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Abstract 
Cancer is one of the leading causes of premature death in the world and its incidence 

and mortality are rapidly growing worldwide. Despite the biological heterogeneity of 

cancer, most patients are still treated with generic therapies, which often result in 

negative aftermath on the patients’ health. Adverse effects can be reduced by 

treatments targeting molecules which are exclusively expressed by cancer cells. One 

such molecule is the ganglioside N-glycolyl GM3 neuraminic acid (NeuGc GM3), which 

is present on the surface of several human cancer cell types and is not found in healthy 

tissue. This tumor-specific ganglioside is targeted with high specificity by the 

monoclonal antibody 14F7, which was produced in Cuba two decades ago. Unlike 

most anti-tumor antibodies, 14F7 has the outstanding ability to induce cancer cell 

death without recruiting any component of the immune system. To date, the cell killing 

mechanism of 14F7 is still poorly understood. In order to fully exploit its potential in 

cancer therapy, the fate of 14F7 after binding to the target has to be unraveled. The 

aim of this Master’s project was to gain insights into the internalization abilities of 14F7. 

After binding to the ganglioside, does the antibody travel inside the cell? 

  

Here, a 14F7 single-chain variable fragment (scFv) was covalently connected to a 

luciferase called NanoLuc. Due to its bright luminescence and pH-dependent activity, 

the NanoLuc has been identified as a suitable reporter for internalization studies. The 

vector coding for the fusion protein 14F7 scFv-NanoLuc was cloned through a PCR-

based method, named Gibson assembly. A production protocol based on control of the 

glucose feed in Escherichia coli was established. The protein was effectively purified 

with immobilized metal affinity chromatography followed by size-exclusion 

chromatography. The binding affinity of the 14F7 scFv domain to NeuGc GM3 was 

confirmed by ELISA. The NanoLuc revealed a very high brightness and a robust pH-

dependent activity. A recently developed assay to quantify the amount of a cell surface 

receptor, named Topanga assay, allowed quantification of NeuGc GM3 on several cell 

lines. Using the Topanga assay as a starting point, a novel assay to obtain insights 

into the internalization kinetics was developed. Interestingly, high amounts of 

NeuGc GM3 on the cell surface corresponded to faster internalization. This work paves 

the way for the application of scFv-C1-Nluc in bioluminescence microscopy in live cells. 
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1. Introduction 

1.1. Cancer 

Cancer is the first or second leading cause of premature death in more than half of the 

countries in the world (Figure 1; World Health Organization, 2016). Its incidence and 

mortality are rapidly growing worldwide (Bray et al., 2018). 

 

 
Figure 1. World map showing the ranking of cancer as cause of premature death in every 
country. World Health Organization (WHO), 2016. 

 

Cancer is not just one disease, but a variety of diseases which share common features, 

including abnormal cellular proliferation (Hanahan & Weinberg, 2011). The human 

body is comprised of trillions of cells organized in different types of tissues and 

79 organs (Sender et al., 2016). Cancer can arise in any organ, from a single renegade 

cell. Healthy cells have a tightly regulated life cycle. Cell division can only happen at 

certain points defined by criteria that ensure healthy growth, protection and 

maintenance of the organism: each cell “knows” when to die. During life, cells can 

undergo genetic mutation due to natural events (e.g., imprecise DNA replication), and 

environmental factors (e.g., ultraviolet light, chemical exposure, viral infection, etc.). 
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Mutations of genes which regulate cell division can alter the life cycle of the cell. In 

some cases, these genetic alterations can uncouple the cell cycle from normal 

regulation – ultimately ending in immortal life11. When this happens, the cell – namely 

a cancer cell – can proliferate indefinitely, potentially generating a mass of abnormal 

cells (tumor) and/or spread to other parts of the body (metastasis).  

 

1.1.1. Cancer treatment 
The biology of cancer is baffling. It varies from one cancer type to another and from 

patient to patient. Despite this heterogeneity, most patients are treated with the same 

generic therapies. The standard treatments used today are surgery, chemotherapy, 

radiotherapy, immunotherapy and targeted therapy (National Cancer Institute, 2017). 

Surgery is used to remove the tumor mass and is often used in combination with other 

types of treatments. The strategy of chemotherapy and radiotherapy is to kill fast-

dividing cells by using chemicals and radiation, respectively. These treatments do not 

only harm cancer cells, but also healthy cells, often resulting in severe and toxic side 

effects. Immunotherapy and targeted therapy, which will be described in the next 

sections, deserve more attention, in that they have been recently deemed as the new 

frontier in the fight against cancer. 

 

Immunotherapy 
The human body fights cancer through its natural defense machinery, i.e., the immune 

system (Section 1.2). This natural protection from cancer can be boosted by 

immunotherapy, the emerging field which was pioneered by Allison and Honjo – both 

awarded the Nobel Prize in Physiology or Medicine in 2018. Immunotherapy acts in 

different ways, such as removing the breaks of the immune system to make it 

temporarily more aggressive, or engineering the patients’ own immune cells turning 

them into cancer-killers (chimeric antigen receptor T cell therapy). The side effects of 

immunotherapy are often minor in comparison to chemotherapy and radiotherapy. 

However, the response to such a treatment may take a long time to develop or, in 

 
11 Not all cancers are immortal and have contiuous abnormal cell growth, e.g., chronic lymphocytic 
leukemia, which need stimulous from other immune cells to proliferate (Caligaris-Cappio & Ghia, 
2008). 
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some cases, the immune system can even get too aggressive and wind up harming 

healthy cells (Bajwa et al., 2019; Hoos et al., 2010). 

 

Targeted therapy 
Cancer cells may produce some molecules in other ratios and different variants 

compared to healthy ones, and sometimes these molecules are displayed on the cell 

surface. Targeted therapy uses drugs that interact with these cancer-related molecules 

to induce cell death. In general, these drugs are less toxic than chemotherapeutics, 

since they are designed to minimize the killing of healthy cells. However, some 

individuals can experience severe adverse effects (Widakowich et al., 2007).  

 

Monoclonal antibody therapy 
Some treatments can be classified as both immunotherapy and targeted therapy. This 

can be the case when particular proteins, called monoclonal antibodies, are used as 

therapeutic agents. The features of antibodies and their main applications in cancer 

treatment will be illustrated in sections 1.2 and 1.3. 
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1.2. The immune system 

When the human body is threatened by intruders such as viruses, or by dangerous 

cells, including bacteria and cancer, the immune system steps in. It is a complex 

network of organs, tissues and cells that evolves during life. The first line in the immune 

system’s army is called the innate immune system, which humans possess since birth. 

It consists of nonspecific mechanisms aimed at blocking or overcoming the pathogen 

immediately after exposure. Physical barriers (skin and mucous membranes) together 

with a specific set of defense cells (macrophages, phagocytes and so on) take part to 

these processes. A key component of the innate system is the complement cascade: 

the detection of a foreign molecule triggers a cascade of reactions carried out by the 

complement proteins. The cascade of events activates different immune functions 

which aim to eliminate the intruder.  

 

If the dangerous agent escapes or overcomes the innate immune system, a more 

targeted immune response is needed. This is performed by the adaptive immune 

system, which develops throughout life and provides the unique feature of 

immunological memory that ensures improved protection upon re-exposure. Specific 

molecules of the dangerous agent, called antigens, are identified as targets. The 

pivotal players of the adaptive immune system are the B lymphocytes and T 

lymphocytes (respectively B and T cells). On its surface, every lymphocyte expresses 

a receptor which can bind to a specific antigen. When a receptor finds a matching 

antigen, an immune response against that specific antigen can be initiated: B and T 

lymphocytes become specialized immune cells. For example, T lymphocytes can 

generate cytotoxic T cells, which are trained to destroy cells expressing a foreign 

antigen (i.e., cancer cells, bacteria and cells infected by a virus). Memory B and T cells 

can also be generated. They are long lived and will be subsequently useful to allow a 

quicker immune response if a second infection occurs (Seifert & Küppers, 2016; 

Wiedemann et al., 2019). This immunological memory is the basis of vaccination. In 

humans, there are more than 1010 B and T cell receptors with different specificity 

(Janeway, 2001; Zarnitsyna et al., 2013). In other words, the immune system can 

recognize billions of different foreign molecules thus eliciting a specific immune 
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response. The great diversity of these receptors is due to a complex process of gene 

rearrangement and hypermutation during cell maturation. 

 

1.2.1. Antibodies 
Upon binding to a matching antigen, B lymphocytes can differentiate into antibody-

producing cells i.e., plasma cells. Antibodies, or immunoglobulins, are used by the 

immune system to find, mark and neutralize intruders or unwanted cells. They are large 

Y-shaped glycoproteins composed of two heavy chains and two light chains (Figure 2). 

Antibodies bind with high specificity to the antigen (in some cases to a group of 

antigens) that has triggered the differentiation of the parent B cell. The great diversity 

of antibodies is due to the variations of the polypeptide chains in proximity of the N-

terminus. This region is called variable region (domains VL and VH; Figure 2) and 

contains six hypervariable regions, known as complementarity-determining regions 

(CDRs). A set of these hypervariable regions, three for the light chain and three for the 

heavy chain, shapes the antigen binding site, called paratope (Poljak et al., 1973). The 

paratope interacts with a specific structural portion of the antigen, called epitope. The 

remaining portion of the antibody is called constant region and consists of several 

constant domains (domains CL, CH1, CH2, CH3; Figure 2). Differences in the constant 

region of the heavy chains define the different isotypes (IgA, IgD, IgE, IgG and IgM) 

and subclasses (1 or 2 for IgA; 1, 2, 3 or 4 for IgG) of antibodies, which have different 

roles in the immune response (Janeway, 2001). The most abundant antibody isotype 

in human serum is immunoglobulin G1 (IgG1; Figure 2). The arms of the antibody are 

called fragment antigen-binding (Fabs; Figure 2) and the “stem” is called fragment 

crystallizable (Fc), since it easily generates crystals. The assembly of the four chains 

is highly stabilized by disulfide bridges and hydrophobic interactions between different 

domains (Figure 2). The fold of every domain consists of a β-sheet sandwich, which is 

stabilized by an internal disulfide bridge (Davies & Chacko, 1993).  
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Figure 2. Sketch of the structure of an IgG1 and antibody fragments (Fab, scFv and nanobody). 
Light chains are in light violet. Heavy chains are in dark violet. IgG carbohydrates are represented as 
green dots. Disulfide bridges are represented as yellow sticks. Internal disulfide bridges (which stabilize 
the single β-sheet sandwich domains) are not shown. 

 

Monoclonal antibodies 
Antibodies can also be produced outside the human body and used as drugs, vaccines 

or research tool. The most common strategy to produce such antibodies in vitro is 

called hybridoma technology. Through this procedure, an antibody-producing B cell is 

fused with a cancer cell. The resulting cell is also called a hybridoma cell. Two groups 

of genes are paramount in its make-up: one, handed down from the cancer cell, 

providing the hybridoma robustness and longevity, the other, deriving from the parental 

B cell, conferring the ability to predictably produce and secrete antibodies of defined 

specificity (Köhler & Milstein, 1975). Thus, the term monoclonal antibodies (mAbs) 

merely means identical antibody molecules that derive from a single, unique parent 

cell. The B cells are usually extracted from the spleen of immunized mice. Indeed, 

mAbs produced with this technology are usually of mouse origin. When injecting 

mouse mAbs into a patient, the body identifies them as non-human; an immune 

response takes place: human anti-mouse antibodies (HAMA) are generated (Schroff 

et al., 1985). This implies allergic reactions and rapid neutralization of therapeutic 

mouse mAbs after repeated use. The risk of having a HAMA response can be reduced 

by replacing regions of the mouse mAbs with human sequences. Several technologies 

allow design and production of chimeric (human constant region and mouse variable 

region; Morrison 1984), humanized (human mAb with mouse CDRs; Queen et al. 
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1989) and fully human mAbs (Kempeni, 1999). These latter versions are less 

immunogenic than mouse mAbs (Hwang & Foote, 2005). 

 

Antibody fragments 
Manufacturing of mAbs is often a resource demanding and elaborate procedure. 

Several applications allow use of compact versions of mAbs, such as Fabs, single-

chain variable fragments (scFvs) and single-domain antibodies (i.e., nanobodies).  

 

ScFvs were first described in 1988 by Bird and coworkers (Bird et al., 1988). They are 

composed of the variable regions of the heavy (VH) and the light chain (VL) connected 

by a flexible glycine- and serine-rich linker (Figure 2). ScFvs generally retain the 

specificity and binding affinity of the original mAb and, due to their small size 

(approximately 30 kDa), they are highly effective in penetrating tissue, including tumor 

penetration (Vashishtha et al., 2016; Yokota et al., 1992). In addition, scFvs potentially 

form crystals more easily than mAbs and Fabs, thus resulting in a powerful tool to 

determine the paratope’s three-dimensional structure. However, the lack of constant 

domains makes scFvs less stable than Fabs and the parental antibodies (Glockshuber 

et al., 1990). 

 

In 1993, Hamers-Casterman et al. reported the peculiar structure of camelid IgGs 

(Hamers-Casterman et al., 1993): the antibodies they described did not include any 

light chain, but only two heavy chains. The antigen-specificity of camelid antibodies 

was shaped by a single variable domain (VHH). These findings gave rise to a unique 

class of single-domain antibody fragments called nanobodies (Ablynx; Figure 2), which 

are extremely stable even at high temperatures (Van Der Linden et al. 1999). 

 

Fabs, scFvs and nanobodies lack an Fc region; in other words, they cannot mediate 

the activation of immune functions and they have a shorter in vivo half-life (Kholodenko 

et al., 2019). A great advantage of producing antibody fragments instead of mAbs, is 

that they do not need to be glycosylated. This allows large-scale production in microbial 

systems, such as Escherichia coli (Spadiut et al. 2014). At present, several scFv-based 

drugs are being developed. One of them is gancotamab (Merrimack Pharma), which 

exploits a scFv to deliver drug-containing liposomes to cancer cells.  
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1.3. Anti-tumor antibodies 

The use of mAbs for therapeutic purposes is steadily increasing (Figure 3; Kaplon et 

al. 2020). As of the beginning of 2020, 30 mAbs have been approved by the United 

States Food and Drug Administration (FDA) and/or the European Union (EU) for 

cancer treatment (The antibody society, 2020). The specificity of antibodies is exploited 

by cancer treatment in different ways. MAbs targeting tumor-specific antigens can be 

used to label cancer cells for destruction by the immune system (section B, below) or 

to selectively deliver toxicity/radiation to the cancer cells (section C, below). Molecules 

overexpressed in cancer tissues are not the only targets of anti-tumor mAbs: key 

receptors on the surface of the immune cells can be targeted to boost the killing of 

malignant cells (section A, below). Furthermore, mAbs mimicking cancer-related 

antigens can be used as vaccines to stimulate the production of anti-tumor mAbs by 

the patients’ own immune system (section E, below). Some of the most important 

strategies will be briefly described in the following sections and schematically 

illustrated in Figure 4. 

 

 
Figure 3. Cumulative number of antibody therapeutics approved in the US or EU for cancer and 
non-cancer indications, 1986–2019 (Kaplon et al., 2020). 

 



 9 

 
Figure 4. Overview of some of the applications of mAbs in cancer therapy. Therapeutic mAbs are 
in violet. Thin arrows highlight the different components of the sketch. Thicker arrows indicate triggered 
effects.  

 

A. Immune checkpoint inhibitors  

When a cytotoxic T cell meets a potentially dangerous cell, molecular interactions at 

the cell surface level occur. When the T cell receptor (TCR) finds a matching antigen, 

a cytotoxic response can be initiated. Besides TCRs, key receptors on the surface of 
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T cells are called immune checkpoints. When an immune checkpoint finds a matching 

ligand on the dangerous cell, a signal is transmitted to the T cell. Immune checkpoints 

can be stimulatory or inhibitory. The former turn on the switch of the immune response, 

whereas the latter turn it off. These interactions allow discrimination between healthy 

cells and dangerous cells. Cancer cells can escape T cell-mediated destruction by 

interacting with inhibitory checkpoints, such as cytotoxic t-lymphocyte-associated 

protein 4 (CTLA-4) and programmed cell death protein 1 (PD-1). MAbs that bind to 

inhibitory checkpoints can be used to prevent cancer cells from camouflaging. In 2011, 

ipilimumab (Yervoy, Bristol-Myers Squibb) was the first immune checkpoint inhibitor 

approved for treatment of advanced melanoma (Hodi et al., 2010; Robert et al., 2011). 

It targets the checkpoint CTLA-4 on the surface of T cells, thus blocking the binding of 

cancer cells and preventing T cell inhibition. Allison and Honjo – Nobel laureates in 

Physiology or Medicine in 2018 – thoroughly investigated the functions of CTLA-4 and 

PD-1, respectively (Ishida et al., 1992; Krummel & Allison, 1995). 

 

B. Cytotoxicity activators 

MAbs that directly target antigens on the surface of cancer cells can be used to label 

the cells for destruction by the immune system. This can happen through different 

pathways, such as antibody-dependent cell-mediated cytotoxicity (ADCC), where the 

mAb marks the cell for destruction by natural killer (NK) cells or other immune cells. 

Another common mechanism is called complement-dependent cytotoxicity (CDC). 

Here, the mAb triggers the classical complement pathway and subsequent lysis of the 

cell. An example is rituximab (Rituxan, Genentech) which targets the antigen CD20 on 

the surface of malignant B cells and mediates ADCC and CDC (Maloney et al., 2002). 

It is used to treat blood cancers, such as non-Hodgkin lymphoma. 

 

C. Toxicity carriers  

Toxicity can be directly delivered to cancer cells through mAbs: a toxic molecule or a 

radioactive atom can be attached to an antibody targeting a cancer-related antigen. 

