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General introduction

In modern health care and biotechnology, the need for innovative bioactive
materials is continuously increasing. These materials are of great use for in vivo
applications such as controlled drug delivery (1, 2), contrast labels for imaging (3,
4) and surface modification of implants (5, 6), as well as for ex vivo diagnostic
applications, e.g. biosensors (7-10). In these kinds of bioactive materials, surface
functionalization plays an important role (11). This thesis focuses on biosensing
applications but the used principles can easily be applied for other advanced
biomedical applications.

The controlled immobilization of proteins on solid surfaces is a critical step in the
development and miniaturization of biosensing systems. In order to be able to
respond to the demand of high reproducibility, sensitivity and selectivity, a
covalent and oriented coupling of proteins to the biosensing surfaces is necessary.
As discussed later in this chapter, the currently used immobilization strategies
allow either an oriented or a covalent coupling, but not the combination of both.

Therefore, this thesis focuses on the site-specific modification of proteins using
expressed protein ligation for the incorporation of a bioorthogonal functionality
(i.e. not present in biological systems) that can be used as a unique handle to
couple covalently these proteins to complementary functionalized surfaces in an
oriented manner. This way, the active site of the protein is always available which
increases the recognition sensitivity and selectivity and is in particularly
interesting for early diagnostic applications.

In addition, biosensing surfaces are mostly coated with monoclonal antibodies.
These antibodies display several disadvantages, such as their bulky size and
complex architecture (12). For this reason, the use of nanobodies (Nbs) is
investigated in this thesis.




Chapter 1

1.1 Strategies for protein immobilization

Over the years, many possible strategies for protein coupling were developed.
Some of these strategies are based on covalent couplings, other on non-covalent
couplings. Depending on the used strategy, the proteins are coupled in an oriented
or non-oriented way on the surface. This results in four different categories, as
represented in Figure 1.1.

Non-oriented, non-covalent Non-oriented, covalent
Oriented, non-covalent Oriented, covalent

R G

Figure 1.1: The four different categories of protein coupling on a solid surface.

1.1.1 Non-oriented, non-covalent protein coupling

Most standard procedures for the immobilization of proteins are based on non-
covalent and non-specific adsorption. The most inexpensive and straightforward
method is physical adsorption (physisorption) (13, 14). This method makes use
of the weak interactions between the protein and the surface, e.g. van der Waals
interactions, hydrophobic interaction, hydrogen bonds and electrostatic
interactions (11, 13). The coupling can be done by simply submerging the
substrate into a protein solution and incubating it for some time to let adsorption
occur. Afterwards, the surface is rinsed to remove all unbound proteins (15). The
biggest advantages of this technique are the simplicity and the possibility to reuse
surfaces by simply breaking the weak interactions between the protein and the
surface (16). One of the biggest disadvantages, on the other hand, is that the
bonds are non-covalent, meaning that the adsorbed proteins tend to detach from
the surface (15, 17), which makes this technique not suitable for the development
of long-life biosensors. Another disadvantage is the disordered orientation of the
proteins on the surface, which leads to several drawbacks such as conformational
changes (that influence the protein activity) and a reduced accessibility of the
functional site of the protein. The conformational changes are not only dependent
on the protein properties (e.g. size, stability, surface charge, etc.), but also on

4



General introduction

surface properties like the type of surface, hydrophobicity, etc.. In addition,
coupling conditions such as pH, temperature and buffer solutions also play a role
in conformational changes (18).

Despite these disadvantages, physical adsorption is still a commonly used
technique for protein immobilization on polystyrene microplate surfaces in
enzyme-linked immunosorbent assays (ELISA) and in more sophisticated
applications like protein couplings on polymer surfaces for surface plasmon
resonance (SPR) (19), as described in Chapter 2.

1.1.2 Non-oriented, covalent protein coupling

To avoid that the immobilized protein leaches from the surface, an alternative is
necessary for the commonly used physical adsorption like for instance a covalent
coupling between mutually reactive chemical groups, one on the surface and one
on the protein. To protect the protein from denaturation, not every chemical
reaction is possible. The reaction has to be achievable in physiological conditions,
in agueous buffer and at neutral pH. Most covalent couplings are performed using
the endogenous functional groups from the amino acid side chains of the protein.
The most commonly used endogenous groups are amines, thiols and carboxylic
acids (17, 20, 21). Amines and thiols are both good nucleophiles that can react
with complementary groups on the surface. Carboxylic acids on the other hand
can be activated to make them reactive towards nucleophiles on the surface.
Important to note is that this kind of chemical reactions is of course not only
applicable for surface functionalization but also for the coupling of probes and tags
to proteins (22).

Amine chemistry. The e-amine group of lysine is the most used side chain for the
covalent attachment of proteins to a surface. Lysines are present in most proteins
and frequently located on the outside of the protein (23, 24), which makes them
reachable for coupling reactions.

i NH,

Figure 1.2: Protein immobilization via the g-amine group of lysine and a NHS modified
substrate.

Moreover, lysines are very reactive towards electrophiles without any additional
activation and generate a stable bond (24). N-hydroxysuccinimide (NHS) esters

5



Chapter 1

are commonly used agents to react with the amine groups of the lysines in
proteins, resulting in a stable peptide bond (Figure 1.2)(25).

NHS is also often used as a activating reagent for carboxylic acids in combination
with 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC). Activated esters
react with amines to form amides (26, 27) as shown in Figure 1.3.
e
Cl

N
HN®

5 oﬁ . 2

B} C-NH ] /
o —— g A o o — HN
):o / o K ):o ):o
—_ ( _i . AN A
o
cl Oﬁ
N s
N
NAH ® o'

" °

Figure 1.3: Activation of a carboxylic acid using EDC/NHS to facilitate the coupling of a
protein using its endogenous amines.

Important to note in this reaction is the fact that EDC esters are rather unstable
in aqueous solutions, resulting in the deactivation of the ester before the
introduction of the protein (27).

Thiol chemistry. Besides amines, thiol groups are interesting for protein coupling
to surfaces. Thiol groups are very nucleophilic, especially at a pH below 9 (pKj
cysteines ~ 8), when the amine groups of lysine are protonated (pKs ~ 10.5).
Free cysteine groups are quite rare in natural proteins because they mostly appear
as oxidized disulfide bridges. This makes free cysteine groups interesting for
immobilization on a surface because the orientation is less random and it is easy
to predict which cysteine(s) will react. This results in a less random orientation
(28). When there are no free cysteines available in the protein, an extra cysteine
group can be inserted at a specific location in the protein by site-directed
mutagenesis. Nevertheless, the introduction of an additional free cysteine group
gives rise to several side reactions, as discussed in Chapter 4.

Thiol groups are most commonly coupled to maleimide functionalities because this
reaction is highly specific and efficient (Figure 1.4). The disadvantage of this
coupling is that the protein must be maintained in a reduced form to prevent the
formation of disulfide bridges, which will inactivate the cysteines. Therefore,
reducing agents such as dithiothreitol (DTT) and Tris(2-carboxyethyl)phosphine
(TCEP) are used. However, for the actual reaction, these reducing agents must be

6



General introduction

removed to avoid competition between the thiol group of the reducing agent and
the thiol group of the protein. To avoid reoxidation of the protein’s thiol groups,
the reaction must be performed directly after the removal of the reducing agents

(22).
S
Oﬁ Oﬁ
SERY, N
o= O | —_— o= ©

NH SH NH

S _\

Figure 1.4: Immobilization via a free thiol group of the protein and a maleimide
functionalized substrate.

An alternative reaction that can be used to couple a protein using its free thiol
group is a reaction with a vinyl-sulfone group (Figure 1.5). This reaction forms a
thioether bond and can be performed under mild conditions in aqueous solutions
(29) because the vinyl-sulfone groups are stable in water at neutral pH. The
disadvantage is that at higher pH, they have the tendency to react with amines

and alcohols (30).
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Figure 1.5: Immobilization via a free thiol group of the protein and a vinyl-sulfon
functionalized surface.

Because thiol groups tend to form disulfide bridges under oxidative conditions,
this property can be used to form a covalent attachment to a substrate
functionalized with disulfide probes via a thiol-disulfide exchange Figure 1.6. This
reaction is very selective, but the coupling is not resistant to reducing agents such
as mercaptoethanol or DTT, which is a major drawback (28, 30).
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Figure 1.6: Immobilization via a free thiol group of the protein by thiol-disulfide exchange.

Carboxyl chemistry. Protein immobilization using carboxyl chemistry is a very
interesting approach because glutamic and aspartic acid constitute a large fraction
of the surface exposed amino acids (11). These amino acids can react, together
with the C-terminus of the protein, with an amine function to form a peptide bond.
The coupling reactions require activation by a carbodiimide (CDI) like EDC or N,N*-
dicyclohexylcarbodiimide (DCC), as shown in Figure 1.7.
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Figure 1.7: Immobilization of a protein using its carboxylic acid side chains. In a first step,
the carboxyl group is activated using a carbodiimide. In a second step, a peptide bond is
formed between the protein and the amine functionalized surface.

1.1.3 Oriented, non-covalent protein coupling

By using only the endogenous groups of a protein, it is very difficult to have a
controlled protein immobilization. This caused an increasing attention to the
development of strategies to produce homogeneous and reproducible substrates
that can be functionalized with proteins in a controlled way. The easiest way to
accomplish this is making use of the affinity between biomolecules. These non-
covalent interactions already occur in nature and are very selective. This makes
them very useful to control protein alignment on a substrate by site-specifically
introducing the selective biological tag into the protein and immobilizing the
respective counterpart on the surface. The disadvantage of this technique is that
the coupling is not covalent so therefore not stable. The most popular affinity
interactions for protein immobilization are polyhistidine, peptide epitope tags,
biotin-streptavidin interactions or DNA mediated interactions.
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Polyhistidine tag. The most commonly used affinity tag for protein modification is
the polyhistidine tag, also known as the Hisg tag. This method is based on the
affinity of histidine with divalent metal ions such as Ni?* (or Cu?*, Zn2*) and was
originally used for immobilized metal ion affinity chromatography (IMAC) but can
also be useful for the immobilization of proteins on a Ni2* coated surface (31, 32).
In this approach, a Hise tag is recombinantly added to the protein, in most cases
at the C- or N-terminus of the protein but it has been reported to work on other
accessible locations in proteins as well (33). By incubating the protein on a metal
treaded substrate, the Hiss tag will interact with the surface and form a site-
specific binding with the protein. The interaction is easily reversible by adding
competitive ligands such as imidazole or histidine, metal chelators like
ethylenediaminetetraacetic acid (EDTA) or by changing the pH (34). This property
is very useful when reusability of the surface is important but is a big disadvantage
in terms of stability.

Peptide epitope tags. An epitope is the part of the antigen that is recognized by
an antibody (35). Epitopes can be any kind of molecule, but most of them are
short peptides. By using recombinant techniques, the genetic sequence of these
peptides can be fused to the gene coding for the protein of interest (POI). To
successfully use peptide epitopes for protein coupling, a few requirements must
be met. First of all, the added maker may not interfere with the native protein
folding. Secondly, the peptide epitope needs to be water soluble and exposed to
the surface of the protein. Finally, the peptide epitope should be suitable for a
mild affinity procedure (36). Similar to Hise tags, these peptides can be introduced
in any available place in the protein, but mostly at the C- or N-terminus.
Theoretically, the possibilities are limitless, but there are a few commonly used
epitopes.

A FLAG-tag (Asp-Tyr-Lys-Asp-Asp-Asp-Asp-Lys) is a highly charged, and therefore
highly soluble, octapeptide (37). The used vectors and antibodies are widely
spread and commercially available (38). Tyr was placed in position 2, flanked by
charged amino acids, because aromatic amino acids are the major factor in
antigen-antibody interactions, especially in polar environments. The hexapeptide
Lys-Asp-Asp-Asp-Asp-Lys increases the hydrophilicity (36). Due to this hydrophilic
character, the FLAG-tag is most likely located on the surface of the tagged protein,
which is ideal for oriented immobilization. The Myc-tag (Gly-GIn-Lys-Leu-Ile-Ser-
Glu-Glu-Asp-Leu-Asn) is an 11 amino acid peptide with an affinity to the anti-c-
myc antibody (39). The sequence can be recombinantly coupled to the C-or N-
terminus of the POI without loss of affinity towards the antibody (40). Besides its
use in protein purification, immunochemical reagents and protein detection (31,
40), the tag has also been used for protein immobilization (41).

Biotin-streptavidin interaction. Another high affinity interaction used for protein
immobilization is the biotin-streptavidin interaction. Here, a biotinylated protein
is bound to a (strept)avidin coated surface. Because of the low dissociation
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constant of the interaction (10-1> M), the bond between the protein and surface is
almost irreversible. Protein biotinylation is a straightforward procedure with
countless in vivo or in vitro procedures available. Biotinylation can be easily
verified by means of western blotting. For some applications, e.g. SPR,
streptavidin-coated sensor chips are commercially available. The biotin-
streptavidin binding is resistant to extreme pH values and temperatures, making
the interaction very stable, which has advantages in e.g. surface regeneration
without loss of the biotinylated protein (42).

Other potential couplings. Besides the commonly used Hisg tag, peptide epitopes
and biotin-streptavidin interaction, numerous other affinity-based immobilization
tags are reported, for instance the binding between gluthathione-S-transferase
(GST) and gluthathione, the binding of antibodies to protein A or protein G via the
Fc-region, maltose-binding protein with maltose, chitin binding protein with chitin,
etc (18, 43, 44). In addition, DNA mediated conjugation is frequently used. Here,
artificial nucleic acids are added to the protein. This approach is very interesting
because it is easy to design and prepare a sequence and Watson-Crick base paring
has a very high specificity. The disadvantage is that there is still a need for site-
specific coupling of the DNA to the proteins (45, 46).

For some applications, non-covalent protein coupling can be interesting due to the
possible reuse of the surface. Nevertheless, for a lot of applications, the instability
of the bond is a major disadvantage. Unfortunately, oriented covalent couplings
are in most cases more complex and often require advanced protein engineering
techniques, which will be discussed later. An intermediate solution for this problem
can be a two-step procedure during which the protein is first directed and oriented
on the surface using affinity tags, followed by a covalent coupling of the already
coupled protein to the surface resulting in an oriented and covalent coupling (47).

1.1.4 Oriented, covalent protein coupling

In order to couple a protein on a substrate in a covalent and oriented way, it is
necessary to introduce a unique chemical group at a site-specific location.
Because, when using the endogenous amino acids of the protein, this amino acid
has to be present only once at the surface of the protein (at the target location),
and the protein mixture cannot contain any other proteins with the same
endogenous amino acids to avoid unwanted protein binding. The presence of a
unique and site-specific functional group would make it possible to couple proteins
to a functionalized surface in a selective manner. Nevertheless, the unique group
should ideally be bioorthogonal, meaning that it can react in physiological
conditions, it is not present in nature and cannot cross-react with other protein on
endogenous amino acids (48).

10
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One of the mostly used bioorthogonal chemistries for protein coupling is the so-
called click chemistry. A click reaction is a highly selective reaction that can be
performed using mild reaction conditions, it is insensitive to oxygen and water,
water can be used as a solvent and it can form a stable product in physiological
conditions (30, 49, 50). Several click chemistries are already applied in terms of
protein coupling, for instance copper or ring-strain catalyzed azide-alkyne
cycloadditions, Straudinger ligations, Diels-Alder cycloadditions, thiol-ene
additions and oxime formation.

Copper(I)-catalyzed alkyne-azide cycloaddition (CuAAC). The CuAAC reaction
(Figure 1.8), also known as the Azide-Alkyne Huisgen Cycloaddition (51), is the
most commonly known click reaction. It is a reaction between an alkyne and azide
that results in the formation of a 1,2,3-triazole. For the reaction, Cu(I) is
necessary as a catalyst (48). Several sources for Cu(I) are possible but most
protocols prepare the Cu(I) in situ by the reduction of a Cu(Il) salt, for example
Copper(II)sulfate, by TCEP or ascorbic acid (1, 5).

+Cu(l) N-N
I _— e N/
NS

Figure 1.8: Copper(I)-catalyzed alkyne-azide cycloaddition (CuAAC).

The disadvantage is that the use of Cu(I) can be toxic to cells and may cause
proteins to precipitate, meaning that it cannot be used for in vivo applications and
can have limitations for ex vivo applications (52, 53).

Strain-promoted alkyne-azide cycloaddition (SPAAC). To avoid any problems due
to Cu(I) interacting with the used proteins, Bertozzi et al. (54, 55) reported a
copper-free Huisgen cycloaddition. This reaction makes use of the ring strain of a
cyclooctyne group in order to increase the efficiency and reaction rate of the
Huisgen 1,3-dipolar azide-alkyne cycloaddition without any need of an additional
catalyst (Figure 1.9). Over the past decade, this reaction has been significantly
improved, resulting in different generations of cyclooctynes with different reaction
rates (56).
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Figure 1.9: Strain-promoted alkyne-azide cycloaddition (SPAAC).

Staudinger ligation. As already proven in CuAAC and SPAAC, azides are a very
interesting bioorthogonal chemical group. In a Staudinger reaction, the azides
react with triphenylphosphines to produce an aza-ylide (57). In the presence of
water, the aza-ylide hydrolyzes spontaneously to yield a primary amine and the
corresponding phosphine oxide. The reaction between the phosphine and azide is
very fast in water at room temperature, has a high yield and is unreactive towards
biomolecules inside or on the cell surface. This makes them ideal for covalent
immobilization of proteins on a surface. The only drawback is the instability of the
reaction product in water. Saxon et al. solved this by adding an ester group on
one of the phosphine’s aryl substituents resulting in the formation of a stable
amide bond instead of the amine product of aza-ylide hydrolysis (58) as shown in
Figure 1.10.

I

Ph,P Ph,P

Figure 1.10: Staudinger ligation as described by Saxon et al (58).

Diels-Alder cycloaddition. The Diels-Alder reaction is a cycloaddition between a
conjugated diene and a substituted alkene, commonly referred to as the
dienophile, into the formation of a substituted cyclohexene. In the reaction shown
in Figure 1.11, the dienophile is the maleimide-modified protein that is coupled to
a conjugated diene functionalized surface. Diels-Alder cycloadditions have a
higher reaction rate and selectivity in water than in organic solvents, which makes
them a suitable approach for protein immobilization (11).
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Figure 1.11: Diels-Alder cycloaddition.

Strain-promoted inverse electron-demand Diels-Alder cycloaddition. Besides the
SPAAC, another interesting strain-promoted click reaction was developed more
recently. The strain-promoted inverse electron-demand Diels-Alder cycloaddition
(SPIEDAC) is based on the reaction between 1,2,4,5-tetrazines and strained
alkenes and alkynes (Figure 1.12). SPIEDAC is the reaction of choice for in vivo
studies due to its large rate constant and the absence of toxic by-products.
However, the synthesis of 1,2,4,5-tetrazines is complex and can involve volatile
reagents (59).
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Figure 1.12: Strain-promoted inverse electron-demand Diels-Alder cycloaddition
(SPIEDAC).

Thiol-ene reaction. A thiol-ene reaction is the reaction of a thiol group and an
alkene by a free radical mechanism that is initiated by a free radical or light (Figure
1.13) and results in the formation of an alkyl sulfide (60). Originally, the thiol-ene
reaction was predominantly applied in polymer and material synthesis, but in the
recent years also in protein chemistry due to its biocompatible click chemistry
properties. Because the reaction has a photoactivatable character, it can be used
for surface patterning by means of photo-lithography (61, 62). The disadvantage
of the technique is that thiol groups are not bioorthogonal, which results in cross-
reaction with other endogenous thiol groups or other proteins.

13



Chapter 1

Figure 1.13: Thiol-ene reaction.

Oxime ligation. The oxime ligation is the condensation of an oxyamine or
hydrazide with an aldehyde or ketone, which results in a stable oxime linkage
(Figure 1.14). The reaction is generally slow (63) and normally proceeds at pH 4-
5, making it less suitable for biological systems (64). Nevertheless, the addition
of aniline as a catalyst enables a conjugation at neutral pH (65). None of the
reagents are naturally present in proteins making it an excellent coupling system
for site-specific immobilization of proteins (62, 66).

R R

Figure 1.14: Oxime ligation.
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1.2 Protein engineering techniques for site-specific protein
modification

As described in the previous section, the ideal way to immobilize proteins on a
surface is by making use of a covalent and oriented protein coupling with
bioorthogonal groups. Over the years, a number of different methods were
developed for the introduction of bioorthogonal groups. The most straightforward
procedure entails the coupling of small linkers, containing the bioorthogonal
group, to the side chain of one of the endogenous amino acids, typically lysine or
cysteine. Unfortunately, this method has the same limitations as direct
immobilization using this side chains. The protein modification is random and
natural amino acids occur most of the time more than once in the protein. This
may result in the modification of the protein in its active site or antigen-binding
site leading to inactivation of the protein’s recognition properties. This drawback
led to the development of different strategies for the site-specific modification of
proteins.

Expressed protein ligation. For the post-translational C- or N-terminal modification
of proteins, a technique called expressed protein ligation (EPL) can be used (Figure
1.15). EPL is based on the principles of native chemical ligation (NCL) and the
natural intein-extein mechanism (48, 67). The POI is recombinantly expressed
while fused with a mutated Mxe GyrA intein and a chitin-binding domain (CBD).
The mutant intein will facilitate a N,S-acyl shift in the amide bond between the
POI and the intein, resulting in a thioester bond. The chitin binding domain is used
for purification on a chitin column so after expression, the protein can be
immobilized on this column. The POI can be removed from the protein complex
by means of a nucleophilic reaction between the thioester bond in the protein and
a thiol nucleophile (68, 69). By carefully designing so-called bifunctional linkers
that contain, in addition to a nucleophile, a bioorthogonal group, the protein can
be C-terminally functionalized using EPL (48, 70). The latter is used in this thesis
for the site-specific functionalization of proteins and will be discussed thoroughly
in the next chapters.
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Figure 1.15: The general principle of expressed protein ligation (EPL). The protein of
interest (POI) is expressed in combination with intein and a chitin-binding domain (CBD).
The intein will facilitate an N,S-acyl shift, resulting in an unstable thioester bond. A
bifunctional linker, containing a free thiol group and a bioorthogonal group (%), will react
with this thioester bond resulting in the functionalization of the POI and the removal of the
POI from the intein-CBD complex.
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Enzymatic modification. Another way of post-translationally modifying proteins is
the use of an enzyme-based functionalization. The principle is relatively simple.
The enzyme will recognize a certain short peptide sequence that has been
recombinantly added to the protein, and will covalently modify the protein with
small molecules, containing the bioorthogonal group of interest. A very popular
example of this kind of modification is the sortase A (SrtA) enzyme. SrtA is a
transpeptidase from Staphylococcus aureus that is naturally present on the
plasma membrane and which catalyzes a cell wall sorting reaction that attaches
surface proteins to the cell wall. However, the reaction can also be used for the
covalent attachment of a bioorthogonal group near the C-terminus of a protein,
as shown in Figure 1.16.

(0]

o b

Figure 1.16: The sortase A (SrtA) mechanism. (A) SrtA binds to the sortag in the protein

G (n)**

LPXTG m—*

of interest (POI). (B) Next, a peptide probe, containing a bioorthogonal group (*) and
glycine, reacts with the POI-SrtA complex resulting in native SrtA and functionalized POI.

The POI, modified at the C-terminus with the sortase A tag (sortag) LPXTG (were
X can be any amino acid), was incubated with SrtA enzyme. The enzyme will
cleave the threonine (T) - glycine (G) bond using the thiol group from the cysteine
in its active site. This will form an acyl intermediate with threonine in the protein.
Next, a peptide probe containing a series of N-terminal glycine residues and a
bioorthogonal group is added. This resolves the acyl intermediate and
subsequently results in the regeneration of the cysteine in the active site of srtA
and in the ligation of the peptide probe with the POI (71, 72). The advantages of
the sortA system are the relatively easy expression of the recombinant sortA
enzyme, its flexibility towards its substrates and the use of very short peptide
sequences on the POI and the target peptide. Besides the coupling of a
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bioorthogonal group for surface modification, it is also possible to directly add a
small molecule like a radiolabel, to the POI (71).

Other enzymes used for the site-specific incorporation of a bioorthogonal group
are e.g. biotin ligase (BirA) (73), protein farnesyltransferase (PFTase) (63),
transglutaminase (TGase), lipoic acid ligase (LplA), formylglycine-generating
enzyme (FGE), etc. (48).

Self-labeling protein tags. A standard enzymatic approach, as discussed in the
previous section, consists of 3 components: the POI with a tag, the tag-
recognizing enzyme and the enzyme substrate that has to be coupled to the POI.
In addition to this approach, another enzyme-based method is possible, i.e. the
self-labeling protein tags. This approach comprises two components, a self-
labeling protein tag (mostly derived from enzymes) and a substrate. As shown in
Figure 1.17, the protein tag binds directly to its substrate (74).

Figure 1.17: Self-labeling protein tags mechanism. The self-labeling protein tag (‘i.;-'?‘), that
contains a nucleophile (Nu), reacts directly with its substrate (R) that contains the
bioorthogonal group (¢ ).

Often used tags are the SNAP-tag, CLIP-tag and HaloTag (72, 74). The
disadvantage of this system is that the protein tags are quite large (20-35 kDa)
which makes the technique not useful for the immobilization of small proteins.

Auxotrophic expression. Another possibility to site-specifically introduce a
bioorthogonal functionality into a protein is by replacing one of the 20 natural
amino acids by a structural analogue containing the bioorthogonal functionality,
e.g. an azide, through interference with the organism’s native translational
systems. In these systems, aminoacyl-tRNA synthetases are responsible for the
incorporation of amino acids. These enzymes couple amino acids to tRNA. If the
natural amino acid is not present in the growth medium and the host organism is
auxotrophic, meaning that it is incapable to produce the natural amino acid by
itself, the amino acid analogue is incorporated in the genetically encoded position
of the natural amino acid (53).

