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Abstract

Abstract

Laccases and laccase-like multicopper oxidases (MCOs) — especially from bacterial
origin — represent a massive metabolic potential for a large variety of possible in-
dustrial applications. For instance, lignin represents a significant portion of plant bi-
omass that is essentially unutilized at present. The ability to efficiently utilize this
biopolymer can possibly enable a renewable replacement for fossil-based resources
in the future.

As various insects and in particular wood-feeding beetles were shown to exhibit
laccase-like activity in their digestive systems, the European spruce bark beetle /ps
typographus was chosen for metagenomic sequencing and to scavenge for yet un-
known MCOs. Phylogenetic analyses revealed limited microbial diversity and a
dominance of Proteobacteria with Morganella being the most prominent bacterial
genus. In addition, eukaryotic organisms like the nematode Mycoletzkya buetschlii
— exclusively known to associate with Ips typographus — and a potential symbiotic
yeast of the genus Wickerhamomyces were also discovered.

A total of 219 Mbp was assembled with a number of 127909 unique predicted ORFs.
Following upload and annotation, six novel enterobacterial MCOs were identified in
the Ips typographus dataset in silico. Along with one MCO originating from
Duganella sp. HHO1, three of these metagenomic candidates were successfully
cloned, heterologously expressed in E. coli and characterized regarding their stor-
age, pH and temperature properties. Despite their striking structural resemblance,
these three enzymes displayed huge differences, especially in their reaction to high
temperatures. Initially, Ips14138 was thought to be the least promising due to its
close phylogenetic relation to CueO, a known MCO playing an important role in
copper detoxification in E. coli. Surprisingly, it was discovered to exhibit an excep-
tional heat stability and a strong thermal activation effect unknown for CueO but
previously detected in MCOs from Bacillus origin. Combined with its excellent stor-
age stability, lps14138 fulfills essential requirements for industrial utilization making
it a promising candidate for further research. In conclusion, the gut of the bark beetle
Ips typographus not only presents a remarkable source for novel metagenomic
MCOs, but especially regarding various metabolic functions, there is still a vast en-
zymatic potential waiting to be explored.
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Zusammenfassung

Zusammenfassung

Laccasen und laccaseartige Multi-Kupfer-Oxidasen (MCOs) — insbesondere aus
Bakterien — bergen ein enormes Stoffwechselpotenzial fir eine groBe Vielfalt an
moglichen industriellen Anwendungen. So stellt beispielsweise Lignin einen bedeu-
tenden Teil der pflanzlichen Biomasse dar, der derzeit im Wesentlichen ungenutzt
ist. Die Fahigkeit, dieses Biopolymer effizient nutzen zu kdnnen, kann kinftig einen
erneuerbaren Ersatz fir fossile Ressourcen bieten.

Da bei verschiedenen Insekten und insbesondere bei holzfressenden Kafern Lac-
case-Aktivitat im Verdauungssystem nachgewiesen wurde, fiel die Wahl flr Meta-
genomsequenzierung und die Suche nach noch unbekannten MCOs auf den euro-
paischen Fichtenborkenkafer Ips typographus. Phylogenetische Analysen ergaben
eine limitierte mikrobielle Diversitat und eine Dominanz der Proteobakterien, wobei
Morganella die bedeutendste bakterielle Gattung darstellte. Darliber hinaus wurden
eukaryotische Organismen wie beispielsweise der Nematode Mycoletzkya
buetschlii, von dem bekannt ist, dass er ausschlieBlich mit lps typographus assozi-
iert ist, und eine potenziell symbiotische Hefe der Gattung Wickerhamomyces ent-
deckt.

Insgesamt wurden 219 Mbp zusammengestellt, wobei eine Anzahl von 127909 ein-
zigartigen ORFs vorhergesagt wurden. Nach Upload und Annotation wurden sechs
neue enterobakterielle MCOs im Ips typographus-Datensatz in silico identifiziert.
Zusammen mit einer MCO aus Duganella sp. HHO1 wurden drei dieser metageno-
mischen Kandidaten erfolgreich kloniert, heterolog in E. coli exprimiert und hinsicht-
lich ihrer Lagerungs-, pH- und Temperatureigenschaften charakterisiert. Trotz ihrer
auffallenden strukturellen Ahnlichkeit zeigten diese drei Enzyme enorme Unter-
schiede, insbesondere bei der Reaktion auf hohe Temperaturen. Anfangs wurde
lps14138 aufgrund seiner engen phylogenetischen Verwandtschaft zu CueO, einer
bekannten MCO, die eine wichtige Rolle bei der Kupferentgiftung in E. coli spielt,
als das am wenigsten vielversprechende Enzym angesehen. Es wurde erstaunli-
cherweise entdeckt, dass es eine auBergewdhnliche Hitzestabilitat und einen star-
ken thermischen Aktivierungseffekt aufwies, der fir CueO bisher unbekannt war,

aber zuvor bereits bei MCOs aus diversen Bacillus-Spezies festgestellt. Kombiniert
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Zusammenfassung

mit seiner ausgezeichneten Lagerfahigkeit, erflllt Ips14138 wesentliche Anforde-
rungen fr eine industrielle Nutzung und ist damit ein ausgezeichneter Kandidat fur
weitere Forschungsziele.

Zusammenfassend stellt der Datensatz des Borkenkéafers Ips typographus nicht nur
eine auBergewdhnliche Quelle fir neuartige metagenomische MCOs dar, sondern
vor allem in Bezug auf verschiedenste Stoffwechselfunktionen wartet darin noch ein

enormes enzymatisches Potenzial darauf, erforscht zu werden.
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1 Introduction

1.1 Metagenomics

With traditional microbiological methods, only a very small fraction of the bacterial
diversity (<1 %) can be isolated and cultivated under laboratory conditions. There-
fore, a culture-independent approach to identify and study the bigger part of the
prokaryotic population symbolizes a groundbreaking revolution in microbiology
(Amann et al. 1995; Alneberg et al. 2018). The enormous size of prokaryotic popu-
lations together with an extremely high growth rate represent a large capability for
mutations and therefore genetic diversity (Whitman et al. 1998). Novel molecular
methods focus directly on the whole DNA of an environmental sample — the “meta-
genome” — to access a massive, formerly untapped potential (Handelsman et al.
1998). Initial metagenomic approaches included plasmid and fosmid library con-
struction and screening. Newer, less biased and time-consuming methods like Next
Generation Sequencing (NGS) gradually take their place and enable an increase in
sequencing depth and data size (Vollmers et al. 2017).

Beside new advances in basic research of microbial ecology, metagenomics ena-
bles the discovery of genes that code for novel and unique proteins. Especially
promising for this purpose are environments with an abundance of divers and strong
metabolic activity (Krishnan et al. 2014; Hiraoka et al. 2016). Due to their higher
abundance of lignocellulolytic enzymes, natural habitats like the gastrointestinal
tracts of herbivores may be more favorable compared to anthropogenic ecosystems
like biogas reactors (Gllert et al. 2016). These host-associated systems also show
a lot of promise for the discovery of novel laccases as lignin constituents and plant
phenolics appear to be part of these enzymes native substrate range (Canas &
Camarero 2010).

1.2 Gut microbiome

In search of novel and untapped sources for industrially applicable enzymes, scien-
tists and research companies increasingly contemplate the massive biotechnologi-
cal potential of gut-associated microbiota either in respect of quantity or quality
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Introduction Chapter | 1

(Krishnan et al. 2014). For example, a large diversity in lignocellulolytic genes has
been detected in the fecal metagenome of the Asian elephant (limberger et al.
2014), while there was only one singular lignolytic enzyme evident in the gastroin-
testinal tract of the giant panda which seems to be responsible for the digestion of
bamboo lignin (Fang et al. 2012).

Insect digestive tracts represent a major genetic reservoir as their structures and
environmental conditions differ extremely among species. Confined microorganisms
provide a broad variety of beneficial factors to their host who potentially gains nutri-
tion, communication and protection against parasites and pathogens. Besides bac-
teria, symbiotic yeasts also play a role in the insect microbiome in aiding in foraging,
digestion or in being a source of nutrition themselves. In comparison to mammalian
guts, the number of different microbial species is restricted but highly specialized
(Engel & Moran 2013; Stefanini 2018).

Cross-taxon analyses showed that insect-associated bacterial communities typically
encompass only up to 8 phylotypes with the most abundant one accounting for more
than 50 % of the whole microbiome on average. Almost 70 % of these phylotypes
were limited to unique insect species. In the majority of analyzed samples, Proteo-
bacteria were primarily contributing to the dominant taxa (Jones et al. 2013).

It was previously discovered that numerous bacteria underwent a significant ge-
nomic decay during adaptation to symbiotic lifestyle. They lost genes futile for their
new environment and established common symbiont characteristics like extremely
fast protein evolution and a high abundance of chaperones (Burke & Moran 2011;
McCutcheon & Moran 2011).

In Particular, xylophagous beetles like the Asian longhorned beetle Anoplophora
glabripennis were reported to have lignin degrading capability during passage
through the gut (Geib et al. 2008; Engel & Moran 2013). Putative bacterial and fun-
gal genes for laccases, multicopper oxidases (MCOs) and polyphenol oxidases
were annotated in the corresponding metagenome, hinting at a large potential for
lignin degradation (Scully et al. 2013). Another wood-feeding beetle Odontotaenius
disjunctus possesses a digestive tract divided in four compartments with different
anatomical properties, environmental conditions like oxygen concentration and
therefore distinct microbiomes. These specific host environments and nutritional
habits promote metabolic functions that are key for lignocellulose deconstruction
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Introduction Chapter | 1

(Ceja-Navarro et al. 2019). Lignin degrading enzymes are especially interesting be-
cause a large portion of plant biomass is virtually unutilized and can potentially be
used as a renewable replacement for fossil-based resources in the future (Christo-
pher et al. 2014; Chauhan et al. 2017).

Overall, the gut metagenome of a wood-feeding beetle appears to be a promising
source for novel lignolytic enzymes.

1.3 The European spruce bark beetle Ips typographus

The European spruce bark beetle Ips typographus (Figure 1) belongs to the Scolyt-
inae subfamily of Coleoptera. It is one of the mayor forest pests in Central Europe
and poses a recurrent thread to its main host tree, the Norway spruce Picea abies
(Christiansen & Bakke 1988).

Both larva and imago feed on the bast layer, a part of the phloem tissue. The beetles
reproduce under the bark and create tunnels — so called galleries — that may lead
to the disruption of the trees nutrient transport (Lobinger et al. 2016). The adult bee-
tles are dark brown in color, 4.2 to 5.5 cm large and preferably infest weakened or
dying spruce trees and fallen logs (NW-FVA 2009). If the quantity of attacking bee-
tles is high enough, they can overcome the trees defensive system and kill previ-

ously healthy specimens (Schroeder 2001).

Figure 1: Imago of the European spruce bark beetle Ips typographus (Altmann 2008).

Page | 3



Introduction Chapter | 1

Once beetles colonize the host tree, they produce pheromones that are distributed
by emerging wood dust and attract other mature beetles over a large distance.
When the population reaches a certain threshold density, they also produce repel-
lants that redirect arriving beetles to nearby trees (NW-FVA 2009).

The swarming and therefore the start of the reproductive cycle of Ips typographus
(Figure 2) is highly dependent on sunshine and continuous warmth. Following hi-
bernation, imagos of this bark beetle initiate the colonization process at air temper-
atures above 16.5 °C. Male beetles set off earlier than females. So-called pioneer

beetles discover and infest suitable breeding material (Wermelinger 2004).

Hibernation

Al

Larva Pupa Imago

Onset of swarming
Swarming and breeding > 16,5°C
of juvenile beetles

Deposition of sister brood

Regeneration (1-3p.a)

feeding
Colonization

Males
— Infestation, excavation of
nuptial chambers
Females
— Construction of maternal
galleries, oviposition (< 80)

Swarming of
parental beetles

Pupation

1 -2 weeks N Regeneration
Larval feeding feeding

Egg development
1 -2 weeks

3 -5 weeks

——

Figure 2: Reproductive cycle of Ips typographus. The European spruce bark beetle Ips typographus
hibernates in larval, pupal, or adult state. With temperatures of 16.5 °C and above they initiate the swarming
and colonization process. Male beetles start infestation and excavate nuptial chambers following a successful
intrusion under the bark. Afterwards, females construct maternal galleries and deposit up to 80 eggs. Following
a regeneration feeding, they swarm again and deposit a sister brood in another host tree. Depending on climate
characteristics, they can breed up to 3 times per year. Before larval hatching, the egg development takes 1 to 2
weeks. After 3 to 5 weeks of feeding on the bast layer of the host tree, the larvae pupate for 1 to 2 weeks. The
new developed juvenile beetles also undergo a regeneration feeding before they swarm and breed themselves
(adapted after (Wermelinger 2004; NW-FVA 2009; Lobinger et al. 2016); pictures: (Altmann 2005; John 2016)).
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After drilling through the bark, they excavate nuptial chambers which female beetles
use to start the construction of maternal galleries. They lay up to 80 eggs and un-
dergo a regeneration feeding before they emerge again to deposit a sister brood at
another host tree. Depending on the climate, they can breed up to 3 times per year
(Wermelinger 2004; NW-FVA 2009; Lobinger et al. 2016).

Egg maturation takes 1 - 2 weeks before the larvae hatch. After 3 - 5 weeks of feed-
ing on their host trees, they pupate for 1 - 2 weeks and transform into light brown
juvenile beetles. These also undergo a regeneration feeding and emerge from the
bark to swarm and breed themselves. If the weather stays beneficial for the repro-
duction of Ips typographus (Figure 2), up to 3 generations of beetles and sister
broods can originate from one female per year (NW-FVA 2009; Lobinger et al.
2016).

Literature of microbiological research of Scolytinae mostly consist of taxonomic
studies by means of 16S rRNA and not of the construction of whole metagenomic
datasets. This comprehensive approach would also enable an in-depth data mining
for different classes of target enzymes and numerous basic research subjects in the
future. Insects in general possess a highly specialized microbiome that is widely
unique for each species (Engel & Moran 2013; Jones et al. 2013). Furthermore,
symbiotic microorganisms show an extremely accelerated protein evolution, which
increases the likelihood of discovering exceptional and yet unidentified enzymes
(Burke & Moran 2011; McCutcheon & Moran 2011).

Therefore, the European spruce bark beetle lps typographus appears to be an es-
pecially promising source for various kinds of unknown enzymes — especially with
lignolytic properties — as different xylophagous beetles exhibit laccase-like activity
in their digestive systems (Geib et al. 2008).

14 Multicopper oxidases

Multicopper oxidases (MCO) are blue copper-containing enzymes that oxidize their
substrate while reducing dioxygen to water. These enzymes possess significant ad-
vantages over other oxidases because they are highly stable and their sole byprod-
uct is water (Reiss et al. 2013). The three main representatives of this enzyme group
are laccases (EC 1.10.3.2) (Figure 3A), ascorbate oxidases (AO) (EC 1.10.3.3) (Fig-
ure 3B) and ceruloplasmin (EC 1.16.3.1) (Figure 3C) (Messerschmidt 1997).
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Fungal laccase Plant ascorbate oxidase Human
(Trametes versicolor) (Cucurbita pepo subsp. pepo) ceruloplasmin

Figure 3: The three primary representatives of the MCO enzyme group: laccase, ascorbate
oxidase and ceruloplasmin. The following images of the molecular structures in rainbow color scheme
originate from the protein data bank (PDB) (Berman et al. 2000) and were visualized with the NGL viewer (Rose
et al. 2018): T. versicolor laccase (A) (PDB ID: 1GYC) (Piontek et al. 2002), C. pepo subsp. pepo ascorbate

oxidase (B) (PDB ID: 1AOZ) (Messerschmidt et al. 1992) and human ceruloplasmin (C) (PDB ID: 4ENZ)
(Samygina et al. 2013).

All MCOs possess at least one type 1 (T1), one type 2 (T2) and two type 3 (T3)
copper ions that are allocated by their different spectroscopic properties. These ions
are situated at two active sites, the T1 copper ion is located in the mononuclear
copper center (MNC) where the substrate is oxidized and the T2/T3 copper ions
shape the trinuclear copper center (TNC) where the reduction of dioxygen takes
place (Figure 4) (Reiss et al. 2013). The positions of these copper ions are main-
tained by various amino acid (AA) side chains, primarily histidine. One cysteine and
two histidine residues hold the T1 copper ion in place while one isoleucine, leucine

or methionine is stationed nearby.

TNC - Oxygen
reduction site

MNC - Substrate
oxidation site

Figure 4: Typical MCO active site and copper ion distribution. A minimum of four copper ions (or-
ange orbs) are separated into two active sites. The type-1 copper ion (T1) is located at the mononuclear copper
center (MNC) where the substrate oxidation takes place while one type-2 (T2) and two type-3 (T3) copper ions
shape the trinuclear copper center (TNC) where the dioxygen is reduced at. The image shows a section of the
protein structure of CueO from E. coli (PDB ID: 3PAV) (Montfort et al. 2011).
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Figure 5: Characteristic blue color of MCOs. Images of the
novel blue MCO Ips14138 identified and characterized throughout
this study: A and B during fast protein liquid chromatography
(FPLC) and C in purified and concentrated solution.

Due to an intense absorption at 614 nm wavelength caused by the highly covalent
bond between Cu?* and cystein, the MNC induces the enzyme groups characteristic
blue color (Figure 5) (Enguita et al. 2003). The T2 copper is bound by two histidine
residues whereas the two T3 copper ions are organized by six histidine residues in
total. In summary, these copper ligands compose four AA motifs that are highly con-
served in MCOs: H-x-H-G, H-x-H, H-x(2)-H-x-H and H-C-H-x(3)-H-x(4)-[MFL]
(Giardina et al. 2010; Reiss et al. 2013). These motifs can be used to screen ge-
nomic and metagenomic datasets for yet unknown MCOs to utilize this still vastly

untapped enzymatic potential.

1.4.1 Classification and structure

The enzyme group of MCOs is currently classified into 16 superfamilies and 105
homologous families in the biocatnet Laccase and Multicopper Oxidase Engineering
Database LccED (Sirim et al. 2011; Buchholz et al. 2016).

This database is designated for systematic, sequence-based classification and
analysis of the MCO protein family. It currently contains the data of 15017 protein
sequences, 14537 of them linked to their respective superfamily (Figure 6), and 138
enzyme structures transmitted from the National Center for Biotechnology Infor-
mation NCBI database (https://www.ncbi.nim.nih.gov) and the Protein Data Bank
PDB (Berman et al. 2000) (Table 1). Based on number of identified structures alone,
the Basidiomycete Laccase superfamily is the second best explored. Only the bac-
terial copper efflux oxidase (CueO) type MCOs, which account for roughly 19 % of
sequences and % of all MCO structures in the LccED were researched more. In
short, bacterial MCOs contribute to more than half of all available protein sequences
in the LccED (biocatnet LccED v6.4: https://Icced.biocatnet.de/ access 2019-07-21).
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Table 1: Classification of MCOs (according to LccED*)
#_Superfamily GrouP  gicuonces __ Structures
1 A - Basidiomycete Laccase 3dMCO 924 (6.4 %) 29
2 B - Ascomycete MCO 3dMCO 696 (4.8 %) 12
3 C -Insect Laccase 3dMCO 286 (2.0 %) 0
4 D - Fungal Pigment MCO 3dMCO 282 (1.9 %) 0
5 E - Fungal Ferroxidase 3dMCO 530 (3.6 %) 1
6 F - Fungal and Plant AO 3dMCO 672 (4.6 %) 4
7 G - Plant Laccase 3dMCO 1395 (9.6 %) 0
8 H - Bacterial CopA 3dMCO 1877 (12.9 %) 0
9 | - Bacterial Bilirubin Oxidase 3dMCO 1161 (8.0 %) 19
10 J - Bacterial CueO 3dMCO 2781 (19.1 %) 47
11 K - SLAC-like type B 2dMCO 237 (1.6 %) 14
12 L - Bacterial MCO 3dMCO 2001 (13.8 %) 1
13 M - Archaeal type A 2dMCO 63 (0.4 %) 0
14 N - Bacterial type B 2dMCO 641 (4.4 %) 0
15 O - Archaeal and Bacterial type C 2dMCO 366 (2.5 %) 7
16 P - Ceruloplasmin 6dMCO 625 (4.3 %) 4
In total 14537 (100 %) 138

*biocatnet LccED v6.4: https://Ilcced.biocatnet.de/ access 2019-07-21 (Sirim et al. 2011; Buchholz et al. 2016)

® A - Basidiomycete Laccase
® B - Ascomycete MCO
» C - Insect Laccase
® D - Fungal Pigment MCO
= E - Fungal Ferroxidase
' F - Fungal and Plant AO
® G - Plant Laccase
® H - Bacterial CopA
® | - Bacterial Bilirubin Oxidase
m ] - Bacterial CueO
m K - SLAC-like type B
= | - Bacterial MCO
® M - Archaeal type A
= N - Bacterial type B
O - Archaeal and Bacterial type C

m P - Ceruloplasmin

Figure 6: Distribution of known MCO sequences classified into 16 superfamilies according to
biocatnet LccED (v6.4: https://Icced.biocatnet.de/ access 2019-07-21). (Sirim et al. 2011; Buchholz et al. 2016)
The respective percentages are shown in Table 1.
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MCOs are also classifiable by their number of domains, as small laccases (SLAC)
(Figure 7B) consist of two, laccases and ascorbate oxidases (Figure 7A) of three
and ceruloplasmin (Figure 7C) of six homologous domains (Nakamura et al. 2003).
Plant and fungal laccases, like the very first identified laccase from the sap of the
Japanese lacquer tree (Yoshida 1883) or the highly active commercially available
fungal laccase from Trametes versicolor, typically contain three different domains.
(Bertrand et al. 2002).

The same is valid for ascorbate oxidases, enzymes currently only identified in plants
and fungi (Peng et al. 2015).

Laccase and
ascorbate oxidase Small laccase

Ceruloplasmin Nitrite reductase

Figure 7: Domain and copper ion organization of several copper-containing enzymes. Small
laccases (SLAC) (B) and nitrite reductases each form homotrimers by combining three of their two-domain
proteins to one active hexagram-like enzyme structure. The type 2 (T2) and type 3 (T3) copper ions are located
between the monomeric chains whereas the three type 1 copper ions in the mononuclear copper center (MNC)
are each stationed inside one of the two different domains. While SLAC contain one T2 and two T3 coppers in
their trinuclear copper center (TNC), nitrite reductases (D) only have one T2 copper ion as equivalent to it.
Ceruloplasmin (C) is shaped like the homotrimer of SLAC except for being composed of one large protein chain
containing only one single TNC between the first and last domain instead of three individual ones. Laccases
and ascorbate oxidases (A) contain three of these domains with the TNC in-between domains one and three
and the MNC integrated in domain three. Monomers are distinguished by different colors while copper ions are
shown as grey (type 1) and black dots (type 2 and 3). Schematics were adapted from literature (Skélova et al.
2009; Mot & Silaghi-Dumitrescu 2012).
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Small laccases (SLAC) are two-domain MCOs (2dMCOs) that shape a homotrimer
as their catalytically active form by combining three protein chains in a hexagram-
like configuration. The T2 and T3 copper ions are located between the monomeric
chains whereas the three mononuclear copper ions (MNC) are positioned inside one
of the two different domains, respectively (Nakamura et al. 2003; Machczynski et al.
2004). While SLAC contain one T2 and two T3 coppers in their trinuclear copper
center (TNC), the structurally homologous non-MCO nitrite reductases only have
one T2 copper ion as equivalent to it (Skalova et al. 2009).

Ceruloplasmin possesses a similar structure as the homotrimer of SLAC, but with
only one single TNC between the first and last domain of its six-domain protein
chain. Laccases and ascorbate oxidases count as three-domain MCOs (3dMCO)
with the TNC between domain 1 (D1) and 3 (D3) and the MNC incorporated into D3
(Morozova et al. 2007; Skalova et al. 2009; Mot & Silaghi-Dumitrescu 2012). Domain
2 (D2) connects D1 and D3 while partially building the access channel to the TNC,
where the electrons from T1 are successively directed to (Tepper et al. 2011).
These domains from all types of MCO are called cupredoxin-like. Cupredoxins form
a distinctive B-sandwich structure that consists of 6 to 13 B-strands arranged into an
antiparallel Greek-key motif (Figure 8A) (Messerschmidt 2010).

Cupredoxin-like protein Typical organization
from B. anthraxis of laccases

CueO

Figure 8: Typical structure of laccases and their cupredoxin-like domains with the example of
CueO from E. coli. The eight B-strands of the cupredoxin-like protein from Bacillus anthraxis (A) form a
B-sandwich shape arranged into a Greek-key motif (PDB ID: 4HCF) (Kim et al. 2012) which is the typical com-
position of the three laccase domains (B) (Messerschmidt 2010). The ribbon diagram of CueO from E. coli (C)
(PDB ID: 3PAV) (Montfort et al. 2011) shows the arrangement of the three cupredoxin-like domains with the
Trinuclear copper center (TNC) (black dots) between D1 (blue) and D3 (red), the Mononuclear copper center
(MNC) (grey dot) positioned inside D3 while D2 (green) is located slightly in the background. The protein struc-
tures were visualized with PyMOL (The PyMOL Molecular Graphics System, Version 2.3.3 Schrédinger, LLC.)
in rainbow color scheme.
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They are widespread copper-binding proteins linked to electron transfer pathways
and naturally possess a large variety of different copper center geometries (Roger
et al. 2014).The structure of the best studied bacterial MCO at present — CueO from
E. coli — is similar to those of fungal laccases (e.g. from Trametes versicolor) with
the addition of a 42-residue insert in D3. This protein section includes a methionine-
rich helix that is displayed in yellow in the CueO structure shown in Figure 8C and
covers the entrance to the MNC (Roberts et al. 2002).

1.4.2 Occurrence and function

MCOs are ubiquitous and modify a broad spectrum of natural and synthetic com-
pounds. Since the ability to use specific substrates overlaps greatly between the
different superfamilies, a sole substrate-based distribution into laccases or other
subgroups is highly difficult (Reiss et al. 2013).

Spirochaetes
_0.5% |

Cyanobacteria
1.1%

other Bacteria

Bacteroidetes 1.1%

1.1%

m Eukarya
B Archaea

B Bacteria

W Oomycetes
0.7%

_Euryarchaeota
0.8%

_ Thaumarchaeota
0.4%

Figure 9: Taxonomic distribution of the MCO sequences in LccED. Taxa with less than 50 se-
quences (<0,4 %) were disregarded (biocatnet LccED v6.4: hitps://Icced.biocatnet.de/ access 2019-07-21; (Si-
rim et al. 2011; Buchholz et al. 2016).
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Furthermore, MCOs occured in all three domains, as shown by the taxonomic dis-
tribution of their sequences from LccED in Figure 9.

Due to their easier production and purification, however most of the presently char-
acterized laccases were of fungal or bacterial origin (Yin et al. 2019). Eukaryotic
organisms delivered 38 % of all MCO sequences collected in LccED. Nearly half of
these derived from fungi, mainly Ascomycota and Basidiomycota, the other half orig-
inated from Embryophyta (land plants), Metazoa and Oomycetes. Archaea only con-
tributed 1 % of the sequences with Euryarcheota and Thaumarchaeota being the
main sources. The largest number of sequences was found in the domain of Bacte-
ria. Proteobacteria accounted for most of sequences with 38.5 % while Actinobac-
teria and Firmicutes follow with 12.1 and 6 %, respectively. Bacteroidetes, Cyano-
bacteria, Spirochaetes and other bacteria still contributed up to 1.1 % of MCO se-
quences (biocatnet LccED v6.4: hitps://Icced.biocatnet.de/ access 2019-07-21) (Si-
rim et al. 2011; Buchholz et al. 2016).

MCOs play a significant role in a lot of metabolic processes like iron and copper
homeostasis. Additionally, to representing a main antioxidant in mammals, cerulo-
plasmin acts as copper depot by carrying the majority of copper ions in the blood. It
has the ability to bind metal ions in chelate complexes and functions as an essential
iron transport protein in the plasma (Roberts et al. 2002; Orzheshkovskyi & Tri-
shchynska 2019).

Until now, SF#6 — ascorbate oxidases — has only been identified in plants and fungi.
They have an impact on various signaling pathways by oxidizing ascorbate to
monodehydroascorbate and therefore changing the redox state of the plant cells
(Hoegger et al. 2006; Peng et al. 2015).

Laccases or laccase-like MCOs were previously detected in plants, insects, fungi
and bacteria, where they have a variety of functions and convert a broad range of
substrates like phenols and aromatic amines (Pardo et al. 2018; Wang, F et al.
2019). In the presence of low-molecular weight compounds that act as electron car-
riers between enzyme and substrate, laccases are even able to modify substrates
that have a higher redox potential or that are normally too large for their active site.
Naturally occurring small-sized phenolic mediators and synthetically produced ones,
like 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) or 1-Hydroxyben-
zotriazole, were successfully used for bioremediation and to degrade and demeth-
ylate the lignin included in kraft pulp (Carfias & Camarero 2010; Christopher et al.
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2014). Fungal redox mediators are even capable of enhancing laccase activity to a
level that enables the disruption of B-aryl ether bonds, the most dominant linkage in
hardwood lignin (Eggert et al. 1996).

Previously, laccase genes were identified in a lot of different plant species. They
were observed to be involved in lignin and flavonoid biosynthesis by means of oxi-
dative polymerization (Pourcel et al. 2005; He et al. 2019; Li et al. 2019). These
substances play a significant role in plant defense. Lignification increases the sta-
bility of the plant cell wall effectively limiting pathogenic ingress while flavonoids can
protect against microbial assault and serve as feeding deterrents for herbivores (Hu
et al. 2018; Wang, Q et al. 2019).

Insect laccases are involved in cuticle formation, pigmentation and stabilization by
oxidizing catecholamines and therefore mediating cross-linking reactions between
proteins and chitin fibers (Asano et al. 2019). Laccases from fungal organisms com-
monly account for larger redox potentials of up to 790 mV. The Trametes versicolor
laccase being the highest with 785 mV among others from Asco- and Basidiomy-
cetes. Bacterial and plant representatives typically exhibit lower redox potentials of
375-500 mV (Mate & Alcalde 2015; Yin et al. 2019). Fungal laccases play a role in
morphogenesis, pathogen-host-interaction, stress defense and lignin degradation.
They can be found intra- and in large part also extracellular depending on their phys-
iological function (Thurston 1994; Baldrian 2006).

Laccases or laccase-like MCOs from prokaryotic organisms are mostly located in-
tracellularly and involved in cell pigmentation, morphogenesis and iron homeosta-
sis. The spore coat protein A (CotA) from Bacillus subtilis is an essential component
of the endospore coat and participates in pigment biosynthesis and protection
against UV light and hydrogen peroxide (Sharma et al. 2007). Another well studied
MCO with laccase-like activity is CueO, which is part of the regulatory system for
copper homeostasis in E. coli. The corresponding gene is located on the cue operon
which also codes for the copper efflux P-type ATPase CopA. The dysfunction of a
CopA homologue in humans is the reason for severe copper disorders (Roberts et
al. 2002). In addition to its MCO activity, CueO also shows the capability to oxidase
Cu* to the less toxic Cu?* at another active site located on the methionine-rich helix
that covers the entrance to the MNC (Wang et al. 2018).
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1.4.3 Industrial fields of application

Compared to other oxidative enzymes, laccases and laccase-like MCO possess val-
uable advantages because they are highly stable and their sole byproduct is water
(Reiss et al. 2013). Although fungal laccases have been extensively utilized due to
their high redox potential, their usability is limited by long fermentation periods, low
enzyme yield and restricted reaction conditions. While their bacterial counterparts
are less catalytically efficient, they show beneficial characteristics that makes them
more interesting for industrial applications. These benefits include a broad substrate
specificity and a relatively rapid enzyme production. They are also active at a broad
pH and temperature range and show a huge stability in the presence of inhibitory
agents (Christopher et al. 2014; Chauhan et al. 2017).

Due to these properties, laccases show potential in a wide area of application like

food, pulp and paper, textile, cosmetics and nanobiotechnology (Figure 10).

Figure 10: Prospective fields of industrial laccase application. Laccases can potentially be utilized
in a variety of industrial applications, such as pulp and paper production, dye decolorization, clarification of juice
and wine, biomedicine, bioremediation, cosmetics, biofuels and even cancer treatment (PDB ID: 3PAV (Montfort
et al. 2011); www.pexels.com (license free)).
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For instance, this includes polymer synthesis, bioremediation, clarification of juice
and wine as well as dye decolorization and bleaching (Sharma et al. 2007; Dubé et
al. 2008; Zimbardi et al. 2016).

Another promising field of application is the production of second-generation biofu-
els where laccases can be used to remove inhibiting phenolic compounds among
other things. They can also be utilized in the biomedical and cosmetic industry for
producing diagnostic tests for fungal infections, hair dyes or skin lightening agents
(Schneider et al. 2012; Mate & Alcalde 2015). Some basidiomycete laccases even
show anti-cancerous activity against breast and other carcinoma cells presumably
by degrading phenolic hormones involved in malignant cell proliferation (Guest &
Rashid 2016).

Laccase activity can be improved considerably by certain beneficial factors. It was
shown that the catalytic lifetime of laccases can be prolonged significantly by immo-
bilization (Hublik & Schinner 2000) while their substrate range increases to encom-
pass non-phenolic lignin compounds, activated alcohols like sugar derivates and
even unsaturated lipids by the use of laccase-mediator systems (Witayakran & Ra-
gauskas 2009).

Ultimately, interesting laccases can be genetically engineered with modern scientific
tools to be even better suited for industrial applications. Single AAs or whole enzyme
domains can be exchanged to enhance properties like heterologous expression,
catalytic efficiency and tolerance to unfavorable pH, temperature and other inhibi-
tory conditions (Mate & Alcalde 2015; Pardo et al. 2018).

