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CHAPTER 1. GENERAL INTRODUCTION

Recent world energy situation and biomass refinery.

The world’s energy demands are expected to increase because of the ever-lasting
growth of the world population and the standard of living rises in the developing world.
The U.S. Energy Information Administration reported that the global annual total
energy consumption in 2018 (600 quadrillion British thermal units) increased two times
than that in 1980 (293 quadrillion British thermal units) (U.S. Energy Information

Administration, https://www.eia.gov accessed in Oct 2021). In 2020, Fossil resources

accounted for almost 70% of primary energy consumption, followed by renewable
resources (—~25%). These fossil resources are used not only for energy production but
also for the starting materials of a wide range of fine chemicals and synthetic polymers
in large-scale manufacture. However, they are limited since the current fossil resources
were made very slowly from the remains of prehistoric dead plants and animals (1, 2)
Furthermore, the overconsumption of fossil resources causes serious environmental
damage, for instance, global warming, and water and air pollution (3, 4) .To date, many
researchers have been searching for alternative resources that are eco-friendly and
can utilize continuously.

Among potentially sustainable energy and chemicals resources, one of the
promising resources is plant biomass. The plant biomass is mainly separated into
edible crops and lignocellulose biomass (5-7) .The former includes corn and
sugarcane, which provide fermentable sugars such as glucose and other soluble
sugars. Fermentable sugars can be converted to alchols, lactic acid, and others by
fermenter microbes, and used for heat generation and motive power of transportation
(8, 9) .More importantly to our modern life, these products are also used as starting
materials for the production of bioplastics (10). Although bio-based products from
edible crops are available worldwide, their utilization put pressure on the food supplies
(5, 11) .Recently, lignocellulose biomass derived from plant cell walls has been
receiving a lot of attention as an alternative resource, which is the most abundant
biomass on terrestrial, and its usage does not compete against the food demands.
Additionally, a part of waste organic materials from plant origins or agricultural industry
can be used to produce bio-based products (12, 13) .The conversion from
lignocellulosic materials to bio-based products requires one more processing step,

called saccharification followed by fermentation, compared to the conversion of edible



biomass. Saccharification is a process whereby polysaccharides are broken down into
fermentable sugars, including glucose, xylose, and other monosaccharides. In the
following section, the major composition of lignocellulosic materials and the
saccharification process for downstream bioproduction will be described.
Lignocellulose composition

Lignocellulose from plant cell walls composes of polysaccharides (65-75% of total
weight), lignin (18-35%), ash (usually 4-10%), and other minor materials including
minerals and salts depending largely on plant species (14, 15). Cellulose,
hemicellulose, and lignin are present in the largest amount in the terrestrial
environment. As shown in Fig. 1.1A, cellulose, the main polysaccharide of plant
biomass, is a polymer of glucose units joined by B-1,4-glycosidic bonds and form a
highly crystalline structure due to the presence of abundant intramolecular hydrogen
bridges. Because of the crystalline structure of cellulose, cellulose fibre is considerably
more resistant to enzymatic hydrolysis than the starch, in which glucose molecules are
linked by a-glycosidic bands (16). Thus, efficient enzymatic hydrolysis of cellulose
requires various enzymatic reactions, including endo- and exo- glycoside hydrolase
activities and lytic polysaccharide monooxygenase activity, and others, as described
later. Hemicelluloses, including xylan, mannan, and others, have a backbone
composed of various types of pentose and hexose and occasional side chains (17).
Hence, complete decomposition of hemicellulose requires various types of glycoside
hydrolases (18). Among hemicelluloses, xylan is the second largest natural
polysaccharide next to cellulose, and different amounts of xylan can be present,
depending on the types of plant species. For example, xylan contents in hardwood (10-
17%), softwood (5-7%), and non-woody plant such as perennial grasses (—20%) have
been reported (19). Xylose polymers include glucuronoxylan, arabinoxylan, and
glucuronoarabinoxylan (Fig. 1.1B) (20). Xylan has the main chain of 3-1,4-linked
xylopyranose and contains a wide variety of substituted side groups such as acetyl, L-
arabinofuranosyl, and 4-O-methylglucuronyl residues at the position of O-2 and/or O-3
(21). Mannan is another type of representative hemicellulose, found in hardwood (1-
3%), softwood (10-12%), and non-woody plants (—0.4%). Mannose polymers can be
found as a form of pure B-1,4-mannose polysaccharide, f-mannan, a mixture of 3-1,4-
linked glucose and mannose linear polysaccharide, glucomannan, mannan with

occasional «-1,6-galactose polymer, galactomannan, and galactoclucomannan (Fig.



1.1C). Mannan and glucomannan may also link with various types of branched sugars,
including xylose, arabinose, and other monosaccharides (22) .

Lignin is aromatic polymer that is present mainly in the secondarily plant cell
walls, and the second major polymers after cellulose, among the terrestrial
biopolymers, accounts for approximately 30% of the organic carbon in the biosphere
(23) .The lignin structure is known to contribute to mechanical strength of the plant cell
walls and potentially improving defenses against pathogens (24) .The linkages
between its building blocks called monolignols are heterogenous, resulting in

recalcitrant structure to chemical and enzymatic breakdown (25, 26) .

Polysaccharide degradation

Although lignocellulosic materials are promising renewable resources, their recalcitrant
characteristic and the high processing costs have hindered their utilization to date (27,
28). Thus, further studies on lignocellulose-degrading enzymes are essential to
address this challenge, and achieving the efficient breakdown of lignocellulosic
materials is considered to be urgent demand in order to solve fuel problems and global
warming issues (29). Most lignocellulose-degrading enzymes are cataloged into the
Carbohydrate Active enZymes (CAZymes) based on their amino acid sequence
similarities and protein structure and function, except for lignin-decomposing enzymes
such as peroxidases and laccases (30). Currently, CAZymes include glycoside
hydrolases (GHs), glycoside transferases (GTs), polysaccharide lyases (PLs),
carbohydrate esterases (CEs), and auxiliary activities (AAs). As of today, 172 families
of GHs, 114 families of GTs, 42 families of PLs, 19 families of CEs, and 17 families of
AAs are detailed in the CAZy database (31).

Based on the traditional idea, a complete enzymatic hydrolysis of cellulose
requires three types of glycoside hydrolases, including endoglucanases (EGs),
cellobiohydrolases (CBHSs), and B-glucosidases. EGs randomly cut internal 3-1,4-
glycosidic bonds, resulting in a rapid decrease in chain length and creating free ends.
CBHs attack both reducing and non-reducing ends of cellulose chains to release short
cello-oligosaccharides such as cellobiose and cellotriose. B-glucosidases hydrolyze
soluble cello-oligosaccharides into glucose. Thus, for efficient cellulose degradation,
the synergistic involvement of these enzymes is thought to be essential (32—34).
Besides the above three enzyme functions, recent studies reported the new class of

enzyme for efficient cellulose-degradation, lytic polysaccharide monooxygenases



(LPMOs) from AA families, which oxidatively cleave crystalline-arranged cellulose
chain in the presence of divalent metal ions and an electron donor (35). Domain
structures of cellulases usually show a catalytic domain and one or more associated
carbohydrate binding modules (CBMs), which have an important role in substrate-
enzyme interaction (36). Hemicellulose-degradation requires various CAZymes due to
heterogeneous sugar composition and sugar linkages. In xylan degradation, the
backbone of xylan is broken down by multiple endo-1,4-xylanases (37, 38). Acetyl
xylan esterase catalyzes the hydrolysis of O-linked acetyl groups form O-acetylxylose
residues, resulting in improvement of the accessibility of xylan to the endo-1,4-
xylanases (39). The synergistic action between xylanases and acetyl xylan esterases
has been reported to increase xylan degradation efficiency for industrial setups (40—
42). In addition, B-xylosidases depolymerize xylo-oligosaccharides into their
constituents, mainly xylose. Additionally, « -L-arabinofuranosidase and a-glucronidase
are required to remove side chain sugars that are branched at various points of xyose
molecules on xylans (43, 44). Other than the above xylan substrates, several §3-
xylanases have also been reported to decompose transglycosylate xylo-
oligosaccharides such as xylohexaose (45). The decomposition of plant mannans can
be routinely executed by reacting with endo-1,4-3-mannanases, which cleave randomly
within the 3-1,4-mannan main chain of B-mannan, galactomannan, glucomannan, and
galactoglucomannan (46). Like a B-xylosidases in the xylan decomposition, 3-
mannosidases are essential for a complete hydrolysis of mannans. Endo-1,4-3-
mannanases and B-mannosidases synergistically break down mannan-containing
polysaccharides (22, 47). Additionally, B-glucosidases and a-galactosidases are
required to remove side chain sugars that are branched at various points of mannose
molecules on mannans. Other than the above mannan substrates, several 3-
mannanases have also been reported to decompose transglycosylate manno-
oligosaccharides, which structure is galactomannan and galactoglucomannan (48, 49).
Lignin is a complex aromatic heteropolymer formed by radical polymerization
of p-hydroxy- phenyl (H), guaiacyl (G), and syringyl (S) units linked by p-aryl ether f-
linkages, biphenyl bonds and heterocyclic linkages (26). The composition of three main
components considerably varies depending on the plant species. Hardwood lignin
composes of similar levels of G and S units, and tiny amount of H units (50). In
contrast, hardwood lignin consists mostly of G units and very low levels of H units.

Generally, depolymerization of lignin requires four enzymes including lignin



peroxidases (LiPs), manganese peroxidases (MnPs), versatile peroxidases (VPs) and
laccases (51). These enzymes catalyze the oxidation of lignin substructure model
compounds. LiPs oxidize side chain- and aromatic ring cleavage products of both
phenolic and non-phenolic substrates. MnPs oxidize phenolic and non-phenolic
moieties with some mediators. Laccase is a copper phenoloxidase that uses oxygen
as an electron acceptor and oxidizes phenolic compounds. Enzymatic decomposition
of lignin polymer in the plant cell wall is very challenging due to its high heterogeneity
and complex structure (26). Thus, current strategy for plant biomass degradation is to
separate lignin from lignocellulose fractions by chemical pretreatment such as
ammonia fiber expansion (AFEX) and IL(lonic liquid) (52, 53). Delignified plant
biomass can be hydrolyzed by commercially available enzyme cacktails, which contain
a set of cellulases and hemicellulases (54, 55).

In the delignified plant biomass degradation, hemicellulases and cellulases
show synergistic effects on biomass. For example, removal and disruption of
hemicellulose by hemicellulases help access cellulases to cellulose. On the other
hand, cellulases reduce the crystallinity of the cellulose and reduce the degree of
polymerization of cellulose, increasing hemicellulolytic activities (56—-58). Therefore,
various types of CAZymes are required for the efficient and complete decomposition of
plant biomass. In the next section, | will describe microorganisms that produce

polysaccharide-degrading enzymes, especially cellulolytic bacterium.
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Figure 1.1 General structure of three plant polysaccharides.
Hexose (glucose, blue; mannose, orange; glucronic acid, red; galactose, brown) and
pentose (xylose, green; arabinose, grey; arabinofuranose, black) are represented by
hexagons and pentagons, respectively. Two symbols, Ac and Me, indicate acetylation
and methylation, respectively.



Biomass-degrading microorganisms

In the field of cellulolytic microbes, fungi have been investigated rather than bacterial
species. Especially, Aspergillus spp. and Trichoderma spp. are well described in their
production of extracellular enzymes that break down cellulose, hemicellulose, and
lignin polymers (59-61). However, a knowledge of bacteria for lignocellulosic
degradation had been very limited since the plant cell wall capacity of bacteria was
considered not to outcompete with reported fungi. The cellulolytic capabilities of
bacteria are just beginning to be explored and have received research attention in the
past several years. Nevertheless, there is no reported lignin-degrading ability in
bacteria, the bacteria-based lignocellulolytic enzymes production has the following
advantages. First, it is generally considered that bacteria grow more rapidly than fungi,
allowing the large enzyme production in a shorter time (62). Second, bacteria tolerate
diverse environmental stress such as high temperature and extremely high/ low pH
conditions (63). As an example of cellulolytic bacteria, anaerobic bacteria, Clostridium
spp. were well known to produce unique enzyme complex, called cellulosome, for
cellulose and hemicellulose decomposition (64, 65). For these reasons, bacteria are
still thought to be important sources for biomass-degrading enzyme producers. Another
example of cellulolytic bacteria is Streptomyces spp. Streptomyces is a gram-positive
bacteria and a member of the genera actinobacteria. Streptomyces spp. have been
studied extensively for their production of secondary metabolites, including antibiotics
and one of the industrial targets for decades, thusfar genetics and genome
manipulation technologies have been widely available (66-68). Recently, several
report described the cellulose-degrading potential of Streptomyces that were isolated
originally from wood-devastating insects such as wood wasp and burk beetle (Fig. 1.2).
Among such cellulose-degrading bacteria, Streptomyces sp. SirexAA-E (SirexAA-E), a
symbiont of the wood-devastating wood wasp, was reported to grow in the liquid media
containing cellulose or xylan as a sole carbon source (69). Unlike other Streptomyces
that are known to produce antibiotics, SirexAA-E was shown to possess a high
cellulose-degrading capability, comparable to the reported cellulolytic fungi (Fig. 1.2).
SirexAA-E secretes EGs, CBHs, and AAs that altogether break down cellulose into
cellobiose and cellotriose, then transported into the cell and converted into glucose by
intracellular B-glucosidases. In contrast, a minimum set of xylan-degrading enzymes
and mannan-degrading enzymes is used to decompose hemicellulose polymers by this

bacterium. For example, a few endoxylanases and acetyl esterase were determined in



the culture supernatant derived from xylan grown medium, and two mannosidases
were determined in the culture supernatant derived from the mannanoligosacchride-
containing medium. To note, it has not been determined no lignin-degrading enzyme
nor activity by SirexAA-E. In nature, its host wood wasp, Sirex noctilio, makes a pole
on the pine and lays eggs with symbiotic fungi and bacteria that feed on the larvae until
they hatch out (70). A series of biochemical analyses demonstrated that the specific
activities of cellulose degradation in the culture supernatant of SirexAA-E, when grown
in the cellulose as a sole carbon source, showed around 40% of the specific activity of
the commercial enzyme cocktail, Spezyme (71). Importantly, when the SirexAA-E
culture supernatant was prepared from the xylan grown condition, the specific activity
of hemicellulose degradation was 20% higher than the Spezyme. In addition,
transcriptome and proteome analyses of SirexAA-E showed that SirexAA-E secreted a
specialized set of enzymes depending on the carbon sources used to grow the cells,
and enzymes can be GH5, 6, 9, 48 families for cellulose degradation and another GH5,
10, 11 families for hemicellulose degradation (71-73). The knowledge about how the
SirexAA-E controls gene expression of the above enzymes was limited except for the
well-described cellobiose responsive transcriptional regulator, CebR, in S. griseus, and
more recently in SirexAA-E (71, 73). In the absence of cellobiose, which is the main
end-product of cellulose degradation, the CebR binds to a conserved 14 bp
palindromic promoter sequence, 5-TGGGAGCGCTCCCA-3’, and blocks RNA
polymerase from transcribing the downstream genes encoding cellulases. On the other
hands, when cellobiose is available in the growth condition, CebR is released from the
DNA, resulting in the expression of downstream genes. However, hemicellulose-

specific responses of SirexAA-E are elusive to date.



