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Abstract

Bacterial lignin-degrading strain Sphingobacterium sp. T2 is reported as most
active strain among 12 isolates and proteomic analysis of extracellular fractions gave

hits for two superoxide dismutase enzymes.

Two novel lignin-oxidising enzymes from Sphingobacterium sp. T2 were
identified. Experimental and bioinformatic evidence revealed that these enzymes are
extracellular superoxide dismutases, namely SOD1 and SOD2. Both enzyme genes
have been cloned and overexpressed in Escherichia coli. The metal specificity of both
enzymeswasinvestigated using ICP-OES, UV -vis spectraand superoxide dismutation
activity of different metal-containing enzyme preparations, the results indicate that

both enzymes (SOD1 and SOD2) are manganese-containing SOD.

MnSOD1 and MnSOD2 from Sphingobacterium sp. T2 (SpMnSODs) exhibit
time-dependent lignin-oxidising ability, they can depolymerise wheat straw
organosolv lignin, modify Kraft lignin, and lignocellulose materials (pine and
miscanthus). Analysis of reaction components of SpMnSOD enzymes with organosolv
lignin by HPLC, LC/MS and GC/MS show that SOD1 and SOD2 generate 10 new
products. These metabolites wereidentified by comparison of their retention timesand
mass fragmentation pattern produced by LC/MS and GC/MS with their authentic
analogue. The mechanism of reaction and reactive species generated by SpMnSODs
were elucidated from their identified reaction products. Results indicate that
SpMnSOD enzymes produce highly reactive species (hydroxyl radical) and catalyse
several types of reactions which include: C‘oc‘CB cleavage, arylC-C, Cleavage, -OCH3

group replacement with -OH group, hydroxylation of aromatic rings, |pso-substitution
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and decarboxylation. The X-ray crystal structure of MNnSOD1 was determined to 1.35
A resolution, showing that MnSOD1 has a typical homodimer with a Mn(ll) ion in
each active site ligated by three His, one Asp, and a water/hydroxide forming trigonal

bipyramidal geometry.

Thereaction of SpMnSOD enzymes with lignin model compounds confirms that
these enzymes can catalyse Cy-Cg cleavage, arylC-Cq, Cleavage, ipso-substitution,
decarboxylation, demethoxylation, hydroxylation of aromatic rings and fragmentation
of propenoic acid side chains which in turn are evidence of generation of highly

oxidising species (hydroxyl radical).

Page | xxxv
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1. Introduction

1.1. Lignocellulosic biomass

Lignocellulosic biomass is the most abundant carbon source on Earth. It is
the principal structural component of all types of plants (woody and non-woody).
Plant biomass consists of two carbohydrate polymers, cellulose and hemicellulose
and an aromatic polymer, lignin (Figure 1.1). These three major components of

lignocellulose are bound tightly together [1], [2], [3] .

Cellulose Fibrils

Hemicellulose

Matrix of Lignin
and Hemicellulose

Figure 1.1. a-c. Configuration of wood tissues. (@) Adjacent cells, (b) cell wall layers. S1, S2, S3
Secondary cell wall layers, P primary wall, ML middle lamella. (c¢) Distribution of lignin,

hemicellulose and cellulose in the secondary wall. (Adapted from Pérez et al. [3])

In wood and groups of herbaceous plants, lignin is covalently linked to
carbohydrates (Figure 1.2 and 1.3) forming lignin-carbohydrate complexes (LCCs).
These covalent linkages can be via ester or ether linkages. In woody plants, the
hydroxyl groups of sugar units are bound to the a- [4] and y-carbons [5] of
phenylpropane subunits in lignin, while in grass, p-coumaric acid and ferulic acid are

linked via ester linkages to hemicellulose and lignin [4].
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Figure 1.2. Ester linkage between lignin and glucuronoxylan in beech wood [6].
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Figure 1.3. a. Ether linkage from poplar wood between lignin and hemicellulose [5]. b. Proposed
ether linkage between ferulic acid and lignin and ester linkage between ferulic acid and hemicellulose
in grass [4],[7].

As a renewable raw material for biofuel, mainly bio-ethanol, pulp and paper,
chemicals and protein for food and feed using the microbial bioconversion process,
lignocellulose feedstock has attracted considerable attention primarily as it is

available in enormous quantities. Lignocellulosic biomass can be classified broadly
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into four classes: woody feedstock, agricultural wastes, perennial grasses, and
municipal solid waste (MSW). Wood feedstock can be softwoods or hardwoods.
Agricultural wastes include corn stover, sorghum, sugarcane bagasse, rice straw,
wheat straw, empty fruit bunch from oil palm and date palm, agave bagasse from the
beverage industry. Perennial grasses consist of switchgrass, miscanthus, canary
grass, erianthus, napier grass, giant reed, and alfalfa. MSW consists of biodegradable
organic components of MSW composed of paper and cardboard, kitchen waste and
garden waste. Most of these biomasses are produced as low-value by-products and

not competitive with food supply [8].

1.2. Lignin

Lignin (Figure 1.4) is a complex three-dimensional disordered macromolecule
consisting of various types of methoxylated phenylpropanoid units. In 1819, the term
Lignin was introduced by de Candolle and came from the Latin word lignum, which

means wood [9],[10].

OMe
O ]
sinapyl p-hydroxybenzoate-derived
B-O-4, p-aryl ether
(-5, phenylcoumaran
B-B, resinol W
cinnamyl alcohol endgroup

phenolic endgroup
—Intermonomeric linkage

Figure 1.4. Representation of the structure of lignin from poplar, as predicted from NMR-based

lignin. (Adapted from Vanholme et al. [11])
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Lignin can be considered as polyphenolic material. Next to cellulose, lignin
represents the second most abundant carbon source on earth. It can be found in
woody plants but can also occur in non-woody plants such as grass [12]. As available
oil reserves are in continual decline during the early 21% century, and there is concern
about global warming [13], the importance of lignin as source of chemicals for

society will increase in the future [14].

Lignin is biosynthesized from three monolignols (Figure 1.5): coumaryl
alcohol, coniferyl alcohol and sinapyl alcohol, via free radical co-polymerisation of
these precursor alcohols. The resulting polymer (lignin) is cross-linked,

heterogeneous, optically inactive, and highly polydisperse [15].

p-coumaryl alcohol coniferyl alcohol sinapyl alcohol
HO HO HO
X X X
H,CO H;CO OCH;,
OH OH OH

residues in lignin

- - - -

=
R,  HyCO R, HsCO OCH;
o o
R, R, R,
p-hydroxyphenyl (H) guaiacyl (G) syringyl (S)

R, R,=H or Lignin

Figure 1.5. The structure of main monolignols and their residual structure in lignin.
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The content of these monolignol derived units in hardwood, softwood, and
annual crops are different. Coniferyl alcohol and sinapyl alcohol are the main
phenylpropane units of the hardwood whereas softwoods contain significant amounts
of p-coumaryl alcohol units in addition to the former monolignols. Commonly, in the
lignin of both types of wood, the proportion of the coumaryl alcohol derived unit is

usually very low, but it is more widespread in annual plants [16].

The amount and composition of lignin in plants vary widely from species to
species, tree-to-tree, and even in different parts of the same tree. In woods the
amount of lignin is in the range of 12% to 39%, softwoods contain a higher amount
of lignin, next come hardwoods and grasses (Table 1.1). This range is determined
according to Klason lignin analyses, which depend on removing the carbohydrates
by acid-catalysed hydrolysis and solubilization of lignified material. The methoxyl
content of lignin from hardwood is higher than softwood due to the presence of
approximately equal amount of syringyl (S) and guaiacyl (G) units, while softwood
contains roughly 90% of the total units are guaiacyl units. Studies on various
extracted lignin have shown that the method of isolation significantly affects the

actual structure and functional groups present in lignin [17],[8].

Lignin consists of a variety of linkages, and they are randomly connected by
various aryl ethers (Figure 1.6). Although the ratio of these linkages differs
depending on the type of wood, the majority of these linkages in lignin are ether
linkages. The most frequent linkages in lignin are B-O-4, -5, 5-5, 4-O-5, -1, &
0O-4 and B-P linkages. The -O-4 linkage in hardwood lignin is about 1.5 times more

abundant than in softwood lignin while the 5-5 and B-5 linkages are more abundant
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in softwood lignin than in hardwoods. The most frequent linkage in lignin is f-O-4

[18],[19]. Table 1.2 shows the percentage of common linkages in lignin.

Table 1.1. The composition of structural components in assorted biomasses analysed extractives free
[20].

Picea glauca

Tsuga canadensis

. - - - -

Loblolly pine

Populus tremuloides

Wheat straw
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Table 1.2. The occurrence of inter-monomeric linkages in lignin from hard and soft wood, see Figure

1.6 for structures [16].

Type of bond

B-0-4

5-5°

B-0-4

4.0-5

Substructure

Phenylpropane B-aryl ether (a)

Biphenyl (b)

Resinol (B-B-linked structure) (d )

1,2-diarylpropane (e)

Gylceryl aldehyde-2-aryl ether (f)

Diphenyl ether (g)

Phenylcoumarane (4)

%Softwood %Hardwood
35-60 50-70
10 5
2-3 3-4
1-2 1
2 2
<4 7
11-12 4-9

Lignin cannot be digested by animals and it forms a covalent bond with the

other components in the cell, this also limits the accessibility of cellulose and

hemicellulose to numerous microbial enzymes. Therefore, the digestibility of the

overall plant feedstock is reduced, which is linked to the indigestibility of lignin.

Nevertheless, some fungi and bacteria can degrade the polymer. Lignin degradation

ability is crucial for the organism to remove the barrier that is required to reach

cellulose, which is the nutrient source for them [21].
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HO (b) (0

Y
(h)
5 OCH;
o
B
0 s OCHs HO
OCHj OH
OCH;, oo
3
o

Figure 1.6. The common types of inter-monomeric bonds in lignin [13]. a. Phenylpropane B-aryl
ether (B-O-4). b. Biphenyl (5-5°). c¢. Arylglycerol-a-aryl ether (a-O-4). d. Resinol (B-p (a-O-4)). e 1,
2-diarylpropane (B-1). f Glyceryl aldehyde-2-aryl ether (B-O-4). G. Diphenyl ether (5-O-4). h.

Phenylcoumarane (B-5)

1.3. Cellulose and hemicellulose

Cellulose and hemicellulose are carbohydrate polymers present in biomass.
Plant matter contains about 35-48% cellulose and 22-30% hemicellulose [22]. The
cellulose content in biomass varies among different plant sources, for example in

cotton it is about 90% and in wood it is 40-50% [14].
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Cellulose is fibrous, insoluble and a linear polymer of B-D-glucopyranose units
(Figure 1.7). Glucose units are linked together via (B1—4) linkages, forming a

crystalline polymer held together by a network of hydrogen bonds [23].

Figure 1.7. The structure of cellulose.

H OH
~=-0
wo
OH
H/O
H
---OHo

Figure 1.8. The structure of starch.

In contrast, starch is formed by glucose units linked by a (1 — 4), which also
contains o (1— 6) glycosidic linkage, and is therefore branched (Figure 1.8). Starch

has a tendency to form a helical structure in solid state and solution [24].

Hemicellulose is also a major components of lignocellulose feedstock. It is a
highly branched and substituted polysaccharide (Figure 1.9). Structurally,
hemicellulose is diverse, and it is composed primarily of five-carbon sugars (D-
xylose and L-arabinose), with a minor amount of six-carbon sugars (D-galactose and
D-glucose). Hemicellulose is found connecting the cellulose and the lignin together
[25].
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D-glucouronic acid

¥ coom
o
H;CO

;Q

H3;CO
L- arablnose

ferulic acid

Figure 1.9. Hemicellulose structure.

1.4. Biofuel Production

Research into the production of liquid biofuels has increased significantly
because of the dramatic rise in the price and the demand for fossil fuels in the last

decade.

1.4.1. First generation of biofuel

There are three main and commercially available types of first generation
biofuels. Figure 1.10 illustrates the main steps in bioethanol production. These
include bioethanol, biodiesel and biogas (biomethane). There are established
technologies for these kinds of biofuels, which lead to the production of large
amounts worldwide. Biodiesel is produced from vegetable oil and residual fats and
oils by a transesterification process (Figure 1.11). Biodiesel is an alternative for
diesel, and it needs a slightly modified engine to serve as full substitute of diesel.
Bio-ethanol is produced via fermentation of sugar from crops such as sugar cane or

sugar beets, or starch from crops such as maize [26].
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Sugar cane,
Sugar beet,
Corn

!

Extraction )—l
l’ Bagasse

Sucrose

amylase 1

(Glucose)

fermentation 1

Ethanol

distillation l

Biofuel

Figure 1.10. First generation bio-ethanol.

Bio-methane is produced from liquid manure by anaerobic bacteria. The main
disadvantages of the first generation biofuels are the use of foods for the production
of fuel, and it cannot be used as an absolute substitute for conventional fuel. This
make it difficult to continue and led to researchers finding a new approach to making

fuel from biomass which was not suitable for human consumption.
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Figure 1.11. Chemistry of transesterification

1.4.2. Second generation biofuel

In second-generation biofuel production, non-food biomass is used or the non-
food part of agricultural crops (e.g. wheat straw). This type of biofuel is more
sustainable because the raw material (plant biomass) is renewable, cheap and
available in large quantities. The second-generation biofuel is considered as carbon
neutral or even negative in term of carbon dioxide emission. There are several
technical barriers facing the production of fuel from lignocellulose. The most
challenging obstacle is removing lignin from biomass, as it is linked covalently to
polysaccharides in biomass and this limits their accessibility to hydrolyzing enzymes.
Despite this, there are several thermochemical methods for pretreatment of
lignocellulose for separation of lignin. Figure 1.12 is a schematic representation of

second-generation biofuel production.

Another problem is the generation of hazardous material during the de-
lignification process through thermo-chemical pretreatment, which inhibits
carbohydrate digestive enzymes. Studies based on economic models with stylised
representations of three biomass feedstocks (wheat straw, corn stover and warm

season grass) for US second generation biofuel propose that generation of fuel from

Page | 12



CHAPTER ONE: INTRODUCTION

lignocellulose material can compete with food crops or support food security.
Biomass like wheat straw and corn stover are co-products of traditional food. Using
these two types of biomass would result in a price increase of these residual materials
and a greater allocation of land for the associated crops. While using dedicated
biomass such as warm season grass would compete with the traditional food crops

for land and would lead to rises in food prices [27].

Lignocellulose

!

Thermo-chemical
Pre-treatment

T

Lignin Cellulose Hemicellulose
cellulases 1 xylanases 1
(Glucose)
Xylose
l fermentation
Ethanol
distillation 1
Biofuel Organic acids

Figure 1.12. Production of fuel and valuable chemicals from lignocellulose biomass in

second-generation bio-fuel production.
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1.5. Isolation of lignin

Isolation of perfectly intact lignin is impossible [28], since, lignin is covalently
bound to cellulose and hemicellulose in the lignocellulose structure. Thus, most
isolated lignins are partially degraded or modified during the isolation process.
Several methods have been used for isolation of lignin from biomass feedstock.
These methods include physical, thermochemical and biological approaches. The
majority of these methods are aimed at exposing cellulose and hemicellulose for the
paper industry or second generation biofuel production while the remaining lignin is
usually burned for energy after production [8]. In this section, some lignin isolation

methods will be discussed.

1.5.1. Kraft lignin

In the paper industry, lignin is removed by a physicochemical method used to
isolate individual cellulose fibres. This process is one of the most prevalent pre-
treatment methods, known as Kraft pulping. The world production of lignin through
the pulping process is over 30 million tons per year [9]. In the chemical pulping
process, wood chips are cooked with an aqueous solution of sodium sulphide and
sodium hydroxide at 170°C under high pressure [29]. Generally, lignin isolated by
this method is heavily modified due to condensation reaction and cleavage of f-O-4

linkage which takes place during the Kraft pulping process. A proposed mechanism
is shown in Figure 1.13, in which HS™ attacks at the a position, and then breaks the

B-O-4 ether linkage.
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Figure 1.13. Lignin bond cleavage in Kraft pulping [16].

1.5.2. Organosolv lignin

Organosolv lignin pre-treatment is one of the most promising and
environmentally friendly lignin preparation methods [30],[31]. Organosolv lignin can
be prepared by treating biomass with organic or aqueous organic solvents at
temperatures between 70 and 250°C [30],[32]. Sometimes catalyst such as acid or
base is also added. In this process, lignin is efficiently removed from biomass with
partial hydrolysis of its bonds, and most cellulose and hemicellulose are solubilised
[33],[34]. In Figure 1.14, general steps in the preparation of organosolv lignin are

explained [35].

The advantages of this technique include easy recovery of lignin by distillation
and recycling of organic solvents [36], which decreases costs. In addition, removing

organic solvents is essential for downstream fermentation processes, since the
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solvents may inhibit hydrolytic enzyme [37]. The result of saccharification and
fermentation suggest that the residual cellulose from organosolv pulp is free of
fermentation inhibitors [38]. The sulphur-free organosolv lignin can be produced,
and the isolated 90-100% of cellulosic material can be efficiently converted to

glucose [39].

Miscanthus

l

Cooking
Ethanol-water, H,S0,

!

Washing — Pul
Warm ethanol P

—

| Precipitation
Pulp Liquor In water
High cellulose content

Water-soluble
High hemicellulose content Organosolv
Lignin

Figure 1.14. General steps in organosolv preparations

El Hage et al. described that the ethanol organosolv process can lead to
efficient fractionation of lignocellulose material into two fractions including an
aqueous fraction containing lignin and hemicellulose and the cellulose-rich residual
material. In addition, the extracted lignin by this method can be degraded partially

through breaking down of B-O-4 linkages and ester bonds (acetyl and coumaryl
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residues) while the core of the lignin structure has not changed significantly [35]. In
general, ethanol organosolv lignin contains a lower amount of residual carbohydrates
(see Table 1.3). Among the solvent systems reported, a mixture of methyl isobutyl
ketone, ethanol, and water (16/34/50 wt %) gave the highest yield of lignin (96.5-
97.0%, based on percentage of lignin in feedstock) at optimal condition (120°C in
0.2 M H2SO4and 160°C in 0.025 M H2SOs4,). This fractionation system is thought to

be the most suitable approach for biofuel and chemical production [40].

Table 1.3. Summary of reaction conditions for organosolv preparations, and the residual sugar percent

in lignin.

Solvent system catalyst Sugar % Time Temperature references

65-90% aqueous acetic acid

0.1% HCI 1.8-2 4 hrs 85°C [31]
(v/v)
formic acid—acetic acid—
0.1% HCI 43 4 hrs 85°C [31]
H20 (20/60/20, v/v/v)
formic acid—acetic acid—
0.1% HCI 2.8 4 hrs 85°C [31]
H20 (30/60/10, v/v/v)
methanol-H20 (60/40,
0.1% HCI 0.9 4 hrs 85°C [31]
v/v)
ethanol-H20 (60/40, v/v) 0.1% HCI 1 4 hrs 85°C [31]
DMSO N/A 6.58 5 hrs 70°C [32]
70% aqueous ethanol 5% Et3N 3.35 5 hrs 70°C [32]
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70% aqueous ethanol 0.5% NaOH 0.79 S hrs 70°C [32]

40-60% aqueous ethanol

H2SO4 0.25 -0.08 30-60 min 185-198°C [38]
(W/w)
1.2%
65% aqueous ethanol N/A 60 min 190°C [35]
H2S04
Methyl isobutyl ketone, 0.2 and
ethanol, and water 0.025 M N/A 60 min 120 and 160°C [40]
(16/34/50 wt %) H2SO04
88% aqueous formic acid N/A 3.26 120min 100.5°C [41]
02M
95% aqueous ethanol 0.04-0.05% 4 hrs 82-85°C [42]
HCl
02M
95% aqueous acetone 2.8% 4 hrs ~60°C [42]
HC1
02M
95% aqueous dioxane. 1.1% 4 hrs ~95°C [42]
HC1

1.5.3. Ionic liquid lignin

Ionic liquid (IL) pretreatment is a new and “green” approach for extraction of
lignin and other plant biomass components. ILs are organic salts that can serve as a
solvent for lignocellulosic biomass [43]. They comprise a pair of ions (cation/ anion),
which melt at or below 100°C [44],[45]. Figure 1.15 is the structure of
dialkylimidazolium ionic liquids. ILs can solubilise wood biomass and its

components cellulose, hemicellulose and lignin [46].
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The main advantage of ILs are that they are non-flammable, recyclable with
low volatility, and have high thermal stability [45]. In addition, ILs can be designed
with specific solvation properties depending on demand by selecting its cation and
anion components [47],[48]. As a green designed solvent, ILs are attractive agents

for lignocellulose pre-treatment [49].

o - N B N
/N\/'iv /N\/E\/\/ - \/;\/\/\/\/
X X
[EMIMCI [BMIM]X [OMIM]X
[EMIM]OTS X =Cl, OTf

Figure 1.15. Dialkylimidazolium ionic liquids. These low- melting salts are promising solvents for
lignin and, in the case of the chloride salts, lignocellulosic biomass [50].

Li et al. demonstrated that using (l-ethyl-3-methylimidazolium acetate
([C2MIM][OAc]) for lignification of switchgrass resulted in significant
improvement in the rate of fermentation of cellulose by 16.7 fold, and a glucan
yield of 96.0% obtained for 24 hrs[51]. Extraction of lignin from sugarcane waste
through the use of a mixture of ionic liquids at elevated temperature (170-190°C) and
atmospheric pressure gave a recovery of up to 93% lignin [49]. Lignin isolated
through IL treatment has a partially modified structure [45]. Some research suggests

that IL can break the ether and saturated alkyl groups in the presence of a catalyst

(Brensted acid) [18].
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1.5.4. Milled wood-lignin

Milled wood lignin (MWL) is also called Bjorkman lignin, considered to be
representative of the structure of native lignin [28]. Preparation of milled wood lignin
involve a series of milling steps of biomass to increase solubility; then lignin is
extracted into dioxane. This process is believed to protect the lignin structure from
modification [52]. The main drawbacks of MWL preparation are that it is time-

consuming, results in low yield, and can be contaminated with carbohydrate [53].

The technique encompasses a few steps. First, the lignocellulosic material is
crushed to a size of 4 mm mesh with a Wiley mill, and lipid and wax are removed by
treatment with 9:1 acetone: water. Second, the resulting material is ground with a
rotary ball mill to a size of 0.1 mm mesh, then milled with a vibratory ball mill for 1
hour. Third, the product is stirred in 9:1 dioxane: water for one day, then the
extracted material is separated. Fourth, an extraction with 1:1 dioxane: water is
carried out and both extraction steps are repeated. Finally, the extracts are combined,
and lignin recovered by rotary evaporation [54]. The whole process takes 1-2 weeks

and gives a lignin recovery of typically < 2%.

1.6. Lignin biodegradation

Lignin is a recalcitrant, structural aromatic polymer that is formed commonly
in response to injury and infection to protect plants from microorganisms [55],[56].
Despite this fact, there are some microorganisms that can degrade lignin such as

fungi, bacteria [57] and yeast [56].
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1.6.1. Fungal lignin degradation

Some fungi known as wood-decay fungi mainly from Ascomycetes,
Deuteromycetes, or Basidiomycetes groups, have been found to degrade lignin.
Lignin-degrading fungi can be classified into three categories: soft rot, brown rot,
and white rot, depending on the constituent utilized and the colour characteristics of
the decayed wood. These fungi can preferentially consume one or other cell wall

component, causing the wood decay known as wood rot.

It has been found that Basidiomycetes fungal strains can degrade lignin. White
rot fungi can degrade almost all wood components (cellulose, hemicellulose and
lignin). The most efficient lignin-degrading fungi studied so far are Phanerochaete

chrysosporium, Trametes versicolor and Coriolus versicolor.

Soft-rot fungi can only partially digest lignin while they can result in
decomposition of cellulose and hemicellulose. This type of fungi typically grows on
the surface of woods. The remnant of soft- decayed wood is spongy, wet, pitted, and
brownish. Soft-rot fungi are less studied compared to other white and brown rot

fungi.

Figure 1.16. Wood-rotting fungi (brown rot)
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Brown-rot fungi degrade mainly cellulose and hemicellulose and leaving

modified lignin as a dark brown residue, which can easily break down into powder.

Figure 1.17. White rot fungi.

White-rot fungi are the most studied wood-decay fungi. These fungi can
degrade all three major biomass components efficiently, especially lignin. White-rot
fungi typically belongs to the Basidiomycetes, which is a heterogeneous group of
fungi. Different Basidiomycetes differ significantly in the relative rate at which they
attack lignin and carbohydrate in biomass. The lignin-degrading enzymes produced

by white-rot fungi will be discussed in section 1.7.

1.6.2. Lignin-degrading Yeast

Depolymerisation of relatively short lignin polymers (200-600 Dalton) to
monomers and CO> by Trichosporon fermentations has been reported [56]. Some
yeast species such as Rhodotorula graminis, Geotrichum klebahnii, Rhodotorula
mucilaginosa can also degrade lignin monomers. Rhodotorula spp. strain can result
in intense modification of lignin structure [58]. Yeast may have a major role in lignin

degradation, but the size of lignin that can be degraded by yeast is limited. Perhaps,
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yeast lacks an extracellular lignin-degradative system, which prevents them from

effectively degrading polymeric lignin [56].

1.6.3. Bacterial degradation of lignin

Several studies have shown direct involvement of bacteria in lignin
mineralisation. Also, there is growing evidence on bacterial lignin degradation.
Bacterial lignin-degradation enzymology is less studied than that of wood rotting

fungi such as white rot and brown rot fungi.

Some types of aromatic-degrading bacteria, mainly from the soil, can break
down lignin. The bacterial lignin degrading strains are mostly found in Gram-

positive Actinobacteria and the Gram-negative a-Proteobacteria classes.

Actinomycetes are usually found in association with wood decay. These
bacteria are filamentous bacteria with some similarities to fungi and are the best-
studied bacteria involved in lignin decomposition. The actinomycete Nocardia
autotropheia can convert “C-labelled synthetic lignin to '*CO, [59]. Norcadia DSM
1069 can also result in decomposition of lignin and structural elements characteristic

of lignin [60].

Rhodococcus jostii RHA1 (a polychlorinated biphenyl degrader) has been
identified as a lignin degrader by using nitrated lignin assay. The assay involves
chemically nitrated lignin, which gives an increase in absorbance at 430 nm upon
depolymerization. The assay has been utilized for isolation of several bacterial lignin
degrader strains (see Section 1.9. for more detail) [61]. Lignin degradation activities
have been observed from extracellular fractions of the isolated strain. Rhodococcus

jostii RHA1 results in decomposition of lignocellulose to small molecular weight
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phenolic products (for example, ferulic acid and 5-carboxyvanillic acid) [62]. From
the bioinformatic analysis of the genome of R. jostii RHA1l two types of Dyp
peroxidases were identified (DypA and DypB) that were also found in other lignin
degrading bacterial genomes. The latter has been identified as lignin peroxidase.
Several experimental pieces of evidence confirm the involvement of R. jostii DypB
in lignin degradation, whereas DypA most likely does not participating. These
evidences include considerable impairment of lignin degradation ability of dypB
deletion mutant of R. jostii , and kinetic results of recombinant DypB such as its
activity in nitrated lignin UV/vis assay in the presence of hydrogen peroxide, kinetic
behaviour with Kraft lignin samples, breaking down B-aryl ether model compound,
and its effectiveness toward lignocellulose degradation. Consequently, the first
bacterial lignin peroxidase has been cloned and overexpressed from R. jostii RHA1

[61].

Six lignin degrading bacterial strains from Actinobacteria family have been
isolated from woodland soil using nitrated lignin spray assay on agar plates (see
section 1.9. for more detail). Nitrated lignin UV-vis assay has been modified to adapt
the method for use on agar plates [63]. The isolated lignin degraders included
Microbacterium phyllosphaerae, Microbacterium marinilacus, Microbacterium
oxydans and two Micrococcus luteus strains. The most active strain among
Actinobacteria isolates was Microbacterium phyllosphaerae and one Micrococcus
luteus when activity was tested using the nitrated lignin assay. In addition, all
Actinobacteria isolates can grow on biphenyl and vanillic acid as a carbon source

[63]. Figure 1.18 illustrates the screening method used for isolation.
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The Streptomyces strains Streptomyces viridosporus TTA, and Streptomyces
setonii can degrade softwood, hardwood and grass lignin [56]. However, they are
more efficient in the degradation of grass lignin. S. viridosporus T7A produces an
extracellular lignin peroxidase and this results in demethylation, ring cleavage and
oxidation of the phenylpropanoid side chains in lignin [56]. An Actinomyces strain
possessing lignin-decomposition ability has also been isolated from a tropical forest.
The strain is only faintly related to the well-characterized Streptomyces viridosporus

and Rhodococcus spp [64].

In the bacillus class, Paenibacillus sp, Aneurinibacillus aneurinilyticus,
Bacillus sp. have been identified from pulp paper mill effluent sludge as efficient

degraders of Kraft lignin [65].

Among Gram-negative bacteria, Sphingobium sp. SYK-6, formerly known as
Pseudomonas paucimobilis, can break down various types of lignin-derived dimers
and monomers such as B-aryl ether, biphenyl (dehydrodivanillic acid, DDVA),
syringate and vanillate [66]. The catabolic pathways for degradation of these
compounds are extensively studied. The detail about these pathways can be found in

Section 1.8.

Three lignin-degrading Alphaproteobacteria were identified using nitrated
lignin assay as a spray assay. Two of bacterial isolates were from Ochrobactrum
species Ochrobactrum pseudogrignonense and Ochrobactrum rhizosphaerae, the
third one was Rhizobiales [63]. Lignin metabolizing bacteria Rhodomicrobium in the
family Rhizobiales have been detected by pyrosequencing analysis. It is also called
purple non-sulphur bacterium. The Rhizobiales family can fix nitrogen and their

ability to degrade lignin may be linked to their denitrification ability [64].
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Figure 1.18. Steps in screening for novel bacterial lignin-degrading strains [63].

A lignin-decomposing Gammaproteobacteriaum has been isolated from
tropical forest, which belongs to the family of the Enterobacteraceae, closely related
to Escherichia spp. The latter has been observed as lignin degrader isolated from the
gut of wood-boring beetles [64]. DeAngelis et al. isolated soil bacteria from
rainforest Enterobacter lignolyticus SCF1 which can degrade lignin anaerobically.
They sequenced the genome and identified two putative laccases, and a putative
peroxidase using bioinformatics. The bacteria has a complete 4-

hydroxyphenylacetate degradation pathway encoded in a single gene cluster [67].

A thermo-tolerant Bacteroidetes strain (Sphingobacterium sp. T2) has been
isolated from compost using nitrated lignin assay for selection. The strain shows the

highest ability for lignin depolymerization among 12 lignin degrading isolates [63]
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(See Section 1.10 for more detail). Table 1.4 is a summary of the lignin-degrading

bacteria so far isolated.

Table 1.4. Lignin-degrading bacterial strains reported in the literature and the compounds used for

testing their degradation ability.
Family Strain Catabolic substrates Reverences
Norcadia atotrophia synthetic lignin [59]

Lignin and lignin-related

Norcadia DSM 1069 [60]
compounds
Rhodococcus jostii RHA1 Nitrated lignin and f-aryl ether [61]
Rhodococcus spp alkali lignin [64]
Rhodococcus erythropolis Nitrated lignin [63]
Actinomyces
Microbacterium phyllosphaerae Nitrated lignin [63]
Microbacterium marinilacus Nitrated lignin [63]
Microbacterium oxydans Nitrated lignin [63]
Micrococcus luteus Nitrated lignin [63]
Streptomyces viridosporus TTA Lignin from wood and grass [56]
Leucobacter sp. SHC3 Kraft lignin [68]
Bacillus sp Kraft lignin [69]
Paenibacillus sp Kraft lignin [69]
Bacillales
Aneurinibacillus aneurinilyticus Kraft lignin [69]
Bacillus pumilus C6 Kraft lignin and B-aryl ether [70]
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Bacillus atrophaeus B7 Kraft lignin and B-aryl ether [70]
Bacillus sp. Strains CS-1 and CS-2 Alkali lignin [71]
Bacillus sp. SHC1 Kraft lignin [68]
Sphingobium sp. SYK-6 Lignin-derived mono- and bi-aryls [66]
Ochrobactrum pseudogrignonense Nitrated lignin [63]
Ochrobactrum rhizosphaerae Nitrated lignin [63]
Rhizobiales bacterium Nitrated lignin [63]
Proteobacteria
Escherichia spp. Alkali lignin [64]
Enterobacter lignolyticus SCF1 Alkali lignin [67]
Pseudomonas putida mt-2 Nitrated lignin [62]
Ochrobactrum sp. SHC2 Kraft lignin [68]
Bacteroidetes Sphingobacterium sp. T2 Lignin, biphenyl and vanillic acid. [63]

1.7. Lignin-degrading enzymes

Lignin-degrading enzymes in white rot and brown rot fungi have been well
studied during the last few decades. Three families of extracellular lignin-oxidising
enzymes have been identified and characterised from fungi. These main enzyme
families include lignin peroxidases, versatile peroxidase and laccases. There are two
groups of peroxidases namely lignin peroxidases (LiPs) and manganese-dependent
peroxidases (MnPs). However, the lignin degradation process is a complex catabolic

process, which may need multiple enzymes. Enzymes such as glyoxal oxidase, aryl
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alcohol oxidase (veratryl alcohol oxidase), pyranose 2-oxidase (glucose 1-oxidase),
cellobiose/quinone oxidoreductase, and cellobiose dehydrogenase are believed to

assist in lignin depolymerisation [8],[72].

1.7.1. Lignin peroxidases.

Lignin peroxidase is the first lignin oxidising enzyme identified in white rot
fungi Phanerochaete chrysosporium. Structurally, LiPs are glycoproteins with a
heme group in their active site (Figure 1.19). This enzyme catalyses hydrogen
peroxide-dependent degradation of phenolic and non-phenolic compounds lignin
model compounds (see Figure 1.21). Thus, they are considered to be the most
powerful of the peroxidases [73]. They can oxidise a wide variety of organic
compounds with high redox potentials (up to 1.4 V versus norma hydrogen

electrode) in the presence of hydrogen peroxide [72].

Figure 1.19. Lignin peroxidase structure (PDP entry 1B85).

Page | 29



CHAPTER ONE: INTRODUCTION

(0} o+
N—//——
/ \F////N
e(Iv)
N/_\N
H,0 Compound | ROH
H20, ROH
(0}
N—— N N—//——=N
N N
[E) < LT/
N——N )/ \ N———N
Resting ROH ROH Compound I

Figure 1.20. The catalytic cycle of lignin peroxidase. The cycle involves three steps: firstly, reaction
of H,0, with heme-ferric ion to produce oxyferryl iron radical cation [Fe (IV)=0¢<*] which is known
as compound I. This intermediate is formed as a result of cleavage of H»O, at the O-O bond.
Secondly, compound I is reduced by two consecutive 1e” with electron donor substrate. The first 1e
reduction results in the formation of compound II [Fe (IV)=0] and a radical cation of the substrate
(ROH+"). Finally, the reduction of compound II with the second electron returns the enzyme to

resting state [Fe (II1)] [72].
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Figure 1.21. Cleavage of Ca'CB bond of B-aryl ether non-phenolic lignin model compound by lignin

peroxidase.
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1.7.2. Manganese-dependent peroxidases.

MnPs are structurally related to LiPs and are glycoproteins with a heme group
in their active sites, but their molecular weights are slightly higher [3]. MnPs can
oxidise polymeric lignin, phenolic and non-phenolic lignin model compounds
(Figure 1.22) via a diffusible redox mediator. This mediator is produced by MnPs
through oxidation of Mn(II) to Mn(IIl), as a complex with a suitable organic acid

chelator, for example malate or oxalate [74].

1.7.3. Versatile peroxidases.

Versatile peroxidases (VP) are a family of heme-containing peroxidase with
high redox potential and broad substrate specificity. This group of the enzyme have
the ability to oxidise both Mn(II) and lignin model compounds. Versatile peroxidases
exhibit activity toward phenolic and non-phenolic substrates. The enzyme can
oxidize high redox potential substrates, e.g. Reactive Black 5, veratryl alcohol, and

methoxybenzenes without manganese [72],[75].
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Figure 1.22. Oxidation of non-phenolic aryl ether (-O-4) of a lignin model compound catalysed by

Mn-dependent peroxidase [76],[72].

Figure 1.23. Heme-region of versatile peroxidase (VP) and lignin peroxidase (LiP). VP is similar to
LiP having exposed catalytic tryptophan (W164 in VP and W171 in LiP) and long-range electron
transfer (LRET) to heme (red arrow). This amino acid is responsible for the oxidation of high-redox-
potential substrates. VP also has manganese binding site (Glu36, Glu40 and Asp175) similar to Mn-

dependent peroxidase. From PDB entries 2BOQ and 1LLP [77].
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1.7.4. Dye-decolourising enzymes.

Dye-decolourising peroxidases have been recently classified as a novel
superfamily of heme-containing peroxidase enzymes. This superfamily of
peroxidases is not related to plant or animal peroxidases, and DyP-type peroxidases
are identified in bacteria, fungi and archaea [78]. This class of enzyme has two
different type of catalytic activity: oxidation of organic compounds, and hydrolysis
of wheat straw cellulose [79]. DyP-type peroxidases can decolourise a wide range of
dyes [80], oxidize B-carotene [81], and aromatic sulphides [82], as well as being

involved in lignin degradation [78].