Drugs based on this mechanism are called respectively antibody-drug conjugates 

(ADCs) and antibody-radionuclide conjugates (ARCs). An example of ARC is 177Lu-

lilotomab (Betalutin), developed in Oslo by Nordic Nanovector and currently 

undergoing clinical development. 177Lu-lilotomab (Betalutin, Nordic Nanovector) is 



 11 

composed of a mAb (lilotomab) which targets the antigen CD37 on the surface of 

malignant B cells and carries a radioactive atom (Lutetium-177). After binding, the 

antibody is internalized and radioactivity is delivered, thus leading to cell death (Dahle 

et al., 2013). Furthermore, nearby cancer cells are also damaged by the radiation. This 

drug can be used to treat non-Hodgkin lymphoma patients who do not respond to the 

treatment with the cytotoxicity activator rituximab (Genentech), as earlier described. 

Combinations of mAbs with different specificities can be highly beneficial when one of 

the targets is downregulated in the cancer cells. For example, treatment with 177Lu-

lilotomab (Betalutin, Nordic Nanovector) has recently shown to upregulate CD20 

expression on cancer cells, possibly boosting the therapeutic effect of rituximab 

(Rituxan, Genentech; Malenge et al. 2020). 

 

D. Cell signaling inhibitors  

Proliferation and survival of cancer cells involve membrane receptors, e.g., the 

epidermal growth factor receptor (EGFR). MAbs can be designed to bind to such 

receptors, thus preventing cancer cell proliferation. For example, cetuximab (Erbitux, 

Eli Lilly and Co.) binds to EGFR, thus inhibiting cell growth (Harding & Burtness, 2005). 

It is often combined to chemotherapy to treat different types of cancer, such as 

colorectal cancer (Van Cutsem et al., 2009). 

 

E. Cancer vaccine  

The production of anti-tumor antibodies in the patients’ body can be stimulated by 

using a vaccine. MAbs whose paratope mimics a cancer-related epitope (i.e., anti-

idiotypic mAbs) can be used as vaccination agents. An example is racotumomab 

(Vaxira, Recombio; in clinical development), which mimics the antigen relevant for this 

thesis (N-glycolyl GM3 neuraminic acid; described in section 1.3.1.) and is able to 

trigger the production of specific anti-tumor antibodies (Segatori et al., 2012). 
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1.3.1. The monoclonal antibody 14F7 
In an ideal case, cancer-related antigens targeted by anti-tumor antibodies are 

exclusively expressed on malignant cells. This would minimize the interactions with 

healthy cells thereby reducing the side effects. Indeed, these targets are extremely 

interesting for the development of new cancer therapies. One such antigen is the 

ganglioside N-glycolyl GM3 neuraminic acid (NeuGc GM3), which is essentially absent 

from healthy human tissue (Varki, 2001) and is targeted by the anti-tumor antibody 

14F7 (Carr et al., 2000). 

 

The target: NeuGc GM3 
Gangliosides are amphipathic macromolecules covering the surface of animal cells. 

They consist of a hydrophobic tail (sphingolipid), which anchors them to the cell 

membrane, and a hydrophilic part (carbohydrates with one or more sialic acids), which 

faces out of the cell. They have several functions, such as cell-to-cell communication, 

adhesion and signal transduction (Stults et al., 1989; Yu et al., 2011). The two most 

common types of sialic acids in vertebrates are N-acetyl neuraminic acid (NeuAc) and 

N-glycolyl neuraminic acid (NeuGc). NeuAc and NeuGc have an almost identical 

structure: a hydrogen in NeuAc is replaced by a hydroxyl group in NeuGc. In nature, 

this substitution is carried out by an enzyme called cytidine monophospho-N-acetyl-

neuraminic acid hydroxylase (CMP-Neu5Ac hydroxylase, cmah). Humans lost the 

ability to produce this enzyme due to a gene deletion during evolution (Chou et al., 

1998; Irie et al., 1998). Indeed, NeuGc gangliosides are essentially absent from normal 

human tissue (Malykh et al., 2001; Varki, 2009). Surprisingly, NeuGc gangliosides 

have been detected in large amounts on several human cancer tissues (Higashi et al., 

1985; Marquina et al., 1996). The mysterious presence of NeuGc has been attributed 

to incorporation through the diet and/or different mechanisms activated under hypoxic 

conditions (Banda et al., 2012; Bousquet et al., 2018; Tangvoranuntakul et al., 2003; 

Yin et al., 2006). The target of interest in this Master’s project, NeuGc GM3 (Figure 5), 

has been identified in several human cancers, such as breast, melanoma, kidney, 

ovary, uterus, prostate, non–small cell lung cancer and pediatric neuroblastoma 

(Blanco et al., 2011, 2015; Carr et al., 2000; Hayashi et al., 2013; Oliva et al., 2006). 
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Figure 5. Structure of NeuGc GM3 and NeuAc GM3 gangliosides. The only difference between the 
two gangliosides found in the R-group. NeuGc GM3 is essentially absent from healthy human tissue. 
“GM3” indicates the structure of the ganglioside. The letter G stands for ganglioside, the letter M stands 
for monosialic acid and the number 3 indicates the relative mobility in electrophoresis compared to other 
monosialic gangliosides (Puri et al., 2011). The picture was created by Hedda Johannesen (adapted 
from Krengel et al., 2004). 

 

The Assassin12: 14F7 mAb 
In 2000, an antibody targeting NeuGc GM3 was discovered in Havana, Cuba (Carr et 

al., 2000). The IgG1 antibody, named 14F7, had the outstanding ability to bind to 

NeuGc GM3 ganglioside with high affinity (KD: 25 nM; Rojas 2004) and to discriminate 

it from the very similar NeuAc GM3 ganglioside, commonly expressed by healthy cells. 

The mAb was generated by immunizing mice with a vaccine containing the 

NeuGc GM3 ganglioside (Carr et al., 2000). The mouse mAb was subsequently 

chimerized (Roque-Navarro et al., 2008) and later humanized (Fernández-Marrero et 

al., 2011). Immunohistochemical studies demonstrated that 14F7 could bind to 

NeuGc GM3 in several human tumor tissues (Carr et al., 2000; Hayashi et al., 2013; 

Scursoni et al., 2011). Crystal structures of antibody fragments revealed a very long 

CDR H3 loop, which strongly contributes to antigen recognition (Krengel et al., 2004; 

Bjerregaard-Andersen et al., 2018). Subsequently, the anti-tumor efficacy of the mAb 

on mouse cancers in vitro and in vivo was demonstrated (Carr et al., 2002; Dorvignit 

et al., 2015; Fernández-Marrero et al., 2011; Roque-Navarro et al., 2008). All the three 

versions on the mAb (mouse, chimeric and human) elicited similar effects. Surprisingly, 

14F7 mAb was able to kill NeuGc GM3-positive mouse cancer cells without recruiting 

other components of the immune system (Carr et al., 2002). This novel mechanism of 

 
12 14F7 mAb was nicknamed The Assassin by Johannesen (Johannesen, 2014). 
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cell death did not resemble ADCC or CDC and seemed to involve cytoskeleton 

activation and large membrane lesions (Dorvignit et al., 2015; Roque-Navarro et al., 

2008). Recent studies have finally shown that the humanized 14F7 mAb is also 

effective in killing human cancer cells positive to NeuGc GM3. The antibody promoted 

cancer cell death in vitro (by ADCC) and in vivo (Dorvignit et al., 2019). The in vivo 

studies were carried out on human cancer cells13 injected and grown in mice. These 

results emphasized the relevance of NeuGc GM3 as a target in human cancer 

treatment.  

 

 
Figure 6: Immune system-independent killing mechanism and potential applications of 14F7. The 
independent killing mechanism is illustrated in the left lane. The internalization abilities of 14F7 – still 
unknown today – will help to understand its potential applications: if 14F7 is not internalized, it could be 
a good ADCC inducer (central lane). It has already been shown that 14F7 can induce ADCC (Dorvignit 
2019). If 14F7 is internalized, it could be used to design ADCs/ARCs (right lane). Thin arrows highlight 
the different components of the sketch. Thicker arrows indicate triggered effects.  

 

  
 

13 SKOV3 cells (human ovarian cancer) transfected with the cmah gene, thereby expressing 
NeuGc GM3 continuously (Dorvignit et al., 2019). 
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Modus operandi 
To date, the immune system-independent killing mechanism of 14F7 is poorly 

understood. In the literature, there is no evidence about the fate of the antibody after 

binding to its target. Antibodies targeting antigens on the cell surface may induce 

engulfment of the antibody-antigen complex by the cell membrane and internalization, 

i.e., endocytosis. Indeed, understanding the internalization properties of 14F7 is not 

only necessary to unravel its killing mechanism, but also to fully exploit its potential in 

cancer therapy: if the 14F7-ganglioside complex is rapidly internalized, the antibody 

could be a good candidate for antibody-drug/radionuclide conjugates (ADC/ARCs) 

development (Figure 6). If the internalization is slow or does not take place at all, the 

antibody could be used as an effective ADCC inducer (Figure 6). The mode of action 

of antibodies targeting gangliosides mainly depends on the nature of the epitope and 

the cell type (Ruggiero et al., 2017). The most common route for endocytosis of 

extracellular bodies involves the formation of a cage of clathrin proteins (clathrin-

mediated endocytosis; Kaksonen and Roux 2018). However, studies have shown that 

gangliosides do not follow this pathway (Crespo et al., 2008): instead, they are mainly 

internalized through caveolae (Daniotti & Iglesias-Bartolomé, 2011; Sharma et al., 

2003; Singh et al., 2003), i.e., small pits on the cell surface formed by the assembly of 

membrane lipids and proteins, such as caveolins. Caveolins can oligomerize creating 

bigger invaginations and endocytic vescicles (Root, Plucinsky, and Glover 2015).  
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1.4. Project background 

ScFv-C1 
ScFv versions of 14F7 which retained the binding ability of the parental mAb were 

successfully produced and characterized by our group (Bjerregaard-Andersen et al., 

2018). The construct that showed the highest stability and expression yields, named 

C1, featured an alternative light chain variable region previously identified by phage 

display (Rojas et al., 2004). 

 

NanoLuc luciferase 
Luciferases are enzymes that catalyze the oxidation of a substrate thereby producing 

bioluminescence. A novel luciferase, named NanoLuc (Nluc), has recently been 

developed by Promega (Hall et al., 2012). Its small size (19 kDa), high stability, 

solubility and brightness (150 times greater than the commonly used luciferases firefly 

and Renilla) make it a powerful tool for in vitro molecular interaction assays (Hall et al., 

2012; Boute et al., 2016). Furthermore, the Nluc enzymatic activity decreases in acidic 

conditions (Hall et al., 2012). This property suggests its potential use for internalization 

studies: upon extracellular uptake, the Nluc signal would strongly decrease due to the 

acidic pH (4-5) in the endocytic vesicles (Boute et al., 2016). 
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1.5. Aims of the thesis 

The aim of this thesis was to investigate the internalization properties of 14F7. In order 

to do so, Geir Åge Løset (Department of Biosciences, University of Oslo, Norway) had 

the idea to fuse Nluc to the 14F7 scFv-C1. After incubating the fusion protein with 

cancer cells expressing NeuGc GM3, the Nluc signal would allow quantification of the 

binding protein and an estimate of the amount of NeuGc GM3 ganglioside on the cell 

surface. Moreover, the signal decrease over time, combined with microscopy studies, 

would provide insights into the internalization kinetics of the 14F7 scFv. 

 

This Master’s project has four objectives: 

 
A. Cloning: cloning of the vector coding for the scFv-C1-Nluc fusion protein (traditional 

cloning or Gibson assembly). 

 

B. Production and purification: establishing a production protocol utilizing periplasmic 

expression in E. coli and a protein purification protocol by combining affinity and size-

exclusion chromatography. 

 

C. Biophysical characterization: evaluating the binding ability of the fusion protein by 

direct and indirect ELISA, and Nluc activity by luminescence assays. 

 

D. Cell studies: evaluating the binding of the fusion protein to cancer cells expressing 

NeuGc GM3 and internalization properties by luminescence assays and confocal 

microscopy. 
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2. Methods 

Every experimental protocol described in this chapter is preceded by a short theoretical 

background. A complete list of the materials used in this thesis is provided in the 

appendix (Section A). 

 

2.1. Cloning 

The genes coding for the proteins of interest, scFv-C1 and Nluc, were provided by 

Hedda Johannesen (Department of Chemistry, University of Oslo, Norway) and Geir 

Åge Løset (Department of Biosciences, University of Oslo, Norway), respectively. Both 

genes were present into the expression vector pFKPEN, which had previously been 

designed to enhance periplasmic expression (Gunnarsen et al., 2010). In this thesis, 

the pFKPEN plasmid containing the scFv-C1 gene is named pC1, whereas the 

pFKPEN plasmid containing the Nluc gene is named pNluc (Figure 7; Appendix, 

section H). In pNluc, the Nluc gene is 5’-terminally linked to the gene of a scFv against 

the epitope 2-phenyloxazol-5-one (phOx) that was developed in 1992 by Winter and 

colleagues (Marks et al., 1992). 

 
Figure 7: Maps of pC1 (left) and pNluc (right). Both the adopted cloning strategies aimed at 
replacing the scFv-anti-phOx gene in pNluc with the scFv-C1 gene. Relevant genes for the cloning 
(vector and insert) are highlighted with colors. The maps were created with SnapGene 5.0.7 (GSL 
Biotech LLC). 
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Two parallel strategies were adopted to obtain the desired open reading frame (ORF) 

in which the Nluc gene is 5’-terminally linked to the scFv-C1 gene (5’-scFv-C1-Nluc-

3’). First, a “traditional” cloning approach, based on restriction enzymes cleavage and 

ligation, and second, a restriction enzyme-free method, named Gibson Assembly.  

 

2.1.1. Traditional cloning 
Both the scFv-C1 gene in pC1 and the scFv-anti-phOx gene in pNluc are flanked by 

the restriction sites NotI and NcoI (Figure 7). The scFv-C1 gene was amplified by 

polymerase chain reaction (PCR) with primers designed to remove the stop codon. 

After digesting the blunt-ended PCR-product (insert) and the pNluc vector with the 

restriction enzymes NotI and NcoI, a ligation reaction was set up. Competent cells were 

finally transformed with the ligation mix. A detailed description of the cloning reaction 

composition is provided in the appendix (Sections C and D). 

 

Transformation14 
The plasmids received at the beginning of this project, pC1 and pNluc (Appendix, 

section H), were used to transform NEB Turbo competent E. coli cells (New England 

Biolabs).  
 

Standard protocol: A tube of fresh NEB Turbo competent E. coli cells (New England 

Biolabs) was thawed on ice for 5 minutes. A small volume (1-3 µL) of aqueous solution 

containing 20-60 ng of plasmid was added and the tube was carefully flicked 4-5 times 

to mix cells and DNA. Positive and negative controls were attained by adding to the 

cells 1 µL of vector pUC19 (New England Biolabs) or without any DNA addition, 

respectively. After 30 minutes of incubation on ice, the cells were heat-shocked at 

42 °C for 30 seconds15 and immediately re-incubated on ice for 5 minutes. 950 µL of 

room temperature SOC medium (Thermo Scientific) were transferred to the tube and 

the cells were incubated for 1 hour at 37 °C with shaking (150 rpm; Multitron Standard 

incubator-shaker, InforsHT). The cells were then mixed by flicking and inverting the 

tube. Several 10-fold dilutions in room temperature SOC medium (Thermo Scientific) 

 
14 i.e., insertion of a foreign plasmid into bacteria. 
15 If XL1-Blue competent cells (Stratagene) were used, heat-shocking time was 45 seconds. 
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were spread on LB-agarose 1 % plates containing 100 mg/L ampicillin and incubated 

overnight at 37 °C (Kelvitron T incubator, Heraeus). The next day, single colonies were 

selected and transferred to 5 mL of Luria-Bertani medium (LB medium; appendix, 

section B) supplemented with 2 % glucose and 100 mg/L ampicillin (LBAG). The 5 mL 

cultures were incubated overnight at 37 °C with shaking (125 rpm; Multitron Standard 

incubator-shaker, InforsHT) and used the next day for DNA isolation and glycerol 

stocks. 

 

Glycerol stocks 
Standard protocol: an aliquot of overnight culture was diluted 1:2 with 50 % glycerol 

into a sterile 2-mL cryogenic vial16 (Nalgene). The tube was then flash-frozen in a dry 

ice-ethanol bath and stored at -80 °C. 

 

DNA isolation and quantification 
Standard protocol: Isolation of plasmid DNA from overnight cultures was performed 

using NucleoSpin plasmid EasyPure kit (Macherey-Nagel) and following the protocol 

provided by the supplier. The DNA was eluted in 30 µL of elution buffer rather than in 

50 µL, so as to increase the final plasmid concentration. The plasmid yield was 

quantified by measuring the absorbance at 260 nm with a NanoPhotometer nanodrop 

(Implen). 

  

Polymerase chain reaction (PCR)17 and primer design 
PCR was employed to amplify the scFv-C1 insert while removing the stop codon. 

Primers were designed in order to overlap to a significant portion of DNA (18-22 base-

pairs), feature a melting temperature (Tm) between 60 and 70 °C and a GC content 

between 40 and 60 %. Primers were purchased from Eurofins genomics. 
 

Primer sequences: 
Forward primer: 5’-ATATAGCCATGGCCCAGGTGCAG-3’; Tm= 64.2 °C; GC= 56.5 % 

Reverse primer: 5’-GATAAAGCGGCCGCTTTCAGTTCC-3’; Tm= 64.4 °C; GC= 54.2 % 

The annealing region is underlined. The RS is in bold.  

