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Abstract
The aim of the project was to identify positions and amino acids that contribute to improved structure
and stability of bispecific ADAPT proteins. During the 20 weeks project period, different amino acid
substitutions were analysed to evaluate the effect on the three-helical structure and stability of
bispecific ADAPTs targeting human serum albumin (HSA) and tumor necrosis factor α (TNFα).
Furthermore, the study also included identification of which amino acid substitutions that affect the
simultaneous binding ability of the anti-TNFα ADAPT. The amino acids substitutions that
demonstrated improved stability was further evaluated in two other bispecific ADAPT proteins
targeting epithelial cell adhesion molecule (EpCAM), in terms of structure and stability.

The TNFα-targeting ADAPT variants was produced in Escherichia coli (E. coli), purified through
affinity chromatography using a HSA-coupled matrix and was further analysed and evaluated using
SDS-PAGE, circular dichrosim, size-exclusion chromatography and surface plasmon resonance to
detect expression levels, yields, thermal stability, secondary structure, and simultaneous binding to
TNFα and HSA. Furthermore, the production, purification and evaluation were redone with other
bispecific ADAPTs targeting EpCAM, to be able to draw more general conclusions. The outcome
showed which amino acids substitutions in the scaffold that improve the structure and stability of the
TNFα- and EpCAM-binding ADAPT protein variants, respectively.

Some of the ADAPT variants targeting TNFα showed improved stability and increased melting
temperature. One of the variants with most potential from these mutants was ADAPT_TNFα5_F21K,
both able to refold after heat treatment and demonstrated a higher melting temperature in the same
order as the original binder. The variant bound HSA but not TNFα, thus consequently was not able to
bind TNFα and HSA simultaneously. The variants ADAPT_TNFα5_V17I and
ADAPT_TNFα5_M22Q both demonstrated a clear alpha-helix structure, were able to refold after heat
treatment and demonstrated simultaneous binding to TNFα and HSA. The melting temperature for
ADAPT_TNFα5_V17I was the same as for the original binder (59°C) and ADAPT_TNFα5_M22Q
showed a decreased melting temperature (45°C) compared to the original binder. The amino acid
substitutions that improve the stability of the original binder was combined and two variants with
these mutations were designed. Unfortunately, these variants could not express in E. coli cells and
were not able to be produced. For the EpCAM targeting mutants one variant,
ADAPT_EpCAM_02_X11N, showed huge improvements of the stability and structure compared to
the original binder ADAPT_EpCAM_02. This variant improved the melting temperature with 24°C
compared to the original binder and was able to refold after heat treatment, which the original binder
did not have the ability to do. However, ADAPT_EpCAM_02_X11N was not able to simultaneously
bind EpCAM and HSA, demonstrating that the mutation also had an effect on the binding ability. In
the variant ADAPT_EpCAM_08 the mutation Y5I improved the melting temperature with 14°C
compared to the original binder and was able to refold after thermal denaturation. However, the
simultaneous binding to EpCAM and HSA was negatively affected.

The project results have contributed to better understanding of the bispecific ADAPT proteins, which
enables further development of the scaffold. The amino acid positions in the scaffold that showed to
be important for ADAPT structure and stability will be used in the design of a new ADAPT-library,
from which new binders with improved structure and stability hopefully can be selected, which might
have the potentially to be used as future therapeutics.

Key words
Protein purification, Affinity chromatography, ABD-derived domain, ADAPT protein, simultan binding
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Sammanfattning
Syftet med projektet var att identifiera positioner och aminosyror som bidrar till ökad struktur och
stabilitet hos bispecifika ADAPT proteiner. Under projektperioden på 20 veckor har olika
aminosyrasubstitutioner i ett bispecifikt TNFα/HSA-bindande ADAPT protein analyserats med syftet
att undersöka om dessa substitutioner förbättrar stabiliteten och strukturen hos proteinet. Vidare
analyserades hur dessa aminosyrasubstitutioner påverkar ADAPTs förmåga att binda HSA och TNFα
samtidigt. De aminosyrasubstitutioner som visade på förbättrad stabilitet, utvärderades vidare med
avseende på struktur, stabilitet och bindning i två andra bispecifika ADAPTs riktade mot EpCAM.

De TNFα-bindande ADAPT-varianterna producerades i E. coli, renades fram med
affinitetskromatografi med en HSA-kopplad matris, analyserades och utvärderades med metoder som
SDS-PAGE, cirkulär dichroism, gelfiltrering och surface plasmon resonance för att detektera
uttrycks-nivåer, utbyten, termisk stabilitet, sekundärstruktur och om proteinerna upprätthöll bindning
till både HSA och TNFα. Vidare utvärderas de aminosyrasubstitutionerna som visade på förbättrad
stabilitet även i andra bispecifika ADAPTs riktade mot EpCAM för att kunna dra mer generella
slutsatser. Resultaten visade vilka aminosyrasubstitutioner i proteinet som förbättrade strukturen och
stabiliteten hos de TNFa- respektive EpCAM-bindande ADAPT-protein varianterna.

Några av ADAPT-TNFa varianterna visade förbättrad stabilitet och ökad smälttemperatur.
ADAPT_TNFα5_F21K hade en tydlig alpha-helix struktur och kunde återveckas efter
värmebehandling. Varianten hade en smälttemperatur i samma storleksordning som den ursprungliga
TNFα-bindande ADAPT varianten. ADAPT_TNFα_F21K hade dock inte förmågan att binda
simultant till TNFα och HSA. Varianterna ADAPT_TNFα_V17I och ADAPT_TNFα_M22Q visade
en tydlig alpha-helix struktur, kunde återveckas efter värmebehandling och visade simultan bindning
till TNFα och HSA. ADAPT_TNFα_V17I hade samma smälttemperatur som den ursprungliga
bindaren (59°C) medan ADAPT_TNFα_M22Q visade en minskad smälttemperaturen (45°C) jämfört
med original-bindaren. Två varianter bestående av kombinationer av de aminosyrasubstitutioner som
visade på förbättrad stabilitet skapades. Dessa kunde tyvärr inte uttryckas och produceras i E.
coli-celler. Gällande de EpCAM-bindande ADAPT-proteinerna var det en variant,
ADAPT_EpCAM_02_X11N, som visade stor förbättring i stabilitet och struktur jämfört med original
bindaren ADAPT_EpCAM_02. Denna variant hade 24°C högre smälttemperatur jämfört med original
bindaren och kunde återveckas efter värmebehandling, vilket inte original-bindaren kunde. Dock
kunde inte ADAPT_EpCAM_02_X11N binda simultant till EpCAM och HSA. Detta tyder på att
denna mutation har en negativ effekt på ADAPTs bindingskapacitet. Varianten
ADAPT_EpCAM_08_Y5I visade en förbättrad smälttemperatur på 14°C jämfört med
original-bindaren ADAPT_EpCAM_08 och kunde återveckas efter värmebehandling. Dock
resulterade även denna mutation i en negativ effekt på den simultana bindningen till EpCAM och
HSA.

Projektets resultat har bidragit till en bättre förståelse av de bispecifika ADAPT-proteinerna och
möjliggör en vidareutveckling av scaffoldet. Aminosyranspositionerna som visade sig vara viktiga för
ADAPTs struktur och stabilitet kommer användas för design av ett ny ADAPT-bibliotek, från vilket
nya bindare med förbättrad struktur och stabilitet förhoppningsvis kan bli selekterade. Dessa nya,
förbättrade bindare, ökar de bispecifika ADAPT proteiners användningsmöjligheter inom terapi.
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1. Introduction
Gram-positive bacteria contain proteins expressed on their surface, these surface-proteins often
include domains binding to serum albumin, which is the most abundant protein in plasma [1]. There
are several different functions of the albumin-binding surface proteins, such as to promote bacterial
growth, improve virulence and mediate adhesion contributing to formation of biofilm for protection
and exchange of nutrients [2][3]. The albumin-binding domain (ABD) of the surface protein
streptococcal Protein G has been investigated and used as a scaffold for protein engineering. ABD is a
small protein consisting of 46 amino acids. The protein has a three-helical structure, with features like
high water solubility, high melting point and capacity of refolding after thermal or chemical
denaturation [2].

