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Abstract

Nitric oxide is a small diatomic molecule and is part of the nitrogen radical species. As a gas,
it diffuses easily across cell membranes and is involved in numerous physiological
processes and inflammation. This peculiar molecule has a dual role in inflammation. NO is
one of the first signals to commence an innate immune response and it is involved in the
resolution of inflammation. In the control of inflammation it is crucial to resolve NO bursts to
promote tissue healing. The failure thereof results in the progression of inflammation with

potentially catastrophic consequences for the host.

This study aimed to develop a nitric oxide reduction system as a research tool which could
facilitate the understanding of the intricate role of NO in inflammation. Numerous chemical
tools have been used to study NO biology, but were found to interfere in other metabolic
pathways; thereby masking the role of NO. The nitric oxide reduction system entails the
reduction of NO by nitric oxide reductase (NOR) with the concomitant oxidation of glucose
by glucose dehydrogenase (GDH). The latter enzyme recycles the cofactor NADH in such a
way that NO is continuously reduced. This bi-enzymatic cofactor recycling system presents
the advantage of NO removal without any interference of metabolic pathways. Here, we
propose that the continuous reduction of NO by the NOR system could be used to elucidate

the role of NO in an innate immune response.

The construction of the NOR system commenced with development of fast and reliable
spectrophotometric NADH-enzyme activity assay. This assay was essential for the
guantification of enzyme activity and was used throughout the study for the purification of
NOR, characterisation of NOR as well as the determination of enzyme activity maintenance
after enzyme immobilisation. Both enzymes were immobilised onto five carriers with two
different functional group chemistries and three functional group densities. The carboxyl
functionalised carrier with the lowest functional group density was the most suitable
immobilisation carrier by maintaining the highest enzyme activity for NOR and GDH. Upon
co-immobilisation of both enzymes, an average of 0.088 pmoles NADH.min™ for NOR and
0.077 pmoles NAD.min™ for GDH cofactor oxidation rate was achieved. Furthermore, the
cofactor was recycled six times with the concomitant consumption of the enzymes’
substrates. Subsequently, the NOR system was evaluated for its potential as a research tool

in an in vitro inflammation model.

The continuous reduction of NO was established which highlights the NOR system suitability
as a research tool. However, its evaluation as a potential anti-inflammatory reagent indicated

that the chosen carrier has immunogenic properties of its own. The inflammation response

\
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elicited by this carrier alone was in part abrogated by the immobilisation of enzymes in the
eventual NOR system assembly, thereby providing a scope for future work and further

optimisation of this anti-inflammatory reagent.
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Chapter 1

Introduction

1.1. Introduction to Nitric Oxide

Nitric oxide is a small diatomic gaseous molecule with a relative short halfe-life as it
reacts with numerous targets in biolobical systems [1]. This simple molecule is an
important regulator and plays fundamental roles in neuroscience, physiology and
immunology [1]. With this peculiear molecule at the centre of this study, it was aimed
to develop a nitric oxide reduction system as a research tool which could be used to

improve the understanding of NO in biology.
1.1.1. Nitric Oxide, small but potent messenger

The significance of nitric oxide (NO) led to its acclaim as ‘Molecule of the Year’ in
1992 [1]. In 1998, the Nobel Price of Physiology or Medicine was awarded to Robert
F. Furchgott, Louis J. Ignarro, Ferid Murad for their discoveries regarding nitric oxide
as a signalling molecule [2]. The physiological role of this molecule subsequently
received much scientific attention in which the entothelial relaxing factor was defined
as nitric oxide as well its affect on cyclic GMP levels in cells [2, 3, 4, 5, 6, 7, 8, 9],
shedding light on the plurality of its biological functions mediated by cGMP signal
transduction system [10, 11, 12, 13]. Nitric oxide is a reactive nitrogen and its role as
an antibacterial reagent in the immune response has been described by Dugas et al.
(1995) [14] and reviewed by Moncada et al. (1991) [13], Whittle (1995) [15] and
Pacher et al. (2007) [17] who elaborate on nitric oxide’s role in various pathologies
[13, 14, 15, 16, 17].

Nitric oxide (NO) is a biologically important signalling molecule in many cellular

processes [18]. Its mechanism of action is affected by its reaction with transition

metals of enzymes (such as soluble guanylate cyclase, cytochrome ¢ oxidase and
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catalase), or results in the S-nitrosylation of target proteins (transcription factors,
caspases, ion channels and metabolic proteins) and generating other reactive
nitrogen species which oxidise proteins, lipids and nucleotides [19, 20, 21] as
outlined in Scheme 1.1.