1.5 Aim of the study

As previously introduced, laccases and laccase-like MCO — especially from bacterial
origin — indicate a massive metabolic potential with a large variety of possible indus-
trial applications. For instance, lignin represents a significant portion of lignocellulo-
sic biomass that is essentially unutilized at present. Lignolytic enzymes potentially
facilitate its efficient exploitation and enable a renewable replacement for fossil-
based resources in the future (Christopher et al. 2014; Chauhan et al. 2017).

Over the course of this thesis, three main goals were intended to achieve (Figure
11).
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Figure 11: Overview of critical steps this study aimed at. This thesis aimed to accomplish three key
steps: The collection and preparation of bark beetle specimen of the species Ips typographus including intestinal
dissection, DNA extraction and purification as well as subsequent lllumina HiSeq sequencing. The analysis of
the resulting metagenome regarding phylogeny prior to annotation and comparison of the dataset with different
microbiota. And lastly, the identification, recombinant cloning, heterologous expression, and characterization of
novel MCOs from this highly specialized environment.

The first objective was the preparation of the Ips typographus samples including
collection of specimens, dissection of beetles, extraction, and purification of DNA
from the intestines and lllumina HiSeq sequencing of the metagenome.

Next, the resulting metagenomic dataset was planned to be analyzed phylogenet-
ically, followed by annotation and storage within the Integrated Microbial Genomes
database (IMG) (Markowitz et al. 2012). After the comparison with other gut-asso-
ciated microbiota on phylogenetic and functional level, yet unknown putative MCO
genes were intended to be discovered from the Ips typographus microbiome and
several bacterial datasets in silico. These novel enzymes were then meant to be
analyzed and compared to each other as well as to already known MCOs prior to
recombinant cloning, expression, and purification of the proteins. Finally, a charac-
terization of these enzymes regarding structure, storage behavior, temperature and
pH preference was planned.
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2 Material und Methods

2.1 Bark beetle sample collection and dissection

The bark beetle specimens used in this study where collected after luring them into
Theysohn slot traps (Niemeyer et al. 1983) by means of the commercially available
European spruce bark beetle pheromone Ipsowit® (Witasek, Feldkirchen, Austria)

(Figure 12). After collection they were immediately stored at -20 °C.

Figure 12: The type of slot trap and bark beetle pheromone used in this study. The lps typogra-
phus pheromone Ipsowit® (A) (Witasek, Feldkirchen, Austria) was positioned inside the slot trap (B). Due to the
design of the trap, the bark beetles cannot leave the trap after entering through the slots. Captured specimens
can be collected from the compartment at the bottom of the trap (Flechtmann et al. 2000).

Before dissection, the exterior of the beetles was disinfected with ethanol and they
were fixated on paraffin plates with their ventral abdomen up. For the dissection, the
immobilized beetles were submerged in sterile phosphate buffered saline (PBS).
After opening the abdomen with small tweezers, the intestines were pulled out. Shell
pieces were removed before they were collected in 1.5 ml sample tubes and stored
at -20 °C.

2.2 Preparation of buffers with specific pH

Citric acid (0.1 M) and disodium phosphate solution (0.2 M) were used to prepare
citrate-phosphate buffers between 2.5 and 3.2 pH, according to the following table:
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Table 2: Preparation of citrate-phosphate buffer with specific

pH
Desired pH g':”ﬁl ?;iﬁ ngg:ﬂluartne H20 [mlI]
0.2 M [ml]
25 45.8 4.2 50
2.8 42.2 7.8 50
3.2 37.7 12.3 50

Table 3: Preparation of acetate buffer 0.1 M with specific pH
Acetic acid  Sodium acetate

Desired pH "4 5 m [mi] 0.2 M [ml] H0 [mi]
3.6 46.3 3.7 50
4.0 41.0 9.0 50
4.4 30.5 19.5 50
4.8 20.0 30.0 50
5.2 10.5 39.5 50
5.6 4.8 45.2 50

Acetate buffers of varying pH used in this study were prepared by blending a 0.2 M
acetic acid solution with a 0.2 M sodium acetate solution and adding the same vol-
ume of water. The desired pH of the 0.1 M acetate buffer can be adjusted by chang-
ing the ratio of these solutions (Table 3).

A 0.1 M sodium phosphate buffer of specific pH can be prepared with the same
method by blending 0.2 M monosodium phosphate with 0.2 M disodium phosphate
and adding an equal volume of water (Table 4).

Table 4: Preparation of sodium phosphate buffer 0.1 M with specific pH
Monosodium phosphate Disodium phosphate

Desired pH 0.2 M [ml] 0.2 M [ml] H0 [mi]
6.0 87.7 12.3 100
6.4 735 26.5 100
6.8 51.0 49.0 100
7.2 28.0 72.0 100
7.6 13.0 87.0 100
8.0 5.3 94.7 100
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2.3 Bacterial strains, vectors and primers

The bacterial strains, plasmids and primers used in this thesis are shown in Table 5

to Table 8, respectively.

Table 5: Bacterial strains used in this thesis

Strain Characteristics

Source/Reference

SupE44, AlacU169 (P80 lacZAM15)

Invitrogen (Karlsruhe,

E. coli DHSa hsdR17 recA1 endA1 gyrA96 thi-1 relAl Germany)
: . o Novagen (Darmstadt,
E. coliBL 21 (DE3) FompT hsdSe (rs me’) gal decm, (DE3) Germany)

F* lac, pro, laclh | A(ara-leu)7697 araD139 fhuA2
lacZ::T7 gene1 A(phoA)Pvull phoR ahpC* galE
(or U) galK Aatt::pNEB3-r1-cDsbC (SpecF, lacl)
AtrxB rpsL150(StrR) Agor A(malF)3

E. coli T7 SHuffle

New England BioLabs
(Frankfurt am Main,
Germany)

Duganella sp. HHO1  Wild type isolate, ampF, tetR, genS, kanS

(Hornung et al. 2013)

Stenotrophomonas

maltophilia K279a  Vld type isolate

(Avison et al. 2000)

Sinorhizobium fredii

NGR234 Wild type isolate

(Trinick 1980)

Table 6: Vectors used in this thesis

Vector Characteristics Source/Reference
T7 promoter, His-tag, MCS (Aval, Xhol, Not, Novagen (Darmstadt

pPET22b(+) Eagl, Hindlll, Sall, Sacl, EcoRI, BamHI, Ncol), 9 German )
peB, lacl, amp® y

Dri Cloning vector, F', lacZAM15, recA1, lac, thi-1, QIAGEN (Hilden, Ger-
prve relA1, AmpR many)

Table 7: Plasmids used and constructed in this thesis

Plasmid Description Source/Reference

pET22b(+) with Strepll-tag in MCS,

PET22b::Strepll stop codon upstream of His-tag

Evocatal (Monheim am
Rhein, Germany)

Laccase CueO from E. coliin

pET22b::cueo::Strepll oET22b:Strepll

Evocatal (Monheim am
Rhein, Germany)

Modified pET22b::Strepll; Nhel
pET22b-SDM::Strepll recognition site inserted 5' of Ndel
by site-directed mutagenesis

This study

Potential MCO Ips1282 from
pEX-K4::1282 Ips typographus metagenome in
pEX-K4; synthesized

Purchased from
Eurofins Genomics
(Ebersberg, Germany)

Potential MCO Ips2204 from
pEX-K4::2204 Ips typographus metagenome in
pEX-K4; synthesized

Purchased from
Eurofins Genomics
(Ebersberg, Germany)

Potential MCO Ips28714 from
pEX-K4::28714 Ips typographus metagenome in
pEX-K4; synthesized

Purchased from
Eurofins Genomics
(Ebersberg, Germany)
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Plasmid Description Source/Reference
Potential MCO HHO1-218 from
pET22b::hh01-218::Strepll Duganella sp. HHO1 in This study
pET22b::Strepll
Potential MCO HHO1-482 from
pET22b::hh01-482::Strepll Duganella sp. HHO1 in This study
pET22b::Strepll
Potential MCO Sm3532 from
pET22b::sm3532::Strepll Stenotrophomonas maltophilia in This study
pET22b::Strepll
Potential MCO NGR578 from
pET22b::ngr578::Strepll Sinorhizobium fredii NGR234 in This study
pET22b::Strepll
Potential MCO NGR600 from
pET22b-SDM::ngr600::Strepll Sinorhizobium fredii NGR234 in This study
pET22b-SDM::Strepl|
Potential MCO Ips1282 from
pET22b-SDM::ips1282::Strepll Ips typographus metagenome in This study
pET22b-SDM::Strepll|
Potential MCO Ips2204 from
pET22b-SDM::ips2204::Strepll Ips typographus metagenome in This study
pET22b-SDM::Strepll
Potential MCO Ips14138 from
pET22b::ips14138::Strepll Ips typographus metagenome in This study
pET22b::Strepll
Potential MCO Ips21622 from
pET22b-SDM::ips21622::Strepll  Ips typographus metagenome in This study
pET22b-SDM::Strepll
Potential MCO 1ps24328 from
pET22b-SDM::ips24328::Strepll  Ips typographus metagenome in This study
pET22b-SDM::Strepl|
Table 8: Primer used in this thesis
Primer Sequence 5° —» 3¢ GC c{::/lr]ﬂent Le[:%th
M13-20_for GTAAAACGACGGCCAGT 52.94 17
M13_rev CAGGAAACAGCTATGAC 47.06 17
T7_promoter TAATACGACTCACTATAGGG 40.00 20
T7_terminator GCTAGTTATTGCTCAGCGG 52.63 19
AGCAGCGGTCGGCAGCAGGCTAGCCATATGTA
pET22b_SDM_for TATCTCC 56.41 39
pET22b_SDM_ rev gTGCTGCCGACCGCTGCTGCTGGTCTGCTGCT 69.70 33
HHO1-218_Ndel. for ig?;EATATGAATAGCGGGGTAAAAGAGTTCC 43.04 37
HHO01-218_Sacl_rev ACGAGCTCGTGTCCGCCATGTCCCGACGAT 63.33 30
HH01-482_ Ndel_for igéCCATATGATTTCACGTAGAGACTTCTTCA 40.00 35
HHO01-482_Sacl_rev GATCGAGCTCGTGGCCGCTATGGCCGCT 67.86 28
Sm-3532_ Ndel_for ACACCATATGTCGCATGATGATTTTCGTGGTC 50.00 38

CACGCG
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Primer Sequence 5° — 3 Ge c[:;:]itent Lei:?]th
Sm-3532_Sacl_rev EGAGAGCTCTTCGTCGACCCTCACCGTGCGC 58.82 34
Sm-4696_Ndel_for ?SACCATATGAATACCCGCAATCTCCCCGGTC 55.88 34
Sm-4696_Sacl rev i?gg?égcTCTTCTTCGATCCTCACTTCGCGC 56.41 39
NGR147_Ndel_for ACACCATATGACGCCGTTGCTCAGCCGC 60.71 28
NGR147_Hindlll_rev ?g??GCTTGATAATTCTGAAATAGCCGGTCAT 4167 36
NGR578_ Ndel_for SSACCATATGTTCAACAGAAGACAGTTGCTCG 4706 34
NGR578_Sacl _rev ACGAGCTCGCCGTGGCTTGAGTGTTTCG 60.71 28
NGR600_Nhel for ig?cecTAGCATGCCAGACTTCTCACGTCGTC 54 99 35
NGR600_Sacl_rev ACGAGCTCGGTTTGATACTCGACCGCCGTCA 58.06 31
NGR688_ Ndel_for é;éggéTATGTTCAACAGAAGACAGATACTGG 44.74 38
NGR688_Xhol_rev ACCTCGAGGCCGTGATTTCCATGTTTCGGCGT 56.25 32
lps1282_Nhel_for AAGGGCTAGCATGTTACGTCGCGAT 52.00 25
lps1282_Sacl_rev TTTTGAGCTCACTCACTGTAAAGCCGAGCA 46.67 30
lps2204_Nhel_for GGATGCTAGCATGCAACGTCGTG 56.52 23
Ips2204_Sacl_rev TTTCGAGCTCAGCGCTCACCGTGAAC 57.69 26
lps14138_Ndel_for ACTGCATATGCATCGTCGTGATTTTCTG 42.86 28
Ips14138_Sacl_rev GCCTGAGCTCTGCCACGGTGAAGC 66.67 24
Ips21622_Nhel_for GAAGGCTAGCATGCAACGACGCGATTTITTTG 48.39 31
Ips21622_Sacl_rev TTTAGAGCTCGGCCGTGACAGTAAAGCCCG 56.67 30
Ips24328_Nhel_for GGACGCTAGCATGAACCGTCGTGATTTC 53.57 28
Ips24328 Sacl_rev AAACGAGCTCCGCCGATACCGTAAATCCAAGC 53.13 32
lps28714_Ndel_for ACTGCATATGAACCGTCGCGATTTCGTG 50.00 28
Ips28714 Sacl_rev AAGAGAGCTCTGCCGACACCGTAAACGC 57.14 28
SVolMDl LT 000 e
B-V6-rev-MID! e e anoan o CTTCCCRGICICASER g9 57 47
e en o
E-rev-MID3 ;ggég%%ggg(ggiTGCCTTGGCAGTCTCAGGG 62,92 45
e TR
A-rev-MID2 CCTATCCCCTGTGTGCCTTGGCAGTCTCAGGT 62.00 50

GCTCCCCCGCCAATTCCT

All primer used in this thesis where ordered from Eurofins MWG Operon (Ebersberg,

Germany).
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24 Cultivation of bacteria

Routinely, E. coli strains where cultivated in sterile Luria Bertani (LB) medium with
5 g/l yeast extract, 10 g/l tryptone and 10 g/l sodium chloride (Sambrook & Russell
2001) shaking at 150 to 250 rpm for 18 to 24 h at 37 °C. The exception were pre-
paratory cultures of expression strains carrying vectors with MCO genes. These
where grown with the addition of 1 % glucose to block the premature protein expres-
sion (Studier 2005). For the use as solid medium, an amount of 1,5 % of agar-agar
was added to all media before autoclaving. Bacterial strains were stored for 4-6
weeks at 4 °C on agar plates or mixed 4:1 with glycerol at -70 °C for long-term stor-
age.

2.4.1 Antibiotics and supplements

Depending on purpose and resistance genes on the plasmid, antibiotics and addi-

tives were added to the media in appropriate concentrations (Table 9).

Table 9: Used antibiotics, their stock and applied concentrations

Stock Solution Final concentration

Antibiotic [mg/mi] [ug/ml] Solvent
Ampicillin (Amp) 100 100 H2Opidest
Kanamycin (Kan) 25 25 H2Opidest

2.4.2 Determination of cell density

The cell density of liquid cultures was measured photometrically (BioPhotometer,
Eppendorf, Hamburg, Germany) in one-way cuvettes (10 x 4 x 45 mm, Sarstedt,
NUmbrecht, Germany) with 1 cm path length at a wavelength of 600 nm. For E. col,
an optical density (OD) of 0.1 corresponds to a cell density of approximately 1 x 108
cells/ml.

Page | 22



Material and Methods Chapter | 2

2.5 Methods for working with DNA

2.5.1 DNA extraction and purification

In preparation for the DNA extraction, 3-5 ml of the cell culture were harvested by
centrifuging for 2 min at 13000 rpm in a tabletop microcentrifuge (minispin Plus,
Eppendorf, Hamburg, Germany). The supernatant was discarded, and the DNA was
extracted from the pellet by using a DNA isolation kit. The High-Speed Plasmid Mini
Kit (Avegene, Taipeh, Taiwan) was utilized to isolate plasmid DNA and Genomic
DNA was extracted by using the AquaPure Genomic DNA kit (Bio-Rad Laboratories,
Hercules, Canada), both according to manufacturer’s instructions.

For the extraction of metagenomic DNA from dissected bark beetle intestines, the
tube was first thawed on ice. Then, the DNA was extracted by using the QIAamp®
DNA Stool Mini Kit (QIAGEN, Hilden, Germany) according to manufacturer's rec-
ommendations. The chosen protocol contains lysis conditions to increase the ratio
of prokaryotic to eukaryotic DNA.

DNA fragments from PCR or restriction mixtures were purified with the Gel/PCR
DNA Fragments Extraction Kit (Avegene, Taipeh, Taiwan) by following the manu-
facturer’s instructions. After measuring the concentration with the Nanodrop 2000
spectrophotometer (Thermo Fisher Scientific, Braunschweig, Germany) the DNA
was stored at -20 °C until further use.

2.5.2 Agarose gel electrophoresis

The size of DNA fragments can be determined by using agarose gel electrophoresis
and comparing the band of the sample with the specific band pattern of a standard-
ized size marker (GeneRuler™ 1 kb, Fermentas, St. Leon-Rot, Germany). This
method also allows the purification and separation of DNA fragments obtained by
PCR, restriction, or DNA isolation. Required solutions are shown in Table 10 and
Table 11.

For the gel preparation, 0.8 % of agarose was dissolved in 1x TAE buffer and heated
until the solution was clear. For relatively small fragments, a concentration of up to
2 % of agarose was used.
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Table 10: TAE buffer (50x) Table 11: Loading dye
Components Quantity Components Quantity
Tris 2M Glycerol (30 %) 60 ml
EDTA (pH 8.0) 100 mM EDTA (pH 8.0) 50 mM
H2Obidest ad 1000 ml Bromophenol blue 059
Acetic acid up to pH 8.1 Xylene cyanol 059
H2Opidest ad 200 ml

The gel solution was then filled into a cast to cool down and a comb was added to
create wells for the samples. After the complete hardening of the gel, it was placed
into an electrophoresis chamber (Hoefer™ HE-33 mini horizontal submarine unit,
Amersham Biosciences, San Francisco, USA) filled with 1x TAE buffer.

The samples were mixed with loading dye and filled into the wells. A power supply
(EPS 301, Amersham Biosciences, San Francisco, USA) was used to perform the
electrophoresis at 90 — 120 V for 22 — 90 min depending on fragment size and fur-
ther purpose of the DNA. Afterwards, the gels were stained for 5 — 15 min in an
ethidium bromide solution (~10 pg/ml) and destained in water to remove the excess.
For visualization with UV light, the gel documentation unit Molecular Imager® Gel
DocTM XR+ (Bio-Rad Laboratories, Munich Germany) was used. Documentation
was performed with the software Quantity One 4.6.9 (Bio-Rad Laboratories, Munich
Germany).

If the DNA fragment is designated for further use, it can then be cut out of the gel
and isolated with the Gel/PCR DNA Fragments Extraction Kit from Avegene (Tai-
peh, Taiwan). In this case it is recommended to shorten the staining time in ethidium
bromide and the exposure to UV light to lessen the damage to the DNA.

2.5.3 Polymerase chain reaction (PCR)

The method of polymerase chain reaction (PCR) was used to amplify the MCO gene
sequences in preparation for ligation or to test possible clones for the intended insert
gene. The PCR mixture was prepared by using a standard scheme ( Table 12) and
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was then processed in a thermocycler (Mastercycler Personal, Eppendorf, Ham-
burg, Germany) with the temperature steps shown in Table 13. The amplified DNA

fragments were made visible by using agarose gel electrophoresis (cf. 2.5.2).

Table 12: Standard recipe for 100 pl of PCR mix

Components Volume [ul]

taq buffer 10x 10

dNTPs (10 mM) 2

Primer forward (10 uM) 2

Primer reverse (10 uM) 2

taq polymerase 2

Template DNA 1

H2Ovigest ad 100
Table 13: Standard PCR program
Reaction steps Tem‘[)fé]a ture D[mant:i:]n Cycles
Initial denaturation 95 5:00
Denaturation 95 1:00 §
Annealing 0:30 34
Elongation 72
Final elongation 72 5:00

Annealing temperature and elongation time vary depending on primer type and amplicon size.

The annealing temperature (Ta) usually lies about 5 °C under the melting tempera-
ture (Tm) of the primer pair. When the forward and reverse primers don’t have the
same melting temperature, the lower one was used. The elongation time depends
on the reaction time of the polymerase and the size of the amplicon. While the taq
polymerase converts approximately 1 kb every 60 seconds, the Phusion polymer-
ase works much faster with 15-30 s/kb depending on template configuration. In con-
trast to the first mentioned, the Phusion also exhibits a proof-reading function and
was therefore primarily used to amplify genes prior to cloning or for 16S and 18S
rRNA sequencing. Reaction mixture (Table 14) and PCR program (Table 15) of the
Phusion DNA polymerase differ from the tag polymerase, which was mainly utilized
for checking the size of inserts or in general when no proof reading was needed.
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Table 14: Standard recipe for 50 pl of Phusion PCR mix

Components Volume [ul]
5x Phusion buffer 10
dNTPs (10 mM) 1
Primer forward (10 uM) 2.5
Primer reverse (10 uM) 2.5
Phusion DNA polymerase 2
Template DNA 1
H2Ovigest ad 50

Table 15: Phusion PCR program

Reaction steps Tem‘[)fé]a ture Dlent_':]n Cycles
Initial denaturation 98 0:30

Denaturation 98 0:10

Annealing 0:30 34
Elongation 72

Final elongation 72 5:00

Annealing temperature and elongation time vary depending on primer type and amplicon size.

Direct colony PCR

For checking several clones at the same time after transformation, a direct colony
PCR was performed. For this purpose, the PCR mix was prepared with a primer pair
that binds to the used plasmid and was then evenly divided into several reaction
tubes. Instead of template DNA, a sample of colony material was added directly into
the tube with a sterile toothpick. This mix was then processed as mentioned above.
To secure the potentially significant clones, they were also plated on LB agar plates,

incubated, and temporarily stored at 4 °C.

2.5.4 Digestion of DNA by restriction endonucleases

Type |l restriction endonucleases were used to linearize plasmids or to cut out their
inserts at specific sites recognized by the used enzyme. For this purpose, a reaction
mixture was prepared with a volume of 20 pl for analytical and 50 pl for preparative
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application (Table 16). After incubation at 37 °C for 1 - 3 h depending on the en-
zyme, the cleavage was tested by agarose gel electrophoresis. All endonucleases
and their buffers used in this study were supplied by Fermentas (St. Leon-Rot, Ger-

many) or New England BioLabs (Frankfurt am Main, Germany).

Table 16: Analytical and preparative reaction mixture for the diges-
tion of DNA by restriction endonucleases

Analytical Preparative

Components Reaction [pl] Reaction [ul]
Restriction endonuclease 0.5 1
Enzyme buffer 10x 2 5

DNA 5 15
H2Ovidest ad 20 ad 50

For small amounts of DNA, it was possible to digested with two different restriction
endonucleases in the same reaction. Suitable buffers and enzyme ratios for the in-

dividual combinations were selected according to manufacturer's recommendations.

2.5.5 Ligation of DNA

An insert can be integrated into a correspondingly cleaved plasmid by use of T4
DNA ligase (Fermentas, St. Leon-Rot, Germany). A fragment that was digested with
the same endonuclease as the plasmid can be ligated directly by using a standard
mixture (Table 17) at 4 °C overnight or at 16 °C for 3 h. Vector and insert DNA was
added in a 1:3 to 1:6 ratio depending on insert size.

Table 17: Standard ligation reaction

Components Volume [ul]
T4 DNA Ligase Buffer 10x 2

T4 DNA Ligase 0.5
Plasmid DNA X
Insert DNA y
H2Obidest ad 20
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Purified DNA fragments that resulted from tag PCR were subcloned into the pDrive
cloning vector using the PCR Cloning Kit (QIAGEN, Hilden, Germany) according to
manufacturer's instructions. The reaction mixture (Table 18) was incubated at 16 °C
for 2 h and subsequently transformed into chemically competent cells.

Table 18: Composition of a pDrive ligation mixture

Components Volume [pl]
pDrive cloning vector 0.5
PCR product 0.5-2
Ligation master mix 2.5
H2Opidest ad>b

Because of glucose in the LB medium, the blue-white screening function of the
pDrive cloning vector was ineffective. The addition of glucose blocks the expression
of the B-galactosidase gene on the plasmid. Since this protein is responsible for the

blue coloring, all colonies remain white whether they carry an inserted gene or not.

2.5.6 Preparation of chemically competent cells

To create E. coli cells susceptible for heat shock transformation, they were treated
with rubidium chloride. Puffers TFB1 and TFB2 were prepared (Table 19 and Table
20), filtered sterile and stored at 4 °C. A preparatory culture of the target strain was
used to inoculate 250 ml of LB broth, which was followed by shaking incubation at
37 °C. After reaching an ODsoo of 0.5, the cells were harvested by centrifugation at
5000 rpm and 4 °C for 20 min (Sorvall RC6+, rotor F10S-6x500y, Thermo Fisher
Scientific, Braunschweig, Germany) and resuspended in 75 ml of the TFB1 buffer.
Next, the cells were cooled for 90 min on ice and again centrifuged before the cur-
rent buffer was exchanged with 10 ml of TFB2. In aliquots of 100 pl, this mixture
was filled into pre-cooled 1.5 ml reaction tubes and stored at -70 °C.
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Table 19: TFB1 buffer Table 20: TFB2 buffer

Components Quantity Components Quantity
RbCl 100 mM MOPS 10 mM
MnClz2* 4 H20 50 mM RbCI 10 mM
KAc 30 mM CaCl2 * 2 H20 75 mM
CaCl2 * 2 H20 10 mM Glycerol 15 %
Glycerol 15 % KOH (10 mM) to pH 6.8
Acetic acid (1 %) topH 5.8 H2Obidest ad 20 ml
H2Obigest ad75 ml

257 Heat-shock transformation

After ligation of vector and insert DNA, the plasmid was transferred into chemically
competent cells. The E. coli strain DH5a was used for cloning purposes. Whereas
expression strains like E. coliBL21(DE3) or T7 SHuffle were utilized with the aim of
protein production.

To prepare for the transformation, the chemically competent cells were put on ice
for 5 to 10 min to gently thaw. Then, 1 to 5 ul of ligation mixture were added and
mixed in before incubating them on ice for 30 min. After heat shock treatment for
90 s at 42 °C, the cells were again put on ice for 3 min. Following the addition of
500 pul of LB broth, the mixture was shaken for 45 min at 37 °C and plated on LB
agar plates in aliquots of different volumes. The added antibiotic was chosen de-
pending on the resistance gene on the plasmid. After an over-night incubation at
37 °C the colonies could be picked and tested by direct colony PCR.

2.5.8 Site-directed mutagenesis

With site-directed mutagenesis (SDM), a short DNA sequence of a plasmid can be
exchanged or inserted additionally. This method was carried out based on the
GeneTailor™ Site-Directed Mutagenesis System (Invitrogen, Karlsruhe, Germany).
First, specific primers of approximately 30 nucleotides length were designed (Figure
13). Both contained an overlapping part on the 5’ end, which ensured the end-joining
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of the amplified DNA fragments, and an extended region to bind to the template
plasmid. The mutation site was added to the primer that binds to the target region.
To ensure its digestion upon entering the host cell, the plasmid DNA was methylated
before amplification. After this step, a PCR reaction was performed with the Phusion
DNA polymerase and the plasmid as template. Because the circular plasmid has a
multiple times higher transformation rate, this was followed by the digestion of the
methylated template DNA with the restriction endonuclease Dpnl. The PCR product,
linear double-stranded DNA containing the mutation, was then transformed into
E. coliDH5a and circularized by the hosts cells (Figure 14).

Overlapping region Mutation site Extended region
4 N N7 )
5 AGCAGCGGTCGGCAGCAGGCTAGCCATATGTATATCTCC 3
3 CTCGTCGTCTGGTCGTCGTCGCCAGCCGTCGTC * 5
AN VAN J
Extended region Overlapping region

Figure 13: Primer design for site-directed mutagenesis. Both primers contain an overlapping area on
the 5’ end and an extended region on the 3’ end which binds to the target plasmid. The mutation site (marked
with the star) only needs to be added to one primer (based on the GeneTailor™ instruction manual, Invitrogen,
Karlsruhe, Germany).

Mutagenesis Transformation
. *
*

Template et
plasmid /

-__—-'-‘—-———-

_k

~

Figure 14: Systematic overview of the site-directed mutagenesis procedure. This method in-
cludes the performance of a Phusion PCR reaction with the template plasmid and specifically designed primers
that contain an overlapping area, the mutation site (marked with the star), and an extended region for template
binding. The product of the mutagenesis is linear double-stranded DNA which contains the mutation site on both
strands and is circulated by the host cell upon transformation (based on the GeneTailor™ instruction manual,
Invitrogen, Karlsruhe, Germany).

2.6 Metagenomics

2.6.1 lllumina Hiseq sequencing and database analyses

The sequencing of the metagenomic Ips typographus DNA was carried out by the
Heinrich Pette Institut in Hamburg, Germany at the end of 2014. A genomic library
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was created with the isolated bark beetle DNA by using the NEBNext® Ultra™ DNA
Library Prep Kit for lllumina® (New England BioLabs, Frankfurt am Main, Germany)
according to manufacturer's recommendations. Then, the size and quality of the
library was checked with a BioAnalyzer High Sensitivity Chip. The 2 x 125 bp v4
HiSeq sequencing run was done with an lllumina HiSeq 2500 instrument in paired
end mode. The generated data was processed with the Trimmomatic software
(v.0.32) (Bolger et al. 2014) to remove the adapter sequences and for a general
quality trimming. For the assembly of the 125 bp long reads, the IDBA-UD software
(v.1.1.1) (Peng et al. 2012) was used.

The taxonomic analysis of the whole metagenomic dataset with MG-RAST was
done on 9" December 2014 while the analyses in the Integrated Microbial Genomes

(IMG) database were carried out between January 2015 and July 2016.

2.6.2 Phylogenetic analyses

The phylogenetic analyses were carried out by using especially designed primer
pairs for the amplification of the bacterial and archaeal 16S rRNA as well as the
eucaryal 18S rRNA (cf. chapter 2.3). These primers were composed of Roche 454
pyrosequencing adaptors, key and MID codes that were used to distinguish between
the amplificates. Another part of them was a sequence that binds specifically to the
rRNA of bacteria, archaea, and eukaryotes, respectively. The PCR reaction was
carried out with an annealing temperature of 58.5 °C for the bacterial and 64.5 °C
for the eucaryal primers while using a Phusion High-Fidelity DNA Polymerase
(Thermo Fisher Scientific, Braunschweig, Germany). After purification of the ampli-
cons, the samples were sent to the Goéttingen Genomics Laboratory for pyrose-
quencing. The Roche GS-FLX+454 pyrosequencer and titanium chemistry (Roche,
Branford, USA) was used for the 16S and 18S rRNA sequencing.

Obtained sequences were computed by the SILVAngs analysis pipeline (SILVAngs
1.2) for taxonomic classification. During this, the reads were aligned with the SILVA
Incremental Aligner (SINA v1.2.10 for ARB SVN, revision 21008) before excluding
the ones that didn’t meet the standard criteria of length, homopolymerization, ambi-
guity and alignment quality (Pruesse et al. 2012; Quast et al. 2013). Also, the reads
were dereplicated and unique ones were clustered by using the pipelines software
CD-hit (version 3.1.2) (Li & Godzik 2006). The Basic Local Alignment Search Tool
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BLASTn (version 2.2.28+) (Camacho et al. 2009) was used to classify the opera-
tional taxonomic units (OTUs) by comparison to sequences stored in the SILVA da-
tabase (release 119; http://www.arb-silva.de). Reads with values of sequence iden-
tity plus coverage divided by 2 below 93 % remained unclassified and were graded
as “no relative” in the final assessment of the taxonomic classification by SILVAngs.
The sequence processing with SILVAngs was done in February 2015 while BLASTn
searches of the resulting 16S and 18S rRNA OTUs were computed in February
2020.

2.7 Protein biochemical methods

2.7.1 Expression using auto-induction medium

Due to the potential toxicity of large protein concentrations or the copper ions nec-
essary during expression, an auto-induction medium was used that blocked unin-
tentional gene expression in the growth phase via 0.05 % of glucose (Table 24)
(Studier 2005). The ZY medium (Table 21) was augmented 1/50 with the 5052 so-
lution (Table 23), which raised the concentration of glucose in the medium to 0.05 %,
lactose to 0.2 %, and glycerol to 0.5 %. For buffering purposes, 50 mM phosphate
was supplemented by adding 1/50™" of the M solution (Table 22).

A concentration of 1 mM MgSO4 promoted a higher cell density in over-night cul-
tures. Depending on the resistance gene on the plasmid, a suitable amount of the
corresponding antibiotic was also included. The medium was inoculated 1/200 with
a preculture or colony material and incubated shaking at 37 °C to an ODsoo = 0.6.
At this point, CuSO4 was added to a total concentration of 2 mM. The copper ions
were needed during the expression to be integrated into the active center of the
protein to promote the right folding.