In previous studies, fusion of ABD to other small proteins has shown to prolong the half-life in
plasma in vivo of the proteins through ABD-mediated binding to serum albumin [4]. Prolonged
half-life in plasma is important for therapeutic use [5]. However, fusing proteins to ABD increase the
molecular size of the construct and thus limit the tissue penetration capacity. By introducing a novel
binding surface in ABD and still retain the HSA binding creates preconditions for both prolonged
half-life and optimal tissue penetration [6]. Engineered bispecific ABD variants with these
characteristics have been designed for therapeutic use and are denoted ABD Derived Affinity Proteins
(ADAPTs) [4]. Recently, it was shown that these engineered bispecific ADAPTs can interact with
HSA and another target simultaneously, which makes them very interesting as therapeutic agents [6].
However, many of the bispecific ADAPT proteins suffer from low stability, including low melting
temperatures, lack of refolding ability after thermal denaturation and short shelf-life, which could
obstruct the therapeutic use.

1.1 ADAPTs targeting TNFα
ADAPTs are small engineered affinity proteins based on one of the ABDs
of streptococcal Protein G [7]. ADAPTs have been modified to have
specificity to a range of different targets, including TNFα [4]. TNFα is an
inflammatory cytokine produced during acute inflammation and is
responsible for different signaling cascades within a cell which can lead to
cell necrosis or apoptosis [8]. Furthermore, targeting TNFα using
monoclonal antibodies has proven to be effective in treatment of many
inflammatory diseases and cancer. An engineered binding between TNFα
and a small protein like ADAPT potentially enables a reduction in dose and
administration frequency and further reduces the cost of treatment [4].

The three-helical structure of the studied engineered ADAPT have two
different binding surfaces, one against TNFα and the other against human
serum albumin (HSA). Identification and detailed understanding of which
amino acids substitutions in the scaffold that are important for the
structure and stability of the TNFα/HAS-binding ADAPT proteins are
important for the further development and potential use of bispecific
anti-TNFα ADAPTs in therapeutic use.
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1.2 EpCAM as a potential target
Another target that bispecific ADAPTs have been generated against is the epithelial cell adhesion
molecule (EpCAM), which over-expresses on many tumor cells. EpCAM has many different functions
and is involved in many processes such as cell proliferation, cell migration and differentiation.
EpCAM has a specific adhesion to epithelial cells which contributed to that EpCAM became the first
associated human tumor antigen and is today used in immunotherapy as an adjuvant treatment of
colorectal cancer. EpCAM has become especially interesting as a cancer marker since it is expressed
by tumors in 87-100% of patients with different kinds of epithelial cancers [9]. It also has been
associated with other cancers, including breast cancer, colon cancer and liver cancer [10]. Today, many
different antibodies targeting EpCAM are under development for use in cancer therapy. Thus, an
ADAPT targeting EpCAM is interesting both as a diagnostic tool for characterization and stratification
of several different cancers as well as a therapeutic for treatment of EpCAM positive tumors [11].

1.3 The Bispecific ADAPT Library and general binders
The bispecific ADAPT library, which the binders in the project is based on, was designed to generate
affinity proteins with the ability to bind both HSA and another target simultaneously which makes the
library clinically relevant [6]. The library design includes amino acids that are involved in the HSA
binding and positions where the amino acids are randomized to enable selections against novel targets.

The experimental design and the project laboratory practice is based on three ADAPT variants
selected from the bispecific ADAPT-library, one targeting TNFα, called ADAPT_TNFα5 and two
targeting EpCAM, called ADAPT_EpCAM_02 and ADAPT_EpCAM_08. The amino acid sequence
for ADAPT_TNFα5 is presented in figure 3 and the amino acid sequence for ADAPT_EpCAM_02
and ADAPT_EpCAM_08 are presented in figure 4. Before the project started, ADAPT_TNFα5 was
mutated at different positions to 47 variants with a single mutation in each variant. These variants
were made to be able to investigate which positions and amino acids substitutions that have an effect
on the stability of ADAPT_TNFα5, with the aim of detecting important amino acids for improvement
of the stability of bispecific ADAPT in general.

Figure 3. Amino acid sequence of an ADAPT targeting TNFα, ADAPT_TNFα5, with the 47 different
amino acids substitutions evaluated in the thesis. The amino acids marked in bold were substituted to
the amino acids presented below in red. The positions marked in blue are randomized positions in the
bispecific ADAPT library. The amino acids participating in the HSA binding are marked with a dot
(•).

The thermal melting temperature (Tm) for the ADAPT variant ADAPT_TNFα5 has been measured to
59°C. The variant is able to refold after thermal denaturation and have simultaneous binding to HSA
[6]. Though, this variant has shown to be unstable over time and the Tm have varied between 50°C -
59°C among measurements.
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Figure 4. Amino acid sequences of the ADAPT variants targeting EpCAM studied in this thesis,
ADAPT_EpCAM_02 (A) and ADAPT_EpCAM_08 (B). The randomized positions are marked with X
and Y in ADAPT_EpCAM_02 and in ADAPT_EpCAM_08, respectively.

The Tm earlier determined for ADAPT_EpCAM_02 is 47°C and this variant is not able to refold after
heat treatment. For the variant ADAPT_EpCAM_08, Tm has earlier been determined to 43°C and this
variant is able to refold after heat treatment. Both variants have affinity to HSA and EpCAM and have
the ability to simultaneously bind HSA and EpCAM (data not published).

1.4 The project aim and strategy
The aim of this Master´s thesis was to investigate which positions and amino acids in the bispecific
ADAPT proteins that are important for stability. To make this investigation, mutants of an ADAPT
binding to TNFα and HSA was made containing amino acid substitutions in different positions in the
protein sequence. The gene sequences of these mutant variants of ADAPTs was designed and
constructed by the co-supervisor Sarah Lindbo before the Master´s thesis project started. Furthermore,
the aim was also to identify which amino acid substitutions that affect the simultaneous binding to
TNFα and HSA. All substitutions that showed improvement of the stability was further evaluated in
combination by designing a mutant consisting of multiple amino acids substitutions. The purpose was
to evaluate if the amino acids that have been seen to improve the stability would improve the stability
of ADAPT when combined.

The mutant variants of the bispecific anti-TNFα ADAPT, designed and constructed in beforehand,
was produced in E. coli, purified using affinity chromatography using a HSA-coupled matrix and
characterized in terms of expression levels, yields, thermal stability, structure and affinity using
sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE), circular dichroism (CD),
size exclusion chromatography (SEC) and surface plasmon resonance (SPR) to reach the goal of the
thesis. Amino acid substitutions that contributed to increased structure and stability was introduced
and analyzed in other bispecific ADAPTs to evaluate if these mutations improved the stability of
ADAPTs in general. This was accomplished by introducing the beneficial amino acids in two
ADAPTs targeting EpCAM and by creating two mutants with a combination of beneficial
substitutions.
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2. Materials and Methods
The amino acid substitutions in the mutated ADAPT variants targeting TNFα were designed and
constructed by co-supervisor Sarah Lindbo before the Master´s thesis project was started. 47 different
mutant variants and the original protein were initially produced from existing glycerol stock solutions
containing each protein variant expressed in E. coli cells.

All ADAPT proteins were produced, purified and analysed according to the method described in
section 2.1-2.3.5. ADAPT variants targeting TNFα were cultivated and produced under selective
pressure using kanamycin (Km) while carbenicillin (Carb) was used for the ADAPT variants targeting
EpCAM.

