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Abstract 

With an ever-rising demand for biopharmaceuticals, a versatile repertoire of protein production 

platforms to enable supply of tailor-made solutions for products is needed. Biosynthesis and secretion 

of functional biopharmaceuticals has previously been established in the microbial model 

Ustilago maydis. This was achieved by hitchhiking the unconventional secretion mechanism of 

chitinase Cts1. The pathway allows for the export of unglycosylated proteins circumventing the 

endomembrane system, which can be advantageous for bacterial targets or biopharmaceuticals to be 

used in humans. A positive side-effect of using Cts1 as a carrier is its ability to bind chitin which can 

be exploited for target protein purification or surface immobilization. However, yields of the 

expression system are not competitive and application of the immobilization capability has not been 

fully exploited, yet. In this study two strategies were followed towards utilizing of unconventional 

secretion for protein production and target-oriented application:  

i) To enhance the repertoire of exported targets, a novel protein export carrier was established. 

Recent insights into the secretory mechanism of Cts1 revealed the putative anchoring factor Jps1 not 

only as a crucial player for Cts1 localization and secretion but also as a potential secretion target itself. 

To this end, Jps1 secretion was confirmed using β-glucuronidase as an established reporter, revealing 

up to 2.7-fold increased secretion compared to Cts1-mediated export. These findings were combined 

with the previously established inducible secretion system, further enhancing secretory yield. 

Additionally, export of functional luciferase and bivalent synthetic anti-Sars-CoV2 nanobodies was 

achieved with Jps1 as a carrier.  

ii) With the aim to combine Sars-CoV2 detection and chitin immobilization of Cts1, further 

unconventionally secreted anti-Sars-CoV2 nanobody variants were studied in depth, starting with 

characterization of their production and export using Cts1 as a carrier. Two functional Cts1-fusions 

were tested for their capability of Sars-CoV2 capture and neutralization, revealing one construct 

capable of both. Subsequently an ELISA type Sars-CoV2 antigen test based on a chitin surface was 

successfully established, allowing for detection of Sars-CoV2 receptor binding domain in the 

nanomolar range. To further improve the virus detection system U. maydis derived nanobody variants 

were functionalized for direct detection utilizing peroxidase Apex2.  

In summary, secretory yield and target variety could be increased utilizing Jps1 and 

functionalization of a chitin surface and nanobody-Cts1 fusions resulted in the development of a novel 

type of virus detection system.  
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Zusammenfassung 

Durch die stetig steigende Nachfrage an biopharmazeutischen Proteinen, wird ein vielseitiges 

Repertoire an Proteinproduktionsplattformen benötigt, um die Versorgung maßgeschneiderte Produkte 

sicherzustellen. Biosynthese und Sekretion funktioneller biopharmazeutischer Proteine wurde bereits 

im mikrobiellen Modellorganismus Ustilago maydis etabliert. Dazu wurde der unkonventionelle 

Sekretionsmechanismus der Chitinase Cts1 ausgenutzt. Dieser Sekretionsweg ermöglicht den Export 

unglykosylierter Proteine, indem das Endomembransystem umgangen wird. Dies kann von Vorteil für 

den Export bakterieller- und biopharmazeutischer Proteine mit dem Ziel der Nutzung im Menschen 

sein. Eine weitere vorteilhafte Eigenschaft von Cts1 ist der Fakt, dass Cts1 Chitin bindet. Diese 

Eigenschaft kann für direkte Proteinaufreinigung und Immobilisierung genutzt werden. Allerdings ist 

die Ausbeute des Systems bis jetzt nicht kompetitiv und die Möglichkeiten der Cts1 Immobilisierung 

wurden noch nicht ausgeschöpft. In dieser Arbeit wurden zwei Strategien verfolgt, um 

unkonventionelle Sekretion für die Produktion und zielorientierte Anwendung von Proteinen zu 

nutzen: 

i) Um das verfügbare Repertoire exportierbarer Ziele zu erhöhen, wurde ein neues 

Exportprotein etabliert. Neuste Erkenntnisse haben den potenziellen Ankerfaktor Jps1, nicht nur als 

notwendigen Bestandteil für die Lokalisierung und Sekretion von Cts1, sondern auch als potentiell 

sekretiertes Protein, identifiziert. Um diesen Aspekt näher zu beleuchten, wurde β-Glucuronidase mit 

Jps1 sekretiert, wodurch unkonventionelle Sekretion und 2.7-fach höhere Ausbeute im Vergleich zum 

Export mit Cts1 nachgewiesen werden konnten. In Kombination mit vorher etablierten induzierbaren 

Sekretionsstämmen konnte die Ausbeute weiter erhöht werden. Außerdem, konnten aktive Luciferase 

und ein bivalenter, synthetischer anti-Sars-CoV2 Nanokörper als Jps1 Fusionen sekretiert werden. 

 ii) Mit dem Ziel Sars-CoV2 Detektion mit Nanokörpern und Immobilisierung von Cts1 zu 

verbinden, wurden weitere mit Cts1 sekretierte anti-Sars-CoV2 Nanokörper Varianten grundlegend 

auf ihre Produktions- und Sekretionseigenschaften untersucht. Zwei funktionelle Cts1-Fusionsporteine 

wurden weiter auf ihre Fähigkeit Sars-CoV2 zu Binden und Neutralisieren untersucht, wobei ein 

Nanokörper beide Kriterien erfüllte. Basierend auf diesen Ergebnissen wurde ein ELISA-artiger Sars-

CoV2 Antigentest auf eine Chitinoberfläche etabliert. Um dieses System weiter zu verbessern, wurden 

unkonventionell sekretierte Nanokörper Varianten mit der Peroxidase Apex2 fusioniert, um direkte 

Detektion des Antigens zu ermöglichen.  



VII 
 

 Zusammenfassend konnte die sekretorische Ausbeute erhöht und das Repertoir sekretierbarer 

Zielproteine durch die Nutzung von Jps1 erweitert werden. Des Weiteren konnte durch Verbindung 

einer Chitinoberfläche und Nanokörper-Cts1 Fusionen ein neuartiges Virusdetektionssystem etabliert 

werden.  
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1 Introduction 

1.1 Heavy chain antibodies – potent biopharmaceuticals 

1.1.1 Protein biopharmaceuticals 
The term “biopharmaceutical” is often used to describe any form of biologically derived medical 

product, including both, products generated by recombinant host organisms and naturally occurring 

compounds extracted from living systems. However, the definition is not clear and the word often only 

refers to products produced by recombinant technologies (Rader 2008). For the purpose of this thesis 

the term biopharmaceutical will be defined as a biological product, derived by recombinant production 

and used as drug and/or medical analysis tool. Biopharmaceuticals include recombinant enzymes for 

the treatment of genetic conditions, monoclonal antibodies (mAbs), bio-similars and nucleic acid based 

technology, such as RNA vaccines (Walsh 2018). Of these classes mAbs still hold the largest market 

share with over 40 % (Walsh 2018). The use of mAb therapeutics is quickly expanding since 2014, as 

seen by the number of pharmaceutical mAbs entering phase 3 trials rising from 52 mAbs in review in 

2017 to 115 in 2021 alone (Reichert 2017, Kaplon and Reichert 2021).  

The biopharmaceutical market constitutes a significant part of the wider biotechnology market. The 

biotechnology market has an estimated net worth of 1,006.7 billion US dollars of which 330.7 billion 

US dollars are estimated to encompass the biopharmaceutical market (Grand View Research 2021, 

Research and Markets 2021). An important part of the biopharmaceutical market is the market for 

recombinant proteins valuing 139.4 billion US dollars in 2021 (Mordor Intelligence 2021).  

 

1.1.2 Composition and biochemical properties  

The most commonly employed type of antibody to this date both for analytics and in medicine are 

mAbs (Walsh 2018). IgG antibodies or Immunoglobulins are serum glycoproteins involved in the 

immune response as a defensive mechanism (Salvador et al. 2019). The structure of these antibodies 

is highly conserved in mammals and made up of two heavy and two light chains, which are linked by 

disulphide bridges. The heavy chain consists of four domains, CH2 and CH3, which make up the 

immunoglobulin scaffold and CH1 which links the variable VH domain to the scaffold. The light chain 

consists of the conserved CL domain and the variable VL domain. The linked VH and VL domains 
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form the variable fragment that facilitates target specific binding. This structure gives the antibodies 

their well-known “Y” shape (Padlan 1994). Variable linked regions together with their constant regions 

(VH, VL and CH1, CL) can be identified as an antigen binding fragment (Fab) and the linked variable 

regions without their constant regions as a single chain variable fragment (scFv) (Ruigrok et al. 2011) 

(Fig. 1.1). Another type of antibody that has recently come to attention is the heavy chain only antibody 

(HcAb) that is found in the sera of camilidae (e.g. camels, llamas and alpacas) and selachii (e.g. nurse 

sharks, wobbegong) (Hamers-Casterman et al. 1993, Flajnik and Kasahara 2010). While surprisingly 

similar in structure it is to note that these two types of HcAbs evolved convergently (Flajnik et al. 

2011). HcAbs show a simplified structure when compared to mAbs. Like mAbs they are made up of 

two heavy chains, however they lack a light chain and their heavy chain is simplified, consisting only 

of the CH2/CH3 scaffold and a single dedicated variable domain referred to as VHH which forms the 

functional equivalent of the Fab from mAbs (Muyldermans 2013). The VHH domain can be used to 

form a single domain antibody that is commonly referred to as a nanobody (Fig 1.1).   

 

 
Figure 1.1: Schematic representation of Abs and HcAbs. Human Ab formed of heavy chain scaffold (CH3 and CH2), 

continuing into two CH1 (stabilizing domain, brown) and VH (variable region, red) with two light chains attached made up 

of CL (stabilizing domain, light brown) and VL (variable region, orange). Heavy chain and light chain variable region can 

be identified together with their respective stabilizing domains as a Fab-fragment or without them as a single-chain-

variable-fragment (scFv). The heavy chain antibody (HcAb), as found in camilidae and selachii families, is formed of a 

heavy chain scaffold (CH3 and CH2), carrying only a heavy chain variable domain (VHH). The heavy chain variable domain 

can be expressed alone as a nanobody. Figure based on Muyldermans (2013). 

 



                                   Introduction 

3 
 

The VHH consists of three hypervariable regions that are surrounded by a conserved framework (FR). 

The V domains secondary structure comprises nine β-strands, organized into two β-sheets that are 

connected by loops that contain the hypervariable regions. Further stability is provided by a conserved 

disulphide bond. Thus the N-terminal part of the VHH, containing the hypervariable loops, forms a 

complementary surface to its respective epitope named complementary-determining region (CDR) 

while the β-sheets are more conserved and form the FR of the domain (Muyldermans et al. 2009). 

Compared to the VH from mAbs the structural organization of the VHH is similar, however, in the 

region known as FR2 that would be linking VH and VL in a mAb, usually highly conserved large and 

hydrophobic amino acids are replaced by smaller hydrophilic amino acids (Vu et al. 1997).  

These differences in structure and size give nanobodies interesting properties as an alternative to 

classical mAbs. Nanobodies directly obtained from libraries often show dissociation constants to their 

respective ligands in the low nanomolar or even picomolar ranges, making them comparable or 

superior binders, when compared to mAbs (Koide et al. 2007, Vuchelen et al. 2009). Due to the folding 

of its H3 loop and the hydrophilic content of FR2 they are highly water soluble and not prone to 

aggregation (Salvador et al. 2019). Furthermore, nanobodies have been shown to be very stable with 

antigen binding activity being preserved after storage on 4 °C for months and even on 37 °C for several 

weeks (Arbabi Ghahroudi et al. 1997). Moreover, most nanobodies only denature at 60 to 80 °C with 

some even reaching up to 90 °C before denaturation (Arbabi Ghahroudi et al. 1997, Dumoulin et al. 

2002). Additionally, nanobodies have also been shown to be stable in the presence of proteases, 

extreme pH and detergents (Dumoulin et al. 2002). Interestingly, their binding can be improved via 

multimerization either to facilitate stronger binding to a single antigen or to allow for bivalent binding 

of two antigens at once (Robert et al. 1999, Sedykh et al. 2018). In addition, they can be expressed as 

functionalized fusion proteins with enzymes or fluorescent markers (Wang et al. 2015, Tränkle and 

Rothbauer 2017). Their small size gives them another advantage over conventional mAbs as they have 

been shown to have an enhanced intercellular diffusion rate and are also cleared from the bloodstream 

faster, preventing possible toxicity effects. Thus, making them not only interesting biopharmaceuticals 

for analytics, but also as drugs (Kijanka et al. 2015).  

 

1.1.3 Generation and production 

Besides their interesting biochemical properties, nanobodies have further advantages over mAbs that 

lie in their generation and production. The history of antibody generation and production goes back 
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decades, starting with the preparation of crude polyclonal antibody mixes, derived from immunized 

animals by bloodletting and antibody isolation. However, this practice has been largely replaced by the 

generation of specific monoclonal antibodies by RNA isolation from immunized animals that is 

followed by antibody identification and subsequent recombinant production in heterologous expression 

hosts (Houen 2022). Nonetheless, this process can be difficult, as antibody gene clusters are complex 

and transcription of several open reading frames is needed to obtain all RNA components that lead to 

translation and assembly of the heavy- and light chain components that constitute a functional mAb 

(Hood et al. 1975, Muyldermans 2013). Thus, selection and production of smaller and simpler mAb 

components like scFvs or Fabs is preferable (Skerra 1993). Due to their single domain nature, however, 

nanobodies show a huge advantage over scFvs and Fabs in selection. VH and VL need to be 

individually amplified during selection and pairs become scrambled during random assembly, lowering 

antigen specificity and quality in scFv libraries, when compared to VHH libraries (Yau et al. 2005, 

Asaadi et al. 2021). This fast selection process has given rise to several nanobody generation and 

selection methods. The most commonly used method is immunization of camelidae species like 

camels, alpacas or llamas, followed by RNA isolation from lymphocytes, library cloning by PCR and 

nanobody selection via phage display based ELISA (Liu et al. 2018) (Fig 1.2). Generally, two to three 

rounds of phage display are sufficient to obtain suitable binders (Salvador et al. 2019).  
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Figure 1.2: Schematic overview of nanobody generation protocol. Camelidae are immunized with antigen. Afterwards 

lymphocytes are isolated, mRNA is extracted, reverse transcribed and cloned into library vectors. These vectors are then 

transfected into bacteriophages and selected via phage-display ELISA, allowing for immunogenic detection and subsequent 

DNA isolation of positive candidates. Positive candidate plasmids can then be directly transformed into production hosts 

or VHH gene can be amplified and cloned into suitably expression vector before transformation/transfection. Modified 

from Salvador et al. (2019). 

 

Additionally, methods like ribosome or yeast-display and bacterial two-hybrid can be used instead of, 

or in combination with phage-display for selection (Pellis et al. 2012, Wagner et al. 2018, Oloketuyi et 

al. 2021). However, nanobodies can also be directly generated from large naïve synthetic libraries 

allowing for generation without animal harm (Monegal et al. 2009). Nonetheless, generation from 

naïve libraries can be tedious as they require large library sizes and a higher number of selection rounds 

(Wagner et al. 2018). Thus, more sophisticated synthetic and semisynthetic libraries have been 

generated that require smaller library sizes and selection rounds (Wang et al. 2016). This has led to the 

development of protocols for the generation of fully synthetic nanobodies in timeframes as short as 

three weeks by the combination of a synthetic library, ribosome- and phage-display (Zimmermann et 

al. 2020). Furthermore, nanobodies generated via one of the methods described above can be further 

enhanced by maturation approaches such as error-prone PCR coupled with ribosome-display and 

alanine scanning based mutations for the identification from amino acids critical for affinity to the 

respective antigen (Yau et al. 2005, Koide et al. 2007).  

Following generation and selection, nanobodies can be produced in a variety of hosts. Successful 

nanobody expression has been shown for Escherichia coli, mammalian cell lines, different yeast 

species, insect cells and even plants (Muyldermans 2013, Liu and Huang 2018, Asaadi et al. 2021, De 

Greve 2022). Especially production in microbial hosts offers cheap production at high titers when 

compared to conventional mAb production in mammalian cell lines which are expensive to maintain 

and often offer lower titers than their microbial counterparts (Rettenbacher 2021). The most commonly 

used expression host for nanobodies is E. coli (Muyldermans 2013). However, while yielding high 

titers bacterial expression of nanobodies has distinct drawbacks. Disulphide bridge formation is not 

achievable in commonly used cytoplasmic expression and instead requires translocation of proteins to 

the periplasm, lowering yield and complicating purification (Berlec and Strukelj 2013). Furthermore, 

secretion to the supernatant is not as readily available in E. coli as in e.g. mammalian cells or yeasts 

(Berlec and Strukelj 2013). Several genetic engineering approaches have been undertaken to improve 

the system. Thus, cytoplasmic formation of disulphide bridges in nanobody production has been made 
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possible by co-expression of sulfhydryl oxidase and an isomerase (de Marco 2022) and secretion has 

been enabled via the type I secretion system (Schwarz et al. 2012).  

Nonetheless, expression and secretion in yeasts and filamentous fungi is of high interest for 

recombinant protein and nanobody production. Yeasts like Pichia pastoris and 

Saccharomyces cerevisiae, and filamentous fungi such as Aspergillus niger and Trichoderma reesei 

offer the possibility to produce and secrete complex eukaryotic proteins with proper folding at high 

titers (Spadiut et al. 2014, Wang et al. 2020b). Secretion is generally preferred to intracellular 

production due to easier downstream processing (Sun and Su 2019). To this end efficient expression 

and secretion of various nanobodies at high titers has been reported in P. pastoris (Matsuzaki et al. 

2022). Furthermore, a secretion system for nanobodies in S. cerevisiae has been established, albeit at 

lower yield (Harmsen et al. 2022). Thus, nanobodies can be easily generated and expressed in a variety 

of heterologous hosts.  

1.2 Sars-CoV2 and the COVID-19 pandemic  

1.2.1 Significance 

A recent development that has highlighted the need for novel biopharmaceuticals, was the outbreak of 

the COVID-19 pandemic which has severely impacted societies and economies across the world. The 

most immediate consequences of the viral outbreak were constituted by the health concerns posed by 

the disease, first reported in December 2019 and declared as a global pandemic in March 2020 (Zhu et 

al. 2020a, Sarkodie and Owusu 2021). This in turn lead to on the one hand heightened investment into 

healthcare and research systems and on the other hand to quarantine and lock down situations (Hale et 

al. 2021, Sarkodie and Owusu 2021). These measures proved effective, for example reducing projected 

case numbers by up to 65% in Hubei province, China (Fang et al. 2020). However, global health 

systems were severely burdened by severe COVID-19 cases and long COVID. With reported case rates 

of 3.21 to 6.3% for severe COVID-19 and 2.3% for long COVID that lasted for over 12 weeks before 

vaccinations were available, high infection incidences overburdened health care systems on several 

occasions, for example in Italy in early 2020 (Orfali 2020, McKeigue et al. 2021, Sudre et al. 2021). 

Moreover, global economies were severely impacted by lock down measures, health crises and the 

resulting high unemployment rates, evident for example by the European Union’s economy contracting 

by 8.3% in 2020 and an estimated cost of two trillion dollars for the global economy in 2021 alone 

(European Commission 2020, Kaye et al. 2021). Thus, research to understand and combat the spread, 
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severity and mortality of COVID-19 is crucial and has become a major effort since the beginning of 

the pandemic.  

1.2.2 Biology of the Sars-CoV2 virus  

The causative agent of COVID-19 is the Sars-CoV2 virus (Huang et al. 2020a). Sars-CoV2 belongs to 

the genus beta coronavirus and is most closely related to two other corona viruses isolated from bats. 

Its closest genetic relative affecting humans is the Sars-CoV virus (Lu et al. 2020). Thus far six groups 

of human Corona viruses have been identified: H-CoV 229-E, H-CoV OC-43, HCoV HKU-1, H-CoV 

NL-63, Sars-CoV and Mers-CoV, with the first four groups generally causing mild respiratory disease, 

while the latter two groups are known to be able to cause severe symptoms with fatality rates of 6 % 

to 36 % (Marra et al. 2003, Zaki et al. 2012, de Groot et al. 2013). The novel Sars-CoV2, belonging to 

the latter category, has been classified as the seventh member of the H-CoV group (Huang et al. 2020b). 

Like other coronaviridae Sars-CoV2 is a positive-sense single-stranded RNA virus and has a genome 

size of 29.8 kb (Yang and Leibowitz 2015, Lu et al. 2020). Its genomic organization is similar to that 

of other coronaviruses which genomes are generally ordered into 6 to 11 open reading frames (ORFs) 

(Song et al. 2019). The first 67% as seen from the 5’-terminus are constituted by 1-2 ORFs which 

encode for non-structural proteins, while the ORFs at the 3’-terminus encode for the structural spike-, 

envelope-, membrane- and nucleocapsid proteins, as well as accessory proteins (Cui et al. 2019). The 

key differences observed for Sars-CoV2 are a larger number of eight accessory protein encoding ORFs 

at the 3’terminus when compared to other H-CoVs, resulting in 14 ORFs overall. Furthermore, when 

compared to its closest H-CoV relative Sars-CoV on the amino acid level, 380 amino acids are 

substituted and the accessory protein 8a is missing entirely, while several other accessory proteins vary 

in the length of their respective amino acid sequence (Wu et al. 2020). Interestingly, several non-

structural and structural proteins like the envelope and membrane protein remain entirely conserved 

between Sars-CoV and Sars-CoV2, while the spike protein complex (Spike) alone shows 27 

substitutions (Wu et al. 2020). The Spike of corona viruses belongs to the class I viral membrane fusion 

proteins that are also present in influenza, HIV and Ebola viruses (Eckert and Kim 2001, Li 2016). The 

general structure consisting of S2 and S1 subunits and a C-terminal receptor binding domain (RBD) 

located atop the outward protruding S1 subunit is conserved among corona viruses (Belouzard et al. 

2012). However, the hosts target protein of its RBD is not. While Mers-CoV for example recognizes 

the serine peptidase dipeptidyl peptidase 4 (DDP4), H-CoV NL-63, Sars-CoV and Sars-CoV2 

recognize the angiotensin-converting enzyme ACE2 (Li et al. 2003, Raj et al. 2013, Zhou et al. 2020). 
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The Sars-CoV2 spike is formed of a trimer of S2 domains each anchoring one S1 domain, made up of 

RBD, NTD, SD1 and SD2 subdomains, to the viral envelope via three stable long helices (Walls et al. 

2020). It has been shown that the S1 domains are able to freely rotate around the hinge like structure 

of the S2 subunit (Turonova et al. 2020). The spike protein can exist in two confirmations: open (RBD 

up) and closed (RBD down) (Walls et al. 2020, Wrapp et al. 2020b) (Tölzer et al. 2020). However, this 

confirmation change describes only one of the three RBDs actually opening up, while the other two 

remain in the down state (Korber et al. 2020). At physiological pH 68% of spike were shown to be in 

the open confirmation (Pramanick et al. 2021) (Fig 1.3).  

 
Figure 1.3: Structure of the Sars-CoV2 Spike. (A) Organisation of the Spike protein. The first 19 amino acid form a 

signal peptide (SP) followed by the NTD domain from amino acid positions 20-286. Together with the receptor binding 

domain (RBD) at positions 319-541 the NTD makes up the S1 part of the Spike. This is followed by the S2 subdomain at 

positions 686-1213. (B) Structure of the Sars-CoV2 Spike trimer in the RBD down (closed) confirmation. S1 trimer on top 

is anchored via the S2 trimer in the lower part of the protein complex. RBD domain is closed down next to the NTD domain. 

(C) Structure of the Sars-CoV2 Spike trimer in the RBD (up) confirmation. S1 trimer on top is anchored via the S2 trimer 

in the lower part of the Spike complex. One of the three RBD domains is up in the ready state for Ace2 binding. Modified 

from Wang et al. (2020a) and Pramanick et al. (2021). 
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Sars-CoV2 RBD binds human ACE2 via 21 distinct residues of which 13 are shared with its closest H-

CoV relative Sars-CoV which possesses 16 binding residues. More importantly, these changes result 

in an approximately 4-fold higher binding affinity (Wang et al. 2020a).   

In other coronaviruses like Sars-CoV, Mers-Cov and HCoV HKU1 it has been shown that protease 

cleavage between the S1 and S2 domain upon membrane fusion is necessary for transformation into 

an elongated post-fusion state and thereby starting the viral infection cascade (Belouzard et al. 2009, 

Millet and Whittaker 2014, Kirchdörfer et al. 2016). Interestingly it could be observed under laboratory 

conditions that this does not seem to be the case for Sars-CoV2. While Sars-CoV pseudovirions were 

only able to form syncytia upon trypsin cleavage, Sars-CoV2 formed syncytia even in the absence of 

trypsin, possibly explaining the fast transmissibility of the virus (Ou et al. 2020). Subsequently to RBD 

to ACE2 fusion, the viral envelope fuses with the host cell and viral RNA is released into the host for 

translation and formation of viral progeny (Walls et al. 2020). Due to the high binding affinity to ACE2, 

Sars-CoV2 is able to infect all cells expressing the protein, including type-2 alveolar cells in the lungs 

and upper part of the esophagus, enterocytes in the colon, urothelial cells in the urinary bladder, cardiac 

myocytes and cells in the oral cavity (Xu et al. 2020a). This explains the symptoms of Sars-CoV2 

infection ranging from mild disease of the upper respiratory tract, to severe pneumonia, diarrhea and 

cardiac disorders, such as myocarditis, further manifesting the Spike protein as a crucial component 

for the Sars-CoV2 life cycle (Astuti and Ysrafil 2020, Al-Kindi and Zidar 2022) (Walls et al. 2020, 

Pramanick et al. 2021). Moreover, the Spike seems to be especially prone to accumulate mutations 

(Saputri et al. 2020). 

Since the beginning of the pandemic 34 variants of Sars-CoV2 have emerged that have been 

categorized into variants under monitoring, variants of interest and variants of concern in order of 

impact on transmissibility by the WHO (Khateeb et al. 2021, Torjesen 2021). The five variants of 

concern in order of appearance were classified as B.1.1.7 (Alpha, now classified as de-escalated), 

B.1.351 (Beta), P.1 (Gamma), B.1.617.2 (Delta) and B.1.1.529 (Omicron). All carried mutations within 

the Spike complex, especially in the RBD and S1/S2 junction region, that enhanced their 

transmissibility, immune avoidance and in case of all but Omicron also the severity of disease 

(https://www.ecdc.europa.eu/en/covid-19/variants-concern) (Davies et al. 2021, Khateeb et al. 2021, 

Mahase 2021, Sabino et al. 2021, VanBlargan et al. 2022). Hence, the Spike protein, which has been 

used for the generation of biopharmaceuticals against other coronaviridae as well, has become a key 

target for the generation of vaccines and antibodies (Du et al. 2009, Elshabrawy et al. 2012, Jiang et 

al. 2014, Kumar et al. 2021).    
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1.2.3 Biopharmaceuticals for COVID-19 treatment and diagnostics 

From a pharmaceutical standpoint the response to the pandemic can be broadly ordered into three 

categories: Direct disease prevention, disease treatment and indirect disease prevention. Direct disease 

prevention aims at breaking up infection for example by vaccination while disease treatment constitutes 

the administration of drugs to patients already being infected with Sars-CoV2, and indirect disease 

prevention is achieved by population-wide regular testing to identify and quarantine infected 

individuals before the onset of symptoms and importantly, viral transmission (EuropeanCommision 

2021).  

First vaccines have thus been developed and applied on a massive scale in the form of mRNA vaccines 

by Moderna and BionTech/Pfizer and in the form of vector-based vaccines by Johnson & Johnson, 

Astra Zeneca, Sinopharm and Sputnik V (Callaway 2020, Fernandes et al. 2022). This initial set of 

vaccines has grown and by now 33 vaccines have been approved in at least one country (Kudlay and 

Svistunov 2022).  

Biopharmaceuticals for treatment have predominantly been applied in the form of mAbs. Therapeutic 

mAb products such as bamlanivimab, etesevimab, casirivimab, imdevimab, strovimab, cilgavimab and 

tixagevimab have been approved by the FDA in the USA, are actively used to treat COVID-19 patients 

and are mostly targeted against the Spike protein and/or its RBD (Hwang et al. 2022). However, other 

targets such as the nucleocapsid protein and non-structural proteins involved in viral assembly within 

the host cell are currently under research (Kwarteng et al. 2020, Raj 2021).  

Testing for viral infection was first established by RT-PCR (Corman et al. 2020). This testing method 

is very sensitive but has clear drawbacks in its cost and the fact that it has to be conducted in a 

laboratory by a trained person (Corman et al. 2020, Hsiao et al. 2021). To this end antigen tests have 

been developed and made widely available for quick viral detection and use by untrained persons 

(Hsiao et al. 2021). These assays are built on the lateral flow immunoassay (LFIA) architecture, which 

has been available since 1984 (Andryukov 2020). LFIA tests generally consist of a sample pad used 

for adsorption of the sample from which it moves along the flow chamber towards the conjugation pad. 

Here the sample is bound by a secondary antibody that is conjugated to a colorimetric or fluorescent 

reporter particle. Further along the flow chamber primary antibodies against the sample antigen are 

immobilized and trap the conjugate of sample and secondary antibody, forming a positive test line. 

Behind the test line immobilized primary antibodies directed against the secondary antibody trap 

residual secondary antibody and form the control line (Cheng 2020). Thus, they allow fast and easy 

detection within 15 minutes, are sensitive enough to detect regular Sars-CoV2 infection about one day 
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before the onset of symptoms and can be applied in large scale (Mercer and Salit 2021). This has led 

to the development of 605 different antigen testing products and over a billion individual tests being 

conducted until 2022 in Germany alone (BfRAM 2022). Such numbers place enormous strain on 

production of testing kits and antibodies alike, highlighting the need to further improve existing 

antibody technology and find novel potent protein production platforms. One candidate that is currently 

being engineered towards a competitive expression platform, is Ustilago maydis.  

