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ABSTRACT

Overexpression, purification and characterization of diverse oxygenases from fungi
Zhuoxuan Yang

Bacteria and fungi are able to grow using diverse -aromatic compounds as sole
sources of energy and carbon (7) (2). These abilities are of interest since many of these
compounds are toxic to higher organisms, which cannot degrade them. While bacterial
enzymes responsible for degradation of aromatics have been quite well studied, relatively
little is known about their fungal counterparts. The aim of this thesis is to expand

knowledge of aromatic compound degradation in fungi.

cDNA libraries from 15 diverse fungal species are available from the Concordia
fungal genomics group and within this database there are many BLAST (Basic Local
Alignment Search Tool) hits to genes encoding enzymes involved in aromatic
degradation pathways. Using bioinformatics techniques, DNA sequences encoding
pufative mono- and dioxygenases that initiate aromatic compound degradation were
identified. Genes encoding these enzymes were amplified and used to construct
recombinant plasmids for overexpression of the corresponding proteins, which were then

purified, characterized and compared to their bacterial counterparts.

A putative salicylate hydroxylase from L. edodes, the shiitake mushroom, and a
putative phenol hydroxylase and a catechol-1,2-dioxygenase from Gloeophyllum trabeum
were expressed in E. coli. The putative salicylate hydroxylase was purified in good yield

using two chromatographic steps. The purified protein contained a 1:1 ratio of non-
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covalently bound FAD (flavin adenine dinucleotide). Interestingly, salicylate was a non-
substrate effector, stimulating production of hydrogen peroxide from NADPH and
oxygen, rather than hydroxylated product formation. In contrast, 2-aminobenzoate was
rapidly converted to 2,3-dihydroxbenzoate. Furthermore, spectroscopic probes of
binding indicated that the modes of binding of salicylate and 2-aminobenzoate are quite
different. Together, these results suggest that the enzyme is not a salicylate hydroxylase,
and that the true substrate is an amino aromatic compound. The putative phenol
hydroxylase from G. trabeum was also purified in good yield using two chromatographic
steps and was found to contain 1 mol of FAD per mol of protein. Uncoupling assays and
product analysis results suggest that the enzyme is a resorcinol-specific hydroxylase,
while phenol is a non-substrate effector. The putative catechol-1,2-dioxygenase was

purified using four chromatographic steps, however, no activity was observed under any

condition.

In summary, potential functions were elucidated for two new fungal flavoprotein
hydroxylases, whose activities were not accurately predicted using sequence comparisons.

Additional work will be required to further examine the activities of the putative catechol

1,2-dioxygenase.
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INTRODUCTION

Aromatic compounds are common environmental contaminants in soil and ground
water, because they are widely used as solvents and intermediates in chemical syntheses
as well as in products such as pesticides and herbicides. Many of these synthetic
compounds cause environmental pollution and human health problems as a result of their
persistence, toxicity, orrbio’.[ransformation into hazardous intermediates (7). However,
since microbes have evolved to degrade naturally-occurring aromatic compounds as sole
sources of carbon and energy, they often have the capacity to fully or partially degrade
man-made aromatics as well (1) (3). Such activities have the potential to be used to
remove aromatic pollutants from the environment, or to clean up chemical wastes. In
contrast, the ability of humans and other higher organisms to degrade aromatic
compounds other than amino acids is limited, and generally involves cytochrome P450-

mediated oxygenation followed by excretion (4).

In the past 20 years, studies have been performed on both aerobic and anaerobic
treatment of aromatic pollutants by using pure or mixed cultures of microorganisms.
Many microbial species that metabolize natural and synthetic organic compounds have
been isolated, pathways have been elucidated (3) and their enzymes have been studied
(e.g. (3) (6) (7) (8)). As aresult of these types of studies, the metabolic strategies that are

used by bacteria for degradation of aromatic compounds are quite well known.



Common features of microbial aromatic degradation pathways

The common aspect of all microbial aromatic mineralization pathways is the
cleavage of the benzene ring. In anaerobic degradation pathways, the ring is first reduced
and then opened (9). In aerobic catabolic pathways, which will be discussed in more
detail here, the ring is opened by the action of a ring-cleavage dioxygenase. As a prelude
to ring cleavage, the ring is hydroxylated: the catabolism of phenol may be considered as
an example (Figure 1); A hydroxyl group is added to phenol by an enzfyme that uses
NADH or NADPH to incorporate one atom of molecular oxygen into the product, while
reducing the other atom to water. Enzymes that catalyze such reactions are called
monooxygenases (10). In the second step, the catechol ring is cleaved to an unsaturated
aliphatic acid by the addition of both atoms of O, into the substrate. Enzymes that
catalyze such reactions are called dioxygenases and they are metalloenzymes which
require iron or manganese for activity (11)(12).

As is shown in Figure 1, ring cleavage of catechol can occur at either of two
positions: between the dihydroxylated carbons, or adjacent to them. Addition of oxygen
between the dihydroxylated carbons is called ortho or intradiol cleavage, and is catalyzed
by Fe’* containing dioxygenases which produce cis, cis-muconic acid. Cleavage adjacent
to the dihydroxylated carbons is catalyzed by meta-cleavage (or extradiol) dioxygenases,

which contain Fe** and produce 2-hydroxymuconic semialdehyde.
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Figure 1: Biodegradation pathways of phenol

An example of an ortho-cleavage enzyme is catechol 1, 2-dioxygenase from
Acinetobacter app., while catechol 2, 3-dioxygenase from Pseudomonas sp. strain CF
600 is an example of a mefa-cleavage enzyme (13) (I4). While different species of

n
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bacteria use ortho- or meta-cleavage pathways, thus far fungi able to completely degrade
aromatic compounds have only been found to do so via ortho-cleavage pathways, and no

fungal mera-cleavage enzyme has been reported.

Oxygenases involved in microbial aromatic degradation

In this thesis, the focus is on putative mono- and di-oxygenases involved in
phenol and 2-hydr0xyb¢nzoate (salicylate) metabolism in two species of fungi. Although
mammalian monooxygenases are, like cytochrome P-450, predominantly membrane-
bound, heme-containing enzymes, microbial hydroxylases are commonly soluble proteins
that contain flavin or non-heme iron prosthetic groups for the activation of O (30).
Electron-donating co-substrates such as reduced nicotinamide adenine dinucleotide or
tetrahydropterine cofactors are always required for monooxygenase-catalyzed
hydroxylation reactions (see step 1, Figure 1), as well as for ring—hydroxylatihg non-heme
iron dioxygenases such as biphenyl dioxygenase. Ring cleavage dioxygenases do not

require additional electrons for the reactions that they catalyze.
Fungal aromatic degradation-growth on aromatic compounds

Although pathways and enzymes involved in bacterial degradation of aromatic
compounds are the most extensively studied, similar pathways and enzymes have also
been reported in fungi that can grow at the expense of aromatic compounds (75). Fungi
can thrive in challenging environments that are unfavourable for bacterial growth, and
thus their degradative abilities may complement those of bacteria. Furthermore, it is

important to know what the degradative capabilities of fungi and bacteria are as aromatic



compounds in the environment are degraded by microbial communites, rather than pure

cultures.

Studies of oxygenases involved in benzoate, hydroxybenzoate and phenol
degradation by fungi have been reported. Benzoate-4-hydroxylases have been purified
from Aspergillus niger (16) and Rhodotorula graminis (17) and shown to require NADPH
for activity. The R. graminarus enzyme was stimulated by FAD while the 4. niger
enzyme was not. Premkumar et al. repdrted that 3-hydroxybenzoic acid can be
hydroxylated to 3, 4-dihydroxybenzoic acid by 3-hydroxybenzoate-4-monooxygenase
from Aspergillus niger, the enzyme was found to be a flavoprotein requiring NAD(P)H
for activity (78). Salicylate (2-hydroxybenzoate) is commonly converted to 2, 3-
dihydroxybenzoate in fungi such as Aspergillus nidulans, A. niger, and
Trichodermalignorum (19). However, Haribabu et al. noted that salicylate can be
converted to 2, 4-dihydroxybenzoate in Aspergillus niger and to 2, 5-dihydroxybenzoate
in Trichosporon sp (19). Finally, Gaal & Neujahr (21) reported a NADPH-dependent
flavoprotein, phenol hydroxylase from Trichosporon cutaneum, that could be expressed

in the presence of phenol. The structure of this enzyme, determined using X-way

crystallography, has been published (20).

Some ortho-cleavage dioxygenases from fungi including enzymes catalyzing the
cleavage of catechol 3, 4-dihydroxybenzoate and 1, 3, 4-trihydroxybenzene have also
been studied,, The 3, 4-dihydroxybenzoate-3, 4-dioxygenase from Rhodotorula
mucilaginosa (17) was reported to be able cleave the ring of 3, 4-dihydroxybenzoate to
fofm 3-carboxy-cis, cis-muconate. This enzyme was found to be a non-heme, iron-

containing protein. Varga and Neujahr purified a catechol-1, 2-dioxygenase from

5



Trichosporon cutaneum (21), which catalyses the ring-cleavage of catechol to form cis, cis
muconate. Catechol ring cleavage activity has also been found in Aspergillis niger,
Penicillium spinulosum and Schizophyllum commune. Karasevich et al. (22) reported the
ring cleavage of 1, 3, 4-trihydroxybenzene by 1, 3, 4-trihydroxybenzene 3, 4-dioxygenase
by Candida tropicalis grown on 4-hydroxybenzoate. Gaal and Neujahr (23) reported the
growth of Trichosporon cutaneum on 1, 3-dihydroxybenzene, with the hydroxylation of
the substrate to 1, 3, 4-trihydroxybenzene, which was subsequently cleaved by an
oxygenase. The ring cleavage of 1, 3, 4-trihydroxybenzene was also reported in

Sporotrichum pulverulentum (22), Rhodotorula rubra and Penicillium citrinum (24).

Some fungal enzymes catalyzing reactions subsequent to ortho-cleavage of the
aromatic ring have also been described. 3-Carboxy-cis, cis-muconate lactonizing enzyme
(CMLE) from Neurospora crassa catalyzes the reversible y-lactonization of 3-carboxy-
cis, cis-muconate by a syn-1, 2 addition-elimination reaction (25). An X-ray structure of
this enzyme has been determined (26). The enzyme functions in the f-ketoadipate
pathway, which is used in N.crassa and other fungi, yeast and bacteria for degradation of

catechol and protocatachuate in aerobic bacteria, fungi, and yeasts (27).

Although other enzyme activities of the B-ketoadipate pathway in fungi have been
described, there is little information in the published literature on their characterization.
Aside from the T.cutaneum phenol hydroxylase (EC #: 1.14.13.7) and T.cutaneum and N.
crassa lactonizing enzyme (EC #: 5.5.1.5) sequences, which are directly linked to

enzyme characterization, there is very little sequence information published for aromatic

degaradation.



Fungal degradation-oxidation of aromatic compounds

In addition to enzymes involved in degrading aromatic compounds that are used
as growth substrates, some fungi are able to oxidize aromatic compounds by virtue of
secreted peroxidases and laccases associated with lignin degradation (29). Lignin is a
nonrepeating heteropolymer of aromatic acids found in plant cell walls. Although it is
generaﬂy resistant to microbial attack, some white rot fungi and a small number of
species of bacterié can metabolize lignin by cléavage of linkages between aromatic rings,
and by ring cleavage to form CO,. In addition to lignin, the ligninolytic systems of some
white rot species have been shown to oxidize a very large variety of compounds. For
instance, Phanerochaete chrysosporium can mineralize a variety of  persistent
environmental pollutants such as indane, benzo(a)-pyrene, DDT (1, 1-bis(4-
chlorophenyl)-2,2,2-trichlorethane) and 2,3,7,8- TCDD (2,3,7,8-terachlorodibenzo-p-
dioxin) (28). It has been suggested that these lignin-degrading white rot fungi could be

used for applications in environmental bioremediation such as the cleanup of toxic

organic chemicals in soils and waters (29).

Studies also have shown that some species of filamentous fungi hydroxylate
complex polyaromatic compounds using monooxygenase enzymes belonging to the
cytochrome P450 superfamily. Cunninghamella elegans, C. bainieri, Mortierella
isabellina, and Beauveria bassiana have all been shown to hydroxylate one or more
polyaromatic hydrocarbons (PAHs) (30). Bezalel er al. suggested that both lignolytic and
cytochrome P450 enzymes are involved in the degradation of PAHs in vivo. In this
scenario, the cytochrome P450 enzymes perform the initial modification of the aromatic
groups followed by degradation of the PAH derivative by the lignolytic system (30).
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Available fungal ¢cDNA libraries

There are cDNA libraries of over 70000 genes from 15 diverse fungal species
available from the Concordia fungal genomics project. The 15 species of fungi include
Lentinula edodes, Aspergillus niger and Gloeophyllum trabeum. These cDNA sequences
are available at the following website: https://fungalgenomics.concordia.ca. Sequences

used in this thesis are from two species, Lentinula edodes and Gloeophyllum trabeum.

Lentinula edodes is commonly referred to as the shiitake mushroom. Initially,
mycelia burrow through the dead tissue of various hardwoods such as oak, beech, or
chestnut gradually utilizing the wood components to form fungal tissue and eventually
produce basidiospores. Basidiospores are then dispersed by the wind, and eventually
colonize another host (31). Due to the pleasant flavor and its nutritional as well as
medicinal value (32) (33), Lentinula edodes has become the most popular edible
mushroom.  Consumption is thought to bestow anti-mutagenic, antibiotic and
immunomodulatory effects (34) (35). L. edodes is also capable of degrading thé major
wood biopolymers, including cellulose, hemicellulose and lignin (36) and neutralizing

environmentally persistent pesticide contaminants such as chlorophenols and dioxins (37)

(38) (39).

Gloeophyllum trabeum can be found growing on the surface of dead trees, in
particular on hardwoods in temperate North American forests (40). It is a brown-rot
fungus, meaning that it degrades the cellulosic and hemicellulosic components of wood,
leaving the lignin biopolymers oxidized but intact. The resulting darkening and

deterioration of the wood substrate (4]), gives rise to the term "brown rot". In order to



degrade wood lignocellulose, Gloeophyllum trabeum uses Fenton chemistry to produce
extracellular hydroxyl radicals (42). An extracellular low molecular weight peptide (43)
and two intracelluar quinone reductases (44) are the most important components of this
biodegradation system which can be used in bioremediating polyethylene oxide (45) and
TNT. Gloeophyllum trabeum can also express various cellulose- and hemicellulose-
degrading enzymes, such as endoglucanses (46) (4 7), B-glucosidases (46), xylanases (47),
and hemicellulases. When this fungus is grown in media with high carbon and low
nitrogen content, several of these hydrolytic enzymes can reach their maximal expression
level (46). Gloeophyllum trabeum also can cause the mineralization of benzaldehyde

catalysed by intracellular enzymes (48) and chlorophenols by manganese-independent

peroxidase (49).

Flavoprotein monooxygenases

Flavoprotein monooxygenases, such as the phenol hydroxylase shown in Figure 1,
use NAD(P)H as the hydride donor to catalyze the hydroxylation of aromatic compounds
in the presence of molecular oxygen. They are classified into two groups: single-
component flavoprotein monooxygenases and two-component flavin-dependent
monooxygenases (50). Single component flavoprotein monooxygenases contain tightly-
bound FAD, which, after reduction by NAD(P)H, activates O, for insertion into the
aromatic substrate. In a two-component flavin-dependent monooxygenase system, a
flavin reductase produces reduced flavin, which is delivered to the monooxygenase
component to react with O, and hydroxylate the substrate (50). These two component

enzymes will not be considered further since they are outside the scope of this thesis.



Single component flavoprotein hydroxylases such as salicylate and phenol
hydroxylases are considered in more detail below. Generally speaking, flavoprotein
monooxygenase-catalyzed reactions involve three chemical steps (50). First, reduction of
the flavin by the hydride donor, NAD(P)H. Second, the formation of the oxygenating
reagent, C4a-flavin hydroperoxide from the reaction of the reduced flavin and O,.
Finally, binding, orienting, and activating the substrate for its oxygenation by the C4a-
hydroperoxide, and release of the second atom of oxygen as water from flavin C4a-
hydroxide. For most of the single-component flavoprotein aromatic hydroxylases that
have been characterized, reduction of the flavin is quite ineffective in the absence of
substrate, because it is often a critical control point for catalysis by flavoprotein
monooxygenases (50). Thus, this feature can be used fo prevent the wasteful use of
NAD(P)H which would form reactive oxygen species such as H,O, and waste reducing
equivalents.

NADPH reduces these flavoprotein monooxygenases and the oxidized product
NADP remains tightly bound. The reduced enzyme-bound flavin then reacts with oxygen
to form a C4a- (hydro) peroxyflavin that is quite stable in the absence of substrates.
Meanwhile, the bound NADP stabiiizes the intermediate. As soon as substrate is present,

reaction with the C4a-(hydro) peroxyflavin occurs to yield the oxygenated product (50).

Salicylate hydroxylase
Salicylic acid is a phenolic phytohormone and is found in plants with roles in

growth and development, photosynthesis, transpiration, ion uptake and transport (5/).
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Figure 2: Biodegradation of salicylate

Several soil bacteria are able to utilize salicylic acid (salicylate) as the sole source
of carbon and energy for growth. Microbial catabolism of salicylate is initiated by
salicylate hydroxylase to form catechol which can be further oxidized by the ortho
(intradiol) cleavage pathway (Figure 2) or meta (extradiol) cleavage pathway (52).
Bacterial salicylate hydroxylase is a flavin adenine dinuleotide (FAD) containing protein,
which catalyzes the decarboxylative hydroxylation of salicylate to form catechol with

stoichiometric consumption of molecular oxygen and NAD(P)H (53)(54).

