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1 Preface  

The research and background information presented here is divided into two parts. 

Part I, the main part of this thesis (Chapter 4.1-4.3), presents studies on the thermoacidophilic 

crenarchaeon Sulfolobus acidocaldarius with regard to biofilms as well as the enhancement of 

its plasmid-based protein production.  

In Chapter 4.1, the response of S. acidocaldarius to organic solvent stress, exemplified by 1-

butanol exposure, is presented, with increased biofilm formation, modifications in the 

extracellular matrix composition, and genome-wide transcriptional changes as major cellular 

reactions.  

In Chapter 4.2, an alternate biofilm cultivation protocol was established and applied to generate 

high amounts of biofilm mass for subsequent analysis of S. acidocaldarius monosaccharide 

composition in extracellular polymeric substances and exopolysaccharide size.  

Chapter 4.3 presents the improvement of the S. acidocaldarius expression vector by the 

insertion �R�I�����¶-�X�Q�W�U�D�Q�V�O�D�W�H�G���U�H�J�L�R�Q�������¶-UTR) sequences�����6�\�V�W�H�P�D�W�L�F���D�Q�D�O�\�V�L�V���R�I�����¶-UTR-affected 

protein production was performed using an esterase reporter protein. The improved expression 

vector was used to synthesize glycosyltransferases predicted to be involved in 

exopolysaccharide synthesis in S. acidocaldarius biofilms.  

Part II of this thesis (Chapter 4.4) describes the establishment of a new workflow for the 

optimization of enzyme cascades and whole cell catalysis based on enzyme kinetic 

characterization and pathway modelling. An overview of different pathways for D-xylose 

degradation is provided and the potential of a combined experimental modelling approach is 

presented using the Weimberg pathway as an example.
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2 Introduction   
 

Part I  

2.1 The tree of life : Archaea  

Based on the sequencing of genes encoding 16S/18S ribosomal RNA, an essential component 

of the small ribosomal subunit, Woese and Fox proposed a phylogenetic topology 

compromising three primary domains: Bacteria, Archaea, and Eukarya (Woese & Fox, 1977, 

Woese et al., 1990). In the late 1980s, Eukarya and Archaea were regarded as sister lineages 

(Iwabe et al., 1989; Woese et al., 1990), and the archaeal domain was subdivided into two 

kingdoms, Euryarchaeota and Crenarchaeota (Woese et al., 1990) (Fig. 1A). Archaea were 

largely regarded as extremophilic organisms, favoring extreme environmental conditions such 

as high salinity, extreme pH or temperature values (Cavicchioli, 2011). Since the 1990s, 

improvements in DNA sequencing technologies, (genome-resolved) metagenomics, sequence 

evolution models, and molecular phylogenetic approaches have enabled the isolation and 

identification of new archaeal lineages that led to the extension and reorganization of the tree 

of life (Eme et al., 2017). Crenarchaeota were found to form a monophyletic group with Thaum-

, Aig-, and Korarchaota (more recently also including Bathy-, Geo- and Verstraetearchaeota), 

termed the TACK superphylum (Proteoarchaeota) (Guy & Ettema, 2011; Petitjean et al., 2014). 

Further, two additional archaeal superphyla were established, the DPANN (Diapherotrites, 

Parvarchaeota, Aenigmarchaeota, Nanoarchaeota, and Nanohaloarchaeota; Rinke et al., 

2013) and Asgard (Loki-, Odin-, Thor- and Heimdallarchaeota; Zaremba-Niedzwiedzka et al., 

2017) superphyla. Culture-�L�Q�G�H�S�H�Q�G�H�Q�W�� �J�H�Q�R�P�L�F�V�� �L�G�H�Q�W�L�I�L�H�G�� �W�K�H�� �S�U�H�V�H�Q�F�H�� �R�I�� �³�H�X�N�D�U�\�D�O��

�V�L�J�Q�D�W�X�U�H���S�U�R�W�H�L�Q�V�´���L�Q���$�V�J�D�U�G���D�U�F�K�D�H�D�����U�H�V�X�O�W�L�Q�J���L�Q���W�K�H��proposal of a two-domain topology for 

the tree of life (Fig. 1B) (Zaremba-Niedzwiedzka et al., 2017; Williams et al., 2020). Here, 

�$�V�J�D�U�G���D�U�F�K�D�H�D���D�U�H���W�K�H���F�O�R�V�H�V�W���D�U�F�K�D�H�D�O���U�H�O�D�W�L�Y�H�V���R�I�� �H�X�N�D�U�\�R�W�H�V���� �V�K�D�U�L�Q�J���R�Q�H���³�O�D�V�W���D�U�F�K�D�H�D�O��

�D�Q�G���H�X�N�D�U�\�D�O���F�R�P�P�R�Q���D�Q�F�H�V�W�R�U�´�����'�R�R�O�L�W�W�O�H�������������������7�K�X�V�����$�U�F�K�D�H�D���D�Q�G���(�X�N�D�U�\�D���D�U�H���U�H�J�D�U�G�Hd 

as sister groups with eukaryotes emerging from within the Archaea (Gribaldo & Brochier-

Armanet, 2020) (Fig. 1).  
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Figure 1 : Schematic representation of the three-domain (A) and the two-domain tree of life (B), adapted 

with small modifications from Eme et al., 2017. In the three-domain tree of life, Archaea and Eukarya 

each represent a monophyletic group and share a unique common ancestor to the exlusion of Bacteria 

(Eme et al., 2017; Woese et al., 1990; Iwabe et al., 1989). The current two-domain tree of life suggests 

that Eukarya originated from within the Asgard archaea (Spang et al., 2015; Zaremba-Niedzwiedzka et 

al., 2017). Archaeal lineages are highlighted in blue or green, Bacteria in yellow, and Eukarya in red. 

TACK superphylum: Thaum-, Aig-, Cren-, Korarchaota, Bathy-, Geo-, and Verstraetearchaeota; 

DPANN: Diapherotrites, Parvarchaeota, Aenigmarchaeota, Nanoarchaeota, and Nanohaloarchaeota. 

 

With regard to their cellular and molecular properties, Archaea resemble a mixture of bacterial 

and eukaryotic features, and additionally exhibit unique properties (Bräsen et al., 2014). As 

prokaryotes Bacteria and Archaea display similar genomic organizations with a circular 

chromosome, operon structures, and plasmids, as well as a unicellular lifestyle, similar cell 

sizes and shapes, and a lack of organelles (Bräsen et al., 2014). In contrast, archaeal 

information processing mechanisms, namely repair, replication, transcription, and translation, 

resemble less complex versions of the eukaryotic systems (Werner & Grohmann, 2011; Yao 

�	���2�¶�'�R�Q�Q�H�O�O�����������������6�F�K�P�L�W�W���H�W���D�O���������������������,�Q���D�G�G�L�W�L�R�Q�����D�U�F�K�D�H�D�O���S�U�R�W�H�L�Q���P�R�G�L�I�L�F�D�W�L�R�Q���V�\�V�W�H�P�V���D�U�H��

more similar to those of eukaryotes (Eichler & Adams, 2005). However, Archaea possess 

�X�Q�L�T�X�H���P�H�W�D�E�R�O�L�F���S�D�W�K�Z�D�\�V�����H���J�����P�H�W�K�D�Q�R�J�H�Q�H�V�L�V�����D�Q�G���P�R�G�L�I�L�H�G���Y�H�U�V�L�R�Q�V���R�I���³�F�O�D�V�V�L�F�D�O�´���J�H�Q�H�U�L�F��

metabolic pathways (Bräsen et al., 2014). Furthermore, archaeal membrane lipids are 

structurally different from their bacterial and eukaryotic counterparts. While Bacteria and 

Eukarya contain membrane lipids composed of fatty acids ester-linked to sn-glycerol-3-

phosphate, Archaea possess lipids composed of isoprenoid chains ether-linked to sn-glycerol-

1-phosphate (de Kok & Driessen, 2022; Jain et al., 2014). Also, the cell envelope structures of 

Archaea differ from those of Bacteria: Archaea do not possess murein as peptidoglycan. Some 

archaeal species may have pseudopeptidoglycan (e.g. Methanothermus and 

Methanosphaera; Albers & Meyer, 2011; Bräsen et al., 2014) or a structure called 

methanochondroitin in Methanosarcina (Hartmann & König, 1991), while Thermoplasmatales 
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do not possess any cell envelope (Bräsen et al., 2014). Proteinaceous surface layers, 

composed of surface-layer (S-layer) proteins, are widespread among Archaea. The S-layer 

proteins can assemble into two-dimensional crystalline glycoprotein structures of different 

symmetries (Albers & Meyer, 2011; Rodrigues-Oliveira et al., 2017) and are often modified by 

N- or O-glycosylation. While the composition of N-glycans and their synthetic pathways are 

fairly well known, O-glycosylation is less well understood (Albers & Meyer, 2011; Lu et al., 

2020). 

 

2.2 Sulfolobus acidocaldarius  

The crenarchaeon Sulfolobus acidocaldarius was first isolated from the hot acidic Locomotive 

Spring in Yellowstone National Park in 1972 (Brock et al., 1972). It is considered a 

thermoacidophile, as it grows optimally at relatively low pH values of 2-3 and relatively high 

temperatures of 70-75°C (Brock et al., 1972). The strain was reported to grow facultative 

autotroph by Brock and colleagues with autotrophic growth on elemental sulfur (Brock et al., 

1972). Heterotrophic growth is facilitated by the metabolization of peptides, amino acids, D-

glucose, L-arabinose, D-xylose, sucrose, maltodextrin, dextrin, starch, wheat bran, and fatty 

acids (Lewis et al., 2021; Grogan, 1989; Wang, K. et al., 2019). The S-layer of 

S. acidocaldarius is composed of a larger outer protein, SlaA (sheath), and a smaller 

membrane-bound protein, SlaB (shaft) (Grogan, 1996; Veith et al., 2009), each N-glycosylated 

with a tribranched hexasaccharide of the composition Glc1Man2GlcNAc2 and 6-sulfoquinovose 

(Peyfoon et al., 2010; Guan et al., 2016). The pathway of N-glycosylation and numerous 

enzymes involved in this process have already been well studied (e.g. Eichler, 2013; 

Meyer & Albers, 2014; Meyer et al., 2013, 2017). A genetic system, enabling the elucidation 

of gene functions and their physiological significance, was established. The selection system 

is based on the use of an uracil auxotrophic strain (S. acidocaldarius MW001) and 5-

fluoroorotic acid toxicity (Wagner et al., 2012). Versatile genetic tools and a suitable vector 

system enable the generation of markerless gene deletion mutants, ectopic integration of 

genes, in-genome tagging, or plasmid-based gene overexpression with a set of different sugar-

inducible or constitutive promoters and protein tags (Wagner et al., 2009, 2012; Berkner et al., 

2007, 2010; van der Kolk et al., 2020). S. acidocaldarius is regarded as a potential key 

organism for future biotechnology and industrial processes under extreme conditions 

(Quehenberger et al., 2017; Schocke et al., 2019), and metabolic engineering approaches aim 

to utilize its genetic tractability for potential applications in industrial processes (e.g. Zeldes et 

al., 2015).  
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As previously outlined, Chapters 4.1 and 4.2 of this thesis address S. acidocaldarius biofilms, 

focusing on biofilm formation and the composition of extracellular polymeric substances and 

exopolysaccharides. 

 

2.3 Biofilms  

Biofilms display a form of microbial life in aggregates or layers in which cells are frequently 

embedded in a hydrated, self-produced matrix of extracellular polymeric substances (EPS) 

(Flemming & Wingender, 2010; Vert et al., 2012). Biofilms are adherent to interfaces, including 

solid-liquid, liquid-liquid, liquid-gas, and solid-gas, but also interfaces formed by the biofilm 

cells themselves (Costerton et al., 1987). Accordingly, the architecture of these matrix-

enclosed populations is very diverse and ranges from (micro-) aggregates to patchy 

microcolonies, monolayers, confluent biofilms of different thicknesses, or highly structured and 

heterogeneous complexes (Flemming & Wuertz, 2019). The biofilm matrix is composed of 

biopolymers, known as EPS, that may include exopolysaccharides, proteins, glycoproteins, 

amyloids, nucleic acids (e.g. extracellular DNA (eDNA) and RNA (eRNA)), lipids, and 

glycolipids (Flemming & Wingender, 2010; Flemming et al., 2023), which can functionally 

interact with each other (Flemming et al., 2023). Further, inorganic and/or abiotic substances 

can be incorporated into the biofilm matrix (Characklis & Marshall, 1990), e.g. anions such as 

phosphate and sulfate, or cations such as iron and calcium (Flemming & Wingender, 2010). 

As scaffold-forming structures, EPS molecules largely contribute to the architecture of a 

biofilm, facilitate cohesion and mechanical stability and display a dynamic and adaptable 

environment for biofilm cells (Flemming & Wingender, 2010; Flemming et al., 2023). 

Accordingly, biofilms can react to changes in environmental conditions by internal self-

organization and modification of EPS molecules in a dynamic and highly adaptive manner 

(Flemming, 2011; Flemming & Wingender, 2010; Seviour et al., 2019). The close cell proximity 

enables collective, coordinated behavior based on intercellular communication and complex 

�L�Q�W�H�U�D�F�W�L�R�Q�V�� ���)�O�H�P�P�L�Q�J�� �	�� �:�X�H�U�W�]���� �������������� �7�K�X�V���� �E�L�R�I�L�O�P�V�� �D�U�H�� �D�O�V�R�� �F�R�Q�V�L�G�H�U�H�G�� �³�G�L�Y�H�U�V�L�Wy 

�L�Q�F�X�E�D�W�R�U�V�´���I�R�U���W�K�H���P�L�F�U�R�E�L�D�O���Z�R�U�O�G�����S�U�R�P�R�W�L�Q�J���P�L�F�U�R�E�L�D�O���H�Y�R�O�X�W�L�R�Q���D�Q�G���D�G�D�S�W�D�W�L�R�Q���Z�L�W�K�L�Q���L�Q�W�H�U-

species or inter-domain biofilms in nature (Røder et al., 2020; Penesyan et al., 2021; Flemming 

et al., 2021). Current estimations concluded that 40-80% of prokaryotic cells reside in biofilms 

rather than as single, suspended cells (Flemming & Wuertz, 2019). Thus, biofilms dominate 

almost all habitats on Earth and represent the main lifestyle of Bacteria and Archaea 

(Flemming & Wuertz, 2019). 
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2.3.1 Biofilm life cycle  

The original five-step biofilm development model was established based on the systematic 

analysis of Pseudomonas aeruginosa biofilm formation under laboratory conditions and the 

biofilm life cycle was divided into five progressive steps: reversible attachment, irreversible 

attachment, maturation I and II, and dispersion (Fig. 2A) (Sauer et al., 2002; Stoodley et al., 

2002; Petrova et al., 2009). The initial attachment of a motile cell to a surface is mediated by 

the contact of the cell envelope or motility structures to a substratum and supported by physical 

interactions (e.g. van der Waals forces, hydrophobic interactions (Garrett et al., 2008; Petrova 

& Sauer, 2012)). The transition from reversible to irreversible attachment is mediated by cell-

surface structures, such as type IV pili, fimbriae, hami, or flagella/archaella, which promote 

attachment of the cells to biotic or abiotic surfaces (van Wolferen et al., 2018). This is followed 

by a decrease in motility activity and expression and an increase in EPS production (Sauer et 

al., 2022; Flemming & Wuertz, 2019). Proliferation of cells embedded in the biofilm matrix leads 

to the formation of cell clusters (maturation I) and during the ongoing maturation process, 

microcolonies are formed (maturation II) (Sauer et al., 2022). Single, motile cells or cell 

aggregates may passively (e.g. due to shear forces) or actively (e.g. secondary messenger 

levels or signaling molecules) disperse from the mature biofilm and serve as inoculum for the 

formation and development of new biofilms at new sites (Penesyan et al., 2021).  

Recently, a broader and more inclusive conceptual model for biofilm development was 

proposed, describing three major events in biofilm formation: aggregation, growth, and 

disaggregation (Fig. 2B) (Sauer et al., 2022). The newly proposed model includes both 

surface-attached, but also non-surface-attached biofilms, and is including dynamic changes, 

such as the recruitment of surrounding cells during growth and accumulation (Fig. 2B) (Sauer 

et al., 2022). 
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Figure 2 : Conceptual models of biofilm formation (life cycle) according to Sauer et al., 2022.                         

A) The original five-step model of biofilm development according to Stoodley et al., 2002.          

B) Expanded model of biofilm formation as proposed by Sauer et al., 2022.                                                                   

EPS: extracellular polymeric substances.  
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2.3.2 EPS matrix  

�7�K�H���(�3�6���P�D�W�U�L�[���L�V���P�H�W�D�S�K�R�U�L�F�D�O�O�\���F�D�O�O�H�G���W�K�H���³�K�R�X�V�H���R�I���E�L�R�I�L�O�P���F�H�O�O�V�´���E�H�F�D�X�V�H���L�W���G�H�W�H�U�P�L�Q�H�V���W�K�H��

�L�P�P�H�G�L�D�W�H�� �F�R�Q�G�L�W�L�R�Q�V�� �R�I�� �W�K�H�� �F�H�O�O�V�¶�� �P�L�F�U�R�H�Q�Y�L�U�R�Q�P�H�Q�W�� �D�Q�G�� �F�D�Q�� �V�H�U�Y�H�� �D�V�� �D�� �S�U�R�W�H�F�W�L�Y�H�� �O�D�\�H�U��

(Flemming et al., 2007). It promotes enhanced cell tolerance to stressors, including toxic 

compounds such as disinfectants, biocides, or antibiotics, and environmental changes, such 

as desiccation, shear forces, and ultraviolet radiation (Flemming et al., 2007).  

Exopolysaccharides (PS) are regarded as an important structural element of biofilm EPS 

matrices, building up a three-dimensional carbohydrate network that is stabilized by different 

kinds of interactions (e.g. hydrogen bonds, ionic attractive forces, electrostatic attractive 

forces, repulsive forces that prevent collapsing) (Flemming & Wingender, 2010). They typically 

assist in cell adhesion to interfaces (initial attachment and long-term attachment), cell 

aggregation, and microcolony formation, and contribute to mechanical stability, cohesion, and 

collective protection from diverse external stresses (Flemming et al., 2023; 

Flemming & Wingender 2010; Limoli et al., 2015). EPS proteins are mainly regarded as 

enzymatic catalysts within the matrix. Enzymes such as hydrolases, esterases, proteases, and 

lyases establish an external digestion system (Flemming et al., 2016) that serves for the 

recycling of macromolecules for nutrient acquisition, and the degradation or enzymatic 

modification of EPS molecules (Flemming & Wuertz, 2019; Flemming & Wingender, 2010). 

Besides that, EPS proteins can also exhibit structural functions, e.g. as extracellular 

carbohydrate-binding proteins (cross-linking) or cell surface-associated proteins (McDougald 

et al., 2011; Flemming & Wingender, 2010). eDNA is a structural element of the matrix 

(Campoccia et al., 2021) and stabilizes it based on electrostatic interactions with divalent 

cations (Okshevsky & Meyer, 2015) or positively charged proteins (Kavanaugh et al., 2019). 

Further, eDNA is involved in gene transfer and DNA damage repair and can be used as a 

source of carbon, nitrogen, and phosphate (McDonough et al., 2016). It is released by 

autolysis, active secretion, and via membrane vesicles and is typically derived from genomic 

DNA (Okshevsky & Meyer, 2015). 
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2.3.3 Archaeal biofilms  

Biofilm formation has been reported for a variety of archaeal species. Concerning 

Euryarchaeota, Thermococcales (Thermococcus litoralis, Pyrococcus furiosus), 

Thermoplasmatales (Ferroplasma acidarmanus), Archaeoglobales (Archaeoglobus fulgidus), 

halophilic archaea (e.g. Halobacterium salinarum, Halorubrum lacusprofundi, Haloferax 

volcanii), and methanogenic Archaea (e.g. Methanosarcina mazei and Methanococcus 

maripaludis) were found to form biofilms. In addition, it was also reported for Crenarchaeota, 

including Sulfolobales (e.g. S. acidocaldarius, Saccharolobus solfataricus, Sulfolobus 

metallicus, Sulfolobus tokodaii, Metallosphaera sedula), and DPANN archaea 

(e.g. Altiarchaeum hamiconexum) (van Wolferen et al., 2018). However, compared to studies 

on bacterial biofilms, which have been well characterized for decades, substantially less 

detailed information is available about archaeal biofilm formation, EPS composition and 

synthesis. Next to haloarchaeal biofilms, most of the existing information on biofilm formation, 

EPS components, and regulation is available for Sulfolobus species, in particular for 

S. acidocaldarius. 

 

2.3.4 S. acidocaldarius  biofilm development, EPS matrix , and regulation  

Previously, S. acidocaldarius has been shown to form dense tower-like structures with a biofilm 

thickness of 25-35 µm, increasing up to 150 µm during biofilm maturation and dispersion, with 

the concomitant accumulation of extracellular carbohydrate structures (Koerdt et al., 2010). 

These were visualized by the use of fluorescently labeled lectins in confocal laser scanning 

microscopy (CLSM) and indicated the presence of mannose and/or glucose,                                          

(N-acetyl-)galactose, and N-acetyl-glucosamine residues (Koerdt et al., 2010). Also, the 

presence of eDNA was confirmed (Koerdt et al., 2010). S. acidocaldarius biofilm formation was 

promoted by non-optimal environmental conditions, particularly temperature and pH, with 

biofilm formation increasing at growth temperatures below or above the optimum (60°C, 85°C), 

and with rising pH value (Koerdt et al., 2010). Type IV pili structures, including the archaeal 

adhesive pili (Aap), the archaellum, and the ultraviolet-inducible pilus system (Ups), have been 

shown to be involved in the initial cell attachment to surfaces (Henche et al., 2012a, 2012b). 

Extracellular polymeric substances have been efficiently isolated using cation exchange resins 

(CER) (Jachlewski et al., 2015; Nielsen & Jahn, 1999) and amounts of 4.7±0.1 fg/cell 

carbohydrates and 4.2±1.1 fg/cell proteins have been reported for the water-soluble fraction of 

S. acidocaldarius EPS (Jachlewski et al., 2015). Analysis of the extracellular proteome has 

resulted in the detection of hydrolytic enzyme activities, including esterases, lipases, 

phosphatases, N-acetyl-��-D-�J�O�X�F�R�V�D�P�L�Q�L�G�D�V�H�V�����.- �D�V���Z�H�O�O���D�V����-D-glucosidases and proteases 
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(Jachlewski et al., 2015). Further, transcriptomic analyses revealed that approx. 15% of 

S. acidocaldarius genes were differentially expressed during the switch from planktonic to 

biofilm lifestyle (Koerdt et al., 2011). Of these regulated open reading frames (ORFs), the 

majority was annotated to encode hypothetical proteins or proteins of unknown functions, while 

others were annotated to be involved in basic cellular functions, e.g. energy 

production/conversion, lipid and carbohydrate metabolism, surface modifications, as well as 

Lrs14-like transcriptional regulator proteins (Koerdt et al., 2011). Later, the Lrs14-like regulator 

Saci_1223 was confirmed to promote biofilm formation, thus acting as a biofilm activator (Orell 

et al., 2013; Vogt et al., 2018). Another Lrs14-like transcriptional regulator, Saci_0446, was 

postulated as archaeal biofilm regulator 1 (AbfR1), activating the gene expression of archaella-

encoding genes, while repressing the expression of Aap and genes possibly involved in PS 

synthesis (saci_1908; Orell et al., 2013; van Wolferen et al., 2018). The DNA-binding activity 

of AbfR1 itself is regulated by protein phosphorylation (Li et al., 2017), and upon 

phosphorylation, archaella expression is repressed and biofilm formation is activated. Thus, 

posttranslational phosphorylation contributes to the transition from the motile to the sessile 

growth mode in S. acidocaldarius (Li et al., 2017). In agreement, a correlation between 

decreased cellular polyphosphate levels and biofilm formation was observed, affecting 

archaella expression as well as assembly and biofilm formation (Recalde et al., 2021). 

Importantly, AbfR1 was later on regarded as a more global-acting DNA-binding protein, 

regulating biofilm formation and motility among a wide variety of other physiological processes 

(Li et al., 2017; Kim & Blair, 2015) by combining pleiotropic transcriptional regulation with a 

chromatin-structuring role (Li et al., 2017; Peeters et al., 2015). In addition, a small regulatory 

RNA, called RrnR(+), was shown to influence biofilm formation (Orell et al., 2018). While the 

deletion of RrnR(+) resulted in impaired biofilm formation, its overexpression increased biofilm 

yields as well as extracellular carbohydrate moieties (Orell et al., 2018). Finally, biofilm 

dispersal has been shown to be dependent on the antitoxin VapB14, which acts bifunctionally 

through classical toxin neutralization as well as noncanonical transcriptional regulation (Lewis 

et al., 2023).  

To gain further insights into the complex cellular processes involved in biofilm formation in 

S. acidocaldarius, stress-induced biofilm formation was further analyzed in this thesis. For this 

purpose, an organic solvent was used as possible process-related stressor in biotechnology. 

Effects on biofilm formation, viability, architecture, EPS composition, and altered gene 

expression were analyzed. 
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2.4 Exposure to 1 -butanol exemplifies the response of the 

thermoacidophilic archaeon S. acidocaldarius  to solvent stress  

In Chapter 4.1 of this work, S. acidocaldarius biofilm formation was identified as the primary 

response to solvent stress, exemplified by the exposure to 1-butanol                                       

(Benninghoff & Kuschmierz et al., 2021). 1-Butanol was selected as an environmental stressor 

due to �L�W�V�� �L�Q�G�X�V�W�U�L�D�O�� �U�H�O�H�Y�D�Q�F�H�� �D�V�� �D�Q�� �R�U�J�D�Q�L�F�� �V�R�O�Y�H�Q�W�� ���2�¶�1�H�L�O���� ������������ �D�Q�G�� �L�W�V�� �S�R�W�H�Qtial as a 

second-generation biofuel (Re & Mazzoli, 2023; Mahapatra & Kumar, 2017). By now, microbial 

butanol production is predominantly accomplished by Clostridium strains (Moon et al., 2016), 

which also form biofilms in response to increasing butanol concentrations in the medium (Liu 

et al., 2013). Here, we aimed to analyze the natural robustness of S. acidocaldarius towards 

organic solvent stress in the context of its potential in biotechnology and industrial processes 

and investigated biofilm formation, changes in the EPS matrix composition, and the genome-

wide transcriptional response in detail.  

We demonstrated that S. acidocaldarius exhibited biphasic growth in liquid, shaking cultures 

and that it reached the stationary phase considerably delayed when exposed to 1% (vol/vol)                         

1-butanol (Benninghoff & Kuschmierz et al., 2021). In particular, biofilm formation was 

observed on the inner glass surface of cultivation flasks at the air-liquid interface of liquid 

cultures. Under the influence of 1.5% (vol/vol) 1-butanol neither planktonic growth nor biofilm 

formation was observed for liquid, shaking cultures. Besides 1-butanol, also other short-chain 

alcohols, namely ethanol, 1-propanol, and isobutanol, promoted biofilm formation of 

S. acidocaldarius at elevated concentrations (Benninghoff & Kuschmierz et al., 2021). Thus, 

biofilm formation was a general response to the exposure to short-chain alcohols. While growth 

of planktonic cells in liquid, shaking cultures was observed in the presence of up to 1% (vol/vol) 

1-butanol in the medium, cell growth in biofilms under static conditions allowed growth in the 

presence of 1.5% (vol/vol) 1-butanol. These results indicate enhanced microbial tolerance to 

organic solvents by biofilm formation (Flemming & Wingender, 2010; van Wolferen et al., 

2018). S. acidocaldarius biofilms showed an altered biofilm architecture upon 1-butanol 

exposure with the formation of denser and higher tower-like structures and increased amounts 

of extracellular carbohydrates. EPS extraction (according to Jachlewski et al., 2015) and PS 

and protein quantification confirmed an increase in carbohydrate amounts in the EPS fraction 

of 1-butanol-exposed biofilms, along with elevated amounts of protein. The increased amount 

of EPS components likely improves the stability and cohesion of biofilms and provides better 

protection against organic solvent exposure to the cells embedded in the EPS matrix 

(Flemming et al., 2016).  
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Transcriptome analyses were conducted to gain insight into the genome-wide transcriptional 

response of S. acidocaldarius to 1-butanol exposure (Fig. 3). With respect to the transcriptional 

changes observed for biofilm cells in the absence and presence of 1% (vol/vol) 1-butanol, 

transcript levels of genes encoding motility (archaellum subunits, positive transcriptional 

regulator arnR1 (Albers & Jarrell, 2015)) and cell envelope structures (SlaA, SlaB) were 

downregulated in the presence of 1-butanol. Correspondingly, S. acidocaldarius exhibited a 

perforated cell envelope structure and a round cell shape at elevated 1-butanol concentration, 

similar to the cell morphology reported for S. islandicus �ûslaAB deletion mutants (Zhang, C. et 

al., 2019). Further, a significant number of transcripts predicted to encode membrane proteins, 

largely of unknown functions, were reduced upon 1-butanol exposure. Genes encoding 

proteins involved in cell division and/or vesicle formation system (endosomal sorting 

complexes required for transport; ESCRT-III; e.g. cdvB1) were significantly upregulated in 

S. acidocaldarius upon 1-butanol exposure. Immune and defense systems, namely the 

CRISPR-Cas (CRISPR: clustered, regularly interspaced, short, palindromic repeats; Cas: 

CRISPR-associated) type III system and toxin-antitoxin (TA) system genes also showed 

significant downregulation in response to 1-butanol exposure. The downregulation of certain 

TA systems indicated that defective cells were eliminated from developing S. acidocaldarius 

biofilms upon the activation of toxins in response to 1-butanol stress (Yamaguchi et al., 2011; 

Bloom-Ackermann et al., 2016), while the downregulation of CRISPR-Cas systems implied 

reduced defense systems for the sake of (foreign) DNA uptake. Altogether, these regulatory 

changes represented a functional coupling of both systems �±TA and CRISPR-Cas�± as a global 

response for protection at the population level. Also, major players in S. acidocaldarius 

complex regulatory network, controlling motility and biofilm formation, namely AbfR1 

(saci_0446) and Saci_1223, were differentially expressed upon 1-butanol exposure (Orell et 

al., 2013; Li et al., 2017). Lastly, antioxidative proteins, eliminating reactive oxygen species, 

were upregulated, while components of the respiratory chain were downregulated on transcript 

levels upon 1-butanol exposure (Fig. 3).  
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Figure 3 : Model of the cellular (transcriptional) response of S. acidocaldarius to 1-butanol exposure 

modified according to Benninghoff & Kuschmierz et al., 2021. Increased and decreased transcription of 

genes is depicted by green or red color, respectively. Genes encoding membrane proteins, the 

archaellum for motility, the adaptive immune system (CRISPR-Cas), the dormancy- or cell death-

inducing defense (TA: toxin-antitoxin) system, and components of the respiratory chain were 

downregulated (red). Genes encoding proteins of the ROS defense system (Prx: peroxiredoxin; Trx: 

thioredoxin, TrxR: Trx reductase) and the ESCRT-III system for vesicle formation and/or cytokinesis 

were upregulated (green). Several transcriptional regulators, as well as protein kinases (K) and protein 

phosphatases (P) for reversible protein phosphorylation, were differentially expressed. Biofilm formation 

was significantly increased, along with increased amounts of carbohydrates (depicted in yellow) and 

proteins (blue) in S. acidocaldarius EPS (bottom left). 
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In summary, the study presented in Chapter 4.1 reveals that the tolerance of S. acidocaldarius 

planktonic cells to organic solvents is two to four times higher than that of other mesophilic or 

thermophilic archaea and comparable to mesophilic bacteria or yeasts (Knoshaug et al., 2009; 

Huffer et al., 2011; Vinayavekhin et al., 2015; Si et al., 2016) as well as to the well-established 

butanol production strain C. acetobutylicum (Liu et al., 2013). Essentially, 1-butanol exposure 

resulted in biofilm formation as a primary response of S. acidocaldarius to organic solvent 

stress and increased its tolerance toward 1-butanol. Biofilm formation was accompanied by 

adaptations of the EPS matrix, increased amounts of extracellular proteins and carbohydrates, 

and a corresponding global biofilm- and solvent stress-related transcriptional response.  

In relation to the dynamic adaptations observed for the EPS matrix of S. acidocaldarius biofilms 

in response to 1-butanol, further analysis of the EPS composition and dynamics, as well as a 

more comprehensive characterization of extracellular carbohydrates, were considered highly 

interesting. Therefore, these aspects were analyzed in more detail. 

 

2.5 Exopolysaccharide composition and size in S. acidocaldarius  

biofilms  

Chapter 4.2 presents a workflow for efficient S. acidocaldarius biofilm generation, EPS 

isolation, and advanced chemical analysis for the examination of extracellular monosaccharide 

composition and PS size (Kuschmierz & Meyer et al., 2022).  

In general, EPS biopolymers are numerous, diverse, and difficult to extract and analyze 

(Flemming et al., 2007). In particular, the purification, separation, and identification of PS are 

considered a challenging task, and PS are highly diverse in terms of monosaccharide 

composition, glycosidic linkages, branching, and substitutions (Flemming et al., 2023; Seviour 

et al., 2019). As mentioned before, carbohydrates have a large share in the EPS matrix of 

S. acidocaldarius biofilms and the use of fluorescently labeled lectins in CLSM analysis has 

indicated the presence of extracellular glucose and/or mannose residues (ConA), N-acetyl-

galactosamine and/or galactose residues and N-acetyl-glucosamine (e.g. Koerdt et al., 2010; 

Benninghoff & Kuschmierz et al., 2021). However, while CLSM in combination with 

fluorescence lectin-binding analysis (FLBA) enables the qualitative visualization of 

extracellular sugar moieties, it cannot provide full information on the total EPS sugar 

composition and quantities. In addition, nonspecific binding has been reported for the lectin 

ConA�����Z�K�L�F�K���L�V���³�V�S�H�F�L�I�L�F�´���I�R�U mannose and glucose but unexpectedly bound to mannuronate 

and guluronate, mannose- and glucose-derived uronic acids (Strathmann et al., 2002).  
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Thus, a set of methods was developed and applied, to perform a full analysis of the 

extracellular monosaccharide composition in S. acidocaldarius EPS. The workflow includes 

the generation of high amounts of biofilm mass, EPS extraction, enzymatic as well as chemical 

sample pretreatments, and subsequent analysis of the extracellular monosaccharide 

composition and PS size (Fig. 4).  

 

Figure 4 : Graphical abstract of the workflow described in Chapter 4.2 (Kuschmierz & Meyer et al., 2022). 

The workflow comprises S. acidocaldarius biofilm cultivation, EPS extraction, and enzymatic and 

chemical treatments to receive the (hydrolyzed) exopolysaccharide fraction for subsequent chemical 

analysis by size exclusion chromatography or RP-LC-MS (Kuschmierz & Meyer et al., 2022).                            

RP-LC-MS: Reversed-phase liquid chromatography coupled to mass spectrometry. 

 

Biofilm formation was investigated using Brock medium with N-Z-amine (NZA) as a complex 

basal growth medium and was supplemented with different additional sugars, D-glucose, D-

xylose, or maltose, which had been shown to promote growth in liquid cultures in previous 

studies (Choi et al., 2013; Wagner et al., 2014, 2018). Substrate- and time-dependent biofilm 

formation was investigated and the highest amount of firmly attached biofilm was obtained 

after four days of static cultivation upon D-glucose supplementation (Kuschmierz & Meyer et 

al., 2022).  

Further, a new biofilm cultivation protocol was established to receive high amounts of biofilm 

mass for subsequent EPS isolation and analysis. S. acidocaldarius MW001 cell suspensions 

were filtered on a synthetic membrane (Vanysacker et al., 2013; Zhang et al., 2014; Waheed 

et al., 2022) and afterward the membrane was placed on the surface of liquid medium and 

incubated statically at 76°C for four days. Nutrient availability was enabled by the pores of the 

membrane, allowing biofilm growth on top of it. A hydrophilic polytetrafluoroethylene (PTFE) 

membrane was found to promote the formation of reproducibly homogeneous confluent 

biofilms (Kuschmierz & Meyer et al., 2022).  
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Compared to the cultivation of submersed S. acidocaldarius biofilms on the bottom of Petri 

dishes (Benninghoff & Kuschmierz et al., 2021), the amount of harvested biofilm wet mass was 

increased 48-fold. After EPS extraction, proteins were found to be most abundant in the EPS 

fraction of S. acidocaldarius biofilms grown on membranes, followed by carbohydrates and 

eDNA (mass ratios proteins:carbohydrates:eDNA: 8:4:1).  