In my doctoral research, | have aimed to understand how the SirexAA-E responds to
available carbon sources and control hemicellulose-degrading enzymes. Especially, |
have been focusing on the two major hemicelluloses, mannan and xylan, response of
SirexAA-E.

In chapter 2, molecular mechanisms of how SirexAA-E responds to mannan
is described. Using a combination of genomic and biochemical approaches, mannose
and mannobiose specific regulator, SsManR, was determined.

In chapter 3, The response of SirexAA-E to xylan is detailed by introducing
several xylooligosaccharide-responsive regulators. Using proteomic, genomic, and
biochemical approaches, | proposed the model of the transcriptional regulation of

SirexAA-E to xylooligosaccharides.
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CHAPTER 2. MANNOSE AND MANNOBIOSE SPECIFIC RESPONSES OF INSECT
ASSOCIATED CELLULOLYTIC STREPTOMYCES

Abstract

The cellulolytic insect symbiont bacterium, Streptomyces sp. SirexAA-E (SirexAA-E)
secretes a suite of Carbohydrate Active enZymes (CAZymes), which are involved in
the degradation of a various polysaccharides in the plant cell wall, in response to the
available carbon sources. Here, we examined a poorly understood response of this
bacterium to mannan, one of the major plant cell wall components. SirexAA-E grew
well on mannose, carboxymethyl cellulose (CMC), and locust bean gum (LBG) as sole
carbon sources in the culture medium. The secreted proteins from each culture
supernatant were tested for their polysaccharide-degrading ability, and the composition
of secreted CAZymes in each sample was determined by LC-MS/MS. The results
indicated that mannose, LBG, and CMC induced the secretion of mannan and
cellulose-degrading enzymes. Interestingly, two a-1,2-mannosidases were abundantly
secreted during growth on mannose and LBG. By genomic analysis, we found a unique
12 bp palindromic sequence motif at 4 locations in the SirexAA-E genome, two of
which were found upstream of the above-mentioned a-1,2-mannosidase genes, along
with a newly identified mannose and mannobiose-responsive transcriptional regulator,
SsManR. Furthermore, the previously reported cellobiose-responsive repressor,
SsCebR, was determined to also use mannobiose as an effector ligand. To test
whether mannobiose induces the sets of genes under the control of the two regulators,
SirexAA-E was grown on mannobiose, and the secretome composition was analyzed.
As hypothesized, the composition of the mannobiose secretome combined sets of
CAZymes found in both LBG and CMC secretomes, and so are likely under the
regulation of both SsManR and SsCebR.
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Introduction

Streptomyces is one of the largest genera of Actinobacteria, and thousands of isolates
from both free-living and eukaryotic symbionts have been reported (73-75). Because
of the great potential for use of their secondary metabolites for human health and other
applications, the gene regulation, metabolic pathways, and physiology of Streptomyces
have been extensively studied for decades (76—78). Recently, several insect-
associated Streptomyces were characterized for their high cellulolytic capabilities, with
a promise to advance the technology of biofuels and biochemicals production in the
emerging bioeconomy. One such Streptomyces, Streptomyces sp. SirexAA-E
(SirexAA-E) was originally isolated from the pine boring wood wasp, Sirex noctilio (69),
and its cellulolytic potential to degrade plant biomass was shown to be comparable to
the industrial fungal strain, Trichoderma reesei RutC-30 (71). In the presence of plant
cell wall materials, SirexAA-E secretes a specific set of Carbohydrate Active enZymes
(CAZymes), which are involved in the degradation, transport, and metabolism of
carbohydrates. For example, a suite of cellulose-degrading enzymes was found in the
culture supernatants when cells were grown on cellulose and cellobiose, and the latter
dimeric sugar is the major end product in the cellulose hydrolysate. In contrast, a
limited number of enzymes were identified in the medium containing glucose as a sole
carbon source (72). The response of Streptomyces to available carbon sources has
been reported, and our previous studies identified the transcription regulator of
SirexAA-E, SsCebR (encoded by the SACTE_2285 gene), which regulates
transcription of itself and a set of genes encoding cellulose-degrading enzymes (71).
SsCebR belongs to the Lacl-like repressor family, and a homolog in the S. griseus,
SgCebR, was shown to bind inverted repeat DNA motif (CebR-box: 5'-
TGGGAGCGCTCCCA-3) in the S. griseus genome (79). By in vitro study, SgCebR
was shown to be dissociated from the genomic DNA when the effector ligands
cellobiose, cellotriose, and other soluble cellooligosacharides were present, which in
turns activates genes involved in glucose catabolism in the cells. While the identical
DNA motif was found in the genome of SirexAA-E, and SsCebR was demonstrated to
be a repressor of itself and the above-mentioned cellulose-degrading enzymes by
deletion of the sscebr gene, yet an in vitro study has not been reported (73). It is
currently thought that SsCebR senses available cellooligosaccharides from the
surrounding environment and lets SirexAA-E synthesize cellulose-degrading enzymes

for the plant cell wall utilization via a derepression mechanism.
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In addition to abundant secretion of cellulose-degrading enzymes, SirexAA-E
can degrade other polysaccharides in the plant cell wall, including at least xylan,
mannan, and pectin. However, the molecular mechanisms of how SirexAA-E regulates
genes encoding hemicellulose-degrading enzymes are mostly elusive to date.
Furthermore, in pinewood, mannan is one of the major hemicelluloses, yet the
responses of Streptomyces spp. to mannan and mannooligosaccharides have not
been described (80).

In the current study, a mannose and mannooligosaccharide-responsive novel
repressor was identified by a combination of proteomics, biochemistry, and genomic
approaches. Furthermore, the previously reported cellobiose-responsive repressor was
shown to also use mannobiose as an effector ligand. These findings let us draw a
transcriptional network model for mannose and mannobiose-dependent gene

expression in SirexAA-E.
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Materials and Methods

General reagents

Polysaccharides, including carboxymethyl cellulose (CMC) (Sigma-Aldrich, MO, USA),
locust bean gum (LBG) (Wako Pure Chemical Industry, Ltd., Osaka, Japan), D-
mannan (Megazyme, Ireland), and monosaccharides, including D-glucose (Sigma-
Aldrich, MO, USA), D-mannose, D-galactose (Wako Pure Chemical Industry, Ltd.,
Osaka), and D-mannobiose (Megazyme, Ireland) were used to prepare the culture
medium. All primers used in this study were purchased (Eurofins genomics, Tokyo,
Japan) (Table 2.1).

HPLC analysis of soluble sugars and LBG materials.

Soluble sugars in glucose, mannose, galactose, cellobiose, and LBG were determined
using an HPLC equipped with a Chromaster 5450 refractive index (RI) detector
(Hitachi, Tokyo, Japan) hooked up with a Shodex SUGAR SP0810 column (Shodex,
Tokyo, Japan). Degassed Milli-Q water was used as the mobile phase, with the flow
rate at 0.6 mL/min at 70°C.

Growth on different carbon sources

SirexAA-E was pre-cultured in YME medium (4 g yeast extract, 10 of malt extract and 4
g glucose in 1L of distilled water) for 3 days at 30°C. For the growth assay, 2.0 mL
cultures containing 0.5% each of the following carbon sources, including glucose,
mannose, CMC, LBG, or mannobiose, with three biological replicas in M63 (10.72 g
KoHPOy4, 5.24 g KH2PO4, 2 g of (NH4)2SO4 in 1L of distilled water) supplemented with
1mM MgSOQO4 and thiamin (10 mg/mL) was grown for 3 days at 30 °C. The average and
standard deviation of dry cell weights were estimated based on three biological
replicates. For enzyme activity measurements and proteomic analysis in the culture
supernatant, 10% (v/v) of pre-cultured cells in the presence of glucose as a sole
carbon source was inoculated into 50.0 mL of M63 minimal medium containing 0.5% of
each of the following substrates, glucose, mannose, CMC, LBG, or mannobiose as a
carbon source, and cultivated for 3 days at 30°C. The average and standard deviation
of protein concentration in the culture supernatants were estimated based on three

biological replicates.
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Preparation of the culture supernatant for biochemical analyses

The culture supernatants were collected by centrifugation for 15 min at 4,000 x g at 4°C
to remove insoluble polysaccharides and cells. The supernatant fraction was then filter-
sterilized using a 0.45-uym glass fiber filter (AS ONE Co., Osaka, Japan). To remove
residual soluble sugars from the monosaccharide containing culture medium and also
to adjust the protein final concentration to be ~0.1 mg/mL, the supernatants were buffer
exchanged then concentrated with 20 mM sodium phosphate (pH 6.0) using a
centrifugal ultrafiltration (VIVASPIN 20, Sartorius Stedim, Goettingen, Germany). The
concentration of proteins in each culture supernatant was determined by the BCA

protein assay (Bio-Rad, Hercules, CA).

Enzyme activity measurements

The specific activity of the culture supernatant from three biological replicates of
SirexAA-E from different carbon sources was determined for CMC, xylan, and mannan.
2 ug of secreted proteins from each culture supernatant was incubated with 10 mg/mL
substrate in 10 mM phosphate buffer, pH 6.0, for 20 h at 40°C, in technical triplicate.
The reactions were halted by heating for 5 min at 95°C. The amount of soluble
reducing sugar release was measured by the dinitrosalicylic acid (DNS) assay (81).
Glucose, xylose, and mannose were used as reducing sugar standards to quantify the
amount of reducing end products. The enzyme activity in each solution (umol reducing
sugar produced/L/h) was calculated and reported as the average and standard

deviation.

Preparation of extracellular proteomic samples

For the proteome preparation, 30 ug equivalent of protein from the culture supernatant
from each culture (three biological replicates) was precipitated by adding 25% (v/v)
trichloroacetic acid (TCA), then washed two times with ice-cold acetone, and
suspended in 8 M urea. Solubilized samples were diluted to 1 M urea by adding 25 mM
ammonium bicarbonate followed by a reduction with 50 mM dithiothreitol for 30 min at
50°C, and alkylation with 500 mM iodoacetamide for 30 min in the dark at 25°C. Tryptic
digestion was carried out for 10 h at 37°C by using a 1:100 trypsin/secretome ratio
(proteomic grade; Roche, Mannheim, Germany), and peptides were purified by using

C18 ziptip pipette tips (Millipore, Ireland).
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Proteome analyses

Mass spectra were obtained using an Easy nLC1000 liquid chromatography system
with Q-exactive plus Orbitrap mass spectrometer (ThermoFisher Scientific, IL, USA),
and Xcalibur software (ver. 3.1, Thermo Fisher Scientific, IL). The peptides were
separated on a C18 capillary tip column (NTCC-360/75-3-125, Nikkyo Techno, Japan)
by linear gradient from 5 to 30 % with two solutions: 0.1% formic acid in water (solution
A) and 0.1% formic acid in acetonitrile (solution B) in 120 min. Full scan mass spectra
were obtained in the Orbitrap with a scan range of 300.0 to 2,000.0 m/z with a
resolution of 70,000. Proteins were identified from the acquired MS/MS spectra using
Proteome Discoverer 2.1 (Thermo Fisher Scientific, IL) with all CDSs of S. sp. SirexAA-
E reported in the previous study (71). The peptide mass tolerance was set at 10 ppm,
and fragment mass tolerance was set at 0.8 Dalton. The peptide charge was set at +2,
+3 and +4. The accuracy and sensitivity of peptide identification was optimized using
the automatic decoy and percolator functions built into the Proteome Discoverer
software. All proteomic data sets obtained in this study can be accessed via the PRIDE

proteomics identification database (https://www.ebi.ac.uk/pride/) with the accession

number of 456149. The secreted proteins were identified by SignalP version 4.0
(http://www.cbs.dtu.dk/services/SignalP/) (82), and the CAZyme functions were
annotated by dbCAN (http://bcb.unl.edu/dbCAN2/index.php) (83).