However, the incorporation is residue-specific instead of site-specific, meaning
that, if the replaced natural amino acid is present more than once in the protein,
the functionality will be integrated multiple times into the protein.
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Nonsense suppression. By using so-called genetic code expansion, it is possible to
incorporate bioorthogonal functionalities in proteins during the protein translation
by means of an unnatural amino acid. To add such an unnatural amino acid to a
protein, different components of the biological translation process are necessary:

e A unique codon and corresponding tRNA to recognize this codon

e A unnatural amino acid (containing the bioorthogonal group)

¢ A new aminoacyl-tRNA synthetase that recognizes the unnatural amino
acid and directs it towards the tRNA

These components also need to meet certain criteria. First of all, the unnatural
amino acid needs to be metabolically stable and biologically available to be
included into the host organism. Secondly, the unnatural amino acid may not be
used as a substrate for endogenous synthetases. The same applies for the new
codon that may only be recognized by the new tRNA and not by any endogenous
tRNA. Finally, the aminoacyl-tRNA synthetase/tRNA pair must be specific for the
unnatural amino acid and not crosstalk with the endogenous translational system
(75). The natural genetic system comprises 64 unique codons formed by the
combination of 4 possible nucleotides. The 20 natural amino acids are encoded by
61 codons, leaving 3 codons that are called the stop codons because they
terminate the protein translation process. The stop codons, also called nonsense
codons, are TAG (amber), TAA (ochre) and TGA (opal) (76). These stop codons
can be used for the site-specific introduction of unnatural amino acids using a
technique called nonsense suppression. This technique is based on the fact that
only one stop codon is needed for the termination of protein translation meaning
that the other two can be reassigned to an additional unnatural amino acid (77).
Since the amber stop codon is the least used in both E. coli and yeast, this codon
is the most frequently used stop codon in nonsense suppression. The use of the
amber codon to code for an unnatural amino acid requires a suppressor tRNAcua
and the corresponding aminoacyl-tRNAcua synthetase, which has evolved to
selectively bind the unnatural amino acid to the suppressor tRNAcua (78). A
schematic representation of the amber suppression process is shown in Figure
1.18.
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Figure 1.18: Amber suppression (based on (78)). The gene for the POI is mutated with an amber codon (UAG) at the desired site of
modification. A mutant aminoacyl-tRNAcua synthetase recognizes the unnatural amino acid bearing the desired functionality and loads it to
the corresponding tRNAcua. This leads to the expression of the POI with the desired functionality at the genetically encoded site.
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1.3 Nanobodies

1.3.1 Molecular description of a nanobody

Conventional antibodies (Abs) are made up of two identical heavy chains (H-chain)
and two identical light chains (L-chain). Each L-chain consists of two
immunoglobulin domains, each H-chain contains four immunoglobulin domains,
as shown in Figure 1.19a. The variable domain (V4 and V.) is located at the N-
terminus of every chain. The variable domain contains three hypervariable regions
called complementarity determining regions (CDRs) because they form the
eventual Ag-binding surface (79). This means that the Ag-binding region, also
known as the paratope, comprises six CDR loops, three from each domain.

Certain animal species, Camelidae (camels, dromedaries, etc.), nurse sharks and
wobbegong sharks, also have Abs without a light chain in addition to the
conventional Abs. These are the so-called heavy chain only antibodies
(HCADbs)(80). Besides the lacking light chain, these HCAbs are also devoid of a
first constant domain (CH1), which is encoded in the genome but is spliced out
during mRNA processing (81). This leads to a paratope that is only formed by the
three CDRs in the variable domain of the heavy chain of heavy chain antibodies
(VHH). These VHHs can be obtained recombinantly from microbial expression
sytems as autonomous single domain antibodies (SdAbs). Such SdAbs, more
commonly known and further referred to as nanobodies (Nbs), are the smallest
Ab-derived fragments with a fully intact paratope (82). Nbs have a molecular mass
of ca. 15 kDa, and a rugby ball shape of approximately 2.5 nm diameter and 4.2
nm in length (83).

a) b) c)
CV 2 \
Conventional Heavy chain Nanobody
antibody antibody

Figure 1.19: Schematic representation of (a) a conventional antibody, (b) a heavy chain
only antibody and (c) a nanobody.

21



Chapter 1

As described in Figure 1.20, there are also some structural differences between
the VH of a conventional antibody and a VHH (nanobody). The antigen-binding
loops of a VHH are longer than in the VH of a conventional antibody. In particular
CDR3 of a Nb is longer (84). This increases the antigen-binding surface and
compensates for the paratope of the VHH that only has three CDRs compared with
the six CDRs in a conventional antibody. In most Nbs, these longer antigen-
binding loops are stabilized by a disulfide bridge between CDR1 and CDR3 (85).
In the framework-two, four hydrophobic amino acids of the VH are replaced by
hydrophilic residues in the VHH(86), which results in a higher solubility of the VHH
(87).
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Figure 1.20: Schematic representation of the sequence organization and folded structure
of the VH of a conventional Ab and a VHH. Adapted from Muyldermans et al. (88).

In general, the biggest advantage of Nbs is their small size. With a molecular
weight of 15 kDa, they are 10 times lighter than conventional antibodies.
Therefore, they can bind to epitopes that are hard to reach for conventional
antibodies. Furthermore, they have a conserved structure, are economic to
produce and easy to express in large quantities in bacteria and yeast. They are
encoded by a single gene, facilitating their genetic manipulation, they have a high
solubility and they are very stable, also at higher temperatures (12, 80, 89, 90).

1.3.2 Applications of nanobodies

The numerous advantages of Nbs compared to conventional antibodies make
them suitable for numerous applications. At the moment, nanobodies are mainly
used for diagnostics (biosensor development and in vivo imaging), affinity capture
and therapeutics.

Diagnostics. For the development of biosensors, were small, robust, highly specific
affinity probes are important, Nbs are an interesting asset (83). Nbs can be site-
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specifically functionalized, as further discussed in this thesis, resulting in a
covalent and oriented binding with no loss of affinity and specificity (91, 92). Due
to the small size of nanobodies, they provide a binding capacity on the surface,
which results in a higher sensitivity. By directional immobilization, the
immunoreaction occurs very close to the sensor-solution interface, which
increases the sensitivity (83). The high stability of Nbs allows rigorous washing
and regeneration conditions and increases the shelf life of the biosensor.

In vivo imaging. Due to their small size, Nbs are exceptionally interesting to target
probes against antigens in isolated locations such as tumors. They can bind their
target with a nanomolar affinity and are relatively easy to generate against a
certain antigen (93). In addition to size, stability, low immunogenicity and easy
labeling are also factors in favor of the use of Nbs for in vivo imaging (83).

Therapeutics. Nbs have a resemblance of ca. 80% with the human VH
frameworks. For therapeutic use, nanobodies can be humanized with 95-99%
homology by changing a few amino acids in the framework region (80, 90, 94).
As a result of their high stability in extreme pH (95, 96) and small size, Nbs can
be used for oral treatment (94) with a fast tissue penetration (97) and renal
elimination (98). Nbs can be applied to target toxic enzymes (97, 99) or to block
certain molecular interactions with application in the treatment of diseases such
as cancer (100-102) and inflammatory diseases like rheumatoid arthritis (103).

Affinity capture. Because of their small size and single-domain format, Nbs are
suitable reagents for affinity capture. They provide higher capacity binding
surfaces and lower non-specific background binding compared to conventional
antibodies. Their monovalent mode of binding allows the use of mild elution
conditions, which is interesting for sensitive molecules. Nevertheless, the high
stability and refolding capacities of nanobodies makes them suitable for harsh and
repeated regeneration conditions (83, 104).

1.3.3 Nanobody BcII10

This thesis used a nanobody against B-lactamase, nanobody BcII10 (NbBcII10)
as a model for nanobody functionalization using EPL. B-lactamases are enzymes,
produced by bacteria that break the four-atom ring of B-lactam antibiotics (e.g.
penicillins and cephamycins) (105, 106). NbBcII10 can be very useful in the fight
against antibiotic resistance (107), it also has some interesting properties for
research on nanobody modification. Saerens et al. (108) discovered that the VHH
framework of NbBcII10 could be used as a universal VHH framework. The
plasticity of the NbBcII10 framework allows a successful transfer of antigen
specificity from a donor VHH (e.g. an unstable nanobody) to the NbBcII10
scaffold. NbBcII10 is the ideal scaffold candidate for such loop transfer due to its
good expression levels and its high level of stability.
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1.4 Research aims

For the development of bioactive surfaces (in particularly miniaturized surfaces)
reproducibility, sensitivity and selectivity are incredibly important. These
properties can be achieved by the covalent and oriented coupling of proteins to
functionalized surfaces. As discussed previously, the currently used strategies are
not capable to fulfill these needs. This thesis aims at the development of site-
specific functionalized nanobodies for the covalent coupling on functionalized
surfaces in order to obtain a uniform and oriented layer of nanobodies for next
generation biosensors. The major research goals are:

i) To achieve a better understanding of the Expressed Protein Ligation
(EPL) technique by researching the possibilities to optimize current
known protocols for the C-terminal alkynation of Maltose Binding
Protein (MBP).

i) One of the disadvantages of EPL is the introduction of a C-terminal
thiol group, which can result in side reactions like dimerization. To
avoid these side reactions, an amine-based bifunctional linker for the
C-terminal alkynation of MBP will be synthesized.

iii) An in detail study of the covalent coupling by means of a click reaction
between MBP and an azide functionalized silicon surface will be
performed using ellipsometry. A comparison will be made between
random alkynated MBP and site-specific alkynated MBP.

iv) The possibility for a periplasmic extraction of the NbBcII10-intein-
chitin binding domain complex needs to be investigated using different
approaches: by means of different transportation pathways using
different leader sequences, different extraction techniques and
different expression hosts.

V) Site-specific alkynation of the nanobody BcII10 (NbBcII10) using the
knowledge gained during the site-specific alkynation of MBP and the
NbBcII10 extraction study.

vi) After the site-specific alkynation, the clickability of alkynated Nb-
BcII10 to an azide functionalized support needs to be examined. The
binding activity of NbBcII10 for its original antigen BclII needs to be
investigated using ELISA and SPR in order to determine influences of
the EPL process and alkynation on the binding capacity of the
NbBcII1O0.
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1.5 Thesis outline

This thesis explores the possibility to site-specifically modify proteins for the
purpose of surface biofunctionalization for applications in biosensing. By using
expressed protein ligation (EPL), an alkyne functionality was site-specific
incorporated in the proteins, at the C-terminus. Consequently, the proteins can
be coupled to an azide functionalized surface using click-chemistry. This results in
a layer of oriented proteins on the surface resulting in a maximal availability of
the active site of the proteins. In this thesis, maltose-binding protein (MBP) is
used as a proof of concept for the alkynation and covalent coupling using click
chemistry. Nanobody BcII10 (NbBcII10) is used as a model Nb for the site-specific
Nb alkynation.

In Chapter 1 existing strategies for protein immobilization are introduced as well
as state-of-the-art protein engineering techniques for site-specific protein
modification.

As a proof of concept for the site-specific alkynation of proteins, the model protein
MBP is used. MBP is a commonly used protein to test EPL approaches because the
vector is commercially available and well-documented. Chapter 2 describes the
MBP functionalization and focuses on the coupling of alkynated MBP to azide
functionalized silicon surfaces. A study using ellipsometry is performed analyzing
the covalent click coupling between MBP and the silicon surface in detail.

One of the disadvantages of EPL is the introduction of a thiol functionality along
with the alkyne group. Therefore, a non-thiol-based bifunctional linker was
developed and the EPL procedure is optimized, as described in Chapter 3.

In Chapter 4, different expression strategies are presented to facilitate extraction
of the NbBcII10-intein-CBD complex from the periplasmic space. As a valuable
alternative, cytoplasmic expression and extraction of the NbBcII10 is investigated
and its functionality was evaluated by ELISA and SPR.

In Chapter 5 the experimental techniques and procedures used in the previous
chapters are described in more detail.

Lastly, Chapter 6 is a general discussion of the research performed in this thesis
and presents an outlook for future research.
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The clickability of site-specifically functionalized maltose binding protein

2.1 Introduction

The coupling of proteins to solid supports is playing an important role in modern
biotechnology (1). In current biotechnological applications, biofunctionalization of
substrates is mostly based on a non-oriented coupling of proteins, either by
physical adsorption or by random covalent coupling via functional groups of the
endogenous amino acid side chains (2). As a result, not all proteins have their
active site(s) available for target binding, which can be a disadvantage when
aiming for early diagnostics and miniaturization. Nowadays, only a few oriented
couplings are reported, mostly based on affinity (3, 4). Attaching a click
functionality site-specifically to proteins, however, combines the best of both
worlds, i.e. a stable covalent and oriented coupling of the protein to a substrate.
Click chemistry is interesting for the biofunctionalization of surfaces due to its
bioorthogonal properties. Indeed, click functionalities are not present in nature,
meaning that they do not interfere with biological processes, and the reaction can
be performed under physiological conditions (5-8). An interesting approach for
the site-specific functionalization of proteins with a click group is expressed
protein ligation (EPL). This method offers control of the location (C- or N-
terminus), the orientation of the protein and the stability of the coupling between
the protein and the surface. All of these factors are expected to result in a high
degree of reproducibility, sensitivity and specificity.

The most straightforward and well-known example of click chemistry is the copper
(I)-catalyzed alkyne-azide cycloaddition (CuAAC) (6). Vranken et al. (2017)
already successfully functionalized silicon surfaces with randomly alkynated
Staphylococcus aureus protein A (SpA) by using CuAAC (9). They optimized the
reaction conditions and monitored the reaction using ellipsometry. This confirms
that CuAAC is indeed an interesting alternative to other covalent random coupling
procedures like EDC/NHS (10) and offers an interesting platform to test the
clickability of site-specifically alkynated proteins.

In this study maltose-binding protein (MBP) was used as a model protein to assess
the clickability of site-specifically functionalized proteins. MBP is a protein with a
molecular mass of ~ 42.5 kDa and the MBP expression vector for EPL (pMXB10)
is commercially available and easy to manipulate, resulting in an accessible
approach to produce high amounts of reference material. MBP contains 37 lysines,
which is ideal for random functionalization as well, making it an ideal model
protein as a preparation for nanobody (Nb) functionalization, as described in the
next chapters. MBP was site-specifically functionalized with an alkyne group by
EPL or randomly alkynated by an EDC/NHS coupling of an alkyne containing NHS
ester that was bound to one or several of the 37 lysine groups on MBP. The EPL-
modified MBP is supposed to bear only one alkyne functionality at its C-terminus,
while the randomly functionalized MBP via EDC/NHS should contain multiple
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alkyne functionalities at lysine residues at random locations in the protein. Both
proteins were subsequently coupled by a CuAAC reaction to an azide-
functionalized silicon surface and the reaction was monitored using in situ
ellipsometry.

2.2 Experimental section
2.2.1 Synthesis of a bifunctional linker for EPL

The synthesis of the bifunctional linker used in the EPL procedure is discussed in
the experimental details (Chapter 5). The chemical structure of the linker is shown
in Figure 2.1.

O
HS/\()LH/\\\\
NH,

Figure 2.1: The chemical structure of the bifunctional linker 2-amino-3-mercapto-N-(prop-
2-yn-1-yl)propanamide containing a thiol functionality (left) as a nucleophile and an alkyne
click functionality (right) as a bioorthogonal group.

2.2.2 Site-specific alkynation of MBP using EPL

The C-terminal site-specific alkynation of MBP (ssA-MBP) was performed using
EPL (11-13). Hereto, the pMXB10 plasmid was transformed in E. coli BL21(DE3)
cells. The vector encodes for MBP (protein sequence
MGRAMDMKTEEGKLVIWINGDKGYNGLAEVGKKFEKDTGIKVTVEHPDKLEEKFPQVAAT
GDGPDIIFWAHDRFGGYAQSGLLAEITPDKAFQDKLYPFTWDAVRYNGKLIAYPIAVEALS
LIYNKDLLPNPPKTWEEIPALDKELKAKGKSALMFNLQEPYFTWPLIAADGGYAFKYENGKY
DIKDVGVDNAGAKAGLTFLVDLIKNKHMNADTDYSIAEAAFNKGETAMTINGPWAWSNI

DTSKVNYGVTVLPTFKGQPSKPFVGVLSAGINAASPNKELAKEFLENYLLTDEGLEAVNKD

KPLGAVALKSYEEELAKDPRIAATMENAQKGEIMPNIPQMSAFWYAVRTAVINAASGRQT

VDEALKDAQTNSSSKLGGREFLEY, theoretical pI: 5.1, MW: 42558.3 Da) by making
use of the E. coli malE gene which is fused in-frame with the Mxe gyrase A intein
domain and a chitin binding domain. The E. coli cells were grown overnight in
Luria Broth (LB) medium, containing 100 pL/mL ampicillin at 37°C. The next day,
the cultures were diluted in a larger volume of LBP and grown at 37°C to an
optical density (ODesoonm) between 0.5 and 0.6. The protein expression was
induced wusing isopropyl B-D-1-thiogalactopyranoside (IPTG) at a final
concentration of 1 mM and an incubation at 37°C for 3 hours after which the
bacteria were harvested by centrifugation at 5000 g for 10 min. The bacterial
pellet was resuspended in B-PER solution containing 1 U/mL DNAsel. After 15
minutes of incubation at 21°C, the cell suspensions were centrifuged at 4°C for
30 minutes at 15000 g and the supernatant was collected.
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Figure 2.2: Site-specific alkynation of MBP using EPL. The MBP-intein-CBD complex was
expressed in E. coli BL21(DE3) cells using the pMXB10 vector. After expression, the MBP-
intein-CBD protein complex solution was divided in two parts and purified on two separate
chitin columns that bind the CBD from the protein complex. Next, the intein will facilitate an
N,S-acyl shift of the amide bond between MBP and the intein. The bifunctional linker 2-
amino-3-mercapto-/N-(prop-2-yn-1yl)propanamide reacts with the thioester bond between
MBP and the intein, resulting in the splicing of MBP from the column and alkynation of MBP
(A). To increase the reaction yield, a high concentration of 2-mercaptoethane sulfonate Na
(MESNA) was added which also results in a splicing of the column followed by an exchange
of MESNA with the bifunctional linker. As a negative control, no bifunctional linker was added
resulting in non-alkynated MBP (B).
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For the purification and functionalization of MBP (Figure 2.2), two separate
columns containing chitin beads were equilibrated with 10 column volumes of
running buffer (RB; 20 mM HEPES, 500 mM NaCl, 1 mM EDTA, pH 8.5).
Afterwards, the bacterial supernatant was devided and slowly added to the
columns. One column was incubated with 3 mL of RB supplemented with 1 mM of
tris-(2-carboxyethyl)phosphine (TCEP) and 30 mM of 2-mercaptoethane sulfonate
Na (MESNA) while a second column was incubated with RB supplemented with 30
mM TCEP, 30 mM MESNA and 1 mM of the bifunctional linker 2-amino-3-
mercapto-N-(prop-2-yn-1-yl)propanamide.

After overnight incubation at 4°C, both columns were eluted with 3 mL RB. The
eluate was further purified by size exclusion chromatography using Sephadex G-
25 columns and eluted from the columns with PBS.

The MBP derived from column 1 (non-alkynated MBP) was used as a negative
control and later on for the random alkynation experiment (see section 2.2.3) The
MBP of the second column was the site-specifically functionalized MBP (ssA-MBP).
The proteins were stored at -20°C until further use.

2.2.3 Random alkynation of MBP using an EDC/NHS coupling.

A 5.8-fold molar excess of 2,5-dioxopyrrolidin-1-yl-hex-5-ynoate (Figure 2.3),
synthesized as described by Jagadish et al (14) and further referred to as the
alkyne NHS ester, was added to a solution of MESNA functionalized MBP in PBS.
The alkyne NHS reacts with the e-amine group of lysine (and the N-terminal
amine). Because of the 5.8-fold molar excess of the 2,5-dioxopyrrolidin-1-yl-hex-
5-ynoate, 5.8 of the total available lysines were alkynated. There are 37 lysines
in MBP so theoretically, this leads to a random alkyne functionalization of maximal
16% of the available lysines (rA-MBP) (15). In addition, a batch of theoretically
fully alkynated MBP (fA-MBP) was obtained by adding a 54-fold molar excess of
the alkyne NHS ester to a second MBP solution. After 3 hours, both reaction
mixtures, containing rA-MBP or fA-MBP were filtered using Zeba micro spin
desalting columns. The degree of functionalization was determined using mass
spectrometry (see section 5.4.3).
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Figure 2.3: The chemical structure of the alkyne NHS ester 2,5-dioxopyrrolidin-1-yl-hex-
5-ynoate (14).

40



The clickability of site-specifically functionalized maltose binding protein

H
N/\WOH NWO
OH OH OH OH o \ © \ © on
1 ‘ ‘ ‘ ‘ 2 HQJJ\/NQ @N\/&O
cleaning silanization
+ —0—S§i—0——§i—0—
i 7

hydroxylation

Yy o

HS/_%: NH 0._NH HN__O
HN  HS 4 \V]\ \ﬁ
HS

HN o -— OH NH
N N
fe HN functionalization /\([)r /\g
N- NN =\ with ssA-MBP o] OH
N WN Ho PN N
§ -N Q @
OTNH HNTO (( —0—§i—0——8i—o0—
o] o}
NWOH N/\rrNH i ‘

o \ e \ 9 on 5
N functionalization
Hok’ g ‘/gO with rA-MBP/fA-MBP

Figure 2.4: Biofunctionalization of silicon surfaces with ssA-MBP and rA-MBP/fA-MBP. First,
the surface is cleaned and hydroxylated using piranha, hydrofluoric acid and a potassium
dichromate solution (1). Next, the surface is silanized and carboxylated using N-
(trimethoxysilylpropyl)ethylenediaminetriacetate trisodium salt (TMS-EDTA) (2) and an
EDC/NHS reaction with 3-azido-1-aminopropane (AAP) was performed (3) to obtain an azide
functionalized surface that is ready for a click reaction. Finally, a click reaction between ssA-
MBP (4) or rA-MBP/fA-MBP (5) was executed and monitored by ellipsometry.
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2.2.4 Silanization and subsequent carboxylation of silicon substrates

Prior to carboxylic functionalization, the silicon substrates (0.3x3.2 cm) were
cleaned by means of a piranha solution (70:30 H;S04:H>02) during 5 minutes.
After repeated rinsing with water, the substrates were dipped in a 6% (v/v)
hydrofluoric acid solution in water. Again, the substrates were rinsed repeatedly
with water and incubated in a 8% potassium dichromate (w/v) solution in 25%
H,SO4 (v/v) at 70°C for 30 minutes. After rinsing with water and ethanol, the
substrates were dried with nitrogen and ready for silanization (Figure 2.4).

A 10 pL drop of 6% (v/v) N-(trimethoxysilylpropyl)ethylenediaminetriacetate
trisodium salt (TMS-EDTA) in sodium acetate buffer pH 4.0 was applied on the
silicon substrate and incubated at 110°C for 1 hour. Afterwards, the excess TMS-
EDTA and sodium acetate were washed away with water resulting in a
carboxylated silicon surface.

In a third step, 3-azido-l-aminopropane (AAP), synthesized as described by
Hatzakis et al. (16) was coupled to the surface by use of EDC/NHS coupling. The
substrates were immersed into a mixture of 0.23 M AAP, 0.2 M EDC and 0.045 M
NHS in HEPES buffer (220 mM HEPES, pH 6.8) for 3 hours. Afterwards, the
remaining NHS esters were blocked by use of diethylene glycolamine for 45
minutes and rinsed with water. Finally, the slides were dried under a N3 gas flow.

2.2.5 CuAAC reaction of alkynated MBP with azide-functionalized biotin

To test the clickability of ssA-MBP, the CuAAC reaction was performed in solution.
To 200 pL PBS, containing purified ssA-MBP, an excess of azide-functionalized
biotin (180 pM, dissolved in DMSO, Figure 2.5), 900 pyM TCEP, 90 uM
tris(benzyltriazolylmethyl)amine (TBTA, dissolved in DMSO) and 900 pM CuSO4
was added. As a negative control, MESNA-functionalized MBP was used. After 2
hours of shaking at 21°C, the samples were analyzed by western blotting.
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Figure 2.5: Chemical structure of the azide-functionalized biotin (MW=326.4).

2.2.6 Western blotting after MBP biotinylation

To visualize the reaction between ssA-MBP and biotin-azide, western blotting was
performed. The reaction product was, without any further purification, boiled with

42



The clickability of site-specifically functionalized maltose binding protein

2x sodium dodecyl sulfate (SDS) sample buffer (125 mM Tris-HCI pH 6.8, 20%
glycerol, 4% (w/v) SDS, 0.005% (w/v) bromophenol blue). Afterwards, gel
electrophoreses was performed using a 12 % (w/v) acrylamide gel together with
a molecular weight marker. After electrophoresis, the proteins were transferred
to a polyvinylidene fluoride (pvdf) membrane by means of an overnight western
blotting. The next day, the membrane was blocked in Bovine Serum Albumin
(BSA) solution in Tris Buffered Saline Tween (TBST) for 2 hours. To visualize the
biotinylated MBP, the membrane was incubated with streptavidin alkaline
phosphatase (1/1000) in TBST, which will bind the biotinylated MBP, for 1 hour.
Finally, the membrane was soaked for a few seconds in a bromo-4-chloro-3-
indolyl-phosphate/nitro blue tetrazolium (BCIP/NTB) buffer that will be converted
by the alkaline phosphatase on the protein into a purple precipitate visible on the
membrane. The reaction is described in detail in Chapter 5.

2.2.7 Covalent CuAAC mediated immobilization of MBP to a silicon substrate via
the DIP method

The rA-MBP, fA-MBP and ssA-MBP were coupled to the azide-functionalized silicon
surface using CuAAC. To a solution of 1 yM MBP (rA-MBP, fA-MBP or ssA-MBP) in
acetate buffer pH 4.0, 0.5 mM CuSQs4, 2.5 mM sodium ascorbate and 1 mM tris(3-
hydroxypropyltriazolylmethyl)amine (THPTA) was added to a total volume of 400
Ml (9). The azide functionalized silicon substrate was submerged in the click
solution and the reaction was performed at room temperature during 30 minutes
and monitored by in situ ellipsometry. Next, the substrates were rinsed with PBS,
washing buffer (200 mM dihydrogen sodium phosphate, 200 mM sodium chloride,
150 mM ethylenediaminetetraacetic acid, and 50 mM ethanolamine at pH 7.5) and
again PBS. To remove all non-covalently bound MBP, the substrates were
incubated in a 0.5% (w/v) SDS solution (dissolved in MilliQ water) in the external
incubator outside of the apparatus. The net mass increase was again measured in
PBS.

