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Till pappa





Our greatest weakness lies in giving up.
The most certain way to succeed is always to try
just one more time.

-Thomas Edison
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Abstract
In protein engineering, rational design and selection from combinatorial li-
braries are methods used to develop proteins with new or improved features.
A very important protein for the biological sciences is the antibody that is used
as a detecting agent in numerous laboratory assays. Antibodies used for these
purposes are often ”man-made”, by immunising animals with the desired tar-
get, or by selections from combinatorial libraries. Naturally, antibodies are
part of the immune defence protecting us from foreign attacks from e.g. bac-
teria or viruses. Some bacteria have evolved surface proteins that can bind to
proteins abundant in the blood, like antibodies and serum albumin. By doing
so, the bacteria can cover themselves in the host’s own proteins and through
that evade being detected by the immune system. Two such proteins are Pro-
tein A from Staphylococcus aureus and Protein G from group C and G Strep-
tococci. Both these proteins contain domains that bind to antibodies, one of
which is denoted C2 (from Protein G) and another B (from Protein A). The B
domain have been further engineered to the Z domain.

In this thesis protein engineering has been used to develop variants of the
C2 and Z domains for site-specific labelling of antibodies and for antibody
purification with mild elution. By taking advantage of the domains’ inher-
ent affinity for antibodies, engineering and design of certain amino acids or
protein motifs of the domains have resulted in proteins with new properties.
A photo crosslinking amino acid, p-benzoylphenylalanine, have been intro-
duced at different positions to the C2 domain, rendering three new protein do-
mains that can be used for site-specific labelling of antibodies at the Fc or Fab
fragment. These domains were used for labelling antibodies with lanthanides
and used for detection in a multiplex immunoassay. Moreover, a library of
calcium-binding loops was grafted onto the Z domain and used for selection
of a domain that binds antibodies in a calcium dependent manner. This en-
gineered protein domain can be used for the purification of antibodies using
milder elution conditions, by calcium removal, as compared to traditional an-
tibody purification.

Keywords: Antibody, labelling, purification, Protein G, Protein A, protein
engineering, protein design, combinatorial selection.
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Populärvetenskaplig sammanfattning

Proteiner kallas ofta livets byggstenar då de är ansvariga för att
bygga upp och reglera alla former av liv. Proteiner styr funktion-
erna i våra kroppar, så som att bygga upp våra muskler, bryta ned
maten i våra magar och skydda oss mot sjukdomsframkallande
bakterier genom vårt immunförsvar. Ett väldigt viktigt protein i
vårt immunförsvar är antikroppen. Vi kan bilda antikroppar som
binder till nästan vad som helst som kommer in i vår kropp, trots
att det är något immunförsvaret aldrig tidigare stött på. Antikrop-
parna vi producerar binder ofta väldigt starkt till det som är främ-
mande för vår kropp, t.ex. bakterier, och kan på så sätt kalla till
sig andra delar av immunförsvaret som kan döda bakterien. Vissa
bakterier har utvecklat ett försvar för att undvika att bli upptäckta
av immunförsvaret. På sin yta har de proteiner som kan binda till
andra proteiner som är vanligt förekommande i vårt blod, t.ex. an-
tikroppar. Genom att binda till våra antikroppar täcker bakterien
sig med dem, och eftersom vi inte vill attackera det som kommer
från oss själva, utan bara det som är främmande för kroppen, kan
bakterierna undvika att bli upptäckta av immunförsvaret. I min
avhandling har jag använt två sådana bakterieprotein, som kallas
Protein G och Protein A, för att ta fram nya metoder för att märka
in och rena antikroppar.

Antikroppar förekommer inte bara i våra kroppar. Eftersom de
är så bra på att binda starkt till andra molekyler framställer man
idag antikroppar på labbet som binder till det man vill. Till exem-
pel finns antikroppar som kan användas för att binda till tumör-
celler så att man kan ta bilder på var i kroppen en tumör finns och
på så sätt veta var den är när man ska operera bort den eller stråla
den. Problemet är att antikroppen är så liten att den inte går att se,
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inte ens med ett vanligt mikroskop. För att kunna synliggöra an-
tikroppen, så att man kan hitta tumören i kroppen, behöver man
märka in den på något sätt. Man kan säga att man sätter en lampa
på antikroppen så att man ska kunna se var den är. Vi har utveck-
lat två nya metoder för att märka in, sätta en lampa på, antikrop-
par genom att förändra Protein G, bakterieproteinet som binder
till antikroppar för att undgå immunförsvaret. Med hjälp av våra
nya proteiner kan man märka in en antikropp, och veta precis var
på antikroppen lampan hamnar. Andrametoder för antikroppsin-
märkning är slumpmässiga och kan omman har otur hamna i an-
tikroppens bindningsyta, alltså den viktiga delen av antikroppen
som ska binda till tumören, och på så sätt förstöra eller försämra
antikroppen.

När man tillverkar en egen antikropp på labb görs detta ofta
genom att odla celler sommanmodifierat för att de ska producera
ens antikropp. Informationen omhur ett specifikt protein ska byg-
gas upp finns i dess gen. Man kan säga att genen är en ritning för
proteinet. Om man sätter in genen för ens antikropp i en särskild
typ av celler kan man odla, föröka, de cellerna genom att ge dem
syre och näring. Då kommer cellerna producera antikroppen (och
enmassa andra proteiner) och spruta ut dem från cellen. Efter nå-
gon vecka har man en soppa med sin producerade antikropp och
andra proteiner som producerats av cellerna. För att kunna an-
vända sin antikropp behöver man rena den. Man vill alltså göra
sig av med de andra proteinerna i soppan, så att man bara har sin
antikroppkvar. Då kanmananvända ett av dehär bakterieprotein-
erna, Protein A, som binder till nästan alla antikroppar. Om man
blandar sin antikroppmedProteinA, så binder de till varandra. Då
kan man tvätta bort alla de andra proteinerna i soppan, som inte
fastnar på Protein A. Efter att man tvättat bort de andra protein-
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erna vill man att ens antikropp ska släppa Protein A. Bindningen
mellan Protein A och antikroppen är stark, så för att få antikrop-
pen att släppa måste man sänka pH, alltså göra blandningen sur,
till ungefär samma pH som en tomat. Vi har framställt en vari-
ant av Protein A, som man kan få att släppa antikroppen genom
att tillsätta lite mindre syra. Vår variant av Protein A är beroende
av att det finns kalcium i blandningen för att kunna binda till an-
tikroppen. Om det finns kalcium i blandningen, så binder Protein
A-varianten till antikroppen. Om man istället tar bort kalciumet,
så släpper vårt Protein A antikroppen. På så sätt kan man få an-
tikroppen att släppa Protein A på ett lite snällare sätt än att göra
det surt som en tomat, och då mår antikroppen bättre.
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Introduction

1 Proteins

Proteins are the building blocks of life, regulating all functions of
our body. They help digest the food in our stomach (enzymes) and
send signals through our body to regulate various body functions
(hormones). Proteins defend our body from foreign pathogens
when we are sick (immune system) and provide structure to our
hair and nails (keratin) or tissues (collagen). They regulate all im-
portant functions of the body, like when a gene should be tran-
scribed to ribonucleic acid (RNA) that can in turn be translated to
a protein, or when a cell should divide into two new cells.

Proteins are encoded by our genes, located on long stretches of
deoxyribonucleic acid (DNA), tightly packed as chromosomes in
the nuclei of our cells. When a particular protein is required in
the body, the gene encoding that protein is transcribed to a mes-
sengermolecule calledmessenger RNA (mRNA), a single stranded
copy of the gene, that can be translated to a polypeptide chain. The
polypeptide chain can subsequently be folded into a protein. This
transfer of information, from DNA via mRNA to the polypeptide
chain, is called the central dogma of molecular biology[1] (figure
1a).
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Transcription Translation

DNA mRNA polypeptide

a)

b)

Figure 1: a) The central dogma of molecular biology. DNA encoding our genes is located
in the nucleus of the cells in our body. DNA is transcribed tomRNA, a single stranded copy
of the gene. The mRNA can then be translated to a polypeptide chain that can fold into
a protein. b) Cartoon representation of the different orders of structure of proteins. The
primary structure is the polypeptide chain of the amino acids of the protein in the order
encoded by its gene. These polypeptide chains fold into secondary structure elements such
as beta strands or alpha helices. Secondary elements then order themselves into folded
proteins, the tertiary structure. Some proteins consist of several protein domains that
organise together in order to form the full protein, this is called the quaternary structure.
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Proteins

The polypeptide chain that is the basis of a protein is made up
from amino acids coupled together like beads on a string. This is
also called the primary structure of the protein, i.e. the exact se-
quence of amino acids that is the basis for a given protein. The pri-
mary structure folds into ordered secondary structural elements
e.g. alpha-helix or beta-strand. Depending on the protein, these
secondary elements then fold together to form the tertiary struc-
ture of the protein, its final fold. This can be several beta-strands
forming a beta-sheet, multiple alpha helices forming an alpha heli-
cal bundle or different other combinations of secondary structure
elements. For some proteins multiple domains with tertiary struc-
ture interact to form the final protein which is called the quater-
nary structure (figure 1b) [2] .

Inmost life forms there are 20 amino acids encoded for by triplet
codons, three nucleotide bases ofmRNA, that are the building blocks
of the polypeptide chains. All amino acids have an alpha carbon
connecting an amino group, a carboxylic acid and a side chain. The
side chain is what makes each amino acid unique. Depending on
their side chains the amino acids are often grouped into non-polar,
polar or charged amino acids (figure 2)[2].

1.1 Antibodies

One of the most important proteins in our body is the antibody. It
protects us fromdisease by binding to things that are foreign to our
body, such as viruses and bacteria, and thereby directs the immune
defence to clear them from the body. Antibodies are unique in the
way they adapt and mutate to bind never before seen molecules
with very high affinity and specificity[3]. They are stable proteins
that can circulate in the body for a very long time, with a half-life
of over 20 days[4].

3



Introduction

Alanine (Ala, A)

Proline (Pro, P)

Lysine (Lys, K)

Threonine (Thr, T)Serine (Ser, S)

Tyrosine (Tyr, Y)

Tryptophan (Trp, W)

Phenylalanine (Phe, F)

Glutamate (Glu, E)

Leucine (Leu, L)

Cysteine (Cys, C)

Glycine (Gly, G)
Valine (Val, V)

Glutamine (Gln, Q)

Histidine (His, H)

Isoleucine (Ile, I)

Asparagine (Asn, N)

Arginine (Arg, R)

Aspartate (Asp, D)

Methionine (Met, M) Non-polar 
amino acids

Polar 
amino acids

Charged
amino acids

Negative (-)Positive (+)

Figure 2: Overview of the 20 canonical amino acids that are the building blocks of pro-
teins. Depending on their side chain the amino acids can be grouped into non-polar, polar
and charged amino acids. The pKa of the charged amino acid side chains decides at what
pH the amino acid is charged. For example His has a pKa of 6 meaning it is uncharged at
pH 7, whereas Glu with a pKa of 4 and Arg with a pKa of 12 are negatively and positively
charged respectively at neutral pH.
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The great properties of antibodies have been taken advantage of
by researchers and now antibodies can be generated towards vir-
tually any target [5, 6]. These ”man-made” antibodies are widely
used in all fields of biological, biotechnological and medical re-
search. Antibodies are used for detection in various assays and
diagnostic tests. They are used as secondary reagents to visualise
different target proteins in all types of assays varying from on-cell
binding in flow cytometry to complex protein samples in Western
Blot. More recently antibodies have emerged as important new
therapeutics for various diseases e.g. inflammatory diseases and
certain cancers[7].

