Technische Universitat Minchen m

TUM School of Natural Sciences

Unlocking a Potent Chitin Saccharification System in a

Novel Bacterium Through Omics and Bioinformatics
Nathanael David Arnold

Vollstandiger Abdruck der von der TUM School of Natural Sciences der Technischen
Universitat Minchen zur Erlangung des akademischen Grades eines
Doktors der Naturwissenschaften (Dr. rer. nat.)

genehmigten Dissertation.
Vorsitz: apl. Prof. Dr. Wolfgang Eisenreich
Priufer*innen der Dissertation:

1. Prof. Dr. Thomas B. Briick
2. Prof. Dr. Volker Sieber

Die Dissertation wurde am 25.10.2023 bei der Technischen Universitat Minchen eingereicht

und durch die TUM School of Natural Sciences am 31.01.2024 angenommen.




Abstracts

|. Abstracts

Manuscript |

The works described in this thesis are part of the BMBF funded project ChitoMat, which was
concerned with the biotechnological extraction of crab shell chitin and its conversion into
tailored chitooligosaccharides (COS) using new chitinolytic enzyme systems. In the quest for
novel chitinolytic activities, soil samples were enriched with chitin to boost the abundance of
chitin assimilating organisms. This led to the isolation of two highly potent candidate strains,
both of which shared high 16S rRNA sequence similarity with Jeongeupia
naejangsanensis BIO-TAS4-2. Biochemical characterization regarding the substrate utilization
capabilities revealed profound differences between the candidates and the type strain.
Subsequently, high-quality genomes were sequenced with a PacBio Sequel device to confirm
or reject the novelty of the discovered organisms and to enable recombinant expression of
chitinolytic enzymes. Circular chromosomes of 2.8 Mbps each were assembled and annotated.
Whole genome inferred phylogenetics enabled by the type strain genome server (TYGS)
confirmed earlier suggestions at the discovery of novel species, provisionally named J.
wiesaeckerbachi. The strains exhibited an extraordinarily rich chitinolytic machinery,
comprising 22 glycoside hydrolases and a lytic polysaccharide monooxygenase. Sequence
alignments and phylogenetic analysis demonstrated conservation of the chitin-active enzymes

within the Jeongeupia genus.

Manuscript Il

In the second manuscript, the chitinolytic response system of J. wiesaeckerbachi was
examined, utilizing a comprehensive three-way systems biology approach. First, exported
enzymes under chitin conditions were analyzed. Second and third, intracellular proteomes
and transcriptomes were compared to glucose controls. Data sets derived from intracellular
proteomics indicated a shift in biosynthesis toward glucosamine transportation and utilization
in addition to cell maintenance proteins. In synergy, differential transcriptome analysis
highlighted the upregulation of stress and pili associated genes. While the temporal
separation between late growth phase transcription and protein biosynthesis led to low
correlation between the two intracellular system biology datasets, our research demonstrated
the involvement of approximately 550 proteins and genes in the response of Jeongeupia
wiesaeckerbachi to a chitin-rich environment. Our study proposed a holistic model,
advancing the understanding and appreciation of complex natural chitin saccharification
systems and allowed identification of potential enzymes for biotechnological chitin

valorization in the process.
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Die in dieser Dissertation beschriebenen Arbeiten sind im Rahmen des BMBF geférderten
Projektes ChitoMat entstanden, das sich mit der biotechnologischen Gewinnung von Krabben-
schalenchitin und dessen Umwandlung in mafigeschneiderte Chitooligosaccharide (COS)
mittels neuer chitinolytischer Enzymsysteme befasste. In diesem Zuge wurde zwei
vielversprechende Kandidatenstamme isoliert, welche beide eine hohe 16S rRNA-Sequenz-
ahnlichkeit mit Jeongeupia naejangsanensis BIO-TAS4-2 aufwiesen. Die biochemische
Charakterisierung hinsichtlich der Substratverwertung zeigte deutliche Unterschiede zwischen
den Kandidaten und dem type strain BIO-TAS4-2 auf. Anschlielend wurden hochwertige
Genome mit einem PacBio Sequel-Gerat sequenziert, um die Neuartigkeit der entdeckten
Organismen zu bestatigen oder zu verwerfen und um die rekombinante Expression
chitinolytischer Enzyme zu ermdglichen. Zirkulare Chromosomen a 2,8 Mbps wurden
assembliert und annotiert. Die Genom-abgeleitete Phylogenetik mit Hilfe des Type Strain
Genome Servers (TYGS) bestatigte Hinweise auf die Entdeckung einer neuen Art, der wir den
vorlaufigen Namen Jeongeupia wiesaeckerbachi vergaben. Die Stamme wiesen eine dul3erst
reichhaltige chitinolytische Maschinerie auf, die 22 Glykosidhydrolasen und eine LPMO
umfasst. Sequenzvergleiche und phylogenetische Analysen zeigten weiterhin, dass die Chitin-

aktiven Enzyme innerhalb der Gattung Jeongeupia konserviert sind.

Manuskript I

Im dem zweiten Manuskript wurde das chitinolytische Reaktionssystem von J.
wiesaeckerbachi mit Hilfe eines umfassenden systembiologischen Ansatzes in drei Schritten
untersucht. Zunachst wurden die unter Chitinbedingungen exportierten Enzyme analysiert.
Zweitens und drittens wurden die intrazellularen Proteome und Transkriptome mit
Glukosekontrollen verglichen. Die intrazellulare Proteomanalyse zeigte eine Verschiebung der
Biosynthese in Richtung Glucosamintransport, -verwertung und Zellerhaltung. Die
Transkriptomanalyse zeigte eine Hochregulierung von Stress- und Pili-assoziierten Genen.
Obwohl aufgrund der zeitlichen Trennung von Transkription und Proteinbiosynthese nur eine
geringe Korrelation zwischen den beiden intrazellularen Datensatzen bestand, zeigten unsere
Untersuchungen die Beteiligung von etwa 550 Proteinen und Genen an der Reaktion von
Jeongeupia wiesaeckerbachi auf eine chininhaltige Umgebung. Die Studie schlug ein
ganzheitliches Modell vor, welches das Verstandnis und die Wertschatzung von natrlichen
Chitinverzuckerungssystemen verbessert und weiterhin geeignete Enzyme flr die

biotechnologische Chitinverwertung identifizierte.
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Introduction

1 Introduction

1.1 Chitin — A Biopolymer of Undisputed Potential

Chitin, the most abundant marine biopolymer, is estimated to be biosynthesized in the
magnitude of 10'°-10"" tons annually 2. Approximately 630 thousand tons originate from
industrial crustacean shell waste for seafood production from shrimps, prawns, crabs or
lobsters, which amounted to 5.6 million tons in 2022 worldwide 3.As commonly no controlled,
value adding disposal is feasible, shells are burned, landfilled, dried for chicken feed or
discarded into the sea 4. These byproducts encompass a chitin matrix hardened by calcium
carbonate and interspersed with residual meat, carotenoids (primarily astaxanthin), and small
amounts of lipids >¢. Adhesive proteins need to be separated from the shells, which are then
decalcified and the extracted chitin deacetylated to chitosan for applications in various

industries %78,

Present-day industrial crustacean shell waste processing to yield purified chitin or chitosan is
not sustainable due to deployment of hydrochloric acid and hot alkali with negative implications
on physio-chemical properties of the obtained products, hazardous wastewater generation and
treatment thereof, which results in increased costs °. Improper disposal of these waste streams
poses a threat to ecosystems, biodiversity and ultimately human health °. Therefore, there is
a pressing need to explore biotechnological approaches, that utilize enzymes to process
crustacean shells '%’. Not only does this address value adding applications of residues streams
for seafood processing companies, but it also unlocks the untapped potential of readily
available industrial feedstock to produce specialty chemical products in a more sustainable

and higher-quality manner 4°.

1.2 Structures and Physio-Chemical Characteristics of Chitin, Chitosan and
Chitooligosaccharides

1.2.1 Chitin

The homo-polymer chitin is constructed through the covalent linkage of N-Acetyl-p-
glucosamine (GIcNAc) units, which are connected via B-(1-4)-glycosidic bonds, resulting in a
high molecular weight (Mw). This polysaccharide exhibits structural similarities with cellulose,
except for the presence of acetamido groups replacing hydroxyl groups at position 2 of the 2-
deoxy-p-glucopyranose subunits ''. Chitin is naturally found as a co-polymer containing
randomly distributed GIcNAc and p-glucosamine (GIcN) subunits, with the acetylated p-

glucosamines being predominant '2. Its high hydrophobicity renders it insoluble in aqueous

1
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solutions, and it possesses a rigid, inflexible crystalline structure. This rigidity is a result of

strong hydrogen bonding between adjacent polymer chains facilitated by the acetamido

L dn
(b) _ ]
OH
OH NH,
E 0
0 HO ™
\0 5 L :&/ 0\
HO NH,
=§ .
L dn
(c) . "
a-chitin B-chitin

90000000 90000000
00000000 g0000000
90000000 90000000

y-chitin
99900000 A\ B-1,4-glycosidic link
00000000 @ recucing sugar end
00000000 EENEERIEER

. GIcNAc monomer

Figure 1: Chemical structures of the polysaccharides (a) Chitin and (b) Chitosan, consisting
of different ratios of N-acetyl-glucosamine and glucosamine monomers. (c) The three chitin
allomers, diverging in the antiparallel (a), parallel (B) or mixed (y) alignment of chitin
microfibrils.

groups, leading to an arrangement in microfibrils.

Chitin primarily exists as part of composite materials, acting as a stabilizing scaffold in
conjunction with minerals like calcium carbonate, proteins, or both. The strength of inter- and
intramolecular interactions within chitin microfibrils depends on the orientation of the polymer
chains, giving rise to three naturally occurring allomorphs: a-, B-, and y-chitin "'3. The most
abundant and robust a-chitin features antiparallel alignment of polymer chains and is present
in the exoskeletons of arthropods. Conversely, B-chitin showcases a parallel arrangement of
polymer chains, resulting in weaker intramolecular interactions and greater accessibility for
enzymes. Squid pens represent a notable source of B-chitin, though it is also found in other
mollusks like krill. Structurally, y-chitin differs from other chitin forms, as it comprises a

combination of parallel and antiparallel alignment of interspersed polymer chains. This leads
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to fractions with varying levels of crystallinity. This allomorph occurs naturally in beetle larvae

and cephalopods.
1.2.2 Chitosan

Chitosan, the deacetylated form of the abundant chitin polysaccharide, offers a plethora of
applications. It is characterized by a GIcN to GIcNAc units’ ratio > 1.0 in the random copolymer,
which corresponds to the molar fraction of N-acetylated glucosamine monomers, defining the
%DA. In research, chitosan encompasses hetero-polymer chains with a minimum DD of about
10%, whereas fully acetylated chains composed solely of GIcNAc are referred to as chitin.
Unlike chitin, chitosan is less commonly found in nature and is limited to cell walls of

Zygomycetes fungi species .

The conventional conversion of chitin to chitosan involves treating it with 50% w/w NaOH at
high temperatures (80 — 120 °C) using a 1:10 solid to liquid ratio to hydrolyze the acetamido
groups '5. This process yields chitosan with a low DP, an unspecified DA, and an undefined
My, all of which significantly influence the physio-chemical properties and bioactivity of

chitosan.

Chitosan exhibits solubility in weakly acetic solutions and demonstrates various beneficial
activities, including antibacterial, antifungal, antioxidant, anti-inflammatory, and antitumoral
effects 68, Remarkably, it possesses a unique cationic nature in acetic solution, setting it
apart from other polysaccharides. This property allows it to bind to negatively charged surfaces
effectively. This particular feature is believed to be responsible for its antibacterial properties,
as it can either bind to the surface of bacteria '2'%, blocking their metabolism, or attach to
negatively charged DNA, leading to the inhibition of RNA translation '®2°. Additionally, chitosan

is physiologically inert and biodegradable, further enhancing its appeal for various applications.

