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ABSTRACT

A hydrocarbon-degrading Aspergillus terreus was isolated from the oil
contaminated soil. The organism could degrade a wide range of petroleum
hydrocarbons including the immediate oxidation products of hydrocarbons, like
alkanols and alkanals. Among all the linear chain carbon substrates, highest growth
of 39 + 4 g I'" (wet weight) was observed when n-hexadecane was used as the sole
source of carbon and energy. Using SEM the morphological change of the hyphae
during growth of the fungi on hydrocarbon substrates was demonstrated. In glucose-
grown cells the hyphae were smooth with a thick cell wall, whereas, the cell wall of
the n-hexadecane cells was uneven and thin. The adaptation of the cells for up taking
the hydrophobic hydrocarbon substrates through sorption mechanism and
accumulation of high lipid content in the cells, as evident from the nearly seven-fold
more lipid production (4.4 g%) in the n-hexadecane-grown cells than the glucose-
grown cells (0.62 g%), were attributed to the observed morphological change.
Analyses of the fatty acid profile by ESI/MS in the isolated lipid showed that nine
different fatty acids induced in the hexadecane-grown cells were void in the glucose-
grown cells. The oleic acid and palmitic acid were the fatty acids with highest peak
intensity in the spectral profile corresponding to the glucose-grown cells and
hexadecane-grown cells, respectively. It was revealed by analyzing the percentage
distribution of different fatty acids in each cell type that palmitic and stearic acids
were the predominant fatty acids in the hexadecane-grown cells; whereas, oleic and
linoleic acids were the predominant fatty acids observed in the glucose-grown cells.
Unlike glucose-grown cells, considerably high amount of fatty acids with chain length
Cs; and Cs3 were present in n-hexadecane-grown cells and each accounted nearly 9%
(based on peak intensity) of the total fatty acid content in the cells. A microsomal
membrane bound alcohol oxidase enzyme was isolated from this fungus during its

growth on n-hexadecane substrate. This oxidase could oxidize short chain alcohol-,
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long chain alcohol-, secondary alcohol-, and aryl alcohol- substrates and was
localized in the microsomes of the cell. The optimal pH and temperature of the
enzyme were found to be 8.1 + 0.5 and 27-33 °C, respectively. The stability of the
alcohol oxidase was drastically decreased beyond 30 °C. The enzyme showed 33%
enantiomeric excess for the R(-)2-octanol over S(+)2-octanol, which may be
correlated with the lower K, values of the enzyme for the R(-)2-octanol than the
S(+)2-octanol. The fluorescence emission spectrum of the protein (at 443 nm
excitation) was similar to that obtained with authentic FAD. In this flavoenzyme,
flavin was non-covalently but avidly associated. The native protein molecular mass
was 269 + 5kDa and the subunit molecular masses were 85-, 63-, 43-, 27-, and 13-
kDa. The enzyme showed highest affinity for n-heptanol (K,, = 0.498 mM, K., = 2.7
x 10? s™). The isoelectric point of the proteins was within 8.3-8.5. High aggregating
property of the protein was demonstrated by AFM, DLS and TEM analyses. Chemical
analysis showed the presence of oleic acid and palmitic acid at a ratio of 2:1 in the
purified protein. The high aggregating property of the alcohol oxidase may be
correlated with the observed lipoidic nature of these protein particles. Peptide mass
fingerprinting studies showed the presence of two FAD binding domains in 63kDa
protein. Among these two FAD binding domain sequences only the
YPVIDHEYDAVVVGAGGAGLR peptide shows 45-50% sequence similarity with
the reported N-terminal sequences of other known alcohol oxidases. Non-redundant
database search of 63- and 43-kDa subunits peptide sequences showed no sequence
similarity with the other alcohol oxidase protein reported till now. The aggregated
multimeric alcohol oxidase protein when treated with f-mercaptoethanol (5-ME) at an
optimum concentration of 0.74M for 8 h at 4 °C, the protein was dissociated to
subunit level and also nearly 87% of the total flavin present in the native protein was
simultaneously separated. This dissociation process had traversed through two
intermediate protein (IP) stages, IP; and IP,, which were associated with the FAD.
The IP; (size 10 nm) that contained the subunits 85-, 63-, 43-, 25-, 13-kDa was
functionally active, whereas, the [P, (size 9 nm) that contained 85-, 63-, 25-, 13-kDa
was inactive, which indicates the critical role of the 43kDa protein for the alcohol
oxidase activity. A functionally inactive reconstituted apoprotein (Pgr) with molecular
mass and subunits similar to IP; was generated upon removal of f-ME from the

subunit level dissociated proteins. The Pr when mixed with FAD and incubated
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prolong with substrate (minimum 12 hr), a catalytically active Pr was formed and is
evident from the protein conformational change (at 280 nm) and FAD emission
quenching (at 525 nm) studies. The solvent effect caused by the high concentration of
[-ME is attributed to the observed dissociation and associated deflavination of these
multimeric alcohol oxidase protein particles. The alcohol oxidase protein reported
here was demonstrated as a green catalyst in several oxidation reactions due to its
catalytic activity for high molar yield conversions of broad range of alcohols to the
corresponding carbonyl compounds under room temperature, atmospheric pressure
and aqueous environment. The application potential of this enzyme for kinetic
resolution of secondary alcohols is also foreseen with further optimization of the

reaction parameters for the conversion.
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INTRODUCTION

The microbial degradation of hydrocarbons is a subject of interest among the
researchers from diverse areas such as, bioremediation of oil contamination,
production of secondary metabolites, biocatalysis and biotransformation etc. The
metabolic pathways involved in these degradations have been studied intensively
since last several decades and is fairly understood in case of bacteria and yeasts.
However, the knowledge on the metabolism of hydrocarbon by filamentous fungi is
not yet sufficiently acquired, although the potential of this eukaryotic organism on
bioremediation of hydrocarbon and production of industrially important secondary
metabolites using hydrocarbon substrates have been widely acclaimed. While the
group of enzymes involved in these metabolisms has been identified to a greater
extent, the characteristics of these enzymes and their potential applications have not
been studied deeply. We focus our attention on the redox enzymes induced to
catabolize these highly hydrophobic aliphatic hydrocarbon substrates by filamentous
fungi, speculating the existence of enzymes bearing novel characteristics to catalyze
such substrates of extreme physical nature. The oxidation of alcohols is one of the
critical steps occurred during the microbial degradation of aliphatic hydrocarbons.
This oxidation process is largely catalyzed by alcohol oxidase enzyme in case of
filamentous fungi. Considering the enormous importance of alcohol oxidase enzymes
in the development of various industrial processes and products, we direct our
investigation to explore the characteristics and application potential of the alcohol
oxidase produced by filamentous fungi during its growth on long chain alkane

substrates.
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Introduction

The study embodied in this thesis is categorized into the following chapters:

Chapter 1: Literature Review

The objective of this chapter is to summarize the progress of the work on the
subject as a whole, focusing the gaps and important findings on the area. Current
knowledge on the redox enzymes involved in the oxidation of alcohols to the
corresponding aldehyde or ketone from different sources is also presented here. A
brief introduction with relevant literature is also included in each of the chapters to

facilitate the readers to understand the respective background works.

Chapter 2: Isolation and Identification of a Hydrocarbon-Degrading
Filamentous Fungus

The work presented in this thesis is based on an indigenously isolated
hydrocarbon-degrading filamentous fungus endemic to this geographical location.
The organism is deposited in a national depository, Microbial Type Culture Collection
(MTCC), Chandigarh, so that the strain would be available to other researchers of the
world. The growth characteristics of the isolated fungus were studied in various
hydrocarbons as well as in glucose, a readily assimilating substrate for comparisons.
The metabolic consequence on assimilation of these high energy hydrophobic
substrates by the fungus was also investigated by analyzing the cellular lipid and fatty

acid profile and presented in this chapter.

Chapter 3: Studies on Substrate Specificity and Sub-cellular Location of the
Alcohol Oxidase

This chapter describes the isolation and sub-cellular localization of the alcohol
oxidase from the fungus. The substrate specificity and optimum physical and

chemical parameters for enzyme activity are also presented.

Chapter 4: Purification and Functional Characterization of the Alcohol Oxidase
The purification of the isolated alcohol oxidase and the novel physical and
chemical characteristics of the enzyme revealed from the investigation are illustrated

in this chapter.
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Chapter 5: Dissociation, Deflavination and Reconstitution Studies of the Alcohol
Oxidase

To understand the structure-function relationship of the isolated broad
substrate specific multimeric flavo-enzyme, study was conducted on dissociating the
enzyme protein into subunit level followed by analyzing the generated subunits for
their functional activities. Studies on the reconstitution of the dissociated subunits and
flavin cofactor and subsequent catalytic reactivation of the reconstituted protein-flavin
complex were also undertaken with an aim to understand the nature of this multimeric
enzyme as well as to explore a reconstitution approach for developing enzyme
electrode for bio-electronic devices. Detail findings on the above investigations are

included in this chapter.

Chapter 6: Application Potential of the Alcohol Oxidase as Biocatalyst

The catalytic activity of the isolated alcohol oxidase for the production of
aldehyde or ketones from the corresponding primary or secondary alcohols were
investigated in aqueous and ambient environment with an aim to explore the potential
of this biocatalyst for green chemistry applications. The catalytic activity of the
enzyme was studied on a wide range of substrates and incorporated the detail findings
in the present chapter.

Chapter 7: Conclusions and Scope for Future Work
Critical analyses on the findings embodied in this thesis along with the scope

for further research work are forwarded in this concluding chapter.



Chapter 1

LITERATURE REVIEW

In nature the direct conversion of alcohol to the corresponding carbonyl
compound is known to catalyze primarily by two different enzymes, namely alcohol
dehydrogenase and alcohol oxidase. The mechanism of catalysis is different as shown

in the scheme 1.1.

A

R _OH  Nap@n  NADPH, R 0
\C‘H \_/4 \(lj/
R’ ADH R
B
R _~OH  Fap FADH, R 0O
\ClH . \T/
R' AOX R
O; H,0,

Scheme 1.1: [A] Alcohol dehydrogenase (ADH) as catalyst and [B] Alcohol oxidase
(AOX) as catalyst. R’ = -H or any other alkyl/aryl group.

Considering the focus of our work on alcohol oxidase we are presenting here

only a brief description on the alcohol dehydrogenase followed by the literature

review on the enzyme alcohol oxidase.
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CHAPTER 1 Literature Review

1.1. ALCOHOL DEHYDROGENASE

Alcohol dehydrogenases (Alcohol: NAD" oxidoreductase; EC 1.1.1.1) are
widely distributed in animals, plants and lower microorganisms and are, by far, the
most thoroughly studied of all the enzymes that catalyze this reaction as evident from
the literatures reviewed in some of the selected papers on the subject [Radianingtyas
& Wright 2003; Reid & Fewson 1994; Sofer & Presley 1987]. Humans have at least
six slightly different alcohol dehydrogenases. These proteins exist in multiple forms
as a dimer with a subunit mass of approximately 80 kDa and are encoded by at least
seven different genes [Hammes-Schiffer et al., 2006]. In humans and many other
animals, they serve to breakdown alcohols which could otherwise be toxic; in yeast
and several bacteria, some alcohol dehydrogenases catalyze the opposite reaction as a
part of fermentation. Pyridine nucleotide-linked alcohol dehydrogenases from liver
and yeast have been studied in great detail from both the structure and mechanism
point of view as even evident from the comprehensive reviews on the topic published
three decades ago [Dalziel 1975; Brandem et al., 1975]. There are five classes (I-V)
of alcohol dehydrogenases. The hepatic form that is primarily used in humans is class
I. Class I consists of A, B, and C subunits that are encoded by the genes ADHIA,
ADHI1B, and ADHIC. The enzyme is present in the lining of the stomach and in the
liver. The main alcohol dehydrogenase in yeast is larger than the human one,
consisting of four rather than just two subunits. Together with the zinc-containing
alcohol dehydrogenases of animals and humans, these enzymes from yeasts and many
bacteria form the family of "long-chain"-alcohol dehydrogenases [Jornvall ef al.,
1987]. Another family of alcohol dehydrogenase contains iron [Scopes 1983]. They
occur in bacteria, and an apparently inactive form has also been found in yeast.

The alcohol dehydrogenase enzymes catalyze the inter-conversion between
alcohols and aldehydes or ketones as shown in Scheme 1.1(A). This catalytic property
of the enzyme is exploited for the biotransformation processes as well as for the
function of many biofuel cells [Ernst et al., 2005; Nicolau et al., 2007; Kragl et al.,
1996; Blacklock et al., 1993; Ramanavicius et al., 2005, 2008]. In the
biotransformation processes these dehydrogenase enzymes are commonly used for the
synthesis of enantiomerically pure chiral alcohols. In contrast to the chemical process,
the enzymes yield directly the desired enantiomer of the alcohol by reduction of the

corresponding ketone.
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1.2. ALCOHOL OXIDASE

The alcohol oxidase activity was first reported by Janssen et al, [1965].
Alcohol oxidase (Alcohol: O, oxidoreductase) catalyzes the oxidation of alcohols to
the corresponding aldehydes or ketones in similar way to the ADH, where AOX
requires molecular oxygen as a co-substrate as shown in Scheme 1.1B. During the
oxidation process it does not require supplementation of any external cofactor unlike
ADH, where external supply of NAD" is prerequisite to carry out the reaction. This
makes the alcohol oxidase protein a high potential biocatalyst than the aldehyde
dehydrogenase for several applications. Alcohol oxidase belongs to the group of
glucose-methanol-choline (GMC) oxidoreductase family proteins [Cavener 1992],
and are largely found in plants, fungi and yeasts [Banthorpe et al., 1976]. Based on
the substrate specificity, the alcohol oxidases (EC 1.1.3.x) are classified into different
groups as described below:

1.2.1. Short chain alcohol oxidase (EC 1.1.3.13)

1.2.2. Long chain alcohol oxidase (EC 1.1.3.20)

1.2.3. Secondary alcohol oxidase (EC 1.1.3.18)

1.2.4. Aromatic alcohol oxidase (EC 1.1.3.7)

1.2.1. Short Chain Alcohol Oxidase (EC 1.1.3.13)

It is most commonly known as, alcohol oxidase, methanol oxidase, ethanol
oxidase, efc. that catalyzes the oxidation of lower chain length alcohols in the range of
C,-Cg carbons [Janssen & Ruelius 1968; Sahm & Wagner 1973; Tani et al., 1972b]. It
is the extensively studied enzyme among all the other alcohol oxidases as evident
from voluminous publications and several reviews on this topic [Janssen ef al., 1975;
Yamada et al., 1979; Bringer et al., 1979; Nichols et al., 1980; Couderc & Barrati
1980; Patel ef al., 1980; Sahm et al., 1982; Geissler et al., 1986; Van der Klei et al.,
1990; Cromartie 1981; Eriksson & Nishida 1988; Grewal et al., 2000; Danneel et al.,
1994; Badea & Arsene 1996; Suye 1997; Stewart et al., 2001; Ozimek et al., 2005;
Alvarado-Caudillo et al., 2002; Dienys et al., 2003; Gunkel et al., 2004; De Hoop et
al., 1991; Kato et al., 1976; Evers et al., 1994; Segars et al., 2001; Szamecz et al.,
2005]. Alcohol oxidase is the key enzyme of methanol metabolism in methylotrophic
yeast species. It catalyses the first step of methanol catabolism, where methanol is

converted to formaldehyde with concomitant production of hydrogen peroxide. The
6
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generalized name “alcohol oxidase” is adopted from the fact that in vitro this enzyme
also oxidizes other short chain aliphatic alcohols. The alcohol oxidase isolated from
the leaves of 7. vulgare primarily accepts Cq¢-Cyo straight-chain primary alcohols and
for which alcohols with chain length less than Cs or more than C;s are very poor
substrates [Banthorpe et al., 1976]. The alcohol oxidase from is largely reported as
octameric protein [Couderc & Baratti 1980; Kato et al., 1976; Suye 1997], with the
exceptions of C. tropicalis [Dickinson & Wadforth 1992] and 7. vulgare [Banthorpe
et al., 1976], where the dimeric nature of the enzyme was demonstrated. The AOX
protein and the regulation of the gene encoding AOX have been studied for decades
for several reasons [Holzmann ef al., 2002; Gurkan et al., 2004]. Firstly, the promoter
that controls AOX expression is known to be one of the strongest promoters in nature
and, at the same time, one of the most tightly controlled yeast promoters [Raschke et
al., 1996; Romanos et al., 1992; Cregg et al., 1989; Cos et al., 2006]. Secondly, AOX
protein itself is of high industrial interest. It constitutes, for instance, the main
component of an alcohol sensor [Akyilmaz & Dinckaya 2000; Azevedo et al., 2005]
because of the various favourable properties of the enzyme such as, (i) the high
affinity for primary alcohols, (ii) the high stability of the active form of the enzyme,
and (iii) its easy availability, as AOX protein may comprised up to 30% of total
cellular protein [Van Dijeken et al., 1976; Veenhuis et al., 1983; Guiseppin et al.,
1988].

The biochemical and kinetic characteristics of short chain alcohol oxidase

(SCAO) described in some prominent publications is given in table 1.1 and 1.2.
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Table 1.1: Localization and protein chemical characteristics of SCAO from different

sources
Source organism Localization Protein chemical characteristics References
Oligomeric nature Co-factor
and Molecular
weight
Peniophora — --—- 576kDa, FAD Danneel ef al., 1994
gigantea Homooctamer
(72.5kDa)
Achatina achatina membrane bound - - Grewal ef al., 2000
Achatina fulica membrane bound  ----- e Grewal et al., 2000
Arion ater membrane bound ----  ceeee Grewal ef al., 2000
Helix aspersa endoplasmic e Grewal et al., 2000
reticulum
membrane bound
Basidiomycetes sp ———— 300kDa FAD Janssen & Ruelius
1968
Candida boidinii ~ ----- 600kDa, FAD Bormann & Sahm
Homooctamer 1978; Veenhuis et
(74kDa) al., 1989; Nichols &
Cromartie 1980
microbody .- e Geissler et al., 1986
peroxisome T Sahm et al., 1982
Candida e 620kDa, FAD Suye 1997
methanosorbosa Homooctamer
(80kDa)
Candida 25-A  =---- 520kDa, FAD Yamada er al., 1979
Homooctamer
(65kDa)
Hansenula cytoplasm 600kDa, FAD Couderc et al., 1980
polymorpha Homooctamer
peroxisome e Van der Klei et al.,
1990
Phanerochaete - 310kDa, FAD Eriksson et al., 1988
chrysosporium Homotetramer
(75kDa)
Pichia pastoris cytoplasm 675kDa, FAD Couderc et al., 1980
Homooctamer
(80kDa)
chromosome —— - Hwang ef al., 2000

TH-770_05610605

Cont...