Salicylate hydroxylases have been isolated from many different bacterial sources
and characterized. Sze and Dagley reported the purification of a salicylate hydroxylase
from T. cutaneum grown with 4-hydroxybenzoate (55). The enzyme contained FAD and
was monomeric. Salicylate hydroxylase studied by Shozo ef al. (5) was isolated from a
strain of Pseudomonas putida and is a monomer with one FAD per 57,000 molecular
weight. Salicylate hydroxylase studied by White-Stevens et.al (7), was also isolated from

a soil bacterium and contained two moles of FAD and two subunits per 91000 molecular

weight.
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Figure 3: Reaction catabolised by salicylate hydroxylase

As shown in Figure 3, in the presence of NADPH one atom of molecular oxygen
(which is indicated in red) is incorporated per molecule of the product, catechol, while
| the other atom is incorporated into water. Thus salicylate hydroxylase is a
monooxygenase (56). In the presence of the substrate salicylate, the enzyme catalyzes the
aerobic oxidation of NAH(P)H resulting in the hydroxylation of salicylate. In the
absence of salicylate, NAD(P)H oxidation can be also catalyzed by the enzyme to

produce hydrogen peroxide. In the absence of oxygen, it promotes the reduction of FAD

by NAD(P)H in the presence of salicylate (54).

The mechanism of salicylate hydroxylase is shown in Figure 4. The hydroxylation
of salicylate starts with the formation of a substrate-enzyme complex which contains
apoenzyme, FAD and salicylate with the ratio of 1:1:1. Then NAD(P)H is oxidized with
the formation of enzyme-substrate-bound FADH,. Subsequently this complex reacts with
molecular oxygen to form the product catechol, CO,, and water (53) (57). In the absence
of salicylate, the holoenzyme is also istoichiometrically reduced by NAD(P)H to form
enzyme-bound FADH,, then this compound reacts with molecular oxygen stimulating the
formation of hydrogen peroxide and enzyme bond FAD. Enzyme-bound FADH, can

also react in the presence of salicylate to form the product catechol.
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Figure 4: Mechanism of salicylate hydroxylase reaction

E and SA denote protein moiety of the enzyme and salicylate, respectively. Figure was
taken from reference (58).

The phenomenon of uncoupling has been well studied in salicylate hydroxylase.
For the enzyme characterized by White Stevens et al. (7), salicylate served as the perfect
substrate, with no uncoupling of oxygen to form hydrogen peroxide. When salicylate
was substituted by benzoate, oxygen was reduced in the same fashion as when salicylate
was present, but H,O, was formed stoichiometrically with NAD(P)H oxidized and
benzoate unchanged. Both salicylate and benzoate thus facilitated NAD(P)H binding.
Benzoate can competitively bind at the salicylate binding site, inhibiting salicylate
binding and permitting NAD(P)H binding and oxidation. Thus benzoate is a
"pseudosubstrate” that utilizes molecular oxygen to produce H,O, without hydroxylation
of the aromatic substrate, referred to as "uncoupling of oxygen activation from
hydroxylation" (7). Other salicylate analogues such as orcinol (59) and p-
hydroxybenzoate (60) were also tested as substrates. Some of these compounds were
hydroxylated, but some of the oxygen consumption was uncoupled, yielding hydrogen

peroxide. These compounds were bound to the enzyme with a Ky higher than the

13



inducer, salicylate, and also facilitated NAD(P)H binding, but less effectively than did
salicylate. Thus the potential for uncoupling of oxygen activation from hydroxylation to

peroxide formation appears to be a general phenomenon for flavin hydroxylases (7).
Phenol hydroxylase

Phenol and its derivatives are widely distributed environmental pollutants, since
they are used in many industrial processes. A number of microorganisms have been
found to degrade phenol and metabolic pathways of degradation have been delineated
(e.g. (6) (61) (8).)

Phenol hydroxylase is a monooxygenase that catalyzes the first step in phenol
catabolism. As shown in Figure 1, in phenol degradation by aerobic bacteria, the
aromatic ring is initially hydroxylated by a phenol hydroxylase at a position ortho to the
pre-existing hydroxyl group to form catechol. This enzyme uses NAD(P)H and O, as
co-substrates. The second step in phenol degradation in either ortho or meta cleavage
pathway, is catalyzed by catechol 1, 2-dioxygenase or catechol 2, 3-dioxygenase,
respectively.  After ortho cleavage of the ring, enzymes convert the product, cis, cis-
muconic acid, to succinyl-CoA and acetyl-CoA, whereas after mefa-cleavage, the product,
2-hydroxymuconic semialdehyde, is cleaved to pyruvate and acetaldehyde, and

acetaldehyde is subsequently converted to acetyl-CoA.

Phenol hydroxylase is composed of either one or multiple components. The
phenol hydroxylase from the soil yeast Trichosporon cutaneum (6) and the bacterium
Pseudomonas pickettii PKO1 (62) are single component flavoproteins, where the enzyme

from Bacillus thermoglucosidasius A7 studied by Ulrike Kirchner et al. (61) is a two-
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component enzyme, and the phenol hydroxylase from Pseudomonas CF600 studied by
Shingler et al.(63), is a multicomponent protein. The two component phenol hydroxylase
from Bacillus thermoglucosidasius A7 consists of two homodimeric proteins: an
oxygenase and a flavin reductase. Multicomponent phenol hydroxylases contain three
components (14) (63) (64): one is an oxygenase that binds substrate and oxygen and is
responsible for hydroxylation, while another is a reductase that binds NAD(P)H and is
responsible for electron transfer from NAD(P)H to the oxygenase. The former is
generally an oligomeric protein, while the latter a monomeric iron-sulfur flavoprotein.

An activator protein is the third component (65).

Most relevant to this thesis is the phenol hydroxylase studied by Neujahr ez al,
which was purified from the soil yeast Trichosporon cutaneum grown on phenol or
resorcinol as a major carbon source (6)(66) (67). This enzyme contains one mole of FAD
per 148,000 Da subunit. As shown in Figure 5, in the presence of NADPH, one atom of
molecular oxygen (which is indicated in red) is incorporated into the product, catechol,
while the other atom is incorporated into water. Thus phenol hydroxylase is a
monooxygenase. As has been described for salicylate hydroxylase, some aromatic
compounds are non-substrate effectors and stimulate phenol hydroxylase to form
hydrogen peroxide from NADPH and oxygen. For example, resorcinol is a partially

uncoupled non-substrate effector for the phenol hydroxylase studied by Neujahr ez al. (66)
phenol

OH hydroxylase OH
+ NADPH + O2 + H* —————— OH + NADP* + H20

NADP* + H202

Figure 5 : Reaction catalyzed by phenol hydroxylase
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Catechol-1, 2-dioxygenase

The second step in the ortho-cleavage pathway of phenol is catalyzed by catechol
1, 2-dioxygenase. Catechol 1, 2-dioxygenases have been purified from diverse microbial
sources and are nonheme, Fe3+-containing enzymes. (e.g. (21)(68)(69)). Also, a number of
| crystal structures of catechol 1,2-dioxygenases that has been solved (70). The product of
catechol 1, 2-dioxygenase is cis, cis-muconic acid, in which the aromatic ring is split
between the two carbon atoms bearing hydroxyl groups with the incorporation of vtwo

atoms of molecular oxygen into the substrate (69) (71) (Figure 6).

enzymes of the
B -ketosdipste pathway
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- catechol cie,clg-muconete

Figure 6: Reaction catalyzed by catechol-1, 2-dioxygenase

Figure was modified from reference (69).

Kojima et al (72) purified the catechol 1, 2-dioxygenase from a cell-free extract of
benzoate-grown Pseudomonas arvilla C-I and reported the spectral properties associated
with its catalytic activity. The purified enzyme preparation of catechol-1, 2-dioxygenase
from A. calcoaceticus had a red color with broad absorption between 390 and 650 nm.
The enzyme contained 2 atoms of iron per 80000 Da of enzyme protein (69). Varga and
Neujahr reported purification a catechol 1, 2-dioxygenase with a molecular weight of 109

kDa from the soil yeast, Trichosporon cutaneum (21). Both di- and trivalent iron are
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present in the enzyme. Trivalent rather than divalent iron is the active agent in the
oxygenation reaction. The 7. cutaneum enzyme had a pH optimum similar to its bacterial
counterparts as well as similar resistance to oxidizing agents and sensitivity to reducing
agents. However, the specific activity of this enzyme was higher than that of the
enzymes from other sources (21). Significant differences are also found in the absorption
spectra of the purified enzymes. There is a single peak in the ultraviolet region at 280 nm,
a shoulder at 330 nm, and a rather pronounced peak at 560 nm. While the ultraviolet
region shows a great resemblance to the spectra of catechol 1,2-dioxygenases isolated
from other microorganisms the visible region is rather different. Instead of the broad
maximum between 400-600 nm, which is usually ascribed to enzyme-bound ferric iron,
the enzyme purified from 7. cutaneum has a relatively sharp maxirhum at 560 nm. This
type of spectrum gives association to a charge transfer complex between ferric iron and
catechol, instead. Similar to other catechol 1,2-dioxygenases isolated from other
micfoorganisms, the characteristic red colour of the active enzyme disappeared upon

inactivation (by iron chelating agents and reducing agents) (2/).
Hydroxyquinol-1, 2-dioxygenase

Hydroxyquinol 1,2-dioxygenase (1,2-HQD), catalyzes the ring cleavage of
hydroxyquinol (1,2,4-trihydroxybenzene), which is an intermediate in the degradation of
various aromatic compounds (including some polychloro- and nitro- aromatic pollutants)
to 3-hydroxy-cis,cis-muconates (73). Hydroxyquinol 1, 2-dioxygenase is a member of

the aromatic dioxygenase family, a family of mononuclear non-heme intradiol-cleaving

enzymes (73).
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Sze aﬁd Dagley reported the purification of a hydroxyquinol 1, 2-dioxygenase
from T. cutaneum (55) grown with 4-hydroxybenzoate. It was shown to be a red ferric
iron-containing enzyme, and it was specific for hydroxyquinol. Catechol and pyrogallol
were oxidized at less than 1% of the rate for hydroxyquinol. The enzyme was reported to
be a dimer with two subunits having molecular weights of 39600 and 38200.

Latus et al. (74) studied a hydroxyquinol 1, 2-dioxygenase purified from the soil
bacterium Azotobacter sp. strain GP1 grown with 2, 4, 6-trichlorophenol as the sole
source of carbon. The enzyme was highly specific for 6-chlorohydroxyquinol (6-chloro-
1, 2, 4-trihydroxybenzene) and hydroxyquinol (1,2,4-trihydroxybenzene), and was found
to perform ortho cleavage of the hydroxyquinol compounds, yielding
chloromaleylacetate and maleylacetate, respectively. The addition of Fe** ions
signiﬁcantly‘activated enzyme activity. The protein was determined to be a dimer with a

molecular weight of 58000, and the >protein can be inhibited by metal-chelating agents.

The goal of my project

cDNA libraries of over 70,000 genes from 15 diverse fungal species are available .
from the Concordia fungal genomics project and within this database,
https:/fungalgenomics.concordia.ca, there are many BLAST hits to enzymes involved in
aromatic degradation pathways. Studies of degradation of aromatic compounds by fungi
has to a large extent focused on oxidation of aromatics by lignin and other peroxidases,
but as discussed above fungi do have the ability to degrade aromatic compounds as sole
sources of carbon and energy, much as bacteria do. In addition to the species and growth

substrates described in the previous sections, other species of fungi are also known to
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have the ability to degrade benzoate and hydroxybenzoates using ortho -cleavage
pathways channeled through 3,4-dihydroxybenzoate (75). Many of the studies of fungal
aromatic degradétion pathways and their enzymes were done prior to the ready
availability of gene sequences and gene sequencing technology, so there is very little
information about them that relates structure to function. By contrast, much is known
about structure-function relationships in bacterial enzymes involved in aromatic
degradation and, in fact, this information appears to have been applied extensively to the
annotation of fungal genes. The availability of this cDNA library therefore presents an
opportunity to obtain experimental support for structure-function relationships in fungal

enzymes involved in aromatic degradation pathways.

In this project fungal genes encoding proteins with predicted similarity to bacterial
monooxygenases and dioxygenases involved in aromatic degradation pathways were
selected for further study. The goals of this project were to amplify these genes,
construct recombinant plasmids, overexpress and purifiy the corresponding proteins, and
characterize them. It was expected that this information would expand our knowledge of

fungal enzymes involved in aromatic degradation pathways, and the genes that encode

them.
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MATERIALS AND METHODS

Materials

All chemicals were reagent grade or of the highest available purity.
Oligonucleotide primers for PCR were synthesized by BioCorp Inc. (Montreal, Quebec,
Canada). Pfu DNA polymerase for PCR was purchased from Fermentas. Recombinant
plasmids were constructed using the pETBlue-1 vector (76). For expression of
recombinant proteins, E. coli (DE3) pLac- I cells were used (76). Restriction enzymes
were purchased from Fermentas, Promega, Roche or MBI. NADPH and FAD were
purchased from Roche Science and Boehringer Mannheim GmbH, and made up freshly
in 2mM Tris-Cl buffer and distilled water, respectively. The concentration of NADPH
and FAD stock solutions were calculated using €349 = 6220 M"' em™ and €450 = 11300M™}

em™.

Target sequences

Ledo1986, Gtral516 and Grral270 represent the fungal genes used in this study
and were obtained from the Concordia fungal genomics  group
(https://fungalgenomics.concordia.ca). The following sequences were translated into

amino acid sequences and used for bioinformatics studies.
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PTAGCACTTTCTCTCATACAT TGGACCTCTACTTTT TCGRAATGGTATCCTCAACARACCCCARCTTCAAACAACT
CCGCGTGGCAGTAAT TGETGGAGGTCT TEGGAGETCTCTCTGCTIGCCGTCGCTITTGCGTCETEGCTEGGTCATCTIGTT
AAATTTACGAACGTCGCGACTT CAACGTAGRAGTCGGTGCCTCCATCTCTI TGTGCCGCCAATGGAACCCAGTGEGCEG
CGAGRATGGGAAGTAGATAT TCCCGATATGAAACCTGTTATCCETATGARGCTAGTAATGCGCGACTGGGAGACTIGE
AAGGATTCTGAACCAATACAACTTGGATARATATGAGGAGGAATGGGGARATGTCTACARCAT GTTACATAGACRAG
ACATGCATGCTACTT?GCTCAAGACCGCGACT TCTCCAGAAGGCAAAGGAACGCCATGTATAGTGAARATCGACCAC
ATCTGCGAGACAGTCGATTCAGAAGCGGGAACCGTCACGT TCAAARAAT GGTGT TACAGTCARAGCGGACATTATCAT
TGGTGCAGATGGTATCCGGTCTGTTGT TCGAGGCCARATCGGGGT CGTACCGGACATGARGTCGGCTCCGCAGACGT
GCTATCGCCTTAACGTCARAARAGTCAGTTGTT GACGARCTAGGGCTTGTGAAGTACTCTTATGAGCCAGCTATTCAA
PTCTGEGGTGGTCTTCAAGGGAARAAT GGTCCGATCCAAATATTACAAGAT TGTGATGTCGCCEGTCGT TCTGATGGAGA
GATCGTTTCCTTCTATTGCT TTATGCCRAACTGAAT TGACRAARGCACCACGARGAGGGCTT TACCTTCGCGGAAGTCEC
CAGTATCAGACGTTATTGCCGGACGGTACGACGAACTAGACCCAGACTGCGTIGARCCTGT TGAAAAATTCGGTCGAT
CGGATGCCT TGGCETCTGTACGTTCACCARCCGTACCACCGGTGGTTCGCGEGCAACACTTGCATTCTTGGTGATGC
TGCTCATCCCATGATGCCCCACCAGTCTCARGGCGCGTGTCAAGCTAT CGAAGATGCCGCCGCTCTAGETATCATCT
TCTCCGACAAGTACAACTTTACCACAGATGTTACCGCCGGATTGGCTATGTAT CAGACAATTCGAAAGCCCAGGGCA
ACCAGAGTACAGTCTGCATCTGCGCGCGCAACAGAGAATT RGAACGAGAGGATCGGTT TTACTAGCTTGACACCTICA
TEACGCGTCCTTAGCTGCTGCT GAGGGARAAT TGACCATTARTGAGAT GAACAGCTATAARATGCACAATCATATCG
CGACCGRAGGTGGACAAGTTAGGAGGTGGRATGGGCCCTACTATTGCAGTGATGTGAACGTARAATACAGGACGTCIAG
AGGCAAAGATGGTIGGT TTTGACTT TTCTGGGTGC TGGTGATGAT TTATTACGATATTCCGCGCTGATTGTATTTIC
2TPGTTCCCACTCCTT TCTCCGAGTTCT ITGGT CGGAT TATATGTAATAAAAGT GAAGCACGGTCCCGTGACACCATT
TCTCTCAAAAAAAANARDARDA

Figure 7: DNA sequence of Ledo1986 (obtained from
https://fungalgenomics.concordia.ca)

The predicted start codon is indicated in red and the highlighted sequences were used as
primers for PCR amplification

GTTEAACTCTCAGCCCGCCCAACATGCCTGTACCCGCCATGAAGGAATCCGACGTGGATGTGCTICGTTATCGGIGCG
GGACCTGCGGGCTTGATGTGTGCGCAGGGGCTGECCAGGGCAGGTGTAAATGT CCGGATTGTGGACAAGAGACCAGE
CAAGGTCGCGGCGGGACAGGCT GATGGCATCCAACCACGCACAAT TGAAGTGC TACAGRAGCTATGGACTCGCCGAGC
GACTATTGAAGGAAGGCAACCAAATGCACATGGCAGCATT CTATGACCCCAGCCCCGARAGGAGGAATCCACCGTACA
GGACGAACACCGGACATCAATGCCCCTACGGCCCEGATTCCCET TCGAGGTCACCCTCCATCAGGGCGCGATCGAGTC
CATATTCTTAGACTGCCTCCGCTCGAT GGGGCACGRAAGTCGAGCGTCCAGTGEGTCCCGGAATCGCTI TGAGATCTICAG
ATAACCGAGACGCCTTGAAGGATCCGCAAGCGCGCGCTGTAARGGTTGTACTGAAGCACGTGGACGCACCCGAGGGE
RAAAGATACCGAAGTCGT TCACGCGRAATACGTTGTCEGCGCAGACGGCGCCCATTCATGGGTGAGGAAACAGCTCGG
Cr oI GCCATGGAGGGCGAACAARCAGATTATGTTTGGGGTGTGGT CGACATGATACCCGACACAGACTTCCCGGACA
TCCGCAACCGGTGCGCEGATCCATTCGARCAACGGCTCATGCATGGTTATACCGCGCGARGGGGATGTTGIGAGGTT

