therefore these proteins mostly have transcription regulation 

functions. In other proteins, this domain is paired with ubiquitin ligase domains or with 

transmembrane channel proteins. However, some proteins are composed of the BTB domain 

only such as Skp1 and Elongin C which are involved in protein degradation and regulation 

of transcriptional elongation respectively 39,40. 

 

It can be stated that; in terms of function, BTB domains are generally protein-protein 

interaction domains, as such, they were nicknamed as "Born To Bind". For this, they have 

the ability to form transient or stable interactions or recruit other interacting proteins.  The 

roles they play are diverse as indicated above, however; in summary, these roles fall into one 
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of three categories; protein degradation, signal transduction, and transcription regulation 32. 

The role as a regulator of transcription is thought to be the latest incidence in order to supply 

the need to regulate complex genomes. This might be the reason that BTB-containing 

transcription factors are missing in yeast 32. In contrast, the BTB domain role in protein 

degradation and signaling is conserved in yeast and other eukaryotes 32. 

 

 

1.2. POZ (BTB) and AT-hook Containing Zinc Finger 1 (PATZ1) 

 

 

PATZ1 is a transcription factor that belongs to the BTB-ZF protein family. The name 

is derived from the initials of the names of the domains that constitute it (POZ, AT-hook 

containing Zinc Finger 1). It is also known in many alternative names such as PATZ1, MAZ 

Related factor (MAZR), Zinc finger Nuclear Factor/Zinc finger protein 278 

(ZNF278/Zfp278), Zinc finger Sarcoma Gene (ZSG), and dJ400N23. 

 

 In humans, the PATZ1 protein is encoded by the ZBTB19 gene which is located on 

chromosome number 22. This gene is composed of six exons and can be alternatively spliced 

into six variants; four of which encode proteins (isoforms of 687, 537, 641, or 537 amino 

acids), while the last two are non-protein coding transcripts (Figure 1.1). 

 

 

 

 

 

 

 

 

Figure 1. 1: PATZ1 transcript variants. 

Schematic representation of the 4 transcript variants of the PATZ1 gene with their size in 
amino acid numbers. Shaded boxes represent open reading frames and unshaded boxes 
represent untranslated region of exons. 
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The PATZ1 protein is mainly localized in the nucleus, however, under certain 

physiological or pathological conditions, it can translocate to the cytosol 32. PATZ1 was 

found to be highly expressed during embryogenesis in many tissues especially in the 

midbrain 41. Protein expression in the brain diminishes in adults, where it is mainly enriched 

in less differentiated cells 41, an expression pattern that indicates a vital role of PATZ1 in 

development. Relevant to these observations, PATZ1 has also been identified as a 

pluripotency factor in embryonic and induced pluripotent stem cells 42. 

 

PATZ1 was first discovered in 2000 by three independent groups. The first group 

discovered PATZ1 while studying chromosomal rearrangements in chromosome 22 that is 

responsible for the development of Ewing Sarcomas. In this study, part of the PATZ1 gene 

was found to be translocated and fused to the EWSR1 gene causing loss of function of the 

Patz1 gene and gain of function in EWS gene 43. At the same time, Fedele et al., identified 

PATZ1 as an interacting partner with the RING finger Nuclear Factor 4 (RNF4) protein and 

as a regulator of its transcription 44. In the same year, PATZ1 was also discovered and cloned 

in a two-hybrid screening assay in association with another BTB domain containing 

transcription factor named BACH2 (BTB and CNC Homology 2) 45. Instead of a ZF DNA 

binding domain, BACH2 contains a Leucine Zipper DNA Binding Domain which indicates 

that it was mainly the BTB domains of these proteins from different families that were 

responsible for interaction. 

 

PATZ1 is composed of a BTB domain at its N-terminus and 7 ZF domains at its C-

terminus, in addition to the central AT-hook domain 43–45. Being a member of the BTB-ZF 

transcription factor family, PATZ1 possesses its gene regulatory function through its 

structure. As described earlier, the ZF domain recognizes and binds the targeted DNA 

sequence while the BTB domain facilitates oligomerization and interactions with other 

regulatory proteins. Among those are SMRT, NCOR1, SIN3A (SIN3 homolog A, 

transcription regulator – yeast) 46 (Figure 1.2).These co-regulators were also found to be able 

to recruit some histone-modifying enzymes, such as HDAC (Histone DeACetylases). 

Decreased levels of histone acetylation are usually associated with closed chromatin 
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configuration that in turn represses gene expression 47. Accordingly, PATZ1 might also have 

an epigenetic effect on gene transcription. 

 

 

 

 

 

 

 

 

 

 

Figure 1. 2: PATZ1 structural domains. 

(A) A schematic representation of PATZ1 domains and their related functions. (B) 3D 
structure of mPATZ1-BTB domain homodimer (PDB code: 6GUV). 
 
 

The presence of the AT-hook motif, which is a DNA binding motif that specifically 

binds to AT-rich sequences in the minor groove of DNA, might also cooperate in the DNA 

binding of PATZ1. This mode of action was found in other proteins that share the presence 

of the AT-hook motif such as HMGA proteins (high mobility group proteins characterized 

by an AT-hook). These are non-histone chromatin-associated proteins that do not have an 

intrinsic transcriptional activity by themselves, rather they modulate transcription by their 

AT-hook motifs that can alter the chromatin architecture and form multi-protein complexes 

with other proteins on the promoter or enhancer regions 48. Accordingly, the chromatin-

remodeling function of PATZ1 is possibly accomplished via both its BTB and At-hook 

domains 49. Both domains are also involved in a huge variety of protein-protein interactions 

and multi-protein complex formation. Therefore, the role of PATZ1 as a transcription factor 

is highly variable and context-dependent according to the type of co-regulatory protein and 

their mode of interaction. For that, PATZ1 has been reported in certain instances as a 

transcription activator while in others it was found to exert a transcription repression 

function. For example, the BACH2 is a transcriptional repressor with which PATZ1 was first 
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discovered. In the same study, the Igarashi group found that BACH2 switches to transcription 

activation when complexed with PATZ1 45. On the other hand, the Chiariotti group found 

that the association of PATZ1 with  RNF4 switches it into repression 44 and attenuates its 

androgen receptor-dependent transcription enhancement  50. Moreover, it has been shown 

that PATZ1 can activate or repress the same promoter but in a different cellular context. For 

example, when associated with PATZ1, the c-myc promoter was found to be activated in B 

lymphocytes while repressed in cervix carcinoma cells 44,45. other examples are the 

CDKN1A, MDM2, and BAX genes that are p53 regulated genes. PATZ1 was found to 

interact with p53 and thus activates the promoters of these genes. However, in the absence 

of p53, PATZ1 was found to have an opposite effect on these genes51. 

 

 

1.2.1.  The Physiological Role of PATZ1 

 

To discover the physiological function of PATZ1, several studies were conducted 

utilizing the gene knockout approach. In mice, Patz1 knockout resulted in a malposition in 

the cardiac outflow tract and neural tube closure. These mice mostly died in utero or soon 

after birth, suggesting an essential role of PATZ1 in vesicular and nervous system 

development 41. 

 

From another aspect, the expression of PATZ1 in the thymus is well studied and its 

role in controlling B-cell normal development at different stages is of major importance. It is 

now evident that PATZ1 is part of the transcription machinery that controls the decision of 

double-positive thymocytes to differentiate into CD4+ or CD8+ cells 52.  In an earlier study 

in 2010, Ellmeier’s group found that PATZ1 knockout mice had a higher number of CD4+ 

thymocytes compared to CD8+. They found that PATZ1 downregulates the ThPOK gene 

which is considered as a master regulator of T lymphocytes development; such that its 

repression dictates cells to CD4- /CD8+ cell lineages 52,53. PATZ1 is also highly expressed 

in the early stages of thymocytes development or what is known as double-negative cells 

where it exerts a negative control on the expression of the Cd8 gene by interacting with other 

co-regulators and keeping the local chromatin in a condensed configuration 54,55. 
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Subsequently, the expression of PATZ1 was found to tone down until almost no PATZ1 

could be detected in the peripheral T cell population55. 

 

Another defect of PATZ1 knockout mice was infertility of both males and females, 

indicating another role of PATZ1 in spermatogenesis and sexual development 56. 

Spermatogenesis is essentially dependent on androgens 57 and PATZ1 attenuates androgen 

receptors by regulating the activity of RNF4 50. In another study on human males and females, 

a critical polymorphic DNA region that is associated with pubertal timing and pubertal 

growth was found to harbor a site for PATZ1 binding 58, therefore suggesting a potential role 

for PATZ1 in human sexual development of both sexes. 

 

On the cellular level, PATZ1 is involved in regulating many important cellular 

activities such as cellular proliferation, apoptosis, and senescence. Regarding cellular 

proliferation, PATZ1 knock-out mice showed dwarf phenotype, likely due to defected cell 

proliferation 41. The same study showed that PATZ1 knock out mouse embryo fibroblasts 

(MEFs) resulted in slower growth of these cells, and increased the expression of cell cycle 

negative regulators such as p53 and p16 41. These data suggest that cellular proliferation 

might be activated by PATZ1. From another aspect, PATZ1 was recently identified among 

52 differentially expressed genes regulating senescence 59. In co-ordinance with this finding 

, is that the downregulation of PATZ1 induces premature senescence 60. In the same context, 

PATZ1 knock-out MEFs showed premature senescence consistent with slow growth and 

decreased cellular proliferation41. Concerning apoptosis, the role of PATZ1 seems to be 

context dependent. PATZ1 knock-out mice had reduced numbers of apoptotic cells after 

treatment with apoptosis-inducing agents compared to controls; suggesting a proapoptotic 

role 51. However, in human cancer cells, PATZ1 silencing enhanced the sensitivity to 

apoptotic stimuli indicating an anti-apoptotic role of PATZ1 in such conditions 51,61,62. 

 

Recently there is increasing evidence that PATZ1 is involved in the maintenance of 

pluripotency and cellular reprogramming. Pluripotency is a character of embryonic stem cells 

that is maintained by a group of transcriptional factors mainly Oct4 63, Sox2 64, and Nanog 
65,66. PATZ1 was found to directly regulate Nanog and Pou5f1 and to interact with many 
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other pluripotency regulators such as  Oct4, DPP4, SOX2, and PCGF1 42,67,68. A similar role 

could be played by PATZ1 in cancer stem cells, as suggested by its higher expression in 

glioma-initiating stem cells (GSCs)  compared to differentiated tumor cells 41. Based on this 

data, the role of PATZ1 in reprogramming MEFs towards pluripotent stem cells through 

overexpression of the Yamanaka cocktail 69, has been tested by Hui Ma et al. who found that 

PATZ1+/- MEFs were more efficiently reprogrammed compared to knock out or 

overexpression suggesting a critical control of PATZ1 dosage for the generation of Induced 

pluripotent stem cells 70. 

 

 

1.2.2.  PATZ1 in Cancer 

 

In the development of tumors, PATZ1 plays a context-dependent role as it does in a 

healthy cell. As a result, it was found that PATZ1 has dual activity in some tumors and 

functions as an oncogene and as a tumor suppressor in others. 

 

 

1.2.2.1. PATZ1 as a Tumor Suppressor  

  

The role of PATZ1 as a tumor suppressor is recognized in many types of tumors. 

Lymphomas are a type of tumor where PATZ1 was found to have a tumor suppressor 

function. Diffuse large B-cell lymphomas (DLBCLs) are a sub-group of non-Hodgkin 

lymphomas and the most frequently observed type. In these lymphomas, PATZ1 expression 

was found to be downregulated in correlation with increased expression of BCL6 oncogene 

and decreased expression of proapoptotic BAX 71,72. Thus, it may act as a tumor suppressor 

by enhancing apoptosis by inhibiting the transcription of BCL6 and activating the 

transcription of BAX. Moreover, low levels of PATZ1 were significantly associated with the 

worst outcomes 72. These data propose PATZ1 not only as a tumor suppressor in DLBCLs 

but also as a prognostic marker. 

 



 31 

In lung cancers, PATZ1 was found to exert its tumor suppressor function via its 

negative effect on IKK/NF-κB signaling pathway that is associated with cancer cell 

migration, invasion, and metastasis. Matching with these results is the higher expression of 

PATZ1 in primary lung cancers compared to lymph node or other metastases sites 73. 

 

PATZ1 was also found to be downregulated in thyroid cancer. The absence of PATZ1 

increased cellular proliferation, migration, invasion, thus correlated inversely with the degree 

of cell differentiation 74,75. The role of PATZ1 in these cancers is suggested to be P53 

dependent. PATZ1 was found to alter the expression of many p53-dependent genes such as 

EpCam, Caldesmon, RhoE, and Fibronectin, which are involved in epithelial-mesenchymal 

transition (EMT) and cell migration 75. EMT is a transformation process of epithelial cells 

into mesenchymal stem cell-like cell. These cells are multipotent stromal cells that have the 

ability to differentiate into a variety of cell types in addition to their ability to migrate and 

invade other sites and tissues. This is a normal process that is associated with development 

or wound healing. However, in cancer, it is associated with metastasis and cancer 

progression. 

 

PATZ1 involvement in germ cell cancers is also reported in some studies. As 

mentioned previously, PATZ1 is thought to play an important role in spermatogenesis and 

sexual development through RNF4 dependent control of androgen receptor 50, therefore its 

expression was expected to be altered in tumors of these cells. In fact, in testicular germ cells 

tumors the expression of PATZ1 was found to be upregulated in contrast to the above-

mentioned tumors where PATZ1 was found to be downregulated. However, here PATZ1 was 

found to be delocalized to the cytoplasm rather than the nucleus where it is normally 

expressed in healthy tissues 56. In healthy cells, PATZ1 localization is usually confined to the 

nucleus where it acts as a transcription factor. Translocation of PATZ1 to the cytoplasm in 

cancer cells might reflect a loss of its gene regulatory function. It is not clear if this 

cytoplasmic translocation is associated with the gain of new functions and whether these new 

functions are oncogenic or tumor suppressive. In Females, PATZ1 was also found to be 

associated with the development and prognosis of serous ovarian carcinoma. Here PATZ1 
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expression was found to be downregulated and negatively related to cellular proliferation and 

invasion in in-vitro experiments 76. 

 

 

1.2.2.2. PATZ1 as an Oncogene 

 

The role of PATZ1 as an oncogene was mainly detected in colon cancer. In colorectal 

cancer samples, PATZ1 was found to be upregulated compared to non-cancerous samples. 

When cellular growth was checked in PATZ1 knockout SW1116 colon cancer cells, it was 

found to be significantly inhibited, and when overexpressed, cellular growth was restored 

and promoted 77. 

 

The oncogenic effect of PATZ1 might be exerted through its control on p53 and its 

target genes that are associated with cell cycle control, cellular proliferation, adhesion, and 

morphogenesis. This is consistent with our group’s work on PATZ1 and its relation to the 

p53 transcription factor. We previously showed that PATZ1 increases proliferation rates in 

MEFs and in human colon cancer cell lines (HCT116) in a P53 dependent manner.  

Moreover, RNA-sequencing data of PATZ1 WT and knockout MEFs showed that PATZ1 

regulates the expression of many p53 dependent genes that are associated with oncogenic 

and metastatic functions such as cellular proliferation and adhesion 62. 

 

Regarding thyroid cancer, we have previously referred to p53 as an interactive element 

with PATZ1 that suppresses target genes that are involved in EMT and cell migration. 

However, in colon cancer, PATZ1 is reported as an oncogene that increases cellular 

proliferation, adhesion, and morphogenesis in a p53 dependent manner. This conflict infers 

that the p53 dependent role of PATZ1 as an oncogene or as a tumor suppressor is highly 

tissue-specific and cellular context-dependent. 

 

In small round cell sarcomas, or called Ewing Sarcoma, where it was first discovered, 

the rearrangement of the PATZ1 gene to the EWS gene results in a fusion protein that lacks 
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the transcriptional repressor domain of PATZ1 (the BTB domain) and was associated with a 

complete loss of PATZ1 expression43. 

 

Interestingly, other members of the BTB-ZF protein family that share a similar 

structure with PATZ1 have been reported to have an oncogenic role. Among those is BCL6 

which was first discovered in diffuse large B cell lymphoma 78. BCL6 was found to prevent 

the expressions of some tumor suppressor and cell cycle arrest genes such as ATR, p53, 

CHEK, and CDKN1A/p21. It is worth noting that when PATZ1 was knocked out in mice, 

BCL6 was found to be upregulated. Those mice developed BCL6-expressing lymphomas 

and died earlier compared to their wild-type counterpart confirming the oncogenic nature of 

BCL6 79,80, however referring to a tumor suppressor role of PATZ1 in this context.  

 

Promyelocytic Leukemia Zinc Finger (PLZF) is another member of this family with an 

oncogenic behavior. It was found to be involved in acute promyelocytic leukemia where 

PLZF gene was found to be translocated into the RAR-α gene producing a fusion protein of 

PLZF-RAR-α that combines the transcriptional activity of RAR-α with the co-factor 

recruitment capacity of PLZF.  The resultant fusion protein changes the expression of its 

target genes that are associated with impaired DNA repair, cell cycle arrest, and apoptosis 81. 

 

 

1.2.2.3. Dual Oncogenic/Tumor Suppressor Function of PATZ1 

 

The dual action of PATZ1 as a tumor suppressor and as an oncogene is mainly 

recognized in gliomas. Phenotypically, gliomas are generally classified into proneural or 

mesenchymal. In contrast to mesenchymal glioma cells that show an invasive mode of 

growth, the proneural tumor cells exhibit a non-invasive growth pattern. Therefore, proneural 

patients tend to have longer survival rates compared to mesenchymal patients. PATZ1 has 

was found to be enriched in proneural type and associated with the undifferentiated state of 

glioma-initiating stem cells therefore suggested to play a tumor suppressor role in this context 
82. In consistence with this role, PATZ1 was found to suppress the expression of CXCR4 
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which is a mesenchymal inducer that is involved in proneural-mesenchymal transition. This 

is the glioblastoma equivalent of EMT and associates with the worse prognosis 82,83.  

 

On the other hand, PATZ1 oncogenicity is suggested due to its role in chemotherapy 

resistance of glioblastoma where silencing of PATZ1 in these cells enhanced their sensitivity 

to chemotherapeutic agents 70. GSCs are thought to be the main contributor against 

therapeutic resistance 84. PATZ1 was found to be overexpressed in these GSC thus might 

contribute to the maintenance of the therapeutic resistance stem cell phenotype 42,82. This is 

consistent with the fact that PATZ1 is enriched in the proneural type, which has a stem cell 

signature and is unresponsive to both radio- and chemotherapy 82.  

 

It is worth knowing that PATZ1 was found to be associated with other non-cancerous 

cases such as diabetes, atherosclerosis, and even some psychological disorders such as 

subsyndromal symptomatic depression. In diabetes, PATZ1 was found to be upregulated in 

endothelial cells (ECs) where it is thought to contribute to many vascular dysfunctions 

associated with diabetes. Here PATZ1 was found to act as an anti-angiogenic factor via 

inhibiting the expression of fatty acid-binding protein 4 (FABP4) that is associated with 

angiogenic and metabolic signaling pathways in ECs 85. In atherosclerosis, PATZ1 was found 

to be expressed at mild levels in the endothelium of the vascular smooth muscle cells 60, 

where it is normally co-expressed with transforming growth factor beta 1 (TGFB1 ) which 

controls many cellular activities such as cell growth, proliferation, differentiation and 

apoptosis 86. Interestingly, PATZ1 was found to be one of the significantly differentiated 

regulating factors in subsyndromal symptomatic depression (SSD). The role of PATZ1 in 

neurogenesis is well known, therefor it may affect depression through its role in neurogenesis 
87,88.  
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1.3. Nanobodies 

 

 

1.3.1.  The Structure of Nanobodies 

 

Antibodies are serum-derived glycoproteins that are produced by B lymphocytes as a 

defense mechanism when there is an external stimulus (antigen (Ag)). These antibodies are 

capable of antigen recognition, binding, and elimination through further complicated immune 

processes with the help of other immune cells. Structurally, antibodies are composed of four 

polypeptide chains; two identical light chains (LC) and two identical heavy chains (HC) 

coupled together by disulfide bonds into a final Y-shaped structure. In these chains, two main 

regions can be identified: the constant region and the variable region. The variable region is 

the region responsible for Ag recognition, thus it possesses a huge genetic variability to 

facilitate different Ag recognition. The variable region is present at the N terminus of the two 

ends of the Y structure; therefore, it is accommodated by both the HC and the LC. Within 

the variable region of each heavy and light chains, there are more conserved regions called 

framework regions (FR) and highly variable regions called the complementary determining 

regions (CDR1, CDR2, CDR3) which are responsible for the specific Ag recognition, with 

the CDR3 being the region that shows the highest degree of variability. From another aspect, 

several regions can be identified in this antibody structure, the Fab region; which refers to 

the Ag binding fragment composed of part of the constant region in addition to the variable 

region of both the heavy and the light chains, while the single-chain variable fragment (scFv) 

refers to the same fragment but without the constant fraction, and the Fc region; which refers 

to the fragment crystallizable region at antibody tail. This domain plays an essential role in 

the activation of target immune cells such as macrophages and natural killer cells through 

interaction with a cell surface receptor called the Fc receptor that results in Ag elimination. 

This region is entirely composed of the heavy chain constant domain and the type of these 

constant domains determines the isotype of the antibody such as IgG, IgA, and IgD isotypes 
89. 
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The structure explained above is for the conventional antibodies, which are found 

throughout mammalian species, however, another type of antibodies lacking the light chain 

were discovered in 1993 by Hamers-Casterman et al. thus called heavy chain only antibodies 

(HcAbs) 90. These new antibodies are so far detected in camelids (alpacas, llamas, or camels), 

sharks, in addition to the conventional type 90,91. The structure of these new antibodies is 

similar to the heavy chain structure of the conventional type but lacks the first constant 

domain (Figure 1.3). Thus, their overall structure comprises 2 heavy chains each composed 

of two constant domains (CH2, CH3) and an antigen-binding domain 90,92. In this case, the 

variable domain that is responsible for antigen binding is totally enclosed in the heavy chain 

thus called variable heavy chain domain and abbreviated as (VHH) with an addition of an 

extra (H) to distinguish them from the conventional ones (VH). These VHH domains were 

expressed as single-domain antibodies (sdAbs) and are now commonly known as nanobodies 

(Nbs). 

 

 

Figure 1. 3: Antibodies and their derivatives. 

The left panel shows conventional antibody and its derived fragments; scFv, Fab, and 
F(ab’)2. The right panel shows camelid heavy-chain antibody and different forms of its 
derived constructs; VHH, bispecific/ bivalent VHHs, radio-labeled VHH, GFP- labeled 
VHH. 
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When comparing the structure of the variable region of the conventional heavy chain 

HV with that of the nanobodies HVV, it is clear that the overall structure is conserved 92, 

however, there are some minor but important differences that enabled the nanobodies to have 

the full functional capacity with their single-chain structure (3CDRs) compared the 

conventional antibodies that share the job between the heavy and light chains (6CDRs). 

 

Both VHH and VH preserve the characteristic of immunoglobulin fold 93. Both are 

composed of four conserved framework regions (FR) and three hypervariable regions (CDR). 

The framework regions are arranged in a typical immunoglobulin fold of two β -sheets where 

the first sheet is composed of four β strands and the other one of five strands, while the CDRs 

arrange into loops that connect the five β strands, thus these loops cluster at one side of the 

domain 93–97. The 3D structure and protein domain arrangement of the anti-GFP nanobody 

which is the most commonly known nanobody, and for the anti-lysozyme nanobody which 

is the first crystalized nanobody are shown in (Figure 1.4).  

 

 

 

 

 

 

 

 

 

 

 

Figure 1. 4: 3D structure of common nanobodies. 