CHAPTER 1

Literature Review

Source organism Localization Protein chemical characteristics References
Oligomeric nature  Co-factor
and Molecular
weight

Pichia sp. ——— 300kDa, FAD Patel et al., 1981
Homotetramer
(76kDa)

Polyporus obtusus ~ ----- -——--- FAD Janssen ef al., 1975

Saccharomyces

cerevisiae

Chrysomela populi

Phratora vitellinae

Candida tropicalis

Solea senegalensis

chromosome,

peroxisome

extracellular

extracellular

membrane

peroxisome

2002

2002

Hwang et al., 2000

Bruckmann et al.,

Bruckmann et al.,

Dickinson &

Wadforth 1992

2002

Komduur ef al.,

Table 1.2: Substrates and kinetic parameters of SCAO from different sources

Source Substrate pH Temperat pH Temperat Inhibitors References
organism and K, optima  ure stability ure

(mM) value and optima stability

range and range (°C)
(‘0

Peniophora 1) Ethanol 7.3-9.0  -—eee- 6.0-9.0 22 Cu*, Danneel et
gigantea & 2.9 FeSO,, al., 1994

2) Methanol NiCl,

& 1.8
Basidiomye 1) Methanol  6.3-9.0 - 7.0-9.0 25 e Janssen &
etes sp. & 1.52 Ruelius

2) Ethanol 1968

& 10

------------------ 5.0-6.5 B ————— Janssen ef

al., 1975

Candida 1) Methanol Nichols &
boidinii &3 Cromartie

3) 2-Propin 1980

1-ol & 10

4) 1,4-Buty

nediol & 36

——————— 7.5-9.5 30 7.0-10.0 e Ccu”, Sahm et al.,

PCMB 1982

H,0,,Ag+
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Source Substrate pH Temperat pH Temperat Inhibitors References
organism and K, optima  ure stability ure
(mM) value and optima stability
range and range (°C)
("0
Candida - = == - - e Diethyldic  Geissler et
boidinii arbonate,  al., 1986
lodoacetat
¢, PCMB,
Sodium
acetate
------------------ 6.5-8.5 ——— ————— Cromartie
1981
------------------ ————-- —-- Cycloprop ~ Cromartie
anone 1982
Candida 1) Methanol  6.0-9.0 50 ee—e-- 30-65 Cul',llgz', Suye 1997
methanosor & 2.43 PCMB,
bosa 2) Ethanol Hydroqui
& 8.23 none
Candida 1)Methanol 7.5 37.5 6.0-8.0 30-60 1,10-Phen  Yamada er
25-A & 0.019 anthroline, al., 1979
2) Ethanol KCN, PC
& 0.13 MB, Pheny
lhydrazine
Hansenula 1) Ethanol 85& - N Formalde Badea et al.,
polvmorpha & 16.2 6.7-9.8 hyde, 1996
2) Methanol Hydroxyla
& 2.15 mine
------ 5.5-85 - 5.5-8.5 20-45 e Vanderklei
etal., 1990
------------------ 8.0-10.0 s - Couderc er
al., 1980
Helix ' 1) Butanol — ------ = - e " Grewal ef
aspersa & 0.075 al., 2000
2) Propanol
& 0.067
Phanerocha  ------ 6.0-10.5 - - e Eriksson er
ete al., 1988
chrysospori 1) Methanol  6.0-10.5  ------ —————- 30-50 0 eeeee- Nishida &
um & 0.785 & Eriksson
2)Ethanol & 5.5-11.0 1987
1.97
Pichia 1) Methanol 7.5 & 37& 18- 7.0&90 - H,0, Couderc er
pastoris & 1-3.1 6.5-8.3 45 al., 1980
2)Ethanol &
1.4-3.1
------ 7.3 30 Dienys et
al., 2003
Cont...
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Source Substrate pH Temperat pH Temperat Inhibitors References
organism and K, optima  ure stability ure

(mM) value and optima stability

range and range (°C)
(°C)

Pichia sp. 1) Methanol 9.0& - e e 1,10-Phen  Patel er al.,

& 0.5 6.0-10 anthroline, 1981

2) Forma DTNB,

ldehyde & Acetamid

3.5 e, H:0,,

PCMB

Polyporus — ------ 6.5-9.0  ----- 6.5 ————— - Janssen er
obtusus al., 1975
Poria 1) Methanol =~ ------ == ceeeee e NaNj, Bringer er
contigua & 0.2 PCMB, al., 1979

2) Ethanol Sodium

&1 azide
Fungus I)Hexa ====-= memeem e e e Alvarado-

decanol & caudillo et

0.0005 al., 2002

2) Methanol

& 89.58

1.2.2. Long Chain Alcohol Oxidase (EC 1.1.3.20)

It is also known as fatty alcohol oxidase, long chain fatty acid oxidase, long
chain fatty alcohol oxidase. This enzyme catalyzes alcohol substrates with carbon
chain length usually above Ci,. The purification and properties of an alcohol oxidase
that oxidizes not only long chain saturated alcohols but also unsaturated alcohol
substrates from a plant source, Tanacetum vulgare was reported by Banthorpe et al.,
[1976]. In the cotyledons of Simmondsia chinensis (jojoba) seedlings fatty alcohols so
formed from the hydrolysis of stored wax esters during the germination seeds are
oxidized by two oxidizing enzymes, fatty alcohol oxidase (FAQO) and fatty alcohol
dehyrogenase [Moreau & Huang 1979]. Extensive study on fatty alcohol oxidases
were carried out from Candida species, where it oxidizes monoterminal, diterminal
and subterminal long chain alcohols [Blaisig er al., 1988; Kemp et al., 1988].
Although it is a membrane bound enzyme, the localization was in dispute due to the
presence of enzyme activity in both mitochondrial and microsomal membrane
fractions [Mauersberger et al., 1987; Sahm 1977; Krauzova et al., 1985]. The broad
range of substrates utilized by the alkane induced alcohol oxidase distinguishes this
enzyme from the alcohol (methanol) oxidases previously reported in yeasts [Tani et

al., 1972a, 1972b; Veenhuis et al., 1976].
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Fatty alcohol oxidase activities from n-alkane-grown Candida tropicalis and
Yarrowia lipolytica rapidly decreased on exposure to light. The rate of inactivation of
the enzyme depended upon the intensity and wavelength of the incident light
(especially blue light of 405 nm), but was diminished under anaerobic conditions
[Kemp et al., 1990]. Unlike short chain alcohol oxidases, the molecular mass and the
subunit number of fatty alcohol oxidases were found to be different. In majority of the
cases it was comparatively low mass. Recently two FAO genes from C. cloacae
(FERM 0O-736) and a single FAO gene from C. tropicalis (NCYC 470) were cloned,
and the DNA sequence was determined [Vanhanen et al., 2000]. The ORFs of FAO1
and FAO2 from C. cloacae were 2,094 and 2091 bp, respectively. The ORF of FAO
from C. tropicalis (NCYC 470) was 2,112 bp. FAO shared 60.6 and 61.7% nucleotide
identities and 74.8 and 76.2% amino acid sequence similarities with C. cloacae FAO1
and FAQO?2, respectively. The FAO1 gene but not the FAO2 gene was successfully
cloned and expressed in E. coli. An international patent application utilizing this
information has been filed [Slabas et al., 1999].

The sub-cellular localization and protein chemical characteristics of long chain
alcohol oxidase (LCAQ) described in some prominent reports are given in table 1.3.
Similarly, the substrates and kinetic parameters of LCAO from different sources are

given in table 1.4.

Table 1.3: Localization and protein chemical characteristics of LCAO from different

sources
Source Localization Protein chemical characteristics References
organism
Oligomeric nature Co-factor
and Molecular
Weight
Candida membrane bound —————- —————- Hommel &
bombicola Ratledge 1990
Candida microsome 73kDa, 77.3kDa e Vanhanen ef
cloacae membrane al., 2000
Candida membrane bound 145kDa, Homodimer ~ Flavin Kemp et al.,
tropicalis (70kDa) 1988
microsome =~ ------ B Kemp et al.,
1990
Simmondsia glyoxysome . NAD(P)+, Moreau &
chinensis membrane bound, riboflavin, Huang 1979,
oil body 2,6DCPIP,Potassium 1981
ferricyanide, Cyt C
Cont...
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Source Localization Protein chemical characteristics References
organism

Oligomeric nature Co-factor

and Molecular

Weight
Tanacetum " 180kDa, Heterodimer ~ FAD, FMN, " Banthorpe ef
vulgare (94kDa, 75kDa) NAD(P)+ al., 1976
Yarrowia membrane bound =~ ------ e Kemp et al.,
lipolytica microsome 1990
Arabidopsis membrane 73kDa e Cheng et al.,
thaliana 2004
Escherichia membrane ———— ———— Vanhanen et

coli al., 2000

Table 1.4: Substrates and kinetic parameters of LCAO from different sources

Source Substrate pH Temperature pH Temper Inhibitors References
organism and K, optima optima and stability ature
(mM) value and range stability
range ("C) (’O)
Candida Dodecanol 8.8-9.0  -me-e- eeeee memmmms mmemeee Vanhanen et
cloacae & 0.004 al., 2000
Candida ~ -=-=--- 7.6-8.8 30 & 18-38 e 25 e Hommel &
bhombicola Ratledge
1990
Candida ~ ------ cmemmes e e e Light, O,  Kemp et al,
tropicalis 1988
1) Dodecan ~ ------ 20 R — e Kemp et al.,
ol & 0.008, 1990; Kemp
0.0061, 40 etal., 1991
2) Tetradeca
nol &0.0015
3) Hexadeca
nol & 0.005
———— 9.0 e 6.0-9.0 25 Light Dickinson &
Wadforth
1992
Simmondsia Dodecanol 9.0 e e 100 PCMB Moreau &
chinensis &4 9.0& Huang 1981
—————— 6.6-93 - . e R Moreau &
Huang 1979
Tanacetum 1) n-Octanol  5.5-9.0 18-22 & 45 R — e e Banthorpe et
vulgare & 049 & 4.8- al., 1976
3) Geraniol 10.0
& 1.56
Yarrowia =~ ------- 9.3  — B — B Light, O,  Kemp et al,
lipolytica 1990
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1.2.3. Secondary Alcohol Oxidase (EC 1.1.3.18)

This category of alcohol oxidase catalyzes secondary alcohols to the
corresponding ketones. Polyvinyl alcohol oxidase is also belongs to this category.
Two different oxidative pathways, mediated by a secondary alcohol oxidase [Suzuki
1976; Morita & Watanabe 1977], were proposed for the enzymatic degradation of
polyvinyl alcohol (PVA). It is mostly reported from Pseudomonas species. This
category of alcohol oxidase is not adequately studied and the structure-function
relationship properties of this group of enzymes are yet to be known. Until now very
few literatures are available on the basic biochemical characteristics, purification and
properties of this enzyme [Shimao et al., 1985; Kawagoshi & Fujita 1997]. PVA-
degrading enzymes are monomeric in nature and are reported as both extracellular and
periplasmic protein. Two secondary alcohol oxidase (SAO) isozymes have detected
and denoted as SAO-I and SAO-II [Sakai et al., 1985]. The substrate specificities,
electron acceptors, as well as some enzymatic properties like, optimum pH and
thermal and pH stabilities of SAO-II were identical to those of SAO-I. These two
enzymes are also similar in that they have a single polypeptide chain and contain a
non-heme iron per molecule. Furthermore, they show similar absorption spectra.
SAO-II is an acidic protein with the p/ of 4.5. This is noteworthy since SAO-I is a
basic protein with the p/ of 10.3. In spite of the difference in the isoelectric points, the
amino acid compositions of these enzymes are quite similar and no histidine is
detected in them. The N-terminal amino acid of SAO-II, alanine, is identical to that of
SAO-I. The molecular weight of SAO-II (about 40,000) is smaller than that of SAO-I
(about 50,000). The two enzymes appear to have a common antigenicity according to
the immunodiffusion and neutralization experiments. The common antigenicity may
depend upon a peptide structure, since the enzyme contains no carbohydrate. This
indicates the close relation of SAO-II to SAO-I in the polypeptide structure,
suggesting that SAO-II may be derived from SAO-I during cultivation.

The localization, biochemical and kinetic characteristics of secondary alcohol
oxidase (SAQO) described in some prominent publications are summarized in the

tabular form below.
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Table 1.5: Localization and protein chemical characteristics of SAO from different

sources
Source organism  Localization Protein chemical characteristics  References
Oligomeric nature and
Molecular weight
Bacterium e 50kDa, 40kDa, 38.5kDa, Sakai ef al., 1985
Monomer*
Pseudomonas sp cytoplasm ~ -----e- Shimao et al., 1982
extracellular amemnee Shimao ef al., 1983
intracellular ~ ----—-- Kawagoshi et al., 1977
membrane = ----e- Shimao ef al., 1985
periplasm
- 26kDa, 49.5kDa Monomer* Suzuki 1976, 1978
------ 50kDa, 50.5kDa Morita et al., 1979
Pseudomonas extracellular 75kDa, 85kDa Monomer* Kawagoshi ef al., 1977
vesicularis
Penicillium sp. extracellular ~ ------ Qian er al., 2004

*The molecular masses were determined by different methods like gel filtration, SDS-PAGE and

sedimentation equilibrium analysis.

Table 1.6: Substrates and kinetic parameters of SAO from different sources

Source Substrate pH Tempe pH Temper Inhibitors References
organism and K,  optima rature stability ature
(mM) and optima stability
value range and ‘O
range
((IC)
Bacterium Hg™' 7.0 45 5.0-9.0 45 e Sakai et al.,
1985
Pseudomonas 1) Polyvi  8.0-9.6 45 - —---- BaCl,, Shimao et
putida nyl alcoh EDTA, al., 1983
ol & 1.0 HegCls,
2) 4-Hept MnCls,
anol & NiCl,
11.0
Pseudomonas ----—- 7.0 & 50 & 4.5-9.0 50 ED:I"A, Morita et
boreopolis 5.0-10  20-60 Hg ', o- al., 1979
Phenanthr
oline,Pb*",
Zn~
Cont...
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Source Substrate pH Tempe pH Temper Inhibitors References
organism and K,, optima rature stability ature

(mM) and optima stability
value range and (°O)
range
("C)
Pseudomonas ~ ------- 6.5-75 45 - s e Morita &
Sp. Watanabe
1977
 —— e 40 - —--e- EDTA, Kawagoshi
Hg”' etal., 1977
— 9.0 40 & 5.0-11 50 - Suzuki 1976
30-50
e e Hydroxyla Suzuki 1978
mine,
Ni**,Salicy
laldoxine
Pseudomonas — ------- 10.0 40 6.0-10 45 Cu™, EDT Kawagoshi
vesicularis A, Hg™, etal, 1977
l-'cz', lodo
acetamide

1.2.4. Aromatic Alcohol Oxidase (EC 1.1.3.7)

Aromatic alcohol oxidase (AAO) is a broad term used for some of the alcohol
oxidases like veratryl alcohol oxidase and vanillyl alcohol oxidase that catalyzes a
variety of aromatic alcohols is also belongs to this group of alcohol oxidase. The
enzyme is mostly isolated and characterized from several lignin degrading fungal
strains [Kim et al., 2001; Okamoto & Yanase 2002; Guillen ef al., 1992]. Lignin is the
most abundant renewable aromatic biopolymer. The degradation of lignin is a very
slow process and the mechanism of degradation is not yet adequately known. There is
a combination of enzymes involved in this degradation process. These lignin
degrading enzymes do not function independently but mutually interact with each
other as well as with other oxidases, including aryl alcohol oxidase. The important
characteristics of the AAO are extra cellular production and monomeric glycoprotein,
[Asada et al., 1995; Varela et al., 2000, 2001; Guillen et al., 1992; Okamoto &
Yanase 2002] which makes this enzyme distinct from the other group of alcohol
oxidases. The carbohydrate content is in the range 14-15% in all the reported AAO
proteins [Bourbonnais & Paice 1988; Varela et al., 2000, 2001; Guillen et al., 1992].
The purified oxidase consisted of two isoforms with approximate molecular weight of

78 kDa and the p/s 4.25 and 4.35 [Bourbonnais & Paice 1988]. AAO genes from 30
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fungal species have been screened using southern blotting. The protein sequence of
the AAO from Pleurotus eryngii shows 33% sequence identity with the glucose
oxidase from Aspergillus niger and lower homology with other oxido-reductases
Varela et al., [2000]. The AAO predicted to contain 13 putative a-helices and two
major S-sheets, each of the putative f-sheets formed by six f-strands. The ADP
binding site and the signature-2 consensus sequence of the GMC oxidoreductases
were also present in the AAO. Moreover, residues potentially involved in catalysis
and substrate binding were identified in the vicinity of the flavin ring. They include
two histidines (H502 and H546) and several aromatic residues (Y78, Y92 and F501),
as reported in other FAD oxidoreductases [Varela ef al., 2000].

The biochemical and kinetic characteristics of aromatic alcohol oxidase

(AAOQ) described in some prominent publications are given in tables 1.7 and 1.8.

Table 1.7: Localization and protein chemical characteristics of AAO from different

sources

Source Localization Protein chemical characteristics References
organism - - -

Oligomeric nature  Co-factor

and Molecular

weight
Arion ater membrane bound -  ceeeee Mann et al.,

1989

Bjerkandera extracellular 78kDa FAD Muheim et al.,
adusta 1990a, 1990b
Pleurotus extracellular FAD Marzullo et al.,
osreatus 1995
Pleurotus extracellular Monomer, 72.5kDa  FAD, non- Varela er al.,
eryngii Glycoprotein covalently bound 2000, 2001

71.2kDa
Penicillium intracellular Homooctamer, Flavin, covalently Fraaije et al.,
simplicissimum 510kDa (Each linked 1995

subunit contains 2

domains)
Pleurotus extracellular 71kDa Flavin Bourbonnais &
sajor-caju Glycoprotein Paice 1988
Geotrichum —————— 65.3kDa (SDS- Flavin Kim et al., 2001
candidum PAGE)

Cont...
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Source Localization Protein chemical characteristics References
organism

Oligomeric nature  Co-factor

and Molecular

weight
Phanerochaete Monomer FAD Asada et al.,
chrysosporium — -—----- 78kDa, p/5.3 1995
Pleurotus extracellular Monomer,70.5kDa FAD Varela et al.,
pulmonarius pl 3.95, 2000

Chrysomela
populi

Phratora
vitellinae

Triticum
aestivium

extracellular

extracellular

extracellular

Glycoprotein

Homotetramer,
79kDa, pi/ 5.4

Homotetramer,
79kDa, p/ 5.2

Bruckmann ef
al., 2002

Bruckmann er
al., 2002

Barrasa er al.,
1998

Table 1.8: Substrates and kinetic parameters of AAO from different sources

Source Substrate pH Temper pH Temper Inhibitors References
organism and K, optima ature stability ature
(mM) and optima Stability
value range and °O)
range
(0
Bjerkandera  1)3,4 Dime 5.7 - - 50 0 eeeee- Muheim ef
adusta thoxybenzyl al., 1990a,
alcohol & 1990b
1.5
2) Anisyl
alcohol &
0.24
Pleurotus 1) 3,4 Dimet  -—---- ———— e — Phenol Varela et
eryngii hoxybenzyl al., 2001
alcohol &
0.41, 0.56,
1.2
2) Benzyl
alcohol &
0.63, 0.85
3) m-Anisyl
alcohol &
0.22, 0.3,
0.03
R — 6.0-6.5 45-50 &  4.0-9.0 60 -70 Agt, Guillen et
& 3.0- 20-50 NaN3, al., 1990;
9.0 Pbs* 1992
Polystictus 4-Methoxy 6.0-6.5 - - 55 p-Methoxy Farmer et
versicolor benzyl alcoh benzyl al., 1960
ol & 1.3 alcohol
Cont ...
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Source Substrate pH Temper pH Temper Inhibitors References
organism and K, optima  ature stability ature
(mM) and optima Stability
value range and ("0)
range
(°C)
Penicillium  Vanillyl 10 30 ----- —--ne- 4-Allyl- Fraaijee er
simplicissim  alcohol & 2,6-dimeth  al., 1995
um 290 oxyphenol
Geotrichum  Veratryl 5.5-7.5 45 6.0 30 —mmeee Kim et al.,
candidum alcohol & 2001
1.7
Phanerocha  Vanillyl 6.0-7.0 45 5.0-8.0 35 HgCl,, Asada et
ete alcohol & PCMB al., 1995

chrysospori  0.02
um

Pleurotus 1) 3,4 Dimet 6.0 - 6.0-9.0 ————- e Varela er
pulmonarius  hoxybenzyl al., 2000
alcohol &
0.39
Pleurotus 1)3,4 Dimet 5.0& - —————- - e Bourbonnai
sajor-caju hoxybenzyl  3.5-8.0 s & Paice
alcohol & 1988
0.41, 0.46
Coriolus 1) 2-Hydrox  5.5-6.5 ---- e  — ————e- Bruckmann
versicolor ybenzyl alc et al., 2002
ohol & 63
2) 2-Hydrox
ybenzyl alc
ohol & 132
Chrysomela  2-Hydrox =~ ------  — e  — ——-e- Bruckmann
populi ybenzyl alc efal., 2002
ohol & 132
Phratora 2-Hydrox =~ --—---  —— e R —— —m-ee Bruckmann
vitellinae ybenzyl alc et al., 2002
ohol & 63

In general all the alcohol oxidases are FAD dependent enzymes, where flavin
is either covalently or non-covalently bound [Janssen & Ruelius 1968]. One of the
differentiating properties of these proteins into several classes is not only on the basis
of substrate utilization but also from their difference in molecular masses, where
SCAOs are high molecular weight in nature with four to eight subunits [Yamada et
al., 1979; Bringer et al., 1979; Couderc & Baratti 1980; Sahm 1982; Van der Klei et
al., 1990; Danneel et al., 1994; Suye1997], while LCAOs are dimeric [Banthorpe et
al., 1976; Dickinson & Wadforth 1992] and the SAO and AAOs are low molecular
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weight proteins with single subunit [Shimao ef al., 1985; Morita ef al., 1979; Sakai et
al., 1985; Varela et al., 2000, 2001; Asada et al., 1995; Guillen et al., 1992; Okamoto
& Yanase 2002]. Cholesterol oxidase (EC 1.1.3.6) is considered to be one of the
secondary alcohol oxidase that oxidizes sterols at the 3B-hydroxyl position to form
A4-cholestenone and H,0, [MacLachlan et al., 2000;
http://www.brenda.unikoeln.de/php/flat_result.php4?ecno =1.1.3.6].