2.1 Protein production and purification
2.1.1 Protein production

The protein production was performed in BL21 (DE3) E. coli cells (Novagen, Merck Biosciences).
Each variant was produced by inoculating 100 ml medium containing 30 g/L tryptic soy broth with 5
g/L yeast extract (TSB+Y) supplemented with 50 µg/ml Km or 100 µg/ml Carb with 0.5 ml overnight
(O/N) cultures (single colony grown in 10 ml TSB supplemented with appropriated antibiotics in
37°C, 150 rpm O/N). The protein expression was induced at OD600=0.5-0.8 with isopropyl
β-D-1-thiogalactopyranoside (IPTG) to a final concentration of 1 mM. The induced cultures were
incubated in 25°C, 150 rpm O/N. The cells were harvested by centrifugation at 2700 g for 15 min in
4°C. The cell pellets were dissolved in 10 ml Tris-buffered saline (TST; 25 mM Tris–HCl, 200 mM
NaCl, 1 mM EDTA, 0.05% (v/v) Tween20, pH 8.0) and cells were lysed using sonication (Vibracell
Sonics) with a microtip (1.0/1.0 s pulsing, 1.5 min, 38% amplitude). 10 ml TST was added to the
lysed cells. The cells were centrifuged at 10 000 g for 20 min at 4°C to remove the cell debris. The
lysate samples were filtered through 0.45 μm syringe filters before protein purification.

2.1.2 Protein purification
The protein purification was performed using HSA-affinity purification. The ADAPT proteins were
loaded onto HSA sepharose gravity-flow columns containing 2.5 ml coupled HSA matrix (inhouse
produced) equilibrated with and 6 CV TST. The columns were washed with 10 CV TST followed by 2
CV NH4Ac. The HSA bound proteins were eluted in 1 ml fractions with 0.5 M acetic acid (HAc), pH
2.8. The protein absorbance in the eluted fractions was measured using a spectrophotometer (280 nm).
The fractions with protein absorbances above 0.1 AU were pooled and freeze dried overnight using
the ScanVac CoolSafe freeze dryer (LaboGene). The freeze dried samples were resuspended in
Phosphate-buffered saline (PBS; 1.5 M NaCl, 0.08 M Na2HPO4, 0.02 M Na2HPO4, pH 7.5).

2.2 Cloning, production and purification of ADAPT mutants targeting EpCAM
and with multiple amino acid substitutions

The amino acid substitutions that showed improved stability in ADAPT variants targeting TNFα were
analysed in ADAPTs targeting EpCAM to be able to study if the amino acid substitutions improve the
stability of ADAPTs in general. 16 amino acid substitutions were cloned into the genes of two
ADAPTs targeting EpCAM according to the method described in 2.2.1 Two genes based on an
alkaline-stabilized ADAPT were also constructed with combination with several amino acid
substitutions that contributed to improved structure and stability of the anti-TNFα ADAPT according
to the method described in 2.2.2.
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2.2.1 Cloning of ADAPT mutants targeting EpCAM
Amino acid substitutions that demonstrated beneficial characteristics in the TNFα binding ADAPT
variant were cloned into the genes of two ADAPT variants targeting EpCAM. Primers introducing 16
amino acid substitutions were designed using the web tool Kozane (www.kozane.app) and purchased
from the company Integrated DNA Technologies (IDT) and site-directed mutagenesis were performed
to introduce the substitutions. The PCR reaction contained 10 µl 5x Phusion HF buffer (New England
biolabs Inc), 5 µl 2 mM deoxynucleoside triphosphate (dNTP) , 1 µl phusion DNA polymerase (2
U/µl), 50 ng template, 2 µl forward and reverse primer mix (5 pmol/µl of each primer) and 31.5 µl
MilliQ and a thermocycler PCR reaction was performed; initial denaturation (98°C, 1 min), 16 cycles
(98°C, 30 sec, 72°C/68°C, 1 min, 72°C, 5 min), final extension (72°C, 10 min), hold 4°C. 0.5 μl DpnI
restriction enzyme (20 U/μl, New England biolabs Inc) was added directly to each sample after
amplification and incubated at 37°C for 1 h to digest the parental supercoiled dsDNA. The
DpnI-treated samples were transformed into chemically competent Top10 E. coli cells. The cells were
plated onto agar plates with appropriate antibiotics and incubated in 37°C O/N. The ADAPT genes
from single colonies, one on each plate, were amplified using flanking primers and sent to the
company Eurofins for DNA-sequencing to evaluate the mutagenesis process. Genes from clones with
confirmed DNA-sequence were transformed into BL21 (DE3) E. coli for protein production.

2.2.2 Subcloning of ADAPT variants with multiple amino acid substitutions
All substitutions that showed improved stability in the ADAPTs targeting TNFα were further
evaluated together by designing two mutants consisting of multiple amino acids substitutions. Two
genes were designed based on the gene of an alkaline-resistant ADAPT variant [12] with the
beneficial substitution introduced together with an N-terminal His6-tag. The genes were synthesized
by Invitrogen (Thermo Fisher Scientific) and cloned into an expression vector using the restriction
enzymes AscI and SalI.

2.2.3 Protein production of subclones with multiple amino acid substitutions
The protein production of the two subclone variants containing multiple amino acid substitutions was
carried out according to the method described in the 2.1.1 section with the exception that the cell
pellets were dissolved in a phosphate buffer (50 mM NaH2PO4, 300 mM NaCl, pH 7.5).

2.2.4 Protein purification of subclones with multiple amino acid substitutions
The two subcloned variants were purified using IMAC gravity-flow purification (Native) using a
TALON Metal Affinity Resin Co2+ packed column (2 ml bed volume). The column was equilibrated
by adding 12 CV phosphate buffer. The lysate samples were added and the columns were then washed
with 6 CV phosphate buffer. The elution was performed in 1 ml fractions with elution buffer (50 mM
NaH2PO4, 300 mM NaCl, 250 mM Imidazole, pH 7.5). The absorbances of the eluted fractions were
measured on a spectrophotometer (280 nm). The fractions with absorbances above 0.1 AU were
pooled and the buffer was exchanged to PBS using centrifugal filter columns with the molecular
cutoff of 3 kDa (Amicon ultra centrifugal filter units Ultra-15, Sigma-Aldrich).

2.3 Protein characterization
2.3.1 Protein amount and purity

The protein amount and purity were estimated using SDS-PAGE. 10 μl lysate, flow through and
eluted samples from the production and purification processes were loaded onto a polyacrylamide gel
(NuPAGE 4-12%, Invitrogen, Thermo Fisher Scientific) together with a 5 μl protein ladder
(Amersham, Low Molecular Weight, GE Healthcare). The gel was run for 30 min at 200 V in 4°C.
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The gel was stained with activated GelCode Blue Safe Protein stain (Thermo Fisher Scientific) for 1 h
and washed with deionized water O/N.

2.3.2 Protein mass determination
All purified proteins were analysed using mass spectrometry to confirm the molecular weight of the
ADAPT variants. Each protein sample was diluted to a concentration of 100 ng/ml and analysed using
a liquid chromatography–mass spectrometry (LC-MS) instrument (Thermo Ultimate3000 (LC),
Bruker Impact II (MS) with the column ProSwift RP-4H, 1x50 mm (product no 069477, Thermo
Fisher Scientific)) together with the solvents; A=3% ACN, 0.1% FA, B=95% ACN, 0.1% FA. The LC
gradient was used in the following order; for 0 min in 4% B, 2 min 4% B, 8 min 90% B, 10 min 90%
B, 11 min 4% B and 15 min 4% B. ElectroSpray was used for ionization, a positive mass range
300-3000 m/z was used for ion polarity and a spectra rate at 1 Hz.