(a) Anti-GFP VHH (PDB: 3OGO). (b) Anti-lysozyme VHH (PDB: 1MEL). (c) A schematic 
representation of VHH different protein domains. CDR1, CDR2, and CDR3 regions are 
shown in pink, green, and blue respectively. 
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The differences in this typical structure between VH and VHH are concentrated in two 

main areas: the framework regions that form the side of the VH that is in contact with the VL 

domain, and the CDRs that form the antigen-binding site. Regarding the framework regions 

of the VH that is in contact with the VL domain, this side is mainly formed by the FR2. In 

VH domains This region is highly conserved and composed of hydrophobic amino acids that 

provide an anchoring place for the VL domain. However, in VHH, given the absence of the 

VL and CH1 domains, many amino acids that were providing functional interaction with 

these domains are substituted with new amino acids providing new functional effects. For 

example, the Leu 11 structural organization in normal immunoglobulin provides a ball-and-

socket joint with the hydrophobic residues Phel49 and Pro150 of the CH1 domain 98, while 

in VHH and since this function is no longer needed, the Leu11 was substituted with a 

hydrophilic polar Ser that contributes to increased solubility of VHH. More hydrophilic 

amino acids substitutions were found in other positions such as Gly 44 Glu, Leu 45 Arg or 

Cys45, and Trp47 to Gly 92,97,99. Other substitutions are aimed to increase the exposed 

interaction surface to accommodate for missing VL by more bulky amino acids. For example, 

Val37 normally buried within the adjacent amino acids with only 6 Å² exposed surface is 

substituted with Tyr or Phe with 60 Å²  exposed surface 92,100. 

 

The sequence alignment of both the VH and VHH shows that the CDR1 and CD3 of 

the VHH are more extended than those of VH and in some instances contain substitutional 

Cys residues. These longer loops and the presence of Cys residues that are associated with 

disulfide bond formation affect the overall structure of the loop and collectively are thought 

to increase the Ag recognition and binding capacity of these nanobodies 92,101,102. 

 

Form another aspect, the crystal structure of the antigen-binding loops does not follow 

the canonical structural restrictions, instead, many different loop architectures can be seen 
92,96,97. This is attributed to substitutions that create hotspots for somatic hypermutations. 

Precisely in the CDR1 region of VHH, there is a substitution of two Phe codons with two 

Tyr codons thereby creating two additional hotspots for somatic hypermutations 103,104.  
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Additionally, the VHH paratope is found to be convex in shape, in contrast to the 

concave or flat surface VH–VL paratope. CDRs of VHH, precisely the CDR3, are shaped 

into a long fingerlike polypeptide loop, the fact that increases the antigen–VHH interface 

area of ~1700 Å², which is as large as the interface between antigens and a VH–VL pair 92. 

This convex structure also allows these nanobodies to reach buried epitopes in clefts on 

protein surfaces which are mostly low antigenic to the conventional antibodies 97,105. 

 

 

1.3.2.  Advantageous Properties of Nanobodies  

 

Owing to the structure and properties of nanobodies that are described above, 

nanobodies have many advantages over conventional antibodies. As mentioned above, 

nanobodies are smaller in size; approximately 120 amino acids, 12–15 kDa, and 2.5 × 4 nm 

size 90,92,97 compared to 450–550 amino acids for each heavy chain and 211–217 amino acids 

for each light chain in the conventional antibodies with overall molecular size of 150 kDa 

and 10- 15 nm size. This small size allows them to penetrate intercellular spaces and tissues 

that are usually not accessible for conventional antibodies.  

 

Additionally, due to their simple monomeric structure nanobodies are conformationally 

more stable even under hard conditions such as high or low temperatures, high concentration 

of detergents and proteases, high pressure, or different pHs 106–108.  Moreover, nanobodies 

are known for their higher solubility due to the structure described above 92,99,106. 

Conformational stability and solubility are favorable properties for protein purification. 

Nanobodies are also simple to clone and synthesis in high yields in a variety of microbial 

systems, including bacteria and yeasts. Such microbial systems are lower in cost compared 

to cellular systems that are usually used for monoclonal antibodies (mAbs) production 106,109. 

 

From another aspect, nanobodies recombinant fragments render the affinity of their 

original counterparts, the fact that makes them an ideal building block for multidomain 

constructs with various purposes such as increasing the binding avidity towards an antigen 

by generating bivalent monospecific nanobodies or monospecific nanobodies binding to 
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different epitopes on the same antigen 110. Bivalent nanobodies binding to two different 

antigens are also possible 111,112. Furthermore, different molecules can be linked to 

nanobodies with multiple useful applications without affecting the binding capacity of the 

nanobody such as fluorophores, radionuclides, nanoparticles, or viruses, which is very useful 

for imaging or therapeutic purposes 113–117. Finally, nanobodies are rapidly 118 cleared from 

the blood and do not elicit an unwanted immune response. Indeed, no immune response was 

raised against injected nanobody-containing constructs in mice or humans.  This is likely due 

to the lack of Fc regions that prevents them from undergoing Fc receptor-mediated immune 

recognition 118,119.  

 

 

1.3.3.  Generation of Nanobodies 

 

Various techniques for nanobodies generation are currently available, but they all 

follow the same three steps: generation of a nanobody library, screening for the successful 

candidates, and finally producing these nanobodies in various expression systems for more 

characterization. 

 

 

1.3.3.1. Generation of Nanobody Libraries 

 

There are two main ways for generating a nanobody library, natural or synthetic. To 

date, natural immune libraries have been used to isolate the vast majority of known 

nanobodies. Camelids such as camels, dromedaries, llamas, or alpacas are injected with the 

specific antigen until their adaptive immune response peaks. Following that, lymphocytes 

from camelids are extracted and used to amplify the Nb gene sequences (360 bp). As a result, 

a library of VHH gene sequences is created, which may then be used in various screening 

systems to find the best binders 120 (Figure 1.5). Although the Nanobodies generated by this 

approach have a high affinity and specificity 121, it has some drawbacks. Time, cost, 

pathogenicity or toxicity of some antigens, and immunological tolerance to antigens found 

naturally in these animals are all significant constraints 122. Furthermore, control over the 
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chemical environment or antigen conformation are not possible through the immunization 

process. This is particularly problematic for antigens with many conformations, such as 

membrane proteins 123.  On the other hand, naive libraries, or called non-immune libraries 

can overcome many of these drawbacks 124. Since these libraries do not require an antigen 

immunization step, they can produce a considerably larger range of VHH sequences. This 

diversity reduces the cost and time required to create a new immune library for each targeted 

new antigen, and it is well adapted to produce nanobodies against non-immunogenic or toxic 

antigens 125–127. However, the benefit of diversity is counterbalanced by the loss of affinity. 

As a result, there is a trade-off between naive and immune libraries when it comes to selecting 

between functional stability or diversity. Low affinity, on the other hand, can be a 

requirement for particular applications, such as affinity purification ligands and in-vivo 

imaging props, to assess elution and quick clearance 128. Alternatively, synthetic libraries can 

be utilized. These libraries are based on in-silico techniques that fix framework regions to 

maintain domain fold stability while randomizing antigen-specific regions of nanobodies 

(CDRs). The full randomization of these sequences influenced stability and resulted in a huge 

amount of diversity (>1030 clones) that could not be handled by regular screening 

technologies as phage display (maximum 1012 clones). Limiting the randomization to amino 

acids that are most frequently found in nature decreased library size while maintaining 

adequate diversity. (1.8×1010)129,130. 
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Figure 1. 5: Schematic illustration of generating a phage display immune library 

 

 

1.3.3.2. Screening Methods 

 

Following the generation of the library, different screening processes are employed to 

find nanobodies with specific desirable features. High affinity, stability, resistance to 

aggregation, ability to block or neutralize an enzyme, and the possibility of intracellular 

expression are some of these properties. Several techniques have been explored with varying 

degrees of success to efficiently select for these features in combination with high antigen 
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specificity. The most common method for screening nanobody libraries is phage display 131. 

It is based on the expression of nanobodies fused to surface coat proteins of phages, then 

selecting the best binders to the antigen of interest through multiple rounds of selection 106. 

The selection step is typically carried out using in-vitro assays such as phage ELISA, then 

the nucleotide sequences of ELISA-positive clones are sequenced. The method has the 

advantages of being simple, low in cost, efficient, fast, and can be applied to large libraries 

(106–1011). This technique, on the other hand, does not permit the selection of intracellularly 

stable clones. Yeast surface display is another interesting approach that can overcome this 

issue. In this method nanobodies are linked to the yeast cell surface via an anchor to follow 

a secretory pathway similar to that of higher eukaryotes, thus, ensure the selection of active 

binders 132. The relatively large size of yeasts simplifies the selection process by using a flow 

cytometer where the single yeast cells that bound the fluorescently labeled antigen of interest 

can be selected  133. Another technique that allows for the selection of intracellular soluble 

binders is the yeast two-hybrid. It works by interacting a bait protein with a target protein, 

both of which are linked to proteins that must interact for a reporter gene to be transcribed 
134,135. However, because of yeasts low transformation efficiency, yeast-based methods are 

less common than phage display techniques. The two-hybrid system can also be used in 

bacteria (B2H). In addition to the simplicity and efficiency of this system, it overcomes the 

problem of low transformation efficiency, making it highly recommended for large libraries 
136. However, it is unclear whether such a system can be efficient in the generation of 

intrabodies that are meant to function in eukaryotic cytoplasm, and it is uncertain whether 

fusion to the bait and target proteins will affect the antigens normal folding. 

 

Lentiviral screening is another alternative method that has been successfully used to 

select nanobodies that are both intracellularly stable and capable of neutralizing viruses. After 

immunization of the animal with the targeted virus, the collected lymphocytes were used to 

amplify the VHH sequences and clone them into a lentiviral plasmid rather than the more 

common phagemid plasmid that is used with phage display systems. The produced lentivirus 

particles are then transfected into human A549 cells, which are then exposed to a lethal dose 

of the targeted virus. Selection is done for those cells that survived. These cells have a VHH 

that is both stable in the cytoplasm and capable of neutralizing the virus 137. Biotinylated 
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nanobody screening 138, ribosome display 139, mRNA/cDNA display 140, and others are 

alternative methods that have been reported but are less commonly used. 

 

 

1.3.3.3. Nanobody Expression and Purification 

 

Following the selection step, the corresponding nanobodies will be produced in-vitro 

using different expression systems. A variety of expression models for nanobody production 

have been used, including organisms such as bacteria, yeast, fungi, mammalian cells, and 

even plant hosts 141. 

 

 Escherichia coli is the cheapest, easiest, and most commonly used expression system 
142. The oxidizing periplasmic compartment of this bacteria provides an excellent 

environment for disulfide bond formation and the production of stable functional nanobodies 
143,144. The folded nanobodies are usually recovered from the supernatant after permeabilizing 

the bacterial outer membrane which is typically done by osmotic shock. However, low yield 

and protein aggregation as a result of limited space and overburdening of chaperone 

machinery are significant limitations of this system 145. To overcome this limitation, 

cytoplasmic overexpression of a sulfhydryl oxidase and disulfide bond isomerase (DsbC) 

was used to create the required oxidizing environment 146,147 It is also worth noting that many 

nanobodies can gain their functional fold even in non-oxidizing conditions 148. Bacterial 

secretion mechanisms, like hemolysin secretion, have also been employed to extract 

nanobodies from the culture medium without lysing the cells 149. The poor yields obtained, 

however, limit its broad application.  

 

Because nanobodies can be expressed in cheap and simple bacterium systems with high 

functional yields, their expression in other systems of higher cost, longer time, and complex 

handling must be justified. For example, mammalian cells such as CHO and HEK293T cells 

can be used when obtaining nanobodies that have undergone all the physiologically relevant 

post-translational modifications is required. For instance, nanobodies-Fc fusions for in-vivo 
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therapeutic proposes 150,151. Yeast and fungi systems produce high yields, and both of which 

have been successfully used, but their manufacturing procedure is more complicated 152. 

 

 

1.3.4. Nanobody Applications 

 

 

1.3.4.1. Nanobodies as Molecular Probes for In-Vivo Imaging 

 

The unique properties of nanobodies provided many distinct advantages for imaging 

applications. Several nanobody-based probes are now used in many nuclear imaging 

techniques that enable diagnosis and assessment of prognosis of many diseases in a non-

invasive manner. For this, nanobodies are coupled with different radioisotopes such as 99mTc 

for single-photon emission computed tomography (SPECT) or 68Ga and 18F for positron 

emission tomography (PET)153. These nanobody-bases probes provide the advantages of 

adequate tissue penetration and rapid clearance from circulation, the fact that ensures a high 

signal-to-noise ratio and better imaging quality 119,154. Nanobodies-based probes against 

human epidermal growth factor receptor type 2 (HER2) 155, macrophage mannose receptor 

(MMR) 156, programmed death-ligand 1 (PD-L1) 157, cytotoxic T-lymphocyte-associated 

protein 4 (CTLA-4) 158, carcinoembryonic antigen (CEA) 159, and many others are now at 

different stages of clinical trials. 

 

 

1.3.4.2. Nanobodies as Crystallization Chaperones 

 

Nanobodies have been used to stabilize many proteins in different conformational 

states for crystallization purposes that wouldn’t have been otherwise possible. Additionally, 

the banding of nanobodies to their targets decreases their tendency to aggregate and thus 

increases their solubility and improves their crystalizing chances. The chaperone function of 

nanobodies is attributed to their long and diverse CDR loops that improve their binding 

efficiency into un-accessible sites. A long list of proteins has been crystallized with the aid 
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of nanobodies. In this sense, nanobodies not only solved their 3D structure but in some cases 

revealed their different conformational states, explored their associated protein complexes, 

and allowed to study their intracellular functions 160,161.  Recently, Cryo-electron microscopy 

is being used to solve larger and more complex multi-subunit structures, and nanobodies are 

likely to be useful here as well. The structure of poliovirus virions is an example of nanobody- 

mediated cryo-electron microscopy where their complex structure was stabilized with four 

nanobodies that bind to the VP3 capsid protein 162. 

 

 

1.3.4.3. Nanobodies for Therapeutic Applications 

 

Nanobodies can also be used in many therapeutic applications. For example, they are 

well suited to deliver therapeutic drugs, radionuclides, or toxins. In a similar manner to 

conventional antibodies, nanobodies can bind transmembrane receptors or soluble ligands 

and affect their downstream signaling pathways. Furthermore, multivalent, or multi-specific 

nanobodies can be paired to increase their binding efficiency. However, the absence of Fc 

domains prevents nanobodies from initiating cell-mediated immune response or 

complement-dependent cytotoxicity. To overcome this limitation, nanobodies can be linked 

to human Fc chains to gain immune effector functions with many therapeutic applications 
163. Recent research has shown that nanobodies have the potential to be used in disease 

treatment. Namely, caplacizumab nanobody was recently approved for the treatment of 

acquired thrombotic thrombocytopenic purpura (aTTP) 164, and an increasing number of 

clinical trials for other nanobodies are still ongoing.  

 

Recently, nanobodies have received special attention in CAR-T cell-mediated immune 

therapy. Because nanobodies can bind to multiple antigens simultaneously, they can generate 

chimeric antigen receptors (CARs) with higher target specificity 165. Additionally, 

nanobodies have a unique ability to bind to virus cryptic epitopes. For example, nanobodies 

were able to fit into canyons on the HIV (human immunodeficiency virus) envelope that were 

not accessible to IgGs 166. Therefore, these nanobodies have potential applications for HIV-

1 diagnostics, vaccine design, or immunotherapy.  
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The delivery of these nanobodies into the cytoplasm as functional therapeutic agents 

can be in two forms, i) as intracellularly expressed nucleic acids, ii) or as purified proteins. 

The nucleic acid delivery of nanobodies through viral delivery was reported in mice with 

only minor antiviral effects 167. However, protein delivery is thought to be a safer option for 

clinical development 168. This can be done via fusion with cell-penetrating peptides 169, 

bioreversible esterification 170, or cationic resurfacing 171. 

 

 

1.3.4.4. Nanobodies as Intracellular Imaging and Biosensing Tools 

 

Concerning light microscopy or live-cell imaging, nanobodies have proofed superiority 

as a labeling tool for an intracellular antigen over conventional IgGs, which due to their large 

dimension (150 kDa, 10–15 nm), result in displacement of the fluorophore from the target 

nanobodies (linkage error). In this regard, nanobodies can be genetically fused to a vast of 

fluorophores for intracellular expression, these fusions are commercially known as 

“chromobodies”. Alternatively, they can be fused to various tags for post-expression 

detection with fluorescent antibodies. Anti-GFP chromobody, for example, was first used to 

identify GFP-labeled nuclear lamin and histone H2B 172. Following that, many chromobodies 

were used to observe a variety of biological activities, such as DNA damage and repair 173, 

DNA replication,  and actin dynamics 174. These chromobodies advantageously can be 

expressed in a variety of cellular systems using common transfection protocols like 

lipofection or electroporation. Alternatively, CRISPR technology can be used to generate 

stable cell lines that stably express chromobodies 175. For example, cell lines stably 

expressing chromobodies against adenosine diphosphate ribose (ADP-ribose), vimentin 176, 

ß catenin 177, and proliferating cell nuclear antigen (PCNA) 178, have become available. 

 

The applications of chromobodies were exploited far beyond intracellular localization 

of molecules to the development of biosensors that track functional changes of cellular targets 

in a dynamic manner. These biosensors are based on targeted nanobodies that are fused to 

fluorescence sensors that only operate when the target proteins are activated. For example, 

an anti-GFP nanobody coupled to red fluorescent Ca2+ sensors can be utilized as a targeting 
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moiety to drive the Ca2+ sensor into close proximity to the GFP-labeled mitochondria, 

allowing Ca2+ concentrations to be monitored and quantified 179. A wide range of fluorescent 

sensors can be generated in this manner such as pH and ATP/ADP sensors 179. In the same 

context, nanobody-based biosensors have also been utilized for monitoring cancer 

biomarkers. Poly (ADP-ribose) polymerase 1 (PARP1), for example, is a key molecule in 

DNA repair and cell survival that is associated with many cancer types 180.  For the first time, 

a PARP1 chromobody permitted live-cell detection of PARP1 recruitment to DNA damage 

sites. The study also demonstrated the feasibility of real-time profiling of different chemical 

compounds and their effect on PARP1 translocation 181. 

 

 

1.3.4.5. Nanobodies as Modulators of Gene Expression 

 

P53 is a well-known transcription factor that plays an essential role in many cellular 

activities such as cell cycle arrest and apoptosis. Nanobodies directly binding the p53 

transcription factor were developed by Gettemans group from a lama derived phage display 

library. The selected nanobodies were able to distinctively target p53 and perturb the 

transcription of its target genes such as p21, GADD45A, PUMA, and MDM2 that were all 

decreased in a significant manner 182. A recent study demonstrated the possibility of gene 

control via nanobodies by using these nanobodies to target chromatin regulators to specific 

genomic locations. For example, an anti-GFP nanobody can be used to control gene 

expression of GFP-tagged chromatin regulators such as GFP-HP1α and GFP- HDAC5. Other 

nanobodies directly targeting other chromatin regulators such as DNMT1 and HP1 were able 

to silence reporter gene and confer epigenetic memory 183. On the protein level, nanobodies 

can form fusions with F-box proteins. These are subunits of the ubiquitin ligases Skp, Cullin, 

F-box containing. Such fusions can mediate protein knockout or induce selective degradation 

of various intracellular targets. For an instance, GFP-tagged intracellular proteins can be 

selectively targeted with anti-GFP/F-box fusions 184.   
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2. AIM OF THE STUDY 

 

 

 

The BTB-ZF family transcription factor PATZ1 plays an important role in many 

distinct biological processes such as development, differentiation, fertility, pluripotency, and 

neurological development. This crucial role in biology is thought to be mediated through its 

BTB domain that is responsible for oligomerization, recruitment of multiple corepressors, 

and a wide range of protein -protein interactions. The multiplicity of possible combinational 

interactions with this domain reflects its diverse functions and explains its significance 

especially in tumorigenesis. PATZ1 was found to be differentially expressed in a variety 

human cancers and translocations involving the Patz1 gene are associated with sarcomas and 

glioblastomas. However, our understanding of the precise molecular mechanisms underlying 

these activities is still in its infancy. 

 

In this study we targeted PATZ1 using nanobodies; the small antigen binding domains 

of single chain antibodies from camelids. Nanobodies have become popular biotechnological 

tools, due to their unique biophysical and functional properties. They launched an entire 

spectrum of biotechnological, basic research, and medical applications. Nanobody-based 

modulation of transcription factor activity is emerging as a powerful method in basic research 

and synthetic biology. Therefore, in this study, we aimed to utilize nanobodies to assist the 

characterization of the structure and function of the PATZ1-BTB domain. 

 

Precisely, this study has three main aims, that validate the structure and function of 

nanobodies. The first aim was to isolate and identify nanobodies specific against the PATZ1-

BTB domain. These nanobodies were retrieved from a phage display library through 

consecutive rounds of bio-panning. The second aim was to generate and characterize these 
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nanobodies in different in-vitro and inter-cellular systems to identify the best binders. The 

third aim was to assess the functionality of the selected nanobodies as modulators of the 

activity of the PATZ1 transcription factor through assessing the changes in the expression of 

the known PATZ1 target genes.   
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3. MATERIALS AND METHODS 

 

 

 

3.1. Materials 

 

 

3.1.1.  Chemicals 

 

All the chemicals used in this study are listed in Appendix A. 

 

 

3.1.2.  Equipment 

 

All the equipment used in this study are listed in in Appendix B. 

 

 

3.1.3.  Solutions and Buffers 

 

Bio-Panning Blocking Buffer: 1X PBS pH 7,4 was used to which tween20 and skim 

milk were added to final concentration of 0,1% and 2% respectively.  

 

Phage Precipitation solution 30% polyethylene glycol (PEG): Dissolve 150 g of PEG 

(avg. mol. Wt. = 8000) and 73 g of NaCl in 500 mL of distilled water. Heat up to 500°C to 

dissolve and autoclave.  
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Calcium Chloride (CaCl2) Solution: 60 mM CaCl2 (from 1 M stock), 15% glycerol and 

10 mM PIPES (pH 7.0) were mixed, and the mixture was completed up to 500 mL with 

ddH2O. The final solution was filter-sterilized with 0.22 μM filter and stored at 4°C. 

 

Agarose Gel: For preparation of 100 mL of 1% w/v agarose gel, 1 g of agarose powder 

was dissolved in 100 mL of 0.5X Tris-Borate-EDTA (TBE) buffer by heating in a 

microwave. After cooling, ethidium bromide was added to a final concentration of 0.002% 

(v/v). 

 

Tris-Borate-EDTA (TBE) Buffer: For preparation of 1 L 5X stock solution, 54 g Tris-

Base, 27.5 g boric acid, and 20 mL 0.5 M ethylenediaminetetraacetic acid (EDTA) (pH 8.0) 

were dissolved in 1 L ddH2O. The solution was stored at room temperature and diluted 1: 10 

with ddH2O to get a working solution of 0.5X concentration just before use. 

 

Phosphate-Buffered Saline (PBS): For preparation of 1 L volume of 1X solution, 100 

mL of 10X PBS were mixed with 900 mL of ddH2O. The solution was filter-sterilized with 

0.22 μM filter. 

 

Polyethyleneimine (PEI) Solution: For preparation of 1 mg/mL (w/v) working stock 

solution, 100 mg of PEI powder were dissolved in 100 mL of ddH2O by heating at 80°C. The 

pH was then adjusted to 7.0 with 33% HCl. Finally, the solution was filter-sterilized, 

aliquoted into 1 mL volume, and stored at -20°C. 

 

SDS Separating Gel: For preparation of 8 mL of 10% separation gel, 2 mL of 

Acrylamide (40%), 2 mL of Tris (1.5 M pH 8.8), 80 µL of 10% (w/v) sodium dodecyl sulfate 

(SDS), 80 µL of 10% (w/v) APS, and 8 µL of TEMED were mixed well with 3.8 mL of 

ddH2O. For 14% separation gel, the volumes of Acrylamide (40%), Tris (1.5 M pH 8.8), and 

water are adjusted to 2.8, 2, and 3 mL respectively. 
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SDS Stacking Gel: For preparation of 5 mL of 6% stacking gel, 1.25 mL of Tris (0.5M 

pH 6.8), 0.75 mL of Acrylamide (40%), 50µL of 10% SDS (w/v), 50 µL of 10% APS (w/v), 

and 5 µL of TEMED were mixed well with 2.9 mL of ddH2O. 

 

SDS Running Buffer: Initially, 1 L of 10X Tris-Glycine stock solution was prepared 

by dissolving 40 g of Tris-Base and 144 g of Glycine in 1 L of ddH2O then pH was arranging 

to 8.3. This stock solution was used to prepare 1X SDS running buffer, by mixing 100 mL 

of it with 5 mL of 20% (w/v) SDS solution and completing the volume to 1 L by adding 895 

mL of ddH2O. 

 

Protein Loading Dye: For preparation of 10 mL of 4X protein loading dye, 2.4 mL of 

Tris (1 M pH 6.8), 0.8 g of SDS, 4 mL of 100% glycerol, 0.01% bromophenol blue, and 2 

mL of β-mercaptoethanol were mixed, then the volume was completed up to 10 mL with 

ddH2O. 