After reaching an ODsoo of about 1.0, the glucose of the medium was metabolized,
and the lactose started inducing the /ac promotor. Afterwards, the temperature was
changed to 28 °C for slower over-night expression.
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Table 21: ZY medium Table 23: 5052 solution (50x)
Components Quantity Components Quantity
Yeast extract 59 Glycerol 25 %
Tryptone 109 Glucose 25%
H20bigest ad 1000 ml Lactose 10 %

H2Obidest ad 50 ml

Table 22: M solution (50x) Table 24: Auto-induction medium
Components Quantity Components Quantity
NazHPO4 * 2H20 1.25M 5052 solution (50x) 20 ml
KH2PO4 1.25M M solution (50x) 20 mi
NH.4CI 25M MgSO4 1 mM
Na2S04 0.25 M Ampicillin 100 pg/ml
H2Opidest ad 50 ml ZY medium ad 1000 ml

2.7.2 Crude cell extract preparation

Following the over-night expression of the target genes, the cells were harvested by
centrifugation at 5000 rpm and 4 °C for 20 min (Sorvall RC6+, rotor F10S-6x500y,
Thermo Fisher Scientific, Braunschweig, Germany). The supernatant was dis-
carded, and the cells were resuspended in phosphate buffered saline (PBS; 20 mM
sodium phosphate, 280 mM NaCl, 6 mM potassium chloride, pH 7.4). After the ad-
dition of 1 mM phenylmethanesulfonyl fluoride (PMSF) to inhibit protease activity,
the cells were immediately disrupted by passing them three times through a French
pressure cell press system (American Instrument Company, Silver Spring, Mary-
land, USA). The lysate was transferred into falcon tubes and centrifuged at
5000 rpm and 4 °C for 10 min to roughly separate the cell debris. The supernatant
containing the soluble protein was then filled into 1.5 ml sample tubes and again
centrifuged, this time at 13000 rpm and 4 °C for about 1 h until there was no visible

clouding left.
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2.7.3 Protein purification by Fast Protein Liquid Chromatography

The clear supernatant was suitable for the purification by fast protein liquid chroma-
tography (FPLC). PBS with a pH of 7.4 was used as binding buffer as well, because
a neutral pH supports the stability of bacterial MCO enzymes (Chauhan et al. 2017).
The relatively mild conditions of binding and elution buffers also facilitated the
preservation of the intact protein structure. After preparing the required buffers (Ta-
ble 25 to Table 27) and solutions (H20videst and ethanol 20 %), they were degassed
and stored at 4 °C.

Table 25: StrepTrap™ binding buffer (PBS) Table 26: StrepTrap™ elution buffer
Components Quantity Components Quantity
NazPO4 20 mM Desthiobiotin 2.5 mM
NaCl 280 mM Binding buffer ad 500 ml
KCI 6 mM
HCl to pH 7.4 Table 27: StrepTrap™ regeneration buffer
H2Obidest ad 1000 ml Components Quantity

NaOH 0.5M
H2Obidest ad 500 ml

StrepTrap™ HP columns (GE Healthcare, Freiburg, Germany), prepacked with 1 or
5 ml of StrepTactin Sepharose™ High Performance, were stored on 20 % ethanol,
and operated with the liquid chromatography system AKTAdesign™ (Amersham Bi-
osciences, San Francisco, USA) following the manufacturer’s instructions regarding
pressure and storage conditions.

The columns were mounted and washed with at least 5 column volumes (CV) of
H20Ovidest to remove the storage ethanol. After equilibration with 5 CV of binding
buffer, the protein solution was injected and washed off again with 5to 10 CV bind-
ing buffer or until the absorption level was not visibly changing anymore. After elu-
tion with 2.5 mM desthiobiotin in PBS, the column was regenerated by alternating
between the injection of H2Obigest, NaOH 0.5 M and H20videst 0NnCe more.
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2.7.4 Protein quantification

The concentration of protein solutions was measured by using the Bradford protein
assay (Bradford 1976). This method utilizes the shift in absorption of the Coomassie
Brilliant Blue G-250 dye from 465 nm to 595 nm when it builds a complex with pro-
tein side chains. To correlate the protein amount with the measured extinction, a
reference curve was generated with different concentrations of BSA (bovine serum
albumin).

For this assay, 10 pl of the protein solution were mixed with 490 ul of the Bradford
reagent and incubated for 10 min in the dark. The extinction was measured at a
wavelength of 595 nm and PBS was used as reference. Samples with an extinction
above the linear range of the reference curve were diluted with PBS.

2.7.5 SDS-Polyacrylamide gel electrophoresis (SDS-PAGE)

Proteins were separated by their molecular weight by SDS-Polyacrylamide gel elec-
trophoresis (SDS-PAGE). SDS denatures proteins and binds to their sulfate groups,
masquerading their natural charge and turning it negative. Due to this, the proteins
can be separated inside an electrical field by size and not by charge. This discon-
tinuous differentiation takes place in a gel with two polyacrylamide concentrations.
Contained ammonium persulfate (APS) acts as a linking compound, whereas tetra-
methylethylenediamine (TEMED) catalyzes the polymerization reaction.

Because the MCOs identified in this study were about the size of 50-60 kDa, resolv-
ing gels with 12 % acrylamide were used (Table 28 to Table 30). The components
of the resolving gels were mixed and immediately poured between previously
cleaned glass plates that were placed in a stand. Isopropyl alcohol was used to level
the gel edge and then removed after polymerization. After rinsing with water and
decanting, the stacking gel solution was prepared and poured above the resolving
gel. A comb was used to form pockets for sample loading. The gel was used imme-
diately or stored at 4 °C for up to 7 days between wet tissues.
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Table 28: Standard recipe for a 12 % SDS-PAGE gel

Component Resolving gel (12 %) Stacking gel (5 %)

Acrylamide (40 %) 1.5ml 0.25 ml

Resolving gel buffer 4x 1.25 ml

Stacking gel buffer 4x - 0.50 mi

TEMED 5 ul 3ul

APS (10 %) 23 pl 13 ul

H2Opidest 2.222 ml 1.234 ml

Table 29: Resolving gel buffer (4-fold) Table 30: Stacking gel buffer (4-fold)

Components Quantity Components Quantity
Tris (1.5 M) 455¢ Tris (500 mM) 6.19
SDS (0.4 %) 19 SDS (0.4 %) 044
H2Ovigest ad 250 ml H2Obidest ad 100 ml
HCI to pH 8.8 HCI topH 6.8

Purified protein samples were mixed 1 to 4 with SDS loading buffer (Table 32) and
incubated at 95 °C for 5 min. In case of crude cell extracts, the heating time was
extended to 10 minutes. To ensure a good comparability between the lines, the
amount of protein in each sample was adjusted to a similar value. The gels were
inserted into an electrophoresis chamber (Bio-Rad Laboratories, Munich, Germany)
which was filled with 1 to 10 diluted electrophoresis buffer (Table 31). Of the pre-
pared samples, up to 20 pl (ideally about 3 pg of protein) were carefully filled into
the gel pockets, as well as a protein marker (PageRuler™ Unstained Protein Lad-
der, Thermo Fisher Scientific, Braunschweig, Germany) for size comparison. The
electrophoresis was carried out at 100 V for the stacking gel and was increased up
to 200 V, depending on the purity of the samples. Then, the gels were carefully
removed from between the glass plates and placed in Coomassie stain (Table 33)
for 30 minutes up to overnight, shaking gently. The destaining was carried out in

water overnight or by using a destaining solution (Table 34).
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Table 31: Electrophoresis buffer (10-fold) Table 32: SDS loading buffer (4-fold)
Components Quantity Components Quantity
Tris 250 mM Tris/HCI 200 mM
Glycine 1.92 M SDS 8 %
SDS 1% Glycerol 50 %
H2Obigest ad 1000 ml B-Mercaptoethanol 4%

Bromphenole blue 0.04 %
H2Opidest ad 50 ml

Table 33: Coomassie stain Table 34: Destaining solution
Components Quantity Components Quantity
(Bllclajc;mF?zsss(i)e Brilliant 02% Ethanol 40 %
Ethanol 40 % Acetic acid 10 %
Acetic acid 10 % H2Obidest ad 500 ml
H2Ovigest ad 500 ml

2.7.6 Enzyme activity assay

The activity of the MCOs was measured by their ability to oxidize the following sub-
strates: 2,2"-azinobis-3-ethylbenzothiazoline-6-sulfonic acid (ABTS), 4-hydroxy-3,5-
dimethoxybenzaldehyde azine (syringaldazine) and 2-methoxyphenol (guaiacol).
The substrate stock solutions: ABTS 60 mM, syringaldazine 0.1 mM and guaiacol
10 mM, were prepared with water and stored at -20 °C, 4 °C and room temperature,
respectively. For the reaction mixture, the stock solutions were diluted 1:20 with
buffers of a pH that favored the activity of T. versicolor laccase: ABTS with pH 3.6
(acetate buffer), syringaldazine with pH 6.4 (phosphate buffer) and guaiacol with
pH 4.0 (acetate buffer) (Eichlerova et al. 2012). The corresponding buffers were
prepared by using the method and stock solutions described in chapter 2.2.

Then, the enzyme solution was blended 1:10 with the respective substrate reaction
mixture and incubated for 20 min at room temperature. The absorption of the oxy-
genized product was measured at 420 nm (ABTS), 525 nm (syringaldazine) and
470 nm (guaiacol) with the corresponding reaction mixture as blank.
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3 Results

3.1 Ips typographus sample collection and dissection

The Ips typographus bark beetle specimens where collected in a forest near Han-
nover (Germany) by using specific pheromone packages positioned inside slot
traps. After capturing, the samples were immediately stored at -20 °C. Prior to dis-
section, the exterior of the beetles was disinfected with ethanol and they were fix-
ated on paraffin plates with their ventral abdomen upwards (Figure 15).

500 um

Figure 15: Ips typographus fixated on paraffin plates prior to preparation. After disinfection with
ethanol, the bark beetles were immobilized on petri dishes filled with paraffin with their ventral abdomen up-
wards.

e P

A 500_pm B 500 um C 500 um

Figure 16: Dissection of the bark beetle intestines. The abdomen of the immobilized bark beetle (A)
was opened with sterilized tweezers (B) and the intestines were removed (C), freed of shell pieces, and collected
in sterile phosphate buffered saline prior to DNA extraction.
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The immobilized beetles were submerged in sterile phosphate buffered saline. Their
abdomen was opened with small tweezers, before the gastrointestinal tract was
pulled out (Figure 16). After the removal of residual shell pieces, the intestines were
collected in 1.5 ml sample tubes and stored at -20 °C.

3.2 DNA extraction and lllumina HiSeq Sequencing

The dissection of approximately 500 bark beetles yielded roughly 4.6 ng of meta-
genomic DNA with an average fragment length of 500 bp. After genomic library cre-
ation and lllumina HiSeq sequencing at the Heinrich Pette Institut (Hamburg, Ger-
many), the raw data was trimmed and assembled (cf. chapter 2.6.1). The generated
metagenomic dataset counted about 219 Mbp in total length, a number of 127909
predicted unique genes on 324359 contigs and a GC content of 41 %.

An initial taxonomic distribution of the whole metagenomic data (Figure 17) was
processed by the MG-RAST metagenomics analysis server (generated 2014-12-09)
(Meyer et al. 2008) with a Lowest Common Ancestor (LCA) algorithm and showed
a ratio of Bacteria to Eukaryota of almost precisely 60 to 40 %.

0.2%

® Proteobacteria - 48.47 %

® Firmicutes - 10.35 %
Actinobacteria - 0.91 %

= Arthropoda - 37.59 %

= Nematoda - 0.60 %

= Chordata - 0.54 %

= Echinodermata - 0.34 %
Microsporidia - 0.16 %

® Ascomycota - 0.16 %

® Cnidaria-0.16 %
Streptophyta 0.12 %
Hemichordata - 0.10 %

m unclassified Eukaryota - 0.07 %

= unclassified Viruses - 0.15 %

m Bacteria m= Eukaryota = Viruses

Figure 17: Taxonomic hits distribution of the whole raw Ips typographus metagenomic da-
taset. The complete lllumina HiSeq sequence data was uploaded to the MG-RAST metagenomics analysis
server (Meyer et al. 2008) and computed with a Lowest Common Ancestor (LCA) algorithm to classify the phy-
lum origin of every single sequence.
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Nearly half of all sequences derived from Proteobacteria (48.5 %) and approxi-
mately 10 % were part of Firmicutes and 1 % of the Actinobacteria phylum. The
largest part of eukaryotic sequences belonged to Arthropoda with 37.6 % while the
other 2.2 % were associated with Nematoda (0.60 %), Chordata (0.54 %) , Echino-
dermata (0.34 %), Microsporidia (0.16 %), Ascomycota (0.16 %), Cnidaria (0.16 %),
Streptophyta (0.12 %) and Hemichordata (0.10 %). Only regarding the 59.7 % of
bacterial sequences, Proteobacteria accounted for 81.2 %, Firmicutes for 17.3 %

and Actinobacteria for 1.5 % of them.

3.3 Phylogenetic analysis by 16S rRNA gene sequencing

First, primer pairs for bacterial, archaeal, and eukaryotic ribosomal DNA sequencing
were designed by combining specific binding sequences with Roche 454 pyrose-
guencing adaptors, key and identification codes. Several candidates were evaluated
for performance and coverage of relevant taxonomic groups previously found in
comparable wood-feeding insect gut samples in silico. This was carried out by com-
puting them with the TestPrime online tool (version 1.0) (Klindworth et al. 2013) of
the SILVA ribosomal RNA gene database project (SILVAngs version 1.2; www.arb-
silva.de) (Quast et al. 2013). The most promising primer pairs (Table 8) were used
to carry out the 16S and 18S rRNA gene PCR, with a template of metagenomic DNA
isolated from the same beetle specimens, the Ips typographus dataset was created
from (cf. chapter 2.6.2). Unfortunately, the archaeal primer pair did not yield any 16S
rRNA gene amplificates.

After amplicon purification, the samples were sequenced by the Géttingen Ge-
nomics Laboratory and the resulting data was also processed by SILVAngs.

120

100 |

80

Figure 18: Rarefaction curve of 16S
rBRNA gene sequences from the Ips
typographus gut microbiome. There

60

Number of OTUs

49 were 1667 bacterial rRNA gene sequences
found in total with 113 unique operational
20 taxonomic units (OTUs). The rarefaction

curve shows a distinctive flattening of the
slope with a potential maximum approximat-

0 )
0 200 400 600 800 1000 1200 1400 1600 1800 ing 140 OTUs.

Total number of sequences

Page | 40


http://www.arb-silva.de/
http://www.arb-silva.de/

Results

Chapter | 3

There were 1667 bacterial rRNA gene sequences found with 113 unique operational

taxonomic units (OTUs) distributed in 26 different genera. By displaying a distinct

flattening of the slope, the rarefaction curve (Figure 18) indicated a potential maxi-

mum number of OTUs close to 140.

Table 35: Taxonomic distribution of Ips typographus metagenome 16S rRNA gene OTUs.

No. of

Percent-

OTUs age Phylum Class Order Genus

1 0.88 % Actinobacteria Actinobacteria Propionibacteriales  Propionibacterium
2 1.77 % Firmicutes Bacilli Bacillales Bacillus

1 0.88 % Firmicutes Bacilli Bacillales Geobacillus

5 4.42 % Firmicutes Bacilli Bacillales Planomicrobium
1 0.88 % Firmicutes Bacilli Lactobacillales Carnobacterium
1 0.88 % Proteobacteria a-Proteobacteria Rhizobiales Ochrobactrum
1 0.88 % Proteobacteria a-Proteobacteria Rhizobiales Phyllobacterium
1 0.88 % Proteobacteria a-Proteobacteria Rhodobacterales Paracoccus

4 3.54 % Proteobacteria y-Proteobacteria B38 -

1 0.88 % Proteobacteria y-Proteobacteria Enterobacteriales Cedecea

1 0.88 % Proteobacteria y-Proteobacteria Enterobacteriales Cronobacter
27 23.89 % Proteobacteria y-Proteobacteria Enterobacteriales Enterobacter
1 0.88 % Proteobacteria y-Proteobacteria Enterobacteriales Erwinia

9 7.96 % Proteobacteria y-Proteobacteria Enterobacteriales Esgﬁggl:gia—
7 6.19 % Proteobacteria y-Proteobacteria Enterobacteriales Hafnia

1 0.88 % Proteobacteria y-Proteobacteria Enterobacteriales Leminorella
36 31.86 % Proteobacteria y-Proteobacteria Enterobacteriales Morganella

1 0.88 % Proteobacteria y-Proteobacteria Enterobacteriales Pantoea

3 2.65 % Proteobacteria y-Proteobacteria Enterobacteriales Providencia

1 0.88 % Proteobacteria y-Proteobacteria Enterobacteriales Rahnella

3 2.65 % Proteobacteria y-Proteobacteria Enterobacteriales Raoultella

1 0.88 % Proteobacteria y-Proteobacteria Enterobacteriales Serratia

1 0.88 % Proteobacteria y-Proteobacteria Enterobacteriales Yersinia

1 0.88 % Proteobacteria y-Proteobacteria Pseudomonadales Acinetobacter
1 0.88 % Proteobacteria y-Proteobacteria Pseudomonadales Enhydrobacter
1 0.88 % Proteobacteria y-Proteobacteria Pseudomonadales Pseudomonas
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The taxonomic distribution of the 16S rRNA gene OTUs (Table 35) showed that
Actinobacteria with one single OTU accounted for 0.88 % of the sequences while 9
(7.96 %) belonged to Firmicutes and 103 (91.15 %) to Proteobacteria. Two of the
OTUs contributed by Firmicutes were from Bacillus and five from Planomicrobium
while Carnobacterium and Geobacillus each supplied one sequence. Morganella
and Enterobacter were by far the best represented Proteobacteria with 36 and 27
OTUs corresponding to 31.86 % and 23.89 %, respectively. The genera Esche-
richia-Shigella provided 9 OTUs, Hafnia 7, Providencia 3 and Raoultella also 3. In
addition, four sequences also originated from the uncharacterized Proteobacterium
B38 while the 14 remaining proteobacterial genera only accounted for one single
OTU. Overall, this summed the number of non-abundant taxa of < 1 % diversity up
to 17, representing 15.04 % of all OTUs.

Regarding the whole 1667 16S rRNA gene sequences classified by SILVAngs, on
phylum level (Figure 19A) there were 1625 sequences from Proteobacteria
(97.48 %), 41 from Firmicutes (2.46 %) and a single one from Actinobacteria
(0.06 %) detected.

® Actinobacteria  ® Firmicutes = Proteobacteria ® Actinobacteria = Bacilli

= a-Proteobacteria = y-Proteobacteria

Figure 19: Taxonomic classification of the Ips typographus bacterial 16S rRNA gene se-
quences on phylum and class level. After 16S rRNA gene PCR and purification, the amplicons were
sequenced by the Géttingen Genomics Laboratory. The resulting 1667 sequences were processed by SILVAngs
(version 1.2) (Quast et al. 2013). On phylum level (A), 1625 sequences belonging to Proteobacteria, 41 to
Firmicutes and 1 to Actinobacteria were discovered. On class level (B), the 41 Firmicutes sequences were all
assigned to Bacilli while the ratio of Alpha- to Gammaproteobacteria was 1 to 57 (28 to 1597).
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A deeper differentiation (Figure 19B) showed that the ratio of a- to y-Proteobacteria
was 1 to 57.

Overall, the taxonomic classification on genus level (Figure 20) revealed only 26
different genera adding to the 1667 sequences with 21 being Proteobacteria, 4 Fir-
micutes and one Actinobacteria. Morganella supplied 57.11 % of all sequences
while Enterobacter ranked second with 22.20 % and Serratia following with 5.64 %.
Eight genera only contributed one single sequence while most of them accounted

for less than 1 % in total.

® Propionibacterium (1) u Bacillus (26) = Planomicrobium (12) m Geobacillus (2)

u Carnobacterium (1) 1 Phyllobacterium (25) m Ochrobactrum (2) m Paracoccus (1)

= Morganella (952) m Enterobacter (370) m Serratia (94) m Escherichia (62)
= Hafnia (48) = Raoultella (13) Providencia (12) = Pantoea (9)

w Leminorella (8) Yersinia (8) m B38(7) m Rahnella (5)

u Cedecea (4) m Cronobacter (1) m Erwinia (1) u Acinetobacter (1)
» Enhydrobacter (1) = Pseudomonas (1)

Figure 20: Taxonomic classification of the Ips typographus bacterial 16S rRNA gene se-
quences on genus level. After 16S rRNA gene PCR and purification, the amplicons were sequenced by the
Gottingen Genomics Laboratory. The resulting 1667 sequences were processed by SILVAngs (version 1.2)
(Quast et al. 2013). Phylum association of the genera were visualized by highlight color with Actinobacteria in
blue, Firmicutes in red and Proteobacteria in green. With a number of 952 sequences, 57.11 % were associated
with Morganella while Enterobacter came second with 370. Several other Proteobacteria contributed between
4 and 94 sequences whereas Cronobacter, Erwinia, Acinetobacter, Enhydrobacter and Pseudomonas each
only accounted for one single sequence.
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3.4 Phylogenetic analysis by 18S rRNA gene sequencing

The rarefaction curve of the 18S rRNA gene sequences of the Ips typographus gut

microbiome (Figure 21) shows a practically flat slope indicating that nearly all pos-
sible OTUs were covered. There were 4250 classifiable 18S rRNA gene sequences

found in total which resulted in 32 unique OTUs. Minus Ips typographus and plant

derived sequences, there still were 6 potentially relevant OTUs left. Results were

summarized in Table 36. Two OTUs were derived from the nematode Micoletzkya

while one originated from the oomycete genus Phytophthora. Three sequences be-

longed to fungi, one Basidiomycota associated with human skin surface and two

Ascomycota, identified as Wickerhamomyces and Sarcosomataceae.
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Figure 21: Rarefaction curve of 18S
rRNA gene sequences from the Ips
typographus gut microbiome. There
were 4268 eukaryotic rRNA gene sequences
found in total with 32 unique operational tax-
onomic units (OTUs). The rarefaction curve
shows a nearly flat slope with a potential

maximum number of OTUs of less than 35.

Table 36: Significant Ips typographus metagenome 18S rRNA gene OTUs minus insect and plant

sequences.
l\é(_:_.uosf B?v\:!st:cr)nr: Family Genus funlta:?i:)e;/tc;?ilgin
2 Nematoda Diplogastridae Micoletzkya Potential symbiont
1 Ascomycota Phaffomycetaceae = Wickerhamomyces Potential symbiont
1 Ascomycota Sarcosomataceae - Rotten wood
1 Basidiomycota - - Human skin surface
1 Heterokontophyta  Peronosporaceae Phytophthora Plant pathogen/

potential symbiont
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3.5 Annotation by the DOE-JGI Microbial Annotation Pipeline

The Ips typographus metagenomic dataset provided by the Heinrich Pette Institute
(Hamburg, Germany) was uploaded to the Genomes Online Database (GOLD;
(Kyrpides 1999) annotated by the DOE-JGI Microbial Annotation Pipeline (Hunte-
mann et al. 2015) and stored in the Integrated Microbial Genomes database (IMG)
(Markowitz et al. 2012) for further analysis. This pipeline computed the annotation
with the following steps: It started with the detection of RNA genes with the help of
several RNA databases. Protein-coding genes were identified by comparison with
known genes from the COG and Pfam databases and associated with Kyoto Ency-
clopedia of Genes and Genomes (KEGG) orthology terms (Kanehisa et al. 2002).
Afterwards, the genome was integrated into IMG by computing protein sequence
similarities between its genes and genes of all other genomes in the system (Mar-
kowitz et al. 2014).

After annotation, the Ips typographus dataset still comprised of 218.6 Mbp with
432305 protein-coding and 1915 RNA genes. The IMG database provided a phylo-
genetic distribution based on best BLAST hits of protein-coding genes (Figure 22).

1.05%

® Actinobacteria

A OEE% = Bacteroidetes

= Cyanobacteria

® Deinococcus-Thermus

® Firmicutes
Fusobacteria

® Proteobacteria

m Spirochaetes

® Tenericutes

® Others

0.60%
Figure 22: Phylogenetic distribution of bacterial genes in the Ips typographus dataset (IMG ID

56273). Annotation by the Integrated Microbial Genomes database (IMG) (Markowitz et al. 2012). Genome
count by best Blast hits at 30 % identity with only phyla above 0.5 % shown.
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At 30 % BLAST identity, the Ips typographus dataset was divided into the 9 most
represented phyla while the ones below 0.5 % were summarized as “others”. Aimost
half of all protein-coding genes were connected to Proteobacteria, nearly a fourth to
Firmicutes and an eight to Actinobacteria. Bacteroidetes provided 5.6 % of the se-
quences and Cyanobacteria, Spirochaetes, Tenericutes, Fusobacteria and Dein-
ococcus-Thermus followed with 2.4 %, 1.85 %, 1.05 %, 0.60 % and 0.55 %, respec-
tively. Protein-coding sequences associated with other phyla still accounted for
3.90 %.

The largest contig counted 444973 bp and a search with the Basic Local Alignment
Search Tool (BLAST,; https://blast.ncbi.nim.nih.gov/Blast.cgi) (Camacho et al. 2009)
showed an association with the Erwinia genus. Of the 50 longest contigs and con-
sequently 7.7 Mbp of the whole dataset, 44 sequences were linked to Enterobacte-

riaceae while 6 were of Firmicutes or more specifically of Bacillus origin.

3.6 Comparison with other gut-associated metagenomic datasets

To relate the phylogenetic gene distribution of Ips typographus to other insect and
vertebrate metagenomes, corresponding gastrointestinal datasets were chosen ran-
domly from the IMG database (Figure 23). Two of the datasets derived from wood-
feeding beetles as well, the first one from the Asian long-horned beetle Anoplophora
glabripennis (IMG ID 1835) with a length of 281 Mbp and the second from the Pas-
salidae beetle Viturius sinuatocollis (IMG ID 12352) with 143 Mbp. Three other da-
tasets also originated from insects: from the termite Nasutitermes corniger (IMG 1D
59112) with 210 Mbp, the woodwasp Sirex noctilio (IMG ID 2240) with 178 Mbp and
the European honeybee Apis mellifera (IMG 1D 9040) with 250 Mbp. The last three
metagenomes originated from vertebrates. Amongst them were the domestic
chicken Gallus gallus (IMG 1D 45592) with 286 Mbp length, the dog Canis familiaris
(IMG 1D 680) with 241 Mbp and the giant panda Ailuropoda melanoleuca (IMG ID
65432) with 18 Mbp.

Interestingly, Ips typographus showed the second largest number of genes assigned
to Proteobacteria (48.4 %) and the second lowest count of Firmicutes (22.9 %) and
Fusobacteria (0.6 %), each time in direct pursuit of Sirex noctilio with 61.3 %, 18.0 %
and 0.4 %, respectively.
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Figure 23: Comparison of phylogenetic distribution between Ips typographus and eight other
gut-associated metagenomic datasets. The phylogenetic distribution of protein-coding genes was com-
pared between Ips typographus (IMG ID 56273) and eight other gut-associated datasets. Two of them were
from wood-feeding beetles as well, one from the Asian long-horned beetle Anoplophora glabripennis (IMG 1D
1835) and one from the Passalidae beetle Viturius sinuatocollis (IMG 1D 12352). Three other datasets were also
derived from insects: from the termite Nasutitermes corniger (IMG ID 59112), the woodwasp Sirex noctilio (IMG
ID 2240) and the European honeybee Apis mellifera (IMG ID 9040). The last three metagenomes originated
from vertebrates. Amongst them were the domestic chicken Gallus gallus (IMG ID 45592), the dog Canis famil-
iaris (IMG ID 680) and the giant panda Ailuropoda melanoleuca (IMG ID 65432). Annotation by the Integrated
Microbial Genomes database (IMG) (Markowitz et al. 2012). Genome count by best Blast hits at 30 % identity
with only phyla above 1 % for one of the datasets shown. Percentages shown in Table 44 in the appendix
section.

The bark beetle also had the second highest rate of genes associated with Spiro-
chaetes at 1.85 % and Actinobacteria at 12.7 %, the latter along with Gallus gallus,
only outnumbered by Nasutitermes corniger with 1.92 % and 16.4 %, each. Regard-
ing Bacteroidetes, Cyanobacteria, Deinococcus-Thermus and Tenericutes, Ips ty-
pographus scored average numbers in comparison to the other datasets with 5.6 %,
2.4 %, 0.6 % and 1.1 %, respectively.

To assess Ips typographus and the same previously reviewed datasets on a func-
tional basis, the protein-coding genes annotated by IMG and distributed into highest
ranking KEGG groups (Kanehisa et al. 2002) were visualized in Figure 24. The bark
beetle possessed comparably numerous genes associated with metabolic func-
tions. It ranked highest overall in the categories for AA, carbohydrate, energy, lipid
as well as cofactor and vitamin metabolism with 15.7 %, 17.2 %, 9.1 %, 5.1 % and
8.9 %, respectively.
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Figure 24: Comparison of gene functional distribution according to KEGG between Ips ty-
pographus and eight other gut-associated metagenomic datasets. The functional distribution of
protein-coding genes according to the Kyoto Encyclopedia of Genes and Genomes (KEGG) (Kanehisa et al.
2002)(Kanehisa et al. 2002) was compared between Ips typographus (IMG ID 56273) and eight other gut-asso-
ciated datasets. Two of them were from wood-feeding beetles as well, one from the Asian long-horned beetle
Anoplophora glabripennis (IMG ID 1835) and one from the Passalidae beetle Viturius sinuatocollis (IMG 1D
12352). Three other datasets were also derived from insects: from the arboreal termite Nasutitermes corniger
(IMG ID 59112), the woodwasp Sirex noctilio (IMG ID 2240) and the European honeybee Apis mellifera (IMG
ID 9040). The last three metagenomes originated from vertebrates. Amongst them were the domestic chicken
Gallus gallus (IMG 1D 45592), the dog Canis familiaris (IMG ID 680) and the giant panda Ailuropoda melano-
leuca (IMG 1D 65432). Annotation by the Integrated Microbial Genomes database (IMG) (Markowitz et al. 2012).
Percentages shown in Table 45 in the appendix section.

3.7 Novel putative multicopper oxidases

3.7.1  Enzymes originating from the Ips typographus dataset

For the identification of novel MCOs in the Ips typographus dataset, a search with
“‘multicopper oxidase” as keyword was processed in the IMG metagenome. Result-
ing gene hits were checked for their completeness and the presence of all four CBS
motifs. Six candidate genes met these requirements and were displayed in Table
37 while their nucleotide and AA sequences were listed in the corresponding ap-
pendix section.

Page | 48



Results Chapter | 3

Table 37: Putative MCO genes found by in silico screening of the Ips typographus meta-

genome
IF\’IIlggtig‘]’:ne IMG Gene ID Gene Product name Ge?ﬁt]size
ips1282 Ga0063521 1000001282 putative multicopper oxidase 1665
ips2204 Ga0063521 10002204 putative multicopper oxidase 1629
ips14138 Ga0063521 100014138 putative multicopper oxidase 1575
ips21622 Ga0063521 100021622 putative multicopper oxidase 1608
ips24328 Ga0063521 100024328 putative multicopper oxidase 1605
ips28714 Ga0063521 100028714 putative multicopper oxidase 1611

Table 38: BLAST results and potential origin of the putative Ips typographus MCO genes
Putative

MCO gene Genus Family Query cover Identity
ips1282 Providencia Enterobacteriaceae 100 % 81 %
ps2204 Erwinia Enterobacteriaceae 56 % 74 %
ips14138 Cedecea Enterobacteriaceae 100 % 79 %
ips21622 Morganella Enterobacteriaceae 100 % 92 %
ps24328 Rahnella Enterobacteriaceae 99 % 89 %
ips28714 Rouxiella Enterobacteriaceae 99 % 92 %

https://blast.ncbi.nim.nih.gov/Blast.cgi access 2018-07-29 (Altschul et al. 1990)

Putative metagenomic MCO genes were computed with the National Center for Bi-
otechnology Information’s (NCBI’s) Basic Local Alignment Search Tool (BLAST)
(Altschul et al. 1990), to determine the organisms with the most similar nucleotide
sequences and therefore the potential origin of the genes (Table 38).

All six discovered metagenomic MCO genes possessed the highest identity to
known nucleotide sequences of the family Enterobacteriaceae. lps1282, ips14138
and ips21622 all covered 100 % of the sequence length of the genes they were
most similar to. They shared the highest identity with genes of the genera Providen-
cia (81 %), Cedecea (79 %) and Morganella (92 %), respectively. [ps24328 featured
the highest identity to a gene from Rahnella (89 %) and ips28714 was most similar
to a gene from Rouxiella (92 %) while both presented a query cover of 99 %. The
putative MCO that resembled known genes from the NCBI database the least was
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ips2204. 1t only covered 56 % of the sequence of an identified gene from Erwinia
and showed 74 % similarity to it.
Comparing the DNA sequences of these six metagenomic genes in relation to

E. colis cueo resulted in the phylogenetic tree shown in Figure 25.

cueo (E.coli)
93

ips14138

39

ips24328
100

ips28714
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—_
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Figure 25: Phylogenetic tree of the putative Ips typographus MCO genes and cueo from
E. coli. The similarity of the sequences correlates with the branch lengths that is measured in the number of
substitutions per site. Next to the branches, the percentage of trees in which the associated taxa clustered
together is shown. The construction was carried out by using the Multiple sequence alignment tool M-Coffee
(Notredame et al. 2000; Wallace et al. 2006) for sequence alignment and MEGA X (Kumar et al. 2018) for the
phylogenetic analysis (statistical method: maximum likelihood; bootstrap replications: 100).