2.3.3 Secondary structure and thermal stability measurements
The produced and purified protein samples were analysed using circular dichroism (CD) spectroscopy
on a Chirascan CD spectrometer (Applied Photophysics) which enables analyses of the protein
samples Tm and secondary structure. The protein samples were diluted to 0.2 mg/ml in a 400 ul PBS
buffer. The secondary structure was analysed performing measurements at a wavelength ranging from
195 nm - 260 nm at 20°C. Tm was analysed by increasing the temperature with 5°C/min from 20°C –
95°C at 221 nm. Thereafter, the temperature was decreased to 20°C and the secondary structure was
analysed again performing measurements at a wavelength ranging from 195 nm - 260 nm at 20°C to
be able to analyse the protein samples refolding capacity.

2.3.4 Target binding determination
Surface plasmon resonance (SPR) was used to analyse the protein samples target binding abilities.
Both a biacore 8K system (Cytiva) and biacore T200 system (Cytiva) were used for the analyses.

The biacore 8K system was used to study the binding of the ADAPT variants targeting TNFα. The
binding between HSA and the ADAPT variants were analysed by immobilizing HSA (to a final
immobilization level of 1200 RU) on a Series S sensor chip CM5 (Cytiva) followed by injection of
ADAPT variants over the HSA surface at two different concentrations (100 nM and 500 nM) at a flow
rate of 30 µl/ml with PBS supplemented with 0.05% Tween20 (PBST) as running buffer. The surface
was regenerated with 15 µl 10 mM HCl. To analyse the binding to TNFα as well as the possibility of
the variants to simultaneously bind HSA, 500 nM ADAPT variants were first captured onto the HSA
surface followed by injection of TNFα at two different concentrations (100 nM and 500 nM). The
flow rate and regenerations conditions were the same as described above. The binding kinetics were
analysed using the Biacore insight evaluation software (Cytiva).

The biacore T200 system was used for studying the binding of the ADAPT variants targeting
EpCAM. The runs were performed using Series S sensor chips CM5 (Cytiva) immobilized with HSA
and EpCAM on different surfaces on the chip (to final immobilization levels of 1090 RU and 1179
RU respectively). The ADAPT samples targeting EpCAM were diluted in four concentrations (250
nM, 125 nM, 62.5 nM and 31.25 nM) and injected over the chip in a multi cycle assay and analysed
using the Biacore T200 Software. A second run was performed where the ADAPT samples targeting
EpCAM were diluted to four concentrations (250 nM, 125 nM, 62.5 nM and 31.25 nM) with a 10
times molar excess of HSA in the sample mix. The samples were injected over the chip and the
binding on the HSA and EpCAM surfaces was evaluated to assess the simultaneous binding capacity
of the variants using the Biacore T200 Software.
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The biacore T200 system was also used for studying the simultaneous binding of ADAPT variants
targeting TNFα and EpCAM using a dual-inject assay. The runs were performed using the same Series
S sensor chips CM5 (Cytiva) immobilized with HSA and EpCAM described above. A dual-inject
assay was performed where 500 nM of the different ADAPT variants, targeting either TNFα or
EpCAM, were injected over the chip for 120 sec to capture the binders in the first phase. Immediately
after injection of the ADAPT binders, HSA (250nM), EpCAM (250nM) or TNFa (500nM) was
injected over the chip for 120 sec in the second phase to evaluate the simultaneous binding capacity of
the variants using the Biacore T200 Software.

2.3.5 Size exclusion chromatography
Size exclusion chromatography (SEC) was performed for the samples that had shown a good
secondary structure in the CD measurements and shown target binding in the SPR analyses. These
analyses were made to study if the ADAPT proteins displayed a monomeric structure or shown
aggregation or degradation. An ÄKTA pure chromatography system (Cytiva) was used during the
experiments where 25 ul protein sample (0.5 mg/ml) was injected onto a Superdex 75 Increase 5/150
GL column (Cytiva) at 0.4 ml/min. PBS was used as a running buffer in the system.
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3. Results
3.1 ADAPT variants targeting TNFα
3.1.1 Protein production and purification

46 out of 47 cloned ADAPT variants targeting TNFα were successfully produced. The cells
expressing the variant with the mutation V17N did not grow under the tested cultivation conditions.

The amount of protein produced and purified from a 100 ml culture varied from 0.1 mg - 1.75 mg, see
table 1.

3.1.2 Molecular weight and purity determination
The SDS-PAGE data showed a single band at the correct size for 35 out of 46 ADAPT variants
targeting TNFα and the molecular weight was confirmed for 32 of these through mass spectroscopy
analysis. This result may potentially be due to the fact that the E. coli cells had difficulties expressing
or producing certain variants or that the variants lost their HSA-binding. Furthermore, since the
stability of some previously characterized ADAPT proteins have been low and uncertain over time,
the variants might potentially have denatured before the protein mass was determined.

The variants that did not show correct molecular weight were not further evaluated.

3.1.3 Secondary structure and thermal stability measurements
The secondary structure and thermal stability of the 32 produced and confirmed ADAPT variants
targeting TNFα were analyzed using CD spectroscopy. 14 proteins out of 32 displayed a clear
alpha-helical structure at 20°C. The refolding capacity also differed among the variants, some were
able to refold after denaturation and some were not. The thermal stability of the proteins varied from
27°C – 78°C. The refolding capacity of the variants and their thermal stability are stated in table 1.

Table 1. Protein characterization data for ADAPT variants targeting TNFα. Yield, molecular weight
(MW), helicity, refolding capacity, melting temperature (Tm), monomeric structure, binding to HSA,
binding to TNFα and simultaneous binding to HSA and TNFα is stated. The empty rows (-) represent
that no helicity, refolding ability, Tm, monomeric structure, HSA binding, TNFα binding or
simultaneous binding to HSA and TNFα was detected for the variant. The helicity is stated from good
(+) to very good helicity (+++). The MW, refolding ability after thermal denaturation and monomeric
structure of the variant is stated as yes, no or not determined (n/d). The variants marked with a dot (•)
contain the amino acid substitutions used in the EpCAM binder design.

ADAPT variant Yield
(mg/100 ml

culture)

Correct
MW

Helicity Refold Tm
(°C)

Monomeric
structure

Binds
HSA

Binds
TNFα

Simultaneous
binding to
HSA and

TNFα

• ADAPT_TNFα5_I10A 1.25 yes +++ yes 52 yes yes no no

ADAPT_TNFα5_I10K 0.65 yes + no 78 n/d yes no no

• ADAPT_TNFα5_W11E 0.46 yes +++ yes 50 yes yes no no

• ADAPT_TNFα5_W11Q 0.48 yes +++ yes - yes yes no no

ADAPT_TNFα5_A14V 0.73 yes - no 47 n/d yes no no

ADAPT_TNFα5_A14E 0.80 yes +++ no 49 n/d yes no no
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ADAPT_TNFα5_E15L 0.54 yes +++ no - n/d yes yes yes

