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Abstract  
The adhesion protein Pneumococcal serine-rich repeat Protein (PsrP) found in the pathogenic 
bacteria Streptococcus pneumoniae is one of the key proteins in biofilm formation, and thus 
an essential virulence factor required for successful colonisation of the normally sterile sites 
of the lungs. The overall aim within this project has been to investigate the biomolecular 
interactions that PsrP is involved in. Here, selection of affibody and domain antibodies (dAbs) 
binding to PsrP, potentially capable of inhibiting the interaction between the BR187-385-domain 
of PsrP and KRT10::KRT1, and eDNA, the two known ligands of PsrP, has been performed 
by phage display. Two affibodies were found as potential binders towards the BR187-385-
domain with affinities (KD) of approx. 60 nM. One of the affibodies was further characterised 
and binding towards the non-KRT10 binding region of the BR187-385-domain was deduced. 
For the domain antibodies several potential candidates were found. In addition, a novel way 
of intracellular expression of soluble dAb protein in E. coli was evaluated.  

 

Sammanfattning 
Streptococcus pneumoniae är en patogen gram positiv bakterie som kan invadera de lägre 
andnings vägarna vilket ofta leder till svårbehandlade lunginfektioner. Hos denna bakterie 
återfinns det serinrika proteinet PsrP. Detta är ett adhesions protein som är en av 
huvudkomponenterna under biofilmbildning, som är nödvändigt för en lyckad kolonisering av 
luftvägarna. PsrP är beroende av KRT10 vid formation av biofilm, en interaktion som 
lokaliserats till bindnings regionen (BR187-385) av PsrP. I hopp om att blockering av denna 
interaktion skulle utröna information hur den molekylära interaktionen fungerar applicerades 
fag-display selektion mot BR187-385 från två kombinatoriska bibliotek, affibodies och domän 
antikroppar. Två funna affibodies band till BR187-385 med en affiniteter (KD) omkring 60 nM. 
En av dessa bindare kunde karaktäriseras mer ingående och inbindning var ej riktad mot det 
potentiella bindingsytan för KRT10::KRT1 eller eDNA. För domän antikropparna så 
utvärderades en ny strategi för intracellulärt uttryck av disulfidinnehållande proteiner följt av 
rening under nativa förhållanden för att möjliggöra karakterisering av domänantikropparnas 
interaktion med BR187-385.  
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Introduction 
Infectious diseases caused by Streptococcus pneumoniae  
Despite successful vaccination strategies, Streptococcus pneumoniae is a major human 
pathogen causing 25% of preventable deaths of children below 5 years in developing 
countries (1) (2). This Gram-positive bacterium colonizes the upper respiratory tract of 
children, and less frequently in adults, without causing any disease symptoms. However, 
diseases such as pneumonia, bacteremia and meningitis are induced when pneumococcus 
gains access to normally sterile lung sites, the blood stream or the brain, respectively (3). 
Pneumococcal adhesion to host surface receptors and formation of multicellular surface-
associated structures, called biofilms, are essential for nasopharyngeal colonization, often 
preceding the development of severe pneumococcal diseases (4) (5). Therefore, adhesion and 
biofilm-promoting surface-associated pneumococcal proteins represent promising future drug 
targets (1).  

The role of the pneumococcal capsule and capsular surface proteins in immune evasion 
S. pneumoniae is a strain with large intra-species variety and 91 to 93 serotypes have been 
identified with differences in virulence (1) (6) (7). The virulence and severity of 
pneumococcal infections are capsule-dependent since all identified clinical isolates are 
encapsulated, and genetic as well as enzymatic removal of the capsule reduces their virulence 
in animals. Furthermore, so-called opaque-variants with a thick capsule predominate during 
infection while the transparent variant without a capsule predominate during colonization of 
the respiratory tract (8) (6) (9). The capsule can vary in thickness by 200-400 nm (10), and its 
formation is regulated by at least 40 different genes, which results in varying transcription 
levels among the serotypes (11). The capsule itself can either be covalently bound or non-
covalently bound to the cell wall, with large variations among the serotypes, differences 
leading to varying virulence levels among the capsular serotypes (6) (12). 

The capsule predominately mediates immune-evasion. Firstly, the negative charge of the 
capsule repels the negative charge of the mucus–associated sialic acid residues, and thereby 
prevents entrapment. Furthermore, expression of exoglycosidases, e.g., betagalactosidase A or 
neuraminidase A and B, results in deglycosylation of mucous glycoconjugates, which 
decreases the viscosity of the mucus. Production of the pore-forming toxin pneumolysin 
minimizes epithelial cellular beating, which helps in transporting mucous (13). 

After having successfully avoided entrapment in the mucus, pneumococcus subsequently 
avoids binding of complement-associated C3b/iC3b molecules to the bacterial surface which 
would lead to opsonisation during the classical complement response (7) (6). The capsule also 
masks specific sub-capsular antigens that would be recognized by host-antibodies, thus 
avoiding immune-recognition (6). Furthermore, encapsulation protects against antibiotic-
induced autolysis and confers resistance against certain antibiotics in some serotypes (14). 
The role of the capsule for pneumococcal biofilm formation and virulence seems 
controversial. It has been shown that the opaque encapsulated state is responsible for the 
formation of the biofilm-associated extracellular matrix (ECM) but is also required for 
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virulent colonisation of lung and brain (9). However, several studies have highlighted that 
capsule–free strains are hyper-adhesive and more prone to form biofilms (15). 

The surface-associated pneumococcal serine rich repeat protein (PsrP) adheres to 
KRT10::KRT1 on the lung surface and promotes biofilm formation through binding to 
extracellular DNA 
Serine-rich repeat proteins (SRRP), which are exclusively found in Gram-positive bacteria 
and are well represented within oral Streptococci, represent surface-exposed inter- and intra-
species adhesins that facilitate colonization of host tissue and biofilm formation. The 
Pneumococcal serine rich-repeat Protein (PsrP) is a 4776 amino acids long multi-domain 
adhesin that is presented on the surface of 60 % of pneumococcal capsular serotypes causing 
pneumonia, including the laboratory strain TIGR4 (16).  

PsrP consist of five main segments; signal peptide, serine-rich region 1 (SRR1), basic region, 
serine-rich region 2 (SRR2) and a cell wall anchor domain (see figure 3) (17). The SRR2 
consist of 539 repeats of the amino acid sequence SAS[A/E/V]SAS[E/T] (16) (17). In S. 
pneumoniae the largest genomic island within the species, PsrP-secY2A2, is encoding the 
metabolically costly PsrP together with genes for glycosylation and export (9) (16) (18). The 
transcription of PsrP has no known transcription factors but is thought to be regulated by non-
coding RNA and trans-acting elements (16). Depending on the strain, the length of the SRR 
region length differ, which may correlate to varying capsule thickness between species (6) (8) 
(9). During biofilm growth the PsrP genomic island and related genes are significantly 
upregulated (9).  

PsrP is covalently coupled to the cell wall through its’ C-terminal LPxTG-motif that is 
recognized by Sortases, enzymes that couple proteins to the extra-cellular surface (19). Recent 
work of the host laboratory and others suggests that PsrP promotes pneumococcal adhesion 
and biofilm formation by binding to the intermediate filament Keratin-10::Keratin-1 
(KRT10::KRT1) of lung tissue as well as biofilm-associated extracellular DNA (eDNA) (20) 
(21) (22) (23) (24). The crystal structure of the KRT10 and eDNA-binding domain of PsrP 
(BR187-385) revealed a MSCRAMM (microbial surface components recognizing adhesive 
matrix molecules adhesins) -related fold topology. The structure of BR187-385 presents a basic 
grove that potentially binds the acidic helical structures of either KRT10::KRT1 or eDNA 
(22) (23) (see figure 3). However, structures of the hypothesized complexes have so far not 
been determined, and the exact binding mechanisms still remain elusive. Even so, 
hypothesised binding model suggest a two-step interaction where the first interaction is 
electrostatically driven by the basic grove of BR187-385 and the acidic helix of KRT10. 
Secondly, presumably a conformational change in the front-loop would allow a “lock” 
mechanism of the formed complex (22). 

Monoclonal and polyclonal antibodies in research and therapy  
Monoclonal antibodies (mAbs) derive from the adaptive immune system antibodies that can 
be found as a surface bound molecules or in secreted form. mAbs are large complex 
molecules of around 150 kDa with the purpose of targeting foreign antigens with high 
specificity. Antigen recognition can initiate an immune response to tackle e.g an infection. 
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This property of targeting specific molecules with good affinity are desired in several 
therapeutically applications (25). Since 1975, when the first efficient way of producing 
monoclonal antibodies was discovered their use in treatment have been envisioned (26). From 
the first murine structures to; chimeric-, humanised- and human antibodies several setbacks as 
e.g., initiation of humoral immune response have occurred and progress has occasionally been 
slow (27). Today however, several antibodies exist on the market and by 2016, 68 mAbs for 
therapeutic use were FDA approved (28) (27).  

The general construct of an antibody is consisting of a major Fc- fragment and two Fab 
fragments. Each Fab fragments consist of a light and a heavy chain which in turn can be 
subdivided into a constant and a variable region (see figure 1, A and B). Three 
complementarity determining regions (CDR)-loops in each variable domain (VH and VL) 
confer antigen binding (25). Both the VH and VL have by themselves been proven to be able 
to target epitopes with only three CDR loops with high affinity (29). Present in the antibody 
structure are several disulphide bonds and the final structure is occasionally heavily post-
translationally modified by e.g., glycosylation. Several different patterns of post-translational 
modifications and variations in the assembled genes for antibodies which have yielded a set of 
different classes of antibodies (27) (25). This complex large structure often demands 
production in a sophisticated eukaryotic host for expression in an active form. This in turn, 
requires a costlier and complicated production process than if compared with bacterial 
expression of biopharmaceuticals (27).  

Advantages and use of affibodies and domain antibodies and their use with phage selection 
against antigens 
The large, complex and post-translationally modified structure of antibodies poses extreme 
challenges for production and complicates screening for binding motifs. Thus, affibody and 
domain antibodies (dAbs) amongst others have later been developed for easy handling and 
screening. This smaller format of molecules has facilitated the creation of fusion proteins in 
which one target motif can be coupled to e.g., cytokines, endotoxins or another molecule 
creating a bivalent molecule (27) (30) (31).  

Domain antibodies (dAbs) consist of either VH or VL and their lower molecular weight of 11-
15 kDa enables faster tissue distrubution and in vivo clearance rate (see figure 1, C). With the 
possibility to randomise the three CDR loops both regarding composition and length a highly 
diversified library can be obtained. With an increase in the length of the CDR3 loop an 
increase in solubility and expression levels of dAbs can be observed as a result of coverage of 
a hydrophobic part on the dAb. However, the longer CDR3 can as well lead to increased 
hydrophobicity depending on the amino acid composition of the loop. The longer CDR is also 
often advantageous in targeting motifs within structural pockets (32) (33).   
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Figure 1, structures for an antibody and smaller antigen recognising structures. A) Schematic view of an 
antibody structure consisting of two heavy and two light chains linked by disulphide bonds (not shown in 
picture). Created with ChemDraw version16.0. B) Structural representation for an antibody. C) The derivative 
dAb from an VH domain of a camelid antibody called VH-B1ag. The coloured parts indicate the three CDR 
loops. CDR1 in yellow, CDR2 in blue and CDR3 in red. PDB structure 3B9V. D) Affibody representative 
structure. Dots indicate the 13 common mutated positions in an affibody library.  
 
Affibodies are originally derived from the B domain of the IgG binding protein A of 
Staphylococcus aureus. Initial mutational studies suggested that this 58 amino acid short 
three-helix protein could easily be mutated to generate large variant libraries with modified 
binding surfaces (34) (see figure 1, D). The so-called Z domain represents an engineered 
variant that became the basic building block for the affibody constructs that are in use today. 
This domain Z is normally randomised at 13 different positions in the first and second helices 
of the protein, allowing for screening of binders to different targets (34) (35). The positions 
randomised within the affibody sequence are normally; 9, 10, 11, 13, 14, 17, 18, 24, 25, 27, 
28, 32 and 35. Typically, all of the 20 naturally occurring amino acids but cysteine and 
proline are allowed in any of the positions for randomisation. Cysteines may form disulphide 
bridges that can create aggregates and prolines may interfere with helix stability (30), (36). In 
the library used in this thesis 14 positions are randomised, including position 31.  

In phage selection a filamentous phage is used as a way to connect a phenotype with 
genotype. Here, filamentous phage display based on the use of helper phage for selection of 
affinity proteins is described even if several other approaches exist. The phage particles used 
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will carry the encoded sequence in a phagemid vector, packed within the particle. In this 
phagemid the sequence encoding the protein to be displayed is fused to a truncated version of 
the pIII, one of the coat proteins of the phage (see figure 2, B). In the phage display selection 
cycle the phage library is exposed to an antigen (see figure 2, A). The antigen is typically 
biotinylated and immobilised to paramagnetic beads coated with streptavidin. The 
streptavidin and biotin interaction is one of the strongest found in nature. Phage with proteins 
showing affinity to the antigen will bind the target; others will be washed off and not further 
selected. By eluting the bound phage by decreasing the pH a selection of potential binders can 
be obtained. These are further let to infect bacteria with pili, required by filamentous phage 
infection. Upon infection, the phagemid-encoded proteins will be expressed. A second 
infection by a helper phage brings the rest of the phage genome and will allow assembly to a 
functional phage. Around 10 % of the phage particles will display one protein on the pIII and 
only some percentage will display more than one. The produced phage particles are again 
displayed to the immobilised antigen for a chosen number of cycles where conditions are 
increasingly harsher to select for more potent binders (37) (38).  

During the selection different parameters can be varied to select for more potent binders in 
each selection cycle until a selection of potential constructs are further evaluated and selected 
by other characteristics. Highly diversified libraries of affibodies and dAbs have successfully 
been applied in phage selection against different antigens (29) (30) (33).  