The most common antibody subclass, both in our bodies and
used in the lab, is immunoglobulin G (IgG). It consists of two iden-
tical heavy chains and two identical light chains. A cartoon repre-
sentation of IgG and its different domains and fragments is pre-
sented in figure 3. The heavy chain consists of three constant do-
mains (CH1-3) and one variable domain (VH). The light chain con-
sists of one constant domain (CL) and one variable domain (VL).
Together the constant domainsmake up the constant region of the
antibody and the variable domains the variable region. If an IgG
molecule is cleaved by the protease papain it is divided into two
identical fragment antigen binding (Fab) and one fragment crys-
tallisable (Fc). The Fc part of the antibody is responsible for inter-
acting with other proteins in our body, such as the FcγRIII recep-
tor on natural killer cells, to direct them to a site of infection where
they can kill the pathogen. The Fab fragments consist of two of the
constant domains, CH1 and CL, and the two variable domains. The
variable domains each have three hyper variable loops, or comple-
mentarity determining regions (CDRs), that together make up the
antibody binding site and are responsible for the antibody’s bind-
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CL

VH

VL

CL

CH1 CH1

CH2 CH2

CH3 CH3

Fc

Fab

Constant
region

Variable
region

Antigen

site
binding

VH

VL

CDRs

Figure 3: Cartoon representation of an IgGmolecule. The antibody consists of two iden-
tical heavy chains (green) and two identical light chains (orange). The different domains
(constant, denotedC and variable, denotedV) aremarked in the figure aswell as the differ-
ent regions/fragments of the antibody. The CDRs on the variable domains are responsible
for antigen binding.

ing to the epitope on its antigen (target). An epitope is the specific
surface on a molecule that an antibody binds to. [3].

1.2 Antibody binding proteins

In order to increase their virulence and find an escape route around
our immune system, certain bacteria have evolved surface proteins
that can bind abundant proteins in the blood. By binding to the
body’s own proteins, the bacteria goes incognito and can evade the
immune system for a longer period of time compared to a bacte-
ria lacking these proteins[8, 9]. Some of these antibody binding
proteins have been well studied and are used for different biotech-
nological purposes, most commonly protein purification[10, 11].
Table 1 shows an overview of two well studied antibody binding
proteins, Protein A and Protein G, and their degree of binding to
different antibody subclasses and species[12].
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Table 1: The interaction between Protein A and Protein G with various antibody sub-
classes and species. Strong binding is indicated by ++, + indicates weak binding while -
indicates no binding.

Immunoglobulin Protein G Protein A

IgG1 (human) ++ ++
IgG2 (human) ++ ++
IgG3 (human) ++ -
IgG4 (human) ++ ++
IgG1 (mouse) + +
IgG2a (mouse) ++ ++
IgG2b (mouse) ++ ++
IgG3 (mouse) ++ ++
IgG1 (rat) + +
IgG2a (rat) ++ -
IgG2b (rat) + -
IgG2c (rat) ++ ++
IgG (rabbit) ++ ++
IgG1 (bovine) ++ -
IgG2 (bovine) ++ ++
IgG1 (sheep) ++ -
IgG2 (sheep) ++ ++
IgG1 (goat) ++ +
IgG2 (goat) ++ ++
IgGab (horse) ++ +
IgGc (horse) ++ +
IgGT (horse) (+) -

Protein G

Protein G is a surface protein found on Streptococci from group
C and G. It consists of an N-terminal alanine rich region and sig-
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nal peptide followed by three serum albumin binding domains, de-
noted B1, B2 and B3, three IgG binding domains, denoted C1, C2
andC3andC-terminal cell wall andmembrane anchoring domains[13].
The three IgG binding domains are highly analogous, with C1 and
C2 differing by only two amino acids. There is a four amino acid
difference between C2 and C3 and a six amino acid difference be-
tween C1 and C3[14]. A large part of the work of this thesis was
based on the C2 domain why it will be described further in detail,
but all IgG binding domains of Protein G have similar properties.

The C2 domain is a 56 amino acid proteinwith very high affinity
for IgG of most species and subclasses (see table 1). It has affinity
for both the Fc fragment[15] and the Fab fragment[16] of IgG (fig-
ure 4a), but the affinity for the different fragments varies depend-
ing on the antibody species and subclass[17, 18]. The C2 domain
has the structure of a beta sheet made from four antiparallel beta
strands with an alpha helix stacked on top (figure 4b). Moreover
C2 is very stable with a melting point (Tm) of >80 ◦C and refolds
easily after denaturation [19, 20].

C2’s binding to the Fc fragment takes place in the region be-
tween the CH2 and CH3 domains, where mainly charged and po-
lar residues on the alpha helix and the N-terminal region of beta
strand three on C2 form hydrogen bonds to the IgG (figure 4c)[15].
In the Fab interaction the second beta strand of C2 forms an ex-
tended beta sheet with the last beta strand of the CH1 domain of
IgG. This binding is provided by edge-to-edge interactions, sta-
bilised by hydrogen bonds, between the beta strands’ backbone
atoms. The C-terminal region of the alpha helix on C2 interacts
with the first beta strand of the CH1 domain. This complex is sta-
bilised by a hydrophobic core formed by buried non polar residues
between the two proteins (figure 4d)[16]. The residues on the CH1
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interacting with C2 are highly conserved and the binding between
C2 and Fab is mainly formed by backbone to backbone interac-
tions. This provides an explanation to why the C2 domain has
affinity for such a broad range of IgG species and subclasses com-
pared to other antibody binding proteins[21].

Protein A

Protein A can be found on the surface of Staphylococcus aureus.
It consists of an N-terminal signal sequence, five antibody binding
domains denoted A, B, C, D and E, each consisting of 58-62 amino
acids, and an X region that do not interact with immunoglobulins
and is believed to anchor the protein in the cell wall[22, 8]. Each
antibody binding domain makes up a tightly packed three helix
bundle forming a strong hydrophobic core[23]. Protein A inter-
acts not only with IgG but also weakly with human IgA, IgE and
IgM[24, 25].

The B domain of protein A is 58 amino acids and have been
further engineered into the Z domain, with the A1V and G29Amu-
tations, that were designed for cloning purposes and to make the
protein less sensitive to hydroxylamine treatment, used to selec-
tively cleave Asn-Gly peptide bonds in proteins[26]. The Z do-
main, like all of the IgG binding domains of Protein A, forms a very
stable three helix bundle (figure 4b)[23] and has high affinity (KD
10 nM) for the IgG Fc fragment[27]. It has a Tm of 75 ◦C[28] and
refolds easily after denaturation. Helix one and two of the Z do-
main are responsible for IgG interaction where it binds in the re-
gion between CH2 and CH3 on the Fc fragment through side-chain
to side-chain interactions (figure 4e)[29]. This binding surface is
close to, but not exactly the same as, the interaction area between
the C2 domain and Fc[15, 8].
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C2

C2  Z

a) b)

c) d)

e)

Figure 4: The C2 and Z domains and their interaction with IgG. a) Cartoon representa-
tion of an IgG molecule and the binding sites for C2 (pink) on the Fc and Fab fragment as
well as Z (blue) on the Fc fragment. b) Ribbon structure representations of the C2 domain
(pink) (pdb-file 1FCC[15]) and the Z domain (blue) (pdb-file 2SPZ[23]). c) Ribbon struc-
ture representation of C2 binding to the Fc fragment (pdb-file 1FCC). d) Ribbon structure
representation of C2 binding to the Fab fragment (pdb-file 1QKZ[30]). e) Ribbon struc-
ture representation of Z binding to (half of) the Fc fragment (pdb-file 1FC2[29] and 2SPZ).
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Other antibody binding proteins

While Protein G and A are very well known and well studied anti-
body binding proteins there are other bacteria displaying differ-
ent kinds of antibody binding proteins. Certain strains of Pep-
tostreptoccus magnus express Protein L on their surface. Pro-
tein L has five IgG binding domains and can bind certain κ light
chains of IgA, IgD, IgE, IgG and IgM[31, 32, 9]. Group A strep-
tococci expresses antibody binding proteins belonging to a super-
group called M-proteins. There are three families of M-proteins,
Emm,EnnandMrp, consisting of similar proteins differing in struc-
ture and function. Other than antibodies,M-proteins can also bind
additional plasma proteins such as albumin, C4BP protein and fib-
rinogen [33, 34, 9]. Recently a protein from human mycoplasma
denoted Protein M was discovered. It binds to all types of IgG
through conserved portions of the κ and λ light chain’s variable
region, blocking the antibody-antigen binding[35].

1.3 Calcium binding proteins

Calcium regulates many functions in the body. Thus plenty of pro-
teins bind calcium in different ways in order to regulate various
calcium dependent mechanisms. These proteins differ in struc-
ture and function but have in common their ability to bind cal-
cium ions using different types of domains. The calcium binding
proteins contribute to controlling the concentration of calcium in
the cytosol, transport calcium ions across cell membranes or are
sensitive to local concentration differences in calcium ions, acting
as calcium sensors. There are both extracellular and intracellular
calcium binding proteins[36].

Extracellular calcium binding proteins are often so called cal-

11



Introduction

cium sensors that undergo changes in conformation in response
to changes of the calcium concentration in the local extracellular
environment. These proteins are important in the modulation of
vital cellular functions such as complement activation, receptor-
ligand interactions and blood clotting[36].

There are a great number of different intracellular calciumbind-
ing proteins. A large group of these, including some of the most
well known and important calcium binding proteins such as the
calmodulin and parvalbumin family proteins, have so called EF-
hand domains that bind to calcium[37]. These proteins mediate
very important cellular processes including cell cycle regulation,
cell division anddifferentiation and regulation of neuronal function[36].
The EF-hand motif is important for this thesis why it will be pre-
sented in further detail below.

Some of the intracellular calcium binding proteins lack the so
calledEF-handmotif and are important for binding calcium ions in
the endoplasmic reticulum and the sarcoplasmic reticulum. These
organelles are then (among other things) used as calcium reser-
voirs within the cell. Other EF-hand lacking intracellular calcium
bindingproteins are involved in regulating ion channel activity[36].

The EF-hand motif

The EF-hand is a calcium binding protein motif found in numer-
ous calcium binding proteins, both extracellular and intracellular.
It is a helix-loop-helix motif of a, most commonly, twelve amino
acid calcium binding loop flanked by two perpendicular alpha he-
lices. It forms a structure much like the thumb and index finger
of a hand, giving the motif its name (figure 5). The canonical se-
quence of the EF-hand is around 30 residues and is found in more
than 65 protein subfamilies, usually in pairs so that a protein con-
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E-Helix

F-HelixLoop

Ca2+

Figure 5: The EF-hand is a helix-loop-helix motif found in many calcium binding pro-
teins. It consists of a twelve amino acid calcium-coordinating loop flanked by two perpen-
dicular helices, denoted E and F, together forming a structure similar to the index finger
and thumb of a hand.

tains two, four or six EF-hand motifs[36]. Upon binding to cal-
cium, the EF-hand can undergo conformational change, but this
change varies. In some cases this conformational change can lead
to protein structure formation from amolten globule state, in oth-
ers give a protein the ability to bind its target. The sensitivity of
calciumbinding differs between different EF-hand containing pro-
teins and depend on multiple factors such as the intrinsic affinity
to calcium for the loop in question, the co-operation in calcium
binding with a paired EF-hand, the selectivity over the chemically
similar, and much more abundant, magnesium ion as well as the
protein target interaction. It is the sensitivity to changes in the se-
quence of the twelve amino acids of the canonical EF-hand loop
that enables the calcium binding proteins to have such different
affinities for calcium ions[37].

