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Chapter 1 
Antibody engineering 

 
 
 
 
 
 

  

 

Antibodies play an important role in immunology as the eyes and ears of the immune system. 
Due to their high specificity and affinity to bind an antigen, antibodies have also become 
important reagents in the life sciences. Since the development of the hybridoma technology 
to create monoclonal antibodies, antibodies have found widespread use in in bioanalytical 
assays, imaging and therapeutics. For many of these applications, antibodies require 
functionalization and a wide variety of antibody labelling approaches has been developed, 
each having their own advantages and drawbacks. An emerging field within antibody 
engineering is antibody actuation. For therapeutic antibodies, the binding to antigens in 
healthy tissue can result in side-effects. By making the binding of antibodies conditional on 
internal or external triggers, these side-effects can be reduced, and the therapeutic window 
increased. The field of antibody actuation is still in its infancy, with new biomolecular 
engineering approaches becoming available only recently.  
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1.1 Introduction 

Early antibody discoveries 

The discovery and evolution of antibodies (Figure 1.1) is closely related to the 
development of vaccines. Already in the 10th century healthy people in China were 
exposed to tissue of people infected with smallpox to prevent infection. Many centuries 
later, in 1796, the method became famous by the work of Edward Jenner. He described 
the use of pus extracted from a pustule of a cow with cowpox to vaccinate an 8-year-old 
boy. It was not until almost a hundred years later that the mechanism of this immunity 
was revealed. Behring and Kitasato described the use of blood from immunized animals 
to cure infected animals or pretreat animals to prevent infections.[1] They used the blood 
from immunized rabbits and transferred the serum to the abdominal cavity of mice to 
protect them against the tetanus bacilli or toxin. In a follow-up study, Behring described 
a similar mechanism but made use of blood or serum from rats immune to the diphtheria 
toxin and used it to successfully protect guinea pigs from infection after an injection with 
the same toxin.[2] The effect was not observed when blood from non-immunized animals 
was used for the procedure, demonstrating the capability of blood or serum from 
immunized animals to neutralize toxins. In 1901, Behring was awarded the Nobel Prize for 
these discoveries. 

 
Figure 1.1: Timeline of antibody discoveries and use.  

The discoveries of Behring and Kitasato resulted in a new wave of research. Paul 
Ehrlich, who collaborated with Behring to develop a strategy to produce anti-diphtheria 
serum at a large scale,[3] proposed the side-chain model of immunity (Figure 1.2) based on 
experimental observation in 1897.[4] His idea was based on the presence of side chains on 
cells, so called ‘nutriceptors’, that bind to nutrients to allow their cell uptake. Toxins would 
mimic these nutrients and upon binding to cells, the side chains would be blocked. As a 
result, cells would express more side chains and excrete them into the blood stream in 
order to act as antitoxin or ‘antibody’ to protect against subsequent exposure to the same 
toxin. Ehrlich also postulated the idea of developing a target-specific drug, termed the 
magic bullet principle.[5] He proposed to develop toxins which specifically target invading 
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microbes without damaging the host. This “lock and key” principle has been the basis for 
pharmaceutical research and modern chemotherapy. In 1908, he was awarded the Nobel 
Prize, together with Élie Metchnikoff, as recognition for their work on immunity. While the 
idea of antibodies for immunity was revealed in the early 1900s, it would take several 
decades to discover the structure of these antibodies and how they are generated by the 
immune system. 

Figure 1.2: Side-chain model postulated by Paul Ehrlich. The binding of toxins (black) to cells results 
in the increased expression of ‘nutriceptors’ to allow sufficient uptake of nutrients. To prevent toxins 
from binding to cells the receptors are excreted in the bloodstream to act as antibody to scavenger 
toxins before binding to cells. Figure was provided by Wellcome Library, London. 

Antibody structure 

In 1939, Tiselius and Kabat discovered that antibodies where gamma-globulins.[6] 
Using Tiselius newly developed electrophoresis method, awarded with the Nobel Prize for 
Chemistry in 1948, they were able to separate the various proteins present in serum and 
noticed an increase in gamma-globulins in serum obtained from immunized animals. In 
1940, Pauling published his theory on the formation of antibodies, later termed the 
‘instructional model’. He proposed that all antibodies were a polypeptide chain with an 
identical primary sequence and only differed in their three-dimensional structure based 
on the antigen they encountered. The antigen served as a template and locked the 
antibody into its shape thereby defining its specificity. His theory was proven wrong by 
work of Porter and Edelman. In 1959, Porter and Edelman, awarded the Nobel Prize in 
medicine or physiology in 1972, independently published their work on the structure of 
antibodies (Figure 1.3). To elucidate the structure, they both digested various 
immunoglobulins and analyzed the physiochemical and biological properties of each 
fragment. Porter digested rabbit gamma-globulins using the enzyme papain and found 
three different fragments. Two fragments (~50 kDa) showed high similarities and where 
able to bind the antigen, therefore termed ‘fragment antigen binding’ (Fab). The third 
fragment (~80 kDa) showed no interaction with the antigen and was termed the 
‘fragment crystallizable’ (Fc) due to its ability to readily form crystals. Concurrently, 
Edelman used reducing, alkylating and denaturing chemicals to investigate the structure 
of human and rabbit antibodies. He identified two distinct chains of 20–24 kDa (Light 
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chain) and 50–60 kDa (Heavy chain).[7,8] Knowing the molecular weight of one antibody 
(150 kDa) he concluded that an antibody consisted of two heavy and two light chains 
linked via disulfide bonds and noncovalent interactions. In 1969, Edelman and coworkers 
revealed the amino acid sequence of a human immunoglobulins thereby proving the 
structure proposed a few years earlier.[9] Crystallography data of the Fab fragment and 
later a whole intact immunoglobulin supported the proposed structure.[10–12] In 1970, Wu 
and Kabat reported their findings on highly variable stretches of amino acids when 
comparing the amino acid sequence of antibodies.[13] In the light chains these stretches 
run from amino acids 24–34, 50–56 and 89–97 and in the heavy chain from amino acids 
31–35, 50–65 and 95–102. These stretches determine antibody complementarity and are 
now known as the complementary-determining regions or CDRs.  

Figure 1.3: Schematic representation of IgG and various antibody fragments. The IgG (green) is 
composed of four strands of which two light chains and two heavy chains. The antigen binding sites 
consist of the CDRs and are part of the variable domains of the antibody. Smaller engineered 
fragments of the conventional IgG are the Fab domain and the single chain variable fragment (scFv). 
Heavy chain antibodies (HcAb, blue) are a special class of antibodies only produced in camelids and 
sharks. The single domain fragment of HcAb is referred to as a nanobody.  

Since the discovery of the structure of antibodies, researchers have been interested 
in developing other antibody formats. The conventional antibody has been reduced to 
smaller formats, such as the Fab domain and the single chain variable fragment (scFv). 
These smaller fragments have a decreased half-life and increased tissue penetration.[14,15] 
The Fab domain, consisting of the CH1 and VH of the heavy chain linked via disulfide bonds 
to the light chain, can be obtained by degrading a full IgG or through recombinant 
expression in mammalian expression systems or E. coli.  The single chain variable 
fragment (scFv), developed by Huston et al. is composed of the variable domains of the 
light and heavy chain connected via a polypeptide linker.[16] This fragment can be readily 
expressed in bacteria.  
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In the early 1990s, Belgian researchers found another antibody format besides the 
conventional IgG.[17] In sera of Camelidae they found an antibody lacking the light chain 
and the first constant domain of the heavy chain, termed the heavy chain antibody 
(HcAb). The antigen is recognized by only one variable domain, denoted as the variable 
heavy homodimers (VHH). The antigen binding site within the VHH is formed by three 
CDRs. The VHH domain is referred to as a nanobody and can be easily expressed in E. coli. 
The nanobody is small (12–15 kDa), has an increased tissue penetration and has the same 
binding affinity as the HcAb. Besides in Camelidae, the HcAbs are only found in 
cartilaginous fish. In these fish the constant domain of one heavy chain is composed of 
five instead of two domains. 

How antibodies are generated 

In 1943, Bjørneboe and Gormsen showed that repeated immunization of rabbits with 
polyvalent vaccines led to massive proliferation of plasma cells which correlated with 
antibody production.[18] The production of antibodies by these plasma cells was shown in 
vitro by Fagraeus in 1947.[19] Biopsies of the spleen of a previously immunized rabbit 
where taken after a secondary exposure to the live bacteria. One or two days after the 
exposure, immature plasma cells appeared with high antibody formation. In the days 
after, the cells matured resulting in a decrease in antibody production, indicating a clear 
relation between the appearance of plasma cells and antigen stimulation.  Ten years later, 
in 1957, Burnet proposed his clonal selection theory.[20] His theory is an adaptation of Niels 
Jerne’s theory, who predicted that antibody diversity is not created upon antigen 
exposure, but is already present awaiting an exposure. Burnet proposed a cellular 
mechanism to acquire the antibody diversity via randomization. Nossal and Lederberg 
proved this theory by investigated single cells from immunized rats.[21] The cells only 
produced antibodies when exposed to their specific antigen, while no production was 
observed when exposed to a different antigen. The antigen is thus only able to activate 
its counter lymphocyte for antibody production. Furthermore, the lymphocyte is only able 
to produce one type of antibody. In 1965 it was revealed that the lymphocytes from the 
thymus (T-cells) play a role in cellular immunity and are supporting the lymphocytes from 
the bone marrow (B-cells), which produce the antibodies.[22,23] 

The discovery of the cells producing antibodies was a key finding for the 
development of monoclonal antibodies in high quantities. Previously, B cells from human 
an animal sources were used to produce antibodies. The use of these B cells resulted in 
the formation of polyclonal antibodies, a mixture of antibodies with a high specificity for 
the antigen but with different antigen recognition sites. Moreover, the antibody 
quantities obtained were low due to the mortality of the cells. The development of the 
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hybridoma technology (Figure 1.4), by Köhler and Milstein in 1975, yielded access to the 
first mouse monoclonal antibodies with predefined specificity and in high quantities, 
allowing the use of monoclonal antibodies in various fields.[24] Their technique is based on 
the fusion of a tumor cell and an antibody producing B cell from the spleen of an 
immunized mouse to develop an immortal B cell. In their paper, they describe the fusion 
of cells from a myeloma cell line P3-X63-Ag8 with spleen cells from a mouse immunized 
with sheep red blood cells. To select for fused cells, cells were cultured in hypoxanthine 
aminopterin thymidine (HAT) medium for 10–14 days; the myeloma cells are deficient for 
the enzyme hypoxanthine guanine phosphoribosyltransferase, which is essential for cell 
growth in this medium, and B cells have a short life span. The hybridoma cell line is 
immortal and produces the aimed antibody, in their case against sheep red blood cells. 
The term monoclonal antibody hints to the source of the antibody being one clone, 
indicating all antibodies have the same recognition motif. The efforts of Köhler and 
Milstein were awarded with the Nobel Prize in physiology or medicine in 1984, together 
with Niels Kaj Jerne, “for theories concerning the specificity in development and control 
of the immune system and the discovery of the principle for production of monoclonal 
antibodies.”  

Figure 1.4: Hybridoma technology for the production of monoclonal antibodies. A mouse is 
immunized with the antigen of interest. Spleen cells are harvested and fused with tumor cells. After 
incubation and growth in selective medium only the hybridoma cells survive. Each cell produces 
one type of antibody against the antigen.  

Antibodies in biomedical research 

The unravelling of antibodies as being highly specific antigen binders boosted their 
use in biomedical research and bioanalytical assays. Even before the ability to develop 
monoclonal antibodies, a variety of so-called immunoassays were developed to 
determine the presence of proteins or other biomarkers in cells, tissues or body fluids 
(Figure 1.5). In 1945, Coombs et al. already described the use of rabbit anti-human 
immunoglobulin serum to detect the presence of the anti-rhesus antibodies in blood.[25] 
The antibodies bind to red blood cells and addition of the serum will agglutinate the cells 
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(Figure 1.5A). The test was used in the clinic to test pregnant women since the presence 
of the anti-rhesus antibodies in their blood can lead to hemolytic disease of the newborn.  

In 1959, Yalow and Berson reported on a radioactive competitive immunoassay to 
detect the presence of insulin.[26,27] They purified antibodies from a diabetic patient 
treated with animal insulin. The anti-insulin antibodies were incubated with blood 
samples and I131-labelled insulin. The radioactive labelled insulin competed with the 
native insulin and the amount of unbound labelled insulin, as separated by paper 
chromatography, was a measure for the amount of insulin present in the blood sample. 
Yalow was awarded with the Nobel Prize in medicine or physiology in 1977, while 
unfortunately Berson had already passed away in 1972. Since the development of this 
assay, immunoassays rapidly increased in popularity. In 1971, van Weeman and Schuurs 
replaced the radioactive label by an enzyme, horseradish peroxidase (HRP).[28] HRP 
catalyzes the oxidation of various organic substrates by hydrogen peroxide, inducing a 
color change. They labelled the human chronic gonadotropin (hCG), a hormone marker 
for pregnancy, with HRP and added this to serum containing hCG antibodies 
preincubated with urine. After separation of bound and unbound labelled hormone, the 
amount of hCG could be determined.  

In the same year, Engvall and Perlman developed a similar assay, but instead of 
labelling the antigen, they labelled the antibody with the enzyme alkaline phosphatase 
(AP). This enzyme removes phosphate groups from a substrate which will change color. 
The developed assay, named enzyme-linked immunosorbent assay (ELISA), was used to 
detect the presence of rabbit IgG. Anti-rabbit IgG from sheep was conjugated to cellulose 
and incubated with the sample and the labelled antibody. After incubation, the cellulose 
was washed, and the enzymatic activity was determined after addition of the substrate. 
The researchers found similar sensitivities for a radioactive assay and their enzyme-linked 
assay. Since then 4 different types of ELISA have been developed: direct, indirect, 
sandwich and competitive (Figure 1.5B). The direct and indirect ELISA detect the presence 
of a certain biomarker adsorbed to the well. While in a direct ELISA the primary antibody 
is labelled, in an indirect ELISA a labelled secondary antibody is used. In a sandwich assay, 
the antigen is captured by a capture antibody adsorbed to the well. In a competitive ELISA, 
labelled antigen is used instead of a labelled antibody. The labelled antigen competes 
with the antigen in the sample for binding to the antibody in the well. The label is most 
often an enzyme, but also fluorophores or oligonucleotides can be used. In the latter case, 
the presence of the oligonucleotides is subsequently detected using a PCR reaction to 
amplify the signal, also termed immuno-PCR. 

In addition to their application in diagnostics, antibodies are a key component of 
many other crucial techniques in the life sciences. A technique very similar to ELISA is the 
Western blot (Figure 1.5C). This technique, developed by Towbin et al.,[29] first separates 
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proteins via gel electrophoresis, where after the proteins are transferred to a PVDF or 
nitrocellulose membrane. Next, the membrane can be stained directly or indirectly with 
labelled antibodies to confirm the presence of certain biomarkers in cell or tissue lysate. 
This technique is widely used in molecular cell biology.  

In immunohistochemistry, antibodies are used to visualize the presence and location 
of proteins in cells or tissues (Figure 1.5D). The antibodies used require labelling with a 
fluorescent group. The first reports of fluorescently labelled proteins used to visualize 
antigens in tissues was by Coons and co-workers in the early 1940s.[30,31] Eighty years later, 
fluorescent antibodies are still used to stain cells and tissues. The cells or tissues are, most 
of the time, mounted on a microscope slide. When proteins inside the cell are under 
investigation, the cells are made permeable. The tissue is incubated with a primary 
antibody which specifically targets the protein of interest. After washing, the tissue is 
treated with the secondary antibody, which binds to the primary antibody, and carries the 
fluorescent label. Fluorescently labelled antibodies have also been used to detect, 
quantify and sort cells via fluorescence-assisted cell sorting (FACS). Here, the cells are 
labelled while in a single-cell suspension and analyzed in flow using a system of lasers and 
detectors.  

Figure 1.5: Bioanalytical assays using antibodies. (A) Agglutination assays use antibodies to 
agglutinate cells only when the cells express a certain receptor or are coated with a certain antibody. 
(B) Enzyme-linked immunosorbent assay (ELISA) makes use of antibodies labelled with a reporter 
molecule (fluorophore, enzyme or oligonucleotide) to detect the presence of an analyte in solution. 
Four different ELISA types have been developed. The same labelled antibodies are used for 
immunostaining of a Western blot (C). (D) Fluorophore-labelled antibodies have been used to 
detect the presence of intracellular and extracellular antigens using immunohistochemistry or flow 
cytometry/ FACS.  
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Therapeutic antibodies 

The ability to develop monoclonal antibodies also enabled their use in therapeutic 
applications. However, since monoclonal antibodies are of murine origin, they are 
immunogenic when used in humans. In order to allow safe use in humans, Oi and 
colleagues replaced the mouse constant domain by a constant domain of a human 
antibody.[32] This chimeric antibody was found to bind to the antigen with similar affinity 
as the full mouse antibody. This concept was extended even further by Winter and 
colleagues, who replaced the CDR domains of human antibodies by those of the antigen-
specific mouse IgG.[33] The creation of both chimeric (70 % human) and humanized (85–
90 % human) antibodies have reduced the adverse effects.[34] In 1997, Rituximab was the 
first chimeric, therapeutic antibody approved for treatment of non-Hodgkin’s lymphoma. 
The antibody targets the CD20 receptor expressed on immature B cells to promote 
elimination by NK cells. In the years after, many other antibodies have been approved for 
treatment of cancer or autoimmunity diseases, for example Trastuzumab (HER2, 1998), 
Bevacizumab (VEGF-A, 2004), Cetuximab (EGFR, 2005), and Nivolumab (PD-1, 2014). 
Today, monoclonal antibodies form an important class of new drugs and many more are 
in clinical trials.[35] Furthermore, 6 out of the 10 bestselling drugs consist of antibodies or 
antibody-derivates.[36] 

Therapeutic antibodies can exert their function in diverse ways (Figure 1.6). 
Monospecific antibodies can serve as an agonist and induce the apoptosis of cells upon 
binding to a cell surface receptor. They can also function as antagonist, blocking the 
binding of the natural ligand and thereby prevent the proliferation of the cell. The binding 
of antibodies on a diseased cell can be used to recruit immune cells, such as macrophages, 
via the Fc domain of the antibody and induce the phagocytosis of the diseased cell. 
Finally, antibodies can be labelled with a toxin and by binding to the cell the toxin is 
brought in close proximity or endocytosed into the cell to exert its function. Bispecific 
antibodies form an important new class of antibodies within therapeutics. These 
antibodies represent a large family of engineered antibody (fragments) designed to 
recognize two different antigens or epitopes simultaneously. Their size ranges from two 
crosslinked nanobodies to two crosslinked full-length IgGs.[37–39] They have been used to 
increase the specificity for diseased cells, for drug targeting and T cell or NK cell 
recruitment.[39]  
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Figure 1.6: Mode of action of therapeutic antibodies. Antibody binding can act as an agonist (1), to 
induce apoptosis, or antagonist (2), to inhibit cell proliferation. The binding of antibodies can recruit 
immune cells (3) to induce phagocytosis. Antibody-drug conjugates (4) can after internalization 
induce apoptosis. Bispecific antibodies can recruit a drug (5) or immune cells (6) to induce apoptosis 
or phagocytosis, respectively.  

The high affinity and specificity of antibodies for their target antigen and the ability 
to produce antibodies against almost any molecular target have made antibodies crucial 
proteins for many applications, ranging from detection and imaging to therapeutics. The 
development of antibody technology plays in important role in the life science revolution. 
Many applications of antibodies continue to be discovered. Important for their 
application is the ability to functionalize antibodies with high precision and actuate their 
binding affinity. The remainder of this chapter will be dedicated to give an overview of 
the available methods for the functionalizing or actuation of antibodies.    

1.2 Functionalization of antibodies  

The conjugation of molecular labels to antibodies is of great importance in 
biomedical research as well as for therapeutics. As described before, labelled antibodies 
can be used in bioanalytical applications to detect the presence of biomarkers, in imaging 
to visualize biological processes and in therapeutics to label antibodies with toxins. 
Conjugation methods are diverse, with each having their own advantages and 
disadvantages. In general, conjugation methods can be divided into genetic and chemical 
approaches (Figure 1.7), in which the chemical approach is the most diverse.  
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Figure 1.7: Antibody functionalization approaches. Antibody conjugates can be generated by 
chemically labelling reactive groups naturally present in antibodies such as amino acids like lysine 
(1) or cysteine (2), or sugar moieties on the Fc domain (3). Antibody conjugates can also be 
generated genetically by fusing a protein of interest (POI, 4) or incorporating of a peptide tag (5) or 
a non-canonical amino acid (6) as handle for functionalization. Finally, the nucleotide binding site 
(7) and the antibody binding domains (8) have been used to functionalize antibodies.  

The classical approach to conjugate reporter molecules to antibodies is by making 
use of chemical conjugation methods. These chemical methods make use of naturally 
occurring tags/ handles on the antibody. Chemical conjugation has the advantage that 
monoclonal antibodies can be used as such without further genetic modification. 
Furthermore, chemical conjugation is diverse and allows the conjugation of a wide variety 
of molecules, from small molecules to complete proteins, using the same conjugation 
strategy. A main drawback of chemical conjugation is the decreased control over site-
selectivity and the degree of conjugation.  

The most used conjugation method is a chemical conjugation to side chains of native 
amino acid residues such as lysine,[40–47] cysteine,[46,48–50] and arginine residues[51] (Figure 
1.8). Functional groups can be conjugated using either a one-step approach, where the 
functional group contains a reactive group, or using a two-step approach, in which a 
heterobifunctional crosslinker is used. 

Lysine residues are the most commonly used residues to conjugate a functional 
partner to an antibody because of their high prevalence and surface exposure. The 
nucleophilic ε-amine in lysines is typically reacted with N-hydroxysuccinimide (NHS) 
esters, sulfonyl chlorides, isocyanates or isothiocyanates. The first antibody-drug 
conjugate (ADC) on the market, gemtuzumab ozogamican, was composed of the semi-
synthetic calicheamicin derivate conjugated via an NHS ester to the lysine of a humanized 
IgG4 to treat acute myeloid leukemia.[41] In 2010 the drug got withdrawn due to the lack 
of improvement in clinical benefit to patients. Today, there are two clinically relevant 
conjugates on the market which are formed using lysine modifications: the ADC  
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Figure 1.8: Schematic overview of antibody-conjugation methods using naturally available amino 
acids as handle. The reactive groups and the resulting product after conjugation are displayed. 

trastuzumab emtansine and the radioimmunoconjugate 90Y-ibritumomab tiuxetan. The 
main drawback of conjugation to lysine side chains is the varying amount and 
heterogeneous distribution of labels. When the crosslinking occurs close to the antigen 
binding site, the binding affinity could also be hampered. Furthermore, the NHS ester can 
also react to other amino acids (threonine, tyrosine, serine or cysteine) or the N-terminus.  

Arginines are less prevalent and reactive compared to lysines. The 4-azidophenyl 
glyoxal reagent can selectively react with the arginine side chain. Dovagen et al. made use 
of this method to develop antibody-conjugates with fluorophores or oligonucleotides.[51] 
Cysteines can also be used to conjugate a functional group to an antibody. Cysteine 
residues are less prevalent in antibodies compared to lysine residues thus allowing for 
more control over functionalization. The four interchain disulfide bonds, required for the 
stabilization of the tertiary structure of an antibody can be partially reduced allowing 
conjugation.[52] After partially reducing the antibody, free thiolates can be reacted to for 
example maleimides or iodoacetamide. Several groups have made use of this to gain 
some control over the conjugation of functional groups. Sun et al. showed the use of two 
different reducing agents to obtain selective reduction and alkylation of either the 
disulfide between the heavy and light chain or the heavy-heavy chain disulfide.[48] 
Rudchenko et al. used a similar approach to conjugate oligonucleotides for the evaluation 
of receptor expression on cell surfaces.[49] Besides functionalization of one thiol, also 
bridging approaches can be used, thereby leaving the tertiary structure intact. Badescu et 
al. used a bis-sulfone-functionalized group to react with both free cysteines and develop 
well-defined antibody-drug conjugates.[50] 
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Besides amino acid side chains, carbohydrate moieties on antibodies have also been 
used for antibody functionalization. The amide of asparagine at position 297, a highly 
conserved amino acid, can post-translationally be glycosylated when expressed in 
mammalian expression systems. The position of the carbohydrate moieties on the Fc 
domain, thus far away from the antigen binding site, makes these moieties very 
interesting since modifications do not hamper with antigen binding. Furthermore, the 
glycans form biochemically unique handles for controlled functionalization of antibodies. 
A drawback is the heterogeneous glycosylation pattern, which is influenced by the 
expression system, the glucose content, temperature and production scale.[53] Conjugates 
can be formed by either chemical oxidation of the 1,2-cis diols,[54–58] or by (chemo-
)enzymatic approaches.[59–65] Chemical oxidation of the diols of sialic acid and galactose, 
mostly making use of sodium periodate, results in the formation of aldehydes which can 
be further reacted with hydrazide or primary amine-functionalized molecules. The 
downside of this labelling technique is the non-homogeneous result, since the sodium 
periodate is not sugar specific and the glycosylation pattern is not homogeneous. To 
obtain more control over specificity enzymatic approaches have been used. These can 
focus on labelling of one type of sugar, rebuilding the sugars to create homogeneous 
carbohydrates, or incorporating non-natural glycans to allow more specific labelling. A 
drawback of modifying the sugar moieties can be the reduction of the circulation time 
and the reduced effector properties of the Fc domain.  

The formation of homogeneous antibody conjugates can be accomplished by using 
genetic engineering. This method is generally applicable and allows incorporation of a 
reporter protein by inserting the genetic sequence of the protein into the expression 
vector of the antibody. The chimeric protein can then be expressed and purified resulting 
in site-specific and homogeneous conjugates. Many examples are described in which a 
single chain variable fragment (scFv) or nanobody is fused to a reporter protein since 
these antibody fragments can be easily expressed in E. coli cells.[66–81] Dong et al. fused 
alkaline phosphatase, an enzyme converting a substrate into chemiluminescent signal, to 
a scFv specific for ractopamine, an additive in animal food harmful to human health.[72] 
The developed fusion, expressed in E. coli, was used in a chemiluminescent enzyme 
immunoassay (CLEIA), a more sensitive format of the classic enzyme-linked 
immunosorbent assay (ELISA).  

Genetic fusions of full-length IgGs to proteins is more demanding than with antibody 
fragments because of the more complex expression systems.[76,82–84] Boado et al. have used 
antibodies as Trojan horses to get enzymes across the blood brain barrier.[82] They 
genetically fused the enzyme α-L-iduronidase (IDUA), lacking in the lysosomal storage 
disorder Hurler’s Syndrome, to the C-terminus of a human insulin receptor (HIR-)antibody 
which is able to cross the blood brain barrier. The fusion protein, expressed in COS cells, 
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showed enzymatic activities comparable to the activity of recombinant IDUA. The fusion 
proteins were shown to be taken up by fibroblasts and located to lysosomes where a 
decrease in large sugar molecule build-ups was observed. The antibody-conjugates were 
found to rapidly transport into the brain after intravenous injections in Rhesus monkeys.  
The genetic fusion of a protein of interest with an antibody requires cloning, expression 
and purification for every new antibody–protein conjugate. Furthermore, this way of 
genetic fusion only allows for the conjugation of protein partners. Instead of introducing 
a functional protein, also a reactive tag can be introduced to subsequently conjugate, 
either covalently or non-covalently, a functional group. Various tags have been used to 
functionalize antibodies including avidin[85–87], sortase A tag[88–90], SpyTag[91], Halo-tag[84,92] 
and  SNAP tag[93,94] (Figure 1.9). Ismail et al. described the functionalization of an anti-
ubiquitin scFv with a sortase A tag to conjugate either an EGFP or an invertase for the 
detection of glucose in blood.[88] The sortase A recognition motif, LPETG, was introduced 
at the C-terminus of the antibody fragment. The functional partner contains a 
pentaglycine tag which is recognized by the enzyme sortase A. The enzyme cleaves 
between the glycine and threonine and forms an amide bond between the carboxyl of 
the threonine and the amino group of a pentaglycine-modified partner. Hussain et al. 
described the conjugation of a fluorophore to an antibody fragment using the SNAP-
tag.[94] The SNAP-tag is a small, 182 amino acid, enzymatic protein which reacts specifically 
with O6-benzylguanine-modified molecules via irreversible transfer of an alkyl group to a  

Figure 1.9: Schematic overview of antibody conjugation methods using genetically incorporated 
tags. (A) Antibodies expressed with an avidin can non-covalently bind biotinylated ligands. (B) 
Sortase A mediates the ligation of a poly-glycine tagged partner to an antibody with an LPETG-
peptide sequence. (C) Ligands functionalized with a SpyCatcher can conjugate to SpyTag-
functionalized antibodies. (D) Covalent coupling between O6-benzylguanine and a SNAP-tag fused 
antibody. (E) Halo-tagged antibodies can form a covalent bound with a cholorohexane-modified 
ligand. 
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cysteine under physiological conditions. 
Besides the peptide/ protein tags also non-canonical amino acids (ncAAs) can be used 

as a handle to conjugate a functional partner. The Schultz lab has developed cell-based 
approaches to incorporate ncAAs in proteins, including antibodies. Using a bio-
orthogonal tRNA/aminoacyl-tRNA synthetase pair p-acetylphenylalanine (pAcF) was site-
specifically incorporated into an anti-HER2 antibody (Figure 1.10A).[95] The handle could 
then be reacted with a drug to form a stable oxime linkage. Over 50 ncAAs have been 
incorporated into proteins as handles for further functionalization.[96] Kazane et al. have 
used this strategy to conjugate DNA to a scFv to detect antigens using a sensitive 
immuno-PCR method.[97] A scFv domain for the Her2 receptor, a receptor overexpressed 
in 25–30 % of breast cancers, was functionalized via a pAcF introduced in the protein at a 
location distant from the antigen binding site (K169pAcF or S202pAcF). A complementary 
single stranded DNA was annealed to the DNA strand on the scFv and ligated, using T4 
ligase, to form a circular template for rolling circle amplification (Figure 1.10B). The 
antibody fragment binds to Her2+ cells and a phi polymerase is added to isothermally 
amplify the DNA to create multiple copies of the binding site of a complementary strand 
labelled with a fluorophore. This approach allowed for a high signal amplification of a few 
binding events and resulted in higher signal compared to the classical non-specific 
conjugation of the DNA to lysine residues. 

Figure 1.10: Antibody conjugation using genetically incorporated ncAA p-Acetylphenylalanine 
(pAcF). (A) Antibody functionalized with pAcF can conjugate to terminal alkoxy-amine 
functionalized label. (B) Scheme depicting site-specific immuno-PCR. A complementary single-
stranded oligonucleotide (blue) is annealed to the oligobody (red). T4 ligase is added to form a 
circular template for RCA. The antibody–oligonucleotide conjugate binds to cells and a polymerase 
is added to isothermally amplify the DNA, creating multiple binding sites for complementary 
oligonucleotides derivatized with Alexa Fluor 488 (20 nt). Figure adapted with permission from[97]. 
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The previously described genetic functionalization methods require antibody 
engineering for every new antibody conjugate. Antibodies can also be functionalized by 
making use of molecules with a natural affinity for the antibody, such as the nucleotide 
binding site and the antibody binding protein domains. 

The nucleotide binding site (NBS), discovered by Kohler and co-workers, can be found 
in the variable domain of all antibody isotypes and has a natural affinity to nucleotides. 
[98,99] The authors used nucleotide-derivates to functionalize an antibody at the NBS with 
biotin.[100,101] Due to the presence of aromatic amino acids in the NBS, the derivate is able 
to photoconjugate to the aromatic rings using 254 nm UV light. Bilgicer and co-workers 
further developed the concept and develop a small ligand, indole-3-butryic acid (IBA), 
with 1–8 µM affinity for the NBS and used it to purify and label antibodies.[99,102] They were 
able to specifically and covalently conjugate biotin, fluorophores and peptides to 
antibodies.[103,104] Furthermore, antibodies or Fab domains could also be covalently 
attached to surfaces functionalized with the IBA ligand.[105,106] While the NBS is distant from 
the antigen binding site, conjugation of larger molecules might hamper the antigen 
binding and UV illumination with 254 nm light could potentially damage proteins. 

An interesting method to functionalize antibodies with high selectivity and without 
hampering the antigen binding site is by making use of antibody binding domains. 
Protein A, a major cell wall component of Staphylococcus aureus,[107,108] and protein G, an 
immunoglobulin binding protein expressed in groups C and D of Streptococcal 
bacteria,[109,110] are most widely used as antibody binding reagents. Both proteins are 
composed of multiple homologues IgG binding domains. Protein A consists of five 
binding domains (A-E), each composed of three α-helices, that bind to the Fc domain, 
between CH2 and CH3, and to the Fab domain, VH. Protein G consists of 12 protein domains 
of which two have an affinity for the Fc domain, between CH2 and CH3, and the Fab 
domain, at CH1. While protein G binds to all human IgG isotypes, protein A does not bind 
to IgG3. Furthermore, protein G also possesses a higher affinity for many other 
mammalian antibodies when compared to protein A.[111]   

Due to the ability to bind many antibodies, protein A and G have been used 
extensively for the purification of antibodies. Engineered antibody binding proteins, 
usually containing only one or two IgG binding domains and mutations to reduce Fab 
domain binding, have been used to bind functional domains to antibodies.[112–115] 
Chowdhury et al. described the development of a thermostable 4 domain protein A–
alkaline phosphatase chimera for use in immunosorbent assays.[112] The fusion protein, 
expressed in E. coli, showed similar antibody binding and enzymatic properties as both 
individual proteins. The chimera was used as a probe in ELISA to substitute the secondary, 
labelled antibody.  
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While the use of antibody binding domains allows the versatile functionalization of 
antibodies, the bond is non-covalent and thus dissociates. Several non-covalent 
approaches have been used to reduce the dissociation rate. Dong et al. reported on a 
dimeric protein consisting of a protein A and a protein G linked via a flexible linker (Figure 
1.11A).[111] The dimeric ligand showed improved labelling of both polyclonal and 
monoclonal mouse IgG with HRP compared to the monomeric protein A (Figure 1.11B). 
The dimeric ligand showed up to 58-times higher affinity than the monomeric binding 
domains. Zhou et al. also made use of a dimeric, circular binding domain (Figure 1.11C).[116] 
Two Z domains, an engineered protein from domain B of protein A, were joined  via a 
flexible linker and further circularized using a split intein, creating a “lasso” to bind to the 
antibody. Using flow cytometry, a 13-fold increase in affinity was observed for the lasso 
compared to the monomeric protein (Figure 1.11D). The dissociation rate of the dimeric 
protein was found to be 55–84-fold slower than the monomeric Z domain. The “lasso” can 
be functionalized using a unique cysteine in the protein. They used their conjugation 
method in an ELISA assay and showed a lowering of the detection limit by 12-fold 
compared to a classical primary-secondary antibody format.  

Figure 1.11: Non-covalent, dimeric antigen binding domains. (A) Schematic overview of dimeric 
antibody binding domains (PAxPG) composed of one protein A and one protein G domain 
connected via a flexible linker. (B) Fusions of the PAxPG with HRP shows an increased signal for the 
detection of both polyclonal mouse IgG (mIgG) and monoclonal mouse IgG1 (mIgG1) compared to 
a protein A–HRP conjugate. Figure adapted with permission from[111]. (C) Schematic overview of the 
lasso antibody binding domain composed of two protein Z domain connected via a flexible linker 
and circularized using split intein. (D) Yeast cells were fluorescently labelled with the lasso domain 
(ZLZ), dimeric protein Z (ZZ) or a single Z domain (Z) and flow cytometry showed increased mean 
fluorescence intensity (MFI) for the lasso labelled antibodies. Figure adapted with permission 
from[116]. 