 

 
Figure 2, overview of phage selection cycle. A) The cycle can be repeated several times until the number of 
potential binders is reduced into a reasonable amount. Some steps are only done once as label of antigen while 
other are repeated for each cycle as for example growth of cultures to be infected. Parameters within the cycle 
as number of washes can also be adjusted. B) Structural representation of a filamentous phage used in phage 
display. The protein of interest to be displayed is done so on one of the pIII.  
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Aims of the thesis: Production of affibodies and domain antibodies (dAbs)preventing PsrP-
mediated pneumococcal adhesion and bacterial aggregation 
The WTBR187-385 is overall a basic protein with a pI of 9.5 (ExPASy ProtParam tool data) but 
with an uneven distribution of the positive surface charges (see figure 3, D). According to a 
hypothetical binding model BR187-385 forms a dimer with an intermolecular β-sheet adopting a 
molecular saddle structure that potentially binds the acidic helical structures of either 
KRT10::KRT1 or extracellular DNA (eDNA) (22) (23). Since it is currently not known which 
surface is more important for the interactions, mutants with different electrostatic surfaces 
have been created (Schulte et al. unpublished data). The two available versions SADBR187-385 
and CRYSBR187-325 (see appendix A for sequences) used in this work were designed to have an 
acidic saddle and an acidic outer surface, respectively. The resulting pIs of the modified 
SADBR187-385 and CRYSBR187-325 versions are about 4.4 and 4.8 respectively, which is 
significantly lower than the wild-type. The WTBR187-385 was screened against two phage 
selection libraries to identify affibody and dAb binders that potentially could block the 
KRT10::KRT1 or eDNA interaction to the BR-domain. 
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Figure 3, overview of the PsrP and BR sequence. A) PsrP sequence, S is the N-terminal signal sequence for 
export to cell surface. SRR is the signal repeat region 1 and 2. BR is the binding region investigated in the thesis. 
CW is cell wall anchoring domain. The sequence of BR is further annotated for positions responsible for 
different type of binding. B) Monomeric structure of the BR187-385, PDB: 3ZGH C) Dimeric BR187-385 complex 
thought to bind acidic KRT10 in the molecular saddle created by the two domains. PDB: 3ZGI D) The modified 
versions of the dimeric BR-domain in the order of WTBR187-385, SADBR187-885, CRYSBR187-385. Electrostatic surfaces 
are shown as [ kbTec

-1] with the Boltzmann’s constant kb, the charge of an electron ec
-1 at a temperature of 298 

K. The mutated versions have different electrostatically charge on the surface to evaluate type of interaction of 
binders. E) Molecular docking models of the BR-dimer to either KRT10::KRT1 (modified from (22)) or eDNA 
(modified from (23)).     
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Materials and methods 
Heterologous production of wild-type and mutated BR187-385-domain 
Heterologous protein expression was performed in Escherischia coli (E. coli) carrying 
plasmids encoding the WTBR187-385 domain or the mutated variants CRYSBR187-385 and 
SADBR187-385, as previously described by Schulte et al. (22). An overnight start culture with a 
volume of 10 mL was inoculated from cryo-stocks and incubated overnight [37°C, 180 rpm] 
in Terrific Broth [Tartot and Hobbs, Mik 1984] supplemented with ampicillin [100 µg/ml]. 
For protein expression, the 1L main culture was grown at 32°C and after 3-4 hours 
temperature was adjusted to 25°C. Cells were grown until OD600 0.4-0.7 before inducing 
protein expression with IPTG [400 µM]. Protein expression was performed overnight and 
cells were harvested by centrifugation [5000xg, 30 min, 4°C]. Cell pellets were shock-frozen 
in liquid nitrogen and stored at -80°C until further use.  

Purification of BR-domain constructs 
Cultivated cells were chemically lysed using B-PER® (39) with phenylmetylsulfonyl flouride 
[1mM] as protease inhibitor. After centrifugation at 5,000xg for 30 minutes, the supernatant 
were filtrated [0.2 µm Whatman® syringe filter] and manually applied on a Immobilized 
Metal Affinity Chromatography (IMAC) Ni-NTA column [His-Trap™ FF CV 5 ml, GE 
Healthcare Life Sciences] pre-equilibrated with HEPES-buffer [20 mM HEPES, 10% 
glycerol, 500 mM NaCl, pH 7.5, ∅ 0.45 µm] supplemented with 50 mM imidazole (50mM-
imidazole HEPES buffer). After sample application, the column was washed using 50 mM 
imidazole HEPES buffer for 4-5 column volumes (CV). Bound protein was eluted in 1 ml 
fractions using a 500 mM imidazole HEPES buffer. If necessary, samples were concentrated 
on Vivaspin® turbo protein concentration device [Vivaspin Turbo 3 kDa, Sartorius] before 
proceeding with size exclusion chromatography (SEC). 

Monomeric BR was isolated from the concentrated sample (max 10 mg protein/injection), 
using SEC [Hilo ad 16/600 Superdex 75 pg, CV 120 ml, GE Healthcare Life Sciences]. 
Equilibration of the SEC column was performed with HEPES-buffer using an ÄKTA 
chromatography system at a flowrate of 1 ml/min. The chromatography was monitored at 280 
nm and the eluted protein was collected in 1.5 ml fractions based on the obtained 
chromatograms. Factions comprising the protein peaks at expected elution volumes of about 
60 mL were pooled, only obtaining the monomer product.  

To minimise the effect of a poly-his-tag in downstream applications it was cleaved off using 
Tobacco Etch Virus (TEV) protease at a concentration of 1 mg/100 mg BR, supplemented 
with 1mM EDTA and 1mM DTT over night (ON) [4°C]. In order to purify the BR domain 
from non-cleaved product and the cleaved tag, the sample was subjected to a second, reverse 
IMAC purification. The cleaved poly-His-tag and non-cleaved protein as well as the poly-His 
tagged TEV protease were bound to the column [His-Trap FF, 5 ml], the cleaved BR-domain 
was collected as flow through. Prior to loading, the sample from the ON-cleavage was 
prepared by adding imidazole [10 mM] and MgCl2 [10 mM]. The column was equilibrated 
and washed after sample application using 10 mM imidazole HEPES-buffer [4 CV]. The flow 
through was collected in 1.5 ml fractions.  
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In a final purification step, cleaved BR was applied on SEC as previously described to 
perform a buffer exchange. Fractions were pooled before concentrating the sample using a 
Vivaspin with Mw cut-off of 3 kDa. Purity was controlled by Sodium dodecyl Sulfate 
Polyacrylamide Gel electrophoresis (SDS-PAGE) analysis run [0.06 Amp, max 180 V, 
constant current, 30 min] on a MiniPROTEAN TGX Pre Cast Gel [Bio-Rad, # 456-1086] 
with a pre-stained protein ladder [Thermo Fisher, PageRuler #26619].  

Dot blot assay for purified BR costructs 
The native state of the purified proteins was analysed using by Dotblot assays in which a 
volume of 1 µl of purified BR-versions [diluted to absorbance ≤1] was applied on a 
nitrocellulose membrane [0.2 µm, Bio-Rad, #162-0168] and dried for 30 min. The membrane 
was blocked with 10 ml 0.1 % (w/V) BSA [Sigma, #9048-46-8] for one hour before 
incubating with polyclonal rabbit-derived anti-WTBR187-385 antisera [35 mg/l stock] (described 
by (23)) [2 hours, 1:10,000 dilution 1xPSB-0.05% Tween20] followed by a wash step and an 
incubation with secondary HRP-coupled mouse monoclonal anti-rabbit-IgGγ [Sigma-Aldrich, 
#A1949, 2 hours, 1:5,000 dilution 1xPSB-0.05% Tween 20]. All wash steps were performed 
in the same way using 1x PSB with 0.05 % Tween 20 [3x 10 min]. All incubation and wash 
steps were performed at RT and by gentle shaking. Membranes were developed by using 
Pierce ECL western blotting substrate [ThermoFisher Scientific, #32209] according to 
manufactures protocol (40) and visualised using the ChemiDoc MP imaging system [Bio-
Rad]. As a negative control WTBR187-385 protein was heat-denatured for 20 minutes at 96°C in 
8 M Urea and applied on the same nitrocellulose membrane. As a control for the secondary 
antibody, a second membrane was excluded from incubation with primary polyclonal 
antibody and incubated only with the secondary antibody. 

Labelling and binding test of the BR-domain for selection on streptavidin-coated M280 
beads 
To enable use of WTBR187-385 domain as a target in phage display the TEV-cleaved BR-domain 
was labelled. Here two different approaches were used to increase the possibility to select 
potent binders among the two libraries. The TEV-cleaved BR-domain was labelled with; EZ-
Link™ Sulfo-NHS-LC-Desthiobiotin [ThermoFisher Scientific, #16136] or EZ-Link™ NHS-
LC-LC-Biotin [ThermoFisher Scientific, #21343] to enable couling to streptavidin-coated 
M280 beads.. 200 µg of WTBR187-385 was mixed with 1xPBS [1.5 M NaCl, 80 mM Na2HPO4, 
20 mM NaH2PO4, pH= 7.4, autoclaved] to a total volume of 250 µl and with an addition of 
50x molar excess of biotin or desthiobiotin before incubation [120 min, RT]. Coupling was 
terminated by adding 50 µl Tris-HCl [1 M, pH 7] before the buffer was exchanged to 1xPBS 
by using dialysis cassette for one hour at 4°C [ThermoFisher Scientific, Slide-A-Lyzer 3.5 
kDa, #66333]. After one hour, the buffer-solution was changed to fresh 1x-PBS to minimise 
biotin/desthiobiotin contamination and incubated overnight.  

Binding to streptavidin-coated beads by biotinylated/desthiobiotinylated WTBR187-385, was 
evaluated by performing a binding test. As control for the beads coupling efficacy 
desthiobiotinylated HSA was used. Here 1.5 µg of marked protein was incubated in a total 
volume of 50 µl 1xPBST [1xPBS supplemented with 0.05% Tween 20, VWR, #288829.29] 
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for one hour at RT, end over end (eoe). Supernatant was saved for further analysis and 
vacuum dried while beads were washed with 2x 500 µl 1xPBST. Bound protein was eluted 
from the beads by incubating in resuspension buffer [25 mM Tris-HCl pH 8, 2 mM EDTA, 1 
mM PMSF, 120 min, 37°C]. Supernatants were saved for future analysis before washing the 
beads in 500 µl 1xPBST. For SDS-PAGE analysis samples were dissolved/diluted in 1xPBS 
to suitable volume and mixed with 4 µl loading buffer. The samples run were; 1.5 µg protein, 
the vacuum-dried supernatant, and only the beads suspension. The gel [NuPAGE 4-12 % Bis-
Tris 1.0 mm x 15 well] was run [30 min, 4°C, 180V] with a low molecular weight gel ladder 
and 1.5 µg streptavidin in 1xPBS as control of size of expected bands.  

Phage selections 
For the phage selection cycles a library of affibody and one for dAb was used [Affibody 
library; 20160906, Per-Åke Nygren, size 3.1*1010, dAb library; 20150502, Johan Nilvebrant, 
size 5*1010]. In the first selection cycle only biotinylated WTBR187-385 was used for selection 
under mild washing conditions. Further into the selection the desthiobiotinylated WTBR187-385 
was added to the selection in a parallel strategy, washing conditions were also changed to 
become harsher and select for binders with higher affinity to the antigen (see table 1 for all 
parameters varied for the selection cycles).  

An aliquot of each library (affibody or dAb) of 250 µl were diluted to a final volume of 500 
µl in cold 1xPBS and 250 µl 20%PEG800-2.5 M NaCl [Sigma P5413, ∅0.45 µm cellulose 
acetate filter] was added, creating a cloudy solution. The solution was incubated on ice [30 
min] before spun [13,200 rpm, 4°C, 15 min] to obtain phage in pellet. Resuspension was done 
in 1 ml 1xPBST.  

To start the selection towards the WTBR187-385 that had been biotinylated or desthiobiotinylated 
streptavidin-coated magnetic beads [Dynabeads M280, 10 mg/ml, 100 µl] were prepared by 
firstly washing with 500 µl 1xPBST [2x wash] and blocked with 1% BSA [30 min, RT, eoe] 
in tubes blocked with 1% (w/v) bovine serum albumin (BSA). In the first cycle, the blocked 
streptavidin-coated beads were incubated with 300 nM of the biotinylated WTBR187-385 (Bio-
BR). The antigen was diluted in 1xPBS and incubated with the washed beads to a total 
volume of 200 µl [1 hour, RT, eoe]. Antigen-coated beads were washed [1xPBST 0.05% 
Tween 20, 1 wash 500 µl] before prepared phage were [1 hour, RT, eoe]. Bio-BR coated 
beads with bound phage were washed once in 500 µl 1xPBST and transferred to new blocked 
tubes. Elution of bound phage to biotinylated antigen on beads was done by incubation for 10 
minutes with HCl [100 mM, 500 µl, eoe]. Beads were discarded by using a magnet to retain 
the eluate that was transferred to new tubes comprising neutralizing Tris-HCl buffer [1 M, pH 
8, 125 µl].  

From an overnight culture (ON) of 20 ml TSB+ Y E. coli ER2738 [Tryptic soy broth 30 g/l; 
Merck, 1.05459.0500, Yeast extract 5 g/l Merck, 1.03753.0500], 10 µg/ml tet [Tetracycline, 
10 mg/ml] cultivated at 37°C, 150 rpm a new  culture was started and grown until OD600=0.4-
0.5 was reached [TSB+Y, 10 µg/ml Tet, 1:100 ON-culture, 37°C, 150 rpm]. At this point the 
culture was infected with the phage eluate that had undergone selection against Bio-BR. 



 

 

 
Page: 12/46 

Controls of; 5 ml TSB+Y, 5 ml TSB+Y supplemented with 50 µl ON-culture and 100 µg/ml 
amp [ampicillin 100 mg/ml] or 25 µg/ml KM [Kanamycin 50 mg/ml] were also done for the 
cultures. For infection by phage eluate a aliquot of the cultures were taken out [3 ml] and 
added to phage eluate (as by table 1) [incubation 15 min still, 15 min 150 rpm, 37°C] 
followed by infection with helper-phage [M13K07, BioLabs, #N0315S, 10x molar excess]. 
The infected cultures were incubated again after helper-phage infection [20 min, 37°C] and 
before shaken for 25 min at 150 rpm at 37°C. Medium for infected bacteria was changed by 
spinning the cultures [5 min, 6000 rpm] before re-suspending them in new TSB+Y [5 ml]. 
This resuspension was used to inoculate in 95 ml TSB+Y [25 µg/ml KM and 100 µg/ml amp, 
37°C, 150 rpm, ON-cultivation]. 1 mM IPTG was added to induce expression of affibody-pIII 
fusion. The phagemid carries the ampicillin resistance and helper phage the kanamycin 
resistance, thus demanding a dual antibiotic screening.  