TATATCCAGC T T ACGEACCAGGACGTCCAAGACCTGACCGACGEET CGCET TCACACGCAGARGTEGCAGCECTIGARRR
AT TGS EBACET TECARAGRAETC I T T CCATCCC TR CECATCRR GECRARGECGIEATATACT GIGEIEEALERTAT
ACATCATPEGTCAGCGCGTGGCTTCARAGT TCTCAGCGCACGAACGCGTATTCATCGCTGGTGATGCCTGTCACACG
CATTCTCCCAAAGCCGGACAGGGGATGAACGCCAGCATGARCGATACCCACAACCTGATCTGGAAGTTGACGCATGY
GCTTCGAGGATGGGCGEATATI TCGCTGCTARAGACT TACGAGTT GGAGCGCCGAAAGTACGCTCAGGACCTGATCG
CGTTCGACAAAGAGT TCGCCTCACTGT TTTCCARGAAGCCGAAGAGCGAAGAGAACCCCGACGGCGTCACACARGAG
GRATTCGTAGAGGCCTTCCGTACGT TCGETGECTT TACGAGCGGCATCGGGATCCACTACGCTCCGICCACGATCGT
CGACGCAGCCCACCAGGCCTCCGCCTCCARGCTCATCATCGGECCAGCGTGTGCTCCCGCAGRCCGT CATCCGCGLAG
CCGACGCGCGCCCGTACGAGCT GCAGGACCTCCTTCCCGCCGATACCCGCTTCRAGCTCCTCGTCTICACGGGCGAC
ATCGGCGCGCCGGAGCAGAAGCGGARAGTCGACGRACTTGCGRAGCACCT GGAGCGGAAGCGAGAGCITCTITGGGCAG
GT T TGGGGAGCAGAAGAATGAT GTGTTCCATGTGT TTGCTGTCTIGTCTCTCGAGARARRGAGGACGT GGTGTATACTIG
ACGTGCCCGAGGTAT TCCGECCCCACTGGTCCARGGT TCTCCTCGACGACGTCGATACCACGGGCAAGGTICGGCGEG
GGCGTETACGAGAAGYT TGGTATTGGC TCCGAGEGCGCTATTGTCGTAGT CCGGCCGEACGGETATGTCGGGATTGY
PECECCT T GEACGACGTTTCCGTTCTGGAGAGTTACTITGCTGEGTI TTTCGCGAAGTCATGACCTGTTGLECCTT

TGATATCTGAGTCGAGATCTTTIGCAGITTGTGTTTAATAGCAGGTC

Figure 8: DNA sequence of Gtral516 (obtained from
https://fungalgenomics.concordia.ca)

The predicted start codon is indicated in red and the highlighted sequences were used as
primers for PCR amplification

21



CGACGACAAGAAGCCCCTTCAAGCCAAGGCAGTEGTCGAACGGCCT TCCGCCTATECCTAACCTTGACTTGCCGTACC
CGGACAGACCAGAGCTCATTACGGAGAACCTT CTGAAGT T GACCRACT TGATTACCGATGAACGARAGARGTACATC
PTCAAGAATTTAATTACGCATATACACCAATTCATCRATGAGACARGTATCACCACGGACGAATGGATGAACACCAT
CCAA?ETCTGACCCGGACAGGTCAAAECTGCACGCCCAETCGTCAAGAGTTCAQCCTGCTC?CCGACGTCC?CGGCA
TCTCCGCGC TCGTAGACGCACT TAACAACCCCCCAGT CAGCGGCGGGACGGAGAGCAGCGTGCTCGGGCCTTTCTTC
ACTGAGGACGCTCCCGACGT CARCAACGGCGATTCTATTGCGT CCGAGGGCAAGGGGCAGTACATGTACGT CGAGGE
GCGTGTAAT CGATACGCACGGGAAGCCAGT CCCGAACGCTCTCATCGAAACGT GGCGAGACAGACGAGTATGGCTTCT
ACGACACGCAATATGCGGACAGAAGCAAACCCEACTGCAGGGGCCGCT TECEEGACGGACAAGGACGGTAGATACGEC
TACCGCGCTGTCGTTCCAGTAGCGTACCCCATCCCCGGTGACGGCCCCGTCGGAGACTTACTGCTCATGCTCRACCE
ACACAATATGCGCCCGRACCATCTGCATATGATGATCGAGGCACCGEGCTACCAGARACTCACGACCGCGTTCTACC
CCGAGGGCGATGAGT GGCTTGCGAGCGACGCTGTTTTCGGCGTCAAGAAATCCCTGGTCGTCACAT TGAAGGRTGT G
GACAATGAGCAGGAGGCGCGCAAGCGTGEGTTCCCCARAGGGGAGCCACTTCAAGT TGCTTGAGCATGATCTCGIGTT
GG TTCCTGAGGCTIGAGTCCARGGCGGCGCGGGARCAGTACGCGAGGGRACATGCT GTTAACAGGAGTAACGAGATTC
AGGCATGAAGTATGATT TGCGT CTTGTATGATGGGCGGACGTGCCAGT GCAGGCTGTATTATGATAGT TCAACCIGT
CAGGAATGTATT TCTATTGCACATCCARRAAAAAANAAAAACAARAAAAARARDRAARRARAC

Figure 9: DNA sequence of Gtral270

Inserted start codon is indicated in red and the highlighted sequences were used as
primers for PCR amplification (Gtral270B). Underlined sequences are the primers used
for Gtral270A

Recombinant plasmid construction and restriction digestion

PCR was performed using standard protocols (77), and Table 1 shows the

parameters used for amplification of each of the genes under study.

Step Temperature (‘C) Time (min) Number of cycles
Initial Denaturation 94 2 1
Denaturation 94 0.5
Annealing 41 (for Ledo1986)
51 (for Gtral516) 0.5
37 (for Gtral270A)
40 (for Gtral270B) 25
Extention 72 2.8 (for Ledo1986)
3.7 (for Gtral516)
1.7 (for Gtral270A)
2 (for Gtral270B)
Final Extention 72 7 1

Table 1: PCR settings for Ledo1986, Gtral516, Gtral270A and Gtral270B
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Table 2 shows the primers used for amplification of the target genes. Amplified
fragments were subsequently ligated into the EcoRV site of the expression vector
pETBlue-1 (Figure 10) which was supplied by the manufacturer in the open form. Thus,
the salicylate hydroxylase, phenol hydroxylase or catechol dioxygenase (hydroxyquinol
dioxygenase) coding region was inserted downstream from the T7 promoter (as shown in
Figure 10). Recombinant plasmids then were used for transformation of the E. coli (DE3)
pLac- I strain. Transformants were plated on LB agar plates containing 50 pg/ml
carbenicillin and grown overnight at 37 °C; selected individual transformants wetre grown
in liquid LB medium with the same concentration of carbenicillin. Plasmid DNA was
purified using a Wizard Miniprep Kit (Promega) and screened for correct insert
orientation by restriction enzyme digestion. Recombinant plasmid DNA was sent to Bio
S&T (Montreal, Quebec, Canada) for sequencing of the insert region. pETBlueUP
primer, TCACGACGTTGTAAAACGAC and pETBlueDOWN primer,

CAATTTAACGATTGCGTCAG were used for DNA sequencing.

Target Gene | Primer Sequence Target Gene Size | Protein Size

Ledo1986 | 5- ATGGTATCCTCAACAAACC-’ 1388 bp 48600 Da

5°- TCATCACCAGCACCCAG-3’

Giralsl6 5-ATGCCTGTACCCGCCATGAAGG-3’ 1895 bp 66600 Da

5°-CAAGGGCAACAGGTCATGACTTCG-3’

Grral270A 5’- ATGAACACCATCCAATTTCTG-3’ 844 bp 29100 Da

5°- CATAATACAGCCTGCACTGG-3’

Gtral270B | 5°- ATGCCTAACCTTGACTTG-3’ 983 bp 35900 Da

5°- CCATCATACAAGACGCAA-3’

Table 2: Primers used for construction of target genes
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Target gene is inserted into EcoRYV restriction site in the multiple cloning site.

Agarose gel electrophoresis

A 0.7 % agarose gel was used to separate and analyze DNA fragments.

GeneRuler ™ 1 kb DNA Ladder Plus was purchased from Fermentas.

visualised in the gel by addition of ethidium bromide.
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Bacterial growth and protein expression

E.coli strain (DE3) pLacl was employed as the expression host, which carries a
chromosomal copy of T7 RNA polymerase under the control of the lacUVJ promoter and
lac repressor from the compatible pLacl plasmid to ensure repression unless induced (76).
The recombinant plasmids with the genes encoding Ledo1986, Giral516 and Gtral270
under the control of the T7 promotor were used for transformation. Transformation was
carried out as described (78). Subsequently a single colony was picked, suspended in
300 pl of LB and the cells were then evenly plated on six LB agar plates containing 50
ug/ml carbenicillin, 34 pg/ml chloramphenicol and 1 % glucose. The plates were then
incubated overnight at 37 °C. Cells were scraped from the plates, resuspended in 50 ml
of LB, and inoculated into 6 L of LB containing 100 pg/ml ampicillin. For protein
expression the cell cultures were grown at 37 °C with shaking (225 rpm) until ODsgo
reached 0.8~1.0, and then IPTG was added to a final concentration of 0.5 mM. The
induced cultures of Ledo1986, Gtral516 and Gtral270 were grown under optimum
induction conditions, which were determined experimentally as described in Results.
Then the cells were harvested by centrifugation and washed once with 50 mM TrisCl

buffer, pH 7.5, and the cell pellets were weighed and stored at -80°C until use.
Optimization of expression condition

In order to determine conditions allowing the highest expression levels of soluble
proteins, small scale (50 ml) IPTG-induced cultures expressing Ledo1986, Gtral516 and
Grral270 were grown for an additional 1, 2 or 3 hat 37 °C, or 3, 6 h and overnight at 20

°C. Then the cells were harvested by centrifugation, resuspended in 50 mM Tris-Cl
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buffer, pH 7.5 (2 ml/ g cells), and subjected to sonication using a Branson Sonifier 250
under 50% full power, output of 4, for 10 bursts of 6 s each. After centrifugation (62000

x g), the expression level of each protein in the supernatant at different induction

condition was examined by SDS-PAGE.

Purification of Ledo1286

Preparation of crude extract

All procedures were carried out at 0-4 °C. Frozen cell paste was thawed and the
wet bacterial cells (24-30 g) were suspended in cold Tris-Cl buffer (pH 7.5 at room
temperature, pH 7.9 at 4°C) (2 ml/ g cells) with DNase (1 rhg/ml cell suspension) and
RNase (0.25 mg/ml cell suspension). Batches (30-40 ml) of re-suspended cells on ice
were sonicated using a Branson Sonifier 250 at 50% full power, output of 4, for 15 bursts
of 10 ‘s each. The resulting slurry was centrifuged using a Backman ultracentrifuge at
62000 x g for 1 h in order to separate the cell-free extract from cell debris. The yellowish

brown supernatant was carefully decanted from the pellet and used as the crude extract.
Fast-Flow DEAE-Sepharose chromatography

Crude extract was applied to the column (20 cm x 3 cm) equilibrated with 50 mM
Tris-Cl buffer, pH 7.5, at a rate of 6 ml/min. Once the sample was loaded, the column
was washed (6 ml/min) with about 800 ml 50 mM Tris-Cl buffer pH 7.5, and 200 ml of
the same buffer containing 50 mM NaCl until no protein was detected in the eluate
fractions. A linear gradient (800 ml) from 50 mM to 150 mM NaCl in 50 mM Tris-Cl
buffer was applied at a flow rate of 2 ml/min and the Absorbance of the fractions was

measured at wavelengths of 280 nm (for protein) and 450 nm (for flavin). The enzyme
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activity in each fraction was also measured. The fractions containing peak enzyme

activity were combined.
HP-Phenyl-Sepharose chromatography

The pooled fractions from the Fast-Flow DEAE-Sepharose column were
concentrated to 2-5 ml using a YM-30 ultrafiltration membrane and brought to 20%
saturation (10.7 g / 100 ml) with ammonium sulfate. The sample was then centrifuged at
15600 x g for 15 min to remove precipitate, and the supernatant was then loaded on a
High Performance Phenyl-Sepharose chromatography column (15 cm x 3 cm)
equilibrated with 50 mM Tris'Cl buffer, pH 7.5 containing 20% saturated ammonium
sulfate. A linear gradient (800 ml) from 20% - 0% saturation of ammonium sulfate in 50
mM Tris-Cl buffer, pH 7.5, was applied at a flow rate of 2 ml/min. The Absorbance at
wavelengths of 280 nm and 450 nm as well as enzyme activity, were measured for the

collected fractions. The fractions containing peak enzyme activity were combined.

Purification of Grral516

Preparation of crude extract
The procedure was the same as described for Ledo1986.
Fast-Flow DEAE-Sepharose chromatography

The procedure was the same as described for Ledo1986. The combined fractions

were then applied to an octyl-Sepharose column.
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Octyl-Sepharose chromatography

The combined fractions from the Fast-Flow DEAE-Sepharose column were
concentrated to 2-5 ml using a YM-30 ultrafiltration membrane and brought to 20%
saturation (27.1 g/ 100 ml) with ammonium sulfate. The sample was centrifuged at
15600 x g for 15 min to remove precipitate, and the supernatant was then loaded on an
octyl-Sepharose chromatography column (10 cm x 2 cm) equilibrated with 50 mM
Tris-C] buffer, pH 7.5, containing 20% saturated ammonium sulfate. A.linvear gradient
(600 ml) from 20% - 0% saturated ammonium sulfate in 50 mM Tris-Cl buffer, pH 7.5,
was applied at a flow rate; of 2 ml/min. An additional 300 ml of 50 mM Tris-Cl buffer,
pH 7.5, and then 300 ml of 5 mM Tris-Cl buffer, pH 7.5, was used to elute remaining
proteins. The Absorbance at wavelengths of 280 and 450 nm, as well as enzyme activity,

were measured for the collected fractions. The fractions containing peak enzyme activity

were combined.

Purification of Grral270B

Preparation of crude extract

The procedure was the same as described for Ledo1986.
Fast-Flow DEAE-Sepharose chromatography

The procedure was the same as described for Ledo1986.
High Performance Phenyl-Sepharose chromatography

The procedure was the same as described for Gtral516.
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Octyl-Sepharose chromatography

The procedure was same as described for Gfral516. This was followed by gel

filtration chromatography.
Gel Filtration chromatography

The combined fractions from the octyl-Sepharose column were concentrated to 2-5
ml using a YM-30 ultraﬁltra‘;ion membrane. The sample was centrifuged at 62000 x g
for 15 min to remove precipitate, and the supernatant was then loaded on an S300 gel-
filtration chromatography column (40 cm x 2 cm) equilibrated with 50 mM Tris-Cl buffer,

pH 7.5. Then 240 ml of 50 mM Tris-Cl buffer, pH 7.5, was used to elute the proteins at a

flow rate of 0.5 ml/min.

Since the purified Gfral270B protein was not active, SDS-PAGE was used to

locate the fractions containing the target protein though-out the purification steps.
Enzyme activity assays

All assays were carried out using a Cary Bio50 spectrophotometer at room

temperature, with 50 mM Tris'Cl, pH 7.5 as the assay buffer, unless indicated otherwise.

For bacterial salicylate hydroxylase, the consumption of NADH is proportional to
the formation of product (5). Thus, enzyme activity for Ledo1986 was estimated by the
consumption of NADPH (the enzyme was not active with NADH). Each assay was
routinely carried out in 50 mM Tris:Cl buffer, pH 7.5, containing 0.2 pmol NADPH, 0.15
umol salicylate and 2.8 pM enzyme in a total volume of 1 ml. The activity indicated is
the oxidation of NADPH in the presence of salicylate (i.e. with background NADPH
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consumption subtracted). One unit of activity is defined as the amount of enzyme
required to oxidize one pmol of NADPH per min at room temperature, and the specific

activity is defined as enzyme units per mg of protein.

The activity assay for Gtral516, a predicted phenol hydroxylase, was as described
for salicylate hydroxylase, but using phenol as substrate instead of salicylate. Assays
were carried out in 50 mM Tris-Cl buffer, pH 7.5, containing 0.2 pmol NADPH, 0.15

pmol phenol and 0.8 uM enzyme in a total volume of 1 ml.

Enzyme activity of Gtral270 (A and B), a predicted catechol-1, 2-dioxygenase,
was determined spectrophotometrically by measuring the increase in Absorbance at 260
nm (79). The assay was carried out in 50 mM Tris-Cl buffer, pH 7.5, containing 0.15
pmol of catechol and 0.95 pM enzyme in a total volume of 1 ml at room temperature.
One unit of enzyme activity is defined as the amount of enzyme that produces 1 umol of
cis,cis-muconic acid per min unde; the standard assay conditions. Enzyme activity of
Gtral270 (A and B) was also determined spectrophotometrically as for hydroxyquinol-1,
| 2-dioxygenase by measuring the increase in absorbance at 245 nm (74). The assay was
carried out in 50 mM Tris-Cl buffer, pH 7.5, containing 0.15 pmol of hyroxyquinol and
0.95 uM enzyme in a total volume of 1 ml. One unit of enzyme activity is defined as the
amount of enzyme that produces 1 pmol of maleylacetate per min under the standard

assay conditions. It is the maleylacetate that absorbs at 245 nm.
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Protein analysis by SDS-PAGE and BCA assay

SDS-PAGE (12 % acrylamide separating in gel) was used to examine the purity of
protein preparations, and estimate subunit molecular weights. The BCA assay (Pierce)
was used to estimate protein concentration, as described by the manufacturer. To remove
interfering substances, TCA precipitation was used in conjunction with the BCA assay
(80). BSA supplied with the assay kit was used as the standard to construct a calibration

curve.