Cloning and protein expression of transcriptional regulators

A polymerase incomplete primer extension (PIPE) method was used for cloning (84,
85), and all primers used in this study are shown in Table 2.1. SACTE_0503,
SACTE_0504, and SACTE_2285 genes were amplified from the SirexAA-E genomic
DNA by using a set of primer pairs shown in Table 2.1. To create the C-terminal His
tag, the reverse primer was designed to encode a Hiss-coding sequence (5'-
TAGTAGTAGTAGTAGTAGTAG-3'"), and the forward primer was designed to skip the
N-terminal Hiss-tagged maltose-binding protein (MBP)-coding sequence of the original
pVP68K plasmid (Center for Eukaryotic Structural Genomics, Madison, WI) so that the
product should possess a tag-free N-terminus and a C-terminus of 6 His residues. The
amplified vector and each of the three genes were mixed and subsequently
transformed into E. coli JM109 competent cells (Takara, Shiga, Japan). Transformants
were screened by a colony PCR using the primer pairs, colony PCR_fw, and colony

PCR _rv (Table 2.1), then the sequence was verified (Eurofins genomics, Tokyo,
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Japan). pVP68K plasmids harboring SACTE_0503, SACTE_0504, and SACTE_2285
genes were individually transformed into E. coli strain Rosseta2 (DE3) (Merck Millipore,
Burlington, Massachusetts, USA) for recombinant expression.

Protein expression and purification were carried out accordingly to the
previous study (86). Briefly, each transformant was pre-cultured in 5.0 mL of LB
medium (5 g Tryptone, 10 g yeast extract, 5 g NaCl in 1L distilled water) supplemented
with 50 pg/mL of kanamycin for 16 h at 37 °C on a rotating shaker. The precultures
were added to 250 mL of the LB medium supplemented with 50 ug/mL kanamycin and
cultivated for 3 h at 30 °C with shaking at 250 rpm. To induce expression, isopropyl
thiogalactoside was added to a final concentration of 1 mM, and incubated for 20 h at
25 °C with shaking at 250 rpm. The cells were harvested by centrifugation at 4000 x g
for 15 min at 4°C, then washed with ice cold 20 mM phosphate buffer (pH 7.4) two
times. Cells were resuspended in 20 mL of 20 mM phosphate buffer (pH 7.4)
containing 1.5 pL of Benzonase (Novagen, Wisconsin, USA) and 20 pL of 100 mg/mL
of lysozyme, followed by sonication with a cycle of 10 s on and 10 s off for 10 min on
ice (Branson, Danbury, CT). Cell lysates were centrifuged at 10,000 x g for 30 min at
4°C, and supernatants were filtered through a 0.45-um filter (AS ONE Co., Osaka,
Japan). One step Ni-affinity chromatography was performed by using an AKTA prime
protein purification system (GE Healthcare, Freiburg, Germany) equipped with a 1 mL
HisTrap-FF column (GE Healthcare, Freiburg, Germany) and a linear 50 mL gradient
from buffer A (20 mM phosphate buffer, pH 7.4, containing 500 mM NacCl, 25 mM
imidazole) to buffer B (20 mM phosphate buffer, pH 7.4, containing 500 mM NacCl, 500
mM imidazole). The fractionated proteins were concentrated and buffer-exchanged into
20 mM phosphate buffer, pH 7.4, using a VIVASPIN 20 (Sartorius Stedim, Goettingen,
Germany Sartorius AG, Germany) at 4000 x g to a final concentration of ~1 mg/mL at
4°C. The amount of purified protein was quantified by Bradford assay and store at -
80°C until use.
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Table 2.1. Primers used in this study.

Name

Sequcence (5'-3")

pVP68K vector for CHis fw?
pVP68K vector for CHis rv®
SACTEO0503_fw?
SACTEO0503_rv?
SACTE0504_fw?
SACTE0504_rv®
SACTE2285_fw?
SACTE2285_rv®

colony PCR_CHis_fw?
colony PCR_rv®
Prom_SACTEO0383_fw°
Prom_SACTEOQ0383_rv°
Prom_SACTE0504_fw°
Prom_SACTE0504_rv°
Prom_SACTE5235_fw°
Prom_SACTES5235_rv°
Prom_SACTE6282_fw°
Prom_SACTE6282_rv°
Prom_SACTE2285_fw°
Prom_SACTE2285_rv°

CATCATCATCATCATCATTGAGTTTAAACGAATTC
GGTTAATTTCTCCTCTTTAATGAATTCTGTGTG
ATTAAAGAGGAGAAATTAACCATGCAAACCGACCTCGTCGCC
TCAATGATGATGATGATGATGCTGCGCCGCCACCGCCCGTAC
ATTAAAGAGGAGAAATTAACCATGGCCGAGACCGCCCGCCATC
TCAATGATGATGATGATGATGGGCGGGCGGGAGTTCGCCG
CTGTACTTCCAGTCCATGGCGGCAGCGCGAGTACG
CGAATTCGTTTAAACTCAGGACGACTCGCGGACCA
ACGAGGCCCTTTCGTCTTCACC

CGGTGGCAGCAGCCAACTC
GCGAGGGCGCCGGCGAGGGCTAC
AAGGCGTACGTCCAGCGAATCAC
ATCTTGGTGCCGCCGATGTC

CCGGGTTCGCTGTTCACCACC
TAGCCGTGTCTCTTTCGGGAGTC
GCCGAACGCTTGATCACATCGCG
CGAGTGAGCCCGCCAGGAGCAC
GACGCCCGTGGACGACGGGTGAC
GTACGGTTCCCCGCGAGC

GCGCGTCCGCCTGCCCTTC

#Primers used for cloning plasmids.

®Primers used for clone verification.

“Primers used for amprification of DNA fragments.
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Electrophoresis mobility shift assay (EMSA) and effector assay

Prom_0383, Prom_0504, Prom_2285, Prom_5235, and Prom_6282 were amplified
from the SirexAA-E genomic DNA using a set of primers shown in Table 2.1. The DNA
concentration was estimated by the DS-11 nano liter spectrophotometer (DeNovix, IL,
USA). The binding assay was performed accordingly to the previous study with some
modifications (79). Briefly, 10 ng of each DNA fragment was mixed with a purified
transcriptional regulator in 10 pL of binding buffer (100 mM Tris-HCI, pH 7.4, containing
5 mM EDTA, 50 mM (NH4)2SO4, 5 mM DTT, 150 mM KCI, 1.0% (v/v) Tween-20, and
5.0% (v/v) glycerol), and incubated for 15 min at 25°C. After the reaction, the samples
were run on 2.0% TAE agarose at 50 V for 3 h at 5°C, and the gels were stained with
ethidium bromide. The amount of bound and unbound fractions on the gel was
quantified by using a Gel Doc™ EZ imager system (Bio-Rad, Hercules, CA, USA). In
each assay, bovine serum albumin (BSA) was used as a negative control. The average
and standard deviation were estimated based on three independent experiments. The
apparent Kp values of SACTE_0504p for each DNA fragment were estimated based on
the DNA concentration used in the reaction, which gives approximately 50% of free
DNA to the complex by EMSA. The formula used for calculation of the apparent Kp

value is as follows (87):

[complex] = [protein]*[free DNA]/ (Ko +[free DNA]),

where [complex], [protein], and [free DNA] indicate the concentration of the DNA-

protein complex, protein, and free DNA, respectively.
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Result

Growth of SirexAA-E on medium containing mannose and galactomannan (LBG)
SirexAA-E can grow on plant cell wall polysaccharides and produce various
extracellular enzymes depending on the available carbon sources present in the
growth medium. We initially tested whether SirexAA-E utilizes mannose and mannose-
containing polysaccharides, LBG, together with glucose and CMC as sole carbon
sources (Fig. S2.1). As previously reported, SirexAA-E grew on glucose and CMC, and
here we also show growth on mannose and LBG. After 3 days cultivation at 30°C, the
dry cell weight (mg/mL) was measured for growth on glucose (115+25 mg/mL),
mannose (654 mg/mL), CMC (3315 mg/mL), and LBG (93115 mg/mL), respectively.
To test the possibility that there might be free sugars present in the original LBG
material as received, we analyzed soluble sugars in the LBG by HPLC and found ~25
Mg of glucose in 50 ug of LBG; no other sugar derivatives were found (Fig. S2.2). Thus,
the growth of SirexAA-E in the LBG culture was initially due to the utilization of glucose.
To note, when the SirexAA-E was grown on pure mannan, no sign of growth was
determined (data not shown). In the later section, we will discuss how SirexAA-E

responds to LBG in the growth medium.

Biochemical analysis of the secretomes of SirexAA-E

To test if SirexAA-E secretes enzymes that decompose defined polysaccharides in
response to available carbon sources present in the growth media, culture
supernatants were prepared after growth on the following carbon sources: glucose;
mannose; CMC; and LBG for 3 days at 30°C. The highest concentration of secreted
proteins was obtained from SirexAA-E grown on CMC (15.1£0.9 pug/mL), followed by
LBG (12.24£5.1 pyg/mL), mannose (10.5+2.1 ug/mL), and glucose (1.8+0.6 pg/mL) (n=3)
(Table S2.1). In the presence of glucose, the amount of secreted proteins was
significantly lower than other conditions, consistent with the our previous report (71).
As reported earlier, the secreted proteins obtained from the CMC culture were fairly
abundant, and interestingly the secreted proteins from mannose and LBG cultures
contained an elevated level of proteins compared to the glucose culture. To test
whether each culture supernatant possessed unique polysaccharide-degrading
capabilities, the specific activity of each culture supernatant was measured using pure
CMC, xylan, and mannan as substrates (Fig. S2.3). The CMC culture supernatant

showed the highest polysaccharide-degrading activities for all tested substrates tested.
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In contrast, the mannose and LBG supernatants showed only ~35% of the CMCase
and ~30% of xylanase activities relative to the CMC culture supernatant were found in
the mannose and LBG samples, respectively. Compared to the CMC sample, and
around 7% and 10% mannan-degrading activities. The glucose culture supernatant
showed only minimal reactivities relative to the CMC, xylan, and mannan culture

supernatants.

LC-MS/MS analysis of secretomes

To determine and compare the proteins secreted in each culture supernatant, the
secretome composition of SirexAA-E grown on mannose, CMC, and LBG was
analyzed by LC-MS/MS (Fig. 2.1). In Table 2.2 and corresponding Table S2.2, the
number of identified proteins, and exponentially modified protein abundance index
(emPAl) values (n=3) are shown (88). To note, the previously reported composition of
secreted proteins in the glucose secretome was used as a benchmark, with only 7
CAZymes found among 32 secreted proteins in a total of 164 detected proteins (71). In
the mannose secretome, we determined 305 secreted proteins (97 CAZymes) in 1409
identified proteins, which account for 21.6% of the total proteome. In the CMC and LBG
secretomes, 172 secreted proteins (78 CAZymes) out of 805 total proteins (21.4%),
and 190 secreted proteins (90 CAZymes) out of 838 total proteins (22.7%) were
identified, respectively (Table 2.1, and Table S2.2). Due to a large number of secreted
proteins determined by our proteomic analysis, the top 100 extracellular CAZymes in
each secretome were selected based on the calculated emPAIl value from 3 biological
replicas except for the glucose secretome (Table S2.3).

The 7 reported CAZymes in the glucose secretome included a putative
dehydrogenase (GH109: SACTE_0604), B-xylosidase (GH43: SACTE_5267), 3-1,3-
glucanase (GH64: SACTE_4755), B-N-acetylhexosaminidase (GH3: SACTE_2232),
and 3 chitinases (GH23s: SACTE_1422, SACTE_2558 and SACTE_4281), all of which
were also found in the mannose secretome dataset (Table S2.2 and Table S2.3A). In
the mannose secretome, in addition to the 7 constitutively secreted CAZymes, 13
secreted CAZymes were determined, including 2 predicted a-1,2-mannosidase (GH92:
SACTE_0383, and SACTE_5235), cellobiohydrolase (GH6: SACTE_0237), 3 Iytic
polysaccharide monooxygenases (LPMOs) (AA10s: SACTE_0080, SACTE_2313, and
SACTE_6428), and 7 other CAZymes (Fig. 2.1, Table S2.2, and S3A). In the CMC

secretome, 46 CAZymes were determined, and all the proteins identified in the



22

previous study were found in our dataset (72), which included prominent endo- and
exo-type cellulases (GH48: SACTE_0236 and GH6: SACTE_0237), characterized
mannanase (GH5: SACTE_2347) (89), and 4 LPMOs (AA10s: SACTE_0080,
SACTE_2313, SACTE_3159, and SACTE_6428) (Fig. 2.1, Table S2.2, and S3A). In
the LBG secretome, we found 52 CAZymes in the top 100 secreted proteins, and
interestingly most of the CAZymes, 44 out of 52 proteins, were identical as those found
in the CMC secretome (Fig. 2.2.1 and Table S2.3B).

Fig. 2.1 compares the CAZymes determined in the mannose, CMC, and LBG
secretomes. Between the CMC and LBG secretomes, 2 CAZymes (CE4:
SACTE_0357, and GH9: SACTE_3717) and 8 CAZymes (GH23: SACTE_1422,
GH18s: SACTE_2290 and SACTE_5764, GH16: SACTE_2876, GH64: SACTE_2877,
GH33: SACTE_5371, GH13: SACTE_5685, and CBM13: SACTE_6512) were found to
be unique and in common for the CMC and LBG secretomes, respectively (Fig. 2.1).
Among the 44 CAZymes found in both CMC and LBG secretomes, the following 8
CAZymes were thought to be regulated by the SsCebR repressor (71, 73), including
the above-mentioned cellulases and mannanase (GH48: SACTE _0236, GH6:
SACTE_0237 and GH5: SACTE_2347), B-1,4-endoglucanase (GH5: SACTE_0482),
LPMOs (AA10: SACTE_3159 (90) and SACTE_6428), cellulose-binding protein
(GH74: SACTE_0562), and B-1,4-xylanase (GH10: SACTE_0265) (Blue filled stars in
the grey category in Fig. 2.1). This result suggested that both cellobiose and
mannobiose play roles as an effector ligand of SsCebR since there was no detectable
cellobiose in the LBG used in this study (Fig. S2.2). Between the mannose and LBG
secretomes, 15 CAZymes were found in both secretomes (Fig. 2.1 and Table S2.3B).
Moreover, two putative a-1,2-mannosidases (GH92: SACTE_0383 and SACTE_5235)
were found in the mannose, CMC and LBG secretomes, but not in glucose secretome,
yet the amount of both enzymes in the CMC secretome was low. Thus, we thought that

both GH92s are regulated by the same transcriptional regulator.
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Table 2.2. Summary of secretome analysis for SirexAA-E after growth on different carbon sources. The
number of identified proteins, secreted proteins, percentage of secreted proteins in the total identified proteins,
the numer of total CAZymes and the number of CAZymes in the top 100 secreted proteins are shown. *The

data of proteome of glucose-grown culture is quoted from previous study (71).