ON-phage infected cultures were harvested by centrifugation (Beckman Coulter Rotors) 
[4,000xg, 20 min, 4°C] before supernatant was incubated [30 min on ice] with 25 ml of 
20%PEG800-2.5 M NaCl. The solution was spun [15,000xg, 45 min, 4°C] and the phage 
pellet was re-suspended in freshly prepared 4 ml phage resuspension buffer [Tris-HCl 25 mM, 
pH 8, 2 mM EDTA, and 1 mM PMSF]. Bacterial contamination was minimised by 
performing an additional centrifugation step [10,000xg, 20 min, 4°C] and the supernatant was 
decanted into 1 ml of 20%PEG800-2.5 M NaCl and incubated on ice for at least 30 min. The 
phage was pelleted twice, with decantation in-between [1) 15,000xg, 30 min, 4°C, 2) 4,000 
rpm, 2 min] in order to efficiently discard remaining supernatant. Phage pellet was re-
suspended and stored in 1xPBST [2 ml] at 4°C until the following cycle or titration.  

In each cycle of phage display for elution and or creating of stock phage, phage numbers were 
estimated by titration experiments. Dilution series in 1xPBS of eluates and phage stocks from 
101-108 and 101-1012 were prepared and a volume of 10 µl of each dilution was transferred to 
100 µl ER2738 cells grown to OD600=0.4-0.5 [TSB+Y, 10 µg/ml Tet, 37°C, 150 rpm] and 
incubated for 45 minutes [37°C, 20 min still, 25 min at 150 rpm] before plating on Amp or 
KM plates [incubation ON, 37°C]. After cycle 2, a titration to establish the concentration of 
the stock helper phage was done, revealing that concentrations were 10 times higher than 
expected, this new concentration were further used in calculations for molar excess upon 
infection of helper phage in the successive cycles.  

For following phage display cycles, the protocol given above was followed with minor 
changes that are described in table 1 based on results from each previous cycle. Elution of 
desthiobiotinylated BR (Desthio-BR) phage was done by addition of 600 µl elution buffer [4 
mM D-biotin, 20 mM Tris, 50 mM NaCl] to the washed beads and incubation [3 hours, 37°C, 
eoe] before bead removal. Starting from cycle 2, phage [250 µl of stock from previous 
selection cycle] was preselected using 50 µl streptavidin coated magnetic beads [Dynabeads 
M280, 10 mg/ml] incubated with 1% BSA for 30 minutes, washed and re-suspended in 250 µl 
of 1xPBST and 1/10 of total volume of 1% BSA. 
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For each selection cycle the amount of antigen present on the coated beads was decreased to 
increase competition and only select for binders with higher affinity. By adding a preselection 
step after cycle one potential binders for non-antigen targets (e.g. beads, biotin, plastics etc.) 
were hopefully discarded. To ensure that potential binders with high affinity have the 
opportunity to bind the antigen the phage-antigen incubation time was prolonged after cycle 
one. Stringency of the steps for selection was increased gradually to promote selection of 
more potent clones (see table 1). 

Table 1, variation parameters in phage selection cycles. Suffix bio=biotin, suffix desthio=desthiobiotin.  
 Cycle 1 Cycle 2 Cycle 3 Cycle 4 

Antigen added to beads 3.2 µg BRbio 
 

2.1 µg BRbio 

2.1 µg 
BRdesthio 

1.6 µg BRbio 

1.6 µg BRdesthio 
1.1 µg BRbio 

1.1 µg 
BRdesthio 

Volume of beads for antigen coating 100 µl 100 µl 50 µl 50 µl 

Preselection NA 1:10 5 % BSA 
0.05% 
1xPBST 

1:10 5 % BSA 
0.05% 1xPBST 

1:10 5 % BSA 
0.05%1xPBST 

Incubation time phage-antigen 1 hour 2 hours 2 hours 2 hours 

Number of washes after antigen-phage 
incubation 

1x 3x 5x 3 min eoe 2x 6 min, eoe 

1xPBST concentration of Tween 20 0.05% 0.05% 0.05% 0.05% 

Volume of cells for infection 3 ml 2 ml 2 ml 2 ml 

Phage eluate volume for infection [µ l] 625 250 250 250 

Molar excess of helper phage M13K07 10x 10x 5x 5x 

Phage eluate volume for infection [µ l] 625 250 250 250 

PCR Screening of colonies 
Prepared cultures of ER2738 grown to OD600 of 0.4-0.5 were used for infection with eluted 
phage. From a dilution point (varying depending on cycle) a suspension of infected bacteria 
was plated. After cycle two, colonies found on the plates were handpicked into 30 µl of StAq 
before 1µl of each was transferred to a 96-well plate with PCR mix (see table G.1 in appendix 
G) for PCR screening for correct phagemide size. Each plate included a positive control 
[affibody: phagemid B3, 110 ng. dAb: Kunkel 3B F1 both verified plasmid sequences 
obtained from Johan Nilvebrant] and a negative control [no template added] (Applied 
Biosystems, GeneAmp PCR System 9700). Products were screened by running; 3.5 µl PCR 
product and 3.5 µl Bromophenol blue loading buffer [BFB, Sigma, #B0126-25G] on a 1% 
agarose gel [200 V, 15 min, constant current, 400 mAmp].  

Colonies with the correct size in the PCR Screening process of 585 bp for affibody and 
around 712 bp for dAb were sent for sequencing at Microsynth AG. For a clone still 
containing the Zwt dummy sequence of 1008 bp, distinction could easily be made and these 
clones were discarded when selecting colonies for sequensing. For each labelling approach 
(biotin/desthiobiotin) one 96-well plate was sequensed. Data were analysed by the Geneious 
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software [version 10.1.3] where relationship in-between sequences and randomised positions 
were looked at. Different selection criteria were applied for the dAb and affibody library to 
narrow down the number of candidate of binders to subclone and express. Phage-ELISA was 
also applied as a method to interrogate the candidates 

Phage ELISA 
In order to evaluate potential binders from the affibody and dAb libraries and their binding 
capacity to the BR-domain a phage ELISA was designed. In a phage ELISA target antigen is 
immobilised to the surface before being subjected to a specific phage clone with displayed 
protein. After repeated washes an antibody targeting the phage with conjugated Horse Radish 
Peroxidase (HRP) is added. The HRP can to turn a colourless substrate into a monitorable 
signal measured by absorbance (see figure 4 for schematic procedure).  

 
Figure 4, schematic procedure of phage ELISA. All components are needed for a signal to be detectable in the 
last step where substrate is added.  
 
For the dAb and affibody phage ELISA the same protocol was used, but differed in the 
coating pattern. For the phage ELISA a NUNC 384 plate [Sigma, #P5991] was coated with 
different antigens and controls [30 µl/well, incubation ON at 4°C]. For each sample four wells 
were dedicated. As a reference surface for each sample a well was coated with 1% BSA. For 
the affibody phage ELISA the other three wells were coated with 5 µg/ml HSA and 10 µg/ml 
of the WTBR187-85 and SADBR187-85. In the dAb phage ELISA the remaining three wells were 
coated with the three versions of the BR domain; wildtype, CRYS and SAD at 10 µg/ml. As a 
positive control a triplicate of 5 µg/ml DH-PH and a verified binder (phagemid GEF-H1-??. 
Provided by Johan Nilvebrant) was further used to give signal at read-out. Negative controls 
for; water, helper phage M13K07, TSB+Y and blocking solution were also sat in triplicates. 
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As negative control for all coatings a phagemid with affinity towards another antigen (Kunkel 
3A A8, verified plasmid provided by Johan Nilvebrant) was included in triplicate.  

In advance for the phage ELISA, phage for each verified clone (unique or representative) 
were cultivated in 96-deepwell plates. Here one colony of infected cells were picked and 
transferred to 400 µl of TSB+Y [2 µl/ml of M13K07, 100 µg/ml amp and 1 mM IPTG for 
affibody]. The 96-deepwell plate was covered with an air-permeable membrane [Grener Bio-
one, #676050] and placed at 37°C, 150 rpm, ON. The following morning phage were 
harvested by spinning the deepwell plate [4,600 rpm, 15 minutes, 4°C] and supernatant 
transferred to a new autoclaved 96-well plate that was stored at 4°C until phage ELISA.  

The overnight coated NUNC plate were washed two times with 1xPBST before all wells were 
blocked with 1% BSA for one hour at RT, slow shaking. Blocking solution was thereafter 
poured off before 20 µl of 1xPBST and 10 µl of phage solution was added and incubated once 
more [1 hour, RT, slow shaking]. Unbound phage were washed away with four repeated 
washes of 1xPBST before addition of 30 µl of the anti-M13-HRP-antibody [1:5000 dilution in 
1xPBST, GE Healthcare #27-9421-01] and incubation [30 min, RT, slow shaking]. To 
minimise false read out extensive wash followed with three repeated washes of 1xPBST and 
two washes of 1xPBS. For a read-out, TMB substrate [ThermoFisher Scientific, #34021] was 
mixed 1:1 and 30 µl was added to each well in the same order as reading of the plate. Colour 
was let to develop for 30 minutes with continuous reading of the plate at λ650 nm (ClarioStar, 
BMG LabTech) with shaking of the plate before read. The reaction was stopped by addition 
of 30 µl 1M H3PO4 and an end-point read was done at λ450 nm. 

Protein production of potential binders to the WTBR187-385 domain 
Potential binders selected from the screening after phage display selection cycle 4 were aimed 
to be produced in the amount of >1 mg to facilitate further experiments of binding potential 
and physical properties (see further in the report). For both the dAb and affibody it was 
concluded, after a trial of periplasma production and purification, that a change of vector was 
needed to enhance the expression capacity of the vector to yield these amounts. The chosen 
expression vector pT7-His6-Zwt vector (provided by P-Å. Nygren) had previously been 
established to allow higher expression of the protein than the phagemid vector. This vector 
also enables purification by the fusion to a His6-tag. For affibody the His6-tag was chosen to 
be placed in the N-terminus whereas for dAb the C-terminus, which is more distant from the 
paratope, is beneficial. Thus, different cloning strategies were used for the two libraries. The 
vector has kanamycin (KM) resistance, used in selection.  

Cleavage of the pT7-His6-Zwt vector 
15 µg pT7-His6-Zwt -vector was prepared for overnight cleavage with restriction enzymes; 
NcoI [#R0193L]+AscI [#R0558L] (dAb), or XhoI [#R0146L]+ NheI [#R3131L] (affibody) 
by heating the plasmid [20 min, 70°C] in StAq (final volume of 200 µl). After heating, 10x 
CutSmart buffer [1x end conc., BioLabs, #B7204S] and enzyme-pairs for cleavage 
[80U/enzyme] were added and let to cleave overnight [37°C].  
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Cleavage and enzyme functionality was controlled by running uncleaved plasmid, partial 
cleaved plasmid by one of the four enzymes and cleaved plasmid on a 1% agarose gel [150V, 
20 min]. Enzymes were inactivated by heating [70°C for 20 min]. Plasmid were 
dephosphorylated by Antarctic Phosphatase [#M02892, 10 U] for one hour at 37°C with 
addition of 10x Antarctic Phosphatase buffer [#M0289S final conc. 1x] before enzyme 
inactivation [70°C, 5 min].  

Gel purification of cleaved vector 
Cleaved and dephosphorylated vector were purified by running the sample together with 50 µl 
BFB loading buffer on 1% agarose prep-gel [50V, 15-20 min until sample is in the gel 
thereafter; 100V, 1 hour] with marker and uncleaved plasmid. The wanted band was cut out 
and purified with QIAquick Gel Extraction Kit [Quiagen, # 28706] and concentration could 
be determined by nanodrop and additional gel electrophoresis with Mass Ladder Reverse 
loaded in suitable volume.  

Purification and cleavage of PCR product for chosen constructs 
For the relevant constructs selected by the sequencing screen a PCR was run (see table G.1 
appendix G) to amplify the construct sequence. For each construct a reaction volume of 50 
µl/well and 8 wells were run to achieve sufficient amounts. The amplicon was controlled on a 
1% agarose gel for the right length [150 V, 0.04 Amp, 20 min] before purified on QIAquick 
PCR Purification Kit [Quiagen, # 28706]. Purified amplicon was cleaved ON with the same 
pairs of restriction enzymes as described earlier. The amount cleaved were all available 
product or 10 µg PCR product after purification. Restriction enzymes were inactivated [70°C 
20 minutes] the following day and mixture purified once more using QIAquick PCR 
Purification Kit. The cleaved and uncleaved PCR product were run on 1%-agarose gel to 
estimate concentration and purity of samples and to establish that cleavage had occurred. 
Concentration was also approximated on nanodrop at a wavelength of 260 nm and with EB as 
blank. Expected size difference to be observed were for dAb 404 bpto 391 and for affibody 
151 bp to 139 bp.  

Ligation of PCR products and expression vector 
The cleaved pT7-His6-Zwt vector and purified PCR fragments were ligated by mixing 75 ng 
vector (XhoI/NheI cleaved for affibody) or 50 ng (NcoI/AscI cleaved for dAbs) and 1 µl of 
cleaved PCR fragment. 2 µl of PCR fragment was added to the ligation mixture if PCR 
fragments had a lower concentration than 200 ng/µl. Vector and PCR fragment were diluted 
to a total volume of 17 µl with StAq and heated at 50°C for 10 minutes. After being spun 
down and cooled for a couple of minutes; 2 µl 10 x T4 ligase buffer [#B0202S, BioLabs] and 
1 µl T4 DNA ligase [#M0202L, BioLabs] were added to the sample and mixed. Ligation was 
allowed to proceed for five hours at RT with occasional mixing. Controls were done with half 
the reaction volume without PCR fragment or without T4 DNA ligase.  