Mass spectrometry

The purified protein was digested by trypsin either in solution or in gel depending
on the purity. Subsequently, the peptides were analyzed by MALDI or ESI-Q-TOF mass
spectrometry (81). Protein mass measurement was done using a Waters CapLC system
coupled to an ESI-Q-TOF 2 mass spectrometer. The CapLC system was equilibrated with
a mixture of 90% solvent A (97% H,O: 3% acetonitrile: 0.1% formic acid) and 10%
solvent B (97% acetonitrile : 3% H,O : 0.1% formic acid). The samples were loaded and
desalted in the Symmetry 300 C18 trap column (0.35 mm x Smm) with the equilibration
solvent. Then the proteins were eluted into the mass speétrometer with a gradient of 10%

to 90% solvent B over 30 min.

Thin layer chromatography

Thin layer chromatography was used to identify flavins and the products from
enzymatic reactions. Both n-butanol-acetic acid-water (12: 3: 5) and Na,HPO,4H;O (5%
in water) (82) were used as solvent systems to separate samples on 0.25 mm silica gel

with fluorescent indicator (Kodak). The quenching of fluorescence of FAD standard,
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FMN standard, enzymatic reaction products and the corresponding standards were

detected under UV light.

High performance liquid chromatography

HPLC was performed on an Agilent 1100 system equipped with a variable-
wavelength UV-vis detector set at 254 nm. A Cig reversed phase column (4.6 mm x 150
mm) equilibrated with a solvent mixture containing 2% acetic acid (60%) and methanol
(40%) (83) was used to separated substrate and product at a flow rate of 1 ml/min.

Samples were treated with ZipTip (Millipore) and then injected to the column.
Oxygen consumption assay

For Ledo1986, reactions were carried out in 50 mM Tris-Cl buffer, pH 7.5,
containing 300 uM NADPH, 2.8 uM purified enzyme andv 100 uM aromatic compounds
in a total volume of 1 ml at 25 °C. For Gtral516, reactions were carried out in 50 mM
Tris-Cl buffer, pH 7.5, containing 300 uM NADPH, 8.3 uM purified enzyme and 100 uM
aromatic compounds in a total volume of 1 ml at 25 °C. Oxygen consumption was
measured using an oxygen electrode from Hansatech with a voltage of 1 V, and the
oxygen trace. In order to set 1 V as 100 % oxygen content on the chart and 0 V as 0%,
The voltage was set as 1 V at 100 %, and then sodium dithionite was added to the
reaction chamber containing 1 ml of buffer. For example, when the voltage shows 75

mV and the oxygen content is indicated as 7.5 % on the chart, the machine is well set.
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Fluorescence spectroscopy

An Aminco Bowman series 2 fluorimeter was used for fluorescence measurements.
The emission spectra were scanned from 500 nm to 700 nm following excitation at 280
nm and 530 nm for Ledo1986 and Gtral516, respectively. Bandwidth and voltage were
set as 4 and 750V, respectively. Samples were placed in 500 pl cuvette and data were

collected at a scan speed of 1 nm/s. Buffer was 50 mM TrisCl, pH 7.5.
" Substrate binding study

For Ledo1986, 50 mM Tris-Cl buffer, pH7.5 containing 0.56 pM enzyme was
placed in 500 pl cuvette and data were collected by titrating the enzyme with gradually
increasing amounts of salicylate or anthranilate. For Gtral516, 5 pM enzyme in 50 mM
Tris-Cl buffer, pH7.5 was placed in 500 pl cuvette and titrated with gradually increasing
amounts of phenol or resorcinol. Kgvalues were analyzed by a computerized, weighted

nonlinear regression method with Grafit v4.0 software (Erithacus).
Enzyme kinetics

The kinetic constants, Vmax and Ky, for anthranilate and resorcinol were estimated
for Ledo1986 and Gtral516, respectively. For Ledo1986, the reactions were initiated by
the addition of different amounts of anthranilate to 50 mM Tris-Cl buffer, pH 7.5,
containing 300 pM NADPH and 0.56 uM of the puriﬁed enzyme at room temperature.
The reactions were also carried out in 50 mM Tris'Cl buffer, pH 7.5, containing 160 uM
anthranilate and 0.56 uM of enzyme with the addition of different amounts of NADPH.

Initial rates corresponding to different concentrations of anthranilate or NADPH
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(corrected for the rates in the absence of aromatic substrate) were converted from
Aj70/min to pmole/min using an extinction coefficient of 2660 cm'lM'l, since anthranilate
does not absorb at this wavelength (83). For Grral516, the reactions were initiated by the
addition of different amounts of resorcinol in 50 mM Tris-Cl buffer, pH 7.5, containing
300 pM NADPH and 0.48 uM of the purified enzyme at room temperature. The
reactions were also carried out in 50 mM Tris'Cl buffer, pH 7.5, containing 120 pM
resorcinol and 0.48 pM of enzyme with the addition of different amounts of NADPH.
The Michaelis-Menten equation with Grafit v4.0 software (Erithacus) was used to initial

rates at different substrate concentrations, and to estimate the kinetic parameters.
Iron quantitation for Gtral270

An aliquot (~100 pl) of desalted sample from the iron-complexation experiment
was transferred to a 1.5 ml microcentrifuge tube and 30 % (w/v) trichloroacetic acid was
added to obtain a final concentration of 5 % TCA (w/v). After centrifugation for 5 min at
16000 x g, an aliquot of the supernatant (50 ul) was transferred to a new tube. Saturated
ammonium acetate, 0.12 M ascorbic acid, 0.25 M Ferrozine and MilliQ water were added
to a final volume of 1.0 ml. After 30 min, samples were centrifuged for 1 min at 16000 x
g and the absorbance at 562 nm of the supernatant was measured. A standard curve was

constructed using ferrous ammonium sulfate hexahydrate (84).

Assay of Gtra1270 for catechol or hydroxyquinol dioxygenase activity

When catechol was used as a substrate, enzyme activity was estimated
spectrophotometrically by measuring the increase in absorbance at 260 nm (79). When

hydroxyquinol was used as a substrate, enzyme activity was determined
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spectrophotometrically by measuring the increase in absorbance at 245 nm (74). Assays
were carried out with the as-isolated enzyme, as well as enzyme which was incubated
with a ten-fold excess of Fe?* under acrobic conditions. Purified enzyme was also pre-
incubated with Fe*" under a stream of nitrogen. Reactions were carried out in a sealed
cuvette with solutions prepared anaerobically. Enzyme assays were conducted in the
presence of 0.53 pM enzyme in 50 mM air-saturated Tris-Cl buffer, pH 7.5, containing

0.15 pmoles of substrate in a total volume of 1 ml.
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RESULTS

Bioinformatics studies

The c¢DNA libraries of over 70,000 genes from 15 diverse fungal species are
available from the Concordia fungal genomics project. By searching with the term
"oxygenase" in this database, https:/fungalgenomics.concordia.ca, 426 sequences were
identified as potential oxygenases, some of which may play roles in aromatic degradation -
pathways. For example, using text searching for "phenol hydroxylase" two Aspergillus

niger sequences and two Amorphotheca resinae sequences were found.

The sequences inb the database had been annotated when the database was first
constructed. BLAST was used to compare the sequences of interest against the current
set of sequences in Genbank. BLAST is short for Basic Local Alignment Search Tool. It
is a set of similarity search programs designed to explore all of the available sequence

databases regardless of whether the query is protein or DNA (85).

BLAST analysis of the Ledo1986 sequence from Lentinula edodes against the
GenBank database generated a large number of sequences producing significant
alignment, as shown in Figure 11. This Figure is only a portion of the sequence list,
which arrays from maximum similarity to minimum similarity with the sequence of
Ledo1986. A putative conserved domain of the NADB Rossman superfamily was
detected within these sequences. The Rossman-fold NAD(P)H/ NAD(P)" binding
(NADB) domain is found in a large number of dehydrogenases involved in various

metabolic pathways. As indicated by underlining in the alignment list, many of the



sequences having high similarity with the query were hypothetical or putative salicylate
hydroxylases. Thus, it is hypothesized that Ledo1986 from Lentinula edodes may be a
salicylate hydroxylase. In the bioinformatics analysis (Figure 12), the starting

methionine of Ledo1986 locates upstream from the beginning of the alignment.
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Figure 11: BLAST analysis of the sequence for Ledo1986 from Lentinula edodes

A is a list of sequences producing significant alignment with the query; B: putative
conserved domain was detected
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Putative conserved domains have been detected, click on the image betow for detailed results.
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Figure 12: BLAST of Ledo1986
The sequence of Ledo1986 included the full sequence of the predicted conserved domain.

§

BLAST analysis of the sequence of Giral516 from Gloeophyllum trabeum against
the GenBank database showed a large number of sequences producing significant
alignment, as shown in Figure 13. This Figure is only a portion of the sequence list,
which arrays from maximum similarity to minimum similarity, with the sequence of
Gtral516. Putative conserved domains of the NADB Rossman superfamily and PHOX-
C family were detected within these sequences. The PHOX-C family is referred to as

"FAD-dependent phenol hydroxylase (PHOX) family, C-terminal TRX-fold domain".
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Many of the hits are to genes that are annotated as "putative", "hypothetical", or come
from genome sequencing efforts. In addition, as underlined in the BLAST alignment list,
Gtral516 from Gloeophyllum trabeum showed strong sequence similarity with phenol
hydroxylase from the aerobic topsoil yeast, Trichosporon cutaneum, whose structure has
been solved (66). The E value of its alignment with Ledo1986 is 3e-129. Thus, it is
hypothesized that Gtral516 from Gloeophyllum trabeum is a putative phenol
hydroxylase. In the bioinformatics analysis of Gtral516, the first start codon was
selected as the first Methionine which was upstream from the beginning of the

alignments (Figure 14).
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Figure 13: BLAST analysis of the sequence for Gral516 from Gloeophyllum trabeum

A is a list of sequences producing significant alignment with the query; B: putative
conserved domains were detected
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Potative conserved domains have been detected, click on the image betov; for detalled results.
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Figure 14: BLAST of Gtral516
The sequence of Ledo1986 included the full sequence of the predicted conserved domain.

BLAST analysis of the sequence of Gtra1270 from Gloeophyllum trabeum against
the GenBank database indicated a large number of sequences producing significant
alignment, as shown in Figure 15. Putative conserved domains of intradiol_dioxygenase
superfamily and catechol proteo were detected within these sequences. Most of these

sequences are hits to genome sequences where the enzyme activity has never actually

been characterized.
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As underlined in the alignment list, BLAST searches for Gzral270 from
Gloeophyllum trabeum showed similarity with catechol dioxygenase and hydroxyquinol
1, 2-dioxygenase. Thus, it is hypothesized that Gtral270 from Gloeophyllum trabeum is
a putative catechol dioxygenase or hydroxyquinol-1, 2-dioxygenase. At the fungal
genomics website, the first ATG (highlighted in green) was predicted for the sequence
(Figure 16), and thus the primers (highlighted in green) were used to generate the PCR
product that was named Grral270A. However, as shown in Figure 17, the start codon
was downstream from the beginning of most of the aligned genes which means this
sequence was missing the N-terminal part of the predicted conserved domain. In order to
include the full conserved domain in the target gene, a pair of new primers (highlighted in
yellow, Figure 16) was designed with an insertion of an ATG in the forward primer to
extend the N-terminal of Gtral270A, and the corresponding gene was named Giral270B.
BLAST of Gtral270B (Figure 18) shows that this target gene included the full alignment

sequence of the predicted conserved domain.
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Figure 15: BLAST analysis of the sequence for Gtral270 from Gloeophyllum trabeum
(Data collected on May 7, 2010)

A is a list of sequences producing significant alignment with the query; B: putative
conserved domain was detected
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CGACGACAAGAAGCCCCTTCAAGCCAAGGCAGTGTCGAACGECCTTCCGCCT (ATG) CC
TARCCTTGACTTGCCGTACCCGGACAGACCAGAGCTCATTACGGAGARCCT TCTGAAGT
TGACCAACTTGATTACCGATGAACGAAAGAAGTACATCTTCAAGAATT"AATTACGCAT
ATACACCAATTCATCAATGAGACAAGTATCACCACGGACGRATGG 2
BRI A C CCGGACAGGTCARATCTGCACGCCCATTCGT CAAGAGTTCATCCTGCTCT
CCGACGTCCTCGGCATCTCCGCGCTCETAGACGCACTTARCAACCCCCCAGTCAGCGGE
GGGACGGAGAGCAGCGTGCTCGGGCCTTTCTTCACTGAGGACGCTCCCGACGTCAACAA
CGGCGATTCTATTGCGTCCGAGGGCARGGGGCAGTACATGTACGTCGAGGGGCGTGTAA
PCGATACGCACGGGARGCCAGTCCCGARCGCTCTCATCGRARCGTGGGAGACAGACGAS
TATGGCTTCTACGACACGCAATATGCGGACAGAAGCAAACCCGACTGCAGGGGCCGCTT
GCGGACGGACAAGGACGGTAGATACGGCTACCGCGCTGTCGTTCCAGTAGCGTACCCCA
TCCCCEGTGACGGCCCCETCGGAGACTTACTGCTCATGCTCARCCGACACARTATGCGE
CCGRACCATCTGCATATGATGATCGAGGCACCGGGCTACCAGAAACTCACGACCGCGTT
CTACCCCGAGGGCGATGAGTGGCTTGCGAGCGACGCTGT T TTCGGCGTCAAGARATCCC
TGOTCGTCACATTGARGGATGTCGACAATGAGCAGGAGGCACECARGCGTGEGTTCCET
AAGGGGAGCCACTTCARGTTGCT TGAGCATGATCTCGTGT TGGTTCCTGAGGCTGAGTC
CAAGGCGGCGCGGGAACAGTACGCGAGGGARCATGCTGT TARCAGGAGTAACCACATIC
AGGCATGARGTATGAT TTGCGTCT TG TATGATGGGCCGACGTGR

iﬁlﬂATAuT*CAACCTG”»AuGAPTG“ATT”CTA”TGCACATCCAAAAAAAAAAAAAAG

ARAAAAAAAARARRARARAAAC
Figure 16: DNA sequence of Gtral270

Start codon is indicated in red, stop codon is in the box marked with red line.

Putative conserved domains fsve been cick on the imag for Getriled resutls.
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Figure 18: BLAST of Gtral270B

PCR amplification of Led0o1986, Gtra1516 and Gtral270

The expected target lengths for Ledo1986, Gtral516, Gtral270A and Gtral270B
are 1388 bp, 1825 bp, 844 bp and 983 bp, respectively. Fragments of the correct size
were detected for each gene amplified (Figure 19). PCR products were purified and

ligated into the blunt-ended pETBlue-1 vector.
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1 2 1 2 3
A B

Figure 19: Agarose gel (0.7 %) of PCR products from Ledo1986, Gtral516, Gtral270A
and Gtral270B

Panel A: PCR amplification of Ledo1986. Lane 1, PCR product of Ledo1986, lane 2,
DNA ladder. Panel B: PCR amplification of Gtral516. Lane 1, DNA ladder, lane 2 and
lane 3, PCR product of Gtral516. Panel C: PCR amplification of Gtral270A. Lane 1,
PCR product of Gtral270A, lane 2, DNA ladder. Panel D: PCR amplification of
Gtral270B. Lane 1, DNA ladder, lane 2, PCR product of Gtral270B.

Restriction enzyme digestion

Plasmids were purified and checked for inserts in the correct orientation using
restriction enzyme digestion. Recombinant plasmids from individual transformants
harbouring Ledo1986 were digested using Sphl and EcoRl. Plasmid with the insert in
the correct orientation should release a fragment of 1040 bp. As shown in Figure 20,
among the eight plasmids tested, three showed the expected fragment (lanes 4, 5, and 7).
Recombinant plasmids harbouring Gtral516 were screened by EcoRlI-digestion: a
fragment of 619 bp will be excised if insert is in the correct orientation. As shown in
Figure 21, among the eight recombinant plasmids screened, five showed the expected
fragment for plasmid with insert in the correct orientation (lanes 1, 2, 3, 5 and 8).
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Recombinant plasmid harbouring Gtral270A were screened by digestion with Xbal and
Clal: for plasmids with inserts in the correct orientation, release of fragment with the
length of 650 bp was expected. As shown in Figure 22, among the ten recombinant
plasmids screened, five showed the expected fragment (lanes 1, 2, 6, 7, and 9).
Recombinant plasmids harbouring Gtral270B were also screened by Xbal and Clal
digestion, a fragment with the length of 789 bp was expected. As indicated in Figure 23,

lanes 1, 3, 6, 7, and 9 showed the expected fragments.