The first member of DyP-type peroxidases was discovered and purified in 1999
from fungus (Geotrichum candidum) [80]. Two DyP-type peroxidases have been
purified from extracellular fractions of the basidiomycete Marasmius scorodonius
(garlic mushroom). The enzymes were named as MsP1 and MsP2. The molecular

weight of MsP1 and MsP2 were ~150 kDa and ~120 kDa respectively [81].

In bacterial strain Rhodococcus jostii RHA1, two Dyp peroxidase have been
identified, DypA and DypB. Both enzymes show the ability to oxidize ABTS,
pyrogallol, and Reactive Blue 4 in the presence of hydrogen peroxide. DypA and
DypB are apparently possessing similar specificities for ABTS, with kea/Km of
2.0 x103 and 2.4 x10°> M'S™! respectively. Whereas, they utilise Reactive Blue 4
and pyrogallol in a different way, DypA possesses more specificity for Reactive
Blue 4 (kea/Knm of 12800 M 'S!) than pyrogallol (kea/Km of 50 M'S) and
DypB exhibits more specificities for pyrogallol (keca/Km of 600 MS!) than

Reactive Blue 4 (kea/Km of 140 M-S [83]. Only DypB shows activity in the

Page | 33



CHAPTER ONE: INTRODUCTION

nitrated lignin assay, and DypB also showed activity toward a variety of substrates
including Kraft lignin, B-aryl ether lignin model compound (Figure 1.24) and Mn*".
For crystal structure of DypB from R. jostii RHA1 and DyP-type peroxidase from

Thermobifida cellulosilytica see Figure 1.25.
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Figure 1.24. Breakdown of B-aryl ether lignin model compound by DypB from Rhodococcus jostii
RHALI [61].

Three genes related to the dyp family of peroxidase enzymes were identified in
the genome of Pseudomonas fluorescens Pf-5 from bioinformatics searches using the
BLAS algorithm [84]. Two of these enzymes (DyplB and Dyp2B) are belong to
class B, and the other one is of class A (DypA) of dye decolourising peroxidases.
Among of these three DyP enzymes only recombinant DyplB showed lignin
degrading ability when tested with powdered wheat straw and Kraft lignin in
presence of Mn**, and a comparable Mn?" oxidation ability (kea/Km of 3.3 x 10! M-
IS1) with DypB from R. jostii RHA1 [84]. From Amycolatopsis sp. 75iv2, a multi-
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functional dye decolourising peroxidase has been characterized. This enzyme is
classified as a type-C Dyp peroxidase with high peroxidase and Mn-oxidation ability

[85].

The R. jostii RHA1 DypB has lower activity for oxidation of each of Mn?*
(Kea/Km of 2.5 x 10! M'S! ) and ABTS [83] than Amycolatopsis sp. 75iv2 Dyp2
keat/Km 1.2 x 10> M!S for Mn?** and  kea/Km 0f 6.6 x 106 M!S for ABTS. The
manganese oxidizing ability of R. jostii RHA1 Dyp-B has been improved 80 fold

through substitution of Asn246 with alanine [86].

Stopped-flow UV-vis spectrophotometry shows that reaction of Dyp-B from R.
jostii RHA1 with H>O; forms a stable compound I-like intermediate with a Amax of
397 nm. In addition, a compound II species was also detected at 417 nm using a -
aryl ether lignin model substrate [61]. For general catalytical cycle of DyP-type

peroxidases see Figure 1.26.

Figure 1.25. Structures of dye-decolorizing peroxidase a. DypB from R. jostii RHA1 (PDB: 3QNR)

b. DyP-type peroxidase from Thermobifida cellulosilytica (PDB: 4GS1).
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Figure 1.26. Catalytic cycle of dye-decolourising peroxidases Dyp-B [61].

1.7.5. Laccases.

Laccases are copper-dependent enzymes that catalyse the oxidation of phenolic
compounds (Figure 1.27), methoxy-substituted phenols, diamines and a considerable
range of other compounds [87] and they can also oxidise non-phenolic compounds
in the presence of mediator molecules such as 2,2’-azinobis(3-ethylbenzothiazoline-

6-sulfonic acid) (ABTS) and 1-hydroxybenzotriazole (HBT), see Figure 1.28.

Laccase )
0, [4Cu(l)] 4RO
2H,0 [4Cu(ll)] 4ROH
Laccase

Figure 1.27. Laccase-catalysed redox cycles for substrate oxidation in the absence of mediator.
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Figure 1.28. Laccase-catalysed the conversion of veratryl alcohol (VA) to veratryl aldehyde (VAD) in

the presence of mediator (ABTS).

Laccases have been found in many organisms such as fungi, bacteria, insects
and plants. Their physiological role is unclear because in plants they play a role in
lignin biosynthesis while in fungi they are involved in the ligninolytic process [26].
Laccases are also known as blue multicopper oxidases containing four copper atoms
with a highly conserved binding motif [88]. They can result in depolymerization and
also polymerization of lignin because they form radicals by abstraction of one
electron from phenolic or polyphenolic substrates [87]. For structure of laccases from

two different organisms see Figure 1.29.

Laccases are of high biotechnological potential, since they exhibit a broad
substrate specificity. Currently, only fungal laccases have been used in
biotechnological applications, although bacterial laccases may have properties that
make them more suitable for industrial application, such as thermostability, high
tolerance to chlorine, broad pH range and efficient heterologous expression (Table

1.5) [71].
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Figure 1.29 Crystal structure of two different laccases. a. laccase from white-rot fungi Steccherinum
ochraceum (PDB, 3T6V). b. Bacterial laccase (trinuclear cluster) from Streptomyces Coglicolor which, has

two domains (PDB, 3KW8).

Alexandre and Zhulin (2000) have identified several putative bacterial laccases
(mainly in a-, y- and e-proteobacteria) using BLAST search, some of which have
signal peptides for extracellular translocation [89]. Another study based on
bioinformatics analysis shows that about 76% of 1,200 putative bacteria genes for
laccase-like enzymes have signal peptides which may be responsible for export to the

extracellular environment [90].

Laccase producing bacteria Paenibacillus sp. can depolymerise lignin and
detoxify effluent from pulp and paper mills [91]. Chang et al. demonstrated that
laccases from two Bacillus sp. strains (CS-1 and CS-2) isolated from forest soil can
break down alkaline lignin [71]. Fang et al., (2012) found that laccase from aquatic
bacteria identified through screening of marine metagenomic libraries exhibit high
activity toward syringaldazine and decolourise azo dye without redox mediator [92].

Isolated soil bacterial strains (Bacillus pumilus C6 and Bacillus atrophaeus B7) from
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rainforest with high laccase activities can degrade Kraft lignin and B-aryl ether lignin

model compounds [70].

Actinomycetes produce laccases homologous to fungal laccases, but their
sequences shorter than the latter, and therefore named as “small laccases”. These
small laccases described to have in vitro activity toward a wide spectrum of the
substrate. Streptomyces coelicolor A3 genome encodes a gene for small laccase
(SCLAC) which has sequence similarity to fungal laccases. Streptomyces coelicolor
A3 SCLAC found to have a significant role in lignin depolymerization process. Gene
replacement study (substitution of (SCLAC) with apramycin resistance cassette)
shows a reduction of acid-perceptible polymeric lignin (APPL). The small laccases
from other Streptomyces species, including S. lividans TK24, Amycolatopsis sp.
751v2, and S. griseus NBRC 13350, reported to have ability in rearranging the
nonphenolic b-O-4 lignin model compound in the presence of mediators and
degradation of phenolic b-aryl ether (b-O-4) lignin model compound without any

mediators [93].

Table 1.5. Properties of laccases from bacterial strains.

Bacterial strain Proprieties
Bacillus subtilis High thermostability

The purified enzyme has a half-life of inactivation of 2 hrs at 80°C.
Thermus thermophilus High thermostability

High optimal reaction temperature (92°C) and a half-life of inactivation of > 14

hours at 80°C.
Bacillus halodurans High stability toward chloride: simulation instead of inhibition by chloride
Streptomyces ipomoea exhibits high thermal- and pH-stability
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1.8. Aromatic degradation pathways for lignin degradation in
bacteria.

Several Gram-positive and Gram-negative bacteria from different genera
(examples: pseudomonads, sphingomonads, Rhodococcus spp. [26], Ralstonia spp.,
and Burkholderia spp. [94]) can degrade aromatic compounds. There are aromatic
degradation cluster genes in the genome of these aromatic degraders. Some of these
bacterial strains have pathways for breakdown of lignin- monomeric and -dimeric
units [26],[95]. Most probably there is a link between the presence of aromatic
degradation pathways and lignin depolymerisation ability in bacteria. Understanding
of bacterial aromatic pathways is essential for adding value to lignin and production
of renewable chemicals from lignin [95]. Catabolic pathways in Sphingomonas
paucimobilis SYK-6 for degradation of lignin model compounds have been

extensively studied [73].

1.8.1. Pathway for aryl ether degradation

Breakdown of aryl glycerol-b-aryl ether (see Figure 1.30) is the most important
step in lignin decomposition [96], since, 50% of inter-monomeric linkages in lignin
are of a b-O-4 type. In S. paucimobilis SYK-6, conversion of B-aryl ether model
compound to its corresponding monomers is catalysed by two different enzymes.
Initially, NAD-dependent dehydrogenase LigD oxidises the a-hydroxyl group of b-
aryl ether to the corresponding ketone [96] and then, a novel glutathione-dependent
B-etherase enzyme LigEFG breaks the ether linkage [26]. In contrast, in other
bacteria only one enzyme such as dye decolourising peroxidase from R. jostii RHA1

1s known to oxidise B-aryl ether to its consistent monomers [61].
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Figure 1.30. Pathway for a breakdown of f-O-4 aryl ether model compounds.

1.8.2. Pathway for biphenyl degradation

The biphenyl linkage is one of the main linkages in polymeric lignin; generally
it can be found between guaiacyl subunits. Transformation of 5-5’-divanillic acid to
5-carboxyvanillic acid and 4-carboxy-2-hydroxypentadienoic acid is catalysed by
four enzymes (Figure 1.31): demethylase (LigX), extradiol dioxygenase (LigZ) and
C—C hydrolase (LigY). Firstly, demethylation of 5-5’-divanillic acid is performed by
LigX. Secondly, the catecholic product of LigX undergoes oxidative meta-cleavage
by LigZ. Thirdly, LigY converts the ring fission product to 5-carboxyvanillic acid
and 4-carboxy-2-hydroxypentadienoic acid. Finally, 5-carboxyvanillic acid can be

transformed to vanillic acid by a decarboxylase enzyme LigW [26].
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Figure 1.31. Dehydrodivanillic acid catabolic pathway.

1.8.3. Pathway for protocatechuic acid degradation

This pathway can be considered as a central pathway, since oxidation of most
of the lignin related products and lignin model compounds such as B-aryl ether, 5, 5°-
divanillic acid and ferulic acid, toluene and xylene result in production of precursor
of protocatechuic acid (vanillin or vanillic acid) or related compounds.
Protocatechuic acid can be generated from demethylation of vanillic acid [97]. In
most bacteria, iron (III)-dependent protocatechuate 3,4-dioxygenase cleaves the ring
of protocatechuic acid to give carboxy-cis,cis-muconic acid. Two pathways for
catabolism of catechol are exist: meta-cleavage (extradiol) pathway involves
cleavage between the two phenolic hydroxyl groups, and ortho-cleavage (intradiol)
pathway involves cleavage adjacent to the phenolic hydroxy groups (Figure 1.32)

[73],[97],[98].
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Figure 1.32. Pathway for degradation of protocatechuic acid and its derivatives. Enzymes involved in
ortho-cleavage (intradiol) pathway are: protocatechuate 3,4-dioxygenase (3,4-PCD); B-
carboxymuconate lactonizing enzyme (CMLE); y-carboxymuconolactone decarboxylase (CMD);
enolactone hydrolase (ELH); 3-ketoadipate:succinyl-CoA transferase (TR); 3-ketoadipyl-CoA thiolase
(TH). Enzymes for meta-cleavage (extradiol) pathway are: protocatechuate 4,5-dioxygenase (P4,50);
4-carboxy-2-hydroxymuconate-6-semialdehydedehydrogenase (CHMSDH); 2-pyrone-4,6-
dicarboxylate lactonase (PDCL); 4-oxalomesaconate hydratase (4OMH); 4-hydroxy-4methyl-

2oxoglutarate aldolase (4HOAL).
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In S. paucimobilis SYK-6, there is only extradiol cleave reaction which is
catalysed by protocatechuate 4,5-dioxygenase enzyme LigAB. This enzyme is a
crucial catalyst in the catabolism of syringate and vanillate. The extradiol pathway
results in the production of pyruvate and oxaloacetate and then leads to the TCA
cycle (Tricarboxylic acid cycle) to further oxidation [26]. While the intradiol
pathway starts with cleavage of protocatechuate acid by protocatechuate 3,4-
dioxygenase, leading to the production of b-ketoadipate. This product is then
subsequently converted to 3-oxoadipate, which in turn is transformed to succinate
and acetylCoA [26],[98]. These products then enter the TCA cycle. Proteomic
analysis and gene sequencing show the presence of intradiol cleavage pathway in

aromatic degrader strain Rhodococcus sp. TFB [99].

1.9. Methods for monitoring lignin biodegradation.

Investigation of microbial lignin breakdown is hampered by the absence of a
convenient assay. There are several ways in the literature, which have been used in
isolation of lignin-degrading organism and/or purification and evaluation of

ligninases. However, each of the methods has certain disadvantages.

The earliest method for monitoring of lignin biodegradation included the use of
14C-labelled lignin as a substrate and quantitation of released '“COx [56][62][100] or
other *C-fragment [56]. The *C-lignins were prepared by feeding labelled lignin
precursors such as '*C-phenylalanine or '*C-cinnamic acid to growing plants then
isolating '*C-labelled lignin. Alternatively, '*C-labelled synthetic lignin
(Dehydrogenative polymer, DHP) was made from '*C-coniferyl alcohol or other

monolignols using horseradish peroxidase (HRP) as a catalyst [56]. This approach is
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rather a time-consuming method, and it cannot be used for screening a large number
of samples, nor is it convenient to use for determination of ligninase activities or

enzyme kinetic parameters.

Monomeric and dimeric lignin model compounds are widely used for
assessment of lignin degradation ability. Model compounds B-O-4 and biphenyl are
examples of dimeric model compounds utilized in the determination of mechanism
of lignin breakdown process. Phenolic and non-phenolic $-O-4 are particularly the
most frequent dimeric model compounds used. However, there is no colorimetric

method to monitor their breakdown.

The aryl alcohol oxidase (AAO) activity of lignin peroxidases from different
organism was determined using veratryl alcohol as a substrate. This substrate can
only be oxidised by high redox potential enzymes [72],[75]. The product of this
reaction is a veratryl aldehyde, which can be followed by measuring absorbance
increase at 310nm. The drawback of veratryl alcohol assay is spectral interference, as

most lignins derived compounds have an absorbance at 310 nm (Figure 1.33).

HO (@)

X
LiP
—_—
OCH; OCHg;
OH OH
Veratryl alcohol Veratrylaldehyde
310 nm

Figure 1.33. Veratryl alcohol assay

Guaiacol can be oxidized by laccases to produce a brown coloured product

(Figure 1.34), which is a tetramer of guaiacol and has an absorption maximum at 456
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nm [101]. This assay is quick and convenient for a large number of samples, and can
be performed on agar plates. Fungi with lignin degradation ability show brown zone
around themselves. However, guaiacol oxidation activity does not necessary

correlate to lignin degrading activity.

OCH;4 OCH;
O o O
Laccase
OCH; [0}
OH OCH; OCH;
Guaiacol Guaiacol tetramer
456 nm

Figure 1.34. Guaiacol assay.

Syringaldazine (4,4’-[azinobis(methanylylidene)]bis (2,6-dimethoxyphenol)) is
an azo dye derivative of lignin model compound which can be used as an indicator of
laccases and peroxidase. It has been considered as an excellent and specific substrate
for rapid detection of laccases [102]. Syringaldazine is oxidised to syringaldazine
quinone by laccases in the presence of dioxygen or peroxidases in the presence of

hydrogen peroxide. The formation product can be monitored at 530 nm (Figure 1.35).

Numerous synthetic dyes have been utilized for isolation of lignin
depolymerising fungi and bacteria in both liquid cultures and on solid agar plates. In
addition, these dyes have been also used in the evaluation of lignin breakdown ability
of ligninases. Structurally, synthetic textile dyes are quite different from lignin, but
decolourisation of these dyes in some cases correlates with lignin depolymerisation

[56]. Synthetic dyes have a stable chemical structure, are not broken down by
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conventional chemical and physical methods, and have resistance toward microbial
attack [103]. These dyes can provide a rapid colourimetric assay. These properties

make dyes a good candidate for use in the assessment of lignin degradation ability.

OH o
H3CO\¢/OCH3 H3CO\¢/OCH3 H3co\i§/OCH3
Laccase

H;CO 1 OCH3; H3;CO 1 OCH3; H;CO i OCH;
Syringaldazine 530 nm

Figure 1.35. Oxidation of syringaldazine.

ABTS, azure B, Remazol Brilliant Blue R (Reactive Blue 19) and Remazol
Black B (Reactive Black 5) are the most commonly used dyes. ABTS is a general
redox substrate giving rapid spectroscopic assay (see Figure 1.36). It can be used to
detect laccases in the presence of dioxygen and peroxidase in the presence of

hydrogen peroxide. ABTS has been used widely as a redox mediator for laccases.

Azure B is a heterocyclic dye used as a substrate for lignin peroxidase and
manganese-dependent peroxidase from fungi. There is a positive correlation between
decolourisation of azure B and lignin peroxidase activity [104]. Azure B assay is
considered as one of the standard assays for lignin peroxidases but not for laccases
[105]. In comparison study between azure B assay and veratryl alcohol assay, azure
B assay appeared more reliable because the change in absorbance can be monitored

at 651 nm, which results in exclusion of interfering compounds with strong
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absorbance at 310 nm. In addition, azure B assay can be amended to different media

while veratryl assay is detected only in mineral salts broth [106].

Reactive Black 5 and Reactive Blue 19 are recalcitrant azo dyes and can only
be oxidised by enzymes with high redox potential such as versatile peroxidase [75].
The transformation of Reactive Blue 19 can be monitored at 592 nm [103], and

Reactive Black 5 at 598 nm [75].

\ 0O H

s” SO,Na
> 3 l
o~ \o_/_ll ' ‘ SO;Na

N, /0_\_” -+

+
||\/\303Na

Reactive Black 5 Reactive Blue 19
598 nm 592 nm

cl |
+ o —
5% N y N%
\\ s 20
N

Azure B ABTS
651 nm 420 nm

Figure 1.36. Structures of the most commonly used dyes in the assessment of lignin oxidation ability.

The latest methods for detection and measuring lignin degrading activity are
two spectrophotometric methods that were developed by Mark Ahmad at the
University of Warwick. The first method involves fluorescently derivatised lignin
(Figure 1.37) and the second assay involves chemically nitrated lignin (Figure 1.38).
These assays allow continuous monitoring of the lignin degradation process. Both,
fluorescence and nitrated lignin UV-visible assays could be applied for the

identification of novel ligninolytic enzymes of plant lignocellulose.
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Figure 1.37. Fluorescence assay using fluorescently labelled lignin [62].

ngmn degrader
HsCO H3CO

Nitrated lignin Increased absorbance at
430 nm

Figure 1.38. Nitrated lignin UV—vis assay [62].

Nitrated lignin and fluorescently derivatised lignin assays can be used for the
purification of lignin breakdown enzymes and kinetic studies as well. Furthermore,
the nitrated lignin assay can be performed on agar plates. The nitrated lignin can be
sprayed onto grown micro-organisms; the micro-organisms with lignin-decomposing
ability will develop a yellow colouration around their colonies after overnight

incubation at 30°C. This form of nitrated lignin assay is known as spray assay

[621,[63].
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1.10. Discovery of Sphingobacterium sp.T2 as a lignin
degrading bacteria.

Lignin-depolymerising bacteria are most likely to be found in places where
lignin is being broken down. Identification of such bacterial strains from the
environment can be performed through screening of soil in forestry locations and gut
of insects [107], which can digest wood. Whereas geothermal environments such as
hot springs, compost piles and fermentations of lignocellulosic material are possible

places where thermotolerant bacteria can be found [100].

Therefore, composted wheat straw has been screened for isolation of bacteria
with lignin degradation ability. Samples from composted wheat straw were enriched
at 45°C for 21 days in M9 salts containing 2% wheat straw, and then aliquots were
plated on agar plates with the same composition. After growth, the enrichment
culture was diluted to give single colonies on agar plates. The plates were sprayed
with nitrated lignin. Three thermophile bacterial strains have been identified by
analysis of their 16S rRNA gene sequences (Rhizobiales sp., Sphingobacterium
sp.T2 and Thermobifida fusca). In addition, nine lignin degrading mesophilic
bacteria have been also isolated from soil using the same approach but at 30°C
instead of 45°C. To assess the lignin-degradation ability among all isolated bacteria
nitrated-lignin UV-vis assay have been carried out. The results show that
Sphingobacterium sp.T2 is 10-fold more active than the rest of bacterial lignin
degrader isolates (Table 1.6) [100]. However, sequencing of the genomic DNA of
Sphingobacteria sp. T2 by the group of Prof. L Eltis (UBC) revealed no putative dyp

peroxidase or laccase genes.
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Table 1.6. Comparison of lignin degradation ability of bacterial lignin degrading Isolate using

nitrated lignin UV-vis assay.

Strain  ldentification from 165 rRNA Bacterial Activity in nitrated

sequencing family lignin assay (mAU)

+HO, -H,0,
Al.l Microbacterium phyllosphaerae Actinobacteria 1.9 27
Al.2 Microbacterium marinilacus Actinobacteria 1.7 0.6
A2l Microbacterium marinilacus Actinobacteria 0.9 1.4
A4.3 Ochrobactrum pseudogrignonense c-Proteobacteria 1.2 47
A5l Rhodococcus erythropolis Nocardioform 1.6 1.9
A5.2 Microbacterium oxydans Actinobacteria 1.1 54
B5.3 Micrococcus luteus Actinobacteria 1.9 1.1
C4.1 Ochrobactrum rhizosphaerae c-Proteobacteria 2.0 1.9
El.l Micrococcus luteus Actinobacteria 0.9 1.1
Tl Rhizobiales sp. a-Proteobacteria 0.2 20
T2 Sphingobacterium sp. Bacteroides 9.0 30

For finding the identity of ligninase enzyme produced by the isolated bacterial
lignin-degrader strain, proteomic analysis was then performed. The enzyme capable
of degradation of lignin is most likely extracellular. Therefore, cultures of
Sphingobacterium sp. T2 were pelleted by centrifugation, and the extracellular
protein fraction was separated using ammonium sulphate precipitation (70% (w/v)
saturation). The fraction was then purified partially for lignin-degrading enzyme
activity, using three chromatographic methods (anion exchange, hydrophobic
interaction and gel filtration chromatography). The enzyme samples have been
concentrated after each chromatographic method. Lignin-degradation activity was
monitored using nitrated lignin UV-vis assay, and also oxidation of ABTS monitored
as well. A number of active fractions were detected (Figure 1.39). The molecular

weight and the number of protein bands in each active fraction were assessed via

SDS-PAGE (Figure 1.40).
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The fractions showing multiple proteins bands on SDS-PAGE at low protein
concentration were submitted for tryptic digestion of the gel bands and proteomic
analysis using MALDI-MS. The proteins were identified by comparing observed
molecular fragments from tryptic digest with protein databases. The analysis
resulted in the identification of a range of several enzymes and some receptors
including enolase, aldehyde dehydrogenase, and two slightly different superoxide
dismutases and phosphoenolpyruvate carboxykinase (Table 1.7). Among identified
enzyme, the two superoxide dismutases are of particular interest, since these
enzymes interconvert peroxide and superoxide with dioxygen. This may link to an
observation that Sphingobacterium sp. T2 displayed higher lignin breakdown activity
without hydrogen peroxide (in the presence of dioxygen). However, the involvement

of superoxide dismutase in lignin decomposition had not previously been reported.
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2M (NH,), SO, 0M (NH,),S0,
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£ 800.00 nitrated Organosolv lignin with hydrogen peroxide
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Figure 1.39. Active fractions from partial purification of Sphingobacterium sp. T2

supernatant, via phenyl Sepharose hydrophobic interaction chromatography [100].
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Figure 1.40. SDS-PAGE gels of active fractions indicated above, showing samples used for proteomic

analysis. Fractions 20.2 and 12.4 respectively yielded proteomic data for superoxide dismutases SOD1

and SOD2 [100].

Table 1.7. Database matches for proteomic data from extracellular fractions of Sphingobacterium sp.

T2 [100].

Protein name

Parent strain

Accession code

Sequence identity

Outer membrane proteins:
OmpA/MotB family protein
TonB-dependent receptor plug
TonB outer membrane protein
TonB outer membrane protein
Enzymes:

Superoxide dismutase (Mn)
Superoxide dismutase (Mn)
Aldehyde dehydrogenase

Gl e Eonk 1 d
°F T €

C56 family peptidase
M20/M25/M40 family peptidase
Proteins:

Peroxiredoxin

Thioredoxin family protein
Chaperonin GroEL

Translation factor EF-Tu

Sphingobacterium spiritivorum ATCC 33300
Leadbetterella byssophila DSM 17132

Sphingobacterium spiritivorum ATCC 33300
Sphingobacterium spiritivorum ATCC 33300

Sphingobacterium spiritivorum ATCC 33861
Chryseobacterium gleum ATCC 35910
Sphingobacterium spiritivorum ATCC 33861
Sphingobacterium spiritovorum ATCC 33861
Sphingobacterium spiritivorum ATCC 33300
Sphingobacterium spiritivorum ATCC 33861

Sphingobacterium spiritivorum ATCC 33300
Sphingobacterium spiritivorum ATCC 33861
Sphingobacterium spiritivorum ATCC 33861
Pedobacter sp. BAL39

ZP_03966060.1
YP_003999361.1
ZP_03967958.1
ZP_03966383.1

ZP_07080073.1
ZP_07084820.1
ZP_07080700.1
ZP_07080477.1
ZP_03968079.1
ZP_07079812.1

ZP_03969338.1
ZP_07080480.1
ZP_07080256.1
ZP_01885032.1

374/472 (79%)
298/521(57%)
609/1096 (56%)
558/1083 (52%)

173/203 (85%)
163/224 (73%)
306/345 (89%)
129/174 (74%)
177/192 (92%)
400/456 (88%)

181/208 (87%)
108/209 (52%)
365/383 (95%)
357/394 (91%)

Another potential gene was identified from bioinformatics analysis, which

codes for peroxidase enzyme (catalase-peroxidase KatG). Sphingobacterium sp. T2

KatG has sequence similarity with a peroxidase from Amycolatopsis sp. 751v2. The

latter enzyme was reported to show ability in the degradation of lignin model

compound [108]. Therefore, the decision was made to investigate the ability of the

Sphingobacterium sp. T2 KatG in breakdown of lignin and lignin model compounds.
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1.11. Aims of this study

This project aims to discover novel bacterial lignin-degrading enzymes.
Bacterial lignin breakdown enzymes are not explored very well compared to those of
fungal ligninolytic enzymes. In addition, bacteria are more tolerant than fungi
towards environmental restrictions, they grow more rapidly than fungi and they have
ample metabolic flexibility against aromatic substrates. Thus, bacteria seem to be

promising for the screening of novel ligninolytic enzymes.

e Development of a method for screening DNA libraries of

Microbacterium phyllosphaerae and Sphingobacterium sp. T2.

Several attempts have been made to purify lignin degrading enzymes from
extracellular fractions of M. phyllosphaerae and Sphingobacterium sp.T2, but this
has proved very difficult due to very low extracellular protein concentration.
Therefore, we wish to develop a method for screening ligninolytic enzymes from
these lignin degraders. Prof. E. Wellington (Life Sci., Univ. of Warwick) has
prepared plasmid DNA libraries of M. phyllosphaerae and Sphingobacterium sp.,
which have been transformed into E. coli. Therefore, we will test several methods
including the nitrated lignin assay to detect novel ligninolytic enzymes from DNA

libraries of bacterial lignin degraders transformed into E. coli cells.

e Identification of lignin-degrading genes.

The screening of genomic DNA libraries of M. phyllosphaerae and
Sphingobacterium sp. T2 will allow to identify novel enzymes. On the other hand,

recently the Sphingobacterium sp. T2 genome has been sequenced, this enabled us to
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identify two types of genes, which possibly are lignin-degrading genes. One of these
genes encodes catalase-peroxidase and the other is a superoxide dismutase. There are
two superoxide dismutase (sod) genes in Sphingobacterium sp. T2 genome, namely
sodl and sod2. Catalase peroxidase katG is homologous to a peroxidase from
Amycolatopsis sp. 751v; the latter can degrade B-O-4 lignin model compound [108].
On the other hand, proteomic analysis of extracellular protein fractions shows hits for

superoxide dismutases [100]. Therefore, specific aims of this project are as follows:

» If lignin-degrading enzymes found through screening of the genomic libraries
of M. phyllosphaerae and Sphingobacterium sp. T2 their genes will be sub-

cloned into a suitable vector.

» Cloning of Sphingobacterium sp.T2 katG, sodl and sod2 genes into suitable

vectors.

» The enzymes will be overexpressed in E. coli and purified.

e Characterisation of lignin-degrading enzymes.

» Assessment of their activity with a range of lignin substrates, lignocellulose,
lignin model compounds and synthetic dyes will be investigated by enzyme

kinetics and HPLC-based assay.

» Their cofactor requirement will be determined. Spectroscopic and kinetic

characterization of the purified lignin-degrading enzymes will be performed.

» Metal cofactors of the enzymes will be characterised if it is found that they are

metalloproteins.

» The breakdown product(s) will be identified, using LC/MS and GC/MS.
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2. Development of a method for screening genomic
DNA libraries for Novel Bacterial lignin-degrading

enzymes.

2.1. Introduction

Lignin is an amorphous, heterogeneous, three-dimensional polymer formed
mainly in the plant cell wall. It can be found in woody plants but can also occur in
non-woody plants such as grasses [12]. It is the second most abundant carbon source
on earth. The annual production of lignin through biosynthesis is estimated to be 2 x
10'° tonnes. As available oil reserves are in continuous decline during the early 21°
century lignin will be an important renewable source of chemicals for our future
society [109]. Lignin, which composes about 24% of lignocellulose biomass, is
considered as a waste product and its energy content is not well exploited. Therefore,
it is crucial to screen for novel lignin-degrading enzymes, in order to extract

chemicals and increase the value of this natural polymer.

Twelve bacterial lignin-degrader strains have been isolated previously at the
University of Warwick from woodland soil and composted wheat straw from solid-
state fermentation [63]. These isolates include nine mesophilic and three thermophile
bacterial strains. The mesophilic strains were four Microbacterium isolates, two
Micrococcus isolates, Rhodococcus erythropolis (all Actinobacteria) and two
Ochrobactrum isolates (Alphaproteobacteria). Three thermotolerant isolates were
Thermobifida fusca and two isolates related to uncharacterized species of Rhizobiales

and Sphingobacterium (Bacteroidetes). The Sphingobacterium strain has been
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identified as the most active strain, showing ten-fold higher lignin degradation

activity than the other isolates [63].

Attempts were made by previous Ph.D. student Charles Taylor to purify lignin-
degrading enzymes from extracellular fractions of Microbacterium phyllosphaerae
and Sphingobacterium sp., but this proved very challenging due to very low
extracellular protein concentration. Therefore, a new approach is needed for
screening lignin depolymerising enzymes from these lignin degraders. Consequently,
the group of Prof. E. Wellington (Life Sci., Univ. of Warwick) has prepared plasmid
DNA libraries of M. phyllosphaerae and Sphingobacterium sp., which have been
transformed into E. coli. Therefore, our aim was to develop methods to detect novel
lignin-degrading enzymes from DNA libraries of bacterial lignin degraders

transformed into E. coli cells.

Often, screening for enzyme activity is performed via monitoring changes in
the optical absorption or fluorescence. A number of screens can be operated via
direct visualisation or by digital image analysis of observed colour change in agar
plates. In contrast, the majority of screens involve growing single colonies in multi-
well microtitre plates until stationary phase in suitable culture media, and protein is
overexpressed using an inducer. For the detection of intracellular enzymes, a cell
lysis step is essential to liberate the cellular contents. Ultimately, the enzyme activity

will be measured with a plate reader spectrophotometer [110].

Numerous substrates have been used for the isolation of lignin-degrading
microorganisms and /or screening of ligninolytic enzymes. Kraft lignin, milled wood

lignin, lignocellulose [63], and synthetic lignin have been used to isolate some fungi
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and bacteria with ligninolytic potential. Radioactively labelled lignin has been also
used for isolation of lignin degraders [111]. Monitoring '“C-labelled lignin is a
quantitative method. However, the assay requires a long time, and it requires the

preparation of radioactively labelled lignin [62].

HO
HO

OCHj

OCH,
OH

Figure 2.1. An example of B-O-4 model compound

The earliest method for detection and measuring LiP activity was made via
oxidation of a P-aryl ether ($-O-4) model compound [112] (Figure 2.1). The p-O-4
linkage is the most prevalent linkage in lignin polymer, and it comprises more than
50% of linkages [15]. In another approach, researchers tested the growth of the
micro-organisms on media containing lignin model compounds as sole carbon source
that may correlate with their lignin-degrading ability. This method has been adopted

by several researchers [113],[114].

Lignin mimicking dyes have also been used for isolation and detection of
lignin degraders. These dyes are either used as a sole carbon source for growth
studies or as indicators of the ability of a micro-organism to decolourise them, which
may correlate with the lignin-decomposing ability [105]. The dyes employed in
lignin degrader studies include Methylene Blue, Malachite Green, Congo red,
Remozal Brilliant Blue R and Azure B [115] (see Figure 1.36 for structures of the

most commonly used dyes). It has been proposed that poly-R can be used as a
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standard method for determination of LiP activity [105]. In another study, Azure B
has been employed in quantitative measurements of LiP activity. In addition, the
Azure B assay is more accurate than the veratryl alcohol assay that is considered to

be the standard assay for routine quantitation of LiP activity [106],[112].

Several phenolic and non-phenolic aromatic compounds have been utilised in
ligninase and lignin degrader studies. Some of these substrates are lignin-derived
compounds such as guaiacol (see Figure 1.34 for guaiacol assay), syringaldehyde,
acetosyringone, and veratryl alcohol [116]. Guaiacol and syringaldazine (a dimer of
syringaldehyde) have been used separately for measuring microbial laccase
activities (see Figure 1.35 for syringaldazine assay) [117]. Recently, guaiacol has
been used in screening of a metagenomic library from mangrove soil [118].
Syringaldazine has been proposed to be a more convenient substrate for the
determination of laccase activity since syringaldazine can differentiate between

laccases and other phenol oxidases produced by fungi [119].

In contrast, veratryl alcohol is widely employed in measuring LiP activities. It
can also be utilised for quantitative measurement of laccase activity with the addition
of a mediator such as ABTS (Figure 2.2 ) [76],[120]. However, the veratryl alcohol
assay has some drawbacks such as measuring absorbance at 310nm, which causes
absorption interference from phenolic and other aromatic compounds. The other
substrates employed in ligninolytic studies are synthetic compounds. Examples of
these substrates are (DCP) with 4-aminoantipyrine (Figure 2.2) and ABTS. The latter
can be used for detection and quantitative measurement of both LiP and laccase
activities as well. Moreover, the potential oxidation of ABTS is not pH-dependent

within the range 2—11 [117]. Hence, these make ABTS more suitable for screening
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different organisms. Finally, care should be taken in using both ABTS and 2,4-
dichlorophenol for measuring enzyme activity because they have some background,

non-enzymatic reactivity.

HO
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Figure 2.2. Chemical structures of guaiacol 2.1, veratryl alcohol 2.2, ABTS 2.3, 2,4-diclorophenol 2.4

and 4-aminoantipyrine 2.5.

The newest approaches for monitoring lignin breakdown are nitrated-lignin and
fluorescent derived lignin UV-vis methods (see Figure 1.37 and 1.38). The nitrated-
lignin spray method is particularly useful because it allows selection of a putative
lignin degrader on agar plates among several organism [121]. For more detail, please

see Chapter One (Section 1.9).

These assays have been used to compare the activity of known lignin and
aromatic degraders. As a consequence, the known aromatic degraders have been

shown to act as lignin degraders, including Rhodococcus jostii RHA1 and
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Pseudomonas putida [121]. Bioinformatics analysis of the genome of Rhodococcus
jostii RHAI revealed the presence of a Dyp-type peroxidase while

spectrophotometric analysis indicated that DypB can break down lignin [61].

