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Summary 

The following work is describing the development of two innovative biosensors for the detection of 

biologically relevant molecules in the field of ecology and medical diagnostics. Biosensors have the 

particularity to possess a biological partner which recognizes the target molecule and a physical 

detection method responsible for the transformation of this biological interaction into measurable 

information. In the present case, both biosensors are designed following the same strategy and use 

a recombinant produced human receptor as biological partner and the surface plasmon resonance 

(SPR) technique to transform the biological interaction in quantitative information. 

The progesterone biosensor is aimed to detect and quantify substances with affinity to the human 

progesterone receptor. The recent discoveries that some chemicals present in low quantities in the 

ecosystem called endocrine disrupting chemicals (EDCs) have a negative impact on the aquatic life 

fitness raised concerns about the effects of these same molecules to the human health. In order to 

assess the effects of these EDCs, the use of classical analytical detection methods like high 

performance liquid chromatography (HPLC) or gas chromatography (GC) is not sufficient as these 

techniques only quantify a defined molecule without giving information about its biological activity. 

By integrating a recombinant human progesterone receptor, the progesterone biosensor can 

determine the biological activity of an unknown molecule or of a mixture of molecules in a real 

sample. In this work, two different yeasts – one methylotrophic (Hansenula polymorpha) and one 

non-methylotrophic (Arxula adeninivorans) - were selected as host for the recombinant protein 

production and their performances were compared. Different purification strategies were assayed 

and the binding activity of the purified progesterone receptor was then confirmed by enzyme like 

receptor assay (ELRA) and SPR. This led to the design of a first version of the biosensor with the 

immobilization of a progesterone-BSA ligand to the surface of a SPR chip and the use of a 

progesterone receptor mixed with the target molecule as sample. This competitive assay format was 

successfully utilized with a commercial progesterone-BSA ligand as target molecule and the next 

step will be the adaptation of this biosensor for real samples measurements. 

The HER-2 biosensor was developed as an answer for one of the most critical issue in the field of 

breast cancer diagnostics. In approximately 30 % of cancer cases, the transmembrane protein HER-2 

can be found in large amount at the surface of the carcinoma cells and these cases are known to be 

particularly aggressive. Based on the amount of HER-2 protein at the surface of the cells, the 

pathologists established a scale with four levels to adapt the treatment to each patient. Although 

effective therapies have been developed to treat the HER-2 positive breast cancer, one of the major 

challenges remains the classification of breast sample in this scale as the only accepted 

determination methods are immunohistochemistry (IHC) and fluorescent in situ hybridization (FISH) 

which are only qualitative. In this work, a biosensor has been designed to quantify the amount of 

the HER-2 protein in a crude cell extract from a breast cancer tissue sample. To achieve this, the 

strategy is to utilize an antibody specifically targeted against the HER-2 protein and bound to a SPR 

chip. As the development of this biosensor necessitated the use of large amount of purified HER-2 

protein, it was decided to produce recombinant full-length HER-2 in two different yeasts and to 
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purify it by chromatography. This recombinant protein production required particular attention due 

to the membrane localization of HER-2. The structural integrity of the recombinant protein was 

confirmed by Western Blot and ELISA and different antibodies were bound to SPR chips in order to 

detect the HER-2 protein. After finding the conditions giving an optimal SPR signal, a protocol was 

developed to extract native HER-2 from breast tissue sample and the biosensor was assayed with 

this crude cell extract. 
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Zusammenfassung 

Die folgende Arbeit beschreibt die Entwicklung von zwei innovativen Biosensoren für die Detektion 

von biologisch relevanten Molekülen im Bereich der Ökologie und der medizinischen Diagnostik. 

Beide Biosensoren sind mit biologischen Komponenten zur Erkennung eines Zielmoleküls und einen 

Transducer, der die Wechselwirkung zwischen biologischer Komponente und Zielmolekül mittels 

physikalischer Detektionsmethode in ein messbares Signal umwandeln kann, ausgerüstet. Als 

biologische Komponenten enthalten sie ein rekombinantes humanes Protein, während als 

Detektionsmethode die Surface Plasmon Resonanz (SPR) Technik angewandt wird. 

Ziel des ersten Biosensors, den Progesteron-Biosensor, ist die Erkennung und Quantifizierung von 

Substanzen mit Affinitäten zum humanen Progesteron-Rezeptor. Umfangreiche Studien haben 

bisher gezeigt, dass zahlreiche Chemikalien als sog. endokrine Disruptoren einen negativen Einfluss 

auf die Umwelt bzw. auf die menschliche Gesundheit haben, da sie eine hohe Affinität zum 

entsprechenden Hormon-Rezeptor aufweisen. Um den Einfluss dieser endokrinen Disruptoren 

einzuschätzen, ist die Verwendung von klassischen analytischen Detektionsmethoden wie der 

Hochleistungsflüssigkeitschromatographie (HPLC) oder Gaschromatographie (GC) nicht ausreichend, 

da diese Techniken nur bekannte Substanzen messen, ohne Informationen über deren biologische 

Aktivität zu erhalten. Durch erstmalige Nutzung eines rekombinant humanen Progesteron-Rezeptors 

als Biokomponente kann der Progesteron-Assay die biologische Aktivität einer unbekannten 

Substanz bzw. einer Mischung aus verschiedenen Substanzen in einer Realprobe bestimmen. Im 

Rahmen dieser Arbeit wurden zwei verschiedene Hefearten - Hansenula polymorpha (eine 

methylotrophe Hefe) und Arxula adeninivorans (eine dimorphe Hefe) - als Wirtsorganismen für die 

Synthese des rekombinanten humanen Progesteron-Rezeptors ausgewählt und ihre 

Leistungsfähigkeit bezüglich maximaler Rezeptor-Akkumulation verglichen. Zusätzlich wurde die 

Reinigungsprozedur des rekombinanten Rezeptors optimiert und dessen spezifische Affinität 

gegenüber Progesteron per Rezeptorassay (ELRA) und SPR ermittelt. Abschließend konnte ein erster 

Biosensor mit Progesteron-BSA Ligand funktionalisierten SPR-Chips und einem Mix aus Progesteron-

Rezeptor und Zielmolekül als Messprobe etabliert werden. 

Der zweite auf HER-2 basierende Biosensor wurde als Tool für die Brustkrebsdiagnostik entwickelt. 

So weisen etwa 30 % aller Brustkrebs-Patienten eine Überexpression des HER-2-Gens auf, dessen 

Genprodukt als Transmembranprotein in hohen Konzentrationen an der Zell-Oberfläche akkumuliert 

wird. Diese Fälle sind eine besonders aggressive Art des Brustkrebses. Basierend auf der 

Konzentration des HER-2-Proteins an der Zelloberfläche wird in der Pathologie zur Diagnostik dieses 

Typs von Brustkrebs eine vier Scores umfassende Skala als Entscheidungshilfe für die individuelle 

Behandlung eines jeden Patienten genutzt. Obwohl bereits heute wirksame Therapien zur 

erfolgreichen Behandlung von HER-2 positiven Brustkrebs verfügbar sind, bleibt die Klassifizierung 

der Brustkrebs-Gewebeprobe mit Hilfe dieser Skala eine Herausforderung. Zurzeit sind 

Immunohistochemie (IHC) und Fluorescence in situ Hybridization (FISH) die einzigen akzeptierten 

Entscheidungsmethoden. Aus diesem Grund wurde im Rahmen dieser Dissertationsarbeit ein 

Biosensor designt, mit dem sich die Konzentration an HER-2-Proteinen in Brustkrebs-Gewebeproben 
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detektieren lässt. Dazu wurde ein SPR-Chip mit einem Anti-HER-2-Antikörper funktionalisiert. Da 

hierzu gereinigtes HER-2 Protein als Kontrolle benötigt wurde, wurde dieses Proteine als 

rekombinantes Protein in vollständiger Länge in zwei verschiedenen Hefen synthetisiert und per 

chromatographischen Verfahren gereinigt. Eine wesentliche Herausforderung dieser Prozedur war 

die Solubilisierung der membran-lokalisierten HER-2-Proteine. Die strukturelle Vollständigkeit des 

rekombinanten Proteins wurde per Western-Blot und ELISA bestätigt und mit Anti-HER2-

Antikörpern funktionalisierten SPR-Chips deren Funktionstüchtigkeit detektiert. Nach Optimierung 

der SPR-Methode wurde ein Protokoll zur Extraktion von nativem HER-2 aus Brustgewebeproben 

erstellt und diese Zellextrakte in Kombination mit den HER-2 Kontrollproteinen für erste 

Biosensortests eingesetzt. 
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Abbreviations 

 

Short name Full name 

% v/v volume percent 
% w/v mass percent 
°C degree Celsius 
A Ampere 
bp base pair 
DBD DNA binding domain 
dcw dry cell weight  
ddH2O double distilled H2O 
DNA deoxyribonucleic acid 
EDC endocrine disrupting chemical 
ELISA enzyme linked immunosorbant assay 
ELRA enzyme like receptor assay 
FDA Food and Drug Administration 
FFPE freshly frozen paraffin embedded 
FISH  fluorescence in situ hybridization 
g centrifugal force 
h hour 
hPR human progesterone receptor 
IHC immunohistochemistry 
kDa kilo Dalton 
l liter 
LBD ligand binding domain 
M molar 
min minute 
OD optical density 
PCR polymerase chain reaction 
pH potential hydrogen 
RTK receptor tyrosine kinase 
s Second 
SDS-PAA SDS polyacrylamide 
SOC synthetic oral contraceptive 
SPR  surface plasmon resonance 
V Volt 
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1 Introduction 

In the last years, the awareness of the scientific community and the general population about the 

need of efficient sensing strategies was constantly growing. Measuring concentrations or molecule 

quantities of the simplest gas to the most complicated protein is the purpose of several studies as it 

appears to be one of the key information for the progress in ecology and medical science. By 

analyzing rivers, atmosphere or body fluids composition for example and by linking molecule 

quantities to physiological disorders or environmental observations, these researches allowed the 

discovery of several compounds with negative impact on the ecosystem or on the human health. 

These results were in some cases used by governmental organizations to establish strict 

recommendations relative to the production, utilization or treatment of these compounds and the 

impact of such decisions were generally described as positive. Still, many compounds stay hardly 

detectable or their impact could not have been linked to a specific biological target yet. That’s why 

the design of new detection systems or the amelioration of the existing ones remains very 

important. In order to detect natural or artificial compounds, the use of biosensors is constantly 

growing. A biosensor has the particularity to use a biological partner, which can be strictly identical 

or derived from a natural occurring molecule produced by a living organism or an entire organism 

and is able to recognize a target analyte. The second part of a biosensor is the transducer which 

should transform this biological interaction into physically detectable information. This information 

can be transported in several states (light, current, heat…) to a detector who will transform, amplify 

or process this information in order to give a numerical value. This study will describe the 

development of two biosensors aimed to detect compounds binding to the progesterone receptor 

(called the “progesterone biosensor”) and a membrane receptor related to breast cancer (called the 

“HER-2 biosensor”). They are both using the Surface Plasmon Resonance (SPR) as detection method. 

Because the two biosensors focus on different research fields and use different biological partners, 

this introduction will therefore treat each of them separately (in the section 1.1 for the 

progesterone biosensor and 1.2 for the HER-2 biosensor). But as the host organisms for 

recombinant receptor production or the detection method of both of them are identical, these 

aspects will be treated in the same subsets (respectively 1.3 and 1.4). Finally the principle of each 

biosensor will be clearly exposed in the two last subsets. 

1.1 The progesterone biosensor 

1.1.1 Compounds with progesterone activity 

The endocrine system is composed of glands designed to control and regulate metabolism, growth, 

sexual functions and reproduction [1]. The reproduction control for example is made possible by the 

secretion of five different classes of cholesterol derived molecules called steroids: progestogens, 

estrogens, androgens, mineralocorticoids and glucocorticoids [2, 3]. Even though our knowledge of 

the endocrine system is mainly based on human observations, it is known that all vertebrates and a 

high number of arthropods and crustaceans also share an equivalent system [4, 5]. Progestogens, 

also often named progestagens, are known to be the precursors of all other steroids and can 
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therefore be produced by several glands both in male and female specimens [6]. One important 

member of this steroid class is the progesterone (pregn-4-ene-3,20-dione), and is mainly 

synthesized in the ovary (corpus luteum) and in the placenta of female mammals as its principal role 

is to maintain the pregnancy and to regulate the ovarian system [7]. In male, the production of 

progesterone is considerably lower and restricted to the adrenal glands [8]. Beside naturally 

produced progestogens, synthetic progestogens called progestins were synthesized in the last 

decades [9]. They are also referred as SOCs for Synthetic Oral Contraceptives as their main role is 

the control of the female contraception [10]. Released in the 1960s, these molecules continue to be 

a popular method for contraception with an estimated yearly usage of 1723 kg/year in United 

Kingdom for example (to compare with the 706kg/year of estrogens and androgens) and their 

consummation is thought to increase as more women across the world have now access to these 

molecules. These SOCs mainly derive from the progestogen molecular structure and have all a 

relative affinity to the progesterone receptor. The chemical formulas of some of the members of 

this progestin family together with progestogens are to see in the Table 1-1, with mifepristone and 

medroxyprogesterone being the more common. They are all based on a pregnane skeleton 

composed by 21 carbon atoms and four rings with a highly conserved ketone function at the 

position 3 and a variable functionalization on position 17. Beside the SOCs, a few compounds are 

known to also have a binding affinity to the progesterone receptor in a similar way that 

xenoestrogens binds to the estrogen receptor. Vonier et al. [11] described a binding affinity of the 

insecticides endosulfan and kepone and of the herbicide alachlor to the progesterone receptor of 

the American alligator. More recently, large screening for progesterone receptor binding were 

conducted with industrial chemicals, phytoestrogens and pesticides, showing that many compounds 

known as xenoestrogens possess higher affinity for the progesterone receptor than for the estrogen 

receptor [12, 13]. 

Table 1-1. Chemical formula of some progestogens and progestins. All graphical representations are from the 

Chemspider database (www.chemspider.com/chemical structure). 

Class Compound Formula 

progestogens 

progesterone 

 

17-hydroxyprogesterone 
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3,20-pregnanedione 

 

11-deoxycorticosterone 

 

progestins 

medroxyprogesterone 

 

mifepristone 

 

norgestrel 

 

levonorgestrel 
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1.1.2 The human progesterone receptor 

The human progesterone receptor (hPR) is with the estrogen receptor or the androgen receptor one 

member of the nuclear hormone superfamily of transcriptional activators [14, 15] and its coding 

gene is located on the chromosome 11 [16, 17]. Even though one sequence corresponding to the 

progesterone receptor can be found, the gene is expressed as two main isoforms called PR-B and 

PR-A due to alternative promoter utilization [18-21]. These two proteins can be found in the 

cytoplasm and the nucleus of the progesterone target tissues with different ratios [22]. More 

recently, other isoforms of the progesterone receptor were described but their role seems to be 

minor for steroid binding activity [23-26]. For example the isoform called PR-M was found in the 

mitochondrion and is described as an actor of the cellular respiration [27]. Other isoforms like PR-C 

can only be found during pregnancy [28] and in fetal cells [29]. Isoform PR-B was chosen as the 

canonical sequence as it corresponds to the full-length receptor whereas PR-A lacks 164 amino acids 

on the N-terminus of the protein. Both isoforms are known to be essential in steroid binding system 

as mice lacking both protein were presenting abnormalities relative to sexual functions and 

organism development whereas mice lacking only the isoform PR-A didn’t display all these 

symptoms [20, 30]. The modular structure of both PR-B and PR-A is shown in the Figure 1-1. 

 

It consists mainly of one C-terminal steroid binding region called ligand binding domain (LBD), one 

central DNA-binding region (DBD) and one proline-rich poorly characterized N-region. This N-region 

is thought to possess a nuclear localization signal responsible for the translocation of the protein 

from cytoplasm to the nucleus upon binding of the ligand [15]. The DBD harbors two C4-type zinc 

finger regions carrying four cysteine and characteristic for nuclear receptors. Many DNA-regions are 

described as targets of the DBD region and it is interesting to note that some of them are strictly 

selective for PR-A or PR-B [31]. Most of the activated regions are involved in mammary gland 

development, cell membrane signaling, metabolism, transcription, cell growth and apoptosis, and 

nucleic acid and protein processing [30, 32]. This diversity of targets explains why progesterone 

receptor isoforms are very often involved in cancer development as an overexpression or a 

Figure 1-1. Overview of the three main human progesterone receptor isoforms structure. DBD: DNA binding 
domain, h: hinge region, LDB: ligand binding domain, the numbers indicate the positions of amino acids, AF-1,-
2 and -3 are transcription activation domains [19]. 
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malfunction of these proteins can lead to a deregulation of one of the most important metabolic 

pathways. The general mechanism of target gene transcription regulation is highly similar to the one 

of other steroid receptors [33, 34]. This involves the binding of the receptor to the hormone (here 

progesterone) via the LBD in the cytoplasm, a conformational change followed by the association of 

the receptor with a multiprotein sequestering complex composed of heat shock protein and 

immunophilins, a translocation in the nucleus, the dissociation of the multiprotein complex, a 

dimerization of the progesterone receptor and finally, the binding of the DBD to the target gene 

[35]. This mechanism is also presented in Figure 1-2. Beside this ligand mediated pathway, it exists 

for the progesterone receptor a second pathway called ligand-independent signaling causing 

progesterone activation without binding of the hormone [36]. 

 

1.1.3 Effect of compounds with progesterone activity on the environment  

More and more evidences are pointing the negative impact of endocrine disrupting chemicals (EDCs) 

for the environment and most of their members like parabens or bisphenol A are nowadays familiar 

to the general population [37-40]. These molecules are defined as followed by the European 

commission: “An endocrine disruptor is an exogenous substance or mixture that alters function(s) of 

the endocrine system and consequently causes adverse health effects in an intact organism, or its 

progeny, or (sub)populations”. Altering the function of the endocrine system means that these 

chemicals can interfere at the level of steroid receptors, mainly the estrogen, androgen and 

progesterone receptors [41]. Among them, the effect of estrogen receptor [42-44] or androgen 

receptor [45] binding substances have been the most studied and their concentrations are now 

strictly controlled thanks to several detection systems. In comparison, effect of compounds with 

progesterone activity remained for a long time obscure even though recent researches made 

Figure 1-2. Activation of steroid receptor by their ligand. (A) The steroid (progesterone) is released from its 
circulating steroid-binding protein (SBP) and is transported into the cytoplasm of the target cell by passive 
diffusion or active transport. When bound to the non-ligand-bound receptor (R) it induces a conformational 
change that allows it to bind the Hsp90 dimer (90), which acts as its chaperone. The nuclear localization signal 
of the receptor allows the R–Hsp90 complex to translocate into the nucleus. (B): Once in the nucleus, the 
ligand–receptor complex dissociates from Hsp90 and itself dimerizes. The removal of Hsp90 unmasks the DNA-
binding site of the receptor, which allows it to interact with the hormone response element (HRE) in the target 
gene promoter to activate transcription [35]. 



Introduction 

6 
 

progress. Recently, progestins have been classified as possibly carcinogenic by the Agency for 

Research on Cancer (IARC) based on carcinogenicity in experimental animals and inadequate 

evidence of carcinogenicity in human [46]. Another concern about these molecules comes from 

their effect on the wildlife. Because progestins have generally an androgenic activity, it is supposed 

that they could also present risks for the aquatic life [47]. One precise example for this risk was 

described by the study of Pietsch et al. [48], which demonstrated that medroxyprogesterone could 

influence the innate immunity of fish, thus altering their behavior and threatening their survival. 

More recently Paulos et al. [49] demonstrated a decrease in fish fecundity after exposure to 

norethindrone and Zeilinger et al. [50] pointed the inhibition of fecundation caused by 

levonorgestrel and drospirenone. The accumulating evidences that exposure to progestins could 

have adverse effects in water ecosystem make necessary the development of more sensing 

strategies to detect it. Besides progestins, the fact that other EDCs thought to be binding to the 

estrogen receptor showed high affinity to the progesterone receptor [12] pushes the scientific 

community to accelerate the development of sensing systems targeted to progesterone receptor 

binding substances. 

1.1.4 Progestins and other EDCs detection methods 

Detection methods made a lot of progress in the last years and followed different directions in order 

to obtain the best sensitivity, specificity, low cost and rapidity. 

 Analytical methods 

Because most of the EDCs and the progestins in particular are present at very low levels in the 

environment, a suited detection method should quantify them at the µg/l or ng/l level. That’s why 

analytical methods are often preferred. Among them Ultra Performance Liquid Chromatography 

(UPLC), High Performance Liquid Chromatography (HPLC) or Liquid Chromatography (LC) coupled 

with Mass Spectrometry (MS) or MS/MS were used for the detection of almost all progestins like 

levonorgestrel, medroxyprogesterone or mifepristone with detection limit in the ng/l range [51-56]. 

The use of Gas Chromatography (GC) also coupled with MS [57, 58], ELISA (for Enzyme Linked 

ImmunoSorbant Assay) [59, 60] and LDTD (Laser Diode Thermal Desorption) [61, 62] coupled with 

MS are also described in the literature. These methods were used to detect molecules in several 

matrixes like tap water, river water, wastewater, aquatic products, river sediment and soil with a 

recovery oscillating from 55 % in soil to 100 % in most of the studies. It is to note than even if urine 

or meat sample have been already successfully tested with GC-MS for natural estrogens, androgens 

or EDCs [63, 64], none of the recently published articles make mention of them for progestins or 

progestogens. The most popular method for quantification stays the LC with its improvement HPLC 

and UPLC. It is known to give low limit of quantification and limit of detection and doesn’t require 

derivatization of sample prior measurement as for the GC-MS or GC-MS/MS methods. LDTD is a 

relatively new detection method using a diode to volatilize and ionize an analyte without the need 

of a LC step, making the experiment time of about 15s [65]. ELISA was used only in the case of 

levonorgestrel and was for the moment not applied to any other SOCs. 
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 The biosensors 

Like for the analytical detection methods, many in vivo and in vitro biosensors have so far focused 

on estrogen-related compounds [66-69]. In vitro biosensors are mainly consisting in competitive 

ligand binding assays, cell proliferation assays and recombinant receptor/reporter assays. The last 

category is one of the most developed classes of biosensors and contains for example the cell-based 

assays like the YES-assay (using S. cerevisiae as organism) or the A-YES assay (using A. adeninivorans 

as organism). Among the few biosensors dedicated to progesterone detection, a majority of them 

are utilized for milk sample as it is of a great interest in food processing industry. It has been indeed 

demonstrated that monitoring the progesterone concentration of cow milk can be helpful in order 

to control their health and to detect estrus, which inform about their reproductive status [70]. 

Detection in a range comprised between 3-30 ng/ml is generally considered as sufficient and 

development of biosensors based on electrochemical detection [71, 72], surface plasmon resonance 

detection [73], lateral flow assay [74] and total internal reflectance fluorescence (TIRF) [75] have 

been reported. Most of them are using anti-progesterone antibodies as biological partners thus 

making them able to detect progesterone at very low levels in a competitive format assay. The main 

drawback of all these described biosensors remains that they were designed to detect only the 

progesterone molecule. A compound with progesterone activity like progestin or other 

progestogens will be impossible to detect with these described methods. One explanation for the 

absence of such biosensors may lay in the relatively low offer on recombinant progesterone 

receptor available. Development of broad range assay for estrogenic activity screening made indeed 

great advance because recombinant estrogen receptor or estrogen receptor LBD have been 

successfully expressed in various organisms and integrated in in vivo or in vitro biosensors [76-79]. 

Recombinant progesterone receptor has also been reported as full-length protein produced in insect 

cells [80, 81] as well as ligand binding domain expressed in E. coli [81, 82]. Unfortunately, the 

difficulties in its purification concerning the total protein or the fact that the LBD could not have the 

same binding properties as the complete receptor made the integration of these proteins in a 

biosensor so far challenging. That’s why producing a purified full-length human progesterone 

receptor can greatly accelerate the development of a biosensor for progestogens and progestins 

detection. 

1.2 The HER-2 biosensor 

1.2.1 Breast cancer 

Breast cancer stays one of the highest causes of death by cancer worldwide and the most common 

cancer in women. According to the last official data available published on the website of the 

GLOBOCAN project, more than 1.5 million new cases of breast cancer were diagnosed worldwide in 

2012 [83]. There are slightly more cases diagnosed in less developed regions than in more 

developed regions but the mortality rate is much higher in the less developed regions with almost 

37 % to compare with the 25 % mortality rate in more developed regions. This is a sign that available 

therapy against breast cancer made significant breakthrough as the more developed regions have a 

better access to these therapies. Breast cancer cannot be seen as a homogeneous disease as it 
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shows various morphological appearances, molecular features and behaviors. That’s why 

pathologists made a great effort in order to establish different classes of breast cancer and so adapt 

the therapy to each patient. The four main classification determinants are the lymph node status, 

the tumor size, the gene expressed and the histological grade [84]. Lymph nodes are small organs 

part of the lymphatic system and are key elements in the propagation of cancer. The more 

carcinoma cells are present in the lymph node and the more risks have the patients to suffer from 

metastatic cancer, thus lowering its survival prognosis [85]. Tumor size is one of the first 

classification method historically developed and do inform the pathologist on the stage at which the 

cancer might be by measuring the tumor in centimeters or millimeters [86]. Recent researches tend 

to reduce the use of tumor size as classification method as small tumors showed in some cases more 

aggressiveness than bigger ones [87, 88]. Genomic assays called molecular profiling tests are a 

relatively new set of DNA arrays which aim to detect the presence or absence of particular genes in 

the tumor cells [89-92]. Thanks to the last advances in oncological research, it is now known that 

cancer formation involves the mutation or deletion of different type of genes called oncogenes and 

that each cancer has its own genomic history. Some of these genes are more often affected than the 

others and companies now offer the possibility to test their status in order to adapt the treatment 

of the patient. The most used tests are currently Oncotype DX® (Genomic Health, Inc., Redwood 

City, USA) and MammaPrint® (Agendia BV, Amsterdam, Netherlands). One of the best-established 

classification methods stays the histological grade determination called the Scarff-Bloom-Richardson 

grading system with the Nottingham (Elston-Ellis) modification [93-95]. Abbreviated in NGS for 

Nottingham Grading System, this is the grading system recommended by almost all professional 

pathologist organizations (World Health Organization [WHO], American Joint Committee on Cancer 

[AJCC], European Union [EU] and the Royal College of Pathologists (UK RCPath) [96, 97]). By looking 

at tumor tissue differentiation, the pathologists grouped all tumors in 3 grades with two stages for 

each grade. Most important morphological features for helping this determination are tubule or 

gland formation, nuclear pleomorphism and mitotic count [93, 96]. Beside these four main 

classification determinants, the expression of particular protein in cancer cells has been found to be 

good prediction markers of cancer aggressiveness and progression. The role of hormonal receptors 

expression was indeed discovered in the eighties and is now integrated in the recommendations of 

the American Society of Clinical Oncology (ASCO) [98]. Positive cancers for estrogen or progesterone 

receptors gene expression are known to respond positively to hormonal therapy involving the use of 

selective estrogen-receptor response modulators (like Tamoxifen) [99], aromatase inhibitors [100], 

estrogen-receptor down-regulators [101] or luteinizing hormone-releasing agents [102]. In case of 

the cancer doesn’t show any expression of hormonal receptor, the presence of another receptor 

have been intensively studied in the last years, the HER-2 protein. 

1.2.2 HER-2 and the EGFR family 

In the eighties, three different research groups discovered the presence of one particular gene 

responsible for the production of a 185 000 Dalton protein associated with tumor formation [103-

105]. They called these genes respectively neu, HER2 and c-erbB-2 and some years later, following 

researches demonstrated that these three genes were in fact one [106] and were coding for a 138 
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kDa protein. The apparent molecular mass of 185 kDa in SDS-PAA gel electrophoresis is generally 

attributed to glycolisation events or incomplete SDS binding [107]. The scientific community decided 

then to use ERBB2 as recommended gene name and receptor tyrosine-protein kinase erbB-2 as 

recommended protein name [108]. Despite these recommendations, this receptor is often named 

HER2, HER-2, HER-2/neu or c-erb B2 and no real consensus about its name has been for made so far. 

In the following work, the receptor will be called HER-2 as it is one of the most used terminologies. 

HER-2 is a member of the epidermal growth factor receptor (EGFR) family which also include three 

other members: EGFR (also named HER-1 or erbB1), HER-3 (erbB3) and HER-4 (erbB4) [109, 110]. 

EGFR family is itself member of the supra family of the receptor tyrosine kinases (RTKs) known to be 

involved in several metabolic pathways related with cell proliferation, differentiation, adhesion, 

survival and migration [111, 112]. All HER proteins possess a similar structure composed of one 

extracellular domain harboring a ligand binding region, a transmembrane fragment and an 

intracellular region with a tyrosine kinase activity [113]. Exceptions of this rule are HER-2 which 

doesn’t possess a ligand binding domain and HER-3 which show no tyrosine kinase activity [114]. 

Ligands of these receptors are multiple but selective for HER receptors. For example epidermal 

growth factor (EGF) can only bind to HER-1, epiregulin (EREG) is interacting only with HER-1 and 

HER-4 and neuregulin 1 (NRG1) shows solely affinity for HER-3 and HER-4 [115, 116]. Upon binding 

to the ligand, a common dimerization process occurs for each receptor either in a homodimer or in a 

heterodimer way [117]. Even though HER-2 is considered as an orphan receptor, it is the favorite 

partner for heterodimerization in the EGFR family [118]. This dimerization is the key factor for 

activating the kinase activity of the receptor intracellular part and therefore the starting point of the 

kinase cascade and the trigger of all downstream pathways [119]. After that, the ligand-receptor 

interaction is broken and dimerized receptors are then inactivated [120]. 

1.2.3 HER-2 in breast cancer: signification and consequences 

Once this 185 kDa HER-2 was discovered, several in vivo and in vitro studies highlighted the 

association between the presence of this protein and the development of tumors [121-123]. High 

level of the receptor on the surface of carcinoma cells is observed in 10 to 34 % of all breast cancer 

[124] and 88 % of recently published researches could establish a correlation between prognosis 

and HER-2 status [125]. Nowadays, HER-2 is considered as one of the most important predictive and 

prognostic marker for tumor aggressiveness and patient survival [109]. In response to these 

scientific findings, the American society of clinical oncology (ASCO), which is the reference 

organization worldwide for pathologists, recommends the testing of every newly diagnosed case of 

breast cancer for the overexpression of HER-2 or the amplification of the related gene [126]. This 

testing allows patients with HER-2 type breast cancer to receive a specific therapy consisting 

generally of monoclonal antibody targeting the extracellular part of the receptor (Trastuzumab 

(Herceptin®, Roche)) [127-129], tyrosine kinase inhibitor (Lapatinib (Tyverb®, GSK)) [130] or a 

combination of both [131]. The biological background of the involvement of HER-2 during cancer 

development is slowly becoming uncovered and is likely to be related with the dimerization 

processes of EGFR. Recent studies showed that heterodimerization after binding to a ligand allows 

amplification and diversification of signal response and that each particular association is the part of 
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a complex network [116]. Overexpression of HER-2 may break this network balance and lead to the 

dominant formation of HER-2/HER-2 homodimers without any ligand binding thus activating the 

downstream pathways in an uncontrolled way [132]. This hypothesis is strengthened by the fact that 

HER-2 is known to have the most efficient tyrosine kinase domain [133]. As these downstream 

pathways concern cell proliferation, survival or differentiation, the negative effect of this loss of 

control can be explaining the formation of cancer cells. Although HER-2 has been historically linked 

with breast cancer, new evidences of its implication in colon [134], bladder [135], ovarian [136], 

endometrial [137], lung [138], uterine cervix [139], head and neck [140], esophageal [141] and 

gastric carcinomas [142] have been revealed. 

1.2.4 HER-2 testing in breast cancer 

In order to detect the presence of the HER-2 protein or the amplification of the responsible gene, 

only two methods are recommended by the Federal Drug Administration (FDA) for diagnosis 

purpose [143]. 

 Immunohistochemistry (IHC) 

This observation technique is generally the first test performed once a breast cancer has been 

detected. A small part of the tumor is surgically removed during a biopsy and either frozen or 

embedded in paraffin in order to fix the tissue. A monoclonal or polyclonal antibody directed against 

the HER-2 protein is then allowed to search for its antigen in the fixed tissue and a colorimetric 

detection of the antibody reveals this binding to the pathologist. According to the staining, the 

pathologist can class the tumor specimen in a 4-graded scale going from 0 to 3+ [144, 145]. The 

signification of level of this scale and how the pathologist should determine it is given in the 

algorithm in Figure 1-3 published by the American society of clinical oncology. 

 

Figure 1-3. Algorithm for evaluation of HER-2 level by immunohistochemistry. (*)Readily appreciated using a 
low-power objective and observed within a homogeneous and contiguous invasive cell population [146]. 
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Only two tests for immunohistochemistry are currently FDA-approved [147, 148] and the qualitative 

information that these tests give makes the need of a quantitative alternative desirable [149, 150]. 

 Fluorescence In Situ Hybridization (FISH) 

FISH detection method is more labor-intensive, complex and expensive than the IHC but also proven 

more reliability, sensitivity and reproducibility [151]. Starting from the same material, FISH will look 

for gene amplification instead of protein presence at the membrane by using a fluorescent probe 

targeted against the HER-2 gene. In a similar way as for IHC, the pathologist can then observe 

hybridization images and classify the tumor sample according to an algorithm presented in Figure 

1-4. 

 

One of the remaining problems of this detection method stays the qualitative information given 

which is the cause of important inter-laboratory discrepancy [151-154]. Polysomy of the 

chromosome 17, which is relatively frequent in breast carcinomas, is also the source of false positive 

in FISH analysis [155], thus necessitating the use of dual color FISH and so increasing the complexity 

of the assay. 

Even though these two techniques are the gold standard of HER-2 testing, alternatives are needed in 

order to ameliorate it. One of the most important pitfalls of both tests remains the presence of 

intratumoral heterogeneity which can lead to dramatic change in the results dependent on the 

biopsy localization. Other concerns are raised due to the low concordance between IHC and FISH for 

the intermediate grades like 1+ or 2+ which necessitate to perform both tests thus increasing the 

costs and the duration of the testing. 

1.2.5 New HER-2 testing strategies 

To face this need of new HER-2 testing methods, the scientific community explored different 

strategies in the last years. 

Figure 1-4. Algorithm for evaluation of HER-2 expression by in-situ hybridization. (*)Observed in a 
homogeneous and contiguous population [146]. 
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 CISH / SISH / BDISH 

Chromogenic In Situ Hybridization (CISH) [156, 157], Silver In Situ Hybridization (SISH) [158, 159] and 

Brightfield Double In Situ Hybridization (BDISH) [160] can all be considered as improvement of the 

FISH technology as they all use similar tissue and a similar technique to assess gene amplification in 

breast carcinoma. The differences between them lay in the visualization method based on 

enzymatic reaction at the probe instead of fluorescence emission. These In Situ Hybridization 

techniques have the great advantage to be less costly than FISH as a simple brightfield microscope is 

needed and the tested samples remain stained for a long period without fading. Moreover, 

concordance between FISH and CISH for example has been shown to be superior to 99 % for both 

positive and negative results [157]. 

 PCR 

With the development and amelioration of the polymerase chain reaction (PCR) called RT-QPCR 

(Taqman-based Reverse Transcription Quantitative PCR), the scientific community can now detect 

very low levels of mRNA in a wide range of tissues in a very reproducible way and this method has 

been therefore employed for the detection of HER-2 mRNA [161, 162]. The quantitative aspect of 

the technique is a major advantage in comparison to IHC or FISH because no human subjective 

decision has to be made if the protocol was scrupulously followed. Additionally, this method allows 

multiple screening of one particular sample for other cancer-related receptors like the estrogen 

receptor (ER) or the progesterone receptor [162]. The main drawback remains its affection by 

dilutional artifacts made possible by the heterogeneity of the tissue. Breast cancer often shows a 

discontinuous morphology with normal healthy cells surrounded by carcinoma cells and, as the RT-

QPCR will only need few cells for the test, the risk to miss the problematic cells is high and will lead 

to a false negative result. IHC and FISH lower this risk because the pathologist can look at different 

position on the tissue morphology under microscope. 