1.2.3 Chitooligosaccharides

Similar to chitin, the high molecular weight (My) and viscosity of chitosan, coupled with its low
water solubility, pose challenges for easy industrial processing. Therefore, chitin and chitosan
are typically depolymerized through chemical, mechanical, or enzymatic degradation to obtain
smaller fragments known as chitooligosaccharides (COS) or partially acetylated
chitooligosaccharides (paCOS). These COS are soluble in water and retain the positive
properties of their highly polymerized source materials '3. They have a DP ranging from 2 to
20 and exhibit varying DA, pattern of acetylation (PA), and fraction of acetylation (FA), which
determine their specific biological activity. The solubility of COS increases with the DD, with
lower DP and M,, up to 3.9 kDa resulting in higher solubility®.
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Chitooligosaccharides with higher DP but lower Mw are believed to be more biologically active
than those with lower DP and higher M. Like all sugars, chitooligosaccharides are susceptible
to autooxidation and should be stored at -20 °C under dry and inert conditions. Their shelf life

can be extended significantly by adding antioxidants like vitamin C before storage 2'.

1.3 Applications of Chitin Derivates

The inherent chemical and physical characteristics of chitin limit its current commercial
applications in its native form. It is commonly utilized as fertilizer in agriculture ??, due to its
nitrogen content and as an inducer of plant defense mechanisms, enhancing resistance
against fungi by promoting chitinase production in-planta 823. Furthermore, chitin finds
applications as a food additive * and as a packaging material for affinity chromatography
columns to purify proteins with a carbohydrate-binding domain 2°. Additionally, it serves as a
sorbent to pre-concentrate phenols and chlorophenols using solid-phase high-performance

liquid chromatography (HPLC)?.

In contrast, chitosan is a highly attractive biomolecule for various industry segments, from
cosmetics and biomedicine to wastewater treatment, textile and paper production,
biotechnology as well as food and agricultural industry 2327-31_ In agriculture, chitosan has been
demonstrated to increase fruit yields 3232 | plant growth **, and enhance protection against
plant pathogens by soil treatment 3° or in the form of nanoparticles %2’. The-coating of fruits
helped mitigate fungal postharvest diseases in pomegranate fruits 3. Additionally, ripening has
been demonstrated to be delayed and shelf life extended in red kiwis and mangos *%4°. To that
end, through a combined treatment of mangos with chitosan and spermidine, delay of fruit
softening, accumulation of phenolic compounds and induction of defence enzyme activities

could be effected 4.

Owed to its antimicrobial ® and antioxidant characteristics, chitosan can also serve as additive
to cosmetics 294244, Based on its anti-inflammatory ', low toxicity and biocompatibility 4°,
chitosan has been applied in wound treatment 647, drug delivery *449, tissue regeneration °°-
%3 and as anti-tumoral therapeutic **-*° in the biomedical field '*. Most biomedical applications
originate in chitosan’s feasibility as component for 3D printing applications *, creating hydrogel

scaffolds with great potential for drug delivery or implants 2.

By virtue of its characteristic to adsorb metal ions %, dyes ¢''62 bacteria cells, humic acids
and xenobiotics it is commonly deployed as coagulation agent in the wastewater treatment 6364
and paper industry °°. More specifically, chitosan increases the mechanical properties of paper
% and can act as drainage or retention additive ¢ or dye fixative ®'. Several studies

demonstrated, that chitosan and derived paCOS supplementation of swine and poultry feed
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has positive implications on their growth performance, nutrient digestibility and immune

function 4.

1.4 Chitin-Active Enzymes

LPMO Endot:hlltinase
+H202/02 A 1A
‘\ﬁ
Chitin QM‘MQ
Exochitinase  ‘--  Exochitinase
Chitosan Qmmg,
Exochitosanase V... : Y Exochltosanase

Endochitosanase

o0 00600 06060
. \/ \—/+H20

Transglycosylase Deacetylase

. N-acetylglucosamine . Reducing sugar end
. Glucosamine /\ B-14-glycosidic link

Figure 2: Schematic overview of chitin- and chitosan active enzymes. Exo-acting enzymes hydrolyze the
polysaccharide chain processively from the reducing or non-reducing sugar end. Endo-acting enzymes cleave the
B-1,4-glycosidic links randomly along the chain. The lytic polysaccharide monooxygenase (LPMO) hydrolyzes the
B-1,4-glycosidic links with O2 or H202 as reducing agents. Enzymes with transglycosylase activity extend the
polysaccharide chain through addition of monomers. (Chitin-) Deacetylases remove the acetate residue from N-
acetylglucosamine molecules, yielding glucosamine and a water molecule in the process.

1.4.1 Chitinases

Chitinases (EC 3.2.1.14) are part of the glycosyl hydrolase family and can be found in GH
families 18 and 19, with additional chitinolytic enzymes in GH20 %, Among these, B-N-
acetylhexosaminidases (EC 3.2.1.52), also known as chitobiases, play a crucial role 7°. They
catalyze the breakdown of chitobiose (dimeric GIcNAc-units) from terminal reducing or non-

reducing ends of chitin or chitindextrin. Although they all hydrolyze acetylated p-glucosamine
5
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units via glycosidic B(1-4)-links, there are notable differences in their mode of action, amino

acid sequences, and catalytic sites.

GH18 and GH20 glycosidases share a conserved DxDxE motif on the 4th B-strand and
possess catalytic regions with a triosephosphate isomerase (TIM) barrel (B/a)8 domain ”'. In
contrast, chitinases from GH19 have a lysozyme-like domain rich in a-helices. The GH18
family can be further divided into subfamilies A and B, with subfamily A containing an additional
chitinase insertion domain (a+@) domain (CID) localized between the 7th a and 3-strand of the
TIM barrel. Both enzyme families employ a substrate-assisted mechanism for the hydrolytic

reaction.

Chitinases can be categorized as processive or non-processive based on their behavior during
chitin hydrolysis. Processive chitinases remain attached to the solid substrate and catalyze
multiple hydrolysis cycles without releasing the substrate, threading single chitin chains
through their tunnel-like catalytic cleft while cleaving off disaccharides simultaneously 72. On
the other hand, non-processive chitinases detach after each hydrolysis round, reattaching to
other GIcNAc-GIcNAc links located elsewhere in a random fashion 73, Processivity is
particularly crucial for hydrolyzation of crystalline chitin, as it enables the enzyme to operate in
proximity to a free polymer chain end at the cost of a reaction deceleration 7. Additionally,
through constant attachment of the enzyme and substrate, reattachment of cleaved off

glucosamine-dimers is sterically prevented, thus enhancing overall efficiency.

Chitinases can also be distinguished as endo- or exo-chitinases based on their mode of action.
Endo-chitinases cleave glycosidic bonds randomly and non-processively along the polymer
chain, generating principally higher M,, COS in a time-dependent manner. Longer reaction
times ultimately lead to predominant (GIcNAc)2s production. In contrast, exo-chitinases
degrade crystalline chitin from the reducing or non-reducing end in a processive manner,
releasing N, N'-diacetylchitobioses successively while remaining attached to the substrate.
Another type of processively or exo-acting enzyme is the B-N-acetylhexosaminidase °, which
targets the non-reducing end of low M., N-acetylglucosides, often products of endo-chitinases
in natural systems, converting them into glucosamine-monomers 7. The specific substrate
accessibility, rather than the enzyme architecture, seems to determine whether chitinases act

in an endo or exo manner, potentially making the definition based on product length obsolete
76,77

Some chitinases of family 18 have been discovered to possess transglycosylation (TG)
capabilities, enabling them to not only break glycosidic bonds in chitin but also to create new
links between small polysaccharide fragments, resulting in longer COS with a DP of up to 13
S, Enzymatically producing COS with DPs >4 is currently limited, as the main products of

chitinases are typically dimeric or monomeric, given a sufficiently long incubation time.

6
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However, higher polymeric COS hold greater value for advanced applications in various fields.
The TG reaction occurs when a retaining enzyme transfers a glycosidic residue from a donor
to an acceptor sugar molecule instead of using a nucleophilic water molecule 78. Crystal
structure studies have provided insights into the structural characteristics responsible for TG
aptitude in certain chitinases "®%°, The mechanism of TG events is not fully understood, but it
has been demonstrated that the TG reaction is autocondensation-driven and must occur faster
than glycosidic hydrolysis . The transfer of COS depends on factors such as substrate
amount and length, as well as the enzyme's proportion and nature. An excess of substrate
appears to be beneficial for TG activity, while an excess of glycosidase promotes predominant

hydrolysis 8.
1.4.2 Chitosanases

Chitosanases (EC 3.2.1.132) are widely distributed across diverse enzyme families, including
GH5, GH7, GH8, GH46, GH75, and GHB80, reflecting their extensive sequence variations.
Another pertinent family in the context of chitosan-active enzymes is GH2, housing exo-1,4-3-
p-glucosaminidases, that catalyze the successive hydrolysis of p-glucosamine residues from
chitosan and chitosan-oligosaccharides at the non-reducing ends %%, Among the
chitosanases, GH46 family members have received thorough investigation, with four crystal
structures available 8%, and various expression and site-directed mutagenesis studies have
elucidated their catalytic mechanisms. GH46 chitosanases predominantly adopt an a-helix
architecture, comprising two globular domains, a minor and major lobe, separated by a deep
substrate-binding cleft 88°. Remarkably, their core structure exhibits similarities to the well-
studied E. coli bacteriophage T4 lysozyme (GH24) and, to a lesser extent, lysozymes from
GH22, GH23 families, and barley chitinases from GH19, despite limited sequence homology.
This catalytic and substrate-binding site consists of two a-helices and a three-stranded -
sheet, suggesting its evolution through divergent pathways %, leading to these families being

collectively referred to as the 'lysozyme superfamily.'

Within GH5, GH7, and GH8 families, enzymes with diverse activities, such as cellulases,
xylanases, and glucanases are found, while GH46, GH75, and GH80 families exclusively
encompass chitosanases, which likely operate via an inverting mechanism %2, The inverting
reaction mechanism entails a one-step, single-displacement hydrolysis of a glycosidic bond,
resulting in the anomeric configuration's net inversion. Amino acid side chains act as general
base and general acid %, facilitating this reaction. Conversely, the retaining reaction
mechanism involves a two-step, double-displacement hydrolysis of a glycosidic bond, leading
to the retention of the anomeric configuration. In this mechanism, amino acid side chains serve

as both acid/base and nucleophiles to catalyze the process . Both pathways involve
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oxocarbenium ion-like transition states, with the retaining reaction mechanism additionally

featuring an intermediate covalent glycosyl-enzyme bond.

Chitosanases are further classified into subclasses I, Ill, and IV based on their substrate
specificity %. While all chitosanases can hydrolyze glycosidic B-(1-4) linked GlcN-GIcN bonds,
most of them can recognize either GIcN-GIcNAc (subclass I1I) or GIcNAc-GIcN (subclass 1)
bonds, but not both %%, Subclass Il chitosanases exclusively target and cleave GIcN-GIcN
links. Chitosanases of subclass 1V, however, possess the ability to cleave both GIcNAc-GIcN
and GIcN-GIcNAc, as well as GIcN-GIcN %, Additionally, chitosanases share a common feature
of not recognizing GIcNAc-GIcNAc links in partially acetylated chitosan, although some
evidence challenges the strict distinction between chitinases and chitosanases. To that end,
in Streptomyces coelicolor A3(2) a glycoside hydrolyzing enzyme ScCsn46A was identified °,
capable of cleaving GIcN-GlcN and GIlcNAc-GIcN links and, uncommon for chitosanases,

GIcNAc-GIcNACc links, albeit at a much slower rate.