 

Bacterial cells Lysis Buffer (for protein purification): For preparation of 50 mL of 1X 

lysis buffer, 50 mM HEPES, 250 mM NaCl, 10 mM imidazole, 1 tablet of EDTA-free 

protease inhibitor cocktail, 5µL DNase I (100U/ µL), and 50 mg of lysozyme were mixed. 

The volume was completed to 50 mL with ddH2O. 

 

Buffer IMAC-A: For preparation of 1 L of IMAC-A solution, 50 mM HEPES, 250 mM 

NaCl, and 10 mM imidazole were mixed then the volume was completed up to 1 L with 

ddH2O. The solution was then filter-sterilized and stored at 4°C. TCEP was freshly added 

before using the solution at a final concentration of 0.5 mM. 

 

Buffer IMAC-B: For preparation of 1 L of IMAC-B solution, 50 mM HEPES, 250 mM 

NaCl were mixed. Imidazole was added in different gradient concentrations (100,300,600 

mM) according to protein elution requirements. The solution was filter-sterilized and 0.5 mM 

TCEP was refreshed each time before using the solution  
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Binding buffer (used with His Trap FF AKTA column): For preparation of 1 L of 

binding buffer, 20 mM sodium phosphate, 0.5 M NaCl, 20 mM imidazole, pH 7.4 were mixed 

then the volume was completed up to 1 L with ddH2O. The buffer was then filtered and 

degassed. 

 

Elution buffer (used with His Trap FF AKTA column): For preparation of 1 L of elution 

buffer 20 mM sodium phosphate, 0.5 M NaCl, 100 mM imidazole, pH 7.4 were mixed then 

the volume was completed up to 1 L with ddH2O. The buffer was then filtered and degassed. 

 

FACS Buffer: For preparation of 500 mL 1X solution, 0.5 g bovine serum albumin 

(BSA) were mixed 0.5 g sodium-azide in 500 mL 1X HBSS and stored at 4°C.  

 

 

3.1.4.  Growth Media  

 

Luria Broth (LB): For preparation of 1 L of 1X LB medium, 20 g of LB powder were 

dissolved in 1 L of ddH2O then the medium was autoclaved for 15 min at 121°C. For 

antibiotic selection, the medium was cooled then Amp, Kan, or Chl were added at the 

following final concentrations 100 μg/mL, 50 μg/mL, and 34 μg/mL respectively. 

 

LB-Agar: For preparation of 1 L of 1X agar medium, 35 g of LB-Agar powder were 

dissolved in 1 L of ddH2O then the medium was autoclaved for 15 min at 121°C. For 

antibiotic selection, the medium was cooled to 50°C and the appropriate antibiotics were 

added into the final concentrations mentioned in Luria Broth (LB) section. The solution was 

then poured into sterile petri dish, solidified, para-filmed, and stored at 4°C. 

 

2xYT Broth: For preparation of 1 L of 1X 2xYT medium, 17 g bacto-tryptone, 10 g 

bacto-yeast extract, 5 g NaCl were mixed in ddH2O to a total volume of 1 liter. If necessary, 

adjust pH to 7.0 with 5N NaOH. The medium was then autoclaved for 15 min at 121°C. the 

medium was cooled then Amp, Kan, glucose were added at the following final concentrations 

50 μg/mL, 50 μg/mL and 2% respectively. 
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2xYT Agar: For preparation of 1 L of 1X 2xYT agar medium, prepare 2xYT broth as 

above, then add bacto-agar (18 g/L) before autoclaving. For antibiotic selection, the medium 

was cooled to 50°C and the appropriate antibiotics were added into the final concentrations 

mentioned in 2xYT Broth section. The solution was then poured into sterile petri dish, 

solidified, para-filmed, and stored at 4°C. 

 

Minimal Medium (MM): For preparation of 50 mL of MM, 10 mL M9 medium (5x), 

100 µL MgSO4 1M, 2.5 mL glucose 20%, and 100 µL Thiamine 1%, were added to mqH2O 

to volume. The medium is sterilized by filtration only. 

 

DMEM: BHK and HCT116 cells were cultured in DMEM growth medium 

supplemented with heat-inactivated fetal bovine serum (FBS) 10% and Pen-Strep 1% 

(Penicillium 100 U/mL and Streptomycin100 μg/mL). 

 

Freezing Medium: Cells were frozen suing heat-inactivated fetal bovine serum to 

which 10% DMSO (v/v) was added. 

 

 

3.1.5.  Molecular Biology Kits  

 

All the commercially supplied kits for molecular biology purposes that were used in 

this study are listed in Appendix C.  

 

 

3.1.6.  Enzymes 

 

All restriction enzymes, DNA modifying enzymes, polymerizing enzymes, and their 

appropriate buffers were supplied from New England Bioblabs (NEB) or Fermentas. 
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3.1.7.  Bacterial Strains 

 

Escherichia coli (E. coli) DH-5α was used for general transformation purposes. E. coli 

TG1 cells were used for all phage bio-panning work. For cytoplasmic expression of 

nanobodies and purification E. coli BL21 DE3 SOX strain was used. This strain was kindly 

offered by Prof. Ario de Marco, University of Nova Gorica, Slovenia.  

 

 

3.1.8.  Mammalian Cell Lines 

 

BHK-2: Baby Hamster Kidney cells-2 commercially supplied from ChromoTek ®. 

HCT116: Human colorectal carcinoma cell line (ATCC CCL-247™). 

 

 

3.1.9.  Plasmid and Oligonucleotides 

 

All the plasmids used in this thesis are listed in Table 3.1.1 while all the 

oligonucleotides used in this thesis are listed in Table 3.1.2. 

 

Table 3.1. 1: List of plasmids 

The list of the plasmids used in this study. Plasmid names, their purpose of use, and sources 
are listed. 
 

PLASMID NAME PURPOSE OF USE SOURCE 

pHEN4-Nb plasmid (41 
plasmids, one for each 
selected nanobody clone) 

Phage expression plasmid for 
expression of nanobodies in 
phages. 

Kindly offered by 
Prof. Ario de Marco 
University of Nova 
Gorica, Slovenia. 

pET-mCherry-800 Bacterial expression plasmid. Kindly offered by 
Prof. Ario de Marco 
University of Nova 
Gorica, Slovenia, 

pET-Nb- mCherry (37 
plasmids, one for each 
selected nanobody clone) 

Bacterial expression plasmid 
for the expression of 

Lab construct 
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nanobodies with a C-terminus 
mCherry tag. 

pET-28a (+) Bacterial expression plasmid. Novagen (69864) 
pET-28a (+)-Nb (5 
plasmids, one for each 
selected nanobody clone) 

Bacterial expression plasmid 
for the expression of solitary 
nanobodies. 

Lab construct 

pCDNA3.1/ myc- His (-) 
B 

Mammalian expression 
plasmid with CMV promoter. 

Thermo Fischer 
Scientific (V85520) 

pCDNA3.1/ myc- His (-) 
B- Nb-mCherry (5 
plasmids, one for each 
selected nanobody clone) 

Mammalian expression 
plasmid for expression of 
nanobodies with a C-terminus 
mCherry tag used in F2H 
assay. 

Lab construct 

pcDNA3.1/myc-His (-) B-
TagGFP-PATZ1-BTB 

Mammalian expression 
plasmid for the expression of 
PATZ1-BTB domain with an 
N-terminal tag GFP used in 
F2H assay. 

Lab construct 

pcDNA3.1/myc-His (-) B-
TagGFP-PATZ2-BTB 

Mammalian expression 
plasmid for the expression of 
PATZ2-BTB domain with an 
N-terminal Tag GFP used in 
F2H assay. 

Lab construct 

pcDNA3.1/myc-His (-) B- 
GBP-LacI 

Mammalian expression 
plasmid for expression of 
GBP-LacI fusion protein for 
F2H assay 

Lab construct 

pEGFP-N2- ccdc124-
mCherry 

Mammalian expression 
plasmid for expression of 
mCherry as a negative control 
used in F2H assay. 

Kindly offered by 
Prof. Uygar 
TAZEBAY, Gebze 
Technical University, 
Turkey 

 

 

Table 3.1. 2: List of oligonucleotides 

The list of the oligonucleotides used in this study. Oligonucleotides names, their sequence, 
and purpose of use are listed. 

 

OLIGONUCLEO-
TIDE NAME 

SEQUENCE PURPOSE OF USE 

pHEN4-Nb-NcoI 
(Forward) 

TAACCCAGCCGGCCATGG
CT 

Cloning Nbs from 
pHEN4_Nb plasmid to 
pET-mCherry-800 and to 
pET-28a (+) 
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pHEN4-Nb-NotI 
(Reverse) 

ATGTGCGGCCGCGCTGGA
GACGAC 

Cloning Nbs from 
pHEN4_Nb plasmid to 
pET-mCherry-800 and to 
pET-28a (+) 

pET-Nb-mCherry 
EcoRI(Forward) 

GCGAATTCGAAGGAGATA
TACCATG 

Cloning Nbs from pET-Nb- 
mCherry plasmid to 
pCDNA3.1 myc- His (-) B 

pET-Nb- mCherry-
T7 terminator-
BamHI (Reverse) 

CCGTTTAGAGGCCCCAAG Cloning Nbs from pET-Nb- 
mCherry plasmid to 
pCDNA3.1 myc- His (-) B 

ETV1 (Forward) TCACTTCAGCTCTGGCAG
TT 

Real-time qPCR 

ETV1(Reverse) GCGGAGTGAACGGCTAAG
T 

Real-time qPCR 

CTH (Forward) GCACTCGGGTTTTGAATA
TAG 

Real-time qPCR 

CTH (Reverse) CAGATGCCACTTGCCTGA
AG 

Real-time qPCR 

 

 

3.1.10. DNA and Protein Molecular Weight Markers 

 

DNA ladders and molecular weight markers of proteins that were used in this study are 

listed in Appendix D. 

 

 

3.1.11.  DNA Sequencing 

 

DNA sequencing was provided commercially by MCLAB, CA, USA. 

(https://www.mclab.com/home.php). 

 

 

3.1.12.  Software, Computer-Based Programs, and Websites 

 

Software, computer-based programs, and websites that were used in this study are 

listed in Table 3.1.3. 
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Table 3.1. 3: List of software and computer-based programs and websites 

The list of software and computer-based programs and websites used in this study. Their 
names, source, and purpose of uses are listed. 

 

SOFTWARE, 
PROGRAM, 

WEBSITE NAME 

COMPANY/WEBSITE PURPOSE OF USE 
 

CLC Main 
Workbench v7.9.4 

QIAGEN Bioinformatics Design molecular cloning 
strategies including vector 
maps constructing, restriction 
sites analysis, sequence 
analysis and alignment, etc. 

Addgene https://www.addgene.org/ Source of basic information 
about plasmids. 

Tecan i-control https://www.tecan.com/ Analyzing ELISA results 
ExPASy https://www.expasy.org/ 

 
Assessment in protein 
translation and properties 
analysis. 

UNICORN 7.1 https://www.cytivalifescie
nces.com/en/us 

Chromatographical 
experiments and data 
evaluation and processing. 

BIACORE T200 
 software v3.0 

https://www.cytivalifescie
nces.com/en/us 

SPR experiments and 
data evaluation and 
processing. 

ZEN 2.3 (blue edition) 
 

https://www.zeiss.com/mic
roscopy/int/products/micro
scope-software/zen-
lite.htmL 

View, analyze, process 
microscope 
Images. 

FlowJo V10 Tree Star Inc. Viewing and analyzing flow 
cytometry data. 

LightCycler 480 SW 
1.5 

ROCHE Analyzing qPCR results. 

Prism GraphPad 
https://www.graphpad.com
/scientific-software/prism/ 

Statical analysis of qPCR 
results. 
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3.2. Methods 

 

 

3.2.1. Vector Construction 

 

Polymerase Chain Reaction (PCR): The optimized PCR conditions are shown in Table 

3.2.1. The thermal cycler conditions shown in Table 3.2.2. 

 

Table 3.2. 1: Optimized PCR conditions 

Component Volume Used Final Concentration 
Template DNA 2 µL <10 ng 
5X Q5 Reaction Buffer  5 µL 1X 
10 mM dNTPs 0.5 µL 200 µM 
10 µM Forward Primer  1.25 µL 0.5 µM 
10 µM Reverse Primer 1.25 µL 0.5 µM 
Q5 High-Fidelity DNA polymerase  0.25 µL 0.02 U/µL 
ddH2O Up to 25µL - 
Total 25µL - 

 

 

Table 3.2. 2: Optimized thermo-cycler conditions 

Steps Temperature Time 
initial denaturation 98ºC 30 s 
denaturation 98ºC            5-10 s 

30-35 
cycles 

annealing According to primers                  10-30 s 
extension 72ºC               20-30 s/ kb 
final extension 72ºC 2 min  

 

 

Restriction enzyme digestion: For enzymatic digestion reactions, the desired amount 

of DNA was mixed with the selected enzymes and their appropriate buffers in a PCR tube 

according to the manufacturer recommended protocols. The mixture was then incubated in a 

Thermal Cycler for 2 hs at the optimum temperature for the used enzymes. Variable amounts 

of DNA were digested depending on the subsequent experimental requirements. For 

diagnostic digestions, 1µg of DNA was generally used. When the digested plasmid was to be 

used for subsequent ligation reaction, then the linear plasmid obtained after enzymatic 
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digestion was dephosphorylated by the alkaline phosphatase enzyme CIAP (calf intestinal 

alkaline phosphatase) to prevent self-ligation. For that, CIAP enzyme with its appropriate 

buffer was added to the digested plasmid according to the manufacturer recommended 

protocols, then the mixture was incubated at 37 ºC for 30 min followed by inactivation of the 

enzyme at 65 ºC for 5 min. 

 

Agarose gel electrophoresis and DNA gel extraction: 1% agarose gels were used to 

visualize or extracted DNA fragment. For that, 1 g of agarose powder was dissolved in 100 

mL of 0.5X TBE in a glass flask. The powder was dissolved completely by heating the flask 

in a microwave oven for 2 min. The liquid mixture was then cooled down before adding 2 

µL of ethidium bromide (0.0002% v/v). The mix was then casted in a gel apparatus and 

allowed to solidify. When the gel was ready, DNA samples were loaded after mixing them 

with the loading dye. Electroporation was carried out for 45-60 min, at 100 V, in a 0.5X TBE 

buffer, and the bands were visualized using Biorad Imager. When DNA fragments were to 

be retrieved from the gel, the corresponding DNA band was cut from the gel under minimum 

UV light and the DNA was purified with the aid of the commercially supplied NucleoSpin 

Gel and PCR Clean-up kit (Macherey-Nagel) following the manufacturer’s instructions. 

 

Ligation:  For all ligation experiments, T4 DNA Ligase from NEB was used with its 

appropriate buffer. Optimal ligation results were achieved using 1:3 vector to insert ratio. 

The ligation reaction was carried out by mixing 100 ng vector DNA with the required amount 

of inserted DNA in a PCR tube then the mixture was incubated at room temperature for 2 hs. 

In each cloning experiment, vector-only (with no insert) was ligated as a control of vector 

self-ligation. Finally, the whole ligation product was used for transformation into E. coli 

DH5α competent cells for subsequent plasmid isolation. 

 

 

3.2.2.  Bacterial Cell Culture 
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3.2.2.1. Bacterial Cultures 

 

The bacterial strains that were used in this study were cultured by incubating them in 

suitable medium with the appropriate antibiotics for selection. Cultures were maintained at 

37 °C with vigorous shaking (221rpm) for 12-16 h. For long term storage, glycerol stocks 

were made by mixing bacterial cultures with 10% (v/v) glycerol under the fume hood then 

aliquoted in 1 mL volume in cryovial and stored at -80 °C. For obtaining single bacterial 

colony, small portion of the culture or glycerol stock was spread with the aid of autoclaved 

wood sticks on an agar petri dish provided with appropriate antibiotics. Plates were incubated 

overnight at 37°C. 

 

 

3.2.2.2. Preparation of Competent Bacteria 

 

Previous lab stocks of competent cells were used as a reservoir for preparing new 

patches. A single colony of competent bacteria from an agar petri dish was inoculated into 

40 mL of fresh bacterial medium provided with the appropriate selection antibiotics. The 

culture was incubated in 200 mL flask at 37°C with 221 rpm shaking for overnight. The next 

day, 4 mL of this culture was used to prepare a 1:100 diluted new culture in 2 L flask with 

the same selection antibiotics. The culture was incubated at the same conditions until the 

optical density (OD) of 0.375 was reached at 590 nm. The culture was then transferred into 

50 mL falcon tubes and incubated for 10 min on ice. Following centrifugation for 10 min at 

1600 g and 4°C, the supernatant was discarded, and the bacterial pellets were resuspended in 

10 mL of ice-cold CaCl2 solution for each tube.  A second centrifugation was then done for 

5 min at 1100 g and 4°C, the supernatant was discarded, and the pellets were resuspended in 

10 mL of fresh ice-cold CaCl2 solution for each tube.  The cells were then left on ice for an 

additional 30 min, then they were subjected to a final centrifugation for 5 min and at 1100 g 

and 4 °C. After discarding the supernatants, the pellet in each tube was resuspended in 2 mL 

of fresh ice-cold CaCl2 solution. Finally, all the tube contents were combined in a single 50 

mL tube, mixed well, and aliquoted into ice-cold microcentrifuge tube in a 200 µL volume. 

Freshly prepared cells were immediately flash-frozen in liquid nitrogen and stored at -80 °C. 
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The transformation efficiency of each new patch of competent cells was calculated by 

transforming them with standard pUC19 plasmid at different concentrations (efficiency was 

mostly between 107-108 cfu/μg).  

 

 

3.2.2.3. Transformation into Competent Bacteria 

 

Heat-shock method of bacterial transformation was used for all bacterial 

transformations carried out in this study. For that, one aliquot of competent bacteria was 

thawed on ice. A 100 pg of pure plasmid was added to these cells, or in case of ligation 

product, the whole ligation product (20 µL) was added. The mixture was kept on ice for 30 

min before it was subjected to heat-shock at 42 °C for 90 s. Immediately after heat-shock, 

the cells were placed on ice for 1 min. After that, 800 µL bacterial medium was added, and 

the culture was incubated for 45 min at 37°C. Following that, the cells were centrifuged for 

30 s at 13200 rpm, then the supernatant was discarded leaving only 100 µL of it for the 

bacterial pellet to be resuspended in.  Finally, the cells were spread on agar petri dishes of 

appropriate antibiotic with the aid of autoclaved glass beads and the plates were incubated at 

37 °C overnight. 

 

 

3.2.2.4. Plasmid DNA Isolation 

 

For isolating plasmid DNA, alkaline lysis protocol was used following the protocols of 

Molecular Cloning described in the Laboratory Manual of Sambrook et at. Alternatively, a 

commercially supplied Macherey Nagel Midiprep kit was used for midipreps according to 

the manufacturer’s instructions. The obtained DNA concentration and purity were measured 

by using NanoDrop spectrophotometer.  

 

3.2.3.  Mammalian Cell Culture 
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3.2.3.1. Maintenance of Cell Lines 

 

BHK and HCT116 cells were grown in 10 cm sterile tissue culture plates using 

complete DMEM medium. The plates were maintained in an incubator of fixed temperature 

at 37 °C and CO2 level at 5%.  For passaging the cells, confluent cells were first washed with 

serum-free DMEM, then trypsinized for 5 min in the incubator, then, they were resuspended 

in pre-warmed fresh medium. Finally, cells were split into a new DMEM containing plate at 

1:10 ratio. Passaging was repeated every 2-3 days.  

 

 

3.2.3.2. Cryopreservation of Cells 

 

For long term storage, freshly passaged cells (1day before freezing) were first counted 

then centrifuged for 5 min at 300 g. Pelleted cells were resuspended in freezing medium in a 

density of 1-5x106 cells/mL. Using cryovials, 1 mL aliquots were made then put into a 

freezing container at -80 °C for at least 24 h.  These containers are regularly refilled with 

isopropanol for gradual decrease in temperature. Finally, the cells were stored in liquid 

nitrogen tanks.   

 

 

3.2.3.3. Thawing Frozen Mammalian Cells 

 

In a 15 mL centrifuge tube, frozen cells (1 mL aliquot) were immediately thawed by 

adding 9 mL of fresh DMEM medium. The cells were centrifuged for 5 min at 300 g.  This 

insures removal of any residual DMSO from freezing medium.  Finally, pelleted cells were 

resuspended in 10 mL of fresh DMEM medium and transferred into 10 cm tissue culture 

plate. Plates were maintained at 37°C and 5% CO2 incubator. 
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3.2.3.4. PEI Transient Transfection of Mammalian Cell Lines  

 

Transfections were done on 70-80 % confluent cells. For this, 2.5 X 105 cells were split 

onto each well of 6-well tissue culture plate one day prior to transfection. On the day of 

transfection, a sterile microcentrifuge tube was used to make the following mixture: 200 µL 

serum-free phenol-free DMEM, 3 μg of DNA, and 9 μg of polyethyleneimine (PEI) solution. 

The total mixture was then vortexed thoroughly and after incubation for 15 min at room 

temperature, it was added drop wise onto the cell.  

 

 

3.2.4.  Bio-Panning 

 

 

3.2.4.1. Selection of Phage Displayed VHHs  

 

Two separate bio-pannings were performed. For each one, 50 µg of His-tagged 

soluble antigens were captured on 50 µL of anti-His magnetic beads (10103D; Invitrogen) 

prewashed three times with PBS 1X. The mixture is incubated under rotation overnight. Next 

day, the beads are washed from access antigen three times with PBS 1X then blocked in 2% 

skim milk in PBS 1X for 30 min then washed again once with PBS 1X. Panning was 

performed by using a pre-immune phage library (109 cfu- described in Monegal et al., 2009) 

kindly offered by Prof. Ario de Marco, University of Nova Gorica, Slovenia. The library was 

first blocked with 2% skim milk in PBS 1X for 30 min then incubated with blocked beads 

for 1 h. All incubations were performed at 4 ºC and under rotation and a magnetic stand was 

used to recover the beads after each step. In the first bio-panning (I) phages underwent three 

rounds of depletion against spy catcher protein (a small protein with His-tag used for 

depletion of His-tag binders), MIZ-BTB and PATZ2-BTB antigens. In the second bio-

panning (II), phages underwent just one rounds of depletion against spy catcher protein. After 

that, positive selection with mouse (m)PATZ1-BTB domain was performed in the same 

manner.  
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After 10 washing steps of positively selected beads using PBS 1X, the bound phages 

were eluted by incubating the sample for 10 min in 900 µL of glycine 0,1M pH 2,2, with 

gentle shaking at 4 ºC and finally recovering them from the supernatant by using a magnetic 

stand. After neutralization in the presence of 250 µL of neutralization solution (Tris-HCl 1M 

pH 9,1), phages were amplified by using 750 µL of neutralized eluate to infect 9,25 mL of 

pre-cultured TG1 bacterial cells in 2xYT medium. The bacterial culture was then pelleted 

and plated on 2xYT Amp, glucose large plates which were then used for monoclonal 

screening. After that, 93 clones were selected form each bio-panning and grown at 37 ºC in 

2xYT Amp, glucose medium in 96 well plate (three wells were used for control).  Phages 

were then produced in wells by infecting bacteria with helper phages. The recovered phages 

from the culture supernatant were then used for ELISA screening. A detailed bio-panning 

protocol is provided in appendix E.  

 

 

3.2.4.2. Screening of VHHs by ELISA 

 

Three 96-well plates were separately coated with 1µg of antigen/well of our antigens 

of interest; mPATZ1-BTB, PATZ2-BTB, or MIZ1-BTB, in PBS 1X for overnight and at 4 

ºC. Next day the plates were blocked with 2% BSA in in PBS 1X for 45 min, then incubated 

2 h with 100 µL of blocked phages.  

 

Plates were washed four times with PBS 1X and treated with α-M13HRP conjugate 

(sigma, GE27-9421-01) at 4 ºC. After 1 h the plates were washed four times with PBS 1X 

then the reaction was developed by adding 50 µl/well of TMB solution (sigma, T0440). The 

reaction was then stopped by adding 100 µL of H2SO4 1N and the absorbance at 405 nm was 

measured. Empty wells blocked with PBS 1X were used as a negative control. Clones that 

had absorbance value on mPATZ1-BTB at least ten-fold higher than that of background and 

at least two-fold higher than that of PATZ2-BTB and MIZ-BTB controls were selected for 

confirmative ELISA in triplicate. Clones with the highest absorbance value were then 

considered positives and their sequences was analyzed to identify unique binders. A detailed 

protocol for ELISA screening is provided in appendix F. 