2.2.8 Covalent CUAAC mediated immobilization of MBP to a silicon substrate via
the DROP method

A drawback of the DIP method, as discussed in section 2.2.7, is the use of a
relatively large volume of protein solution (400 pL) for the functionalization of a
small silicon surface. To avoid protein waste, the DROP method was developed
(Figure 2.6) that only requires a volume of 30 pL. This way, multiple click
conditions can be tested with a reasonable amount of functionalized protein. The
disadvantage of this technique is that the click reaction is performed outside the
ellipsometer and the reaction cannot be monitored in situ.
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Similar reagents and concentrations were used as described in section 2.2.7, only
the total reaction volume was reduced from 400 pL to 30 pL. In order to test the
effect of the click reagents (copper, reducing agent and ligand), the reaction was
performed with the same concentration of ssA-MBP (1uM) but with respectively
2, 4,6, 8 and 10 times more copper, as well as sodium ascorbate and THPTA. A
baseline of each substrate was measured before applying the protein-click
solution. After a reaction time of 30 minutes, the substrates were again placed in
the ellipsometry device and washed with washing buffer and SDS as described in
section 2.2.7. The final surface mass increase was measured in PBS and plotted
as a function of the click reagents concentration.

a) b)
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DIP DROP

Figure 2.6: DIP versus DROP method. The DIP method (a) makes use of the small cuvettes
in the ellipsometry device. The silicon slide is submerged in a large volume of protein-click
solution. The DROP method (b) is designed to use less protein by adding a drop of protein-
click solution on top of the silicon slide, outside of the ellipsometry device.
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2.3 Results & discussion
2.3.1 Synthesis of the bifunctional linker

The synthesis of the bifunctional linker, 2-amino-3-mercapto-N-(prop-2-yn-1-
yl)propanamide, is discussed in Chapter 5. The end product was analyzed using
carbon-13 nuclear magnetic resonance (!3C NMR) spectroscopy, as shown in
Figure 2.7.
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Figure 2.7: 3C NMR spectrum of 2-amino-3-mercapto-N-(prop-2-yn-1-yl)propanamide.
The trifluoroacetic acid (TFA) used for the deprotection of the Boc functionalities during
synthesis is still present in the sample in a ratio of 1:1.6 2-amino-3-mercapto-N-(prop-2-
yn-1-yl)propanamide:TFA.

Figure 2.7 shows that the synthesis was successful but that the trifluoroacetic acid
(TFA) used during the synthesis for the removal of the protective Boc and trityl
groups is still present. After integration of the peaks, a ratio of 1:1.6 2-amino-3-
mercapto-N-(prop-2-yn-1-yl)propanamide:TFA was determined. Also some
remnants of the Boc protection groups can be found in the sample at 44 and 26
ppm.
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2.3.2 Site-specific alkynation of MBP and covalent coupling to azide-
functionalized biotin

For the C-terminal site-specific alkynation of MBP, the EPL method was used as
described in Figure 2.2. MBP was expressed as a complex with intein and a chitin-
binding domain. After the expression, a cytoplasmic extraction of the bacteria was
performed and the crude extract was divided in two parts and purified on separate
chitin columns (column A and B) that bind the chitin binding domain of the protein
complex (Figure 2.2, top). After extensive washing of the columns, the chitin resin
only contains the MBP-intein-CBD protein complex. On these columns, an intein
mediated N,S-acyl shift takes place. This results in a thioester bond between MBP
and the intein. This thioester bond creates an unstable spot into the protein
complex (Figure 2.2, middle) that is vulnerable for a nucleophilic attack by e.g. a
thiol group. One column (column A) was treated with a bifunctional linker
containing a thiol and an alkyne group (Figure 2.2, left). The thiol reacts with the
carbon of the thioester bond in the protein and releases the protein off the column,
containing an alkyne group (ssA-MBP). MESNA is used to increase the yield of the
reaction (17-23). Literature indicates that MESNA is responsible for the cleavage
of the protein from the intein and the bifunctional linker reacts subsequently with
the thioester bond formed by MESNA. Besides MESNA, TCEP is added as a
reducing agent. This reaction was performed with a yield of 21.7 mg/L. As a
negative control (Figure 2.2, right) the experiment was also performed in the
absence of a bifunctional linker (column B). This results in MESNA functionalized
MBP (yield: 22.6 mg/L), which will be used for the random functionalization later
on in this chapter.

To evaluate whether the ssA-MBP is able to click to an azide functionallity, the
CuAAC reaction with azide-functionalized biotin was performed in solution. This is
a fast way to find out if the MBP is functionalized with an alkyne function because
click reactions in solution are much more straightforward than click reactions on
a surface due to the reduced influence of steric hindrance (24) and
preconcentration (25). To visualize this reaction, western blotting was used. If the
CuAAC reaction succeeded, biotin is present at the C-terminus of MBP. This
western blotting makes use of the high affinity of biotin for streptavidin by
coupling streptavidin alkaline phosphatase to the biotinylated MBP. By adding
BCIP/NTB buffer, a color reaction will appear if alkaline phosphatase (and
consequently biotin) is present. This assay is therefore an indirect qualitative proof
of the alkynation of MBP. The results of this experiment are visualized in Figure
2.8.
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Figure 2.8: Western blotting results for ssA-MBP. The eluens of column B, the negative
control, shows no visible bands on the pvdf membrane. The eluens of column A, containing
the ssA-MBP shows a clear band around 40 kDa, indicating the presence of an alkyne group
on the functionalized MBP.

The blot shows that the modified MBP synthesized in column A, ssA-MBP, contains
an alkyne group, that has reacted with the biotin azide. This is a good qualitative
indication that the functionalization was successful. Unfortunately, there are also
bands visible at higher masses. This indicates the presence of side reactions such
as the formation of dimers (band around 80 kDa). Although these bands were not
visible on the original SDS-PAGE (data not shown), it indicates that these side
reactions concern a small fraction of the modified protein.

To characterize alkynated MBP, randomly and site-specifically, electrospray
ionization mass spectrometry (ESI-MS) was used. The theoretical mass of ssA-
MBP is 42698.5 Da and the corresponding ESI-MS spectrum is represented in
Figure 2.9. A large peak at 42559.4 Da dominates the spectrum. This peak covers
a range of more than 50 Da and most probably corresponds to the mass of native
MBP (42558.3 Da) or MESNA functionalized MBP without methionine (caused by
post-translational modification). Although a peak for ssA-MBP is expected since
the result of the western blotting is positive, no ssA-MBP signal is present in the
ESI-MS spectrum. It is possible that a small peak for ssA-MBP, without methionine
(theoretical mass: 42567.4 Da) is present but not visible due to the large peakt
at 42559.4 Da. This means that the amount of ssA-MBP is too low to detect via
ESI-MS and probably only a very small percentage of MBP was alkynated.
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Figure 2.9: Electrospray ionization mass spectrometry spectrum of ssA-MBP. A dominating
peak at 42559.4 Da is probably caused by native MBP or MESNA functionalized MBP without
methionine.

However, rA-MBP and fA-MBP have a mass of 42682.5 Da, the mass of the MESNA
modified protein, plus a mass of 95.1 Da per coupled alkyne functionality. In
theory, the maximal amount of coupled alkynes is 5.8 for the rA-MBP and 37 for
fA-MBP. The mass spectra are represented in Figure 2.10.

Figure 2.10a shows a small peak at 42560.1 Da which corresponds to the mass of
the native MBP meaning that MESNA is not present anymore after the reaction or
the N-terminal methionine spliced off due to post-translational modification during
expression. Multiple peaks, with a difference of approximately 94 Da are visible in
the rest of the spectrum. These peaks correspond with a functionalization degree
of one or more alkyne groups. A similar pattern is visible in Figure 2.10b. However,
no non-functionalized protein is present here. The minimal amount of
functionalization is 4 alkyne groups, the maximum 9. This indicates a large
difference in functionalization between the two functionalization conditions used
to prepare rA-MBP and fA-MBP. Besides the large peaks, explained above, smaller
peaks are visible which are not identified. Nevertheless, the functionalization
degree is far from the theoretical maximum of 37, meaning that probably only 9
lysines at the surface of MBP are available for functionalization due to sterical
hindrance, polarity, secondary structures and local electrostatic charges in the
protein structure.
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Figure 2.10: Electrospray ionization mass spectrometry spectra of (a) rA-MBP and (b) fA-

MBP.

rA-MBP, with a theoretical

maximum of 5.8 alkyne functionalities, has a

functionalization degree between 0 and 4 alkyne groups. The theoretically fully alkynated
MBP with a maximum of 37 alkyne groups, has a functionalization degree between 4 and 9
alkyne functionalities. The green numbers indicate the amount of alkyne groups.
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2.3.3 Covalent coupling of MBP to azide functionalized silicon substrates

To optimize the CuAAC reaction conditions and to test the specificity of the
binding, a first ellipsometry experiment was performed using ssA-MBP and non-
alkynated MBP (negative control). The efficiency of the washing steps could also
be evaluated in this way. A baseline was recorded (not shown) and a click reaction
was performed overnight in an external incubator. The results are plotted in Figure
2.11.

Surface Mass g -
(ng/cm?)

05 -

03

ssA-MBP
0.2 | e MIBP

0.1

D 1 1
64000 66000 68000 70000

Time (s)

CuAAC PBS Washing buffer 0.5% SDS PBS

Figure 2.11: Real-time surface mass evolution monitored by in situ ellipsometry after the
CUAAC click reaction between ssA-MBP and an azide functionalized silicon surface. Non-
alkynated MBP was used as a negative control.

After the click reaction, both protein variants (MBP and ssA-MBP) are attached to
the silicon substrate. To test if the bond is covalent (only possible for ssA-MBP),
the surface was rinsed with PBS and the surface mass was measured in real time
by in situ ellipsometry. This step only caused a stabilization of the signal but no
significant changes. Next, the surface was rinsed with washing buffer to remove
proteins from the surface that were physisorbed. Here, a decrease of the surface
mass was measured for the non-functionalized protein. The surface mass of the
silicon substrate containing ssA-MBP only dropped slightly, indicating that only a
minor part of ssA-MBP is adsorbed to the surface. To remove all nhon-covalently
bound proteins from the surface, the substrates were incubated in a 0.5% (w/v)
SDS solution for 25 minutes. This will cause denaturation of the proteins and
provide them with a negative charge. At pH 4, the charge of the surface will also
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be negative due to the remaining carboxylic acid groups on the surface (Figure
2.4). The result is that the charge interaction between the protein and the surface
is disrupted and all non-covalently bound MBP will detach from the surface.
Afterwards, the surfaces were rinsed with PBS. This will stabilize the signal and
allow to measure the net surface mass increase caused by the covalently bound
MBP. ssA-MBP caused a surface mass increase of 0.32 ug/cm?2. Still, the non-
alkynated MBP caused an increase of 0.06 pug/cm?2 indicating a certain degree of
binding between the protein and the surface that cannot be removed by the
washing buffer and SDS treatment. Most likely, this is caused by the fact that MBP
precipitates after overnight storage at pH 4 indicating a conformational alteration
under influence of pH. To reduce this effect, the reaction time for further
experiments was limited to 30 minutes.

Figure 2.12 shows a real time in situ monitoring by ellipsometry of the CuAAC
click reaction of respectively ssA-MBP, fA-MBP and rA-MBP on three separate
silicon substrates. All three alkynated protein species bind to the surface during
the CuAAC reaction. After consecutive washing steps with washing buffer, 0.5%
(w/v) SDS solution and PBS, respectively, all three protein species remain
attached to the surface, indicating that they clicked covalently. As expected, more
fA-MBP is bound to the surface than rA-MBP and more rA-MBP than ssA-MBP. This
because the probability that the alkyne functionality “meets” an azide group is
higher when there are more alkyne functionalities on the protein. As discussed
earlier (Figure 2.10), the average degree of functionalization for fA-MBP is 6-7
alkynes, for rA-MBP 2 alkynes and for ssA-MBP only one alkyne. This can explain
why the behavior of rA-MBP and ssA-MBP is more or less the same and clearly
different from that of fA-MBP. Important to note is that, in comparison to the
previous experiment described in Figure 2.11, the mass increase of ssA-MBP is
lower in this experiment (0.19 pg/cm2 versus 0.36 pg/cm?2 in the previous
experiment). This can be explained by the difference in reaction time. In the
previous experiment, the click reaction was performed overnight, while for this
experiment it was performed in only 30 minutes. When taking a closer look at the
binding curve of fA-MBP, a large bump is seen during the click reaction. The only
difference compared with the other samples is the “overload” of alkyne
functionalities in the proteins. This over-alkynation probably induces aggregation
and/or precipitation of the proteins. It is well known from literature that
modification of the lysine functionalities in proteins changes properties like pI and
solubility. These changes can be associated with protein aggregation and
precipitation (26, 27). With time, these aggregates dissolve slowly and a decrease
in surface mass is noticed. The use of washing buffer removes the aggregates and
precipitates and shows that a click reaction took place at the surface.
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Figure 2.12: Real time in situ monitoring of the surface mass increase during the CuAAC
reaction between different variants of alkynated MBP and azide functionalized silicon
surfaces and subsequent rinsing steps with washing buffer (WB), 0.5% (w/v) SDS and PBS
buffer.

To check if there is really a significant difference between the different
functionalized species, the experiment was repeated multiple times and the
standard deviation was calculated. The results are summarized in Figure 2.13.
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Figure 2.13: The average surface mass increase after a click reaction between different
alkynated MBP variants and a silicon surface, measured using ellipsometry. No significant
difference can be seen due to the relatively large standard deviation.
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The oriented coupling of ssA-MBP led to an average surface mass increase of 0.19
pg/cm?2 £0.02 (n=8). The rA-MBP has a similar surface average mass increase of
0.21 pg/cm2 £0.03 (n=3). A slightly higher value was measured for fA-MBP with
an average surface mass increase of 0.25 pg/cm £0.07. These values indicate
that it is indeed possible to click alkynated protein to azide functionalized silicon
surfaces. Furthermore, this indicates that one single, site-specifically introduced
alkyne (ssA-MBP) is enough to create a biofunctionalized surface with a high
reproducibility.

In order to reduce the waste of alkynated MBP by reducing the reaction volume,
an alternative setup was tested for the click reaction on the silicon surface, the
DROP method. Instead of dipping the surface into a vial with the click solution, a
drop of click solution was added on the silicon surface as described in Figure 2.6.
This method reduces the amount of protein by 92.5%. Unfortunately, due to the
horizontal positioning of the silicon substrate in this experiment, real time
ellipsometry of the click reaction on the surface was not possible. A baseline of
the azide-functionalized silicon substrates was recorded prior to the click reaction
and the surface mass was determined after the click reaction and several rinsing
steps. This gives the net mass increase on the surface after the different steps.
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Figure 2.14: The net surface mass increase after the CuAAC click reaction between ssA-
MBP and an azide-functionalized silicon surface using different concentrations of copper and
corresponding concentrations of sodium ascorbate and THPTA ([click mix]). On the right,
the mean surface mass increase using the DIP method is indicated.

Figure 2.14 gives an overview of the effect of the concentration of the click mix,
respectively 2, 4, 6, 8 and 10 times more copper sulfate, sodium ascorbate and
THPTA, on the surface mass increase, and consequently the click reaction of ssA-
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MBP on the silicon surface. A clear trend is visible: the higher the concentration
of click mix, the more protein clicks to the surface, especially when using more
than 6 times the normal concentration of the click mix. Although the surface mass
increase that is reached using the DIP method (Figure 2.14, grey bar) could not
be reached using the DROP method and a 10 times higher concentration of click
mix is required, it is possible to reach surface masses close to the average surface
mass increase using the DIP method, and this by using 92.5% less alkynated
protein. This results in a possible alternative for the DIP method that allows to
reduce the amount of protein which is sometimes expensive and/or
timeconsuming to produce.
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2.4 Conclusions

Site-specific protein functionalization resulting in an oriented protein coupling is
gaining importance in the field of biosensor development because of the positive
effect on reproducibility, sensitivity and specificity. Therefore, CuAAC click
chemistry is an interesting tool. As a proof of concept for the clickability of site-
specific alkynated proteins, MBP was site-specifically alkynated using EPL (ssA-
MBP) and randomly alkynated using EDC/NHS (rA-MBP and fA-MBP).

The expression of the ssA-MBP was successful with a reaction yield of more than
20 mg/L culture. Mass spectrometry could not give a distinctive answer about the
amount of successful alkynated protein due to the small mass difference with non-
alkynated MBP (MESNA-MBP). The introduction of an alkyne functionality at the
C-terminus of MBP (ssA-MBP) was proven by performing a click coupling in
solution with azide-functionalized biotin. The successful coupling was visualized
using western blotting. This result confirms that MBP was successfully site-
specifically alkynated and clickable to a complementary azide functionality.

On the other hand, random functionalization of MBP was illustrated by mass
spectrometry by the presence of multiple peaks in the spectrum, each of them
illustrating a certain amount of alkynes present on the protein. Finally,
ellipsometry showed that all tested MBP variants (rA-MBP, fA-MBP and ssA-MBP)
could be coupled to an azide-functionalized surface.

In conclusion, it is assumed that ssA-MBP can be coupled to a azide surface, in a
practical amount, resulting in an oriented layer of MBP. By using the DROP
method, only a very small amount of site-specifically oriented protein must be
used, making it a very cost-efficient way to produce oriented protein surfaces and
a promising platform for future biosensor development.
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Site-specific protein alkynation by EPL using alternative nucleophiles

3.1 Introduction

As described in the previous chapters, the site-specific C-terminal
functionalization of proteins with a bioorthogonal group by means of expressed
protein ligation (EPL) makes use of a bifunctional linker. This linker contains a
functional group that acts as a nucleophile in the reaction with the thioester bond
between the protein of interest (POI) and the intein that is formed during the EPL
process. The linker further contains a bioorthogonal group, for example an alkyne
functionality for click coupling to a complementary azide functionality. In this way,
the nucleophilic cleavage of the POI from the intein-CBD complex goes together
with its functionalization in the same reaction pathway (1-3). In the standard
protocol, a thiol group is used as the nucleophile. In addition, MESNA is commonly
used to increase the reaction yield. Literature indicates that by using an excess of
MESNA, not only the bifunctional linker is responsible for the splicing of the
thioester bond between the POI and the intein, but also MESNA is. This initially
results in MESNA functionalized proteins and the nucleophile of the bifunctional
linker will react with the newly formed thioester bond. By using this approach, an
additional reaction step is introduced (4-9).

Another disadvantage of using thiol-based nucleophiles in EPL is the remaining C-
terminal thiol group which can form disulfide bridges with other modified proteins,
leading to dimer formation (Figure 3.1a).
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Figure 3.1: Possible side reactions caused by an additional thiol group: the formation of
dimers via a disulfide bridge between the additional thiol groups of two modified proteins
(a), the nucleophilic attack of an introduced cysteine on the thioester bond of a protein-
intein-CBD complex which is still on the column (b), the formation of a disulfide bridge
between an introduced thiol and an endogenous cysteine (c) or MESNA (d).
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It is also possible that during the EPL process, the remaining thiol group attacks
the thioester bond of a protein, which is still on the column resulting also in the
covalent connection of two proteins (Figure 3.1b). In theory, it is even possible
that the thiol group forms a disulfide bridge with a native cysteine of the protein,
which results in malformation of the protein (Figure 3.1c). The use of MESNA in
the EPL process can also result in the formation of a disulfide bridge between the
MESNA and the native cysteine of the protein (Figure 3.1d).

Due to these drawbacks, we investigated the use of bifunctional linkers with
alternative nucleophiles for EPL. Kalia et al. (10) investigated the possibility to use
nitrogen-based nucleophiles instead of sulfur-based nucleophiles. These
nucleophiles will be called in general amine-based nucleophiles in this thesis. In
theory, several amine-based nucleophiles are capable to react directly with the
thioester bond between the POI and the intein-CBD complex due to their
nucleophilicity at neutral pH.

Table 3.1: pKa values of the conjugate acids from amine-based nucleophiles.

Nucleophile pKa Source
CH3ONH:> 4.60 (11)
C>2Hs50(O)CCH2NHNH> 6.45 (12)
CH3NHNH: 7.87 (13)
HOCH>CH:NH> 9.50 (11)

Kalia et al. performed a kinetic study on a chromogenic thioester with different
nitrogen-based nucleophiles and concluded that, at neutral pH, a-hydrazine acetyl
and alkyl hydrazine functionalities (Figure 3.2) have a much higher nucleophilicity
than simple amines and alkoxy amines. This can be explained by the a-effect (10,
14, 15) that increases the nucleophilicity by the presence of an adjacent a-atom
(in this case a N-atom) that contains lone pair electrons.Therefore, nitrogen-based
nucleophiles might be very suitable as nucleophiles for EPL reactions.

o]
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Figure 3.2: The chemical structure of a-hydrazine acetyl (left) and alkyl hydrazine (right)
functionalities.

Based on the results of Kalia et al., 2-hydrazinyl-N-(prop-2-yn-1-yl)acetamide
(Figure 3.3), a bifunctional linker containing an a-hydrazino acetamido group and
an alkyne, was synthesized and evaluated for EPL.

To investigate the effect of MESNA in EPL reactions and the possibility to use an
amine-based nucleophile instead of a thiol-based nucleophile, maltose-binding
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protein (MBP, 42 kDa) was used as a model protein. As discussed in Chapter 2,
MBP is a well-described protein (16-19) and the vector containing the MBP-intein-
CBD construct is commercially available and known as the pMXB10 vector. The
EPL reaction was performed in the presence and absence of MESNA. To evaluate
the amine-based bifunctional linker, the different conditions in the EPL reaction
(pH, temperature, incubation time) were optimized, taking into account that a
thioester bond is also sensitive to pH dependent hydrolysis (20). Therefore, a
compromise has to be found between the amount of hydrolysis and the amount
of site-specific functionalization.

Since the final goal of this thesis is the site-specific functionalization of nanobodies
(Nbs), also a nanobody against B-lactamase, called nanobody BcII10 (NbBcII10)
was used as a model. The reaction conditions optimized for MBP were applied to
this NbBcII10.
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3.2 Experimental section
3.2.1 Synthesis of the bifunctional linkers

The full synthesis of both bifunctional linkers (Figure 3.3) is described in Chapter
5. The chemical structure of the end-products is shown in Figure 3.3.

a) o b) H 0]
N

Figure 3.3: The chemical structure of (a) the thiol-based bifunctional linker 2-amino-3-
mercapto-N-(prop-2-yn-1-yl)propanamide and (b) the amine-based bifunctional linker 2-
hydrazinyl-N-(prop-2-yn-1-yl)acetamide.

3.2.2 The expression of the MBP-intein-CBD complex

The pMXB10 plasmid that carries the E. coli malE gene fused in frame with the
coding region of the Mxe gyrase A intein-chitin binding domain was transformed
into competent E. coli BL21(DE3) cells. The chitin-binding domain (CBD) was
added for purification purposes. An overnight culture was diluted in fresh LBa™P,
grown at 37 °C and 220 rpm to an optical density (ODeoonm) between 0.5 and 0.6.
Protein expression was induced by adding IPTG to a final concentration of 1 mM
and incubating at 37 °C for 3 hours while shaking. The cells were harvested by
centrifugation and resuspended in B-PER solution (containing 1U/mL DNAsel) for
cell lysis. The resulting cell suspension was centrifuged and the supernatant was
collected for further purification.

3.2.3 Standard protocol for the alkyne functionalization of MBP using EPL

The purification and click functionalization of MBP was done with a column
containing chitin beads. The column was equilibrated with 10 column volumes of
running buffer (RB; 20 mM HEPES, 500 mM NaCl, 1 mM EDTA, pH 8.5). After
equilibration, the cell supernatant was added slowly to the column and drained by
gravitational force giving the CBD the chance to bind to the column. Next, the
column was washed with 20 column volumes of RB to remove all the non-bonded
proteins present in the supernatant (those without a CBD).
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Figure 3.4: Expressed protein ligation. The proteins of interest (’ = MBP or NbBcII10)
were expressed in their respective vectors in E. coli BL21DE3. After cell extraction, the
proteins were purified using a chitin column where the N,S-acyl shift occurs. Classical EPL
(pathway A) uses a thiol-based bifunctional linker; pathway B shows the nucleophilic
reaction between an amine-based bifunctional linker and the intein-derived thioester bond
of the protein complex.
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MBP was eluted and functionalized by rinsing the column with 2 column volumes
of cleavage buffer. The cleavage buffers used are summarized in Table 3.2.

Table 3.2: An overview of the different cleavage buffers (CB) used for EPL. All the
components were dissolved in running buffer (pH 8.5).
CB1 MESNA*

CB2 MESNA*, TCEP®°, 1 mM thiol-based bifunctional linker
CB3 MESNA*, TCEP®°, 2 mM amine-based bifunctional linker
CB4 MESNA*, TCEP®, 5 mM amine-based bifunctional linker
CB5 MESNA*, TCEP®, 10 mM amine-based bifunctional linker
CB6 TCEP®°, 1 mM thiol-based bifunctional linker

CB7 TCEP®°, 2 mM amine-based bifunctional linker

CBS8 TCEP®°, 5 mM amine-based bifunctional linker

CB9 TCEP®°, 10 mM amine-based bifunctional linker
*30 mM; °1 mM

After 16 hours of incubation with the cleavage buffer at 4 °C, the columns were
eluted with 1.5 column volume of RB. The proteins were purified by size exclusion
chromatography using sephadex G-25 columns and PBS as elution buffer. This
protocol is further noted as the standard EPL protocol.

In order to increase the yield of the functionalization reaction, the influence of pH
values (pH 6 - 9), incubation time (16 and 40 h) and temperature (4, 21 and
37°C) was tested. The protein concentration was determined with UV-Vis at 280
nm using €2g0 nm = 66000 M-tcm-t,

3.2.4 Optimization of the pH for alkyne functionalization of MBP using EPL

A chitin column, containing the bound MBP-intein-CBD complex prepared as
discussed in section 3.2.3 was incubated with RB instead of CB at 4 different pH
values (pH 6.0, 7.0, 8.0 and 9.0) for 16 h at 4°C to test the effect of hydrolysis
on the MBP-intein-CBD complex. After elution of the samples with RB, the protein
concentration in the buffer was determined with UV-Vis spectroscopy at 280 nm.
This concentration represents the amount of hydrolyzed, non-functionalized MBP.

To evaluate the effect of pH on the nucleophilic reaction of the bifunctional linkers
with the thioester bond between MBP and the intein, the modification of MBP was
performed using the standard EPL protocol (section 3.2.3). The columns were
incubated with respectively CB6 and CB7. The pH of these cleavage buffers was
varied between 6.0 and 9.0. After purification using sephadex G-25 purification
columns and PBS, the concentration was measured by UV-Vis spectroscopy at 280
nm.
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3.2.5 Optimization of the incubation conditions for alkyne functionalization of
MBP using EPL

In addition to the effect of pH, the incubation time and temperature can also
influence the amount of non-specific off column splicing by hydrolysis. To test the
effect of these parameters, the standard EPL protocol (section 3.2.3) was used.
Six conditions were compared by incubating the beads at 4 , 21 and 30°C, for 16
or 40 h with RB instead of CB.

To evaluate the effect of incubation temperature and time on the functionalization
reaction, the standard EPL protocol (section 3.2.3) was applied using CB7 for an
incubation time of 16 or 40 h and at a temperature of 4 or 21°C.