No. of
CAZymes
No. of No. of No. of _
. . %secreted  No. of in the top
Secretome identified secreted ) extracellular
) ) protein CAZymes 100
proteins proteins CAZymes
secreted
proteins
Glucose secretome* 164 32 19.5 7 7 7
Mannose secretome 1409 305 21.6 96 72 20
CMC secretome 805 172 214 78 46
LBG secretome 838 190 22.7 90 52

Mannobiose secretome 1048 184 17.6 80 34
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SACTE_0357 Polysaccharide deacetylase
SACTE_3717 glycoside hydrolase family 9

SACTE_0081 Predicted chitinase
SACTE_0236 -1,4-cellobiohydrolase
SACTE_0265 $-1,4-xylanase

SACTE_0323 B-mannosidase

SACTE_0324 F5/8 type C domain-containing protein
SACTE_0358 endo-1,4-B-xylanase
SACTE_0366 a-L-rhamnosidase
SACTE_0379 B-mannosidase

SACTE_0464 B-glucanase, GH16 family
SACTE_0482 $3-1,4-endoglucanase
SACTE_0549 B-glucanase, GH16 family
SACTE_0562 Cellulose binding protein
SACTE_0844 chitinase

SACTE_1302 pectate lyase

SACTE_1310 Pectate lyase

SACTE_2347 endo-1,4-B id
SACTE_3159 lytic poly g
SACTE_4246 Chitinase

SACTE_4515 glycoside hydrolase family 25
SACTE_4624 B-glucanase, GH16 family
SACTE_4730 glucosylceramidase
SACTE_4738 F5/8 type C domain-containing protein
SACTE_4858 Chitinase

SACTE_5166 B-xylosidase, GH43 family
SACTE_5629 glycoside hydrolase family 93
SACTE_5647 Polygalacturonase
SACTE_5809 glycoside hydrolase family 12
SACTE_5978 Pectate lyase

SACTE_6011 a-galactosidase

SACTE_6439 B-xylosidase, GH43 family

Mannose
secretome (20)

CMC
secretome (46)
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SACTE_1312 pectate lyase
SACTE_1640 a-amylase

SACTE_2558 LysM domain-containing putative chitinase

SACTE_4281 chitinase
SACTE_5743 carbohydrate binding module family 6

SACTE_1422 chitinase

LBG
secretome (52)

SACTE_0076 a-1,4-polygalactosaminidase
SACTE_0080 lytic pol! harid yg
SACTE_0237 B-1,4-cellobiohydrolase
SACTE_0383 a-1,2-mannosidase
SACTE_0604 Predicted dehydrogenase
SACTE_2232 3-N-acetylhexosaminidase
SACTE_2313 lytic poly harid yg
SACTE_3064 Predicted chitinase
SACTE_4363 laminarinase

SACTE_4755 B-1,3-glucanase
SACTE_5235 a-1,2-mannosidase
SACTE_5267 B-xylosidase

SACTE_5457 chitosanase

SACTE_6428 lytic poly harid yg

SACTE_2876 B-glucanase, GH16 family
SACTE_2877 B-1,3-glucanase
SACTE_2290 glycoside hydrolase family 18
SACTE_5371 sialidase-1

SACTE_5685 a-amylase

SACTE_5764 Carbohydrate binding domain-containing protein

SACTE_6512 Putative Ig domain-containing protein

Figure 2.1. Venn diagram of three SirexAA-E secretomes: mannose; LBG; and CMC.

The number in each category indicates the number of CAZymes determined by

secretome analysis. The list of CAZymes determined in each category is shown with a

locus number and predicted function. The blue filled stars indicated the CAZymes that

are thought to be underregulated by SsCebR.
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Potential regulators for mannanase activity of SirexAA-E

The two genes encoding a-1,2-mannosidases, SACTE_0383, and SACTE_5235, were
most likely regulated by the same repressor protein in a mannose- or
mannooligosaccharide-dependent manner. Thus, we looked at the predicted promoter
regions of two a-1,2-mannosidase gene loci and found the 12 bp palindromic
sequence, 5-GACAACGTTGTC-3' from the 20 to 30 bp upstream from the start codon
of two genes (Fig. S2.4A and B). Moreover, when we searched the SirexAA-E genome,
two additional copies of this sequence were found, one of which was flanked by two
regulator coding genes, SACTE_0503 and SACTE_0504 (Fig. S2.4C), while the other
was found at the upstream from the third putative a-1,2-mannosidase coding gene
(GH92: SACTE_6282) (Fig. S2.4D). The promoter region flanked by two transcription
regulator families (ROK: SACTE_0503 and Lacl: SACTE_0504) was particularly
interesting since transcriptional regulators from these families often regulate their own
gene expression (15-18). Consequently, we wanted to determine whether either or

both of these might function as a mannose-responsive transcriptional regulator.

Functional characterization of two putative regulators for mannosidases

To test whether two putative regulator proteins, SACTE_0503p and SACTE_0504p,
bind to the 12 bp predicted motif in vitro, each gene was amplified from the genome of
SirexAA-E, then cloned into pVP68K vector, overexpressed in Escherichia coli, and
purified by affinity purification methods using a designed C terminal histidine tag (Table
2.3 and Fig. S2.5). The following four promoter-containing regions were prepared from
the genomic DNA: a 309 bp region (Prom_0383) located upstream from SACTE_0383
(Fig. S2.4A); a 626 bp region (Prom_5235) located upstream from SACTE_5235 (Fig.
S2.4B); a 354 bp region (Prom_0504) located between SACTE_0503 and
SACTE_0504 loci (Fig. S2.4C); and a 250 bp region (Prom_6282) located upstream
from SACTE_6282 (Fig. S2.4D). A 350 bp of DNA fragment, including promoter region
of SACTE_2285 gene (Prom_2285), was used as a negative control. The result of
electromobility shift assay (EMSA) of SACTE_0504p to five promoter-containing
regions is shown in Fig. 2.2 (a full image of the gel is shown in Fig. S2.6.) and
summarized in Table 2.4. We did not detect apparent interaction between
SACTE_0504p and the negative control Prom_2285. However, mobility shifts were
seen with the four other fragments when the amount of SACTE_0504p was increased,
and apparent Kp was estimated to be ~90 nM (Prom_0383), ~80 nM (Prom_0504),
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~150 nM (Prom_5253), and ~110 nM (Prom_6282), respectively. In contrast,
SACTE_0503p did not bind any tested fragment, even when potential effector ligands,
glucose, mannose, cellobiose, and mannobiose, were added at high concentrations
(Fig. S2.7 and Table 2.4). Thus, we concluded that at least SACTE_0504p binds to
promoter regions that contain the predicted 12 bp sequence motif, 5'-
GACAACGTTGTC-3'. To ask whether the observed interaction between
SACTE_0504p and the tested promoter regions can be disrupted by effector ligand,
the following sugars, glucose, cellobiose, mannose, and mannobiose, were tested. In
Fig. 2.3A and Table 2.4, the binding of SACTE_0504p to the Prom_0504 was disrupted
by 50-300 mM of mannose and mannobiose, while glucose and cellobiose did not
affect the interaction even at a high concentration of ligand (300 mM). These results
indicated that SACTE_0504p, named herein SsManR, acts as a mannose/mannobiose
responsive repressor that transcriptionally controls the production of GH92

mannosidases depending on the presence of mannose and mannobiose.



Table 2.3. List of proteins prepared in this study. °Expected molecular

weight was calculated based on amino acid sequence of each protein.

PEither one step affinity purification (His-tag purification) or affinity

purification followed by immobilized metal affinity chromatography was

used.

Protein MW (kDa)®  Purification®

SACTE_0503p 32.6 C terminal His tag purification
SACTE_0504p 37.5 C terminal His tag purification
SACTE_2285p 374 C terminal His tag purification

27
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3001

Prom_2285 Prom_0504 Prom_0383 Prom_5235 Prom,_6282
Figure 2.2. Electromobility shift assay of the SACTE_0504p for four putative promoter

regions. Five PCR-amplified DNA fragments, Prom_2285, Prom_0504, Prome_0383,
Prom_5235, and Prom_6282, were incubated with increasing amounts of
SACTE_0504p. 0, 21, and 300 ng of SACTE_0504p were mixed with each promoter
region shown in lane 1, 2, and 3, respectively in each gel. The black filled star indicated
the presence of SACTE_0504p-DNA complex.
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Figure 2.3. Effector assay of the SACTE_0504p and SACTE_2285p.

The effect of four different sugars, glucose, mannose, cellobiose, and mannobiose, on
SACTE_0504p-Prom_0504 complex and SACTE_2285p-Prom_2285 complex, was
tested. (A) 140 ng of the purified SACTE_0504p was mixed with 10 ng of Prom_0504,
and 50, 150, and 300 mM indicated sugar was added. (B) 140 ng of the purified
SACTE_2285p was mixed with 10 ng of Prom_2285, and 50, 150, and 300 mM
indicated sugar was added. The black filled star indicated the formation of a protein-

DNA complex.
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Table 2.3. Summary of EMSA.

DNA fragments
Protein Prom_2285 Prom_0504 Prom_0383 Prom_5235 Prom_6282 Effector ligands
SACTE_0503p - - - - - n.d.
SACTE_0504p - + + + + mannose/ mannobiose
SACTE_2285p + - - - - cellobiose/ mannobiose

+: the binding was obserbed., -: no interaction; ND: not determined
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Mannobiose, a potential effector of SsCebR repressor

In the previous study, SsCebR (SACTE_2285) was suggested to be the transcriptional
repressor that interacts with the unique 14 bp palindrome sequence (5'-
TGGGAGCGCTCCCA -3’), located in the promoter regions of 15 cellulase genes (71).
This DNA-protein binding activity was thought to be inhibited explicitly by cello-
oligosaccharides in a dose-dependent manner (79). Our analysis of the LBG
secretome suggested that mannobiose also induced SsCebR-regulated CAZymes
hence mannobiose was thought to be a potential effector ligand of SsCebR. To test
this, SsCebR (SACTE_2285p) was prepared (Table 2.3 and Fig. S2.5), and 350 bp of
Prom_2285, containing the SSCebR-box, was also prepared for the EMSA and effector
assays (Fig. 2.3B and Table 2.4). In the absence of the effector ligand, the mobility
shift of Prom_2285 DNA was observed, consistent with the previous observation (73).
Neither glucose nor mannose affected the interaction between SsCebR and
Prom_2285. However, in the presence of 50 mM cellobiose, the mobility shift
disappeared. Interestingly, in the presence of mannobiose in the EMSA reaction, 50
mM mannobiose disrupted the interaction between SsCebR and Prom_2285,

suggesting that mannobiose is also an effector ligand for SsCebR.

Mannobiose secretome analysis

In the previous studies, only cellobiose and longer cellooligosaccharides were thought
to be the effector molecules of SgCebR in S. griseus (10). Additionally, in SirexAA-E,
the SsCebR was indicated to regulate a set of CAZyme coding genes downstream
from the SSCebR-box in a cellobiose-responsive manner (71). However, our current
finding suggested that mannobiose also influences the binding of SsCebR to SSCebR-
box. To assess whether mannobiose induces expression of the SsCebR regulated
genes in vivo, SirexAA-E was grown on mannobiose as the sole carbon source. In the
presence of mannobiose, SirexAA-E grew well (3244 mg/mL dry cell weight), and the
culture supernatant was collected for the proteomic analysis (n=3). 184 secreted
proteins were determined out of 1048 total proteins identified, and 34 CAZymes were
included in the top 100 proteins (Table 2.1 and Table S2.2). With the mannobiose
secretome, a heatmap was constructed in order to compare the secreted CAZymes
from cells grown on 5 different carbon sources (Fig. 2.4). The hierarchical tree on the
top, accounting for the overlap of secreted CAZymes in each dataset, indicated that the

LBG secretome and CMC secretome were the closest in composition, followed by the



32

mannobiose, and then mannose secretomes. The CAZymes regulated by SsManR
were found in all the secretomes except for the glucose secretome. Furthermore, the
SsCebR regulated CAZymes were detected in the mannobiose, LBG, and CMC
secretomes. By comparing between mannose and mannobiose secretomes, 12
CAZymes were found to be present in both datasets, and a-1,2-mannosidases
(SACTE_0383, and SACTE_5235) were included (Fig. 2.4). In Fig. S2.8, the
comparison between the mannobiose, LBG secretome, and CMC secretome is shown,
where 31 secreted CAZymes are shared by all three secretomes, including the two a-
1,2-mannosidases (SACTE_0383, and SACTE_5235) regulated by SsManR, and the
five CAZymes (SACTE_0237, SACTE_0482, SACTE_2347, SACTE_3159, and
SACTE_6428) regulated by SsCebR. Altogether the expression of the above CAZymes

was shown to be regulated by the two transcriptional regulators described in this study.
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SACTE_2290 GH18

SACTE_2876 B-glucanase, GH16
SACTE_5685 a-amylase, GH13
SACTE_5371 sialidase-1, GH33
SACTE_6512 putative Ig domain, CBM13

SACTE_6011 a-galactosidase, GH27
SACTE_0323 B-mannosidase, GH2
SACTE_5978 pectate lyase, PL1

SACTE_5809 GH12

SACTE_5764 carbohydrate binding domain, GH18
SACTE_2877 B-1,3-glucanase, GH64
SACTE_0464 B-glucanase, GH16

SACTE_0549 B-glucanase, GH16

SACTE_0324 F5/8 type C domain, GH55
SACTE_4624 B-glucanase, GH16

!