 ELISA 

A proteolysis product of HER-2 called HER-2 ECD or p105 can be found in circulating blood and is 

believed to be an interesting tool for cancer diagnosis and monitoring. As blood samples are much 

easier to handle than fixed tissue, development of ELISA techniques for detection of HER-2 ECD 

gained a rising interest [163]. Until now, no direct correlation could have been made between HER-2 

ECD concentration in blood tissue and presence of HER-2 at the surface of cancer cells [164] but an 

increase in HER-2 ECD concentration in blood has been linked to the formation of particularly 

aggressive metastatic cancer [165]. Commercially ELISA tests detecting HER-2 full receptor are also 

available (PathScan® Total HER2/ErbB2 Sandwich ELISA Kit, Cell Signaling Technology®) or the Her2 

(Total) Human ELISA kit (“NOVEX®”, Thermo Fisher Scientific) but their performances and benefits 

are unclear and none of these tests are recommended for diagnosis as they are mostly used to 

detect HER-2 protein extracted from artificial cell lines and not the one present in breast tissue. 

 Other methods 

Detection of either HER-2 or its extracellular cleavage product HER-2 ECD is also the goal of studies 

using Western blot [166], Dot Blot [167], piezoelectric microcantilevers (PEMS) [168] or surface 
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plasmon resonance (SPR) [169] but none of these techniques could reach the high standards of a 

FDA approved detection method for diagnosis purpose. It is to note that all these quantitative 

methods are lacking the presence of a purified standard in high quantity and are only relying on 

cellular lysate preparation of human breast cancer cells. 

1.3 Yeast as hosts for recombinant protein production 

Recombinant protein production is now a well-established market for the bio-pharmaceutical 

industry with a value of 87 billion USD in 2009. Preferred hosts for recombinant protein production 

are higher eukaryotes with 50 % of the market, prokaryotic hosts with 20 % of the market and 

yeasts with 30 % of the market [170]. As most of the recombinant proteins are originating from 

eukaryotic organism, the use of an eukaryotic host is often preferred against prokaryotic host as the 

latter generally doesn’t offer the possibility to produce correctly folded and glycosylated proteins 

[171, 172]. Yeast cells in particular have the advantage to be considered as easier to handle than 

mammalian or insect cells. Among all yeast species discovered until now, nearly 100 % of all 

commercial recombinant proteins were produced in the baker yeast Saccharomyces cerevisiae 

[170]. To explain this, the historical importance of this particular yeast as main fermentative actor of 

beer and bread together with its intensively studied metabolism are often proposed. No yeast 

genome have been more analyzed and modified, thus making it a designated candidate for any 

recombinant protein production. Now that the genome of many other types of yeast becomes 

undercover, other candidates have been selected in order to produce recombinant proteins. They 

are often classified in conventional and non-conventional yeasts or Crabtree positive and Crabtree 

negative yeasts but these classifications tend to vanish as they are just separating Saccharomyces 

cerevisiae from all other yeasts [170]. Nowadays and in regard to recombinant protein production, 

the most appropriate separation should be made between methylotrophic yeasts which can use 

single carbon compound like methanol as carbon source and non-methylotrophic yeasts which 

cannot use these substrates. Both types of yeast show different expression capacities and should 

therefore be tested for recombinant protein production. That’s why the following work will use the 

non-methylotrophic yeast Arxula adeninivorans and the methylotrophic yeast Hansenula 

polymorpha for production of recombinant human receptors. 

1.3.1 Arxula adeninivorans 

Arxula adeninivorans (syn. Blastobotrys adeninivorans) is a non-methylotrophic yeast which has 

been investigated in detail for more than 20 years [173]. This dimorphic, haploid and non-

pathogenic organism proved in several occasion its ability to produce a wide range of enzymes like 

feed additive phytic acid phosphatase [174], tannase [175], lipase [176], adenine deaminase [177], 

xanthine oxidoreductase [178], urate oxidase [179] as well as therapeutics like interleukin-6 [180] 

and other proteins like human serum albumin [181]. Additionally, A. adeninivorans is the main 

component of the A-YES assay (A-YES®_AQUA 1.1, New Diagnostics GmbH), a yeast-based assay for 

the detection of estrogenic compounds, in where its genome was modified in order to produce 

recombinant human estrogen receptor [76, 77]. All these protein productions are made possible by 

the development of a patented expression system platform called Xplor®2, based on an E. coli-A. 
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adeninivorans hybrid plasmid [182-184]. The yeast part of the vector possesses two A. adeninivorans 

derived ribosomal fragments called d25S-rDNA1 and d25S-rDNA2 separated by a multi-cloning site 

allowing the introduction of up to five different modules for selection or expression. E. coli part 

consists of replication origin and selection marker for cloning steps and is removed before the 

transformation of the yeast with the linearized vector. An overview of the Xplor2 plasmid can be 

observed in Figure 1-5. 

 

Linearization of the Xplor2 vector can be performed by two different enzymes: AscI and SdaI. 

Restriction with AscI will produce a vector containing the two rDNA sequences and this will lead to 

the targeted integration of the desired gene in A. adeninivorans rDNA cluster. Such product is called 

YRC for Yeast rDNA Integrative Cassette. Restriction with SbfI will remove these two sequences and 

therefore allow random integration of the gene in A. adeninivorans genome. Such fragment is called 

YIC for Yeast Integrative Cassette. 

Selection for positive transformants is based on complementation of auxotrophic A. adeninivorans 

G1212 mutants which are unable to grow on medium without tryptophane because they lack the 

phosphoribosyl anthranilate isomerase (Atrp1p), an enzyme essential for tryptophane synthesis. The 

selection module therefore consists in the mutated ATRP1m gene under the control of the ALEU2 

promoter. In this particular configuration, the vector is called Xplor2.2 [185]. Expression module 

consists in the constitutive A. adeninivorans derived TEF1 promoter, the desired gene ORF with or 

without His-tag encoding sequences and the S. cerevisiae derived PHO5 terminator. An overview of 

a typical YRC used in the following work can be seen in Figure 1-6. 

Figure 1-5. Overview of the Xplor2 yeast rDNA integration plasmid with E. coli part for cloning steps, two rDNA 
sequence for targeted integration in yeast genome and a multicloning site allowing insertion of up to five 
modules for selection and expression. 



Introduction 

15 
 

 

Transformation in auxotrophic Arxula adeninivorans mutants G1212 is followed by a stabilization 

procedure because of the presence of mitotic unstable transformants. This step is performed by 

passaging the yeasts in selective (without tryptophane) and non-selective (with tryptophane) media. 

After this step, transformants have been shown to be stable for several generations [186]. 

1.3.2 Hansenula polymorpha 

Hansenula polymorpha (syn. Hansenula angusta, Pichia angusta) is one of the two most cultivated 

methylotrophic yeasts for recombinant protein production together with Pichia pastoris [187, 188]. 

Its major feature is the presence of one MOX (methanol oxidase) enzyme which allows this yeast to 

use methanol as carbon source by oxidizing it in formaldehyde which can then enter both the 

cytosolic dissimilatory pathway and the assimilatory pathway [187, 189]. Interesting for 

recombinant protein production is that this MOX enzyme as well as the formate dehydrogenase 

(FMD) and the dihydroyacetone synthase (DAS) are only produced in presence of methanol, thus 

enabling the use of the genes responsible for their production as inducible promoters [190, 191]. 

Additionally, the integration of a Hansenula Autonomous Replication Sequence (HARS) in expression 

vector shows remarkable mitotic stability and allows transformation without prior linearization of 

the vector [192-194]. Auxotrophic mutants can also be constructed and one of the most used 

mutants, the RB11 strain, presents an incapacity to grow without addition of uracil. It is because one 

of its essential genes for uracil synthesis has been knocked-out [195]. So the uracil-related 

Saccharomyces cerevisiae derived orotidine 5'-phosphate decarboxylase gene (URA3) can be used as 

selection marker [194, 196]. These findings led to the construction of the pFPMT121 vector for 

production of recombinant protein described in Figure 1-7. 

Figure 1-6. Physical map of YRC102-receptor for recombinant receptor production. 
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For this study, it was decided to use FMD as methanol-induced promoter as it shows a very high 

activity in Hansenula polymorpha strain RB11 and the MOX terminator as it is until now the only 

successful terminator. No direct comparison between FMD and MOX promoters was so far 

performed but indirect comparisons give a small advantage for the FMD promoter in terms protein 

production [197]. It should also be mentioned that if FMD is described as a methanol-induced 

promoter, new studies are reporting higher recombinant protein yield with the use of glycerol as 

carbon source [198, 199]. This could mean that the derepression of the FMD promoter when 

glucose is not present in the culture may be more important than the induction via methanol. 

1.4 Surface Plasmon Resonance: theory and applications 

1.4.1 SPR theory 

Surface Plasmon Resonance (SPR) is a binding interaction determination method based on an optical 

phenomenon discovered in the beginning of the twentieth century [200]. To observe this 

phenomenon, a polarized light beam should hit a thin metal layer in total internal reflection (TIR) 

conditions. It is known for centuries that when a light propagates with an angle a in a dense medium 

with a refractive index n2 and meet another less dense medium with refractive index n1, the angle b 

at which the light will propagate in the second medium will be different from a. This situation is 

described in the first part of the Figure 1-8. It was also observed that passed a critical angle , no 

propagation of the light in the less dense medium will be observed, thus leading of the TIR 

conditions observed in last part of the Figure 1-8 when the angle a is superior to . 

Figure 1-7. Genetic map of the pFPMT121 expression vector for production of recombinant human receptor. 
Ampicillin resistance gene (Amp), tetracycline resistance gene (Tet) as well as E. coli replication origin (ori) are 
necessary for cloning step and are not removed before yeast transformation. 
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If a thin layer of metal is positioned at the interface between the two media and if TIR conditions are 

met, then it will be observed that for one unique incident angle, the reflected light beam will show a 

decreased intensity in comparison to the incident light. This occurs because the electrons composing 

the external band of the metal have the possibility to absorb the energy of the incoming photons 

and convert themselves into entities called surface plasmon. The absorbed energy will then lead to 

the absence of photons in the reflected light materialized as a decreased light intensity. This energy 

transfer from the photon to the surface plasmon is called surface plasmon resonance and occurs 

only when the photon is hitting the metal with a particular angle [201, 202]. The value of this angle 

is itself dependent on two main parameters: the nature of the metal and the refractive index of both 

media at the interface. The metal at the interface should possess conduction band electrons capable 

of resonating with the incoming light at a suitable wavelength. Metals satisfying this condition are 

silver, gold, copper, aluminum, sodium and indium [203]. Because gold is known to be very stable 

relating to oxide or sulfide formation in comparison to silver, less reactive than sodium, less 

expensive than indium and possesses a narrower SPR response than aluminum and copper, it is the 

most used metal for SPR experiments. The refractive indexes of both media are dependent on the 

composition of the media and the temperature. As the medium where the light is propagating is 

generally glass, it can be considered that no significant change in temperature or composition occurs 

during the experiment. The upper medium is generally consisting of a chamber filled with liquid 

solution and its refractive index can be modified by its composition or temperature. As most of the 

SPR platforms possess a temperature regulating system, the only changing parameter determining 

the position of the resonance angle stay the composition of the medium on nearby region of the 

gold surface. 

By immobilizing one partner involved in a molecular interaction (antibody-antigen, receptor-ligand, 

DNA-DNA) on the gold surface, the refractive index of the medium in the near proximity of the 

interface is slightly modified and this lead to a change of position of the resonance angle (angle  in 

Figure 1-9). Because this resonance angle position can be modified by any change in the upper 

medium refractive index until up to 300 nm, a binding of the second interaction partner to the 

immobilized one will modify the refractive index of the medium near to the gold surface, thus 

leading to a change in the position of the resonance angle from  to  [204]. This all process is again 

described in Figure 1-9. 

Figure 1-8. Scheme of the total internal reflection conditions. 
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It has been demonstrated that the change of the resonance angle position is correlated with the 

number of molecules attached to the metal surface and this correlation follows a linear shape in the 

case of most protein-protein interactions [205, 206]. This ensures that this method is quantitative. 

1.4.2 SPR method in biosensors: some examples 

The SPR market is constantly growing and the number of manuscripts describing sensors using the 

SPR technology is increasing in an exponential way. Nowadays, one SPR device, the Biacore (GE 

Healthcare, Little Chalfont, UK), is used most of the time but other companies like Bio-Rad, Texas 

Instruments or IBIS Technologies are also developing their own SPR-based sensors. In the following 

work, all SPR-experiments will be performed by using a device developed conjointly by the IOF 

Fraunhofer Institute Jena and the IWS Fraunhofer Institute Dresden. If the method used for 

resonance angle determination is following exactly the same theory as explained in the precedent 

section, the novelty of this device and its recent commercialization are the reasons why only few 

research publications can be found using it [207, 208]. Moreover, the device possesses some 

particular features which will be examined in detail in the Material and Methods section 3.10.1. 

Among all sensors using the SPR technology and reviewed in the work of Homola et al. [209], 

particular attention should be given to biosensors as their number is constantly increasing. From the 

first description of a biospecific interaction in 1983 [210], SPR technique has been used for the 

determination of human glycoprotein binding kinetics with monoclonal antibodies [211], for the 

examination of antibacterial synthetic peptides structure –function relationship [212] or for testing 

Figure 1-9. Schematic description of an SPR experiment. Angles  and  refers to the angles mentioned in the 
text of the section 1.4.1. 
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of a library in order to determine binding affinity of a T-4 monoclonal antibody Fab fragment for 

thyroxine analogs [213]. SPR biosensors have been also developed to be used in medical diagnosis 

as they can monitor the concentration of pathogenic antigens in blood sample or measure directly 

the quantity of viruses in several fluids [214-216]. 
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2 Aims of the thesis 

The following work will follow the development of two novel biosensors aimed to detect 

compounds with progesterone activity and to quantitatively determine the amount of HER-2 protein 

in breast carcinoma cells. If their field of application is completely different, both biosensors are 

sharing the same SPR-detection method and the biological components will be produced in the 

same yeast species. 

2.1 The progesterone receptor biosensor 

The key component of a SPR-based progesterone biosensor will be the production of a recombinant 

human progesterone receptor. In the following study, its production in two different yeasts, the 

methylotrophic Hansenula polymorpha and the non-methylotrophic Arxula adeninivorans, will be 

considered. Starting from yeast optimized genetic sequence of this human receptor, all necessary 

cloning steps will be performed in order to build functional vectors for protein production in both 

organisms with the integration of His-tag at the N-terminus, at the C-terminus and without His-tag 

integration. All these cloning steps will be performed in the prokaryote E. coli. After transformation 

of both yeasts species, expression of the human progesterone receptor would have to be confirmed 

by Western blot using different progesterone-targeted antibodies. In order to have a better control 

on the recombinant protein production and maximize it, some medium tests will be performed as 

well as batch cultivation in bioreactor. In a next step, protein purification strategies will be designed 

by using His-tag affinity columns, anion exchange chromatography and CHT hydroxyapatite 

chromatography. Once a sufficient amount of purified human progesterone receptor will be 

produced, functional studies will be conducted in order to confirm that the recombinant protein can 

bind progesterone, its favorite ligand. This will be performed by an own designed ELRA test (Enzyme 

Like Receptor Assay) which is well-established for estrogen receptor binding studies. Finally, 

experiments to test the suitability of a SPR-based biosensor for the detection of compounds with 

progesterone activity will be performed. For this, different immobilization strategies and SPR-

experiments will be designed and tested as no protocol for this particular device and application 

type are available so far. 

2.2 The HER-2 biosensor 

For the development of an HER-2 SPR-based biosensor, the recombinant production of human HER-

2 protein in yeast will be one of the major challenges. Gene of this protein will also be cloned in 

different plasmids with or without His-tag encoding sequence for transformation in Arxula 

adeninivorans and Hansenula polymorpha. Production of this receptor will be observed by Western 

blot and its localization in yeast will be determined. These steps are necessary for this protein as its 

transmembrane domain and high molecular mass can interfere with normal production of the 

recombinant protein. Once the production of HER-2 in yeast will be confirmed, solubilization of the 

protein as well as its purification will be considered. In parallel, batch cultivation in bioreactor 

should also be performed in order to monitor and maximize the recombinant protein production. 
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With a sufficient amount of purified HER-2, ELISA will be performed in order to test if the 

recombinant protein is suitable for immunodetection. This will ensure that the conformation of the 

protein is not damaged and can be recognized by an antibody. If this step is successful, SPR 

experiment will then be performed but as no recommended protocol has been yet proposed for this 

particular device, several immobilization strategies and experiment designs will have to be 

envisaged. These steps will lead to the establishment of the protocol for SPR-detection of 

recombinant HER-2 protein. Finally, real breast cancer samples from the Institute of Pathology from 

Dresden will be tested by the biosensor in order to test its suitability. As no standard protocol for 

HER-2 extraction from paraffin embedded tissue exists, its determination will first have to be 

performed by using different strategies and buffer formulations to then allow SPR quantitation. 
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3 Material and methods 

3.1 Chemicals - kits - software - equipment 

3.1.1 Chemicals 

The following table shows an overview of used common chemicals with their manufacturers. 

Table 3-1. Used chemicals. 

Commercial name or chemical formula Manufacturer Location 

1,4-dithiothreitol (DTT) Roth Karlsruhe, Germany 

3-(N-morpholino)ethanesulfonic acid 
(MES) 

Serva Heidelberg, Germany 

3-mercaptoethanol Sigma-Aldrich Saint Louis, USA 
3,3 ́-
dithiobis[sulfosuccinimidylpropionate] 
(DTSSP) 

Pierce-Thermo-Fisher 
Scientific 

Rockford, USA 

3,3’,5,5’-tetramethylbenzidine (TMB) Sigma-Aldrich Saint Louis, USA 

acetic acid Roth Karlsruhe, Germany 

acrylamide solution Rotiphorese® Roth Karlsruhe, Germany 

agarose Sigma-Aldrich Saint Louis, USA 

ammonium persulfate (APS) Merck Darmstadt, Germany 

antipain dihydrochlorid Sigma-Aldrich Saint Louis, USA 

bicine Roth Karlsruhe, Germany 

biotin  Sigma-Aldrich Saint Louis, USA 

boric acid Roth Karlsruhe, Germany 
bromophenol blue Sigma-Aldrich Saint Louis, USA 

bovine serum albumin (BSA) Sigma-Aldrich Saint Louis, USA 

Ca(NO3)2  Roth Karlsruhe, Germany 

CaCl2 x 2H2O Riedel-de Haen-Sigma-
Aldrich 

Saint Louis, USA 

carrier DNA Sigma-Aldrich Saint Louis, USA 

CHAPS Sigma-Aldrich Saint Louis, USA 

citric acid Roth Karlsruhe, Germany 
cobalt (II) chloride Fluka Buchs, Switzerland 

complete Freund's adjuvant Sigma-Aldrich Saint Louis, USA 

CuSO4 x 4 H2O Riedel de Haen Saint Louis, USA 

DEAE Sephadex A-25 Pharmacia Uppsala, Sweden 

decyl-β-D-maltoside (Dmal) Fluka Buchs, Switzerland 

digitonin Sigma-Aldrich Saint Louis, USA 

dimethylsulfoxide (DMSO) Riedel de Haen Saint Louis, USA 

dithiobis(C3-NTA) Dojindo Kunamoto, Japan 

D-pantothenic acid hemicalcium salt Sigma-Aldrich Saint Louis, USA 

ethanol Roth Karlsruhe, Germany 

ethidium bromide Merck Darmstadt, Germany 

ethylene glycol Roth Karlsruhe, Germany 
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ethylenediaminetetraacetic acid 
(EDTA) 

Roth Karlsruhe, Germany 

FeCl3 x 6H2O Serva Heidelberg, Germany 
formaldehyde (28%, v/v) Roth Karlsruhe, Germany 

glucose  Roth Karlsruhe, Germany 

glycerol Roth Karlsruhe, Germany 

glycine Sigma-Aldrich Saint Louis, USA 

4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) 

Roth Karlsruhe, Germany 

imidazole Sigma-Aldrich Saint Louis, USA 

inositol Sigma-Aldrich Saint Louis, USA 
isopropanol Roth Karlsruhe, Germany 

isopropyl β-D-1-thiogalactopyranoside 
(IPTG) 

AppliChem Darmstadt, Germany 

K2HPO4 Roth Karlsruhe, Germany 
KCl Sigma-Aldrich Saint Louis, USA 

KH2PO4 Roth Karlsruhe, Germany 

KI Sigma-Aldrich Saint Louis, USA 

leupeptin hydrochloride Sigma-Aldrich Saint Louis, USA 

lysing enzyme from Trichoderma 
harzianum 

Sigma-Aldrich Saint Louis, USA 

Macro-Prep® Ceramic hydroxyapatite Bio-Rad Munich, Germany 

methanol Roth Karlsruhe, Germany 

methyl-6-O-(N-heptylcarbamoyl)-α-D-
glucopyranosid (Hecameg) 

Sigma-Aldrich Saint Louis, USA 

MgCl2 x 6H2O Roth Karlsruhe, Germany 
MgSO4 x 7H2O Roth Karlsruhe, Germany 

MnCl2 x 4H2O Roth Karlsruhe, Germany 

MnSO4 x 4H2O Roth Karlsruhe, Germany 

N,N-dimethyldodecylamine N-oxide 
(LDAO) 

Sigma-Aldrich Saint Louis, USA 

Na2MoO4 Ferak Berlin, Germany 

NaCl Roth Karlsruhe, Germany 

NaNO3 Roth Karlsruhe, Germany 

NaOH Roth Karlsruhe, Germany 
NH4H2PO4 VEB Laborchemie Apolda, Germany 

NH4OH Sigma-Aldrich Saint Louis, USA 

nickel (II) chloride hexahydrate Roth Karlsruhe, Germany 

nickel (II) sulfate hexahydrate Fluka Buchs. Switzerland 

nicotinic acid  Serva Heidelberg, Germany 
n-octane Sigma-Aldrich Saint Louis, USA 

n-octyl-β-D-glucoside (OG) Sigma-Aldrich Saint Louis, USA 

nonfat dry milk Roth Karlsruhe, Germany 

o(3-(aminoethyl)polyethylene glycol 
(HO-PEG-NH2) 

Sigma-Aldrich Saint Louis, USA 

octylphenoxypolyethoxyethanol 
(nonidet P40) 

Roche Diagnostics 
GmbH 

Mannheim, Germany 
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pepstatin A Sigma-Aldrich Saint Louis, USA 

phenol/chloroform/isoamylalcohol 
solution 25:24:1 

Sigma-Aldrich Saint Louis, USA 

phenylmethylsulfonyl fluoride (PMSF) Serva Heidelberg, Germany 

phosphoric acid Roth Karlsruhe, Germany 

piperazine-N,N′-bis(3-ethanesulfonic 
acid) (PIPES) 

Roth Karlsruhe, Germany 

progesterone 3-(O-
carboxymethyl)oxime:BSA-fluorescein 
isothiocyanate conjugate 
(progesterone-BSA) 

Sigma-Aldrich Saint Louis, USA 

protein A Amersham-GE 
Healthcare 

Munich, Germany 

protein G Pierce-Thermo-Fisher 
Scientific 

Rockford, USA 

pyridoxine-HCl Serva Heidelberg, Germany 

sodium acetate Roth Karlsruhe, Germany 

sodium dodecyl sulfate (SDS) Roth Karlsruhe, Germany 

sorbitol Sigma-Aldrich Saint Louis, USA 

sulphuric acid Roth Karlsruhe, Germany 

tetramethylethylenediamine (TEMED) Riedel de Haen Saint Louis, USA 

thiamine dichloride  Merck Darmstadt, Germany 

trichloroacetic acid (TCA) Fluka Buchs, Switzerland 

tris(hydroxymethyl)aminomethane 
(Tris) 

Roth Karlsruhe, Germany 

triton X-100 Boehringer Mannheim, Germany 
tryptone Sigma-Aldrich Saint Louis, USA 

tryptophane Sigma-Aldrich Saint Louis, USA 

tween-20 AppliChem Darmstadt, Germany 

xylene Sigma-Aldrich Saint Louis, USA 

yeast extract Sigma-Aldrich Saint Louis, USA 

ZnSO4 x 7H2O Riedel de Haen Saint Louis, USA 

 

3.1.2 Kits and enzymes 

All restriction enzymes and their respective buffers were form Thermo-Scientific (Rockford, USA). In 

Table 3-2, the used kits and other specific enzymes are presented. 

Table 3-2. Used kits and enzymes. 

Commercial kit or enzyme Manufacturer Location 
BCIP/NBT tablets Roche diagnostics GmbH Mannheim, Germany 

Bio-Rad protein assay Bio-Rad Munich, Germany 

Calf intestinal alkaline 
phosphatase (CIAP) 

Promega Madison, USA 

DreamTaq Polymerase Thermo-scientific Rockford, USA 

Glucose assay kit Roche diagnostics GmbH Mannheim, Germany 
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Instantblue™ total protein 
staining 

Expedeon Harston, UK 

Nucleo Spin Gel & PCR Clean-
Up 

Macherey-Nagel Düren, Germany 

PD10 columns GE-Healthcare Munich, Germany 

Plasmid Midi Kit Qiagen Limburg, Netherlands 

Protino® Ni-TED/IDA  Macherey-Nagel Düren, Germany 

Spin Miniprep Kit Qiagen Limburg, Netherlands 

T4 DNA ligase Thermo-scientific Rockford, USA 

TOPO®-TA cloning kit Thermo-Scientific Rockford, USA 

 

3.1.3 Software 

The following table shows the used software. 

Table 3-3. List of the used software. 

Software Company Location 

Biostat®-Aplus Fermentor 
system 

Sartorius Stedim Systems 
GmbH 

Melsungen, Germany 

Codoncode Aligner CodonCode Corporation Centerville, USA 

Endnote Thomson Reuters Philadelphia, USA 

Magellan™ Tecan Männedorf, Switzerland 

Microsoft Excel 2013 Microsoft corporation Redmond, USA 

SigmaPlot 11.0 Systat Software Inc San Jose, USA 

Vector NTI® Thermo-Scientific Rockford, USA 

 

3.1.4 Equipment 

The following table shows the used equipment. 

Table 3-4. List of the used equipment. 

Equipment Company Location 
analytical balance Sartorius AG Goettingen, Germany 

BluMarine™ 200 
electrophoresis  

Serva Electrophoresis GmbH Heidelberg, Germany 

DNA Speed-vac DNA 100 Thermo-Scientific Karlsruhe, Germany 
Econo chromatography system Bio-Rad Munich, Germany 

Fresco 17 centrifuge Eppendorf Hamburg, Germany 

gel image system Intas Science Imaging 
Instruments GmbH 

Goettingen. Germany 

Gel-drier Model 583 Bio-Rad Munich, Germany 

Lyophilisator Loc-3-M Martin Christ 
Gefriertrocknungsanlage 
GmbH 

Osterode am Harz, Germany 

Mastercycler Gradient Eppendorf Hamburg, Germany 

Maxisorp Immunowell plate  NUNC™ Roskilde, Denmark 
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Miniprotean electrophoresis 
and Western blot equipment 

Bio-Rad Munich, Germany 

Minitron/Multitron shaking 
systems 

Infors Bottmingen, Switzerland 

Mixer Mill M200 Retsch Haan, Germany 

Nanodrop 2000c 
spectrophotometer 

PEQLAB Biotechnologie 
GmbH 

Erlangen, Germany 

Optima TL ultracentrifuge Beckman Coulter Inc Brea, USA 

Polydimethylsiloxane (PDMS) 
flow cell 

IWS Fraunhofer Institute 
Dresden 

Dresden, Germany 

R810.R centrifuge Eppendorf Hamburg, Germany 

RC 6 centrifuge Sorvall-Thermo Scientific Rockford, USA 

SPR chips Capitalis Technology GmbH Berlin, Germany 

SPR device Capitalis Technology GmbH Berlin, Germany 

SPR pumping system  MLE Dresden, Germany 

SPR vacuum pump ME 4 NT Vacuubrand GmbH + CO KG Wetheim, Germany 

Sunrise reader  Tecan Trading AG Zürich, Switzerland 

Thermomixer 5436 Eppendorf Hamburg, Germany 

Ultrasound device Schütt Labortechnik Goettingen, Germany 

Univessel 1L Sartorius Stedim Biotech 
GmbH 

Goettingen, Germany 

Vibrofix VF1 vortexer Janke & Kunkel, IKA 
Labortechnik 

Staufen, Germany 

Vivaspin 2 (30 kDa) Sartorius Stedim GmbH Goettingen, Germany 

Water bath Schütt Labortechnik Goettingen, Germany 
 

3.2 Strains - Vectors - Primers - Antibodies 

3.2.1 Strains 

Table 3-5. Used strains. 

Strain genotype origin reference 

E. coli xl1 blue recA1 endA1 gyrA96 thi-1 
hsdR17 supE44 relA1 lac [F’ 
proAB lacIqZΔM15 Tn10 
(Tetr)] 

Agilent 
Technologies, 
USA 

[217] 

E. coli BL21 B F- dcm ompT hsdS(rB- 
mB-) gal [malB+]K-12(λS) 

Agilent 
Technologies, 
USA 

[218] 

Arxula adeninivorans 
G1212 

[aleu2 atrp1::ALEU2] Gatersleben, 
Germany 

[184] 

Hansenula polymorpha 
RB11 

ura3-1 Gatersleben, 
Germany 

[195] 
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3.2.2 Primers 

The underlined parts represent enzyme restriction site. 

Table 3-6. Cloning primers. 

Cloning 
primer name 

Sequence 

Pra-1-sense GTTTGGAATTCATATGGGGCCACCGCCCCCGCTGCCGCCGCCGCGAG 

Pra-1-
antisense 

GTAATAGGATCCCTACTGCGGCAGGCCCTCCTTGAGCAC 

Pra-2-sense GTCAGGAATTCATATGAAGGAAGATTCCCGCTTCTCAGCGC 

Pra-2-
antisense 

AGATTCGGATCCCTAATAGAGAGGGTACGCGTCGTCCTTG 

HER2a-sense AGTCTAGAATTCATATGTATGTGAACCAGCCAGATGTTCGG 

HER2a-
antisense 

ACATGCGGATCCCTATTTGAAGGTGCTGGGTGGAGCC 

PROG-HT1 GAATTCATGACTGAGCTGAAG 

PROG-HT2 GGATCCCTAGTGGTGGTGATGATGGTGCTTCTTGTGGAACAGCAGAG 

HER2-HT1 GAATTCATGGAGCTGGCTGC 

HER2-HT2 GGATCCCTAGTGGTGGTGATGATGGTGGACAGGGACGTCCAGTCC 

HER-2-HT3 ATCGAGGTCGGCACTCAGAG 

HER-2-HT4 GGATCCCTAGTGGTGGTGATGATGGTGGACAGGGACGTCCAGTCCCAAGTACTCG 

Nter-HER2-P1 GAATTCATGCACCATCATCACCACCACGAGCTGGCTGCTCTGTGCCGATGGGGACT 

Nter-HER2-P2 GGATCCCTAGACAGGGACGT 

Prog-Nhis-P1 GAATTCATGCACCATCATCACCACCACACTGAGCTGAAGGCTAAGGGACCT 

Prog-NHis-P2 GGATCCCTACTTCTTGTG 

 

Table 3-7. Sequencing primers. 

Sequencing 
primer name 

Sequence 

Tef-seq TCCTTGTCAACTCACACCG 

PHO5-seq TCTCAATAGACTGGCGTTG 

Her2neu-seq CCTGAGTACGTCACTCCTCA 

Prog-seq TAAGCTGCTGGACAACCTGC 

3.2.3 Vectors 

Table 3-8. Used vectors. 

Vector Resistance gene Reference/manufacturer 

pBS-Ampr-TEF1-PHO5 Ampr [182] 
pB25S-Kanr-ALEU3-
ATRP1m-AS 

Kanr [182] 

pCR4®-Ampr-Kanr-TOPO Ampr, Kanr Invitrogen, Carlsbad, USA 
pFPMT121-HARS1-URA3 Ampr, Tetr [195] 

pET-16b Ampr EMD Millipore, Darmstadt, 
Germany 
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pMK-RQ-ERbB2 Kanr Invitrogen, Carlsbad, USA 

pMK-RQ-PR Kanr Invitrogen, Carlsbad, USA 

3.2.4 Antibodies 

Table 3-9. Commercial antibodies used. 

Reference name Antigen Clonality Host Manufacturer/Location 

MA514842 
Progesterone 
Receptor B 
(R.809.9) 

Progesterone 
receptor 
isoform B 

monoclonal rabbit Fisher Scientific GmbH, 
Schwerte-Geisecke, 
Germany 

MA515050 
HER2/ErbB2 
(K.929.9) 

HER-2 monoclonal rabbit Pierce Biotechnology, 
Rockford, USA 

S3731 Anti 
Rabbit IgG (Fc) 
AP conjugate 

Rabbit IgG (Fc) polyclonal goat Promega. Madison, USA 

A048529-2 
Anti-c-erbB-2 
oncoprotein 

HER-2 polyclonal rabbit DAKO, Glostrup, 
Denmark 

A8275 Anti-
Rabbit IgG 
(Whole 
molecule) 
peroxidase 
conjugate 

Rabbit IgG polyclonal goat Sigma-Aldrich, Saint 
Louis, USA 

Anti-HIS pAb Polyhistine 
sequence 

polyclonal rabbit Micromol GmbH, 
Karlsruhe, Germany 

3.3 Molecular biological methods 

3.3.1 Buffers 

The following table shows the composition of some general buffers. Other specific buffers are 

described in their respective section. 

Table 3-10. Composition of some routinely used buffers. 

Buffer Component Quantity for 1 l 
buffer 

Final concentration  

Potassium 
phosphate buffer 
(20 mM, pH=7.5)  

K2HPO4 2.73 g  15.7 mM 
KH2PO4 0.571 g 4.2 nM 

Potassium 
phosphate buffer 
(20 mM, pH=6.8) 

K2HPO4 1.41 g 8.1 mM 

KH2PO4 1.61 g 11.8 mM 

Phosphate buffer 
saline (PBS) 

Na2HPO4 7.65 g 4.3 mM 

KH2PO4 1.905 g 1.4 mM 

KCl 2.013 g 2.7 mM 



Material and methods 

29 
 

3.3.2 Human genomic DNA extraction 

DNA samples from four different persons were extracted and then were pooled together to ensure 

sample anonymization. For this, the subject was rinsing his mouth with 20 ml of sterile H20 for at 

least 15 s and then spiting the sample into a clean 50 ml tube. After a centrifugation at 15,000 g for 

10 min, the pellet was resuspended in 500 µl extraction buffer (20 mM Tris-HCl, pH= 7.8) and 

transferred into a new tube. After addition of a 1:1:1 solution of phenol/chloroform/isoamylalcohol, 

the tube was inverted 5 times and centrifuged again at 17,900 g for 3 min. The upper phase was 

transferred in a new tube with a new solution of phenol/chloroform/isoamylalcohol. Then, after a 

centrifugation for 3 min at 17,900 g, the upper phase was transferred in a new tube and a 3M 

solution of sodium acetate (CH3COONa) was added. The DNA was then precipitated by addition of 

isopropanol and incubation for 10 min at -20 °C. This solution was then centrifuged for 30 min at 

17,900 g at 4°C and the supernatant was discarded. After a final wash with 70 % ethanol, the DNA 

was resuspended in ddH2O. The concentration of the obtained DNA was measured via Nanodrop to 

be 15.7 ng/µl. This amount of DNA was sufficient to perform the subsequent steps. 

3.3.3 Polymerase chain reaction 

All the polymerase chain reactions (PCR) were performed with DreamTaq DNA polymerase as well 

as the DreamTaq polymerase buffer following the manufacture recommendations. An example of 

PCR program used can be seen on the Table 3-11. Depending on the length of the target fragment or 

the nature of the primers, the elongation time, the annealing temperature or the number of cycles 

were adjusted to obtain the maximum yield. A gradient PCR was for this purpose systemically 

performed. 

Table 3-11. Overview of a typical PCR program. 