1.3 The microbial model organism Ustilago maydis  

Ustilago maydis belongs to the family of Ustilaginales and the division of Basidiomycota. It was first 

discovered and described as the causative agent of the corn smut disease. The biotrophic pathogen 

infects only maize (Zea mays) and its ancestor Teosinte (Zea mays subsp. parviglumis) (Christensen 

1963, Banuett 1992, Martinez-Espinoza et al. 2002). U. maydis possesses a biphasic and dimorphic 

life cycle, consisting of a saprotrophic and a biotrophic phase. The saprotrophic, yeast phase constitutes 

the vegetative growth stage of the fungus in which it proliferates by budding. Upon recognition of a 

compatible mating partner, cells form conjugation tubes, fuse, and form dikaryotic hypha, which are 

then able to penetrate and colonize the maize plant (Banuett and Herskowitz 1989, Feldbrügge et al. 

2004). Subsequently, tumors are formed within the host plant that are filled with teliospores 

(Feldbrügge et al. 2004, Döhlemann et al. 2008, Brefort et al. 2009). The life cycle is completed by 

spore release and germination in which spores undergo meiosis and thus form new haploid yeast cells 

(Feldbrügge et al. 2006).   

In recent years U. maydis has achieved relevance as a microbial model organism for additional fields 

like cell biology and importance for exploitation in biotechnology (Vollmeister et al. 2012, Feldbrügge 

et al. 2013, Müntjes et al. 2021, Wierckx et al. 2021). It was discovered early on in the 1960s and 1970s 

that U. maydis can be cultivated in the form of its haploid yeast form both in submerged axenic culture 

and on solid media, enabling its establishment as a eukaryotic model organism (Christensen 1963, 

Holliday 1974b). Early research was focused especially on homologous recombination and DNA repair 

mechanisms, leading to the discovery of the Holliday junction and key components of the eukaryotic 

DNA repair machinery (Holliday 1964, Holliday 1974a). More recently long-range endosome coupled 

mRNA transport along the microtubule cytoskeleton has come into focus (Pohlmann et al. 2015, 

Niessing et al. 2018, Jankowski et al. 2019, Olgeiser et al. 2019, Müntjes et al. 2021). Further current 

cell biology research topics include the elucidation of extracellular vesicle content, transcriptional and 

post-transcriptional regulation, as well as cell cycle regulation (Feldbrügge et al. 2008, Ruiz-Herrera 
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et al. 2020, Kijpornyongpan and Aime 2021, Kwon et al. 2021). Since smut fungi cause substantial 

losses for agriculture each year, U. maydis has also become a model for plant pathogen interaction 

(Martinez-Espinoza et al. 2002, Brefort et al. 2009, Djamei and Kahmann 2012, Göhre et al. 2012, 

Perez-Nadales et al. 2014, Matei and Döhlemann 2016). As a consequence of the increasing interest, 

the entire U. maydis genome has been sequenced (Kämper et al. 2006) and a plethora of 

microbiological methods for strain generation and molecular techniques for in vivo analysis and the 

formation of genetic switches, comprising a sophisticated molecular toolbox has emerged. On the one 

hand microbiological tools include the possibility of stable strain generation via efficient homologous 

recombination, a cassette type golden-gate cloning system for plasmid generation, clearly mapped 

integration loci for heterologous gene expression, a variety of (recyclable) resistance cassettes and the 

recent addition of CRIPR/Cas9 based genome editing (Spellig et al. 1996, Brachmann et al. 2001, 

Brachmann et al. 2004, Khrunyk et al. 2010, Stock et al. 2012, Terfrüchte et al. 2014, Wege et al. 

2021). Application of these tools has led to the identification or generation of a variety of strains 

applicable for research. These range from a library of available wildtype isolates as a basis for strain 

engineering to solo pathogenic strains, strains capable of inducible hyphal growth such as AB33, 

protease deficient strains and secondary metabolite producers (Banuett and Herskowitz 1989, Bölker 

et al. 1995, Brachmann et al. 2001, Hewald et al. 2006, Geiser et al. 2013, Sarkari et al. 2014, Geiser 

et al. 2016, Terfrüchte et al. 2018). Molecular techniques on the other hand include generation and 

application of strong synthetic as well as inducible promoters and the use of 2A peptides for 

polycistronic eukaryotic gene expression (Hartmann et al. 1999, Zander et al. 2018, Aschenbroich et 

al. 2019, Müntjes et al. 2020, Hussnätter et al. 2021).  

1.3.1 U. maydis in biotechnology  

One interesting aspect about U. maydis when addressing biotechnological application is its status as an 

organism that is regarded as safe for consumption by several countries including Mexico and 

Switzerland, having been consumed as food in the form of infected maize combs termed “huitlacoche” 

since at least the time of the Aztecs (Juarez-Montiel et al. 2011, Valdez-Morales et al. 2016). However, 

the core interest in the fungal model comes from its capability to produce interesting value-added 

compounds such as glycolipids, organic acids, triglycerides, carbohydrate active enzymes and 

biopharmaceuticals (Feldbrügge et al. 2013, Paulino et al. 2017, Wierckx et al. 2021). The production 

of these compounds has been driven as much by above mentioned strain generation methods as by 

cultivation optimization and process engineering. U. maydis can be cultivated at lab scale in microtiter 
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plates for efficient large-scale screening of cultures via online monitoring, in conventional shake flasks 

and in large scale stirred tank bioreactors for scale up of production (Dütz et al. 2000, Terfrüchte et al. 

2018, Hosseinpour Tehrani et al. 2019, Dinger et al. 2022). Another possibility for online monitoring 

during process development was applied to U. maydis in the form of the respiration activity monitoring 

system (RAMOS), allowing for online measurement of dissolved oxygen tension and pH in shake 

flasks (Anderlei et al. 2004, Terfrüchte et al. 2018).  

Furthermore, U. maydis is a producer of secondary metabolites such as cellobiose lipids in the form of 

ustilagic acid, mannosylerythritol lipids (MEL) and itaconic acid (Hewald et al. 2006, Teichmann et 

al. 2007, Geiser et al. 2016). Efforts in strain engineering have led to enhanced production of MEL and 

ustilagic acid by the expression of crucial MEL-cluster genes emt1, mac1 and mac2 via a polycistronic 

2A-peptide based mRNA and upregulation of the transcription factor gene rua1, respectively 

(Teichmann et al. 2010, Müntjes et al. 2020). Furthermore, production of MELs with altered and 

predictable fatty acid profiles has been enabled by generation of strains expressing heterologous 

variants of acyl-transferases Mac1 and Mac2 (Becker et al. 2021). Itaconic acid production has recently 

been driven by both genetic engineering and process design. A strain producing only itaconic acid 

without byproducts such as MELs, ustilagic acid or triaglycerides was engineered by deletion of cyp3, 

abolishing conversion of itaconic acid to (S)-2-hydroyparaconate, MEL and ustilagic acid gene clusters 

and the deletion of diacylglycerol acyltransferase gene dgat (Becker et al. 2020). Deletion of the fuz7 

gene and engineering of built-in drop out by crystallization into the bioprocess led to itaconic acid titers 

of 220 g/L (Hosseinpour Tehrani et al. 2019). Additionally, U. maydis has been applied as a whole cell 

biocatalyst to produce itaconic acid on brewers spent grain and in a co-culture bioprocess with 

Trichoderma reesei to produce itaconic acid from cellulose (Schlembach et al. 2020, Weiermüller et 

al. 2021).  

Due to its plant pathogenic nature, U. maydis is capable of secreting carbohydrate active enzymes. 

However, most of these are only expressed in its hyphal form which is disadvantageous for 

bioprocesses. Nonetheless genetic activation by exchanging the respective native promoters with 

strong constitutive promoters led to expression of intrinsic endopolygalacturonase, endo-1,4-β-

xylanase, endoglucanase and β-glucanase in respective expression strains, and further 

complementation with exo- and endopolygalacturonases from both fungal and bacterial hosts, thereby 

enabling degradation of and proliferation on xylan, cellobiose and polygalacturonic acid (Geiser et al. 

2013, Geiser et al. 2016, Stoffels et al. 2020). Additional enzymes of interest e.g., include an α-L-
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arabinofuranosidase, a CalB-type lipase and an AA3_2 glucose oxidoreductase that was shown to be 

mainly active on gentobiose (Bürth et al. 2014, Paesani et al. 2021, Wijayanti et al. 2021). 

However, conventional secretion of carbohydrate active enzymes is only one mode of protein 

production in U. maydis. It also possesses an unconventional secretion pathway which has been 

recently utilized for the production of biopharmaceuticals (Stock et al. 2012, Sarkari et al. 2014, 

Terfrüchte et al. 2017). 

1.4 Unconventional protein secretion  

1.4.1 Conventional and unconventional secretion mechanisms 

When talking about eukaryotic protein secretion, it is crucial to first define the difference between 

conventional and unconventional secretion. Conventional secretion generally describes the 

endomembrane pathway that leads from protein folding and modification in the endoplasmic reticulum 

(ER) to post translational modification in the Golgi apparatus to exocytosis and is facilitated via an N-

terminal signal peptide (Viotti 2016). Unconventional secretion on the other hand describes all 

pathways of protein secretion that circumvent the Golgi network (Rabouille 2017).  

The conventional secretion pathway starts during translation of the mRNA by the ribosome. Most 

polypeptides get co-translationally imported into the lumen of the ER (Palade 1975). This co-

translational secretion is mediated by signal recognition particles (SRPs) (Walter and Johnson 1994, 

Bui and Strub 1999). The SRPs binds the hydrophobic end of the nascent polypeptide chain, which is 

subsequently cleaved by signal peptide peptidases. The polypeptide chain is then delivered to the Sec61 

complex and thereby directly imported into the ER lumen (Chirico et al. 1988, Kalies et al. 1994). 

Polypeptides that are not co-translated into the ER are guided by Ssa heat shock proteins that act as 

chaperones to maintain the polypeptide chain to the Sec62/63 complex and subsequently transported 

into the ER lumen (Arnold and Wittrup 1994, Ng et al. 1996). This mechanism has thus been described 

for most eukaryotic organisms, including mammalian cells (Benham 2012). In the ER the oxidative 

environment allows for disulphide bond formation, post-translational modification and processing and 

protein folding (Lee et al. 2004, Csala et al. 2012). These processes are catalyzed by a variety of 

chaperones and enzymes, such as the protein disulphide isomerase (Pdi) which facilitates oxidation 

and reduction of disulphide bonds and the endoplasmic reticulum oxireductin which serves as a 

refueling oxidant for the Pdi (Gross et al. 2004, Wilkinson and Gilbert 2004, Ellgaard and Ruddock 

2005). The HSP70 protein BiP is a key player within the ER aiding translocation from the cytosol into 

the ER lumen, binding hydrophobic regions of polypeptide chains to prevent aggregation and 



                                   Introduction 

15 
 

facilitating protein folding Besides disulphide bond formation, posttranslational modification includes 

N-glycosylation which is facilitated by luminal glycosyltransferases and glycosidases (Csala et al. 

2012). Following folding and posttranslational modification proteins are transported to the Golgi 

apparatus (Lee et al. 2004, Benham 2012). The Golgi apparatus is organised into layered compartments 

called Golgi stacks (Nakamura et al. 2012). In the Golgi apparatus more posttranslational modifications 

like O-glycosylation, acetylation, sulfation, phosphorylation, methylation, palmitoylation and 

proteolytic cleavage of inactive protein forms take place (Stanley 2011, Potelle et al. 2015). 

Subsequently proteins are incorporated into v-SNARE coated vesicles that are shuttled to the plasma 

membrane, recognized by t-SNAREs and released into the extracellular space via exocytosis (Delic et 

al. 2013).  

In contrast to the highly conserved conventional secretion pathway, unconventional secretion can occur 

via several different pathways and does not follow one specific conserved route (Rabouille 2017). 

Unconventional secretion can be categorized into either vesicular mechanisms based on intracellular 

transport of vesicular structures and membrane bound intermediates that facilitate protein release, or 

non-vesicular mechanisms that rely on direct plasma membrane translocation either via membrane 

transports or self-induced pore formation (Nickel 2010, Rabouille 2017). These can be further 

categorized into type I-IV unconventional secretion. Type I describes direct translocation via pore 

formation, Type II categorizes ATP binding cassette (ABC) transporter based release, Type III 

encompasses all vesicular transport that completely bypasses ER and Golgi and Type IV describes a 

special case of unconventional secretion pathway of proteins that do harbor a signal peptide and enter 

the ER but bypass the Golgi apparatus (Rabouille 2017). A basic overview of these mechanisms is 

depicted in Fig 1.4. 
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Figure 1.4: Unconventional secretion pathways. Conventional secretion (left side): Polypeptide chains carrying N-

terminal signal peptides are translocated into the ER (brown) where protein folding occurs and subsequently transported 

via COPII carrying vesicles to the Golgi apparatus (light green). After further post-translational modification proteins are 

delivered to the plasma membrane via v-SNARE carrying vesicles and released via t-SNARE interaction. Translocation of 

leaderless peptides via Type I-III unconventional secretion: Type I (bottom left): Proteins like FGF1 and HIV-Tat form 

pores in the plasma membrane, resulting in self-translocation. Type II (bottom middle): Proteins like the S. cerevisieae α-

factor are transported across the plasma membrane by ATP binding cassette (ABC) transporters. Type III (middle to bottom 

right): Proteins like AcbI and IL1β are secreted via Autophagosomes, Amphisomes and CUPS that form during starvation 

or inflammation conditions. CUPS form from remodeled ER structures and release their cargo via direct membrane fusion. 

Autophagosomes form from pre-autophagosomal structures and can either directly fuse with the plasma membrane to 

release their cargo (IL1β), fuse with multivesicular bodies to form amphisomes for release (H3) or deliver their cargo, like 

other multi vesicular bodies into lysosomes (FABP4). Type IV: Proteins such as HSP150 and parts of CoV viruses that 

carry an N-terminal signal peptide enter the ER but are directly transported to the plasma membrane. In case of CoVs the 

proteins are assembled to viral particles first and then secreted bypassing the Golgi apparatus. Figure based on Abrahamsen 

and Stenmark (2010), Rabouille (2017), Cohen et al. (2020) and Saraste and Prydz (2021). 

 

Type I translocation has been described for the mammalian fibroblast growth factor I (FGFI) and 

occurs as a heat shock or starvation response (Jackson et al. 1992, Shin et al. 1996). FGFI has been 
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shown to dimerize and interact with membrane phospholipids and Cu2+ thus destabilizing the plasma 

membrane and translocating across the lipid bilayer (Prudovsky et al. 2013). Of note, FGF2 is also 

unconventionally secreted via Type I but in a distinctly different mechanism that involves cysteine 

residue dependent binding to phosphatidylinositol 4,5-bisphosphate (PiP2) and Tec kinase 

phosphorylation of FGF2 mediating pore formation and translocation (Steringer et al. 2012, La Venuta 

et al. 2015). Another example of Type I translocation is the viral transcription factor HIV Tat which is 

released from infected cells and taken up by uninfected cells (Chang et al. 1997). Similar to FGF2 its 

pore formation mechanism is also dependent on PiP2 binding (Zeitler et al. 2015).  

Type II secretion was first described for the S. cerevisiae mating pheromone α-factor that is secreted 

by the ATP binding cassette (ABC) transporter Ste6 (McGrath and Varshavsky 1989). Another 

potentially Type II secreted protein class are heat shock proteins (HSP70) from mammalian cells which 

are released upon heat shock into the extracellular space (Mambula and Calderwood 2006). However, 

the exact mode of secretion is still discussed (Cohen et al. 2020).  

Type III translocation constitutes the largest amount of individual transport mechanisms described to 

date, including translocation via microvesicles, compartments for unconventional secretion (CUPS), 

autophagosomes. lsyosomes and amphisomes (Cohen et al. 2020). Secretion via lysosomal vesicals 

occurs by fusion of the lysosome to the plasma membrane and has been described in metazoans and 

yeasts (Li and Kane 2009). One example is the fatty acid binding protein 4 (FABP4) which is a lipid 

chaperone linked to type 2 diabetes (Furuhashi et al. 2014). Lacking a signal peptide, it is likely 

translocated directly into the lysosome in an unfolded form and secreted upon lipolysis-mediated 

signaling (Mita et al. 2015, Villeneuve et al. 2018). Autophagosomal secretion is induced when 

autophagosomes form during a starvation-induced process that is involved in breaking down cellular 

components (Cohen et al. 2020). An example for this mechanism is the cytokine IL-1β which is 

processed by Caspase-I into its active form during inflammation and released via autophagosomes. 

This cascade is triggered by a multi-protein complex described as the inflammasome (Martin-Sanchez 

et al. 2016). When autophagosomes fuse with multivesicular bodies the structure is called an 

amphisome (Klionsky et al. 2014). Histone H3 is unconventionally secreted via amphisomes. It was 

found in vesicular structures carrying both autophagosomal marker L3 and the multi vesicular body 

marker CD63 that release H3 into the extracellular space via fusion with the plasma membrane in a 

non-vesicular form (Jeppesen et al. 2019). CUPS on the other hand are multivesicular bodies that are 

formed by remodeling of the ER, Golgi and endosomal membranes under starvation conditions. This 

has been shown by tracing of the migration of Golgi protein Grh1 that translocates from ER exit sites 
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and early Golgi to distinct vesicular structures upon starvation (Cruz-Garcia et al. 2014). The Acetyl-

CoA-binding protein (Acb1) has been shown to be secreted unconventionally from S. cerevisiae in 

CUPS. Under starvation conditions Acb1 is recruited to CUPS by a complex cascade including 

autophagy proteins, the above described Grh1 and multivesicular body proteins Vps23 and Snf7 

(Curwin et al. 2016). Secretion likely occurs via direct fusion with the plasma membrane, as it is 

dependent on t-SNARE protein Sso1 (Duran et al. 2010).  

Type IV secretion is clearly differentiated from Type I to III unconventional and conventional 

secretion, since proteins still carry an N-terminal signal peptide but are nonetheless secreted, when ER-

Golgi transport is inhibited for example by brefeldin A (Grieve and Rabouille 2011). An example for 

Type IV secretion is the soluble yeast glycoprotein HSP150. While carrying an N-terminal signal 

peptide its correct localization to the cell surface could still be shown, when COPII coat components 

Sec13 and Sec24 were missing (Fatal et al. 2004). Of note the cellular exit mechanism of coronaviridae 

seems to be similar to Type IV secretion. It was shown that corona viruses assemble by budding into 

the intermediate compartment at the ER-Golgi interface with the nucleocapsid protein attaching 

directly to viral RNA and spike-, envelope and membrane-protein being folded in the endoplasmic 

reticulum first. After assembly in the intermediate compartment, viral particles bypass the Golgi 

apparatus and are directly translocated to the plasma membrane in saccular intermediate compartment 

elements that function as transport carriers (Saraste and Prydz 2021).  

1.4.2 Unconventional secretion in U. maydis – mechanism and biotechnology 

Unconventional secretion in U. maydis is facilitated by a mechanism recently described as lock-type 

secretion (Reindl et al. 2019). The discovery of this novel pathway started with the detection of 

chitinase Cts1 in U. maydis supernatants, even though it did not carry a N-terminal signal peptide 

(Koepke et al. 2011). Cts1 is a GH18 type chitinase and part of the chitinolytic machinery of U. maydis 

that consists of chitinases Cts1 to Cts4  (Koepke et al. 2011, Langner et al. 2015). Interestingly, only 

Cts1 is secreted unconventionally while Cts2 to 4 all carry N-terminal signal peptides (Langner et al. 

2015). Unconventional secretion of Cts1 was confirmed by fusion of Cts1 to the bacterial β-

glucuronidase reporter enzyme (Gus) (Stock et al. 2012). By chance, Gus carries an N-glycosylation 

site that is unaffected when expressed in bacteria but glycosylated when conventionally secreted in 

eukaryotic hosts, rendering it largely inactive (Farrel and Beachy 1990). When Gus was fused to the 

N-terminus of Cts1, however, activity was detectable extracellularly (Stock et al. 2012). Cts1 localizes 

to the fragmentation zone between mother and daughter cell during late stages of cytokinesis but in the 
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cytoplasm in single cells (Langner et al. 2015, Aschenbroich et al. 2019). Separation of mother and 

daughter cell and thus formation of the fragmentation zone is initiated by the construction of primary 

and secondary septa (Weinzierl et al. 2002). This involves the formation of a contractile actomyosin 

ring in which the Cdc42-Guanine exchange factor Don1 and the Ste20-like protein kinase Don3 are 

key players (Böhmer et al. 2008, Böhmer et al. 2009). Furthermore, all three key players are co-

localized with Cts1 in the fragmentation zone during the late stages of cytokinesis (Sandrock et al. 

2006, Böhmer et al. 2009, Schink and Bölker 2009). It was also shown that Don3 itself is 

unconventionally secreted using the Gus reporter, albeit at low amounts (Aschenbroich et al. 2019). 

Moreover, loss of Don1 and Don3 results in a strong cytokinesis defect, resulting in tree like structures 

that lack a secondary septum (Weinzierl et al. 2002, Aschenbroich et al. 2019). Interestingly Cts1 

secretion is strongly diminished in these strains but not in other cytokinesis defect strains that still form 

a secondary septum. Additionally, cell cycle inhibitor experiments indicated that Cts1 secretion is 

linked to the cell cycle and formation of the secondary septum while cell separation is not required 

(Aschenbroich et al. 2019). A genetic screen identified three unconventional secretion mutants. 

Interestingly all three mutants carried mutations in the open reading frame umag_03776 resulting in 

expression of truncated versions of the UMAG_03776 protein which was then named Jps1 (jammed 

in protein secretion screen 1). Further studies revealed co-localization of Jps1 and Cts1 in the 

fragmentation zone and that Cts1 localization was dependent on Jps1 but not vice versa. Thus, Jps1 

was proposed as an anchoring factor for Cts1 in the fragmentation zone (Reindl et al. 2020b).  

The current model for unconventional secretion (Fig 1.5) involves the translocation of Cts1 to the 

fragmentation zone under guidance of Jps1 in the late stages of cytokinesis. Formation of the secondary 

septum is induced by Don1, Don3 and Cdc42 and upon completion of the fragmentation zone Cts1 and 

Don3 are released.  
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Figure 1.5: Model of lock-type unconventional secretion. Jps1 likely acts as an anchoring factor for Cts1 at the vicinity 

of the primary septum of the yet unfinished fragmentation zone upon the late stages of the cell cycle. Don1 and Don3 act 

in formation of the secondary septum and upon completion of the fragmentation zone are secreted into the supernatant. 

Modified from Wierckx et al. (2021). 

 

Importantly, unconventional secretion of Cts1 can be hitchhiked for the secretion of several active 

proteins, a process that harbors some interesting advantages. First of all, N-glycosylation is avoided 

which is favorable for the production of biopharmaceuticals since protein based drugs carrying fungal 

N-glycosylation can trigger severe immune responses in patients (Gerngross 2004). Furthermore, 

protein stability can be decreased by glycosylation and bacterial enzymes can be completely inactivated 

(Tull et al. 2001, Stock et al. 2016a). Secondly, export of large proteins is feasible, as demonstrated by 

the export of the 173 kDa Gus-Cts1 fusion protein (Stock et al. 2012). Thirdly, Cts1 has been shown 

to tightly bind chitin, as demonstrated by a Gfp-nanobody-Cts1 fusion protein that was used for a Gfp 

pulldown on chitin magnetic beads, making it a potentially integrated purification and immobilization 

tag, next to its use as a carrier (Terfrüchte et al. 2017). Besides reporters like Gus or LacZ this has led 

to the expression and secretion of several biotechnologically relevant proteins like scFvs, a nanobody 

against botulinum toxin A and bacterial polygalacturonases via Cts1 hitchhiking (Sarkari et al. 2014, 
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Terfrüchte et al. 2017, Stoffels et al. 2020). However, the huge drawback of the system has thus far 

been its low secretory yield.  

Towards a competitive expression platform several strategies to optimize unconventional protein 

secretion in U. maydis have been applied. On the genetic side strong constitutive promoters were 

introduced to increase transcript levels of secretion targets (Sarkari et al. 2014). Additionally, 

proteolytic activity was reduced by deletion of pre-pro-protease convertase kex2, however, this resulted 

in severe growth defects (Sarkari et al. 2014). Thus, instead, up to eight proteases in a single AB33 

strain were deleted, resulting in strong yield improvements (Sarkari et al. 2014, Terfrüchte et al. 2018). 

Furthermore, an inducible secretion system based on transcriptional and translational regulation of 

Don3, reconstituting the deletion phenotype of don3 both in morphology and secretion upon Don3 

induction, was developed (Hussnätter et al. 2021). Genetic engineering efforts were supported by 

studies in process engineering. Through the use of online monitoring media conditions were optimized 

and through the use of buffered media, pH could be kept stable in expression cultures, thus preventing 

activity of extracellular proteases at low pH and increasing secretory yield and protein stability 

(Terfrüchte et al. 2018). Furthermore, an auto induction process was developed for the Don3 based 

inducible secretion system (Hussnätter et al. 2021). However, while yields could be improved 

significantly, reaching up to 140 µg/L for αBonTA-nanobody-Cts1, they are still not competitive.  
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1.5 Aim of this thesis 

The biotechnological potential of U. maydis for production of heterologous proteins, especially 

biopharmaceuticals, has previously been demonstrated (Stock et al. 2012, Terfrüchte et al. 2017). 

Furthermore, the system has been thoroughly optimized by both genetic and process engineering tools 

and by elucidation of the underlying mechanism (Terfrüchte et al. 2018, Reindl et al. 2019, Hussnätter 

et al. 2021). Immobilization of the export carrier Cts1 via chitin binding was demonstrated, allowing 

for the use of the carrier as a built-in immobilization-tag (Terfrüchte et al. 2017). However, these 

findings and optimizations have not yet let to either a competitive yield nor a suitable application 

strategy for U. maydis derived biopharmaceuticals. Therefore, two main goals were set for this thesis: 

i. First, anchoring factor Jps1 should be characterized as a potential new carrier for 

unconventional protein export. Jps1 was shown to co-localize with Cts1 in the fragmentation 

zone in the late stages of cytokinesis and to be exported into the culture supernatant, making it 

an ideal candidate to potentially increase yields of the system.  

ii. Second, the production of biopharmaceuticals and the immobilization of Cts1 should be 

combined into a functional application. Therefore, a chitin-based ELISA type antigen test 

should be established, if possible, utilizing direct detection of the antigen via a functionalized 

nanobody.  
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Abstract 

Recombinant proteins are ubiquitously applied in fields like research, pharma, diagnostics or the 

chemical industry. To provide the full range of useful proteins, novel expression hosts need to be 

established for proteins that are not sufficiently produced by the standard platform organisms. 

Unconventional secretion in the fungal model Ustilago maydis is an attractive novel option for export 

of heterologous proteins without N-glycosylation using chitinase Cts1 as a carrier. Recently, a novel 

factor essential for unconventional Cts1 secretion termed Jps1 was identified. Here, we show that Jps1 

is unconventionally secreted using a fusion to bacterial β-glucuronidase as an established reporter. 

Interestingly, the experiment also demonstrates that the protein functions as an alternative carrier for 

heterologous proteins, showing about 2-fold higher reporter activity than the Cts1 fusion in the 

supernatant. In addition, Jps1-mediated secretion even allowed for efficient export of functional firefly 

luciferase as a novel secretion target which could not be achieved with Cts1. As an application for a 

relevant pharmaceutical target, export of functional bi-specific synthetic nanobodies directed against 

the SARS-CoV2 spike protein was demonstrated. The establishment of an alternative efficient carrier 

thus constitutes an excellent expansion of the existing secretion platform. 
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2.1 Introduction 

The market for recombinant proteins like biopharmaceuticals is steadily increasing (Walsh 

2018).  As one example, the number of monoclonal antibody therapeutics entering phase 3 clinical 

trials has risen from 39 in 2014 to 88 in 2020 (Reichert 2015, Kaplon and Reichert 2021). Protein 

secretion into the culture broth is an excellent strategy for the production of recombinant proteins 

because it supports straightforward and inexpensive downstream processing (Nicaud et al. 1986, 

Flaschel and Friehs 1993). In eukaryotes, proteins are mostly targeted via the endomembrane system 

by N-terminal signal peptides for secretion (Viotti 2016). By contrast, the term unconventional 

secretion describes protein export that does not occur via the classical endomembrane system including 

endoplasmic reticulum and Golgi apparatus (Nickel 2010). Various routes for such alternative secretion 

events exist, including direct transfer across the plasma membrane via transporters or self-sustained 

translocation or vesicular pathways where membrane vesicles are hitchhiked for export (Nickel 2010, 

Rabouille 2017).  

Unconventional export of chitinase Cts1 in yeast cells of the fungal model Ustilago maydis is 

coupled to cytokinesis in a lock-type mechanism (Reindl et al. 2019). Upon formation of the daughter 

cell at one growth pole of the cigar shaped mother cell, Cts1 is targeted to the so-called fragmentation 

zone delimited at the mother-daughter neck by consecutive formation of two septa (Langner et al. 

2015). Here, the chitinase participates in separation of the two cells likely by degrading the remnant 

cell wall (Langner et al. 2015). Two septation factors, guanine nucleotide exchange factor (GEF) Don1 

and kinase Don3, are essential for formation of the secondary septum and for Cts1 secretion (Weinzierl 

et al. 2002, Aschenbroich et al. 2019). Furthermore, a recently identified potential anchoring factor, 

Jps1, is crucial for chitinase localization and export (Reindl et al. 2020b).  

 Importantly, unconventional Cts1 secretion can be exploited for co-export of heterologous 

proteins (Stock et al. 2012). Circumventing the classical secretion system is advantageous for the 

production of distinct proteins, because it avoids post-translational modifications like N-glycosylation 

occurring in the endomembrane system. In addition, there is no apparent size limitation (Stock et al. 