3.2.6 The expression of the NbBcII10-intein-CBD complex

pTXB1:NbBcII10-LEY-intein-CBD (Construct 7 described in 5.2.2.1), was
transformed into competent E.coli BL21(DE3) cells. An overnight culture of these
cells in LB@™P was diluted in a large volume and grown to an ODggonm between 0.5
and 0.6 at 37 °C, 220 rpm. Protein expression (protein sequence NbBcII10-LEY:
MQVQLVESGGGSVQAGGSLRLSCTASGGSEYSYSTFSLGWFRQAPGQEREAVAAIASMG
GLTYYADSVKGRFTISRDNAKNTVTLQMNNLKPEDTAIYYCAAVRGYFMRLPSSHNFRYW
GQGTQVTVSSLEY, theoretical pl: 8.62, MW: 14366.0 Da), cell harvesting and cell
lysis were performed as described for MBP (Section 3.2.2).

3.2.7 Functionalization of NbBcII10 using EPL

Purification and modification of NbBcII10 was performed by means of chitin beads.
Four columns were packed with 2 mL of 50% chitin slurry and equilibrated with
10 column volumes of RB. The cell supernatant was divided in four equal parts
and each part was added slowly to a column and drained by gravitational force.
After rinsing with 20 column volumes of RB, NbBcII10 was flushed with 2 column
volumes of 4 different cleavage buffers (CB1, CB2 and CB7), one for each of the
four columns. Following overnight incubation at 4°C, the columns were eluted by
2 mL RB and the eluents were dialyzed against PBS and concentrated using
Amicon® Ultra 2 mL Centrifugal Filters with a molecular weight cut-off of 3 kDa.

In order to test whether higher concentrations of the amine-based bifunctional
linker were more efficient for the site-specific modification of NbBcII10, 20 uL of
the MESNA-modified NbBcII10 (CB1) was incubated with respectively 50 mM and
100 mM amine-based bifunctional linker for 16 h at 4°C. This way, NbBcII10 could
be incubated with very high concentrations of the thiol-based bifunctional linker
without using very large amounts of the synthesized linker.
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3.2.8 Click reaction in solution between modified MBP and azide functionalized
biotin

In order to check whether the ligation was successful, the CuUAAC reaction was
performed between the modified MBP and an azide-functionalized biotin
derivative. This was done by adding an excess of the azide-functionalized biotin
derivative (180 pM, dissolved in DMSO, Figure 2.5), 900 yM TCEP, 90 pM TBTA
(dissolved in DMSO) and 900 uM CuSO4 to 200 uL of the purified MBP solution
(1.82 uM for the samples with MESNA and 0.76 pM for the samples without
MESNA) and shaking it at room temperature for 2 hours.

As a negative control, the reaction was performed with non-functionalized MBP
(CB1). Additionally, the reaction was executed with alkynated MBP, obtained using
CB2, but without the use of copper catalyst.

3.2.9 Western blotting after MBP biotinylation

After the click reaction, as discussed in section 2.2.5, the alkynated MBP is
biotinylated. The samples were boiled with 2x SDS sample buffer and loaded on a
12% acrylamide gel for gel electrophoresis (1.5 hour at 120 V) together with a
molecular weight marker (ThermoFisher PageRuler™ Prestained Protein Ladder).
An overnight western blotting was performed at 20 V to transfer the MBP on a
polyvinylidene fluoride (pvdf) membrane. The membrane was blocked in 5% (w/v)
Bovine Serum Albumin (BSA) solution in Tris Buffered Saline Tween (TBST) for 2
hours and incubated with streptavidin alkaline phosphatase (1/1000) in TBST for
1 hour. The streptavidin will bind to the biotin. Only the alkynated MBP will have
biotin meaning that the streptavidin will only bind to the alkynated MBP.
Afterwards, the membrane was soaked in a 5-bromo-4-chloro-3-indolyl-
phosphate/nitro blue tetrazolium (BCIP/NTB) buffer for a few seconds until the
bands were visible. The full mechanism of this reaction is described in Chapter 5.

3.2.10 Covalent CuAAC mediated immobilization of MBP to a silicon substrate

The silicon substrates were functionalized with 3-azido-1-aminopropane (AAP) as
described in Chapter 2.

Site-specifically alkynated MBP (ssA*-MBP, were the * indicates the use of an
amine-based biofunctional linker) was produced by EPL using the standard
protocol and CB7 as a cleavage buffer. MBP produced by CB1 was used as a
negative control. The samples were filtered using size exclusion chromatography
(Sephadex G25) and stored in PBS. To a solution of 0.25 pM of ssA*-MBP (diluted
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in sodium acetate buffer pH 4), 0.5 mM CuSQ4, 2.5 mM sodium L-ascorbate and
1 mM THPTA were added. The click reaction was monitored for 90 min by in situ
ellipsometry (in duplo). Next, the substrates were washed with PBS, washing
buffer and PBS. Finally, the substrates were incubated for 20 minutes in MilliQ
water containing 0.5% (w/v) SDS outside of the apparatus. The final mass
increase was again measured in PBS.
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3.3 Results & discussion

3.3.1 Synthesis of the bifunctional linker

To modify MBP with a C-terminal alkyne group (MBP-alkyne) via the EPL method,
two bifunctional linkers were synthesized as described in Chapter 5.

The results of the synthesis of the thiol-based bifunctional linker (2-amino-3-
mercapto-N-(prop-2-yn-1-yl)propanamide) are already discussed in Chapter 2.
Figure 3.5 shows the 13C NMR spectrum of the amine-based bifunctional linker 2-
hydrazinyl-N-(prop-2-yn-1-yl)acetamide, which showed no significant impurities
expect for small amounts of remnants of trifluoroacetic acid (TFA).
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Figure 3.5: '3C NMR spectrum of 2-hydrazinyl-N-(prop-2-yn-1-yl)acetamide. Some of the
trifluoroacetic acid (TFA) used for the deprotection of the Boc functionality during synthesis
was still present.
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3.3.2 The effect of MESNA on the EPL process

The classical EPL pathway was already discussed in Chapter 2. In brief, after
expression of the MBP-intein-CBD complex and the N,S-acyl shift, a bifunctional
linker (thiol or amine based) is added to the column and the nucleophilic part of
the bifunctional linkers reacts with the thioester bond at the C-terminus of MBP.
As a consequence of this reaction, alkynated MBP is spliced off the column and
collected after elution with RB.

In most EPL protocols, MESNA is used to induce the intein-mediated cleavage of
the bifunctional linker (CB1-5, Table 3.2) as shown in Figure 3.6. The thiol group
of MESNA reacts with the thioester bond of the protein, which results in the
cleavage from the chitin column. At the same time, the bifunctional linker can be
added as a second nucleophile. This nucleophile reacts with the thioester bond of
the MBP-MESNA complex, resulting in C-terminally alkynated MBP.

(o]

+

Figure 3.6: Role of MESNA in EPL: MESNA is used to cleave the protein of interest (POI,

gj) from the column. At the same time, the bifunctional linkers react with the thioester
bond of this protein-MESNA complex to form the final alkynated protein.

Literature indicates that the addition of MESNA increases the protein yield after
modification (4-9). However, this means that not only the bifunctional linker is
responsible for the cleavage from the column but also MESNA (2, 21, 22). In other
words, it is possible that besides MBP-alkyne also MBP-MESNA elutes from the
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column due to the competition of both thiols in case of a thiol-based bifunctional
linker. To overcome this problem, the experiment was repeated without the use
of MESNA (CB6-9). In this experiment, only the bifunctional linker can cause the
cleavage from the column, meaning that only the MBP-alkyne can elute from the
column. As expected, the measured yield is lower, around 5 mg/L culture versus
20 mg/L culture for the samples that contain MESNA and thiol-based bifunctional
linker as shown in Table 3.3.

Table 3.3: Yield of the different functionalization experiments of MBP by expressed
protein ligation in function of the different cleavage buffers.

Cleavage buffer Yield (mg/L culture)
CB1 22.6
CB2 21.7
CB3 12.6
CB4 9.9
CB5 11.7
CB6 4.5
CB7 4.5
CBS8 6.3
CB9 4.5

3.3.3 Western blotting after MBP biotinylation

To test the alkynation by EPL, the eluted protein fraction was coupled to an azide
functionalized biotin derivative (Figure 2.5) by a CuAAC reaction. By using this
approach, only the modified MBP can react with biotin and as a consequence, only
the alkynated MBP can have a biotin label (Figure 3.7).
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Figure 3.7: Click reaction of MBP (ﬁ) and an azide-functionalized biotin. Only the
alkynated protein reacts with the biotin, the MESNA-functionalized protein cannot. This way,
the alkyne group can be visualized by western blotting.
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The reaction product was separated on a 12% polyacrylamide gel by gel
electrophoresis. The proteins were then transferred onto a pvdf membrane for
western blotting. After the transfer, streptavidin alkaline phosphatase was added
as streptavidin has a large affinity for biotin. Upon adding the substrate BCIP/NTB,
an enzymatic reaction starts to take place in which the alkaline phosphatase
converts the BCIP/NTB into a purple color, visible on the membrane. The results
are shown in Figure 3.8.
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Figure 3.8: Western blot analysis of the click reaction between alkynated MBP and an azide-
functionalized biotin. All functionalization conditions showed a band at 42 kDa, indicating
the presence of a biotin label. This is an indirect proof of the presence of an alkyne
functionalization at the C-terminus of MBP. The negative controls, CB1 (30 mM MESNA) and
CB2* (= CB2 without copper catalyst), gave no visible reaction. PageRuler™ Prestained
Protein Ladder was used as a marker.

Figure 3.8 shows a biotinylated protein at 42 kDa for all the tested conditions
(CB2-CB9). This means that MBP was biotinylated, which is only possible if the
alkynation of MBP was successful. The negative controls CB2* (were the click
reaction was performed without the copper catalyst) and CB1 showed no visible
bands on western blotting. Although this method is not quantitative, there is a
visible difference between the different concentrations of the amine-based
bifunctional linker. The higher the concentration of the linker, the more intense
the band on western blot. In addition, indications are present that MESNA
(slightly) increases the degree of functionalization. The high sensitivity of this
technique also results in a lot of additional bands on the blotting membrane,
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especially when a thiol-based bifunctional linker (CB2 and CB6) is used. The origin
of these bands is unknown, but these bands are not visible on SDS page (data not
shown) meaning that the concentration of these bands is low. Nevertheless, for
CB2 and CB6, there is a band visible at 84 kDa, illustrating the formation of
dimers. This experiment gives a very good first indication that hydrazines are a
possible alternative for thiols as a nucleophile for EPL. Note that this gives no
decisive answer to whether all the eluted protein is functionalized. Part of the
eluted protein can be the result of hydrolysis of the thioester bound. The impact
of hydrolysis versus copper-catalyzed cleavage will be studied in section 3.3.4.

3.3.4 Optimization of the reaction conditions for alkyne functionalization of MBP
using EPL

In order to increase the yield of the modification process, several adaptations of
the protocol were envisaged. Changes in pH can have an influence on the
nucleophilicity of the bifunctional linker due to protonation or deprotonation of the
nucleophile. An increase in reaction time and reaction temperature can also affect
the yield of the reaction. Nevertheless, these factors can also influence the
hydrolysis of the thioester bond. This means that MBP will be spliced off the chitin
resin without any functionalization. This results in a mixture of functionalized and
native MBP (23, 24).

To investigate the effect of pH on the hydrolysis of MBP from the MBP-intein-CBD
complex, the pH of the RB was varied between pH 6 and 9 (Figure 3.9).
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Figure 3.9: The effect of pH on hydrolysis of MBP from the chitin column.
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Figure 3.9 indicates that hydrolysis is lowest between pH 7.0 and pH 8.0. The
standard pH of RB (HEPES based buffer, pKs = 7.5) is pH 8.5. However, the
bifunctional linkers contain TFA as a by-product from the synthesis, as shown by
13C-NMR. The pH measurements of the cleavage buffers showed that the acid
properties of TFA will reduce the pH with approximately 1 unit at a concentration
of 1 mM thiol-based bifunctional linker and 2 mM amine-based bifunctional linker.
This means that the standard pH of the intein RB (pH 8.5) is the optimal pH (final
pH 7.5 due to TFA) and no further optimization is needed to prevent non-specific
off column splicing due to buffer pH.

Besides non-specific off column splicing, pH can also affect the nucleophilicity of
the bifunctional linker. Hereby, two “extreme” pH’s were evaluated.

Protein yield
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Figure 3.10: The effect of pH on the nucleophilicity of the bifunctional linker. The protein
concentration increases when using a higher buffer pH and this for all buffers used.

Figure 3.10 shows that the protein concentration increases as the pH of the buffer
increases. This effect seems to be the largest in MESNA (pKa=9.2) (8) containing
cleavage buffers (CB2 and CB3) but also CB6 (thiol-based bifunctional linker) and
CB7 (amine-based bifunctional linker) have almost a doubling of the protein
concentration. Note that in this experiment the hydrolysis also increased with 43%
at higher pH, which is even more than in the previous experiment (Figure 3.9). It
can thus be concluded that the increase in protein concentration at pH 9.0 for CB6
and CB7 is partly caused by the increase in hydrolysis and not by MBP
functionalization. The effect of pH on the MESNA-based CBs (CB2 and CB3) is
significant, as expected based on its pK; value.
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In addition to pH, reaction time and temperature can also influence the hydrolysis
of the MBP thioester bond or the efficiency of the nucleophilic reaction between
the bifunctional linker and the thioester bond in the MBP-intein-CBD complex.

First, the effect of the RB (pH 8.5) on the thioester bond hydrolysis of MBP from
the column was tested as a function of time and temperature.
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Figure 3.11: The effect of temperature and incubation time on the thioester bond hydrolysis
of MBP cleavage after incubation with RB. There is a clear correlation between higher
incubation temperatures and longer incubation times and an increasing concentration of
hydrolyzed protein.

Figure 3.11 shows that the hydrolysis of MBP from the column increases as a
function of temperature. The graph is showing very clearly that long incubation
times result in more hydrolysis of MBP from the column, especially at higher
temperatures.

The results in Figure 3.12 show a higher protein concentration when the reaction
with CB7 is performed at 21 °C. This means that the yield of the nucleophilic
reaction increases at higher temperatures. Furthermore, a combination of a higher
incubation time with a reaction temperature of 21°C results in a concentration
increase of 57%. Unfortunately, this increase in yield corresponds to the increase
of hydrolysis of the thioester bond of MBP, as shown in Figure 3.11 (more than
double the amount in hydrolysis at 21°C, 40 h compared with 16 h). Note that the
absolute values in the different figures cannot be compared because of differences
in experimental conditions (other reaction volumes and bacterial cultures), but
only the relative ratios.
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Figure 3.12: The effect of temperature and incubation time on the nucleophilic reaction of
the amine-based bifunctional linker (CB7). A higher incubation temperature, especially
combined with a longer incubation period, leads to a higher concentration of eluted protein
from the column.

To determine whether the increased protein concentration is caused by hydrolysis
or by site-specific alkynation, the eluted fraction was treated with an azide-
functionalized biotin derivative in a CuUAAC reaction.
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Figure 3.13: SDS page (left) and western blot (right) of the results of the CuAAC reaction
between azide functionalized biotin and MBP-alkyne modified via EPL using the amine-based
bifunctional linker mixture for 2 different incubation times (16 and 40 h) and temperatures
(4 and 21°C). All conditions produced alkynated MBP and the intensity of the band increased
upon going from 4 to 21°C. MESNA functionalized MBP was used as a negative control.
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Figure 3.13 (left) shows that, based on molecular mass, all the reaction conditions
result in the elution of MBP. On the left side of the marker, the proteins before the
click reaction were loaded; on the right side contains the MBP after the click
reaction. MESNA-functionalized MBP was used as a negative control (no alkyne
function). Figure 3.13 (right) shows the western blotting result of the eluted
proteins. This blot indicates that a click reaction took place between the eluted
protein and the azide-functionalized biotin derivative. For the negative control,
i.e. the proteins before the click reaction (- click mix), no bands were observed.
Although it is difficult to quantify this with western blotting, a trend is visible that
a higher incubation temperature and longer incubation time does not only give a
higher total protein yield (Figure 3.12), but also a higher amount of alkynated
MBP in comparison to the other samples.

In order to evaluate the modification quantitatively, ESI-MS was used. The
theoretical mass of alkynated MBP produced via EPL using the amine-based
bifunctional linker is 42667.4 Da and in case of hydrolysis 42558.3 Da. As a
control, MESNA-functionalized MBP was used giving a theoretical mass of 42682.5
Da. Figure 3.14a shows that MESNA-functionalized MBP gives a mass of 42557.7
Da, meaning that the MESNA functionality is hydrolised after the reaction or the
N-terminal methionine is removed during expression. The sample modified with
CB3 (Figure 3.14b), containing MESNA and amine-based bifunctional linker, gives
a mass similar to the mass measured with CB1 meaning that most of the MBP is
hydrolised and there is no effect of the amine-based bifunctional linker visible in
the spectrum. MESNA is such a strong nucleophile that there is no significant effect
of the amine-based bifunctional linker. Figure 3.14c shows a large peak of 42430.6
Da, corresponding to pure MBP without N-terminal methionine (theoretical mass
of 42427.1 Da). This means that the resulting MBP is mainly arising from
hydrolysis and not from EPL and support the theory that the peak in Figure 3.14a
is MESNA functionalized MBP. Nevertheless, Figure 3.8 shows that there was a
click reaction. So probably, a small percentage is modified resulting in the absence
of a clear peak on the mass spectrometry spectrum. Higher concentrations of the
amine-based bifunctional linker gave similar results.
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Figure 3.14: ESI-MS of MBP modified with CB1 (a), CB3 (b) and CB7 (c). CB1 only
contained MESNA as a nucleophile and was used as a control. CB3 contains MESNA and the
amine-based bifunctional linker but only MESNA functionalization is visible in the spectrum.
CB7 contains only the amine-based bifunctional linker as a nucleophile but only hydrolyzed
MBP was detected.

The ellipsometry experiment shown in Figure 3.15 shows a real time monitoring
of the click reaction on an azide-functionalized surface (0-3000 sec, in duplicate).
Several washing steps were performed (3000-6500 sec) to remove all of the non-
covalently bound protein. After these washing steps, ssA*MBP stays on the
surface with a mass increase of 0.14 pyg/cm2 for ssA*MBP (a) and 0.15 pg/cm?2
for ssA*MBP (b). This is only possible when there is an alkyne group on the MBP.
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Figure 3.15: Ellipsometry of ssA*-MBP (in duplicate). There is a significant mass increase
after several washing steps compared with the non-functionalized MBP, indicating a covalent
coupling.

3.3.5 Functionalization of NbBcII10 using amine-based EPL

In order to exclude any protein-specific problems, amine-based EPL was
performed with NbBcII10 using CB1 and CB7. This modification was directly tested
by ESI-MS as shown in Figure 3.16. The expected mass of NbBcII10-alkyne,
produced using the amine-based bifunctional linker, is 14465 Da. If the
modification was not successful and only hydrolysis of the thioester bond
occurred, a peak at 14366 is expected. As a control, MESNA-functionalized
NbBcII10 was used giving an expected mass of 14490 Da.

These spectra show that functionalization with MESNA using EPL is successful for
NbBcII10. Nevertheless, reaction with the amine-based bifunctional linker 2-
hydrazinyl-N-(prop-2-yn-1-yl)acetamide results in pure NbBcII10 by hydrolysis
and not in clearly alkynated NbBcII10. Note that the peaks 14486 and 14504 are
caused by contamination of the ESI-MS column by the MESNA functionalized
NbBcII10 experiment. This result is similar as obtained earlier for MBP, excluding
any protein specific problems of protein alkynation by amine-based EPL.
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Figure 3.16: ESI spectra of NbBII10 modified by using CB1 (a), CB7 (b). Note that
spectrum b still contains impurities from a previous experiment.
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Further literature research also indicated that thiols are, 10 years after the
publication of Kalia et al., still the most commonly used nucleophiles for EPL.
Marshall et al. (25) use the technique for functionalization of proteins in yeast
surface display. They described the expression of single chain antibodies and GFP
in complex with intein on the surface of yeast. EPL was performed directly on the
yeast cells using a hydrazine bifunctional linker or MESNA. A 500 mM
concentration of amine-based bifunctional linker and an incubation time of 3 days
was necessary to get 20 % of the yield when using 50 mM of MESNA during 45
minutes. This indicates that they also had to use extreme conditions to perform
EPL using a hydrazine bifunctional linker. Unfortunately, there is no mass
spectrometry evidence of their functionalization, only western blotting of a biotin
coupling as showed in this study. These finding combined with the results of this
study indicate that amine-based bifunctional linkers are no worthy alternative for
thiol-based bifunctional linkers.
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3.4 Conclusions

EPL is a suitable technique for the C-terminal modification of MBP. Currently,
mainly thiol-based nucleophiles are used for EPL. The disadvantage of this
approach is the introduction of an additional cysteine, resulting in disulfide bridge
formation with other thiol groups. To overcome this issue, an amine-based
bifunctional linker was investigated. After a successful synthesis, the linker was
used for EPL with MBP as a model protein. The EPL reaction conditions were
optimized by variations in pH, reaction temperature and time to increase the total
protein yield. However, the positive effects of these optimizations on the yield
were also seen in the negative control samples. Hereby it is concluded that the
higher protein yield was associated with a higher degree of hydrolysis of the
thioester bond and not with a higher degree of MBP alkyne functionalization.
Nevertheless, a click reaction between MBP that was alkynated by EPL using an
amine-based bifunctional linker and azide functionalized biotin was proven by
making use of western blotting. The absence of clear individual peaks on mass
spectrometry indicates that only a minor percentage of the MBP was actually
functionalized with an alkyne. Consequently, it is concluded that the tested amine-
based bifunctional linker is not a fully-fledged alternative for thiol-based
bifunctional linkers.
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Site-specific functionalization of nanobodies after introducing bioorthogonal
groups offers the possibility to biofunctionalize surfaces with a uniformly oriented
layer of nanobodies. In this paper, expressed protein ligation (EPL) was used for
site-specific alkynation of the model nanobody NbBcII10. In contrast to EPL
constructs, which are typically expressed in the cytoplasm, nanobodies are
expressed in the periplasm, where its oxidizing environment ensures a correct
folding and disulfide bond formation. Different pathways were explored to
express the EPL constructs in the periplasm, but simultaneously the effect of
cytoplasmic expression on the functionality of NbBcII10 was also evaluated. By
using Escherichia coli SHuffle®T7 cells, it was demonstrated that expression of
the EPL complex in the cytoplasm was readily established and that site-
specifically mono-alkynated nanobodies can be produced with the same binding
properties as the non-modified NbBcII10 expressed in the periplasm. In
conclusion, this paper shows that periplasmic expression of the EPL complex is
quite challenging, but cytoplasmic expression has proven to be a valuable
alternative.
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4.1 Introduction

The oriented and covalent coupling of proteins to functionalized surfaces is a
crucial step in the production of bioactive surfaces as found in biosensors (1).
Nowadays, immobilization is mostly based on physical adsorption, resulting in a
weak, non-covalent and non-oriented coupling of these proteins (2-4). To
strengthen the coupling, covalent attachments involving endogenous reactive
groups (from lysines) are often used (e.g. EDC/NHS couplings) (5, 6). However,
these couplings still result in a non-oriented immobilization because the
endogenous groups occur at multiple locations spread over the protein’s surface.
Alternatively, a site-specifically introduced affinity tag (e.g. Hiss-tag) on the
protein can be used to associate with a properly functionalized biosensor surface
(e.g. Ni-NTA), but this interaction is weak and easily disrupted (7, 8).

Therefore, the site-specific introduction in the protein of a single bioorthogonal
group to react covalently with a complementary group on the biosensor surface,
seems an attractive approach for a robust and directed protein immobilization.
Such a site-specific functionalization and immobilization on a sensor surface will
result in a higher specificity and selectivity of the envisaged antigen-protein
interaction. In this chapter, expressed protein ligation (EPL) is used for the
introduction of an alkyne click functionality onto a single-domain antibody
fragment, i.e. a nanobody (Nb), to develop site-specific functionalized probes for
subsequent generation of oriented and covalently coupled protein layers onto a
solid carrier.

EPL is a technique that involves the recombinant expression of a protein of interest
fused with a mutated Mxe GyrA intein and a chitin-binding domain (CBD). The
mutant intein will facilitate an N,S-acyl shift in the peptide bond between the
protein of interest and the intein, resulting in a thioester bond. Moreover, the CBD
enables purification of the expressed protein on a chitin column. The protein of
interest can subsequently be disconnected from the protein complex via a reaction
between the newly formed thioester bond in the protein and a thiol group
containing nucleophile (9, 10). Through careful design of so-called bifunctional
linkers containing both a thiol group as nucleophile and a bioorthogonal group
such as an alkyne, the protein can readily be site-specifically functionalized at its
C-terminus (11, 12).

Nbs, also known as single-domain antibody fragments (sdAbs) or VHHSs, are the
recombinant autonomous antigen-binding domains of heavy-chain-only
antibodies that occur in species of the Camelidae family (13, 14). They are an
interesting alternative for monoclonal antibodies in diagnostic applications due to
their small size (~ 15 kDa) and their high specificity and affinity for their antigen
(15). Furthermore, they have a well-conserved structure, are relatively easy to
express in Escherichia coli (E. coli), they are encoded by only one gene (which
facilitates an easy genetic manipulation) and they remain soluble and stable at
elevated temperatures (15-17).
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In general, Nbs are expressed in the periplasm of E.coli (18, 19). The oxidizing
environment of the periplasm facilitates protein folding and the periplasmic
extracts enriched with the recombinant Nb facilitate subsequent purification. The
periplasmic transport of the Nb is provoked by the N-terminal pelB leader
sequence of the Sec pathway, which enables transport through the inner
membrane of bacteria (Figure 4.1). EPL-based constructs, however, are
preferentially expressed in the cytoplasm (20-22) and previous reports already
indicated that the pelB leader sequence is not practical for the Nb-intein-CBD
fusion protein (23). We therefore explored alternative strategies to produce Nb-
intein-CBD fusion proteins.

Sec Pathway SRP Pathway Tat Pathway
Post-translational Co-translational Post-translational
- : ‘vvi\\ﬂﬂ;‘-
T e

\/ ‘ Cytoplasm

|

-1

ﬁ Periplasm

Figure 4.1: Three periplasmic secretion pathways for proteins in E. coli. The Sec pathway
is a post-translational pathway in which the protein is fully secreted by ribosomes.
Afterwards, the leader sequence enables correct folding of the protein by transporting it to
the periplasm via the SecYEG translocon. The SRP pathway uses the same translocon as the
Sec pathway but here SRP is binding to the leader sequence, and translocates the protein-
ribosome complex to the SecYEG translocon during the protein synthesis. The Tat pathway
uses a different approach since it is transporting folded proteins from the cytoplasm to the
periplasm using the Tat translocon.