All these alcohol oxidases are widely used in several fields and their
application potentials are well known in different areas like biosensor, biofuel cell,
and biocatalysis. Ethanol biosensor for the detection and quantification of alcohols
with high sensitivity, selectivity and accuracy is required in clinical and forensic
analysis in order to analyze human body fluids, e.g. blood, serum, saliva, urine, breath
and sweat, among others, food, beverage (wine, beer and spirits), pulp industries and
also in agricultural and environmental analysis, e.g. for the assessment of ethanol at a
spill site or in ground waters [Davidsson et al., 2004; Korpan et al., 2000; Smith et
al., 2000; Castillo et al., 2003; Johansson et al., 1993; Alhadeff et al., 2004;
Hasunuma et al., 2004; Narvaez et al., 2000; Liden et al., 1998]. Cholesterol
biosensors for the determination of total cholesterol in serum is required for clinical
diagnosis, since the increased level of cholesterol is associated with atherosclerosis,
myxoedema, nephrosis, diabetes mellitus and obstructive jaundice, while it’s
decreased level is observed in hyperthyroidism, certain anemia’s, mal-absorption and
wasting syndrome [Smith & Brooks 1977; Bokoch ef al., 2004; Lin & Yang 2003;
Ram et al., 2001; Pundir 2003; Sugiuchi et al., 1995]. The application of alcohol
oxidase electrode for the construction of fuel cell has recently attracted much attention
due to the possible application of this sustain energy generating device in areas like,
biomedical instrumentation, space research, military applications etc. [MacLachlan et
al., 2000; Willner et al., 2001; Barton et al., 2004]. Apart from these, alcohol oxidases
are also traditionally used in the organic synthesis, for example large scale synthesis
of flavor compounds, like vanillin by vanillyl alcohol oxidase, which is generally
regarded as a tasteful biocatalyst, and other carbonyl compounds of commercial
importance [van den Heuvel et al, 2001]. In some cases alcohol oxidase can also be
used as a novel pathogenicity factor for cladosporium fulvum [Segers et al., 2001].

Oxidation of alcohol is one of the critical steps involved in the microbial
degradation of wide range of aliphatic hydrocarbons as shown in the scheme 1.2,

hence evolved as one of the process steps in the bioremediation of hazardous
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petroleum contaminants [Morgan & Atlas 1989]. This oxidation step is largely
catalyzed by alcohol oxidase when yeast [Dickinson & Wadforth 1992; Hommel &
Ratledge 1990; Vanhanen et al, 2000; Eirich et al, 2004; Kemp et al., 1990] or
filamentous fungi are involved in the degradation process [Robelo ef al., 2004; Isobe
et al., 2007; Savitha & Ratledge 1991]. Research on these alcohol oxidases produced
during the assimilation of hydrocarbon by filamentous fungi is in nascent stage and
detail functional and physico-chemical characteristics of these oxidases are yet to be
explored. Reports on the degradation of hydrocarbon by filamentous fungi are vast
[Kirk & Gordon 1988; Annibale et al., 2006; Juhasz & Naidu 2000; Muncnerova &
Augustin 1994; April et al., 2000]. During the biodegradation process, Aspergillus is
considered as one of the potential microbial agents in comparison to other fungal
species [Adekunle & Adebambo 2007; Santos et al., 2008]. The productions of
different secondary metabolites and enzymes during the degradation of hydrocarbon
by Aspergillus species have been reported [Radwan & Sorkhoh 1993; Vatsyayan et
al., 2008; Kumar & Goswami 2006]. However, the basic studies on these metabolites
for their potential applications are not adequately addressed so far. Presence of broad-
substrate specific cytochrome P450 monooxygenase (Cyt P450) activity in the cells of
Aspergillus terreus MTCC is reported recently from our laboratory [Vatsyayan ef al.,
2008].
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CH;-(CH,),-CH,-CH;

n-alkane Subterminal

OH
CH;,-(CH;)n-CHz-CHzOH CH;-(CH,),-CH-CH;
Primary alcohol Secondary alcohol
FAD FAD
FADH FADH
1%
CH;-(CH,),-CH,-CHO CHj;-(CH;),-CH-CH;
Aldehyde Methylketone
NAD H,O NAD 0,
NADH NADH ( H,0
0
CH;-(CH;),-CH,-COOH CH‘;-(CHz}n-O-&H-CHj
Fatty acid Acetyl ester

/
HOOC-(CH;),-CH,-COOH CH;-(CH,),-CH,OH
Dicarboxylic acid Primary alcohol
/ Acetate
Fatty acid

Beta-Oxidation

Acetyl CoA

|

Intermediary metabolism

Scheme 1.2: Different hydrocarbon-degradation pathways of filamentous fungi. The
main pathway is the terminal oxidation to fatty acids catalyzed by [1] alkane

monoxygenase, [2] alcohol oxidase and [3] aldehyde dehydrogenase.
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Chapter 2

ISOLATION AND IDENTIFICATION OF
A HYDROCARBON-DEGRADING
FILAMENTOUS FUNGUS

2.1 OVERVIEW

The microbial degradation of hydrocarbons is an area that has been
continuously stimulating interest of the researchers since last several decades due to
their scope for wide applications such as, bioremediation [Atlas 1981; Leahy &
Colwell 1990; Yuan et al., 2000; Lanfranconi et al, 2003; Miralles et al., 2007],
production of secondary metabolites [Dyal & Narine 2005; Radwan & Sorkhoh 1993]
and enzymes [Kanwar & Goswami 2002; Vatsyayan et al., 2008; Goswami & Cooney
1999; Li et al., 2004; Pedrini et al., 2006], biotransformation [Santos et al., 2008] etc.
The importance of fungal degradation of petroleum hydrocarbons is growingly
recognized and attracts attention due to the widespread natural abundance of fungi in
terrestrial ecosystem [Dashti et al., 2008; Britton 1984]. Aspergillus species has been
identified as one of the potential fungal agents for the biodegradation process
[Adekunle & Adebambo 2007; Santos et al., 2008]. The biodegradation of petroleum
hydrocarbons by Aspergillus species have been largely studied from the
environmental perspective, whereas the metabolic consequence and production of
other important metabolites during the degradation is not adequately addressed so far.

We report here isolation of a broad spectrum hydrocarbon-degrading Aspergillus
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strain and increase induction of lipid during growth of the fungus on hydrocarbon
substrates. Also the fatty acid profile of the lipids formed during the growth of the

fungus on hydrocarbon substrates was also investigated and reported here.

2.2 EXPERIMENTAL APPROACHES

2.2.1. Sample collection and sampling

Petroleum contaminated soil samples from oil fields located near Digboi and
Duliajan of Assam, India were collected in a sterile container. These were labeled and
sealed, and then transported to the laboratory for analysis. A total number of twenty

five soil samples were collected for the present study.

2.2.2. Isolation of fungi

The soil samples were transferred to test tubes containing 5.0 ml of sterilized
distilled water. The test tubes were vigorously shaken, for approximately 60 sec, to
release the fungal spores. Several serial dilutions were made and 1 ml portion from
each dilution was pipetted on the surface of fungal agar (Himedia, India) plates and
spread evenly throughout. The plates were kept at room temperature (£ 28 °C) until
the development of colonies (3-4 days). The fungi were purified initially on the fungal
agar plates. The fungal agar contained (g 1'): papain digest of soyabean meal, 10;
dextrose, 10; and agar, 15. The pure colonies formed in the plates were transferred to
fungal agar slants and then incubated further at 28 °C. The organism was maintained
on the fungal agar slants with periodic transfer to a new slant following each 15 days.
For long term storage, the slants were sealed with paraffin and stored at 4 °C. For
growth studies on different carbon substrates, the pure colonies were transferred to
500-ml Erlenmeyer flasks containing 2% (v/v) n-hexadecane in 50 ml of basal
medium [Bushnell & Haas 1941] of the following compositions (g 1_1): MgSO4 7H,0,
0.2; NH4NOs, 1.0; CaCly, 0.02; KH;POy4, 1.0; Ko;HPOy, 1.0; FeCls, 0.002; and yeast
extract, 1.0 as growth inducer. At this concentration yeast extract alone supported
negligible growth. The pH of the medium was adjusted to 5.8 and the flasks were
incubated at 28 °C under static condition. The media containing the substrate was

sterilized at 15 1b for 15 min before inoculating the organism.
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2.2.3. ldentification of filamentous fungus

The identification of the filamentous fungal species was carried out through
macroscopic observation of the colonies and examination of the micro-structural
characteristics, and a comparative analysis with parameters established in the
conventional taxonomy, by referring some of the books [Raper & Fennel 1977,
Domasch et al., 1980]. The strain was then submitted to Microbial Type Culture
Collection (MTCC), Chandigarh for species identification and accession number.
After identification of the organism, the colonies were transferred to test tubes

containing fungal agar medium for further study.

2.2.4. Growth of fungus in different carbon sources

Similar mineral media composition as mentioned previously for fungal
isolation was used to study the growth of the microorganism in different carbon
sources. A range of test carbon sources, alkanes, alkanols, alkanals and fatty acids
were supplied separately in the mineral media as a sole source of carbon and energy.
The optimum growth conditions of the fungi 4. terreus, was studied using different

concentrations of model carbon source, n-hexadecane.

2.2.5. Microscopic analysis of the fungus

The morphological characteristics of the hyphae were studied using scanning
electron microscopy (SEM) (LEO model no 1430vp) following the general protocol
for biological samples [Christian & Stadtlander 2005]. The cells were initially
dehydrated using increasing concentration of ethanol (v/v) for different incubation
periods at room temperature as follows: 50% for 5 min, 70% for 10 min, 80% for 10
min, 90% for 15 min and finally twice with 100% for 20 min. Since the samples were
non-conductive, gold coating of the dried samples were done in a Polaron Sputter
coater unit (Model SC 7620) after mounting on aluminum stubs fixed with double
coated carbon tape for 90 sec. The vacuum chamber was maintained at 10 Torr and
current ImA at 1kV voltage and then analyzed through SEM using the following
setting conditions: 10-15 kV EHT, 50 um aperture, 500 X magnifications.

2.2.6. Lipid analysis from cells grown in different carbon sources
The harvested cells were washed thoroughly in a glass funnel covered with a

filter paper (Whatman) with 50 mM Tris-HCI buffer, pH 8.0 to remove the mineral
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salts of the medium and then briefly washed with n-hexane to remove the cell bound
n-hexadecane. Finally the cells were washed with the similar buffer for several times.
The washing step with organic solvent was omitted for glucose-grown cells. Total
lipid content from the wet cells was extracted following the standard chloroform-
methanol (2:1) method [Folsch et al., 1958]. Fatty acids were isolated by hydrolyzing
the lipid with ethanolic KOH (6% KOH in 95% ethanol) at 70 °C for 3 hr and 150
rpm. The pH of the reaction medium was then reduced to 2 by adding 1N HCI and
then kept standing overnight for phase separation. The fatty acid layer formed at the
top was then extracted with chloroform. The solvent was evaporated by rota-vapor
and the extracted fatty acids were stored at -20 °C until analysis.

Elecrospray ionization/ mass spectrometry (ESI/MS) (Q-Tof Premier, Waters)
was used to identify the fatty acids. Before analysis the fatty acids were dissolved in 5
mM ammonium acetate in methanol. Identification of fatty acids was done with an
ESI probe source in negative mode. ESI-MS was operated at spray voltage 2.5 kV,
sample cone 60, extraction cone 4, and the heated capillary temperature at 250 °C.
The fatty acids were identified from the corresponding m/z peaks using Masslynx 4.1
software provided with the instrument. This software includes both elemental

composition and molecular mass calculator to determine the exact structure.

2.2.7. Statistical analysis

Results obtained were the mean of three or more determinations. Analysis of
variance was carried out on all data at p < 0.05 with the help of Microsoft® Excel
2003 wversion 11 (USA). When ‘F’ value was found to be significant, critical
difference was calculated by multiplying the standard error of difference (SE4) with
the corresponding ‘¢’ values at 5% level of probability. Significant differences among

the means were determined by using least significant difference test.

2.3 RESULTS AND DISCUSSION

Different hydrocarbon-degrading fungal strains were isolated from the oil
contaminated soil samples collected from different locations of Digboi and Duliajan

oil fields of Assam. (Fig 2.1). Among these the fastest growing strain was taken and
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considered for the present investigation. Based on the morphological characteristics
the organism was provisionally identified as Aspergillus terreus and subsequently
confirmed its identity by using the identification service of the Microbial Type
Culture Collection (MTCC), Chandigarh. The organism was deposited in the MTCC
with accession number MTCC 6324. A single colony of the Aspergillus terreus grown
on fungal agar is shown in figure 2.2A.

A. terreus MTCC 6324 could degrade a wide range of petroleum
hydrocarbons, alcohol and long chain primary alkanols, secondary alcohols including
cholesterol, and chlorinated aliphatic hydrocarbons as shown in table 2.1. There are
many reports on the degradation of specific classes of hydrocarbon substrates by
microorganisms [Dashti ef al., 2008; Adekunle & Adebambo 2007; Karlinski et al.,
2007; Pedneault et al., 2007; Van Hamme ez al., 2003; Widdel et al., 2006; Cerniglia
& Perry 1974; Patrick & Dugan 1974]. However, specific microorganisms capable of
degrading broad range of hydrocarbon substrates are rare and not adequately studied
among filamentous fungi. The advantage ascribed to filamentous fungi over other
microbial strains for cleaning polluted soil is that the hyphae of the filamentous fungi
could penetrate several centimeter depths from the soil surface, thus able to degrade
contaminants in sub-surface anaerobic environment. This indicates A. ferreus may be
a potential microbial agent for bioremediation of hazardous and toxic petroleum
hydrocarbons and bioconversion processes. Among all the studied complex carbon
sources maximum cell growth was observed in n-hexadecane with a wet weight cell
mass 39 = 4 g I, which is closer to cell mass of 40 + 2 g 1! obtained by using
glucose as the growth substrate. However, the growth of the organism on n-
hexadecane substrate was significantly slow as evident from the requirement of nearly
96 hr of incubation to reach stationary phase of growth contrary to the glucose-grown
cells that needs only 72 hr of incubation to reach the similar growth phase. A 2% (v/v)
n-hexadecane substrate was found to be optimal for attaining maximum wet mass of
the cells under the standard condition of cultivation used in this investigation (Fig
2.3).

Many microorganisms are known to produce surface active agent
(biosurfactant) to facilitate degradation of water insoluble hydrocarbon substrate
through emulsification that increases oil to water surface area for enhance
assimilation/transport through the cell wall [Christovaa et al., 2004; Deziel et al.,
1996; Goswami & Singh 1991]. No surface activity of the culture broth was observed
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during growth of A. terreus on n-hexadecane or other similar hydrophobic
hydrocarbon substrates used in this investigation. Hence, assimilation of such highly
hydrophobic aliphatic hydrocarbon substrates by this filamentous fungus is appeared
to occur only through the sorption mechanism, which is supported by the fact that the
fungal hyphae were largely associated with the water insoluble top hydrocarbon layer
during growth of the fungi on such hydrophobic hydrocarbon substrates (Fig 2.2B).
Degradation of such highly hydrophobic substrates through sorption is expected to
occur through special modification of the hyphal cell wall. Scanning electron
microscopic studies of the cell hyphae obtained from the growth of the organism on n-
hexadecane and glucose separately were conducted and found that there was a marked
difference on the cell wall morphology of the hydrocarbon-grown cells from the
glucose-grown cells as shown in figure 2.4. In glucose-grown cells the hyphae were
smooth with a thick cell wall, whereas, the cell wall of the n-hexadecane cells was
uneven and thin.

The metabolic consequence of assimilation of these high energy hydrophobic
substrates by the fungus was investigated by analyzing the cellular lipid content. The
lipid production (w/w wet biomass) in n-hexadecane- and glucose-grown cells were
4.4% and 0.62%, respectively, thus showing seven fold higher lipid content in n-
hexadecane-grown cells than the glucose-grown cells. The fatty acid profiles in these
lipids were examined by ESI/MS as shown in Fig 2.5. It is evident from the spectra in
the figure 2.5 and also in the table 2.2 that nearly nine fatty acids induced in the
hexadecane-grown cells were void in the glucose-grown cells. The oleic acid and
palmitic acid were the fatty acids with highest peak intensity in the spectral profile
corresponding to the glucose-grown cells and hexadecane-grown cells, respectively. It
was revealed by analyzing the percentage distribution of different fatty acids in each
cell type (Table 2.2) that palmitic and stearic acids were the predominant fatty acids
in the hexadecane-grown cells; whereas, oleic and linoleic acids were the predominant
fatty acids observed in the glucose-grown cells. Moreover, considerably high amount
of unsaturated fatty acids with chain length Cs; and Cs3 were present in n-hexadecane-
grown cells that each account nearly 9% (based on peak intensity) of the total fatty
acid content in the cells. These fatty acids were however either negligible or void in
the corresponding glucose-grown cells as shown in table 2.2. Although reports on
long chain fatty acids from microbial strains are available [Walker & Cooney 1973;

Kinderlerer 1993; Nemec et al., 1997], presence of these fatty acids in Aspergillus
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strains is not reported until now. The role of these fatty acids in the metabolism of
hydrocarbons is not yet known.

Induction of very high amount of palmitic acid (Cj¢.) in n-hexadecane-grown
cells is expected and it is likely that this palmitate is the product of terminal oxidation
of m-hexadecane substrate catalyzed by the cell membrane associated enzymes,
namely, Cyt P450, alcohol oxidase and aldehyde dehydrogenase. The existence of the
Cyt P450 and alcohol oxidase in the cells of this fungus have already been reported by
us [Vatsyayan et al., 2008; Kumar & Goswami 2006]. The myristic acid that is void
in glucose-grown cells is suggested to form from the palmitic acid by f-oxidation
pathway. These long chain fatty acids directly derived from the substrate is thus
stored as lipid in the cells. Although direct cellular transformation of aliphatic
hydrocarbon substrate to the corresponding fatty acids has been described [Cerniglia
& Perry 1974; Patrick & Dugan 1974], report on the cellular accumulation of such
high level of lipid content with these fatty acids is not yet known in the filamentous
fungi. This hydrocarbon-substrate induced production of lipid is envisaged to have
potential application for the production of biodiesel and industrially important poly
unsaturated fatty acids (PUFA), which were induced to a significant level (C;3-Cs; in

table 2.2) as compared to the glucose-grown cells.
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2.4 FIGURES

Figure 2.1: Fungal strains isolated from oil contaminated soil samples.