2.2. Examining of the feasibility of Nitrated lignin spray test as
a screening method.

Previously identified positive and negative bacterial lignin-degrading strains
were used to validate the spray test for screening of lignin-degrading enzymes. The
positive strains that were examined M. phyllosphaerae, M. luteus, R. erythropolis,
and Sphingobacterium sp.T2 while the negative strains were E. coli, Leuconostoc
mesenteroides. Four different types of nitrated substrates were employed in several
experimental trials. The nitrated substrates used were nitrated milled wood lignin
(MWL), nitrated-Alkaline lignin, nitrated-organosolv lignin and nitrated-f-aryl ether.
The nitrated substrates were sprayed onto strains after plating on LB agar and
incubation overnight. The sprayed agar plates were re-incubated at 30 or 45°C (for
Sphingobacterium sp. T2) for up to two days. Other researchers in the group had seen
small differences in colour between lignin degraders and non-degraders under this
condition. However, no significant differences were observed in yellow coloration
between individual strains sprayed with nitrated substrates and the same strain
sprayed with water (distilled and autoclaved) which were grown and incubated under
the same conditions. The experiments were repeated on minimal media agar plates
containing 2% (w/v) glucose as a carbon source, because LB agar plate is yellow in
colour and small differences in the thickness of plates make the comparison more
difficult. The same set of known lignin degraders were sprayed with nitrated

substrates (as described above) or water after 48 hours of incubation at 30 or 45 °C
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(for Sphingobacterium sp. T2). Again, no observable differences in yellow
colouration were noticed between plates for the same strain sprayed with nitrated
substrates or sprayed with water (distilled and autoclaved) that were grown and

incubated at the same condition.

2.3. The viability of UV-vis nitrated lignin assay as a screening
method.

The same set of nitrated substrates and bacterial lignin-degrading strains were
used (as described in the nitrated spray test) to check suitability of the nitrated lignin
spectrophotometric assay for screening of M. phyllosphaerae and Sphingobacterium
sp.T2 DNA libraries. Culture supernatant from the stationary phase of bacterial
samples was used in the assay. The effect of H2O> at 2 mM final concentration was
also examined. Treatment of nitrated substrates with culture supernatants of strains
as mentioned above shows that only Sphingobacterium sp. T2 supernatant gave some
increase in absorbance, especially without H>O,. The rise in absorbance at 430nm
over 20 minutes was 19.9, 13.5, 7.4 and 1.4 mAU for nitrated- B-aryl ether, alkaline
lignin and organosolv lignin without H,O; and for nitrated- organosolv lignin with
H>O; respectively (Figure 2.3). While the absorbance changes over 20 minutes for all
the other strains (data not shown) and Sphingobacterium sp. supernatant with

remaining nitrated substrates was lower than 1.4 mAU (Figure 2.4).
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A nitrated milled wood lignin
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@ Nitrated organosolv lignin
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Figure 2.3. Change in absorbance at 430 nm over 0-20 min for Sphingobacterium Sp.T2 without
H>0;.

ENitrated B-aryl ether

ONitrated organosolv lignin
ONitrated alkaline lignin
Enitrated milled wood lignin

0 0.5 1 1.5
Absorbance (mAU)

Figure 2.4. Change in absorbance at 430 nm over 0-20 min for Sphingobacterium sp. T2 with HO».
Due to the small signal generated in the nitrated lignin spectrophotometric
assay attempts were made to optimise the assay. Previous researchers in the group
had seen activity using either 750 mM Tris buffer pH 7.4 or 150 mM Tris buffer pH
7.4. Therefore, different ionic strengths were examined from 100 to 1000 mM of the
same buffer. Some increase in absorbance was observed for Sphingobacterium sp. T2

at 300 and 200 mM buffer concentrations, which are comparable to the increase
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have seen at 750 mM perviouly [62], but R. erythropolis shows an increase at 500
mM of the same buffer only (Figure 2.5 and 2.6). This may suggest that 750 mM
buffer solution is not suitable for the nitrated lignin assay. Although, the absorbance
change was still too small to be used for screening of ligninolytic enzymes. Finally,

the discovery of novel enzymes may need a range of substrates.

1000 mM
=900 mM
800 mM
B 700 mM

¥ 600 mM

H 500 mM

400 mM

=300 mM

200 mM

¥ 100 mM

10

o
N
~
o
o

Absorbance (mAU)

Figure 2.5. Effect of different ionic strength (100 to 1000 mM Tris buffer pH 7.4) on
enzyme activity of Sphingobacterium sp. T2 supernatant with nitrated alkaline lignin and

two mM H,0,. The absorbance was measured at 430 nm.
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Figure 2.6. Effect of different ionic strength (100 to 1000 mM Tris buffer pH 7.4) on enzyme
activity of R. erythropolis supernatant with nitrated MWL and two mM HO, measured at
430 nm.

2.4. Testing a number of substrates with E. coli containing
dypB and mco constructs on agar plates.

Dye-decolourising peroxidase (DypB) from Rhodococcus jostii RHA1 has
been identified as a bacterial ligninase enzyme [61]. It has been demonstrated that it
can oxidise a B-aryl ether lignin model compound, and can attack Kraft lignin or
wheat straw lignocellulose in the presence of Mn?". DyplB enzyme from
Pseudomonas fluorescens has also been identified as a lignin-degrader enzyme
[84]. Bacterial lignin degrader Rhodococcus jostii RHA1 also has a gene encoding
a multi-copper oxidase (mco) enzyme that is a homolog of a laccase enzyme.
Therefore, E. coli strains containing dypB or mco from Rhodococcus jostii RHAI

and the empty vector (pET200) as a control were used to examine known lignin-

Page | 65



CHAPTER TWO: SCREENING DNA LIBRARIES

degrading enzyme substrates to find a screening method. Several substrates have

been tested in four different ways as following;:-

1. The addition of the substrates into media before plating.

2. Spraying of the substrates after growth.

3. The addition of the substrates to wells on agar plates (produced by cutting

agar).

4. The addition of secondary agar layer containing substrates onto grown E.

coli plates.

2.4.1. The addition of the substrates into medium before plating.

In this method, substrates to be examined and 0.5 mM Isopropyl B-D-1-
thiogalactopyranoside (IPTG) were added to the LB agar medium, and then, E coli
strains were plated. After a 24 hrsincubation at 37°C, no colour change was observed
for all substrates that were employed at different concentration (for more detail see
experimental section). The plates were left for more than ten days for autolysis of the
bacterial cells and releasing expected enzyme. The results were negative after ten
days. The experiments were repeated in the presence or absence of H>O» and IPTG
but the results were also negative for all substrates (ABTS, DCP, Guaiacol and
Remozal BBR) which were used at different concentration (see experimental
section). Except for phenol red the colour change was observable after 24 hrsof
incubation in the absence of H>O» for all £ coli strains (dypB, mco and control). This
colour change most probably did not correlate to ligninolytic enzymes because its

control strain also gave a colour change.
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2.4.2. Spraying the substrates after growth.

The addition of the substrates and IPTG at the same time to agar media before
plating E. coli strains shows a negative impact on the growth of the E coli strains.
Therefore, the spraying technique has been examined. Colonies were allowed to
grow on minimal media containing 1 mM CuSOs4 (to induce laccases) for 24 hours at
37°C then sprayed with 0.5 mM IPTG and re-incubated overnight prior to spraying
with substrates (Table 2.1). The plates were checked for colour change after 30 min,
1 hour, one day of incubation at 30°C and ten days at room temperature. The plates
did not show any observable change in colour for all substrates used. The test was
repeated, and the effect of different concentrations of H»O, examined with and
without cell lysis reagent celLytic'™ B was examined. The plates did not display any
observable colour change for all substrates used during ten days except for DCP (5-
50 mM) with 4-aminoantipyrine in the presence of HoO» (1-5mM) after 24 hours
(Table 2.1). This colour change can not be correlated to enzyme activity because the
change in colour was in areas that did not have any colonies and the areas around and
under colonies was colourless. In addition, when the experiment repeated several
times, control plates (E. coli with empty vector) also showed the same extent of
colour change. Therefore, this colour change most probably comes from a non-

enzymatic reaction.
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Table 2.1. Observed colour change for different substrates sprayed on E. coli containing dypB and

mco constructs on agar plates. The strains were induced for protein expression by 0.5 mM IPTG.

Colour change

Substrates + celLytic™ B reagent & + H,0»
DypB MCO Control
ABTS (20 and 40 mM) ND ND ND
DCP (50 mM) pink* pink* pink*
Guaiacol (10, 20, & 50 mM) ND ND ND
Nitrated Alkaline lignin (4 mg/mL) ND ND ND

ND: not detectable. +: with and without H,O5or celLytic™ B reagent. See an experimental section
for more detail. * The colour change was observed in the presence of H,0-, at all concentration used
without celLytic reagent after 24 hrs.

2.4.3. Well test (Addition of the substrates to wells on agar plates).

Spraying plated bacterial colonies with reagents can disturb colonies and
combines them. In addition, spraying more than one reagent is difficult. Hence,
another technique has been tested. The method includes cutting a well in the agar
plates before streaking the bacterial samples on it. The wells allow the addition of
several reagents to agar plates. In this method, E. coli strains were grown for 24
hours then induced overnight at 37°C by the addition of IPTG to wells on agar
plates. The induced colonies were tested by adding substrates (ABTS, DCP,
Guaiacol and Remozal BB R) to the wells. The agar medium was supplemented
with 0.001% (w/v) FeSOs4, 0.001% (w/v) CuSOs, and 0.001% (w/v) MnSOys), urea
and yeast extract to support protein expression. Each well on the plates was used
for testing the effect of cell lysis reagents ( CelLytic ™ B 10X, (Sigma-Aldrich),

BugBuster Protein Extraction Reagent and B-PER Protein Extraction Reagents
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(Thermo)) at two different concentrations ( concentrated reagent and C2: diluted
reagent 1:2 with sterile water) with and without H>O»>. None of the tested substrates
showed an observable colour change after 30 min, 1 hour, one day of incubation at

30°C and ten days at room temperature (Table 2.2).

Table 2.2. Observed colour change for different substrates added to wells on agar plates of E.
coli strains containing dypB and mco constructs on agar plates. The strains were induced for

protein expression by IPTG.

Colour change

Substrates
of agar plates of E. coli constructs

+ Cell lysis reagents (50 pL)* & + H20:

DypB MCO Control
ABTS (40 mM) ND ND ND
DCP* (5§ mM) pink** pink** pink**
Guaiacol (10 mM) ND ND ND
Remozal B B R** (0.04 %) (w/v) ND ND ND

ND: not detectable; +: with and without H202 or cell lysis reagents. * Three types of cell lysis
reagents were used at two different concentrations. See experimental section for more detail.* *the
colour change was observed in the presence of H202 at all concentration used without Cell Lysis
Reagent after 24 h

2.4.4. The addition of the secondary agar layer containing substrates onto

grown E. coli plates.

The well test technique failed to give a positive result, and it seems that the
reagents do not disperse evenly and rapidly. To solve these problems a top agar
method has been examined in which the strains to be tested were streaked on growing
medium (the same medium used in well test) then the analysis medium was added

after 24 hour incubation. The analysing agar medium consisted of the substrate to be
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tested (Table 2.3), antibiotic, and 0.5 mM IPTG. After the addition of the analysis
medium, the plates were re-incubated at 30°C overnight. Subsequently, the plates did
not display a visible colour change with any of the substrates employed even after ten

days at room temperature.

Table 2.3. Observed colour change for different substrates added to top agar layer with IPTG onto

grown E. coli strains containing dypB and mco constructs on primary agar plates.

Colour change

Substrates
DypB MCO Control
ABTS (40 mM) ND ND ND
Guaiacol (50 mM) ND ND ND
Azure B (0.001 & 0.002%) ND ND ND
Phenol red (0.001%) ND ND ND

ND: not detectable.

In conclusion, several methods using whole E. coli cells containing dypB and
mco constructs for screening of ligninases with a range of substrates (ABTS,
Guaiacol, DCP with 4-aminoantipyrine, Azure B, Phenol red, Tanin, nitrated lignin
and Remozal BBR) gave a negative result after induction with IPTG. This suggests
that most of these substrates were not taken up by the E. coli cells or the colour
change was not detectable by the naked eye. Furthermore, three types of cell lysis
reagents (CelLytic™ B 10X (Sigma-Aldrich), BugBuster™ Protein Extraction
Reagent (Novagen) and B-PER Protein Extraction Reagents (Thermo)) were
examined at 2 different concentrations (concentrated reagent or diluted 1:2).
Therefore, these lysis reagents may not be able to lyse the E. coli cells, or the colour

changes are not enough to be detected visually.

Page | 70



CHAPTER TWO: SCREENING DNA LIBRARIES

2.5. Testing E. coli containing dypB and mco constructs in
liquid culture with ABTS assay after cell lysis

Colour change on agar plates for different substrates and methods were not
observed. In addition, the cell lysis reagents used did not seem to be able to lyse the
E. coli cells. Therefore, the lysis ability of the CelLytic™ B was investigated via
ABTS assay. At first, CelLytic™ B was diluted 10-fold and used to lyse the cells
after induction by 0.5 mM IPTG for protein expression. Consequently, the cell lysate
was tested with ABTS assay after removing cell debris. No detectable colour change
was observed visually after 60 minutes. Then, the experiment was repeated, and
lysozyme (1 mg/mL) or sonication was used aong with the CelLytic™ B (10-fold
diluted). The observable green colour was developed after 30 min in both cases.
Thus, this suggests that CelLytic™ B was not able to lyse E. coli BL21 cells without
lysozyme or sonication. In addition, it may also explain why all substrates gave
negative results with E. coli containing recombinant dypB or mco when examined on

the agar plate.

Since CelLytic™ B is expensive, we looked for cheaper alternatives. Buffer
solution with detergent (Tween-20) and lysozyme were used for lysing the E. coli
cells before spectrophotometric assay. First, the strains were inoculated in LB liquid
medium overnight and induced with IPTG (0.5 mM). Second, the induced cells were
lysed using the lysis reagent (phosphate buffer with 0.25 % (v/v) Tween-20 and 1
mg/mL lysozyme). Finaly, the enzyme activities were examined using a UV-vis plate
reader with ABTS as a substrate. A significant difference in absorbance was

observed between E. coli strains containing dypB and the control in the presence of 2
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mM H>0:. In contrast, the E. coli strain containing the mco construct shows lower
absorbance difference than that of dypB when compared with the control without
H>O; (Figure 2.7). Moreover, the absorbance of both dypB and mco constructs was

approximately 2-fold higher than that of their corresponding control.

On the basis of this method a screening method has been adapted (Figure 2.8)
which included growing single bacterial colonies in sterile 96-well plates overnight
then diluting the culture medium 1:20 with fresh medium (800 pL) and transferring it
into 96-deep well plates (2 mL capacity). After 3.30 hrs (the OD,,, were between 0.6-
0.7), the cells were induced overnight at 15°C then the cells were harvested by

centrifugation (1600 xg for 10 min).

0.9
0.8 - ]
0.7 -

0.6 - l

0.5 -

0.4 1
0.3 - I

Absorbance at 430 nm

0.2 4

0.1 -

.N_

0

MCO Contrl-HO, DypB Contrl+H O,

Figure 2.7. Enzyme activity of intracellular solution of E. coli strains containing dypB and mco
constructs and E coli containing empty vector (pET200) measured by ABTS assay at 430 nm. The
dypB and control were tested in the presence of 2 mM H,O, while mco with another control were

tested without H,O».
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The cells were lysed with lysis reagent, and the cell debris were removed by

centrifugation (1600 xg for 15 min). Finally, the extracted enzymes were assayed

spectrophotometrically using the ABTS assay.
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2.6. Pilot screening experiment using a mixture of E. coli strains containing
dypB and control (1:10) in 96- well plate with ABTS assay.

Before applying the adapted screening method on DNA libraries of M.
phylosphaerae and Sphingobacterium sp. T2, a pilot experiment was conducted to
prove its validation. Therefore, E. coli strains containing dypB and control were
mixed in the ratio of 1:10 then plated on LB agar plates containing kanamycin (30
pg/mL). Subsequently, the adapted screening method has been applied. Figure 2.9
shows the result when hypothetical libraries that were grown in 96-deep wells plates
(2 mL capacity) and induced by IPTG (0.5 mM). The intracellular solution was
tested with the ABTS assay in the presence of 2 mM H>O; after lysis of the cells with
cell lysis reagent (as described in previous Section 2.5), and cell debris were
removed. Significant differences can be seen between 6 of these hypothetical
libraries (D1, F9, C1, G1, E8 and H9) and the rest of libraries. This indicates that the
adapted screening method may be suitable for functional screening of genomic

libraries for ligninolytic enzymes using the ABTS assay.
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Hypothetical Libraries 10 11

Figure 2.9. Pilot screening experiment. Enzyme activity measured by the ABTS assay (430 nm) in
presence 2 mM H,0; of intracellular solution of mixture (1:10) of E. coli strains containing dypB

construct and £ coli control (containing empty vector (pET200)), mimicking genomic DNA libraries.

2.7. Screening of M. phylosphaerae and Sphingobacterium sp. DNA libraries.

We were provided with plasmid and fosmid genomic DNA libraries of
Sphingobacterium sp.T2. The estimated average insert size of Sphingobacterium sp.
T2 plasmid libraries were 4.75 kb while the estimated average inserts size of the
same strain fosmid libraries was 35 kb. In addition, the assumed genome size of
Sphingobacterium sp. T2 is about 3.2 Mb. About 1200 colonies from the plasmid
libraries have been screened. However, only 33% of cloned plasmids had an insert.
We were also provided with plasmid DNA libraries of M. phyllosphaerae, but most
of the clones contained no insert, hence were not suitable for screening. The problem
of the fosmid vector was absence of inducible promoter for protein expression. This
decrease the chance of observing enzyme activity. Therefore, screening of

Sphingobacterium sp. T2 plasmid libraries only was performed.
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The whole Sphingobacterium sp. T2 plasmid libraries were diluted 10-fold and
divided between 190 wells (2% 96-well plates, namely plate 1 and 2) and one well
per each plate was left as a control. After the induction with arabinose (50 mM)
[122] and lysing cells with lysis reagent (as described in Section 2.5), and the cell
lysates were tested with ABTS with and without H>O> after removing cell debris. The
differences between the absorbance of libraries and their corresponding control were
not significant in either case (with and without H>O») see Figure 2.10, 2.11, 2.12 &
2.13. These preliminary results suggest that there is no potential laccase or lignin
peroxidase in Sphingobacterium sp. T2 genome. However, several wells in plate 2
(Figure 2.11) showed activity greater than the control only detected without H>O».
Therefore, the plasmid of these active colonies were extracted and sent for

sequencing, but the results revealed that there was no insert in the plasmids.

Absorbance

X XY I I X IIZIIIIEiZAAAAEAAD

Library number 10 11

Figure 2.10. Enzyme activities of Sphingobacterium sp. T2 T2 plasmid libraries measured using

ABTS assay for plate no 2 without H202
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Absorbance

Library number

Figure 2.11. Enzyme activities of Sphingobacterium sp. T2 plasmid libraries measured using ABTS

assay for plate no 2 without H,O».

Figure 2.12. Enzyme activities of Sphingobacterium sp. T2 plasmid libraries measured using ABTS

assay for plate no 1 with H,O».
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Figure 2.13. Enzyme activities of Sphingobacterium sp. T2 plasmid libraries measured using ABTS

assay for plate no. 1 with H,O».

2.8. Conclusion

A range of substrates were tested for developing a colourimetric screening
method on agar plates for detection of ligninase activity but this was unsuccessful,
however, several different methodologies were examined. This may be the substrates
cannot be taken up by E. coli. There is a possibility of dispersion of substrate or
product on the agar plate and not giving enough colourization to be visible. On the
other hand, E. coli strain having dypB and mco constructs were tested in liquid
culture, and both constructs showed a significant absorbance change using ABTS as
substrate. This assay was adapted to the screening method in 96 well microtiter

plates successfully.

A pilot screening experiment for hypothetical libraries shows that the
functional screening method is valid, but no peroxidase or laccase enzymes were
detected by screening of genomic DNA libraries of Sphingobacterium sp.T2. At this

point in the project, the expression and purification of three targeted enzymes
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identified from proteomic analysis and bioinformatics analysis of Sphingobacterium

sp.T2 was undertaken.
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3. Biochemical Characterization of Catalase

Peroxidase KatG from Sphingobacterium sp. T2.

3.1. Introduction

Sphingobacterium sp.T2 has been isolated and identified as a highly active
bacterial lignin-degrading strain among twelve isolates at Warwick University in
2012 [63]. Its genome has been sequenced recently and has been examined for
possible ligninase enzyme(s). Surprisingly, no known lignin-degrading genes (for
example dyp-peroxidase, laccase and lignin peroxidase) can be detected in its
genome. This may indicate that there are different enzyme(s) responsible for its high
lignin-degrading ability. Two possible lignin-degrading genes have been identified
from the genome sequence and proteomic data for this organism: catalase-peroxidase
KatG and Mn superoxide dismutase. Recently it has been reported that an
extracellular heme-dependent enzyme from Amycolatopsis sp.72vi2 can degrade
lignin model compounds, which shows sequence similarities with catalase-

peroxidase KatG [108].

Catalase-peroxidases (KatGs) are bifunctional heme-containing enzymes.
KatGs exhibit both catalytic (reaction 1) and peroxidatic (reaction 2) activities and
belong to the “Class I’ family of peroxidases [123]. KatG activates isoniazid (INH)
which has been in continual use as an antibiotic to treat tuberculosis infection since
the early 1950s [124]. They also possess additional catalytic activities such as
cytochrome P450-like oxygenase, Mn*>* dependent peroxidase and peroxynitritase

activities [125].
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Catalase
H202 E— H20 + O2 (D
Peroxidase
H202 + 2HA ———> 2H,0 + 2A )

KatG from several bacterial species such as Burkholderia pseudomallei,
Escherichia coli, and Mycobacterium tuberculosis have been reported to exhibit
NADH oxidizing ability with a pH optimum at 8.75. This oxidation requires
molecular oxygen and produces NAD", and either H,O, or superoxide radical,
depending on pH (reactions 3 and 4). The oxidation of NADH by KatG does not
require hydrogen peroxide, and is not inhibited by superoxide dismutase or catalase
enzymes. KatG catalysed NADH oxidation is clearly different from the NADH

peroxidase- oxidase reaction of horseradish peroxidase [126].

NADH + O, +H* — NAD" + H0> (at pH 8) (3)

NADH + 20, — > NAD"+ 0Oy +H* (atpHB&.5) (4)

Another catalytic activity of KatG is an oxygen- and H>O»-independent hydrolysis of
INH. The rate of radical generation from an NADH, INH mixture is 2-3 fold higher
than the combined rates of separate NADH and INH reactions (Figure 3.1). The
primary product of the coupled reaction is isonicotinoyl-NAD and its formation is

activated by manganese in the presence of KatG [126].

KatG exhibits a significant sequence homology to eukaryotic peroxidases,
plant ascorbate peroxidases [123],[125], but not to mono-functional catalase [123]. It
also has extensive sequence similarity with cytochrome c¢ peroxidase in both the N-

terminal and C-terminal domains, but it has only one heme binding site per
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polypeptide (Figure 3.2) [123],[127]. This agrees with a low absorbance ratio for the
soret region near 407 nm compared to the absorbance at 280 nm. In turn, it has led to
an incorrect assumption that these multimeric enzymes contain only half the heme

per binding site [127].

O _ NHNH,
X
P4
H,0, H,0 N
>—< v
KatG Fe(lll) Compound | Compound Il *
0, H20, o
¢ NAD"
| X A_> acyl-NAD
P (InhA inhibitor)

N

Figure 3.1. Proposed mechanism of hydrogen peroxide-dependent activation of isoniazid (INH) by

catalase-peroxidase KatG [128].

Crystal structures of KatG enzymes from four different bacterial species have
been reported, and it was found that all enzymes possess a similar peroxidase core
structure. All four enzymes exhibit unique structural features, which are specific for
catalases and not evident in peroxidases. The covalent cross-linking of the side
chains of Met255, Tyrl07 and Trpll (numbering in Mycobacterium tuberculosis
KatG) near the heme cofactor (Figure 3.3) is one of the most impressive of these
features. In addition to these three residues, Asp141 is required for catalase activity
but not peroxidase activity, and Arg426, which reversibly associates with Tyr238 to
form a molecular switch modulating catalase activity, and is also essential for

activity [129].
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N-terminal C-terminal

Figure 3.2. Structure of KatG from M. tuberculosis showing N-terminal domain, which has heme-
binding site, and C-terminal domain. File (2CCA) downloaded from the Protein Data Bank and

displayed using the PyMOL program.

H207

Figure 3.3. Active site of KatG depicting the Met- Tyr-Trp cross-link and its proximity to the heme
cofactor. Coordinates were obtained from the Protein Data Bank (2CCA) and displayed using the
PyMOL program.

KatG is found in many organisms (in plants [125], fungi, bacteria and
archaebacteria) [125],[129], some of them are especially sensitive to the pro-drug
isoniazid. They exist as monomers [125], dimers and tetramers. They have subunits
of about 80 kDa, that is twice the polypeptide chain length of plant peroxidases. Each

subunit contains two domains of 40 kDa, it is assumed to have arisen by a gene
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duplication event. Only the N-terminal domain has a heme binding site while the C-

terminal domain has not [123],[127],[129].

Study of catalase-peroxidase or KatGs from seven different organisms revealed
that all enzymes show high sensitivity to azide and cyanide with ICso values of 0.2—
20 puM and 50-170 uM, respectively, and exhibit similar pH optima for peroxidase
(4.25-5) and catalase reactions (5.75). The seven enzymes also showed similar
turnover rates for activation of isoniazid as an anti-tubercular drug. Only the NADH

oxidising activity was widely varied from 10 to 102 s' [129].

Catalase peroxidase KatG from 32 different species (Gram-negative bacteria,
Gram-positive bacteria, fungi, and archaea) were compared with KatG from
Sphingobacterium sp. T2 (Sphingo-KatG). The organisms include:- Acremonium
chrysogenum ATCC 11550, Cyphellophora europaea CBS 101466, Mycosphaerella
pini (strain NZE10 / CBS 128990), Phaeosphaeria nodorum (SN15 / ATCC MYA-
4574 / FGSC 10173), Pseudozyma brasiliensis (GHGO0O01), Thielavia heterothallica
(ATCC 42464 / BCRC 31852 / DSM 1799), Verticillium longisporum, Haloarcula
marismortui (ATCC 43049 / DSM 3752 / JCM 8966 / VKM B-1809),
Halobacterium salinarum (ATCC 700922 / JCM 11081 / NRC-1), Methanosarcina
acetivorans (ATCC 35395 / DSM 2834 / JCM 12185 / C2A), Natronomonas
pharaonis (ATCC 35678 / DSM 2160), Haloferax mediterranei (ATCC 33500 /
DSM 1411 / JCM 8866 / NBRC 14739 / NCIMB 2177 / R-4), Halalkalicoccus
Jjeotgali (DSM 18796 / CECT 7217 / JCM 14584 / KCTC 4019 / B3), Salinarchaeum
sp. Harcht-Bskl1, Thermoplasmatales archaeon Gpl, Rhodococcus jostii (RHA1),
Rhodococcus ruber, Rhodococcus sp. IVHI1, Clostridium botulinum (Eklund 17B /

Type B), Clostridium celatum DSM 1785, Corynebacterium glycinophilum AJ 3170,
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Corynebacterium terpenotabidum Y-11, Clostridium botulinum (Eklund 17B / Type
B), Burkholderia pseudomallei (K96243), Escherichia coli (K12), Synechocystis sp.
(PCC 6803 / Kazusa), Mycobacterium smegmatis (ATCC 700084 / mc(2)155),
Mycobacterium tuberculosis, Enterobacter sp. (638), Pseudomonas syringae pv.
syringae (B728a), Rhodobacter capsulatus and Streptomyces griseus subsp. griseus
(JCM 4626 / NBRC 13350). These amino acid sequences for KatG were downloaded
from the UniProt [130] website and were aligned with CLC Main workbench 6.5
software. The number of amino acids in these KatG sequences are between 763-576,

the majority ~700 amino acids.

Alignment of amino acids sequences of KatG from the 32 organisms
mentioned above shows highly conserved amino acid sequence in their N-terminal
domain. Particularly, the amino acids that, bind to the heme group (H271), making
covalent adduct (W84-Y230-M256), distal arginine (R96) and distal histidine (H85)
(These numbers refers to KatG from Sphingobacterium sp.T2) (Figure 3.4). The
KatG of these species show high similarity in their C-terminal sequence as well (see

appendices).

To establish the degree of evolutionary links among the various KatGs the
most likely phylogenetic tree was computed using the programs CLC Main
Workbench 6.5 software. For this analysis, protein sequences of catalase-peroxidase
were selected from 33 organisms including seven Gram-positive bacteria, ten Gram-
negative bacteria, eight archaea and seven fungi. Sphingobacterium sp. T2 KatG is
clustered with two Gram-negative bacteria (Escherichia coli and Enterobacter sp.,

see Figure 3.5).
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Figure 3.5. Phylogenetic relationships of KatGs from 33 organisms using CLC Main workbench 6.5

software.

Catalase peroxidase from different bacterial species has shown amazing
catalytical activities. These activities include degradation of lignin model
compounds, Mn?" dependent peroxidase, NADH-oxidizing ability and P450-like
oxygenase activities [125]. In addition, it shows sequence similarity with eukaryotic
peroxidase and plant peroxidases. All of these properties of the KatG make it an
excellent candidate for investigation on lignin degradation ability, especially from
strains such as Sphingobacterium sp. T2 that has been identified as the most active
lignin degrader strain among 12 soil bacterial isolates. In addition, the strain does not
have any lignin peroxidase or Mn-dependent peroxidase or Dye de-colourizing
peroxidase (DypB). Therefore, we decided to clone, express and characterise the

Sphingobacterium sp. T2 KatG.
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3.2. Overexpressing, purification, and characterization of
Sphingobacterium sp. T2 Catalase peroxidase (KatG)

Catalase peroxidase katG gene from Sphingobacterium sp. T2 was amplified
by PCR and cloned into pET-200 (Figure 3.6.a). The cloned gene was transformed
into E. coli BL21 and over-expressed as a N-terminal His¢ fusion protein, and then
purified using immobilized metal affinity chromatography (IMAC) resin (Figure

3.6.b).

Marker Lysate Un-Bound Washed Bound
3000 — -— —
~2.0 kb ~85Kba
| —
1000 — [ - -

Figure 3.6. Analysis of KatG gene and enzyme, (a) agarose gel separation for amplified KatG gene
(2226 bp). (b) SDS-PAGE electrophoresis analysis of purified KatG by IMAC column.

For further purification of the enzyme, gel-filtration chromatography on
Superdex-200 has been used (Figure 3.7. ). The total amount of purified KatG was
35.2 mg from 2 L of E. coli culture containing katG construct, and the purity number
(Reinheitzahl value or R;) was 0.733 after reconstitution with the heme. The

catalase-peroxidase KatG enzymes are characterised by low Rz values because their
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polypeptide chain is twice that of other peroxidases, and it contains only one heme

binding site per polypeptide sequence at their N-terminal domain [127].

)
Absorbance (mAU)

50 ‘ e

Fraction number

Marker 1 2 3 4 5 6 7 = 8

B .

Figure 3.7. (a) Gel filtration chromatoGram of KatG on Superdex-G200. (b) Analysis of fractions

from gel filtration with SDS-polyacrylamide gel.

The UV-vis absorption spectrum shows that KatG has a Soret band at 405 nm

and two additional peaks at 503 and 637 nm (Figure 3.8) which match with spectra
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of KatG(Y229F) [uv-vis spectra, Soret 406, 504,and 638nm] from Mycobacterium
tuberculosis [125]. This indicates that the Met-Tyr-Trp cross link is not formed. The
Met-Tyr-Trp adduct is essential for catalase activity of the KatGs but not its
peroxidase activity which forms in an autocatalytic process that is solely dependent

upon compound I [(Por*)FelV=0, oxoferryl porphyrin n-cation radical] [125].

2.45 -
1.95 1
3
) <
S 1.45 - !
1]
£
Q
8 0.95 -
<
0.45 - 2 .
-]
'0-05 | | L] L] L] | |
240 340 440 540 640 740

Wavelength (nm)

Figure 3.8. UV-Vis spectrum of 25 UM of purified KatG in 50 mM phosphate buffer pH 7.5)

The pH profile indicates that KatG has pH optimum at 5.0 for peroxidase
activity using ABTS as a substrate (Figure 3.9) which is compatible with pH optima

(4.25-5) of other KatGs from seven different bacterial species [129].
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pH Profile

Ln Activity

Figure 3.9. The pH-rate profile for oxidation of ABTS. the buffer system were 50 mM glycine-HCI
buffer (pH 2.2-2.8), acetate (pH 3-6), phosphate (pH 6-7.8), Tris-HCI (pH 8-9) and glycine-NaOH
buffer (pH 9-10.4).

3.3. Peroxidase activity

The chromogenic substrate ABTS is a classical substrate for testing peroxidase
activity. However, this substrate does not show whether the enzyme can degrade
lignin or not. Lignin peroxidase activity can be examined by using lignin model
compounds, DCP, veratryl alcohol, guaiacol. Mn-dependent peroxidase activity can
be tested by examining Mn-oxidation ability of the enzyme. ABTS and guaiacol
were first used as electron donors to examining the peroxidase activity of KatG from
Sphingobacterium sp. T2. The apparent kinetic parameters for the ABTS oxidation
were (Vmax 0.0061 pmol min' mg protein!, Km 5.3 pM and kea, 0.057 s') and
guaiacol (Viax 0.0050 pmol min™! mg protein™!, K 2.1 mM and kea , 0.047 s7) in the

presence of 4 mM hydrogen peroxide (Figure 3.10 and Figure 3.11).
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ABTS Assay
0.006-
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Figure 3.10. KatG enzyme activity using ABTS as substrate.
Guaiacol
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Figure 3.11. KatG enzyme activity using Guaiacol as substrate

The Kn value

for ABTS is comparable with the K, for KatG from

Burkholderia pseudomallei (5.5 uM ) and Synechocystis sp (7.0 uM) for the same
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substrate but they are the lowest values (7-300 uM) for ABTS-K out of KatG from
different species [129]. Moreover, the kcat for ABTS of Sphingo-KatG is very low
compared to KatG enzymes from Burkholderia pseudomallei (0.29 s') and
Synechocystis sp (13 s' pM) and is 400 times lower than ke for KatG from E. coli.
These kinetic parameters for Sphingobacterium sp. T2 -KatG using ABTS as an
electron donor may indicate that the enzyme is not efficient for binding and turnover

of ABTS as a substrate.

The K value for guaiacol indicates that Sphingo-KatG has a higher affinity to
guaiacol than K value (0.05 mM) for horseradish-peroxidase (HRP), however the
keat value for Sphingo-KatG is not promising and not comparable with HRP, which is

4600 s [131].

Oxidation of DCP, Mn*" and NADH by KatG were also tested. The specific
activity of DCP oxidation was 4 uM mg 'min’!, this enzyme activity is about 15 fold
lower than a specific activity (59.8 pM mg'min™') of lignin peroxidase from
Phanerochaete chrysosporium [132]. KatG from Sphingobacterium sp. T2 showed

no activity for oxidation of Mn** or NADH.

3.4. Dye decolourising activity

A wide spectrum of lignin-mimicking dyes have been tested for isolation of the
lignin degraders and detection of the ligninase activities. These are dyes either used
as a sole carbon source for growth studies, or as indicators of the ability of micro-
organism to decolourise them, which may correlate with lignin decomposing ability

[105]. The dyes employed in lignin degrader studies include Methylene Blue,
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Malachite Green, Congo red, Remozal Brilliant Blue R and Azure B [115]. Azure B
has been employed in quantitative measurements of LiP activity. In addition, the
Azure B assay is more accurate than the veratryl alcohol assay that is considered to

be the standard assay for routine quantitation of LiP activity [106], [112].

Twelve different dyes (Table 3.1) have been used to examine the dye-
decolourising activity of KatG. Most of these dyes have been used for detection of
lignin-degrading enzymes widely. KatG causes 20.4, 3.2 and 0.8 %, decolourization
of Bromophenol Blue, Bromothymol Blue (Figure 3.12). and Reactive Black 5
(Figure 1.36). Therefore, Sphingo-KatG has very low dye decolourizing activity, and
is not comparable with Dye-decolourizing peroxidase (for example the turnover
number of DyP-like enzyme from fungus Auricularia auricula-judae is 11.9 s using

Reactive Black 5 as substrate ) [133] or lignin peroxidase.

Table 3.1. Dyes used for testing dye-decolourising activity of KatG. The amount of purified Sphingo-
KatG used varied between (100-200 nM) with 4 mM H»O,. For more detail about assay condition,

please see experimental section.

% of % of
No. Dyes decolourization No. Dyes decolourization
1 Azure B ND 7 BBR250 ND
2 RBBR ND 8 Bromothymol Blue 32
3 Bromophenol Blue 20.4 9 Methyl Orange ND
4 Malachite Green ND 10 Methylene Blue ND
5 Congo Red ND 11 Phenol Bed ND
6 Orange G ND 12 Reactive Black 5 0.8

ND: not detactable.
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Figure 3.12. Structures of lignin mimicking-dyes which can be decolourised by KatG from

Sphingobacterium sp. T2. (a) Bromophenol Blue. (b) Bromothymol Blue.