In the EF-hand loop, the calcium ion is coordinated by seven
ligands, provided by the amino acid side chains, in a pentagonal
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bipyramidal way. The Ca2+ ion has a preference to be coordinated
by oxygen, why glutamic and aspartic acid residues are commonly
found in the loop. The canonical loop contains nine loop amino
acids and three amino acids in the exiting helix. Some of these po-
sitions are virtually the same in all canonical EF-hand loops while
others are more flexible in regards to what amino acid is found
there (table 2). Five of the seven coordinating groups comes from
within the nine amino acids that make up the loop (position one,
three, five, seven and nine), the other two from the twelfth residue
(Glu or Asp). The sixth residue is as good as always a glycine, im-
portant for the loop flexibility, and the eighth position is a highly
conserved hydrophobic position[37, 38].
Table 2: The amino acid preference of the canonical EF-hand loop[37]. The most com-
mon amino acids are presented with the percentage of occurrence in known EF-hand
loops. Other frequently occurring amino acids are those found in the given position in
more than five percent of known loops.

EF-loop position 1 2 3 4 5 6 7 8 9 10 11 12

Most common Asp Lys Asp Gly Asp Gly Thr Ile Asp Phe Glu Glu
amino acid (100 %) (29 %) (76 %) (56 %) (52 %) (96 %) (23 %) (68 %) (32 %) (23 %) (29 %) (92 %)

Other frequent Ala Asn Lys Ser Phe Val Ser Tyr Asp Asp
amino acids Gln Arg Asn Lys Leu Thr Ala Lys

Thr Asn Gln Glu Thr Ala
Val Tyr Asn Leu Pro
Ile Glu Gly Glu Asn
Ser Arg Gln Lys
Glu
Arg

1.4 Summary

Proteins are very importantmolecules for life, built up by polypep-
tide chains of amino acids. The order of the amino acids for a cer-
tain protein is encoded in the DNA by the protein’s gene. In this
chapter the proteins and protein motifs important for this thesis
i.e. the IgG antibody, the C2 domain, The Z domain and the EF-
hand calcium binding loop have been presented.
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2 Protein engineering

Sometimes new features of a protein are desired. The protein can
then be changed through design or random processes, i.e. engi-
neered, in order to develop a new protein with the desired prop-
erties. Engineering of a protein is sometimes done by tweaking
its properties little by little by small changes in the amino acid se-
quence to see if that, fully or partially, renders the wanted effect. It
can also be done by drastic changes such as combining two ormore
proteins with different properties into one multi-purpose protein
or by adding entirely new protein domains or motifs to an existing
protein.

Often protein engineering is categorised either as rational de-
sign, which as the name implies is a more cognitive process based
on previous knowledge of a protein and protein chemistry, or as
directed evolution, where large pools of protein variants are sub-
jected to different types of selection pressures in order to find one
or several variants with the desired properties.

Sometimes the canonical 20 amino acids are not enough to at-
tain the desired effects. There is an array of non canonical, or un-
natural, amino acids with various properties. These are generally
like a normal amino acid but with a designed side chain, giving
the amino acid special properties. Methods to incorporate these
amino acids, either chemically with peptide synthesis or in vivo in
traditional host cell protein production, have been developed over
the years.

2.1 Rational design

In rational design changes to a protein function or structure ismade
by investigation of known protein features and making changes to
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the protein by educated guesses, that is thought to give the protein
the desired property. Protein structures, when such have been de-
termined, can be examined in order to figure out what amino acids
changes could be done to e.g. destroy a binding site or change the
affinity of a protein for its target[39, 40]. This is often investigated
by changing an important amino acid to one with a side chain with
different properties like a different size, charge or polarity. An-
other approach is alanine scanning where one amino acid at a time
is changed to alanine, that has a solemethyl group as its side chain,
in order to see what effect the original amino acid has for the pro-
tein’s properties[41, 42].

In recent years semi-rational approaches, using computational
methods that simulate protein-protein interactions, have beenused
in order to suggest designedproteinswith thewantedproperties[43,
44]. Often these computational design tools are used to propose a
pool of protein variants that may be too large to investigate one
by one. Therefore this approach is often combined with directed
evolution, but with a library with a more focused design, hopefully
increasing the chances of finding protein variants with the desired
properties[45].

2.2 Directed evolution

In directed evolution large pools, often millions or billions, of pro-
tein variants called libraries are subjected to different conditions in
order to find one or a few protein variants with the desired prop-
erties. This is often described as finding a needle in haystack or
trying to fish out the right protein from a massive shoal using the
proper bait. The protein pool is expressed using some sort of dis-
play system that links the phenotype (the protein characteristics)
to the genotype (the genetic code of the protein) in order to be able

16



Protein engineering

to decode the amino acid sequence of the selectedproteins[46]. Di-
rected evolution mimics natural evolution in that the pool of pro-
tein variants is subjected to increasingly harsh conditions in order
to select for the proteins in the pool that have the desired proper-
ties i.e. survival of the fittest. Often these selections are performed
to find target protein binders, that could be used for therapeutic or
diagnostic purposes. The protein library is mixed with the target
protein immobilised on a solid support. Non-binders are washed
away after which binders are eluted and amplified resulting in a
new library pool with an increased number of proteins having, at
least partly, the desired properties. Over the course of a selection,
several rounds of these binding-washing-elution-amplification cy-
cles are performed[47]. Generally the number of washes are in-
creased and the amount of target is decreased in each selection
round, which increases the competition to stay in the final eluted
protein pool. This is called increasing the stringency of the selec-
tion.

Library design

To create a library, the pool of protein variants, certain positions of
a protein are chosen for randomisation. This means that in a par-
ticular chosen position two or more amino acids are allowed. By
allowing multiple amino acids in several positions of a protein the
diversity, i.e. the number of possible variants, quickly increases. If
all 20 amino acids are allowed in five different positions of a pro-
tein, this gives a theoretical library size of 205, 3.2million, possible
protein variants.

Depending on the purpose of the selection, the library used can
be designed in different ways. When searching for a new bind-
ing protein, randomisations are normally designed to occur where
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the binding surface of themolecule is intended. For antibody frag-
ments this generallymeans introducing randomisations in theCDRs.
In so called alternative scaffolds, often small protein molecules
that are designed as alternative affinity proteins, amino acids that
together form a binding surface are randomised.

Randomisation can be introduced by using so called degenerate
codons, allowingmore than one particular base of DNA in each po-
sition of a triplet codon. Using the codonNNN,whereN=A/C/T/G,
gives 64 codons that encode for all twenty amino acids, as well as
the three stop codons. However due to certain amino acids being
encoded for by multiple codons, the NNN codon creates a bias for
these amino acids as they aremore likely to be encoded for. There-
fore when wanting full randomisation the NNK (K=G/T) codon
can be more useful as, with 32 possible codons, it encodes all 20
amino acids but without creating as much bias for certain amino
acids and only allowing for one stop-codon[48]. These types of
degenerate codons can also be designed in ways so that only cer-
tain amino acids are allowed in a position e.g. GAW (W=A/T) only
encoding aspartic and glutamic acid or RRW (W=A/T, R=A/G) en-
coding Arg, Asp, Asn, Glu, Gly (x2), Lys and Ser. More sophisti-
cated methods have emerged where entire triplet codons for given
amino acids are mixed in desired proportions so that it is possible
to allow certain percentages of given amino acids in given positions
e.g. 5 % of each of the 20 amino acids in position x or 20 % Ala and
80 % Ile in position y[49].

Sometimes it is not known where mutations are wanted and a
more random approach is desired. Then approaches such as gene
shuffling or error prone PCR can be used. In gene shuffling DNA
from homologous genes is fragmented by restriction enzymes or
DNase followed by ligation or rounds of primer-free polymerase
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chain reaction (PCR), annealing and extending fragmentswith suf-
ficient overlap. In error prone PCR random mutations in a gene
or a gene segment are introduced by the Taq polymerase’s inher-
ent ability to make mistakes and incorporate wrong bases when
replicating a gene. The error rate of the polymerase is increased
by adding manganese and increasing the magnesium concentra-
tion in the reaction buffer. There is however a bias for the poly-
merase, where certain mismatches are more common than others.
This bias can, at least partly, be decreased by varying the concen-
tration of the different dNTPs in the buffer or by combining poly-
merases, resulting in less biased mutation rates[50].

Phage Display

Once a library has been established it can be used in a directed
evolution selection. Themost commonly usedmethod for directed
evolution is phage display, first describedbyGeorge Smith in 1985[51].
In phage display the protein library is fused to a coat protein of fil-
amentous phage, most commonly to protein III (pIII). The pheno-
type (protein) is then linked to its genotype (gene) which is packed
inside the protein displaying phage. When fusing the protein li-
brary directly to the pIII gene on the phage genome, all copies
of the protein will display the library member. As there are five
copies of pIII on the filamentous phage, this will result in multiva-
lent display, generally resulting in binders with lower affinities due
to avidity effects in the selection[52]. Phagemid systems, designed
to result in monovalent display of the library, i.e. one copy of the
library protein per phage, have been developed. In these systems
the library is fused to, typically, a truncated version of pIII on a
separate plasmid, called a phagemid, that is transformed into Es-
cherichia coli cells. These cells are then infected by so called helper
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phages providing all other proteins and components for filamen-
tous phage production. Helper phages have a defect packing signal
directing the production towards phage containing the phagemid
genome[53]. Many phages produced using the phagemid/helper
phage system will only contain wild type pIII and thus not display
any library member[52].

Libraries can be fused also to other phage coat proteins e.g. pro-
tein VIII (pVIII). pVIII is the major coat protein of filamentous
phage, where about 2700 copies makes up the phage[52]. Only
short peptides (six-eight amino acids) can be fused to pVIII, as
longer fusions will result in unstable phages[54]. Since there are
so many copies on each phage this will cause huge avidity effects
during selections, making pVIII a less suitable fusion partner for
finding high affinity binders[55].

A typical set up for a phage display selection is described in fig-
ure 6. The outcome of each round of a selection is generally mea-
sured using titers, i.e. how many phages go into a round of selec-
tion and how many come out. Other than titrations it is hard to
monitor a phage display selection over the course of a selection.
It is generally described as a black box approach, where one can-
not know whether the selection has been successful or not before
screening the output after the final round of selection. In order to
determine if any successful binders have been found the output of
the selection is screened for clones with the desired properties, for
example by enzyme-linked immunosorbent assay (ELISA), and se-
quencing to see if there has been any enrichment of certain sequences[56].

In recent years advances have beenmade using next generation
sequencing, providingmeans to analyse the selection outcome also
between rounds of selection as well as circumventing traditional
colony picking and screening[57, 58]. Furthermore a method for
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continuousdirected evolutionusing phagedisplay, denotedphage-
assisted continuous evolution (PACE), have been developed[59].
In PACE multiple rounds of evolution can be performed, without
human intervention, in a single day [50].