To unravel the monosaccharide composition in S. acidocaldarius EPS, samples were 

subjected to acid hydrolysis, which is used for the complete cleavage of PS into 

monosaccharides. In a previous study on the analysis of carbohydrates in biological samples, 

four different chromatographic methods were compared in combination with mass 

spectrometry (MS) (Meyer et al., 2022). Reversed-phase liquid chromatography (RP-LC)-MS 

(after sample derivatization with 1-phenyl-3-methyl-5-pyrazolone (PMP)) proved to be the most 

suitable method for the analysis of monosaccharides in terms of separation performance, 

sensitivity, and reproducibility (Meyer at al., 2022). Thus, RP-LC-MS was applied to hydrolyzed 

S. acidocaldarius EPS and mannose (Man), glucose (Glc), ribose (Rib), N-acetyl-glucosamine 

(GlcNAc), glucosamine (GlcN), galactosamine (GalN) and rhamnose (Rha) were identified. 

The majority of monosaccharides were Man and Glc, making up 35% and 29% of the identified 

sugar residues, respectively. Accordingly, these two monomers were reported as dominant 

species in other crenarchaeal EPS samples, e.g. S. solfataricus MT3 and MT4 (Nicolaus et 

al., 1993) or S. metallicus DSM6482T (Zhang, R. et al., 2019) (compare Appendix, Tab. A1). 

The supplementation of different sugars (D-glucose, D-xylose, or maltose) to the NZA-based 

growth medium was shown to influence EPS to a larger and PS composition to a lower extent, 

respectively. The highest amount of carbohydrates in EPS fractions was detected in the 

presence of D-glucose (Kuschmierz & Meyer et al., 2022).  

Bacterial PS obtain molecular masses ranging from approx. 2.0 x 104 to 1.9 x 107 Da (Mata et 

al., 2006; Sutherland, 2016; Wang, J. et al., 2019) and for euryarchaeal PS sizes ranging from 

0.5 x 104 up to 1.1 x 106 Da were reported (Hamidi et al., 2019; Lü et al., 2017) (compare 

Appendix, Tab. A1). For PS analysis, the amounts of other biopolymers, i.e. RNA, DNA, and 

protein, in S. acidocaldarius EPS were reduced by enzymatic digestion (enzymatic 

pretreatment). Notably, enzymatically treated samples showed the same carbohydrate 

concentrations and monosaccharide composition as the non-treated EPS samples. The size 

of PS from S. acidocaldarius biofilms was defined by size exclusion chromatography (Simon 

et al., 2009; Ras et al., 2011) and only one prominent, well-defined PS species with a mean 

molecular mass of 7.1 x 104 Da was observed. The work presented in Chapter 4.2 was the first 

to determine the size of a PS produced by a crenarchaeon, thereby expanding our knowledge 

of PS from Archaea.   
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The developed methodological tools presented in Chapter 4.2 provide an important basis for 

future research on the biosynthesis and secretion of PS in S. acidocaldarius biofilms. 

Noticeable, the genome of S. acidocaldarius contains a gene cluster, saci_1904-1927, that 

encodes for several glycosyltransferases (GTs) and membrane proteins likely involved in the 

biosynthesis of PS (Mestrom et al., 2019, Lairson et al., 2008; Orell et al., 2013). In particular, 

the expression of gene saci_1908, encoding a membrane protein of unknown function, was 

shown to be regulated by the Lrs14-like transcriptional archaeal biofilm regulator 1 (AbfR1, 

Orell et al., 2013; co�P�S�D�U�H���&�K�D�S�W�H�U���³S. acidocaldarius biofilm development, EPS matrix and 

�U�H�J�X�O�D�W�L�R�Q�´�������7�Kerefore, in initial studies, selected GT and membrane protein deletion mutants 

of the saci_1904-1927 gene cluster were investigated regarding planktonic growth, biofilm 

formation, and extracellular carbohydrates (Kuschmierz et al., unpublished data). The 

respective gene deletions had little effect on planktonic growth, while biofilm formation and 

especially extracellular carbohydrate amounts were reduced (Kuschmierz et al., unpublished 

data; not shown). The results highlighted the involvement of gene cluster saci_1904-1927 in 

PS synthesis and excretion in S. acidocaldarius.  

Moreover, enzymatic characterization of the different GTs encoded by gene cluster saci_1904-

1927 was aimed to be performed. However, the production of suitable amounts of stable GTs 

proved difficult in Escherichia coli, and also with available expression vectors in 

S. acidocaldarius, where only small amounts of protein, if any, were obtained. Therefore, the 

goal was to improve the available expression system in S. acidocaldarius to enable the 

production of GTs for functional and enzymatic analyses. 
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2.6 ���¶-untranslated region  sequences enhance the plasmid -based protein 

production in S. acidocaldarius  

Chapter 4.3 of this thesis describes the improvement of S. acidocaldarius expression vectors 

�E�\�� �W�K�H�� �L�Q�W�H�J�U�D�W�L�R�Q�� �R�I�� ���¶-untranslated region �����¶-UTR) sequences (Kuschmierz et al., 

unpublished).  

The efficient production of significant amounts of protein of interest is a necessity for both basic 

research as well as biotechnological applications. Bacteria are most commonly used for gene 

overexpression, with E. coli as leading bacterial expression host (Rosano & Ceccarelli, 2014). 

However, protein production may still lead to low amounts of protein or insoluble protein 

aggregates, and various reasons related to inefficient protein synthesis are discussed, e.g. 

improper protein folding or missing/wrong translational modifications. Especially for the 

synthesis of archaeal or extremophilic enzymes, homologous expression in the native 

organism or a closely related strain is suggested as a suitable alternative (Straub et al., 2018), 

offering alternate systems for posttranslational modifications (Jarrell et al., 2014; Eichler & 

Adams, 2005) and other cellular circumstances providing proper protein folding and stability. 

A plasmid-based expression system with different sugar-inducible promoters and protein tags 

is available for S. acidocaldarius (Wagner et al., 2012; Berkner et al., 2007; van der Kolk et al., 

2020). In a comparative promoter activity screening, the pentose-inducible promoter of 

saci_2122 (Para) was shown to provide the highest pentose-dependent induction and was 

considered the most efficient inducible promoter available for S. acidocaldarius expression 

plasmids (van der Kolk et al., 2020). Interestingly, the available S. acidocaldarius Para vector 

did not encode a �I�X�Q�F�W�L�R�Q�D�O�����¶-UTR (mRNA leader sequence) and did not encode a ribosome 

binding site (RBS). In general, prokaryotic coding mRNAs can be leaderless or leadered, i.e. 

�W�K�H�\���O�D�F�N���R�U���K�D�Y�H���D�����¶-�X�Q�W�U�D�Q�V�O�D�W�H�G���U�H�J�L�R�Q�������¶-�8�7�5�������,�Q���W�K�H���F�D�V�H���R�I���O�H�D�G�H�U�H�G���W�U�D�Q�V�F�U�L�S�W�V�����W�K�H�����¶-

UTR sequence may or may not contain a Shine-Dalgarno sequence (SD or RBS). The SD 

sequence may facilitate base pairing with the anti-�6�'���V�H�T�X�H�Q�F�H���H�Q�F�R�G�H�G���D�W���W�K�H�����¶-end of the 

16S rRNA of the small ribosomal subunit (Shine & Dalgarno, 1975), and in Bacteria its base 

pairing potential is often associated with translation initiation efficiency. Since the insertion, 

�H�Q�O�D�U�J�H�P�H�Q�W�����R�U���P�R�G�L�I�L�F�D�W�L�R�Q���R�I�����¶-UTRs (RBS) was shown to increase protein production in 

bacterial expression hosts (e.g. Liebeton et al., 2014; Vellanoweth & Rabinowitz, 1992; 

Volkenborn & Kuschmierz �H�W���D�O���������������������W�K�H���H�I�I�H�F�W���R�I�����¶-UTR sequence insertion into the Para 

S. acidocaldarius vector was investigated. 

���¶-UTR sequences of five highly abundant proteins in S. acidocaldarius (Saci_0330, 

�W�K�H�U�P�R�V�R�P�H�� �V�X�E�X�Q�L�W�� �.���� �6-layer proteins A and B, and Alba) were integrated into 

S. acidocaldarius Para expression plasmids and their effect on the production of reporter 
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protein, esterase Saci_1116, was examined���� �7�K�H�� ���¶-UTR sequences tested had lengths 

ranging from 13 to 27 nts and obtained SD sequence motifs of four to six nucleotides. 

Compared with the reference plasmid, which enabled gene expression by a leaderless 

transcript (Fig. 5A), the insertion of all five ���¶-UTR sequences into the Para expression cassette 

(Fig. 5B) led to a significantly enhanced production of active reporter protein (two- to fourfold).  

 

 

Figure 5 : Structural elements of plasmid expression cassettes and their transcription to leaderless (A) 

or leadered mRNA with a Shine-Dalgarno (SD) sequence (B). 

A: Expression cassette of original Para expression plasmids and generation of leaderless mRNA.                       

B: Para expression cassette �Z�L�W�K���D�Q���L�Q�V�H�U�W�H�G�����¶-UTR sequence and the resulting generation of leadered 

mRNA with an SD motif. TSS: transcription start site; ORF: open reading frame; RDS: ribosome docking 

site. 

 

�7�K�H�� ���¶-UTR of the alba gene was found to be the best performing UTR, as its integration 

resulted in a fourfold increase in the amount of active reporter protein, which was consistently 

high in different biological replic�D�W�H�V���D�Q�G���D�O�V�R���F�R�P�S�D�U�D�E�O�H���W�R���H�I�I�H�F�W�V���R�I�� ���¶-UTRs reported for 

bacterial expression systems (e.g. van Etten & Janssen, 1998). Alba ���¶-UTR addition to the 

S. acidocaldarius Para expression vector did not affect the functionality of the pentose-inducible 

promoter. To allow easy cloning by restriction and ligation using the NcoI cloning site, the two 

nucleotides located immediately upstream of the translation start codon and within the alba ���¶-

UTR sequence were modified in expression plasmids encoding C-terminally tagged proteins. 

These changes in nucleotide identities had no significant impact on protein production levels. 

The alba ���¶-UTR-modified Para expression vectors, comprising either an N- or C-terminal Twin-

Strep tag-encoding sequence, were successfully used to produce GTs encoded by the 

saci_1904-saci_1927 gene cluster. The optimization of the expression system presented here 

increases the potential of S. acidocaldarius as an archaeal expression host and will likely 

enable the synthesis of other challenging (archaeal or thermophilic) proteins in the future. 
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Part II  

2.7 Workflows for the optimization of enzyme cascades and whole cell 

catalysis based on enzyme kinetic characterization and pathway 

modelling  

In the review article presented in Chapter 4.4, a combination of classical enzyme 

characterization and mathematical modelling approaches is proposed as a workflow for the 

optimization of in vitro enzyme cascades and/or whole cell biocatalysis for efficient 

bioconversion (Kuschmierz et al., 2022, based on the original work by Shen et al., 2020).  

In the context of the depletion of fossil resources and greenhouse gas emissions, the utilization 

of renewable biomass waste is desired to move towards a circular bioeconomy. Lignocellulose 

is considered a promising non-food resource for biofuel production, but its complex, recalcitrant 

structure poses challenges to biotransformation processes (Menon et al., 2012; de Paula et 

al., 2019; Dessie et al., 2020). Lignocellulosic hydrolysates contain D-glucose and D-xylose as 

the main fermentable carbon sources, and metabolic engineering or synthetic biology 

approaches aim to optimize D-xylose utilization or hexose/pentose co-fermentation. Briefly, 

microorganisms essentially follow two strategies to metabolize D-xylose, with either xylulose 

5-phosphate or 2-keto-3-deoxy-D-xylonate as the key intermediate. The latter is formed via 

oxidative (non-phosphorylative) pathways and is either cleaved to pyruvate and glycolaldehyde 

in �W�K�H���'�D�K�P�V���S�D�W�K�Z�D�\���R�U���I�X�U�W�K�H�U���G�H�K�\�G�U�D�W�H�G���D�Q�G���R�[�L�G�L�]�H�G���L�Q���W�K�H���:�H�L�P�E�H�U�J���S�D�W�K�Z�D�\���W�R���\�L�H�O�G���.-

ketoglutarate (Weimberg & Doudoroff, 1955). Both the Dahms and the Weimberg pathway 

channel into the tricarboxylic acid (TCA) cycle (either via pyruvate, glyoxylate, and malate or 

�Y�L�D���.-ketoglutarate, respectively). In S. acidocaldarius, D-xylose is metabolized via the Dahms 

or Weimberg pathway, with the Weimberg pathway being essential in S. acidocaldarius 

according to gene deletion studies (Nunn et al., 2010; Wagner et al., 2018; Lewis et al., 2021). 

Compared to the phosphorylative routes for D-xylose degradation, the non-phosphorylative 

pathways offer some advantages. First, they do not require ATP hydrolysis and use only one 

cosubstrate, namely NAD+, for which regeneration methods are well established. Further, the 

Weimberg pathway is well separated from central metabolic pathways, making it less sensitive 

to metabolic interference, and all individual steps as well as the entire pathway are 

thermodynamically favorable and run into completion (Kuschmierz et al., 2022).  

Both whole cell catalysis and in vitro enzyme cascades have their disadvantages or 

advantages, which are discussed in Chapter 4.4 and further reviewed by Claassens et al., 

2019. To overcome the drawbacks of each approach, a combination of both the cell-based 

and cell-free approach has been proposed (Claassens et al., 2019), and its application has 

recently been reported for the Weimberg pathway of Caulobacter crescentus (Shen et al., 
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2020). Here, an iterative approach with repeated cycles of in vitro enzyme measurements 

(initial rate kinetics of single enzymes, single-step-cascade, one-pot cascade), combined with 

model construction, predictions, and validations was established as a strategy for systematic 

pathway setup and analysis. In the case of the Weimberg pathway of C. crescentus, product 

inhibition, and allosteric regulation were unraveled and pathway performance was optimized 

by modifications of enzyme amounts, the use of an NAD+ recycling system, and the addition 

of lactonase, resulting in the complete conversion of substrate to product (Shen et al., 2020). 

Importantly, the in vitro cascade analyses provided implications and identified bottlenecks for 

the in vivo whole cell system and could accurately predict the pathway performance in 

C. crescentus cell-free extracts (Shen et al., 2020).  

In summary, a combined experimental modelling approach with full model calibration (e.g. 

product inhibition, allosteric regulation, ATP/ADP, NAD+/NADH-dependent regulation) enables 

the generation of models that allow process optimization for maximal efficiency and turnover 

rates. The workflow represents a promising tool for further metabolic engineering approaches 

in the future. 
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3 Scope of the thesis  

In the following chapters of this dissertation, my research topics are described in detail. My 

contribution to the respective manuscripts is explained below. 

Chapter 4������ �S�U�H�V�H�Q�W�V���W�K�H�� �U�H�V�H�D�U�F�K�� �D�U�W�L�F�O�H�� �H�Q�W�L�W�O�H�G�� �³Exposure to 1 -butanol exemplifies the 

response of the thermoacidophilic archaeon Sulfolobus  acidocaldarius  to solvent 

stress �´�����+�H�U�H�����W�K�H���F�H�O�O�X�O�D�U���U�H�V�S�R�Q�V�H of S. acidocaldarius to 1-butanol exposure was analyzed 

in detail by growth experiments of planktonic cells as well as biofilm quantification and 

visualization by microscopy, including light microscopy, CLSM, and SEM. In addition, EPS 

carbohydrate and protein amounts were analyzed in the absence and presence of 1-butanol, 

and the transcriptional response of S. acidocaldarius to 1-butanol exposure was investigated 

in detail. As part of this work, I contributed to the performance of growth experiments and the 

documentation and visualization of biofilm formation in liquid cultures by crystal violet staining 

and phase contrast microscopy. In addition, I was significantly involved in data analysis, 

preparation of figures, and writing of the manuscript (original draft, review, and editing).  

Chapter 4.2 presents �W�K�H���U�H�V�H�D�U�F�K���D�U�W�L�F�O�H���H�Q�W�L�W�O�H�G���³Exopolysaccharide composition and size 

in Sulfolobus  acidocalda rius  biofilms �´�����,�Q���W�K�L�V���V�W�X�G�\, biofilm cultivation was optimized, EPS 

components were extracted and quantified (carbohydrates, proteins, and eDNA), and detailed 

analyses of monomer composition and PS size were performed. To obtain large amounts of 

biofilm biomass for further analysis, I adapted and optimized the membrane filtration protocol 

for S. acidocaldarius biofilm formation on membranes. Also, the influence of different growth 

substrates on S. acidocaldarius biofilm formation and their influence on EPS composition was 

compared. I performed EPS extractions and enzymatic treatments to obtain samples for further 

chemical analysis (monosaccharide composition and PS size; M.Sc. Martin Meyer; Prof. Dr. 

Oliver J. Schmitz, Applied Analytical Chemistry, University of Duisburg-Essen). EPS 

carbohydrates, proteins, and eDNA were quantified by biochemical assays in collaboration 

with M.Sc. Martin Meyer. I performed glycan labeling experiments and contributed largely to 

data interpretation, figure generation, and writing (original draft, review, and editing). 

Chapter 4.3 comprises �W�K�H���P�D�Q�X�V�F�U�L�S�W���G�U�D�I�W���³���¶-untranslated region sequences enhance the 

plasmid -based protein production in Sulfolobus  acidocaldarius �´�����+�H�U�H�����S�U�R�W�H�L�Q���Sroduction 

was efficiently �H�Q�K�D�Q�F�H�G�� �E�\�� �W�K�H�� �D�G�G�L�W�L�R�Q�� �R�I�� ���¶-UTR sequences to an S. acidocaldarius 

�H�[�S�U�H�V�V�L�R�Q���Y�H�F�W�R�U�����8�V�L�Q�J���W�K�H���P�R�G�H�O���H�Q�]�\�P�H���H�V�W�H�U�D�V�H���6�D�F�L�B�������������G�L�I�I�H�U�H�Q�W�����¶-UTR sequence 

variations were tested for high protein production yields. Then, glycosyltransferases were 

produced using the newly optimized expression system. In this study, I participated in the 

elaboration of the research concept and experimental designs. I was involved in the selection, 

�F�O�R�Q�L�Q�J���� �D�Q�G�� �V�F�U�H�H�Q�L�Q�J�� �R�I�� �W�K�H�� ���¶-UTR candidate sequences using esterase Saci_1116 as 
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model enzyme. I performed the enzyme assays of esterase Saci_1116, and cloning as well as 

production analysis of glycosyltransferases from the respective expression plasmids.                             

I supervised �H�[�S�H�U�L�P�H�Q�W�V���R�Q���W�K�H���S�U�R�G�X�F�W�L�R�Q���R�I���W�K�H����-galactosidase LacS from S. solfataricus. 

Finally, I performed data evaluation, interpretation, figure preparation, and writing (original 

draft).  

Chapter 4.4 contains �W�K�H���U�H�Y�L�H�Z���D�U�W�L�F�O�H���³Workflows for optimization of enzyme cascades 

and whole cell catalysis based on enzyme kinetic characterization and pathway 

modelling �  ́ and describes D-xylose degradation pathways as well as advantages and 

disadvantages of whole cell catalysis and enzyme cascades. The potential of combined 

experimental modelling approaches is discussed using the Weimberg pathway as an example. 

For this review article, I prepared illustrations (visualization) and contributed to the writing of 

the original draft. 
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4 Publications and  preliminary  manuscript  draft   

 

 

Part I  

 

4.1 Exposure to 1 -butanol exemplifies the 

response  of the thermoacidophilic archaeon 

Sulfolobus  acidocaldarius  to solvent stress  
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Supplementary Information  

 
Table S1:  Differentially regulated genes in S. acidocaldarius biofilm and planktonic cells grown 

statically in the presence and absence of 1% (v/v) 1-butanol (Petri dishes, 4d, 76 °C). The 

genes are ordered according to their involvement in cellular structures or processes. The effect 

of 1-butanol on gene expression in biofilm cells (BF1/BF0), planktonic cells (PL1/PL0) and the 

change in response to the respective lifestyle without 1-butanol exposure (BF0/PL0) is 

depicted. n. s.: not significantly regulated (log2 fold change < 1). 

Locus  arCOG annotation  arCOG 
code  

Biofilm 
(BF1/BF0)  
log2 fold 
change  

Planktonic 
(PL1/PL0) 
log2  fold 
change  

Lifestyle 
(BF0/PL0) 
log2  fold 
change  

Cell surface structures  
S-Layer  

Saci_2354 S-layer protein SlaB M -1.58 n. s. n. s. 
Saci_2355 S-layer protein SlaA M -1.87 n. s. n. s. 
Saci_1846 Thermopsin-like protease E -1.90 -1.47 n. s. 

Pili  
UV induced pili  
Saci_1493 Predicted component of type 

IV pili like system N n. s. -1.36 n. s. 

Saci_1494 ATPase involved in 
archaellum/pili biosynthesis N n. s. n. s. n. s. 

Saci_1495 Pilus assembly protein TadC N n. s. -1.31 n. s. 
Adhesive pili  
Saci_2317 ATPase involved in 

archaellum/pili biosynthesis N n. s. n. s. n. s. 

Saci_2318 Pilus assembly protein TadC N n. s. n. s. n. s. 
Saci_2319 Pilin/Flagellin, FlaG/FlaF family N 1.16 n. s. -1.94 

Archaellum  
Saci_1172 Archaellum assembly protein 

J, TadC family 
N -1.41 -2.16 n. s. 

Saci_1173 ATPase involved in 
archaellum/pili biosynthesis N -2.32 -1.98 n. s. 

Saci_1174 ATPase involved in biogenesis 
of archaellum N -3.12 -1.91 -1.03 

Saci_1175 Archaellum protein F, 
archaellin of FlaG/FlaF family N -1.71 -2.90 n. s. 

Saci_1176 Archaellum protein G, 
archaellin of FlaG/FlaF family N -2.71 -3.42 n. s. 

Saci_1177 Component of archaellum, 
FlaD/E family N -2.33 -2.80 n. s. 

Saci_1178 Archaeal flagellins N -2.79 -3.56 n. s. 
Vesicle/ESCRT system and Biofilm formation  

Vesicle/ESCRT system  
Saci_0451  Archaeal division protein 

CdvB1, Snf7/Vps24/ESCRT-III 
family  

D 2.14 1.51 -1.51 

Saci_1372 Cell division ATPase of the 
AAA+ class, ESCRT system D 1.36 n. s. n. s. 
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Locus  arCOG annotation  arCOG 
code  

Biofilm 
(BF1/BF0)  
log2 fold 
change  

Planktonic 
(PL1/PL0) 
log2  fold 
change  

Lifestyle 
(BF0/PL0) 
log2  fold 
change  

component, CdvC 
Saci_1373 Archaeal division protein 

CdvB, Snf7/Vps24/ESCRT-III 
family 

D 1.26 n. s. -1.19 

Saci_1374 Archaeal division protein CdvA D n. s. n. s. n. s. 
Saci_1416 Archaeal division protein 

CdvB2, Snf7/Vps24/ESCRT-III 
family 

D 1.41 n. s. -1.82 

Saci_1601 Archaeal division protein 
CdvB3, Snf7/Vps24/ESCRT-III 
family 

D n. s.  n. s. n. s.  

Glycosyltransferases  
Saci_1914 Glycosyltransferase M -1.87 -1.21 n. s. 
Saci_1915 Glycosyl transferase family 2 M -1.15 -1.06 n. s. 
Saci_1923 Glycosyltransferase M -1.05 n. s. n. s. 
Saci_1926 Glycosyl transferase family 2 M n. s. n. s. -1.90 
Regulation and stress response  

Transcriptional regulators  
Saci_0102 Transcriptional regulator, 

contains HTH domain K -1.05 n. s. n. s. 

Saci_0446 Transcriptional regulator, 
contains HTH domain (AbfR1) K 1.71 n. s. n. s. 

Saci_0665 Homolog of transcription 
initiation factor TFIIB, contains 
Zn-ribbon domain 

K n. s. -1.41 -1.03 

Saci_1171 Predicted transcriptional 
regulator (ArnR1) K -1.62 -2.01 n. s. 

Saci_1209 Transcriptional regulator, 
contains HTH domain K 1.17 n. s. n. s. 

Saci_1223 Transcriptional regulator, 
contains HTH domain (AbfR2) K -1.54 n. s. n. s. 

Saci_1588 DNA-binding transcriptional 
regulator, Lrp family K n. s. 1.73 n. s. 

Saci_1992 CRISPR-Cas associated 
transcriptional regulator, 
contains HTH domain, lacking 
CARF domain 

K -3.19 -2.35 1.01 

Protein phosphorylation: protein kinases and phosphatases  
Saci_0545  Protein-tyrosine phosphatase 

(PTP) T -1.30 n. s. n. s. 

Saci_0796  RIO-like serine/threonine 
protein kinase fused to N-
terminal HTH domain (RIO2)  

T n. s. -1.09 n. s. 

Saci_1181  Membrane associated 
serine/threonine protein kinase 
(ArnS) 

R -1.19 -1.77 n. s. 

Saci_1193  Membrane associated 
serine/threonine protein kinase 
(ArnC) 

R 1.22 n. s. -1.65 
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Locus  arCOG annotation  arCOG 
code  

Biofilm 
(BF1/BF0)  
log2 fold 
change  

Planktonic 
(PL1/PL0) 
log2  fold 
change  

Lifestyle 
(BF0/PL0) 
log2  fold 
change  

CRISPR-Cas 
Type I -D system  
Saci_1864 CRISPR-Cas system 

related protein, RAMP 
superfamily Cas6 
group 

cas6 V n. s. n. s. n. s. 

Saci_1872 CRISPR-Cas system 
related helicase, Cas3 
(C-terminal HD 
nuclease domain) 

cas3 V n. s. n. s. n. s. 

Saci_1873 CRISPR associated 
protein, RAMP family 
Cas5 group 

csc1g
r5 V n. s. n. s. n. s. 

Saci_1874 CRISPR-Cas system 
related protein, RAMP 
superfamily Cas7 
group 

csc2g
r7 V n. s. n. s. n. s. 

Saci_1875 CRISPR associated 
protein Cas10d, large 
subunit of Type I-D 
system effector 
complex, contains HD 
family nuclease 

cas10
d V n. s. n. s. n. s. 

Saci_1876 CRISPR-Cas 
associated 
transcriptional 
regulator, contains 
CARF and HTH 
domain 

casR VK -1.23 n. s. n. s. 

Saci_1877 CRISPR-Cas system 
related protein, RAMP 
superfamily Cas6 
group 

cas6 V -1.56 n. s. n. s. 

Saci_1879 CRISPR-associated 
protein Cas2 cas2 V n. s. n. s. n. s. 

Saci_1880 CRISPR-associated 
protein Cas4 cas4 V n. s. n. s.  n. s. 

Saci_1881 CRISPR-associated 
protein Cas1 cas1 V -1.54 n. s. n. s. 

Sulfolobus  specific Type III system  
Saci_1893 CRISPR-Cas system 

related protein, RAMP 
superfamily Cas7 
group 

csm3
gr7 V n. s.  n. s. n. s. 

Saci_1896 CRISPR-Cas system 
related protein, RAMP 
superfamily Cas7 
group 

csm3
gr7 V -1.14 n. s. n. s. 

Saci_1897 CRISPR associated 
protein, possible 
subunit of Type III-A 

csx26 V -2.07 n. s. 1.21 
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Locus  arCOG annotation  arCOG 
code  

Biofilm 
(BF1/BF0)  
log2 fold 
change  

Planktonic 
(PL1/PL0) 
log2  fold 
change  

Lifestyle 
(BF0/PL0) 
log2  fold 
change  

effector complex 
Saci_1898 CRISPR associated 

protein, Csm4g5-like 
subunit of effector 
complex 

csm4
gr5 V -2.12 n. s. 1.37 

Saci_1899 CRISPR associated 
protein, Cas10-like 
subunit Type III-A 
effector complex 

cas10 V -2.60 -1.14 1.02 

Adaptation/processing module  
Saci_2008 CRISPR-Cas system 

related protein, RAMP 
superfamily Cas6 
group 

cas6 V -3.02 -1.44 n. s. 

Saci_2010 CRISPR-associated 
protein Cas2 cas2 V -1.83 n. s. n. s. 

Saci_2011 CRISPR-associated 
protein Cas1 cas1 V -1.40 n. s. n. s. 

Saci_2012 CRISPR-associated 
protein Cas4 cas4 V n. s. n. s. n. s. 

Type III -D system  
Saci_2043 CRISPR-Cas system 

related protein, RAMP 
superfamily Cas7 
group 

csm3
gr7 V n. s. n. s.  n. s. 

Saci_2044 CRISPR-associated 
protein, RAMP family 
Cas5 group, signature 
protein for Type III-D 
system 

csx10
gr5 V n. s. n. s. n. s. 

Saci_2045 CRISPR-Cas system 
related protein, RAMP 
superfamily Cas7 
group 

csm3
gr7 V n. s. n. s. -1.09 

Saci_2046 CRISPR associated 
protein, Cas10-like 
subunit Type III-A 
effector complex 

cas10 V -2.42 n. s. n. s. 

Saci_2048 CRISPR-Cas system 
related protein, RAMP 
superfamily Cas7 
group 

csm3
gr7 V n. s. n. s.  n. s. 

Saci_2049 CRISPR-Cas system 
related protein, RAMP 
superfamily Cas7 
group 

csm3
gr7 V -2.02 n. s. n. s. 

Saci_2052 CRISPR-associated 
protein 

csm2
gr11 V 1.22 1.03 -1.63 
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Locus  arCOG annotation  arCOG 
code  

Biofilm 
(BF1/BF0)  
log2 fold 
change  

Planktonic 
(PL1/PL0) 
log2  fold 
change  

Lifestyle 
(BF0/PL0) 
log2  fold 
change  

Toxin -Antitoxin  
Saci_0264 Transcriptional regulator, 

CopG/Arc/MetJ family (DNA-
binding and a metal-binding 
domains) 

V 1.02 -1.36 n. s. 

Saci_0322 CopG/RHH family DNA binding 
protein, antitoxin V 1.02 n. s. n. s. 

Saci_0942 CopG/MetJ, RHH domain 
containing DNA-binding 
protein, often an antitoxin in 
Type II toxin-antitoxin systems 

V n. s. -1.71 n. s. 

Saci_1056 Antitoxin, CopJ/RHH family V -2.03 -4.14 n. s. 
Saci_1124 CopG/RHH family DNA binding 

protein V -2.03 n. s. n. s. 

Saci_1812 RHH/CopG DNA binding 
protein V -1.44 -1.69 n. s. 

Saci_1928 Minimal nucleotide transferase 
MNT, antitoxin of HEPN-MNT 
system 

V 1.28 1.32  

Saci_1932 RHH/copG family antitoxin V -1.57 -1.36 n. s. 
Saci_1936 RHH/CopG DNA binding 

protein V -1.53 -1.38 n. s. 

Saci_1947 RHH/CopG DNA binding 
protein V n. s. -1.11 n. s. 

Saci_1952 CopG/RHH family DNA binding 
protein, antitoxin V n. s. -1.40 n. s. 

Saci_1980 RHH/CopG DNA binding 
protein V n. s. -1.34 n. s. 

Saci_2003 CopG/RHH family DNA binding 
protein, antitoxin V n. s. n. s. n. s. 

Saci_2079 RHH/CopG DNA binding 
protein V n. s. 2.19 1.23 

Metabolism  
Amino acid metabolism  

Pyroglutamate conversion  
Saci_2041 N-methylhydantoinase A/5-

oxoprolinase, beta subunit E 4.33 3.73 -1.28 

Saci_2042 N-methylhydantoinase B/5-
oxoprolinase, alpha subunit E 4.15 3.68 -1.16 

Saci_2036 N-methylhydantoinase A/5-
oxoprolinase, alpha subunit E 3.40 2.19 -2.30 

Aromatic compound/amino acid conversion  
Saci_2293 2-keto-4-pentenoate 

hydratase/2-oxohepta-3-ene-
1,7-dioic acid hydratase 
(catechol pathway) 

Q 3.17 2.70 n. s. 

Saci_2294 4-hydroxyphenylacetate 3-
monooxygenase Q 3.14 2.41 n. s. 

Saci_2295 Catechol 2,3-dioxygenase or 
other lactoylglutathione lyase 
family enzyme 

E 3.39 2.49 n. s. 
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Locus  arCOG annotation  arCOG 
code  

Biofilm 
(BF1/BF0)  
log2 fold 
change  

Planktonic 
(PL1/PL0) 
log2  fold 
change  

Lifestyle 
(BF0/PL0) 
log2  fold 
change  

Antioxidance defence  
Saci_1125 peroxiredoxin O 1.20 2.13 n. s. 
Saci_1169 thioredoxin reductase O 2.61 3.08 n. s. 
Saci_1823 thioredoxin O 1.37 2.71 n. s. 

Respiratory chain  
Cytochrome bc1 complex (SoxNL -CbsAB -OdsN)  
Saci_1859 Cytochrome b558/566, subunit 

B C -3.70 -3.14 1.10 

Saci_1860 Rieske Fe-S protein C -1.66 n. s.  n. s. 
Saci_1861 Cytochrome b subunit of the bc 

complex C -1.94 -1.25 n. s. 

Saci_1862 Heme-degrading 
monooxygenase HmoA and 
related ABM domain proteins 

H -1.50 n. s. n. s. 

Terminal oxidase SoxABCDL complex (Saci_2086 -2089): Not significantly regulated  
Terminal oxidase SoxEFGHIM complex  
Saci_2258 Predicted subunit of 

heme/copper-type 
cytochrome/quinol oxidase 

C n. s. -1.36 n. s. 

Saci_2259 Heme/copper-type 
cytochrome/quinol oxidase, 
subunit 2 

C 1.95 n. s. -1.16 

Saci_2260 Cytochrome b subunit of the bc 
complex C n. s. -2.20 -1.22 

Saci_2261 Rieske Fe-S protein C -1.13 -2.27 n. s. 
Saci_2262 Sulfocyanin C n. s. -1.98 -1.41 
Saci_2263 Heme/copper-type 

cytochrome/quinol oxidase, 
subunit 1 and 3 

C n. s. -1.53 n. s. 

Terminal oxidase DoxBCE complex  
Saci_0097 Heme/copper-type 

cytochrome/quinol oxidase, 
subunit 1 

C -2.45 -1.94 n. s. 

Saci_0098 Terminal oxidase, subunit 
doxC C -2.79 -1.69 n. s. 

Saci_0099 Terminal oxidase, subunit 
doxE C -3.19 -1.24 n. s. 
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Table S2: Highly downregulated genes encoding for membrane proteins in static grown 

S. acidocaldarius biofilm cells in response to 1-butanol (1% (v/v) exposure (static cultivation in 

Petri dishes, 4d, 76 °C).  

Locus  arCOG annotation  arCOG 
functional 

code  

Regulation 
(BF1/BF0) 

Regulation  
(PL1/PL0) 

log2 fold 
change 

A-value log2 fold 
change 

A-value 

Saci_0301 uncharacterized 
membrane protein, 
DUF981 family 

S -8.32 14.11 -7.13 12.82 

Saci_1074 uncharacterized 
membrane protein S -7.06 13.43 -3.93 12.80 

Saci_1753 uncharacterized 
membrane protein, 
virus associated 

X -5.98 11.62 -2.48 11.76 

Saci_0516 uncharacterized protein S -5.28 3.06 -2.71 3.69 
 
 
 
Table S3: Significantly regulated proteins in static grown S. acidocaldarius biofilm cells in 

response to 1-butanol (1% (v/v) exposure (static cultivation in Petri dishes, 4d, 76 °C).  