Three pathways allowing periplasmic transport of recombinant proteins in E.coli
are known: the Sec pathway, the signal recognition particle (SRP) pathway, and
the twin-arginine translocation (Tat) pathway (Figure 4.1). The Sec pathway is a
post-translational pathway in which the protein is synthesized completely, i.e. with
a leader sequence, and released from the ribosome after which it is directed to
the Sec-translocase (24). Common leader sequences used for this pathway are
pelB, ompA, ompF and malE (25). The efficacy of these four Sec leader signals
was evaluated to produce the Nb-intein-CBD fusion in the periplasm. The second
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pathway for periplasmic transport is the SRP pathway. This pathway also targets
the Sec-translocase but it is a co-translational pathway. SRP binds to the leader
sequence after its translation from the ribosomes and the entire complex of SRP-
ribosome-nascent protein is targeted to the Sec-translocase (24). Commonly used
leader sequences dedicated to the SRP pathway are DsbA and TolB (26). These
two leader sequences were also tested in this study on their ability to produce Nb-
intein-CBD fusions in the bacterial periplasm. The third pathway, the Tat pathway
is not interesting for Nb transport because this pathway transports folded proteins
into the periplasm using Tat translocons (27).

In the present study, a nanobody against Bacillus cereus B-lactamase (BclII) (19,
28, 29), NbBcII10, is used as a model to evaluate various approaches for the
periplasmic transport of the Nb-intein-CBD fusion protein. Furthermore, the
requirement for periplasmic expression of Nbs alkynated by EPL was investigated
by comparing the functionality of Nb-intein-CBD fusion protein expressed in the
cytoplasm and native non-functionalized NbBcII10 expressed in the periplasm. To
this end, the binding capacities of both formats were analyzed using ELISA and
surface plasmon resonance (SPR).
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4.2 Materials and Methods

4.2.1 Materials

The primers were synthesized by Integrated DNA technologies (IDT). Materials for
the PCR and molecular cloning were purchased from Thermo Scientific. Sanger
sequencing was performed by LGC Genomics Germany. Growth media
components were purchased from Becton Dickinson (BD) Biosciences. The BclI
antigen was kindly provided by Prof. André Matagne (Université de Liége,
Belgium). The pTXB1 vector, chitin resin, E.coli BL21(DE3) and SHuffle®T7
competent cells were purchased from New England Biolabs. Materials and
chemicals for the SPR experiments were purchased from GE Healthcare. All other
chemicals were purchased from Sigma, unless stated otherwise.

4.2.2 Molecular cloning

The pTXB1 vector was used to express the Nb-intein-CBD fusion protein. The
different leader sequences used for the different constructs are summarized in
Table 4.1.

Table 4.1: Overview of the DNA sequences of the different leader sequences used for the
periplasmic expression of NbBcII10 (25, 26).

Construct Leader DNA sequence leader Pathway Accession
no.
A pelB 5" ATG AAATAC CTATTG CCT ACG GCA  Sec P11431°

GCC GCT GGA TTG TTA TTA CTC GCG
GCC CAG CCG GCC ATG GCC 3’

B ompA 5" ATG AAA AAG ACA GCT ATCGCG ATT Sec V00307*
GCA GTG GCA CTG GCT GGT TTC GCT
ACC GTA GCG CAG GCC 3’

C ompF 5" ATG ATG AAG CGC AAT ATT CGT GCA Sec J01655*
GTG ATC GTC CCT GCT CTG TTA GTA
GCA GGT ACT GCA AAC GCT 3’

D malE 5" ATG AAA ATA ACA GGT GCA CGC Sec V00303*
ATC CTC GCA TTA TCC GCA TTA ACG
ACG ATG ATG TTT TCC GCC TCG GCT
CTC GCC 3’

E DsbA 5" ATG AAA AAA ATT TGG CTG GCG SRP POAEG4°
CTG GCG GGC CTG GTG CTG GCG TT1T
AGC GCG AGC GCG 3’

F TolB 5" ATG AAA CAG GCG CTG CGT GTG SRP POA855°
GCG TTT GGC TTT CTG ATT CTG TGG
GCG AGC GTG CTG CAT GCG 3’

G None None N.A. N.A.

* GenBank, ° Uniprot
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The NbBcII10 gene was amplified from the pHENG6:pe/B-NbBcII10-Hiss vector (19)
using different primers to generate different amplicons to clone in the pTXB1
vector. The pelB-NbBcII10 insert was made using the pelB_fw forward primer (5'-
GGTGGTCATATGATGAAATACCTATTGCCTACGGCAGCCG-3') and pelB_rv reverse
primer (5-GGTGGTTGCTCTTCGCATGAGGAGACGGTGA-3’). The gene of the other
leader sequences was not available, so these leader sequences were added to the
Nb by two subsequent PCR reactions. The forward primers are summarized in
Table 4.2, the reverse primer, leader_rv (5'-
GGTGGTTGCTCTTCCGCATGAGGAGACGGTGA-3") was the same for all the
reactions.

Table 4.2: Overview of the different forward primers used for the attachment of different
leader sequences to NbBcII10 in order to direct the periplasmic expression of the Nb-intein-
CBD fusion protein.
Leader Primer sequence
OmpA_1 5-TGCAGTGGCACTGGCTGGTTTCGCTACCGTAGCGCAGGCCCAGGTGCAGCTG
GTGGAGTC-3’

OmpA_2 5'-
GGTGGTCATATGATGAAAAAGACAGCTATCGCGATTGCAGTGGCACTGGCTGG
TT-3’

OmpF_1 5'-
GATCGTCCCTGCTCTGTTAGTAGCAGGTACTGCAAACGCTCAGGTGCAGCTGG
TGGAGTC-3’

OmpF_2 5'-
GGTGGTCATATGATGATGAAGCGCAATATTCGTGCAGTGATCGTCCCTGCTCTG
TTAG-3'

malE_1 5'-
CGCATTAACGACGATGATGTTTTCCGCCTCGGCTCTCGCCCAGGTGCAGCTGG
TGGAGTC-3’

malE_2 5'-
GGTGGTCATATGATGAAAATAACAGGTGCACGCATCCTCGCATTATCCGCATTA
ACGACGATGATGT-3’

DsbA_1 5'-CCTGGTGCTGGCGTTTAGCGCGAGCGCGCAGGTGCAGCTGGTGGAGTC-3’

DsbA_2  5-GGTGGTCATATGATGAAAAAAATTTGGCTGGCGCTGGCGGGCCTGGTGCTG
GCGTTTAG-3’

TolB_1  5-GGCTTTCTGATTCTGTGGGCGAGCGTGCTGCATGCGCAGGTGCAGCTGGTGG
AGTC-3’

TolB_2 5-
GGTGGTCATATGATGAAACAGGCGCTGCGTGTGGCGTTTGGCTTTCTGATTCTG
TGGGC-3'

None 5'-GGTGGTCATATGCAGGTGCAGCTGGTGGAGTCTGGGGGAGGCTCGGTG-3’

As a positive control, a variant of construct (a) was made containing two stop
codons (TAA-TGA) downstream of the pelB-NbBcII10 gene (construct (a’)). This
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pelB-NbBcII10-TAA-TGA insert was made using the pelB_stop_fw primer (5'-
GGTCACGGTCACGGTGGTCATATGATGAAATACCTATTGCCTACGGCAGCCGCTG-3")
and the pelB_stop_rv primer (5'-GGTGGTTGCTCTTCCGCATCATTATG
AGGAGACGGTGACCTGGG-3'"). For cytoplasmic expression, no leader sequence is
needed and the insert only consists of NbBcII10 (last primer of Table 4.2). In
contrast to the other constructs, a different reverse primer (5'-
GGTGGTTGCTCTTCCGCAGTACTCGAGTGAGGAGACGGTGACCTGGGT-3") was used
to add three amino acids (LEY) at the C-terminus of the Nb.

All PCRs were performed using Phusion Hot Start II high-fidelity DNA polymerase
for 30 sec at 98°C, followed by 30 cycles of 8 sec at 98°C and 15 sec at 72°C.
The final elongation step was performed for 8 minutes at 72°C resulting in the
final inserts. Next, the Nb constructs and pTXB1l vector were digested using
Fastdigest Ndel and Sapl restriction enzymes using a standard protocol as
provided by the supplier, and purified using PCR cleanup or gel extraction kits.
After purification, the vector and insert were ligated using T4 ligase according to
the manufacturer's protocol. The ligated constructs were subsequently
transformed into chemically competent TOP10F’ cells using the heat shock
method, plated on Luria-Bertani (LB) agar containing 100 pg/mL Ampicillin (LB2™P)
and incubated for 16 h at 37°C. Afterwards, individual colonies were randomly
selected, cultured and DNA was extracted to check the constructs by means of
Sanger sequencing.

4.2.3 Expression and extraction of the Nb-intein-CBD fusion protein
4.2.3.1 Periplasmic expression in E. coli BL21(DE3)

Constructs (a)-(d) and (a’) were transformed into chemically competent E. coli
BL21(DE3) cells and cultured in 50 mL LB®™P medium until an optical density ODeoo
between 0.6 and 0.9 was reached. Next, expression for 16 h at 28°C was induced
by adding isopropyl B-D-1-thiogalactopyranoside (IPTG) to a final concentration
of 1 mM. The cells were harvested by centrifugation and a periplasmic extraction
was performed using an osmotic shock. To this end, the cell pellet was
resuspended in Tris-EDTA-Sucrose (TES) solution and incubated on ice for 1 hour
while shaking. Next, an osmotic shock was achieved by adding a double amount
of TES diluted 1:4 with Milli-Q water and the cell suspension was shaken on ice
during 2 hours. Afterwards, MgCl, was added to a final concentration of 10-15
mM. After centrifugation, the supernatant was collected for further use.

4.2.3.2 Periplasmic expression in E. coli Lemo21(DE3)

To increase the periplasmic extraction vyield, a BL21(DE3) variant, E.coli
Lemo21(DE3), was used. This strain is especially designed for the expression of
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poorly soluble proteins. The strain contains an additional plasmid, i.e. pLemo that
can produce T7 lysozyme, a natural inhibitor of T7 RNA polymerase. The
expression of T7 lysozyme is under control of a rhamnose inducible promotor. By
varying the concentration of rhamnose, and consequently the concentration of T7
lysozyme, the activity of T7 RNA polymerase can be modulated, resulting in a
controlled regulation of the target protein expression (30, 31). Constructs (a)-(f),
the negative control (g) and positive control (a’) were transformed into chemically
competent Lemo21(DE3) cells and expression was performed in the same way as
for normal BL21(DE3) except that only 400 uM IPTG was used to induce the
expression and 100 pg/mL chloramphenicol was added to the medium to preserve
the pLemo vector. In addition, to regulate the expression level of T7 lysozyme,
varying concentrations of rhamnose (final concentration between 0 and 2000 uM)
were tested. Periplasmic extraction was performed as described for BL21(DE3) or
as described by Schlegel et al. (31).

4.2.3.3 Cytoplasmic expression in E. coli SHuffle®T7

Construct (g) was transformed into chemically competent E. Coli SHuffle®T7 cells.
These cells are derived from the E.coli K12 strain and are especially developed to
facilitate disulfide formation in the cytoplasm. The NbBclI10-gene containing
SHuffle®T7 cells were cultured in 300 mL LB2MP medium until an ODeoo between
0.6 and 0.9 was reached. Expression was induced by adding IPTG to a final
concentration of 1 mM during 3 hours at 37°C. Afterwards, the cells of a 300 mL
culture were harvested using centrifugation and extracted by resuspending the
cell pellet in 6 mL B-PER solution (Thermo Scientific), supplemented with 6 U
DNAsel (Thermo Scientific), and incubated for 15 minutes at room temperature.
After centrifugation for 30 minutes at 20 000 g and 4°C, the supernatant was
collected for further use.

4.2.3.4 Periplasmic expression in E. coli WK6

Non-modified NbBcII10-Hise (PHEN6 vector) was expressed in E.coli WK6 cells (5
mg/L culture) as described by Conrath et al. (19). NbBcII10-HLC (pHEN25 vector)
is expressed following the same protocol. This expressed protein contains at its C
terminal end a spacer of 14 amino acids, a hexahistidine tag and a cysteine, which
will cause a dimerization of the Nb (32).

4.2.4  Synthesis of the 2-amino-3-mercapto-N-(prop-2-yn-1-yl)propanamide
bifunctional linker

2-Amino-3-mercapto-N-(prop-2-yn-1-yl)propanamide was synthesized by
dissolving 2 mmol (0.9272 g) N-(tert-butoxycarbonyl)-S-trityl-L-cysteine, 2.2
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mmol (0.4217 g) of  N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide
hydrochloride (EDC) and 2.2 mmol (0.2532 g) N-hydroxysuccinimide (NHS) in 30
mL dichloromethane (DCM) and stirring for 16 h at room temperature. After
extraction with water, the DCM phase was dried over MgS0O4 and evaporated under
reduced pressure. 1 mmol (0.5607 g) of the resulting white powder was dissolved
in 20 mL dry DCM together with 2 mmol (0.137 mL) propargylamine and 2 mmol
triethylamine (0.279 mL) and stirred continuously for 16 h under N> atmosphere
at room temperature. The resulting product was purified using column
chromatography over silica with ethyl acetate/DCM (1/24) as eluent. The solvent
was removed under reduced pressure. To remove the protective Boc and trityl
groups, 100 mg of the dry purified product was dissolved in 3 mL trifluoroacetic
acid (TFA), 100 pL water and 100 pL triisopropylsilane. After 30 minutes of stirring
at room temperature, the TFA was removed under reduced pressure and the
product was dissolved in 20 mL DCM. The mixture was extracted 5 times with
water and the water phase was lyophilized.

4.2.5 Site-specific alkynation of NbBcII10 by expressed protein ligation

After a cytoplasmic extraction, expressed in E. coli SHuffle®T7, the supernatant
was slowly added to columns containing chitin beads that were equilibrated with
running buffer (20 mM HEPES, 500 mM NaCl and 1 mM EDTA at pH 8.5). After
extensive washing with running buffer, the columns were incubated overnight at
4°C with cleavage buffer (CB; 20 mM HEPES, 500 mM NaCl, 1 mM EDTA, 1 mM
tris(2-carboxyethyl)phosphine (TCEP) at pH 8.5). While one column was incubated
with CB supplemented with 30 mM 2-mercaptoethane sulfonate Na (MESNA),
another column was incubated with CB supplemented with 30 mM MESNA and 1
mM  of the bifunctional linker  2-amino-3-mercapto-N-(prop-2-yn-1-
yl)propanamide. After overnight incubation, the columns were eluted using 1.5
column volumes of running buffer and immediately dialyzed against PBS using an
Amicon Ultra-15 Centrifugal Filter Unit with Ultracel-3 membrane having a
molecular weight cut-off of 3 kDa (Merck Millipore).

4.2.6 SDS-PAGE and electrospray ionization mass spectrometry

All protein extracts were analyzed using sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE). The samples were boiled in a 2x or 5x SDS
sample buffer containing B-mercaptoethanol for 5 minutes and analyzed by 12%
SDS-PAGE.

The cytoplasmic extracts were, after alkynation using EPL and dialysis, analyzed
by electrospray ionization mass spectrometry (ESI-MS), as described by Ta et al.
(23).
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4.2.7 Clickability of NbBcII10-LEY-alkyne using western blot

To test the clickability of the EPL-functionalized NbBcII10, a copper-catalyzed
azide-alkyne cycloaddition (CuAAC) was performed in solution. In 200 pl
phosphate buffered saline (pH 7.4), containing purified NbBcII10-LEY-alkyne, an
excess of the azide functionalized biotin derivative N-(3-azidopropyl)-5-(2-
oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl)pentanamide (11) (180 uM,
dissolved in DMSO) was added together with 900 uM TCEP, 90 uM
tris(benzyltriazolylmethyl)amine (TBTA, dissolved in DMSO) and 900 uM CuSOa.
As a negative control, non-alkynated NbBcII10 was used. After 2 hours of shaking
at 21°C, the reaction products were, without any further purification, boiled with
2x SDS sample buffer. Afterwards, gel electrophoresis was performed using a 12%
SDS-PAGE gel with a molecular weight marker. Subsequently, the proteins were
transferred to a polyvinylidene fluoride (pvdf) membrane by diffusion overnight.
The next day, the membrane was blocked in 5% (w/v) Bovine Serum Albumin
(BSA) solution in Tris Buffered Saline Tween (TBST: 25 mM Tris, 150 mM NadCl,
0.05% (v/v) Tween-20, pH 8.0) for 2 hours. To detect the presence of biotin, the
membrane was incubated with streptavidin alkaline phosphatase (1/1000) in TBST
for 1 hour. Finally, visualization of the biotinylated sample was performed by
soaking the membrane for a few seconds in a bromo-4-chloro-3-indolyl-
phosphate/nitro blue tetrazolium (BCIP/NTB) solution that will react with the
alkaline phosphate on the protein, resulting in a purple precipitate visible on the
membrane.

4.2.8 Enzyme-linked immunosorbent assay

To test the capacity of alkynated NbBcII10 to bind to its cognate BcII antigen, a
competitive enzyme-linked immunosorbent assay (ELISA) was performed. Non-
modified NbBcII10-Hise was used as a control. A 96-well microplate (Thermo
scientific Nunc Maxisorp™) was coated with 200 pl of a 1 pg/mL BcII antigen
solution in ELISA coating buffer (0.1 M NaHCOs, pH 8.2) and incubated overnight
at 4°C while shaking. Next, the microplate was rinsed 5 times using TBST buffer,
incubated for 7 hours with a 2% (w/v) skimmed milk powder in TBST solution at
4°C while shaking and again washed 5 times using TBST buffer. The NbBcII10-
Hise was then added in a concentration range between 5 and 250 ng/mL to one
part of the plate, a combination of NbBcII10-LEY-alkyne (concentration range 250
- 49750 ng/mL) and NbBcII10-Hiss (fixed concentration of 250 ng/mL) was added
to the other part. After overnight incubation at 4°C while shaking, the plate was
washed 5 times with TBST buffer. Next, the plate was incubated with a monoclonal
mouse anti-histidine antibody (1 pg/mL) for 3 hours at 21°C, rinsed again 3 times
with TBST and incubated with anti-mouse IgG-alkaline phosphate antibody (0.1
pMg/mL) for 2 hours at 21°C. Finally, the plate was rinsed 3 times with TBST and
200 pl of a ready-to-use p-nitrophenylphosphate (pNPP) solution was added. After
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6.5 minutes, the reaction was blocked with 50 pL NaOH solution (3 M) and the
absorbance was measured at 405 nM (ODg4os5) using a FLUOStarOmega Reader
(BMG Labtech).

4.2.9 Surface plasmon resonance analysis

Surface plasmon resonance (SPR) affinity measurements were performed using a
Biacore T200 (GE Healthcare). A CM5 SPR chip was coated with 348 RU of BclI
antigen (MW 24 962 Da) by means of an EDC/NHS coupling. A kinetic study was
performed as described in the manufacturer’s protocol using a 2-fold serial dilution
(500 - 1.95 nM) of NbBcII10-Hiss, NbBcII10-HLC and four different batches of
NbBcII10-LEY-alkyne. A flow rate of 30 pl/min in HBS (10 mM HEPES, 150 mM
NaCl, 3.4 mM EDTA; 0.005 % (v/v) Tween20; pH 7.4) was used, combined with
an association phase of 120 sec and a dissociation phase of 600 sec. For
regeneration after binding, 100 mM glycine-HCI (pH 2.5) was used. The data were
fitted using a 1:1 binding stoichiometry with drift and RI2 kinetic model (Biacore
T200 evaluation software).
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4.3 Results and discussion
4.3.1 Periplasmic expression

Nbs, including NbBcII10, are generally expressed with a pelB leader signal
sequence for secretion in the bacterial periplasm (19). In 2009, Reulen et al. (33)
reported the possibility to express a Nb-intein-CBD fusion protein in the periplasm
using this N-terminal pelB leader sequence. However, this approach failed for a
broad panel of antibody fusion partners and the periplasmic expression of
antibody-intein fusions in prokaryotes seems to have its limitations (20). Recent
experiments further supported the difficulties to reproduce this strategy for other
Nb-intein-CBD fusion proteins (23).

In our study the contribution of the leader signal and the corresponding targeted
translocation pathway in the expression level of this fusion was primarily
assessed. To this end, NbBcII10 preceded by the pelB (a and a’), ompA (b), ompF
(c) or malE (d) signal sequences was cloned between the Ndel and SaplI restriction
sites in the pTXB1 vector and transformed in the E.coli strain BL21(DE3),
expressing T7 RNA polymerase (6, 34, 35). The ability of these four constructs
(a)-(d) to export the NbBcII10-intein-CBD fusion protein to the periplasm using
the Sec pathway was assessed by monitoring the SDS-PAGE band pattern for the
presence of a 43 kDa protein band in the different periplasmic fractions. The
absence of any significant protein band corresponding to the NbBcII10-intein-CBD
fusion protein, even after enrichment on chitin beads confirmed the previously
reported practical problems to transport the Nb-intein-CBD fusion protein through
the inner membrane of BL21(DE3) cells via the Sec pathway (23). As a positive
control, construct (a’) was cloned in the pTXB1l vector in the same way as
construct (a-d) but due to the two stop codons between the pelB-NbBcII10 gene
and the intein gene, only pelB-NbBcII10 was expressed and transported to the
periplasm. As shown in Figure 4.2 (right Lane 1), NbBcII10 was clearly present in
the periplasmic extract, indicating that the intein-CBD part prevents the transport
of the NbBcII10-intein-CBD fusion protein to the periplasm.

Wagner et al. (30) noted that BL21(DE3) cells are sensitive to the toxic effect of
overexpressing membrane proteins by the formation of inclusion bodies in the
cytoplasm. Similarly to our Nb-intein-CBD fusion proteins, the same translocation
pathways, Sec and SRP, are used by membrane proteins (36). However,
expression of NbBcII10-intein-CBD fusion proteins is difficult to control in
BL21(DE3) cells as it is driven by the T7 RNA polymerase, both under control of
IPTG, and poorly adjustable (37). To solve these issues, Wagner et al. developed
the Lemo21(DE3) cell line, derived from BL21(DE3), where the activity of the T7
RNA polymerase is precisely controlled using its natural inhibitor, T7 lysozyme.
Following this approach, overexpression of the recombinant target protein can be
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avoided. The pLemo vector expresses T7 lysozyme, which is under control of a
rhamnose inducible promotor, allowing full control of its expression by varying the
rhamnose concentration.

Lemo21(DE3)
Lemo21(DE3) +1000 uM Rhamnose g 71(DE3)

® @ ®®0 @ 6 O

40 kDa
35 kDa
25 kDa

15 kDa

Figure 4.2: SDS-page profile of the unpurified periplasmic extract after expression of
constructs (a), (a’), (e) and (g) in the pTXB1 vector using Lemo21DE3 and BL21DE3 cells.
Lane (1) represents the expression of the positive control (construct (a’)) in the pTXB1 vector
in respectively Lemo21(DE3), Lemo21(DE3) enriched with 1000 uM rhamose and BL21(DE3)
cells. Due to the two stop codons between the pelB-NbBcII10 gene and the intein-CBD gene,
pelB-NbBcII10 was present in the extract as indicated by the white arrow. This means that
it is possible to transport NbBcII10 into the periplasm using respectively Lemo21(DE3) and
BL21(DE3) cells. Lane (2) is the negative control (construct (g)) with no leader sequence
and shows no additional bands of the NbBcII10-intein-CBD protein complex (~ 43 kDa) in
the periplasm. Note that between 35 kDa and 40 kDa some native proteins are visible, which
are present in all extracts, including the positive and negative control. Lane (3) and (@) are
respectively constructs (a) and (e) which show no significant difference compared to the
negative control. After enrichment using chitin beads, no protein could be detected in any
of the samples, meaning that the extracts lack any CBD (and consequently also NbBcII10-
intein-CBD is absent) (data not shown).
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For this experiment, seven different constructs were transformed into competent
Lemo21(DE3) cells: the previously tested constructs (a)-(d) preceded by leader
sequences targeting the Sec pathway, two additional constructs incorporating the
SRP-pathway targeting signal sequences DsbA (e) and TolB (f) and finally one
construct devoid of any signal sequence as negative control (g). Different
rhamnose concentrations were tested during expression, ranging from 0 to 2000
MM, and two extraction methods were evaluated (osmotic shock and snap-
freezing/vortexing). Of note, in absence of rhamnose there is no functional
difference between BL21(DE3) and Lemo21(DE3) cells. For all tested rhamnose
concentrations and with both extraction methods, no protein band corresponding
to the NbBcII10-intein-CBD fusion protein (43 kDa) could be detected in the
periplasmic fraction by SDS-PAGE (Figure 4.2). Here again, we observe that the
positive control (a’) was expressed and successfully transported to the periplasm.
Consequently, in absence (corresponding to the BL21(DE3) system) or presence
of rhamnose in Lemo21(DE3) cells, the periplasmic transport of the nanobody
complex is blocked by the intein-CBD part.

These results confirm the difficulties reported by Ta et al. (23) and Marshall et al.
(20) regarding the periplasmic expression of antibody fusion proteins, and
therefore raise the question about the need for periplasmic expression of Nbs.

4.3.2 Cytoplasmic expression

Periplasmic extraction might have advantages in terms of protein folding, but
there are also a number of disadvantages such as a decreased yield due to
saturation of the secretion systems, protein aggregation in the cytoplasm
(inclusion bodies) as well as a more time consuming expression process (38).