Another way to ensure the antibody binding domain is unable to dissociate from the 
antibody is to covalently link the domain to the antibody using photocrosslinkable 
antibody binding domains. Jung et al. incorporated a benzophenone molecule via an 
introduced cysteine in a protein G domain and successfully photocrosslinked the protein 
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to the Fc domain of an antibody.[117] Konrad et al. and Yu et al. incorporated the para-
benzoyl-phenylalanine (pBPA) into protein Z using peptide synthesis and post-
translational modification, respectively.[118,119] These approaches resulted in the formation 
of covalent conjugates, but the development of the photoaffinity proteins is difficult. 
Tsourkas and co-workers used the  bio-orthogonal expression system developed by 
Schultz and co-workers to incorporate the pBPA as a non-canonical amino acid in E. coli, 
(Figure 1.12A).[120–123] The first results were obtained with protein Z, but the approach was 
quickly also applied to protein G.[120,122] Incorporation of pBPA at position 24 in protein G 
allowed photoconjugation to all human IgGs and several other mammalian IgGs, such as 
rat, mice and rabbit. Using four equivalents of protein G to cetuximab resulted in 
complete conjugation within two hours of UV illumination (Figure 1.12B). A sortase A 
reaction was used to conjugate a fluorophore or dye to the protein G. The 
photocrosslinkable protein G was used by Rosier et al. to conjugate an oligonucleotide to 
an antibody for hybridization to a DNA origami platform.[124] The protein G, engineered 
with an N-terminal cysteine residue, was functionalized with DNA via a sulfo-SMCC 
crosslinker. Antibodies were functionalized with the protein G–oligonucleotide conjugate 
to allow hybridization on a Cy3-labelled DNA origami scaffold which resulted in successful 
binding to cell surface receptors. Stiller et al. described a similar approach to crosslink DNA 
to an antibody via a Z domain.[125] The Z-domain, containing a pBPA, was functionalized 
with a Sortase A tag to conjugate triglycine-tagged DNA. The DNA-functionalized 
antibodies were used in an assay called Droplet Barcode Sequencing for Protein analysis 
(DBS-Pro). Also full-length proteins have been conjugated to antibodies using this 
approach. Yu et al. described the use of a Z-domain, genetically fused to split β-lactamase,  

Figure 1.12: Photocrosslinkable protein G domain for functionalization of antibodies. (A) Schematic 
overview of photocrosslinking the protein G domain (blue), containing the non-canonical amino 
acid pBPA (red). When bound to the Fc region of IgG a covalent bond is formed between the protein 
G and the IgG under 365 nm UV light exposure. Either one or two proteins can conjugate to one Fc 
domain. (B) Image analysis of non-reducing SDS-PAGE of the photoconjugation of 4 equivalents of 
the photocrosslinkable protein G to cetuximab for increasing UV durations. Figure adapted with 
permission from[122]. 
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to detect the presence of antigen by a complementation assay.[126] The resulting enzyme 
activity was used to determine the amount of antigen present. 

Covalent conjugation of antibody binding domains has also been accomplished 
without photocrosslinking. Yu et al. described the use of a crosslinkable protein A using a 
lysine analogue, 4-fluorophenyl carbamate lysine, which binds to a lysine residue in the 
antibody (Figure 1.13).[127] Protein A binding to the antibody brings the analogue in close 
proximity to a lysine in the Fc domain. They functionalized the protein A domain with a 
fluorophore and used the resulting antibody-conjugate for the detection of Her2-positive 
cells lines.   

Figure 1.13: Schematic overview of proximity-induced labelling of antibodies using protein A and 
the lysine analogue 4-fluorophenyl carbamate lysine. Protein A will direct the lysine analogue 
towards the lysine in the Fc domain, leaving the lysines in the Fab free. Figure adapted with 
permission from[127]. 

1.3 Antibody actuation 

Many therapeutic antibodies function by binding to a receptor overexpressed on a 
diseased cell. Despite their intrinsic affinity and specificity, antibody-based therapeutics 
still suffer from background binding and toxicity by binding to receptors in non-diseased 
tissue, limiting their use in the clinic.[128–130] To increase the therapeutic window of 
antibodies, strategies are needed to increase the specificity of antibody-mediated 
targeting, either by genetic engineering of the antibodies or by rendering their activity 
conditional on the presence of other biomarkers or external triggers.  

Antibodies can be genetically engineered to increase their specificity, e.g. 
background binding can be reduced by making use of bispecific antibodies. These 
antibodies bind to two antigens simultaneously thereby increasing their specificity 
towards a specific cell type. While many bispecific antibodies are in clinical trials for T-cell 
recruitment, or overcoming resistance, not many examples are described to increase the 
specificity of antibodies.[39]  One of the few examples is navicixizumab, a humanized IgG2 
antibody directed against both delta-like ligand 4 (DLL4) and vascular endothelial growth 
factor (VEGF).[131] The antibody was developed to enhance he anti-tumor effect of 
inhibiting both antigens and to reduce the cardiac toxicity of the anti-DLL4 antibody 
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alone. The bispecific antibody is currently tested in phase 1 clinical trials and shows the 
most promising results for the treatment of ovarian cancer with no cardiac toxicity 
observed. 

Antibodies can also be engineered in order to bind only at a specific pH value. By 
introducing mutations into the CDR the binding of the antigen can be made pH-
dependent. Histidine scanning is a common method to introduce pH dependency since 
the surface exposed histidine has a pKa of ~ 6.4. Using this method, antibodies with a 
decreased binding at a low pH have been developed.[132–134] These antibodies could be 
used for the controlled release of drugs in the acidic endosome after endocytosis. Schröter 
et al. used histidine screening, in combination with yeast surface display, to mutate the 
CDRs of adalimumab towards decreased binding at low pH.[132] After three rounds of 
selection they found mutants where the dissociation rate was increased 230- to 780-fold 
at pH 6.0 while at pH 7.4 the antibody acted like the original antibody.  Bogen et al. used 
a similar approach to develop bispecific antibodies with one pH-sensitive arm to target 
oncogens.[134] By capturing the oncogens with one arm, they can be targeted to 
macrophages, using the second arm. In the endosomes of the macrophage the oncogene 
is released and can be degraded.  

Recently, development of an antibody with increased affinity at an acidic pH has also 
been reported. A common feature of tumor cells is that their metabolism is dominated by 
glycolysis, even at saturating oxygen concentrations. The produced lactate acidifies the 
extracellular environment of a solid tumor from a neutral pH of around 7.4 to an acidic pH 
between 6.2 and 6.9. This effect is termed the “Warburg effect”.[135–138] Sulea et al used a 
combination of structure-based computing and histidine scanning to develop an anti-
Her2 Fab domain with weakened affinity at physiological pH relative to acid pH.[139] A 25-
fold selectivity was observed for the mutant at acidic pH compared to the non-mutated 
parent scFv. Furthermore, in vitro experiments using full size antibodies showed an 
inhibition of tumor growth with the pH-dependent antibody at low pH and reduced 
inhibition at physiological pH.  

Another strategy for more precise tumor targeting is by making use of a protease-
removable mask. Protease activity is tightly regulated in healthy tissue. However, in tumor 
tissue proteases are constitutively active to remove extracellular matrix to allow tumor 
growth and sustain the tumor.[140] The matrix metalloproteinases (MMPs) are zinc-
dependent endopeptidases upregulated in cancer. These multifunctional proteases are 
regulators of tumor progression and metastasis.[141–144] About a decade ago, the first 
reports on protease-activatable antibodies were published.[145] Since then, preclinical data 
and human trials showed the reduced toxicity, establishing the use of these antibodies in 
therapeutics. The protease-removable-mask is usually a recombinant protein or peptide 
extension of the light or heavy chain at the antigen binding site which blocks the antigen 
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binding site and physically prevents binding to the antigen (Figure 1.14). A protease 
recognition site is incorporated in between the antibody and the mask, allowing for the 
enzymatic cleavage of the mask from the antibody which results in the recovery of the 
antibodies’ binding ability. Prodrug forms of antibodies, also termed probody, have been 
developed for various therapeutic antibodies.[146–149]   

The first probody characterized in vivo, reported by Erster et al., was an anti-vascular 
cell adhesion molecule 1 (anti-VCAM-1) antibody with a peptide as antigen binding site 
mask and a matrix metalloprotease (MMP) recognition site.[147] The peptide mask, 
identified using bacterial peptide display, was conjugated to the N-terminus of a scFv-Fc 
fusion via a linker containing an MMP recognition site which is efficiently hydrolyzed by 
MMP-1, 8 and 14. As measured by ELISA, the probody exposed to MMP-1 displayed a 
roughly 200-fold increase in affinity compared to the untreated probody. They also 
showed the activation of the probody in tissue extracts from atherosclerotic mouse aortas 
where MMPs are upregulated. When the probodies were injected in apolipoprotein E 
(ApoE) knock out mice, the probodies accumulated in the VCAM-1-expressing 
atherosclerotic lesions while the unmasked antibody was also found in normal tissue in 
the liver and intestine.  Desnoyer et al. described the formation and use of a probody for 
the therapeutic anti-EGFR antibody cetuximab in a mouse model.[148] One common side-
effect of cetuximab is the formation of rash on the skin. To reduce the side-effects, they 
genetically fused a 21-amino acid masking peptide, found using bacterial peptide display, 
to the N-terminus of the light chain via a 26-amino acid linker containing the protease 
recognition site. The antitumor activity of the probody was similar to the unmasked 
parent antibody. The authors were the first to show that an antibody prodrug could 
increase the therapeutic window of an antibody in animals. The probody had significantly 

Figure 1.14: Schematic overview of probody approach for antibody actuation. The antigen binding 
site is blocked by a masking protein/peptide fused to the heavy or light chain via a linker containing 
a protease recognition sequence. Upon addition of the protease, the masking protein/peptide is 
cleaved from the antibody allowing the binding of the antigen. Figure adapted with permission 
from[147].   
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Lowered the binding to EGFR in human skin ex vivo and caused fewer rashes in non-
human primates. 
Besides using antibody-specific masking peptides or proteins, also a more generic 
approach can be used. The work of Trang et al. described the use of a heterodimeric 
coiled-coil domain that sterically occludes the antigen binding site (Figure 1.15A).[150] 
Parallel, heterodimeric leucine zipper coiled-coil peptide domains were conjugated to the 
N-termini of the light and heavy chain of an anti-CD19 antibody (hBU12), using a linker 
with MMP-2 recognition sequence. A 750-fold decrease in binding was observed for the 
probody compared to the parental antibody. Full binding potential was regained after 
incubation with MMP-2. The same method was applied to block other therapeutic 
antibodies such as rituximab and trastuzumab, with an 80- and 470-fold decrease in 
affinity, respectively. The pharmacokinetics and efficacy of this concept was tested using 
h15H3, an antibody-drug conjugate against the αVβ6 integrin complex. The integrin 
complex is expressed in a variety of tumors, but also on skin in mice. The unmasked 
antibody quickly cleared from the circulation in mice due to an antigen sink, the abundant 
expression of the receptor resulted in quick binding of all antibodies (Figure 1.15B). The 
masked antibody showed a longer circulation time, since the antibodies do not bind off-
target. The efficacy of the masked antibodies was also found to be improved in two out of 
three xenograft mouse models due to the increased circulation of the masked antibody 
compared to the unmasked. One dose of the masked antibody was able to suppress 
tumor growth longer than one dose of the unmasked antibody (Figure 1.15C).  

Figure 1.15: Control of antibody binding using genetically fused coiled-coils. (A) Schematic 
representation the coiled-coils (grey) fused to the N-termini of the light and heavy chains. The 
antigen binding site is physically blocked from antigen binding. Coils can be removed by protease 
cleavage of the recognition sites (red). (B) The pharmacokinetics of 3H-labeled anti-human/mouse 
αVβ6 CC2B-h15H3-gluc-MMAE(8) and h15H3-gluc-MMAE(8) ADCs were compared in nude mice 
after a single i.v. dose of 1 mg kg−1 (n = 3 mice per time point; data represent the mean ± s.d.). (C) 
The efficacy of anti-human/mouse αVβ6 h15H3-gluc-MMAE(8) ADCs was assessed in a human 
αVβ6+ BxPC3 xenograft. Mice were administered a single 3 mg kg−1 i.p. dose once tumors reached 
100 mm3. Data represent the mean value of n = 5 mice. Figure adapted with permission from[150]. 
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The above-mentioned methods to develop more specific antibodies require genetic 
engineering of antibodies. There has also been an effort to control antibody activity 
without the need for genetic engineering but using chemical modification of antibodies. 
Self and co-workers reported the preparation of light-activatable antibodies by blocking 
nucleophilic amino acid side chains at the antibody exterior with 1-(2-nitrophenylethanol) 
(NPE) using diphosgene as a coupling agent.[151–153] An anti-CD3 antibody, targeting T-
cells, was heterogeneously coated with the NPE group resulting in approximately 50 NPE 
residues per antibody. Using flow cytometry, it was demonstrated that the antibody with 
NPE coating did not bind to CD3-expressing H9 cells. Only after irradiation with UVA light, 
for 6 minutes, the antibody bound to the cells with levels close to unmodified antibody. 
Importantly, precise regulation of the amount of NPE residues was required as less 
labelling resulted in inefficient blocking and more NPE residues resulted in protein 
aggregation and precipitation.[152] This ability to target T-cells specifically was used to 
activate T-cells. In mouse tumor models the coated antibody only showed an activation 
of T-cells and subsequent reduction in tumor size after irradiating the tumor site.[153]  

Church and coworkers used a DNA origami barrel to sterically control antigen binding 
of antibody fragments immobilized in the interior of the barrel (Figure 1.16A).[154] Their 
hexagonal barrel, with dimensions 35 x 35 x 45 nm, consisted of two halves attached 
covalently by 2 staple strands in the back and non-covalently by two staple strands 
modified with DNA-aptamer based locks in the front. The DNA-aptamer locks are 
composed of two strands, one on each half of the hexagon, which are partially 
complementary. Upon addition of the aptamer-target (“key”), one strand forms the 
aptamer and the duplexes is disrupted, resulting in the opening of the barrel and 
exposure of the interior. Since there are two locks incorporated, one on each side of the 
front, a dual input system can be created. The Fab’ fragments against the human 
leukocyte antigen (HLA) were functionalized with a DNA handle and hybridized to the 
inside of the barrel using a complementary DNA strand sticking out of the DNA origami 
scaffold. Only in presence of the “key” the nanobot labelled the cells as recorded using 
flow cytometry. When two different aptamers were incorporated, both inputs were 
required before the nanobot opened and bound the cells (Figure 1.16B). In a follow-up 
study, by Amir et al., the DNA nanorobot signalling was tested in living cockroaches.[155] 
Cockroaches were used because they have little nuclease activity, a small systemic volume 
and chemical compatibility with the DNA structures. The nanorobots were found to bind 
their target, an insect cell, in presence of the correct “keys”. 
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Figure 1.16: Control of antibody activity using a logic-gated DNA nanorobot. (A) Schematic overview 
of DNA origami barrel with Fab’ domains loaded in the interior. The aptamer-encoded locks consist 
of DNA-aptamers (blue) with a partial hybridized complementary strand (orange) which function as 
an AND-gate responding to molecular inputs (shown in red) allowing the opening of the barrel. (B) 
The DNA-barrel showed specific opening in the presence of two different “keys” (blue/red) 
representing a logic AND-gate. The color match between lock and key indicates the opening of the 
lock and thus the DNA-barrel followed by the binding of the revealed Fab’ to the cell. Figure adapted 
with permission from[154]. 

The previously mentioned approaches all require genetic engineering or complex 
molecular engineering. Our group previously developed a generic non-covalent 
approach to control antibody activity using a bivalent peptide-DNA lock (Figure 
1.17A).[156–158] This molecular lock consists of two complementary DNA strands, both with 
a 5’-peptide functionalization, hybridized to form a bivalent ligand. A double stranded 
DNA linker was used since this ensures a rigid complex able to efficiently span the antigen 
binding sites. Using a model antibody, anti-HIV p17, three linker lengths (20, 35 and 50 
bp) were tested.[156] Due to the flexibility of the hinge region all three locks were able to 
efficiently block antigen binding, as shown using both fluorescence polarization and SEC-
analysis The 50 bp linker also showed the formation of dimers, consisting of two 
antibodies connected via two locks. The antibody activity could be regained by disrupting 
the bivalency of the lock, creating two weaker binding monovalent ligands. Protease-
induced cleavage of the lock was achieved by incorporation of the MMP-2 protease 
recognition sites (PLG | LAG) between the DNA and peptide epitopes. To confirm antibody 
binding after treatment with the protease the binding of the antibody to the antigen, HIV1 
viral coat protein p17, was detected using surface plasmon resonance. No antibody 
binding was observed to the antigen coated chip when the antibody was blocked with 
the 20 bp bivalent lock. Incubation of the locked antibody with MMP-2 at 37 °C resulted 
in a steady increase in binding with levels comparable to free antibody binding reached 
after 2 hours of incubation (Figure 1.17B).  
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Figure 1.17: Antibody actuation using non-covalent bivalent peptide-DNA locks. (A) Schematic 
overview of mode-of-action. The bivalent lock efficiently bridges the distance between the antigen 
binding sites, resulting in tight binding and preventing antigen binding. The bivalent nature of the 
ligand can be disrupted by protease activity or toehold-mediated strand displacement resulting in 
the formation of two weaker binding monovalent ligands which dissociate from the antibody, 
allowing binding of the antibody to the antigen. Figure adapted with permission from[159] (B) 
Treatment of a 1:1 blocker:anti-HIV p17 antibody complex with MMP-2 results in complete antibody 
binding to the antigen after 2 hours (measured using SPR). Controls, free antibody and locked 
antibody incubated for 2 hours without MMP-2, are shown in filled columns. Figure adapted with 
permission from[156]. (C) Addition of low nanomolar concentrations of displacer strand to 1 nM anti-
HA antibody blocked with 1.1 nM bivalent ligand results in complete activation of antibody allowing 
targeting of yeast cells expressing the HA-epitope (measured using flow cytometry). (D) Antibody 
activity can also be reconstituted using two oligonucleotides yielding a logic AND-gate. Both DNA-
strands in the lock are extended with a toehold. Only upon addition of both displacer strands the 
bivalent nature of the lock is disrupted and the antigen can compete with the monovalent ligands 
for binding. Figures adapted with permission from[157]. 
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In a follow-up study, it was investigated if oligonucleotides can also be used as input 
for activation.[157] The DNA strands of the 20 and 35 bp locks, this time specific for the anti-
HA antibody, were extended with toehold sequences to facilitate strand displacement. By 
binding of a fully complementary DNA strand to the toehold sequence, the two strands 
of the dsDNA linker are separated, and the lock falls apart (Figure 1.17A). Using flow 
cytometry, the locked antibodies were found to not bind to yeast cells displaying the HA-
tag on their surface. Upon addition of the complementary DNA strands antibody binding 
to the cells was restored (Figure 1.17C). The concept was extended from a single input 
strand to two input strands, forming an architecture similar to logic gates (Figure 1.17D). 
Both DNA strands of the 20 bp lock were extended with a 10 nucleotide (nt) toehold. 
Depending on the length of the displacer strand(s), the lock required one (OR) or two 
(AND) strands for activation. 

Recently, the bivalent lock has been extended to unlock upon a change in pH using 
pH-sensitive DNA triple helices.[158] A DNA triple helix consist of a DNA duplex, based on 
Watson and Crick base pairing, and a third strand binding to the duplex using pH-sensitive 
Hoogsteen interactions.[160] By introducing this DNA triple helix in the DNA lock, the 
antibody could be released at either high or low pH. For activation at increased pH the 
lock is composed of a hairpin forming DNA strand and a triple helix forming DNA strand, 
both functionalized with a peptide epitope (Figure 1.18A). The two strands hybridize due 
to Hoogsteen interactions. When the pH increases, the Hoogsteen interactions are broken 
and the antibody is released. Anti-HA antibody blocked with the lock was only able to 
bind yeast cells expressing the HA epitope when incubated at pH 7.5 as shown using flow 
cytometry (Figure 1.18B). Activation at a decreased pH is more clinically relevant since the 
pH in the microenvironment of tumors is decreased (Warburg effect). Activation at low pH 
was accomplished using a lock with three DNA strands, composed of a scaffold strand to 
which a triple-helix forming strand with a peptide-epitope and a base strand with a 
peptide-epitope can bind (Figure 1.18C). At neutral pH the triple helix is not formed, and 
the lock blocks the antibody. At a low pH, the triple helix strand forms the triple helix and 
is released from the scaffold strand resulting in two monovalent ligands which are unable 
to block the antibody. Activation of the lock was investigated using the A431 human 
carcinoma cell line, overexpressing the EGFR. To allowing binding of the model anti-HA 
antibody, the cells were labelled with cetuximab with the HA-tag. An increase in binding 
was observed when the locked antibody was incubated with cells at a pH of 5.5 (Figure 
1.18D). The pH-dependent antibody-based targeting was used for high-throughput 
detection of tumor cells based on their distinctive metabolic activity.  Preliminary results 
using flow cytometry analysis of single cells incubated in droplets with the lock showed 
an increase in labelling when droplets were kept at 25 °C, where the metabolism is high, 
compared to 4 °C, slowing down the metabolism. 
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Figure 1.18: Bivalent peptide-DNA lock disruption using pH. (A) Schematic representation of pHAbs 
construct activated by base. The DNA strands form an intermolecular triple helix between the TFO 
and HFO. Upon addition of base, the Hoogsteen interactions are disrupted and the lock falls apart. 
(B) Flow cytometry analysis of yeast cells, displaying the HA-tag, targeted by the anti-HA antibody. 
Antibodies blocked with the bivalent ligand show no binding at low pH (5.5) and increased binding 
at higher pH values (7.5). A bivalent and monovalent control do not show pH dependent blocking. 
(C) Schematic representation of pHAbs construct activated by acid. The DNA strands with the 
peptides hybridize to a scaffold strand. Upon addition of acid, the TFO strand forms a triple helix, 
thereby disrupting the bivalency of the ligand. (D) Flow cytometry of A431 cells, labelled with HA-
labelled cetuximab, incubated with free anti-HA antibody or antibody blocked with the acid 
activated pHAbs or a bivalent or monovalent control. An increase in binding is observed when the 
pHAbs blocked antibody is incubated with the cells at a decreased pH (5.5) compared to neutral 
conditions (pH 7.5). This change is not observed for the controls. Figures adapted with permission 
from[158]. 

1.4 Aim and outline of the thesis 

The aim of the work described in this thesis was to develop methods to aid in 
antibody-based detection and antibody actuation that are generally applicable to readily 
available monoclonal antibodies, and do not require genetic engineering of the antibody. 

Chapter 2 reports the construction of bioluminescent antibodies using a generic 
fusion protein of a luciferase domain and a photocrosslinkable antibody binding domain. 
These fusion proteins can be conjugated to all human and most mammalian antibodies 
using 365 nm UV light. Three color variants were developed using either tight protein 
fusions or incorporation of a synthetic dye. The antibody–luciferase conjugates were used 
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for the immunostaining of cell receptors and to replace the primary-secondary antibody 
detection systems in ELISA and Western blotting. 

In Chapter 3 the development of a photocrosslinkable bivalent antibody binding 
domain is described. The use of this domain allowed for homogeneous labelling of 
antibodies. Functionalization of the protein with an oligonucleotide generated a 1:1 
antibody/oligonucleotide ratio. The antibody-oligonucleotide conjugates (AOC) were 
used for the detection of cell surface receptors. To induce signal amplification, the AOCs 
were functionalized with DNA-dendrimers with an increased number of fluorescent labels 
per generation.  

To allow the optical control of antibody activity, a bivalent peptide-DNA lock was 
developed, as described in Chapter 4. The lock was shown to efficiently block an antibody 
from binding its antigen. Upon illumination with UV light, the bivalency of the lock was 
disrupted, resulting in restoration of antibody activity. Using the photocleavable lock, 
photoactivatable antibody targeting to yeast cells was successfully demonstrated.  

Chapter 5 describes the use of protein M as a novel, generic ligand to control antigen-
antibody complexation. Protein M is a bacterial protein with a natural affinity for the Fab 
domain of an antibody. Upon binding, the C-terminal domain of the protein shields the 
antigen binding site, preventing antigen binding. Here, we explored the affinity and 
kinetics of the protein M binding to several antibodies. To allow faster exchange of protein 
M, several point mutations were introduced to weaken the interaction with the antibody. 
Furthermore, we introduced the use of protein M in a novel competitive immunoassay 
format using a split-luciferase system.  

The development of a pH-sensitive DNA-based nanoswitch, for the pH-induced 
labelling of tumor cells, is described in Chapter 6. The nanoswitch is composed of three 
DNA strands and changes conformation upon a decrease pH, allowing labelling of 
oligonucleotide-functionalized cells. Following in vitro optimization of its pH-dependent 
switching behaviour, the DNA nanoswitch was used to demonstrate pH-dependent 
fluorescent labelling of A431 cells.  

Chapter 7 provides a general discussion of the most important results obtained in 
this thesis and elaborates on the future perspectives of the work.  
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Bioluminescent antibodies represent attractive detection agents in both bioanalytical assays 
and imaging. Currently, their preparation relies on genetic fusion of luciferases to antibodies or 
nonspecific chemical conjugation strategies. Here, we report a generic method to generate 
well-defined covalent antibody–luciferase conjugates starting from commercially available 
monoclonal antibodies. Our approach uses fusion proteins consisting of the bright, blue light-
emitting luciferase NanoLuc (NL) and an Fc-binding protein domain (Gx) that can be 
photocrosslinked to the antibody using UV light illumination. Green and red color variants were 
constructed by tight fusion of the NanoLuc with a green fluorescent acceptor domain and 
introduction of Cy3, respectively. To increase the already bright NanoLuc emission, tandem 
fusions were successfully developed in which the Gx domain is fused to two or three copies of 
the NanoLuc domain. The Gx-NL fusion proteins can be efficiently photocrosslinked to all 
human immunoglobulin (IgG) isotypes and most mammalian IgGs using 365 nm light, yielding 
antibodies with either one or two luciferase domains. The bioluminescent antibodies were 
successfully used in cell immunostaining and bioanalytical assays such as enzyme-linked 
immunosorbent assay (ELISA) and Western blotting. 
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2.1 Introduction 

Luminescence represents an attractive optical detection method, both in 
bioanalytical assays and for (in vivo) imaging applications.[1,2] Even though the photon 
output of luminescence is lower than that of fluorescence, luminescence detection is 
typically orders of magnitude more sensitive because the absence of background 
fluorescence and scattering provides for a very low background.[1] Chemiluminescent 
detection has found widespread use in immunoassays such as enzyme-linked 
immunosorbent assay (ELISA) and Western blots, whereas bioluminescence has become 
an attractive detection method for in vivo optical imaging. The recent development of 
more efficient and stable luciferases and luciferase substrates has further expanded the 
application of bioluminescent detection in cell-based screening assays, point-of-care 
diagnostics and in vivo imaging.[1,3]    

A key step in the application of bioluminescence in immunoassays and 
immunostaining is connecting the reporter luciferase to the antibody used for molecular 
recognition. A classical approach is to use antibody–reporter conjugates such as 
horseradish peroxidase (HRP)-conjugated secondary antibodies to detect the presence of 
a primary antibody. While this approach allows the use of a limited number of antibody–
reporter conjugates to detect a large number of primary antibodies, the approach adds 
an additional incubation and washing step to immunoassays and is not suitable for in vivo 
imaging applications. Two approaches to generate direct luciferase–antibody conjugates 
have been used, genetic fusion of the luciferase to an antibody (fragment) and chemical 
conjugation of luciferases to monoclonal antibodies. Genetic fusion has the advantage of 
generating homogenous conjugates with a well-defined antibody–luciferase 
stoichiometry.[4–11] However, genetic fusion requires cloning for each new antibody–
luciferase conjugate and often involves cumbersome expression optimization and access 
to mammalian expression systems. A second general approach is to chemically conjugate 
the luciferase and antibody proteins, either covalently or non-covalently.[12–14] While 
several approaches are available for covalent conjugation to commercially available 
monoclonal antibodies, these approaches do not allow precise control over the 
conjugation site, yielding a heterogeneous mixture of luciferase–antibody conjugates 
with little control over conjugation site and stoichiometry.[15] The latter can be improved 
by fusing a luciferase to antibody binding domains targeting the invariable part of 
antibodies, such as protein A or protein G.[16–18] However, this approach results in the 
formation of a non-covalent complex, which can dissociate under dilute conditions or 
extensive washing.  

Here we report a generic method to generate antibody–luciferase conjugates that 
combines the best of both strategies. Our approach uses NanoLuc luciferase that is 
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genetically fused to a protein G domain that contains the photocrosslinkable non-natural 
amino acid para-benzoylphenylalanine (pBPA, Figure 2.1). This protein G variant was 
recently developed by Tsourkas and co-workers, who reported efficient and very specific 
crosslinking of the protein domain to the Fc part of antibodies upon photoactivation with 
365 nm light.[19] Importantly, efficient crosslinking was observed for all major human IgG 
subclasses and many other mammalian IgGs. We developed a series of fusion proteins in 
which this photocrosslinkable protein G is fused to blue, green and red light-emitting 
variants of NanoLuc luciferase (Figure 2.2A). To further improve sensitivity, we also report 
the tandem fusion of multiple copies of NanoLuc to a single protein G domain. Following 
successful conjugation of the protein G–luciferase fusion proteins to a variety of 
monoclonal antibodies, several applications of these bioluminescent antibodies are 
explored, including cell immunostaining, ELISA, and Western blotting.  

Figure 2.1: Generation of bioluminescent antibodies using a photocrosslinkable protein G–NanoLuc 
(Gx-NL) fusion protein. Gx-NL fusions contain a pBPA moiety (inset), which is able to conjugate to 
the backbone of the Fc domain of an antibody under 365 nm illumination. 

2.2 Results 

Protein expression, purification and characterization 

In recent years several groups have reported the use of photocrosslinkable Fc-
binding protein domains as a generic approach to synthesize antibody conjugates with a 
well-defined stoichiometry.[19–26] Here we chose to use a protein G domain variant 
developed by Tsourkas and co-workers for LASIC, light activated site-specific conjugation 
of native IgGs.[19] This small protein domain, which we here refer to as Gx, contains the 
photoreactive non-natural amino acid para-benzoylphenylalanine (pBPA) at position 24. 
Unlike protein A-derived photocrosslinkable domains, which are isotype-specific, Gx can 
be efficiently photocrosslinked to a broad variety of IgGs, including all major human 
isotypes, most mice (IgG2a,2b,2c,3) and some rat (IgG2c) and rabbit (polyclonal) 
subclasses. NanoLuc luciferase (NL) was chosen because of its small size, thermodynamic 
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stability and brightness.[1,27] Oxidation of furimazine by NanoLuc produces bright blue 
light (460 nm) that is relatively stable over time and ~100 times more intense than the 
commonly used Renilla and Firefly luciferases. In addition to simply fusing Gx to NanoLuc 
via a flexible linker, also fusion proteins were designed in which NanoLuc was tightly fused 
to the green fluorescent protein mNeonGreen (mNG) or the red-emitting tdTomato 
fluorescent protein (tdTom; Figure 2.2A).[28] In these fusion proteins, the energy of the 
product’s excited state is efficiently transferred to the fluorescent domains via 
bioluminescence resonance energy transfer (BRET), providing green and red light-
emitting NanoLuc variants. In an effort to further increase the bioluminescent intensity, 
also tandem fusion proteins were generated containing two or three NanoLuc domains 
fused to a single Gx domain. All fusion proteins contained an N-terminal Strep-tag and a 
C-terminal 6xHis-tag to allow for straightforward affinity-based purification of the full-size 
proteins.   

Expression plasmids encoding the fusion proteins were cotransformed in E. coli 
BL21(DE3) with the pEVOL-pBpF vector containing the tRNA/tRNA synthetase for the 
incorporation of the pBPA non-natural amino acid. All proteins were efficiently expressed 
and purified to homogeneity using a combination of nickel affinity and Strep-Tactin 
affinity chromatography (Figure 2.2B), typically yielding 30 mg of pure protein per liter of 
culture. Electrospray ionization quadrupole time-of-flight (ESI-Q-TOF) analysis confirmed 
the expected molecular weight for all fusion proteins showing incorporation of the pBPA 
amino acid and full maturation of the fluorescent proteins (Figure A2.1). All fusion proteins 
showed the expected bioluminescent spectra (Figure 2.2C and Figure A2.2). The Gx-mNG-
NL protein shows almost exclusively green emission, consistent with highly efficient BRET 
between NanoLuc and mNeonGreen. As reported before, BRET is less efficient for the Gx-
tdTom-NL protein, showing residual blue luminescence at 460 nm in addition to the main 
red peak at 600 nm.[28] When comparing the absolute intensities of the fusion proteins 
with multiple NanoLuc domains, the intensity of the blue luminescence clearly increased 
with the number of NanoLuc domains (Figure 2.2D). The luminescent intensities appear 
to not be completely proportional to the number of NanoLuc domains, but it can be 
challenging to compare absolute luminescent intensities between different proteins 
because the luminescence intensity is not stable over time. 
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Figure 2.2: Characterization of Gx-NL fusion proteins. (A) Schematic representation of the protein 
sequences of Gx-NL fusion proteins. (B) Sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE) analysis of purified adapter proteins. (C) Normalized luminescence spectra of different 
colored adapter proteins. (D) Luminescence spectra of 100 pM fusion proteins with multiple tandem 
repeats of NanoLuc. 

Photocrosslinking 

When testing optimal conditions for photocrosslinking we noticed that the red 
fluorescence of the Gx-tdTom-NL protein was slowly bleached upon illumination with the 
365 nm light required for photoactivation of the pBPA group, showing almost complete 
bleaching after 1 hour, the time typically used for photoconjugation (Figure 2.3A). 
Fortunately, the mNeonGreen protein in Gx-mNG-NL was more stable under these 
conditions, showing only a 10 % decrease after 1 hour of illumination with 365 nm light 
(Figure 2.3B). To provide an alternative red bioluminescent variant, we decided to 
introduce Cy3 as a red fluorescent acceptor, after establishing that Cy3 fluorescence is not 
affected by the illumination conditions used during photocrosslinking (Figure A2.3). To 
do so, the native cysteine present at position 166 in NanoLuc was mutated to serine, and 
another cysteine was introduced near the C-terminus of NanoLuc. Conjugation to the 
native cysteine is known to inactivate the enzymatic activity of NanoLuc, while 
conjugation at the C-terminus was previously shown to not abolish the luciferase 
activity.[29] Incubation of Gx-NL-Cys with a 15-fold molar excess of maleimide-
functionalized Cy3 resulted in a labelling efficiency of 93 %. The emission spectrum of the 
resulting Gx-NL-Cy3 protein was very similar to that of Gx-tdTom-NL (Figure 2.2C). The 
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bioluminescent intensity was found to be attenuated, which is partially due to Cys166Ser 
mutation (Figure A2.2).[29] 

Figure 2.3: Photobleaching of fluorophores in Gx-NL constructs. Fluorescence spectra of fluorescent 
protein constructs after continuous exposure to 365 nm light for 0 –120 minutes. (A) Gx-tdTom-NL 
and (B) Gx-mNG-NL.  

Optimal conditions for photocrosslinking were established using cetuximab, a 
human IgG1-type therapeutic antibody that blocks the epidermal growth factor receptor. 
Different ratios of Gx-mNG-NL to antibody were irradiated with 365 nm for 15–180 
minutes, while keeping the sample on ice to prevent overheating. Photocrosslinking 
efficiency was monitored using non-reducing SDS-PAGE to allow the distinction between 
non-, once- and twice-conjugated cetuximab. The bioconjugation yield depended on 
both the irradiation time and the amount of Gx-mNG-NL protein used (Figure 2.4A and B). 
On the basis of the results, 60 minutes of irradiation time with 8 equivalents of protein G–
luciferase fusion protein per IgG (four per Fc domain) was chosen as the standard 
condition for subsequent conjugations, as this allowed essentially complete conjugation 
of antibody with at least one copy of the bioluminescent reporter within a reasonable 
irradiation time. Similar conjugation efficiencies were observed for all other Gx-NL-fusion 
proteins with cetuximab, including the fusion proteins with multiple NanoLuc domains 
(Figure 2.4C). 
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Figure 2.4: Photoconjugation of Gx-NL fusion proteins to cetuximab. Non-reducing 4–20 % SDS-
PAGE analysis of photocrosslinking (A) 4 (1.6 µM), 8 (3.2 µM) or (B) 16 equivalents (6.4 µM) of Gx-
mNG-NL to cetuximab (0.4 μM) with increasing illumination times. (B) Non-reducing SDS-PAGE 
analysis of photoconjugation of 0.4 μM cetuximab with 3.2 μM of various protein G−luciferase fusion 
proteins for 1 hour. 