SACTE_6439 B-xylosidase, GH43
SACTE_0081 predicted chitinase, GH19
SACTE_4246 chitinase, GH18
SACTE_1310 pectate lyase, PL3
SACTE_0379 B-mannosidase, GH2
SACTE_0844 chitinase, GH18
SACTE_4730 glucosylceramidase, GH30
SACTE_5629 GH93
SACTE_4738 F5/8 type C domain, GH16
SACTE_5647 polygalacturonase, GH87
B-xylanase, GH11
SACTE_4858 chitinase, GH18
SACTE_0366 a-L-rhamnosidase, GH78
SACTE_0357 polysaccharide deacetylase, CE4

SACTE_3779 GH31

SACTE_1312 pectate lyase, PL1

SACTE_5743 carbohydrate binding module, CBM6
SACTE_1640 a-amylase, GH13

SACTE_1302 pectate lyase, PL1
SACTE_0265 B-1,4-xylanase, GH10

SACTE_4515 GH25, GH25
SACTE_5166 B-xylosidase, GH43

SACTE_4363 laminarinase, GH55
SACTE_3064 predicted chitinase, CBM5,GH19
SACTE_2313 Iytic polysaccharide monooxygenase, AA10

SACTE_0080 Iytic polysaccharide monooxygenase, AA10
SACTE_0076 a-1,4-polygalactosaminidase, GH114

SACTE_4755 -1,3-glucanase, GH64
SACTE_5267 B-xylosidase, GH43
SACTE_0604 predicted dehydrogenase, GH109
SACTE_2232 B-N-acetylhexosaminidase, GH3
SACTE_4281 chitinase, GH23

SACTE_1422 chitinase, GH23

SACTE_2558 L‘sM dor}\ain—containinﬁ putative chitinase, GH23

SACTE_5457 chitosanase, GH46
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Figure 2.4. Hierarchical clustering of CAZymes in the top 100 secreted proteins
identified in the glucose, mannose, mannobiose, CMC, and LBG culture supernatants
of SirexAA-E. A total number of 60 CAZymes were clustered based on their similarities
in protein abundance (emPAI value) indicated as color code. Possible regulations
either by SsCebR or SsManR of determined CAZymes were orange or blue highlighted
with corresponding locus number and putative function of each protein shown on the

right.
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Discussion

Prior to this work, the response of SirexAA-E to mannan, one of the most abundant
hemicelluloses in the plant cell wall, particularly softwood (conifer), had not been
described (95). We found CMC-, xylan-, and mannan-degrading activities in the
mannose and LBG culture supernatants, suggesting that both mannose and LBG
induce enzymes that depolymerize the tested substrates. The compositions of
mannose, CMC, and LBG secretomes were compared (Fig. 2.1), and 14 CAZymes
were found in all three secretomes. Among the 14 CAZymes, two a-1,2-mannosidases
(GH92: SACTE_0383 and SACTE_5235) were of interest since their predicted
functions were mannan utilization and they were also abundant in the mannose-
induced secretome. Furthermore, the enzyme composition between the CMC and
LBG-induced secretomes was highly overlapped, and thus we investigated whether the
same transcriptional regulation occurred in both carbon source media.

With respect to the mannan response of SirexAA-E, we hypothesized two
possibilities: 1) there is a novel regulator that functions in a mannose- and
mannobiose- (the end product of LBG) responsive manner and regulates the
expression of two a-1,2-mannosidases; 2) mannobiose is an effector ligand that
prevents the binding of SsCebR to the target regulatory elements (SSCebR-box) like
reported for cellobiose in the genome of SirexAA-E.

To test the first possibility, we performed genome analysis and in vitro
binding assays (Fig. 2.2, Fig. 2.3, and Fig. S2.4) and identified a novel transcriptional
regulator, SsManR (SACTE_0504p), that recognizes the motif upstream from the three
a-1,2-mannosidase-coding genes. The apparent Kp of SsManR to the motif was
comparable to the reported Ko of E. coli Lacl and operator complex (96, 97) and also to
that of the SgCebR and CebR box in S. griseus (79). Note that the apparent Kp of
SsManR estimated in this study ranged from 80-150 nM, suggesting that the
interaction between SsManR and the same motif in four different genome locations
might depend on the surrounding sequences of the motif in each promoter (Fig. 2.2).
Furthermore, we determined that both mannose and mannobiose are the effector
ligands that disrupt the interaction between SsManR and Prom_0504, while mannose
disrupts the interaction more effectively than the mannobiose (Fig. 2.3). SACTE_0503p
did not bind to any promoter region, even in the presence of a series of mono- or di-

saccharides as a potential effector ligand of activator function (Fig. S2.7).
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Next, we tested the effect of mannobiose on the SsCebR function. CebR
repressors in the family Actinobacteria, including S. griseus, S. reticuli, and
Thermobifida fusca, were shown to be regulated by cellooligosaccharides, but the
effect of mannooligosaccharides on these CebR repressors was not described (79, 98,
99). As shown in Figure 2.3B, both cellobiose and mannobiose disrupted the
interaction between SsCebR and Prom_2285, suggesting that SsCebR does not
differentiate between the two molecules, as mannobiose is a C-2 epimer of cellobiose.

With the reported genomic and in vitro studies, we anticipated that if
mannobiose is used as a sole carbon source in the medium, the set of genes regulated
under both transcriptional regulators should be upregulated. To test this, cells were
grown on mannobiose as a sole carbon source, and secretomic analysis was
performed. Indeed, two a-1,2-mannosidases were found, which suggested that
mannobiose de-repressed their regulation under SsManR. Furthermore, a set of
SsCebR regulated CAZymes was also detected in the mannobiose secretome. Thus,
we proved that both transcriptional regulators respond to mannobiose, allowing an
expanded set of CAZymes to be expressed.

In the mannose secretome, cellobiohydrolase (GH6: SACTE_0237),
endoglucanase (GH5: SACTE_0482), and LPMO (AA10: SACTE_6428) were also
found. The leaky control of expression of these genes would be driven by an extremely
strong activator (100, 101). In S. rimosus, a member of the SARP family transcription
regulator, OtcR, was shown to be an extremely strong activator for the oxytetracycline
biosynthesis gene cluster (102). However, such activators for CAZyme genes in
Streptomyces have not been determined to date. From the heatmap, 3 LPMOs
(AA10s: SACTE_0080, SACTE_2313, SACTE_6428) were also found in the
mannobiose, LBG, and CMC secretomes, however, the transcription factors that
regulate these genes are also still elusive (Fig. 2.4).

With these new findings, we can propose a transcriptional network model that
enables SirexAA-E to respond to LBG (Fig. 2.5). As was determined, LBG used in this
study contained a large amount of glucose (Fig. S2.2), which lets cells grow and
secrete a basal level of CAZymes that could subsequently hydrolyze LBG, including (-
mannanase (GH5: SACTE_2347) (71, 89). Alternatively, in a natural symbiont
environment, a series of oligosaccharides such as mannooligosaccharides would be
provided by symbiont microbes that can decompose plant cell wall components (103).

When cells are exposed to mannose or mannobiose, they are imported into the cell by
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a putative mannose transporter (SACTE_5236, SACTE_5237, and SACTE_5238)
(104), and displaces SsManR from the 4 promoter regions (Prom_0383, Prom_0504,
Prom_5235, and Prom_6282). This turns on the transcription of a set of genes. At
Prom_0383, at least two mannose utilization genes would be transcribed, a-1,2-
mannosidase (GH92: SACTE_0383) and -mannosidases (GH2: SACTE_0382), with
both enzymes predicted to function in the hydrolysis of a, and B-linked mannose in the
LBG, respectively (Fig. S2.4A) (105). Prom_0504 is considered as a bidirectional
promoter, which may regulate both ROK-like SACTE_0503 and Lacl-like
SACTE_0504-coding genes. Although we were able to show autoregulation of
SsManR (SACTE_0504) via Prom_0504, a function of SACTE_0503 is still unknown
(Fig. S2.4C). At Prom_5235, three genes, a-1,2-mannosidase (GH92: SACTE_5235),
the domain of the unknown function (DUF: SACTE_5324), and peptidase
(SACTE_5233) (106) are in the same orientation, and the putative mannose
transporter genes (SACTE_5236, SACTE_5237, and SACTE_5238) are in the
opposite direction, offering the potential that these will be regulated together (Fig.
S2.4B). In the proposed network model, a predicted peptidase (SACTE_5233) is drawn
with a potential function, which recognizes and cleaves the signal peptide of
extracellular enzymes, i.e., SACTE_5235 a-1,2-mannosidase (Fig. 2.5). Although the
third a-1,2-mannosidase (GH92: SACTE_6282) present in the SirexAA-E was not
detected in our secretomic analysis, this gene is also thought to be regulated by
SsManR through Prom_6282 based on the binding study (Fig. S2.4D). Overall, the
described set of enzymes except for SACTE_6282 are produced under the presence of
mannose via derepression of genes under the control of a newly identified
transcriptional regulator, SsManR. Once mannobiose becomes available in the
medium, an additional set of CAZymes under the SsCebR repression is concomitantly
expressed. Importantly, the previously characterized 3-mannanase (GH5:
SACTE_2347) is also regulated under the SsCebR, and this enzyme actively
hydrolyzes the mannan interchain (89).

In summary, we determined the novel response of SirexAA-E to the mannan,
which was not known. A novel transcriptional regulator, SsManR, was determined to be
the repressor that regulates a set of mannosidases and other mannose utilizing genes.
Furthermore, we determined that mannobiose is a new effector ligand of the previously
described cellooligosaccharide responsive regulator, SsCebR. The described mannose

and mannobiose responses of SirexAA-E help us rationalize how this bacterium
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responds to the naturally occurring galactomannan in hardwood. This linked regulatory
system allows SirexAA-E to effectively respond to the presence of both cellulose and
mannan, the majority polysaccharides found in pine wood, through detection of the

major disaccharide products derived from their enzymatic hydrolysis.
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Figure 2.5. The transcriptional network circuit of SirexAA-E in response to mannose-
containing polysaccharides via two Lacl-repressors, SsManR and SsCebR, described
in this study. The red, blue, green, and grey arrows in the bottom indicated genes
encoding CAZymes, transcriptional regulators, transporters, and currently unknown
function, respectively. Light blue and orange boxes indicate the SsCebR and SsManR
binding motifs, respectively. Pink, green and gray hexagons are mannose, galactose,
and other saccharides.
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CHAPTER 3. MOLECULAR MECHANISMS OF MULTIPLE HEMICELLULOSE-
RESPONSIVE TRANSCRIPTIONAL REGULATORS IN THE CELLULOLYTIC
STREPTOMYCES SP. SIREXAA-E

Abstract

We have focused on the transcriptional networks of the insect-symbiont streptomyces
sp. SirexAA-E (SirexAA-E) to understand the regulation of genes that encode for plant
biomass-degrading enzymes for potential biofuels applications. Unlike other
actinobacteria, well known antibiotic producers, i.e. S. griseus, the transcriptional
regulations of SirexAA-E to environmental nutrients are poorly described. We recently
showed that SirexAA-E utilizes SsCebR and SsManR to regulate a set of genes
encoding cellulose- and mannan-degrading enzymes in response to available carbon
sources. However, a little is known about how SirexAA-E might regulate genes
encoding enzymes that degrade xylan, the second abundant polysaccharide in the
plant cell wall.

In this study, we cultivated SirexAA-E with xylose-, xylobiose- and xylan-containing
media, and proteomic analysis was performed on the culture supernatants. In
xylobiose and xylan culture supernatants, three xylanases and one xylose isomerase
were determined to be highly secreted, compared to the xylose culture. To test if those
four genes (two are in the same operon) are regulated by the same transcription
regulators, pull-down proteomic analysis was conducted. Three biotinylated DNA
sequences, upstream from the four genes, were incubated with the cell lysate of
SirexAA-E, followed by proteomic analysis. Results showed that four predicted
transcriptional regulators were pull-downed with all tested biotinylated DNA sequences.
These proteins were overexpressed in E. coli then purified, and each protein was
confirmed to bind above biotinylated sequences by electrophoresis mobility shift assay.
Moreover, DNase | footprinting was carried out to determine the sequence motifs for
each transcriptional regulator. In conclusion, we were able to identify a set of
transcriptional regulators that regulates genes involved in xylan degradation and
utilization of SirexAA-E.
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Introduction

Streptomyces sp. strain SirexAA-E (SirexAA-E), a symbiont of the wood-devastating
wood wasp, is a potentially useful strain for biofuels application with the reported high
plant biomass-degrading capability. A series of biochemical analyses demonstrated
that the specific activities of cellulose degradation in the culture supernatant of
SirexAA-E, when cellulose was used as a sole carbon source in the growth medium,
showed around 40% of the specific activity of the commercial enzyme cocktail,
Spezyme CP (71). Importantly, when the SirexAA-E culture supernatant was prepared
from the xylan grown condition, the specific activity of xylan degradation was shown to
be ~20% higher than the Spezyme CP. Moreover, the xylan-specific induction of genes
encoding three xylanases and one xylose isomerase was determined by the proteomic
analysis. Thusfar, overproduction of xylan-degrading enzymes by this bacterium is of
great interest, and to do so, the transcriptional network that regulates gene expression
for a set of xylanases is core to understand for forthcoming genome-editing.