 
16 Glycerol solutions must be sterilized by filtration (0.2 µm). High temperatures degrade glycerol to the 
mutagenic compound acrolein (Watanabe et al., 2007). 
17 PCR is a technique used to synthesize copies of a target DNA sequence. 
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Standard protocol: a single reaction was set up by adding the following components to 

a PCR tube: 10 µL of 5X Phusion HF Buffer (Thermo Scientific), 1 µL of 10 mM dNTPs 

(Thermo Scientific), 150 ng of each primer, 5-10 ng of template DNA, 1 µL of Phusion 

DNA Polymerase (Thermo Scientific) and diH2O (water deionized with Millipore-Q 5, 

Merck) to a final volume of 50 µL. The polymerase was the last to be added, then the 

reaction was gently mixed. PCR was carried out with a TC-3000 PCR thermocycler 

(Techne) and using the cycling conditions described in Table 1. 

 
 

 

 

The reaction was then loaded on a TAE-agarose 1 % gel (TAE buffer: 2 M Tris-HCl, 

1 M acetic acid, 50 mM EDTA) and run for 50 minutes at 90 V. The band relative to the 

amplified insert was cut out and the DNA was isolated using a QIAquick gel extraction 

kit (QIAGEN). 

 

Agarose gel electrophoresis 
DNA molecules can be separated according to their molecular weight by agarose gel 

electrophoresis. The arrangement of agarose molecules in the gel creates a three-

dimensional matrix with pores and channels that allow the passage of DNA molecules. 

Once the DNA mixture is loaded onto the gel, an electric field is applied and the DNA, 

due to its negative charge, migrates towards the positive electrode. Smaller DNA 

molecules migrate faster through the pores than larger molecules. The amount of 

agarose in the gel defines both the size of its pores and its separation properties: large 

pores allow large molecules of DNA to migrate faster than smaller pores. In other 

words, low-agarose gels (0.8 %) are suitable to separate large molecules, while high-

agarose gels (1.5 %) are suitable to separate small molecules. 

Table 1. Cycling conditions for PCR-amplification of insert scFv-C1 used for 
traditional cloning. 
 Cycles Temperature Time 
Initial denaturation 1 98 °C 30 s 

Denaturation  
30 

98 °C 30 s 
Annealing 60 °C 30 s 
Extension 72 °C 15 s 
Final extension 1 72 °C 10 min 
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Standard Protocol: The desired amount of agarose was mixed with 50 mL of TAE buffer 

and heated into a micro-wave oven until complete dissolution. The solution was cooled 

down to 50-55 °C and 5 µL of a 10 mg/ml ethidium bromide solution (Sigma) were 

added. Ethidium bromide18 intercalates into the DNA bases and, when exposed to 

ultraviolet light, it fluoresces thus making the DNA visible. The solution was then 

poured onto a gel tray and an 8-tooth comb was placed at one end of the gel tray. After 

the gel cooled down, the comb was carefully removed and the gel tray was placed into 

an electrophoresis tank (HE33 Mini submarine electrophoresis unit, Hoefer). TAE 

buffer was added until the gel was completely covered. DNA size standard ladder 

(Phusion High-Fidelity PCR kit, Thermo Scientific) was used as molecular weight 

standard. 5X GelPilot DNA Loading Dye (QIAGEN) was added to the DNA samples. 

The three marker dyes contained into the loading dye allow estimation of the DNA 

migration during electrophoresis. The samples were then carefully loaded into the wells 

of the gel and the tank was closed with a tank cover. The tank was connected to a 

power supply (PowerPack HC, Bio-Rad) and an electric field of 90 V was applied for 

50-60 minutes. 

 

Restriction enzyme19 digestion 
The isolated blunt-ended PCR-product (insert) and the pNluc vector were digested with 

the restriction enzymes NotI and NcoI. Standard protocol: Digestion reactions were set 

up by mixing the following components into an Eppendorf tube: 1 µg of DNA, 5 µL of 

10X NEBbuffer 3.0 (New England Biolabs), 1 µL of NotI (Fermentas, ThermoFisher 

Scientific), 1 µL of NcoI (Fermentas, ThermoFisher Scientific), and diH2O to a final 

volume of 50 µL. The restriction enzymes were added last and the solution was gently 

mixed. The reaction was incubated overnight at 37 °C (Water bath, VWR) and it was 

heated at 80 °C for 15 minutes (TC3000 PCR thermocycler, Techne) to deactivate the 

restriction enzymes. The reaction was then loaded on a TAE-agarose 1 % gel and run 

for 60 minutes at 90 V (HE33 Mini submarine electrophoresis unit; Hoefer; PowerPack 

HC, Bio-Rad). The bands relative to the sticky-ended insert and vector were cut out 

and the DNA was isolated using QIAquick gel extraction kit (QIAGEN). 

 
18 Ethidium bromide has to be handled very carefully, since it is highly mutagenic. 
19 Restriction enzymes are proteins which recognize specific nucleotide sequences (i.e., restriction 
sites) and cut the DNA double strand at that specific site. 
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Calf intestinal alkaline phosphatase (CIP) 
In order to avoid re-ligation of singly cut vector (present as a contaminant of the doubly 

cut vector), the 5’-ends of the vector were dephosphorylated by using calf intestinal 

alkaline phosphatase (CIP, New England Biolabs). 180 ng of vector were mixed with 

2 µL of 10X CutSmart Buffer (New England Biolabs), 1 µL of CIP (New England 

Biolabs) and diH2O to a final volume of 20 µL. CIP was added last and the solution 

was gently mixed. The reaction was incubated for 10 min at 37 °C (TC3000 PCR 

thermocycler, Techne). The enzyme was then inactivated by incubating the mix for 

2 minutes at 80 °C (TC3000 PCR thermocycler, Techne). 

 

Ligation 
Sticky-ended insert and vector in different ratios (5:1, 4:1, 3:1) were mixed with 1 µL of 

T4 DNA ligase (Thermo Scientific), 2 µL of 10X T4 DNA Ligase Buffer (Thermo 

Scientific) and diH2O to a total volume of 20 µL. The ligase was added last and the 

solution was gently mixed. The ligation reaction was incubated for 4 hours at room 

temperature. The amount of vector used in every reaction was approximately 36 ng. 

The amount of insert to use was calculated from the following equation:  

𝒏𝒈	𝒊𝒏𝒔𝒆𝒓𝒕 =
𝑛𝑔	𝑣𝑒𝑐𝑡𝑜𝑟	 × 𝑘𝑏	𝑖𝑛𝑠𝑒𝑟𝑡

𝑘𝑏	𝑖𝑛𝑠𝑒𝑟𝑡 ×
𝑚𝑜𝑙𝑎𝑟	𝑟𝑎𝑡𝑖𝑜	𝑖𝑛𝑠𝑒𝑟𝑡
𝑚𝑜𝑙𝑎𝑟	𝑟𝑎𝑡𝑖𝑜	𝑣𝑒𝑐𝑡𝑜𝑟 

A ligation reaction of the singly cut vector was used as a positive control. The mixtures 

were incubated at 65 °C for 10 min to stop the enzymatic activity (TC3000 PCR 

thermocycler, Techne). The ligation reaction was finally used to transform NEB Turbo 

competent E. coli cells (New England Biolabs). Plasmid DNA isolated from single 

colonies with NucleoSpin plasmid EasyPure kit (Macherey-Nagel) was digested with 

the restriction enzymes XhoI (Fermentas, ThermoFisher Scientific) and HindIII 

(Fermentas, ThermoFisher Scientific) and run on a TAE-agarose 1% gel for 50 minutes 

at 90 V (HE33 Mini submarine electrophoresis unit; Hoefer; PowerPack HC, Bio-Rad). 

The restriction site HindIII was only present on the new insert (Figure 8). Therefore, 

the presence on gel of two bands on the gel of the expected size would suggest that 

the cloning was successful. 
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Figure 8. Map of the the restriction sites relevant for the diagnostic digestion of the pFKPEN 
vector before (pNluc, left) and after (pC1-Nluc, right) cloning. The new insert and relevant restriction 
sites for the diagnostic digestion (XhoI and HindIII) are highlighted. Digestion of pNluc would result in a 
single linear fragment, while digestion of pC1-Nluc would produce two fragments. The maps were 
created with SnapGene 5.0.7 (GSL Biotech LLC). 

 
 

2.1.2. Gibson assembly 
In real life, “cut and paste” DNA with traditional cloning techniques can be more 

problematic than as it sounds in theory. The limitations within traditional cloning can 

be overpassed by using restriction enzyme-free methods, such as the Gibson 

assembly. Here, DNA fragments with complementary ends (20-40 base pairs) can be 

connected (Gibson et al., 2009). The complementary ends can be introduced by PCR 

with appropriate primers. The fragments are mixed with a cocktail of three enzymes 

that act sequentially: 1) 5’-3’ exonuclease chews the ends of the fragments creating 

single stranded 3’-overhangs; the complementary single stranded ends of the 

fragments anneal. 2) DNA polymerase fills the gaps of the new double strand and 3) 

DNA ligase seals the remaining nicks (Figure 9). The mix is directly used to transform 

competent cells. A detailed description of the cloning reactions composition is provided 

in the appendix (Sections C and D). 
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Figure 9. Gibson assembly overview. Complementary ends added with PCR are colored in red. 1) 5’-
3’ exonuclease chews the ends of vector and insert; the complementary single stranded ends anneal. 
2) DNA polymerase fills the gaps of the new double strand and 3) DNA ligase seals the nicks.  

 

Polymerase chain reaction (PCR) and primer design 
Primers were designed using NEBuilder Assembly Tool (New England Biolabs) and 

purchased from Eurofins genomics. 
 

Primer sequences for pNluc (vector): 
Forward primer: 5’-aactgaaagcGGCCGCTGGCGGTGGTGG-3’; Tm= 79.2 °C; GC= 68 %  

Reverse primer: 5’-ctgggccatgGCCGGCTGAGCTGCCAGC-3’; Tm= 76.3 °C; GC= 65 % 

Primer sequences for pC1-Nluc (insert): 
Forward primer: 5’-ctcagccggcCATGGCCCAGGTGCAGCT-3’; Tm= 71.8 °C; GC= 71 % 

Reverse primer: 5’-gccagcggccGCTTTCAGTTCCAGTTTGGTACCAG-3’; Tm= 67.9 °C; GC= 60 % 

The annealing region is underlined. Based added to introduce complementarity are 

lowercase letters. Complementary regions share the same color. 

 

The reactions were prepared following the standard protocol described in section 2.1.1. 

(PCR). PCR was carried out with a TC-3000 PCR thermocycler (Techne) and using 

the cycling conditions described in Table 2.  
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The PCR reactions were then digested with DpnI (Fermentas, ThermoFisher Scientific) 

for 1 hour to cleave methylated DNA template and the enzymatic activity was 

inactivated by incubating the reaction at 80 °C for 10 minutes (TC-3000 PCR 

thermocycler, Techne). Aliquots of pre- and post-digestion samples were run on a 1 % 

agarose gel for 50 minutes at 90 V (HE33 Mini submarine electrophoresis unit; Hoefer; 

PowerPack HC, Bio-Rad) and observed under ultraviolet light (UV Transilluminator 

2000, Bio-Rad). The DpnI digestion allowed direct use of the PCR products without 

any gel-purification step. 

 

Incubation with Gibson Mastermix 
The following components were added to an Eppendorf tube: 160 ng of insert, 80 ng 

of vector, 10 µL of Gibson Mastermix (New England Biolabs) and diH2O to a volume 

of 20 µL. The mixture was incubated at 50 °C for 1 hour (Water bath, VWR). The mix 

was used to transform NEB Turbo competent cells (New England Biolabs). Plasmid 

DNA was isolated from single colonies using NucleoSpin plasmid EasyPure kit 

(Macherey-Nagel). Digestion reactions with XhoI (Fermentas, ThermoFisher Scientific) 

and HindIII (Fermentas, ThermoFisher Scientific) were performed and run on a TAE-

agarose 1 % gel at 90 V for 50 minutes (HE33 Mini submarine electrophoresis unit; 

Hoefer; PowerPack HC, Bio-Rad). The restriction site HindIII was only present on the 

new insert. Therefore, the presence on gel of two bands of the expected size would 

suggest that the cloning had been successful. 

 

  

Table 2.  Cycling conditions for PCR-amplification of insert scFv-C1 and vector 
pNluc used for Gibson assembly. 
 Cycles Temperature Time 
Initial denaturation 1 98 °C 30 s 

Denaturation  
30 

98 °C 30 s 
Annealing 65 °C 30 s 
Extension 72 °C 15 s 
Final extension 1 72 °C 10 min 
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Sequencing and primers design 
Plasmids positive to the diagnostic digestion were sent for sequencing of the scFv-C1 

insert region. Samples that revealed flawless scFv-C1 insert were further investigated 

by sequencing of crucial portions of the vector (Nluc, FkpA, Lac and parts of ColE1). 

Primers for sequencing were designed with Eurofins Sequencing Primer Design Tool 

and purchased from Eurofins Genomics. Sequences and features of the primers are 

listed in the appendix (Section E). 
 

Standard protocol: 10 µL-aliquots of diluted plasmid sample (40-50 ng/µl) containing 

5 pmol/µL of primer were sent for sequencing to Eurofins Genomics. 
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2.2. Protein production 

Production of scFvs can be carried out in the common lab organism E. coli. The main 

complication is that scFv stability highly relies on disulfide bridges formation. Disulfide 

bridges cannot easily form in the cytoplasmic reducing environment of gram-negative 

bacteria such as E. coli: scFvs have to be transported to the periplasmic space, whose 

environment is oxidizing. In the periplasm, disulfide bond formation takes place. 

Furthermore, the periplasmic chaperone peptidyl-prolyl cis-trans isomerase FkpA, 

which is naturally found in E. coli, highly supports scFv correct folding (Bothmann & 

Plückthun, 2000; Ramm & Plückthun, 2000). Translocation of scFvs to the periplasm 

can be achieved by adding a signal sequence to the amino-terminus (N-terminus) of 

the protein (Glockshuber et al., 1990).  

 

The pFKPEN expression vector had previously been designed to enhance periplasmic 

expression of soluble TCRs and scFvs in E. coli (Figure 10; Gunnarsen et al. 2010). 

The signal sequence pelB gene is connected to the 5’-terminus of the scFv gene. The 

signal sequence will make the protein translocate to the periplasm through the secB-

dependent pathway (Sapriel et al., 2002). Once the protein reaches the periplasm, 

pelB is cleaved by a signal peptidase and the scFv can fold with the support of the 

chaperone FkpA (Bothmann & Plückthun, 2000; Dalbey et al., 1997; Ramm & 

Plückthun, 2000). Elevated amounts of periplasmic FkpA had been correlated with high 

expression yields (Gunnarsen et al., 2010; Løset et al., 2007). The pFKPEN vector 

also carries the gene coding for FkpA, ensuring high levels of periplasmic FkpA 

(Gunnarsen et al., 2010).  

 

The transcription of the scFv-Nluc gene is controlled by the lac promoter (Figure 10). 

When the lac repressor is bound to a sequence located just downstream of the lac 

promoter, named lac operator, the RNA polymerase cannot bind to the lac promoter 

and initiate transcription (Gilbert & Maxam, 1973). The lac repressor dissociates in 

presence of lactose: inside the cell, lactose is converted into its isomer allolactose, 

which binds to the lac repressor thereby causing its dissociation. Transcription by RNA 

polymerase can then occur. E. coli prefers glucose over lactose as a carbon source. 

When both lactose and glucose are present in the medium, the cells prioritize use of 
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glucose and transcription of the genes controlled by the lac promoter is downregulated. 

In other words, transcription can be controlled by manipulating the content of glucose 

in the medium.  

 

Production of 14F7 scFvs in E. coli has been developed and optimized by our group 

(Johannesen, 2014; Hoås, 2017; Bjerregaard-Andersen et al., 2018). The cloned 

pFKPEN_scFv-C1-Nluc (pC1-Nluc) plasmid was used to transform XL-1 Blue E. coli 

competent cells (Stratagene). 

 

 
Figure 10. Sketch of scFv-Nluc gene expression with the pFKPEN vector in E. coli. The 
transcription of the scFv-Nluc gene is controlled by the lac promoter (top left corner). (1) When the lac 
repressor is not binding to the lac operator, transcription of the gene is initiated. (2) mRNA is translated 
by the ribosomes and (3) the unfolded protein translocates to the periplasm thanks to the N-terminal 
pelB signal sequence. Once the protein reaches the periplasm, the signal sequence is cleaved off and 
(4) the protein can fold properly aided by the periplasmic chaperone FkpA. The map of pC1-Nluc was 
created with SnapGene 5.0.7 (GSL Biotech LLC).  

 

2.2.1. Growth conditions 
Methods to induce transcription of a gene controlled by the lac promoter commonly 

involve artificial inducers, such as isopropyl β-D-1-thiogalactopyranoside (IPTG), that 

have higher affinity for the lac repressor than allolactose. Studies have shown that the 

addition of IPTG can have a negative effect on the yield of scFvs (Gunnarsen et al., 
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2010; Kipriyanov et al., 1997). In this thesis, transformed XL-1 Blue E. coli competent 

cells (Stratagene) were grown in a glucose-rich medium until the optical density 

measured at a wavelength of 600 nm (OD600)20	reached a value of approximately 0.7. 

Then, gene expression was induced by removing the glucose from the medium.  

 

Induction by glucose removal 
Standard protocol for 1 L culture: Transformed XL-1 Blue E. coli competent cells 

(Stratagene) were grown overnight in 5 mL of 2xYT medium (Appendix, section B) 

supplemented with 2 % glucose and 100 mg/L ampicillin (2xYTAG) at 37 °C with 

shaking (125 rpm; Multitron Standard incubator-shaker, InforsHT). The next day, the 

cells were pelleted in 50-mL Falcon tubes (Thermo Scientific) by centrifugation 

(4000 rcf, 10 minutes, 4 °C; 5810R bench-top refrigerated centrifuge, Eppendorf) and 

resuspended in 1 L of 2xYTAG. The culture was transferred in a 5 L Erlenmeyer flask 

and incubated at 37 °C with shaking (125 rpm; Multitron Standard incubator-shaker, 
InforsHT). When the OD600 reached a value of 0.6-0.8, the cells were pelleted by 

centrifugation (4000 rcf, 40 minutes, 4 °C; Avanti J-26 XP centrifuge, Beckman-

Coulter; J-Lite JLA-8.1000 fixed-angle rotor, Beckman-Coulter) and resuspended in 

1 L of 2xYT medium supplemented with 100 mg/L ampicillin (2xYTA). The culture was 

incubated overnight at 30 °C with shaking (125 rpm; Multitron Standard incubator-

shaker, InforsHT).  