Figure 2.2: Growth of Aspergillus terreus on (A) fungal agar and (B) mineral media

supplemented with petroleum sludge.
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Figure 2.3: The growth of A. ferreus in the culture media containing different n-
hexadecane concentrations. The statistical analysis were done as described earlier in

the methods section.
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Figure 2.4: SEM analysis of Aspergillus terreus. The filamentous fungal hyphae

present in the (A) glucose- and (B) n-hexadecane-grown cells.
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Figure 2.5: LC-ESI/MS fatty acid profile of (A) glucose and (B) n-hexadecane cells.
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2.5 TABLES

Table 2.1: Growth of A. terreus in different carbon substrates

Substrate Wet weighi* Substrate Wet weighi*
(e (el

n-Octane 128+ 1.9m Isoamyl alcohol 56£1.1
n-Dodecane 154+ 1.3 3-Butanol 3.0+1.5"
n-Hexadecane 39.1£3.8% 3-Octanol 32+ 1.9
n-Octadecane 249%1.2¢ 2-Dodecanol 24.1£2.2¢
n-Docosane 157+1.6" 2-Docosanol 21.8+1.3"
n-Tetracosane 8.1x1.3° Cholesterol 10.2+1.9°
Methanol 14.8+09! 1-Dodecanal 159+1.3
Ethanol 154+ 1.5 1-Hexadecanal 17.9+2.1"
n-Butanol 158 2.1 Pristane 53+£29
n-Heptanol 5.2+£0.38" Benzene 8.1+£3.1°
n-Octanol 6.0+ 1.4° Toluene 6822
n-Decanol 613 Phenol 41+£2.7"
n-Undecanol 21.9+ 3.0¢ Naphthalene 10.6 +1.5°
n-Dodecanol 255 +2.9° Testosterone 32z LI"
n-Tetradecanol 247 £3.1° 12-Hydoxydodecanoic acid  16.8 + 1.6
n-Hexadecanol 233428 1,12-Dichlorododecane 12.7+£2.4m
n-Octadecanol 23.8+1.2" 1, 16-Hexadecadiol 10,9+ 1.2
n-Tetracosanol 17.9+ 1,98 Petrol 125+ 1.8™
n-Hexacosanol 15.4 + 1.6% Kerosene 8.1+2.0
n-Eicosanol 123 +04" Crude oil 13.4+1.7"
n-Docosanol 13.4+1.8 Yeast extract 10.1 £29¢
Isopropanol 167+ 1.1 Glucose 403=+2.1°

* Wet weight of the cells was determined after 96 hr growth (72 hr growth for glucose substrate) after

supplementing each set of experiments with 2% (g/v for solid and v/v for liquid substrates) carbon

source (final concentration) in the medium. Each value represents the mean + standard error; with no

common letter are significantly different at p < 0.05.
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Table 2.2: The cellular fatty acid profile of A. ferreus grown in glucose and n-

hexadecane substrates

Name of fatty acid Short cut mz Relative Intensity (%)
A (BEED Hexadecane  Glucose
cells cells
Myristic acid 14:0 227.1 30 ===
Palmitic acid 16:0 255.2 100 40
Stearic acid 18:0 283.2 97 47
Arachidic acid 20:0 3115 5 4
Henicosanoic acid 21:0 325.1 5 7
Docosanoic acid 22:0 339.1 15 7
Tetracosanoic acid 24:0 367.3 2 5
Heptacosanoic acid 27:0 409.2 5 -
Oleic acid 18:1 281.2 62 100
Linoleic acid 18:2 279.2 70 80
Tridecatetracnoic acid 13:4 205.1 20 5
Pentadecatetracnoic acid 15:4 233.1 75 10
Heptadecatetraenoic acid 17:4 260.7 20
Monadecahexaenoic acid 19:6 284.2 20 ---
Henicosaheptaenoic acid 21:7 3l 2 7
Docosaheptaenoic acid 22:7 3251 5 12
Docosatetraenoic acid 22:4 3326 20 ---
Dotriacontatrienoic acid 32:3 473.2 60 5
Tritriacontatetraenoic acid 334 485.2 62 -
Unidentified - 258.7 29 ==
Unidentified —— 260.7 20 -—
Unidentified - 330.6 21] ---

TH-770_05610605 34



Chapter 3

STUDIES ON SUBSTRATE SPECIFICITY
AND SUB-CELLULAR LOCATION OF
THE ALCOHOL OXIDASE

3.1. OVERVIEW

The redox enzymes that catalyze the oxidation of alcohol to the corresponding
aldehyde or ketone have potential application in the pharmaceutical, food, clinical,
pulp and other industries [Azevedo et al., 2005; Hargrove et al., 2004; Hummel
1999]. These enzymes may be categorized into alcohol dehydrogenase and alcohol
oxidase, on the basis of the mechanisms involved in the catalytic reactions. Alcohol
dehydrogenases require nicotinamide (NAD® or NADP®) co-factor as terminal
electron acceptor, while, alcohol oxidases use molecular oxygen as electron acceptor
that leads to the formation of hydrogen peroxide during the catalysis [Geissler &
Hemmerich 1981; Kemp et al., 1988]. The alcohol dehydrogenases have been studied
extensively as evident from their voluminous publications, while, the hydrogen
peroxide generating alcohol oxidases are not yet adequately studied. The alcohol
oxidases (systematic name: alcohol: oxygen oxidoreductase) have been categorized
into different classes, such as, short chain alcohol oxidase (SCAO), also known as,
alcohol oxidase, methanol oxidase, ethanol oxidase, etc. (EC 1.1.3.13); secondary
alcohol oxidase (SAO), also known as polyvinyl alcohol oxidase (EC 1.1.3.18); long
chain alcohol oxidase (LCAO), also known as fatty alcohol oxidase, long chain fatty

acid oxidase, long chain fatty alcohol oxidase, (EC 1.1.3.20); and aromatic alcohol
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oxidase (AAO), also known as aryl alcohol oxidase, such as, veratryl alcohol oxidase
(EC 1.1.3.7) and vanillyl alcohol oxidase (EC 1.1.3.38) based on the substrate
oxidized. Research on alcohol oxidases from filamentous fungi is limited. Among
different alcohol oxidases, AAO and SCAO have been studied to a greater extent,
while, only limited studies with this microorganism have been done on LCAO and
SAO as revealed from the available literature [Savitha & Ratledge 1991; Alvarado-
Caudillo et al., 2002].

Alcohol oxidase is reported as one of the inducible enzymes formed during
microbial degradation of aliphatic hydrocarbons. Majority of the reports described on
alcohol oxidase are from yeasts, such as, Candida species [Dickinson & Wadforth
1992; Hommel & Ratledge 1990; Vanhanen et al., 2000; Eirich et al., 2004],
Yarrowia species [Kemp et al., 1990]. Report on the alcohol oxidase from
hydrocarbon-grown filamentous fungi is limited and appears to be available only with
Cladosporium species [Goswami & Cooney 1999], Aspergillus species [Savitha &
Ratledge 1991], and YR-1 strain [Robelo et al., 2004]. All these reports largely deal
with fatty alcohol oxidase. Systematic investigation on the functional characterization
of an alcohol oxidase induced during degradation of different hydrocarbons by
filamentous fungi is not reported till. The only report on the location of the alcohol
oxidase from filamentous fungi appeared so far is from Cladosporium resinae, where
light mitochondrial fraction was indicated as the sub-cellular location of the enzyme
[Goswami & Cooney 1999]. In this chapter we describe the sub-cellular localization
and functional characterization of an intracellular alcohol oxidase produced by the
aliphatic hydrocarbon-degrading Aspergillus terreus with broad substrate specificity

in oxidizing different classes of alcohols.

3.2. EXPERMINTAL APPROACHES

3.2.1. Organism and Culture Conditions
The culture conditions and the maintenance of the A. terreus MTCC 6324

used in this study were described in detail in chapter 2.
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3.2.2. Preparation of Microsomes

For microsome preparation, the n-hexadecane-grown cells were harvested
from the early stationary phase of growth of the static culture. The harvested cells
were separated from the culture broth and then washed with 50 mM Tris-HCI buffer,
pH 8.0 and n-hexane to prepare substrate-free cell mass following the procedure
described by Goswami & Cooney [1999]. The cells were suspended in 50 mM Tris-
HCI buffer, pH 8.0 containing EDTA (10 mM); MgCl, (1 mM) and PMSF (1 mM)
and then disrupted by using mechanical cell disruptor (Constant Systems Ltd, UK) at
30 kpsi. The cell homogenate formed after disruption was then immediately mixed
with DTT (1 mM) and then centrifuged at 10000 x g for 15 min to pellet the
undisrupted cells and nuclei. The supernatant (Sup-1) was collected and subjected to
20000 x g for 30 min. The supernatant (Sup-2) collected was again centrifuged at
114000 x g for 3 hr (Beckman Ultracentrifuge, USA) to sediment the microsomal
fraction. The microsomes were separated and suspended in 50 mM Tris-HCI buffer,
pH 8.0. The supernatant (Sup-3) formed was retained for enzymatic study. All the

steps in the procedure were performed at 4 °C unless specified.

3.2.3. Enzymatic Assay of Alcohol Oxidase

The alcohol oxidase was assayed by measuring substrate dependent oxygen
consumption using Biological Oxygen Monitor (5300A, YSI USA) using Clark-type
polarographic oxygen electrodes following the method described by Blasig et al.,
[1988]. Calibration of the oxygen electrode was done by Xanthine oxidase assay
[Billiar et al., 1970]. The reaction mixture consists of 50 mM Tris-HCI buffer, pH 8.0,
sodium azide (6 mM), and the test alcohol substrate (10 mM) dissolved in 0.1 ml
dimethyl sulfoxide (DMSO). The reaction was carried out at 30 °C immediately after
addition of approximately 0.3 ml of the enzyme sample. The final volume of the
reaction mixture was maintained at 3 ml. The alcohol oxidase activity was
simultaneously confirmed for each datum using the spectrophotometric assay method
of Kemp et al [1988] using 2,2’-azino-bis[3-ethylbenzothiazoline-6-suphonic acid]
diammonium salt (ABTS) as the chromogenic agent. The molar extinction co-
efficient of 18.4 at 405 nm was used for the radical cation of ABTS [Werner et al,
1970] in the method. The stoichiometric equivalence of 1 mM ABTS with 0.5 mM

oxidized substrate was considered to measure the product. One unit of enzyme
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activity for both the assay methods was finally expressed as the amount of enzyme

required to consume 1 uM O, min™ at 30 °C.

3.2.4. Analyses of the Alcohol Oxidase in Native PAGE

Native PAGE analysis of the protein was done at 4 °C following the method of
Laemmli [1970] by using various concentrations of separating gels at 20 mA and 25
mA for stacking and resolving gel, respectively. The enzyme in the gel was detected
by biological staining using ABTS and horseradish peroxidase following the method
of Kemp et al., [1988]. The exact replica of the same gel was also stained with
coomassie brilliant blue (CBB) R-250. The standard protein markers used to
determine the approximate molecular mass (M;) of the sample protein were urease,

BSA, and chicken egg albumin.

3.2.5. pH and Temperature Optima of the Alcohol Oxidase

The optimum pH and temperature of the enzyme was determined after
incubating the enzyme sample in different pH buffers of pH 6 to 10 and for
temperature optima studies the enzyme activity of the alcohol oxidase was measured
at different reaction temperatures and assayed following the similar

spectrophotometric assay method stated earlier.

3.2.6. Analytical Methods

Protein estimation was done following the Hartree’s modification of Lowry
method using BSA as standard [Hartree 1972]. All the data presented here were the
mean of three or more experiments with a variation within 10%. Analysis of variance
was carried out for the statistical data with the help of Microsoft Excel as described in

chapter 2.

3.3. RESULTS AND DISCUSSION

A. terreus could grow on basal medium containing n-hexadecane as the sole
source of carbon and energy. The alcohol oxidase activity in the culture broth of A.
terreus during growth on n-hexadecane was nearly proportional to the cell protein

(about 6.5 U g cell protein) till the early stationary phase (96 hr) of growth.
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However, the activity was declined in the late stationary phase where fungal
sporulation started. The enzyme was localized in the microsomal membranes as
majority of the alcohol oxidase activity was observed in this sub-cellular fraction. All
the studies were performed using enzyme bound microsomal membranes. This
fraction was collected and stored until further analysis. The flow chart on differential

centrifugation and sub-cellular location of the alcohol oxidase is shown in scheme 3.1.

Fungal mass (wet weight 1.5 gm)

Disrupted at 30kpsi
Cell Homogenate (6.5 U mg™)

10000 x g(15 min)

¢ '

Sup-1 (7.6 U mg'l) Pellet (Trace activity)

l 20000 x g (30 min)

Sup-2 (10U mg™) LMF (2 U mg™)
(Light mitochondrial fraction)

l 1,14000 x g(1.5 hr)

Sup-3 (No activity) MF (16 U mg™)
(Microsomal fraction)

Scheme 3.1: Flow chart on localization of alcohol oxidase enzyme.

The alcohol oxidase activities were studied separately in the sub-cellular
fractions of n-hexadecane-, glucose-, and ethanol-grown cells of A. terreus (Table
3.1). In all these activity studies the alcohol oxidase was localized only in the
microsomal fraction of the cells. In n-hexadecane-grown cells the alcohol oxidase
oxidized a broad range of alcohols, namely, SCAO-, LCAO-, SAO-, and AAO
substrates. Whereas, in glucose- and ethanol-grown cells the enzyme was not active
against AAO-, and LCAO-substrates, respectively. Moreover, the levels of induction
on other substrates were also poor in the glucose- and ethanol-grown cells. Among
various short chain-, long chain-, and secondary alcohol substrates highest alcohol
oxidase activity in the n-hexadecane-grown cells were detected with the substrates n-
heptanol (15.01 + 0.06), n-hexadecanol (15.26 + 0.09), and 3-octanol (17.06 + 0.02),
respectively. Similar results with short chain alcohols were obtained with glucose-

and ethanol-grown cells, albeit, the level of activities were low. Our findings on the
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detection of a broad substrate specific alcohol oxidase activity in the same enzyme
provoking further investigation on the protein chemical natures of the enzyme, the
results of which may be useful to establish the structure-function relationship of this
protein.

The alcohol oxidase isolated from the n-hexadecane-grown cells showed 33%
enantiomeric excess activity for the R(-)2-octanol over S(+)2-octanol (Table 3.1).
Higher enzyme activities for the R(-)2-octanol over S(+)2-octanol were also observed
in glucose- and ethanol-grown cells. Kinetic studies of the alcohol oxidase catalysis
of n-hexadecane-grown cells were carried out for different substrates and the
corresponding Michaelis-Menten constants (Ky,) were calculated. Lowest K, for the
short chain-, long chain- and secondary alcohol substrates were found for n-heptanol
(0.005 mM), n-hexadecanol (0.008 mM) and 3-octanol (0.006 mM), respectively.

Zymogram analysis of the microsome of n-hexadecane-grown cells in 7% gel
(run time 5 hr) using mixed alcohol substrates containing n-heptanol, n-dodecanol, 2-
dodecanol, and benzyl alcohol showed a broad green color band with alcohol oxidase
activity (Fig 3.1B). Preliminary investigation of the alcohol oxidase protein in native
PAGE showed that the M, of the alcohol oxidase was more than 250 kDa. These
observations on the very high molecular weight and broad substrate activity of the
alcohol oxidase prompted us to suggest that this enzyme-protein is oligomeric in
nature containing different sub-units bearing different functional (catalytic)
properties. In all microorganisms and plants studied so far on the alcohol oxidase as a
whole, the enzyme is largely reported as octameric [Couderc & Baratti 1980; Kato et
al., 1976; Suye 1997], with the exceptions of C. tropicalis [Dickinson & Wadforth
1992] and T. vulgare [Banthorpe et al., 1976], where the dimeric nature of the enzyme
was demonstrated.

The enzyme activity was not inhibited by iron chelating agents, taxifolin and
piperonyl butoxide (PBO), indicate the lack of heme iron in these isozymes. The
alcohol oxidase activity was inhibited to 86 = 3 % and 57 £ 1 % with 5 mM of p-
chloromercuribenzoic acid (PCMB) and tetraethylthiuram disulphide, respectively.
The activity was strongly inhibited by PCMB and tetraethylthiuram disulphide.
Although, no quantitative conclusion could be drawn with the results on the strong
inhibition the involvement of sulfahydryl group of the enzyme in the catalysis may be
implicated. Lack of inhibition by taxifolin and piperonyl butoxide, which usually

inhibit the heme-enzymes, indicates the lack of heme iron in this protein (Fig 3.2).
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The optimum pH for the alcohol oxidase activity was found to be 8.1 + 0.5
(Fig 3.3 A). The optimum temperature for the alcohol oxidase activity was found to
be in the range of 27-33 °C as shown in Fig 3.3 B. Statistical analysis showed that
there were no significant differences among the activity data obtained within the
temperature range of 27 to 33 °C.

No difference in the alcohol oxidase activity was observed upon addition or
non-addition of FAD, FMN, NADP" and NAD" in the reaction mixture. The
fluorescence emission spectra of the DEAE sepharose column eluted protein with
authentic FAD were compared by using excitations at 443 nm. The excitation gave
similar emission spectra for both alcohol oxidase and FAD with emission peaks at
around 527 nm for both the samples (Fig 3.4). Thus the alcohol oxidase appears to
contain FAD as reflected from the similar fluorescence emission spectra obtained by
excitation at 443 nm.

Although, primary alcohol is a common metabolic intermediate formed during
microbial degradation of normal alkanes, formation of secondary alcohol through sub-
terminal oxidation of long chain n-alkanes in fungi is also documented [Britton 1984].
We have demonstrated the involvement of hydroxylase enzyme in the sub-terminal
oxidation of carbon chain during growth of A. terreus on hydrocarbon [Vatsyayan et
al., 2008]. Hence the induction of alcohol oxidase protein capable of oxidizing
secondary alcohols may be attributed to its role on the metabolism of secondary
alcohols formed as metabolic intermediates during the assimilation of n-hexadecane
by A. terreus. High selectivity of the alcohol oxidase for the R(-)2-octanol (33% ee)
over S(+)2-octanol may be correlated with the lower K, value (0.012 mM) of the
enzyme for the R(-)2-octanol than the K, value (0.02 mM) obtained for the S(+)2-
octanol. The activity of the alcohol oxidase with many other substrates also could be

correlated with the corresponding K, values as reflected from table 3.1.
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3.4 FIGURES

%

k.

Figure 3.1: Zymogram analysis with mixed substrates namely n-heptanol, n-
dodecanol, 3-octanol and benzyl alcohol. (A) CBB R-250 staining gel were recorded
as B/W using Gel Documentation systems (Bio-Rad, USA). (B) Gel stained with

ABTS dye to detect alcohol oxidase bands in PAGE. Photograph was recorded with
CCD camera (Nikon, Japan).
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Figure 3.2: Alcohol oxidase inhibition assay with different effectors. PCMB: p-

chloromercuribenzoic acid, TET: tetraethyl thiuram disulfide, taxifolin and PBO:
piperonyl butoxide.
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Figure 3.3: Alcohol oxidase enzyme activity studies. (A) Optimum pH was 8.1 + 0.5
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Figure 3.4: Fluorescence emission spectra of alcohol oxidase and FAD obtained by
excitation at 443 nm.
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3.5 TABLES

cells of A. terreus during growth on different carbon substrates

Table 3.1: Detection of alcohol oxidase activity (UM O, consumed per min) in

the

Alcohol substrate Enzyme activity in different growth substrates ::'::ﬂ}
Hexadecane Glucose Ethanol
Khort chain alcolols
Methanol trace (< 2) nil nil NI
Ethanol trace (< 2) nil nil NI
I- Butanol 10.9+0.06 6.2+ 0.04 3.1+0.08 0.028
1- Heptanol 15.0 + (.02 1.6 009 4.5 +0.01 0.003
I- Octanol 1.6+ 0.06 5.3+003 2.8 £0.09 0.050
Long chain alcohols
1= Decanol 10.6+0.17 trace (= 2) il 0.060
1- Undecanal 0.5+ 004 trace (<= 2) nil 0050
1= Dodecanol 11.2x0.11 trace (< 2) nil 0.028
1= Tetradecanol 16 0,06 nil nil 0.020
1- Hexadecanol 15.3+0.09 nil nil 0.00%
I 2-Hydroxydodecanoic acid 20%0.15 nil nil ND
1.1 6-Hexadecanediol B.9+0.05 nil nil 0.028
Secondary alcohols
[sopropanol B9+ 0,04 il nil (0.030
[soamyl alcohol 484023 trace (< 2) nil 0. 100
Ri=)2=Crctano 14.3 + 0,06 23005 2.1 £0.09 0012
5+)2-Octanol 05+0.19 trace (< 2) trace (< 2) 0.020
Cyelooctanol BEEOII nil nil 0.030
2-Octanol 12.1 +0.02 MWD ND ND
3-Ohctanol 1700+ 0.09 nil 25 +0.02 (L.006
2-Drdecanol 15.7+£0.11 nil nil 0.008
Aromuatic alcohols
Benzyl aleohol 8.7+ 0,06 nil trace (< 2) 0.030

ND, not determined

% The K,, was determined with the alcohol oxidase activities of n-hexadecane-grown cells using the

spectrophotometric assay method of Kemp et al., [1988]. The mean of the three values is given in the

table. Each value represents the mean + standard error at p < 0.05.
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Chapter 4

PURIFICATION AND FUNCTIONAL
CHARACTERIZATION OF THE
ALCOHOL OXIDASE

4.1 OVERVIEW

The importance of alcohol oxidases in the metabolic processes and their
possible utilization in various products and processes have been reviewed as revealed
from some of the selected recent publications [Fernando et al., 2007; Azevedo et al.,
2005; Hargrove et al., 2004; Segers et al., 2001; Van den Heuvel et al., 2001; Hack et
al., 2000]. Research on these membrane bound enzymes has been primarily dealt with
the morphological, protein chemical and functional aspects due to highly complex
molecular and biophysical nature of this group of enzymes [Ozimek et al., 2005;
Tahallah et al., 2002; Mattevi 1998; Ghisla & Massey 1989]. Among these various
alcohol oxidases, methanol oxidase and aryl alcohol oxidases have been studied to a
greater extent [Ozimek et al., 2005; Sahm et al., 1982; Varela et al., 2000, 2001;
Guillen et al., 1992]. Research on other groups of alcohol oxidases has not received
adequate attention although, preliminary findings gathered so far on those oxidases
may be the basis for unfolding many interesting facts, and thus, advancing the scope
for their applications.

The research on these alcohol oxidases produced during the assimilation of
hydrocarbon by filamentous fungi is in nascent stage and detail functional and

physico-chemical characteristics of these oxidases are yet to be explored. In the
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earlier chapter we have described the detection, localization and preliminary
functional characterization of a broad substrate specific alcohol oxidase able to
oxidize short chain-, long chain-, aromatic- and secondary alcohols in the microsomal
membrane of n-hexadecane-grown Aspergillus terreus MTCC 6324. In this chapter
we present the purification and novel structural features on this broad substrate

specific alcohol oxidase present in the said fungal species.