 67 

3.2.5.  Protein Purification 

 

 

3.2.5.1. Vector Construction of Bacterial Expression Plasmid 

 

To obtain a C-terminus mCherry-His-tagged recombinant nanobody proteins, all 

nanobody sequences that were selected after the alignment of the first and second bio-

panning (37 clones) were first cloned into the pET-mcherry-800 bacterial expression vector. 

All nanobody sequences were PCR amplified from the pHEN4-Nb phage plasmid using a 

forward primer with NcoI and a reverse primer with NotI restriction sites. Two additional 

base pairs (GC) were added to the 3' end of the reverse primer to preserve the reading frame 

with the mCherry tag. The PCR products were then evaluated on an agarose gel for the 

presence of bands that correspond to the expected size of nanobody-mCherry insert (~ 1100 

bp). Correct bands were then gel extracted and digested with NcoI-HF and NotI-HF 

restriction enzymes. On the other hand, the pET-mCherry-800 plasmid was prepared by 

digestion with same restriction enzymes and dephosphorylation of cut ends to prevent any 

chances of self-ligation. After running on an agarose gel, the desired bands were extracted 

and used for ligation with nanobody-mCherry insert. The generated plasmids were then 

transformed into DH5α competent cells which were then used for making DNA midi-preps. 

Successful cloning was confirmed by diagnostic digestion with suitable restriction enzymes 

and by sequencing (details of vectors construction are given in section 3.2.1). 

 

For solitary nanobodies production, the selected nanobody clones (IG1, IF9, IIA3, 

IIC10, IIE1) were first clones into pET 28 a (+) bacterial expression vector to obtain a C-

terminus His-tagged nanobodies. Nanobody fragments were PCR amplified from the 

pHEN4-Nb phage plasmid using the same NcoI and NotI tailed primers. The two additional 

base pairs (GC) in the 3' end of the reverse primer preserved the reading frame with the His-

tag. The PCR products were then evaluated on an agarose gel for the presence of bands that 

correspond to the expected size of nanobodies (~ 400 bp). Correct bands were then gel 

extracted and digested with NcoI-HF and NotI-HF restriction enzymes. On the other hand, 

the pET 28 a (+) plasmid was prepared by digestion with same restriction enzymes and 
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dephosphorylation of cut ends to prevent any chances of self-ligation. After running on an 

agarose gel, the desired bands were extracted and used for ligation with nanobody inserts. 

The generated plasmids were then transformed into DH5α competent cells which were then 

used for making DNA midi-preps. Successful cloning was confirmed by diagnostic digestion 

with suitable restriction enzymes and by sequencing (details of vectors construction are given 

in section 3.2.1). 

 

 

3.2.5.2. Protein Expression 

 

The bacterial expression strain E. Coli BL21 DE3 SOX was used for the cytoplasmic 

expression of all nanobodies whether in solitary form or as mCherry fusions. This strain is 

stably transformed with SOX plasmid for the expression of the recombinant sulfhydryl 

oxidase enzyme to allow the formation of the disulfide bond of nanobodies in the reducing 

environment of the bacterial cytoplasm. The constructed plasmids for bacterial expression of 

nanobodies (see section 3.2.5.1) were transformed into this bacterial strain under Amp/ Kan 

antibiotic selection for pET-Nb- mCherry and pET 28 a (+)-Nb plasmids respectively. 

Additionally, Chl antibiotic was used for bacterial selection. 

 

After transformation, a single colony was randomly picked and inoculated into 3 mL 

of LB medium with appropriate antibiotics. This preculture was incubated at 37 °C for 6-12 

hs with vigorous shaking (221 rpm). For small scale protein purification this culture was 

directly used for induction and affinity purification (see section 3.2.5.3). For large scale 

purification, this culture was transferred into 50 mL of LB supplemented with appropriate 

antibiotics and incubated overnight under the same conditions. The next day, the culture was 

transferred into 1 L of LB medium supplemented with appropriate antibiotics and incubated 

under the same conditions until the OD600nm reached 0.4-0.6. The culture was then kept on 

ice for 1 h to cool down. For induction, the expression of SOX plasmid was first induced 

with arabinose at a final concentration of 0.2% (w/v) for 30 min. The expression of 

nanobodies was then induced by adding isopropyl β- d- 1- thiogalactopyranoside (IPTG) at 

a final concentration of 0.1 mM. The cultures were incubated under induction for overnight 
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at 18 °C in a shaker incubator (180 rpm). Un-induced culture was prepared in the same 

manner but at a small scale of 50 mL for control. 

 

 

3.2.5.3. Affinity Chromatography  

 

After induction, the bacterial cells were harvested by centrifugation at 4000 rpm for 10 

min and the supernatant was discarded. For small scale culture, the pellet was dissolved in 

350 µL of freshly prepared lysis buffer (see section 3.1.3), then sonicated at 4 °C using 

Bioruptor ® Pico sonication device (10 min, 30 s on, 30 s off). The lysate was then centrifuged 

at 4 °C for 5 min at 13000 rpm and the supernatant containing the soluble proteins was saved 

in a separate eppendorf. HisPurTM Cobalt Superflow Agarose beads (25228; Thermo 

Scientific) were used to capture His-tagged nanobodies. For that, 20 µL of beads were 

washed three times with 500 µL of IMAC-A buffer (see section 3.1.3) and centrifuged at 

6000 rpm for 2 min. The beads were then ready for mixing with the nanobody supernatant. 

The mixture was incubated rotating at 30 rpm for 30 min at 4 °C. After that, beads were 

collected by centrifugation and washed three times with IMAC-A buffer. Finally, beads were 

resuspended in 20 µL of water, and 5 µL of protein loading dye (see section 3.1.3) was added. 

The mixture was then boiled at 95 °C for 5 min and the total 25 µL were loaded on 14% 

SDS-PAGE (see section 3.1.3). Additionally, fractions from each purification step: un-

induced sample, induced sample, pellet, supernatant, non-retained proteins after incubation 

with beads, and wash flowthrough were also loaded onto the SDS-PAGE. 

 

For large scale cutlers, the cells were resuspended in 30 mL of freshly prepared lysis 

buffer (see section 3.1.3), then sonicated at 4 °C using Sonics-VibraCellTM (standard probe 

1.5 min, 5 s on,10 s off, 40% amplitude). The lysate was then centrifuged at 4 °C for 45 min 

at 15000 rpm. During this time, the CrystalCruz® chromatography column was prepared by 

first washing it with 10 mL of ddH2O, then loading it with 3 mL of the same agarose resin 

beds, then washing the beads three times with 10 mL of ddH2O, and finally equilibrating 

with 10 mL of IMAC-A buffer (see section 3.1.3). After completion of centrifugation, the 

supernatant containing the soluble proteins was loaded onto the prepared column and the 
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whole mixture was incubated for 30 min in an end-to-end rotation at 4 °C. After incubation, 

the flowthrough containing the non-retained proteins was allowed to flow out of the column. 

The retained beads in the column together with bound proteins were washed with 10 mL of 

IMAC-A for three times. Finally, the His-tagged protein was eluted with 2 mL of serial 

concentrations of IMAC-B buffer (100, 300,600 mM) (see section 3.1.3) and repeated when 

necessary. The best concentration of elution buffer was used for subsequent purifications.  

Samples from elution together with samples from different purification step were then 

prepared by adding 1X protein loading dye, boiling at 95 °C for 5 min then loaded onto the 

SDS-PAGE. 

 

His Trap FF 1 ml affinity column (Cytiva) was used for large scale affinity 

chromatography of solitary nanobodies. For that, the same steps were followed to prepare 

the lysate and to collect the supernatant.  Following the manufacturer recommendations, the 

column was then connected to the AKTA Pure system (Cytiva), washed with five column 

volumes of distilled water, and equilibrated with five column volumes of binding buffer (see 

section 3.1.3). The supernatant was then applied onto the column using repeated syringe 

injections to the connected injection loop. Following fifteen column volume washes of the 

column with binding buffer, the protein was eluted by the addition of twenty column volumes 

of elution buffer (see section 3.1.3) in a linear gradient of imidazole. 

 

When protein concentration was low, Vivaspin® 20 concentrators were used according 

to manufacturer’s instructions (Sartorius; VS2001). Protein concentration was measured by 

NanoDrop and aliquots of purified samples were flash frozen in liquid nitrogen and saved at 

-80 °C. 

 

 

3.2.5.4. SDS-PAGE and Coomassie Blue Staining 

 

First 14% separating gel (see section 3.1.3) was prepared and poured into the casting 

apparatus then left to solidify. Next, 6% stacking gels (see section 3.1.3) was prepared and 

loaded on top of the separating gel with placement of appropriate size comb. When the 



 71 

stacking gel was solid, the comb was removed, and the cast was mounted on electrophoresis 

chamber and merged with 1X running buffer (see section 3.1.3). Samples that were obtained 

from each step of protein purification were mixed with protein loading dye (see section 3.1.3) 

to a 1X dilution then denatured by boiling at 95 °C for 5 min. When the samples were ready, 

they were loaded into the wells and the proteins molecular weight marker (appendix D) was 

loaded into the first well. Electroporation was carried out at 80 v and 15 amp for the first 30 

min then the v was increase up to 120 v for 2 h. When the bands are well separated and 

electroporation is finished, the gel was removed from the glasses carefully and placed into 

the staining solution for 2 hs followed by overnight de-staining. 

 

 

3.2.5.5. Size-Exclusion Chromatography 

 

As a second level of purification, size exclusion chromatography was carried out using 

an AKTA pure system (Cytiva) to remove any non-specific proteins after affinity 

chromatography. The samples were injected to the system using a sample injection loop at a 

total volume of 500 µL. A Superdex TM 200 Increase 10/300 GL size exclusion column 

(column volume of 24 mL, flow 0.75 mL/min) equilibrated with the PBS 1X at 4 ºC was 

used. Samples absorbance at 280 nm was analyzed and peak fractions relevant to the proteins 

expected size were analyzed on an SDS–PAGE (see section 3.2.5.4). 

 

 

3.2.6.  Size Exclusion Chromatography (SEC) Co- Elution  

 

Solitary purified nanobodies IF9, IG1, and IIE1 were used for this experiment. Purified 

proteins of mPATZ1-BTB, zebrafish (zf)PATZ1-BTB, and PATZ2-BTB were taken from 

lab stocks. The mPATZ1-BTB protein (70 µM) was mixed with (70 µM) of each nanobody 

separately in 1:3 molar ratio in 1X PBS and incubated for 1 h at 4 ºC. The mixture was then 

analyzed on an AKTA pure system (Cytiva) by injecting a total volume of 50 µL to a 

Superdex TM 200 Increase 5/150 GL size exclusion column (column volume of 3 mL, flow 

0.35 mL/min) equilibrated with the same buffer. As a control, all proteins were run separately 
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on the same column in the same manner. To demonstrate specificity of binding, all selected 

nanobodies against mPATZ1-BTB domain were also analyzed for complex formation with 

the PATZ2-BTB and zfPATZ1-BTB domains. 

 

 

3.2.7. Surface Plasmon Resonance (SPR) 

 

For these experiments, solitary purified nanobodies IF9, IG1, and IIE1 were used and 

purified proteins of mPATZ1-BTB, zfPATZ1-BTB, and PATZ2-BTB were taken from lab 

stocks. The experimental setup was based on immobilizing anti-His antibody on the reference 

and active flow-cells then capturing His-tagged nanobodies on the active flow cells and 

flowing different concentrations of un-His-tagged BTB domains sequentially. To match this 

experimental setup, His-tags were first removed from BTB domains using lab produced 3c 

pre-scission protease. For this, 5 µg of protease was incubated over night at 4 ºC with 2 mg 

of His-tagged proteins in a total volume of 1 mL. The next day, the protease enzyme was 

cleared from the sample using 200 µL of Glutathione Sepharose TM 4 Fast Flow beads (GE 

Healthcare) for each sample. The beads were washed twice in 1X PBS before being incubated 

for 30 min with the samples. After 5 min of centrifugation at 300 g, the cleared supernatant 

was collected. Next, each sample was incubated with 60 µL HisPur TM Cobalt Superflow 

Agarose beads (Thermo Scientific) for removal of His-tags. The beads were washed three 

times with 500 µL of water before being incubated with the samples for 30 min. The cleared 

samples were then recovered by centrifugation for 2 min at 6000 rpm. For confirmation of 

efficient His-tag removal, 50 µL of each sample (100 µg) from cleaved and un-cleaved 

proteins were loaded on a calibrated Superdex TM 200 Increase 5/150 GL size exclusion 

analytical column equilibrated with the 1X PBS and applied to AKTA pure chromatography 

system (Cytiva). 

 

For SPR experiments, all measurements were performed on a BIACore T200 system 

at 12 °C using a CM5 chip.  The running buffer was commercially supplied HBS-EP buffer 

(Cytiva). Following the manufacturer instructions, a His Capture Kit (Cytiva) was used to 
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immobilize the anti-His antibody on the sensor surface of the reference and active flow cells 

by standard amine coupling to a level of approximately 7000 response unit (RU).  

 

For affinity measurements, single cycle kinetics were performed. In summary, the 

method comprises three main stages starting with the capture of the first His-tagged 

nanobody on the generated anti-His surface of active flow cell, followed by sequential 

injections of increasing concentrations of BTB domains over both reference and active flow 

cells, and finally the whole surface was regenerated, and the entire method is repeated for the 

second and third nanobodies.  

 

For nanobody capture, 1300-1400 RU were achieved by injecting 5 µg/mL of each 

nanobody for 60 s in 30 µL/min flow rate. Three-fold serially diluted BTB domain 

(6,18,54,162 nM) were injected in duplicates for 60 s in 10 µL/min flow rate followed by 2 

min of dissociation in running buffer. Surface was regenerated with a quick pulse (60 s) of 

10 mM glycine-HCl, pH 2.5 commercially supplied (Cytiva). All raw data were processed 

using BIACORETM T200 Software Set V3.0 (Cytiva). The replicates of two were used to 

calculate the experimental standard errors. Sensorgrams were corrected from reference cell 

and blank buffer cycles and the data were fitted into a 1:1 binding model. The affinity 

constant (KD) was calculated from the ratio of kd/ka. PATZ2- BTB and zfPATZ1-BTB 

domains were used for comparison. 

 

 

3.2.8. Fluorescent Two- Hybrid (F2H) Assay 

 

The aim of this assay is to assess the interaction between nanobodies and PATZ1-BTB 

domain in normal cellular environment. For this we used the fluorescent two - hybrid (F2H) 

assay. In this system a lac operator/repressor system is used to generate a stable nuclear 

interaction platform in single living cells. Then, a fluorescent bait protein is derived to the 

interaction platform and assayed for co-localization with a fluorescent prey fusion protein 

using live cell microscopy. For this, the genetically modified BHK cells were used. These 

cells have multiple lac operator sequences randomly integrated into their genome. Nuclear 
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localization of Tag-GFP PATZ1-BTB plasmid is achieved by co-transfection with a LacI-

GBP (GFP binding protein) plasmid. Protein-protein interaction is then assessed by co-

localization with fluorescent spots of Nb-mCherry plasmid in live cell microscopy. The 

following sections describe the generation of bait, prey, and nuclear localization plasmids, 

transfection of these plasmids in BHK cells, and live cell imaging steps of this assay. 

 

 

3.2.8.1. Vector Construction  

 

Three main plasmids were used for this assay which are the F2H-bait (pcDNA3.1/myc-

His (-) B-TagGFP-PATZ1-BTB), the F2H-prey (pCDNA3.1/ myc- His (-) B- Nb-mCherry), 

and the nuclear localizing plasmid (pcDNA3.1/myc-His (-) B- GBP-LacI).  These vectors are 

all based on the mammalian expression vector - pcDNA 3.1/ myc-His (-) B - as a backbone 

plasmid. The F2H-bait and the nuclear localizing plasmid were taken from lab stocks. The 

F2H-prey vectors were generated for 5 nanobodies (IF9, IG1, IIA3, IIC10, IIE1). For that, 

the nanobody-mCherry sequences were PCR amplified from the pET-Nb- mCherry plasmid 

using designed primers with EcoRI and BamHI restriction sites. The PCR products were 

evaluated on an agarose gel for the presence of bands that correspond to the expected size of 

nanobody-mCherry insert (~ 1100 bp). Correct bands were then gel extracted and digested 

with EcoRI and BamHI restriction enzymes. On the other hand, the pcDNA 3.1/ myc-His (-

) B plasmid was prepared by digestion with same restriction enzymes and dephosphorylation 

of cut ends to prevent any chances of self-ligation. Desired bands were then extracted from 

an agarose gel and used for ligation with nanobody-mCherry insert. The generated plasmids 

were then transformed into DH5α competent cells which were then used for making DNA 

midi-preps. Successful cloning was confirmed by diagnostic digestion with suitable 

restriction enzymes and by sequencing (details of vectors construction are given in section 

3.2.1). 

 

For control experiments, pcDNA3.1/myc-His (-) B-TagGFP-PATZ2-BTB plasmid 

was also taken from lab stocks while pEGFP-N2- ccdc124-mCherry plasmid was kindly 

offered by Prof. Uygar TAZEBAY, Gebze Technical University, Turkey. 
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3.2.8.2. Transfection and Live Cell Imaging 

 

The BHK cells were used for transfection with equal amounts of the above-mentioned 

plasmids (refer to section 3.2.3.4.). After 24 hs, the transfected cells were visualized using 

live cell imaging microscope (ZEISS Axio Observer Z1) with suitable laser wavelength and 

intensity for GFP and mCherry fluorophores. Each well was scanned for the presence of 

green, fluorescent spots in the nucleus in the green channel. The positive cells were then 

checked for the presence or absence of co-localizing red fluorescent spots in the red channel. 

The Ziess Zen 2010 software was used to acquire images for positive and negative cells. 

 

 

3.2.8.3. Image Processing and Quantification 

 

ZEN 2.3 (blue edition) software was used to analyze images. In each image, cells 

showing nuclear green foci in the green channel were numbered. In these cells, the 

availability of co-localizing red foci in the red channel was scored 1 while the absence was 

scored 0.  MS Excel was then used for quantification of the total percentage of cells showing 

positive interaction. 

 

 

3.2.9.  Generation of Stable Cell Lines  

 

Human colon cancer cells (HCT116) stably expressing nanobodies were generated by 

PEI transfection of these cells with nanobody- mCherry constructs cloned into pcDNA 3.1/ 

myc-His (-) B (see section 3.2.8.1). Cells were then subjected to neomycin selection of for 

10 days. Expression of nanobodies was assessed with live cell imaging microscope (ZEISS 

Axio Observer Z1) with suitable laser wavelength and intensity for mCherry fluorophores. 

Fluorescence-activated cell sorting (FACS) was used for sorting cells that are stably 

expressing nanobodies.   
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3.2.10. Flow Cytometry 

 

Around 50 x106 HCT116 stably expressing nanobodies were counted and washed twice 

with FACS buffer before resuspending them in final 5 mL of FACS buffer. Cells were then 

sorted by BD Influx Cell Sorter until at least 5 x 105 positive cells were collected. Data 

analysis was performed using FlowJo Software. The sorted cells were then expanded, and 

aliquots were stored in liquid nitrogen. 

 

 

3.2.11. Quantitative (real-time) PCR 

 

To evaluate the nanobody-related alterations in the expression of the known PATZ1 

target genes (CTH, ETV1), specific primers were designed for these two genes and used for 

quantitative PCR. The PATZ1 wild type HCT116 stably expressing nanobodies were used 

for total RNA isolation using Trizol reagent then cDNA was generated using Thermo 

Scientific's RevertAid First Strand cDNA Synthesis Kit according to the manufacturer’s 

instructions. A Thermo Pikoreal system was used to assess gene expression using the Luna 

Universal qPCR Master Mix Protocol (Biolabs). The 2-DDCP method was used to determine 

relative expression levels with data normalized to the expression level of the glyceraldehyde 

3-phosphate dehydrogenase gene (Gapdh). Statistical data analysis and significance of fold 

change was determined using unpaired t-test in GraphPad Prism software  
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4. RESULTS 

 

 

 

4.1. Selection of PATZ1-BTB-Specific Nanobodies 

 

 

In this study, we aimed to isolate nanobodies that are specific against the BTB domain 

of the PATZ1 transcription factor. Two separate bio-panning rounds were performed. The 

first bio-panning had a stricter criterion for the selection of specific PATZ1-BTB binders. 

For this, MIZ-BTB and PATZ2-BTB antigens were used first for negative selection followed 

by positive selection using the PATZ1-BTB domain. In the second bio-panning, the criterion 

was less strict to ensure that all possible PATZ1-BTB binders were selected. For this, the 

PATZ1-BTB domain was used directly for the selection of positive binders without a 

preliminary step of negative selection. A total of 93 clones were picked for each round of 

bio-panning and their binding specificity was tested by ELISA (single samples) followed by 

a second round (triplicate samples) for the selected clones. Figure 4.1 shows a schematic 

illustration of bio-panning procedure. 

 

In the ELISA of the first and second bio-panning, both PATZ2-BTB and MIZ1-BTB 

antigens were used for coating the wells separately (as controls), in addition to three empty 

wells (no nanobodies) for background subtraction. A total of 68 clones (41from the first and 

27 from the second bio-panning) were selected. Three clones (ID9, IF9, IG1) from the first 

bio-panning, and 15 clones (IIA3, IIA5, IIC3, IIC8, IIC10, IIE1, IIE2, IIE6, IIE7, IIF2, IIF3, 

IIF8, IIF9,  IIG9, IIH3) from the second revealed PATZ1-BTB specific binding activity, 

defined as VHHs of which the binding signal on PATZ1-BTB was at least ten-fold higher 

than that of background and at least two-fold higher than that of PATZ2-BTB and MIZ-BTB 
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controls. The rest of the clones (38 from the first bio-panning and 12 from the second bio-

panning) also showed specificity against PATZ2-BTB, MIZ1-BTB, or no specificity at all. 

All of these samples were nevertheless tested in the second ELISA using triplicate samples. 

In the confirmatory ELISA of the first bio-panning, only MIZ1-BTB Ag was used as a 

negative antigen and PATZ1 BTB as a positive antigen for coating the wells, since a negative 

selection step was already performed during the bio-panning. The second bio-panning was a 

direct bio-panning with no negative selection step, therefore both PATZ2-BTB and MIZ1-

BTB antigens were used as controls for confirmatory ELISA. Additionally, at least three 

empty wells (no nanobodies) were used for subtraction of background. Five clones (IC9, ID9, 

IF9, IG1, IG2) from the first bio-panning, and 3 clones (IIA3, IIC10, IIE1) from the second 

revealed PATZ1-BTB specific binding activity, using the same criteria as in the first ELISA. 

Nine other clones from the first bio-panning and the rest of the clones from the second bio-

panning (24), were also selected since they showed PATZ2-BTB, MIZ1-BTB, or no 

specificity. In summary, a total of 41 clones were selected for further characterization. The 

results of the confirmatory ELISA analysis of the first and second bio-panning are shown in 

(Figure 4.2) and (Figure 4.3) respectively. The raw data of ELISA experiments of the first 

and second bio-panning are shown in Appendix G and H respectively.  
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Figure 4. 1: Schematic illustration of bio-panning procedure. 

Top left side shows first bio-panning using negative and positive selection steps, while the 
right side shows the second bio-panning using only positive selection. 
 
 
These 41 ELISA selected nanobody encoding phagemids were sequenced using the M13-

Rev primer. Sequence alignment revealed two similar groups of VHHs. IIF8 had the same 

sequence as IIE7 and IIE6 had the same sequence as IIA5, IIF3, and IIH3, therefore, only 

IIE6 and IIF8 were selected. Clones that had amber stop codons (TAG) were also excluded. 

These include (IA3, IG6, IH5, and IH6) from the first bio-panning and (IID10, IID2, and 

IIC2) from the second bio-panning. These clones can only be expressed in amber suppressor 

bacterial strains like TG1 cells, which were used for phage production. The tRNA of these 

cells enables read through translation of the amber codon and results in the production of a 

full-length protein encoding the nanobody and the phage protein XX. The deduced amino 

acid alignment of the selected 30 clones (10 from the first bio-panning and 20 from the 

second bio-panning) are shown in (Figure 4.4). The DNA sequencing results of these clones 

are given in Appendix J. 
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Figure 4. 2: Confirmatory ELISA results of the selected nanobodies from first bio-panning. 