 

Autoinduction 
An alternative strategy to induction by glucose removal is the use of medium where 

the content of glucose is optimized to support cell growth until the cells reach the 

desired concentration (OD600≃ 0.7). At this stage of the process, glucose depletion 

triggers gene expression (Studier, 2005). The autoinduction protocol used in this thesis 

was obtained from Anders Tveita (Rikshospitalet, Institute of Clinical Research, 

University of Oslo, Norway). 
 

Standard protocol for 1 L culture: Transformed XL-1 Blue E. coli competent cells 

(Stratagene) were grown overnight in 5 mL of 2xYTAG medium at 37 °C with shaking 

(125 rpm; Multitron Standard incubator-shaker, InforsHT). The next day, the cells were 

 
20 Directly proportional to the concentration of cells in the medium. 
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pelleted by centrifugation (4000 rcf, 10 minutes, 4 °C; 5810R bench-top refrigerated 

centrifuge, Eppendorf) and resuspended in 1 L of autoinduction medium (Appendix, 

section B). The culture was transferred in a 5 L Erlenmeyer flask and incubated for 

24 hours at 30 °C with shaking (125 rpm; Multitron Standard incubator-shaker, 
InforsHT). 500 µL of 100 mg/mL ampicillin was added 7-8 hours after incubation start 

to ensure the presence of ampicillin overnight. 

 

2.2.2. Periplasmic lysis 
The periplasmic material was separated from the cells with a 2-step protocol to lyse 

the outer membrane of the bacteria. First, the cells were resuspended in a sucrose-

rich solution. Sucrose can enter the outer membrane of the cells within minutes (Decad 

& Nikaido, 1976). Second, the cells were pelleted and resuspended in a solution where 

sucrose was absent. The sudden unbalance of sucrose concentration between the two 

sides of the membrane generates an osmotic flow of water molecules towards the 

periplasm. Subsequently, the outer membrane is damaged and the periplasmic content 

is released (Neu & Heppel, 1965). 
 

Standard protocol: The cells were pelleted by centrifugation (5000 rcf, 40 minutes, 

4 °C; Avanti J-26 XP centrifuge, Beckman-Coulter; J-Lite JLA-8.1000 fixed-angle rotor, 

Beckman-Coulter) and resuspended in 4 mL/gram of cells of ice-cold lysis buffer 1 

(25 % sucrose, 20 mM Tris-HCl, pH 8; appendix, section B). The cell suspension was 

incubated on ice for 40 minutes with magnetic agitation (MS-3000 Magnetic stirrer, 

BioSan). The cells were pelleted by centrifugation (8500 rcf, 40 minutes, 4 °C; Avanti 

J-26 XP centrifuge, Beckman-Coulter; JA-25.50 fixed-angle rotor, Beckman-Coulter). 

The supernatant was filtered (0.45 µm filter upper cup, VWR) and subjected to 

purification. The pelleted cells were then resuspended in 4 mL/gram of cells of ice-cold 

lysis buffer 2 (5 mM MgCl2, 20 mM Tris-HCl, pH 8; appendix, section B) containing 

cOmplete protease inhibitor cocktail. The cell suspension was incubated on ice for 

40 minutes with magnetic agitation (MS-3000 Magnetic stirrer, BioSan). The cells were 

pelleted by centrifugation (8500 rcf, 40 minutes, 4 °C; Avanti J-26 XP centrifuge, 

Beckman-Coulter; JA-25.50 fixed-angle rotor, Beckman-Coulter). The supernatant 

was filtered (0.45 µm filter upper cup, VWR) and subjected to purification. Low 

temperatures have been found to be crucial for 14F7 scFv production and purification 



 32 

(Mykland Hoås 2017; Bjerregaard-Andersen 2018). Cells and lysates were kept on ice 

during the whole duration of the experiments. 
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2.3. Protein purification 

ScFv-C1-Nluc was purified from the periplasmic material by affinity chromatography 

followed by size-exclusion chromatography (SEC). 

 

2.3.1. Affinity chromatography 
Proteins often bind with high affinity to specific molecules. These properties are 

exploited by affinity chromatography: the molecules that interact with high affinity to 

the protein of interest are immobilized to the stationary phase of the column. Upon 

loading of the crude protein mixture, only the proteins that exhibit high affinity to the 

stationary phase will bind, while the rest of the proteins will travel to the end of the 

column. After washing the column to remove unwanted bound molecules, the protein 

of interest is eluted in a solution that disturbs the interactions of the proteins with the 

stationary phase.  

 

Immobilized metal affinity chromatography (IMAC) 
ScFv-C1-Nluc has six C-terminal histidine residues (His-Tag). Histidine is a good 

chelator of metal ions. The addition of the His-Tag to one of the termini of a protein 

allows purification by immobilized metal affinity chromatography (IMAC). A metal ion, 

such as nickel (Ni2+), is coupled to the matrix of the column. After running the protein 

mixture through the column, bound proteins are eluted with a solution containing 

imidazole, which competes with the His-Tag for binding to the resin. 
 

Standard protocol: A 1 mL HisTrap HP column (GE healthcare) was installed on an 

ÄKTA start (GE Healthcare) and equilibrated with 10 volumes of binding buffer (5 mM 

imidazole, 50 mM Tris-HCl, 150 mM NaCl, pH 7.8; appendix, section B). The 

periplasmic extract was loaded onto the column while kept on ice. The column was 

washed with binding buffer until the absorbance reached a steady baseline. Bound 

proteins were eluted with a 3-step gradient (25 %, 50 % and 100 %) of elution buffer 

(1 M imidazole, 50 mM Tris-HCl, 150 mM NaCl, pH 7.8; appendix, section B). Washing, 

sample loading and elution were carried out with a flow speed of 1 mL/min. The 

fractions containing the eluted protein were concentrated (4 °C; Amicon Ultra 
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Centrifugal Filter Units 10,000 MWCO, Merck; EcoTron benchtop incubator-shaker, 

InforsHT) and quantified (NanoPhotometer nanodrop, Implen). The sample was flash-

frozen with liquid nitrogen and stored at -80 °C. 

 

Protein L affinity chromatography 
Antibodies and antibody fragments containing kappa (κ) light chains, such as 

14F7 scFv, can be purified by protein L affinity chromatography. Protein L has the 

ability to bind to κ light chains at physiological pH and is coupled to the column matrix. 

After running the protein mixture through the column, bound proteins can be eluted 

with a low-pH solution: acidic conditions (pH 2.0-3.0) make protein L dissociate from 

the κ light chain.  
 

Standard protocol: A 1 mL HiTrap Protein L column (GE healthcare) was installed on 

an ÄKTA start (GE Healthcare) and equilibrated with 10 volumes of binding buffer 

(150 mM NaCl, sodium phosphate pH 8; appendix, section B). The periplasmic extract 

was loaded onto the column while kept on ice. The column was washed with binding 

buffer until the absorbance reached a steady baseline. Bound proteins were eluted 

with 100 % elution buffer (0.1 M glycine, pH 2.7; appendix, section B). Washing, 

sample loading and elution were carried out with a flow speed of 1 mL/min. 

 

2.3.2. Size-exclusion chromatography (SEC) 
Proteins can be separated according to their size by size-exclusion chromatography 

(SEC). The matrix of the column is composed of polymer beads which feature pores 

of a certain size. When running a protein mixture through the column, small proteins 

are able to fit into the internal cavities of the beads and their elution is delayed. Large 

proteins cannot enter the cavities and elute first. 
 

Standard protocol: A Superdex 200 R10/300 (GE Healthcare) was installed on an 

ÄKTA purifier-900 (GE Healthcare) and equilibrated with 5 volumes of phosphate-

buffered saline (PBS; pH 7.8). The pre-filtrated (4 °C; centrifugal filter modified nylon 

0.2 µm, VWR; Biofuge Fresco centrifuge, Heraeus) protein sample was loaded onto 

the column and eluted with PBS (pH 7.8) in 0.5 mL fractions and with a flow speed of 

1 mL/min. The eluted fractions were analyzed by SDS-PAGE (Section 2.2.3) and 
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fractions revealing a band of the expected scFv-C1-Nluc size (approximately 49 kDa) 

were concentrated (4 °C; Amicon Ultra Centrifugal Filter Units 10,000 MWCO, Merck; 

EcoTron benchtop incubator-shaker, InforsHT), quantified (NanoPhotometer 

nanodrop, Implen), flash-frozen with liquid nitrogen and stored at -80 °C. 

 

2.3.3. Sodium dodecyl sulfate–polyacrylamide gel 
electrophoresis (SDS-PAGE) 

An additional method to SEC to separate proteins according to their size is gel 

electrophoresis. The proteins are denatured in a buffer containing sodium dodecyl 

sulfate (SDS). SDS anions attach to the side chains of the residues (approximately 

one SDS anion every two residues), conferring the protein a net negative charge. In 

general, large proteins will be more negatively charged than smaller ones. The mixture 

is loaded onto a polyacrylamide gel and a voltage is applied. The negatively charged 

proteins will then migrate towards the positive electrode. One could expect that large 

proteins move faster than smaller proteins due to their greater net negative charge. 

However, large proteins will also experience a greater friction than smaller proteins 

while moving through the pores of the gel. Since the frictional force overcomes the 

electric force experienced by a protein, large proteins migrate slower than smaller 

ones. 
 

Standard protocol: The samples were supplemented with 4X NuPAGE LDS Sample 

Buffer (Thermo Scientific) premixed with 0.1 M dithiothreitol (DTT) and incubated at 

90 °C for 7 minutes (Dri-Block DB 2A heating block, Techne). Cell samples (containing 

approximately 25·106 cells) were additionally supplemented with 8 M urea. The heated 

samples were then quickly spun down (Capsulefuge TOMY PMC-060, Tomytech) and 

loaded onto the wells of a Bolt 4-12 % Bis-Tris Plus polyacrylamide gel (Thermo 

Scientific) pre-installed into an electrophoresis tank (Mini gel tank electrophoresis 

system, Invitrogen) containing 1X MES SDS Running Buffer (Thermo Scientific). The 

tank was connected to an electrophoresis powersupply-EPS601 (GE Healthcare) and 

a voltage of 200 V was applied for 40 minutes. The gel was then stained by incubation 

overnight with Coomassie staining solution (Appendix, section B) with shaking 

(Miniorbital shaker SSM1, Stuart). The next day, the staining solution was removed 

and the gel was de-stained and stored in water. 
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2.3.4. Concentration and quantification 
Standard protocol: Protein samples were concentrated by centrifugation (5000-

6000 rpm, 4 °C) in Amicon Ultra Centrifugal Filter Units 10,000 MWCO (Merck). After 

sample filtration (4 °C; centrifugal filter modified nylon 0.2 µm, VWR; Biofuge Fresco 

centrifuge, Heraeus), the protein yield was quantified by measuring the absorbance at 

280 nm with a spectrophotometer (NanoPhotometer nanodrop, Implen) and using the 

molar extinction coefficient (ε) of the protein (calculated on ProtParam tool by ExPASy; 

assuming that all cysteine residues are reduced). 
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2.4. ELISA 

The ability of an antibody to bind to a specific antigen can be tested by enzyme-linked 

immunosorbent assay (ELISA). The antigen of interest is used to coat a solid surface. 

Next, a solution containing the antibody, called primary antibody, is applied to the 

antigen-coated surface. The goal of ELISA is to detect and quantify the presence of 

binding antibody. In some cases, the primary antibody is covalently attached to an 

enzyme which allows detection: after adding a substrate, a visible signal is produced 

from the enzymatic reaction. The intensity of the signal can be quantified and is 

proportional to the amount of binding antibody. If the primary antibody is not pre-linked 

to an enzyme, an additional binder, called secondary antibody, is applied. The 

secondary antibody can bind to the primary antibody and is linked to a detection 

enzyme. The enzyme’s substrate is added and the signal is finally read. If the primary 

antibody allows direct detection, the test is called direct ELISA. If a secondary antibody 

is needed, the test is called indirect ELISA (Figure 11).  

 

 
Figure 11: Overview of direct and indirect ELISA with scFv-C1-Nluc. (1) The solid surface of a 
microwell is coated with NeuGc GM3 ganglioside. (2) The remaining available solid surface is saturated 
with BSA. (3) ScFv-C1-Nluc is applied. (4a; direct ELISA) The Nluc substrate is added and light is 
produced. (4b; indirect ELISA) pL-HRP is applied as secondary detection protein. (5b) The substrate for 
HRP is added resulting in a change of color. 
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Besides antigen coating and antibody application, two crucial steps of ELISA are (1) 

blocking: after coating the surface with the antigen, the remaining available solid 

surface is saturated with proteins that do not disturb the assay, such as bovine serum 

albumin (BSA); and (2) washing: after applying both primary and secondary antibody, 

the surface is thoroughly washed to remove unbound proteins.  

 

ELISA is also applicable to antibody fragments, such as 14F7 scFvs. The binding 

ability of scFv-C1-Nluc to NeuGc GM3 ganglioside was tested by both direct and 

indirect ELISA. 

 

2.4.1. Direct ELISA 
The Nluc fusion allowed direct detection of scFv-C1-Nluc by addition of the luciferase 

substrate. 
 

Standard protocol: The wells of a Nunc MaxiSorp black plate (Thermo Scientific) were 

incubated overnight with 100 µL of antigen dilution (10 µg/mL in methanol). 

NeuGc GM3 (kindly provided by Center of Molecular Immunology; CIM, Havana, 

Cuba) and NeuAc GM3 (Matreya, LLC) gangliosides were used as positive and 

negative antigen, respectively. The next day, the wells were washed three times with 

100 µL of PBS supplemented with 0.1 % Tween-20 (PBS-T; appendix, section B). 

Blocking was carried out by incubation (1 hour, room temperature, under parafilm) with 

200 µL of PBS supplemented with 2 % BSA (PBS-B; appendix, section B). The wells 

were washed three times with 100 µL of PBS-T. Several dilutions of scFv-C1-Nluc in 

PBS supplemented with 2 % BSA and 0.05 % Tween-20 (PBS-BT; appendix, section 

B) were prepared. The wells were incubated with 100 µL of the dilutions (1 hour, room 

temperature, under parafilm) and subsequently washed three times with 100 µL of 

PBS-T. 50 µL of a 20-fold dilution of Nano-Glo Live Cell Reagent (Promega; appendix, 

section B) in PBS were transferred to each well. Luminescence was immediately 

measured with a Varioskan LUX (Thermo Scientific). 
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2.4.2. Indirect ELISA 
Protein L conjugated to horseradish peroxidase (pL-HRP) was used as secondary 

detection protein. HRP catalyzes the oxidation of different substrates turning them into 

colored compounds of producing light. 
 

Standard protocol: The wells of a Nunc MaxiSorp clear plate (Thermo Scientific) were 

incubated overnight with 100 µL of antigen dilution (10 µg/mL in methanol). 

NeuGc GM3 (kindly provided by CIM, Havana Cuba) and NeuAc GM3 (Matreya, LLC) 

gangliosides were used as positive and negative antigen, respectively. The next day, 

the wells were washed three times with 100 µL of PBS-T. Blocking was carried out by 

incubation (1 hour, room temperature, under parafilm) with 200 µL of PBS-B. The wells 

were washed three times with 100 µL of PBS-T and incubated with 100 µL of dilutions 

of scFv-C1-Nluc and scFv-C1 in PBS-BT (1 hour, room temperature, under parafilm). 

A dilution of humanized 14F7 mAb (60 nM; kindly provided by CIM, Havana, Cuba) 

was used as positive control. PBS-BT (without addition of any binding protein) was 

used as negative control. The wells were washed three times with 100 µL of PBS-T 

and incubated (1 hour, room temperature, under parafilm) with 100 µL of a dilution of 

pL-HRP (Genstript; 1 µg/mL in PBS-BT). The wells were again washed three times 

with 100 µL of PBS-T. 100 µL of TMB substrate (Thermo Scientific) were added to 

each well and the enzymatic reaction was stopped after 5-10 minutes by adding 50 µL 

of 0.2 M HCl. Absorbance at 450 nm was immediately measured with a Varioskan LUX 

(Thermo Scientific). 
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2.5. Western blotting 

The presence of a protein of interest on an SDS-PAGE gel can be verified by Western 

blotting. In this technique, antibodies which bind to specific aminoacid sequences are 

used. If these antibodies are pre-conjugated to an enzyme, such as horseradish 

peroxidase (HRP), their presence can be directly detected by adding a substrate of the 

enzyme. The periplasmic material was run on SDS-PAGE and His-tagged proteins and 

the chaperone FkpA were separately detected by Western blotting with anti-His Tag-

HRP and anti-FLAG-HRP (FkpA has a FLAG-tag), respectively. This assay was 

performed under close supervision of Sebastian Berge-Seidl (Nextera AS). 
 