4.2 EXPERIMENTAL APPROACHES

4.2.1. Organism and Culture Conditions
The culture conditions and maintenance of 4. terreus MTCC 6324 used in this

study were described previously as in the chapter 2.

4.2.2. Isolation of Alcohol Oxidase from Microsomal Membrane

The 20000 x g supernatant of the disrupted n-hexadecane-grown cells was
prepared according to the method described previously as in chapter 3. A floating
protein layer containing alcohol oxidase activity was fractionated from the
supernatant using ammonium sulfate at a saturation of 35% (w/v). The enzyme layer
was separated by 10000 x g and re-suspended in a minimum volume (10-13 ml) of 50
mM Tris-HCI, pH 8.0, and then desalted by dialyzing for 4 hr against the same buffer
(500 ml x 2) containing 0.1 mM PMSF. The membrane bound protein was solubilized
following the method described by Hjelmeland & Chrambach [1984]. The desalted
enzyme solution was mixed with a suitable concentration of 3-[(3-cholamidopropyl)
dimethyl ammonio] propane-1-sulfonic acid (CHAPS) and 0.15 M KCl, and vortexed
for 1 hr at 4 °C to solubilize the enzyme. The membrane was then separated by
pelleting at 114000 x g for 1 hr and the clear supernatant was collected for enzymatic

study. All the steps of purification were performed at 4 °C, unless it is specified.

4.2.3. Purification of Alcohol Oxidase by lon Exchange Chromatography

The membrane-free soluble enzyme was dialyzed against ice cold 20 mM
Tris-HCL, pH 9.0, (500 ml x 2) containing 0.1 mM PMSF for 4 hr. Hitrap DEAE-
sepharose FF (1.6 x 2.5 cm, 90 um) weak anion exchanger connected to FPLC ACTA
system (GE Healthcare) was equilibrated with 20 mM Tris-HCI, pH 9.0. The enzyme
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sample was filtered through 0.45 um filter and loaded on to the pre-equilibrated
column at a flow rate of 1 ml min™. The bounded proteins were eluted with 20 mM
Tris-HCI, pH 9.0, containing 400 mM NaCl, in a linear gradient (0-400 mM) at flow
rate of 5 ml min”. The tubes containing protein peak were pooled, and then
concentrated by using either 40% PEG 6000 or lyophilization. The concentrated
samples were re-suspended in minimal volume (0.2-0.8 ml) of 50 mM Tris-HCI, pH

8.0, and stored at 4 °C.

4.2.4. Enzymatic Assay of Alcohol Oxidase

Alcohol oxidase activity was assayed using HRP (10 ug ml") coupled assay
method monitoring H,O, production at 405 nm for ABTS radical at 30 °C (g405 =
18400 uM™.cm™) [Werner et al., 1970]. The enzyme activities were simultaneously
confirmed for each datum using biological oxygen monitor assay method with Clark-
type polarographic oxygen electrodes following the similar protocol described
previously in chapter 3. As the enzyme was able to oxidize a broad range of alcohol
substrates as reported earlier in chapter 3, we have analyzed all the experiments with a
representative substrate bearing highest activity from each class of alcohol group. The
representative alcohol substrates of short chain-, long chain-, aryl-, and secondary-
alcohol for enzymatic assays and kinetic studies were n-heptanol, n-dodecanol,
phenyl-3-propanol, and R(-)2-octanol, respectively. Stock solutions of all the
substrates were prepared in DMSO.

4.2.5. Molecular Mass Determination of Alcohol Oxidase by Native and SDS-
PAGE Analysis

Native and SDS-PAGE analysis of the purified protein were done following
the method of Laemmli [1970]. Zymogram analysis of the native PAGE was done
after incubating the gel with assay reaction mixture containing 100 mM #n-heptanol,
70 U HRP, 7 mg ml"' ABTS in 50 mM Tris-HCI, pH 8.0 for 15 min. Gels were
stained either with standard CBB R-250 or silver staining methods. PAS staining of
SDS-PAGE was done following the method of Matthieu & Quarles [1973]. Different
percentages of native PAGE gels (4, 5, 6 and 7.5%) were run to determine the
molecular weight of the native protein. The slope of the line (-log K)) is plotted
against molecular weight of the standards. The holoenzyme molecular mass was

determined through native PAGE following the standard Ferguson plot method
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[Hedrick & Smith 1968]. The final slope value obtained in the graph between slope
against molecular weight of the standards (+* = 0.9872) was used to calculate the
native protein molecular weight. The protein markers used were horse spleen
apoferritin (443 kDa), jack bean urease (272 kDa), bovine liver catalase (250 kDa),
sweet potato amylase (200 kDa), yeast alcohol dehydrogenase (150 kDa), BSA (66
kDa, 132 kDa). The SDS-PAGE protein markers used were BSA (66 kDa),
ovalbumin (45 kDa), glyceraldehyde-3-phosphate dehydrogenase (36 kDa), carbonic
anhydrase (29 kDa), trypsinogen (24 kDa), and trypsin inhibitor (20.1 kDa).

4.2.6. Measurement of Isoelectric Point (pl)

The p/ was determined by isoelectric focusing, using immobiline pH gradient
gel strips of 3-10 linear range (GE healthcare, Sweden) following the instruction
manual supplied with the Multiphor II gel apparatus (Hoefer Pharmacia). The p/
markers used were Aspergillus niger amyloglucosidase (3.6), soybean trypsin
inhibitor (4.6), bovine milk fS-lactoglobulin A (5.1), bovine erythrocytes carbonic
anhydrase II (5.9), human erythrocytes carbonic anhydrase 1 (6.6), horse heart

myoglobin (6.8, 7.2), lens culinaris lectin (8.2, 8.6, 8.8), and bovine pancreas

trypsinogen (9.3).

4.2.7. Mass Spectrometry

LC-MS/MS identification of the protein was carried out by ProtTech, Inc.
(Norristown, PA). In brief, proteins in each gel band were digested in-gel with
modified sequencing grade trypsin (Promega), and the resulting peptide mixture was
subjected to tandem mass spectrometry for peptide sequencing. A Finnigan ion trap
mass spectrometer LCQ coupled with an HPLC system running a 75 M inner
diameter C;g column was used. Data were acquired in a data dependent mode.
MS/MS spectra were used to search the most recent non-redundant protein data bases,
including the Protein Information Resources data base and GenBankTM using
ProtQuest software suite from ProtTech. The output of the data base search was

manually analyzed and validated to verify proper protein identification.

4.2.8. Lipid Staining
Nile red, a specific dye for lipids and hydrophobic domains in proteins, was

prepared from nile blue sulfate following the method of Greenspan & Fowler [1985]
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with a slight modification, where instead of flash evaporation xylene was evaporated
by lyophilization to obtain the product. Nile red fluorescence was examined under
Confocal laser scanning microscopy (CLSM) (Zeiss LSM 510) using similar spectral
settings of Fowler & Greenspan [1985].

4.2.9. Structural Analysis of Alcohol Oxidase by AFM and TEM

The size, aggregation pattern and surface properties of the protein particles
were studied by Atomic force microscopy (AFM) and Transmission electron
microscopy (TEM). AFM was performed using an ambient air scanning probe
microscope (Picoscan 2500, Molecular Imaging). Images were recorded with typical
contact force loads of 0.5 nN using pyramidal SisNy4 probe tips mounted on triangular
0.03 (£ 0.01) nm™" Au-coated cantilevers. 10 ul of 0.8 mg ml” purified protein was
deposited on a freshly prepared thin layer of mica film and dried under nitrogen for 2
hr.

For TEM (JOEL model TEM-2100) analysis 5 ul of 0.06 mg ml™” purified
protein was mixed with equal volume of 1% ammonium molybdate and then
deposited on a 300-mesh copper coated carbon grid. The sample was allowed to air
dry under laminar hood for 4 hr. The TEM was operated at an accelerating potential

of 80kV - 200kV and in a magnification range of 40k X — 1500k X.

4.2.10. DLS Analysis of Alcohol Oxidase

Experiments were carried out in a 201 Spectroscatter Dynamic light scattering
(DLS) instrument (RiNA GmbH, Berlin). Data were acquired at 20 °C, repeated 20
times and averaged. The viscosity was set to 1 cP at a scattering angle of 90° and
measured at 685 nm. The resulting autocorrelation function was analyzed by the

integrated control software to obtain size, radius or shape distributions.

4.2.11. Fatty Acid Analysis by LC-ESI-MS

Purified protein (1.9 mg) was treated with 2M HCI in 83% methanol and
refluxed at 100 °C for 4 hr. The sample was allowed to cool and then mixed with
chloroform to a final ratio of water/methanol/chloroform (1:2:0.8). After 10 min
incubation at room temperature, the ratio was increased to 2:2:1.8 for the formation of
two separate layers. Chloroform layer was separated by 10000 x g for 15 min at 4 °C.

The lipid was then collected by removing the chloroform using vacuum evaporator
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and then stored at 4 °C. LC-ESI-MS analysis (Q-Tof Premier, Waters) was done in a
UPLC BEH RP18 column (1.7 gum x 2.1 x 50 mm). Samples were diluted to picogram
concentration using 50% (v/v) acetonitrile containing 0.1% (v/v) formic acid before
injecting into the column. Solvents used for the elution were 4: 5 mM formic acid in
water, and B: acetonitrile. The column was washed initially for 3 min with solvent A,
and then fatty acids were eluted with increasing the concentration of solvent B in the
following order: 20% (8 min), 40% (5 min), 50% (6 min), 60% (3 min), 80% (1 min),
and 100% (10 min), respectively. The flow rate was 0.1 ml min"'. Auto sampler was
maintained at 15 °C and the separation was performed at ambient temperature.
Identification of fatty acids was done with an ESI probe source in negative mode.
ESI-MS was operated at spray voltage 2.5 kV, and the heated capillary temperature at
250 °C.

4.2.12. Cofactor Analysis using Reverse Phase HPLC and SDS-PAGE

Alcohol oxidase (100-140 ug in 80 x1) was mixed with 40 ul of 15% TCA (5%
final concentration) and incubated at 4 °C for 30 min in dark. The mixture was then
centrifuged at 15000 x g for 10 min, and the supernatant was applied to an HPLC
(Perkin Elmer) Chromatopak RP18 column (0.4 x 25 cm, 5 um). Isocratic elution was
carried out with 5 mM ammonium acetate buffer, pH 5.6, supplemented with 35%
methanol, at UV5s4 1y With a flow rate of 0.5 ml min’!.

For SDS-PAGE analysis, protein was denatured in SDS sample buffer without
bromophenol blue dye. After electrophoresis, the flavin was detected in the gel using
UV transilluminator. Gel was excised and crushed with glass homogenizer in distilled
water and then centrifuged twice at 12000 x g for 10 min to remove the gel matrix.
The supernatant was then analyzed for flavin using spectrofluorometer under similar

parameters as mentioned earlier. A control containing gel portion devoid of flavin was

analyzed separately.

4.2.13. Studies on the Stability of the Alcohol Oxidase

In order to analyze the pH stability the enzyme samples were treated with the
test pH [phosphate buffer (pH 6.0 and 7.0); tris buffer (pH 8.0); ethanol amine buffer
(pH 9.0 and 10.0); and piperazine buffer (pH 11.0)] separately, for minimum 30 min
to maximum 120 min and then analyzed for residual activity following the

spectrophotometric assay method stated above. The temperature stability of the
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enzyme was studied by treating the enzyme samples in test temperatures (4 °C to 40
°C) for different time periods and then analyzed for the residual activity following the

same spectrophotometric assay method stated earlier.

4.2.14. Analytical methods

Protein estimation was done following Bradford method using BSA as
standard [Bradford 1976]. The carbohydrate content was estimated by Anthrone
method [Scott & Melvin 1953] as well as Phenol-sulfuric acid method [Hounsell et
al., 1997] using glucose as standard.

All the data presented in this study were the mean of three or more
experiments with a variation within 10%. Analysis of variance was carried out for the

statistical data with the help of Microsoft® Excel 2003 as described in chapter 2.

4.3 RESULTS

The ammonium sulfate fractionated (35% w/v) proteins (Fig 4.1) from the
20000 x g supernatant of cell homogenate were solubilized with CHAPS and then the
microsomal membranes were separated by ultracentrifugation. The optimum
concentration of CHAPS for maximum solubilization and activity of the enzyme was
0.5% (w/v) (Fig 4.2).

The membrane free soluble proteins were then adsorbed on DEAE-sepharose
column and then purified to a single sharp peak containing alcohol oxidase activity
using 0-400 mM linear NaCl gradient (Fig 4.3).

The purification steps and degree of purification is shown in table 4.1. The
purified enzyme exhibited a broad substrate tolerance towards oxidation of short
chain-, long chain-, secondary- and aryl-alcohols, respectively. The substrates with
highest specific activities obtained for short chain-, long chain-, secondary- and aryl-
alcohols were n-heptanol (305 £ 0.3 U mg'l), n-dodecanol (62 + 0.1 U mg'l), R(-)2-
octanol (62 + 0.3 U mg™), and phenyl-3-propanol (250 + 0.2 U mg™), respectively.
The apparent kinetic constants determined for the representative substrates for each

class of alcohols are given in table 4.2. Comparison of the catalytic efficiencies
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(KcayKyn) among the alcohol substrates indicates that n-heptanol (K, = 0.498 mM, Ky
=2.7x 107 s™") is the preferred substrate for this alcohol oxidase.

The homogeneity of the purified protein was demonstrated from a single
protein band in native PAGE (Fig 4.4A). Zymogram analysis of the native PAGE
showed the alcohol oxidase activity in the protein band (Fig 4.4B).

The native protein molecular mass 269 + 5kDa was calculated using native
PAGE. The purified protein, however, could not be resolved by size exclusion column
(TSK G3000SW) with cut off size 15 to 300 kDa, since the protein was eluted in the
initial void volume. It implies that the purified native protein was likely to be in
aggregated form with molecular mass was more than 300 kDa (Fig 4.5).

SDS-PAGE of the pure protein stained with CBB R-250 showed four different
bands with molecular mass of 85-, 63-, 43- and 27-kDa, respectively and a weak band
corresponding to 13kDa (Fig 4.6A). PAS staining of the SDS-PAGE gel did not show
any band except in the position of the dye front, thus ruled out the possibility of
glycoprotein nature of the enzyme (Fig 4.6C). Glyco band appeared in the dye front
was ascribed to the ribitol sugar present in the FAD. The presence of FAD in the dye
front (Fig 4.7) and detection of sugar in the purified FAD were demonstrated. Result
showed that the FAD was detached from the protein during the SDS-PAGE of the
native enzyme and moved in the dye front irrespective of running the gel under non-
reducing condition that void f-ME in the sample preparation (Fig 4.6B) or reducing
condition (Fig 4.6A). The FAD was not separable from the protein by simple ion
exchange or gel filtration chromatography. This indicates that the FAD is non-
covalently but avidly associated with the alcohol oxidase protein.

There was no difference in number and position of the bands in the gel when
SDS-PAGE of the protein was run in presence (Fig 4.6A) or absence of f-ME (Fig
4.6B), which implied that the subunits in this multimeric protein were not linked by
disulfide bonds.

The isoelectric point of the subunit proteins of the enzyme was found within
the pH range of 8.3-8.5. The effects of pH on the stability of the enzyme were studied
at different buffer pH ranging from 6-11 using a treatment time of 3 hr for each
sample and then assayed for residual enzyme activity. The optimum stability was
detected at pH 9 where the residual activity of the enzyme was more than 95% and is
significantly different from pH 7 and pH 8 with a p < 0.05 (Fig 4.8A). The enzyme

protein was found to be temperature sensitive. Although the enzyme was highly stable
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at 4 °C and more than 50% of the original activity was retained even after 1 month,
the enzyme activity was lost to nearly 20% of the original value when the protein was

incubated at 32 °C for 2 hr (Fig 4.8B).

Peptide sequencing of two intense SDS-PAGE protein bands with
corresponding molecular masses of 63- and 43-kDa subunits were done by LC-
MS/MS. Peptide sequencing of 63kDa protein showed the presence of two FAD
binding domains (GxGxxG) (YPVIDHEYDAVVVGAGGAGLR and
SAFVGAGAGGTVLESLK), whereas in 43kDa protein no FAD binding domain was
detected within the resolved sequences. Homology studies revealed that among the
two FAD binding domain sequences of 63kDa protein, only the
YPVIDHEYDAVVVGAGGAGLR sequence (Figure 4.9) shows 45-50% similarity
with the N-terminal sequences of reported alcohol oxidases from methylotropic yeasts
and other organisms. The multiple sequence alignment of these peptides using
ClustalW software is shown in table 4.3. Non-redundant database search of these
peptides showed that the protein subunits belong to a novel class of alcohol oxidase as
they did not show any sequence similarity with the alcohol oxidase protein sequences
available until now.

DLS analysis of the purified protein solution (0.24 mg ml™) at highest soluble
state (clear solution obtained at 20,000 x g) showed the average mean radius
distributions of the native protein particles 180 = 23 nm (Fig 4.10). The aggregation
was found to be not uniformly formed as evident from the poly-dispersed protein
particles of different sizes observed under AFM (Fig 4.11A). The sizes of the bigger
particles, however, were found to be nearly multiples of the smallest protein particle
size. Aggregating tendency of the protein particles was also evident from the
micrograph as indicated by an arrow in figure 4.11A. High inter protein particle
adhesion property was also revealed from the TEM images (Fig 4.11B). The smallest
native protein particle size observed was 10.2 nm. The surface topology of the protein
was studied with ImagelJ software using interactive 3D surface plot (software to view
and export electron microscopy image files [http://rsb.info.nih.gov/ij/]). The top view
and side view of the 3D images showed globular shape of the protein particles with
uneven surface morphology (Fig 4.11C-D).

The purified protein was studied under CLSM using nile red staining and
examined red fluorescence at 515-560 nm excitation. Native protein showed intense

red fluorescence (Fig 4.12A). A control protein, HRP (M, = 45kDa), that does not
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have any hydrophobic domains and contains uniformly distributed medium size
protein particles, did not show any excitation in similar to the Fig 4.12B.

The presence of fatty acids in the pure alcohol oxidase protein was
investigated to address the issue related to high staining ability of the protein with nile
red and high aggregating properties of this alcohol oxidase protein. Two fatty acids
namely, oleic acid (Cs.1) and palmitic acid (Ci¢.) at a ratio of nearly 2:1, were found
in the purified native protein as evident from LC-MS analysis (Fig 4.13). This implies
the lipoprotein nature of the protein entity. The ratio of these fatty acids was
calculated from the mass spectra obtained by injecting the samples through infusion
method, where samples were injected directly into the ESI/MS without passing
through the liquid chromatographic column.

MgCl, at a concentration of 1 mM increased the enzyme activity to nearly
50% for both short chain-, and long chain alcohol substrates; whereas, ferrocene at the
similar concentration increased the alcohol oxidase activity only for the short chain
alcohol substrate to 47% of the original activity. There was complete loss of enzyme
activity with 1 mM AgNOs3 or 5 mM PCMB, while >70% original activity was lost
with 5 mM tetraethylthiuram disulphide. The complete list of effect of different
effectors on the alcohol oxidase enzyme activity is shown in figure 4.14.