Xylan, the largest hemicellulose of plant cell wall materials, has the main
chain of 3-1,4-linked xylose and contains a variety of substituted side groups such as
acetyl, L-arabinosyl, and 4-O-methylglucuronyl residues at the position of O-2 and/or
O-3 of D-xylopyranosyl residues (15, 95). It represents an important renewable
resource of bio-based products such as ethanol, lactic acid, and xylitol for a wide range
of industrial applications (107-109). Xylan polysaccharides in nature are mainly
present in the forms of acetyl xylan and arabinoxylan in hardwoods and softwoods
(110). Considering the heterogeneous sugar composition and sugar linkages, complete
and rapid hydrolysis of xylan polysaccharides require various types of enzymes and
they are classified in the Carbohydrate-Active Enzymes (CAZymes) (31, 111, 112). For
example, glycoside hydrolase family 10 and 11 (GH10 and 11) endo-1,4-xylanases
(EC 3.2.1.8) break down the backbone of xylan. GH3 B-xylosidases (EC 3.2.1.37)
release xylose monomer from non-reducing ends of xylooligosaccharides. GH62 a-L-
arabinofuranosidases (EC 3.2.1.55) and GH115 a-glucuronidases (EC 3.2.1.131)
remove the side chain sugars that are branched at various points of xylose molecules
on xylan polymers. Furthermore, carbohydrate esterase family 4 (CE4) acetyl xylan
esterases (EC 3.1.1.72) catalyze the hydrolysis of O-linked acetyl groups from the O-
acetyl xylose residues. It is known that the synergistic action among the above

enzymes, at least, is needed to realize efficient xylan hydrolysis (41, 43, 113).
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A vast majority of reported xylan-degrading enzymes are originally found in microbes
such as bacteria (Streptomyces and Bacillus) and fungi (Aspergillus and Trichoderma)
(114). Among such xylolytic microorganisms, Streptomyces species, gram-positive
bacteria, produce various xylan-degrading enzymes, most of which show high
thermostability and alkaline tolerance, compared to other microbe originated ones
(115, 116). Hence Streptomyces species can be important sources of xylan-degrading
enzymes. With biochemistry and structural studies of xylan-degrading enzymes from
Streptomyces, great details of the functions in xylan hydrolysis have been described
(117, 118). However, knowledge of the molecular mechanisms by which the
Streptomyces respond to the substrate and adapt their enzyme production to xylan
metabolism are elusive to date, whilst it will provide us the idea to create genome-
edited strain for xylan utilization, especially based on the reported high cellulolytic
SirexAA-E.

The Lacl family regulator of S. thermoviolaceus OPC-520, BxIR, was reported
to act as a repressor of xylan degradation and uptake system of xylo-oligosaccharides
(92). This regulator was shown to control the expression of the five characterized
xylan-degrading enzymes including two GH10 and GH11 endo-1,4-xylanases, one
GH3 B-xylosidase, GH62 a-L-arabinofuranosidase, and CE4 acetyl xylan esterase in
response to available xylobiose in vivo and in vitro (119-122). BxIR binds to the four
inverted repeat, 5-CGAA-N3-TTCG-3’, in the promoter regions of genes encoding the
xylo-oligosaccharide transporters and the above five xylan-degrading enzymes. Thus,
analogous gene regulation to the S. thermoviolaceus OPC-520 was thought to occur in
SirexAA-E, which transcriptional circuits for cellulose- and mannan-degrading enzymes
were previously described (71, 73, 123).

In this study, we sought to determine the already known and potentially new
xylan responsive transcriptional regulators in SirexAA-E. Three xylan responsive
transcriptional regulators, SACTE_0535p, SACTE_5479p, and SACTE_5759p, were
determined and characterized with the corresponding new effector ligands, which likely
regulate the downstream genes in a xylooligosaccharide-responsive manner.
Furthermore, novel DNA sequence motifs for SACTE_0535p and SACTE_5479p were
determined by DNase | footprinting assay. In conclusion, we identified a set of
transcriptional regulators that regulates genes involved in xylan degradation and
metabolism of SirexAA-E.
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Materials and Methods

General reagents

Xylan (Tokyo Chemical Industry, Tokyo, Japan) and D-glucose (Wako Pure Chemical
Industry, Ltd., Osaka, Japan) were purchased for the defined carbon source-containing
culture media. Carbohydrates, including D-xylose, D-cellobiose (Wako Pure Chemical
Industry, Ltd., Osaka, Japan), D-xylobiose (Megazyme, Ireland), allantoin (Tokyo
Chemical Industry, Tokyo, Japan), allantoic acid (Tokyo Chemical Industry, Tokyo,
Japan), and glyoxylate (Tokyo Chemical Industry, Tokyo, Japan), used in EMSA

experiments were all purchased.

Growth on different carbon sources

Yeast-malt extract (YME) (4 g of yeast extract, 10 g of malt extract, and 4 g of glucose
for 1L) and YME agar were used for routine cultivation of SirexAA-E as described in
the previous study (123).To prepare cell lysate, the cells were pre-cultured in 2.0 mL
M63 (10.72 g of KoHPOg4, 5.24 g of KH2POy4, 2 g of (NH4)2SO4, 1 mM MgS0O4, and 10 g
of Thiamin for 1L) medium containing 0.5% (w/v) of glucose for 3 days at 30 "C with
shaking at 250 rpm. 10% (v/v) of pre-cultured cells were inoculated into 50.0 mL of
M63 minimal medium containing 0.5% of either glucose or xylan as sole carbon
source, and cultivated for 3 days at 30°C with shaking at 250 rpm. All cultures were

performed in triplicate.

Preparation of the intracellular proteins

The cell pellets were collected by centrifugation for 15 min at 4,000 x g at 4°C, and
washed with 20 mM phosphate buffer (pH 7.4) twice. The cell fraction was
resuspended in 500 pL of 20 mM phosphate buffer (pH 7.4) and sonicated (Branson,
Danbury, CT) with output control at 3, 30% of a duty cycle for 15 min on ice. Cell
lysates were centrifuged at 10,000 x g for 30 min at 4°C, and the supernatants were
collected as the fraction containing intracellular proteins. To remove soluble sugars,
intracellular proteins were dialyzed against 50 mM NaCl, 20 mM phosphate buffer
(pH7.4) for 1 hr using Ultracel® 10 kDa Ultrafiltration Discs (Millipore, Ireland). The
concentration of proteins in each intracellular protein was determined by the BCA

protein assay (Bio-Rad Laboratories, Hercules, CA, USA).
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Preparation of DNA fragments for pulldown assay

350-550 bp of biotinylated DNA fragments containing three promoter regions were
amplified using 5’-biotinylated forward primers (Eurofins genomics, Tokyo, Japan) and
non-labeled reverse primer pairs (Fasmac, Kanagawa, Japan) listed in Table 3.1.
These primer pairs were used to PCR amplify three promotor regions using the
SirexAA-E genomic DNA as a template and KOD FX NEO PCR kit (TOYOBO, Osaka,
Japan). To prepare competitor DNA fragments for pulldown assay, the SirexAA-E
genomic DNA was physically fragmented by the sonication under the following setting,
output control at 3 and 30% of a duty cycle for 30 min on ice, which resulted in an

average size of 500 bp sheared DNA fragment.

Pulldown assay

Biotin-based pulldown proteomics analysis was carried out as described in the
previous study with some modifications (124). 50 ug of the intracellular proteins
extracted from either glucose- or xylan-grown cells were mixed with 250 ng of a
biotinylated DNA fragment in 500 yL binding buffer, containing 200 mM NaCl, 0.1%
Tween20, 1 mM EDTA, and 20 mM Tris-HCI (pH 7.4). 50 ug of BSA and 2.5 mg of
SirexAA-E genome fragments were also added to the reaction mixture to avoid any
non-specific binding of proteins to the biotinylated DNA. The mixtures were incubated
for 1 hr at 15°C with moderate rotation, followed by adding 50 ug of streptoavidin
magnetic beads (Magnosphere™, JSR Life Sciences Co, ibaraki, Japan), and
incubated for 15 min at 15°C to allow biotinylated DNA and streptavidin beads
interaction. The streptoavidin magnetic beads were then washed 10 times with 200 pL
of the binding buffer, and the intracellular proteins that remained bound during

extensive wash were suspended in 10 uL of 8 M urea.

Preparation of proteomic samples

Solubilized samples in 8M urea were diluted to 1 M urea by adding 25 mM ammonium
bicarbonate buffer followed by a reduction reaction with 50 mM dithiothreitol for 30 min
at 50°C, and alkylation reaction with 500 mM iodoacetamide for 30 min in the dark at
room temperature. Tryptic digestion was carried out for 10 hrs at 37°C by treating with
0.5 ug of proteomic grade trypsin (Roche, Mannheim, Germany), and peptides were

purified using C18 ziptip pipette tips (Millipore, Ireland).
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Proteome analyses

Mass spectra were separated using an Easy nLC1000 liquid chromatography system
with Q-Exactive plus Orbitrap mass spectrometer (ThermoFisher Scientific, City, IL,
USA), and Xcalibur software (ver. 3.1, Thermo Fisher Scientific, IL). The trypsin
digested peptides were separated on a C18 capillary tip column (NTCC-360/75-3-125,
Nikkyo Techno, Japan) by a linear gradient from 5 to 30 % with two solutions: 0.1%
formic acid in water and 0.1% formic acid in acetonitrile in 2 hrs. Full scan mass
spectra were obtained in the Orbitrap with a scan range of 300.0 to 2,000.0 m/z with a
resolution of 70,000. Proteins were identified from the acquired MS/MS spectra using
Proteome Discoverer 2.1 (Thermo Fisher Scientific, IL) with all CDSs of S. sp. SirexAA-
E reported in the previous study (71). The peptide mass tolerance was set at 10 ppm,
and fragment mass tolerance was set at 0.8 Dalton, respectively. The peptide charge
was set at +2, +3 and +4. The accuracy and sensitivity of peptide identification were
optimized using the automatic decoy and percolator functions under Proteome
Discoverer software built-in function. All proteomic data sets obtained in this study can

be found in the PRIDE proteomics identification database (https://www.ebi.ac.uk/pride/)

with the accession number of xxxxxx.

Cloning and protein expression of transcriptional regulators

All plasmids used in this study were cloned using a sequence and ligation—independent
cloning (SLIC) method (125). All primers were purchased (Fasmac, Kanagawa) and
listed in Table 3.1. The SACTE_0535, SACTE_5479, and SACTE_5759 genes were
cloned into the Escherichia coli expression vector pVP68K (Center for Eukaryotic
Structural Genomics, Madison, WI), which is designed to produce the following
construct, an N-terminal 8-histidine tag, maltose binding protein (MBP), tobacco etch
virus (TEV) protease cleavable sequence, followed by the protein of interest. The
SACTE_0535, SACTE_5479, and SACTE_5759 genes were PCR-amplified using the
SirexAA-E genomic DNA as a template and the KOD FX NEO polymerase (TOYOBO,
Osaka). The amplified insert DNA is designed to contain 15 bp overlapping sequence
in both ends, which are complement with the pVP68K vector sequence, necessary for
the SLIC method (125). The backbone of the pVP68K vector was amplified using a pair
of primers listed in Table xx. The standard SLIC reaction contains 50 ng of a vector
backbone PCR product and corresponding insert DNA with the molar ratio of 1:05 to
1:4, 0.25 (3 units/uL) of T4 DNA polymerase (NEB, Ipswich, Massachusetts, USA) and
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1 uL of NEBuffer r2.1 in 10 pL reaction. The SLIC reaction mixture was incubated for 5
min at 26°C, then chilled in ice for 10 min. The ligated plasmids were transformed into
E. coli JM109 competent cells (Takara Bio Inc., Shiga, Japan) by a standard heat-
shock method, and plated onto an LB medium supplemented with 50 ng/mL kanamycin
for antibiotic selection. Transformants were screened by a colony PCR using the
primer pairs, colony PCR_fw and colony PCR _rv, then the sequence was verified
(Eurofins genomics, Tokyo). Sequence-verified plasmids were transformed into E. coli
strain Rosseta2 (DE3) (Merck Millipore, Burlington, Massachusetts, USA).

Protein overexpression and purification were carried out accordingly to the
previous study (126). Briefly, cells transformed with the plasmid were precultured in 20
mL of non-inducing MDAC media (127) supplemented with 50 pg/mL of kanamycin
overnight at 37 °C with shaking at 250 rpm. The precultures were added to 1 L of
TB+G autoinduction media (12 g of tryptone, 24 g of yeast extract, 6.4 g of glycerol,
0.12 g of glucose, 4 g of alpha-lactose, 3.75 g of aspartate, 12.54 g of K:HPOy4, 2.31 g
of KH2POQOy4, 0.24 g of MgSO4 for 1L) supplemented with 50 ug/mL kanamycin and
cultivated overnight at 30°C with shaking at 250 rpm. The cell pellets were harvested
by centrifugation at 4,000 x g for 15 min at 4°C, and washed twice with ice-cold 20 mM
phosphate buffer (pH 7.4). Cell pellets were resuspended in 20 mL of 20 mM
phosphate buffer (pH 7.4) containing 20 uL of 100 mg/mL of lysozyme, and sonicated
by the following settings, output control at 3 and 30% of a duty cycle for 15 min on ice.
Cell lysates were centrifuged at 10,000 x g for 60 min at 4°C, and supernatants were
filtered through a 0.45-um filter (AS ONE Co., Osaka, Japan). The Ni-affinity
chromatography was performed by using an AKTA prime protein purification system
(GE Healthcare, Freiburg, Germany) equipped with a 1 mL HisTrap-FF column (GE
Healthcare, Freiburg) and a linear 50 mL gradient from equilibration buffer (20 mM
phosphate buffer, pH 7.4, containing 500 mM NaCl, 25 mM imidazole) to equilibration
buffer supplemented with 0.5 M imidazole. The purified fractions were concentrated
and buffer-exchanged against XX mM NaCl, 20 mM phosphate buffer, pH 7.4, using a
VIVASPIN 20 concentrator (Sartorius Stedim, Goettingen, Germany Sartorius AG,
Germany) at 4,000 x g for 2 h at 4°C. The N-terminal His-tag and MBP were removed
by adding 1/100 (w/w) TEV protease for 16 hrs at 4°C and the protein product lacking
MBP protein was purified by collecting the flow-through of Ni-column. The tag-free

protein was concentrated and buffer-exchanged against 20 mM phosphate buffer, pH
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7.4, using a VIVASPIN 20 concentrator. The purified protein concentration was

quantified by BCA assay and stored at -80°C until use.