Standard protocol: An SDS-PAGE gel (Section 2.3.3.) was put in transfer buffer 

(25 mM Tris-HCl, 192 mM glycine, 20 % methanol, pH 8.3) for 10 minutes with 

agitation (Rocking platform, VWR). An ImmobilonTM-P membrane (Bio-Rad 

Laboratories, Inc.) of appropriate size was cut and put in 100 % methanol for 

20 seconds. The membrane was soaked in diH2O for 5 minutes and then transferred 

to transfer buffer and soaked for 5 minutes. An extra thick filter paper was wet in 

transfer buffer and put on the Blot apparatus (Trans-blot SD semi-dry transfer cell; Bio-

Rad Laboratories, Inc.). The membrane was put on top of the filter paper. The gel was 

lifted carefully onto the membrane. An additional filter paper was wet in transfer buffer 

and put on top of the gel. Trapped air was removed using a roller. The blotting was 

allowed to occur for 30 minutes at 25 V. Blocking was performed with PBS-BT 

overnight at 4 °C with agitation. The membranes were flushed once in PBS-T and 

incubated with a 1:3000 dilution of the detection antibody. To detect His-tagged 

proteins, mouse anti-His Tag-HRP (ABD Serotec) was used, while to detect the 

chaperone FkpA, mouse anti-FLAG-HRP (Sigma) was used. The membrane was 

washed three times with 50 mL of PBS-T and one time with PBS (5 minutes with 

agitation). The membrane treated with anti-His Tag-HRP (ABD Serotec) was incubated 

at room temperature for 5 minutes with 3 ml of enhanced chemiluminescence solution 

(ECL; Sigma). Excess liquid was drained from the membrane by use of a paper towel. 

The membrane was laid on top of a transparency sheet on a film cassette. A second 

transparency sheet was laid on top of the membrane. The blot was developed using 

an ECL Hyperfilm in a dark room. The membrane incubated with anti-FLAG-HRP 

(Sigma) was covered with insoluble TMB (Sigma) allowing immediate visual detection. 
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2.6. Luminescence studies 

Different dilutions of luciferase were mixed to the substrate and luminescence was 

measured. 
 

Standard protocol: Several dilutions (range 2-300 pM) of scFv-C1-Nluc were prepared. 

200 µL of every dilution were transferred a well of a Nunc Cell-Culture white plate 

(Thermo Scientific) and 5 µL of Nano-Glo Live Cell Reagent (Promega; appendix, 

section B) were added to each well. Luminescence was immediately measured with a 

Varioskan LUX (Thermo Scientific). 

 
The influence of pH on the Nluc activity was studied by diluting scFv-C1-Nluc in PBS 

of different pH. 
 

Standard protocol: ScFv-C1-Nluc was diluted in PBS of different pH (pH 3, 4, 5, 6, 7) 

to a final concentration of 0.03 nM. 200 µL of every solution were transferred to the 

wells of a Nunc Cell-Culture white plate (Thermo Scientific) and 5 µL of Nano-Glo Live 

Cell Reagent (Promega; appendix, section B) were added to each well. Luminescence 

was immediately measured with a Varioskan LUX (Thermo Scientific). 
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2.7. Topanga assay 

A Nluc-based method to detect chimeric antigen receptors (CARs) on cells has 

recently been developed (Gopalakrishnan et al., 2019). Fusion proteins composed of 

the extra-cellular domain of a CAR-target connected to the Nluc are incubated with 

CAR expressing cells. After few washing steps, the Nluc substrate is added to the cells 

and luminescence is read. The method, named Topanga assay, was adapted to detect 

and quantify NeuGc GM3 ganglioside on different cancer cell lines with scFv-C1-Nluc. 

Furthermore, the signal was monitored over time in order to obtain valuable information 

regarding the internalization kinetics of the fusion protein. 
 

Standard protocol: The cell lines used in this experiment were P3X63 (mouse 

myeloma), HEK 293 (human embryonic kidney), HEK 293 cmah-knock-in (HEK-KI; 

engineered to express NeuGc GM3; Yang et al., 2015) and SKOV3 cells (human 

ovarian cancer) grown in normoxic or hypoxic conditions. SKOV3 cells and HEK 293 

were expected to not express the target and used as negative control. The cells were 

grown in the research group of Nina Frederike J Edin (Department of Physics, 

University of Oslo). Approximately 2×105 cells were transferred to an Eppendorf tube. 

The cells were spun down (1300 rpm, 4 ºC, 5 minutes; Biofuge Fresco centrifuge, 
Heraeus), re-suspended in 100 µL of a dilution of scFv-C1-Nluc (20 µg/mL in DMEM21 

supplemented with 10 % FBS22), and incubated on ice for 1 hour. The cells were 

washed 2 times with 1 mL of ice-cold wash buffer (PBS supplemented with 0.5 % FBS) 

and re-suspended in 50 µL of wash buffer. The samples were transferred to a Nunc 

Cell-Culture white plate (Thermo Scientific) and 25 µL of Nano-Glo Live Cell Reagent 

(Promega; appendix, section B) were added to each well. Luminescence was 

measured with a Varioskan LUX (Thermo Scientific; 37 ºC, continuous CO2) every 

15 minutes for 12 hours. 

 

 
  

 
21 Dulbecco's Modified Eagle Medium (Thermo Scientific) 
22 Fetal bovine serum (Thermo Scientific) 
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3. Results and Discussion 

3.1. Cloning  

Two different approaches were used to clone the scFv-C1 insert into the vector 

containing the Nluc gene (pNluc; Figure 12). Despite several attempts, traditional 

cloning failed, whereas the Gibson assembly succeeded at the first trial.  

 

 
Figure 12. Sketch of the cloning strategies. Both traditional cloning and Gibson assembly aimed at 
replacing the scFv-anti-phOx gene in the pNluc with scFv-C1. The desired construct (pC1-Nluc), in 
which the scFv-C1 gene was 3’-terminally linked to the Nluc gene, was obtained through the Gibson 
assembly. The maps were created with SnapGene 5.0.7 (GSL Biotech LLC). 
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Figure 13. Diagnostic digestions of plasmids isolated after cloning. Lanes 1-2, test digestion of 
vectors pNluc and pC1, which contain only one of the genes, Nluc (pNluc) or scFv-C1 (pC1), 
respectively. Since pNluc did not contain the HindIII site, it was only linearized, but did not produce a 
double band as pC1. Lanes 4-5, two plasmids from traditional cloning (TC), doubly digested with XhoI 
and HindIII. None of them had the insert; the plasmid in lane 4 had a completely unexpected size. Lanes 
6-8, three plasmids from Gibson assembly (G), also doubly cut. Two of these (lanes 6 and 8) had the 
insert and were sent for sequencing. The DNA standard is shown on the left and the size of the bands 
is indicated in base pairs (bp). The plasmid map was created with SnapGene 5.0.7 (GSL Biotech LLC). 

 

Diagnostic digestions of several plasmids isolated from colonies obtained by traditional 

cloning (TC-plasmids) or Gibson assembly (G-plasmids) are shown in Figure 13. 

Successful double cuts would suggest the presence of the correct insert within the 

pFKPEN vector. None of the TC-plasmids were positive to the diagnostic digestion, 

while approximately 50 % of the G-plasmids were successfully doubly cut and revealed 

on gel two clear bands of the expected size (Figure 13, lanes 6 and 8). Nine different 

G-plasmids were sent for sequencing of the insert region and all of them were 

confirmed to contain the scFv-C1 insert. However, only one plasmid (p9, Figure 14) 

revealed a flawless insert, while the rest of the plasmids contained at least one point 

mutation/deletion (Figure 14). All the sequencing results showed consistency between 

forward and reverse sequencing, thus suggesting that the errors were introduced 

during the cloning procedure. The integrity of p9 was further investigated by 

sequencing of crucial plasmid regions (Nluc, Lac, FkpA and part of ColE1). Two point 

mutations were detected in the ColE1 region (i.e., origin of replication; Figure 14). The 

alignments of the sequenced regions of p9 with the theoretical sequences are provided 

in the appendix (Section I). Despite the mutations, plasmid p9 was selected for gene 

expression in XL-1 Blue E. coli cells. 
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Figure 14. Sketch of the sequencing results of nine G-plasmids (p1-9). All the plasmids, except p9, 
contained at least one-point mutation/deletion into the insert scFv-C1 insert. Crucial parts of p9 were 
sequenced and no error was found, except in the ColE1 region, where two point mutations were 
detected. 

 

Amplification of DNA with PCR is based on an enzyme called DNA polymerase which 

uses a DNA sequence as template to synthesize a copy of that sequence. At times, 

DNA polymerases can misread the template, thereby introducing errors. Indeed, DNA 

alteration is doubtless one of the drawbacks of the Gibson assembly and other PCR-

based cloning methods. However, the detected error rate (roughly 1 error per 

1000 bases) largely exceeded the expected error rate of the Phusion DNA Polymerase 

in the used buffer (1 error per 2.300.000 bases; Thermo Scientific, Phusion DNA 

Polymerase, Product Information Sheet). So, we hypothesized that the high error rate 

could be due to cationic impurities in the water. We subsequently detected an issue 

with the water purifier used in the laboratory (Direct-Q 5, Millipore). The problem may 

have been caused by the use of an ion-exchange column (Quantum polishing 

cartridge, Millipore) past expiration date. Bivalent cations can affect the fidelity and the 

performance of DNA polymerases (Vashishtha et al., 2016); for example, 

contaminations of manganese can trigger the introduction of mutations by DNA 

polymerases (El-Deiry et al., 1984). 

 

Traditional cloning: troubleshooting 
Diagnostic digestions of TC-plasmids on gel showed two different outcomes: 1) a band 

corresponding to a size of approximately 5000 base pairs (Figure 13, lane 5), which 

possibly corresponded to the original vector pNluc and 2) a band corresponding to a 

size of approximately 3000 base pairs (Figure 13, lane 4) that is difficult to rationalize 
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and that can possibly be attributed to a contaminant conferring cells ampicillin-

resistance.  

 

Every step of the traditional cloning procedure (PCR-amplification of the insert, 

digestion of insert and vector with NotI and NcoI, ligation and transformation) was 

repeated several times without improving the final result. PCR of the insert worked 

nicely without any need for optimization (Figure 15, lane 2). It was impossible to 

evaluate the result of the digestion of the PCR-product on gel (Figure 15, lane 3), 

because the molecular weight of the fragment was almost unchanged after digestion. 

This issue could be easily fixed by using biotinylated primers. The digestion of the 

vector pNluc was apparently successful (Figure 15, lane 4). However, it was never 

possible to clearly distinguish doubly cut, singly cut and uncut vector on the gel. In 

order to avoid high contaminations of singly cut and uncut vector, the very bottom 

region of the highlighted band (Figure 15, lane 4) was excised from the gel. The vector 

was dephosphorylated with CIP, in order to avoid re-ligation of the singly cut vector 

pNluc (present as a contaminant). The electrophoresis separation could have been 

further optimized by increasing its duration time and/or decreasing the content of 

agarose in the gel to achieve a better separation of large fragments. The different 

insert/vector ratios used for the ligation and different volumes of ligation mix used to 

transform the cells (1, 3, 5 and 10 µl) did not improve the final result of the cloning.  

 

Diagnostic digestions of TC-plasmids often showed on gel a single band feasibly 

corresponding to the vector pNluc (Figure 13; lane 5). This could be due to 1) a 

contamination of uncut pNluc vector present in the band excised from the gel; or 2) a 

contamination of singly cut pNluc vector present in the band excised from the gel which 

was unsuccessfully dephosphorylated by CIP and subsequently re-ligated by the DNA 

ligase. The latter case was unlikely, because the CIP used for these experiments came 

from a fresh vial. We therefore concluded that the singly cut vector excised from the 

gel (used as a positive control for the ligation) was contaminated with uncut vector. As 

a consequence, even if the ligation used as positive control led to growth on ampicillin 

plates, it was impossible to ascertain that the ligase worked.  
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Figure 15. Isolation of insert and vector for traditional cloning. The figure shows an 0.8% agarose 
gel run for 1 hour at 90 V, where doubly cut insert and vector were isolated from the gel (white boxes). 
Lanes 2-3, PCR-product scFv-C1 (insert), before and after digestion with NotI/NcoI, respectively. Lane 
4, double digestion of vector pNluc. Lanes 5-6, control single digestions of pNluc with NotI and NcoI, 
respectively. The plasmid maps were created with SnapGene 5.0.7 (GSL Biotech LLC).  

 
 

 
Figure 16. PCR-amplification of fragments for Gibson assembly. The figure shows a 1% agarose 
gel run for 50 min at 90 V, with insert and vector PCR-amplifications for Gibson assembly. Lanes 2-3, 
amplified insert pre- and post-DpnI digestion with a primer concentration of 300 nM. DpnI cleaves 
methylated DNA (template), thus allowing direct use of the PCR reactions. Lanes 4-5, amplified vector 
pre- and post-DpnI digestion with a primer concentration of 300 nM. Lanes 7-8, amplified vector pre- 
and post-DpnI digestion with a primer concentration of 30 nM. 
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Gibson assembly: PCR optimization 
 

 
Figure 17. Cloning of pC1-Nluc with the Gibson assembly. Step 1a-b, PCR amplification of insert 
scFv-C1 and vector pNluc. The primers were designed to have complementary ends. Step 2, digestion 
of the reactions with DpnI. E. coli modifies genetic material by attaching methyl groups to it. DpnI cleaves 
methylated sequences (red crosses), thus destroying the original DNA template. Step 3, the reactions 
containing the PCR products (unmethylated) were finally incubated with the Gibson mix, which allowed 
generation of the construct pC1-Nluc. The plasmid maps were created with SnapGene 5.0.7 (GSL 
Biotech LLC). 



 49 

Insert and vector for the Gibson assembly were amplified by PCR using primers with 

complementary ends. After digestion with DpnI23 to destroy DNA template, the 

reactions were directly incubated together with the Gibson mix (Figure 17). 

 

PCR-amplification of insert and vector were at first carried out using a concentration of 

primers of 300 nM. The insert was successfully amplified (Figure 16, lanes 2-3), while 

the vector revealed poor amplification (Figure 16, lanes 4-5). Since a high 

concentration of primers can possibly cause primer dimerization and low amplification 

efficiency, the primer concentration was lowered to 30 nM. Eventually, a new PCR 

carried out with the same cycling conditions efficiently amplified the vector (Figure 16, 

lanes 7-8).  

 
 
  

 
23 DpnI cleaves methylated 5’-GATC-3’ DNA sequences. E. coli methylates its DNA for several 
reasons, e.g., protection of DNA from degradation. In contrast, PCR products are not methylated. 
Therefore, digestion of a complete PCR reaction allows distruction of DNA template (methylated by E. 
coli) and the mixtures can be directly incubated with the Gibson mix. 
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3.2. Protein production and purification 

An efficient production protocol of scFv-C1-Nluc in E. coli was established: firstly, the 

cells were grown in a glucose-rich medium; secondly, expression of the scFv-C1-Nluc 

gene, controlled by the lac promoter (Section 2.2), was triggered by removing the 

glucose from the medium24. The protein was subsequently purified with IMAC followed 

by SEC. The final yield of purified protein was approximately 0.5 mg per L of culture. 

These yields are comparable to the yields achieved for scFv-C1 (approximately 2.0 mg 

per L of culture; Johannesen, personal communication). 

 

3.2.1. Growth conditions 
Two different procedures to induce transcription of the scFv-C1-Nluc gene were used 

and compared: induction by glucose removal, the most successful method, and an 

autoinduction protocol. The quantity of purified protein obtained through induction by 

glucose removal (0.5 mg per L of culture) exceeded by 5-fold the yield obtained by 

autoinduction (0.1 mg per L of culture). The value of the OD600 (directly proportional to 

the concentration of cells) measured the day after the induction (ODPOST) can give an 

indication of the induction efficacy. When using induction by glucose removal, the 

ODPOST was usually between 5.0 and 7.0. Cells grown in the autoinduction medium 

showed a higher post-induction concentration, reaching an ODPOST greater than 10.0. 

Moreover, SDS-PAGE analysis of pre- and post- induction samples revealed a 

substantial difference between the two induction methods: a band at 37 kDa, 

corresponding to scFv-C1-Nluc, was clearly visible when using induction by glucose 

removal. In contrast, pre- and post-autoinduction samples never showed clear 

differences ( 

Figure 18). These indications suggest that the content of glucose in the autoinduction 

medium may have been too high, thus postponing the beginning of the induction 

process and allowing the cells to divide at a high rate for a longer time. As a 

consequence, the autoinduction protocol could be further optimized by lowering the 

content of glucose. 

 
24 The removal occurred when the OD600 of the culture equalled 0.6-0.8. 
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Figure 18. SDS-PAGE analysis of pre- and post-induction samples for autoinduction (left) and 
induction by glucose removal (right). A band at 49 kDa is clearly visible after induction by glucose 
removal (right), while no evident difference is observed for autoinduction (left). L stands for ladder 
SeeBlue Plus2 (Thermo Scientific). PRE and POST stand for pre- and post-induction samples. The 
samples were prepared by resuspending cell pellets (approximately 25·106 cells) in 1X NuPAGE LDS 
Sample Buffer (Thermo Scientific) supplemented with 0.1 M dithiothreitol (DTT) and 8 M urea. The 
samples were then incubated at 90 °C for 7 minutes and thereafter quickly spun down. 
 

3.2.2. Periplasmic lysis 
The day after induction, the outer cell membrane was lysed using a 2-step protocol 

based on osmotic pressure (Section 2.2.2.). In the periplasmic lysis protocols used in 

the past, the lysis buffer was supplemented with lysozyme (Johannesen, 2014; Hoås, 

2017; Solbakke, 2019). This method would often result in unwanted lysis of the inner 

cell membrane and release of cytoplasmic material. We therefore removed lysozyme 

from the buffer, which allowed successful periplasmic lysis while decreasing the 

content of cytoplasmic contaminants (Johannesen, personal communication). In this 

thesis, the cells were lysed using the lysozyme-free buffer and the efficacy of this new 

protocol was confirmed. SDS-PAGE analysis of the insoluble pellet after lysis did not 

reveal a band at 49 kDa, thereby suggesting that the yield could not be much further 
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increased by supplementing the lysis buffer with lysozyme (Figure 20, lane 9). The 

second lysis step often increased the number of contaminants (Figure 20, lanes 10-

11). Therefore, this step could be removed from the lysis protocol in order to achieve 

a better purity. 