The alignment was done with the online tool T-Coffee (Notredame et al. 2000) which
uses multiple alignment methods at the same time (M-Coffee: e.g. Clustal, Mafft,
Probcons, Muscle). The phylogenetic relation was analyzed and visualized by using
the software MEGA X (Kumar et al. 2018) with the maximum likelihood method and
100 bootstrap replications. The tree showed that ips24328 and ips28714 were the
closest associated genes in all the calculations. In 62 % of the computed replica-
tions, ips2204 clustered together with these two genes although the branches were
quite long. Ips14138 showed the highest similarity to cueo and both groups were
clustered together in 99 % of the calculations. Ips1282 and ips21622 formed a clus-
terin 99 % of the computed trees, which was located the most distant from the other

five gene sequences.
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CueO 69 EETTHWHELEVP 81 109 ATCWEHPHQHGKT 121
Ips1282 98 EDTTYHWHGLEIS 110 138 ATCWEHPHTHGKT 150
Ips2204 97 EATTIHWHELALP 109 137 ATCWEHPHQHGRT 149
Ips14138 96 EETTYHWHELEVP 108 136 ATCWEHPHDHGKT 148
Ips21622 98 EATTYHWHLEIS 110 138 ATCWEHPHTHGKT 150
Ips24328 97 VASTYHWHGLETP 109 137 STCWEHPHPHQTS 149
Ips28714 97 VASTYHWHLEIP 109 137 ATCWEHPHPHQTS 149
CueO 411 GDMMIHPFHIH{STQFR 426 469 YMAHCHLLEHEDTGMML 485
Ips1282 475 GDMMIJHPFHVHGTRER 490 533 YMAHCHLLEHEDTGMML 549
Ips2204 462 GDGMIHPFHIHGAQFR 477 520 YMAHCHLLEHEDTGMML 536
Ips14138 445 GDMMIHPFHIH{STQFR 460 503 YMAHCHLLEHEDTGMML 519
Ips21622 455 GDMMIJHPFHIHGTRER 470 513 FMAHCHLLEHEDTGMMT 529
Ips24328 454 GDMMIHPFHIHGTQFR 469 512 YMAHCHLLEHEDTGMML 528
Ips28714 456 GDMMIHPFHIH{STQFR 471 514 YMAHCHLLEHEDTGMML 530

Figure 26: Comparison of the four copper binding motifs of the putative MCOs from the Ips
typographus metagenome and CueO from E. coli. The four copper binding motifs (framed in green)
were aligned and illustrated with their respective AA positions. The AAs between the histidines can vary except
for the first cysteine of the type 1 motif H-C-H-x(3)-H-x(4)-[MFL] (Reiss et al. 2013).

The comparison of the Ips typographus proteins’ copper binding motifs (CBM) (Fig-
ure 26) showed that there were not many differences in the sequences surrounding
the CBMs. The histidine motifs of CueO were always located upstream of their
matching counterparts in the bark beetle proteins. The only direct deviation in CBM
sequences was found in the third copper binding motif of Ips1282, where the isoleu-
cine between second and third histidine was substituted by valine. Overall, the
CBMs of Ips1282 were also consistently positioned the furthest downstream com-
pared to the other proteins. Regarding AAs surrounding the CBM, the similarities
between the sequences of [ps24328 and Ips28714 were particularly noticeable.
Apart from single AA deviations, the most diverse sequence was observed in
lps2204. Both in CBM one and three, there were unique AAs only present in Ips2204
at this position. Directly upstream of the first histidine of CBM one, there was an
isoleucine located instead of a leucine for CueO or a valine for the other four MCO.
Also surrounding CBM one, the third and fourth AA downstream of the motif were
alanine and leucine in place of primarily glutamic acid and isoleucine or valine. For
CBM three, the distinct AAs of Ips2204 were located in positions 464 and 474 with
glycine present instead of methionine and alanine substituted for threonine in con-

trast to all the other sequences.
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3.7.2 Enzymes originating from other bacterial strains

To identify specific qualities of the enzymes originating from the bark beetle intes-
tines and to act as comparison, several available bacterial genomes were also
screened for novel MCO genes. The MOTIF search tool of the GenomeNet network
(Kanehisa 1997) and the Integrated Microbial Genomes database (IMG) (Markowitz
et al. 2012) were used for this purpose. Duganella sp. HHO1 was chosen because
related strains were isolated from several aquatic and environmental habitats such
as sewage, agricultural and forest soil where lignin is omnipresent (Hornung et al.
2013; Haack et al. 2016). Stenotrophomonas maltophilia K279a (Avison et al. 2000)
belongs to the order Xanthomonadales and is closely related to the plant pathogens
of Xanthomonas (Crossman et al. 2008). The plant symbiont Sinorhizobium fredli
NGR234 was considered because of its ability to inhabit a broad range of different
host plants (Trinick 1980; Schmeisser et al. 2009).

The screening was carried out by searching for the copper binding site (CBS) type 1
motif H-C-H-x(3)-H-x(4)-[MFL] (Reiss et al. 2013) in the proteome of organisms that
were represented in the Kyoto Encyclopedia of Genes and Genomes (KEGG) data-
base (Kanehisa et al. 2002) and shared the same genus as the target species. Pro-
tein sequences that were found to contain the CBM were each compared via BLAST
to the above-mentioned target genomes in the IMG database.

Table 39: Putative MCO genes found by in silico screening of several bacterial genomes:
Duganella sp. HHO1, S. maltophilia K279a and S. frediiNGR234 in the Integrated Microbial Genomes database
(IMG)

. Putative Annotated gene Gene size
Source organism MCO gene IMG Gene ID product name [bp]
Duganella sp. HHO1 hh01-218 2523500218 multicopper oxidase 1194
Duganella sp. HHO1 hh01-482 2523500482 p“tat"’gxirg:ggo"per 1392
S. maltophilia K279a sm3532 642693532 putative copper 1869

resistance protein

putative copper
S. maltophilia K279a sm4696 642694696 resistance protein/ 1809
multicopper oxidase
putative multicopper

S. fredii NGR234 ngri47 643825147 . 1401
oxidase
S. fredii NGR234 ngr578 643822578 putative copper- 1350
containing oxidase
S. fredii NGR234 ngr600 643s22600  Potential multicopper 1491
oxidase
S. frediiNGR234 ngr688 643822688 multicopper oxidase 1350
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The protein sequences with the highest identities were screened for the other 3
CBMs and if found, further analyzed. Putative viable MCOs that were identified with
this method were listed in Table 39.

Two candidate genes — hh01-218 (1194 bp) and hh01-482 (1392 bp) — were found
in the genome of Duganella sp. HHO1. These were also both already annotated as
(putative) MCOs by IMG. The genes sm3532 (1869 bp) and sm4696 (1809 bp) were
derived from S. maltophilia K279a and fulfilled the requirements as well. Both were
classified as putative copper resistance proteins whereas sm4696 was also marked
as MCO.

The screening of S. fredii NGR234 produced four complete putative MCO genes:
ngri147 (1401 bp), ngr578 (1350 bp), ngr600 (1491 bp) and ngr688 (1350 bp). With
exception of ngr578, which was annotated as copper-containing oxidase, the genes
were classified as (putative/potential) MCOs by IMG. It was noticeable that the nu-
cleotide sequences of ngr578 and ngr688 had a query cover of 100 % and were
91 % identical to each other. Their protein sequences showed an even larger simi-
larity with 95 %.

Comparing the copper binding motifs of the genomic MCOs (Figure 27), it was no-
ticeable that the AA sequences of NGR578 and NGR688 were completely identical
in the area surrounding the CBMs. They also showed more resemblance to the
HHO1 proteins than to NGR147 and NGR600. All eight proteins contained four cop-
per binding sites (CBS) except for NGR147, which had an additional motif between
AA positions 62 and 74. As this motif possessed a threonine in the center, the equiv-
alent to the ones from the other proteins seemed to be located between AA 92 and
104 with histidines flanking tryptophan.

The neighborhood of these putative MCO genes (Figure 28) consisted of ORFs with
various predicted functions. Like the genetic sequences themselves, the surround-
ing regions of ngr578 and ngr688 showed a high similarity to each other. Except for
ngr147, all MCOs had genes coding for proteins with copper binding and/or
transport function in the immediate vicinity. Neighboring genes of hh01-482 and
ngr147 were also linked to carbohydrate binding and transport. Whereas hh01-218
and hh01-482 as well as ngr578 and ngr688 were located close to ORFs associated

with membrane binding and transport across.
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HHO01-218 57 EHTSYHWH[GORLP 69 99 GTFMYHPHADEMA 144
HHO01-482 123 EHTSYHWHGOQRLP 135 165 GTFMYHPHADEMT 177
SM3532 112 ADTSIHWHGIILP 124 154 GTYWYHSHEGFQE 166
SM4696 113 HPTSTHWH[GILLP 125 155 GTYWYHSHEMFQE 167
NGR147 62 LGDAVHTH[L.PPVL 74 134 GTFWYHPHCNTLT 146
92 EPTTYHWH[GLRIA 104
NGR578 122 EHTTIHWHGMILP 134 164 GTFMYHPHEDEMV 176
NGR600 86 EETLIHWH[GLTPP 98 128 GTNWMHSHHGLQE 140
NGR688 122 EHTTIHWHGMILP 134 164 GTFMYHPHEDEMV 176
HHO01-218 192 LTMTNHPIHLH[FHEFF 207 247 WAHHCHKSHHTMNAMGH 263
HHO01-482 258 LTMTNHPIHIHGHEFFE 273 313 WAHHCHKSHHTMNAM{H 329
SM3532 550 DTMMTHPIHLHEMWSD 565 600 WAHHCHLLYHMEAGMMR 616
SM4696 530 DTMMQHPIHLH{FVWSD 545 580 WAYHCHLLYHMEAGMMR 596
NGR147 393 RTPHAHPIHLH[FLSFR 408 445 WVIHCHITEHQKTGM[IG 461
NGR578 257 LTMTNHPIHMH{YDFE 272 312 WAIHCHKSHHTMNAM{GH 328
NGR600 422 HTTMAHPMHLHGHHEQ 137 474 WALHCHHLYHMNGGMMT 490
NGR688 257 LTMTNHPIHMHGYDFE 272 312 WATJHCHKSHHTMNAM{GH 328

Figure 27: Comparison of the four copper binding motifs of the putative MCOs from Duganella
sp. HHO1, S. maltophilia K279a and S. fredii NGR234. The four copper binding motifs (framed in green)
were aligned and illustrated with their respective AA positions. The AAs between the histidines can vary except
for the first cysteine of the type 1 motif H-C-H-x(3)-H-x(4)-[MFL] (Reiss et al. 2013).
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Figure 28: ORF neighborhood of the putative MCO Genes found by in silico screening of
Duganella sp. HHO1, S. maltophilia K279a and S. fredii NGR234. The putative MCO genes (green)
are surrounded by ORFs with predicted functions linked to copper binding and transport (orange), carbohydrate
binding and transport (violet), membrane binding and transport (grey) as well as other hypothetical proteins
(white). The sequence data and annotation were taken from the Integrated Microbial Genomes database (IMG)
(Markowitz et al. 2012).
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3.7.3 Phylogenetic comparison of the newfound multicopper oxidases

The molecular phylogenetic analysis of all novel putative MCOs identified in this
thesis was done by using the multiple sequence alignment tool M-coffee (Notre-
dame et al. 2000; Wallace et al. 2006) by Maximum Likelihood method on the JTT
matrix-based model. The tree with the highest log likelihood (Figure 29) was drawn

to scale with branch length measured in number of substitutes per site.
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Figure 29: Molecular phylogenetic analysis of the 14 novel MCOs identified in this study in
relation to CueO from E. coli. The evolutionary history of the proteins was analyzed per multiple sequence
alignment tool M-coffee (Notredame et al. 2000; Wallace et al. 2006)(Notredame et al. 2000; Wallace et al.
2006) by Maximum Likelihood method on the JTT matrix-based model. The tree with the highest log likelihood
(-5987.12) was drawn to scale with branch length measured in number of substitutes per site. Next to the
branches, the percentage of calculated trees with exactly this structure was shown. The evolutionary analyses
were done in MEGA7 (Kumar et al. 2018). This phylogenetic tree was kindly provided by Pablo Pérez-Garcia
(Department of Microbiology and Biotechnology, University of Hamburg).
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As expected, the proteins discovered from the Ips typographus metagenome were
clustered together with CueO due to their common enterobacterial origin. Their ar-
rangement was identical to the phylogenetic tree of their DNA sequences with only
small deviations in percentages of calculated trees with exactly this layout. CueO
clustered together with 1ps14138 while 1ps28714 and Ips24328 as well as Ips1282
and Ips21622 were also grouped as pairs, respectively. Ips2204 occupied the only
singular branch while 1ps28714 and Ips24328 showed the smallest sequence vari-
ation to each other in the enterobacterial cluster. The largest distance in paired pro-
teins was found between Ips1282 and Ips21622.

Interestingly, the four proteins from S. fredii NGR234 were not exclusively clustered
together like the S. maltophilia K279a and Duganella sp. HHO1 MCOs. Only
NGR578 and NGR688 were sited in very close proximity to each other, while
NGR147 was located directly next to the enterobacterial branch but still at a large
distance. NGR600 was very remotely grouped together with the S. maltophilia pro-

teins.

3.8 Vectormodification

Because MCOs need to bind copper as co-factor to build their active conformity, the
pPET22b(+) expression vector's own c-terminal His-tag was not suitable for purifica-
tion as it forms chelate complexes with metal ions. Here, a modified pET22b(+) vec-
tor with an added Strepll-tag and a stop codon upstream of the His-tag —
pET22b::Strepll — was used (kindly provided by Evocatal, Monheim am Rhein, Ger-
many).

Because some of the novel MCOs contained an Ndel recognition sequence, it was
not viable to use this restriction site for cloning into the original pET22b::Strepll (Fig-
ure 30). It was necessary to substitute the plasmid’s sequence *GTATTT? directly
upstream of Ndel for the Nhel recognition sequence GCTAGC? by means of site-
directed mutagenesis (SDM). For this method, a primer-pair was designed with an
overlapping area on the 5’ end and an extended region on the 3’ end. The mutation

site for Nhel was added to the primer that bound to the target region.
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T7 terminator

GCTAGTTATTGCTCAGCGGTGGCAGCAGCCAACTCAGCTTCCTTTCGGGCTTTGTTAGCAGCCGGATCTCAGTGGTGGTGG

TGGTGGTGCTCGAGTGCGCTACTTTTCGAACTGCGGATGGCTCCATGCAGAGAGCTCGAATTCGGATCCGAATTAATTCCG

mutation
site Ndel
ATATCCATGGCCATCGCCGGCTGGGCAGCGAGGAGCAGCAGACCAGC GTATTTCATATGTATA

TCTCCTTCTTAAAGTTAAACAAAATTATTTCTAGAGGGGAATTGTTATCCGCTCACAATTCC

Figure 30: Original sequence of pET22b::Strepll in-between the T7 primer binding sites. The
binding sites of the T7 primers were marked in blue (terminator) and green (promoter). The overlapping region
of the SDM primers (orange) was located upstream of the mutation site (violet) and the Ndel recognition se-
quence.

CCGAATTAATTCCG
Nhel Ndel
ATATCCATGGCCATCGCCGGCTGGGCAGCGAGGAGCAGCAGACCAGC GCTAGCCATATGTAT
Nhel Ndel
ACCAGC GCTAGCCATATGTATATCTCCTTCTTAAAGTTAAACAAAA

TTATTTC

Figure 31: Site-directed mutagenesis altered sequence of a clone originating from
PET22b::Strepll. This clone exhibited three versions of the overlapping region with an additional copy of Nhel
and Ndel downstream of the third one. The sequence downstream of the second set of restriction endonuclease
recognition sites was identical to its counterpart in the original vector sequence.

After SDM PCR, digestion with the endonuclease Dpnl, and transformation into
E. coliDH5q, the T7 primers were used to check three different clones for sequence
correctness.

One of these clones exhibited three copies of the overlapping region with Nhel and
Ndel sequences directly downstream of the first and third one (Figure 31).

For the next step, the clone’s altered plasmid DNA was cut with Nhel, purified of
small fragments and religated to produce the target sequence of pET22b-
SDM::Strepll with only one version of each endonuclease recognition sites. This
newly modified vector was used to clone the MCO genes that contained an Ndel

sequence themselves.
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3.9 Amplification and cloning of the multicopper oxidase genes

After in silico identification of the previously introduced novel MCOs, the correspond-
ing genes were amplified from their respective genomes or a sample of meta-
genomic Ips typographus DNA. For this purpose, the genomic DNA of Duganella
sp. HHO1, S. maltophilia K279a and S. frediiNGR234 was extracted and PCRs were
carried out with specifically constructed primers (Table 8). It was not possible to
amplify sm4696 by PCR using the parameters tested in this study after being calcu-
lated by primer length and GC-content. Also, ngr147 and ngr688 were only success-
fully inserted into pDrive while the transfer into the expression vector was to no avail.
The amplification of the bark beetle MCOs was executed with the same DNA sample
that was used for the lllumina HiSeq sequencing of the Ips typographus dataset. It
was managed to amplify ips14138, ips21622 and ips24328 from the residual meta-
genomic DNA. As the PCRs for ijps1282, ips2204 and ips28714 were without suc-
cess, the syntheses of these three gene sequences were ordered from Eurofins
Genomics (Ebersberg, Germany). Prior to ordering, gene sequences and rare co-
dons were optimized for expression in E. coli and restriction enzyme recognition
sites were inserted on both ends. After production, the genes were shipped within
pEX-K4 plasmids. Next, all genes were either intermediately cloned into pDrive and
subsequently into pET22b::Strepll or pET22b-SDM::Strepll or they were inserted
instantly into the expression vectors.

Both attempts, the direct amplification of jps28714 from metagenomic DNA and the
transfer of the synthesized gene into the expression vector were futile under applied
experimental conditions. Overall, the construction of recombinant clones containing
ten novel MCO genes was accomplished over the course of this thesis. All assem-
bled MCO carrying expression plasmids were displayed and described in Table 7.

3.10 Heterologous gene expression

Eight of the ten gene constructs assembled in this study could be expressed heter-
ologously in the E. coli hosts BL21(DE3) or T7 SHuffle by using auto-induction me-
dium (Studier 2005). This method ensured a high cell density in the expression cul-
tures prior to induction. The high glucose concentration in the medium suppressed
promoter induction until ODsoo = 1 was reached. Only afterwards, the metabolism of
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lactose started and therefore mediated the induction of gene expression (Figure
32A).

BL21(DES3) is a standard expression strain containing the phage T7 RNA polymer-
ase gene necessary for the function of T7 promoter carrying plasmids like pET vec-
tors. E. coliT7 SHuffle offers the same features plus a constitutively expressed chro-
mosomal copy of dsbC, which codes for a disulfide bond isomerase that acts as a
chaperone and promotes the correct folding of enzymes with multiple disulfide
bonds, like the tertiary structure of MCOs. As the identified metagenomic proteins
were all derived from Enterobacteria, CueO from E. coli was consistently expressed
additionally to check if the method itself was working properly for MCOs of related
origin. The success of the expressions was verified by SDS-PAGE.

Ips14138 — T7 Shuffle

HHO01-482 — T7 Shuffle

CueO —T7 Shuffle
Empty vector — T7 SHuffle
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Figure 32: Expression of Ips14138 and HH01-482 in T7 SHuffle pre and past auto-induction
(A) and comparison of protein yields of Ips1282 and Ips2204 in BL21(DE3) and T7 SHuffle,
respectively (B). The first lane (L) in both gels contained the PageRuler™ Unstained Protein Ladder (Thermo
Fisher Scientific, Braunschweig, Germany) and the expression strains carrying empty plasmids served as neg-
ative controls. The SDS gel A (12 %) showed the expression of Ips14138 (~62 kDa), HH01-482 (~48 kDa) and
CueO (~55 kDa) at ODsoo = 0.6 pre-induction (left lane) and after over-night expression (right lane), respectively.
This demonstrated that there was no induction happening prior 0.6 ODeoo and confirmed the working principle
of the auto-induction method. SDS gel B (12 %) compared the Ips1282 (~65 kDa) and Ips2204 (~60 kDa) pro-
tein yields of both expression strains. It showed that Ips1282 was produced in large amounts by both strains

while Ips2204 was only highly expressed in BL21(DE3). There was no considerable difference between the
CueO concentrations produced by both strains.

Empty vector — BL21(DE3)
CueO — BL21(DE3)
Ips2204 — BL21(DE3)
Ips1282 — BL21(DE3)
Empty vector — T7 SHuffle
CueO - T7 Shuffle
1ps2204 —T7 Shuffle
1ps1282 —T7 Shuffle

L
100 kDa —

It was not possible to express HH01-218 and NGR578 under the conditions tested
in this thesis with neither BL21(DE3) nor T7 SHuffle. The amount of HH01-482 syn-
thesized in T7 SHuffle (Figure 32A) was high and comparably lower in BL21(DE3).
NGR600 showed the same distribution while SM3532 could only be produced in a
very small quantity. Ips1282 yielded decent amounts of protein in both expression
strains whereas Ips2204 was sufficiently expressed in BL21(DE3) and only slightly
in T7 SHuffle (Figure 32B). Ips21622 and 1ps24328 were both highly produced in
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BL21(DE3) and to a low extent also in T7 SHuffle (Figure 33A). The highest overall
quantities were yielded by Ips14138 in BL21(DE3) with an average of 20 mg/I pro-
tein (measured by Bradford protein assay) while the expression was also successful
in T7 SHuffle.

The pelletized expression cultures that yielded a high amount of MCO were also
visibly distinguishable from cells that only produced low concentrations or no protein
at all. These cell pellets showed a greyish to blue-green color that correlated with
the amount of active protein (Figure 33B). Based on soluble protein yield, for further
experiments HHO1-482 was expressed in E. coli T7 SHuffle and the lps typographus
MCOs in BL21(DES3).

B CueO Empty vector 1ps21622 1ps24328

T7 SHuffle ’ ' i

BL21(DE3) )}

Figure 33: Expression of CueO from E. coli, Ips21622 and Ips24328 in BL21(DE3) and T7 SHuf-
fle. The SDS gel A (12 %) showed the expression of CueO (~55 kDa), lps21622 (~62 kDa) and 1ps24328
(~63 kDa) in BL21(DE3) and T7 SHuffle, respectively. The first lane (L) contained the PageRuler™ Unstained
Protein Ladder (Thermo Fisher Scientific, Braunschweig, Germany) and both expression strains carrying empty
plasmid were used as negative controls. The gel showed that CueO was highly expressed in both host strains.
Ips21622 and Ips24328 both yielded high amounts of protein in BL21(DE3) but only small quantities in T7 SHuf-
fle. This correlated with the visual appearance of the cultures’ pelletized cells (B). Both pellets of CueO showed
a distinct bluish color that was slightly more intense for T7 SHuffle. The cells containing the empty vector were
yellow-brown in color, as were the T7 SHuffle pellets of the metagenomic proteins. On the contrary, the
BL21(DES3) cells producing Ips21622 and 1ps24328 appeared a little lighter and more greyish than their coun-
terparts.
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Ips24328 — BL21(DE3)
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CueO — BL21(DE3)
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3.11  Protein purification

After preparing clear cell lysate from the expression cultures, the enzymes were
purified by Fast Protein Liquid Chromatography (FPLC) as described in chapter
2.7.3. Preliminary tests showed that PBS (pH 7.4) was better suited as binding
buffer and elution buffer base than Tris-HCI. The mild pH also facilitated the protec-
tion of the proteins’ tertiary and quaternary structure and therefore the enzyme ac-
tivity. Following equilibration of the StrepTrap™ columns, the lysate was injected up
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to five times to load the tagged protein on the resin. PBS was used to wash excess
protein from the column and the elution was carried out with 2.5 mM desthiobiotin.
It was possible to purify HH01-482, Ips1282, Ips2204, Ips14138, Ips21622 and
lps24328 over the course of this study. To exemplify the purification of these en-

zymes, the FPLC chromatogram of Ips1282 was displayed in Figure 34.
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Figure 34: Purification of Ips1282 by Fast Protein Liquid Chromatography. Ips1282 was purified
by affinity chromatography using the AKTAdesign™ FPLC system (Amersham Biosciences, San Francisco,
USA) with a 1 ml StrepTrap™ HP column (GE Healthcare, Freiburg, Germany). The graph showed the absorp-
tion directly behind the column against the injected volume during loading, washing and elution of the protein.
Initially, the resin was white (A) and turned blue-green after injection and binding of Ips1282 (B).

The purification of Ips1282 was initialized by loading the clear cell lysate on the
column three times, which raised the absorption curve to about 3000 mAU and
turned the resin blue-green. During the following washing step, the excess protein
was flushed out until the absorption stopped decreasing further. The elution was
carried out by substituting the bound protein with 2.5 mM desthiobiotin. The en-
larged elution peak, corresponding SDS gel and image of the elution fractions were
displayed in Figure 35. Ips1282 disassociated rapidly after induction of elution buffer
under these experimental parameters. It already dissolved from the resin in the sec-
ond elution fraction and showed the highest absorption value in fractions 3 and 4.

Page | 61



Results Chapter | 3

e
a0
=
c o oo ~ ™ <t n w0 ™~ (o)
Re) 5 £ c = c c c c c c
18] . < i) Re) Re) R .0 RS ) R
o) 2 g ) = ) - ) ) = )
A L = RS =2 3 = = = =) = =)
£ [ = w w w w w w w w
100 kDa—
85 kDa—
70 kDa—
60kDa— R NN Sl L
50 kDa—
3000
2500
=’ 2000 C
e
= 1500 B = > T = B
c
O ﬂ i Eddi—5 iz 1 W= [ =g
=S ‘
o 1000 5 — = - .
— s i - e . _;- - — e i —
3 R . - B
2 s00 yyY . " B 4 |
0 W&J ¥
-500
23 24 25 26 27 28

Volume [ml]

Figure 35: Elution peak of Ips1282 in correlating position to its SDS gel and protein fractions.
The 12 % SDS gel (A) showed the purification steps of Ips1282 (~65 kDa) with injection, flow-through, washing
and eight elution fractions. The left lane (L) contained the PageRuler™ Unstained Protein Ladder (Thermo
Fisher Scientific, Braunschweig, Germany) for size comparison. The picture of the elution fractions (B) showed
the blue-green color of the enzyme that correlated with the respective protein concentration and the peak of the
FPLC curve (C) that displayed the highest absorption for elution steps 2, 3 and 4.

In general, the elution peak was comparably high and clear, indicating exceedingly
pure protein which was confirmed by the corresponding SDS gel. The protein band
ran at ~65 kDa while the amount of protein visual in each lane correlated precisely
with the color intensity of the elution fractions. Overall, the purification of Ips1282
yielded approximately 3,5 mg of protein.

In comparison, Ips14138 demonstrated a similar color intensity after purification.
Figure 36 visualized its gradual elution from the StrepTactin™ column evident by
the migrating blue-green protein front.
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Figure 36: Gradual migration of the protein front during elution of Ips14138. All five pictures
showed the 5 ml StrepTrap™ HP column (GE Healthcare, Freiburg, Germany) before and during elution of
Ips14138. In the second to fourth image, the protein front migrated through the resin downwards before flushing
out. The column was used in combination with the AKTAdesign™ FPLC system (Amersham Biosciences, San
Francisco, USA).
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Figure 37: SDS gel of the purification of Ips14138. The SDS gel (12 %) of the purification of Ips14138
showed that the protein ran at ~62kDa and dissolved from the column in elution fractions 4 to 6 under these
conditions. The first lane (L) contained the PageRuler™ Unstained Protein Ladder (Thermo Fisher Scientific,
Braunschweig, Germany) for size comparison.

The SDS gel of the purification (Figure 37) showed that Ips14138 runs at ~62 kDa.
It dissolved from the resin in elution fractions 4 to 6. This difference to Ips1282 can
be explained by the use of a larger column which prevents a direct comparability.
Ips14138 was the MCO that yielded the highest amount of protein with up to 25 mg
per liter of expression culture. Comparative analyses showed no effect of desthiobi-
otin on the protein quantification.

In total, of all 14 novel putative MCOs identified during this study, 10 were success-
fully cloned into expression vectors (Table 40) while ngr147, ngr688, sm4696 and
ips28714 were not. It was accomplished to express all of these in either E. coli
BL21(DE3) or T7 SHuffle, except for hh01-218 and ngr578. As Sm3532 was merely
produced in an extremely small amount and NGR600 only yielded insoluble protein,
it was not possible to purify them from crude extract. The six remaining enzymes
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showed varying activity on ABTS at pH 3.6 and room temperature, resulting in fur-
ther characterization of the four most promising candidates: HH01-482, 1ps2204,
lps14138 and Ips24328.

Table 40: Comparison of experimental steps achieved for each novel putative MCO gene, with
further characterized enzymes highlighted in bold.

I\P"l.lctgtive Cloning Expression Purification Activity Chara_cteri-
gene BL21(DE3) T7 SHuffle by FPLC on ABTS zation
ips1282 + + + + + -
ips2204 + + + + + +
ips14138 + ++ + + + +
ips21622 + ++ + + * -
ips24328 + ++ + + + +
ips28714 - - - - - —
hh01-218 + - - - - —
hh01-482 + + ++ + + +
sm3532 + * + - - -
sm4696 - - - - - -
ngri47 - - - - - _
ngr578 + - - - - —
ngr600 + + ++ - - -
ngré688 - - - - - -
Total 10 8 6 6 4

Rating: — none/negative; + very little; + positive; ++ strongly positive

3.12  Enzyme characterization

3.12.1 Structural properties

The four novel MCOs HHO01-482, Ips2202, Ips14138 and Ips24328 were classified
in group, superfamily (SF) and homologous family (HF) by using the Laccase and
Multicopper Oxidase Engineering Database version 6.4 (LccED) (Sirim et al. 2011).
The results in Table 41 showed that HH01-482 consisted of two domains and be-
longed to SF#14 (N - Bacterial type B 2dMCO) and HF#61. To date, there were no
protein structures published for SF#14. There were however 21 structures for
2dMCOs collected in the Protein Data Bank (PDB) (Berman et al. 2000) of which 14
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Table 41: Classification of the novel MCO protein sequences according to LccED*
Genus / Homologous

Putative MCO Best AA BLAST hit Group Superfamily family
HHO01-482 Duganella sp. HHO1 2dMCO SF#14 HF#61
Ips2204 Erwinia mallotivora (78 %) 3dMCO SF#10 HF#35
Ips14138 Cedecea neteri (88 %) 3dMCO SF#10 HF#35
Ips24328 Rahnella aquatilis (94 %) 3dMCO SF#10 HF#35

*https://Icced.biocatnet.de/ access 2019-01-13 (Altschul et al. 1990; Sirim et al. 2011; Buchholz et al. 2016)

belonged to SF#11 (K - SLAC-like type B 2dMCO) and 7 were classified as SF#15
(O - Archaeal and Bacterial type C 2dMCO). All these previously known 2dMCO
structures formed homotrimers which indicated that HH01-482 does as well (LccED
access 2019-01-13).

To test this theory, the SWISS-MODEL workspace (Guex et al. 2009; Benkert et al.
2011; Bertoni et al. 2017; Bienert et al. 2017; Waterhouse et al. 2018) was used to
predict the most probable 3D structure of HH01-482 (Figure 38). The software de-
termined that mgLAC (PDB ID: 2zwn.1.A) (Komori et al. 2009) showed the highest
sequence identity (30.5 %) to HH01-482 of all structures stored in the SWISS-
MODEL Template Library (SMTL version 2018-11-14, PDB release 2018-11-09).

4 A
S

i
NN
-

A
A

X

mgLAC HH01-482 HHO01-482
(rainbow color scheme) (QMEAN color scheme) (chain color scheme)

Figure 38: Template and model of the potential 3D structure of HH01-482. The potential protein
structure of HH01-482 was modeled by submitting the sequence to the SWISS-MODEL workspace (Guex et al.
2009; Benkert et al. 2011; Bertoni et al. 2017; Bienert et al. 2017; Waterhouse et al. 2018) and illustrated by the
NGL viewer (Rose et al. 2018). The template after which it was generated (A), was the metagenomic two-
domain type laccase mgLAC (PDB ID: 2zwn.1.A; (Komori et al. 2009) that showed the highest identity (30.5 %)
of all structures stored in the SWISS-MODEL Template Library (SMTL version 2018-11-14, PDB release
2018-11-09). The first trimeric HH01-482 structure (B) was displayed in QMEAN color scheme highlighting areas
differing from the template structure in red. The second model (C) showed the three separate protein chains
that formed the homotrimer quaternary structure of HH01-482.
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This two-domain type laccase belonged to SF#15 and was metagenomic in origin.
Following the 3D structure of mgLAC, SWISS-MODEL computed the most probable
structure of HH01-482 to also be a homotrimer. The model slightly differed from the
template, which was visualized in QMEAN color scheme that highlighted these ar-
eas in red (Figure 38B).

A second image of the quaternary structure of HH01-482 in chain color scheme
emphasized the three monomers that were incorporated in the active protein form
(Figure 38C). The rainbow color scheme of the template (Figure 38A) visualized the
three separate protein chains as well by gradually changing color from N- to C-ter-
minus. These illustrations showed that both trimeric proteins formed a triangle struc-
ture that contained another triangle in the center comprised of three beta sheet
structures.

Overall, the triangular shape of the proteins was mostly identical, including the beta
sheet structures in the three corners visualized in dark blue and the second yellow
triangle in the center of the template. The loop structures located in the front of
HHO1-482 displayed the largest difference to the template protein. Furthermore, the
template’s three orange colored peripheral chains emanating from the corners of
the inner triangle were absent in HH01-482. A calculation by the SignalP 4.0 software
tool (Petersen et al. 2011) also revealed a signal peptide cleavage site between AA26
and 27.

The classification of the three characterized Ips typographus MCOs by LccED (Ta-
ble 41) showed that they all contained 3 domains and that their best AA BLAST hit
belonged to SF#10 (J - Bacterial CueO) and HF#35, exactly like CueO from E. col.
lps2204 demonstrated the highest AA sequence similarity to a protein from Erwinia
mallotivora (78 %) while Ips14138 correlated most with an enzyme from Cedecea
neteri (88 %). The closest resemblance to already known MCO showed Ips24328
with 94 % sequence similarity to a protein from Rahnella aquatilis.