Step Number of cycles Temperature Time 

Initial denaturation 1 94 °C 2 min 

Denaturation 

30 

94 °C 30 s 

Hybridization 55 °C 30 s 

Elongation 72 °C 1 min 
Final elongation 1 72 °C 5 min 

 

3.3.4 DNA electrophoresis 

An agarose/TBE solution (0.8-2.0 %, w/v-depending on the DNA-fragment length) was poured into a 

Bio-Rad casting device until solidification and then placed in a Bio-Rad electrophorese chamber with 

NaCl 8.006 g 0.137 M 

Phosphate buffer 
saline with tween 
(PBS-t) 

Na2HPO4 7.65 g 4.3 mM 

KH2PO4 1.905 g 1.4 mM 

KCl 2.013 g 2.7 mM 

NaCl 8.006 g 0.137 M 

Tween-20 (10 % 
stock solution) 

0.5 g 0.05 % w/v 
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TBE as running buffer. To allow visualization of the DNA under UV light, 1 % ethidium bromide was 

mixed within the gel solution. DNA sample was then mixed with load dye (6X DNA Loading Dye, 

Thermo-Scientific) at a 6:1 ratio and loaded on the gel. For DNA length estimation, DNA ladder 

(GeneRuler 1Kb DNA Ladder, Thermo-Scientific) was used. Electrophoresis was performed at 90 V 

and the ethidium bromide complexed DNA fragment was observed by a gel image system. 

Table 3-12. Composition of the TBE buffer. 

Buffer Component Quantity for 1 l 
buffer 

Final 
concentration 

TBE buffer Tris 12.1 g 0.1 M 

EDTA 0.74 2.5 mM 

Boric acid 5.6 g 0.09 M 

 

3.3.5 Enzyme restriction 

All restrictions with one or two enzymes were performed according to the manufacturer at 37 °C for 

at least one hour. When three enzymes must be used, first a double restriction was performed, then 

the digested DNA was precipitated and the third restriction was performed. 

3.3.6 DNA precipitation without phenol 

Depending on the starting quantity of DNA, the following protocol was adapted to give the highest 

yield. For a 20 µl restriction solution, 5 µl of a 3M sodium acetate solution at pH=5.2 was first added, 

followed by 110 µl cold ethanol (96 %, -20 °C). After incubation at -20 °C for 10 min and 

centrifugation at 4 °C for 10 min, the supernatant was carefully removed and the precipitated DNA 

was resuspended in 1 ml ethanol/water solution (70%, v/v). Then, centrifugation at 4 °C for 3 min 

and 17,900 g was performed and the resulting pellet was resuspended in 1 ml ethanol (96 %). 

Finally, the tube was again centrifuged for 3 min at 4°C and 17,900 g and the air-dried pellet was 

then used as start material for the second restriction. 

3.3.7 Dephosphorylation 

To avoid recircularization of the vector after restriction, dephosphorylation was performed by 

adding 1 µl of calf intestinal alkaline phosphatase (CIAP, 1U/µl) at the end of the restriction and 

incubating this mix for 30 min at 37 °C. A final incubation at 65 °C for 15 min was then performed to 

inactivate the enzyme. 

3.3.8 DNA ligation 

Before each ligation reaction, 5 µl of the insert and 5 µl of the desired opened vector were loaded 

on an agarose gel for electrophorese and the relative quantity of DNA of each of them was 

estimated. Depending on the size of each DNA fragment, the ratio insert/vector was oscillating 

between 1:1 and 6:1. First, both fragments were incubated for 10 min at 50 °C and then T4-DNA 

ligase (5 U/µl) and T4-DNA ligase buffer were added in the tube followed by incubation for 20 min at 

23 °C.  
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3.3.9 DNA extraction from agarose gel 

Isolation and purification of DNA from agarose gel was performed by using the Nucleo Spin PCR & 

Gel Clean-up kit following manufacturer recommendations. For this experiment, a special set of 

comb allowing wide holes was used in the casted agarose gels. 

3.3.10 Cloning with TOPO vector 

Cloning of PCR product in a pCR4-TOPO vector was performed by using kit following manufacturer 

recommendations. For each reaction, the optional addition of 3’ A-overhangs post-amplification was 

performed. For this, the gel-purified DNA fragment was incubated for 10 min at 72 °C with 

DreamTaq polymerase buffer, dATP and 0.5 unit of DreamTaq polymerase. 

3.3.11 Mini preparation 

To control the introduction of the correct plasmid into E. coli cells, mini preparation with solutions 

from the Spin Miniprep kit was performed. In a typical experiment, a transformed bacterial colony 

was cultivated in 2 ml LB medium supplemented with the appropriate antibiotic for at least 12 h at 

37 °C under vigorous shaking. After pelleting the cells by centrifugation for 3 min at 17,900 g, 200 µl 

of cold buffer P1 (supplemented with RNase A to a final concentration of 20 µg/ml) was added and 

the resulting solution was vortexed. Then, 200 µl of the P2 buffer was added, the tube was inverted 

6 times and lysis of the cells was allowed to occur for 3 min at 23°C. Subsequently, 200 µl of cold P3 

buffer was added and the tube was inverted 12 times to allow complete precipitation of proteins 

and chromosomal DNA. After a 20 min centrifugation at 4°C, 500 µl of the plasmid-DNA rich 

supernatant was transferred in a new tube and the DNA was allowed to precipitate for 2 min by 

addition of 350 µl isopropanol (96 %). The tube was then centrifuged for 25 min at 17,900 g and 4°C 

and the precipitated DNA was resuspended in ethanol/H2O solution (70 %, v/v). After a final 

centrifugation at 4 °C and 17,900 g for 3 min, the supernatant was discarded and the DNA pellet was 

allowed to dry until complete ethanol evaporation. Resuspension of the pellet was then performed 

in 50 µl ddH20 and depending on the minipreparation efficiency, 1 to 2 µl of DNA (approximately 

1µg) was used for subsequent enzyme restriction. 

3.3.12 Midi preparation 

To obtain large amount of purified vectors, midi preparation was performed according to the 

Plasmid Midi kit following manufacturer recommendations. For this, a bacterial colony already 

tested via mini preparation and grown in 50 ml LB medium supplemented with the appropriate 

antibiotic was used as starting material. From this 50 ml, 2 ml were used to produce a glycerol stock 

of the colony and the rest was used for the midi preparation. At the end of the protocol, a control 

restriction was always performed with a 1:10 dilution of the resulting DNA as starting material. 
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3.3.13 Production of chemically competent XL1 blue or BL21 E. coli cells 

A colony of E. coli XL1 blue or BL21 was cultivated for 10 h at 37 °C under vigorous shaking in 25 ml 

SOB medium (first pre-culture) and then diluted in 250 ml SOB medium for overnight cultivation at 

18 °C under mild shaking (second pre-culture). This culture was then diluted in SOB medium to reach 

an OD620nm value of 0.55. After the culture cooled down for 15 min in ice, the cells were centrifuged 

for 10 min at 3,000 g and 4°C and then resuspended in 50 ml cold INOUE buffer. After a 

centrifugation for 10 min at 3,000 g and 4°C, the pelleted cells were resuspended in 20 ml cold 

INOUE buffer supplemented with 1.5 ml DMSO. After sufficient mixing, the cells were incubated on 

ice for 10 min and then divided in 50 µl aliquots. For long-term storage these aliquots were frozen in 

liquid nitrogen and placed at – 80 °C. 

Table 3-13. Buffer composition for chemically competent cells preparation. 

3.3.14 Transformation of chemically competent E. coli cells 

The transformation of XL1 blue or BL21 E. coli cells was performed on the basis of the modified 

protocol from Hanahan et al. [219]. In a typical experiment, 1 µl of ligation reaction (approximately 

100 ng of plasmid DNA) was mixed with 50 µl of competent cells and incubated for 30 min in ice. 

Then, the tube was immerged for 90 s at 42 °C in a water bath and incubated in ice again for at least 

5 min. After this so-called “heat shock”, 800 µl of sterile SOC medium (SOB medium + 20 mM 

glucose) was added to the cells and the whole reaction mix was incubated for 30 min at 37°C under 

shaking. Finally the transformed cells were transferred on agar culture plate supplemented with the 

appropriate antibiotic and then spread all over the surface with help of a sterile loop. Incubation of 

the plates occurred overnight at 37 °C. 

3.3.15 Cultivation of E. coli cells 

The cells were cultivated in LB broth medium supplemented with whether ampicillin at a 50 mg/l 

concentration or kanamycin at a 100 mg/l. Cultivation was performed under vigorous shaking at 37 

°C. 

Buffer Component Quantity for 1 l 
buffer 

Final concentration  

INOUE buffer  MnCl2 x 4H2O 10.88 g 55 mM 
CaCl2 x 2H2O 2.2 g 15 mM 

KCl 18.65 g 0.25 M 

0.5 M PIPES solution 
(pH=6.7) 

20 ml 10 mM 

Sterile-filtered and stored at 4°C 

SOB buffer Tryptone 20 g 2 % (w/v) 

Yeast extract 5 g 0.5 % (w/v) 

NaCl 0.5 g 8.5 mM 

KCl 0.15 g 2 mM 

MgCl2 x 6H2O 2.03 g 10 mM 

MgSO4 x 7H2O 2.47 g 10 mM 

Adjusted to pH=7.0 with NaOH, autoclaved and stored at 4°C 
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Table 3-14. Preparation of E. coli media. 

Medium Quantity for 1 l buffer Manufacturer 

LB medium 20 g Sigma-Aldrich 

LB medium with agar 35 g Sigma-Aldrich 

3.3.16 Production of yeast competent cells (A. adeninivorans and H. polymorpha) 

A colony of A. adeninivorans G1212 or H. polymorpha RB11 was isolated and cultivated in 10 ml 

yeast total medium (YPD) supplemented with 50 µg/ml tryptophane overnight either at 30 °C (A. 

adeninivorans) or 37 °C (H. polymorpha). This first pre-culture was then diluted with a 1:10 factor in 

10 ml YPD supplemented with 50 µg/ml tryptophane for overnight incubation at the correct 

temperature. Then in order to obtain a main culture start OD600nm of 0.5, a volume of this second 

preculture was transferred in 100 ml YPD supplemented with 20 µg/ml tryptophane. This culture 

was allowed to grow at the optimal temperature until OD600nm reach 1.5. After that, the culture was 

centrifuged (5min/5,000 g/4°C) and the pelleted cells were resuspended in 50 ml cold sorbitol based 

buffer. After a second centrifugation at 4°C for 5 min at 5,000 g, the cells were resuspended in 2 ml 

sorbitol based buffer, aliquoted in tubes, frozen with help of liquid nitrogen and finally stored at -

80°C. 

3.3.17 Transformation of A. adeninivorans and H. polymorpha cells 

Transformation of yeast cells is based on the work of Dohmen et al. [220] modified by Steinborn et 

al. [184]. Transformation of A. adeninivorans and H. polymorpha competent cells was slightly 

different because the vector should be linearized in the case of the first cited yeast. This was 

performed by enzyme restriction using AscI to obtain YRC (yeast rDNA integrative expression 

cassette) or SdaI to obtain YIC (yeast integrative expression cassette). 20 µl carrier DNA was first 

denatured for 5 min at 100°C and then added to 200 µl still frozen competent cells together with 2 

µl of the desired vector. After a 5 min incubation at 37 °C under vigorous shaking, 1.4 ml PEG-bicine 

solution was added and the tube was inverted several times. Then, one hour incubation at 30 °C 

without shaking was performed and the cells were then pelleted by a 5 min centrifugation at 23°C 

and 5,000 g. The supernatant was discarded and the cells were resuspended in 1.4 ml NaCl-bicine 

solution. After centrifugation (5 min/5,000 g/23 °C), the cells were resuspended in 500 µl NaCl-

bicine solution and spread on a YPD agar plate with a sterile loop. Incubation of the plate occurred 

at 30 °C for A. adeninivorans and 37 °C for H. polymorpha. 

Table 3-15. Composition of buffers for production and transformation of yeast competent cells. 

Buffer Component Quantity for 1 l 
buffer 

Final concentration  

sorbitol based 
buffer  

sorbitol 182.17 g 1 M 

bicine 1.63 g 10 mM 

ethylene glycol 30 ml 3 % (v/v) 

DMSO 50 ml 5 % (v/v) 

autoclaved and stored at 4°C 
PEG-bicine 
solution 

PEG-1000 400 ml 40 % (v/v) 

bicine 32.63 g 0.2 M 
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3.3.18 Cultivation media for A. adeninivorans and H. polymorpha 

All media were autoclaved before the introduction of the C-source and the vitamin mix. 

Table 3-16. Composition of the yeast cultivation media. 

Cultivation 
medium 

Component Quantity for 1 l 
buffer 

Final concentration 

Yeast extract-
peptone-dextrose 
medium (YPD) 

YPD-broth (Fluka) 50 g  

Yeast minimal 
medium with 
ammonium and 
glucose (YMM-
ammonium-
glucose) 

(NH4)H2PO4 5 g 43 mM 

KH2PO4 6.75 g 50 mM 

K2HPO4 1.75 g 10 mM 

MgSO4 x 7 H2O 1 g 8 mM 

minerals mix 1 ml 0.1 % v/v 

FeCl3 x 6H2O (2 g/l 
stock solution) 

1 ml 0.012 mM 

Ca(NO3)2 (20 g/l 
stock solution) 

1 ml 0.12 mM 

glucose (20 % w/v 
stock solution) 

100 ml 2 % w/v 

vitamin mix 10 ml 1 % v/v 

Yeast minimal 
medium with 
nitrate and glucose 
(YMM-nitrate-
glucose) 

NaNO3 3.7 g 43 mM 

KH2PO4 6.75 g 50 mM 

K2HPO4 1.75 g 10 mM 
MgSO4 x 7 H2O 1 g 8 mM 

minerals mix 1 ml 0.1 % v/v 

FeCl3 x 6H2O (2 g/l 
stock solution) 

1 ml 0.012 mM 

Ca(NO3)2 (20 g/l 
stock solution) 

1 ml 0.12 mM 

glucose (20 % w/v 
stock solution) 

100 mL 2 % w/v 

vitamin mix 10 ml 1 % v/v 

Yeast minimal 
medium with 
nitrate and 
glycerol (YMM-
nitrate-glycerol) 

NaNO3 3.7 g 43 mM 
KH2PO4 6.75 g 50 mM 

K2HPO4 1.75 g 10 mM 

MgSO4 x 7 H2O 1 g 8 mM 

minerals mix 1 ml 0.1 % v/v 

FeCl3 x 6H2O (2 g/l 
stock solution) 

1 ml 0.012 mM 

Ca(NO3)2 (20 g/l 
stock solution) 

1 ml 0.12 mM 

adjusted to pH=8.35 with NaOH, autoclaved and stored at 4°C 

NaCl-bicine 
solution 

NaCl 8.77 g 0.15 M 

bicine 1.63 g 10 mM 

adjusted to pH=8.35 with NaOH, autoclaved and stored at 4°C 
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glycerol 20 mL 2 % v/v 

vitamin mix 10 ml 1 % v/v 

Yeast minimal 
medium with 
nitrate and 
methanol (YMM-
nitrate-methanol) 

NaNO3 3.7 g 43 mM 

KH2PO4 6.75 g 50 mM 

K2HPO4 1.75 g 10 mM 

MgSO4 x 7 H2O 1 g 8 mM 

minerals mix 1 ml 0.1 % v/v 

FeCl3 x 6H2O (2 g/l 
stock solution) 

1 ml 0.012 mM 

Ca(NO3)2 (20 g/l 
stock solution) 

1 ml 0.12 mM 

methanol 20 mL 2 % v/v 

vitamin mix 10 ml 1 % v/v 

Minerals mix H3BO4 500 mg 6.4 mM 

CuSO4 x 4 H2O 100 mg 0.63 mM 

KI 100 mg 0.6 mM 
MnSO4 x 4 H2O 400 mg 2.65 mM 

ZnSO4 x 7 H2O 400 mg 2.48 mM 

Na2MoO4 200 mg 0.97 mM 

CoCl2 100 mg 0.77 mM 

Vitamin mix thiamine dichloride  400 mg 1.19 mM 

inositol  4 g 22.2 mM 

nicotinic acid  100 mg 0.81 mM 

pantothenic acid  400 mg 1.53 mM 

pyridoxine  400 mg 2.36 mM 

biotin  4 mg 0.016 mM 
 

3.3.19 Determination of glucose concentration in the medium 

In order to determine the glucose concentration of a medium, a culture sample was taken and 

centrifuged at 17,900 g for 10 min. After that, the supernatant was used as sample for the glucose 

concentration determination kit (Glucose assay kit) following manufacturer recommendations. 

3.3.20 Stabilization of A. adeninivorans and H. polymorpha transformants 

Stable yeast transformants were obtained after passaging on selective and non-selective media 

according to the protocol described by Klabunde et al. [186]. First, the transformed yeasts were 

transferred in fresh media consisting in YMM-nitrate-glucose every 48 h for a total of seven times. 

Then, the yeast were allowed to grow in YPD for 24 h and transferred in fresh YPD for 24 h 

cultivation. Finally, a last cultivation step in YMM-nitrate-glucose was performed. At the end of the 

stabilization process, 500 µL of the culture was mixed with 500 µL glycerol to obtain a stock solution 

which was stocked by -80 °C. 
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3.3.21 Screening of E. coli cell transformants 

After transformation of competent BL21 cells with the desired vector, a colony was picked and 

cultivated for recombinant protein expression. For this, a preculture in LB medium supplemented 

with the correct antibiotic was incubated overnight at 37 °C under shaking and then divided in two 

main cultures of 50 ml LB with a start OD600nm of 0.5. After a 30 min incubation at 37 °C, 0.5 mM 

IPTG was added in one of the culture and both were then cultivated for 3 h at 37 °C. Finally 1 ml of 

each culture was centrifuged and the pelleted cells were chemically lysed to extract the proteins. 

For this 100 µl of P1 buffer and 100 µl of P2 buffer from Quiagen mini preparation kit were used. 

The proteins were then prepared for SDS-PAA electrophoresis. 

3.3.22 Screening of yeast transformants 

The transformants were cultivated for 48 h in 750 µl YMM-nitrate-glucose at 30 °C under vigorous 

shaking. 400 µl culture was harvested (5,000 g, 5 min), and the pellet was washed with phosphate 

buffer saline (PBS). Cells were disrupted in lysis buffer by silica beads using a Mixer Mill MM400 for 

3 min at a frequency of 30 s-1 and at 4 °C. After removal of cell debris (centrifugation at 5,500 g for 

20 min) the lysate was kept on ice. 

3.3.23 Cultivation of yeast transformants 

As every strain has its own best cultivation conditions, the protocol is slightly different for each one. 

An overview of all the parameters can be seen in the Table 3-17. 

Table 3-17. Cultivation plan for the different yeast strains. 

Strain G1212-YRC-
negative 

G1212-YRC-
HER-2 

G1212-PR RB11-
pFPMT121-
HER-2 

RB11-
pFPMT121-
PR 

Cultivation 
temperature 

30°C 30°C 30°C 37°C 37°C 

Step 1 48 h in YMM-
nitrate-
glucose 

48 h in YMM-
nitrate-
glucose 

48 h in YMM-
nitrate-
glucose 

24 h in YMM-
nitrate-
glucose 

24 h in 
YMM-
nitrate-
glucose 

Step 2    48 h in YMM-
nitrate-
glycerol 

48 h in 
YMM-
nitrate-
glycerol 

Step 3    48 h in YMM-
nitrate-
methanol 

48 h in 
YMM-
nitrate-
methanol 

Shaking 170 rpm 170 rpm 170 rpm 180 rpm 180 rpm 

 

 



Material and methods 

37 
 

3.3.24 Measurement of culture OD600nm 

For calculating the optical density, a sample of the culture with a volume inferior to 1 % of the total 

volume was taken and introduced in a 2 ml disposable plastic cuvette. This cuvette was placed in a 

Nanodrop device for absorbance measurement at 600 nm. 

3.3.25 Determination of dry cell weight (dcw) 

A sample for the culture was taken and disposed in weighted aluminum receptacle. Then the 

receptacle was allowed to dry in an oven at 100 °C and the weight was recorded every 4 h. When no 

change in weight could be detected, the weight of the dried cell material was determined. For 

calibration, the cell culture was diluted several times and these dilutions were submitted to the 

same procedure. It allowed the creation of a calibration curve for direct determination of the dcw 

for a given OD600nm. 

3.3.26 Preparation of BL21 cell lysate 

One colony was cultivated overnight in 20 ml LB medium supplemented with the correct antibiotic 

at 30°C. Then this preculture was transferred in 200 ml LB medium supplemented with the correct 

antiobiotic and allowed to grow at 30 °C until OD600nm reach 0.7. After that 0.5 mM IPTG was added 

to the culture and the cells were cultivated overnight at 30 °C under shaking. The next day, the 

culture was centrifuged (10 min/5,000 g/4°C) and the pellet was washed with 100 ml PBS. After a 

second centrifugation (10 min/5,000 g/4°C), the pellet was resuspended in 30 ml of the desired 

binding buffer and the cells were disrupted by ultrasonic waves for 2 times 5 min at 4°C. Then the 

suspension was centrifuged for 10 min at 5,000 g and 4°C and the supernatant was kept for protein 

purification. 

3.3.27 Preparation of yeast cell lysate 

In a typical, a 200 ml culture was grown is the appropriate medium for the desired cultivation time. 

The cells were then centrifuged for 15 min at 5,500 g and the pellet was washed with 100 ml PBS. 

After a new centrifugation (5,500 g, 15 min) the pelleted yeast were resuspended in 10 ml of the 

lysis buffer. Then, a mixing mill device was used to break the cells and release the proteins. For HER-

2, this step was followed by one hour incubation at 4 °C under mild shaking to allow solubilization of 

the membrane protein. The lysate was then centrifuged at 4°C for 20 min at 15,000 g and the 

supernatant was transferred in a new tube. 

Table 3-18. Composition of buffer for yeast cell lysate. 

Buffer Components Quantity for 1 l Final concentration 
Yeast cells lysis 
buffer: 20 mM 
sodium phosphate, 
pH=7.6 

Na2HPO4 (1M stock 
solution) 

16.9 ml 16.9 mM 

NaH2PO4(1M stock 
solution) 

3.10 ml 3.10 mM 

PMSF (1 M stock 
solution in ethanol) 

1 ml 0.001 M 
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3.3.28 Determination of total protein concentration 

Total protein concentration was determined by using Bio-Rad Protein assay following manufacturer 

recommendations. This assay was performed both in cuvette and in micro titter plate format. 

3.3.29 Concentration of proteins 

For protein concentration, up to 3 ml sample was introduced in a Vivaspin 2 tube with a cutoff of 

30,000 kDa. The tube was then centrifuged at 4,000 g for 20 min at 20°C in a swing bucket rotor. 

This led to a final volume of approximately 150 µL. 

3.3.30 SDS-PAA gel preparation 

All polyacrylamide gels were prepared with SDS to assure denaturing conditions. For complete 

receptors, the separation gel contained 7 % of acrylamide whereas it was containing 15 % 

acrylamide in the case of small antigen expression. The quantity of gel solutions given in Table 3-19 

is sufficient for the casting of 4 gels. Preparation of the gels was performed with Bio-Rad 

Miniprotean equipment following manufacturer recommendations. 

Table 3-19. Composition of solution for SDS-PAA gel preparation. 

Solution Compound Quantity 
SDS PAA stacking gel 
(5 %) 
 

ddH20 4.8 ml 
Rotiphorese® acrylamide (37.5 : 1, v/v) 1 ml 
Tris (1.0 M, pH = 6.8) 0.5 ml 
SDS (10 %, w/v) 80 µl 
APS (10 %, w/v) 80 µl 
TEMED 20 %, v/v 80 µl 

SDS PAA separation gel  
(7 %) 
 

ddH20 9 ml 
Rotiphorese® acrylamide (37.5 : 1, v/v) 3.5 ml 
Tris (1.0 M, pH = 8.8) 7.5 ml 

SDS (10 %, w/v) 200 µl 
APS (10 %, w/v) 200 µl 

TEMED (20 %, v/v) 200 µl 
SDS PAA separation gel  
(15 %) 
 

ddH20 5 ml 

Rotiphorese® acrylamide (37.5 : 1, v/v) 7.5 ml 
Tris (1.0 M, pH = 8.8) 7.5 ml 
SDS (10 %, w/v) 200 µl 
APS (10 %, w/v) 200 µl 
TEMED (20 %, v/v) 200 µl 

3.3.31 Sample preparation for SDS-PAA gel electrophoresis  

For SDS-PAA gel electrophoresis, all samples were mixed with SDS loading buffer at a 4:1 ratio and 

incubated at 70 °C for 15 min. Then 25 µl of each sample were loaded on a SDS-PAA gel and 

electrophoresed in electrophoresis buffer at 60 V for the first 60 min and 100 V for the next 2 h. 
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3.3.32 Gel staining for total protein content 

For total protein staining the Coomassie staining was systemically used. The gel was immersed in 10 

ml Instantblue™ solution for 40 min and then washed in 20 ml ddH2O for 60 min. After staining of the 

gel, it was dried and fixed on Whatman paper by the use of a Bio-Rad Gel-drier and then scanned. 

3.3.33 Western blot analysis 

Western blot analysis was performed by transferring the gel to a PVDF (polyvinylidene fluoride) 

membrane (Immobilon®-P Membrane; EMD Millipore Corporation, Billerica, USA) in Western blot 

transfer buffer for 12 h at 100 mA. This operation was performed in a Bio-Rad tank chamber. 

Table 3-20. Buffer composition for SDS-PAA electrophoresis and Western blot. 

Buffer Component Quantity for 1 l 
buffer 

Final concentration  

Electrophoresis 
buffer 

Tris 3.03 g 25 mM 

glycine 15.0 g 0.2 M 

SDS 1 g 0.1 % (w/v) 

pH was set to 8.3 with fuming HCl, autoclaved and stored at 4 °C 

Western blot 
transfer buffer 

Tris 0.303 g 2.5 mM 

glycine 1.44 g 20 mM 

methanol 20 ml 2 % (v/v) 

SDS 100 mg 0.01 % (w/v) 

pH was set to 8.3 with fuming HCl, autoclaved and stored at 4 °C 

SDS loading buffer Tris 12 g 100 mM 

SDS 40 g ml 4 % (w/v) 

glycerol 200 ml 20 % (v/v) 
bromophenol blue 200 mg 0.02 % (w/v) 

ß-mercaptoethanol 100 ml 10 % (v/v) 

pH was set to 6.8 with fuming HCl and stored at -20 °C 

 

3.3.34 Protein-antibody hybridization 

After washing of the membrane twice with PBS for 10 min, the membrane was first blocked with 1 % 

non-fat dry milk for one hour under shaking at 23°C. Then the membrane was washed twice for 5 

min with PBS-tween, one time with PBS for 5 min and then incubated for 60 min at 23 °C under 

shaking with the appropriate first antibody (specific antibody). After that, the membrane was 

washed with PBS-tween (twice for 5 min) and PBS (one time for 5 min) and then incubated with a 

second antibody (detection antibody) for one hour at 23 °C. Finally, the membrane was washed four 

times with PBS-tween and the bound antibodies were chromogenically detected with BCIP/NBT 

tablet. The stained membrane was then scanned. 
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3.4 Solubilization of membrane protein 

The solubilization test is based on the work of White et al. [221] with some modifications. In a 1 l 

shaking flask, a 60 ml culture of A. adeninivorans G1212/YRC102-6H-HER-2 was grown in YMM-

nitrate-glucose for 48 h at 30 °C, 180 rpm agitation until the culture reached an OD600nm of 

approximately 1.5. Cells were then harvested by centrifugation (10 min at 8,000 g) and resuspended 

in 850 µl lysis buffer. The cells were then disrupted using silica beads in a Mixer Mill MM400. Lysed 

samples were then centrifuged at 11,500 g, 4 °C for 25 min. The supernatant was transferred to a 

new tube and protein concentration was assessed using the Bio-Rad Protein Assay to be 22 mg/ml. 

Nine solubilization solutions were prepared. The first (the control solution) consisted of 

solubilization buffer with the remaining eight solutions supplemented with the following detergents 

(all concentrations are w/v): 1% n-octyl-β-D-glucoside (OG), 1% 3-[(3-

cholamidopropyl)dimethylammonio]-1-propanesulfonate hydrate (CHAPS), 1% methyl-6-O-(N-

heptylcarbamoyl)-α-D-glucopyranosid (HECAMEG), 1% N,N-dimethyldodecylamine N-oxide (LDAO), 

1% decyl-β-D-maltoside (Dmal), octylphenoxypolyethoxyethanol (Nonidet P40) ,1 % Digitonin and 

1% Triton X-100 (TX-100). 20 µl of lysate (440 µg of total protein) was added to 2 ml of the 

solubilization solution and gently agitated at 4 °C for 60 min. After this the samples were centrifuged 

in a Beckman TLA-100.3 rotor at 70,000 g for 60 min. 500 µl of supernatant was kept on ice for 

further analysis and the rest of the supernatant was carefully removed by aspiration. The pellet was 

subsequently resuspended in 100 µl PBS. All samples (supernatant and resuspended pellets) were 

then prepared for SDS-PAA gel electrophoresis and the presence of the HER-2 protein was 

determined by Western blot analysis. 

Table 3-21. Composition of solubilization buffer. 

Buffer Components Quantity for 1 l Final 
concentration 

Lysis buffer for 
solubilization 

Tris 6.057 g 50 mM 

EDTA 0.29 g 1 mM 

NaCl 58.44 g 1 M 

PMSF (1 M stock 
solution in ethanol) 

1 ml 1 mM 

 

3.5 Batch cultivation 

Batch cultivations were conducted in a 1.5 L stirred-tank reactor (Univessel 1L) and the monitoring 

of cultivation parameters was performed using a Biostat®-Aplus Fermentor system. The stirrer speed 

was adjusted to maintain 40 % oxygen saturation in the culture medium and the pH was maintained 

automatically at 6.0 by the addition of an HCl solution (0.1 M). A 60 ml preculture of the desired 

yeast strain was used as inoculum and the final volume was always 660 ml. Dry cell weight (dcw), 

glucose concentration, total protein content determination and SDS-PAA gel electrophoresis were 

performed from 2 ml samples of culture taken at the beginning of the experiment and subsequently 

at different time points of the cultivation. For each sample, 1 ml was used for OD600nm measurement 
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with a Nanodrop 2000c spectrophotometer to calculate the dry cell weight (dcw). A calibration 

curve was constructed by diluting a culture sample in different volumes of YMM-nitrate-glucose. 

The culture was in the exponential phase to avoid the presence of a large number of dead cells. The 

OD600nm of these dilutions was first measured and then an identical volume of these dilutions was 

dried at 100 °C until no further change in mass was observed. Plotting the OD600nm as a function of 

the mass of the dilutions resulted a linear relationship yielding the equation: OD600nm = a x dcw + b. 

Thus by measuring the OD600nm, the dcw could be determined. 

The rest of the sample was centrifuged at 6,000 x g for 20 min and the supernatant was used for 

determination of the glucose concentration using a D-glucose kit as per the user manual 

instructions. The pellet was resuspended in extraction buffer and lysed. The lysate was analysed 

using the Bio-Rad Protein Assay for quantification of the total protein and 5 µg of the protein 

solution was loaded onto a SDS-PAA gel for Western Blot analysis. 

3.6 Protein purifications 

3.6.1 Purification by immobilized metal affinity chromatography (His-tag affinity) 

Two different metals (cobalt and nickel) as chelators and three different immobilized resin 

chemistries (TED, NTA and IDA) were assayed. For the nickel-NTA purification, 10 ml of this cell 

lysate was mixed with 5 ml of binding buffer and 4 ml of nickel-activated agarose solution (giving a 

column bed volume of approximately 2 ml) and this solution was gently shaked for 2 h at 4°C. After 

that the slurry was introduced in a polypropylene column with a polyethylene frit and the resin was 

settled by gravity. The first flow-through was conserved and reloaded on the column. Then the resin 

was washed with 10 ml binding buffer (wash 1) and 10 ml wash buffer (wash 2). Finally the agarose 

bound proteins were eluted with three times 2.5 ml elution buffer (elution 1, elution 2 and elution 

3). For cobalt-based purification, the agarose resin was activated with Co2+ ions instead of Ni2+ ions. 

For TED and IDA purification, the prepacked columns and buffers from Macherey Nagel Kit were 

used following the manufacturer recommendations. 

Table 3-22. Buffer composition for His-tag purification. 

Buffer Component Quantity for 1 l 
buffer 

Final concentration  

Binding buffer NaCl 29.22 g 0.5 M 

Tris 2.43 g 20 mM 

imidazole 0.34 g 5 mM 

Wash buffer NaCl 29.22 g 0.5 M 

Tris 2.43 g 20 mM 

imidazole 4.08 g 60 mM 

Elution buffer NaCl 29.22 g 0.5 M 

Tris 2.43 g 20 mM 

imidazole 68.08 g 1 M 

all buffers were adjusted to pH=7.9 with fuming HCl, autoclaved and stored at 4°C 
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3.6.2 Desalting of samples 

To remove high salt concentrations from elution fractions (mainly imidazole), a PD10 desalting 

column based on Sephadex™ G-25 Medium was used following manufacturer recommendations. 

Elution was performed in PBS. 

3.6.3 Ion exchange chromatography 

The Econo system from Bio-Rad and a DEAE Sephadex A-25 resin were used for anion exchange 

chromatography. 10 g of a DEAE 23 SH-cellulose resin was resuspended in 500 ml HCl (0.5 M), 

sonicated for 2 min then allowed to settle for 30 min and then the supernatant was discarded. After 

several washes with ddH20 to neutralize the pH, the resin was resuspended in 500 ml NaOH (0.5 M), 

sonicated for 2 min and again allowed to settle for 30 min. After several washes with ddH20 to 

neutralize the pH, the activated resin was resuspended in start buffer and poured into a column. The 

column was then equilibrated with several bed volumes of buffer and the cell lysate was loaded on 

the column. After that, potassium phosphate buffer was applied at a flow rate of 0.8 ml/min for 30 

min and then the elution could start with increasing concentrations of KCl. For this, a gradient based 

on two potassium phosphate buffer solutions containing respectively 0 M KCl (start buffer) and 0.5 

M KCl (elution buffer) was applied to the column. The presence of proteins eluted after the column 

was detected with help of a 280 nm spectrometric sensor and each elution fraction volume was set 

to be approximately 2 ml. After this gradient, solution B was applied to the column for 100 min to 

elute all proteins and all the fractions were tested with Western blot. 

Table 3-23. Buffer composition for anion exchange chromatography. 

Buffer Components Quantity for 1 l Final concentration 

Start buffer Tris 6.057 g 50 mM 

pH was adjusted to 8.0 with fuming HCl 
Elution buffer Tris 6.057 g 50 mM 

KCl 37.27 g 0.5 M 

pH was adjusted to 8.0 with fuming HCl 

3.6.4 CHT™ ceramic hydroxyapatite chromatography 

The Econo system from Bio-Rad was also used for this protein purification. For this, 40 g of dry 

ceramic hydroxyapatite powder were poured in 70 ml of degased start buffer and allowed to settle 

for one hour. This gave a final bed volume of 60 ml. Then, 5 column volumes of start buffer were 

added to the column and the column was inserted in the Econo-chromatography apparatus. The 

sample consisted of yeast cell lysate prepared as in the section 3.6.3 with the difference that 

hydroxyapatite lysis buffer was used instead of the lysis buffer described there. A 200 ml culture was 

lysed in 8 ml buffer which give a final sample volume of approximately 10 ml. The sample was added 

to the column and start buffer was applied for 30 min at a flow rate of 0.8 ml/min. Elution was then 

started with increasing concentrations of phosphate in the buffer. For this, a gradient based on two 

potassium phosphate buffer solutions containing respectively 5 mM phosphate (solution A) and 400 

mM phosphate (solution B) was applied to the column. The presence of proteins eluted after the 

column was detected with help of a 280 nm spectrometric sensor and each elution fraction volume 
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was set to be approximately 2 ml. After this gradient, solution B was applied to the column for 100 

min to elute all proteins and all the fractions were tested with Western blot. 

Table 3-24. Buffers composition for hydroxyapatite purification. 