Electrophoresis mobility shift assay (EMSA) and effector assay

The six DNA fragments containing the predicted promoter regions were amplified from
the SirexAA-E genomic DNA using primers shown in Table xx and KOD FX NEO
polymerase (TOYOBO, Osaka). The DNA concentration was estimated by the DS-11
nano liter spectrophotometer (DeNovix Inc., Wilmington, Delaware, USA

) and adjusted to 10 ug/uL. The EMSA reactions were carried out according to the
previous study with modifications (123). 10 ng of each DNA fragment was mixed with
varying the amount of the purified protein in the binding buffer consisting with 100 mM
Tris-HCI, pH 7.4, containing 5 mM EDTA, 50 mM (NH4)2SO4, 5 mM DTT, 150 mM KCI,
1.0% (v/v) Tween-20, and 5.0% (v/v) glycerol), and incubated for 15 min at 25°C. For
the effector assay, different amounts of a series of effector ligands were added to the
reaction mixtures, in which DNA-protein complex formation was determined, and
incubated for 10 min at 25°C. The samples were then loaded onto 2% TAE agarose
gels, and the free and bound forms of DNA fragments were separated by
electrophoresis at 50 V for 3 hrs at 5°C. The gels were stained with ethidium bromide,
and the amount of free and unbound fractions on the gel was quantified by using a Gel
Doc™ EZ imager system (Bio-Rad Laboratories, Hercules, CA, USA). 0.5 ug/uL BSA
was used as a negative control in each assay, and all reactions were performed in
triplicate. The apparent Kp values of SACTE_0535p, SACTE_5479p and
SACTE_5759p for the indicated DNA fragments were estimated based on the DNA
concentration used in the reaction, which gives approximately 50% of free DNA to the
DNA-protein complex by EMSA. The formula used for calculation of the apparent Kp

value is shown below (87):

[complex] = [protein]*[free DNA]/(Kb + [free DNA]),

where [complex], [protein], and [free DNA] indicated the concentration of the DNA-

protein complex, protein, and free DNA, respectively.
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DNA footprinting assay.

DNase | footprinting was performed as described elsewhere (128). The same binding
condition used in the EMSA assay was carried out to obtain the DNA-protein complex.
~250 bp of DNAs were PCR-amplified by using the following 5’-biotinylated forward
primers (SACTE_0535 fp_fw and SACTE_5479_fp_fw) and corresponding non-
biotinylated reverse primers (SACTE_0535_fp_rv and SACTE_5479 fp_rv), shown in
Table XX. The formation of the biotinylated DNA-protein complex was performed using
5 ng biotinylated DNA with 0.025/ 0.05 ug/uL SACTE_0535p or 0.028 ug/uL
SACTE_5479p in the 15 uL reaction for 15 min at room temperature, followed by 3
units/uL DNasel treatment for 60 min at 15°C. The sample was ethanol precipitated by
adding 50 pL 100% ethanol and 1.5 yL 5 M NaCl, then suspended in the 3 uL loading
dye (1 ug of bromophenol blue in 95% of formamide and 5% of glycerol for 1 mL). The
nucleotide standard for the footprinting was prepared using the Thermo Sequenase™
Dye Primer Manual Cycle Sequencing Kit (Thermo Fisher Scientific, IL, USA)
accordingly to the manufacture’s instruction. Right before running on the sequencing
gel, samples were heat-denatured for 5 min at 95°C, and run on the 6% (19:1)
polyacrylamide gel containing 7 M urea, 1xTBE, and 1% formaldehyde, for 25 min at
300 V at room temperature following pre-running for 30 min at 300 V at room
temperature. The DNAs on the gel was transfered to the Zeta-Probe® Blotting
Membranes (Bio-Rad Laboratories, Hercules, CA, USA), accordingly to the previous
study (129) . The transfered DNAs were UV-crosslinked to the membrane using a UVP
Crosslinker CL-3000 (Analytik Jena, Jena, Germany), which takes approximately 2.5
min under default setting (1000 mJ/cm?). To detect the DNA, the DNA-hybridized
membrane was washed for 5 min with blocking solution (5.0 g SDS, 0.73 g NaCl, 0.24
g Na,HPO,, and 0.11 g NaH,PO,.H,0 for 100 mL), then the membrane was soaked for
5 min in the 20 mL blocking solution containing 1 mg/mL of streptavidin, and washed
twice with 20 mL of 0.1xblocking solution. The membrane was soaked for 10 min in the
20 mL of blocking solution containing 0.5 mg/mL of biotinylated alkaline phosphatase
reagent. Subsequently, the membrane was wash twice for 5 min with 25 mL Triton X-
100 buffer (5.0 mL 1 M Tris-HCI, pH 8.0, 5.0 mL 20% Triton X-100, 0.20 mL 0.5 M
Na,EDTA, 0.73 g NaCl, for 100 mL), then wash twice for 5 min with 25 mL pH 9.5
buffer (0.88 g NaCl, 1.87 g Tris-base, 1.0 mL 1 M MgCl,, adjust pH to 9.5 using HCI,
for 200 mL). Finally, the membrane was placed on a clean glass plate, with the DNA-
side facing up. 5 mL of 100 ng/ mL NBT and 5 mL of 75 mg/mL BCIP were added to
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1.0 mL pH 9.5 buffer and quickly mixed by vortexing. The NBT/BCIP solution was
poured on the top of the membrane, and the membrane was immediately covered with
a clean glass plate. The membrane was reacted in the dark overnight to develop the

signals, then washed briefly with Triton X-100 solution for 5 min, and rinsed with

distilled water.
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Table 3.1. Primers used in this study.

Name Sequcence (5'-3")
pVP68K_vector for _fw? GGAGGTGGTCAGCCAGAGCCC
pVP68K_vector for_ rv® GTTCTACGCGGCGCTCGAGGC
SACTEO0535_fw? GTGGTGGCGGCCTTGGTCACCGG
SACTEO0535_rv? GGGCCGCACAGCACGATCGTTC
SACTES5479_fw? CATGGTCCCGGCCTCCCCGCAG
SACTES5479 rv® AACTTGGCGTTGCCCAGTCCGG
SACTES5759_fw? GTCGGACCGTTTCCGCGCCAAC
SACTE5759 rv® GTTCAACACCCAGGCGGCACCC
colony PCR_fw? TGGTAGGCCAGGTTCAGTGCGAGC
colony PCR_rv® ACGTCCTGGACACCAGCATCGGC
Prom_SACTE0265_fw° CGCCGCACGTCACGGTCGTTG
Prom_SACTE0265_rv° CGGTCTGTGGACCGTGGGCTGG
Prom_SACTEO0357_fw° CAGGTCGTCGACATGTGGCAGGC
Prom_SACTEO0357_rv° AGTGCTCGCCGGGGGTGACGG
Prom_SACTE5230_fw° CCGCGTCGTCAAGATCGTGCGG
Prom_SACTES5230_rv° TTGCCGTCGGAGGTGGCGATGCG
Prom_SACTE0535_fw° CGCGTCCTCGAAGTCGGCGAGCC
Prom_SACTE0535_rv° GAGGTCCTGACCGATGCGGCCC
Prom_SACTE5479_fw° CGTCGAGCAGGGCCATGTTCGCC
Prom_SACTES5479 rv° TGCAGTCGCTCGAGCGCGCCTTC
Prom_SACTE5759_fw° GTCGTCACCCCGGACGGGACC
Prom_SACTES5759 rv° CCGCTTGGTGCGCAGGTGGCC

#Primers used for cloning plasmids.
Primers used for clone verification.

“Primers used for amprification of DNA fragments.
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Result

Pulldown assay for xylan-responsive transcriptional regulators

In order to search for xylan-specific responsive transcriptional regulators of SirexAA-E,
we first performed pulldown experiments with three promoter regions of xylan-utilizing
enzyme genes. These DNA fragments, a 500 bp region (Prom_0265) located upstream
from SACTE_0265 gene (Fig. S9A), a 550 bp region (Prom_0357) located upstream
from SACTE_0357 and SACTE_0358 genes (Fig. S9B), and a 350 bp region
(Prom_5230) located between SACTE_5230 and SACTE_5231 genes (Fig. S9C),
were PCR-amplified using 5’-biotinylated primers. Proteins bound to each DNA
fragment were pulled down from the intracellular proteome in the either of xylan- or
glucose-grown cell lysate. According to the result of semi-quantitative proteomic
analysis, a total of 77 proteins of SirexAA-E that predicted to be transcriptional
regulators were identified in the elute fraction of at least one sample (Table. 3.2). To
focus on xylan-responsive regulators, we set up two criteria, 1) transcriptional
regulators that were pulled down from xylan-grown cell lysate using all three DNA
fragments, 2) transcriptional regulators that were not found in the sample using
glucose-grown cell lysate using any DNA fragments. Among them, 3 transcriptional
regulators including SACTE_0535, SACTE_5479, and SACTE_5759 met this criterion
(Table 3.2.). Therefore, we characterized these three proteins by biochemical and

genomic approaches for further experiments.
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Table 3.2. LC-MS/MS identification of transcriptional regulators. Only proteins that are predicted as
transcriptional regulators are shown. Protein abundance was estimated based on spectral count. Out of 83
detected regulators, 3 regulators, SACTE_0535, SACTE_5479, and SACTE_5759 were bound to all of the
three DNA fragments. In order to prove the relevance of the results from the pulldown assay, they were

chosen for further studies to assess their DNA binding capabilities.

glucose intracellular protein  xylan intracellular protein

Locus Description P0265 P0357 P5230 P0265 P0357 P5230
SACTE_0535 Lacl-like transcriptional regulator 12 12 8
SACTE_5479 IcIR-like transcriptional regulator 3 3 3
SACTE_5759 Lacl-like transcriptional regulator 6 5 2
SACTE_1266  transcriptional regulator 1 2 3

SACTE_3650  MarR-like transcriptional regulator 2 3 1

SACTE_1606  GntR-like transcriptional regulator 3 1 2 4 4 3

SACTE_3019  CrpA-like transcriptional regulator 34 27 31 62 56 51
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Sequence analysis of three predicted transcriptional regulators

To predict the function of three putative xylan-responsive transcriptional regulators, we
searched for each homolog based on their amino acid sequence similarities using
BLAST. As shown in Table 3.3., three homologs of other Actinomyces with 32%-70%
of amino acid sequence similarities were found. As to the homolog of SACTE_0535,
BxIR of S. thermoviolaceus OPC-520, it bound its binding motif, 5-CGAA-N3-TTCG-3’
and repressed the transcription of several xylan-degrading enzymes. These xylanases
included homologs of SACTE_0265, SACTE_0357, and SACTE_0358 that were
induced by xylan in the SirexAA-E (71, 73). This would support the result of the
pulldown-based proteomic analysis. Moreover, xylobiose, xylo-disaccharide, was
reported to inhibit the interaction between the BxIR and DNA. On the other hands, the
homolog of SACTE_5479, AlIR of S. coelicolor, were reported to act as a repressor of
allantoin degradation pathway depending on the presence/ absence of allantoate and
glyoxylate. The third one, SACTE_5759, RbsR of C. glumamicum, were reported to act
as a repressor of allantoin degradation pathway depending on the presence/ absence

of allantoate and glyoxylate.



Table 3.3. A summary of three homologs of the Actinomyces.

Three proteins, BxIR, AlIR, and RbsR, were characterized in these previous studies

(92, 130, 131).