By submission of the three Ips typographus MCO sequences to the SWISS-MODEL
workspace (Guex et al. 2009; Benkert et al. 2011; Bertoni et al. 2017; Bienert et al.
2017; Waterhouse et al. 2018), the most probable 3D structures were predicted.
CueO (PDB ID: 5b7e.1.A) (Akter et al. 2016) showed the highest sequence identity
of all structures stored in the SWISS-MODEL Template Library (SMTL version 2018-
11-14, PDB release 2018-11-09) and was used as template to model the potential
monomeric tertiary structures of 1ps2204, Ips14138 and 1ps24328 (Figure 39).
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Ips2204 Ips14138 Ips24328

Figure 39: Template and models of the tertiary structures of Ips2204, Ips14138 and Ips24328.
The potential protein structures of Ips2204 (B), Ips14138 (C) and 1ps24328 (D) were modeled by submitting the
sequences to the SWISS-MODEL workspace (Guex et al. 2009; Benkert et al. 2011; Bertoni et al. 2017; Bienert
et al. 2017; Waterhouse et al. 2018) and illustrated by the NGL viewer (Rose et al. 2018). The template after
which they were generated (A) was the crystal structure of deuterated CueO (PDB ID: 5b7e.1.A) (Akter et al.
2016). It showed the highest sequence identity of all structures stored in the SWISS-MODEL Template Library
(SMTL version 2018-11-14, PDB release 2018-11-09) with 66.6 % to Ips2204, 75 % to Ips14138 and 64.3 % to
Ips24328 with a coverage of 0.95, 0.98 % and 0.97 %, respectively. The models of the Ips typographus MCQOs
were displayed in QMEAN color scheme highlighting areas differing from the template structure in red.

The monomeric crystal structure of CueO (Figure 39A) was displayed in rainbow
color scheme. The protein contained a series of prominent helical and beta sheet
structures with the most distinct one — the methionine-rich helix — displayed in yellow
on the upper right side of the image.

All three Ips typographus MCOs were illustrated in QMEAN color scheme, highlight-
ing the areas differing from the template in red. Noticeably, the loop structure above
the methionine-rich helix represented the greatest dissimilarity between the pro-
teins. The template CueO did not possess this feature at all, while all three novel
enzymes did. Aside from that, the red color was only evident in a few differing spots
and in the lower right area, indicating slight sequence deviations for all three en-

zymes.

3.12.2 Storage stability

Preliminary enzyme activity tests on the three MCO substrates ABTS, syringal-
dazine and guaiacol (c.f. appendix Figure 51) showed the highest observed sensi-
tivity for ABTS, whose amount of oxygenized product was measured at 420 nm.
Based on these results, the enzyme activity analyses were carried out solely with
using ABTS as substrate.

To investigate the stability of the four MCOs under different temperature and glyc-
erol conditions, the activity on ABTS was measured before and after storage for 7,
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14, 21 and 28 days, respectively. The temperature conditions included storage at
4 °C, 22 °C, 37 °C, and -20 °C with 0 %, 25 % and 50 % of glycerol, each. It was
also determined, if using one and the same tube, refreezing, and storing it at -20 °C
influenced the enzyme activity in contrast to using another aliquot for every meas-
urement.

The comparison of the stability of the four enzymes (Ips2204 — Figure 40; Ips14138
— Figure 41; 1ps24328 — Figure 42 and HH01-482 — Figure 43) showed that storage
at -20 °C with 50 % glycerol was the most beneficial for the residual activity. All
enzymes retained above 80 % of their initial activity after 28 days under these con-
ditions. Ips14138 got even more active, rising to 115 % after 7 days and still stayed
at approximately 105 % activity after 28 days of storage. A glycerol concentration of
25 % also kept the enzymes’ activities above 80 % except for Ips24328, which fell

slightly under 60 % after 7 days of storage and rose again to 68 % after 21 days.
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Figure 40: Storage stability of Ips2204 under different temperature and glycerol conditions.
The activity of Ips2204 on ABTS was determined immediately before and after storage in PBS buffer (7.4 pH)
for 7, 14, 21 and 28 days at -20 °C, 4 °C, 22 °C and 37 °C, respectively. The difference between using one tube
and refreezing it after each measurement (-20 °C/0 % rf) and using a new one every time, was also assessed
as well as the effect of 0 %, 25 % and 50 % of glycerol on the enzyme activity after storage at -20 °C. The assay
was carried out by incubating the reaction mixture for 20 min at room temperature and measuring the absorption
of the oxygenized substrate at 420 nm (n=3).
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Figure 41: Storage stability of Ips14138 under different temperature and glycerol conditions.
The activity of Ips14138 on ABTS was determined immediately before and after storage in PBS buffer (7.4 pH)
for 7, 14, 21 and 28 days at -20 °C, 4 °C, 22 °C and 37 °C, respectively. The difference between using one tube
and refreezing it after each measurement (-20 °C/0 % rf) and using a new one every time, was also assessed
as well as the effect of 0 %, 25 % and 50 % of glycerol on the enzyme activity after storage at -20 °C. The assay
was carried out by incubating the reaction mixture for 20 min at room temperature and measuring the absorption
of the oxygenized substrate at 420 nm (n=3).
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Figure 42: Storage stability of Ips24328 under different temperature and glycerol conditions.
The activity of Ips24328 on ABTS was determined immediately before and after storage in PBS buffer (7.4 pH)
for 7, 14, 21 and 28 days at -20 °C, 4 °C, 22 °C and 37 °C, respectively. The difference between using one tube
and refreezing it after each measurement (-20 °C/0 % rf) and using a new one every time, was also assessed
as well as the effect of 0 %, 25 % and 50 % of glycerol on the enzyme activity after storage at -20 °C. The assay
was carried out by incubating the reaction mixture for 20 min at room temperature and measuring the absorption
of the oxygenized substrate at 420 nm (n=3).
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Figure 43: Storage stability of HH01-482 under different temperature and glycerol conditions.
The activity of HH01-482 on ABTS was determined immediately before and after storage in PBS buffer (7.4 pH)
for 7, 14, 21 and 28 days at -20 °C, 4 °C, 22 °C and 37 °C, respectively. The difference between using one tube
and refreezing it after each measurement (-20 °C/0 % rf) and using a new one every time, was also assessed
as well as the effect of 0 %, 25 % and 50 % of glycerol on the enzyme activity after storage at -20 °C. The assay
was carried out by incubating the reaction mixture for 20 min at room temperature and measuring the absorption
of the oxygenized substrate at 420 nm (n=3).

lps2204 and Ips14138 showed similarities in the storage at 4 °C and -20 °C with 25
and 50 % glycerol as the values of all three slopes remained above 80 % after 28
days. Both also had 30 to 40 % of activity left after storage at 22 °C. Ips14138
showed nearly the same value after 28 days at -20 °C without glycerol as at 22 °C,
whereas Ips2204 presented the lowest activity with <5 % for the samples stored at
-20 °C without glycerol as well as at 37 °C. 1ps24328 and HH01-482 exhibited val-
ues below 10 % after staying at 22 °C and around 40 % after -20 °C without glycerol
for 28 days. Storage at 37 °C for 7 days reduced the residual activity of all four
enzymes to <20 %. 1ps2204 and Ips24328 fell below 5 % after 28 days at 37 °C
while Ips14138 and HHO01-482 still had 10 and 8 % activity left, respectively. Storage
at 4 °C during the whole experiment left Ips24328 at 48 % and HH01-482 at 24 %
residual activity. Except for Ips2204, there was a clear difference between storage
at -20 °C with or without refreezing the tubes. All three Ips typographus derived
MCOs presented no apparent residual activity after refreezing the tube following
each measurement. In contrast, HH01-482 remained at 23 % despite refreezing
while the remaining activity after 28 days at -20 °C stayed at 40 %. Ips14138 and
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lps24328 presented even larger gaps due to refreezing with 28 and 37.5 % differ-
ence in activity, respectively. It was also noticeable, that Ips2204 still had about
40 % of its initial activity while Ips14138 fell to 30 % after 28 days at 22 °C.

3.12.3 Optimum pH

All four MCOs were analyzed by using a broad range of different pH values in the
assay to examine the ideal pH for their activity on ABTS. The buffers for the reaction
mixtures varied between pH 2.5 and 6.8 divided into citrate-phosphate (pH 2.5 to
3.2), acetate (pH 3.6 to 5.6) and phosphate buffers (pH 6.0 to 6.8) (cf. chapter 2.2).
Comparing the four enzymes (Figure 44), Ips2204 and Ips14138 showed substantial
similarities in their pH characteristics. Both exhibited the strongest activity on ABTS
at pH 4.4 while Ips14138 demonstrated a broader pH range with above 40 % of its
maximum activity between pH 2.8 and 5.6. The ideal buffer for [ps24328 possesses
a pH of 3.6 while HH01-482 differed greatly from the metagenomic enzymes with a
pH optimum of 5.6 while both show the same range of approximately 2 pH points

above 20 % of their maximum activity.

1200
3.6 pH 4.4 pH 5.6 pH
100.0

80.0

60.0

Relative Activity [%)]

40.0

20.0

0.0
20 3.0 40 50 6.0 7.0

pH Value [pH]

s S24328 emmmm|s2704 ess—|ps]4]138 —ess=HH01-482

Figure 44: Optimum pH for the activity of Ips2204, Ips14138, Ips24328 and HH01-482 on ABTS. The pH
optimum for the reaction of each enzyme on ABTS was determined using a variety of different buffers in the
reaction mixture: citrate-phosphate buffer (pH 2.5, 2.8 and 3.2), acetate buffer (pH 3.6, 4.0, 4.4, 4.8, 5.2 and
5.6) and phosphate buffer (pH 6.0, 6.4 and 6.8). The assay was carried out by incubating the respective reaction
mixtures for 20 min at room temperature and measuring the absorption of the oxygenized substrate at 420 nm
(n=3).
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Figure 45: Optimum temperature for the activity of Ips2204, Ips14138, Ips24328 and HH01-482 on ABTS.
The temperature optimum for the reaction of each enzyme on ABTS was determined by incubating the respec-
tive reaction mixtures for 20 min at a broad temperature range. The absorption of the oxygenized substrate was
subsequently measured at 420 nm (n=3).

While 1ps24328 and HH01-482 were most active on ABTS at 25 °C and 27 °C, re-
spectively, for Ips2204 and Ips14138 higher temperatures were more beneficial
(Figure 45). The tests showed an optimum temperature of approximately 45 °C for
lps2204 whereas Ips14138 presented the highest activity at 60 °C.

3.12.5 Heat stability

The heat stability of the four MCOs was measured by pre-incubating freshly pre-
pared protein at 95, 80 and 65 °C for different lengths of time. The respective reac-
tion mixtures featured a beneficial pH for each enzyme (lps14138 — 4.5 pH;
HHO01-482 — 5.6 pH; Ips24328 — 3.6 pH and Ips2204 — 4.5 pH) while the assay was
executed at 25 °C. To eliminate inaccuracies due to a delay in reaching the appro-
priate temperature, the buffers were pre-heated prior to enzyme dilution.
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Figure 46: Stability of Ips2204, Ips14138, Ips24328 and HH01-482 during heat treatment at
95 °C. The activity on ABTS was measured after incubating the enzyme solutions for 30, 60, 90, 120 and 150 s
at 95 °C. The PBS (pH 7.4) used to dilute the enzymes was pre-heated to 95 °C. Individual buffers with a ben-
eficial pH for each enzyme were used for the reaction mixtures: Ips2204 - pH 4.5, Ips14138 - pH 4.5, Ips24328
- pH 3.6 and HH01-482 - pH 5.6. The assay was carried out by incubating for 20 min at 25 °C and measuring
the absorption of the oxygenized substrate at 420 nm (n=3).

During incubation at 95 °C (Figure 46), the activity of Ips24328 and Ips2204 already
dropped to about 10 % and lower after 30 s. At the same time, HH01-482 stayed
equal to the starting value while decreasing to 20 % between 30 and 60 s before
evening out to approximately 10 % after 90 s. In contrast, Ips14138 rose to a relative
activity of 160 % after 30 s before steeply dropping to 20 % after 60 s and evening
out similar to HH01-482.

The incubation at 80 °C (Figure 47) showed that Ips2204 was the least heat-stable
of the four enzymes under these conditions. After approximately 240 s of impact, it
already reached its lowest relative activity of <5 %. 1ps24328 and HH01-482 were
slightly more stable as they reached their lowest activity after about 540 s. In con-
trast to 1ps24328 which declined steadily, HH01-482 rose to 130 % after 30 s and
then decreased more steeply until it reached percentages similar to Ips24328 again
after 120 s. The positive effect of high temperatures on the initial activity of [ps14138
was even higher at 80 °C. In comparison to the enzyme activity without heat impact,
the slope rose to almost 250 % over the course of 90 s and remained above 100 %
until 300 s passed. After approximately 580 s, the enzyme activity fell to <5 %.
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Figure 47: Stability of Ips2204, Ips14138, Ips24328 and HH01-482 during heat treatment at
80 °C. The activity on ABTS was measured after incubating the enzyme solutions for up to 600 s at 80 °C. The
PBS (pH 7.4) used to dilute the enzymes was pre-heated to 80 °C. Individual buffers with a beneficial pH for
each enzyme were used for the reaction mixtures: 1ps2204 - pH 4.5, Ips14138 - pH 4.5, 1ps24328 - pH 3.6 and
HHO01-482 - pH 5.6. The assay was carried out by incubating for 20 min at 25 °C and measuring the absorption
of the oxygenized substrate at 420 nm (n=3).
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Figure 48: Stability of Ips2204, Ips14138, Ips24328 and HH01-482 during heat treatment at
65 °C. The activity on ABTS was measured after incubating the enzyme solutions for up to 240 min at 65 °C.
The PBS (pH 7.4) used to dilute the enzymes was pre-heated to 65 °C. Individual buffers with a beneficial pH
for each enzyme were used for the reaction mixtures: Ips2204 - pH 4.5, Ips14138 - pH 4.5, Ips24328 - pH 3.6
and HHO01-482 - pH 5.6. The assay was carried out by incubating for 20 min at 25 °C and measuring the ab-
sorption of the oxygenized substrate at 420 nm (n=3).

Page | 74



Results Chapter | 3

The diagram of the heat stability test at 65 °C (Figure 48) resembled the previous
assessment at 80 °C with the incubation time being the most apparent difference.
lps14138 again increased to about 250 % of the activity of non-heat-treated protein.
Under these conditions, it reached the maximum activity after 20 min and fell back
to 100 % after about 100 min of incubation. After 3 h at 65 °C Ips14138 still demon-
strated more than 40 % of the non-heat-treated protein activity.

HHO01-482 initially rose to almost 130 % of its unimpaired protein activity before it
descended to <5 % after 240 min. lps24328 and Ips2204 both decreased to under
50 % of their non-heat-treated activity after 15 min of incubation at 65 °C. After-
wards, the activity steadily declined until the end of the measurement after 4 h.
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4 Discussion

4.1 Sample collection, DNA extraction and sequencing

Due to the small size of the specimens of 4.2 to 5.5 cm, several hundred beetles
were needed to provide a sufficient quantity of intestines to proceed. The small size
of the insects was also reason for the difficulty of separating beetle tissue and feces.
Even though the lysis conditions of the DNA extraction kit supposedly increased the
ratio of bacterial to eukaryotic DNA, the initial analysis of taxonomic distribution re-
vealed almost 40 % Eukaryota. It is questionable if a different protocol would have
impaired this ratio.

The 4.6 ng of isolated metagenomic DNA were slightly too low for the NEBNext®
library preparation kit, as 5 ng were the manufacturer's recommended minimum
(New England BioLabs, Frankfurt am Main, Germany). This posed a considerable
risk for the success of this preliminary sequencing step but ended up being of no
obvious negative consequence. The assembled Ips typographus metagenome
counted 219 Mbp which appears to be a typical size as it was almost the average
of the randomly chosen insect datasets ranging between 143 and 281 Mbp. If the
metagenomic sequencing was done again today, it would need much less DNA to
get more reads and consequently a more complete dataset due to the rapid techno-

logical advances in this field.

4.2 Taxonomic distribution and genome size

The taxonomic hits distribution of the whole Ips typographus metagenome showed
that 59.7 % of the data originated from bacteria, equating about 131 Mbp of se-
quences. Distributed into the predicted 140 OTUs, this resulted in an average length
of 936 Kbp per bacterial genome. This correlated with data from literature, as
McCutcheon and Moran declared the size of bacterial genomes covering from about
4.6 Mbp for free-living bacteria (e.g. E. coli) to 500 kbp and lower for symbiotic bac-
teria (McCutcheon & Moran 2011). An average of 936 kbp also pointed to several

genomes being on the smaller side, suggesting a possible deletion of genes unnec-
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essary for symbiotic lifestyle. Especially maternally transmitted or “secondary” sym-
bionts exhibited genome reduction while these were reported to involve Enterobac-
teriaceae in aphids and often being related to pathogens (Burke & Moran 2011). As
Proteobacteria, including pathogens like Escherichia and Yersinia, contributed al-
most 50 % of the Ips typographus sequences (Figure 17), there is a large possibility
that genome reduction might also have happened in this habitat.

Of the eukaryotic groups found by taxonomic hits distribution, Chordata, Echinoder-
mata, Cnidaria and Hemichordata seemed to be falsely assigned or due to sample
contamination. Some Nematodes are known to have a phoretic or parasitic associ-
ation with insects, explaining the occurrence of 0.60 % correlated sequences
(Holterman et al. 2017). The discovery of 0.16 % Microsporidia was likely attributed
to the presence of Chytridiopsis typographi, a microsporidian pathogen of Ips ty-
pographus previously recovered from bark beetle specimens in the Czech Republic
and Poland (Tonka & Weiser 2010; Corsaro et al. 2019). Streptophytal sequences
with 0.12 % of the total dataset were possibly caused by plant material ingested
during feeding, leaving a remnant of 0.22 % unclassified eukaryotes and viruses.

4.3 Phylogenetic analysis by 16S rRNA gene sequencing

The evaluation of potential primer pairs prior to 16S rRNA gene amplification gave
the advantage of reducing the risk of disregarding genera typically present in this
kind of environment. Without previous in silico analysis, performance and coverage
may have been less appropriate due to primer bias.

Typically, the diversity of gut microbial communities of wood-feeding insects ap-
pears to depend on range of host trees. Polyphagous representatives that can col-
onize many different host trees like the Cerambycidae Anaplophora glabripennis
tend to have more diverse communities varying by host species. Previous studies
show an estimation of over 300 OTUs in association with A. glabripennis (Scully et
al. 2013). As Ips typographus has a restricted host tree range — the principal host
being the Norway spruce Picea abies — its gut microbial community should present
comparably less complex and diverse.

The sequencing of 16S rRNA genes amplified from the Ips typographus meta-
genomic DNA resulted in 113 unique OTUs while predicting the rarefaction satura-
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tion at about 140, representing less than half of the A. glabripennis microbial com-
munity. These sequences consisted of 91.15 % Proteobacteria, 7.96 % Firmicutes
and 0.88 % Actinobacteria, also confirming the bacterial phyla identified by taxo-
nomic hits distribution (Figure 17). In comparison, the distribution of all 1667 identi-
fied sequences showed 97.48 % Proteobacteria, 2.46 % Firmicutes and 0.06 % Ac-
tinobacteria. This indicates that additionally to contributing the largest number of
OTUs, proteobacterial genera seem to have had a higher relative abundance in the
gut bacterial community compared to the other phyla. Another possible explanation
to consider is a preferential amplification of the 16S rRNA primers for Proteobacte-
ria, especially Morganella.

Cross-taxon comparisons of microbial communities show that proteobacterial taxa
are dominant in a large variety of different insect species, correlating perfectly with
the results for Ips typographus. Also, the most abundant phylotype typically ac-
counts for an average of 54.7 % of the whole community, being represented in this
environment by Morganella with 57.1 % of all 16S rRNA sequences and 31.9 % of
all OTUs. In general, insect-associated bacterial communities tend to harbor a lim-
ited bacterial diversity usually consisting of fewer than 8 phylotypes (Jones et al.
2013). Ignoring genera with less than 1 % of abundance, there were 7 different phy-
lotypes present which supports this conclusion from literature.

Previous research on bark beetle associated microbial communities also showed
limited diversity and a dominance of Proteobacteria, confirming the phylogenetic
findings of this study. Larvae, pupa and imago of the pine engraver Ips pini ac-
counted for 5 different genera comprising of y-Proteobacteria, Actinobacteria, Bac-
teroidetes and Firmicutes (Delalibera et al. 2007). This also holds true for two Den-
droctonus species, the southern pine beetle D. frontalis and the eastern larch beetle
D. simplex. The first one yielded 5 different taxa from larval and 9 from adult speci-
mens by 16S rRNA analysis, all of these derived from y-Proteobacteria and Firmic-
utes (Vasanthakumar et al. 2006). Endomicrobial investigation of three D. simplex
samples delivered 4 distinct Phylotypes from y-Proteobacteria and Firmicutes in ad-
dition to 20 % to 35 % of sequences originating from non-abundant bacteria (< 1 %)
(Durand et al. 2015). This also represents a similarity to the taxonomic distribution
of the Ips typographus gut microbiome, which exhibited 15 % of non-abundant
OTUs itself. Regarding the not fully saturated rarefaction curve, this percentage will
likely rise with additional 16S rRNA reads.
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44 Phylogenetic analysis by 18S rRNA gene sequencing

The 18S rRNA gene amplification on metagenomic DNA isolated from Ips typogra-
phus yielded 32 eukaryotic OTUs. Six relevant sequences were left after removing
the ones from beetle and plant origin. Nematodes of the genus Mycoletzkya deliv-
ered two OTUs, reinforcing the detection of equivalent sequences in the meta-
genomic dataset (Figure 17). These known bark beetle symbionts were previously
described to solely inhabit Scolytinae and Araucarius, closely related wood-boring
weavels. Mycoletzkya appear to be highly host-specific as a previous study by
Susoy and Herrmann identified 26 different putative species of which 19 were found
in an association with a single bark beetle species (Susoy & Herrmann 2014). The
two sequences found in this study’s Ips typographus specimens showed the highest
identity of 98.87 % and 99.25 % to Mycoletzkya buetschlii, which was exclusively
observed in the Ips genus, corroborating the results from literature.

One OTU was assigned to the oomycete Phytophthora, an important plant pathogen
amongst others responsible for the notorious potato blight (P. infestans) or the sud-
den oak death (P. ramorum) (Yang et al. 2017). A BLAST search (access 2020-02-
20) showed it was closely related to P. alticola and P. frigida, two species from
South Africa that attack eucalyptus (Maseko et al. 2007), and the Dutch rose path-
ogen P. bisheria (Abad et al. 2008) with 97.63 % sequence identity, each. Previous
research reveals that Phytophthora infection and canker formation attracts ambrosia
and bark beetles to potential host trees with a single finding of Jps as well (Kelsey
et al. 2013). Since there is no common knowledge of Phytophthora being insect gut
associated, they could have been internalized by the beetle during feeding, although
a phoretic relationship as well as the transition to an exclusively host-related lifestyle
cannot be discounted.

There were two OTUs from Ascomycota and one from Basidiomycota identified by
18S rRNA sequencing. Fungi in general are frequently found in the guts of wood-
feeding insects, playing a key role in digestion of sturdy plant material (Engel &
Moran 2013). One of the ascomycotal OTUs most likely originated from Wicker-
hamomyces bisporus or a closely related yeast. These fungi are known to be insect-
associated by example of the malaria vector Anopheles stephensi and Drosophila
(Ricci et al. 2011; Stefanini 2018). Wickerhamomyces mori was also isolated from
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unspecified wood-boring larvae — possibly Scolytidae — collected from a white mul-
berry tree (Morus alba) in central China (Hui et al. 2013). On these grounds, it can
be assumed that the Wickerhamomyces OTU likely belongs to an intestinal symbi-
ont of lps typographus.

The second ascomycotal OTU found derived from an unknown Sarcosomataceae,
which consist of fungi living purely saprotrophic on rotten wood, in endophytic sym-
biosis with plants or as their parasites (Kopcke et al. 2002). There is no known case
in literature to date of Sarcosomataceae being insect gut symbionts, which points to
the conclusion that the material was likely ingested during feeding. Same as with
Phytophthora, a phoretic or yet unknown symbiotic relationship is still a possibility.
The sole basidiomycotal sequence was identified as Malassezia globosa. Because
this fungus is associated with human skin and frequently responsible for dandruff
development and other skin disorders (White et al. 2014), its presence was likely

due to contamination.

4.5 Annotation and comparison of different phylogenetic approaches

A comparison of the phylogenetic approaches (Table 42) showed that even though
Proteobacteria contributed 97.48 % of all 16S rRNA sequences amplified from Jps
typographus intestines, they only counted for 48.43 % of all protein-coding genes in
the annotated metagenomic dataset. That either points to a significant reduction of
genes in the enterobacterial genera as mentioned before or to a large number of

genome copies in the dataset.

Table 42: Phyla comparison of the Ips typographus 16S rRNA sequences
and all annotated protein-coding genes.

Bacterial phyla 16S rRNA All 16S rRNA Protein-coding
OTUs sequences genes (IMG)
Proteobacteria 91.15% 97.48 % 48.43 %
Firmicutes 7.96 % 2.46 % 22.85 %
Actinobacteria 0.88 % 0.06 % 12.73 %
Bacteroidetes - - 5.64 %
Cyanobacteria - - 2.40 %
Spirochaetes - - 1.85 %
Tenericutes. - - 1.05 %

Phyla with less than 1 % of protein-coding genes were not shown.
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Interestingly, IMG identified 5.64 % of all protein-coding genes as Bacteroidetes
even though this phylum was not discovered by 16S analysis, same as Cyanobac-
teria, Spirochaetes and Tenericutes with 2.40 %, 1.85 % and 1.05 %, respectively.
As Actinobacteria were assigned to 12.73 % of the protein-coding genes, equaling
one single OTU hit, phyla with less than 10 % may not be abundant enough in the
metagenomic template DNA to amplify even one sequence. These phyla may very
well be part of the approximately 30 undetected OTUs the rarefaction slope indi-
cated. Another reason could be underrepresented amplification due to primer bias.

4.6 Comparison with other gut-associated metagenomic datasets

In comparison to other host-associated metagenomic datasets, the lps typographus
gut microbiome showed the second highest rate of protein-coding genes related to
Proteobacteria, Spirochaetes and Actinobacteria while it accounted for the second
smallest number of genes from Firmicutes and Fusobacteria origin. This unequal
distribution of phyla also stood out in the datasets of Sirex noctilio and Ailuropoda
melanoleuca, which both possess a limited nutritional range. The woodwasps feed
on pine wood previously modified and predigested by their symbiotic fungus Am-
ylostereum areolatum (Lombardero et al. 2016) while the diet of the giant panda
consists of 99 % bamboo (Sponheimer et al. 2019).

As Ips typographus specimens almost exclusively inhabit their main host tree Picea
abies, their nutrition does not vary considerably. In contrast, the other two wood-
feeding beetles Anoplophora glabripennis and Viturius sinuatocollis both feed on a
wide variety of hardwood tree species (Urbina et al. 2013; Mason et al. 2016). Com-
paring the phylogenetic distribution of all three beetles, the ratio of Firmicutes to
Proteobacteria was more equal for A. glabripennis and V. sinuatocollis than for Ips
typographus. This stronger uniformity was also represented in the datasets of or-
ganisms with a more divers nutrition like Gallus gallus and Canis familiaris.
Possibly, this uneven distribution of phyla is characteristic for organisms with a
highly specialized food source together with the limited diversity in intestinal envi-
ronments, that was described in introduction section 1.2 of this study.

Regarding functional comparison of the datasets, the bark beetle possessed the
highest number of protein-coding genes classified in four different KEGG categories,
all associated with varying metabolic activity. This clearly confirms the assumption,
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that the gut of a highly specified wood-feeding beetle represents an extremely prom-
ising source for novel metabolic enzymes. The potential of the Ips typographus met-
agenome not only lies in the discovery of unknown MCOs, but evidently in metabolic
fields like AA, carbohydrate, and lipid metabolism as well, waiting for exploration.

4.7 Novel putative multicopper oxidases

4.7.1 Enzymes originating from the Ips typographus dataset

All genera assigned to the six putative MCO genes (Table 38) except Rouxiella were
also previously identified as part of the Ips typographus microbiome by 16S rRNA
sequencing. It was noticeable, that each gene hit was matched to a different genus
of Enterobacteria. This suggests that each genus only carries one version of this
MCO, presumably a homologue to CueO since it clustered together with all identified
metagenomic MCO genes in the phylogenetic tree (Figure 25). Interestingly, even
though there were fungal protein-coding genes and 18S rRNA OTUs identified in
the dataset, there were no viable eukaryotic MCO genes discovered.

Because of low-ranking query cover, sequence identity and therefore similarity to
already known genes, ps2204 and ips14138 were the most promising candidates,
followed closely by jps1282.

Regarding the phylogenetic analysis of the metagenomic genes (Figure 25),
ips21622 and ips1282 were the most diverse sequences compared to cueo, defining
them as interesting candidates as well. Because of the phylogenetic resemblance
of ips14138 to cueo, similar characteristics concerning temperature or pH perfor-
mance could potentially be expected. In comparison to the other bacterial MCOs
identified in this study (Figure 29), all enzymes derived from the Ips typographus
metagenome clustered together with CueO due to their common enterobacterial
origin. Their positioning and distance from each other were nearly identical in both
phylogenetic trees.

Concerning the proteins’ copper binding motifs, the most conspicuous aspect was
the high sequence diversity of [ps2204 in contrast to CueO and the other five met-
agenomic enzymes. Surrounding CBM one and three, 1ps2204 displayed unique
AAs not located in any other protein sequences shown in this lineup (Figure 26).
The only deviation directly inside the CBM was one isoleucine substituted by valine
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in the sequence of Ips1282. Also, the positions of all CBMs of Ips1282 were con-
sistently located the furthest downstream, increasing its overall potential.

CBM sequences of 1ps24328 and Ips28714 were notably similar with only one visi-
ble variation in AA position 137. This reinforced the findings of the phylogenetic

analysis, confirming the close relation of both enzymes to each other.

4.7.2 Enzymes originating from other bacterial strains

About the MCOs originating from accessible bacterial strains, it was noticeable that
S. frediiNGR234 provided four diverse putative MCO enzymes while S. maltophilia
and Duganella sp. HHO1 only possessed two distinct sequences.

This feature may be connected to the ability of inhabiting an exceptionally broad
range of host plants and leads to the assumption, that MCO activity may be involved
in colonization processes. In literature, there was lignolytic activity previously dis-
covered in Sinorhizobium meliloti — a close relative of S. fredii — and other Rhizobi-
aceae (Pawlik et al. 2016; Wang et al. 2016), hinting at considerable MCO potential
in NGR234.

Comparing sequences belonging to and surrounding the four typical CBM, it was
observed that NGR578 and NGR688 were completely identical and showed more
resemblance to the HHO1 proteins than to the other two also deriving from S. fredii.
A reason for this could originate from their affiliation to the same SF and from pos-
sessing the same domain composition. This finding was confirmed by the phyloge-
netic comparison of all enzymes identified in this study (Figure 29).

In this phylogenetic tree, the four enzymes obtained from S. fredii NGR234 did not
all cluster together like the candidates from S. maltophilia and Duganella sp. HHO1.
Only NGR688 and NGR578 were located directly next to each other while being on
the same branch and in close proximity to the HHO1 proteins. NGR147 was posi-
tioned directly next but still at a large distance to the enterobacterial branch and
NGR600 was closer grouped with SM3532 and SM4696 than with any of the other
proteins. This large variety of NGR234’s MCOs may increase its substrate flexibility
and therefore enhance its capability of populating a broad range of different plants.
The inspection of ORF neighborhoods (Figure 28) also revealed a high similarity of
regions surrounding ngr578 and ngr688, mirroring prior findings. The gene environ-
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ment pointed to different roles for the MCOs depending on environmental condi-
tions. Ngr147 seemed to be associated with carbohydrate modification, whereas
hh01-482 appeared to have multiple purposes due to the variety of surrounding
gene functions. All MCO genes except for ngr147 were linked to copper binding
and/or transport.

Genes in proximity to each other are usually expressed consecutively with a likeli-
hood of belonging to the same process. Close to hh01-218 and hh01-482 as well
as ngr578 and ngr688, there were genes located with membrane binding and
transport function, indicating a large potential to bind copper ions and remove the
resulting metalloprotein complex from the bacterial cell.

4.8 Protein expression and purification

By using auto-induction medium, the cell density of overnight cultures reached solid
ODeoo values of 10-15. The toxicity of high copper concentrations was bypassed by
ensuring a relatively high cell density prior to induction. This way, the addition of
copper was delayed until absolutely necessary while afterwards it was rapidly inte-
grated into the protein structures, decreasing the amount of free copper a lot faster
than done by less dense cell cultures.

Interestingly, the copper-containing enzymes’ blue shade was already slightly visi-
ble in pelletized expression cultures containing viable protein (Figure 32B). The
striking color was even more distinctly obvious in the purification process, particu-
larly when the protein gradually migrated through the column during elution. This
represents an enormous advantage in comparison to uncolored proteins because
the production of viable enzyme can be confirmed prior to purification, saving time
and effort in case of expression issues.

A comparison of the experimental steps successfully executed with each putative
MCO gene was visualized Table 40. Overall, it was accomplished to express eight
of the fourteen identified putative MCOs in either E. coli BL21(DE3) or T7 SHuffle.
Six of the gene products showed enzyme activity on ABTS and the four most prom-
ising candidates were further characterized. Given the fairly small number of initially
identified putative MCO genes, this amounts to an excellent yield of viable enzymes

— especially regarding metagenomic origin. Five of the six novel MCO genes from

Page | 84



Discussion Chapter | 4

Ips typographus showed at least small activity on ABTS while three of them ap-
peared suitable for enzyme characterization.