Buffer Components Quantity for 1 
l 

Final concentration 

Start buffer: 5mM 
sodium phosphate, 
pH=6.8  

Na2HPO4 (1M stock solution) 2.3 ml 2.3 mM 

NaH2PO4(1M stock solution) 2.7 ml 2.7 mM 

Lysis buffer Na2HPO4 (1M stock solution) 4.6 ml 4.6 mM 

NaH2PO4(1M stock solution) 5.4 ml 5.4 mM 

PMSF (1 M stock solution in 
ethanol) 

1 ml 1 mM 

Solution A Na2HPO4 (1M stock solution) 4.6 ml 4.6 mM 

NaH2PO4(1M stock solution) 5.4 ml 5.4 mM 

Solution B Na2HPO4 (1M stock solution) 184 ml 184 mM 

NaH2PO4(1M stock solution) 216 ml 216 mM 

3.7 Differential centrifugation of A. adeninivorans protoplasts 

3.7.1 Production of A. adeninivorans protoplasts 

A first pre-culture of the desired yeast was grown for 12 h at 30 °C in 2 ml YPD and then transferred 

in a 50 ml culture of YPD. The cells were cultivated at 30 °C until the OD600nm reached 1.5, then 

pelleted by centrifugation (5 min, 5,500 g, 23°C), resupended in 0.9 % NaCl (w/v) and centrifuged 

again at 5,500 g for 5 min. After that the pelleted cells were resuspended in 50 ml VBM solution 

supplemented with 1% 3-mercaptoethanol (w/v) and incubated at 23 °C for 10 min. After 

centrifugation (5 min, 5,500 g, 23 °C), the pellet was washed with 1 M sorbitol and then centrifuged 

again (5min, 5,500 g, 23 °C). In the next step, the cells were resuspended in 10 ml PP-solution and 

the suspension was incubated for 2 h at 37 °C under gentle shaking to allow breaking of the cell wall. 

The quality of the protoplasts was controlled by microscopic observation under white light. 

3.7.2 Differential centrifugation 

First the protoplasts were washed twice with 1M sorbitol by successive resuspensions and 

centrifugations (5min, 3,000 g, 23°C). Then, in order to break the cytoplasmic membrane, the pellet 

was resuspended in 400 µl enzyme mix and 3.2 ml of cold Tris-HCl (10 mM, pH=7.5) was added 

carefully to the solution. After this step, a first centrifugation at 4°C and 1,000 g was performed. The 

supernatant (S1) was transferred in a new centrifuge tube and the pellet (P1) was stored at 4°C. The 

supernatant (S1) was then centrifuged again at 4°C and 13,000 g, giving a supernatant (S2) and a 

pellet (P2). (S2) was then centrifuged at 4°C and 30,000 g, thus leading to the supernatant (S3) and 

the pellet (P3). Finally, (S4) and (P4) were obtained after a new centrifugation at 4°C and 100,000 g. 

All these steps are summarized in Figure 3-1. All supernatants (S1, S2, S3 and S4) were kept at 4°C 

whereas all pellets (P1, P2, P3 and P4) were precipitated using trichloroacetic acid (TCA) and 

resupended in 300 µl PBS. 
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3.7.3 Precipitation of proteins by trichloroacetic acid (TCA) 

50 µl of 100 % trichloroacetic acid (w/v) was added to 500 µl protein suspension and this solution 

was incubated for 10 min at 4°C to allow protein precipitation. Then, a centrifugation for 10 min at 

5,000 g and 4 °C was performed and the pellet washed with a 4:1 (v/v) ethanol/ether solution. 

Finally the pellet was dried and the proteins were resupended in PBS. 

Table 3-25. Solutions composition for differential centrifugation. 

Solution Component Quantity for 1 l 
buffer 

Final concentration  

VBM solution Tris 1.21 g 10 mM 

EDTA 1.46 g 5 mM 

Adjusted to pH=9.0 with fuming HCl, autoclaved and stored at 4°C 

PP solution sorbitol 182.17 g 1 M 
lysing enzyme from 
Trichoderma 
harzianum 

10 g 100 mg/10ml 

Enzyme mix 

 

sorbitol 327.91 g 1,8 M 

MES 0.976 g 5 mM 

KCl 74.5 mg 1 mM 

EDTA 0.15 g 0.5 mM 

PMSF 0.174 g 1 mM 

DTT 0.154 1 mM 

antipain 5 mg 5 µg/ml 

leupeptid 0.5 mg 0.5 µg/ml 

pepstatin 0.7 mg 0.7 µg/ml 

Figure 3-1. Overview of the differential centrifugation procedure. 
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3.8 Enzyme linked immunosorbant assay (ELISA)  

For the ELISA test, 200 µl of recombinant HER-2 purified protein was immobilized in triplicate on a 

Maxisorp Immunowell plate for 16 h at 4 °C. The coated wells were then washed three times with 

PBS-tween and blocked for 60 min at room temperature with the appropriate blocking solution and 

then washed a further three times with PBS-tween. The first antibody diluted in PBS-tween was 

added and incubated for 60 min at room temperature. After three more washes with PBS-tween, 

the second antibody possessing a horseradish peroxidase was added and incubated for 60 min at 

room temperature. After a final washing step (six times with PBS-tween) colorimetric detection was 

performed by adding 100 µL of the substrate solution. After blocking the reaction with 1 M 

phosphoric acid, the absorbance at 450 nm was measured using a Sunrise reader and the results 

analyzed by SigmaPlot 11.0, statistical analysis and graphics display. 

3.9 Enzyme linked receptor assay (ELRA) 

For the ELRA test, 200 µl of progesterone-BSA at the desired concentration was immobilized in 

triplicate on a Maxisorp Immunowell plate for 16 h at 4 °C. The coated wells were then washed 

three times with PBS-tween and blocked for 60 min at room temperature with PBS-tween 

containing 5 mg/ml BSA and then washed a further three times with PBS-tween. The first antibody 

consisting in a 1:1000 dilution of the anti-progesterone receptor B (R.809.9) in PBS-tween was 

added and incubated for 60 min at room temperature. After three more washes with PBS-tween, 

the second antibody consisting in the anti-rabbit IgG (Whole molecule) peroxidase conjugate at a 

1:1000 dilution was added and incubated for 60 min at room temperature. After a final washing step 

(six times with PBS-tween) colorimetric detection was performed by adding 100 µL of the substrate 

solution. After blocking the reaction with 1 M phosphoric acid, the absorbance at 450 nm was 

measured using a Sunrise reader and the results analyzed by SigmaPlot 11.0 to allow statistical 

analysis and graphics display. 

Table 3-26. Substrate solution composition for ELISA and ELRA. 

Solution Component Quantity for 1 l 
buffer 

Final concentration  

TMB substrate 
solution 

TMB 0.116 g 0.5 mM 
sodium acetate 8.25 g 0.1 M 

H2O2 (30 % v/v stock 
solution) 

1 ml 0.03 % (v/v) 

pH adjusted to 6.0 by addition of citric acid 

3.10 Surface plasmon resonance experiments 

3.10.1 Surface Plasmon Resonance Platform 

All SPR experiments were performed by using the SPR device developed by the Fraunhofer Institut 

für Werkstoff- und Strahltechnik (IWS) and commercialized by Capitalis Technology GmbH. It uses a 

collimated light at a constant wavelength of 810 nm from a near-infrared light emitting diode (LED) 
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to irradiate a sensor chip consisting of a bare gold surface on a plastic support. The chip itself was 

maintained in contact with the flow cell with help of a vacuum pump. This flow cell is made of PDMS 

material and possesses one 50 µm wide path to allow flowing of the sample. To ensure a 

temperature control of the chip surface during experiments, an external water bath was used and a 

pumping system was cooling or heating the flow cell. In the Figure 3-2, the different parts of the 

platform can be observed as they are installed in the laboratory. A closer look at the chip and its 

PDMS flow cell can be seen in the Figure 3-3. To inject a sample, a pump was used which allows 

several different flow rates. 

 

 

3.10.2 SPR device settings 

The SPR device was controlled by the software SPR5 and its interface is shown in Figure 3-4. This 

software calculates the value of the resonance angle for 117 positions of the gold surface by 

interpreting the CCD camera intensity values. The part 1 of the Figure 3-4 shows a representation of 

the entire gold surface with a 90° clockwise inclination where a dark blue pixel represents a low 

value of reflected light intensity and a light blue pixel a high value of reflected light intensity. The 

Figure 3-2. General overview of the SPR platform. (A) Water bath, (B) syringe pump, (C) SPR optical device with 
flow cell, (D) computer with SPR5 software. 

Figure 3-3. Overview of the temperature controlled flow cell: (1) Connections to temperature control, (2) 
connections to vacuum, (3) connections to sample, (4) PDMS flow-cell, (5) flow path, (6) vacuum chambers, (7) 
gold surface, (8) plastic support of the chip. 
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part 2 takes a closer look to one of the 117 positions (marked with a red horizontal line in the part 1) 

and represents with a white curve the signal with numerical values instead of colored pixels. The 

tested angles are on the x-axis and the light intensities are on the y-axis. An algorithm will produce a 

fit of this curve and determine the position of the minimum of this curve. In green is represented 

the difference between the original intensity value and the fit values. The position of the minimum 

(marked with the dashed red line in part 2) is then plotted in part 3 as a function of time. The 

software allows also observation of the optical device temperature in arbitrary units (part 4), setting 

of the CCD camera (button 5) and selection of the Working Mode (button 6). The Test Mode allows 

direct visualization of the chip surface and determination of the resonance angle without any 

recording whereas the Experiment Mode will perform the same calculations and save in a .txt file 

the position of the resonance angle for every 117 positions of the gold chip and for every time unit. 

This time unit will depend on the chosen exposure time. The software offers the choice between 

four different algorithms for determination of the resonance angle value: polynomial of the second 

order, polynomial of the third order, analytical (complex algorithm with five parameters) and 

centroid (center of mass calculation). All experiments were performed with the resource consuming 

analytical algorithm as it is giving the best fit. The CCD camera parameters contain also two 

important parameters: the gain and the exposure time. Increasing the exposure time will increase 

the numerical values of the reflected light intensity as more light can reach the CCD camera. This will 

create a sharpening of the curve for low intensity values near the resonance angle position. The 

drawback will be that by increasing the exposure time, rapid changes in the angle position will not 

be detected, thus negatively affecting the shape of the curve plotting the resonance angle as a 

function of time. Increasing the gain multiplies the intensity value by a constant factor. This leads to 

a good determination of resonance angle even at very small exposure time but also to loss of 

precision as noise signal will also be amplified. As every buffer and every chip preparation will cause 

different effects, the exposure time and gain settings were adapted for every experiment to obtain a 

good compromise between precision and time-dependency of the signal. 
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3.10.3 Cleaning of the gold surface 

The bare gold chip was first cleaned by using 10 drops of fuming sulphuric acid for 10 s and then 

washed with ddH2O. After drying of the surface with nitrogen flow, 70 µl of the freshly made 

‘piranha solution’ (H2O: NH4OH: 30 % H2O2 / 5:1:1 (v/v)) was added to the chip for 2 min, thus 

allowing neutralization of the surface. Then, the chip was washed with running buffer and dried 

again with nitrogen flow. 

3.10.4 Immobilization of protein with 17-channel flow cell 

For immobilization of proteins by His-tag, the 17-channel flow cell presented in Figure 3-5 was used. 

This device consists of one metal part and one PDMS part possessing 17 paths thus allowing 

separate immobilization of 17 positions of the chip. After cleaning, a chip was put in contact with 17-

channel flow cell and screwed tightly. Then a solution of dithiobis(C3-NTA) was added in the desired 

channel and incubated for one hour at 23 °C. The channel was then washed with 100 µl run buffer 

with the help of two pipettes in the two holes of the flow cell. After this step, the chip was released 

from the flow cell, the surface was washed again with run buffer and 100 µl of block solution was 

added for 4 h at 23°C. Finally, the chip was washed with run buffer and the chip was then mounted 

in the SPR device. 

Figure 3-4. Overview of the software interface. 
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3.10.5 Immobilization through hydrophobic interaction 

The immobilization of antibodies, ligand or other proteins on the gold surface was not always 

performed with the 17-channel flow cell but also with a micropipette directly on the surface. For 

this, two “hydrophobic barriers” were added to the chip in order to separate the surface in three 

different parts. This barrier consisting of water-insoluble marker showing no affinity for water based 

solutions and allowing clear separation of droplets. After cleaning, a chip was separated in three 

different surfaces with hydrophobic barriers and two different probes were applied to the two outer 

surface. The central surface was always serving as control surface. After incubation, the whole 

surface was washed with run buffer, dried with flow nitrogen and finally blocked with block solution 

for 4 h at 23°C. After a last cleaning with running buffer and drying of the chip, it was mounted on 

the SPR device and ready for experiments. 

3.10.6 SPR experiment general protocol 

A functionalized chip was placed under the PDMS flow cell and vacuum was applied in the vacuum 

chambers to maintain them tight. The water bath was switched on to allow constant temperature of 

the flow cell and the PDMS flow cell was then mounted and tightly fixed on the SPR device. The 

SPR5 software was opened and switched to Test Mode. Running buffer was then flowed on the chip 

until no change in the position of the resonance angle for the 117 positions and no change in the 

optical device temperature could be detected. Even though the PDMS flow cell has its own 

temperature control system, heating of the optical device could interfere with the obtained results. 

When these values were stable, the software was switched to Experiment Mode, 500 µl of run 

buffer was flowed on the chip and then the sample was applied. For this, a tube was inserted in the 

sample and 100 µl of sample was aspired by the pump placed after the chip at desired flow rate. So 

the sample could entirely cover the gold surface. After this, 50 cycles of aspiration and pressure was 

applied to allow repetitive passing of the sample on the chip. These cycles are performed to ensure 

the binding reaction reaches its equilibrium as technical limitations of the pump don’t allow too 

slow flow rates. Once the sample was applied, it was expulsed in the original tube and 500 µl of run 

buffer was then flowed on the chip. 

 

Figure 3-5. Overview of the 17-channel flow cell with the theoretical position of the gold surface in shaded 
orange. For the need of the picture, one half of the channels were artificially colored in black. (A) shows the 
entry of the channel number 7 and (B) shows its exit. 
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3.10.7 Vocabulary conventions for SPR experiments 

All the SPR experiments conducted in these work are focusing on antibody-protein interactions, 

ligand-protein interactions and protein-ligand interactions. As convention and to ease the 

comprehension of the results, the word “probe” will always refers to the relevant molecule (protein 

or chemical) immobilized on the chip, “linker” will be the molecule (protein or chemical) 

immobilized first to allow immobilization of the probe and “sample” will be the molecule (protein or 

chemical) the experiment proposes to detect and which will flow on the chip. When an interaction 

will be studied (for example “antibody-protein interaction)”, the first partner cited (in this example 

“antibody”) will always describe the probe and the second will always describe the sample (here 

“protein”). 

3.10.8 General description of SPR results: graphical display 

With the SPR device developed by the Fraunhofer Institut, the operator has access to the resonance 

angle position calculated for 117 positions of the gold chip. These angle positions are calculated 

every 55 ms and compiled in a text document. Once the experiment performed, this test document 

is converted in a excel file in which calculations can be carried out. For the graphical display and the 

creation of fit curves, the data processed in the excel file are subsequently opened with SigmaPlot 

software. In order to present these results, the raw data will always be shown as sensogram and 

chip profile. The sensogram is the graphical representation of the position of the resonance angle 

(called pixel) for one position of the gold chip with the time as x-axis. For convenience, the position 

of this angle is set to 0 at the beginning of the experiment. A binding experiment will typically 

present a sensogram containing an exponential growth (association), a plateau (equilibrium) and an 

exponential decrease (dissociation) of the resonance angle position. A chip profile is the 

representation of the bound analyte to the surface for all positions of the chip. For this the position 

of the resonance angle at the equilibrium will be presented for every of the 117 observed positions 

of the gold surface. As parts of the chip are covered with hydrophobic barrier and will therefore 

show inconsistent values, the chip profile will mostly concern not all 117 positions but selected 

interesting parts of the chip. In all experiments, a control surface is always present to ensure 

comparisons between chips and therefore the sensogram presented will always be a normalized one 

in which the values of the control surface are subtracted from the values of the desired position 

(unless told otherwise). 

3.10.9 SPR experiments: most used conditions 

For each application the nature of the blocking solution, the length of the incubation step, the 

nature of the linker, the nature of the probe, the nature of the sample, the temperature of the flow 

cell and the composition of the buffer are the key parameters and have been therefore optimized. 

These optimization steps will not be presented in the results section as it will have unnecessary 

increase this part. In total, two buffers will be shown: the HEPES buffer for receptor-ligand 

interactions and the PBS-t buffer for antibody-antigen interactions. The temperature of the PDMS 

flow cell was 25 °C for all experiments and the blocking solution A was used for receptor-ligand 
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interaction whereas blocking solution B was used for antibody antigen interactions. The nature of 

the linker will be indicated during the presentation of the related experiment in the results section. 

Table 3-27. Buffer composition for SPR experiments. 

SPR run buffers Component Quantity for 1L 
buffer 

Final concentration 

HEPES Buffer HEPES 2.383 g 10 mM 

NaCl 5.844 g 0.1 M 

tween-20 (10 % w/v 
stock solution) 

0.2 mg 0.02 % (v/v) 

EDTA 14.6 g 50 mM 

Adjusted to pH=6.9 with fuming HCl, autoclaved and degased 

 

Table 3-28. Blocking solutions composition for SPR experiments. 

SPR block solutions Blocking agent Dissolving agent Final concentration 

Block A BSA PBS 5 % (w/v) 

Block B BSA PBS 2.5 % (w/v) 
HO-PEG-NH2 PBS 100 mM 

 

Table 3-29. Linkers used for SPR-experiments. 

Linkers Dissolving agent Final concentration Application 
Protein A PBS 1 mg/ml antibody-

protein 

Protein G PBS 0.1 mg/ml antibody-
protein 

DTSSP H2O 5 mM antibody-
protein 

dithiobis(C3-NTA) H2O 1mM receptor-ligand 

3.11 Protein extraction from breast tissue 

3.11.1 Breast cancer tissue samples 

Real probes consisted of breast tissue embedded in paraffin and cut in 10 µm slice. For each sample 

3 of these 10 µm slices were present in one tube. From a total number of 20 samples, 10 were 

described as “negative”, two were described as “1+” and 8 were described as “positive”. These 

determinations of HER-2 status were performed in the Institute of Pathology of the Carus University 

in Dresden by immunohistochemistry and FISH. For our common use, all samples were renamed 

from “yeast 1” to “yeast 20” and kept at 4°C until use. The descriptions of the samples are 

summarized in the Table 3-30. 

 

 



Material and methods 

52 
 

Table 3-30. Description of the tissue samples. 

Sample name Pathology institute 
internal number 

Tissue HER-2-status 

Yeast 1 08/4287-1G breast negative 
Yeast 2 08/5284-1H breast negative 

Yeast 3 08/13827-1G breast positive 

Yeast 4 08/15241 G breast positive 

Yeast 5 08/21424-1G breast 1+ 

Yeast 6 08/31869-1G breast positive 
Yeast 7 08/34022 K breast positive 

Yeast 8 08/36541 G breast positive 

Yeast 9 08/37657-1E breast negative 

Yeast 10 09/898-1G breast 1+ 

Yeast 11 08/170-1G breast negative 
Yeast 12 08/3101-1E breast negative 

Yeast 13 08/3932 2 breast positive 

Yeast 14 08/4071-1C breast negative 

Yeast 15 08/4194 E breast positive 

Yeast 16 08/5284-1C breast negative 
Yeast 17 08/6360-1G breast positive 

Yeast 18 08/6714-1G breast negative 

Yeast 19 08/7281 G breast negative 

Yeast 20 08/7804-3G breast negative 

3.11.2 Paraffin removal with xylene 

This protocol is derived from the protocol used for DNA extraction in pathology institute in Dresden. 

It consisted of an incubation of the tissue slices at 60 °C for 2 h followed by the addition of 1 ml 

xylene and incubation at 45 °C for 15 min. After that the tube was centrifuged at 17,900 g and 23°C 

for 10 min and the pellet was resuspended in 1 ml xylene and incubated again for 15 min at 45°C. 

After a second centrifugation (17,900 g, 23°C, 10 min) the pellet was resuspended in 1 ml 96 % 

ethanol, vortexed for 1 min and then centrifuged (17,900 g, 23°C, 10 min). This step was repeated a 

second time and the pellet was finally dried in speed-vac. 

3.11.3 Paraffin removal with n-octane 

The tissue slices were incubated for 16 h at 60 °C and then 1 ml n-octane was added to bind to the 

paraffin. After a 10 s vortexing, 75 µl of methanol were added to protect the tissue and the tube was 

vortexed again for 10 s. After a centrifugation at 23°C and 17,900 g for 1 min, the supernatant was 

discarded and the pellet was dried under fume hood. 

3.11.4 Antigen Retrieval (AR) method 

This protocol is derived from the work of Shi et al. [222]. After removal of the paraffin, 50 µL of 

extraction buffer with 2 % SDS was added to the sample and heated for 20 min at 100 °C in heat 
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block. After that, the sample was incubated for 2 h at 60 °C and the lysate was used for further 

operations or stored at-20 °C. 

Table 3-31. Composition of the AR extraction buffer. 

Buffer Component Quantity for 1L 
buffer 

Final concentration 

AR extraction 
buffer 

Tris 2.42 g 20 mM 

SDS 20 g 2 % (w/v) 

Adjusted to pH=7 with fuming HCl 

 

3.12 Production of antibodies 

Antibodies were produced in 3 rabbits type New Zealand White for each receptor by the 

Phytoantibodies group of the IPK-Gatersleben. A total of 1 mg antigen (E. coli produced fragment of 

the receptor) was injected in three different immunizations together with 1 mg Complete Freund's 

Adjuvant (CFA) to stimulate an immune response. These three different injections were performed 

at day 1, day 30 and day 37. After 42 days, a sample of blood was taken and the presence of 

antibodies against the receptor was confirmed by Western blot. If it was the case, the rabbits were 

then euthanized and the serum was aliquoted, frozen with liquid nitrogen and stored at -80°C 

without any purification. 
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4 Results 

4.1 Antibodies production 

As many experiments will require the utilization of antibodies (Western blot, ELISA, SPR), the 

production of polyclonal antibodies was performed. As neither the complete progesterone receptor 

nor the complete HER-2 would be suitable for rabbit immunization, it was decided to clone a small 

fragment of each receptor in a vector and then perform the expression of this polypeptide in E. coli. 

As template for the cloning, human DNA extracted from mouthwash was used and the desired 

fragment was amplified via PCR. For both receptors special care was taken to the exact position of 

the genes in the human chromosomes as the presence of introns could impede the correct 

amplification of the desired DNA fragment. For this, the online-available database from NCBI 

(www.ncbi.nlm.nih.gov/gene/) was used and a region of 300 base pairs (100 amino acids) in the 

exon 8 of the human chromosome 11 was chosen for the progesterone receptor whereas 300 base 

pairs in the exon 31 of the human chromosome 17 were selected for the HER-2 protein. The length 

of 100 amino acids was chosen to obtain a fragment small enough to be easily expressed in a 

bacterial system but long enough to ensure a good specificity of the future antibody. Both fragments 

are named HER-2 antigen and PR antigen. As mentioned in the material and methods (section 3.3.2), 

the DNA template used for the PCR consisted of human genomic DNA as progesterone receptor and 

HER-2 are two natural occurring receptors in Homo sapiens and it was important to pool genomic 

DNA from different subjects for ethical aspects. As both receptors are located on somatic 

chromosomes, female and male genomic DNAs were mixed. Genomic DNA extraction from human is 

now widely documented from a lot of different tissues and both high yield and high purity can be 

achieved. For this particular case, simplicity and feasibility were the most important parameters so 

extraction from mouth tissue was chosen. To overcome the low yield and weak purity of this DNA 

extraction method, it was decided to perform a double PCR where the first PCR use genomic DNA as 

template and the second one use the product of the first PCR as template. Primers used for these 

two PCR also inserted NdeI and BamHI restriction sites at both ends of the fragment which allows 

integration in the cloning site of the commercial pET16b vector by ligation. This vector possesses all 

needed components for bacterial recombinant protein production as well as a coding sequence for 

10 histidine amino acids in the nearby region of the cloning site. This allows the attachment of a 

decahistidine tag at the N-terminus of the polypeptide which will be important for purification 

process.  

E. coli cells from the strain BL21 were then chosen for their outstanding properties in bacterial 

heterologous protein production. To determine the adequate concentration of IPTG necessary to 

induce a high yield of recombinant protein, cultures were inoculated with different quantity of 

inducer and the best results were achieved with 0.5 mM IPTG. After culture and cell disruption as 

described in the Material and Methods, the protein-rich lysate was purified by His-tag affinity 

chromatography and the recombinant antigens were eluted with imidazole containing buffer. After 

desalting, the purified proteins could be lyophilized and stored at 4°C. The performance of the 

purification steps can be seen in the Figure 4-1 for the HER-2 antigen (A) and the PR antigen (B). 
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Both Coomassie stainings show a clear and large band in the elution fractions at approximately 15 

kDa for HER-2 antigen and 18 kDa for PR antigen. These values are in agreement with the predicted 

molecular mass of these proteins (calculated with Vector NTI molecular mass calculator) which are 

respectively 13.45 kDa and 14.17 kDa. 

These purified polypeptides were then injected in rabbits in order to obtain an immunogenic 

response. Serums collected after 42 days were tested for presence of antibody against either the 

HER-2 or the PR antigen. For this, SDS-PAA gel electrophoreses with increasing quantities of antigens 

were performed, the gels were transferred to a PVDF membrane for Western blot analysis with a 

dilution of rabbit serum as detection antibody. The results of this experiment can be seen in the 

Figure 4-2. The bands visible at approximately 15 kDa and 18 kDa confirm the presence of anti-HER-

2 and anti-PR antibodies in the serum of rabbits. The detection limit of both antibodies is less than 

10 ng polypeptide. 

 

Figure 4-1. Coomassie staining of 12 % SDS-PAA gel after affinity protein purification of the HER-2 antigen (A) 
and the PR antigen (B).RE = raw extract, FT = flow-through, W = wash fraction, E = elution fraction, kDa = kilo 
Dalton. The red arrow represents the position of the antigen for both cases. 

Figure 4-2. Western blot detection of HER-2 antigen (A) and PR antigen (B). Detection antibody was a 1:5000 
dilution of rabbit serum immunized with HER-2 antigen (A) or PR antigen (B).1 : 100 ng antigen, 2 : 50 ng 
antigen, 3 : 25 ng antigen, 4 : 10 ng antigen. The red arrow represents the position of the antigen for both 
cases. 
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4.2 Cloning and expression screening of HER-2 and hPR genes in A. adeninivorans and H. 

polymorpha 

4.2.1 Cloning of HER-2 and hPR genes in A. adeninivorans 

For production of recombinant proteins in A. adeninivorans, the well-established Xplor®2 platform 

was used. It consists of a donor plasmid Xplor2.2 possessing a yeast part with a selection marker 

module (ALEU2 promoter - ATRP1m gene – ATRP1 terminator), an expression module (TEF1 

promoter – multicloning site – PHO5 terminator), two rDNA sequences and an E. coli part with 

antibiotic resistance gene and origin of replication. The bacterial part allowed the cloning of the 

gene of interest in the vector and was removed before the transformation of the auxotrophic 

mutant A. adeninivorans G1212. In this mutant, the ATRP1 gene was deleted and therefore the 

yeast cannot synthetize its own tryptophane [182]. Both the HER-2 and the progesterone receptor 

ORFs were provided by Life Technology with optimized codons for expression in A. adeninovorans 

and already inserted in a pMK vector. To allow future purification of the receptors, it was decided to 

insert a hexahistidine polypeptide at one extremity of each of them. As it was impossible to predict 

if this insertion will interfere with the protein production or the protein stability in the yeast cell, the 

His-tag was either inserted at the N-terminus or at the C-terminus. As positive control, a plasmid 

was also constructed with the gene ORF whitout adding the sequence coding for additionnal 

histidines. For His-tag coding sequence integration, special primer pairs in which one of them 

contains the sequence coding for 6 histidines were designed and PCR was performed. Even if this 

unusually long primer (around 30 bases) was not completely matching the template sequence, the 

PCR yield was sufficient to clone this product in a pCR4-TOPO vector. This vector was then sent to an 

external laboratory for sequencing in order to confirm that the polyhistidine sequence was inserted 

at the correct position and whithout any mutation. Complete sequencing of the vector was not 

performed due to the extreme length of the ORFs. The gene of interest was subsequently cloned in 

a pBS-TEF-PHO5-EBN to add the strong constitutive TEF1 promoter and the Saccharomyces derived 

PHO5 terminator. Finally, expression cassette was cloned in a Xplor2.2 vector to allow insertion in 

the yeast genome via yeast rDNA integration (YRC). For this, the E. coli part of the vector was 

removed by AscI enzymatic restriction and the mutant G1212 was transformed by the linearized 

vector. An overview of all constructed final expression cassettes for A. adeninivorans protein 

production can be seen in Figure 4-3. 
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4.2.2 Cloning of HER-2 and hPR genes in H. polymorpha 

The methylotrophic yeast H. polymorpha is known for its recombinant protein production efficiency 

and, among all available vectors, the pFPMT121 integration/expression plasmid was chosen. In this 

work, the utilized pFPMT121 plasmid was carrying the inducible FMD promoter, the MOX 

terminator, the autonomously replicating sequence HARS1 as well as the S. cerevisiae derived URA3 

gene for orotidine 5'-phosphate decarboxylase production (an enzyme required for uracil 

production). As for A. adeninivorans transformation, both the HER-2 and the progesterone receptor 

genes were inserted in the vector with polyhistidine encoding sequence at the 3´- or at the 5´-ends. 

For this, the ORFs were directly taken from the pCR4-TOPO vectors already described in the 

precedent section. H. polymorpha RB11, an uracil-auxotrophic mutant in which the orotidine-5’-

phosphate carboxylase gene was deleted, was transformed with the constructed vectors. Contrary 

to the transformation in A. adeninivorans, no linearization of the vector is necessary before the 

transformation in H. polymorpha. An overview of the four constructed vectors with their respective 

names can be seen in Figure 4-4. 

Figure 4-3. Name and expression module map of all the used YRCs. Orange represents gene ORFs, dark green 
represents promoter regions, red represents terminator regions, light green represents His-tag sequence and 
blue represents rDNA sequences. 
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4.2.3 Screening of A. adeninivorans transformants for HER-2 production 

Each transformation of A. adeninivorans G1212 cells with respectively YRC102-HER-2, YRC102-6H-

HER-2 and YRC102-HER-2-6H gave more than 50 colonies as well as the transformation with YRC102-

negative. 48 colonies of each transformation were submitted to stabilization process in order to 

ensure a stable integration of the foreign gene in the yeast genome. In order to see if these 

transformants were producing the recombinant HER-2 protein, Western blot technique with two 

different detection antibodies was performed. For this, each transformant was grown on yeast 

extract-peptone-dextrose medium (YPD), the cells were lysed and the total protein content was 

loaded on two different SDS-PAA gels. After that, hybridization was performed for each membrane 

either with the polyclonal anti-HER-2 antibody from rabbit serum or from a commercial polyclonal 

anti-HER-2 antibody (A048529-2 Anti-c-erbB-2 oncoprotein). The protein staining pattern of each 

transformant was then compared with the pattern of the negative control G1212/YRC102. For a 

clear presentation of the results, only one Western blot concerning a restricted number of 

transformants from one transformation event and hybridized with one detection antibody will be 

Figure 4-4. Plasmid maps of the four constructed pFPMT121 vectors. Orange represents gene ORFs, dark green 
represents promoter regions, red represents terminator regions, light green represents His-tag encoding 
sequence, violet represents eukaryotic autonomous replication sequence and grey represents prokaryotic 
regions. 
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shown. The results for seven yeast colonies transformed with YRC102-HER-2 are presented in Figure 

4-5.A. Compared to the negative control, three transformants are exhibiting an extra protein band 

at a molecular mass of approximately 185 kDa which is the apparent molecular mass of the HER-2 

protein. The Western blot also shows bands of strong intensity for smaller molecular masses but 

they are probably signs of unspecific antibody hybridization as they are occurring in every 

transformant and in the negative control. Figure 4-5.B presents the Western blot results for 

G1212/YRC102-HER-2-6H. In this case, five transformants are showing a band at 185 kDa except for 

the negative control and the intensity of this band is varying among colonies. For the transformation 

with YRC102-6H-HER-2, hybridization with commercial antibody during the Western blot is 

presented (Figure 4-5.C) and the membrane shows also a high intensity band above 170 kDa in all 

transformants except for the negative control. It is to note that, with this particular antibody, less 

unspecific signal can be observed as the negative control doesn’t show any band. These results 

prove that A. adeninivorans transformants have the capacity to produce the recombinant human 

HER-2 and the absence of high intensity band at lower molecular mass with the commercial 

antibody indicates that the protein doesn’t appear to be highly degraded. For all three receptors 

(with C-terminus His-tag, N-Terminus His-tag and without His-tag), one of the transformants 

showing the highest band intensity after hybridization with the commercial antibody and with the 

anti-HER-2-rich rabbit serum was further selected for the next experiments. 

 

 

 

Figure 4-5. Western blot analysis of A. adeninivorans transformed from YRC102-HER-2 (A), YRC102-HER-2-6H 
(B) and YRC102-6H-HER-2 (C). (A) and (B) were obtained by using anti-HER-2 from rabbit serum as detection 
antibody, (C) by using the commercial anti-HER-2. k: negative control G1212/YRC102, 1-7: G1212/YRC102-
HER-2 transformants n°1 to 7, 8-14: G1212/YRC102-HER-2-6H transformants n°1 to 7, 15-22: G1212/YRC102-
6H-HER-2 transformants n°1 to 8. The red arrow represents the position of the HER-2 protein. 
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4.2.4 Screening of A. adeninivorans transformants for progesterone receptor production 

The same experiments as in the precedent section were performed with A. adeninivorans 

transformed with YRC102-hPR, YRC102-6H-hPR and YRC102-hPR-6H. For each transformation event, 

the raw extract of all 48 stabilzed transformants was loaded on a SDS-PAA gel for electrophoresis 

and then Western blot was performed with anti-progesterone receptor from rabbit serum and 

commercial anti-progesterone receptor isoform B antibody (MA514842 Progesterone Receptor B 

(R.809.9)) on two different membranes. Some of the Western blot results can be seen in the Figure 

4-6 where parts A, B and C present the results for respectively G1212/YRC102-hPR, G1212/YRC102-

hPR-6H and G1212/YRC102-6H-hPR. In all three transformation events, a protein with a molecular 

mass of approximately 125 kDa can be detected in some transformants but never in the control 

strain G1212/YRC102. This band is present if the Western blot was hybridized with the anti-

progesterone receptor from rabbit serum (Figure 4-6.A and B) or with the commercial antibody 

R.809.9 (Figure 4-6C). In the case of G1212/YRC102-hPR (Figure 4-6.A), only a few transformants are 

showing a low intensity band. As for the HER-2 producing yeasts, one transformant for each of the 

three receptor variants showing the highest band intensity in Western blot with the commercial 

antibody and with the serum-derived antibody was selected for further experiments.  

 

 

Figure 4-6. Western blot analysis of A. adeninivorans transformed with YRC102-hPR (A), YRC102-hPR-6H (B) 
and YRC102-6H-hPR (C). (A) and (B) were obtained by using anti-PR antibody from rabbit serum as detection 
antibody, (C) by using the commercial anti-PR antibody. k: negative control G1212/YRC102, 1-7: 
G1212/YRC102-hPR transformants n°1 to 7, 8-14: G1212/YRC102-hPR-6H transformants n°1 to 7, 15-21: 
G1212/YRC102-6H-hPR transformants n°1 to 8. The red arrow represents the position of the progesterone 
receptor isoform B. 
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4.2.5 Screening of H. polymorpha transformants for HER-2 production 

In the case of H. polymorpha, 48 transformants were also stabilized after transformation with 

pFPMT121-6H-HER-2 and pFPMT121-HER-2-6H. These transformants were grown first on YPD for 

one day, then in YMM-nitrate-glycerol for 18 h and finally on YMM-nitrate-methanol for one day. All 

cultivation steps were performed at 37 °C under vigorous shaking. Lysate of the cells were then 

loaded on a SDS-PAA gel for electrophoresis and Western blot was performed with the commercial 

anti-HER-2 antibody as detection antibody. The results of these Western blots for some 

transformants after transformation with pFPMT121-HER-2-6H and pFPMT121-6H-HER-2 can be seen 

respectively in Figure 4-7.A and B. As no RB11 was transformed with a pFPMT121 vector containing 

no ORF for gene expression, the negative control of this experiment was RB11 strain transformed 

with pFPMT121-6H-hPR. For all transformants resulting from the transformation with pFPMT121-

6H-HER-2, a band at 185 kDa can be detected but not in the case of the control strain. For 

transformation with pFPMT121-HER-2-6H, only five transformants from the 48 stabilized show a 

band at this molecular mass. One of them is present in Figure 4-7.A. Taken together, these results 

indicates that H. polymorpha is also able to produce recombinant HER-2. One transformant from 

each transformation (either with pFPMT121-6H-HER-2 or pFPMT121-HER-2-6H) was selected for 

further experiments. 