Phage library

wash away unbound phage

elute bound phage
Amplify

mix with target

Figure 6: Overview of a typical selection procedure using phage display. A pool of phage
displaying the library variants is mixed with the target molecule on a solid phase. Non-
binding phages are washed away and the remaining, binding, phages are eluted, generally
by lowering the pH or by trypsination. Eluted phages are amplified by E. coli infection
followed by superinfection with helper phages providing all necessary protein genes for
filamentous phage production. The amplified phages can then be used as input in the next
round of selection.
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Other display systems

In order to have a better overview of what happens during a selec-
tion fluorescence-activated cell sorting (FACS) can be used. Real
time events of single clones’ binding to a fluorescently labelled tar-
get can be detected and plotted against the surface display level
of the clone to sort out the best binding library members. This
allows for following the selection over time and see that the por-
tion of desired library members increases over the course of the
selection[50]. FACS requires particles large and spherical enough
for detection and sorting, why it cannot be used with phage dis-
play. This has led to the development of different cell display sys-
tems such as yeast[60] and Staphylococcal display[61] as well as
droplet based bead surface display[62]. Yeast display is the most
commonly used cell display system and has the advantage of being
based on eukaryotic cells, providing possibilities for post transla-
tional modifications of the proteins, not available in prokaryotic
hosts. The drawback of cell display systems is that they are limited
by the transformation frequency of the cells, generally resulting in
smaller library sizes compared to phage display[50]. Also phage
display libraries are dependent on transformation, in that case to
E. coli cells. Although these generally provide higher transforma-
tion frequencies yielding larger libraries than the cell display sys-
tems, transformation is still a limiting factor.

In order to circumvent transformation and get even larger li-
braries alternative, cell free, display systems have been developed.
These include ribosome display[63], mRNA display[64] and CIS-
display[65]. Typically a pool of library genes are translated into
proteins that are linked to their genes, either through mRNA or
DNA, by ribosome stalling (ribosome display), puromycin fusion
(mRNAdisplay) orRepAbinding to the templateDNA (CIS-display).
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Not only do these systems provide a measure for larger libraries,
but as the genes of the binders coming out of each selection are
amplified between each round of selection, this can be done with
error prone PCR. This provides a mean to introduce additional di-
versity into the library between each round of selection, further
mimicking the natural evolution process.

2.3 Non-canonical amino acids in protein production

Sometimes the 20 canonical amino acids encoded for by the ge-
netic code are not enough to provide the desired properties of a
protein. In vivo, amino acids can be post-translationally modified
e.g. by phosphorylation or glycosylation[66]. Moreover selenocys-
teine, a cysteine analogue with a selenium in place of the sulphur,
exists naturally in all three domains of life. It is encoded for by the
opal stop-codon (TGA) in presence of a selenocysteine insertion
sequence in the mRNA molecule[67]. In some methanogenic ar-
chaea and bacteria pyrrolysine, a pyrroline containing amino acid,
is encoded for by the amber stop codon (TAG) which is suppressed
in these organisms by a special transfer RNA (tRNA)[68].

Amino acidswith unnatural side chains provide a toolbox to fur-
ther engineer the properties of a protein, to give them functions not
feasible with the natural amino acids. These amino acids can have
widely different side chains and can be used for e.g. chemoselec-
tive reactions, as fluorescent probes, provide metal-ion binding or
be photo reactive. Together these, non genetically encoded, post-
translationally modified or unnatural amino acids can be grouped
as non-canonical amino acids (NCAA).

An NCAA important for this thesis is p-benzoylphenylalanine
(BPA), a photo inducible crosslinker that is commonly used to in-
vestigate protein-protein or protein-DNA interactions in vivo[69].
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a)

b)

Figure 7: a) The non-canonical amino acid BPA that has a benzophenone on its side
chain. b)Reactionmechanismof the benzophenone side chain of BPAwith amethyl group
upon long-wave UV irradiation[70].

It has a benzophenone group as part of its side chain (figure 7a)
that canbe reversibly excitedupon long-waveUV irradiation, around
350 nm, and either form a covalent bond to a nearby amino acid
(figure 7b) or relax back to its natural state if no reaction partner
is nearby[70].

Solid Phase Peptide Synthesis

In solid phase peptide synthesis (SPPS) a polypeptide chain is built
one amino acid at a time on a solid phase support. This provides
the possibility to incorporate unnatural elements such as NCAAs
or D-amino acids and also to make branched peptides. By taking
advantage of different protecting groups on the amino acid side
chains, a given amino acid can be specifically modified by orthog-
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onal removal of their side chain protecting group without depro-
tecting the rest of the peptide[71]. Normally SPPS is done in a C
to N terminal direction, although methods for synthesis in the in-
verse direction have been reported [72, 73].

In general the synthesis of a peptide is initiated by coupling of
the C-terminal residue to the solid support (resin) with an acid la-
bile linker. In the next step the temporary protecting group that
prevents the N-terminal amine of the amino acid from reacting is
cleaved off. An excess of the next amino acid, with an activated C-
terminal carboxyl group, is added to the reaction. The two amino
acids can react to form a peptide bond after which any unreacted
reagents can be filtered away, followed by washing of the resin.
Any amino groups on the resin that were not successfully coupled
can be irreversibly capped to prevent deletions in the final peptide.
This process is then repeated in cycles for each amino acid of the
peptide until the entire peptide is synthesised[74].

The deprotection of the N-terminus of the previous amino acid
before coupling must be specific, while not causing the peptide to
release from the resin. In the original SPPS publication Merri-
field used the Cbz protecting group[75], which was soon replaced
by tert-butyloxycarbonyl (Boc). They both require the use of acid
with varying strengths to be selectively cleaved off. Today themost
commongroup to protect theN-terminus is 9-fluorenyl-methyloxy-
carbonol (Fmoc)[76] that is removed by treatment with base, or-
thogonal to the acid used for cleaving the peptide off of the resin.
Fmoc removal is generally donewith 20 %piperidine that provides
milder reaction conditions compared to the harsher acids[74]. The
C-terminal carboxyl group is activated by an electron withdraw-
ing group, that makes the carbonyl carbon more electrophilic and
moreprone to reactwith the amine on the previously coupled amino
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acid. The side chains of the amino acids are protected by protect-
ing groups in order to prevent them from reacting during the syn-
thesis which would lead to undesired side reactions[74]. Certain
peptides can be prone to aggregate, resulting in a lower synthesis
yield. This can be avoided by using backbone protecting groups
or pseudoprolines, dipeptides where Ser, Thr or Cys are cyclised
to the backbone in a structure similar to proline[71]. Once the en-
tire peptide is synthesised, concentrated acid is used to cleave of
the side chain protecting groups, open up cyclised pseudoprolines
and cleave the peptide from the resin[74].

Adrawback of SPPS is that it is limited by coupling efficiency[71].
Even with a 99 % coupling efficiency in each step, a 60-mer pep-
tide would have a theoretical yield of 55 %. For a 95 % coupling
efficiency, theoretical yield would be less than 5 %. In reality the
coupling efficiency varies for different amino acids and the primary
sequence of the peptide in question, why some peptides will give
much lower yields than others. SPPS is thus limited to peptides
and small protein domains in order to obtain a reasonable amount
of protein.

Recombinant production - expanding the genetic code

Recombinant protein production is themost commonly usedmethod
to produce proteins, due to lower costs, higher yields and the abil-
ity to produce longer proteins than in e.g. SPPS. The traditional
workhorse in the field is E. coli, that has been used extensively
and wheremultiple production strains, addressing different draw-
backs of the host, have been developed[77]. Quite often proteins
are produced in eukaryotic cells, e.g. yeast or mammalian cells,
in order to produce proteins with post translational modifications
such as glycosylation, or proteins containing disulphide bridges
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that can be hard to produce in the reducing environment of the
E. coli cytosol[78].

To be able to introduce NCAAs in vivo, orthogonal systems for
the translational machinery have been developed. These systems
rely on the introduction of a pair of an orthogonal tRNA and its
corresponding aminoacyl tRNA synthetase (aaRS) into a host, that
will genetically incorporate the NCAA in response to a nonsense
codon[79, 80]. By adding the NCAA to the culture medium, it can
be charged on the orthogonal tRNA by the orthogonal aaRS. The
orthogonal tRNA then responds to the nonsense codon introduced
at a specific position in the gene of interest and so the unnatural
amino acid is introduced to a protein by the host’s natural trans-
lational machinery (figure 8). Importantly the orthogonal tRNA
must not react with any of the endogenous tRNA synthetases, i.e.
it cannot be charged with any of the canonical amino acids of the
host. Similarly the orthogonal aaRS must be able to charge the
NCAA, but not any of the canonical amino acids, on the orthogo-
nal tRNA. Several selection systems have been developed in order
to select for these orthogonal pairs of tRNA/aaRS, each specific for
its own NCAA[80].

For E. coli NCAA protein production Schultz and co-workers
developedorthogonal tRNA/aaRSpairs from the archaeaMethano-
coccus janaschii[81]. M. janaschii introduces a tyrosine in response
to the amber stop codon (TAG), the stop codon least used naturally
in E. coli. As this particular aaRS has minimal interaction with the
anticodon of its tRNA, it could be mutated in order to accept other
amino acids than its natural tyrosine. Moreover it lacks editing
mechanisms,meaning it will not cleave off the chargedNCAA from
the tRNA after acetylation, even though it is not its natural sub-
strate. Pairs for more than 70 different NCAAs have been devel-
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oped using this system[79]. As the M. janaschii tRNA/aaRS pair
is not orthogonal in eukaryotes, other orthogonal pairs have been
developed from E. coli and certain Methanosarcina to be used in
these hosts[80].

More than one NCAA can be introduced into the same protein,
by introducing two different pairs of tRNA/aaRS that responds
to different nonsense codons, e.g. one responding the the TAG
codon and the other to a quadruplet codon, for which a specifi-
cally evolved ribosome that can handle four-base codon transla-
tion needs to be used[66].

2.4 Summary

Protein engineering can be used to for example enhance the prop-
erty of a protein or to give it entirely new features. This can be done
using rational design, by taking advantage of previous knowledge
about a protein, or by more random approaches using directed
evolution. Often these approaches are combined to make focused
rather than entirely random libraries of proteins to be used in a
particular selection. Non canonical amino acids, outside of the
normally encoded 20, can be used to further broaden the possi-
bilities of a protein’s application. These NCAAs can readily be in-
troduced into a protein, either by solid phase peptide synthesis, or
in recombinant protein production using traditional, pro- or eu-
karyotic, host cells.
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Figure 8: In the natural translationmachinery in a host cell the host’s endogenous tRNA
is charged with a canonical amino acid by an endogenous aminoacyl tRNA synthetase.
This amino acid is incorporated into the polypeptide chain in response to the tRNA’s anti-
codon on the mRNA molecule. By introducing genes for an orthogonal tRNA, which re-
sponds to a codon not normally encoding an amino acid in the cell (nonsense codon), and
an orthogonal aminoacyl tRNA synthetase that can charge a non-canonical amino acid on
the orthogonal tRNA, the NCAA can be introduced into the polypeptide chain in response
to the nonsense codon.
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3 Protein labelling

Antibodies and other affinity proteins are commonly used as de-
tecting reagents in various assays and diagnostic tests. In order
to visualise detection, the detecting protein needs to be labelled,
often with a fluorophore or an enzyme. Proteins used for in vivo
tumor imaging are normally labelledwith radionuclides. Labelling
of the protein is done either directly on the affinity protein or in-
directly by a secondary affinity protein, that is labelled, binding to
the primary detecting protein. There are many ways to label pro-
teins. Most common is to take advantage of certain amino acids’
side chains and couple the labelling agent to them. This often leads
to random labelling where the position and number of labels per
protein cannot be fully controlled. A number of different meth-
ods have been developed over the years to provide means for more
controlled labelling, in particular in the field of antibody drug con-
jugates (ADC).