Immunotargeting of cell surface receptors 

As a first application the performance of the bioluminescent antibodies in cellular 
targeting and quantification was explored. An advantage of the Gx-mNG-NL and Gx-NL-
Cy3 protein labels is that they allow for both fluorescent detection by direct excitation of 
the fluorophore and bioluminescent detection following addition of furimazine substrate. 
The fluorescent detection allowed us to use fluorescence-assisted cell sorting (FACS) to 
first explore targeting specificity using two human IgG1-type therapeutic antibodies, 
cetuximab and trastuzumab, targeting the EGFR and HER2 cell surface receptors, 
respectively. Both antibodies where labelled with Gx-mNG-NL or Gx-NL-Cy3 (Figure 2.5A). 
FACS analysis using the EGFR-overexpressing A431 tumor cell line showed efficient 
labelling by cetuximab–luciferase conjugates, and no/very low labelling by trastuzumab–
luciferase conjugates (Figure 2.5B and C). In contrast, efficient binding of bioluminescent 
trastuzumab was observed for SK-BR-3 cells, a tumor cell line that overexpresses the HER2 
receptor, whereas 20-fold lower fluorescence intensity was observed upon incubation of 
SK-BR-3 cells with bioluminescent cetuximab (Figure 2.5D and E).  

While fluorescent immunotargeting of cells can be efficiently done at the single-cell 
level using FACS, fluorescent detection is much more cumbersome in plate reader-based 
assays, where cellular quantification and identification are hampered by background 
fluorescence and light scattering. The ability to use both fluorescence and 
bioluminescence allowed us to directly compare their performance for cellular 
quantification in plate reader-based assays. Bioluminescent detection allowed sensitive  
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Figure 2.5: Immunotargeting of cell surface receptors on A431 and SK-BR-3 cells using 
bioluminescent antibodies. (A) Non-reducing 4–20 % SDS-PAGE analysis of photocrosslinking of 8 
equivalents of Gx-mNG-NL or Gx-NL-Cy3 (3.2 µM) to cetuximab or trastuzumab (0.4 µM) using 
illumination by 365 nm light for 1 hour. (B-E) Flow cytometry of (B, C) A431 or (D, E) SK-BR-3 cells 
stained with 10 nM cetuximab (C) or trastuzumab (T) photocrosslinked with (B, D) Gx-mNG-NL 
(mNG) or (C, E) Gx-NL-Cy3 (Cy3).  

detection of A431 cells and SK-BR-3 cells over a wide range of cell concentrations using 
bioluminescent cetuximab and trastuzumab conjugates, respectively (Figure 2.6A and B). 
A linear correlation was observed between the number of cells and bioluminescence 
intensity for each combination, allowing cell quantification over a broad range between 
10 and 10,000 cells (Figure 2.6A). The higher bioluminescence intensity of 
cetuximab/A431 versus trastuzumab/SK-BR-3 cells is consistent with the higher labelling 
efficiency observed in FACS (Figure 2.5B and D) and probably reflects higher cell surface 
receptor expression levels. The intensity of green bioluminescence observed in 
experiments using Gx-mNG-NL-labelled antibodies is ~5-fold higher compared to red 
bioluminescence using Gx-NL-Cy3-labelled antibodies, which reflects both attenuated 
luciferase activity and non-complete BRET in the latter conjugate. Fluorescent detection 
under otherwise identical conditions was much less sensitive. A significant increase in 
fluorescence is only observed for the A431/cetuximab combination, and only above 5,000 
cells per well. (Figure 2.6B). None of the other combinations shows a significant increase 
in fluorescence above the background under these conditions, showing that 
bioluminescence detection is at least 3 orders of magnitude more sensitive than 
fluorescence. Figure 2.6C shows that the luminescent signal is bright enough to be easily 
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detected using an ordinary digital camera, making bioluminescent immunolabelling of 
cells an attractive, low-cost alternative to fluorescence-based cellular quantification 
methods such as FACS. 

Figure 2.6: Immunotargeting of cell surface receptors on A431 and SK-BR-3 cells using 
bioluminescent antibodies. (A, B) Plate reader read-out of stained cells (A, A431; S, SK-BR-3) with 1 
nM bioluminescent antibody (C, cetuximab; T, trastuzumab) with either (A) luminescence or (B) 
fluorescence detected. (C) Analysis of the experiments described in (A) and (B) using a digital 
camera. 

ELISA 

Classical ELISAs typically use a primary antibody that specifically binds to the 
molecular target, which is subsequently detected by incubation with a second antibody 
conjugated to a reporter enzyme such as alkaline phosphatase (AP) or horse radish 
peroxidase (HRP) that binds to the constant part of the first antibody. The ability to directly 
conjugate almost any monoclonal antibody with a bioluminescent reporter enzyme 
would simplify this procedure by requiring at least one less binding and washing step and 
by the ability to directly measure the NanoLuc-catalyzed bioluminescence in real-time, 
whereas many reporter enzymes that use colorimetric detection are end-point assays that 
require an additional color-development step. An ELISA experiment was performed in 
which Gx-mNG-NL−cetuximab was used to detect the presence of anti-cetuximab 
antibodies (Figure 2.7A). Detection of antidrug antibodies (ADAs) is important because 
the occurrence of ADAs is the main reason that treatment with therapeutic antibodies 
becomes ineffective in a significant number of patients.[30] A 96-well plate was first coated 
with cetuximab overnight and blocked with a milk solution. Next, various concentrations 
of anti-cetuximab antibody were allowed to bind. After washing away the non-bound 
antibodies, the amount of bound anti-cetuximab antibody was determined by incubation 
with 1.33 nM of Gx-mNG-NL−cetuximab. During photoconjugation, a 2-fold excess of 
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adaptor was used. A 200-fold excess of human IgGs was added to Gx-mNG-N−cetuximab 
to capture any nonconjugated Gx-mNG-NL protein and prevent it from binding to 
immobilized cetuximab. The use of Gx-mNG-NL−cetuximab allowed us to directly 
compare the performance of fluorescent and bioluminescent detection in the same assay 
(Figure 2.7B). Fluorescent detection showed a small dynamic range (50% increase in 
fluorescence) and allowed detection of anti-cetuximab over a limited concentration range 
between 500 and 5,000 ng/mL. In contrast, the dynamic range using bioluminescent 
detection was much larger, showing a 100-fold increase in bioluminescent signal and 
allowing detection of 10 ng/mL (0.1 nM) of anti-cetuximab. The bioluminescent titration 
curve could be fitted with a 1:1 binding model yielding an EC50 of 1.25 ± 0.13 nM. 

Figure 2.7: ELISA assay for the detection of the anti-cetuximab antibody using bioluminescently 
labelled cetuximab. (A) Schematic representation of assay. A 1 μg/mL cetuximab-coated plate was 
incubated with anti-cetuximab antibody (1.2−10,000 ng/μL) and subsequently with 1.33 nM Gx-
mNG-NL−cetuximab antibody. (B) Both fluorescence and luminescence were recorded using a plate 
reader. 

Western blot 

Another important bioanalytical application that uses antibody-based detection is 
Western blotting. Like ELISA, direct conjugation of the NanoLuc reporter enzyme to the 
primary antibody would avoid the need for a second antibody incubation and washing 
step. As proof of principle, we photoconjugated a mouse IgG2a-type anti-HA antibody 
using Gx conjugated to either a single NanoLuc domain (Gx-NL) or three copies of the 
NanoLuc domain (Gx-NL3) (Figure 2.8A). E. coli lysate was spiked with different 
concentrations of a purified 65 kDa 2·HA-tag labelled protein (Figure 2.8B) and ran over a 
12 % SDS-PAGE gel (Figure 2.8C). Following transfer of the proteins from the gel to a 
nitrocellulose blot, the presence of HA-labelled protein was detected by incubation with 
3.32 nM bioluminescent anti-HA antibody. In Coomassie-stained SDS-PAGE gels the HA-
labelled protein can be detected up to a 25-fold dilution (6.5 µg/mL), whereas 
bioluminescent detection on the Western blot clearly shows the presence of the HA-
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protein at 125-fold lower concentrations (Figure 2.8D). The increased bioluminescent 
activity for the Gx-NL3 protein compared to Gx-NL (Figure 2.2D) also translates into a 
stronger signal in Western blot detection, making this the protein of choice for this 
application (Figure 2.8E).  

Figure 2.8: Bioluminescent antibody used as detection antibody in immunostaining of a Western 
blot. (A) Non-reducing 4–20 % SDS-PAGE analysis of photocrosslinking 8 equivalents of Gx-NL1 or 
Gx-NL3 (3.2 µM) to anti-HA antibody (0.4 µM), using illumination by 365 nm light for 1 hour. (B) 
Reducing 12 % SDS-PAGE gel showing the purified 65 kDa 2·HA-tag protein. (C) Coomassie-stained 
12 % SDS-PAGE gel of cell lysate spiked with various dilutions (1− 3,125-fold) of the 2·HA-tag protein. 
(D, E) Western blot of (C) stained with (D) 3.32 nM Gx-NL-anti-HA or (E) Gx-NL3-anti-HA. 

2.3 Conclusion 

The photocrosslinkable protein G–luciferase proteins reported here provide an easily 
accessible, efficient, and chemoselective new method for the synthesis of antibody–
luciferase conjugates. A particular strength of our approach is that it does not require 
cloning or recombinant antibody expression and can be directly applied to almost all 
human and many mammalian monoclonal IgG antibodies. In addition to their application 
in various bioanalytical assays as demonstrated here, these bioluminescent antibodies 
also represent attractive reagents for in vivo imaging, in particular when using the red-
shifted luciferase. The lower bioluminescence intensity of the red Gx-NL-Cy3 variant could 
be further improved by optimization of the BRET efficiency and the use of tandem repeats. 
Finally, the approach reported here could be easily extended to other red-shifted 
luciferases, including the H-Luc and S-Luc NanoLuc variants developed by the Johnsson 
group and various other luciferase-luciferin pairs optimized for in vivo imaging.[31–33]  
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2.4 Experimental section 

General reagents. All chemicals were purchased from Merck unless stated 
otherwise. Therapeutic antibodies cetuximab (Erbitux, Merck) and trastuzumab 
(Herceptin, Roche) were obtained via the Catherina Hospital pharmacy in Eindhoven, The 
Netherlands. The NanoLuc substrate Nano-Glo luciferin was obtained from Promega. The 
non-natural amino acid pBPA was purchased from Bachem (4017646). The anti-cetuximab 
antibody (clone HCA221) was ordered at Bio-rad. The anti-HA antibody (clone 5BD1D10) 
was purchased from Invitrogen. 

Cloning procedures. Restriction enzymes, polymerases, ligases and associated 
reaction buffers were all obtained from New England Biolabs. All fusion protein constructs 
were cloned in pET28a vectors. Primers for cloning were ordered at Eurofins or Integrated 
DNA Technologies. All sequences were verified using Sanger dideoxy sequencing 
(StarSEQ/ BaseClear). 

DNA constructs encoding for Gx-NL (Figure A2.4) and Gx-NL3 (Figure A2.7) were 
ordered at Genscript (USA). For the Gx-NL-Cys plasmid, the C224S (TGT  AGT) and S231C 
(AGT  TGT) mutations were introduced in the plasmid of Gx-NL using site directed 
mutagenesis (Quikchange Lightning Site-directed mutagenesis kit, Agilent). 

The plasmid for Gx-mNG-NL (Figure A2.5) was constructed by introducing the 
mNeonGreen gene into the Gx-NL plasmid. The mNeonGreen gene was amplified from 
an available plasmid using primers containing an EcoRI and an AgeI site. The Gx-NL vector 
was linearized using a polymerase chain reaction (PCR) introducing EcoRI and AgeI 
restriction sites at the end. The gene for mNeonGreen was ligated into the Gx-NL vector 
using the T4 ligase.  

The Gx-tdTom-NL plasmid (Figure A2.6) was constructed by fusion of the tdTomato-
NL construct with Gx-NL. The Gx-NL vector was linearized using PCR, removing the 
NanoLuc gene. The tdTomato-NL gene was amplified from the pcDNA3 plasmid, a gift 
from Takeharu Nagai (Addgene plasmid no. 89536).[28] The primers used had a 5’ overhang 
containing the HindIII or NheI restriction sites. The amplified gene was ligated into the 
vector using T4 ligase.  

The Gx-NL2 construct was constructed from a restriction of the Gx-3NL construct at 
the NdeI restriction site and subsequent self-ligation of the vector using the T4 ligase. 

Protein expression and purification. All fusion protein constructs were cloned in 
pET28a vectors as described above. The pEVOL-pBpF plasmid containing a tRNA/tRNA 
synthetase pair enabling incorporation of pBPA was a gift from Peter Schultz (Addgene 
plasmid no. 31190).[34] Expression plasmids for the fusion proteins were co-transformed in 
chemically competent Escherichia coli BL21(DE3) cells (Novagen) with the pEVOL-pBpF 
vector and cultured in 0.5 L 2xYT medium (2.5 g of NaCl, 5 g of Yeast extract, 8 g of Peptone 
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in 0.5 L dH2O) supplemented with 50 µg/mL kanamycin and 25 µg/mL chloramphenicol. 

When the OD600 reached 0.5–0.6, expression was induced using 0.1–1 mM isopropyl β-D-
1-thiogalactopyramoside, 0.02 w/v % arabinose and 1 mM para-benzoylphenylalanine 
(pBPA). After overnight expression at 20 °C and 250 rpm, cells were harvested by 
centrifugation at 10,000 xg for 10 minutes. Cells were then lysed using Bugbuster protein 
extraction reagent (Novagen) and Benzonase endonuclease (Novagen) and centrifuged 
at 16,000 xg for 20–40 minutes. Protein G–luciferase fusion proteins were purified using 
Ni2+-affinity chromatography (Novagen, His-bind resin) and Strep-Tactin XT (IPA) 
purification. After cell lysis, the supernatant was filtered over a 0.2 µm filter. The filtered 
supernatant was applied to a column containing His-bind resin. Column was washed with 
10 column volumes (CV) Bind buffer (20 mM Tris-HCl, 0.5 M NaCl, 5 mM imidazole, pH 7.9) 
and 6 CV Wash buffer (20 mM Tris-HCl, 0.5 M NaCl, 60 mM imidazole, pH 7.9). Protein was 
eluted from the column using 6 CV Elution buffer (20 mM Tris-HCl, 0.5 M NaCl, 0.5 M 
imidazole, pH 7.9). Next, the eluate was loaded on a Strep-tactin XT column and the 
column was washed with 5 CV Wash buffer (100 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, 
pH 8.0). Protein was eluted with 3 CV Strep-Elution buffer (100 mM Tris-HCl, 150 mM NaCl, 
1 mM EDTA, 50 mM biotin, pH 8.0). All proteins were stored frozen at –80 °C in Strep-
Elution buffer until further use. Protein concentration was determined by measuring the 
absorption at 280 nm using the calculated extinction coefficients shown in Table 2.1. 
Purity of protein was confirmed with both SDS-PAGE analysis and ESI-Q-TOF (Figure A2.1). 

Table 2.1 Protein parameters 

Protein MWcalc (Da)* MWobserved (Da) λ1 (nm) ε1 (M-1cm-1) λ2 (nm) ε2 (M-1cm-1) 

Gx-NL 29,656 29,656 280 40,910   
Gx-mNG-NL 54,475 54,475 280 83,895 506 116,000[35] 
Gx-tdTom-NL 82,023 n.d 280 112,650 554 138,000[36] 
Gx-NL-Cys 29,656 n.d. 280 40,910   
Gx-NL-Cy3 30,394 30,395 280 40,910 552 150,000 
Gx-NL2 48,661 48,661 280 66,350   
Gx-NL3 68,234 68,234 280 91,790   

* Molecular weight calculated minus the N-terminal methionine (131 Da) and accounting for 
chromophore maturation (mNeonGreen -21 Da; tdTomato -42 Da). 

Cy3 labelling of Gx-NL-Cys. Gx-NL-Cys (50 µM) was incubated with 1 mM tris(2-
carboxyethyl)phosphine (TCEP) for 20 minutes at room temperature. Next, sulfo-Cy3-
maleimide (LumiProbe, no. 21380) was added in a 15-fold molar excess and incubated 
overnight at 4 °C. The excess of dye was removed using a PD-10 desalting column (GE 
healthcare, 17-0851-01), using 2 mL elution buffer (100 mM Tris-HCl, 150 mM NaCl, 1 mM 
EDTA, pH 8.0). Protein and dye concentration were determined using Nanodrop 3000 at 



Chapter 2  

48 
  

280 nm and 552 nm using the extinction coefficient of the protein (40,910 M-1cm-1) and 
the dye (150,000 M-1cm-1), respectively. The absorption at 280 nm was corrected for the 
contribution of the Cy3-dye by subtracting 0.06·A552nm. The degree of labelling was 0.93. 
Aliquots of the labelled protein were snap-frozen in liquid nitrogen and stored at –80 °C 
until use. 

Luminescence spectra. Luminescence spectra of nonconjugated protein G-NanoLuc 
fusion proteins were recorded with a plate reader (Tecan Spark). The proteins were diluted 
in luminescence buffer (100 mM NaCl, 50 mM Tris, 10% Glycerol, 0.05% Tween-20, pH 7.4) 
to a final concentration of 100 pM, and Nano-Glo luciferin was added in a 2000x dilution. 
Full luminescence spectra were recorded with a 5 nm bandwidth and a 1 second 
integration time.  

Fluorescence spectra. Emission spectra of Gx-mNG-NL and Gx-tdTom-NL were 
recorded on a fluorescence spectrophotometer (Varian Cary Eclipse) at a protein 
concentration of 50 nM in luminescence buffer. Gx-mNG-NL was excited at 506 nm and 
Gx-tdTom-NL was excited at 556 nm.  The sulfo-Cy3-maleimide dye (10 nM) was excited 
at 550 nm.  

Photocrosslinking. Antibodies (400 nM) were mixed with the Gx-NL fusion protein 
(2 or 8 equivalents) in 50 mM Tris-HCl (pH 8.5). Mixtures were illuminated in a 200 µL 
Eppendorf tube, on ice, for 1 hour with 365 nm UV light (Promed UVL-36, 36 W). After 
photocrosslinking, bioluminescent antibodies were stored at 4 °C until use. 

Cell culturing. Human A431 carcinoma cells were cultured in RPMI-1640 medium 
(Gibco, 21875) supplemented with 10 % fetal bovine serum (Gibco, 26140) and 1 % 
penicillin/ streptomycin (Gibco, 15140) at 37 °C, 5 % CO2. The human SK-BR-3 
adenocarcinoma cells were cultured in the same medium supplemented with 1 mM 
sodium pyruvate at 37 °C, 5 % CO2. Cells were passed at 80 % confluency.  

Cell experiments. Cells were detached using 2 mL of 0.05% trypsin-EDTA solution 
(Gibco, 25300) for a T75 flask for 5 minutes. Once cells were detached, the trypsin was 
neutralized by addition of 4 equivalents of full medium. Cells were counted on a Neubauer 
haemocytometer. Next, cells were centrifuged (A431, 10 min 100 xg; SK-BR-3, 5 min, 150 
xg) and washed once in phosphate buffered saline (PBS: 10 mM phosphate buffer, 2.7 mM 
KCl, 140 mM NaCl, pH 7.4) supplemented with 1 mg/mL Bovine serum albumin (PBS+). 
Cells were resuspended in PBS+ and aliquoted in 1.5 mL Eppendorf tubes.  

For FACS measurements, a final concentration of 10 nM antibody–conjugate was 
added to 100,000 cells and incubated for 15 minutes at 25 °C, 400 rpm. Cells were 
centrifuged for 5 minutes at 100 xg and resuspended in PBS+. All FACS measurements 
were done using a BD FACS Aria III equipped with a 70 μm nozzle. mNeonGreen was 
excited by a 488 nm laser and detected through a 530/30 bandpass filter. Cy3 was excited 
by a 561 nm laser and detected through a 582/15 bandpass filter. For all analyses, doublet 
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cells were excluded by standard doublet discrimination with forward and side scatter area 
versus height plots. Histograms were created with FlowJo software.   

For luminescence measurements, a final concentration of 1 nM antibody–conjugate 
was added to 100,000 cells and incubated for 15 minutes at 25 °C, 400 rpm. Cells were 
centrifuged for 5 minutes at 100 xg and washed three times in PBS+. A 4-fold dilution 
series of the cells was made in a white 384-well plate (Greiner) and black 384-well plate 
(Thermo Nunc LumiNunc). After addition of Nano-Glo (4000x dilution) to the white plate 
the luminescence was recorded using a digital camera (Sony DSC-RX100, 20 s, ISO 6400) 
and a plate reader (Tecan Safire2, 250 ms). The fluorescence was recorded from the black 
plate (Tecan Safire2; mNG: 500/10–530/10; Cy3: 550/10–580/10) 

ELISA. A white or black 96-well plate (Thermo Nunc LumiNunc) was coated with 100 
µL of 1 µg/mL cetuximab in PBS and incubated overnight at 4 °C. The next day, wells were 
washed 3 times with 250 µL of PBST (PBS + 0.05 % Tween-20). Wells were blocked with 
240 µL of PBSM (PBST + 2 w/v % skim milk) for 1.5 hours at room temperature. After 
washing 3 times with PBST, the wells were incubated with 100 µL of a dilution series of 
anti-cetuximab (HCA221, 1.2–10,000 ng/mL in PBSM) for 1 hour at room temperature. 
After washing 3 times, 100 µL of 1.33 nM bioluminescent antibody (Gx-mNG-NL–
cetuximab with 2 equivalents Gx-mNG-NL used for photocrosslinking) preincubated with 
266 nM human serum IgG (Sigma, I8640) in PBSM was added and incubated for 1 hour at 
room temperature. After incubation the wells were washed 3 times with PBST and once 
with luminescence buffer. In the black plate fluorescence was recorded (Tecan Spark, 
488/530 nm). For the white plate, after addition of 100 µL of luminescence buffer with a 
4000x dilution of Nano-Glo, a picture was taken (Sony DSC-RX100, 30  s, ISO 6400) and the 
luminescence was recorded with a plate reader (Tecan Spark, 533 nm, 1 s). 

Western blot. A β-lactamase-based antibody sensor protein containing two HA-tags 
(Abs-4) was expressed in E. coli BL21(DE3) and purified as described before.[37] A 5-fold 
dilution series (2.5 µM–0.8 nM) of the protein was made in supernatant of lysed E. coli 
NovaBlue(DE3) cells (Novagen). Samples were loaded on two 12 % SDS-PAGE gels and run 
for 1 hour at 150 V in TGS buffer (25 mM Tris, 192 mM Glycine, 0.1 % SDS, pH 8.3). One gel 
was stained with Bio-Safe Coomassie stain (Bio-Rad, 1610787), and a picture was taken 
using the ImageQuant 350 (GE Healthcare). The other gel was used for the Western blot. 
The proteins were transferred to a nitrocellulose membrane (GE, Whatman) using a 
standard procedure. After blotting, the membrane was cut in two identical pieces and 
individually blocked using a 5 w/v % skim milk in PBST (PBS + 0.1 % Tween-20) in a 50 mL 
tube on a tube roller. Next, the anti-HA antibody (IgG2a, clone 5B1D10) with either the Gx-
NL or Gx-NL3 photoconjugated was added in a final antibody concentration of 3.32 nM in 
5 mL 5 w/v % skim milk in PBST for 1 hour. Next, the membrane was washed once in 5 w/v 
% skim milk in PBST, three times in PBST and two times in luminescence buffer. The blots 
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were dried on a tissue and placed in a container. Nano-Glo was added in a 1000x dilution 
in luminescence buffer covering the entire blot (2.5 mL) and a picture was taken in the 
dark using a digital camera (Sony DSC-RX100, 30 s, ISO 6400). 
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Appendix 

Figure A2.1: ESI-Q-TOF spectra of Gx-NL variants. (A) Gx-NL, (B) Gx-mG-NL, (C) Gx-NL-Cy3, (D) Gx-NL2 
and (E) GX-NL3. Molecular weights are described in Table 2.1. 
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Figure A2.2: Non-normalized luminescence spectra of 100 pM of various color variants of Gx-NL. 

Figure A2.3: Photobleaching of the Cy3 dye. Fluorescence spectra of the Cy3 dye after continuous 
exposure to 365 nm light for 0 –120 minutes 
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atgggctggtcccatccgcagttcgagaaaggtaccatgacatttaaactgataatcaac 
 M  G  W  S  H  P  Q  F  E  K  G  T  M  T  F  K  L  I  I  N  
ggcaaaaccttaaaaggggagatcacaattgaggcagtcgatgcctaggaagccgagaaa 
 G  K  T  L  K  G  E  I  T  I  E  A  V  D  A  -  E  A  E  K  
atctttaaacaatatgctaatgattatggtattgacggagaatggacgtatgacgatgcg 
 I  F  K  Q  Y  A  N  D  Y  G  I  D  G  E  W  T  Y  D  D  A  
acaaaaactttcaccgtaactgaggaattcactagtggtggaagtgggggcagcatggta 
 T  K  T  F  T  V  T  E  E  F  T  S  G  G  S  G  G  S  M  V  
ttcacattggaagatttcgtgggtgattggcgacaaacggccggttacaatttggatcag 
 F  T  L  E  D  F  V  G  D  W  R  Q  T  A  G  Y  N  L  D  Q  
gtgttagaacaagggggcgtaagctccctgttccagaatttaggagtgagcgtgacacct 
 V  L  E  Q  G  G  V  S  S  L  F  Q  N  L  G  V  S  V  T  P  
attcagcgcattgtgctgagcggcgaaaatggtctgaaaattgatattcatgtgatcatc 
 I  Q  R  I  V  L  S  G  E  N  G  L  K  I  D  I  H  V  I  I  
ccttacgaaggcctgtctggggatcaaatgggacagattgaaaaaatcttcaaagtagtt 
 P  Y  E  G  L  S  G  D  Q  M  G  Q  I  E  K  I  F  K  V  V  
tatccggtcgacgatcatcattttaaagtaattctgcactatgggacactcgttatcgat 
 Y  P  V  D  D  H  H  F  K  V  I  L  H  Y  G  T  L  V  I  D  
ggagtcacgccgaatatgatagactacttcggtcgcccgtacgaaggaatcgcggttttc 
 G  V  T  P  N  M  I  D  Y  F  G  R  P  Y  E  G  I  A  V  F  
gatggaaaaaaaatcacagtaacgggcacattgtggaacgggaataaaatcatagacgaa 
 D  G  K  K  I  T  V  T  G  T  L  W  N  G  N  K  I  I  D  E  
cgcctcattaaccctgatggatctttactgttccgcgtcacaattaatggcgttacaggt 
 R  L  I  N  P  D  G  S  L  L  F  R  V  T  I  N  G  V  T  G  
tggcgactgtgtgaacgtattctcgcaactagtggtggaagtgggggcagccttccagaa 
 W  R  L  C  E  R  I  L  A  T  S  G  G  S  G  G  S  L  P  E  
acaggaggacaccaccaccaccaccactaa 
 T  G  G  H  H  H  H  H  H  - 
  

Figure A2.4: DNA and amino acid sequence of protein G–NanoLuc (Gx-NL). Areas of interest are 
indicated as follows: Strep-tag (magenta), protein G (yellow), NanoLuc (cyan), His-tag (grey). 
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atgggctggtcccatccgcagttcgagaaaggtaccatgacatttaaactgataatcaac 
 M  G  W  S  H  P  Q  F  E  K  G  T  M  T  F  K  L  I  I  N  
ggcaaaaccttaaaaggggagatcacaattgaggcagtcgatgcctaggaagccgagaaa 
 G  K  T  L  K  G  E  I  T  I  E  A  V  D  A  -  E  A  E  K  
atctttaaacaatatgctaatgattatggtattgacggagaatggacgtatgacgatgcg 
 I  F  K  Q  Y  A  N  D  Y  G  I  D  G  E  W  T  Y  D  D  A  
acaaaaactttcaccgtaactgaggaattctcaggcagccatatggtaagtaaaggtgaa 
 T  K  T  F  T  V  T  E  E  F  S  G  S  H  M  V  S  K  G  E  
gaagacaatatggcttctctgcctgccacacatgagcttcatatttttgggagcataaac 
 E  D  N  M  A  S  L  P  A  T  H  E  L  H  I  F  G  S  I  N  
ggagtggatttcgacatggtaggtcagggtacggggaaccctaacgatggatatgaggag 
 G  V  D  F  D  M  V  G  Q  G  T  G  N  P  N  D  G  Y  E  E  
ttgaatcttaaaagcacaaagggtgatctgcagttctcgccctggatcctggtgccgcat 
 L  N  L  K  S  T  K  G  D  L  Q  F  S  P  W  I  L  V  P  H  
ataggttatggtttccatcagtatcttccatacccggatggcatgagcccttttcaggcc 
 I  G  Y  G  F  H  Q  Y  L  P  Y  P  D  G  M  S  P  F  Q  A  
gcaatggtagatggctcaggatatcaagtgcatcggaccatgcagtttgaagatggggcg 
 A  M  V  D  G  S  G  Y  Q  V  H  R  T  M  Q  F  E  D  G  A  
tctttgacggtaaattacaggtacacctatgagggtagccatataaagggagaagcgcag 
 S  L  T  V  N  Y  R  Y  T  Y  E  G  S  H  I  K  G  E  A  Q  
gtgaagggaactggattcccagcggatggcccagtcatgacaaacagcctcaccgctgct 
 V  K  G  T  G  F  P  A  D  G  P  V  M  T  N  S  L  T  A  A  
gattggtgccgatccaagaaaacgtatccaaacgataaaactatcatttctacttttaag 
 D  W  C  R  S  K  K  T  Y  P  N  D  K  T  I  I  S  T  F  K  
tggtcctatacaacaggaaacgggaaacgctatcgttcaacggcccgcacgacctacacg 
 W  S  Y  T  T  G  N  G  K  R  Y  R  S  T  A  R  T  T  Y  T  
tttgcaaagccaatggctgcgaattatctgaaaaaccagccgatgtatgtgttccgtaaa 
 F  A  K  P  M  A  A  N  Y  L  K  N  Q  P  M  Y  V  F  R  K  
accgaactgaaacattctaaaacggagctcaatttcaaggaatggcagaaggcatttacc 
 T  E  L  K  H  S  K  T  E  L  N  F  K  E  W  Q  K  A  F  T  
ggttttgaagatttcgtgggtgattggcgacaaacggccggttacaatttggatcaggtg 
 G  F  E  D  F  V  G  D  W  R  Q  T  A  G  Y  N  L  D  Q  V  
ttagaacaagggggcgtaagctccctgttccagaatttaggagtgagcgtgacacctatt 
 L  E  Q  G  G  V  S  S  L  F  Q  N  L  G  V  S  V  T  P  I  
cagcgcattgtgctgagcggcgaaaatggtctgaaaattgatattcatgtgatcatccct 
 Q  R  I  V  L  S  G  E  N  G  L  K  I  D  I  H  V  I  I  P  
tacgaaggcctgtctggggatcaaatgggacagattgaaaaaatcttcaaagtagtttat 
 Y  E  G  L  S  G  D  Q  M  G  Q  I  E  K  I  F  K  V  V  Y  
ccggtcgacgatcatcattttaaagtaattctgcactatgggacactcgttatcgatgga 
 P  V  D  D  H  H  F  K  V  I  L  H  Y  G  T  L  V  I  D  G  
gtcacgccgaatatgatagactacttcggtcgcccgtacgaaggaatcgcggttttcgat 
 V  T  P  N  M  I  D  Y  F  G  R  P  Y  E  G  I  A  V  F  D  
ggaaaaaaaatcacagtaacgggcacattgtggaacgggaataaaatcatagacgaacgc 
 G  K  K  I  T  V  T  G  T  L  W  N  G  N  K  I  I  D  E  R  
ctcattaaccctgatggatctttactgttccgcgtcacaattaatggcgttacaggttgg 
 L  I  N  P  D  G  S  L  L  F  R  V  T  I  N  G  V  T  G  W  
cgactgtgtgaacgtattctcgcaactagtggtggaagtgggggcagccttccagaaaca 
 R  L  C  E  R  I  L  A  T  S  G  G  S  G  G  S  L  P  E  T  
ggaggacaccaccaccaccaccactaa 
 G  G  H  H  H  H  H  H  -  

  
Figure A2.5: DNA and amino acid sequence of protein G–mNeonGreen–NanoLuc (Gx-mNG-NL). 
Areas of interest are indicated as follows: Strep-tag (magenta), protein G (yellow), mNeonGreen 
(green), NanoLuc (cyan), His-tag (grey). 
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atgggctggtcccatccgcagttcgagaaaggtaccatgacatttaaactgataatcaac 
 M  G  W  S  H  P  Q  F  E  K  G  T  M  T  F  K  L  I  I  N  
ggcaaaaccttaaaaggggagatcacaattgaggcagtcgatgcctaggaagccgagaaa 
 G  K  T  L  K  G  E  I  T  I  E  A  V  D  A  -  E  A  E  K  
atctttaaacaatatgctaatgattatggtattgacggagaatggacgtatgacgatgcg 
 I  F  K  Q  Y  A  N  D  Y  G  I  D  G  E  W  T  Y  D  D  A  
acaaaaactttcaccgtaactgaggaattcactaagcttagctcggatcccgccaccatg 
 T  K  T  F  T  V  T  E  E  F  T  K  L  S  S  D  P  A  T  M  
gtgagcaagggcgaggaggtcatcaaagagttcatgcgcttcaaggtgcgcatggagggc 
 V  S  K  G  E  E  V  I  K  E  F  M  R  F  K  V  R  M  E  G  
tccatgaacggccacgagttcgagatcgagggcgagggcgagggccgcccctacgagggc 
 S  M  N  G  H  E  F  E  I  E  G  E  G  E  G  R  P  Y  E  G  
acccagaccgccaagctgaaggtgaccaagggcggccccctgcccttcgcctgggacatc 
 T  Q  T  A  K  L  K  V  T  K  G  G  P  L  P  F  A  W  D  I  
ctgtccccccagttcatgtacggctccaaggcgtacgtgaagcaccccgccgacatcccc 
 L  S  P  Q  F  M  Y  G  S  K  A  Y  V  K  H  P  A  D  I  P  
gattacaagaagctgtccttccccgagggcttcaagtgggagcgcgtgatgaacttcgag 
 D  Y  K  K  L  S  F  P  E  G  F  K  W  E  R  V  M  N  F  E  
gacggcggtctggtgaccgtgacccaggactcctccctgcaggacggcacgctgatctac 
 D  G  G  L  V  T  V  T  Q  D  S  S  L  Q  D  G  T  L  I  Y  
aaggtgaagatgcgcggcaccaacttcccccccgacggccccgtaatgcagaagaagacc 
 K  V  K  M  R  G  T  N  F  P  P  D  G  P  V  M  Q  K  K  T  
atgggctgggaggcctccaccgagcgcctgtacccccgcgacggcgtgctgaagggcgag 
 M  G  W  E  A  S  T  E  R  L  Y  P  R  D  G  V  L  K  G  E  
atccaccaggccctgaagctgaaggacggcggccactacctggtggagttcaagaccatc 
 I  H  Q  A  L  K  L  K  D  G  G  H  Y  L  V  E  F  K  T  I  
tacatggccaagaagcccgtgcaactgcccggctactactacgtggacaccaagctggac 
 Y  M  A  K  K  P  V  Q  L  P  G  Y  Y  Y  V  D  T  K  L  D  
atcacctcccacaacgaggactacaccatcgtggaacagtacgagcgctccgagggccgc 
 I  T  S  H  N  E  D  Y  T  I  V  E  Q  Y  E  R  S  E  G  R  
caccacctgttcctggggcatggcaccggcagcaccggcagcggcagctccggcaccgcc 
 H  H  L  F  L  G  H  G  T  G  S  T  G  S  G  S  S  G  T  A  
tcctccgaggacaacaacatggccgtcatcaaagagttcatgcgcttcaaggtgcgcatg 
 S  S  E  D  N  N  M  A  V  I  K  E  F  M  R  F  K  V  R  M  
gagggctccatgaacggccacgagttcgagatcgagggcgagggcgagggccgcccctac 
 E  G  S  M  N  G  H  E  F  E  I  E  G  E  G  E  G  R  P  Y  
gagggcacccagaccgccaagctgaaggtgaccaagggcggccccctgcccttcgcctgg 
 E  G  T  Q  T  A  K  L  K  V  T  K  G  G  P  L  P  F  A  W  
gacatcctgtccccccagttcatgtacggctccaaggcgtacgtgaagcaccccgccgac 
 D  I  L  S  P  Q  F  M  Y  G  S  K  A  Y  V  K  H  P  A  D  
atccccgattacaagaagctgtccttccccgagggcttcaagtgggagcgcgtgatgaac 
 I  P  D  Y  K  K  L  S  F  P  E  G  F  K  W  E  R  V  M  N  
ttcgaggacggcggtctggtgaccgtgacccaggactcctccctgcaggacggcacgctg 
 F  E  D  G  G  L  V  T  V  T  Q  D  S  S  L  Q  D  G  T  L  
atctacaaggtgaagatgcgcggcaccaacttcccccccgacggccccgtaatgcagaag 
 I  Y  K  V  K  M  R  G  T  N  F  P  P  D  G  P  V  M  Q  K  
aagaccatgggctgggaggcctccaccgagcgcctgtacccccgcgacggcgtgctgaag 
 K  T  M  G  W  E  A  S  T  E  R  L  Y  P  R  D  G  V  L  K  
ggcgagatccaccaggccctgaagctgaaggacggcggccactacctggtggagttcaag 
 G  E  I  H  Q  A  L  K  L  K  D  G  G  H  Y  L  V  E  F  K  
accatctacatggccaagaagcccgtgcaactgcccggctactactacgtggacaccaag 
 T  I  Y  M  A  K  K  P  V  Q  L  P  G  Y  Y  Y  V  D  T  K  
ctggacatcacctcccacaacgaggactacaccatcgtggaacagtacgagcgctccgag 
 L  D  I  T  S  H  N  E  D  Y  T  I  V  E  Q  Y  E  R  S  E  
ggccgccaccacctgttccggctggaagatttcgttggggactggcgacagacagccggc 
 G  R  H  H  L  F  R  L  E  D  F  V  G  D  W  R  Q  T  A  G  
tacaacctggaccaagtccttgaacagggaggtgtgtccagtttgtttcagaatctcggg 
 Y  N  L  D  Q  V  L  E  Q  G  G  V  S  S  L  F  Q  N  L  G  
gtgtccgtaactccgatccaaaggattgtcctgagcggtgaaaatgggctgaagatcgac 
 V  S  V  T  P  I  Q  R  I  V  L  S  G  E  N  G  L  K  I  D  
atccatgtcatcatcccgtatgaaggtctgagcggcgaccaaatgggccagatcgaaaaa 
 I  H  V  I  I  P  Y  E  G  L  S  G  D  Q  M  G  Q  I  E  K  
atttttaaggtggtgtaccctgtggatgatcatcactttaaggtgatcctgcactatggc 
 I  F  K  V  V  Y  P  V  D  D  H  H  F  K  V  I  L  H  Y  G  
acactggtaatcgacggggttacgccgaacatgatcgactatttcggacggccgtatgaa 
 T  L  V  I  D  G  V  T  P  N  M  I  D  Y  F  G  R  P  Y  E  
ggcatcgccgtgttcgacggcaaaaagatcactgtaacagggaccctgtggaacggcaac 
 G  I  A  V  F  D  G  K  K  I  T  V  T  G  T  L  W  N  G  N  
aaaattatcgacgagcgcctgatcaaccccgacggctccctgctgttccgagtaaccatc 
 K  I  I  D  E  R  L  I  N  P  D  G  S  L  L  F  R  V  T  I  
aacggagtgaccggctggcggctgtgcgaacgcattctggcggctagcgaaacaggagga 
 N  G  V  T  G  W  R  L  C  E  R  I  L  A  A  S  E  T  G  G  
caccaccaccaccaccactaa  
 H  H  H  H  H  H  - 
 