We identified for the first time the 1,12dichlorododecane (1,12DCD) as
competitive inhibitor for long chain alcohol substrate (Table 4.2). The K; for
1,12DCD was found to be 2.46 uM for n-dodecanol. There was no inhibitory effect of
1,12DCD on the oxidation of short chain- and aromatic alcohols, while, it was found
to be an activator for secondary alcohols. We also found that the f-ME acted as
competitive inhibitor for the alcohol oxidase substrates as evident from the increased
K, in presence of f-ME (Table 4.2). The K; values calculated for the f-ME inhibition
for representative alcohol substrates n-heptanol, n-dodecanol, phenyl-3-propanol and
R(-)-2-octanol were 1.57-, 0.63-, 3.62-, and 0.014- uM, respectively. Whereas,
ethylene glycol that is structurally similar to the f-ME did not act as inhibitor even at
higher concentrations. The findings indicate that —-SH group of the f-ME was critical

for the inhibition.
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4.4 DISCUSSION

The reports on oxidation of different classes of alcohol substrates from
filamentous fungi is limited and the research on these oxidases is yet to get
momentum as compared to other alcohol oxidases as evident from some of the
selected reviews and publications on the subject [Fernando et al., 2007; Ozimek et al.,
2005; Van Der Klei et al., 1991; Siebum et al., 2006; Luxova & Svatos 2006; Cheng
et al., 2005; Szamecz et al., 2005; Ferreira et al., 2005; Ko et al., 2005; Hortencia &
Roberto 2005; Qian et al., 2004; Eirich et al., 2004; Dienys et al., 2003; Grewal et al.,
2000; Kondo et al., 2008; Isobe et al., 2007; Daniel et al., 2007]. In all these reports
either methanol oxidase (EC 1.1.3.13) or aryl alcohol oxidase (EC 1.1.3.7) were
studied extensively, while oxidation of a wide range of alcohol substrates by a single
enzyme are rare. This is the first report on the broad substrate specific alcohol oxidase
activity present in a single protein entity from filamentous fungi. The preferred
substrate range among all the alcohol substrates is C;-Cy primary aliphatic alcohols
with highest affinity for n-heptanol. The alcohol oxidase showed poor activity for C;-
C4 alcohol substrates thus appeared different from the methylotropic alcohol oxidases.
In chapter 3, the alcohol oxidase activities on different classes of substrates, namely,
short chain-, long chain-, secondary-, and aromatic alcohol groups were described to a
great extent. The native protein molecular mass was found to be similar with
Aspergillus ochraceous alcohol oxidase [Isobe et al., 2007], whereas the subunit
molecular weight profile detected by us is different from this report. The holoenzyme
and subunit molecular weight profile of alcohol oxidase obtained by us is distinct
from other reports on various alcohol oxidases from methylotropic yeasts [Ashin &
Trotsenko 2000; Suye 1997; Veenhuis et al, 1989], Penicillium, Peniophora and
Poria contigua species [Tahallah et al., 2002; Cheng et al., 2005; Qian et al., 2004;
Danneel et al., 1994; Bringer et al, 1979]. Similarly, the high isoelectric point of
alcohol oxidase from A. terreus observed by us is also found to be entirely different
from other organisms, where it was reported as below neutral pH [Isobe et al., 2007;
Daniel et al., 2007]. The preliminary identification of the alcohol oxidase protein
following peptide mass fingerprinting using LC-MS/MS analysis was done based on
two subunits with high intensity in the SDS-PAGE gel. Further investigation on detail
sequence analysis of all the subunits is warranted to elucidate the structure-function

relationship of this novel alcohol oxidase protein.

TH-770_05610605 55



CHAPTER 4 Purification of Alcohol Oxidase

TH-770_05610605

Application of specific inhibitor 1,12DCD, non-specific inhibitor S-ME,
activators like ferrocene and MgCl, has been envisaged in industrial processes
involving alcohol oxidase catalyzed conversion of broad range of alcohols to the
corresponding aldehydes or ketones with high catalytic efficiencies for maneuvering
the production of desired industrial products. The selective inhibition and activation
of the alcohol oxidase activity with respect to the substrates by different activators
and inhibitors is intriguing. These results raised query on the number of active sites in
this multimeric protein entity for different substrates.

The strong aggregating property of this multimeric enzyme through non-
covalent interaction among different proteins demonstrated through this investigation
may be an appealing finding in the field of protein-protein interaction and
aggregation. The remarkable aggregation size (average size of 180 nm radius) of these
protein particles demonstrated by us is the first report of its kind to the best of our
knowledge until now. Peroxisomal small proteinaceous aggregates containing alcohol
oxidase [Evers et al, 1994] and aggregation of alcohol oxidase protein under high
local concentrations during native PAGE [Ashin & Trotsenko 2000] are the extent of
findings reported so far. Highly aggregating property of this alcohol oxidase protein
entity is suggested to be caused by the hydrophobic interactions between the subunits
that contain these fatty acids namely, oleic acid and palmitic acid. This is the first
report on the lipoprotein nature of alcohol oxidase enzyme from any sources. This
investigation has opened up new avenue on the research to explore the architecture of
alcohol oxidase proteins from different sources including their structure-function

relationship and their potential applications.
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4.5 FIGURES

} A = Alcohol oxidase activity

B €= No activity

Figure 4.1: Ammonium sulfate precipitation of alcohol oxidase protein. The floating
top layer [A] formed after precipitation largely contained the alcohol oxidase activity
and accounted 12% of the total protein present in the supernatant. The clear
supernatant [B] in the botton account 88% of the total protein of the supernatant but

did not contain the activity.
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Figure 4.2: Membrane solubilization of alcohol oxidase protein using CHAPS
detergent. After treating the membrane bound proteins with 0.5% (w/v) CHAPS for 1
hr majority of the alcohol oxidase protein was released into the supernatant devoid of

membranes were obtained.
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Figure 4.3: DEAE sepharose anion exchange chromatogram of alcohol oxidase. The
membrane free supernatant containing alcohol oxidase activity was absorbed on to a
pre-equilibrated DEAE sepahrose FF column at a flow rate of 1 ml min™'. The protein

was eluted with NaCl (0-400 mM) in linear gradient at flow rate of 5 ml min".
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Figure 4.4: Native PAGE analysis of alcohol oxidase protein. (A) Native PAGE
stained with silver staining. (B) Zymogram analysis was done after incubating the gel
with the assay reaction mixture containing n-heptanol substrate as mentioned in
methods section. The molecular mass was calculated using Ferguson plots and it was

found to be 269 + 5kDa.
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Figure 4.5: Native PAGE molecular mass determination using Ferguson plots. The

slope of the line (-log K;) is plotted against molecular weight of the standards. The

final slope value obtained in the graph between slope against molecular weight of the

standards (r* = 0.9872) was used to calculate the native protein molecular weight

(marked triangle). The standard native PAGE protein markers used for molecular

weight determination were [1,2] bovine serum albumin (66kDa, 132kDa); [3] yeast

alcohol dehydrogenase (150kDa); [4] sweet potato amylase (200kDa); [S] bovine liver
catalase (250kDa); [6] jack bean urease (272kDa); and [7] horse spleen apoferritin

(443kDa), respectively.

A B 8
85 kDa —
63 kDa — S
43kDa —
27 kDa —
13 kDa —

Figure 4.6: SDS-PAGE analysis of alcohol oxidase. SDS-PAGE of native protein

under (A) reducing conditions, (B) non-reducing conditions and (C) SDS-PAGE

stained with Periodic acid Schiff (PAS) for glycoprotein. The dye front at the bottom

of the gels is also shown, which was stained with both PAS and CBB R-250.
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Figure 4.7: FAD fluorescence emission spectra of the gel portion (dye front) excised
from SDS-PAGE. Two controls, one containing SDS in de-ionized water for base line
correction and other containing aqueous extraction from non-lane gel portion, were

also analyzed similarly to nullify any background noise. An authentic FAD sample

was also analyzed for comparison.
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Figure 4.8: pH (A) and Temperature (B) stability of alcohol oxidase: Buffer system
used for pH stability studies were: phosphate buffer (pH 6.0 and 7.0); tris buffer (pH
8.0); ethanol amine buffer (pH 9.0 and 10.0); and piperazine buffer (pH 11.0). The
activity corresponding to 100% residual activity was 15.01 +0.06 U.
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Figure 4.9: LC-MS/MS tandem mass spectra of “YPVIDHEYDAVVVGAGGAGLR”
peptide. The raw MS/MS spectra of the above peptide containing FAD binding
domain (GxGxxG) is shown here. The peptide was obtained from 63kDa subunit

protein.
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Figure 4.10: DLS studies on the particle size distribution of the purified protein
solution. (A) The mean radius distribution was found to be 180.54 + 26.22 nm. (B)
DLS plot of native purified protein. The line indicates the purity of the samples and
the blue patches are dust particles. The axis of the plot is as follows: x-axis indicates
the radius (um), y-axis the analysis time (sec), and secondary y-axis indicates the

purity of the samples.
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Figure 4.11: Aggregation profile and shape of alcohol oxidase protein entity. (A)
AFM image. The poly-dispersity of the aggregated particles of different sizes is
evident. Inlet shows a single protein particle (Bar = 20 nm). Protein particles tending
to aggregate with other smaller protein particles are shown by arrow (Bar = 130 nm).
(B) TEM image of the protein particles (Bar = 10 nm). (C-D) Top view and side view
of 3D surface plot derived from a single protein in TEM image using Imagel
software. The TEM images show globular shape of the protein particles with uneven

surface morphology.

—
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Figure 4.12: CLSM images of purified protein after staining with nile red. (A)
Purified protein shows the nile red fluorescence. (B) A reference protein, HRP. Bar =

5 pm.
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Figure 4.13: LC-ESI-MS spectral analysis of fatty acids. Two fatty acids were
present in the protein sample. These were identified as (A) palmitic acid (Ci¢), m/z
256.2402 [M" (the molecular ion)], 255.1346 (M —H) and (B) oleic acid (Cis.1), m/z
282.2559 [M" (the molecular ion)], 281.1436 (M"'—H).

& o

160 7 F § RN

F &
§ F §F 3
1401 & &S S
& F & & N
— 7S I O ~
L1201 F & &9 S o
= S & &S § & O
= i Q &
£ 100 -
2 $
& 80 - F
© e
o QO&‘Q 2
3 60 - S O o o &
o - @) & o
S 40 & g
o
" -
201 $8
. v Q@

12 3 4 5 6 7 8 9 101112 13 14 15 16 17 18
Effectors (1mM)

Figure 4.14: Effect of different chemical agents on the alcohol oxidase activity.
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4.6 TABLES

Table 4.1: Purification table of alcohol oxidase

Fractions Enzyme Protein Specific Purification
activity (mg ml™) activity fold (U mg’-
(Uml") Protein)

20000 x g supernatant 53.05£0.5 2.80+0.3 19+0.1 1.0

Ammonium sulfate fractionated protein ~ 56.18 £0.8 231 +£0.5 2609 1.4

Membrane-free fractions’ 169.12+9.0 1.32+0.1 128 £8.0 6.7

DEAE purified protein 256.22+0.5 0.84+0.1 305+0.3 16.0

"Membrane free fraction was obtained by CHAPS solubilization of ammonium sulfate fractionated
protein and then collected the supernatant after subjecting to ultracentrifugation. Each value represents

the mean + standard error at p< 0.05.

Table 4.2: Kinetic analysis of alcohol oxidase with different effectors

Substrate K,, (mM)* KooK,y (s'mM™)P
No Effector Effectors
S-ME 1,12DCD
n-heptanol 0.49 3.7 1.3 5.42x 10°
n-dodecanol 1.86 5.4 4.6 0.26 x 10°
Phenyl-3-propanol 2.3 8.9 3.6 0.52x 10°
R(-)-2-octanol 18.3 253 2.6 0.08 x 10"

*The K,, was calculated using Lineweaver-Burk plot. The concentrations of f-ME and 1,12DCD were
10 uM and 10 mM, respectively, except for SAO substrate where 5 uM of f-ME was considered to

calculate the K,,. "Calculated in absence of any effectors.
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Table 4.3: Multiple sequence alignment of alcohol oxidase protein FAD binding

domain (GxGxxG) with other known alcohol oxidases

Alcohol oxidase source Amino acid sequence

Aspergillus terreus MTCC 6324
Candida pignaliae

Candida boidinii

Candida sonorensis

Pichia angusta

Cladosporium fulvum
Cochliobolus victoriae
Penicillium chrysogenum
Pichia methanolica
Aspergillus niger
Aspergillus fumigatus Af293
Arabidopsis thaliana

Oryza sativadaponica
Pleurotus pulmonarius

G
G
G
G
G
G
G

()

The multiple sequence alignment was done using ClustalW software. The alcohol oxidase from A.
terreus MTCC 6324 showed identity with the N-terminal regions and also internal peptide sequences

of reported alcohol oxidases.

Table 4.4: Characteristics of alcohol oxidase from 4. terreus and its comparison with

other origins

Origin K, value pH Temp Molecular  SDS-PAGE Isoelectric
(mM)* optima optima mass (kDa) band M, point
A. terreus ND’ 8.5 30 269 85,63,43, 83-85
27,13

A. ochraceus 12.0 5.5-7.0 50-55 262 68 5.35
Kloeckera sp. 2.5 8.0 35 673 &3 ND

P. pastoris 11.9 7.0 37 675 80 6.30

C. boidinii 42 8.0 30 600 74 ND

H. polymorpha 44 8.0-9.0 45 669 83 6.20

T. aurantiacus 10.2 8-11 - 560 75,59 6.08

*The K,, was determined using ethanol substrate. The enzyme has different substrate specificity with
less affinity for C,-C; carbon substrates in comparison to other reported source organisms.
"The activity of alcohol oxidase from A. terreus on ethanol as observed by us was trace (<2 U ml™),

hence K, could not be determined. M,, molecular mass. ND, not determined.
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DISSOCIATION, DEFLAVINATION AND
RECONSTITUTION STUDIES OF THE
ALCOHOL OXIDASE

5.1 OVERVIEW

The alcohol oxidases are known as complex multimeric proteins [Ozimek et
al., 2005]. Considering the importance of these oxidases for biocatalytic and
biosensor applications research on these redox enzymes has been accelerated to unveil
the mechanism on biogenesis and assembly of the subunits in these multimeric protein
complex [Dmytruk et al., 2007; Dienys et al., 2003; Gunkel et al., 2004; Evers et al.,
1994; Ozimek et al., 2003]. The short chain alcohol oxidase, commonly known as
alcohol oxidase, reported from the methylotrophic yeasts is studied to a greater extent
and described mostly as octameric protein complex [Bringer et al., 1979; Suye 1997;
Couderc & Baratti 1980; Van der Klei ef al, 1990; Danneel et al., 1994]. The
information on protein chemical characteristics of the alcohol oxidases produced by
filamentous fungi is limited and, among theses limited reports hetero-oligomeric
characteristics of these oxidases have been reported [Alvarado-Caudillo et al., 2002;
Robelo et al., 2004]. The molecular mass of the alcohol oxidases are largely varied
from 145 kDa to 600 kDa [Van der Klei er al, 1990; Banthorpe et al, 1976;
Dickinson & Wadforth 1992; Isobe et al., 2007; Ko et al., 2005]. We have also
isolated a hetero-oligomeric alcohol oxidase [Kumar & Goswami 2008], which

however contained five different non-covalently bound subunits, from Aspergillus
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terreus as reported in the chapter 4 and accordingly the finding was published [Kumar
& Goswami 2008]. Intriguingly this multimeric alcohol oxidase bears the catalytic
activity for different short chain-, long chain-, secondary-, and aromatic alcohol
substrates. Very high aggregating tendency of the protein stands as hindrance on
elucidating the structure-function relationship of this broad substrate specific alcohol
oxidase. To investigate the functional role of the individual subunit proteins and their
nature of assembly, developing a benign technique to dissociate this aggregated
multimeric protein into the subunit level and subsequent investigation on the
dissociated proteins on their function and reasemblance may be an useful approach as
reported for few other cases [Rangel-Aldao & Roseno 1976; Henderson & Henderson
1970; Recny & Hager 1982; Raibaud & Goldberg 1976; Mainwaring et al., 1986].
Usually dissociation of the aggregated or multimeric protein into stable soluble forms
has been a challenging task. Although few dissociating agents have been reported
[Evers et al, 1995; Visser et al., 2007] the degree of dissociation is strongly
dependent on the conditions applied and property of the proteins. Hence, searching a
suitable dissociating agent for this fungal enzyme is warranted to augment
understanding on the structural and functional insight of these alcohol oxidase
proteins. In this chapter we are describing a simple and highly efficient method for
dissociation and simultaneous separation of FAD of this flavin dependent multimeric
alcohol oxidase protein produced by A. terreus. Further, reconstitution of the
apoprotein and subsequent assembling of the reconstituted apoprotein with the
cofactor flavin to a functionally active enzyme have also been demonstrated and

reported here.

5.2 EXPERIMENTAL APPROACHES

5.2.1. Isolation and Purification of Alcohol Oxidase

The culture conditions of 4. terreus MTCC 6324 used in this study and the
procedure for isolation of the alcohol oxidase from the microsomal membrane by
differential centrifugation are described earlier in chapter 2 and 3, respectively. The
enzyme was separated and solubilized from the microsomal membrane using 0.5%
(v/v) CHAPS. The protein was then purified initially by 35% (w/v) ammonium sulfate
precipitation followed by DEAE sepharose ion exchange chromatography. The steps
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for purification and functional characterization were described in detail in chapter 4.

The purified native protein was used through out this investigation.

5.2.2. Enzymatic Assay of Alcohol Oxidase

Alcohol oxidase activity was assayed using HRP coupled assay method
monitoring H,O, production at 405 nm for ABTS radical at 30 °C (g405 = 18400 uM"
'em™) [Werner et al, 1970] and also by measuring substrate dependent oxygen
consumption using biological oxygen monitor with Clark-type polarographic oxygen

electrodes as described in the chapter 3.

5.2.3. Dissociation, Deflavination and Re-association Studies
5.2.3.1 Gel Filtration Chromatographic Analysis

Enzyme protein (150-170 ug in 100 ul) was treated with a suitable
concentration of the chemical (dissociating or deflavinating) reagents for different
time periods (1 min-8 hr) at 4 °C under either static or agitation condition, except KBr
treatment, where the reaction mixture was dialyzed against KBr buffer (2 M KBr in
0.25 M potassium phosphate, pH 7.5, 0.3 mM EDTA, 5 mM fS-mercaptoethanol, and
20% glycerol) for 4 days at 4 °C [Casalin ef al., 1991]. The mixture was applied to
HPLC gel filtration column TSK G3000 SW (0.75 x 30 cm, 10 um, Tosoh corp.
Japan) and then eluted isocratically with 50 mM Tris-HCI buffer, pH 8.0 at flow rate
1 ml min. The eluted fractions were scanned simultaneously at UVjgonm for protein
and at 525 nm emission filter for flavin (at 450 nm excitation). A control devoid of

the chemical reagent was also run and analyzed to compare the results.

5.2.3.2 Dynamic Light Scattering (DLS) Analysis
Experiments were carried out in a 201 Spectroscatter DLS instrument (RiNA
GmbH) to measure the mean radius particle size distribution of the protein samples
for investigating the aggregation and dissociation profile of the sample protein. Before
analysis the sample was subjected to 20000 x g for 20 min, to remove any turbidity.

Data were acquired at 20 °C, repeated 20 times and averaged.

5.2.3.3 Confocal Laser Scanning Microscopic Analysis
The protein subjected to dissociation or re-association was stained with nile

red, a specific fluorescent dye for lipids and hydrophobic patches of proteins and then
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observed under CLSM (Zeiss LSM 510, UK). The fluorescent images were

photographed using similar spectral settings as described earlier in chapter 4.

5.2.3.4 Native PAGE and SDS-PAGE Analysis

Native PAGE and SDS-PAGE analysis of the dissociated and re-associated
proteins were done following the method of Laemmli [1970]. The holoenzyme
molecular mass was determined through native PAGE following the standard
Ferguson plot method [Hedrick & Smith 1968]. Different percentages of native PAGE
gels (4, 5, 6 and 7.5%) were run to determine the molecular weight of the native
protein. The final slope value obtained in the graph between slope (-log K;) against
molecular weight of the standards (r2 = 0.9872) was used to calculate the native
protein molecular weight. Gels were stained with standard silver nitrate staining
method. The SDS-PAGE protein markers used were rabbit muscle phosphorylase b
(97.4 kDa), rabbit muscle fructose-6-phosphate kinase (85 kDa), human transferrin
(76.1 kDa), BSA (66 kDa), rabbit muscle lactate dehydrogenase (36.5 kDa),

respectively.

5.2.4. Re-association Studies of the Alcohol Oxidase

The dissociating agent was removed from the treated protein sample by
dialysis and then examined the re-association of the proteins following the similar Gel
filtration, CLSM, native PAGE and SDS-PAGE methods as stated above. For Gel
filtration chromatographic analysis the dissociated protein fractions were pooled,
dialyzed against 50 mM Tris-HCI buffer, pH 8.5 for 4 hr at 4 °C (100 ml x 2) to
remove the chemical reagent and again run gel filtration column separately under
similar conditions as stated above to investigate the re-association process. The tubes
containing protein peaks from this filtration were pooled, concentrated and assayed
for alcohol oxidase activity. In gel filtration chromatography the dissociation and re-
association of the protein were demonstrated on the basis of the retention times of the

eluted protein peaks.

5.2.5. Absorbance and Fluorescence studies of Proteins
Reaction mixtures containing 50 mM Tris-HCI buffer, pH 8.0 with varying re-
associated protein concentration (5-25 ug ml™) were prepared. The protein sample

was incubated with 10 mM #n-heptanol and then absorbance at UV g (Cary 100Bio,
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Varian) was recorded for different time periods. The fluorescence study was carried
out using spectrofluorometer (Fluoromax Jobin Vyon, Horiba) equipped with 450 nm
excitation filter and 465-600 nm emission filter (excitation slit width 3 nm and
emission slit width 6 nm, scan rate 0.5 nm sec'l). For fluorescence quenching study
the re-associated protein samples was incubated with n-heptanol and FAD at 25 °C. A

control without the substrate was also studied simultaneously.

5.2.6. Analytical Methods
Protein estimation was done following Bradford method using BSA as
standard [Bradford 1976]. All the data presented in this study were the mean of three

or more experiments with a variation within 10%.