EcoR V (278)
‘., Sph!(352) ‘ 3824 bp

' .~ 5000
- 7. 4000

~==* 3000

!, EcoR V (278)

Vector (3476 bp) [ EFcoRi{282)

L .... 1000
le 750

—— 500

(Desired orientation) 1 2 3 &4 5 6 7 8

Figure 20: Agarose gel (0.7%) demonstrating restriction enzyme digestion of Ledo1986
with Sph 1 and EcoR 1

(Left) Recombinant plasmid construct with the target gene inserted in the correct
orientation into the EcoRV site. The length of the insert is 1388 bp and the length of the
vector is 3476 bp. There is a single Sphl site at position 352 on the insert, and a single
EcoRI site at position 282 on the vector. (Right) Agarose gel showing the fragments
obtained from digestion of recombinant plasmids by Sph I and EcoRI. Lanes 1 to 8 are
eight different plasmids purified from randomly picked colonies after transformation.
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EcoRV (278)

Vector (3476 bp)

EcoR1(1210)

EcoR V (278)
EcoR 1(282)

(Desired orientation)

12345678

Figure 21: Agarose gel (0.7%) demonstrating EcoRI restriction enzyme digestion of
plasmid with Gtral516

(Left) Recombinant plasmid construct with the target gene inserted in the correct
orientation into the EcoRV site. The length of the insert is 1825 bp and the length of the
vector is 3476 bp. There is a single EcoRlI site at position 1210 on the insert, and a single
EcoRlI site at position 282 on the vector. (Right) Agarose gel showing the fragments
obtained from digestion of recombinant plasmids by EcoRl. Lanes 1 to 8 are eight
different plasmids purified from randomly picked colonies after transformation.
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Xba i (47)

EcoRV (278)

Cla1(419)

844 bp
EcoR V (278)

Vector (3476 bp)

(Desired orientation)

1 2 3 4 5 6 7 8 9 10

Figure 22: Agarose gel (0.7%) demonstrating restriction digestion of plasmids harbouring
-Gitral270A with Xbaland Cla 1

(Left) Recombinant plasmid construct with the target gene inserted in the correct
orientation into the EcoRYV site. The length of the insert is 844 bp and the length of the
vector is 3476 bp. There is a Cla I site at position 419 on the insert, and a single Xba |
site at position 47 on the vector. (Right) Agarose gel showing the fragments obtained
from restriction digestion of Gtra1270 by Xba I and Cla 1. Lanes 1 to 10 are ten different
plasmids purified from randomly picked colonies after transformation.
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Xba ! (47)
EcoR V (278)

Cla 1(419)

983 bp
EcoR V (278)

Vector (3476 bp)

(Desired orientation)

123 4 5 6 7 89 10

‘Figure 23: Agarose gel (0.7%) demonstrating restriction digestion of plasmids harbouring
Gtral270B with Xba I and Cla 1

(Left) Recombinant plasmid construct with the target gene inserted in the correct
orientation into the EcoRV site. The length of the insert is 983 bp and the length of the
vector is 3476 bp. There is a Cla I site at position 419 on the insert, and a single Xba 1
site at position 47 on the vector. (Right) Agarose gel showing the fragments obtained
from restriction digestion of Gtra1270 by Xba I and Cla 1. Lanes 1 to 9 are nine different
plasmids purified from randomly picked colonies after transformation.

DNA sequencing

DNA sequencing was performed for all of the recombinant plasmid using primers

based on the sequence of the pETBlue-1 vector. No difference was found between the

sequencing data and the known sequence.
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Characterization results for Ledo1986

Ledo1986 is a putative salicylate hydroxylase, which catalyzes the hydroxylation
of salicylate in the presence of oxygen and NAD(P)H. The protein was purified using a

spectrophotometric assay for salicylate hydroxylase, as described in Materials and

Methods.

Optimization of expression conditions for Ledo1986

Small scale cultures of E. coli (DE3) lacl pETBlue-1 Ledo1986 were grown for
different lengths of time, and at various temperatures, after induction with IPTG to
determine the optimal conditions for expression of soluble protein. As shown in Figure
24, Ledo1986, which has a predicted molecular mass of 48.6 kDa, appears to be

expressed at the highest level in a soluble form after inducing at 18 °C for 16 h (Figure

lane 7).

Ledo1986 1 2 3 4 5 6 7

7.0 kDa
66.0 kDa
45.0kDa .- < E
30.0 kDa waw

o S e
20.1 kD2 =em I

Figure 24: SDS-PAGE gel (12%) demonstrating the optimum expression conditions for
Ledo1986

Low molecular weight standards (lane 1). Crude extracts from cells induced at 37 °C for
1 h (lane 2), for 2 h (lane 3), or 3 h (lane 4); 20 °C for 3 h (lane 5), for 6 h (lane 6), or

overnight at 18 °C (lane 7).
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Purification of Ledo1986

Ledo1986 was successfully overexpressed in E.coli and purified in good yield
using two chromatographic steps as described in “Materials and Methods”. Briefly, after
inducing by IPTG, cells were harvested by centrifugation, disrupted by sonication, and

subjected to ultracentrifugation to obtain crude extract.

Fast-flow DEAE-Sepharose chromatography and High Performance phenyl-
Sepharose chromatography were applied in succession. In the Fast-Flow DEAE-
Sepharose chromatography step, the peak of enzyme activity was eluted at approximately
0.1 M sodium chloride. The peak salicylate hydroxylase activity coincided with the
appearance of a protein peak and fractions also showed absorbance at 450 nm: these
fractions were pooled and concentrated by ultracentrifugation prior to the next step. In
the High Performance phenyl-Sepharose chromatography step, the peak of the enzyme
activity was eluted at approximately 13 % saturation with ammonium sulphate. The peak
activity coincided with absorbance at 280 nm and 450 nm: fractions with peak specific
activity and similar A4so/Ajgo ratios were pooled, concentrated by ultrafiltration, and

stored at - 80°C.
A typical purification procedure for Ledo1986 is summarized in

Table 3. The purified enzyme preparation with a specific activity of 0.28 U/mg was
obtained by 5-fold purification starting from the crude extract. Figure 25 demonstrates
the protein purity observed after each purification step. In early preparations, an added
step of gel-filtration chromatography was included, but this procedure did not give

appreciable additional purification, and subsequent preparations omitted this step.
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Table 3: Purification summary for Ledo1986

Total Specific
Vol Total activity * Purification | Yield

Purification step b protein © activity (fold) .

(mg) (U/mg)
Crude extract 80 1290 71 0.055 1 100
DEAE-Sepharose
chromatography | 12 270 69 0.254 4.6 97
Phenyl-Sepharose
chromatography | 11 230 65 0.28 5.1 92

*The activity indicated is the oxidation of NADPH in the presence of salicylate. One unit
of activity (U) is defined as the amount of enzyme required to oxidize one umol of
NADPH per min.

1 2 3 4
97.0 kDa
66.0 kDa
45.0 kDa e oy

30.0 kDa o

Figure 25: SDS-PAGE gel (12%) demonstrating the purity of recombinant Ledo1986
preparation after different purification steps

Lane 1: Low molecular weight standards. Lane 2: crude extract. Lane 3: pooled
fractions from DEAE column. Lane 4: pooled fractions from Phenyl-Sepharose column.
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Mass spectrometry

In solution Trypsin digestion and MALDI-TOF MS was conducted for the purified
Ledo1986 protein. Figure 26 shows the spectrum for the peptides. Fragments observed

in the spectrum are underlined in Figure 27, and cover 20% of the sequence.
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Figure 26: MALDI-TOF mass fingerprint for the tryptic digest of Ledo1986

WSS INPHFRQLRVAVIGGELGGLEAE VAL RRAGHLVEIYERRDFINVEVGASISC

LENGTOWIREKEVDI PDMRKPVILMRLVHEDWET GRILIQYNLDR YEEEWGN VYNY
LERGDMHEATLLRTAT SPEGKGTECIVRIDIICETVDSERAGTVIFRNGVIVELDIY
IGADGIRSVVRGRIGVVEDMKSA B TCYRINVERSVVDELGLVRYSYEPATIQFHG

GLOGRNGRSKYYRIVMSPCSDGEIVSFYCFMPTELT REHEEGFT FAEVEVSDVI L

GRYDELDPDCVNLLANSVDRMPWRLYVEQPYDRWFAGNTCILEDARAPMMPHQSQ
GRCQAIEDAAALGIIFSDRYNFT IDVIAGLAMY QT IRRPRATRVSASRRATENL

NERIGFTSLT PELDASLAARE GRLTINEMNS YRMENI IATEVDRLGGGMGPTIAVH

Figure 27: Identification of the mass finger print for tryptic digests of Ledo1986
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Absorption spectrum of purified Ledo1986

The UV-visible absorption spectrum of purified Ledo1986 was recorded using a
Cary Bio50 spectrophotometer. The visible spectrum of this enzyme is typical of flavin-
containing proteins (7), exhibiting maxima at around 370 nm and 450 nm and minima at
320 nm and 400 nm, respectively (Figure 28). The peak at 450 nm showed a small

shouder at 480 nm.

(443nm, 0,1039)
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FAD in protein

Figure 28: Absorption pectrum of purified Ledo1986

The spectrum was acquired in 50 mM Tris-Cl buffer, pH, 7.5 with 1 cm light path cuvette
in the Cary Bio50 spectrophotometer. The protein concentration in the solution was 12.2
uUM. A peak was observed at 443 nm with an absorbance of 0.1039.

Identification of the protein bound flavin in Ledo1986

The enzyme bound flavin was dissociated from the enzyme by heating at 100 °C

for 5 min, followed by centrifugation at 15,600 x g for 10 min to remove denatured
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protein. The supernatant from the boiled solution of the enzyme was bright yellow in
color and was subjected to chromatography on a silica gel thin layer chromatography
plate. Solutions of FAD, FMN and enzyme supernatant were spotted on the plate which
was then developed with n-butanol-acetic acid-water (12: 3: 5) or Na;HPO4-4H,0 (5% in
water) as solvents (82). In both solvent systems the sample chromatographed as a single
yellow spot, and the Rf values of each sample was calculated: in the first developing
solvent, Rfpap = 0.15, Rfiampie = 0.15, Rfpn = 0.26, in the second developing solvent,
Rfpap= 0.63, Rfsampie = 0.63, Rfpmn = 0.76.  The Rf value of boiled enzyme supernatant
was the same as that of pure FAD, but quite different from that of FMN. Thus, the

protein bound flavin of Ledo1986 was identified as FAD not FMN.

Quantitation of protein bound FAD in Ledo1986

The amount of FAD bound to the purified protein, and its extinction coefficient,
were estimated by absorbance measurements. The spectrum of diluted native protein was
recorded and showed an absorbance of 0.1039 at 450 nm. Then the FAD present in this
sample was dissociated from the protein by heating at 100 °C for 5 min. The boiled
supernatant showed an absorbance of 0.13 at 450 nm (Figure 29). The extinction
coefficient of free FAD in the boiled supernatant is 11,300, the same as that of free FAD
(5). Protein concentration was determined by the BCA assay, and the molecular weight
was determined by gel filtration (the subunit molecular weight was use in the calculation).
The amount of FAD can be determined in the boiled sample, using the absorbance and
extinction coefficient. The concentration of protein in the sample can be also calculated.
The extinction coefficient at 450 can be obtained by taking the absorbance of the enzyme
at 450 nm divided by the absorbance of the boiled sample at 450 nm, and multiplying by
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11300. The extinction coefficient of the FAD on the protein was determined to be 9035
M'em?. The number of molecules of FAD bound to 1 mole of enzyme was calculated

to be approximately 1. Thus, Ledo1986 contains 1 mol FAD per 48600 Da subunit.

. 1 {443nm, 0,1039) G357 {450 nm, 0.1287)
a1 5 5
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Figure 29: Absorption spectra of native protein and boiled supernatant of Ledo1986

The protein was diluted in 50 mM Tris-Cl buffer, pH, 7.5, with a concentration of 12.2
pM. At left is the spectrum of native protein and at right is the spectrum of boiled

supernatant.

Estimation of molecular weight of Ledo1986 by gel filtration chromatography

The molecular weight of purified Ledo1986 was estimated by gel filtration on a
Superdex S-200 column (Pharmacia) (40 cm x 2 cm) equilibrated with 0.1 M NaCl in 50
mM Tris-Cl buffer, pH 7.5. Molecular weight standards were loaded onto the column
separately and a standard curve was obtained by plotting K,y vs. log MW (Figure 30). A
sample of purified protein (100 pl) was chromatographed separately on the column.

From the K,, value of the purified protein, log MW was calculated. The molecular
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weight of Ledo1986 was estimated to be 49000 Da, close to the calculated molecular

weight from the amino acid sequence (48600 Da). Thus Ledo1986 is a monomer.
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Figure 30: Estimation of the molecular weight of Ledol1986 by gel filtration
chromatography

The standard protein used were Ribonuclease (13700 Da), Chymotrypsinogen (25000
Da), Ovalbumin (43000 Da), Albumin (67000 Da), Aldolase (158000 Da), Catalase
(232000 Da), Ferritin (440000 Da). The equation obtained from K,y vs. log MW was y =
- 0.21 x + 1.45. The position data for Ledo1986 was (4.69, 0.47).

Substrate specificity of Ledo1986

The substrate specificity of the enzyme was examined for a number of salicylate
analogues by measuring consumption of NADPH in the presence of these compounds
(Table 4). NADPH consumption in the presence of anthranilate was 310% of that with
salicylate. Other analogues were less reactive. In the absence of aromatic substrate, the

NADPH oxidase activity of the purified enzyme was almost negligible under standard
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assay conditions. The non-enzymatic activity was subtracted from all of the values

shown in Table 4.

Table 4: NADPH oxidation by Ledo1986 in the presence of various aromatic compounds

Aromatic compound Relative activity (%) Standard error
Salicylate 100 0.002
Anthranilic acid 309 0.0047
4-Chlorosalicylic acid 138 0.0067
2,4-Dhihydroxybenzoic acid 71 0.0008
Benzoate 61 0.0006
2,6-Dihydroxybenzoic acid 36 0.0004
2,5-Dihidroxybenzoic acid 27 0.002
2,3-Dihydroxybenzoic acid 24 0.0004
5-Chlorosalicylic acid 23 0.0018
3-Chlorosalicylic acid 18 0.0012
o-Anisic acid 9 0.0005
2-Hydroxyphenylacetic acid 5.6 0.0006
3,4-Dihydroxybenzoic acid 54 0.0005
m-Hydroxybenzoic acid 4.2 0.0011
4-Aminosalicylate 1.9 1 0.0007

The enzyme activity was determined in 50 mM Tris-Cl buffer, pH, 7.5 containing 0.2
umol NADPH, 0.15 pmol of the respective substrate and 60 pg of the purified enzyme in
a total volume of 1 ml, at room temperature. The oxidation of NADPH was measured at
340 nm. The enzyme activity with salicylate (0.28 U/mg) was taken as 100%. The
values shown in the Table are averages of triplicates.
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Product identification by TLC and HPLC

In order to identify products produced from salicylate, anthranilate or 4-
chlorosalicylate (the most active compounds shown in Table 4), reactions were carried
out in 50 mM Tris-Cl buffer, pH 7.5, containing 600 uM NADPH, 150 uM substrate and
0.3 mg enzyme in a total volume of 1 ml. Reaction mixtures were incubated when the
reaction finished and then acidified with HCl. The precipitate formed was removed by
éentrifugation and the supérnatant solution was extracted three times with 2 rhl portions
of ethyl acetate. The extracts were combined and dried over MgSOy4. Ethyl acetate
extracts were then decanted into a new container, and solvent was evaporated under a
stream of nitrogen. The residue was dissolved in ethyl acetate and analyzed by TLC,
then the rest of the solvent was evaporated and the residue was dissolved in distilled
water and analyzed by HPLC. For TLC, anthranilate, salicylate, catechol and 2, 3-
dihydroxybenzoate standards were spotted on the plate together with extracts from
reaction mixtures. No product was detected when either salicylate or 4-chlorosalicylate
were used as substrates. In contrast, using anthranilate as a substrate, the Rf value of \the
reaction product was 0.49, almost the same as that of pure 2, 3-dihydroxybenzoate. In
HPLC chromatography (Figure 31), 2, 3-dihydroxybenzoate was also detected using
anthranilate as a substrate, but no product was detected for the salicylate or 4-

chlorosalicylate reactions (data not shown).
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Figure 31: HPLC of reaction mixture of Ledo1986 incubated with NADPH and
anthranilate

The major peak eluted in the same position as 2, 3-dihydroxybenzoate.

Oxygen consumption assays for Ledo1986

Since hydroxylases consume oxygen, the measurement of oxygen uptake is
another way to monitor enzyme activity. Oxygen consumption by Ledo1986 in the
presence of NADPH and aromatic compounds was measured using an oxygen electrode,
as described in "Material and Methods". Reactions were performed at limiting levels of
aromatic corﬁpounds, to permit observation of the stoichiometry between oxygen
consumption and hydrogen peroxide formation in the presence of anthranilate, salicylate
or 4-chlorosalicylate. The addition of catalase at the end of the reaction allow detection
of any hydrogen peroxide produced (7). The addition of catalase to the salicylate- or 4-
chlorosalicylate-mediated oxygen consumption assay caused a release of one-half of the

oxygen consumed (Figure 32). By contrast, catalase had a smaller effect upon oxygen
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uptake in the anthranilate containing reaction mixture. Stoichiometries were estimated

and shown in Figure 3.

The data in Table 5 indicate that hydrogen peroxide is formed in the salicylate or
4-chlorosalicylate mediated reaction, with a 1:1 stoichiometry observed between NADPH
and H,0,. No product was observed from either salicylate or 4-chlorosalicylate using
thin-layer chromatography (data not shown). Together these data indicate that oxygen
was completely diverted to hydrogen peroxide production in the presence of these
compounds. Thus, salicylate and 4-chlorosalicylate appear to be "non-substrate
effectors" (66) which stimulate NADPH consumption (i.e. act as effectors) but where
oxygen activation is not coupled to hydroxylation. Much less H,O; was formed in the
anthranilate reaction, from which 2, 3-dihydroxybenzoate was detected using TLC and

HPLC, indicating anthranilate is a true substrate as well as an effector of NADPH

oxidation.
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Figure 32: Consumption of oxygen by reaction mixtures for Ledo1986

O, consumption was measured with a Gilson model KM oxygraph equipped with a Clark
oxygen electrode. The O, electrode traces are recorded backwards. The reaction
chamber contained 600 uM NADPH, 2.8 uM of the purified protein and 150 uM of
substrate in 50 mM Tris-Cl buffer, pH 7.5 with a total volume of 1 ml. Reactions were
initiated by addition of salicylate (A), anthranilate (B) or 4-chlorosalicylate (C). Then
200 units of catalase (X) was added as shown by the arrows after reactions were almost

complete.
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Table 5: Comparison of the relative activities of Ledo1986 and the ratio of hydrogen
peroxide produced to oxygen consumed for aromatic compounds.