 

Western blotting analysis of the periplasmic material confirmed the presence of a His-

tagged 49-kDa protein corresponding to scFv-C1-Nluc and high amounts of the 

chaperone FkpA, which is crucial for correct scFv folding (Appendix, section L). ScFv-

C1-Nluc and FkpA were detected with anti-His-tag and anti-FLAG (FkpA has a FLAG-

tag) antibodies, respectively. Mass spectrometry analysis performed by Bernd 

Thiede’s group (Department of biosciences, University of Oslo, Norway) suggested 

that the 49-KDa band corresponded to scFv-C1-Nluc (data not shown). 
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3.2.3. Affinity chromatography 
IMAC 
ScFv-C1-Nluc was purified from the periplasmic material with IMAC. The protein was 

eluted with a three-step gradient of imidazole. An imidazole concentration of 250 mM 

allowed effective elution. We observed that the His-tagged fusion protein bound less 

tightly to the affinity column than His-tagged scFv-C1, which eluted at a concentration 

of 400 mM imidazole (Johannesen, 2014). Possibly, the Nluc fusion sterically covers 

residues which increase the nonspecific affinity of the scFv to the resin, thus 

weakening the binding of scFv-C1-Nluc to the column. The fractions containing eluted 

protein were pooled and analyzed by SDS-PAGE. A band of the expected scFv-C1-

Nluc molecular weight (49 kDa) was always the major component of the sample 

(Figure 19). However, the sample contained several contaminants: additional bands of 

approximately 20 (2 bands), 28, 37 and 62 kDa were present (Figure 19). A low 

concentration of imidazole (5 mM) was used in the binding buffer. The amount of 

contaminants (weakly bound to the column) could potentially be decreased by using a 

higher concentration of imidazole in the binding buffer. 

 

 
Figure 19. IMAC step-gradient elution of scFv-C1-Nluc (250, 500 and 1000 mM imidazole). Bound 
proteins were eluted with 250 mM imidazole. The blue line represents the absorbance at 280 nm. The 
pink line represents the percentage of buffer B (1 M imidazole). SDS-PAGE analysis of the eluted 
protein mixture revealed a high degree of heterogeneity (dashed box).  
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Protein L affinity chromatography 
As an alternative to IMAC, protein L affinity chromatography was tested for purification 

of scFv-C1-Nluc. This method can be used to purify antibody fragments with κ light 

chains and was routinely used for purification of scFv-C1 (Bjerregaard-Andersen et al., 

2018). Protein L affinity chromatography did not aid purification of scFv-C1-Nluc: after 

loading the periplasmic material onto the column, no protein bound to the resin. An 

explanation can be feasibly found in the method used by the column manufacturer to 

couple protein L to the column matrix. Possibly, the Nluc fusion disturbed the protein L 

binding site. This hypothesis is discussed in section 3.3.  

 
 

 
Figure 20. SDS-PAGE analysis of cell and protein samples collected during the production and 
purification process. Left: successful purification of scFv-C1-Nluc with IMAC. Ladder (SeeBlue Plus2, 
Thermo Scientific), lysis samples, flowthrough and elution (red box) are included. Right: attempted 
purification with protein L affinity column. Despite evident induction (Lanes 7 and 8), no protein seemed to 
bind to the column (data not shown). Ladder (SeeBlue Plus2, Thermo Scientific), pre- and post-induction 
samples, insoluble pellet after lysis, lysis samples and flowthrough are included. Note: the gels represent two 
separate processes in which different induction methods were used (left: autoinduction; right: glucose 
removal).  
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3.2.4. Size-exclusion chromatography (SEC) 
The IMAC-purified sample was further purified by SEC using a Superdex 200 R10/300 

(GE Healthcare) and a flow speed of 1 mL/min. The SEC curve thus obtained revealed 

three main peaks (Figure 21). The collected fractions of every peak were pooled, 

concentrated and quantified. Peaks 1, 2 and 3 were then analyzed by SDS-PAGE, 

loading equal amounts of protein (approximately 2.5 µg) for every peak fraction (Figure 

21). The 49-kDa band appeared in all fractions and was the major component of 

fraction 2. Despite the low level of purity, SEC allowed to separate scFv-C1-Nluc from 

a high amount of contaminants of lower molecular weight (Peak 3, Figure 21). An 

attempt to improve the resolution of the peaks was made by lowering the flow speed 

to 0.8 mL/min, but to no avail. Further improvement could be achieved by using an 

even lower flow speed or decreasing the injected volume of sample. 

 

 

 
Figure 21. SEC separation of scFv-C1-Nluc and SDS-PAGE analysis. The SEC chromatogram 
revealed three main peaks (left). The fractions 1, 2 and 3 were analyzed by SDS-PAGE (right). The 
sample before SEC and the ladder (SeeBlue Plus2, Thermo Scientific) are included (right). Fraction 2 
was used for further scFv-C1-Nluc experiments. The major contaminants of fraction 2 can possibly be 
attributed to cleaved versions of scFv-C1-Nluc, which still feature a His-tag (6xHis). A sketch of the 
possible degradation products of scFv-C1-Nluc is included (top, left). 
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Despite the low degree of purity, fraction 2 was used for further experiments. Indeed, 

the planned internalization studies did not require as high purity as necessary for 

protein crystallization. 50 µL-aliquots of fraction 2 were flash-frozen with liquid nitrogen 

and stored at -80 °C. Two major contaminants with molecular mass of approximately 

37 and 20 kDa - were present in the sample. ScFv-C1 is prone to cleavage by a 

protease in the proximity of the VH-VL linker (Johannesen, 2014). Therefore, the 

37 kDa-band could correspond to VL-Nluc (Figure 21), and the 20-kDa band could be 

attributed to the Nluc separated from the scFv-C1 after protease cleavage around the 

VL-Nluc linker. The presence of cleaved versions of scFv-C1-Nluc, possibly retaining 

the enzymatic activity, could be verified by native PAGE. Alternatively, the band at 

37 kDa could be attributed to the chaperone FkpA25, which was attached to scFv-C1-

Nluc during IMAC purification, or the contaminant bands could correspond to E. coli 

proteins with histidine-rich surfaces.  

 

 

 
 
  

 
25 Western blotting analysis of the periplasmic material revealed that the FkpA band on SDS-PAGE is 
found around 37 kDa (Appendix, section L). 
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3.3. ELISA 

Direct and indirect ELISA analysis indicated that scFv-C1-Nluc binds strongly to the 

NeuGc GM3 ganglioside, but not to NeuAc GM3 (Figure 22, Figure 23). When 

comparing the binding affinities of scFv-C1-Nluc and scFv-C1 to the NeuGc GM3 with 

indirect ELISA, a considerable difference was observed: the Nluc fusion protein 

seemed to bind less strongly than the scFv alone (Figure 22). This observation is not 

easy to rationalize, since the Nluc is linked to the C-terminus of the scFv and is thus 

expected to be spatially far from the paratope (i.e., antigen-binding site). An alternative 

possible cause of the signal difference is that the Nluc fusion disturbs the binding site 

for the secondary detection protein (pL-HRP). This hypothesis was investigated 

through protein structure modeling. The scFv-C1-Nluc three-dimensional structure 

predicted by Phyre2 (Imperial College, London) and Robetta (Baker Lab, University of 

Washington) suggested that the fusion linker is proximal to residues which are crucial 

for protein L recognition on the scFv light chain (Figure 24). Furthermore, the linker 

mobility could allow the Nluc to interact with the scFv light chain, possibly covering the 

protein L binding site. This would also explain why the protein did not bind to the protein 

L column (Section 3.2.3). 

 

 
Figure 22. Indirect ELISA of scFv-C1-Nluc and scFv-C1 against NeuGc GM3. Detection was carried 
out with protein L-HRP. ScFv-C1-Nluc (blue) and scFv-C1 (orange) showed binding to NeuGc GM3. 
The fusion protein seemed to bind less strongly than the scFv alone. SDS-PAGE analysis revealed the 
presence of contaminants in both samples (right side). Binding of both proteins to NeuAc GM3 (negative 
antigen) was negligible (data not shown). As a positive control, 14F7 mAb (60 nM) against NeuGc GM3 
was used (green). The negative control was PBS (without addition of any protein) applied to NeuGc GM3 
(yellow). The graph was created with Origin 2020 (OriginLab corporation). 
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Figure 23. Direct ELISA of scFv-C1-Nluc against NeuGc GM3 (positive antigen) and NeuAc GM3 
(negative antigen). ScFv-C1-Nluc showed binding to NeuGc GM3 (lighter blue). Low non-specific 
binding to NeuAc GM3 was observed (darker blue). The negative control was scFv-C1 binding to 
NeuGc GM3 (yellow). No Nluc positive control was available. The graph was created with Origin 2020 
(OriginLab corporation). 

 

The scFv-C1 sample used in these experiments did not have a His-tag. The influence 

of the Nluc on the protein L binding site could be easily tested by using a scFv-C1 with 

a C-terminal His-tag. Comparison of indirect ELISAs with different detection proteins 

(e.g., protein L-HRP and anti-6xHis-HRP) would confirm or debunk this hypothesis. 

 

SDS-PAGE analysis of equal amounts of protein revealed the presence of 

contaminants in both samples used for the ELISA assays (Figure 22). Therefore, these 

experiments should preferably be repeated with higher purity samples to reach 

definitive conclusions about the binding abilities of the fusion protein compared to the 

scFv alone. However, these qualitative ELISA experiments confirmed that scFv-C1-

Nluc can bind to the NeuGc GM3 ganglioside and discriminate it from NeuAc GM3. 

Importantly, direct ELISA revealed that the Nluc activity is retained while the protein is 

binding to the target (Figure 23). 
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Figure 24. Structure model of scFv-C1-Nluc obtained with Phyre2 (Imperial College, London). 
ScFv-C1 is in purple. Nluc is in light blue. The fusion linker is in pink. Crucial residues for protein L 
recognition are in yellow. The fusion linker is predicted to be in close proximity of the protein L binding 
site. The structures were created with PyMOL 2.3.3 (Schrödinger, Inc.). 
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3.4. Luminescence studies 

Several dilutions of scFv-C1-Nluc were mixed with the substrate (Nano-Glo reagent, 

Promega; appendix, section B) and the luminescence was read. Linearity was 

observed between the amount of protein and the luminescence signal in the range 10-

6000 fmol/well (picomolar range; Figure 25). When using high concentrations of protein 

(nanomolar range), the substrate was consumed very quickly, and the signal dropped 

to zero within seconds. This indicated that when working with high concentrations of 

luciferase a higher amount of substrate is needed in order to have a reliable 

measurement of the luminescence. In this assay the volume of Nano-Glo reagent 

transferred to each well was equal to 5 µL.  

 

The activity of Nluc decreased by approximately 60 % in acidic conditions (pH 4-5; 

Figure 25). This observation is in line with the studies carried out by Hall and et al. (Hall 

et al., 2012) and confirms the potential use of Nluc in internalization studies. Upon 

internalization, the Nluc signal should strongly decrease due to the acidic pH in the 

endocytic vesicles. Possibly, acidic conditions trigger protonation of crucial residues in 

the active site and/or partial unfolding of the protein, thereby causing a decline in 

activity. 

 

 
Figure 25. Luminescence linearity and pH dependence of Nluc. (A) Linearity was observed between 
the concentration of scFv-C1-Nluc and the luminescence signal in the range 10-6000 fmol/well. (B) 
ScFv-C1-Nluc was diluted in PBS adjusted to different pH values to a final concentration of 0.03 nM. As 
expected, the Nluc activity decreased in acidic conditions. The graphs were created with GraphPad 
Prism 8.4.2 (GraphPad software LLC). 
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3.5. Topanga assay 

The amount of NeuGc GM3 ganglioside on the surface of different cancer cell lines 

was quantified by a protocol adapted from the Topanga assay (Gopalakrishnan et al., 

2019). Four different cell lines were used in this experiment: P3X63 (mouse myeloma), 

HEK 293 (human embryonic kidney; used as a negative control), HEK 293 cmah-

knock-in (HEK-KI; engineered to express NeuGc GM3; Yang et al., 2015) and SKOV3 

cells (human ovarian cancer) grown in normoxic (negative control) or hypoxic 

conditions26. In brief, the cells and scFv-C1-Nluc were co-incubated for 1 hour before 

unbound protein was removed by washing, Nluc substrate added and luminescence 

quantified. The signal of P3X63 cells was almost twice compared to the other cell lines, 

suggesting a high quantity of NeuGc GM3 ganglioside on the surface P3X63 cells 

(Figure 26). This observation is in line with previous studies which showed that 

NeuGc GM3 is the major ganglioside in P3X63 membranes (Müthing et al., 1994). 

Moreover, P3X63 cells had been reported to function as target cells for both 14F7 mAb 

binding and killing (Carr et al., 2002; Roque-Navarro et al., 2008).  

 

 
Figure 26. Signal at t0 (bars) and decrease rate (circles) of different cell lines. P3X63 cells showed 
very strong signal and a faster decrease rate compared to the other cell lines. SKOV3 grown in normoxic 
(N) and hypoxic (H) conditions reported comparable signal at t0 and decrease rate. HEK-KI reported 
double signal compared to HEK and similar decrease rate. An outlier due to human error showed a very 
high luminescence at t0, but a smaller decrease rate compared to P3X63 cells. The graph was created 
with GraphPad Prism 8.4.2 (GraphPad software LLC). 

 
26 Hypoxia triggers NeuGc GM3 ganglioside expression in SKOV3 cells (Dorvignit et al., 2019) 
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Internalization screening 
The signal of the cells analyzed with the Topanga assay (described in the previous 

paragraph) was measured every 15 minutes for 12 hours. The decrease rates for the 

different cell lines were then compared (Figure 26; Figure 27). Interestingly, the signal 

of P3X63 cells decreased faster than the signal of the other cell lines. As shown in 

section 3.4, the Nluc activity of scFv-C1-Nluc decreased in acidic conditions. These 

observations suggest that scFv-C1-Nluc bound to NeuGc GM3 on P3X63 cells and 

was gradually internalized over time. In general, high concentrations of luciferase 

consume the available substrate at a higher rate compared to lower concentrations of 

luciferase. Therefore, it may be unsurprising that the signal of P3X63 cells, which was 

high at the beginning of the experiment (t0), had a higher decrease rate compared to 

the signal of the other cells, which was lower at t0. However, the signal of poorly 

washed HEK-KI cells (outlier due to human error), which at t0 was very high, decreased 

at a slower rate compared to the signal of P3X63 cells (Figure 26), suggesting that the 

faster signal decrease for P3X63 cells could be due to cellular uptake of scFv-C1-Nluc.  

 

 
Figure 27. Decrease curves of the signal of different cell lines. Every curve was normalized 
separately and the values falling below 1% were discarded. Every curve was fitted to a straight line and 
the slope m (i.e., derivative) of the equation Y= mX – C was used to quantify the decrease rate. The 
graph was created with GraphPad Prism 8.4.2 (GraphPad software LLC). 
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Internalization kinetics 
The luminescence curve of P3X63 cells decreased not only faster compared to the 

other cell lines, but also steadily. As shown in Figure 25, a sudden drop in pH would 

decrease the luminescence by approximately 60 %. Thus, if the protein would undergo 

rapid internalization, the signal intensity would quickly decrease by more than 50 % 

due to the acidic pH in the endocytic vesicles. The signal curve of P3X63 cells 

decreased steadily during the duration of the whole experiment, therefore suggesting 

that scFv-C1-Nluc was undergoing a kinetically slow internalization process. 

 

As expected, SKOV3 grown under hypoxic conditions (H) and HEK-KI cells revealed 

higher amounts of NeuGc GM3 ganglioside than the respective negative controls 

(SKOV3 grown under normoxic conditions and HEK cells). However, the decrease rate 

of all the four cell lines was very similar (Figure 26), suggesting that scFv-C1-Nluc was 

undergoing similar internalization processes for these cell lines. Possibly, the amount 

of ganglioside on the surface of HEK-KI and SKOV3 (H) was too low to observe 

appreciable internalization. 

 

Washing steps of the Topanga assay 
The Topanga assay protocol described by Gopalakrishnan et al. suggests to wash the 

cells five times (5x) before adding the Nluc substrate (Gopalakrishnan et al., 2019). In 

this experiment, the cells were washed twice (2x) in order to reduce cellular stress. 

Subsequently, the importance of the number of washing steps was tested on P3X63 

cells: four samples of P3X63 cells were washed 2x, 3x, 4x and 5x, and the signal was 

read and compared (Figure 28). The signal decreased while increasing the number of 

washing steps; 4x and 5x washed samples reported a very similar value. These 

observations suggest that 2x washed samples might still contain unbound and/or 

weakly bound protein. It is therefore suggested to use 4 or 5 washing steps for future 

experiments. 
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Figure 28. Importance of washing steps of the Topanga assay for P3X63 cells. Four samples of 
P3X63 cells were washed two, three, four and five times (2x, 3x, 4x and 5x). The signal decreased while 
increasing the washing steps. The graph was created with GraphPad Prism 8.4.2 (GraphPad software 
LLC). 

 

The Topanga assay demonstrated to be a powerful tool for high-throughput cell 

screening for ganglioside expression. Furthermore, the luminescence decrease curve 

over time has shown to provide valuable information regarding the internalization 

kinetics of scFv-C1-Nluc for several cell lines. 
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4. Conclusions and future perspectives 

The monoclonal antibody 14F7 has shown promise as a candidate for future cancer 

therapy (Roque-Navarro et al., 2008; Dorvignit et al., 2019). However, further insights 

into both target expression profile and the different modes of action of 14F7 are needed 

for further development. The aim of this Master’s project was to investigate the 

internalization mechanism of 14F7 by use of the minimal antibody binding unit scFv, 

which was fused to a NanoLuc (Nluc) luciferase reporter module. Nluc was chosen 

due to its very bright signal and pH-dependent activity that allow easy and versatile 

quantification of cell surface target binding, as well as internalization assessment. 