To circumvent these drawbacks, an increasing amount of research has been
performed on the cytoplasmic expression of Nbs (23, 39-41). Zarschler et al. (41),
for example, reported a strategy for the cytoplasmic expression of Nbs using
SHuffle®T7 cells, with proper intradomain disulfide bridge formation. Conversely,
Ta et al. (23) reported no affinity loss after cytoplasmic extraction of NbVCAM1
using SHuffle®T7 cells. Consequently, we also transformed our pTXB1 construct
(g) in SHuffle®T7 cells to evaluate cytoplasmic expression of our NbBcII10-intein-
CBD fusion protein. To guarantee an optimal EPL efficiency, three amino acids,
leucine (L), glutamine (E) and tyrosine (Y), were also added downstream of the
NbBcII10 protein. Firstly, tyrosine is one of the preferred amino acids at the
cleavage site for EPL (35) and secondly, the addition of a peptide spacer between
the NbBcII10 and the intein enhances the independent folding of both proteins
(23). After expression in SHuffle®T7 cells, the Nb-fusion was extracted from the
cytoplasm with B-PER solution containing DNAsel, followed by purification on a
chitin column. EPL was then subsequently performed on this column (Figure 4.3).
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4.3.3 Expressed protein ligation
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Figure 4.3: Scheme of the expressed protein ligation strategy. For the site-specific
alkynation of NbBcII10, the NbBclII10-intein-CBD fusion protein was expressed in
SHuffle®T7 cells using the pTXB1 vector. After expression, the fusion protein was purified
from the protein extract using a chitin column that binds the CBD present in the fusion
protein. Next, the intein will facilitate an N,S-acyl shift of the amide bond between the
NbBcII10 (C-terminally) and the intein. The bifunctional linker 2-amino-3-mercapto-/N-
(prop-2-yn-1-yl)propanamide reacts with the thioester bond, resulting in the splicing of
NbBcII10 from the column (/eft), and the alkynation of the NbBcII10. In order to increase
the yield of the reaction, 2-mercaptoethane sulfonate Na (MESNA) was added at high
concentration to facilitate splicing from the column by a nucleophilic attack followed by an
exchange of MESNA for the bifunctional linker (right).

As illustrated in Figure 4.3, the NbBcII10-intein-CBD fusion protein first binds to
an affinity matrix composed of chitin resin. Subsequently, an N,S-acyl shift,
facilitated by the intein, will alter the amide bond between the NbBcII10 and the
intein into a less stable thioester bond. The thiol functionality of the bifunctional
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linker 2-amino-3-mercapto-N-(prop-2-yn-1-yl)propanamide will act as a
nucleophile and will break the thioester bond, resulting in a 2-amino-3-mercapto-
N-(prop-2-yn-1-yl)propanamide functionalized NbBcII10. A second N,S-acyl shift
then turns the formed thioester bond back into a stable amide bond, leaving a C-
terminal alkynated NbBcII10.

© @ 66 ® 6 & O

40 kDa
35 kDa
25 kDa

15 kDa

Figure 4.4: SDS-page profile of the EPL process. Lane (1) represents the cytoplasmic
extract, lane (2) and (3) are respectively the first and the last washing step after binding of
the Nb-intein-CBD fusion protein on the chitin column. Lane @) and (5) are extraction
samples of the chitin beads after the EPL reaction with respectively MESNA and MESNA +
bifunctional linker, showing a mass of 28 kDa which corresponds to the molecular mass of
the intein-CDB complex, and a faint band of 43 kDa which corresponds to the mass of
remaining total NbBcII10-intein-CBD fusion. Finally, lane (6) is the eluate of the column after
incubation in cleavage buffer containing only MESNA, resulting in non-alkynated, MESNA
functionalized NbBcII10, and lane (7) is the eluate after incubation with cleavage buffer
containing MESNA and bifunctional linker, resulting in alkynated NbBcII10.

To increase the yield of this process, 2-mercaptoethane sulfonate Na (MESNA)
was added to the reaction with the bifunctional linker. MESNA will also react via
the thioester bond between the NbBcII10 and the intein, resulting in a thioester
intermediate that is spliced from the column (35). This MESNA intermediate can
afterwards undergo a nucleophilic attack by the 2-amino-3-mercapto-N-(prop-2-
yn-1-yl)propanamide, thereby exchanging MESNA for the bifunctional linker. The
characteristics of the final alkynated protein, NbBcII10-LEY-alkyne (yield of 3.5
mg/L culture), were evaluated on SDS-PAGE (Figure 4.4) and by electrospray
ionization mass spectrometry (ESI-MS) (Figure 4.5). Both assays confirmed the
theoretically calculated mass of 14506 Da of the mono-alkynated NbBcII10-LEY.
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Figure 4.5: Electrospray ionization mass spectrometry (ESI-MS) spectrum of C-terminally,
mono-alkynated NbBcII10-LEY. The theoretical mass is 14506 Da.

In order to test the ability of the alkynated NbBcII10 to click on an azide functional
group, a click reaction was performed in solution with a biotin-azide derivative.
The biotinylated Nb was subsequently visualized in western blot with a
streptavidin alkaline phosphatase conjugate. As shown in Figure 4.6, a color
reaction appeared at 14.5 kDa in lane 1 and 2, confirming the presence of biotin
on the Nb as a result of a successful click reaction. The negative control, lane 3,
that contains non-alkynated NbBcII10, showed no reaction. Of note, due to the
absence of reducing agent in the sample, dimers are also visible around 29 kDa.
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Figure 4.6: Western blot of the click reaction product between NbBcII10-LEY-alkyne and a
biotin-azide derivate. Lanes (1) and (2) contain the reaction product (amount applied in lane
() is 10 times higher than lane (1), while lane (3), the negative control, contains non-
alkynated NbBcII10.

4.3.4 Functionality test of NbBcII10-LEY-alkyne

Finally, the functionality of NbBcII10 after cytoplasmic extraction of the Nb-intein-
CBD complex and after alkynation using EPL remains to be demonstrated. To this
end, the affinity of NbBcII10-LEY-alkyne for its antigen BcII was evaluated in a
competitive enzyme-linked immunosorbent assay (ELISA). First, the unmodified,
native NbBcII10-Hise at a concentration range between 0 and 250 ng/mL was
used as a reference. The ELISA showed a clear logarithmic correlation between
the ODags signal and the concentration of NbBcII10-Hiss (Figure 4.7a). Next, in
addition to 250 ng/mL NbBcII10-Hises, a concentration range between 250 and
49.750 ng/mL NbBcII10-LEY-alkyne was added to BclI coated wells and the
antigen captured NbBcII10-Hiss was detected. As shown in Figure 4.7, the ODaos
signal decreases with higher NbBcII10-LEY-alkyne concentrations indicating that
NbBcII10-LEY-alkyne competes with NbBcII10-Hise for binding the BclI antigen,
thereby reducing the amount of detectable Hise-tag.
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Figure 4.7: Enzyme-linked immunosorbent assay (ELISA) results (a) showing the binding
of NbBcII10-Hise to the Bcll antigen and (b) competitive ELISA results showing the decrease
in binding of NbBcII10-Hiss (250 pg/mL) after adding an increasing concentration of the
NbBcII10-LEY-alkyne (250-49750 ng/mL).

In order to compare the affinity of NbBcII10-LEY-alkyne for BcIl lactamase with
that of NbBcII10-Hise, an antigen binding study using SPR was performed. The
association (kon) and dissociation (korr) rate constants between NbBcII10-LEY-
alkyne and BclI were measured, from which the dissociation equilibrium constant
(Kp) can be calculated. Of note, due to the use of a cysteine-based bifunctional
linker during the EPL process, i.e. 2-amino-3-mercapto-N-(prop-2-yn-1-
yl)propanamide, a cysteine is incorporated at the C-terminus of the Nb, as shown
in Figure 4.3. As a result, spontaneous dimerization of the Nbs is expected to
occur, which could potentially influence the SPR experiment. Indeed, under these
circumstances a 1:1 binding model can no longer be assumed and therefore an
additional control measurement was included. This control is the NbBcII10-HLC
having an additional cysteine at its C-terminus and which is expressed in the
periplasm and isolated in the same way as the unmodified NbBcII10-Hiss (32).
Table 4.3 reveals the improvement of the Kp for the NbBcII10-LEY-alkyne
recognition of Bcll, compared with that of the non-modified NbBcII10-Hiss. This
Kp decrease is mainly caused by a 10-fold drop in the kqs-value, as observed for
the four independent batches of NbBcII10-LEY-alkyne. The variation in kon-values
between NbBcII10-Hiss and the alkynated Nbs is marginal, whereas the ko values
differ by nearly a factor 10. Note that a similar effect on the kofr is observed for
the dimerized NbBcII10-HLC.
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Table 4.3: Affinity constants (association rate constant kon, dissociation rate constant Korr,
and dissociation equilibrium constant Kp) of the binding between NbBcII10 variants and BclII.

Nanobody kon (1/M.s) kots (1/58) Ko (M)*
NbBcII10-Hises 1.24 x10° 2.23 x107 1.78 x10°®
NbBcII10-LEY-alkyne-1 9.67 x10° 1.35 x103 1.39 x107°
NbBcII10-LEY-alkyne-2 4.44 x10° 1.26 x1073 2.82 x10°
NbBcII10-LEY-alkyne-3 5.16 x10° 1.32 x10°3 2.57 x10°
NbBcII10-LEY-alkyne-4 3.70 x10° 1.70 x10°3 4.60 x1010
NbBcII10-HLC 2.85 x107 2.56 x1073 8.99 x10°!

>kKD = koff/kon

When construing the sensorgram of NbBcII10-LEY-alkyne in Figure 4.8b,
however, it is clear that the dissociation phase of NbBcII10-LEY-alkyne deviates
from that of the unmodified NbBcII10-Hisg (Figure 4.8a). After an initial rapid drop
in signal during the washing phase, the further release from the antigen
apparently slows down and eventually stops to reach a (nearly) constant signal.
Likewise, the sensorgram of NbBcII10-HLC (Figure 4.8c) shows a very similar
pattern. Clearly, this emphasizes the contribution of a fraction of Nb proteins that
are dimerized Nbs through their C-terminal cysteine residues within these
samples. Of note, after every association-dissociation cycle, full regeneration of
the surface was achieved with 100 mM glycine-HCI (pH 2.5).

In conclusion, neither the cytoplasmic extraction nor the site-specific alkynation
of the NbBcII10-LEY-alkyne had any effect on the association rate constant
relative to the native Nb. The dissociation rate constant, however, and
consequently the dissociation equilibrium constant (Kp) showed an improvement
by almost a factor 10, most likely due to dimerization of the probe. This clearly
demonstrates that the functionality of the antigen-recognizing moiety is not
affected by the C-terminal functionalization.

Nonetheless, for diagnostic applications, where the Nb is immobilized to the
surface rather than the antigen, this fractional dimerization should not raise any
concerns.
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a) NbBcll10-Hisg b) NbBcll10-LEY-alkyne c) NbBcl110-HLC

Figure 4.8: SPR sensorgrams of the Bcll antigen binding study of NbBcII10-Hiss (a),
NbBcII10-LEY-alkyne (b) and NbBcII10-HLC (c). NbBcII10-LEY-alkyne and NbBcII10-HLC
have a similar pattern with an improved kot in comparison with NbBcII10-Hiss.

To summarize, in this study, an alkyne was site-specifically introduced as a
bioorthogonal group on a single-domain antigen binding fragment without
compromising its functionality. Through a copper(I)-catalyzed alkyne-azide
cycloaddition (CuAAC) (42) these probes can subsequently uniformly be
immobilized in an oriented fashion on azide functionalized surfaces (43). This
strategy can also easily be extended to alternative click chemistries, using other
bioorthogonal groups, such as the strain-promoted alkyne-azide cycloaddition
(SPAAC) (44), Staudinger ligation (45), Diels-Alder cycloaddition (1) or the more
recently developed strain-promoted inverse electron-demand Diels-Alder
cycloaddition (SPIEDAC) (46) by simple adjustment of the bifunctional linker.

4.4 Conclusions

In this study, it was proven that it is possible to site-specifically alkynate NbBcII10
using EPL and couple the alkynated Nb to an azide functionality. With respect to
the periplasmic expression of the Nb-intein-CBD complex, several leader
sequences were evaluated, but none of them was successful. Nevertheless, by
using SHuffle®T7 cells and appending a small peptide spacer (LEY) to the C-
terminus of the Nb, fully functional Nb-LEY-alkyne was produced through
cytoplasmic expression and alkynation by EPL. This demonstrates that Nb-intein-
CBD fusion complexes, prepared for alkynation by EPL, do not necessarily need to
be expressed in the periplasm to remain active and that post-translation
alkynation using EPL has no influence on the binding activity of NbBcII10.
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5.1 Introduction

This chapter focusses on the experimental framework used during this thesis.

First, methods used for random and site-specific functionalization of proteins are
described. For the random protein functionalization, the EDC/NHS coupling was
used. For the site-specific protein functionalization, this thesis makes use of
expressed protein ligation (EPL). The EPL strategy is explained in detail, starting
with the vector design (including an overview of the used constructs), the different
expression hosts, the synthesis of the bifunctional linkers and the expression and
purification.

Secondly, the molecular cloning techniques that are necessary for the vector
design of the EPL vectors are presented.

Finally, the experimental details of the characterization techniques to evaluate the
expressed proteins and the immobilization of the proteins on functionalized
surfaces are explained.
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5.2 Random versus site-specific protein functionalization

In Chapter 1, a detailed overview is presented of the different protein
functionalization and subsequent immobilization methods. In this thesis, the
EDC/NHS reaction is used for the random functionalization of proteins or for the
direct coupling of proteins on a surface plasmon resonance (SPR) chip. Secondly,
EPL is used for the site-specific functionalization of maltose binding protein (MBP)
and nanobody BcII10 (NbBcII10).

5.2.1 Random protein functionalization via an EDC/NHS coupling reaction

As already mentioned in the introduction, the EDC/NHS reaction is based on the
coupling between an amine group and an NHS activated carboxyl group. The
EDC/NHS reaction is one of the most commonly used random protein
functionalization methods because of its simplicity, relative fast reaction and the
possibility to perform it in physiological conditions (1-3). This reaction is applied
in two experimental set-ups, namely the random alkynation of MBP as discussed
in Chapter 2, and the coupling of the BclI antigen to the CM5 SPR chip in Chapter
4,

For the random alkynation of MBP, 2,5-dioxopyrrolidin-1-yl-hex-5-ynoate was
used. The synthesis of this alkynated NHS-ester was described by Jagadish et al.
(4). The NHS-ester reacts with the e-amine of one of the available lysines on the
surface of MBP (in total, MBP contains 37 lysines). The reaction mechanism is
shown in Figure 5.1. The reaction conditions were described in Chapter 2.

,H/ | O\E 1= 3
Yo QOWOKV\\ — Y. o]

o]

Figure 5.1: The ECS/NHS mechanism of the reaction between the €-amine of a lysine side
chain and 2,5-dioxopyrrolidin-1-yl-hex-5-ynoate.

A similar reaction is used for the SPR experiments with NbBcII10 in Chapter 4.
Here, the protein is not functionalized in advance but directly coupled to the CM5
chip surface, which contains a carboxymethylated dextran layer on a gold surface.
The reaction mechanism of the EDC/NHS reaction on a carboxylated surface is
already discussed in Chapter 1.
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5.2.2 Site-specific protein functionalization via expressed protein ligation

The general idea of the EPL strategy is already discussed in Chapter 1. This part
will discuss EPL specifically applied on MBP and NbBcII10, including the used
vector constructs and bacterial cell lines. The molecular cloning techniques for the
EPL constructs are discussed in section 2.3.

5.2.2.1 Vector design

The first step in the functionalization protocol of MBP or NbBcII10 is the
development of a suitable vector. This vector needs to contain the protein of
interest (POI), the mutated Mxe GyrA intein and a chitin binding domain (CBD).
For MBP, this vector, pMXB10, is commercially available (New Engeland Biolabs)
and requires no modifications of the genetic code. Further details concerning the
components of the vector are discussed at the end of this section.

With regard to NbBcII10, the encoding gene has to be isolated from the
pHENG:pelB-NbBcII10-Hiss vector (5) as originally developed at the Vrije
Universiteit Brussel (VUB). Besides the genetic code for the expression of
NbBcII10, this vector also contains the pelB-leader sequence. This sequence was
added to facilitate the periplasmic transport during the expression of the NbBcII10
in E. coli WK6 cells. Nanobodies are expressed in the periplasm because its
oxidizing environment facilitates protein folding and the purification afterwards is
easier (5, 6). As will be discussed in Chapter 4, there are difficulties with the
periplasmic transport of the NbBcII10-intein-CBD fusion protein using the pelB
leader sequence. Since there are multiple leader sequences and pathways possible
for periplasmic transport, different gene fragments were developed using different
leader sequences as shown in Figure 5.2. These constructs were developed using
PCR, as described further in section 5.3.
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Construct 1 Construct 2 Construct 3
pelB NbBcll10 intein ompA NbBell10 intein ompF NDbBeIl10 intein

pan|

pTXB1:pelB-NbBcII10
-intein-CBD

pTXB1:0mpA-NbBcII10 pTXB1:0mpF-NbBcII10
-intein-CBD -intein-CBD

Construct 4 Construct 5 Construct 6
malE. NBBeII10 intein DsbA NbBcII10 intein TolB NbBcII10 intein

pTXB1:DsbA-NbBcII10 pTXB1:TolB-NbBcll10
-intein-CBD -intein-CBD

pTXB1:malE-NbBcII10
-intein-CBD

Construct 7
NDbBcII10 intein

pTXB1:NbBcIl10-LEY
-intein-CBD

Figure 5.2: Overview of the different vector constructs used for EPL.
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Besides the POI, a vector is necessary containing the mutated intein and the CBD.
Here, the pTXB1 vector was used as shown in Figure 5.3. The vector is designed
for the in-frame insertion of a target gene into the polylinker upstream of the Mxe
intein/chitin-binding domain. The details about vector preparation are discussed
in section 5.3.2.

Besides the genetic code for the intein and CBD, the vector contains other
components, necessary for the successful protein expression as shown in Figure
5.3.

AmpR

M13 ori

orl

Y rop

lacl
Feature Location in
vector

Ampicillin resistance gene
(AmpR) 140-1000
M13 origin 1042-1555
Origine of replication (ori) 1666-2254
rop 2714-2623
lacl 4453-3371
T7 promotor 5637-5654
Multiple cloning site (MCS) 5722-5775
Mxe GyrA intein 5776-6369
CBD 6400-6558

Figure 5.3: Schematic overview of the components of the pTXB1 vector.
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The pTXB1 vector is under control of the T7 promotor as shown in Figure 5.3. This
promotor needs to be activated by T7 RNA polymerase. Note that the vector also
contains the lacl gene, which is encoding for the tetrameric lac repressor. The lac
repressor is responsible for the constant inactivation of the T7 promotor by binding
to the lac operon. This means that there are two crucial factors for the expression
of the NbBcII10-intein-CBD complex. First, the lac repressor has to be inhibited,
and secondly the T7 RNA polymerase has to be added. Inhibition of the lac
repressor is done by using a molecular mimic of allactose, in this case isopropyl
B-D-1-thiogalactopyranoside (IPTG). IPTG binds to the lac repressor and releases
the tetrameric repressor from the lac operator in an allosteric manner, thereby
allowing the transcription of genes in the lac operon. The T7 RNA polymerase is
produced by the host E. coli genome. T7 RNA polymerase is highly selective for
initiation at its own promoter sequences and it does not initiate transcription from
any sequences on E. coli DNA (7). All expression hosts used in this thesis for EPL
are (derivatives of) BL21(DE3) except for the E. coli SHuffle® T7 cells. The
detailed mechanism of each expression system is discussed in the next section.

Note that the pMXB10 vector, for the expression of the MBP-intein-CBD complex
is exactly the same as the pTXB1 vector, except for the genetic code of MBP which
is already build in upstream from the Mxe GyrA intein (Figure 5.4).

CBD Amp®

Mxe GyrA intein

MBP

lacl

Figure 5.4: Schematic overview of the components of the pMXB10 vector. Except for the
MBP gene, all the components are the same as in the pXB1 vector.

122



Experimental details

5.2.2.2 Expression hosts

For the expression of the protein-intein-CDB complex, three different expression
hosts, with different properties, were evaluated.

BL21(DE3). The E. coli BL21(DE3) cells are developed for protein expression and
can be optimally used with bacteriophage T7 promoter-based expression systems.
BL21 strains originate from the E. coli B strain and have been specifically
constructed for high-level expression of recombinant proteins. These strains have
two important attributes that make them ideal for protein expression: key genetic
markers and inducibility of protein expression. The most important genetic
markers help recombinant RNA and/or protein accumulation to high levels without
degradation. Inducibility helps to minimize the toxic effects of some recombinant
proteins (8). BL21(DE3) cells contain the lambda DE3 lysogen, which carries the
gene for T7 RNA polymerase under control of the lacUV5 promoter. IPTG is
required to maximally induce expression of the T7 RNA polymerase in order to
express recombinant genes cloned downstream of a T7 promoter (9, 10). The
molecular process is shown in Figure 5.5. In natural circumstances, the lac
promotor (DE3) is blocked by the lac repressor, coded by the lac I gene. By adding
IPTG, the repression of the T7 gene is removed and the E. coli RNA polymerase
can bind to the lac promotor resulting in the expression of T7 RNA polymerase.
IPTG will also replace the lac repressor on the T7 promotor, resulting in the binding
of T7 RNA polymerase to the T7 promotor which induced the expression of the
protein-intein-CDB complex.

Lemo21(DE3). An interesting derivative of BL21(DE3) cells are E. coli
Lemo21(DE3) cells. They are developed for the fine-tuning of T7 expression in
order to control inclusion body formation or growth inhibitory effects from toxic
proteins. Often, by decreasing the expression levels, more protein is produced.
This is particularly true for membrane protein expression and periplasmic protein
expression (11). Membrane protein expression and protein export in E. coli are
both limited by the throughput capacity of the Sec translocase and in some cases
the Tat translocase. T7 expression of proteins targeted to the Sec translocase
often leads to accumulation of inclusion bodies or inhibition of cell division if
expression is not regulated (12). Lemo21(DE3) cells offer the same properties as
BL21(DE3) but allow tunable expression of difficult clones (Figure 5.5). They
contain an additional vector, pLemo, that expresses lysozyme lysY, which is the
natural inhibitor of T7 RNA polymerase. The expression of lysY is under control of
a L-rhamnose inducible promoter (rhaBAD). This results in a tunable expression
dependent on the concentration of rhamnose that is added to the culture media
(10, 12, 13).
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Figure 5.5: Induction of protein expression in BL21(DE3) and Lemo21(DE3) E. coli cells
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SHuffle®T7. Nbs need an oxidizing environment for their correct folding and
disulfide bond formation. SHuffle®T7 cells are an E. coli K12 strain that promotes
disulfide bond formation in the cytoplasm. As discussed in Chapter 4, this gives
the possibility to express Nbs in the cytoplasm (14). (15-17). Besides DsbC,
SHuffle®T7 also expresses a chromosomal copy of T7 RNA polymerase, making
it possible to use it in combination with T7 promoter-based vectors.

5.2.2.3 Expression, extraction and purification of the proteins

For the expression of the protein-intein-CBD complex, the different constructs
need to be transformed into the different bacterial hosts. This is done by a process
known as transformation. In order to use this approach, the bacteria need to be
competent, meaning that the outer membrane is slightly damaged so that the
DNA can cross the membrane, but still can recover after the transformation. The
transformation process and the subsequent steps in molecular cloning are
discussed in section 5.3.3.

Once the bacteria are transformed with the vector constructs, the expression
takes places. This is done using Luria-Bertani (LB) medium. As mentioned before,
the pTXB1 and pMXB10 vectors contain an ampicillin resistance gene, meaning
that ampicillin (amp) can be added to all growth media to avoid any contamination
with other bacteria. First, the bacteria are grown to an optical density between
0.6 and 0.9 at 600 nm (ODego). At this stage, the bacteria are in their exponential
growth phase and are ready for expression. When induction takes place below an
optical density of 0.6, the high expression of recombinant protein will inhibit
bacterial growth and reduce the final protein yield.

The induction of the protein expression is done by the addition of IPTG which
causes the expression of T7 RNA polymerase, which activates the T7 promotor as
discussed in section 5.2.2.2.

Constructs 1-6 (Figure 5.2) contain a leader sequence that transports the protein-
intein-CBD complex to the periplasm using the Sec pathway (construct 1-4) or
the signal recognition particle (SRP) pathway (construct 5-6) during the
expression. These pathways are discussed more elaborately in Chapter 5. After
the expression, the proteins need to be collected from the bacterial periplasm or
cytoplasm, dependent on the presence or absence of a leader sequence as
schematically represented in Figure 5.6.
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Figure 5.6: Cytoplasmic (a) versus periplasmic (b) extraction of proteins.

For a cytoplasmic extraction (MBP and NbBcII10 without leader sequence), cell
lysis is necessary to get the proteins out of the cytoplasm. To do this, a commercial
solution, B-PER™ (ThermoFisher) is used. B-PER™ contains a mild nonionic
detergent that disrupts the cell membranes and solubilizes the recombinant
proteins without denaturation. For a periplasmic extraction, only the outer
membrane of the bacteria is damaged, without disrupting the inner membrane.
This can be done by means of an osmotic shock using a Tris-EDTA-Sucrose (TES)
buffer (13, 18). Further details about periplasmic extractions were discussed in
Chapter 4.

Last but not least, the protein complex needs to be separated from other
endogenous proteins. Therefore, the cytoplasmic or periplasmic extract is purified
using a chitin column. The Nb-intein-CBD complex will bind to this column due to
the CBD present in the complex. Subsequent functionalization experiments are
performed after the immobilization on this column as discussed in the next
section.
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5.2.2.4 Site-specific Functionalization of MBP and NbBcII10

As mentioned in the general introduction, the EPL method makes use of an intein
that facilitates an N,S-acyl shift between the protein and the intein. Consequently,
the amide bond between the POI and the intein is replaced by a thioester bond.
This thioester bond is vulnerable to a nucleophilic attack. By adding so-called
bifunctional linkers containing a nucleophile at one end and a bioorthogonal
functionality at the other end, a nucleophilic reaction takes place resulting in a
site-specifically modified protein.

Two types of bifunctional linkers are synthesized and tested in this thesis. One
linker contains a thiol-based nucleophile and the other one an amine-based
nucleophile. As a bioorthogonal functionality, an alkyne is built-in in both linkers.
In Chapter 2, the use of both linkers was investigated in detail.

Synthesis of the thiol-based bifunctional linker (Figure 5.7). Bifunctional linker 2-
amino-3-mercapto-N-(prop-2-yn-1-yl)propanamide (4) was synthesized by
dissolving 2 mmol (0.9272 g) N-(tert-butoxycarbonyl)-S-trityl-L-cysteine (1), 2.2
mmol (0.4217 g) of  N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide
hydrochloride (EDC) and 2.2 mmol (0.2532 g) N-hydroxysuccinimide (NHS) in 30
mL dichloromethane (DCM) and stirring for 16h at room temperature. After
washing with water, the DCM phase was dried over MgSO4 and evaporated under
reduced pressure. 1 mmol (0.5607 g) of the resulting white powder (2) was
dissolved in 20 mL dry DCM together with 2 mmol (0.1372 mL) propargylamine
and 2 mmol triethylamine (0.279 mL) and stirred continuously for 16 h under N;
atmosphere at room temperature. The resulting product (3) was purified using
column chromatography over silica with ethyl acetate/DCM (1/24) as eluent. The
solvent was removed under reduced pressure. To remove the protective Boc and
trityl groups, 100 mg of the dry purified product (3) was dissolved in 3 mL
trifluoroacetic acid (TFA), 100 pL extra pure water and 100 pL triisopropylsilane.
After 30 minutes of stirring at room temperature, the TFA was removed under
reduced pressure and 20 mL of fresh DCM was added to the product. The mixture
was extracted 5 times with water and the water phase was lyophilized, resulting
in 2-amino-3-mercapto-N-(prop-2-yn-1-yl)propanamide.
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Figure 5.7: Synthetic pathway towards 2-amino-3-mercapto-N-(prop-2-yn-1-
yl)propanamide (4). (a) EDC, NHS, DCM; (b) propargylamine, triethylamine, DCM; (c) TFA,
water, triisopropylsilane.