3.1 Non-specific labelling

Non-specific labelling utilises side chains of certain amino acids
for labelling of proteins. Most commonly used are lysines that, to-
gether with the N-terminus of the protein, can be labelled on their
primary amine via an N-hydroxysuccinimide (NHS) group. The
thiol groupof cysteine canbe labelled usingmaleimide chemistry[82].
Less common ways to non-specifically label proteins are labelling
of the carboxyl group of the C-terminus, glutamate and aspartate
using N-ethyl-3-N’, N’-dimethylamino-propylcarbodiimide (EDC)
chemistry, or conjugation to tyrosines using diazonium salts[83].

This type of labelling is generally straight forward and easy to
use, however it is not possible to entirely control the level and/or
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position of labelling, resulting in a heterogeneously labelled pro-
tein. Lysines are generally found throughout most proteins, why
they can be a good target to label. This can be positive as it is pos-
sible to obtain several labels on one protein, resulting in a higher
signal readout. However, it increases the risk of heterogenous la-
belling and the risk of labelling the protein in or near its active
site or binding surface, potentially damaging the protein function.
Cysteines that are naturally present in a protein are generally paired
with another cysteine, together forming a disulphide bridge. Thus,
in order to label cysteines the protein needs to be reduced, and la-
belling on one of the cysteines will disrupt the disulphide bridge
which will destabilise the protein in question. Many small alterna-
tive affinity proteins such as the Affibody[84] and the DARPin[85]
do not contain cysteines. In these proteins a cysteine can easily be
added genetically to allow for specific labelling.

Biotinylation

A common molecule to conjugate to proteins for labelling is bi-
otin, a small 244 Da molecule also known as vitamin H or B7. It
is naturally a cofactor for carboxylase enzymes and present in all
living organisms[86]. Its binding to the proteins avidin and strep-
tavidin is one of the strongest protein-ligand interactions known
in nature, with an affinity in the femtomolar range[87]. Thus it is
convenient to label a protein with the small biotinmolecule to then
subsequently mix it with streptavidin conjugated to the desired la-
bel e.g. a fluorophore or an enzyme, for detection.

Biotinylation can be done either with the labelling techniques
described above, or by using a specific tag and enzyme. E. coli bi-
otin holoenzyme synthetase, biotin ligase (BirA), naturally recog-
nises the biotin carboxyl carrier protein subunit (BCCP) where it
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site-specifically biotinylates one particular lysine[86]. In order for
a protein to be biotinylated by BirA it requires at least 75 residues
from the BCCP to be fused to the protein. To find a smaller tag
that could be specifically biotinylated, throughphage display selec-
tions, a minimal 15 amino acid peptide that is recognised and site-
specifically biotinylated at its lysine by BirA has been developed. It
is termed the AviTag or biotin acceptor peptide and has the amino
acid sequence GLNDIFEAQKIEWHE. Interestingly this peptide
carries little sequence resemblance to the BCCP motif, yet it is bi-
otinylated by BirA with similar kcat/Km[88]. When fused to a pro-
tein, normally N- or C-terminally, the AviTag can be biotinylated
either in vivo , by co-expressing the AviTag-protein with BirA and
addingbiotin to the culturemediumduring protein expression[89],
or in vitro by simply mixing the tagged protein with purified BirA
and biotin[90].

3.2 Site-specific labelling of antibodies

As antibodies are commonly used, both asmeans for detection and
as therapeutics, labelling of antibodies in a specific and controlled
manner without interfering with its function is of great interest.
Site-specific labelling, as the name implies, means labelling an an-
tibody in a way so that the exact position of the label is known and
controlled. These labelling methods provide means to label anti-
bodies in a manner that do not interfere with the antibody binding
site and yield more homogeneously labelled proteins. Methods for
site-specific labelling of antibodies can be divided into two groups,
those that require mutations of the antibody sequence , and those
that can label antibodies directly, without changing the antibody
itself.

Methods that require changing the antibody sequence include
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introduction of a cysteine that can be labelled by partial reduc-
tion without disrupting the normal antibody disulphide bridges,
so called THIOMABs (figure 9a)[91]. An alternative is to introduce
a selenocysteine that is more reactive than cysteines towards elec-
trophiles at lower pH (pH 5.2), making it possible to specifically la-
bel that particular residue via maleimide chemistry[92]. A rather
new and popular method for labelling proteins, including antibod-
ies, is sortagging[93, 94]. Sortase A is a bacterial enzyme that nat-
urally attaches proteins to the cell wall of S. aureus. It can link
a glycine containing label to an LPXTG motif. Sortase A cleaves
the LPXTG motif between the Thr and the Gly residue, forming a
enzyme-substrate thioester intermediate that can be fused to the
Gly-label through a nucleophilic attack (figure 9b)[95]. Further-
moreNCAAs that canbe chemoselectively labelled, such asp-aceto-
phenylalanine orp-azidophenylalanine, canbe introduced site specif-
ically in the antibody and subsequently be labelled using oxime lig-
ation or click chemistry (figure 9c)[96].

When wanting to modify an already existing antibody, or when
it is not possible tomake amodified antibody, labelling techniques
that take advantage of the antibodies natural properties can be
used. These methods requires a molecule that has a natural affin-
ity for the antibody, preferably at a site remote from the antibody
binding site, and a means to covalently link the molecule to the
antibody to that particular site. The methods presented below do
this through photo crosslinking, i.e. they contain residues that
can form radicals upon UV irradiation and by that form a cova-
lent bond to the antibody. An example of this is indole-3-butyric
acid, that can site-specifically cross link to the nucleotide bind-
ing site, a conserved region in the variable region of the Fab frag-
ment, when subjected to shortwave UV light of 254 nm (figure
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9d)[97, 98]. Moreover benzophenones have been introduced to
the Protein A derived Z domain[99, 100, 40] as well as the C3 do-
main of Protein G[101], so that they can covalently label antibodies
on the antibody Fc fragment. The benzophenone is introduced in
or near the antibody binding domain’s binding site to the antibody
and when subjected to UV light of 365 nm, a wavelength that is
generally considered non-damaging to proteins, it can covalently
label the antibody.

An antibody loaded with a drug or a toxin could provide a very
powerful type ofmedical therapy that could be used in a search and
destroy manner in order to specifically kill e.g. a certain cell type
(typically a cancer cell). The first ADCs approved for clinical use,
Kadcyla and Adcetris are made by traditional labelling of primary
amines on the antibody resulting in heterogeneous labelling[94].
Since then, research has shown that homogeneously conjugated
ADCs have lower clearance and increased therapeutic index com-
pared to their heterogeneously labelled counterpart, why methods
such as the ones described above are the main focus today when
making ADCs[102, 103].

3.3 Means for detection in immunoassays

Often labelled antibodies are used as detecting agents in immunoas-
says. The antibody must then be labelled, directly or indirectly,
with a mean for detection, that can provide a signal readout. Nor-
mally this is provided by an enzyme or a fluorophore, but more
recent advances have also provided the possibility to detect single
elements such as lanthanides.

Enzymes are commonly used to provide signal amplification in
immunoassays such as ELISA, Western Blot and immunohisto-
chemistry. Examples include alkaline phosphatse, beta-D-galactosidase
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LPXTG
(G)n

Sortase A

+
LPXT(G)n

HS

NBS

254 nm

a)

b)

c)

d)

Figure 9: Examples of methods for site-specific labelling of antibodies. a) By introduc-
ing a cysteine at a specific position in the Fab fragment, it can be selectively labelled via
maleimide chemistry. b) The bacterial enzyme Sortase A can conjugate an introduced
LPXTG motif on the antibody to a label with one or several N-terminal glycines. c) Non
canonical amino acids such as p-acetophenylalanine can be introduced to the antibody
and be labelled via chemoselective reactions such as oxime ligation, illustrated here. d)
The highly conserved nucleotide binding site (NBS) is located in the variable region of the
Fab. NBS is rich with aromatic residues why indole-3-butyric acid, that forms a radical
upon 254 nm UV radiation, can crosslink to a tyrosine in the NBS.
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and the smaller,most commonly used, horseradishperoxidase (HRP).
Depending on the substrate these enzymes can produce colorimet-
ric, luminescent or fluorescent readouts[104].

In flow cytometry and fluorescent microscopy different anti-
gens can be detected by affinity proteins coupled to different flu-
orophores. These are small organic molecules that absorb light at
one particular wavelength and emit light at a longer wavelength.
Moreover there are smaller fluorescent inorganic nanoparticles,
quantum dots, that are brighter and more stable than traditional
fluorophores[105]. Additionally there are fluorescent proteins, such
as the green fluorescent protein (GFP) andderivatives thereof, that
are less harmful to cells than traditional fluorophores and can be
used e.g. as a protein expression reporter in living cells[106]. While
multiple fluorophores can be combined formultiplex experiments,
emission spectral overlap often makes it hard to combine more
than eight to ten fluorophores, evenwhen using quantumdots that
have narrower emission spectra[107].

In recent years methods based on inductively coupled plasma
mass spectrometry (ICP-MS) have provided ways where a wide
range of metal ions, metal-loaded polymers and nanoparticles can
be detected with high sensitivity and low detection limits. Detect-
ing proteins can be labelled with these metals via bifunctional lig-
ands, combining a reactive group used for conjugation and ametal
chelate complex. As the ICP-MS instruments have high spectral
resolution, the ability for multiplexing is much larger than with
fluorophores. There are more than 100 stable isotopes that can be
detected with ICP-MS why in theory 100-plex detection could be
performed[107]. Laser ablation ICP-MS (LA-ICP-MS) can be used
on solid samples andhave beenused formultiplex tissue imaging[108]
andWestern Blotting[109]. Moreover individual cells can be anal-
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ysed withmass cytometry[110] providing a higher degree of multi-
plexing than traditional flow cytometers. Adrawback of thismethod
is that it is destructive to the cells that can thus only be analysed
but not sorted[107].

3.4 Summary

Protein labelling is important in order to be able to detect an affin-
ity protein used in a laboratory assay or diagnostic test. Proteins
can be labelled with for example enzymes, fluorescent probes or
metals. The most commonly used methods for labelling utilise
chemically reactive groups to label lysines or cysteines in the pro-
tein, providing an easy and efficient way for labelling. However
these methods are not fully controllable and may damage the pro-
tein or its function, why methods for site-specific labelling of pro-
teins, in particular antibodies, have been developed. In therapy
development there is a large focus on conjugating antibodies to
toxins or drugs, in order to increase their therapeutic effect or to
use the antibody as a homing molecule, delivering a killing agent
to a particular site of disease. Research has shown that specific,
homogenous labelling improves the pharmacokinetic properties of
the therapeutic.