3.5. Degradation lignocellulose and lignin model compounds

Purified KatG was incubated with wheat straw lignocellulose (1 mg/mL) with
and without Mn?* (1 mM) and H,0 (4 mM) at pH 5.5 in succinate buffer for 48 hrs,
and the reaction mixture was analysed by reverse phase HPLC at different time
intervals (1, 2, 4, 24, and 48 hrs). The experiment was repeated, and H>0O> was
replaced by a mixture of glucose oxidase (0.5 pg/mL) and glucose (12 mM) to
produce H>0;. No change was detected in the HPLC chromatogram. These results
may indicate that KatG cannot degrade the lignocellulose under conditions described.
Kraft lignin and organosolv lignin were also examined in the same manner, but again
no change was observed in the HPLC chromatogram. These results may show that
KatG from Sphingobactrium sp. T2 cannot degrade polymeric lignin and
lignocellulose biomass. A similar enzyme from Amycolatopsis sp.72vi2 has been
reported as a degrader of an aryl ether lignin model compound [108], but not

polymeric lignin. Therefore, three different lignin-model compounds were examined
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for further investigation of the ability of the KatG of Sphingobactrium sp. T2 in

oxidation of lignin related compounds.

Di-substituted and trisubstituted -aryl ether model compounds were tested.
These two aryl ether compounds have -O-4 linkages that represent about 50% of
linkages in lignin polymer. The di-substituted aryl ether is called G-type (containing
guaiacyl functional group (a)) while the trisubstituted one is called S-type
(containing Syringyl functional group (b)). In addition, a bi-phenyl model compound
(c) was also examined to test the ability of the enzyme in breaking 5-5° linkage in the
model compound that represents about 10% of linkages in the lignin. 5 mM of each
compound a, b and ¢, (Figure 3.13) were tested separately in succinate buffer pH 5.5
containing KatG and H>O» with and without Mn?*. No observable changes in HPLC
trace were detected when analysed after 1, 2, 3, 4, 24, 48 hrs. These results may
illustrate that KatG from Sphingobactrium sp. T2 cannot degrade lignin,

lignocellulose, and lignin model compounds.

4 Ho b wo H,CO
HO HO
o] o]
OCH3, OCH3
OCH3 H3CO 0CH3

OH OH

Figure 3.13. Lignin model compounds examined with KatG. a: Guaiacylglycerol-beta-guaiacyl ether,
b: 2-(2, 6-dimethoxyphenol)-1-(4-hydroxy-3,5-dimethoxyphenyl)-1, 3-propanediol and ¢: 3, 3’-
dicarboxaldehyde, 6,6’-dihydroxy-5-5’-dimethoxy-1, 1’-biphenyl.
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3.6. Conclusion

Heme containing peroxidase enzyme catalase-peroxidase KatG from
thermophilic and highly active lignin-degrader strain (Sphingobacterium sp.T2) was
examined for oxidative depolymerisation of lignin. The Sphingobacterium sp. T2
KatG shows weak oxidation of guaiacol, DCP and ABTS. Surprisingly, it cannot
oxidize Mn** and NADH as other KatG homologues do. The enzyme also cannot
degrade any of two B-aryl ether lignin model compound (compound a, b and c,
Figure 3.13) as homologous enzyme from Amycolatopsis sp.72vi2 can. Therefore, a
decision has been made to investigate two superoxide dismutases of

Sphingobacterium sp. T2.
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4. Identification and Characterisation of Two Lignin
Degrading Extracellular Mn-Superoxide Dismutase

Enzymes from Sphingobacterium sp. T2.

4.1. Introduction

As described in Chapter One (Section 1.10) two superoxide dismutase
enzymes, were detected by proteomic analysis of a purified extracellular protein
fraction of Sphingobacterium sp. T2, a highly active lignin-degrader. There are two
genes encoding manganese superoxide dismutases in its genome, named sod/ and
sod2. The sodl is located adjacent to an ECF sigma factor and anti-sigma factor
regulatory genes, while sod?2 is located within a cluster of 14 genes containing two
araC regulatory genes and three ABC transporter component genes (see

Appendices).

4.2. Superoxide dismutase

Superoxide dismutases (SODs) are metalloproteins which catalyse the
disproportionation of superoxide anion to hydrogen peroxide and oxygen. They have
an important role in the protection of cellular components from oxidative damage by
the superoxide anion. The overall breakdown of the superoxide anion is
accomplished by Fe-SOD, Mn-SOD, Ni-SOD and Cu/Zn-SODs in two steps

[134][135][136]:-
Moxidized_SOD + 62 _— Mreduced_SOD + 02
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Mreduced_SOD + 0_2 + 2H+ —_— Moxidized_SOD + H202

where M¥i4i7d _SOD and M™“d _SOD represent the Cu®>* /Zn** and Cu" /Zn**, Fe**
and Fe?", Mn®" and Mn?*, Ni*" and Ni*" states of the Cu/Zn-SOD, Fe-SOD, Mn-SOD

and Ni-SODs, respectively.

4.3. Types of superoxide dismutase

Superoxide dismutases (SODs) can be classified into three classes according
metal ion content; Cu/Zn-SODs, Mn-SOD or Fe-SODs and Ni-SODs. Cu/Zn-SODs
contain both Cu and Zn ions in their active sites. Mn- and Fe-SODs contain Fe or Mn
in their active sites. Mn-SOD or Fe-SODs can be further subdivided into three
classes: enzymes that are active with Mn and Fe or either of the two metal ions in
their active site [137]. The mechanisms and redox regulation of active sites of Mn-
SOD and Fe-SODs appear to incorporate crucial differences [138]. However, their
active sites, structure, and amino acid sequence are quite similar to each other. H,O»
inhibits the Fe and the Cu/Zn, but not the Mn-containing superoxide dismutase. Ni—

SODs are entirely different from well-known Cu/ Zn-, Fe-SOD and Mn-SODs [137].

4.3.1. Cu/Zn-SODs

Cu/Zn-SOD (erythrocuprein) was the first SOD to be identified. The oxidized
form of Cu/Zn-SOD has a Cu®' ion coordinated in a distorted square pyramid by
four histidines, one of which is also a ligand for a distorted tetrahedral Zn>" ion and a
solvent molecule, while Zn?" is coordinated by three additional ligands two histidines

and an aspartic acid [138]. The structure of Cu/Zn-SOD and its catalytic cycle are
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shown in Figures 4.1 and 4.2, respectively. Nearly all cells in eukaryotes contain
Cu/Zn-SOD [139]. In yeast such as Saccharomyces cerevisiae and mammals, Cu/Zn-
SOD is found mainly in the cytosol with a lower fraction in the mitochondrial
intermembrane space. Also, it has been detected in nuclei, lysosomes, peroxisomes
using immunocytochemical methods. Several bacteria also have been reported to
contain Cu/Zn-SODs and have been demonstrated to be embedded in the periplasm.
In prokaryotes, Cu/Zn-SOD 1is important for their survival especially in late
stationary phase and their growth ability in aerobic environments [140]. Most of the
reported Cu/Zn-SODs are from Gram-negative bacteria including E. coli, and they

are localised in the periplasm, found only in Gram-negative bacteria [141].

Figure 4.1. Crystal structure of Cu/Zn superoxide dismutase from bovine erythrocyte with copper

(cyan) and zinc (gray) ions in the active site [142], generated by PyMOL, PDB entry [1SXC].
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Figure 4.2. The catalytic cycle of Cu/Zn superoxide dismutase. Superoxide radical anion displaces the
axial water and binds to Cu®' centre for electron transfer. This binding is stabilised by a positively
charged arginine residue. Reduction of Cu(Il) leads to the release of dioxygen and protonation of
imidazolate group (His61) loses its binding to Cu(I). The second superoxide radical coordinates with
Cu(I). Hydrogen peroxide is formed by electron transfer from inner-sphere and is protonated.
Additional protonation results in the release of hydrogen peroxide, and a water molecule coordinates

with Cu(Il) again, reforming the imidazolate bridge [143],[144].

4.3.2. Fe-SODs and Mn-SODs

FeSODs are found mainly in prokaryotes while Mn-SODs are occurring in
both prokaryotic and eukaryotic cells, in a high frequency [139]. The Mn-SOD and
Fe-SOD family was first discovered by Fridovich in 1970 and 1973, respectively
[140]. The catalytic mechanism of Fe-SOD and Mn-SODS are similar to that of
Cu/ZnSODs (see Figure 4.3 for more detail). Inside the active side of each subunit is
a single manganese or iron center bound to three histidines, one aspartate (Figure
4.4) and water molecule or hydroxide anion in a trigonal bipyramidal geometry

[139],[140]. Therefore, their active site is completely unrelated to Cu/ZnSODs [138].
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The Fe-SOD and Mn-SOD enzymes share a well-conserved protein fold and
significant sequence similarity across different phyla of archaea, eubacteria and
eukaryotes. They encompass a dimer or tetramer of about 21 kDa subunits. Usually,
both metal forms are expressed in the same cells. The dimeric forms are expressed by
bacteria, but tetrameric forms are found in a limited number of prokaryotes, such as
hyperthermophiles. Generally, in eukaryotes only tetrameric Mn-SODs are found

[140].

The location of Fe-SOD and Mn-SOD in cyanobacteria and photosynthetic
bacteria is different. Mn-SOD is embedded in the plasma and thylakoid membranes
while Fe-SOD is localised in the cytosol. In photosynthetic organisms, the expression
profile of Fe-SOD and Mn-SOD show differences as well. Expression of Mn-SOD is
strongly regulated and inducible by stress conditions. In contrast, expression of Fe-
SOD has been revealed to be regulated developmentally and by light and is changed
by environmental stimuli. It has been reported that FeSOD is important for protection
of photosynthetic organisms from damage as a consequence of chilling, sulphur
dioxide stress, drought, Cu toxicity, and superoxide radicals produced by the electron

transport chain [137].

In the cyanobacterium Anabaena sp. strain PCC7120, two SOD enzymes
(FeSOD and MnSOD) have been isolated and purified: the FeSOD enzyme is
cytosolic while MnSOD is localised in the thylakoid membrane. MnSOD has a
leader peptide and a membrane attachment motif in the N-terminal sequence. In
addition, it has been reported that the leader peptide is essential for its activity and
membrane localization. The Anabaena sp. strain PCC 7120 genome contains no

Cu/ZnSODs [145].
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Figure 4.3. The catalytic cycle of Mn-SOD and Fe-SOD, M represent Fe and Mn ions [146].
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Figure 4.4. The active site of superoxide dismutase (a) in MnSOD from E. coli (PDB code: 1ENY)
and (b) in FeSOD from Thermosynechococcus elongatus (PDB code: 1IMY6). PyMol was used for
display.
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Studies indicate that FeSOD enzymes from E coli and Pseudomonas ovalis can
be inactivated by H>O,. Cu/ZnSODs can also be inactivated by H,O> but MnSODs
are not. The inactivation of FeSOD from E. coli by H>O> has been correlated with
loss of tryptophan and some loss of iron, but not histidine or another amino acid as
detected in FeSOD from Pseudomonas ovalis. The proposed mechanism of Cu/Zn
SOD inactivation is through a reduction of Cu(Il) to Cu(I) by H»O,, followed by a
Fenton-like reaction between Cu(l) and H>O,. The strong oxidant (Cu(Il)-O) is
probably generated at the Cu site by the latter reaction, and then this oxidant attacks
an adjacent histidine, leading to the loss of one histidine residue per subunit during

inactivation [ 147].

4.3.3. NiSODs

Ni-dependent SODs are completely unrelated to the well-known Cu/ZnSOD,
FeSOD, and MnSODs. It has been shown that Cyanobacteria [139] and several
Streptomyces species produce nickel containing SODs. The active site of NiSODs

contain one Ni per monomer [138].

4.4. SOD in lignin-degrading fungi

Study of oxidative stress in the lignin-producing culture of Phanerochaete
chrysosporium shows the involvement of ROS in the induction of lignin peroxidase
gene expression [11]. Considerable increase in the specific activity of MnSOD,
catalase, glutathione reductase, and glutathione peroxidase and the consumption of
glutathione have been observed during lignin breakdown, and a significant increase

in intracellular hydrogen peroxide and oxidative damage to macromolecules has been
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observed. Studies indicated that reactive oxygen species can induce LiP gene
expression in Mn?**-deficient cultures while addition of each of *OH scavenger and

Mn?* to cultures resulted in reduction in LiP gene expression [148],[149].

It has been shown that superoxide is produced during oxidation of veratryl
alcohol by lignin peroxidase. The produced superoxide can react with LiP to produce
compound III, which is an inactive form of LiP. It has been demonstrated that SOD
can enhance veratryl alcohol oxidation by LiP while the addition of KO- can inhibit

veratryl alcohol oxidation [150].

4.5. MnSODs and degradation of rubber

Although the function of extracellular SODs is not certain, they are apparently
significant for certain environments, such as the involvement of SODs of pathogenic
microorganism in resistance against the immune defence. An increase in SOD
activity has been seen during exposure of diatom Skeletonema costatum to 2,4-
dichlorophenol, and the lignin degrader Phanerochaete chrysosporium expresses

SOD during exposure to dibenzo-p-dioxin [151].

Extracellular MnSOD enzymes from both Gordonia westfalica Kbl and
Gordonia polyisoprenivorans have been demonstrated to have a possible
involvement in degradation of poly (cis-1,4-isoprene). They have been found in a
gene cluster required for growth on poly (cis-1,4-isoprene), and both strains contain
only one MnSOD. It has been reported that both strains show a significant reduction

in growth on poly (cis-1,4-isoprene) when their MnSOD genes are knocked out, as
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well as when a small amounts of SOD inhibitor (NaN3) is added to their growth

culture separately [151].

4.6. Assays for determination of SOD activity.

Most assay methods for determination of SOD activity are indirect and based
on inhibition of a chemical reaction since the superoxide anion radical cannot be
easily detected by conventional analytical tools. In addition, the unavailability of the
substrate (superoxide radical anion) in pure and stable form makes testing the
activity of superoxide dismutase complicated. Hence whenever turnover of
superoxide radical is required, it has to be produced within the assay system.
Therefore, SOD assays consist of two major components: a superoxide generator and
a superoxide indicator (detector). As the enzyme (superoxide dismutase) transforms
superoxide radical to hydrogen peroxide and molecular oxygen, SOD can compete
with the indicator and hence the enzyme activity can be determined (Figure 4.5)
[152],[153],[154].

Superoxide
Indicator

Coloured Product
S .d — /
Guperoxn e 0,
enerator \

SOD Colourless Product

Figure 4.5. Superoxide dismutase assay components: a generator to produce superoxide radical anion
and an indicator to detect superoxide radical and produce a coloured product. Superoxide dismutase
competes with the indicator and decreases the production of the coloured product, and then from the

percentage of inhibition the SOD activity can be calculated.
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Indicators such as cytochrome c and nitroblue tetrazolium (NBT) [155] are
used to detect and quantify the superoxide anion radical. NBT can scavenge
superoxide radical anion and convert NBT to formazan which can be monitored at
550 nm (Figure 4.6). The oldest and most specific superoxide indicator is

cytochrome ¢ while nitroblue tetrazolium is more sensitive but less specific [153].
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)

O

Figure 4.6. Reduction of Nitroblue tetrazolium (NBT?*) with superoxide radical anion and formation

of formazan.

Several methods are available for generation of the substrate (superoxide
radical) for SOD enzyme assays. In oxygenated aqueous medium it has been
produced by a) pulsed radiolysis, by exposure to y-rays for a particular time; b) by
flash photolysis; c) by a flow system involving irradiation with a beam of electrons;
d) by enzyme (xanthine oxidase) in the presence of its substrate (xanthine) [152]; and

e) by autoxidation of pyrogallol in basic media [156]. In non-aqueous solution,
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superoxide radical has been generated by electrolytic reduction of dioxygen in an
aprotic solvent such as diethylformamide [152] and by dissolving potassium

superoxide in dimethylsulfoxide [157].

4.6.1. Ferricytochrome ¢ reduction method

In 1969, McCord and Fridovich identified the SOD function and described the
assay method, the assay was based on the ability of superoxide radical to reduce
ferricytochrome c. The superoxide anion radical is generated enzymatically via
xanthine/xanthine oxidase system, which results in an absorption increase at 550 nm.
Superoxide dismutase inhibits ferricytochrome ¢ reduction due to the
disproportionation of the reaction partner (Figure 4.7). The enzyme activity can be
calculated from the percentage of superoxide radical inhibition. One unit of SOD
activity is defined as the amount of enzyme required to generate 50% inhibition of

the rate of ferricytochrome c reduction [152],[153],[154].

—Fe (ll)— —Fe (I)—
Cytochrome ¢ Cytochrome ¢
increase in absorbance
at 550 nm

Xanthine Oxidase

\

H20,, O,

| \> 4\ >=°
O” N
H H "'
Xanthine Uric acid

Figure 4.7. Ferricytochrome assay. The substrate (superoxide radical) is generated enzymatically by
xanthine/xanthine oxidase system; then cytochrome ¢ competes with SOD to react with superoxide

radical anion.
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4.6.2. Pyrogallol autoxidation assay

Pyrogallol undergoes autoxidation in basic medium. It has been found that
superoxide radical anion is involved in the autoxidation of pyrogallol. The assay is
based on the ability of SOD to inhibit pyrogallol autoxidation. The rate of reaction
can be monitored at 420 nm [156] or 325 nm for oxidized pyrogallol products [158].
The SOD enzyme activity can be measured by the amount of enzyme needed to

generate 50% inhibition of pyrogallol autoxidation [156].

4.7. Overexpressing Sphingobacterium Superoxide dismutase

The genomic DNA sequence of Sphingobacterium sp. T2 (deposited as
DDBJ/EMBL/GenBank accession JXAC00000000) contains two genes encoding
manganese superoxide dismutases, named as SOD1(684 bp) and SOD2 (543 bp) (see
Appendices for sequences), matching the proteomic amino acid sequences obtained
by previous Ph.D. student Charles Taylor. These genes encoding for proteins that
showed sequence similarity to the SODA family of superoxide dismutases, with
SOD1 and SOD2 showing 49% and 47% sequence identity to E. coli SODA

respectively, and 73% sequence identity to each other.

4.7.1. Cloning, expressing and purification of SOD1 in E. coli

Sphingobacterium sp. T2 strain was obtained from stored glycerol stock
collections of our group (isolated from compost by Charles Taylor). The strains were
grown overnight in Luria-Bertani broth. The genomic DNA was extracted from a
total of 1 mL culture using Wizard® Genomic DNA Purification Kit from Promega.

Two primers (forward and reverse) were designed for amplification of SODI gene

Page | 109



CHAPTER FOUR: SUPEROXIDE DISMUTASE

using TOPO cloning method, in which a CACC overhang was added to forward
primer at the 5 end. The forward primer was 5*CAC CATG ATG AAG ATG AAT ATT
TTT AAG ACT G3> and reverse primer was 5 TTA TTT TTT CAA GGC TTT CTC ATA TCG3-.
The SODI gene was amplified by PCR using Platinum Pfx-DNA polymerase from
Invitrogen, following the manufacturer’s instructions. The amplified gene with 684

bp was separated and analysed by agarose gel (see Figure 4.8).

The amplified gene was cloned into expression vector pET151 using the
Champion™ pET 151 Directional TOPO®. The plasmid was transformed into E. coli
TOP10 competent cells (Invitrogen). The transformants were analysed by PCR and
restriction digest. The extracted plasmids were sent for sequencing to confirm
sequence and ligation accuracy. The sequencing result showed that the recombined
gene has the correct orientation in the vector, and no mutation has been observed.
The plasmid was transformed into BL21 E. coli (Invitrogen) competent cells, for

protein expression.

1000 —~

750 -
<+— 684 bp

500 -—

250 =

Figure 4.8. Agarose gel analysis of PCR amplified SOD1 genes from Sphingobacterium sp. T2
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The transformed SOD1 gene was overexpressed by growing the E. coli BL21
with SODI construct in 1 litre Luria-Bertani broth for 3 hours at 37°C in the presence
of 100 mg/mL ampicillin, then the cells wereinduced by adding 0.5-1 mM PTG at
20 °C shaken overnight and 1 mM MnCl, was also added. The cells were harvested
using a centrifuge at 5000 rpm and disrupted by constant system cell disrupter,
followed by centrifugation at 11000 rpm for 34 minutes. The supernatant was filtered
through a syringe filter (Millipore). The clean supernatant was incubated with pre-
equilibrated Ni-NTA resin (2 mL) with washing buffer for 1 hr and washed with the
same buffer. The bound proteins were eluted with elution buffer (for more detail,
please see experimental section) and collected. The analysis of protein fractions by
SDS-PAGE gel electrophoresis indicated that there was no corresponding protein
band for SOD1 expected at 30.5 kDa (Figure 4.9), this may be due to the formation
of inclusion bodies or that the His¢ fusion tag is not exposed to bind to the

immobilised ion affinity chromatography (IMAC) resin.

kDa -
~T70 -
~ 55 .

~35 -

~25 -

~15 -

~10 .

Figure 4.9. Analysis of protein preparations by SDS-PAGE electrophoresis, : SOD1 enzyme
fractions from IMAC column under native condition; lane 1: unbound fraction, 2 wash
fraction with 10 mM imidazole in 20 mM Tris; 3, 4, 5 and 6: eluted with 150, 175, 200, 250,
and 300 mM imidazole in 20 mM Tris with 0.05 M NaCl pH 8 (No band is found).
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The structure of SOD1 was generated using a web-based environment for
protein structure homology modelling [159],[160] and it shows that the N-terminal
sequence is exposed (Figure 4.10). Therefore, the protein may produce inclusion
bodies, or it may have a signal peptide for translocating it to the periplasmic

membrane.

4.7.2. Solubilisation of recombinant SOD1

Efforts were made to prevent the formation of inclusion bodies by SOD1. The
inducing temperature was kept low (15°C) 1% of sucrose added to the induced
culture, and different concentrations of IPTG (0.2, 0.4, 0.5 and 0.6 mM) were used
and 0.5 mM Mn?" was added to culture to support correct folding of the enzyme.
Then, two different buffers have been used to extract the enzyme from cell lysates.
The buffers employed were Tris.Cl pH 8.0 with 10 mM imidazole, with and without

Triton X100 (1%) (Figure 4.11.a).

Figure 4.10. Structure of SOD1 generated by homology modelling [159],[160], it shows that N-

terminal sequence is quite exposed (light blue).
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The cell lysate of induced (0.5 mM IPTG and 0.5 mM MnSO4) SODI1
construct was treated with 6 M guanidine hydrochloride in Tris.Cl (pH 8.0)
containing 20 mM 2-mercaptoethanol and loaded onto the IMAC resin. In this case,
the enzyme band on SDS gel can be observed (Figure 4.11.5). The result shows that
the SODI1 is partially solubilized by Triton X100, but total solubilization can be

achieved with 6 M guanidine hydrochloride.

4.7.3. Prediction of signal peptide

The SODI1 protein sequence was analysed by web-based software (signal
peptide prediction program, SignalP 4.0) [161]. The result revealed that the enzyme
has a leader sequence which is 24 amino acids in length. The leader sequence is
(MMKMNIFKTALVATALFATQTTFA) (Figure 4.12). Therefore, we decided to re-
clone SOD1 without the leader sequence.

a b
1 B 3 4 5 6 7 8 9 N . St
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Figure 4.11. SDS-PAGE analysis of over-expressed SOD1 lysates, a: E. coli cells containing
SOD1 construct induced with 0.2, 0.4, 0.5 and 0.6 mM IPTG (1% sucrose and 0.5 mM Mn?" was
also present in induced cultures) lane 2 and 6, 3 and 7, 4 and 8 and 5 and 9 respectively. The
protein fractions were extracted with two types of buffer: 10 mM imidazole, 20 mM Tris in HCI,
0.5 M NaCl pH 8, lane 2, 3, 4 and 5, and the same buffer containing 1% Triton X100. b: cell lysate
from E. coli containing SOD1 induced with 0.5 mM IPTG and the protein fraction was extracted
with 20 mM 2-mercaptoethanol, 50 mM Tris.Cl, 6 M guanidinium hydrochloride pH 8.0.
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4.7.4. Cloning, expressing and purification of mature SOD1 in E. coli

Since the SOD1 has a signal peptide for translocation to the periplasmic
membrane, removing the signal peptide may be one of the best choices to prevent the
formation of inclusion body, and to overexpress and purify recombinant enzyme in
native condition. For this purpose, two new primers have been designed to amplify
only the mature gene. The designed primers are sCACCCAATTTAAACAGACCCs:
as a forward primer and reverse primer sTTATTTTTTCAAGGCTTTCTCA
TATCGs:. The forward primer has CACC overhang at the 5° end. The mature SOD1
gene was amplified and cloned into the pETI151 vector using Champion™ pET
Directional TOPO® Expression Kit (Invitrogen). The cloned vector was transformed
into TOP10 E. coli competent cells (Invitrogen). The correct construct was found
after analysis of transformants by PCR and DNA sequencing. The sequencing result
revealed that the plasmid has a mature SOD/ gene with the right orientation in the

vector and without any mutation.

SignalP-4.1 prediction (gram- networks): Sequence
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Position

Figure 4.12. Predicted structure and leader peptide of the SOD1 prediction of leader peptide
generated by SignalP4.1 [161].
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The plasmid with mature SOD/ was transformed into competent BL21 E. coli
cells. Overexpression and purification were carried out in the same condition as
described previously in Section 4.6.1. The collected fractions from IMAC
purification was analysed by SDS-PAGE gel electrophoresis and the result shows a
broad protein band for the SOD1 enzyme (Figure 4.13), this indicates that removing
signal peptide significantly improves the solubility of SODI1. Therefore, the SODI
enzyme fraction (eluted from IMAC) was concentrated 2 to 3-fold using a 10 kDa
Amicon centricon device, then the protein preparation solution was subjected to
buffer exchange through a PD-10 column into 20 mM MOPS 80 mM NacCl buffer
pH 7.0. The fusion tag (Hise tag) of a fraction of purified SOD1 was removed using
TEV protease (Figure 4.13). The concentration of enzyme was estimated by Bradford
assay. The enzyme was frozen in liquid nitrogen and stored at -80°C or stored in -20

°C with 50% glycerol. The yield of mature SOD1 was 28 mg per liter of bacterial

culture.
M  LYZATE UNB SOD1  TEV MIX UNB ELUT
kDa -
L]
~70- W
~50- s

~35-

- -

~15- SOD1 with Fusion tag

SOD1 without Fusion tag

~10-

Figure 4.13. Analysis of SOD1 preparations by SDS-page electrophoresis before and after removing a
Hise tag with TEV-protease.
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4.7.5. Cloning, expressing and purification of SOD2 in E. coli

The SOD2 gene was amplified using two designed primers for conventional
cloning. The primers used are forward ssGAT CTA CAT ATG ATG GAA ATC
CAT CAC Gsand reverse primer s ACT ATC GGA TCC TTA TTT TTT AGC AGC
TGCs. The forward primer contains Ndel restriction site while the reverse primer
includes BamHI enzyme cleavage site. Both primers have six extra random bases for
endonuclease enzyme cleavage at the 5° end. The SOD2 gene was amplified and
digested with FastDigest Ndel and BamHI enzymes (Thermo Scientific™) using
manufacturer's protocols. The vector (pET28a") was also digested with the same
enzymes. The digested vector and PCR product were separated by agarose gel
electrophoresis and purified (Figure 4.14). The ligation reaction was carried out
using T4-DNA-ligase (Thermo  Scientific™) following manufacturer’s
recommendations. The recombined vector was transformed into E. coli TOP10
competent cells (Invitrogen). The transformants were analysed, and a positive clone
was found. The plasmid that can be amplified by PCR was sent for sequencing to
confirm its orientation and sequence. The construct without any mutation was

selected and transformed into BL21 competent cells for overexpression.
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Figure 4.14. Agarose gel electrophoresis of SOD2.

The SOD2 was overproduced (using pET28a" vector with SOD2 construct) and
purified using IMAC resin under native conditions (Figure 4.15) in a similar manner
as described in Section 4.7.1. The enzyme preparation was quantified using a
Bradford assay. The yield of SOD2 was 39 mg from 2 liters of bacterial culture. The
SOD2 buffer was exchanged by PD-10 gel filtration column, to 50 mM potassium

phosphate buffer pH 7.8, then flash frozen and stored at -80°C.

The SOD2 was re-cloned into the expression vector pET151. Two new primers
(forward ssCAC CATG GAA ATC CAT CAC GAT CGT Cs’ and reverse s TTA TTT
TTT AGC AGC TGC ATA GTT AGs) were designed. The vector pET28a" with
SOD?2 construct was used as a template. The cloned SOD2 gene on pET151 was first
transformed into competent TOP10 E. coli cells and the accuracy of sequence and
orientation of the gene confirmed, and then retransformed into BL21 competent E.

coli cells.
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Figure 4.15. SDS-PAGE analysis of purified SOD2: a.cell lysate of E. coli construct containing
SOD2 (on pET28a") extracted with buffer containing 10 mM imidazole, 20 mM Tris in HCI, 0.5
M NaCl pH 8. b. purified SOD2 by IMAC, overexpressed using SOD2 construct on pET151

vector).

SOD2 was overexpressed and purified using IMAC resin (using pET151 vector
with SOD2 construct, Figure 4.16). The Hiss fusion tag was removed by TEV-
protease, and the enzyme was concentrated, flash-frozen with liquid nitrogen and

stored at -80°C in 50 mM potassium phosphate buffer pH 7.8.

s0D2
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Figure 4.16. Analysis of SOD2 preparations by SDS-page electrophoresis before and

after removing 6His tag with TEV-protease.
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4.8. Characterization of SpSOD enzymes

4.8.1. SpSOD enzyme activity

Superoxide dismutation activity was measured using two methods, pyrogallol
method (inhibition of pyrogallol autoxidation by SOD [156]) and ferricytochrome ¢
method (inhibition of cytochrome c reduction by SOD [154]). The former was
performed in 50 mM Tris-HCI buffer pH 8.0 and 50 mM potassium phosphate buffer
in the presence of 0.1 mM -ethylenediaminetetraacetic acid (EDTA). In the
ferricytochrome c assay, the superoxide radical was generated using xanthine/
xanthine oxidase. The activity of SpSODs was calculated from 50% inhibition,
which was achieved by changing the amount of enzyme in the assay mixture. Using
the pyrogallol assay, the specific activities of SOD1 and SOD2 were 402 units/mg;
and 124 units/mg repectively, and via inhibition of cytochrome c reduction, the

specific activities were: SOD1 3090 units/mg; SOD2 860 units/mg.

4.8.2. Determination of metal ion contents of SpSOD enzymes using ICP-OES

Purified SOD1 and SOD2 (300 uL of 1 mg/mL of eachto 5 mL) in 3% nitric
acid were analysed by ICP-OES. A series of standard solutions of each of sulphur,
iron, manganese, copper and zinc were also analysed with the same machine under
the same conditions. The protein concentration was estimated based on sulphur
content, the molecular weights and sulphur stoichiometry of SOD enzymes were
taken from their amino acid sequences, using these values and observed

concentration of sulphur by ICP-OES the concentration of protein was calculated.
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The metal stoichiometry was then determined using protein concentration and metal

concentrations estimated from a calibration curve of corresponding metal ions.

The results of ICP-OES show that both enzymes (SOD1 and SOD2) contain
less than one equivalent of metal ions (Table 4.1). This may be due to the speed of
overexpression. As the overproduction takes place very fast, it may be that the
bacteria do not have enough time to reconstitute all the SOD enzyme produced with
its metal ions. Both enzymes are mostly apo-proteins, 28% of SOD1 enzyme and
19% of SOD2 constituted with metal ions. The majority of metal in SOD1 is Mn
(91%) with 7.4% Fe and 1.16% Cu ions, suggesting that SOD1 is a manganese-
containing enzyme (Figure 4.17). SOD2 was found to contain a high concentration of
Zn (54.6%) a low concentration of Cu (4.1%), and somewhat higher Mn (22.6%)
content than Fe (18.4%) (Figure 4.18). The ICP-OES results for SOD2 are not very

convincing because the Mn and Fe content is rather similar.

Table 4.1. Number of metal ion per molecule of protein.

SOD1 0 0.003 0.02 0.26

SOD2 0.1 0.009 0.04 0.05
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Figure 4. 17. Percentage of metal ions in SOD1 measured by ICP-OES.

60 -

40 o

30 +

Relative abundance

10 -

0 [ 1

Zn Cu Fe Mn

Figure 4.18. Percentage of metal ions in SOD2 measured by ICP-OES.

Page | 121



CHAPTER FOUR: SUPEROXIDE DISMUTASE

4.8.3. Metal ion removal and reconstitution

The removal and reconstitution of metal ions with desired purified enzymes
were carried out by sequential dialysis with different buffers [162]. The Apoprotein
was prepared with 10 mM EDTA and 8 M urea in 50 mM acetate buffer then
gradually the buffer was changed to phosphate buffer pH 7.0 containing 8 M urea
without EDTA. The reconstitution was carried out in 50 mM acetate buffer (pH 3.8)
containing 8 M urea and 10 mM of metal ions (Fe*" or Mn?"), then gradually the
concentration of urea was decreased and the pH increased to 7.0 (phosphate buffer
containing 0.5 mM EDTA) with dialysis (for more detail, please see experimental

section).

The activity of reconstituted SOD1 and SOD2 with Fe?" and Mn?" were
determined using pyrogallol autoxidation method. The result shows that Mn-
reconstituted SOD1 is more active than Fe-reconstituted SODI1. Mn-reconstituted
SOD2 also appeared to be more active than Fe-reconstituted SOD2 using the same
method for determination of enzyme activity (Figures 4.19 and 4.20). In addition,
SODI1 was found to be more stable after the reconstitution process (denaturing with 8
M urea and re-folding with gradually decreasing urea to zero concentration) than
SOD2, whereas activity was 27-fold higher than that of an untreated enzyme. This
experiment gave further evidence that SOD1 appears to be a Mn-dependent enzyme.
For SOD2, because the difference between the activities of Mn-reconstituted SOD2
and Fe-reconstituted SOD2 were not large, further experiments were needed to

confirm the metal dependence for activity.
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Figure 4.19. The activity of reconstituted SOD1 with Fe?* and Mn?" ions. For detail, please see

experimental section.
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Figure 4.20. The activity of reconstituted SOD2 with Fe?* and Mn?" ions. For detail, please see

experimental section.

4.8.4. Titration of SOD2 with different metal ions

In order to confirm the SOD2 metal ion dependency for activity, SOD2
apoenzyme was prepared by overproduction in M9 salts without supplement with

any metal ions. The purified apoprotein was incubated overnight at room temperature
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with Fe?", Cu?" and Mn?" at four different enzyme/ metal ion ratios (4:1, 2:1, 1:1 and

1:2) separately. The enzyme activity was determined with pyrogallol substrate.

SOD2 shows a significant increase in enzyme activity with increasing Mn
concentration only with optimum activity requiring 1-2 molar equivalents of
manganese ion (Figure 4.21). The other metal ions (Fe?*" and Cu?>") do not show an
effect or slightly negative impact on SOD2 enzyme activity especially at 1:1 molar
ratio or higher. This experiment suggests that SOD2 is also a manganese-dependent

enzyme.

600 =
500 +
400 +

300 +

Specific activity (U/mg)

100 -

0 Metal Fe Cu Mn
EOpM ®ES5pM E10pM E20upuM EA40pM

Figure 4.21. Metal ion dependency of SOD2 for superoxide dismutation activity (measured by

pyrogallol method).

4.8.5. UV-vis spectra

Manganese-containing SODs are reported to have a specific absorption band at
480 nm and FeSODs at 350 nm. Purified SOD1 and SOD2 were scanned from 200 to
800 nm to determine their absorption properties (Figures 4.22 and 4.23). 1.8 mg/mL

of 68 uM of SOD1 did not show any specific peak in the range 360-600 nm but 18
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mg/mL of SOD1 was a pale pink colour, and gave an absorption peak at 465 nm (e =
470 M-'em™) in 50 mM potassium phosphate buffer pH 7.8, comparable to reported
Amax values of 480 nm for the human [163] and Anabaena [145] MnSOD enzymes.
This weak absorption peak of SOD1 suggests that most of the enzyme was not
constituted with its cofactor (Mn?") and matches with ICP-OES results for the
enzyme. 0.16 mg/mL (7.8 uM) SOD2 in 50 mM potassium phosphate buffer pH 7.8
displays two absorbance peaks at 411 nm (¢ = 6410 M 'cm™) and 503 nm (e = 3840

Mlem™).
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Figure 4.22. UV-vis spectrum of recombinant SOD1 (18 mg/mL) in 50 mM potassium phosphate
buffer pH 7.8.
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Figure 4.23. UV-vis spectrum of recombinant SOD2 (0.16 mg/mL) in
50 mM potassium phosphate buffer pH 7.8.

4.9. Lignin degradation ability of SODs

The lignin degradation ability of SphMnSOD enzymes was examined using
organosolv lignin, Kraft lignin and lignocellulose (pine and miscanthus). Organosolv
lignin is a high purity type of lignin which has gained much interest from researchers
and industries [164]. Kraft lignin is the most abundant type of industrial lignin, its
annual production is over 30 million tons, but it can be most difficult lignin to break
down, as condensation of lignin takes place during Kraft pulping process [165]. The
experiments (for investigating lignin degradation ability of SpMnSOD) were
conducted in the potassium phosphate buffer pH 7.8 in the presence of 0.1 mM
EDTA, which is the optimum condition for dismutation activity of SOD enzymes
[152],[153],[154]. However, lignin degradation ability is quite different. Metal
chelator EDTA is usually used as an additive in biological assays to prevent the

effect of trace metal ions [153] which may catalyse Fenton reaction or Haber-Weiss
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reaction, it also used to encourage these reactions [166]. In the Fenton reaction ‘OH

is generated from H»O» by one-electron reduction catalysed by Fe(Il) or other

reduced transition metals (Figure 4.24). In the Haber-Weiss reaction, first Fe(IIl) is

reduced to Fe(Il) by superoxide radical anion, then ‘OH is generated from H>O: in

the same manner to that in the Fenton reaction [167]. The SOD substrate (superoxide
radical anion) was generated chemically using potassium superoxide in dimethyl
sulfoxide (DMSO). A saturated solution of KO, in DMSO is assumed to be 5 mM
superoxide radical anion [168]. This solution is stable in a dry aprotic solvent for up
to 4 hours at room temperature, and months at -20°C, while in aqueous solutions

decomposition of superoxide takes place rapidly [153].