Absolute values of absorbance at 450 nm – as a measure of the concentration of converted TMB substrate – obtained with a Tecan 
microplate reader. Color legend: reactivity of the nanobodies to the PATZ1-BTB-coated wells is shown in black bars, reactivity to the 
MIZ1-BTB-coated wells in grey bars, and background reactivity in white bars. Red arrows indicate PATZ1-BTB specific clones. The 
results show the mean of three measurements for each nanobody 
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Figure 4. 3: Confirmatory ELISA results of the selected nanobodies from second bio-panning. 

Absolute values of absorbance at 450 nm - as a measure of the concentration of converted TMB substrate - obtained with the Tecan 
microplate reader. Color legend: binding of the nanobodies to the PATZ1-BTB-coated wells is shown in Black, to PATZ2-BTB-coated 
wells in Dark Gray, to MIZ1-BTB-coated wells in light Gray, and background in white. Red arrows indicate PATZ1-BTB specific clones. 
The results show the mean of three readings for each nanobody 
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Figure 4. 4: Sequence alignment and analysis of selected nanobodies from the first and second bio-panning. 

CDR regions (CDR1, CDR2, and CDR3) are shown in black boxes. Red arrows indicate PATZ1-BTB specific clones.
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4.2. Production and Characterization of Selected Nanobodies 

 

 

4.2.1. Bacterial Expression and Purification  

 

 

4.2.1.1. Recombinant Nanobody Production 

 

All (37) clones with a unique sequence were PCR amplified with appropriate primers 

and cloned from the phage plasmid (pHEN4) into a bacterial expression vector. Clones that 

had an amber stop codon in their sequences were also included. The pET-800 mCherry 

bacterial expression vector was selected to obtain C-terminally mCherry and hexahistidine-

tagged recombinant VHH for ease of purification and for subsequent applications. The 

plasmids were then transformed into BL21(DE3) SOX competent cells for cytoplasmic 

expression of nanobodies. These cells express a recombinant sulfhydryl oxidase enzyme 

required for cytoplasmic disulfide bond formation and resulting in the confirmational 

stability of nanobodies in the reducing environment of the bacterial cytoplasm. Clones (IA3, 

IG6, IH5, IH6, IID10, IID2, and IIC2) that contain internal amber codons are expected to 

result in premature termination as only the TG1 strain and not the BL21 strain contains the 

tRNA necessary for readthrough translation.  

 

 

4.2.1.1.1 Small Scale Bacterial Expression and Purification 

 

First, we attempted to scan for optimal expression levels of nanobodies using small 

scale (3 ml) cultures. After lysis of the cells, we captured soluble proteins on anti-His cobalt 

agarose beads and analyzed the total bound (TB) protein by SDS-PAGE followed by 

Coomassie staining. We also loaded fractions from induced lysate (I), pellet (P), supernatant 

(S), non-retained proteins after incubation with beads (NR) as well as after washing the beads 

(W). This scanning process was done in batches and for each batch, a control sample of un-
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induced culture was included for comparison. The expected molecular weight of the 

nanobody-mCherry construct was calculated to be ~ 41 kDa. 

 

Different clones of nanobodies showed different levels of expression ranging from 

strong to mild. Some clones failed to be expressed such as IC9, IC11, IIE12, IIF2, IIF9, IIF11, 

and IIG1. Clones IG6 and IID2 were expected not to be expressed due to the presence of an 

amber stop codon. However other clones with amber stop codons including IA3, IH5, IH6, 

IID10, and IIC2 were fairly expressed. This could be attributed to the presence of a second 

start codon and an alternative open reading frame or simply due to sequencing errors (Figures 

4.5 and 4.6). 

 

At this point we decided to continue with the clones that showed PATZ1-BTB 

specificity in the first and second ELISA screening and were successfully expressed and 

purified in small scale. Accordingly, clones IG1, IF9, IIA3, IIC10, IIE1 were selected for 

large scale expression and purification. 
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Figure 4. 5: Small scale purification of nanobodies selected from the first bio-panning 

Nanobody-mCherry constructs of all clones selected from the first bio-panning were 
expressed and purified in a small scale of 3 ml culture. 14% coomassie-stained SDS-PAGE 
was used to analyze fractions from each purification step. Legend: U: un-induced sample, I: 
induced, P: pellet, S: supernatant, NR: non retained, W: wash, and TB: total bound. Red 
arrows indicate expressed nanobodies with an expected band size of ~ 41 kDa. 
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Figure 4. 6: Small scale purification of nanobodies selected from the second bio-panning. 

Nanobody-mCherry constructs of all clones selected from the second bio-panning were 
expressed and purified in a small scale of 3 ml culture. 14% coomassie-stained SDS-PAGE 
was used to analyze fractions from each purification step. Legend: U: un-induced sample, I: 
induced, P: pellet, S: supernatant, NR: non retained, W: wash, and TB: total bond. Red arrows 
indicate expressed nanobodies with an expected band size of ~ 41 kDa. 
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Figure 4. 6 (continued): Small scale purification of nanobodies selected from the second bio-

panning  

Nanobodies-mCherry constructs of all clones selected from second bio-panning were 
expressed and purifies in small scale of 3 ml. 14% coomassie-stained SDS-PAGE was used 
to analyze fractions from each purification step. Legend: U: un-induced sample, I: induced, 
P: pellet, S: supernatant, NR: non retained, W: wash, and TB: total bond. Red arrows indicate 
expressed nanobodies with expected band size of ~ 41 kDa. 
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4.2.1.1.2 Large Scale Bacterial Expression and Purification 

 

For large scale protein expression and purification, we continued with five clones (IG1, 

IF9, IIA3, IIC10, IIE1). We used the same bacterial expression stocks that were previously 

used for small scale expression. Cultures were grown in 1 L, lysed, and affinity 

chromatography was performed on lysates using anti-His cobalt agarose beads. Fractions 

from each step of purification were analyzed by SDS-PAGE (Figure 4.7). The concentrations 

of purified proteins were determined by measuring absorbance at 280 nm (table 4.1.).  

 

Bands equivalent to the size of the nanobody-mCherry construct (~ 41 kDa) were seen 

for all samples. When several elutions were performed, thicker bands were evident in earlier 

elutions. Smaller bands (~ 27 kDa) were also seen in all samples. The size of these small 

bands corresponds to the size of mCherry protein alone, which might suggest degradation of 

a fraction of our purified proteins. The IIA3 sample showed bands corresponding to 

nanobody-mCherry and mCherry only, but additionally there were two extra bands just 

below these bands. After referring to the sequence of this clone we found two cut sites for 

the restriction enzyme NcoI, which was used for cloning these nanobodies into the pET 

mCherry vector. The second cut site produces a truncated gene encoding a protein that is 

missing 35 amino acids in the N-terminus. This observation indicates that clone IIA3 is a 

mixed clone of both full and truncated versions. SDS-PAGE also showed impurities in the 

eluted factions; therefore, we decided to run size exclusion chromatography for all samples. 

 

 

 

 

 

 

Table 4. 1: Concentrations of purified recombinant nanobodies. 

Protein concentration was determined by measuring absorption at 280 nm after affinity 
chromatography for each purified recombinant nanobody. Elution was repeated if necessary. 
Samples with low concentrations (IF9, IIA3, IIC10) were combined and the total 
concentration was measured. 
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Figure 4. 7: Large scale purification of selected nanobodies. 

Affinity chromatography of selected nanobodies expressed in large scale of 1 L. 14% 
coomassie-stained SDS-PAGE was used to analyze fractions from each step of purification. 
Legend: U: un-induced sample, I: induced, P: pellet, S: supernatant, NR: non retained, W: 
wash, and E: elution. Red arrows indicate expressed nanobodies with an expected band size 
of ~ 41 kDa. 
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For size exclusion chromatography, samples that had high concentration (IG1, IIE1) 

were directly used, while samples that had low concentrations (IIA3, IIC10, IIF9) were first 

concentrated using a 10 kDa molecular weight cut-off concentrator in order to obtain a final 

concentration of at least 2 mg/ml. We used a superdex 200 Increase 10/300 GL column with 

an AKTA Pure chromatography system (Cytiva). Chromatographs showed a single peak 

corresponding to the molecular mass of nanobody-mCherry (~ 41 kDa) with reference to 

peaks of a calibration run that was performed previously for this column (Figure 4.8 left 

panel). Exceptionally, the IIA3 sample showed two distinct peaks, which is in line with our 

previous results for this sample. A confirmative SDS–PAGE was run for fractions relevant 

to the SEC peaks (Figure 4.8 right panel). Bands corresponding to the size of nanobody-

mCherry were clearly seen in all samples, however, bands corresponding to the size of 

mCherry only were also seen, which might be attributed to the denaturing nature of this gel 

and possible proteolysis after the SEC purification. Other larger bands that were observed 

might possibly be due to aggregate formation after SEC. 
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Figure 4. 8: Size exclusion chromatography of selected nanobodies. 

Size exclusion chromatograms of nanobodies IG1, IF9, and IIE1 are shown on the left panel. 
A superdex 200 Increase 10/300 GL column was used with an AKTA Pure system (Cytiva). 
The blue graph displays absorbance at 280 nm. The main peak elutes at ~15 ml with only 
minor contaminants. Fractions enclosed between the red arrows were analyzed on 14% 
coomassie-stained SDS-PAGE shown on the right panel. Red arrows indicate purified 
nanobodies with an expected band size of ~ 41 kDa. 
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Figure 4.8 (continued): Size exclusion chromatography of selected nanobodies. 

Size exclusion chromatograms of nanobodies IIA3, and IIC10 are shown on the left panel. A 
superdex 200 Increase 10/300 GL column was used with AKTA Pure system (Cytiva). The 
blue graph absorbance at 280 nm. The main peak elutes at ~15 ml with only minor 
contaminants. Fractions enclosed between red arrow were analyzed on 14% coomassie-
stained SDS-PAGE shown on the right panel. Red arrows indicate purified nanobodies with 
expected band size of ~ 41 kDa. 
 

 

4.2.1.2. Solitary Nanobody Production 

 

Selected nanobody clones (IG1, IF9, IIA3, IIC10, IIE1) were also produced as solitary 

nanobodies without the mCherry moiety for subsequent experiments. For this, the selected 

five clones were cloned into the pET 28a (+) bacterial expression plasmid o obtain their N 

terminus His-tagged versions which were then transformed into E. coli BL21 DE3 SOX 

expression strain for cytoplasmic expression. Single colonies of transformed bacteria were 

grown in 1 L culture and cells were harvested and lysed by sonication. A HisPur Cobalt Resin 

column was used for affinity chromatography using an AKTA pure chromatography system 
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(Cytiva) and yields were determined by measuring the absorbance at 280 nm. Monodispersity 

of purified nanobodies was confirmed by size-exclusion chromatography. We used a 

Superdex 200 Increase 10/300 GL column connected to an AKTA pure chromatography 

system (Cytiva). Fractions from affinity and size exclusion chromatography were analyzed 

on a 10% coomassie-stained polyacrylamide gels. 

 

Affinity chromatography of nanobodies IF9, IG1, and IIE2 was successful, and yields 

were in the range of 3-7 mg/ml (table 4.2.); however, concentrations of IIA3 and IIC10 were 

drastically low. When compared to other clones, these two clones also had a lower 

concentration when expressed as fusions to mCherry (refer to table 4.1.) This suggests a 

possible toxic effect of these proteins on bacterial cells. Elution with gradient concentration 

of imidazole of successfully purified nanobodies (IF9, IG1, and IIE2) showed single peaks 

in affinity chromatograms. Size exclusion chromatograms of the same nanobodies showed 

single peaks relevant to the nanobodies’ molecular mass (~ 15 kDa) with reference to peaks 

of calibration runs that were performed previously for the column that was used (Figure 4.9 

left panel). SDS–PAGE analysis of fractions collected from affinity and size exclusion 

chromatography showed single bands corresponding to the size of nanobodies, indicating a 

high level of purity (Figure 4.9 right panel). 

 

 

 

 

 

Table 4. 2: Concentrations of purified solitary nanobodies. 

Protein concentration measured at 280 nm after affinity chromatography for each purified 
recombinant nanobody. Elution fractions were combined, and total concentration was 
measured. 
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Figure 4. 9: Purification of solitary nanobodies. 

Size exclusion chromatograms of nanobodies IF9, IG1, and IIE1 are shown on the left panel. 
Superdex 200 Increase 10/300 GL column was used with an AKTA Pure system (Cytiva). 
The blue graph displays absorbance at 280 nm, which corresponds to the nanobody peak. 
The main peak elutes at ~17 ml with almost no contaminants. Fractions from affinity and 
size exclusion chromatography were analyzed on 10% coomassie-stained SDS-PAGE shown 
on the right panel. Red arrows indicate purified nanobodies with an expected band size of ~ 
15 kDa. 
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4.2.2. Analysis of Binding 

 

 

4.2.2.1. SEC Co- Elution 

 

Characterization of binding specificity and affinity was first performed using a SEC 

co-elution experiment in order to determine the possibility of complex formation between 

nanobodies and different BTB domains. For this experiment, we used solitary purified 

nanobodies IF9, IG1, and IIE1. Purified proteins of mPATZ1-BTB, zfPATZ1-BTB, and 

PATZ2-BTB were taken from lab stocks. The mPATZ1-BTB protein was incubated 

separately with different nanobodies and subsequently the mixture was analyzed in a 

Superdex 200 5/150 GL analytical size exclusion column connected to an AKTA Pure 

chromatography system (Cytiva). As a control, both proteins were also run individually on 

the same column. To demonstrate specificity of binding, all selected nanobodies against 

mPATZ1-BTB domain were also analyzed for complex formation with the PATZ2-BTB and 

zfPATZ1-BTB domains. 

 

In this experiment, peaks corresponding to the size of all BTB domain homodimers 

(~38 kDa) were obtained. Similarly, peaks corresponding to the size and nanobodies (~15 

kDa) were also obtained. Complex formation after incubation of nanobodies with BTB 

domains was then clearly demonstrated by a shift of the BTB domain peak to a lower 

retention volume. The increased absorbance of this peak was also associated with a decrease 

or total loss in absorbance of the nanobody peak. The nanobodies IF9 and IIE1 showed a 

clear tendency towards complex formation with the mPATZ1-BTB domain, while IG1 

demonstrated a slight decrease in absorbance intensity of the nanobody peak without any 

effect on the BTB domain peak. Specificity of binding to mPATZ1-BTB domain was clearly 

observed by weaker complex formation after incubation of nanobodies with PATZ2-BTB 

domain. Complex formation of nanobodies IF9 and IIE1 with zfPATZ1-BTB was less 

pronounced than with mPATZ1-BTB. This is clearly visible when comparing the level of 

decrease in the nanobody peak and the shift of the BTB domain peak. Interestingly, IG1 was 
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the only nanobody which totally failed to form a complex with zfPATZ1-BTB, indicating 

specificity of IG1 nanobody towards mPATZ1-BTB (Figure 4.10). 

 

 

 

Figure 4. 10: SEC analysis of BTB-Nanobody complex. 

BTB-nanobody complex formation was assessed using a SD 200-5/150 GL analytical size 
exclusion column connected to an AKTA pure chromatography system (Cytiva). Blue line: 
chromatogram of BTB domains, red line: chromatogram of nanobodies, grey line: 
chromatogram of BTB-Nb complex. Peaks at 1.9 ml represent the unbound BTB/BTB-
nanobody complex, while peaks at 2.4 ml represent unbound nanobodies. Top panel 
represent profiles of the binding analysis of IIE1, IF9, and IG1 nanobodies against mPATZ1-
BTB domain, middle panel display the same experiments but using the PATZ2-BTB domain, 
while bottom panel display the results against zfPATZ1-BTB domain. 
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4.2.2.2. Competition Assay of Nanobodies 

 

The same assay that was described in section (4.2.2.1) was used to assess the binding 

of nanobodies to different binding sites on mPATZ1- BTB by using nanobodies of different 

molecular sizes. For this, large molecular size nanobodies (fused to mCherry tag ~ 41 kDa), 

and a small molecular size nanobodies (without the mCherry tag ~ 15 kDa) were both 

incubated with mPATZ1- BTB (~38 kDa) at the same time. Binding to different sites was 

then clearly demonstrated by formation of a single peak representing the three bound 

proteins, associated with loss of small and large nanobody peaks. The nanobodies IF9 and 

IG1 demonstrated formation of a single peak when incubated together with PATZ1-BTB 

indicating binding to different binding sites. On the other hand, the IIE1nanobody seems to 

compete with the binding of IF9 and IG1 nanobodies. This was demonstrated by the 

formation of two peaks (Figure 4.11). 

 

 

 

Figure 4. 11: Competition assay of nanobodies. 

Competition between nanobodies to bind mPATZ1-BTB was assessed using a SD 200-5/150 
GL analytical size exclusion column connected to an AKTA pure chromatography system 
(Cytiva). Blue line: chromatogram of BTB domains, red line: chromatogram of large 
nanobodies (fused to mCherry tag), grey line: chromatogram of small nanobodies (without 
mCherry tag), black line: chromatogram of BTB-nanobodies complex. Peaks at 2.4 ml 
contain unbound small nanobodies, peaks at 2 ml contain unbound large nanobodies, peaks 
at 1.9 ml contain the mPATZ1-BTB/ mPATZ1-BTB-small nanobodies complex, peaks at 1.7 
ml contain mPATZ1-BTB- large nanobodies complex. 
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4.2.2.3. Measuring Binding Affinity with Surface Plasmon Resonance  

 

For this experiment, we also used solitary, purified IF9, IG1, and IIE1 nanobodies and 

purified proteins of mPATZ1-BTB, zfPATZ1-BTB, and PATZ2-BTB from lab stocks. To 

match our experimental setup, His-tag removal from mPATZ1-BTB, zfPATZ1-BTB, and 

PATZ2-BTB protein was first performed using 3C protease. For confirmation of efficient 

His tag removal, samples from cleaved and un-cleaved proteins were loaded on calibrated 

Superdex 200 5/150 GL size exclusion analytical column applied to AKTA pure 

chromatography system (Cytiva). Chromatograms of these samples showed a clear shift of 

cleaved sample towards higher retention volumes, indicating smaller size and efficient 

removal of His-tag (Figure 4.12). 

 

 

 

  

Figure 4. 12: His-tag cleavage of BTB domains. 

Size exclusion chromatographs of mPATZ1-BTB, zfPATZ1-BTB, and PATZ2-BTB. A 
Superdex 200 5/150 GL size exclusion analytical column was connected to an AKTA pure 
chromatography system (Cytiva). The blue and orange graphs represent absorbance at 280 
nm for cleaved and un-cleaved proteins, respectively.  

 
 

Binding affinities were determined using surface plasmon resonance with CM5 chips 

on a BIACore T200 system. The His tagged nanobodies were immobilized on the chip using 

anti-his antibody. Our experimental setup was based on having anti-his antibody only on the 

first flow cell as a reference and the same antibody followed by his-tagged nanobodies on 

the next flow cell. Single cycle kinetics were recorded with the flow of mPATZ1 BTB, 

zfPATZ1-BTB, or PATZ2-BTB proteins with removed His-tags at different concentrations 
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(6,18,54,162 nM).  Replicates of two were used to calculate the experimental standard errors. 

Sensorgrams were corrected using reference cell and blank buffer cycles and the data was 

fitted to a 1:1 binding model. The affinity constant (KD) was calculated from the ratio of 

kd/ka. PATZ2- BTB and zfPATZ1-BTB domains were used for comparison. 

 

All three nanobodies showed high binding affinity towards mPATZ1 BTB domain with 

KD values in the nanomolar range. A sequential increase in response units (RU) with 

increased concentration can be observed. Remarkably, the sensorgram of IIE1 nanobody 

showed a very rapid on rate with high Chi2 values (more than 10% of Rmax); therefore, the 

KD value could not be determined accurately. Such sensorgrams could be explained by the 

effect of differences in liquid composition between the running buffer and the samples, which 

is seen as a change in surface refractive index. This kind of effect is known as bulk effect. 

However, since all samples were run in the same buffers this is unlikely to be the cause. More 

reasonably, such sensorgrams might be suggestive of a rapid interaction event between ligand 

and analyte. As for the control, interactions with PATZ2-BTB domain were weak and could 

not be fitted into any binding model. As for zfPATZ1-BTB, IF9 and IIE showed binding 

patterns close to those seen in mPATZ1-BTB. Interestingly, only IG1 nanobody did not show 

any binding affinity towards zfPATZ1-BTB, indicating specificity of this nanobody towards 

the mPATZ1-BTB domain and confirming our SEC co-elution results (Figure 4.13). 

Resulting on and off rates and dissociation constants are summarized in (Table 4.3.). 

 

Interestingly, during running of the first concentration of all analytes over the IG1 

nanobody, a drop in the binding response was always observed. This might be due to binding 

of this nanobody to the reference flow-cell. Subtracting the signal of this cell from the active 

binding-cell, results in a sensorgram with a negative response as seen in (Figure 4.13). 

Nanobody binding to the reference cell might be a carry-over from the immediate previous 

nanobody injection during immobilization of this nanobody on the active cell.  
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Figure 4. 13: Surface plasmon resonance analyses of nanobody affinities to different BTB 

domains. 

Different concentrations of purified BTB domains (6,18,54,162 nM) were injected across a 
surface coated with purified nanobodies (IF9, IG1, and IIE1). Sensorgrams with blank buffer 
injections were subtracted. The top panels represent sensorgrams of single cycle kinetics for 
nanobodies IF9, IG1, and IIE1 against mPATZ1-BTB domain. The middle panels display 
the same experiments but using the PATZ2-BTB domain, while bottom panels display the 
results using zfPATZ1-BTB domain. Sequential peaks represent response units (RU) relative 
to the concentration of injected BTB domains. Experimental curves are plotted in black; red 
lines denote the corresponding 1:1 interaction model fit to the experimental data.  
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Table 4. 3: Single cycle kinetic constants of the selected VHH binders. 

Association rate Kon (1/Ms), disassociation rate Koff (1/s) Affinity (KD), Rmax, and Chi2 
values are shown for selected VHH clones (IF9, IG1, IIE1) against mPATZ1-BTB, 
zfPATZ1-BTB, and PATZ2-BTB antigens. 
 

 

 

4.2.2.4. Fluorescent Two Hybrid (F2H) Assay  

 

For assessment of intracellular binding of nanobodies to the PATZ1-BTB domain, 

recombinant nanobody-mCherry sequences (IF9, IG1, IIA3, IIC10, IIE1) were cloned from 

pET mCherry plasmids into pcDNA 3.1/ myc-His (-) B mammalian expression vector. Other 

plasmids used for this experiment were taken from lab stocks. We used BHK-2 cells 

genetically modified for use in F2H assays. In this system, nanobodies were overexpressed 

intracellularly as mCherry fusions, while PATZ1-BTB domain was overexpressed as a GFP 

fusion protein.  Intracellular localization is achieved by co-transfection with a GBP-LacI 

plasmid which enabled the binding of GFP-tagged BTB domains to specific LacI foci in the 

nucleus. Intracellular binding of nanobodies to PATZ1-BTB domain is evaluated by 

assessing co-localization of GFP and mCherry fluorescent spots in live cell microscopy 

(ZEISS Axio Observer Z1). To demonstrate specificity of binding, all selected nanobodies 
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were also co-transfected with the PATZ2-BTB. Figure 4.14 provides a schematic illustration 

of this assay. 

 

 

 

Figure 4. 14: Schematic representation of the F2H assay. 

The left side panel represent the bait and prey expression vectors coding for GFP labeled 
BTB domain and mCherry labeled nanobodies respectively, in addition to the LacI-BGP 
protein. The right-side panel demonstrates the LacI domain of the bait protein mediating the 
binding of the GFP labeled BTB domain to the integrated lac operator array in the nucleus, 
which is visible as a green fluorescent spot in the nuclei of the transfected cells. In case of 
interaction with the nanobody protein, the prey is enriched at the same spot resulting in co-
localization of green and red fluorescent spots.  

 

 

In this system, nanobodies IG1 and IIE1 showed colocalization with PATZ1-BTB 

domain. This colocalization was not observed with the other nanobodies (IF9, IIA3, IIC10) 

(Figure 4.15). Quantification of this co-localization was performed by counting cells showing 

nuclear green foci in the green channel. In these cells, co-localization of red foci in the red 

channel was scored 1 while its absence was scored 0.  Total positive and negative percentages 

were then calculated and demonstrated in Figure 4.16.   

 

Previously, in SPR, nanobody IF9 had demonstrated a high affinity for PATZ1-BTB. 