Locus  arCOG annotation  arCOG 
functional code  

log2  
(BF1/BF0) 

Saci_0642 Ribosomal protein L37E J 1.72 

Saci_0843 
Transcriptional regulator, contains N-
terminal RHH domain K 1.47 

Saci_0855 Zn-ribbon protein S 1.19 
Saci_0345 Lipoate-protein ligase A H 1.16 

Saci_0107 
Molybdopterin-guanine dinucleotide 
biosynthesis protein H 1.14 

Saci_1468 
DNA-binding TFAR19-related protein, 
PDSD5 family R 1.11 

Saci_0583 Ribosomal protein S14 J 1.10 

Saci_0356 
Uncharacterized small metal-binding 
protein S 1.04 

Saci_1079 
Threonine dehydrogenase or related Zn-
dependent dehydrogenase E 1.04 

Saci_0182 Prephenate dehydrogenase E 1.03 
Saci_1261 Threonyl-tRNA synthetase J 1.02 
Saci_2322 Cobalamin biosynthesis protein CbiG H -1.01 

Saci_1208 
Predicted dithiol-disulfide isomerase 
involved in polyketide biosynthesis Q -1.05 

Saci_1366 Uncharacterized protein S -1.09 

Saci_1764 
ABC-type dipeptide/oligopeptide/nickel 
transport system, ATPase component E -1.10 

Saci_2119 
RecB family nuclease with coiled-coil N-
terminal domain R -1.10 

Saci_1306 Uridylate kinase F -1.14 
Saci_1308 Short-chain alcohol dehydrogenase I -1.15 



Manuskripts: Chapter 4.1  Laura Kuschmierz 

59 
 

Locus  arCOG annotation  arCOG 
functional code  

log2  
(BF1/BF0) 

Saci_0319 
Uncharacterized protein YjgD, DUF1641 
family S -1.15 

Saci_1168 
Ser-tRNA(Ala) deacylase AlaX (editing 
enzyme) J -1.18 

Saci_0845 Uncharacterized protein S -1.20 
Saci_0820 Riboflavin synthase beta-chain H -1.20 

Saci_0177 
Single-stranded DNA-specific 
exonuclease RecJ L -1.22 

Saci_1862 
Heme-degrading monooxygenase HmoA 
and related ABM domain proteins H -1.24 

Saci_1633 
Enoyl-CoA hydratase/carnithine 
racemase I -1.27 

Saci_0668 Uncharacterized protein S -1.27 

Saci_0415 
Zn-dependent protease with chaperone 
function O -1.30 

Saci_0097 
Heme/copper-type cytochrome/quinol 
oxidase, subunit 1 C -1.35 

Saci_1243 Uncharacterized protein S -1.36 
Saci_2355 S-layer protein SlaA M -1.39 

Saci_2332 
Membrane protease subunit, 
stomatin/prohibitin homolog O -1.48 

Saci_2139 CBS domain containing protein R -1.54 
Saci_1250 Glycosyl hydrolase family 15 G -1.74 
Saci_1860 Rieske Fe-S protein C -1.91 
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Figure S 1: Culturability of S. acidocaldarius  DSM 639 after 1 -butanol exposure.   

S. acidocaldarius DSM 639 liquid cultures were exposed to different concentrations of 1-

butanol (0% to 1.5% (v/v)) in Brock medium supplemented with 0.1% (w/v) NZ-amine and 

0.2% (w/v) D-glucose. After different cultivation times (0, 48, 84, 168 and 336 h), 10 µl of 

undiluted culture (100) or diluted culture (10-1-10-6) were spotted on Brock-Gelrite plates (0.1% 

(w/v) NZ-amine, 0.2% (w/v) D-glucose). Spot plates were incubated at 76 °C for four days. An 

abiotic control (AC, medium without cells) and the 100-10-6 10-fold dilution series of S. 

acidocaldarius DSM 639 shaking cultures are shown. 
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Figure S2:  Adhesion of S. acidocaldarius  DSM 639 cells after cultivation with 0.5% (v/v) 

and 1% (v/v) 1-butanol.  Slimy material was observed at the liquid-air interfaces on the glass 

surface of planktonic S. acidocaldarius DSM 639 cultures exposed to 0.5% (v/v) and 1% (v/v) 

1-butanol (Brock medium, 0.1% NZ-amine and 0.2% D-glucose). A. Collar of slimy material 

inside the Erlenmeyer flask of S. acidocaldarius DSM 639 culture exposed to 1% (v/v) 1-

butanol. Culture fluid was discarded. The visible material was scrabbed off the glass surface 

using a cell scraper, applied on a cavity slide and used for light microscopy (B). Large 

aggregates of organic material surrounding S. acidocaldarius cells were visible. C. After three 

weeks of cultivation biofilm formation of planktonic S. acidocaldarius DSM 639 cultures 

exposed to 0% to 1.5% (v/v) 1-butanol was visualized by crystal violet staining. For biofilm 

visualization cultures fluid was discarded, the empty Erlenmeyer flasks were stained with 

0.01% (w/v) crystal violet solution and washed with water. Experiments were carried out in 

three to four biological replicates. 
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Figure S3:  Cell aggregation analysis of  S. acidocaldarius  DSM 639 after 1 -butanol 

exposure . Phase-contrast microscopy images of S. acidocaldarius DSM 639 shaking cultures 

exposed to different concentrations of 1-butanol (0% to 1.5% (v/v)) in Brock medium 

supplemented with 0.1% NZ-amine and 0.2% D-glucose. Circles mark examples of cell 

aggregates.  OD600nm: optical density at 600 nm.
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Figure S 4: Effect of organic solvents on S. acidocaldarius  cell adhesion and cell 

distribution . A. Cell adhesion of S. acidocaldarius DSM 639 after cultivation with different 

concentrations of ethanol, 1-propanol and isobutanol. Biofilms were  visualized using crystal 

violet staining. �7�K�H�� �S�U�H�V�H�Q�F�H�� �R�I�� �P�X�O�W�L�S�O�H�� �³�F�R�O�O�D�U�V�´�� �R�I�� �W�K�H�� �V�O�L�P�\�� �P�D�W�H�U�L�D�O�� �L�Q�V�L�G�H�� �W�K�H���I�O�D�V�N�V�� �Z�D�V��

presumably caused by medium loss due to sampling and medium evaporation, resulting in 

slightly decreasing culture volumes inside the flasks during the three weeks of the growth 

experiments. B. Effect of ethanol, 1-propanol and isobutanol exposure on S. acidocaldarius 

cell distribution. S. acidocaldarius was grown on glass surfaces for 4 d at 76 °C in presence 

and absence of different organic solvents. Biofilms were stained by crystal violet for 

subsequent analysis by light microscopy. 
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Figure S5: Influence of 1 -butanol on  biofilm formation.  The amounts of planktonic (A) and 

biofilm cells of S. acidocaldarius (B, C) grown statically in Petri dishes were determined. 

Cultures were incubated at 76 °C for four days. A. Growth of planktonic cells was determined 

by turbidity measurements (OD600nm; n = 3). B. Biofilm wet weight. The biomass was isolated 

from the bottom of Petri dishes for each condition and pooled biofilm samples were weighed 

(n = 3). C. Total cell counts of biofilm suspensions. Cell count was determined using the DAPI 

staining method (n = 3). 
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Figure S6 : Venn diagram displaying the overlap of significantly regulated genes in 

response to 1% (v/v) 1 -butanol in biofilm and planktonic cells . The numbers of log2 fold 

change > 2 and log2 fold change > 1 upregulated (green) and downregulated (red) genes are 

given. Intersections present the numbers of genes that are commonly regulated in both 

lifestyles.  

 
 

 
 
 
 

 
Figure S7 : Number of regulated genes encoding proteins without or with trans -

membrane domains (TMD) in biofilm (A) and planktonic lifestyle (B).  The absolute 

numbers of >log2 fold change = 1 and >log2 fold change = 2 up- or downregulated genes are 

given for each lifestyle (green or red, respectively).  
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4.2  Exopolysaccharide composition and size in  

       Sulfolobus  acidocaldarius  biofilms
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Figure S1: Effect of different growth substrates on biofilm formation of 
S. acidocaldarius MW001. Cells were statically incubated for one to five days at 76°C in 
24-well microtiter plates in Brock medium (pH 3.0) containing 0.1% (w/v) NZA, 10 µg/mL 
uracil and optionally 0.2% (w/v) D-glucose (Glc), D-xylose (Xyl) or maltose (Mal). A) Total 
turbidity (OD600nm-values) of biofilm and planktonic cells. B) Turbidity (OD600nm-values) of 
planktonic cell suspensions. C) Quantification of biofilm biomass by crystal violet (CV) 
staining (n=4).  
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Figure S2: Effect of different growth substrates on S. acidocaldarius MW001 biofilm 
formation after 4 d of static cultivation at 76°C. Cells were incubated in 24-well microtiter 
plates in Brock medium (pH 3.0) containing 10 µg/mL uracil and 0.1% (w/v) NZA, additionally 
supplemented with 0.2% (w/v) D-glucose (Glc), D-xylose (Xyl) or maltose (Mal). A) Total 
turbidity (OD600nm values) of biofilm and planktonic cells. B) Percentage values of planktonic 
cells, calculated based on the determined OD600nm values of planktonic cells and total cell 
suspensions. C) Quantification of biofilm mass by crystal violet (CV) staining. Wells were 
washed once with Brock medium (pH 3.0) to remove planktonic cells. Firmly attached biofilm 
cells were quantified by CV. D) Correlation of CV absorbance of attached biofilm cells to 
turbidity values of planktonic cells (n=4). 
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Figure S3: Comparison of three membranes with regard to S. acidocaldarius MW001 biofilm 
formation. Each membrane was inoculated with 6 *  105 cells and incubated floating on top of 
liquid Brock medium (0.1% (w/v) NZA, 0.2% (w/v) Glc, 10 µg/mL uracil) for 4 d at 76°C. 
A) Photograph of S. acidocaldarius biofilms on three different membranes after 4 d of static 
cultivation. (B). Spotting plates. 10 µl of undiluted culture (100) or diluted culture (10-1-10-6) 
were spotted on Brock-gellan gum plates (0.1% (w/v) NZA, 0.2% (w/v) Glc, 0.6% (w/v) gellan 
gum, 10 µg/mL uracil). Spot plates were incubated at 76°C for 5 d. Biofilm wet weights per 
area (C) and total cell counts (D) were analyzed. Carbohydrate amounts per cell were 
determined in EPS fractions of S. acidocaldarius biofilms isolated from the three different 
membranes (E). Hydrophil. PTFE: hydrophilic polytetrafluoroethylene (PTFE) membrane 
(Omnipore, Merck); Polyc. Tr. Etched: polycarbonate track etched filter (Sartorius); 
PTFE: PTFE filter (Sartorius; compare Tab. S1 for more information) (n=3).  
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Figure S4: Evaluation of acidic hydrolyses of S. acidocaldarius MW001 exopolysaccharides 
in EPS fractions. A) Obtained concentrations of mannose (Man), glucose (Glc) and ribose (Rib) 
in EPS fractions hydrolysed with different acidic hydrolysis methods (TFA: 3 h at 95°C, 
neutralization with NH4OH; HCl: 48 h at 100°C, neutralization with NaOH; H2SO4: 0.5 h at 
0°C, 2 h at 30°C, 3 h at 100°C, neutralisation with K2CO3). Biofilms were cultivated with 0.1% 
(w/v) NZA, 0.2% (w/v) dextrin and 10 µg/mL uracil for 4 d at 76°C. B) Time-dependent 
increase in monosaccharide signals of trifluoroacetic acid (TFA)-hydrolyzed EPS samples of 
S. acidocaldarius MW001 biofilms. Hydrolysis samples were 30-fold concentrated, subjected 
to 2-aminonaphthalene trisulfonic acid (ANTS) labelling and visualized by fluorescence-
assisted carbohydrate electrophoresis (FACE). Water was used as negative control (Neg) in 
ANTS labelling reactions and glucose, maltose and dextrin as mono-, di- and polysaccharide 
references. The ANTS labelling reaction is based on a stoichiometric addition of one label 
molecule per reducing end of a carbohydrate. EPS: non-hydrolyzed EPS sample.  
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Figure S5: Separation performance of RP-LC-MS method. Overlaid multiple reaction 
monitoring (MRM) chromatogram for separation of 15 1-phenyl-3-methyl-5-pyrazolone 
(PMP)-derivatized monosaccharides from a 100 µmol/L pooled single standard sample. 
Separation of these 15 monomeric species was possible either by retention time or detected 
mass in triple quadrupole mass spectrometry (D-Man: D-mannose, GlcA: D-glucuronic acid, 
GalA: D-galacturonic acid, D-Rib: D-ribose, L-Rha: L-rhamnose, D-GlcN: D-glucosamine, 
GlcNAc: N-acetyl-D-glucosamine, D-GalN: D-galactosamine, D-Glc: D-glucose, GalNAc: 
N-acetyl-D-galactosamine, D-Gal: D-galactose, D-Xyl: D-xylose, L-Fuc: L-fucose, 
2dGlc: 2-deoxy-D-glucose, dRib: 2-deoxy-D-ribose). Retention times and precursor masses are 
defined in Tab. S4. 

 

 

Figure S6: Influence of growth substrates on EPS composition of S. acidocaldarius MW001 
biofilms. Cells were filtered on hydrophilic PTFE membranes and statically cultivated floating 
at 76°C for 4 d on liquid Brock medium (pH 3.0), containing 0.1% (w/v) NZA, 10 µg/mL uracil, 
and optionally 0.2% (w/v) D-glucose (Glc), D-xylose (Xyl) or maltose (Mal),. A) Carbohydrate 
amounts determined by the phenol/sulphuric acid method. B) Protein amounts determined by 
the modified Lowry assay. C) eDNA amounts measured using the Qubit dsDNA assay (n=3 for 
NZA+Glc, n=1 for NZA, NZA+Mal and NZA+Xyl ; m=3; n indicates the number of biological 
replicates, m indicates the number of technical replicates). 
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Figure S7: Monomer composition in percent of S. acidocaldarius MW001 exopolysaccharide 
in dependency of growth substrates. S. acidocaldarius biofilms were grown on hydrophilic 
PTFE membranes for 4 d at 76°C. Liquid Brock medium (pH 3.0) was supplemented with 
0.1% (w/v) NZA, 10 µg/ml uracil and optionally 0.2% (w/v) D-glucose (Glc), maltose (Mal) or 
D-xylose (Xyl) . EPS samples were generated, hydrolyzed with TFA (2 M, 95°C, 3 h) and 
subjected to RP-LC-MS analyses (Rib: ribose, Rha: rhamnose, GlcN: glucosamine, 
GalN: galactosamine, Man: mannose, Glc: glucose, GlcNAc: N-acetylglucosamine; n=3 for 
NZA+Glc, n=1 for NZA, NZA+Mal and NZA+Xyl; m=3, n indicates the number of biological 
replicates, m indicates the number of technical replicates). Values and standard deviations of 
the biological replicates are given in Table S5.  
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Figure S8: Protein (A) and exopolysaccharide (B) composition in EPS fractions of 
S. acidocaldarius MW001 biofilms without and with proteinase K treatment. A) Visualization 
of EPS proteins (2 µg) by SDS-PAGE and silver staining before (EPS) and after proteinase K 
treatment (EPS ProtK; MW of proteinase K: 28.9 kDa). �0�D�U�N�H�U�����0�������3�D�J�H�5�X�O�H�U�Œ���8�Q�V�W�D�L�Q�H�G��
Protein Ladder (Thermo Fisher Scientific). B) Comparison of the exopolysaccharide 
composition of S. acidocaldarius biofilm EPS fractions without and with proteinase K 
treatment exemplary for one biological replicate each (Rib: ribose, Rha: rhamnose, GlcN: 
glucosamine, GalN: galactosamine, Man: mannose, Glc: glucose, GlcNAc: N-
acetylglucosamine).   
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Table S1: Membranes tested for the cultivation of S. acidocaldarius MW001 biofilms. 
Information on membrane material, manufacturer and pore size is given. Membranes are 
categorized as hydrophobic (HPO) or hydrophilic (HPI). 8.9 *  106 S. acidocaldarius MW001 
cells/membrane were applied. Membranes were either incubated floating on liquid Brock 
medium (pH 3.0), supplemented with 0.1% (w/v) NZA, 0.2% (w/v) glucose and 10 µg/mL 
uracil, or on solidified medium, adding 0.6% (w/v) gellan gum. Static cultivation was performed 
at 76°C for 4 d. Then, biofilms were harvested and their wet weights were determined. �³n.d.�´��
(not determined) indicates either that membranes where not able to float on liquid medium, or 
that no cell mass could be isolated from membranes because of a lack in biofilm formation. 
PTFE: polytetrafluoroethylene, PE: polyethylene. 

 Membrane material  Manufacturer, Ref.no. 
 Pore size 

[µm] 

Biofilm wet weight 
[mg/membrane] 

  
Liquid medium 

Biofilm wet weight 
[mg/membrane] 

  
Solidified medium 

Mixed cellulose ester 
HPI 

 Millipore EZ-PAK, 
 EZHAWG474 0.45 n.d. 14.2 

Mixed cellulose ester 
HPI  Pall GN-6, PA66265 0.45 24.1 14.9 

Cellulose nitrate  
HPI 

 Sartorius,  
 11407-50-ACN 0.2 n.d. n.d. 

Cellulose nitrate  
HPI  Whatman, 7187114 0.2 n.d. 21.9 

Cellulose nitrate 
HPI 

 Whatman, MicroPlus, 
 black, 10407734 0.45 n.d. n.d. 

Regenerated cellulose 
membrane filter, 
cellulose non-woven 
HPI 

 Sartorius, 18406-50-N 0.45 n.d. 19.3 

Polycarbonate Track 
Etched filter 
HPI 

 Sartorius, 23006-47-N 0.4 75.3 23.6 

Polyethersulfone (PES) 
membrane 
HPI 

 Sartorius, 15406-50-N 0.45 n.d. 23.6 

Hydrophilic PTFE 
membrane (Omnipore)  
HPI-HPO  
(HPI-modified; HPO 
PTFE bound to HPO 
PE support) 

 Merck, JHWP04700 0.45 91.0 24.7 

PTFE filter 
HPO  Sartorius, 11806-50-N 0.45 101.1 28.2 
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Table S2: Concentrations of mannose, glucose and ribose in S. acidocaldarius MW001 EPS 
fractions after acid hydrolysis using different methods (TFA: 3 h at 95°C, neutralization with 
NH4OH; HCl: 48 h at 100°C, neutralization with NaOH; H2SO4: 0.5 h at 0°C, 2 h at 30°C, 3 h 
at 100°C, neutralisation with K2CO3). Biofilms were cultivated for 4 d at 76°C with 
0.1% (w/v) NZA, 0.2% (w/v) dextrin and 10 µg/mL uracil. 
Hydrolysis 
method 

Concentration 
Mannose 
[µmol/L]  

± 
Concentration 

Glucose 
[µmol/L]  

± 
Concentration 

Ribose 
[µmol/L]  

± 

TFA 48.67 2.64 82.83 2.42 11.35 1.81 
HCl 40.08 4.08 70.40 3.74 11.78 3.10 
H2SO4 21.09 3.94 41.23 1.44 1.47 2.80 

 

 

Table S3: Analytical performance of RP-LC-MS method for PMP-derivatized 
monosaccharides. Separation was carried out using a C18 core-shell column (Phenomenex) 
with an ammonia buffer-acetonitrile mobile phase gradient. Parameters for analytical 
performance were obtained by injection of fifteen calibration levels, limit of detection (LOD) 
was calculated with minimum 3x signal-to-noise ratio (S/N) and limit of quantification (LOQ) 
with minimum 9x S/N. Mass spectrometric detection was carried out in multiple reaction 
monitoring with transitions from stated precursor masses corresponding to [M-OH+2PMP]. 
Monosaccharide references: dRib: 2-deoxy-D-ribose, D-Rib: D-ribose, D-Xyl: D-xylose, 
L-Rha: L-rhamnose, L-Fuc: L-fucose, 2dGlc: 2-deoxy-D-glucose, D-GlcN: D-glucosamine, 
D-GalN: D-galactosamine, D-Man: D-mannose, D-Glc: D-glucose, D-Gal: D-galactose, 
GlcA: D-glucuronic acid, GalA: D-galacturonic acid, GlcNAc: N-acetyl-D-glucosamine, 
GalNAc: N-acetyl-D-galactosamine. 

 Compound Mass Retention time [min] r2 LOD [µg/L]  LOQ [µg/L] 
1 dRib 465.5 7.7 0.9999 1.3 26.8 
2 D-Rib 481.5 3.3 0.9987 1.5 3.0 
3 D-Xyl  481.5 5.6 0.9983 3.0 15.0 
4 L-Rha 495.5 3.7 0.9989 8.2 16.4 
5 L-Fuc 495.5 6.5 0.9984 8.2 16.4 
6 2dGlc 495.5 7.1 0.9997 8.2 32.8 
7 D-GlcN 510.5 3.7 0.9972 35.8 89.6 
8 D-GalN 510.5 4.9 0.9989 9.0 35.8 
9 D-Man 511.1 2.7 0.9996 3.6 9.0 
10 D-Glc 511.1 4.9 0.9989 1.8 9.0 
11 D-Gal 511.1 5.3 0.9992 9.0 18.0 
12 GlcA 525.4 3.1 0.9905 38.8 194.1 
13 GalA 525.4 3.4 0.9986 19.4 97.1 
14 GlcNAc 552.5 4.4 0.9991 22.1 110.6 
15 GalNAc 552.5 5.1 0.9991 22.1 44.2 
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Table S4: Amounts of carbohydrates, proteins and eDNA detected in EPS fractions of 
S. acidocaldarius MW001 biofilms grown on different cultivation media. The ratios of 
carbohydrate to protein amounts as well as carbohydrate:protein:eDNA are given (n=3 for 
NZA+Glc, n=1 for NZA, NZA+Mal and NZA+Xyl; m=3, n indicates the number of biological 
replicates, m indicates the number of technical replicates). 

Growth medium Carbohydrates 
[fg/cell] 

Proteins 
[fg/cell] 

eDNA 
[fg/cell] 

Ratio 
carbohydrate: 

protein 

Ratio 
carbohydrate: 
protein:eDNA 

NZA 0.95 ± 0.23 3.54 ± 0.08 0.21 ± 0.04 1 : 3.7 4.5 : 17 : 1 

NZA + Glc 2.80 ± 0.6 5.0 ± 0.5 0.6 ± 0.1 1 : 1.8 4.5 : 8.5 : 1 

NZA + Xyl 1.64 ± 0.44 6.54 ± 0.06 0.72 ± 0.00 1 : 4 2 : 9 : 1 
NZA + Mal 1.59 ± 0.36 3.52 ± 0.03 0.23 ± 0.03 1 : 2.2 7 : 15 : 1 

 

 

Table S5: Molar ratios of monosaccharide composition from S. acidocaldarius MW001 
biofilm EPS (Rib: ribose, Rha: rhamnose, GlcN: glucosamine, GalN: galactosamine, 
Man: mannose, Glc: glucose, GlcNAc: N-acetylglucosamine; n=3 for NZA+Glc, n=1 for NZA, 
NZA+Mal and NZA+Xyl; m=3, n indicates the number of biological replicates, m indicates the 
number of technical replicates). 

Growth medium Rib Rha GlcN GalN Man Glc GlcNAc 
NZA 39 6 15 1 103 91 6 
NZA + Glc 31±6 4±1 6±2 1±0 42±12 35±8 1±0 
NZA + Xyl 51 4 6 2 33 41 1 
NZA + Mal 23 4 7 1 51 34 2 

 

 

Table S6: Calibration data for size exclusion chromatography carried out on BioSep SEC-
s2000 and BioSep SEC-s4000 (Phenomenex) in series with constant elution of water at 
0.5 mL min-1. Pullulan Standard Set 350-700,000 (Supelco) was utilised as 10-point calibration 
standards with injection of 100 µL of 50 mg L-1 single standard solution. 

Sample Nominal mass 
[Da] 

Log MW 
[Da] 

Retention time 
[min] 

Retention volume 
[mL]  

Pullulan 342 342 2.5 46.19 23.10 
Pullulan 1,030 1,030 3.0 45.11 22.55 
Pullulan 6,300 6,300 3.8 40.58 20.29 
Pullulan 9,800 9,800 4.0 39.01 19.51 
Pullulan 22,000 22,000 4.3 35.33 17.67 
Pullulan 49,400 49,400 4.7 30.75 15.37 
Pullulan 110,000 110,000 5.0 25.88 12.94 
Pullulan 201,000 201,000 5.3 23.57 11.78 
Pullulan 334,000 334,000 5.5 22.30 11.15 
Pullulan 708,000 708,000 5.9 21.40 10.70 
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Abstract  

Sulfolobus acidocaldarius is a thermoacidophilic crenarchaeal model organism that has been 

widely used for gene deletion studies and as an archaeal expression host for recombinant 

protein production. Different expression vectors are available, containing constitutive or 

inducible promoters and different protein tags. In the past, the promoter of saci_2122 (Para) 

was shown to ensure low basal activity and highest, pentose-dependent induction levels. 

�+�R�Z�H�Y�H�U�����Z�K�L�O�H���E�D�F�W�H�U�L�D�O���H�[�S�U�H�V�V�L�R�Q���Y�H�F�W�R�U�V���W�\�S�L�F�D�O�O�\���H�Q�F�R�G�H���D�����¶-terminal untranslated region 

�����¶-UTR), containing a ribosome binding site (RBS), available S. acidocaldarius expression 

vectors were largely lacking a 5�¶-UTR. Here, we examined the effect of S. acidocaldarius ���¶-

UTR integration into available Para expression plasmids on protein production. The esterase 

Saci_1116 was used as reporter protein and its production was monitored by enzyme activity, 

SDS-�3�$�*�(���� �D�Q�G�� �L�P�P�X�Q�R�G�H�W�H�F�W�L�R�Q���� �7�K�H�� ���¶-UTR sequence of gene saci_1322, encoding the 

DNA-binding protein Alba, was inserted immediately upstream of the translation start codon 

into the plasmid. Its insertion increased the yield of soluble and active reporter protein fourfold. 

The functionality of the pentose-inducible promoter was not affected. Modification of the two 

�Q�X�F�O�H�R�W�L�G�H�V���L�P�P�H�G�L�D�W�H�O�\���X�S�V�W�U�H�D�P���R�I���W�K�H���W�U�D�Q�V�O�D�W�L�R�Q���V�W�D�U�W���F�R�G�R�Q���D�Q�G���Z�L�W�K�L�Q���W�K�H�����¶-UTR enabled 

the maintenance of a NcoI cloning site, and had no significant effect on protein production 

efficiency. S�F�U�H�H�Q�L�Q�J�� �R�I�� �I�R�X�U�� �D�G�G�L�W�L�R�Q�D�O�� ���¶-UTRs from other highly abundant proteins in 

S. acidocaldarius (saci_0330, �W�K�., slaA, slaB) �U�H�Y�H�D�O�H�G�� �W�K�D�W�� �W�K�H�� �L�Q�V�H�U�W�L�R�Q�� �R�I�� �D�O�O�� ���¶-terminal 

sequences tested increased reporter protein production significantly by at least a factor of 2.2. 

Finally, the alba ���¶-UTR optimized expression vector was successfully used to produce 

archaeal glycosyltransferases. In the future, the alba ���¶-UTR modified Para expression vector 

may also enhance or enable the synthesis of other archaeal or thermophilic proteins and 

increases the potential of S. acidocaldarius as archaeal expression host.  
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Introduction  

The efficient production of significant amounts of properly folded, functional protein of interest 

(POI) is a crucial and highly relevant step in both basic research and biotechnology. A variety 

of microorganisms and gene expression vectors are available for protein production and often 

yeast or bacteria are used for gene overexpression, with Escherichia coli being the most 

commonly used bacterial expression host (Rosano & Ceccarelli, 2014). In the past, 

modifications of expression strains, vectors, protein tags, and cultivation conditions have 

contributed to improved expression systems for the production of soluble recombinant 

proteins. However, gene overexpression may still fail, resulting in no or low amounts of natively 

folded POI or the formation of insoluble protein aggregates, inclusion bodies. Reasons for a 

failed gene overexpression are versatile depending on each POI and may be difficult to 

determine and resolve. Among the most discussed issues are suboptimal codon usage, 

improper assembly or folding of proteins, altered posttranslational modifications, or the use of 

unfavorable protein tags (tag nature or location) (de Lise et al., 2023).  

The selection of a suitable expression host is a crucial step for successful POI production. Next 

to eukaryotic or bacterial strains, Archaea offer high potential as protein production platforms. 

Archaea are described to exhibit a mosaic character, as they share cellular features with 

Bacteria and Eukaryotes, and additionally exhibit unique archaeal properties. As Bacteria, 

Archaea are unicellular, lack organelles, and possess similar DNA structures (e.g. operon 

structures, one circular chromosome, plasmids). However, the archaeal information 

processing mechanisms resemble a simplified version of eukaryotic processes (e.g. 

replication, repair, transcription, and translation) (Lewis et al., 2021; Schocke et al., 2019), and 

also systems for posttranslational modifications are more similar to Eukarya (Esser et al., 2016; 

Jarrell et al., 2014; Eichler & Adams, 2005). While some hyperthermophilic proteins can be 

efficiently produced and purified using E. coli expression strains and heat precipitation as an 

efficient purification step, it has been reported that the production of other thermophilic and/or 

archaeal proteins was difficult using classical bacterial expression hosts (e.g. Martinez-

Espinosa, 2020; Straub et al., 2018). In this case, proper expression or protein folding and 

stability may depend on special cofactors, posttranslational modifications, or suitable 

expression conditions, such as temperature (Eichler & Adams, 2005; Martinez-Espinosa, 

2020; Straub et al., 2018). Thus, expression in the native or in a closely related organism was 

suggested as a suitable alternative for efficient protein synthesis (Straub et al., 2018).  
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The thermoacidophilic, aerobic crenarchaeon Sulfolobus acidocaldarius (Topt = 70-75°C, 

pHopt = 2-3; Brock et al., 1972; Chen et al., 2005) is considered an efficient archaeal model 

organism, both for physiological studies and as archaeal expression host. Among Sulfolobales, 

S. acidocaldarius is widely used for gene deletion studies as well as overexpression, thereby 

benefiting from its genomic stability (de Lise et al., 2023). A versatile genetic system has been 

established, which was based on the use of an uracil auxotrophic strain (S. acidocaldarius 

MW001, Wagner et al., 2012) in combination with vectors that complement uracil synthesis 

genes (pyrEF of Saccharolobus solfataricus; Wagner et al., 2012), thus serving for selection. 

(Lewis et al., 2021). Existing inducible S. acidocaldarius expression vectors rely on sugar-

inducible promoters (e.g. Para (L-arabinose) from saci_2122, Pxyl (D-xylose) from saci_1938 or 

Pmal (maltose) from saci_1165), and offer different N- or C-terminal protein tags (see van der 

Kolk et al., 2020 for an overview of available expression vectors and tags) that have been used 

successfully in various studies for the production of (recombinant) proteins (e.g. Stracke et al., 

2020; van der Kolk et al., 2020; Zweerink et al., 2017). In a comparative promoter screening, 

Para was identified as the most efficient promoter, exhibiting highest pentose-dependent 

induction levels with D-xylose and L-/D-arabinose, and also low basal activity (van der Kolk et 

al., 2020). While D-xylose and L-arabinose are metabolized by S. acidocaldarius, D-arabinose 

does not serve as a carbon source and can therefore act as an artificial inducer.  

Under the control of the native Para sequence, S. acidocaldarius expression vectors generate 

leaderless gene transcripts (Cohen et al., 2016). By definition, leaderless mRNAs may directly 

start with the initiation codon or may have up to five (Babski et al., 2016) or ten (Brenneis et 

�D�O������ ������������ �&�K�H�Q�� �H�W�� �D�O������ ������������ ���¶-terminal nucleotides upstream of the translation start codon 

���)�L�J�������������,�Q���F�R�Q�W�U�D�V�W�����O�H�D�G�H�U�H�G���P�5�1�$�V���F�D�U�U�\���D�����•-untranslated region (UTR), i.e. a non-coding 

�U�H�J�X�O�D�W�R�U�\���V�H�T�X�H�Q�F�H���D�W���W�K�H�����¶-end of the transcript. 5'-UTRs may or may not contain a Shine-

Dalgarno (SD) sequence motif (Hering et al., 2009; Srivastava et al., 2016; Wurtzel et al., 

2010). If present, the SD sequence (core sequence: GGAGGU (Shine & Dalgarno, 1975)) 

enables base pairing with the anti-Shine-Dalgarno sequen�F�H�����D�6�'���� �D�W���W�K�H�����¶-end of the 16S 

rRNA of the small ribosomal subunit (Ma et al., 2002; Torarinsson et al., 2005), thereby 

supporting translation initiation. Based on the direct interaction of SD to aSD, the SD is referred 

to as ribosome binding site (RBS). However, in the process of translation initiation, the 

ribosome covers a region of approx. 30 nts in length, including the surrounding area of the SD 

sequence (Reeve et al., 2014). Accordingly, the ribosome docking site (RDS) has been defined 

to consist of the SD sequence, the translation start codon, the intermediate spacer region (of 

variable length and nucleotide composition), and the first nucleotides of the coding sequence 

(Chen et al., 1994) (Fig. 1). In general, mRNAs can carry UTRs at the 5' and 3'-end, and both 

are known to be involved in many important regulatory processes, including translation 
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initiation, transcript stability, mRNA secondary structure formation, and posttranscriptional 

regulation, e.g. through the action of RNA binding proteins or small regulatory RNAs (Brenneis 

& Soppa, 2009; Gomes-Filho et al., 2018; Ren et al., 2017).  

 

 

Figure 1 : Structural elements of leaderless mRNA and leadered mRNA with an SD motif. A) Leaderless 

mRNA is composed of an open reading frame (ORF), defined by a translation start and stop codon, and 

�D�����¶-terminal untranslated region (UTR). Optionally, up to ten nucleotides �P�D�\���E�H���O�R�F�D�O�L�]�H�G���D�W���W�K�H�����¶���H�Q�G 

(Brenneis et al., 2007). B���� �/�H�D�G�H�U�H�G�� �P�5�1�$�� �I�H�D�W�X�U�H�V�� �D�� ���¶-�W�H�U�P�L�Q�D�O�� �8�7�5�� ���P�R�U�H�� �W�K�D�Q�� �W�H�Q�� ���¶-terminal 

nucleotides), which may contain a Shine-Dalgarno (SD) sequence that allows direct interaction with the 

aSD sequence of the 16S rRNA. The region between SD and translation start codon is defined as spacer 

region. The ribosome docking site (RDS) includes SD, spacer and the first nucleotides of the coding 

region (Reeve et al., 2014; Chen et al., 1994).  

 

�7�K�H�� �X�V�H�� �R�I�� �D�� ���¶-UTR, including a preserved SD sequence, is common for many bacterial 

expression vectors, and in Bacteria the insertion, enlargement, or modification of �W�K�H�����¶-UTR 

(RBS) has been shown to increase plasmid-encoded protein production significantly (e.g. 

Liebeton et al., 2014; Vellanoweth & Rabinowitz, 1992; Volkenborn & Kuschmierz et al., 2020). 

�,�Q�� �F�R�Q�W�U�D�V�W���� �W�K�H�� �X�V�H�� �R�I�� ���¶-UTRs is less described for archaeal expression plasmids (e.g. 

Brenneis et al., 2007; Akinyemi et al., 2021). In this study, we systematically analyzed the 

�H�I�I�H�F�W���R�I�����¶-UTR insertions into S. acidocaldarius expression plasmids for the production of a 

reporter protein (esterase Saci_1116) and �D�S�S�O�L�H�G�� �W�K�H�� ���¶-UTR-optimized expression vectors 

with N- or C-terminal located Twin-Strep tags for the production of archaeal 

glycosyltransferases.   



Laura Kuschmierz  Manuscripts: Chapter 4.3 

99 
 

Materials and Methods  

Strains and growth conditions  

The uracil auxotrophic mutant S. acidocaldarius MW001 (Wagner et al., 2012) was used as 

the expression host. The strain originates from S. acidocaldarius DSM639, but lacks 322 bp of 

pyrE (saci_1597), enabling genetic selection. Cultures were grown aerobically in Brock 

medium (Brock et al., 1972) at pH 3.0, 140 rpm, and 76°C (New Brunswick Innova 44 

incubator, Eppendorf, Germany). Cell growth was monitored by turbidity measurements at 

600 nm. S. acidocaldarius MW001 cultures were supplemented with 10 µg/mL uracil 

(min. 99%, Merck, Germany). Transformed clones of S. acidocaldarius MW001, carrying an 

expression plasmid with pyrEF from Saccharolobus solfataricus, were grown without the 

addition of uracil.  

Escherichia coli �'�+���.�� �D�Q�G���(�5���������� ���1�H�Z���(�Q�J�O�D�Q�G���%�L�R�O�D�E�V�� USA) were used for cloning and 

methylation of S. acidocaldarius expression plasmids, respectively. The strains were grown in 

Lysogeny broth (LB) medium (Carl Roth, Germany), supplemented with respective antibiotics, 

at 37°C (and 180 rpm for liquid cultures).  