Figure A2.6: DNA and amino acid sequence of protein G  tdTomato–NanoLuc (Gx-tdTom-NL). Areas 
of interest are indicated as follows: Strep-tag (magenta), protein G (yellow), tdTomato (red), 
NanoLuc (cyan), His-tag (grey).  
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atgggctggtcccatccgcagttcgagaaaggtaccatgacatttaaactgataatcaac 
 M  G  W  S  H  P  Q  F  E  K  G  T  M  T  F  K  L  I  I  N  
ggcaaaaccttaaaaggggagatcacaattgaggcagtcgatgcctaggaagccgagaaa 
 G  K  T  L  K  G  E  I  T  I  E  A  V  D  A  -  E  A  E  K  
atctttaaacaatatgctaatgattatggtattgacggagaatggacgtatgacgatgcg 
 I  F  K  Q  Y  A  N  D  Y  G  I  D  G  E  W  T  Y  D  D  A  
acaaaaactttcaccgtaactgaggaattcactagtggtggaagtgggggcagcatggtc 
 T  K  T  F  T  V  T  E  E  F  T  S  G  G  S  G  G  S  M  V  
ttcacgttggaagatttcgttggagactggcgccagaccgctggatataacctggatcaa 
 F  T  L  E  D  F  V  G  D  W  R  Q  T  A  G  Y  N  L  D  Q  
gtgcttgagcaagggggcgtaagttctttgtttcaaaacctgggcgtgtctgttacaccg 
 V  L  E  Q  G  G  V  S  S  L  F  Q  N  L  G  V  S  V  T  P  
attcagagaatcgtcctgtccggtgagaacggactgaagatcgatatacacgttatcatc 
 I  Q  R  I  V  L  S  G  E  N  G  L  K  I  D  I  H  V  I  I  
ccctacgaaggtttgtcgggcgatcaaatgggccaaatcgagaagattttcaaagttgtc 
 P  Y  E  G  L  S  G  D  Q  M  G  Q  I  E  K  I  F  K  V  V  
taccccgttgatgatcaccactttaaggtgatcctgcactacggtacacttgtcatagac 
 Y  P  V  D  D  H  H  F  K  V  I  L  H  Y  G  T  L  V  I  D  
ggagtcacacctaacatgatcgactactttgggcgcccgtacgagggtatcgcagtattc 
 G  V  T  P  N  M  I  D  Y  F  G  R  P  Y  E  G  I  A  V  F  
gatggtaaaaaaatcacagtaactggaacactttggaacggtaataaaatcatcgacgaa 
 D  G  K  K  I  T  V  T  G  T  L  W  N  G  N  K  I  I  D  E  
cgcttgataaacccagatgggtcgctgctgttccgggtcactataaatggcgtgacgggc 
 R  L  I  N  P  D  G  S  L  L  F  R  V  T  I  N  G  V  T  G  
tggagattatgtgaacggatattggcggggtccggtggatcccatatggtgttcacatta 
 W  R  L  C  E  R  I  L  A  G  S  G  G  S  H  M  V  F  T  L  
gaagatttcgtgggcgattggagacagactgcgggttacaacttggatcaagtgttagaa 
 E  D  F  V  G  D  W  R  Q  T  A  G  Y  N  L  D  Q  V  L  E  
caaggtggtgtttcatcgttattccagaacttgggagtaagtgtaaccccgatacaacgc 
 Q  G  G  V  S  S  L  F  Q  N  L  G  V  S  V  T  P  I  Q  R  
atagtccttagcggtgagaatggactgaaaattgatattcatgtaattataccgtatgag 
 I  V  L  S  G  E  N  G  L  K  I  D  I  H  V  I  I  P  Y  E  
ggattgtcgggcgaccagatgggtcaaatagaaaagatcttcaaagtagtgtatccggtc 
 G  L  S  G  D  Q  M  G  Q  I  E  K  I  F  K  V  V  Y  P  V  
gatgaccaccactttaaggtgatcttgcactatggaactctggtaattgacggtgtgacc 
 D  D  H  H  F  K  V  I  L  H  Y  G  T  L  V  I  D  G  V  T  
cctaatatgattgattatttcggccgtccgtacgagggcatcgcagtatttgatggtaag 
 P  N  M  I  D  Y  F  G  R  P  Y  E  G  I  A  V  F  D  G  K  
aagataaccgttacgggaacattatggaatgggaataagataatcgatgagcggttgatt 
 K  I  T  V  T  G  T  L  W  N  G  N  K  I  I  D  E  R  L  I  
aatccggatgggtccttactgtttcgtgtaacgataaatggagtgactggttggcgctta 
 N  P  D  G  S  L  L  F  R  V  T  I  N  G  V  T  G  W  R  L  
tgtgaacgtattctggccggggctagcggatcacatatggtctttaccctggaggacttt 
 C  E  R  I  L  A  G  A  S  G  S  H  M  V  F  T  L  E  D  F  
gtaggggactggcggcagacggccgggtataacctggaccaggtattagaacagggaggc 
 V  G  D  W  R  Q  T  A  G  Y  N  L  D  Q  V  L  E  Q  G  G  
gtctcttcacttttccagaaccttggggtaagcgtaacgcctatccagcggattgtcctg 
 V  S  S  L  F  Q  N  L  G  V  S  V  T  P  I  Q  R  I  V  L  
tctggggagaacgggttaaagatagacatccatgtcattatcccctacgaaggcttgtca 
 S  G  E  N  G  L  K  I  D  I  H  V  I  I  P  Y  E  G  L  S  
ggcgatcagatgggccaaattgagaagatattcaaggtagtctatccagtcgacgaccac 
 G  D  Q  M  G  Q  I  E  K  I  F  K  V  V  Y  P  V  D  D  H  
cattttaaggtgatattacactatggaacgcttgttatcgatggagttactccaaatatg 
 H  F  K  V  I  L  H  Y  G  T  L  V  I  D  G  V  T  P  N  M  
attgattatttcggacggccctacgaaggtatagctgtctttgacggcaaaaagatcacg 
 I  D  Y  F  G  R  P  Y  E  G  I  A  V  F  D  G  K  K  I  T  
gtgactggtacgttatggaatggaaacaaaattattgatgagcgcttaattaaccccgat 
 V  T  G  T  L  W  N  G  N  K  I  I  D  E  R  L  I  N  P  D  
ggctcgctgttatttcgggtcaccattaatggggtcaccggctggcgcttgtgtgagagg 
 G  S  L  L  F  R  V  T  I  N  G  V  T  G  W  R  L  C  E  R  
attctggcgactagtggtggaagtgggggcagccatcatcatcatcatcattaa 
 I  L  A  T  S  G  G  S  G  G  S  H  H  H  H  H  H  - 
 
Figure A2.7: DNA and amino acid sequence of protein G–Nanoluc3 (Gx-NL3). Areas of interest are 
indicated as follows: Strep-tag (magenta), protein G (yellow), NanoLuc (cyan), NdeI-restriction site 
(bold), His-tag (grey). 
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Chapter 3 
Homogeneous antibody-oligonucleotide 
conjugates based on photocrosslinkable 

protein G dimers 

 
 
 
 

  

 

Antibody–oligonucleotide conjugates (AOCs) have become popular reagents in a range of 
applications. AOCs have been used in therapy, to extend the circulation time of oligonucleotide 
cargo or to serve as a delivery vehicle for drugs. In diagnostics, AOCs can provide signal 
amplification or allow the proper orientation of antibodies on a sensor surface. Chemical 
conjugation of oligonucleotides to antibodies does not allow control over stoichiometry and 
can hamper antibody activity.  Recently, we and other have made use of photocrosslinkable 
antibody binding domains for antibody functionalization. While this method allows site-
specific conjugation to the Fc domain of an antibody, the method still yields a mixture of non, 
once and twice conjugated antibodies. Here, we describe the development of 
photocrosslinkable protein G dimers to allow the formation of homogeneous AOCs. Two 
protein G domains were genetically fused by a semi-flexible linker and an oligonucleotide was 
chemically conjugated to a C-terminal cysteine residue. Photoconjugation of the protein-DNA 
conjugate to an antibody resulted in the formation of predominantly 1:1 antibody/protein-
DNA conjugates with some unconjugated antibody. The dimeric protein showed similar 
conjugation efficiencies for different human antibodies. As a first application, the AOC was 
functionalized with DNA-dendrimers of various generations to provide a platform for signal 
amplification. Flow cytometry showed an increased labelling of cells when higher generations 
of dendrimers were used for fluorescent labelling.  
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3.1 Introduction 

Functionalization of antibodies with oligonucleotides combines the molecular 
recognition capabilities of antibodies with the versatility of DNA as an easily 
programmable molecular building block. Antibody-oligonucleotide conjugates (AOCs) 
have been used both in diagnostics and in therapy. In therapy, a bioactive 
oligonucleotide, such as siRNA or drug–oligonucleotide, can be hybridized to an AOC to 
achieve more specific targeting into diseased tissue. In diagnostics, the AOC can be a 
handle for signal amplification using a polymerase chain reaction in immuno-PCR (iPCR)[1–

4] or by hybridizing large DNA structures like DNA-dendrimers[5]. AOCs are also used  to 
study protein-protein interaction using the proximity ligation assay (PLA)[6–8]  and AOCs 
have been used to allow increased control over antibody orientation on sensor surfaces.[9–

11] Finally, they have been used in DNA-PAINT for high resolution imaging.[12–16] 
Over the years, several conjugation strategies have been used to create AOCs. 

Chemical labelling approaches make use of the nucleophilic side chains, like lysine, 
tyrosine or cysteine, or the presence of carbohydrates to attach the oligonucleotide.[17,18] 
While these methods are well established and diverse, they do not offer high control over 
the degree and/or location of the oligonucleotide conjugation. Alternatively, the genetic 
incorporation of non-canonical amino acids in antibodies has been used to develop AOCs 
with a high degree over the site and stoichiometry of labeling. Kazane et al. incorporated 
p-acetylphenylalanine (pAcF) into a Fab domain and conjugated an aminooxy-modified 
oligonucleotide for use in iPCR.[4] While this method generate homogeneous AOCs it 
requires the genetic incorporation of an amber stop codon for each new antibody used. 

Recently, we and other have made use of photocrosslinkable antibody binding 
domains to develop antibody conjugates.[19–24] These proteins possess a natural affinity for 
the Fc domain and are covalently photocrosslinked by the introduced non-canonical 
amino acid para-benzoylphenylalanine (pBPA). This photocrosslinkable protein G 
domain, develop by Hui et al.[22] was used to generate bioluminescent antibodies (see 
chapter 2) but also AOCs.[25] The group of de Greef used this technology to functionalize a 
DNA origami platform with antibodies to allow targeting of the platforms to cells.[11] More 
recently, these AOCs were used in DNA-paint, to achieve multiplexed super-resolution 
imaging.[16] Karlström and co-workers made use of a photocrosslinkable protein Z domain 
and conjugated an oligonucleotide via an enzymatic sortase A coupling.[26,27] They used 
the resulting AOC as primary agent for pretargeting of radionuclide.[26]  

While photoconjugation of antibody binding domains allows site-specific 
conjugation to the Fc domain of an antibody, the method still yields a mixture of non, 
once and twice conjugated antibodies (Figure 3.1A). For some applications a 
homogeneous 1:1 labelling of antibodies is required. When using the AOC to functionalize 
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a DNA-platform or bead the presence of multiple DNA strands could result in crosslinking 
causing the formation of large structures. Furthermore, homogeneous 1:1 labelling allows 
precise control over the number of drugs or radioactive groups when used in a 
therapeutic application. While it is possible to purify each conjugation state, the 
purification process is cumbersome and decreases the overall yield substantially.     

Here we present a method to synthesize antibody-oligonucleotide conjugates with a 
1:1 antibody/oligonucleotide ratio. This method uses a photocrosslinkable protein G 
dimer functionalized with one oligonucleotide (Figure 3.1B). Due to the bivalent nature, 
the protein will bind to both heavy chains of one antibody, preventing the conjugation of 
two domains to one antibody. The bivalent protein was successfully used to generate 1:1 
antibody-oligonucleotide conjugates for a number of therapeutic antibodies. As a first 
application, we employed the AOC to functionalize an antibody with different 
generations of a DNA-dendrimer, allowing enhanced fluorescent labelling of cell surface 
receptors. 

Figure 3.1: Generation of antibody-oligonucleotide conjugates using protein G–oligonucleotide 
conjugates. (A) One or two monovalent constructs (mGx) bind to an antibody and under 365 nm 
illumination the non-natural amino acid forms a covalent bond with the backbone of the Fc domain 
(inset). This results in the formation of a mixture of once and twice labelled antibodies. (B) When 
using a bivalent construct (dGx), both monomers bind to the same antibody, resulting in the 
formation of homogeneous 1:1 antibody/oligonucleotide conjugates. 
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3.2 Results 

Protein expression and purification 

The photocrosslinkable protein G dimer (dGx) consist of two protein G domains (Gx) 
genetically fused by a semi-flexible linker (Figure 3.2A). The Gx domain, develop by Hui et 
al., with the para-benzoylphenylalanine (pBPA) at position 24 was previously shown to 
successfully conjugate to all major human isotypes, most mice (IgG2a,2b,2c,3) and some 
rat (IgG2c) and rabbit (polyclonal) subclasses.[22] Two dGx variants were developed 
containing either one photocrosslinkable Gx domain and one natural protein G domain 
(dGx1), or two photocrosslinkable domains (dGx2). The dGx1 variant was made because 
the incorporation of two non-canonical amino acids may result in poor expression yields. 
The linker between the two domains is composed of three blocks, one alpha-helical block, 
consisting of six EAAAK repeats, flanked by two flexible parts, containing six GGS repeats 
each. The linker was designed to possess enough flexibility to allow bridging, as well as 
sufficient rigidity to efficiently bridge the distance between the two heavy chains of one 
antibody. To allow conjugation of an oligonucleotide, a cysteine was introduced at the C-
terminus of the protein as the use of an N-terminal cysteine was reported to result in poor 
conjugation yields.[11] To allow straight-forward purification of full-length proteins, a 
Strep-tag and a 6xHis-tag were added at the N-terminus and C-terminus, respectively. The 
monovalent Gx domain (mGx), including a C-terminal cysteine, was used as a control. 

Expression plasmids encoding the monovalent or bivalent proteins were 
cotransformed in Escherichia coli BL21(DE3) cells with the pEVOL-pBpF vector containing 
the tRNA/tRNA synthetase for the incorporation of the pBPA non-canonical amino acid. 
All proteins were efficiently expressed and purified to homogeneity using a combination 
of nickel affinity and Strep-Tactin affinity chromatography (Figure 3.2B). Electrospray 
ionization quadrupole time-of-flight (ESI-Q-TOF) analysis confirmed the expected 
molecular weight for all proteins showing incorporation of either one pBPA (in mGx and 
dGx1) or two (in dGx2) (Figure A3.1). The incorporation of two pBPA moieties in dGx2 did 
not significantly affect protein expression, as similar yields of ~ 10 mg/L were obtained for 
both dGx1 and dGx2.  
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Figure 3.2: Characterization of photoctosslinkable protein G dimers. (A) Schematic representation 
of dGxn and mGx proteins. The protein G domain (Gx) either contains the non-canonical amino acid 
(blue) or the natural amino acid (green). (B) Purity of proteins dGx (~22 kDa) and mGx (~10 kDa) 
analysed using 4–20 % SDS-PAGE analysis.  

Conjugation of oligonucleotides to photocrosslinkable proteins 

The C-terminal cysteine in the photocrosslinkable proteins was used for 
oligonucleotide conjugation. First, a 5’-amine functionalized oligonucleotide (ODN1) was 
reacted with a 20-fold excess of the hetero-bifunctional crosslinker sulfosuccinimidyl 4-
(N-maleimidomethyl)-cyclohexane-1-carboxylate (sulfo-SMCC; Figure 3.3A). After 
removal of unreacted sulfo-SMCC via ethanol precipitation, the maleimide-functionalized 
oligonucleotide was reacted with the protein. Prior to conjugation, the protein was first 
reduced with tris(2-carboxyethyl)phosphine (TCEP) and subsequently desalted to remove 
the excess TCEP, as TCEP is known to reduce the conjugation efficiency. Efficiency of 
oligonucleotide labelling was first tested with mGx, showing essentially complete 
conjugation with two equivalents of oligonucleotide after 1 hour (Figure 3.3B). Similarly, 
conjugation efficiencies of > 95 % conjugation were observed for both dGx1 and dGx2 
(Figure 3.3C) when using the 2 equivalents of oligonucleotides for 2 hours. 
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Figure 3.3: Conjugation of oligonucleotide to mGx and dGx. (A) To obtain the protein–ODN1 
conjugates, the 5’amine-functionalized oligonucleotide ODN1 was first reacted with the 
heterobifunctional sulfo-SMCC crosslinker. Subsequently, the maleimide-functionalized 
oligonucleotide was allowed to react with the C-terminal cysteine residue in the protein, resulting 
in the formation of the conjugate. (B) Conjugation was optimized for mGx and analysed using 4–20 
% SDS-PAGE analysis. Either 2 (60 µM) or 4 (120 µM) equivalents of maleimide-functionalized ODN1 
were incubated with freshly reduced mGx (30 µM) and allowed to react for 1 or 2 hours while 
shaking at 850 rpm. (C) SDS-PAGE (4–20 %) analysis of crosslinking 2 equivalents of ODN1 (60 µM) 
to mGx, dGx1 or dGx2 (30 µM) for 2 hours at 850 rpm.   

Photocrosslinking of dGx-ODN to antibody 

Having successfully created the oligonucleotide–protein G conjugates, the 
photoconjugation efficiency was tested using cetuximab, a human IgG1-type therapeutic 
antibody that blocks the epidermal growth factor receptor. Different ratios of dGx-ODN1 
and mGx-ODN1 to antibody were irradiated with 365 nm for 1 or 2 hours, while keeping 
the sample on ice to prevent overheating. Photocrosslinking efficiency was monitored 
using SDS-PAGE in which non-reducing SDS-PAGE allows the distinction between non-, 
once- and twice-conjugated cetuximab. The photoconjugation yield depended on both 
the irradiation time and the amount of protein used. The dGx1-ODN1 showed mostly once 
conjugated antibody when using one or two proteins per antibody (Figure 3.4A). When 
using four or more equivalents, also twice conjugated antibody was observed. The 
binding of the Gx without pBPA is thus not strong enough to prevent the 
photoconjugation of a second dimer to the same antibody. SDS-PAGE analysis under 
reducing conditions showed the appearance of a band at 80 kDa, which corresponds to 
one dGx1per heavy chain (Figure 3.4B). For the dGx2-ODN1 conjugate, only antibodies 
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with one conjugate are observed even when using a 16-fold excess of dGx2-ODN1 (Figure 
3.4C). Remarkably, no or little multimeric antibody constructs (> 300 kDa) are observed, 
suggesting the preferential photoconjugation of dGx2-ODN1 to the two heavy chains 
within the same antibody. This is confirmed by SDS-PAGE analysis under reducing 
conditions, which shows the formation of a band at 150 kDa, consistent with the 
conjugation of dGx2-ODN1 to two heavy chains (Figure 3.4D). The absence of a band at 
80 kDa confirmed that dGx2-ODN1 preferably conjugates to two heavy chains. The 
conjugation of mGx-ODN1 already shows the formation of once and twice conjugated  

Figure 3.4: Photoconjugation of dG1x-ODN1, dGx2-ODN1 and mGx-ODN1 to cetuximab monitored 
using nonreducing (A, C, E) or reducing 4–20 % SDS-PAGE analysis (B, D, F). (A, B) dGx1-ODN1 or (C, 
D) dGx2-ODN1 were photocrosslinked using 1 (0.4 µM), 2 (0.8 µM), 4 (1.6 µM) or 8 equivalents (3.2 
µM) of protein to cetuximab (0.4 μM) with one or two hours of illumination. (E, F) The monovalent 
mGx-ODN1 was photocrosslinked for one or two hours using 2 (0.8 µM), 4 (1.6 µM), 8 (3.2 µM) or 16 
equivalents (6.4 µM).  
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antibodies when using only 2 mGx-ODN1 per antibody (Figure 3.4E), showing the 
beneficial use of the dimeric proteins to obtain better control over the amount of proteins 
conjugated to the antibody. The reduced samples also show that the use of eight 
equivalents for 2 hours conjugated almost all heavy chains, demonstrated by the band at 
approximately 70 kDa (Figure 3.4F).  

To establish its generally applicability, dGx2-ODN1 was also photocrosslinked to two 
other antibodies, nivolumab and trastuzumab. Trastuzumab targets the human 
epidermal growth factor receptor 2 (Her2) and has a human IgG1 subtype, similar to 
cetuximab. Nivolumab targets the programmed death-1 receptor (PD-1) and has a human 
IgG4 subtype. When using 4 equivalents of dGx2-ODN1 the photocrosslinking to 
trastuzumab and nivolumab are complete, showing no unreacted antibody after 2 hours 
of photoconjugation on non-reducing SDS-PAGE (Figure 3.5). The reduced samples also 
showed almost exclusively the conjugation of one dGx2-ODN1 to two heavy chains (~150 
kDa) and little unreacted or once-conjugated heavy chains. These results are similar to the 
results obtained for cetuximab.  

Figure 3.5: Photocrosslinking of 3.2 µM dGx2-ODN1 to 0.4 µM nivolumab, trastuzumab or 
cetuximab. (Non)-reducing 4–20 % SDS-PAGE analysis of photoconjugation after 2 hours of 
irradiation at 365 nm.  

Signal amplification using DNA-dendrimers 

While the use of the photocrosslinkable protein G dimer allows precise 1:1 labelling, 
a potential drawback is that only one label can be hybridized per antibody. The ability to 
detect low numbers of analyte can be difficult when there is a 1:1 correlation between 
analyte and signal. In chapter 2, we described the conjugation of a protein construct 
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containing multiple NanoLuc domains to an antibody to increase the limit of detection. 
One approach to increase the number of labels per AOC is by using dendritic DNA 
structures.[28,29] Here, we make use of the dendritic structure described by Zhou et al.,[30] to 
amplify the signal of one AOC. These dendrimers are composed of monomers that self-
assemble in a programmable manner. The monomer branches are composed of three 
DNA strand and are prepared by mixing the oligonucleotide at a 1:1:1 stoichiometry in 
Tris-EDTA-MgCl2 buffer and annealing them at 95 °C (Figure 3.6). The monomer branches 
all possess the same core extended with three 13 nucleotide (nt) sticky-ends that can bind 
to other monomers with complementary sticky ends to form the next layer of the 
dendrimer. The outer layer of the dendrimer has two 21 nt sticky-ends that can be used  

Figure 3.6: DNA-dendrimer formation and hybridisation to an AOC. The first-generation monomer 
with the constant core (black) and sticky-ends for hybridization (inset) is hybridized with two second 
generation monomers. Next, four third generation monomers are added. When the dendrimers are 
formed, the oligonucleotides carrying a reporter, a fluorophore or luminescent protein, are added 
and the entire complex is then hybridized to the AOC. 
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to hybridize oligonucleotide-labelled signal molecules, such as a fluorophore or 
luminescent proteins. The monomers are designed in such a way that every layer is 
rotated 90 ° compared to the previous layer, which results in a dome-like three-
dimensional structure with the signal molecules distributed evenly at the outer layer. 

First, the various monomer branches were formed by annealing of the single stranded 
oligonucleotides (Table 3.1) to allow the development of three generation of dendrimers 
with either two, four or eight arms. Next, the corresponding monomers were mixed, using 
the correct molar ratios to form the dendrimers. The first-generation dendrimer, with 2 
arms, consists of just monomer D. The second-generation dendrimer, with four arms, was 
formed by incubating 1 equivalent of monomer A with 2 equivalents of monomer E. 
Finally, the third-generation dendrimer, containing eight arms for functionalization, was 
formed by first hybridizing one equivalent of monomer A with 2 equivalents of monomer 
B and subsequent addition of 4 equivalents of monomer C. The correct formation of the 
monomers and the dendrimers was investigated using a 3 % agarose gel (Figure 3.7A).  
The monomers were almost fully formed, indicated by the band around 100 bp. For 
monomers C, D and E a band is still present for a single stranded oligonucleotide. When 
looking at the second-generation dendrimer, formed by mixing monomers A and E, there 
is one prominent band at around 300 bp indicating the formation of the dendrimer. Also 
minor bands are observed with less base pairs, indicating the presence of malformed 
dendrimers. These are most likely caused by the presence of single stranded 
oligonucleotides in the monomers. The third-generation dendrimer does not show one 
clear band on gel but a smear, suggesting the formation of various deficient structures 
due to the presence of single stranded oligonucleotides. The inner core of the monomers 
is shared between monomers allowing strands of different monomers to hybridize (Figure 
3.6).  

While formation of the 2nd and 3rd generation dendrimers needs further optimization, 
we nonetheless investigated if the dendrimers can be used to label cells and if using 
higher-order generation dendrimers also increases the degree of labelling. First the 
formed dendrimers were labelled with a FAM-labelled oligonucleotide in a 1:1 
arms/fluorescent oligonucleotide ratio. Next, the fluorescent dendrimers were hybridized 
in an 8-fold excess to cetuximab-dGx2-ODN1, formed by photocrosslinking the adaptor 
proteins using 4 equivalents. The 8-fold excess of fluorophore-labelled strand was 
required to label all DNA strand in the mixture, since the AOC was not purified from the 
unconjugated protein and unconjugated ODN1, which is left after conjugation of the 
ODN1 to dGx2. As a control the AOC was also directly labelled using a fully complementary 
fluorescent oligonucleotide (ODN12). After incubating the antibodies with A431 cells the 
fluorescence was determined using flow cytometry (Figure 3.7B). Cells incubated with the 
fluorescent dendrimers indeed showed an increased fluorescence intensity compared to 
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non-labelled cells. The fluorescence intensity for the third-generation dendrimer is 
highest, followed by the second-generation dendrimer and finally the first-generation. 
Remarkably, the directly labelled antibody, with one fluorophore, has a slightly higher 
fluorescence intensity than the first-generation dendrimer with 2 fluorophores. This 
unexpected result could be explained by the use of two different functionalized 
oligonucleotides, the strand for dendrimer functionalization (ODN11) has a different 
sequence and had undergone more freeze-thaw cycles than the control fluorescent 
oligonucleotide (ODN12). Importantly, incubating the cells with the third-generation 
dendrimer in the absence of antibody showed no increase in fluorescence intensity 
compared to the untreated cells, indicating that the increase in labelling is not a result of 
background binding of the dendrimers to the cells.  

Figure 3.7: Functionalization of AOC with DNA-dendrimers. (A) A 3 % agarose gel was used to 
analyse the formation of the different monomers and dendrimers. The monomers are annealed 
using three oligonucleotides (ssDNA). Dendrimers are formed by hybridizing 1 equivalents of the 
first layer monomer with 2 equivalents of the second layer monomer and, if needed, 4 equivalents 
of the third layer monomer. Here, a first-generation (monomer D), a second-generation (monomer 
A+E) and a third-generation (A+B+C) dendrimer were prepared. (B) The use of AOCs functionalized 
with the DNA dendrimers for labelling of cells with flow cytometry read-out. 1 nM of antibody 
functionalized with 1st, 2nd and 3rd generation of DNA-dendrimers, were incubated with A431 cells 
for 30 minutes at 450 rpm and 25 °C. After washing, cells were analysed using flow cytometry. As 
controls cells were incubated with a directly labelled AOC (Ab-ODN12), with the third-generation 
dendrimer without antibody hybridized (3rd-gen. Dend.) or left untreated (Cells).  

3.3 Conclusion 

A photocrosslinkable protein G dimer was developed to allow homogeneous 1:1 
functionalization of an antibody with an oligonucleotide. The protein was successfully 
functionalized with an oligonucleotide with nearly 100 % yield using a 2-fold excess of the 
oligonucleotide. The dimeric protein–oligonucleotide conjugate was found to 
photoconjugate to different IgG isotypes with similar efficiencies, resulting in 
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homogeneous 1:1 labelling. As a first application the homogeneous AOCs were 
functionalized with a dendritic DNA structure to amplify fluorescent signal intensity. 
Indeed, incubating cells with increasing generations of a dendrimer-functionalized AOC 
resulted in an increase in fluorescence intensity as detected using flow cytometry. 

 In this work, one semi-flexible linker, composed of one alpha-helical block of six 
EAAAK repeats flanked by two flexible parts containing six GGS repeats each, was used to 
fuse the two Gx domains in the dGx protein. In previous work, Dong et al. described the 
formation of a dimeric fusion protein of protein A and protein G using various linker 
lengths.[31] They found a linker of 30 amino acids, (DDAKK)6, to be the most optimal for Fc 
binding. The use of shorter linker did result in a decrease in binding affinity since they 
were not able to span the distance between the two heavy chains of one antibody. Zhou 
et al. also made use of a 30 amino acid linker to span the distance between the two heavy 
chains for the binding of a dimeric Z-domain protein.[32]  

The AOCs in this work were not purified from the excess of dGx2-ODN1. The presence 
of excess oligonucleotides, which are left after photocrosslinking with a 4-fold excess of 
conjugate, could hinder subsequent hybridization reactions. The unconjugated proteins 
could be removed using spin filtration since the antibodies are ~5-times bigger than the 
protein–oligonucleotide conjugate. Another approach that has been described by 
Cremers et al, is to use a bead functionalized with IgG  to scavenger away the 
unconjugated photocrosslinkable proteins.[16] In a next step, the functionalized antibodies 
could be purified from non-conjugated antibodies via Ni2+ affinity chromatography using 
the 6xHis-tag present on the dGx2 protein.  

When using the AOC in combination with the dendritic DNA structures it was decided 
not to purify the DNA monomers, which resulted in the formation of by-products when 
forming the dendrimers. To have more defined DNA-structures the monomers could be 
purified after annealing using PAGE to allow the clean formation of the dendrimers. Once 
clean dendrimers can be formed it would be interesting to investigate even higher 
dendrimer generations to see if even more signal amplification is possible. Besides 
labelling the dendrimers with fluorophores, another interesting functionalization would 
be with enzymes. In chapter 2 we showed the use of tandem-NanoLuc proteins to 
generate an increase in signal. Due to the DNA nature of the dendrimers, they are 
extremely suitable for the incorporation of various reporter molecules, such as NanoLuc. 
Engelen et al. already showed the functionalization of NanoLuc with an oligonucleotide 
without loss of luminescence activity.[33]  

One field of application of the homogeneous AOC could be in the functionalization 
of beads/biosensors for use in tethered particle motion (TPM).[34,35] In TPM a particle is 
tethered to a sensor surface via a double-stranded DNA linker and both the particle and 
surface are functionalized with molecules specific for a certain analyte. In presence of the 
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analyte, the particle and surface bind to the antigen in a sandwich-format. The binding 
confines the particle motion which can be detected using optical microscopy. The AOCs 
introduced here could be used to functionalize the surface to control the orientation of 
the antibody to allow antigen binding. Most importantly, the use of a homogeneous 1:1 
oligonucleotide-labelled antibody for functionalization of the beads eliminates the 
binding of one antibody to multiple beads. The crosslinking of beads limits their motion 
and thus the ability to detect antigen binding.  

The developed AOCs could also be applied in DNA point accumulation for imaging in 
nanoscale topography (DNA-PAINT).[12–16] This technique makes use of AOCs and detects 
the exchange of DNA strands to achieved multiplexed super-resolution imaging with a 
spatial resolution down to ∼5 nm.[13,14] Cremers et al. already showed the use of an 
antibody functionalized with a photocrosslinkable protein G-oligonucleotide conjugate 
in DNA-paint.[16] The use of our homogeneous AOC would not only be useful in DNA-
PAINT but would also allow for more quantitative imaging due to the 1:1 labelling of the 
antibody.  

3.4 Experimental section 

General reagents. All chemicals were purchased from Merck unless stated 
otherwise. All oligonucleotides were HPLC purified and purchased from Integrated DNA 
Technologies. The amine-functionalized oligonucleotide was dissolved at 4 mM in ultra-
pure water and all other oligonucleotides were dissolved at 100 µM in ultra-pure water, 
according to manufacturer’s instructions.  