Cyclic nucleotide gated channels

CAMP dependent protein kinases cGMP-dependent protein kinases
Phosphodiesterases Smooth muscle relaxation, platelet
/ inhibition, neurotransmission
1cGMP 3 Cytochrome c oxidase
Catalase

A

Reaction with transition metals of proteins
e.g. Soluble Guanylyl Cyclase

S-nitrosylation reactions

Transcription factors, Kinases,
e Caspases, lon channels,

. . . Metabolic proteins
L-citrulline + N ItI’IC Odee

q i iy,
w Peroxynitrite signaling
NOS Nitration and oxidation

L. reactions of proteins, lipids,
L-arginine nucleotides
NADPH, O,,
BH,, FAD, FMN

Scheme 1.1. The three major signalling pathways of NO. NO produced by nitric oxide synthase
(NOS) reacts with transition metals such as iron, copper and zinc (A). This interaction is a direct effect
of NO to cellular responses mostly at low concentrations. Alternatively, NO signalling can be
conveyed by the formation of S-nitrosothiols from cysteine residues (B) or it reacts with superoxide
anion producing peroxynitrite (C). The latter two responses are an indirect effect of NO at higher
concentrations [19, 20, 21].

Due to its hydrophobic nature, NO is capable of diffusing across membranes with
little resistance and can move between cells within its half-life of few milli seconds
[16, 20, 22]. This property makes nitric oxide a relative fast intra- and extracellular
messenger [16]. Nitric oxide initiates a signalling cascade by activating soluble
guanylyl cyclase (sGC), which increases the synthesis of cyclic guanosine
monophosphate (cGMP) [3]. Cyclic GMP activates downstream cGMP dependent
kinases [6], protein phosphorylation [4] or decreases intracellular calcium levels in
target cells [23]. Nitric Oxide—cGMP signal transduction system has been observed
in diverse tissues and can result in multiple effects [18, 24] including smooth muscle

2
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relaxation [7, 25]; platelet adhesion [26, 27]; neurotransmission [28, 29, 30]; and
immune response [14, 31, 32, 33, 34, 35, 36, 37]. These effects are depicted in
Scheme 1.2.

Soluble Guanylyl Cyclase / GTP ATP
m \

cGK: cGMP-dependent
protein kinases

NOS reduces L-arginine

l

L-citrulline + N ItI’IC Odee Activation of sGC

“e

Phosphodiesterases

Platelet inhibition

Neurotransmission

Immune response Smooth muscle
relaxation

\ 4
Antimicrobial activity
Signaling and immuno-
regulation

Scheme 1.2. The various physiological effects of NO induced signal transduction cascades. NO
signalling commences with NO binding to a soluble guanylyl cyclase (sGC) which increases the
synthesis of cyclic GMP. Intracellular cGMP modulates cGMP-dependent protein kinases (cGK, also
PKG) and phosphodiesterases (PDE) which results in various cellular responses [10, 18, 24, 38].

1.1.2. Physiological role of NO

In 1987, Palmer and colleagues discovered that NO had identical biological
properties to the endothelium relaxing factor and initiated research into nitric oxide’s
physiological role [4, 5, 7, 8, 9]. In the vasculature, NO is a paracrine agent and acts
as a vasodilator. It is secreted by the endothelial cells and stimulates adjacent
smooth muscles to relax [7, 8, 25]. In blood, NO inhibits platelet adhesion [26, 27,
39] and platelet aggregation [27, 39, 40] mediated by the NO-cGMP signalling
pathways (refer Scheme 1.1). Nitric oxide is synthesised from L-arginine by the
endothelial nitric oxide synthase (eNOS), which is located in endothelial cells [13]

and platelets [39].
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NO has been observed to act as an inhibitory neurotransmitter from the non-
adrenergic and non-cholinergic (NANC) nerves in the gastro-intestinal tract [28, 41].
The neural Nitric oxide synthesising enzyme (nNOS) has been identified in enteric
neurons [28]. It has been shown that NO hyperpolarizes smooth muscle cells and
results in NANC relaxation [28]. Another example of NO acting as a neuromodulator
is the expression of nNOS in the brain [30, 42], in cells of the cerebellum and the

myenteric plexus [12].