 

Plasmid construction  

pBSaraFX-xxxUTR-Nt/Ct-SS plasmids are originally based on pSVAaraFX-Nt/Ct-SS 

expression vectors (van der Kolk et al., 2020). They possess the vector backbone of 

Sulfolobus islandicus plasmid pRN1 (Lipps, 2004) and contain basal shuttle vector elements 

such as origins of replication for S. acidocaldarius and E. coli, as well as pyrEF from 

S. solfataricus �D�Q�G�� �D�Q�� �D�P�S�L�F�L�O�O�L�Q�� �U�H�V�L�V�W�D�Q�F�H�� �J�H�Q�H�� ����-lactamase) for selection in 

S. acidocaldarius or E. coli, respectively. The gene of interest expression cassette is flanked 

by different restriction sites and is composed of the pentose-inducible promoter of saci_2122 

(Para) and lacI, lacZ as a reporter system enabling blue/white screening in E. coli. The vector 

encodes a Twin-Strep tag, enabling N- or C-terminal protein tagging (pSVAaraFX-NtSS or -

CtSS; van der Kolk et al., 2020). �³�)�;�´�� �L�Q�G�L�F�D�W�H�V���W�K�D�W���W�K�H���)�;�� �F�O�R�Q�L�Q�J���V�W�U�D�W�H�J�\�� �F�D�Q���E�H���D�S�S�O�L�H�G��

(class IIS restriction enzyme SapI; Geertsma & Dutzler, 2011). 

�,�Q�W�H�J�U�D�W�L�R�Q���R�I���G�L�I�I�H�U�H�Q�W�����¶-UTR sequences into the saci_1116  expression plasmid  

In this study, the pSVAaraFX-saci_1116-CtSS expression plasmid was expanded by the 

�L�Q�V�H�U�W�L�R�Q���R�I���G�L�I�I�H�U�H�Q�W�����¶-untranslated region sequences that were integrated directly upstream 

of the translation start codon of the reporter gene saci_1116 (Fig. S1, S2). The insertion of a 

���¶-UTR was achieved using standard cloning procedures: modified promoter-���¶-UTR 
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fragments were PCR amplified with a fwd-primer (UTR-fwd, Tab. S1), that bound to the vector 

backbone upstream of the saci_2122 promoter, in combination with a rev-primer containing 

�W�K�H���G�H�V�L�U�H�G�����¶-UTR sequence and a NcoI restriction site that bound upstream of the translation 

start codon (Tab. S1). pSVAaraFX-CtSS served as PCR template. The resulting PCR product 

consisted of a fragment of the vector backbone, carrying a SacII restriction site, Para, and the 

newly added ���¶-UTR sequence with a NcoI restriction site. The fragment was cloned into 

pSVAaraFX-saci_1116-CtSS by restriction with SacII and NcoI followed by ligation. The 

resulting saci_1116 expression plasmid, cont�D�L�Q�L�Q�J���D�����¶-UTR, was named pBSaraFX-xxxUTR-

saci_1116-CtSS. Successful cloning was confirmed by sequencing (LGC genomics, 

Germany). 

Change in the identity of nucleotides -2 and -1 in the alba ���¶-UTR in pBSaraFX -albaUTR-

saci_1116 -CtSS 

To analyze the influence of the -2 and -1 nucleotides on gene expression, these two 

nucleotides located directly upstream of the translation start codon within the alba ���¶-UTR 

sequence were modified by QuikChange PCR® using appropriate primer pairs (Tab. S1; 

Edelheit et al., 2009) and pBSaraFX-albaUTR-saci_1116-CtSS as the template (Tab. 1).  

Generation of cloning vectors pBSaraFX -albaUTR-CtSS and -NtSS 

Generally, S. acidocaldarius expression vectors contain lacI and lacZ in the expression 

cassette for blue/white screening in E. coli. To enable this feature to be used in the cloning 

process of alba ���¶-UTR containing plasmids, two alba ���¶-UTR cloning vectors with inserted lacI, 

lacZ, and an N- or C-terminal Twin-Strep tag were generated. pBSaraFX-albaUTR-NtSS (N-

terminal Twin-Strep tag) was generated by the insertion of the original alba (saci_1322���� ���¶-

UTR (���¶ GATAGGTGGTTTAA ���¶����directly upstream of the gene expression cassette start 

codon into pSVAaraFX-NtSS by overlap PCR using the primer pair saci_1322-UTR-NtSS-fwd 

and -rev (Tab. S1). To obtain the cloning vector pBSaraFX-albaUTR-CtSS (C-terminal Twin-

Strep tag), the saci_1116 expression plasmid pBSaraFX-albaUTR-saci_1116-CtSS as well as 

the vector pSVAaraFX-CtSS, containing lacI and lacZ, were restricted with NcoI and XhoI. The 

obtained vector backbone and the lacI-lacZ fragment were ligated, resulting in cloning vector 

pBSaraFX-albaUTR-CtSS (containing the modified alba ���¶-�8�7�5�������¶ GATAGGTGGTTTCC ���¶��.  

Cloning of gene expression plasmids for  LacS and  glycosyltransferases  

Genes of interest, namely saci_1911 and saci_1915 from S. acidocaldarius as well as lacS 

from S. solfataricus, were cloned into pBSaraFX-albaUTR-Nt/CtSS expression vectors 

(Tab. 1). All cloning primers and the used restriction sites are included in Tab. S1.  
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Table 1 : Plasmids used in this study. 

Name 
 

Description  

pSVAaraFX-CtSS �&�O�R�Q�L�Q�J���Y�H�F�W�R�U���Z�L�W�K�R�X�W�����¶-UTR sequence, with saci_2122promoter, 
C-terminal Twin-Strep tag and lacI-lacZ from E. coli for blue-white 
screenings (van der Kolk et al., 2020) 

pSVAaraFX-NtSS �&�O�R�Q�L�Q�J���Y�H�F�W�R�U���Z�L�W�K�R�X�W�����¶-UTR sequence, with saci_2122 promoter, 
N-terminal Twin-Strep tag and lacI-lacZ from E. coli for blue-white 
screenings (van der Kolk et al., 2020) 

pSVAaraFX-saci_1116-CtSS saci_1116 expression plasmid based on pSVAaraFX-CtSS; silent 
mutation at nucleotide position 822 in saci_1116: T �Æ C, deletion 
of NcoI site 

pSVAaraFX-saci_1116-NtSS saci_1116 expression plasmid based on pSVAaraFX-NtSS; silent 
mutation at nucleotide position 822 in saci_1116: T �Æ C, deletion 
of NcoI site 

pBSaraFX-alba UTR-CtSS Cloning vector pBSaraFX-�&�W�6�6�� �Z�L�W�K�� ���¶-UTR from saci_1322 
(Alba), -2 and -1 nucleotides: CC; with saci_2122 promoter, C-
terminal Twin-Strep tag and lacI-lacZ from E. coli for blue-white 
screenings 

pBSaraFX-alba UTR-NtSS Cloning vector pBSaraFX-�1�W�6�6�� �Z�L�W�K�� ���¶-UTR from saci_1322 
(Alba), -2 and -1 nucleotides: AA, with saci_2122 promoter, N-
terminal Twin-Strep tag and lacI-lacZ from E. coli for blue-white 
screenings 

pBSaraFX-alba UTR-
saci_1116-CtSS 

pSVAaraFX-saci_1116-�&�W�6�6���Z�L�W�K�����¶-UTR insertion from 
saci_1322 (14 nt; Alba), -2 and -1 nucleotides modified for cloning 
(NcoI site): AA �Æ CC 

pBSaraFX-alba UTR-
saci_1116-NtSS 

pSVAaraFX-saci_1116-�1�W�6�6�� �Z�L�W�K�� ���¶-UTR insertion from 
saci_1322 (Alba), -2 and -1 nucleotides: AA 

pBSaraFX-saci_0330 UTR-
saci_1116-CtSS 

pSVAaraFX-saci_1116-�&�W�6�6�� �Z�L�W�K�� ���¶-UTR insertion from 
saci_0330 (16 nt), -2 and -1 nucleotides modified for cloning (NcoI 
site): AG �Æ CC 

pBSaraFX-�7�K�. UTR-
saci_1116-CtSS 

pSVAaraFX-saci_1116-�&�W�6�6�� �Z�L�W�K�� ���¶-UTR insertion from 
saci_1401 (16 �Q�W�����7�K�.������-2 and -1 nucleotides modified for cloning 
(NcoI site): AA �Æ CC 

pBSaraFX-SlaB UTR-
saci_1116-CtSS 

pSVAaraFX-saci_1116-�&�W�6�6�� �Z�L�W�K�� ���¶-UTR insertion from 
saci_2354 (27 nt; SlaB), -2 and -1 nucleotides modified for cloning 
(NcoI site): GT �Æ CC 

pBSaraFX-SlaA UTR-
saci_1116-CtSS 

pSVAaraFX-saci_1116-�&�W�6�6���Z�L�W�K�����¶-UTR insertion from 
saci_2355 (13 nt; SlaA), -2 and -1 nucleotides modified for 
cloning (NcoI site): GT �Æ CC 

pBSaraFX-alba UTR-AC-
saci_1116-CtSS 

pBSaraFX-albaUTR-saci_1116-CtSS, -2 and -1 nucleotides: AC 

pBSaraFX-alba UTR-AA-
saci_1116-CtSS 

pBSaraFX-albaUTR-saci_1116-CtSS, -2 and -1 nucleotides: AA 

pSVAaraFX-lacS-Nt/CtSS lacS expression plasmid based on pSVAaraFX-Nt/CtSS 
pBSaraFX-alba UTR-lacS-
Nt/CtSS 

lacS expression plasmid based on pBSaraFX-albaUTR-Nt/CtSS 

pSVAaraFX-saci_1911-CtSS saci_1911 expression plasmid based on pSVAaraFX-CtSS 
pBSaraFX-alba UTR-
saci_1911-CtSS 

saci_1911 expression plasmid based on pBSaraFX-albaUTR-
CtSS 

pSVAaraFX-saci_1915-
Nt/CtSS 

saci_1915 expression plasmid based on pSVAaraFX-Nt/CtSS  

pBSaraFX-alba UTR-
saci_1915-Nt/CtSS 

saci_1915 expression plasmid based on pBSaraFX-albaUTR-
Nt/CtSS 
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Transformation of S. acidocaldarius  MW001 

Competent cells were prepared according to Wagner et al., 2012, and transformed with 

methylated plasmids using a Gene Pulser Xcell (Bio-Rad, Germany) at 2000 V, 600 �
 , and 

25 µF in 1 mm cuvettes. Cell recovery was performed in Brock medium (pH 5.0), 

supplemented with 0.1% (w/v) N-Z-amine (casein enzymatic hydrolysate N-Z-Amine® AS, 

Merck, Germany), for 30 min-4 h at 76°C in a heat block (speed of 300 rpm; ThermoMixer 

F1.5, Eppendorf, Germany) (Wagner et al., 2014). Cells were plated on Gelrite-Brock plates 

with 0.6% (w/v) Gelrite® (Gellan Gum: K9A-40, Serva Electrophoresis, Heidelberg, Germany), 

0.1% (w/v) N-Z-amine and 0.2% (w/v) dextrin (pure, Carl Roth, Germany), lacking uracil. Plates 

were incubated in a closed metal box for 5-6 d at 76°C.  

 

S. acidocaldarius  MW001 expression cultures  

After transformation of S. acidocaldarius MW001 and incubation of cells on Gelrite-Brock 

plates, clones were transferred to liquid Brock medium (0.1% (w/v) N-Z-amine (Merck, 

Germany) and 0.2% (w/v) dextrin (Carl Roth, Germany), pH 3.0), and cultures were grown to 

the late log growth phase (OD600nm 0.9-1.2) at 140 rpm and 76°C. The presence of the 

expression plasmid was verified by colony PCR using gene-specific primer pairs (Tab. S1). 

Positive cell cultures, carrying an expression plasmid with SSOpyrEF, were used to inoculate 

pre-cultures for S. acidocaldarius expression. Pre-cultures were cultivated in Brock medium 

supplemented with 0.1% (w/v) N-Z-amine (Merck, Germany) and 0.2% (w/v) dextrin (Carl Roth, 

Germany) without uracil until the log growth phase. Expression cultures were inoculated to an 

OD600nm of 0.05-0.1, and 0.1% (w/v) N-Z-amine as well as 0.3% (w/v) D-xylose (min. 99%, Carl 

Roth, Germany) was added to the medium. Expression cultures were grown at 140 rpm and 

76°C (New Brunswick Innova 44 incubator, Eppendorf, Germany). Cells were harvested by 

centrifugation (7000 x g, 4°C, 20 min) at OD600nm values of 0.6 or 0.9-1.2, as stated in the 

results section. Cell pellets were stored at -80°C until further use.  

 

Sodium dodecyl sulphate -polyacrylamide gel electrophoresi s (SDS-PAGE) and 

immunoblotting of S. acidocaldarius  cell lysate samples  

S. acidocaldarius cell samples were adjusted to a theoretical OD600nm of 10 by resuspension 

of cells in appropriate volumes of 50 mM TRIS/HCl pH 7.5 with 0.5% (v/v) Triton X-100 (Gerbu, 

Germany). 5x SDS-PAGE loading dye (125 mM TRIS/HCl pH 6.8, 4% (w/v) SDS, 20% (v/v) 

�J�O�\�F�H�U�R�O���� �������� ���Y���Y���� ��-mercaptoethanol, 0.01% (w/v) Bromophenol Blue) was added and 
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samples were heated for 5 min at 99 °C. 5 µl of PageRuler Unstained or PageRuler (Plus) 

Prestained Protein Ladder (Thermo Fisher Scientific, USA) and 20 µl of each cell lysate sample 

(approx. 30 µg of protein) were applied to SDS-PAGE. Gels were either stained by Coomassie 

Brilliant Blue staining (0.05% (w/v) Coomassie Brilliant Blue G-250 (Merck, Germany), 

40% (v/v) ethanol, 10% (v/v) acetic acid) and imaged using the Molecular Imager Gel Doc XR 

System and the Quantity One Software Package (Bio-Rad, Germany), or they were used for 

immunodetection. Proteins were transferred on a PVDF membrane (Roti-PVDF, pore size 

0.45 µm, Carl Roth, Germany) using blotting buffer (50 mM TRIS, 40 mM glycine, 0.1% (w/v) 

SDS, 20% (v/v) EtOH (p.a.)) and the Bio-Rad trans-blot® TurboTM Trans System (25 V, 0.5-

1 A, 25 min; Bio-Rad, Germany). Afterward, the membrane was blocked with 0.2% (w/v) 

Tropix® I-BLOCK (Applied Biosystems, Thermo Fisher Scientific, USA) in TBS-T buffer (20 mM 

TRIS-HCl pH 7.5, 500 mM NaCl, 0.05% (v/v) Tween 20) at 4°C overnight. The next day, the 

membranes were floated in a solution of 1:50000 Strep-Tactin HRP conjugate (IBA 

Lifesciences, Germany) with 0.1% (w/v) I-BLOCK in TBS-T buffer and incubated while shaking 

at RT for 1-2 h. The membrane was washed twice using 0.1% (w/v) I-BLOCK in TBS-T buffer 

for 10 min each, followed by two washing steps using TBS-T and TBS buffer, respectively. 

Clarity Western ECL Substrate (Bio-Rad, Germany) and the VersaDoc MP-4000 imaging 

system (Bio-Rad, Germany) were used for immunodetection and documentation. 

 

Bicinchoninic acid (BCA) protein assay of S. acidocaldarius  cell lysates  

S. acidocaldarius cell suspensions were adjusted to a theoretical OD600nm of 5 by resuspension 

of cells in 50 mM TRIS/HCl pH 7.5 with 0.5% (v/v) Triton X-100 (Gerbu, Germany). Cells were 

lysed by sonication (ultrasonic processor UP 200s (Hielscher Ultrasonics, Germany)) with a 

cycle of 0.5 s-1 and an amplitude of 50% for 1 min on ice. Protein concentrations in cell lysate 

samples were determined using the bicinchoninic acid (BCA) assay (Uptima BC assay protein 

quantification kit, France). Cell lysates (25 µL) and bovine serum albumin (BSA) protein 

standards (0-1 mg/mL BSA (Merck, Germany) in resuspension buffer) were transferred in the 

wells of a 96-well microtiter plate (MTP; flat bottom, polystyrene, Sarstedt, Germany) and 

mixed with 200 µL BCA solution each. For each biological replicate three technical replicates 

were analyzed. After 3 h of incubation at room temperature absorption at 562 nm was 

determined in a Tecan plate reader (Tecan Infinite® M200, NanoQuant PlateTM; Tecan, 

Switzerland).  
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Esterase activity assay (Saci_1116)  

To determine the esterase activity of Saci_1116 in cell lysates of S. acidocaldarius cultures, 

para-nitrophenyl acetate (pNPA, Merck, Germany) was used as a substrate (Sobek & Görisch, 

1988 and 1989). 175 µL of 50 mM TRIS/HCl (pH 7.5) and 5 µL of 10-fold diluted 

S. acidocaldarius cell lysate sample (diluted with reaction buffer) were pipetted into the wells 

of a 96-well MTP (flat bottom, polystyrene, Sarstedt, Germany) and pre-warmed in the Tecan 

plate reader at 42°C for 10 min (Tecan Infinite® M200, NanoQuant PlateTM; Tecan, 

Switzerland). Afterward, 20 µl of 10 mM pNPA (dissolved in acetonitrile) were added to the 

wells by automatic dispension, yielding a substrate concentration of 1 mM pNPA in the assay. 

Measurements were performed in 60 s cycles at 410 nm for 1 h, following the formation of pNP 

(4-nitrophenol). pNP (Merck, Germany) calibration curves were conducted under the same 

conditions. Experiments were performed in three biological and three technical replicates. 

Enzyme activity measurements of purified esterase Saci_1116-CtSS were performed under 

the same assay conditions, using approx. 40 and 20 ng of pure protein. The initial reaction 

velocities were used for the calculation of activities. pNP production was calculated using the 

established pNP calibration curve. Specific enzyme activities (U/mg of protein) were 

�G�H�W�H�U�P�L�Q�H�G�� �E�\�� �W�K�H�� �S�U�R�W�H�L�Q�� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q�� �R�E�W�D�L�Q�H�G�� �L�Q�� �W�K�H�� �%�&�$�� �D�V�V�D�\���� �6�W�X�G�H�Q�W�¶�V�� �W-test was 

performed to determine significant differences between the measurements of specific activity 

�X�Q�G�H�U���W�K�H���L�Q�I�O�X�H�Q�F�H���R�I���G�L�I�I�H�U�H�Q�W�����¶-UTR sequences (absence or presence of alba ���¶-UTR, alba 

���¶-UTR with different -2 and -�����Q�X�F�O�H�R�W�L�G�H���F�R�P�S�R�V�L�W�L�R�Q�V�����X�V�H���R�I���G�L�I�I�H�U�H�Q�W�����¶-UTR sequences). 

In general, the null hypothesis was: the esterase activity (protein production) is the same in 

both compared expression conditions. The null hypothesis was rejected at a 95% confidence 

level if the p-value was less than 0.05, indicating that there was a statistically significant 

difference between two conditions.  
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Purification of Twin -Strep -tagged proteins from S. acido caldarius  crude 

extracts  

�3�X�U�L�I�L�F�D�W�L�R�Q�� �Z�D�V�� �S�H�U�I�R�U�P�H�G�� �D�F�F�R�U�G�L�Q�J�� �W�R�� �W�K�H�� �P�D�Q�X�I�D�F�W�X�U�H�U�¶�V�� �L�Q�V�W�U�X�F�W�L�R�Q�V�� ���,�%�$�� �/�L�I�H�V�F�L�H�Q�F�H�V����

Germany). Briefly, S. acidocaldarius cell suspensions were adjusted to a theoretical OD600nm 

of 5 by resuspension in buffer W (100 mM TRIS/HCl pH 8.0, 150 mM NaCl). Cells were 

disrupted by sonication (UP 200s, Hielscher Ultrasonics, Germany) with a cycle of 0.5 s-1 and 

an amplitude of 55% three times for 5 min each on ice (cooling pauses of 1 min each) and cell 

lysates were centrifuged at 16,000 x g and 4°C for 40 min to remove cell debris. Supernatants 

were filtered (0.45 µm polyvinylidene fluoride membrane, Carl Roth, Germany) and Twin-Strep 

tagged proteins of interest were purified from crude extracts (soluble fraction) using the Strep-

Tactin®XT Superflow® Kit (IBA Lifesciences, Germany). Purification was performed according 

�W�R���W�K�H���P�D�Q�X�I�D�F�W�X�U�H�U�¶�V���L�Q�V�W�U�X�F�W�L�R�Q�V�����X�V�L�Q�J���E�X�I�I�H�U���%�;�7���������� mM TRIS/HCl pH 8.0, 150 mM NaCl, 

1 mM EDTA, 50 mM biotin) as elution buffer. Protein purity was analyzed by SDS-PAGE and 

the protein concentration was determined using the Bradford assay (QuickStartTM, Bio-Rad, 

Germany) with BSA as the protein standard (Zor & Selinger, 1996).  
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Results  

Influence of the alba ���¶-UTR on the plasmid -encoded production of esterase 

Saci_1116 

In the past, the sugar-inducible promoter Para (saci_2122) has been shown to be the most 

suitable promoter available to achieve high protein production in S. acidocaldarius (van der 

Kolk et al.; 2020). According to RNA sequencing data (Cohen et al., 2016; 

https://exploration.weizmann.ac.il/TCOL/), the Para sequence does not generate a functional 

mRNA leader, resulting in the transcription of leaderless gene transcripts. Therefore, we were 

wondering whether the �L�Q�V�H�U�W�L�R�Q���R�I���D�����¶-UTR sequence (RBS) could further improve plasmid-

based protein production in S. acidocaldarius. In the �I�L�U�V�W���V�W�H�S�����W�K�H���H�I�I�H�F�W���R�I���D�����¶-UTR on the 

�\�L�H�O�G���R�I���S�U�R�W�H�L�Q���Z�D�V���D�Q�D�O�\�]�H�G���X�V�L�Q�J���W�K�H�����¶-UTR sequence of the Alba encoding gene saci_1322 

(alba). Alba (Acetylation Lowers Binding Affinity) (Laurens et al., 2012) is a conserved archaeal 

double-stranded DNA binding protein (Wardleworth et al., 2002; Cajili & Prieto, 2022). 

Previously, Alba was reported to be highly abundant in Sulfolobus shibatae (4.8% of the 

cellular protein; Mai et al., 1998), and also available full proteome data from S. acidocaldarius 

identified it as the most abundant cellular protein under different growth conditions (label-free 

quantification intensity, 0.2% (w/v) NZA and 0.2% (w/v) D-xylose; Ninck et al., unpublished). 

The alba transcript comprises a 14 �Q�W�V���O�R�Q�J�����¶-�8�7�5�������¶ GAUAGGUGGUUUAA ���¶) (Cohen et 

al., 2016; Busche et al., unpublished) that obtains an SD sequence motif of 5 nts in length 

(bold). The esterase Saci_1116 was chosen as reporter protein, since the enzyme was already 

biochemically characterized (Sobek & Görisch (1988, 1989)), and was used as model protein 

in the optimization of the S. acidocaldarius expression system before (van der Kolk et al., 

2020). Existing expression plasmids containing Para and encoding saci_1116 as a reporter 

gene and an N- or C-terminal Twin-Strep tag (NtSS or CtSS, Tab. 1) served as templates for 

the insertion of alba ���¶-UTR and as reference plasmids (Fig. S1). The alba ���¶-UTR was inserted 

�G�L�U�H�F�W�O�\�� �X�S�V�W�U�H�D�P�� �R�I�� �W�K�H�� �U�H�S�R�U�W�H�U�� �J�H�Q�H�� �V�W�D�U�W�� �F�R�G�R�Q�� ���³�$�7�*�´���� �)�L�J���� �6�������� �7�K�H�� �U�H�V�X�O�W�L�Q�J��

S. acidocaldarius expression plasmids were called pBSaraFX-albaUTR-saci_1116-NtSS or -

CtSS, respectively (Tab. 1, Fig. S1, S2). First, reporter protein production was investigated by 

SDS-PAGE (Fig. 2).   
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Figure 2 : Effect of alba ���¶-UTR on homologous production of esterase reporter protein. Production of 

esterase Saci_1116 by S. acidocaldarius �0�:�������� �Z�L�W�K�R�X�W�� ���¶-UTR (-�8�7�5���� �&�W�6�6���� �D�Q�G�� �Z�L�W�K�� �W�K�H�� ���¶-UTR 

sequence of alba (+alba UTR) in presence of a C-terminal (Ct) or N-terminal (Nt) located Twin-Strep 

tag (SS), respectively. Expression cultures were grown in Brock medium (pH 3.0) supplemented with 

0.1% (w/v) NZA and 0.3 (w/v) D-xylose at 140 rpm and 76°C. S. acidocaldarius MW001 without plasmid 

served as reference (MW001). -UTR: pSVAaraFX-saci_1116-CtSS; +alba UTR: pBSaraFX-albaUTR-

saci_1116-CtSS/NtSS. A) Coomassie-stained SDS-PAGE gel of cell lysate samples. For all cell 

samples, an OD600nm value of 10 was adjusted and 20 µL of each sample were applied to SDS-PAGE. 

B) SDS-PAGE image of Saci_1116-CtSS purification from crude extract of S. acidocaldarius MW001 

pBSaraFX-albaUTR-saci_1116-CtSS by affinity chromatography (M: marker (protein ladder), CL: cell 

lysate; CE: crude extract (soluble fraction after cell lysis); MF: membrane fraction (insoluble fraction after 

cell lysis); FT: flow-through fraction of affinity chromatography; W: wash fraction; E: elution fraction, 3 µg 

protein). Theoretical molecular weights (MWs): Saci_1116-NtSS: 37.1 kDa, Saci_1116-CtSS: 36.8 kDa. 

 

As shown by SDS-PAGE, insertion of the alba ���¶-UTR into the saci_1116-CtSS expression 

plasmid resulted in a substantial increase in the amount of reporter protein (Fig. 2A). 

Compared with the C-terminal tag, less Saci_1116 was produced using an N-terminal tag 

location (Fig. 2A), which is in agreement with previous studies (van der Kolk et al., 2020). The 

soluble protein fraction (crude extract) of the S. acidocaldarius MW001 pBSaraFX-albaUTR-

saci_1116-CtSS expression culture was applied to affinity chromatography. The majority of 

Saci_1116-CtSS was present in the soluble fraction and was efficiently purified using the C-

terminal Twin-Strep tag (Fig. 2B). As determined by protein quantification, four times more 

reporter protein was obtained from crude extracts of expression cultures with the alba ���¶-UTR 

modified plasmid compared with �W�K�H�� �Y�H�F�W�R�U�� �Z�L�W�K�R�X�W�� ���¶-UTR (Fig. S3). Purified esterase 

Saci_1116-CtSS had a specific activity of 124.5 U/mg with pNP-acetate as substrate at 42°C. 

In summary, the insertion of alba ���¶-UTR to the saci_1116-CtSS expression plasmid led to a 

significantly increased production of soluble, active esterase reporter protein. 



Manuscripts: Chapter 4.3  Laura Kuschmierz 

108 
 

�(�I�I�H�F�W���R�I�����¶-UTR insertion on promoter activity  

To control if the insertion of the alba ���¶-UTR to the expression plasmid had any effect on the 

functionality and selective induction of the pentose inducible promoter (saci_2122 promoter 

Para), the influence of different sugars on reporter protein production was investigated (Fig. 3). 

 

 

Figure 3 : Effect of alba ���¶-UTR insertion on promoter functionality and activity. S. acidocaldarius MW001 

was transformed with pBSaraFX-albaUTR-saci_1116-CtSS (+alba UTR) or pSVAaraFX-saci_1116-

CtSS (-UTR). Expression cultures were grown in Brock medium (pH 3.0) with 0.1% (w/v) NZA and 

different carbon sources (suc: 0.3% (w/v) sucrose; D-xyl: 0.3% (w/v) D-xylose, D-ara: 0.05% (w/v) D-

arabinose) at 76°C. A) Coomassie-stained SDS-PAGE gel of cell lysate samples. B) Immunodetection 

of the Twin-Strep-tagged esterase Saci_1116 using Strep-Tactin-HRP conjugate. Theoretical MW of 

Saci_1116-CtSS: 36.8 kDa. M: marker (protein ladder). 

 

The functionality of the pentose-inducible promoter was not affected by the insertion of the 

alba ���¶-UTR to the expression construct (Fig. 3). Gene expression was clearly and almost 

exclusively induced by the addition of pentoses, whereas only very low basal expression was 

observed with sucrose, a disaccharide composed of the two hexoses D-glucose and D-

fructose (Fig. 3B). Therefore, the insertion of the alba ���¶-UTR did not impact Para inducibility 

and its specificity for pentoses (van der Kolk et al., 2020), but resulted in increased levels of 

reporter protein compared with the expression construct wi�W�K�R�X�W�����¶-UTR (Fig. 3).   
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Influence of -2 and -1 nucleotide identities of alba ���¶-UTR on reporter protein 

production  

In general, expression vectors should allow easy integration of GOIs by using appropriate 

restriction sites and cloning strategies. In pSVAara expression vectors, a NcoI restriction site 

�����¶ �&�¶�&ATGG ���¶�����F�D�Q���E�H���X�V�H�G���D�V���X�S�V�W�U�H�D�P���F�O�R�Q�L�Q�J���V�L�W�H��for restriction- and ligation-dependent 

GOI integration. When using vectors with an N-terminal protein tag, this NcoI restriction site is 

located downstream of the tag-�H�Q�F�R�G�L�Q�J�� �Q�X�F�O�H�R�W�L�G�H�� �V�H�T�X�H�Q�F�H���� �7�K�X�V���� �D�� ���¶-UTR integration 

upstream of the N-terminal tag-coding sequence does not affect the NcoI cloning site (Fig. S1). 

However, in vectors with C-�W�H�U�P�L�Q�D�O���S�U�R�W�H�L�Q���W�D�J�V�����L�Q�V�H�U�W�L�R�Q���R�I���W�K�H���³�R�U�L�J�L�Q�D�O�´�����¶-UTR sequence 

of alba �����¶ GATAGGTGGTTTAA ���¶���� �G�L�U�H�F�W�O�\�� �X�S�V�W�U�H�D�P�� �R�I�� �W�K�H�� �W�U�D�Q�V�O�D�W�L�R�Q�� �V�W�D�U�W�� �F�R�G�R�Q�� ���³�$�7�*�´����

would interfere with the NcoI restriction site used for GOI integration, which simultaneously 

encodes the translation start codon in C-terminal tag vectors (Nco�,���V�L�W�H�������¶ �&�¶�&ATGG ���¶�����V�W�D�U�W��

codon in bold) (Fig. S1).  

�7�K�H�U�H�I�R�U�H�����W�K�H���W�Z�R���Q�X�F�O�H�R�W�L�G�H�V���O�R�F�D�W�H�G���D�W���W�K�H�����¶-�H�Q�G���R�I���W�K�H�����¶-UTR, i.e. immediately upstream 

of the start codon, hereafter referred to as -2 and -1 nucleotides, were modified to retain the 

NcoI restriction site also in C-terminal protein tag vectors. Consequently, in order to keep the 

overall length of the alba ���¶-UTR, the identities of -2 and -1 nucleotides were changed from 

�³�$�$�´���W�R���³�&�&�´���W�R���P�D�L�Q�W�D�L�Q���W�K�H��NcoI restriction site. We investigated whether a change in these 

nucleotide identities (i.e. from AA to AC or CC) had an effect on reporter protein production by 

analyzing enzyme activity as well as SDS-PAGE and immunodetection (Fig. 4).  
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Figure 4 : Influence of -2 and -1 nucleotide identities in alba ���¶-UTR on the production of C-terminal 

tagged esterase. Expression studies were performed using different saci_1116-CtSS expression 

�F�R�Q�V�W�U�X�F�W�V�����H�L�W�K�H�U���Z�L�W�K�R�X�W�����¶-UTR (-UTR) or with the alba ���¶-UTR with different nucleotide sequences at 

the -2 and -1 positions, i.e. AA, AC, or CC (A). Expression cultures were grown as described in Figure 

legend 2. Expression cultures were harvested at OD600nm values of 0.6 (log growth phase). 

S. acidocaldarius MW001 without any plasmid served as reference (MW001). B) Esterase activity in cell 

lysate samples of S. acidocaldarius MW001 expression cultures as determined in a continuous assay 

using pNP-acetate as substrate, following pNP formation at 410 nm and 42°C. Error bars indicate the 

errors of three biological replicates (n=3). Excerpts from respective SDS-PAGE analysis of cell lysate 

samples (upper lane) and Saci_1116-CtSS immunodetection (lower lane) are shown (for complete 

images see Fig. S4).  

 

The specific esterase activities determined in cell lysates of S. acidocaldarius expression 

cultures were similar for all tested -2 and -���� �Q�X�F�O�H�R�W�L�G�H�� �L�G�H�Q�W�L�W�L�H�V�� ���³�$�$�´���� �³�$�&�´�� �D�Q�G�� �³�&�&�´��

(Fig. 4A)). While �D���V�O�L�J�K�W���S�U�H�I�H�U�H�Q�F�H���R�I���³�$�$�´�����R�U�L�J�L�Q�D�O���8�7�5�����R�Y�H�U���³�$�&�´���D�Q�G���³�&�&�´���Q�X�F�O�H�R�W�L�G�H�V���Z�D�V��

observed for the mean values (Fig. 4B), the different alba ���¶-UTR variants performed the same 

�F�R�Q�V�L�G�H�U�L�Q�J���W�K�H���V�W�D�Q�G�D�U�G���G�H�Y�L�D�W�L�R�Q�V���D�Q�G���W�K�H���U�H�V�X�O�W�V���R�I���6�W�X�G�H�Q�W�¶�V���W-test (Tab. S2, Tab. S3). SDS-

PAGE analysis and esterase immunodetection confirmed the results observed in esterase 
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activity measurements (Fig. 4B; Fig. S4). Compared with �W�K�H���H�[�S�U�H�V�V�L�R�Q���F�R�Q�G�L�W�L�R�Q�V���Z�L�W�K�R�X�W�����¶-

UTR, Saci_1116-CtSS esterase activity was increased on average 4.5-fold by the insertion of 

the alba ���¶-UTR variants, with the reporter enzyme making up approx. 11% of cell protein (Tab. 

S2). Notably, we additionally examined the effects of the same -2 and -1 nucleotide identity 

changes on the production of N-terminal tagged esterase and obtained similar results in terms 

of protein amounts and reporter activities in cell lysates (data not shown).  