5.3 RESULTS AND DISCUSSION

The microsomal alcohol oxidase protein purified through DEAE sepharose
anion exchanger was reported in the previous chapter as lipoprotein in nature with
high aggregating property to an average mean radius particle size of 180 nm. The
aggregated multimeric protein when treated with f-mercaptoethanol (5-ME) at an
optimum concentration of 0.74M for 8 h at 4 °C, the protein was dissociated into
smaller molecular masses as evident from the longer retention times of the eluted
proteins P,, P, and P4 from the HPLC gel filtration column while untreated protein
(marked as P;) was eluted at low retention time (Fig 5.1). Hereafter, the untreated
protein in all the analysis is termed as native protein. The dissociation was also
evident from the loss of 180 nm (radius) protein particles in the treated fractions
observed through DLS analysis. No significant distribution of particles with mean
radius higher than 4 nm was detected in the f-ME treated protein samples (Fig 5.2).
The purified native protein, which is basically a lipoprotein, when stained with nile
red and observed under CLSM showed intense red fluorescent particles (Fig 5.3A).
However, no fluorescent particles were detected when the protein was treated with /-
ME, indicating the dissociation of the native protein particles (Fig 5.3B). No
interference of f-ME on the fluorescence caused by the nile red was observed. A

control protein, HRP (M, = 45kDa), which do not have any hydrophobic domains and
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contains uniformly distributed medium size protein particles, did not show any
fluorescence staining similar to the Fig 5.3B.

FAD fluorescence recorded simultaneously during elution of the proteins
through gel filtration with and without treatment with S-ME clearly showed
deflavination of the dissociated proteins (Fig 5.1). A sharp fluorescent peak was
observed when FAD was associated with the native protein, whereas, the free FAD
formed by deflavination of the protein showed a broad trailing fluorescence peak due
to lack of its globular nature. After collecting the protein peaks the FAD fluorescence
intensity of the dissociated protein fractions (pooled fraction from P, to P,4) and the
un-dissociated protein (P,) was recorded and found that nearly 87% of the total FAD
of the native protein was detached while incubated with the f-ME. These results
showed that the aggregated multimeric protein entity was simultaneously dissociated
and deflavinated when incubated with f-ME at the concentration and time stated
above.

At a low incubation time (< 8 hr) of the protein with f-ME, two additional
intermediate dissociated protein peaks, [P, and IP, were detected (Fig 5.4).
Concomitant increase in peak heights of P, to P4 with the reduction of IP; and IP,
height upon increasing the f-ME treatment time was observed. This indicates that the
aggregated multimeric protein was first dissociated into two intermediate states
corresponding to the protein IP; and IP,. The intensity of P, was increased at a rate of
0.06 mAU min™" while incubated with the f-ME at the concentration stated above;
whereas, the intensity of the IP; and IP, were decreased with increasing treatment
time and vanished completely. We also observed that FAD was associated with these
two intermediate protein peaks. Distribution of FAD in IP; and IP, were 72% and
28%, respectively, out of the total FAD (cps units) detected in these two proteins
obtained after incubating the native protein with f-ME for a period of 5 min.

The dissociated protein fractions (P, to P4) were pooled and dialyzed to
remove S-ME and then concentrated. The concentrated fraction was loaded on the gel
column and run under similar parameters as stated earlier. A single re-associated
protein peak (Pr) was obtained and no additional peaks were detected in the
subsequent elution (Fig 5.5). This indicates that upon removal of S-ME, the
dissociated proteins were re-associated to a single multimeric protein entity. The
inhibitory role of f-ME on re-association was confirmed by the fact that when the

dissociated proteins were pooled, concentrated and then filtered through the gel
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column without removing the S-ME no protein peak corresponding to Pr was
obtained, instead the peaks with retention time similar to P, to P4 were regenerated.
The re-association process was confirmed by CLSM study using nile red staining,
where intense red fluorescent protein particles were regenerated after removing f-ME
from the dissociated protein fractions (Fig 5.3C). Sequential removal of f-ME
concomitantly increased the re-associated protein particles in the sample observed
under CLSM following nile red staining.

The dissociation and re-association process of the alcohol oxidase protein
were also demonstrated by analyzing the protein samples in native PAGE at 7% gel
concentration (Fig 5.6). The retention factor (R, values of the protein bands
corresponding to IP;, Pgr, and purified native protein were nearly similar (approx.
0.10). The Ry value of the IP, protein band (0.46) was comparatively higher than the
above proteins thus indicated lower molecular mass of the IP, protein than IP; and
native proteins. The Ry values of the pooled protein fractions, P, to P4, (0.98) were far
higher than the native protein and appeared immediately before the dye front due to
the movement of these small protein masses together at low gel concentration. Results
showed that the protein P, to P4 are the dissociated proteins formed from the purified
native protein by the action of f-ME.

While computing the subunit masses of 85-, 63-, 43-, 27- and 13-kDa for the
total native protein molecular mass of 269 + 5kDa, probability of the presence of two
43kDa subunits in the native protein was indicated. The molecular mass of the IP;
was 267kDa. The Py protein is equivalent to [P, protein in native PAGE and gel
filtration. These P and IP; showed enzyme activity as shown later, whereas, IP, did
not show any activity. The dissociated proteins were analyzed by SDS-PAGE using
molecular markers separately with each gel for determination of subunit molecular
masses (Fig 5.7). The f-ME treatment time for collecting the intermediate proteins
entities, IP; and IP,, was 5 min, and for the dissociated protein peaks (P, to P4) was 8
hr. The protein IP; contained all except the 27kDa along with an additional intense
band at 25kDa. Among these bands 85kDa protein band was very weak and clearly
visible only when the concentration of the loaded protein is high. The most likely
reason for the formation of 25kDa is the partial degradation of 27kDa protein at the
high f-ME concentration used for the incubation. The exact cause of this partial
degradation is not yet known. The re-associated protein (Pr) also contained similar

protein subunits like IP;. The IP; fraction, which contained 85-, 63-, 25- (weak), 13-
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kDa (weak) bands, did not contain 43kDa band. Thus, unlike IP;, IP, did not contain
all the subunit proteins present in the native protein; this is attributed as the possible
cause for the lack of enzyme activity in this intermediate P, protein. The band profile
of the peaks is P,: 66- and 25-kDa, P;3: 85kDa, and P4: 43- and 13-kDa. During the
process of elution through the gel column the concentration of f-ME goes down,
which to a certain extent resuscitate native environment, thus likely to promote partial
re-association of the dissociated proteins due to their inherent high aggregating
tendency. As a result, the dissociated proteins were not entirely resolved in the
fractions into single protein level. This dissociation study could not be accomplished
through either cation or anion exchange chromatography due to the interference of the
high concentration of f-ME on protein binding to the resins. While with hydrophobic
interaction chromatography, all the f-ME dissociated proteins were eluted as an
unresolved broad peak.

Both IP; and Pr had the enzyme activity, however, the activity of the Pr was
obtained only when the protein was mixed with 50 uM FAD (since Pr was
reconstituted from the pooled fractions P, to P4 that nearly void FAD) and incubated
at 4 °C with the respective substrates (10 mM) for at least 12 hr. No enzyme activity
was detected in IP, and other individual fractions P, to P4 (after collecting the central
fractions of each and removing the f-ME by dialysis) even after prolong incubation
with the FAD and substrates. It may be inferred from the above findings that the
catalytic activity of this multimeric protein is lost upon dissociation. A comparative
enzyme activity of the native protein, IP; and Pr with different substrates are shown
in table 5.1. The partial degradation of 27kDa protein, as detected in IP; and Pg, did
not completely arrest the enzyme activity of these proteins, though, the activity was
reduced significantly. Above results also implied that the f-ME mediated dissociation
is nearly a reversible process since the alcohol oxidase activity of the re-associated
protein was regained, though, albeit lower than the native protein.

The flavin in flavoenzymes is known to mediate the transfer of electron from
the redox centre to the terminal electron acceptor, which is oxygen in the present case,
through its isoalloxazine ring during the catalytic process as reported in case of
cholesterol oxidase [Pollegioni et al., 1999]. The event involves change of FAD
emission fluorescence, which may be linked to the functional activity of this enzyme.
When the native or IP; protein was treated with the substrate (10 mM n-heptanol), the

emission intensity of FAD was quenched to nearly 90% with quenching rate, Kops =
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2.7-3 min" immediately after addition of the substrate to the reaction media.
However, when the FAD emission of Pr was studied by mixing it with FAD (50 «M)
(since Pr was prepared from the fractions that nearly void FAD) and substrate a
prolong incubation time (minimum 12 hr) was required to exert the similar changes
(Kops ~ 0.03 min™") (Fig 5.8). No such change of FAD fluorescence emission of Pg
was observed in absence of the substrate. This showed that reconstitution of the FAD
to the apoenzyme (Pg) is induced by the substrate and this induction is a slow process.
To investigate the conformational change of the alcohol oxidase during substrate
induced reconstitution of FAD, UV,gonm absorptions were recorded by varying protein
concentration at a saturated substrate concentration and FAD (50 uM). The
absorbance was decreased at a level of 0.0038 AU pg" protein when incubated the
mixture for 30 min. and at 25 °C. No significant change of native protein absorption
upon incubating with the substrate was observed. This change in UV,sonm absorbance
is probably due to the change in conformations evolved in the proper reorganization
of the subunits during the substrate induced reconstitution of the FAD that resulted
catalytically active alcohol oxidase protein. The drastic change of conformation of
alcohol oxidase protein during FAD release was also demonstrated by other [Massey
& Curti 1966]. Contrary to the decrease in absorbance during the reactivation, many
folds increase in the absorbance during the process of dissociation was observed (Fig
5.4). For instance the UV,so,m absorbance of the dissociated protein P, was nearly five
fold higher than IP; at their respective highest absorbance. This dissociation process
likely to expose the UV-absorbing polar aromatic amino acid residues of the subunits
in this membrane bound multimeric protein thus increased the absorbance; whereas,
substrate induced reconstitution process buried these polar aromatic amino acids to
the core of this hydrophobic protein that resulted in decrease the absorbance. Highly
hydrophobic nature of this membrane protein is demonstrated earlier in chapter 4.
Deflavination and dissociation of the protein entity were studied separately
using deflavinating agents, KBr [Casalin ef al., 1991], and TCA [Massey & Curti
1966], and dissociating agents, glycerol [Evers et al., 1995], and DMSO [Visser ef al.,
2007], following the similar parameters reported in these protocols. The extent of
deflavination of the purified native protein obtained with KBr and TCA was 24-, and
60%, respectively. DMSO was ineffective in dissociating this alcohol oxidase, rather,
50% DMSO was inhibitory to this enzyme as no residual activity of the native
enzyme was detected after treatment with this reagent (Fig 5.9). Ethylene glycol, a
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structurally similar compound to S-ME, could not dissociate the protein even at its
molar concentrations. Unlike f-ME, no inhibitory effect of ethylene glycol on the
enzyme activity was observed. Thus, we are reporting the role of f-ME as both
dissociating and deflavinating agent for this multimeric protein. f~-ME treatment could
dissociate nearly 87% flavin from the purified protein entity as demonstrated by us.
That the subunit proteins of this multimeric alcohol oxidase are not linked by
disulphide bond was demonstrated by us in chaper 4 since the SDS-PAGE separated
the subunits of the protein alike with or without treating the sample with f-ME. Thus,
breakage of inter-peptide disulphide bonds is not the cause for the dissociation of this
multimeric protein. The f-ME likely to destabilize the multimeric protein under the
anaerobic and partially non-polar microenvironment created by its high concentration
used in this investigation that promote the sub-unit detachment and eventual
dissociation of this lipoprotein. The solvent effect of f-ME at high concentration is an
established fact demonstrated in several cases [Kirley 1990; Ahmed et al., 1996]. This
assumption is justified by the findings that removal of the f-ME from this dissociated
fraction triggers the re-association of the subunit protein that led to the formation of
the Pr protein. Expulsion of the solvent led to the preferential hydration and
interaction among the subunits that simultaneously promote the re-association of the
subunit proteins. Sequential removal of the f-ME by dialysis concomitantly increase
the re-association as evident from the CLSM studies of the protein stained with nile

red.
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5.4 FIGURES
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Figure 5.1: Gel filtration chromatograms of native protein with and without treatment
with f-ME. Primary (Y) axis: protein absorbance and secondary (Y) axis: FAD

fluorescence intensity. P;: untreated native protein, P, to P4: f-ME dissociated protein

peaks.
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Figure 5.2: Dynamic light scattering analysis of f-ME treated protein particles. (A)
The mean radius distribution of f-ME treated was less than 4 nm. (B) The red line in
the corresponding graphs indicates the purity of the samples and the blue patches
around the red line are impurities from dust particles. The axis of the plot is as
follows: on x-axis the radius (um) of the protein particles; y-axis the analysis time

(sec); and secondary y-axis indicates the extent of purity of the samples.
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Figure 5.3: Dissociation and re-association studies of the protein particles with
CLSM using fluorescence staining. (A) The native protein. (B) Native protein
incubated with f-ME. (C) Re-associated protein formed after removal of f-ME. Bar =

5 ym.

. =
12 4 i
10 —38h

—~ 81

F

el

g 417

%
0 : T r r r 1 —_————————————
24 10 15 20 25 30 35\40‘“&@4&\6‘3
-4 - Retention time (min)

Figure 5.4: B-ME mediated dissociation of alcohol oxidase at different incubation
periods. IP; and IP,: intermediate dissociated protein peaks. P, to P4: dissociated
protein peaks. The intensity of 8 hr treated sample was consciously multiplied by a

factor of 0.2 to visualize other peaks of different incubation periods (1 min-1 hr).
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Figure 5.5: Re-association studies of dissociated protein peaks using gel filtration
chromatography. The dissociated peak fractions (P, to P4) obtained by f-ME mediated
dissociation were pooled, dialyzed and concentrated, and then loaded on HPLC gel

filtration column, a single peak (Pr) with lower retention time was generated.

— e — B

Figure 5.6: Native PAGE analysis of alcohol oxidase proteins. The Ry values of the
proteins are as follows: Lane A. Native purified protein (0.09); lane B. IP; (0.11); lane
C. IP,(0.46); lane D. The pooled protein peaks (P, to P4) (0.98), and lane E. P (0.10).
The treatment time of the native protein with S-ME to collect separately the IP;, IP,
was 5 min and dissociated protein fractions (P, to P4) from gel filtration

chromatography was 8 hr.
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Figure 5.7: SDS-PAGE analysis of alcohol oxidase proteins. lane A. IP; lane B. 1P,

lane C. P, lane D. P3 lane E. P4 and lane F. Pr. The subunit proteins were analyzed

using molecular markers separately with each gel for determination of subunit

molecular masses.
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Figure 5.8: FAD fluorescence quenching study of native protein, IP; and Pg proteins
after incubating with the substrate. Pr was additionally pretreated with 50 uM FAD.
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Figure 5.9: Effect of DMSO on alcohol oxidase activity. The figure embedded in the
graph represents the alcohol oxidase activity at different concentrations of DMSO as
shown in x-axis. The ABTS assay method was described in the material and methods

section. The activity corresponding to 100% residual activity was 17.2+ 0.2 U ml™.
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5.5 TABLES

Table 5.1: Comparison of alcohol oxidase specific activity of the native,

dissociated protein (IP;) and re-associated protein (Pg)

intermediate

Alcohol substrate Specific activity (U mg™)

Native protein IP, protein PR protein
n-heptanol 305+0.3 190 £ 0.8 96+ 1.3
n-dodecanol 62+0.1 49+0.3 42+£0.5
phenyl-3-propanol 250+£0.2 183 1.0 45+0.2
R(-)2-octanol 63+0.3 37+0.1 Trace
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Chapter 6

APPLICATION POTENTIAL OF THE
ALCOHOL OXIDASE AS
BIOCATALYST

6.1 OVERVIEW

A large number of carbonyl compounds available in the global market are
produced traditionally from alcohol substrates following chemical oxidation methods.
These methods mostly utilize harmful organic solvents, stoichiometric equivalent of
toxic metal catalysts, or a large amount of energy consumption with high pressure
and/or high temperature [Zhan & Thompson 2004; Hirano et al., 2008]. Several
methods related to the biocatalytic oxidation of alcohols have been published during
recent past [Lahtinen et al., 2007; Thomas et al., 2002; Kroutil et al., 2004]. Due to
the obvious advantages of biocatalysts over the chemical catalysts from the
environmental and selectivity point of view researchers have growingly focused their
attention on the utilization of redox enzymes for such conversions [Kroutil et al.,
2004]. These alcohol oxidizing enzymes may be categorized into alcohol
dehydrogenase (ADH) and alcohol oxidase (AOX), on the basis of the mechanisms
involved in the biocatalytic reactions as shown in scheme 1.1.

Alcohol oxidase (systematic name: alcohol: oxygen oxidoreductase, EC
1.1.3.x) uses molecular oxygen as electron acceptor that leads to the formation of
hydrogen peroxide or water as a by product during the catalysis [Faber 2000]. The

redox active prosthetic compounds (flavin or its derivatives) in alcohol oxidase is
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tightly bound to the protein matrix and hence not required to supplement them for the
catalysis. Although the biocatalytic conversions of alcohols to carbonyl compounds
are largely studied by using ADH [Molinari 2006], the need of external cofactors (e.g.
NAD(P)’, NAD") for these catalyses is the stumbling block for developing
economically viable ADH-based process. The exploitation of alcohol oxidase
enzymes as catalyst for such conversions is rare, the reasons being attributed to the
low availability and supply, and inadequate study on this group of enzymes. We have
demonstrated broad alcohol oxidizing activities in the microsomes of A. terreus as
described in chapter 3. Further we have purified and studied the structural and
functional properties of these nano-size alcohol oxidase protein particles (chapter 4).
We report here the application potentials of this alcohol oxidase in the production of a

broad range of carbonyl compounds from the corresponding alcohols.

6.2 EXPERMINETAL APPROACHES

6.2.1. Preparation of Hydrazone Derivatives

Isolation and purification of alcohol oxidase from A. terreus and
characterization of the purified enzyme was described earlier in detail in the chapters
3 and 4. Dintrophenyl hydrazine (DNPH) reagent (0.35 mg ml™") was prepared in 1 M
HCI solution. Stock solutions of the substrates were prepared in DMSO to increase
the solubility in aqueous reaction mixture. All the reactions were carried out in 50
mM Tris-HCI, pH 7.5. The total reaction volume was maintained 10 ml containing the
following components: 9.89 ml 50 mM Tris-HCI buffer, pH 7.5; 10 pl (10 mM) of
corresponding substrate; and 100 pl (0.15 mg) alcohol oxidase protein. The enzyme
protein was used as a biocatalyst in all these reactions. The reaction mixture was
taken in a 50 ml round bottom flask caped with a teflon cork. The mixture was then
incubated at 25 °C and 150 rpm for different time periods. At the end of the reaction
time 5 ml DNPH reagent was added to the reaction mixture and incubated at 20 °C
under static conditions in complete dark for 2 hr. The hydrazone derivatives so
formed were extracted twice with 14 ml of ethyl acetate and then concentrated by
evaporating the solvent using speedvac (< 35 °C). The products were dissolved in
acetonitrile and then analyzed immediately by LC-ESI/MS and UV-VIS

spectrophotometer. Several control experiments containing DNPH reagent, alcohol
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oxidase protein and both DNPH reagent and alcohol oxidase protein in the reaction

mixtures were also analyzed separately for accurate estimation and blank corrections.

6.2.2. Measurement of Yield of the Carbonyl Compounds

The yield of the extracted carbonyl compounds was measured based on the
molar absorption coefficients of their hydrazone derivatives obtained at UV360 ym. TO
determine the molar absorption coefficients for precise estimation of different
categories of the carbonyl compounds, acetaldehyde, n-hexanal, n-dodecanal,
cyclooctanone, benzaldehyde, and cholestenone were used as the representative
carbonyl compounds for the short chain- (C;-C4), medium chain- (C7-Cs), and long
chain-aldehydes or ketones (C;o-Cjs), cyclooctanone, aromatic aldehydes, and
cholestenone, respectively. A calibration curve for the representative carbonyl
hydrazone derivatives in acetonitrile was recorded in the concentration range 10-50
mM ml". Molar absorption coefficients of the hydrazones were measured based on
the calibration graph obtained by plotting absorbance (at UV3s nm) verses
concentration with an r> > 0.975. The concentration and hence, the yield of the
carbonyl compounds in the reaction mixture were calculated by computing the
absorptions of the derivatives with the respective molar absorption coefficients of the

representative hydrazone derivatives.