SEC co-elution experiments also confirmed this affinity. However, these are in-vitro 
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experiments, and the intracellular environment is a more complex environment with more 

effector and interacting proteins, so protein behavior is expected to differ, which could 

explain the lack of IF9-PATZ1-BTB interactions. Also, the presence of GFP tag with 

mPATZ1-BTB protein in this experiment might be masking the binding epitope of the IF9 

nanobody. None of the nanobodies colocalized with PATZ2-BTB, which is in line with our 

previous results and confirms the specificity of these nanobodies towards PATZ1-BTB 

domain (Figure 4.17).  

 

Failure of some nanobodies to co-localize with the PATZ1-BTB domain confirms that 

the successful co-localization of the others is confined to nanobodies and PATZ1-BTB 

domain rather than their fluorescent moieties or LacI-GBP. To corroborate this, we 

performed control experiments with LacI-GBP, PATZ2-BTB GFP, or mCherry plasmids to 

exclude that co-localization is due to LacI-GBP, GFP, or mCherry, respectively (Figure 4.17, 

4.18, 4.19).  
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Figure 4. 15: Nanobody interaction with PATZ1-BTB in F2H assay.  

Representative images of BHK-2 cells co-transfected with the respective expression vectors 
shown at the top panel. Arrows show specific fluorescent foci. Positive co-localization was 
observed for PATZ1-BTB with nanobodies IG1 and IIE1 (top group), while absent for IF9, 
IIA3, and IIC10 (bottom group). 
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Figure 4. 16: Percentage of positive nanobody interactions in F2H assay.  

Cells showing nuclear green foci in the green channel were counted. In these cells, co-
localization of red foci in the red channel was scored 1 while its absence was scored 0.  Total 
positive and negative percentages were then calculated. Black: positive co-localization, 
White: no colocalization of green and red foci. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 17: Negative nanobody interaction with PATZ2-BTB in F2H assay.  

Representative images of BHK-2 cells co-transfected with the respective expression vectors 
shown at the top panel.  Arrows show specific fluorescent foci. Nanobodies IG1 and IIE1 
failed to co-localize with PATZ2-BTB. 
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Figure 4. 18: Negative nanobody interactions with mCherry-tag in F2H assay.  

Representative images of BHK-2 cells co-transfected with the respective expression vectors 
shown at the top panel.  Arrows show specific fluorescent foci.  Fluorescent mCherry protein 
failed to co-localize with PATZ1-BTB. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 19: Negative nanobody interactions with Lac-GBP in F2H assay.  

Representative images of BHK-2 cells co-transfected with the respective expression vectors 
shown at the top panel.  No fluorescent foci were formed confirming that nanobodies IG1 
and IIE1 failed to co-localize with LacI-GBP in the absence of PATZ1-BTB tag-GFP. 
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4.3. Functionality Assays of Selected Nanobodies 

 

 

4.3.1. Generation of Nanobody Stable Cell Lines  

 

Human colon cancer cells (HCT116) stably expressing nanobodies (IIE1, IF9, IG1) 

were generated by PEI transfection of these cells with nanobody- mCherry constructs cloned 

into pcDNA 3.1/ myc-His (-) B. Cells were then subjected to neomycin selection for 10 days. 

Expression of nanobodies was assessed with microscopy and fluorescence-activated cell 

sorting (FACS) was used for sorting cells that are stably expressing nanobodies. HCT116 

cells stably expressing IG1 and IF9 mCherry nanobodies were successfully generated (Figure 

4.20). However, the expression of IIE1 mCherry nanobody was strikingly low, therefore we 

decided to continue with IG1 and IF9 nanobody cell lines for further experiments. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 20: Generation of stable nanobody cell lines. 

The right panel shows fluorescent microscope images of HCT116 cells stably expressing IF9 
mCherry Nb (Top) and IG1 mCherry Nb (bottom) The Left panel shows FACS profiles after 
sorting and culturing these cells.  
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4.3.2. Effect of Nanobodies on The Transcriptional Activity of PATZ1 

 

Based on previous lab work, we found that the PATZ1 transcription factor has a 

significant effect on two target genes, namely cystathionine gamma-lyase (CTH), and ETS 

translocation variant 1 (ETV1). The CTH gene encodes for an enzyme that plays an important 

role in hydrogen sulfide synthesis, a major regulator of cell signaling. On the other hand, the 

ETV1 gene codes for a transcription factor that belongs to the ETS (E twenty-six) family and 

regulates a number of target genes that modulate significant biological processes such cell 

growth, migration, proliferation, and differentiation. Total RNA sequencing as well as real-

time quantitative PCR (RT-qPCR) revealed up-regulation of the CTH gene, and down-

regulation of the ETV1 gene, in HCT116 Patz1-/- cells as compared to WT cells. Therefore, 

we investigated the changes in the expression of these two targets in our generated stable 

nanobody cell lines. 

 

HCT cells stably expressing IF9 and IG1 mCherry nanobodies were used for total RNA 

isolation using and cDNA synthesized. Specific primers were designed for the evaluation of 

gene expression using qPCR. Two biological samples were used in triplicates for each qPCR 

experiment. The mean value of gene expression was calculated relative to un-transfected 

cells. An unpaired t-test was performed to assess significance of gene expression fold change. 

In comparison to control conditions, intracellular stable expression of IF9 and IG1 

nanobodies resulted in significant increases and decreases in mRNA levels of ETV1 and 

CTH target genes, respectively (Figure 4.21) 
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Figure 4. 21: Effect of nanobodies on the expression level on PATZ1 target genes. 

HCT116 cells stably expressing IF9 and IG1 mCherry nanobodies were used to assess the 
level of expression of CTH and ETV1 genes using real-time qPCR. Expression levels of CTH 
and ETV1 genes is shown in grey in nanobody stably expressing cells while in black in WT 
cells. An unpaired t-test was performed, P value = ** < 0.01, *** < 0.001, **** < 0.0001).  
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5.  DISCUSSION  

 

 

 

In this study we screened a pre-immune phage display nanobody library for nanobodies 

targeting the PATZ1-BTB domain.  A total of 41 initial nanobody hits were selected and 

sequence analysis refined the number to 30 clones with distinct sequences. After 

characterizing these clones, we identified three nanobodies (IIE1, IF9, IG1) as specific 

PATZ1-BTB targeting nanobodies. These three nanobodies bind PATZ1-BTB in high 

affinity whether they are in-vitro or intracellular. Functional assessment of these nanobodies 

intracellularly revealed significant effect on PATZ1 target genes. Our data presents these 

nanobodies as potential modulators of PATZ1 function that requires further investigation. 

 

Selecting PATZ1 as a target in this study was based on the known significance of this 

transcription factor and the crucial role that it plays whether in healthy or disease conditions. 

Furthermore, our laboratory’s extensive work on PATZ1 over the years, has increased our 

knowledge about the importance of this transcription factor and its potential oncogenic role. 

This role is mainly detected in colon cancer, sarcomas, and gliomas. The BTB domain of 

PATZ1 is a primary candidate to play this oncogenic role as it is responsible for 

oligomerization, recruitment of corepressors, and other protein-protein interaction. For 

example, the BTB domain was found to recruit co-repressor proteins such as SMRT and 

NCOR. It was also found to oligomerization in a multiplicity of functional combination of 

homo or heterodimers. Recently the BTB domain of PATZ1 was shown to interact with the 

BTB domain of PATZ2, which is another member of the same ZBTB transcription factor 

family 185. Based on this accumulated knowledge on the PATZ1-BTB domain we thought 

that targeting this domain with selective nanobodies could increase our understanding of the 
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precise molecular mechanisms underlying its functional activities and provide a beginning 

point for the generation of nanobody-based modulators, tuning its transcriptional activity. 

 

Two separate rounds of bio-panning were carried out in this study to retrieve potential 

PATZ1-BTB selective nanobodies from a naive nanobody library. For this, we used lab 

stocks of purified mPATZ1 protein. The human and the mouse PATZ1-BTB domain 

sequences are 98.9% identical and diverge at only one residue (T91A). The isolated 

nanobodies against mPATZ1-BTB were therefore expected to effectively target human 

PATZ1-BTB. The first bio-panning had a preclearing round of negative selection using MIZ-

BTB and PATZ2-BTB antigens while the second bio-panning lacked this step to ensure that 

all possible PATZ1-BTB binders were selected. PATZ2 and MIZ1 are members of the same 

BTB-ZF family, and their BTB domains show high structural similarity to PATZ1-BTB. 

Therefore, using them for negative selection is expected to increase the PATZ1 specificity 

of the selected nanobodies. 

 

In terms of quantity, the number of clones that were selected from the elementary 

ELISA screening of the first and second bio-panning was 41 and 27 respectively. These 

numbers were reduced to 5 and 3 respectively after the confirmatory ELISA of the PATZ1-

BTB specific clones. Furthermore, two of our final nanobodies (IF9, IG1) were from the first 

bio-panning and only one (IIE1) was from the second bio-panning. These numbers indicate 

that the chances of retrieving more potential candidates did not actually increase by bypassing 

the preclearing steps of negative selection. In terms of quality, subjecting the library to 

preclearing steps might increase the specificity of the retrieved nanobodies, but it has no 

direct impact on the quality of selected nanobodies. Affinity of binding for example, can be 

enhanced by applying more stringent washing and eluting steps186 rather than preclearing 

steps. Our results show that the nanobody IF9 which was selected from the first bio-panning 

had a four folds higher affinity then the IG1nanobody selected from the same bio-panning 

(13nM and 56 nM respectively), while IIE1 showed a better affinity (3.5 nM) regardless of 

being selected without a preclearing step. 
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The selected clones were first expressed and purified in small scale by affinity 

chromatography. Among the selected 37 nanobody clones, 28 clones were successfully 

expressed. Three of these were produced at high concentration (IIE1, IF9, IG1) in our large-

scale expression system. Nine clones could not be purified (IID2, IC9, IC11, IIE12, IIF2, 

IIF9, IIF11, IIG, and IG6). Two of these clones (IG6, IID2) had amber stop codons (TAG) 

and therefore were anticipated not to be expressed. These clones were selected by screening 

a phage display library where nanobodies were expressed as part of the phage coating protein. 

For such expression, phages were infected into the TG1 strain of E.coli bacterial cells. This 

strain is an amber suppressor bacterial strains expressing tRNA that allows translation to read 

through the amber stop codon. Therefore, when such clones are expressed in different 

bacterial systems that lack this tRNA such as BL21, that were used for cytoplasmic 

expression of the selected nanobodies, these amber stop codons are not suppressed, and 

translation is terminated. Nevertheless, several other clones (IA3, IH5, IH6, IID10, and IIC2) 

were unexpectedly produced despite having amber stop codons in their sequence. This could 

be explained by the presence of a second start codon or simply by the amber stop codon being 

a sequencing error. Failure of expression of other clones that had no amber stop codon (IC9, 

IC11, IIE12, IIF2, IIF9, IIF11, and IIG) might be due to formation of inclusion bodies which 

is a major problem associated high cytoplasmic expression levels. In such situations, using 

weaker promoters and low copy number plasmids, lowering growth temperature, and co-

expression of anti-aggregation chaperones can increase the efficiency of expression187. Such 

optimizations were not carried out in this study since many other clones were sufficiently 

expressed, so we decided to proceed with them. 

 

The in-vitro interaction between the selected nanobodies (IIE1, IF9, IG1) and PATZ1-

BTB was assessed using SEC co-elution which is a reported method for such analysis 
111,188,189. In such experiments, complex formation is indicated by a shift towards lower 

retention volume with increased absorbance intensity upon binding as compared to unbound 

proteins. Due to a size estimation of 15 kDa for nanobodies, only a very small shift was 

detectable upon nanobody binding. However, the presence of an interaction event was 

inferred by the obvious increase of absorbance intensity for the PATZ1-BTB peak with the 

striking disappearance of the nanobody peak upon binding. This profile was clearly 
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demonstrated with IF9 and IIE1 nanobodies while less pronounced with IG1 nanobody 

suggesting a lower tendency towards complex formation with PATZ1-BTB. Our SPR results 

confirm these findings. The calculated affinity of IG1 nanobody towards mPATZ1-BTB was 

56 nM as compared to higher affinities of IF9 and IIE1nanobodies (13 and 3.5 nM 

respectively).  

 

 The sequence of zfPATZ1-BTB domains is 69% identical to its mouse orthologues, 

however mice contain a core loop structure at A2/B3 that is likely an intrinsically disordered 

region and is thought to serve an unknown function 190. Therefore, using zfPATZ1-BTB in 

SEC co-elution experiment we aimed to investigate for nanobodies specific to this central 

loop in the mPATZ1-BTB domain, thereby exploring more about its function. Only the IG1 

nanobody demonstrated a clear negative binding to zfPATZ1-BTB suggesting its specificity 

towards mPATZ1-BTB. This was also confirmed by SPR analysis were only IG1 nanobody 

failed to demonstrate any affinity towards zfPATZ1-BTB, as compared to 6.2 and 6.6 nM 

affinities for IF9 and IIE1nanobodies respectively. 

 

The PATZ2-BTB domain protein was used as negative control in these experiments. 

This is due to the fact that our phage display library was precleared from PATZ2-BTB 

binders during the nanobody selection stage therefore the demonstrated negative interaction 

of all nanobodies towards it in SEC co-elution or SPR analysis was anticipated. 

 

Bivalent and bispecific nanobodies are common combinational forms of nanobodies 

that have great potential for many practical applications. Bivalent nanobodies are capable of 

recognizing the same epitope of two antigen molecules, the matter that was found to increase 

their binding affinity by the avidity effect 141,191 Such constructs are also useful when 

increased circulation time is a prerequisite due to the resultant increase in molecular size 150. 

On the other hand, a bispecific nanobody is engineered to simultaneously recognize two 

different antigens. Such nanobodies have great potential in immune therapeutic applications 

as they can bridge immune cell antigens with target antigens 192. Based on this understanding 

we aimed to assess whether our selected nanobodies (IIE1, IF9, IG1) bind to different sites 

on the mPATZ1-BTB protein. Non-competing epitopes would identify candidate nanobodies 
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that could be synthesized as bivalent or bispecific constructs for future applications. For this, 

two nanobodies of different molecular sizes were incubated at the same time with the 

mPATZ1- BTB and SEC was used to assess their competitive behavior. Formation of a single 

peak means binding to different binding site, which was the case for nanobodies IF9 and IG1, 

while formation of two peaks, in an elementary interpretation, reflects competitive tendency 

which was the case for IIE1 nanobody with IF9 and IG1. However, the evaluation of this 

experiment outcome is complicated by the dimeric nature of mPATZ1-BTB that creates more 

combinational possibilities of the competing nanobodies which cannot be distinguished by 

this method of analysis. The results of this experiment represent a starting point for assessing 

the possible synergistic functionalization of our nanobodies. More precise epitope mapping 

methods needs to be conducted to achieve this goal. 

 

In this study, the F2H assay was utilized to demonstrate the intracellular interaction of 

nanobodies with the PATZ1-BTB domain. This assay is reported for assessing more than 50 

different protein-protein interactions not only in static endpoint assays but also in living cells 

in real time 193,194. A recent publication of our group demonstrated the utility of this method 

for screening eight pairs of BTB-containing proteins for homo and heterodimer formation 
185. Our results showed that two nanobodies (IIE1, IG1) positively interact with the PATZ1-

BTB domain in this assay. However, in contrast to our previous FPLC and SPR results, where 

IF9 nanobody had interacted positively with PATZ1-BTB, this nanobody failed to show such 

interaction in F2H assay. This experiment is performed on BHK cells using mammalian 

expression vectors.  Proteins expressed in such eukaryotic systems are exposed to their native 

cellular biomolecular environment and subjected to a variety of post-translational 

modifications, which may change their molecular dynamics and alter their interaction 

behavior. Such an environment is absent in mobile/stationary-phase-based systems such as 

FPLC and SPR, which may have resulted in this in vitro interaction. Moreover, the presence 

of the GFP tag in fusion with the PATZ1-BTB protein in this assay may have masked the 

targeted epitope by IF9-Nb. 

 

To assess the effect of our nanobodies on the transcriptional activity of PATZ1, we 

generated new cell lines stably expressing our nanobodies (IF9, IG1). As compared to 
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transient transfection protocols, stable cell lines provide more reliable results by ensuring 

sustainable gene expression over prolonged periods of time. In this study, we used PEI 

chemical transfection to generate nanobody stable cell lines. This is a feasible and efficient 

method for the generation of stable cell lines that is reported in many studies 195–197.  In such 

methods, upon delivery, the plasmid DNA gets linearized in the nucleus by endo- and 

exonucleases. Nuclear ligases and recombination enzymes then aid the random integration 

of the delivered DNA into the host genome via nonhomologous recombination 198. Stability 

of the delivered DNA is limited and often undergoes gradual loss in amount and in 

expression. Therefore, we tried to eliminate cells that had lost their plasmid by sustained 

antibiotic selection for 1 month before qPCR was performed. 

 

Viral transduction is an alternative method for DNA delivery that is widely used due 

to its high transfection efficiency, however it requires more complicated protocols 199. 

Despite being widely used, both viral and nonviral methods of DNA delivery have several 

drawbacks. Random integration makes the expression rate more dependent on the site of 

integration. Low expression is usually associated with integration into inactive chromatin 

sites200. Integrated genes are also often silenced upon long term cell culture unless directed 

to genomic safe harboring site 201. Additionally, cells also tend to eliminate randomly inserted 

foreign genetic material that alter their genome integrity, therefore they are maintained under 

selection pressure for prolonged time periods which increases their chance of accumulating 

mutations 202. Furthermore, the copy number of the integrated DNA can vary from cell to 

another, which creates a heterogeneous cell population. This requires single cell cloning to 

identify clones that uniformly express the target protein. Finally, the common use of strong 

promoters, such as the CMV promoter, often drives elevated expression levels beyond the 

physiological level 203. Such problems are overcome with more efficient methods such as 

CRISPR/Cas9-mediated knock-in. This method ensures consistent and controllable 

expression of the target gene by integration into specific genomic loci however such methods 

are more complicated and time consuming 204.  

 

The selection of CTH and ETV1 genes as proposed PATZ1 targets for functional 

assessment of our nanobodies was based on previous collected data by our group. Total RNA 



 116 

sequencing of PATZ1 WT and KO MEFs and HCT116 was performed, and results identified 

these two genes as top differentially expressed target genes of PATZ1. The CTH gene was 

found to be up-regulated in HCT116 Patz1KO cells as compared to WT cells, while the ETV1 

gene was found to be down-regulated 205.  

 

The CTH gene encodes for an essential enzyme for hydrogen sulfide synthesis which 

was found to promote tumor growth through a variety of ways including promotion of 

angiogenesis, acceleration of cell cycle, and inhibition of anti-apoptosis 206. In this regard, 

the CTH gene can be considered as a tumor promoter. This is consistent with the reported 

CTH-dependent enhancement of cell growth in breast cancer cells 207and astrocytoma cells 
208, and the upregulated expression of  CTH in colon cancer initiating cells (CD133+)209. The 

fact that CTH expression in our HCT116 PATZ1 KO cells is upregulated suggests a tumor 

suppressor role of PATZ1 in this context. Our nanobodies, on the other hand, caused CTH 

downregulation. One explanation of this finding could be that PATZ1 might be controlled 

by a repression machinery that is potentially disrupted with our nanobodies (Figure 5.1). 

 

On the other hand, the ETV1 gene encodes a transcription factor from the ETS (E 

twenty-six) family that controls a number of target genes influencing many important 

biological processes such proliferation, differentiation, cell growth, and migration. It is 

considered as a tumor promoter as it was found to be upregulated in many cancer types such 

prostate cancer, melanoma, and Ewing sarcoma, and gastrointestinal tumors 210,211. 

ETV1down-regulation in our HCT116 PATZ1 knockout cells suggests that PATZ1 plays an 

oncogenic role in such context, whereas its up-regulation in response to our nanobodies can 

be explained by blockage of the proposed PATZ1 inhibitory machinery (Figure 5.2). 

 

In this study, we generated potent nanobodies targeting the BTB domain of PATZ1 

which is mainly associated with protein-protein interactions. NCOR and SMRT are examples 

of reported co-repressor proteins interacting with another ZBTB protein called BCL6 12,13. 

We recently reported PATZ1-PATZ2 interaction through their BTB domains185. However, 

such interactions and their detailed mechanisms and mode of action are poorly understood.  
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Therefore, understanding the exact effect of our nanobodies on the functional activity of 

PATZ1 requires more investigation. 

 

In conclusion, our results suggest that the specific binding of nanobodies to the BTB 

domain of PATZ1 might regulate its gene transcriptional activity. Further investigation will 

clarify if these nanobodies might be used as PATZ1 modulators. 

 

 

 

 

 

Figure 5. 1: An illustration of how nanobodies modulate PATZ1 activity and affect the 

transcriptional level of CTH gene  
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Figure 5. 2: An illustration of how nanobodies modulate PATZ1 activity and affect the 

transcriptional level of the ETV1 gene. 
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APPENDIX A 

Chemicals 

 

Chemicals and Media Components Supplier Company   

2-Mercaptoethanol Sigma, Germany 
2xTY agar sigma 
2xTY medium sigma 
Acetic Acid Merck, Germany 
Acid Washed Glass Beads Sigma, Germany 
Acrylamide/Bis-acrylamide Sigma, Germany 
Agarose peQLab, Germany 
Ammonium Persulfate Sigma, Germany 
Ampicillin Sodium Salt CellGro, USA 
Bacto Agar BD, USA 
Bacto Tryptone BD, USA 
Boric Acid Molekula, UK 
Bromophenol Blue Sigma, Germany 
Chloramphenicol Gibco, USA 
Coomassie Blue Brilliant Blue R Sigma, Germany 
D-Glucose Sigma, Germany 
Distilled water Milipore, France 
DMEM PAN, Germany 
DMSO Sigma, Germany 
DNA Gel Loading Solution, 5X Quality Biological, Inc, USA 
EDTA Applichem, Germany 
Ethanol Riedel-de Haen, Germany 
Ethidium Bromide Sigma, Germany 
Fetal Bovine Serum Thermo Fischer Scientific, USA  
Fetal Bovine Serum (FBS) Biological Industries, Israel 
Glycerol Anhydrous Applichem, Germany 
Glycine Applichem, Germany 
HBSS CellGro, USA 
HEPES Applichem, Germany 
HisPure Cobalt Superflow Agarose Thermo Fischer Scientific, USA 
Hydrochloric Acid Merck, Germany 
Imidazole  Sigma, Germany 
IPTG  Fermentas, USA 
Isopropanol Riedel-de Haén, Germany 
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Kanamycin Sulfate Gibco, USA 
LB Agar BD, USA 
LB Broth BD, USA 
Liquid nitrogen Karbogaz, Turkey 
M9, Minimal Salts sigma 
Methanol Riedel-de Haen, Germany 
PBS  Thermo Fischer Scientific, USA  
PEG-6000 sigma 
Penicillin-Streptomycin Sigma, Germany 
Phenol-Chloroform-Isoamylalcohol Amersco, USA 
PIPES Sigma, Germany 
Potassium Acetate  Merck Millipore, USA 
Protease Tablets (EDTA-free) Roche, Germany 
RNase A Roche, Germany 
SDS Pure Applichem, Germany 
Skim Milk Powder Fluka, Germany 
Sodium Azide Amresco, USA 
Sodium Chloride Applichem, Germany 
TCEP Sigma, Germany 
TEMED Applichem, Germany 
Tris Buffer Grade Amresco, USA 
Tris Hydrochloride Amresco, USA 
Trypan Blue Solution Thermo Fischer Scientific, USA 
Tween20 Sigma, Germany 
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APPENDIX B 

Equipment Used in the Study 

 

 

Equipment Company   

AKTA pure chromatography 
system  

Cytiva 

Autoclave Hirayama,Hiclave HV-110,Japan 
Balance Isolab, Germany 
BD Influx Cell Sorter BD Biosciences 
Bioruptor ® Pico sonication device Diagenode 
Centrifuge 5418R Eppendorf, Germany 

5702 Eppendorf, Germany 
5415R Eppendorf, Germany 
Allegra X-15R, Beckman Coulter, USA 
Sorvall Lynx 6000, Thermo Scientific, USA 

CO2 Incubator Binder,Germany 
Countless II Automated Cell 
Counter  

Thermo Fischer Scientific, USA 
 

Deepfreeze -80oC, Forma,Thermo ElectronCorp.,USA 
-20oC, Bosch,Turkey 

Distilled Water Millipore, Elix-S, France 
Electrophoresis Apparatus VWR, USA 

Biorad Inc., USA 
Filter Membranes Millipore,USA 
Freezing Container Mr. Frosty, Thermo Fischer Scientific, USA 
Gel Documentation Gel Doc EZ, Biorad, USA 
Heater ThermomixerComfort,Eppendorf,Germany 
Hematocytometer Neubauer Improved, Isolab, Germany 
Ice Machine AF20, Scotsman Inc., USA 
Incubator Innova 44, New Brunswick Scientific USA 
Infinite 200 multimode microplate 
reader. 