 

4.2.6 Screening of H. polymorpha transformants for progesterone receptor production 

Transformants resulting from the transformation of RB11 cells with pFPMT121-6H-hPR and 

pFPMT121-hPR-6H were also tested via Western blot in order to determine if H. polymorpha can 

produce the human progesterone receptor. For this, exactly the same procedure as for the above 

section was performed with the difference that commercial anti-progesterone receptor antibody 

was used for detection. Results of the Western blot for some transformants are to see in the Figure 

4-8.A for transformation with pFPMT121-hPR-6H and Figure 4-8.B for the transformation with 

pFPMT121-6H-hPR. A band at 125 kDa corresponding to the human progesterone receptor isoform 

B is present in all transformants transferred to this membrane except for transformant n°4 in Figure 

4-8.B and this band is not to see in the negative control. In this case, the negative control consisted 

Figure 4-7. Western blot analysis of H. polymorpha transformed with pFPMT121-HER-2-6H (A) and pFPMT121-
6H-HER-2 (B). (A) and (B) were obtained by using the commercial anti-HER-2 antibody as detection antibody. 
k: negative control RB11/pFPMT121-6H-hPR, 1-7: RB11/pFPMT121-HER-2-6H transformants n°1 to 7, 8-14: 
RB11/pFPMT121-6H-HER-2 transformants n°1 to 7. The red arrow represents the position of the HER-2 
protein. 
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in RB11 strain transformed with pFPMT121-6H-HER-2. For the next experiments, also one 

transformant producing the receptor with a His-tag at the N-terminus and one transformant 

producing the receptor with a C-terminal His-tag were selected. 

 

4.3 Medium screening for A. adeninivorans transformants 

In order to optimize the production of recombinant protein in A. adeninivorans, the composition of 

the culture medium was modified. This yeast species is known to grow in several medium and can 

use different nitrogen sources. In this case, YPD, yeast minimal medium with nitrate as nitrogen 

source (YMM-nitrate-glucose) and yeast minimal medium with ammonium as nitrogen source 

(YMM-ammonium-glucose) were tested. For the first medium (YPD), dextrose is the carbon source 

and for both YMM media, glucose is the carbon source. This medium screening was not performed 

for all receptors in all possible configurations (with His-tag at the N-terminus, C-terminus or without 

His-tag) but only for the G1212/YRC102-HER-2-6H transformant and G1212/YRC102-hPR-6H 

transformant. Then the assumption was made that the presence or the position of the His-tag will 

have a little influence on the results and the findings were extended to the other variants. To 

perform this experiment, the tested colonies were grown for 48 h in one of the three media, the 

cells were harvested, lysed and all protein lysates were diluted to the same concentration to be 

loaded on a SDS-PAA gel. The detection was performed by Western blot with anti-HER-2 or anti-hPR 

antibodies from rabbit-serum. The results of this Western blot are presented in the Figure 4-9.A for 

G1212/YRC102-HER-2-6H. It shows that cells grown for 48 h in YMM-nitrate-glucose show a highest 

intensity band corresponding to the receptor HER-2 than cells grown in YPD. Additionally, it can be 

seen that cells grown in YMM-ammonium-glucose show no band at all. In the case of 

G1212/YRC102-6H-hPR, the Western blot analysis presented in Figure 4-9.B shows a band 

corresponding to the progesterone receptor isoform B for all treatments with YPD producing the 

highest intensity band. 

Figure 4-8. Western blot analysis of H. polymorpha transformed with pFPMT121-hPR-6H (A) and pFPMT121-
6H-hPR (B). (A) and (B) were obtained by using the commercial anti-progesterone receptor antibody as 
detection antibody. k: negative control RB11/pFPMT121-6H-HER-2, 1-7: RB11/pFPMT121-hPR-6H 
transformants n°1 to 7, 8-14: RB11/pFPMT121-6H-hPR transformants n°1 to 7. The red arrow represents the 
position of the progesterone receptor isoform B. 
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4.4 Localization of HER-2 in A. adeninivorans via differential centrifugation 

Because HER-2 contains one transmembrane domain, this protein is generally localized in the 

plasma membrane of the human cell. Due to the differences between the composition of yeast and 

mammalian membranes, an experiment was designed in order to know where the recombinant 

HER-2 is localized in A. adeninivorans. The differential centrifugation was chosen for this purpose as 

it can selectively separate membrane fractions, organelles and cytoplasm. Unfortunately, no specific 

marker antibodies are available for A. adeninivorans and those targeted to other yeasts (like S. 

cervisiae for example) didn’t show any reactivity with A. adeninivorans proteins. That’s why only one 

antibody directed against HER-2 was used in this study. After removal of the cell wall by enzymatic 

lysis, the protoplasts underwent several centrifugation steps described in the Material and Methods 

section 3.7. The composition of each pellet is to find in Table 4-1 which was constructed by analogy 

with the S. cerevisiae results. 

Table 4-1. Overview on pelleted elements of yeast protoplasts for different centrifugal forces. Data are 

originated from S. cerevisiae experiments and adapted to A. adeninivorans. 

Centrifugation force Pelleted elements 

1,000 g unbroken cells, nuclei 

13,000 g peroxisome, mitochondrion 

30,000 g membrane vesicle, organelles 

100,000 g ER, Golgi apparatus 
 

The pellets and final supernatant of both G1212/YRC102-6H-HER-2 and G1212/YRC102 were loaded 

on SDS-PAA gels for Western blot analysis and Coomassie staining. Results of this experiment can be 

observed in the Figure 4-10. The Coomassie staining (A) shows similar protein pattern between the 

negative control and the G1212/YRC102-6H-HER-2 strain and the Western blot (B) shows the 

presence of a 185 kDa band corresponding to HER-2 in the pellet 1, 2 and 3. The presence of a band 

Figure 4-9. Western blot analysis G1212/YRC102-HER-2-6H (A) and G1212/YRC102-hPR-6H (B) cultivated on 
different media. (A) and (B) were obtained by using respectively the serum-based anti-HER-2 and anti-PR as 
detection antibodies. (1) cultivation in YPD, (2) cultivation in YMM-nitrate-glucose, (3) cultivation in YMM-
ammonium-glucose. The red arrow represents the position of the HER-2 protein (A) and the position of the 
progesterone receptor isoform B (B). 
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slightly under 170 kDa can be also detected in the pellet 2 as well as some bands of lower molecular 

masses which are presumably degradation products. No band at all can be seen in the pellet 4 and in 

the final supernatant of the G1212/YRC102-6H-HER-2 transformant as well as in all fractions of the 

control strain. These results indicate that HER-2 is mainly present in the membrane fraction of the A. 

adeninivorans cells. 

 

4.5 Solubilization of HER-2 

Because the HER-2 protein contains one transmembrane domain and is found in the membrane 

fraction of A. adeninivorans, the solubilization of this protein was examined in detail. For this, a 

broad range of commonly used detergents was tested. To ensure the solubilization effectiveness, 

the detergents were always added at a concentration above the critical micelle concentration (cmc) 

and generally the ratio of lysate:detergent solution was approximately 1:15. Assessment of 

detergent solubilization effectiveness was performed by Western blot as it has the capacity to 

report the protein size and the presence of any degradation products, which appear as additional 

bands at lower molecular masses. Western blotting of the solubilized proteins (Figure 4-11.A) shows 

a very faint band at the expected molecular mass of the HER-2 protein (approximately 185 kDa) for 

the control lysate (i.e. without detergent) and for the two samples treated with the non-ionic 

detergents Dmal and OG which indicates that both of these detergents are not effective for 

Figure 4-10. Coomassie staining (A) and Western blot analysis (B) of the differential centrifugation samples. 1: 
pellet after 1,000g centrifugation, 2: pellet after 13,000g centrifugation, 3: pellet after 30,000g, 4: pellet after 
100,000g centrifugation, 5: final supernatant. k refers to the results of the negative strain G1212/YRC102, h 
refers to the results of the strain G1212/YRC102-6H-HER-2. Western blot was performed with commercial 
anti-HER-2 antibody. The red arrow represents the position of the HER-2 protein in Coomassie staining and a 
red circle is showing the position of HER-2 in Western-Blot. 
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solubilization of the protein. A faint band can be observed for treatment with Hecameg, NP 40 and 

Digitonin indicating a partial solubilization of the membrane protein with these detergents. The 

most intensive bands were observed for the Triton X-100 treatment and for the two zwitterionic 

detergents LDAO and CHAPS. It is probable that the band occurring at 100 kDa in all lanes may be 

due to degradation of the receptor. This may mean that low intensity of this band in the LDAO 

treatment is a sign of a protective effect of this detergent. However the visible distortion of the 185 

kDa band will be problematic for future Western blot analysis. The opposite hypothesis could be 

inferred from observation of the results of the Triton X-100 treatment due to the appearance of an 

intense 100 kDa band. These findings are supported by Western blotting of resuspended pellets 

(Figure 4-11.B) where a very faint band for the treatment with LDAO is present, meaning that a large 

amount of the receptor is in the solubilized fraction and not in membrane fraction. This contrasts 

with the large band observed for the control. Although the result is quite clear for LDAO, the poor 

quality of the Western blotting due to the nature of the sample make further interpretation relative 

to band intensity impossible. Proteins from resuspended pellets generally migrate with difficulty 

during electrophoresis and Western blotting often shows smearing bands. From this experiment, 

the conclusion can be made that CHAPS shows the best compromise between effective 

solubilization and protection for degradation effects. 

 

Figure 4-11. Western blot analysis of the lysate (A) and the resuspended pellets (B) of the strain 
G1212/YRC102-6H-HER-2-after solubilization with 8 different detergents. 1: no detergent, 2: solution with 
octyl-glucoside, 3: solution with CHAPS, 4: solution with Nonidet P-40, 5: solution with Hecameg, 6: solution 
with D-maltoside, 7: solution with LDAO, 8: solution with Triton X-100, 9: solution with Digitonin. Western blot 
was performed with commercial anti-HER-2 antibody. The red arrow represents the position of the HER-2 
protein. 
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4.6 Batch cultivation 

To increase the yield of protein production and to have better control over the cultivation 

parameters, four transformed yeasts were cultivated in batch mode in a bioreactor. It consisted of 

the two A. adeninivorans strains G1212/YRC102-6H-HER-2 and G1212/YRC102-6H-hPR as well as the 

two H. polymorpha strains RB11/pFPMT121-6H-HER-2 and RB11/pFPMT121-6H-hPR. In all cases, 

culture pH was maintained at 6.0 with HCl solution and the cultivation temperature was 30 °C for A. 

adeninivorans and 37 °C for H. polymorpha strains. To avoid a limiting effect of oxygen on the yeast 

growth, the influent air and the stirrer speed were automatically controlled to maintain a 

concentration of dissolved oxygen in the medium of 40 % saturation. Because the high density of 

yeast at the end of the exponential growth phase required more oxygen than was available from the 

atmosphere, pure compressed oxygen was used during the final h of the experiment. 

4.6.1 Batch cultivation of A. adeninivorans G1212/YRC102-6H-HER-2 

To monitor the cultivation phases and determine the optimal period for HER-2 production, samples 

were taken at regular intervals and the glucose content of the medium as well as the dry cell weight 

per liter culture (which will be written as dcw) of yeasts were measured. Results of these 

measurements can be seen on Figure 4-12. After a lag phase of approximately 8 h characterized by 

low glucose consumption and a limited increase in dcw, the cells then enter typical exponential 

growth. After about 22 h, almost all glucose was consumed and the dcw then decreased slowly 

which is corresponding to the stationary phase and the beginning of the death phase. The specific 

growth rate was also calculated from the dcw measurements. For this, some values were plotted 

again in a semi-logarithmic scale and the parameters of the linear fit curve were determined. This 

representation can be observed in Figure 4-12.B. It gives a specific growth rate value of 0.0558 ± 

0.0013 h-1. 
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In order to find the optimal period of HER-2 production, the total protein concentration for all 

samples was measured by Bio-Rad protein assay and an equal quantity of proteins was loaded on a 

SDS-PAA gel to perform Coomassie staining and Western blot analysis. The results of these 

experiments can be seen in Figure 4-13. In a first diagram (Figure 4-13.A) both the dcw and the total 

protein concentration are plotted together. It shows that the total protein content increases in a 

similar pattern as the dcw even though some protein production peaks can be suspected to appear 

at t=9 h, t=12 h and t=16 h. Maximum in total protein production is also reached at t=24 h and start 

to decline after that. In the Coomassie staining (Figure 4-13.B) the same pattern cannot be observed 

as an equal quantity of protein (4 µg) was loaded on the SDS-PAA gel so all lane looks quite similar 

except for the lanes 1 to 5 where no bands can be detected. This is because not enough proteins 

were present in these samples in order to reach the 4 µg of total proteins. The two last lanes also 

seem to contain less proteins but it can be due to the fact that protein degradation may be 

important at the end of the cultivation. This will lead to many small molecular mass peptides which 

give a signal by protein concentration determination but are non-visible in the selected portion of 

the gel. The Western blot analysis (C) shows a start in the production of HER-2 at t=12 h and a 

continuous production until t= 20 h after what the signal tends to be decreasing. It is also to note 

the visible presence of degradation production starting at t=16 h which is increasing until the end of 

the experiment. 

Figure 4-12. Determination of the growth phases of A. adeninivorans G1212/YRC102-6H-HER-2. (A) Evolution 
of the dcw (black dots and straight black line) and the glucose concentration (white dots and dashed black 
line) with the time. The two vertical dotted lines mark the separation between lag phase (1), exponential 
phase (2) and stationary/death phase (3). (B) Evolution of the dry cell weight logarithm (black dots) with the 
time. Linear shaped fit curve (in black) was calculated by Sigmaplot, parameters of the fit are given on the 
diagram. 
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4.6.2 Batch cultivation of A. adeninivorans G1212/YRC102-6H-hPR 

The same experiment as in last section has been performed with A. adeninivorans transformed to 

produce the human progesterone receptor with His-tag at the N-terminus. Figure 4-14.A presents 

the dcw results during the whole experiment together with the glucose concentration of the 

medium at selected time points. It is interesting to note that, in comparison to the results obtained 

for the same yeast transformed to produce HER-2, the exponential phase starts earlier (after about 

5 h culture) and the stationary phase is reached between 15 and 20 h. Unfortunately, the fact that 

no sample was taken between t=14h and t=20h makes it difficult to known more precisely when the 

exponential phase really end. As a concentration of about 5 g/l glucose is still present in the medium 

Figure 4-13. Evolution of the total protein production and the HER-2 production during batch fermentation of 
A. adeninivorans G1212/YRC102-6H-HER-2. (A): Evolution of the dcw (black dots and line) and the total protein 
concentration (red diamonds and line) with the time. (B) and (C): Respectively Coomassie staining and 
Western blot analysis of culture samples after 6 (1), 7 (2), 8 (3), 9 (4), 10 (5), 11 (6), 12 (7), 13 (8), 14 (9), 15 
(10), 16 (11), 17 (12), 18 (13), 19 (14), 20 (15), 21 (16), 22 (17), 25 (18) and 30 h (19). The red arrow represents 
the position of the HER-2 protein. 
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at t=14 h, it is sure that the stationary phase will only begin after this time point. As for the 

precedent section, the specific growth rate was also calculated based on the logarithmic values of 

the dcw (visible in Figure 4-14.B) and gives a value of 0.1850 ± 0.0088 h-1.This value is higher than 

the value obtained with HER-2 and confirms that A. adeninivorans transformed to produce human 

progesterone receptor has a faster growth than the same yeast transformed to produce HER-2. 

 

The total protein concentration was calculated by Bio-Rad protein assay and plotted in a diagram in 

Figure 4-15.A together with the dcw. This diagram shows a similar behavior of both curves except at 

the very beginning of the experiment where the protein production starts to increase already after 2 

h whereas the dcw stays flat until 4 h. Another interesting result is the relatively low total protein 

concentration obtained for all samples if they are compared to the results obtained in the precedent 

section. No concentration above 200 mg/l can be seen when the progesterone receptor is produced 

whereas values over 500 mg/l were observed in the case of the HER-2 production. The Coomassie 

staining and Western blot analysis of some culture samples are presented respectively in Figure 

4-15.B and Figure 4-15.C and show also differences in comparison to the precedent section. The two 

first lanes of the Coomassie staining show very faint bands and it is due to the very low 

concentration on total proteins at the beginning of the experiment. Then, at t=3 h, 4 µg of total 

proteins could be loaded on all lanes. The Western blot show a strong production of the 

progesterone receptor at t=3 h, almost no production until t= 9 h and again a strong production of 

the recombinant protein until t= 12h. After that, the production is slowly decreasing until the end of 

the experiment. It is interesting to note that the production of receptor at t= 3 h show less 

degradation products than the lanes for later times and may correspond to the small increase in 

total protein production which has been seen in Figure 4-15.A. 

Figure 4-14. Determination of the growth phases of G1212/YRC102-6H-hPR. (A) Evolution of the dcw (black 
dots and straight black line) and the glucose concentration (white dots and dashed black line) with the time. 
The two vertical dotted lines mark the separation between lag phase (1), exponential phase (2) and 
stationary/death phase (3). (B) Evolution of the dry cell weight logarithm (black dots) with the time. Linear 
shaped fit curve (in black) was calculated by Sigmaplot, parameters of the fit are given on the diagram. 



Results 

70 
 

 

4.6.3 Batch cultivation for H. polymorpha RB11-pFPMT121-6H-HER-2 

Batch cultivation of H. polymorpha was also performed with the strain RB11/pFPMT121-6H-HER-2 in 

a final volume of 660 ml culture. Because the production of the recombinant protein is controlled by 

the FMD promoter, a different cultivation process than for A. adeninivorans was adopted. It 

involved the shift of culture medium from YPD to YMM-nitrate-glycerol after 24 h in order to 

derepress the FMD promoter and then, a second shift in YMM-nitrate-methanol after 48 h (time 

since begin of the experiment = 72 h). The yeasts were allowed to grow in this final medium for 90 h 

(total duration of the experiment = 162 h). In order to observe the culture comportment of 

RB11/pFPMT121-6H-HER-2, culture samples were taken at regular intervals and dcw was calculated. 

The results of the most representative time points are presented in the histogram in Figure 4-16. 

Green bars represent the dcw value for a sample taken when YPD was the culture medium and blue 

and red bars represents the values when respectively glycerol and methanol were present in the 

Figure 4-15. Evolution of the total protein production and the hPR production during batch fermentation of 
G1212/YRC102-6H-hPR. (A) Evolution of the dcw (black dots and line) and the total protein concentration (red 
diamonds and line) with the time. (B) and (C): Respectively Coomassie staining and Western blot analysis of 
culture samples after 1 (1), 2 (2), 3 (3), 4 (4), 5 (5), 6 (6), 7 (7), 8 (8), 9 (9), 10 (10), 11 (11), 12 (12), 13 (13), 14 
(14), 23 (15) and 26 h (16). The red arrow represents the position of the progesterone receptor isoform B. 
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medium. Cell density is increasing during the first 24 h of the culture but significant growth is not 

visible until 22 h and the dcw reaches 18 g/l. After the first medium shift, the growth is slowed and 

then increases again to reach its maximum (approximately 45 g/l) after 65 h. No significant increase 

can be then observed in the dcw until the end of the experiment, this meaning that the culture 

reached its maximum cell density before the shift in minimal medium with methanol and so before 

the introduction of the promoter inducer. Another interesting point is that the dry culture weight 

for this H. polymorpha has a maximum at approximately 50 g/l, which is lower than the A. 

adeninivorans strain which could reach 65 g/l. 

 

Additional small culture samples were taken during the cultivation and were also submitted to gel 

electrophorese. Both the total protein content and the presence of HER-2 were visualized by 

Coomassie staining (Figure 4-17.A) and Western blot analysis (Figure 4-17.B). Contrary to the 

procedure for A. adeninivorans cultivation study, no normalization of the total protein quantities 

was performed, thus meaning that the same volume of protein extract was loaded on the gels. Only 

one sample from the first part of the cultivation in YPD was included in the Western blot analysis as 

flask cultivation already showed that no recombinant protein was produced during this phase. The 

Coomassie staining shows a slow increase of protein bands intensity until approximately 24 h after 

the shift in YMM-nitrate-glycerol which is consistent with the dcw measurements. The Western blot 

analysis shows HER-2 production already one hour after the shift in YMM-nitrate-glycerol with a 

production peak between 2 h and 8 h. After that, the band intensity is slowly decreasing until the 

second shift in YMM-nitrate-methanol. Then, production of HER-2 seems to stay constant in the first 

hours in this new medium and after 18 h, another band under 185 kDa seems to be the most 

produced protein. It is also to note the presence of degradation bands after 6 h in the medium with 

Figure 4-16. Evolution of the dcw of H. polymorpha RB11/pFPMT121-6H-HER-2 during batch cultivation. Green 
bars: cultivation in YPD, blue bars: cultivation in YMM-nitrate-glycerol, red bars: cultivation in YMM-nitrate-
methanol. 
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glycerol, bands which are absent after the shift in the YMM-nitrate-methanol and bands which 

appear again strongly after 100 h. 

 

4.6.4 Batch cultivation of H. polymorpha RB11/pFPMT121-6H-hPR 

The same cultivation process was performed for the H. polymorpha strain producing the human 

progesterone receptor with His-tag at the N-terminus. The diagram in Figure 4-18 presents the 

values of the dcw for some representative time points of the cultivation and the colors of the bars 

represent the same conditions as for the precedent section. As for the results with HER-2 production 

in H. polymorpha, dcw reaches approximately 20 g/l in the first phase of the cultivation with YPD as 

medium but with the difference that this value is reached earlier in the present case. After the first 

shift (cultivation in YMM-nitrate-glycerol), a slow decrease in the dcw can be observed and the 

growth increases again to reach its maximum after 48 h. After the second shift of medium 

(cultivation in YMM-nitrate-methanol), no significant change can be seen and the dry weight per 

liter culture stays at values in the range of 30 g/l. This value for RB11/pFPMT121-6H-hPR is lower 

than the maximal dcw obtained with G1212/YRC102-6H-hPR and RB11/pFPMT121-6H-HER-2. 

Figure 4-17. Coomassie staining (A) and Western blot analysis (B) of culture samples from H. polymorpha 
RB11/pFPMT121-6H-HER-2 batch cultivation taken after 23 (1), 25 (2), 26 (3), 28 (4), 30 (5), 32 (6), 34 (7), 48 
(8), 50 (9), 52 (10), 54 (11), 58 (12), 71 (13), 73 (14), 74 (15), 75 (16), 99 (17), 101 (18), 103 (19) and 162 h (20). 
The red arrow represents the position of the HER-2 protein. The medium utilized for the culture is annotated 
under the figure. 
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As for the precedent section, the cell extract of some samples was loaded in SDS-PAA gels and 

submitted to Coomassie staining (Figure 4-19.A) as well as Western blot analysis (Figure 4-19.B). The 

total protein staining shows a slow increase in band intensity until 24 h in YMM-nitrate-glycerol 

after which no change regarding the bands intensities can be observed. The Western blot presents 

one band representing the isoform B of the human progesterone receptor after 3 h in YMM-nitrate-

glycerol and the intensity of this band increases then in the next hours. The apparition of several 

other stained bands at lower molecular mass is also increasing after 42 h and these bands stay 

intense after the shift in YMM-nitrate-methanol. 

Figure 4-18. Evolution of the dcw of RB11/pFPMT121-6H-hPR during batch cultivation. Green bars: 

cultivation in YPD, blue bars: cultivation in YMM-nitrate-glycerol, red bars: cultivation in YMM-

nitrate-methanol. 
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4.7 Purification of the recombinant receptors 

In the following sections, the purification of both the HER-2 and the progesterone receptor will be 

observed in detail. Although the cultivation in batch mode with temperature and oxygen flow 

control gives a higher yield of recombinant protein, it was decided to perform the culture of the 

different yeasts involved in shaking flasks with a culture volume of 200 ml. The main advantage was 

that flasks cultures allowed performing purifications in parallel, which was impossible for bioreactor 

cultivation as only one controlling station was available during this work. 

4.7.1 Purification of HER-2 from A. adeninivorans with His-tag affinity chromatography 

The main objective of this part is to find the best method in order to obtain a pure fraction of HER-2 

by using the His-tag in affinity chromatography purification. For this, the main strategy was to use 

different resin chemistries and metal ions to perform the chelation of the histidine amino acids. The 

nature of the chemical groups attached to the agarose beads have a strong effect on the binding 

capacity of the column so three different chemical groups with three different selectivity have been 

assayed: nitrilotriacetic acid (NTA), tris(carboxymethyl)ethylene diamine (TED) and iminodiacetic 

acid (IDA). It is possible that the position of the His-tag (N-terminal or C-terminal) will have an effect 

on the purification process but only the receptor with His-tag at the N-terminus was tested for this 

Figure 4-19. Coomassie staining (A) and Western blot analysis (B) of culture samples from H. polymorpha 
RB11/pFPMT121-6H-hPR batch cultivation taken after 1 (1), 23 (2), 25 (3), 27 (4), 42 (5), 48 (6), 66 (7), 72 (8), 
73 (9), 74 (10), 75 (11), 76 (12), 99 (13), 101 (14), 127 (15) and 162 h (16). The red arrow represents the 
position of the progesterone receptor isoform B. The medium utilized for the culture is annotated under the 
figure. 
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purification as this particular variant showed higher recombinant protein production in the 

screening step both for A. adeninivorans and H. polymorpha transformants. To assess the 

effectiveness of the purification, the Coomassie staining and the Western blot are important as they 

give precious insight relating to the purity of the elution fraction and the quantity of obtained 

protein. Additionally, the total protein concentration of the first elution fraction E1 determined by 

Bio-Rad Protein assay is also a good indication in order to compare the different treatments. All 

these elements are presented in Figure 4-20. The purification with TED as chelating group (Figure 

4-20.A) shows the lowest concentration of protein in elution fraction 1 and a restricted number of 

bands by Coomassie staining. A band appears in the Western blot, which also indicates that the 

receptor HER-2 was successfully purified and present in the few bands seen by Coomassie staining. 

Additionally, the intense band observed in flow-through and wash fractions show that a high 

proportion of the protein is not binding to the column. Part B shows the purification with IDA-

chemistry as chelating group on the resin. There, the highest concentration of the elution fraction 

was measured and it is confirmed by the Coomassie staining where several bands can be observed 

in this particular fraction. The Western blot shows the presence of a high intensity band 

corresponding to the HER-2 in the elution fraction. Purification with NTA (Figure 4-20.C) seems to be 

intermediary between the TED and the IDA chemistries. These results indicate that the His-tagged 

HER-2 can be purified by IMAC and that the choice of resin chemistry will allow to tend either to 

more purity or to more yield. Calculation of yield of receptor pro liter culture is made difficult by the 

presence of other bands in the elution fraction Coomassie staining. The percentage of HER-2 in this 

fraction oscillates between 0.1 % for the IDA results and 5 % for the TED column, thus giving a yield 

of purified receptor between 1 µg HER-2 pro liter culture (IDA) and 60 µg pro liter culture (TED). 

 

Figure 4-20. Coomassie staining (top) and Western blot analysis (bottom) of the purification process with TED 
resin (A), IDA resin (B) and NTA resin (C) of A. adeninivorans G1212/YRC102-6H-HER-2. 1: raw extract, 2: flow-
through, 3: wash fraction 1, 4: wash fraction 2, 5: elution fraction 1, 6: elution fraction 2, 7: elution fraction 3. 
The red arrow represents the position of the HER-2 protein. Concentration of elution fractions: A5=80 µg/ml, 
B5=425 µg/ml, C5=126 µg/ml. 
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4.7.2 Purification of HER-2 from H. polymorpha with His-tag affinity chromatography 

The same experiments were performed with the HER-2 protein with His-tag at the N-terminus 

produced in H. polymorpha. The results are presented in the same form as for the precedent section 

in the Figure 4-21. In this case also, the purification was successful with the three resin chemistries 

tested but the intensities of the bands in the elution fractions are clearly lower than for the protein 

produced in A. adeninivorans. The Coomassie staining is also showing weak bands in the elution 

fractions and low total protein concentrations. As no clear band is visible in the Coomassie staining 

corresponding to the HER-2 protein, it is impossible to determine the percentage of receptor in the 

elution fraction and therefore the yield of purified protein pro liter culture. 

 

4.7.3 Purification of the progesterone receptor from A. adeninivorans with His-tag affinity 
chromatography 

The purification of the progesterone receptor by His-tag affinity chromatography was also studied 

but with the difference that both configurations (His-tag at the N- or C-terminus) were tested. The 

reason for this is that receptor-ligand experiments will be performed with the progesterone 

receptor and its ligand binding domain is localized at the C-terminus. That means that the presence 

of the His-tag at this particular end could have a great impact on its functionality. So the receptor 

showing the highest purification effectiveness can also be nonfunctional, that’s why both of them 

should be involved in purification experiments. For simplification, only the purification performed 

with resin carrying TED groups are shown in the Figure 4-22 and Figure 4-23. Purification with IDA 

and NTA chemistries were also performed but didn’t improve the effectiveness of the purification 

(data not shown). Figure 4-22 presents the results of affinity purification with the Coomassie 

staining (top) and the Western blot analysis (bottom) of the fractions from A. adeninivorans 

Figure 4-21. Coomassie staining (top) and Western blot analysis (bottom) of the purification process with TED 
resin (A), IDA resin (B) and NTA resin (C) of H polymorpha RB11/pFPMT121-6H-HER-2. 1: raw extract, 2: flow-
through, 3: wash fraction 1, 4: wash fraction 2, 5: elution fraction 1, 6: elution fraction 2, 7: elution fraction 3. 
The red arrow represents the position of HER-2. Concentration of elution fractions: A5=22 µg/ml, B5=91 
µg/ml, C5=45 µg/ml. 
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G1212/YRC102-hPR-6H (A) and G1212/YRC102-6H-hPR (B). In both Western blots, a band at 120 kDa 

corresponding to the isoform B of the human progesterone receptor can be detected in the elution 

fraction 1, showing that the purification was successful. The Coomassie staining shows also that the 

purity of the elution fraction is clearly non-optimal as several other proteins co-elute with the 

progesterone receptor. This is strengthened by the fact that a strong band can be seen in the 

Western blot in the flow-through fractions, meaning a competition for binding to the resin between 

the tagged protein and other proteins. The other intense bands appearing at lower molecular 

masses for the purification of the progesterone receptor with His-tag at the N-terminus may also 

indicates a decreased stability and therefore a degradation of this particular protein during the 

chromatography. By considering that the progesterone receptor isoform B represents 1 % of the 

total protein content in the elution fraction, the yield of purified protein can be calculated to be in 

20.85 µg pro liter culture the case of G1212/YRC102-hPR-6H and 26.4 µg pro liter culture in the case 

of G1212/YRC102-6H-hPR. 

 

4.7.4 Purification of the progesterone receptor from H. polymorpha with His-tag affinity 
chromatography 

His-tag purification results of the H. polymorpha transformants are presented in the Figure 4-23.A 

(RB11/pFPMT121-hPR-6H) and the Figure 4-23.B (RB11/pFPMT121-6H-hPR). Both first elution 

fractions show a band in the Western blot corresponding to the progesterone receptor isoform B 

but this band is not clearly to see in the Coomassie staining. For the receptor with C-terminal His-

tag, it is to note that the raw extract shows a low total protein content which is in agreement with 

the results obtained in the screening section. The band in elution fraction is more intense than the 

Figure 4-22. Coomassie staining (top) and Western blot analysis (bottom) of the purification process with TED 
resin of the strains A. adeninivorans G1212/YRC102-hPR-6H (A) and G1212/YRC102-6H-hPR (B). 1: raw extract, 
2: flow-through, 3: flow-through 2, 4: wash fraction 1, 5: wash fraction 2, 6: elution fraction 1, 7: elution 
fraction 2, 8: elution fraction 3. The red arrow represents the position of the progesterone receptor isoform B. 
Concentration of elution fractions: A6=139 µg/ml, B6=176 µg/ml. 
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band in the raw extract, thus indicating a strong enrichment effect. For the N-terminal His-tag 

receptor, other proteins are co-eluted in the first elution fraction, making the observation in the 

Coomassie staining difficult. As for the section 4.7.2, the fact that no clear band can be attributed to 

the progesterone receptor in the Coomassie staining of the elution fraction makes impossible to 

determine the percentage of receptor and so to calculate a yield of purified receptor pro liter 

culture in the case of RB11/pFPMT121-hPR-6H. In the case of RB11/pFPMT121-6H-hPR, considering 

that 1% of the total proteins is the progesterone receptor, the yield can be calculated to be 12.75 µg 

pro liter culture. 

 

4.7.5 Purification of HER-2 with anion exchange chromatography 

Another option for protein purification is the use of anion exchange chromatography. Like for His-

tag affinity chromatography purification, several possibilities based on specific chemistries of the 

column material are available. For this work, the weak anion exchanger diethylaminoethyl cellulose 

(DEAE) was selected as it is known to be successful for a broad range of proteins. The elution was 

performed with a gradient of increasing NaCl concentration as the Cl- anions will compete with the 

negatively charged amino acids of the receptor for the binding to the positively charged 

diethylaminoethanol groups. This chromatography is generally used as a first step of a multistep 

purification and lead generally to an acceptable but not optimal separation of the proteins. For this 

experiment, only the A. adeninivorans strain producing the HER-2 protein with His-tag at the N-

terminus was used as it shown the best production of recombinant protein during the screening 

Figure 4-23. Coomassie staining (top) and Western blot analysis (bottom) of the purification process with TED 
resin of the strains H. polymorpha RB11/pFPMT121-hPR-6H (A) and RB11/pFPMT121-6H-hPR (B). 1: raw 
extract, 2: flow-through, 3: wash fraction 1, 4: wash fraction 2, 5: elution fraction 1, 6: elution fraction 2, 7: 
elution fraction 3. The red arrow represents the position of the progesterone receptor isoform B. 
Concentration of elution fractions: A5=27 µg/ml, B5=85 µg/ml. 
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step. To check in which elution fractions HER-2 was present, a great number of them were loaded 

on a SDS-PAA gel for Western blot analysis. The membrane from this experiment can be seen in 

Figure 4-24. A band at 185 kDa can be seen in the lane corresponding to the raw extract but only 

degradation bands can be observed in the elution fractions 1 to 22. As no clear band corresponding 

to HER-2 could be detected, no further purification of these elution fractions was performed. 

 

4.7.6 Purification of hPR with anion exchange chromatography 

As for the HER-2, anion exchange chromatography using diethylaminoethyl (DEAE) resin was 

performed with the recombinant human progesterone receptor. Due to the good results obtained 

with the His-tag purification, it was decided to perform this anion exchange chromatography only 

with the receptor expressed in H. polymorpha with His-tag at the N-terminus. After the 

chromatography procedure, different elution fractions were loaded on a SDS-PAA gel for Western 

blot analysis and the results can be seen in Figure 4-25. If a band corresponding to the isoform B of 

the progesterone receptor can be detected for the raw extract before loading the sample on the 

column, no other band can be seen in the elution fractions. 

 

Figure 4-24. Western blot analysis of the purification process of A. adeninivorans G1212/YRC102-6H-HER-2 by 
DEAE anion exchange chromatography.RE: raw extract, 1-22: elution fractions, k: positive control. The red 
arrow represents the position of the HER-2 protein. 

Figure 4-25. Western blot analysis of the purification process of RB11/pFPMT121-6H-hPR by DEAE anion 
exchange chromatography. RE: raw extract, 1-25: elution fractions. The red arrow represents the position of 
the progesterone receptor isoform B. 
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4.7.7 Purification of HER-2 with CHT™ ceramic hydroxyapatite column 

MACRO-PREP™ ceramic hydroxyapatite based purification was also performed with the N-His-

tagged HER-2 expressed in H. polymorpha. The chromatography material consists of a particular 

form of calcium phosphate (Ca5(PO4)3OH)2 called hydroxyapatite which possess Ca2+ sites (called C-

sites) and PO4
- sites (called P-sites) in a repetitive construction. These two sites will bind proteins as 

the C-sites can be involved in metal affinity interactions with the carboxyl groups of amino acids and 

P-sites can be involved in ionic interactions with amine groups of amino acids. Elution of the bound 

proteins was performed by applying an increasing gradient of phosphate concentration, as the 

phosphate will act as a competitor for the binding to the C-sites of the column and will also bind to 

the amine sites of the proteins, thus destroying the ionic interaction between the column and the 

proteins. The results of this chromatography can be observed in the Figure 4-26 where some elution 

fractions were loaded on SDS-PAA gel and analyzed by Western blot. If a band corresponding to 

HER-2 can be observed in the raw extract before applying it to the column, no elution fraction is 

showing any band at 185 kDa. Only for some elution fraction, degradation product signals can be 

observed but also with a low intensity. These results indicate that hydroxyapatite seems not to be a 

suitable purification procedure for the recombinant HER-2 protein. 