2012). Successful examples are secretion of functional enzymes like β-glucuronidase or β-

galactosidase, and antibody formats like scFvs or nanobodies (Stock et al. 2012, Sarkari et al. 2014, 

Terfrüchte et al. 2017, Reindl et al. 2020b). While the secretion system is operational for several target 

proteins, low yields in the µg per liter range are currently limiting its applicability (Terfrüchte et al. 

2017). Recently, major improvements were achieved by the generation of protease-deficient 
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production strains, usage of strong constitutive promoters and medium optimization (Sarkari et al. 

2014, Terfrüchte et al. 2018). However, novel strategies to further advance the system are needed.  

 In the present study we demonstrate that Jps1 is a novel potent carrier for co-export of 

heterologous proteins. We observed improved overall yields of secreted protein and export of firefly 

luciferase that was not functionally secreted via Cts1-fusions. As a proof-of-principle for 

pharmaceutical proteins we exported functional nanobodies directed against the receptor-binding 

domain (RBD) of the SARS-CoV2 spike protein. The novel carrier thus constitutes an important 

improvement of our expression system towards a competitive production platform.  

 

2.2 Results 

2.2.1 Jps1 is a potent new carrier for unconventional protein export  

Previous experiments had shown that Jps1 co-localizes with Cts1 in the fragmentation zone 

(Reindl et al. 2020b), suggesting that it might also be unconventionally secreted. To study this, we 

applied the well-established β-glucuronidase (Gus) reporter system (Fig. 2.1 A, B). This bacterial 

enzyme is largely inactivated upon secretion through the eukaryotic endomembrane system. By 

contrast, it is released in a functional state via unconventional secretion in yeast cells of U. maydis 

(Stock et al. 2012). To assay unconventional secretion of Jps1, a strain expressing a Gus-Jps1 fusion 

protein was generated in the background of the octuple protease-deletion laboratory strain AB33P8Δ 

(Fig. 2.1 A) (Terfrüchte et al. 2018). Microscopic analysis revealed that yeast cells expressing Gus-

Jps1 did not show any morphological differences as compared to the progenitor (Sup. Fig. 2.1, 2.2). 

The Gus-Jps1 fusion did also not disturb Cts1 function as detected by determining extracellular 

chitinase activity of AB33P8Δ/Gus-Jps1 which was similar to the activity detected in a strain 

expressing Gus-Cts1 (Sup. Fig. 2.1). Subsequently, intra- and extracellular Gus activity was 

determined (Fig. 2.1 C, D). The progenitor strain AB33P8Δ was used as a negative control, while a 

strain expressing intracellular Gus served as a lysis control (AB33 Guscyt) (Stock et al. 2012). High 

Gus activity was present in cell extracts of all strains harboring the Gus enzyme but not in the 

progenitor AB33P8Δ lacking the enzyme (Fig. 2.1 C). Importantly, Gus activity was also detected in 

the supernatant of Gus-Jps1 expressing strains but not for the lysis control, confirming unconventional 

secretion of Jps1 (Fig. 2.1 D). At the same time, this experiment demonstrates, that Jps1 – similar to 

Cts1 - is able to act as a carrier for heterologous proteins. Notably, extracellular Gus activity levels 

were increased by about 2-fold in culture supernatants of Gus-Jps1 compared to Gus-Cts1 expressing 
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strains (Fig. 2.1 D), suggesting that Jps1 might constitute a more effective carrier than Cts1. Both 

strains were also compared in terms of growth speed and strain fitness using online monitoring in a 

BioLector device (m2p-labs, Baesweiler, Germany) (Funke et al. 2010). The progenitor strain 

AB33P8Δ as well as AB33P8∆/Gus-Cts1 and AB33P8∆/Gus-Jps1 showed similar proliferation 

patterns and doubling times of about 3 h during the exponential growth phase when incubated in CM 

medium supplemented with 1% glucose (Sup. Fig. 2.2). Thus, Jps1 constitutes a promising candidate 

for a novel potent carrier for heterologous proteins. 
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Figure 2.1: Jps1 is unconventionally secreted and serves as an alternative carrier for Gus export. 

Schematic display of the proteins expressed to study unconventional secretion. Cytoplasmic Gus (Guscyt) is used as a lysis 

control (top). Gus-Jps1 (middle) and Gus-Cts1 (bottom) harbor the respective carrier proteins at the C-terminus. All proteins 

carry an SHH (double Strep, ten times His, triple HA) tag indicated in black (Sarkari et al. 2014). All schemes are drawn 

to scale. (B) Enzymatic reaction mediated by β-glucuronidase. 4-methyl-umbeliferyl-β-D-glucuronide (4-MUG) and H2O 

are converted to 4-methyl-umbelliferone which is a fluorescent molecule (365 nm excitation/ 465 nm emission). (C) 

Determination of intracellular Gus activity. Progenitor strain AB33P8Δ (Ctrl) and AB33 Guscyt expressing cytoplasmic Gus 

were included as controls. The experiment was conducted in three biological replicates. (D) Comparative extracellular Gus 

activity of strains using either Cts1 or Jps1 as a carrier. Enzyme activities were normalized to average values of the strain 

secreting Gus-Cts1. AB33P8Δ and AB33 Guscyt were used as a negative and lysis controls, respectively. The experiment 

was conducted in three biological replicates. (E) Representative Western blot analysis of Gus-Cts1 and Gus-Jps1 secretion. 

Extracellular protein was enriched from culture supernatants by TCA precipitation. Intracellular protein levels were 

visualized by cell extracts. Western blots show 1 ml of precipitated supernatants (TCA) and 10 µg cell extract (CE). Full 

length protein signal indicated by arrows, degradation bands with a rhombus. (F) Quantification of secreted protein using 

Western blot analysis. Supernatants of strains producing Gus-Jps1 or Gus-Cts1 were enriched by TCA precipitation and 

subjected to Western blot analysis. Signal intensities were compared to defined protein amounts of Multiple Tag protein 

(GenScript Piscataway, NJ, USA) included in the same gel. Bars show extrapolated protein amounts in µg/L. Western blots 

used for the analysis, see Fig. S3. Three biological replicates are shown; error bars in figures (C), (D), and (F) indicate 

standard deviation. Definition of statistical significance (***): p-value < 0.05. p-value derived from students unpaired t-

test. 

 

To assay secretion on the protein level, Western blot analyses were conducted. These 

experiments showed that extracellular amounts of Gus-Jps1 were markedly increased as compared to 

Gus-Cts1, while intracellular levels were comparable. This confirms that Jps1 is secreted with 

enhanced efficiency in relation to Cts1 (Fig. 2.1 E, Sup. Fig. 2.3). To quantify this result distinct 

amounts of Multiple Tag protein (GenScript Biotech, Piscataway, NJ, USA) were included (Sup. Fig. 

2.4). Quantification of the Western blot signals revealed that Gus-Cts1 levels in the supernatant reach 

concentrations of 38 µg/L while Gus-Jps1 is present at about 103 µg/L (about 2.7-fold increase; Fig. 

2.1 F). In summary, these results demonstrate that Jps1 can deal as a powerful carrier for heterologous 

proteins with elevated levels in comparison to Cts1. 
 

2.2.2 don3 induced secretion further enhances Gus-Jps1 secretion 

Recently, we have established a system that allows for the induction of unconventional secretion 

via regulation of kinase Don3, a gatekeeper of the fragmentation zone (Hussnätter et al. 2021). To this 

end we used a arabinose-inducible promoter to control don3 expression, which is prerequisite for 
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secondary septum formation (Weinzierl et al. 2002). Unconventional secretion is only functional with 

a functional fragmentation zone consisting of two septa (Aschenbroich et al. 2019). Here we 

reproduced these findings using Jps1 as a carrier as demonstrated by a strain which carried genetic 

modifications for transcriptional induction of don3 and expressed the Gus-Jps1 reporter as read-out 

(Fig. 2.2 A, B) (Hussnätter et al. 2021). Although we observed a slightly higher background activity in 

arabinose cultures, the induction was more than 18-fold and thus, significantly higher than for using 

Cts1 as a carrier protein, showing about 12-fold induction (Fig. 2.2 B). Furthermore, Gus-activity was 

elevated 2.4-fold compared to induced Gus-Cts1 secretion and more than 3-fold compared to regular 

Gus-Cts1 secretion. Hence, inducible Jps1 constitutes a powerful tool for unconventional secretion of 

heterologous proteins. Jps1 enables export of functional firefly luciferase 



                                   A novel secretion carrier 

29 
 

 

Figure 2.2: Inducible secretion of Gus-Jps1 via transcriptional regulation of don3. (A) Schematic display of the 
inducible secretion system. don3-gfp is expressed under control of the arabinose-inducible promoter Pcrg. Under glucose 
conditions the promoter is in its “off state”, unconventionally secreted proteins under control of Poma are thus expressed but 
not secreted. Under arabinose condition the promoter is in its “on state” and proteins are secreted. Gus is fused to either 
Cts1 or Jps1 including an internal SHH tag (double Strep, ten times His, triple HA). (B) Gus activity in culture supernatants 
of AB33 derivatives expressing Gus-Cts1 or Gus-Jps1 and their ∆don3 variants. Enzymatic activity was normalized to 
average values of positive controls secreting Gus-Cts1 constitutively. The diagram represents the results of three biological 
replicates. Error bars depict standard deviation. Fold change of induced cultures depicted over brackets. Definition of 
statistical significance (***): p-value < 0.05. p-value derived from students unpaired t-test.  
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2.2.3 Jps1 enables export of functional firefly luciferase 

Photinus pyralis luciferase FLuc was recently established for intracellular use in U. maydis 

(Müntjes et al. 2020). Bioluminescence would be a straight-forward alternative read-out for 

unconventional secretion because the signal can be detected directly from the culture broth while the 

established reporters Gus and β-galactosidase (LacZ) require more elaborate biochemical assays. 

Further advantages are low background signals and the use of the inexpensive substrate D-luciferin 

(Miska and Geiger 1987). To test bioluminescence as a read-out for unconventional secretion, an 

expression strain producing FLuc-Cts1 was generated in the background of the octuple protease 

deletion strain (AB33P8∆/FLuc-Cts1). Similarly, a FLuc-Jps1 expressing strain was generated 

(AB33P8∆/FLuc-Jps1) to evaluate the effect of the alternative carrier (Fig. 2.3 A). AB33 producing 

intracellular luciferase (FLucCyt) was used as a positive control in all assays (Müntjes et al. 2020). 

Monitoring of proliferation revealed that growth speed was slightly reduced in AB33P8∆/FLuc-Jps1 

with a doubling time of 3.5 h, compared to the progenitor strain AB33P8Δ and AB33P8∆/FLuc-Cts1 

showing doubling times of 3 h in the exponential growth phase (Sup. Fig. 2.2). The slight reduction 

might eventually be caused by a minor increase in the number of abnormal cells growing in clusters in 

the FLuc-Jps1 expressing strain (Sup. Fig. 2.2 C). Luciferase assays showed that intracellular activity 

was very low in the FLuc-Cts1 expressing strain compared to the strain producing cytoplasmic FLuc, 

while levels of Fluc-Jps1 expressing strains were comparable to the cytoplasmic control showing 

significant activity (Fig. 2.3 C). Importantly, in culture supernatants the observed effect was even more 

pronounced and extracellular FLuc activity for the strain producing FLuc-Jps1 was about 48-fold 

higher than activity of FLuc-Cts1 secreting cells for which no significant difference to the control strain 

could be observed (Fig. 2.3 D). These results were confirmed in Western blot analyses. While 

intracellular levels of FLuc-Cts1 were reduced in comparison to FLuc-Jps1 which showed an about 

1.8-fold higher signal intensity, only FLuc-Jps1 was detectable in supernatants (Fig. 2.3 E; Sup. Fig. 

2.3). This demonstrates that not only expression of FLuc-Cts1 was impaired, but also detectable Cts1 

based secretion was absent. The reason for the differential performance of the Cts1 and Jps1 fusions 

with FLuc remains unclear. The size of the FLuc-Cts1 fusion protein is likely not affecting its 

unconventional secretion, since larger fusions had been successfully exported in earlier studies (Stock 

et al. 2012). Eventually, structural interferences or other unknown features of this particular fusion led 
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to reduced protein production or its instability. These results further emphasize the advantage of having 

a second carrier for the unconventional secretion system at hands. 

 
Figure 2.3: Efficient Jps1-mediated export of firefly luciferase as a new reporter for unconventional secretion. (A) 

Schematic display of the proteins expressed to study unconventional secretion. Cytoplasmic FLuc (FLuccyt) was used as a 

lysis control (top). FLuc-Jps1 (middle) and FLuc-Cts1 (bottom) harbor the respective carrier proteins at the C-terminus. 

All proteins carry an SHH tag indicated in black (Sarkari et al. 2014). All schemes are drawn to scale. (B) Enzymatic 

reaction mediated by firefly luciferase: D-Luciferin and ATP are converted to oxiluciferin, AMP and CO2. During this 

reaction excited intermediates emit energy in the form of light that can be detected as bioluminescence. (C) Comparison of 

intracellular FLuc activity of the strains AB33P8Δ/FLuc-Cts1 and AB33P8Δ/FLuc-Jps1. Enzymatic activity was 

normalized to average values of strain secreting FLuc-Cts1. The progenitor strain AB33P8Δ was used as a negative control. 

Strain AB33 FLuccyt with intracellular FLuc expression dealt as positive control. Three biological replicates are shown. (D) 
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Comparison of extracellular FLuc activity of strains harboring either Cts1 or Jps1 as a carrier. Enzymatic activity was 

normalized to average values of strain secreting FLuc-Cts1. Strain AB33 FLuccyt with intracellular FLuc expression dealt 

as lysis control. Three biological replicates are shown. Error bars in figures (C) and (D) indicate standard deviation. 

Definition of statistical significance (***): p-value < 0.05. p-value was derived from students unpaired t-test. (E) 

Representative Western blot of FLuc-Cts1 and FLuc-Jps1. Secreted protein was enriched from the supernatant by TCA 

precipitation. Intracellular protein levels were visualized by cell extracts. Western blots show 1 ml of precipitated 

supernatants (TCA) and 10 µg cell extracts (CE). Full length protein signals indicated by arrows, degradation bands with a 

rhombus. 

 

2.2.4 Unconventional secretion of functional antibodies against Sars-CoV2-RBD  

Next, we tested unconventional secretion of nanobodies directed against the SARS-CoV2 spike 

protein receptor binding domain (RBD) as a timely example of pharmaceutically relevant targets. 

Therefore, strains were generated in which two synergistic synthetic nanobodies (sybodies) directed 

against the Sars-CoV2 spike-RBD  were combined (Walter et al. 2020). The bi-specific sybody was 

tagged with a 10× His-linker for purification and fused to either Cts1 or Jps1 for unconventional 

secretion (AB33P8Δ/Sy68/15-Cts1 and AB33P8Δ/Sy68/15-Jps1) (Fig. 4 A). Western blot analyses 

confirmed that both fusion proteins were synthesized. However, Sy68/15-Cts1 was produced at a lower 

level compared to Sy68/15-Jps1. The latter showed stronger degradation than observed for other Jps1 

fusion proteins (see above). In supernatants only a very faint signal was present for Sy68/15-Cts1 while 

for Sy68/15-Jps1 a stronger signal and less degradation than in cell extracts was detected (Fig. 4 C). 

Quantification revealed an increase of about 18-fold in signal intensity for the Jps1 full-length fusion 

compared to the Cts1 full-length fusion (Sup. Fig. 3).  Subsequently, the antigen-binding activity of 

the sybody was determined via direct confrontation with spike-RBD immobilized on ELISA plates and 

subsequent detection with an antibody sandwich. Immobilized bovine serum albumin (BSA) dealt as 

a negative control. ELISA experiments using cell extracts demonstrated that both sybody-fusion 

proteins were functional in detecting the cognate antigen. While the activity of Sy68/15-Cts1 was only 

slightly above baseline, Sy68/15-Jps1 showed strong volumetric activity (Fig. 4 E). Next, sybody- fusion 

proteins were IMAC purified from culture supernatants and applied to ELISA in up to 10-fold 

concentrated solutions. While no activity could be observed for Sy68/15-Cts1, Sy68/15-Jps1 showed 

volumetric binding activity on the antigen, confirming the secretion of the functional sybody fusion 
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protein. Thus, pharmaceutically relevant nanobodies were exported in their functional form using Jps1 

as a carrier for unconventional secretion. 

 
Figure 2.4: Export of functional bi-specific Sars-CoV2 sybodies using Jps1 as a carrier for unconventional secretion. 

(A) Bi-specific anti SARS-CoV2 spike-RBD sybodies sy#15 and sy#68 (Walter et al. 2020) were tagged with a 10x His 

tag and fused to either Cts1 (top) or Jps1 (bottom) via a TEV protease cleavage site and an HA-tag. (B) Detection reaction 

for ELISA: Colorless 10-acetyl-3,7-dihydrophenoxazine (ADHP) is converted by horseradish peroxidase (HRP) using 

H2O2 to resurofin, a purple substance that emits strong fluorescence (excitation 570 nm, emission 600 nm). (C) 

Representative Western blot analyses of Sy68/15-Cts1 and Sy68/15-Jps1. Secreted protein was enriched from the supernatant 

by TCA precipitation. Intracellular protein levels were visualized by cell extracts. Western blots show 1 ml of precipitated 

supernatants (TCA) and 10 µg cell extracts (CE). Full length protein signals indicated by arrows, degradation bands with 

rhombi. (D) ELISA of cell extracts: 1 µg of RBD was immobilized per well. 1 µg BSA dealt as a negative control. Baseline 

was established by a well coated with RBD and only treated with anti-HA and anti-mouse-HRP. Serial dilutions of U. 
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maydis cell extracts (30 ng, 60 ng, 250 ng per well) were applied in technical triplicates both to RBD and BSA coated wells. 

Detection was carried out with the before mentioned anti-HA-mouse and anti-mouse-HRP antibodies. Three biological 

replicates are shown. Error bars indicate standard deviation of biological replicates.  (E) ELISA of protein purified from 

supernatants: ELISA wells were coated, and reactions detected as described in (D). Culture supernatants containing sybody-

fusion proteins were subjected to Nickel2+-NTA IMAC and subsequently concentrated up to 10-fold. Serial dilutions of 

supernatants (1-fold, 5-fold, 10-fold concentrated supernatant) were mixed with blocking solution and added to ELISA 

wells in technical triplicates. Three biological replicates are shown. Error bars indicate standard deviation for biological 

replicates. 
 

2.3 Discussion  

Here we successfully evaluated the potential anchoring factor Jps1 as a novel carrier for the 

export of heterologous proteins by unconventional secretion in U. maydis. Carrier proteins are 

ubiquitously used in fungal protein expression systems based on conventional secretion (Fleissner and 

Dersch 2010). This is mainly due to the observation that homologous proteins like hydrolytic enzymes 

are secreted with very high titers compared to heterologous targets (Nevalainen and Peterson 2014). In 

our system, similar to the previously used carrier chitinase Cts1, Jps1 was fused to the C-terminus of 

heterologous target proteins to mediate their export via the fragmentation zone. Of note, one exception 

identified during this study was the reporter enzyme LacZ: Here, a LacZ-Cts1 fusion is functional and 

unconventionally secreted (Reindl et al. 2020b) while strains producing the respective LacZ-Jps1 

fusion showed growth retardation and were lacking detectable LacZ activity and LacZ-Jps1 protein in 

the culture supernatant (results not shown). We anticipate that this could be related to the formation of 

tetramers by LacZ which interfere with Jps1 but not with Cts1 secretion; however, this hypothesis 

needs to be verified. Nevertheless, the discovery of a second carrier for unconventional secretion in U. 

maydis is a very favorable addition to our expression system (Reindl et al. 2019, Wierckx et al. 2021): 

The choice between the two fusion proteins, Cts1 and Jps1, will greatly enhance the repertoire of our 

secretion targets. Jps1 proofed valuable for the export of proteins that were not secreted at significant 

levels as Cts1 fusions and showed promising secretion levels for these targets. This is for example true 

for the firefly luciferase FLuc or the bi-specific sybodies that were only secreted efficiently when fused 

to Jps1. As a positive side effect, the FLuc-Jps1 fusion protein is a valuable alternative that allows a 

quick and inexpensive quantification of unconventional secretion via Jps1 in future studies (Wider and 

Picard 2017, Branchini et al. 2018). On the contrary, the intrinsic feature of chitin binding of Cts1 is 

very attractive as a tool which can be developed for efficient in situ protein purification from culture 
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broth (Terfrüchte et al. 2017). Hence, both carriers show distinct advantages that can be exploited 

depending on the actual demands.  

In line with our results, different carriers show varying efficiencies in other fungal systems. For 

example, glycoamylase or α-amylase have been described as a powerful tool for heterologous protein 

secretion in filamentous fungi like Aspergilli (Ward et al. 1990, Nakajima et al. 2006). Similarly, the 

choice of the conventional signal peptide for efficient entry into the endoplasmic reticulum has been 

described as a key factor for improving conventional secretion (Xu et al. 2018, Wang et al. 2020b). 

While existence of a signal peptide remains elusive for lock-type unconventional secretion (Stock et 

al. 2012), it is conceivable that other unconventionally secreted proteins are still to be discovered that 

might constitute even more powerful carriers. Currently, we do not have a precise idea on why Jps1 

mediates export of heterologous proteins more effectively than Cts1. Further studies on the molecular 

roles of Jps1 during Cts1 secretion might resolve this question in the future. Notably, unconventional 

secretion was also observed for septation factor Don3 (Aschenbroich et al. 2019) which may thus serve 

as such alternative carrier.  However, Gus activity levels of unconventionally secreted Gus-Don3 are 

minute compared to Gus-Cts1, suggesting that it does not constitute a promising alternative 

(Aschenbroich et al. 2019). Hence, it is important to further study the mechanism of lock-type secretion 

and in particular, to identify further players that localize to the fragmentation zone for export during 

cytokinesis (Reindl et al. 2019, Wierckx et al. 2021).  

The successful synthesis and functional export of nanobodies directed against the RBD of the 

surface spike protein of the SARS-CoV2 virus is a timely new addition to the repertoire of secreted 

targets. The current pandemics situation underpinned that it is important to develop novel methodology 

for quick, specific, and sensitive detection and treatment of viral infections in the future. On the one 

hand nanobodies are potent proteins for antigen detection (Muyldermans 2013) and thus very 

promising tools in the context of SARS-CoV2 detection. On the other hand, antibody-based 

pharmaceuticals like Casirivimab and Imdevimab are already used to treat COVID-19 infection (Sun 

and Ho 2020b). Therefore, besides application in virus diagnostics, nanobodies directed against SARS-

CoV2 could potentially even become novel pharmaceutical targets for therapeutic approaches (Dubey 

et al. 2020). The unique system of unconventional secretion in U. maydis now offers new possibilities 

for nanobody production without the risk of undesired modifications by N-glycosylation (Stock et al. 

2012). This would eliminate the necessity to humanize llama derived nanobodies for safe use as 

pharmaceuticals to avoid allergic reaction in patients (Vincke et al. 2009, Dong et al. 2020). To achieve 

this, both the unconventional secretion system and specifically the production and application of 
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nanobodies via this system have to be optimized, for example by further multimerization to increase 

valency and affinity (Wichgers Schreur et al. 2020, König et al. 2021). By the establishment of a new 

carrier and export of functional SARS-CoV2 nanobodies we have thus laid a solid foundation for 

further exploitation and application of lock-type unconventional secretion. 

 

 

2.4 Material and methods 

2.4.1 Molecular biology methods  

All plasmids (pUMa/pUx vectors) generated in this study were obtained using standard 

molecular biology methods established for U. maydis including Golden Gate and Gibson cloning 

(Brachmann et al. 2004, Gibson et al. 2009, Gibson 2011, Terfrüchte et al. 2014). All plasmids were 

verified by restriction analysis and sequencing. Oligonucleotides applied for cloning are listed in Table 

1. Genomic DNA of U. maydis strain UM521 was used as template for PCR reactions. The genomic 

sequence for this strain is stored at the EnsemblFungi database (EnsemblFungi). The generation of 

plasmids pUMa3329_Δupp1_Pcrg-eGfp-Tnos-natR, pUMa2113_pRabX1-Poma_gus-SHH-cts1, 

pUMa2240_Ip_Poma-his-αGfpllama-ha-Cts1-CbxR and pUMa3771_Δupp3_Potef_FLuc_NatR has 

been described previously (resulting strains, see Table 2). For the generation of 

pUMa3012_Ip_Poma_Gus-SHH-Jps1_CbxR the jps1 gene (umag_03776) was amplified from 

genomic DNA using primers oMB372 and oMB373 with AscI and ApaI hydrolyzation sites. 

Subsequently, the backbone of pUMa2113_Ip_Poma_Gus-SHH-Cts1_CbxR was used for restriction 

ligation cloning and jps1 was inserted into the backbone instead of cts1. pUMa4131_Ip_Poma_FLuc-

SHH-Cts1_CbxR was generated by amplification of the U. maydis dicodon-optimized P. pyralis fluc 

gene from pUMa3771_Δupp3_Potef_FLuc_NatR using oAB297 and oAB298 with BamHI and SfiI 

hydrolyzation sites. pUMa2113_Ip_Poma_Gus-SHH-Cts1_CbxR was then hydrolyzed with BamHI 

and SfiI and fluc was inserted into the backbone instead of gus via restriction/ligation cloning. A 

restriction/ligation cloning approach was applied for pUMa4566_Ip_Poma_FLuc-SHH-Jps1_CbxR. 

jps1 was excised from pUMa3012_Ip_Poma_Gus-SHH-Jps1_CbxR using AscI and ApaI and inserted 

into pUMa4131_Ip_Poma_FLuc-SHH-Cts1_CbxR, also hydrolyzed with AscI and ApaI. 

pUx1_Ip_Poma-Sy#68-his-Sy#15-ha-Cts1-CbxR was generated by amplification of genes sy#68  and 

sy#15 (Walter et al. 2020) from a synthetic gBlock (Integrated DNA Technology, Coralville, Iowa, 

USA) using primers oAB908 and oAB909 for sy#15 adding BamHI and SpeI hydrolyzation sites and 
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oCD234 and oCD235 for sy#68  with complementary overhangs for Gibson cloning. Subsequently, 

pUMa2240_Ip_Poma-his-αGfpllama-ha-Cts1-CbxR (Terfrüchte et al. 2017) was hydrolyzed with 

BamHI and SpeI and gene sy#15 was inserted via restriction ligation cloning, replacing αgfpllama and 

thereby generating pUMa4678. pUMa4678 was then hydrolyzed with BamHI and the sequence 

encoding for sy#68 was inserted via Gibson cloning (Gibson et al. 2009), generating pUx1. For the 

generation of pUx8 jps1 was excised from pUMa3012 using AscI and ApaI and inserted into the AscI 

and ApaI hydrolyzed backbone of pUx1.  

 

2.4.2 Strain generation  

U. maydis strains used in this study were obtained by homologous recombination yielding 

genetically stable strains (Bösch et al. 2016) (Table 2). For genomic integrations at the ip locus, 

integrative plasmids were used (Stock et al. 2012). These plasmids contained the ipr allele, promoting 

carboxin resistance. For integration, plasmids were linearized within the ipr allele to allow for 

homologous recombination with the ips locus. For transformation, integrative plasmids were 

hydrolyzed within the ipr locus using the restriction endonuclease SspI, resulting in a linear DNA 

fragment. For genetic modifications in other loci, plasmids with about 1 kb flanking regions and a 

resistance cassette were generated (Brachmann et al. 2004, Terfrüchte et al. 2014). For transformation, 

the insertion cassette was excised from the plasmid backbone using SspI or SwaI (Terfrüchte et al. 

2014). For all genetic manipulations, U. maydis protoplasts were transformed with linear DNA 

fragments for homologous recombination. All strains were verified by Southern blot analysis (Southern 

1974). For in locus modifications the flanking regions were amplified as probes. For ip insertions, the 

probe was obtained by PCR using the primer combination oMF502/oMF503 and the template 

pUMa260 (Keon et al. 1991, Brachmann et al. 2004). Primer sequences are listed in Table 1.  

 

2.4.3 Cultivation 

U. maydis strains were grown at 28 °C in complete medium supplemented with 1% (w/v) glucose 

(CM-glc) or with 1% (w/v) arabinose (CM-ara) if not described differently (Holliday 1974a, Tsukuda 

et al. 1988). Solid media were supplemented with 2% (w/v) agar agar. Growth phenotypes were 

evaluated using the BioLector microbioreactor (m2p-labs, Baesweiler, Germany) (Funke et al. 2010). 

MTP-R48-B(OH) round plates were inoculated with 1.5 ml culture per well and incubated at 1,000 

rpm at 28 °C. Backscatter light with a gain of 25 or 20 was used to determine biomass.   
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2.4.4 Quantification of unconventional secretion using the Gus reporter 

Extracellular Gus activity was determined to quantify unconventional Cts1 secretion using the 

specific substrate 4-methylumbelliferyl β-D galactopyranoside (MUG, bioWORLD, Dublin, OH, 

USA)) (Koepke et al. 2011, Stock et al. 2012, Stock et al. 2016b). Cell-free culture supernatants were 

mixed 1:1 with 2× Gus assay buffer (10 mM sodium phosphate buffer pH 7.0, 28 µM β- 

mercaptoethanol, 0.8 mM EDTA, 0.0042% (v/v) lauroyl-sarcosin, 0.004% (v/v) Triton X-100, 2 mM 

MUG, 0.2 mg/ml (w/v) BSA) in black 96-well plates. Relative fluorescence units (RFUs) were 

determined using a plate reader (Tecan, Männedorf, Switzerland) for 100 min at 28 °C with 

measurements every 5 minutes (excitation/emission wavelengths: 365/465 nm, gain 60). For 

quantification of conversion of MUG to the fluorescent product 4-methylumbelliferone (MU), a 

calibration curve was determined using 0, 1, 5, 10, 25, 50, 100, 200 µM MU. 