(The values shown in the Table are averages of triplicates)

Substrate Relative activity H,0,/ 0,
Salicylate 100 _ 1/1
Anthranilate 309 ~0.3/1
4-chlorosalicylate | 138 1/1

Binding of aromatic compounds to Ledo1986

As shown in (Appendix I), binding of anthranilate caused extensive spectral
changes, and a K4 value of approximately 25 uM was obtained, which indicates that the
binding between Ledo1986 and anthranilate is relatively tight.

Compared with anthranilate binding, salicylate binding caused a much less extensive

spectral change and considerably weaker binding than anthranilate (Appendix II).

Steady state kinetics of Ledo1986 with anthranilate as substrate

Kinetics constants, Vmax and Ky when anthranilate was used as substrate were
estimated for Ledo1986. Initial rates corresponding to different concentrations of
anthranilate or NADPH (corrected for the rates in the absence of anthranialte) were
obtained. Then data were fitted using the Michaelis-Menten equation with Grafit v4.0
software (Erithacus). With the software, Lineweaver-Burk plots were constructed from
non-linear regression fitting of the data. Apparent Vi and Ky, values of 0.05 pmoles/
min and 13.8 uM for anthranilate binding (Figure 33) and 0.08 umoles/ min and 255 pM

for NADPH binding were obtained from the fitted parameters (Figure 34).
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Figure 33: Steady state kinetics of Ledo1986

Reactions were initiated by the addition of different amounts of anthranilate to 50 mM
TrisCl buffer, pH 7.5, containing 300 uM NADPH and 0.56 pM enzyme at room
temperature.
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Figure 34: Steady state kinetics of Ledo1986

Reactions were initiated by the addition of different amounts of NADPH to 50 mM
Tris'Cl buffer, pH 7.5, containing 140 uM anthranilate (saturated) and 0.56 pM enzyme
at room temperature.

Characterization results for Grral516

Gtral516 is a putative phenol hydroxylase, an enzyme that catalyzes the
hydroxylation of phenol in the presence of oxygen and NADPH. Phenol hydroxylase

purified from the soil yeast, Trichosporon cutaneum, is an FAD-containing protein (67).
Optimization of expression conditions for Gfral516

Small scale cultures of Gtral516 were induced with IPTG and growth was

continued at different temperatures for various lengths of time to determine optimal
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conditions for expression of soluble protein. Figure 35 shows the expression level of the
proteins under the conditions tested. Gtral516, which is predicted to have a molecular

weight of 66.6 kDa, was expressed at the highest level in a soluble form after induction

for3hat37°C

Gtral516 1 2 3 4 5 6

97.0 kDa

66.0 kDa .

45.0 kDa

30.0 kDa

20.1kDa — === - o E i = e

Figure 35: SDS-PAGE gel (12%) demonstrating the optimum expression conditions for
Gtral516

Low molecular weight standards (lane 1). Crude extracts from cells induced at 37 °C for
1 h (lane 2), or 3 h (lane 3); 20 °C for 3 h (lane 4), for 6 h (lane 5), or overnight (lane 7).

Purification of Gtral516

Gtral516 was overexpressed in E.coli(DE3)lac! cells and purified in good yield
using two chromatographic steps as described in “Materials and Methods”. However, the

initial purification procedure used had to be modified to allow the isolation of the most

active preparation of enzyme.

The first time this protein was purified, cells were harvested after inducing with

IPTG, suspended in 50 mM Tris-HCI buffer, and disrupted by sonication. The crude
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extract of soluble proteins represented the supernatant after ultracentrifugation, and this
was subjected to ion-exchange chromatography followed by phenyl-Sepharose
chromatography. After the first chromatographic column, the activity fractions were
yellow in colour, and the enzyme appeared to lose a considerable amount of yellow
colour during the second chromatography step. In order to establish the identity of the
yellow compound, the partially-purified extracts were applied to TLC to identify the

flavin. Also, when FAD was added to the assay the activity was stimulated.

Having established that the yellow-colour cofactor was FAD, a modified
purification method using an FAD-containing buffer was used. Buffers used for crude
extract preparation and during purification contained 10 pM FAD, 10 mM DTT, and 0.1
mM EDTA, as was the case for the successful purification of phenol hydroxylase from
T.cutaneum (6). The crude extract was subjected to ion-exchange chromatography
followed by octyl-Sepharose chromatography, and fractions were monitored for phenol
hydroxylase activity, as described in "Materials and Methods". In the Fast-flow DEAE-
Sepharose chromatography step, the peak of phenol hydroxylase activity eluted at
approximately 0.09 M sodium chloride in purification buffer. The peak activity
coincided with peaks of protein absorbance at 280 nm and of flavin absorbance at 450 nm
absorbance. In this purification step, the spectrophotometer_ was blanked with
purification buffer which contained FAD, so the absorbance detected at 450 nm was due
to the protein bound flavin. The peak fractions were pooled and concentrated prior to the
next step. However, in the octyl-Sepharose chromatography step, the enzyme bound

FAD gradually dissociated from the protein during the purification procedures, since the
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enzyme appeared to lose a considerable amount of yellow colour as well as activity. So

the collected fractions were assayed with addition of FAD.

The peak of enzyme activity from the octyl-Sepharose column was confirmed by
SDS-PAGE to contain a protein with the expected molecular weight of 66 kDa (result not
shown). Since the protein lost some flavin and the activity assay was stimulated by the
addition of FAD, the collected fractions exhibiting peak enzyme activity were pooled,
FAD (to 1 mM) was added, the proteih was concentrated using an Ultrafree-CL
centrifugal filter unit (Millipore), and buffer-exchanged (50 mM Tris-ClI buffer, pH 7.5)
until no FAD was detected in the filtrate. Then the protein was aliquoted and stored at -

80 °C.

A typical purification procedure is summarized in Table 6. The purified enzyme
preparation had a specific activity of 2 U/mg after 20-fold purification from the crude
extract. Figure 36 demonstrates the protein purity at each purification step: as can be
observed, an addition S300 gel-filtration chromatography did not improve the purity
(Figure 36, lane 7). The SDS-PAGE results indicate that the purified protein had a

subunit molecular weight consistent with the 66600 Da predicted from the Giral516

amino acid sequence.
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Table 6: Purification summary for Gfral516

Specific

Purification step | Vol | Protein Total activity * | activity Purification | Yield

(ml) | (mg) ) (U/mg) (fold) (“o)
Crude extract 63 1100 110 0.1 1 100
Fast-flow DEAE-
Sepharose 5.1 108 105 0.97 9.6 95
chromatography |
Octyl-sepharose
chromatography | 1.93 | 20.7 41.4 1.99 19.9 38

*The activity indicated is the oxidation of NADPH in the presence of phenol. One unit of
activity (U) is defined as the amount of enzyme required to oxidize one pmol of NADPH
per min under the standard assay conditions ("Materials and Methods"). The protein
collected after octyl-Sepharose chromatography was combined, had FAD added,
ultrafiltered and assayed for its activity.
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Figure 36: SDS-PAGE gel (12%) demonstrating the purity of recombinant Gtral516
preparation after different purification steps ’

Low molecular weight standards (lane 1). Uninduced crude extract (lane 2). Pellet
resuspension (lane 3). Crude extract (lane 4). Pooled fractions from Fast-flow DEAE
column (lane 5). Pooled fractions from octyl-Sepharose column (lane 6). Pooled
fractions from S300 gel-filtration column (lane 7).

Mass spectrometry

In-solution Trypsin digestion and ESI-Q-TOF MS was conducted on the purified
Gtral516 protein (Figure 37). Fragments observed in the spectrum are underlined in

Figure 38, and cover 19% of the sequence.
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Figure 37: ESI-Q-TOF spectrum for the peptides of Gtral516

MPVPAMKE SDVDVLVIGAGPAGLMCAQGLARAGVNVRIVDRRPGRVAAGDADGIQPRT IEVL.OSYGL

AFRLLREGNQMHMAAFYDPS PEGGIHRTGRIPDINAPTARFPFEVILHQGAIESIFLDCLRSMGHEV
ERPVVPESLE ISDRRDALKDPQARAVRVVLRHVIAPEGRDTEVVHAR YVVGADGAHSWVRRQL.GFAM
EGEQTDYVWCVVDMI PDT DFPDIRNRCATHSNNGSCMVIPREGDVVRLYIQLTDEDVRINTTGRVDT
QRCSAEKLLEVARKSFHPYRIRARGDITWWTIY IIGRRVASKFSAHERVF IAGDACHTHS PRAGOGM
NASMNDTHNLIWKLTHVLRGWADISLLKTYELERRRYAQDLIAFDREFASLFSRKPRKSEENPDGVTO

EEFVEAFRTFGGFTSGIGIHYAPSTIVDARHOASASKL ITGORVLPOTVIRAADARPYELODTLLPAD

IRFELLVFIGDIGAPEQKREVDELARHLERKESFLGRFGEQRKNDVFDVEFAVCLSRKEDVV YT DVPEV

FRPHWSKVLLDDVDT TGRVGAGVYERFGIGSEGAIVVVRPDGYVGIVAPLDDVSVLESYFAGFFARS

Figure 38: Identification of the mass fingerprint for the tryptic digest of Gtral516
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Identification of the protein bound flavin in G#ra1516

The enzyme-bound flavin was dissociated from the enzyme by heating the protein
at 100 °C for 5 min, then the denatured protein was removed by centrifugation at 62000 x
g for 10 min. The flavin in the resulting yellow supernatant was identified by thin layer
chromatography on silica gel. Samples of FAD, FMN and enzyme supernatant were
spotted on the plate, which was developed with n-butanol-acetic acid-water (12: 3: 5) or
Na,HPO44H,O (5% in water) as solvent. In both solvent systems the sample
chromotographed as a single yellow spot. The Rf value of each spot was calculated in
the first developing solvent, Rfrap = 0.16, Rfsample = 0.16, Rfpvn = 0.24, and in the second
developing solvent, Rfpap= 0.627, Rfsampie = 0.627, Rfpmn = 0.75. The Rf values of the
yellow compound from boiled enzyme supernatant were the same as those of pure FAD,
but quite different from FMN. Thus the protein-bound flavin of Gtral516 was identified

as FAD, not FMN.

Absorption spectrum of purified Gral516

The UV-vis absorption spectrum of purified Gtral516 was recorded using a Cary
Bio50 spectrophotometer. The visible spectrum of this enzyme is typical of flavin-
containing proteins (7), exhibiting maxima at approximately 370 nm and 443 nm and

minima at 320 nm and 400 nm, respectively, as well as a shoulder at 480 nm (Figure 39).
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Figure 39: Absorption pectrum of purified Gtral516

The enzyme (8 pM) was in 50 mM Tris-Cl buffer, pH, 7.5, in a 1 cm light path cuvette in
the Cary Bio50 spectrophotometer.

Quantitation of protein-bound FAD in Gtral516

The amount of FAD bound to the purified protein was estimated by spectral
measurements. The spectrum of diluted native protein was recorded and showed an
absorbance of 0.0804 at 443 nm (Figure 40). Then the FAD presented in the diluted
protein was dissociated from the protein by heating at 100 °C for 5 min. The spectrum of
the boiled supernatant showed an absorbance of 0.078 at 450 nm. The extinction
coefficient of the FAD in the boiled supernatant is 11300, the same as that of free FAD
(5). Protein concentration was estimated using the BCA assay and the subunit molecular
weight of 66600 Da was used to calculate molar concentrations. The amount of FAD can
be determined in the boiled sample, using the absorbance and extinction coefficient. The
concentration of protein in the sample also can be calculated. The extinction coefficient
at 450 can be obtained by taking the absorbance of the enzyme at 450 nm dividing by the
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absorbance of the boiled sample at 450 nm, and multiplying by 11700. The mol FAD
bound per mol enzyme was calculated to be approximately 1. Thus, Gtral516 contains 1

FAD per-subunit.

{443 nm, 0.0804 } {450 nm, 0.0777)
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Figure 40: Absorption spectrum of native protein and boiled supernatant of Gral516

The protein (8 pM) was diluted in 50 mM Tris-Cl buffer, pH, 7.5. To the left is the
spectrum of native protein, and to the right is the spectrum of the boiled supernatant.

Estimation of molecular weight of Gtral516 by gel filtration chromatography

The molecular weight of purified Gtral516 was estimated by gel filtration on a
Superdex S-200 column (Pharmacia, 40 cm x 2 cm) equilibrated with 0.1 M NaCl in 50
mM Tris-Cl buffer, pH 7.5. Molecular weight standards were loaded onto the column
separately and a standard curve was obtained by plotting Kay vs. log MW. For 100 ul of
the purified protein was loaded on the column, the K,y value of the purified protein, log
MW was calculated using the standard curve. The molecular weight of Gtral516 was

estimated to be 138000 Da which indicates that this protein is a dimer (Figure 41).
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Figure 41: Estimation of the molecular weight of Gtral516 by gel filtration

The standard protein used were Ribonulease (13,700 Da), Chymotrypsinogen (25000 Da),
Ovalbumin (43000 Da), Albumin (67000 Da), Aldolase (158000 Da), Catalase (232000
Da), Ferritin (440000 Da). The equation obtain from Kg, vs. log MW was y = - 0.2093 x
+1.4601. The position data for Grral516 was (5.17, 0.38).

Substrate specificity of Gfral516

The activity of the enzyme in stimulating NADPH oxidation was determined for a
number of aromatic compounds using the assay conditions outlined in "Materials and
Methods" (Table 7). In the absence of aromatic substrate, NADPH oxidase activity of
the purified enzyme was almost negligible under the standard assay conditions. The
highest rate of NADPH oxidation was observed using phenol as the substrate, followed

by resorcinol and p-methylphenol. The anzyme was not active with NADH.
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Substrate Relative activity (%)
Phenol 100

Resorcinol 41.9

p-Methylphenol 21.2

Catechol 14.7
m-Methylphenol 13.9

phloroglucinol 6.6

o0-Methylphenol 0.7

Benzentriol 0

Table 7: Substrate specificity of purified Gtral516

The enzyme activity was determined in 50 mM Tris-Cl buffer, pH, 7.5 containing 0.2
umol NADPH, 0.15 umol of the respective substrate and 53.7 ug of the purified enzyme
in a total volume of 1 ml. The oxidation of NADPH was determined at 340 nm. The
enzyme activity with phenol (2 U/mg) was taken as 100%. The values shown in the
Table are averages of triplicates.

Product identification for Gtra1516 by TLC and HPLC

In order to identify products produced from the aromatic compounds listed in

Table 7, reactions were carried out in 50 mM Tris-Cl buffer, pH 7.5, containing 600 pM
NADPH, 150 uM of the aromatic compound and 0.5 mg enzyme in a total volume of 1
ml. Using phenol, p-methylphenol or resorcinol, the reaction mixture was incubated for
10 min and then acidified with HCl. The precipitate formed was removed by
- centrifugation and the supernatant solution was extracted three times with 2 ml portions
of ethyl acetate. The extracts were combined and dried over MgSO4. The supernatant
was decanted and the ethyl acetate was evaporated under a stream of nitrogen. The

residue was dissolved in ethyl acetate and analyzed by TLC. Phenol, resorcinol, p-
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methylphenol, catechol, salicylate and hydroxyquinol were spotted on TLC plates as
standards. Using phenol or p-methylphenol as a substrate, no product was observed (data
not shown). Using resorcinol as a substrate, a spot was observed and the Rf value of the
reaction product was 0.82, almost the same as that of pure hydroxyquinol (Rf = 0.824).
The reactions were carried out again and applied to HPLC. In HPLC (Figure 42), using

resorcinol as a substrate, hydroxyquinol was detected, while using phenol as a substrate,

very little catechol was present.
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Figure 42: Product identification of Gtral516 by HPLC

The reaction mixtures were subjected to HPLC without extracting with ethyl acetate. (A)
is the reaction mixture using resorcinol as the substrate. (B) is the reaction mixture using
phenol as the substrate. (C) is hydroxyquinol standard (the same concentration as
resorcinol added in A). (D) is catechol standard ( the same concentration as phenol added
in D). Using resorcinol as a substrate, the product was identified as hydroxyquinol.
Using phenol as the substrate, the formation of catechol was negligible.
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Oxygen consumption assays for GfralS16

Oxygen consumption in the presence of different aromatic substrates was
measured using an oxygen electrode from Hansatech. Reactions were run with limiting
aromatic compound, to permit observation of the stoichiometry between oxygen
consumption and hydrogen peroxide production. in the presence of phenol, p-
methylphenol or resorcinol. Catalase was added after oxygen consumption ceased, to
determine whether hydrogen peroxide was produced. The addition of catalase to the
reaction mixture containing phenol resulted in the return of almost one-half of the oxygen
consumed (Figure 43). However, catalase had little effect upon oxygen "return" in the
reaction mixture containing resorcinol. The data in Table 8 indicate that hydrogen
peroxide is formed in the phenol and p-methylphenol mediated reaction, with a 1:1
stoichiometry observed between NADPH and H,0,. No product was observed using p-
methylphenol as a substrate. Very little product was observed in HPLC analysis of the
reaction mixtures containing phenol (Figure 42), also indicating that oxygen was mostly
diverted to hydrogen peroxide production. Thus, phenol appears to be mainly a non-
substrate effector. Much less H>O, was formed in the resorcinol mediated reaction, from
which hydroxyquinol was detected using TLC and HPLC. Resorcinol thus appears to be

a much better substrate for the enzyme, with relatively little uncoupling.
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Figure 43: Consumption of O, by reaction mixture of Gtral516

0, consumption was measured with a Gilson model KM oxygraph equipped with a Clark
oxygen electrode. The O; electrode traces are recorded backwards. The reaction
chamber was hooked up to a 20 °C water bath and contained 300 uM NADPH, 0.8 pM of
the purified protein and 100 pM of substrate in 50 mM Tris-ClI buffer, pH 7.5 with a total
volume of 1 ml. Reactions were initiated by addition of phenol (A), 4-methylphenol (B)
or resorcinol (C). Then 200 units of catalase (X) were added as shown by the arrows
after reactions were almost complete.