 

4.7.8 Two steps purification of hPR with CHT™ ceramic hydroxyapatite and His-tag affinity 
chromatography 

MACRO-PREP™ ceramic hydroxyapatite based purification was also performed with the N-His-

tagged progesterone receptor produced in H. polymorpha as a first step of a two-step purification. 

The results of this chromatography can be observed in the Figure 4-27 where some elution fractions 

were loaded on SDS-PAA gel and then Coomassie staining (A) and Western blot analysis (B) were 

performed. The total protein staining indicates a good separation even though the presence of some 

high intensity bands in a lot of fractions is the sign of a relatively poor selectivity and specificity. The 

Western blot staining shows bands corresponding to the progesterone receptor (120 kDa) in the 

elution fractions 17 to 19. Unfortunately, these bands are faint in comparison to the band present in 

the raw extract and it is due to the dilution of the elution fractions. Rapidly after the drying of the 

membrane, the intensity of these faint bands decreased and that is the reason why they are hard to 

distinguish in this scan. 

Figure 4-26. Western blot analysis of the purification of H. polymorpha RB11/pFPMT121-6H-HER-2 by MACRO-
PREP™ ceramic hydroxyapatite chromatography. RE: raw extract, 1-27: elution fractions. The red arrow 
represents the position of the HER-2 protein. 
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The second step of the purification process is the His-tag based affinity purification. For this the 

elution 17 to 19 from the first purification were pooled together, concentrated to a final volume of 

1.5 ml and then loaded on a TED column. The results of this second purification can be seen in the 

Figure 4-28 as Coomassie staining (A) and Western blot analysis (B). A band corresponding to the 

progesterone receptor can be detected both in the Coomassie staining and in the Western blot and 

the elution fraction doesn’t show high intensity extra band. By the two-step purification, a higher 

purity could be achieved (approximately 60 %) with give a final yield of protein 10.94 µg for a 

starting culture of 200 ml, this mean approximately 50 µg per liter culture. 

Figure 4-27. Coomassie staining (A) and Western blot (B) analysis of the purification process of H. polymorpha 
RB11/pFPMT121-6H-hPR by MACRO-PREP™ ceramic hydroxyapatite chromatography. RE: raw extract, 1-20: 
elution fractions. The red arrow represents the position of the progesterone receptor isoform B. 
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4.8 Progesterone receptor-ligand interactions 

4.8.1 Receptor-ligand interaction theory 

An interaction between two molecules can follow different theoretical models and these models 

allow the determination of interesting binding parameters. In this study the model considered will 

always be the commonly used Langmuir model in a 1:1 configuration, meaning that one ligand 

molecule interacts with one analyte molecule following second order kinetics. As this work doesn’t 

plan to redemonstrate the equations already proposed to describe this model and available in 

numerous publications [223, 224], the utilized equations, conventions and approximations will be 

only mentioned in this Results part and discussions about the pertinence and validity of the model 

will be treated in the Discussion part. It can already be stated that for the following calculations, the 

effect of mass transport or the possibility of one analyte molecule to bind several times will be 

neglected. In the considered model, the interaction between a receptor R and a ligand L forming the 

complex RL can be described by the relation: 

𝑅 + 𝐿 ⇄ 𝑅𝐿 

Figure 4-28. Coomassie staining (A) and Western blot analysis (B) of the purification process with TED resin of 
the strains H. polymorpha RB11/pFPMT121-6H-hPR. 1: raw extract, 2: flow-through, 3: wash fraction 1, 4: 
wash fraction 2, 5: elution fraction 1, 6: elution fraction 2, 7: elution fraction 3. The red arrow represents the 
position of the progesterone receptor isoform B. Concentration of elution fraction: 5=76 µg/ml. 

ka 

kd 
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The association constant of this reaction is called ka and the dissociation constant is called kd. By 

taking as convention that square brackets are used to indicate molar concentrations, the equilibrium 

dissociation constant called KD can be defined as: 

𝐾𝐷 =
[𝑅][𝐿]

[𝑅𝐿]
=

𝑘𝑑

𝑘𝑎
 

In both binding assay presented in this work, the experiments will give access to either a SPR signal 

or an absorbance signal which are only appearing when RL is formed and which are proportionally 

correlated with the concentration [RL]. For the following equation [RL] can then be replaced by S, 

the signal obtained and the Equation 1 can be obtained: 

 𝐾𝐷 =
[𝑅][𝐿]

𝑆
=

𝑘𝑑

𝑘𝑎
 

Additionally, the conservation law imposes that if [L]t is the concentration of ligand at the time t and 

[L]tot the total concentration of ligand, then the Equation 2 can be obtained: 

[𝐿]𝑡 = [𝐿]𝑡𝑜𝑡 − [𝑅𝐿]𝑡 = [𝐿]𝑡𝑜𝑡 − 𝑆𝑡 

A receptor-ligand binding interaction can be described by three distinct phases: the association, the 

equilibrium and the dissociation phase. The SPR technique shows the evolution of resonance angle 

(i.e. St) during the whole time of the experiment. This will allow the calculation of parameters ka and 

kd and the observation of the association binding curve. During the association phase, the 

derivation of Equation 1 with the utilization of Equation 2 will give Equation 3 with the assumptions 

that the concentration of receptor [R] stays constant during the experiment and that if all available 

ligand is forming the complex RL then [L]tot is equivalent to Smax, the maximum signal. 

𝑆𝑡 =
𝑆𝑚𝑎𝑥 ∗ [𝐿]

𝐾𝐷 + [𝐿]
∗ [1 − 𝑒−(𝑘𝑎∗[𝐿]+𝑘𝑑)𝑡] 

During the dissociation phase, the derivation of the same Equation 1 with the assumptions that the 

concentration of ligand [L] tends to 0 gives the following equation: 

𝑆𝑡 = 𝑆0 ∗ 𝑒−𝑘𝑑𝑡 

where S0 represents the signal at the beginning of the dissociation. 

At the equilibrium, the association rate is equal to the dissociation rate and the Equation 3 becomes 

Equation 5 as the exponential factor tends to 0: 

𝑆𝑒𝑞 =
𝑆𝑚𝑎𝑥 ∗ [𝐿]

𝐾𝐷 + [𝐿]
 

The linearization of Equation 5 gives Equation 6: 

 

Equation 1 

Equation 2 

Equation 3 

Equation 4 

Equation 5 
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𝑆𝑒𝑞

[𝐿]
=

𝑆𝑚𝑎𝑥

𝐾𝐷
−

𝑆𝑒𝑞

𝐾𝐷
 

which allows the drawing of the Scatchard plot, an interesting way to observe if a reaction follows 

the normal binding interaction model. 

4.8.2 Competitive assay theory 

By analogy with the calculations made in enzymology, the ligand-receptor interactions also consider 

the presence of inhibitors called in this case competitors. A competitor will also bind to the same 

receptor following the reaction: 

[𝐼] + [𝑅] ⇄ [𝐼𝑅] 

with the affinity constant: 

𝐾𝑖 =
[𝐼][𝑅]

[𝐼𝑅]
 

So by considering that KD≠Ki, by taking all signals at the equilibrium and by introducing IC50, the 

concentration of I giving 𝑆𝑡 =
𝑆𝑚𝑎𝑥

2
, the Equation 7 can be obtained: 

𝑆𝑖 =
𝐼𝐶50

1 +
[𝐼]
𝐾𝐷

 

4.8.3 Enzyme Linked Receptor Assay (ELRA) for progesterone 

To test whether or not the purified progesterone receptor is able to bind progesterone, an ELRA 

approach was selected. For this, the ligand progesterone-BSA is immobilized on micro titter plates 

functionalized with the high binding affinity Maxisorp surface. This ligand consists in one BSA 

protein conjugated with 5 to 10 molecules progesterone and 2 to 5 molecules fluorescein 

isothiocyanate (FITC). Then, remaining free positions of the well are blocked with BSA at high 

concentration and a solution containing the progesterone receptor is then allowed to bind for one 

hour. After that, an antibody directed against the progesterone receptor and produced in rabbit is 

incubated, followed by a second antibody directed against rabbit IgG carrying a horseradish 

peroxidase. This enzyme can then oxidize the 3,3’,5,5’-tetramethylbenzidine (uncolored) in an 

intense blue colored compound which can be detected at 450 nm after amplification of the signal by 

addition of concentrate acid. The principle of this assay is summarized in Figure 4-29. 

Equation 6 

Equation 7 
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In a first experiment, the selectivity and specificity of the assay were tested. For this, a control 

protein with no affinity to progesterone (here HER-2) was used and several control conditions were 

included. The progesterone receptor used in this experiment was the purified receptor from H. 

polymorpha with His-Tag at the N-terminus. The different immobilization procedures are described 

in the Table 4-2 and the resulting signal can be observed in Figure 4-30. 

Table 4-2. Overview of all the tested ELRA combinations. 

Experiment 

name 

1st. step 2nd step 3rd step 4th step 5th step 

A  progesterone 

receptor  

(10 µg/ml) 

BSA anti-progesterone 

receptor 

anti-rabbit with 

peroxidase 

B  BSA progesterone 

receptor  

(10 µg/ml) 

anti-progesterone 

receptor 

anti-rabbit with 

peroxidase 

C  ligand BSA anti-progesterone 

receptor 

anti-rabbit with 

peroxidase 

D ligand BSA HER-2  

 (10 µg/ml) 

anti-HER-2  

 

anti-rabbit with 

peroxidase 

E ligand BSA progesterone 

receptor  

(10 µg/ml) 

anti-progesterone 

receptor 

anti-rabbit with 

peroxidase 

F   BSA anti-progesterone 

receptor 

anti-rabbit with 

peroxidase 

 

Figure 4-29. Description of the ELRA for progesterone binding. HRP: horseradish peroxidase. 
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The procedure A serves as positive control to know if the anti-progesterone receptor antibody is 

able to work in micro-titter plate format. The high absorbance signal obtained in comparison with 

the signal of the negative controls confirms that this is the case. The procedures B and F were 

performed in order to see if the blocking with BSA toward respectively protein and antibodies is 

effective. The values at approximately 0.08 for both cases indicate that neither the protein nor the 

antibodies can bind to the well once the blocking step was performed. The procedure E is the 

strategy used in order to perform an ELRA and show a higher signal than the negative control 

without reaching the values of the positive control (procedure A). The procedure C was tested in 

order to see if the antibodies can bind directly to the ligand. The low signal obtained demonstrates 

that this is not the case Finally, the procedure D was conducted in order to test the specificity of the 

ligand-protein reaction. In this case, the signal comparable to the negative controls indicates that 

another protein than the progesterone receptor cannot bind to the ligand. All together, these 

results suggest that ELRA may be suitable for determination of progesterone receptor binding 

capacities. As the purified progesterone receptor with N-terminal His-tag produced in H. 

polymorpha showed successful results, it was used for all the following ELRA experiments. 

 

4.8.4 ELRA: response to different progesterone receptor concentrations 

In order to find the range of progesterone receptor concentrations susceptible to give an 

absorbance signal, a plate was prepared where a unique concentration of ligand (progesterone-BSA) 

was immobilized (0.1 mg/ml). After the blocking step with 5 % BSA, three different protein 

concentrations were allowed to bind to the ligand as well as one blank solution containing only PBS. 

The results of this experiment are presented in Figure 4-31 and show a raise in absorbance signal 

Figure 4-30. Absorbance at 450 nm for the experiments described in table 4-2. The letters A, B, C, D, E and F 
correspond to the experiment names described in Table 4-2. All experiments were performed in triplicate and 
error bars represent the standard deviation. 
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with increasing concentrations of progesterone receptor. The protein concentrations refer to the 

concentrations of elution fraction containing the progesterone receptor and not to the receptor only 

as the purity of the elution fraction was batch-dependent. According to these results, a protein 

concentration of about 10 µg/ml is sufficient to produce a significant absorbance signal. 

 

4.8.5 ELRA: receptor-ligand saturation assay 

Different concentrations of ligand were immobilized on micro-titer plates and the same 

concentration of elution fraction containing the progesterone receptor (20 µg/ml) was applied to 

each of them in order to obtain the KD of the binding reaction. The equations already presented in 

section 4.8.1 and in particular Equation 3 can be applied in the case of ELRA as the absorbance value 

represents the equilibrium signal. The same experiment was performed with different 

concentrations of BSA instead of progesterone-BSA to confirm that the progesterone receptor is 

binding to the progesterone part of the ligand and not to the BSA itself. The absorbance values for 

each concentration can be observed in Figure 4-32.A. They show an increase in the absorbance 

signal only when the concentration of immobilized ligand increases but not in the case of increasing 

concentrations of BSA. In the Figure 4-32.B, the same values are plotted in a logarithmic scale 

together with a fit curve following a hyperbolic shape with two parameters corresponding to 

Equation 3. The values of Smax and KD with their respective standard deviations as well as the value of 

r² are presented under the diagram. Additionally, the Scatchard plot corresponding to Equation 6 

was also drawn in Figure 4-32.C. 

Figure 4-31. Absorbance at 450 nm for different concentrations of purified progesterone receptor when 0.1 
mg/ml progesterone-BSA is immobilized. All experiments were performed in triplicate and error bars 
represent the standard deviation. 
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It is to note that the Scatchard plot shows a linear fit with a satisfying correlation factor thus 

indicating a good acceptance between the chosen model and the obtained data. The hyperbolic fit 

curve gives a value for the KD of 0.4587 ± 0.0655 mg/l which can then be calculated to be 6.28 nM 

with a molecular mass of the ligand of 73014.28 g/mol. 

4.8.6 ELRA: competition assay with free progesterone-BSA 

The final aim of an ELRA based test for progesterone detection will be to introduce a sample 

containing compounds with progesterone activity with the progesterone receptor to observe a 

decrease in the absorbance signal. This was tested in this experiment way by introducing 

progesterone-BSA as free ligand together with the progesterone receptor. There will then be a 

competition for the binding to the progesterone receptor between immobilized ligand and free 

ligand. As the goal of this experiment is only to prove that this competition is possible, only a few 

concentrations of ligand were tested and no competition parameters were determined. The results 

of this experiment are presented in Figure 4-33. 

Figure 4-32. (A) Absorbance at 450 nm for different concentrations of immobilized progesterone-BSA (grey 
bars) and BSA (black bars). (B) Scatchard plot of the interaction (blue dots) with a linear shaped fit curve (blue 
line) following a y=1.5059-2.869 x and with r²=0.9866. (C): Evolution of the absorbance at 450 nm with the 

concentration of ligand in semi-logarithmic scale (black dots) with fit curve following a 𝑦 =
𝑎𝑥

𝑏+𝑥
 shape. Value of 

parameters a and b with their respective standard error a and b as well as the r² value are in the diagram. 
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4.8.7 SPR experiments with progesterone receptor: general aspects 

As the results concerning receptor/ligand interaction with SPR will always be presented as 

sensograms or chip profiles and as this vocabulary can be obscure, two special sections in the 

Material and Methods part called: “Vocabulary conventions for SPR experiments” (section 3.10.7) 

and “General description of SPR results: graphical display” (section 3.10.8) should be read before 

starting the reading of the following results. 

One powerful advantage of the SPR detection method is the theoretical possibility to have access to 

the kinetic constants to all biomolecular interactions. Among them the association constant (ka), the 

dissociation constant (kd) and the equilibrium constant (KD) can be determined directly on a SPR 

sensogram with the help of a mathematical algorithm. Unfortunately these algorithms are always 

specific for a special SPR device and relatively complex as more than one binding model must be at 

disposition to reflect the diversity of all binding interactions. During the time of this work, attempts 

have been made by an external partner to insert these mathematical tools to the SPR system 

developed by the Fraunhofer Institute but without success. Because of that, the following work will 

not give an estimation of the kinetic parameters for every binding experiment as it would have been 

too much time-consuming but only for some representative examples. 

 

 

 

Figure 4-33. Evolution of the percentage of binding of the elution fraction containing the progesterone 
receptor (40 µg/ml) with increasing concentration of free progesterone-BSA (black dots). Fit curve based on 
four-parameter logistic function is represented only for informative display as the number of points (4) is 
insufficient for non-linear regression. 
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4.8.8 SPR experiments with progesterone receptor: immobilization of progesterone receptor to 
the SPR chip 

The receptor was bound to the gold surface with the help of a dialkyl disulfide linker in six different 

channels of the 17-channels flow cell described in the Material and Methods. This linker possesses a 

symmetric chemical structure with sulfur-sulfur bond in the center, two alkyl chains and three 

carboxyl groups at both ends. It can form a self-assembled monolayer (SAM) on the bare gold 

because the sulfur bond can break and make a covalent bond with a gold atom, thus presenting the 

carboxyl groups for subsequent binding. By the addition of nickel sulfate solution, a nickel ion (Ni2+) 

can make a chelate complex with the coordinate bonds of the three carboxyl groups. As nickel ions 

can be involved in a six bonds chelate complex, this interaction let three free places for the His-

tagged progesterone receptor to bind to the linker. In the following experiment, the purified 

receptor from H. polymorpha RB11/pFPMT121-6H-hPR was chosen. To ensure the specificity of this 

interaction, the same procedure was performed with another protein possessing a His-tag but which 

have no known affinity to progesterone and with one protein without His-tag. For this, the purified 

HER-2 produced in A. adeninivorans G1212/YRC102-6H-HER-2 and the commercially available BSA 

protein were respectively chosen. The concentrations of the elution fraction containing the 

progesterone receptor, the HER-2 and the BSA were all similar and equal to 600 µg/ml. The results 

of this experiment consisting in the chip profiles and the sensograms at the mentioned position are 

presented in the Figure 4-34. As already explained in the Material and Methods section, the 

sensograms are obtained by subtracting the values of a position outside the functionalized areas to 

the values at the desired position, thus removing the unspecific bindings. The SPR profiles from both 

receptors show a high signal between 100 and 120 for the progesterone receptor and between 70 

and 80 for the control receptor only in the six used channels. This indicates that the linker is 

functional and that both proteins can attach to it with their His-tag. For the BSA no significant signal 

can be detected in any of the chip position. The sensograms confirm these results as a rise in SPR 

value following a typical exponential rise to the maximum shape can be observed once the both His-

tagged proteins are injected. The equilibrium is reached after 20 minutes and the injection of buffer 

did not lead to dissociation of the protein, thus showing a very strong association. 
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4.8.9 Binding of progesterone-BSA to the immobilized progesterone receptor 

As mentioned in the introduction, the SPR technique allows the detection of binding through 

refractive index change in the medium thus meaning that the analyte should be heavy enough to 

have a significant impact on this index. That’s the reason why the analyte used for this experiment 

was the progesterone-BSA conjugate and not the progesterone alone. The Figure 4-35 shows the 

results of the binding experiment from the progesterone-BSA to the progesterone receptor and 

HER-2 immobilized to the chip in the precedent section. These immobilizations were observed in the 

Figure 4-34. In case of the HER-2, no change in the resonance angle could be detected for any 

position of the chip and especially at the position where the protein was immobilized, meaning that 

no ligand was binding to the receptor. This finding is strengthened by the sensogram showing no 

Figure 4-34. Chip profile (left) and sensogram for one functionalized position (right) after injection of purified 
progesterone receptor (A), purified HER-2 (B) and BSA (C). The dotted red line on the surface profile indicates 
the position where the sensogram was recorded. 
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significant increase in the SPR signal when the anlayte is injected. For the progesterone receptor, six 

peaks can be detected in the chip profile at exactly the same positions as where the receptor was 

immobilized. The signal values oscillate between 20 and 25 pixels and the sensogram of the position 

23 show a binding curve following exponential rise to the maximum. As for the receptor, no 

dissociation can be detected when the buffer was injected. The kinetic constants of the receptor-

ligand interaction were not calculated from this experiment because it was impossible to know 

precisely the concentration of bound receptor on the surface of the chip and because the 17-

channel flow cell causes too high variations in the signal value between the different channels. 

 

4.8.10 Influence of the His-tag position for the binding of progesterone-BSA 

The progesterone receptor has been successfully produced in H. polymorpha with a His-tag either at 

the N or at the C-terminus. Because this particular modification could have an impact on the binding 

capacity of the protein, an experiment was conducted to verify it. After blocking, an elution fraction 

containing the N-tagged progesterone receptor and an elution containing the C-tagged at the same 

concentration (40 µg/ml) were used as analyte for two different chips. After this first binding step, 

the progesterone-BSA at a concentration of 0.1 mg/ml was allowed to flow over both chips and the 

Figure 4-35. Chip profile (left) and sensogram for one functionalized position (right) after injection of 0.1 
mg/ml progesterone-BSA to the immobilized HER-2 (A) and to the immobilized progesterone receptor (B). The 
dotted red line on the surface profile indicates the position where the sensogram was recorded. 
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sensogram was recorded. The results are presented in the Figure 4-36. The dark blue line represents 

the sensogram obtained after binding of the receptor to the linker. As it has been expected, the 

signal reaches in both cases approximately the same value of 25. It is to note that the experiment 

time was longer for the N-tagged receptor (40 min) as for the C-tagged receptor (15 min). It is 

because two different flow rates ( respectively 5 µl/s and 3µl/s) were used for these two 

experiments but this has no impact on the signal value, only on the shape of the curve. From these 

sensograms and as both receptors have the same molecular masses, it can be stated that an equal 

quantity of receptors was immobilized to the linker. The light blue line on both graphs represents 

the sensograms obtained after the binding of the ligand progesterone-BSA. It is to note that a rise in 

the signal value after injection of the analyte can be seen only in the case where the progesterone 

receptor with His-tag at the N-terminus was immobilized. In the case of the receptor with C-terminal 

His-tag, no change in the signal value could be observed. These results indicate that the His-tag 

position has a great impact on the binding capacity of the progesterone receptor when the receptor 

is immobilized to the chip. Binding assays should be performed with the receptor with the His-tag at 

the N-terminus. 

 

4.8.11 Binding of progesterone receptor to the immobilized ligand 

In order to have access to the kinetic parameters of this interaction, a strategy where the ligand is 

immobilized was preferred as the concentration of progesterone-BSA can be precisely determined 

whereas the concentration of progesterone receptor is highly dependent of the purity of the elution 

fraction. For this, a simple hydrophobic absorption of ligand to the gold surface was performed and 

the binding of progesterone receptor to this ligand was recorded. The sensograms obtained for two 

different ligand concentrations (0.1 mg/ml and 1 mg/ml) and the elution fraction containing the 

progesterone receptor at a concentration of 38 µg/ml can be seen in the Figure 4-37.A. The green 

line represents the binding of the receptor to the surface immobilized with 1 mg/ml ligand, the blue 

Figure 4-36. Impact of His-tag position on the binding capacities of the receptor. Sensograms of receptor 
binding (dark blue) and progesterone-BSA binding (light blue) in the case where the N-tagged progesterone (A) 
or the C-tagged progesterone receptor (B) is immobilized. 
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line with 0.1 mg/ml and the red line represent the binding to the control surface (1 µg/ml BSA). The 

highest binding occurs when the highest concentration of ligand is immobilized and the signal 

reaches approximately 30. In the case of 0.1 mg/ml ligand, the sensogram still shows a binding curve 

and reaches 19 whereas the control surface shows a weak binding and the signal doesn’t exceed 5, 

meaning that the unspecific binding remains low. In the Figure 4-37.B, the final signal value for at 

least 15 positions of each surface was plotted in a histogram and the standard deviation was 

calculated, showing a clear statistical difference between the three surfaces. 

 

In order to ensure the specificity of this interaction, another protein was tested with a chip 

identically immobilized as for the precedent experiment. In the Figure 4-38, the sensogram 

corresponding to the binding of an alcohol dehydrogenase produced in yeast (in red) can be 

observed together with the sensogram of the progesterone receptor (in blue) for comparison. The 

concentration of both elution fractions were identical (70 µg/ml) but it is to note that the alcohol 

dehydrogenase possesses a higher purity degree. To simplify the figure, the sensograms of the 

control surface were subtracted from the sensogram of the functionalized surfaces. A clear binding 

signal can be observed when the analyte is the progesterone receptor whereas the signal barely 

reaches 5 when the analyte is the alcohol dehydrogenase. This means that the binding of 

progesterone receptor to progesterone-BSA is specific. 

Figure 4-37. (A) Sensograms of receptor binding to 1 mg/ml immobilized progesterone-BSA (green). 0.1mg/ml 
immobilized progesterone-BSA (blue) and control surface without progesterone-BSA immobilization (red). (B) 
Histogram showing the equilibrium signal values for 15 positions of the three surfaces. Error bars represent 
the standard deviation for at least 10 positions of the chip. 
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4.8.12 Determination of progesterone receptor/ligand binding parameters  

 kd and ka 

As already mentioned, all the parameter determinations were made without the help of any 

integrated software. For this, at least three different experiments with three different protein 

batches were used to ensure reproducibility of the measurements. It is to note that even though the 

association phase can generally be observed in all sensograms, the dissociation phase remains most 

of the time flat and doesn’t follow an exponential decay. That’s why no constant determination can 

be made from the dissociation phase. In the Figure 4-39 are presented three sensograms from three 

association phases of progesterone receptor to immobilized progesterone-BSA. The concentration 

of immobilized ligand was always 1 mg/ml for the three experiments and the nature of the analyte 

was always slightly different as the elution fractions came from different purification experiments. 

On the sensograms is also always presented as a red line a fit curve following an exponential rise to 

the maximum with two parameters. As it was explained in the section 4.8.1, the signal is following 

during the association phase the Equation 3 which can be simplified in 𝑆(𝑡) = 𝑎 ∗ [1 −  𝑒−𝑏𝑡] where 

a = 
𝑆𝑚𝑎𝑥∗[𝐿]

𝐾𝐷+[𝐿]
 and b = 𝑘𝑎 ∗ [𝐿] + 𝑘𝑑. So by plotting a nonlinear regression of the signal following this 

particular shape, the two parameters a and b can be obtained. For each fit, the value of r², a, b and 

the standard error for both of them are indicated on their respective curves. 

Figure 4-38. Sensogram showing the binding of progesterone receptor (blue) and alcohol dehydrogenase (red) 
to the immobilized progesterone-BSA (0.1 mg/ml). 
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For the three experiments with progesterone receptor from different purifications, it is to see that 

the r² are superior to 0.95 but inferior to 0.99 which is not a sign of very good correlation but is still 

acceptable. The values of parameter a are different for the three curves because a depends on Rmax 

which is highly dependent on the progesterone receptor concentration. On the other hand, the 

values of b are similar for the three experiments and the average is 0.333. As the molecular mass of 

the ligand is 73014.28 g/mol, the concentration of immobilized ligand can then be calculated to be 

1.370 x 10-5 M (1 mg/ml) and as the unit of ka and kd are using seconds, the following relation can 

be obtained: ka * (1.370 x 10-5) + kd = 0.0055. 

 KD 

For the determination of the KD, another set of experiments was designed. Eight different 

concentrations of ligand were immobilized on four different SPR chips and the same concentration 

of the same elution fraction of progesterone receptor was allowed to bind. Each chip consisted of 

two surfaces with two different concentrations of ligand and a control surface for subtraction of 

non-specific binding to the chip. The experiment was performed until the equilibrium was reached 

and the signals were recorded during the whole experiment time. The sensograms for these eight 

concentrations are compiled in the Figure 4-40. 

Figure 4-39. Sensograms of the association phase for three different progesterone receptor purification 
batches (A, B and C). In red is plotted the fit curve calculated by Sigmaplot software. Parameters and r² are 
near their respective curves. 
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They show a clear increase in the binding signal after injection of the analyte and higher signal when 

a higher concentration of receptor is used. Additionally, it is to note that the signal values for low 

concentrations of immobilized ligand are negative thus indicating that another effect is occurring. 

The signals at the equilibrium for each concentration were isolated and plotted in Figure 4-41.A. 

Because the presence of negative values for low concentrations will disturb future analyses, a 

constant was added to all values. According to the Equation 5, the signal values should follow a 

relation described by the function 𝑆𝑒𝑞 =
𝑎∗[𝐿]

𝑏+[𝐿]
 where a = Smax and b = KD called single rectangular 

hyperbola. A non-linear regression of these data following this shape can be observed in the 

diagram from Figure 4-41.A as a red dashed line and the parameters of this fit are visible in the 

middle column of the. Even though the fit curve is converging, the correlation factor r² under 0.95 

and the visual observation that the fit curve doesn’t follow the data points are signs that the 

equation 5 cannot be used in this case. Additionally, the shape of the Scatchard plot presented in 

Figure 4-41.B shows an upward concave curve instead of an expected straight line. All together, 

these results indicate that the binding of receptor to the ligand is not following the equation 5 and 

that other parameters should be included. The particular shape of the Scatchard plot may be the 

sign of a strong non-specific binding occurring between the ligand and other proteins or molecules 

present in the elution fraction. It was indeed already mentioned, that binding experiment were 

performed with partially purified progesterone receptor. Generally, non-specific binding can be 

integrated in the ligand binding model by replacing the Equation 5 by Equation 8 with non-specific 

binding parameters KD’ and Smax’: 

𝑆𝑒𝑞 =
𝑆𝑚𝑎𝑥 ∗ [𝐿]

𝐾𝐷 + [𝐿]
+

𝑆𝑚𝑎𝑥
′ ∗ [𝐿]

𝐾𝐷
′ + [𝐿]

 

Figure 4-40. Compiled sensograms for the binding of progesterone receptor on different concentrations of 
immobilized progesterone-BSA (indicated in the right box in µg/ml). 

Equation 8 
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A non-linear regression following a shape 𝑆𝑒𝑞 =
𝑎∗[𝐿]

𝑏+[𝐿]
+

𝑐∗[𝐿]

𝑑+[𝐿]
 was then performed with the same data from 

Figure 4-41.A and the resulting fit curve is presented on the diagram as a black straight line. The correlation 

factor and the parameters with their respective standard deviation are present in the right side of the Table 

4-3. With a value of 0.9845, r² is more satisfying with this non-linear regression and the visualization of the 

curve on the diagram show that almost all points are reached by the fit curve. Additionally, the parameters 

indicate the presence of two different KD: one low (b) probably describing the high affinity interaction 

between the receptor and its ligand and one high KD (d) probably describing the low affinity non-specific 

binding. If b represents the receptor-ligand KD, that means that KD=4.9026 ± 2.1143 µg/ml= 67.14 nM. It was 

already calculated that ka * (1.370 x 10
-5

) + kd = 0.0055 and KD = kd/ka, so by dividing this last relation by ka, it 

gives: ka = 0.399 x 10
3
 M

-1
s

-1
. Finally it gives kd = 3.37 x.10

-4
 s

-1
. 

 

 

Table 4-3 Value of r² and of the fit parameters with their respective standard errors for the two curves drawn 

in Figure 4-41.B 

Parameter Single rectangular hyperbola Double rectangular hyperbola 

r² 0.9440 0.9845 

a 19.7785 5.3976 

a 0.9019 0.6732 

b 136.8943 4.9026 

b 21.2668 2.1143 

c  26.2392 

c  4.6077 

d  988.1917 

d  386.9965 

 

Figure 4-41. (A) SPR signals at the equilibrium for different concentrations of progesterone-BSA (black dots) 
with single rectangular hyperbola fit (dashed red line) and double rectangular hyperbola fit (straight black 
line). (B) Scatchard plot of the receptor-ligand interaction (blue dots). 
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4.9 Enzyme Linked ImmunoSorbent Assay (ELISA) with HER-2 protein 

4.9.1 ELISA: primary antibody screen 

There are several antibodies available commercially which are raised against the HER-2 protein. 

Unfortunately, some of them are non-suitable for ELISA test because the capacity of antibodies to 

recognize the target protein in micro-titter plate format is highly susceptible and unpredictable. In 

the screening and purification sections, two antibodies were intensively used: a polyclonal antibody 

present in serum of immunized rabbit and a commercial polyclonal antibody (anti-c-erbB-2 

oncoprotein). A first experiment was conducted in order to determine if both are suitable for ELISA 

and if it is the case, which of them show the most interesting reactivity. They were both raised in 

rabbit so the secondary antibody carrying the horseradish peroxidase will be the same for both 

primary antibodies and its dilution was set to 1:2000 for this experiment. Different quantities of 

purified HER-2, HER-2 antigen and negative control were immobilized in micro-titter plate 

functionalized with the Maxisorp surface and three different dilutions of each first antibody were 

applied. The HER-2 antigen already mentioned in section 4.1 is the polypeptide used to obtain the 

serum-based antibody and consist of a small region of HER-2. The negative control consists of an 

elution fraction of the A. adeninivorans G1212/YRC102 strain after His-tag purification. The results 

of this screen can be seen in Figure 4-42. Each histogram presents the results for one antibody 

dilution with the serum-based antibody on the top and the commercial polyclonal antibody in the 

bottom of the figure. The red, orange and green columns represent the absorbance signals for 

respectively the antigen, the negative control and the purified HER-2. 
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In the case of polyclonal serum-based antibody, the highest signals come with the lowest dilution of 

antibody and where the antigen was immobilized. This was predictable as the antibodies were 

obtained after rabbit immunization with this particular peptide. But for all protein concentrations or 

antibody dilutions, no significant difference can be observed between the signal of the negative 

control and the purified HER-2. This means that this antibody is not specific enough to be used in an 

ELISA format. In the case of the commercial antibody, it is to note that for a protein concentration of 

5µg/ml, purified HER-2 shows for all antibody dilutions the highest signal. Maximum signal stays 

relatively low in comparison to serum antibody and doesn’t increase with increasing antibody 

concentration after the 1:1000 dilution whereas the signal of the negative control and of the antigen 

are at the lowest for the 1:2000 and 1:1000 dilutions. With this experiment, it was concluded that 

only the commercial antibody is suitable as primary antibody for ELISA test. 

4.9.2 ELISA: Secondary antibody optimization 

For the first step of ELISA optimization, different dilutions of the second antibody carrying the 

horseradish peroxidase and directed against rabbit IgG were assayed. Different concentrations of 

HER-2 and negative control were immobilized in micro-titter plate and primary monoclonal antibody 

at a 1:1000 dilution was used. As for the precedent experiment, the negative control corresponds to 

an elution fraction of the A. adeninivorans G1212/YRC102 strain after His-tag purification. The 

results are displayed in Figure 4-43 with blue, green and red curves corresponding respectively to 

Figure 4-42. Absorbance at 450 nm for different concentrations of HER-2 antigen (red), negative control 
(orange) and HER-2 (green) with polyclonal antibody from rabbit serum (top) and commercial polyclonal 
antibody anti-c-erbB-2 oncoprotein (bottom) at different dilutions (indicated on the respective diagram) as 
primary antibody. 
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the 1:1000, 1:2000 and 1:5000 secondary antibody dilutions. All straight lines represent the signal 

for the purified receptor and dashed lines represent the signals for the negative control. 

 

This diagram shows an increase in signal for each concentration when the antibody dilution is 

decreasing. The effect is more significant for the purified receptor as the signals corresponding to 

the negative control only increase when the dilution passes from 1:2000 to 1:1000. According to 

these results, it was decided to adopt a secondary antibody dilution of 1:1000 in the future 

experiments as it shows the highest signal for the purified HER-2. This dilution also causes an 

important signal for the negative control but the difference between specific and non-specific signal 

is larger (almost 0.3 units of absorbance) than for the other dilutions. 

4.9.3 ELISA: Optimization of the blocking solution 

The nature or the concentration of the blocking solution can have a great impact on the ELISA 

sensitivity. A good blocking solution should not reduce the specific signal and prevent non-specific 

binding of the antibody directly to the wells. Historically, the two mainly used blocking agents are 

non-fat dry milk and BSA and were therefore selected for this optimization step. For this experiment 

several protein concentrations of the negative control (elution fraction of G1212/YRC102) and the 

purified HER-2 were immobilized and different blocking solution were applied in a second step. 

Finally, the same primary and secondary antibody concentrations were added to the well in order to 

ensure the same treatment for all different blockings. The results are presented in Figure 4-44 

where each diagram presents the absorbance signal for different protein concentrations for one 

particular blocking solution. The red column represents the wells where the negative control was 

immobilized and the orange represents the purified HER-2. 