In the innate immune defence system, an inducible nitric oxide synthase (iNOS) in
macrophages and neutrophils produce NO in response to foreign molecules and
micro-organisms [12, 43]. The production of NO is considered a major microcidal
strategy [31, 33]. Nitric oxide is produced by an inducible nitric oxide synthase (iINOS
or NOS2) in response to microbial products and pro-inflammatory cytokines [31].
This inducible nitric oxide enzyme (iNOS) synthesis NO over a prolonged period at
higher amounts than the other two alternate nitric oxide synthesising enzymes,
NNOS and eNOS [12]. During the innate defence mechanism, NO and superoxide
react with each other to form the bactericidal peroxynitrite, which has also been

implicated in promoting tissue injury [16, 17, 44, 45, 46].

The innate immune system acts as the first line of defence against harmful materials
which is followed by the adaptive immune system to mount a response,
subsequently followed by tissue repair [47, 48]. The latter immune response refers to
inflammation resolution in which the pro-inflammatory mediators are suppressed and
inflammatory cell-apoptosis and phagocytosis are induced [47, 48, 49, 50]. The
resolution of inflammation is an active process which involves complex pathways in

which nitric oxide has been shown to play a role [35, 51, 52].

1.1.3. Regulation of NO synthesis by NOS

The synthesis of NO is dependent on the transcription of the enzyme NOS [61]. The
binding of various transcription factors such as NF-kB, Stat1, C/EPBb, KLF6 and AP-
1 have been shown to effect the transcription of NOS [34, 53, 348]. NOS
transcription has also have been shown to be controlled by mRNA stability [19].
Factors such as HuR, PKC®, JNK, TGFB, cGMP, cAMP as well as chemical

4
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reagents such as dexamethasone and forskolin have shown to alter the mRNA
stability [19]. The expression of INOS is also under the control of its substrate
availability and affinity in which intracellular arginine concentration have shown to
affect INOS expression [19, 53]. Besides regulation of INOS expression on a
transcriptional and post-transcriptional level, INOS expression is regulated by various
signalling pathways [19]. These include the regulation of transcription factors for
INOS expression, CAMP activation, signalling pathways regulated by cytokines or
intracellular calcium, as well as the activation of mitogen activated protein kinases
[19]. The regulation of NO synthesis by the upstream signalling pathway is
dependent on the stimuli (microbial or cytokine) and the cell type, where some
pathways promote (Janus kinases, Raf-1 protein kinases, MAP kinases p38, Erk1/2-
JNK, PKC) or inhibit (PI3K, protein tyrosine phosphatases) NOS expression [53].
Furthermore, NO itself also has a regulatory effect on INOS expression, where a low
NO concentration mediates iINOS expression via NF-kB activation and high NO
exerts a negative feedback regulating its own production [53, 54, 55, 56]. The
signalling control of NO synthesis and its cellular effects are therefore complex and
extensive. Scheme 1.4. outlines an example of NO synthesis regulation by INOS in a

macrophage in response to microbial infection.
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Scheme 1.3. Regulation of NO synthesis by iINOS in a macrophage to microbial stimuli. Cytokines
and lipopolysaccharides (LPS) effect INOS activity by increasing the uptake of arginine via cationic
amino acid transporters (CAT), the synthesis of cofactors (BH,) by GTP cyclohydrolase | (GTP-CH: I),
INOS mRNA stability, the enzymatic recycling of citrulline back to arginine by argininosuccinate
synthase (AS) and argininosuccinate lysate (AL). Arginase activity reduces arginine concentration,
which reduces iNOS activity. The arginase product, ornithine is converted to polyamines (putrescine,
spermine and spermidine) by ornithine decarboxylase (ODC) which have immune suppressing
properties. Red arrows indicate increase or activation where green arrows reduce or suppress the
activation of the target. The purple arrow highlights some of the signalling effects of NO. The scheme
was adapted from Bogdan et al. (2001) [53].
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1.1.4. Nitric Oxide homeostasis

It is evident that NO plays a vital role in a variety of biological systems. Homeostasis
of this molecule is therefore critical for normal biological function [57, 58]. There are
mechanisms which produce and reduce NO de novo to maintain the essential

balance required for normal biological function [58].