After ligation, 10 µl of ligated vector was mixed with 3 µl 5xKCM and 2 µl StAq and 
transformed to chemically competent TOP10 cells. For the controls; 5 µl of mixture, 2 µl 5x 
KCM, and 3 µl StAq were used. The DNA mixture was chilled on ice for 2-5 minutes and the 
same volume of cells as mixture was added and incubated on ice 20 minutes. The mixture was 
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transferred to RT for 10 minutes before addition of 200 µl TSB+Y and incubation for 1 hour 
at 37°C, 150 rpm. Cell suspension was thereafter plated on KM-agar plates and incubated 
overnight at 37°C.  

Control of ligation 
Colonies grown on KM-plates were picked (all or a maximum of five per construct) for 
screening of successful ligation. A colony was picked and placed in 30 µl StAq before 4 µl of 
the water mix was used for plating on new KM-agar plates. 1 µl of water mixture was added 
to prepared PCR mixture (see table G.1 in appendix G) to screen colonies. The PCR amplicon 
was controlled on 1%-agarose gel [150V, 20 min] where the expected size of dAb ~496 bp 
and 350 bp Affibody. As negative control no template was added and as positive control 0.5 
µl un-cleaved pT7-His6-Zwt vector was used as template in PCR.   

Colonies relating to a PCR fragment with visible correct sized bands on the gel 
electrophoresis were sent for sequencing with LaMa27 as primer to Microsynth AG to verify 
the correct sequence and clone identity. Sequencing data were further analysed in Geneious 
and compared to previously obtained sequences before change of vector.  

Secondary transformation for expression of clones 
Affibody-protein production 
For affibody it had previously in the group of P-Å. Nygren been established that BL21* 
[Novagen™ #C601003, ThermoFisher Scientific] is a suitable strain of bacteria for expression 
of affibody clones selected from a phage library. Thus, this strain was chosen to continue with 
for a secondary transformation of the constructs of affibodies; to enable stable and high yield 
production of each construct. For the verified sequences, from the TOP10 transformation, one 
colony per construct was selected to be cultivated ON [5 ml TSB+Y, 25 µg/ml KM] to extract 
sufficient amount of plasmid. In total 2.5 ml of the ON-cultivation was used in plasmid 
purification [Quiagen, QIAprep Spin Miniprep Kit #27160]. Concentration of the purified 
plasmids were estimated by Nanodrop (λ=260 nm).  
For the transformation of plasmid to BL21* cells approximately 100 ng of plasmid were 
mixed with 2 µl 5xKCM and StAq to a final volume of 10 µl and incubated on ice for five 
minutes before addition of the chemo competent BL21* cells [10 µl]. The cells were 
incubated with the DNA mixture for 20 minutes on ice before transferred to RT and continued 
incubation for additional 10 minutes. Cells were cultivated in 200 µl TSB+Y for one hour 
[37°C, 150 rpm] before 25 µl of the culture were plated on KM-agar plates.  

To control the plasmid integrity a part from a colony was picked and run on a PCR screen 
(see table G.1 appendix G) before proceeding to large scale cultivation of a clone. Large 
cultivation was conducted in 400 ml of TSB+Y supplemented with 25 µg/ml KM inoculated 
from an overnight culture 1:100. Culture was grown at 37°C, 150 rpm until OD600 had 
reached 0.8-1.1 for all constructs before being induced with 1 mM IPTG and transferred to 
25°C for ON-growth.  

Cultivations for all constructs were harvested by spinning [2,700xg, 15 min, 4°C] and weight 
of cell pellet noted. To obtain the affibody construct present in the cytoplasm the cells were 
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resuspended and lysed with 400 µl/1 gram cell pellet lysis buffer [7M Guanidium chloride 
#G4505-Sigma, 47 mM Na2HPO4, 2.65 mM NaH2PO4, 10 mM Tris-HCl pH=8, 100 mM 
NaCl, adjusted pH=8.0, ∅ 0.45 µm cellulose acetate filter] for 2 hours [37°C, 150 rpm]. The 
lysate solutions were transferred to SS34 tubes and centrifuged to separate supernatant and 
cell debris [13,000 rpm, 30 min, 4°C]. Supernatant were after 0.45 µm filtration [Pall acrodish 
32 mm syringe filter, Life Sciences, #628501] kept at -20°C until purification.  

To follow protein production and purity throughout the process aliquots for a SDS-PAGE 
analysis were taken at the point of inoculation, lysis and during purification and compared 
alongside each other.  

dAb-protein production 
For the dAb library no previous experience on how to produce these in a pT7-His6-vector 
were available. To test which strain of cells and the conditions for optimal cultivation and 
production of the dAb constructs a control experiment was run in advance of the selected dAb 
constructs. Here VH-B1ag-plasmid, encoding a monomeric dAb scaffold control, was 
transformed into both BL21* and Origami™2(DE3) chemically competent cells [Novagen™, 
#71345, Merck Millipore] (29). The Origami™2(DE3) cells were chosen due to their 
oxidative cytoplasm which enables disulphide bond formation of the dAb structure, needed 
for correct folding. The DE3-derivative of the origami strain was also suitable since it gives 
more stable production with induction of IPTG (41). The procedure for optimal protein 
expression was tested for both a previously used phagemid vector in both cell strains, and the 
cloned expression vector with an inserted His6-tag. The phagemid encodes ampicillin 
resistance whereas the expression vector carries a kanamycin resistance gene. In the 
Origami™2(DE3) cells the oxidative cytoplasm is preserved by gene regulation with 
tetracycline resistance and were therefore added in all growth steps of this strain.  

BL21*-transformation was performed as described for affibodies but with suitable antibiotic 
resistance. For the Origami™2(DE3) cells heat shock transformation was applied. Here, 20 µl 
of the Origami™2(DE3) cells were pipetted into pre-chilled tubes on ice together with 1 µl of 
purified cloned vector [100 ng/µl]. The cells were incubated on ice [5 min] before heat 
shocked in a water bath [42°C, 30 sec], and immediately placed on ice again [2 min]. 80 µl of 
S.O.C. medium [ThermoFisher Scientific, #15544034] were added before incubating the cells 
at 37°C [150 rpm, 1 hour] to ensure development of KM-resistance. An aliquot [25 µl] of the 
cell culture was plated on agar plates with respective antibiotics and grown ON [37°C].  

To derive optimal conditions for protein expression, inoculation cultures of 25 ml were 
prepared according to table 2 and cultivated ON [37°C, 150 rpm]. The colonies used for 
inoculation were also PCR screened to verify the product length (see table G.1 in appendix 
G). During the following day the ON-cultures were used for inoculation in 100 ml fresh 
medium (1:100) and grown to OD600= 0.8-1.1 before induction with varied IPTG 
concentration. Cultivation proceeded ON at varying temperatures before being harvested 
[2,700xg, 15 min, 4°C]. The cell pellets weights were noted and an average of all cultures 
pellet weight were used for adding 400 µl/1g pellet of wash buffer [47 mM Na2HPO4, 2.65 
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mM NaH2PO4, 300 mM NaCl, 15 mM imidazole, pH 7.5, ∅0.45 µm]. Pellets were 
resuspended before lysing cells by a sonicator [Sonics Vibracell, 40% max amplitude, 1:1, 3 
min pulses] and supernatant containing protein was obtained by a second centrifugation 
[13,000 rpm, 30 min, 4°C]. Lysates were filtrated [0.22 µm, Pall acrodish, Life Science] and 
kept at -20°C until purification. The most advantageous cultivation strategy, based on yield of 
protein was selected for dAb expression of selected constructs.  

Table 2, cultivation conditions for dAb test VH-B1ag production.  
 

Construct 
Transformed to 

cell 
Resistance for 

antibiotics 

Temperature for 
growth after 

induction 
Concentration 

IPTG for induction 
Phagemid VH-B1ag BL21* Amp [100 µg/ml] 25°C 1 mM 
Phagemid VH-B1ag Origami™2(DE3) Amp [100 µg/ml]/ 

Tet [12.5 µg/ml] 
25°C 1 mM 

Expression vector 
pT7-VH-B1ag-His6 

BL21* KM [25 µg/ml] 25°C 1 mM 

Expression vector 
pT7-VH-B1ag-His6 

Origami™2(DE3) KM [25 µg/ml]/  
Tet [12.5 µg/ml 

37°C 0.1 mM 

Expression vector 
pT7-VH-B1ag-His6 

Origami™2(DE3) KM [25 µg/ml]/  
Tet [12.5 µg/ml 

37°C 0.5 mM 

Expression vector 
pT7-VH-B1ag-His6 

Origami™2(DE3) KM [25 µg/ml]/  
Tet [12.5 µg/ml] 

37°C 1 mM 

Expression vector 
pT7-VH-B1ag-His6 

Origami™2(DE3) KM [25 µg/ml]/  
Tet [12.5 µg/ml] 

30°C 0.1 mM 

Expression vector 
pT7-VH-B1ag-His6 

Origami™2(DE3) KM [25 µg/ml]/  
Tet [12.5 µg/ml 

30°C 0.5 mM 

Expression vector 
pT7-VH-B1ag-His6 

Origami™2(DE3) KM [25 µg/ml]/  
Tet [12.5 µg/ml 

30°C 1 mM 

Expression vector 
pT7-VH-B1ag-His6 

Origami™2(DE3) KM [25 µg/ml]/  
Tet [12.5 µg/ml 

25°C 0.1 mM 

Expression vector 
pT7-VH-B1ag-His6 

Origami™2(DE3) KM [25 µg/ml]/  
Tet [12.5 µg/ml] 

25°C 0.5 mM 

Expression vector 
pT7-VH-B1ag-His6 

Origami™2(DE3) KM [25 µg/ml]/  
Tet [12.5 µg/ml 

25°C 1 mM 

Protein purification on Talon resin by gravity flow columns 
For protein purification of the produced affibody and dAb constructs IMAC was applied. 
Here a Talon metal affinity resin was prepared [Clontech Laboratories Inc. #635504] with a 
CV of 1.12 ml in PD10 columns. One column per construct was prepared both for affibody 
and dAb constructs. The difference between the affibody and dAb purification is only in 
buffer composition. Columns were rinsed with MilliQ [2 CV] and equilibrated with 10 CV of 
wash buffer. For affibody a denaturing wash buffer was used [6M guanidium chloride, 26.6 
mM Na2HPO4, 3.4 mM NaH2PO4, 0.3 M NaCl, 10 mM imidazole, pH 8.0, ∅ 0.45 µm] and 
for dAb a native phosphatase buffer was used [47 mM Na2HPO4, 2.65 mM NaH2PO4, 0.3 M 
NaCl, 15 mM imidazole, pH 7.5, ∅ 0.45 µm]. After equilibration, lysate was added and for 
two samples aliquots were collected from lysate, flow through and wash [10 CV] for analysis 
on SDS-PAGE. 

Elution was performed by adding 0.5 ml aliquot of elution buffer [Affibody; 6 M Urea, 50 
mM Na2HPO4, 0.1 M NaCl, 30 mM HAc, 70 mM NaAc, pH 5.0, ∅ 0.45 µm], [dAb; 47 mM 
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Na2HPO4, 2.65 mM NaH2PO4, 0.3 M NaCl, 200 mM imidazole, pH 7.5, ∅ 0.45 µm]), in total 
8 CV of elution buffer were used for elution. Columns were cleaned by an additional pulse of 
elution buffer [5 CV] to ensure proper cleaning, followed by 20 CV of MilliQ. For storage 4 
CV of 1x TST-20% EtOH was used for pulsing and stored at 4°C. For each fraction the 
absorbance was measured at λ280 and the five highest fractions were pooled. Aliquot [30 µl] 
of pooled fractions were taken to further analyse on SDS-PAGE together with previous 
samples from cultivate on and purification.  

Both affibody constructs and dAb were buffer exchanged on PD-10 columns [GE Healthcare, 
#17085101]. Due to no previous experience, potential irreversible aggregation and 
preservation of the disulphide bridge present in the structure of dAb these constructs are not 
suitable for vacuum drying or storage in HAc and thus were directly buffer exchanged to 
1xPBST, later used for SPR experiments. Affibody constructs were buffer exchanged to 0.5 
M HAc [Sigma, #14726] and aliquots with volumes corresponding to different masses 
suitable for SDS-PAGE, MS, CD (not preformed within the frames of this thesis) and SPR 
analysis were prepared. Aliquots were vacuum dried (Scanvac Coolsafe) and resuspended in 
suitable volume and buffer for each experiment. For SPR-aliquots resuspension was done to a 
final concentration of 600 µM in 1xPBST based on λ280 before drying.  

Surface Plasmon Resonance analysis of produced constructs 
Surface Plasmon Resonance (SPR) was used to evaluate antigen binding of the selected 
clones. In a SPR a dextran coated gold chip is used to immobilise target antigens the surface. 
The reaction is monitored by total internal reflection, involving a surface plasmin resonance 
phenomenon resulting in a shadow at a certain angle of the incident light. The angle of this 
shadow is read by the instrument. By adding a mass to the chip surface the refractive index 
close to the surface will change resulting in another angle of the shadow. This change is read 
by the instrument and can be interpreted as a signal of response units. By flowing an analyte 
over the surface with immobilised antigen binders will attach to the surface and change its’ 
refractive index and thus a signal can be detected.  

The Biacore T200 from GE Healthcare was with 1xPBST running buffer [pH7.4 and 
degassed] (also used for dilution of all samples if needed) at 25°C. Two immobilization 
strategies were used in the experiments: amine-coupling to a CM5 Sensor chip [Series S GE 
Healthcare, #22054643-AD] and non-covalent immobilization using an Ni-NTA chip [Series 
S GE Healthcare, #BR100034]. 