Synthesis of the amine-based bifunctional linker (Figure 5.8) The amine-based
bifunctional linker 2-hydrazinyl-N-(prop-2-yn-1-yl)acetamide (8) was synthesised
similar to the thiol-based bifunctional linker. Tri-Boc-hydrazinoacetic acid (5)
(1.28 mmol, 0.5g) was dissolved in 30 mL DCM and 1.408 mmol (0.2698 g) EDC
and 1.408 mmol (0.081 g) NHS was added. After overnight stirring at room
temperature, the mixture was extracted with water and the DCM was dried over
MgSO4 and evaporated under reduced pressure. The resulting oily product (6) was
dissolved in 40 mL dry DCM and 2.56 mmol (0.3568 mL) triethylamine and 2.56
mmol (0.1756 mL) propargylamine were added under N; atmosphere. The
mixture was stirred overnight at room temperature and the resulting product (7)
was purified by column chromatography over silica using an ethyl acetate/hexane
(50/50) mixture as eluent. The resulting viscous product (7) was deprotected in
the same way as described for the thiol-based bifunctional linker.
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Figure 5.8: Synthetic pathway towards 2-hydrazinyl-N-(prop-2-yn-1-yl)acetamide (8). (d)
EDC, NHS, DCM (e) triethylamine, propargylamine, DCM (f) TFA, water, triisopropylsilane.

In addition to the bifunctional linkers, also 2-mercaptoethane sulfonate Na
(MESNA) is added as a nucleophile. The exact function and mechanism of this
reaction is discussed in Chapter 4.

After the alkynation, the proteins were purified using dialysis and characterized
using the techniques discussed in section 5.4.

5.2.3 Native nanobody expression

Besides the expression of the NbBcII10-intein-CBD complex as discussed in the
previous section, also the native NbBcII10 (pHEN6 vector, (5)) further noted as
NbBcII10-Hiss was expressed to use as a control protein in different analysis
experiments such as ELISA and SPR. The site-specific alkynation of NbBcII10
using a thiol-based bifunctional linker has as consequence that an additional thiol
group is introduced at the C-terminus. This can result in possible dimer formation.
For this reason, a modified NbBcII10 containing an additional cysteine (pHEN25
vector, (19)), further noted as NbBcII10-HLC, was also expressed as a reference.
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Besides the addition of a cysteine, this nanobody also contains a His6 tag and a
14 amino acid linker derived from the hinge sequence of a human IgAl. Both
vectors are depicted in Figure 5.9.

Construct 8 Construct 9
pelB NbBcIl10 His, pelB NbBcII10 His, linker®
\\ /-~

PHENG:pelB-NbBelIl10 pHEN25:pelB-NbBcII10-
-Hisg His-HLC

* derived from the hinge sequence
of a human IgAl

Figure 5.9: Overview of the different vectors used for native NbBcII10 expression in this
thesis.

Both vectors were transformed into competent WK6 E. coli and expressed and
purified as described in literature (5). Both vectors and/or purified proteins were
a kind gift of the lab of Prof. Serge Muyldermans (Vrije Universiteit Brussel).
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5.3 Molecular cloning techniques
5.3.1 Two-step polymerase chain reaction

The polymerase chain reaction (PCR) is a commonly used technique in
biotechnological research to amplify DNA fragments. To perform PCR, one needs
the original DNA template, a forward and reverse primer flanking the target that
needs to be amplified, all four deoxyribonucleoside triphosphates (dNTPs) and a
heat-stable DNA polymerase. A PCR is a multi-step reaction were after
denaturation of the DNA template, the primers anneal and the DNA is elongated
by making use of DNA polymerase (Figure 5.10).
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Figure 5.10: Polymerase chain reaction. After the denaturation of the DNA template, the
primers anneal with the complementary target strand. Next, the DNA polymerase
synthesizes new complementary DNA to the template. This process is repeated multiple
times.

Besides of the classic PCR reactions, this thesis makes use of two-step PCR. In a
PCR reaction, it is not necessary that the primers are 100% compatible with the
ssDNA for hybridization. This means that it is possible to add additional
nucleotides to the original DNA template. This technique is commonly used to add
restriction sites for easy ligation into a vector as discussed in section 5.3.2.

In Chapter 5, the addition of leader sequences to NbBcII10 is discussed. The DNA
of these leader sequences was not available in our lab (except for pelB) and was
added to the original NbBcII10 by using 2 consecutive PCRs. Figure 5.11 shows a
schematic overview of this process.
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Figure 5.11: Attachment of the leader sequence to NbBcII10 using two-step PCRs.

First, a forward primer was designed containing 20 nucleotides that were
compatible with the original DNA and the 40 last nucleotides of the leader
sequence. The reverse primer was a hormal primer complementary to the original
DNA with the addition of a few nucleotides for the Lgul restriction site. After the
PCR reaction, the mixture was purified using a commercial PCR cleanup kit
(Qiagen). Next, a second PCR was performed using a forward primer containing
the first nucleotides from the leader sequence with an overlap to the previously
attached nucleotides and extra nucleotides for the Ndel restriction site. This finally
results in a construct containing Ndel-leadersequence-NbBcII10-Lgul.
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5.3.2 Vector preparation

In order to get the NbBcII10 sequence, whether or not with a leader sequence,
into the pTXB1 vector, a process called ligation is used. First, the NbBcII10 DNA
and the vector are digested using restriction enzymes. Restriction enzymes, also
called restriction endonucleases, are able to recognize specific base sequences in
dsDNA and cut both strands of the DNA at specific locations.

As discussed in section 5.2.2.1, the pTXB1 contains a multiple cloning site. This
multiple cloning site contains multiple (unique) restriction enzyme cleavage sites
that correspond to specific restriction enzymes. Using PCR, restriction sites are
also added at the 5" and 3’ terminus of the NbBcII10 DNA. For the ligation of
NbBcII10 into the pTXB1 vector, the Ndel and Lgul (a.k.a. SapI) were used as
shown in Figure 5.12.

Ndel Lgul (Sapl)
5.CA[TATG..3 5.GCTCTTCN| . ...%
.. GTATIAC.. 3 3’..CGAGAAGNNNN]|.3

Figure 5.12: Restriction sites Ndel and Lgul (SaplI).

The DNA fragment and the vector were digested separately, the restricted parts
were removed from the rest of the DNA using PCR cleanup or gel extraction
(Qiagen) after a agarose gel. Next, the fragments were brought together and T4
DNA ligase (Thermofisher) was added. T4 DNA ligase promotes the formation of
a phosphodiester bond between the 5'-phosphate and 3'-hydroxyl termini. Note
that the Lgul restriction site disappears after ligation because the recognition site
of Lgul is located downstream from the cleavage site. The digestion/ligation
process is schematically represented in Figure 5.13.
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Figure 5.13: Schematic representation of the digestion and ligation process.

5.3.3 Transformation and selection

After ligation, the vector constructs were transformed into competent Top10 E.
coli. These cells are highly-efficient for cloning and plasmid propagation and allow
stable replication of high-copy number plasmids. In this experimental set-up, the
cells are only used for vector replication.

There are two kinds of competent cells: chemically competent cells and
electrocompetent cells. Chemically competent cells are calcium chloride treated to
facilitate attachment of the plasmid DNA to the competent cell membrane. By
heating the competent cell to 42°C, the pores of the cell membrane open, allowing
entry of the plasmid. Electrocompetent cells use a process called electroporation.
Electrical pulses create pores that allow genetic material to permeate the bacterial
membrane. After the electric shock, the holes are rapidly closed by the cells
membrane-repair mechanisms.

After transformation into Top10 cells, the cells are plated on a LB2™P agar plate.
As mentioned before, the vector contains an ampicillin resistance gene, so only
the successfully transformed Topl0O cells grow on this plate. To increase the
amount of vector for testing, the bacteria that have grown on the plate are
inoculated into a 5 mL liquid LB®™P culture grown overnight at 37°C. Next, the
vectors are extracted from the bacteria using a commercial miniprep kit (GenelJET
Plasmid miniprep kit, Thermofisher).
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5.3.4 Restriction analysis and sequencing

To test if the transformation process was successful, a restriction analysis is
performed. The vector is digested with restriction enzymes and analyzed using an
agarose gel. The digestion results in linear DNA fragments and the size of these
fragments can be predicted. To ensure the absence of small mutations, the
samples that seem successful after restriction analysis are further analyzed using
Sanger sequencing (20, 21) by LGC genomics Germany.

After a positive evaluation by Sanger sequencing, the vector is again transformed
but this time in one of the previously mentioned expression hosts BL21(DE3),
Lemo21(DE3) and SHuffle®T7.
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5.4 Protein characterization techniques
5.4.1 Western blotting

Western blotting is an extension of the polyacrylamide gel electrophoresis (PAGE)
technique. After separation, the proteins are transferred from the polyacrylamide
gel onto a polyvinylidene fluoride (PVDF) or nitrocellulose membrane. In this
thesis, PVDF membranes are used. This transfer is realized by immersing both the
polyacrylamide gel and PVDF membrane into Towbin buffer (192 mM glycine, 25
mM Tris, 20% methanol (v/v), pH8.3). Since the pH of this buffer is higher than
the isoelectric point (pI) of most proteins, it will cause the migration of the
negatively charged proteins towards the anode (+) (22) (Figure 5.14).

Transfer setup

L Blotting stack on Blotting stack on
L 3 the cathode -] side  the anode [+) side
' of the gel of the membrane

Anode
Cathode (+]

)

Gel Membrane

Post-transfer

Gel: No protein Membrane
bands remain with copy of
after effective band pattern
electrotransfer from gel

Figure 5.14: Western blotting: protein transfer from the gel to the PVDF membrane. The
proteins on the gel (negatively charged) will migrate into the direction of the anode onto the
membrane (GE Healthcare - western blotting: principles and methods).
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After the transfer to the PVDF membrane, the proteins can be detected by
immunodetection. First, the areas on the membrane that do not contain any
protein need to be blocked in order to avoid non-specific binding of the applied
antibodies to the membrane. The blocking is mostly done by a 5% (w/v) milk
powder or BSA solution in TBST (Tris-Buffered Saline supplemented with 0.1%
(v/v) Tween 20). Secondly, a primary antibody is added to the membrane. This
antibody is specific for the protein that needs to be detected. Next, a secondary
antibody directed against the primary antibody is added. This secondary antibody
contains a label e.g. the enzyme alkaline phosphatase (AP). AP converts several
substrates such as 5-bromo-4-chloro-3-indolyl phosphate/nitroblue tetrazolium
(BCIP/NTB) to a colored precipitate allowing colorimetric detection (Figure 5.15).
The alkaline phosphatase will dephosphorylate the BCIP resulting in an indoxyl
intermediate. The NBT will oxidize the indoxyl yielding an indigoid dye (purple).
The NBT was reduced by the indoxyl resulting in the opening of the tetrazole ring,
which produces an insoluble NTB formazan (blue).

substrate product

enzyme conjugate (e.g. AP)

_~_// secondary antibody

&N
A

POI

primary antibody

membrane

Figure 5.15: Colorimetric protein detection using western blotting. The primary antibody
binds to the protein of interest (POI). The secondary antibody binds to the primary antibody
and contains an enzyme such as alkaline phosphatase (AP). As a result, the enzyme converts
its substrate (NBT-BCIP) to a colored precipitate

Note that in this thesis, a slightly modified version of the classic western blotting
process is used. As described in the following chapters, the POI is first coupled to
an azide functionalized biotin molecule by means of a click reaction. Next, a
streptavidin-AP derivate is added to the membrane that will bind to the biotin on
the target protein (Figure 5.16).
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Figure 5.16: Western blotting using biotin. First, a click reaction is performed between the
POI and azide functionalized biotin. Next, the biotinylated POI is analyzed using western
blotting by making use of streptavidin-alkaline phosphatase instead of the classical primary
and secondary antibody.

5.4.2 Enzyme-Linked Immuno-Sorbent Assay (ELISA)

Enzyme-linked immunosorbent assay (ELISA), also known as an enzyme
immunoassay (EIA), is a biochemical technique used mainly in immunology to
detect and quantify the presence of an antibody or an antigen in a sample. There
are different types of ELISA experiments. This thesis makes use of the standard
ELISA and the competitive ELISA.

In a standard ELISA, the POI is coupled to a polystyrene microtiter-plate and the
plate is blocked, usually with skim milk to avoid further protein attachment to the
plate. In a direct approach (Figure 5.17a), an enzyme-conjugated antibody (e.g.
alkaline phosphatase conjugated) is added to the microwell, which will bind to the
POI. By adding a substrate, in case of alkaline phosphatase this can be p-
nitrophenol phosphate, the enzyme will hydrolyze the substrate to form the
yellow-colored p-nitrophenol. The absorbance of the final solution, measured with
a spectrophotometer, is then proportional to the concentration of the POI. Besides
the direct approach, an indirect approach (Figure 5.17b) is also possible. Here,
the antibody is not enzyme-conjugated and a conjugated secondary antibody,
targeted against the primary antibody is needed.
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Figure 5.17: Schematic representation of the direct ELISA (a), indirect ELISA (b) and
competition ELISA (c) concept.

When testing antibody properties, the standard approach is not always applicable.
Sometimes, a competitive ELISA (Figure 5.17c) can be helpful in this situation. In
this case, two different antibodies are added to the microplate, resulting in a
competition between the antibodies. By labeling one of the two antibodies (direct
approach) or by using a secondary antibody that is only directed against one of
the two antibodies (indirect approach), affinity information can be gathered about
the unlabeled antibody because the measured absorbance is indirectly
proportional to the concentration of the unlabeled protein.

In this thesis, competitive ELISA is used to control the affinity of the alkynated
NbBcII10. A standard ELISA is not possible because the alkynated NbBcII10 is not
labeled. As discussed in Chapter 5, the BcII antigen is immobilized onto the
polystyrene microtiter plate and a concentration range of alkynated NbBcII10 is
added to the different micro wells, combined with a fixed concentration of native
NbBcII10 that contains a Hiss tail. Next, an enzyme-conjugated secondary
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antibody against Hise is added. When the measured absorbance is inversely
proportional to the concentration of alkynated NbBcII10, this proves that the
alkynated NbBcII10 still has a binding activity towards its antigen. This method is
only qualitative. For a quantitative test of binding activity, surface plasmon
resonance (SPR) is more appropriate as discussed in the next section.

5.4.3 Mass spectrometry

For the MS analyses in this thesis, the ThermoFisher Orbitrap Velos Pro was used.
This device contains a dual cell linear ion trap for sample ionization, selection
fragmentation and automatic gain control, a curved linear trap as intermediate
storage device, an orbitrap analyzer for Fourier transformation based analysis and
a collision cell to perform high energy collision-induced dissociation experiments.

In an orbitrap mass analyzer, ions are trapped in an electrostatic field between an
inner and outer electrode. The frequency of the rotation of the ions around the
inner electrode is a characteristic of their mass-to-charge (m/z) ratio. Acquisition
of transients and the Fourier transformation of that signal yields frequencies and
their intensities. These frequencies and intensities can be converted into m/z
values. (23-25)

For all experiments, following experimental procedures were used. Two buffers
were prepared, buffer 1 (solvent A) contained 0.1% formic acid in acetonitrile and
buffer 2 (solvent B) 0.1% formic acid in MilliQ water. All samples (with a
concentration of at least 50 uM) were 2 diluted in solvent A. The samples were
loaded on a 5 mm Guard C18 column (sample volume = 30 L) with a flow of 5
pML/sec and a maximum pressure of 200 bar. Afterwards, following gradient for
HPLC chromatography (ThermoFisher Ultimate 3000) was used:

Table 5.1: Gradient for HPCL chomatograpy used for the ESI-MS experiments.

Time (min) Duration Solvent B Flow (uI/min)
0 - 100% 500
5.0 5 100% 500
5.1 0.1 50% 100
12.0 6.9 50% 100
12.1 0.1 10% 100
15.0 0.1 10% 100
15.1 0.5 100% 500
20 0.5 100% 500

The HPCL device was controlled by the Chromeleon XPress software (v6.80), the
Orbitrap Velos Pro by the Xcalibur software (v2.2) and deconvolution of the
spectra was performed using Promass software for Xcalibur (v2.8).
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5.4.4 Ellipsometry

Ellipsometry is a very accurate, non-invasive and non-destructive method for the
characterization of thin films. It is an optical technique which allows the
determination of the thickness and refraction index of thin films deposited on light-
reflective surfaces like silicon. Based on these parameters, it is possible to
calculate the mass per unit surface area on the film. Ellipsometry uses the fact
that linearly polarized light at an oblique incidence to a surface changes
polarization state when it is reflected. It becomes elliptically polarized, therefore
the name "ellipsometry” (26).

laser detector

polarizer analyzer

Silicon surface with immobilized proteins

Figure 5.18: Schematic representation of the ellipsometry principle. The laser light beam
passes through a polarizer and a compensator before reaching the reflecting sample (¢ =
angle of incidence). The reflected beam then passes through a second prism, the analyzer,
and is detected by a detector (photodiode). The change in polarization is correlated to the
thickness of the adsorbed biolayer.

The basic principles are shown in Figure 5.18. A light beam is sent through a
polarizer, resulting in polarized light. Next, a compensator will convert this
polarized light beam into an elliptical polarized light. The resulting elliptically
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polarized light is then reflected against the surface and passed through a second
polarizing prism, the analyzer. Finally, the light intensity is detected by a
photodiode detector. By determining the state of polarization on both the
uncovered surface and on the biofunctionalized surface, it becomes possible to
convert the change in polarization into a thickness of the adsorbed biolayer with
a high precision and reproducibility. Several configurations for an ellipsometer are
possible, but the most important is the null ellipsometry that is also used in
Chapter 3. Here, the polarizer and compensator are rotational. When the layers
on the surface are changed, for example by the coupling of proteins on the
surface, the angles of the polarizer and analyzer are adjusted in order to minimize
(null) the light intensity at the detector. This change in angle of the polarizer and
analyzer can be translated into a net mass change on the surface (27-29).

In this thesis, the same custom made ellipsometer was used as used by Damen
et al. (27). A schematic representation of the device is shown in Figure 5.19.
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Figure 5.19: Schematic representation of the ellipsometer as used in this thesis (27).

" photodiode

The device is equipped with a carousel containing mounting for eight silicon slides
(0.3x3.2 cm) and a cuvette holder for eight 400 pl cuvettes for the reaction
mixture. The device is software controlled. The polarizer and analyzer are
controlled by motors and the angles are automatically altered by the software to
achieve the null status. The binding of proteins on the surface will result in the
shift in angle of the polarizer to maintain the null status (AP, degrees). This value
can be used to calculate the surface mass density (I, ng protein/cm?2) by using a
simplified Lorents-Lorenz relation ' = 85 x AP (3, 29, 30).
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5.4.5 Surface Plasmon Resonance (SPR)

Surface plasmon resonance (SPR) is an optical technique for measuring the
refractive index of very thin layers of material adsorbed on a metal (e.g. gold).
When a light beam impinges onto the metal film at a specific (resonance) angle,
the surface plasmons are set to resonate with the light. This resonance results in
the absorption of light. In the widely used Kretschmann configuration (Figure
5.20), were the metal film is evaporated onto a glass block and a light beam is
focused onto the metal film, the plasmons are excited at the outer side of the film.
The focused light provides a range of incident angles using a prism placed at the
backside of the metal film, and the metal surface reflects all the light except for
the ray at a certain angle from which the light energy is adsorbed and not reflected
due to surface plasmon resonance. This angle is called the SPR angle and it
changes by the deposition of materials on the surface. The change in SPR angle
is proportional to the change in mass on the metal layer (31-34).
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Figure 5.20: The principle of surface plasmon resonance (31). Polarized light passes
through a prism and is refracted to reach the surface at different incident angles. When the
light impinges at a specific resonance angle (SPR angle), the light is absorbed by the surface,
resulting in the disappearance of the reflected light. When proteins bind to the surface, the
SPR angle shifts from position I to position II. The change in this angle corresponds to the
surface mass change.

In this thesis SPR is used to test the binding affinity of NbBcII10 and the influence
of alkynation using EPL on the binding affinity. As shown in Figure 5.20,
biomolecules are immobilized on the sensor chip. In our case, a CM5 chip

143



Chapter 5

containing a carboxymethylated dextran layer covalently attached to a gold
surface. The chip contains microfluidic tubing and four independent flow paths
that can be controlled separately. To test the binding specificity of NbBcII10, the
BcII antigen was covalently immobilized using an amide coupling (EDC/NHS).
After immobilization of the antigen, the SPR angle is determined (position I in
Figure 5.20). Next, after the addition of NbBclII10, the SPR angle will increase if
the NbBcII1O0 is still capable to bind to the BclI antigen (position II in Figure 5.20).
The more bound NbBcII10, the higher the SPR angle. The shift in SPR angle is
recorded in real time by the SPR apparatus (e.g. Biacore T200) and converted into
response units (RU) whereby 1 RU is approximately 1pg/mm?2.
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General discussion, conclusions and future perspectives

The aim of this thesis was to design and synthesize site-specifically functionalized
nanobodies for their covalent and oriented coupling onto complementary
functionalized surfaces to obtain a uniform layer of nanobodies for the
development of next generation biosensors with an increased sensitivity,
selectivity and reproducibility. To achieve this, the expressed protein ligation (EPL)
protein engineering technique was used in combination with copper (I)-catalyzed
azide alkyne cycloaddition (CuAAC) click chemistry. This approach was applied to
maltose binding protein (MBP) and later on to the B-lactamase targeting nanobody
BcII10 (NbBcII10), by introducing a bioorthogonal alkyne functionality at the C-
terminus of the protein in order to allow for a covalent conjugation to an azide-
functionalized surface/molecule.

This chapter highlights the research performed to achieve these goals and its
outcome. In addition, the limitations of these approaches, as well as some
remaining issues are discussed.

6.1 Site-specific functionalization of MBP for covalent and oriented
coupling to an azide-functionalized surface

EPL is a well-known technique for the C- or N-terminal modification of proteins.
The required expression vectors pTXB1 and pMXB10 are commercially available,
as well as a basic protocol for cloning and expression of proteins. MBP is the ideal
model protein for EPL because it i) is already cloned into the pMXB10 vector, ii)
has a high expression yield and iii) is very well described in literature. Therefore,
it is often used as a proof-of-concept protein in EPL.

In order to perform the EPL-based alkynation, a bifunctional linker containing a
thiol functionality (for the nucleophilic attack on the thioester function between
MBP and intein) and an alkyne functionality was synthesized. More specifically, 2-
amino-3-mercapto-N-(prop-2-yn-1-yl)propanamide was successfully synthesized
as proven by NMR spectroscopy. Using this linker, site-specifically alkynated MBP
(ssA-MBP) was produced in a high yield (21.6 mg/mL) in the presence of MESNA
in order to increase the reaction yield. To demonstrate the presence of the alkyne
functionality at the C-terminus of MBP, a CuAAC click reaction in solution was
performed with azide-functionalized biotin. This reaction in solution is the most
straightforward way of click chemistry because of the reduced influence of steric
hindrance and surface preconcentration in comparison to reactions on a surface.
After the reaction, the biotin was visualized using western blotting. To quantify
the degree of alkynation of MBP, electrospray ionisation mass spectrometry (ESI-
MS) was performed. Because of the presence of MESNA in the reaction mixture,
MESNA functionalized MBP is produced in addition to the desired ssA-MBP.
Unfortunately, the mass difference between these two end products is low (only
16 Da), resulting in one single large peak, making it impossible to quantify the
degree of alkynation.
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In addition to ssA-MBP, randomly alkynated MBP (rA-MBP) was also produced
through EDC/NHS coupling chemistry by utilizing the amino groups of the internal
lysines of MBP and an alkyne NHS linker. MBP contains 37 lysines. Theoretically
speaking, the use of a six-fold molar excess of alkyne NHS ester would effectuate
the functionalization of maximum 16% of all lysines. In order to alkynate all
(accessible) lysines, a larger excess of alkyne NHS ester is necessary. In this
thesis, a 54-fold molar excess was used to produce fully alkynated MBP (fA-MBP).
After analysis of rA-MBP and fA-MBP using mass spectrometry, it was clear that
in case of rA-MBP up to four lysines were alkynated. In case of fA-MBP, only four
to nine alkyne functionalities were detected. It can thus be concluded that only
nine lysines are accessible at the surface of MBP for functionalization, and that the
remainder cannot be functionalized due to sterical hindrance, polarity differences,
secondary structure elements and electrostatic interactions in the protein
structure.

After site-specific and random alkynation of MBP, its clickability on a solid surface
was evaluated using in situ ellipsometry. In order to achieve this, silicon surfaces
were functionalized with an azide functionality. More specifically, the surface was
first hydroxylated, carboxylated by silanization using N-(trimethoxysilylpropyl)-
ethylenediaminetriacetate trisodium salt (TMS-EDTA) and finally azidified using 3-
azido-1-aminopropane (AAP). Subsequently, the alkynated MBP species were
placed in an ellipsometer to monitor the click reaction in situ. Analysis pointed out
that the CuAAC-coupled MBP (ssA-MBP, rA-MBP and fA-MBP) could not be
removed from the surface using washing buffers or a 0.5% (w/v) SDS solution,
meaning that MBP was covalently coupled to the surface. Since this
functionalization approach requires a large amount of protein (the surface is
dipped into an alkynated MBP solution i.e. DIP-method), an alternative approach
was developed where a drop of MBP solution is added on top of the surface, i.e.
the so-called DROP method. By optimizing the click reaction mix, i.e. by varying
the concentration of the copper catalyst and the corresponding concentrations of
sodium ascorbate and THPTA, almost the same surface mass increase could be
achieved using the DROP method as compared to the DIP method. As
functionalization of proteins is often very labor intensive, makes use of custom-
made chemical components and as a consequence, is very expensive, the DROP
method is an interesting alternative approach for surface functionalization.