4.9 Enzyme characterization

4.9.1 Structural properties

Regarding protein structures, the classification of the four characterized MCOs by
LccED showed that HH01-482 most likely contained two domains arranged in ho-
motrimeric form while the metagenomic enzymes were all constructed from three
domains potentially assembling to homodimers or staying in monomeric form. This
was confirmed by using the SWISS-MODEL workspace to predict the enzymes’ sec-
ondary and tertiary structures by using the template with the most identical AA se-
guence available. HH01-482 was modeled after a homotrimeric MCO of meta-
genomic origin that was only 30.5 % similar in sequence, hinting at a meager num-
ber of identified crystal structures of 2dMCOs.

In comparison to the template protein, the predicted structure of HH01-482 was a
lot more condensed with less side chains or protruding elements. Together with the
signal peptide cleavage site between AA26 and 27 and the gene for membrane
binding and/or transport upstream of HH01-482, this attests to the secretion of the
fully assembled enzyme. A larger protein yield with the expression strain T7 SHuffle
in comparison to BL21(DE3) was consequential for HH01-482, as there possibly are
numerous disulfide bonds involved in combining three monomers.

The most probable protein structures of Ips2204, Ips14138 and lps24328 were mod-
eled after the template of CueO, further attesting to their close relation as discussed
in 4.7.1. Comparing the images displayed in QMEAN color scheme with the tem-
plate protein, the loop directly above the methionine-rich helix stands out as the
most noticeable difference between the structures. Ips14138 was phylogenetically
closest related to CueO and supported this fact by displaying the smallest loop struc-
ture of the three metagenomic enzymes.

As described in the introduction section, prior research stated that the methionine-
rich helix functions as a lid structure regulating access to the MNC center and there-
fore the enzyme’s substrate binding potential (Roberts et al. 2002). There was also
proof that CueO is able to turn Cu* to Cu?* by oxidation at additional copper binding
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sites on the helix itself. The position of the helix was described to be modified by a
previously undetected regulatory loop structure lying loosely above it after its con-
formation was induced by access copper ions (Singh et al. 2011; Wang et al. 2018).
It is very likely, that the loop structures displayed by the metagenomic enzymes
serve the same modulating purpose and help regulate the access to the enzymes’
substrate binding sites. As the loops of the three enzymes each display a different
pattern, it can be assumed that their native substrates all slightly differ, increasing
the bark beetle’s metabolic potential towards diverse phenolic compounds.

4.9.2 Storage stability

All four enzymes displayed above 80 % of residual activity on ABTS after 28 days
of storage at -20 °C and 50 % glycerol with Ips14138 even showing a distinct in-
crease to about 115 % after 7 days of incubation falling to a final value of 104 % at
the end. Previous research assessed three MCO from Bacillus origin at 60-80 % of
residual activity after 13 days under these storage conditions as highly stable (Ih-
ssen et al. 2015). Two of the enzymes from the Ips typographus metagenome —
lps2204 and lps14138 — had 97 % and 107 % left after 14 days, respectively. Fol-
lowing 28 days of storage at -20 °C and 50 % glycerol, Ips2204 preserved 92 % of
initial activity while lps14138 still performed better than at the start of the experiment
with 104 %, rating significantly better that the before mentioned Bacillus MCOs.
Regarding storage at 4 °C, an MCO from Sinorhizobium meliloti retained >92 % of
its activity after 7 days of storage (Pawlik et al. 2016) while Ips2204 and Ips14138
still showed 88 % and 94 %, respectively, performing at an equal level. Ips24328
and HHO01-482 lost their activity more rapidly at the same temperature. The half-life
of the S. melilotiMCO at 4 °C was reported to be reached after 21 days of incubation
while 1ps2204 and Ips14138 still had 78 % and 88 %, each. While lps2204 still had
40 % of initial activity after 14 days at 22 °C, comparable to the Bacillus MCO (40-
50 % after 25 °C for 13 days), the other tree Jpos MCO performed worse with <30 %
remaining.

These results showed that the activity of Ips2204 and Ips14138 exceeded several
other bacterial enzymes at storage conditions of -20 °C and 50 % glycerol while they
equal activity rates at 4 °C with a far slower loss of activity over time. However, only
lps2204 kept a decent activity of about 40 % after incubation at room temperature.
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lps14138 decreased to below 30 % while 1ps24328 and HH01-482, both dropped to
<10 %.

Overall, two of the newfound metagenomic MCOs performed considerably well re-
garding storage stability at different temperature and glycerol conditions, especially
compared to other bacterial enzymes, representing a large benefit for industrial ap-
plication.

493 Optimum pH

The metagenomic MCOs displayed an optimum for ABTS between 3.6 pH for
Ips24328 and 4.4 pH for 1ps2204 and lps14138 while the strongest activity for
HHO01-482 was measured at 5.6 pH. Compared to literature, these results were not
uncommon for bacterial MCOs, as they exhibit a broad variety of pH optima on
ABTS ranging between pH 2.5 and 7 (Chauhan et al. 2017). The pH optimum for
fungal MCOs on ABTS typically remains more in the acidic range between 2.0 and
5.5 pH (Baldrian 2006), being more restricted than their bacterial counterparts.

However, the range of pH over which Ips14138 still showed an activity above 40 %
was comparably wide with 2.8 pH points. This points to a variety of possible indus-

trial applications where it would still perform with a fairly high conversion rate.

494 Optimum temperature

Investigations of the MCQOs temperature optimum were carried out on ABTS be-
tween 15 and 75 °C. Results showed the highest activity for Ips24328 at 25 °C and
for HH01-482 at 27 °C. 1ps2204 and Ips14138 were most active at 45 °C and 60 °C,
respectively. The optimal temperature for fungal and most other laccase-like MCOs
is known to lie between 50 and 70 °C (Baldrian 2006; Christopher et al. 2014) while
there were bacterial laccases discovered with their highest activity on ABTS at 25
or up to 90 °C, the latter originating from most thermoduric bacteria like Thermus
thermophilus (Chauhan et al. 2017). In comparison, Ips24328 and HHO01-482 corre-
lated with the lowest end of the known range, being most suitable for applications in
the mesophilic scope. The maxima of Ips2204 (45 °C) and Ips14138 (60 °C) lay
more in the expected span of optimum temperatures for bacterial MCOs.
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All four enzymes exhibited above 90 % of their maximum activity over a range of
13-14 °C with their slopes declining slowly, indicating a wide variety of temperatures
they were still amply operational at.

4.9.5 Heat stability

Even though its optimum reaction temperature was measured at 45 °C, Ips2204
appeared to be the least heat stable MCO tested. lts enzyme activity fell below 10 %
after 30 s at 95 °C, 120 s at 80 °C and 120 min at 65 °C. Ips 24328 only performed
slightly better at 80 °C by declining more slowly but otherwise presenting nearly the
same pattern as Ips2204 at 95 and 65 °C.

The second most resistant enzyme turned out to be HH01-482. It showed the same
activity after 30 s at 95 °C as without thermal treatment, before falling below 20 %
after 30 more seconds. At 80 and 65 °C, HH01-482 even rose to approximately 130
and 125 %, respectively, and then declined similar to Ips2204 and Ips24328.
lps14138 not only demonstrated the highest optimum reaction temperature with
60 °C, but it additionally turned out to be the most heat stable MCO identified over
the course of this study. It also displayed a rise in activity after thermal treatment
even higher than HH01-482 and following incubation at all three temperatures.
Like HHO1-482, it still exhibited 20 % of its non-heat-treated activity after 60 s of
incubation at 95 °C. At the lower two temperatures however, Ips14138 performed
far better than the other enzymes. After 300 s at 80 °C, it still displayed the same
activity as without pre-incubation while its half-life was reached following about
420 s under these conditions. At 65 °C, Ips14138 still had 100 % of activity after
100 min of impact while it dropped to 50 % with approximately 170 min of incuba-
tion.

Previous research indicated a generally higher thermal stability for bacterial MCOs
compared to their counterparts from fungal origin (Christopher et al. 2014). In com-
parison to CueO and other MCOs from y-Proteobacteria, the heat stability of
HHO01-482 ranged on a similar level while Ips14138 performed significantly better. It
withstood high temperatures to a degree comparable to several MCOs from Bacillus
origin, which are known to frequently exhibit high heat resistance (Zeng et al. 2011;
Ihssen et al. 2015; Chauhan et al. 2017).
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Regarding thermal activation of Ips14138, there was an increase in activity to 160 %
at 95 °C, to 246 % at 80 °C and to 250 % at 65 °C, signifying a boost up to 2.5 times
the level of the untreated enzyme. In literature, there are also examples of thermal
activation in CotA-like MCOs known from Bacillus clausii by factor 2 (lhssen et al.
2015) and from Bacillus spec. by factor 4 (Mohammadian et al. 2010). As CotA —
the most prominent Bacillus MCO — exhibits a high resistance against heat due to
its function in spore coat formation (Enguita et al. 2003), the 2.5 fold heat activation
of Ips14138 appears to be rather high for an enterobacterial enzyme. Thermal acti-
vation in MCOs is not yet completely understood but presumably attributed to the
removal of inhibiting molecules from substrate binding regions or to conformational
changes of the protein due to rising temperature (Brander et al. 2014).

This characteristic of both lps14138 and HHO1-482 can potentially be used in future
biochemical applications by short-term boosting their activity to highly elevated lev-
els.

410 Conclusion

In summary, the gut of the wood-feeding beetle Ips typographus was an excellent
source for novel metagenomic enzymes, as previously expected. Probably due to
the insects specialized lifestyle and nutrition, there was only a limited number of
different microbial species uncovered and the identified laccase-like MCOs were all
enterobacterial in origin. Regardless of the high resemblance in protein structure,
there were still huge differences in storage, pH and temperature properties of the
three characterized enzymes. This shows, that even small deviations like the loop
pattern above the methionine-rich helix, can lead to completely different enzyme
characteristics.

All four characterized enzymes could be expressed and purified with remarkably
good amounts of protein while they were storable at -20 °C with 50 % glycerol over
one month without losing more than 20 % of their initial activity. 1ps2204 and
lps14138 were also performing comparably well at -20 °C with 25% glycerol, at 4 °C
and Ips2204 even at 22 °C. Although, there were no distinct anomalies in pH optima,
both 1ps24328 and HHO1-482 were most active at temperatures comparably low for
bacterial and fungal MCOs (Baldrian 2006; Christopher et al. 2014). This could rep-
resent an advantage for application in biochemical reactions only operating at colder
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temperatures. Also, all four enzymes displayed ample activity over a broad temper-
ature range, indicating the ability to be utilized under a variety of different conditions.
Initially, Ips14138 was thought to be less promising than other candidates due to its
close phylogenetic relation to CueO from E. coli. Surprisingly, after further investi-
gation it exhibited a superior heat stability and a strong thermal activation effect
unknown for CueO but commonly identified in MCOs from Bacillus origin (Zeng et
al. 2011; Chauhan et al. 2017). Combined with a high protein yield during expression
and an excellent storage stability, Ips14138 fulfilled essential requirements for in-

dustrial utilization making it an excellent candidate for continuing research.

411 Outlook

To further strengthen the results from this study, additional enzyme characterization
experiments should be performed in the future. Criteria like activity on different sub-
strates, the ability to modify lignin directly or in the presence of laccase mediators
as well as enzyme kinetics would be worthwhile research topics.

Transcriptome studies of the Ips typographus intestines would also be extremely
valuable to reveal which of the identified MCOs really were expressed in the beetle.
Moreover, the assembled metagenomic dataset can be used to mine for vast num-
bers of proteins with a variety of different functions in the future. Especially enzymes
associated with carbohydrate and other kinds of metabolism were shown to be ele-
vated in the bark beetle compared to metagenomic datasets of different intestinal
origins. There is still an enormous metabolic potential waiting to be discovered in

the Ips typographus metagenome.
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List of Abbreviations

List of Abbreviations

2dMCO
3dMCO
AA
ABTS
AO
APS
BLAST
BSA
CBM
CBS
CopA
CotA
CueO
CVv

D

FPLC
HF

IMG

LB

LCA
LccED
MCO
MCS
MNC
NCBI
NGS
ORF
OoTuU
PBS
PCR
PDB
SDM
SDS-PAGE
SF
SLAC
T

Ta
TEMED
Twm

TNC

two-domain multicopper oxidase
three-domain multicopper oxidase

Amino acid
2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
Ascorbate oxidase

Ammonium persulfate

Basic Local Alignment Search Tool

Bovine serum albumin

Copper binding motif

Copper binding site

Copper efflux P-type ATPase

Spore coat protein A

Copper efflux oxidase

Column volume

Domain

Fast protein liquid chromatography
Homologous family

Integrated Microbial Genomes database
Luria Bertani medium

Lowest common ancestor algorithm

Laccase and Multicopper Oxidase Engineering Database
Multicopper oxidase

Multiple cloning site

Mononuclear copper center

National Center for Biotechnology Infomation
Next generation sequencing

Open reading frame

Operational taxonomic unit

Phosphate buffered saline

Polymerase chain reaction

Protein data bank

Site-directed mutagenesis

Sodium dodecylsulfate polyacrylamide gel electrophoresis
Superfamily

Small laccase

Type

Annealing temperature
Tetramethylethylenediamine

Melting temperature

Trinuclear copper center
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Table 43: Raw data of Ips typographus 16S rRNA sequences

Class Genus Percentage [%] 2:;:12‘;::2;
Actinobacteria Propionibacterium 0,06 1
Bacilli Bacillus 1,56 26
Bacilli Planomicrobium 0,72 12
Bacilli Geobacillus 0,12 2
Bacilli Carnobacterium 0,06 1
a-Proteobacteria Phyllobacterium 1,50 25
a-Proteobacteria Ochrobactrum 0,12 2
a-Proteobacteria Paracoccus 0,06 1
y-Proteobacteria Morganella 57,11 952
y-Proteobacteria Enterobacter 22,20 370
y-Proteobacteria Serratia 5,64 94
y-Proteobacteria Escherichia 3,72 62
y-Proteobacteria Hafnia 2,88 48
y-Proteobacteria Raoultella 0,78 13
y-Proteobacteria Providencia 0,72 12
y-Proteobacteria Pantoea 0,54 9
y-Proteobacteria Leminorella 0,48 8
y-Proteobacteria Yersinia 0,48 8
y-Proteobacteria B38 0,42 7
y-Proteobacteria Rahnella 0,30 5
y-Proteobacteria Cedecea 0,24 4
y-Proteobacteria Cronobacter 0,06 1
y-Proteobacteria Erwinia 0,06 1
y-Proteobacteria Acinetobacter 0,06 1
y-Proteobacteria Enhydrobacter 0,06 1
y-Proteobacteria Pseudomonas 0,06 1
Total 100,00 1667

Table 44: Phylogenetic distribution of protein-coding genes from several metagenomic da-
tasets from the Integrated Microbial Genomes database (IMG) in percent.

3 o S @ )
0 = @ g’ = 2 3 E &
62 | 8¢ 22 S S 3 % T
SS | S5 | 8% 8 S g § | € £ g
5 | <8 | =8 = 9 < G e | <
Actinobacteria 12.73 10.89 7.61 16.36 7.08 9.39 12.74 8.77 2.90
Bacteroidetes 5.64 6.27 9.10 7.50 3.99 6.06 7.67 6.88 4.19
Cyanobacteria 2.40 2.73 1.76 2.37 2.28 2.41 2.65 2.34 3.24
Deinococcus- 0.55 3.25 0.45 0.58 0.73 0.57 0.77 0.56 0.11
Thermus
Firmicutes 22.85 27.58 39.31 32.71 17.98 29.37 26.60 31.65 59.58
Fusobacteria 0.60 0.90 1.13 0.76 0.41 0.88 0.70 1.02 1.34
Proteobacteria | 48.43 41.87 32.69 33.17 61.27 43.99 42.16 41.34 25.24
Spirochaetes 1.85 0.99 1.26 1.92 0.81 1.01 1.26 0.87 1.01
Tenericutes 1.05 0.66 1.40 1.08 0.41 1.76 1.51 1.48 0.67
Others 3.90 4.86 5.31 3.56 5.04 457 3.93 5.10 1.73
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Table 45: Functional distribution of protein-coding genes from several metagenomic datasets
according to the Kyoto Encyclopedia of Genes and Genomes (KEGG) in percent.

. \ o © , |
© o | S 2 kS 0 © S
S | &5 2 S/ 8|3 |5 |8 |3
$8/s58(5¢| 8 | &8 | £ | & |8 |E8
8| <& | 8| =2 %) < G | o2 | <
Amino acid metabolism | 15.72 | 14.17 | 11.41 | 11.36 | 11.66 | 12.29 | 12.01 | 11.60 | 8.57
Biosynthesis of other 166 | 164 | 098 | 1.68 | 123 | 1.35 | 1.75 | 1.28 | 0.90

secondary metabolites
Carbohydrate metabolism | 17.24 | 14.59 | 9.83 | 14.72 | 10.96 | 15.36 | 15.20 | 14.44 | 12.69

Cell growth and death 0.75 1.04 | 2.17 1.42 1.20 1.20 1.42 1.23 1.64
Cell motility 0.27 | 0.86 | 0.76 1.07 270 | 095 | 0.60 | 0.41 2.10
Energy metabolism 9.10 | 8.12 | 4.51 6.86 6.38 | 7.33 | 8.37 | 9.13 | 8.00
Folding, sorting and 234 | 255 | 4.51 4.23 285 | 292 | 3.24 | 3.94 | 3.02
degradation

Glycan biosynthesis 2.59 1.80 | 2.51 2.42 1.72 | 294 | 3.71 445 | 2.31
and metabolism

Lipid metabolism 514 | 478 | 3.12 3.68 459 | 3.59 | 3.68 | 3.51 2.91
Membrane transport 2.54 | 8.06 | 5.97 6.76 6.77 | 10.03 | 7.31 476 | 9.22

Metabolism of cofactors 8.86 6.35 3.98 5.12 5.65 7.33 6.60 7.25 5.82
and vitamins
Metabolism of other 488 | 4.21 2.06 3.68 3.73 | 3.68 | 3.27 | 275 | 2.89
amino acids
Metabolism of terpenoids 228 | 3.14 1.70 2.04 2.61 2.24 193 | 2.30 1.95
and polyketides
Nucleotide metabolism 7.25 5.99 4.66 7.78 4.68 7.16 7.65 8.64 | 10.25

Replication and repair 3.70 | 3.61 420 | 492 | 249 | 546 | 597 | 546 | 6.98
Signal transduction 3.61 | 367 | 529 | 392 | 761 | 3.63 | 3.40 | 3.03 | 3.83
Transcription 053 | 072 | 1.83 | 095 | 1.07 | 0.54 | 0.69 | 1.07 | 0.93
Translation 258 | 432 | 730 | 584 | 272 | 493 | 6.21 | 745 | 7.96

Transport and catabolism | 1.05 | 0.82 | 2.72 1.13 152 | 055 | 065 | 1.05 | 0.28

Xenobiotics biodegrada- | 3.73 | 5.01 1.45 242 | 414 | 290 | 205 | 220 | 1.70
tion and metabolism
Others 417 | 456 | 19.04 | 8.01 | 13.72 | 3.61 429 | 403 | 6.04

g g g
5 2 5 9 s 9
s 3 s 5 3 5 o
¢ 8 ¢ ¢ 8 g9 ¢ 8 %
= uwj = = W x= ) = Wi =
—_ f.li g /A Figure 51: Comparative enzyme activity of three
B\ A\ ZANSVA _A_ .~/ MCOs on ABTS, syringaldazine and guaiacol. This
60 % ( \f.\ Ve )/ image demonstrated the activity of decreasing relative en-
>. <> ¢ ¢\ /NN . < zyme concentrations of T. versicolor laccase (TVL;
40% ‘/'\ B\ i \, M ;’\ /-/ 2 2mg/ml), CueO from E. coli (0.6 mg/ml) and Ips1282 (crude
. >\> <\’._< ALY G/ // < cell extract) on ABTS, syringaldazine and guaiacol (cf.
20% '\\./'\ L\ ___ 276).The TVL showed the strongest activity on all three
10% /M < NN "/ substrates even considering the higher protein concentra-
9/@\ NN, N N /N /N o tion. CueO was highly active on ABTS, only weakly on sy-
W Ve Ve Vel Van Van Ve ringaldazine and exhibited no detectable activity on guaia-
\< 2 A AR TA T A A col under these test conditions. The least substrate turnover
Y \ Y \Y 4

was shown by Ips1282 which was only slightly active on
; ABTS and barely on syringaldazine. Despite differing pro-
blank S : : tein concentrations, the ABTS activity assay appeared the
most suitable for characterizing the kind of multicopper oxi-
I . . I : J dases identified during this study.
ABTS Syringaldazine Guaiacol
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CueO

Nucleotide sequence (1476 nt):

ATGGCAGAACGCCCAACGTTACCGATCCCTGATTTGCTCACGACCGATGCCCGTAATCGCATTCAGTTAACTA
TTGGCGCAGGCCAGTCCACCTTTGGCGGGAAAACTGCAACTACCTGGGGCTATAACGGCAATCTGCTGGGGCC
GGCGGTGAAATTACAGCGCGGCAAAGCGGTAACGGTTGATATCTACAACCAACTGACGGAAGAGACAACGTTG
CACTGGCACGGGCTGGAAGTACCGGGTGAAGTCGACGGCGGCCCGCAGGGAATTATTCCGCCAGGTGGCAAGC
GCTCGGTGACGTTGAACGTTGATCAACCTGCCGCTACCTGCTGGTTCCATCCGCATCAGCACGGCAAAACCGG
GCGACAGGTGGCGATGGGGCTGGCTGGGCTGGTGGTGATTGAAGATGACGAGATCCTGAAATTAATGCTGCCA
AAACAGTGGGGTATCGATGATGTTCCGGTGATCGTTCAGGATAAGAAATTTAGCGCCGACGGGCAGATTGATT
ATCAACTGGATGTGATGACCGCCGCCGTGGGCTGGTTTGGCGATACGTTGCTGACCAACGGTGCAATCTACCC
GCAACACGCTGCCCCGCGTGGTTGGCTGCGCCTGCGTTTGCTCAATGGCTGTAATGCCCGTTCGCTCAATTTC
GCCACCAGCGACAATCGCCCGCTGTATGTGATTGCCAGCGACGGTGGTCTGCTACCTGAACCAGTGAAGGTGA
GCGAACTGCCGGTGCTGATGGGCGAGCGTTTTGAAGTGCTGGTGGAGGTTAACGATAACAAACCCTTTGACCT
GGTGACGCTGCCGGTCAGCCAGATGGGGATGGCGATTGCGCCGTTTGATAAGCCTCATCCGGTAATGCGGATT
CAGCCGATTGCTATTAGTGCCTCCGGTGCTTTGCCAGACACATTAAGTAGCCTGCCTGCGTTACCTTCGCTGG
AAGGGCTGACGGTACGCAAGCTGCAACTCTCTATGGACCCGATGCTCGATATGATGGGGATGCAGATGCTAAT
GGAGAAATATGGCGATCAGGCGATGGCCGGGATGGATCACAGCCAGATGATGGGCCATATGGGGCACGGCAAT
ATGAATCATATGAACCACGGCGGGAAGTTCGATTTCCACCATGCCAACAAAATCAACGGTCAGGCGTTTGATA
TGAACAAGCCGATGTTTGCGGCGGCGAAAGGGCAATACGAACGTTGGGTTATCTCTGGCGTGGGCGACATGAT
GCTGCATCCGTTCCATATCCACGGCACGCAGTTCCGTATCTTGTCAGAAAATGGCAAACCGCCAGCGGCTCAT
CGCGCGGGCTGGAAAGATACCGTTAAGGTAGAAGGTAATGTCAGCGAAGTGCTGGTGAAGTTTAATCACGATG
CACCGAAAGAACATGCTTATATGGCGCACTGCCATCTGCTGGAGCATGAAGATACGGGGATGATGTTAGGGTT
TACGGTAGAGCTCTAG

Amino acid sequence (491 aa): 53.8 kDa (runs at ~55 kDa)

MAERPTLPIPDLLTTDARNRIQLTIGAGQSTFGGKTATTWGYNGNLLGPAVKLOQRGKAVTVDIYNQLTEETTL
HWHGLEVPGEVDGGPQGIIPPGGKRSVTLNVDQPAATCWEFHPHOHGKTGRQVAMGLAGLVVIEDDEILKLMLP
KOWGIDDVPVIVQDKKFSADGQIDYQLDVMTAAVGWEGDTLLTNGAIYPQHAAPRGWLRLRLLNGCNARSLNF
ATSDNRPLYVIASDGGLLPEPVKVSELPVLMGERFEVLVEVNDNKPEDLVTLPVSQMGMATIAPFDKPHPVMRI
QPIAISASGALPDTLSSLPALPSLEGLTVRKLQLSMDPMLDMMGMOMLMEKYGDQAMAGMDHSQMMGHMGHGN
MNHMNHGGKEDFHHANKINGQAFDMNKPMFAAAKGQYERWVISGVGDMMLHPFHIHGTQFRILSENGKPPAAH
RAGWKDTVKVEGNVSEVLVKENHDAPKEHAYMAHCHLLEHEDTGMMLGETVEL

HHO01-218

Nucleotide sequence (1194 nt):

ATGAATAGCGGGGTAAAAGAGTTCCACTTGGTTGCGGAGCCGGTGGTGCGCGAACTCGCGCCCGGGATGAAAG
CGAACCTGTGGGGCTACAACGGACAATCTCCAGGGCCGACCATCGAAGTGGTGGAAGGCGACCGTGTACGCAT
ATTCGTGACCAACAAACTGCCAGAGCACACAAGCGTGCATTGGCATGGTCAGCGACTGCCGAACGGCATGGAT
GGGGTCACGGGGCTTACTCAGCCAGGTATCGCGCCAGGTAAAACCTTTGTCTACGAGTTCGTTGCGAAGCGTC
CGGGTACGTTTATGTATCACCCGCATGCCGACGAAATGGCGCAGATGGCGATGGGTATGATGGGCTTTTGGGT
CACTCACCCGAAAGACCCGTCGCTGCACGCAGTGGACCGCGACTTCGTCTTCCTGCTGAACGCCTATGACGTA
GAGCCGGGAAGCTATACGCCGAAAATCAACACGATGCTGGACTTCAATCTGTGGACTTTCAATAGCCGGGTCT
TCCCAGGTATCGACTCGATGCCTGTGCGTCAAGGCGACAAGGTGCGCATCCGAGTTGGCAACCTAACGATGAC
GAATCACCCAATCCATTTGCATGGGCACGAGTTCTTCGTCACCGGCACCGATGGGGGGTGGACACCGCCAGCA
TCGCGCTGGCCCGAGGTCACTACCGACGTCGCGGTGGGGCAGATGCGCGCAGTTGAATTTGTCGCCACCGATT
TGGGCGACTGGGCCTTCCACTGTCACAAGTCCCATCACACCATGAACGCAATGGGGCACAACGTCCCGACGAT
GATTGGTGTCGACCATCGCGGTGTGGCCGAGAAGATTAACAAGATTGTGCCCGACTACATGGTCATGGGCGAC
AAAGGGGGATCGATGGGCGGAATGGAGATGCCGATTCCGGAGAACACCCTGCCGATGATGATGGGCGAAGGGC
CATTCGGCGGCGTTGAGATGGGCGGCATGTTTACCGTGTTGAAGGTTCGCAAGGACCAGAAACGCGGCGATTA
CACGGACCCCGCGTGGTACAAGCATCCCGCTGGGACCGTGGCGTACGAGTGGACCGGCGCGCTGCCGGAGCCT
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GAGCGGAGCACGAACGCAGGTGGCCAGTCTATGCCGGCAATGAATAAACCGAATGTCGAGATGACGGTTCGAA
AATCGTCGGGACATGGCGGACACTAA

Amino acid sequence (397 aa): 43.8 kDa

MNSGVKEFHLVAEPVVRELAPGMKANLWGYNGQOSPGPTIEVVEGDRVRIFVTNKLPEHTSVEWHGQRLPNGMD
GVIGLTQPGIAPGKTEVYEFVAKRPGTFMYHPHADEMAQMAMGMMGEWVTHPKDPSLHAVDRDEVELLNAYDV
EPGSYTPKINTMLDENLWTENSRVEFPGIDSMPVRQGDKVRIRVGNLTMTNHPTHLHGHEFEFVTGTDGGWTPPA
SRWPEVTTDVAVGOMRAVEFVATDLGDWAFHCHKSHHTMNAMGHNVPTMIGVDHRGVAEKINKIVPDYMVMGD
KGGSMGGMEMPIPENTLPMMMGEGPEFGGVEMGGMETVLKVRKDOKRGDY TDPAWYKHPAGTVAYEWTGALPEP
ERSTNAGGQSMPAMNKPNVEMTVRKSSGHGGH

HHO1-482

Nucleotide sequence (1392 nt):

ATGATTTCACGTAGAGACTTCTTCAAGGGCGCGGGCGCGGTCGCAGTCAGCGCGGCCGCCGTCAGCAAGGCCG
GCGCGGCCACGCTGCCGGAGGCGATGACCATGGATAACGCCGACACCCATGTGCCGCCGCTGCCGTCCAALCGG
CCGTCCGTTCAACCCGGTGGTCACGCTGAACGGTTGGTCGCTGCCGTGGCGGATGAATAACGGCGTCAAGGAA
TTCCACCTGATCGCCGAGCCGGTGGTGCGCGAAATGGCGCCTGGCATGAAGGCCAATCTGTGGGGCTACAACG
GCCAGTCGCCCGGCCCGACCATCGAGGTGGTGGAGGGTGACCGCGTGCGCATCTTCGTCACCAACAAGCTGCC
GGAGCACACCAGCGTGCACTGGCACGGCCAGCGCCTGCCGAACGGCATGGACGGCGTCACCGGCCTGACGCAG
CCCGGCATCGCTCCCGGCAAAACCTTCGTCTACGAGTTCGTCGCCAGGCGCCCCGGCACCTTCATGTACCACC
CGCATGCGGATGAGATGACGCAGATGGCGATGGGCATGATGGGCTTCTGGGTCACGCACCCCAAGGATCACAC
GCAGTTCGCGGTGGACCGCGACTTCGTGTTCCTGCTGAACGCCTACGACATCGACCCGGGCAGCTACACGLCG
AAGACCAACACCATGATGGACTTTAACCTGTGGACCTTCAACAGCCGCGTCTTCCCCGGCATCGATTCCATGC
CGGTGCGGCAGGGCGACAAGGTGCGCATCCGCGTCGGCAACCTGACGATGACCAATCATCCGATACATATCCA
CGGCCACGAGTTCTTCGTCACCGGCACCGATGGCGGCTGGACGCCGCCGGCATCGCGCTGGCCGGAAGTGACG
ACCGATATCGCCGTCGGCCAGATGCGGGCGATCGAATTCGTCGCCACCGATCCGGGCGACTGGGCCTTCCACT
GCCACAAATCGCACCACACGATGAACGCCATGGGCCACAACGTGCCGACCATGATAGGCGTGGACCATCGCGG
CATCGCCGAGAAGATCAACAAGATCGTGCCGGACTACATGACCATGGGCGACAAGGGCGGCGCCATGGGCGGC
ATGCAGATGGCGCTGCCGGAGAACACGCTGCCGATGATGTCGGGCGAAGGCCCGTTCGGCGGCGTGGACATGG
GCGGCATGTTCACGGTGGTCAAGGTGCGCAAGGAGCAGAAACGCGGCGACTACACGGACCCCGGCTGGTACAA
GCATCCACCGGGCACGCTGGCCTACGAGTGGACCGGCGCCTTGCCCGAGCCGGCGCGCAAGTACACGGCAGGT
GGCCAGTCCATGCCTGCGGTGAACCCGCCGAACGTGGAACTCACGGTGCGCAAACCAAGCGGCCATAGCGGCC
ACTAA

Amino acid sequence (463 aa): 50.9 kDa (runs at ~48 kDa)

MISRRDFFKGAGAVAVSAAAVSKAGAATLPEAMTMDNADTHVPPLPSNGRPENPVVTLNGWSLPWRMNNGVKE
FHLIAEPVVREMAPGMKANLWGYNGQSPGPTIEVVEGDRVRIFVINKLPEHTSVHWHGQRLPNGMDGVTGLTQ
PGIAPGKTFVYEFVARRPGTFMYHPHADEMTQOMAMGMMGEWVTHPKDHTQFAVDRDEVEFLLNAYDIDPGSYTP
KTNTMMDENLWTENSRVFPGIDSMPVRQGDKVRIRVGNLTMTNHP ITHIHGHEFFVTGTDGGWTPPASRWPEVT
TDIAVGOMRAIEFVATDPGDWAFHCHKSHHTMNAMGHNVPTMIGVDHRGIAEKINKIVPDYMTMGDKGGAMGG
MOMALPENTLPMMSGEGPFGGVDMGGMFTVVKVRKEQKRGDY TDPGWYKHPPGTLAYEWTGALPEPARKYTAG
GQSMPAVNPPNVELTVRKPSGHSGH

SM3532

Nucleotide sequence (1869 nt):