37



Introduction

4 Protein purification

Most protein production, besides SPPS, is made by the introduc-
tion of a gene of interest to a host cell organismsuch as the prokary-
ote E. coli, or eukaryotic cells such as the yeast cell Pichia pastoris
andmammalian cells, e.g. Chinese hamster ovary (CHO) cells and
human embryonic kidney cells[78]. This is called recombinant
protein production. Often the proteins are produced, soluble, in
the cytosol of the cell or in certain cases the periplasmic space of
gram negative bacteria. Some proteins are harder to produce and
may precipitate during production, forming inclusion bodies that
need to be resolubilised[111]. This may also happen when using
strongpromotors inducinghighprotein production. Inmammalian
cell cultures it is common that the soluble protein is secreted into
the culture medium and can be separated from its producing cell
by centrifugation.

When proteins are produced in the cytosol or periplasm, the
cell membrane needs to be disrupted, lysed, after production in
order to release the protein content from the cell. This can be
done by chemical treatment, sonication or sheer force. Lysis is
normally followed by centrifugation leaving a soluble phase, the
lysate, containing the proteins and other soluble molecules, and
a solid phase of cell debris[112]. Regardless of production path,
the protein of interest (POI) normally ends up in a liquid phase to-
gether with other proteins, salts and medium components. From
this ”soup” the POI needs to be purified, in order to end up with
a pure and concentrated protein. Protein purification is normally
performed on a column containing a stationary phase, resin, cou-
pled to a ligand with certain desired properties. A general purifi-
cation process consist of equilibrating the column with an appro-
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priate buffer, followed by application of the protein sample to be
purified diluted in equilibration buffer or in pH adjusted medium.
Impurities and molecules that do not bind to the resin are washed
away and the remaining protein is eluted by changing the proper-
ties of the mobile phase, causing the protein to release from the
stationary phase[113].

4.1 Non-specific purification

Traditional purification methods uses general protein properties
for separation. In ion exchange chromatography (IEX), proteins
are separated based on their charge. It is one of themost frequently
used separation techniques as it offers high resolution where it can
separate two molecules differing by only one charged amino acid.
Based on the charged residues of a protein, every protein has an
isoelectric point (pI), the pH where the protein has a net charge of
zero. At a pH above the pI, the protein will be negatively charged
and conversely at a pH below the pI the overall charge of the pro-
tein will be positive. IEX can be based on anion exchange, where
the resin is positively charged, or cation exchange where the resin
is negatively charged. Binding to the resin is performed at low salt
concentrations, where proteins that have the opposite charge of
the resin will bind, and proteins with no net charge or the same
charge as the resin will not interact and flow straight through the
column. Elution is performed by increasing the salt concentration,
where the increasing concentration of charged ions will compete
with the protein for resin interaction, or by changing the pH, caus-
ing the overall charge of the protein to change[114].

In hydrophobic interaction chromatography (HIC), proteins are
separated based on their hydrophobicity by a resin coupled with
hydrophobic ligands such as linear alkanes, or aryls that provide
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both hydrophobic and aromatic interactions. Proteins are sub-
jected to the resin in a high salt containing buffer, favouring reten-
tion on the resin, and are eluted by decreasing the salt concentra-
tion. Less hydrophobic proteins will be eluted at higher salt con-
centrations compared to more hydrophobic molecules[115]. Also
reversed phase chromatography (RPC) separates proteins based
on hydrophobicity but using a more hydrophobic resin. In RPC
elution is done by decreasing the polarity of themobile phase. This
is oftendoneunder harshdenaturing conditions using lowpHbuffers
and organic solvents[116].

Size exclusion chromatography (SEC), or gel filtration, sepa-
rates proteins based on their size. The SEC resin consists of porous,
inert beads, that do not in themselves interact with the proteins.
Smaller proteins or molecules will enter the pores of the beads,
giving them a longer path through the column. Proteins that are
too large to enter the pores will have a shorter path trough the col-
umn, between the porous beads, and thus be eluted first. The basic
principal of SEC is shown in figure 10. Low resolution SEC can be
used for desalting, or buffer exchange, in order to separate large
molecules (proteins) from small molecules (salt). By equilibrating
the column with the desired storage buffer, the larger proteins will
be separated from the smaller undesired salts and eluted into the
storage buffer[117].

In a standard purification procedure, most often a combination
of these general purification methods will be used, where primary
stepsmay bemore crude purifications while purification steps fur-
ther downstream are polishing steps, making it possible to end up
with a desirably pure protein.

40



Protein purification

Fl
ow

 d
ire

ct
io

n

Figure 10: The basic principal of size exclusion chromatography (SEC). Porous, inert
beads are packed on a column. Smaller molecules and proteins will be able to enter the
pores of the beads, resulting in a longer path through the column. Larger proteins that
are not able to enter the beads will travel faster through the column and themolecules will
thus be eluted in a size dependent manner.

4.2 Affinity chromatography

In affinity chromatography a protein’s intrinsic interactionwith its
target, or a fused peptide tag’s specific interaction with its affinity
protein or a metal ion, is taken advantage of. This provides an ef-
ficient mean to obtain pure protein in a single purification step.

Affinity chromatography canbebased on the protein’s ownaffin-
ity for its target e.g. purifying an antibody from sera from an im-
munised animal on a resin coupled to the target used for immuni-
sation, or purifying Protein A on an IgG column or Protein G on
a human serum albumin (HSA) column based on these proteins’
natural affinity for IgG and HSA respectively.

Inmany cases, purificationmatriceswith a protein’s natural lig-
and are not readily available, why it is more convenient and com-
mon to use tag-based affinity chromatography[118, 119]. In this
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case the POI is fused to a tag, normally N- or C-terminally, that has
affinity for e.g. another protein or a metal ion, readily available as
chromatographic media. In a general affinity purification, a lysate
containing the (tagged) POI is added to the column with the affin-
ity resin of choice, to which the tag or POI interacts very specifi-
cally. Proteins and other molecules that do not bind the resin are
washed away after which the buffer conditions are changed so that
the pure POI can be released from the column. An overview of a
general tag based affinity chromatography purification is shown in
figure 11.

By far the most commonly used affinity purification tag is the
polyhistidine tag (His-tag). It consists of two to ten consecutive
His residues, where the hexahistidine (His6) tag is themost common[119].
Other six residue tags where every second amino acid is a histi-
dine such as the HEHEHE-tag have also been reported[120]. His-
taggedproteins are purified by immobilisedmetal ion affinity chro-
matography where a transition metal ion, normally Ni2+ or Co2+
that can coordinate theHis-tag, are immobilised on the resin. His-
tagged proteins can be eluted both under physiological and dena-
turing conditions[121].

The FLAG, c-Myc, HA and HPC4 tags are all small polypeptide
tags of 8-12 amino acids that have antibodies recognising them
specifically. These antibodies can be immobilised on a resin for
purification of proteins fused to these tags, or be used for detecting
the tagged protein in various assays. While thesemethods are very
good for obtaining pure protein in a single purification step, having
a monoclonal antibody as the capture resin makes these purifica-
tion tags rather expensive to use [118, 119, 122]. Both the FLAG-
and theHPC4 tag havemonoclonal antibodies raised against them
that can release the protein in a calcium dependent manner, al-
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1. Apply sample to puri�cation resin

2. Wash away unbound sample

3. Elute protein of interest

Figure 11: Schematic overview of a tag-based affinity purification. 1. A sample, often a
cell lysate, containing the protein of interest (POI) fused to a purification tag, is applied to
a resin coupled with an affinity handle. 2. Unbound molecules of the sample are washed
away followed by 3. Elution of the protein by disrupting the interaction between the pu-
rification tag and the affinity handle.
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lowing for mild elution[123, 122]. All the tags described above are
quite small and normally do not interfere with protein function,
why they are convenient to use and generally do not require re-
moval from the POI after purification.

Larger tags, often based on protein domains, also exist. These
can be fused to the target protein to enhance expression and/or in-
crease solubility and folding during production, with examples like
the maltose binding protein (MBP), that can be purified on amy-
lose, the glutathione S-transferase tag, purified on glutathione, or
the small ubiquitin related modifier (SUMO)[118, 119]. Moreover
small affinity proteins such as the Z domain can be used as a tag to
purify proteins, in this case on IgG resins[124].

Some tags are based on charge, such as Zbasic[125] and the Flag-
Acidic-Target Tag (FATT)[126]. These tags are highly positively
(Zbasic) or negatively (FATT) charged, and can thus be used as very
selective tags on IEX media.

Sometimes tags are used in combinations to be used as orthogo-
nal purification handles, allowing for back to back affinity purifica-
tions. One domain, allowing for two orthogonal purification steps
in the same protein, is the ABDz1 molecule. This small protein
domain, based on an albumin binding domain of Protein G, has
been selected to have affinity for the Z domain, at the same time as
keeping its HSA affinity. Thus the ABDz1 domain can be fused to
a protein that can be purified both on HSA and Z resins[127].

If an un-tagged protein is desired as a final product, a protease
site can be introduced between the tag and the protein so that the
tag canbe removedbyproteolytic cleavage after purification. Some
tags can be cleaved without adding a proteolytic site e.g. the FLAG
tag that includes the enterokinase recognition sequenceDDDDKX.
There are also intein tags that are self-splicing. These have been
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engineered further into split inteins in order to avoid uncontrolled
self cleaving during protein expression[118, 119].

Protein A and G based affinity chromatography

When purifying antibodies, Protein A based chromatography is by
far the most commonly used purification technique[128]. For cer-
tain antibody species and subclasses as well as for Fab fragments,
Protein A purification is not the most suitable choice. In those
cases, Protein G based chromatography can be an eligible alter-
native. Both proteins offer high affinity and selectively for IgG and
are used in the billion dollar monoclonal antibody industry[129].
The IgG binding domains of both proteins are highly thermostable
and easily refoldable. In both cases, elution of the IgG from the
affinity resin is performed by lowering the pH[11]. One reason for
Protein A chromatography being more popular than Protein G is
that it requires slightly less acidic pH for elution (pH 3.3 as op-
posed to 2.8)[11, 130]. These harsh acidic conditionsmay be detri-
mental for certain antibodies causing them to precipitate, which
can result in lower yields, or even to lose their functionality[131].

Several modifications of the IgG binding domains from both
Protein A andG have beenmade in order to alter the binding prop-
erties and subsequently the elution conditions. Examples include
binding sitemutations[132] and exchanging or adding amino acids
in the loop between helix two and three in the Z domain which
causes a destabilisation of the domain[133], both increasing the
elution pH to around 4.5. Methods have been presented where ad-
dition of arginine[134] or urea[135] to the elution buffer was used
to prevent aggregation and slightly increase the elution pH. More-
over, a thermo responsive Protein A that can elute antibodies by
increasing the temperature to 40 ◦C is on the market[136]. One

45



Introduction

of the IgG binding domains of Protein G has been modified with
a metal binding site in such a way that it looses its binding to IgG
upon addition of transition metals. The loss of binding can be re-
versed by addition of a chelating agent such as EDTA[137].