The CM5 chip was used to immobilise WTBR187-385, CRYSBR187-325, Zika NS1 (as negative 
control) by amine coupling. A flow cell that was only activated and deactivated was used as a 
reference surface. The CRYSBR187-325 was chosen as a second surface to potentially investigate 
where on the WTBR187-385 surface a potential binder would bind due to its acidic outer surface 
and maintained basic grove. Zika NS1 protein was chosen as a reference surface due to phage 
selection alongside the selection against WTBR187-385, to exclude potential cross-reactive or 
cross-contaminated clones. All expressed and purified affibody and dAb clones were tested 
against all four surfaces. 
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Before docking the CM5 sensor chip, equilibration took place at RT. Activation of the CM5 
sensor chip surface was performed by manual run for each flow cell at a flow [10 µl/min] by 
subjecting the surface to a mix of NHS coupling solution and EDC coupling solution mixture 
1:1 [GE Healthcare, #BR100050] for 420 seconds. Activation was followed by a wash of 50 
mM NaOH [30 µl/min, 5 sec, GE Healthcare, #BR100050] before immobilisation of ligand 
was executed. Coupling of the ligand to the activated surface was generally performed by 
pulsing the ligand at a flow rate of 5 µl/min for 400-600 seconds [concentration 50 µg/ml of 
BR construct and 30 µg/ml for Zika NS1]. This step was repeated until sufficient 
immobilisation (ca 200-800 RU) was obtained., Following a wash step as described 
previously, deactivation of the surface was performed by the addition of 1M Ethanolamine-
HCl [FortéBio, #18-5095] for 420 seconds at a flow of 10 µl/min. WTBR187-385 was dilued in 
10 mM sodium acetate of pH 6.0 [FortéBio #18-5095] due to high pI of protein. CRYSBR187-325 
and Zika NS1 were diluted in 10 mM sodium acetate at pH 4.0 and pH 4.5 [FortéBio #18-
5095], respectively. 

The SPR program used for identifying potential binders with the CM5 sensor chip among the 
selected clones of affibody and dAb included a priming of the instrument before run and 3 
start-up cycles with 1xPBST before samples were run. All affibody and dAb constructs were 
filtrated [Millex®-HV, Merck, #SLHVR04NL] if cloudy and loaded at an approximate 
concentration of 200 nM diluted in 1xPBST. Contact time for an analyte was 180 seconds at a 
flow of 30 µl/min with 500 seconds of dissociation, performed on all surfaces. Regeneration 
was performed with 10 mM HCl for 30 seconds [30 µl/min, 60 sec stabilisation period]. Data 
were analysed in the Biacore T200 evaluation software. Negative control for affibody 
constructs were Zacid 1,2 and Ephirin B3 affibody (previously verified binder in the group of P-
Å Nygren). The Zacid constructs were selected to monitor non-specific electrostatic interaction 
of the surface and a highly acidic affibody.  

To evaluate binders giving signal on the CM5 sensor chip and to validate binding properties 
as affinity to the BR-domain protein, a Ni-NTA chip was used. A Ni-NTA chip uses the 
interaction between immobilised nickel ions on the chip surface and poly-his-tag on the 
ligand. Following capture of is-tagged ligand, analyte is flowed over the surface and potential 
binding curves recorded. Here, the BR-domain mutants and wild type (data not shown), 
affibody and dAbs were evaluated as ligands. The program used included; priming of the 
instrument with 1xPBST, a conditioning cycle of 350 mM EDTA for 60 seconds contact time 
and three start-up cycles with 1xPBST [120 seconds contact time]. For each cycle, before 
immobilisation of a ligand a pulse of 0.5 mM NiSO4 [Sigma, #15244-37-8] for 60 seconds 
was applied to prepare the surface. For the BR-mutants and dAb, 30 µg/ml were used for 
immobilisation, and for affibody 0.8 µg/ml were used of each construct to be evaluated 
[contact time 120 sec, 10 µl/min, stabilisation time 0 sec]. Analyte of varying concentrations 
was allowed a contact time of 120 seconds and dissociation of 600 seconds [30 µl/min] before 
a double stripping of the surface with 350 mM EDTA [30 µl/min, 60 seconds, second run 60 
sec stabilisation time].  
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During an initial screening it was concluded that; when using the affibody as ligand 0.83 
µg/ml or less was determined to be a suitable concentration to use for a stable capture (120 
seconds long) with minimal dissociation. WTBR187-385 could bind to an immobilised affibody 
at concentrations of 200 nM. Thus, in a final run Z-H6 (identified binder from CM5 sensor 
chip run) and Z-H5 (highly repeated sequence) were selected affibody clones as ligands 
towards three dilution series of each one of the BR constructs; WT, SAD, or CRYS (400 nM, 
200 nM, 100 nM, 50 nM, 25 nM and 0 nM). For dAb a concentration of 20-30 µg/ml were 
considered sufficient for capture during 120 seconds. The VH-B1ag construct was selected to 
immobilise at 20 µg/ml as ligand towards three dilutions of Protein A from S. aureus [Sigma, 
#P6031] at 300 nM, 100 nM and 30 nM. As a negative control VH-B1ag towards 200 nM 
WTBR187-385 was included. The two most prominent clones dAb E2 and dAb A2 from phage 
ELISA were also included in the experiment and to be immobilised at 30 µg/ml as ligand. 
However, due to time limitations only one concentration of Protein A (100 nM) and one BR-
injection (WT, 200 nM) could be included in the run.  

Mass spectrometry 
In order to verify masses of the produced proteins a mass spectrometry (MS) (Sciex 4200 
MALDI TOF). Here, 1 µl of the sample to be analysed [approx. concentration adjusted to 25 
µM] was mixed with 1 µl of α-Cyano-4-hydroxycinnamic acid (CHCA) matrix [5 mg/ml] on 
a MS-plate. The sample and matrix mixture were let to evaporate by heating at 97°C before 
an additional 1 µl of matrix were added and let to evaporate. Instrument settings were 
adjusted depending on proteins Mw to be analysed and data collected and studied by the 4000 
Series explorer software.  
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Results 
Cultivation and purification of BR187-385 wild type and mutated versions 
To enable the study of the functionality of PsrP and to create affibody and dAb proteins 
targeting the WTBR187-385 domain it was first to be recombinantly produced and purified 
together with the mutated versions of the domain. In order to reach sufficient purity and a 
non-tagged protein several purification steps were used. The final yields of the purified 
WTBR187-385, 

CRYSBR187-385 and SADBR187-385 monomers were from a 1L E.coli culture 3 mg (13 
%), 3 mg (30 %), and 17 mg (25 %), respectively (for information about purification see 
appendix B). For all constructs, the monomer form was in majority observed after the 
heterologous production of the BR constructs (see figure 5). The dimer and oligomer forms 
are created by a domain-swap mechanism, that most likely only appears during the 
heterologous expression procedure (23). The oligomers and dimers are however not in 
equilibrium with the monomer. The isolated monomers are stable structures and are not 
subject to dimerization upon storage (previously noted by Schulte, information given by oral 
communication) as also can be observed after the final SEC of the isolated monomer (see 
figure 6).  

 
Figure 5, chromatogram for SEC for uncleaved BR-versions, normalised in absorbance. Oligomers, dimers 
and monomers are present for WT/CRYSBR187-385. For CRYSBR187-385 the distribution is more shifted to oligomers 
than dimers. For SADBR187-385 almost all protein is monomeric. The staggered peak for SADBR187-385 is due to high 
concentration and overloading of column with protein. Elution volumes are slightly shifted for each construct. 
Curves are normalised. 
 
To enable purification of the recombinant proteins, a His6-tag had been incorporated in the 
gene sequence. However, this tag is not wanted in further experiments as in phage selection 
and were thus to be cleaved from the protein by TEV enzyme. Cleavage of the His6-tag was 
confirmed by SDS-PAGE gel (see figure 7, A), revealing the expected loss of 1.7 kDa. While 
the loss is obvious in SDS-PAGE, it cannot be resolved in SEC since the Mw difference is too 
small to be detected (see table 3 and figure 7, B). The smaller SADBR187-385 version had lowest 
elution volume on a SEC, which is not correlating with a lower Mw on the SDS-PAGE 
analysis as is expected. However, the CRYSBR187-385 shows a higher Mw on the SDS-PAGE 
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than the wild type even if the SEC elution volume indicates a higher Mw. This can be 
explained in the charges differences of the mutated versions, changing the diffusion rate 
through the polyacrylamide gel.  

 
Figure 6, chromatogram of SEC purification of cleaved BR-versions. One peak is visible for each construct 
and elution volume shift in-between the constructs follow the same pattern as in uncleaved run and size 
distribution. The elution volume are slightly lower for each construct compared to when uncleaved. Curves are 
normalised.  
 
Table 3, data for SEC for the different BR constructs and confirmed weight on MALDI.  

 WTBR187-385 
CRYSBR187-385 

SADBR187-385 

Theoretical size His-tagged protein 23099.58 Da 22877.06 Da 22949.0 Da 

SEC elution volume His-tagged protein 67.2 ml 65.9 ml 65.1 ml 

Theoretical size cleaved protein 21350.68 Da 21128.16 Da 21200.09 Da 

SEC elution volume cleaved protein 66.4 ml 65.8 ml 64.8 ml 

Mw MALDI 21347.34 Da NA NA 

 
In figure 7 A, the whole purification process is exemplified with a run of WTBR187-385. At 70 
kDa in lane 3 a faint band is seen which is equivalent to the size of the dimer, oligomers are 
likely visible at higher Mw in the top of the gel but at low concentrations making no 
distinguishable band. In lane 4 two band are visible which is probably due to active TEV 
protease that was still present on the columns. In figure 7 B the different purification rounds 
are compared alongside each other. Here, the SADBR187-385 has migrated further in the gel, 
partly due to its smaller size but its lower pI may increase separation as well. Version 
CRYSBR187-385 have migrated the least in the SDS-PAGE even if the Mw is approximately the 
same as the SAD-version. This can be due to the electrostatical properties of the protein 
interfering with migration through the gel.  
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Figure 7, Purification of BR-domain constructs. A) SDS-PAGE analysis of purification method performed on 
WTBR187-385. 1) Flow through from IMAC 2) Wash from IMAC, 3) Pooled eluted fractions from IMAC 4) Pooled 
fractions after SEC, two bands with uncleaved and small fraction of cleaved protein 5) Pooled fractions after 
reverse IMAC and cleavage. Purity increases for each step and is relatively pure before the second SEC and 
final concentration. The BR-domain has expected size of 21.3 kDa. B) SDS-PAGE analysis of final samples of 
each BR-construct. Three purifications were performed for WTBR187-385 (21.3 kDa) with different final 
concentration. One purification for CRYSBR187-385 (21.1 kDa) and one for SADBR187-385 (21.2 kDa) was done. Bands 
are less distinct for mutated versions. 
 
To verify that all three BR constructs had a preserved wild-type fold after purification a Dot-
blot assay was performed (see figure 8). Polyclonal antibody sera produced against the 
WTBR187-385 domain bound all three constructs but not the denatured wild-type protein. In a 
negative control where only the secondary antibody was added and not the anti-BR poly-sera, 
no response was obtained. Given the signals detected it can be concluded that the protein is 
still intact for all three constructs and their fold was recognised as wild-type.  

 
Figure 8, Dot-blot assay of BR-domains to check maintained fold after purification. Binding is equal between 
the different BR-variants and negative control membrane did not yield any signal. Negative control of denatured 
WTBR187-385-sample was visible but with a significantly lower signal than for functional proteins. Thus, for all the 
protein constructs a maintained wild-type fold is predicted.   



 

 

 
Page: 26/46 

Binding test for biotinylated and desthiobiotinylated BR domain 
For subsequent phage display targeting the wild-type BR domain, immobilisation of the 
antigen to streptavidin coated magnetic beads was needed. Here two different approaches for 
immobilisation were used to increase the possibility of finding potential binders; biotinylation 
and desthiobiotinylation, both labels targeting primary amines of the protein. The yields for 
biotinylation and desthiobiotinylation of the WTBR187-385 domain were 86.8 % and 71.3 % 
respectively. MS revealed several label spieces with 9-12 biotin moieties labels/molecule and 
in-between 0-9 desthiobiotin conjugations, with the highest signal of variants with four 
labels/molecule. A binding test was performed to confirm the ability of labelled proteins to 
bind to streptavidin-coated beads and desthiobiotinylated proteins to be competitively eluted 
from the beads by excess biotin (see data in appendix C).  

Phage selection cycles 
After each phage display selection cycle a titration was performed to estimate the number of 
phage that were present (see figure 9). The titration levels went up remarkably at cycle four at 
approximately 3*10-3 % for stock over eluate, indicating enrichment of target-binding clones.  
 

 
Figure 9, titration levels after each cycle representing enrichment of target-binding clones. percentage of each 
construct and library of phage in/out for each selection cycle. Notice the higher number for the dAb libraries 
than affibody for both labels. Data is presented in appendix D.  
 
Due to the increase in titration numbers after the fourth selection, a screening of phage 
sequences by PCR and sequencing was done to see if convergence had occurred. Only PCR-
amplified sequences with a gel-visible band that could be correlated at the expected size of 
585 bp (Z) or around 712 bp (dAb) were selected for sequencing. The screening included 94 
colonies for both affibody and dAb clones of both label methods (see success rate in table D.1 
in appendix D). However, due to low hit-rate among the biotinylated track a second screening 
with 94 new colonies were also included for the affibody Bio-BR track. 
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Sequence analysis of affibody and dAb 
Among the clones selected for sequencing; 22 belonged to Bio-BR affibody track, 54 to 
Desthio-BR affibody track, and 32 of both label tracks for dAb. For the eleven correct ABD 
preserved sequences of the Bio-BR affibody track, nine were unique. Clone Z-E2 was 
repeated three times. (see appendix D for sequences, tree of alignment and general properties 
of clones). Z-G2 contained the unexpected mutation L19V, which was not part of the library 
design. Furthermore, a number of sequences comprising deletions, frame-shifts or premature 
stop codons were identified (data not shown). 

Sequences in the desthiobiotin selection track showed a smaller variety than the described 
biotin track above. Among the five unique sequences, one clone was repeated 24 times (Z-
H5) and another 4 times (Z-H8) and lastly Z-E2 two times. One unique sequence had low 
similarity to the other sequences (Z-H6). Furthermore, 18 sequences showed the same 
frameshift mutation, further denoted Z-H7. Interestingly, this mutation led to a cysteine 
residue followed by an amber stop codon and, further downstream, a regular stop codon 
before the ABD and pIII (which were in a different reading frame). Due to this high 
frequency it was included among the clones that were analysed further. 