Table 3.1 Oligonucleotide sequences 

Name Length Sequence (5’ 3’) Use 

ODN1 15-nt CCA CAT ACA TGC ACT-NH2 Conjugated to mGx/ dGxn 

ODN2 41-nt AGT GCA TGT ATG TGG CC TGT CTG CCT AAT GTG CGT CGT AAG Monomer A, D 

ODN3 39-nt GAC CGA TGG ATG ACT TAC GAC GCA CAA GGA GAT CAT GAG Monomer A 

ODN4 39-nt GAC CGA TGG ATG ACT CAT GAT CTC CTT TAG GCA GAC AGG Monomer A 

ODN5 39-nt TCA TCC ATC GGT CCC TGT CTG CCT AAT GTG CGT CGT AAG Monomer B, E 

ODN6 39-nt GAA GCC ACT CTG ACT TAC GAC GCA CAA GGA GAT CAT GAG Monomer B 

ODN7 39-nt GAA GCC ACT CTG ACT CAT GAT CTC CTT TAG GCA GAC AGG Monomer B 

ODN8 39-nt TCA GAG TGG CTT CCC TGT CTG CCT AAT GTG CGT CGT AAG Monomer C 

ODN9 47-nt GAT CTC CTC TGT CAT CGG TCA CT TAC GAC GCA CAA GGA GAT CAT GAG Monomer C,D,E 

ODN10 47-nt GAT CTC CTC TGT CAT CGG TCA CT CAT GAT CTC CTT TAG GCA GAC AGG Monomer C,D,E 

ODN11 21-nt TGA CCG ATG ACA GAG GAG ATC- FAM Dendrimer labelling 

ODN12 16-nt AGT GCA TGT ATG TGG C-FAM Direct AOC labelling 

 



Chapter 3  

72 
  

Cloning procedures. Restriction enzymes, polymerases, ligases and associated 
reaction buffers were all obtained from New England Biolabs. All fusion protein constructs 
were cloned in pET28a vectors. Primers for cloning were ordered at Integrated DNA 
Technologies. All sequences were verified using Sanger dideoxy sequencing (BaseClear). 

The plasmid for mGx (Figure A3.2) was developed by introducing a cysteine in a 
plasmid of mGx without the cysteine. The plasmid without the cysteine was kindly 
provided by Rosier et al.[11] The  C-terminal cysteine and stop codon (TAAGGC  TGCTGA) 
were introduced in the plasmid using site directed mutagenesis (Quikchange Lightning 
Site-directed mutagenesis kit, Agilent).  

The DNA construct encoding for dGx2 (Figure A3.3) was developed by introducing a 
gene for Gx in a vector containing a Gx and the linker. The vector, containing the N-
terminal Gx and the linker, was developed before by Remco Arts.[36] The vector was 
linearized via a polymerase chain reaction, introducing a KpnI and a SacI restriction site. 
The C-terminal Gx was amplified from the mGx plasmid, introducing the same restriction 
sites. After enzymatic restriction, the gene for the C-terminal Gx was ligated into the N-
terminal Gx vector using the T4 ligase. For the dGx1 plasmid, the amber stop codon was 
replaced by the codon for the native alanine (TAG  GCG) in the N-terminal Gx domain 
using site directed mutagenesis (Quikchange Lightning Site-directed mutagenesis kit, 
Agilent). Using a similar approach, the cysteine was introduced (TCA  TGT) in the 
plasmids encoding dGx1 and dGx2. 

Protein expression and purification. All fusion protein constructs were cloned in 
pET28a vectors as described above. The pEVOL-pBpF plasmid containing a tRNA/tRNA 
synthetase pair enabling incorporation of pBPA was a gift from Peter Schultz (Addgene 
plasmid no. 31190).[37] Expression plasmids for the fusion proteins were co-transformed in 
chemically competent Escherichia coli BL21(DE3) cells (Novagen) with the pEVOL-pBpF 
vector and cultured in 0.5 L 2xYT medium (2.5 g of NaCl, 5 g of Yeast extract, 8 g of Peptone 
in 0.5 L dH2O) supplemented with 50 µg/mL kanamycin and 25 µg/mL chloramphenicol. 

When the OD600 reached 0.5–0.6, expression was induced using 0.1–1 mM isopropyl β-D-
1-thiogalactopyramoside, 0.02 w/v % arabinose and 1 mM para-benzoylphenylalanine 
(pBPA) for mGx and dGx1 or 2 mM pBPA for dGx2. After overnight expression at 20 °C and 
250 rpm, cells were harvested by centrifugation at 10,000 xg for 10 minutes. Cells were 
then lysed using Bugbuster protein extraction reagent (Novagen) and Benzonase 
endonuclease (Novagen) for 1 hour and subsequently centrifuged at 16,000 xg for 20–40 
minutes. Proteins were purified using Ni-affinity chromatography (Novagen, His-bind 
resin) and Strep-Tactin XT (IPA) purification according to the manufacturer’s instructions. 
After cell lysis, the supernatant was filtered over a 0.2 µm filter. The filtered supernatant 
was applied to a column containing His-bind resin. Column was washed with 10 column 
volumes (CV) Bind buffer (20 mM Tris-HCl, 0.5 M NaCl, 5 mM imidazole, pH 7.9) and 6 CV 



Homogeneous antibody-oligonucleotide conjugates 

73 
 

Wash buffer (20 mM Tris-HCl, 0.5 M NaCl, 60 mM imidazole, pH 7.9). Protein was eluted 
from the column using 6 CV Elution buffer (20 mM Tris-HCl, 0.5 M NaCl, 0.5 M imidazole, 
pH 7.9). Next, the eluate was loaded on a Strep-tactin XT column and the column was 
washed with 5 CV Strep-Wash buffer (100 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, pH 8.0). 
Protein was eluted with 3 CV Strep-Elution buffer (100 mM Tris-HCl, 150 mM NaCl, 1 mM 
EDTA, 50 mM biotin, pH 8.0). Proteins were diluted to 50 µM in Strep-Wash buffer 
supplemented with 2 mM TCEP and reduced overnight on a rotating wheel. Proteins were 
aliquoted in 500 µl fractions and stored frozen at -80 °C until further use. Protein 
concentration was determined by measuring the absorption at 280 nm using the 
calculated extinction coefficients shown in Table 3.2. Purity of protein was confirmed with 
both SDS-PAGE analysis and ESI-Q-TOF (Figure A3.1). 

Table 3.2 Protein parameters 

Protein MWcalc (Da)* MWobserved (Da) ε280 (M-1cm-1) 

mGx 9 624 9 624 15 470 

dGx1 21 843 21 845 25 440 

dGx2 22 024 22 022 25 440 

* Molecular weight calculated minus the N-terminal Methionine (131 Da) 

Oligonucleotide conjugation to protein. The oligonucleotide, modified with a 5’-
amine, was diluted in phosphate buffered saline (PBS, PBS: 10 mM phosphate buffer, 2.7 
mM KCl, 140 mM NaCl, pH 7.4) and mixed with 20 equivalents of sulfo-SMCC (Thermo 
Fisher Scientific, 2 mg no-weigh format, dissolved in DMSO prior to use) to a final 
concentration of 125 µM in 50 % DMSO for 2 hours at room temperature under continuous 
shaking at 850 rpm. The maleimide-functionalized oligonucleotide was isolated using 
ethanol precipitation by the addition of 10 (v/v) % of 5 M NaCl and 300 (v/v) % of ice-cold 
ethanol and subsequently stored at –30 °C for 75 minutes. The precipitated 
oligonucleotides were pelleted by centrifugation for 30 minutes at 14 000 xg at 4 °C. The 
ethanol precipitation was repeated once. After washing the pellet with ice cold 100 % 
ethanol, the pellet was dried to air for 45 minutes. The protein, previously reduced with 
TCEP, was buffer exchanged to 100 mM sodium phosphate (pH 7.0) using a PD-10 
desalting column (GE healthcare, 17-0851-01) and the concentration determined by 
measuring the absorbance, typically around 30 µM. The protein (5 nmole) was added to 
the dry pellet containing the maleimide-functionalized oligonucleotide (10 nmole) taking 
into account a 2-fold excess of oligonucleotide. After incubation for 2 hours at room 
temperature under continuous shaking at 850 rpm, the conjugates were aliquoted in 10 
µL fractions and stored frozen at –80 °C until further use. Conjugation efficiencies were 
analysed using 4–20 % SDS-PAGE.  
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Photocrosslinking. Antibodies (400 nM) were mixed with the mGx-ODN1 or dGxn-
ODN1 conjugates in 50 mM Tris-HCl (pH 8.5). Mixtures were illuminated in a 200 µL 
Eppendorf tube, on ice, for 1 or 2 hours with 365 nm UV light (Promed UV-lamp, 36 W). 
After photocrosslinking, antibodies were stored in the fridge until further use. 
Photocrosslinking efficiencies were analysed using non-reducing and reducing SDS-PAGE 
(4–20 % gel).  

DNA dendrimer formation. For the preparation of monomers, the correct ODN’s 
(Table 3.1) were mixed in TE+Mg2+ (10 mM Tris-HCl, 1 mM EDTA, 10 mM MgCl2, pH 8.0) 
with a final concentration of 20 µM for each strand. The strands were annealed at 95 °C for 
2 minutes and then cooled to 4 °C at a rate of -0.66 °C min-1. To form the second-
generation dendrimer, 2 equivalents of monomer D (20 µL) were incubated with 1 
equivalent of monomer A (10 µL) for 1 hour at room temperature. To form the third-
generation dendrimer, first 2 equivalents of monomer B (20 µL) were incubated with 1 
equivalent of monomer A (10 µL) for 1 hour at room temperature. Next, 4 equivalents of 
monomer C (40 µL) were added and incubated for 1 hour at room temperature. Formation 
of the monomers and dendrimers was analysed using a 3 % TBE agarose gel. Dendrimers 
were stored at –30 °C until further use. 

 To form the fluorescent dendrimers, 1 equivalent of ODN11 was added per 
dendrimer arm, so 2, 4 or 8 equivalents for generation one, two and three, respectively.  

Flow cytometry. Human A431 carcinoma cells were cultured in RPMI-1640 medium 
(Gibco, 21875) supplemented with 10 % fetal bovine serum (Gibco, 26140) and 1 % 
penicillin/ streptomycin (Gibco, 15140) at 37 °C, 5 % CO2. Cells were passed at 80 % 
confluency. Cells were detached using 2 mL of 0.05% trypsin-EDTA solution (Gibco, 25300) 
for a T75 flask for 5 minutes. Once cells were detached, the trypsin was neutralized by 
addition of 4 equivalents of full medium. Cells were counted on a Neubauer 
haemocytometer. Next, cells were centrifuged for 10 minutes at 100 xg and washed once 
in PBS supplemented with 1 mg/mL Bovine serum albumin (PBS+). Cells were 
resuspended in PBS+ and aliquoted in 1.5 mL Eppendorf tubes.  

The fluorescent dendrimers or the complementary fluorescent oligonucleotide 
ODN12 were incubated with cetuximab-dGx2-ODN1, formed using 3.2 µM dGx2-ODN1 to 
0.4 µM cetuximab irradiated for 2 hours, using a 8-fold excess compared to the antibody. 
After 1 hour of incubation, 1 nM of antibody was incubated with 100,000 A431 cells (500 
µL total volume) for 30 minutes at 21 °C under continuous shaking at 450 rpm. Cells were 
pelleted for 5 minutes at 100 xg and resuspended in PBS+ and repeated twice. After the 
last spin, cells were resuspended in 500 µL PBS+ All flow cytometry measurements were 
done using a BD FACS Aria III equipped with a 70 μm nozzle. The fluorophore was excited 
by a 488 nm laser and detected through a 530/30 bandpass filter. For all analyses, doublet 
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cells were excluded by standard doublet discrimination with forward and side scatter area 
versus height plots. Histograms were created with FlowJo software.   
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Appendix 

Figure A3.1: ESI-Q-TOF spectra of dGx and mGx variants. (A) mGx, (B) dGx1 and (C) dGx2. 
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atgggctggtcccatccgcagttcgagaaaggtaccatgacatttaaactgataatcaac 
 M  G  W  S  H  P  Q  F  E  K  G  T  M  T  F  K  L  I  I  N  
ggcaaaaccttaaaaggggagatcacaattgaggcagtcgatgcctaggaagccgagaaa 
 G  K  T  L  K  G  E  I  T  I  E  A  V  D  A  -  E  A  E  K  
atctttaaacaatatgctaatgattatggtattgacggagaatggacgtatgacgatgcg 
 I  F  K  Q  Y  A  N  D  Y  G  I  D  G  E  W  T  Y  D  D  A  
acaaaaactttcaccgtaactgaggaattcactagtggtggaagtggggacgatcatcat 
 T  K  T  F  T  V  T  E  E  F  T  S  G  G  S  G  D  D  H  H  
catcatcatcattgctga 
 H  H  H  H  C  -  

 
Figure A3.2: DNA and amino acid sequence of mGx. Areas of interest are indicated as follows: Strep-
tag (magenta), protein G (yellow), amber stop codons (bold), His-tag (grey), cysteine site (green). 

atgggctggagccatccgcagtttgaaaaaggtggtagcatgacatttaaactgattatc 
 M  G  W  S  H  P  Q  F  E  K  G  G  S  M  T  F  K  L  I  I  
aacggcaaaactttaaagggagagatcacaatagaagcggtggatgcttaggaggcggag 
 N  G  K  T  L  K  G  E  I  T  I  E  A  V  D  A  -  E  A  E  
aagatttttaagcagtatgcaaatgattatggaattgatggtgaatggacttatgacgac 
 K  I  F  K  Q  Y  A  N  D  Y  G  I  D  G  E  W  T  Y  D  D  
gcaactaaaactttcacggtaacagaagaatttacaggaggttcgggtgggtcgggaggt 
 A  T  K  T  F  T  V  T  E  E  F  T  G  G  S  G  G  S  G  G  
tctggcggctctggaggaagtggtggtagcggtgaattcgccgaagcagccgctaaagaa 
 S  G  G  S  G  G  S  G  G  S  G  E  F  A  E  A  A  A  K  E  
gccgcagcaaaggaagccgcggccaaggaggcagccgcaaaagaggccgcggcgaaggaa 
 A  A  A  K  E  A  A  A  K  E  A  A  A  K  E  A  A  A  K  E  
gcagcagccaaggcagaattcgggggtagcggcggctcggggggtagtggtggaagcggg 
 A  A  A  K  A  E  F  G  G  S  G  G  S  G  G  S  G  G  S  G  
ggttcaggcggttctgggggtaccatgacatttaaactgataatcaacggcaaaacctta 
 G  S  G  G  S  G  G  T  M  T  F  K  L  I  I  N  G  K  T  L  
aaaggggagatcacaattgaggcagtcgatgcctaggaagccgagaaaatctttaaacaa 
 K  G  E  I  T  I  E  A  V  D  A  -  E  A  E  K  I  F  K  Q  
tatgctaatgattatggtattgacggagaatggacgtatgacgatgcgacaaaaactttc 
 Y  A  N  D  Y  G  I  D  G  E  W  T  Y  D  D  A  T  K  T  F  
accgtaactgagctcggcggttgtcatcatcatcaccaccattaa 
 T  V  T  E  L  G  G  C  H  H  H  H  H  H  - 

 
Figure A3.3: DNA and amino acid sequence of dGx1/dGx2. Areas of interest are indicated as follows: 
Strep-tag (magenta), protein G (yellow), amber stop codons (bold), cysteine site (green), His-tag 
(grey). 

 

  



Chapter 3  

80 
  

 



  

81 
 

Chapter 4 
Optical control of antibody activity by 

using photocleavable bivalent peptide-
DNA locks 

 
 
 

 
 

  

This work has been published as:  
S.F.A Wouters, E. Wijker, M. Merkx, ChemBioChem. 2019, 20, 2463-2466 

Antibody-based molecular recognition plays a central role in today’s life sciences, ranging from 
immunoassays to molecular imaging and antibody-based therapeutics. Control over antibody 
activity by using external triggers such as light could further increase the specificity of 
antibody-based targeting. Here we present bivalent peptide–DNA ligands containing 
photocleavable linkers as a non-covalent approach by which to allow photoactivation of 
antibody activity. Light-triggered cleavage of the 3-amino-3-(2-nitrophenyl)propionic acid 
peptide linker converted the high-affinity bivalent peptide–DNA lock into weakly binding 
monovalent ligands, effectively restoring antibody targeting of cell-surface receptors. In this 
work, a proof of principle was provided with an anti-hemagglutinin antibody, but the molecular 
design of the lock is generic and applicable to any monoclonal antibody for which an epitope 
or mimotope of sufficient affinity is available. 
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4.1 Introduction 

The ability to develop monoclonal antibodies with high affinities and specificities 
against a broad range of molecular targets has revolutionized the life sciences. Antibody-
based immunoassays play a dominant role in disease diagnostics and molecular imaging, 
and six out of the ten bestselling drugs are antibodies or antibody derivatives.[1] Despite 
their intrinsic affinities and specificities, antibody-based therapeutics and molecular 
imaging agents still suffer from background binding and toxicity through binding to 
receptors in non-diseased tissue.[2–4] New molecular strategies are needed to increase the 
specificity of antibody-mediated targeting, either by rendering their activity conditional 
on the presence of other biomarkers or by allowing their local activation by external 
triggers.  

Protease-activatable therapeutic antibodies have been developed by fusing blocking 
peptides or protein domains to the antigen binding domains through protease-cleavable 
linkers.[5–9] Binding of these recombinantly engineered blocked antibodies can be restored 
by tumour-associated proteases, allowing tumour-specific antibody activation in a mouse 
model. Another approach for making antibody activity dependent on the presence of 
specific biomarkers was reported by Church and co-workers, who used DNA origami to 
control antibody binding sterically, by immobilizing antibody fragments in the interior of 
a DNA barrel.[10,11] 

An alternative and molecularly less demanding approach to reversible control 
antibody activity is to use bivalent peptide–DNA conjugates in which the use of a rigid 
double-stranded (ds) DNA linker ensures efficient bridging of the two antigen binding 
sites, yielding a stable bivalent interaction between antibody and ligand. Specific release 
of antibody blockage was demonstrated by triggering the disruption of the bivalent 
ligand into two monovalent ligands, either by the introduction of MMP-specific protease 
recognition sequences or by disruption of the dsDNA linker through toehold-mediated 
strand displacement.[12,13] 

The above examples represent efforts to control antibody activity by using 
endogenous local triggers, but generic molecular strategies that allow control of antibody 
activity by light are mostly lacking.[14] Light is a very attractive trigger for controlling 
molecular interactions, because of its high spatiotemporal resolution and non-invasive 
nature. Self and co-workers reported the preparation of light-activatable antibodies by 
blocking nucleophilic amino acid side chains at the antibody exterior with 1-(2-
nitrophenyl)ethanol, with diphosgene as a coupling agent.[15,16] Although in specific 
examples UV irradiation resulted in restoration of antibody binding, this blocking 
approach results in a modification of all nucleophilic side chains and thus yields 
heterogeneous mixtures of blocked antibodies. Here we report the use of bivalent 
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peptide–DNA ligands containing photocleavable linkers as a generic and non-covalent 
approach to allow optical control over antibody activity (Figure 4.1). 

Figure 4.1: Schematic representation of the photocleavable peptide–DNA lock. Before illumination, 
the bivalent lock binds to the two antigen binding sites of the antibody. With 365 nm light the 
photocleavable Anp group on the C-terminus of the peptide (inset) is cleaved, resulting in two, more 
weakly binding monovalent peptides.  

4.2 Results 

Synthesis of bivalent photocleavable ligand 

To demonstrate this new approach, we used a commercially available IgG1-type 
monoclonal antibody against the hemagglutinin (HA) epitope found in influenza viruses. 
This antibody recognizes the HA epitope YPYDVPDYA with a monovalent affinity of ~1 
nM.[17] A bivalent peptide–DNA conjugate consisting of a 20 bp dsDNA linker with the HA 
peptide conjugated to the 5’-ends of both DNA strands was shown to form a very tight 
antibody–lock complex, showing complete inhibition at a 1:1 antibody/ligand ratio at low 
nM concentrations.[12] To make antibody blockage light-sensitive, we used the photolabile 
3-amino-3-(2-nitrophenyl)propionic acid (Anp).[18] This ortho-nitrobenzyl-containing β-
amino acid is commercially available and was originally developed to allow cleavage of 
peptides from solid-phase resins under mild conditions. More recently, it has been 
successfully applied to allow optical control over peptide-based molecular processes, 
including peptide–protein interactions and peptide-based self-assembly.[19–22] 
Illumination of Anp with 365 nm light results in cleavage of the N–Cα bond, effectively 
cleaving the peptide into an N-terminal part with an amidated C-terminus and a C-
terminal part with the remainder of the Anp group attached to the N-terminus (Figure 
4.1). 
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Solid-phase peptide synthesis was used to synthesize a photocleavable HA peptide 
consisting of the HA epitope, a flexible linker with the Anp group flanked by two glycine 
residues on each side and a C-terminal cysteine unit for oligonucleotide conjugation (Ac-
YPYDVPDYA-GG-Anp-GG-C-NH2). Control experiments showed the peptide to be stable 
under ambient light for several hours, but also that its complete cleavage could be 
induced by illumination for 10 minutes with 365 nm light (Figure 4.2).  

Figure 4.2: Photocleavage of photocleavable HA (pc-HA) peptide followed by HPLC-MS. (A) Purified 
pc-HA peptide (0.1 mg/ml + 0.1 % TFA, black line) was exposed to 365 nm light (Promed UVL-36) for 
16 minutes which resulted in the full photocleavage of the peptide (grey line) as analysed on the 
Shimadzu LC-8A HPLC system. Deconvoluted MS spectra of (inset) uncleaved (MWcal: 1666.7 Da) and 
cleaved pc-HA (MWcal: 1257.3 Da). (B) Photocleavage of the peptide was determined using the Area 
Under the Curve (AUC) of the uncleaved peptide and the AUC of the N-terminal cleavage product, 
resulting in the relative amount of uncleaved peptide. Within 10 minutes no uncleaved peptide 
could be observed anymore. 

Next, the C-terminal cysteine residue of the peptide was coupled to 5’-NH2-
functionalized oligonucleotides by using the hetero-bifunctional crosslinker 
sulfosuccinimidyl 4-(N-maleimidomethyl)-cyclohexane-1-carboxylate (sulfo-SMCC; 
Figure 4.3A). Complementary peptide–oligonucleotide conjugates (POCs) containing 20 
and 28 nt single-stranded (ss) DNA (Table 4.1) were synthesized and purified by HPLC, 
resulting in >99% purity (Figure 4.3B and C). A 20 bp dsDNA linker was chosen because 
previous work had shown efficient blocking of antibody activity by using linkers of either 
20 or 35 bp, corresponding to 7 and 12 nm, respectively.[12,13] Hybridization of the two 
complementary POCs in a 1:1 ratio yielded a bivalent photocleavable peptide–DNA lock 
(pc-HA2-DNA) with a 20 bp dsDNA linker and an 8 nt toehold sequence (Figure 4.3D). The 
toehold sequence was introduced to allow dual control over antibody activity by using 
either light, through photocleavage of the peptide linker, or by disruption of the DNA 
linker by means of a DNA-displacement reaction. 
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Figure 4.3: Peptide–oligonucleotide conjugate (POC) development. (A) To obtain the POC, a 
5’amine-functionalized oligonucleotide is first treated with the heterobifunctional sulfo-SMCC 
crosslinker. Subsequently, the maleimide-functionalized oligonucleotide is allowed to react with 
the C-terminal cysteine residue in the photocleavable peptide, resulting in the formation of the POC. 
HPLC- and MS trace (inset) of purified POCs (B) pc-HA-ODN1 (MWcal: 8197.1 Da) and (C) pc-HA-ODN2 
(MWcal: 10606.7 Da). (D) A 15 % polyacrylamide gel, stained for DNA using SybrGold, showing the 
ssDNAs (ODN1/ODN2) and the peptide–oligonucleotide conjugates of the ssDNA with the 
photocleavable peptide (pc-HA). Hybridization of the two complementary POCs results in complete 
formation of the photocleavable ligand (pc-HA2-DNA). 

Characterization of bivalent ligand 

To establish the efficiency of the pc-HA2-DNA system as a photoactivatable blocking 
agent, competition assays were performed with fluorescence polarization to monitor 
binding of the anti-HA antibody to a fluorescein-labelled HA peptide. As expected, 
titration of unblocked anti-HA antibody to 2 nM of fluorescently labelled HA peptide 
resulted in an increase in fluorescence polarization, consistent with a Kd value of 0.52 ± 
0.06 nM (Figure 4.4A). In contrast, no increase in fluorescence polarization was observed 
upon addition of anti-HA antibody pre-incubated with 2 equivalents of pc-HA2-DNA, 
showing efficient blockage of the antibody by the bivalent peptide–DNA lock. Irradiation 
of the antibody–lock complex at 365 nm for 10 minutes showed that most of the antibody 
activity could be restored. The titration curve for the photoactivated antibody does not 
completely overlap with that of the free antibody. This can be explained by competition 
between monovalent HA peptide cleavage products and the fluorescently labelled 
peptide for binding to the anti-HA antibody and is confirmed by the fact that the titration 
curve for the photocleaved complex is very similar to that obtained with anti-HA antibody 
in the presence of two mole equivalents of unlabelled monovalent HA peptide. 
Measurement of fluorescence polarization as a function of illumination time showed 
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antibody activation to be rapid and complete within 5 minutes (Figure 4.4B). Parallel 
analysis of the photocleavage reaction by native PAGE confirmed these results, showing 
complete conversion of the bivalent peptide–DNA lock to dsDNA containing either one 
or none of the HA epitope peptides within 5–10 minutes (Figure 4.4C). 

Figure 4.4: Competitive fluorescence polarization assays showing light-activatable control over 
antibody activity. (A) Titration of anti-HA antibody to 2 nM fluorescently labelled HA peptide in the 
absence or in the presence of a twofold excess of monovalent HA peptide/pc-HA or of the bivalent 
photocleavable lock, either before illumination or after 10 minutes of 365 nm illumination. (B) 
Restoration of antibody activity as a function of illumination time. Anti-HA antibody (10 nM) was 
incubated with 2 equivalents of the photocleavable lock and 2 nM of fluorescein-labelled HA 
peptide. Error bars represent standard deviation, based on three measurements. (C) A 15 % 
polyacrylamide gel, stained for DNA using SybrGold, showing the decrease in mass upon exposure 
to 365 nm light. A downward shift is observed when either one or both of the peptides is/are cleaved 
from the dsDNA complex after light exposure. 

Light-controlled antibody-labelling of cells 

Having established efficient light-triggered antibody activation in vitro, we also 
explored whether the bivalent peptide–DNA locks could be used to control antibody 
targeting to cells. Yeast cells displaying the HA peptide fused to the yellow fluorescent 
protein citrine were employed to allow quantitative monitoring of cell-surface antibody 
binding by flow cytometry (Figure 4.5A and B).[13] To establish the efficiency of antibody 
blocking, a titration experiment was performed in which the photocleavable lock was 
titrated to 1 nM Alexa 647-labelled anti-HA antibody. Next, HA-expressing yeast cells were 
added, and, after an incubation period of 60 minutes, the yeast cells were analysed by flow 
cytometry. Figure 4.5C shows that antibody binding was efficiently blocked by the 
addition of only slightly more than one equivalent of the photocleavable lock. Next, the 
reversibility of the antibody blockage was assessed by using 1 nM anti-HA antibody pre-
incubated with 2 nM of pc-HA2-DNA. Figure 4.5D shows that irradiation of the lock with 
365 nm light for 30 minutes resulted in an approximately five-fold increase in antibody  
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Figure 4.5: Antibody activation by light and/or DNA strand displacement recorded by flow 
cytometry. (A) Yeast surface display. The HA-tag and citrine are displayed as an Aga2 fusion protein 
on the surface of a yeast cell. The photocleavable lock is used to block an Alexa 647-labelled anti-
HA antibody. Upon 365 nm irradiation or addition of a displacer strand, the bivalent lock is 
converted into two more weakly binding monovalent peptides. The antibody can then bind to the 
HA-expressing yeast cells, and the fluorescence of the cells can be determined by flow cytometry. 
(B) Histogram of Alexa 647 fluorescence of HA-expressing cells with or without the addition of 1 nM 
Alexa 647-labelled anti-HA antibody. (C) Titration experiment monitoring the binding of anti-HA 
antibody (1 nM) as a function of the concentration of the photocleavable lock. Fluorescence is 
normalized to free anti-HA antibody. (D) Histogram showing Alexa 647 fluorescence for yeast cells 
incubated with 1 nM Alexa 647-labelled anti-HA antibody in the presence of 2 nM photocleavable 
lock. Activation of the antibody is achieved with either 365 nm irradiation, the addition of 20 
equivalents of displacer strand, or both. When antibody is incubated with 4 nM monovalent pc-HA, 
which has been photocleaved, the activation of the antibody is similar as observed with the 
photocleaved bivalent lock. 

labelling of the yeast cells, to a level that is 50 % of that observed with the free anti-HA 
antibody. The incomplete restoration of antibody binding is due to the presence of 4 nM 
of monovalent HA peptide cleavage products, which can compete with the HA peptides 
displayed on the yeast cells for binding to the unlocked anti-HA antibody. A control 
experiment using anti-HA antibody incubated with 4 nM of monovalent pc-HA peptide 
indeed shows the same amount of antibody binding to yeast cells as observed after 
photoactivation of antibody incubated with 2 nM of pc-HA2-DNA (Figure 4.5D). 

A similar, albeit slightly smaller, effect was observed when the lock was incubated 
with 20 equivalents of a displacer strand for 60 minutes. The displacer strand binds 
strongly to the 8 nt toehold incorporated in the lock and disrupts the double helix of the 
lock though toehold-mediated strand displacement. The somewhat lower level of 
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antibody labelling observed after the displacement reaction might be due to a slightly 
higher affinity of the non-photocleaved monovalent HA peptide, resulting in stronger 
competition (Figure 4.4A). Indeed, combining light activation and the addition of 
displacer strand resulted in a level of activation similar to that obtained with 
photoactivation alone. The pc-HA2-DNA ligand thus behaves as an OR gate that allows 
restoration of antibody activity by using either light or a specific oligonucleotide trigger. 

4.3 Conclusion 

In conclusion, a bivalent peptide–DNA ligand has been developed that can be used 
to cage antibody activity and allows activation of antibody binding under the influence of 
light. Although proof of principle was provided by using an anti-HA antibody, the 
molecular design of the lock is generic and applicable to any monoclonal antibody, 
provided that an epitope or mimotope of sufficient affinity is available. Firstly, these 
photoactivatable antibodies are attractive research tools, providing the antibody 
equivalent of the low-molecular-weight ligands developed in photopharmacology.[23] 
Possible in vivo applications, such as light-triggered local activation of therapeutic 
antibodies, can also be envisioned, but would probably require enhancement of the 
hydrolytic stability of the DNA linker and shifting of the wavelength of the excitation light 
to the red. Several chemical approaches for increasing the hydrolytic stability of the linker 
are available, including the use of 2’-MeO or phosphorothioate-modified DNA, or the use 
of protein nucleic acids (PNAs) or locked nucleic acids (LNAs).[24] Similarly, a variety of red-
light-activatable photocleavable ligands have recently been reported that could be used 
to avoid the potential phototoxicity of 365 nm light and to allow deeper tissue 
penetration.[25,26]  
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4.4 Experimental section 

General reagents. All chemicals were purchased from Merck unless stated 
otherwise.  

Synthesis and purification of peptides. FITC-labelled HA peptide was synthesized 
as described previously.[27] For the pc-HA peptide, the Anp-linker was purchased as Fmoc 
protected amino acid from Iris Biotech (CAS number: 171778-06-6). The peptide was 
synthesized manually following an Fmoc peptide synthesis protocol on 200 μmol of Rink 
Amide MBHA resin. Fmoc protecting groups were removed with 20 % piperidine solution. 
Amino acids were added in a 4x excess over the resin in a concentration of 0.2 M in NMP. 
The amino acid was activated with 0.2 M HCTU and 1.6 M DIPEA. The peptide was cleaved 
from the resin by using a mixture of TFA/TIS/H2O/EDT (92.5:2.5:2.5:2.5) and continuous 
shaking for 3 hours followed by precipitation in ice cold ether. MS spectra were recorded 
on a Shimadzu LC-8A HPLC system. Preparative RP-HPLC was performed on a Shimadzu 
LC-8A HPLC system using an Atlantis T3 OBD prep column (reverse phase C18 column). 
pc-HA-peptide: Ac-YPYDVPDYA-GG-Anp-GG-C-NH2; Gradient RP-HPLC: 30-35 % ACN in 15 
minutes. MS: MWcal=1666.7 Da; MWobs=1665.0 Da. 

Synthesis and purification of peptide–oligonucleotide conjugates (POCs). 
Oligonucleotides modified with a 5’-amine (obtained from IDT; Table 4.1) were diluted in 
phosphate buffered saline (PBS; 10 mM phosphate buffer, 2.7 mM KCl, 140 mM NaCl, pH 
7.4) and mixed with 20 equivalents of sulfo-SMCC (Thermo Fisher Scientific, 2 mg no-
weigh format, dissolved in DMSO prior to use) to a final concentration of 125 µM in 50 % 
DMSO for 2 hours at room temperature under continuous shaking at 850 rpm. The 
maleimide-functionalized oligonucleotides were isolated using three consecutive 
ethanol precipitations. In short, 10 (v/v) % of 5 M NaCl and 300 (v/v) % of ice-cold ethanol 
was added and subsequently stored at –30 °C for 75 minutes. The precipitated 
oligonucleotides were pelleted by centrifugation for 30 minutes at 14,000 xg at 4 °C. After 
the ethanol precipitations, the pellet was washed with ice-cold 95 % ethanol and pelleted 
using centrifugation. The pellet was dried under vacuum. The peptide (10 equivalents) 
was dissolved in a minimal volume of 7 M urea (~ 10 µL) and supplemented with a 
phosphate buffer (100 mM NaPi, pH 7.0) to a final volume of 200 µL per reaction. The 
peptide was then added to the maleimide-functionalized oligonucleotide and incubated 
for 2 hours at room temperature under continuous shaking at 850 rpm. Finally, the 
obtained POCs were desalted using a PD MiniTrap G-10 column (GE Healthcare Life 
Sciences) and purified by reversed-phase HPLC on a Kinetex 2.6u C18 (100 x 4.6 mm) 
column using a gradient of 8–20 % acetonitrile in 100 mM triethylammonium acetate + 5 
% ACN, pH 7.0. Pure conjugate was lyophilized once and subsequently three times 
dissolved in mQ and lyophilized until a white powder was obtained. Purified POCs were 



Chapter 4  

90 
  

analysed using mass spectrometry by flow injection analysis on an LCQ Fleet (Thermo 
Finnigan) ion-trap mass spectrometer in negative mode (1:1 isopropanol/water + 1 % 
triethylamine (pH 10)). 5 μL of 50 µM POC solution in mQ was directly injected. 
Deconvoluted m/z spectra were obtained with MagTran software. 

Table 4.1 Oligonucleotide sequences 

Name Length Sequence (5’ 3’) 

ODN1 20 nt H2N-TAG ACA GTT TCA TCG GTG AC 

ODN2 28 nt H2N-GTC ACC GAT GAA ACT GTC TAC AGA CTC A 

Displacer 28 nt TGA GTC TGT AGA CAG TTT CAT CGG TGA C 

 
Hybridization of POCs. Bivalent ligands were obtained by hybridizing the 

complementary peptide–oligonucleotide conjugates in a 1:1 ratio at room temperature 
for 1 hour in PBS. The purity of the hybridized constructs was analysed on a native 15 % 
TAE polyacrylamide gel. 

PAGE analysis of ligand photocleavage. The photocleavable ligand was dissolved 
in 12.5 mM MgCl2 in TE (10 mM Tris-HCl, 1 mM EDTA, pH 8.0) to a concentration of 10 ng/µl. 
Aliquots of 10 µl were exposed to UV light (Promed UVL-36, 36 W). The sample, on ice, was 
placed directly under one of the four lamps (365 nm, 8 W each) at a distance of 2.5 cm. For 
gel loading purposes, 2 µL of a 40 % sucrose solution was added. Samples were loaded on 
a 15 % TAE PAGE gel and run for 1 hour at 125 V. Gel was stained using SybrGold for 15 
minutes before imaging on an ImageQuant 350 (GE Healthcare, 537/35 nm filter). 