1.4.3 Chitin-Deacetylases

Chitin deacetylases (CDAs, EC 3.5.1.41) and chitooligosaccharide deacetylases (CODs, EC
3.5.1.105) are enzymes capable of de-N-acetylating chitin and COS, respectively, by
hydrolyzing their acetamido groups. They belong to carbohydrate esterase family 4 (CE4),
which also includes acetyl xylan esterase, peptidoglycan GIcNAc deacetylase, and
peptidoglycan N-acetylmuramic acid deacetylase. These enzymes share a common structural
feature known as the NodB homology domain, named after the NodB oligosaccharide esterase
found in Rhizobium bacteria involved in nod factor biosynthesis. The current hypothesis
regarding the de-N-acetylation reaction mechanism proposes a nucleophile attack on the
carbonyl carbon realized by the Asp-His-His catalytic triad of the CDA. To date, five CDA
catalytic motifs are documented, all of them sharing conserved histidine and aspartic acid

residues %,

CDAs are utilized by living organisms both intracellularly, such as in fungi like Mucor rouxii for
cell wall morphogenesis and defense against chitinases !, and extracellularly, as observed
in marine bacteria that secrete these enzymes to convert and hydrolyze crustacean shell
wastes 192, CDAs and CODs are highly substrate-specific, relying on different recognition
patterns, and generate products with specific DA and PA ', The DA is influenced by the

mechanism of the respective CDA, which can be categorized into three types:

i) Multiple attack mechanism: Enzymes bind to the recognition site in the polysaccharide chain
and perform several sequential deacetylations before detaching and binding to another region.
This leads to block-copolymer structures in HMW substrates, while shorter polymer chains or

COS are entirely deacetylated "%,
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i) Multiple chain mechanism: Enzymes tightly bind to the recognition site, forming an enzyme-
polymer complex. After a single deacetylation reaction, the complex dissociates, and the
enzyme binds to another recognition site '°*. For polymeric substrates, this results in a random
distribution of deacetylated subunits and PA, while for COS, the pattern depends on the

specific substrate length and involved enzyme.

iii) Single chain acting mechanism: Processive enzymes deacetylate a single substrate
molecule sequentially through multiple catalytic events. Some bacterial CODs, specific for a
single position, belong to this group '®, leading to the production of mono-deacetylated

products.

Carbohydrate esterases are less active on crystalline substrates, preferring soluble derivatives
like glycol chitin, chitosan, or COS/paCOS. However, this limitation can be overcome by the
co-application of lytic chitin monooxygenases (LPMOs), which cleave polymer chain ends on
the surface of crystalline chitin, thereby enhancing the activity of CDAs '%. Additionally, some
CDAs and CODs have a carbohydrate-binding module (CBM) fused to their catalytic domain,

thus increasing the accessibility of the recalcitrant substrate to the active site 1°7.

1.4.4 Lytic Polysaccharide Monooxygenases

Lytic polysaccharide monooxygenases (LPMOs, EC 1.14.99.53) fall under the classification of
nine auxiliary activity enzyme (AA) families, numbered 9-17, based on their sequence. Those
involved in chitin processing belong to groups 10, 11, and 15. These copper-dependent
enzymes possess a unique ability to disrupt the crystalline structure of polymeric
polysaccharide substrates through the oxidation of glycosidic links . Therefore, new chain
ends are generated, enabling common hydrolases to act on otherwise recalcitrant
carbohydrates. LPMOs hold a distinctive position as the sole enzymes known to target
recalcitrant polysaccharides, making them pivotal in utilizing crustacean shell wastes as a

chitin source.

A prominent feature among all LPMOs is the presence of a histidine-brace motif within the
catalytic region, situated close to the enzyme's surface, which facilitates the tight binding of a
single copper ion by two conserved histidine residues '9°'°. The flat, solvent-exposed
architecture of the active site allows certain LPMOs to oxidize the crystalline lattice structure
of insoluble substrates such as chitin or cellulose. The structural arrangement of the catalytic
region varies between different LPMOs, as specific loops determine substrate specificity and
regioselectivity. This versatility is reflected in the discovery of both single catalytic domain and

multidomain LPMO proteins.

Similar to CDAs, some LPMOs are known to possess a C-terminal carbohydrate-binding

module (CBM) fused to their catalytic domain via a short linker. This further enhances substrate
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specificity and binding affinity ''""'2. The nomenclature "polysaccharide monooxygenases"
(PMOs) has been proposed by some researchers, as enzymes of that class do not actively
cleave glycosidic linkages within polysaccharide chains. Instead, the cleavage of glycosidic
bonds occurs spontaneously, following the deprivation of one hydrogen atom from the strong
C-H bond of either C1 or C4, followed by hydroxylation by the LPMO with O, or H.O, as a
cosubstrate. To enhance binding affinity to the polysaccharide and activate the cosubstrate,
reduction of the active site Cu(ll) to Cu(l) is required ''3. Different reaction mechanisms occur
depending on the cosubstrate and the carbon atom attacked. C1-positioned carbon atom
oxidation leads to aldonolactone products, which subsequently hydrate to aldonic acids, while

C4 oxidation results in the formation of 4-ketoaldose products that hydrate to gem-diol ''4-"16,

1.5 Chitin Metabolism in Bacteria

Chitin utilization in bacteria typically involves the following steps ''”: (1) chemotaxis and
subsequently (2) adherence to the chitinous substrate, (3) hydrolysis of the polysaccharide
chain into smaller COS, (4) import into the periplasm, (5) and lastly conversion of the transport
products to fructose-6-P, acetate and NHs. To facilitate the aforementioned processes,
Keyhani and Roseman '8 postulated the necessity of a minimum of one extracellular chitinase;
COS specific chemotaxis systems; a nutrient sensor responsible for adherence and gene
regulation; a specific chitoporin in the outer membrane ''%; two or more hydrolases in the
periplasmatic space which generate (GIcNAc), and (GIcNAc), respectively '2%12'; three
transport complexes situated in the inner membrane; and at least six cytoplasmatic enzymes
that catabolize the imported sugar molecules into fructose-6-P, acetate and NH; 118122123 |t jg
hypothesized that 50 — 100 genes are directly involved in the orchestration and execution of
the sophisticated chitin utilization pathway 8124 Since the chitin monomer N-
acetylglucosamine can be derived from the hydrolyzation of glycosaminoglycans,
glycoproteins or glycolipids, it would represent a poor signal molecule for the expression of
chitinolytic proteins 8. Instead, the disaccharide (GIcNAc),, coincidentally the predominant
product of most chitinase activities "¢, seems to act as focal point for bacterial chemotaxis and

chitinase expression induction '2°,

Hydrolysis, the third step in chitin utilization, is a multi-step process, mediated through an
enzyme cocktail also referred to as the chitinolytic machinery. The process of complete
degradation of the insoluble chitin polymer typically involves three key sequential steps: (1)
enzymatic breakdown of the polymer into water-soluble oligomers, (2) division of these
oligomers into dimers, and (3) enzymatic cleavage of the dimers into monomers 2. To this
end, the chitinolytic machinery comprises synergistic endo- and exochitinases, N-acetylhexo-

saminidases and a lytic polysaccharide monooxygenase, the functions, and modes of actions

10
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of which have been extensively described above. Several studies investigated bacterial
chitinolytic machineries, thus elucidating the enzymatic key components of Serratia
marcescens, '?"128 Enterococcus faecalis '?°, Andreprevotia ripae *°, Cellvibrio japonicus "*'-

133 Streptomyces sp. F-3 34 or Vibrio spp. 12213513 among others.

Based on the effects of gene disruption experiments on chitinase expression, some proteins
or genes could be identified as chitin response regulators. For example, the removal of the
pleiotropic reg1 gene in Streptomyces lividans resulted in the synthesis of chitinases even
without the presence of chitin, while also eliminating glucose catabolite repression ¥,
Disruption of the dasR gene in Streptomyces coelicolor had far-reaching implications not only
on chitinase expression, but also non-canonical targets, affecting the expression of 1200
genes 38139 |n Vibrio spp., a two component-system consisting of a hybrid sensor kinase ChiS
and a chitooligosaccharides binding protein (CBP), which keeps the former in an inactive state

when no (GIcNAc). (n > 1) is present, regulate the chitin response cascade 18140,

1.6 Systems Biology or -Omics Approaches

The current facility with which genomes are sequenced has designated genomics as one of
the foremost stages in the realm of microbial systems biology. Irrespective of the employed
methodology, the processes of assembly and annotation customarily ensue genome
sequencing, furnishing an almost comprehensive portrayal of the genetic reservoir inherent to
a given microorganism. Conversely, a genome sequence solely presents a momentary
glimpse into the authentic phenotypic potentialities of an organism, affording scant indications
pertaining to other pivotal facets of the underlying life cycle, including reactions to perturbations

of environmental and genetic origins, temporal variations, gene indispensability, and so on.

To attain a holistic and all-encompassing elucidation of biological entities, the static insights
derived from genome sequences prove inadequate, necessitating the inclusion of
supplementary tiers of knowledge ''. This is where -omics come into play, characterized as
the comprehensive investigation and examination of extensive datasets embodying the

complete configuration and operational dynamics of a specific biological entity '42.

Highly multivariate dataset analysis of biological -omics samples such as genomics,
transcriptomics, proteomics, and metabolomics (the “big four -omics”) offer elucidation of
previously hidden features, and at the same time immense challenges due to sheer data

amounts and differing nomenclature %2,

In that context, Genomics focuses on the comprehensive study of an organism's entire genetic
material, encompassing all its genes and their specific sequences. This field delves into

understanding the structure, function, and variations within an organism's DNA 43,
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Transcriptomics investigates the complete set of RNA transcripts produced by an organism's
genome at a given time. It plays a pivotal role in revealing gene expression levels and patterns,
facilitating an understanding of which genes are actively involved and their roles in various

cellular processes 143144,

Proteomics revolves around the exploration of the entire complement of proteins within a cell,
tissue, or organism. This field involves the identification, quantification, and characterization of
proteins. It offers valuable insights into protein functions, interactions, post-translational

modifications, and their roles in diseases 143145,

Metabolomics examines the comprehensive array of small molecules, known as metabolites,
present within biological samples like cells, tissues, or biofluids. It provides a window into an
organism's metabolic pathways, biochemical processes, and the influence of external factors
on metabolism. Metabolomics plays a crucial role in disease diagnosis and personalized

medicine by uncovering metabolic signatures '43.

Especially the integration of more than two -omics datasets for a systems-level understanding
proved difficult, requiring to consider statistical behavior, non-obvious relationships between

datasets and exploiting time-resolved measurements 46,

To that end, systems biology approaches have previously demonstrated their utility in
identifying bacterial proteins involved in chitin or cellulose degradation, respectively, by the

example of Cellvibrio japonicus 132147

In conclusion, the biopolymer chitin is a readily available raw material. Sea food industry
derived crustacean shell waste is so abundant in fact, that its appropriate disposal can pose a
financial burden for the producers, while incorrect disposal threatens the environment and
human health. On the upside, a growing demand for chitin and chitosan persists with a myriad
of suitable high value applications. However, large-scale biotechnological processes must be
developed for sustainable chitin valorization first. Therefore, exploration of novel chitinolytic

machineries and their encompassing enzymes is imperative for advancement in this field.

1.7 Project Overview ChitoMat - Holistic Chitin Conversion to Materials for 3D Printing
Application and Performance Animal Feed Additives

The research presented in this thesis was carried out in the framework of the international

project ChitoMat, funded by the German Federal Ministry of Education and Research (BMBF).

