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Laura Kuschmierz Preface

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 R1 -4 QWUDQVODWHR) 4¢tuédhcRQ 6 \YVWHPDWLF D@QB@ffiectey RI ¢
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 Il 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 Kkinetic
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 |
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-LQGHSHQGHQW JHQRPLFV LGHQWLILHG WKH &
VLIQDWXUH SURWHLQV™ LQ $VJD p@pd3adl &f ka Bmd-DombiimiteplogwbrQJ LQ WK
the tree of life (Fig. 1B) (Zaremba-Niedzwiedzka et al., 2017; Williams et al., 2020). Here,

$vJIJDUG DUFKDHD DUH WKH FORVHVW DUFKDHDO UHODWLYHV RI
DQG HXNDU\DO FRPPRQ DQFHVWRU"~ 'RROLWWOH AKXV $UF
as sister groups with eukaryotes emerging from within the Archaea (Gribaldo & Brochier-

Armanet, 2020) (Fig. 1).
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Archaea Asgard
Crenarchaeota Euryarchaeota TACK Eukarya
Euryarchaeota
Bacteria Eukarya Bacteria
DPANN

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 unigue 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 (Brasen 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 (Brasen 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
21T"RQQHOO 6FKPLWW HW DO ,Q DGGLWLRQ DUFKDHD«

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

XQLTXH PHWDEROLF SDWKzZD\V HJ PHWKDQRJHQHVLV DQG PRGI

metabolic pathways (Bradsen 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; Brasen et al., 2014) or a structure called

methanochondroitin in Methanosarcina (Hartmann & Koénig, 1991), while Thermoplasmatales
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do not possess any cell envelope (Brasen 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 GlciMan,GIcNAc; 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 MWO001) 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
LOQOWHUDFWLRQVY )YOHPPLQJ :XHUW] 7TKXV ELRMOPV DU
LOQFXEDWRUV™ IRU WKH PLFURELDO ZRUOG SURPRWLQJ-PLFUREL
species or inter-domain biofilms in nature (Rgder 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 | and Il, 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 1) and during the ongoing maturation process,
microcolonies are formed (maturation 1) (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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A Planktonic cells Qk\ %

5«( Microcolonies

Cell cluster

Reversible Irreversible Maturation | Maturation Il Dispersion
attachment attachment

Aggregation and 0 éOQ Disaggregation and
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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 biofim formation as proposed by Sauer et al, 2022.

EPS: extracellular polymeric substances.
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2.3.2 EPS matrix

7KH (36 PDWUL[ LV PHWDSKRULFDOO\ FDUOHBFWUXKMHKRXGHWHERE
LPPHGLDWH FRQGLWLRQV RI WKH FHOOVY PLFURHQYLURQPHQW
(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 biofiim 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 pm, increasing up to 150 um 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-JO XF RV D P L Q-LOG\D ¥ H B-D-glusbsidases and proteases



Introduction Laura Kuschmierz

(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.

10
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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
dueto LWV LQGXVWULDO UHOHYDQFH DV DQ RUJDQLiAlI 38SRROYHQW
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).

11



Introduction Laura Kuschmierz

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 matility (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 UslaAB 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-IIl; 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 Ill 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 A and CRISPR-Cas tas 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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S. acidocaldarius biofilm
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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 ZKLFK LV 3V Srdfnbsé &1d §Rddse 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).