 

Screening of differen t ���¶-UTR candidates from the genome of S. acidocaldarius  

for efficient reporter protein production  

In the next step, we were wondering if the expression system could be further improved by the 

�X�V�H�� �R�I�� �R�W�K�H�U�� ���¶-UTR sequences. Literature and available proteome data were exploited to 

determine generally highly abundant proteins in S. acidocaldarius. For these candidates, we 

�H�[�W�U�D�F�W�H�G�� ���¶-UTR sequences using available RNA sequencing data (Weizmann Exploration, 

https://exploration.weizmann.ac.il/TCOL/; Cohen et al., 2016) �D�Q�G���F�K�R�V�H���I�R�X�U���G�L�I�I�H�U�H�Q�W�����¶-UTR 

sequences to be compared with the alba ���¶-UTR. These candidates originated from genes 

saci_0330 (encoding a hypothetical protein), saci_1401 ���W�K�H�U�P�R�V�R�P�H�� �.�� �V�X�E�X�Q�L�W������saci_2355 

(surface-layer (S-layer) protein A) and saci_2354 (S-layer protein B) (Fig. 5A). �7�K�H���W�H�V�W�H�G�����¶-

UTR sequence of saci_0330 corresponds to the transcript leader sequence of the operon 

saci_0330-0333, with saci_0331 annotated to encode a pyridine nucleotide-disulphide 

oxidoreductase, while the others are annotated as conserved proteins of unknown functions 

(Cohen et al., 2016). �7�K�H���W�Z�R���W�H�V�W�H�G�����¶-UTR sequences of genes encoding S-layer proteins A 

and B (saci_2355 and saci_2354, respectively) are encoded in one operon on the 

complementary DNA strand (slaAB) (Veith et al., 2009). In addition to the promoter upstream 

�R�I���6�O�D�$�����D���V�H�F�R�Q�G���S�U�R�P�R�W�H�U���D�Q�G���D�O�V�R���D���Z�H�D�N�����¶-UTR signal were identified upstream of slaB in 

available transcriptome data (Busche et al., unpublished; Cohen et al., 2016). The ���¶-UTR of 

saci_1401 (�W�K�.������ �H�Q�F�R�G�L�Q�J�� �W�K�H�� �.��subunit of the thermosome, a major chaperone complex in 

Sulfolobales (Chaston et al., 2016; Baes et al., 2020), as well as the alba ���¶-UTR originate 

from single genes (Cohen et al., 2016). Again, to retain the NcoI restriction and cloning site 

�����¶ �&�¶�&ATGG ���¶�������W�K�H���Q�X�F�O�H�R�W�L�G�H���L�G�H�Q�W�L�W�L�H�V���D�W���S�R�V�L�W�L�R�Q�V��-2 and -1 (relative to the translation start 

codon) �R�I���D�O�O�����¶-UTR sequences �Z�H�U�H���F�K�D�Q�J�H�G���W�R���³�&�&�´�����Z�K�L�O�H���W�K�H��overall �O�H�Q�J�W�K���R�I���H�D�F�K�����¶-UTR 

was maintained (Tab. S4). ���¶-UTRs of saci_0330 and alba contained SD motifs of six and five 

nucleotides, respectively, and the other three ���¶-UTR sequences (�W�K�., slaB, slaA) had SD 

motifs of four nucleotides in length (Fig. 5A). Screening was performed as before using 

esterase Saci_1116-CtSS as reporter protein and its production was analyzed by specific 

esterase activity in cell lysates, SDS-PAGE, and immunodetection (Fig. 5).  
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Figure 5 ���� �6�F�U�H�H�Q�L�Q�J�� �R�I�� �I�L�Y�H�� �G�L�I�I�H�U�H�Q�W�� ���¶-UTR sequences for the production of Saci_1116-CtSS. A) 

�2�Y�H�U�Y�L�H�Z���R�I�� �W�H�V�W�H�G�����¶-�8�7�5�� �V�H�T�X�H�Q�F�H�V���� �*�H�Q�H���,�'�V���� ���¶-UTR sequences with their respective SD motifs 

(bold), UTR lengths, and SD motif lengths are given. B) Saci_1116-CtSS production was followed using 

constructs without (-�8�7�5���� �R�U�� �Z�L�W�K�� �D�� ���¶-UTR (+UTR������ ���¶-UTR sequences (Tab. S4, Tab. S5) of genes 

saci_0330, saci_1401 ���7�K�.������saci_2354 (SlaB), saci_2355 (SlaA) and saci_1322 (Alba) were inserted 

into the saci_1116-CtSS expression plasmid directly upstream of the translation start codon (Tab. 1). 

Cultivation and protein quantification were performed as described in Figure legend 2. Expression 

cultures were harvested at OD600nm values of 0.8-1.2 (end of log growth phase). Specific esterase activity 

was determined for cell lysates using the continuous pNPA assay (n=3). Excerpts from respective SDS-

PAGE analysis of cell lysate samples (upper lane) and Saci_1116-CtSS immunodetection (lower lane) 

are shown (for complete images see Fig. S5).  
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�7�K�H�����¶-UTR screening revealed significantly increased reporter protein activity in the presence 

�R�I���D�O�O���W�H�V�W�H�G�����¶-UTR sequences compared with the absence of a ���¶-UTR (Fig. 5; Tab. S6, S7). 

SDS-PAGE analysis and esterase immunodetection confirmed the results (Fig. 5B; Fig. S5). 

The i�Q�W�H�J�U�D�W�L�R�Q���R�I���G�L�I�I�H�U�H�Q�W�����¶-UTR sequences increased the amount of reporter protein from 

������ �Z�L�W�K�R�X�W�� �D�� ���¶-UTR to approx. 7.5-11% of the total protein �Z�L�W�K�� �D�� ���¶-UTR (Tab. S6). On 

average, saci_0330 and alba ���¶-UTRs showed the highest production yield of active esterase 

Saci_1116 (Fig. 5B). However, the standard deviations for the different biological replicates as 

well as the p-�Y�D�O�X�H�����Z�K�H�Q���F�R�P�S�D�U�L�Q�J���W�K�H���H�V�W�H�U�D�V�H���D�F�W�L�Y�L�W�L�H�V���Z�L�W�K�R�X�W���D�Q�G���Z�L�W�K���D�����¶-UTR, were 

lowest for the alba ���¶-UTR (Tab. S7)�����7�K�X�V�����W�K�L�V�����¶-UTR enabled the highest efficiency with the 

lowest standard deviation and was used for further experiments.  

 

Application of the alba ���¶-UTR optimized expression vector for the production 

of other proteins  

To facilitate easy cloning of other GOIs into the new alba ���¶-UTR modified expression system, 

the lacI and lacZ gene fragments were introduced to enable blue-white screening in E. coli. 

The resulting S. acidocaldarius cloning vectors, pBSaraFX -albaUTR-NtSS and -CtSS 

(Fig. S6, S7), were used for the synthesis of other POIs, including another widely used reporter 

protein, LacS from S. solfataricus, and glycosyltransferases that were difficult to produce in 

previous expression trials in E. coli or in S. acidocaldarius using vectors without a ���¶-UTR.  

�7�K�H�� ��-galactosidase LacS from S. solfataricus (SSO3019) (Pisani et al., 1990) has been 

frequently used as reporter protein (e.g. Jonuscheit et al., 2003; Wagner et al., 2012), including 

promoter studies (Berkner et al., 2007; Peng et al., 2012; van der Kolk et al., 2020), or studies 

on oligosaccharide hydrolysis (e.g. Curci et al., 2021). Here, lacS expression was compared 

using vectors without and with the alba ���¶-UTR and both with an N- or a C-terminal Twin-Strep 

tag (Fig S8). In general, the C-terminal tagged protein was produced in higher amounts than 

the N-�W�H�U�P�L�Q�D�O�� �W�D�J�J�H�G�� �/�D�F�6���� �K�R�Z�H�Y�H�U���� �R�Y�H�U�D�O�O�� �/�D�F�6�� �S�U�R�G�X�F�W�L�R�Q�� �Z�D�V�� �D�O�U�H�D�G�\�� �K�L�J�K�� �Z�L�W�K�R�X�W�� ���¶-

UTR and the integration of alba ���¶-UTR could not further increase the amount of LacS-CtSS 

(Fig. S8). Importantly, there was also no disadvantage in using the alba ���¶-UTR modified 

expression vector. 
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In several previous studies, the production of glycosyltransferases (GTs) has been reported 

as challenging (e.g. Breton et al., 2006; Cobucci-Ponzano et al., 2011; Mestrom et al., 2019; 

MoseRossi et al., 2010). Accordingly, the production of various GTs from S. acidocaldarius in 

E. coli proved difficult in the past, leading to the production of low amounts of unstable POI or 

the formation of inclusion bodies in many cases. The GT-encoding gene saci_1911 was only 

weakly expressed in E. coli (pET15b, N-terminal His6-tag) and appeared to form insoluble 

aggregates (data not shown). In contrast, the protein was produced in the soluble fraction of 

S. acidocaldarius when the alba ���¶-UTR modified expression vector and a C-terminal Twin-

Strep tag were used. Here, Saci_1911 production was higher with a C-terminal than with an 

N-terminal protein tag (data not shown). To further compare protein production with and 

without the alba ���¶-UTR, Saci_1911-CtSS was purified from crude extracts of expression 

cultures by affinity chromatography, and proteins were visualized by SDS-PAGE (Fig. 6).  

 

 

Figure 6 : Effect of the alba ���¶-UTR on the yield of homogenously produced and purified 

glycosyltransferase Saci_1911-CtSS. SDS-PAGE gels of Saci_1911-CtSS affinity chromatography 

fractions after expression in S. acidocaldarius MW001 using pSVAaraFX-saci_1911-CtSS (�Q�R�����¶-UTR; 

A) or pBSaraFX-albaUTR-saci_1911-CtSS (+alba ���¶-UTR; B). C) Immunodetection of Twin-Strep-

tagged Saci_1911-CtSS in affinity chromatography elution fractions (+alba UTR) using Strep-Tactin-

HRP conjugate. Expression cultures (150 mL each) were cultivated as described in the legend of Figure 

S3 and harvested at OD600nm values of 0.8. Protein was purified from crude extracts (of 0.3 g cell wet 

weight each) using the Strep-�7�D�F�W�L�Q�Š�;�7���6�X�S�H�U�I�O�R�Z�Š���.�L�W���I�R�O�O�R�Z�L�Q�J���W�K�H���P�D�Q�X�I�D�F�W�X�U�H�U�¶�V���S�U�R�W�R�F�R�O���������� µL 

column volume each). Theoretical MW of Saci_1911-CtSS: 33.8 kDa (M: marker (protein ladder); CL: 

cell lysate; MF: membrane fraction (pellet after cell lysis); CE: crude extract; FT: flow-through fraction of 

affinity chromatography; W: wash fraction; E: elution fraction, 20 µL each (0.5 µg Saci_1911-CtSS in E2 

from pBSaraFX-albaUTR-saci_1911-CtSS (B)). 
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While no purified protein was obtained by SDS-PAGE analysis in elution fractions of 

expression cultures �X�V�L�Q�J���W�K�H���Y�H�F�W�R�U���Z�L�W�K�R�X�W�����¶-UTR, the GT was synthesized and purified from 

cells containing the alba ���¶-UTR plasmid (Fig. 6). Thus, from this example, it is obvious that 

�W�K�H���D�S�S�O�L�F�D�W�L�R�Q���R�I���W�K�H�����¶-UTR modified vector can increase protein yields from almost �³�Q�R���3�2�,�´��

(6 µg from 1 �J���F�H�O�O���Z�H�W���Z�H�L�J�K�W�����W�R���³�V�R�P�H�´���S�U�R�W�H�L�Q���W�R���Z�R�U�N���Z�L�W�K�������� µg from 1 g cell wet weight).  

A similar effect was observed for GT Saci_1915. Homologous production of GT Saci_1915, 

both with an N- or C-terminal Twin-Strep tag and without and with the alba ���¶-UTR showed 

that protein production of both N- and C-terminally tagged protein was enhanced by the alba 

���¶-UTR, although an N-terminal tag location was preferred in the case of this GT (Fig. S9).  

Overall���� �W�K�H�� ���¶-UTR optimized expression vector successfully enabled or increased the 

production of different proteins, including glycosyltransferases that we�U�H���³hard to produce�´��in 

E. coli as bacterial expression host.  



Manuscripts: Chapter 4.3  Laura Kuschmierz 

116 
 

Discussion  

�,�Q���W�K�L�V���V�W�X�G�\�����Z�H���D�Q�D�O�\�]�H�G���W�K�H���H�I�I�H�F�W���R�I�����¶-UTR sequence insertions into S. acidocaldarius Para 

expression plasmids for the production of esterase Saci_1116. Further, we applied alba                     

���¶-UTR modified expression vectors for the synthesis of other proteins. 

�7�K�H���X�V�H���R�I�����¶-UTRs and RBS, i.e. a preserved Shine-Dalgarno sequence, is very common in 

bacterial expression vectors, e.g. pBAD, pET, pMAL, pQE, and pGEX plasmids for 

heterologous expression in E. coli, or pHT and pBSMul1 expression plasmids in B. subtilis 

(Brockmeier et al., 2006; Yang et al., 2021). Accordingly, the influence of bacterial ���¶-UTR 

sequence elements, i.e. SD motifs or spacer sequences, has been extensively studied in 

several bacterial organisms over the last decades (e.g. Wu & Janssen, 1997; Sakai et al., 

2001; Khosa et al., 2018; Volkenborn & Kuschmierz et al., 2020). In cont�U�D�V�W�������¶-UTRs have 

been less considered and studied as a relevant feature for gene overexpression in Archaea. 

Most commonly the development of expression systems/vectors (for reviews, see e.g. Leigh 

et al., 2011; Lewis et al., 2021) or promoter screenings were reported for archaeal expression 

hosts in the past years (e.g. Berkner et al., 2010, van der Kolk et al., 2020 for S. acidocaldarius 

�S�U�R�P�R�W�H�U�V������ �$�O�W�K�R�X�J�K�� �W�K�H�� �X�V�H�� �R�I�� ���¶-UTRs or RBS is comparatively rarely described and 

discussed in the archaeal field, some existing archaeal expression vectors do generate 

leadered mRNA transcripts for gene overexpression, due to the presence of an extended 

�S�U�R�P�R�W�H�U���V�H�T�X�H�Q�F�H���W�K�D�W���J�H�Q�H�U�D�W�H�V���D�����¶-UTR. For example, the sequence of the heat-inducible 

tf55 promoter in S. solfataricus expression vectors generates an 18 �Q�W�� �O�R�Q�J�� ���¶-UTR with a 

putative 4 nt long SD motif (Jonuscheit et al., 2003). Further, the strong constitutive promoter 

of the glutamate dehydrogenase gene (Pgdh), commonly used in archaeal expression vectors, 

such as Pyrococcus furiosus (Waege et al., 2010; Hethke et al., 1996), T. kodakarensis 

(Santangelo et al., 2008) and also S. acidocaldarius (Choi et al., 2014; Hwang et al., 2015), 

�J�H�Q�H�U�D�W�H�V���D�����¶-UTR in all cases mentioned (S. acidocaldarius: 9 nts, no SD motif (Cohen et 

al., 2016)). Existing sugar-inducible S. acidocaldarius expression vectors with promoters Para 

(L-arabinose) from saci_2122 and Pmal (maltose) from saci_1165 generate transcripts lacking 

a functional leader, as determined by available RNA sequencing data of the corresponding 

gene transcripts from S. acidocaldarius genome (Cohen et al., 2016). In contrast, in the case 

of Pxyl (D-xylose) from saci_1938, a leadered transcript is generated without an identifiable SD 

motif (Cohen et al., 2016; van der Kolk et al., 2020). Thus, although partially present in some 

�D�U�F�K�D�H�D�O���H�[�S�U�H�V�V�L�R�Q���Y�H�F�W�R�U�V���� ���¶-UTRs have been less considered and studied as a relevant 

feature for gene overexpression in Archaea.  
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�+�H�U�H���� �Z�H�� �L�Q�V�H�U�W�H�G�� ���¶-UTR sequences from genes encoding proteins of relatively high 

abundance in S. acidocaldarius into the Para expression vector. In that case, a�O�O�� ���¶-UTR 

insertions tested significantly improved reporter protein production two- to fourfold. To date, 

the effect of 5'-UTRs has only been tested in a few archaea and has been best studied in 

H. volcanii. Compared with �O�H�D�G�H�U�O�H�V�V�� �W�U�D�Q�V�F�U�L�S�W�V���� �W�K�H�� �S�U�H�V�H�Q�F�H�� �R�I�� �W�Z�R�� �Q�D�W�L�Y�H�� ���¶-UTRs from 

H. volcanii (hlr (annotated as hoxA-like transcriptional regulator) and hp (conserved 

hypothetical protein), both without SD motif) resulted in an approx. twofold reduction in reporter 

protein amounts (DHFR; dihydrofolate reductase) (Tab. S8; Brenneis & Soppa, 2009). In 

�F�R�Q�W�U�D�V�W�����W�Z�R���R�I���I�R�X�U���D�U�W�L�I�L�F�L�D�O�����¶-UTR sequences (20 nts, random sequence, no SD) increased 

reporter activity by a factor of two and five, respectively (Tab. S8; Brenneis et al., 2007; Hering 

et al., 2009). A shortage of the best-�S�H�U�I�R�U�P�L�Q�J���D�U�W�L�I�L�F�L�D�O�����¶-UTR sequence (by 5 or 10 nts, either 

�D�W���W�K�H�����¶- �R�U���W�K�H�����¶-e�Q�G���R�I���W�K�H�����¶-UTR sequence) resulted in reduced protein production levels 

(Tab. S8���� �+�H�U�L�Q�J���H�W���D�O�������������������� �)�X�U�W�K�H�U���� �W�K�H���H�I�I�H�F�W���R�I�����¶-UTR sequences of genes involved in 

gas vesicle formation in Halobacterium salinarum was analyzed in H. volcanii (Born & Pfeifer, 

2019; Sartorius-�1�H�H�I���	���3�I�H�L�I�H�U�������������������7�K�U�H�H�����¶-UTRs, each originating from the first gene of 

gvp operons (gvpF from gvpFGHIJKLM, gvpD from gvpDE, and gvpA from gvpACNO), 

decreased reporter protein production (modified green fluorescence protein) in comparison to 

leaderless transcripts (Tab. S8; Born & Pfeifer, 2019). According to bioinformatic analysis, this 

was likely due to the formation of mRNA secondary structures (Born & Pfeifer, 2019). Also, the 

�L�Q�I�O�X�H�Q�F�H�� �R�I�� �D�� �Y�H�U�\�� �V�K�R�U�W�� ���¶-terminal nucleotide sequence (4 nts) from hsp70 (heat shock 

protein 70) of Natrinema sp. J7 was analyzed in H. volcanii and compared with leaderless 

transcripts, and �W�K�H���U�H�S�R�U�W�H�U���S�U�R�W�H�L�Q���S�U�R�G�X�F�W�L�R�Q������-galactosidase) was reduced in the presence 

�R�I�� �W�K�H�� �V�K�R�U�W�� ���¶-UTR (Chen et al., 2015). This study also examined the effect of -1 and -2 

nucleotide identities for this short hsp70 ���¶-UTR and observed an increase or decrease in 

protein production depending on the modification made. For example, a change of the -2 

nucleotide identity from C to G completely abolished protein production, while mutations to A 

�R�U���8���L�Q�F�U�H�D�V�H�G���S�U�R�W�H�L�Q���S�U�R�G�X�F�W�L�R�Q���F�R�P�S�D�U�H�G���W�R���W�K�H���Q�D�W�L�Y�H���V�K�R�U�W�����¶-UTR (Tab. S8; Chen et al., 

2015). In S. islandicus, mutations of the two nucleotides upstream of the translation start codon 

���I�U�R�P���³�$�8�´���W�R���³�&�&�´����of the 6 �Q�W���O�R�Q�J�����¶-UTR of ParaS (Peng et al., 2009) reduced protein levels 

by approx. 30% (Ao et al., 2013). In contrast, in this study in S. acidocaldarius, changes in the 

two nucleotide identities of the alba ���¶-UTR directly upstream of the translation start codon 

���I�U�R�P���³�$�$�´���W�R���³�&�&�´�����U�H�W�D�L�Q�L�Q�J���W�K�H��NcoI site) resulted in no significant change in reporter protein 

production, neither for the C- nor for the N-terminal tagged protein. Altogether, reports on the 

inf�O�X�H�Q�F�H���R�I�����¶-UTRs in archaea suggest that, compared with leaderless transcripts, ���¶-UTRs 

do not always affect protein production in a positive manner. Multiple reasons can be linked to 

�W�K�H���G�L�I�I�H�U�H�Q�W���H�I�I�H�F�W�V���R�I�����¶-UTR sequences on protein production efficiency, including complex 

regulatory mechanisms on the posttranscriptional level (e.g. secondary structures, transcript 
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stability) as well as changes made to the ribosome docking site for translation initiation. This 

is probably also the case in S. acidocaldarius���� �K�R�Z�H�Y�H�U���� �G�X�H�� �W�R�� �R�X�U�� �S�U�H�V�H�O�H�F�W�L�R�Q�� �R�I�� ���¶-UTR 

sequences from genes with high protein abundance, 5'-UTRs that reduce protein production 

probably did not come into play. Accordingly, also in Methanococcus maripaludis the 

replacement of a wild-�W�\�S�H�� ���¶-UTR �E�\�� ���¶-UTRs of highly expressed genes (e.g. slp (S-layer 

protein) and hmmA (histone A)) led to increases in reporter protein production (mCherry) (Tab. 

S8; Akinyemi et al., 2021). Thus, both in M. maripaludis and in S. acidocaldarius it was shown 

�W�K�D�W�� �W�K�H�� �X�V�H�� �R�I�� ���¶-UTRs originating from highly expressed genes resulted in higher protein 

production levels. For some Archaea, the importance of the SD (RBS) sequence on protein 

production was investigated (Tab. S8). As a structural and pote�Q�W�L�D�O�O�\���I�X�Q�F�W�L�R�Q�D�O���I�H�D�W�X�U�H���R�I�����¶-

UTRs, we also consider the SD sequence as a potential target for further optimization of protein 

synthesis in S. acidocaldarius.  

For many archaeal genes, heterologous expression in mesophilic bacterial strains, e.g. in 

E. coli, works well and simple purification protocols have been established for thermophilic 

proteins (including heat precipitation as a purification step). However, there are also many 

examples where expression attempts in mesophilic bacterial expression hosts fail (de Lise et 

al., 2023), such as for example reported for the �.-1,4-glucan phosphorylase from 

S. solfataricus, where small amounts of POI could only be isolated by heterologous gene 

expression in T. kodakaraensis (Mueller et al., 2009). Thus, archaeal expression systems are 

needed for the synthesis of challenging archaeal proteins that cannot be produced in bacterial 

hosts (Straub et al., 2018). In this study, the applicability of S. acidocaldarius alba ���¶-UTR 

modified Para expression vectors was demonstrated by the synthesis of difficult-to-produce 

glycosyltransferases that could not be efficiently produced in E. coli or in S. acidocaldarius 

�X�V�L�Q�J���W�K�H���H�[�S�U�H�V�V�L�R�Q���Y�H�F�W�R�U���Z�L�W�K�R�X�W�����¶-UTR. For the model protein LacS, which was already 

produced at high levels by the use of S. acidocaldarius �H�[�S�U�H�V�V�L�R�Q���Y�H�F�W�R�U�V���Z�L�W�K�R�X�W���D�����¶-UTR, 

�Q�R�� �G�L�V�D�G�Y�D�Q�W�D�J�H�� �Z�D�V�� �R�E�V�H�U�Y�H�G�� �Z�K�H�Q�� �X�V�L�Q�J�� ���¶-UTR modified vectors. Overall, our results 

demonstrated that plasmid-based gene overexpression in S. acidocaldarius benefits from the 

�L�Q�V�H�U�W�L�R�Q���R�I�����¶-UTRs from genes encoding proteins with generally high abundance.  
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Conclusion  

In summary, plasmid-�E�D�V�H�G���S�U�R�W�H�L�Q���S�U�R�G�X�F�W�L�R�Q���Z�D�V���R�S�W�L�P�L�]�H�G���E�\���W�K�H���X�V�H���R�I�����¶-UTR sequences 

in the archaeal expression host S. acidocaldarius. The insertion �R�I�� �D�O�O�� �W�H�V�W�H�G�� ���¶-terminal 

sequences into the Para-regulated expression vector resulted in a significantly improved yield 

�R�I���W�K�H���U�H�S�R�U�W�H�U���H�Q�]�\�P�H�����H�V�W�H�U�D�V�H���6�D�F�L�B�������������$�P�R�Q�J���W�K�H���I�L�Y�H���G�L�I�I�H�U�H�Q�W�����¶-terminal sequences 

�W�H�V�W�H�G�����W�K�H�����¶-UTR of the Alba-encoding gene saci_1322 was found to be highly efficient and 

most reliable. The alba ���¶-UTR containing expression vector proved to be efficient for the 

synthesis of archaeal glycosyltransferases that were difficult to produce in E. coli. The 

application of this optimized expression vector is promising to enable the synthesis of other 

challenging (archaeal or thermophilic) proteins in the future.  
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Supplementary information  

 
 
 

 
 
 

Figure S1 : Structural elements of pSVAaraFX- and pBSaraFX-UTR expression cassettes and the 

generation of leaderless or leadered mRNAs, respectively. Upper row: Twin-Strep tag expression 

vectors with an N-terminal tag location; lower row: C-terminal tag location. The position of the NcoI 

restriction site and of -2 and -1 nucleotides (upstream of the translation start codon) within t�K�H�����¶-UTR 

of pBSaraFX-UTR-GOI-CtSS are indicated. ara promoter: saci_2122 promoter; TSS: transcription start 

site; ORF: open reading frame; NtSS: N-terminal Twin-Strep tag; GOI: gene of interest; CtSS: C-terminal 

Twin-Strep tag; Start: translation start codon; Stop: translation stop codon; MCS: multiple cloning site.   
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Figure S2 : A) Map of pBSaraFX-albaUTR-saci_1116-CtSS. The gene of interest, saci_1116, was 

cloned in-frame under control of the pentose-inducible promoter (promoter of saci_2122������ �$�� ���¶-UTR 

sequence, here the alba ���¶-UTR, was cloned directly upstream of the translation start codon (ATG). A 

C-terminal Twin-Strep tag (-CtSS) coding sequence was added to the C-terminal end of the GOI 

(reporter gene saci_1116). The asterisk within the Twin-Strep tag coding element indicates that this 

sequence location is variable (downstream of the GOI in -CtSS constructs, upstream of the GOI in               

-NtSS expression constructs) (Fig. S1). Classical shuttle vector elements, such as an origin of replication 

(ori) for E. coli and S. acidocaldarius, the ampicillin resistance cassette (AmpR) for selection in E. coli 

as well as pyrEF and part of pyrB (containing the pyrEF promoter sequence) from 

Saccharolobus solfataricus for selection in S. acidocaldarius MW001 are indicated. orf56, encoding a 

DNA-binding protein, and orf904, encoding a multifunctional replication protein, originate from plasmid 

pRN1 from S. islandicus and regulate plasmid copy number (Lipps, 2004). Clone Manager 7 (Sci Ed 

Software, USA) was used to generate the figure. B) Generation of leadered mRNA and C-terminal (-Ct) 

Twin-Strep-tagged (SS) protein from the expression cassette present in pBSaraFX-(alba)UTR-

saci_1116-CtSS plasmids. The location of NcoI restriction site, as well as -2 and -1 nucleotides within 

�W�K�H�� ���¶-UTR sequence are indicated. ara promoter: saci_2122 promoter; TSS: transcription start site; 

ORF: open reading frame; CtSS: C-terminal Twin-Strep tag; MCS: multiple cloning site.   
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Figure S3 : Effect of alba ���¶-UTR on homologous production of the esterase reporter protein Saci_1116-

CtSS. Coomassie-stained SDS-PAGE gel of purified Saci_1116-CtSS after expression in 

S. acidocaldarius MW001 using pSVAaraFX-saci_1116-CtSS (no UTR; A ) and pBSaraFX-albaUTR-

saci_1116-CtSS (+albaUTR; B). Expression cultures were grown under the same growth conditions in 

Brock medium (200 mL each, pH 3.0) supplemented with 0.1% (w/v) NZA and 0.3 (w/v) D-xylose at 

140 rpm and 76°C and harvested simultaneously at OD600nm values of 1.0 and 0.9, respectively. A 

theoretical turbidity (OD600) of 5 was applied for cell lysis by sonication. Protein purification from crude 

extracts (soluble fraction) was performed using the Strep-Tactin®XT Superflow® Kit according to the 

�P�D�Q�X�I�D�F�W�X�U�H�U�¶�V���S�U�R�W�R�F�R�O�� (M: marker (protein ladder); CL: cell lysate (whole cell sample after lysis); CE: 

crude extract (soluble fraction); MF: membrane fraction (pellet after cell lysis); FT: flow-through fraction 

of affinity chromatography; W: wash fraction; E: elution fraction, 15 µL each). Theoretical MW of 

Saci_1116-CtSS: 36.8 kDa. 

 

 

Figure S4 : Influence of -2 and -1 nucleotide identities in alba ���¶-UTR on C-terminal tagged esterase 

reporter protein production. Expression studies were performed using different saci_1116-CtSS 

�H�[�S�U�H�V�V�L�R�Q���F�R�Q�V�W�U�X�F�W�V�����H�L�W�K�H�U���Z�L�W�K�R�X�W�����¶-UTR (-UTR) or with the alba (saci_1322�������¶-UTR (+alba UTR) 

with different nucleotide sequences at the -2 and -1 positions, i.e. AA, AC or CC. Saci_1116-CtSS 

production was visualized by SDS-PAGE and Coomassie staining (A) and immunodetection (Strep-

Tactin HRP conjugate) (B). Cultivation and protein quantification were performed as described in the 

legend of Fig. 4 (main text). M: marker (protein ladder). 
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Figure S5 ���� �6�F�U�H�H�Q�L�Q�J�� �R�I�� �I�L�Y�H�� �G�L�I�I�H�U�H�Q�W�� ���¶-UTR sequences for the production of C-terminal tagged 

esterase reporter protein (Saci_1116-CtSS). A) Visualization of proteins in cell lysates by SDS-PAGE 

and Coomassie staining. B) Immunodetection of C-terminal tagged esterase in cell lysate samples 

(Strep-Tactin HRP conjugate). Saci_1116-CtSS production was performed using constructs without        

(-�8�7�5�����R�U���Z�L�W�K���D�����¶-UTR (+UTR���������¶-UTR sequences of genes saci_0330, saci_1401 ���7�K�.������saci_2354 

(SlaB), saci_2355 (SlaA) and saci_1322 (Alba), respectively, were modified in favor of the NcoI site 

(Tab. S4) and inserted into the saci_1116-CtSS expression plasmid directly upstream of the GOI start 

codon. Cultivation and protein quantification were performed as described in the legend of Fig. 5 (main 

text). M: marker (protein ladder). 
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Figure S6 : Important features of the pBSaraFX-albaUTR-NtSS expression vector. The following 

sequence features are indicated: the saci_2122 �S�U�R�P�R�W�H�U���V�H�T�X�H�Q�F�H�����W�K�H���L�Q�V�H�U�W�H�G�����¶-UTR sequence from 

alba, the nucleotide as well as derived amino acid sequence of the N-terminal located Twin-Strep tag, 

the lacI and lacZ fragments enabling blue-white screening in E. coli and the downstream multiple cloning 

site. Restriction sites are displayed. Clone Manager 7 (Sci Ed Software, USA) was used to generate the 

figure.  
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Figure S7 : Important features of the pBSaraFX-albaUTR-CtSS expression vector. The following 

sequence features are indicated: the saci_2122 �S�U�R�P�R�W�H�U���V�H�T�X�H�Q�F�H�����W�K�H���L�Q�V�H�U�W�H�G�����¶-UTR sequence from 

alba, the lacI and lacZ fragments enabling blue-white screening in E. coli, the nucleotide as well as 

derived amino acid sequence of the C-terminal located Twin-Strep tag and the downstream multiple 

cloning site. Restriction sites are displayed. Clone Manager 7 (Sci Ed Software, USA) was used to 

generate the figure.  
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Figure  S8: Effect of the alba ���¶-�8�7�5�� �R�Q�� �W�K�H�� �S�U�R�G�X�F�W�L�R�Q�� �R�I�� ��-galactosidase LacS from S. solfataricus 

(SSO3019) in S. acidocaldarius. Protein production was compared without and with the use of alba ���¶-

UTR and with an N- or C-terminal Twin-Strep tag (-Nt/-CtSS). A) Coomassie-stained SDS-PAGE gel of 

whole cell samples. For all cell samples an OD600nm value of 10 was adjusted and 15 µL of each sample 

were applied to SDS-PAGE. B) Immunoblot detection of Twin-Strep-tagged LacS using Strep-Tactin-

HRP conjugate. Expression cultures (50 mL each) were cultivated as described in the legend of Figure 

S3 and harvested at OD600nm values of 0.9-1.2. Theoretical molecular weights (MW): LacS-NtSS: 

60.2 kDa, LacS-CtSS: 59.9 kDa. M: marker (protein ladder). 

 

 

 

Figure S9 : Effect of the alba ���¶-UTR on the homologous production of glycosyltransferase Saci_1915. 

Protein production was compared without and with the use of alba ���¶-UTR and with an N- or C-terminal 

Twin-Strep tag (-Nt/-CtSS). Expression plasmids pSVAaraFX-saci_1915-Nt/CtSS (-UTR) and 

pBSaraFX-albaUTR-saci_1915-Nt/CtSS (+UTR) were used. A) Coomassie-stained SDS-PAGE gel of 

whole cell samples. B) Immunodetection of Twin-Strep-tagged Saci_1915 using Strep-Tactin-HRP 

conjugate. Cultivation was performed as described in the legend of Fig. S3, protein visualization was 

performed as described in Fig. legend S8. Theoretical molecular weights (MWs): Saci_1915-NtSS: 

40.8 kDa, Saci_1915-CtSS: 40.6 kDa. M: marker (protein ladder).   
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Table S1�����3�U�L�P�H�U�V���X�V�H�G���L�Q���W�K�L�V���V�W�X�G�\�������¶-UTR sequences are underlined. Relevant nucleotides 

for the alba ���¶-UTR modification by QuikChange PCRs® are indicated by the use of bold letters. 

Name 
 

�6�H�T�X�H�Q�F�H�������¶���Æ ���¶�� Description  

 
�,�Q�V�H�U�W�L�R�Q���R�I�����¶-UTR sequences into pSVAaraFX -saci_1116 -CtSS 
 
UTR-fwd CGTATTACCGCCTTTGAGTG Fwd-primer for 

the insertion of 
���¶-UTRs 

saci_1322-
UTR-rev 

ATACCATGGAAACCACCTATCGGTATGATAAG 
TAAGACGCTTATC 

Insertion of 
saci_1322 
���$�O�E�D�������¶-UTR, 
NcoI site 

saci_0330-
UTR-rev 

ATACCATGGTTGGGTCACCTTTTGGTATGATAAG 
TAAGACGCTTATC 

Insertion of 
saci_0330 ���¶-
UTR, NcoI site 

saci_1401-
UTR-rev 

ATACCATGGGAGACACCGTTTCTGGTATGATAAG 
TAAGACGCTTATC 

Insertion of 
saci_1401 
���7�K�.�������¶-UTR, 
NcoI site 

saci_2354-
UTR-rev 

ATACCATGGACATACACCCGATATGTTATAA 
ATTGGTATGATAAGTAAGACGCTTATC 

Insertion of 
saci_2354 
(SlaB) 
intergenic 
region, NcoI 
site 

saci_2355-
UTR-rev 

ATACCATGGTTTTCACTTTCGGTATGATAAG 
TAAGACGCTTATC 

Insertion of 
saci_2355 
���6�O�D�$�������¶-UTR, 
NcoI site 

 
QuikChange PCR ® primers for modification of albaUTR in pBSaraFX -albaUTR-saci_1116 -CtSS 
 
QC-
albaUTR-
AA-
saci_1116-
CtSS-fwd 

GATAGGTGGTTTAAATGGCTCCTTTAGATCCAACCA 
TAAAG 

Modification of 
-2 and -1 
nucleotides        
�W�R���³�$�$�´ 

QC-
albaUTR-
AA-
saci_1116-
CtSS-rev 

GGAGCCATTTAAACCACCTATCGGTATGATAAGTAA 
GACG 

QC-
albaUTR-
AC-
saci_1116-
CtSS-fwd 

GATAGGTGGTTTACATGGCTCCTTTAGATCCAACCA 
TAAAG 

Modification of 
-2 and -1 
nucleotides         
�W�R���³�$�&�´ 

QC-
albaUTR-
AC-
saci_1116-
CtSS-rev 

GGAGCCATGTAAACCACCTATCGGTATGATAAGTAA 
GACG 
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Generation of cloning vector pBSaraFX -albaUTR-NtSS  
 
saci_1322-
UTR-NtSS-
fwd 

GATAGGTGGTTTAAATGGCTTGGAGTCATCCACAATTTG Fwd-primer for 
insertion of 
saci_1322 
(alba�������¶-UTR 
in pSVAaraFX-
NtSS (overlap 
PCR) 

saci_1322-
UTR-NtSS-
rev 

AGCCATTTAAACCACCTATCGTTATGATAAGTAAGACGCTTATC Rev-primer for 
insertion of 
saci_1322 
(alba�������¶-UTR 
in pSVAaraFX-
NtSS (overlap 
PCR) 

 
Amplification of genes of interest  
 
Saci_1116-
NcoI-fwd 

TAACCATGGCTCCTTTAGATCCAACCATAAAG Amplification of 
saci_1116, 
addition of 
NcoI and XhoI 
restriction sites 

Saci_1116-
XhoI-rev 

TATCTCGAGAAAACTGTTGTAGAATACTCGTCTC 

lacS-SSO-
NcoI-fwd 

GCGCCATGGACTCATTTCCAAATAGCTTTAG Amplification of 
lacS from 
S. solfataricus 
for cloning of 
pBSaraFX-
albaUTR-lacS-
Nt/CtSS 

lacS-SSO-
XhoI-rev 

GTTCTCGAGGTGCCTTAATGGCTTTAC 

Saci_1911-
NcoI-fwd 

TATCCATGGTGTGGTCGATTGAGATCCC Amplification of 
saci_1911, 
addition of 
NcoI and XhoI 
restriction sites 

Saci_1911-
XhoI-rev 

CGGCTCGAGTCCTAATAAGTAGCCTAATATG 

Saci_1915-
NcoI-fwd 

TATCCATGGTGCCCAAAGACTTCAGTG Amplification of 
saci_1915, 
addition of NcoI 
and XhoI 
restriction sites  

Saci_1915-
XhoI-rev 

GCGCTCGAGACTAAACATCGAATTACTCC 
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Table S2: Effect of alba ���¶-UTR insertion as well as changes in -2 and -1 nucleotide identities 

on esterase reporter protein (Saci_1116-CtSS) amounts. To determine the share of Saci_1116 

in the total cell protein of S. acidocaldarius [%] the determined specific activities of Saci_1116-

CtSS in S. acidocaldarius cell lysate samples (compare Fig. 4 in the main text) were set into 

�U�H�O�D�W�L�R�Q���W�R���W�K�H���H�Q�]�\�P�H�¶�V���V�S�H�F�L�I�L�F���D�F�W�L�Y�L�W�\�������������� U/mg). Fold changes are calculated as mean 

�Y�D�O�X�H�V�����F�R�P�S�D�U�L�Q�J���W�K�H���D�P�R�X�Q�W���R�I���U�H�S�R�U�W�H�U���S�U�R�W�H�L�Q���L�Q���O�\�V�D�W�H���V�D�P�S�O�H�V���Z�L�W�K�R�X�W���D�Q�\�����¶-UTR to the 

different alba ���¶-UTR variants (i.e. -2 and -1 nucleotides: AA, AC, CC). Expression cultures 

were harvested at OD600nm values of 0.6 (log growth phase).  