Figure 4-43. Absorbance at 450 nm for different concentrations of HER-2 (straight lines) and negative control 
(dashed lines) after usage of secondary antibody at 1:1000 (blue), 1:2000 (green) and 1:5000 (red) dilutions. 
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Concerning the results when milk was used as blocking agent, it is surprising to see that high 

concentration show higher specific and non-specific binding for all concentrations of immobilized 

proteins. This can be explained firstly by the fact that the antibodies itself can interact with the 

blocking agent and therefore increase the signal when no proteins are immobilized. A second 

explanation could be that the milk has a stabilizing effect at high concentration of immobilized 

proteins. The immobilized proteins possess indeed a complex structure made of helixes and sheets 

which can interact via weak interactions with other parts of the protein or the surface of the well, 

thus hiding some epitopes from the antibody. By occupying all left places of the well when its 

concentration is very high, the blocking agent can destroy these weak interactions between the 

immobilized protein and the well and this can lead to higher binding possibility for the antibody. 

Taking in account these two effects, the 1 % milk concentration seems to be the best suited for this 

ELISA as it increase the signal value for HER-2 of about 0.1 units and increase the non-specific 

binding (when no protein is immobilized or when the negative control is immobilized) of about 0.05 

units in comparison to the two other solutions. In the case of BSA as blocking agent, the same 

observations as for the milk use can be made. When 5 % BSA is used, higher signals can be 

measured as when lower concentrations of BSA are used. Also at high concentrations of HER-2 or 

negative control the signal are at the highest when 5 % BSA is used and this can also be explained by 

the an increased stability of protein. As for the milk, these results indicates that a higher 

concentration of blocking agent leads to a higher non-specific binding at low concentrations of 

proteins but also to a higher specific binding at high protein concentrations. Even if the first effect is 

non-desirable, it has a weaker impact on the final result than the second as the signal amplitude 

(between no protein immobilized and the highest concentration of immobilized protein) is the 

highest when 5% BSA is utilized. 

Figure 4-44. Absorbance at 450 nm for different concentration of negative control (red) and HER-2 (orange) 
after blocking with milk (top) or BSA (bottom). Blocking solution concentrations are indicated on their 
respective diagram. 
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In order to decide which of the two blocking agents, milk or BSA, should be used, the precedent 

results where plotted together in a single graphic in Figure 4-45. The blue triangles represent the 

experiment where BSA was used and the red dots where milk was used. Straight and dashed lines 

represent respectively the purified HER-2 and the negative control signals. The purified receptor 

shows a higher signal for all concentrations tested when BSA was used whereas the negative control 

signal is very similar for both treatments. When no protein is immobilized (protein concentration= 0 

µg/ml), the signals are also all very similar. These results indicate that 5% BSA seems to be the most 

appropriate tested blocking solutions for this particular assay. 

 

4.9.4 Influence of CHAPS in ELISA test 

Because HER-2 is a membrane protein, a solubilization strategy involving the utilization of CHAPS as 

detergent was performed in the section 4.5. ELISA is known to be susceptible to a large number of 

interfering chemicals particularly in the case of direct ELISA where the protein is directly coated on 

the micro-titter plate well. For this reason the effect of CHAPS on ELISA performance should be 

tested. For this, two different batches of HER-2 producing A. adeninivorans G1212/YRC102-6H-HER-

2 were cultivated and the recombinant protein was purified via His-tag either with or without CHAPS 

in the buffer. After imidazole removal via gel filtration, the elution fractions were recovered in PBS 

with or without CHAPS. The same procedure was performed with two batches of negative A. 

adeninivorans G1212/YRC102 strains in order to obtain consistent negative controls. These two 

fractions were coated on micro-titter plates and ELISA test was performed. The results of this 

experiment can be observed in Figure 4-46 where Western blot analysis of the four purification 

procedures can be seen. The positive control consists of a purified HER-2 obtained in a precedent 

purification without CHAPS and serves as reference band. They show a band at 185 kDa only in the 

Figure 4-45. Absorbance at 450 nm for different concentrations of negative control (dashed lines) and HER-2 
(straight lines) after blocking with 1 % milk (red) or 5% BSA (blue). 



Results 

104 
 

case when A. adeninivorans G1212/YRC102-6H-HER-2 was cultivated. It is difficult to assess by 

Western blot which of the purification led to a higher yield of HER-2 but as the positive control was 

the same for four Western blots, it can be supposed that the elution fraction with CHAPS contains 

more receptor as its band is stronger than the band of the positive control whereas it’s the inverse 

situation when no CHAPS was included in the buffers. 

 

The results obtained after the ELISA test and presented in Figure 4-47 show an increasing signal with 

increasing protein concentration only when the receptor purified without detergent was coated in 

the wells of the micro-titter plate. The presence of 1% CHAPS in the buffer seems to prevent any 

binding of the receptor thus leading to a signal similar to the negative control. 

Figure 4-46. Western blot analysis of the purification process for A. adeninivorans G1212/YRC102 (A and C) 
and G1212/YRC102-6H-HER-2 (B and D) with no detergent (A and B) and with CHAPS (C and D). 1: raw extract, 
2: flow-through, 3: wash fraction 1, 4: wash fraction 2, 5: elution fraction 1, 6: elution fraction 2, 7: positive 
control. The red arrow represents the position of HER-2. 
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4.10 HER-2 detection by Surface Plasmon Resonance (SPR) 

4.10.1 Binding of antibody-rich rabbit serum to immobilized HER-2 

To test whether the rabbit serum containing polyclonal antibody directed against HER-2 could be 

used in a SPR-biosensor, it was first decided to immobilize the receptor and use the antibody as 

analyte. For this, the chip was functionalized with dithiobis-NTA in four different channels and nickel 

sulfate solution was used for chelating the carboxyl groups. After that, an elution fraction containing 

the affinity purified HER-2 from G1212/YRC102-6H-HER-2 was allowed to bind on the chip and the 

SPR signal was recorded. The chip profile of this protein immobilization can be seen in Figure 4-48. 

The four channels are identifiable with SPR signals reaching 40 whereas the background signal stays 

approximately by 15. It is to note that one channel only reach 27, but the fact that the three other 

present very similar values indicates that this particular low signal is probably due to a problem for 

this channel only. 

Figure 4-47. Absorbance at 450 nm for different concentrations of elution fraction of the negative control A. 
adeninivorans G1212/YRC102 (white dots) and purified HER-2 from A. adeninivorans G1212/YRC102-6H-HER-2 
(black dots) after purification without CHAPS (A) and with CHAPS (B). 



Results 

106 
 

 

After immobilization of HER-2 to the gold chip, three increasing antibody concentrations were 

applied sequentially. The sensograms resulting from this experiment can be observed in Figure 

4-49.B and shows an increase of the signal only after the injection of the 1:100 dilution of polyclonal 

antibody. This result is confirmed by the SPR profile presented in Figure 4-49.A where all three 

dilutions are plotted on the same chip profile. For the 1:10000 dilution, the signal stays near to 0 for 

all positions of the chip. After the 1:1000 dilution, the background signal reaches 5 and no significant 

increase of SPR signal in the protein immobilized channels can be seen even though a small signal 

can be supposed at the positions 102 and 82. In the case of the 1: 100 dilution, a background signal 

of approximately 17 can be observed and a raise of signal reaching 30 occurs in the four positions 

where HER-2 is present. As it was noted that the channel at position 42 showed a smaller protein 

immobilization signal as the other three, the same observation can be made for this experiment 

because the first peak only reach a signal value of 25. These results and observations indicate that 

HER-2 can be detected with the rabbit serum containing anti-HER-2 antibodies. 

Figure 4-48. Chip profile after immobilization of HER-2 on four functionalized channels of the chip. The chip 
was first immobilized with dithiobis-NTA at positions 43, 62, 81 and 103. 
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4.10.2 Binding of commercial polyclonal antibody to the immobilized HER-2 

The same type of experiment was conducted with the commercial polyclonal antibody as analyte. 

Purified HER-2 from G1212/YRC102-6H-HER-2 was immobilized via His-tag chelation in six different 

channels of a chip and the chip profile of this immobilization can be observed in Figure 4-50. A signal 

at approximately 80 Pixels for the six positions can be observed. 

 

After that, two different concentrations (1 µg/ml and 3 µg/ml) of antibody were allowed to flow 

over the chip and the sensograms and chip profile were recorded. These diagrams are presented 

respectively in Figure 4-51.A and B. The sensogram of the position 92 shows a decrease of the SPR 

signal once the analyte is injected for both concentrations. This can be confirmed by the chip profile 

where negative signals can be observed at the positions were protein was immobilized. It is also to 

note that increasing the concentration of antibody makes the signal even more negative and that 

the nonfunctionnalized surfaces present a normal weak positive signal. This negative signal can be 

explained by the removal of the protein from the chip either due to other molecules in the antibody 

Figure 4-49. (A) Chip profile after the injection of anti-HER-2 antibody at 1:10000 (black dots), 1:1000 (dark 
grey dots) and 1: 100 (grey dots) dilution. The dashed red line corresponds to the position of the chip where 
the sensogram (B) was recorded. Blue arrows on the sensogram mark the injection time of the three analytes. 

Figure 4-50. Chip profile after immobilization of HER-2 on four functionalized channels of the chip. 
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solution or because of the position of the antibody epitope. Even though this antibody recognizes an 

amino acid sequence within the C-terminal intracellular part of HER-2, the protein secondary or 

tertiary structure could present this sequence next to the N-terminal sequence and then the binding 

of antibody can interfere with the chelation of the His-tag. Put all together, these results indicate 

that the commercial polyclonal antibody is not suited for this experiment as it removes the protein 

from the chip. 

 

4.10.3 Binding of HER-2 to immobilized antibody 

As the main strategy for HER-2 detection is the immobilization of antibody, three of them were 

tested in this experiment. For this, a chip was separated in two equal parts: one part was 

immobilized with the desired antibody and the other part with a control antibody to obtain a 

reference surface. The immobilization was performed by hydrophobic interaction on the gold 

surface and the three antibodies were: the serum from immunized rabbit, a commercial polyclonal 

antibody and a commercial monoclonal antibody. To ensure a real control, the reference surfaces 

were consisting in an antibody-containing rabbit serum, a commercial polyclonal antibody and a 

commercial monoclonal antibody at the same concentrations and directed against different proteins 

than HER-2. The results of this experiment are presented in Figure 4-52. Here, the three sensograms 

are showing the evolution of the SPR signal for the three immobilized antibodies after subtraction of 

the control surface. The monoclonal anti-HER-2 antibody is the only suited for immobilization on 

gold chip as only this treatment can cause a rise in the SPR signal once the HER-2 is injected. 

Figure 4-51. (A) Chip profile after the injection of anti-HER-2 antibody at 1 µg/ml (black dots) and 3µg/ml 
(white dots). The dashed red line corresponds to the position of the chip where the sensogram (B) was 
recorded. Blue arrows on the sensogram mark the injection time of the two analytes. 
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4.10.4 Specificity of the interaction 

To see if the interaction HER-2/antibody is specific, another experiment was performed. The 

commercial monoclonal antibody was immobilized on a chip by hydrophobic interaction at two 

different dilutions (1:100 and 1:10) together with a control surface consisting of blocked bare gold. 

The analyte consisted in a His-tag purification elution fraction of a A. adeninivorans G1212/YRC102 

negative strain at a concentration of 5.5 µg/ml. After that, a second analyte, a His-tag purification 

elution fraction from G1212/YRC102-6H-HER-2 at a concentration of 5.5 µg/ml, was allowed to flow 

over the same chip. The sensograms of this experiment are presented in the Figure 4-53.A and B for 

the first and the second analyte. The sensograms after first analyte injection show no visible signal 

increase for both dilutions thus indicating a successful blocking of the chip. After the second analyte 

injection, a clear rise in the SPR signal can be observed for both immobilized antibodies with the less 

diluted giving the highest signal. The binding curve for both surfaces is following an exponential rise 

to the maximum shape typical for a 1:1 interaction. These results are confirmed by the Figure 4-53.C 

showing the signal value for the three surfaces after injection of both analytes (control analyte in 

purple and HER-2 in blue). Standard deviation calculations show significant differences between the 

signal for the control surface and both immobilized surfaces only in the case where the HER-2 

containing analyte was used. 

Figure 4-52. Sensograms after the injection of purified HER-2 on immobilized anti-HER-2 rich rabbit serum 
(black dots), commercial polyclonal antibody (dark grey dots) and monoclonal antibody (grey dots) after 
subtraction of the control surface. 
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4.10.5 Different strategies for antibody immobilization 

Immobilization of antibody on gold surface can be performed via four main strategies by using 

linking agents or not. The hydrophobic interaction via sulfur-gold bond was already tested in the 

previous experiments and will act as reference in order to state if a new strategy is better or not. 

The three linking agents utilized for this experiments are protein G, protein A and 

dithiobis(sulfosuccinimidylpropionate) (DTSSP). Three chips were then separated in three parts by 

the help of hydrophobic barrier and the three surfaces were always prepared following the same 

scheme showed in Figure 4-54. 

Figure 4-53. Sensograms of the binding of G1212/YRC102 elution fraction (A) and G1212/YRC102-6H-HER-2 
elution fraction (B) to immobilized monoclonal anti-HER-2 antibody at 1:100 (black dots) and 1:10 (grey dots) 
dilutions.(C): SPR signal values for the different surfaces after injection of the negative control (red) and the 
purified HER-2 (blue). Errors bars represent the standard deviation for 15 positions of the chip. 
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As all linker are different, different protocols were utilized for linker immobilization. Protein A and 

protein G were immobilized via hydrophobic interaction at a concentration of respectively 1 mg/ml 

and 0.1 mg/ml. DTSSP is the soluble form of the Lomant’s reagent also called dithiobis(succinimidyl 

propionate) (DSP) which can make a gold-sulfur bond with the surface of the chip and possesses a 

functional group able to react with proteins primary amines to form amide bond. This cross linker 

was used at a concentration of 5 nM. For all linkers, the incubation was performed for 1 hour and 

was followed by a 3 h blocking step with concentrated BSA solution. The SPR signal values for at 

least 20 positions of each surface are presented in Figure 4-55. It is interesting to note that the 

signal obtained with linker immobilized surface was never superior to the one obtained with 

antibody alone. This indicates that none of the linker could improve the detection of HER-2. The 

particularly low values obtained in the case of protein G even when the antibody alone was 

immobilized can be explained by the fact that a another batch of affinity purified HER-2 was utilized 

for this experiment. 

 

Figure 4-54. Partition of a SPR chip for immobilization strategies experiment 

Figure 4-55. SPR signal after binding of negative control (red) and purified HER-2 (dark blue) on immobilized 
antibody with protein G strategy (A), protein A strategy (B) and DTSSP (C). 
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4.11 Protein extraction from paraffin-embedded breast tissue samples 

4.11.1 Removal of paraffin and first extraction test 

Even though protocols exist in order to handle paraffin-embedded tissues, most of the time they are 

followed by DNA extraction as it is one of the most utilized methods by pathologists. Adaptation for 

protein extraction was reported but stays very case dependent. In the case of the HER-2 protein, the 

particular length and the presence of a transmembrane domain are additional challenges. In order 

to extract this protein, several approaches were then tested but not all of them will be showed here 

as many of them failed. Two different protocols were used for the removal of paraffin from the 

tissue sample. One uses n-octane and methanol and the other protocol uses xylenes as major 

solvent. Both protocols are described in detail in the Material and Methods (section 3.11.2 and 

3.11.3). Tissue samples were from two different breast tumors, one described as negative (0) and 

the other as positive (3+) for HER-2 overexpression by immunohistochemistry. All four samples were 

then submitted to the antigen retrieval (AR) technique by boiling the material at 100 °C for 20 

minutes in a Tris-HCl based buffer at pH=7. After that, the samples were loaded on two SDS-PAA gels 

for either Coomassie staining or Western blot analysis. The results of breast cancer tissue sample 

protein extraction are visible in Figure 4-56 together with yeast cell extracts producing the 

recombinant HER-2 (G1212/YRC102-6H-HER-2) and producing no recombinant protein 

(G1212/YRC102) as positive and negative controls. 

 

The Coomassie staining is showing smearing bands for the four samples and more bands for the 

controls from yeast extract. The two breast samples described as negative for HER-2 overexpression 

show higher band intensity than the two other, meaning that more proteins have been extracted 

from the tissue in this case. This result is confirmed by protein concentration determinations 

indicated in the label of the figure and which show higher protein concentrations for the extractions 

performed with the negative breast samples. In the Western blot, a band corresponding to the HER-

2 protein can be observed for the positive control and this band is absent in the negative control. 

Additionally, bands at the same molecular mass can only be observed in both samples 

corresponding to the positive tissue. The whole lane shows also a background signal and additional 

Figure 4-56. Coomassie staining (A) and Western blot analysis (B) of the protein extraction from breast cancer 
tissue sample after paraffin removal with n-octane (1 and 3) or xylene (2 and 4). 1 and 2: samples classified as 
3+ by immunohistochemistry, 3 and 4: samples classified as 0 by immunohistochemistry.5: positive control, 6: 
negative control. The red arrow represents the position of the HER-2 protein. Total protein concentrations of 
the sample: 1=1,052 µg/ml, 2=820 µg/ml, 3=1,496 µg/ml, and 4=1,187µg/ml. 
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bands at lower molecular mass which are strong indicators for protein degradation. In comparison, 

both lanes corresponding to the negative sample show very faint reaction with the HER-2 specific 

antibody and no band can be observed. By looking more in detail, it can be seen that for both 

samples paraffin removal with octane led to higher protein concentrations and a stronger band 

intensity corresponding to the HER-2 in the Western blot. These results show that it is possible to 

detect the presence of the HER-2 after extraction from paraffin embedded tissue and that paraffin 

removal with n-octane shows the best results. 

4.11.2 HER-2 overexpression determination for different samples 

In order to see if Western blot can be used for distinguish between different HER-2 overexpression 

patterns, four tumor tissues were submitted to the same extraction protocol presented previously 

(with n-octane as paraffin removing solvent) and loaded on a SDS-PAA gel for Western blot analysis. 

As the most critical point in HER-2 overexpression determination is to differentiate between the 

cases 1+, 2+ and 3+, it was decided to process the samples 7, 10, 11 and 17 which have been 

determined respectively as positive, 1+, negative and positive by immunohistochemistry. 

Additionally, the same samples were submitted to two different anti-HER-2 antibodies for Western 

blot in order to compare their efficiency. The results and the Western blot analyses can be seen in 

Figure 4-57. 

 

The Western blot using polyclonal anti-HER-2 antibody from rabbit serum is showing low intensity 

band corresponding to HER-2 in the positive control as well as one band in the negative control and 

background signal in almost all tissue samples. This indicates that this particular antibody is not 

particularly suited for this experiment. In the Western blot using commercial anti-HER-2 antibody as 

detection antibody, a band is present in the positive control and in the tissue sample n°17. For the 

three other samples, it is impossible to detect any visible difference between them as they all show 

very faint bands at 185 kDa. These results confirm that strong HER-2 overexpression in breast tissue 

can be detected by Western blot with the developed protocol but the technique is not sensitive 

enough to detect critical cases involving lower levels of receptors. 

Figure 4-57. Western analysis of the breast cancer tissue sample protein extraction with anti-HER-2 rich rabbit 
serum (A) and commercial anti-HER-2 antibody (B) as detection antibody. The red arrow represents the 
position of the HER-2.1: positive control (G1212-YRC102-6H-HER-2), 2: negative control (G1212/YRC102), 3: 
sample n°11, 4: sample n°10, 5: sample n°7 and 6: sample n°17. 
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4.12 Direct comparison between ELISA and SPR for HER-2 detection 

It was demonstrated in the precedent sections that both ELISA and SPR are suitable for the 

detection of recombinant HER-2 produced in yeast. Because the purity of elution fraction cannot be 

assessed with certitude and because each purification leads to high variability in elution fraction 

composition, it was decided to conduct an experiment in which a sufficient amount of HER-2 was 

produced and purified and then submitted to both detection methods. The recombinant protein 

was produced in A. adeninivorans (G1212/YRC102-6H-HER-2) and the purification via His-tag was 

performed without adding CHAPS. As negative control, an elution fraction of the negative A. 

adeninivorans strain (G1212/YRC102) was handled with exactly the same procedure. 

 Response curve via ELISA 

The obtained elution fractions were coated on micro-titter plate wells and ELISA was performed 

according to the optimized protocol described in the precedent sections. The signals are presented 

in Figure 4-58 with black and white dots representing respectively the purified HER-2 and the 

negative control. The first observation that can be made from these results is that the signals are in 

general relatively low in comparison to the signals obtained during ELISA optimization even though 

this experiment was performed with the optimized protocol. There is no clear explanation for this 

beside the fact that the purification was probably less efficient this time and led to a lower yield of 

HER-2 in comparison to the receptor obtained during ELISA optimization. Even though these signals 

are low, the very low standard deviation obtained for each concentration ensures enough sensitivity 

in order to exploit the results. It can be seen than the signal is rising only in the case where the HER-

2 is immobilized and follow a sigmoidal shape materialized by the fit curve. The maximum signal is 

reached at a concentration of about 10 µg/ml and a linear part of the curve can be seen for 

concentrations between 0.01 and 10 µg/ml. The signal of the negative control stays always under 

0.06 units and doesn’t show a significant increase. Consistent with the accepted standards, the limit 

of quantification was calculated to be the mean value plus 10 times the standard deviation of the 

blank [225]. Then, a limit of quantification of 7.8 ng/ml was obtained. 
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 Response curve by SPR 

The same type of experiment was performed with the already optimized SPR protocol. For this, 

several HER-2 concentrations were allowed to flow over SPR-chips immobilized with the same 

concentration of monoclonal antibody (1:10). The signal for each concentration was recorded and 

the signal of the control surface was subtracted in order to remove the effect of unspecific binding. 

In order to ensure that the signal obtained is not due to other proteins present in elution fraction, a 

negative control was applied to identically functionalized chips at exactly the same concentrations. 

The results of this experiment for both HER-2 containing analyte and the negative control are 

presented in Figure 4-59. No significant increase in the SPR signal can be detected when A. 

adeninivorans G1212/YRC-102 elution fraction is the analyte (Figure 4-59.A). Only at 50 µg/ml does 

the signal of the functionalized surface show a higher value than the control surface but the 

difference is small and doesn’t exceed 2 pixels. However at 5 µg/ml, the binding of A. adeninivorans 

G1212/YRC102-6H-HER-2 elution fraction to the immobilized surface is significantly higher than the 

control surface signal (Figure 4-59.B). The negative values that can be seen are probably caused by a 

chip-dependent loss of blocking during the sample injection, leading to a smaller SPR signal at the 

end of the experiment because the analyte could not attach to the surface. 

Figure 4-58. Absorbance at 450 nm for different concentration of immobilized HER-2 (black dots) and negative 
control (white dots). The fit curve following a sigmoidal shape was calculated by Sigmaplot. Error bars 
represent the standard deviation and all measurements were performed in triplicate. 
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Even though the signal is clearly higher in the case of G1212-YRC-6H-HER-2 elution fraction, it should 

be noted that an unspecific binding occurs at 50 µg/mL for the control analyte thus meaning that 

the same may occur for the receptor containing analyte. To obtain a calibration curve which only 

relies on specific binding, the SPR signal values of the negative control were subtracted to the values 

of the HER-2 elution fraction and plotted in Figure 4-60. A clear dependence can be seen between 

the signal and the elution fraction concentration from 0.5 to 50 µg/ml following a linear shape. 

Using a same definition as for the precedent section, a limit of quantification of 760 ng/ml was 

calculated. 

 

Figure 4-59. SPR signal value after injection of different concentrations of G1212/YRC102 elution fraction (A) 
and G1212/YRC102-6H-HER-2 elution fraction (B). All signal values were taken at the equilibrium. The error 
bars represent the standard deviation. 

Figure 4-60. SPR signal value for different concentration of purified HER-2 after subtraction of the unspecific 
binding signal. The fit curve following a linear shape was calculated by Sigmaplot (parameters on the diagram). 
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4.13 First test of real samples by the SPR biosensor 

Breast cancer sample were applied to antibody functionalized SPR-chips to see whether or not the 

developed biosensor is able to detect the presence of natural occurring HER-2. For this, two samples 

were processed according to the protocol in section 4.11.1. One, the sample n°3, is described as 

positive for HER-2 overexpression (3+) and the other, the sample n°2, didn’t show any 

overexpression of this receptor by immunohistochemistry. After extraction, the total protein 

concentration was measured by Bio-Rad protein assay and then diluted to a final concentration for 

both sample of 0.5 mg/ml which is in the detectable range of the ELISA and the SPR detection 

method. The two tissue samples were then subjected to Western blot and the result of this analysis 

can be observed in Figure 4-61. There, a band corresponding to the HER-2 at 185 kDa can be 

observed in the positive control (recombinant protein from A. adeninivorans G1212/YRC102-6H-

HER-2) and also in the sample n°3. The band is very faint und hardly distinguishable but it is due to 

the bad quality of the membrane. No band or smear can be observed where the sample n°2 was 

applied. 

 

The extracted proteins were then submitted to both ELISA and SPR detection. In the ELISA, the 

absorbance signal of the two samples was measured and the results are presented in Figure 4-62. If 

there is a similar difference interval between the positive and negative control as in the precedent 

sections, no significant difference can be seen between the two samples. 

Figure 4-61. Western blot analysis of the extracted tissue samples. 1: negative control (G1212/YRC102), 2: 
positive control (G1212/YRC102-6H-HER-2), 3: sample n°2, 4: sample n°3. The red arrow represents the 
position of the HER-2 protein. 
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For SPR experiments, two separate chips were prepared by immobilizing an optimal concentration 

of monoclonal anti-HER-2 antibody and three increasing concentrations of breast cancer tissue 

protein extract were injected sequentially. Finally, a last analyte consisting in recombinant HER-2 

produced in A. adeninivorans G1212/YRC102-6H-HER-2 was injected in order to compare the two 

chips. The sensograms resulting from these injections can be observed in Figure 4-63. There the blue 

dots represent the signal of the sample n°3 and the red dots represent the sample n°2. It can be 

seen that for a total protein concentration of 10 µg/ml, a clear rising signal can only be seen in the 

case of the sample n°3 which was described as positive for HER-2 overexpression by 

immunohistochemistry. The sample n°2 shows also a rise but is not reaching the same high values. 

At 50 µg/mL, both sample show a rise in the signal but the comportment of sample n°2 is non-

conventional as it drops one minute after the injection. It is to note that every position of the 

surface of the chip followed this signal shape. At 500 µg/ml and for the positive control, no 

difference can be detected between the two samples which indicate that too high concentrations 

lead to high unspecific binding and that the both chips were identically functionalized. The 

sensograms obtained when the purified HER-2 from G1212/YRC102-6H-HER-2 was used as analyte 

(Figure 4-63.D) shows that both chips were identically functionalized as the signal for both chips are 

very similar. 

Figure 4-62. Absorbance at 450 nm for the two breast cancer tissue sample protein extracts, for the positive 
control (purified HER-2 from G1212/YRC102-6H-HER-2) and for the negative control (elution fraction from 
G1212/YRC102). Error bar represent the standard deviation and all measurements were performed in 
triplicate. 
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The results are summarized in the Figure 4-64 where at least 15 positions of each chip were selected 

to ensure statistically robustness. From this experiment, it can be stated that a difference in binding 

was observed between one sample showing high level of HER-2 protein and one sample showing 

low level of HER-2 protein when the total protein concentration stays in the range of 10 µg/ml. 

Figure 4-63. Sensograms of the binding on immobilized antibody of sample n°2 (red) and sample n°3 (blue) 
with concentrations of 10 µg/ml (A), 50 µg/ml (B), 500 µg/ml (C). (D): Binding of recombinant purified HER-2 to 
the same chips. 
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Figure 4-64. SPR signal values for the sample n°2 (red) and the sample n°3 (blue) when injected at three 
different concentrations (10µg/ml, 50 µg/ml and 500 µg/ml). Last two columns show the signal obtained after 
final injection of purified HER-2 from G1212/YRC102-6H-HER-2 to the chip treated with sample n°2 (red) and 
to the chip treated to the sample n°3 (blue). Error bars represent the standard deviation. 
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5 Discussion 

5.1 Cloning and expression of HER-2 and hPR genes in A. adeninivorans 

The gene integration of the hPR and the HER-2 genes in A. adeninivorans was performed by using 

the Xplor2 expression platform. Based on one unique plasmid, Xplor2 allows the use of YIC (Yeast 

Integrative expression Cassettes) or YRC (Yeast rDNA integrative expression Cassettes) by alternative 

linearization of the plasmid by two different restriction enzymes. In this work, only results obtained 

via YRCs are presented even though transformation of A. adeninivorans yeast strain G1212 with the 

YICs variants was also successfully performed. No difference in transformation efficiency could be 

observed as for each transformation event, more than 100 transformants were obtained with YRCs 

and YICs. Unfortunately, it was materially impossible to use both YICs and YRCs transformants in the 

next steps as it would have doubled the time necessary to perform all experiments so it was decided 

to continue the work with the YRCs transformants only. In a previous study, Böer et al. [182] already 

compared the performance of YRCs and YICs for expression of heterologous gene with the final 

conclusion that YICs often present the best expression level but, due to variation between individual 

transformants, also advices to test 50 yeast colonies from each transformation event. After 

performing this test, it was interesting to note that in the case of the progesterone receptor and 

HER-2, transformation of G1212 by YRCs led most of the time to the strongest band intensity in 

Western blot analysis. In some cases (for transformation with YRC102-hPR, YRC102-hPR-6H and 

YRC102-HER-2-6H), no significant difference in band intensities between YRCs and YICs can be 

observed and therefore, in these particular cases, the YRCs were favored in order to have all 

transformants obtained by YRC transformation. The use of Western blot as only selection process 

could lead to misinterpretation as it is considered as a semi-quantitative method and as the color 

development can be dependent on many external factors. Unfortunately, it was at this particular 

moment the only rapid method for transformants screening available as the other thinkable 

detection method, namely ELISA, would have taken time to be established and become reliable. 

Moreover, the use of two different antibodies directed against the particular receptor (one 

commercial and one obtained by rabbit immunization) ensured a reasonable confidence as the 

chosen transformant was always exhibiting high band intensity in both treatments. 

One major result that can be extracted from screening experiments in A. adeninivorans is that both 

proteins without His-tag showed low expression in comparison to the variants with His-tag at one 

side of the protein. In order to explain this result, it can be supposed that the presence of the His-

tag could improve the production of the recombinant protein, increase the solubility of the receptor 

or decrease its degradation susceptibility. More experiments would be necessary in order to clarify 

this point. For example, the integration of less than six histidines could be performed and the 

protein expression of these transformants could be compared to the expression of the hexahistidine 

transformants. As the production of recombinant protein without His-tag was not crucial for the 

next steps of the work but only performed as a positive control, no further experiments were 

performed with the recombinant proteins without His-tag. 
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5.2 Cloning and expression of HER-2 and hPR genes in H. polymorpha 

For the production of recombinant protein in H. polymorpha, it was decided to use the already 

described pFPMT121 vector which has been used in several occasions [188, 196]. Being a 

methylotrophic yeast, H. polymorpha offers the possibility to use either the MOX or the FMD 

methanol-inducible promoters. In this work, the FMD promoter was favored as it is known to assure 

high expression level. In the case of HER-2, it is to note that lower intensity bands can be observed in 

the case of the transformation with pFPMT121-HER-2-6H in comparison to the transformation with 

pFPMT121-6H-HER-2. Additionally, thirty of the fifty tested transformants obtained by pFPMT121-

HER-2-6H transformation were showing no band in Western blot analysis. As the production of 

recombinant protein is induced by the presence of methanol in the medium and because this 

production is time-dependent, an experiment was performed where culture samples were taken at 

regular time points and tested by Western blot but no increase in the protein production could be 

observed. The fact that this phenomenon was not observed in the case of A. adeninivorans 

transformants is also an indication that the cause of this low production of HER-2 by the pFPMT121-

HER-2-6H transformants is to search in the H. polymorpha specific metabolism. The cause of low 

protein production can be searched at the gene expression level, the addressing level or related to 

the solubility or degradation of the protein in H. polymorpha but additional experiments will be 

necessary to determine it. 

5.3 HER-2 localization and solubility 

In human cells, the HER-2 protein is located in the cytoplasmic membrane where it can form 

heterodimers with other members of the EGFR family [117]. Such addressing to the membrane is a 

complicate mechanism implying the presence of a signal peptide which should be later removed, the 

possibility of post-translational events including disulfide-bond formation, acylation, prenylation, 

phosphorylation and certain types of O- and N-linked glycosylation as well as the presence in the 

membrane of certain types of lipids. Fortunately, yeast as an eukaryote is known to perform post-

translational modification in a similar way than higher eukaryotes and even though some lipids like 

cholesterols are not synthetized by yeasts, it was shown that the predominant lipid in yeast, 

ergosterol, can mimic the effect of cholesterol [226] and ensures the stability of several membrane 

protein in yeasts. The localization of the HER-2 protein was performed only in A. adeninivorans as 

the production of this protein is under the strong constitutive TEF1 promoter. This means that no 

specific attention should be given to the culture age in order to observe enough protein. In the case 

of H. polymorpha, the protein production is controlled by the inducible FMD promoter and is so very 

dependent on the culture age and medium composition. In order to perform localization 

experiments, samples at several time points would have been necessary, which would have be more 

time-consuming. 

The first strategy envisaged in order to localize HER-2 in A. adeninivorans was transmission force 

microscopy of gold-labeled receptors. In this technique, antibodies directed against HER-2 are 

allowed to bind in fixed yeast samples and then, modified gold particles can bind to the IgG Fc 

region of these antibodies for visualization under microscope. This detection method is nowadays 
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well-established and has already been successfully utilized in the case of recombinant protein 

production in A. adeninivorans [227, 228]. Practically, a 1 ml volume of both A. adeninivorans 

G1212/YRC102-6H-HER-2 and G1212/YRC102 (negative control) were immobilized by high-pressure 

freezing and hybridization of three different antibodies raised against the HER-2 protein to the fixed 

material was performed. After addition of the gold particles, the presence of the receptor was 

determined with a Tecnai G2 Sphera transmission electron microscope at 120 kV. Unfortunately, no 

strong difference between G1212/YRC102-6H-HER-2 and G1212/YRC102 strains could be observed 

as they both showed sparse gold labeling in the whole cells and no specific labeling at the 

cytoplasmic membrane. In some pictures, intense labeling could be seen at the membrane of some 

organelles in the G1212/YRC102-6H-HER-2 strain but it was restricted to a very low percentage of 

the cells. 

It was then decided to use cell components ultracentrifugation in order to determine the position of 

the recombinant HER-2 in A. adeninivorans. As it can be observed in the corresponding results 

section, no HER-2 can be observed in the final supernatant and most of the intact protein is to find 

in the third pellet. This pellet which was formed after a centrifugation at 30,000 g consists generally 

in yeast of membrane vesicles and organelles other than mitochondrion and peroxisomes. As 

already mentioned, the absence of A. adeninivorans specific antibodies for cell components 

localization makes any more precise comments on the pellet composition impossible. These 

antibodies are only available for some yeast species like S. cerevisiae and showed unspecific binding 

in the case of A. adeninivorans. These results are sufficient to affirm that the recombinant HER-2 is 

located in the membrane even without the presence of some sterols like cholesterol. Moreover, 

these results can also potentially explain the observations made during transmission electron 

microscope analysis. It can be indeed considered that a membrane protein will be more affected or 

destroyed by the high pressure freezing process as a cytoplasmic protein. Some membrane proteins 

were already successfully detected by electron force microscopy but after a fixation step involving 

the preparation of plasma sheets [229, 230]. This specific tissue fixation should be tested in order to 

observe the HER-2 in yeast cells by transmission force microscopy. 

As it was shown that the receptor HER-2 is located in the membrane fraction of the yeast A. 

adeninivorans, a solubilization strategy has been considered. Most of the purification strategies are 

indeed working with soluble proteins and purification will be obligatory in order to develop a 

functional and efficient biosensor. For this part, particular attention was given to the work of White 

et al. [221] who studied the solubility of hundreds of recombinant membrane proteins in yeast and 

found correlations between the expression level of proteins and some protein properties like size, 

number of transmembrane segments, GRAVY (GRand AVerage of hYdropathy) score, pI (isoelectric 

point) and the percentage of aromatic residues in the protein. Some of the major findings are that: 

 a proteins with a molecular mass superior to 80 kDa showed often low expression than 

protein with lower molecular masses, 

 a negative GRAVY score seems to positively affect the protein production, 

  a pI under 8 seems to positively affect the protein production, 

  a percentage of aromatic amino acids in the total protein inferior to 16 % leads to a higher 

protein production than proteins with more than 16 % of aromatic amino acids. 
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The HER-2 protein, with a theoretical molecular mass of 137.91 kDa, a GRAVY score of -0.247, a pI of 

5.58 and a percentage of aromatic amino acids of 9.8% seems to be a good candidate for protein 

production in yeast except for its heavy molecular mass (all these values were calculated with 

ExPASy software in the UniProt database [231]). 