It involved the Werner-Siemens Chair for Synthetic Biotechnology (WSSB) as part of the
Technical University of Munich (TUM) and Fraunhofer Institute for Interfacial Engineering and

Biotechnology (IGB) on the German side. Partners from Canada comprised CigalaTech
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(formerly BBSI), in addition to the Atlantic Veterinary College (AVC) and the Atlantic
Biofabrication Laboratory (ABFL) of the Prince Edward Island University (UPEI) (Figure 3).
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Figure 3: Flow chart of the ChitoMat (Holistic chitin conversion to materials for 3D printing application and
performance animal feed additives) project. It was a BMBF international funded joint effort involving the German
partners TUM and Fraunhofer IGB in addition to the Canadian partners CigalaTech and UPEI.

Lacticacid ' 7; :
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Goal of ChitoMat was to extract chitin from Canadian crab shell waste biotechnologically
without the utilization of harsh chemicals (CigalaTech) and then functionalize the
polysaccharide through enzymatic hydrolysis and potentially deacetylation by means of novel
enzyme activities or cocktails thereof (WSSB). A pilot scale fermentation was intended, given

that feasible conversion processes were discovered.

Resulting COS of defined length should be transferred to the cooperation partners of IGB and
UPEI, which would carry out chemical modifications or create blends for 3D printing (AFBL)

applications or experiment with COS as antimicrobial feed additives (AVC), respectively.

Unfortunately, the cooperation partner CigalaTech, had to file for insolvency during the project
due to the strict closure of the Canadian state in the first year of the corona pandemic. As a
result, the project consortium lost a central project partner with expertise in the areas of
fermentation scaling, chitin production from pilot to industrial scale and accompanying quality

assurance.

In addition, a complete lockdown of approximately 1.5 months was imposed on the TUM in
spring 2020 due to the global corona pandemic, after which only half-day laboratory work was
permitted under very difficult conditions as part of the hygiene concept, which had a lasting

negative impact on and delayed the scientific progress of the project.
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2 Materials and Methods

All chemicals were supplied from Sigma-Aldrich (Darmstadt, Germany), general consumables
were obtained from VWR (Darmstadt, Germany). All necessary buffers and enzymes for next
generation genome sequencing were shipped from Pacific Biosciences (Menlo Park, CA,
USA). High molecular weight DNA was extracted with the Quick-DNA™ HMW MagBead Kit
from Zymo Research (Freiburg, Germany) and HMW gDNA shearing was conducted with g-

TUBESs (Covaris, Woburn, MA, USA) according to the manufacturer’'s manual.

2.1 Buffers and Media

Chitinase Screening Medium

Table 1: Chitinase screening medium, adapted and modified from Lee et al. and Singh et al.#8.149;

Ingredient Amount (g/L)
Colloidal chitin 20

KoHPO4 0.7

KH2PO4 0.3

FeSO4 x 7H.0 0.01

MgSOQOs x 5 H,O 5

Agar (for plates) 20

diH0 Add 1L

After autoclaving, 0.001 g/L ZnSO4 and MnCl,, respectively, were added from sterile filtrated

stock solutions prior to pouring of agar plates/inoculation of liquid media.

2.2 Bacterial Strains

The bacterial strains B2 (“J.n.”) and A1 (“J. sp.”) are both members of a novel species
Jeongeupia wiesaeckerbachi, which was isolated, biochemically characterized, and whole
genome sequenced during this dissertation. Their genomes can be accessed at NCBI under
the BioSample IDs SAMN35557021 and SAMN35557022, respectively. Jeongeupia is a genus
of gram-negative, rod-shaped soil bacteria, belonging to the family of Chromobacteriaceae, in
the order of Neisseriales as part of the Betaproteobacteria phylum. By virtue of their cellulose°
and chitin®™' hydrolyzation capabilities, Jeongeupia spp. bacteria are promising research

subjects for waste stream valorization studies.
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2.3 Colloidal Chitin Preparation

Colloidal chitin (CC) was synthesized following the methodology of Murthy and Bleakly'%? with
slight adjustments. In this process, 20 g of crab shell chitin powder (Sigma-Aldrich, Darmstadt,
Germany) was gradually introduced into 150 ml of 37% HCI under gentle agitation, leading to
an increase in solution viscosity. Upon achieving a suitable viscosity reduction, additional chitin
was cautiously added. The resulting mixture was then subjected to incubation at room
temperature for 2-3 hours with moderate stirring, ensuring the avoidance of bubble formation.
Subsequently, the non-viscous chitin solution, displaying a deep brown colour, was slowly
poured into a 5 L glass beaker containing 2 L of ice-cold diH>O, and vigorous stirring ensued.
This led to the swift transformation of the solution into white colloidal chitin, which underwent
overnight incubation at 4°C without stirring. The next day, the colloidal chitin was neutralized
by adding abundant quantities of deionized water and subjected to centrifugation using a
Beckman JLA8.1000 rotor for 15 minutes at 10,000 g until the supernatant reached a pH of 5.
The resulting CC was harvested, autoclaved, and stored in a refrigerated environment until its

utilization in liquid chitinase screening media (CSM) or agar plates.

2.4 Soil Screening for Chitinolytic Organisms

Soil samples were gathered in sterile 50 ml falcon tubes and standardized to a mass of 60 g
before being transferred into 250 ml glass beakers. In the case of completely desiccated
collected soil, tap water was introduced. Following this, the samples were supplemented with
either 1% or 10% w/w colloidal chitin or crab shell chitin powder (Sigma-Aldrich, Darmstadt,
Germany) and covered with tin foil. Subsequently, the samples were subjected to incubation
at ambient temperature for a duration of two weeks. Sub-portions of the amended soil samples
were then transferred to sterile 50 ml falcon tubes and adjusted to a volume of 50 ml with sterile
1x PBS. The soil samples were subjected to further incubation in a thermal shaker operating
at 30°C and 600 rpm for 30 minutes. Supernatants were subsequently streaked out on CSM
agar plates with varying pH levels (5.5, 6, 6.5, 7, 8) using inoculation loops and then incubated
at 28°C for a period of 2-3 days. Colonies exhibiting halo formation were streaked onto
separate CSM agar plates corresponding to the respective pH until axenic strains were

successfully isolated.

2.5 Genomics
251 HMW genomic DNA extraction, HiFi (High-Fidelity) Library Preparation and
Genome Sequencing with PacBio Sequel lle

Individual bacterial colonies were carefully selected from CSM agar (pH 6.5) and then

cultivated in 20 ml of Tryptic Soy Broth medium within 150 ml baffled shaking flasks. The
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incubation was carried out overnight at 28°C with agitation at 120 rpm. Subsequently, high
molecular weight genomic DNA (HMW gDNA) extraction was performed using the Quick-DNA
HMW MagBead Kit (Zymo Research, Freiburg, Germany) as per the provided instructions. To
evaluate the quantity and purity of the obtained DNA, measurements of the 260/280 nm
absorption ratios and concentrations were conducted using a photometer (Nano Photometer
NP80, IMPLEN, Munich, Germany) and a Qubit 4 fluorometer with the Qubit 1X dsDNA HS
Assay-Kit (Thermo Fisher Scientific, Waltham, MA, USA), respectively. The high molarity of
the gDNA was confirmed by analyzing fragment sizes through a Femto Pulse capillary

electrophoresis instrument (Agilent Technologies, Santa Clara, CA, USA).

After passing the quality control, 8 ug of gDNA in 150 pl Elution Buffer was subjected to
shearing using g-TUBEs (Covaris, Woburn, MA, USA) at 1,700 g in a tabletop centrifuge,
resulting in DNA fragments with an approximate size of 12 kbps, as verified by Femto Pulse
analysis. Following this, HiFi libraries were generated following the SMRTbell prep kit 3.0
manual, where barcoded adapters were fused to the samples (Pacific Biosciences, Menlo
Park, CA; USA). The prepared libraries were stored at -20°C until the day of sequencing, during
which the primers and polymerase were employed, and the samples were bound with the
Sequel Il Binding Kit 3.2 (Pacific Biosciences, Menlo Park, CA, USA), following the

manufacturer's recommendations closely.

Whole genome sequencing was executed on a Sequel lle platform (Pacific Biosciences, Menlo
Park, CA, USA) using a single SMRT cell. The sequencing process involved the following
specific parameters: two hours of pre-extension, followed by two hours of adaptive loading with
a target of p1 + p2 = 0.95 to achieve a final on-plate concentration of 85 pM. The signal

detection was performed for a continuous period of thirty hours during the movie window 52,

2.5.2 Genome Assembly, Annotation and Quality Control

After demultiplexing the raw read files using the SMRT link software (version 11.0.0.144466),
thus separating the barcoded reads, the resulting FASTQ files were subjected to genome
assembly using Canu v2.0 **. The assembly process considered an estimated genome size
of 3.8 mega base pairs (mbps), and the -pacbio parameter was applied while keeping other

settings at their standard values.

Subsequently, the assembled genome was annotated using NCBI's Prokaryotic Genome
Annotation Pipeline (PGAP) 5°-158 Within this pipeline, gene prediction was performed using
GeneMarkS-2+ °, and the functional identification of proteins was accomplished using the
TIGRFAMs databases '%°-%3,Genome qualities were assessed through CheckM ' and
BUSCO v.5.3.2 %, based on near-universal single-copy orthologs. The tool CheckM was

executed through Protologger, which is part of the Galaxy network ',
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2.5.3 Biocomputational Genome Analyses

All bioinformatic analysis tools deployed for genome and encoded protein evaluation can be

found in Table 2.

Table 2: Biocomputational software utilized for genome evaluation with the utilized environment (and
website if browser-based), respective application and reference. GO = gene ontology, COG = Cluster of
Orthologous Proteins, KO = KEGG Orthology, CAZyme = carbohydrate-active enzyme, ORI = origin of replication.

Software Environment/ Website Application Ref.
BlastKOALA KEGG server Function annotation 167
https://www.kegg.jp/blastkoala/ (KO terms)
ClustalW GenomeNET Protein alignment and 168171
https://www.genome.jp/tools-bin integrated phylogenetic
[clustalw tree creation with ETE3
3.1.2 and FastTree or
PhyML 3.0
dbCAN 3.0 https://bcb.unl.edu/dbCAN2 CAZyme prediction 172
/blast.php
DoriC 12.0 http://tubic.tju.edu.cn/doric/ ORI finder 173
eggNOG Mapper 5.0 Galaxy web platform Functional annotation 174
https://usegalaxy.eu/ (GO terms, COG terms)
FastTree 2.1.8 GenomeNET Phylogenetic tree 168,175
LipoP 1.0 https://services.healthtech.dtu.dk  Protein localization 176
/services/LipoP-1.0/ prediction
PHASTER http://phaster.ca/ Phage region prediction 177
progressiveMauve Geneious Prime 2022.0.1 Whole genome 178
alignment
SecretomeP 2.0 https://services.healthtech.dtu.dk  Non-classical protein 179
/services/SecretomeP-2.0/ secretion prediction
SignalP 6.0 https://dtu.biolib.com/SignalP-6 Signal peptide 180
prediction (classical)
SWISS MODEL https://swissmodel.expasy.org/ Protein modelling and 181,182
functional prediction
TYGS https://tygs.dsmz.de Whole genome and 16s 183191

rRNA sequence-based
bacteria species

identification
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2.6 Proteomics

2.6.1 Cultivation conditions

Initially, the organism was streaked out onto CSM-agar (pH 6.5, 2% CC (w/v)) from axenic
cryostocks containing 50% v/v of 50% v/v glycerol solution. For precultures, single colonies
were selected and inoculated into 150 ml baffled shaking flasks containing 20 ml of Tryptic Soy
Broth. Incubation was carried out at 28°C and 120 rpm overnight, and cell densities were
measured spectrophotometrically at 600 nm using 2 ml cuvettes (Nano Photometer NP80,
IMPLEN, Munich, Germany).