Nucleotide 
identity at -2 and 
-1 positions of 
alba 5'-UTR  

 Specific activity in  
 crude lysates  
 [U/mg] 

 Amount of    
 Saci_1116 in total 
 protein [%] 

 Mean value                                   
 fold change (-/+UTR) 

 no UTR  3.4 ± 0.2  2.6 ± 0.1  - 
 AA  16.0 ± 2.3  12.7 ± 1.8  4.7 
 AC  14.4 ± 1.1  11.5 ± 0.9  4.2 
 CC  13.1 ± 0.8  10.4 ± 0.7  3.9 
 

 

 

Table S3���� �6�W�X�G�H�Q�W�¶�V�� �W-test to assess the significant difference in reporter protein activity in 

dependency of the absence or presence of different alba ���¶-UTR sequence variations. 

Significance was assessed for the data shown in Fig. 4B. The nucleotide identities of -2 and -

1 nucleotides, located directly upstream of the translation start codon, are stated. The null 

hypotheses were stated as follows: i) the esterase activity in cell lysate samples is the same 

in the absence (no UTR) or presence of the alba ���¶-UTR in the expression cassette; ii) the 

esterase activity is the same for different alba ���¶-UTR sequence variants (different -2 and -1 

nucleotide identities). The null hypotheses were rejected at 95% confidence level when the p-

value was smaller than 0.05, indicating a statistically significant difference between the two 

conditions compared (indicated with an asterisk).  

 UTR 1  UTR 2 Mean specific activity 
with UTR 1 [U/mg] 

Mean specific activity 
with UTR 2 [U/mg] 

 p-value 

 no UTR 
 Alba UTR, AA 

 3.4 
 16.0  < 0.001 * 

 Alba UTR, AC  14.4  < 0.001 * 
 Alba UTR, CC  13.1  < 0.001 * 

 Alba UTR, AA 
 Alba UTR, AC 

 16.0 
 14.4  0.34 

 Alba UTR, CC  13.1  0.10 
 Alba UTR, AC  Alba UTR, CC  14.4  13.1  0.16 
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Table S4: Selected UTR sequences from S. acidocaldarius. Information on the gene ID, the 

current annotation, the original UTR sequence in the genome of S. acidocaldarius as well as 

the adapted and inserted �8�7�5���V�H�T�X�H�Q�F�H���D�U�H���J�L�Y�H�Q�����³�&�&�´���D�W��-2 and -1 positions (underlined) 

for maintenance of NcoI site in saci_1116-CtSS expression constructs). SD motifs are shown 

in bold. 

Gene Protein Genome UTR sequence Inserted UTR sequence 

saci_0330 Unknown function AAAAGGTGACCCAAAG AAAAGGTGACCCAACC 

saci_1401 
Thermosome subunit 
�r��(Th�r) 

AGAAACGGTGTCTCAA AGAAACGGTGTCTCCC 

saci_2354 S-layer protein B (SlaB) AATTTATAACATATCGGGTGTATGTGT AATTTATAACATATCGGGTGTATGTCC 

saci_2355 S-layer protein A (SlaA) GAAAGTGAAAAGT GAAAGTGAAAACC 

saci_1322 Alba GATAGGTGGTTTAA GATAGGTGGTTTCC 

 

 

Table S5: Structural properties of the test�H�G�� ���¶-UTR sequences. The gene IDs and the 

respective ���¶-UTR sequences with changed nucleotide identities at positions -2 and -1 to CC 

(underlined) are stated. SD motifs are shown in bold (conserved sequence in Crenarchaeota: 

(G)GAGGUGA (Schmitt et al., 2020)). The UTR sequence lengths, the supposed SD motif 

lengths, the spacer lengths as well as the GC contents of the spacers and the total UTR 

sequences are given.  

Gene Inserted UTR sequence 
UTR 
length 
[nts] 

SD  
motif length  
[nts] 

Supposed 
spacer 
length  
[nts] 

Spacer 
GC 
content 
[%] 

 UTR GC   
 content  
 [%] 

saci_0330 
(hypoth. 
protein) 

AAAAGGUGACCCAACC  16  6  8 63  50 

saci_1401 
(Th�r) 

AGAAACGGUGUCUCCC  16  4  6 67  56 

saci_2354 
(SlaB) 

AAUUUAUAACAUAUCGGGUGUA
UGUCC 

 27  4  7 43  33 

saci_2355 
(SlaA) 

GAAAGUGAAAACC  13  4  6 33  38 

saci_1322 
(Alba) 

GAUAGGUGGUUUCC  14  5  6 50  50 
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Table S6�����(�I�I�H�F�W���R�I���W�K�H���G�L�I�I�H�U�H�Q�W�����¶-UTR sequences on the protein amounts of reporter protein 

Saci_1116-CtSS. To determine the share of Saci_1116 in the total cell protein of 

S. acidocaldarius [%] the determined specific activities of Saci_1116-CtSS in S. acidocaldarius 

cell lysate samples (compare Fig. 5 �L�Q�� �W�K�H���P�D�L�Q���W�H�[�W���� �Z�H�U�H�� �V�H�W�� �L�Q�W�R�� �U�H�O�D�W�L�R�Q�� �W�R�� �W�K�H�� �H�Q�]�\�P�H�¶�V��

specific activity (124.5 U/mg). Fold changes are calculated as mean values, comparing the 

amount of reporter enzyme in lysate samples without any ���¶-UTR sequence to the amount of 

�3�2�,���S�U�R�G�X�F�H�G���X�Q�G�H�U���W�K�H���L�Q�I�O�X�H�Q�F�H���R�I���D�����¶-UTR. Expression cultures were harvested at OD600nm 

values of 0.8-1.2 (end of log growth phase). 

 5'-UTR 
Specific activity in  
 crude lysates  
 [U/mg] 

 Amount of    
 Saci_1116 in total  
 protein [%] 

 Mean value                                  
 fold change (-/+UTR) 

 no UTR  4.2 ± 0.8  3.2 ± 0.7  - 
 saci_0330  14.2 ± 3.1  11.3 ± 2.5  3.4 
 Th�r  10.5 ± 1.4  8.4 ± 1.2  2.5 
 SlaB  10.1 ± 1.3  8.0 ± 1.0  2.4 
 SlaA  9.3 ± 1.2  7.4 ± 1.0  2.2 
 Alba  12.3 ± 1.1  9.8 ± 0.9  3.0 
 

 

Table S7���� �6�W�X�G�H�Q�W�¶�V�� �W-test to assess significant differences in reporter protein activity as a 

�I�X�Q�F�W�L�R�Q�� �R�I�� �G�L�I�I�H�U�H�Q�W�� ���¶-UTR sequences. Significance was evaluated for the data shown in 

Fig. 5B. The null hypotheses were stated as follows: i) esterase activity in cell lysate samples 

is the same in the �D�E�V�H�Q�F�H�����Q�R���8�7�5�����R�U���S�U�H�V�H�Q�F�H���R�I���D�����¶-UTR in the plasmid-based expression 

�F�D�V�V�H�W�W�H�����L�L�����W�K�H���H�V�W�H�U�D�V�H���D�F�W�L�Y�L�W�\���L�V���W�K�H���V�D�P�H���X�V�L�Q�J���G�L�I�I�H�U�H�Q�W�����¶-UTRs. The null hypotheses were 

rejected at 95% confidence level when the p-value was smaller than 0.05, indicating that there 

was a statistically significant difference between the two conditions compared (indicated with 

an asterisk).   

UTR 1  UTR 2 Mean specific activity 
with UTR 1 [U/mg] 

Mean specific activity 
with UTR 2 [U/mg] 

 p-value 

 no UTR 

 saci_0330 

 4.2 

 14.2  < 0.01 * 
 Th�r  10.5  < 0.01 * 
 SlaB  10.1  < 0.01 * 
 SlaA  9.3  < 0.01 * 
 Alba  12.3  < 0.001 * 

 saci_0330 

 Th�r 

 14.2 

 10.5  0.1  
 SlaB  10.1  0.1  
 SlaA  9.3  0.05 * 
 Alba  12.3  0.3 

 Th�r 
 SlaB 

 10.5 
 10.1  0.7 

 SlaA  9.3  0.3 
 Alba  12.3  0.2 

 SlaB 
 SlaA 

 10.1 
 9.3  0.45 

 Alba  12.3  0.1  
 SlaA  Alba  9.3  12.3  0.05 * 



 

 
 

Table S8: �2�Y�H�U�Y�L�H�Z���R�I���V�W�X�G�L�H�V���R�Q�����¶-untranslated region sequences in archaea. 

 

Host 
organism  

���¶-UTR      
(gene 
name) 

���¶-UTR 
origin  

�7�H�V�W�H�G�����¶-UTR 
sequence  

SD 
sequence 
length [nts]  

GC 
content 
[%]  

Reporter 
protein  

�(�I�I�H�F�W���R�I�����¶-UTR 
addition on reporter 
production 
(leadered mRNA vs. 
leaderless mRNA)  

Reference  

Haloferax 
volcanii 

 

- (UTR1; 
random seq.) 

- (random 
seq.) 

UACCA CAUUU 
CAGGC AAGAU 
(20 nts) 

0 40 DHFR 
(dihydrofolate 
reductase) 

�9�������������� Brenneis et al., 
2007;                     
Hering et al., 
2009  

Haloferax 
volcanii 

Seq. 
variation of 
random 
UTR1 

- ----- CAUUU  
CAGGC AAGAU 
(15 nts) 

0 40 DHFR �;������������ Hering et al., 
2009 

Haloferax 
volcanii 

Seq. 
variation of 
random 
UTR1 

- ----- -----  
CAGGC AAGAU 
(10 nts) 

0 50 DHFR �;������������ Hering et al., 
2009 

Haloferax 
volcanii 

Seq. 
variation of 
random 
UTR1 

- UACCA CAUUU 
CAGGC -----  
(15 nts) 

0 70 DHFR �;�������������R�I���S�U�R�W�H�L�Q��
production using 
leaderless transcript) 

Hering et al., 
2009 

Haloferax 
volcanii 

Seq. 
variation of 
random 
UTR1 

- UACCA CAUUU  
----- -----  
(10 nts) 

0 30 DHFR �;������������ Hering et al., 
2009 

Haloferax 
volcanii 

- (UTR2; 
random seq.) 

- CGACUCACAACUG
GACUUCA (20 nts) 

0 50 DHFR �9�������������� Brenneis et al., 
2007 

Haloferax 
volcanii 

- (UTR3; 
random seq.) 

- ACAACGGCCUCUC
GAUACCA (20 nts) 

0 55 DHFR �;������������ Brenneis et al., 
2007 

Haloferax 
volcanii 

- (UTR4; 
random seq.) 

- GCUGCAGCAGAGA
ACUUGGC (20 nts) 

0 60 DHFR �:��������������  Brenneis et al., 
2007 
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Host 
organism  

���¶-UTR      
(gene 
name)  

���¶-UTR 
origin  

�7�H�V�W�H�G�����¶-UTR 
sequence  

SD 
sequence 
length [nts]  

GC 
content 
[%]  

Reporter 
protein  

�(�I�I�H�F�W���R�I�����¶-UTR 
addition on reporter 
production 
(leadered mRNA vs. 
leaderless mRNA)  

Reference  

Haloferax 
volcanii 

 

hlr 
(HVO_2837; 
hoxA like 
transcription-
nal regulator) 

Haloferax 
volcanii 

AGAUAGCGAGA 
CAG (14 nts) 

0 50 DHFR �;������������ Brenneis & 
Soppa, 2009 

 

Haloferax 
volcanii 

hp 
(HVO_0721; 
conserved 
hypothetical 
protein) 

Haloferax 
volcanii 

GACCACGACGACG
CGGGUCGAU 
(22 nts) 

0 68 DHFR �;������������ Brenneis & 
Soppa, 2009 

Haloferax 
volcanii 

gvpF (gas 
vesicle 
formation; 
gvpFGHIJKL
M) 

Halobac-
terium 
salinarum 

169 nts 6 (3 conse-
cutive) 

 mGFP6 (green 
fluorescent 
protein for 
haloarchaea) 

�;�����2�'600 �����������; (35%)) 
 

Born & Pfeifer, 
2019; 
Sartorius-Neef 
& Pfeifer, 2004 

Haloferax 
volcanii 

gvpD (gas 
vesicle 
formation; 
operon 
gvpDE) 

Halobac-
terium 
salinarum 

ACAGUCGUGAAGC
GAAGAAAGCCUCA
CCUACUAGUCGGG
AGUGCUCUACCGC
CAUCGACUGGAGA
GAAGUA 
(71 nts) 

5 (4 conse-
cutive)  

 mGFP6 �;������-26%); value 
decreasing with 
increasing OD600 
value;  
OD600 �����������; (10%) 
 

Born & Pfeifer, 
2019; 
Sartorius-Neef 
& Pfeifer, 
2004;  
Jones et al., 
1989 

Haloferax 
volcanii 

gvpA (gas 
vesicle 
formation; 
operon 
gvpACNO) 

Halobac-
terium 
salinarum 

GGGUUAAUCC 
CAGAUCACCA  
(20 nts) 

0  mGFP6 growth phase-
dependent;  
 
OD600 �����������;������������ 
OD600 �����������:�������������� 

Born & Pfeifer, 
2019; 
Sartorius-Neef 
& Pfeifer, 
2004; 
DasSarma et 
al., 1987 
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Host 
organism  

���¶-UTR      
(gene 
name)  

���¶-UTR 
origin  

�7�H�V�W�H�G�����¶-UTR 
sequence  

SD 
sequence 
length [nts]  

GC 
content 
[%]  

Reporter 
protein  

�(�I�I�H�F�W���R�I�����¶-UTR 
addition on reporter 
production 
(leadered mRNA vs. 
leaderless mRNA)  

Reference  

Sulfolobus 
acido-
caldarius 

saci_0330 
(hypoth. 
protein) 

Sulfolobus 
acidocal-
darius 

AAAAGGTGACCCA
ACC (16 nts) 

6 50 Saci_1116-
CtSS 

�9�������������� This study 

Sulfolobus 
acido-
caldarius 

saci_1401 
(thermosome 
�. subunit) 

Sulfolobus 
acidocal-
darius 

AGAAACGGUGUCU
CCC (16 nts) 

4 56 Saci_1116-
CtSS 

�9�������������� This study 

Sulfolobus 
acido-
caldarius 

saci_2354 
(S-layer 
protein B) 

Sulfolobus 
acidocal-
darius 

AAUUUAUAACAUAU
CGGGUGUAUGUCC 
(27 nts) 

4 33 Saci_1116-
CtSS 

�9�������������� This study 

Sulfolobus 
acido-
caldarius 

saci_2355 
(S-layer 
protein A) 

Sulfolobus 
acidocal-
darius 

GAAAGUGAAAACC 
(13 nts) 

4 38 Saci_1116-
CtSS 

�9�������������� This study 

Sulfolobus 
acido-
caldarius 

saci_1322 
(Alba) 

Sulfolobus 
acidocal-
darius 

GAUAGGUGGUUU 
CC (14 nts) 

5 50 Saci_1116-
CtSS 

�9����������������                   
OD600 0.8-1.2) 
�9�����������������2�'600 0.6) 

This study 

Haloferax 
volcanii 

hsp70 (heat 
shock protein 
70) 

Natrinema 
sp. J7 

CACG (4 nts) 0 75 BgaH (��-
galactosidase) 

�;������������ Chen et al., 
2015 

Haloferax 
volcanii 

 

hsp70, -2 
nucleotide 
variation: 
C�ÆG 

Natrinema 
sp. J7 

CAGG (4 nts) 0 75 BgaH �;���������� Chen et al., 
2015 

Haloferax 
volcanii 

hsp70, -2 
nucleotide 
variation: 
C�ÆA 

Natrinema 
sp. J7 

CAAG (4 nts) 0 50 BgaH �;�������������R�I���S�U�R�W�H�L�Q��
production using 
leaderless transcript) 
�������������R�I���Q�D�W�L�Y�H�����¶-
UTR) 

Chen et al., 
2015 
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Host 
organism  

���¶-UTR      
(gene 
name)  

���¶-UTR 
origin  

�7�H�V�W�H�G�����¶-UTR 
sequence  

SD 
sequence 
length [nts]  

GC 
content 
[%]  

Reporter 
protein  

�(�I�I�H�F�W���R�I�����¶-UTR 
addition on reporter 
production 
(leadered mRNA vs. 
leaderless mRNA)  

Reference  

Haloferax 
volcanii 

 

hsp70, -2 
nucleotide 
variation: 
C�ÆU 

Natrinema 
sp. J7 

CAUG (4 nts) 0 50 BgaH �9���������������F�R�P�S�����W�R��
leaderless transcript) 
�������R�I���Q�D�W�L�Y�H�����¶-UTR) 

Chen et al., 
2015 

 

Haloferax 
volcanii 

hsp70, -1 
nucleotide 
variation: 
G�ÆC 

Natrinema 
sp. J7 

CACC (4 nts) 0 75 BgaH �9���������������F�R�P�S�����W�R��
leaderless transcript) 
�������R�I���Q�D�W�L�Y�H�����¶-UTR) 

Chen et al., 
2015 

Haloferax 
volcanii 

hsp70, -1 
nucleotide 
variation: 
G�ÆA 

Natrinema 
sp. J7 

CACA (4 nts) 0 50 BgaH �;�������������F�R�P�S�����W�R��
leaderless transcript) 
�������R�I���Q�D�W�L�Y�H�����¶-UTR) 

Chen et al., 
2015 

Haloferax 
volcanii 

hsp70, -1 
nucleotide 
variation: 
G�ÆU 

Natrinema 
sp. J7 

CACU (4 nts) 0 50 BgaH �:���������������F�R�P�S�����W�R��
leaderless transcript) 
�������R�I���Q�D�W�L�Y�H�����¶-UTR) 

Chen et al., 
2015 
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Host 
organism  

���¶-UTR      
(gene 
name) 

���¶-UTR 
origin  

�7�H�V�W�H�G�����¶-UTR 
sequence  

SD 
sequence 
length [nts]  

GC 
content 
[%]  

Reporter 
protein  

�(�I�I�H�F�W���R�I�����¶-UTR 
addition on reporter 
production 
(leadered mRNA vs. 
leaderless mRNA)  

Reference  

Haloferax 
volcanii 
 

Artificial seq., 
partially with 
gvpH ���¶-UTR 
(involved in 
gas vesicle 
formation) 

Halobac-
terium 
salinarum 

AUGCCCAUGGACA
GA UGA UCGAU  
CGCAU 
GGAGGUCA 
AGAAAUA  
(43 nts; 10 nts 
derived from fdx 
promoter 
(ferredoxin); 
spacing of 13 nts) 
 
Bold: gvpH  ���¶-UTR 
sequence (20  nts).  
 
SD mutation: 2 or 
4 nts of SD motif; or 
full SD. 
 
Spacer length 
variation. 
Native spacer: 
7 nts. 
Tested: 1, 4, 5, 10 nts 
spacer 

7 (6 conse-
cutive) 

47 
 
Full SD 
mutation: 
44  
 
 

GvpH(15 nts)-
BgaH (��-
galactosidase) 

Native UTR: 100% 
Leaderless mRNA 
���³�û�6�'�´������no protein . 
 
Comparison of SD 
motif mutation to 
native SD: 
�; (5-50% SD mutation 
(2/4 nts)) 
 
�; (20% full SD motif 
mutation) 
 
�; (0% for 1 nt spacer) 
�; (10% for 5 nt spacer) 
�:�� (100% for 4 and 
10 nt spacers) 
 

Sartorius-Neef 
& Pfeifer, 2004 
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Host 
organism  

���¶-UTR      
(gene 
name) 

���¶-UTR 
origin  

�7�H�V�W�H�G�����¶-UTR 
sequence  

SD 
sequence 
length [nts]  

GC 
content 
[%]  

Reporter 
protein  

�(�I�I�H�F�W���R�I�����¶-UTR 
alterations  
 

Reference  

Haloferax 
volcanii 
 

Artificial seq., 
partially with 
gvpG ���¶-UTR 
(involved in 
gas vesicle 
formation) 

Halobac-
terium 
salinarum 

AUGCCCAUGG 
CGCGGAACAGC 
AACAA GGAGG 
CCGAUAAUGC   
(41 nts; 10 nts 
derived from fdx 
promoter 
(ferredoxin)) 
Bold: gvpG  ���¶-UTR 
sequence.  
 
���¶-UTR alteration 
(length + SD seq. 
motif) 

5 59 GvpG-(GvpH) 
(immuno-
detection) 

���¶-UTR alteration 
(reduced length + SD 
seq. motif changed to 
4 nts (3 consecutive)): �; 

Sartorius-Neef 
& Pfeifer, 2004 
 

Haloferax 
volcanii 

sod2 SD 
motif variants 
(HVO_2913; 
superoxide 
dismutase) 

Haloferax 
volcanii 

Native:  
GAUAC GGAGGUUA 
CACAUU 
(19 nts) 
 
SD mutation series:  
No SD: GAUAC 
AACAAAAC 
CACAUU 
 
�«  
 
7 nt SD: 
GAUAC AGAGGUGA 
CACAUU 
 
8 nt SD: 
GAUAC GGAGGUGA 
CACAUU 
 
(SD motif mutation:  
instead of A:C;  
instead of G,C,U:A) 

Native: 7 
(6 conse-
cutive);  
SD 
mutagenesis 
study 

Native: 
42  
 
No SD: 
32 

Sod2(90 nts)-
DHFR (489 nts) 

For all SD mutant 
variants: no SD-7 nt 
�6�'�����:���V�D�P�H���W�U�D�Q�V�O����
efficiencies 
 
8 �Q�W���6�'�����;���V�L�J�Q�L�I�����O�R�Z�H�U��
transl. efficiency 

Kramer et al., 
2014 
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Host 
organism  

���¶-UTR      
(gene 
name) 

���¶-UTR 
origin  

�7�H�V�W�H�G�����¶-UTR 
sequence  

SD 
sequence 
length [nts]  

GC 
content 
[%]  

Reporter 
protein  

�(�I�I�H�F�W���R�I�����¶-UTR 
alterations  
 

Reference  

Thermo-
coccus 
kodaka-
rensis 

gdh (from 
Pgdh) 
(glutamate 
dehydro-
genase) 

Thermo-
coccus 
kodaka-
rensis 

ACAGGUGGUAUGA 
(13 nts) 

6 
 
Mutation of 
2nd nt in SD 
motif 

46 RpoL (subunit L 
of archaeal 
DNA-dependent 
RNA polyme-
rase)-HA 

Mutation of 2nd nt in 
SD motif:  
G�Æ C: �:  
G �Æ A: �;��                 
(approx. 15%) 
G �Æ U: �;��               
(approx. 50%) 

Santangelo et 
al., 2008 

S. solfa-
taricus in 
vitro 
transla-
tional 
system 
 

SD mutants 
of ORF104 
SD (putative 
ribosomal 
protein; 
bicistronic 
with 
ORF143) 

Saccharo-
lobus 
solfatari-
cus 

�« UGAGGUGA�«  
(7 nts spacer, AUG) 
�« UGACGUCA�«  

8 �Æ 
disruption    
(3 conse-
cutive) 

? ORF104 
(-ORF143); 
32P-labelled 
oligonucleotide 
probe 

�;���������� 
Translational block 
upon SD motif 
disruption. 
 
Leaderless construct: 
translation; lower than 
�Z�L�W�K���Q�D�W�L�Y�H�����¶-UTR with 
SD 

Condó et al., 
1999 
 

S. solfa-
taricus in 
vitro 
transla-
tional 
system 
 

SD mutants 
of ORF143 
SD (putative 
NUSA-like 
termination/ 
anti-
termination 
transcription 
factor; 
bicistronic 
with 
ORF104) 

Saccharo-
lobus 
solfatari-
cus 

�« GAGGUGA�«��
(8 nts) 
�« GACGUCA�«�� 
 
Note: GUG start 
codon of ORF143 is 
immediately 
consecutive to 
ORF104 stop codon 
(UGA), preceded by 
the SD motif located 
within ORF104 

7 �Æ 
disruption    
(2 conse-
cutive) 

? (ORF104-) 
ORF143;              
32P-labelled 
oligonucleotide 
probe 

�;���������� 
Translational block 
upon SD motif 
disruption 

Condó et al., 
1999 

Sulfolobus 
islandicus 

Artificial seq.  
araS 
promoter 
modific.: SD 
insertion (AG 
GUGAAG) 

- Extension from  
GAGCAU (6 nts)  
to 
GAGAAUGAGGUGA
AGCUCAU  
(20 nts) 

8 Short 
UTR: 50 
Exten-
ded 
UTR: 45 

LacS-CtHis6          
(S. solfataricus) 

�9�������������� Peng et al., 
2012 
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Host 
organism  

���¶-UTR      
(gene 
name)  

���¶-UTR 
origin  

�7�H�V�W�H�G�����¶-UTR 
sequence  

SD 
sequence 
length [nts]  

GC content 
[%]  

Reporter 
protein  

�(�I�I�H�F�W���R�I�����¶-UTR 
alterations  
 

Reference  

Methano-
coccus 
maripalu-
dis 
 

pst (inorganic 
phosphate 
(Pi)-specific 
transport 
system) 
 
in 
comparison 
to: 
 
slp (S-layer 
protein) 
hmmA 
(histone A) 
mcrB (methyl 
coenzyme M 
reductase) 
 

Methano-
coccus 
maripalu-
dis 

���¶-UTR sequences 
adapted for NdeI 
site for cloning (-3 
to -1 nucleotides). 
 
UTR-pst: 
AUAAACCUGGGAG
GUGUCUCAU 
(22 nts) 
 
UTR-slp:  
AUAAAAAAAGUAAC
ACAACAAAGGUGA
AUUCAU (33 nts) 
 
UTR-hmmA: 
AUAAAAGAUUGAG
GUGAUCAU 
(21 nts) 
 
UTR-mcrB:  
AUAUAUAUCAAAAA
AAUAGGAGUGGUU
CAU (30 nts) 
 

UTR-pst: 8 
UTR-slp: 6 
UTR-hmmA: 
6 
UTR-mcrB: 8 
 

UTR-pst: 45 
UTR-slp: 24 
UTR-hmmA: 
28 
UTR-mcrB: 
23 
 
�Æ ���¶-UTRs 
slp, hmmA, 
mcrB: lower 
GC content, 
very GC-poor 
besides SD 
motifs 

mCherry �(�[�F�K�D�Q�J�H���R�I���Q�D�W�L�Y�H�����µ-
�8�7�5���E�\�����¶-UTR of 
highly expressed 
genes:  
 
�9���6�L�J�Q�L�I�����P�R�U�H���U�H�S�R�U�W�H�U��
fluorescence under 
low (inducing) and 
high phosphate 
conditions.  
 
UTR-pst vs. UTR-slp: 
�9 (approx. 170%, low 
Pi conc.)  
 
UTR-pst vs. UTR- 
hmmA�����9�����D�S�S�U�R�[����
250%, low Pi conc.)  
 
UTR-pst vs. UTR- 
mcrB�����9�����D�S�S�U�R�[����
250%, low Pi conc.)  
 
 
Spacer length variation 
of UTR-pst from 6 to 5 
or 4 �Q�W�V�����9 

Akinyemi et 
al., 2021 
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Work�ows  for  optimization  of  enzyme  cascades  and
whole  cell  catalysis  based  on  enzyme  kinetic
characterization  and  pathway  modelling
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To move towards  a circular bioeconomy,  sustainable strategies
for the utilization of renewable, non-food  biomass wastes such
as lignocellulose, are needed. To this end, an ef�cient
bioconversion  of D-xylose – after D-glucose  the most  abundant
sugar in lignocellulose – is highly desirable. Most  standard
organisms used in biotechnology  are limited in metabolising  D-
xylose, and also in vitro enzymatic strategies for its conversion
have not been very successful.  We herein discuss that
bioconversion  of D-xylose is mostly  hampered by missing
knowledge  on the kinetic  properties  of the enzymes involved in
its metabolism.  We propose  a combination  of classical enzyme
characterizations and mathematical  modelling approaches  as
a work�ow  for rational, model-based  design to optimize
enzyme cascades  and/or  whole cell biocatalysts  for ef�cient  D-
xylose metabolism.
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Introduction
The  depletion of fossil resources and emission of green-
house gases is driving the search for sustainable, environ-
mentally friendly  processes using renewable, non-food
biomass. Lignocellulose is a promising resource for the
production of ‘second generation’ biofuels and added-
value chemicals/products as it  does not compete with

food supply. But the recalcitrant structure and complexity
of lignocellulose poses a challenge to biotransformation
requiring physicochemical and/or chemical pretreatment
[1–4]. The  gained hydrolysates comprise D-glucose and D-
xylose as main fermentable carbon sources. Many of the
current platform organisms used in biotechnology such as
Escherichia coli, or yeast are able to utilize  D-glucose
whereas the conversion of D-xylose alone, or the ability
for hexose/pentose co-fermentation is rather limited.
Therefore, many metabolic engineering and synthetic
biology approaches aim to achieve an ef�cient  conversion
and co-utilization of D-xylose [5,6,7� ]. Here we give an
overview of the different  pathways for D-xylose degrada-
tion and describe the advantages of the Weimberg path-
way. Furthermore, we discuss the advantages and dis-
advantages of whole-cell catalysis and enzyme cascades
and highlight  the potential of combined experimental
modelling approaches.

Pathways  for  D-xylose  degradation
For D-xylose degradation two main strategies have been
reported in microorganisms (Figure 1) (for review and
literature see Refs. [6,7� ,8–11]). The  �rst  strategy relies
on the formation of the key intermediate xylulose 5-
phosphate which proceeds either via isomerases and
kinases mainly in bacteria (isomerase pathway) or via
reductases, dehydrogenases and kinases in fungi (xylose
reductase/xylitol dehydrogenase pathway). The  formed
xylulose 5-phosphate is channelled into the pentose
phosphate pathway or is cleaved to glyceraldehyde 3-
phosphate and acetyl-phosphate (phosphoketolase path-
way) as known for heterolactic acid bacteria, some Clos-
tridia, and also some fungi. The  second strategy for xylose
degradation proceeds via the key intermediate 2-keto-3-
deoxy-D-xylonate (KDX).  This  intermediate is formed
through direct oxidation of the pentose mediated by
xylose dehydrogenase (XDH)  to the xylonolactone which
is subsequently hydrolysed non-enzymatically or by a
lactonase to D-xylonate. D-xylonate is then dehydrated
to form KDX  by xylonate dehydratase (XAD).  The  KDX
is either cleaved by KDX  aldolase to pyruvate and gly-
colaldehyde in the Dahms pathway and channelled into
the glyoxylate bypass and �nally  as malate into the
tricarboxylic acid (TCA)  cycle. Alternatively, KDX  is
further dehydrated to a-ketoglutarate semialdehyde by
KDX  dehydratase (KDXD)  and oxidized via a-ketoglu-
tarate semialdehyde dehydrogenase (KGSADH)  to yield
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the �nal  product a-ketoglutarate (aKG) in the Weimberg
pathway which again enters the TCA  cycle. These path-
ways are also called the non-phosphorylative routes or
xylose oxidative pathways.

Weimberg  pathway  and  its  advantages
In  general, the suitability  of a pathway for an application
depends on the desired product and therefore each of the
D-xylose degradation pathways may be preferable for a
speci�c  biotechnological approach [5,11,25] depending
on the primary D-xylose degradation product of the path-
way and the required precursor for the desired product
formation (Figure 2). And even the simultaneous use of
two or more of the pathways can have synergistic effects.

The  Weimberg pathway has initially  been reported in
Pseudomonas spp. and was identi�ed  in different  mainly
aerobic Bacteria and Archaea [6,7� ,9,10,12–17]). The
pathway is meanwhile best studied from Caulobacter
crescentus [18,19,20�� ]. The  oxidative Weimberg pathway
offers several advantages [20�� ]: Especially for in vitro
processes it  is bene�cial  that no ATP  is required (e.g. for
sugar phosphorylation) and only one cosubstrate (NAD +)

is involved for which regeneration methods are well
established via for example, NADH  oxidase [21] or
lactate dehydrogenase and pyruvate [20�� ]. Furthermore,
all individual  steps and thus also the pathway as a whole
are thermodynamically favourable and run to completion
which is advantageous for product puri�cation  and yield.
Also important for product yield, no carbon loss occurs up
to aKG formation. And particularly useful for whole-cell
biocatalysis, the pathway is well  separated from central
metabolic routes making it  less sensitive to metabolic
interference. Finally,  the pathway product aKG itself  is
an attractive target compound for the nutritional,  cos-
metic, pharmaceutical and also the medical sector, and it
also represents a key intermediate in the cellular metab-
olism and serves as precursor for synthesis of various
valuable products [21,22]. In  addition, chemical synthesis
of aKG is rather complicated and includes the use of toxic
chemicals and wastes [23,24].

Whole  cell  catalysis  and  enzyme  cascades
(advantages  and  disadvantages)
Because of these advantages the Weimberg pathway or
parts thereof have been used for metabolic engineering in
several model organisms for the production of value-
added products from D-xylose including E. coli, Saccharo-
myces cerevisiae and Corynebacterium glutamicum
[11,20�� ,26–30]. However, the outcome was in most cases
unsatisfactory and suffered for example, from intermedi-
ate accumulation or low expression levels of the heterol-
ogous proteins and additional time consuming non-tar-
geted, non-rational approaches like  laboratory evolution
had to be applied for pathway optimization. This  under-
scores the general problems of whole-cell systems, that is,
missing or insuf�cient  control mechanisms of expression,
narrow range of reaction conditions, as well  as interfer-
ences with  the intrinsic metabolism [31�� ,32]. Notably,
the respective bottle-necks of such in vivo metabolic
engineering approaches remained mostly unresolved
likely  because of the elevated complexity of whole cells.

In vitro enzyme cascades can bypass most of these issues
of whole-cell biocatalysis and are often regarded as sim-
pler and thus more promising tools for bioconversions.
They  usually provide higher yields/productivities, do not
suffer from metabolic interferences, can be run under a
wider range of conditions like  for example, pH,  osmolari-
ties, temperatures, solvent and metabolite concentra-
tions, and can also make use of side activities of enzymes
[31�� ,32]. However, despite the above-mentioned advan-
tages, in vitro enzymatic approaches also bear major
drawbacks including the requirement of elaborate
enzyme production and puri�cation,  supply of cofactors,
and costly scale-up for industrial production [31�� ]. Addi-
tionally, also enzyme systems show a certain degree of
complexity and are often subject to regulation by feed-
forward or feed-back loops and/or allosteric control by (co)
substrates, intermediates, or products. And this becomes
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Figure  1
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Overview of metabolic  pathways  for D-xylose degradation.
Abbreviations:  GAP, glyceraldehyde 3-phosphate;  AcP, acetyl-
phosphate;  F6P, fructose  6-phosphate,  Pyr, pyruvate, GlA,
glycolaldehyde;  aKG, a-ketoglutarate.
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more and more pronounced the more complex the cas-
cade gets [33,34].