ADAPT_TNFα5_E15K 0.43 yes - no 55 n/d yes yes yes

• ADAPT_TNFα5_V17I 1.24 yes +++ yes 59 yes yes yes yes

ADAPT_TNFα5_V17L 0.54 yes ++ no - n/d yes yes yes

ADAPT_TNFα5_Q18R 0.48 no - - - - - - -

ADAPT_TNFα5_Q18K 0.12 no - - - - - - -

ADAPT_TNFα5_Q18E 0.26 yes - - - n/d yes no no

ADAPT_TNFα5_E19Q 0.25 yes - - 51 n/d yes yes yes

ADAPT_TNFα5_F21D 1.75 yes ++ no 45 n/d yes no no

• ADAPT_TNFα5_F21K 0.49 yes +++ yes 60 yes yes no no

• ADAPT_TNFα5_M22K 1.35 yes +++ yes 44 yes yes yes yes

• ADAPT_TNFα5_M22Q 0.67 yes +++ yes 45 yes yes yes yes

ADAPT_TNFα5_V25I 1.25 yes + yes 50 n/d yes yes yes

ADAPT_TNFα5_F28Y 0.65 yes + no 77 n/d yes yes yes

ADAPT_TNFα5_F28D 0.46 yes - - - n/d yes no no

ADAPT_TNFα5_Y30K 0.48 yes +++ no 40 n/d yes no no

ADAPT_TNFα5_Y30I 0.73 yes +++ no 48 n/d yes no no

ADAPT_TNFα5_Y30F 0.80 yes +++ no 27 n/d yes yes yes

ADAPT_TNFα5_D31N 0.54 no - - - - - - -

ADAPT_TNFα5_D31K 0.43 yes - - 49 n/d yes yes yes

ADAPT_TNFα5_D31R 1.24 no - - - - - - -

• ADAPT_TNFα5_I34N 0.54 yes +++ yes 52 yes yes no no

ADAPT_TNFα5_I34D 0.48 yes - - - n/d yes no no

ADAPT_TNFα5_K35N 0.12 yes ++ yes 54 n/d yes no no

ADAPT_TNFα5_K35D 0.26 no - - - - - - -

ADAPT_TNFα5_E43K 0.25 yes ++ yes 43 n/d yes yes yes

ADAPT_TNFα5_E43V 1.75 no - - - - - - -

ADAPT_TNFα5_A44K 0.49 yes - - 62 n/d yes no no

ADAPT_TNFα5_A44N 1.35 no - - - - - - -

ADAPT_TNFα5_A44E 0.67 yes + no - n/d yes yes yes

ADAPT_TNFα5_K46I 0.15 no - - - - - - -
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ADAPT_TNFα5_K46L 0.52 no - - - - - - -

ADAPT_TNFα5_L47D 0.17 no - - - - - - -

ADAPT_TNFα5_L47I 0.23 no - - - - - - -

ADAPT_TNFα5_L47K 0.63 yes +++ no 52 n/d yes yes yes

ADAPT_TNFα5_H48A 0.16 no - - - - - - -

ADAPT_TNFα5_H48E 0.21 yes + yes 47 n/d yes yes yes

ADAPT_TNFα5_H48D 0.10 no - - - - - - -

ADAPT_TNFα5_H48N 0.10 no - - - - - - -

ADAPT_TNFα5_A51K 0.42 yes - - - n/d yes no no

The variant with the substitution I10K had a melting temperature of 78°C, which was the highest Tm
measured. This is an improvement of 19°C compared to the original ADAPT protein with a melting
temperature of 59°C. Unfortunately, the variant had not the possibility to refold and had a really weak
alpha-helical structure. The variant with the mutation Y30F demonstrated a melting temperature of
27°C, which was the lowest Tm measured and compared to the original ADAPT protein it had
decreased with 32°C. The variant had a very good helicity but was not able to refold.

The secondary structure of ADAPT variants targeting TNFα at 20°C, before and after the variable
temperature measurement (VTM), was measured for all 32 variants. The variants with very good
helicity and were able to refold after thermal denaturation and the ones with very good helicity but
with no refolding capacity can be seen in figure 5. Melting curves for all variants were obtained by a
VTM at 221 nm from temperatures ranging from 20°C - 95°C. The melting curves for the variants
with very good helicity can be seen in figure 5.
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(A) (B)

(C) (D)

Figure 5. The secondary structure and melting temperature curves for ADAPT variants target TNFα
that had a very good helicity and could refold after thermal denaturation are shown in (A) and (B),
respectively. The secondary structure and melting temperature curves for ADAPT variants target
TNFα that had a very good helicity but could not refold after thermal denaturation are shown in (C)
and (D), respectively.

The variants that had a very good helicity and were able to refold had the mutations I10A, W11E,
W11Q, V17I, F21K, M22K, M22Q and I34N, seen in figure 5. The melting temperatures of these
variants varied from 43°C - 60°C. The amino acid substitutions in these variants were considered as
the ones with most potential to improve the structure and stability of bispecific ADAPT proteins and
further have the potential to be used as therapeutic ADAPT candidates. The most promising variant
from the results was ADAPT_TNFα5_F21K with both very good helicity, refolding capacity and a
high melting temperature (60°C). These eight most promising mutations were chosen to be further
evaluated in the two ADAPT proteins targeting EpCAM.

3.1.4 Evaluation of target binding
The target binding of the ADAPT variants against HSA and TNFα was analysed using surface
plasmon resonance. All variants showed affinity against HSA but some had lost their affinity against
TNFα. These results show which of the tested amino acid positions that are important binding to
TNFα. The simultaneous binding was also studied which showed that 16 of 32 ADAPT variants were
able to bind HSA and TNFα simultaneously, see table 1. Two variants having simultaneous binding to
HSA and TNFα can be seen in figure 6.
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(A) (B)

Figure 6. Sensorgrams demonstrating ADAPT_TNFα5_Y30F (A) and ADAPT_TNFα5_L47K (B)
binding HSA and TNFα simultaneously. The first phase of the sensorgrams show the binding to HSA,
immobilized on the surface, followed by the binding to TNFα (500 nM), injected in the second phase.

3.1.5 Size exclusion chromatography
The ADAPT variants targeting TNFα that showed very good helicity and refolding capacity after
thermal denaturation were also analysed using size exclusion chromatography. The analysis was
performed to study if the purified proteins samples showed any aggregates or degradation of the
proteins. There were 8 different variants that were analysed, which all showed very good helicity and
were able to refold. All of these eluted in a monomeric state at correct size, see figure 7 and appendix
A3 for SEC chromatograms.

Figure 7. Representative size exclusion chromatogram demonstrating the elution profile for
ADAPT_TNFα5_I10A. The red curve shows the elution profile of the calibrant mix containing the
proteins; 1. conalbumin (MW 75 000 Da) 1.5 mg/mL, 2. Ovalbumin (MW 44000 Da) 4mg/mL, 3.
carbonicanhydrase (MW 29000 Da) 1.5 mg/mL, 4. ribonuclease A (MW 13 700 Da) 3 mg/mL and 5.
aprotinin (MW 6500 Da) 1 mg/mL), which verified that ADAPT_TNFα5_I10A (blue peak) eluted at an
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expected retention time based on its size. No other peaks could be detected which excludes the
presence of aggregates or fragments in the protein sample.

3.2 Improved amino acid substitutions combined in ADAPT variants targeting
TNFα

The eight mutations that showed most improvements of the stability in the ADAPT variants targeting
TNFα (marked with a dot in table 1) was further evaluated in combination by designing two mutants
consisting of multiple amino acids substitutions. The purpose was to evaluate if the amino acids that
had been seen to improve the stability would improve the stability of ADAPT when combined. Two
variants were designed with an His6-tag and cloned successfully. However, the variants were not able
to be produced, potentially due to low expression in the E. coli cells. No visible bands at correct
molecular weight were detected in the SDS-PAGE analyses after IMAC purification.

3.3 ADAPT variants targeting EpCAM
3.3.1 Protein cloning, production and purification

Based on the result from which of the amino acid substitutions that were shown to be important for
stability in ADAPT variants targeting TNFα, 16 mutants of the ADAPT proteins targeting EpCAM
was designed, see figure 8. Eight variants were designed based on ADAPT_EpCAM_02 and eight
variants was designed based on ADAPT_EpCAM_08, see figure 4.

Figure 8. Amino acid sequences of the two ADAPT variants targeting EpCAM, ADAPT_EpCAM_02
(A) and ADAPT_EpCAM_08 (B). The bold marked amino acids were substituted to the amino acids
presented below in blue. The randomized positions are marked with X and Y in ADAPT_EpCAM_02
and in ADAPT_EpCAM_08, respectively.