Fluorescence polarization assays. Fluorescence polarization measurements were 
recorded on a Tecan Safire2 microplate reader. Samples were excited at 470 nm and 
monitored between 510 and 530 nm. Antibody and ligands were diluted from a 
concentrated stock to PBS (pH 7.4) containing 1 mg/mL BSA (PBS+). Anti-HA antibody 
(Thermo Fisher Scientific, no. 26183) was incubated with ligand for 30 minutes at room 
temperature, protected from light. Samples were irradiated with 365 nm light for 10 
minutes on ice. A dilution series was made in a 384-well plate (end-concentrations: 0.02–
10 nM) and 2 nM of FITC-HA was added. The plate was measured after an incubation of 30 
minutes at room temperature. Kd-value was determined using Equation 4.1 in Origin 2015. 
In Equation 4.1, A is the measure for polarization, Af is the measure for polarization of free 
peptide, Ab is the measure for polarization of bound peptide, [P] is the peptide 
concentration and [Ab] is the concentration of antigen binding sites.  

 

𝐴𝐴 = 𝐴𝐴𝑓𝑓 + �𝐴𝐴𝑏𝑏 − 𝐴𝐴𝑓𝑓� ∗
(�([𝑃𝑃]+𝐾𝐾𝑑𝑑+[𝐴𝐴𝑏𝑏])2−4∗[𝑃𝑃]∗[𝐴𝐴𝑏𝑏]

2∗[𝑃𝑃]
  (Equation 4.1) 
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FACS experiments. EBY100 yeast cells were transformed with the pCT-Citrine vector 
as previously described.[13] Yeast was grown overnight in 5 mL SDCAA medium (20 g 
dextrose, 6.7 g Difco yeast nitrogen base, 5 g Bacto casamino acids, 5.4 g Na2HPO4 in 
deionized H2O to a volume of 1 liter and sterilized by autoclaving) at 30 °C, 250 rpm and 
passed (the next morning) to an OD600 of 0.1 in fresh SDCAA-medium and was allowed to 
grow for another 3 hours at 30 °C till an OD600 of 0.4. Yeast was pelleted by centrifugation 
(5 minutes at 2,500 xg), SDCAA-medium was removed, and the yeast cells were 
resuspended in SGCAA-medium (same composition as SDCAA, but 20 g galactose instead 
of dextrose) in order to induce the desired protein display at the yeast surface. Induction 
was performed at 20 °C, 250 rpm and for at least 20 hours. Prior to experiments, yeast was 
pelleted by centrifugation (5 minutes at 2,500 xg) and the SGCAA-medium was removed. 
1 mL of PBS+ was added to the pelleted yeast cells and they were thoroughly 
resuspended. Cells were pelleted again by centrifugation for 1 minute at 12,000 xg. The 
PBS+ was removed and the yeast cells were resuspended in 1 mL PBS+. The OD600 of a 10-
fold dilution in PBS+ was measured and the yeast cells were then diluted to an OD600 of 1 
(1 x 107 cells per mL) in PBS+. Cells were kept at room temperature under continuous 
shaking (300 rpm) until use. 

Alexa647-labelled anti-HA antibody (Thermo Fisher Scientific, RRID AB_2610626) and 
ligands were diluted from a concentrated stock in PBS+. Ligands were irradiating with 365 
nm light for 30 minutes on ice. 1 nM of antibody (500 µL total volume) was incubated with 
2 equivalents of bivalent ligands or 4 equivalents of monovalent ligand for 30 minutes at 
room temperature, protected from light. Displacer strand (20 equivalents) was added and 
incubated for 60 minutes at room temperature. Subsequently, 25 µL of yeast cells was 
added and incubated, under continuous shaking at 300 rpm, at room temperature for 1 
hour. Mixtures were kept on ice until measurement. 

All FACS measurements were done using a BD FACS Aria III equipped with a 70 μm 
nozzle. Citrine was excited by a 488 nm laser and detected through a 530/30 bandpass 
filter with a PMT voltage of 400 mV. Alexa647 was excited by a 633 nm laser and detected 
through a 660/30 bandpass filter with a PMT voltage of 550 mV. For all analyses, doublet 
cells were excluded by standard doublet discrimination with forward and side scatter area 
versus height plots. Alexa 647 intensities were recorded for cells that were positive for 
citrine. No spectral interference was observed between citrine and Alexa 647. Therefore, 
no compensation was necessary. All samples were recorded with a flow rate of 1.0 
mL/min. Data was displayed using FlowJo software. Histograms were smoothed and 
counts were normalized. 
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Chapter 5 
Exploring the use of protein M as a 
generic ligand to control antigen-

antibody binding 

 
 
 
 
 

  

 

Protein M is a recently discovered IgG-binding protein that is expressed on the cell surface of 
mycoplasma bacteria. Protein M is a generic IgG binder, while at the same time also blocking 
the antibody-antigen interaction. Blockage of the antigen binding domain is believed to be 
due to steric hindrance by the C-terminal part of protein M. These remarkable features would 
make protein M an interesting building block for the construction of bivalent ligands to control 
antibody binding, but also for the engineering of competition-based immunoassays. To 
explore the suitability of protein M for these applications we studied the binding of protein M 
to a variety of therapeutic antibodies using surface plasmon resonance, split-luciferase 
complementation assays and binding to cell surface receptors using FACS. Protein M was found 
to bind to a wide variety of antibodies with remarkably slow association and dissociation rates. 
A mutant was developed with a lower affinity but similar dissociation rates as the wild-type 
protein. Pre-incubation of antibodies with protein M was found to efficiency block antigen 
binding. Experiments with a split-luciferase showed the ability of protein M to block antigen 
binding dependent strongly on the order of addition. For future studies, protein M should be 
investigated to find more optimal binding kinetics to allow readily reversible binding of protein 
M to allow control over antigen-antibody binding. 
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5.1 Introduction 

The high affinity and specificity of antibody-based molecular recognition forms the 
basis for the widespread application of antibodies in both diagnostics and therapy. 
Immunoassays play a dominant role in clinical laboratories and point-of-care diagnostics, 
[1–3] while therapeutic antibodies now represent a large part of newly introduced drugs, in 
particular in oncology and inflammatory diseases.[4] Nonetheless, background binding of 
the antibodies and toxicity through binding of antibodies in healthy tissue can cause 
major side-effects. [5–7] New generic approaches to control the antibody-antigen binding 
may benefit their application in imaging and therapy but is also of use in new 
immunoassay formats. 

Control over antigen-antibody binding can be accomplished by blocking the antigen-
binding sites. Several approaches have been investigated to block the antigen binding 
sites, which include antibody engineering, masking domains or sterical hinderance using 
genetic or chemical engineering. Antibody engineering by changing the amino acid 
sequence in the antigen-binding site allows for activation of antibody binding after a 
certain trigger, like pH.[8–10] This approach results in high regulated antibodies but requires 
extensive engineering on an antibody-specific basis. Another genetic approach to inhibit 
antigen binding is by introduction of masking domains at the N-terminus of the light or 
heavy chain.[11–13] The masking domain, usually an antibody-specific protein or peptide 
domain, is connected via a flexible linker and binds to the antigen binding site. To allow 
removal of the masking domain a protease recognition site can be incorporated between 
the antibody and the masking domain. Recently, the work of Trang et al. described the 
use of coiled-coil domains, fused to antibodies, to sterically hinder the binding of the 
antigen.[14] Since the coiled-coil domains hinder the antigen binding, the approach is 
generic and can be applied to various antibodies. While genetic engineering of antibodies 
results in control over antigen-antibody binding, it requires engineering, expression and 
purification for every new antigen-antibody pair. The work of Church and co-workers 
described the use of a DNA nanorobot to create a physical barrier between the antibody 
fragments in the interior and the antigen in the exterior.[15,16]  The antibodies in the interior 
of the barrel can only bind when the barrel is opened upon the presence of a DNA or 
protein trigger, like a “lock and key” principle. Their approach allows for generic blocking 
of the antigen-antibody complexation but requires a complex, 3D-DNA nanostructure 
which might not be applicable for therapy.  

A less molecularly demanding approache to prevent antigen binding, developed in 
our group, is to use a bivalent peptide–DNA lock.[17–20] The lock, composed of two peptide-
epitopes connected via a rigid double-stranded (ds) DNA linker, binds the two antigen 
binding sites simultaneously, yielding a stable bivalent interaction between antibody and 
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ligand. Specific release of the bivalent ligand from the antibody was accomplished by 
converting the bivalent ligand into two monovalent ligands. Introduction of MMP-specific 
protease recognition sequences or photoinduced cleavage sites resulted in cleavage of 
the peptide from the dsDNA ligand.[17,19] Other triggers to release the blocker from the 
antibody include disruption of the DNA double helix through toehold-mediated strand 
displacement or through pH.[18,20] Importantly, all these approaches require the existence 
of a peptide or protein binder with a low nanomolar affinity. When such a peptide is not 
known, the blockage is not sufficient to allow complete inhibition of antigen-antibody 
complexation.[21] 

In 2014, Grover et al. reported the discovery of a generic antibody-binding protein 
from Mycoplasma bacteria, termed protein M.[22] The protein, composed of 556 amino 
acids, was found to interact with all main human IgG isotypes, as well as mouse, rat, rabbit, 
goat and bovine IgGs, with similar binding affinities in the low nanomolar range (1–5 nM). 
Protein M binds predominantly to conserved amino acids in the variable κ or λ light chain 
(Figure 5.1). It contains a large C-terminal domain (441–556) which is believed to extend 
over the antigen binding domain and thereby prevents binding of the antigen. Using 
trypsin digestion, a truncated protein was found, termed protein M TD, with binding 
affinities similar to the full-length protein. Both the full-length and the truncated protein 
were found to prevent antigen binding when preincubated with the antibody. 
Remarkably, protein M was reported to not be able to disrupt a preformed antigen-
antibody complex. Kim et al. recently reported the construction of a protease-cleavable 
protein M variant containing a protease cleavage site between the core binding domain 
and the C-terminal blocking domain.[23] This protein M variant allowed blockage of a 
variety of antibodies, which could be reversed by protease-mediated cleavage in the 
presence of the target protease.  

The fact that protein M binds to a wide variety of antibodies and prevents antigen-
antibody binding would make protein M an interesting building block for the 
construction of bivalent ligands to control antibody binding, but also for the engineering 
of competition-based immunoassays. Here, we explored the use of protein M as a generic 
ligand to control antigen-antibody binding. Besides the wild-type protein, we also 
investigated some single-mutants to develop a variety of binding affinities. After protein 
expression and purification, both the affinity and binding kinetics of the protein M 
variants was tested using SPR and a split-NanoLuc luciferase assay. Furthermore, the 
ability of the proteins to inhibit antigen binding was tested using both flow cytometry 
and the luciferase assay. The latter approach was also used in a new competition-based 
assay for the detection of TNFα.  
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Figure 5.1: The use of protein M as a generic ligand to control antigen-antibody binding. (A) 
Schematic representation of protein M binding to the Fab domain of an antibody. The C-terminal 
domain sterically blocks the antigen binding site. (B) Crystal structure (PDB: 4NZR[22]) of protein M 
TD (core domain in green, C-terminal domain in red) in complex with Fab PGT135, against HIV-1 
gr120. Protein M TD binds to the light chain (black), inset shows four interaction pairs, and limited 
interactions with the heavy chain (grey).  

5.2 Results 

Protein expression, purification and characterization 

Protein M can be divided in three parts, the N-terminal domain (residues 1–77), the 
large core domain (residues 78–440) and the C-terminal domain (residues 441–556). The 
N-terminal domain contains a transmembrane domain (residues 16–36) to display the 
protein on the cell. In the work of Grover et al, two protein M variants were expressed and 
investigated, protein M and protein M TD. Protein M lacks the transmembrane domain 
and consist of amino acids 37–556. This protein was found to bind human IgGs as well as 
mouse, rat, rabbit, goat, and bovine IgGs. To elucidate the minimal sequence required for 
antibody binding a complex of protein M and IgG was trypsin digested. After digestion a 
minimal protein was found containing residues 74-482. This truncated protein, termed 
protein M TD, was recombinantly expressed (residues 74–468). Removal of part of the N- 
and C-termini showed no major effect on the binding as detected using biolayer 
interferometry.[22] Here, the protein was immobilized and various antibodies were 
incubated. The reported Kd, based on the ratio of koff to kon, were in the low nanomolar 
range (1–5 nM). A crystal structure of protein M TD in complex with the Fab fragments 
showed predominantly interactions between the large core domain (residues 78–440) 
and the VL domain and limited interaction with the other domains of the Fab fragment 
(Figure 5.1B). The C-terminal domain (residues 441–468) does not interact with the 
antibody but is believed to sterically preclude antigen binding in the antigen binding site. 
Comparing the full-length protein M and protein M TD in complex with a Fab domain, 
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using negative-stain 3D electron microscopy, showed nearly identical structures hinting 
to the disordered nature of the N-terminal (residues 37 to 74) and C-terminal domains 
(residues 469 to 556) of protein M. Using an enzyme-linked immunosorbent assay (ELISA) 
it was found that antibodies, incubated with an 8-fold molar excess of protein M TD, were 
strongly inhibited from binding to their antigen. Intriguingly, when the antibody was first 
incubated with the antigen, protein M seemed not able to disrupt the preformed 
complex.  

In this work, we aim to explore the use of protein M in controlling antigen-antibody 
complexation. Giving the similar binding properties of full-length protein M and protein 
M TD we decided to work with the smaller protein M TD, which we will subsequently refer 
to as protein M. To allow for straightforward affinity-based purification an N-terminal 
6xHis-tag and a C-terminal Strep-tag were introduced. Protein M was recombinantly 
expressed in E. coli BL21(DE3) and purified to homogeneity using a combination of nickel 
affinity and Strep-Tactin affinity chromatography, typically yielding 80 mg of pure protein 
per liter of culture. SDS-PAGE and electrospray ionization quadrupole time-of-flight (ESI-
Q-TOF) analysis confirmed the purity and expected molecular weight of the protein 
(Figure A5.1).  

Surface plasmon resonance (SPR) was used to study both the binding affinity and the 
association and dissociation kinetics of protein M to three commercially available 
therapeutic antibodies, cetuximab, trastuzumab and nivolumab, to confirm the generic 
binding of the protein to an antibody. The antibody was captured on a protein G-
functionalized SPR-chip, to allow correct orientation of the antibody, and protein M was 
flown over the chip in various concentrations. A clear binding response was observed for 
all antibodies (Figure 5.2A, B and C). The 200 RU for protein M binding that is observed on 
a chip immobilized with 300 RU of antibody is consistent with the binding of two protein 
Ms (~ 50 kDa each) per antibody (~ 150 kDa). Remarkably, no significant dissociation is 
observed within the 1 hour that the reaction was followed, suggesting a koff of < 0.0001 s-

1. To estimate the apparent Kd from the  data, the maximum response after association 
was plotted as function of the concentration, resulting in an affinity in the low nanomolar 
range (5–10 nM, Figure 5.2D). Since not all curves reach the equilibrium within the 
association period, the binding affinity cannot be determined precisely, suggesting an 
even tighter binding.  
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Figure 5.2: SPR traces of protein M binding to various antibodies. Protein M (51.2 pM – 4 µM) was 
flown over a protein G chip functionalized with (A) trastuzumab, (B) cetuximab or (C) nivolumab. 
The condition of160 nM of protein M was measured in duplo. (D) Response after association plotted 
against the concentration. Data was normalized to the maximum response observed and fitted 
using Equation 5.1 to determine the binding affinity.   

Luciferase assay to determine binding affinity of protein M (mutants) 

The SPR experiment showed that protein M binds both strongly, but also with slow 
association and dissociation kinetics. In order to use protein M for reversible control of 
antigen binding, the protein M-antibody interaction should be weakened or at least allow 
faster binding kinetics. As a first attempt we aimed to use electrostatic repulsion to 
weaken the binding affinity. Grover et al. already described  the amino acids in protein M 
TD interacting with highly conserved amino acids in the antibody chains.[22] They reported 
on one highly conserved salt bridge between a glutamic acid in the antibody domain 
(E81) and an arginine in protein M (R384, Figure 5.1B). Introduction of a negatively charge 
amino acid at position 384 would prevent the formation of this salt bridge and result in a 
charge repulsion, weakening the interaction between protein M and the antibody. 
Therefore, the arginine was replaced by a glutamic acid (protein M R384E). Moreover, 
three other mutations were introduced in protein M to introduce charge repulsion. These 
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amino acids, T110, A391 and N440, do not form a salt bridge but are in close proximity to 
a positively charge arginine or lysine in the antibody chain. By introducing a positively 
charged lysine at these positions in protein M, a charge repulsion might be introduced.  

To screen the affinity of the various protein M mutants a split-luciferase system was 
developed. This system allows to determine the binding affinity with increased incubation 
times of protein M with the antibody, to reach equilibrium, while requiring less protein. 
The split-luciferase system makes use of NanoLuc, a bright luciferase, which emits light of 
460 nm upon furimazine conversion.[24] The luciferase can be split into a large N-terminal 
domain of 18 kDa, termed Lbit, and a small C-terminal peptide of 1.3 kDa, termed Sbit.[25] 
The Lbit was photocrosslinked to the Fc domain of the antibody and the Sbit was 
genetically fused to the protein M variants. Binding of protein M to the antibody induces 
complementation of the two domains which results in reconstitution of the luminescence 
activity (Figure 5.3A). A Sbit variant was chosen with a low affinity (190  µM) for Lbit to not 
interfere too much with the binding of protein M to the antibody. Sbit-protein M variants 
were expressed and purified as described before (Figure A5.2). The Lbit domain was 
photoconjugated to the antibody by genetically fusing the domain to a 
photocrosslinkable protein G domain (see chapter 2).[26] Protein G–Lbit (Gx-Lbit) was 
photoconjugated to cetuximab and adalimumab using 8 equivalents of protein for 1 hour. 
Non-reducing SDS-PAGE analysis shows the formation of both once- and twice 
conjugated antibodies and almost no unconjugated antibody left. Addition of Sbit-
protein M WT to cetuximab-Lbit resulted in a concentration depended increase in 

 

 
Figure 5.3: Luminescence assay to determine binding affinity of protein M mutants. (A) Schematic 
representation of split-luciferase complexation assay. (B) Non-reducing 4–20 % SDS-PAGE analysis 
of photoconjugation of 8 equivalents of Gx-Lbit (3.2 µM) to antibodies (0.4 µM) cetuximab and 
adalimumab for 1 hour. (C) 1 nM cetuximab-Lbit was incubated with Sbit-protein M variants (0.25–
128 nM) for 30 minutes. After addition of NanoGlo (4000x dilution) the luminescence was recorded. 
Data was fitted using Equation 5.1 to determine the binding affinity.   
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luminescence intensity with a Kd of 5.5 ± 1.3 nM (Figure 5.3C). The Sbit-protein M R384E 
mutant showed a 7-fold decrease in affinity, Kd of 39.4 ± 10.5 nM. The three other mutants 
(T110K, A391K and N440K) showed an affinity in the same range as observed for the wild-
type protein. Electrostatic repulsion was thus only successful when introduced in an 
existing salt bridge, and the effect on the affinity of the R384E mutation was modest.   

To check whether the R384E mutation would also affect the dissociation rate, binding 
of protein M R384E was also studied to cetuximab and trastuzumab using SPR (Figure 5.4A 
and B). Similar as observed for the wild-type protein, binding of two protein M R384E was 
observed per antibody. Similar to the wild-type protein, no significant dissociation is 
observed within the 1 hour that the reaction was followed, suggesting a koff of < 0.0001 s-

1. The mutation weakened the association rate, which explained the lower Kd found in the 
luciferase assay. To estimate the apparent Kd from the  data, the maximum response after 
association was plotted as function of the concentration, resulting in an affinity in the 
nanomolar range (60–80 nM, Figure 5.4C), which is slightly weaker than observed for the  

Figure 5.4: SPR analysis of protein M R384E binding to antibodies. SPR response curves of protein M 
R384E (51.2 pM – 4 μM) binding to (A) trastuzumab or (B) cetuximab immobilized on a protein G 
chip. The condition of 160 nM of protein M R384E was measured in duplo. (C) Response plotted 
against the concentration. Data normalized to the maximum response observed and fitted using 
Equation 5.1 to determine the binding affinity.    
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wild-type protein. When comparing to the luciferase assay (Figure 5.3C), the affinity found 
with SPR is slightly weaker. This might be due to the additional affinity of the Sbit domain 
for the Lbit domain in the luciferase assay. 

Exchange assay 

In addition to providing a convenient way to study the affinity of protein M binding, 
the split-luciferase assay can also be used to study kinetics of protein M binding. The 
advantage of this assay is the ability to incubate the protein with the antibody for a longer 
period of time to reach an equilibrium state. However, to correct for substrate depletion 
the addition of a calibrator luciferase is required. By addition of the calibrator luciferase, 
instead of looking at the absolute signal, the ratio between the calibrator and split-system 
can be determined which is much more stable over time (Figure 5.5A). Here, the mNG-NL 
tight fusion was used, which was also used in the Gx-mNG-NL fusions in chapter 2, to 
generate a green emission signal upon substrate conversion. First, the kinetics of 
association was studied by incubating various concentrations of Sbit-protein M (0.5–64 
nM) with 1 nM cetuximab-Lbit. Addition of the calibrator luciferase allowed to monitor 
the kinetics for over 7 hours. After 50 minutes the equilibrium is reached for almost all 
conditions (Figure 5.5B). The 64 nM and 32 nM Sbit-protein M condition reach the same  
maximum luminescence intensity.  

 

Figure 5.5: Split-luciferase assay to detect binding of Sbit-protein M. (A) Schematic representation 
of split-luciferase assay in presence of the mNG-NL calibrator luciferase. (B) Sbit-protein M (0.5–64 
nM) was incubated with cetuximab-Lbit, developed by photocrosslinking using 8 equivalents of Gx-
Lbit for 1 hour, in presence of 5 pM calibrator luciferase mNG-NL. After addition of a 2000x dilution 
of Nano-Glo the luminescence was recorded.  

Having established the possibility to monitor the kinetics of protein M-antibody 
binding we next applies the assay to monitor the dissociation rate in an exchange 
experiment. Using the split-luciferase assay, it was investigated if there is exchange 
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between Sbit-protein M and protein M, without Sbit (Figure 5.6A). First, 1 nM cetuximab-
Lbit was preincubated with 2 or 16 nM Sbit-protein M, wild-type or R384E. After 3 hours 
of incubation, 2–64 nM of protein M or protein M R384E was added. To allow long-term 
investigation of the exchange reaction, 5 pM of the mNeonGreen-NanoLuc fusion protein 
was added. Initially the reaction was monitored in real-time over a period of a few hours, 
but no significant decrease of luminescence could be observed (results not shown). 
Therefore, the reaction was incubated overnight, and new substrate was added 15 hours 
after the addition of protein M to the preincubated Sbit-protein M/Antibody-Lbit 
complex. The ratio observed after addition of protein M or protein M R384E to the pre-
incubated complex was similar as observed without addition of the proteins for all 
concentrations investigated (Figure 5.6B). The absolute ratio observed for Sbit-protein M 
R384E is slightly lower than observed for the wild-type Sbit-protein M which is due to the 
decreased affinity of the mutant, as observed before in the titration assay (Figure 5.3C). 
On this time scale no exchange of Sbit-protein M by protein M could be observed, even 
not when using the weaker binding R384E mutant. These results again imply a very tight 

Figure 5.6: Protein M exchange on antibody. (A) Schematic representation of assay. Antibody-Lbit is 
preicubated with Sbit-protein (initial state). Next, protein M is added, and the luminescence is 
recorded as a measure for the exchange. (B) Cetuximab-Lbit (1 nM) was incubated with 2 or 16 nM 
Sbit-protein M or Sbit-protein M R384E for 3 hours. Next, protein M or protein M R384E (2–64 nM) 
was added and allowed to incubate for 15 hours in presence of 5 pM mNeonGreen-NanoLuc. 
NanoGlo (4000x dilution) was added and the luminescence at 458 and 533 nm was recorded. Data 
is displayed as the 458/533 nm ratio. Dotted line indicates the ratio of Antibody-Lbit incubated with 
Sbit-protein M (WT or R384E) without addition of protein M (WT or R384E). As a control also 
antibody-Lbit without addition of Sbit-protein M (R384E) was recorded.  
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binding of protein M and protein M R384E to the Fab domain of the antibody. It must be 
mentioned that the binding of Sbit-protein M is bivalent since the Sbit domain also 
possesses a weak affinity of 190 µM for binding to the Lbit domain. 

Protein M in luminescent assay for analyte detection 

The previously described split-luciferase assay can not only be used to study the binding 
kinetics of protein M but also provides an interesting system for biosensing based on the 
competitive binding of antigen and protein M. In absence of the antigen, the Sbit-protein 
M can bind to the antibody-Lbit which results in a luminescent signal. As a first proof of 
principle it was investigated if the sensor can be used to detect the presence of tumor 
necrosis factor alpha (TNFα). TNFα is a cytokine and is an important marker for systemic 
and acute phase inflammation. Adalimumab is one of the therapeutic antibodies used to 
neutralize TNFα in rheumatic arthritis or Crohn’s disease. To allow detection of TNFα, 
adalimumab was photocrosslinked with 8 equivalents of Gx-Lbit (Figure 5.3B). The Sbit-
protein M was titrated to the resulting antibody showing the binding of protein M to the 
antibody with an affinity of 5.2 ± 2 nM (Figure 5.7A), which is in the same range as 
observed for cetuximab (Figure 5.3C). Next is was assessed if the split-luciferase assay can 
be used for the detection of the antigen. One important consideration is the tight binding 
of protein M which can block the binding of the antigen. Therefore, the order of addition 
was investigated. The antibody-Lbit was first incubated with TNFα (0.0625–128 nM) and 
then with 2 or 16 nM Sbit-protein M or the other way around, for 30 minutes each. When 
the antibody was first incubated with the Sbit-protein M, the addition of TNFα did not 
result in a decrease in luminescence upon increasing concentrations of the antigen 
(Figure 5.7B and C) which is consistent with the slow dissociation kinetics of protein M. 
The level of luminescence stayed the same as observed for addition of Sbit-protein M 
without TNFα. When the antibody was first incubated with the antigen a clear decrease in 
luminescence was observed for increasing concentrations of the antigen for both 
concentrations of Sbit-protein M. These results indicate the use of this assay to detect the 
presence of an antigen. The dynamic range for the use of 16 nM Sbit-protein M is similar 
to the use of 2 nM Sbit-protein M, approximately a 100-fold. Remarkably, the use of 16 nM 
Sbit-protein M gives a large luminescence intensity, of approximately 2.0x106, in presence 
of high concentrations of TNFα, while the antibody-Lbit only gives a 20-fold lower signal, 
of approximately 0.1x106. When using 2 nM Sbit-protein M this plateau is only a 2-fold 
higher than the background signal. Possibly, there is a very slow exchange possible 
between the antigen and Sbit-protein M which is more pronounced when using higher 
concentrations of the Sbit-protein M. Another explanation could be that TNFα is not able 
to block all antigen binding sites and thus allows Sbit-protein M to bind. More research is 
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required to determine what is causing this high luminescence intensity, preferably when 
using an antibody with a homogeneous labelling of the Lbit domain since now a mixture 
of labelled antibodies is used with either non, one or two Lbit domains conjugated.  

Figure 5.7: Sbit-protein M binding to adalimumab-Lbit for TNFα detection. (A) Titration of Sbit-
protein M (0.125–128 nM) to 1 nM adalimumab-Lbit. Data was recorded after 30 minutes of 
incubation and subsequent addition of 4000x diluted Nano-Glo. Data was fitted using Equation 5.1 
to determine the binding affinity. (B, C) Adalimumab-Lbit (1 nM) was first incubated with either TNFα 
(0.0625–128 nM) or (B) 2 nM or (C) 16 nM Sbit-protein M. After 30 minutes of incubation, 2 or 16 nM 
Sbit-protein M or TNFα (0.0625–128 nM) was added, respectively. After another 30-minute wait the 
luminescence was recorded upon addition of 4000x diluted Nano-Glo substrate. As controls, 
antibody-Lbit and antibody-Lbit+Sbit-protein M, dashed lines, were also recorded. 

Protein M effectively blocks antibody binding to cell surface receptors 

One potential application of protein M lies within the control of therapeutic antibody 
binding. The idea is to block the antigen binding site, with the C-terminal domain of 
protein M, and induce the release of protein M at the target site. In previous work, we 
already showed the use of an antibody-specific peptide-DNA lock to control antibody 
binding.[17–20] By replacing the peptides in the lock by protein M would allow the 
development of one generic lock able to control the binding of many antibodies. The first 
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step in the development of the lock is to investigate if protein M can indeed block the 
binding of an antibody to a cell surface receptor. Here, three antibodies were investigated 
of which two therapeutic antibodies, cetuximab and trastuzumab and one antibody used 
in research, anti-HA antibody. The two therapeutic antibodies were fluorescently labelled 

Figure 5.8: FACS analysis of cells incubated with antibodies blocked with protein M. (A) Yeast cells 
displaying the HA-tag were incubated with 1 nM Alexa647-labelled anti-HA antibody blocked with 
0.25–32 nM protein M. (B) A431 cells were incubated with 1 nM cetuximab, labelled via 
photocrosslinking using 8 equivalent of Gx-mNG-NL for 1 hour irradiation, blocked with 0.5–32 nM 
protein M. (C, D) Trastuzumab (10 nM), photocrosslinked using 8 equivalents of Gx-mNG-NL for 1 
hour, was incubated with (C) protein M or (D) protein M R384E (2.5–320 nM). Cells were incubated 
with the (blocked) antibody for 30 minutes at 25 °C, 450 rpm. Binding of the antibody to the cells 
was recorded using flow cytometry. As a control, cells were incubated with free antibody (Ab only) 
or recorded without addition of antibody (No Ab).  
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using the Gx-mNG-NL construct described in chapter 2, using an 8-fold excess of protein 
to antibody and irradiation for 1 hour. The anti-HA antibody with Alexa647-
functionalization was commercially obtained. These antibodies were first incubated with 
a range of protein M concentration before addition to a cell expressing the respective 
antibody target; A431 cells express EGFR for cetuximab binding, SK-BR-3 cells express 
Her2 for trastuzumab binding and yeast cells displaying the HA-epitope for the binding 
of the anti-HA antibody. After incubating the blocked antibodies with the cells for 30 
minutes, the binding of the antibodies to the cells was detected using flow cytometry. 
Cells treated with the blocked anti-HA antibody and trastuzumab showed a decrease in 
fluorescence intensity with increasing concentrations of protein M (Figure 5.8A and C). 
Trastuzumab (10 nM) was already completely blocked from binding to the SK-BR-3 cells 
when using 10 nM of protein M (1 protein per Fab domain) while the anti-HA antibody (1 
nM) was completely blocked using 8 nM of protein M (4 proteins per Fab domain). In both 
cases, the affinity of protein M for the antibody is around 5 nM. Remarkably, incubating 
cetuximab with protein M did not result in a decrease in fluorescent labelling of the cells 
(Figure 5.8B) while SPR results and luciferase results clearly showed binding of the protein 
to the antibody. Most likely, protein M is not able to efficiently block the antigen binding 
site of cetuximab to prevent binding to EGFR. Additionally, the blocking of trastuzumab 
by protein M R384E was investigated using a similar approach and this showed complete 
blocking of the antibody when using 20 nM of protein M (2 proteins per Fab domain), 
which is slightly more than required for the wild-type protein (Figure 5.8D). 

5.3 Conclusion 

Here we explored the use of protein M as a generic ligand to control antigen-antibody 
binding. Protein M was found to have a high binding affinity with slow kinetics where the 
dissociation could not be observed with surface plasmon resonance measurements. One 
mutant has been developed, protein M R384E, with a decreased binding affinity when 
measured using a split-luciferase complexation assay. SPR showed decreased association 
kinetics but the dissociation kinetics were equal to the wild-type protein on the measured 
time scale. Using the newly developed luciferase assay the kinetics of protein M binding 
could be investigated over a longer period of time. No exchange of Sbit-protein M by 
protein M could be observed after 15 hours of incubation. The luciferase assay was also 
used for the detection of TNFα. Here, the order of addition is very important since the slow 
kinetics of protein M do not allow readily reversible binding. Indeed, only first addition of 
the antigen to the antibody and subsequent addition of Sbit-protein M allowed for the 
detection of the antigen while reversing the order did not allow antigen detection.  
Another use of protein M is within generic blocking of therapeutic antibodies to inhibit 
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antibody binding to cell surface receptors. Incubation of trastuzumab and an anti-HA 
antibody with protein M prevented the antibodies from binding their cell surface receptor 
or yeast-displayed antigen, respectively. Remarkably, incubating cetuximab with protein 
M did not prevent binding to its cell surface receptor.  

To reduce the binding affinity, only the introduction of charged amino acids was 
investigated. It would be interesting to also investigate other interactions to tune the 
binding kinetics. Important for protein-protein interactions are the hydrophobic 
interaction. Alanine scanning could be an interesting next step to investigate possible 
mutations sites. Another option is to reduce the size of protein M to reduce the amount 
of interaction with the antibody and decrease the binding affinity. Kim et al. investigated 
the binding of protein M variants with a C-terminal truncation and found one with a 
decreased affinity.[23] It is important to mention that they also investigated proteins with 
more of the C-terminus truncated but these resulted in poor expression yields. For our 
applications, N-terminal truncations should be investigated since the C-terminal domain 
is of importance for control over antigen-antibody binding. Recently, Blötz et al. published 
about a protein M variant in a different species of Mycoplasma bacteria.[27] It would be 
interesting to investigate the sequence homology between these two proteins and the 
effect on the binding. 

One of the envisioned applications of protein M would be to control antigen-
antibody complexation. While this seemed to work well for some antigen-antibody pairs 
it did not work for all, as we showed with cetuximab. The protein M used in this work has 
a truncated C-terminus compared to the wild-type protein. The blocking of cetuximab by 
the wild-type protein should be investigated to see if it is possible to inhibit antigen 
binding to cetuximab. If the full-length protein is able to block cetuximab, stepwise 
truncation of the C-terminus could provide valuable information on the domain required 
to block this specific antibody. Of course, the generic applicability of protein M should be 
tested on more antibodies. For this work, the newly discovered protein M by Blötz et al. 
could also be used to investigate the potential of this protein to block the antigen 
binding.[27] 

Once a protein M variant has been developed with faster kinetics which allows rapid 
exchange and complete blocking of antigen-antibody binding, the protein could be used 
to control antigen binding. One format could be the previously develop peptide-DNA 
lock. Now, the lock contains two peptides specific for the targeted antibody. By replacing 
the peptide by protein M, a generic blocker could be developed to allow blocking of 
antibodies of which no peptide epitope is known with sufficient affinity. Activation of the 
antibody could be accomplished by disrupting the bivalency of the ligand via 
introduction of protease cleavage site, photocleavable amino acids or strand 
displacement.  
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5.4 Experimental section 

General reagents. All chemicals were purchased from Merck unless stated 
otherwise. Therapeutic antibodies cetuximab (Erbitux, Merck), trastuzumab (Herceptin, 
Roche) and nivolumab (Opdivo, Bristol-Myers Squibb) were obtained via the Catherina 
Hospital pharmacy in Eindhoven, The Netherlands. The NanoLuc substrate Nano-Glo 
luciferin was obtained from Promega. Alexa647-labelled anti-HA antibody (RRID 
AB_2610626) was purchased from Thermo Fisher Scientific. Adalimumab was obtained 
from BioVision (A1048).  

Cloning procedures. Restriction enzymes, polymerases, ligases and associated 
reaction buffers were all obtained from New England Biolabs. All fusion protein constructs 
were cloned in pET28a vectors. Primers for cloning were ordered at Integrated DNA 
Technologies. All sequences were verified using Sanger dideoxy sequencing (BaseClear).  

The plasmid of protein M was ordered at Genscript (USA) (Figure A5.3). For the protein 
M R384E plasmid, the mutation (CGC GAA) was introduced in in the plasmid of protein 
M using site directed mutagenesis (Quikchange Multi Lightning Site-directed 
mutagenesis kit, Agilent). Primer is listed in Table 5.1. 