 

2.4.5 Determination of extracellular Cts1 activity 

 Extracellular Cts1 activity was analyzed using 4-methylumbelliferyl β-D cellobioside (MUC, 

Sigma-Aldrich, Billerica, MA, USA) as a substrate (Koepke et al. 2011). Whole cell cultures were 

mixed 3:7 with KHM Buffer (110 mM CH3CO2K, 20 mM HEPES, 2 mM MgCl2, 2 mM MUC) in 

black 96 well plates. Relative fluorescence units were determined using a plate reader (Tecan, 

Männedorf, Switzerland) by fluorescence measurement at 28°C for 100 min every 2 min (360 nm 

excitation and 450 nm emission, gain 100).  

 

2.4.6 Quantification of unconventional secretion using luciferase reporter  

 Extra- and intracellular luciferase activity was determined using D-luciferin (Biosynth 

Carbosynth, Compton, UK). Cell-free supernatants or whole cell cultures in CM medium were mixed 

8:2 with luciferin substrate mix (20 mM tricine, 2.67 mM MgSO4×7H2O, 0.1 mM EDTA×2 H2O, 33.3 

mM DTT, 0.524 mM ATP, 0.269 mM acetyl-CoA, 0.467 mM D-luciferin, 5 mM NaOH, 0.264 mM 

MgCO3×5H2O) in white 96-well plates. Relative photon count (RPC) was determined using a Mithras 

LB 940 plate reader (Berthold technologies, Bad Wildbad, Germany) for 20 min with measurements 

every 20 s. 
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2.4.7 Quantification of unconventional secretion  

 Gus-Cts1 and Gus-Jps1 secretion was analyzed by trichloroacetic acid (TCA) precipitation of 

culture broths. 1 ml of cell-free supernatants of cultures grown in Verduyn medium (55.5 mM Glucose, 

74.7 mM NH4Cl, 0.81 mM MgSO4×7H2O, 0.036 mM FeSO4×7H2O, 36.7 mM KH2PO4, 100 mM MES 

pH 6.5, 0.051 mM EDTA, 0.025 mM ZnSO4×7H2O, 0.041 mM CaCl2, 0.016 mM H3bBO3, 6.7 µM 

MnCl2×2H2O, 2.3 µM CoCl2×6H2O, 1.9 µM CuSO4×5H2O, 1.9 µM Na2MoO4×2H2O, 0.6 µM KI) to 

an OD600 of 3 were chilled on ice and mixed with 400 µl 50 % (v/v) TCA solution and incubated on 

ice at 4 °C overnight. Subsequently, precipitated protein pellets were harvested by centrifugation at 

11,000 x g at 4 °C for 30 min. Supernatants were discarded and pellets were washed with 300 µl of -

20 °C acetone followed by centrifugation at 11,000 × g at 4 °C for 20 min twice. Pellets were dried at 

room temperature and resuspended in Laemmli buffer containing 0.12 M NaOH. Resuspended pellets 

were denatured at 95 °C for 10 min and then subjected to SDS-PAGE and Western blot analysis. To 

determine protein concentration obtained by TCA precipitation a standard ladder of 50, 100, 200 and 

500 ng of Multiple Tag protein (GenScript Biotech, Piscataway, NJ, USA) was loaded onto the SDS-

PAGE next to obtained samples. Western blot signals were quantified using image studio lite version 

5.2 (Li-Cor Biosciences, Lincoln, NE, USA) and the standard curve obtained by quantification of 

Multiple Tag protein signals was used to determine protein concentrations in culture supernatants.  

  

2.4.8 SDS PAGE and Western blot analysis 

To verify protein production and secretion in cell extracts and supernatants, respectively, 

Western Blot analysis was used. 20 ml cultures were grown to an OD600 of 1.0 and harvested at 1,500 

× g for 5 min in centrifugation tubes. Until further preparation, pellets were stored at -20 °C. For 

preparation of cell extracts, cell pellets were resuspended in 1 mL cell extract lysis buffer (100 mM 

sodium phosphate buffer pH 8.0, 10 mM Tris/HCl pH 8.0, 8 M urea, 1 mM DTT, 1 mM PMSF, 2.5 

mM benzamidine, 1 mM pepstatin A, 2× complete protease inhibitor cocktail (Roche, Sigma/Aldrich, 

Billerica, MA, USA) and cells were crushed by agitation with glass beads at 2,500 rpm for 12 min at 

4 °C. After centrifugation (11,000 × g for 30 min at 4 °C), the supernatant was separated from cell 

debris and was transferred to a fresh reaction tube. Protein concentration was determined by Bradford 

assay (BioRad, Hercules, CA, USA) (Bradford 1976) and 10 µg total protein was used for SDS-PAGE. 

SDS-PAGE was conducted using 10% (w/v) acrylamide gels. Subsequently, proteins were transferred 

to methanol activated PVDF membranes using semi-dry Western blotting. SHH-tagged Gus-Cts1 was 

detected using a primary anti-HA (1:3,000, Millipore/Sigma, Billerica, USA). An anti-mouse IgG-
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horseradish peroxidase (HRP) conjugate (1:3,000 Promega, Fitchburg, USA) was used as secondary 

antibody. HRP activity was detected using the Amersham ™ ECL ™ Prime Western Blotting Detection 

Reagent (GE Healthcare, Chalfont St Giles, UK) and a LAS4000 chemiluminescence imager (GE 

Healthcare Life Sciences, Freiburg, Germany). 

 

2.4.9 IMAC purification of supernatants 

 For the purification of recombinant unconventionally secreted protein from U. maydis, cells 

were grown in CM-glucose (1% w/v) medium buffered with 0.05 M MES pH 6.5. 200 ml of culture 

supernatants were harvested at and OD600 of 0.8 by centrifugation at 5,000 × g for 3 min. Harvested 

supernatants were chilled to 4 °C and treated with a protease inhibitor tablet of cOmplete protease 

inhibitor (Roche, Sigma/Aldrich, Billerica, MA, USA). 2 ml of Nickel2+-NTA matrix was equilibrated 

with 50 ml lysis buffer (10 mM imidazole 50 mM NaH2PO4, 300 mM NaCl, pH 8.0). 22 ml of 10 times 

concentrated lysis buffer were added to the supernatants and subsequently Nickel2+-NTA matrix was 

added to the supernatant. The mixture was batched by gentle stirring on a magnetic stirrer at 4 °C for 

1 h. Following batching supernatant flow-through was discarded via a PD-10 column. Matrix was 

collected in the PD-10 column during the process. Collected matrix was washed with 50 ml of wash 

buffer (lysis buffer, 20 mM Imidazole) and protein was eluted with 2 ml elution buffer (lysis buffer, 

250 mM imidazole). In the last step supernatants were concentrated via Amicon Ultra 50 k 0.5 ml 

centrifugal filter devices (Merck Millipore, Burlington, Massachusetts, USA) and the buffer exchanged 

to PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.2) and applied for 

ELISA.  

 

2.4.10 Enzyme-linked immunosorbent assay (ELISA) 

 For detection of nanobody binding activity protein adsorbing 384-well microtiter plates 

(Nunc® MaxisorpTM, ThermoFisher Scientific, Waltham, MA, USA) were used. Wells were coated 

with 1 µg commercially available Sars-CoV2 spike-RBD-domain protein (GenScript Biotech, 

Piscataway, NJ, USA). 1 µg BSA per well dealt as negative control (NEB, Ipswich, MA, USA). 

Samples were applied in a final volume of 100 µl coating buffer (100 mM Tris-HCL pH 8, 150 mM 

NaCl, 1 mM EDTA) per well at 4 °C for at least 16 h. Blocking was conducted for at least 4 h at 4 °C 

with 5% (w/v) skimmed milk in coating buffer. Subsequently, 5% (w/v) skimmed milk in PBS was 

added to defined protein amounts of nanobody samples from cell extracts or purified from culture 
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supernatants and respective controls. 100 µl of sample was added to wells coated with Sars-CoV2 

spike-RBD and BSA. The plate was incubated with samples and controls over night at 4 °C. After 3x 

PBS-T (PBS supplemented with 0.05% (v/v) Tween-20, 100 µl per well) washing, a mouse anti-HA 

antibody (Millipore/Sigma, Billerica, USA) 1: 5,000 diluted in PBS supplemented with skimmed milk 

(5% w/v) was added (100 µl per well) and incubated for 2 h at room temperature. Then wells were 

washed again three times with PBS-T (100 µl per well) and incubated with an anti-mouse IgG-

horseradish peroxidase (HRP) conjugate (Promega, Fitchburg, USA) (50 µl per well) for 1 h at room 

temperature (1: 5,000 in PBS supplemented with skimmed milk (5% w/v)). Subsequently wells were 

washed three times with PBS-T and three times with PBS and incubated with Quanta RedTM enhanced 

chemifluorescent HRP substrate (50:50:1, 50 µl per well) (ThermoFisher Scientific, Waltham, MA, 

USA) at room temperature for 15 min. The reaction was stopped with 10 µl per well Quanta RedTM 

stop solution and fluorescence readout was performed at 570 nm excitation and 600 nm emission using 

an Infinite M200 plate reader (Tecan, Männedorf, Switzerland).  

 

2.4.11 Microscopic analyses 

Microscopic analyses were performed with immobilized early-log phase budding cells on 

agarose patches (3% w/v) using a wide-field microscope setup from Zeiss (Oberkochen, Germany) 

Axio Imager M1 equipped with a Spot Pursuit CCD camera (Diagnostic Instruments, Sterling Heights, 

USA) and the objective lenses Plan Neofluar (40×, NA 1.3), Plan Neofluar (63×, NA 1.25) and Plan 

Neofluar (100×, NA 1.4). The microscopic system was controlled by the software MetaMorph 

(Molecular Devices, version 7, Sunnyvale, USA). Image processing including rotating and cropping 

of images, scaling of brightness, contrast and fluorescence intensities as well as insertion of scale bars 

was performed with MetaMorph. Arrangement and visualization were performed with Canvas 12 

(ACD Systems). 
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2.8 Tables 

Table 1. DNA oligonucleotides used in this study.  

Designation  Nucleotide sequence (5´- 3´) 

oMB372_jps1_fw TTAGGCGCGCCATGCCAGGCATCTCC  

oMB373_jps1_rev TTAGGGCCCTTAGGATTCCGCATCGATTGGGG 

oMF502_ip_fw ACGACGTTGTAAAACGACGGCCAG 

oMF503_ip_rev TTCACACAGGAAACAGCTATGACC 

oAB297_fluc_fw AAATTGGATCCATGGAGGACGCCAAGAACATCAAG 

oAB298_fluc_rev AATAGGCCGCGTTGGCCACGGCGATCTTGCCACCCTT 

oAB908_sy#15_fw 
ATATAGGATCCATGGCGGCCCATCACCACCATCACCACCATCACCACCATCATATG

CAGGTGCAGCTCG 

oAB909_sy#15_rev ATATAACTAGTCGAGACGGTGACCTGGGTGC 

oCD234_sy#68_fw CTACCTTACTCTATCAGGATCATGCAGGTGCAGCTCGTCG 

oCD235_sy#68_rev GGTGATGGGCCGCCATGGATCCCGAGACGGTGACCTGGGTGC 
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Table 2. U. maydis strains used in this study. 

Strains Relevant genotype/ Resistance Strain 

collecti

on no. 

(UMa1

) 

Plasmids 

transformed 

/ Resistance2 

Manipula

ted locus 

Pro-

genit

or 

(UM

a1) 

Reference 

AB33 a2 PnarbW2bE1 

PhleoR 

133 pAB33 b FB2 

(55) 

(Brachman

n et al. 

2001) 

AB33 Gus-Cts1 a2 PnarbW2bE1 PhleoR 

ipS[Pomagus:shh:cts1]ipRCbxR 

1289 pUMa2113/  

CbxR 

ip 133 (Sarkari et 

al. 2014)  

AB33don3Δ/Gu

s-Cts1 

a2 PnarbW2bE1 PhleoR 

ipS[Pomagus:shh:cts1]ipR CbxR 

umag_don3Δ_HygR 

1742 pUMa2717/ 

HygR 

umag_055

43 (don3) 

1289 (Aschenbr

oich et al. 

2019) 

AB33don3Δ a2 PnarbW2bE1 PhleoR 

umag_don3Δ_HygR 

2028 pUMa2717/H

ygR 

umag_055

43 (don3) 

133 (Aschenbr

oich et al. 

2019) 

AB33don3Δ/ 

Pcrgdon3-

gfp/Gus-Cts1 

a2 PnarbW2bE1 PhleoR 

ipS[Pomagus:shh:cts1]ipR CbxR 

umag_don3Δ_HygR 

upp1::[Pcrgdon3:gfp] NatR 

2302 pUMa3330/ 

NatR 

umag_021

78 (upp1) 

1742 (Aschenbr

oich et al. 

2019) 

AB33P8∆Gus-

Cts1 

a2 PnarbW2bE1 PhleoR 

FRT10[um04641Δ::hyg] 

FRT11[um03947Δ] 

FRT6[um03975Δ] 

FRT5[um04400Δ] 

FRT3[um11908Δ] 

FRT2[um00064Δ] 

FRTwt[um02178Δ] 

FRT1[um04926Δ] HygR 

ipS[Pomagus:shh:cts1]ipR CbxR 

2418 pUMa2113 Ip 2413 (Terfrüchte 

et al. 2018) 
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AB33don3Δ/ 

Gus-Jps1 

a2 PnarbW2bE1 PhleoR 

ipS[Pomagus:shh:cts1]ipR CbxR 

umag_don3Δ_HygR 

 

2734 pUMa3012 Ip 2028 This study 

AB33don3Δ/ 

Pcrgdon3-

gfp/Gus-Jps1 

a2 PnarbW2bE1 PhleoR 

ipS[Pomagus:shh:cts1]ipR CbxR 

umag_don3Δ_HygR 

upp1::[Pcrgdon3:gfp] NatR 

2776 pUMa3330/ 

NatR 

umag_021

78 (upp1) 

2734 This study 

AB33P8∆Gus-

Jps1 

a2 PnarbW2bE1 PhleoR 

FRT10[um04641Δ::hyg] 

FRT11[um03947Δ] 

FRT6[um03975Δ] 

FRT5[um04400Δ] 

FRT3[um11908Δ] 

FRT2[um00064Δ] 

FRTwt[um02178Δ] 

FRT1[um04926Δ] HygR 

ipS[Pomagus:shh:jps1]ipR CbxR 

 

2900 pUMa3012 Ip 2413 this study 

AB33P8∆ 

FLuc-Cts1 

a2 PnarbW2bE1 PhleoR 

FRT10[um04641Δ::hyg] 

FRT11[um03947Δ] 

FRT6[um03975Δ] 

FRT5[um04400Δ] 

FRT3[um11908Δ] 

FRT2[um00064Δ] 

FRTwt[um02178Δ] 

FRT1[um04926Δ] HygR 

ipS[Pomafluc:shh:cts1]ipR CbxR 

3151 pUMa4131 Ip 2413 this study 

AB33P8∆ 
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FRT6[um03975Δ] 

FRT5[um04400Δ] 

FRT3[um11908Δ] 

FRT2[um00064Δ] 

FRTwt[um02178Δ] 

FRT1[um04926Δ] HygR 

ipS[Pomafluc:shh:jps1]ipR CbxR 

3214 pUMa4566 ip  this study 

AB33P8∆Sy#68

/#15-Cts1 

a2 PnarbW2bE1 PhleoR 

FRT10[um04641Δ::hyg] 

FRT11[um03947Δ] 

FRT6[um03975Δ] 

Ux1 pUx1 ip 2413 this study 
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FRT5[um04400Δ] 

FRT3[um11908Δ] 

FRT2[um00064Δ] 

FRTwt[um02178Δ] 

FRT1[um04926Δ] HygR 

ipS[Pomaantirbdsybody#68:his:antirbdsybody#

15:ha:cts1]ipR CbxR 

AB33P8∆Sy#68

/#15-Jps1 

a2 PnarbW2bE1 PhleoR 

FRT10[um04641Δ::hyg] 

FRT11[um03947Δ] 

FRT6[um03975Δ] 

FRT5[um04400Δ] 

FRT3[um11908Δ] 

FRT2[um00064Δ] 

FRTwt[um02178Δ] 

FRT1[um04926Δ] HygR 

ipS[Pomaantirbdsybody#68:his:antirbdsybody#

15:ha:jps1]ipR  CbxR 

 

Ux8 pUx8 ip 2413 this study 

 

1 Internal strain collection numbers (UMa/Ux codes) 
2 Plasmids generated in our working group are integrated in a plasmid collection and termed pUMa or pUx plus a number 

as 4-digit number as identifier.  
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2.9 Supplementary material 

The supplementary material contains supplementary figures 1-3. 

 

 

 

 
Supplementary Figure 1: Cell morphology and Cts1 activity of Gus-Cts1 and Gus-Jps1 producing strains. (A) 

Microscopic morphology of Gus-Cts1 and Gus-Jps1 expressing strains during yeast-like growth. The progenitor strain 

AB33P8Δ dealt as reference (Ctrl). Scale bars represent 10 µm. (B) Determination of extracellular Cts1 activity in Gus-

Jps1 and Gus-Cts1 expressing strains. For determination of extracellular Cts1 activity yeast like growing cultures were 

incubated with 4-methylumbelliferyl β-D cellobioside. The changes in the relative fluorescence at 360 nm excitation and 

450 nm emission was monitored for 90 min. The experiment was conducted in three biological replicates. 
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Supplementary Figure 2: Morphology and fitness of strains exporting firefly luciferase FLuc. (A) Proliferation of 

strains secreting Gus-Cts1, and Gus-Jps1 was compared to the progenitor strain AB33P8Δ (Ctrl) in a BioLector online 

monitoring device (m2p-labs, Baesweiler, Germany). The Gus-Cts1 producing strains and the progenitor entered 

exponential growth phase after a 7 h lag phase and entered stationary phase after 17 h. During exponential growth phase 

all strains exhibited a doubling time of 3 h. (B) Proliferation of strains secreting FLuc-Cts1, and FLuc-Jps1 was compared 

to the progenitor strain AB33P8Δ (Ctrl) in a BioLector online monitoring device. The FLuc-Jps1 producing strain entered 

exponential growth phase after 8 h and entered stationary phase after 17 h. Overall biomass was slightly reduced to the 

progenitor and FLuc-Cts1. Doubling time for Fluc-Jps1 was 3.5 h. (C) Representative DIC pictures of different occuring 

morphologies during yeast-like growth. Left to right: normal cell, amorphous cell, small cluster (3-5 cells), cluster (6-10 

cells), large cluster (>10 cells). Scale bars represent 10 µm. (D) Morphological quantification of the FLuc-Cts1 and FLuc-

Jps1 expressing strains according to morphologies depicted in (C). Progenitor AB33P8Δ dealt as control (Ctrl). 
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Supplementary Figure 3: Quantitative Western blot analysis of Gus-Cts1 and Gus-Jps1 secretion. (A, C, E) Total 

extracellular protein was concentrated via TCA precipitation from 1 ml of supernatant of Gus-Jps1 and Gus-Cts1 producing 

strains and subjected to SDS-PAGE and subsequent Western blot analysis using antibodies directed against the HA tag. 

Standards of Multiple Tag protein (GenScript Biotech, Piscataway, NJ, USA)) were loaded onto the gels equalling amounts 

of 50, 100, 200 and 500 ng. Expected protein sizes: Gus-Cts1, 134 kDa; Gus-Jps1, 145 kDa. (B, D, F) Western blot signals 

of Multiple Tag protein standards were quantified using Image Studio Lite (LI-COR Biosciences, Lincoln, NE, USA) and 

used to extrapolate protein amounts of Gus-Jps1 and Gus-Cts1 in the supernatant. Standard curve derived from signal 

strenghts of the Multiple Tag protein is depicted by black dots, yellow dots indicate signals obtained and cognate protein 

amounts calculated from linear regression for Gus-Cts1, red dots indicate signal obtained and cognate protein amount 

calculated from linear regression for Gus-Jps1. Figure pairs (A/B; C/D; E/F) each depict Western blot and derived 

quantification curves of one replicate.  
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Abstract 

The COVID-19 pandemic has greatly impacted the global economy and health care systems. The need 

for quick and inexpensive responses to a pandemic threat like COVID-19 in the form of vaccines and 

antigen tests has become very clear in the last two years. The causative agent of COVID-19 is Sars-

CoV2. It harbors a Spike protein on its surface that interacts with the human angiotensin-converting 

enzyme (ACE2) via the so-called receptor binding domain (RBD) and thereby facilitates virus to cell 

fusion. This RBD is become of great research interest, as it represents a target for vaccines, therapeutic 

antibodies and for antigen test systems. Currently, antigen testing is generally done by either flow 

chromatography using antibodies or via ELISA-type assays. Both are costly due to the use of expensive 

materials like gold or latex particles and protein adhesive polymers. In this study we present an 

alternative ELISA approach using inexpensive materials and permitting quick detection based on 

components from the microbial model organism Ustilago maydis. In this fungus, chitinase Cts1 is 
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unconventionally secreted via a lock-type mechanism and importantly, heterologous proteins like 

biopharmaceuticals can be co-exported and bound to chitin via the chitinase for purification or 

immobilization. Here, we produced different mono- and bivalent Sars-CoV2 nanobodies directed 

against the viral RBD as Cts1 fusions and screened their RBD binding affinity in vitro and in vivo. We 

present a straightforward strategy for an antigen test based on a chitin surface with immobilized 

nanobody-Cts1 fusions forming an RBD-trap. The developed strategy provides a solid basis for 

establishment of a novel, inexpensive antigen test utilizing an effective RBD-trap based on nanobodies 

produced by unconventional secretion and a biodegradable surface. 

 

3.1 Introduction 

The current COVID-19 pandemic impacts not only global healthcare systems and economies but 

has also highlighted the need for novel versatile strategies to fight viral pandemics. Several major 

innovations have already been driven by the pandemic. One example is the prompt development of 

mRNA-based vaccines like BNT162b2 by Biontech/Pfizer and mRNA-1237 by Moderna (Kudlay and 

Svistunov 2022). Furthermore, the adaptation of monoclonal antibody therapeutics formerly mostly 

used in cancer patients for the treatment of COVID-19 in the form of biopharmaceuticals like 

Casirivimab and Imdevimab represented an important step (Sun and Ho 2020a, Bierle et al. 2021).  

COVID-19 is caused by Sars-CoV2, which has become a target of great interest for the research 

community and the structure of the virus has been elucidated both on RNA (Jain et al. 2020) and protein 

level (Korber et al. 2020, Ou et al. 2020, Walls et al. 2020, Wrapp et al. 2020b). The spike protein 

complex was identified as one of the most important research targets, as it is not only openly displayed 

on the virus capsid surface but also facilitates the docking of the virus to the human Angiotensin 

receptor 2 (Ace2) (Wang et al. 2020a). This mechanism has also been observed for other beta Corona 

viruses like Sars-CoV. Generally, the spike proteins of these viral species consist of the two main 

subunits S2 and S1. S2 mainly serves as the anchor of the protein in the viral membrane (Hulswit et al. 

2016). The S1 part on the other hand is responsible for binding of ACE2 (Wang et al. 2020a). Corona 

virus S1 proteins are generally organized into four domains of which domains A and B form the 

receptor binding domain (RBD) which directly facilitates this binding process (Li et al. 2003, Wang et 

al. 2020a). The B subdomain of the RBD carries an extended loop that is highly variable among 

coronavirus species and therefore also referred to as a hypervariable region (Kirchdörfer et al. 2016). 

This hypervariable region is also of interest in Sars-CoV2 as all variants of concern that have been 
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structurally elucidated to date (B.1.1.7 Alpha, B.1.351 Beta and B.1617 Delta) carry mutations within 

the RBD domain that are assumed to play a role in infectivity and transmissibility of the virus (Baral 

et al. 2021). 

 Therefore, the spike protein and especially its RBD domain are in the focus for the development 

of therapeutics and vaccines, with the majority of vaccines cleared for use to date using a template of 

the spike protein to evoke an immune response (Callaway 2020, Fernandes et al. 2022). However, since 

it was realized that even vaccinated persons can still be infected with and spread Sars-CoV2, there is a 

strong pressure to further develop test systems and therapeutics to form a multi-layered defense which 

is needed to treat COVID-19 and to control the spread Sars-CoV2. Antibodies are key to both test 

systems and drug development. Camelidae and shark derived single heavy chain antibodies or 

nanobodies are emerging as potent antibody alternatives in the field (Muyldermans 2013, Salvador et 

al. 2019). Camelidae type antibodies only carry a heavy chain on their IgG scaffold as opposed to the 

light- and heavy chain of regular mammalian antibodies (Muyldermans 2013). This heavy chain alone 

can be easily adapted to novel targets such as Sars-CoV2 and upscaling of production e in microbial 

hosts is easily achieved in contrast to the complex form of conventional monoclonal antibodies 

(Muyldermans et al. 2009, Wrapp et al. 2020a). Nanobodies have been shown to bind ligands in the 

nano molar range and to be stable under conditions of chemical and heat induced stress (Muyldermans 

2013) which makes them promising molecules for widespread antigen testing. To his end several Sars-

CoV2 nanobodies have been generated, both synthetically via phage display or directly by 

immunization of llamas, alpacas, and sharks (Custodio et al. 2020, Gauhar et al. 2021, König et al. 

2021).  

We utilize the microbial model organism Ustilago maydis to produce heterologous proteins 

including alternative antibody formats like scFvs and nanobodies (Sarkari et al. 2014, Terfrüchte et al. 

2017). Production in the yeast form of this fungus provides several advantages over other fungal protein 

expression hosts. The fungus uses a lock-type unconventional secretion mechanism for export of 

chitinase Cts1 during cytokinesis (Reindl et al. 2019).  This pathway circumvents potentially harmful 

post translational modifications such as N-glycosylation which could lead to strong reactions in patients 

when proteins are applied as biopharmaceuticals (Stock et al. 2012). Of note, Cts1 has previously been 

shown to exhibit chitin binding activity making it a potential build-in immobilization- and purification 

tag (Terfrüchte et al. 2017). Since yields are yet limiting, tailor made tools have been employed to 

enhance this secretory pathway. These include protease deficient expression strains and strains capable 

of inducible secretion utilizing transcriptional or post-translational regulation of kinase Don3 which is 
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crucial for unconventional protein export (Terfrüchte et al. 2018, Aschenbroich et al. 2019, Hussnätter 

et al. 2021). The newly identified potential anchoring factor Jps1 was established as an alternative 

carrier with enhanced export capacities for distinct proteins. Based on these grounds, we recently 

applied unconventional secretion for the production of functional synthetic anti-Sars-CoV2 nanobodies 

as a proof-of-principle for protein biopharmaceuticals (Reindl et al. 2019, Philipp et al. 2021). 

3.2 Results 

3.2.1 Functional comparison of different Sars-CoV2 nanobodies produced by unconventional 

secretion 

Previously, we for the first time demonstrated expression and unconventional secretion of 

functional Sars-CoV2 nanobodies in U. maydis (Philipp et al. 2021). In this study we used Jps1 as an 

effective novel carrier for a synthetic bivalent nanobody directed against the receptor binding domain 

of the Sars-CoV2 spike protein (RBD). However, nanobody export mediated by Cts1 is also of great 

interest due to the ability of the chitinase to bind chitin. This property might potentially act as a build 

in immobilization tag for the expressed nanobody. In the present study, we aimed on testing this and 

initially screened six nanobody-Cts1 fusions for their expression, unconventional secretion and binding 

activity against Sars-CoV2 RBD. To this end four different nanobody versions were fused to Cts1.  

The nanobody versions comprised two synthetic nanobodies generated by Wagner et al. (2020) and 

two llama derived nanobodies generated by König et al. (2021), all directed against the Sars-CoV2 

RBD. Towards more versatile and stronger binders, not only single VHHE and VHHV domains but 

also bivalent versions of these nanobodies were generated, pairing VHHE with VHHV, since these 

were shown to display synergistic activity (König et al. 2021). Additionally, a double VHHE version 

was generated to test for enhanced binding capability without bivalence. U. maydis expression strains 

were generated for all protein versions, using the background AB33P8∆ lacking eight extracellular 

proteases to optimize secretory yield. Previously described functional nanobody fusions Sy68/15-Cts1 

and Sy68/15-Jps1 (Philipp et al. 2021) dealt as controls (Fig. 3.1 A). Expression and secretion of all 

versions was investigated via Western blot analysis. In cell extracts signals at expected sizes were 

obtained for all candidates. However, expression of Sy68-Cts1, VHHVE-Cts1 and Sy68/15-Cts1 was 

weaker than that of other constructs. Western blot with precipitated culture supernatants confirmed 

secretion for Sy15-Cts1, VHHE-Cts1, VHHV-Cts1 and VHHEE-Cts1. (Fig. 3.1 B; Supp. Fig. 3.1 A, 

B). By contrast, only faint or no signals were obtained for all other variants, suggesting that these are 

not exported in significant amounts. To test for RBD binding activity, the different variants were 
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subjected to direct ELISA assays. Cell extracts of derivatives of the protease deficient strain AB33P8Δ 

producing Sy15-Cts1, Sy68-Cts1, VHHE-Cts1, VHHV-Cts1, VHHEE-Cts1 or VHHVE-Cts1 were 

added to ELISA plates coated with commercial RBD protein (GenScript Biotech, Piscataway, USA). 

The previously established derivatives secreting Sy68/15-Cts1 and Sy68/15-Jps1 were used as negative 

and positive controls, respectively. Wells coated with BSA dealt as additional negative controls (Sup. 