Alongside this selection, another selection was run against Zika NS1. If compared to unique 
clones found in this selection one of the Bio-BR affibody was identical to one of the Zika 
NS1 candidates (Z-A2 and Z-G9). Thus, both these variants were included in further analyses 
to evaluate this potential cross-contamination. For the affibodies, all unique sequences and 
one representative of a repeated mutated clone were included in further experiments (see 
figure 10 of phylogenetic cluster of selected affibody clones).  

 
Figure 10, phylogenetic cluster of all chosen affibody clones. Clone Z-G9 from Zika NS1 selection is included. 
Only one of the clones for repeated sequences are displayed. Scale of branches indicates the genetic change as 
number of substitutions per site in the sequence alignment.  
 
Clones sent for sequencing for the dAb library yielded an intact sequence for 21 out of 32 
samples for both biotinylated and desthiobiotinylated BR (e.g. 42 sequences in total). Similar 
to the affibody selection, the Bio-BR track resulted in more unique clones (17/21). The 
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Desthio-BR resulted in nine unique sequences. One sequence was observed in both tracks 
dAb E1 (Bio-BR) was identical to dAb B6 (Desthio-BR). (see appendix D for sequences and 
CDRH regions of the dAb clones).  

Phage-ELISA 
The phage-ELISA was conducted to narrow down the number of potential dAb candidates 
and to indicate more interesting clones amongst the affibody library (see appendix E for all 
clones). For affibody it can be noted that the HSA-surface gave a clear signal for almost all 
clones. This surface binds the ABD-fusion of the affibody and indicates expression of Z-ABD 
fusion on the phage surface. Several of the affibodies potentially bound to the WTBR187-385 

surface; Z-G2, Z-H6, Z-H8 and Z-G9 (see figure 11 for a comparison of the most interesting 
clones). Clone Z-G9 and Z-A2 that are identical sequences selected from two target antigens 
with differences in their experimental results. Z-G2 and Z-H6 were the only two clones with 
higher binding to the WTBR187-385 than to HSA. Both the kinetic read and end-point read are 
supporting the same patterns.  

In the un-normalised data for the dAb phage-ELISA, samples (in triplicates) with high 
standard error corresponded to relatively high signals on the BSA-reference surface. Thus, 
normalisation by subtraction of the signal on BSA often resulted in values around to zero. 
However, clone dAb A2 gave a strong signal to all three BR-surfaces but not any signal on 
the reference BSA-surface. The highest endpoint signal was recorded for the WTBR187-385 

surface, but at absorbance levels outside the linear range of the instrument. The kinetic read 
for dAb A2 showed higher signal for the CRYSBR187-385 surface. Also clone dAb E2 showed a 
signal development and endpoint that were comparable to the most interesting clones in the 
affibody phage-ELISA. This clone is on the other hand more prone to binding the mutated 
version of the BR-domain than the wild type, which only gave a weak signal in the kinetic 
read. Similar to the dAb experiment controls for potential interference factors as e.g., 
M13K07-phage were included. All possible factors tested for yielded no detectable interfering 
signals (see appendix E) and negative control for the BR surfaces were low (see figure 11).  

 
Figure 11, phage-ELISA kinetic read of affibody and dAb clones. A) Affibody constructs, Z-G2 and Z-H6 
showed high signal towards WTBR187-385. B) dAb clones yielding signal in phage ELISA. No signal is recorded on 
the BSA surface. To note is that affibody and dAb are run at different time points and values are thus not 
comparable and should only be used as a guide point when comparing. Data within the same libraries are 
however comparable.   
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The fact that the positive control DH-PH, which was included in both runs, gave a higher 
signal than many of the other samples is expected since this is a verified affinity-matured 
binder. The binders generated in the current selections are only first generation binders 
expected to have lower affinities. Thus, the experimental values were only used as guidance 
in candidate selection. For affibody all 16 unique sequences proceeded to subcloning. The 
high number of unique dAb clones required selection criteria and only clones that were 
observed more than once during sequencing or with a higher signal on WTBR187-385 than other 
surfaces in phage ELISA were subcloned. A total of 10 dAb clones were selected of which 
seven were reoccurring sequences (see table D.4 in appendix D).  

Cloning, production and purification of chosen constructs 
Due to low expression by the phagemid vector, the clones were subcloned into an expression 
vector pT7 aimed for large-scale production and purification. The approach for subcloning 
affibody and dAb differed due to the different positioning of the His6-tag. 

Affibody protein expression and purification 
From the large scale cultivation, the average cell pellet weights for the affibody clones was 
1.95 g/100 ml (see appendix F for all specific data from purification). From the 400 ml 
cultivations an average of 3.7 mg purified His6-tagged affibody was obtained. The average 
yield over the PD10 buffer exchange step for affibody constructs was 54 %. The numbers 
reported here for the protein yields are based on absorbance measurements and theoretical 
extinction coefficients calculated from expected amino acid sequences. 

Following buffer exchange, aliquots with volumes corresponding to 4 µg were freeze dried, 
resuspended and analysed by SDS-PAGE to estimate relative concentrations and purity (see 
figure 12). Most candidates give bands of expected size (around 8 kDa) and were well 
expressed. However, the amount loaded on the gel was less than 4 µg for all samples. Thus, 
concentration approximation by absorbance was not accurate. For further experiments the 
concentrations were assumed to be one fifth of the values obtained from absorbance 
measurements. Moreover, a number of clones did not give a visible band at expected size in 
SDS-PAGE. However, most of these clones were clearly visible and expressed according to 
samples collected during expression (see appendix F). For clone Z-G2, which showed 
promising result in the phage-ELISA, no band was visible during the whole purification 
procedure. Possibly the lysis of the cell pellet was insufficient since no band was visible and 
thus no protein could be obtained in purification, however expression before harvest was not 
studied and no deductions can be made of protein expression. For the clone Z-H7 band in the 
lysate fraction was seen but it lacks the expected protein expression-dot at 8 kDa. Thus, 
expression of the clone was low. Either as a consequence of missed induction or obstacles in 
protein production of this clone that has several premature stop codons and a cysteine that can 
cause aggregations. Affibody clones were evaluated by MS, showing an expected Mw for all 
clones (see appendix F). 
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Figure 12, 4 µg of each affibody clone based on absorbance values. Most clones are visible on the gel but at a 
lower amount than approximated from absorbance measurements, 4 µg was approximated to be loaded. Clones; 
Z-E3, Z-G2, Z-H1, Z-H7, and Z-H8 are not visible here. However, only Z-G2 and Z-H7 are not seen in any 
sample taken throughout the purification process.  

dAb protein expression and purification 
While the protein expression and purification procedure for affibody had already been 
established, a new approach for dAb protein expression and purification had to be decided 
upon. Since the denaturing buffer conditions used for affibody purification are unfit due to 
possible irreversible unfolding of the dAb, a native phosphorous buffer of pH 7.5 was used 
for purification. As an alternative to the chemical lysis, sonication was used as a substitution. 
The expression process and purification was evaluated using VH-B1ag, the autonomous VH 
scaffold that the dAb library is based on, to identify suitable conditions for expression of 
selected candidates (see appendix F) before proceeding with selected clones. 

In figure 13, buffer exchanged stock solutions for the purified dAb are shown. Due to the 
abundance of impurities the concentration determinations based on absorbance values, 
concentration of the stocks was approximated to one forth. Based on this assumption an 
average of 300 µg from 200 ml cultivation could be obtained by purification. Absorbance 
values from after PD-10 buffer exchange often indicates yields above 100 %. This 
experimental issue is due to precipitation of the protein, complicating the concentration 
approximation even more. The previously engineered VH-B1ag clone expressed significantly 
better than other dAb constructs.  

MS data for the dAb clones was also inconclusive, due to the high amount of impurities in the 
samples. Only a few clones could be confirmed by this experiment, but with expected Mw (see 
appendix F).  
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Figure 13, assessment of relative purity and concentration of dAb constructs after buffer exchange on PD-10 
column. From left to right protein concentration decreases. Presence of multiple bands in all lanes shows low 
sample purity. The VH-B1ag expressed significantly better than other dAb constructs.   

SPR evaluation of potential binders to immobilised BR domain 
In the Surface Plasmon Resonance (SPR) analysis the WTBR187-385, CRYSBR187-385, and Zika 
NS1 were immobilised on the available surfaces of a CM5 chip, using amine coupling 
chemistry. Whereas WTBR187-385 and Zika NS1 were successfully immobilised the CRYSBR187-

385 could not be effectively coupled to the surface (see table 4). However, the reference 
surface and Zika NS1 could serve as negative controls for analytes assayed for binding to the 
WTBR187-385 surface.   

Table 4, immobilisation levels of the CM5 sensor chip for all surfaces, consecutive values. Immobilisation of 
the CRYS-surface was lost upon deactivation. 

Flow cell Surface ligand 
Activation 

[ΔRU] 
Immobilisation of 

ligand [ΔRU] 
Signal after 

deactivation [ΔRU] 
1 Blank reference 

surface 
180 NA 0 

2 WTBR187-385 160 830 830 

3 CRYSBR187-385 180 140 0 

4 Zika NS1 220 2010 2000 

 
In the initial screen approximately 200 nM of each construct was used as analyte towards all 
surfaces. For the dAb constructs signals were very weak, and no definite conclusions about 
their binding capacity could be drawn. However, the clones dAb E2, dAb G1, and dAb H6 
could still be of potential interest (data not shown). For the affibody clones Z-H6 and Z-G2 
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were identified as binders towards WTBR187-385 but not to the negative control Zika NS1 and 
reference surface (see figure 14). These two potential binders were further evaluated.  

For Z-H6 dilution series of 1:3 and 1:2 ranging from 12 µM to 0.2 nM, were injected in 
duplicates to determine affinity. In-between the runs of high concentration of Z-H6 extra 
wash steps with 1xPBST were included to minimise potential-carry over effects. Two acidic 
affibodies Zacid 1 and Zacid 2 were included as controls for the interaction towards WTBR187-385 

not only being of an electrostatic nature (see figure 14, D-E). The Zacid 1, 2 were injected at 
both 10 µM and 200 nM. Only Zacid 1 at high concentration gave signal on the WTBR187-385 

surface. However, the signal was negligible in comparison to the signal obtained with Z-H6. 
From the repeated runs of dilution series of clone Z-H6 an KD of 25 nM could be determined 
from kinetic adjustments by the program (see table 5). However, as seen in figure 14 A) is 
that the fits match less well in the association phase and the approximated R,max value is less 
than observed in the run where the signal starts to cluster at higher concentrations. An 
equilibrium binding analysis showed greater consistency and approximated a KD of 66 nM 
(see table 6 and figure 14 B). As previously stated, the exact concentrations of the samples are 
of high uncertainty and these affinity values should only be taken as rough estimates.  

Although binding of clone Z-G2 could be observed, affinity of the binder could not be 
determined due to low available amounts of the protein. An additional screening could 
however be run at a higher concentration. These two kinetic approximations at different 
concentrations yielded an estimation of the KD to 50 nM. Again, the true concentration is 
unknown since the binder is not visible on any gels.  

Table 5, kinetic values for the different binders. Note that all Rmax values for Z-H6 are approximated to under 
the observed Rmax value in sensorgrams. The association constant is high for the three repeated runs for Z-H6. In 
the first run 1:3 dilution a, the ka has a value with a 10-potency lower and shows a better curve approximation 
(data not shown).  

Clone 
 

Concentration or 
dilution series used 

for injection 
ka 

 [1/Ms] 
kd 

[1/s] 
KD 

[nM] 

Rmax  
[RU] 

Chi2 
[RU2] 

Comment 
 

Z-G2 1.5 nM 3.6*105 0.026 73 660 0.132  
2 nM 1.6*106 0.029 19 540 0.496  

Z-H6 

1:3 a 
10 µM to 200 nM 

2.6*105 0.014 64 120 14.5 Good on-rate 
approx.. 

1:3 b 
10 µM to 200 nM 

1.5*107 0.127 8 110 7.51  

1:2 a 
10 µM to 200 nM 

4.1*106 0.045 10 140 21.2  

1:2 b 
10 µM to 200 nM 

2.5*106 0.043 18 130 17.2 Best off-rate 
approx.. 

 
Table 6, affinity values for Z-H6 in different runs and dilution series. Rmax values are correlating better with 
observed levels in sensorgrams. KD values are more consistent than in kinetic approximations.  

Clone 
Dilution 

series 
KD 

[nM] 

Rmax  
[RU] 

Offset  
[RU] 

Chi2 
[RU2] 

Z-H6 

1:3 a) 137 240 3.205 27.9 
1:3 b) 66 250 8.232 84.2 
1:2 a) 29 230 11.38 69.8 
1:2 b) 44 230 6.305 35.3 
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Figure 14, sensorgrams for the SPR run on CM5 sensor ship with immobilised WTBR187-385. A) Sensorgram for 
Z-H6 in a 1:3 dilution series (a). Rmax was approximated from accumulated curves for 12 µM and 4 µM to 260 
RU. Kinetic data estimated KD to 63 nM B) Affinity fitted data for Z-H6 dilution series 1:3 a, same data as in 
figure A. KD could be estimated to be in the range of 66 nM from 50 % of the maximal response. C) Clone Z-G2 
sensorgram, saturation was not reached for the analyte giving absence of an Rmax value. Sensorgram peaks at 45 
RU. Approximated KD for this run was 19 nM. D) Zacid 1, at 10 µM and 200 nM. A small signal can be detected 
for the higher concentration at 20 RU intensity. However, at high concentration of 10 µM regeneration is not as 
efficient. Baseline was reached again after repeated wash of the surface. E) Zacid 2, no signal to the surface is 
recorded at either concentration of 10 µM or 200 nM. 
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To enable further characterisation of the binding to WTBR187-385 an NTA-chip was used to 
immobilise the identified binder Z-H6. Firstly, the poly-his-WTBR187-385 was tried as ligand 
and using the affibody as analyte again. However, the studied interaction was disturbed by the 
His6-tag on the affibody and made this approach impracticable (data for this trial is not 
shown). Therefore, an approach where affibody used as ligand with titration of the BR 
constructs was applied instead.  