ATGTCGCATGATGATTTTCGTGGTCCACGCGGTGGACCGCTGCTGCCTTCGCGGCGGCGATTTGTCCAAGGCT
TGGCCTTGGGAGGCGCAGTCGCAGGATTAGGTTTCTGGCCCAAAGCCAGTTGGGCGCTCAAGGGGCCGGGACA
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ACCCAACGTACTATCGGGCACTGAGTTTGACCTGACCATTGGCGAGACGCCGATGAACTTCACCGGCAAGACC
CGCACCGCGATCACGGTCAACGGGTCCGTTCCGGCGCCGTTGCTGCGGTGGCGGGAAGGCACCACGGTCAACT
TGCGCGTCTCCAATGCATTGCCCGCTAACTCCATCCATGGCGCGGACACCTCCATCCATTGGCACGGCATCAT
TTTGCCGGCCAACATGGACGGCGTGCCGGGTCTGAGCTTTGACGGTATCGGACGTGGTGAGACCTACCACTAC
CGGTTCACCCTGCATCAGGGCGGAACCTACTGGTACCACAGCCACTCAGGGTTCCAGGAACAAGCCGGGCTCT
ATGGCCCGATCGTCATCGACCCATTGGAGCCGGAGCCCTTCAGTTTCGATCGCGACTACGTCGTGATGCTGAG
CGATTGGACAGACCTGGACCCGACGGCCCTGTTCGATCGTTTGAAGAAGATGCCGGGCCATGACAATTACTAC
AAGCGCACGGTCGGCGATTTTGCGCGCGATGTGAAGCGCAACGGCCTGTCGGCCACGTTGGAAGATCGCAAGA
TGTGGGGCGTGATGCGGATGACGCCCACGGACCTGTCCGACGTCAACGCCAACACCTACACCTACCTGATGAA
CGGCACGACCTCACTGGGCAACTGGACCGGTTTGTTCCGCAGTGGCGAGAAGGTGCGCCTGCGTTTCATCAAT
GGCTCTGCCATGACGTACTTCGATGTGCGTATTCCGGGGCTGAAGATGACCGTGGTGGCGGCAGATGGCTTGT
ATGTCCATCCGGTTTCCGTCGACGAGTTCCGCATCGCGGTAGCAGAAACCTTCGATGTGATCGTGGAGCCCTC
CGGGCAGGACGCATTCACCATCTTTGCCCAAGACTCCGGTCGCACCGGCTACATCAGCGGCACGCTCGCTGTG
CGCGAAGGATTACGCGCGCCCGTTCCGTCTGTGGATCCCCGGCCGCTGCTGACGATGGCAGACATGGGCATGG
ATCATGGGTCGATGGATATGTCTGGCGGCAGCAAGGGCATGGAAGGCGGCTGTGGTGCGGCCATGGGCATGCC
TGGCATGACCCCACCTGTCAGCGGTAACGCGACCTCGGCCCATGCAGGCCATGCGATGCCCGCCGCCGGCGAT
GGTGCCATGGCAGGCATGCAGCACGGGGGCATGCAATCACACCCTGCTAGCGAGACCAACAATCCCCTGTTGG
ACAACCAAGCCATGAGCGTGAGTTCGCGCTTGGATGATCCGGGCAATGGCCTGCGCGATAACGGCCGTCATGT
GCTGACGTATTCCATGCTCAAGAGCACCTTTGAAGACCCTGACGGACGCGACCCCGGTCGCGAGATCGAGCTG
CATCTGACCGGACACATGGAGAAATTCTCCTGGGGCTTCAACGGTCAGAAGTTTTCCGATGTCGAGCCGCTGC
GGCTGAACTACGGCGAGCGTATGCGCATCGTATTGGTTAACGACACGATGATGACCCATCCCATCCATTTGCA
CGGCATGTGGAGTGACGTGGAGGACGACAACGGCAACTTCATGGTGCGCAAGCACACGGTGGATATGCCGCCA
GGTAGCCGACGCACGTATCGCGTGCGTGCCGATGCGTTGGGCAGCTGGGCGTTCCATTGCCACCTGCTTTATC
ACATGGAAGCCGGAATGATGCGCACGGTGAGGGTCGACGAATGA

Amino acid sequence (622 aa): 68.2 kDa

MSHDDFRGPRGGPLLPSRRREFVQGLALGGAVAGLGEFWPKASWALKGPGOPNVLSGTEFDLTIGETPMNETGKT
RTAITVNGSVPAPLLRWREGTTVNLRVSNALPANSIHGADTSIHWHGIILPANMDGVPGLSFDGIGRGETYHY
RFTLHOGGTYWYHSHSGFQEQAGLYGPIVIDPLEPEPFSFDRDYVVMLSDWTDLDPTALFDRLKKMPGHDNYY
KRTVGDFARDVKRNGLSATLEDRKMWGVMRMTPTDLSDVNANTYTYLMNGTTSLGNWTGLFRSGEKVRLRFEIN
GSAMTYFDVRIPGLKMTVVAADGLYVHPVSVDEFRIAVAETFDVIVEPSGODAFTIFAQDSGRTGYISGTLAV
REGLRAPVPSVDPRPLLTMADMGMDHGSMDMSGGSKGMEGGCGAAMGMPGMTPPVSGNATSAHAGHAMPAAGD
GAMAGMQHGGMQSHPASETNNPLLDNQAMSVSSRLDDPGNGLRDNGRHVLTYSMLKSTFEDPDGRDPGREIEL
HLTGHMEKFSWGENGQKFSDVEPLRLNYGERMRIVLVNDTMMTHP THLHGMWSDVEDDNGNEMVRKHTVDMPP
GSRRTYRVRADALGSWAFHCHLLYHMEAGMMRTVRVDE

SM4696

Nucleotide sequence (1809 nt):

ATGAATACCCGCAATCTCCCCGGTCCGGGCGCTGTGCCCATGCCGTCGCGCCGCCTGTTCGTGCAGGGCCTGG
CCGCCGGTGGCGTGGTCGCCGGCATCGCCGCTGTCGGCGTGCCGCAACGCGCGCTCGCCGCCGCCACTGLCGC
CCCACGGCTGGCCGGTGCCCCCGCCGTGCTCAGCGATACCCGCATCGAACTGGCCATCGGCGAATCGCTGGCC
AATTTCACCGGCCGCACCCGCCCGGCGATCACCGTCAACGGCTCGTTGCCGGCCCCGATCCTGCGCTGGCGCG
AAGGCCAGACCGTGGACCTGTTCGTGCGCAACACGCTGGAACGCCACCCGACCTCCATCCACTGGCACGGCAT
CCTGCTGCCGGCCAACATGGACGGCGTGCCGGGCCTGAGCTTCAACGGCATCGGCCCCGGCGAAACCTACCAC
TACCACTTCCAGCTGAAGCAGTCGGGCACCTACTGGTACCACAGCCACTCGATGTTCCAGGAACAGGCCGGCC
TGTACGGCGCGCTGATCATCGACCCGGCCGAACCGGCGCCGTACCACCACGACCGCGAGCACGTGATCATGCT
GTCGGACTGGACCGACATGGATCCGGGCGCGCTGTTCCGGCGCATGAAGAAGCTGGCCGAGCACGACAACTAC
TACAAGCGCACCCTGCCCGACTTCCTGCGCGACGCGAAACGCGACGGTTGGTCCGCGGCGCTGTCCGACCGTG
GCATGTGGGGCCGGATGCGGATGACGCCCACCGATATCTCCGATATCAACGCGCATACCTACACCTACCTGAT
GAACGGCACCGCCCCGGCCGGCAACTGGACCGGCCTGTTCCGCAGTGGCGAAAAGGTGCTGCTGCGCTTCATC
AACGGCGGGTCGATGACCTACTTCGACGTGCGCATCCCCGGTTTGAAGATGACCGTGGTGGCCGCTGACGGCC
AGTACATCCACCCGGTCAGCATCGACGAATTCCGCATCGCTCCCGCCGAAACCTACGACGTGCTGGTCGAACC
CACCGGCCAGGATGCGTTCACCATTTTCTGCCAGGACATGGGTCGCACCGGCTACGCCGCCGGCACGCTGGCG
GTACGCTACGGGCTGCAGGCACCGATTCCCGCGCGCGACCCACGCCCGTTGCTGACGATGAGCGACATGGGGC
ACGACATGGGCGGTGGTGGCCACGGCGGCCACGACATGGCCGCGATGAAGAGCACGGAAGGTAGCTGCGGLGL
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CAGCATGGGCCACGGTGCGCACGGCGGCGGTGCCGCCAGCAAGGTACCGAAGCATCCGGCCAGCGAGCGCAAL
AACCCGCTGGTGGACATGCAGAGTTCGGCCACCGAGCCGAAGCTGGACGACCCTGGCATCGGCCTGCGCGACA
ACGGCCGCCAGGTGCTGACCTACGGCGCGATGCGCAGCCTGTTCGAAGACCCGGATGGCCGCGAGCCGAGCCG
CGAGATCGAGCTGCACCTGACCGGCCACATGGAGAAGTTCTCCTGGTCGTTCGATGGCGTCCCGTTCGCCAGC
GCCGAGCCGCTGCGGCTGAACTACGGCGAGCGCATGCGCATCGTGCTGGTCAACGACACCATGATGCAGCACC
CGATCCACCTGCACGGCGTGTGGAGCGATCTGGAAAACGCGCAAGGTGAGTTCCAGGTCCGCAAGCACACCAT
CGACATGCCGCCGGGTACCCGCCGCAGCTATCGCGTGCGCGCCGATGCACTCGGCCGCTGGGCCTACCACTGC
CATCTGCTGTACCACATGGAAGCGGGCATGATGCGCGAAGTGAGGATCGAAGAATGA

Amino acid sequence (602 aa): 66.3 kDa

MNTRNLPGPGAVPMPSRRLEVQGLAAGGVVAGIAAVGVPQRALAAATAAPRLAGAPAVLSDTRIELAIGESLA
NEFTGRTRPAITVNGSLPAPILRWREGQTVDLEVRNTLERHPTSTHWHGILLPANMDGVPGLSEFNGIGPGETYH
YHFQLKQSGTYWYHSHSMFQEQAGLYGALIIDPAEPAPYHHDREHVIMLSDWTDMDPGALFRRMKKLAEHDNY
YKRTLPDFLRDAKRDGWSAALSDRGMWGRMRMTPTDISDINAHTYTYLMNGTAPAGNWTGLEFRSGEKVLLRFET
NGGSMTYFDVRIPGLKMTVVAADGQYIHPVSIDEFRIAPAETYDVLVEPTGODAFTIFCODMGRTGYAAGTLA
VRYGLOQAPIPARDPRPLLTMSDMGHDMGGGGHGGHDMAAMKSTEGSCGASMGHGAHGGGAASKVPKHPASERN
NPLVDMQSSATEPKLDDPGIGLRDNGRQVLTYGAMRSLFEDPDGREPSREIELHLTGHMEKEFSWSEDGVPFAS
AEPLRLNYGERMRIVLVNDTMMOQHPTHLHGVWSDLENAQGEFQVRKHTIDMPPGTRRSYRVRADALGRWAYHC
HLLYHMEAGMMREVRIEE

NGR147

Nucleotide sequence (1401 nt):

ATGACGCCGTTGCTCAGCCGCCGCACTTTTCTCCAGGGCTCGGCCGCACTTGGCGGTGCCTTTGCGCTTGGCG
CCGGGCTCGCCGCACGCGCCGGGGCGGTTCCCGAAGCTCAGCTCCTCACGGCGCAGCTGGCAAAGGCGCAGAT
TGCCGCCGATGGTGTCACGCCCGTCATGACATACGGACTTGGCGACGCGGTCCATACCCACCTGCCGCCCGTC
CTGAGGATGCGCAAGGGCGAACCCTATGCGGCAAGGCTCGTCAACAGGCTCGACGAGCCGACGACGGTCCATT
GGCACGGCTTGCGGATCGCCAATGCGATGGACGGCGTGCCGGAGATGACCCAGGCTTACGTCTATCCCGGCGA
TCACTTCGACTACAGTTTCACCCCGCCGGACGCCGGCACGTTCTGGTACCATCCCCATTGCAACACGCTGACG
CAGATGGGCCATGGCCTGACCGGGGTGATCGTCGTCGAAAACCCGGCGGACCCGACGTTCGACGCGGAGATCG
TCCTCAATCTTCGTGACTGGCGGCTGGGCGCCGGGGGGAAATACATCGACCCCTTCAAGCCACGCGATGCCGC
GCGCGGCGGCACCTACGGGACCGTCAGAACGGCGAATTGGCAGCAGGAACCTGTCTATGACGCACCGGLCCGGC
GGGCTCGTTCGCGTCAGGATCGCCGCGACCGACGTGACGCGCATCTACACGATCGGCCTCGAGGGGGCCGAGG
CGAAGGTGGTCGCGCTCGACGGCAATCCGGTCGATCATCCGTTCCTGCTCGACCGGCTCGACATCGGGCCGGG
ACAGCGCGTCGATCTCATCATGCGCATGCCCGACAGCGAAGGGGCAGGCGCGACACTGGGCAACTTCCGCGGL
TCGAACCCGTGGACGATCGCGACGCTCAGGTCAGTCGGCCCTTCCCTAAAGCGGGACCTTGGCGACGTCGCCC
CCCTTCCGGCCAATCCGGTCGCTAGAGCCGACCTGTCGACGGCGCAGCGGATTCCCCTCGAACTCACGGCAAC
GGCCGAACACACGGCGGTACCATCGGTCTGCGGTTCGCTCGGTTACACCTTTTGGGCGCTCAACAAGGTTCCG
TGGCCGGGGGACACGCCCGACCCGATTGCACCGATCGAGGAACTGAAGCTCGGCAAAAGCTATGTGCTCGAGA
TCGCCAACCGCACCCCGCACGCGCACCCGATCCACCTGCATGGCTTGAGTTTCCGCATCCTGAGCTCGAACAA
GCGGAGCTTTCTGCCGCCACCGACCGACACGATCCTGCTTTTGCCTGACGAGCAGGCGGAGGTGGCGCTCGTT
GCCGACAATCTCGGCGACTGGGTGATCCACTGCCACATCATCGAACATCAAAAGACCGGAATGACCGGCTATT
TCAGAATTATCTGA

Amino acid sequence (466 aa): 50.3 kDa

MTPLLSRRTFLOGSAALGGAFALGAGLAARAGAVPEAQLLTAQLAKAQIAADGVTPVMTYGLGDAVHTHLPPV
LRMRKGEPYAARLVNRLDEPTTVHWHGLRIANAMDGVPEMTQAYVYPGDHEDYSEFTPPDAGTEWYHPHCNTLT
OMGHGLTGVIVVENPADPTFDAEIVLNLRDWRLGAGGKYIDPFKPRDAARGGTYGTVRTANWQQEPVYDAPAG
GLVRVRIAATDVTRIYTIGLEGAEAKVVALDGNPVDHPFLLDRLDIGPGQRVDLIMRMPDSEGAGATLGNEFRG
SNPWTIATLRSVGPSLKRDLGDVAPLPANPVARADLSTAQRIPLELTATAEHTAVPSVCGSLGYTFWALNKVP
WPGDTPDPIAPIEELKLGKSYVLEIANRTPHAHPTHLHGLSFRILSSNKRSFLPPPTDTILLLPDEQAEVALV
ADNLGDWVIHCHIIEHOKTGMTGYFRII
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NGR578

Nucleotide sequence (1350 nt):

ATGTTCAACAGAAGACAGTTGCTCGGCGCGAGCGCCGCATTGGTGTCGACCGCCGCCTGGGCGAAGACTTCCA
ACATGGGTCTGCCGGAGGCCGCCGTGATGGAGAAGGCGGAGACGCAGCCGCCGGTAAAGCCGACGTCCGGTCC
GGACTACAACCCTGTTGTTACCCTCAACGGCTGGACACTGCCCTACCGGATGAACAACGGCGTCAAGGAATTC
CACCTCGTCGCCGAACCGGTCGAGCGGGAAATGGCGGAGGGCATGACCGCCTATCTCTGGGGCTATAACGGCC
AGTCGCCGGGTCCGACCATCGAAGCGGTCGAAGGCGACCGGGTGCGCATCTTCGTCACGAACAAGCTGCCGGA
GCACACGACGATCCACTGGCACGGCATGATCCTTCCCTCCGGCATGGACGGCGTCGGCGGCCTGACGCAGCCG
CACATCCCGGTCGGCAAGACCTTCGTCTACGAGTTCGATCTCGTGAAGTCCGGCACCTTCATGTACCACCCGC
ATTCCGACGAGATGGTGCAGATGGCCATGGGAATGATGGGCTTCTTCGTCGTCCATCCGAAGGACCCGAAGTT
CATGTCGGTCGACCGCGATTTCGTCTTCCTGCTCAACGCCTACGACATCGACCCCGGCTCCTACGTGCCGAAG
GTCATGGAGATGACCGACTTCAACATGTGGTGCTGGAACAGCCGGGTGTTCCCGGACATCAGCCCGCTCGTCG
TGTCCAAGAACGACCGGGTGCGGGTCCGGGTCGGCAATCTCACGATGACCAACCACCCGATCCACATGCACGG
CTACGACTTCGAGGTCACCTGCACCGACGGCGGCTGGGTGCGGCCGGAGGCGCGCTGGCCGGAGGTCAGCATC
GACATTCCGGTCGGAGCGATGCGGGCCTATGAGTTCGACGCCAAATACGCCGGCGACTGGGCGATCCACTGCC
ATAAGTCGCACCACACCATGAACGCCATGGGACATGACATCCCGACCTTCATCGGCGTCGACAAGACGAAGGT
CGCCGAGAAGATCAAGAAGATCCGCCCGGAATACATGCCGATGGGCACCAAGGGCATGGCCGACATGGGCGAG
ATGGAGATGGAGATCCCCGAAAACACCATCCCGATGATGACCGGCTGGGGTCCGCACGGCCCGATCGAGATGG
GCGGCATGTTCTCGGTCGTCAAGGTGCGCGAAGGCATCTCGGCCGGCGATTACGCCGATCCCGGCTGGTACGA
AAACCCACCCGGTACCCAGGCCTGGGAGTGGACGGGCGAAGTTCCCGACGCGACCAAGTCCAAAGACGCCAAG
ACCCAGATCACGCCGAAACACTCAAGCCACGGCTGA

Amino acid sequence (449 aa): 50.2 kDa

MENRRQLLGASAALVSTAAWAKTSNMGLPEAAVMEKAETQPPVKPTSGPDYNPVVTLNGWTLPYRMNNGVKEF
HLVAEPVEREMAEGMTAYLWGYNGQSPGPTIEAVEGDRVRIFVTINKLPEHTTIHWHGMILPSGMDGVGGLTQP
HIPVGKTFVYEFDLVKSGTEFMYHPHSDEMVQOMAMGMMGFEFVVHPKDPKEMSVDRDEVEFLLNAYDIDPGSYVPK
VMEMTDFNMWCWNSRVEPDISPLVVSKNDRVRVRVGNLTMTNHPITHMHGYDFEVTCTDGGWVRPEARWPEVST
DIPVGAMRAYEFDAKYAGDWAIHCHKSHHTMNAMGHDIPTFIGVDKTKVAEKIKKIRPEYMPMGTKGMADMGE
MEMEIPENTIPMMTGWGPHGPIEMGGMEFSVVKVREGISAGDYADPGWYENPPGTQAWEWTGEVPDATKSKDAK
TQITPKHSSHG

NGR600

Nucleotide sequence (1491 nt):

ATGCCAGACTTCTCACGTCGTCAGTTTCTCACTTCCTGCGCCGCCGCCGGTATGGCTGTAGCCAGTCCGTCAT
TGCTGGTCCCCGCGCGCCACGCTTCCGCAACGCCGGCAACCTTGATCAGGGCCGGAACCAGGACGATAGAGGT
CAACGGCCGGGCCGCCACGGTGTACGGTCTGATGCAGGCTAACGGCACGCACGGGCTTATCGCGGAGGCAGGC
GGTCCGTTCCAAGTGCGGTTGGAAAACGGGCTCGACGAGGAGACGCTGATTCATTGGCACGGCCTTACCCCTC
CGTGGAAGCAAGACGGTGTTCCGAATGTCTCTCAGGCGCTGCTTTCCCCCGGCGGCGCGCACAACTACGACTT
CCTGCTGAACCGGGCCGGCACCAACTGGATGCACTCCCATCACGGTCTGCAGGAACAGCGCCTGCTGGCGGCG
CCGCTTGTCGTGCGCGGCCCTGCCGAAGCTCGCGAAGACGTGCAGGAAGTGGTCGTCCTCTTCCACGATTTCA
CGTTCCGCGATCCGGCTGAGGTGCTGGCCGGCCTGCAGGGTGTTGAACAGGTTGCCCAGGCACCGGCCGLGLC
GGACCATGCCGCAATGGGCCACGCAGCGATGGGTCATGGTGCTCCGGCGCCCGCCGCAGGCGGGCATTCCGGC
GGAAGGGGCGTGGCTGCGCCCGCAGGTGCGCACCTGAACGATGTCGAATACGACGCCTTCCTCGCCAATGACC
GTACGCTTGACGATCCCGAAATCTTCCGGGTGGAGCGCGGTGGGCGGGTGCGCCTGCGGCTGATCAACGGCGC
TGCTGCGACAAACTTCTGGATCGATCTTGGCGGGCTCGAGGGGCGCCTGATCGCGGTCGACGGAATGCCGGTC
GAGCCGGTCCGCGGACGGCGTTTCGAATTCGCCATCGCGCAACGCCTCGATATCGCGCTGGACCTGCCGAAGA
ACGAAGGCGCATGGCCGATCTTTGCCATCCGCGAGGGAGAGCGTGCGCGCACCGGTTTCATACTGGCCACCGL
CTCCGGTGCCGTAGAGCGCGTCGGCGGAGATGCAGACGAAGCCGCCGCCGCCGTAGGGCTCGCGCTTGAAGGA
AAATTACGGGCTGCGCAGCCGCTGGCGGGACGTCCGGCCGACCGCGAGCACACGGTCACCATCACCGAGGCAC
CCGGTTATGTCTGGATGCTGAACGGCAAGAGGCACGGTGAGGATGCGCCGCTCCCGGTGGCCGAGGGCGAGCG
CGTCGAGATCACCTTCCGTGACCACACCACGATGGCGCACCCGATGCATCTGCACGGCCATCACTTTCAGGTG
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GTTGCCATCAACGGCAAGCGGTTCCCGGGCGCGGTGCGCGACACCGTCCTCGTGCCGTCGCAGGGTAGCGTGA
CAATCGCTTTCGATGCGGTGAACCCAGGCAAGTGGGCGCTTCACTGCCACCACCTCTACCATATGAACGGAGG
AATGATGACGGCGGTCGAGTATCAAACCTAG

Amino acid sequence (496 aa): 53 kDa

MPDFSRRQFLTSCAAAGMAVASPSLLVPARHASATPATLIRAGTRTIEVNGRAATVYGLMOQANGTHGLIAEAG
GPFQVRLENGLDEETLIHWHGLTPPWKQDGVPNVSQALLSPGGAHNYDFLLNRAGTNWMHSHHGLOEQRLLAA
PLVVRGPAEAREDVQEVVVLFHDFTFRDPAEVLAGLQGVEQVAQAPAAPDHAAMGHAAMGHGAPAPAAGGHSG
GRGVAAPAGAHLNDVEYDAFLANDRTLDDPEIFRVERGGRVRLRLINGAAATNFWIDLGGLEGRLIAVDGMPV
EPVRGRRFEFATAQRLDIALDLPKNEGAWPIFATREGERARTGFILATASGAVERVGGDADEAAAAVGLALEG
KLRAAQPLAGRPADREHTVTITEAPGYVWMLNGKRHGEDAPLPVAEGERVEITFRDHTTMAHPMHLHGHHEQV
VAINGKRFPGAVRDTVLVPSQGSVTIAFDAVNPGKWALHCHHLYHMNGGMMTAVEYQT

NGR688

Nucleotide sequence (1350 nt):

ATGTTCAACAGAAGACAGATACTGGGAGCAGGAGCGGCGCTTGTGTCCTCGGCCGCCTGGGCGAAGACCTCCA
ACACGGGACTGCCCGAGGCTGCGGTGATGGAGACTGCGGAGACGCAGCCGCCGCTCAAGCCGACCTATGGCCC
GGACTATAACCCCGTCGTCACGCTCAACGGCTGGACGCTGCCCCACCGGATGAACAACGGCGTCAAGGAATTC
CACCTCGTCGCCGAGCCGGTCGAGCGCGAGATGGCGGAAGGCATGACCGCCTATCTCTGGGGCTACAACGGCC
AGTCGCCGGGACCGACGATCGAGGCCGTCGAGGGCGACCGGGTGCGCATCTTCGTCACCAACAAGCTGCCCGA
GCACACGACCATCCACTGGCACGGCATGATCCTGCCGTCCGGCATGGACGGCGTCGGCGGCCTGACGCAGCCG
CACATCCCGGTCGGCAAGACCTTCGTCTACGAGTTCGACCTCGTGAAGTCGGGCACCTTCATGTACCACCCGC
ACTCCGACGAGATGGTGCAGATGGCGATGGGGATGATGGGAATGTTCATCATCCATCCCAAGGACCCGAAGTT
CATGCCGGTCGACCGGGACTTCGTCTTCCTGCTCAACGCCTACGACATCGATCCCGGCTCCTACGTCCCGAAG
ATCATGGAGATGACCGACTTCAACATGTGGTGCTGGAACAGCCGCGTGTTTCCCGACATCAGCCCGCTGGTGG
TTTCGAAGAACGACCGGGTGCGCGTCCGGGTCGGCAACCTGACCATGACCAACCATCCGATCCACATGCATGG
CTATGACTTCGAGGTCACCTGCACCGATGGCGGTTGGGTCCGGCCGGAGGCCCGCTGGCCAGAGGTCAGCATC
GACATCCCGGTCGGGGCGATGCGGGCCTACGAGTTCGACGCCAAGTACGTCGGCGACTGGGCGATCCACTGCC
ACAAGTCGCACCACACGATGAACGCCATGGGACACGACATCCCGACCTTCATCGGCGTCGACAAGAAGACGGT
CGCCGAGAAGATCAAAAAGCTTCGCCCGGAATACATGCCGATGGGGACCAAAGGCATGGCCGACATGGGCGAA
ATGGAAATGGAAATCCCAGAGAACACCGTGCCGATGATGACCGGCTGGGGACCGCACGGCCCGATCGAAATGG
GCGGCATGTTCTCGGTCGTCAAGGTTCGCGAAGGCATCTCGGCCGGCGATTACGCCGATCCCGGCTGGTACGA
AAACCCACCCGGAACCCAGGCCTGGGAGTGGACGGGCGAGCTCCCCGACGCAACCAAGGCCAAAGACGCCAAG
ACCCAGATCACGCCGAAACATGGAAATCACGGCTGA

Amino acid sequence (449 aa): 50.2 kDa

MENRRQILGAGAALVSSAAWAKTSNTGLPEAAVMETAETQPPLKPTYGPDYNPVVTLNGWTLPHRMNNGVKEF
HLVAEPVEREMAEGMTAYLWGYNGQSPGPTIEAVEGDRVRIFVTINKLPEHTTIHWHGMILPSGMDGVGGLTQP
HIPVGKTFVYEFDLVKSGTEFMYHPHSDEMVQOMAMGMMGMFEFITIHPKDPKEMPVDRDEVEFLLNAYDIDPGSYVPK
IMEMTDEFNMWCWNSRVEPDISPLVVSKNDRVRVRVGNLTMTNHP THMHGYDFEVTCTDGGWVRPEARWPEVST
DIPVGAMRAYEFDAKYVGDWAIHCHKSHHTMNAMGHDIPTFIGVDKKTVAEKIKKLRPEYMPMGTKGMADMGE
MEMEIPENTVPMMTGWGPHGPIEMGGMEFSVVKVREGISAGDYADPGWYENPPGTOQAWEWTGELPDATKAKDAK
TQITPKHGNHG
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Ips1282

Nucleotide sequence (1665 nt):

ATGTTACGTCGCGATTTTTTGAAATTAAGTGCTATCACATATGCTGCAAGTGCGCTGCCTATTTGGAGCCGCA
TCGCGGTAGCCGCTGAAAACTATCCCACATTGGCTATCCCGCCGCTATTAGAGCCTGATGCGCAAGGCAACAT
TCAATTGGCGATTAAGCAAGGCACATCCCAATTTGTTCCCGGTAAAAAAACCACCACGTGGGGATATAACGGT
GATTTACTCGGCCCTGCGATTAGCTTAAAAAATGGCCAGAGTGTTAATGTCAATATTGTGAATCAGTTGGCAG
AAGATACCACCGTTCACTGGCATGGCTTAGAAATTTCAGGCGAACAGGATGGCGGGCCACAGGCAATTATTCA
ACCTGGTGCAACACGCAAAGTCAATTTTACCATTGATCAAAGTGAAGCAACCTGTTGGTTCCACCCTCATACT
CATGGAAAAACCGGCTACCAAGTCGCTATGGGGCTGGCGGGGTTAGTCCTGATTAAAGATGAAAATAGCGAAA
AACACGGTTTGCCAAGTCATTGGGGGGTTGATGATATCCCTGTAATTTTACAAGATAAGCGTTTGAAAGATGA
CGGGCAAATCGATTATCAATTAGATGTAATGAGTGCTGCGGTAGGCTGGTTTGGTGATTTCATGCTGACTAAC
GGCGCGGTTTACCCGAAACATGTTGCGCCAAAAGGTTGGATCCGCTTGCGATTACTCAATGGTTGTAACGCAC
GTAGTTTGAATATTTCAACCAGCGATGGTCGTAAAATGTACGTTGTTGCCAGTGATGGCGGCTTACTTGCTGA
ACCGGTTGCATTGACTGAATTACCGATTTTAATGGGTGAGCGTTTTGAGGTATTAATTGATGCTTCAGATGGT
CATGCGTTTGATTTAGTCACTTTACCTGTAGGGCAAATGGGGATGACTATCGCACCATTTGACCAGCCTCTGC
CTGTTTTACGTATCGAAACCACATTAACAAATGGCGAAGGAAAATTACCTTCAACTCTTGCTGCAATCTCTGC
AATCCCCTCTTTAGCAGGGTTAAATCGCCGTCGTTTCCATTTGATGATGGATATGCGTTTAGATATGCAAGGC
ATGATGATGTTACGTGAAAAATATGGCGCACAAGCGATGGGGAACATGGGTGGTCATGGCGCGATGATGGGTA
ATATGGATCATGGCGCCATGATGAACAGTGGAACCATGGATCATGGGAATATGAGCCAAGGCAAAATGAACCA
CGGTAACATGAGTGGCGGCAATATGCGTGGTGGCATGGGTAATGGCGGGCACTGCGGTACTGGTGCTGGTGAT
TTAGATATTCATAACGCCAATACTATCAACGGGCAAGTGTTTTCAATGACGCATCCAGCGTTTGATGCGCCAA
TGAACCGCCAAGAAATTTGGGTGGTTTCAGGGCGTGGAGACATGATGTTACACCCATTCCACGTACACGGAAC
TCGCTTTCGTATTTTAAAAGAAAATGGCCAAGCCGTTGAGCCGCATCGCCAAGGCTGGAAAGATATTGTCAAA
GTTGAAGGGCAGGTGAGCGAAATTTTAGTGGAATTTAAACACCCTGCGACGAAAGAACACCCCTATATGGCGC
ATTGCCATTTATTAGAACACGAAGACACAGGAATGATGCTCGGCTTTACAGTGAGTTAA

Amino acid sequence (554 aa): 60.3 kDa (runs at ~65 kDa)

MLRRDFLKLSAITYAASALPIWSRIAVAAENYPTLAIPPLLEPDAQGNIQLATIKQGTSQEFVPGKKTTTWGYNG
DLLGPAISLKNGQSVNVNIVNQLAEDTTVHWHGLEISGEQDGGPQAITIQPGATRKVNEFTIDQSEATCWEFHPHT
HGKTGYQVAMGLAGLVLIKDENSEKHGLPSHWGVDDIPVILQDKRLKDDGQIDYQLDVMSAAVGWEGDEFMLTN
GAVYPKHVAPKGWIRLRLLNGCNARSLNISTSDGRKMYVVASDGGLLAEPVALTELPILMGERFEVLIDASDG
HAFDLVTLPVGOMGMTIAPFDQPLPVLRIETTLTNGEGKLPSTLAAISATPSLAGLNRRRFHLMMDMRLDMQG
MMMLREKYGAQAMGNMGGHGAMMGNMDHGAMMNSGTMDHGNMSQGKMNHGNMSGGNMRGGMGNGGHCGTGAGD
LDIHNANTINGQVESMTHPAFDAPMNRQEIWVVSGRGDMMLHPFHVHGTRFRILKENGQAVEPHRQGWKDIVK
VEGQVSEILVEFKHPATKEHPYMAHCHLLEHEDTGMMLGFETVS