Fig. 3.1 C). Interaction was detected using an HA-antibody (mouse) and anti-mouse-HRP antibody 

sandwich. Interestingly, VHHEE-Cts1 showed the strongest binding with signals reaching 21 RFUs 

after a detection time of 10 min, closely followed by Sy68/15-Jps1 and VHHE-Cts1, while Sy15-Cts1, 

Sy68-Cts1, Sy68/15-Cts1 and VHHV-Cts1 showed almost no volumetric binding activity. The lack of 

binding activity was particularly unexpected for VHHV-Cts1 which showed the strongest Western blot 

signal in culture supernatants. All in all, binding activity could be shown for 3 of 8 nanobody variants 

and binding capabilities of nanobodies were improved in the multimerized variant of VHHEE-Cts1 

(Fig. 3.1 C). Based on these results VHHEE-Cts1, VHHE-Cts1 and Sy68/15-Jps1 were chosen for further 

analysis. 
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Figure 3.1: Initial screen of anti-Sars-CoV2 nanobody-Cts1 fusions. (A) Schematic representation of nanobody protein 

variants fused to the carriers Cts1 or Jps1. Sy15, Sy68, VHHE, VHHV and VHHV with VHHE as well as double VHHE 

were fused to Cts1 (yellow) via an HA-tag (orange) for detection. An N-terminal His-tag (blue) was added for purification. 

In the case of the VHHE and VHHV nanobodies GS-linkers (purple) introduced by (König et al. 2021) were placed between 

individual nanobodies and between the nanobodies and Cts1. Sy68/15-Cts1 and Sy68/15-Jps1 (Philipp et al., 2021) dealt as 

controls. (B) Western blot analysis of nanobody expression and secretion levels. 10 µg of cell extracts were subjected to 

Western blot analysis. Nanobody-Cts1 fusions were detected using an Ha-mouse antibody. Nanobodies were detected 

slightly above their expected sizes around 100 kDa. Nanobody-Cts1 fusions were enriched from the supernatant via TCA 

precipitation, the HA tag was used for detection. (C) Direct ELISA of nanobody-Cts1 fusions against 1 µg/well of RBD 

domain coated to ELISA plate and detected by a sandwich of anti-Ha (mouse) and an anti-mouse-HRP conjugate. Cell 

extracts of expression strains were added to wells in serial dilutions of 0.3 ng/µl, 0.6 ng/µl and 2.5 ng/µl. Experiment was 

carried out in three biological replicates comprising three technical replicates each. Error bars depict standard deviation of 

biological replicates. 
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3.2.2 In vivo activity of nanobody-Cts1 fusions 

To determine if in vitro binding to Sars-CoV2 RBD would translate to binding or even virus 

neutralization in vivo, standardized medical neutralization assays, normally used to test sera of 

vaccinated or recovered patients for Sars-CoV2 neutralization, were used. The assays were conducted 

in cooperation with the Institute for Medical Microbiology, Heinrich Heine University Düsseldorf (Dr. 

Lisa Müller). To this end, serial dilutions of Sars-CoV2 viral particles were pre-incubated with the 

purified nanobodies VHHE-Cts1, VHHEE-Cts1 and Sy68/15-Jps1 at a concentration of 0.5 mg/ml and 

subsequently used to infect human lung cell cultures displaying the ACE2 receptor on their surface. 

Three days’ post infection, cells were screened for infection via microscopic analysis. Infection is 

characterized by cytopathic effects in the form of darkened plaques, while non-infected cells appear 

clear. In the case of VHHE-Cts1 all sampled cells were infected, even with the lowest viral load of 

tissue culture infection dose50 (TCLD50) 12.5, suggesting that this nanobody version is not able to 

prevent infection. By contrast, VHHEE-Cts1 showed full neutralization of the lowest viral load and 

seemingly reduced infection at the second lowest viral load of TCLD50 25. Interestingly, Sy68/15-Jps1 

fully neutralized Sars-CoV2 at TCLD50 12.5 and 25 and seemingly achieved partial neutralization at 

TCLD50 50, despite showing a slightly weaker signal than VHHEE-Cts1 in direct ELISA (Fig 3.2 A). 

 To further confirm these results, qPCR analysis of infected cells was carried out for each 

replicate prior to infection and after infection at the time microscopic images were taken. Therefore, 

Sars-CoV2 RNA was reverse translated and oligonucleotides specific for the virus were used for 

detection. qPCR results are represented by difference in Ct value. Expectedly, differences in Ct value 

between time points t0 and t3 were high for VHHE-Cts1 for every concentration of viral particles, 

confirming visual analysis results. VHHEE-Cts1 showed identical Ct value between time points for 

TCLD50 12.5 and only slight deviation at TCLD50 25 thus confirming partial neutralization of this viral 

concentration. However, from TCLD50 50 onwards difference in Ct value was comparable to VHHE-

Cts1, indicating the lack Sars-CoV2 neutralization. Interestingly, Sy68/15-Jps1 showed full 

neutralization of TCLD50 12.5 and 25 with no difference in Ct value. At TCLD50 50 partial 

neutralization was confirmed but at the highest viral concentration no neutralization occurred (Fig 3.2 

B). Given that binding does not necessarily reflect neutralization, but neutralization definitely includes 

binding, it could be determined that VHHEE-Cts1 and Sy68/15-Jps1 were indeed capable of binding 

Sars-CoV2 in vivo. 
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Figure 3.2: Neutralization assays conducted with nanobody fusions against Sars-CoV2. (A) Visual inspection of 

human lung cell cultures infected with Sars-CoV2 after viral particles were treated with respective nanobody fusion protein 

indicated in the upper left. Viral load administered for infection is depicted at the top of the images. Formation of dark 

plaques indicate viral infection. No infection was observed for VHHEE-Cts1 and Sy68/15-Jps1 at viral loads of TCLD50 12.5 

and 12.5 and 25, respectively. (B) qPCR analysis to detect viral abundance in cell cultures treated with nanobody/Sars-

CoV2 mixtures. Ct values of samples prior to infection (t0) and three days’ post infection (t3) are depicted for each viral 

load and each nanobody. Strong difference between Ct values of t0 and t3 indicate infection. All cell cultures where viral 

particles were treated with VHHE-Cts1 were infected. Viral particles were fully neutralized at TCLD50 12.5 and partially 

neutralized at TCLD50 25 by VHHEE-Cts1. Full neutralization was observed at TCLD50 12.5 and 25, and partial 

neutralization was observed for TCLD50 50 for Sy68/15-Jps1. Mean values of three biological replicates are depicted.  
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3.2.3 Characterization of Cts1 chitin binding and immobilization 

Cts1 is capable of binding to chitin-coated surfaces without degrading the polymer (Terfrüchte 

et al. 2017). This observation could be developed into a strategy for a novel antigen test using an 

inexpensive surface based on bulk chitin obtained from crab shell or insects for immobilization of Cts1-

nanobody fusions. To recapitulate chitin binding, Cts1 was recombinantly expressed in E. coli and 

binding efficiency was monitored via SDS-PAGE. Purified protein was coated to chitin beads, bound 

protein was eluted by boiling and subjected to SDS-PAGE (Fig 3.3 A). Roughly 50% of the protein 

bound to the beads. While losses during washing steps were minimal most of the unbound protein was 

lost in the flow-through, suggesting that the part that is bound, remains stably connected to the surface, 

confirming previous results (Terfrüchte et al. 2017) (Fig. 3.3 B). Next, U. maydis derived β-

glucuronidase (Gus)-Cts1 fusion protein was used to confirm these findings and to further characterize 

the binding capacity of unconventionally secreted fusion proteins. Gus-Jps1 which is not able to bind 

to chitin was used as a negative control (Fig. 3.3 C). Chitin beads were coated with 5 µg of protein 

purified from U. maydis while washing and elution procedures were kept consistent to experiments 

carried out with E. coli derived Cts1. Gus-Cts1 bound to chitin beads at slightly higher efficiency 

compared to E. coli derived Cts1 while no binding was observed for Gus-Jps1, confirming results 

obtained from E. coli derived recombinant protein and showing binding of N-terminal Cts1 fusion 

proteins to chitin surfaces (Fig. 3.3 D). To assay if the fusion protein is functional after immobilization, 

Gus activity was determined on chitin beads previously incubated with 50 µg of raw cell extracts from 

strains expressing Gus-Cts1 and Gus-Jps1. While only background activity was observed for chitin 

beads treated with Gus-Jps1, assays with beads incubated with Gus-Cts1 reached activities of up to 

2.5 µM/min. This does not only confirm that Cts1 binding to chitin is specific and that bound fusion 

proteins remain active, but also that direct immobilization of Cts1 fusion protein from raw cell extract 

on chitin could be achieved (Fig. 3.3 E). 
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Figure 3.3: Chitin banding capacity of Cts1. (A) Experimental setup for initial Cts1 chitin binding experiments. E. coli 

derived, purified, recombinant Cts1 (yellow) was coated to magnetic chitin beads, washed and subsequently eluted by 

boiling. (B) Coomassie-stained SDS-PAGE of binding fractions: input (In), flow-through (FT), wash (W1 and W2) and 

elution (Elu) fractions of the experiment. Roughly 50 % of the Cts1 input were lost in the flow-through while 50 % remained 

stably attached to the beads. (C) Experimental setup for Cts1 chitin binding experiments using U. maydis derived N-

terminal Cts1-fusion proteins. Gus-Cts1 (blue-yellow) was coated to chitin beads, while a second set of beads treated with 

Gus-Jps1 (blue-red) dealt as a negative control. (D) Western blot analysis of input (In), flow-through (FT), wash (W1 and 

W2) and elution (Elu) fractions of purified Gus-Cts1 and Gus-Jps1 fusion protein incubated with chitin beads. More than 

50% of Gus-Cts1 remained coated to chitin beads while the entire Gus-Jps1 fraction was lost in the flow-through. (E) On-

bead Gus assays conducted with cell extracts of Gus-Cts1 and Gus-Jps1. Beads were treated with Gus-Cts1 and Gus-Jps1. 

After washing a Gus activity assay was conducted. Conversion from 4-MUG to 4-MU was monitored for 1 h. Empty beads 

dealt as a blank, Gus-Jps1 and cell extracts of the progenitor strain (Ctrl) dealt as a negative control. Gus-Cts1 remained 

active when coated to chitin beads. Mean values of three biological replicates are shown. Error bars depict standard 

deviation.  
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3.2.4 Assessing the potential of nanobody-Cts1 fusions for RBD capture and chitin binding 

To determine the capture capability of the most promising nanobody variants VHHE-Cts1 and 

VHHEE-Cts1, sandwich ELISAs were conducted both on ELISA plates and non-classically on chitin 

beads. Sy68/15-Jps1 dealt as a control for both assays as it should show activity in plate-based ELISA 

but not on a chitin surface. Therefore, VHHE-Cts1, VHHEE-Cts1 and Sy68/15-Jps1 were coated to 

ELISA plates, incubated with serial dilutions of RBD and subsequently detected by a sandwich of 

commercial RBD antibody (mouse) and an anti-mouse-HRP conjugate (Fig. 3.4 A). In plate-based 

ELISA all three nanobody variants were capable of binding RBD domain, however, only VHHEE-

Cts1 and Sy68/15-Jps1 showed volumetric activity for serial RBD dilutions. As observed in the direct 

ELISA screen before, VHHEE-Cts1 showed the strongest binding capability reaching RFUs of 4199 

and significant activity at the lowest RBD concentration of 0.1 ng/µl and 11062 at the highest 

concentration of 5 ng/µl after an incubation time of 10 min, showing significantly stronger binding 

than VHHE-Cts1 (Fig. 3.4 B). To determine if detection of RBD domain was possible and if results 

from direct and sandwich ELISAs were comparable to experiments conducted on a chitin surface, 

chitin beads were incubated with 2 µg of purified VHHE-Cts1, VHHEE-Cts1 and Sy68/15-Jps1 and 

subsequently treated with 2.5 ng/µl RBD. (Fig. 3.4 C). In contrast to all controls, activity was obtained 

for both VHHE-Cts1 and VHHEE-Cts1, while no significant signal could be detected for Sy68/15-Jps1. 

As observed before, signals for VHHEE-Cts1 were roughly twice as strong as those for VHHE-Cts1 

(Fig. 3.4 D). These results show the potential of chitin-based ELISA using Sars-CoV2 nanobody-Cts1 

fusions and its specificity to the anchor Cts1 without unwanted binding of either unspecific antibodies 

or the sample itself to the chitin surface.  Thus, these experiments provide the basis for designing a 

chitin-based antigen trap for the Sars-CoV2 virus. 
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Figure 3.4: Plate-and chitin-based sandwich ELISAs of nanobody fusions for detection of Sars-CoV2 RBD. (A) 

Experimental setup of plate-based sandwich ELISA. Nanobody-Cts1 fusions were used as capture antibodies for serial 

dilutions of Sars-CoV2 RBD. (B) Quantitative results of plate-based sandwich ELISA. RBD was detected using an anti-

RBD-(mouse) antibody and an anti-mouse-HRP conjugate. Strongest RBD binding was observed for VHHEE-Cts1, 

followed by Sy68/15-Jps1 and VHHE-Cts1. Mean values of three biological replicates are shown. Error bars depict standard 

deviation. Definition of statistical significance (***) p-value < 0.05. (C) Experimental setup of chitin-based sandwich 

ELISA test. Nanobody-Cts1 fusions were coated to chitin beads to serve as capture nanobodies, while Sy68/15-Jps1 dealt as 

negative control because it is unable to bind chitin. (D) Quantitative results of chitin-based sandwich ELISA. RBD was 

detected using an anti-RBD (mouse) antibody and anti-mouse-HRP conjugate. Sy68/15-Jps1 dealt as a negative control. 

Similar to the plate-based sandwich ELISA, VHHEE-Cts1 showed stronger RBD binding than VHHE-Cts1. Sy68/15-Jps1 

did not show any activity opposed to plate-based ELISA. Mean values of three biological replicates are shown. Error bars 

depict standard deviation.  

 

To characterize the RBD capturing capabilities of a chitin-based detection system, volumetric 

binding activity of the system was determined. Based on previous results both in plate based volumetric 

sandwich ELISA and a non-volumetric chitin-based screen of VHHE-Cts1, VHHEE-Cts1 and Sy68/15-

Jps1, VHHEE-Cts1 was chosen as capture nanobody. To this end, chitin beads were coated with 

purified VHHEE-Cts1, subsequently incubated with commercially available RBD domain in serial 
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dilutions for 2 h and detected with a commercial antibody sandwich as described above (Fig. 3.5 A). 

A colorimetric reaction was visible within a timeframe of two minutes. While the empty control (0 

ng/µl) and lower RBD concentrations of 0.5 ng/µl and 1 ng/µl developed weak signals, intensity 

strongly increased from 5 to 20 ng/µl RBD (Fig. 3.5 B). These results could be elucidated in 

quantitative fluorescence measurements of the same samples. Activity was detectable from 0.5 ng/µl 

RBD onwards and steadily increased until saturation between 10 and 20 ng/µl (Fig. 3.5 C). These 

results demonstrate that volumetric detection of Sars-CoV2-RBD on a chitin surface is possible, 

sensitive in the nanomolar range and in the given setup even faster than on a conventional ELISA plate.  

 
Figure 3.5: Chitin-based antigen test. (A) Setup of chitin-based ELISA. VHHEE-Cts1 was coated to the chitin surface 

and used as capture antibody for Sars-CoV2 RBD. (B) RBD was added to VHHEE-Cts1 coated magnetic chitin beads in 

serial dilutions and subsequently detected using anti RBD (mouse) and anti-mouse-HRP antibodies. Picture depicts one 

representative replicate of colorimetric reaction in reaction tubes. (C) Quantitative readout of fluorescence measurements 

from chitin beads coated with VHHEE-Cts1, treated with serial dilutions of Sars-CoV2 RBD. Mean values of three 

biological replicates are shown. Error bars depict standard deviation.  
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3.2.5 Further functionalization of an anti-Gfp nanobody using peroxidase Apex2 

A key improvement of the chitin based Sars-CoV2 detection system would be a faster and more 

direct detection without losing sensitivity. Therefore, functionalization of the U. maydis-derived 

nanobodies for direct detection was tested. As a proof of principle, a well characterized anti-Gfp 

nanobody (αGfpNB) (Terfrüchte et al. 2017) fused to Cts1 and the peroxidase Apex2 were merged 

into fusion proteins. The latter enzyme, an engineered ascorbate peroxidase, was previously shown to 

be active, when expressed in U. maydis and secreted as a Cts1 fusion (Reindl 2016). To this end Apex2 

was attached both N- and C-terminally to αGfpNB. In both cases Cts1 was fused to the C-terminus of 

the fusion protein. The previously established Cts1 fusions αGfpNB-Cts1 and Apex2-Cts1 dealt as 

controls in the following assays (Reindl 2016, Terfrüchte et al. 2017) (Fig. 3.6 A). Initially, Apex2 

activity assays were conducted with supernatants and cell extracts from strains producing αGfpNB-

Cts1, Apex2-Cts1, αGfpNB-Apex2-Cts1 and Apex2-αGfpNB-Cts1 with cell extracts of the 

background strain dealing as baseline control. While no signal was obtained from supernatants of any 

tested strain (data not shown), cell extracts revealed Apex2 activity as determined by a plate reader. 

When 0.1, 0.5 and 1 µg of cell extract were used, peroxidase activity was detected for αGfpNB-Apex2-

Cts1 and Apex2-Cts1. Unexpectedly, αGfpNB-Apex2-Cts1 extracts showed much stronger activity 

than Apex2-Cts1. By contrast, Apex2-αGfpNB-Cts1 expressing cells showed no activity at all (Fig 3.6 

B.). Due to its lack in peroxidase activity the Apex2-αGfpNB-Cts1 expressing strains was not further 

investigated. To further elucidate the difference in signal strengths between αGfpNB-Apex2-Cts1 and 

Apex2-Cts1 the assay was repeated with higher total protein amounts. Surprisingly, activity slightly 

diminished when 1 µg to 2 µg of cell extract was applied and strongly diminished with increasing 

amounts of cell extract used for both variants while controls remained at baseline level independent of 

the used amount. Furthermore, it could be confirmed that cell extracts of αGfpNB-Apex2-Cts1 are 

twice as active as their Apex2-Cts1 counterparts (Fig. 3.6 C.). To determine expression and secretion 

levels of αGfpNB-Apex2-Cts1, Western blot analyses of both cell extracts and TCA precipitated 

supernatants were conducted, confirming both expression and secretion of the construct. Bands were 

visible slightly above their expected sizes at 130 kDa (Fig. 3.6 D). After peroxidase activity conveyed 

by Apex2 as well as secretion of the fusion protein mediated by Cts1 were confirmed, binding activity 

of αGfpNB was determined to investigate the influence of the huge tags on the nanobody. Therefore, 

recombinant Gfp purified from E. coli was coated to ELISA plates as an antigen. Cell extracts of both 

αGfpNB-Cts1 and αGfpNB-Apex2-Cts1 were added in serial dilutions and detected with a commercial 
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antibody sandwich. BSA coated wells dealt as negative controls. Binding capacity of αGfpNB-Apex2-

Cts1 was reduced by roughly 50% compared to αGfpNB-Cts1 but still significant after a detection time 

of 10 min (Fig. 3.6 E). To determine if direct detection of Gfp with αGfpNB-Apex2-Cts1 was feasible, 

total protein amounts of the cell extract were strongly increased to compensate for the multiplication 

effect obtained by the binding of a three-antibody sandwich to the cognate antigen. Apex2-Cts1 dealt 

as control for unspecific retention, while αGfpNB-Cts1 and Apex2-αGfpNB-Cts1 dealt as negative 

controls. Activity for αGfpNB-Apex2-Cts1 compared to controls was clearly detectable after 2 min 

starting from 50 ng/µl to 200 ng/µl of cell extract. No unwanted retention of Apex2-Cts1 or unspecific 

signal development in other negative controls was observed (Fig. 3.6 F). These results clearly show 

that direct detection based on a nanobody-Apex2-Cts1 fusion is possible for high input of the fusion 

protein and even results in less background activity and a quicker detection when compared to the use 

of a commercial antibody sandwich for the detection of the antigen. 
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Figure 3.6: Characterization of a functionalized αGfpNB. (A) Representation of nanobody Apex2 fusion variants for 

unconventional secretion mediated by Cts1. αGfpNB-Cts1 and Apex2-Cts1 dealt as controls for all experiments. Apex2 

was fused to αGfpNB either at the N- or C-terminus and expressed as Cts1 fusion. (B) Apex2 activity assay. Indicated 

amounts of cell extracts were diluted in PBS buffer and mixed 1:1 with fluorescent ELISA substrate. Activity was 

determined 30 min after reaction start. Apex2-Cts1 and αGfpNB-Apex2-Cts1 both showed activity. For Apex2-αGfpNB-

Cts1 and the progenitor strain control no activity could be determined. Mean values of three biological replicates are shown. 

Error bars depict standard deviation. (C) Apex2 activity assay with increased amounts of cell extracts. Indicated amounts 

of cell extract were diluted in PBS buffer and mixed 1:1 with florescent ELISA substrate. Activity was determined 30 min 

after reaction start. Apex2-Cts1 and αGfpNB-Apex2-Cts1 both displayed activity, however αGfpNB-Apex2-Cts1 exhibits 
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stronger peroxidase activity, than Apex2-Cts1. Apex2-αGfpNB-Cts1 and the progenitor strain control showed no activity. 

Mean values of three biological replicates are shown. Error bars depict standard deviation. (D) Western blot analysis of 

αGfpNB-Apex2-Cts1 expression and secretion levels. 10 µg of cell extracts were subjected to Western blot analysis. 

αGfpNB-Apex2-Cts1 was detected using an Ha-mouse antibody (left lane; cell extracts, CE). Signals were detected slightly 

above the expected size of 125 kDa.  Secreted protein was enriched from the supernatant via TCA precipitation and detected 

in Western blot via an Ha-mouse antibody (right lane; trichloroacetic acid precipitation, TCA). Full length protein is 

indicated by arrow, degradation products by rhombus. (E) Direct ELISA of αGfpNB-Apex2-Cts1 and αGfpNB-Cts1 

against Gfp as an antigen coated to the plate. Indicated serial dilutions of cell extracts were added to wells coated with Gfp 

and activity was detected with a sandwich of anti-HA and anti-mouse-HRP. BSA coated wells dealt as negative control. 

Binding activity of αGfpNB-Cts1 was increased roughly 2-fold compared to αGfpNB-Apex2-Cts1. Mean values of three 

biological replicates are shown. Error bars depict standard deviation. (F) Direct ELISA of αGfpNB-Apex2-Cts1 to 

determine direct enzymatic detection via Apex2. Amounts of cell extract were increased and αGfpNB-Apex2-Cts1 was 

detected directly after incubation by addition of ELISA substrate. Apex2-Cts1, αGfpNB-Cts1 and Apex2-αGfpNB-Cts1 

dealt as negative controls. Activity could only be determined for αGfpNB-Apex2-Cts1. No background was observed in 

negative controls. Mean values of three biological replicates are shown. Error bars depict standard deviation. 

3.2.6 Functionalization of an anti-Sars-CoV2-RBD nanobody 

Next, the strategy for direct detection of αGfpNB-Apex2-Cts1 should be transferred to a Sars-

CoV2-RBD nanobody. Of note, the carrier protein was changed from Cts1 to Jps1 due to two reasons: 

i) Jps1 had proven to be a more effective carrier for Sy68/15 (Philipp et al. 2021) and ii) Cts1 is not 

suitable as a carrier protein for a nanobody that might be used for detection in a chitin based antigen 

test in the future, due to its interaction with the chitin surface. Based on previous results Apex2 was 

attached to the C-terminus of Sy68/15 and VHHE. Jps1 was linked to the C-terminus of Apex2 via an 

Ha-tag (Fig. 3.7 A). Apex2 assays were repeated as described above with Apex2-Cts1 dealing as 

positive control and the progenitor strain as negative control. In stark contrast to αGfpNB-Apex2-Cts1 

the peroxidase activity of VHHE-Apex2-Jps1 and Sy68/15-Apex2-Jps1 was not elevated but severely 

diminished. For VHHE-Apex2-Jps1 activity was completely undetectable, while Sy68/15-Apex2-Jps1 

showed roughly 10-fold decreased activity compared to Apex2-Cts1 (Fig. 3.7 B). From this point 

onward VHHE-Apex-Jps1 was not further investigated. To determine if this effect was based on 

expression level or activity of the incorporated Apex2, Western blot analyses of TCA precipitated 

supernatants and cell extracts of strains producing Sy68/15-Apex2-Jps1 were conducted. Interestingly, 

the protein was both expressed and secreted in expected amounts, suggesting that the low peroxidase 

activity was linked to inactive Apex2 and not to the expression level of the fusion protein (Fig. 3.7 C). 

To determine RBD binding activity of Sy68/15-Apex2-Jps1, RBD coated wells were incubated with 
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serial dilutions of the purified fusion protein and detected with a commercial antibody-sandwich. 0.15 

ng/µl of Sy68/15-Jps1 already resulted in a strong signal and saturation was achieved at 0.30 and 1.25 

ng/µl, indicating that the binding capacity of Sy68/15 was still intact (Fig. 3.7 D). Attempts for direct 

detection using cell extracts resulted in no activity even at amounts of up to 500 ng/µl protein per well 

(data not shown). Thus, purified protein was used for direct detection as well. In this case 5.0 ng/µl 

were necessary for a weak signal above the detection threshold with activity volumetrically rising but 

not saturating with increased amounts of Sy68/15-Apex2-Jps1 up to 40 ng/µl (Fig 3.7 E). While these 

results indicated that high amounts of Sy68/15-Apex2-Jps1 would be necessary for detection, it could be 

deduced that direct detection of RBD with this construct was still possible albeit far less effectively 

compared to αGfpNB-Apex2-Cts1. 
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Figure 3.7: Characterization of a functionalized anti Sars-CoV2 nanobody. (A) Representation of nanobody Apex2 

fusion constructs. Apex2-Cts1 dealt as control for all activity assays. Apex2 was fused to either Sy68/15 or VHHE at the C-

terminus and expressed as Jps1 fusion. (B) Apex2 activity assay. Indicated amounts of cell extract were diluted in PBS 

buffer and mixed 1:1 with fluorescent ELISA substrate. Activity was determined 30 min after reaction start. The control 

strain producing Apex2-Cts1 shows elevated activity compared to the control. Low signal intensities could be observed for 

Sy68/15-Apex2-Jps1. No activity was detected for VHHE-Apex2-Jps1 and the negative control. Mean values of three 

biological replicates are shown. Error bars depict standard deviation.  (C) Western blot analysis of Sy68/15-Apex2-Jps1 

expression and secretion levels. 10 µg of cell extracts were subjected to Western blot analysis. Sy68/15-Apex2-Jps1 was 

detected using an anti-Ha (mouse) antibody. Signals were detected slightly above the expected size at ~150 kDa.  Secreted 

protein was enriched from the supernatant via TCA precipitation and detected in Western blot via an anti-Ha (mouse) 

antibody. Full length protein is indicated by arrow, degradation products by rhombus (D) Direct ELISA of Sy68/15-Apex2-

Jps1 on Sars-CoV2 RBD coated wells. Indicated serial dilutions of purified protein were added to wells and activity was 

detected with a sandwich of anti-HA (mouse) and anti-mouse-HRP. BSA coated wells dealt as negative control.  Strong 

activity was detected at 0.15 ng/µl and reaction saturated at 0.3 ng/µl. One representative replicate is shown. (E) Direct 

ELISA of Sy68/15-Apex2-Jps1 against Sars-CoV2 RBD coated to plate. Indicated serial dilutions of purified protein were 

added to wells coated with RBD and activity was detected directly using only the Apex2 activity of the protein fusion. 

Activity was detectable from 5 ng/µl onward but reaction did not saturate, even at 40 ng/µl. One representative replicate is 

shown.  
 

3.2.7 Direct detection of sandwich type ELISA using Sy68/15-Apex2-Jps1 

Final experiments were conducted to determine if direct detection of RBD in sandwich ELISA 

with Sy68/15-Apex2-Jps1 was feasible despite its generally low peroxidase activity. To this end, VHHE-

Cts1, VHHEE-Cts1 and Sy68/15-Jps1 were coated to ELISA plates and incubated with serial dilutions 

of Sars-CoV2 RBD as described before. RBD was then directly detected with 40 ng/µl Sy68/15-Apex2-

Jps1 instead of the previously used conventional antibody sandwich (Fig. 3.8 A). Sandwich ELISAs 

revealed that direct detection resulted in clear volumetric activity when VHHEE-Cts1 was used as 

capture nanobody. RBD binding was detectable for VHHE-Cts1 as well, however activity peaked at 1 

ng/µl RBD and diminished for 5 ng/µl and 10 ng/µl respectively, not showing a clear volumetric 

relation between activity and amount of RBD used. Interestingly, the strongest signals were obtained 

when Sy68/15-Jps1 was used as capture nanobody. However, for this capture nanobody the baseline was 

heavily elevated, and activity did not follow a volumetric correlation to amounts of RBD used (Fig 3.8 

B). This might indicate self-interaction of Sy68/15-Jps1 due to Jps1 dimerization. Due to the low signal 

strength obtained by using VHHE-Cts1 as capture nanobody and the elevated baseline of Sy68/15-Jps1, 

VHHEE-Cts1 was chosen for more in-depth analysis. When baseline values were subtracted the 
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combination of VHHEE-Cts1 and Sy68/15-Apex2-Jps1 revealed a volumetric regression curve similar 

to that obtained with a commercial antibody sandwich (see Fig 3.4 B for comparison), clearly 

demonstrating that direct detection with components obtained from U. maydis is feasible in plate based 

indirect ELISAs directed against Sars-CoV2 RBD (Fig 3.8 C). In a final experiment chitin-based 

sandwich ELISAs were repeated with VHHEE-Cts1 as capture nanobody but in this iteration with 

Sy68/15-Apex2-Jps1 as detector. While results in plate-based ELISA had been solid with this 

combination, chitin based ELISAs did not show proper signals. A weak fluorimetric signal was 

obtained but colorimetric changes could not be observed. In addition to the weak signal intensity 

standard deviations between assays were massive and no volumetric relation between activity and RBD 

concentration could be determined. In conclusion, direct detection of Sars-CoV2 RBD is possible using 

only Sy68/15-Apex2-Jps1 both in direct and sandwich plate-based ELISA. Furthermore, VHHEE-Cts1 

is functional as a capture nanobody in both plate-based and chitin-based sandwich ELISA but the 

combination of VHHEE-Cts1 and Sy68/15-Apex2-Jps1 is far less active on chitin than on plate.  