Characterized Identities Repressed Effector Binding

proteins (homolog) proteins ligands motifs

BxIR of 70% xylanases xylobiose ~ CGAA-N,-TTCG

S. thermoviolaceus OPC-520° (SACTE_0535)

AlR of S. coelicolor* 89% allantoin degrading allantoate TTCCNC-N_-GNGGAA
(SACTE_5479) enzymes glyoxylate

RbsR of C. glutamicum® 32% ribose transporters ribose-5P  A-N,-AANCGNTT-N_-T

(SACTE_5759)

ribose kinase

53
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Functional characterization of three xylan-responsive regulators

To test whether three putative regulator proteins, SACTE_0535p, SACTE_5479p, and
SACTE_5759p, bind to the promoter regions used in the pulldown assay, each gene
was amplified from the genome of SirexAA-E, then cloned into pVP68K vector,
overexpressed in Escherichia coli, and purified by affinity tag methods (Table 2 and
Fig. S5). Along with three DNA fragments used in the pulldown assay, we prepared the
following three DNA fragments containing promoter region of genes encoding the
transcriptional regulators, since we suspected their autoregulation. These DNA
sequences including a 200 bp region (Prom_0535) located between SACTE_0534 and
SACTE_0535 genes (Fig. S9D); a 350 bp region (Prom_5479) located between
SACTE_5479 and SACTE_5480 (Fig. S3.4E); a 500 bp region (Prom_5759) located
between SACTE_5758 and SACTE_5759(Fig. S3.5E);, were amplified from genome
DNA. The result of electromobility shift assay (EMSA) of SACTE_0535p to six
promoter-containing regions is shown in Fig. 3.1. SACTE_0535p was found to bind
neither Prom_5479 nor Prom_5759 even at a large amount of the protein. In contrast,
the mobility shift of other four fragments were seen when the amount of SACTE_0535p
is increased, and apparent Kp was estimated to be ~78 nM (Prom_0265), ~116 nM
(Prom_0357), ~143 nM (Prom_5230), and ~ 88 nM (Prom_0535), respectively. The
previously determined consensus sequence of the homolog of SACTE_0535p, BxIR in
S. thermoviolaceus OPC-520, 5’-CGTT-N3-AACG-3’, were observed in the Prom_0265,
Prom_0357, and Prom_0535, but not in the Prom_5230. Thus, we attempted to
determined currently unknown SACTE_0535p-binding region on the Prom_5230 using
DNasel footprinting assay. The 30 bp sequence, 5'-
TGATGTTTCGGTCACATGGCGCAAACATGG-3', was determined as a novel binding
region of SCATE_0535p. (Fig. 3.3.). Although we searched for the 30 bp sequence on
the SirexAA-E genome, we didn’t find another region. The result of electromobility shift
assay (EMSA) of SACTE_5479p to six promoter-containing regions is shown in Fig.
3.1. SACTE_5479p was found to bind neither Prom_0535 nor Prom_5759 even at a
large amount of the protein. In contrast, the mobility shift of other four fragments were
seen when the amount of SACTE_5479p is increased, and apparent Kp was estimated
to be ~17 nM (Prom_5479), and ~21 nM (Prom_0357), respectively. The result of
electromobility shift assay (EMSA) of SACTE_5759p to six promoter-containing regions
is shown in Fig. 3.1. SACTE_5759p was found to bind only its promoter region,
Prom_5759 (Kb was estimated to be ~89 nM) under the tested condition.
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Figure 3.1. Electromobility shift assay of SACTE_0535p, 5479p and 5759p for the
upstream region of xylan-induced genes and their upstream regions. The recombinant
expressed and Ni-purified proteins were used for the in vitro binding assay. The
following fragments, Prom_0535, Prom_5479, and Prom_5759 were tested to assess
autoregulation. The black filled triangles indicate apparent DNA-protein complex
formation. BSA used as a negative control in this assay and did not bind to all tested

DNA fragments (data was not shown).
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Figure 3.2. Effector assay of SACTE_0535p or only 5479p to the Prom_0357 by six
possible effectors ligands. Since mono- and di-saccharides were known to associate
with transcriptional regulators, especially from Lacl family protein, we tested inhibitory
effects for xylose, xylobiose, glucose and cellobiose, which are major end-products of
xylan and cellulose degradation. Allantoate and glyoxylate, products of allantoin
degradation, are the reported effectors of the AlIR, homolog of SACTE_5479 in S.
coelicolor. Xylobiose and glyoxylate acted as negative effectors of both SACTE_0535p
and 5479p. Allantoate also inhibited the binding of SACTE_5479p to the DNA.
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bp f
SACTE_0535 binding region on Prom_5230 oot oodon

CGGTCAGCCTCTTGTCCACGAGAGCCGGTCGGCTGCACTGCCGGCCGGCA +50

CCAATTTGTTTGCTTGGAGTACTAATACGCCATCCCGTCAAGGGTTTCTA +100
GTTTCTAGACCGTTTCCGTGATGTTTCGGTCACATGGCGCAAACATGGCT +150

GCTCGGAAGCGCTTCACCTCGGGGGTGCCCACCCGGGCAATCCGGGAATT +200

uolbai Bulpuiq dGeG0 31OVS

Promoter region of
SACTE 5230 gene

Figure 3.3. DNA footprinting assay of SACTE_0535p.

A. Gel images of DNA footprinting assay. B. DNA sequence of Prom_5230 with
determined binding regions. Protein binding regions on two promoter regions are
shown in red and blue-colored bars (A) and DNA sequences (B), respectively. Red

boxes indicated previously reported binding sites of the SACTE_0535 homolog.
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Discussion

Prior to this work, the response of SirexAA-E to xylan, one of the most abundant
hemicelluloses in the plant cell wall, particularly coniferous woods had not been
described (95). To identify transcription regulators that controlled three xylan-induce
genes, pull-down proteomic analysis was conducted. Three predicted transcriptional
regulators (SACTE_0535, SACTE_5479, and SACTE_5759) were detected. These
proteins were overexpressed in Escherichia coli then purified, and two of them were
confirmed to bind above biotinylated sequences by electrophoresis mobility shift assay.
With these new findings, we can propose a transcriptional network model that enables
SirexAA-E to respond to xylan polysaccharides (Fig. 3.4). Additionally, xylobiose would
be produced by the decomposition of xylan by other symbionts in nature. When cells
are exposed to xylobiose, the disaccharide are imported into the cell by a putative
xylobiose transporter (SACTE_0532, SACTE_0533, and SACTE_0534) (92), and
displaces SACTE_0535 from the 4 promoter regions (Prom_0265, Prom_0357,
Prom_0535, and Prom_5230). This turns on the transcription of a set of genes. At
Prom_0357, at least two xylan degradation genes would be transcribed, acethyl xylan
esterase (CE4: SACTE_0357) and endo-1,4-xylanase (GH11: SACTE_0358), with
both enzymes predicted to function in the xylan degradation, respectively (Fig. S9A). At
Prom_0265, endo-1,4-xylanase (GH10: SACTE_0265) would be transcribed.
(SACTE_0503 and SACTE_0504), with currently unknown function and autoregulation
of its transcription, respectively (Fig. S9C). At Prom_0535, Lacl family transcriptional
regulator would be transcribed. (SACTE_0535), with of its transcription, respectively
(Fig. S9C). At Prom_5230, at least two xylose metabolizing genes, xylose isomerase
and a-D-xylohydrolase (SACTE_5230 and SACTE_5231), and the putative xylose
transporter genes (SACTE_5227, SACTE_5228, and SACTE_5229) are in the same
direction, offering the potential that these will be regulated together (Fig. S9B). For
xylan degradation, xylan-degrading enzymes (encoded by SACTE_0265, 0357 and
0358 genes) convert xylan into xylooligosaccharides including xylobiose. They are
transported into the cell through a putative xylooligosaccharide transporter
(SACTE_0532-0534). Xylooligosacchrides can be converted into monomer and
xylulose by B-xylosidase (SACTE_0531) and xylose isomerase (SACTE_5230),
respectively, followed by phosphorylation and processed in a pentose phosphate
pathway. On the other hands, the SACTE_5479 regulates two gene clusters that

contain genes function in xylan and allantoin degradation. Allantoin are thought to
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release from other organisms as an end-product of purine metabolism. The
allantoinase (SACTE_5480) converts intracellular allantoin into allantoate. Allantoate
are thought to be degraded into glyoxylate by two enzymes (EC 3.5.3.4 and EC
4.3.2.3). The former was predicted to be SACTE_2075 which is constitutively
transcribed, according to the previous transcriptome analysis (71). In contrast, the
latter was found to be allA in E. coli, but not present in the SirexAA-E genome. The
transcription of two genes (SACTE_0357 and 0358) are also controlled by the
SACTE_5479 in response to the xylobiose, allantoate and glyoxylate.

In summary, we determined Lacl- and IcIR-like transcriptional regulators,
which were determined to be the repressor that regulates a set of xylan degradation
and metabolizing genes. Furthermore, Moreover, DNase | footprinting was carried out
to determine the sequence motifs for two transcriptional regulators. The described
xylan and xylooligosaccharide responses of SirexAA-E, help us rationalize how this
bacterium responds to the naturally occurring xylan polysaccharide in the plant cell
walls. We identified key genes/proteins involved in the hemicellulose deconstruction of
SirexAA-E. We proposed the model of for molecular mechanisms of SirexAA-E to
response and utilize xylan, which could be helpful for future genetically engineering

strategies.
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Figure 3.4. The transcriptional network circuit of SirexAA-E in response to xylan and
allantoin via multiple repressors, SACTE_0535 and 5479, described in this study. The
red, green, blue and gray arrows at the bottom indicate genes encoding xylan-
degrading enzymes, transporters, transcriptional regulators and currently unknown
function, respectively. Orange and light blue boxes indicate the SACTE_0535 and
5479 binding sites, respectively. Green hexagons are xlyose molecules. The
SACTE_0535 regulates four gene clusters that contain genes function in xylan

degradation/utilization.
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Appendix Fig. S1. Appearance of SirexAA-E cultures after growth on different carbon
sources. SirexAA-E was grown in minimal (M63) media containing 0.5% D-glucose, D-
mannose, CMC and LBG as the sole carbon source. The culture was incubated for 3
days at 30°C. The dry cell weight from each culture was measured and shown (n=3).



The HPLC analysis of contaminated mono/disaccharide in 50 pg of the LBG

retention time [min] amount [ug]
cellobiose 13.3 not detected
glucose 15.6 24.7 £ 3.3
mannose 18.0 not detected
galactose 19.7 not detected

[mv] §

retention time [min]

Appendix Fig. S2. HPLC analysis of the sugar composition in the commercial LBG.
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Appendix Fig. S3. Specific activity (U/L/hr) of the culture supernatants of glucose,
mannose, CMC, and LBG media for polysaccharide degradation is shown. (A)
Cellulase, xylanase, and mannanase activities from SirexAA-E culture supernatants
were measured with three different polysaccharides, CMC, xylan, and mannan for 20 h
at 40°C. Error bars indicate the standard deviation from three independent experiments
(P<0.05).
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Appendix Fig. S4. Putative repressor binding motifs in the SirexAA-E genome. Four

genome locations (A to D) are shown with the potential binding motif to mannose

regulator binding motif
(GACAACGTTGTC)

responsive repressor, indicated by the orange filled box. The red, blue, and green filled
arrows denote the genes annotated as CAZymes, transcriptional regulators, and
transporters, respectively. The black and gray filled arrows indicated genes encoding

the proteins with other functions or the proteins with unknown functions (DUF).
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Appendix Fig. S5. SDS-PAGE of recombinant proteins. Three proteins,
SACTE_0503p (32.6 kDa); 2, SACTE_0504p (37.5 kDa); 3, SACTE_2285p (37.4 kDa),
were overexpressed and his-tag purified, and each purified protein was found at the

around estimated size.
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Appendix Fig. S6. A full gel image of EMSA analysis shown in Fig. 2.2.
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Appendix Fig. S7. EMSA analysis and sugar effector assays of SACTE_0503p to the

possible binding sites. SACTE_0503p was incubated with 10 ng of four promoter
regions, Prom_0504, Prom_0383, Prom_5235, and Prom_6282 in the presence and
absence of four soluble sugars, including 300 mM glucose, mannose, cellobiose, and

mannobiose.
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# SACTE_3717 GH9
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SACTE_2876 B-glucanase, GH16
SACTE_2877 B-1,3-glucanase, GH64
SACTE_5371 sialidase-1, GH33
SACTE_5685 a-amylase, GH13
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SACTE_0076 a-1,4-polygalactosaminidase, GH114
'SACTE_0080 lytic polysaccharide monooxygenase, AA10
'SACTE_0081 predicted chitinase, GH19

SACTE_0237 B-1,4-cellobiohydrolase, GH6
SACTE_0265 B-1,4-xylanase, GH10

SACTE_0358 endo-1,4-B-xylanase, GH11

'SACTE_0366 a-L-rhamnosidase, GH78

SACTE_0379 B-mannosidase, GH2

SACTE_0383 a-1,2-mannosidase, GH92

SACTE_0482 B-1,4-endoglucanase, GH5

SACTE_0844 chitinase, GH18

SACTE_1310 pectate lyase, PL3

SACTE_2232 B-N-acetylhexosaminidase, GH3
SACTE_2313 lytic polysaccharide monooxygenase, AA10
SACTE_2347 mannan endo-1,4-B-mannosidase, GH5
SACTE_3064 predicted chitinase, CBM5,GH19
SACTE_3159 lytic polysaccharide monooxygenase, AA10
SACTE_4246 chitinase, GH18

SACTE_4363 laminarinase, GH55

SACTE_4515 GH25, GH25
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SACTE_4755 B-1,3-glucanase, GH64
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SACTE_6428 lytic polysaccharide monooxygenase, AA10
SACTE_6439 B-xylosidase, GH43

Appendix Fig. S8. The Venn diagram of CAZymes in the top 100 secreted proteins in
the SirexAA-E secretomes identified in the mannobiose (34 CAZymes), CMC (46
CAZymes), and LBG (52 CAZymes) culture supernatants is shown. Each category

indicated the number of CAZymes determined in either one, two, or all secretomes and

listed with locus ID and putative functions with corresponding filled color boxes. The

red and purple filled stars indicated the CAZymes under the regulation of SsManR, and

SsCebR, respectively.
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Appendix Fig. S9. Putative repressor binding motifs in the SirexAA-E genome. Four
genome locations (A to F) are shown with the potential binding motif to three

transcriptional regulators, indicated by the orange filled box. The red, blue, and green
filled arrows denote the genes annotated as CAZymes, transcriptional regulators, and
transporters, respectively. The black and gray filled arrows indicated genes encoding

the proteins with other functions or the proteins with unknown functions (DUF).
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Appendix TableS1. Protein concentration in the culture supernatant

Table S1. Protein concentration in the culture supernatant.

Source of secretome SirexAA-E [ug/mL]
Glucose secretome 1.8+0.6
Mannose secretome 10.5+21
CMC secretome 15.1+0.9

L BG secretome 12.2+51




Appendix Table S2. Proteome analysis of SirexAA-E secretomes on the growth with

CMC, LBG, glucose, mannose, and mannobiose.
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Appendix Table S3. Comparison of secreted CAZymes among the culture

supernatant prepared from different carbon sources.
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