The plasmid of Sbit-protein M (Figure A5.4) was constructed by introducing the 
genetic sequence of small bit, including the long linker, in the protein M plasmid. The 
plasmid containing the sequence of small bit and the long linker was kindly provided by 
Lenne Lemmens.[28] The small bit gene was amplified via a polymerase chain reaction 
using primers containing a KpnI and HindIII restriction site. The protein M plasmid was 
linearized via a PCR with the same restriction sites. The fragments were restricted and 
ligated to form the plasmid for Sbit-protein M. For the Sbit-protein M mutants, the single-
point mutations were introduced in the plasmid of Sbit-protein M using site directed 
mutagenesis (Quikchange Multi Lightning Site-directed mutagenesis kit, Agilent). Primers 
are listed in Table 5.1. 

Table 5.1 Primer sequences 

Mutation Primer sequence (5’ 3’) 

T110K GCTAATGAGCTTTCAGAGGCTATAAAAAACAGTCCGAAGGGA 

R384E CGACATCTATAACTATAGAAGATTTGAAGAACAATTTCAGGGTTACTTTGCAGGAG 

A391K GATTTGAACGCCAATTTCAGGGTTACTTTAAAGGAGGCTATATCGA 

N440K ATAATACATATTACCGCGTAAAAGAGAACTACTATCCGGGTG 

 
Protein expression and purification. All fusion protein constructs were cloned in 

pET28a vectors as described above. Expression plasmids for the fusion proteins were co-
transformed in chemically competent Escherichia coli BL21(DE3) cells (Novagen) and 
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cultured in 0.5 L 2xYT medium (2.5 g of NaCl, 5 g of Yeast extract, 8 g of Peptone in 0.5 L 
dH2O) supplemented with 50 µg/mL kanamycin. When the OD600 reached 0.5–0.6, 

expression was induced using 0.1–1 mM isopropyl β-D-1-thiogalactopyramoside. After 
overnight expression at 20 °C and 250 rpm, cells were harvested by centrifugation at 
10,000 xg for 10 minutes. Cells were then lysed using Bugbuster protein extraction 
reagent (Novagen) and Benzonase endonuclease (Novagen) for 1 hour and subsequently 
centrifuged at 16,000 xg for 20-40 minutes. Proteins were purified using Ni-affinity 
chromatography (Novagen, His-bind resin) and Strep-Tactin XT (IPA) purification 
according to the manufacturer’s instructions. After cell lysis, the supernatant was filtered 
over a 0.2 µm filter. The filtered supernatant was applied to a column containing His-bind 
resin. Column was washed with 10 column volumes (CV) Bind buffer (20 mM Tris-HCl, 0.5 
M NaCl, 5 mM imidazole, pH 7.9) and 6 CV Wash buffer (20 mM Tris-HCl, 0.5 M NaCl, 60 mM 
imidazole, pH 7.9). Protein was eluted from the column using 6 CV Elution buffer (20 mM 
Tris-HCl, 0.5 M NaCl, 0.5 M imidazole, pH 7.9). Next, the eluate was loaded on a Strep-Tactin 
XT column and the column was washed with 5 CV Strep-Wash buffer (100 mM Tris-HCl, 
150 mM NaCl, 1 mM EDTA, pH 8.0). Protein was eluted with 3 CV Strep-Elution buffer (100 
mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, 50 mM biotin, pH 8.0). Proteins, aliquoted in 10 
µL fractions, were stored frozen at –80 °C in Strep-Elution buffer until further use. Protein 
concentration was determined by measuring the absorption at 280 nm using the 
calculated extinction coefficients shown in Table 5.2. Purity of protein was confirmed with 
both SDS-PAGE analysis and ESI-Q-TOF (Figure A5.1, Figure A5.2). 

Table 5.2 Protein parameters 

Protein MWcalc (Da)* MWobserved (Da) ε280 (M-1cm-1) 

Protein M 48,334 48,334 58,220 

Protein M R384E 48,307 48,306 58,220 

Sbit-protein M 53,040 53,039 59,710 

Sbit-protein M T110K 53,067 53,067 59,710 

Sbit-protein M R384E 53,013 53,012 59,710 

Sbit-protein M A391K 53,097 53,095 59,710 

Sbit-protein M N440K 53,054 53,053 59,710 

* Molecular weight calculated minus the N-terminal Methionine (131 Da) 

Surface plasmon resonance. Measurements were performed on a Biacore X100 (GE 
Healthcare) using a protein G-functionalized sensor chip (GE Healthcare, 29179316) and 
HBS-EP (10 mM HEPES, 150 mM NaCl, 3 mM EDTA, 0.005% v/v Surfactant P20, pH 7.4) as 
running buffer. A flow rate of 10 µL/min was used. First, the antibody (32 nM) was flown 
over channel 2 of the chip using a 12 second pulse. After 5 minutes of washing, the protein 
M (51.2 pM – 4 µM) was loaded in both channels using a pulse of 9 minutes. The chip was 
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washed for 1 hour before regeneration at a flow rate of 30 µL/min using a pulse of 30 
seconds with 10 mM Glycine (pH 1.5). After completing the cycle with all protein 
concentrations, a duplo measurement was done for the 160 nM pulse. Data was displayed 
after subtracting channel 1 (no antibody) from channel 2 (with antibody).  

To determine the binding affinity, the response units (RU) after the protein M pulse 
was subtracted from the response before protein M addition. The affinity was determined 
using Equation 5.1 in Origin 2019 from a response-over-concentration plot. In Equation 
5.1, A1 is the measure for no binding, A2 is the measure for maximum binding, x0 is the 
affinity. 

𝐴𝐴 = 𝐴𝐴2 + 𝐴𝐴1−𝐴𝐴2
1+(𝑥𝑥 𝑥𝑥0)⁄

  (Equation 5.1) 

Sbit-Lbit luminescence assay. Antibodies (400 nM) were mixed with 3.2 µM of Gx-
Lbit fusion protein,[26] a kind gift from Eva Hanckmann, in 50 mM Tris-HCl (pH 8.5). Mixtures 
were illuminated in a 200 µL Eppendorf tube, on ice, for 1 hour with 365 nm UV light 
(Promed UVL-36, 36 W). After photocrosslinking, antibody-Lbit conjugates were stored in 
the fridge until use. Photoconjugation was analysed using non-reducing SDS-PAGE.  

In the titration assay, to determine the affinity of the protein M mutants, the antibody 
(1 nM) was incubated with Sbit-protein M (0.25–128 nM) in phosphate buffered saline 
(PBS: 10 mM phosphate buffer, 2.7 mM KCl, 140 mM NaCl, pH 7.4) supplemented with 1 
mg/mL Bovine serum albumin (PBS+). After 30 minutes of incubation, Nano-Glo was 
added (4000x dilution) and luminescence was recorded immediately using a Tecan Safire2 
(1 second integration time). Data were fitted according to Equation 5.1.  

For the binding assay, to study the association, 1 nM cetuximab-Lbit was incubated 
with 0.5–64 nM Sbit-protein M in presence of the 5 pM mNG-NL, a calibrator luciferase. 
Immediately after addition of the Sbit-protein M, a 2000x dilution of Nano-Glo substrate 
was added and the luminescence was recorded at 458 and 533 nm for 7.5 hours using a 
platereader (Tecan Spark, 250 ms, 80 µL end volume). To correct for substrate depletion 
over time the luminescence intensity at 458 nm was divided by the value at 533 nm. 

For the exchange assay, 1 nM cetuximab-Lbit was incubate with 2 or 16 nM Sbit-
protein M or Sbit-protein M R384E for 3 hours in PBS+. After incubation, 5 pM of 
mNeonGreen-NanoLuc was added. Protein M or protein M R384E (2–64 nM) was mixed 
with the antibody mix and Nano-Glo (2000x dilution) in a white 384-well plate and the 
luminescence intensity was recorded at 458 and 533 nM using a Tecan Spark (500 ms 
integration time, 80 µL end-volume). After 15 hours, new NanoGlo substrate was added 
(10 µL of 1000x dilution) and the luminescence intensity was recorded. To correct for 
substrate depletion over time the luminescence intensity at 458 nm was divided by the 
value at 533 nm. 
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For the TNFα detection, 1 nM adalimumab-Lbit was preincubated with 0.062–128 µM 
TNFα (Merck, SRP3177) or 2 nM of Sbit-protein M for 30 minutes in a white 384-well plate 
(Thermo Nunc LumiNunc). Next, 2 nM Sbit-protein M or TNFα were incubated to the 
preincubated antibody antibodies with TNFα or Sbit-protein M, respectively, and allowed 
to incubate for 30 minutes. After addition of 4000x dilution of Nano-Glo, the luminescence 
was recorded with a plate reader (Tecan Safire2, 500 ms). 

Flow cytometry. Human A431 carcinoma cells were cultured in RPMI-1640 medium 
(Gibco, 21875) supplemented with 10 % fetal bovine serum (Gibco, 26140) and 1 % 
penicillin/ streptomycin (Gibco, 15140) at 37 °C, 5 % CO2. The human SK-BR-3 
adenocarcinoma cells were cultured in the same medium supplemented with 1 mM 
sodium pyruvate at 37 °C, 5 % CO2. Cells were passed at 80 % confluency. Cells were 
detached using 2 mL of 0.05 % trypsin-EDTA solution (Gibco, 25300) for a T75 flask for 5 
minutes. Once cells were detached, the trypsin was neutralized by addition of 4 
equivalents of full medium. Cells were counted on a Neubauer haemocytometer. Next, 
cells were centrifuged for 5 minutes, A431 at 100 xg and SK-BR-3 at 150 xg, and washed 
once in PBS+. Cells were resuspended in PBS+ and kept shaking at 450 rpm.  

EBY100 yeast cells were transformed with the pCT-Citrine vector as previously 
described.[18] Yeast was grown overnight in 5 mL SDCAA medium (20 g dextrose, 6.7 g 
Difco yeast nitrogen base, 5 g Bacto casamino acids, 5.4 g Na2HPO4 in deionized H2O to a 
volume of 1 liter and sterilized by autoclaving) at 30 °C, 250 rpm and passed (the next 
morning) to an OD600 of 0.1 in fresh SDCAA-medium and was allowed to grow for another 
3 hours at 30 °C till an OD600 of 0.4. Yeast was pelleted by centrifugation (5 minutes at 2,500 
xg), SDCAA-medium was removed, and the yeast cells were resuspended in SGCAA-
medium (same composition as SDCAA, but 20 g galactose instead of dextrose) in order to 
induce the desired protein display at the yeast surface. Induction was performed at 20 °C, 
250 rpm and for at least 20 hours. Prior to experiments, yeast was pelleted by 
centrifugation (5 minutes at 2,500 xg) and the SGCAA-medium was removed. 1 mL of 
PBS+ was added to the pelleted yeast cells and they were thoroughly resuspended. Cells 
were pelleted again by centrifugation for 1 minute at 12,000 xg. The PBS+ was removed 
and the yeast cells were resuspended in 1 mL PBS+. The OD600 of a 10-fold dilution in PBS+ 
was measured and the yeast cells were then diluted to an OD600 of 0.2 (2 x 106 cells per mL) 
in PBS+. Cells were kept at room temperature under continuous shaking (300 rpm) until 
use. 

Before the FACS measurements, trastuzumab and cetuximab were labelled with Gx-
mNG-NL by photocrosslinking with 8-fold excess of Gx-mNG-NL (Chapter 2) for 1 hour 
irradiation. Cetuximab-mNG-NL (1 nM) and Alexa647 anti-HA (Thermo Fisher Scientific, 
RRID AB_2610626, 1 nM) were pre-incubated with protein M (0.25–32 nM) and 
Trastuzumab-mNG-NL (10 nM) was pre-incubated with protein M (2.5–320 nM) or protein 
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M R384E (2.5–320 nM) in PBS+ for 1 hour at room temperature. Next, the blocked 
antibodies were added to their respective cells, cetuximab to A431 (100,000 cells), 
trastuzumab to SK-BR-3 (100,000 cells) and anti-HA to EBY100 (OD 0.1) and incubated for 
20 minutes at 25 °C under continuous shaking at 450 rpm (100 µL total volume). Cells were 
pelleted (5 min, 100 xg) and resuspended in PBS+ three times. All FACS measurements 
were done using a BD FACS Aria III equipped with a 70 μm nozzle. mNeonGreen was 
excited by a 488 nm laser and detected through a 530/30 bandpass filter. For the yeast 
cells, citrine was excited by a 488 nm laser and detected through a 530/30 bandpass filter 
and Alexa647 was excited by a 633 nm laser and detected through a 660/30 bandpass 
filter. Alexa 647 intensities were recorded for cells that were positive for citrine. No spectral 
interference was observed between citrine and Alexa 647. Therefore, no compensation 
was necessary. For all analyses, doublet cells were excluded by standard doublet 
discrimination with forward and side scatter area versus height plots. Data was displayed 
using FlowJo software.  
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Appendix 

 

Figure A5.1: Characterization of protein M variants. ESI-Q-TOF spectra of (A) Protein M and (B) 
Protein M R384E. (C) Reduced 4–20 % SDS-PAGE analysis of purified proteins. 
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Figure A5.2: Characterization of Sbit-protein M variants. ESI-Q-TOF spectra of (A) Sbit-Protein M, (B) 
Sbit-protein M T110K, (C) Sbit-protein M R384E, (D) Sbit-protein M A391K and (E) Sbit-protein M 
N440K. (F) Reduced 4–20 % SDS-PAGE analysis of purified proteins. 
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atgggcagcagccatcatcatcatcatcacagcagcggcctggtgccgcgcggcagccat 
 M  G  S  S  H  H  H  H  H  H  S  S  G  L  V  P  R  G  S  H  
atgtcgcttagtcttaatgacggctcgtatcaaagtgagatcgatctttccggaggtgcg 
 M  S  L  S  L  N  D  G  S  Y  Q  S  E  I  D  L  S  G  G  A  
aacttccgggagaagtttcgtaatttcgctaatgagctttcagaggctataaccaacagt 
 N  F  R  E  K  F  R  N  F  A  N  E  L  S  E  A  I  T  N  S  
ccgaagggactggacagacctgtcccaaagacagaaataagcggcctgattaaaacggga 
 P  K  G  L  D  R  P  V  P  K  T  E  I  S  G  L  I  K  T  G  
gataacttcattacaccgagcttcaaggcgggatactatgatcacgtcgcatctgacggt 
 D  N  F  I  T  P  S  F  K  A  G  Y  Y  D  H  V  A  S  D  G  
tccttactttcgtattaccaaagtacggagtacttcaataaccgcgtgctgatgcccata 
 S  L  L  S  Y  Y  Q  S  T  E  Y  F  N  N  R  V  L  M  P  I  
ttgcaaaccacgaatgggacattaatggcgaataaccgcggctacgacgatgtattccgg 
 L  Q  T  T  N  G  T  L  M  A  N  N  R  G  Y  D  D  V  F  R  
caggtcccatcgttctcgggctggagcaatactaaggccaccactgtatcaacttcgaat 
 Q  V  P  S  F  S  G  W  S  N  T  K  A  T  T  V  S  T  S  N  
aatcttacctatgacaagtggacgtacttcgccgcaaaaggctcacctctgtatgatagc 
 N  L  T  Y  D  K  W  T  Y  F  A  A  K  G  S  P  L  Y  D  S  
taccctaatcatttttttgaagatgtcaaaacattagctatcgatgctaaagatatctcg 
 Y  P  N  H  F  F  E  D  V  K  T  L  A  I  D  A  K  D  I  S  
gccttaaaaactactatcgattcggagaaacccacatatttgataatacgcggactgtct 
 A  L  K  T  T  I  D  S  E  K  P  T  Y  L  I  I  R  G  L  S  
ggcaatggctcgcagttgaatgagctgcaattgcccgagtctgtcaaaaaagtctccctt 
 G  N  G  S  Q  L  N  E  L  Q  L  P  E  S  V  K  K  V  S  L  
tatggagattataccggggttaatgtcgccaaacaaatttttgcgaatgtagttgaactt 
 Y  G  D  Y  T  G  V  N  V  A  K  Q  I  F  A  N  V  V  E  L  
gaattttacagcacaagcaaggcaaatagtttcggattcaacccgttggtattaggatca 
 E  F  Y  S  T  S  K  A  N  S  F  G  F  N  P  L  V  L  G  S  
aagaccaatgtaatttatgacttattcgcgtcaaaaccttttactcacatagatttgacc 
 K  T  N  V  I  Y  D  L  F  A  S  K  P  F  T  H  I  D  L  T  
caggtaaccctgcaaaactccgacaattccgcaatcgatgctaacaaactgaaacaagca 
 Q  V  T  L  Q  N  S  D  N  S  A  I  D  A  N  K  L  K  Q  A  
gtgggcgacatctataactatagaagatttgaacgccaatttcagggttactttgcagga 
 V  G  D  I  Y  N  Y  R  R  F  E  R  Q  F  Q  G  Y  F  A  G  
ggctatatcgacaaataccttgtgaaaaatgtcaacactaacaaggactctgacgacgat 
 G  Y  I  D  K  Y  L  V  K  N  V  N  T  N  K  D  S  D  D  D  
ttagtataccggagtttgaaagagcttaatctgcatttggaagaggcctatcgggaaggc 
 L  V  Y  R  S  L  K  E  L  N  L  H  L  E  E  A  Y  R  E  G  
gataatacatattaccgcgtaaacgagaactactatccgggtgcatcaatctacgaaaac 
 D  N  T  Y  Y  R  V  N  E  N  Y  Y  P  G  A  S  I  Y  E  N  
gagcgggcgagccgcgattccgaatttcaaaacgagatccttaaacgtggtggaagtggg 
 E  R  A  S  R  D  S  E  F  Q  N  E  I  L  K  R  G  G  S  G  
ggcagctggtcccatccgcagttcgagaaatgctga 
 G  S  W  S  H  P  Q  F  E  K  C  - 

 

Figure A5.3: DNA and amino acid sequence of protein M. Areas of interest are indicated as follows: 
His-tag (grey), protein M (yellow) and Strep-tag (magenta). In bold is the R384E mutation site.  
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atgggcagcagccatcatcatcatcatcacaagcttattatcgaagcgcatcgcgaacag 
 M  G  S  S  H  H  H  H  H  H  K  L  I  I  E  A  H  R  E  Q  
attggcggcgtgactggctaccggctgttcgaggagattctgggtggtagtggtggatct 
 I  G  G  V  T  G  Y  R  L  F  E  E  I  L  G  G  S  G  G  S  
ggagggtccggcggttccggtggtagtggtggctctgggggtagcggcggtagcggtggg 
 G  G  S  G  G  S  G  G  S  G  G  S  G  G  S  G  G  S  G  G  
tctggcggtagtggtaccctggtgccgcgcggcagccatatgtcgcttagtcttaatgac 
 S  G  G  S  G  T  L  V  P  R  G  S  H  M  S  L  S  L  N  D  
ggctcgtatcaaagtgagatcgatctttccggaggtgcgaacttccgggagaagtttcgt 
 G  S  Y  Q  S  E  I  D  L  S  G  G  A  N  F  R  E  K  F  R  
aatttcgctaatgagctttcagaggctataaccaacagtccgaagggactggacagacct 
 N  F  A  N  E  L  S  E  A  I  T  N  S  P  K  G  L  D  R  P  
gtcccaaagacagaaataagcggcctgattaaaacgggagataacttcattacaccgagc 
 V  P  K  T  E  I  S  G  L  I  K  T  G  D  N  F  I  T  P  S  
ttcaaggcgggatactatgatcacgtcgcatctgacggttccttactttcgtattaccaa 
 F  K  A  G  Y  Y  D  H  V  A  S  D  G  S  L  L  S  Y  Y  Q  
agtacggagtacttcaataaccgcgtgctgatgcccatattgcaaaccacgaatgggaca 
 S  T  E  Y  F  N  N  R  V  L  M  P  I  L  Q  T  T  N  G  T  
ttaatggcgaataaccgcggctacgacgatgtattccggcaggtcccatcgttctcgggc 
 L  M  A  N  N  R  G  Y  D  D  V  F  R  Q  V  P  S  F  S  G  
tggagcaatactaaggccaccactgtatcaacttcgaataatcttacctatgacaagtgg 
 W  S  N  T  K  A  T  T  V  S  T  S  N  N  L  T  Y  D  K  W  
acgtacttcgccgcaaaaggctcacctctgtatgatagctaccctaatcatttttttgaa 
 T  Y  F  A  A  K  G  S  P  L  Y  D  S  Y  P  N  H  F  F  E  
gatgtcaaaacattagctatcgatgctaaagatatctcggccttaaaaactactatcgat 
 D  V  K  T  L  A  I  D  A  K  D  I  S  A  L  K  T  T  I  D  
tcggagaaacccacatatttgataatacgcggactgtctggcaatggctcgcagttgaat 
 S  E  K  P  T  Y  L  I  I  R  G  L  S  G  N  G  S  Q  L  N  
gagctgcaattgcccgagtctgtcaaaaaagtctccctttatggagattataccggggtt 
 E  L  Q  L  P  E  S  V  K  K  V  S  L  Y  G  D  Y  T  G  V  
aatgtcgccaaacaaatttttgcgaatgtagttgaacttgaattttacagcacaagcaag 
 N  V  A  K  Q  I  F  A  N  V  V  E  L  E  F  Y  S  T  S  K  
gcaaatagtttcggattcaacccgttggtattaggatcaaagaccaatgtaatttatgac 
 A  N  S  F  G  F  N  P  L  V  L  G  S  K  T  N  V  I  Y  D  
ttattcgcgtcaaaaccttttactcacatagatttgacccaggtaaccctgcaaaactcc 
 L  F  A  S  K  P  F  T  H  I  D  L  T  Q  V  T  L  Q  N  S  
gacaattccgcaatcgatgctaacaaactgaaacaagcagtgggcgacatctataactat 
 D  N  S  A  I  D  A  N  K  L  K  Q  A  V  G  D  I  Y  N  Y  
agaagatttgaacgccaatttcagggttactttgcaggaggctatatcgacaaatacctt 
 R  R  F  E  R  Q  F  Q  G  Y  F  A  G  G  Y  I  D  K  Y  L  
gtgaaaaatgtcaacactaacaaggactctgacgacgatttagtataccggagtttgaaa 
 V  K  N  V  N  T  N  K  D  S  D  D  D  L  V  Y  R  S  L  K  
gagcttaatctgcatttggaagaggcctatcgggaaggcgataatacatattaccgcgta 
 E  L  N  L  H  L  E  E  A  Y  R  E  G  D  N  T  Y  Y  R  V  
aacgagaactactatccgggtgcatcaatctacgaaaacgagcgggcgagccgcgattcc 
 N  E  N  Y  Y  P  G  A  S  I  Y  E  N  E  R  A  S  R  D  S  
gaatttcaaaacgagatccttaaacgtggtggaagtgggggcagctggtcccatccgcag 
 E  F  Q  N  E  I  L  K  R  G  G  S  G  G  S  W  S  H  P  Q  
ttcgagaaatgctga 
 F  E  K  C  - 

 

Figure A5.4: DNA and amino acid sequence of Sbit-protein M. Areas of interest are indicated as 
follows: His-tag (grey), small bit (cyan) protein M (yellow), Strep-tag (magenta). In bold are the 
mutation sites.  
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Chapter 6 
pH-controlled labelling of tumor cells 

using a pH-sensitive DNA-based 
nanoswitch 

 
 
 
 

 

 

  

 

Circulating tumor cells (CTCs) originate from a primary tumor and can form metastasis, 
resulting in a poor prognosis for patients. Thus, early detection of CTCs is important for both 
tumor diagnosis and to monitor therapy efficacy. However, the detection of CTCs is difficult 
due to the heterogeneous nature of CTCs and their low abundance in blood. Various biological 
and physical properties have been used to enumerate and distinguish tumor cells from blood 
cells, but due to the heterogeneous nature of tumor cells most methods are only able to detect 
a subpopulation. A common feature of tumor cells is that their energy metabolism is based on 
anaerobic glycosylation, which results in the acidification of their environment. Here we 
developed a pH-sensitive fluorescent labelling system based on a pH-sensitive DNA-based 
nanoswitch. Upon a decrease in pH, the complex falls apart, releasing a fluorophore-labelled 
oligonucleotide which can hybridize with an oligonucleotide-label on a cell via a strand 
displacement reaction. After establishing the pH-dependent switching of the DNA-nanoswitch 
in vitro, the optimized switch was successfully used for the pH-dependent labelling of A431 
tumor cells. In a next step this system could be used to distinguish single cells captured in 
picoliter-sized water-in-oil droplets based on their ability to acidify their surroundings.  
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6.1 Introduction 

In the last two decades, the detection and molecular characterization of circulating 
tumor cells (CTCs) has gained a lot of interest in translational cancer research as novel 
approach for tumor diagnosis and monitoring. CTCs depart from a solid tumor lesion and 
can translocate via the bloodstream to form secondary lesions in peripheral tissue. CTCs 
can be obtained using easy, non-invasive liquid biopsies, which is more patient friendly 
than the pathological biopsies and better suited for continuous screening. The detection 
and analysis of CTCs has been implicated to be important for tumor diagnosis, monitoring 
disease progression, tumor recurrence, patient stratification and to monitor therapeutic 
responses and developing individual treatment plans.[1–8]  

The detection and characterization of CTCs is hampered by their low numbers in 
blood samples, with only a few cells present in 1 mL of blood in comparison to 109 blood 
cells. To allow detection and/or analysis of CTCs, various methods have been developed 
to enumerate CTCs in blood samples, distinguishing CTCs from other cells based on 
receptor expression,[9–19] size,[20–25] density,[26,27] charge,[28] stiffness,[29] migratory properties 
or combinations thereof.[30] So far, the only FDA approved method for CTC detection is 
CellSearch, which captures the cells using antibodies against the epithelium-specific cell 
adhesion molecule (EpCAM).[9,10,13] CTCs represent a heterogeneous group of cells whose 
properties are determined by the primary tumor they originate from. Since CTCs do not 
have a common set of biochemical or physical properties, these methods are only able to 
detect a subset of CTCs. Additionally, some CTCs undergo epithelial-to-mesenchymal 
transition (EMT) which results in the loss of the epithelial expression profile.[31–34] 

A common property of tumor cells is their use of anaerobic glycolysis for energy 
metabolism even in presence of a sufficient supply of oxygen, a principle also known as 
the “Warburg effect”.[35–38] Anaerobic glycolysis produces a lot of lactate, which in turn 
results in the acidification of the tumor microenvironment to pH 6.2–6.9 compared to a 
pH of 7.3–7.4 in healthy tissue. This difference in pH has been used to specifically detect 
or target tumor cells in diagnostics, imaging or therapy.[39–42] E.g. pH-sensitive fluorescent 
dyes have been used to detect changes in extracellular pH for the detection of tumor cells 
both in vivo and ex vivo.[39,43–48] Del Ben et al. described the detection of CTCs by 
encapsulation of single cells with a ratiometric pH-sensitive dye in picoliter-sized water-
in-oil droplets.[44] When a tumor cell is encapsulated in the droplet, the lumen of the 
droplet acidifies which results in a ratiometric change of the fluorescent dye. As a result, 
CTCs could be identified in blood samples of cancer patients without depending on the 
presence of a biological of physical marker. While this method allows for the detection of 
tumor cells, it is difficult to analyse the cells in more detail since the droplet is labelled and 
not the cell. By disrupting the droplet, the information on the pH is lost and the cells  
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Figure 6.1: Schematic overview of pH-induced labelling of cells using a DNA-based nanoswitch. (A) 
The DNA-based nanoswitch is composed of three oligonucleotides forming a triplex at neutral pH. 
The fluorophore-labelled reporter strand is hybridized to a short strand, leaving a 12 nt toehold for 
the triple helix forming oligonucleotide (TFO) to hybridize to the reporter (inset). Upon a decrease 
in pH, the TFO forms an intramolecular triple-helix (inset) which disrupts the triplex, exposing the 
12 nt toehold. A displacer strand, fully complementary to the reporter, can bind to the toehold and 
via a toehold-mediated strand displacement reaction exchange places with the short strand. (B) The 
DNA complex can be used to label cells depending on the pH of their surroundings. Cells are first 
labelled with a cholesterol-modified displacer strand, termed anchor. Next, cells are co-
encapsulated with the DNA complex in microfluidic droplets. Tumor cells acidify their environment 
and allow the DNA complex to fall apart and label the cells. Healthy cells do not show this decrease 
in pH and will not be labelled. After breaking the droplets, the fluorescently labelled cells can be 
separated from the non-labelled cells using fluorescence-assisted cell sorting (FACS).  

cannot be sorted using techniques such as fluorescence-assisted cell sorting (FACS).  
A solution would be the use of a pH-sensitive cell labelling method in which the cells 

are only labelled when the pH of the droplet acidifies. Recently, our group made use of a 
pH-sensitive triple helix to develop a pH-sensitive peptide-DNA lock to control antibody 
binding.[49] The peptide-DNA lock consists of three DNA strands, a scaffold strand, a base 
strand and a triple helix forming (TFO) strand. The epitope-functionalized base and TFO 
strands hybridize to one scaffold strand creating a bivalent peptide-DNA ligand which 
binds tightly to the antibody, inhibiting binding to the antigen. Upon a decrease in pH, 
the TFO strand forms an intramolecular triple helix, resulting in its release from the 
scaffold strand and disruption of the bivalent nature of the lock. The monovalent ligands 
bind less tight and antibody activity is restored. The peptide-DNA lock allowed pH-
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dependent antibody targeting of tumor cells in bulk and of single cells confined in water-
in-oil microdroplets. Using fluorescence-assisted cell sorting (FACS) the cells could be 
sorted allowing downstream analysis and characterization of the cells. 

The method described above is based on the labelling of a biological marker with an 
antibody, which is biased to label only a subpopulation of tumor cells. Alternatively, all 
cells needed to be prelabelled first with an anchor peptide (HA-tag), followed by pH-
dependent labelling with a locked anti-HA antibody. This rather complex 2-step system 
resulted in a 5-fold increase in cell labelling at low pH. Here, we report the development 
of a pH-sensitive DNA-based nanoswitch for the pH-dependent labelling of cells without 
the need for antibodies (Figure 6.1). This chapter describes the development and 
characterization of the nanoswitch. The generic labelling of both tumor and blood cells 
with a cholesterol-modified oligonucleotide was investigated. Finally, the first 
experiments were conducted to test the ability of the nanoswitch to label tumor cells in 
bulk as function of the pH.  

6.2 Results 

pH-Sensitive DNA-based nanoswitch design 

A variety of pH-dependent DNA structures have been reported, including the i-
motif,[50–53] the A-motif,[54,55] and triple helix DNA.[56–59] The later structure consist of a 
double intramolecular hairpin with Watson and Crick base pairing and parallel Hoogsteen 
interactions. The Hoogsteen interactions are formed upon the protonation of the N3 in 
cytosine (pKa ~ 6.5) and thymine (pKa ~ 10).[60] Ricci and co-workers made use of the pH-
sensitive Hoogsteen interaction to develop a highly tunable nanoswitch able to change 
conformation over 5 pH units by controlling the GCG and TAT content of the DNA 
strands.[58] 

Here, the pH-sensitive DNA-based nanoswitch is based on the DNA components of 
the pH-sensitive DNA-lock used to control antibody binding which was recently 
developed by our group.[49] In the nanoswitch design, a reporter oligonucleotide (32 nt), 
functionalized with a fluorophore, is hybridized to two oligonucleotides, the triple helix 
forming oligonucleotide (TFO, 59 nt) and the short oligonucleotide (20 nt) (Figure 6.1A). 
The short strand is complementary to the reporter, and upon binding leaves a 12 nt 
toehold. The TFO forms an intramolecular hairpin on the 3’-end and the 5’-end hybridizes 
to the toehold on the reporter strand. Upon a decrease in pH, the TFO forms a triple helix 
via intramolecular Hoogsteen interactions causing the unmasking of the 12 nt toehold on 
the reporter strand. This toehold can be used to allow a toehold-mediated strand 
displacement reaction with a fully complementary displacer strand. By placing the 
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displacer strand on the cells, the fluorescently labelled reporter strand binds to the cells 
which allows subsequent sorting of the cells using FACS (Figure 6.1B).  

Characterization of the pH-sensitive complex 

To study the pH-dependent conformational changes in solution, we fist introduced a  
BlackHoleQuencher-2 on the reporter strand and a TAMRA dye on the short strand. 
Addition of the quencher-reporter strand (Q) to the fluorescent-short strand (F) in a 1:1 
ratio resulted in efficient >95 % quenching within 1 hour. Next, the displacer strand was 
added to initiate the toehold-mediated strand displacement reaction. The fully 
complementary displacer strand can bind to the toehold on the quencher strand, 
initiating the exchange of the displacer and the fluorophore strand (Figure 6.2A). Addition 
of 1 equivalent of displacer strand to a preincubated FQ complex resulted in an increase 
in fluorescence to 85 % of that of the fluorescent strand alone (Figure 6.2B). Addition of a 
four-fold excess of the displacer strand did not result in a significant further increase in 
fluorescence, suggesting that the strand displacement reaction was complete.  

Finally, the pH-induced release of the toehold and subsequent strand displacement 
was tested (Figure 6.2C). The fluorophore strand, quencher strand and a triple-helix 
forming oligonucleotide (TFO20, 20 % TAT content) were hybridized in 1:1:1 ratio (2 mM 
each) to form the triplex nanoswitch at pH 7.4 and diluted to an end concentration of 2 
nM in a buffer of pH 4.9 or 7.4. Addition of one equivalent of displacer strand induced an 
increase in fluorescence at pH 4.9, while only a minor increase was observed at pH 7.4 
(Figure 6.2D and E). The maximum fluorescence reached at pH 4.9 is 65 % of the 
fluorescence of the F strand alone. Increasing the displacer strand by 10-fold resulted in 
rapid and complete release of the quencher strand from the fluorophore strand by the 
displacer at pH 4.9. At pH 7.4 only a minor increase in fluorescence intensity was observed 
upon addition of even a 10-fold excess of displacer strand to the FQT sample. The slight 
increase in fluorescence maybe due to incomplete formation of the triplex, since a slight 
excess of the FQ pair compared to the TFO strand would result in activation after addition 
of the displacer strand. Another possibility is that the pH allows for some TFO strands to 
form a triple helix, allowing the displacer strand to bind. Nonetheless, these results show 
that the TFO20 strand efficiently blocks the strand displacement reaction at neutral pH 
while the triple helix formation allows the strand displacement reaction to take place at 
pH 4.9. 
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Figure 6.2: Characterization of pH-sensitive DNA-based nanoswitch using a fluorophore-quencher 
pair. (A) Schematic representation of displacer assay. (B) The fluorophore and quencher are 
hybridized in a 1:1 ratio (2 nM each) for 1 hour, resulting in quenching of the fluorophore. Upon 
addition of 1 or 4 equivalents of the displacer, strand displacement occurs, resulting in an increase 
in fluorescence intensity. Values were normalized to the fluorescence intensity of the F strand alone. 
(C) Upon a decrease in pH, the TFO will form a triple helix exposing the toehold on the quencher 
strand. The displacer can bind to the toehold and start toehold-mediated strand displacement, 
which results in dehybridization of the fluorophore-quencher pair and an increase in fluorescence. 
Complexes (2 nM FQ or FQT) were incubated at (D) pH 4.9 or (E) pH 7.4. The displacer strand was 
added in a 1 or 10-fold molar excess. As control also only fluorophore strand (F) or the FQ complex 
without addition of displacer were recorded. Error bars represent standard deviation recorded over 
three wells. 

Having established successful activation of the DNA nanoswitch at pH 4.9, we next 
determined the pH dependency of the switch by monitoring the activation at different pH 
values ranging between 5 and 7.5. The pH-dependency of the DNA triple helix can be 
controlled by the TAT content of the TFO strand. Here, two TFO strands were investigated 
with a TAT content of 20 % (TFO20) and 40 % (TFO40).  To allow detection of tumor cells, 
the DNA complex should open below normal physiological pH (7.2–7.4), but not lower 
than the pH values of the tumor environment (6.2–6.9). After formation of the 
nanoswitches at neutral pH, the switches were diluted in buffer at pH 5.0–7.5 and a 10-
fold excess of displacer strand was added. To correct for the pH dependency of the 
fluorophore, the values were divided by the fluorescence obtain when the displacer was 
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added to the fluorophore-quencher pair (without TFO), as measure for the maximum 
fluorescence. Both TFO strands show a pH dependent response below physiological pH 
(Figure 6.3). The pKa for the TFO20 complex does not differ significantly from the TFO40 
complex, 5.88 ± 0.16 and 5.99 ± 0.07, respectively. Since both complexes are closed at 
neutral pH and the TFO40 strands seems to get activated slightly quicker it was decided 
to continue with the TFO40 strand for the nanoswitch.  