Intracellular protein investigation involved preparing main cultures in 500 ml baffled shaking
flasks with 50 ml of either CSM (pH 7, 2% CC (w/v)) or modified CSM with 0.5% (w/v) glucose
and 1% (w/v) (NH4)2Cl, instead of colloidal chitin. Bacterial cells were washed twice in sterile
phosphate-buffered saline (PBS) before inoculating the media to an ODsgo of 0.05. Incubation
conditions were maintained at 28°C and 120 rpm for one day (glucose-fed) or three days
(chitin-fed) to obtain sufficient cell mass. Both carbon sources (glucose or colloidal chitin) were

tested in biological quadruplicates.

2.6.2 Extracellular Proteome Preparation

For extracellular protein investigation, 500 ml CSM in 5 L baffled shaking flasks were
inoculated with J. w. to an ODey of 0.05 in biological triplicates. Additionally, one flask
contained CSM with 2% (w/v) processed crab shell chitin (unbleached) as the sole C and N
source. After three days of incubation at 28°C and 120 rpm, cultures were centrifuged at
10,000 g for 10 min, and supernatants were filtered with a 0.22 ym syringe filter and
concentrated using a tangential flow filter membrane (MWCO 10 kDa; Omega 10K Membrane,
Pall Cooperation, New York, USA) and a peristaltic pump (Masterflex P/S Model 910-0025,
Thermo Scientific, Menlo Park, USA) to a volume of 10-15 ml. Subsequently, 10 kDa MWCO
centrifugal filter units (Centriprep, Merck Millipore, Darmstadt, Germany) were applied to
further concentrate the secreted crude enzyme mixtures to a final volume of approximately 1
ml per sample. Protein concentrations were measured with a photometer based on 260/280
nm absorption ratios (Nano Photometer NP80, IMPLEN, Munich, Germany). Of these protein
extracts, 15 yl was transferred into a new reaction tube, mixed with 5 pl 4x SDS-sample buffer,
and boiled for 5 min at 95°C.

2.6.3 Intracellular Proteome Preparation

Whole cell protein extraction was based on an adapted protocol from Engelhart-Straub and
Cavelius et al. %2, It involved harvesting bacterial cultures by centrifugation at 8,000 g for

10 min, washing the cells with 5 ml of sterile PBS, and inducing cell lysis by horizontal vigorous
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shaking (Vortex Genie 2, Scientific Industries, Bohemia, NY; USA) for 30 min with fine glass
beads, supported by 1:3 (v/v) Protein Extraction Reagent Type 4 (Sigma-Aldrich, St. Louis,
MO, USA). After centrifugation at 14,000 g for 30 min, protein precipitation was achieved by
addition of 1:1 (v/v) 20% trichloroacetic acid in HPLC-grade acetone (w/v) solution,
supplemented with 10 mM DL-1,4-Dithiothreitol (DTT). Samples were vigorously vortexed and
then incubated at -20°C for one hour. Following centrifugation at 14,000 g for 10 min at 4°C,
protein pellets were washed twice with HPLC-grade acetone supplemented with 10 mM DTT
and air-dried under a sterile bench. Lastly, protein pellets were resuspended in 450 ul 8 M urea
with 10 mM DTT and homogenized with a micro pestle suitable for 2 ml micro reaction tubes.
Of this protein extract, 15 yl was transferred into a new reaction tube, mixed with 5 ul 4x SDS-

sample buffer, and boiled for 5 min at 95°C.

2.6.4 Tryptic In-Gel Digestion and LC-MS/MS Analysis

Tryptic in-gel digestion and LC-MS/MS analysis were carried out following the protocol from
Fuchs et al. and Engelhart-Straub and Cavelius et al. %' using a timsTOF Pro mass
spectrometer coupled with a NanoElute LC System (Bruker Daltonik GmbH, Bremen,
Germany) equipped with an Aurora column (250 x 0.075 mm, 1.6 um; lonOpticks, Hanover
St., Australia). One-dimensional 12% SDS PAGEs with short stacking gels were deployed to
transfer 10 pl of each whole cell protein extract into the resolving gel matrix. Leaving several

wells empty between the different samples was pivotal to prevent sample migration.

The mobile phase consisted of two solvents for reverse-phase chromatography: (A) 0.1%
formic acid, 2% acetonitrile in water and (B) 0.1% formic acid in acetonitrile, which was
added linearly with a constant flow rate 0.4 ul/min. Both separation cycles started at 2% of B
(v/v). For the less complex, extracellular protein mixtures, a short gradient was carried out: t
=25min & 17% B (v/v), t = 27 min & 25% B, t = 30 min & 37% B, with t = 33 min and a hold
at 95% B for ten more minutes. In case of the more complex, intracellular protein
compositions, a longer separation cycle of 100 min was selected: t = 60 min & 17% B, t = 90
min & 25% B, t = 100 min & 37% B, t = 110 min and 95% B with a hold at 95% B for ten

more minutes. The oven temperature was kept at a constant 50°C during measurements.

2.6.5 Biocomputational Evaluation of Proteomic Datasets

Refer to the publication “Proteomic and transcriptomic analyses to decipher the chitinolytic
response of Jeongeupia spp.” 1% for an in-detail description of the biocomputational evaluation
of the proteomic datasets, revolving around the PEAKS studio software 10.6 and our in-house
sequenced, assembled and annotated J. wiesaeckerbachi genomes. Additional analyses
involved the browser-based dbCAN 3.0 2 for carbohydrate-active enzyme identification and

the browser-based functional annotation BlastKOALA on the Kegg server 7.
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2.7 Transcriptomics

2.7.1 RNA-Extraction

For RNA extraction and quality control, bacterial cells were harvested by centrifugation at 6,800
g for 10 minutes. Total cell RNA was isolated following the recommendations of the SV total
RNA Isolation System Kit (Promega, Madison, WI, USA). The purity and quantity of the
obtained RNA were assessed using a photometer based on 260/280 nm absorption ratios
(Nano Photometer NP80, IMPLEN, Munich, Germany). Additionally, quality assessment was
performed using the Qubit 4 fluorometer and the Qubit RNA IQ Assay-Kit (Thermo Fisher
Scientific, Waltham, MA, USA). The experiment was conducted in biological triplicates, but
only two samples per condition (chitin or glucose-containing media) were analyzed. Samples

were selected based on Qubit derived RNA quality numbers and RNA concentrations.

2.7.2 cDNA Library Preparation, Next-Generation Sequencing and Evaluation

Next-generation sequencing and bioinformatic analysis were carried out by EuroFins
Genomics Europe Sequencing GmbH (Konstanz, Germany). The process included rRNA
depletion, cDNA library construction, next-generation sequencing using the lllumina NovaSeq
platform (6000 S4 PE150 XP mode), and subsequent bioinformatic analyses. Raw sequencing
data were first purified of rRNA reads using RiboDetector '%°. Subsequently, adapter trimming,
quality filtering, and per-read quality pruning were performed using fastp '%¢. High-quality reads
were aligned to the provided J. wiesaeckerbachi genome with STAR '9. Gene-wise
quantification was achieved by evaluating transcriptome alignments using the software
featureCounts '8, Differential gene expression analysis between the glucose-fed and chitin-
fed sample groups was conducted using the R/Bioconductor package edgeR '*°. Variant

calling for SNP and InDel assessment was carried out using Sentieon's Haplotype-Caller 2%,
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3 Research

3.1  Summaries of Included Publications

Isolation, biochemical characterization, and sequencing of two high-quality genomes of

a novel chitinolytic Jeongeupia species

The article “Isolation, biochemical characterization, and sequencing of two high-quality
genomes of a novel chitinolytic Jeongeupia species” was published in MicrobiologyOpen in
July 2023 (DOI: 10.1002/mb03.1372). The author of this thesis, Nathanael David Arnold,
designed and carried out the experiments, evaluated the experimental data and wrote the

manuscript.

The aim of the study was to screen for and identify novel and efficient chitinases as part of the
“ChitoMat” project in cooperation with the Fraunhofer Institute for Interfacial Engineering and
Biotechnology IGB, the Atlantic Veterinary College and Atlantic Biofabrication Laboratory at

the University of Prince Edward Island and CigalaTech (Charlottetown, Canada).

The polysaccharide chitin is the second most abundant biopolymer on earth after cellulose,
with which it shares a highly similar chemical structure. Although accumulation in marine and
soil sediments is prevented by saccharification through fungi or bacteria, the excessive
amounts of crustacean shell waste from fisheries often being disposed into landfills or coastal

areas can damage ecosystems.

With the myriad of possible applications for chitin and its derivative, chitosan, exhibiting
antitumoral, antifungal, antibacterial and anti-inflammatory characteristics, the rising global
demand for these raw materials becomes evident. However, commonly applied chitin
extraction and conversion methods rely on HCI and NaOH, with hazardous by-products and
low product specificity. Therefore, exploration of novel chitin-enacting enzymes is critical to

drive biotechnological chitin valorization forward.

In this study, to isolate novel chitinolytic organisms, soil samples were amended with varying
amounts of chitin and incubated for a week. Thus, the abundance of species with the capability
to hydrolyze, import and accumulate chitin could be enhanced. Modulated soil samples were
sequentially streaked out onto colloidal chitin containing agar plates, with halos around colony
forming units indicating chitinolytic activities. in addition to reported chitin decomposers, this
approach yielded two strains assigned with the names “J.n.” and “J.sp.” based on 16S rRNA

informed identification as Jeongeupia naejangsanensis BIO-TAS4-2.
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Biochemical characterization of the two strains revealed several differences in regard to

substrate utilization capabilities compared to the type strain BIO-TAS4-2.

With the long-term goal of recombinant expression in mind, high quality genomes were
required, allowing for reliable primer development and enzyme characteristics prediction.
Therefore, genomes of the investigated strains were sequenced with the long-read platform
PacBio Sequel lle, resulting in 40-fold genome coverages for both bacteria. Assembly with
Canu 2.0 and analysis with the orthologue based bio-computational tools BUSCO 5.3.2 and
CheckM confirmed the high completeness and low contamination of the obtained circular
genomes, approximately 3.8 Mbps in size. Annotation was performed by NCBI's Prokaryotic
Genome Annotation Pipeline (PGAP), which implements a combination of sequence homology
and functional prediction of proteins informed by TIGRFAM databases. Further, it assesses
the average nucleotide identity (ANI) as standard procedure, a widely accepted method to
identify bacteria with, which suggested for the strains to be BIO-TAS4-2 with inconclusive

results.

Earlier assumptions, that the novel strains were indeed a novel species, were further supported

by whole-genome sequence-based phylogeny at the Type (Strain) Genome Server (TYGS).

In-silico genome analysis with dbCAN3.0 revealed the unusually rich chitinolytic machinery of
the novel strains, including 13 glycoside hydrolases of family 18 (GH18), three GH19 and
GH23 each, and a lytic polysaccharide monooxygenase of auxiliary activity family 10 (AA10).
A ClustalW inferred phylogenetic tree could demonstrate the conserved nature of this

chitinolytic system within the genus of Jeongeupia.

Based on these results, the discovered strains were proposed to represent members of a novel

species Jeongeupia wiesaeckerbachi.
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Proteomic and transcriptomic analyses to decipher the chitinolytic response of

Jeongeupia spp.

The article “Proteomic and transcriptomic analyses to decipher the chitinolytic response of
Jeongeupia spp.” was published in Marine Drugs in August 2023 (DOI: 10.3390/md21080448).
The author of this thesis, Nathanael David Arnold, designed and carried out the experiments,

evaluated the experimental data and wrote the manuscript.