4.3 Summary

Most proteins used commercially or for research are produced re-
combinantly in host cells such as E. coli or CHO-cells. Once pro-
duced, the protein of interest needs to be purified from other pro-
teins and molecules from the host organism. Protein purification
is most often done by chromatography, either by utilising general
protein properties such as charge or hydrophobicity, or by taking
advantage of the protein’s, or an added tag’s, affinity for another
protein or metal ion.
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1 Aim of the thesis

Paper I

In paper I, ”In vivo biotinylation and incorporation of a photo-
inducible unnatural amino acid to an antibody-binding domain
improve site-specific labelling of antibodies”, the aim of the study
was to develop a small biotinylated protein domain that could co-
valently label IgG antibodies on the Fc fragment. A system for in
vivo incorporation of BPA and a system for in vivo biotinylation
was combined so that the rationally designed domain could be pro-
duced entirely using recombinant production in E. coli.

Paper II

The aim of the study presented in paper II, ”Site specific photo la-
belling of the IgG Fab fragment using a small Protein G derived
domain”, was to use rational design to delete the Fc binding of
the C2 domain to create an obligate Fab binding domain. Further-
more BPAwas introduced at strategic positions to design a protein
that could covalently label IgG at the Fab fragment through photo
crosslinking.
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Paper III

In paper III the aimof the study, ”Next generation of labeling reagents
for quantitative andmultiplexing immunoassays by use of LA-ICP-
MS”, was to evaluate a new method for labelling antibodies with
lanthanide metals, using the C2 domains developed in paper I and
II. The antibodies were used in LA-ICP-MS experiments for detec-
tion and protein quantification in multiplex Western Blot experi-
ments.

Paper IV

The aim of the study presented in paper IV, ”An engineered Pro-
tein A derived domain for calcium dependent elution in antibody
purification”, was to develop an IgG binding domain based on the
Z domain of Protein A that could bind IgG in a calcium dependent
manner in order to purify antibodies with a milder elution com-
pared to traditional Protein A chromatography.
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2 Site-specific labelling of antibodies (papers
I-III)

In order to detect an antibody in an assay such as ELISA or a FACS
experiment, it needs to be labelled by a means for detection such
as a fluorophore or an enzyme. This can be done randomly by con-
jugation to e.g. primary amines, or site-specifically by one of the
methods presented in chapter three of the introduction of this the-
sis. Site-specific labelling methods provide routes for a more ho-
mogenous labelling and offer a higher control over the amount of
label per antibody. Moreover these methods provide means of la-
belling that do not risk interfering with the antibody binding site.

In paper I and II of this thesis new and improved methods for
site-specific labelling of IgG at the Fc and Fab fragment are pre-
sented. These methods are based on the introduction of the non
canonical amino acid BPA to the C2 domain, that with its ben-
zophenone side chain can covalently crosslink to nearby amino
acids upon UV irradiation of 365 nm[70]. An overview of the la-
belling strategy is presented in figure 12. In paper III the devel-
oped domains were used in an LA-ICP-MS application, where an-
tibodies labelled with lanthanides could be detected in a multiplex
Western Blot set up.

Figure 12: An overview of the labelling strategy used in paper I and II. BPA is introduced
at a position near the C2 binding site to the respective antibody fragment. By mixing the
antibody with the BPA containing C2 variant and subjecting them to UV light the C2 can
crosslink to the antibody via its BPA and thus specifically label the antibody at the Fc or
Fab fragment.
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Rational designwas used in both paper I and II to find positions
suitable for BPA incorporation. The crystal structures between C2
and the Fc fragment (pdb-file 1FCC[15], see figure 4c) and the Fab-
fragment (pdb-file 1QKZ[30], see figure 4d) were investigated to
find amino acids close to, and facing, the interaction area between
C2 and the IgG fragment but preferably not partaking in the bind-
ing themselves. Suitable positions were mutated to BPA either by
using SPPS or in vivo incorporation of NCAAs and themutated do-
mains were tested for their crosslinking abilities to full length IgG
and its respective fragments.

A modified C2 domain that has BPA incorporated in position
25 and 42 (numbering according to 1FCC.pdb), C2Fc, was shown
to crosslink human IgG at the Fc fragment to >90 % of the heavy
chains, resulting in on average almost two labels per antibody (fig-
ure 13). Additionally C2Fc was combined with the AviTag in order
to produce the entire biotinylated domain in vivo in E. coli.

Figure 13: a) SDS-PAGE of the biotinylated C2Fc (odd numbered lanes) showing
crosslinking to human IgG (hIgG) at the Fc fragment. C2wt (even numbered lanes)
was used as a control. Successful crosslinking results in an extra band above the heavy
chain/Fc fragment from the added weight of the covalently linked C2Fc, indicated by an
arrow. Crosslinking is seen to >90 % of the heavy chain of human IgG corresponding to
on average almost two labels per antibody. b) Crosslinking to full length IgG at the Fc
fragment was confirmed with streptavidin-HRP detection in Western Blot.
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Figure 14: Interaction monitored with surface plasmon resonance (SPR) between
C2(N35WD40T) or C2wt with concentration series of human polyclonal Fc fragment, Fab
fragment or human polyclonal IgG. C2(N35WD40T) has lost its Fc binding while main-
taining its Fab binding compared to C2wt.

Before investigating the position for BPA for Fab fragment la-
belling in paper II, the affinity of the C2 domain for the Fc frag-
ment was deleted. This was done in order to promote C2’s weaker
Fab interaction to be able to specifically label the Fab fragment,
as well as to avoid aggregation problems that might occur when
the protein domain can bind antibodies on two separate binding
surfaces[138]. Positions known to be important for Fc binding
were mutated in order to design a variant of C2 without affinity
for the Fc while still maintaining its binding to the Fab fragment.
Several combinations of mutations were made in order to find the
right variant. A few candidates, such as C2(N35WD40T), lost their
binding to the Fc fragment, while maintaining an affinity for the
Fab fragment similar to thewild typeC2domain (C2wt) (figure 14),
while certain combinations, like C2(K28AD40A), did not affect the
binding to Fc.
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TheC2domain containing theFcdeletingmutationsN35WD40T,
C2Fab, hasBPA incorporated at position 18 for crosslinking tomouse
antibodies and 29 for crosslinking to human antibodies. Both do-
mains were shown to crosslink IgG at the Fab fragment to 50 %
of the heavy chains resulting in on average one label per antibody
(figure 15).

pFab (polyclonal Fab fragment), pFc (polyclonal Fc fragment), mIgG (monoclonal IgG)

Figure 15: a) SDS-PAGE of biotinylated C2Fab(T18BPA) crosslinking to mouse IgG1 and
IgG2b at the Fab fragment as confirmed with streptaividn-HRP detection inWestern Blot
(b). c) SDS-PAGE of biotinylated C2Fab(V29BPA) crosslinking to human IgG1, IgG2 and
IgG4 at the Fab fragment as confirmed with streptaividn-HRP detection in Western Blot
(d).

In papers I and II the photo crosslinking protein domains C2Fc
andC2Fabwere tested in different types of assays. AHER2-binding
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antibody (Herceptin) covalently attached to C2Fc was used for di-
rected immobilisation on a streptavidin coated surface plasmon
resonance (SPR) chip, and compared to the same antibody tradi-
tionally labelled with biotin on its primary amines. In theory the
antibody labelled with C2Fc will be immobilised with all molecules
facing the same direction, at the same time as the labelling does
not interfere with the antibody binding site. The traditionally la-
belled antibodywill have heterogeneously distributed biotins caus-
ing the antibody to be immobilised in various directions, where
some labels might interfere with the antibody binding site. Both
antibodies were immobilised to similar levels via their biotins to
a streptavidin chip. As expected the site specifically labelled an-
tibody showed a higher interaction signal indicating that a higher
proportion of antibody on the chip was active and able to interact
with the target (figure 16).
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Figure 16: SPR sensograms of triplicate injections of HER2 interacting with Herceptin
immobilised to similar levels on a streptavidin surface via covalently attached biotins.
The antibodies were labelled either through traditional NHS-labelling to primary amines
(green) or site-specifically with C2Fc (blue). Herceptin immobilised via C2Fc shows a
higher interaction signal for the same concentration of HER2, showing that a higher pro-
portion of antibody is active on the surface.
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Figure 17: ADCC assay investigating whether the therapeutic antibody rituximab la-
belled with C2Fc or C2Fab could still perform effector functions like their unlabelled coun-
terpart. Regardless of labelling, the antibodies were shown to induce ADCC.

In paper II it was investigated whether antibodies labelled with
C2Fab or C2Fc could still perform effector functions through anti-
body dependent cell-mediated cytotoxicity (ADCC), by the inter-
action between the FcγRIII receptor on natural killer cells and an-
tibody bound to a cell surface. Antibodies labelled with C2Fab or
C2Fc were compared to the unlabelled antibody known to induce
ADCC in this assay set up. Regardless of labelling site, the antibod-
ies could perform effector functions (figure 17). The reason that
the antibody labelled on the Fc could still perform effector func-
tions via the Fc is thought to be that the FcγRIII receptor binds to
a different part of the Fc than where C2Fc is covalently conjugated.

Both domains were tested in an ELISA set up as detecting an-
tibodies. In paper I, C2Fc was compared to a traditionally labelled
antibody and was shown to provide the same limit of detection
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a) b)

Figure 18: a) ELISA showing detection of HER2 with Herceptin labelled either through
its primary amines (Herceptin-NHS) or C2Fc (Herceptin-C2). While herceptin-NHS pro-
vides a higher signal readout in the ELISA, both antibodies show the same limit of detec-
tion. b) ELISA showing that the signal output of site-specifically labelled Herceptin can
be increased by combining labelling with both C2Fc and C2Fab.

(LOD), although, due to a lower labelling degree, providing a lower
signal readout than the traditionally labelled antibody (figure 18a).
In paper II, C2Fc was successfully combined with C2Fab in order to
increase the signal readout in ELISA (figure 18b).

In paper III both C2Fc and C2Fab were used to label antibod-
ies with lanthanides. These metal ions are often used for detec-
tion in multiplex LA-ICP-MS experiments as they are similar in
their physical properties and have a low natural background. Tra-
ditionally, labelling with these metals, through metal coded affin-
ity tag (MeCAT)[139], is done by conjugation to cysteines which
requires reduction of the antibody. Since most cysteines are nat-
urally paired as disulphides, labelling on a cysteine might inter-
fere with antibody stability and will not work with all antibodies.
Here, MeCATs loaded with different lanthanides were conjugated
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through an introduced cysteine to the C2 domain, which could in
turn be used to label antibodies through photo-crosslinking. In
the first experiment C2Fab was not yet developed why antibodies
were labelled using C2Fc. A mouse monoclonal anti-CYP1A1 an-
tibody was labelled either with C2Fc or by traditional cysteine la-
belling and compared in a Western Blot setup. Both antibodies
showed comparable signal-to-noise ratios while the traditionally
labelled antibody showed a lower LOD. While C2Fc works well for
labelling of human antibodies its labelling of mouse IgG1 is sub-
optimal, resulting in on average 0.2 labels per antibody, which
may explain the higher LOD. This experiment demonstrated that
the C2-based labelling technique could be used in an LA-ICP-MS
setup. Once the C2Fab domain was developed, that gives on av-
erage one label per antibody for mouse IgG, it was used to label
six differentmousemonoclonal antibodies. The chosen antibodies
have targets present in liver lysate and were used for detection in a
multiplexWestern Blot experiment. Four out of six antigens could
be simultaneously detected by the labelled antibodies in this setup
(figure 19). While all six antibodies provided signal in singleplex
Western Blots using secondary anti-mouse-HRP detection, when
tested for multiplex detection with secondary antibody in a sixplex
setup, only the four antibodies that were detectable in LA-ICP-MS
could be detected, confirming the detection pattern seen both in
singleplex and multiplex LA-ICP-MS Western Blot detection. The
reason that not all six antibodies could be detected simultaneously
could be differences in amount of target protein in the lysate or the
different antibodies interfering with each other.