The reoccurring clone Z-H5, was successfully bound to the Ni-NTA surface as a ligand. 
However, similar to the analysis on a CM5 chip, no binding to either of the BR-constructs 
were detected (data not shown). Clone Z-H6 bound the WT and CRYS constructs when 
immobilised on the Ni-NTA-surface (see figure 15). By using the affinity adjustment in the 
evaluation program the KD could however be estimated to 23 nM and 70 nM for WT and 
SAD, respectively (see figure 16).  

To control that the folding of the dAb constructs had been maintained, protein A was included 
as a ligand. Only a corrected folded dAb will bind to Protein A and binding is thus a good 
indicator for successful cloning, production and purification strategy (29). VH-B1ag was 
subjected to three different concentrations of Protein A and displayed concentration 
dependent binding (see figure 17). As a negative control VH-B1ag was also exposed to the 
WTBR187-385, yielding no detectable response. The two selected clones dAb A2 and dAb E2 
were captured and subjected to Protein A and WTBR187-385 (see figure 18). dAb A2 could be 
immobilised at a significantly higher degree than dAb E2. Neither clone dAb A2 or dAb E2 
showed binding to 100 nM Protein A. Which might indicate that the structure has been 
affected. However, if only dAb E2 is studied a small signal peak of 30 RU could be detected 
for 200 nM WTBR187-385 injected over dAb E2.  
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Figure 15, sensorgram for clone Z-H6 as ligand with different BR-constructs as analytes.. A) WTBR187-385 at 
varying concentrations from 25 to 400 nM. Binding to the affibody is detected from concentrations above 50 nM. 
B) CRYSBR187-385 at varying concentrations from 25 to 400 nM. No binding is detected at concentrations below 
200 nM. The signal increase is significantly weaker than for other constructs. C) SADBR187-385 at varying 
concentrations from 25 to 400 nM. Binding is detected from 50 nM reaching Rmax already at concentration of 
100 nM. Signal is comparable to the one from wild type.  
 

 
Figure 16, Equilibrium binding analysis of Z-H6 towards A)WTBR187-385 and B) SADBR187-385. KD is read at 50 % 
of Rmax and is approximated to 23 nM for wildtype and 70 nM for SAD.  
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Figure 17, VH-B1ag immobilised as ligand on a Ni-NTA chip. A) VH-B1ag binds Protein A in a concentration 
dependent way [300 nM, 100 nM and 30 nM] but did not bind 200 nM WTBR187-385 (B).  
 

 
Figure 18, dAb clone A2 and E2 as ligand on Ni-NTA chip. A) dAb A2 was immobilised at higher levels than 
dAb E2 (lower signal). No signal could be seen for Protein A injection at 400 seconds. B) dAb E2 showed a 
small signal towards200 nM WTBR187-385 at 400 seconds. Yielding a signal of approximately 30 RU. 
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Discussion 
The main aim of this thesis was to select novel binders from affibody and domain antibody 
libraries towards the binding region (BR) of the S. pneumoniae adhesion protein PsrP by 
phage display. Putative binders were desired for studying the interaction between PsrP and the 
KRT10:KRT1 complex or eDNA and could potentially block these interactions. Two novel 
affibodies, Z-G2 and Z-H6, were selected and shown to bind to the binding region of PsrP 
(WTBR187-385). Both were identified as unique clones only found once during screening after 
four selection rounds against the target antigen. To analyze target binding of selected 
candidates, a phage-ELISA and a more thorough analysis by SPR were conducted. Both 
clones were detected in the phage-ELISA as binders to the WTBR187-385 and at a lower degree 
to one mutated version of the binding domain (SADBR187-385). Both these binders were among 
the most promising clones in this experiment together with Z-H5 and Z-E4. In the SPR 
analysis, affinity values of the Z-G2 and Z-H6 could roughly be approximated to 50 and 66 
nM, respectively1. However, concentration values for the samples were unsure due to non-
convergence between absorbance values and amounts visible by SDS-PAGE. Thus, the 
affinity values are only rough estimations. Clone Z-G2 was available in too low amount to 
perform a thorough binding analysis.   

All constructs identified after the fourth cycle of phage display selection had pI-values below 
7, and more commonly around 6. This indicated that acidic molecules were favoured in the 
binding towards the more basic WTBR187-385 domain with a pI of 9.5. However, the two non-
specific acidic affibodies Zacid 1, 2, were not found to bind the immobilised BR-domain, which 
supports the notion that Z-H6 and Z-G2 (with pI of 5.9 and 6.3, respectively) bind specifically 
rather than by non-specific electrostatic interactions to the basic BR-domain. Furthermore, 
clone the Z-H6 was shown to bind to the acidic SADBR187-385, which has a pI of 4.4 and a 
modified acidic saddle with a basic outer surface, indicating an epitope on the outer surface. 
In line with this, the clone did not bind the other version CRYSBR187-385, which has a pI of 4.8 
and an unaltered basic saddle and a mutated outer surface. Thus, this clone is likely not 
targeting the KRT10:KRT1/eDNA interference domain. However, the CRYS versions have 
two mutations placed in the front loop of the BR domain that is hypothesised to lock the 
KRT10::KRT1 into place. Thus, the clone could still have properties that are useful in the 
characterisation of the interaction between PsrP and KRT10:KRT1/eDNA (see figure 19, 
PDB file 3ZGH, PyMOL ver. 1.7.4.5).  

                                                
 
1 Chi2 values for most approximations are larger than 10 % of the Rmax value and the potential error in the 
readings are large. Thus, they serve as an approximation for a first generation binders but no well-founded 
conclusions should be done on these calculations.   
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Figure 19, the WTBR187-385 domain with positions for mutation for the different constructs. Residues in blue are 
positions mutated to an acidic residue in the CRYSBR187-385. Residues in red are mutated to an acidic residue in the 

SADBR187-385 construct. PDB file: 3ZGH. The front and back loop binding KRT10 is located to the β-sheets in the 
left hand upper corner of the structure where most substitutions in the CRYS-construct have taken place.  
 
Regarding the domain antibody constructs, a method for stable production was identified and 
it was verified that the described approach yielded an intact and correctly folded product with 
a verified maintained sequence. An improvement of the protocol would be to cultivate 
constructs in a larger volume to yield more bacteria and thus more product. Basing the 
protocol on the optimised and engineered VH-B1ag sequence a lower yield is to expect from 
the non-optimised first generation dAb binders that are selected from the phage display. If 
increased cultivation volume a higher amount of protein is expected. As an improvement for 
the purification process of the dAb clones a longer wash could be conducted to increase the 
purity of eluted fractions.  

The screening of sequences after phage selection cycle four showed little convergence 
amongst the sequences and a high number of unique clones could be identified. The increased 
phage titers in late selection cycles indicated that some level of convergence should be to 
expected. An interesting observation for both libraries is that the desthiobiotin track yielded 
more converged sets of clones. This is likely dependent on the milder elution strategy in the 
desthiobiotin track. Upon competitive elution by biotin only the phage with bound antigen is 
released from the beads. However, upon pH-elution phage binding non-target antigen will 
also be eluted, minimising the enrichment in each cycle 

Amongst the dAb clones selected for further characterisation after phage ELISA clone dAb 
E2, dAb C4, dAb G1 and dAb A2 were the most prominent ones. In the general SPR 
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screening on a CM5 chip, the clones dAb E2, dAb G1, and dAb H6 were identified to be of 
interest. Having some similarities to the selection of interesting clones from phage ELISA. 
Due to problems with signal detection on the CM5 chip for dAb the approach was changed 
and tested on a Ni-NTA chip. However, due to the time limitations these clones were not 
properly characterised in more detail. In the SPR analysis on a Ni-NTA chip where dAb E2 
and dAb A2 were analysed response differed. This difference is due to a change in 
concentration of ligand where 20 µg/ml for dAb A2, and 0.8 µg/ml dAb E2 were used for 
immobilisation. The small response reported for clone E2 against WTBR187-385

 should not be 
over-interpreted. Moreover, data does not support discarding of the clones either, since no 
signals were either detected towards Protein A. Thus, further analyses of all of the dAb clones 
are of interest Available data suggest that appropriate immobilization levels can be obtained 
using concentrations of 1 µg/ml and that analyte concentrations around 200- 400 nM of the 
different BR187-385-constructs are suitable. Verification of maintained structure should also be 
conducted by dilution series of protein A around 100-300 nM or higher.  

As earlier stated the phage-ELISA data were used as a guidance tool when selecting amongst 
the dAb candidates, but also for screening the affibody clones. Here, it was visible for several 
clones that some binding had occurred towards the BR-constructs selectively since negative 
controls only gave low responses. The ABD-fusion with affinity to HSA, present for affibody 
clones also worked as a positive control. Interpretation of the results where clones had a low 
HSA signal are likely faulty, since the yield of expression of the clone low (see e.g., Z-H7 or 
Z-F1). Thus, conclusive data for binding or no binding towards the antigen cannot be 
obtained. Candidates Z-G2 and Z-H6 showed relatively high signals on BR relative to HSA 
and were also the top clones identified during the SPR analyses. In summary, phage-ELISA 
may be a useful screening method to narrow down the number of candidates. 

Only a few of the dAb clones evaluated by the phage-ELISA gave a signal. Clone dAb A2 
stood out from the rest of the selected sequences due to its high signal on all three BR-
constructs and low signal on the BSA negative control surface. For most of the dAb clones no 
significant signal could be detected. Thus, inclusion of a control of presence of clones with 
Protein A that only binds correctly folded dAb, would have been advantageous (29). If 
studying the sequence, a longer CDRH3 without hydrophobic amino acids can yield a higher 
solubility of the dAb as a result of coverage of an hydrophobic area of the scaffold (32) (33). 
Amongst the screened dAb constructs a bias exist towards longer CDRH3, possibly reflecting 
a certain mode of binding. Some of the selected candidates in the dAb library have occurring 
aspartic acid in the CDRH1 region that could increases expression levels (see table D.5 in 
appendix D) (33). Implying that selection within the library is functionality rather than 
metabolically favourably clones.  

In a phage selection it is to expected that the best binder gets enriched upon several cycles 
since it will more probably stay bound to the antigen upon washing in harsher and harsher 
conditions. The most prevalent clone, Z-H5, was repeated 24 times. In the phage-ELISA 
screening this clone showed small expression levels (since HSA signal was low) but with a 
higher signal detected towards BR than HSA. Upon, SPR analysis no binding was observed. 
To ensure that this were due to affinity and not lack of protein the candidate was run 
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repeatedly on both the CM5 chip and a Ni-NTA chip but without any indication of BR-
binding. The protein had been seen on the SDS-PAGE and could be immobilise on the Ni-
NTA surface and thus were present for analysis. Therefore, a preliminary conclusion is that 
even if this construct has been enriched it does not bind the antigen. If speculating, this 
particular clone can be a binder towards any of the non-antigen molecules present during 
selection but that is not preselected against, e.g., desthiobiotin (clone selected from this track). 
Pointing out the importance of efficient preselection and efficient washes during the 
selections. Furthermore, it is important to continuously screen clones during the selection 
process. For example; another phage selection cycle could have led to reduction of unique 
clones amongst the affibody and only displaying sequences repeated in the fourth selection 
round due to enrichment. This would however have led to e.g., clone Z-H6 and Z-G2 to be 
potentially lost or perhaps more enriched.  

Another enriched clone amongst the affibody was Z-H7. This is a common mutant where a 
deletion leads to a frameshift with a cysteine and premature stop of the fusion protein. Why 
this one is enriched is peculiar. Phage-ELISA showed no particular binding of this clone to 
any target indicating that binding is more likely to have occurred to non-antigen molecules. 
Another reason that could have been valid for its enrichment is low metabolic cost for 
production (since truncated sequences). However, upon cultivation and protein purification 
the yield of this protein was extremely low and thus not even this is a good reason for its 
enrichment.  

The work conducted here provides several opportunities to pursue in the future. Closest in the 
future further characterisation of the Z-H6 binder is of interest. Here an alanine scan can be 
conducted to find which positions in the sequence that are important for binding. If identified, 
optimisations to increase the affinity of Z-H6 could be reached by for example substituting 
amino acids responsible for the binding. Future generations of binders should upon repeated 
SPR analysis be concentration determined by amino acid analysis to ensure that the estimated 
affinity values are correct. Maintained structure of the Z-H6 clone could be verified by a CD 
experiment where refolding after melting is wanted to be observed. Two assays that easily 
would be conducted in order to test the ability to block potential binding of WTBR187-385 to 
KRT10 is by; a pull-down assay and an aggregation assay with surface displayed WTBR187-385. 
This would also enable an assessment of the interaction in vitro. Verification of where the 
affibody targets the WTBR187-385 could further be done by a crystallisation trial of a complex 
formation if blocking of the interaction of surface exposed BR and KRT10/eDNA in solution 
is found.  

Another approach in the usage of Z-H6 could be by dimerization, either with itself or together 
with potential binder with another targeted epitope as the wanted basic saddle of the PsrP. 
This would increase the apparent affinity but could potentially give problems in interaction in 
vitro due to a bulkier molecule or drive aggregation by binding several PsrP and connecting 
these together. The small size of the affibody is advantageous since it allows entry of a more 
sterically condense space, allowing additional numbers of interaction possibilities. However, 
this could only be evaluated by trial of such a molecule.   
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Z-G2 is another candidate worth pursuing characterisation of. Another cultivation and 
purification run should be conducted in order to evaluate the binder thoroughly. If, however, 
the yield of protein continues to be low the sequence is closest related to Z-H6 and thus 
perhaps targets the same epitope. Thus, with the aim of constructing different binders effort 
could be placed instead on the dAb library and further characterisations of these clones. 
Another possibility is also to go back to created phage stocks from cycle four and screen for 
new candidates to be evaluated.  