As a follow-up on the previous publication, in which the novel chitinolytic gram-negative
bacterium Jeongeupia wiesaeckerbachi was isolated, genome-sequenced, and biochemically

characterized, this study had the aim to decipher its chitinolytic machinery.

To illuminate the underlying cellular and extracellular processes during chitin metabolism, a
three-way systems biology approach was chosen. First, exported enzymes during cultivation
in colloidal chitin minimal medium were harvested, concentrated, and subsequently analyzed
with MS/MS tandem spectrometry. Second, intracellular proteomic analyses were conducted
with cells offered either glucose- or colloidal chitin containing media. Third, differential carbon
source growth conditions were repeated, followed by RNA extraction and next generation

sequencing for transcriptomic analyses.

Secretome analysis of the tryptic digested proteins uncovered 386 common proteins, that were
detected among all four samples, comprising of colloidal chitin triplicates and a singular sample
grown on unbleached crab shell flakes. On the background of potential false-positive proteins
through cell lysis, in silico signal peptide and cellular localization prediction were performed,
resulting in 192 confirmed translocated proteins, some of which through non-classical
secretion pathways. Interestingly, most of the previously predicted chitinolytic enzymes could

be confirmed extracellularly.

Data of the intracellular proteome suggested enhanced biosynthesis of glucosamine utilization
and general cell maintenance proteins over hydrolysis involved enzymes as observed in the
secretome. Hereby, a total of 203 proteins were upregulated in colloidal chitin provided

bacterial cells compared to glucose-fed samples.

Lastly, evaluation of the differential transcriptomes revealed the upregulation of 600 transcripts
and distinct mRNA expression patterns, with a seeming emphasis on stress- and pili-related
genes. Comparison with the corresponding intracellular proteomics dataset showed a relatively
low correlation, most likely due to the temporal separation between transcription and protein
biosynthesis. Furthermore, other studies demonstrated that chitin metabolism related mRNAs
are transcribed in early cell growth phases, as soon as 4 hours, which was significantly earlier

than the sample time of this study.
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Overall, the upregulation or involvement of over 350 unique proteins and 570 unique genes in
the chitinolytic system of Jeongeupia wiesaeckerbachi was supported by the synergistic
systems biology approach, which is far more complex and extensive than previously assumed.
Based on the cumulative data, a holistic model for the chitinolytic system of Jeongeupia spp.
was proposed, advancing our knowledge of natural chitin saccharification systems.
Additionally, promising candidate enzymes for expression and characterization studies were

uncovered, expanding the tool kit for biotechnological chitin valorization.
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3.2 Full Length Publications

Isolation, biochemical characterization, and
sequencing of two high-quality genomes of a

novel chitinolytic Jeongeupia species
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Proteomic and transcriptomic analyses to
decipher the chitinolytic response of
Jeongeupia spp.
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4 Discussion and Outlook

4.1 Insights into the Chitin Utilization Program of Jeongeupia

In our studies regarding the novel chitinolytic bacterium Jeongeupia wiesaeckerbachi, we
could reproduce the promotion of chitinolytic bacteria growth through chitin amendment of
soil 2°' which has led to discovery of rare (actinomycetes) species previously 2°2. Contrarily,
decrease of chitinase copy numbers and even diversity in actinomycetes populations has also

been reported when supplementing soils with chitin or sludge 203-205,

As mentioned previously (1.5), Keyhani and Roseman "7 proposed five general steps of
bacterial chitin assimilation: (1) sensing and chemotaxis towards the chitinous substrate, (2)
pili-mediated attachment to the polysaccharide’s surface, (3) hydrolysis of the polymer chain
into smaller COS through secretion of chitinases, with the disaccharide (GIcNAc). as main

product, (4) uptake of the soluble chitin fragments and lastly, (5) cleavage of the disaccharide

Extracellular
Intracellular

OH

fructose-6-p

H/N\:H
0 o*
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5 o e @ o @e I
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Figure 4: Schematic flow-chart of bacterial chitin utilization. (1) Sensing and chemotaxis, (2) attachment, (3)
hydrolysis, (4) uptake and (5) metabolism of N-acetylglucosamine to fructose-6-phosphate, acetate and NHas. Figure
created with BioRender.
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to monomers in the periplasm and conversion of GIcNAc to fructose-6-P, acetate and NHsin
the cytoplasm (Figure 1). Our differential transcriptome and proteome investigations were

generally in alignment with this hypothesis. Refer to Table 3 for an overview.

To that end, (1) could be confirmed by upregulation of several (methyl-accepting) chemotaxis-
related proteins, presumably responsible for chitin sensing, flagellum biosynthesis and
consequently movement towards the substrate 2°°. Moreover, step (2) was apparent both
under the microscope, revealing attachment of J. wiesaeckerbachi cells to the colloidal chitin
particles, and by means of highly upregulated pili-associated proteins, which were shown to
confer a significant growth advantage to V. cholerae cells on chitin surface '%. Hydrolysis (3)
was initially observed through lysis zones on the chitin agar plates, in shaking flasks, and
furthermore supported by detection of glycosidase hydrolases in the secretome and
intracellular proteome data. Breakdown of the polysaccharide chain into soluble COS
represents a continuous multistage process, requiring secretion of synergistic endochitinases,
exochitinases, and a lytic polysaccharide monooxygenase (LPMO) as well as the expression
of hexosaminidases for monomer production intracellularly '?6. Expectedly, all aforementioned
enzymes could be detected in the secretome of J. wiesaeckerbachi, with few hexosaminidases

and a single chitinase present inside the bacteria cells 4.

Upregulation of putative chitobiose ABC transporters, their respective substrate-binding
proteins and permeases were strong indicators for the COS import-system (4) of J.
wiesaeckerbachi. Additional upregulated and uncharacterized porins or ABC transporters and
associated substrate-binding proteins represent promising candidates as putative COS
importers, as reported before 119207.208  Atypically, in actinomycetes, the phosphotransferase
system (PTS), utilizing phosphoenolpyruvate (PEP) as phosphate donor, plays a crucial role
for carbon sensing and import of amino sugars and fructose 2%, instead of glucose. While the
PTS-associated glucose transporter unit IIBC (gene ID 1296) was upregulated 1.6-fold
intracellularly under chitin in our dataset (1.3-fold for GIcNAc IIBC, gene ID 3368), it remains
unclear, whether the PTS in Jeongeupia spp. is equally biased towards GIcNAc as reported
for Streptomyces spp. 2°°2'° or rather specialized for deacetylated GIcN uptake as seen in
Vibrio spp.?". Detection of the 1.4-fold upregulated phosphoenolpyruvate-protein
phosphotransferase (gene ID 982) and the 2-fold upregulated protein HPr (histidine-containing
protein; gene ID 1703), which donates phosphoryl to the membrane-associated Ell
transporters, underpins the impression, that the PTS might be involved in (GIcNAc)2 import in

Jeongeupia spp., similarly to E. coli 2.

Although no metabolomic analyses were conducted, which could have provided unequivocal
evidence for the presence of certain chitin metabolites, the conversion of GIcNAc to fructose-

6-P, acetate and NH; ''":210 (5) were indirectly inferred by upregulation of several proteins. In
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this regard, 25-fold upregulation of a glutamine amidotransferase (gene ID 419) and 9-fold
upregulation of an isomerizing glutamine-fructose-6-phosphate transaminase (gene ID 2381),
support conversion of GIcNAc to fructose-6-P. Glucosamine monomer phosphorylation may
be executed by the 2.5-fold upregulated glucosamine kinase (gene ID 444) intracellularly.
Deacetylation of N-acetylglucosamine to glucosamine, releasing acetate (Ac’) in the process,
was indicated by detection of an 8-fold intracellularly upregulated polysaccharide deacetylase
family protein (gene ID 281). Additionally, likewise 8-fold upregulation of an acetate CoA ligase
(gene ID 2139) hints at implementation of the generated acetate into the pyruvate and

ultimately citrate acid cycle (TCA) in the form of acetyl CoA.

Table 3: Overview of J. wieseackerbachi genes involved in chitin metabolism. The combined results were obtained
from intracellular transcriptomics and proteomics, as well as extracellular proteomics under chitin (vs. glucose if
applicable).

Upregulated

enes under chitin

| Process

Gene IDs

Functions

1. Chemotaxis

36, 134, 135, 138, 246, 602, 1506, 1614,
1841, 2218, 3352, 3077, 3576

Methyl-accepting chemotaxis proteins (mcp),
receptor-modulating/coupling enzymes,
flagellar motor proteins, sensor histidine kinase

2. Adherence

1589, 1590

Flp family type Vb pilin

148, 269, 302,306, 366, 371, 372, 389,

Glycoside hydrolases of families 3, 18, 19 and

3. Hydrolysis | 635, 680, 836, 837, 1077, 1323, 1504, 20, and a lytic polysaccharide/chitin
1731, 1732, 1746, 1841, 2137, 3083 monooxygenase
4. Import 440 — 442, 982, 1703, 2871, 3368 Chitobiose binding proteins and permeases,

PTS associated proteins, porins

5. Assimilation

Glucose-6-P

419, 444, 2381

Glutamine amidotransferase, glucose-6-P
transaminase, glucosamine kinase

Acetate

281, 2139

Polysaccharide deacetylase, acetate CoA
ligase

NH;

337, 1335, 1757, 2225,
3265

Nitrogen regulators, nitrate reductase subunit
b, nitrogen stress response genes

Regarding the chitin derived NHs production and concomitant nitrogen metabolism, we found
the nitrogen regulation protein NR(I) (gene ID 1757) to be upregulated above 2-fold, which
induces the transcription and ultimately formation of glutamine synthetase 2'3. The latter was
upregulated 6.5-fold and is a telltale sign of a low nitrogen regiment in E. coli, responsible for
the ammonium assimilation into amino acids 2'42'S, Glutamine synthetase activity level
enhancement is modulated by adenylylation, which is mediated by P, family nitrogen regulator
proteins (upregulated approx. 3-fold, gene ID 1335), due to their function as 2-oxoglutarate
master regulator metabolite sensors 2'62'7_ In this process, P are first activated by uridylylation
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through a Py-uridylyltransferase (upregulated 2-fold, gene ID 3265), before the glutamine
synthetase is then adenylated. Evidence for this process was provided by 1.6-fold upregulation
of a Dbifunctional [glutamate-ammonia ligase]-adenylyl-L-tyrosine  phosphorylase/
adenylyltransferase (gene ID 2225). Further evidence for nitrogen starvation could be inferred
from the detection of the 10-fold upregulated serine/threonine kinase PrkA, whose orthologue’s
role in E. coli, yeaG, is well understood in the nitrogen stress response 2. Fifty-fold
upregulation of a nitrate reductase beta subunit (gene ID 337) indicates how Jeongeupia spp.
appears to seek out nitrate as preferred nitrogen source, when no glucose is present. These
observations are in agreement with transcriptome investigations of a pathogenic Serratia
marcescens strain 2'8, which revealed the significant upregulation of a nitrate reductase and

other nitrogen metabolism related proteins.

Moreover, a study regarding a marine Chitinibacter sp. SCUT-21 isolate’s chitin utilization
program 2'° demonstrated N-selectivity towards nitrate (NO3~) when offered chitin as sole
carbon source. When provided with glucose in addition to chitin, the effects of carbon catabolite
repression (CCR) were so profound, that cells could not grow without the supplementation of

another nitrogen source, which also held true for our investigated J. wiesaeckerbachi strain 2'°.

Inspection of underlying metabolic pathways unraveled the involvement of the citrate (first
carbon oxidation) and glyoxylate cycles, in addition to the Entner-Doudoroff and pentose
phosphate pathways in chitin metabolism of Jeongeupia wiesaeckerbachi, according to the

KEGG mapper reconstruction on our intracellular proteome data 7.