Thus, in paper III we show that the methods developed in pa-
per I and II provide an alternative route for labelling of antibodies
with lanthanides for LA-ICP-MS, which do not require reduction
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Figure 19: 2D intensity profiles form a multiplex Western Blot with LA-ICP-MS de-
tection of the lanthanide metals covalently labelled via C2Fab to monoclonal antibodies
binding proteins in liver lysate. Anti-SDHB(Tm), anti-NAPRT1(Tb), anti-ARG1(Lu), anti-
CS(Pr) and anti-SLC27A5(Er) could all be simultaneously detected while anti-STAT3(Eu)
was not detected.

of the antibody. This expands the possibilities for labelling of anti-
bodies with lanthanides, in particular for those antibodies that do
not work with traditional labelling methods

Conclusions papers I-III

The twodomainsC2Fc andC2Fab providenovel tools for site-specific
labelling of antibodies and antibody fragments that have been shown
to work in laboratory assays such as ELISA as well as for oriented
immobilisation in SPR. C2Fc gives on average almost two labels per
antibody for human antibodies, and C2Fab gives on average one la-
bel per antibody. Combining the two domains render on average
three labels per antibodywhich in paper IIwas shown to give an ex-
pected increase in signal output in ELISA. This research has shown
the use of these new labelling domains in areas were traditional
labelling may pose problems for certain antibodies and provide a
valuable alternative for site-specific labelling without the need for
antibody modification.

57



Present investigation

3 Calcium-dependent purification of antibodies
(paper IV)

Antibodies are routinely used inmost laboratories in the biological
sciences and therapeutic monoclonal antibodies is a billion dollar
industry[129]. As described in chapter four of the introduction, the
traditional route for antibody purification is Protein A chromatog-
raphy. The need for acidic pH around 3 for elution can cause prob-
lems with aggregation why alternative purification methods with
milder elution is of great interest. In paper IV a variant of the Z
domain has, by insertion of a EF-loop library, been designed and
selected to bind IgG in a calcium dependent manner. This domain
was then used in a purification setup where antibodies could be
eluted with EDTA at pH 5.5.

After studying the distances of someknownEF-hand loops[140,
141, 142, 143] and the loops of the Z domain[23] a set of protein
variants, with a calmodulin loop grafted between helix two and
three of the Z domain, were investigated. It was found that the
insertion of the loop, with or without an N-terminal glycine linker,
destabilised the Z domain in regards to its IgG affinity. Further,
these domains showed adifference inTm in circular dichroismanal-
ysis when comparing buffers containing calcium or EDTA. Based
on these results, a library of the Z domain was constructed with an
inserted randomised loop between helix two and three. The loop
library was designed based on knowledge of conserved and flexible
positions in the EF-hand loop (presented in chapter one of the in-
troduction). Further destabilisations of the scaffold by randomisa-
tion of positions known to stabilise the hydrophobic core[144, 145,
146] were also included in the library. Selections towards human
polyclonal IgG were performed using phage display. Alternating
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Figure 20: a) Phage supernatant ELISA of triplicate experiments showing A5’s binding
to IgG in presence of calcium (blue), EDTA (red), calcium and urea (green) or EDTA and
urea (purple). A5 shows higher binding to IgG with calcium present than with EDTA. b)
SPR response curves of 25 nM A5 flown over a surface coupled to polyclonal IgG with
either calcium (purple) or EDTA (pink) in the running buffer. A5 shows a higher interac-
tion signal and slower off-rate with calcium present as compared to EDTA, thus showing
a partly calcium dependent binding to IgG.

rounds of negative selections in presence of EDTA, to lose variants
that could bind under such conditions, with positive selections in
presence of calcium and 2 M urea, to select for binders that could
subsequently be eluted using EDTA, were performed. The first se-
lection resulted in one binder, denoted A5, that showed a partly
calcium dependent binding to IgG in phage ELISA and SPR exper-
iments (figure 20).

A maturation library based on A5 was made with error prone
PCR resulting in a library with on average two to three amino acid
mutations per gene. This library was used in a maturation se-
lection with phage display, again alternating rounds of negative
and positive selections similar to the first selection. In the mat-
uration selection the positive selection had different tracks with
urea present, not present or with a decreasing concentration over
the rounds of selection. The outcome of the maturation selection
were several binders that showed calcium dependent binding to
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Figure 21: Phage ELISA of triplicate experiments showing the top nine variants after the
maturation selection binding to IgG in presence of calcium (blue) or EDTA (green).

IgG (figure 21). The selected variants all contained mutations in
positions known to be important for IgG interaction such as posi-
tion K35 and H18[147, 23]. One domain, denoted Zmat8, proved
to bind IgG in presence of calcium but not EDTA, shown both in
phageELISA andSPR experiments. Furthermore, in a purification
experiment Zmat8 could be eluted from a column packed with IgG
sepharose as desired using EDTA at pH 5.5.

Zmat8 and the original Z domain were coupled to NHS acti-
vated sepharose on pre-packed columns. The columns were used
for test purifications of pure IgG, a CHO cell culture supernatant
spiked with IgG and a supernatant from a CHO cell culture pro-
ducing monoclonal human IgG. Antibodies purified on the Zmat8
column eluted both at traditional pH 3.2 and with EDTA (but not
calcium) at pH 5.5 (figure 22a), whereas elution from the Z do-
main column could only be done at pH 3.2 (figure 22b). Recom-
binantly produced antibody from a CHO cell culture supernatant
could selectively be captured and successfully be purified on the
Zmat8 column with elution by EDTA at pH 5.5 (figure 22c).
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Figure 22: a) Polyclonal human IgG was captured on a column coupled with Zmat8 and
could be eluted at pH 3.2 (orange), and at pH 5.5 with EDTA (green) but not calcium
(grey), showing a calcium dependent elution of IgG. b) Polyclonal human IgG was cap-
tured on a Z column and could be eluted at pH 3.2 (red) but not with EDTA at pH 5.5
(blue). c) SDS-PAGE (left) showing a molecular weight marker (M), the supernatant (S)
from a CHO cell culture producing monoclonal human IgG, the flow through (FT) from
purification on the Zmat8 column and the IgG eluted by EDTA (E). Western Blot (right)
of the same gel with an anti-human IgG-HRP detection, showing antibody in the super-
natant and eluate but not in the flow through.
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Conclusions paper IV

Paper IV describes the design and selection of an antibody binding
domain denoted Zmat8 that can bind IgG in a calcium dependent
manner. This novel protein domain provides a valuable tool for
antibody purification with elution conditions less damaging to an-
tibodies than the traditional acidic elution used in Protein A chro-
matography.
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Concluding remarks and future
perspectives

Presented in this thesis is the development of novelmethods, based
on small antibody binding domains, for site-specific labelling and
purification of IgG. Protein engineering of the domains C2 and Z
resulted in two new tools for site-specific labelling of IgG at the Fc
and Fab fragment, and a novel tool for antibody purification.

In paper I, a C2 domain containing the photo inducible amino
acid BPA in two positions, C2Fc, was developed using rational de-
sign. While other Fc labelling domains based on the same or simi-
lar approaches have previously been published, C2Fc, that yields on
average two labels per antibody, showed improved labelling com-
pared to the other domains. Moreover by combining a method for
incorporation ofNCAAs in vivowith the AviTag and co-production
with biotin ligase, the entire biotinylated labelling domain could be
produced recombinantly in E. coli. Even though C2Fc works very
well for labelling of human antibodies, the labelling of mouse an-
tibodies was not as efficient, crosslinking to only 10 % of the heavy
chains. While the C2 domain primarily interacts with the Fc do-
main of human IgG, its interaction with mouse antibodies is pri-
marily through Fab interactions[18]. It is possible that increas-
ing the affinity for the mouse Fc, through design and/or selection
could improve the crosslinking ability of C2Fc tomouse antibodies.
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In paper II the Fc binding of C2 was deleted by using rational
design to create an obligate Fab binding domain. Two variants of
the domain C2Fab with BPA at different positions were designed.
C2Fab(T18BPA) crosslinks tomouse antibodies, andC2Fab(V29BPA)
labels human antibodies. Both domains do this to a crosslinking
degree of around 50 % of the heavy chains, resulting in on aver-
age one label per antibody. C2Fab(T18BPA) thus shows improved
crosslinking ofmouse IgG compared toC2Fc. Yet, in theory it should
be possible to render labelling of both heavy chains also through
the Fab labelling. In the investigation in paper II most, if not all,
possible positions for BPA incorporation for Fab labelling were
tested, yet only the two presented here were successful. Thismight
be due to the nature of C2’s interaction with Fab, forming an ex-
tended beta-sheet, whymost positions close enough for BPA to re-
act with a nearby amino acid on Fab, are also important for the Fab
interaction.

Antibody fragments are often used in the development of new
antibodies when selecting from combinatorial libraries, and some
Fab fragment based therapies are in the clinic. C2Fab is an exciting
tool for specific labelling of these fragments, something that was
not possible with the previously published Fc labelling domains.
Furthermore, learning that an antibody labelled either with C2Fc
or C2Fab could still induce ADCC was intriguing. An exciting fu-
ture prospect would be to test if C2Fc or C2Fab could be used as a
method for site-specific drug conjugation to an antibody or anti-
body fragment.

In paper III the labelling domains developed in paper I and II
were used for conjugating lanthanide metal tags to antibodies in
order to be used in multiplex immunoassays using LA-ICP-MS.
This technique is very promising for immunoassays as it provides
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high sensitivity and unparalleled multiplexing. Metal tags used in
these types of experiments are normally conjugated to cysteines
which can destabilise the antibody and may not work with all an-
tibodies. Antibodies were successfully labelled using both C2Fc
and C2Fab and could be detected in multiplex Western Blot ex-
periments. Furthermore the antibodies could be used for protein
quantification in complex liver tissue samples. In the future this
labelling method could hopefully be used for antibodies that have
not been compatible with other labelling methods. Moreover it
could be used in further multiplexing experiments and other types
of immunoassays such as immunohistochemistry in LA-ICP-MS.

In paper IV protein engineering was used for design and selec-
tion of a variant of the Z domain with a calcium dependent binding
to IgG. Not only could this be applicable for milder purification of
antibodies but also for proteins fused to an Fc fragment, where the
fused protein may be even more sensitive to low pH elution than
an antibody. While this is a very promising tool for the antibody
purification field, it would be interesting to investigate if the do-
main could be further developed to elute antibodies in a calcium
dependent manner also at neutral pH, providing even milder elu-
tion. Further engineering to test and improve the domain for e.g.
alkaline stability in order to use it for large scale antibody purifi-
cation which requires cleaning in place procedures would also be
of interest for this great potential domain.

Taken together, the four papers that this thesis is based onpresent
the power of design and selection for engineering of small IgGbind-
ing domains to give them new features and by doing so expanding
the tool box for antibody labelling and purification. These novel
methods should be of high interest to those working with antibod-
ies and to the billion dollar antibody industry.
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