The  advantages and drawbacks of the cell-based and cell-
free approaches were recently reviewed by Claassens et al.

[31�� ]  and they proposed to combine the strengths of both
approaches to overcome the drawbacks. One of the major
advantages of in vitro enzymatic reconstructions is that
the cascade composition like  for example, the concentra-
tions of enzymes and (co)substrates can accurately be
controlled and thus allow for computational pathway
modelling and characterization which in turn enables
the rational design of a pathway. Hence, a combined
strategy should involve an initial  design, testing and
optimization of the pathway in cell-free systems and a
subsequent transfer into platform organisms with  con-
trolled expression systems that allow for model assisted
pathway optimization. However, such modelling assisted
pathway characterization and optimization approaches are
only rarely applied presumably because they are elabo-
rate, particular when moving to the whole-cell biocataly-
sis. Instead, for optimization of pathways mostly non-
targeted, combinatorial approaches with  non-biased com-
binations of enzymes and/or reaction conditions are used
to identify  the rate-limiting  steps and to enhance pathway
performance [35–37] (for review Ref. [38]). If  kinetic
parameters are used at all, they are often retrieved from
databases such as BRENDA  or SABIO-RK, which are
well  curated and useful in their  own right for isolated
reactions, but seldomly meet the conditions required for a
speci�c  production process with  respect to physicochem-
ical conditions, enzyme expression levels, substrate con-
centrations and so on (see e.g. Ref. [33]). Thus, whereas
the know-how for characterizing the individual  processes,
that is, enzyme kinetics, intact cell analysis, and mathe-
matical modelling exist, a poor integration of these pro-
cesses in a coherent and validated mathematical model
limits  the development of suf�cient  in vitro production
systems as well  as of high-performance whole cell bioca-
talysts and the need for the development of generic
strategies to overcome these limitations have been
stressed [39� ,40� ,41� ].

Potential  of  a combined  experimental
modelling  approach
Recently, a novel combined modelling and experimental
validation approach for the C. crescentus Weimberg path-
way was published [20�� ]  which substantiated and con-
cretized the idea proposed by Claassens et al. [31�� ]  and
potentially represents a generic strategy for systematic
pathway setup and analysis (for a schematic illustration
see Figure 3). This  work�ow  includes �rstly  (recombi-
nant) enzyme production and puri�cation,  followed by a
kinetic  characterization of each of the pathway enzymes,
typically  using initial  rate kinetics. Importantly,  all
enzymes must be characterized under the same assay
conditions, which should re�ect  the production condi-
tions. Depending on the kinetics (e.g. hyperbolic or
sigmoidal saturation curves) a suitable rate equation is
selected (or derived if  the kinetic  mechanism of the
enzyme is known) and an initial  parameterization for
substrate dependencies, and maximal catalytic rate is
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Illustration of the linear, oxidative Weimberg pathway  (blue) as a
‘parallel metabolic  route’.  The different pathways  for pentose
degradation  are shown according  to the colour code  in Figure 1, that
is, isomerase pathway  (orange), oxo-reductive  pathway  (yellow),
Dahms pathway  (green) and Weimberg pathway  (blue). In addition,  the
Embden-Meyerhof-Parnas  (EMP) pathway  for D-glucose  degradation
and the tricarboxylic  acid (TCA) cycle with the glyoxylate bypass are
depicted.  The representation highlights the advantages of the
Weimberg pathway  for biotechnological  application,  particularly  the
separation and thus non-interference  with the rest of the metabolism
with the only entry point  at the level of aKG. The absence of ATP
usage and CO2 production  distinguish the Weimberg pathway  from
the other routes. Abbreviation:  XI, xylose isomerase; XR, xylose
reductase,  XiDH, xylitol  dehydrogenase; XK, xylulose kinase; XDH,
xylose dehydrogenases; XLA, xylonolactonase;  XAD, xylonate
dehydratase; KDXD, 2-keto-3-deoxy-xylonate  dehydratase; KGSADH,
a-ketoglutarate  semialdehyde dehydrogenase; KDXA, 2-keto-3-deoxy-
xylonate aldolase; F6P, fructose  6-phosphate;  GAP, glyceraldehyde 3-
phosphate.
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made. In  a �rst  validation step these initial  rate equations
are integrated and used to predict the step by step
conversion of substrate to product after adding one
enzyme after the other along the pathway (‘single-step
cascade’). Usually the model predicts a conversion rate
that is higher than the one that is experimentally
observed due to product inhibition,  which accumulates
to considerable levels in these assays. In  a subsequent
model construction step, if  possible the product inhibition
is tested in initial  rate kinetics or a product inhibition
constant is �tted  using the conversion data. In  the next
validation round, model predictions for a one-pot cascade

conversion of substrate to product with  all enzymes
present at the start of the assay (third  step) are compared
to the experimental data for the conversion. Typically,  at
this step, allosteric regulation can cause signi�cant  differ-
ences between the model prediction and experimental
observation. Model analysis can reveal what metabolites
act as allosteric regulators and this can be tested again in
initial  rate kinetic  experiments. Finally,  this leads to a
reference state model which can be further validated in its
capacity to predict speci�c  perturbations experiments, for
example, alterations in relative abundances of the path-
way enzymes, or omitting  the recycling system for co-
factors.

In  case of the C. crescentus Weimberg pathway this work-
�ow  led in the �rst  round of model construction, that is,
the single-step cascade, to the discovery of extended
product inhibition  of most pathway enzymes and in the
second round of modelling and validation (one-pot cas-
cade) to the discovery of allosteric regulation of some of
the enzymes by pathway intermediates. The  �nally
adjusted model could then fairly  accurately predict the
requirement of an NAD + recycling system for complete
substrate to product conversion and the necessity of
lactonase at high �ux  rates. The  NAD + recycling was
necessitated by a pronounced product inhibition  of both,
the XDH  and the KGSADH,  with  NADH  as well  as by an
allosteric inhibition  of the XAD  with  NADH,  discovered
in the �rst  and second round of modelling and validation,
respectively, which impeded a complete substrate to
product conversion. The  model then further enabled a
rational optimization of the pathway in terms of enzyme
amounts added for the highest conversion ef�ciency  to
produce aKG. This  model was useful in experimental
design, for instance to set up enzyme cascades for the
synthesis of (2S, 3R, 4S)-4-hydroxyisoleucine where the
Weimberg enzyme cascade provides aKG as a cofactor of
the dioxygenase catalysed reaction of isoleucine to
hydroxyisoleucine.

The  insights provided by the in vitro cascade analyses
already suggested a couple of implications on in vivo
whole cell systems [20�� ]. Particularly, the redox state
appears to have a strong in�uence  on the pathway per-
formance implying  that the carbon �ux  needs to be
balanced with  the respiratory capacity and electron accep-
tor availability. In  addition, the balancing of hydratase
activity  (i.e. XAD)  by the addition of divalent metal ions
was crucial for pathway performance in the enzyme
cascade as well  as cell extract assays. Importantly,  the
mathematical model could accurately predict the in vivo
pathway performance in C. crescentus cell-free extracts
after inserting speci�c  activities as measured in the
extract. Metabolic control analyses based on the cell
extract modelling further supported the �ndings  that
under high NADH  concentrations (NADH/NAD + ratios)
the dehydrogenases (especially the XDH)  become rate
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Schematic  representation of the iterative experimental and modelling
approach.  The result of the first round (I) are the parameterized rate
equations which are in the second  round combined  to a model-based
prediction  of the single-step  cascade with subsequent  experimental
validation followed  by model optimization.  In the third round (III) this
model is used to predict  the one-pot-cascade  again followed  by
experimental validation and model optimization  finally leading to the
reference-state  model which can then further be applied.
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limiting.  Conversely, at low NADH  concentrations the
dehydratases become limiting,  mainly the XAD.  Under in
vivo conditions these limitations might lead to unwanted
by-products and thus carbon losses for example, via
xylonate or KGSA excretion, which have indeed been
observed in metabolic engineering approaches [42].
Thus, the developed model can provide explanations
for issues observed in whole cell biocatalysis using the
C. crescentus Weimberg pathway underlining the potential
and the usefulness of the in vitro analyses and modelling
for in vivo pathway design.

Conclusions  and  future  prospects
Application of modern -omics type of techniques has
opened up many possibilities for large scale analysis
and are important for genome scale �ux-based modelling
approaches. However, for detailed kinetic  modelling of
metabolic pathways, parameterization of the models on
the basis of system-wide data is often problematic due to
the limited  perturbations that can be made to intact cells,
leading to parameter identi�ability  issues. We propose to
construct models using a bottom-up approach based on
classic enzyme kinetic  data, with  special attention to
enzyme-assay conditions, which should re�ect  the pro-
duction conditions. In  a number of iterations between
experiment and model a full  model calibration, including
product inhibition,  allosteric regulation and regulation via
ATP/ADP,  NAD +/NADH  cofactor couples is possible.
The  detailed validated model is an important tool for
experimental design, to quantify �ux  control distribution
over the pathway, and to optimize protein distribution
over the enzymes in the pathway for maximal ef�ciency
and conversion rates. We have shown on behalf of the
Weimberg pathway how the model could be used for
simulations of cell extracts, simply by inserting the spe-
ci�c  activity  measurements for the enzymes in the
extract. The  C. crescentus Weimberg model, together with
all the enzyme kinetic  data and parameterization scripts,
are available on the FAIRDOMHub  portal, https://
fairdomhub.org/investigations/284 and may aid the com-
munity  in metabolic engineering approaches converting
D-xylose containing biomass into added value products
regardless of the platform organism chosen. The  next step
will  be to apply the model to heterologous expression
systems and to optimize the conversion rates in produc-
tion strains.
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3. de Paula RG, Antoniêto ACC, Ribeiro LFC, Srivastava N,
O’Donovan A, Mishra PK, Gupta VK, Silva RN: Engineered
microbial  host  selection  for  value-added  bioproducts  from
lignocellulose . Biotechnol  Adv 2019, 37:107347.

4. Dessie W, Luo X, Wang M, Feng L, Liao Y, Wang Z, Yong Z, Qin Z:
Current  advances  on  waste  biomass  transformation  into
value-added  products . Appl  Microbiol  Biotechnol  2020,
104:4757-4770.

5. Bator I, Wittgens A, Rosenau F, Tiso T, Blank LM: Comparison  of
three  xylose  pathways  in  Pseudomonas  putida  KT2440 for  the
synthesis  of  valuable  products . Front Bioeng Biotechnol  2019,
7:480.

6. Francois JM, Alkim C, Morin N: Engineering  microbial  pathways
for  production  of  bio-based  chemicals  from  lignocellulosic
sugars:  current  status  and  perspectives . Biotechnol  Biofuels
2020, 13.

7.
�

Valdehuesa KNG, Ramos KRM, Nisola GM, Bañares AB,
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5 Summary  

In the main part of this thesis (Part I), studies on the thermoacidophilic crenarchaeon 

S. acidocaldarius are presented. Chapters 4.1 and 4.2 contain research on biofilm formation 

as well as EPS and exopolysaccharide composition of S. acidocaldarius biofilms. 

Chapter 4.1 focusses on the response of S. acidocaldarius to solvent stress, exemplified by 1-

butanol exposure. Increased biofilm formation and changes in the EPS matrix were found to 

be primary responses. In the presence of 1-butanol, biofilms exhibited a denser and higher 

tower-like architecture, and increased amounts of extracellular carbohydrates and EPS 

proteins were detected. In addition, biofilm cells exhibited an increased 1-butanol tolerance 

compared to single, planktonic cells. At elevated 1-butanol concentrations, three different cell 

morphotypes were observed. Transcriptome analysis revealed the regulation of biofilm 

transcriptional regulators involved in biofilm formation in S. acidocaldarius and down-

regulation of archaellum subunits in response to 1-butanol exposure. Apart from that, 

decreased expression of cell envelope structures, membrane proteins, immune and defense 

systems, and increased cell division and/or vesicle formation were observed. Overall, a global 

response for the protection at population level was indicated. Compared to other archaea, 

S. acidocaldarius showed a remarkably higher tolerance to 1-butanol, which was in a similar 

range as reported for mesophilic organisms, such as the 1-butanol producing strain 

C. acetobutylicum. In the future, knowledge of the response and tolerance of S. acidocaldarius 

to organic solvents may be important for the establishment and its application in 

biotechnological processes. 

Chapter 4.2 provides detailed insights into the EPS composition and dynamics of 

S. acidocaldarius biofilms. An alternate biofilm cultivation protocol was established to obtain 

large amounts of biofilm mass by growing S. acidocaldarius biofilms on the surface of 

membrane filters. EPS isolation was performed and sum parameters of extracellular 

carbohydrate, protein, and DNA were defined. The exopolysaccharide fraction of EPS samples 

was received by the enzymatic digestion of other EPS components (nucleic acids and proteins) 

and its monosaccharide composition as well as size were defined by advanced analytical 

methods. For the first time, the molecular mass of a crenarchaeal exopolysaccharide is 

reported with an average mass of 7.1 x 104 Da for S. acidocaldarius biofilms. In addition, 

biofilm formation as well as EPS composition were shown to be affected by the 

supplementation of different sugars to the growth medium. Overall, this work provides 

methodological tools that enable further research on the biosynthesis and secretion of 

exopolysaccharides.  
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Chapter 4.3 refers to the optimization and application of S. acidocaldarius as archaeal 

expression host. Plasmid-based production of a reporter protein was significantly enhanced by 

�W�K�H���L�Q�V�H�U�W�L�R�Q���R�I�����¶-UTR sequences into an available, sugar-inducible expression vector. In this 

regard, the ���¶-UTR sequence of the Alba-encoding gene from the genome of S. acidocaldarius 

proved to be most reliable and efficient and was shown to increase the production of esterase 

reporter protein fourfold. Alba ���¶-UTR-modified expression plasmids were successfully used 

for the production of archaeal glycosyltransferases. This study highlights the significance of ���¶-

UTRs as a relevant feature in archaeal expression vectors. T�K�H���D�S�S�O�L�F�D�W�L�R�Q���R�I�����¶-UTR-modified 

expression vectors could increase or enable the synthesis of thermophilic or archaeal proteins 

and expand the scope of S. acidocaldarius as an archaeal expression host in the future. 

Finally, in Part II of this thesis (Chapter 4.4), an advanced workflow for the optimization of 

enzyme cascades and whole cell catalysis is presented. In this review article, a combination 

of enzyme kinetic characterization and pathway modelling is proposed for the construction and 

validation of a quantitative model that supports enzyme cascade design and pathway 

performance. The model is constructed and calibrated by iterations between classic enzyme 

kinetic experiments and model prediction and validation, including the characterization of 

possible product inhibition and allosteric or cofactor-based regulation. In the past, this 

approach has been successfully applied to in vitro enzyme cascades for D-xylose 

bioconversion via the Weimberg pathway of C. crescentus. In the future, it may assist the 

scientific community in the optimization of other metabolic engineering strategies for the 

conversion of D-xylose-containing biomass to achieve maximum biocatalytic efficiency and 

conversion rates independent of the platform organism.  
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6 Zusammenfassung  

Im Hauptteil dieser Arbeit (Teil I) werden Studien zum thermoacidophilen Crenarchaeon 

S. acidocaldarius vorgestellt. Kapitel 4.1 und 4.2 beschäftigen sich mit der Untersuchung von 

Biofilmbildung und der Zusammensetzung der EPS-Matrix und der darin enthaltenen 

Exopolysaccharide. 

Kapitel 4.1 konzentriert sich auf die Reaktion von S. acidocaldarius auf Lösungsmittelstress, 

insbesondere auf die Exposition gegenüber 1-Butanol. Es wurden verstärkte Biofilmbildung 

und Veränderungen in der EPS-Matrix festgestellt. In Anwesenheit von 1-Butanol wiesen 

S. acidocaldarius Biofilme eine dichtere und höhere turmartige Struktur auf und es wurden 

erhöhte Mengen an extrazellulären Kohlenhydraten und Proteinen nachgewiesen. Im 

Vergleich zu planktonischen Zellen zeigten Biofilmzellen eine erhöhte Toleranz gegenüber 1-

Butanol. Außerdem wurden bei erhöhten 1-Butanol-Konzentrationen drei verschiedene 

Zellmorphotypen beobachtet. Die Transkriptomanalyse zeigte, dass die Expression von 

Biofilm-Transkriptionsregulatoren, die an der Regulation der Biofilmbildung in 

S. acidocaldarius beteiligt sind, verändert war. Des Weiteren wurde eine verringerte 

Expression von Archaellum-Untereinheiten, Zellhüllenstrukturen, Membranproteinen und 

Immun- und Abwehrsystemen als Reaktion auf die Exposition gegenüber 1-Butanol 

festgestellt. Die Expression von Genen, welche in der Zellteilung und/oder Vesikelbildung 

involviert sind, war erhöht. Insgesamt wurde eine globale Reaktion zum Schutz auf 

Populationsebene identifiziert. Im Vergleich zu anderen Archaeen zeigte S. acidocaldarius 

eine bemerkenswert hohe Toleranz gegenüber 1-Butanol, die der Toleranz von mesophilen 

Organismen, wie dem 1-Butanol produzierenden Organismus C. acetobutylicum ähnelte. Die 

in dieser Arbeit präsentierten Kenntnisse über die Reaktion und Toleranz von 

S. acidocaldarius gegenüber organischen Lösungsmitteln könnte in Zukunft für dessen 

Etablierung und Anwendung in biotechnologischen Prozessen von Bedeutung sein. 

Kapitel 4.2 bietet detaillierte Einblicke in die Zusammensetzung und Dynamik der EPS-Matrix 

von S. acidocaldarius Biofilmen. Zunächst wurde ein alternatives Protokoll zur Kultivierung von 

Biofilmen etabliert, dass die Generierung großer Mengen an Biofilmmasse ermöglichte. Dabei 

wurden S. acidocaldarius Biofilme auf der Oberfläche von Membranfiltern kultiviert. EPS 

Biopolymere wurden isoliert und die Summenparameter der extrazellulären Kohlenhydrate, 

Proteine und DNA definiert. Die Exopolysaccharidfraktion der EPS-Proben wurde durch den 

enzymatischen Verdau anderer EPS-Bestandteile (Nukleinsäuren und Proteine) erhalten, und 

ihre Monosaccharidzusammensetzung und Größe wurden mittels analytischer Methoden 

bestimmt. Erstmals wurde die Molekularmasse eines crenarchaellen Exopolysaccharids 

ermittelt und diese betrug im Mittel 7,1 x 104 Da für S. acidocaldarius Biofilme. Darüber hinaus 
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wurde gezeigt, dass Biofilmbildung und EPS-Zusammensetzung durch die Zugabe 

verschiedener Zucker zum Wachstumsmedium beeinflusst werden. Insgesamt bietet diese 

Arbeit methodische Werkzeuge, die zukünftige Forschungen zur Biosynthese und Sekretion 

von Exopolysacchariden ermöglichen. 

Kapitel 4.3 präsentiert die Optimierung und Anwendung von S. acidocaldarius als archaelles 

Expressionssystem. In dieser Arbeit wurde die plasmidbasierte Produktion eines 

Reporterproteins durch den Einbau von 5'-UTR-Sequenzen in verfügbare 

Expressionsvektoren deutlich verbessert. Dabei erwies sich die 5'-UTR-Sequenz des Alba-

kodierenden Gens aus dem Genom von S. acidocaldarius als am effizientesten und 

zuverlässigsten, und konnte die Produktion des Esterase-Reporterproteins um das Vierfache 

steigern. Alba 5'-UTR-modifizierte Expressionsplasmide wurden erfolgreich für die Produktion 

von archaellen Glykosyltransferasen eingesetzt. Diese Studie betont die Bedeutung der 5'-

UTR als relevantes Element archaeller Expressionsvektoren und erweitert das 

Anwendungspotenzial von S. acidocaldarius als archaelles Expressionssystem. In Zukunft 

könnte die Anwendung der 5'-UTR-modifizierten Expressionsvektoren die Synthese weiterer 

thermophiler oder archaeller Proteine erhöhen oder ermöglichen. 

Abschließend wird in Teil II dieser Arbeit (Kapitel 4.4) ein fortgeschrittener Arbeitsablauf zur 

Optimierung von Enzymkaskaden und Ganzzellkatalyse vorgestellt. Hierbei wird eine 

Kombination aus enzymatischer Charakterisierung und Modellierung von Stoffwechselwegen 

für die Konstruktion und Validierung eines quantitativen Modells vorgeschlagen, das die 

Entwicklung von Enzymkaskaden und die Leistungssteigerung dieser Stoffwechselwege 

unterstützt. Das Modell wird durch Wiederholungen von klassischen enzymkinetischen 

Experimenten, Modellvorhersagen und -validierungen aufgebaut und kalibriert. Dabei werden 

mögliche Produkthemmungen sowie allosterische oder Cofaktor-basierte Regulierungen 

berücksichtigt. In der Vergangenheit wurde dieser Arbeitsablauf bereits erfolgreich auf in vitro 

Enzymkaskaden des Weimberg-Stoffwechselwegs von C. crescentus für die Biokonversion 

von D-Xylose angewendet. In Zukunft könnte dieser Ansatz die wissenschaftliche 

Gemeinschaft bei der Optimierung anderer metabolischer Strategien zur Umwandlung von D-

Xylose-haltiger Biomasse unterstützen. 

 



 

 
 

7 Appendix  

Table A1 : Overview of studies on archaeal exopolysaccharides (PS).  

Organism  Growth  
conditions  

EPS isolation method,  
PS analysis method  

PS 
composition/components  

PS 
size and 
structure  

Reference  

 

Crenarchaeota  
 

Acidianus sp.  
DSM 29099 

pH 3.5, 65 °C, 1-7 d(?). 
Mackintosh medium 
(Mackintosh, 1978), containing 
10 g/L S0, 2 g/L potassium 
tetrathionate (PT) 
or 20 g/L iron(II) sulfate 
 
Shaking culture/sulfur cubes 
 

EDTA extraction according to 
Castro et al., 2014: 
Differentiation of EPS 
fractions by centrifugation: 
 
Colloidal EPS = soluble EPS 
Capsular EPS = EPS bound 
to microbial pellets. extracted 
from biofilm cell pellets with 
20 mM EDTA at 180 rpm, 4°C  
 
Acid hydrolysis with 2 N TFA 
(100°C, 4 h).  
HPAEC-PAD 
 

Colloidal EPS on S0: 
Glc:Man 
74.4 : 25.6 (%) 
 
Capsular EPS on S0: 
GalN:Gal:GlcN:Glc:Xyl:Man 
0.9 : 2.1 : 0.2 : 49.8 : 2.9 : 44.2 (%) 
 
Colloidal EPS on K2S4O6 (PT): 
Glc:Man 
92.2 : 7.3 (%) 
 
Capsular EPS on K2S4O6 (PT): 
GalN:Gal:GlcN:Glc:Xyl:Man 
0.8 : 0.8 : 4.9 : 60.9 : 2.8 : 30.2 (%) 

>3.5 kDa 
(dialysis 
MWCO) 

Zhang et al., 
2019a 

Acidianus sp.  
DSM 29099 

pH 2.5 on S0, pH 1.8 when 
grown on iron (II) ions (4 g/L) or 
on pyrite (10%). 
65 °C, 1-7 d(?). Mackintosh 
medium (Mackintosh, 1978), 
containing 0.02% yeast extract. 
Pyrite as substratum 

Microscopic analysis  
CLSM-FLBA  
 
Lectins (colloidal): 
AAL: Fuc  
HPA: GalNAc 
MPA: GalNAc 
 
Lectins (capsular): 
ConA: Glc/Man 
GNA: Man 
PMA: Man 
 

Colloidal EPS on pyrite: 
Fuc, GalNAc 
(CLSM) 
 
Capsular EPS on pyrite: 
Man (Glc) 
(CLSM) 
 

- Zhang et al., 
2015a 
 
Zhang et al., 
2019b 
 

157 

Laura K
uschm

ierz                                                        
                                                                             

A
ppendix 



 

 

Organism  Growth  
conditions  

EPS isolation method,  
PS analysis method  

PS 
composition/components  

PS 
size and 
structure  

Reference  

Acidianus sp. 
DSM 29038 
in mixed 
biofilm with  
S. metallicus 
DSM 6482T 

pH 1.8/2.5, 65 °C, 3-10 d; 
120 rpm 
Mackintosh medium 
(Mackintosh, 1978), containing 
1% sulfur (pH 2.5) and 1 or 5% 
pyrite (pH 1.8) as substratum 

Microscopic analysis  
CLSM 
 
Lectins:  
ConA: Glc/Man  
HHL: Man ((-1, 3) and (-1, 6) 
linked mannosyl units) 
PSA: Glc/Man (�.-D-glucose 
�D�Q�G���.-D-mannose) 
 

Acidianus sp. DSM 29038 and 
S. metallicus DSM 6482T on pyrite:  
 
Acidianus sp. and S. metallicus: 
ConA-binding�����.-D-mannosyl- and 
�.-D-glucosyl-residues  
 
Acidianus sp.-specific binding of 
HHL 
 
S. metallicus-specific binding: PSA 

- Castro et al., 
2016 

Sulfolobus 
acidocaldarius 
DSM 639 
 

pH 3, 76 °C, 3-7 d static; 
liquid medium, µ-dishes. 
Medium exchange every 24 h. 
Brock medium (Brock et al., 
1972) with 0.1% tryptone 

Microscopic analysis  
CLSM 
 
Lectins: 
ConA: Glc/Man  
GS-IB4: Gal/GalNAc ���.-D-
galactosyl residues) 
GSII: GlcNAc (�.- �R�U����-linked 
N-acetyl-D-glucosamine) 

Glc/Man, Gal/GalNAc, GlcNAc 
(CLSM) 
 

- Koerdt et al., 
2010 
 

 pH 3, 78 °C, 4 d static; 
liquid medium, µ-dishes. 
Brock medium (Brock et al., 
1972) with 0.1% NZ-amine and 
0.2% Glc 

Microscopic analysis  
CLSM 
 
Lectins: 
ConA: Glc/Man 
GS-IB4: Gal/GalNAc 

Glc/Man, Gal/GalNAc  
(CLSM) 
 

- Benninghoff & 
Kuschmierz et 
al., 2021 
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Organism  Growth  
conditions  

EPS isolation method,  
PS analysis method  

PS 
composition/components  

PS 
size and 
structure  

Reference  

Sulfolobus 
acidocaldarius 
MW001        
(DSM 639 
�¨pyrE) 
 

pH 3, 76 °C, 3/6/8 d static; 
liquid medium, µ-dishes. 
Medium exchange every 24 h. 
Brock medium (Brock et al., 
1972) with 0.1% NZ-amine and 
10 µg/mL uracil for MW001 
(or with 0.2% maltose for 
eCGP123 expressing cells) 

Microscopic analysis  
CLSM 
 
Lectins: 
ConA: Glc/Man  
GS-IB4: Gal/GalNAc 

Glc/Man, Gal/GalNAc 
(CLSM) 
 
 

- Henche et al., 
2012 

 pH 3, 75 °C, 3/6/8 d static; 
liquid medium, µ-dishes. 
Medium exchange every 24 h. 
Brock medium (Brock et al., 
1972) with 0.1% NZ-amine and 
10 mg/mL uracil (or with 0.2% 
maltose for mutant 
complementation with Pmal-
constructs) 

Microscopic analysis  
CLSM 
 
Lectins: 
ConA: Glc/Man 
GS-IB4: Gal/GalNAc 
 

Glc/Man, Gal/GalNAc 
(CLSM) 
 

- Orell et al., 
2013 
 

 pH 3, 76 °C, 3 d static; 
liquid medium, µ-dishes. 
Medium exchange every 24 h. 
Brock medium (Brock et al., 
1972) with 0.1% NZ-amine and 
10 mg/mL uracil (or 0.2% dextrin 
when necessary) 

Microscopic analysis  
CLSM 
 
Lectins: 
ConA: Glc/Man 
GS-IB4: Gal/GalNAc 
 

Glc/Man, Gal/GalNAc  
(CLSM) 
 

- Orell et al., 
2018 
 

 pH 3, 75 °C, 3 d static; 
liquid medium, µ-dishes. 
Medium exchange every 24 h. 
Brock medium (Brock et al., 
1972) with 0.1% NZ-amine, 0.2% 
Glc, and 10 µg/mL uracil (for 
overexpression, 0.2% D-
arabinose added) 

Microscopic analysis  
CLSM 
 
Lectins: 
ConA: Glc/Man 
GS-IB4: Gal/GalNAc 
 

Glc/Man, Gal/GalNAc  
(CLSM) 
 

- Recalde et al., 
2021 
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Organism  Growth  
conditions  

EPS isolation method,  
PS analysis method  

PS 
composition/components  

PS 
size and 
structure  

Reference  

Sulfolobus 
acidocaldarius 
MW001       
(DSM 639 
�¨pyrE) 
 

pH 3, 76 °C, 4 d static;  
biofilm on hydrophilic 
polytetrafluoroethylene filter 
floating on liquid medium. 
Brock medium (Brock et al., 
1972) with 0.1% NZ-amine, 
10 µg/mL uracil, and 0.2% Glc 
(compared to Mal, D-xyl, NZA 
only) 

TEM isolation by cation 
exchange resin (CER) under 
shaking conditions, sterile 
filtration (0.22 µm pores).  
 
Enzymatic treatment of TEM: 
RNaseA (37°C, oN); DNaseI 
(37°C, 1 h), proteinase K 
(37°C, oN), dialysis against 
ultrapure H2O to obtain (E)PS  
(MWCO 3.5 kDa). 
 
SEC analysis  or acid 
hydrolysis of dried PS with 
2 M TFA at 95°C for 3 h; 
drying, neutralization with 1 M 
NH4OH, drying, and 
resuspension in H2O 
 
Monosaccharide 
derivatization with 1-phenyl-3-
methyl-5-pyrazolone (PMP) 
 
Reversed -phase  liquid 
chromatography coupled to 
mass spectro metry  
(RP-LC-MS) 

Man:Glc:Rib:GlcN:Rha:GlcNAc: 
GalN  
35 : 29.2 : 25.8 : 5 : 3.3 : 0.8 :       
0.8 (%) 
= 42 : 35 : 31 : 6 : 4 : 1 : 1 
 
(RP-LC MS) 

40-90 kDa 
(n=5) 
Mean: 
71 kDa 
(SEC) 

Kuschmierz et 
al., 2022 
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Organism  Growth  
conditions  

EPS isolation method,  
PS analysis method  

PS 
composition/components  

PS 
size and 
structure  

Reference  

Sulfolobus 
metallicus 
DSM 6482T 

 

pH 1.7, 65 °C, 1-7 d(?); 
Mackintosh medium 
(Mackintosh, 1978), containing 
10 g/L S0, 2 g/L potassium 
tetrathionate (PT) 
or 20 g/L iron(II) sulfate 
 
Shaking culture/sulfur cubes 
 

EDTA extraction according to 
Castro et al., 2014: 
Differentiation of EPS 
fractions by centrifugation: 
 
Colloidal EPS = soluble EPS 
 
Capsular EPS = EPS bound 
to microbial pellets. extracted 
from biofilm cell pellets with 
20 mM EDTA, 180 rpm, 4°C  
 
Acid hydrolysis with 2 N TFA 
(100°C, 4 h).  
HPAEC-PAD 

Colloidal EPS on S0: 
Gal:Glc:Man 
8.7 : 63.4 : 25.1 (%) 
 
Capsular EPS on S0:  
Gal:Glc:Man 
1.0 : 50.7 : 48.3 (%) 
 
 
 
 
 
 

>3.5 kDa 
(dialysis 
MWCO)  

Zhang et al., 
2019a 

 pH 2.5, 65 °C, 7 d; 
Mackintosh medium 
(Mackintosh, 1978), containing 
10 g/L S0, 0.2 g/L yeast extract. 
Shaking culture (120 rpm)/sulfur 
cubes (biofilms on sulfur 
particles) 

Microscopic analysis  
CLSM-FLBA  
 
Lectins (colloidal): 
GNA: Man 
HHA: Man 
PMA: Man 
LAL: Fuc 
 
Lectins (capsular): 
ConA: Glc/Man 
ECA: GalNAc/Gal 
PNA: Gal 
MAA: Sia 
AAA: Fuc 
UEA-I: Fuc 
VGA: GlcNAc 

Colloidal EPS: 
Man, Fuc (fucose), GlcNAc. 
 
Capsular EPS:  
Glc/Man, GalNAc, Gal, Sia (sialic 
acid), Fuc, GlcNAc. 
 
 

- Zhang et al., 
2015b 
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Organism  Growth  
condi tions  

EPS isolation method,  
PS analysis method  

PS 
composition/components  

PS 
size and 
structure  

Reference  

Sulfolobus 
metallicus 
DSM 6482T 

 

pH 2.5, 65 °C, 20 d(?); 
Mackintosh medium 
(Mackintosh, 1978), containing 
10 g/L S0, 0.02% yeast extract. 
Pyrite as substratum. 

Microscopic analysis  
CLSM-FLBA  
 
Lectins (colloidal): 
GNA: Man 
SJA: GalNAc 
 
Lectins (capsular): 
ConA: Glc/Man 
HHA: Man 
PHA-E: Man 
PSA: Man 
MNA-G: Gal 
PHA-L: GalNAc 
SJA: GalNAc 
WFA: GalNAc 

Colloidal EPS: 
Man, GalNAc 
(CLSM) 
 
 
Capsular EPS:  
Man/Glc, Gal, GalNAc 
(CLSM) 
 
 

- Zhang et al., 
2015a 
 
 

Sulfolobus 
solfactarius 
MT3 

pH 3.5, 75 °C, harvested in 
stationary phase; 
Standard culture 
medium contained [g/L]:  
KH2PO4 (3.10); (NH4)2SO4 
(2.50); MgSO4 x 7H2O (0.20); 
CaCI2 x 2H2O (0.25); Glc (3.0). 
Fermentor/batch culture. 

EtOH precipitation of culture 
supernatant, centrifugation, 
and resuspension in hot water 
= polysaccharide solution; 
dialysis (MWCO?), soluble 
EPS in void volume of 
Sepharose CL-6B column 
dialyzed and dried by 
lyophilization.  
 
Acid hydrolysis with 2 M HCl 
(105°C, 3 h) 
HPAEC-PAD, TLC 

Soluble exopolysaccharide: 
Glc:Man:GlcN:Gal 
1.2 : 1.0 : 0.77 : 0.73 
(HPAEC-PAD, TLC) 

>1000 kDa 
(?) (sample 
prep. via 
GPC) 

Nicolaus et 
al., 1993 
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Organism  Growth  
conditions  

EPS isolation method,  
PS analysi s method  

PS 
composition/components  

PS 
size and 
structure  

Reference  

Sulfolobus 
solfactarius 
MT4                 
(DSM 5833) 
 

pH 3.5, 88 °C, harvested in 
stationary phase; 
Standard culture 
medium contained [g/L]:  
KH2PO4 (3.10); (NH4)2SO4 
(2.50); MgSO4 x 7H2O (0.20); 
CaCI2 x 2H2O (0.25); Glc (3.0). 
Fermentor/batch culture. 

Compare Sulfolobus 
solfactarius MT3 
HPAEC-PAD, TLC 

Soluble exopolysaccharide: 
Glc:Man:GlcN:Gal 
1.2 : 1.0 : 0.18 : 0.13 
(HPAEC-PAD, TLC) 

>1000 kDa 
(?) (sample 
prep. via 
GPC) 

Nicolaus et 
al., 1993 
 

Sulfolobus 
solfataricus 
DSM 1617 
(P2) 

pH 3, 76 °C, 3-7 d static; 
liquid medium, µ-dishes. 
Medium exchange every 24 h. 
Brock medium (Brock et al., 
1972) with 0.1% tryptone 

Microscopic analysis  
CLSM 
 
Lectins: 
ConA: Glc/Man 
GS-IB4: Gal/GalNAc 
GSII: GlcNAc 

Glc/Man, Gal/GalNAc, GlcNAc  
(CLSM) 
 
 

- Koerdt et al., 
2010 
 
 

 pH 3, 80 °C, 3 d; 
liquid medium, glass slide in 
shaking cultures. 
Brock medium (Brock et al., 
1972) with 0.1% tryptone 

Microscopic analysis. 
Cells fixed with 4% 
formaldehyde. 
Fluorescence microscopy  
 
Lectins: 
ConA: Glc/Man 
GS-IB4: Gal/GalNAc 
GSII: GlcNAc 

Glc/Man, Gal/GalNAc, GlcNAc  
(Fluor. Microsc.) 
 