Fe(ll) Fe(lll)

a. . -
H,0, M OH + OH

o7} 0O,
M(n-1)+ Mt

b. N 4‘ ) . -
H20, OH + OH

M is a transition metal ion

Figure 4.24. Generation of the hydroxyl radical, a) Fenton reaction. b) Haber-Weiss reaction [168].

4.9.1 Depolymerisation of organosolv lignin.

Purified SpMnSOD1 or SpMnSOD2 (0.18-0.2 mg/ml) was incubated with 5
mg of organosolv lignin in 50 mM potassium phosphate buffer pH 7.8 containing

0.1 mM EDTA, to which was added a solution of KO> in dry DMSO (final
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concentration 1.25 mM) to start the reaction. A control experiment was also
conducted in which SOD solution was replaced with buffer. Aliquots of 500 puL of
reaction mixture were taken after 30, 60, 180 and 300 min, to which was added 50
uL of CCI3COOH (1 g/mL). Finally, the solution was centrifuged at 13000 rpm for

10 min.

4.9.1.1. Analysis of reaction components by HPLC

High-performance liquid chromatography (HPLC) with a variable wavelength
detector and a reverse phase column was used for analysis of samples from each time
points. The separation was monitored at 310 nm. A visible colour change from
yellow to orange over 60 min and a change in the solubility of the lignin was
observed, becoming noticeably more water soluble (see Figure 4.25 a). Comparison
of HPLC results of organosolv lignin treated with SpMnSOD in the presence of
superoxide and its reaction with superoxide only, revealed a number of new peaks,
together with an envelope of products in the range 16-20 min after 1 hour of
incubation. The intensities of peaks are time dependent, a significant increase in
intensity was observed after 5 hours of SpMnSOD treatment as shown in Figure 4.25

b.

In order to identify the degradation products of organosolv treatment with
SpMnSOD, the HPLC was calibrated using 0.5 mM of each of lignin model
compounds: vanillin, vanillic acid, ferulic acid, p-hydroxybenzaldehyde and 5-
carboxyvanillic acid. Comparison of retention times (RT) of new peaks from
incubation of organosolv lignin with retention times of authentic lignin model

compounds reveals that peak 1 (RT= 6-8 min) most probably corresponded to 2-
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methoxyhydroquinone, peak 2 (RT=11-12 min) possibly to vanillic acid, peak 3
(RT=13 min) probably to p-hydroxybenzaldehyde, peak 4 (RT=16-20) probably was
vanillin, and finally peak 5 (20.13 min) which eluted with 100% MeOH may contain
several compounds such as dimers and/or higher molecular weight entities with low
polarity. This analysis indicates that SpMnSOD enzymes can decompose organosolv
lignin and generate multiple low molecular weight products. Although the HPLC
analysis gave some ideas of the new products generated by the SpMnSOD enzymes,

further investigation was needed to identify the reaction products with confidence.

+ Enz - Enz
a
5
b 22 - |
3
+Enz 1hr
5'- 17 i l +Enz 5hr
E Control 1hr
< 12 - = Control 5hr
1]
c
E +Enz 5hr
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<
2 -
'3 — L] L] L} L] L] 1
0 5 10 20 25 30
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Figure 4.25. Reaction of Organosolv lignin with SpMnSOD1 (8 pM), in 50 mM potassium
phosphate buffer pH 7.8 containing 0.1 mM EDTA and in presence of 1.25 mM KO:. a. Change in
visual appearance upon addition of SpMnSOD1 and KO; to a solution of wheat straw Organosolv
lignin (on left), compared with the control reaction with no enzyme (on right). . Reaction

products from reaction of SpMnSODI1 with Organosolv lignin, observed by HPLC analysis.

Page | 129



CHAPTER FOUR: SUPEROXIDE DISMUTASE

4.9.1.2. Identification of organosolv degradation product using LC/MS and

GC/MS.

Samples (4 mL) from reaction of each enzyme (SODI1 and SOD2) with
organosolv lignin and a control reaction after 5 hrs of incubation were acidified
with 1 mL HCI (1 M), extracted into ethyl acetate and dried in vacuo, then the
residues were reconstituted with either 400 pL MeOH/water 1:1 for LC/MS analysis

or 400 pL dry chloroform for GC/MS analysis.

4.9.1.2.1. LC/MS analysis of SpMnSOD treated organosolv

The reaction components were analysed by LC/MS in positive mode and
monitored at 310 and 270 nm (see experimental section for details), and compared
with authentic compounds vanillin (4.1), vanillic acid (4.2), ferulic acid (4.3), 5-
carboxyvanillic acid (4.4), protocatechuic acid (4.5), guaiacol (4.6), catechol (4.7),
pyrogallol (4.8), 2-methoxyhydroquinone (4.9), 2-methoxyquinone (4.10), p-
hydroxybenzaldehyde (4.11), p-hydroxybenzoic acid (4.12), salicylic acid (4.13),
acetovanillone (4.14) and 4-(1-hydroxyethyl) guaiacol(4.15), see Figure 4.26 for

structures), which were also analysed under the same conditions.

The LC/MS result shows that the extracted ion chromatogram (EIC) has an
envelope for m/z of 139 at retention time (RT) of 25.2 min which correspond to
positively charged ion (MH") of 2-methoxyquinone 4.10. Peaks were also observed
for m/z 207 (RT= 26.8 min), 219 (RT= 29 min) and 229 (RT=18.7 min), which may
correspond to MH" of compound 4.16, MH" of 4.17, and sodium adduct MNa" of
compound 4.18 respectively. These peaks were observed in SpMnSODI reactions,

but not in control.
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In SpMnSOD?2 reaction, more products were observed which did not appear in
control. It can be seen within the EIC for m/Zz 169 and 191 (RT 32.4 min,
corresponding to MH" and MNa" of vanillic acid 4.2), 185 and 207 (RT 27 min,
corresponding to MH" and MNa' of compound 4.16), 155 (RT 23.6 min,
corresponding to MH" of protocatechuic acid 4.5), 139 (RT 26 min, corresponding to

MH" of 2-methoxyquinone 4.10), 197 (RT 29.8 min, may corresponding to MH" of

compound 4.17), 125 (RT 40 min, corresponds to MH" of guaiacol 4.6), 229 (RT 19

min, may correspond to MH" of compound 4.18), see Figure 4.27 for structures.

COOH
o
A COOH 7 COOH COOH
OCH, OCH; HOOC OCH; OH
OH OH OH OH OH
41 42 43 44 45
RT;= 35.3 min RT;= 32.0 min RT;= 43.0 min RTy=35.2 min RTy=24.0 min
RT,= 14.4 min RT,= 20.4 min RT,= 24.3 min RT,= 23.5 min
OH 0
OH OH OH
OCH; OH
OCH; OCH3
OH
OH 0
46 47 48 4.9 4.10
RT;=40.8 min RT;= 25.8 min RT;=14.3 min RT;=20.9 min RT;= 25.7 min
RT,= 11.4 min RT,=13.5 min RT,=12.3 min RT,=17.4 min RT,= 14.5 min
o 0 HO
z COOH
COOH
OH
OCH; OCH,
OH OH OH OH
411 412 413 414 4.15
RT;=32.3 min RT;=29.4 min RT,=46.8 min RT;= 38.4 min RT;=33.0 min
RT,=16.4 min RT,= 18.9 min RT,= 16.3 min RT,= 18.4 min RT,=19.0 min

Figure 4.26. The structure of monomeric lignin model compounds and their retention time (RT)

(retention time on LC/MS (RT;) and GC/MS (RT>)) used for identification of SpMnSOD reaction

components.
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HO
Os_ _OH 0 HO
o)
OH
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H,CO
HsCO OH H,CO
OH OH
4.16 417 4.18

Figure 4.27. Proposed structures of some metabolites detected by LC/MS, 5-hydroxy vanillic acid
4.16, 3-hydroxy-2-(2-methoxyphenoxy)propanal 4.17, 1,3-dihydroxy-1-(4-hydroxy-3-
methoxyphenyl)propan-2-one 4.18.

4.9.1.2.2. GC/MS analysis of SpMnSOD treated organosolv.

The reaction products extracted into chloroform were divided into two
fractions, one of the fractions was analysed directly, and the other was derivatised
and then injected in to the GC/MS machine. The derivatization was performed by
reacting 200 upL of each samples with 200 pL of mixture of N,O-
bis(trimethylsilyl)acetamide and chlorotrimethylsilane 20:1 in the presence of
pyridine at 60°C for 1 hr. Authentic compounds (compounds 4.1-4.15) were analysed
before and after silylation under the same conditions using GC/MS. See appendices
for spectra. Figure 4.28 shows the structures of detected for derivatised authentic

compounds (Compounds 4.19-4.30).

Nine new product peaks (peaks P1-P4 in non-silylated fraction and P5-P9 in
derivatized fraction with N,O-trimethylsilyl acetamide of reaction components, see
Figures 4.29 and 4.30) were observed in sample for SpMnSODI1 treated organosolv
lignin and were not present in control (except for two small peaks (P5 and P7) at RT
of 8.5 and 22.7 min), those peaks gave mass fragmentation patterns and their

retention times are shown in Table 4.2. peak P1, P2, P3, P5, P6 P7, P8 and P9 at
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11.5, 13.4, 19.0, 8.5, 15.6, 19.2, 20.7 and 22.7 match with authentic compounds

guaiacol 4.6, catechol 4.7, 4-(1-hydroxyethyl)guaiacol 4.15, oxalic acid (di-SiMe;

4.30, derivative) 4.22, acid 2-

derivative) protocatechuic  (triSiMe3
methoxyhydroquinone (diSiMes derivative) 4.26, p-hydroxybenzoic acid (diSiMes
derivative) 4.28, vanillic acid (diSiMes derivative) 4.20. The peak (P4) at 13.5 min
gave the mass fragmentation pattern illustrated in Table 4.2 may confirm the

generation of 5-hydroxyvanillic acid 4.16 by SOD1.

o OSiMe; OSiMe; OSiMe;
Me;SiO
OCH; OCH; OCH; OSiMe;
OSiMe; OSiMe; OSiMe; OSiMe;
4.19 4.20 4.21 4.22
RT=19.4 min RT= 22.7 min RT= 27.4 min RT=15.8 min
OSiMe; OSiMe; OSiMe; OSiMe;
i _OCH3; ©/OSiMe3 ©:OSiMe3
OSiMe3 OCH3
OSiMe3
4.23 4.24 4.25 4.26
RT=13.8 min RT=15.4 min RT=15.8 min RT=19.3 min
0 o OSiMe; o
z
IOSlMe3
0CH3 Me3SIO
OSiMe; OSiMe; OSiMe;
4.27 4.28 4.29 4.30
RT=20.7 min RT= 20.6 min RT= 18.7 min RT= 8.5 min

Figure 4.28. The structure of some derivatised lignin model compounds and their retention times on

GC/MS.
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Figure 4.29. GC/MS chromatograms of non-derivatised reaction components of organosolv
lignin treated with SpMnSODI1 (green trace) and SpMnSOD2 (blue trace) in presence of KO,
which compared with control (organosolv lignin and KO, red trace) in the same condition. Four
new peaks (P1 to P4) were observed in chromatograms for both of treated organosolv lignin with
SOD1 and SOD2 not present in control. Peak P1, P2, P3 and P3 correspond to guaiacol 4.6,
catechol 4.7, 5-hydroxyvanillic acid 4.16 and 4-(1-hydroxyethyl)guaiacol 4.15, respectively.

Y % . rpet WA NASL A

' j | \ Organosolv lignin + SpMnSOD1+KO,
P6
' \ P5 4.22
430 P7 P8 P9
N | n ‘ ’ 226 428 420 e
- ¥
., | | ,
A LML g |
8 Vol A\,\k‘ W /(:,u s W L/U ~\JL,\/L ‘\M‘ Il U‘} “xuqm‘ww\ \ /J‘\’p\ ;’ 1 )’M Mk ﬁ}k i fi‘ 2 N"L»,\/ M e -
| | P10 ! Organosolv lignin + SpMnSOD2 +KO,
1. s
1w M JU JL ﬁ j I oy
MMM s UL J\«A . et U AAMWAA AN A Wk»/ [NV
s To ro oo 5 o 2o
\\ ‘ ‘ Organosolv lignin + KO,
‘w\
Y | I El
NJ&J jﬂ\ f« T - ﬁ) \}\ ‘
e UM W I S \ WMM“ | L . N O Tl B TS

Time (min)
Figure 4.30. GC/MS chromatograms of silylated reaction components of organosolv lignin
treated with SpMnSODI1 (green trace) and SpMnSOD2 (blue trace) in presence of KO,
compared with control (organosolv lignin and KO», red trace) under the same conditions. Five
new peaks (P1 to P4) were observed in chromatograms for SOD1 and six new peaks forSOD2
treated organosolv lignin only two small peak (P5 and P7) present in control. The retention time
and fragmentation pattern of Peak P5, P6, P7, P8, P9 and P10 match with derivatised oxalic acid
4.30, protocatechuic acid 4.22, 2-methoxyhydroquinone 4.26, p-hydroxybenoic acid 4.28, vanillic
acid 4.20, and vanillin 4.19 with N,O-trimethylsilyl acetamide.
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The reaction products from the processing of Organosolv lignin using
SpMnSOD2 gave 10 new peaks not present in KO, control (except for two small
peaks (P5 and P7, at RT of 8.5 and 22.7 min). These peaks gave mass fragmentation
pattern and retention times that match to those peaks observed in reaction
components for SpMnSOD1 (see Table 4.2), except for a peak at 19.3 min, which
was only generated by SpMnSOD2. This peak gave mass fragmentation pattern
matching with silylated commercially available vanillin 4.1. These results match
with some of the results observed by both HPLC and LC/MS for SpMnSOD1 (2-
methoxyquinone 4.10, hydroxyvanillic acid 4.16 and compound 4.18) and
SpMnSOD2 (2-methoxyhydroquinone 4.9, vanillic acid 4.2, p-hydroxybenzoic acid
4.12, guaiacol 4.6, hydroxyvanillic acid 4.16 and compound 4.18), and confirm that
both enzymes are unique lignin oxidizing enzymes generating multiple degradation
products of which 9 products identified for SpMnSOD1 and 10 for SpMnSOD?2.
Differences in product distribution and peak intensities were observed when a
different batch of lignin was used, this may be due to heterogeneity of the substrate
(lignin), and lack of specificity of the enzymes for certain functional groups in the

lignin.

Table4.2. Compounds observed from organosolv lignin reaction components using GC/MS.

Enzymes RT m/z Fragments Assignments
11.5 124 109 103 74 61 4.6
13.4 110 81 63 57 4.7
MnSOD1
19.0 166 152 151 123 4.15
13.5 184 109 73 4.16

Page | 135



CHAPTER FOUR: SUPEROXIDE DISMUTASE

227 312 297 282 267 209 181 4.20
15.6 371 357 194 4.22
19.25 284 263 254 4.26
20.7 282 267 224 4.28
8.5 219 191 190 149 147 73 4.30
11.5 124 109 103 74 61 4.6
13.4 110 81 63 57 4.7
19.0 166 152 151 123 4.15
13.5 184 109 73 4.16
19.3 224 209 194 4.19

MnSOD2
22.7 312 297 282 267 209 181 4.20
15.6 371 357 194 4.22
19.25 284 263 254 4.26
20.7 282 267 224 4.28
8.5 219 191 190 149 147 73 4.30

4.9.1.3. SpMnSOD and function of bacterial extracellular superoxide dismutase

Bacterial superoxide dismutase is usually a cytoplasmic or periplasmic enzyme
for protecting cellular components [169], while extracellular SOD is uncommon and

its function is not clear. There are several reports in the literature showing the
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production of extracellular SOD by bacteria and fungi during the breakdown of
recalcitrant compounds such as lignin and rubber. Phanerochaete chrysosporium
expresses MnSOD during lignin degradation and in a response of exposure to
dibenzo-p-dioxin [170]. Rubber degrading bacterial strains Streptomyces sp. strain
K30, Xanthomonas sp. strain Y35, Gordonia westfalica Kbl and Gordonia
polyisoprenivorans VH2 produce extracellular SOD during rubber decomposition
[170]. The SOD gene of Gordonia polyisoprenivorans VH2 is found in a gene
cluster for poly(cis-1,4-isoprene) metabolism and is essential for efficient growth on
poly(cis-1,4-isoprene) as a carbon source. The enzyme is possibly involved in rubber
degradation [170]. Pseudomonas aeruginosa shows an increase of 50% in the
release of extracellular SOD when grown in a medium containing 50 ppm of p-
nitrophenol [171]. This may suggest that extracellular SOD is involved somehow in

the degradation process.

As previously discussed, SpMnSODs are extracellular enzymes, both have
been detected from proteomic of extracellular fractions of Sphingobacterium sp. T2
[63]. SpMnSOD1 has a leader peptide (analysed by signal peptide prediction
program (SignalP 4.0) [161] for extracellular translocation and sequence analysis
using web-based software (Phobius [172]) confirms that, in addition, both enzymes
are not cytosolic (Figure 4.31). These results suggest that both SpMnSOD enzymes

are extracellular enzymes.
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Figure 4.31. Protein sequence analysis using internet based software Phobius [172], a) is the result of
prediction of SpMnSOD1 sequence, b) is prediction result of the SpMnSOD2 amino acid sequence.
4.9.1.4. Reactive species involved in degradation of organosolv lignin by

SpMnSOD enzymes.

Generation of such a range of products by a single enzyme (SpMnSODI1 or
SpMnSOD2) from organosolv lignin, which possibly goes through several steps and
a few different types of reactions, indicates that a highly oxidising species is
involved. The catalytic cycle of MnSOD consists of two half-reactions, in which the
superoxide radical anion converts to dioxygen and peroxide, shown in Section 4.1.
In the first half-reaction, Mn(III) oxidises superoxide to dioxygen; in the second half-

reaction Mn(II) reduces superoxide to hydrogen peroxide [134].

Oxidation of organosolv lignin by SpMnSOD (SOD1 or SOD2) can be
explained through two possible hypotheses. The first hypothesis (Figure 4.32) is that
oxidation of lignin is through a diffusible oxidising species, and that the metal
cofactor Mn(III) might play this role, analogous to the generation of Mn(Ill) by
fungal manganese peroxidase, versatile peroxidase [173]. In these peroxidase

enzymes, there is a manganese binding site consisting of three ligands (two glutamic
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acids and one aspartic acid residue, see Figure 1.23), but the manganese is ion not
tightly bound. Dye-decolourising enzymes such as DypB from Rhodococcus josti
RHAT and Dyp1B from Pseudomonas fluorescens Pf-5 might also work in the same
manner since they possess manganese oxidizing ability. However, in superoxide
dismutase the Mn(IIl) cofactor is tightly bound to four amino acid residues (three
histidines, an aspartate and water/OH", see Figure 4.4) and there is no evidence for

release of Mn(I1I) ion from Sphingobacterium SOD enzymes.

0, H20,
>_< Lignin
SOD -Mn(ll)- SOD -Mn(lll)- ———3 Nn(lll)
:>—< Low M.Wt
\_ Products
02 02

Figure 4.32. Schematic illustration of hypothetical lignin degradation catalysed by SpMnSOD, which

metal cofactor Mn?" acts as a diffusible oxidant.

The second hypothesis is that a further reduction of hydrogen peroxide by the
SpMnSOD takes place, with the enzymes generating hydroxyl radical from peroxide,
similar to the Fenton or Haber-Weiss reactions (Figure 4.33). The hydroxyl radical is
a highly reactive oxidant that could then oxidise lignin. It has been proven that Cu/Zn
superoxide dismutase from bovine erythrocyte can produce hydroxyl radical from
hydrogen peroxide [174] in reaction similar to Haber-Weiss reaction while MnSOD
from E. coli is not able to generate hydroxyl radical [175]. Both FeSOD and Cu/Zn-
SOD are inhibited by hydrogen peroxide, while MnSOD is not. Hydroxyl radical is
possibly involved in fungal lignin breakdown; studies suggest that lignin-degrading

fungi Phanerochaete chrysosporium generate hydroxyl radical from hydrogen
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peroxide in ligninolytic culture [176], however, later studies showed that this is not a

major contributing strategy for lignin degradation in white-rot fungi [177].

The generation of hydroxyl radical can be demonstrated by oxidative
decomposition of ketones such as a-oxo-y-methylthiobutyric acid, hydroxylation of
salicylic acid and p-hydroxybenzoic acid to form protocatechuic acid [167], [178],
the OH-radical can also hydroxylate vanillic acid 4.2, protocatechuic 4.5 and other
phenolic compounds with free ortho- or para- positions to the phenol group (OH
group, electron donating groups activate these positions) to produce 5-
hydroxyvanillic acid 4.16, 3,4,5-trihydroxybenzoic acid (gallic acid) and the
corresponding hydroxyphenols (Figure 4.34) [179]. Another well-known reaction of
‘OH is oxidative demethoxylation of methoxylated phenols (Figure 4.35)
[180],[179]. It has been reported that hydroxyl radical generated by irradiation of an
aqueous solution can convert vanillic acid and iso-vanillic acid to 3.4-
dihydroxybenzoic acid [179]. Oxidative demethoxylation proceeds ~4 times faster
for methoxyl groups inactivated position by electron donor groups thanin non-
activated positions [180]. Decarboxylation of aromatic carboxylic acids is possibly
induced by OH-radical, study of the degradation of polycarboxylic benzoic acids
shows that OH-radical generated by UV-irradiated aqueous and/ or positive photo-
hole cause hydroxylation and decarboxylation of aromatic carboxylic acids, then ring

opening occurs [181].
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1. 0, + SOD -Mn(ll) ———— SOD -Mn(lll)- + H,0,

Lignin
2. H,0, HO® ——— 3 HO'
>_<: Low M.Wt
Products
SOD -Mn(ll)- SOD -Mn(lll)-
3. 0, 0,

Figure 4.33. Generation of hydroxyl radical by SpMnSOD in a reaction similar to Haber-Weiss
reaction which includes three steps, step 1: peroxide generated by SOD using one molecule of
superoxide radical anion, step 2: the peroxide reduced by SOD to generate hydroxyl radical and

attack lignin; step 3: another molecule of superoxide radical anion reduces Mn(III) back to Mn(II).

o OH o OH OH
OH
—_— —>
H;CO H;CO OH H,CO H;CO OH
OH OH OH
4.2 4
non-aromatic fragmentation
products
H,CO
4.16
Figure 4.34. Mechanism of vanillic acid hydroxylation[179].
Oy__OH
OCH,
H3CO OCH; H,CO H3CO H3CO OH
MeOH OH

Syringic acid

Figure 4.35. Replacement of methoxyl (-OCH3) group with hydroxyl group (-OH) [180],[179].

Page | 141



CHAPTER FOUR: SUPEROXIDE DISMUTASE

Among the enzymatic degradation products identified (Figure 4.29 and 4.30),
an additional phenolic hydroxyl group is present in product (4.16), while replacement

of the methoxy group with a hydroxyl group (products 4.5 and 4.7) are observed

which match with the known ability of "OH to perform hydroxylation of phenolic
compounds [175],[181],[179] and demethoxylation of methoxylated phenols
[179],[180]. Also, elimination of a carboxylic group (compound 4.6) is observed.
Therefore, these results suggest that the mechanism for lignin oxidation by these
enzymes (SOD1 and SOD2) may involve hydroxyl radical. In a different context,
Nature uses the hydroxyl radical to attack lignin, for example, brown rot fungi

generate hydroxyl radical via Fenton chemistry which in turn attacks lignin.

[173],[182].
4.9.1.5. Types of reactions catalysed by SpMnSOD enzymes.

The multiple reaction products generated from wheat straw organosolv lignin
when treated with Sphingobacterium sp. T2 SODs (SODI1 and SOD2), of which we
have characterised 13 (see Sections 4.9.), imply that a range of different

types of reactions have occurred. The reaction types include; aryl-C, cleavage, C-
Cp oxidative cleavage, decarboxylation and O-demethylation reactions. Oxidative
cleavage of aryl-C,bond is a less common catalytic activity in fungal lignin-

degrading enzymes and not reported in bacterial lignin oxidizing enzymes till now,
this oxidative bond cleavage led to the formation of the reaction products 4.6, 4.7,

4.9 and 4.30 (Figure 4.36) from lignin. C,-Cg oxidative cleavage resulted in the
production of 4.1, 4.2, 4.5 and 4.16 from organosolv lignin. C,-Cg bond cleavage is

the most prevalent type of enzymatic reaction by lignin peroxidases for example
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lignin peroxidase from Phanerochaete chrysosporium also leads to breakdown C-
Cp of P-aryl ether lignin model compound [26],[73]. Decarboxylation (e.g.

conversion of 4.2 to 4.6) and O-demethylation (products 4.5 and 4.7) reactions also
appear to be catalysed by SpMnSODs, that further modify reaction products fromed
by of lignin breakdown (aryl-C, and Co-Cp oxidative cleavage). Decarboxylation
reaction was also observed from dye-decolourising enzymes such as DyP2 from
Amycolatopsis sp. 75iv2 [85]. O-demethylation reactions occur in pathways for
degradation of aromatic compounds such as biphenyl degradation pathway which is

catalysed by LigX enzyme (see Figure 1.31) [26].
4.9.1.6. Mechanism of organosolv degradation

A possible mechanism for generation of metabolites from organosolv lignin
treatment with SpMnSOD enzymes can be proposed based on the observed products
and considering hydroxyl radical as an oxidising species. Most of the observed
metabolites came from cleavage of aryl-C, or Cy-Cg bonds of aryl ether units.
Attack of hydroxyl radical to a-hydroxyl group of aryl-Cs unit would generate
benzylic ketone. Attack of hydroxyl radical on this ketone would cause oxidative
cleavage of the benzylic ketone and formation of vanillic acid 4.2 (if the aryl-Cs unit
disubstituted, G wunits) or p-hydroxybenzoic acid 4.12 (if the aryl-Cs unit
monosubstituted, H units) in case of Cy-Cg cleavage (Figure 4.36, reaction A).
Oxidative breakdown of the benzylic ketone can also cause cleavage of aryl-C,
bond and generation of guaiacol 4.6 (Figure 4.36, reaction B). This fragmentation
reaction is possible since hydroxyl radical is known to cause oxidative fragmentation

of ketones such as a-oxo-y-methylthiobutyric acid [167], [178]. Hydroxylation of the
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vanillic acid 4.2 resulted in the formation of compound 4.16. Demethoxylation of
vanillic acid and guaiacol 4.6 resulted in formation of protocatechuic acid 4.5 and
catechol 4.7, respectively. Hydroxyl radical could also attack an aryl-Cs unit at aryl
C-1, then of 2-methoxyhydroquinone 4.9. Formation of most of the observed

metabolites from organosolv lignin described by the scheme shown in Figure 4.36.
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Figure 4.36. Mechanism of transformation of organosolv lignin catalysed by

SpMnSODs.
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4.9.2. Depolymerization of alkali Kraft lignin.

5 mg of alkali Kraft lignin (Sigma) were added to 3 mL phosphate buffer (50
mM, pH 7.8) containing 8.8 uM of SOD2 and 0.1 mM EDTA, to which 1 mL of KO,
solution (5 mM) in dry DMSO were added to start the reaction. After 60 min, a
visible colour change from yellow to brown was observed. A control experiment was
also conducted by adding all components in a test experiment except the enzyme.
500 mL samples were taken after 30, 60, 120, and 300 min, to which 50 pL of
trichloroacetic acid (1 g/mL) was added to stop the reaction, then centrifuged at

13,000 rpm for 10 min.

4.9.2.1. Analysis of Kraft lignin treated with SpMnSOD2 by HPLC

Samples from each time point were analysed by HPLC; the separation was
monitored at 310 nm. Generating multiple reaction products. The supernatant was
analysed by HPLC. The resulting alkali Kraft lignin incubated with SpMnSOD?2 was
compared with control experiment (reaction Kraft lignin with KO>) and showed two
new peaks (Figure 4.37). There was a slow background reaction in the presence of
KO; alone, but the background reaction generated only a small envelope of products
in the range 12-20 min retention time, with much smaller individual product peaks.
These results indicate that SOD2 can also degrade alkali Kraft lignin. Further study
needs to identify the new products generated by SpMnSOD2 and to investigate

whether SpMnSOD1 can degrade Kraft lignin.
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Figure 4.37. Treatment of Kraft lignin with SpMnSOD?2, as described in Materials & Methods. a.
Change in visual appearance upon addition of SpMnSOD2 and KO to a solution of alkali Kraft
lignin (Sigma) lignin (on right), compared with the control reaction with no enzyme (on left). b.
HPLC analysis of reaction mixtures (control and SpMnSOD?2 catalysed) at different time intervals

(1hr and 5 hrs). Two new peaks were observed for SpMnSOD?2 catalysed reaction at 5 hrs (black

arrows).

4.9.3. Modification of lignocellulosic biomass

The ability of SOD2 to modify lignocellulose biomass was also tested. Two
types of lignocellulose materials were examined; Miscanthus (grass) and pine
(softwood). The results of the analysis show that SOD2 from Sphingobacterium sp.
T2 can modify both lignocellulose materials (grass and softwood). The detail about

these experiments is discussed in next sections.
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4.9.3.1. Alteration of Miscanthus.

A fine powdered miscanthus in 50 mM phosphate buffer (pH 7.8) was mixed
with SOD2, then KO; solution in dry DMSO under nitrogen was added to start the
reaction. After 60 min a colour change from yellow to brown was visible. A control
experiment was conducted containing all reaction components except the enzyme.
Aliquots were taken at different time intervals (at 30 min, 1, 2 and 5 hrs) and mixed
with trichloroacetic acid and centrifuged for 10 min at 13000 rpm. The reaction

components were analysed using HPLC using a reverse-phase column.

HPLC analysis revealed that SpMnSOD2 can modify miscanthus and produce
at least two new product peaks (Figure 4.38). The activity of SpMnSOD?2 appeared
to be time dependent, and highest peak intensity was observed after 5 hrs of

incubation. The product peaks have not been identified.

4.9.3.2. Modification of softwood (pine).

Three mL phosphate buffer (50 mM) pH 7.8 containing 10 uM of SpMnSOD2
and 0.1 mM EDTA was added to 5 mg of finely powdered pine. In a separate tube,
three mL of the same buffer containing only 0.1 mM EDTA was added to 5 mg of
pine. One mL of saturated KO> solution in dry DMSO was added to both tubes. A
colour change from yellow to brown was visible over 60 min for SOD-treated pine
(Figure 4.39). At different time intervals (at 1/2, 1, 2 and 5 hrs), aliquots of 500 pL
were taken, to which 50 pL of trichloroacetic acid were added and centrifuged for 10

min at 13,000 rpm.
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Figure 4.38. Treatment of miscanthus with SOD2 (0.18 mg/mL) in phosphate buffer (50 mM, pH 7.8) in
presence of KO; (1.25 mg/mL) and EDTA (0.1 mM ) analysed by HPLC. New pesks appear after 1 and
5 hrs of incubation at 30°C (black arows).

Analysis of supernatants with reverse phase HPLC showed new product peaks
after 1 and 5 hours of incubation. This result indicates that SpMnSOD2 can modify

softwood (pine) and produce new products (Figure 4.39).
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Figure 4.39. Reaction of softwood powder (pine) with SOD2 in 50 mM phosphate buffer (pH 7.8)
in presence of KO»/DMSO (1.25 mM) and EDTA (0.1 mM). Three new peaks appeared when

reaction components were analysed by HPLC and compared to control.

4.10. Crystallisation of SpMnSODs

In order to investigate the characteristic features of these superoxide
dismutases, screening for protein crystallisation for both SOD1 and SOD2 was
performed by Dr. Dean Rea (see experimental Section). Crystals of SOD1 were
obtained, as shown in Figure 4.40. The structure of SOD1 was solved by Prof.
Vilmos Fiilop, School of Life Science, University of Warwick. Table 4.3 illustrates

crystallographic data collection and refinement statistics.
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Figure 4.40. SODI1 crystals from Sphingobacterium sp. T2.

Table 4.3. Crystallographic data collection and refinement statistics.

Data collection

Unit cell a,b,c (A), B (°) a=46.70, b=58.94, c=75.71, 90.18
Space group P2,

Resolution (A) 37-1.35 (1.35-1.385)

Observations 299,716

Unique reflections 87,001

Vo(D) 18.2 (3.5)

Reym® 0.051 (0.413)

Completeness (%) 96.5 (79.0)

Refinement

Non-hydrogen atoms 3,851 (including 2 Zn*" & 611 waters)
Reryst 0.138 (0.286)

Reflections used 83,589 (4,530)

Rfree 0.157 (0292)

Reflections used 3,412 (165)

Reryst (all data) 0.138

Average temperature factor (A?)  10.6
Rmsds from ideal values

Bonds (A) 0.015
Angles (°) 1.7
DPI coordinate error (A) 0.045

Numbers in parentheses refer to values in the highest resolution shell.
DPI refers to the diffraction component precision index.
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X-ray diffraction data were collected to 1.35 A. Molecular replacement was
used to determine the structure of SpMnSODI1 using the MnSOD structure from
Bacillus subtilis (PDB: 2RCV) [183]. The SpMnSODI1 crystal structure shows a
typical MnSOD homodimer containing two subunits which are characteristic for
Fe/MnSOD (Figures 4.41 and 4.42). The SpMnSOD1 monomers superpose with a
rmsd of 0.108 A (165 CA atoms) and are therefore, essentially structurally identical.
A high structural similarity was observed for SpMnSOD1 monomer and dimer with
other MnSOD enzymes for which crystal structures have been determined. The
structure of SpMnSODI1 superposition with homologs from E. coli (PDB entry
1D5N), [184] T. thermophilus (PDB entry 3MDS), [185] B. subtilis (PDB entry
2RCV), [183] and the filamentous cyanobacterium Anabena PCC 7120 (PDB entry
1GV3) [186] gave a rmsd of ~0.4-0.7 A for the monomer, and ~0.5-0.9 A for the

dimer (Figure 4.43).

Figure 4.41. A dimeric structure of SpMnSOD1, each subunit has manganese binding site.
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In SphMnSODI, there is a single Mn ion in the active site of each subunit
which is coordinated to five ligands, three histidine residues, His26, His76 and
His167, an aspartate residue, Asp163, and a non-protein ligand (water/hydroxide) as

apical ligands, giving a trigonal bipyramidal shape (Figure 4.44).

In the outer sphere there are some strictly conserved amino acids among
FeSOD and MnSOD families, these residues include glutamine 146, tyrosine 34 and
histidine 30, along with tyrosine 174 and glutamic acid 171 from the other subunit of
the homodimer (numbering for E. coli MnSOD) [187]. These amino acids are known
as gateway amino acids [171]. In SpMnSODI1, these amino acids include histidine
30, tyrosine 34 and glutamine 144, along with glutamic acid 163 and tyrosine 170
(Figure 4.45). These two amino acids make a network of hydrogen bonds in the
active site, Q146 binds to the axial non-protein ligand (water/hydroxide), and Y34
with Q146. Literature studies have shown that Q146 is essential for catalytic activity,
since mutation of Q146 in EcMnSOD resulted in disruption of the hydrogen-bond
network in the active site and reduction in dismutation activity by 95% [187]. In
human MnSOD, Y34 contributes to structure and catalysis, since a substantial
decrease in the catalytic rate constant for the reduction of superoxide was observed
for mutant Y34V [188]. In another study, it has been reported that W161 in human
MnSOD which forms a hydrophobic face of the active site is essential for catalytic
activity, WI61A and W161F mutants in human MnSOD show 100-fold decrease in
the rate constant of reduction of superoxide, and a significant conformational change
in the residue near active site was also observed, especially for Y34 and Q143 [189].
E166 is important for both dimerization and activity in the 7. thermophilus enzyme

[190].
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Figure 4.42. The surface of SpMnSOD!1 dimer, a tunnel formed in the interface of two subunits (A

and B).

Figure 4.43. Homodimer structure of the SpMnSODI1 (cartoon, gray) aligned with structures of
related MnSOD enzymes from E. coli (1D5N; yellow cartoon), 7. thermophilus (3MDS; slate
cartoon), and Anabena (1GV3; light green cartoon). Purple spheres are Mn(II) ions. PyMOL was used

indrawing the figure.
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Figure 4.44. The active site of SphMnSOD1, inner-sphere residues include: His26, His76, His167 and
Aspl63. Tyr34 and GInl44 are two important residues in the outer-sphere, Mn(Il) is shown as a
purple sphere. The figure was drawn using PyMOL.