 

 
Figure 3.8: Sy68/15-Apex2-Jps1 based direct RBD detection in Sandwich ELISA. (A) Experimental setup of plate-based 

sandwich ELISA. Nanobody-Cts1 fusions were coated to ELISA plates and used as capture antibodies for serial dilution 
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of Sars-CoV2 RBD. RBD was detected using Sy68/15-Apex2-Jps1 in all cases. (B) Quantitative results of plate-based 

sandwich ELISA. To visualize high background activity of Sy68/15-Jps1, baseline values were not subtracted. Strongest 

RBD binding was observed for VHHEE-Cts1. For VHHE-Cts1 and Sy68/15-Jps1 direct detection with Sy68/15-Apex2-Jps1 

did not result in volumetric activity. Mean values of three biological replicates are shown. Error bars depict standard 

deviation. (C) Quantitative results of plate-based sandwich ELISA. For clarification the identical dataset as in panel B is 

depicted. However, baseline values have been subtracted and Sy68/15-Jps1 has been omitted. Clear volumetric activity with 

VHHEE-Cts1 as capture nanobody is visible. Mean values of three biological replicates are shown. Error bars depict 

standard deviation. Definition of statistical significance (***) p-value < 0.05. (D) Quantitative results of chitin bead-based 

sandwich ELISA. VHHEE-Cts1 was used as capture nanobody. RBD was detected directly using Sy68/15-Apex2-Jps1. 

While all samples treated with RBD showed activity above baseline, activity was very low and no volumetric correlation 

between RBD concentration and activity was visible. Mean values of three biological replicates are shown. Error bars depict 

standard deviation. 
 

3.3 Discussion 

Here we demonstrate the successful expression, secretion and functionalization of monovalent, 

multivalent and multimerized nanobody fusion proteins via unconventional secretion for Sars-CoV2 

detection on a chitin surface. This was achieved by C-terminal fusion of Cts1 to the target nanobody 

and subsequent immobilization on chitin. Cts1 was thus exploited in a dual use strategy for both export 

of the heterologous protein and as an immobilization tag. The second, recently established carrier for 

unconventional secretion, Jps1, was applied for exporting the detection nanobody. The use of carrier 

proteins is a common practice in fungal hosts (Fleissner and Dersch 2010). As observed in other 

studies, different combinations of nanobody and carrier resulted in varying levels of expression and 

activity. This was evident by the high expression and secretion level but inactivity of VHHV-Cts1 or 

the comparatively low expression and secretion levels of Sy15-Cts1 and Sy68-Cts1 and constructs like 

VHHEE-Cts1 being both highly expressed and highly active. While this underlines the necessity of a 

screening step of several constructs for each target oriented nanobody expression process, it is in line 

with results obtained in other carrier based secretion systems (Wang et al. 2020b). Importantly, we did 

not only verify the applicability of the nanobodies in virus detection but also successfully tested the 

neutralization of Sars-CoV2 in vivo. This does on the one hand side constitutes an important 

confirmation of nanobody binding of the entire virus as opposed to only the RBD domain in vitro, 

necessary for antigen test application. On the other hand, it also enables further research towards drug 

development using unconventionally secreted proteins from U. maydis. Nanobodies are currently 

discussed as novel drug targets due to ease of production, prolonged shelf life compared to 

conventional antibodies and favorable in vivo attributes, such as improved tissue penetration and 
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decreased immunogenicity (Bannas et al. 2017, Salvador et al. 2019). Furthermore, the main drawback 

of nanobodies in vivo, their quick clearance from the bloodstream, has been addressed by fusion of 

larger proteins such as album-binding domain (Xenaki et al. 2021). Here, an application of Sars-CoV2 

nanobodies derived from U. maydis, where the non-glycosylated carrier protein would carry out the 

stabilizing function would be an interesting target for further investigation. This is further underlined 

by Sars-CoV2 nanobodies effectively neutralizing Sars-CoV2 in vivo in hamster models (Esparza et 

al. 2021).  Furthermore, using the carrier protein directly for immobilization in conventional 

immunoassays is not a common practice. Protein immobilization is generally achieved via protein 

adhesive polymers and not by specific protein-molecule interaction (Lin 2015, Andryukov 2020). 

Moreover, direct immobilization of Cts1 fusion proteins was shown from cell extracts in this study. 

Building upon these results could enable direct purification from the supernatant, thus greatly easing 

the purification process and thereby production costs of biopharmaceuticals. Similar non 

chromatography purification processes have already been applied using GST, biotin and streptavidin 

coated magnetic particles to purify protein from E. coli cell lysates (Franzreb et al. 2006) and 

supernatants (Fernandes et al. 2016) but also from human serum plasma (Santos et al. 2020). While 

nanobody immobilization on chitin via Cts1 has previously been shown (Terfrüchte et al. 2017), its 

application for virus detection constitutes a novelty. The use of bio-based polymers for immobilization 

is of high interest since it allows for reduction of antigen test pricing and use of sustainable and 

inexpensive resources. To this end a similar study achieved Sars-CoV2 detection based on nanobody 

immobilization on cellulose, albeit without using the immobilization tag for export at the same time 

(Sun et al. 2022). Importantly, both systems based on chitin and cellulose showed similar capture 

capabilities in the low nanomolar range and are thus well within described limits for other Sars-CoV2 

Spike RBD detection systems (Baker et al. 2020). Hence protein-based immobilization of nanobodies 

for target capture and detection as shown in this study constitutes an important step towards new 

technologies for antigen testing.  

Functionalization of nanobodies in this study was not only achieved by immobilization but also 

by enzymatic fusion for direct detection. Fusion of peroxidase Apex2 to αGfpNB-Cts1 enabled fast, 

efficient and resource-saving detection of the cognate antigen. Functionalization of antibodies for 

detection of antigens using enzymes such as HRP or alkaline phosphatase is a common practice (Gillet 

et al. 1993, Lequin 2005). Use of Apex2 for nanobody functionalization and ELISA detection on the 

other hand is not as widespread but has been demonstrated before (Sherwood and Hayhurst 2022). 

Furthermore, Apex2 outperformed HRP for direct antigen detection, when fused to αGfpNB-Cts1 and 
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secreted unconventionally (Terfrüchte 2016). Tandem use of Cts1 for immobilization and antigen 

capture and Jps1 for detection of the antigen demonstrates the versatility of components derived from 

the U. maydis unconventional secretion system and enabled one-step-detection of Sars-CoV2 RBD in 

plate-based sandwich ELISA. Nonetheless, reduced Apex2 activity prevented detection of Sars-CoV2 

RBD on chitin. To this end future studies will be focused on the design of improved detectors. Up to 

this point, conventional detection methods can be applied as shown in this study. 

All in all, we demonstrated Sars-CoV2 detection and neutralization by unconventionally secreted, 

multimerized nanobodies derived from U. maydis. Furthermore, we demonstrated that capture 

capability of nanobody-Cts1 fusions is transferable from a typical polymer surface to chitin, thus 

enabling a chitin based Sars-CoV2 antigen detection system. This builds a solid foundation for future 

development of a versatile virus detection cassette, for example on the level of a biohybrid Cts1-

binding surface on a micro fluidic chip to form a “lab-on-a-chip” (Zhuang et al. 2020). 

 

3.4 Materials and methods 

3.4.1 Molecular biology methods 

All plasmids (pUMa/pUx vectors) generated in this study were obtained using standard 

molecular biology methods established for U. maydis including restriction ligation and Gibson cloning 

(Gibson et al. 2009). Enzymes for cloning were purchased from NEB (Ipswich, MA, USA). For the 

generation of pUMa4678 and 4679 αgfpnb was excised from pUMa2240 (Terfrüchte et al. 2017) by 

hydrolyzation with BamHI and SpeI. DNA sequences encoding for Sy15 and Sy68 (Walter et al. 2020) 

were amplified from synthetic gene blocks (IDT Coralville, IA, USA) using oligonucleotide pairs 

oAB908/oAB909 and oAB910/oAB911, respectively. Subsequently PCR products were hydrolyzed 

with BamHI and SpeI and inserted into the backbone of pUMa2113 via restriction ligation cloning to 

generate pUMa4678 and 4679. pUMa4774 was generated by hydrolyzation of the pUMa2240 

backbone with AscI (NEB) and amplification of Apex2 from the backbone of pUMa2798 (Reindl 

2016) with oCD293 and oCD153 which was subsequently inserted via Gibson cloning. Generation of 

pUx4 and pUx5 was achieved by excision of αgfpnb from pUMa2240 with BamHI and SpeI and 

amplification of vhhe and vhhv with BamHI and SpeI restriction sites from synthetic gene blocks using 

oligo pairs oCD359/oCD360 and oCD363 /oCD364, respectively. These sequences were subsequently 

hydrolyzed with BamHi and SpeI and inserted into the backbone of pUMa2240 via restriction ligation 

cloning, thereby generating pUx4 and pUx5. pUx6 was generated in a similar manner. However, after 
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the hydrolyzation of the pUMa2240 backbone vhhe was amplified once with a BamHI and EcoRI and 

once with an EcoRI and SpeI hydrolyzation sites. After hydrolyzation two sequences for vhhe were 

inserted into the open reading frame via restriction ligation cloning, thereby encoding for fusion protein 

VHHEE-Cts1. For the generation of pUx7 this process was repeated but instead of using two vhhe 

sequences with differing hydrolyzation sites, the first vhhe sequence with BamHI and EcoRI 

hydrolyzation sites was exchanged for vhhv with corresponding hydrolyzation sites. pUx8 and pUx4 

were hydrolyzed using AscI and used as backbone for pUx30 and pUx31, respectively. Apex2 was 

amplified from pUMa4774 with oligonucleotides oCD293 and oCD611 and inserted into the pUx8 and 

pUx4 backbones via Gibson cloning respectively, thereby generating pUx30 and pUx31.  
 

Table 4.1. DNA oligonucleotides used in this study.  

Designation  Nucleotide sequence (5´- 3´) 

oMB372_jps1_fw TTAGGCGCGCCATGCCAGGCATCTCC  

oMB373_jps1_rev TTAGGGCCCTTAGGATTCCGCATCGATTGGGG 

oAB908_Sy15_fw 
ATATAGGATCCATGGCGGCCCATCACCACCATCACCACCATCACCACCA

TCATATGCAGGTGCAGCTCG 

oAB909_Sy15_rev ATATAACTAGTCGAGACGGTGACCTGGGTGC 

oAB910_Sy68_fw 
TATAGGATCCATGGCGGCCCATCACCACCATCACCACCATCACCACCAT

CATATGCAGGTGCAGCTCGTCGAG 

oAB911_sy68_rev ATATATACTAGTCGAGACGGTGACCTGGGTGC 

oCD153_Apex2_Asc_rev CGACGTGCCCGACTATAGGGCGCATGGGCGGTGGTGGCAAGTCG 

oCD154_Apex2_Bam_fw CCAAACATTCTAGAGGCGCGGTCGGCGAAGCCGAGCTCG 

oCD155_Apex2_Bam_rev CAACTACCTTACTCTATCAGATGGGCGGTGGTGGCAAGTCG 

oCD293_Apex2_Asc_fw CGACGTGCCCGACTATAGGATGGGCGGTGGTGGCAAGTCG 

oCD359_VHHE_fw 
ATATAGGATCCATGGCGGCCCATCACCACCATCACCACCATCACCACCA

TCATATGCAGGTGCAGCTCGTCG 

oCD360_VHHE_rev ATATGAATTCATGCAGGTGCAGCTCGTCG 

oCD361_VHHE_linker 
ATATACTAGTAGAGCCACCACCACCAGAGCCACCACCACCAGAGCCACC

ACCACCCGACGAGACGGTGACGAGCG 

oCD362_VHHE_linker 
ATATGAATTCAGAGCCACCACCACCAGAGCCACCACCACCAGAGCCACC

ACCACCCGACGAGACGGTGACGAGC 

oCD363_VHHV_fw 
ATATAGGATCCATGGCGGCCCATCACCACCATCACCACCATCACCACCA

TCATATGCAGGTGCAGCTCGTCG 

oCD364_VHHV_rev 
ATATACTAGTAGAGCCACCACCACCAGAGCCACCACCACCAGAGCCACC

ACCACCCGACGAGACGGTGACCTGG 
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oCD365_VHHV_linker 
ATATGAATTCAGAGCCACCACCACCAGAGCCACCACCACCAGAGCCACC

ACCACCCGACGAGACGGTGACCTG 

oCD611_Apex2Jps1_rev GGCTTCTTGGAGATGCCTGGCATGGCGCGGTCGGCGAAGCCGAGCTCG 

 

3.4.2 Strain generation  

U. maydis strains used in this study were obtained by homologous recombination yielding 

genetically stable strains (Table 4.2). For genomic integrations at the ip locus, integrative plasmids 

were used (Stock et al. 2012). For genomic integration at the ip locus, integrative plasmids contained 

the ipr allele, promoting carboxin (Cbx) resistance. Thus, plasmids were linearized within the ipr allele 

using restriction enzymes SspI and SwaI to allow for homologous recombination with the ips locus. 

For all genetic manipulations, U. maydis protoplasts were transformed with linear DNA fragments. All 

strains were verified by Southern blot analysis. For in locus modifications the flanking regions were 

amplified as probes. For ip insertions, the probe was obtained by PCR using the primer combination 

oMF502/oMF503 and the template pUMa260. Primer sequences are listed in Table 1.  

 
Table 4.2. U. maydis strains used in this study. 

Strains Relevant genotype/ Resistance Strain 

collectio

n no. 

(UMa1) 

Plasmids 

transformed / 

Resistance2 

Manipula

ted locus 

Pro-genitor 

(UMa1) 

Refere

nce 

AB33P8Δ a2 PnarbW2bE1 PhleoR 

FRT10[um04641Δ::hyg] 

FRT11[um03947Δ] 

FRT6[um03975Δ] 

FRT5[um04400Δ] 

FRT3[um11908Δ] 

FRT2[um00064Δ] 

FRTwt[um02178Δ] 

FRT1[um04926Δ] HygR 

 

 

 

 

2413 

 

  

 

 

 

um04926 

 Terfrüc

hte et al. 

2018 

AB33P8∆ 

Gus-Cts1 

a2 PnarbW2bE1 PhleoR 

FRT10[um04641Δ::hyg] 

FRT11[um03947Δ] 

FRT6[um03975Δ] 

FRT5[um04400Δ] 

FRT3[um11908Δ] 

FRT2[um00064Δ] 

FRTwt[um02178Δ] 

2418 pUMa2113 ip 2413 Terfrüc

hte et al. 

2018 
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FRT1[um04926Δ] HygR 

ipS[Pomagus:shh:cts1]ipRCbxR 

AB33P8∆Gus

-Jps1 

a2 PnarbW2bE1 PhleoR 

FRT10[um04641Δ::hyg] 

FRT11[um03947Δ] 

FRT6[um03975Δ] 

FRT5[um04400Δ] 

FRT3[um11908Δ] 

FRT2[um00064Δ] 

FRTwt[um02178Δ] 

FRT1[um04926Δ] HygR 

ipS[Pomagus:shh:jps1]ipRCbxR 

2900 pUMa3012 ip 2413 Philipp 

et al. 

2022 

AB33P8∆ 

Sy15-Cts1 

 

a2 PnarbW2bE1 PhleoR 

FRT10[um04641Δ::hyg] 

FRT11[um03947Δ] 

FRT6[um03975Δ] 

FRT5[um04400Δ] 

FRT3[um11908Δ] 

FRT2[um00064Δ] 

FRTwt[um02178Δ] 

FRT1[um04926Δ] HygR 

ipS[Pomahis:sybody#15:ha:cts1]ipRCb

xR 

3360 pUMa4678 ip 2413 This 

study 

AB33P8∆ 

Sy68-Cts1 

a2 PnarbW2bE1 PhleoR 

FRT10[um04641Δ::hyg] 

FRT11[um03947Δ] 

FRT6[um03975Δ] 

FRT5[um04400Δ] 

FRT3[um11908Δ] 

FRT2[um00064Δ] 

FRTwt[um02178Δ] 

FRT1[um04926Δ] HygR 

ipS[Pomahis:sybody#68:ha:cts1]ipRCb

xR 

3361 pUMa4679 ip 2413 This 

study 

AB33P8∆ 

αGfpNB-

Apex2-Cts1 

a2 PnarbW2bE1 PhleoR 

FRT10[um04641Δ::hyg] 

FRT11[um03947Δ] 

FRT6[um03975Δ] 

FRT5[um04400Δ] 

FRT3[um11908Δ] 

FRT2[um00064Δ] 

FRTwt[um02178Δ] 

FRT1[um04926Δ] HygR 

3414 pUMa4774 ip 2413 This 

study 
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ipS[Pomahis:αgfpnb:Apex2:ha:cts1]ipR

CbxR 

AB33P8∆ 

Apex2- 

αGfpNB-Cts1 

a2 PnarbW2bE1 PhleoR 

FRT10[um04641Δ::hyg] 

FRT11[um03947Δ] 

FRT6[um03975Δ] 

FRT5[um04400Δ] 

FRT3[um11908Δ] 

FRT2[um00064Δ] 

FRTwt[um02178Δ] 

FRT1[um04926Δ] HygR 

ipS[Pomahis:Apex2:αgfpnb:ha:cts1]ipR

CbxR 

3415 pUMa4775 ip 2413 This 

study 

AB33P8∆ 

Sy68/15-Cts1 

a2 PnarbW2bE1 PhleoR 

FRT10[um04641Δ::hyg] 

FRT11[um03947Δ] 

FRT6[um03975Δ] 

FRT5[um04400Δ] 

FRT3[um11908Δ] 

FRT2[um00064Δ] 

FRTwt[um02178Δ] 

FRT1[um04926Δ] HygR 

ipS[Pomasybody#68:his:sybody#15:ha:

cts1]ipRCbxR 

Ux1 pUx1 ip 2413 Philipp 

et al. 

2022 

AB33P8∆ 

VHHE-Cts1 

 

a2 PnarbW2bE1 PhleoR 

FRT10[um04641Δ::hyg] 

FRT11[um03947Δ] 

FRT6[um03975Δ] 

FRT5[um04400Δ] 

FRT3[um11908Δ] 

FRT2[um00064Δ] 

FRTwt[um02178Δ] 

FRT1[um04926Δ] HygR 

ipS[Pomahis:vhhe:gs:ha:cts1]ipRCbxR 

Ux4 pUx4 ip 2413 This 

study 

AB33P8∆ 

VHHV-Cts1 

 

a2 PnarbW2bE1 PhleoR 

FRT10[um04641Δ::hyg] 

FRT11[um03947Δ] 

FRT6[um03975Δ] 

FRT5[um04400Δ] 

FRT3[um11908Δ] 

FRT2[um00064Δ] 

FRTwt[um02178Δ] 

FRT1[um04926Δ] HygR 

Ux5 pUx5 ip 2413 This 

study 
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ipS[Pomahis:vhhv:gs:ha:cts1]ipRCbxR 

AB33P8∆ 

VHHEE-Cts1 

 

a2 PnarbW2bE1 PhleoR 

FRT10[um04641Δ::hyg] 

FRT11[um03947Δ] 

FRT6[um03975Δ] 

FRT5[um04400Δ] 

FRT3[um11908Δ] 

FRT2[um00064Δ] 

FRTwt[um02178Δ] 

FRT1[um04926Δ] HygR 

ipS[Pomahis:vhhe:gs:vhhe:gs:ha:cts1]i

pRCbxR 

Ux6 pUx6 ip 2413 This 

study 

AB33P8∆ 

VHHVE-Cts1 

 

a2 PnarbW2bE1 PhleoR 

FRT10[um04641Δ::hyg] 

FRT11[um03947Δ] 

FRT6[um03975Δ] 

FRT5[um04400Δ] 

FRT3[um11908Δ] 

FRT2[um00064Δ] 

FRTwt[um02178Δ] 

FRT1[um04926Δ] HygR 

ipS[Pomahis:vhhv:gs:vhhe:gs:ha:cts1]i

pRCbxR 

Ux7 pUx7 ip 2413 This 

study 

AB33P8∆ 

Sy68/15-Jps1 

a2 PnarbW2bE1 PhleoR 

FRT10[um04641Δ::hyg] 

FRT11[um03947Δ] 

FRT6[um03975Δ] 

FRT5[um04400Δ] 

FRT3[um11908Δ] 

FRT2[um00064Δ] 

FRTwt[um02178Δ] 

FRT1[um04926Δ] HygR 

ipS[Pomasybody#68:his:sybody#15:ha:

jps1]ipRCbxR 

Ux8 pUx8 ip 2413 Philipp 

et al. 

2022 

AB33P8∆5 

VHHE-Apex2-

Jps1 

a2 PnarbW2bE1 PhleoR 

FRT10[um04641Δ::hyg] 

FRT11[um03947Δ] 

FRT6[um03975Δ] 

FRT5[um04400Δ] 

FRT3[um11908Δ] 

FRT2[um00064Δ] 

FRTwt[um02178Δ] 

FRT1[um04926Δ] HygR 

Ux22 pUx31 ip 2413 This 

study 



                                   A chitin-based antigen test 

78 
 

ipS[Pomavhhe:apex2:ha:jps1]ipRCbxR 

AB33P8∆ 

Sy68/15-Apex2-

Jps1 

a2 PnarbW2bE1 PhleoR 

FRT10[um04641Δ::hyg] 

FRT11[um03947Δ] 

FRT6[um03975Δ] 

FRT5[um04400Δ] 

FRT3[um11908Δ] 

FRT2[um00064Δ] 

FRTwt[um02178Δ] 

FRT1[um04926Δ] HygR 

ipS[Pomasybody#68:his:sybody#15:ap

ex2:ha:jps1]ipRCbxR 

Ux23 pUx30 Ip 2413 This 

study 

1 Internal strain collection numbers (UMa/Ux codes) 
2 Plasmids generated in our working group are integrated in a plasmid collection and termed pUMa or pUx plus a 4-digit 

number as identifier.  

 

3.4.3 Cultivation 

U. maydis strains were grown at 28 °C in complete medium supplemented with 1% (w/v) glucose 

(CM-glc) if not described differently. Solid media were supplemented with 2% (w/v) agar agar. Growth 

phenotypes were evaluated using the BioLector microbioreactor (m2p-labs). MTP-R48-B(OH) round 

plates were inoculated with 1.5 ml culture per well and incubated at 1,000 rpm at 28 °C. Backscatter 

light with a gain of 25 or 20 was used to determine biomass.   

 

3.4.4 Quantification of Gus activity on chitin beads 

Gus activity was determined to quantify chitin binding of Gus-Cts1 using the specific substrate 

4-methylumbelliferyl β-D galactopyranoside (MUG, Sigma–Aldrich). To his end 50 µg of U. maydis 

cell extracts were diluted in chitin binding buffer to a final volume of 500 µl. 50 µl chitin magnetic 

beads (New England Biolabs, Ipswich, MA, USA) were washed with 500 µl water, equilibrated with 

500 µl chitin binding buffer (500 mM NaCl, 50 mM Tris-HCl buffer pH 8.0, 0,05 % Tween-20 (v/v)) 

and subsequently incubated with cell extracts in binding buffer at 4 °C on a stirring wheel for 16 h. 

Subsequently, chitin beads were washed with 500 µl chitin binding buffer and 500 µl of water, taken 

up in 2× Gus assay buffer (10 mM sodium phosphate buffer pH 7.0, 28 µM β-mercaptoethanol, 0.8 

mM EDTA, 0.0042% (v/v) lauroyl-sarcosin, 0.004% (v/v) Triton X-100, 2 mM MUG, 0.2 mg/ml (w/v) 

BSA) and transferred to black 96-well plates. Relative fluorescence units (RFUs) were determined 

using a plate reader (Tecan, Männedorf, Switzerland) for 100 min at 28 °C with measurements every 
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5 minutes (excitation/emission wavelengths: 365/465 nm, gain 60). For quantification of conversion 

of MUG to the fluorescent product 4-methylumbelliferone (MU), a calibration curve was determined 

using 0, 1, 5, 10, 25, 50, 100, 200 µM MU. 

 

3.4.5 Trichloroacetic acid precipitation 

 Gus-Cts1 and Gus-Jps1 secretion was analyzed by TCA precipitation of culture broths. 

Therefore, 2 ml of cultures grown in Verduyn medium (55.5 mM Glucose, 74.7 mM NH4Cl, 0.81 mM 

MgSO4×7H2O, 0.036 mM FeSO4×7H2O, 36.7 mM KH2PO4, 100 mM MES pH 6.5, 0.051 mM EDTA, 

0.025 mM ZnSO4×7H2O, 0.041 mM CaCl2, 0.016 mM H3bBO3, 6.7 µM MnCl2×2H2O, 2.3 µM 

CoCl2×6H2O, 1.9 µM CuSO4×5H2O, 1.9 µM Na2MoO4×2H2O, 0.6 µM KI) to an OD600 of 3 were 

harvested by centrifugation at 11.000 × g and supernatant was transferred to a fresh reaction tube.  1 

ml of cell free supernatants of cultures were chilled on ice, mixed with 400 µl 50 % (v/v) TCA solution 

and incubated on ice at 4 °C overnight. Subsequently, protein pellets were harvested by centrifugation 

at 11.000 × g at 4 °C for 30 min. Supernatants were discarded and pellets were washed with 300 µl of 

-20 °C acetone followed by centrifugation at 11.000 × g at 4 °C for 20 min two times. Pellets were 

dried at room temperature and resuspended in Laemmli buffer containing 0.12 M NaOH. Resuspended 

pellets were denatured at 95 °C for 10 min and then subjected to SDS-PAGE and Western blot analysis.  

 

3.4.6 Generation of cell extracts  
For the verification of protein production via Western blot or further IMAC purification, cultures 

were grown to an OD600 of 1.0 and harvested at 5000 × g for 5 min in centrifugation tubes. Until further 

use, pellets were stored at −20°C. For preparation of cell extracts, cell pellets were resuspended in 1 

ml cell extract lysis buffer (100 mM sodium phosphate buffer pH 8.0, 10 mM Tris/HCl pH 8.0, 8 M 

urea, 1 mM DTT, 1 mM PMSF, 2.5 mM benzamidine, 1 mM pepstatin A, 2× complete protease 

inhibitor cocktail (Roche, Sigma/Aldrich, Billerica, MA, United States) and cells were crushed by 

agitation with glass beads at 2,500 rpm for 12 min at 4°C. After centrifugation (11,000 × g for 30min 

at 4°C), the supernatant was separated from cell debris and was transferred to a fresh reaction tube. For 

direct use protein concentration was determined by Bradford assay (BioRad, Hercules, CA, United 

States) (Bradford 1976). Otherwise cell extracts were subjected to IMAC purification.  
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3.4.7 SDS PAGE and Western blot analysis 

To assay protein production and secretion, 10 µg of cell extract or TCA precipitated samples 

were subjected to SDS-PAGE. SDS-PAGE was conducted using 10% (w/v) acrylamide gels. 

Subsequently, proteins were transferred to methanol activated PVDF membranes using semi-dry 

Western blotting. Nanobody fusion proteins were detected using a primary anti-HA (mouse; 1:3,000, 

Sigma-Aldrich, St. Louis, MO, USA). An anti-mouse IgG-horseradish peroxidase (HRP) conjugate 

(1:3,000 Promega, Fitchburg, United States) was used as secondary antibody. HRP activity was 

detected using the Amersham ™ ECL ™ Prime Western Blotting Detection Reagent (GE Healthcare, 

Chalfont St Giles, United Kingdom) and a LAS4000 chemiluminescence imager (GE Healthcare Life 

Sciences, Freiburg, Germany). 

 

3.4.8 IMAC purification of His-tagged protein 

Purification of U. maydis derived nanobody fusion proteins was achieved by generation of cell 

extracts from 400 ml of U. maydis culture harvested at an OD600 of 1.0 and subsequent Nickel2+-NTA 

purification. Therefore, culture harvested at 5000 × g for 5 min was resuspended in 8 ml lysis buffer 

(10 mM imidazole, 50 mM NaH2PO4, 300 mM NaCl, pH 8.0), 1.6 ml glass beads were added to cell 

suspension and cells were crushed by agitation with glass beads at 2,500 rpm at 4 °C for 12 min. 

Subsequently, cell debris was removed by centrifugation at 11,000 × g at 4 °C for 30 min. Nickel2+-

NTA matrix was settled in empty columns and after flow-through of ethanol, equilibrated with 10 

column volumes of lysis buffer. Subsequently, matrix was dissolved in cleared cell extracts and the 

mixture was incubated on a stirring wheel at 4 °C for 1 h. Subsequently, flow-through was discarded 

and matrix was washed with 5 column volumes of washing buffer (20mM imidazole 50mM NaH2PO4, 

300mM NaCl, pH 8.0). Protein was eluted in two fractions of 2 ml each using elution buffer 1 (lysis 

buffer, 150 mM imidazole) and elution buffer 2 (lysis buffer, 250 mM imidazole). For application in 

ELISA elution fractions were pooled via Amicon Ultra-15 50k centrifugal filter units (Merck Millipore, 

Burlington, MA, USA). Elution buffer was chosen for the intended application (coating buffer for 

sandwich ELISA, chitin binding buffer for chitin ELISA, PBS-T for direct detection, see chapters 

3.4.10, 3.4.11, 3.4.12 for buffer composition).  
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3.4.9 In vivo neutralization assays  
Nanobodies were IMAC purified and stored at 4 °C prior to incubation with Sars-CoV2. 