Optimized nucleotide sequence for expression in E. colr

GCTAGCATGTTACGCCGTGACTTCCTTAAACTGTCGGCGATTACCTATGCTGCCAGCGCCTTGCCCATTTGGT
CGCGCATCGCTGTTGCAGCGGAAAACTACCCGACATTAGCGATTCCGCCACTGCTGGAGCCGGATGCGCAAGG
GAACATTCAGCTGGCAATCAAACAGGGCACCAGTCAGTTTGTTCCGGGGAAGAAAACCACTACGTGGGGCTAT
AATGGCGATTTGTTGGGCCCTGCCATCTCCCTGAAGAATGGACAGTCTGTAAACGTGAACATTGTAAACCAAC
TGGCAGAGGATACCACCGTGCATTGGCACGGACTCGAGATCAGTGGCGAACAAGATGGCGGCCCTCAAGCCAT
CATTCAGCCAGGAGCCACCCGTAAAGTGAACTTCACCATTGATCAGAGCGAAGCAACGTGCTGGTTTCATCCC
CATACTCATGGTAAAACGGGTTATCAGGTTGCCATGGGTCTGGCGGGCCTTGTGTTGATCAAAGATGAAAACT
CAGAGAAACACGGCCTGCCAAGTCATTGGGGCGTGGATGACATTCCGGTCATCCTGCAGGACAAACGCCTGAA
AGATGATGGTCAAATTGACTACCAGTTAGATGTCATGTCCGCTGCAGTGGGCTGGTTTGGCGACTTCATGCTG
ACTAACGGTGCGGTCTATCCGAAACATGTGGCACCGAAAGGCTGGATTCGGTTACGCCTCCTGAACGGTTGCA
ATGCGCGCAGCTTGAACATCAGCACCTCAGATGGGCGGAAAATGTACGTAGTTGCTTCGGATGGCGGGTTACT
GGCAGAACCAGTGGCCCTTACCGAACTGCCGATTCTGATGGGAGAACGCTTCGAAGTGCTCATTGATGCATCT
GACGGTCATGCCTTTGACCTGGTTACACTGCCTGTAGGTCAGATGGGCATGACGATTGCACCGTTCGATCAGC
CGTTACCGGTGCTGCGCATTGAAACCACTCTGACCAATGGCGAAGGTAAACTGCCCTCTACACTTGCGGCCAT
TTCTGCGATTCCGTCACTGGCTGGCCTGAACCGTCGTCGCTTTCACCTGATGATGGATATGCGCTTAGACATG
CAGGGTATGATGATGCTGCGTGAAAAGTACGGTGCGCAAGCTATGGGCAATATGGGCGGTCATGGAGCCATGA
TGGGGAATATGGATCATGGGGCGATGATGAATAGTGGCACGATGGACCACGGGAACATGAGCCAGGGTAAAAT
GAATCACGGCAACATGTCCGGCGGCAATATGCGCGGTGGTATGGGTAATGGTGGGCATTGTGGTACAGGCGCC
GGTGATCTCGACATCCACAATGCGAACACGATCAATGGCCAAGTCTTTAGCATGACGCACCCTGCCTTTGATG
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CGCCCATGAACCGTCAGGAAATCTGGGTTGTATCCGGGCGTGGGGACATGATGCTGCATCCGTTTCATGTTCA
CGGTACTCGCTTTCGTATCTTGAAGGAAAATGGTCAAGCGGTCGAACCGCATCGCCAGGGATGGAAGGACATC
GTGAAAGTCGAAGGACAGGTTTCGGAGATTCTGGTCGAGTTCAAACATCCAGCGACCAAAGAGCACCCGTATA
TGGCTCACTGTCACCTCCTGGAACATGAAGATACGGGTATGATGCTTGGCTTCACCGTGAGCGAGCTC

Ips2204

Nucleotide sequence (1629 nt):

ATGCAACGTCGTGATTTTATTAAATTGAGTGCCGCGATGGGCGCTGCCAGTGCACTGCCATTATGGAGTCGTT
CGCTGATGGCGGAGCAGGTGCGTCTGGAGCTTCCCGTTCCGGCGTTATTAACGGCGGATCCGCGCGGGATAAT
CAATATTGCCGTGCAGCAGGGACAGACTCAATGGATGGGAAAATCCGTTACCACTTGGGGTTATAACGGTAAT
TTGCTGGGGCCGGCGATTCAACTGGATCGCGGTAAACCGGTGACGCTGAATCTGCATAACACATTGCCGGAAG
CGACCACTATTCACTGGCACGGTCTCGCCCTGCCCGGTGAGGTAGACGGTGGTCCGCAGGCAGTGATTGCGCC
AGGAGCCTTCCGCCGTGTCAGCTTTACGCCTGATCAACCCGGCGCGACTTGCTGGTTCCATCCCCATCAGCAT
GGCCGCACCGGTTATCAGGTGGCACAGGGATTGGCCGGGCTGGTTATCCTGAAAGATGATGCGGGCGAGAAAT
TACTGTTGCCTAAAATCTGGGGGGTGGATGATATCCCGGTTATCCTGCAGGATAAACGGCTGAGTACTGATGG
CAGTAAGATTGATTATGCGCTGGATATGATGAGTGCGACGGTGGGGTGGTTTGGCAATACCATGCTGACTAAC
GGGGTGATTTATCCGCTGCAAGCGGTGCCGCGGGGTTGGTTACGCCTGCGTCTGCTGAATGGTTGTAATGCCC
GATCGCTGAATCTGACCACCAGTGACCAGCGTCCTCTGTATGTGATCGGCAGTGATGGCGGGCTGCTGGCGGA
ACCGGTGAAGCTGACTGAACTGTCGATGATGCCAGGCGAACGCTTTGAAGTGTTGGTAGATACCCACGATGGC
AAAACCTTTGACCTGCAGACGCTGCCAGTTCGGCAGGCGGGCATGACGTTAGCGCCGTTTGACCAGCCGTTGC
CGCTGCTAACTATTCAGCCGTTGCAGATCCTCGCCAGTGGGTCTCTGCCTGATAAGCTGGTGGATATGCCAGC
ATTGCCAGCACACGATGGGGTTAAAGAGCGTTGGTTGCAACTCATGATGGATACCGAACTTGACGATCGCGGT
ATGCAGGCTCTGATGGAAAAATATGGTCGGTCAGCGCTGGCGGGGAGCCGCCACGATGCACATAACACTGACG
GTGATATGTCATCGGCGGTTGGCAAGGGAATGGATCATGACGCGATGGCGGGCATGGCTAACGGTTCCATGCC
CGGTATGGCACACAATCTGCCCGCTCAGAAACCATATGATTTCCATCATGGCAATAAAATTAATGGGGTTGCC
TTTGATATGAACACACCTTCGTTCGACGTGAAACAAGGTGCGCTTGAGAAGTGGACCATTTCTGGCGAGGGTG
ACGGCATGCTACATCCGTTCCATATTCACGGCGCTCAGTTTCGTATCCTTTCCGAAAATGGTAAACCCGCCGC
TGCCCATCGCAGTGGCTGGAAAGACATGGTTCGGGTCGAGGGCTGGCGTAGCGAGGTGCTGGTACGTTTTAAT
CATCTTGCGACCAAAGACCAGGCCTATATGGCTCACTGCCATCTGCTCGAGCATGAGGATACCGGGATGATGC
TGGGGTTCACGGTGAGCGCTTGA

Amino acid sequence (542 aa): 59.2 kDa (runs at ~60 kDa)

MORRDFIKLSAAMGAASALPLWSRSLMAEQVRLELPVPALLTADPRGIINIAVQQOGOQTOQWMGKSVTTWGYNGN
LLGPAIQLDRGKPVTLNLHNTLPEATTIHWHGLALPGEVDGGPQAVIAPGAFRRVSEFTPDOQPGATCWFHPHQH
GRTGYQVAQGLAGLVILKDDAGEKLLLPKIWGVDDIPVILODKRLSTDGSKIDYALDMMSATVGWEGNTMLTN
GVIYPLOQAVPRGWLRLRLLNGCNARSLNLTTSDQRPLYVIGSDGGLLAEPVKLTELSMMPGERFEVLVDTHDG
KTFDLOTLPVROAGMTLAPFDQPLPLLTIQPLOILASGSLPDKLVDMPALPAHDGVKERWLOQLMMDTELDDRG
MOALMEKYGRSALAGSRHDAHNTDGDMS SAVGKGMDHDAMAGMANGSMPGMAHNLPAQKPYDFHHGNKINGVA
FDMNTPSFDVKQGALEKWTISGEGDGMLHPFHIHGAQFRILSENGKPAAAHRSGWKDMVRVEGWRSEVLVREN
HLATKDQAYMAHCHLLEHEDTGMMLGETVSA

Optimized nucleotide sequence for expression in E. colr:

GCTAGCATGCAACGTCGCGATTTCATCAAGCTGAGCGCAGCGATGGGTGCGGCCTCGGCCCTGCCTCTGTGGT
CACGTAGCCTTATGGCAGAACAAGTGCGTCTGGAGCTGCCCGTACCGGCGTTACTGACGGCAGATCCGCGTGG
CATCATTAACATTGCCGTGCAGCAAGGCCAAACCCAGTGGATGGGCAAATCCGTGACTACGTGGGGATACAAC
GGTAATCTCTTAGGCCCGGCAATTCAGCTGGATCGCGGCAAACCGGTGACGTTGAATTTGCACAATACCCTGC
CGGAAGCGACAACCATTCATTGGCATGGCTTAGCGTTACCGGGCGAAGTAGATGGTGGTCCACAAGCTGTGAT
CGCCCCAGGAGCTTTTCGTCGGGTAAGTTTTACGCCGGATCAGCCTGGTGCTACATGCTGGTTTCATCCGCAT
CAGCATGGTCGCACTGGTTACCAGGTTGCGCAAGGTCTGGCGGGACTGGTGATCTTAAAAGATGACGCAGGCG
AGAAACTGCTGCTTCCGAAAATCTGGGGAGTTGACGATATTCCCGTCATTCTGCAGGATAAACGCCTGTCCAC
CGATGGCAGCAAAATCGATTATGCGCTGGACATGATGTCAGCCACTGTCGGTTGGTTTGGCAACACCATGTTG
ACCAACGGCGTCATTTATCCACTCCAAGCTGTTCCACGTGGGTGGTTACGCCTCCGCTTGCTTAATGGGTGCA
ATGCTCGTAGCCTGAATCTCACCACATCGGATCAGCGCCCGCTGTATGTGATTGGTAGCGATGGTGGGTTGCT
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GGCTGAGCCGGTAAAGCTGACCGAACTGTCCATGATGCCAGGGGAACGCTTTGAAGTTCTCGTTGACACCCAC
GATGGCAAAACCTTCGACCTTCAGACGCTGCCTGTTCGCCAAGCCGGAATGACGCTTGCCCCGTTTGATCAGC
CATTACCGCTGCTGACCATCCAGCCTTTGCAGATTCTGGCCTCCGGCAGTCTGCCGGACAAACTGGTGGACAT
GCCAGCGTTACCGGCTCACGACGGTGTCAAAGAACGTTGGCTTCAGTTGATGATGGACACGGAACTGGATGAC
CGCGGTATGCAGGCCCTGATGGAGAAGTATGGCCGTAGTGCGCTGGCGGGTAGTCGCCATGATGCGCACAACA
CAGATGGCGATATGTCGTCTGCAGTCGGTAAAGGCATGGACCACGATGCAATGGCCGGTATGGCCAATGGCTC
TATGCCGGGGATGGCCCACAATCTGCCCGCGCAGAAACCGTACGATTTCCATCACGGAAACAAGATCAACGGC
GTTGCGTTCGACATGAACACTCCGAGCTTTGACGTCAAACAAGGCGCACTGGAGAAATGGACTATTTCTGGCG
AAGGGGATGGGATGTTGCATCCTTTCCACATTCATGGTGCGCAGTTTCGCATTCTGAGCGAAAACGGTAAACC
CGCAGCTGCGCATCGGTCAGGGTGGAAGGACATGGTGCGTGTGGAAGGCTGGCGCTCGGAAGTGCTGGTTCGC
TTCAACCATCTTGCCACGAAAGATCAGGCGTATATGGCACATTGTCATCTCCTGGAACACGAGGATACCGGTA
TGATGCTCGGCTTTACCGTATCTGCGGAGCTC

Ips14138

Nucleotide sequence (1575 nt):

ATGCATCGTCGTGATTTTCTGAAATATTCTGCTGCTTTTGGCGCATTCAGCGCGCTGCCGCTCTGGAGCCGTA
CGGCATTGGCTGCGGAACGCCCTATTTTGCCTGTCCCTGAATTACTTGCACCCGATGCCAGAAACAGCATCCG
TCTTACGGCCCAGGCCGGGAAAACCGTCTTCGGCGGCAAAACTGCGACAACCTGGGGCTATAACGGCAACTTG
TTAGGGCCAGCGCTGCGCCTGACCCAGGGTGAAAGCGTTACCGTAGATATTCATAATAGCCTGGCTGAAGAAA
CAACGGTGCACTGGCATGGTCTGGAAGTGCCGGGCGACGTCGACGGCGGCCCGCAGGGTGTGATTGCCGCCGG
GGGCAAGCGCACCGTCAAATTCACGCCTCAGCAGCGTGCCGCAACCTGCTGGTTCCATCCCCATCAGCACGGT
AAAACCGGACATCAGGTGGCAATGGGGCTCGCGGGGCTGGTGCTGATCGAAGACAGCGAAAGCCGCAGGCTGA
TGCTGCCGAAGCAGTGGGGCATCGACGATATCCCGCTCATCATTCAGGACAAGCGTTTTGGCGCCGACGGCGA
GATTGATTACAAGCTGGACGTGATGAGCGCCGCCGTTGGCTGGTTTGGCGACACGCTGCTGTGCAACGGTGTT
AATTACCCGCAGCATTCCAATCCTCGCGGCTGGCTGCGTTTACGCCTGCTTAACGGCTGTAACGCCCGTTCAT
TGAATATTGCGGCAAGCGACAATCGCCCTCTGTATGTTATCGCCAGCGACGGCGGCCTGCTGGCCGAACCGGT
GAAAGTCACGGAGCTGCCGCTGGTGATGGGTGAGCGCTTTGAAGTGCTGGTGGACACCAGCGACGGTAAGCCG
TTTGATATCGTGACCCTGCCGGTGAAGCAAATGGGTATGACCGTTGCGCCGTTCGACCAGCCGCAGCCCATCG
CGCGTATTCAGCCGGTGCGTATTGCTGCTTCTGGCGAGCTGCCGGATAAGCTGGTGGAGGTTCCCGCTCTGCC
AGCGCTCGAGGGCGTGACCGAACGCTGGTTACAGCTGATGATGGACCCCATGCTCGACATGATGGGCATGCAG
GCGCTGATGGAGAAATACGGCGAGAAAGCGATGGCGGGCATGAGCATGGCCGGCCACGGTAGTATGGGCGGCA
TGAAGCAGGGCGGTATGGATCACGGCAAGATGAATCATGGTCAGATGGGCCAGGGTTTCGACTTCCACAATGC
CAACAAGATCAACGGCAAGGCCTTTGATATGGCCACCCCGGCGTTCGCCGCGCAGAAGGGTAAATACGAGAAA
TGGACCATTTCCGGGGAAGGGGACATGATGCTGCATCCGTTCCACATCCACGGCACGCAGTTCCGCATTCTGA
GCGAGAACGGTCAGCCGGTTGCTGCCCATCGTCAGGGCTGGAAAGATACGGTTCGTGTGGAAGGGGCGCGGAG
CGAGGTGTTAGTACGCTTCGATCACGAAGCCTCGAAAGAACATGCCTATATGGCCCACTGTCATCTGCTGGAG
CATGAAGACACCGGCATGATGCTTGGCTTCACCGTGGCATAA

Amino acid sequence (524 aa): 57.3 kDa (runs at ~62 kDa)

MHRRDFLKYSAAFGAFSALPLWSRTALAAERPILPVPELLAPDARNSIRLTAQAGKTVEGGKTATTWGYNGNL
LGPALRLTQGESVTVDIHNSLAEETTVHWHGLEVPGDVDGGPQGVIAAGGKRTVKEFTPQORAATCWFHPHQHG
KTGHQVAMGLAGLVLIEDSESRRLMLPKQWGIDDIPLIIQDKRFGADGEIDYKLDVMSAAVGWEFGDTLLCNGV
NYPOHSNPRGWLRLRLLNGCNARSLNIAASDNRPLYVIASDGGLLAEPVKVTELPLVMGERFEVLVDTSDGKP
FDIVTLPVKOMGMTVAPFDQPQPIARIQPVRIAASGELPDKLVEVPALPALEGVTERWLQLMMDPMLDMMGMQ
ALMEKYGEKAMAGMSMAGHGSMGGMKQGGMDHGKMNHGOMGOQGFDFHNANKINGKAFDMATPAFAAQKGKYEK
WTISGEGDMMLHPFHIHGTQFRILSENGQPVAAHRQGWKDTVRVEGARSEVLVRFDHEASKEHAYMAHCHLLE
HEDTGMMLGFTVA
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Ips21622

Nucleotide sequence (1608 nt):

ATGCAACGACGCGATTTTTTGAAATATAGCGCATTCTTAGGTGCTGCCACGATGCTGCCGGCATGGAGCCGGT
TTGCCTTTGCGGCGCAGGAACGTCCGGCACTCGGTATTCCGCCGCTGTTAACGGCGGATAATGCACAAAAAAT
CACCCTGAATATTCAGCAGGGGCAAATGGTGTTTATTCCGGGAAAAACCACCCAAACCTGGGGATATAACGGT
GACCTGCTGGGCCCGGCGCTGAAACTGCGGCGTGGTAAGCCGGTAACGGTGGATATCGTCAATAAATTGCCGG
AAGCGACAACCGTCCACTGGCACGGCCTGGAAATCAGTGGTGAACAGGATGGCGGTCCGCAGGCGATTATTGC
CCCGGGCAGCACCCGTACGGTCAGTTTCACGCCGGATCAGCCGGAAGCCACCTGCTGGTTCCATCCGCACACC
CACGGCAAAACCGGCCATCAGGTCGCAATGGGACTGGCCGGACTGGTGCTGATTGAAGATGATAATACCGCAT
CAACCGGCCTGCCGGGTGAGTGGGGAACGGATGATATCCCGGTGGTCTTGCAGGATAAGCGCCTGACCGCAGA
CGGTAAAATTGATTATCAGCTGGATGTGATGTCTGCCGCAGTCGGCTGGTTTGGCGACACCATGCTGACCAAC
GGCGCGGTTTACCCGCAGCATATGGCACCGCGCGGCTGGCTGCGCCTGCGTCTGCTCAACGGCTGTAATGCCC
GCAGTCTGCGGATGGCGGCCGGTGACGGGCGTCCGCTGTATGTGATCGGCAGTGACGGCGGCCTGCTGGCCGA
ACCGGTAAAAGTGCAGGAGCTGCCGATGCTGCCGGGAGAACGTTTTGAAGTGCTGGTGGATACATCAGACGGG
AAAGTCTTTGATATTGTCACCTTACCGGTACGTCAGATGGGAATGACACTGGCACCGTTTGATGAGGCGCTGC
CGGTGCTGTCCATCCGTCCGACACTCGATGCCGCACGCGGCAAACTGCCGGATGTGCTGGCGGCGATGCCGGC
TCTGATCGATACCTCCCGCCTGCCGGTACGTGAATTCCGTCTGATGATGGATATGCGCCTTGATATGCAGGGC
ATGATGATGCTGACCGATAAATACGGCCCGCAGGCGATGGCCGGAATGGGCATGCACGGCAACATGGGCGGCG
GCCATATGAGCGGCGGGCATATGGGCGGAATGAAAGGCATGAGCCGAGGTATGCACAGTGGCGGCGGTCALCTG
CGGCTCCGGCGATGTTGATCTGATGAACGCCAACAGTATCAACGGTATTCCGTTCTCAATGACCGAAAGCGCA
TTTGATGTGAAGCAGGGACAGGCGGAGCGCTGGGTTATCTCCGGCGTCGGTGACATGATGCTGCACCCGTTCC
ATATCCACGGCACCCGTTTCCGTATTCTCAGTGAGGGCGGACGCACACCGGCGGCTCACCGGCAGGGCTGGAA
AGATATGGTCAGGATAGAGGGCAATGTCAGTGAGGTTCTGGTGAAATTTGACCATCCGGCCACTAATGCGCAT
CCGTTTATGGCGCACTGTCACCTGCTGGAACATGAAGATACCGGTATGATGACGGGCTTTACTGTCACGGCCT
GA

Amino acid sequence (535 aa): 58 kDa (runs at ~62 kDa)

MORRDFLKYSAFLGAATMLPAWSRFAFAAQERPALGIPPLLTADNAQKITLNIQQGOMVEIPGKTTQTWGYNG
DLLGPALKLRRGKPVTVDIVNKLPEATTVHWHGLEISGEQDGGPQAITIAPGSTRTVSFTPDQPEATCWEFHPHT
HGKTGHQVAMGLAGLVLIEDDNTASTGLPGEWGTDDIPVVLODKRLTADGKIDYQLDVMSAAVGWEGDTMLTN
GAVYPQHMAPRGWLRLRLLNGCNARSLRMAAGDGRPLYVIGSDGGLLAEPVKVQELPMLPGERFEVLVDTSDG
KVFDIVTLPVROMGMTLAPFDEALPVLSIRPTLDAARGKLPDVLAAMPALIDTSRLPVREFRLMMDMRLDMQG
MMMLTDKYGPQAMAGMGMHGNMGGGHMSGGHMGGMKGMSRGMHSGGGHCGSGDVDLMNANSINGIPEFSMTESA
FDVKQGQAERWVISGVGDMMLHPFHIHGTRFRILSEGGRTPAAHRQGWKDMVRIEGNVSEVLVKFDHPATNAH
PFMAHCHLLEHEDTGMMTGFTVTA

Ips24328

Nucleotide sequence (1605 nt):

ATGAACCGTCGTGATTTCGTAAAATGGACAACCCTGATGGGGGCCGCCAGTACGCTGCCCGGCTGGAGCCGCT
TCGCGCTCGCCGCAGATCGCCCTGCATTACCCATTCCTGCGCTGCTGGAACCGGATATCCGTAACGCCATTAT
GCTGACGTTGCAGCGCGGTCAGAGCCAGTTTCTGCCGGGTGTAAACACCGAAACCTGGGGCGTTAACGGTAAT
CTTCTCGGCCCGGCGCTGCGTATCCGTCGCGGCAAACAGGTCGATGTCACCGTCAATAACCGTCTGGATGTTG
CCAGCACCGTTCACTGGCACGGGCTGGAAATCCCCGGTGACGTCGATGGCGGTCCTCAGGCACTGATCGCTCC
AGGTCAGAAAAGAAAAGTCAGTTTCACACTCGATCAGCCAGCGTCGACCTGCTGGTTCCATCCGCATCCGCAT
CAGACCAGCGGTTATCAGGTGGCGATGGGGCTGGCCGGTATGGTGCTGATTGAAGATGAAGCCAGCGACTTGT
TGCAGATCCCTAAACGTTGGGGCGTGGATGATATTCCGGTCATTTTGCAGGATAAACGCCTGAACGACGCCGG
ACAGATTGATTATCAGATGGACGTGATGACCGCGGCTGTCGGCTGGTTCGGGCAACATATGCTGACCAACGGC
GCGGTGTATCCGCAGCACGGTATTTCCCGCGGCTGGGTGCGTTTTCGTCTGCTCAATGGCTGTAATGCACGCT
CGCTGCACATCGCCACCAGTGACCAGCGGCCGATGTACGTCATCGCCAGCGACGGCGGTTTCCTGCCTGAACC
GGTGAAAGTCAGCGATTTATCCTTGCTGATGGGCGAGCGTTTTGAAGTGCTGATTGATTGCAGCGACGGCAAA
GCCTTTGATCTGGTTACGCTGCCGGTGAAACAGATGGGTATGACGCTGGCACCTTTCGACAAACCGTTGCCGG
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TGCTGCGTATTCAGCCGACGCTGACGCAAAGCGGCAGTTCTCTGCCGGACACGCTGGTCCCGCTGCCGGCGLT
GGTGTCCGTCGATAATCTGCCAACCCGCTGGCTGCAACTGATGATGGATCCGCAACTGGATCAGCAGGGCATG
GCGGCGCTGATGAAACGCTATGGTCACAAGGCAATGGCCGGCATGAGCATGGATCATGGCGGCGGCGATATGG
CGGCAATGCCGGGCATGTCGGGTTCAGAACATGAGGGTCACGGCAGCATGGCGGGTATGGATATGAGCAAATC
GTCCGCCGGTTACGACTTCATGCAGGGCAACAAAATTAACGGCAAAGCCTATGACATGAATGTACCCGCTTTC
GATGTGAAACAAGGCCAGTACGAAAAATGGACCATTTCCGGCGAAGGCGACATGATGCTGCATCCTTTCCATA
TCCACGGCACGCAGTTCCGTATTCTTTCTGAAAATGGTCAGCCTGTGCCGCCGCACCGGCAGGGCTGGAAAGA
TATCGTGCGCGTTGAGGGTGCCCGCAGTGAAGTTCTGGTGCGCTTCAACCATCTGGCCAATAAACAACATGCT
TATATGGCGCACTGTCATCTGCTGGAACATGAAGATACCGGCATGATGCTTGGATTTACGGTATCGGCGTAA

Amino acid sequence (534 aa): 58.8 kDa (runs at ~63 kDa)

MNRRDEVKWTTLMGAASTLPGWSRFALAADRPALPIPALLEPDIRNAIMLTLORGOSQFLPGVNTETWGVNGN
LLGPALRIRRGKQVDVTVNNRLDVASTVHWHGLEIPGDVDGGPQALIAPGQKRKVSFTLDQPASTCWEFHPHPH
QTSGYQVAMGLAGMVLIEDEASDLLQIPKRWGVDDIPVILODKRLNDAGQIDYQMDVMTAAVGWEGQHMLTNG
AVYPQHGISRGWVRFRLLNGCNARSLHIATSDORPMYVIASDGGEFLPEPVKVSDLSLLMGERFEVLIDCSDGK
AFDLVTLPVKOMGMTLAPFDKPLPVLRIQPTLTQSGSSLPDTLVPLPALVSVDNLPTRWLQLMMDPQLDQQGM
AALMKRYGHKAMAGMSMDHGGGDMAAMPGMSGSEHEGHGSMAGMDMSKSSAGYDEMQGNKINGKAYDMNVPAF
DVKQGQYEKWTISGEGDMMLHPFHIHGTQFRILSENGQPVPPHRQGWKDIVRVEGARSEVLVRENHLANKQHA
YMAHCHLLEHEDTGMMLGEFTVSA

Ips28714

Nucleotide sequence (1611 nt):

ATGAACCGTCGCGATTTCGTGAAGTGGACAACGCTCCTGGGCGCCGCCAGTACGTTACCCGGCTGGAGCCGGT
TTGCGCTGGCCGCTGACCGCCCGGCGTTGCCCATTCCCACACTGCTTGAACCGGATGCCCGCAGCGCGATTTC
GCTTTCCCTGCAACGTGGTCAGAGCCAGTTTCTGCCCGGGGTGAATACACAAACCTGGGGCGTGAACGGCAAT
CTGCTGGGGCCTGCGCTGCGCGTGCGGCGGGGCAAAGCGCTCAATGTCACGGTCAAAAACAATCTGGACGTCG
CGAGCACCGTTCACTGGCACGGGCTGGAAATTCCTGGTGACATTGACGGCGGTCCTCAGGGGCTGATCGCGCC
GGGCCAGAGCCGCAGCGTGAGTTTGCAGCTCGATCAACCCGCCGCGACCTGCTGGTTTCACCCGCATCCGCAT
CAGACCAGCGGCTATCAGGTGGCAATGGGGCTGGCCGGATTAGTCCTGATTGAAGATGAAGGCAGCGACGCAT
TACAGATCCCGAAACGCTGGGGCGTGGATGATATTCCGGTCATTTTGCAGGACAAACGCCTCAGCGACGCCGG
ACAGATTGATTACCAGATGGACGTGATGACTGCCGCGATCGGCTGGTTCGGCGAGCACATGCTGACTAATGGC
GCGATTTATCCGCAGCACGGCATTTCGCGCGGCTGGGTGCGTTTTCGTCTGCTTAACGGCTGCAATGCGCGCT
CGCTGCACATCGCCACCAGCGACCAGCGGCCGATGTACGTTATTGCCAGCGACGGCGGTTTTCTTTCCGAGCC
GGTAAAAGTCAGTGATTTGCCGTTGCTGATGGGGGAACGTTTTGAAGTGCTGATTGATTGCAGCGACGGTAAA
GCGTTTGATCTGGTCACATTGCCGGTGAAACAAATGGGTATGACGCTGGCACCGTTCGACAAGCCGTTGCCGG
TACTACGCATTCAGCCGACATTGACCCAAAGCGGCGGTTCACTGCCGGACACGCTGGTGCCGCTTCCGGCGCT
GGTTTCTACTGATAATCTGCCGACCCGCTGGTTGCAACTGATGATGGATCCGCAACTGGATCAGCAGGGCATG
GCGGCGCTGATGAAACGTTACGGTCACAGCGCGATGGCCGGCATGAGCATGGATCACGGCGGCGGTGATATGG
ATATGGCGGCGATGCCGGGGATGTCCGGTTCGGGCCATGACGGCCACGGCGGTATGGCCGGAATGGACATGGG
CAAAGTGGCCGGAAGTTACGATTTCATGCAGGGCAATAAAATCAACGGCAAAGCCTACGACATGAACGTGCCT
GCGTTCGATGTGAAACAAGGGCAATACGAGAAATGGACGATTTCCGGCGAAGGCGACATGATGCTGCATCCGT
TCCATATCCACGGCACACAGTTTCGTATTCTTTCTGAAAACGGCCAGCCGGTCGCGCCGCACCGTCAGGGCTG
GAAAGATATCGTCCGCGTCGAAGGCGCCCGCAGCGAAGTGCTGGTGCGCTTCAGTCACCTGGCGGATAAACAG
CATGCCTATATGGCGCATTGCCATCTGCTGGAACACGAAGATACCGGCATGATGCTCGCGTTTACGGTGTCGG
CATAA

Amino acid sequence (536 aa): 58.4 kDa

MNRRDEVKWTTLLGAASTLPGWSRFALAADRPALPIPTLLEPDARSAISLSLORGOSQFLPGVNTQTWGVNGN
LLGPALRVRRGKALNVTVKNNLDVASTVHWHGLEIPGDIDGGPQGLIAPGOSRSVSLOLDQPAATCWFHPHPH
QTSGYQVAMGLAGLVLIEDEGSDALQIPKRWGVDDIPVILODKRLSDAGQIDYQMDVMTAAIGWEFGEHMLTNG
ATYPOHGISRGWVRFRLLNGCNARSLHIATSDORPMYVIASDGGEFLSEPVKVSDLPLLMGERFEVLIDCSDGK
AFDLVTLPVKOMGMTLAPFDKPLPVLRIQPTLTQSGGSLPDTLVPLPALVSTDNLPTRWLQLMMDPQLDQQGM
AALMKRYGHSAMAGMSMDHGGGDMDMAAMPGMSGSGHDGHGGMAGMDMGKVAGSYDFMOGNKINGKAYDMNVP

Page | 116



AFDVKQGOYEKWTISGEGDMMLHPFHIHGTQFRILSENGQPVAPHRQGWKDIVRVEGARSEVLVREFSHLADKQ
HAYMAHCHLLEHEDTGMMLAFTVSA

Optimized nucleotide sequence for expression in E. colr

GCTAGCATGAATCGCCGTGACTTCGTTAAATGGACGACCTTACTCGGGGCTGCGTCGACCTTACCAGGCTGGT
CACGTTTTGCGCTCGCTGCGGATCGGCCGGCATTGCCCATTCCAACTCTGTTGGAACCTGATGCACGTAGCGC
CATTTCCCTCAGTCTGCAGCGCGGTCAAAGCCAGTTTCTGCCGGGTGTTAACACACAGACCTGGGGCGTGAAT
GGCAACCTCCTGGGACCGGCATTACGGGTACGTCGTGGCAAAGCGCTTAACGTCACCGTGAAGAACAATCTGG
ATGTTGCGTCAACCGTGCACTGGCACGGCCTGGAAATTCCGGGTGATATTGATGGCGGGCCCCAAGGCCTGAT
CGCTCCAGGTCAGTCTCGCTCGGTAAGTCTGCAACTGGATCAACCGGCTGCGACCTGTTGGTTTCACCCACAT
CCACATCAGACCTCTGGCTATCAGGTGGCGATGGGCCTTGCGGGTCTGGTGCTGATCGAGGATGAAGGGAGCG
ATGCGTTGCAGATTCCGAAACGCTGGGGCGTCGACGACATCCCCGTTATTCTTCAGGATAAACGCCTGTCTGA
TGCCGGTCAGATTGACTACCAGATGGATGTCATGACTGCAGCTATTGGATGGTTCGGTGAGCACATGCTCACC
AATGGCGCCATCTATCCGCAACACGGCATTTCACGTGGCTGGGTTCGCTTTCGCTTACTGAACGGTTGTAATG
CCCGCAGCTTACACATCGCGACATCGGACCAACGCCCGATGTATGTGATTGCGAGCGATGGTGGATTCCTGTC
TGAACCTGTCAAAGTCTCCGATCTGCCTCTGCTGATGGGCGAACGCTTTGAAGTGCTGATCGATTGCTCGGAC
GGCAAAGCCTTCGATCTGGTCACACTTCCGGTGAAACAGATGGGGATGACGCTGGCGCCGTTCGATAAACCAC
TGCCGGTATTACGCATTCAGCCGACCCTGACTCAGAGTGGTGGTTCCCTGCCTGATACGCTGGTTCCCCTGCC
GGCCCTGGTGTCAACCGACAATTTGCCAACCCGTTGGCTCCAGCTGATGATGGACCCGCAGTTGGATCAGCAG
GGTATGGCCGCACTTATGAAACGCTATGGACACAGTGCAATGGCCGGTATGAGCATGGACCATGGTGGAGGTG
ATATGGACATGGCGGCGATGCCGGGCATGTCTGGCAGTGGCCATGATGGACATGGTGGCATGGCGGGTATGGA
TATGGGGAAAGTGGCAGGCTCCTACGACTTTATGCAGGGGAACAAGATCAACGGGAAAGCCTACGACATGAAC
GTCCCGGCTTTCGACGTGAAGCAGGGCCAATACGAGAAATGGACGATTTCGGGTGAAGGGGATATGATGCTGC
ATCCGTTTCACATCCATGGTACTCAGTTTCGCATCTTGTCCGAAAATGGCCAACCGGTTGCACCTCATCGTCA
AGGCTGGAAGGACATTGTACGTGTTGAAGGTGCTCGCAGCGAGGTACTGGTTCGTTTCAGCCATCTGGCCGAT
AAACAACATGCCTATATGGCGCATTGCCACTTACTTGAGCATGAAGATACGGGGATGATGTTGGCATTTACGG
TGAGCGCCGAGCTC
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