S. acidocaldarius biofilm
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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 MWO0O1 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
(GIcNAc), glucosamine (GIcN), 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. Al).
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 10* to 1.9 x 10’ Da (Mata et
al., 2006; Sutherland, 2016; Wang, J. et al., 2019) and for euryarchaeal PS sizes ranging from
0.5 x 10* up to 1.1 x 10° Da were reported (Hamidi et al., 2019; LU et al., 2017) (compare
Appendix, Tab. Al). 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 10* 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; coP SDUH & K B.&dMbtchldarius biofilm development, EPS matrix and
U HJ X O D Wedrdtdge, 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  funtranslated 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\ WKH LQWHJUuUubtWaisRted mRedion | WTR) 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 (Paa) 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 Paa vector
did not encode a | X Q F W L-RTROMORNA leader sequence) and did not encode a ribosome
binding site (RBS). In general, prokaryotic coding mRNAs can be leaderless or leadered, i.e.
WKH\ ODFN RX@E®OYD QPVADWBG UHOLW®B®H ¥DVH RI OHDGHUHG WUD
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' VHTXHQFH HQFR GHIDI & WKH
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,
HQODUJHPHQW RU RBIR4 (RESDWAE shQwrRtd infrease protein production in
bacterial expression hosts (e.g. Liebeton et al., 2014; Vellanoweth & Rabinowitz, 1992;
Volkenborn & Kuschmierz HW DO W K HUFR ségEafceRnserfion into the Paa

S. acidocaldarius vector was investigated.

UTR sequences of five highly abundant proteins in S. acidocaldarius (Saci_0330,
WKHUPRVRPH V X} Ipkteins A6 and B, and Alba) were integrated into

S. acidocaldarius Paa expression plasmids and their effect on the production of reporter
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protein, esterase Saci 1116, was examined 7 KHUTR 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 YUTR sequences into the Paa expression cassette

(Fig. 5B) led to a significantly enhanced production of active reporter protein (two- to fourfold).
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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 Paa expression plasmids and generation of leaderless mRNA.
B: Para expression cassette ZLWK D Q L QUIR EEQUENGe afid the resulting generation of leadered
mMRNA with an SD motif. TSS: transcription start site; ORF: open reading frame; RDS: ribosome docking

site.

7 KH-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 repicDWHY DQG DOVR FRPSDUIVER3 Hepdrted fdd IHFWYV R
bacterial expression systems (e.g. van Etten & Janssen, 1998). Alba JUTR 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 Ncol 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 P4 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 Il

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 WKH 'DKPV SDWKZzZD\ RU IXUWKHU GHK\GUDWHG DQG R[EGL]JHG L«
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 Exetoglutarate, 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.

Chapter4 SUHVHQWYV WKH UHYVHDRigogur®to W batanbl edenpiificdvteH G 3
response of the thermoacidophilic archaeon Sulfolobus acidocaldarius to solvent
stress°~ +HUH WKH FHO ofsabidocaldanus R @Q-hithnol 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, | 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, | was significantly involved in data analysis,

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

Chapter 4.2 presents WKH UHVHDUFK DExMdysSdrthakd® ¥émpusiieh@né size

in Sulfolobus acidocalda rius biofims =~ ,Q W K L biofifri\cKI&ation 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, | 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. | 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. | performed glycan labeling experiments and contributed largely to

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

Chapter 4.3 comprises WK H P D Q XV F Ufuri@rdhslatgddéyvnisequences enhance the

plasmid -based protein productionin  Sulfolobus acidocaldarius ~ +HUH StodigtidhL Q S

was efficienty HQKDQFHG E\ WKH DNGERGHQubeiRey iR lan $. acidocaldarius
H[SUHVVLRQ YHFWRU 8VLQJ WKH PRGHO HQ]\RUTRHs¢éjdheeDVH 6DFL
variations were tested for high protein production yields. Then, glycosyltransferases were

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

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

FORQLQJ DQG VFUHUWUIR Lcandidie sdhkddcesTusing esterase Saci_1116 as
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model enzyme. | performed the enzyme assays of esterase Saci_1116, and cloning as well as
production analysis of glycosyltransferases from the respective expression plasmids.
| supervised HISHULPHQWY RQ WKH gdi&Bsdasy LR rétn SN\sKitdtaricus.
Finally, | performed data evaluation, interpretation, figure preparation, and writing (original
draft).

Chapter 4.4 contains WKH UHY L HXoRflowe fdF Gpkimization 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 who