Nanobodies at concentration of 0.5 mg/ml in PBS-buffer were incubated with Sars-CoV2 particles in 

serial dilutions for 1 h at 37 °C. Subsequently, human lung cell cultures displaying ACE2 (Vero cell 

line) were incubated with pre incubated samples. After three days of incubation visual microscopic 

analysis was conducted to observe cytopathic effects and thus determine if infection had occurred. 

qPCR analysis was conducted using anti-Sars-CoV2 primer pairs validated for analytic use.   

3.4.10 Direct ELISA 

 For detection of nanobody binding activity protein adsorbing 384-well microtiter plates 

(Nunc® Maxisorp™, ThermoFisher Scientific, Waltham, MA, USA) were used. Wells were coated 

with 1 µg Gfp for anti-GfpNB or 1 µg commercially available Sars-CoV2 Spike-RBD-domain protein 

for Sars-CoV2 nanobody-Cts1 fusion proteins (Invitrogen, Waltham Massachusetts, USA). 

Recombinant Gfp was produced in E. coli and purified by Ni2+-chelate affinity chromatography as 

described earlier (Terfrüchte et al. 2017). 1 µg BSA per well dealt as negative control (NEB, Ipswich, 

MA, USA). Samples were applied in a final volume of 100 µl coating buffer (100 mM Tris-HCL pH 

8, 150 mM NaCl, 1 mM EDTA) per well at room temperature for at least 16 h. Blocking was conducted 

for at least 4 h at room temperature with 5% (w/v) skimmed milk in coating buffer. Subsequently, 5% 

(w/v) skimmed milk in PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 

7.2) were added to defined protein amounts of nanobody fusion protein samples purified from culture 

supernatants or cell extracts via Ni2+-NTA gravity flow and respective controls. 100 µl of sample was 

added to wells coated with the cognate antigen and BSA. The plate was incubated with samples and 

controls over night at 4 °C. After 3× PBS-T (PBS supplemented with 0.05% (v/v) Tween-20, 100 µl 

per well) washing, a primary anti-Ha antibody (mouse, Sigma-Aldrich, St. Louis, MO, USA) 1: 5,000 

diluted in PBS supplemented with skimmed milk (5% w/v) was added (100 µl per well) and incubated 

for 2 h at room temperature. Then wells were washed again three times with PBS-T (100 µl per well) 

and incubated with a secondary mouse-HRP antibody (goat, Promega, Madison, WI, USA) (50 µl per 

well) for 1 h at room temperature (1: 5,000 in PBS supplemented with skimmed milk (5% w/v)). 

Subsequently, wells were washed three times with PBS-T and three times with PBS and incubated with 

Quanta Red™ enhanced chemifluorescent HRP substrate (50:50:1, 50 µl per well, ThermoFisher 

Scientific, Waltham, MA, USA) at room temperature for 15 min. The reaction was stopped with 10 µl 
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Quanta Red™ stop solution per well and fluorescence readout was performed at 570 nm excitation and 

600 nm emission using an Infinite M200 plate reader (Tecan, Männerdorf, Switzerland).  

 

3.4.11 Sandwich ELISA 

To determine nanobody-Cts1 fusion capabilities to act as capture antibody for an antigen test 

application, a mixture of 0.5 µg of IMAC purified protein and 0.5 µg BSA (New England Biolabs, 

Ipswich, MA, USA) in 100 µl of coating buffer per well was added to 384-well microtiter plates (1 µg 

without BSA for direct detection). Coating was conducted for 16 h at 4 °C. Subsequently, plates were 

blocked with 5 % skimmed milk in coating buffer for 2 h at room temperature. RBD samples were 

added in serial dilutions in a volume of 100 µl sample buffer (5 % skimmed milk powder in PBS-T) 

and incubated for 2 h at room temperature. Subsequently plates were washed 3 times with PBS-T and 

primary antibody (anti-RBD-mouse, R&D systems, Minneapolis, MN, USA) was added in a dilution 

of 1: 5,000 in sample buffer and incubated for 2 h at room temperature. Afterwards wells were washed 

again with PBS-T thrice and incubated with secondary mouse-HRP antibody (goat, Promega, 

Fitchburg, WI, United States) was added in a dilution of 1: 5,000 in 50 µl sample buffer and incubated 

for 1 h at room temperature. Prior to detection plates were washed thrice with 100 µl PBS-T and three 

times with 100 µl PBS per well. Detection was carried out using Quanta Red™ enhanced 

chemifluorescent HRP substrate (50:50:1, 50 µl per well, ThermoFisher Scientific, Waltham, MA, 

USA) at room temperature for 10 min. The reaction was stopped with 10 µl Quanta Red™ stop solution 

per well and fluorescence readout was performed at 570 nm excitation and 600 nm emission using an 

Infinite M200 plate reader (Tecan, Männedorf, Switzerland). 

 

3.4.12 Chitin based sandwich ELISA 

For chitin-based sandwich ELISA 50 µl of chitin magnetic beads (New England Biolabs, 

Ipswich, MA, USA) were transferred into a 1.5 ml reaction tube, washed with 500 µl of water and 

equilibrated in 500 µl of chitin binding buffer (500 mM NaCl, 50 mM Tris-HCl buffer pH 8.0, 0,05 % 

Tween-20 (v/v)). Subsequently 2 µg of IMAC purified protein was added in a final volume of 500 µl 

chitin binding buffer. Coating was conducted on a stirring wheel at 4 °C for 16 h. Afterwards chitin 

beads were blocked with 5 % skimmed milk powder in chitin binding buffer on a stirring wheel at 

room temperature for 2 h. In the next step chitin beads were washed thrice with PBS-T, RBD samples 

were added in serial dilutions in a volume of 100 µl ELISA sample buffer and incubated on a stirring 

wheel at room temperature for 2 h. After removal of the sample buffer chitin magnetic beads were 
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taken up in 100 µl PBS-T, transferred to a fresh reaction tube and subsequently washed three times 

with 500 µl PBS-T before addition of primary antibody (R&D systems, Minneapolis, MN, USA) 

1:5000 in 200 µl sample buffer. The primary antibody was incubated with chitin magnetic beads on a 

stirring wheel at room temperature for 2 h. Subsequent to primary antibody removal chitin magnetic 

beads were washed three times with PBS-T and incubated with secondary mouse-HRP antibody (goat, 

Promega, Fitchburg, United States) 1:5000 in 100 µl sample buffer on a stirring wheel at room 

temperature for 1 h. For detection chitin magnetic beads were washed three times with 500 µl PBS-T 

and three times with 500 µl PBS before being taken up in 100 µl Quanta Red™ enhanced 

chemifluorescent HRP substrate (50:50:1, 50 µl per well, ThermoFisher Scientific, Waltham, MA, 

USA) and transferred to a black 96-well microtiter plate. Fluorescence readout was performed 2 min 

after addition of the substrate at 570 nm excitation and 600 nm emission using an Infinte M200 plate 

reader (Tecan, Männedorf, Switzerland) after stopping of the reaction with 10 µl QuantaRed™ stop 

solution.  

3.5 Author contributions 

M.P., L.M. and K.P.H designed the experiments. K.P.H. conducted initial chitin binding 

experiments (Fig. 3.3 C).  L.M. conducted neutralization experiments and RT-PCR (Fig. 3.2). M.P. 

purified nanobodies for neutralization experiments and conducted all other experiments. M.P. 

designed and prepared the figures and tables. K.S., H.S. and M.F. supervised the project. M.P. 

prepared the manuscript with advice from K.S. 
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3.6 Supplementary Material  

 

Supplementary Figure 3.1: Full western blots and ELISA of the initial nanobody screen. (A, B) Western blot analysis 

of nanobody expression and secretion levels. 10 µg of cell extracts were subjected to Western blot analysis. Nanobody-

Cts1 fusions were detected using an Ha-mouse antibody. Nanobodies were detected slightly above their expected sizes 

around 100 kDa. For VHHE-Cts1 and VHHV-Cts1 degradation bands are observable at 35 and 25 kDa. Nanobody-Cts1 

fusions were enriched from the supernatant via TCA precipitation, the HA tag was used for detection. (C) Direct ELISA of 

nanobody-Cts1 fusions against 1 µg/well of RBD domain coated to ELISA plate and detected by a sandwich of anti-Ha 

(mouse) and an anti-mouse-HRP conjugate. Cell extracts of expression strains were added to wells coated either with BSA 

or RBD in serial dilutions of 0.3 ng/µl, 0.6 ng/µl and 2.5 ng/µl. Experiment was carried out in three biological replicates 

comprising three technical replicates each. Error bars depict standard deviation of biological replicates. 
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4 Final Discussion  

4.1 Jps1 – a new export carrier for unconventional secretion  

Unconventional secretion of Jps1 was confirmed using the Gus-reporter system in the same way, as 

Cts1 secretion was confirmed before (Stock et al. 2012, Reindl 2020b). Interestingly, supernatant 

activity was about two-fold increased compared to Gus-Cts1. This result could be confirmed when 

secretion levels were compared by quantitative Western blot analysis, thus proving that the increased 

activity is due to higher Gus-Jps1 amounts in the supernatants and not due to changes in Gus activity 

that might arise from the fusion with the different carriers. Interestingly, intracellular levels of Gus-

Cts1 and Gus-Jps1 appear to be similar. However, more sensitive Gus activity assays performed with 

cell extracts revealed slightly reduced activity in the Gus-Jps1 strain, compared to Gus-Cts1. Thus, the 

increased extracellular protein levels are likely a direct result of more efficient translocation to the 

supernatant and not only linked to a higher expression level. There are two possible hypotheses that 

could explain the more efficient secretion mode. A first possibility is the retention of Cts1 on the cell 

surface. All enzymatic assays and TCA precipitations in chapter 2 were carried out with cell free 

supernatants. However, due to its chitin binding capability it is likely that a portion of Cts1 is retained 

on the cell surface, while only part is freely available in the supernatant. This for example is evident 

by the fact that Cts1 activity can be measured directly on the cell surface (Stock et al. 2012). Jps1, in 

contrast, is not predicted to stick to chitin, suggesting that all protein is released into the supernatant. 

Secondly, Jps1 was shown to form homo dimers in vitro (Reindl 2020a). Hence it is possible that the 

effect is of a stoichiometric nature with two Jps1 molecules in form of a homo dimer entering the 

fragmentation zone for one single Cts1 molecule, resulting in a fragmentation zone loaded with a higher 

amount of Jps1 as opposed to Cts1 and thus in higher overall secretion. This theory could be further 

underlined by the effect observed for Jps1-mediated secretion of LacZ. The reason for impaired strain 

fitness and LacZ-Jps1 secretion might be linked to lacZ tetramers interfering with Jps1 dimerization 

and thus secretion.  

As apparent from the above discussed points, understanding the cellular role of Jps1 is crucial to fully 

elucidate its mode of secretion and the differences to that of Cts1. The protein is discussed as an 

anchoring factor for Cts1 in the lock-type secretion mechanism (Reindl et al. 2020b, Wierckx et al. 

2021). In line with that, Jps1 was shown to weakly interact with Cts1 in yeast-two hybrid and co-

purification experiments (Hussnätter 2016).  This was further underlined by direct detection 

experiments depicted in chapter 3.8 where no significant background that could have been caused by 
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Jps1-Cts1 interaction by VHHEE-Cts1 and Sy68/15-Apex2-Jps1 was detected, while self-interaction 

between Sy68/15-Jps1 and Sy68/15-Apex2-Jps1 was observed. Nonetheless, Jps1 is crucial for Cts1 

localization and secretion, since deletion of the respective gene completely negated Cts1 secretion 

(Reindl et al. 2020b). Furthermore, Jps1 was shown to bind phosphatidyl-inositol-phosphates, 

specifically Ptldn(4,5)P2  (Reindl et al. 2020b), hence possibly interacting with the inner layer of the 

cell membrane (Di Paolo and De Camilli 2006). This could give several hints at its function during 

unconventional secretion. First it has been described that accumulation of membranous vesicles occurs 

after formation of the primary septum during formation of the fragmentation zone (Weinzierl et al. 

2002) which could be interaction partners for Jps1. Secondly, the N-terminal domain of Jps1 is 

predicted to form amphipathic helices (Reindl 2020a). These are shown to be involved in sensing or 

induction of membrane curvature (Jensen et al. 2011) which would fit the localization of Jps1 before 

and during cell separation. Another hint towards Jps1 function is the prediction of structural similarities 

to DNA- and RNA polymerases by PredictProtein and RaptorX software (Reindl 2020a). This mode 

of binding was later confirmed in an individual-nucleotide resolution UV crosslinking and 

immunoprecipitation (iCLIP) experiment (Reindl 2020a). The significance of this observations is yet 

unclear. However, these results point towards a complex and diverse intracellular function of Jps1 

besides Cts1 localization, but do not allow for a clear understanding of its secretory mechanism. Thus, 

further studies will be needed to understand the crucial differences in Cts1 and Jps1 secretion and allow 

for manipulation of the pathway. One approach in this direction, that is already being taken is the 

identification of interaction partners via Jps1-Gfp pulldown and MS analysis (Reindl 2020a). This has 

yielded the potential interaction partners umag_10123, umag_04320, umag_00582 and umag05906 

which are currently under detailed investigation by generation of deletion strains and their phenotyping 

(Sanchi Dali, pers. commun.).  

The observation that Jps1 can act as a potent new carrier for the export of heterologous proteins is a 

very important step for the development of the expression system. Importantly from a biotechnological 

standpoint, Jps1 secretion could be manipulated by inducible Don3 expression in a similar manner to 

Cts1, further enhancing the secretory yield obtained for Gus by more than 3-fold compared to the non-

inducible Gus-Cts1 expression strain. This constitutes the strongest increase in secretion for a target 

protein that is efficiently expressed and secreted by both Cts1 and Jps1.  

Interestingly, Gus was the only target protein that functioned well in tandem with both carriers, even 

though Jps1 was more efficient in Gus secretion than Cts1. Both FLuc and Sy68/15 could not be 

effectively produced as Cts1 fusion proteins, but were effective, when Jps1 was used as export carrier. 
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This underlines the advantage of multiple carriers for the U. maydis secretion system, as it enables the 

expansion of the repertoire of secretory targets, ultimately making the secretion system more effective 

and versatile. The need for a variety of export carriers has been widely described in literature, as there 

is no one-size-fits-all carrier available for any secretion system yet and reasons for differing carrier 

performance can be numerous (Wang et al. 2020b). For example, the S. cerevisiae Matα signal 

sequence is regularly used for protein export in P. pastoris (He et al. 2012). However, the sequence 

has a Kex2 cleavage site (KR or RR) by which it is processed for efficient secretion, thus proteins that 

themselves harbor such a cleavage site, cannot be secreted at full length utilizing the Matα sequence 

(Govindappa et al. 2014). Another example is the efficient secretion of Gus mediated by xylanase 

XYNA but not by xylanases XYNB and XYNC in the filamentous fungus Penicillium funiculosum 

(Alcocer et al. 2003). Furthermore, similar effects have been observed on several occasions for fusions 

of target proteins to cell wall display proteins in filamentous fungi and yeasts. Where correct pairing 

of anchor and display target has been described as crucial for correct function, export and display of 

both proteins (Urbar-Ulloa et al. 2019). Further insights into this topic could be gained by 

crystallization studies of Jps1 and Cts1 to on the one hand further investigate the single and homo-

dimer structure of Jps1, but also on the other hand detect differences in N-terminal folding, since it 

forms the link to secretion targets (McPherson 2017).   

The successful secretion of a bivalent Sars-CoV2 nanobody via Jps1 further underlines the advantage 

of an additional carrier and constitutes a novel biopharmaceutical target for U. maydis as a protein 

production platform, which was built upon in chapter 3.  

Thus, the addition of Jps1 as a novel carrier for unconventional secretion constitutes an important step 

towards diversifying the target range of the system. However, yield increases for the Gus reporter in 

the range of 2-3-fold are not yet sufficient to make the secretion system competitive compared to 

established systems such as P. pastoris, S. cerevisiae, A. niger, mammalian or bacterial systems which 

would require a 10-20-fold increase. Therefore, more steps besides use of Jps1 as a novel carrier, need 

to be taken in the future to enhance unconventional secretion yield in U. maydis. 

A strategy to enhance unconventional secretion based on this study would be to build on the recently 

established inducible secretion system that in combination with Jps1 resulted in the highest increase in 

unconventional Gus secretion in this study. The system is based on transcriptional or translational 

regulation of kinase Don3 (Hussnätter et al. 2021) and thus far build on either transcriptional induction 

via the arabinose sensitive promoter Pcrg or post-translational regulation using the bulky ATP 

analogue NA-PP1. Pcrg is repressed when glucose, which is preferably metabolized by U. maydis 
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(Müller et al. 2018), is present in the cell and activated when arabinose is metabolized as single carbon 

source (Brachmann et al. 2004). Thus  activating don3 transcription in the inducible secretion system 

(Hussnätter et al. 2021).  This limits induction speed and requires a carbon source switch for induction, 

which usually relies on exchanging the growth medium. However, exchange of the growth medium 

could be circumvented by development of an auto induction process. In case of NA-PP1 the binding 

pocket of Don3 is blocked by the ATP analogue and the septation factor cannot fulfil its function within 

the cell (Böhmer et al. 2008, Böhmer et al. 2009). Upon removal of NA-PP1, induction of secretion 

occurs significantly faster compared to transcriptional induction, since no additional protein 

biosynthesis is required (Hussnätter et al. 2021). However, a switch of the growth medium is required. 

This system might be enhanced in two ways: First, the mode of induction could be changed from 

chemically controlled induction towards less invasive methods, like optogenetics. Optogenetic systems 

give the possibility to control biological processes by light without the need for invasive use of 

chemicals or changes of carbon source (Christie and Zurbriggen 2021). These systems are based on 

photosensitive proteins that can be excited by a wide variety of wavelengths. This generally leads to a 

conformational change in the light sensitive protein that can be exploited to induce gene transcription 

or alter protein function. These changes range from red light inducible dimerization of phytochromes 

like the PHYB/PIF3 complex (Legris et al. 2016), to blue light inducible oligomerization of 

cryptochromes (Christie et al. 2015) but also UV light sensitive proteins like UVR8 (Christie et al. 

2012). These can be used to spatiotemporally separate or bring together proteins of interest fused to 

these interaction partners upon light induction. Another class of optogenetic switch exists in the form 

of a blue light inducible conformational change of light-oxygen-voltage (LOV) domains, that can be 

used to cage attached proteins of interest in darkness and release them upon light induction (Wu et al. 

2009). Optogenetic systems have been shown to be a great tool for non-invasive induction of protein 

expression. This has been demonstrated for example for the induction of a luciferase reporter in plant 

protoplasts by PHYB-PIF6 interaction. Here a VP16 transactivation domain and a nuclear targeting 

domain were added to PHYB, while PIF6 was fused to an E DNA binding domain. Upon red light 

induction, the two interaction partners formed a heterodimer that could act as a transcription factor for 

the minimal promoter controlling luciferase transcription which resulted in 400-fold induction of 

luciferase expression (Müller et al. 2014). Furthermore, activity of already expressed protein can also 

be controlled, as has been shown by the light dependent control of peroxisomal trafficking of a Gfp 

reporter in mammalian cells. Here a peroxisomal targeting sequence (PTS) was fused to an LOV-

domain and Gfp. In darkness the PTS remained caged by the LOV domain and the reporter remained 
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in the cytosol, while it was targeted to the peroxisome upon light induction due to uncaging of the PTS 

from the LOV domain (Spiltoir et al. 2016). Enabling optogenetic induction of don3 transcription or 

more favorably engineering a caged version of Don3 that can be activated with a light pulse could 

greatly enhance the system. Secondly, if more core factors for unconventional secretion have been 

identified, a gene or protein that shows a less severe phenotype than don3 upon deletion or abolishment 

of function, respectively, could be incorporated into the system, since the large tree-like like structures 

that are formed by don3 deletion strains are generally difficult to work with and are susceptible to harsh 

mechanical stress.  Establishment of such a switch has already been attempted using an arabinose 

inducible version of Jps1, since jps1 deletion also abolishes Cts1 secretion. However, this resulted in 

Jps1 mis-localization and only weak induction of Cts1 secretion (Hussnätter et al. 2021). Hence, 

identifying another gene that like don3 controls both Cts1 and Jps1 secretion but shows a less severe 

phenotype when applied as induced version, might greatly benefit the system.   

 

4.2 The potential of bivalent nanobodies produced by unconventional secretion  

An important aim of this work was to produce functional anti-Sars-CoV2 RBD nanobodies as Cts1 

fusions. Expression and secretion of VHHE-Cts1 and VHHEE-Cts1 was successful, and both variants 

were capable of detecting Sars-CoV2 RBD domain in ELISA assays, thus showing their functionality. 

Furthermore, VHHEE-Cts1 did at least partially neutralize Sars-CoV2 in vivo, matching the in vivo 

binding of VHHEE to Sars-CoV2 spike as described by König et al. (2021). However, it was 

unexpected that VHHV, VHHVE, Sy15 and Sy68 showed no antigen binding activity when expressed 

in fusion with Cts1, although VHHE and VHHEE were active. All nanobodies were chosen for their 

binding capacity described in König et al. (2021) and Walter et al. (2020), and activity of Sy15 and Sy68 

in tandem could be demonstrated in this work, when Jps1 was used as a carrier (chapter 2). Finding a 

suitable carrier or even signal peptide for the export of a target protein can be difficult both in 

filamentous fungi and yeast systems and thus far several matches and mismatches between carrier and 

target have been described (Govindappa et al. 2014, Wang et al. 2020b) (see chapter 4.1). Especially 

in the case of larger export carriers, the reason for this is often based on structural inhibition of either 

the targets activity by the carrier or vice versa. Nonetheless, in case of structurally similar and small 

proteins, such as nanobodies, this is an unexpected result that needs to be further investigated. Towards 

a more elegant design for future target screening, structure prediction using software like PredictProtein 

or AlphaFold2 (Berhofer et al. 2021, Jumper et al. 2021) could be employed before expression and 

secretion of certain constructs are attempted.  The next step would be crystallization studies of present 
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fusion proteins, especially in presence of the antigen to elucidate the position and availability of the 

complementary determining region (McPherson 2017). Crystallization of complex fusion proteins 

might prove difficult however, thus crystallization of carrier and nanobody independently could also 

give important insight. Similar studies have been undertaken to determine the structure of nanobodies 

and their respective antigen to reveal the exact mode of binding for example for Sars-CoV2 RBD, 

human PD-L1 and epidermal growth factor receptor nanobodies (Schmitz et al. 2013, Zhang et al. 

2017, Huo et al. 2021). This could yield vital information for the choice of further nanobody/carrier 

combinations in future research, enabling a more elegant design of constructs, replacing or 

complementing crude screening approaches, as conducted in this study.  

Overall, the successful expression and secretion of two multimerized nanobodies described in chapters 

2 and 3 demonstrates that these molecules are promising novel biopharmaceutical targets for 

unconventional secretion in U. maydis. Importantly, both multimerized nanobody versions clearly 

outperformed single nanobodies with regard to antigen binding and viral neutralization. These results 

are perfectly in line with literature, as it has been shown on several occasions that multimerized 

nanobodies can far exceed the binding capacity of individual proteins (Els Conrath et al. 2001, Cortez-

Retamozo et al. 2002, König et al. 2021). Furthermore, the potential use of bi- or multivalent 

nanobodies, binding more than one antigen or epitope might be an excellent tool especially for targeting 

viruses like Sars-CoV2 (Dubey et al. 2020). It has been described that the spike protein of the new 

Sars-CoV2 variant B.1.1.529 (Omicron) is changed in such a way that previously used antibodies such 

as casirivimab can no longer neutralize the virus and show severely decreased binding (VanBlargan et 

al. 2022). While the effect is most severe in B.1.1.529, diminished binding activity and increased 

immue evasion has previously been reported for other variants of concern as well (Liu et al. 2021b, 

Planas et al. 2021). Hence, a multivalent nanobody, binding different epitopes of the spike protein 

could potentially compensate this effect. To this end, several studies have demonstrated neutralization 

of Sars-CoV2 and variants of concern for example by bivalent constructs (Weinstein et al. 2022)  and 

nanobody trimers, directly targeting the RBD-ACE2 interface (Xu et al. 2021). However, these studies 

are not limited to Sars-CoV2 alone and bi- and trivalent nanobodies have been used to neutralize HIV 

and equine enciphalitis virus, respectively, but also to target cancer therapy proteins of interest like 

vegetative growth factor 1 (VEGF1) and tumor necrosis factor (TNF) (Beirnärt et al. 2017, Weiss and 

Verrips 2019, Sadeghi et al. 2020, Liu et al. 2022). These examples demonstrate the versatility of the 

nanobody scafffold. A further advantage of multivalent nanobodies is the possibility to streamline 

production. Antibody therapeutics are usually employed in the form of cocktails containing several 
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antibodies to achive virus neutralization or to stop tumor proliferation in patients (Marrocco et al. 2019, 

Sun and Ho 2020a, Weinreich et al. 2021). This strategy has also been employed for nanobodies to 

neutralize Sars-CoV2 in mice models (Pymm et al. 2021). However, in the same study it was shown 

that bivalent versions of the nanobodies employed in the cocktails were also able to neutralize Sars-

CoV2 on their own (Pymm et al. 2021). Similar effects have been observed for single domain and 

bivalent nanobodies in hamster models  (Esparza et al. 2021, Huo et al. 2021). This strategy of 

employing single antibody drugs based on a multimerization as opposed to conventional antibody 

cocktails would allow for easier bulk production of one single polypeptide chain in contrast  to several 

indivdual ones, thus streamlining drug production, allowing for greater product yield and thereby 

increasing availability and lowering prices.      

In terms of production U. maydis might infact constitute a great host for multivalent nanobodies. While 

single nanobodies are simple, small and easy to produce in bacteria such as E. coli (Muyldermans et 

al. 2009), fusion proteins of several nanobodies might prove a challenge for bacterial expression 

systems, as it was shown before that fungal systems outperform bacteria when it comes to the 

production of larger, more complex proteins (Wang et al. 2020b). Given the efficiency of bivalent 

nanobodies produced in this study, larger multivalent nanobody versions are interesting targets for the 

future, especially considering the capability to secrete large proteins during unconventional secretion 

(Stock et al. 2012). The fact that nanobody-Cts1/Jps1 fusions are secreted to the supernatant is another 

advantage of the system, as secretion is favorable for biotechnological applications due to easier 

downstream processing (Nicaud J.-M. 1986, Flaschel and Friehs 1993).  Furthermore, since indivdual 

nanobodies are mostly screened in in vitro and/or bacterial systems (Salvador et al. 2019) it is beneficial 

if they are produced without eukaryotic N-glycosylation via unconventional secretion, hence avoiding 

alteration to the respective nanobodies properties. For example, it has been shown that high mannose 

type N-glycans can negatively affect pharmacokinetics and stability of therapeutic mAbs and even 

increase cytotoxicity (Mastrangeli et al. 2020).  

In summary, the unique properties of the system support the generation of multimerized nanobody 

pharmaceuticals, which will be of high interest in the future.  

 

4.3  Evaluation of a chitin-based antigen test  

One of the key aims of the study depicted in chapter 3 was to utilize the chitin binding capacity of Cts1 

to engineer a chitin based Sars-CoV2 detection system. Results of chitin binding pre-experiments were 
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in line with previously performed chitin binding experiments, including E. coli derived Cts1 binding 

to chitin magnetic beads and a Gfp-nanobody-Cts1 based Gfp pulldown assay, described in Terfrüchte 

et al. (2017). The interesting part of these experiments was a seemingly higher binding rate for U. 

maydis derived Gus-Cts1 fusion protein when compared to E. coli derived heterologous Cts1 and the 

fact, that active Gus-Cts1 could be directly immobilized on chitin magnetic beads from raw cell 

extracts. The first result has to be further investigated in the future with additional characterization of 

the chitin binding kinetics. The second result constitutes a further proof of concept for direct 

purification of Cts1 from a raw cell extract utilizing chitin. This result is in line with that of similar 

experiments that resulted in immobilization of an anti-Gfp nanobody from U. maydis cell extracts on 

chitin (Terfrüchte et al. 2017) and further demonstrates the potential for future in situ purification of 

unconventionally secreted protein.  

Immobilization of VHHE-Cts1 and VHHEE-Cts1 on chitin in an active form that resulted in 

detection of Sars-CoV2 RBD was an important step towards a chitin-based antigen test. Furthermore, 

binding capacity of VHHEE, showing signal at 0.1 ng/µl (2.6 nM) in a plate-based ELISA and 0.5 

ng/µl (12.8 nM) on chitin was well within previously described binding parameters of nanobodies, 

despite the crude nature of the proof of principle chitin ELISA. Generally, nanobodies are described to 

bind their respective antigen in the nanomolar to picomolar range (Muyldermans 2013). For example, 

a Sars-CoV2 nanobody shown to be capable of neutralizing both Sars-CoV2 and variants of concern 

showed dissociation constants of 5.82 to 32.52 nM to the RBD (Weinstein et al. 2022). Another potent 

Sars-CoV2 RBD nanobody was shown to have dissociation constants to RBD of 4-6 nM (Huo et al. 