In conclusion, it can be said that within this scope of this thesis work two affibody binders 
have been identified and one has been characterised in more detail. This clone appears to 
target the outer surface of the binding domain of PsrP; thus not the interaction epitope 
believed to interact with KRT10::KRT1 and be responsible for biofilm formation. The second 
affibody has been identified as targeting the WTBR187-385, but is at this point not characterised 
further. A production protocol for dAb has been established enabling further work with dAb 
in an expression vector. The found and produced dAb can by SPR analysis on a Ni-NTA chip 
also be further analysed for binding the BR-domain, potentially yielding new clones targeting 
the PsrP interaction with KRT10:KRT1 and eDNA.  

  



 

 

 
Page: 42/46 

Acknowledgements 
This project would not have been possible without the great collaboration between the two 
research groups of Adnane Achour and Per-Åke Nygren. Where I especially want to give my 
thanks to Tim Schulte for the most helpful supervision and discussions, and to Johan 
Nilvebrant for through and well-guided co-supervision. You have both given me valuable 
inputs along the road but always on different things which has helped me in achieve a good 
and a more complete understanding of both of your fields.  

The work would not have been as fun or been completed at the same extent without the 
support and guidance from Malin Westin to whom I am very grateful.  

For the open door and discussions making me think further, a great thanks to Per-Åke 
Nygren.  

To Adnane Achour for a long time of inspiration by lectures and making this project happen 
in the form it took.  

To both floor gamma 4 at SciLife and floor 3 at Alba Nova for your helpfulness and great 
atmosphere.  

And finally to my roommate Johanna Hultgren for always being there listing and giving 
support. As well as to all friends and family that have been there during all these years at 
KTH.  

 

  



 

 

 
Page: 43/46 

Literature 
1. Gamez, G. and Hammerschmidt, S. Combat pneumococcal infections: adhesins as 
candidates for protein-based vaccine development. Curr. Drug Targets. Marsh 2012, Vol. 13, 
pp. 323–337. 

2. Kadioglu, A., et al. The role of Streptococcus pneumoniae virulence factors in host 
respiratory colonization and disease. Nature Reviews. April 2008, Vol. 6, pp. 288-301. 

3. van der Poll, T. and Opal, S. Pathogenesis, treatment, and prevention of pneumococcal 
pneumonia. Lancet. 31 October 2009, Vol. 374, 9700, pp. 1543-5. 

4. Bogaert, D., De Groot, R. and Hermans, P. W. M. Streptococcus pneumoniae 
colonisation: the key to pneumococcal disease. Lancet Infect. Dis. Marsh 2004, Vol. 4, 3, pp. 
144–154. 

5. Nelson, A., Roche, Aoife M. and Gould, Jane M. Capsule enhances pneumococcal 
colonisation by limiting mucus-mediated clearance. Infect. Immun. 2007, Vol. 75, pp. 83-90. 

6. Hyams, C., et al. The Streptococcus pneumoniae capsule inhibits complement activity and 
neutrophil phagocytosis by multiple mechanisms. Infection and Immunity. 2010, Vol. 78, 2, 
pp. 704-715. 

7. Yother, J. Capsules of Streptococcus pneumoniae and Other Bacteria: Paradigms for 
Polysaccharide Biosynthesis and Regulation. Annual Review of Microbiology. June 2011, 
Vol. 65, pp. 563-581. 

8. Serrano, I., Melo-Cristino, J. and Ramirez, M. Heterogeneity of pneumococcal phase 
variants in invasive human infections. BMC Microbiology. 26 July 2006, Vol. 6, pp. 1-6. 

9. Sanchez, C. J., et al. Streptococcus pneumoniae in Biofilms Are Unable to Cause Invasive 
Disease Due to Altered Virulence Determinant Production. [ed.] Indranil Biswas. PLoS ONE. 
2011, Vol. 6, 12. 

10. Sorensen, U. B. S., et al. Ultrastructural localization of capsules, cell wall polysaccharide, 
cell wall proteins, and F antigen in pneumococci. . Infect. Immun. . August 1988, Vol. 56, 8, 
pp. 1890–1896 . 

11. Henriques-Normark, B., et al. The rise and fall of bacterial clones: Streptococcus 
pneumoniae. Nature Reviews Microbiology. November 2008, Vol. 6, pp. 827-837. 

12. Lee, C. J., Banks, S. D. and Li, J. P. Virulence, immunity and vaccine related to 
Streptococcus pneumoniae. Crit. Rev. Microbiol. . 1991, Vol. 18, pp. 89-114. 

13. Mook-Kanamori, B. B., et al. Pathogenesis and Pathophysiology of Pneumococcal 
Meningitis. Clinical Microbiology Reviews. July 2011, Vol. 24, 3, pp. 557-591. 

14. Fernebro, J., et al. Capsular expression in Streptococcus pneumoniae negatively affects 
spontaneous and antibiotic-induced lysis and contributes to antibiotic tolerance. J. Infect. Dis. 
. January 2004, Vol. 189, pp. 328-338. 



 

 

 
Page: 44/46 

15. Camilli, R., Pantosti, A.. and Baldassarri, L. Contribution of serotype and genetic 
background to biofilm formation by Streptococcus pneumoniae. Eur J Clin Microbiol Infect 
Dis . 2011, Vol. 30, pp. 97-102. 

16. Lizcano, A., Sanchez, C.J. and Orihuela, C.J. A role for glycosylated serine-rich repeat 
proteins in Gram-positive bacterial pathogenesis. Molecular Oral Microbiology. 3 May 2012, 
Vol. 27, pp. 257–269. 

17. Obert, C, et al. Identification of a candidate Strep- tococcus pneumoniae core genome 
and regions of diversity correlated with invasive pneumococcal disease. Infect Immun. August 
2006, Vol. 74, 8, pp. 4766-77. 

18. Rose, L., et al. Antibodies against PsrP, a novel Streptococcus pneumoniae adhesin, block 
adhesion and protect mice against pneumococcal challenge. The Journal of infectious 
diseases. 1 August 2008, Vol. 198, 3, pp. 375-383. 

19. Mazmanian, S. K., et al. Titel: Staphylococcus aureus Sortase, an Enzyme That Anchors 
Surface Proteins to the Cell Wall. Science. 30 July 1999, Vol. 285, 5428, pp. 760-763. 

20. Blanchette-Caina, K., Hinojosaa, C. A. and Babua, R. Streptococcus pneumoniae 
Biofilm Formation Is Strain Dependent, Multifactorial, and Associated with Reduced 
Invasiveness and Immunoreactivity during Colonization. mBio. 2013, Vol. 4, 5. 

21. Sanchez, C.J et. al. The Pneumococcal Serine-Rich Repeat Protein Is an Intra-Species 
Bacterial Adhesin That Promotes Bacterial Aggregation In Vivo and in Biofilms. PLoS 
Pathog. 2010, Vol. 6. 

22. Schulte, T., et al. The basic keratin 10-binding domain of the virulence- associated 
pneumococcal serine-rich protein PsrP adopts a novel MSCRAMM fold. Open Biology. 10 
December 2014, pp. 1-14. 

23. Schulte, T., Mikaelsson, C. and Beaussart, A. Altmetric: 5More detail Article | OPEN 
The BR domain of PsrP interacts with extracellular DNA to promote bacterial aggregation; 
structural insights into pneumococcal biofilm formation. Scientific Reports. 2016, Vol. 6. 

24. Shivshankar, P., et al. The Streptococcus pneumoniae adhesin PsrP binds to Keratin 10 
on lung cells. Mol. Microbiol. . 2009, Vol. 73, pp. 663-679. 

25. Parham, P. Antibody Structure and the Generation of B-cell Diversity. [book auth.] Peter 
Parham. [ed.] Janet Foltin. The Immune System. New York : Garland Science, Taylor and 
Francis Group, LLC, 2009, Vol. 3, pp. 95-121. 

26. Köhler, G and Milstein, C. Continuous cultures of fused cells secreting antibody of 
predefined specificity. Journal of immunology . 1 March 2005, Vol. 174, 5, pp. 2453-5 . 

27. Chames, P., et al. Therapeutic antibodies: successes, limitations and hopes for the future. 
Br J Pharmacol. May 2009, Vol. 157, 2, pp. 220-230. 

28. Hongrong Cai, H. Therapeutic Monoclonal Antibodies Approved by FDA in 2016. MOJ 
Immunol. 11 January 2017, Vol. 5, 1. 



 

 

 
Page: 45/46 

29. Ma, X., et al. Design of Synthetic Autonomous VH Domain Libraries and Structural 
Analysis of a VH Domain Bound to Vascular Endothelial Growth Factor. J. Mol. Biol. 2013, 
Vol. 425, pp. 2247–2259. 

30. Löfblom, J., et al. Affibody molecules: Engineered proteins for therapeutic, diagnostic 
and biotechnological applications. Federation of European Biochemical Societies. . 4 March 
2010, Vol. 584, pp. 2670–2680. 

31. Binz, H. K., Amstutz, P. and Plückthun, A. Engineering novel binding proteins from 
nonimmunoglobulin domains. Nature Biotechnology. 6 October 2005, Vol. 23, 10, pp. 1257-
1268. 

32. Holt, L. J., et al. Domain antibodies: proteins for therapy. Trends in Biotechnology. 
November 2003, Vol. 21, 11, pp. 484-490. 

33. Barthelemy, P. A., et al. Comprehensive Analysis of the Factors Contributing to the 
Stability and Solubility of Autonomous Human VH Domains. JBC. 8 February 2008, Vol. 
283, 6, pp. 3639–3654. 

34. Nilsson, B, et al. A synthetic IgG-binding domain based on staphylococcal protein A. 
Protein Eng. . February 1987, Vol. 1, 2, pp. 107–113. 

35. Nord, K., et al. Binding proteins selected from combinatoria libraries of an aplha-helical 
bacterial receptor domain. Nature. 3 February 1997, Vol. 15, pp. 722-777. 

36. Nygren, PÅ. Alternative binding proteins: Affibody binding proteins developed from a 
small three-helix bundle scaffold. FEBS Journal. 16 November 2007, Vol. 275, pp. 2668–
2676. 

37. Bradburya, A. R. M. and Marks, J. D. Antibodies from phage antibody libraries. 
Journal of Immunological Methods. 8 April 2004, Vol. 290, pp. 29-49. 

38. Russel, M., Lowman, H. B. and Clackson, T. [book auth.] Marjorie Russel, Henry B. 
Lowman and Tim Clackson. Introduction to phage biology and phage display. 2004, pp. 1-27. 

39. Thermo Fisher Scientific Inc. B-PER™ Bacterial Protein Extraction Reagent. 
Instructions B-PER® Bacterial Protein Extraction Reagent. [Online] 2011. [Cited: 19 
January 2017.] www.thermoscientific.com/pierce. 
https://tools.thermofisher.com/content/sfs/manuals/MAN0011343_BPER_Bacterial_Protein_
Extract_Reag_UG.pdf. 

40. Thermo Fisher Scientific Inc. PierceTM ECL Western Blotting Substrate. Thermo 
Scientific. [Online] 2013. [Cited: 01 February 2017.] 
https://tools.thermofisher.com/content/sfs/manuals/MAN0011536_Pierce_ECL_West_Blot_S
ubs_UG.pdf. 

41. Merck Biosciences. Merck. 71345 | Origami™ 2(DE3) Competent Cells - Novagen. 
[Online] 2017. [Cited: 12 April 2017.] 
http://www.merckmillipore.com/SE/en/product/Origami™-2%28DE3%29-Competent-Cells--
-Novagen,EMD_BIO-71345#documentation. 



 

 

 
Page: 46/46 

42. Cooper, GM. Intermediate Filaments. [ed.] Sunderland (MA). The Cell: A Molecular 
Approach. s.l. : Sinauer Associates, 2000, Vol. 2nd edition. 
https://www.ncbi.nlm.nih.gov/books/NBK9834/. 

43. Lizcano, A, Sanchez, CJ and Orihuela, CJ. A role for glycosylated serine-rich repeat 
proteins in Grampositive bacterial pathogenesis. Mol. Oral Microbiol. 2012, Vol. 27, pp. 
257–269. 

44. Sorensen, U. B. S., et al. Covalent linkage between the capsular polysaccharide and the 
cell wall peptidoglycan of Streptococcus pneumoniae revealed by immunochemical methods. 
. Microb. Pathog. 1990, Vol. 8, pp. 325–334. 

45. Bergmann, S., Schoenen, H. and Hammerschmidt, S. The interaction between bacterial 
enolase and plasminogen promotes adherence of Streptococcus pneumoniae to epithelial and 
endothelial cells. International Journal of Medical Microbiology. December 2013, Vol. 303, 
8, pp. 452-462. 

46. LeMessurier, K. S, et al. Type I Interferon Protects against Pneumococcal Invasive 
Disease by Inhibiting Bacterial Transmigration across the Lung. [ed.] Paul M. (Editor) 
Sullam. PLoS Pathog. 2013, Vol. 9, 11. 

47. Ponnuraj, K., et al. A “dock, lock, and latch” Structural Model for a Staphylococcal 
Adhesin Binding to Fibrinogen. Cell. 17 October 2003, Vol. 115, pp. 217-228. 

48. Shivshankar, P., et al. The Streptococcus pneumoniae adhesin PsrP binds to Keratin 10 
on lung cells. Mol Microbiol. 1 August 2009, Vol. 73, 4, pp. 663-679. 

49. Spirig, T., Weiner, E. M. and Clubb, R. T. Sortase enzymes in Gram-positive bacteria. 
Mol Microbiol. December 2011, Vol. 82, 5, pp. 1044-1059. 

50. Trappetti, C., et al. Extracellular Matrix Formation Enhances the Ability of 
Streptococcus pneumoniae to Cause Invasive Disease. [ed.] Eliane Namie. PLoS ONE. 2011, 
Vol. 6, 5, pp. 1-17. 

 

 



www.kth.se


	kth-cover6887783438902816937 hjelm
	Master thesis Linnea Hjelm
	OLE_LINK15
	OLE_LINK14
	OLE_LINK13
	OLE_LINK12
	OLE_LINK2
	OLE_LINK1
	OLE_LINK9
	OLE_LINK20
	OLE_LINK19
	OLE_LINK10
	OLE_LINK8
	OLE_LINK7
	OLE_LINK6
	OLE_LINK5
	OLE_LINK4
	OLE_LINK3
	OLE_LINK11

	kth-cover6887783438902816937 hjelm