15 out of 16 ADAPT variants targeting EpCAM that were successfully cloned, produced and purified.
The variant with the amino acid substitution Y5A in binder ADAPT_EpCAM_08 was not able to be
cloned. The amount of protein produced and purified from a 100 ml culture varied from 0.23 mg - 1.6
mg, see table 2.

3.3.2 Molecular weight determination
The mass spectroscopy and SDS-PAGE data stated and confirmed high purity and correct size and
molecular weight of all 15 protein variants.
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3.3.3 Secondary structure and thermal stability measurements
In the circular dichroism spectroscopy analyses the secondary structure and thermal stability was
analysed for the 15 ADAPT variants targeting EpCAM. All variants displayed a good helicity at 20°C
but not all variants were able to refold. The thermal stability for the variants, based on
ADAPT_EpCAM_02, varied among the variants from 28°C - 71°C. The thermal stability for the
variants based on ADAPT_EpCAM_08, varied among the variants from 37°C - 57°C.

Table 2. Protein characterization data for ADAPT variants targeting EpCAM. Yield, molecular weight
(MW), helicity, refolding capacity, melting temperature (Tm), monomeric structure, binding to HSA,
binding to EpCAM and simultaneous binding to HSA and EpCAM is stated. The empty rows (-)
represent that no helicity, refolding ability, Tm, monomeric structure, binding to HSA, binding to
EpCAM or simultaneous binding to HSA and EpCAM was detected for the variant. The helicity is
stated from good (+) to very good helicity (+++). The MW, refolding ability after thermal
denaturation and monomeric structure of the variant is stated as yes, no or not determined (n/d).

ADAPT variant Yield
(mg/100

ml
culture)

Correct
MW

Helicity Refold Tm
(°C)

Monomeric
structure

Binds
HSA

Binds
EpCAM

Simultaneous
binding to HSA

and EpCAM

ADAPT_EpCAM_02_X1A 1.0 yes +++ no 41 n/d yes yes no

ADAPT_EpCAM_02_X2E 0.23 yes +++ no 57 n/d yes yes yes

ADAPT_EpCAM_02_X5A 0.33 yes ++ no 28 n/d yes yes no

ADAPT_EpCAM_02_X7K 0.75 yes +++ no 56 n/d yes yes no

ADAPT_EpCAM_02_X8K 1.6 yes +++ no 46 n/d yes yes yes

ADAPT_EpCAM_02_X8Q 1.6 yes +++ no 43 n/d yes yes no

ADAPT_EpCAM_02_X11N 0.24 yes +++ yes 71 yes yes yes no

ADAPT_EpCAM_02_X11A 0.91 yes +++ no 70 n/d yes yes no

ADAPT_EpCAM_08_Y1A 0.59 yes +++ yes 45 yes yes yes no

ADAPT_EpCAM_08_Y2E 1.0 yes +++ yes 42 no yes no no

ADAPT_EpCAM_08_Y5I 0.70 yes +++ yes 57 yes yes yes no

ADAPT_EpCAM_08_Y7A 0.76 yes +++ yes 39 yes yes yes no

ADAPT_EpCAM_08_Y8K 0.31 yes ++ yes 48 yes yes yes yes

ADAPT_EpCAM_08_Y8Q 0.69 yes +++ yes 37 yes yes yes yes

ADAPT_EpCAM_08_Y11A 0.43 yes + no - n/d yes yes yes
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The secondary structure, refolding capacity and melting temperature curves of the variants which
were based on the ADAPT_EpCAM_02 and ADAPT_EpCAM_08 can be seen in figure 9.

(A) (B)

(C) (D)

Figure 9. Circular dichroism spectroscopy analyses of the ADAPT protein variants targeting EpCAM.
(A) showing the refolding capacity of the variants based on ADAPT_EpCAM_02 as well as
ADAPT_EpCAM_02 marked in black. (B) showing the thermal stability for the variants based on
ADAPT_EpCAM_02 as well as ADAPT_EpCAM_02 marked in black. (C) showing the refolding
capacity of the variants based on ADAPT_EpCAM_08 as well as ADAPT_EpCAM_08 marked in
black. (D) showing the thermal stability for the variants based on ADAPT_EpCAM_08 as well as
ADAPT_EpCAM_08 marked in black. All proteins displayed the typical alpha-helical structure with
two local minimum at 208 nm and 222 nm. The melting temperature curves showing the thermal
stability of the 15 variants were obtained by a VTM from 20°C - 95°C at 221 nm.

The variant ADAPT_EpCAM_02_X11N was able to refold after thermal denaturation and
demonstrated a higher melting temperature (71°C) compared to the original variant
ADAPT_EpCAM_02, which had demonstrated a melting temperature of 47°C and was not able to
refold after heat treatment. This amino acid position was also substituted to an alanine, X11A, but this
variant was not able to refold to the same extent as the variant with the mutation X11N. However,
X11A also demonstrated increased thermal stability (70°C) compared to the original binder, indicating
the importance of this amino acid position for the stability of the ADAPT proteins.
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The variant ADAPT_EpCAM_08_Y5I was able to refold after thermal denaturation and compared to
the original ADAPT variant ADAPT_EpCAM_08, this amino acid substitution resulted in a
significantly higher melting temperature. The original binder had a melting temperature measured to
43°C and the mutated version demonstrated a melting temperature of 57°C. Hence, this amino acid
position also seems to have high influence on the stability of the ADAPT proteins.

3.3.4 Evaluation of target binding
The target binding of the anti-EpCAM ADAPT variants against HSA and EpCAM was analysed using
surface plasmon resonance. All variants showed affinity against HSA but one variant,
ADAPT_EpCAM_08_Y2E, had lost its affinity against EpCAM. These results show which of the
tested amino acid positions that are important for the binding to EpCAM. The simultaneous binding
was also studied which showed that 5 of 15 ADAPT variants measured were able to bind HSA and
EpCAM simultaneously, see table 2. Furthermore, another interesting observation was that the
simultaneous binding for several of the EpCAM binders was affected by the order the ADAPT
proteins bound the two targets. For the original variant, ADAPT_EpCAM_08 and the variant
ADAPT_EpCAM_08_Y8K, the target binding data clearly showed that when HSA was immobilized
on the surface and EpCAM was injected over the HSA-ADAPT complexes, significantly higher
binding responses could be observed compared to when EpCAM was immobilized on the surface and
HSA was injected over the complexes, see figure 10.

(A) (B)

(C) (D)
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Figure 10. Sensograms demonstrating ADAPT_EpCAM_08 and ADAPT_EpCAM_08_Y8K binding
HSA and EpCAM simultaneously. In (A) and (C), HSA was immobilized on the surface and
ADAPT_EpCAM_08 (A) or ADAPT_EpCAM_08_Y8K (C) was injected in the first phase followed by
injection of EpCAM (250 nM) in the second phase. In (B) and (D), EpCAM was immobilized on the
surface followed by injection of ADAPT_EpCAM_08 (C) or ADAPT_EpCAM_08_Y8K (D) and the
simultaneous binding was detected through injection of EpCAM (250 nM) in the second phase.

The binding to HSA and EpCAM were also analysed through a multi-cycle assay where the variants
were injected over the target proteins at different concentrations. The variants were also pre-incubated
with an excess of HSA and subsequently injected at different concentrations over HSA and EpCAM.
The results from the multi-cycle assays confirmed the results from the capture assay. The sensograms
for the variant ADAPT_EpCAM_02_X5A from the multi-cycle assay can be seen in figure 11.