TECAN 

Laminar Flow HeraSafe HS15, Heraeus, Germany 
HeraSafe HS12, Heraeus, Germany 

Liquid Nitrogen Tank Taylor-Wharton,3000RS, USA 
Magnetic Stirrer SB162, Stuart, UK 
Microliter Pipettes Thermo Fischer Scientific, USA 
Microscope Olympus CK40, Japan 

ZEISS Axio Observer Z1 
Microwave Oven Bosch,Turkey 
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pH meter SevenCompact, Mettler Toledo, USA 
PikoReal™ Real-Time PCR 
System 

Thermo Scientific 

Refrigerator Bosch,Turkey 
Arcelik, Turkey 
Panasonic, Japan 

Sonics-VibraCellTM  sonicator  SONICS 
Spectrophotometer NanoDrop 2000, Thermo Fischer Scientific, USA 

Ultrospec 2100 pro, Amersham Biosciences, UK 
Surface Plasmon Resonance 
System 

BIACORE T200, GE Healthcare Life Sciences, USA 

Thermocycler C1000 Touch, Biorad, USA 
PTC-200, MJ Reseach Inc., Canada  

Vortex VWR, USA  
Water Bath Innova 3100, New Brunswick Scientific, USA 
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APPENDIX C 

Molecular Biology Kits 

 

 

Kits Company 

NucleoSpin Gel and PCR Clean-up  Macherey-Nagel, USA 

Plasmid DNA purification (NucleoBond® Xtra Midi / 

Maxi) 

Macherey-Nagel, USA 

ZymoPure Plasmid Maxiprep Kit  Zymo Research, USA 
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APPENDIX D 

Protein and DNA Molecular Weight Marker 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

10-20% Tris-glycine 

SDS-PAGE 



 141 

APPENDIX E 

General panning protocol for anti-c-myc magnetic beads with soluble antigens 

(Adapted from the lab of Prof. Ario de Marco) 

 

 

Day 1: 

b) Coating of the beads with the antigens 

- Aliquot 50 µL of anti-c-myc magnetic beads in microtubes for each antigen to be used 

for negative and positive. Wash them 3 times with 1 mL of PBS 1X. 

- Resuspend the beads in 50 µL of PBS 1X then add 50 µg each antigen and incubate under 

rotation overnight 4 ºC. 

b) Inoculate 50 mL of minimal medium (MM) with TG1 cells and grow overnight at 

37 ºC.  

 

Day 2: 

a) Blocking  

Reagents: PBST-milk (PBS pH 7,4; 0,1% Tween20; 2% skim milk) 

- Block 1 phage aliquot (1011-1012 phages): add 1 mL of PBST-milk to the phages and 

incubate 30 min at 4 ºC under rotation. 

- Block 50 µl of anti-c-myc magnetic beads: wash the beads 3 times with 1 mL of PBS 

then resuspend in 1 mL of PBST-milk and incubate 30 min at 4ºC under rotation. 

- Block 4 (15 mL) tubes for washing step: add 5 mL of PBST-milk and incubate 30 min at 

4 ºC with rotation. 

- Block antigen loaded beads (from day1): first recover the beads on a magnetic stand then 

wash 3 times with 1 mL of PBS 1X to remove excess antigen then resuspend in 1 mL of 

PBST-milk and incubate 30 min at 4 ºC with rotation. 

 

b) Panning: 

i. Elimination of beads binders: 

- Spin the phages for 5 min under 3000 g at 4 ºC to eliminate inactive phages. 

- Recover the blocked beads on a magnet stand. 
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- Resuspend the beads with the phage supernatant (active phages) and incubate 60 min 

under rotation at 4 ºC. 

 

ii. Negative selection: 

- Place the blocked beads (from previous step) on a magnet stand. The supernatant is the 

phage library depleted from bead binders. 

- Recover the blocked beads loaded with the negative selection antigen on a magnet stand 

and wash once with PBS 1X. 

- Resuspend the negative selection beads with phage library depleted from bead binders 

and incubate 60 min under rotation at 4 ºC. 

- Repeat the same steps with each negative selection antigen. 

 

iii. Positive selection: 

- Place the negative selection tube (from previous step) on a magnet stand. The supernatant 

is the phage library depleted from binders to antigens used for negative selection. 

- Recover the blocked beads loaded with the positive selection antigen on a magnet stand 

and wash once with PBS 1X. 

- Resuspend the positive selection beads with phage library depleted from binders to 

antigens used for negative selection and incubate 2 h under rotation at 4 ºC. 

 

c) Inoculate 50 mL of 2xYT medium with 500 µL of overnight grown TG1 pre-culture 

and grow it at 37 ºC until OD600nm is 0.5 (2-3 h). 

 

d) Washing: 

- Discard the blocking solution from 4 (15 mL) tubes and keep them on ice. 

- Recover positive selection beads on a magnetic stand and resuspend in 250 µl PBS 1X. 

Wash the beads by adding them to the first washing tube loaded with 5 mL of PBS 1X.  

- Recover the beads on a magnetic stand and repeat the wash using the same tube for 5 

times. 

- at the 5th wash add only 2.5 mL of PBD 1X and transfer the beads to the second washing 

tube loaded with 2.5 mL of PBD 1X.  
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- Repeat the washes in the same manner with the third and fourth washing tubes. In total 

20 washes will be performed. 

- Discard the supernatant after the last wash. 

 

e) Elution of phages  

Reagents: Elution solution: Glycine 0,1 M pH 2,2. Neutralization solution: Tris-HCl 1 M 

pH 9,1.  

- Add 900 µL of elution solution to the beads then transfer to a new 1.5 mL microtube and 

incubate 10 min with gentle shaking at 4 ºC. 

- Place the tube on a magnetic stand and transfer the supernatant to a new 1.5 mL microtube 

then add 250 µL of neutralization solution (total volume 1150 µL). 

- Add 10% glycerol to the 400 µL of eluted phages for formation of (selected phage stock) 

and save at -80 ºC. 

- Infect 9,25 mL of TG1 bacteria (OD 600nm = 0.5) with 750 µL of neutralized eluate and 

incubate at 37ºC without shaking for 30 min. 

- Pellet the infected TG1 bacteria by centrifuging at 3000 rpm for 15 min then resuspend 

the pellet in 1.8 mL of 2xYT medium. 

- Spread the culture on three large agar plates (2xYT, 1% glucose, Amp) (600 µL each) 

and incubate them overnight at 37 ºC. This step is for amplification of positive clones, 

therefore TG1 cells are grown in glucose containing media. Glucose repress LacZ 

promoter of phage coat protein (g3p- to which nanobodies are fused). This is to reduce 

possible toxicity effects of fusion protein on host cells. TG-1 cells don’t have any 

resistance, but phage plasmid is Amp R therefore culturing infected TG11 cells is all time 

under Amp control.  

 

If second round of bio-panning is not needed proceed to Day 5. 

 

Day 3: 

a) Phage amplification 
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- Recover the bacteria from the three large agar plates with 6 mL of (2xYT, 30% glycerol). 

Use a plastic stick to collect the bacteria. Start by first plate then pipette the 6 mL the 

second then the third plate.  

- First culture: mix the collected bacteria gently and put 100 µL in 20-30 mL of (2xYT, 

1% glucose, Amp) and incubate at 37 °C under shaking until OD600nm=0.5 (~ 2 h). 

- Make 2 aliquots of the remaining bacterial sample for formation of stock of (selected 

phage in TG1 bacteria) and save at -80 ºC. 

- Second culture: when OD600nm=0.5 is reached put 10 mL in a sterile tube and add 0,45 

µL of helper phages and incubate for 30 min at 37 °C without shaking.  

Note: ~1 bacterium/20 phages. OD600nm=0.5 correspond to 4x108 bacteria/mL (80x108 

phages). This corresponds to 8x1010 phages for 10mL of bacteria. Helper phages in stock are 

1.8x1014 pfu/mL, therefore 0,45µL of helper phages should be used. 

- Centrifuge for 10 min at 3300 rpm at RT then resuspend the bacteria in 50 mL of 

[2xYT/Amp/Kan (without glucose)] and incubate overnight at 37°C with shaking. 

Note 1: Phage helper assist packaging and secretion of phages from TG1 cells to the medium. 

Note 2: Phage helpers are Ken R therefor after phage production with phage helpers we 

always grow under Amp and Ken control and without glucose. 

Note 3: all work with phages and phage helper is done with filtered tips. 

 

b) Coating of the beads with the antigen for the second round of panning as descried 

above. 

 

Day 4: 

a) Phage precipitation 

Reagents: Precipitation solution (30% PEG-6000; 2.5 mL NaCl, filter 0.22um, keep on ice). 

- Centrifuge 50 mL of the overnight culture for 15 min at 5000 rpm at 4 °C. 

- Transfer 40 mL of the supernatant (containing active phages) to a clean tube and add 8 

mL of chilled precipitation solution, mix gently, incubate on ice for 60 min. 

- Pellet active phages by centrifuging for 15 min at 5000 rpm at 4 °C. 

- Wash the pellet with 1.8 mL of PBS 1X. 

- Transfer to a 2 mL microtube and centrifuge 10 min at 13000 rpm at 4 °C.  
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- Use 100 µL of supernatant (active phages) for blocking and proceed with same steps 

described above for the second round of bio-panning.  

- Use the rest of the supernatant to make two aliquots and save at -80 ºC.  

 

Day 5: 

a) Phages extraction for monoclonal screening 

- Recover the bacteria from the 3 large Petri dishes with 6mL of (2xYT, 30% glycerol) as 

described above. 

- Mix gently, transfer 50 µL to a new tube for miniprep and freeze the rest in 2 aliquots. 

- Start the bacterial transformation using chemicompetent TG1 cells. 

- Proceed to screening for potential binders with ELISA 
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APPENDIX F 

General protocol for screening phages with ELISA 

(Adapted from the lab of Prof. Ario de Marco) 

 

 

Day1: 

a) 100 colony amplification (of transformed bacteria) for screening 

- Put 1 mL/well of medium (2xYT, 1% glucose, Amp) in a sterile 2 mL 96 well plate. 

- Pick 93 random colonies from the transformation plate with sterile toothpicks. 

- leave 3 empty wells (medium only) for negative control. 

- Cover with “breathable” paper-film, grow overnight, 37 °C, shaking 150 rpm. 

 

Day 2:  

a) Prepare glycerol plates for stock: 

In a sterile flat bottom 96 well plate, put 120 µL of medium (2xYT+ 50% glycerol).  

b) Prepare plates for second culture:  

In a new sterile 2 mL 96 plate, put 1 mL/well of medium (2xYT, 1% glucose, Amp). 

c) Prepare antigen plates for ELISA: 

In a 96 well ELISA plate, put 1 µL g of diluted antigen in 100 µL of PBS 1X for each 

well. Incubate overnight 4 °C. 

d) In plate phage production: 

- Transfer 80 µL of the preculture to the corresponding wells of both new plates. 

Remember to keep the last three wells for negative control.  

- Save the plates for stock in -80 ºC and grow the second culture plates 2.5 h at 37 °C, 

shaking 150 rpm.  

- When the OD600nm=0.5 (~2.5 h) infect with helper phages. Add 45 µL /well (1:1000 

dilution in 2xYT). Grow 30 min 37 °C, no shaking.  

- Pellet the bacteria (3000 rpm, 15 min, 4 °C). Control wells should not have any pallets. 

- Discard the supernatant by vacuum with new tip for each well then resuspend the bacteria 

in 1 mL of medium (2xYT+Amp+Kan). Grow overnight at 30 °C, with shaking 150 rpm. 
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Day3: 

a) Blocking: 

Reagents: (2% BSA in PBS, keep on ice) 

i. Block the antigen plates:  

Add 100 µL /well of blocking solution to overnight grown antigen plates after discarding 

PBS 1X. 

ii. Block the produced phages: 

- Pellet bacteria from overnight culture (3000 rpm, 15 min). 

- In a new flat plate add 25 µL /well of blocking solution for each 100 µL of phages.  

- Block (both antigen and phage plates) for 45 min at 4 °C. 

 

b) Phages-antigen binding 

- Discard the blocking solution from the antigen plate and add 100 µL of blocked phages. 

- Add only PBS 1X to control wells. 

- Incubate for 2 h at 4°C. 

 

c) ELISA 

- Wash the plates four times with PBS. Discard the waste each time just by inverting the 

plate. 

- Add 100 µL /well of α-M13 HRP conjugated (diluted 1:5000 in 1% BSA in PBS 1X). 

- Incubate 60 min at 4°C. 

- Wash the plates four times with PBS. Make sure the plates do not dry after the last wash. 

- Add 50 µL /well of ELISA substrate (TMB). 

- Stop the reaction with 100 µL /well of H2SO4 1 N. 

- Read the absorbance at 450 nm with the plate reader. 

- Interesting clones that have significant difference between target and negative control in 

relation to empty well controls can be tested in triplicates using glycerol plate stocks. 

 

Important notes: 

1. Keep the bench clean and regularly wiped with 2% bleach to limit phage cross-

contamination and only use filtered tips to prevent aerosol contaminations. 
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2. Phages are known to survive standard autoclaving conditions and are not removed by 

0.22 μm filtration. Therefor they are either killed by heat-treating dry autoclaved 

materials in oven for 4 hs at 105 oC, or by incubation in 2% bleach for at least 1 h.  
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APPENDIX G 

Elementary and confirmatory ELISA results of first bio-panning 

 

 

Original absolute values of absorbance and corrected values (blank subtracted) are shown.  

original corrected original corrected original corrected original corrected original corrected original corrected original corrected original corrected original corrected 1 corrected 2 corrected 3 corrected 1 corrected 2 corrected 3 corrected

A1 0,04 0,00 0,05 -0,04 0,05 0,00 0,05 0,00 0,04 0,00 0,04 0,00 0,05 0,00 0,05 0,00 0,04 -0,15

A2 0,04 0,00 0,05 -0,04 0,05 0,00 0,98 0,94 0,65 0,60 1,13 1,09 0,18 0,12 0,15 0,11 0,09 -0,10

A3 0,96 0,92 0,96 0,87 0,05 0,00 0,05 0,00 0,06 0,01 0,05 0,01 0,22 0,17 0,22 0,17 0,14 -0,06 1,08 0,99 1,01 0,93 1,05 0,96 0,98 0,90 1,00 0,92 1,01 0,93

A4 0,04 0,00 0,05 -0,03 0,11 0,06 0,35 0,30 0,19 0,14 0,51 0,46 0,53 0,48 0,58 0,54 0,40 0,20

A5 0,05 0,00 0,05 -0,04 0,06 0,01 0,05 0,00 0,05 0,00 0,05 0,00 0,55 0,50 0,58 0,53 0,37 0,18

A6 0,04 0,00 0,04 -0,04 0,48 0,43 0,05 0,00 0,05 0,00 0,05 0,00 0,67 0,62 0,73 0,68 0,39 0,20 0,66 0,57 0,71 0,63 0,61 0,52 0,64 0,56 0,64 0,55 0,70 0,62

A7 0,05 0,01 0,05 -0,04 0,31 0,26 0,05 0,00 0,05 0,00 0,04 0,00 0,64 0,59 0,67 0,62 0,26 0,07 0,51 0,43 0,52 0,43 0,37 0,28 0,37 0,28 0,29 0,20 0,32 0,24

A8 0,11 0,07 0,05 -0,04 0,24 0,19 0,73 0,68 0,58 0,53 0,92 0,87 0,09 0,04 0,08 0,04 0,07 -0,13 0,73 0,65 0,73 0,64 0,69 0,60 0,68 0,59 0,66 0,57 0,74 0,66

A9 0,09 0,05 0,05 -0,04 0,07 0,02 0,05 0,00 0,05 0,00 0,05 0,00 0,05 0,00 0,04 0,00 0,13 -0,06

A10 0,05 0,00 0,05 -0,04 0,27 0,22 0,05 0,00 0,04 0,00 0,04 0,00 0,04 -0,01 0,05 0,00 0,04 -0,15 0,48 0,40 0,43 0,34 0,43 0,35 0,41 0,33 0,39 0,30 0,37 0,29

A11 0,04 0,00 0,09 0,00 0,13 0,09 0,04 -0,01 0,05 0,00 0,05 0,00 0,14 0,09 0,13 0,08 0,11 -0,08

A12 0,05 0,00 0,05 -0,04 0,06 0,01 0,04 -0,01 0,05 0,00 0,05 0,01 0,08 0,03 0,07 0,03 0,07 -0,13

B1 0,45 0,41 0,63 0,54 0,05 0,00 0,04 -0,01 0,05 0,00 0,05 0,00 0,05 0,00 0,05 0,00 0,05 -0,15 0,59 0,51 0,59 0,51 0,37 0,28 0,57 0,48 0,38 0,30 0,68 0,59

B2 0,05 0,00 0,05 -0,04 0,48 0,43 0,05 0,00 0,05 0,00 0,05 0,01 0,40 0,35 0,49 0,45 0,26 0,06 0,78 0,70 0,62 0,54 0,69 0,60 0,70 0,62 0,71 0,63 0,68 0,60

B3 0,14 0,09 0,15 0,06 0,05 0,00 0,05 0,00 0,04 0,00 0,05 0,00 0,07 0,02 0,05 0,00 0,04 -0,15

B4 0,05 0,00 0,04 -0,04 0,20 0,15 0,05 0,00 0,05 0,00 0,06 0,01 0,35 0,30 0,48 0,44 0,26 0,07 0,62 0,53 0,61 0,52 0,65 0,56 0,56 0,48 0,43 0,34 0,66 0,58

B5 0,04 0,00 0,05 -0,04 0,05 0,00 0,30 0,25 0,31 0,26 0,57 0,53 0,42 0,37 0,62 0,57 0,36 0,17

B6 0,08 0,04 0,09 0,00 0,57 0,52 0,06 0,02 0,06 0,02 0,07 0,02 0,06 0,01 0,11 0,06 0,07 -0,13 0,26 0,18 0,29 0,20 0,35 0,26 0,24 0,16 0,27 0,19 0,25 0,17

B7 0,04 -0,01 0,05 -0,04 0,25 0,20 0,04 0,00 0,04 0,00 0,12 0,08 0,15 0,10 0,17 0,12 0,12 -0,08 0,56 0,48 0,57 0,49 0,64 0,55 0,52 0,44 0,26 0,18 0,59 0,50

B8 0,05 0,00 0,05 -0,04 0,14 0,10 0,05 0,00 0,04 0,00 0,05 0,00 0,15 0,10 0,16 0,11 0,16 -0,04

B9 0,05 0,01 0,04 -0,04 0,13 0,08 0,04 -0,01 0,04 0,00 0,05 0,00 0,16 0,11 0,19 0,14 0,33 0,13

B10 0,04 0,00 0,05 -0,04 0,05 0,00 0,05 0,00 0,05 0,00 0,05 0,00 0,17 0,12 0,17 0,13 0,12 -0,07

B11 0,05 0,00 0,05 -0,04 0,48 0,44 0,04 0,00 0,04 0,00 0,05 0,00 0,13 0,07 0,13 0,08 0,11 -0,08 0,45 0,37 0,45 0,37 0,49 0,40 0,40 0,32 0,49 0,41 0,47 0,38

B12 0,04 0,00 0,05 -0,04 0,24 0,19 0,04 0,00 0,04 0,00 0,05 0,00 0,50 0,45 0,53 0,48 0,40 0,20 0,65 0,56 0,64 0,55 0,63 0,54 0,58 0,49 0,52 0,44 0,75 0,66

C1 0,87 0,83 0,75 0,66 0,05 0,01 0,83 0,78 0,64 0,59 0,97 0,93 0,50 0,44 0,57 0,52 0,23 0,04 0,74 0,65 0,64 0,55 0,65 0,57 0,63 0,55 0,66 0,57 0,70 0,61

C2 0,05 0,00 0,05 -0,04 0,12 0,07 0,50 0,45 0,49 0,44 0,64 0,60 0,05 0,00 0,05 0,00 0,04 -0,15

C3 0,04 0,00 0,05 -0,04 0,05 0,00 0,56 0,51 0,50 0,45 0,75 0,70 0,05 0,00 0,04 0,00 0,05 -0,15

C4 0,21 0,16 0,23 0,14 0,05 0,00 0,13 0,08 0,11 0,06 0,23 0,19 0,34 0,29 0,49 0,45 0,31 0,11

C5 0,14 0,09 0,16 0,07 0,57 0,52 0,42 0,37 0,57 0,53 0,78 0,74 0,09 0,04 0,12 0,07 0,09 -0,11 0,83 0,74 0,80 0,72 0,79 0,70 0,81 0,73 0,81 0,72 0,90 0,82

C6 0,04 0,00 0,05 -0,04 0,10 0,06 0,39 0,34 0,34 0,30 0,51 0,47 0,50 0,45 0,63 0,59 0,28 0,09

C7 0,05 0,00 0,04 -0,04 0,14 0,10 0,05 0,01 0,05 0,00 0,06 0,01 0,07 0,02 0,07 0,03 0,08 -0,12

C8 0,05 0,00 0,05 -0,04 0,09 0,04 0,64 0,59 0,49 0,45 0,73 0,68 0,06 0,01 0,07 0,02 0,06 -0,13

C9 0,75 0,71 0,67 0,58 0,05 0,00 0,27 0,22 0,35 0,30 0,63 0,59 0,08 0,03 0,07 0,03 0,29 0,09 0,62 0,54 0,59 0,50 0,55 0,46 0,30 0,21 0,30 0,22 0,27 0,18

C10 0,04 0,00 0,05 -0,04 0,05 0,00 0,05 0,00 0,05 0,00 0,07 0,02 0,16 0,11 0,08 0,03 0,06 -0,14

C11 0,40 0,36 0,51 0,42 0,05 0,00 0,29 0,24 0,53 0,48 0,81 0,76 0,05 0,00 0,04 0,00 0,05 -0,15 0,79 0,74 0,80 0,76 0,80 0,75 0,84 0,80 0,81 0,77 0,76 0,71

C12 0,04 0,00 0,05 -0,04 0,05 0,00 0,31 0,26 0,35 0,30 0,62 0,58 0,05 0,00 0,04 0,00 0,05 -0,15

D1 0,06 0,01 0,07 -0,02 0,25 0,20 0,55 0,50 0,42 0,38 0,70 0,66 0,05 0,00 0,06 0,02 0,05 -0,15 0,75 0,70 0,78 0,73 0,70 0,66 0,78 0,73 0,69 0,64 0,82 0,77

D2 0,05 0,01 0,05 -0,03 0,12 0,07 0,43 0,39 0,31 0,27 0,45 0,40 0,13 0,08 0,30 0,25 0,11 -0,09

D3 0,05 0,00 0,05 -0,04 0,04 -0,01 0,53 0,49 0,45 0,40 0,47 0,42 0,09 0,04 0,15 0,10 0,10 -0,10

D4 0,05 0,00 0,05 -0,04 0,04 -0,01 0,65 0,60 0,42 0,37 0,86 0,81 0,22 0,16 0,22 0,17 0,11 -0,09

D5 0,05 0,00 0,05 -0,04 0,05 0,00 0,65 0,60 0,53 0,49 0,76 0,71 0,15 0,10 0,26 0,21 0,22 0,03

D6 0,06 0,01 0,07 -0,02 0,05 0,00 0,41 0,36 0,35 0,31 0,52 0,47 0,29 0,24 0,58 0,54 0,21 0,02

D7 0,13 0,08 0,17 0,08 0,05 0,00 0,85 0,81 0,80 0,75 1,07 1,03 0,47 0,42 0,60 0,55 0,32 0,13

D8 0,48 0,44 0,76 0,67 0,04 0,00 0,67 0,62 0,57 0,52 0,83 0,78 0,05 0,00 0,04 -0,01 0,04 -0,15 0,26 0,21 0,12 0,07 0,58 0,54 0,58 0,53 0,59 0,55 0,59 0,54

D9 0,71 0,66 0,27 0,18 0,06 0,01 0,26 0,21 0,43 0,39 0,63 0,58 0,65 0,59 0,80 0,75 0,35 0,15 0,69 0,64 0,69 0,65 0,65 0,61 0,24 0,20 0,20 0,15 0,26 0,21