Nitric oxide is generated de novo from L-arginine and molecular oxygen by nitric
oxide synthase (a dioxygenase, EC 1.14.13.39) producing L-citrulline as a by-
product [11]. The reaction is aided by tetrahydrobiopterin (BH,), nicotinamide
adenine dinucleotide phosphate (NADPH) and flavin containing cofactors, such as
FAD, FMN and cytochrome P450, to transfer the electron from NADPH to the
oxygen molecule [11, 58]. To date, three nitric oxide synthase (NOS) isoforms have
been identified and are named according to their activity [16, 59, 60, 61, 62]. Neural
NOS (nNOS) is located in the central and peripheral neurons, while endothelial NOS
(eNOS) has been identified in the vascular endothelium, platelets and the heart [16].
The third type, or inducible NOS (iNOS), is expressed in macrophages, hepatocytes
and keratinocytes [36]. The enzymes can share up to 60% protein homology and
form a part of the cytochrome P450 reductase-like family [36]. Nitric oxide synthases,
nNNOS and eNOS, contribute to the nitric oxide homeostasis of the body, while INOS

is primarily involved in immune response [60].

It is essential that effective systems exist to remove cytotoxic NO from biological
systems due to the potential detrimental effects of this free radical [16, 45, 51, 63].
Several mechanisms for the removal of NO have been identified [64]. NO
spontaneously reacts with superoxide to form peroxynitrite and is associated with
pathogenesis [17, 44, 65]. Dioxygenase activity of globins, such as haemoglobin and
myoglobin, are able to decompose NO to nitrates [66, 67, 68, 69] and the recently
discovered globins, neuroglobin and cytoglobin, might further have NO scavenging
functions [70, 71]. The NO oxidase, ceruloplasmin, has been shown to contribute to
the endocrine NO homeostasis in plasma by oxidising NO to NO® which is
subsequently hydrated to nitrite [72, 73]. Pearce and colleagues (2002) [74]
suggested that cytochrome c¢ oxidase is more likely to remove NO from

mitochondria-rich cells under physiological conditions to form a nitrite ion rather than

7
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nitrate. Other enzymes, such as lipoxygenase [75], prostaglandin H synthase [40,
76], peroxidase [77, 78], catalase [79] and nitrite reductases [80], have the capacity
to remove NO from the environment by forming nitrite [65]. A study conducted by
Igamberdiev and colleagues (2004) [81], identified that dihydrolipoamide
dehyrogenase has the capacity to scavenge NO and may act as a methemoglobin
reductase using NADPH as an electron donor. A flavohemoglobin-like NO
dioxygenase that forms nitrate has further been identified to reduce NO in tissues
[57]. NO is recycled from its nitrite and nitrate products via nitrate reduction involving
either xanthine oxidoreductase [82], deoxyhaemoglobin [83] or cytochrome bc;
complex in the mitochondria [80, 84, 85]. This completes the NO cycle as depicted in
Scheme 1.4.

o
\O
<o
9
&
¥ & ¢§'@
.\_i\c (,Q} (ao (7(?
N\ 2 & . 66
.. ,bc,Q/ G © 4
L-arginine & N .
S O
Q\
NOS in endothelium, Nitric oxide
neurons and immune cells
Nitrites and nitrates
xanthine oxidoreductase,
deoxyhemoglobin or
cytochrome bc, complex
kidneys

Scheme 1.4. The NO cycle in the body. NO is synthesised by NOS in various cells and oxidised to
nitrates or nitrates by globins and other enzymes. Some of the nitrates are excreted by the kidneys.
Enzymes generating NO from the nitrates and nitrites are further involved in NO homeostasis.
Scheme was adopted from Reutov et al. (2002) [58].
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1.1.5. Role of Nitric oxide in disease

Many studies have shown that NO plays a crucial role in several pathological
conditions [13, 15, 34]. Heart diseases, diseases of the blood vessels, diabetes,
neurodegenerative diseases [16], rheumatoid arthritis, systemic lupus erythematosus
(SLE), [36, 86] and cerebral malaria [87] are just a few examples in which NO
contributes to the disease progression. Nitric oxide contributes to pathogenesis in
two ways: too little NO (where its physiological regulation properties are absent or
very low) affects mechanisms of cell survival [16, 33] or alternatively high NO levels
which results in the spontaneous formation of peroxynitrite causing tissue injury via
protein oxidation and nitrosative stress [16, 17, 45, 88, 89]. Low levels of NO in
cardiac tissue increases blood pressure which can result in hypertension and angina
pectoris [12]. To rectify the balance of NO, patients with high blood pressure, are
often treated with nitro-donors [13, 24]. In contrast; high levels of NO are observed in
the inflammatory response to combat pathogens [33]. The inflammatory cells
(macrophages and neutrophils) secrete NO in micro-molar concentrations which can

result in tissue injury through nitrosative stress [63, 88].