 

- Zolghadr et 
al., 2010 
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Organism  Growth  
conditions  

EPS isolation method,  
PS analysis method  

PS 
composition/components  

PS 
size and 
structure  

Reference  

Sulfolobus 
solfataricus 
PBL2025 
natural mutant 
derived from 
S. solfataricus 
98/2 (Schelert 
et al., 2004), 
lacking 
SSO3004 -
3050. 
 

pH 3, 76 °C, 3 d static; 
liquid medium, µ-dishes. 
Medium exchange every 24 h. 
Brock medium (Brock et al., 
1972) with 0.1% tryptone or with 
0.1% NZ-amine, 0.2% Glc and 
0.2% D-arabinose for expression 
purposes 

Microscopic analysis  
CLSM 
 
Lectins: 
ConA: Glc/Man 
GS-IB4: Gal/GalNAc 
 

Glc/Man, Gal/GalNAc  
(CLSM) 
 
More Glc/Man than strain P2 
 

- Koerdt et al., 
2012 
 

 pH 3, 80 °C, 3 d; 
liquid medium, glass slide in 
shaking cultures. Brock medium 
(Brock et al., 1972) with 0.1% 
tryptone 

Microscopic analysis.  
Cells fixed with 4% 
formaldehyde. 
Fluorescence microscopy  
 
Lectins: 
ConA: Glc/Man 
GS-IB4: Gal/GalNAc 
GSII: GlcNAc 

Glc/Man, Gal/GalNAc, GlcNAc  
(Fluor. Microsc.) 
 
 

- Zolghadr et 
al., 2010 
 

Sulfolobus 
tokodaii  
DSM 16993 

pH 3, 76 °C, 3-7 d static; 
liquid medium, µ-dishes. 
Medium exchange every 24 h. 
Brock medium (Brock et al., 
1972) with 0.1% tryptone 

Microscopic analysis  
CLSM 
 
Lectins: 
ConA: Glc/Man 
GS-IB4: Gal/GalNAc 
GSII: GlcNAc 

Glc/Man, Gal/GalNAc, GlcNAc 
(CLSM) 
 

- Koerdt et al., 
2010 
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Organism  Growth  
conditions  

EPS isolation method,  
PS analysis method  

PS 
composition/components  

PS 
size and 
structure  

Reference  

 
Euryarchaeota  
 
Ferroplasma 
acidiphilum 
DSM 28986 
 

pH 1.7, 37 °C, 1-7 d; 
Mackintosh medium 
(Mackintosh, 1978) 5 g/L iron (II) 
ions, 0.02% yeast extract 
i) on floating polycarbonate filters 
(inoculum: 5 x 107 cells on 
polycarbonate filter, Ø 2.5 cm, 
0.2 ���P���S�R�U�H���V�L�]�H�������F�R�P�Sarison to 
supplementation of 1 g/L Glc  
ii) on pyrite as substratum 

Microscopic analysis  
CLSM 
 
Lectin: 
ConA for Glc/Man 
 

Glc/Man 
(CLSM) 
 

- Zhang et al., 
2014 

 pH 1.8, 37 °C, 20 d(?); 
Mackintosh medium 
(Mackintosh, 1978), containing 
4 g/L iron(II) ions, 0.02% yeast 
extract. Pyrite as substratum. 
 

Microscopic analysis  
CLSM 
 
Lectins (colloidal): 
DGL: Glc/Man 
PHA-E: Man 
LPA: Sia 
 
Lectins (capsular):  
AIA: Gal/GalNAc 
ConA: Glc/Man 
HPA: GalNAc 
PA-I: Gal 

Colloidal extracellular 
glycoconjugate on pyrite: 
Glc, Man, Sia 
(CLSM) 
 
 
Capsular extracellular 
glycoconjugate on pyrite: 
Gal, GalNAc, Glc/Man 
(CLSM) 
 

- Zhang et al., 
2015a 
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Organism  Growth  
conditions  

EPS isolation method,  
PS analysis method  

PS 
composition/components  

PS 
size and 
structure  

Reference  

Haloarcula 
hispanica 
ATCC33960 
 

pH 7, 37°C, harvested in late 
stationary phase; 
AS-168 medium (5 g/L casamino 
acids, 5 g/L yeast extract, 1 g/L 
sodium glutamate, 3 g/L 
trisodium citrate) 

EtOH precipitation of culture 
supernatant, centrifugation, 
and resuspension in water = 
polysaccharide solution; 
dialysis (MWCO 14 kDa), 
upon dialysis denaturation of 
most halophilic proteins, 
centrifugation, treat 
supernatant (polysaccharides) 
with Benzonase nuclease 
(remove DNA and RNA), then 
protease K (remove proteins). 
5-fold concentration with 
100 kDa ultrafiltration 
membrane, lyophilization.  
 
Anion exchange column.  
Acidic PS: Sephacryl S-
400/HR column.  
Acid hydrolysis with 2 M TFA 
(121°C, 2 h), GC-MS 

Acidic exopolysaccharide 
 
Man:Gal:Glc 
55.9 : 43.2 : 0.9 (%) 
(= 1 : 0.77 : 0.02) 
(GC-MS) 
 
 
 
Two glycosyltransferase genes 
analyzed, deletion of one of these 
led to loss of the acidic PS, 
increased adhesion (CV staining), 
increased motility, abnormal cell 
surface morphology. 

1100 kDa 
(HPGPC). 
 
Dextran 
standards. 
 
 
 

Lü et al., 2017 

Haloarcula 
japonica T5 

pH 7.2-7.8, 37 °C, 10 d. 
liquid medium. 
Media containing: 10 g/L yeast 
extract, 7.5 g/L casamino acids, 
3 g/L trisodium citrate.  
Minimal medium with 0.6% Glc;  

EtOH precipitation of culture 
supernatant, centrifugation 
and resuspension in hot water 
= polysaccharide solution; 
dialysis (MWCO?).  
1H NMR analysis  
 
Sephadex G-50 and 
Sepharose CL-6B column. 
Acid hydrolysis with 0.5 (for 
neutral sugars) or 2 M TFA 
(for acid sugars) (80°C, 16 h) 
HPAEC-PAD 

Sulfated extracellular polysaccharide 
 
Man:Gal:GlcA 
2 : 1 : 3 
(HPAEC-PAD) 
 
1H NMR spectrum of the crude 
EPS extract showed presence of 
five anomeric signals, two �. and 
three ��-linkages 
 

- Nicolaus et 
al., 1999 
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Organism  Growth  
conditions  

EPS isolation method,  
PS analysis method  

PS 
composition/components  

PS 
size and 
structure  

Reference  

Haloarcula sp. 
T6 

pH 7.2-7.8, 37 °C, 10 d. liquid 
medium, 0.6% Glc 
 

Compare: 
Haloarcula japonica T5 

Man:Gal:Glc 
1 : 0.2 : 0.2 
Traces of Glucuronic acid 
(HPAEC-PAD) 

- Nicolaus et 
al., 1999 

Haloarcula sp. 
T7 

pH 7.2-7.8, 37 °C, 10 d. liquid 
medium, 0.6% Glc 
 

Compare: 
Haloarcula japonica T5 

Man:Gal:Glc 
1 : 0.2 : 0.2 
Traces of Glucuronic acid 
(HPAEC-PAD) 

- Nicolaus et 
al., 1999 

Halobacterium 
salinarum  
DSM 3754 
 

pH 7.5, 42°C, 9 d/14 d static; 
Complex medium with 15 g/L 
peptone (Oxoid) (Teufel et al., 
2008) 
 
Glass coverslips  

Microscopic analysis  
CLSM 
 
Lectins:  
ConA: Glc/Man 
WGA: GlcNAc/Sia 

Infrequent ConA signals within 
microcolony structures (Glc/Man); 
WGA-positive (GlcNAc/Sia) 
(CLSM) 

- Fröls et al, 
2012 

Haloferax 
denitrificans 
ATCC 35960 

pH 7.3, 38 °C, stationary phase; 
Growth medium containing a 
mixture of marine 
salts (25%) and 1% Glc, 
stirring reactor 

PS precipitation by sodium 
acetate (NaOAc) and EtOH or 
acetone.  
Redissolved, reprecipitated 
and lyophilized. 
 
Cation exchange resin (Na+), 
DEAE-Sepharose CL-6B. 
Acid hydrolysis with 2% acetic 
acid (HOAc) (100°C, 1.5 h),  
Pronase treatment (mixture of 
proteases). 
 
Methylation analysis and 1H 
NMR spectroscopy (linkage) 

Acidic exopolysaccharide 
 
Gal:GlcANAc  
1 : 3 
(GLC-MS) 
 
Repeating unit of the 
polysaccharide: 
 

 
 
D-GlcpA2,3NAc: 2,3-diacetamido-
2,3-dideoxy-D-glucopyranosiduronic 
acid 

linear Parolis et al., 
1999 
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Organism  Growth  
conditions  

EPS isolation method,  
PS analysis method  

PS 
composition/comp onents  

PS 
size and 
structure  

Reference  

Haloferax 
gibbonsii  
ATCC 33959 
 

pH 7.3, 38 °C, stationary phase; 
Growth medium containing a 
mixture of marine salts (25%) 
and 1% Glc, 
stirring reactor 

Compare: 
Haloarcula denitrificans 
ATCC 35960;  
Parolis et al., 1999. 
 

Neutral exocellular polysaccharide 
 
Man:Glc:Gal:Rha 
2 : 1 : 3 : 1 
(GLC-MS) 

 
 
heptasaccharide repeating unit 
containing two branches. Main 
chain: two mannosyl and two 
galactosyl residues; one branch 
contains glucosyl moiety, the other 
branch one galactosyl and one 
rhamnosyl moiety 

>100 kDa 
(MWCO 
dialysis), 
branched  
 

Paramonov et 
al., 1998 
 
 

Haloferax 
mediterranei 
ATCC 33500 

pH 7.2, 38 °C, harvested in 
stationary phase;  
Mixture of marine salts (SW) at a 
total concentration of 25%, and 
0.0005% (wt/vol) FeCl3,             
0.5% yeast extract.  
Different media assayed, higher 
yields obtained with sugars, 
particularly Glc, as carbon and 
energy source; 
1% Glc compared to 1% 
saccharose. 
Stirring reactor (shaking cultures, 
550 rpm) 

Culture supernatant, 
concentration (MWCO 
100 kDa ultrafilters), dialysis, 
EtOH precipitation 
centrifugation and 
resuspension in water = 
polysaccharide solution; 
lyophilization.  
 
IR spectrum, DEAE-
Sepharose chromatography 
 

Man>Glc:Gal 
Unidentified sugar, amino sugars, 
uronic acids, sulfate 
No acyl groups 
 
EPS composition (0.5% yeast 
extract): 
hexoses:hexosamines:uronic 
acids:proteins:sulfate 
55.75 : 2.5 : 2.28 : 7.5 : 6.8  
(% of total wt of polymer). 
 
EPS composition (1% Glc): 
hexoses:hexosamines:uronic 
acids:proteins:sulfate 
17.7 : 2.15 : 0.7 : 15 : 6  
(% of total wt of polymer). 

>100 kDa 
(filtration), 
linear 

Antón et al., 
1988 
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Organism  
Growth  
conditions  

EPS isolation method,  
PS analysis method  

PS 
composition/components  

PS 
size and 
structure  

Reference  

Haloferax 
mediterranei 
ATCC 33500 
 

harvested in stationary phase; 
growth medium containing a 
mixture of salts (25%) with             
1% Glc 

Culture supernatant, 
concentration (MWCO 
100 kDa ultrafilters), dialysis,  
PS precipitation by NaOAc 
and EtOH or acetone.  
Redissolved, reprecipitated 
and lyophilized. 
Cation exchange resin (Na+), 
DEAE-Sepharose (ion-
exchange chromatography). 
 
Acid hydrolysis with 4 M TFA 
(125°C, 1 h).  
Partial hydrolysis with fuming 
HCl (20°C, 30 min) 
GLC-MS 
 
Methylation analysis and        
1H NMR spectroscopy 
(linkage) 

Man:GlcNAcA 
(2-amino-2-deoxy-GlcA) 
1.0 : 1.1 
(GLC) 
 

 
 
Heteropolysaccharide. Repeat unit 
contains one mannosyl and two N-
acetyl-glucosaminuronyl moieties, 
thereby one N-acetyl-
glucosaminuronyl group is modified 
by a sulfonic group. 
 

>100 kDa 
(filtration), 
linear 
 

Parolis et al., 
1996 

Haloferax 
mucosum  
DSM 27191 

pH 7.5, 37 °C, 72 h; 
ATCC 2185 medium as base, 
supplemented with varying conc. 
of yeast extract (3, 4 and 6 g/L) 
and Glc or sucrose (both 2 g/L) 
in liquid medium.  
Shaking culture 

EtOH precipitation, alcohol-
insoluble solids were 
redissolved in water, dialyzed 
(MWCO 10-12 kDa), dried in 
an oven. 

- 152 kDa 
(weight-
average 
molecular 
weight) 
 
(76.5 kDa, 
number-
average 
molecular 
weight)  
(HPSEC) 

López-Ortega 
et al., 2020 
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Organism  Growth  
conditions  

EPS isola tion method,  
PS analysis method  

PS 
composition/components  

PS 
size and 
structure  

Reference  

Haloferax 
volcanii  
DSM3757 
(original DS2 
strain) 
 

pH 7.5, 42°C, 7 d; 
Hv-Ca medium, 5 g/L casamino 
acids, 0.125 ml 6.4 mg/ml 
thiamine solution, and 0.125 ml 
0.8 mg/ml biotin solution per liter. 
Glass surface. 

Microscopic analysis  
CLSM 
 
Lectins: 
ConA: Glc/Man 

ConA colocalized with cellular 
clusters (GFP-expressing strain, 
CLSM) 
 
 

- Chimileski et 
al., 2014 

 pH 7.2, 42°C, 20 d static; 
Complex medium with 5 g/L 
tryptone, 3 g/L yeast extract 
(Offner et al., 2000) 
i) No Glc 
ii) +0.25% or 0.5% (w/v) Glc 
Glass coverslips.  

Microscopic analysis  
CLSM 
 
Lectins:  
ConA: Glc/Man 
WGA: GlcNAc/Sia 
 

No ConA signal.  
ConA signal only observed after 
growth in the presence of glucose. 
WGA-positive: GlcNAc/Sia. 
(CLSM) 
 
 

- Fröls et al., 
2012 

Halorubrum 
lacusprofundi 
DL28 

pH 7.5, 28°C, 20 d static; 
23% modified growth media 
(23% MGM: 5 g/L peptone,  
1 g/L yeast extract) (Dyall-Smith, 
2009) 
Glass coverslips. 

Microscopic analysis  
CLSM 
 
Lectins:  
ConA: Glc/Man 
WGA: GlcNAc/Sia 

Infrequent ConA signals within 
surface-attached aggregates 
(Glc/Man),  
WGA-positive: GlcNAc/Sia. 
(CLSM) 

- Fröls et al., 
2012 
 
 

Halorubrum 
sp. TBZ112 

pH 8, 32 °C, 9 d, 150 rpm. 
Modified marine broth medium 
with 10 g/L Glc (1%), 5 g/L 
peptone (0.5%) and 1 g/L yeast 
extract (0.1%). 

EtOH precipitation of culture 
supernatant, pellet 
resuspended in water, protein 
removal with Sevag method 
(Staub, 1965), dialysis 
(MWCO 3.5 kDa), lyophilized. 
 
Acid hydrolysis: 2 M TFA 
(120°C, 90 min) 
HPAEC-PAD 

Man:GlcN:GalA:Ara:GlcA: 
Xyl:Gal:Glc:Rib:Rha 
19.95 : 15.55 : 15.43 : 12.24 : 12.05 
: 7.51 : 6.53 : 6.01 : 2.75 : 1.80 (%) 
(HPAEC-PAD) 

5.05 kDa 
(HPSEC) 

Hamidi et al., 
2019 
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Organism  Growth  
conditions  

EPS isolation method,  
PS analysis me thod  

PS 
composition/components  

PS 
size and 
structure  

Reference  

Haloterrigena 
turkmenica 
DSM 5511 
 

pH 7.0-7.2, 37 °C; 11 d, 180 rpm. 
Halobacteria medium M372 
(DSMZ) 
�Ä�+�7�5�³������ g/L yeast extract + 1% 
(w/v) Glc, Man, Gal, Fruc or Suc; 
�0�R�G�L�I�L�H�G���P�H�G�L�X�P���³�+�7�<-�³������ g/L 
yeast extract, 1% sugar 
 

Culture (HTR+Glc) 
supernantant boiled for 
15 min to remove possible 
depolymerase, 10-fold conc. 
(ultrafiltration, MWCO 
10 kDa), dialysis (MWCO 12-
14 kDa), EtOH precipitation, 
redissolved in water, 
lyophilization. 
HPAEC-PAD 

Glc:GlcN:GlcA:Gal:GalN 
1 : 0.65 : 0.24 : 0.22 : 0.02 
(HPAEC-PAD) 
 
Anionic nature (anion exchange 
chromatography) 
2.8% (w/w) sulfate 

801.7 kDa,  
206.0 kDa,  
37.6 kDa  
(SEC)  
 

Squillaci et 
al., 2016 

Methanobac-
terium 
formicicum 
DSM 6298+ 
Methano-
sarcina mazeii 
DSM 6300 
 
(pure cultures 
and mixed 
granules) 

pH 7.0, 37 °C, harvested in 
stationary phase; 
basal medium (Kenealy et al., 
1981).  
 
M. formicicum: + 4 mM Na-
acetate; 40 mM formate or gas 
mixture of H2 and CO2 (80:20) as 
carbon and energy source. 
 
M. mazeii: +30 mM Na-acetate, 
12 mM Na-bicarbonate. 
 
 
 

20% (v/v) phenol to extract 
extracellular polymers at 
50 °C, with shaking and 
intermittent sonication for 
45 min and centrifug. (2x), 
aqueous solution used, 
dialyzed, lyophilized. 
 
PS purified by gel filtration, 
TFA hydrolysis, derivatization 
to alditol acetates.  
GLC-MS  

Mixed -species g ranules  
Rha:Fuc:Rib:Man:Gal:Glc:GlcN: 
GalN+ManN 
15 : 10.7 : tr : 12.9 : 16.1 : 19.3 : 8.6 
: 6.4 (%) 
 
M. formicium  (formate)  
Rha:Man:Gal:Glc:GlcN:GalN +ManN 
29 : 29 : 15.6 : 9.1 : tr : 17.3 (%) 
 
M. formicium  (H2-CO2) 
Rha:Man:Gal:Glc:GlcN:GalN +ManN 
25.8 : 25 : 17.7 : 12.9 : tr : 18.5 (%) 
 
M. mazeii  (acetate)  
Rha:Rib:Man:Gal:Glc:GlcN:GalN 
+ManN 
0.6 : 0.6 : tr : 32 : 10.4 : 56.5 : tr (%) 
 
tr: trace amounts 
(GLC-MS) 

> 100 kDa Veiga et al., 
1997 
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Organism  Growth  
conditions  

EPS isolation method,  
PS analysis method  

PS 
composition/components  

PS 
size and 
structure  

Reference  

Methanocaldo-
coccus 
jannaschii 

pH 6.5, 80 °C; 
autotrophic, liquid medium 
(H2/CO2: 80:20) 
 

EtOH extraction method 
(Antón et al., 1988); extraction 
of cell-bound EPS as well as 
soluble EPS. 
 
Acid hydrolysis: 1.2 M H2SO4 
at 100°C for 3 h under 
vacuum, and silylation.  
GC  

Man:All:Gal:Glc 
1.6 : 1.5 : 1 : 14.4 
 
Glc most abundant (approx. 80% of 
total monosacch.) 
(GC) 

- Orange et al., 
2012 

Methano-
sarcina mazei 
Gö1            
(DSM 3647) 

pH 6.5-6.8, 37 °C, 3 d, static;  
liquid medium, µ-dishes. 
Minimal medium, 2 g/L yeast 
extract (0.2%), 2 g/L casitone 

Microscopic analysis  
CLSM 
 
Lectins: 
ConA: Glc/Man 
GS-IB4: Gal/GalNAc 

Glc/Man, Gal/GalNAc  
(CLSM) 
 

 Bang et al., 
2014 

Methano-
sarcina mazei 
S-6 
 

pH 6.8, 35°C, 3-4 weeks, static; 
liquid cultures,  
B1 medium (Balch et al., 1979) 
with acetate.  
 

Glass beads treatment, 
centrifugation. Pellet: 
membrane removed with 10% 
sodium dodecyl sulfate, 
dialysis of pellets, remove 
residual cells and glass by low 
centrifug., supernatant = 
matrix material 
 
a) Acid hydrolysis (4 N HCl, 
100°C, 8 h) (for TLC). 
b) Reduction of uronic acids, 
acid hydrolysis of reduced 
polymer product, 
derivatization to alditol 
acetates. a+b for GLC. 

a) 6.21 µg/mg Glc, 106 µg/mg 
GalNAc (1 : 17) 
b) 51.5 µg/mg galacturonic acid (as 
galactose), 7.4 µg/mg Glc, 
45.1 µg/mg GalNAc (7 : 1 : 6) 
 

- Robinson et 
al., 1985 
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Organism  Growth  
conditions  

EPS isolation method,  
PS analysis method  

PS 
composition/components  

PS 
size and 
structure  

Reference  

Methano-
sphera 
stadtmanae 
(DSM 3091) 
 

pH 6.8-7.0, 37 °C, 3 d, static; 
liquid medium, µ-dishes. 
Medium 322 (according to 
DSMZ) 
 
10% rumen fluid; 2 g/L trypticase 
peptone, 2 g/L yeast extract, 
0.5 g/L Na-acetate, 0.5 g/L Na-
formate 

Microscopic analysis  
CLSM 
 
Lectins: 
ConA: Glc/Man 
GS-IB4: Gal/GalNAc 
 

Glc/Man, Gal/GalNAc  
(CLSM) 
 
strong ConA signal, closely co-
localized with cells, in total low 
amounts.  
 
 

- Bang et al., 
2014  

Methano-
brevibacter 
smithii  
(DSM 861) 

pH 6.8-7.0, 37 °C, 3 d, static; 
liquid medium, µ-dishes. 
Medium 119 (according to 
DSMZ) 
 
10% rumen fluid, 1 g/L yeast 
extract, 1 g/L Na-acetate, 2 g/L 
Na-formate 

Microscopic analysis  
CLSM 
 
Lectins: 
ConA: Glc/Man 
GS-IB4: Gal/GalNAc 
 

Glc/Man, Gal/GalNAc  
(CLSM) 
 
strong ConA signal, closely co-
localized with cells, in total low 
amounts.  
 

- Bang et al., 
2014 

Natrialba 
aegyptiaca 40T 
(DSM 13077T) 

pH 7.2, 38 °C, 3 d. 
Agar plates. 
Proteose peptone-salt medium 
[g/L]: proteose peptone, 7±5; and 
yeast extract, 5; agar, 20. 

Cells harvested from plates, 
suspended in water, 
ultracentrifug., EtOH 
precipitation, centrifug. and 
resuspension (water), dialysis, 
lyophilization. 
 
Anthrone reaction to analyze 
presence of carbohydrates 
(Gerhardt et al., 1994). 
Acid hydrolysis with 6 M HCl, 
OPA (ortho-phthaldialdehyde) 
derivatization  
HPLC 

Extracellular polymer (mucoid 
colony morphology). 
85% (w/w) L-glutamic acid,  
12.5% (w/w) carbohydrates and 
2.5% (w/w) unidentified compounds 

- Hezayen et 
al., 2001 
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Organism  Growth  
conditions  

EPS isolation method,  
PS analysis method  

PS 
composition/components  

PS 
size and 
structure  

Reference  

Thermococcus 
litoralis  
DSM 5473 
 

pH 6.3, 88 °C; 
�5�L�Q�N�H�U�¶�V���G�H�I�L�Q�H�G���P�H�G�L�X�P�� 
i) 0.1% yeast extract + 0.2% Mal  
ii) 0.2 % Mal 
iii) 0.025 % Mal; 
liquid medium (batch culture). 

Cell pellet resuspended and 
recentrifuged, supernatant 
precipitation with EtOH, 
reuspension in water, dried 
under vacuum. 
Resuspension in water/ 10% 
NaOH/ dimethylsulfonic 
acid (+/- ultrasonication). 
Acid hydrolysis with 3 N HCl 
for 18 h. 
HPLC 

Man  
(HPLC) 
 
1-2% sulfate,  
1.5-4.5% phosphorus 
 
Mannan (hydrolyzed by ��-
mannanase from Thermotoga 
neapolitana) 

41 kDa, 
Mannan 
(GPC) 

Rinker et al., 
1996 
 

 

Abbreviations  

Methods  

CLSM   Confocal laser scanning microscopy  
FLBA   Fluorescence lectin-binding analysis 
GC   Gas chromatography 
GLC   Gas-liquid chromatography 
GPC   Gel permeation chromatography 
HPAEC-PAD  High-performance anion exchange chromatography with pulsed amperometric detection 
HPGPC  High-performance gel permeation chromatography 
HPLC   High-performance liquid chromatography 
HPSEC  High-performance size-exclusion chromatography 
IR   Infrared spectroscopy 
MS   Mass spectrometry  
NMR   Nuclear magnetic resonance 
RP-LC   Reversed-phase liquid chromatography 
SEC   Size exclusion chromatography 
TLC   Thin layer chromatography  
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Lectins  

AAA: agglutinin from eel serum (Anguilla anguilla), specific for fucose (Fuc) 
AIA: Artocarpus integrifolia agglutinin, specific for galactose residues (Gal and GalNAc) 
ConA: concavalin A from jack bean (Canavalia ensiformis)�����V�S�H�F�L�I�L�F���I�R�U���.-mannopyranosyl (Man) �D�Q�G���.-glucopyranosyl (Glc) residues 
DGL: Dioclea grandiflora lectin, glucose (Glc)/ mannose (Man)-specific 
ECA: Erythrina cristagalli agglutinin, specific for galactose residues (Gal and GalNAc) 
GNA: agglutinin from snowdrop (Galanthus nivalis), specific for mannose (Man) 
GS-IB4: isolectin GS-IB4 from Griffonia simplicifolia�����V�S�H�F�L�I�L�F���I�R�U���.-D-galactosyl residues (Gal and GalNAc) 
GSII: lectin GS-II from Griffonia simplicifolia, specific for N-acetyl-D-glucosamine (GlcNAc) 
HAA: agglutinin from snail (Helix aspersa), specific for �.-N-acetyl-D-galactosamine (GalNAc) 
HHA: agglutinin from amaryllis (Hippeastrum �K�\�E�U�L�G�����V�S�H�F�L�I�L�F���I�R�U����-mannose (Man) 
HHL: Hippeastrum hybrid lectin from amaryllis �E�X�O�E�����V�S�H�F�L�I�L�F���I�R�U���.-mannose (Man) 
HPA: Helix pomatia agglutinin, specific for N-acetyl-D-galactosamine (GalNAc) 
LAL: Laburnum anagyroides lectin, specific for fucose (Fuc) 
LPA: Limulus polyphemus agglutinin, specific for sialic acid (Sia) 
MAA: Maackia amurensis agglutinin, specific for sialic acid (Sia) 
MNA-G: agglutinin from Morus nigra, specific for galactose (Gal) 
PA-I: lectin I from Pseudomonas aeruginosa, specific for galactose (Gal) 
PHA-E: agglutinin E from Phaseolus vulgaris, specific for mannose (Man) 
PHA-L: agglutinin L from Phaseolus vulgaris, specific for N-acetyl-D-galactosamine (GalNAc) 
PMA: Polygonatum multiflorum agglutinin, specific for mannose (Man) 
PNA: agglutinin from peanut (Arachis hypogea), specific for galactose (Gal) 
PSA/PSL�����3�L�V�X�P���V�D�W�L�Y�X�P���O�H�F�W�L�Q���R�U���D�J�J�O�X�W�L�Q�L�Q���I�U�R�P���S�H�D�V�����V�S�H�F�L�I�L�F���I�R�U���.-D-�J�O�X�F�R�V�H���D�Q�G���.-D-mannose 
SJA: Sophora japonica agglutinin, specific for N-acetyl-D-galactosamine (GalNAc) 
UEA-I: agglutinin from furze gorse (Ulex europaeus), specific for fucose (Fuc) 
VGA: Vicia graminea agglutinin, specific for N-acetyl-D-glucosamine (GlcNAc)  
WFA: Wisteria floribunda agglutinin, specific for N-acetyl-D-galactosamine (GalNAc) 
WGA: Wheat germ agglutinin (Triticum aestivum), specific for N-acetyl-glucosamine and N-acetyl-neuraminic acid (sialic acid) residues 
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8 List of a bbreviations  

2dGlc    2-deoxyglucose  
Aap    archaeal adhesive pili 
ABE    acetone butanol ethanol 
AbfR    archaeal biofilm regulator 
AcP    acetyl phosphate 
ADH    alcohol dehydrogenase 
ADP    adenosine-diphosphate 
�.�.�*     �.-ketoglutarate 
Alba    acetylation lowers binding affinity (protein) 
ANTS    2-aminonaphthalene trisulfonic acid 
Ara    arabinose 
arCOG    archaeal clusters of orthologous gene 
Arn    archaellar regulatory network 
ATP    adenosine-triphosphate 
BCA    bicinchoninic acid 
BF    biofilm cells (Chapter 4.1); biofilm suspension (Chapter 4.2) 
BSA    bovine serum albumin 
Cas    CRISPR-associated 
CAV    cell acceleration voltage 
Cdv    cell division 
CE    capillary electrophoresis (Chapter 4.2);  

crude extract (cell-free extract) (Chapter 4.3) 
CER    cation exchange resin 
CL    cell lysate 
CLSM    confocal laser scanning microscopy 
ConA    concanavalin A from Canavalia ensiformis 
Cop    copy-number control 
CRISPR   clustered regularly interspaced short palindromic repeats 
Ct    C-terminal 
CV    crystal violet  
DAPI    ���¶����-diamidino-2-phenylindole 
Dex    dextrin 
DHFR    dihydrofolate reductase 
DMSO    dimethyl sulfoxide 
DNA    deoxyribonucleic acid 
dRib    2-deoxyribose 
dsDNA    double-stranded deoxyribonucleic acid 
DSMZ    Deutsche Sammlung von Mikroorganismen und  

Zellkulturen 
E    elution fraction of affinity chromatography 
eDNA    extracellular DNA 
EDTA    ethylenediaminetetraacetic acid 
ELSD    evaporative light scattering detector 
EMP    Embden-Meyerhof-Parnas 
EPS    extracellular polymeric substances 
eRNA    extracellular RNA 
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ESCRT-III   endosomal sorting complexes required for transport III 
ESI    electrospray ionization 
F6P    fructose 6-phosphate 
FACE    fluorescence-assisted carbohydrate electrophoresis 
FLBA    fluorescence lectin-binding analysis 
FT    flow-through fraction of affinity chromatography 
Fuc    fucose 
G6PDH   glucose-6-phosphate dehydrogenase 
Gal    galactose 
GalA    galacturonic acid 
GalN    galactosamine 
GalNAc   N-acetyl-galactosamine 
GAP    glyceraldehyde 3-phosphate 
GC    gas chromatography 
GFP    green fluorescent protein 
GlA    glycolaldehyde 
GLC    gas-liquid chromatography 
Glc    glucose 
GlcA    glucuronic acid 
GlcN    glucosamine 
GlcNAc   N-acetyl-glucosamine 
GPC    gel permeation chromatography 
GS-IB4   isolectin IB4 from Griffonia simplicifolia 
GT    glycosyltransferase 
GOI    gene of interest 
HEPES   4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
HEPN higher eukaryotes and prokaryotes nucleotide-binding domain 
HILIC    hydrophilic interaction liquid chromatography 
HPAEC   high-performance anion-exchange chromatography 
(HP)LC   (high-performance) liquid chromatography 
HRP    horseradish peroxidase 
IPTG    isopropyl-beta-D-thiogalactopyranoside 
IR    infrared spectroscopy 
KDX    2-keto-3-deoxy-D-xylonate 
KDXA    2-keto-3-deoxyxylonate aldolase 
KDXD    KDX dehydratase 
KGSA    �.-ketoglutarate semialdehyde 
KGSADH   �.-ketoglutarate semialdehyde dehydrogenase 
LB    lysogeny broth 
LC    liquid chromatography 
LOD    limit of detection 
LOQ    limit of quantification 
M    marker 
Mal    maltose 
Man    mannose 
ManN    mannosamine 
MCS    multiple cloning site 
MF    membrane fraction (insoluble fraction) 
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MNT    minimal nucleotide transferase 
MRM    multiple reaction monitoring 
mRNA    messenger RNA 
MS    mass spectrometry 
MTP    microtiter plates 
MW    molecular weight 
MWCO   molecular weight cut-off 
m/z    mass-to-charge ratio 
NAD+    nicotinamide-adenine-dinucleotide (oxidized) 
NADH    nicotinamide-adenine-dinucleotide (reduced) 
NADP+    nicotinamide-adenine-dinucleotide-phosphate (oxidized) 
NADPH   nicotinamide-adenine-dinucleotide-phosphate (reduced) 
NMR    nuclear magnetic resonance 
nt    nucleotide 
Nt    N-terminal 
NZA    N-Z-amine 
OD    optical density 
oN    over night 
ORF    open reading frame 
PAD    pulsed amperometric detection 
Para    promoter of saci_2122 
PCR    polymerase chain reaction 
PL    planktonic cells 
Pmal    promoter of saci_1165 
PMP    1-phenyl-3-methyl-5-pyrazolone 
pNP    para-nitrophenol 
pNPA    para-nitrophenyl acetate 
POI    protein of interest 
ProtK    proteinase K 
Prx    peroxiredoxin 
PS    exopolysaccharide(s) 
PT    potassium tetrathionate (K2S4O6) 
PTFE    polytetrafluoroethylene 
PVDF    polyvinylidenfluoride 
Pxyl    promoter of saci_1938 
Pyr    pyruvate 
RBS    ribosome binding site 
RDS    ribosome docking site 
Rha    rhamnose 
RHH    ribbon-helix-helix 
Rib    ribose 
RNA    ribonucleic acid 
ROS    reactive oxygen species 
RP    ribosomal protein 
RPKM    reads per kilobase million 
RP-LC    reversed-phase liquid chromatography 
rRNA    ribosomal RNA 
RrnR(+)   RNase R resistant RNA 
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Saci    Sulfolobus acidocaldarius 
SD    Shine-Dalgarno sequence 
SDS-PAGE   sodium dodecylsulfate polyacrylamide gel electrophoresis 
SEC    size exclusion chromatography 
SEM    scanning electron microscopy 
SFC    supercritical fluid chromatography 
Sia    sialic acid 
S-layer    surface layer 
SlaA/B    S-layer protein A/B 
SS    Twin-Strep tag 
SSO    Saccharolobus solfataricus 
Suc    sucrose 
TA    toxin-antitoxin 
TBS    Tris-buffered saline 
TBS-T    Tris-buffered saline with Tween20 
TCA    trichloroacetic acid (Chapter 4.2);  

tricarboxylic acid (Chapter 4.4) 
TED    tris(carboxymethyl)ethylene diamine 
TEM    total extracellular material 
TFA    trifluoroacetic acid 
�7�K�.    �W�K�H�U�P�R�V�R�P�H���V�X�E�X�Q�L�W���. 
TLC    thin layer chromatography 
TQ    triple quadrupole 
tr.    trace amounts 
TRIS    tris(hydroxymethyl)aminomethane 
Trx    thioredoxin 
TrxR    thioredoxin reductase 
TSS    transcription start site 
Ups    ultraviolet-inducible pilus system 
UTR    untranslated region 
UV    ultraviolet 
vap    virulence-associated protein 
vol    volume 
v/v    volume/volume 
W    wash fraction of affinity chromatography 
wt    weight 
w/v    weight/volume 
XAD    xylonate dehydratase 
XDH    xylose dehydrogenase 
XI    xylose isomerase 
XiDH    xylitol dehydrogenase 
XK    xylulose kinase 
XLA    xylonolactonase 
XR    xylose reductase 
Xyl    xylose
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