(A) (B)

(C) (D)

Figure 11. Representative sensograms from the multi-cycle assay showing binding of variant
ADAPT_EpCAM_02_X5A to HSA (A) and (C) and EpCAM (B) and (D). ADAPT_EpCAM_02_X5A
was injected at four different concentrations (250 nM pink, 125 nM blue, 62.5 nM green and 31.25
nM red). In (A) and (B), ADAPT_EpCAM_02_X5A was injected over the surfaces without HSA in the
solution mix. In (C) and (D), ADAPT_EpCAM_02_X5A was injected over the same surfaces but with
a 10 times molar excess of HSA in the solution mix. These results demonstrated that
ADAPT_EpCAM_02_X5A could still bind EpCAM even after complete saturation with HSA,
confirming simultaneous binding to both the targets.

All mutated EpCAM binders were negatively affected in their binding against EpCAM, although only
one of the mutations eliminated the target binding completely. A loss of affinity against EpCAM was
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expected since the choice of amino acid substitutions were only based on structure and stability
improvements of the anti-TNFα proteins and not target interaction. However, since only one of the 16
substitutions obstructed the binding completely, these results suggest that the studied positions are
suited to mutate to improve the stability of bispecific ADAPTs in general without affecting their
capability to simultaneously bind HSA and another target.

3.3.5 Size exclusion chromatography
The seven ADAPT variants targeting EpCAM that were able to refold after heat treatment were
analysed using size exclusion chromatography. The analysis was performed to study if the purified
proteins samples showed any aggregates or degradation of the proteins. There were six out of seven
variants that eluted in a monomeric state at correct size, see figure 12 and appendix B3 for SEC
chromatograms. ADAPT_EpCAM_08_Y2E eluted mainly at the expected retention time but also
showed signs of aggregation and degradation (see figure B3 C in appendix).

Figure 12. Representative size exclusion chromatogram demonstrating the elution profile for
ADAPT_EpCAM_08_Y5I targeting EpCAM. The red curve shows the elution profile of the calibrant
mix containing the proteins; 1. conalbumin (MW 75 000 Da) 1.5 mg/mL, 2. ovalbumin(MW 44000
Da) 4mg/mL, 3. carbonicanhydrase (MW 29000 Da) 1.5 mg/mL, 4. ribonuclease A (MW 13 700 Da) 3
mg/mL and 5. aprotinin (MW 6500 Da) 1 mg/mL), which verified that the ADAPT_EpCAM_08_Y5I
(blue peak) eluted at an expected retention time based on its size. No other peaks could be detected
which excludes the presence of aggregates or fragments in the protein sample.
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4. Discussion
Proteins therapeutics have high demand on their structural and thermal stability. To be used as drugs,
it is important that the proteins have a melting temperature above the physiological temperature in the
human body (37°C) for it to not degrade at administration. The protein also needs a long shelf-life to
tolerate storage for a longer time, therefore their structure and stability is of high importance.

Bispecific ADAPT proteins are a novel type of affinity proteins that have potential as therapeutics due
to a range of unique characteristics. Unfortunately, several of the bispecific ADAPTs that has been
generated have demonstrated low melting temperatures and short shelf-life. Therefore, it has been of
interest to improve the stability of the proteins for them to be relevant in a potential future therapeutic
application. The aim of the Master´s thesis study was to identify which positions and amino acids in
the bispecific ADAPT scaffold that are important for its structure and stability. This was made by
analysing mutants of three different bispecific ADAPT proteins, targeting TNFα or EpCAM, with
different amino acid substitutions. In addition to evaluate the effect of the substitutions on structure
and stability, the target binding was also analysed to identify which amino acids that were important
for the proteins ability to interact with their respective targets in order to still be relevant for
therapeutic use.

From the results it was shown that some of the ADAPT variants targeting TNFα showed improved
stability and increased melting temperatures which is important for future development of the
scaffold. One of the variants that showed greatest improvements was ADAPT_TNFα5_F21K, it was
both able to refold after heat treatment and had a higher melting temperature than the original binder
ADAPT_TNFα5. The structural improvements are potentially explained by the fact that the mutation
is located at the end of helix 1 (see figure 3) where a positively charged lysine might be more
structurally favorable compared to and hydrophobic phenylalanine. Hydrophobic residues are often
involved in target binding but are also often seen to impede the protein structure if the side chains are
pointing towards the surrounding solution. Furthermore, in ADAPT_TNFα5, residues in position 21
are in close proximity with the hydrophobic tyrosine in position 30 in helix 2 when folded into its
secondary structure, which potentially also has an effect on the structure and folding of the protein.
When one of the two hydrophobic residues are exchanged to a non-hydrophobic residue, it decreases
the surface hydrophobicity which potentially influences the structure.

Furthermore, the variant ADAPT_TNFα5_M22Q demonstrated a clear alpha-helix structure, was able
to refold after heat treatment and showed simultaneous binding to TNFα and HSA. However, the
melting temperature was decreased compared to the original binder. This amino acid substitution,
located at the end of helix 1, seems to impair the thermal stability of the protein which potentially is
caused by the change from a slightly hydrophobic residue to an uncharged, bigger residue which takes
more space in 3D and thus might be more exposed to external changes.

The variant ADAPT_TNFα5_I10K had the highest Tm but a weak alpha-helix structure and
ADAPT_TNFα5_Y30F had the lowest Tm but a very good alpha-helix structure. This result shows
that the structure and Tm do not necessarily correlate. The side chain of isoleucine in position 10 is
pointing slightly into the core of the proteins and most likely contributing to the packing of the
molecule, thus when changing to a non-hydrophobic residue the area of the hydrophobic core might
decrease and the N-terminal of helix 1 becomes more exposed and less structured. The low melting
temperature seen for ADAPT_TNFα5_Y30F was a bit surprising considering the high similarities
between tyrosine and phenylalanine but what one can conclude is that a hydrophobic residue seems to
be beneficial for the helical structure of the protein, since a good helical structure also was observed
for the variant ADAPT_TNFα5_Y30I but not for the variant ADAPT_TNFα5_Y30K, potentially due
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to tighter packing of the molecule. The position also seems to be important for target binding since
only the variants with Y or F showed binding to TNFα. Taken together, these observations indicate
that position 30 is important for both structure, stability and has the potential to establish a strong
interaction to a target and thus need to be thoroughly considered when designing a new
ADAPT-library.

The amino acid substitutions I10A, W11E, W11Q, V17I, F21K, M22K, M22Q and I34N evaluated in
ADAPT_TNFα5 all resulted in having a very good alpha-helix structure and was able to refold after
thermal denaturation. Hence, these substitutions were selected for the design of the EpCAM mutants,
see figure 8, to further evaluate these positions to be able to draw more general conclusions. The
variant ADAPT_EpCAM_02_X11N was the only variant based on ADAPT_EpCAM_02 that were
able to refold after heat treatment. This result was really a success for the project since the original
binder ADAPT_EpCAM_02 did not have the ability to refold. This result might be due to the
introduction of an asparagine in the last position of helix 2. When the same position was mutated to an
alanine the protein was not able to refold to the same extent, thus indicating that a non-hydrophobic
residue in the C-terminal of helix 2 is beneficial for the structure and stability of the protein. In a study
published by Rocklin et. al [13], the conclusion was drawn that helices preferable are capped with D,
S, T or N, further strengthening the hypothesis of the benefits of introducing an asparagine in the end
of helix 2. Hence, the conclusion is clear, position 34 is highly important for the structure and stability
of ADAPTs. The variant ADAPT_EpCAM_08_Y5I had a good alpha-helix structure and was able to
refold after heat treatment, which agreed with the original binder. However, this variant had a
significantly increased melting temperature compared to the original binder, with a difference of
14°C. This position is located in the middle part of helix 1, see figure 8, and is angled towards the
hydrophobic core. The introduction of a smaller amino acid that is hydrophobic probably contributes
to a more tightly packed hydrophobic core. Worth notice is that when position 17 was substituted to
alanine in ADAPT_EpCAM_08 or a leucine in ADAPT_TNFα5 the mutant variants were not able to
refold and showed significantly lower melting temperatures compared to the variants with an
isoleucine. Thus, the beneficial traits of isoleucine span wider than just being a small hydrophobic
residue.