 

The first step of this thesis was to prepare the recombinant scFv-Nluc fusion construct 

and develop an expression and purification protocol. After periplasmic expression 

based on glucose removal, the protein was purified by IMAC followed by SEC. Both 

functional units of the fusion protein retained activity: the scFv demonstrated strong 

binding to the target NeuGc GM3 by ELISA, and Nluc exhibited pH-dependent activity 

and very high brightness, producing a noticeable signal even at very low 

concentrations (picomolar range). The Topanga assay revealed to be a powerful tool 

for quantification of surface gangliosides and a cheap and fast method to gain insights 

into the internalization kinetics of a scFv-target complex. Noticeably, cells featuring 

high amounts of surface NeuGc GM3 ganglioside were correlated with faster 

internalization compared to cells expressing lower amounts of ganglioside. Moreover, 

these results suggested that the internalization of scFv-C1-Nluc, when occurring, was 

a kinetically slow process. 

 

Now everything is set for further investigation of the internalization abilities of 14F7 

scFv with bioluminescence microscopy. Visually following the cellular journey of the 

scFv-Nluc after binding to the surface of cancer cells will elucidate the internalization 

properties of 14F7. We are confident and hopeful that by Following the Light we will 

reach new powerful cancer therapies. 
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6. Appendix 

Section A: Software, instruments, disposables, kits, 

reagents and cell lines. 

 

Table S1. Software and suppliers. 
Software Supplier 
Eurofins Sequencing Primer Design Tool Eurofins Genomics 
GraphPad Prism 8.4.2 GraphPad software LLC 
NEBuilder Assembly Tool New England Biolabs 
Office 365 Microsoft 
OriginLab 2020 OriginLab Corporation 
ProtParam tool ExPasy 
PyMOL 2.3.3 Schrödinger, Inc. 
SkanIt Software 6.0.1 Thermo Scientific 
Snapgene® 5.0.7 GSL Biotech LLC 
UNICORN™ 5.31 GE Healthcare 

Table S2. Instruments and suppliers. 
Instrument Supplier 
5810R bench-top refrigerated centrifuge Eppendorf 
ÄKTA purifier-900 GE Healthcare 
ÄKTA start GE Healthcare 
Avanti J-26 XP centrifuge Beckman-Coulter 
Biofuge Fresco centrifuge Heraeus 
Capsulefuge TOMY PMC-060 Tomytech 
CO8000 OD600 spectrophotomer BioChrom-WPA 
Dri-Block DB 2A heating block Techne 
EcoTron benchtop incubator-shaker InforsHT 
Electrophoresis powersupply-EPS601 GE Healthcare 
HE33 Mini submarine electrophoresis unit Hoefer 
J-Lite JLA-8.1000 Fixed-Angle Rotor Beckman-Coulter 
JA-25.50 Fixed-Angle Rotor Beckman-Coulter 
Kelvitron T incubator Heraeus 
Millipore Direct-Q 5 Merck 
Mini gel tank electrophoresis system Invitrogen 
MS-3000 Magnetic stirrer BioSan 
Multitron Standard incubator-shaker InforsHT 
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NanoPhotometer nanodrop Implen 
PCB scale Kern 
PowerPack HC Bio-Rad 
Rocking platform VWR 
TC3000 PCR thermocycler Techne 
Trans-blot SD semi-dry transfer cell Bio-Rad Laboratories, Inc. 
UV Transilluminator 2000 Bio-Rad 
Vapourline 80/135 VWR 
Varioskan LUX Thermo Scientific 
Water bath (462-0556) VWR 

Table S3. Disposables and suppliers. 
Disposables Supplier 
Petri dish in polystyrene VWR 
50-mL Falcon tube Thermo Scientific 
15-mL Falcon tube Thermo Scientific 
Amicon Ultra Centrifugal Filter Units 10,000 MWCO Merck 
Miniorbital shaker SSM1 Stuart 
Nunc MaxiSorp black plate Thermo Scientific 
Nunc MaxiSorp clear plate Thermo Scientific 
Nunc PoliSorp black plate Thermo Scientific 
Nunc PoliSorp clear plate Thermo Scientific 
ImmobilonTM-P membrane Bio-Rad Laboratories, Inc. 
Nunc Cell-Culture white plate Thermo Scientific 
Cryogenic vial PPCO 2.0 mL Nalgene 
Centrifugal filter modified nylon 0.2 µm VWR 
0.20 µm filter upper cup VWR 
0.45 µm filter upper cup VWR 
1,5-mL Eppendorf tube Eppendorf 
Bolt 4-12 % Bis-Tris Plus polyacrylamide gel Thermo Scientific 

Table S4. Kits and suppliers. 
Kit Supplier 
Nano-Glo Live Cell Assay System Promega 
NucleoSpin plasmid EasyPure Macherey-Nagel 
Phusion High-Fidelity PCR kit Thermo Scientific 
QIAquick gel extraction kit QIAGEN 
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Table S5. Reagents (chemical, mAbs, enzymes, ladders etc.) and suppliers. 
Reagent Supplier 
10X CutSmart Buffer New England Biolabs 
10X FastDigest Buffer Fermentas (Thermo Scientific) 
10X NEBbuffer 2.0 New England Biolabs 
10X NEBbuffer 3.0 New England Biolabs 
10X T4 DNA Ligase Buffer Thermo Scientific 
20X MES SDS Running Buffer Thermo Scientific 
4X NuPAGE LDS Sample Buffer Thermo Scientific 
5X GelPilot DNA Loading Dye QIAGEN 
Acetic acid (glacial) Merck 
Agarose, low gelling temperature Sigma 
Ammonium chloride VWR 
Ammonium sulphate  VWR 
Ampicillin sodium salt BioChemica 
Bovine serum albumin Sigma 
Calf intestinal alkaline phosphatase New England Biolabs 
cOmplete protease inhibitor cocktail Sigma 
Coomassie Brilliant Blue G-250 Fluka 
D-(+)-sucrose VWR 
D(+)-Glucose VWR 
di-Sodium hydrogen phosphate anhydrous VWR 
DL-Dithiothreitol 98 % Sigma 
Dulbecco's Modified Eagle Medium (DMEM) Thermo Scientific 
EDTA disodium salt dihydrate Sigma 
Enhanced chemiluminescence solution Sigma 
Ethidium bromide solution Sigma 
Ganglioside NeuAc GM3 Matreya, LLC 
Ganglioside NeuGc GM3 Kind gift from CIM, Havana, 

Cuba 
Gibson assembly mastermix New England Biolabs 
Glycerol-1,1,2,3,3-d5 Aldrich 
Glycerol; 99.5 % Sigma 
Glycine Sigma 
Humanized 14F7 mAb Kind gift from CIM, Havana, 

Cuba 
Imidazole  Sigma 
Insoluble TMB Sigma 
Magnesium chloride  Fluka 
Magnesium sulphate heptahydrate VWR 
Methanol Sigma 
Mouse anti-FLAG-HRP Sigma 
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Mouse anti-His Tag-HRP ABD Serotec 
Peptone Sigma 
Plasmid pUC19 New England Biolabs 
Potassium dihydrogen phosphate VWR 
Protein L-HRP Genscript 
Restriction enzyme DpnI Fermentas (Thermo Scientific) 
Restriction enzyme HindIII Fermentas (Thermo Scientific) 
Restriction enzyme MluI Fermentas (Thermo Scientific) 
Restriction enzyme NcoI Fermentas (Thermo Scientific) 
Restriction enzyme NotI Fermentas (Thermo Scientific) 
Restriction enzyme XhoI Fermentas (Thermo Scientific) 
SeeBlue™ Plus2 Pre-stained Protein Standard Thermo Scientific 
SOC medium Thermo Scientific 
Sodium chloride VWR 
sodium dihydrogen phosphate monohydrate Merck 
Sodium sulphate VWR 
T4 DNA ligase Thermo Scientific 
TMB substrate Thermo Scientific 
Tris(hydroxymethyl)aminomethane Sigma 
Tween-20 Sigma 
Urea VWR 
Yeast extract Sigma 
α-Lactose Sigma 
Fetal bovine serum Thermo Scientific 

Table S7. Columns and suppliers. 
Column Supplier 
HisTrap HP column (1 mL) GE Healthcare 
HiTrap Protein L column (1 mL) GE Healthcare 
Superdex 200 R10/300 GE Healthcare 
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Table S6. Cells and suppliers. 
Cell line Supplier 
NEB Turbo competent E. coli cells New England Biolabs 
XL1-Blue Subcloning-Grade Competent Cells Stratagene 
SKOV3 Kind gift from Institute for 

Cancer Research, 
Radiumhospital (Theodossis 

Theodossiou) 
HEK 293-KI Kind gift from Copenhagen 

Center for Glycomics, 
Denmark (Henrik Clausen) 

P3X63 Ag8 Kind gift from Institute of 
Clinical Medicine, 

Rikshospitalet UiO (Anders 
Tveita) 

HEK 293 Kind gift from Copenhagen 
Center for Glycomics, 

Denmark (Henrik Clausen) 
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Section B: Solutions and buffers. 
 
Culture growth solutions (Media, glucose and ampicillin) 
 

 

 

 

 
 
 

Table S8. Composition of LB Medium (1 L). 
 Volume Amount 
diH2O 1 L - 
Yeast extract - 5 g 
Peptone - 10 g 
NaCl - 10 g 
 
pH 7.1. The components were dissolved in 800 mL of water and sterilized by 
autoclavation. Autoclaved water was then added to a final volume of 1 L. 

Table S9. Composition of 2xYT Medium (1 L). 
 Volume Amount 
diH2O 1 L - 
Yeast extract - 10 g 
Peptone - 16 g 
NaCl - 5 g 
 
pH 7.8.  The components were dissolved in 800 mL of water and sterilized by 
autoclavation. Autoclaved water was then added to a final volume of 1 L. 

Table S10. Composition of Autoinduction Medium (1 L). 
 Volume Amount 
Autoclaved diH2O 778 mL - 
10xZY 100 mL - 
25xM 40 mL - 
20xP 50 mL - 
50x5052 20 mL - 
500xMgSO4 2 mL - 
 
All the components had been sterilized separately. 
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Table S11. Composition of 10xZY (1 L). 
 Volume Amount 
diH2O 1 L - 
Yeast extract - 50 g 
Peptone - 100 g 
 
The components were dissolved in 800 mL of water and sterilized by autoclavation. 
Autoclaved water was then added to a final volume of 1 L. 

Table S12. Composition of 25xM (1 L).  
 Volume Concentration Amount 
diH2O 1 L - - 
Na2HPO4-anhydrous - 1.25 M 177.5 g 
KH2PO4 - 1.25 M 170 g 
NH4Cl - 2.5 M 134 g 
Na2SO4 - 0.25 M 35.5 g 
 
pH 6.75. The components were dissolved in 800 mL of water and sterilized by 
autoclavation. Autoclaved water was then added to a final volume of 1 L. 

Table S13. Composition of 25xM (1 L).  
 Volume Concentration Amount 
diH2O 1 L - - 
Na2HPO4-anhydrous - 1 M 142 g 
KH2PO4 - 1 M 136 g 
(NH4)2SO4 - 0.5 M 66 g 
 
pH 6.75. The components were dissolved in 800 mL of water and sterilized by 
autoclavation. Autoclaved water was then added to a final volume of 1 L. 

Table S14. Composition of 500xMgSO4 (100 mL).  
 Volume Concentration Amount 
diH2O 100 mL - - 
MgSO4•7H2O - 1 M 25 g 
 
The solution was sterilized by filtration (0.2 µm). 



 83 

 

 
 

 

 

  

Table S15. Composition of 50x5052 (250 mL).  
 Volume Concentration Amount 
diH2O 250 mL - - 
Glycerol - 25 % 62 g 
Glucose - 2.5 % 6 g 
α-Lactose - 10 % 25 g 
 
The components were prepared and sterilized separately by filtration (0.2 µm). the 
components were then combined and autoclaved water was then added to a final 
volume of 250 L. 

Table S16. Composition of 20 % glucose solution (500 mL).  
 Volume Concentration Amount 
diH2O 500 mL - - 
Glucose - 20 % 100 g 
 
The solution was sterilized by filtration (0.2 µm) and stored at 4°C. 

Table S17. Composition of 100 mg/mL ampicillin solution (50 mL).  
 Volume Concentration Amount 
diH2O 50 mL - - 
Ampicillin - 100 mg/mL 5 g 
 
The solution was sterilized by filtration (0.2 µm). 1 mL aliquots were stored at  
-20°C. 
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Periplasmic lysis 
 

 

 

 

  

Table S18. Composition of lysis buffer 1 (1 L).  
 Volume Concentration Amount 
diH2O 980 mL - - 
Sucrose - 25 % 250 g 
Tris-HCl 1 M 20 mL 20 mM - 
 
The solution was sterilized by filtration (0.2 µm). 

Table S19. Composition of lysis buffer 2 (1 L).  
 Volume Concentration Amount 
diH2O 975 mL - - 
MgCl2 1 M 5 mL 5 mM - 
Tris-HCl 1 M 20 mL 20 mM - 
 
The solution was sterilized by filtration (0.2 µm).  cOmplete protease inhibitor 
cocktail (1 tablet per 50 mL of buffer; Sigma) was added to the required buffer 
volume before use.  
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Protein purification 
 

 

 

 

 

  

Table S20. Composition of binding buffer for IMAC (1 L).  
 Volume Concentration Amount 
diH2O 799 mL - - 
Imidazole 4 M 1.25 mL 5 mM - 
Tris-HCl 1 M 50 mL 50 mM - 
NaCl 1 M 150 mL 150 mM - 
 
pH= 7.8. The solution was sterilized by filtration (0.2 µm). 

Table S21. Composition of elution buffer for IMAC (1 L).  
 Volume Concentration Amount 
diH2O 550 mL - - 
Imidazole 4 M 250 mL 1 M - 
Tris-HCl 1 M 50 mL 50 mM - 
NaCl 1 M 150 mL 150 mM - 
 
pH= 7.8. The solution was sterilized by filtration (0.2 µm). 

Table S22. Composition of binding buffer for Prot. L affinity chromatography (1 L). 
 Volume Concentration Amount 
diH2O 750 mL - - 
Na2HPO4 1 M 93.2 mL - - 
NaH2PO4 1 M 6.8 mL - - 
NaCl 1 M 150 mL 150 mM - 
 
pH= 8. The solution was sterilized by filtration (0.2 µm). 

Table S23. Composition of elution buffer for Prot. L affinity chromatography (1 L). 
 Volume Concentration Amount 
diH2O 1 L - - 
Glycine - 0.1 M 7.5 g 
 
pH= 2.7. The solution was sterilized by filtration (0.2 µm). 
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ELISA 
 

 

 

 

 

  

Table S24. Composition of phosphate-buffered saline (PBS; 1 L).  
 Volume Concentration Amount 
diH2O 1 L - - 
NaCl - 0.8 % 8 g 
KCl - 0.02 % 0.2 g 
Na2HPO4 - 0.14 % 1.4 g 
KH4PO4 - 0.02 % 0.2 g 
 
pH= 7.8. The solution was sterilized by filtration (0.2 µm). 

Table S25. Composition of PBS-T (1 L).  
 Volume Concentration Amount 
PBS 999 mL - - 
Tween-20 1 mL 0.1 % - 
 

Table S26. Composition of PBS-B (50 mL).  
 Volume Concentration Amount 
PBS 50 mL - - 
Bovine serum 
albumine (BSA) 

- 2 % 1 g 

 
Only freshly prepared solution was used for the ELISA experiments. 

Table S27. Composition of PBS-BT (50 mL).  
 Volume Concentration Amount 
PBS 25 mL - - 
PBS-T 25 mL 0.05 % (Tween-20) - 
Bovine serum 
albumine (BSA) 

- 2 % 0.5 g 

 
Only freshly prepared solution was used for the ELISA experiments. 
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Coomassie staining solution 

 

Nano-Glo Live Cell Reagent 

 
  

Table S28. Composition of Coomassie staining solution (1 L).  
 Volume Concentration Amount 
Coomassie Brilliant 
Blue G-250 

80 mL - - 

diH2O 915 mL - - 
HCl (conc.) 3 mL - - 
 
Add HCl while stirring the solution. 

Table S29. Composition of Nano-Glo Live Cell Reagent (100 µL).  
 Volume Concentration Amount 
Nano-Glo Live Cell 
Substrate 

5 µL - - 

Nano-Glo LCS 
Dilution Buffer 

95 µL - - 

 
The reagent was prepared fresh before every experiment 
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Section C: Cloning reactions. 
 
Digestion reactions set-up 

 
 

 
 
Table S32. Composition of diagnostic digestions of plasmids isolated from single 
colonies. 
 Volume Concentration Amount 
diH2O 33 µl - - 
10X NEBbuffer 2.0 5 µl - - 
Plasmid from single colony, 
100 ng/µl 

10 µl 6 nM 0.3 pmol (1 µg) 

XhoI, 10 U/µl 1 µl 0.2 U/µl 10 U 
HindIII, 10 U/µl 1 µl 0.2 U/µl 10 U 

Table S30. Composition of digestion reaction of PCR-product scFv-C1 used for 
traditional cloning. 
 Volume Concentration Amount 
diH2O 17 µl - - 
10X NEBbuffer 3.0 5 µl - - 
PCR-product (insert), 39 ng/µl 26 µl 40 nM 2 pmol (1 µg) 
NotI, 10 U/µl 1 µl 0.2 U/µl 10 U 
NcoI, 10 U/µl 1 µl 0.2 U/µl 10 U 
 
Total volume: 50 µl. Reagents added in this order and gently mixed. Incubation 
overnight, 37 °C. REs inactivation: incubation 15 min, 80 °C. 