Future implementation of differential metabolomic analyses between glucose and chitin
supplied bacterial cells could provide critical context of metabolic fluxes and gene
expression . Subtle shifts in gene transcription in response to changing nutrient availability
evaded our experimental design, which only distinguished between chitin and glucose, or on

and off states.

In doing so, nitrogen or glucose starvation cell states can be directly linked to the biosynthesis
of functional transcripts and proteins. Furthermore, monitoring of glucosamine levels might
provide important data on optimal chitinous substrate concentrations and respective
fermentation durations for maximum chitinolytic enzyme expression in the context of industrial

applications.

Multiplicity of bacterial chitinases and their origins

GH18 22 and GH19 22! are believed to have evolved independently, with little to no sequence
homology and diverging catalytic mechanisms (retaining vs. inverting, respectively) 75,

Occurrence of multiple chitinase copies within a given genome, as is the case in our
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investigated bacterium Jeongeupia wiesaeckerbachi, is deemed as customizable and
synergistic enzyme tool kit for varying chitin allomorphs 2?%?2. Observation of a reduced
chitinolytic machinery in the secretome in response to crude crab shells (eight GH18) opposed

to colloidal chitin (eleven GH18) further supports this notion 1%4.

In terms of their origins, strong sequence homologies of glycoside hydrolases within a single
organism suggest, that these enzymes resulted from gene duplication events . Conversely,
when there are weaker similarities in the internal sequences or when these enzymes are found
in organisms that are not closely related taxonomically, it implies that the genes were
transferred laterally between different organisms 22*-22°, CLUSTALW protein sequence
homology alignment " inferred phylogenetic trees with PhyML ' revealed both presumably

from lateral gene transfer as well as gene duplication events acquired chitinases (Figure 2).
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Figure 5: Amino acid sequence homologies and inferred rootless phylogenetic trees of Jeongeupia
wiesaeckerbachi's glycoside hydrolases (GH) of families, 18, 19 and 20. Sequence alignment was
performed with CLUSTALW 38 and phylogenetic reconstructions were performed using the function
"build" of ETE3 3.1.2 as implemented on the GenomeNet '8, Tree was inferred using PhyML
v20160115 """, Values at nodes are branch supports in %, computed out of 100 bootstrapped trees.
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To that end, it is likely that glycoside hydrolase 1841 within family 18 resulted from an inter-
species gene transfer, a phenomenon potentially applicable to the 1732 and 1746 pair as well.
Among these, a probable gene duplication event within the genome of Jeongeupia appears
more plausible. Except for the strongly branch supported GH18 pairs 389/837 and 372/836,
no other dependable indications of gene duplication were discernible. Despite this, due to the
shared branch encompassing all GH18 chitinases except the distinct 1841 and the separate
branch of 1732/1746, the concept of a common ancestral enzyme holds merit. This view is
further supported by the relatively short branch lengths (high protein sequence homologies).
In the instances of chitinase families within both GH19 and GH20, comprising three hydrolases
each, one enzyme's origin is linked to lateral gene transfer, while the remaining two enzymes

appear to have originated from gene duplication.

Although whole-genome sequence alignments with progressiveMauve '"® uncovered several
gene rearrangements between the genomes of Jeongeupia wiesaeckerbachi and the closely
related J. naejangsanensis BIO-TAS4-2 ™50 the chitinolytic machinery itself was highly

conserved.

Implications Regarding the Complexity of the Bacterial Chitin Metabolism and

Regulation

Strikingly, we could demonstrate the upregulation of unique 570 genes during chitin
metabolism, opposed to the previously estimated 50-100 involved genes '8'24 However, a
distinction between direct involvement of proteins and mere interference or manipulation by
the adapted metabolic pathways to a chitin-rich environment must be made. Comparable to
our observations, 360 genes were reported to be significantly regulated (up- or down-) in V.
cholerae on crab shell surface with microarray expression in 2004 ¢, Similarly, the N-
acetylglucosamine-responsive regulator protein DasR in Streptomyces coelicolor was reported
to additionally affect the expression of around 1200 genes '3, which aligns with our data on
the differential gene recruitment during chitin metabolism 4. Another common feature is the
growth phase dependent regulatory function of DasR, as our transcriptomic analyses of J.
wiesaeckerbachi also suggested a strong time-dependence of chitinolytic transcript
biosynthesis. Hydrolysis related transcripts were largely absent at the late growth phase
sampling time of the study, while respective protein levels were abundant '®4. Surprisingly, a
follow up study on chitinase transcript expression levels of AdasR strains and wildtype strains
demonstrated only minor differences, indicating the involvement of other forms of gene

regulation 226227,
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Promising candidates for protein expression and characterization studies

While the presence and identity of a central chitin-response regulator in Jeongeupia remain
uncertain, intracellular proteomics data suggest several potential candidates: A response
regulator (gene ID 1712) was upregulated 7-fold, a YbhB/YbcL family Raf kinase inhibitor-like
protein (gene ID 1299) 5.5-fold, and a HAMP domain-containing histidine kinase (gene ID 264)
4-fold on colloidal chitin. Additionally, a GntR family transcriptional regulator (gene ID 443)
could be of interest, due to its proximity to a glucosamine-related gene cluster, encompassing

putative chitobiase transporter proteins, a GIcNAc-kinase, and a polysaccharide deacetylase.

Further interesting candidates for protein expression or knockout experiments besides the
regulatory proteins are the as intracellularly upregulated or secreted identified porins and
transporter proteins (gene IDs 439 — 443, 1471, 2871, 3368), oxidoreductases (gene IDs 1157,
1215,1929, 2996), methyl-accepting chemotaxis proteins (gene IDs 246, 602, 1841, 2218
3077, 3352) and pili-associated proteins (gene IDs 1589 & 1590).

Various chitinoplastic (chitin structure-altering) proteins were detected in the novel J.
wiesaeckerbachi genome, among them a multiplicity of chitinases, a LPMO and potentially two
chitin deacetylases (CE4) (Table 4). Despite the more obvious connection between some of
these enzymes and the chitin metabolism based on our findings '%, other interesting

candidates exist among the 159 carbohydrate-active enzymes (CAZymes) in the genome.

Table 4: Promising carbohydrate-active enzymes (CAZymes) in the genome of Jeongeupia wiesaeckerbachi,
detected by dbCAN 3.0. CAZy classifications marked with an asterisk (*) contain proteins that have been detected
in proteomic or transcriptomic analyses under exclusive colloidal chitin feed. CBM = carbohydrate binding motif, CE
= carbohydrate esterase, GH = glycosyl hydrolase, GT = glycosyltransferase. While some enzymes exhibit CBMs,
they are not included in separately, but in their respective enzyme classification to avoid duplicates.

CAZy classification Relevant included activities Gene count
AA10* Lytic polysaccharide monooxygenase 1
CBM 12 Chitin binding 3
CBM 32 LacNAc-binding 1
CBM 5 Chitin binding 6
CBM 5/12 Chitin binding 1
CBM 50 Chitin- or peptidoglycan- binding 4
CE4 Chitin oligosaccharide deacetylase 2
CE9 N-acetylglucosamine-6-phosphate 1
deacetylase

GH18* Chitinase 13
GH19* Chitinase 3
GH20* B-N-acetylhexosaminidase 3
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GH23* Chitinase 6
GH3 Chitosanase, B-N-acetylhexosaminidase 3
GH9 Exo-B-1,4-glucosaminidase 1
GT2 Chitin synthase 19

Recombinant expression and more importantly, elucidation of their modes of action, will prove

their utility for tailored COS production as envisioned in the ChitoMat project.

Especially endo-processing glycoside hydrolases, but also multi-modal enzymes such as the
chitosanase ScCsn46A in Streptomyces coelicolor A3(2) 2% are of great interest. Furthermore,
novel binding specificities outside the common GlcNAc/GIcN moieties at the -1 or +1 polymer
subsites for chitinases or chitinases, respectively, would expand the biotechnological toolkit
immensely. An example of this would be the self-proclaimed chitinosanase of the fungus

Alternaria alternata, with the novel subsite specificity DA/XX 22°.

Additionally, the two carbohydrate esterases of family 4 with potential COS deacetylase
activities are highly interesting candidates for wet lab characterization studies. Currently,
enzymatic chitin deacetylation to yield defined chitosan or paCOS is hard to realize due to low
conversion rates and more importantly, their inability to act on crystalline substrates, with the
acetyl moieties tightly packed in the chitin structure '%. Supplementation with LPMOs, which
oxidize crystalline chitin and create free polymer chain ends on the substrate surface has been
demonstrated to enhance deacetylase activities '°. Furthermore, fusions with the chitin
binding modules CBM5/12 might increase their adherence to crystalline chitin and thus

enhance deacetylation rates of non-processed chitin '%7.

In summary, novel enzymes with potentially unknown mechanisms or deacetylation patterns
are highly desirable in the hope of understanding protein-ligand interactions and substrate

specificities at a more sophisticated level, thus enabling tailor-made paCOS production.

4.2 Prospects of Chitin Valorization

The trajectory of chitin valorization in the coming years will be shaped not only by the
advancement of ecologically sound techniques for its extraction and processing, but also by
the emergence of innovative applications and technologies integrating chitin-derived materials.
Moreover, shifts in consumer behavior, particularly the growing demand for bio-based
products, will serve as a catalyst compelling the cosmetics and food industries to contemplate

the incorporation of chitin or chitosan as fundamental constituents.
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Green Chitin Extraction Methods - Lactic Acid Fermentation and NADEs

At this pointin time, it is well established that lactic acid fermentation is an excellent sustainable
method to demineralize and deproteinate high quality chitin from crustacean shell waste 10230~
234 suitable for the industrial scale '°. Advantages over conventional chemical methods include
low costs, no requirement for wastewater treatment and consequently the feasibility of waste
stream (mainly peptides, free amino acids and astaxanthin) valorization 52% e.g. for the food

236 cosmetics 2% or medical industries 2%,

Natural deep eutectic solvents (NADEs), composed of natural primary metabolites (amino
acids, organic acids, sugars, or choline derivatives) represent another promising, innovative
and green path to extract chitin from crustacean shell waste 22°-248, They arise from the intricate
interaction between a hydrogen acceptor (mostly quaternary ammonium salts) and a
hydrogen-bond donor (amines, amides, polyols, or acids). Subsequent charge distribution is
accountable for the observed reduction in the mixture's melting point in comparison to the
individual melting points of the constituent raw materials 24>24%, Functionally, NADEs fulfill the
role of biocatalytic solvents and can be utilized as multipurpose media for carbohydrate

processing 2*4, including pretreatment, chemical modification or extraction.

Due to their reusable, non-toxic, economical, and often biodegradable characteristics 244,
NADEs are interesting chemicals to consider for industrial crustacean shell waste processing,

possibly complementary to lactic acid fermentation demineralization and deproteination.

Huang et al. demonstrated shrimp shell demineralization and deproteinization with a NADE
composed of choline chloride and malic acid combined with microwave radiation. Optimal
yields chitin yields of 20% 248 were obtained with an 1:20 shell to NADE ratio and 9 min of
radiation 2*°. Interestingly, the resulting chitin was of higher crystallinity compared to alkali
treated shrimp shells. Additionally, they could reuse the NADE up to three times without
negatively affecting the chitin yields when supplementing malic acid in between extraction
rounds, which was diminished during demineralization 2. At that point in time, the
deproteinization rates decreased significantly. After 5 cycles, the sheer extracted protein
amounts rendered the solution too viscous for further deployment in chitin extraction. It might
however represent an interesting feed source for subsequent biotechnological conversion into
lipids by oleaginous yeasts ?°° or serve as high value feed additive in livestock or fish farms.
There is an urgent need to reduce the use of soybean meal in feed formulations in order to

free up arable lands for human food production, thereby increasing food security 2.