2020), while VHHEE in its native form showed dissociation constants to Sars-CoV2 of 0.9 nM (König 

et al. 2021). In this case the difference in binding capacity between VHHEE in König et al. (2021) and 

the Cts1 fusion described in this study can likely be explained by different experimental methodology 

and a slight reduction in nanobody binding activity, due to the fusion of the nanobody to the much 

larger Cts1. A comparison to commercially available lateral flow tests is difficult, as detection quality 

of these tests varies heavily (Somborac Bacura et al. 2021). However, detection capabilities of 

professional lateral flow tests that have been described are in the range of 5 ng/µl for the spike protein 

(Baker et al. 2020) and 0.65 pg/µl for the nucleocapsid protein (Grant et al. 2020), placing the detection 

capability of the VHHEE-Cts1 – chitin based detection system within the range of these described 

limits. A comparison is difficult though, as methodologies are vastly different. Despite both assays 

being based on antibody sandwich formation, the ELISA type assays are generally more sensitive 

(Hsiao et al. 2021). Nonetheless, these results demonstrate that chitin can be exploited as a novel 
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surface for viral antigen detection. This postulates several advantages besides a potential ease of 

purification of Cts1 fusion proteins from culture broth, as discussed above. Chitin is the second most 

abundant biopolymer next to cellulose and produced in a large variety of organisms, reaching from 

shell fish to molluscs, insects and fungi (Brine and Austin 1981). Applications for chitin already in use 

include a wide variety of biomedical applications in treatment of neurological, cardiovascular and 

respiratory diseases, such as its use as a nanotube scaffold for the enhancement of neural growth (Singh 

et al. 2016, Satitsri and Muanprasat 2020). Due to this reason valorization of chitin is generally well 

understood. Chitin is most often obtained from the shells of crustaceans, a waste product during food 

generation, by deproteinization at alkaline conditions and demineralization in acidic conditions 

(Younes and Rinaudo 2015). Additionally, more environmentally friendly options for chitin 

valorization in the form of using deep eutectic solvents and extraction of more easily available insect 

shell chitin are being developed (Vicente et al. 2020, Zainol Abidin et al. 2020).  This makes it an 

inexpensive, bio-based resource that is not interfering with food production which is often the case for 

cellulose when used for example as a source for biofuel generation (Tenenbaum 2008). Hence, chitin 

in combination with Cts1 nanobody fusions constitutes a valuable building block towards more 

economic and ecologic antigen testing systems in the future that no longer rely on petrol based, 

expensive protein adhesive polymers, as is still the case for state of the art ELISA (Lequin 2005). The 

need for these tests has been made clear by the increasing number of zoonotic disease outbreaks in the 

recent past and the massive numbers of tests conducted during the Sars-CoV2 pandemic (McArthur 

2019, Rahman et al. 2020, BfRAM 2022). This has been underlined by other studies also trying to 

valorize biopolymers for antigen testing, such as a recently published study on a Sars-CoV2 capture 

system based on immobilization of nanobodies on cellulose (Sun et al. 2022). However, while chitin 

constitutes a great building block for future antigen tests in combination with Cts1 nanobody fusion 

proteins, engineering of a proper chitin surface in form of a flow assay or a “lab-on-a-chip” (Zhuang 

et al. 2020), will be key to fully utilize the potential of the proof of principle presented in this study. 

Another important step towards a more economic antigen test was the simplification of detection, 

which was attempted in this study by functionalization of nanobodies utilizing peroxidase Apex2. 

While the most widely employed enzymes for functionalization of secondary antibodies used in 

applications such as ELISA and Western blot are HRP and alkaline phosphatase (Gillet et al. 1993, 

Freeman 2013, Lin 2015) Apex2 was shown to be secreted at higher amounts and with increased 

activity when unconventionally produced in U. maydis compared to HRP (Reindl 2016). Results 

obtained for αGfpNB-Apex2-Cts1 confirmed this result, lowering the required amount of 
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functionalized nanobody for direct Gfp detection by 5-fold, when compared to a previously used HRP 

fusions of the same nanobody (Terfrüchte, 2016). When applied to a bivalent Sars-CoV2 nanobody 

and the novel carrier Jps1, however, Apex2 activity was reduced massively, preventing direct detection 

of Sars-CoV2 RBD trapped by VHHEE-Cts1 on a chitin surface. As discussed above (chapters 4.1 and 

4.2) this might very well be a structural effect either based on the link of Apex2 and the bivalent 

nanobody or Apex2 and the carrier protein Jps1. A possibility to improve the constructs, would be the 

use of flexible linkers, such as glycine-serine (3x GGGGS) and glycine (6-8x G) linkers or a rigid 

linker such as Alanine-Proline (5-17x AP) which have been shown to enhance stability and folding as 

well as improve biological activity in fusion proteins (Huston et al. 1988, McCormick et al. 2001, 

Sabourin et al. 2007). In case this approach should fail further insights into the folding of the fusion 

protein and a new round of nanobody and detector screening would be required. However, the chosen 

detector is largely dependent on the assay it is used for and beyond the enzymatic proof of principle 

utilizing peroxidase Apex2 in this assay, further detection methods could be utilized instead of 

enzymatic detection. Technologies used in commercially available antigen tests such as conjugated 

metal-based nanoparticles, latex particles or fluorophores could be used to simplify detection (Hsiao 

et al. 2021).  

In summary the aim of generating a chitin-based Sars-CoV2 detection system derived from 

components of U. maydis was accomplished. The most important proof of principle - immobilization 

of a nanobody-Cts1 fusion on a chitin surface and subsequent trapping and detection of Sars-CoV2 

RBD domain even at low nanomolar concentrations was demonstrated. Additionally, two 

functionalized detector nanobodies against Gfp and the Sars-CoV2 RBD could be generated. Although 

direct detection of RBD trapped on a chitin surface was not possible with the functionalized nanobody, 

these constructs still serve as a proof of principle and starting point for future studies on generation of 

functionalized nanobody fusions for unconventional secretion in U. maydis. Thus, the new detection 

system constitutes a combination of chitin, Cts1 and anti-Sars-CoV2 nanobodies that form a stable 

trapping surface for Sars-CoV2, while direct and fast detection and a sophisticated chitin surface need 

to be further investigated in future studies (Fig. 5.1)  
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Figure 4.1: Strategy for a novel chitin-based antigen test. Crab shell chitin would be utilized to form a sophisticated 

chitin surface, for example an ELISA plate or a “lab-on-a-chip”. U. maydis derived nanobody-Cts1 fusion protein would 

be purified and immobilized and subsequently used to trap Sars-CoV2 from a patient sample on the chitin surface, which 

could then subsequently be detected. In this study binding of nanobody VHHEE-Cts1 and Sy68/15-Jps1 to Sars-CoV2 in vivo 

was confirmed. Furthermore, RBD domain could be detected on a chitin surface at low nanomolar concentrations, using 

VHHEE-Cts1 stably bound to the surface. Hence, the missing links towards a novel antigen test are a convenient and stable 

chitin surface, and a quick, inexpensive and easy method of detection. Missing links are indicated by question marks (?).     

 

4.4 Possible future applications for U. maydis derived biopharmaceuticals 

Engineering a detection interface between chitin and the Sars-CoV2 virus with components 

derived from unconventional secretion constitutes a solid biopharmaceutical application for U. maydis. 

In the even future this interface might have further implications. It is well known that antigen detection 

assays in the form of ELISA or lateral flow technology can be used to detect a multitude of antigens 

(Lequin 2005, Andryukov 2020). Since nanobodies against three different targets, namely Gfp, 

botulinum toxin A and the Sars-CoV2 RBD have already been adapted (Terfrüchte et al. 2017, Philipp 

et al. 2021), screening of novel nanobodies against varied targets and adaption to this type of interface 
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should be straight forward. This would allow for a quick adaption of the system in case of a new 

pandemic.  

Furthermore, Cts1-chitin interaction in conjunction with nanobodies could also be used to enhance 

existing antigen detection technologies not as a novel immobilization interface but for antigen 

detection. Colloidal nanoparticles coated with antibodies have been shown to greatly enhance detection 

capacity of ELISA assays (Billingsley et al. 2017), however, these are usually manufactured from gold 

(Oldenburg et al. 1998 ), which is a rather expensive resource. Chitin on the other hand is inexpensive 

and is already used in for engineering of nanocrystals, hydrogel scaffolds and nanofibrils (Xu et al. 

2020b, Zhu et al. 2020b, Gu et al. 2021). Combination of chitin nanocrystals or nanoparticles coated 

with nanobody-Cts1 fusions could thus be tested in future studies to replace antibody coated, gold-

based nanoparticles.  

Moreover, the neutralization of Sars-CoV2 in vivo by VHHEE-Cts1 and Sy68/15-Jps1 demonstrates the 

applicability of U. maydis derived biopharmaceuticals as potential novel drug targets in the future. 

Thus far, antibody based therapeutics are almost exclusively based on mAbs (Walsh 2018). However, 

nanobodies are currently tested for medical application due to their small size, stability, long shelf life 

and solubility (Kijanka et al. 2015, Salvador et al. 2019). To this end nanobodies targeting cancer 

targets such as epidermal and hepatocyte growth factor receptors, chemokine receptor CRCX7 and 

hepatocyte growth factor have been targeted with nanobodies in vivo (Roovers et al. 2007, Vosjan et 

al. 2012, Maussang et al. 2013, D'Huyvetter et al. 2014). Similar approaches have been taken with 

application of anti Sars-CoV2 nanobodies in hamster and mice models (Esparza et al. 2021, Huo et al. 

2021, Pymm et al. 2021). Hence, nanobodies from U. maydis might be suited for similar applications, 

especially due to their lack of N-glycosylation (Stock et al. 2016a). Nonetheless, the large attached 

carrier proteins Cts1 or Jps1 might interfere with nanobody properties especially in vivo. However, in 

case of nanobodies, unconventional secretion could prove an advantage for drug application in the 

future. First, it was shown that nanobodies clear fast from the blood stream and are able to cross the 

blood brain barrier (Ingram et al. 2018, Salvador et al. 2019), which is not desirable for all applications. 

Hence, nanobodies have been conjugated with albumin binding domain, Fc fragments of conventional 

Abs and multimerized, to increase in vivo stability (Bannas et al. 2017, Sadeghi et al. 2020, Xenaki et 

al. 2021). As it has been demonstrated in this study, that complex fusions of carrier, nanobody and 

additional proteins can be exported in an active state, unconventionally secreted nanobodies could be 

unconventionally secreted with a stabilizer like album binding domain attached and employed directly 

after carrier removal by proteolytic cleavage, which has already been demonstrated (Terfrüchte 2016). 
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Secondly, first studies on the use of drug loaded chitin scaffolds for are currently undertaken, with first 

results showing growth inhibition of Staphylococcus aureus by a decamethoxine loaded chitin scaffold 

in agar diffusion assays (Kovalchuk et al. 2019). Such chitin scaffolds could be loaded with stably 

bound nanobody-Cts1 fusions and used in future applications. Similar technologies utilizing 

nanobodies but not chitin are currently developed and include display of nanobodies on phages, motif-

mediated formation of pentabodies by self-assembly and the use of nanobody coated nanoparticles 

(Wang et al. 2016). Overall, the potential future applications for nanobody based biopharmaceuticals 

from U. maydis are numerous and offer unique advantages due to chitin immobilization for use in 

immunoassays or transport and lack of N-glycosylation as opposed to other fungal hosts. 

 

4.5 Future strategies to further enhance unconventional secretion  

Range and applicability of U. maydis derived biopharmaceuticals have been demonstrated and 

discussed in this study, however, the feasibility of the unconventional secretion system as a whole will 

ultimately depend on overcoming the bottleneck that is formed by its low secretory yield. 

The classical secretion pathway in yeasts and filamentous fungi is well understood and genetic 

engineering has been applied in several ways to drastically increase yields. These engineering steps 

include the generation of protease deficient strains, co-expression of ER resident chaperones and 

cytosolic translocation factors, use of strong promoters to raise transcript levels and general 

manipulation of the unfolded protein response (UPR) pathway (Heimel 2015, Wang et al. 2020b). 

While some but not all of these strategies can be and have been applied to enhance unconventional 

secretion, such as generation of protease deficient strains and use of strong promoters, not all 

manipulation methods are feasible for unconventional secretion (Sarkari et al. 2014, Terfrüchte et al. 

2018). Thus, alternative strategies have to be identified for optimizing unconventional lock-type 

secretion.  

Manipulation of the unfolded protein response, either by upregulation of ER resident chaperones or by 

upregulation of the UPR inducing transcription factor Cib1 would likely not enhance unconventional 

secretion, since it is not ER dependent (Stock et al. 2012, Heimel 2015). An approach in a similar 

direction that might be more interesting however, would be the overexpression of unconventional 

secretion associated translocation factors. However, the only Cts1 translocation factor known to this 

date is Jps1. As mentioned above, the detailed characterization of the lock-type secretion pathway is 

crucial to identify further important proteins relevant for unconventional export. Interestingly, Jps1 
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overexpression did already result in increased Cts1 secretion by about 1.3-fold (Reindl 2020a). For 

broader application of a strategy involving upregulation of accessory secretion components, 

identification of more core-translocation factors for unconventional secretion would be necessary. The 

Jps1 interaction targets umag_10123, umag_04320, umag_00582 and umag05906 discussed in chapter 

4.1 might be interesting candidates in this regard.  

Further progress could be achieved by further widening the repertoire of applicable carriers. Don3 was 

already shown to be unconventionally secreted using the Gus reporter, albeit at minute levels 

(Aschenbroich et al. 2019). Thus, it might not be a choice of interest but underlines the possibility to 

find more unconventional carriers next to Cts1 and Jps1. Further elucidation of Jps1 interaction targets 

might reveal such carriers in the future. One target however, that is already known to be 

unconventionally secreted is the peroxisomal sterol carrier protein 2 (Scp2) (Krombach et al. 2018). 

Interestingly, similar to Gus-Cts1 it was shown that Scp2 was not active, meaning it could not fulfil its 

virulence function, when it was conventionally secreted (Krombach et al. 2018). However, Scp2 is 

postulated to be secreted via peroxisomes and not via lock-type unconventional secretion (Krombach 

et al. 2018). Thus careful screening steps would have to be conducted to check for its capability of 

acting as an export carrier and to see if exported targets show the same properties such as lack of N-

glycosylation as those exported via lock-type unconventional secretion. Such screening steps would 

include using the Gus reporter and potentially treatment of secreted protein with PNGaseF for 

deglycosylation and subsequent determination of size differences between treated and untreated 

samples in Western blot to determine if the protein is N-glycosylated or not (Takahashi 1983, Stock et 

al. 2012, Stoffels et al. 2020).  

In general, one clear bottleneck can be identified for lock-type unconventional secretion. Besides yet 

unknown protein factors and expression levels of the respective carrier used for export, lock-type 

unconventional secretion is dependent on two things: The fragmentation zone and cell cycle. It has 

been shown in several studies that high amount of expressed protein remains in the cell instead of being 

unconventionally secreted (Terfrüchte et al. 2017, Philipp et al. 2021). This is especially true, when 

strong promoters are used to enhance the amount of produced protein. Thus, the fragmentation zone 

likely constitutes a bottleneck in lock-type unconventional secretion. Hence strategies to either prolong 

the time the fragmentation zone stays intact or to enlarge the size of the fragmentation zone, might be 

very beneficial to overcome this bottleneck. Strategies to enlarge organelles, such as the ER have been 

successfully implemented in S. cerevisiae (Arendt et al. 2017). However, the fragmentation zone is a 

dynamic structure that is formed and broken down during the cell cycle, and not a stable cell organelle. 
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Also, the regulation of its formation is complex and not fully understood, yet (Weinzierl et al. 2002, 

Hlubek et al. 2008, Schink and Bölker 2009). It has been described that formation of the fragmentation 

zone requires formation of two septa and formation of an actomyosin ring. The known key proteins 

involved in this process are Cdc42, Don1 and Don3. Cdc42 is a GTP binding protein that is a crucial 

factor for cytoskeletal organisation and cell separation (Schink and Bölker 2009). It has been shown 

that guanine nucleotide exchange factor Don1 crucial for its activity and signalling specificity (Hlubek 

et al. 2008). Ste20-like kinase Don3 on the other hand acts independently of Cdc42 in the 

rearrangement of septin structures and thereby secondary septum formation, however, both are required 

for formation of the fragmentation zone (Böhmer et al. 2008, Böhmer et al. 2009). Hence, enlarging 

its size would require intricate engineering of the septin cytosceleton and transport machinery as well 

as its key players, such as Don1, Don3 and Cdc42. This, however, might lead to heavy growth or cell 

morphology defects (Böhmer et al. 2008, Hlubek et al. 2008, Schink and Bölker 2009, Zander et al. 

2016, Aschenbroich et al. 2019). On the other hand, increasing the time the fragmentation zone remains 

stable, would most likely require extensive engineering of the cell cycle at the very end of the G1 phase 

(Perez-Martin et al. 2006), directly before cell separation, but when the fragmentation zone is already 

intact. Cell cycle engineering is a rising topic in synthetic biology but thus far it has mostly been used 

to link transcription of certain genes to the cell cycle, for example to generate biological oscillators (Li 

and Yang 2018). Further research is conducted towards generation of synthetic cells with deep 

consideration given to the generation of an entirely synthetic cell cycle, but this research is mainly 

directed towards generation of synthetic bacterial systems due to their simpler cellular structure and 

organization as opposed to more complex fungal cells (Olivi et al. 2021). To this end, engineering of 

the fragmentation zone bottleneck is an interesting topic that could be addressed in the future, when 

further breakthroughs towards in depth understanding of cell cycle regulation and fragmentation zone 

formation have been made.  

One last approach to increase yields would be the implementation of genetic screening, similar to the 

screen conducted to identify Jps1 (Reindl et al. 2020b) but with the aim to find candidates that secrete 

higher amounts of Cts1 and Jps1 as opposed to strains incapable of unconventional secretion. Random 

mutagenesis screening, most often conducted using UV mutagenesis, is a well-studied practice in 

metabolic engineering, either when genetic engineering options have been exhausted or when strains 

for non-GMO applications are required (Anderson 1995, Kun et al. 2019). Indeed, a first round of 

screening has already been conducted and has resulted in up to 6-fold increased Gus-Cts1 secretion in 

the best candidates. However, identification of the exact causative mutation had not been successful, 
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yet (Hussnätter, 2021). Nonetheless, evaluation and replication of this mutagenesis approach under 

optimized conditions might yield valuable insight into the unconventional secretion mechanism and 

significantly increase yield at the same time. 

Finally, another way to make unconventional lock-type secretion more economically feasible would 

be a co-culture approach. While Co-cultivation with one or more other organisms would not necessarily 

positively impact product titers, it could lead to the use of more economically, sustainable and 

ecologically beneficial carbon sources, thus making the final product more environmentally friendly 

and less expensive. Co-cultivation of different U. maydis strains has already been demonstrated and 

led to effective growth on polygalacturonic acid (Stoffels et al. 2020). Furthermore, U. maydis strains 

capable of breaking down xylan, cellobiose and carboxymethyl cellulose (Geiser et al. 2016b), could 

be applied in combination with a production strain to produce biopharmaceuticals via unconventional 

secretion utilizing cellulosic plant biomass. Indeed, an approach towards product generation from 

cellulose via a co-culture approach has already been successfully implemented. A co-culture process 

using T. reesei to break down cellulose and U. maydis to produce itaconic acid yielded 34 g/L itaconic 

acid (Schlembach et al. 2020). However, using either filamentous fungi or U. maydis as a co-culturing 

partner for a production strain might not be a wise strategy for biopharmaceutical protein production, 

as both are known to produce high amounts of extracellular proteases (Ward 2012, Terfrüchte et al. 

2018). Furthermore, production of biopharmaceuticals on plant biomass would impede downstream 

processing due to non-homogenous media.  Hence, a more promising approach for biopharmaceutical 

protein production would be co-cultivation of U. maydis with cyanobacteria for direct valorization of 

CO2 and sunlight. Co-cultivation of cyanobacteria as carbon source donors with other organisms is a 

rising research topic and several co-cultivation processes have been established thus far. These include 

co-cultures of cyanobacteria and algae, that are currently engineered towards the production of 

biodiesel (Satpati and Pal 2021) as well as co-cultures of E. coli and Synchecoccus elongatus for the 

production of isoprene (Liu et al. 2021a) among others. Furthermore, first steps towards co-cultivation 

of cyanobacteria and fungi were successfully established, for example a co-culture between the 

cyanobacterium Nostoc sp. PCC6720 and filamentous fungus Aspergillus nidulans (Jiang et al. 2020). 

Cyanobacteria like Synechocystis sp. and Synechococcus elongatus are known to produce sucrose via 

photosynthesis and are capable of sucrose secretion (Du et al. 2013), while U. maydis is capable of 

metabolizing sucrose, likely by direct uptake and/or extracellularly cleavage of sucrose via the 

transporter Srt1 (umag_02374) (Wahl et al. 2010) and secreted invertase Suc2 (umag_01945) (Horst 

et al. 2008), respectively. Towards a successful co-culture between cyanobacteria and U. maydis, 
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several factors would have to be considered. The first would be sufficient sucrose supply from the 

cyanobacterial side to ensure sufficient U. maydis biomass accumulation and efficient product 

production. To this end, given the high interest in cyanobacterial co-cultures, engineered strains that 

show increased rates of sucrose production of both S. elongatus and Synechocystis sp. are available 

(Kirsch et al. 2018, Lin et al. 2020). Secondly, the sucrose cleavage and uptake machinery of U. maydis 

would have to be fine-tuned in order to allow efficient uptake. srt1 transcription would have to be 

activated by a constitutive promoter, as it is only transcriptionally induced during pathogenic 

development (Wahl et al. 2010, Lanver et al. 2018). suc2 on the other hand is transcribed at a basal 

level in axenic culture  (Lanver et al. 2018). 

Thus, U. maydis can be engineered and applied in a multitude of ways including identification and 

genetic engineering of novel translocation components, identification and establishment of new export 

carriers, further engineering of inducible secretion, mutagenesis screening for over secretors and co-

culture with cyanobacteria, to increase the competitiveness of unconventional secretion.   

 

 

5 Conclusion 

The characterization of Jps1 led to a broadened repertoire of functionally secreted targets of 

unconventional secretion in U. maydis and a significant increase in secretory yield for the Gus reporter 

enzyme and bivalent synthetic Sars-CoV2-RBD nanobodies. The secretion of a bivalent nanobody 

construct also represented a proof-of-principle for a novel biopharmaceutical target. However, increase 

in secretory yield was not significant enough to make U. maydis competitive as a protein production 

platform. Thus, the research depicted in chapters 2 constitutes an important step in the right direction, 

but further research to enhance secretory yield for example by the use of novel carriers or further strain 

engineering, as discussed above, will be essential.   

Application of biopharmaceuticals in the form of a chitin based antigen test was mostly successful as 

well. The repertoire of unconventionally secreted biopharmaceuticals could be expanded by the 

secretion of a single and multimerized version of a functional llama derived Sars-CoV2 nanobody.  As 

a proof of principle the chitin based ELISA depicted in chapter 3 demonstrates detection of Sars-CoV2 

RBD at low nanomolar concentrations, even in a crude assay, which is in range of published binding 

and detection capacities for other Sars-CoV2 nanobodies and available antigen tests. Confirmed 

neutralization of the Sars-CoV2 virus constitutes the first in vivo application of U. maydis derived 
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biopharmaceuticals, marking an important albeit early step towards potential drug development. 

Functionalization of nanobodies utilizing Apex2 as detector in the αGfp-Apex-Cts1 variant clearly 

improved direct detection of Gfp compared to the earlier application of HRP.  While the ultimate aim 

of a direct RBD detection in a chitin-based antigen test could not be achieved yet, direct detection of 

the Sars-CoV2 RBD domain could at least be observed in sandwich ELISA by Sy68/15-Apex2-Jps1. In 

combination with the excellent detection capabilities of αGfp-Apex-Cts1, this demonstrates the 

potential for functionalization of unconventionally secreted nanobodies. 

Overall, this work serves as a proof of principle that the repertoire of unconventionally secreted 

biopharmaceuticals can be further expanded by screening for novel targets, as well as use of new 

carriers and that these biopharmaceuticals have unique properties for application. However, while the 

potential variety and applicability of U. maydis derived biopharmaceuticals in the future is high, 

success of the system will ultimately rely on improvement of secretory yields to a competitive standard 
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followed regulated gene expression efficiently over time and synthesised a tri-cistronic mRNA 

encoding biosynthetic enzymes to produce mannosylerythritol lipids (MELs). In essence, we evaluated 

2A peptides in vivo and demonstrated the applicability of 2A peptide technology for U. maydis in basic 

and applied science. 

 

 

Controlling Unconventional Secretion for Production of Heterologous Proteins in Ustilago 

maydis through Transcriptional Regulation and Chemical Inhibition of the Kinase Don3 

Kai P. Hussnätter, Magnus Philipp , Kira Müntjes , Michael Feldbrügge , Kerstin Schipper  (2021) 

Journal of Fungi (3;7(3):179) 

 

M.P. generated strains planned by K.P.H. for autoinduction experiment. M.P. assisted in protein 

purification and conducted ELISA depicted in Fig. 7. M.P. gave input to the preparation of the 

manuscript. 
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Publication summary:  

Heterologous protein production is a highly demanded biotechnological process. Secretion of the 

product to the culture broth is advantageous because it drastically reduces downstream processing 

costs. We exploit unconventional secretion for heterologous protein expression in the fungal model 

microorganism Ustilago maydis. Proteins of interest are fused to carrier chitinase Cts1 for export via 

the fragmentation zone of dividing yeast cells in a lock-type mechanism. The kinase Don3 is essential 

for functional assembly of the fragmentation zone and hence, for release of Cts1-fusion proteins. Here, 

we are first to develop regulatory systems for unconventional protein secretion using Don3 as a 

gatekeeper to control when export occurs. This enables uncoupling the accumulation of biomass and 

protein synthesis of a product of choice from its export. Regulation was successfully established at two 

different levels using transcriptional and post-translational induction strategies. As a proof-of-

principle, we applied autoinduction based on transcriptional don3 regulation for the production and 

secretion of functional anti-Gfp nanobodies. The presented developments comprise tailored solutions 

for differentially prized products and thus constitute another important step towards a competitive 

protein production platform. 

 

 

 

A plea for the integration of Green Toxicology in sustainable bioeconomy strategies - 

Biosurfactants and microgel-based pesticide release systems as examples 

Sarah Johann, Fabian G. Weichert, Lukas Schröer, Lucas Stratemann, Christoph Kämpfer, Thomas-

Benjamin Seiler, Sebastian Heger, Alexander Töpel, Tim Sassmann, Andrij Pich, Felix Jakob, Ulrich 

Schwaneberg, Peter Stoffels, Magnus Philipp, Marius Terfrüchte, Anita Loeschke, Kerstin Schipper, 

Michael Feldbrügge, Nina Ihling, Jochen Büchs, Isabel Bator, Till Tiso, Lars M. Blank, Martina 

Roß-Nickoll, Henner Hollert (2022). Journal of Hazardous Materials (426, 127800). 

 

MP produced and provided MEL samples for toxicology experiments in this study. 
 

Publication summary:  

A key aspect of the transformation of the economic sector towards a sustainable bioeconomy is the 

development of environmentally friendly alternatives for hitherto used chemicals, which have negative 

impacts on environmental health. However, the implementation of an ecotoxicological hazard 
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assessment at early steps of product development to elaborate the most promising candidates of lowest 

harm is scarce in industry practice. The present article introduces the interdisciplinary proof-of-concept 

project GreenToxiConomy, which shows the successful application of a Green Toxicology strategy for 

biosurfactants and a novel microgel-based pesticide release system. Both groups are promising 

candidates for industrial and agricultural applications and the ecotoxicological characterization is yet 

missing important information. An iterative substance- and application-oriented bioassay battery for 

acute and mechanism-specific toxicity within aquatic and terrestrial model species is introduced for 

both potentially hazardous materials getting into contact with humans and ending up in the 

environment. By applying in silico QSAR-based models on genotoxicity, endocrine disruption, skin 

sensitization and acute toxicity to algae, daphnids and fish, individual biosurfactants resulted in 

deviating toxicity, suggesting a pre-ranking of the compounds. Experimental toxicity assessment will 

further complement the predicted toxicity to elaborate the most promising candidates in an efficient 

pre-screening of new substances. 

 

6.3 Directory of figures 

Contribution to design: *  

Contribution in form of generated data: + 

*Figure 1.1: domain Schematic representation of mAbs and HcAbs          

Figure 1.2:  Schematic overview of nanobody generation protocol 

*Figure 1.3: Structure of the Sars-CoV2 Spike 

*Figure 1.4: Known unconventional secretion pathways 

Figure 1.5: Model of lock-type unconventional secretion                                                                                                                

+*Figure 2.1: Jps1 is unconventionally secreted and serves as an alternative carrier for Gus export.       

+*Figure 2.2: Inducible secretion of Gus-Jps1 via transcriptional regulation of don3.          

+*Figure 2.3: Efficient Jps1-mediated export of firefly luciferase as a new reporter for 

unconventional secretion.                                                                                                                                                    

+*Figure 2.4: Export of functional bi-specific Sars-CoV2 sybodies using Jps1 as a carrier for 

unconventional secretion.                                                                                                                            

+*Supplementary Figure 2.1: Cell morphology and Cts1 activity of Gus-Cts1 and Gus-Jps1 

producing strains.                                                                                                                                                       

+*Supplementary Figure 2.2: Morphology and fitness of strains exporting firefly luciferase FLuc.       



                                   Appendix 

134 
 

+*Supplementary Figure 2.3: Quantitative Western blot analysis of Gus-Cts1 and Gus-Jps1 

secretion.                    

+*Figure 3.1: Initial screen of anti-Sars-CoV2 nanobody-Cts1 fusions.                                                    

+*Figure 3.2: In vivo investigation of anti-Sars-CoV2 nanobody-Cts1 fusions.                                        

+*Figure 3.3: Chitin binding capacity of Cts1.                                                                                           

+*Figure 3.4: Plate based and chitin bead-based sandwich ELISA of nanobody-Cts1 fusions against 

Sars-CoV2 RBD.               

+*Figure 3.5: Chitin based antigen test.  

+*Figure 3.6: Characterization of a functionalized anti Gfp nanobody 

+*Figure 3.7: Characterization of a functionalized anti Sars-CoV2 nanobody 

+*Figure 3.8: Sy68/15-Apex2-Jps1 based, direct RBD detection in Sandwich ELISA  

+*Figure 4.1: Model for a novel chitin-based antigen test            
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