Under normal conditions, the inflammatory response ceases after a short period and
the wound healing mechanism results in repair of injured tissues [34, 51]. However,
in some pathologies (e.g. diabetes type |, rheumatoid arthritis, multiple sclerosis,
experimental autoimmune encephalomyelitis, autoimmune diseases) an imbalance
of pro-inflammatory cytokines (IL-2, TNFa, IFN-y) and immuno-suppressive
cytokines (IL-4, IL-10, TGF; [34]) could result in a cycle of chronic inflammation and
ultimately self-destruction [12]. This is a direct result of high levels of reactive oxygen

species (ROS) such as nitric oxide and superoxide [15].

1.1.6. Current research methodology to understand biological of NO

The current best practice to study the role of NO in disease is the inhibition of NOS
with L-arginine analogs [13]. These studies have contributed valuable information on
the physiological role of NO as a regulatory agent. However, limitations of this
method are that L-arginine analogs interfere with cardiovascular physiology, cellular

integrity and neurotransmission [11, 90, 91, 92, 93, 94]. Furthermore, studies have
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observed that a residual NO is essential for the control and down regulation of the
local cellular immune system [34]. Complete inhibition of NO synthesis by L-arginine
analogs has unfavourable side effects [32]. NOS inhibitors as pharmacological
agents are therefore unacceptable [34]. So far, no physiological agents, except for
hormones, such as glucocorticoids [95] and cytokines [53], have been identified for
the inhibition of NOS [95] and there is therefore a need to identify and develop new
tools and alternative mechanisms to study the role of NO as a physiological regulator
and causative agent in several pathologies. To address this shortcoming the

development of a system to reduce NO to nitrous oxide is proposed.

1.2. Nitric Oxide Redution System

1.2.1. Bi-enzymatic cofactor recycling system

Enzymes are biological catalysts found in all living cells. Their substrate specificity
has made them an attractive alternative to chemical synthesis for the production of
valuable compounds such as pharmaceutical intermediates and for industrial
applications [96, 97, 98, 99, 100, 101, 102].

The main principle for the novel ReSyn™ microspheres immobilised NO reduction
system is the recycling of nucleotide cofactor, nicotinamide adenine dinucleotide
(NAD) and its reduced form, nicotinamide adenine dinucleotide hydrogen (NADH).
This can be achieved by using a two enzyme system [103]. The enzyme reaction
and stoichometry of the system is indicated in Scheme 1.4. Briefly, nitric oxide
reductase (EC 1.7.99.7), oxidises two NO molecules with conversion of NADH to
NAD", nitrous oxide and water [104]. The second enzyme, glucose dehydrogenase
(EC 1.1.1.47), recycles NAD" back to NADH using glucose to form gluconolactone
[105, 106, 107] as indicated in Scheme 1.5, allowing for its recycling to oxidise a

further two molecules of NO.

The co-immobilisation of enzymes allows for the potential development of multi-
enzymatic bio-catalytic processes [108, 109, 110, 111]. It often entails an enzyme of

bio-catalytic value in combination with an enzyme performing a co-enzymatic
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function, such as the recycling of a cofactor or coenzyme, for example
oxidoreductases [112, 113]. For the development of the proposed enzymatic nitric
oxide reducing system, the two enzymes are from two different biological sources,
and are brought into close proximity. With the co-immobilisation of a fungal nitric
oxide reductase (NOR) and a bacterial glucose dehydrogenase (GDH), two chemical
reactions could thus be catalysed in close proximity, allowing for near simultaneous

kinetics for substrate conversion, and regeneration of the cofactor.

Nitric Oxide Reductase

2 NO N,O + H,0
S5 T Nitric Oxide Nitrous Oxide Water
NADH NAD*
&7 Gluconolactone U Glucose
2 \2 Glucose Dehydrogenase

Gluconic Acid
ReSyn™ microsphere

Scheme 1.5. The ReSyn™ microspheres immobilised Nitric Oxide Reduction system. A depiction of
the reaction mechanism of the novel Nitric Oxide Reduction system with nitric oxide reductase and
cofactor recycling enzyme glucose dehydrogenase. Nitric oxide (2 molecules) is oxidised to nitrous
oxide and water in the above reaction with conversion of NADH to NAD". The cofactor recycling
reaction involves the reduction of glucose to gluonolactone using NAD*. ReSyn™ microspheres have
a high protein binding capacity providing for efficient co-immobilisation of the enzymes.