Y170

Figure 4.45. The inner-sphere residues (grey sticks) and gateway residues (cyan sticks) include
Trp165, GInl44, Tyr34, His30 from subunit A, Glu166 and Tyr170 from subunit B (slate sticks). The

purple sphere is Mn(II) ion (numbering for SpMnSOD1).
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5. Ability of SpMnSOD enzymes to degrade lignin

model compounds

In the previous chapter, the ability of SpMnSOD enzymes in the degradation of
organosolv lignin, Kraft and lignocellulose (miscanthus and pine) have been
described, and 13 of the lignin metabolites from wheat straw organosolv lignin were
identified (MSc. Student Yangqingxue Liu assisted in the structural identification of
the reaction products). The results suggest that some of the products undergo several
modification reactions. To understand more about the nature, type of the reactions
and mechanism of SpMnSOD reaction with lignin, lignin model compounds were
examined, three dimeric and 12 monomeric lignin model compounds and their
reaction products were identified. These dimers represent common inter-monomeric
linkages in lignin. The most predominant one is a B-O-4 linkage, which represents up
to ~80% of linkages in lignin [57]. The monomeric lignin model compounds tested

with SpMnSOD enzymes are the most common metabolites of lignin degradation.

5.1. Oxidation of Lignin model compounds

The lignin model compounds were incubated separately with SOD1 or SOD2
in buffer (phosphate or ammonium bicarbonate) at pH 7.8. A solution of KO> in
DMSO was added to start the reaction. After 5 hrs, the reaction was stopped by the
inhibition of the enzyme by adding trichloroacetic acid or HCI. The extraction of
reaction components was carried out with ethyl acetate. The organic layer was
collected and dried under reduced pressure. The residue was dissolved in a suitable

solvent prior to analysis by LC/MS and GC/MS.
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5.1.1. Degradation of 3-aryl ether model compound.

Phenolic lignin model compound (guaiacylglycerol-beta-guaiacyl ether) was
incubated with SOD1 and SOD2 separately, to investigate which of the observed
products (metabolites from organosolv lignin observed, see Chapter 4) may be
derived from the most frequent B-aryl ether (B-O-4) linkage present in polymeric
lignin. Two new product peaks (see Figure 5.1) were observed by GC/MS from B-O-
4 treated with each of SpMnSODI1 (P1 at RT 11.22 min and P3 at RT 17.12 min) and
SpMnSOD2 (P1 at RT 11.20 and P2 at RT 13.28 min). Peak P1, P2 and P3
correspond to guaiacol 4.6, 2-methoxyquinone 4.10 and 2-methoxyhydroquinone
4.9) respectively, matching to commercially available authentic compounds (see
Table 5.1). LC/MS analysis also shows positively charged ions at m/z 125 (RT of
41.3 min) which correspond to MH" of 4.6, m/z of 163 at RT of 20 min which
corresponds to MNa" of 4.6 (in SODI1 reaction component only) and m/z of 139 at
RT of 26 min which corresponds to MH" of 2-methoxyquinone 4.10 (in SOD2
reaction component only), (see Figure 5.2) consistent with aryl-Ca bond cleavage

proposed previously in organosolv lignin breakdown.

Table 5.1. Detected B-aryl ether reaction components incubated with SpMnSODs by GC/MS.

Enzymes RT m/z Fragments Assignments
11.22 124 109 81 4.6
MnSOD1
17.12 140 129 125 109 4.9
11.22 124 109 81 4.6
MnSOD2
13.28 138 123 119 110 63 4.10
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Figure 5.1. GC/MS chromatograms for un-derivatised SpMnSOD treated p-aryl
ether lignin model compound reaction components and control (B-aryl ether with

KO; only at the same condition).
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Figure 5.2. Examples of LC/MS chromatograms for B-aryl ether reaction components

with SpMnSODs. Extracted ion chromatogram (EIC) for m/z 163 (left) and 125 (right)
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5.1.1.1. Mechanism of breakdown of guaiacylglycerol-beta-guaiacyl ether

As described in the previous chapter, our hypothesis is that SpMnSODs are

most likely to produce hydroxyl radical. Based on that hypothesis and the structures

of the metabolites detected from guaiacylglycerol-beta-guaiacyl ether 5.1 treated

with SpMnSODs, a mechanism of breakdown of 5.1 can be proposed, see Figure 5.3.

The identified metabolites are similar to those observed with organosolv lignin,

except for vanillic acid 4.2 formed via Co-Cp cleavage. Guaiacol 4.6 could perhaps

be formed from vanillic acid as shown in Figure 5.3.
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Figure 5.3. Possible mechanism of guaiacylglycerol-p-guaiacyl ether degradation.
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5.1.2. Breakdown of biphenyl model compound (5,5 -Dehydrodivanillin)

The biphenyl linkage is one of the main inter-monomeric bonds in lignin.
Treatment of 5,5°-dehydrodivanillin (DDVn) with SpMnSODs (SOD1 and SOD2)
led to the generation of a range of metabolites which were most likely resulted from
ring cleavage of one vanillin unit. Products with m/z of 213, 235 at 35.2 min (which
corresponds to MH" and MNa" of 5-carboxyvanillic acid 4.4), 141, 163 at 20.1 min
(MH" and MNa" of 2-methoxyhydroquinone 4.9), 155, 177 at 24.9 min (MH" and
MNa" of protocatechuic acid 4.5), 185 at 27.3 min (which most probably
corresponds to MH" of 5-hydroxyvanillic acid 4.16) and 125 at 40 min (MH" of
guaiacol 4.6) detected by LC/MS (Figure 5.4). They were eluted at the same
retention times as their corresponding commercially available compounds except 5-

hydroxyvanillic acid, which is not commercially available.
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Figure 5.4. Some LC/MS chromatograms of dehydrodivanillin reaction components with

SpMnSODs. Extracted ion chromatogram (EIC) for m/z of 155, 185,213 and 125.

The reaction products of SpMnSODs treated DDVn 5.2 were also analysed
by GC/MS and the resulting chromatograms (retention times and fragmentation

pattern) were compared with those of commercially available standards. The analysis
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shows the presence of 5-carboxyvanilllic acid 4.4, vanillic acid 4.2, and vanillin 4.1
in the reaction products of SOD2 treated DDVn, while only vanillic acid and vanillin

were detected in the SOD1 reaction mixture (Table 5.2).

5.1.2.1. Mechanism of DDVn fragmentation

The structure of the observed products suggest that *OH attacks one of the
aromatic rings, oxidation and ring opening occurs, and then 5-carboxyvanillic acid
4.4 is produced as a result of further oxidation of the opened ring (Figure 5.5). 5-
carboxyvanillic acid is a known metabolite of 5,5 -dehydrodivanillic acid generated
through three enzyme catalysed reactions in Sphingobium SYK6 (see Figure 1.31)
[26]. Degradation of biphenyl groups through <OH attack and formation of
metabolites such as vanillin 4.1, vanillic acid 4.2 and 5-carboxylic acid 4.4 may
answer at least a part of the question of how Sphingobacterium sp. T2 metabolises
aromatic compounds since the strain has a lack of conventional degradation clusters.
This mechanism is possible because studies show that reaction of hydroxyl radical
with aromatic compounds results in opening of the aromatic rings [179],[181], and
several products (see Chapter 4 and Section 5.1) suggest that SpMnSOD generate
hydroxyl radical. Vanillic acid 4.2 can be produced via decarboxylation of 5-

carboxyvanillic acid 4.4.
Table 5.2. Detected masses and their fragmentation pattern for SpMnSODs with 5,5’-

Dehydrodivanillin reaction component using GC/MS.

Enzymes RT m/z Fragments Assignments

MnSOD1
22.7 312 297 283 267.7 253.8 4.20
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19.3 224 209 194 4.19

19.39 224 209 194 4.19
MnSOD2

274 414 255 73 4.21

22.7 312 297 283 267.7 253.8 4.20
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Figure 5.5. Proposed reaction mechanism for 5,5 -dehydrodivanillin with MnSOD enzymes from

Sphingobacterium sp. T2.

5.1.3. Degradation of pinoresinol.

To obtain more information about the nature of the oxidative ability of
SpMnSODs in breaking down of inter-monomeric linkages of lignin, pinoresinol 5.3

was tested, which is one of the primary linkages in polymeric lignin. Incubation of
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pinoresinol with both of SOD enzymes gave multiple products. LC/MS analysis
show envelopes for extracted ion chromatograms corresponding (Figure 5.6) to
protocatechuic acid 4.5 (m/z = 155, MH" and m/z = 177, MNa" at 24.4 min) and
probably compound 5.4 (proposed, see Figure 5.7) (m/z = 283, MH" and m/z = 305,
MNa" at 23.5 min) in the reaction mixtures of both enzymes. This compound gave
the highest signal in LC/MS with intensity 0.8 x10°. On the other hand, in the SOD1
reaction mixture more products were observed. The detected metabolites having m/z
of 175 (MNa" of vanillin 4.1 at 35 min), 191 (MNa" of vanillic acid 4.2 at 32.5 min)
and 219 with retention time of 35.8 is most likely MH" of compound 5.5, this
compound is one of known metabolite of lignocellulose breakdown by P. putida and
R. jostii [62]. Also two additional products were observed at m/z of 195, 217, 181
and 203, which most likely are MH" and MNa" of compound 5.6 and compound 5.7

(proposed, see Figure 5.7) at retention times 43.2 and 38.6 min, respectively.
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Figure 5.6. Some of extracted ion chromatograms for m/z 283, 177, 153 and 219, which were

detected from reaction component of pinoresinol with SpMnSODs using LC/MS
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Table 5.3. Masses of compounds from SpMnSODs treated pinoresinol reaction detected by GC/MS

Enzymes RT m/z Fragments Assignments
17.0 140 125 97 4.9
19.25 284.7 255 4.26
MnSODI1
22.7 312 297 283 268 254 4.20
19.4 224 209.5 194 4.19
20.9 181 148 5.7
19.29 194 166 149 138 121 5.6
MnSOD2
19.27 284.7 255 4.26
19.39 224 209.5 194 4.19

The reaction products of SpMnSODs treated pinoresinol were subjected to
GC/MS analysis before and after silylation. GC/MS analysis revealed that the
reaction constituent of both enzymes contains vanillin 4.1 and 2-
methoxyhydroqunone 4.9. Vanillic acid 4.2 was also observed in SpMnSOD1
reaction. While, two additional products m/z of 194 and 181 were observed in
SpMnSOD2 reaction, which may confirm the production of compound 5.6 and
proposed mechanism of pinoresinol degradation by SpMnSODs. The formation of
compound 5.7 via demethylation is also possible, as we detected demethoxylation
reactions previously in organosolv and 5,5°-dehydrodivanillin 5.2 treated by SODI

and SOD2 (see Table 5.3 for GC/MS data).
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Figure 5.7. Possible mechanism of degradation of pinoresinol catalysed by SpMnSODs
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5.2. Degradation of monocyclic aromatic compounds

In order to understand the nature of the reactive species, the mechanisms of the
reactions and the reactivity of SpMnSODs toward different monocyclic aromatic
compounds, several compounds were tested. The tested monocyclic aromatic
compounds include ferulic acid 4.3, vanillic acid 4.2, vanillin 4.1, 5-carboxyvanillic
acid 4.4, veratryl alcohol 5.9, p-hydroxybenzoic acid 4.12, p-hydroxybenzaldehyde
4.11, salicylic acid 4.13, acetovanillone 4.14, 4-(1-hydroxyethyl)guaiacol 4.15,
guaiacol 4.6, and catechol 4.7. 10 mM of each of these model compounds were
incubated with 10 uM of SOD1 and SOD2 in 50 mM potassium phosphate buffer or
ammonium bicarbonate buffer pH 7.8 for 5 hrs (since SpMnSODs gave the highest
yields after 5 hrs reaction with organosolv lignin, see Section 4.8.1) separately, to
which of KO; was added. The reactions were quenched by addition of HCI. The
control experiments were performed by mixing all the components mentioned and
replacing the enzymes with the buffer used. The reaction components were extracted
with ethyl acetate then evaporated to dryness. The residues were dissolved in dry
chloroform. The samples were divided into three portions for analysis by LC/MS and
GC/MS. Samples were analysed by GC/MS before and after derivatization with N,O-
bis(trimethylsilyl)acetamide and trimethylsilyl chloride (10:1) in the presence of

pyridine at 60°C for 60 min.

5.2.1. Ferulic acid.

SpMnSODs can react with ferulic acid to produce various products. LC/MS
analysis of the reaction components of both SOD1 and SOD2 treated ferulic acid

gave ions (m/z) corresponding to proton- and/or sodium adducts of each of vanillic
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acid 4.2 (m/z of 169 and 191 at 32.2 min), vanillin 4.1 (m/z of 153 and 175 at 35.0
min), and protocatechuic acid 4.5 (m/z of 177 at 23.8 min). These products were
eluted at the same retention times as their associated authentic compounds eluted
(Figure 5.8). SOD1 most probably generates hydroxyvanillic acid 4.16 (m/z of 185
which corresponds to MH", at 27 min) and 2,3-dihydroxy-3-guaiacylpropanoic acid
5.8 (m/z 229 which corresponds to MH", at 29.7 min) as well. Catechol (m/z of 111

which corresponds to MH", at 25.7 min) was also detected from SOD2 treated ferulic

acid.
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Figure 5.8 Extracted ion chromatograms (EIC) of some products (m/z of 177, 185, 169 and 153)

from ferulic acid treatmed with Sphingobacterium sp. T2 MnSODs analysed by LC/MS.

Table 5.4. Detected metabolites from reaction components of ferulic acid treated with SpMnSODs

using GC/MS.

Enzymes RT m/z Fragments Assignments
13.5 110 81 69 55 4.7

MnSODI1 19.7 168 153 138 121 93 4.2
22.7 312 297 28 258 4.20
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188 224 209 194 4.19
132 110 63 55 4.7
11.18 124 109 81 61 4.6
MnSOD2 172 152 134 81 41
198 168 153 125 97 4.2
193 224 209 194 73 4.19
22,7 312 297 282 257 253 4.20

A fraction of reaction mixture was analysed by GC/MS before and after
derivatization with bis(trimethylsilyl)acetamide in the presence of pyridine at 60°C
for 60 min. GC/MS results confirm the production of catechol 4.7, m/z 110 at RT
13.5 min, guaiacol 4.6, m/z 124 at RT 11.4 min, vanillin 4.1, m/z of 152 and 224 at
RT 17.4 min and 19.3 min respectively, vanillic acid 4.2, m/z of 168 and 312 at RT
20.39 and 22.75 min respectively. The fragmentation pattern and their retention
times agree with those of their related authentic compounds shown under the same

conditions (Table 5.4).

5.2.1.1. Mechanism of ferulic acid degradation

The mechanism of breakdown of ferulic acid 4.3 by MnSODs can be proposed
from LC/MS and GC/MS results. Vanillin 4.1, vanillic acid 4.2 and catechol 4.7
were observed from both the GC/MS and LC/MS analysis. Guaiacol 4.6 was only
observed with GC/MS while both protocatechuic acid 4.5 and hydroxyvanillic acid

4.16 by LC/MS only. Conversion of ferulic acid 4.3 to vanillin 4.1 is one of the well-
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known reactions of hydroxyl radical with ferulic acid [179]. Studies show that «OH
reacts with propenoic side chains of cinnamic, 4-hydroxycinnamic, ferulic acid and
related compounds to produce benzyl-type radicals, which turn to peroxyl radicals in
the presence of dioxygen, then fragmentation and rearrangement lead to generation
of the corresponding aldehydes (Figure 5.9) [179]. This can be one of the pathways
for decay of benzyl-type radicals. Another possibility for degradation of the benzyl-
type radical (based on observed products) is that the second hydroxyl radical attacks
to generate 2,3-dihydroxy-3-guaiacylpropanoic acid 5.8 (detected by both LC/MS

and GC/MS machines) then cleavage of Ca'CB bond releasing a hydroxy acetic acid

radical (Figure 5.10). This radical probably converts to oxalic acid. Oxalic acid is a
lignin metabolite, while has been detected from lignocellulose breakdown by R. jostii
RHAT [191],[62] and P. putida [62] as well as detected in this study from SpMnSOD
treated organosolv lignin. Vanillin 4.1 will convert to vanillic acid 4.2 by reaction
with hydroxyl radical. Demethoxylation reaction of vanillic acid 4.2, which was
detected previously (reaction of SpMnSODs with organosolv lignin, Section 4.9.1.6)
most probably occurs by reaction with hydroxyl radical to generate protocatechuic
acid 4.5. Products such as guaiacol 4.6 and catechol 4.7 are produced as a result of
oxidative decarboxylation of wvanillic acid 4.2 and protocatechuic acid 4.5
respectively. These two metabolites can also be generated through the breakdown of

the aryl-C, bond of B-aryl ether units of lignin as described in the previous Chapter

(see Figure 4.36).
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Figure 5.9. Attack of hydroxyl radical to the propenoic side chain of 4-hydroxycinnamic acid [179].
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5.2.2. Veratryl alcohol.

Multiple products were detected upon incubation of veratryl alcohol 5.9 with
SpMnSODs. Oxidation of veratryl alcohol 5.9 by SpMnSODs is another evidence
for the generation of a potent oxidising agent, since this substrate can only be
oxidised by high redox potential enzymes [72]. Proton- and/or sodium adducts of
vanillin 4.1 (MH", m/z = 153 at 35 min), vanillic acid 4.2 (MH", m/z = 191 at 32 min)
and 2-methoxyquinone 4.10 (MH", m/z = 139 and MNa", m/z = 161 at 25.7 min)
were detected. In the case of SOD2, the sodium adduct of 2-methoxyhydroquinone
4.9 (MNa', m/z = 163 at 19.8 min) was also detected, its retention time is the same as
authentic 2-methoxyhydroquinone (Figure 5.11). The additional products detected
are most probably associated with the proton- and sodium adduct of veratryl

aldehyde 5.10 (MH", m/z = 167 and MNa", m/z = 189 at 43.8 min)
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Figure 5.11. Chromatograms of some detected Veratryl alcohol reaction products masses by LC/MS.

Extracted ion chromatograms (EIC) for m/z of 139, 169, 153 and 167.

The reaction components were also analysed by GC/MS before and after
derivatization with bistrimethylsilylacetamide and compared with that of

commercially available authentic compounds. The results of GC/MS analysis show
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the production of guaiacol 4.6 and vanillin 4.1 from SpMnSOD (SOD1 and SOD?2)
treated veratryl alcohol (their retention times and fragmentation patterns are similar
to authentic compounds, see Table 5.5). It gave also m/z of 155 and 298.7 which
most likely correspond to vanillyl alcohol and vanillyl alcohol (diSiMes) and m/z of
166 and 282 which most probably correspond to veratryl aldehyde and

dihydroxybenzaldehyde (diSiMe3).

Table 5.5. Detected Veratryl alcohol reaction product masses by GC/MS.

Enzymes RT m/z Fragments Assignments

1.2 124 109 81 4.6

14 152 137 109 4.1

6.3 155 79 78 62 61 5.11

185 166 165 95 5.10
MnSOD1

19.3 224 209 194 168 139 4.19

Dihydroxybenzaldehyde

8.3 282 281
(diSiMes)

Vanillyl alcohol (di-
20.7 298.7 267 240 225 223 151

SiMe)
11.15 124 109 81 4.6
MnSOD2 13.32 138 110 55 dihydroxybenzaldehyde
14 152 137 109 4.1
6.3 155 81 61 5.11
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185 166 165 95 5.10

dihydroxybenzaldehyde
8.3 282 281
(diSiMes)

5.2.2.1. Mechanism of veratryl alcohol breakdown

Generation of multiple products from the veratryl alcohol 5.9 reaction with
SpMnSODs suggests that the formation of veratryl aldehyde 5.10, which was
detected by both of GC/MS and LC/MS. Vanillin 4.1 was probably produced from
demethoxylation of veratryl aldehyde, this type of reaction was observed with
organosolv lignin (Chapter 4) and lignin model compounds (previous Sections).
Guaiacol 4.6 and protocatechuic acid 4.5 are most likely generated from vanillic acid
4.2 which may be produced by the oxidation of vanillin 4.1. Also another type of
reaction was spotted which is substitution of a carboxylic acid or benzyl alcohol side
chain with hydroxyl group and formation of 2-methoxyquinone 4.10. This kind of
reaction is an ipso-substitution, and can be caused by attack of hydroxyl radical on
substituted aromatic rings [180],[179]. 2-Methoxyhydroquinone 4.9 was also
observed in reactions with both of SpMnSOD with organosolv and B-aryl ether
model compound (Chapter 4 and Section 5.1). The possible mechanism is the

reaction of hydroxyl radical with vanillic acid as described in Figure 5.12.
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Figure 5.12 Possible degradation path for veratryl alcohol.

5.2.3. p-Hydroxybenzoic acid.

Para-Hydroxybenzoic acid was incubated with SpMnSOD enzymes under
conditions described in Section 5.2. LC/MS analysis showed that these enzymes
(SOD1 and SOD?2) can catalyse the transformation of p-hydroxybenzoic acid 4.12 to
generate a few products. Extracted ion chromatogram (Figure 5.13) of
dihydroxybenzoic acid 4.5 shows m/z of 177 (MNa" with a retention time of 24.3
min) is the primary product detected from the reaction of both enzymes. SOD2 also
generated an ion at m/z of 126 eluted at 14.0 min, which matches with MH" and
retention time of pyrogallol 4.8. The m/z of 94 was observed by GC/MS from non-
derivatised reaction mixture of both SOD1 and SOD2 at 35 min, which agree with

RT and fragmentation pattern of commercially available phenol. While m/z of 370.9
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was observed from silylated reaction mixture of both enzymes at 15.7, which

matches with protocatechuic acid 4.22 (Table 5.6).

Table 5.6. Observed metabolites of 4-hydroxybenzoic acid reaction with SpMnSOD using GC/MS

Enzymes RT m/z Fragments Assignments
8.8 94 66 61 5.12
MnSOD1
15.7 3709 356 193 4.22
MnSOD2 8.7 94 66 61 5.12
15.7 3709 356 193 4.22

5.2.3.1. Mechanism of p-hydroxybenzoic acid reaction with SpMnSODs

The products observed from the incubation of 4-hydroxybenzoic acid 4.12 with
both SOD enzymes include protocatechuic acid 4.22 and phenol 5.12. Formation of
dihydroxybenzoic acid from hydroxybenzoic acid confirms the hypothesis of the
involvement of hydroxyl radical in SpMnSODs reactions with lignin and lignin
model compounds [167],[178] (Figure 5.14). While the formation of phenol confirms
that decarboxylation of benzoic acids is catalysed by SpMnSODs, which may

involve hydroxyl radical as described in Section 5.2.1.
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Figure 5.13. Extracted ion chromatogram of mass 177 which correspond to protocatechuic acid

observed from reaction of p-hydroxybenzoic acid with SOD1 and SOD2 using LC/MS.

U

p- Hydroxybenzmc amd
412

5.12

Figure 5.14. Transformation of 4-hydroxybenzoic acid catalysed SOD1 and SOD2.

5.2.4. Salicylic acid

A few products were detected by LC/MS from the reaction of SpMnSOD
enzymes with salicylic acid 4.13 (Figure 5.15). The detected m/z of 117, 95, 177,
127, 149 and 111 with retention times of 46, 46, 24, 8, 8 and 25.8 min are matches
with MH" and MNa" of phenol, MNa" of protocatechuic acid 4.5, MH" and MNa" of

pyrogallol 4.8 and MH" of catechol 4.7, respectively. In addition, some of these ions
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(m/z of 117, 95 and 111) were observed at retention times similar to their authentic
analogue, which are commercially available, while others (m/z of 127 and 149 which
eluted earlier than pyrogallol 4.8 and m/z of 177 eluted later than protocatechuic acid
4.5 suggesting formation of an isomer of pyrogallol 5.14 and isomer of

protocatechuic acid 5.13). Catechol 4.7 was only observed in SODI reaction

components.

Analysis of the reaction components by GC/MS shows the production of
phenol 5.12 (m/z of 94 at 8.9 min) from treatment of salicylic acid 4.13 from each of
SOD1 and SOD2. Two additional products were observed at m/z of 254 and 369.7 at
16.48 and 15.3 min from derivatized reaction components of SODI, which
correspond to catechol 4.24 and protocatechuic acid 4.22, respectively. These
products were also observed in the SOD2 reaction mixture before (m/z of 111 only,
which corresponds to catechol 4.7) and after silylation (m/z of 269.7 only, which
corresponds to protocatechuic acid 4.22). Their retention times and fragmentation

patterns also match with commercially available catechol and protocatechuic acid

(Table 5.7).
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Figure 5.15. Extracted ion chromatograms (EIC) for m/z of 149, 177, 111 and 117, which were

observed by LC/MS from salicylic acid reaction.
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Table 5.7. Salicylic acid products observed by GC/MS

Enzymes RT m/z Fragmentations Assignments
16.5 369.7 281 221 195 147 73 4.22
MnSOD1 = 15.3 254 195 177 138 120 73 4.24
8.91 94 66 5.12
13.14 110 63 4.7
MnSOD2
16.48 369.7 281 221 147 73 4.22
8.91 94 66 5.12

5.2.4.1. Mechanism of salicylic acid modification

Hydroxylation of aromatic carboxylic acids leading to the formation of
dihydroxybenzoic acid has been used in literature as a test for the presence of
hydroxyl radical [167],[178],[179],[180] hence providing further evidence for its
involvement in the reaction of MnSODs with lignin and lignin model compounds.
This product was eluted at higher retention time in LC/MS (35 min), indicating that
the compound is possibly an isomer of protocatechuic acid 5.13. Products catechol
4.7 and trihydroxybenzene 5.14 were also detected, probably formed via ipso-
substitution of the dihydroxybenzoic acid 5.13. Finally, decarboxylation reaction
occurred which resulted in the formation of phenol 5.12. It also possible that catechol

is formed via hydroxylation of phenol (Figure 5.16).
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Figure 5.16. The reaction of salicylic acid with SpMnSOD enzymes.

5.2.5. 4-Hydroxybenzaldehyde.

Phenol 5.12 (m/z of 94 at 8.9 min) was detected by GC/MS from the reaction
of para-hydroxybenzaldehyde 4.11 with both SOD1 and SOD2. A peak at m/z 138
was also detected from the reaction of both enzymes, which corresponds to 4-
hydroxybenzoic acid 4.12 (its retention time and fragmentation pattern matches with
authentic para-hydroxybenzoic acid). From derivatized samples with N,O-
bis(trimethylsilyl)acetamide only m/z 282 was detected from the SOD2 reaction,
which matches with commercially available p-hydroxybenzoic acid (disilylated)

4.28. See Table 5.8 for GC/MS results.

Few product peaks were detected by LC/MS which gave m/z of 139, 127
and 177 with retention times of 29.5, 8 and 23.7 min, and are matches MH" of 4-
hydroxybenzoic acid 4.12 and pyrogallol 4.8 and MNa" protocatechuic acid 4.5,

respectively (Figure 5.17).
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Figure 5.17. Extracted ion chromatograms from reaction of 4-hydroxybenzaldehyde observed by

LC/MS.

Table 5.8. Observed metabolites from 4-hydroxybenzaldehyde by GC/MS.

Enzymes

MnSOD1

MnSOD2

RT

8.91

18.8

8.12

18.2

20.7

m/z

94

138

94

138

282

66

121

66

121

268

Fragmentations

224

Assignments

5.12

4.12

5.12

4.12

194 4.28

5.2.5.1. Mechanism of 4-hydroxybenzaldehyde transformation

Para-hydroxybenzaldehyde 4.11 undergoes oxidation to form its corresponding

acid. Thus, this product will transform to dihydroxybenzoic acid and phenol (Figure

5.18) as described previously (Sections 5.2.3 and 5.2.4). An additional product

trihydroxybenzene 5.14 was also observed. This product was most probably
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generated in the same manner as shown in the transformation of p-hydroxybenzoic

acid (Figure 5.18).

(o] OH
HO OH
(0] o OH
A OH
. 4.5
HO
[
HO'
OH OH
p-Hydroxybenzaldehyde p-Hydroxybenzoic acid
4.11 4.12 + Co,
OH
5.12

Figure 5.18. Transformation of p-hydroxybenzaldehyde catalysed SpMnSOD enzymes (SOD1 and
SOD2).

5.2.6. Acetovanillone.

Analysis of reaction products of acetovanillone 4.14 incubated with SOD1 by
LC/MS (Figure 5.19) showed the production of dihydroxybenzoic acid 4.5 (MH'=
155 at 24 min), while the SOD2 reaction with acetovanillone 4.14 resulted in the

production of vanillic acid 4.2 (MH'= 169 at 31.8 min on LC/MS).
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Figure 5.19. Examples of LC/MS chromatogram for acetovanillone reaction components.

Extracted ion chromatogram (EIC) for m/z of 169 and 155.

Several metabolites were detected with GC/MS from the reaction of both
MnSODs. In non-derivatised samples an ion at m/z of 140 was observed at retention
time of 17.4 which corresponds to 2-methoxyhydroquinone 4.9, since its retention
time and fragmentation pattern matches with authentic compound. In the derivatized
reaction components of both enzymes with N,O-bis(trimethylsilyl)acetamide masses
of 312 and 284 at 22.8 and 19.3 min were detected, which matches with silylated

vanillic acid 4.20 and 2-methoxyhydroquinone 4.26 (Table 5.9).

Table 5.9. Detected reaction metabolites of acetovanillone by GC/MS

Enzymes RT m/z Fragmentations Assignments
19.3 284 255 4.26
MnSOD1 17.4 140 125 109 4.9
22.7 312 298 283 268 4.20
MnSOD2 17.3 140 125 97 4.9

Page | 181



CHAPTER FIVE: DEGRADATION OF LIGNIN MODEL COMPOUNDS

19.2 284 255 4.26

22.7 312 298 283 268 4.20

5.2.6.1. Mechanism of conversion of acetovanillone

Vanillic acid 4.2, dihydroxybenzoic acid 4.5 and 2-methoxyhydroquinone 4.9
are the main reaction products of the transformation of acetovanillone with
SpMnSODs; this indicates that the side chain has been oxidised. The most likely
mechanism for this conversion is the formation of radical with hydroxyl radical then
oxidation to give aldehyde and acid intermediates, attack of *OH on ketone group of
the intermediate, resulting in the release of vanillic acid 4.2. Guaiacol 4.6 can be
produced either from decarboxylation of vanillic acid or aryl-Cg cleavage of 2-(4-
guaiacyl)-2-oxoacetic acid (formed from oxidation of acetovanillone) as intermediate
for production of 2-methoxyhydroquinone 4.9. Protocatechuic acid 4.5 can also be
generated from vanillic acid by oxidative demethoxylation reaction, and 2-
methoxyhydroquinone 4.9 is a product of ipso-substitution or decarboxylation and
then hydroxylation of vanillic acid. The mechanism of acetovanillone fragmentation

is described in Figure 5.20.
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Figure 5.20. Proposed pathway for acetovanillone degradation catalysed by SpMnSODs.

5.2.7. 4-(1-hydroxyethyl)guaiacol.

The reaction of SODs with 4-(1-hydroxyethyl)guaiacol 4.15 resulted in the
production of two main products: vanillic acid 4.2 and dihydroxybenzoic acid 4.5.
LC/MS analysis of the reaction components of SOD1 with the substrate showed the
generation of MNa" and MH" for each of vanillic acid 4.2 and dihydroxybenzoic
acid 4.5 at retention times of 32.2 and 23.9 respectively. In contrast, only MNa" of
vanillic acid 4.2 and MH" of dihydroxybenzoic acid 4.5 were observed from SOD2

reaction mixture when analysed by LC/MS.
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Acetovanillone 4.14 (m/z of 166 at 18.7) was observed in the reaction
components (non-derivatized) of both enzymes (MnSODI1 and MnSOD2) using
GC/MS, this suggests the oxidation of 4-(1-hydroxyethyl)guaiacol 4.15. Vanillin 4.1
(m/z of 152 at 14.4) was also observed in MnSOD2 reaction products. In silylated
samples of both enzymes, vanillic acid 4.20 (m/z of 312 at 22.7), vanillin 4.19 (m/z of
224 at 19.4) and 2-methoxyhydroquinone 4.26 (m/z of 284 at 19.2) were detected.
Table 5.10 shows RT and mass fragmentation pattern of products observed by

GC/MS.

Table 5.10. Observed metabolites by GC/MS from 4-(1-hydroxyethyl)guaiacol reactions with both
SpMnSOD enzymes.

Enzymes RT m/z Fragmentations Assignments
18.7 166 151 414
19.2 284 255 4.26

MnSOD1
19.4 224 209 194 166 4.19
22.7 312 298 283 268 4.20
18.7 166 151 414
14.4 152 137 41

MnSOD2 19.2 284 255 4.26
19.4 224 209 194 166 4.19
22.7 312 298 283 268 4.20

Page | 184



CHAPTER FIVE: DEGRADATION OF LIGNIN MODEL COMPOUNDS

5.2.7.1. Mechanism of oxidation of 4-(1-hydroxyethyl)guaiacol

4-(1-hydroxyethyl) guaiacol 4.15 most likely converted to acetovanillone 4.14,
then oxidised further to produce vanillic acid 4.2. The produced vanillic acid 4.2
converted to protocatechuic acid 4.5 and 2-methoxyhydroquinone 4.9 or it reduced to
vanillin 4.1 (Figure 5.21). So, the reaction of 4-(1-hydroxyethyl)guaiacol 4.15 is
similar to that of acetovanillone 4.14 (described in Figure 5.20), since almost the

same reaction products were observed.

Oxldatlon
—>
H;CO H;CO H;CO

4-(1-] hydroxyethyl) guaiacol 414
4.15

Figure 5.21. Proposed fragmentation pathway for 4-(1-hydroxyethyl)guaiacol.

5.2.8. Vanillic acid.

Treatment of vanillic acid with MnSODs from Sphingobactium sp. T2. gave
multiple products when analysed by LC/MS. Metabolites observed included:
hydroxyvanillic acid 4.16 (m/z of 185 at 27.6 min corresponding to MH"),
protocatechuic acid 4.5 (m/z of 155 and 177 at 24.3 min corresponding to MH"
MNa'"), and guaiacol 4.6 (m/z of 125 at 40.4 min corresponding to MH" ), see Figure

5.22 for extracted ion chromatograms.
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Figure 5.22. Examples of extracted ion chromatograms of vanillic acid metabolites observed by

LC/MS.

Guaiacol 4.6 (m/z of 124 at 11.3 min), catechol 4.7 (m/z of 110 at 13.14 min)
and 2-methoxyhydroquinone 4.9 (m/z of 140 at 17.11 min) were observed from the
reaction mixtures of both SpMnSOD1 and SpMnSOD2. In derivatised samples of
both enzymes m/z of 284 at 19.2 was observed, which corresponds to 2-
methoxyhydroquinone 4.26. One aditional product (m/z of 196 at 13.7 min
coresponding to guaiacol 4.23) was detected by GC/MS from reaction mixture of the

SpMnSOD?2 treated vanillic acid 4.2 after silylation (Table 5.11).

Table 5.11. Detected reaction components from incubation of vanillic acid with SOD1 and SOD2.

13.14 110 4.7
MnSOD1  11.16 124 109 81 4.6
17.1 140 125 109 4.9
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19.2 284 254 4.26

13.2 111 110 64 4.7

11.15 124 109 81 4.6
MnSOD2

13.7 196 181 166 4.23

19.2 284 263 254 4.26

5.2.8.1. Mechanism of vanillic acid reaction with SpMnSODs

Multiple products observed from the incubation of the vanillic acid 4.2 with
both SpMnSOD enzymes may again confirm the involvement of proposed oxidising
species (hydroxyl radical) and the anticipated types of reaction. The observed
reactions include demethoxylation, hydroxylation of an aromatic ring,
decarboxylation and ipso-substitution reactions. The most likely pathway to produce
all of the products observed (compound 4.16, 4.5, 4.6, 4.7 and 4.9) from vanillic acid
4.2 shown in Figure 5.23. Hydroxyl radical can react with vanillic acid to produce
hydroxyvanillinic acid 4.16 or cause demethoxylation to generate dihydroxybenzoic
acid 4.5. Decarboxylation of 4.2 and dihydroxybenzoic acid 4.5 will lead to the
formation of guaiacol 4.6 and catechol 4.7. Substitution of carboxylic group of 4.2
with hydroxyl group can result in the formation of 2-methoxyhydroquinone 4.9.

Compound 4.9 can also be formed by hydroxylation of guaiacol 4.6.
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Figure 5.23. The reaction of vanillic acid with SpMnSODs.