Table 8: Comparison of the relative activity and the ratio of hydrogen peroxide produced
to oxygen consumed for different substrates of Gtral516

Substrate Relative enzyme activity H,0,/ 0,
phenol 100 11
4-methylphenol 21.2 1/1
resorcinol 41.9 ~0.25/1

The data showed in the Table are averages of replicates.
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Substrate binding study for Gfral516

The visible and fluorescence spectra of enzyme-bound FAD were used to monitor
aromatic substrate binding to the enzyme. As shown in Figure 44 and Figure 45, tighter
binding of resorcinol relative to phenol was observed: for phenol, no sign of saturation
was observed, even at 4 mM phenol while for resorcinol the data were fitted with a Kd of

1.6 mM.
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Figure 44: Resorcinol binding to Gtral516

Binding study was carried out using Fluorescence spectroscopy. Samples were placed in
500 pl cuvette and data were collected by titrating 5 pM enzyme with gradually
increasing amount of resorcinol. The inset shows the AAbsorbance vs. total resorcinol
concentration. K4 value were analyzed by a computerized, weighted nonlinear regression
method. (Fluorimeter setting is described in "Materials and Methods")
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Figure 45: Phenol binding to Gtral516

Binding study was carried out using fluorescence spectroscopy. Samples were placed in
500 pl cuvette and data were collected by titrating 5 pM enzyme with gradually increased
amount of phenol. The inset shows the Aabsorbance vs. total phenol concentration. Ky
value were analyzed by a computerized, weighted nonlinear regression method.
(Fluorimeter setting is described in the "Materials and Methods™)

Resorcinol hydroxylase steady state kinetics

The Vo and Ky values for resorcinol were estimated for Grral516. Initial rates
observed with different concentrations of resorcinol were corrected for the rates in the
absence of aromatic substrate and As40/min values were converted to umole/min using an
extinction coefficient of 6220 cm'M™. Data were then fitted with the Michaelis-Menten
equation using Grafit v4.0 software (Erithacus). With Grafit, Lineweaver-Burk plots
were constructed from non-linear regression fitting of the data. The apparent V., and

K obtained from the fitted parameters were 0.09 pmoles/min and 50.6 uM for resorcinol
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binding (Figure 46) and 0.09 pmoles/ min and 49.7 pM for NADPH binding (Figure 47),

respectively.
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Figure 46: Steady state kinetics of Gtral516

Reactions were initiated by the addition of different amounts of resorcinol to 50 mM
Tris-Cl buffer, pH 7.5, containing 160 pM NADPH and 0.48 pM enzyme at room
temperature.

82



003
005 B
,.—«'"Qw
- . éf’
Ve ;. A
0.04 ¥l o /
o 5 w04 v
= Gf = ] V‘/
y’r pa—y 20* g
poz+ / vr”j
o L e S AT
= ?f & 002054000 0.
i 1 [substrate]
¢TrTrrT T T T

maleylacetate, respectively.

0 20 40 &0 &) 100 120 140 180

[NADPH] uM
Parameler Vahe 5td. Ertor
Vmax (umolesiminy  0.09 0.0069
Km (M} 49.7 35.447)

Figure 47: Steady state kinetics of Gtral516

Reactions were initiated by the addition of different amounts of NADPH to 50 mM
Tris-Cl buffer, pH 7.5, containing 160 pM resorcinol (saturated) and 0.56 pM enzyme at

room temperature.

Characterization results for Grral270

Gtral270 is a putative catechol-1, 2-dioxygenase or hydroxyquinol dioxygenase,

catalyzing the ring cleavage of phenol and hydroxyquinol to form cis, cis-muconic acid or

Optimization of expression conditions for Gfral270A

Small-scale induced cultures of E. coli transformed with expression plasmid

harbouring Gtral270 were grown under different conditions to maximize expression of
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this protein. Figure 48 shows the expression level of the proteins under different
conditions. Gtral270 had the highest expression level after induction for 3 h at 37°C.
However, instead of being expressed in a soluble form as were Ledo1986 and Grral516,

Gtral270 was mainly expressed in an insoluble form Figure 43.

97.0 kDa
66.0 kba

45.0 kDa P T SR,

Supernatant Pellet

Figure 48: SDS-PAGE gel (12%) demonstrating the optimum expression condition for
Gtral270A

(Left) Expression levels in the crude extracts obtained under different induction
conditions. Low molecular weight standards (lane 1). Crude extracts from cell induced
at 37 °C for 1, 2, and 3 h (lanes 2, 3 and 4). Crude extracts from cells induced at 20 °C

for 1, 3, 6 h and overnight (lanes 5, 6, 7 and 8). (Right) Expression leveis of protein in
the pellet obtained from different induction condition. Low molecular weight standards
(lane 1). Pellet resuspension from cells induced at 37 °C for 1, 2, and 3 h (lanes 2, 3 and
4). Pellet resuspension from cells induced at 20 °C for 1, 3, 6 h and overnight (lane 5, 6,

7 and 8).

ESI-Q-TOF for Gtral270A

The identity of the major band identified as Gtral270A in the gels shown in
Figure 48 was confirmed by mass spectrometry. Trypsin in-gel digestion followed by

ESI-Q-TOF MS was conducted for the circled protein bands in Figure 48 (lane 4,
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supernatant, and lane 4, pellet). Figure 49 shows the spectrum for digestion of the band
of protein observed in the pellet fraction. Peptide fragments observed in the spectrum
are underlined in Figure 50, and cover 16% of the sequence. None of the peptide masses
from the digest of the band of protein observed in the supernatant matched the peptide

masses expected from Gtral270A (ex. Figure 51).
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Figure 49: ESI-Q-TOF spectrum for the peptides of Gtral270 (Figure 438, pellet, lane 4)

MR TITOFL®RTCQICPPIRQEFILZLSEDVILGISALYV
DALNNDPPVY SCCTESEVIGDP PFIEDAPFPDVRNGDE
ASECHEECOYMYYEECRVIDTHGCGEPVERABLIETNETD
EFYECPYDTOYADRSKPDCRGEGRLETDEDGRY GYRAY
VPV AYDPIPGDEDPVEOILINLERINMREFNAELAEMMI
FAPGY OKLTTAFPYPEEDEWLLASDAVFGVERSLYY
TLEDYDNEQEARKRGEGPPHKGEEHFHXLIEADL VLYV Z2E
AFSEAAREQYARABEHAVNRSNEIQLR

Figure 50: Identification of the mass fingerprint for the tryptic digest of Gtral270

85



1004

660.05

1331.16

1965.44

1966.02 241519

TOF MS ES+

6.78¢e4

5§59.15 2491.35

§73.08

%
i

93316 1300.04 215316
i\ }

1691.25

2585.10
. 1834.31 /

221015

g 291.24 e 4,924'88 4350.6,

LA i % B
Al R s uf
il

500 1000 1500 2000 2500 3000 3500 4000

Figure 51: ESI-Q-TOF spectrum for the peptides of Gtral270 (Figure 48, supernatant,
lane 4) ’
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Characterization of Gtral270

Since Gtral270A is expressed in an insoluble form, it is possible that this may be
due to the missing N-terminal part of the predicted conserved domain suggested by the
sequence alignments (Figure 17). With an N -terminal extension, a BLAST analysing of
Gtral270B (Figure 18) shows that this target gene includes the full alignment sequence

with the predicted conserved domain.

Optimization of expression conditions for Gtrai270B

Small scale induced cultures of E. coli cells transformed with expression plasmid
harbouring Gtra1270B were grown for different lengths of time at various temperatures
to determine the best conditions for protein expression (Figure 52). Compared to the
pellet, appreciable amounts of expressed protein were detected in the crude extract.
Expression of a protein with a molecular mass close to that of Gzral270B was highest

after inducing for 3 h at 37 °C (Figure 52, lane 4, supernatant). Thus, by extending the N-
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terminal sequence of the protein, the protein appeared to be successfully expressed in a

soluble form.

1 2 3 4 8 6 - I
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Figure 52: SDS-PAGE gel (12%) demonstrating the optimum expression condition for
Gtral270

(Left) Expression levels in the crude extracts from E. coli transformants harbouring
Gtral270 obtained under different induction condition. Low molecular weight standards
(lane 1). Crude extract from cells induced at 37 °C for 1, 2, and 3 h (lane 2, 3 and 4).
Crude extract from cells induced at 20 °C for 3, 6 h and overnight (lane 5, 6 and 7).
(Right) Expression levels of protein in the pellet obtained under different induction
conditions. Low molecular weight standards (lane 1). Pellet resuspension from cells
induced at 37 °C for 1, 2, and 3 h (lane 2, 3 and 4). Pellet resuspension from cells
induced at 20 °C for 3, 6 h and overnight (lane 5, 6 and 7).

ESI-Q-TOF for Gtral270B

The identity of the putative Gtral270B band was confirmed by mass spectrometry.
Trypsin in-gel digestion followed by ESI-Q-TOF MS was conducted for the protein
bands circled in Figure 52 (lane 4, supernatant and lane 4, pellet). Figure 53 shows the

spectrum obtained for the digest of the protein band observed in the supernatant. Peptide
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fragments observed in the spectrum and they are underlined in Figure 54, and cover 29%

of the sequence.
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Figure 53: ESI-Q-TOF spectrum for the peptides of Giral270B '
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Figure 54: Identification of the mass fingerprint for the tryptic digest of Gtral270B

Purification of Gtral270B

Gtral270B was successfully overexpressed in E.coli (DE3)lacl cells and purified
from 6 L of culture using four chromatographic steps as described in “Materials and

Methods”. After preparation of crude extract, Fast-flow DEAE-Sepharose
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chromatography, High Performance phenyl-Sepharose chromatography, octyl-Sepharose
chromatography and gel-filtration (S-300) chromatography were applied in succession to
purify the target protein. Since the crude extract was not active in oxygenase assays with
hydroxyquinol or catechol, through all chromatography steps, the target protein was
located by SDS-PAGE. The peak fractions were pooled and concentrated prior to the
next step. Figure 55 demonstrates the protein purity observed after each purification step.

The subunit molecular weight of Gtra1270B was calculated to be 35900 Da from the

amino acid sequence.

97.0 kDa
66.0 kDa

45.0 kDa

30,0 kiba

201kDs
Figure 55: SDS-PAGE gel (12%) demonstrating the purity of recombinant Gfral270B
after different purification steps

Low molecular weight standards (lane 1). Crude extract (lane 2); Pooled fractions from
Fast-Flow DEAE column (lane 3); Pooled fractions from phenyl-Sepharose column (lane
4); Pooled fractions from octyl-Sepharose column (lane 5); Pooled fractions from S-300

gel-filtration column (lane 6).
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Estimation of molecular weight of Grra1270B by gel filtration chromatography

The molecular weight of purified Gtra1270B was estimated by gel filtration on a
Superdex S-200 (Pharmacia, 40 cm x 2 cm) column equilibrated with 0.1 M NaCl in 50
mM Tris-Cl buffer, pH 7.5. Molecular weight standards were loaded onto the column
separately and a standard curve was obtained by plotting Ky vs. log MW (Figure 56).
Purified protein (100 ul) was loaded on the column, and eluted in two peaks (Figure 57).
From the K,y value of the purified protein, log MW was calculated using the standard
curve. Thé molecular weights of the two peaks of Gtral270B were estimated to be

143300 Da and 215400 Da which indicated that this protein appeared to aggregate.
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Figure 56: Estimation of the molecular weight of Gtral270B by gel filtration
chromatography

The standard protein used were Ribonulease (13700 Da), Chymotrypsinogen (25000 Da),
Ovalbumin (43000 Da), Albumin (67000 Da), Aldolase (158000 Da), Catalase (232000
Da), Ferritin (440000 Da). The equation obtain from K,y vs. log MW was y = - 0.2093 x
+ 1.4601.
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Figure 57: Gel filtration traces with Gtral270

Attempted activation of Gtra1270B by addition of ion under aerobic and anaerobic
condition

The result of iron quantitation (Materials and Methods) indicated that there was no
iron in the purified protein, so the activity assay was carried out with the reconstitution of
iron. The activity of Gtral270B was measured spectrophotometrically at either 260 or
245 nm using catechol or hydroxyquinol as the substrate. Reactions were carried out
under aerobic or anaerobic conditions in the presence of Fe**, as described in "Materials

and Methods", however no activity was observed.
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DISCUSSION

Fungi are able to degrade a wide array of different molecules that higher
organisms are incapable of metabolizing. Much of the degradative power of fungi is
associated with secreted hydrolases that attack plant-based macromolecules such as
cellulose, starch, and hemicelluloses. Fungi also produce a wide array of extracellular
proteases and peptidases, many of which have been exploited for industrial purposes (86).
Secreted oxidative enzymes, such as peroxidases and laccases, play important roles in the
degradation of lignin, a highly cross-linked network of aromatic compounds that is very
resistant to hydrolysis (29). Free radicals and active oxygen species generated by these
enzymes attack the linkages in lignin and break it down into simpler subunits. Oxidative
enzymes, such as cellobiose dehydrogenase, also play a role in the degradation of

polysaccharides.

Considerable attention has been paid to the role of extracellular fungal oxidative
enzymes, such as lignin peroxidase and laccase, in dye decolourization and in the
degradation and mineralization of toxic aromatic compounds such as chlorinated
aromatics (86). Less well-studied are fungal intracellular pathways for the use of
aromatic compounds as sole sources of carbon and energy. Decades ago, pathways were
described in fungi such as Aspergillus niger, Neurospora crassa and Rhodotorula sp. for
the degradation of lignin-derived aromatics and hydroxybenzoates (75). Although
differing in some details, in general the chemistry of these pathways is quite similar to
pathways used by bacteria for growth on these compounds. Thus, the aromatic ring is

prepared for ring fission by insertion of hydroxyl groups, such that it is then cleaved by
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dioxygenases to produce a ring-fission product that is converted in a series of reactions to

intermediates of central metabolism.

Although the genetics and molecular biology of bacterial aromatic degradation
pathways have been studied extensively, very few corresponding studies have been
published about fungal pathways. Nevertheless, in the past few years there has been an
explosion of information in the form of sequences of fungal genomes. The Joint Genome
Institute (http://www.jgi.doe.gov/) and the Broad Institute (http://www.broadinstitute.org/)
are two prominent centers for fungal genomics that run sequencing programs and are
repositories of publicly-available fungal genome sequences. There are 207 and 160
fungal genomes, respectively available in the two website. The annotation of these
genomes relies to a large extent on sequence comparisons with known genes. In the case
of genes encoding enzymes for aromatic degradation pathways, most of the annotation is
based on sequence comparisons with bacterial genes. In some cases, the enzymes are
similar enough that the interpretation is straightforward. However, in other cases where
fungi use a somewhat different strategy than bacteria, the lack of fungal sequence
information makes it difficult to predict gene function accurately. For example, Cain et
al. (75) studied a protocatechuate dioxygenase from Aspergillus niger, however,
protocatechuate dioxygenase can not be found by searching the JGI sequence of the

genome of Aspergillus niger.

In order to better understand fungal aromatic degradation pathways, especially the

information that is available from fungal genome sequencing programs, it is clear that
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more structure-function information is needed. In this study, I expressed genes that
appear to encode enzymes from aromatic degradation pathways in fungi for which cDNA
was available from the fungal genomics program at Concordia University. Two new
flavoprotein hydroxylases were successfully expressed and functional information was
obtained. A putative ring cleavage dioxygenase was also expressed, but the enzyme

lacked a metal cofactor and was not active in any of the activity assays that were tested.

In the past a few decades a variety of aromatic hydroxylases including many
flavoproteins have been studied. Mono- or dioxygenases which catalyze the catabolism
of aromatic compounds by introducing hydroxyl groups or cleaving the beniene ring
either at the ortho or para position. Flavoprotein monooxygenases use NAD(P)H as the
hydride donor to catalyze the hydroxylation of aromatic compounds in the presence of
molecular oxygen. In addition to the flavin binding site, flavoprotein monooxygenases-
catalyzed reactions seem to have a common mechanism. Generally, three steps are
involved: first, reduction of the flavin by the hydride donor, NAD(P)H, second, the
formation of the oxygenating reagent, C4a-flavin hydroperoxide, from the reaction of the
reduced flavin and O,, and binding, orienting, and activating the substrate for its
oxygenation by the C4a- hydroperoxide, with release of the second atom of oxygen as
water from flavin C4a-hydroxide. Dioxygenases such as catechol-1,2- dioxygenase and
hydroxyquinol-1,2-dioxygenase incorporate both atoms of molecular oxygen into the
products of the reaction.

Ledo1986 and Grral516 were successfully overexpressed in E.coli and purified to

homogeneity so that they could be characterized with respect to function. Bioinformatics
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analysis suggested that Ledo1986 was a putative salicylate hydroxylase which catalyzes
the hydroxylation of salicylate to catechol. The specific activity of the purified enzyme
was 0.28 units/mg of protein and the yield was 97%. This is considerably lower than the
salicylate hydroxylases from Pseudomonas putida (87), which had activity of 10.6
units/mg and 37 units/mg, respectively. Ledo1986 was determined to be a monomer with
a mass of 48600 Da by SDS polyacrylamide gel electrophoresis and Superdex S-200
chromatography. Similar to the enzymes from Pseudomonas putida (87) and
Pseudomonad (5)(54), Ledo1986 contains one molecule of FAD per subunit as a
prosthetic group. Salicylate hydroxylase from Psedomonas (57) is also a monomer with
one FAD per 57 kDa subunit, while the enzyme from Pseudomonas putida (87) was

found to be a 91 kDa dimer, also with 1 FAD per subunit.