D10 0,05 0,00 0,05 -0,04 0,05 0,00 0,14 0,09 0,13 0,09 0,31 0,26 0,65 0,60 0,94 0,89 0,33 0,13

D11 0,93 0,89 1,08 0,99 0,05 0,00 0,37 0,33 0,34 0,29 0,72 0,67 0,05 0,00 0,05 0,00 0,04 -0,15 0,86 0,81 0,72 0,68 0,73 0,68 0,71 0,67 0,74 0,69 0,71 0,66

D12 0,05 0,00 0,05 -0,03 0,06 0,01 0,26 0,21 0,33 0,29 0,86 0,82 0,06 0,01 0,05 0,01 0,05 -0,14

E1 0,05 0,01 0,07 -0,02 0,06 0,01 0,06 0,01 0,05 0,00 0,05 0,00 0,14 0,09 0,15 0,11 0,07 -0,13

E2 0,05 0,00 0,05 -0,04 0,93 0,89 0,08 0,03 0,05 0,01 0,05 0,00 0,14 0,09 0,17 0,12 0,11 -0,09 0,08 0,03 0,11 0,06 0,05 0,00 0,09 0,04 0,05 0,00 0,07 0,02

E3 0,05 0,00 0,05 -0,04 0,05 0,01 0,06 0,01 0,06 0,01 0,06 0,01 0,08 0,03 0,05 0,01 0,09 -0,10

E4 0,05 0,01 0,06 -0,03 0,17 0,12 0,05 0,00 0,05 0,00 0,05 0,00 0,42 0,37 0,47 0,42 0,25 0,06

E5 0,05 0,00 0,06 -0,03 0,62 0,57 0,04 0,00 0,05 0,00 0,05 0,00 0,48 0,42 0,40 0,35 0,31 0,11 0,72 0,68 0,60 0,56 0,62 0,58 0,61 0,57 0,64 0,60 0,63 0,58

E6 0,04 0,00 0,05 -0,04 0,20 0,15 0,05 0,00 0,05 0,00 0,05 0,01 0,48 0,43 0,19 0,14 0,13 -0,06

E7 0,04 0,00 0,05 -0,04 0,05 0,01 0,05 0,00 0,05 0,00 0,06 0,01 0,50 0,45 0,65 0,60 0,41 0,21

E8 0,04 0,00 0,04 -0,05 0,05 0,00 0,17 0,12 0,23 0,19 0,43 0,38 0,12 0,06 0,12 0,08 0,07 -0,13

E9 0,05 0,00 0,05 -0,04 0,05 0,00 0,24 0,19 0,22 0,18 0,62 0,57 0,05 0,00 0,05 0,00 0,05 -0,15

E10 0,05 0,00 0,05 -0,04 0,05 0,00 0,08 0,03 0,05 0,00 0,05 0,00 0,05 0,00 0,05 0,00 0,04 -0,15

E11 0,05 0,00 0,05 -0,04 0,05 0,00 0,52 0,47 0,40 0,35 0,80 0,75 0,05 0,00 0,05 0,00 0,04 -0,16

E12 0,31 0,27 0,38 0,29 0,06 0,01 0,05 0,00 0,05 0,01 0,07 0,03 0,48 0,43 0,53 0,49 0,37 0,18 0,68 0,64 0,68 0,64 0,66 0,61 0,68 0,63 0,69 0,65 0,76 0,72

F1 0,05 0,00 0,06 -0,03 0,08 0,03 0,10 0,06 0,09 0,05 0,12 0,08 0,05 0,00 0,06 0,01 0,05 -0,14

F2 0,06 0,02 0,08 -0,01 0,49 0,44 0,11 0,07 0,12 0,07 0,10 0,05 0,18 0,13 0,27 0,23 0,17 -0,03 0,05 0,01 0,05 0,00 0,05 0,01 0,05 0,01 0,05 0,00 0,06 0,01

F3 0,05 0,00 0,05 -0,03 0,05 0,00 0,07 0,02 0,08 0,03 0,08 0,03 0,07 0,02 0,06 0,01 0,05 -0,15

F4 0,05 0,00 0,05 -0,04 0,68 0,63 0,66 0,61 0,50 0,45 0,94 0,89 0,36 0,31 0,46 0,41 0,43 0,23 0,33 0,29 0,32 0,27 0,35 0,30 0,29 0,24 0,28 0,24 0,31 0,26

F5 0,05 0,00 0,05 -0,04 0,19 0,14 0,58 0,54 0,05 0,00 0,82 0,78 0,13 0,08 0,16 0,11 0,13 -0,07

F6 0,04 0,00 0,05 -0,04 0,05 0,01 0,31 0,26 0,28 0,24 0,58 0,54 0,08 0,03 0,22 0,18 0,07 -0,13

F7 0,04 0,00 0,05 -0,04 0,05 0,00 0,17 0,12 0,18 0,14 0,51 0,46 0,44 0,39 0,48 0,44 0,28 0,08

F8 0,77 0,73 0,86 0,78 0,15 0,10 0,04 -0,01 0,04 0,00 0,05 0,00 0,05 0,00 0,04 0,00 0,04 -0,15 0,83 0,78 0,66 0,61 0,70 0,65 0,65 0,61 0,67 0,62 0,66 0,61

F9 0,50 0,46 0,04 -0,04 0,22 0,17 0,04 0,00 0,05 0,00 0,05 0,00 0,05 0,00 0,05 0,00 0,05 -0,15 0,54 0,49 0,57 0,53 0,54 0,49 0,13 0,08 0,10 0,05 0,11 0,06

F10 0,05 0,00 0,05 -0,04 0,04 0,00 0,04 0,00 0,04 0,00 0,05 0,01 0,05 0,00 0,05 0,01 0,05 -0,15

F11 0,05 0,00 0,05 -0,04 0,04 0,00 0,10 0,06 0,08 0,04 0,20 0,15 0,05 0,00 0,08 0,03 0,05 -0,15

F12 0,04 0,00 0,05 -0,04 0,61 0,56 0,05 0,00 0,05 0,00 0,06 0,01 0,68 0,63 0,82 0,78 0,57 0,38 0,70 0,65 0,59 0,54 0,60 0,56 0,59 0,55 0,62 0,57 0,62 0,57

G1 0,94 0,90 0,45 0,36 0,09 0,04 0,05 0,00 0,08 0,04 0,06 0,01 0,48 0,43 0,53 0,49 0,28 0,08 0,63 0,59 0,64 0,59 0,61 0,56 0,24 0,20 0,21 0,17 0,24 0,19

G2 0,83 0,78 0,94 0,85 0,04 0,00 0,09 0,05 0,10 0,06 0,17 0,13 0,06 0,01 0,09 0,05 0,08 -0,12 0,90 0,85 0,78 0,73 0,85 0,80 0,34 0,30 0,41 0,36 0,44 0,39

G3 0,05 0,01 0,08 -0,01 0,05 0,00 0,07 0,02 0,08 0,03 0,17 0,13 0,05 -0,01 0,05 0,00 0,04 -0,15

G4 0,17 0,13 0,28 0,19 0,04 -0,01 0,48 0,43 0,51 0,46 0,75 0,70 0,06 0,01 0,07 0,02 0,06 -0,14

G5 0,17 0,13 0,30 0,21 0,05 0,00 0,08 0,03 0,12 0,07 0,13 0,08 0,12 0,07 0,13 0,08 0,20 0,00

G6 0,53 0,49 0,79 0,70 0,12 0,07 0,37 0,32 0,55 0,50 0,79 0,74 0,49 0,43 0,67 0,62 0,40 0,20 0,87 0,81 0,95 0,89 0,11 0,05 0,41 0,35 0,10 0,05 0,78 0,73

G7 1,04 0,99 1,38 1,29 0,07 0,02 0,05 0,00 0,04 0,00 0,05 0,00 0,18 0,13 0,24 0,20 0,18 -0,01 1,13 1,07 0,79 0,73 0,85 0,79 0,97 0,92 0,94 0,88 0,96 0,90

G8 0,04 0,00 0,05 -0,03 0,05 0,00 0,54 0,49 0,55 0,50 0,84 0,79 0,27 0,22 0,24 0,20 0,16 -0,03

G9 0,29 0,24 0,51 0,42 0,05 0,00 0,14 0,09 0,13 0,09 0,30 0,25 0,18 0,13 0,22 0,18 0,04 -0,16 0,06 0,00 0,05 -0,01 0,06 0,00 0,06 0,00 0,06 0,01 0,05 -0,01

G10 0,05 0,00 0,06 -0,03 0,05 0,00 0,49 0,45 0,42 0,37 0,80 0,75 0,19 0,13 0,22 0,18 0,14 -0,05

G11 0,80 0,76 1,11 1,02 0,05 0,00 0,05 0,00 0,05 0,00 0,06 0,02 0,06 0,01 0,06 0,02 0,05 -0,14 0,81 0,75 0,68 0,62 0,70 0,64 0,68 0,62 0,71 0,65 0,70 0,64

G12 0,05 0,00 0,05 -0,04 0,62 0,57 0,56 0,51 0,65 0,61 0,89 0,85 0,05 0,00 0,05 0,01 0,05 -0,15 0,11 0,05 0,08 0,03 0,11 0,05 0,10 0,04 0,14 0,08 0,09 0,04

H1 0,06 0,01 0,24 0,15 0,06 0,01 0,49 0,44 0,56 0,52 0,70 0,66 0,64 0,59 0,62 0,57 0,40 0,21

H2 0,23 0,19 0,40 0,31 0,06 0,01 0,44 0,40 0,49 0,44 0,54 0,49 0,10 0,05 0,15 0,11 0,12 -0,07 0,29 0,24 0,29 0,24 0,29 0,23 0,33 0,27 0,32 0,26 0,29 0,23

H3 0,64 0,60 0,58 0,49 0,08 0,03 0,55 0,51 0,65 0,60 0,90 0,85 0,37 0,32 0,75 0,71 0,27 0,08 0,05 0,00 0,08 0,02 0,06 0,01 0,06 0,00 0,09 0,03 0,06 0,00

H4 0,09 0,04 0,16 0,07 0,05 0,01 0,09 0,04 0,10 0,06 0,22 0,18 0,32 0,27 0,49 0,44 0,29 0,10

H5 0,46 0,41 0,57 0,48 0,05 0,00 0,78 0,73 0,48 0,44 0,82 0,77 0,43 0,37 0,43 0,38 0,29 0,09 0,85 0,79 0,85 0,80 0,69 0,64 0,85 0,79 0,74 0,68 0,66 0,60

H6 0,89 0,84 0,84 0,75 0,05 0,00 0,40 0,35 0,51 0,47 0,73 0,69 0,42 0,37 0,67 0,62 0,29 0,10 1,85 1,79 1,85 1,80 1,69 1,64 1,85 1,79 1,74 1,68 1,66 1,60

H7 1,00 0,95 0,85 0,76 0,05 0,00 0,32 0,27 0,47 0,42 0,84 0,79 0,40 0,35 0,50 0,45 0,28 0,08 0,67 0,61 0,67 0,61 0,11 0,05 0,64 0,58 0,11 0,05 0,86 0,80

H8 0,05 0,01 0,37 0,28 0,05 0,01 0,04 0,00 0,05 0,00 0,05 0,00 0,18 0,12 0,23 0,18 0,13 -0,07 0,06 0,00 0,06 0,00 0,06 0,00 0,06 0,01 0,06 0,00 0,08 0,02

H9 0,20 0,15 0,25 0,16 0,06 0,01 0,05 0,00 0,04 0,00 0,05 0,00 0,05 0,00 0,06 0,01 0,12 -0,08

H10 0,05 0,00 0,16 0,07 1,43 1,38 0,05 0,00 0,05 0,00 0,05 0,00 0,05 0,00 0,05 0,00 0,05 -0,15

H11 0,05 0,00 0,05 -0,04 0,05 0,00 0,05 0,00 0,05 0,00 0,05 0,00 0,05 0,00 0,05 0,00 0,05 -0,15

H12 0,04 0,00 0,05 -0,03 0,05 0,00 0,05 0,00 0,05 0,00 0,04 -0,01 0,06 0,00 0,05 0,00 0,05 -0,15
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 APPENDIX H 

Elementary and confirmatory ELISA results of second bio-panning 

 

 

Original absolute values of absorbance and corrected values (blank subtracted) are shown. 

 

 

 

  

original corrected original corrected original corrected original 1 corrected 1 original 2 corrected 2 original 3 corrected 3 original 1 corrected 1 original 2 corrected 2 original 3 corrected 3 original 1 corrected 1 original 2 corrected 2 original 3 corrected 3

A1 0,05 0,00 0,05 0,00 0,05 -0,01

A2 0,07 0,02 0,11 0,06 0,14 0,08

A3 0,38 0,33 0,06 0,01 0,06 0,00 0,81 0,76 0,61 0,57 0,89 0,85 0,52 0,47 0,32 0,27 0,20 0,15 0,21 0,16 0,12 0,07 0,23 0,18

A4 0,06 0,01 0,04 0,00 0,05 -0,01

A5 0,37 0,32 0,16 0,11 0,08 0,02 0,24 0,19 0,29 0,25 0,28 0,24 0,10 0,05 0,11 0,06 0,11 0,06 0,07 0,02 0,08 0,03 0,08 0,03

A6 0,34 0,29 0,31 0,27 0,24 0,18

A7 0,15 0,10 0,19 0,14 0,10 0,04

A8 0,32 0,27 0,25 0,20 0,22 0,16

A9 0,04 -0,01 0,04 0,00 0,05 -0,01

A10 0,05 0,00 0,05 0,00 0,05 -0,01

A11 0,05 0,00 0,04 0,00 0,16 0,10

A12 0,04 -0,01 0,05 0,00 0,27 0,21 0,10 0,05 0,06 0,02 0,12 0,08 0,40 0,35 0,38 0,33 0,42 0,36 0,13 0,08 0,19 0,14 0,26 0,21

B1 0,05 -0,01 0,05 0,00 0,05 -0,01

B2 0,06 0,01 0,05 0,00 0,07 0,01

B3 0,05 0,00 0,04 0,00 0,04 -0,02

B4 0,04 -0,01 0,04 0,00 0,07 0,01

B5 0,04 -0,01 0,04 0,00 0,05 -0,01

B6 0,04 -0,01 0,04 -0,01 0,04 -0,02

B7 0,04 -0,01 0,04 -0,01 0,05 -0,01

B8 0,05 0,00 0,05 0,00 0,05 -0,01

B9 0,05 0,00 0,11 0,07 0,11 0,05

B10 0,04 -0,01 0,08 0,03 0,08 0,02

B11 0,04 -0,01 0,05 0,00 0,05 -0,01

B12 0,26 0,21 0,17 0,13 0,53 0,47 0,57 0,52 0,59 0,54 0,79 0,74 0,82 0,77 0,77 0,71 0,78 0,73 0,58 0,53 0,58 0,53 0,63 0,58

C1 0,05 0,00 0,04 -0,01 0,05 -0,01

C2 0,35 0,30 0,61 0,56 0,54 0,48 0,53 0,49 0,56 0,52 0,51 0,47 1,40 1,35 1,04 0,99 1,03 0,97 0,90 0,85 0,76 0,71 0,79 0,74

C3 0,30 0,25 0,12 0,07 0,09 0,03 0,48 0,44 0,58 0,53 0,57 0,53 0,40 0,35 0,47 0,42 0,44 0,39 0,19 0,14 0,36 0,31 0,21 0,16

C4 0,05 0,00 0,09 0,04 0,13 0,07

C5 0,04 -0,01 0,05 0,00 0,05 -0,01

C6 0,04 -0,01 0,04 -0,01 0,04 -0,02

C7 0,04 -0,01 0,04 -0,01 0,06 0,01

C8 0,45 0,40 0,06 0,02 0,11 0,05 0,43 0,39 0,41 0,37 0,42 0,38 0,26 0,20 0,23 0,18 0,33 0,28 0,09 0,04 0,21 0,16 0,39 0,33

C9 0,06 0,01 0,08 0,03 0,12 0,06

C10 0,25 0,20 0,06 0,02 0,07 0,01 0,49 0,45 0,51 0,46 0,52 0,47 0,19 0,14 0,18 0,13 0,15 0,10 0,08 0,03 0,11 0,06 0,11 0,05

C11 0,20 0,15 0,27 0,22 0,32 0,26 0,61 0,57 0,53 0,49 0,54 0,49 1,37 1,32 0,06 0,01 1,03 0,98 0,74 0,68 0,75 0,70 0,86 0,80

C12 0,05 0,00 0,07 0,02 0,20 0,14

D1 0,07 0,02 0,05 0,00 0,05 -0,01

D2 0,15 0,10 0,26 0,22 0,23 0,17 0,25 0,21 0,27 0,23 0,25 0,20 0,74 0,68 0,93 0,88 0,87 0,82 0,61 0,56 0,53 0,48 0,53 0,48

D3 0,05 0,00 0,05 0,00 0,04 -0,02

D4 0,04 -0,01 0,05 0,00 0,05 -0,01

D5 0,04 -0,01 0,04 -0,01 0,05 -0,01

D6 0,04 -0,01 0,04 -0,01 0,05 -0,01

D7 0,04 -0,01 0,04 -0,01 0,04 -0,02

D8 0,04 -0,01 0,05 0,00 0,06 0,00

D9 0,05 0,00 0,05 0,00 0,05 -0,01

D10 0,12 0,07 0,34 0,29 0,46 0,40 0,40 0,36 0,39 0,34 0,34 0,30 1,01 0,96 0,85 0,80 1,04 0,99 0,56 0,51 0,64 0,59 0,60 0,55

D11 0,06 0,01 0,06 0,01 0,09 0,03

D12 0,32 0,27 0,10 0,05 0,24 0,18 0,61 0,56 0,60 0,55 0,65 0,61 0,43 0,37 0,44 0,38 0,30 0,25 0,13 0,07 0,17 0,12 0,16 0,11

E1 0,31 0,26 0,06 0,01 0,06 0,00 0,59 0,55 0,54 0,50 0,58 0,53 0,12 0,06 0,15 0,10 0,16 0,11 0,16 0,11 0,09 0,04 0,08 0,03

E2 0,51 0,46 0,25 0,20 0,11 0,05 0,63 0,58 0,73 0,68 0,69 0,65 0,64 0,59 0,70 0,65 0,65 0,60 0,28 0,23 0,27 0,22 0,24 0,19

E3 0,07 0,02 0,08 0,03 0,07 0,01

E4 0,07 0,02 0,06 0,01 0,11 0,05

E5 0,21 0,16 0,08 0,03 0,17 0,11

E6 0,29 0,24 0,10 0,05 0,09 0,03 0,71 0,66 0,69 0,65 0,71 0,66 0,77 0,71 0,46 0,41 0,73 0,67 0,03 -0,02 0,49 0,44 0,50 0,45

E7 0,30 0,25 0,09 0,04 0,11 0,05 0,64 0,60 0,59 0,55 0,65 0,61 0,56 0,51 0,54 0,49 0,46 0,40 0,31 0,26 0,30 0,25 0,28 0,22

E8 0,35 0,30 0,22 0,17 0,18 0,12

E9 0,04 -0,01 0,04 -0,01 0,06 0,00

E10 0,05 0,00 0,12 0,07 0,08 0,02

E11 0,34 0,29 0,29 0,25 0,33 0,27

E12 0,05 0,00 0,21 0,17 0,37 0,31 0,35 0,30 0,08 0,03 0,08 0,04 0,75 0,70 0,70 0,65 0,69 0,64 0,27 0,22 0,28 0,23 0,22 0,17

F1 0,11 0,06 0,07 0,02 0,06 0,00

F2 0,49 0,44 0,21 0,16 0,11 0,05 0,64 0,60 0,69 0,65 0,69 0,65 0,62 0,56 0,53 0,48 0,64 0,59 0,25 0,20 0,22 0,17 0,25 0,20

F3 0,48 0,43 0,17 0,13 0,17 0,11 0,70 0,65 0,66 0,62 0,70 0,65 0,59 0,54 0,39 0,33 0,58 0,53 0,47 0,42 0,49 0,44 0,44 0,39

F4 0,04 -0,01 0,04 0,00 0,05 -0,01

F5 0,05 -0,01 0,05 0,00 0,04 -0,02

F6 0,32 0,27 0,23 0,18 0,27 0,21

F7 0,05 0,00 0,04 0,00 0,05 -0,01

F8 0,32 0,27 0,10 0,06 0,10 0,04 0,66 0,62 0,65 0,60 0,66 0,61 0,34 0,28 0,57 0,52 0,29 0,24 0,24 0,19 0,26 0,21 0,17 0,11

F9 0,25 0,20 0,05 0,00 0,08 0,02 0,62 0,58 0,62 0,57 0,61 0,56 0,31 0,26 0,26 0,20 0,26 0,21 0,07 0,02 0,06 0,01 0,08 0,02

F10 0,09 0,04 0,14 0,09 0,14 0,08

F11 0,39 0,34 0,50 0,46 0,48 0,42 0,69 0,64 0,75 0,70 0,68 0,63 1,57 1,52 1,80 1,75 1,73 1,68 0,69 0,64 0,77 0,71 0,65 0,59

F12 0,04 -0,01 0,05 0,00 0,16 0,10

G1 0,64 0,59 0,46 0,41 0,27 0,21 0,67 0,63 0,74 0,69 0,71 0,66 0,57 0,52 0,82 0,76 0,94 0,89 0,37 0,32 0,42 0,37 0,36 0,31

G2 0,05 0,00 0,04 0,00 0,05 -0,01

G3 0,05 0,00 0,05 0,00 0,05 -0,01

G4 0,05 0,00 0,05 0,00 0,05 -0,01

G5 0,04 -0,01 0,04 0,00 0,05 -0,01

G6 0,05 0,00 0,06 0,01 0,07 0,01

G7 0,05 0,00 0,05 0,00 0,06 0,00

G8 0,32 0,26 0,15 0,11 0,22 0,16

G9 0,28 0,23 0,14 0,09 0,16 0,10

G10 0,05 0,00 0,04 0,00 0,05 -0,01

G11 0,05 0,00 0,07 0,02 0,16 0,10

G12 0,05 0,00 0,08 0,04 0,06 0,00

H1 0,11 0,06 0,05 0,00 0,06 0,00

H2 0,07 0,02 0,05 0,00 0,06 0,00

H3 0,51 0,46 0,25 0,20 0,10 0,04 0,66 0,62 0,51 0,47 0,64 0,60 0,35 0,30 0,80 0,75 0,60 0,54 0,23 0,18 0,26 0,21 0,20 0,15

H4 0,50 0,45 0,32 0,27 0,41 0,35 0,77 0,72 0,73 0,69 0,73 0,69 0,81 0,76 0,86 0,81 0,78 0,72 0,70 0,65 0,89 0,84 0,71 0,66

H5 0,05 0,00 0,05 0,00 0,05 -0,01

H6 0,53 0,48 0,20 0,15 0,31 0,25 0,70 0,65 0,73 0,68 0,69 0,64 0,65 0,60 0,64 0,59 0,37 0,32 0,52 0,47 0,49 0,44 0,53 0,48

H7 0,05 0,00 0,05 0,01 0,05 -0,01

H8 0,05 0,00 0,04 0,00 0,06 0,00

H9 0,06 0,01 0,17 0,12 0,27 0,21 0,08 0,04 0,08 0,04 0,08 0,04 0,35 0,29 0,31 0,26 0,52 0,47 0,54 0,49 0,58 0,53 0,30 0,25

H10 0,05 0,00 0,13 0,08 0,07 0,01 0,04 0,00 0,04 0,00 0,04 0,00 0,06 0,00 0,05 0,00 0,05 0,00 0,06 0,00 0,05 0,00 0,05 0,00

H11 0,05 0,00 0,22 0,17 0,05 -0,01

H12 0,05 0,00 0,05 0,00 0,19 0,13

Confirmatory ELISA 

NbPATZ1:AgPATZ1 NbPATZ1:AgPATZ2 NbPATZ1:AgMiz

Elementary ELISA 

NbPATZ1:AgPATZ1 NbPATZ1:AgPATZ2 NbPATZ1:AgMiz
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APPENDIX I 

Maps of plasmids 

 

 

 

 

 

 

 

 

 

 

 

The 

map of pHEN4 plasmid 

 

 

 

 

 

 

 

 

 

 

 

 

 

The map of pET_mCherry-800 plasmid 
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The map of pET-28a (+) plasmid 

 

 

 

The map of pcDNA3.1 Myc His B (-) plasmid 
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APPENDIX J 
Nanobody DNA Sequences  
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