5.2.9. Vanillin.

Incubation of vanillin with Sphingobacterium sp. T2 MnSODs resulted in
generation of several products. The observed peak from the reaction components of
both enzymes by LC/MS were include m/z of 169, 191, 185, 207, 141, 163, 139, and
161, and they are correlated to MH" and MNa" of vanillic acid 4.2, hydroxyvanillic
acid 4.5, 2-methoxyquinone 4.10 and 2-methoxyquinone 4.10, respectively. Two
additional products were also observed with m/z of 155 and 125, which match with
MH" of dihydroxybenzene 4.5 and guaiacol 4.6 (Figure 5.24). All these metabolites
were eluted at retention times similar to their corresponding authentic compounds,
with an exception for 5-hydroxyvanillic acid in which their analogue are not

available commercially.
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GC/MS analysis of reaction components of the MnSODs treated vanillin 4.1
confirms the generation of multiple products. Compounds observed from non-
silylated samples of both enzymes include: guaiacol 4.6 (m/z of 124 at 11.5 min),
catechole 4.7 (m/z of 110 at 13.2 min) and pyrogallol 4.8 (m/z of 126 at 12.4 min). In
silylated fraction of both enzymes, vanillic acid 4.20 (m/z of 312 at 22.7 min),
guiacol 4.23 (m/z of 196 at 13.7 min) and 2-methoxyhydroquinone 4.26 (m/z of 284
at 19.2 min) were observed. See Table 5.12 for RT and mass fragmentation pattern of

product peaks detected by GC/MS.
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Figure 5.24. Some of chromatograms (EIC) for m/z of 155, 185, 191 and 125, which were

observed from vanillin reaction mixture using LC/MS

5.2.9.1. Mechanism of vanillin oxidation catalysed by SpMnSODs

Since the same types of products were detected by vanillin incubation with
MnSODs as vanillic acid, a possible pathway is oxidation of vanillin to vanillic acid,
then vanillic acid is oxidised to form other product (Figure 5.25), in the same manner

as vanillic acid transformations (see Figure 5.23 and Section 5.2.8).
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Table 5.12. Detected vanillin oxidation products by SpMnDOS using GC/MS.

13.26 110
16.09 126

19.2 284 281 263 254 4.26

13.27 11

16.09 126

19.25 284
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Figure 5.25. Reactions of vanillin with SpMnSOD enzymes.

5.2.10. 5-Carboxyvanillic acid

SODI1 can catalyse the oxidation of 5-carboxyvanillic acid to generate multiple
products with m/z of 169, 191, 177, 207 and 153, which match with MH" and MNa"
of vanillic acid 4.2, MNa" of dihydroxybenzoic acid 4.5, MNa" of hydroxyvanillic
acid 4.16 and MH" of vanillin 4.1 (at retention times of 32, 24.3 27.4 and 35 min on
LC/MS) produced by authentic compounds. In the case of SOD2, only two products
were observed by LC/MS (Figure 5.26). These products were vanillic acid 4.2 (m/z =
169, MH" with retention time of 32.5 min) and another compound with m/z of 201 at

49.7 min.

Guaiacol 4.6 (m/z of 124 at 11.5 min) and vanillic acid 4.2 (m/z of 168 at 20.3
min) were detected from non-sillylated reaction components of both SOD1 and

SOD2 using GC/MS. Analysis of the reaction constituents of both enzymes with
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GC/MS after silylation with bis(trimethylsilyl)acetamide shows the existence of

vanillic acid 4.20 (m/z of 312 at 22.6 min), see Table 5.13.

L [
a a
= E4
] 1]
c c
[ [
- -
£ =
EIC: 207 EIC: 177
5 4
24
4 4
>
B 15
(%]
c
2 3 4
£
14
2 4
05
14
v} T T r O T T T T 1
26 27 28 25 22 23 24 25 26 27
Time (min)
] I -
a a a
L4 3 =
wvi w w
c c c
[ o S
L4 ) -
£ £ £
] Eic: 169 75 ] EIC:175 EIC: 201

[

[l
n
o
n

075 1 125
>
=
2 1 1 4
2 o5
£ 075
05 ] 25 -
025
025
0 i bl “A ||
O B - T T T T T
29 2 33 35 33 3 3% ¥ ¥ g5 a4 4 0 51 52

Time (min)

Figure 5.26. Examples of extracted ion chromatograms (EIC) for degradation products of 5-

carboxyvanillic acid catalysed by SOD1 and SOD2.

Table 5.13. Observed reaction products of 5-carboxyvanilllic acid using GC/MS.

Enzymes RT m/z Fragmentations Assignment
19.7 168 153 138 121 93 4.2
MnSOD1
11.17 124 109 81 4.6
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22.7 312 297 283 268 4.20

19.7 168 153 138 121 93 4.2
MnSOD2

11.17 124 109 81 4.6

22.7 312 297 283 268 4.20

5.2.10.1. Mechanism of transformation of 5-carboxyvanillic acid by SpMnSODs

The observed reaction products from the oxidation of 5-carboxyvanillic acid
4.4 catalysed by MnSODs from Sphingobacterium sp. T2 indicates that this substrate
first undergoes decarboxylation to produce vanillic acid, and then other products
(such as compound 4.16, 4.5, 4.6, 4.7, 4.9 and 4.10) are most likely generated from
vanillic acid, as observed with vanillic acid 4.2 and vanillin 4.1 (see Section 5.2.8
and 5.2.9) and other lignin model compounds. There are two possible mechanisms
for the formation of 5-hydroxyvanillic acid 4.16. First, the vanillic acid can be
hydroxylated as seen in the case of hydroxybenzoic acid 4.12. The second possibility
is ipso-substitution of one carboxylic acid group of 5-carboxyvanillic acid 4.4 with a
hydroxyl group. This type of reaction was also observed with other monomeric lignin
model compounds. Vanillin 4.1 was also detected which may come from reduction

of vanillic acid 4.2, although the mechanism for reduction is not clear (Figure 5.27).
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Figure 5.27. Possible mechanism for generation of products from 5-carboxyvanillic acid.

5.2.11. Guaiacol

Two products were observed from the reaction of guaiacol with MnSODs by
LC/MS (Figure 5.28). The detected products have m/z of 149 and 163 at retention
times of 8 and 24.5 min for both enzymes, which match with MNa" of pyrogallol 4.8
and 2-methoxyquinone 4.10 respectively. However, the retention time of pyrogallol
(14 min) is higher than this product, suggesting that the product is making
intermolecular interaction and is a more polar isomer of pyrogallol such as 3,4-

dihydroxyphenol 5.14).

Analysis of underivatized reaction components of both SOD1 and SOD2 with

GC/MS shows the presence of catechol 4.7 (m/z of 110 at 13.3 min). The derivatized
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samples with bis(trimethylsilyl)acetamide confirms that both enzymes can produce

catechol (m/z of 254 at 15.3 min), see Table 5.14.

Table 5.14. Reaction products detected by GC/MS from reaction components of guaiacol with SOD1
and SOD2.

13.3 110 63 4.7
MnSOD1

15.3 254 195 177 138 120 73 4.25
MnSOD2 13.14 110 63 2.7

15.3 254 195 177 138 120 73 4.25

5.2.11.1. Mechanism of guaiacol oxidation catalysed by SpMnSODs

Formation of catechol 4.7 confirms the demethoxylation reaction which was
observed with several lignin model compounds. Generation of pyrogallol isomer
5.14 from guaiacol 4.6 requires demethoxylation as well as hydroxylation reactions.
Production of 2-methoxyhydroquinone 4.9 also confirms hydroxylation of guaiacol.
This type of reaction was observed with other lignin monomeric and dimeric model

compounds (Figure 5.29).
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Figure 5.28. Chromatograms for extracted ions for m/z of 111, which was detected by LC/MS

from reaction components of guaiacol with SpMnSOD1 and SpMnSOD?2.
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Figure 5.29. SpMnSOD catalysed reactions of Guaiacol.

5.2.12. Catechol

The SpMnSOD enzymes can also react with catechol to produce a few
products. The LC/MS analysis of reaction component of both enzymes indicates the
presence of m/z of 149 which most likely corresponds to MNa' of an isomer of

pyrogallol 5.14 at 8 min (Figure 5.30).

Trihydroxybenzene 5.14 was detected from the reaction of both SOD1 and
SOD2, which may be considered as another evidence of hydroxylation reaction
catalysed by these enzymes. GC/MS data (m/z of 203, 205 and 317 at 11, 17.3 and 25

min respectively, Table 5.15 and Figure 5.31) may indicate that SpMnSODs catalyse

Page | 196



CHAPTER FIVE: DEGRADATION OF LIGNIN MODEL COMPOUNDS

ring cleavage of catechol. This reaction is possible since attack of hydroxyl radical to
aromatic rings can lead to generation of non-aromatic fragmentation products [179]
(see Figure 4.36 for more detail), and this has been observed with other lignin model

compounds (Section 5.1.2).
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Figure 5.30. Chromatograms (extracted ion chromatogram, EIC for m/z 149) of compound

detected by LC/MS from reaction of catechol with SpMnSODs.

Table 5.15. Catechol metabolites observed by GC/MS.

Enzymes RT m/g Fragmentations Assignments
11 203 166 117 5.16 (monosilylated)
MnSOD1
17.3 205 147 73 5.17 (monosilylated)
11.2 203 166 117 5.16 (monosilylated)
MnSOD2
17.3 205 147 73 5.17 (monosilylated)
25 317 73 5.15 (disilylated)
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Figure 5.31. The reaction of catechol catalysed by SpMnSOD.

5.2.12.1. Mechanism of catechol transformation by SpMnSODs

Catechol 4.7 undergoes hydroxylation to produce compound 5.14. The results
also indicate that ring cleavage occurred and several products were generated, of
which three were observed (compound 5.15, 5.16 and 5.17). Several possible
mechanisms for fragmentation of catechol ring, either reaction of catechol with
hydroxyl radical, or reaction with dioxygen or superoxide, are possible. Reaction of
hydroxyl radical with catechol or its derivative can lead to intradiol or extradiol
cleavage (see Figure 5.32). Compound 5.15 can be generated from compound 5.14
via intradiol or extradiol ring opening mechanism. The extradiol cleavage product of
compound 5.14 can undergo decarboxylation and formation of compound 5.16, but
its intradiol cleavage product is less likely to lose one carbon atom to generate
compound 5.16. Whereas Compound 5.17 is most likely formed from extradiol
cleavage of catechol after losing one carbon as CO> and hydroxylation (see Figure
5.33). In case of reaction of dioxygen with semiquinone generated by *OH, an
intermediate known as dioxetane would form and then the ring cleavage will occur
(see Figure 5.34). Cleavage of catechol and its derivatives can also be triggered by
superoxide radical anion, it has been reported that KO, in DMSO can attack catechol

to produce extradiol cleavage product (2-hydroxymuconaldyhyde) [192].
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Figure 5.32. Proposed mechanism of catechol conversion by hydroxyl radical.
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Figure 5.33. Proposed mechanism for formation of compound 5.17.
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Figure 5.34. Reaction of oxygen with semiquinone.

5.3. Conclusion

The SpMnSOD enzymes can catalyse the breakdown of three lignin model
compounds and a range of the monocyclic aromatic compounds examined. Multiple
reaction products and several type of reactions were observed with all most all
substrates. The SpMnSOD enzymes have not shown specificity toward certain type

of linkage or functional group in lignin. The type of reactions catalysed by these
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enzymes (listed in Table 5.16 with some examples) and products identified confirms

the involvement of hydroxyl radical.

Table 5.16. Type of reactions catalysed by SpMnSOD enzymes.

Reaction types

Co-Cp oxidative cleavage

Aryl-Cq oxidative

cleavage

Decarboxylation

Demethoxylation

Hydroxylation of phenol

Dihydroxylation of

alkene

Ipso-substitution by -OH

group

Oxidative aromatic ring

cleavage

Benzylic oxidation

Example of substrates involved

B-aryl ether, Pinoresinol and Ferulic acid

[-aryl ether and Acetovanillone

B-aryl ether, 5,5°-DDVn, Ferulic acid, , Veratryl alcohol, 4-Hydroxybenzoic acid,
Salicylic acid, 4-Hydroxybenzaldehyde, Acetovanillone, vanillic acid, Vanillin and

S-carboxyvanillic acid

Pinoresinol, Ferulic acid, Veratryl alcohol, Acetovanillone, 4-(1-hydroxyethyl)

guaiacol, vanillic acid, Vanillin, 5-carboxyvanillic acid and Guaiacol

4-Hydroxybenzoic acid, Salicylic acid, 4-Hydroxybenzaldehyde, Acetovanillone,
4-(1-hydroxyethyl) guaiacol, vanillic acid, Vanillin, , 5S-carboxyvanillic acid,
Catechol and Guaiacol

Ferulic acid and Catechol

B-aryl ether, Veratryl alcohol, Salicylic acid, Acetovanillone, 4-(1-hydroxyethyl)

guaiacol, vanillic acid, Vanillin and 5-carboxyvanillic acid

5,5'-DDVn and Catechol

Pinoresinol
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6. Conclusions

It has been demonstrated that functional screening of genomic DNA libraries
for lignin-degrading enzymes can be performed in liquid medium for inducible gene
constructs in E. coli after lysing cells using ABTS as a substrate. It has also been
proved that conducting functional screening for ligninases is difficult to perform on
solid agar plates, since the screening process includes addition of several reagents. In
addition, the cells needed to be lysed as the substrates cannot be taken by E. coli.

Thus, on the basis of these findings, a functional screening method has been adopted.

The results of screening of genomic DNA libraries of Sphingobacterium sp. T2
using the adopted screening method suggest that there are no lignin peroxidase or
laccase enzymes in the genomic DNA libraries of the strain, which may indicate that
Sphingobacterium sp. T2 lacks these enzymes and that a different type of enzyme
may be responsible for its high lignin degradation ability. Two enzyme candidates
have been identified based on bioinformatics and proteomic analysis; catalase

peroxidase (KatG) and superoxide dismutase (SOD1 and SOD2).

It was shown that Sphingobacterium sp. T2 KatG displayed weak oxidation
ability toward some common lignin peroxidase substrates (guaiacol, DCP, and
ABTS) and it cannot degrade B-aryl ether lignin model compounds as homologous

enzyme from Amycolatopsis sp. 72vi2.

On the other hand, SOD enzymes displayed high activity for oxidation of
Organosolv lignin producing multiple reaction products. It has also been illustrated
that these enzymes (SOD1 and SOD2) can degrade Kraft lignin, lignocellulose

(pine), 3 lignin model compounds and 12 monocyclic aromatic compounds.

Page | 202



CHAPTER S1X: CONCLUSIONS

It has been presented that both SpMnSOD enzymes are manganese containing
enzymes. It was also shown that SpMnSODs do not possess any specificity toward
certain lignin model compounds or monocyclic aromatic compounds. Through
structure of the reaction products, the oxidizing species responsible for high
reactivity of these enzymes (SpMnSOD1 and SpMnSOD?2) has been proposed and
several types of reactions catalysed by SpMnSODs have been recognised which
include: Cy-Cp oxidative cleavage, aryl-C, oxidative cleavage, decarboxylation,
demethoxylation, hydroxylation of phenolic compounds, Ipso-substitution by —OH
group, dihydroxylation of alkene, oxidative aromatic ring cleavage and benzylic

oxidation.

This is the first demonstration that shows the direct involvement of superoxide
dismutase in the depolymerisation of lignin. The discovery of novel enzymes such as
SpMnSODs could in principle enable synthetic biology to be used in the production
of valuable chemicals from Organosolv lignin or Kraft lignin, and even from raw

material such as untreated lignocellulose (pine powder).
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7. Experimental

7.1. General information

All chemical reagents and solvents were purchased from Sigma-Aldrich UK,
VWR, Fischer Scientific or Invitrogen unless otherwise stated and were used as
received. All experiments were performed at room temperature (about 23°C). All

biological procedures were conducted under sterile conditions.

Organosolv Lignin (from CIMV company, France) provided by C. Taylor.
Alkali lignin purchased from Sigma-Aldrich. The source of lignocellulose in
experiments were miscanthus and pine milled in a Retsch grinding mill (model RM

200) sieved through a 0.5 mm mesh.

Genomic DNA libraries of Sphingobacterium sp.T2 and M. phyllosphaerae
were provided by prof. E. Willington, Life Science, University of Warwick. Table

7.1 is a summary of the DNA libraries.

Table 7.1. Summary of libraries provided

Average estimated the
Type of
Strains Type of vector insert size of the

libraries

size genome

pCF430
Plasmid Sphingobacterium sp. 4.75 Kbp 3.4 Mbp
(Figure 7.1)

Plasmid M. phyllosphaerae pCF430 N/A N/A
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CopyControl™pCC2FOS™
Fosmid Sphingobacterium sp.

(Figure 7.2)

35 kbp 3.4 Mbp

The plasmid libraries of both of Sphingobacterium sp. T2 and M.

phyllosphaerae were transformed into Transformax EC100 electrocompetent E. coli

cells (Epicentre). Twelve colonies of each of Sphingobacterium sp. T2 and M.

phyllosphaerae plasmid libraries were picked for estimation of total genome

coverage. For Sphingobacterium sp. T2 library, 33.3%

of clones has an insert of

average size 4.75 Kb while M. phyllosphaerae library contains no insert in 12 clones

tested. The estimated size of Sphingobacterium sp. T2 genome was 3.45 MB. The

Fosmid libraries were prepared using CopyControl™ Fosmid Library Production

Kit. The average size of fragments is 35kb. They

TransforMax™ EPI300™ E. coli.

Apa | 6973

HindIII Bsa | 6811

PLF430  ParaBAD il

10.1 kb

parB

Xbal
EamHI
Smal
Epnl
Sacl SnaB | 5632

Smal ., 1acIl

BstX | 5086

Hpa 1 7630
Pcil 7483

were transformed into

Eco721 361

Sca | 805

CopyControl™
pCC1FOsS™

8139 bp

redE BsStz17 | 1844

Sac Il 2483

EcoN | 3470

Afe | 4567

Figure 7.1. pCF430 vector map.

The mco and DypB constructs (from Rhodococcus

Figure 7.2. pCC1FOS™ vector map.

jostii RHAT) were kindly

provided by Dr. E. Hardimam. Dimeric lignin model compound (2-(2, 6-

dimethoxyphenol)-1-(4-hydroxy-3,5-dimethoxyphenyl)-1,

3-propanediol)
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synthesised by M. Ahmed. 5,5’-Dehydrodivanillin and 2-methoxyhydroqunone were

synthesised by Y. Liu.

7.1.1. Laboratory instruments and equipment

The tools and equipment used are listed below:-

Balances Oxford A1204.
Sart®rius laboratory L2200P
Autoclave Prioclave autoclave
Shakers Innova 44 shaker
Innova 4300 shaker
Centrifuges Fisher Scientific AccuSpin Microcentrifuges
Eppendorf Centrifuge5415R
Eppendorf models 5810R or 5804R.
Sorval Rc 6 Plus centrifuge with an SLA-3000.
Spectrophotometers Thermo BioMate3 spectrophotometer
Varian Cary 1 UV/ Visible
Varian Cary 50 Bio UV/ Visible
GENios Microplate Reader (Tecan, Switzerland)
NANODROP LITE Spectrophotometer (Thermo Scientific)

Thermocycler Eppendorf Mastercycler Personal.
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Electrophoresis system

Transilluminator

Cell disrupter

Fast Protein Liquid

Chromatography (FPLC)

High-performance liquid

chromatography (HPLC)

Gas chromatography-mass

spectrometry (GC-MS)

Liquid chromatography-mass

spectrometry (LC-MS)

BioRad Mini-protein

BioRad Mini-Sub Cell GT system ( Agarose gel
electrophoresis)

UVP Ultraviolet (UV) transilluminator
pneumatic cell disrupter (ConstantSystems, UK)

AKTAFPLC system consisting of a P-920 system pump connected

to a UPC-900 monitor (GE Healthcare, UK).

Agilent 1100 Series, Agilent  Technologies, Cheshire, UK

equipped with:-

quaternary pump (G1311A) and photodiode array detector

(G1315A).

Agilent 1200 Series, Agilent Technologies, Cheshire, UK

equipped with:-

quaternary pump (G1311A) and variable wavelength UV detector

(G1314B)

ion trap mass spectrometer Varian 4000 GC-MS system
with silica capillary column (30 m x 0.25 mm)

Agilent 1200 Series system equipped with a DAD photodiode
detector (G1315B) connected to a Bruker HTC-Ultra ESI mass

spectrometer (Coventry, UK)
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Low-resolution ESI  mass Bruker Esquire 2000

spectra

7.1.2. Buffers and solutions

Buffers and solutions prepared according standard procedures unless otherwise
specified. All solution and buffers were made with deionized water. Buffers were

filtered through 0.2 pm filter or autoclaved then stored at 4°C [193].

5x M9 salts 64 g Na,HPO,4-7H,0
15 g KH,PO4
2.5 g NaCl
5.0 g NH4Cl
H>O added to 1000 mL

Sterilize by autoclaving

M9 media 200 mL of MO salts

(minimal medium) 2 mL of 1 M MgSO4 (sterile)
20 mL of 20% glucose (or another carbon source)
100 pL of 1 M CaCl, (sterile)

H,O added to 1000 mL
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Trace element solution 5 g of Citric Acid,
5 g of ZnSO, * 7TH,0,
1 g of Fe(NH4)2(SO4)2.6H20
0.25 g of CuSO4. SH20O
0.05 g of H3BO3
0.05 g of NaxM004.2H,0
H>O added to 1000 mL
Sterilize by autoclaving
Luria-Bertani (LB) 1 g Bacto-tryptone
medium
0.5 g Bacto-yeast extract
1 g NaCl

H>O added to 100 mL

pH adjusted to 7.2; autoclaved

LB agar 1.5 g Bacto agar

100 mL LB medium added to

autoclaved

Potassium phosphate buffer 100 mM pH 7.5

16 mL of solution A (200 mM KH>PO4 (27.2 g/L))
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84 mL of solution B (200 mM KoHPO4 (34.8 g/ L))

H>O added to 200 mL

Tris-HCI buffer 100 mM pH 8
12.1 g Tris base in 800 mL H>O
pH adjusted to 8.0 with HCI

H>O added to 1 liter

Glycine-HCl buffer 200 mM pH 3.0
50 mL of solution A (200 mM Glydine (1.5 g/L))
11.4 mL of solution B (200 mM HCI (17.18 g/L))

H>O added to 200 mL

Glycine-NaOH buffer 200 mM pH 10.0
50 mL of solution A (200 mM Glycine (15 g/L))
32 mL of solution B (200 mM NaOH (8 g/L))

H>O added to 200 mL

Acetate buffer 200 mM pH 5.0
50 mL of solution A (200 mM Acetic acid (11.55 g/L))

32 mL of solution B (200 mM sodium acetate (16.4 g of C,H30,Na/
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Antibiotics

4x SDS-PAGE

Sample buffer

SDS-PAGE

running buffer

L))

H>O added to 200 mL

100 mg/mL Ampicillin;
40 mg/mL Kanamycin
30 mg/mL Chloramphenicol in ethanol

24 mg/mL Tetracycline in ethanol

2.5 mL of 500 mM Tris-HCI pH 6.8
2 g of Glycerol

0.4 g of SDS

20 mg of Bromophenol Blue

400 pL of 2-Mercaptoethanol

H,O added to 5 mL

3 g of Tris base
14.4 g of Glycine
1 g of SDS

pH adjusted to 8.3

H,0 added to 1000 mL
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6x DNA loading dye

Coomassie

staining solution

De-stain for Coomassie

Dithiothreitol (DTT)

200 mg of Bromophenol Blue

60 mL of Glycerol

40 mL of 60 mM EDTA

0.1 g Coomassie R250

10 mL glacial acetic acid

40 mL methanol

50 mL water

100 mL methanol

50 mL glacial acetic acid

350 mL water

IM

1.55 gof DDT

H>O added to 10 mL
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7.1.3. Bacterial Strains

Unless otherwise stated all bacterial strains were the property of the chemical

biology department, University of Warwick.

The following wild-type strains were used:

e Rhodococcus erythropolis

e Microbacterium phyllosphaerae

e  Microbacterium Luteus

o Sphingobacterium sp. T2

e Bacillus subtilis DSMZ 10

The following Escherichia coli were used:

» FE. coli DH5a

« E. coli BL21 (DE3)
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7.2. Methods

7.2.1 Culture condition

The bacterial strains (Section 7.1.3.) were grown in Luria-Bertani (LB)
medium (1% w/v tryptone 0.5% w/v yeast extract 0.5% NaCl in distilled water),
from a single colony. Stocks of bacteria were stored at -80° C in cryovials of 10%
glycerol (v/v). LB agar plates were produced by the addition of 1.5% Bacto-Agar in
LB broth. Overnight cultures were grown in 50 mL glass tubes in a shaking incubator
(180 rpm) at 37°C unless otherwise stated. LB-agar plate cultures were incubated
statically at 37°C. When required media was supplemented with antibiotics at the
concentrations and solvents shown in Section 7.2. All antibiotics were filter

sterilised.

7.2.2. Nitrated substrates

All nitrated substrates (nitrated-milled wood lignin, nitrated-Alkaline lignin
and nitrated-B-aryl ether) have been provided kindly by C. Taylor except nitrated

organosolv lignin which was prepared as follows.

7.2.3. Nitration of organosolv lignin

The nitration of lignin (organosolv) was performed as demonstrated previously
[62]. To 25 mg of lignin 5 mL of glacial acetic acid was added, shaken and stirred,
then filtered. Concentrated nitric acid (5 drops) was added to the supernatant, and the
reaction mixture was stirred under foil at for one hr. After one hour at room

temperature water (2 mL) was added and the mixture was neutralised to pH 7 using
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NaOH (1.0 M). The resulting yellow solution was diluted 25-fold with Tris-HCl

buffer pH 7.4 and used as stock solution UV-vis assay.

7.2.4. Nitrated spray test on Luria Broth agar plates

Five LB agar plates for each of bacterial strains were streaked and grown
overnight at 37°C or 45°C (for Sphingobacterium sp. T2). One of these plates for
each bacterial strain was sprayed with nitrated- MWL, Alkaline lignin, Organosolv
Lignin or nitrated B-aryl ether (4 mg/ 100 mL) and the others were sprayed with
sterilised distilled water. After 1 and two days, the plates were checked for colour

development.

7.2.5. Nitrated spray test on minimal media agar plates

The above protocol was used, but instead of LB agar media M9 media agar
plates ( for 100 mL, 1,128 g of 5 x M9 salts, 1.5 g of agar, 2 mL glucose (1 M),

200 uL MgSO4 (1 M), 10 puL and CaClz (1 M)) were used.

7.2.6. Nitrated lignin UV-vis assay

A total of 10 mL of LB media was inoculated with a single colony of each of
M. Phyllosphaerae, Sphimgobacterium sp., M. Luteus and R. erythropolis under
sterile conditions. All strains were incubated overnight at 37 °C (except for
Sphingobacterium sp. T2, which was grown at 45°C). When the ODsoo of cultured
solutions reached 0.7 to 0.9, the solutions were centrifuged at 10,000 rpm for 5 min

and supernatants were used in the assay.
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The assay was carried out as previously described [62]. Nitrated lignin
substrates (160 uL), bacterial supernatants (30 uL), and Tris buffer pH 7.4 (10 pL) or
2 mM final concentration of H>O» in the same buffer (10 pL) were added to each
well of a 96 well plate. For experimental controls, the cultural supernatant was
replaced with Tris buffer pH 7.4. The concentration of nitrated lignin substrates were
4 mg/ 100 mL and the absorbance was measured at 430 nm over 20 min at 1 min

intervals using a TECAN GENios plate reader.

7.2.7. Testing different substrates with E. coli containing dypB and mco

constructs on agar plates.

The recombined dypB and mco were prepared previously in the Bugg group. In
addition, the empty vector which was used for the recombination process and the
recombined dypB were transformed into E. coli BL21. Therefore, recombined mco

was transformed into E. coli BL21 using protocol described bellow:-

Transformation of recombined mco into E. coli BL21star (DE3) one shot®

One vial of BL21 cells was thawed on ice then 2 pL of plasmid DNA
containing mco construct (5-10 ng) was added and mixed gently with the pipette tip.
The mixture was incubated for 30 min on ice. Heat shock was performed by
transferring the mixture into a water bath for 30 seconds at 42°C without shaking,
and then the mixture was returned to the ice immediately. At room temperature, 250
pL of S.O0.C medium was added to the transformation mixture and vial capped
tightly. For better aeration, the vial was taped on its sides then incubated at 37°C for
30 min with shaking (200 rpm). Finally, 100 pL of the transformation reaction plated

on LB agar plates containing 30 pg / mL Kanamycin.
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For developing a screening method E. coli strains containing dypB, mco and
control (empty vector) were used to imitate DNA examine known lignin degrading
enzyme substrates. Several substrates have been reviewed in four different ways as

following:-

1. The addition of the substrates into media before plating.

2. Spraying of the substrates after growth.

3. The addition of the substrates to wells on agar plates (produced by cutting

agar).

4. The addition of the secondary agar layer containing substrates on to grown E.

coli plates.

All of these approaches minimal medium (( for 100 mL, 1,128 g of 5 x M9
salts, 2 g of agar, 2 g glucose, 200 puL MgSO4 (1M), 10 pL, CaClz (1IM) and
Kanamycin (30 pg /mL)) were used as basal medium, but in some of theses methods

additional materials were added (see bellow for details).

7.2.7.1. The addition of the substrates into the medium before plating.

The concentration for each of the substrates, IPTG and H2O-, are listed in Table
7.2. The substrates to be tested were filter sterilised and added to the basal medium
with IPTG. For each experiment, three plates were streaked with the E. coli strains
containing dypB, mco constructs and control, separately. The plates were incubated
at 37°C for 24 hrs. When the bacterial colonies were visible (after 24 hrs), H,O> or
veratryl alcohol were sprayed. Subsequently, all plates were compared with their

corresponding control daily up to 10 days.
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Table 7.2. Concentration of substrates, IPTG and H,O; used in the method described above (Section

72.7.1),

Substrates

ABTS

DCP *

Guaiacol

Remozal B B R

Azure B

Phenol Red

Tannin

Bromophenol Blue

Methylene Blue

Substrate

1,4,8 & 16 mM

0.1 mM

4 & 8§ mM

0.04 % (W/v)

0.01 % (W/v)

0.01 % (w/v)

0.1 % (w/v)

0.1 mM

0.1 mM

Final concentration

IPTG

0,0.5 &1 mM

0.5 mM

0,0.5 &1 mM

0& 0.5 mM

0 mM

0 mM

0 mM

0&0.5 mM

0&0.5 mM

*4-Aminoantipyrine was also added to DCP in the ratio of 1:5.6.

7.2.7.2. Spraying of the substrates after growth.

H>0,

0,2,5 & 10 mM

0 & 10 mM

0,2,5& 10 mM

0 &2, mM

0 mM

0 mM

0 mM

2 mM Veratryl alcohol

2 mM Veratryl alcohol

Strains were plated on basal medium containing CuSOs at 1 mM final

concentration and incubated overnight at 37°C then plates were sprayed with IPTG

(20 mM) for inducing protein expression or with sterilised distilled water. The plates

were incubated at room temperature overnight then sprayed with substrates (ABTS at

20 and 40 mM; Guaiacol at 50 mM; DCP at 10, 20, & 50 mM (4-Aminoanitpyrine

was also added to DCP in ratio of 1:5.6); nitrated alkaline Lignin at 4 mg/mL) then
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they were checked after 30 min, 1 hr, then daily until 10 days after any changein
colour against their associated control. The experiments were repeated, but H,O: (5,
10 & 50 mM), or sterilised water was sprayed after spraying of the substrates. When
the sprayed H>O» or water has been dried under sterile conditions, cell lysis reagent
(CelLytic™ B 10x) was diluted 10 fold and sprayed onto the plates as well. The
plates were checked for colour change after 30 min, 1 hour, 1 day and then daily up

to 10 days at room temperature.

7.2.7.3. The addition of the substrates to wells on agar plates (well test).

Prior to streaking the recombinant £ coli strains onto agar plates (basal medium
with 0.2 % (w/v) urea, 0.01% (w/v) yeast extract, 0.001% (w/v) FeSOas, 0.001%
(w/v) CuSOy4, and 0.001% (w/v) MnSOQO4) 5 equally distanced wells were cut on agar
plates. The strains were induced after growth overnight at 37°C by adding IPTG (1
mM; assuming the volume of agar medium in each plate as 20 mL) to wells and
plates were incubated at 30°C overnight. Subsequently, the substrates (few drops)
were added to wells in agar plates. Each well in agar plates was used for testing the
effect of H202 (0 or 1 mM) and/or cell lytic reagents, then plates were monitored for
any change in colour after 30 min, 1 hour, 1 day and then daily up to 10 days at room
temperature. The concentration and types each of substrates and cell lytic reagent is

listed in Table 7.3.
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Table 7.3. The concentration and types each of substrates and cell lytic reagents used in the well in

agar plates test.

Substrates concentrations
Substrate Cell lytic reagents (50 ul)
ABTS 40 mM C| RLR2&R3 gq 2 RIR2 &R3
DCP* 5 mM Cl1 R and C2
Guaiacol 10 mM C| RLR2&R3 g4 2 RLR2 &R3
Remozal B B R** 0.04 % Cl RI&€R2gnd C2 RI& R2

*4-Aminoanitpyrine was also added to DCP in the ratio of 1:5.6. ** added to the medium before pouring the agar.
C1: concentrated reagent and C2: diluted reagent 1:2 with sterile water. R1: CelLytic ™ B 10X (Sigma-Aldrich), R2:

BugBuster Protein Extraction Reagent (Novagen) and R3: B-PER Protein Extraction Reagents (Thermo).

7.2.7.4. The addition of the secondary agar layer containing substrates onto

grown E. coli plates.

The E. coli strains containing recombined dypB and mco were cultured on
primary agar (the same medium used in well test) at 37°C overnight. The secondary
agar layer ( 1% (w/v) agar and 30 pg/mL Kanamycin) were poured on it containing
substrate (ABTS at 40 mM; Guaiacol 50 mM; Phenol red at 0.001% (w/v); Azure B
at 0.001 and 0.002% (w/v) , separately) to be examined and IPTG (0.5 mM). After

overnight incubation, the plates were checked for colour change daily up to 10 days.
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7.2.8. Testing ABTS with E. coli containing dypB and mco constructs in liquid

culture after lysing the cells.

7.2.8.1. Testing lysis ability of CelLyticTM B 10x.

Single colony of E coli strain containing recombined dypB, or empty vector
(pET200) was grown overnight in 10 mL of LB containing 30 pg/mL Kanamycin.
Then 100 pL of the culture was transferred into fresh 10 mL of LB containing 30 ug
/mL Kanamycin and incubated at 37°C. When the OD600 of the culture medium was
between 0.6-0.8 IPTG (0.5 mM final) was added and incubated overnight at 15°C.
After induction, the cells were harvested by centrifugation at (10000 rpm for Smin)
the culture medium. The cells were lysed by adding 500 pL of CelLyticTM B
(diluted 10 fold with 100 mM K-phosphate buffer pH 6) only, with sonication or
lysozyme (1 mg/mL) added to buffer and incubated for 1 hr at 37°C. The lysed
culture solutions were centrifuged at 1600 rpm for 15 min. Finally, ABTS assay was
used for detection (visually) of enzyme activity (100 puL ABTS in K-phosphate
buffer (pH 6) with to 30 pL cell lysate and 70 pL of the same buffer with H>O> (1

mM final concentration)).

7.2.8.2. Testing E. coli containing dypB and mco constructs in liquid culture

after lysing the cells with lysozyme and Tween-20.

The above approach was repeated (Section 7.2.8.1.) for testing of E coli strain
containing recombined dypB, mco or empty vector (pET200), but instead of using
CelLytic™ B a cell lysis reagent (100 mM K-phosphate buffer (pH 6) containing 1
mg/mL lysozyme and 0.25% (v/v) Tween 20 ) with incubated at 37°C for 1 hr was

used. Moreover enzymes activity was detected spectrophotometrically rather than
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visually using the plate reader (TECAN GENios at 430 nm) with ABTS (100 uL
ABTS in K-phosphate buffer (pH 6) with to 30 pL cell lysate and 70 uL of the same

buffer with or without H>O> (2 mM final concentration)).

7.2.9. Screening method for genomic libraries for LiP and laccases

The method included growing single bacterial colonies in 150 pL LB with
antibiotic in sterile 96-well plates (300 pL capacity) overnight. Then diluting the
culture medium 1:20 with fresh medium (800 pL) and transferring it into the 96-deep
well (2 mL capacity). After 4 hrs (when, the ODsoo is between 0.6-0.7) the cells will
be induced by adding 0.5 mM IPTG (or another inducer) with 1 mM of each of
CuSO4, FeSO4 and MnSO4 and incubation overnight at 15°C. The cells were
harvested by centrifugation (1600 xg for 10 min). Then they were lysed with 500 pL
of the lysis reagent (described in Section 7.2.8.2.), and the cell debris was removed
by centrifugation (1600 xg for 15 min). Finally, the extracted enzymes were detected

spectrophotometrically with the ABTS assay.

7.2.9.1. Pilot screening experiment

A single colony of each E. coli strain containing dypB construct and E. coli
control (containing pET200 vector) were inoculated in 10 mL LB medium with
Kanamycin (30 pg/mL) separately then incubated at 37°C for 4 hrs. A total of 100 uLL
of E. coli containing dypB construct was mixed with 900 pL of E. coli control. 10 uLL
of the mixture was plated on LB agar containing Kanamycin (30 pg/mL). After
overnight incubation at 37°C, the colonies (about 100 colonies were chosen arbitrary)

were used for screening using the method demonstrated in Section 7.2.9.
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7.2.9.2. Preliminary screening experiment

For screening of Sphingobacterium sp.T2 plasmid libraries a screening method

described in Section 7.2.9. was used.