It is known that the efficiency of a membrane-bound protein extraction is highly dependent on the 

particular detergent used, hence a screening procedure with a broad range of commonly used 

detergents. All of them are strict non-ionic detergents or zwitterionic detergents and have been 

used for membrane protein solubilization. The chemical formula of the eight tested detergents is 

indicated in the Table 5-1. Octylglucoside, Hecameg and decylmaltoside share similar hydrophilic 

segments with an oxygen-rich hexacyclic ring but have different chain lengths and hydrophobic 

regions. Triton X-100 and Nonidet-P40 have very similar chemical structure only differentiated by 

the length of the carbon chain. Digitonin have completely different structure than the other non-

ionic detergent. The two last used detergents, CHAPS and LDAO, are zwitterionic detergents and 

were selected because they have been shown to be efficient for membrane protein solubilization. 

As it was often the case in previous works, solubilization with zwitterionic detergents in general and 

CHAPS in particular shows the best efficiency. On the opposite, most of the non-ionic detergents 

were unable to perform satisfying solubilization of this membrane protein except triton X-100 which 

was efficient but with strong protein degradation. These results show that, even though the charge 

of the detergent is an important parameter, the molecular composition of the detergent has also a 

great impact on the solubilization efficiency. Even though these results are in accordance with 

previous studies, they show the necessity to perform a detergent screening assay when considering 

the production of a membrane protein in yeast as detergents can have a great impact on protein 

solubilization. 

Table 5-1. Chemical formula of the utilized detergents. All graphical representations are from the Chemspider 

database (www.chemspider.com/chemical structure) or from Sigma-Aldrich website for Dmal 

(www.sigmaaldrich.com/catalog/product/sigma/d7658). 

Class Detergent name Chemical formula 

non ionic 

triton X-100 

 

Hecameg 
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Dmal 

 

OG 

 

digitonin 

 

NP-40 

 

zwitterionic 

CHAPS 

 

LDAO 
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5.4 Batch cultivation experiments of transformed strains 

Batch cultivation was performed in order to control and optimize the cultivation conditions and so 

produce the highest protein quantity possible for the next steps. For these experiments, the 

hypothesis was made that the position of the His-tag has a minimal influence on the growth 

behavior of the yeast. That’s the reason why cultivation in batch reactor was only considered for the 

strains A. adeninivorans G1212/YRC102-6H-hPR, G1212/YRC-6H-HER-2, H. polymorpha 

RB11/pFPMT121-6H-hPR and RB11/pFPMT121-6H-HER-2. 

In A. adeninivorans G1212, it is interesting to note that the specific growth rate is largely inferior 

when the strain was transformed to produce the HER-2 than when it was transformed to produce 

the progesterone receptor. One explanation could be that the production of the HER-2 requires 

more energy than the production of the progesterone receptor and this extra energy need will slow 

the yeast growth. Others indications about this phenomenon are given by the Western blot results. 

HER-2 production can be detected after 12 h culture together with all the other proteins which 

correspond to the beginning of the exponential growth phase. It is then constantly produced until 

the end of the culture. The comportment of the A. adeninivorans G1212/YRC102-6H-hPR strain is 

significantly different as the production of recombinant protein starts already after 3 h but only for 

one hour. The yeast strain will enter its exponential growth phase only after 5 h. This could mean 

that the yeast will first produce the recombinant protein and then digest it to use its amino acids for 

growth purposes instead of recombinant protein production. When the growth phase is over after 

approximately 10 h, the production of recombinant progesterone receptor starts again. Put all 

together, these results can be explain by two models of recombinant protein production for the two 

strains. In the case of G1212/YRC102-6H-hPR, the yeast will mainly use the available glucose 

substrate for growth and will then produce the recombinant protein when not enough substrate will 

be left in the medium. In the case of G1212/YRC102-6H-HER-2, the yeast will produce the 

recombinant protein continuously from the beginning of its growth phase thus using a part of the 

glucose substrate for non-growth purposes which will lead to a lower specific growth rate. In order 

to confirm these hypotheses, an interesting experiment could be to use an inducible promoter 

instead of the TEF1 constitutive promoter. In a culture medium without the inducer, both yeast 

transformed with the HER-2 gene and the hPR gene containing vector should show similar growth 

rate as no recombinant protein production should occur. In inducer containing medium, 

determination of the specific growth rate will indicate if the hypotheses are verified or not. 

Concerning the experiments with H. polymorpha transformants, the two shifts in medium 

complicate the determination of growth behavior as the experiment last more than 160 h (more 

than six days). It is then not possible to take as many samples as necessary as it will reduce the 

culture volume dramatically at the end of the experiment. The diagrams presented in the results 

section are showing again that H. polymorpha RB11/pFPMT121-6H-HER-2 grow slowly than the 

RB11/pFPMT121-6H-hPR strain in YPD but reach then higher culture density after the first shift in 

minimal medium with glycerol. Both proteins are produced after the first shift and stay constantly 

produced until the end of the experiment. Apparition of degradation products is clearly visible and 

indicates that the shortest cultivation time possible will lead to the highest yield of preserved 

recombinant proteins. The fact that recombinant protein production starts in glycerol-based 
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medium whereas FMD promoter is a methanol induced promoter was already described in some 

publications for H. polymorpha. In many cases, derepression with glycerol seems to be more 

efficient than methanol induction [232, 233]. 

It is to note that for these cultivation experiments with H. polymorpha, two shifts were performed 

and YPD was utilized as first medium. This does not follow the recommendations of Suckow et al. 

[199] which rather consider the cultivation in a fed batch mode with glycerol and methanol and 

advice to avoid glucose. This is because glucose can be involved in Crabtree-effect which can lead to 

ethanol production and therefore growth hindrance of the yeast. The work of Suckow [198] also 

report maximum cell densities of 3-6 g/l and recombinant protein production after 20-30 h. During 

the experiments with H. polymorpha RB11/pFPMT121-6H-hPR and RB11/pFPMT121-6H-HER-2, if 

the recombinant protein production started after 25 h, higher cell densities could be obtained by 

rather using dextrose containing YPD during the first 24 h. This choice was made because cultivation 

tests in flasks showed that, in the present case, using YPD at the beginning of the cultivation allowed 

higher yield in recombinant protein production than by using glycerol during the whole cultivation. 

It would have been interesting to compare the cultivation with or without this first YPD cultivation 

step but it couldn’t be realized during the time of this work. 

These batch cultivations were from a great interest as they pointed some similarities between the 

productions of recombinant protein in two different yeast species as in both cases, yeast 

transformed to produce HER-2 showed a slower growth in comparison to the yeast transformed to 

produce the progesterone receptor. Differences between the two recombinant protein production 

platforms could also be observed as A. adeninivorans showed higher cell density and a more 

convenient cultivation procedure than H. polymorpha. The absence of medium shift - even though 

the experiment showed that H. polymorpha only need one medium shift instead of two- and the 

fact that cells can be harvested after less than 10 h in A. adeninivorans are indeed crucial 

advantages. 

5.5 Purification of HER-2 and the progesterone receptor 

Both the HER-2 and the progesterone receptor can be successfully produced in A. adeninivorans and 

H. polymorpha with His-tag either at the N or the C-terminus but a purification step is necessary in 

order to use them for biosensor development. Protein purification is a very wide field and more and 

more techniques were presented and optimized in the last decades [234]. Among all protein 

purification strategies, three main categories should be mentioned: the size exclusion purification, 

the separation based on charge and the affinity purification. Each of them has also several variants 

which broaden the possibilities of protein separation. It would have been impossible to test all of 

them for each particular protein produced in both yeast species, that’s why the purifications in this 

work were performed by His-tag affinity [235], ion exchange [236] and MACRO-PREP ceramic 

hydroxyapatite [237]. It was decided to mainly focus on the His-tag affinity purification because His-

tag integration on both ends of the receptors was successfully performed and because this method 

shows generally good purification efficiency without intensive experimental efforts [235]. Due to the 

routine use of this affinity chromatography, new upgrades of this technique have been developed 

thus increasing its performance. It consists in new resin chemistries (TED, NTA, IDA among others) or 
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in the use of alternative metals than nickel for protein chelation like cobalt. Ion exchange and 

MACRO-PREP ceramic hydroxyapatite can also be modified in order to optimize their efficiencies 

and even if some variants were tested, it would have been impossible to test each protocol for each 

produced protein. 

 Progesterone receptor purification 

In regards to the future applications of both developed biosensors, it was early considered that the 

His-tag position would be a major issue in the case of the progesterone receptor as it can have a 

great impact on the ligand binding capacities of the protein. The LBD being at the C-terminus of the 

receptor, integration of 6 histidine amino acids in this region could lead to an alternative tertiary 

structure and so impact the binding capacity of the protein. It was then decided to perform the 

purification of progesterone receptor with His-tag at the N and at the C terminus. As these both 

proteins have been successfully produced in A. adeninivorans and H. polymorpha, a total of four 

variants of the receptor were investigated for purification by affinity chromatography. The first 

conclusion that can be made from the affinity purification results is that for each variant, a band 

corresponding to the progesterone receptor can be observed in the elution fraction by Western blot 

thus indicating a purification effect. Moreover, a band in the Coomassie staining at the same 

molecular mass can be observed for all proteins except for the C-tagged receptor produced in H. 

polymorpha. For this particular variant, the weak recombinant production observed in the 

expression studies was confirmed as only a faint progesterone receptor band can be seen in the raw 

extract by Western blot. This weak expression led to a low concentration of total proteins in the 

elution fraction but also to a strong enrichment effect as the band in this fraction show a higher 

intensity than the band in raw extract. 

Two other general conclusions from these experiments can also be made. First, the purity of the 

elution fraction cannot reach high value as many other proteins are co-eluted in the elution fraction 

together with the recombinant protein and secondly, the yield can be increased as an important 

proportion of the recombinant protein can be seen in the flow-through fractions or the wash 

fractions. This indicates a competition between the recombinant protein and the yeast own proteins 

for the chelation with nickel ions immobilized on the resin. Even though the presence of six 

consecutive histidines in the protein sequence has a very low probability to exist in native yeast 

proteins and should therefore procure a determining advantage for the recombinant receptor, its 

low expression level allows other proteins with a lower affinity but a higher expression level to 

occupy some of the binding sites of the column. In order to overcome this issue, some alternative 

strategies have been documented like the use of a deca-histidine tag [238], the increase of the resin 

volume or the use of an imidazole gradient in the elution process [239]. If the first alternative would 

have been interesting to test, it also would have required new cloning, transformation and screening 

of the transformants for receptor production and were therefore unrealizable as it would have 

taken additional time. The other alternatives also prove their efficiency in some cases but would not 

have led to a dramatic increase in elution fraction purity. 

That is the reason why it was decided to perform a two-step purification in order to obtain an 

elution fraction containing the progesterone receptor with the highest purity possible. Generally, 

the first step of a multistep purification consists in a non-affinity chromatography which will result in 

very low purification degree but also in a maximum recombinant protein recovery. The first choice 
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was the weak anion exchanger DEAE as it was intensively utilized in many studies with success. 

Unfortunately for the present case, this technique was not successful as no recombinant protein 

could be detected in any of the elution fraction. The second choice for the first step of purification 

was then consisting of ceramic MACRO-PREP hydroxyapatite as this particular resin showed 

excellent results for different types of proteins [237, 240-244]. The fact that not only one type of 

binding but at least three interactions are occurring between the column surface and the proteins is 

a decisive advantage. Elution of the immobilized proteins with a phosphate gradient led to an 

expected low purity of the elution fraction as many proteins can be seen in each of the elution 

fraction. The recombinant progesterone receptor could be detected by Western blot in 5 to 6 

fractions which were pooled together and concentrated for the next step of the purification. The 

Coomassie staining also shows that many other proteins are eluted before or after these elution 

fractions, thus leading to recombinant protein enrichment effect. After the subsequent affinity 

purification, a band in the Coomassie staining and in the Western blot analysis corresponding to the 

progesterone receptor could be detected. Additionally, no other strong bands can be seen in the 

Coomassie stained elution fraction, thus demonstrating the positive effect of two-step purification 

procedure. Improvement of the method can be achieved by increasing the stability of the protein as 

severe protein degradation could be observed in the Western blots performed during the 

experiment and increasing the culture volume. 

 HER-2 purification 

Concerning the recombinant HER-2 production, the most important parameter for the next analyses 

is the protein integrity as antibodies should be used in the developed biosensor to recognize both 

native and recombinant protein. With regards to this aspect, the position of the His-tag in the 

sequence is supposed to have a small impact. This explains why, by observing preliminary tests 

showing lower affinity purification efficiency for the C-tagged recombinant HER-2 than the N-tagged, 

it was decided to focus all purification experiments only on the N-tagged recombinant protein. It 

was not surprising to observe that the obtained purity degree in this case was lower than for the 

progesterone receptor as it is already known that high molecular mass and the presence of 

transmembrane domains are often decreasing the affinity purification efficiency. But it is also to 

note that each affinity purification variant was successful as a protein band corresponding to the 

HER-2 can be detected by Western blot when IDA, NTA and TED –based resins were used. If the 

purification of A. adeninivorans produced proteins and H. polymorpha produced proteins should be 

compared, a clear superiority of the first cited can be pointed as the Western blot describing the H. 

polymorpha proteins purification show weak signals in the elution fraction and large protein loss in 

the flow-through and wash fractions as well as no clear band in the Coomassie staining. In the case 

of A. adeninivorans produced proteins, a band in the Coomassie staining which correspond to the 

HER-2 can be detected in the cases of NTA and IDA together with other co-eluted proteins but not 

with TED resin where the elution fraction show very low total protein concentration. As for the 

progesterone receptor, two-steps purification strategy with the utilization of weak anion exchanger 

and ceramic MACRO-PREP hydroxyapatite were also tested but resulted in total protein loss after 

the application of protein lysate to the column. Even though separation of many proteins could be 

observed by Coomassie staining, no band corresponding to the receptor HER-2 could be observed in 

the Western blot of the elution fraction after DEAE anion exchange or ceramic hydroxyapatite 
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chromatography. Degradation products could be observed in some fractions, thus leading to the 

hypothesis that the membrane protein is not stable during the purification process. In order to solve 

this problem, other extraction buffers containing protective agents or different pH value were 

assayed but could not prevent the degradation of the receptor. Other strategies can be designed in 

order to perform a first purification before the affinity purification as for example size exclusion 

chromatography which will separate the proteins according to their molecular mass or cation 

exchanger ion chromatography. Unfortunately, these methods could not have been tested during 

the time of this work. 

5.6 Progesterone receptor binding experiments 

5.6.1 SPR assay for the determination of binding constants 

As described in the Result section, the determination of the progesterone receptor/ligand binding 

constants is the results of some hypothesis and simplifications. These will now be examined in 

detail. 

 The use of progesterone-BSA as ligand 

The binding constants for a receptor/ligand interaction are always calculated towards the favorite 

ligand which is, in case of the progesterone receptor, the progesterone. Unfortunately, it is 

impossible to quantify the binding of free progesterone to the receptor without the help of a second 

ligand or without modifying the progesterone. That’s why in this work, progesterone-BSA was used 

as the BSA part can be easily immobilized on the surface of the gold chip. But as one molecule BSA is 

conjugated with 5 to 10 molecules progesterone, it means that each molecule of progesterone-BSA 

can theoretically be involved in 1 to 10 interactions with the progesterone receptor. It becomes 

more complicated when the immobilization itself is considered. As no control is present during this 

step, the progesterone-BSA molecule can be immobilized in all possible positions and therefore the 

progesterone residues can be either free or unreachable for the receptor or a combination of both. 

Additionally, the ligand used in this study contained also 2-5 molecules FITC per molecule BSA. If this 

fluorescein conjugation has no interest for the present study, it should be also considered that its 

presence can interfere with the receptor/ligand binding. All these considerations can lead to the 

non-validity of the 1:1 interaction model chosen for the determination of binding constants. 

 Absence of mass transport 

To establish the binding model used in this study, it was also hypothesized that no mass transport 

was occurring. Mass transport is a phenomenon happening when a bulk solution containing the 

analyte (here the progesterone receptor) is injected in the chamber above the SPR chip. At the 

surface of the chip, the concentration of the analyte will not be immediately the same as in the rest 

of the solution because the analyte need to diffuse to the surface and this takes a certain time, 

dependent on a diffusion equation. This diffusion is highly dependent on the nature of the solution 

and of the nature of the chip surface [245]. This effect is mostly visible during the association or 

dissociation phases because the analyte concentration increase gradually in the chamber above the 

chip and if the diffusion time is very low, increasing of concentration will be limited by the diffusion 

time. This effect has been intensively studied in the case of the commercial SPR systems and recent 
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studies show that most of the SPR-experiments underestimate the effect of mass transport [246]. 

One of the most important factors increasing this effect is known to be the use of dextran matrix. 

Dextran matrix is a polymer surface immobilized on a gold chip which allows better immobilization 

of probe. When the user wants to use dextran matrix, it is advised to increase the flow rate of the 

experiment in order to decrease the mass transport effect. In the case of the present study, bare 

gold chip were used and ligand was immobilized without the help of any linker. This explains why 

the mass transport effect was neglected in this work. 

 Rebinding of the ligand and dimerization 

Rebinding of the ligand can occur and lead to non-validity of the 1:1 model. It is mainly visible when 

a high concentration of ligand is immobilized on the surface of the chip. This will be a particular high 

influence on the dissociation phase as the concentration of analyte should drop gradually to 0. If the 

receptor can rebind to the immobilized ligand, the shape of this dissociation phase will not follow 

the exponential decrease predicted by the model. As no parameter was determined by the use of 

the dissociation phase, the effect of rebinding was neglected in the case of the present experiment. 

Another point to consider is the fact that the progesterone receptor is known to dimerize upon 

binding with the progesterone. This will lead to the non-validity of the considered 1:1 interaction 

model as two progesterone receptor molecules will be binding to one molecule of progesterone. It 

is also known that this dimerization after binding to the steroid is only one part of a complex process 

and some other partners like heat shock protein are indispensable. As the progesterone receptor 

used in this experiment was purified, it is considered that no dimerization can occur as the other 

partners, and in particular the heat shock protein, are not present. 

Even though these undesirable effects have been minimized, it is complicated to know if the model 

can still be used for this assay. To address this question, it was assumed that the progesterone 

receptor binding interaction is very similar to the estrogen receptor interaction. In the case of 

estrogen receptor, a similar SPR experiment was performed by Seifert et al. [247]. With a 

commercial SPR platform, they were able to calculate binding parameters for the interaction 

between a recombinant estrogen receptor  produced in yeast and an immobilized 17ß-estradiol-

BSA ligand. This experiment is very similar to the experiment performed in this work because the 

estrogen receptor was also partially purified and because the ligand consisted in a BSA protein an 

which 5 to 10 moles of 17--estradiol were bound. Differences with the progesterone system are 

that the ligand was immobilized on gold surface with the help of a linker and that the experiments 

were performed with a Biacore instrument. They found a kd value of 1.05x10-5 s-1, a ka value of 4.5 

M-1s-1and a KD value of 0.23 nM and compared these results with the available literature. As the 

values were similar, they stated that “the described biosensor set-up shows that the ER (estrogen 

receptor) binds 17ß-estradiol-BSA with high specificity and with similar binding characteristics 

known for free 17ß-estradiol. Therefore, 17ß-estradiol-BSA can be used as a coating conjugate for 

microwell plate receptor assay”. So, as no other SPR-experiments for determination of progesterone 

receptor binding parameters are available and as progesterone receptor and estrogen receptor have 

similar binding properties, it was assumed that the chosen model was suitable. 
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5.6.2 Comparison between the obtained binding constants values 

Both ligand/receptor experiments performed in this work with the recombinant purified full-length 

progesterone receptor showed a clear binding signal thus indicating that the yeast-produced protein 

is active. In the developed ELRA as well as in the SPR format, the same approaches were utilized 

with immobilized progesterone-BSA ligand. Then, the binding of receptor to this ligand was 

quantified either label-free by SPR of with the help of an antibody in the case of ELRA. It gave a KD 

value of 67.14 nM for SPR experiment and 6.28 nM for ELRA experiment. Both values are different, 

as expected for two completely different detection methods, but are also both low and thus 

showing a high affinity between the receptor and its ligand. The fact that ELRA show lower KD is not 

surprising as this method is very close to the ELISA test which is known for its sensitivity. 

Unfortunately, if the ELRA test was also performed in the case of the estrogen receptor, no 

indications relating to the KD can be found in the literature as it have been mainly used as a 

competition assay. It would have been interesting to see if the difference between SPR and ELRA 

value is in the same range in the case of the estrogen receptor. Concerning the kd and ka obtained 

by SPR experiment, they are in the range of normal constant values. More calculations would have 

been necessary to completely estimate how valuable these results are. For example, determination 

of kd and ka for different flow rates, temperature or buffer would have been of a great interest and 

would have allow to deepen the understanding of this receptor-ligand interaction. Unfortunately, 

the absence of an integrated algorithm in the software for parameter calculation, the establishment 

of the binding protocols and the manual immobilization of the chip made impossible these 

calculations during the time of this work. 

The relatively low amount of biosensors designed to the determination of progesterone and the fact 

that most of the experiments are not using the full-length progesterone receptor are not allowing a 

direct comparison between the values obtained and the published literature. All available 

receptor/ligand binding data were obtained by radioimmunoassay experiments and the only 

biosensors for the detection of progesterone are not using the progesterone receptor as biological 

component. In a first description of radioassay using the complete human progesterone receptor 

extracted from tumoral tissue, the team of Pichon et al. [248] could determine a binding affinity 

towards progesterone of 3 nM in absence of glycerol and 1.1 nM in presence of glycerol. Later, 

Vonier et al. [11] extracted the progesterone receptor of American alligator (Alligator 

mississippiensiens) eggs and performed radioassay with the promegestone (R5020) as reference 

ligand. They found a binding affinity towards this ligand of 0.9 nM and this binding could be 

inhibited by the introduction of endosulfan, alachlor and kepone. In a study published in 2004, 

Scippo et al. [12] used the ligand binding domain of the human progesterone receptor produced in 

E. coli for radioassay and could find a IC50 value toward the progesterone of 50 nM. 

As mentioned before, direct comparison between these values and the values obtained with the 

two developed assay is not possible but it should be noted that all values are in the same nanomolar 

range, thus indicating a relative concordance. 
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5.6.3 Competition assay 

Even though receptor-saturation assay was successful, competition in binding with free ligand gave 

only a signal decrease in the ELRA when progesterone-BSA was the ligand. The use of free 

progesterone as well as progesterone-like compounds could not compete with the binding of the 

receptor to the immobilized ligand (data not shown). To explain these results, it should first be 

considered that such experiments are requiring strict experiment conditions concerning the 

concentration of the partners. It is generally advised to use concentrations below the KD for the 

ligand and the receptor in order to observe a competition. As the maximal absorbance value 

obtained during the saturation assay was low (inferior to 0.5), using a ligand concentration below 

the KD led to a maximal absorbance value for competition between 0.3 and 0.4, which is in the low 

range of measurable absorbance by the spectrophotometer. Another element in order to explain 

the failing competition assay can be the nature of the competitors. It is known that progesterone is 

a lipophilic substance with low solubility in aqueous phase as well as most of the progesterone 

derivatives. Only progesterone-BSA shows a higher solubility in water due to the chemical structure 

of this ligand. The solubility of some of the tested compounds can be observed in Table 5-2. It can 

then be inferred that the low hydrophilicity of the free progesterone will be a major hindrance to 

reach the binding site of the receptor. The table shows also a superior value for water solubility in 

the case of 17-ß-estradiol and this could explain why estrogen receptor based ELRA can perform 

competition assay. 

 

Table 5-2. Solubility in water at 25 °C of some compounds with progesterone activity and of 17-ß estradiol. 
*
As 

no value is available for progesterone-BSA, the value of the similar compound estradiol-BSA is indicated. All 

estimate solubilities were generated using the US Environmental Protection Agency’s EPISuite™ which can be 

found at the following address: www.epa.gov/opptintr/exposure/pubs/episuite. 

Compound Estimated solubility in water at 25 
°C(mg/l) 

progesterone 5.003 

mifepristone 0.049 

medroxyprogesterone 22.22 

progesterone-BSA 1020* 

17-ß-estradiol 81.97 

5.7 HER-2 detection experiments 

5.7.1 ELISA 

The results obtained demonstrate that the developed ELISA test can specifically detect the 

recombinant total HER-2. Even though special care has been taken to optimize the process, the 

relatively low absorbance values have to be noted. Different antibodies aimed to recognize the HER-

2 are available but they have mostly not been tested for ELISA format as these antibodies are 

intended to be used for immunohistochemistry or in situ hybridizations. Moreover the fact that this 

study is the first to describe the production, solubilization and purification of the complete HER-2 

has for disadvantage that no positive control is available. This have for consequence that the ELISA 
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test cannot be calibrated with a pure standard and therefore the concentration of HER-2 cannot be 

calculated precisely. There are commercial products on the market but it consists either in a 

chimeric product or a fragment of the receptor and would therefore not be equivalent to the 

recombinant full-length receptor. 

The comparison between our assay and other ELISA tests available is difficult because other studies 

using ELISA kits are mainly detecting the soluble, short version of the HER-2 protein. For example 

two of those ELISA tests have limits of quantification of 0.34 ng/ml [163] and 0.123 ng/ml [168]. 

There are commercially available kits for the detection of the complete HER-2 but the values 

presented to date are only from the manufacturers and therefore should be viewed with caution as 

they were not published in a peer-reviewed journal. For example, the PathScan® Total HER2/ErbB2 

Sandwich ELISA Kit from Cell Signaling Technology® does not give any value related to the limit of 

quantification but presents a curve showing a relationship between absorbance and protein 

concentration in a range from approximately 10 to 400 µg/ml. Another ELISA kit for total HER-2 

detection, the Her2 (Total) Human ELISA kit from Life Technologies®, gives a sensitivity of 0.2 ng/ml 

but this parameter was calculated by adding two standard deviations to the mean OD of the zero. In 

this study, consistent with the accepted standards [225], he limit of quantification was calculated to 

be the mean value plus 10 times the standard deviation of the blank. With this method of 

calculation, a limit of quantification of 7.8 ng/ml was obtained. 

Currently all the commercially available assays use the sandwich approach, which is known to give 

lower limits of quantification than the direct coating approach that was used in this work. In a 

sandwich approach, the antigen is not directly coated on the wells of the micro titter plate but 

captured by an antibody which is coated on the well. This allows more sensitivity as unspecific 

binding is dramatically avoided and as almost all antigen will be organized and in the same direction. 

One major drawback of the direct coating of protein that was used in this work is indeed the fact 

that no control over the immobilization of the HER-2 can be ensured. The amino acids involved in 

this hydrophobic interaction (valine, alanine, leucine, isoleucine, and phenylalanine) are distributed 

across the whole protein and this will lead to an uncontrolled binding and so probable epitope 

masking. The major drawback of the sandwich approach is the relative inflexibility of this technique. 

As no protocol for the produced recombinant protein was available and as not all antibodies are 

working in ELISA format, several detection antibodies were assayed during this work. Most of these 

antibodies are produced in rabbit or mouse and this had the consequence that anti-rabbit and anti-

mouse carrying a peroxidase were used as secondary antibody. These secondary antibodies couldn’t 

be used in a sandwich format as they would have bind directly to the coated detection antibody. 

The only possibility would have been to use three antibodies: one coated detection antibody 

directed against the HER-2 and produced in mouse for example, one primary antibody directed 

against the HER-2 protein (at a different epitope) produced in rabbit and one secondary antibody 

produced in goat directed against rabbit IgG. This would have been very restrictive. Another 

problem is the fact that most of the available antibodies are directed against epitopes of the HER-2 

protein localized in the same region of the protein and they are often overlapping between them. 

This would have a strong negative effect in a sandwich assay. One solution to use this format would 
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be to find via direct ELISA two suitable antibodies directed against different epitopes of the HER-2 

antibody and then to conjugate one of them with the horseradish peroxidase. 

5.7.2 Recombinant HER-2 detection by SPR 

With the experiment presented in the Results section, it could be stated that the recombinant HER-2 

can be specifically detected via SPR experiments. Although the SPR limit of quantification of 760 

ng/ml is significantly higher than the ELISA values obtained, some improvements of both the 

experiment and the SPR device let think that this value will decrease significantly. Every 

improvement in the purification process of the recombinant HER-2 will lead to a higher purity and 

then to a lower detection limit. It has been seen in the experiments of section 4.10.4 that, even low, 

an unspecific binding is still occurring for the binding to the antibody. A higher purity will also lead to 

higher SPR-signal values as more protein will have the possibility to bind to the antibody. 

An improvement of the antibody immobilization is on progress too. It has been shown in section 

4.10.5 that different linkers were assayed without success but only few experiment conditions have 

been tested. Gold-coating can be influenced by several factors like coating buffer composition, 

temperature, incubation time and these different parameters will be changed in new planned 

experiment. 

One of the major improvements of the SPR-platform will be the routine use of a nanospotting 

device. In this work, all chip functionalization were performed either by the help of a 17-channels 

flow cell or by direct pipetting on the gold surface. The flow cell was abandoned for the later 

experiments as its stability was not good enough to ensure the performing of a high amount of 

experiments. After approximately five immobilizations, the flow cell needed to be sent for 

maintenance and the channels needed to be new shaped. It is because after a certain time, the 

PDMS material was not stable enough to ensure the isolation between the channels. This led to the 

outbreak of the probe from its channel and then the failure of the experiment. That’s why direct 

immobilization with micropipette was used at a certain point of this work. It allowed the 

immobilization of probes to the chip in an easier way but unfortunately only to three surfaces. That 

means that only two surfaces could be immobilized with a probe as one should be the control 

surface and so many more chips than necessary have been used. It also complicated the exploitation 

of the experiments as comparisons were made between different chips instead of between different 

probes on one chip. Because of that, it was necessary to observe carefully all signals (and 

particularly the signal from the control surface) to affirm that all the chips used in one experiment 

were presenting the same characteristics. This led to the fact that many experiments were rejected, 

thus implying loosing time and material to perform repetition of these experiments. By using a 

nanospotter device with moisture and temperature control, more than hundred droplets of 

different probe solutions can be immobilized in one chip, thus removing the chip to chip effect and 

allowing the use of more controls and dilutions. As each droplet will have strictly the same volume, a 

better reproducibility of the results will also be expected. 
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5.7.3 Real samples measurement 

In order to compare the abilities of both the ELISA and the SPR format to detect natural occurring 

receptor HER-2 in breast cancer tissue, a direct comparison was performed in section 4.13. It is to 

note that this test was performed even though none of these two detection systems were optimized 

for this specific experiment. All precedent optimization steps were performed in PBS buffers without 

taking into account that the breast cancer sample are in a totally different matrix. This could explain 

why no significant difference could be seen between positive and negative sample in ELISA format. 

The AR technique employed for extraction of proteins implies the use of high concentration of SDS 

and the co-extraction of protein which can disturb the test and those conditions should have been 

tested before utilizing this method with real samples. Moreover, the natural occurring HER-2 may 

react differently with immobilized antibodies as the recombinant produced receptor. It is also to 

note that only two samples were tested and more samples are necessary in order to draw definitive 

conclusions. 

In the case of the SPR biosensor, exactly the same samples were utilized. Because the concentration 

of HER-2 at the surface of breast cell in normal state and in cancer state is not precisely known, it is 

impossible to set a goal detection limit which should be achieved. That’s why three different 

concentrations of tissue sample were utilized in the section 4.13 in the case of the SPR experiment. 

The fact that a statistical difference can be observed between a negative and a positive sample for a 

concentration of 10 µg/ml indicates that the designed biosensor has the potential to detect over 

expression of the HER-2 in breast cancer tissue. This difference could not be observed for higher 

concentrations and that is probably due to the unspecific binding. The positive control injected at 

the end of the experiment is very important as it allows to compare directly the two chips. Due to 

the experimental design of the SPR platform, only one sample can be injected to the chip and this 

has for consequence that two different chips had to be used for two different samples. By reaching 

exactly the same value with recombinant HER-2 (the positive control), this result indicates that both 

chips possessed exactly the same binding capacities and therefore the results obtained with real 

samples can be trusted. Even though this first test was successful, more experiments with different 

real samples are necessary to confirm them. Moreover some elements have to be optimized or 

integrated in order to improve the detection system: 

- Developers of the SPR platform are working on a new PDMS flow cell integrating two flow 

paths for the simultaneous injection of two samples on a same chip. This will offer the 

possibility to always insert a control solution in each experiment and therefore allow 

checking easily if the results are positive. 

- The use of nanospotting device for immobilization of antibody will also have a positive 

impact for this experiment as exactly the same volume of antibody will be utilized and the 

use of positive control will then be not so important. 

- Experiments performed with the recombinant HER-2 should also be performed in other 

conditions than the optimal ones. The optimal buffer, temperature, flow rate and incubation 

time were determined for the binding of recombinant receptor but it is possible that these 

conditions are not the best for HER-2 extracted from breast tissue. As the extraction was 
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only working in the buffer presented in section 4.11.1, SPR experiments with the 

recombinant receptor should be performed in a buffer which mimics this particular solution. 

- The use of HER-2 extracted directly from fresh cancer lines can be a good compromise 

between recombinant receptor and proteins extracted from freshly frozen paraffin 

embedded tissue. These cell lines are easily available and they were all established in order 

to reflect all the naturally occurring molecular patterns of the breast cancer [249]. They are 

originating from human cells as the real samples so the presence of disturbing agents for 

SPR experiments specific for these cells would be detected and new strategies would be 

assayed in order to overcome these disturbances. 

5.8 Perspectives 

5.8.1 The progesterone receptor biosensor 

In the actual state, the SPR-based progesterone receptor biosensor is not ready to be utilized for 

progesterone or progestin detection. The biological component - the progesterone receptor - was 

successfully produced in two different yeast species and can recognize its ligand progesterone as 

shown by both the ELRA and the SPR experiments. The next step of the biosensor development will 

be the realization of competition experiments where free ligand should be introduced in order to 

measure its concentration. For this step, new improvements of the SPR platform and better 

understanding of the recombinant receptor/ligand interaction will surely have a decisive impact in 

order to obtain a functional and reliable biosensor. In parallel, the fact that production of purified 

recombinant progesterone receptor in large quantities was performed allows to explore new assay 

strategies. Adding other tags than His-tag or modifications to the receptor could offer different 

immobilization strategies or allow improved assay stability. Among the biosensors developed in the 

previous years, production of the biological partner has always been one of the major issues. With 

A. adeninivorans or H. polymorpha as expression platform, it was possible to obtain large quantity of 

receptor in an active form. This will have a decisive advantage towards other developed biosensors. 

As already indicated in the introduction section, actual sensing methods are focused on the 

detection of specific compounds and cannot measure the total progesterone activity. This means 

that if a new compound is synthetized, analytic detection via LC-MS or GC-MS as well as biosensors 

using anti-progesterone antibodies will not have the possibility to determine if this compound 

presents a potential progesterone activity. This determination can only be performed by a biosensor 

possessing a progesterone receptor as biological partner. 

5.8.2 The HER-2 biosensor 

During this work, the biological partner of the HER-2 biosensor was successfully produced and 

purified. It could then be utilized for SPR experiments. After first optimizations, the ability of the SPR 

device to detect recombinant HER-2 protein was proven. Unfortunately, only one experiment with 

real samples could have been performed during the time of this study. Even though the results of 

one unique experiment should be taken with caution, they are showing very promising results. 

Towards actual detection methods, the SPR-based biosensor has the advantage to be quantitative 
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and is not relying on human observation. The biopsy tissue quantity used for this SPR assay was the 

same as the quantity used for IHC or FISH and the time of experiment comprising sample 

deparaffinization, proteins solubilization and injection in the SPR device doesn’t exceed 6 hours. The 

SPR experiment alone only needs 30 min to be performed. To use this biosensor in a high 

throughput, two main improvements of the SPR platform remain to be achieved: the possibility to 

inject two samples simultaneously to the same chip and the possibility to reuse chips several times. 

This will ensure on one hand better reliability of the results and on the other hand lower the cost of 

the experiment. 
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