Another interesting observation was the SPR measurements of some of the EpCAM binders which
showed their potential to simultaneously bind HSA and EpCAM. The result showed that the
simultaneous binding ability to HSA and EpCAM differed depending on which target the proteins
bound first, where binding HSA before binding to EpCAM led to stronger HSA-ADAPT-EpCAM
complex formation. This might depend or partially depend on the size difference of HSA and EpCAM
(around 70 kDa and 30 kDa respectively), or a slight change in structure of the ADAPT proteins when
interacting with EpCAM, changing the pre-conditions for the HSA binding. To evaluate this further,
crystal structures of the different complexes need to be solved which would potentially contribute to
more knowledge about ADAPTs simultaneous binding ability and state the importance of which of the
two targets that ADAPT binds to first.

5. Conclusion and future perspectives
The outcome of the project showed which positions and amino acids substitutions that affected and/or
improved the structure and stability of the studied bispecific TNFα- and EpCAM-binding ADAPT
protein variants. For the TNFα binders, position 30 was observed to be of high importance for both
structure, stability and has the potential to establish a strong interaction to a target and thus need to be
carefully considered when designing a new ADAPT-library. For both the ADAPT variants targeting
TNFα and EpCAM, position 34 is especially important for the stability of ADAPT. This statement
was confirmed in both binders where the uncharged, non-hydrophobic asparagine is preferred in the
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position to maintain a good stability of the protein. Another interesting position from the results was
position 17. Isoleucine in this position improved the stability the original binders ADAPT_TNFα5 and
ADAPT_EpCAM_08 and was the preferred residue in the binder ADAPT_EpCAM_02.

Which of the two targets, HSA and EpCAM, that first interacts with ADAPT affects the simultaneous
binding of the molecules. This observation states the importance of investigating the order of the
interaction in future bispecific ADAPT proteins against other targets.

The fact that the ADAPTs containing the combination of all beneficial substitutions did not express,
probably due to too many changes in the protein at once, suggests that other, less complex
combinations need to be evaluated to see if the structure can be improved even more. Designing
mutants with the combination of two beneficial amino acid substitutions is probably a good start. For
further development it is also suggested to evaluate the amino acid substitutions that improved the
stability of ADAPT targeting TNFα and EpCAM in other bispecific binders for additional
understanding of the positions and amino acids contribution to the stability of the scaffold.

The result from this Master's thesis project will hopefully contribute to further investigation and
development of the bispecific ADAPT proteins. The amino acid positions in the scaffold that showed
to be important for ADAPT structure and stability will potentially be used in a new library design in
the future. In the long run, the ADAPT scaffold has a promising structure that have potential to be
improved further and the fact that it can bind HSA and another target simultaneously creates unique
abilities as a therapeutic.
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Appendix A - ADAPT TNFα binders

Results for LC-MS, SPR and SEC

Figure A1. Mass spectra of ADAPT_TNFα5_I10A representing the obtained protein mass that
correlated to the theoretical molecular weight (±1 Da for the mass values were detected). The figure is
a representation of all liquid chromatography mass spectra of ADAPT_TNFα5 binders measured,
with one peak present for all variants, representing the correct molecular weight.

(A) (B) (C)

Figure A2. Sensograms demonstrating the simultaneous binding of the ADAPT variants targeting
TNFα, which the ADAPT targeting EpCAM variants design were based on. (A) ADAPT_TNFα5_V17I,
(B) ADAPT_TNFα5_M22K and (C) ADAPT_TNFα5_M22Q binding HSA and TNFα simultaneously
where HSA is immobilized on the surface and the binders are injected in the first phase and TNFα
(250 nM) is injected in the second phase.
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Figure A3. Size exclusion chromatogram demonstrating the elution profile for ADAPT_TNFα5 _I10A
(A), ADAPT_TNFα5_W11E (B), ADAPT_TNFα5_W11Q (C), ADAPT_TNFα5_V17I (D),
ADAPT_TNFα5_F21K (E), ADAPT_TNFα5_M22K (F), ADAPT_TNFα5_M22Q (G) and
ADAPT_TNFα5_I34N (H). The red curve shows the elution profile of the calibrant mix containing the
proteins; 1. conalbumin (MW 75 000 Da) 1.5 mg/mL, 2. ovalbumin(MW 44000 Da) 4mg/mL, 3.
carbonicanhydrase (MW 29000 Da) 1.5 mg/mL, 4. ribonuclease A (MW 13 700 Da) 3 mg/mL and 5.
aprotinin (MW 6500 Da) 1 mg/mL), which verifies that the variants of ADAPT_TNFα5 (blue peak)
elutes at an expected retention time based on its size. No other peaks could be detected which
excludes the presence of aggregates or fragments in the protein sample.
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Appendix B - ADAPT EpCAM binders

Results for LC-MS, SPR and SEC

Figure B1. Mass spectra of ADAPT_EpCAM_02_X1A representing the obtained protein mass that
correlated to the theoretical molecular weight (±1 Da for the mass values were detected). The figure is
a representation of all liquid chromatography mass spectra of ADAPT_EpCAM binders measured,
with one peak present for all variants, representing the correct molecular weight.

(A) (B)

(C) (D)
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(M) (N)

(O)

Figure B2. Sensograms demonstrating the simultaneous binding of the ADAPT variants (A)
ADAPT_EpCAM_02_X1A, (B) ADAPT_EpCAM_02_X2E, (C) ADAPT_EpCAM_02_X5A (D)
ADAPT_EpCAM_02_X7K, (E) ADAPT_EpCAM_02_X8K, (F)  ADAPT_EpCAM_02_X8Q, (G)
ADAPT_EpCAM_02_X11N, (H) ADAPT_EpCAM_02_X11A, (I) ADAPT_EpCAM_08_Y1A, (J)
ADAPT_EpCAM_08_Y2E, (K) ADAPT_EpCAM_08_Y5I, (L) ADAPT_EpCAM_08_Y7A, (M)
ADAPT_EpCAM_08_Y8K, (N)  ADAPT_EpCAM_08_Y8Q and (O) ADAPT_EpCAM_08_Y11A
binding to HSA and EpCAM where HSA is immobilized on the surface and the binders are injected in
the first phase and EpCAM (250 nM) is injected in the second phase.
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Figure B3. Size exclusion chromatogram demonstrating the elution profiles for all EpCAM binders
able to refold after heat treatment; (A) ADAPT_EpCAM_02_X11N, (B) ADAPT_EpCAM_08_Y1A, (C)
ADAPT_EpCAM_08_Y2E, (D) ADAPT_EpCAM_08_Y5I, (E) ADAPT_EpCAM_08_Y7A, (F)
ADAPT_EpCAM_08_Y8K and (G) ADAPT_EpCAM_08_Y8Q. The red curve shows the elution profile
of the calibrant mix containing the proteins; 1. conalbumin (MW 75 000 Da) 1.5 mg/mL, 2.
Ovalbumin (MW 44000 Da) 4mg/mL, 3. carbonicanhydrase (MW 29000 Da) 1.5 mg/mL, 4.
ribonuclease A (MW 13 700 Da) 3 mg/mL and 5. aprotinin (MW 6500 Da) 1 mg/mL), which verifies
that all EpCAM variants (blue peak) elutes at an expected retention time based on its size. No other
peaks could be detected for six of the seven variants, which excludes the presence of aggregates or
fragments in those protein samples. For ADAPT_EpCAM_08_Y2E (C), peaks could be observed
before and after the main peak, indicating the presence of aggregates and degradation products.
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