In conclusion, alkynated MBP can be coupled in a reasonable amount to silicon
surfaces. Furthermore, ssA-MBP is coupled in an oriented way and, by using the
DROP method, in a very cost-efficient way, which opens up new possibilities for
the development of uniformly oriented biosurfaces.
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6.2 The site-specific functionalization of MBP using alternative
nucleophiles in the EPL process

In the previously described proof-of-concept study, evaluating the clickablility of
MBP, ssA-MBP was produced by EPL using the thiol-based bifunctional linker 2-
amino-3-mercapto-N-(prop-2-yn-1-yl)propanamide. By making use of this linker,
an additional cysteine is added to the C-terminus of the protein. The thiol group
of this cysteine can form disulfide bridges with other modified or native proteins,
or with other bifunctional linkers in the reaction mixture. These drawbacks raised
the question whether other nucleophiles can be used instead of thiols for the
nucleophilic attack of the internal thioester function during the EPL process.
Therefore, the amine-based bifunctional linker 2-hydrazinyl-N-(prop-2-yn-1-
yl)acetamide was synthesized. This nucleophile makes use of the a-effect that
increases the nucleophilicity by the presence of an adjacent a-atom that contains
a lone pair of electrons and no additional thiol groups. In theory, several amine-
based nucleophiles are capable of reacting directly with the thioester function
between the protein of interest (POI) and the intein-CBD complex due to their
nucleophilicity at neutral pH. To assess the nucleophilicity of the synthesized
linker, MBP was used again as a model protein. Furthermore, the necessity of
MESNA, for both the thiol-based EPL process and the amine-based process, was
evaluated. When applying the same standard EPL protocol as previously described
for the classical thiol-based bifunctional linker, the protein yield after EPL was
lower when using the amine-based linkers, even with a 10 times higher
concentration of amine-based linker. Despite the lower yield, it was still possible
to perform a click reaction in solution with azide-functionalized biotin, as shown
by western blotting, demonstrating that the eluted protein was alkyne-
functionalized using the amine-based linker. To increase the protein yield, the pH,
the reaction temperature and the reaction time were varied. However, the yield
increases that were accomplished in this way were also visible in the negative
control (no bifunctional linker), meaning that these parameter variations only had
an effect on the hydrolysis of the thioester bond between MBP and the intein, and
not on the actual nucleophilic reaction. In addition, the need for MESNA in the EPL
reaction was evaluated. The EPL reaction was performed using the same reaction
conditions as before, for both the thiol-based and the amine-based bifunctional
linker, without the addition of MESNA to the reaction mixture. The absence of
MESNA had a large effect on the total reaction yield: both linkers led to a reaction
yield of nearly 5 mg/L culture. This indicates that MESNA is indeed an important
component to increase the yield of the EPL reaction. Nevertheless, western
blotting showed that, even without the use of MESNA, alkyne functionalization is
possible. On MS, no clear peak was visible for the alkynated MBP using the amine-
based linker. The largest peak was the one for hydrolyzed MBP. This means that
the percentage of alkynated MBP in the protein solution after EPL is low and the
solution mainly consists of hon-alkynated or MESNA-functionalized MBP. The same
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effect is visible when using NbBcII10 as a protein instead of MBP. In the end, it
has to be concluded that amine-based bifunctional linkers are not really suitable
for EPL. These results are confirmed in literature, as there are no new studies
reporting the successful use of amine-based bifunctional linkers. Marshall et al.
(2013) reported successful alkynation using an amine-based bifunctional linker
but the authors only showed western blotting results in their paper. However,
western blotting is a non-quantitative technique so it cannot be proven that all
the eluted protein is actually alkynated as a blot also looks positive if only a minor
percentage of the protein is alkynated. Furthermore, the authors applied a 200x
higher concentration of amine-based bifunctional linker in comparison to the
concentration used for a thiol-based bifunctional linker. According to the results
obtained in this dissertation combined with the results of Marshall et al., it can be
concluded that amine-based bifunctional linkers are not a valuable alternative for
thiol-based bifunctional linkers to be used for site-specific protein alkynation by
EPL.

6.3 Cytoplasmic versus periplasmic extraction of site-specifically and
bio-orthogonally functionalized nanobodies using expressed
protein ligation

The final goal of this dissertation was the site-specific functionalization of
nanobodies using EPL. Nanobodies are an interesting alternative for classical
monoclonal antibodies due to their relatively small size of ~ 15 kDa, well-
conserved structure, high affinity and specificity for their antigen. They are
expressed from a single gene, making them an ideal substrate for engineering
purposes and expression in Escherichia coli (E. coli).

Nanobodies are generally extracted in the periplasm of E.coli because of the
oxidizing environment that facilitates a correct protein folding. EPL-based
constructs on the other hand are expressed in the cytoplasm. In this thesis, a
strategy for the periplasmic extraction of nanobodies containing EPL constructs
was investigated. Preliminary studies and literature already indicated that the pelB
leader sequence, often used for the periplasmic transport of hanobody constructs,
is not the preferred way for the periplasmic transport of the Nb-intein-CBD protein
complex. As a solution for this issue, a broad array of different leader sequences
for periplasmic transport using the Sec pathway (OmpA, OmpF, malE) was
investigated. For the expression of these leader sequence containing constructs,
E. coli BL21(DE3) cells were used and NbBcII10 was used as a model protein.
Unfortunately, even after enrichment by means of chitin beads, the periplasmic
extract did not contain any NbBcII10-intein-CBD, as shown by SDS-page. A pelB-
NbBcII10-intein-CBD complex containing two stop codons between the pelB-
NbBcII10 gene and the intein gene was included as a positive control. In this way,
only pelB-NbBclII10 was expressed and transported to the periplasm. When using
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this construct, NbBcII10 was clearly present in the periplasmic extract, indicating
that the intein-CBD part prevents the transport of the NbBcII10-intein-CBD fusion
protein to the periplasm.

To overcome this issue, the E. coli Lemo21(DE3) cell line was included in this
study. These cells allow a precise control of the T7 RNA polymerase activity by
means of its natural inhibitor, T7 lysozyme, which will prevent the formation of
inclusion bodies, which can have a toxic effect on the cells and results in a better
regulation of the expression. In addition, two other constructs incorporating the
SRP-pathway targeting signal sequences DsbA and TolB were evaluated.
Unfortunately, similar results were found as when using BL21DE3 cells, raising
questions regarding the need of periplasmic extraction of the Nb-intein-CBD
complex. Periplasmic extraction also has some disadvantages such as a lower
protein yield, more time consuming expression and formation of inclusion bodies.
As a solution for these drawbacks, more and more research is performed
regarding cytoplasmic expression and extraction of nanobodies. An excellent cell
candidate for such application are E. coli SHuffle®T7 cells. SHuffle®T7 cells
express a chromosomal copy of the DsbC-chaperone which isomerizes misoxidized
proteins to their native state. To promote the correct protein folding even more,
an additional spacer peptide was added between the NbBcII10 and the intein,
containing the three amino acids leucine (L), glutamine (E) and tyrosine (Y). After
expression, the NbBcII10-LEY-intein-CBD fusion protein was treated with the
same thiol-based bifunctional linker as in the previous experiment using the same
EPL protocol (including the use of MESNA). The final reaction yield after EPL was
3.5 mg/L culture. The successful alkynation of NbBcII10 was not only
demonstrated by western blotting but also by a very clear peak on MS. The
clickability was established using western blotting after a click reaction with biotin-
azide. The main concern after cytoplasmic extraction of a Nb complex is the loss
of binding activity of the Nb towards its antigen, which was evaluated by two
different techniques. First, the affinity of NbBcII10-LEY-alkyne for its antigen BcII
was evaluated in a competitive enzyme-linked immunosorbent assay (ELISA),
showing a decrease in the amount of bound wild type NbBcII10-Hise after adding
an increasing concentration of the NbBcII10-LEY-alkyne. In order to obtain a more
quantitative result for the binding activity of NbBcII10-LEY-alkyne, SPR was
performed. The dissociation equilibrium constant (Kp) of the binding between
NbBcII10-LEY-alkyne and Bcll was compared with the Kp value of the binding
between NbBcII10-Hiss and BclI. An additional control containing dimerized
NbBcII10-HLC was included to evaluate the effect of dimerization, which is also
expected in the NbBcII10-LEY-alkyne due to the additional thiol that is introduced
during EPL. An improvement of the Kp value for the NbBcII10-LEY-alkyne
recognition of BcIl in comparison to the non-modified NbBcII10-Hiss was
established, caused by a 10-fold decrease in the kof-value for NbBcII10-LEY-
alkyne. The same change in ko was observed for the dimerized NbBcII10-HLC
(meaning that NbBcII10-LEY-alkyne spontaneously dimerizes). When comparing
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the sensograms, NbBcII10-LEY-alkyne and NbBcII10-HLC have a similar pattern
with an improved ke in comparison with NbBcII10-Hiss. Therefore, it is concluded
that neither the cytoplasmic extraction nor the site-specific alkynation of the
NbBcII10-LEY had an effect on the association rate constant relative to the native
Nb.

6.4 Future perspectives

In the field of biosensing, nanobodies are very interesting proteins due to their
small size (order 15 kDa) and stability. In this dissertation, NbBcII10 was used as
a model Nb but the discussed techniques can also be applied for nanobodies in
general. This results in a large panel of possible applications, not only for
diagnostic purposes such as biosensing or imaging, but also for therapeutic
applications like immunotherapy and targeted drug delivery. Furthermore, the
click coupling optimizations obtained for MBP will also be valid for the coupling of
other proteins, other than nanobodies.

In this thesis, a bifunctional linker was successfully synthesized that contains a
thiol function as well as an alkyne functionality. By synthesizing other bifunctional
linkers, it is possible to site-specifically functionalize nanobodies with other
bioorthogonal functionalities. In this way, nanobodies can be coupled to substrates
using other (copper-free) click chemistries, such as the strain-promoted alkyne-
azide cycloaddition (SPAAC) or the strain-promoted inverse-electron-demand
Diels-Alder cycloaddition (SPIEDAC), for e.g. in vivo applications.

In the past, nanobodies were mainly expressed in the periplasm. In this thesis we
demonstrated that cytoplasmic expressed and extracted NbBcII10, using
Escherichia coli SHuffle®T7 cells, still has the same target binding activity, and
so folding of the active site region, as compared to periplasmic extracted
NbBcII10. By using a cytoplasmic expression, a higher yield can be established.
The number of studies reporting cytoplasmic expression of nanobodies also
substantially increased since the start of this thesis, which means that the original
concept of so-called indispensable periplasmic extraction may not always be
necessary, and thus could lead to significant progress in nanobody research.
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Nowadays, bioactive materials are mainly produced by the biofunctionalization of
substrates based on non-specific coupling of proteins. The consequence of this
approach is that due to the random orientation and the potentially associated
structure disruption, part of the proteins will have an inaccessible active site. This
has a negative effect on the sensitivity, selectivity and reproducibility of the final
bioactive device. Site-specific modification of proteins circumvents these issues.
This thesis describes the use of expressed protein ligation (EPL) as a protein
engineering technique for the site-specific alkynation of maltose binding protein
(MBP) and nanobody BcII10 (NbBclII10). The C-terminally attached alkyne
functionality can then be further used for copper (I)-catalyzed azide alkyne
cycloaddition click chemistry.

First, the site-specific alkynation of MBP was investigated as a proof of concept.
Site-specific alkynation by means of EPL, requires a bifunctional linker that
contains an alkyne group and a nucleophile that is able to react with the thioester
function that is formed during the EPL process. As a bifunctional linker, 2-amino-
3-mercapto-N-(prop-2-yn-1-yl)propanamide was synthesized containing an
alkyne and thiol functionality. Using this linker, site-specifically alkynated MBP
was produced with a yield of almost 22 mg/L culture. The presence of the alkyne
functionality was successfully demonstrated by means of western blotting. In
addition to the site-specific alkynation, random alkynation was also performed.
For both alkynated MBP variants, the clickability was evaluated using in situ
ellipsometry. Two different coupling protocols were investigated: the DIP method,
where a silicon surface is submerged in a protein solution, and the DROP method
where only one drop of protein solution is used for the functionalization of the
surface. Both protocols resulted in the coupling of a reasonable amount of
alkynated MBP to the surface, for both the site-specifically alkynated and the
randomly alkynated MBP. By means of the the DROP method, combined with a
high concentration of sodium ascorbate, THPTA and copper catalyst, site-
specifically alkynated MBP was coupled in an oriented way with a minimum of
protein waste resulting in a very cost-efficient immobilization protocol.

A disadvantage of using thiol-based bifunctional linkers, like 2-amino-3-mercapto-
N-(prop-2-yn-1-yl)propanamide, is the subsequent introduction of a free thiol into
the protein. This free thiol can cause unwanted side reactions, e.g. interference
with endogenous cysteines and formation of disulphide bridges to form dimers. In
this thesis, the synthesis and use of an amine-based bifunctional linker, 2-
hydrazinyl-N-(prop-2-yn-1-yl)acetamide, was investigated for the site-specific
alkynation of MBP. In this way the free thiol can be avoided. The first results, after
a click reaction in solution with azide functionalized biotin were very promising
and proved the clickability of MBP that was alkynated using the amine-based
bifunctional linker. Nevertheless, ESI-MS showed that the main part consisted of
hydrolyzed MBP instead of alkynated MBP. In other words, only a very minor part
of the protein solution was actually alkynated. Attempts in protocol optimization
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did not result in an increase of the amount of alkynated MBP. The method was
also evaluated on another protein, namely nanobody BcII10 (NbBcII10), but the
results were similar.

The main goal of this thesis research was the site-specific modification of
nanobodies, in particular NbBcII10. In general, nanobodies are expressed in the
periplasm of E.coli. The periplasm has an oxidizing environment, which enables a
correct protein folding. EPL constructs are generally expressed in the cytoplasm.
In this thesis, various strategies for the periplasmic expression of EPL constructs
were assessed. Therefore, several constructs were developed containing different
leader sequences for periplasmic transport using two different pathways, i.e. the
Sec pathway (leader sequences pelB, OmpA, OmpF and malE) and the SRP
pathway (leader sequences DsbA and TolB). The constructs were expressed in E.
coli BL21(DE3) and E. coli Lemo21(DE3) but even after enrichment of the protein
extract, the expressed intein protein complex (NbBcII10-intein-CBD) could not be
found in the periplasmic extract. As an alternative for periplasmic extraction,
cytoplasmic expression and extraction was evaluated by using SHuffle®T7 cells
and the addition of a small peptide spacer (LEY) at the C-terminus of the Nb, both
of which promote a correct protein folding in the cytoplasm. ELISA and SPR
experiments showed that fully functional NbBcII10-LEY-alkyne was produced
through cytoplasmic expression and alkynation by EPL. This demonstrates that
periplasmic extraction is not (always) a must for nanobodies to become/remain
active (correctly folded) after expression and that post-translational alkynation by
EPL does not influence the binding activity of the NbBcII10.

Finally, by strategic design of the bifunctional linker, every possible ‘click’ group
can in principle be site-specifically attached to proteins. By doing this, a site-
specifically modified protein can be coupled in a covalent and oriented way in
order to improve the accessibility of the protein’s active region.

160



Samenvatting







Samenvatting

Nog steeds worden bioactieve materialen voornamelijk geproduceerd door het
biofunctionaliseren van substraten aan de hand van een niet-specifieke eiwit
koppeling. Het gevolg van deze aanpak is een willekeurige oriéntatie en een
potentiéle structurele beschadiging van (delen van) het eiwit met een
onbereikbare of niet-functionele actieve plaats als gevolg. Dit heeft een negatief
effect op de sensitiviteit, selectiviteit en reproduceerbaarheid van de finale
applicatie. Plaatsspecifieke modificatie van eiwitten kan deze problemen
voorkomen. Deze thesis beschrijft het gebruik van de “expressed protein ligation”
(EPL) methode als een eiwit modificatie techniek voor de plaatsspecifieke
alkynering van "“maltose binding protein” (MBP) en het nanobody BcII10
(NbBcII10). De C-terminaal gekoppelde alkyn functionaliteit kan dan vervolgens
gebruikt worden in klik chemie, nl. voor koper(l) gekatalyseerde azide alkyn
cycloadditie reacties.

Ter illustratie van bovengenoemd concept werd eerst de plaatsspecifieke
alkynering van MBP onderzocht. Plaatsspecifieke alkynering met behulp van EPL
vereist een bifunctionele linker die een alkyn groep en een nucleofiel bevat. Het
nucleofiel kan dan reageren met de thioester functie die wordt gevormd tijdens
het EPL proces. Als bifunctionele linker werd 2-amino-3-mercapto-N-(prop-2-yn-
1-yl)propanamide gesynthetiseerd.

Door gebruik te maken van deze linker werd plaatsspecifiek gealkyneerd MBP via
EPL geproduceerd met een opbrengst van 22 mg/L cultuur. De aanwezigheid van
de alkyn functionaliteit werd succesvol aangetoond door middel van western
blotting. Daarnaast werd ook willekeurig gealkyneerd MBP aangemaakt. Voor
beide gealkyneerde MBP varianten werd de klikbaarheid geévalueerd door middel
van in situ ellipsometrie. Twee verschillende koppelingsprotocols werden
onderzocht: de DIP methode waarbij het silicium substraat wordt ondergedompeld
in een eiwitoplossing en de DROP methode waarbij slechts één druppel van de
eiwitoplossing wordt gebruikt voor de functionalisatie van het oppervlak. Beide
protocols resulteren in de covalente koppeling van een redelijke hoeveelheid
gealkyneerd MBP aan het oppervlak voor zowel het plaatsspecifiek gealkyneerd
als het willekeurig gealkyneerd MBP. Door gebruik te maken van de DROP
methode, gecombineerd met een hoge concentratie van natriumascorbaat, THPTA
en een koper katalysator, werd plaatsspecifiek gealkyneerd MBP op een
georiénteerde manier gekoppeld met een minimum aan eiwitverlies resulterend
in een zeer kostenefficiénte immobilisatie procedure.

Een nadeel van thiol-gebaseerde bifunctionele linkers zoals 2-amino-3-mercapto-
N-(prop-2-yn-1-yl)propanamide is de introductie van een vrije thiol functie in het
eiwit. Dit vrije thiol kan ongevraagde nevenreacties veroorzaken zoals
interferentie met thiol groepen van endogene cysteines, de vorming van disulfide
bruggen en dimeren. In deze thesis werd de synthese en het gebruik van de
amine-gebaseerde bifunctionele linker 2-hydrazinyl-N-(prop-2-yn-1-yl)acetamide
onderzocht voor de plaatsspecifieke alkynering van MBP. Op deze manier wordt
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de aanwezigheid van een vrije thiol na de alkynering voorkomen. De eerste
resultaten van een klikreactie in oplossing met azide gefunctionaliseerd biotine
waren veelbelovend en bewezen de klikbaarheid van MBP dat gealkyneerd werd
door gebruik te maken van de amine-gebaseerde bifunctionele linker.
Desalniettemin, toonde ESI-MS aan dat het grootste deel van het MBP
gehydrolyseerd was in plaats van gealkyneerd. Met andere woorden, slechts een
kleine fractie van de eiwitoplossing was daadwerkelijk gealkyneerd. Pogingen tot
optimalisatie van de procedure resulteerde niet in een stijging van de hoeveelheid
gealkyneerd MBP in de -eiwitoplossing. Deze methodes werden eveneens
geévalueerd met een ander eiwit, het nanobody BcII10 (NbBcII10), maar de
resultaten waren vergelijkbaar.

De voornaamste doelstelling van het onderzoek in deze thesis was de
plaatsspecifieke modificatie van nanobodies, in het bijzonder NbBcII10. In het
algemeen worden nanobodies gevouwen in en geéxtraheerd vanuit het periplasma
van E. coli. Het periplasma heeft een oxiderende omgeving die een correcte
eiwitvouwing mogelijk maakt. EPL constructen echter, worden normaal in het
cytoplasma tot expressie gebracht en geéxtraheerd uit het cytoplasma. In deze
thesis werden verschillende strategieén voor de periplasmatische expressie van
EPL constructen onderzocht. Hiertoe werden meerdere constructen ontwikkeld die
verschillende signaalsequenties bevatten voor periplasmatisch transport
gebruikmakend van 2 pathways, namelijk de SEC pathway (signaalsequenties
pelB, OmpA, OmpF and malE) en de SRP pathway (signaalsequenties DsbA and
TolB). De constructen werden tot expressie gebracht in E. coli BL21(DE3) en E.
coli Lemo21(DE3) maar zelfs na opzuivering van het eiwitextract, met behulp van
chitine, werd het NbBcII10-inteine-CBD complex niet terug gevonden in het
periplasmatisch extract. Als alternatief voor de periplasmatische extractie werd de
cytoplasmatische expressie en extractie onderzocht. Hierbij werd gebruik
gemaakt van SHuffle®T7 cellen en een kort LEY peptide fragment tussen de C-
terminus van het nanobody en de alkyn linker, beide ter promotie van een correcte
eiwitvouwing. ELISA en SPR experimenten toonden aan dat volledig functioneel
NbBcII10-LEY-alkyn kon aangemaakt worden door een cytoplasmatische
expressie, alkynering via EPL en extractie. Dit toont aan dat een periplasmatische
extractie niet altijd een must is voor nanobodies om actief te blijven na expressie
en dat post-translationele alkynering via EPL geen invloed heeft op de
bindingsactiviteit van het NbBcII10.

Door het strategisch designen van de bifunctionele linker kan in principe elke
mogelijke klik functie plaatsspecifiek op het eiwit gebonden worden. Door dit te
doen kan het plaatsspecifiek gemodificeerd eiwit covalent en georiénteerd
gekoppeld worden om op die manier de bereikbaarheid van de actieve regio te
optimaliseren.
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Hier zitten we dan, op een druilerige zaterdagnamiddag even te reflecteren over
mijn voorbije 11 jaar op de UHasselt. Na 6 jaar studeren (ja, dat eerste jaar was
nu niet bepaald een succes te noemen) moest de beslissing genomen worden:
gaan ik een job zoeken of ga ik een doctoraat starten. En als ik een doctoraat ga
starten, welke richting ga ik dan uit? Ik heb biomedische wetenschappen
gestudeerd maar die chemie stages hebben me toch meer zin gegeven in een
chemie doctoraat. Dus, bedankt Hanne, Rafaél, Ans & Thomas om de chemie
microbe aan mij door te geven!

En dan kom je op een dag een warrige Hollander op de gang tegen, beter gekend
als Erik, die een geweldige combinatie van beide doet in zijn labo. Het duurde dan
ook niet lang voor ik verkocht was en de beslissing nam om te solliciteren bij de
BDG groep. Dus bij deze, Erik, bedankt om mij het licht te laten zien en de keuze
wat eenvoudiger te maken. Ik moest thuis ook al jaren aanhoren: “uw broers zijn
kinesist en verpleger, zou gij geen dokter worden dan hebben we alles in huis”.
Ok, “not that kind of doctor” maar mama en papa, jullie zullen het er mee moeten
doen :-) ! Mama, papa, Robbie & Maarten, bedankt voor alle steun.

1 augustus 2012 was het dan zo ver, mijn eerste dag bij de BDG groep. Aangezien
ik toch al enige tijd in de chemie gangen rondspookte, en al heel wat was gaan
stelen in het BDG lab tijdens mijn stage bij de PNB had ik mijn weg snel gevonden.
Bedankt Erik & David om mij zo goed op te vangen. Er is hard gewerkt, maar
verdomme toch ook veel gelachen! Niet lang erna vervoegde ook Tien ons dus ik
was niet langer de enige nieuwe met de domme vragen. Nu, Erik & David, maar
1 zinnetje in mijn dankwoord aan jullie spenderen zou wat triestig zijn, bij deze
zijn het er dus 2 :-) Een onderzoeksgroep is natuurlijk altijd een komen en gaan,
en het enthousiasme wel groot toen we er zelfs een vrouw bij kregen. Wel eentje
met meer ballen dan wij allemaal samen maar de BDG was niet langer een
mannenclubje. Ik hoor Wanda het zo nog zeggen: nu er een vrouw in het lab bij
komt gaat het zeker wat properder en opgeruimder zijn. Ik vrees dat ze op die
woorden toch is moeten terug komen, nietwaar Rebekkka :-) ? Niet veel later
hebben we afscheid moeten nemen van onze - weet ook echt alles - Erik. Een
grote shock voor het BDG labo, maar Erik ging terug naar eigen land :-). En last
but not least, op het einde van mijn rit kwam ook Sofie er nog bij. Na een jaar
stage hebben we haar toch kunnen overtuigen om te blijven!

Ook een dikke merci aan alle andere doctoraatsstudenten van chemie. Het zijn er
te veel om op te noemen, maar bedankt voor de leutige lunchpauzes en de
“speciale” ervaringen op de congressen. Ook een speciale merci aan Hanne, ze
was niet enkel tijdens mijn stage mijn steun en toeverlaat maar ook achteraf heb
ik uren op haar bureau lopen klagen over mislukkende experimenten. De “mama
van de bende” klinkt misschien een beetje oud, maar je was toch een leuke
buurvrouw op onze gang :-) !
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Doorheen de jaren zijn er ook nog heel wat stagairs gepasseerd. Eerst de korte
stages, de ene al wat succesvoller dan de andere, maar toch hartelijk dank aan
Jolien, Joeri, Richeek, Ardit, Wouter(ke). Altijd leuk om te zien dat jullie allemaal
op jullie pootjes terecht gekomen zijn! Wel wat raar als je dan enkele jaren laten
op een sollicitatiegesprek zit en een van je oude stagairs komt al wuivend aan het
raam van de vergaderzaal voorbij waar je de ziel uit je lijf aan het zweten bent
van de zenuwen. Maar Jolien, wel super dan we nu ook weer collega’s zijn!
Sommige stages duurden wat langer, bedankt Sander om mij (bijna) een volledig
academiejaar te komen vergezellen. Ik weet dat het niet altijd makkelijk was, een
stage waarin zo ongeveer niks heeft gewerkt zoals we het gehoopt hadden, maar
ik hoop toch dat je er iets van geleerd hebt. Het feit dat je de R&D vaarwel gezegd
hebt na je stage zal er wel iets mee te maken gehad hebben zeker ;-).

Je kan natuurlijk geen interdisciplinair onderzoek doen zonder af en toe eens naar
een ander lab te trekken. Eerst en vooral, Tom en zijn ellipsometer. Uren hebben
we aan dat ding doorgebracht, en nooit deed het wat we verwachtten. Het heeft
dan ook veel tijd, geduld, en Si plaatjes gekost voor we hadden wat we wilden
maar een van de hoofdstukken van deze thesis was toch nooit kunnen gebeuren
zonder u. Dus Tom, een dikke merci, en niet alleen voor uwe onnozele zever over
uw katten ;-) Ook Gunther, ook al had je de BGD groep vaarwel gezegd, onze
“vroeg in de ochtend” en “laat in de avond” gesprekken hebben mij enorm
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