Figure 6.3: pH-dependency of the DNA-based nanoswitch containing TFO strands with a 20 or 40 % 
TAT content, TFO20 and TFO40, respectively. The FQT complexes were formed in 1:1:1 
fluorophore/quencher/TFO ratio (10 µM) and incubate for 1 hour at room temperature in PBS++ (pH 
7.4). Complexes were diluted to 2 nM in the PBS++ with the corresponding pH and incubated with 
a 10-fold excess of displacer (20 nM) for 90 minutes at room temperature before fluorescence was 
recorded. Error bars represent standard deviation recorded over three samples.  

pH-dependent cell labelling 

In order to use the DNA switch for labelling cells in a pH-controlled manner, the cells 
first need to be labelled with the displacer strand. In previous work we used a palmitoyl-
functionalized peptide to introduce HA peptides on the cell surface.[49] However, to allow 
efficient labelling of the cells a relatively high salt concentration was required which was 
detrimental to cell viability, in particular for PBMCs. Therefore, here a cholesterol group 
was chosen to allow insertion of the displacer strand in the membrane. A cholesterol-
modification has been shown before to allow display of oligonucleotides on the cell 
membrane.[61–64] The displacer strand was functionalized with a commercially available 
cholesterol moiety at the 3’-end, hereafter termed anchor. The labelling was tested on a 
human carcinoma cell line, A431 cells, and peripheral blood mononuclear cells (PMBCs). 
First, cells in suspension were incubated with the anchor, pre-incubated with a 
complementary TAMRA-labelled reporter strand. Flow cytometry revealed a clear 
labelling for both the A431 cells and the PBMCs (Figure 6.4A and D). To assess the 
influence of the labelling on cell viability, two viability stains, Annexin V and Zombie 
Green, were used. Annexin V stains for phosphatidylserine, a marker of apoptosis when it 
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is on the outer leaflet of the plasma membrane. Zombie Green stains primary amines and 
cannot enter live cells and thus shows increased labelling of cells with a compromised cell 
membrane. Incubation of the cells with the anchor-reporter complex did not result in a 
significant increase in cell death (> 95 % viability; Figure 6.4B, C, E and F).  

 

 
Figure 6.4: Labelling of cells using an anchor-reporter dsDNA complex. (A-C) A431 or (D-F) PBMCs 
were labelled with 1 µM or 250 nM dsDNA complex, respectively, for 30 minutes under continuous 
shaking. Cells were stained for viability using Annexin-V and Zombie Green. (B, E) Untreated and (C, 
F) treated cells showed a similar degree of viability (-/-).  

While efficient cell labelling was observed for both A431 cells and PBMCs, the 
experiment did not proof that the DNA was stably incorporated in the outer membrane 
and accessible to undergo hybridization. E.g., cholesterol functionalization has also been 
used as a method to deliver oligonucleotides such as siRNA into cells.[65] So, it is possible 
that cell uptake, rather than the display of the oligonucleotide on the cell membrane, is 
occurring. Furthermore, the cholesterol can also be washed out of the membrane.[63,66–68] 
To investigate if the displacer is displayed on the cell and accessible for hybridisation, the 
cells were first incubated with the displacer-cholesterol (anchor) for 30 minutes and after 
extensive washing 1 µM of the complementary fluorescent reporter was added. Again, the 
cells were incubated for 30 minutes and after washing the cells were analysed using flow 
cytometry. Separate cell labelling with the anchor and subsequent hybridisation of the 
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fluorescent reporter also resulted in efficient cell labelling, albeit with a slightly lower 
fluorescence intensity compared to labelling with pre-hybridized anchor-reporter (Figure 
6.5A). The stability of the DNA on the outer membrane was tested by prolonging the time 
between addition of the anchor and the fluorescent reporter. After addition of the anchor, 
the cells were incubated for 0–40 minutes before addition of the reporter. No significant 
difference was observed for the fluorescence intensity, so little to no degradation or 
internalization of the anchor strand takes place in 40 minutes (Figure 6.5B). 

Figure 6.5: Fluorescent labelling of A431 cells prelabelled with the anchor. (A) Cells were incubated 
with 1 µM anchor-reporter dsDNA (A-R complex) or serially incubated with 1 µM of anchor followed 
by 1 µM of reporter (A and R, in serie), for 30 minutes each. Incubations were done at room 
temperature under continuous shaking. As control, cells without anchor were also incubated with 
reporter (Cells with R). (B) Time dependent decrease of displayed anchor was monitored by 
prelabelling cells with 1 µM of anchor and incubate them for 0, 20 or 40 minutes before addition of 
1 µM of reporter for 30 minutes. The incubations took place under continuous shaking at room 
temperature. 

Having established the ability to label cells with the anchor and subsequently with 
the reporter, the next step was to test the labelling with the pH-dependent DNA-based 
nanoswitch. To ensure proper shielding of the reporter, it was decided to form the 
nanoswitch using a 1:2:2 reporter/short/TFO40 ratio. Addition of the nanoswitch to 
anchor-functionalized A431 cells at neutral pH resulted in some labelling, but the 
fluorescent intensity was ~ 100 fold lower compared to the addition of the free reporter 
strand (Figure 6.6A). The remaining fluorescent labelling by the nanoswitch is not caused 
by a-specific binding or internalization, since no fluorescent labelling was observed for 
A431 cells that were not prelabelled with the anchor strand. We hypothesize that the 
observed fluorescence intensity is caused by a small percentage of the switch that still 
hybridizes with the anchor on the cells. When reducing the concentration of the switch 
the fluorescence intensity of the cells also decreased. However, the positive control with 
the reporter also shows a decrease in signal, leaving the absolute difference unchanged. 
Therefore, was decided to use a concentration of 100 nM of the nanoswitch to label cells.   
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Figure 6.6: Concentration and pH-dependent labelling of anchor-labelled A431 cells with the 
nanoswitch. (A) Concentration dependent labelling. Cells, incubated with 1 µM of anchor for 30 
minutes under continuous shaking, were incubated with the reporter or nanoswitch at different 
concentrations. After 30 minutes of continuous shaking the cells were washed and analysed using 
flow cytometry. As control, cells, not incubated with the anchor, were incubated with 1 µM of 
reporter or nanoswitch, respectively. (B) pH-dependent labelling. Cells, incubated with 1 µM of 
anchor for 30 minutes under continuous shaking, were incubated with 100 nM reporter or 100 nM 
nanoswitch at different pH values. After 30 minutes of continuous shaking the cells were washed 
and analysed using flow cytometry. The control (black) represents untreated A431 cells.  

Anchor-functionalized A431 were washed with buffer with a pH value of 7.4, 6.5 or 5.6 
where after the reporter strand or nanoswitch were added at the corresponding pH value. 
After a 30 minutes incubation, the cells were washed in buffer with pH 7.4, so there was 
no effect of the pH on the fluorescence intensity. Flow cytometry showed a clear increase 
in fluorescent labelling with the nanoswitch upon a decrease in pH (Figure 6.6B). At pH 
5.6 the switch is almost completely activated, showing only a twofold difference with cells 
incubated with the fluorescent reporter strand only. This control reaction also shows the 
effect of the pH on the hybridization reaction itself, which seems more efficient at neutral 
pH. Despite the more efficient hydridization at neutral pH, a 10-fold higher fluorescence 
intensity is observed at pH 5.6 compared to pH 6.5/7.4 in the presence of the DNA-
nanoswitch.   
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6.3 Conclusion 

In conclusion, a pH-dependent DNA-based nanoswitch was developed that allows 
pH-dependent cell labelling. The pH-dependency of the nanoswitch could be tuned by 
changing the DNA sequence of the triple helix forming oligonucleotide. Cells labelled 
with the cholesterol-functionalized displacer strand, or anchor, showed no difference in 
viability. In bulk analysis of anchor-functionalized cells showed hybridization with the 
reporter of the nanoswitch at low pH values. Since the displacer strand can be inserted in 
both tumor and blood cells without loss in viability the reporter provides a non-biased 
method to label cells in a way that does not harm the viability of the cells.  

One way to optimize the nanoswitch is to repress the background binding at neutral 
pH. Addition of a quencher in the nanoswitch could be used to prevent background 
fluorescence by binding of the nanoswitch to the anchor. Another explanation for the 
background labelling is that the triplex is not completely stable at neutral pH.  The stability 
could be improved by increasing the amount of base pairing between the reporter and 
TFO strand. Furthermore, it could be investigated if changing the TAT content in the TFO 
strand results in stabilisation of the nanoswitch at neutral pH. Another concern is the 
reduced hybridization observed at low pH values. When the cells are kept at a low pH the 
hybridization of the reporter strand is less efficient than at neutral pH values. Improving 
the hybridization rate or incubating the samples for a longer period of time could further 
improve the labelling of cells at low pH, creating a bigger difference between cells labelled 
at high or low pH.  

In this work, we successfully demonstrated pH-sensitive labelling of cells in bulk. The 
next step would be to test the nanoswitch for labelling single cells in microfluidic droplets. 
As a proof of principle, tumor cell lines should be encapsulated in single-cell droplets 
together with the nanoswitch. After incubation, the droplets should be broken, and the 
cells analysed using flow cytometry to determine if the tumor cells are able to acidify the 
droplet enough to allow labelling by the nanoswitch. Once tumor cells are labelled within 
the droplet PBMCs should be tested to detect if these cells are labelled by the nanoswitch. 
Once the technique is shown to only label tumor cells and not PBMCs, the next step is to 
compare the method to the golden standard of CTC detection, CellSearch.  

The pH-sensitive DNA-based nanoswitch developed here allows for labelling of 
tumor cells in a way that is not dependent on the presence of a biomarker or physical 
property. Therefore, the pH-induced labelling of tumor cells with the nanoswitch in single 
cell water-in-oil droplets would allow for a non-biased method to detect CTCs and allows 
easy sorting of the cells to facilitate downstream analysis. The technique can also be 
combined with other techniques for CTC detection. After breaking the droplets, the cells 
can be stained for various biomarkers to allow immediate screening of the tumor cells 
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during sorting with FACS. After sorting the cells can be further analysed since the labelling 
method showed to not hamper the cell viability. The cells could be characterized, by 
single cell sequencing or immunostaining, to obtain more information about CTCs. 
Furthermore, the viable CTCs could also be used to develop a CTC cell line to gain more 
insight into the heterogeneity of the cells and to do functional studies to develop CTC-
targeted therapies.[69] 
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6.4 Experimental section 

General reagents. All chemicals were purchased from Merck unless stated 
otherwise. All oligonucleotides (Table 6.1) were HPLC purified and purchased from 
Integrated DNA Technologies. Oligonucleotides were dissolved in TE (10 mM Tris-HCl, 1 
mM EDTA, pH 8.0) according to manufacturer’s instructions at 50 or 100 µM 
concentrations.  

Table 6.1 Oligonucleotide sequences 

Name Abbrev Length Sequence (5’ 3’) Experiment 

Quencher Q 32 nt GGG AGG CAT GAG ACG TTG AGG AGG GAG GAG 
GT – BlackHoleQuencher-2 

Complex characterization 

Fluorophore F 20 nt TAMRA – ACC TCC TCC CTC CTC AAC GT Complex characterization 

Displacer  D 32 nt ACC TCC TCC CTC CTC AAC GTC TCA TGC CTC CC Complex characterization 

TFO20 T20 59 nt CTC ATG CCT CCC CTC CCC TCC GTT TCC CTC CCC 
TCC CCT CCT TTG GAG GGG AGG GGA GG 

Complex characterization  

TFO40 T40 59 nt CTC ATG CCT CCC CTC TTC TCT GTT TCT CTC TTC 
TCC CCT CCT TTG GAG GGG AGA AGA GA 

Complex characterization + Cell assays 

Reporter R 32 nt GGG AGG CAT GAG ACG TTG AGG AGG GAG GAG 
GT – TAMRA 

Cell assays 

Short S 20 nt ACC TCC TCC CTC CTC AAC GT Cell assays 

Anchor A 32 nt ACC TCC TCC CTC CTC AAC GTC TCA TGC CTC CC – 
Cholesterol 

Cell assays 

 
pH-Sensitive complex formation. Oligonucleotides were mixed, in indicated ratio’s, 

in PBS (10 mM phosphate buffer, 2.7 mM KCl, 140 mM NaCl, pH 7.4) supplemented with 1 
mg/mL BSA and 12.5 mM MgCl2 (PBS++). Complexes were hybridized for 1 hour at room 
temperature. Complexes were used right away or stored at –30 °C until use. 

Strand displacement reaction. The fluorophore-quencher dsDNA complex (1:1 F/Q 
ratio) was formed as described above. Complexes (2 nM) were incubated with either 1 or 
4 equivalents of the displacer strand in PBS++ in a black 384-well plate, 30 µL end volume. 
Fluorescence intensity was measured with a plate reader (Tecan Safire2) with an 
excitation wavelength of 560/10 nm and emission recorded at 590/10 nm. 

Strand-displacement reaction upon pH. Complexes of FQT (1:1:1 ratio) or FQ (1:1 
ratio) were formed as described before. Complexes were diluted in PBS++ at pH 7.4 or 4.9 
to an end concentration of 2 nM. Displacer strand, in PBS++ at respective pH, was added 
in a 1 or 10-fold excess  Fluorescence intensity was measured in a black 384-well plate, 30 
µL end volume, over time, with a plate reader (Tecan Safire2) with an excitation 
wavelength of 560/10 nm and emission recorded at 5910/10 nm. Three wells were filed 
with the same mix. To determine the pH dependency of the switches with either T20 or 
T40, the FQT (1:1:1) or FQ (1:1 ratio) were diluted in PBS++ with pH values of 5.0; 5.4; 5.7; 
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5.9; 6.3; 6.5; 6.7; 6.9; 7.2; and 7.4. A 10-fold excess of the displacer strand was added with 
corresponding pH values. To correct for the difference in fluorescence, the intensity of the 
FQT complexes was divided by the FQ intensity. To determine the pKa, data was fitted 
using Equation 6.1 (Boltzmann) in Origin 2019. In Equation 6.1, A1 is the measure for 
maximum displacement, A2 is the measure for no displacement, x0 is the pH value for half 
displacement (pKa ) and p is the measure for the steepness.. 

 

𝐴𝐴 = 𝐴𝐴2 + 𝐴𝐴1−𝐴𝐴2
1+(𝑥𝑥 𝑥𝑥0)𝑝𝑝⁄

  Equation 6.1 

 
Cell culture and preparation. Human A431 carcinoma cells were cultured in RPMI-

1640 medium (Gibco, 21875) supplemented with 10 % fetal bovine serum (Gibco, 26140) 
and 1 % penicillin/ streptomycin (Gibco, 15140) at 37 °C, 5 % CO2. Cells were passed at 80 
% confluency. The human PBMCs were obtained from a buffy coat of a healthy human 
donor (Sanquin).  

Standard flow cytometry experiments. The A431 cells were detached using 2 mL 
of 0.05 % trypsin-EDTA solution (Gibco, 25300) for a T75 flask for 5 minutes. Once cells 
were detached, the trypsin was neutralized by addition of 4 equivalents of full medium. 
Cells were counted on a Neubauer haemocytometer. Next, cells were centrifuged for 10 
minutes at 100 xg and washed once in PBS++ at pH 7.4. The PBMCs were washed twice in 
PBS and centrifuged for 5 minutes at 150 xg. Cells were resuspended in PBS++ and 
aliquoted in 1.5 mL Eppendorf tubes. Cells (200,000) were incubated with 1 µM anchor in 
PBS++ (pH 7.4) in a 200 µL volume under continuous shaking. After 30 minutes, cells were 
washed three times in PBS++ with the corresponding pH. Reporter or nanoswitch (1:2:2 
R/S/T40 ratio) were added, end volume 200 µL, and incubated for 30 minutes under 
continuous shaking. Cells were washed three times in PBS++ and, when viability was 
investigated, viability stains Annexin-V-Pacific blue (Biolegend, 640917) and Zombie 
Green (Biolegend, 423111) were added according to manufacturer’s instructions. In short, 
0.5 µL of Annexin and 1.25 µL of Zombie Green were added to each cell condition in 100 
µL Annexin binding buffer. Cells were incubated for 15 minutes and washed once in 
PBS++ (pH 7.4) before flow cytometry measurements. All measurements were done using 
a BD FACS Aria III equipped with a 70 μm nozzle. TAMRA was excited by a 561 nm laser 
and detected through a 582/15 bandpass filter. Annexin-V Pacific Blue was excited by a 
405 nm laser and detected through a 450/65 bandpass filter. Zombie Green was excited 
by a 488 nm laser and detected through a 530/30 bandpass filter. For all analyses, doublet 
cells were excluded by standard doublet discrimination with forward and side scatter area 
versus height plots. Histograms were created with FlowJo software.   
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When labelling cells with the anchor-reporter dsDNA complex, the anchor and 
reporter strand were hybridized for 1 hour in a 1:1 ratio before addition to the cells. The 
dsDNA complex (1 µM for A431 or 250 nM for PBMCs) was added to the cells and 
incubated for 30 minutes. After washing, the cells were stained for viability and analysed 
using flow cytometry. Only the TAMRA fluorescence of the viable population was 
considered for analysis.   
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7.1 Summary of results 

Antibodies are remarkable proteins that not only represent the first line of 
recognition and defense by the adaptive immune system, but also have proven 
themselves as highly versatile reagents in a broad field of application ranging from 
therapeutic antibodies to molecular recognition elements in imaging and diagnostics. 
Over the last 40 years protein engineering has made a significant impact in further 
harnessing the excellent affinity and specificity of antibody-mediated molecular 
recognition, including the humanization of murine antibodies, the application of in vitro 
directed evolution and the development of bispecific antibodies and alternative antibody 
fragments and formats. Nonetheless, the full potential of antibodies in therapy and 
diagnostics could be further enhanced by the development of easily applicable 
chemoselective conjugation methods (e.g. drugs, imaging labels, reporter enzymes) and 
the development of general methods to reversibly control anybody activity by external 
triggers. 

The research described in this thesis aimed to address these challenges, focusing on 
methods that are generally applicable to readily available monoclonal antibodies and do 
not require genetic engineering of the antibody (Figure 7.1). In chapter 2 a new method 
was introduced to develop bioluminescent antibodies out of commercially available 
antibodies with high control over the conjugation of the bioluminescent protein. By 
making use of a fusion protein composed of a bioluminescent protein (NanoLuc) and a 
photocrosslinkable protein G domain (Gx), which conjugate to the Fc domain of an 
antibody, a generic method was developed to label all human IgGs and several other 
mammalian isotypes. The ability to label antibodies in an easy and controlled fashion 
allows the use of bioluminescent antibodies in various bioanalytical assays, eliminating 
the need of using a primary antigen-specific antibody and a secondary reporter antibody, 
as was shown for an enzyme-linked immunosorbent assay (ELISA) and the 
immunostaining of a Western blot. When comparing luminescence with fluorescence 
detection, luminescence showed less background and a bigger dynamic range then 
fluorescence. The emission color was varied, by introducing a fluorescent protein or 
fluorophore which results in bioluminescence resonance energy transfer (BRET), allowing 
the simultaneous use of different bioluminescent antibodies labelled with different 
colors, at the same time. The bioluminescent antibodies also showed to be more sensitive 
to detect cell surface receptors when using luminescence compared to fluorescence. 

Photoconjugation of Gx to an antibody results in a mixture of antibodies with either 
no, one or two proteins conjugated. Homogeneous labelling of antibodies with 
oligonucleotides is of importance when developing antibody-drug conjugates, when the 
read-out should be quantitative or when incorporating antibodies in a larger 3D DNA-
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structure. While it is possible to separate antibodies with one or two proteins attached 
from each other, the purification process is cumbersome and results in low overall yields. 
In chapter 3 we therefore developed a homogeneous labelling method using a bivalent 
protein composed of two photocrosslinkable protein G domains genetically fused via a 
semi-flexible linker, termed dGx. When using the bivalent protein with two 
photocrosslinkable protein G domains, homogeneous labelling of the antibody was 
observed, with a 1:1 antibody/protein ratio and almost no unlabeled antibody left when 
using 4 proteins per antibody. When using the same amount of monovalent protein G, 
photoconjugation resulted in the formation of both once and twice conjugated 
antibodies. The bivalent protein was functionalized with an oligonucleotide to allow easy 
functionalization of the antibody with an oligonucleotide-functionalized fluorophore, 
drug, protein or peptide. The homogeneous antibody-oligonucleotide conjugate (AOC) 
was subsequently functionalized with a fluorescent dendritic DNA nanostructure for the 
detection of cell surface receptors. As expected, labelling with higher generation 
dendrimers increased the amount of fluorescent labelling.  

Previous work in our group showed the possibility to efficiently block antibodies 
using bivalent peptide-DNA ligands.[1,2] Building on these previous results, chapter 4 
described the development of a photocleavable bivalent peptide-DNA conjugate for the 
control of antibody binding using light. Light activated control of antibody activity allows 
a high spatiotemporal control and is easy to administer. To allow cleavage of the peptide 
from the dsDNA ligand the photocleavable amino acid analogue para-
benzoylphenylanaline was incorporated. The bivalent ligand was found to bind tightly to 
the antibody and upon irradiation the peptides were cleaved from the DNA, disrupting 
the bivalent character of the ligand and thus allowing the antibody to bind its antigen. 
Reactivation of the antibody was shown using fluorescence polarization and 
fluorescence-assisted cell sorting (FACS).  

In chapter 5 we explored the use of protein M as a generic ligand to control antigen-
antibody binding. Protein M is a recently discovered bacterial protein that binds to the 
Fab domain and thereby sterically inhibits the binding of the antigen. Interestingly, the 
protein binds to all IgG antibodies and was found to interact with different antibodies 
with a low nanomolar affinity. Based on these results, we investigated the binding kinetics 
of protein M and found a remarkably slow association and dissociation rate using surface 
plasmon resonance (SPR) and a newly developed split-luciferase assay. Disruption of a 
conserved salt bridge resulted in a 7-fold decrease in affinity which was primarily due to a 
slower association rate. Protein M was used in a competitive immunoassay for the 
detection of analytes in solution using a split-luciferase assay. The split domains of 
NanoLuc were conjugated to protein M (Sbit-protein M) and to an antibody (antibody-
Lbit). In absence of the antigen, protein M can bind to the antibody which induces the 
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complementation of the two split domains resulting in luminescence activity of the 
luciferase. Using this assay, we were able to detect nanomolar concentrations of TNFα in 
solution. The strong affinity of protein M and slow exchange do not allow the use of the 
protein in reversible assays.  

The remainder of this chapter will focus on the future directions of the biomolecular 
conjugates developed in this thesis.  

Figure 7.1: Biomolecular engineering for antibody detection or actuation. Using a combination of 
protein and DNA-based components, generic methods were developed to detect or control 
antigen-antibody binding starting from a commercially available antibody.  

7.2 Future directions 

In chapter 2 we mainly explored various application of bioluminescent antibodies as 
detection agent in bioanalytical assays. One other field of application of the 
bioluminescent antibodies is in imaging. Luciferases are widely used in transgenic mouse 
models, where cells express luciferases to study cellular processes.[3] Furthermore, tumor 
cells have been engineered to constituently express a luciferase to allow the detection of 
the tumor in a mouse model. The bioluminescent antibodies developed here could be 
used to target tumor cells on the basis of cell surface receptor expression. For in vivo 
applications the use of red emmiting luciferases is beneficial since these provide a larger 
tissue penetration depth. In the current design, the luminescence intensity of the Gx-NL-
Cy3 is not optimal, due to limited energy transfer from the luciferase to the dye. Labelling 
the protein with more Cy3 dyes would result in more efficient energy transfer. Other ways 
to improve the luminescence intensity in the red spectrum include using the H-Luc and 
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S-Luc NanoLuc variants developed by the Johnsson group and various other luciferase-
luciferin pairs optimized for in vivo imaging.[4–6] 

Surgical intervention is still the cornerstone in the treatment of solid tumors. 
Complete removal of the tumor results in a better prognosis for the patient but 
determination of the tumor margins is challenging. Recently, several techniques have 
been developed to guide the surgeon, one being fluorescence-guided surgery (FGS).[7]  In 
FGS the patient is treated with a cancer-selective fluorophore, such as a fluorescently-
labelled antibody, and the fluorescence is detected in real-time in the operating room 
using a fluorescence camera system. In recent years, tumor-specific antibodies have been 
labelled with near-infrared fluorophores to allow detection with a high penetration depth 
and with non-harmfull light.[7–9] This technique allows for a better removal of the tumor 
which results in an increased survival rate. The use of the bioluminescent antibody in this 
application would reduce the need for expensive and specialized equipment since the 
luminescence does not require excitation. This application would also benefit from the 
red-shifted variant, as described above. Instead of using the bioluminescent antibody 
directly in the patient it can also be used in the operating theatre to quickly asses the 
presence of tumor cells in removed tissues. The tissues can be incubated with the 
bioluminescent antibody and, after washing, substrate addition will lighten up the tumor. 
In a preliminary study, in collaboration with prof. dr. I. H. J. T. de Hingh of the Catherina 
Hospital in Eindhoven, we investigated the use of a green luminescent cetuximab 
antibody for the detection of colorectal cancer in residual tissue of a patient-derived 
tumor. Labelling of tumor tissue provided a bright luminescent signal which could be 
observed using a digital photo camera. Unfortunately, also adipose and healthy intestine 
tissue showed luminescence. Likely, the antibody was either not specific enough or 
bound non-specifically to the tissue. In the future, it may be interesting to investigate 
other antibodies, which are more tumor-specific or make the luminescence activity 
dependent on the binding of the antibody to the tumor cell.  

In chapter 5 protein M was investigated as a generic ligand to block antigen-antibody 
complexation and, when fused to Sbit and combined with an antibody-Lbit, to develop a 
split-NanoLuc assay for the detection of antigens. Due to the tight binding of protein M 
the binding is not readily reversible, preventing the use of the protein to reversibly control 
antibody binding. It would therefore be interesting to develop protein M variants with 
faster association and dissociation kinetics. The disruption of a conserved salt bridge was 
shown to decrease the affinity but did not result in enhanced kinetics. Instead of 
disrupting salt bridges, it would be interesting to investigate the hydrophobic regions in 
the protein binding interface. To investigate the role of these amino acids in the 
interactions the amino acids could be replaced by an alanine, also known as alanine 
scanning. The crystal structure of protein M in complex with Fab domains can be used a 
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starting point to pinpoint the amino acids interesting for alanine scanning. Another 
approach would be to systematically shorten the N-terminus. Kim et al. truncated the C-
terminal domain and found one protein M variant, composed of residues 78–420, with a 
weakened affinity for IgG.[10] However, further truncation of the C-terminus resulted in the 
formation of misfolded protein.   

Once a protein M variant with increased exchange kinetics is obtained, this variant 
can serve as a ligand in a bivalent blocker. Our research group has worked extensively on 
the development of a peptide-DNA blocker to block antibody binding. We showed the 
ability to reactivate the antibody using triggers, including proteases, DNA, light and pH. 
While the blocker works well for antibodies with a known high affinity peptide-epitope, 
like for anti-HA or anti-HIV, the approach requires the availability of a peptide binder with 
low nanomolar affinity. The use of protein M in the blocker (Figure 7.2A) would not only 
result in a generic blocker but could also pave the way for blocking of antibodies with no 
known high affinity peptide-epitope. Since protein M itself lacks cysteines, the 
oligonucleotides can be conjugated to a cysteine introduced at the C-terminus using a 
heterobifunctional linker. 

In previous research the use of weakly binding peptide-epitopes in the peptide-DNA 
lock was investigated. Incorporation of cetuximab-specific peptides with an affinity 
around 300 nM required a 50-fold excess of the blocker to prevent antigen-antibody 
complexation.[11] To allow blocking of these antibodies the blocker could be hybridized to 
the antibody via the bivalent protein G–oligonucleotide complex (chapter 3). Hybridizing 
the blocker to the antibody will increase the local concentration of the blocker and thus 
result in more tight binding (Figure 7.2B). The advantage of using a homogeneous 
labelling of the antibody is the ability to remove the unconjugated antibodies and only 
continue with antibodies with one oligonucleotide. Furthermore, by hybridizing a  

Figure 7.2: Future directions of combining newly developed bioconjugates. (A) The use of protein 
M in a bivalent DNA-based blocker. Two oligonucleotides, both functionalized with a protein M 
domain, hybridize to form a bivalent blocker. (B) The homogeneous antibody-oligonucleotide 
conjugate, formed using the dGx2-ODN, can be functionalized with the bivalent peptide-DNA 
blocker via a template strand resulting in tighter binding of the blocker.   
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bivalent ligand to the antibody the binding of one peptide results in an increased local 
concentration promoting the binding of the second peptide.  

In this work, the antibody-oligonucleotide conjugate was used to detect the presence 
of cell surface receptors. By making use of a dendritic DNA structure, the antibody was 
labelled with multiple fluorophores, increasing the fluorescence signal per antibody. The 
use of the DNA allows for easy functionalization of the AOC with DNA-functionalized 
drugs or reporter proteins. In chapter 2 an increase in luminescence intensity for the 
bioluminescent antibody was accomplished by using a protein G genetically fused to a 
tandem repeat of the luciferase. By functionalizing the DNA-dendritic structure with 
oligonucleotide-functionalized luciferases an antibody can be labelled with multiple 
luciferases without requiring the expression of large fusion protein, which tend to show a 
decreased expression yield. In previous work, NanoLuc was functionalized with an 
oligonucleotide with minor loss in luminescence activity.[12] The incorporation of the 
NanoLuc into the dendritic DNA structure should be investigated as well as the binding 
affinity of an antibody after hybridizing a DNA-dendritic structure with multiple NanoLuc 
domains.  

7.3 Conclusion 

The work presented in this thesis yielded new and efficient strategies for the synthesis 
of antibody conjugates and a collection of antibody-based molecular building blocks that 
have many potential applications in diagnostics, imaging and therapeutics. An attractive 
feature of the technology presented in this thesis is that it can be generally applied to in 
principle any monoclonal antibody. Since protein G and protein M target distinct parts of 
an antibody, these building blocks can also be used simultaneously and orthogonally. 
Finally, the use of DNA as a molecular building block allows the combination of antibody-
mediated molecular interactions with the highly specific and programmable molecular 
interactions offered by DNA hybridization, providing numerous opportunities at the 
interface of DNA nanotechnology, DNA-based molecular computing and immunoassays.  
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Summary 

Biomolecular engineering for antibody detection and actuation 

By detecting and binding to invading agents, antibodies play an important role as the 
first line of defense in the adaptive immune system. Due to their high specificity and 
affinity to bind an antigen, antibodies have also become important reagents in the life 
sciences with widespread use in in bioanalytical assays, imaging and therapeutics. 
Nonetheless, the full potential of antibodies in diagnostics and therapy could be further 
improved by the development of generic methods to label or control antibody activity.  

Chapter 1 describes the history of antibody discovery and methods used to 
functionalize or actuate antibodies. Since the development of the hybridoma technology 
and the ability to develop humanized antibodies, the use of antibodies in life sciences has 
substantially increased. Various non-covalent and covalent approaches have been 
developed to functionalize antibodies with chemical labels or reporter proteins including 
chemical conjugation, genetic fusion and the use of antibody binding domains. An 
emerging field within antibody engineering is antibody actuation. For therapeutic 
antibodies, the binding to antigens in healthy tissue can result in side-effects. By making 
the binding of antibodies conditional on internal or external triggers, such as proteases, 
light or pH, these side-effects can be reduced, and the therapeutic window increased. 
Various covalent and some non-covalent approaches have been developed to allow 
control over antibody binding.  

Chapter 2 describes a generic method to generate well-defined covalent antibody–
luciferase conjugates starting from commercially available monoclonal antibodies. The 
method uses fusion proteins consisting of the bright, blue light-emitting luciferase 
NanoLuc (NL) and an Fc-binding protein domain (Gx) that can be photocrosslinked to all 
human IgG antibodies and several other mammalian isotypes using 365 nm light. Besides 
the blue colored variant, also a green and red color variants were constructed by tight 
fusion of the NanoLuc with a green fluorescent acceptor domain and introduction of Cy3, 
respectively. Furthermore, to increase the already bright NanoLuc emission, tandem 
fusions of NanoLuc were developed in which the Gx domain was fused to two or three 
NanoLuc domains. All variants showed efficient photocrosslinking to antibodies of various 
isotypes resulting in one or two fusion proteins per antibody within 1 hour. The 
bioluminescent antibodies were succesfully used for the immunostaining of cells and in 
bioanalytical assays such as ELISA and Western blotting.  

In chapter 3 the development of photocrosslinkable bivalent antibody binding 
domains is described to generate homogeneous antibody-oligonucleotide conjugates 
(AOCs). AOCs have become a popular reagent with applications in therapy, as a carrier to 
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target drugs, and diagnostics, to provide signal amplification and orient antibodies on a 
surface. Here, two protein G domains were genetically fused by a semi-flexible linker and 
an oligonucleotide was chemically conjugated to a C-terminal cysteine residue. 
Photoconjugation of the protein-DNA conjugate to an antibody resulted in the formation 
of predominantly 1:1 antibody/protein-DNA conjugates with some unconjugated 
antibody. As a first application, the AOC was functionalized with fluorescent DNA-
dendrimers of various generations to provide a platform for signal amplification. Flow 
cytometry measurements showed an increase in fluorescence intensity when using 
higher generations of the DNA-dendrimers. 

Chapter 4 reports the development of photocleavable, bivalent peptide-DNA locks to 
control the activity of monoclonal antibodies by light in a non-covalent fashion. The lock 
is composed of two peptide-epitopes fused to a rigid double stranded DNA linker to 
efficiently span the distance between the antigen binding sites. The photolabile 3-amino-
3-(2-nitrophenyl)propionic acid was introduced to allow photocleavage of the peptides, 
converting the bivalent locks into two weaker binding monovalent peptides. The lock 
bound tightly to an HA-antibody and after light exposure the peptides were cleaved 
allowing the antibody to bind its antigen as was shown using both fluorescence 
polarization and fluorescence-assisted cell sorting (FACS)  

In chapter 5 the use of protein M as a generic ligand to control antibody binding is 
explored. Protein M is a recently discovered protein that binds to the Fab domain of an 
antibody and thereby blocks the antibody-antigen interaction. These remarkable features 
would make protein M an interesting building block for the construction of bivalent 
ligands to control antibody binding, but also for the engineering of competition-based 
immunoassays. To explore the suitability of protein M for these applications we studied 
the binding of protein M to a variety of therapeutic antibodies using surface plasmon 
resonance, split-luciferase complementation assays and binding to cell surface receptors 
using FACS. Protein M was found to have slow association and dissociation kinetics 
resulting in tight binding, with no clear dissociation observed. To increase the binding 
kinetics, to allow reversible control over antigen binding, a mutant was developed which 
showed a lower affinity but similar dissociation rates as the wild-type protein. As a first 
application the use of protein M in a competitive immunoassay was investigated using a 
split-luciferase assay read-out. Using this assay, we were able to detect nanomolar 
concentrations of TNFα directly in solution.   

The early detection of circulating tumor cells (CTCs) is important for tumor diagnosis 
and in a later stage to monitor therapy efficacy. The detection of CTCs is difficult due to 
the heterogeneous nature of the cells and their low abundancy in blood samples. 
Therefore, most detection methods are only able to detect a subpopulation. A common 
feature of tumor cells is their use of anaerobic glycosylation, even in presence of 
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saturating oxygen levels, also known as the Warburg effect. In chapter 6 the development 
of a pH-controlled labelling method is described to allow specific targeting of tumor cells. 
Here, a pH-sensitive fluorescent labelling system based on a pH-sensitive DNA-based 
nanoswitch was developed. A triple helical DNA structure was implemented in the 
nanoswitch as a pH-responsive module. Upon a decrease in pH the triple helix forms and 
the nanoswitch falls apart, releasing a fluorescent strand which can hybridize with an 
oligonucleotide-label on a cell via a strand displacement reaction. After establishing the 
pH-dependent switching of the DNA-nanoswitch in vitro, the optimized switch was 
successfully used for the pH-dependent labelling of A431 tumor cells. 

Chapter 7 provides a general discussion of the most important results obtained in this 
thesis and elaborates on the future perspectives of the work.  
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