As with bacterial salicylate hydroxylases, Ledo1986 uses a reduced nicotinamide
nucleotide cofactor as the external electron donor. The enzyme from Pseudomonads uses
NADH as an electron donor whereas salicylate hydroxylase from Pseudomonas putida
uses NADPH. The L.edodes enzyme uses NADPH as a hydrogen donor, and was
practically inactive with NADH. This is probably due to the sequence feature of the
NADPH binding site, where the steric hindrance on binding of the extra phosphate group
of NADPH is weaker than that of the NADH-specific enzyme (88). Under the standard
assay conditions in the abseﬁce of anthranilate the oxidation of NADPH was practically
negligible. The oxidation of NADPH could be observed in the presence of some of the

derivatives of anthranilate as shown in Table 4.

95



The substrate specificity studies yield some of the most interesting results for this
enzyme. Table 4 shows that a variety of aromatic compounds stimulated NADPH
consumption. The two salicylate analogues, anthranilate and 4-chlorosalicylate,
exhibited reaction rates 309 and 138% of that of salicylate, respectively. Other
compounds were less active. Thus, it appears that Ledo1986 was more active with
anthranilate than other aromatic compounds, including salicylate. When anthranilate was
used as a substrate, the reaction product, 2, 3-dihydroxybenzoate, was identified by TLC
and HPLC (Figure 31). On the other hand, although Ledo1986 was active in NADPH
oxidation in the presence of salicylate or 4-chlorosalicylate, no product was observed.
Taken together, these results indicate that anthranilate may be a true substrate for
Ledo1986, while salicylate and 4-chlorosalicylate are “pseudosubstrates” (7). This may
explain why Ledo1986 catalyzes salicylate oxidation at a much lower rate compared to

some other salicylate hydroxylases that have been studied (see above).

In order to further distinguish substrates from psedosubstrates, oxygen
consumption assays for Ledo1986 were carried out. Since hydroxylase catalyzed
reactions consume oxygen, the addition of catalase at the end of the reaction allows
detection of any hydrogen peroxide produced in the presence of a non-substrate effector
(7). One mole of H,O, forms 0.5 mole of O in the presence of catalase, thus, the ratio of
hydrogen peroxide produced to oxygen consumed for salicylate and 4-chlorosalicylate in
Table 5 indicates that in both cases all the oxygen was used to produce H,O,. In the
cases of salicylate or 4-chlorosalicylate bind at the active site of the enzyme, permitting

NADPH binding and oxidation. At the same time, the FAD moiety is reduced rapidly by
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NADPH. The reduced species reacts with O, to form the flavin 4a-hydroperoxide, which
then decays to oxidized flavin and H,O, leaving salicylate unchanged (89). Thus,
salicylate or 4-chlorosalicylate is a “pseudosubstrate” (non-substrate effectors), but
cannot be hydroxylated, so the oxygen utilized decomposes to H,O,, and oxygen
reduction is considered as “uncoupled” from hydroxylation. The salicylate or 4-

chlorosalicylate effect is termed “uncoupling of oxygen activation from hydroxylation”

7).

COOH
OH Enzyme
: NADPH + 02+ H' ———— NADP* +H:02 , R-: H-,Cl-

R v OH
@0*’* @OH
~0OH
14
OH

Figure 58: Non-substrate effectors of Ledo1986

R- represents the substituent group on the benzene ring. When R- is substituted with H-
the substrate is salicylate, when R- is substituted with Cl- the substrate is 4-
chlorosalicylate. O is completely incorporated into H,O; in the presence of NADPH.
Substrate is unchanged and no aromatic product is formed

The ratio of hydrogen peroxide produced to oxygen consumed (Table 5) indicates
that anthranilate is a substrate for Ledo1986, since the product, 2, 3-dihydroxybenzoate,
was produced and only some hydrogen peroxide was detected. This means that most of
the molecular oxygen was used to hydroxylate the aromatic substrate anthranilate, and
only a small part of the oxygen was used to produce hydrogen peroxide (Figure 59).
Only one other anthranilate hydroxylase, from T. cutaneum (83, 83), has been described

and it, like Ledo1986 used NADPH as a reducing agent. The enzyme from 7.cutaneum
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catalyzes the double hydroxylation of anthranilate by incorporating one atom of oxygen
from O; and one from H,O to form the product, 2,3-dihydroxybenzoate, from
anthranilate (Figure 59). Although the 7.cutaneum enzyme has been studied extensively,
its sequence is not known, and this is why it did not turn up in the BLAST search using

the sequence of Ledo1986.

COOH COOH

NH3 Enzyme OH
+ NADPH + O + H' + H0 T OH + NADP' + NH; + H20

v
NADP* + H0;

Figure 59: Reaction catalyzed by Ledo1986

In order to compare the binding mode of anthranilate and salicylate to the enzyme,
spectroscopic probes of binding were employed. The results indicated that the modes of
binding of salicylate and anthranilate to the enzyme must be quite different. As shown in
Appendix I, binding of anthranilate to Ledo1986 causes extensive spectral change, and a
Kd value was obtained which indicates that the binding between Ledo1986 and
anthranilate is relatively tight. Compared with anthranilate binding, the spectral changes
observed for salicylate binding to Ledo1986 were much less extensive and the interaction
was weaker than with anthranilate (Appendix II). This is consistent with the activity

results in that it suggests anthranilate is a better substrate.

Talking all of these results together, the enzyme thus appears to be an anthranilate

hydroxylase rather than a salicylate hydroxylase. The specific activity of the purified
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enzyme with anthranilate was 0.87 units/mg, compared with the anthranilate hydroxylase
from Trichosporon cutaneum (83) which had a specific activity of 4.4 units/mg. The
specific activities of the enzymes are thus similar. Although anthranilate hydroxylases
from fungi are known (6), no sequences are identified as such in Genbank. This may

explain why the closest BLAST hits were salicylate hydroxylases.

Bioinformatics analysis indicated that G#ral516 is a putative phenol hydroxylase
which catalyzes the hydroxylation of phenol to catechol. The sequence is quite similar to
phenol hydroxylase from Trichosporon cutaneum (6). The specific activity of the
purified enzyme was 1.99 units/mg of protein and the yield was 38%, compared with the
enzyme from T. cutaneum (6), which had a specific activity of 5.5 units/mg. The specific
activity of the enzymes are thus similar. Gfral516 was determined to be a dimer with a
mass of 66600 Da by SDS polyacrylamide gel electrophoresis and Superdex S-200
chromatography. Similar to the 7. cutaneum (6)(90) enzyme, Gtral516 contains 1
molecule of FAD per subunit as a prosthetic group. Phenol hydroxylase from
Trichosporon cutaneum was determined to contain 1 FAD per 148000 molecular weight

of protein.

Similar to salicylate hydroxylase (5) and anthranilate hydroxylase (61), phenol
hydroxylase is also a flavoprotein monooxygenase, and catalyzes the hydroxylation of
phenol by incorporating one atom of molecular oxygen into the substrate, and the other
atom into water in the presence of an electron donor. In the case of phenol hydroxylase

there is a strict requirement for NADPH as a hydrogen donor (6).
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Table 7 shows that a number of aromatic compounds-stimulated NADPH consumption.
Phenol showed the highest activity, and another analogue, resorcinol exhibited a reaction
rate 42% of that with phenol. Other compounds were less reactive. Thus it appears that
Gtral516 was more active with phenol than other aromatic compounds. Although
Gtral516 was active with NADPH and phenol, the amount of catechol formed was
almost negligible (Figure 42). On the other hand, when resorcinol was substituted for
phenol, the reaction product hydroxyquinol was identified by HPLC and TLC. These
results indicate that resorcinol appears to be a much better substrate for the Gtral516. In
contrast, resorcinol is a poor non-substrate effector of the hydroxylase from Trichosporon

cutaneum but an excellent growth substrate for the living cell (66).

In order to further distinguish substrates from psedosubstrates, oxygen
consumption ‘assays for Gtral516 were carried out. The ratio of hydrogen peroxide
produced to oxygen consumed is another way to test enzyme activity and substrate
specificity since the ratio of 1/1 indicates that all oxygen is used to form hydrogen
peroxide and no product should be produced (7). Table 8 indicates that when phenol was
used as a substrate, almost all the oxygen was used to incorporate into H>O, with the
stoichiometric formation of H,0, and oxidation of NADPH. Thus phenol is a "non-
substrate effectors” for Gtral516, stimulating formation of hydrogen peroxide from

NADPH and oxygen (Figure 60).
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| Enzyme

! NADPH + O2+ H* wer—> NADP* + H20»
vy OH

Xy OH

+ NADP’ + H:0

Figure 60: Non-substrate effectors of Gtral516

Most of the O, is incorporated into H,O; in the presence of NADPH. Very little oxygen
is incorporated into phenol to produce catechol, and this reaction is negligible.

The ratio of hydrogen peroxide produced to oxygen consumed (Table 8) indicates
that resorcinol appears to be a much better substrate for Gtral516, since the product
hydroxyquinol was produced and only some hydrogen peroxide was detected. This
means that most of the molecular oxygen was used to hydroxylate the aromatic substrate,
resorcinol, and only a small part of the oxygen was used to produce hydrogen peroxide.
Similar to the resorcinol hydroxylase studied by Yoshiyuki et al (91), Gtral 516 used
NADPH as a reducing agent, catalyzing the hydroxylation of resorcinol by incorporating
one atom of oxygen from O, and one from H,O to form the product hydroxyquinol from

the substrate (Figure 61).

HO, OH
‘ + NADPH + Q2+ H”

OH

_ OH
O + NADP® + H:C

y OH
NADP* + Hy0;

Figure 61: Reaction catalyzed by Grral516
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In order to compare the binding modes of phenol and resorcinol to the enzyme,
spectroscopic probes of binding were employed. As shown in Figure 44 and Figure 45,
and the Kd for the interaction of phenol with Gtral516 is too low to measure accurately,
while the AA vs. total concentration of phenol could not be fit. Tighter binding of
resorcinol relative to phenol was observed. However, the Kd values both appeared to be

greater than 1 mM.

Combined with the previous observations, the enzyme thus appears to be a
resorcinol hydroxylase rather than a phenol hydroxylase. Since resorcinol showed
relative activity with Gtral516 equal to 42% that of phenol, the specific activity of this

enzyme with resorcinol is 0.83units/mg which indicates that this enzyme is relative less

active.

BLAST analysis of the sequence of Gfral270 against the GenBank database
detected putative conserved domains of intradiol_dioxygenase superfamily and catechol
proteo. Most of the sequences that showing similarity with Gtra1270 are hits to genome
sequences where the enzyme activity has never actually been demonstrated. As
underlined in the alignment list in Figure 15, BLAST searches for Giral270 from
Gloeophyllum trabeum showed similarity with catechol dioxygenase and hydroxyquinol
1, 2-dioxygenase. Thus, Gtral270 was predicted to be a fungal catechol-1,2-
dioxygenase which catalyzes the ring cleavage of catechol at the ortho position and leads

to Krebs cycle intermediates.
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Figure 62 : Primers and target genes of Gtral270A and Gtral270B

At first, a pair of primers was used to amplify the target gene which starts from the
predicted first start codon of the template, and the amplified gene was named G#ral270 A
(Figure 62, left figure). When expressed in E.coli, but the protein was produced in an
insoluble form Figure 48, and was not active. Thus the sequence of Gtral270 A was re-
examined. From the BLAST result shown in Figure 17, I found that most of the
alignments with other Genbank sequences start upstream of the first amino acid of
Gtral270 A, which means for Gtral270A some part of the conserved domain shared by
all sequences listed may have been left out. Thus a pair of new primers was designed in
order to extend the N terminus of Gtral270A. As shown in Figure 16, Gtral270B was
extended for 56 codons past the N terminus of Gfral270A, with a new start codon
inserted at the beginning. A BLAST search using the Gfral270B sequence showed that
this target gene included the full alignment sequence of the listed genes (Figure 18).
Gtral270B was then successfully overexpressed, isolated and puriﬁed from E.coli. Thus,
with an extension on the N terminus, Gfral270B was able to be expressed in a soluble

form. However, gel filtration results indicated that the purified enzyme (which has a 29
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kDa subunit molecular weight) appeared to aggregate, the protein was not active in the
assay with a variety of dihydroxylated substrates.

Catechol 1,2-dioxygenase from Acinetobacter calcoaceticus (69, 79) is determined
to be a nonheme, trivalent, iron-containing enzyme, which catalyzes the cleavage of the
aromatic ring of catechol to cis,cis-muconate with the incérporation of two atoms of
molecular oxygen into the substrate. This enzyme has a red color with broad absorption
between 390 and 650 nm. Catechol 1,2-dioxygenase from Trichosporon cutaneum (21)
was also determined to be an iron containing enzyme showing red color, and the inactive
form was colourless. All of the intradiol catechol dioxygenases studied to date contain
high-spin Fe (III) in a rhombic environment and exhibit a distinct red-brown colour. The
colour is a result of an electronic transition in the visible region, typically centred around
430 - 450 nm. The wavelength and intensity are indicative of a charge-transfer
interaction from the co-ordination of tyrosinate side chains to the Fe (III) (92). On the
basis of a variety of spectroscopic techniques, the active sites of these enzymes are
proposed to consist of a high-spin ferric center coordinated to two tyrosine, two histidine,
and a water. The reaction sequence involves initial substrate binding to the ferric center
generating an iron(II1)- catecholate complex and subsequent attack by dioxygen on the
enzyme-substrate complex. Sze and Dagley reported the purification of a hydroxyquinol
1, 2-dioxygenase from T. cutaneum (55) grown with 4-hydroxybenzoate. It was shown to
be a red ferric iron-containing enzyme, and it was specific for hydroxyquinol.

Purified Gtral270 was colourless, thus an iron assay was carried out to quantify
the iron content of Gtral1270B. However, no iron was observed and this may be the

reason why the enzyme was inactive. The intradiol catechol dioxygenses have Fe (II) at
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the active site, whereas the extradiol dioxygenases have Fe (II). In order to activate the
enzyme, the protein was reconstituted with Fe®* aerobically or anaerobically, however no

activity was observed.
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CONCLUSIONS

Significant advances have been made in recent years in the elucidation of the
genetic and biochemical bases of aerobic mineralization of aromatic compounds, and
detailed knowledge is available of different catabolic pathways and enzymology. Much
of these data relate to bacterial pathways, and relatively little has been published on
fungal aromatic catabolic enzymes. In this project new information about the properties
of two new fungal monooxygenases was obtained, and a putative dioxygenase was

successfully expressed though it failed to show activity.

Bioinformatics analysis suggested that Ledo1986 is a salicylate hydroxylase. It
was successfully overexpressed in E. coli, puriﬁgd in good yield, and found to contain
FAD as do many bacterial hydroxylases. Although Ledo1986 was active with NADPH
and salicylate, no product was observed. Thus, salicylate is a non-substrate effector,
stimulating formation of hydrogen peroxide from NADPH and oxygen, as has been
reported for a number of other flavoprotein hydroxylases. In contrast, Ledo1986 was
active with anthranilate, producing 2,3-dihydroxbenzoate as a product. Spectroscopic
probes of binding indicated that the modes of binding of salicylate and anthranilate are
quite different. Combined with the previous observation, the enzyme thus appears to be
an anthranilate hydroxylase rather than a salicylate hydroxylase . Although anthranilate
hydroxylases from fungi are known, no sequences are identified as such in Genbank.

This may explain why the closest BLAST hits were salicylate hydroxylases.
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Bioinformatics analysis suggested that Gtral516 is a phenol hydroxylase. It was
successfully overexpressed in E. coli and purified in good yield. As with Ledo1986, the
purified protein contained a non-covalently bound FAD but, unlike Ledo1986, the FAD
was readily lost during purification. For this reason, FAD was included in the
purification buffer. Grral516 was active with NADPH and phenol, producing very little
catechol as a product. However, the uncoupling assay suggested that phenol is mainly a
non-substrate effector, stimulating formation of hydrogen peroxide from NADPH and
oxygen. Gtral516 was also active with ;esorcinol, producing hydroxyquinol and some
hydrogen peroxide. Combined with the previous observation, the enzyme thus appearé to

be a resorcinol hydroxylase rather than a phenol hydroxylase.

Bioinformatics analysis suggested that Gtral270 is a catecho-1,2-dioxygenase.
The protein was successfully overexpressed in E.coli, after extension of the N-terminus
of the originally-predicted gene sequence, and was purified using four chromotographic
steps. Purified enzyme appeared to aggregate, and was not active either as isolated or

after the addition of iron.
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APPENDIX

Ligand binding was examined by titrating the enzyme with aliquots of the ligand and
measuring the resulting perturbations of the enzyme-bound flavin absorbance or
fluorescence spectrum. Data were analyzed by a computerized, weighted nonlinear
regression method. The equation in the method used is shown below, where Ert is the
total enzyme concentration, Lt is the total ligand concentration, and A4, Admax and Kd

are the fitted variables (93).

Ad ALy + Er+ K- V{(Lr + Ep + Ky)? - 4E4L;
Adpy 2E+
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Appendix I: Titration of Ledo1986 with anthranilate A) changes in fluorescence emission
spectrum and B) absorbance difference spectrum

This work was done by Joseph Napoletano. The experiment for A) was carried out using
fluorescence spectroscopy. Samples were placed in 500 pl cuvette and data were
collected by titrating 3 pM enzyme with gradually increasing amount of anthranilate.
The experiments for B) monitored the visible spectrum of enzyme-bound FAD. Enzyme
(3 uM) in a 1 ml cuvette was titrated with gradually increasing amounts of anthranilate.
The inset shows the AAbsorbance vs. total anthranilate concentration.
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Appendix II: Titration of Ledo1986 with Salicylate A) changes in fluorescence emission
spectrum and B) absorbance difference spectrum

This work was done by Joseph Napoletano. The experiment for A) was carried out using
fluorescence spectroscopy. Samples were placed in 500 pl cuvette and data were
collected by titrating 3 pM enzyme with gradually increasing amount of salicylate. The
experiments for B) monitored the visible spectrum of enzyme-bound FAD. Enzyme (3
uM) in a 1 ml cuvette was titrated with gradually increasing amounts of salicylate. The
inset shows the AAbsorbance vs. total salicylate concentration
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