This report exemplifies the potential as chemical but environmentally friendly crustacean shell
waste method, without the necessity of large fermenters in the case of lactic acid fermentation.

On the other hand, the requirement for microwave radiation assistance in successful shell
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demineralization could render this method impracticable and highly energy consuming for the

industrial scale.

Biotechnological COS production

Physiochemical attributes play a pivotal role in the biological functionalities of chitosan
oligosaccharides (paCOS). Consequently, meticulous control over the manufacturing
procedure is imperative. Enzymatic methodologies excel in this regard, exhibiting significantly
augmented reaction specificity in comparison to traditional chemical approaches. Nonetheless,
the feasibility of enzymatic methods vis-a-vis chemical routes hinges on surmounting the
obstacles of elevated production expenses and protracted reaction durations 75252253
Furthermore, a universal strategy is untenable due to the necessity of tailored enzyme
combinations contingent on the desired product length, deacetylation extent, and related

factors.

Mitigating the cost of enzyme expression can be achieved through strategies such as enzyme
immobilization onto beads 2%*, enzyme fusion with carbohydrate-binding modules (CBM) 2%, or
integration into columns 2% to enable continuous production. Alternatively, streamlined

approaches like one-pot methods 2°” prove beneficial.

Addressing the issue of reaction speed entails optimizing enzyme cocktails 2°® or refining
reaction conditions, exemplified by solvent-less techniques 2°°. Molecular engineering of
enzymes 2%°, including fusion with CBMs 261262 or employing mutagenesis (random 2% or site-

directed 7°), can enhance catalytic efficiency.

An alternate avenue is biosynthesis, particularly through transglycosidases *°, offering greater
adjustability albeit potentially higher costs due to an initial GIcNAc byproduct, followed by
subsequent synthesis into larger fragments 264255 This option remains intriguing, particularly

for advanced applications, which require defined COS.

Advances in Biomedical and Material Sciences

Medical research is generally of high public interest, reflected in the sizable funding proportion
in respect to that of other fields 20267 and thus represents one of the main driving forces for
the continued success of chitin valorization. Due to chitosan’s antimicrobial, anti-inflammatory,
antitumoral, and hemostatic characteristics, it is a highly attractive molecule for biomedical
applications, particularly drug delivery 31623268  Syccessful chitosan-based drug delivery
systems include microspheres 2%°, tablets 27°, nanoparticles 2’'274, nanofibers 27°,

hydrogels *276277 membranes 2’® and microgranules/dry powder 27°.

36



Discussion and Outlook

Moreover, chitosan also proved useful in tissue engineering (e.g., cardiac tissue 22%%', bone
regeneration 2%, periodontal tissue regeneration 2%2, and corneal regeneration 5'28%) wound
healing “¢%%*, cancer diagnosis 2% , anti-thrombogenic and hemostatic materials 28,
bioimaging 27-28°, antiaging cosmetics 2°2°, or as antitumor therapeutic and vaccine

adjuvant 27:291-293

Through chemical modification and functionalization 268274294 the scope of application for
chitosan-based materials can be significantly expanded and diversified. A particularly
promising application are chitosan hydrogels for 3D-printing %"%8, serving for instance as

biocompatible synthetic organ scaffolds.
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Concluding remarks

The biopolymer chitin and its derivative chitosan are abundant and versatile biomaterials,
originating as waste products from the seafood industry, with diverse potential applications.
They have gained increasing attention due to their versatile nature. Chitin and chitosan can be
enzymatically hydrolyzed to produce chitosan oligosaccharides (COS) and partially acetylated
chitosan oligosaccharides (paCOS), respectively. These hydrolysis products exhibit
remarkable properties for various applications, particularly in the field of biomedicine, which is

a major area of interest, often supported by substantial research funding.

Current chitin valorization methods primarily involve the use of harsh chemicals, resulting in
the generation of unspecific products and necessitating the treatment of hazardous waste
streams to mitigate harm to both human health and the environment. While biotechnological
chitin extraction has made considerable progress, notably through lactic acid fermentation, the
production of chitosan oligosaccharides (COS) has not advanced at the same pace. There is
an imperative need for substantial efforts to optimize enzyme production processes, reduce
associated costs, and explore novel enzymes, that could enhance the efficiency of customized
COS production. Key milestones include the development of synergistic hydrolase
formulations and research into chitin or COS deacetylating enzymes capable of processing
crystalline substrates. These steps are vital for the successful biotechnological valorization of
chitin. Not only do they enable the production of well-defined chitin-derived products that only
enzymes can provide, but they also allow us to move away from harsh chemicals and the

detrimental environmental impact associated with them.

In this context, Jeongeupia wiesaeckerbachi emerges as a promising candidate for identifying
novel enzymes with chitin-processing capabilities. Moreover, it holds the potential to serve as
a model organism for expanding our understanding of bacterial chitin metabolism,
complementing the knowledge we already possess about well-established genera, such as
Vibrio and Serratia, both of which comprise many S2 organisms. It's crucial to acknowledge
that research involving these microorganisms demands compliance with rigorous S2
laboratory safety protocols. These safety requirements can pose logistical challenges,
underlining the potential benefits of exploring alternative model organisms, such as

Jeongeupia wiesaeckerbachi.

n

The emerging field of omics, encompassing various "-omics" technologies, is poised to
accelerate the pace of enzyme discovery by providing comprehensive insights into biological
systems. Furthermore, the integration of Al technologies has the potential to further expedite
the molecular engineering of chitinases, thereby enabling the development of enhanced

enzyme variants for a wide range of applications.

38



List of Publications

5 List of Publications

1. Enzymatic Modification of Native Chitin and Conversion to Specialty
Chemical Products

Arnold ND, Briick WM, Garbe D, Briick TB.

Mar Drugs. 2020 Jan 30;18(2):93. doi: 10.3390/md18020093. PMID: 32019265; PMCID:
PMC7073968.

2. A Newly Designed Automatically Controlled, Sterilizable Flat Panel
Photobioreactor for Axenic Algae Culture

Fuchs T, Arnold ND, Garbe D, Deimel S, Lorenzen J, Masri M, Mehlmer N, Weuster-Botz D,
Bruck TB.

Front Bioeng Biotechnol. 2021 Jul 1;9:697354. doi: 10.3389/fbioe.2021.697354. PMID:
34277591; PMCID: PMC8280782.

3. Metabolic stress constrains microbial L-cysteine production in Escherichia
coli by accelerating transposition through mobile genetic elements

Heieck K, Arnold ND, Brick TB.

Microb Cell Fact. 2023 Jan 16;22(1):10. doi: 10.1186/s12934-023-02021-5. PMID: 36642733,
PMCID: PMC9841684.

4. Isolation, biochemical characterization, and sequencing of two high-
quality genomes of a novel chitinolytic Jeongeupia species

Arnold ND, Garbe D, Briick TB.

MicrobiologyOpen, 2023, 12, e1372. https://doi.org/10.1002/mbo03.1372

5. Proteomic and transcriptomic analyses to decipher the chitinolytic
response of Jeongeupia spp.

Arnold, ND; Garbe, D; Briick, TB

Mar. Drugs 2023, 21, 448. https://doi.org/10.3390/md21080448

39



List of Publications

6. Algal-based Biopolymers. In: Abomohra, A., Ende, S. (eds) Value-added
Products from Algae

Younes, S., Arnold, N., Paper, M., Keil, L., Awad, D., Brueck, T. (2024).

Springer, Cham. https://doi.org/10.1007/978-3-031-42026-9_13.

7. High-Quality Genome of a novel Thermostichus species from Namibia and
characterization of its adaptive protein expression patterns to elevated
temperatures

Arnold ND', Paper M', Wortmann D', Ahmad N, Fuchs T, Qoura F, Mehlmer N, Kandawa-
Schulz M, Briick TB

'Equally contributed.

MicrobiologyOpen, in publication.

40



Reprint Permissions

6 Reprint Permissions

Isolation, biochemical characterization, and sequencing of two high-quality genomes of

a novel chitinolytic Jeongeupia species

Published in MicrobiologyOpen (MicrobiologyOpen, 2023, 12, e1372)

Proteomic and transcriptomic analyses to decipher the chitinolytic response of

Jeongeupia spp.

Published in Marine Drugs (Mar. Drugs 2023, 21, 448)

Both articles are published and available under the Creative Commons Attribution License (CC
BY).

41



Figures & Tables

7 Figures & Tables

Figure 1: Chemical structures of the polysaccharides (a) Chitin and (b) Chitosan, consisting
of different ratios of N-acetyl-glucosamine and glucosamine monomers. (c) The three chitin
allomers, diverging in the antiparallel (a), parallel () or mixed (y) alignment of chitin

microfibrils.

Figure 2: Schematic overview of chitin- and chitosan active enzymes. Exo-acting enzymes
hydrolyze the polysaccharide chain processively from the reducing or non-reducing sugar end.
Endo-acting enzymes cleave the 3-1,4-glycosidic links randomly along the chain. The lytic
polysaccharide monooxygenase (LPMO) hydrolyzes the B-1,4-glycosidic links with O2 or
H202 as reducing agents. Enzymes with transglycosylase activity extend the polysaccharide
chain through addition of monomers. (Chitin-) Deacetylases remove the acetate residue from

N-acetylglucosamine molecules, yielding glucosamine and a water molecule in the process.

Figure 3: Flow chart of the ChitoMat (Holistic chitin conversion to materials for 3D printing
application and

performance animal feed additives) project. It was a BMBF international funded joint effort
involving the German partners TUM and Fraunhofer IGB in addition to the Canadian partners
CigalaTech and UPEI.

Figure 4: Schematic flow-chart of bacterial chitin utilization. (1) Sensing and chemotaxis, (2)
attachment, (3) hydrolysis, (4) uptake and (5) metabolism of N-acetylglucosamine to fructose-

6-phosphate, acetate and NH3. Figure created with BioRender.

Figure 5: Amino acid sequence homologies and inferred rootless phylogenetic trees of
Jeongeupia wiesaeckerbachi’'s glycoside hydrolases (GH) of families, 18, 19 and 20.
Sequence alignment was performed with CLUSTALW '*® and phylogenetic reconstructions
were performed using the function "build" of ETE3 3.1.2 as implemented on the GenomeNet
18- Tree was inferred using PhyML v20160115 ! Values at nodes are branch supports in %,

computed out of 100 bootstrapped trees.

Table 1: Chitinase screening medium, adapted and modified from Lee et al. and Singh

et al 148,149,

Table 2: Biocomputational software utilized for genome evaluation with the utilized
environment (and website if browser-based), respective application and reference. GO
= gene ontology, COG = Cluster of Orthologous Proteins, KO = KEGG Orthology, CAZyme =

carbohydrate-active enzyme, ORI = origin of replication.
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Table 3: Overview of J. wieseackerbachi genes involved in chitin metabolism. The combined
results were obtained from intracellular transcriptomics and proteomics, as well as extracellular

proteomics under chitin (vs. glucose if applicable).

Table 4: Promising carbohydrate-active enzymes (CAZymes) in the genome of Jeongeupia
wiesaeckerbachi, detected by dbCAN 3.0. CAZy classifications marked with an asterisk (*)
contain proteins that have been detected in proteomic or transcriptomic analyses under
exclusive colloidal chitin feed. CBM = carbohydrate binding motif, CE = carbohydrate esterase,
GH = glycosyl hydrolase, GT = glycosyltransferase. While some enzymes exhibit CBMs, they

are not included in separately, but in their respective enzyme classification to avoid duplicates.
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