6.2.3. LC-ESI/MS Analysis of Hydrazone Derivatives

All separation and purification steps of products were performed using Q-Tof
LC-MS/MS system (Waters) equipped with UPLC BEH RP18 column (250 mm x 4.6
mm X 5 pm). Chromatographic separation of carbonyls was conducted by using a
mixture of acetonitrile (ACN), water and 1 mM L™ ammonium acetate solution as
mobile phase, constant 50% ACN and 50% water during 0-10 min, then changes of
50-90% ACN, 50-0% water and 0-20% ammonium acetate solution in 30 min was
used. Constant 90% ACN with 20% ammonium acetate in 60 min and changes of 15-
35% water, 20-0% ammonium acetate solution and constant 50% ACN in 60-65 min
were used, and then followed by a 5 min equilibration time. A constant flow rate of
0.6 ml min" was maintained during the entire separation process. The injection
volume was 10 pl. Detection of the hydrazone derivatives was carried out at UV360 nm

absorbance.
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All mass spectrometric measurements were recorded using electro spray
ionization (ESI) in the positive mode using the following conditions: nebulizer gas
flow (N3), 2 L min’'; capillary voltage, 4 kV; temperature of the ESI probe, 100 °C;
curve; CDL temperature, 350 °C; deflection voltages, 55 V; detector gain, 1.7 V;
collision energy, 5. For scan measurements, a mass range from 100 to 1000 m/z was
chosen; the integration time was 1 sec. High resolution mass spectra was calculated
based on the calibration of the instrument with standard leucine enkaphalin using a
lock mass m/z 556.2771. The spectra obtained were processed and analyzed with the

MassLynx V4.1 integrated software.

6.3 RESULTS AND DISCUSSION

We have reported in the earlier chapters (chapter 3 & 4) regarding the
purification and partial characterization of a broad substrate specific nano-size alcohol
oxidase protein entity isolated from the microsomes of hydrocarbon-degrading A.
terreus. In brief, the enzyme was purified by DEAE sepharose anion exchanger. The
size and molecular mass of the alcohol oxidase protein were 10.2 = 2 nm and 269kDa,
respectively. This alcohol oxidase was found to be highly active and stable in aqueous
reaction mixture at pH 7 to 9 and room temperature. These nano-size alcohol oxidase
protein particles were utilized as biocatalyst for the conversion of different classes of
alcohols to the corresponding carbonyl compounds as shown in table 6.1. Since the
yield was estimated based on the molar absorption coefficient of the hydrazone
derivatives of the corresponding carbonyl compounds (Fig 6.1), the mass spectra of
the hydrazone derivatives were also recorded to confirm the formation of the
respective products (Fig 6.2-6.24). The yields of the carbonyl compounds were found
to be 96% or more when long chain primary and secondary alcohols bearing carbon
chain length C; and above within the studied group of substrates and cyclohexanol
were used as substrates. This yield could be achieved at a maximum of 24 hr of the
reaction time. However, in many cases the yield was obtained even within 10 hr of the
reaction time. The minimum reaction time needed to reach the 98% yield for the
product 2-octanone from the corresponding R(-)2-octanol was 6 hr, whereas, the time
required to obtain the similar yield from S(+)2-octanol was 24 hr. This shows higher

affinity of the alcohol oxidase for R(-)2-octanol over S(+)2-octanol. The findings may
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be correlated with the Michaelis—Menten constant (Ky) values 0.012- and 0.020- mM
for the substrates R(-)2-octanol and S(+)2-octanol, respectively. This alcohol oxidase
is, thus, suggested as potential biocatalyst for the kinetic resolution of chiral alcohols.
The product yield from the aromatic alcohol substrates was significant but not very
high. Although the reason for these low yields is not clearly known, a possible reason
attributed to this fact is the low alcohol oxidase activity on these substrates as evident
from the table 3.1. The high yield of the carbonyl compounds invariably obtained
from the corresponding long chain alcohols during the biocatalytic conversion using
this alcohol oxidase protein is intriguing. It is likely that the lipoidic nature of the
alcohol oxidase protein, which was demonstrated in chapter 4, induces high binding
affinity of this enzyme with those hydrophobic substrates through non-polar
interaction, thus enhances the catalytic rate of the reactions and product yield.
However, a detail kinetic investigation and structure-function relationship studies of
this novel alcohol oxidase are warranted to interpret the observed yield of the
products. Unlike other alcohol oxidases reported so far, the alcohol oxidase isolated
from A. terreus showed poor enzymatic activity on the short chain alcohol (methanol,
ethanol) substrates. The yield of the products from these short chain alcohol substrates
was also found to be significantly low as compared to the other long chain alcohol
substrates (Table 6.1). Since the enzyme is predominantly induced during the growth
of the fungus on long chain alkane substrates, it is likely that the activity of the
enzyme is primarily evolved to catalyze only the long chain alcohol substrates formed
from the initial oxidation of such hydrocarbon substrates during the growth. The other
interesting trait of this fungal alcohol oxidase observed by us is the sustained
operational stability against in-situ generation of H,O, during the enzyme catalysis. It
was not required to supplement catalase or other H,O, scavenger in the reaction
mixture to prevent inactivation of the enzyme within the studied reaction time as
evident from the high product yields. The inhibitory effect of H,O, formed during the
alcohol oxidase catalysis is generally neutralized by supplementing catalase to the
reaction mixture, without which the oxidase is immediately denaturated by hydrogen
peroxide [Chaabouni et al., 2003]. Additional attractive feature of this fungal alcohol
oxidase is that the conversion of secondary alcohol substrates to the corresponding
carbonyl compounds could be increased by adding 1,12DCD as the activator in the

reaction mixture as shown in the table 6.1.

TH-770_05610605 87



CHAPTER 6 Application Potential of Alcohol Oxidase

The biocatalytic conversion of alcohols to the corresponding carbonyl
compounds has been largely exploited for the production of optically pure alcohols
useful in pharmaceutical and other industrial sectors [Edegger et al., 2006]. The
application of these biocatalysts in organic synthesis is also growingly focused
[Dienys et al., 2003]. Thus, considering the importance of this class of biocatalysts
from the industrial perspective development of alcohol oxidase-based process
technology guided by the tenet of green chemistry is advocated. The alcohol oxidase
reported here is envisaged as stable potential green catalysts for industrial process due
to its catalytic activity for such high product yields obtained under environmentally
compatible conditions. The application potential of this enzyme for kinetic resolution
of secondary alcohols is also foreseen with further optimization of the reaction

parameters for the conversion.
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6.4 FIGURES

Determination of Molar absorption coefficient for standard representative

hydrazone derivatives of carbonyl compounds:

The detailed procedure of measurement was given in the methods section.
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Figure 6.1: Hydrazone derivative of carbonyl compounds. [A] acetaldehyde, [B]
hexanaldehyde, [C] dodecanaldehyde, [D] cyclooctanone, [E] benzaldehyde, and [F]

cholestenone.
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Mass spectrometric analysis of the purified hydrazones:

All the mass spectra of respective hydrazone derivatives of the carbonyl compounds
were given below. All the mass calculations for the hydrazone derivatives obtained
were based on the calibration of the instrument with the standard leucine enkaphalin.

Leucine enkaphalin was used as lock mass and run simultaneously for all the

compounds.
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Figure 6.2: ESI-MS spectra of the 2,4-dinitro phenyl hydrazine (m/z 198.1362; [M"
(the molecular ion)] M*™+H,199.1808).
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Figure 6.3: ESI-MS spectra of the standard leucine enkaphalin (m/z 555.2771; [M"
(the molecular ion)] M*+H, 556.2764).
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Figure 6.4: ESI-MS spectra of the hydrazone derivative of formaldehyde (m/z
211.1469; [M" (the molecular ion)] M*+H, 212.1459). Substrate used was methanol.
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Figure 6.5: ESI-MS spectra of the hydrazone derivative of acetaldehyde (m/z
224.1735; [M" (the molecular ion)] M*+H, 225.1485). Substrate used was ethanol.
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Figure 6.6: ESI-MS spectra of the hydrazone derivative of propanaldehyde (m/z
238.0702; [M" (the molecular ion)] M*+H, 238.8789). Substrate used was propanol.
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Figure 6.7: ESI-MS spectra of the hydrazone derivative of butanaldehyde (m/z
252.0859; [M" (the molecular ion)] M*+H, 252.8986). Substrate used was butanol.
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Figure 6.8: ESI-MS spectra of the hydrazone derivative of heptanaldehyde (m/z
294.1328; [M" (the molecular ion)] M*+H, 295.1974). Substrate used was heptanol.
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Figure 6.9: ESI-MS spectra of the hydrazone derivative of octanaldehyde (m/z
308.1485; [M" (the molecular ion)] M*+H, 309.2836). Substrate used was octanol.
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Figure 6.10: ESI-MS spectra of the hydrazone derivative of decanaldehyde (m/z
336.1798; [M" (the molecular ion)] M*+H, 337.2778). Substrate used was decanol.
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Figure 6.11: ESI-MS spectra of the hydrazone derivative of undecanaldehyde (m/z
350.1954; [M" (the molecular ion)] M™+H, 350.8266). Substrate used was undecanol.
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Figure 6.12: ESI-MS spectra of the hydrazone derivative of dodecanaldehyde (m/z
364.4393; [M" (the molecular ion)] M*+H, 365.7177). Substrate used was dodecanol.
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Figure 6.13: ESI-MS spectra of the hydrazone derivative of 16-OH
hexadecanaldehyde (m/z 436.2686; [M" (the molecular ion)] M*™+H, 437.1685).

Substrate used was 1,16 hexadecane diol.
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Figure 6.14: ESI-MS spectra of the hydrazone derivative of 11-formyl undecanoic
acid (m/z 394.1852; [M" (the molecular ion)] M*+H, 394.8113). Substrate used was
12-hydroxy dodecanoic acid.
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Figure 6.15: ESI-MS spectra of the hydrazone derivative of acetone (m/z 238.0702;
[M" (the molecular ion)] M*+H, 238.8789). Substrate used was 2-propanol.
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Figure 6.16: ESI-MS spectra of the hydrazone derivative of 2-butanone (m/z
252.0859; [M" (the molecular ion)] M*+H, 252.9045). Substrate used was 2-butanol.
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Figure 6.17: ESI-MS spectra of the hydrazone derivative of 3-methyl butanaldehyde
(Mm/z 266.2533; [M" (the molecular ion)] M*+H, 267.8505). Substrate used was 3-

methyl butanol.
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Figure 6.18: ESI-MS spectra of the hydrazone derivative of 3-octanone (m/z

308.1485; [M" (the molecular ion)] M*+H, 309.0884). Substrate used was 3-octanol.
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Figure 6.19: ESI-MS spectra of the hydrazone derivative of 2-octanone (m/z
308.1485; [M" (the molecular ion)] M*™+H, 309.2901). Substrate used was R(-)2-

octanol.
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Figure 6.20: ESI-MS spectra of the hydrazone derivative of 2-dodecanone (m/z
364.2111; [M" (the molecular ion)] M*+H, 364.8076). Substrate used was 2-

dodecanol.
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Figure 6.21: ESI-MS spectra of the hydrazone derivative of 4-cholesten-3-one (m/z
564.3676; [M" (the molecular ion)] M*+H, 565.5657). Substrate used was cholesterol.
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Figure 6.22: ESI-MS spectra of the hydrazone derivative of cyclo octanone (m/z
306.1328; [M" (the molecular ion)] M™+2H, 308.1784). Substrate used was cyclo

octanol.
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Figure 6.23: ESI-MS spectra of the hydrazone derivative of benzaldehyde (m/z
286.0702; [M" (the molecular ion)] M™+H, 286.9831). Substrate used was benzyl

alcohol.
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Figure 6.24: ESI-MS spectra of the hydrazone derivative of phenyl-3-propanone (m/z
314.1015; [M" (the molecular ion)] M*™+H, 315.1849). Substrate used was phenyl-3-

propanol.
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6.5 TABLES

Table 6.1. AOX protein catalyzed conversion of various alcohols to corresponding

carbonyl compounds

SINo Substrate Product Molar conversion m/z

(%) (M'+ H)

~OH o

1 52 212.1459
5 ~_OH e 70 225.1485
3 _~_OH 0 84 238.8789
4 ~_~_OH ~~_0 77 252.8986
5  _~_~_~_OH A0 99° 295.1974
6 o~ ~~_OH O 99" 309.2836
7 oo~ OH “\/"\/’“‘v’"‘\./\«/‘o 99 337.2778
8 ~ __OH O 98 350.8266
9 P _OH NN 98 365.7177

o] (o]
1 HO ™~~~ OH HO e 0 56 394.8113
OH o
12 P A 80,99°  238.8789
OH O
13~ ~ AN 32 252.9045
e AOH NN o "
14 90, 97"  267.8505
OH o
15 NP NN NN 99" 309.0884
I_ﬁ_\ fﬁ\‘*
16 OH o 99 309.2901
OH 0 .
17 PP Y NN NN 96, 99"  364.8076
N — h

18 14,25 565.5657

19 80°,98  308.1784

20 9 286.9831

21 25 315.1849

*The reaction mixture contained 10 mM of respective substrate and 0.15 mg AOX protein. The
reaction was carried out at 25 °C for 24 hr. The products were isolated at different time periods: * 6 hr; °
10 hr, and molar absorption coefficient at UV340 oy of representative corresponding aldehydes/ketones
was obtained to calculate the molar conversion %.

* The molar conversion % was calculated after carrying out the reaction in presence of 30 mM 1,12-

dichlorododecane at similar conditions mentioned above. M™: The molecular ion.
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Chapter 7

CONCLUSIONS AND SCOPE FOR
FUTURE WORK

An Aspergillus terreus isolated from oil contaminated soil was found to
degrade a wide range of petroleum hydrocarbons including the immediate oxidation
products of hydrocarbons, like alkanols and alkanals. Maximum growth of the fungus
was observed on n-hexadecane substrate amongst the various hydrocarbon substrates
considered in this investigation. Assimilation of such highly hydrophobic
hydrocarbon substrates by this filamentous fungus was appeared to occur through the
sorption mechanism. There was a change of hyphal morphology during the growth on
hydrocarbon substrates. Adaptation of the cells for up-taking such highly hydrophobic
substrates through sorption mechanism and accumulation of high lipid content in the
cells, as evident from nearly seven-fold more lipid production in n-hexadecane-grown
cells than the glucose-grown cells, were the suggested reasons for the observed
morphological change. The fatty acid analysis in the cellular lipid demonstrated the
predominance of two saturated fatty acids namely, palmitic- and stearic acids in the
hexadecane-grown cells. Contrary to this fact, the predominance of two unsaturated
fatty acids namely, oleic- and linoleic acids in the glucose-grown cells was
established. Among the total lipids isolated from the r-hexadecane-grown cells,
palmitic acid with highest intensity was observed. This is the most probable product
of terminal oxidation of n-hexadecane substrate catalyzed by the cell membrane
associated redox enzymes. Nearly nine different fatty acids were additionally induced
in the n-hexadecane-grown cells as compared to the corresponding glucose-grown

cells. Long chain fatty acids with chain length C3, and Cs3 were detected for the first
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time in Aspergillus strains. However, the fungal metabolism of these very long chain
fatty acids is not clearly known from this organism.

A broad substrate specific alcohol oxidase activity in the microsome of the
cells capable of oxidizing short chain-, long chain-, secondary- and aromatic alcohol
substrates during growth of the fungi on n-hexadecane was detected. The preliminary
characteristics showed that the pH and temperature optimum of the enzyme was 8.1 +
0.5 and 27-33 °C, respectively. The stability of the alcohol oxidase was drastically
decreased beyond 30 °C. The enzyme showed 33% enantiomeric excess for the R(-)2-
octanol over S(+)2-octanol, which may be correlated with the lower K, values of the
enzyme for the R(-)2-octanol than the S(+)2-octanol. The fluorescence emission
spectrum of the column chromatographically separated protein was similar to that
obtained with authentic FAD, which indicates the presence of FAD as a cofactor in
the alcohol oxidase protein. This cofactor was non-covalently but avidly associated
with the alcohol oxidase protein. The alcohol oxidase was purified to homogeneity by
ion exchange chromatography. The purified enzyme shows highest affinity for n-
heptanol (Kn = 0.498 mM, K = 2.7 x 10% s). The functional characteristics of the
purified protein showed the molecular mass of 269 + 5kDa and the subunit molecular
masses 85-, 63-, 43-, 27-, and 13-kDa, respectively. The isoelectric point of the
alcohol oxidase protein (8.3-8.5) from A. terreus was entirely different from other
sources. Chemical analysis showed the presence of oleic acid and palmitic acid at a
ratio of 2:1 in the purified protein. This is the first report on the lipoprotein nature of
alcohol oxidase enzyme from any sources. The high aggregating nature of the protein
with an average particle size 180nm (radius) was also demonstrated. Peptide mass
fingerprinting studies showed the presence of two FAD binding domains in 63kDa
protein. Among these two domain sequences, only the
YPVIDHEYDAVVVGAGGAGLR peptide shows 45-50% sequence similarity with
the reported N-terminal sequences of other known alcohol oxidases. Non-redundant
database search of 63- and 43-kDa subunits peptide sequences showed no sequence
similarity with the other alcohol oxidase protein reported till now.

We have demonstrated a highly efficient method for dissociation and
simultaneous deflavination of the alcohol oxidase protein using S-ME. The highly
aggregated alcohol oxidase protein particles when incubated with 0.74 M S-ME for 8
h at 4 °C, the aggregated particles were dissociated to subunits and almost 87% of the

FAD present in the native protein was simultaneously separated. This dissociation
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process had traversed through two intermediate protein (IP) stages, IP; and IP,, which
were associated with the FAD. The IP; (size 10 nm) that contained the subunits 85-,
63-, 43-, 25-, 13-kDa was functionally active, whereas, the IP, (size 9 nm) that
contained 85-, 63-, 25-, 13-kDa was inactive, which indicates the critical role of the
43kDa protein for the alcohol oxidase activity. The intermediate protein particle (IP1)
with molecular mass nearly equivalent to the native protein was considered as the
building block for these highly aggregated multimeric protein particles of size 180 nm
radius. A functionally inactive reconstituted apoprotein (Pr) with molecular mass and
subunits similar to IP; was generated upon removal of f-ME from the subunit level
dissociated proteins using simple dialysis technique. The re-associated protein was
also successfully reconstituted with exogenous FAD to a functionally active alcohol
oxidase holoenzyme. The solvent effect caused by the high concentration of the f-ME
destabilized the conformation of the partially degraded (27kDa to 25kDa) multimeric
protein, which was formed from the f-ME mediated intrapeptide disulphide bond
breakage, is attributed to the observed dissociation and associated deflavination of
these highly aggregated alcohol oxidase multimeric protein particles.

The potential applications of this approach on preparing apoprotein and its
reassemble with FAD to a functional enzyme are envisaged in the preparation of
enzyme electrodes for biosensor and biofuel cell applications. The biocatalytic
application of the isolated alcohol oxidase was also explored to some extent. High
yield conversion of different alcohols to the corresponding carbonyl compounds under
room temperature, atmospheric pressure, aqueous environment, and in a single step
was achieved by using this alcohol oxidase protein. This was evident from the yields
of almost 95% products (aldehydes or ketones) from the corresponding alcohol
substrates. The application potential of this enzyme for kinetic resolution of secondary
alcohols is also foreseen with further optimization of the reaction parameters for the
conversion.

The findings obtained through this investigation have revealed many
interesting facts about this novel microsomal alcohol oxidase enzyme. However, at
the same time many of the findings are enigmatic that need further investigations to
understand this complex enzyme. The broad substrate specificity is identified as one
of the fascinating fact for this multimeric alcohol oxidase. Conversely, specific
activator and inhibitor for certain activity of the enzyme is intriguing. MgCl;

increased the enzyme activity for both short chain-, and long chain alcohol substrates;
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whereas, ferrocene increased the activity only for the short chain alcohol substrate.
The 1,12DCD was identified as competitive inhibitor for long chain alcohol substrate.
There was no inhibitory effect of 1,12DCD on the oxidation of short chain- and
aromatic-alcohols, while, it was found to be an activator for secondary alcohols. The
substrate induced catalytic activation of the reconstituted dissociated proteins and
FAD infers likely cooperation among the subunit proteins that lead to the functionally
active protein. However, the exact functional role of each individual subunits of this
hetero-oligomeric protein is yet to be established and linked to the specificity of the
enzyme. Investigation on the biogenesis of this alcohol oxidase multimeric protein on
the microsome may provide answer to many of these critical questions. Complete
molecular characterization, heterologous expression, and x-ray crystallographic study
of this enzyme expected to furnish important information regarding the structural
features, catalytic sites and assembly of the subunits in this holo-protein. This
investigation has opened up new avenue on the research to explore the architecture of
alcohol oxidase proteins from fungal sources including their structure-function

relationship and potential applications.
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