Table S31. Composition of digestion reaction of vector pFKPEN_Nluc used for 
traditional cloning. 
 Volume Concentration Amount 
diH2O 26 µl - - 
10X NEBbuffer 3.0 5 µl - - 
Plasmid pNluc, 59 ng/µl 17 µl 6 nM 0.3 pmol (1 µg) 
NotI, 10 U/µl 1 µl 0.2 U/µl 10 U 
NcoI, 10 U/µl 1 µl 0.2 U/µl 10 U 
 
Total volume: 50 µl. Reagents added in this order and gently mixed. Incubation 
overnight, 37 °C. REs inactivation: incubation 15 min, 80 °C. 
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Total volume: 50 µl. Reagents added in this order and gently mixed. Incubation 1 
hour, 37 °C. 

 
 
Table S33. Composition of DpnI digestion reactions of PCR-mixes used for Gibson 
Assembly. 
 Volume Concentration Amount 
PCR reaction 45 µl  - - 
10X FastDigest Buffer 2 µl - - 
FastDigest DpnI 1 µl - - 
 
Total volume: 48 µl. Buffer and DpnI added in this order and gently mixed. 
Incubation 1 hour, 37 °C. DpnI inactivation: incubation 10 min, 80 °C. 

 
 
 
Table S34. Composition of CIP reaction with vector before ligation. 
 Volume Concentration Amount 
Vector, 10 ng/µl 18 µl  3 nM 62 fmol (180 ng) 
10X CutSmart Buffer 2 µl - - 
CIP 1 µl - - 
 
Total volume: 20 µl. Reagents added in this order and gently mixed. Incubation 
10 minutes, 37 °C. CIP inactivation: incubation 2 min, 80 °C. 
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Ligations and Gibson assembly set-up 
 
Table S35. Composition of ligation-mix with insert/vector ratio of 3:1. 
 Volume Concentration Amount 
diH2O 3 µl - - 
10X T4 DNA Ligase Buffer 2 µl - - 
Vector, 4 ng/µl 9 µl 0.6 nM 12.4 fmol (36 ng) 
Insert, 3.8 ng/µl 5 µl 1.9 nM 38 fmol (19 ng) 
T4 DNA Ligase, 5 U/µl 1 µl 0.25 U/µl 5 U 
 
Total volume: 20 µl. Reagents added in this order and gently mixed. Incubation 
overnight (or 4 hours) at room temperature. 

 
 
 
Table S36. Composition of ligation-mix with insert/vector ratio of 4:1. 
 Volume Concentration Amount 
diH2O 1 µl - - 
10X T4 DNA Ligase Buffer 2 µl - - 
Vector, 4 ng/µl 9 µl 0.6 nM 12.4 fmol (36 ng) 
Insert, 3.8 ng/µl 7 µl 2.6 nM 52 fmol (26 ng) 
T4 DNA Ligase, 5 U/µl 1 µl 0.25 U/µl 5 U 
 
Total volume: 20 µl. Reagents added in this order and gently mixed. Incubation 
overnight (or 4 hours) at room temperature. 

 
 
 
Table S37. Composition of ligation-mix with insert/vector ratio of 5:1. 
 Volume Concentration Amount 
diH2O - - - 
10X T4 DNA Ligase Buffer 2 µl - - 
Vector, 4 ng/µl 9 µl 0.6 nM 12.4 fmol (36 ng) 
Insert, 3.8 ng/µl 8 µl 3.1 nM 62 fmol (31 ng) 
T4 DNA Ligase, 5 U/µl 1 µl 0.25 U/µl 5 U 
 
Total volume: 20 µl. Reagents added in this order and gently mixed. Incubation 
overnight (or 4 hours) at room temperature. 
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Table S38. Composition of Gibson assembly reaction. 
 Volume Concentration Amount 
diH2O 4 µl - - 
Vector, 40 ng/µl 2 µl 1.35 nM 27 fmol (80 ng) 
Insert, 40 ng/µl 4 µl 16 nM 320 fmol (160ng) 
Mastermix 10 µl - - 

 
Total volume: 20 µl. Reagents added in this order and gently mixed. Incubation 
for 1 hour at 50 °C. 
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Section D: PCR mixtures and cycling conditions. 
 

 

 

 

Table S39. Composition of PCR-mix for amplification of insert scFv-C1 used for 
traditional cloning. 
 Volume Concentration Amount 
diH2O 32 µl - - 
5X Phusion HF Buffer 10 µl - - 
Forward primer, 10 µM 2.5 µl 0.5 µM 25 pmol (177 ng) 
Reverse primer, 10 µM 2.5 µl 0.5 µM 25 pmol (183 ng) 
Plasmid pC1, 7 ng/µl 1 µl 0.05 nM 2.3 fmol (7 ng) 
dNTPs, 10 mM 1 µl 200 µM 10 nmol 
Phusion DNA polymerase, 2 U/µl 1 µl 0.04 U/µl 2 U 
 
Total volume: 50 µl. Reagents added in this order and gently mixed. 

Table S40. Cycling conditions for PCR-amplification of insert scFv-C1 used for 
traditional cloning. 
 Cycles Temperature Time 
Initial denaturation 1 98 °C 30 s 

Denaturation  
30 

98 °C 30 s 
Annealing 60 °C 30 s 
Extension 72 °C 15 s 
Final extension 1 72 °C 10 min 
 
Reaction stored at 4 °C after completion. 

Table S41.  Composition of PCR-mix for amplification of insert scFv-C1 used for 
Gibson assembly. 
 Volume Concentration Amount 
diH2O 34 µl - - 
5X Phusion HF Buffer 10 µl - - 
Forward primer, 10 µM 1.5 µl 300 nM 15 pmol (128 ng) 
Reverse primer, 10 µM 1.5 µl 300 nM 15 pmol (160 ng) 
Plasmid pC1, 7 ng/µl 1 µl 0.05 nM 2.3 fmol (7 ng) 
dNTPs, 10 mM 1 µl 200 µM 10 nmol 
Phusion DNA polymerase, 2 U/µl 1 µl 0.04 U/µl 2 U 
 
Total volume: 50 µl. Reagents added in this order and gently mixed. 
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Table S42.  Composition of PCR-mix for amplification of vector pFKPEN_Nluc 
used for Gibson assembly. 
 Volume Concentration Amount 
diH2O 34 µl - - 
5X Phusion HF Buffer 10 µl - - 
Forward primer, 1 µM 1.5 µl 30 nM 1.5 pmol (13 ng) 
Reverse primer, 1 µM 1.5 µl 30 nM 1.5 pmol (13 ng) 
Plasmid pNluc, 5 ng/µl 1 µl 0.03 nM 1.5 fmol (5 ng) 
dNTPs, 10 mM 1 µl 200 µM 10 nmol 
Phusion DNA polymerase, 2 U/µl 1 µl 0.04 U/µl 2 U 
 
Total volume: 50 µl. Reagents added in this order and gently mixed. 

Table S43.  Cycling conditions for PCR-amplification of insert scFv-C1 and vector 
pFKPEN_Nluc used for Gibson assembly. 
 Cycles Temperature Time 
Initial denaturation 1 98 °C 30 s 

Denaturation  
30 

98 °C 30 s 
Annealing 65 °C 30 s 
Extension 72 °C 15 s 
Final extension 1 72 °C 10 min 
 
Reaction stored at 4 °C after completion. 
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Section E: Primers for PCR and sequencing. 
 
Table S44. Sequences of primers used for PCR and sequencing. 
 Direction Sequence 5’-3’ Tm (°C) GC% 

PCR-insert (TC) Fwd ATATAGCCATGGCCCAGGTGCAG 64.2 56.5 

PCR-insert (TC) Rev GATAAAGCGGCCGCTTTCAGTTCC 64.4 54.2 

PCR-vector (G) Fwd AACTGAAAGCGGCCGCTGGCGGTGGTGG 79.2 68 

PCR-vector (G) Rev CTGGGCCATGGCCGGCTGAGCTGCCAGC 76.3 65 

PCR-insert (G) Fwd CTCAGCCGGCCATGGCCCAGGTGCAGCT 71.8 71 

PCR-insert (G) Rev GCCAGCGGCCGCTTTCAGTTCCAGTTTGGTACCAG 67.9 60 
Seq-scFv-C1 Fwd TGTTGTGTGGAATTGTGAGC 63 45 

Seq-scFv-C1 Rev GAAACAGGCTGCTAACACCACC 69 55 

Seq-Nluc Fwd GTACCGACTACTCTCTGACC 63 55 

Seq-Nluc Rev AGCTGATGCGAAAGCCGCAGATTC 72 54 

Seq-FkpA Fwd CCGGATGGTTCACTGCTGTTTC 69 55 

Seq-FkpA Rev AGACAGCACTCATTTCGCGGTC 70 55 

Seq-Lac Fwd TTTCGTTCCACTGAGCGTCAGACC 71 54 

Seq-Lac Rev AATCCATTCCAGGCCCTGATCC 70 55 
 

Abbreviations: Traditional cloning (TC), Gibson assembly (G), Forward (Fwd), 

Reverse (Rev), Melting temperature (Tm), GC content % (GC%), Seq (Sequencing).
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Section F: Nucleic acid sequences. 
 

The scFv-C1 gene is in light grey. The Nluc gene is in dark grey. Stop codons are in 

black. Restriction sites are underlined. 

 

>scFv-C1 
GCCATGGCCCAGGTGCAGCTGCAGCAGAGCGGCGCGGAACTGGCGAAACCGG
GCGCGAGCATGAAAATGAGCTGCCGCGCGAGCGGCTATAGCTTTACCAGCTAT
TGGATTCATTGGCTGAAACAGCGCCCGGATCAGGGCCTGGAATGGATTGGCTA
TATTGATCCGGCGACCGCGTATACCGAAAGCAACCAGAAATTTAAAGATAAAGC
GATTCTGACCGCGGATCGCAGCAGCAACACCGCGTTTATGTATCTGAACAGCCT
GACCAGCGAAGATAGCGCGGTGTATTATTGCGCGCGCGAAAGCCCGCGCCTG
CGCCGCGGCATTTATTATTATGCGATGGATTATTGGGGCCAGGGCACCACCGT
GACCGTGAGCAGCAAGCTTTCAGGGAGTGCATCCGCCCCAAAACTTGAAGAAG
GTGAATTTTCAGAAGCACGCGTAGACATCCAGATGACCCAGACCCCGTCTTCTC
TGTCTGCTTCTCTGGGTGACCGTGTTACCATCTCTTGCCGTGCTTCTCAGGACA
TCTCTAACTACCTGAACTGGTACCAGCAGAAACCGGACGGTACCGTTAAACTGC
TGATCTACTACACCTCTCGTCTGCACTCTGGTGTTCCGTCTCGTTTCTCTGGTTC
TGGTTCTGGTACCGACTACTCTCTGACCATCTCTAACCTGGAACAGGAAGACAT
CGCTACCTACTTCTGCCAGCAGGGTAACACCCTGCCGCCGACCTTCGGTGCTG
GTACCAAACTGGAACTGAAATAAGCGGCCGCT 
 
>scFv-C1-Nluc 
GCCATGGCCCAGGTGCAGCTGCAGCAGAGCGGCGCGGAACTGGCGAAACCGG
GCGCGAGCATGAAAATGAGCTGCCGCGCGAGCGGCTATAGCTTTACCAGCTAT
TGGATTCATTGGCTGAAACAGCGCCCGGATCAGGGCCTGGAATGGATTGGCTA
TATTGATCCGGCGACCGCGTATACCGAAAGCAACCAGAAATTTAAAGATAAAGC
GATTCTGACCGCGGATCGCAGCAGCAACACCGCGTTTATGTATCTGAACAGCCT
GACCAGCGAAGATAGCGCGGTGTATTATTGCGCGCGCGAAAGCCCGCGCCTG
CGCCGCGGCATTTATTATTATGCGATGGATTATTGGGGCCAGGGCACCACCGT
GACCGTGAGCAGCAAGCTTTCAGGGAGTGCATCCGCCCCAAAACTTGAAGAAG
GTGAATTTTCAGAAGCACGCGTAGACATCCAGATGACCCAGACCCCGTCTTCTC
TGTCTGCTTCTCTGGGTGACCGTGTTACCATCTCTTGCCGTGCTTCTCAGGACA
TCTCTAACTACCTGAACTGGTACCAGCAGAAACCGGACGGTACCGTTAAACTGC
TGATCTACTACACCTCTCGTCTGCACTCTGGTGTTCCGTCTCGTTTCTCTGGTTC
TGGTTCTGGTACCGACTACTCTCTGACCATCTCTAACCTGGAACAGGAAGACAT
CGCTACCTACTTCTGCCAGCAGGGTAACACCCTGCCGCCGACCTTCGGTGCTG
GTACCAAACTGGAACTGAAAGCGGCCGCTGGCGGTGGTGGTAGCATGGTTTTT
ACCCTGGAAGATTTTGTTGGTGATTGGCGTCAGACCGCAGGTTATAATCTGGAT
CAGGTTCTGGAACAAGGTGGTGTTAGCAGCCTGTTTCAGAATCTGGGTGTTAGC
GTTACCCCGATTCAGCGTATTGTTCTGAGCGGTGAAAATGGTCTGAAAATCGAT
ATTCATGTGATCATCCCGTATGAAGGTCTGAGTGGTGATCAGATGGGTCAGATT
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GAAAAAATCTTCAAAGTTGTGTATCCGGTGGATGACCACCATTTTAAAGTGATTC
TGCATTATGGCACCCTGGTTATTGATGGTGTGACCCCGAATATGATTGATTATTT
CGGTCGTCCGTATGAGGGTATTGCCGTTTTTGATGGCAAAAAAATCACCGTTAC
AGGCACCCTGTGGAATGGTAACAAAATTATCGATGAACGCCTGATTAATCCGGA
TGGTTCACTGCTGTTTCGTGTGACAATTAATGGTGTTACCGGTTGGCGTCTGAG
CGAACGTATTCTGGCAGGCGGTGGCGGTTCACATCATCACCATCATCATTAA 
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Section G: Aminoacid sequences. 
 

The scFv-C1 sequence is in light grey. The Nluc sequence is in dark grey. The 

biophysical features (molecular weight, theoretical pI and molar extinction coefficient), 

listed below each sequence, were calculated with ProtParam tool (ExPASy). 

 

>scFv-C1 
MAQVQLQQSGAELAKPGASMKMSCRASGYSFTSYWIHWLKQRPDQGLEWIGYID
PATAYTESNQKFKDKAILTADRSSNTAFMYLNSLTSEDSAVYYCARESPRLRRGIYY
YAMDYWGQGTTVTVSSKLSGSASAPKLEEGEFSEARVDIQMTQTPSSLSASLGDR
VTISCRASQDISNYLNWYQQKPDGTVKLLIYYTSRLHSGVPSRFSGSGSGTDYSLTI
SNLEQEDIATYFCQQGNTLPPTFGAGTKLELK- 
 

Molecular weight: 28292.56 Da 
Theoretical pI: 6.73  
Ext. coefficient (ε): 52830 M-1cm-1; assuming that all cysteine residues are reduced. 
 
 
>scFv-C1-Nluc  
MAQVQLQQSGAELAKPGASMKMSCRASGYSFTSYWIHWLKQRPDQGLEWIGYID
PATAYTESNQKFKDKAILTADRSSNTAFMYLNSLTSEDSAVYYCARESPRLRRGIYY
YAMDYWGQGTTVTVSSKLSGSASAPKLEEGEFSEARVDIQMTQTPSSLSASLGDR
VTISCRASQDISNYLNWYQQKPDGTVKLLIYYTSRLHSGVPSRFSGSGSGTDYSLTI
SNLEQEDIATYFCQQGNTLPPTFGAGTKLELKAAAGGGGSMVFTLEDFVGDWRQT
AGYNLDQVLEQGGVSSLFQNLGVSVTPIQRIVLSGENGLKIDIHVIIPYEGLSGDQMG
QIEKIFKVVYPVDDHHFKVILHYGTLVIDGVTPNMIDYFGRPYEGIAVFDGKKITVTGT
LWNGNKIIDERLINPDGSLLFRVTINGVTGWRLSERILAGGGGSHHHHHH- 
 

Molecular weight: 49020.11 Da 
Theoretical pI: 6.07 
Ext. coefficient (ε): 78270 M-1cm-1; assuming that all cysteine residues are reduced. 
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Section H: Plasmid maps. 
 

Map of pFKPEN_scFv-anti-phOx-Nluc (pNluc) 
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Map of pFKPEN_scFv-C1 (pC1) 
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Map of pFKPEN_scFv-C1-Nluc (pC1-Nluc) 
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Section I: Sequencing alignments.  
Sequencing alignments of plasmid used for production (p9) with theoretical sequences. 

Genes are highlighted with colors. Mutations/deletions are marked in red. 
 
scFv-C1 – forward sequencing 
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scFv-C1 - reverse sequencing 
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Nluc – Forward sequencing 
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FkpA – Forward sequencing 
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FkpA – Reverse sequencing 
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Lac – Forward sequencing 
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Lac – Reverse sequencing 
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Section L: Western blotting analyisis.  

 
Figure 29. Western blotting analysis of periplasmic materials run on SDS-PAGE. Periplasmic 
material of E. coli producing scFv-C1-Nluc, scFv-anti-phOx-Nluc and scFv-anti-phOx was run on SDS-
PAGE and analyzed by Western blotting. Anti-His Tag-HRP was applied to detect His-tagged proteins 
(left) and anti-FLAG-HRP was applied to detect the chaperone FkpA (right). Bands of the expected sized 
(49 kDa for scFv-C1-Nluc and scFv-anti-phOx-Nluc; 30 kDa for scFv-anti-phOx) were detected with anti-
His tag-HRP, suggesting successful production of scFv-C1-Nluc. Bands of approximately 35 kDa were 
detected with anti-FLAG-HRP, suggesting the presence on the chaperone FkpA in all samples. The 
picture was by mistake taken some hours after detection, thereby allowing partial fading of the stains. 