7.2.9.3. Trial screening experiment

In this experiment the screening method in Section 7.2.9. was modified as

follows:-

The whole plasmid libraries of Sphingobacterium sp. were divided between
190 well of sterile 96-well plates and one well per each plate was left as a control.
They were grown overnight at 37°C in 150 pL LB medium with tetracycline (12 pg
/mL). A volume of 30 pL of overnight culture medium was transferred into new
wells of 96-deep well plates which contain fresh LB (800 puL) with antibiotic
(tetracycline 12 pg /mL) and grown at 37°C until ODgoo reached to 0.6. Subsequently
the libraries were induced overnight at 15°C by arabinose (50 mM) and 1mM (final
concentration) of each of FeSO4, CuSO4 and MnSO4 were also added. After
induction the 96-well plate was centrifuged at 1600 rpm for 10 min then the cells
were lysed by 500 pL of 100 mM K-phosphate buffer (pH 6) containing 1 mg/mL
lysozyme and 0.25% Tween 20. The cell lysates were centrifuged (1600 rpm 15 min)
and supernatants were checked for enzyme activity using the ABTS assay as

described in previous section 7.2.8.

7.2.10. Bacterial genomic DNA extraction

Genomic DNA was isolated using Wizard SV Genomic DNA (Promega) kit

according to the manufacturer’s instructions. From 5 mL overnight cultures of
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Sphingobacterium sp. T2 cells were harvested, the supernatant removed and the
cells re-suspended in 600 uL of nuclei lysis solution and incubated at 80°C for 5 min.
RNA was then digested using 3 uL of RNAse at 37°C for 15 min and the sample
cooled to room temperature. Proteins were then precipitated with 200 puL of protein
precipitation solution and vortexed vigorously for 20 sec before incubating on ice for
5 min. Precipitated proteins were then pelleted by 3 min 60 centrifugation at 13,000
xg and the DNA containing supernatant transferred to a clean tube containing 600
uL of isopropanol to precipitate the DNA. The DNA was then harvested by
centrifugation (13,000 xg for 2 min) and the supernatant discarded. The pellet was
washed with 70% ethanol (ice-cold) and harvested. The supernatant was discarded
and the pellet allowed to dry before being re-suspended in nuclease-free water to the

desired volume.

7.2.11. Plasmid DNA extraction

Plasmid DNA was isolated using GeneJET™ Plasmid MiniPerp Kit according
to the manufacturer’s instructions. Briefly, from 5 mL of overnight culture the
bacterial cells are harvested and lysed by high alkaline conditions. The plasmid DNA
is then neutralised and adsorbed on a QIAprep membrane, washed then eluted with

nuclease free water.

7.2.12. Purification of PCR products

PCR amplicons required for further applications were purified to remove
excess primer and nucleotides using a Wizard® SV Gel and PCR Cleanup Kit

according to the manufacturer’s instructions. Products excised from agarose gels
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were purified using a GeneJET™ Gel Extraction Kit according to the manufacturer’s
protocol. Briefly, the agarose gel was dissolved and the DNA bound to a membrane.

This was then washed and eluted with nuclease-free water.

7.2.13. Agarose gel electrophoresis

DNA preparations were routinely separated by agarose gel electrophoresis.
Agarose concentration was 0.8%, and TAE buffer (40 mM tris-HCI acetate, 1 mM
EDTA) was used. Gel Red was added to the gel as DNA staining agent. DNA
samples were mixed with DNA loading buffer (0.25% (w/v) bromophenol blue, 30%
(v/v) glycerol) to a ratio of 4:1 and loaded into the wells of the solid agarose gel
submerged in TAE buffer and run at 80-100 V. All samples were compared to one
Kilobase DNA ladder (Invitrogen™). The DNA was visualised on a UV

transilluminator. Photographic records were taken using UV-Transilluminator.

7.2.14. Quantification of DNA by spectroscopy

The concentration of the DNA was measured by NANODROP 2000
spectrophotometer and 2 pL of elution buffer or water was used as blank. 2 uL of
the plasmid was used for measurement. The NanoDrop method determines
absorbance at 260 nm. A conversion factor of 50 for DNA for every unit of

absorbance represents an estimated 50 pg/uL.

Page | 225



CHAPTER SEVEN: EXPERIMENTAL

7.2.15. Cloning of SOD2

7.2.15.1. DNA restriction

DNA sequence encoding the second SOD gene (SODA2) was amplified by
PCR and cloned into pET 28a* using to restriction enzyme (Thermo Scientific™
FastDigest BamHI and FastDigest Nedl). PCR product was purified using
purification kit. Digestion of plasmid and PCR product were performed according to
the manufacturer’s instructions. 20 units of enzymes (FastDigest BamHI and
FastDigest Nedl) were used in a reaction mixture containing a green buffer

(Thermo), 10 uL of DNA and incubated at 37°C for 10 min in a water bath.

7.2.15.2. Ligation

The digested vector (pET28a" ) and PCR product separated on agarose gel
and purified using method described in Section 7.2.13. The ligation reaction was set
at 1: 3 vector to insert ratio and final reaction volume 20 pL. The vector (100 ng, 1
uL), 12 pL insert, 2 pL of 10x ligation buffer, 2 uL of T4-DNA-ligase (Thermo
Scientific™) and 3 pL H>O. The reaction mixture was incubated at room
temperature overnight. The ligated mixture (3 to 5 pL) was used for transformation

into competent bacteria.

7.2.15.3. Oligonucleotides

KatG primers were synthesised by Invitrogen™ while both SODA1 and
SODA2 primers were synthesised by Sigma-Aldrich (Table 7.4). The

oligonucleotides were centrifuged briefly and re-suspended in nuclease-free water to
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a concentration of 100 mM. These solutions were diluted further to make 10 mM

working solutions.

Table 7.4. Primers used in this study.

Primer name Sequence (5°>3°) application

Sphingo_katG_F CACC ATG AAC AAA GGA ATT GCA GGT GC
Amplification of KatG

gene

Sphingo_katG_R TTA ATT TTG ACG GGC AAT GAC ATC A
SOD87-F CAC CATG ATG AAG ATG AAT ATTTTT AAG ACT G
Amplification of SODI
gene
SOD87-R TTA TTT TTT CAA GGC TTT CTC ATA TCG
SOD2FW GAT CTA CAT ATG ATG GAA ATC CAT CAC G
Amplification of SOD2
gene
SOD2Re ACT ATC GGA TCC TTA TTT TTT AGC AGC TGC
MSOD2-F CAC CATG GAA ATC CAT CACGAT CGT C Amplification of SOD2
gene without sequence
MSOD2-Re TTA TTT TTT AGC AGC TGC ATA GTT AG it e gl

7.2.15.4. TOPO Cloning

The PCR products were purified as described prior cloning. The cloning of

PCR products was performed using the Champion™ pET Directional TOPO
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Cloning kit according to the manufacturer’s instructions. The PCR product (2 pL), 1
uL of salt solution and 1 puL of vector mix in a final volume of 6 uLL were incubated

at room temperature for five minutes. Finally, the DNA was transformed.

7.2.15.5. Polymerase chain reaction (PCR)

The DNA fragments were amplified from the Sphingobacterium sp. T2
genome using primers listed in (Table 7.4). A master mix sufficient for all reactions
was prepared, allowing for a 1 X reaction mix once the DNA template was added (45
uL of mix and 5 puL of the template). The standard reaction mix contained 5 pL of
10x Buffer, 1 pL of 50 mM MgSO4, 1.5 pL of 10 mM dNTPs, 1.5 pL of 10 mM of
each primer and 0.4 pL of Platinum® Taq DNA Polymerase (Fermentas). PCR were

carried out using thermocycler (Eppendorf) and the following cycling profile:

1. Initial denaturation 95°C 5 min.

2. Denaturation 95°C 30 s

3. Annealing 55, 58 and 53°C for KatG, SOD1 and SOD2, respectively 30 s

4. Extension 72°C 2 min for KatG gene and 1 min for both SOD genes.

5. Cycle from step 2 to step 4 35x

6. Final extension 72°C 10 min
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7. Storage 4°C hold

The PCR products were agarose gel extracted.

7.2.15.6. Screening for recombinant DNA

Three methods were employed for the screening of positive clones. The first
method was fast screening using method in which colonies were grown on agar
plates with appropriate antibiotic then digested with lysis solution (10% sucrose, 100
mM NaOH, 60 mM KCI, 5 mM EDTA, 0.25% SDS and 0.01% bromophenol blue).
The cell lysates were analysed on an agarose gel. In the second method, colonies
were grown up individually in 10 mL of LB and plasmid DNA isolated. The
extracted plasmid was screened with restriction endonuclease profiles on agarose gel
electrophoresis. The third procedure which used for finding recombinant DNA was
PCR screening, in which isolated plasmid was used as a template. The primers used
for producing initial PCR product (Table 7.4) was employed in this method for
detection positive clone. The positive clones identified by these methods were sent

for to GATC-biotechnology company for sequencing.

7.2.15.7. Chemical transformation into E. coli cells

After ligation plasmids had been first transformed to Dh5a - E coli strain and
then the positive clones were transformed into BL21 E coli strain for overexpression.
Frozen cells were thawed on wet ice and 5 pL of plasmid DNA added to one aliquot
of cells for 30 minutes. Cells were then placed in a water bath at 42°C for 45 s and

returned to the ice for 2 minutes before the addition of 250 pL of recovery media
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SOC (10 mM MgClz, 10 mM MgSO4 and 20 mM glucose in LB). Cells were
incubated at 37°C for 1-2 hours. 50 uL, 100 uL and 150 pL aliquots were plated onto
selective agar plates and incubated overnight at 37°C. An aliquot of cells without

addition of the DNA was used as a negative control.

7.2.16. Overexpression of proteins

Single colonies of E. coli BL21 strain containing the recombinant gene were
inoculated in 10 mL LB with suitable antibiotic, and the cultures were grown
overnight. The overnight culture (10 mL) was used for inoculation of 500 mL LB
with the same antibiotic and grown for 4 hrs approximately or until the culture
reached mid-log phase. At an optical density at 600 nm between 0.6-0.80. the cells
were induced with 0.5 mM IPTG unless otherwise stated. The culture was then
incubated overnight at 18°C with shaking at 220 rpm. The cells were harvested by
centrifugation (5000 rpm, 15 min) and pellets frozen at -80°C prior to use. The

overexpression fusion protein was confirmed by SDS-PAGE analysis.

7.2.17. Purification of His-tagged protein using Immobilised ion affinity

chromatography (IMAC) under native conditions

The induced cells were resuspended in lysis buffer (10 mM imidazole, 20 mM
Tris in HCI, 0.5 M NaCl pH 8) at 1 mL to 1 g wet weight ratio and PMFS were
added to a final concentration of 1 mM. Cells were disrupted with cell disruptor with
one shot at 20 Kpsi. The disrupted cells were centrifuged at 11,000 rpm for 35 min.
The supernatant was filtered with Whatman® 0.2 syringe filter. The soluble protein

fraction was loaded onto a 5 mL equilibrated Ni-NTA column (Qiagen) with

Page | 230



CHAPTER SEVEN: EXPERIMENTAL

washing buffer ( 20 mM imidazole, 20 mM Tris in HCI, 0.5 M NaCl pH 8) and
washed with 20 mL of the same buffer. The retained protein was recovered using
His elution buffer (300 mM imidazole, 20 mM Tris in HCI, 0.5 M NaCl pH 7.8).
Protein fractions (unbound, washed and eluted) were analysed by SDS-

polyacrylamide gel chromatography.

7.2.18. Sodium dodecyl sulphate SDS-polyacrylamide gel (SDS-PAGE)

Discontinuous SDS-PAGE was routinely used to separate protein preparation.
The gel were prepared according to the method of Laemmli (1970). Resolving gels
(12 %) were prepared by mixing 5.5 mL of 30% (w/v) acrylamide / bis-acrylamide ,
2.82 mL of 1.5 mM Tris-HCIl, pH 8.8, 3.77 mL dH>O, 150 pL of 20% (w/v) SDS,
150 pL of 10 % (w/v) ammonium persulphate and 10 pL TEMED
(Tetramethylethylenediamine). The stacking gel (4 %) was polymerised by mixing
0.5 mL of 30% (w/v) acrylamide / bis-acrylamide , 1.25 mL of 0.5 mM Tris-HCI, pH
6.8, 3.0 mL dHO, 25 pL of 20% (w/v) SDS, 25 puL of 10 % (w/v) ammonium
persulphate and 7.5 uLL. TEMED. Protein samples were diluted with an equal volume
of 2x loading buffer (0.1 M Tris-HCI, pH 6.8, 20 % (v/v) glycerol, 200 mM DTT,
4% (w/v) SDS, 0.2 % (w/v) bromophenol blue) and incubated at 95°C for 10 min.
The samples were loaded into wells and the gel was run in SDS-PAGE running
buffer (25 mM Tris, 192 mM glycine, 0.1 % SDS, pH 8.3) at 200 V until the dye

front reached the bottom of the gel.
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Protein visualisation

To visualise proteins resolved by SDS-PAGE, proteins were stained with
Coomassie Blue reagent. Proteins were fixed for 1 hour in 40% methanol, 10% acetic
acid then stained for 1 hour with Brilliant Blue G and prepared in (0.01 % in ethanol:
water 95:5 (v/v)). The gel was soaked for 1 min in 25% methanol, 5% acetic acid
then de-stained in 25% methanol until the bands were visible. The protein sizes were
determined by comparing the migration of the protein band to a molecular mass

standard (PageRuler Prestained Marker, Fermentas).

7.2.19. Gel filtration chromatography using Superdex 200

A superdex gel filtration column (10 X 300 mm) was equilibrated with 25 mL of 50
mM phosphate buffer, pH 7.8, 0.15 M NaCl at a flow rate of 0.5 mL/min. Then the
enzyme fraction (1.5 mL) derived from IMAC column was applied in the same
buffer for further purification. 1 mL fractions were collected and then analysed by

SDS-PAGE. the absorbance monitored for at 280 nm.

7.2.20. PD10 column

Enzyme preparations were desalted, and/or their buffer exchanged using PD10
Sephadex G25 columns. The columns were prewashed with 25 mL of appropriate
buffer, and then a 2.5 mL of sample was loaded onto the column. The protein was
then eluted with 3.5 mL of buffer. Finally, the column was washed to remove any

remaining salt from the column with approximately 25 mL of buffer prior to re-use.
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7.2.21. Protein assays of Bradford [194]

The total protein content of enzyme preparations were determined using
Bradford protein dye-binding reagent according to manufacturer's instructions.
Bovine serum albumin at concentrations of 1.400, 1.00, 0.500, 0.250, 0.125 mg/mL

were used as standards.

7.2.22. Enzyme assays

7.2.22.1. ABTS assay [84]

ABTS assay was carried out in 1 mL of 50 mM sodium acetate (pH 5)
containing 0.5 mM ABTS, 4.0 mM H;O,, and the appropriate amount of KatG.
Reactions were monitored at 414 nm(eq14 = 36.6 mM™! cm™) which started with the

addition of H,O».

7.2.22.2. Guaiacol oxidation [84]

Guaiacol (100 uM) oxidation was monitored at 465 nm (=26.6 mM ' cm™!) in
1 mL of 50 mM sodium acetate (pH 5) with 4.0 mM H>O> and a suitable amount of

enzyme.

7.2.22.3. Mn oxidation [84]

In 50 mM sodium malonate (pH 4.5) reactions with 1-20 mM MnSO4 and 4
mM H>O; were performed. The formation of Mn**-malonate was monitored at 458

nm (458, 1.93 mM™! cm!). The reaction was started by the addition of H>O,.
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7.2.22.4. Dye decolourising activity of KatG

The dye decolourising activities were assayed spectrophotometrically in 50
mM sodium acetate (pH 5). The reaction mixtures contained 20-250 uM of dyes and
5 uL of purified enzyme (100 pg/mL). The reactions were initiated by adding 4 mM

H>0: and the decrease in absorbance at appropriate wavelength (Table 7.5).

Table 7.5. List of dyes used in for measuring of dye decolourising activity of catalase-peroxidase

KatG.

No Dyes A max Concentration
1 Azure B 651 50 pM
2 RBBR 595 80 uM
3 Bromophenol blue 590 20 uM
4 malachite green 616 20 uM
5 congo red 519 250 uM
6 orange G 510 250 uM
7 BBR250 555 100 uM
8 Bromothymol Blue 430 250 uM
9 Methyl orange 459 250 uM
10 Methylene blue 662 250 uM
11 Phenol red 460 250 uM
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12 Reactive Black 5 579 20 uM

7.2.22.5. Veratryl alcohol [106]

Oxidation of veratryl alcohol was assayed by mixing 100 uM Veratryl alcohol
appropriate amount of enzyme and 4 mM H>O» in 50 mM sodium acetate (pH 5).

The absorbance was measured at 340 nm (e=93 mM 'cm ™).

7.2.22.6. Incubation of KatG with Lignocellulose

Powdered wheat straw lignocellulose (5 mg) was added to succinate buffer (3
mL, 50 mM, pH 5.5), and then KatG (100 pL, 1 mg/mL) added, followed by H>O>
(400 pL, 40 M). The resulting solution was incubated at 30 C for 4 hrs. Aliquots (1
mL) were taken at 1, 3, 5, 24, and 48 hrs. These fractions were analyzed by HPLC.
Aliquots for HPLC (400 pL) were mixed with CCI3COOH (100%, w/v, 40 uL), and
the solution was then centrifuged for 4 min at 10000 rpm. The experiment was also
repeated with hydrogen peroxide replaced with glucose (final concentration of 0.3
mM) and glucose oxidase (final concentration of 0.5 mg/mL). Both experiments
were conducted with and without MnCl, (1 mM). HPLC analysis was carried out
using a Phenomenex Luna 5 um C18 reverse phase column (100 A, 50 mm, 4.6 mm)
on a Hewlett-Packard Series 1100 analyzer, at a flow rate of 0.5 mL/min, with
monitoring at 310 nm. The gradient was as follows: 20 to 30% MeOH/H:O over 5
min, 30 to 50% MeOH/H;0 from 5 to 12 min, and 50 to 80% MeOH/H>O from 12 to

25 min.
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7.2.22.7. Reaction of KatG with Lignin Model Compounds

In glass vials lignin model compounds (5 mM) were prepared in a 2 mL
solution of acetone/water mixture (9:1). To this 3 mL succinate buffer (50 mM, pH
5.5), KatG (25 pL, 1 mg/mL) MnClL (100 pL, 50 mM) and H>O2 (100 pL, 40 mM)
were added. The resulting solution was incubated at 30 C for 48 hrs. Aliquots (1 mL)
were taken at 1, 3, 5, 24, and 48 hrs and analyzed by HPLC. Samples were prepared
for HPLC by adding CCI3COOH to a final concentration of 10% w/v to each aliquot
and centrifuged at 13000 rpm for 5 min prior to analysis. The solution was left for 1
hr and then diluted 100 fold with methanol/water (1:4) prior to injection. For each

model compound, control in which KatG had been omitted was also run.

The experiments were repeated once more in which the H>O» was not directly
added to the reaction but generated by glucose oxidase (final concentration of 0.5

mg/mL) in the presence of glucose (final concentration of 0.3 mM).

The assay was repeated a further time without MnCl,. The HPLC method was

the same as those used in 7.2.22.6.

7.2.22.8. SOD activity

Two methods have been used for determination of SOD activity.

A: Pyrogallol assay performed with a slight modification of procedure reported
[162]. Pyrogallol undergoes autoxidation at high pH, which can be inhibited by SOD
enzyme. Inhibition of pyrogallol autoxidation was monitored at 325 to measure the

formation of oxidized pyrogallol. In an assay, the enzyme (4 pL, 1 mg/mL) was
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mixed with 986 uL of 50 mM Tris-HCI and 0.1 mM EDTA at pH 8.2. After pre-
incubation for 5 min at 25°C, the reaction was initiated by adding of 10 pL of 10 mM
pyrogallol solution in 10 mM HCI. The control experiment was carried out by
replacing enzyme solution with buffer. The change of absorbance at 325 was
measured every 30 s for 4 min at 23°C. A unit of an enzyme is defined as the amount

of enzyme that inhibit the autoxidation rate of pyrogallol by 50%.

B: Ferricytochrome c assay [152]. In this assay, superoxide radicals have been
generated enzymatically using xanthine/ xanthine oxidase system and cytochrome c
as the indicator for superoxide radical anion. The assay mixture (1.0 mL) contained
50 uM xanthine, 20 pM cytochrome ¢, and 10 pL of purified SOD sample (3.5
mg/mL) 50 mM phosphate buffer (pH 7.8), 0.1 mM EDTA,. The absorbance at 550
nm was monitored with a spectrophotometer after the addition of 50 pL of a solution
containing 0.2 units/mL xanthine oxidase. The rate of cytochrome ¢ reduction was
measured by replacing SOD with water. One unit of SOD was defined as the amount
of enzyme, which inhibits the rate of cytochrome reduction by 50% at pH 7.8 and

23°C, calculated from the initial rate reaction.

7.2.23. Measuring metal content with ICP-OES

To determine the metal contents of SOD1 and SOD2, both enzyme purified
and the 6His fusion tag was removed from a fraction of each enzyme. Samples were
prepared by adding 3% nitric acid to 300 uL of 1 mg/mL purified SOD enzymes to
make 5.0 mL using balance. Two series of the standard were used for calibration the
ICP-OES spectrophotometer. The first set was containing a mixture of Cu**, Zn?",

Fe?" and Mn?" in 3% nitric acid, with concentrations of 0.2, 0.4, 0.6, 0.8 and 2 mg/L.
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The second series contain 0.2, 0.4, 0.6, 0.8, 2, 4, 6, 8, and 10 mg/L sulphur

((NH4)2SO4) in 3% nitric acid.

7.2.24. Metal reconstitution

Removal and Reconstitution of the metal ions from SOD enzymes were
performed following reported procedure [158]. To prepare Apoenzymes, purified
SOD1 and SOD2 were treated first with 10 mM EDTA in 8 M urea/50 mM acetate
buffer (pH 3.8) for 16 hrs at room temperature, then dialyzed sequentially against 8 M
urea/50 mM acetate buffer (pH 3.8), 50 mM phosphate buffer (pH 7.0) containing 8

M urea and 50 mM phosphate buffer pH (7.0).

The reconstituted SOD1 and SOD2 with Fe** and Mn?" were prepare by
dialysing their apo-protein was dialyzed for 4 hrs by turns the following buffers at
room temperature, 8M urea 50 mM acetate buffer 10 mM FeSOs or MnSOs, pH 3.8;
8M urea 50 mM phosphate buffer 10 mM FeSO4 or MnSOs, pH 7.0; 4M urea 50 mM
phosphate buffer 10 mM FeSO4 or MnSOg4, pH 7; 2 M urea 50 mM phosphate buffer
10 mM FeSO4 or MnSOg4, pH 7; 50 mM phosphate buffer 10 mM FeSO4 or MnSOs,

pH 7; 50 mM phosphate buffer 0.5 MM EDTA, pH 7.0[162].

7.2.25. Titration of SOD2 with different metal ions

Purified and fusion tag removed apo-SOD2 enzyme was incubated overnight at
room temperature with various metal ions, Cu?", Zn**, Mn** and Fe?**. The metal ions
and enzyme were mixed in 20 mM MOPS buffer pH 7.4 to make 1 mL of 20 uM
SOD?2 solutions containing five different concentrations, 0, 5, 10, 20 and 40 uM for

each metal ion. The superoxide dismutation activity was measured using pyrogallol
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autoxidation assay. The activity of 20 uM SOD2 without metal ion was also

measured.

7.2.26. Incubation of SpMnSODs with organosolv, Kraft lignin and

lignocellulose and lignin model compounds

In 15 mL Falcon tube 5 mg wheat straw organosolv or Kraft lignin or
lignocellulose (fine powdered miscanthus or pine) was added 2.9 mL phosphate
buffer (50 mM, pH 7.8) containing 0.13 mM EDTA, to which 100 uL of SODI or
SOD2 (8 uM, final concentration) was added. Dimethylsulphoxide (DMSO) was
dried with molecular sieve A3.A saturated solution of superoxide was prepared by
adding 150 mg of KO, with 10 mL of dried DMSO under nitrogen. 1 mL of a
saturated solution of KO3 to start the reaction. A control was also prepared in which
SOD enzyme was replaced with the buffer. A liquates of 500 pL were taken at 30, 60

min and 5 hrs, to which 200 uL of 1 M HCI was used to stop the reaction.

7.2.27. Incubation of lignin model compounds with SOD1 and SOD2

In 7 mL glass vial, 2.5 mL of 50 mM NHsHCOs buffer pH 7.8 containing 1.6
mM EDTA was added, to which 100 puLL SOD1 or SOD2 (final concentration of 8-10
uM) and 400 pL of lignin model compound (10 mM of dimeric lignin model
compounds or 100 mM monomeric lignin model compounds) were added. The
reaction was started by addition of 1 mL of saturated KO, After 5 hrs, ] mL of | M

HCI was added to stop the reaction.
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7.2.28. Analysis of degradation products

7.2.28.1. HPLC analysis

The reaction components was filtered using cotton wools and centrifuged at 13
rpm for 10 min, then 50 pL of filtrate was injected to Phenomenex Luna 5 um C18
reverse phase column (100 A, 50 mm, 4.6 mm) on a Hewlett-Packard Series 1100
analyzer, at a flow rate of 0.5 mL/min, with monitoring at 310 and 270 nm. The
gradient was as follows: - 20 to 30% MeOH/H:0 over 5 min, 30 to 50% MeOH/H,0O

from 5 to 12 min, and 50 to 80% MeOH/H>O from 12 to 25 min

7.2.28.2. LC/MS analysis

Samples for LC/MS analysis were extracted with ethyl acetate (twice of the
volume of the samples) then dried using rotary vacuum evaporator. The organic
residues were redissolved in 50% of MeOH. The analysis of samples were started by
injection of 30 uL to reverse phase column Phenomenex Luna 5 um C18 (100 A, 50
mm, 4.6 mm) on Agilent 1200 and Bruker HCT Ultra mass spectrometer, at a flow
rate of 0.5 mL/min, with monitoring at 310 and 270 nm. The solvent system was
water (A) and MeOH (B) containing 1% formic acid (for positive ionisation mode),
starting with 5% of buffer B, 0-20 min %B increased to 30%, held 10 min, then %B
risen to 100% from 30-45 min. 100% of buffer B held 8 min and in the following 8

min 5% B.

7.2.28.3. GC/MS analysis

The degradation products from SOD enzymes incubation were extracted with

ethyl acetate; the organic layer evaporated to dryness. The residues were
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reconstituted with dry chloroform (1 mL) and dried through glass pipettes filled with
50 mg of magnesium sulphate, then analysed by GC-MS directly or silylated with
N,O-bis(trimethylsilyl)acetamide. Silylation reaction for GC-MS was carried out by
mixing 200 pL of samples in dry solvent with 100 pL silylation mixture of
chlorotrimethylsilane (TMCS), N,O-bis(trimethylsilyl)acetamide (BSA) (1:20) and
200 uL of pyridine at 60 for 1 hr and diluted by a factor of 10. The analysis was
performed using a gas chromatograph-mass spectrometer (GC/MS/MS, Varian 4000)
on a Varian Factor Four column (length= 30 m, i.d= 0.25 mm, thickness= 0.25 um).
Electron impact mass spectra (EI-MS) were recorded at ionization energy of 70 eV.
The temperature gradient was as follows: hold at 50°C for 1 min, oven temperature

raised to 300°C at the rate of 7.5°C and then maintained for 5.67 minutes.
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Appendices

A.1. Alignment of KatG amino acid sequence (C-terminal domain) from 32 different
species with Sphingobacterium sp. T2. The species are bacteria (gram-positive and
gram-negative), fungi and archaea. The C-terminal sequence of all of these

organisms not contain heme binding site and show high similarity.
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Mycosphaerelia pini
Phaosphaeria nodorum B
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A.2. Genomic context of Sphingobacterium sp. T2 Mn superoxide dismutase genes

(sodl and sod2, highlighted in yellow). The sod! is located adjacent to an ECF sigma

factor and anti-sigma factor regulatory genes, while sod?2 is located within a cluster

of 14 genes containing two araC transcriptional regulatory genes (regulatory genes

highlighted in blue), and three ABC transporter component genes.

SOD1

Direction

o+ o+

SOD2

Direction

+ 4+ A+ F o+ o+

Gene annotation
Haloacid dehalogenase-like hydrolase
tRNA-Met-CAT
hypothetical protein
hypothetical protein
Manganese superoxide dismutase 1
putative anti-sigma factor
RNA polymerase ECF-type sigma factor
hypothetical protein
3-carboxymuconate cyclase
Survival protein SurA precursor (Peptidyl-prolyl cis-trans isomerase SurA)
cysteinyl-tRNA synthetase

Gene annotation
hypothetical protein
hypothetical protein
Protein secretion chaperonin CsaA
tRNA-specific adenosine-34 deaminase
Manganese superoxide dismutase 2
hypothetical protein
Peptide methionine sulfoxide reductase MsrA
hypothetical protein
Transcriptional regulator, AraC family
Delta-1-pyrroline-5-carboxylate dehydrogenase
Delta-1-pyrroline-5-carboxylate dehydrogenase
hypothetical protein
putative ATP-binding component of ABC transporter
ATP-binding protein
Na+/H+-dicarboxylate symporter
Na+/H+-dicarboxylate symporter
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A.3. DNA sequences of SODI and SOD?2.

A.3.1. DNA sequence of SODI (684 bp).

ATGATGAAGATGAATATTTTTAAGACTGCACTGGTAGCTACAGCTTTATTTGCTACTC
AGACGACATTTGCACAATTTAAACAGACCCCACTTCCATATGCGTATGACGCCTTGGA
AGGAGCTATCGACGCCAAGACCATGGAGATCCACTACAGCAAGCATGCTGCAGGATA
TACGGCCAACCTGAACAAAGCTATTGCAGGAACGCCGGCAGAGAAAGAATCTATAGA
AAATATTTTAGCTAAGGTGTCACAATATTCAGATGCCGTGCGTAATAATGCGGGAGG
CCACTACAACCACGAGCTGTTTTGGTCTATCCTAACCCCTAACAAGGGTACTAAACCT
TCGGCAGCCTTACAGAAGGCTATAGACGAAACGTTCGGTTCCTTGGATGCCTTGAAA
GAAAAAATCAATGCTGCAGGTGCGGCACGCTTCGGTTCGGGATGGGCATGGCTTATC
GTGGACAATGGAGGCAAGCTGCAGGTAACCTCCACCCCTAATCAGGACAATCCGCTC
ATGGATTTTACTAAAGAAAAGGGAACGCCAATCTTGGGTATAGATGTGTGGGAACAT
GCCTACTATCTAAGATATCAAAATAAGAGAGCGGACTATCTCACCACGATCTGGGAT

GTTATCAACTGGGAGGAAGTATCGGCACGATATGAGAAAGCCTTGAAAAAATAA

A.3.2. DNA sequence of SOD?2 (543 bp).

ATGGAAATCCATCACGATCGTCACCACCAAGCTTATGTGGATAACTTAAACAAAGCTA
TTGCTGGTACGGATGCAGAGAATGCTTCTTTAGAAGATATTCTTAAAAATGTGAGCAA
ATATTCGGCTGCTGTTCGCAACAATGGTGGCGGTCACTATAACCACAAATTGTTCTGG
TCAATCCTGAGTCCTAACGGTGGCGGTGAACCTAAAGGGGAGTTGGCAGAAGCCATC
AATGCTGCTTTCGGTTCTTTCGCTGAACTGAAGACACAGTTGCAAAATGCAGGTGCTA
CCCGCTTCGGATCGGGCTGGGCTTGGCTGATTGTGGATGAGTCAGGTAAGTTGGCAG
TTACCTCTACACCAAACCAAGACAACCCATTAATGGACGTAGCAGAGGTAAAAGGTA

CACCTATCTTGGGTATTGACGTGTGGGAGCATGCTTATTATTTGAAATATCAAAACAA
ACGTCCGGCTTATTTGGAAGCCATCTTCAATGTAATTGACTGGGATGCTGTAGCCGCT

AACTATGCAGCTGCTAAAAAATAA
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A.4. Sequencing results for SOD1 and SOD2.

A.4.1. Sequencing result of SODI on pET 151 vector.

ATGCATCATCACCATCACCATGGTAAGCCTATCCCTAACCCTCTCCTC
GGTCTCGATTCTACGGAAAACCTGTATTTTCAGGGAATTGATCCCTT
CACCCAATTTAAACAGACCCCACTTCCATATGCGTATGACGCCTTGG
AAGGAGCTATCGACGCCAAGACCATGGAGATCCACTACAGCAAGCAT
GCTGCAGGATATACGGCCAACCTGAACAAAGCTATTGCAGGAACGCC
GGCAGAGAAAGAATCTATAGAAAATATTTTAGCTAAGGTGTCACAAT
ATTCAGATGCCGTGCGTAATAATGCGGGAGGCCACTACAACCACGAG
CTGTTTTGGTCTATCCTAACCCCTAACAAGGGTACTAAACCTTCGGC
AGCCTTACAGAAGGCTATAGACGAAACGTTCGGTTCCTTGGATGCCT
TGAAAGAAAAAATCAATGCTGCGGGTGCGGCACGCTTCGGTTCGGG
ATGGGCATGGCTTATCGTGGACAATGGAGGCAAGCTGCAGGTAACC
TCCACCCCTAATCAGGACAATCCGCTCATGGATTTTACTAAAGAAAA
GGGAACGCCAATCTTGGGTATAGATGTGTGGGAACATGCCTACTATC
TAAGATATCAAAATAAGAGAGCGGACTATCTCACCACGATCTGGGAT
GTTATCAACTGGGAGGAAGTATCGGCACGATATGAGAAAGCCTTGAA

AAAATAA
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A.4.2. Sequencing result of SOD2 on pET 151 vector.

ATGCATCATCACCATCACCATGGTAAGCCTATCCCTAACCCTCTCCTC
GGTCTCGATTCTACGGAAAACCTGTATTTTCAGGGAATTGATCCCTT
CACCATGGAAATCCATCACGATCGTCACCACCAAGCTTATGTGGATA
ACTTAAACAAAGCTATTGCTGGTACGGATGCAGAGAATGCTTCTTTA
GAAGATATTCTTAAAAATGTGAGCAAATATTCGGCTGCTGTTCGCAA
CAATGGTGGCGGTCACTATAACCACAAATTGTTCTGGTCAATCCTGA
GTCCTAACGGTGGCGGTGAACCTAAAGGGGAGTTGGCAGAAGCCAT
CAATGCTGCTTTCGGTTCTTTCGCTGAACTGAAGACACAGTTGCAAA
ATGCAGGTGCTACCCGCTTCGGATCGGGCTGGGCTTGGCTGATTGTG
GATGAGTCAGGTAAGTTGGCAGTTACCTCTACACCAAACCAAGACAA
CCCATTAATGGACGTAGCAGAGGTAAAAGGTACACCTATCTTGGGTA
TTGACGTGTGGGAGCATGCTTATTATTTGAAATATCAAAACAAACGT
CCGGCTTATTTGGAAGCCATCTTCAATGTAATTGACTGGGATGCTGT

AGCCGCTAACTATGCAGCTGCTAAAAAATAA
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A.5. GC/MS spectrums of vanillin (4.1), vanillic acid (4.2), ferulic acid (4.3), 5-

carboxyvanillic acid (4.4), protocatechuic acid (4.5) guaiacol (4.6), catechol (4.7),

pyrogallol (4.8), 2-methoxyhydroquinone (4.9),

2-methoxyquinone (4.10),

p_

hydroxybenzaldehyde (4.11), p-hydroxybenzoic acid (4.12), salicylic acid (4.13),

acetovanillone (4.14) and 4-(2-hydroxyethyl) guaiacol (4.15) before and after

derivatization Bis(trimethylsilyl)acetamide (compound 4.19-4.30).
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A.6. GC/MS spectrums of the reaction products of SpMnSODs treated ferulic acid
(4.3), veratryl alcohol (5.9), p-hydroxybenzoic acid (4.12), salicylic acid (4.13), p-
hydroxybenzaldehyde (4.11), acetovanillone (4.14), 4-(2-hydroxyethyl) guaiacol
(4.15), vanillic acid (4.2), vanillin (4.1), 5-carboxyvanillic acid (4.4), guaiacol (4.6)

and catechol (4.7).

GC/MS spectra of products from SOD1 treated Ferulic acid
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GC/MS spectra of products from SOD?2 treated Ferulic acid
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GC/MS spectra of products from SOD?2 treated Veratryl alcohol
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GC/MS spectra of products from SOD?2 treated p-Hydroxybenzoic acid
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GC/MS spectra of products from SODI1 treated 4-Hydroxybenzaldehyde
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GC/MS spectra of products from SODI1 treated Acetovanillone
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GC/MS spectra of products from SODI treated 4-(1-Hydroxyethyl)guaiacol
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GC/MS spectra of products from SODI1 treated Vanillic acid
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GC/MS spectra of products from SOD?2 treated Vanillic acid
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GC/MS spectra of products from SODI1 treated Vanillin
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GC/MS spectra of products from SOD?2 treated Vanillin

OSiMe,

OSiMe; ‘ ‘ ‘

OCH,

426
RT: 163 min

GC/MS spectra of products from SODI1 treated 5-Vanillic acid
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GC/MS spectra of products from SOD?2 treated 5-Vanillic acid

GC/MS spectra of products from SODI1 treated Guaiacol
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GC/MS spectra of products from SOD2 treated Guaiacol
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GC/MS spectra of products from SODI1 treated Catechol
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