1.2.2. Microsphere supports

A plethora of enzyme immobilisation techniques have been reported and are
available for immobilisation [115, 116, 117, 118, 119]. Several comprehensive
reports outline the variety of techniques and the suitability to immobilise a variety of
enzyme classes have been published [120, 121, 122, 123]. The available methods of
immobilisation, include encapsulation, self-immobilisation (random and crystalline
interactions) and solid support (chemical and ionic interactions) (refer to Scheme
1.6.), the latter was selected for the immobilisation of NOR and GDH. Solid supports
for enzyme immobilisation have been reported to provide enhanced enzyme stability
and high immobilisation yields [124, 125, 126, 127].

11
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Scheme 1.6. Various enzyme immobilisation techniques. In (A), physical interactions of enzyme with
a solid support, e.g. a spherical bead and (B) self-immobilisation strategies with multiple covalent
bond formation at random or in crystalline interactions. Enzyme encapsulation is shown in (C), which
encapsulates enzymes by physical barrier, e.g. a lipid miscelle. Enzymes are represented as blue
spheres and immobilisation carrier in brown. Chemical interactions are represented in straight blue
lines [128].

The vast array of possible immobilisation carriers flows from the multiple possible
chemical functionalities and variety of materials they can be prepared from and
include for instance: carbon nanotubes [129], epoxy activated synthetic supports
such as Eupergit®C [123, 130], and activated bio-derived polymer supports such as
glyoxyl-agarose [127, 131, 132]. An alternate to using a carrier or support are carrier
free self-immobilisation techniques such as Spherezymes™ [133]. ReSyn™
microspheres are a relatively new immobilisation carrier with comparatively high
binding capacity and high functional group densities (www.resynbio.com). These
features, as well as the proposed structure of the polymer beads, make it ideally
suited for the immobilisation. In consideration of the possible immobilisation carriers
available, ReSyn™ microspheres were used for this study based on the aspetical
manufacture required for in vitro cell culture environment (refer to Scheme 5.4) and

that this immobilisation technology provides a loosely linked polymer network that
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offers exceptionally high surface area for the binding of enzymes which translates to
high volumetric activity. Furthermore, it's suitability for the efficient immobilisation of

the multimeric enzyme GDH has been demonstrated before [114].

1.2.3. Nitric Oxide Reductase

Nitric oxide reductase (NOR) is an enzyme that plays an essential role in
denitrification in bacteria [134, 135, 136] and some fungi [135, 137, 138, 139, 139].
Enzymatic reduction of NO to nitrous oxide with NOR is essential, as NO is toxic to
cells during denitrification [139, 140, 141]. In bacteria, NORs are part of a large
enzyme family which includes cytochrome oxidases [134, 136, 142, 142], whereas in
certain fungi, NOR is a member of the cytochrome P450 family [139, 143, 144, 145].
This study will focus on the fungal NORs due to their single domain structure and
sole requirements for NAD(P)H as a cofactor [104, 146, 147]. The cytochrome
P450s with NO reducing capacities (P450nor) have been identified in several fungal
species [137, 140, 148, 149, 150, 151, 152]. This study will focus on an isoform
identified in Aspergillus oryzae, Anor [152].

1.2.4. Glucose dehydrogenase recycling mechanism

Glucose dehydrogenase (GDH) is involved in the first step of the non-
phosphorylating Entner-Doudoroff pathway [153, 154, 155] oxidising glucose to
gluconolactone [155], which is further processed to pyruvate that feeds into the citric
acid cycle [156]. GDH has shown to be a useful catalyst to convert glucose to
gluconolactone and simultaneously regenerate NADH [110, 157]. Glucose, an
abundant molecule in all living organisms, is the substrate for GDH, which will power
the continuous reduction of NAD" to NADH. The GDH (GDH 102 from Codexis Inc.)
applied in this study is a recombinant isozyme from Bacillus megaterium which was
expressed in E. coli [106, 107, 158]. The Codexis GDH has been engineered for

improved catalytic activity as well as thermostability [158].
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1.2.5. The cofactor: NADH

NAD(H) is the commonly used abbreviation for nicotinamide adenine dinucleotide
which is found in living cells, and serves as a redox agent in reactions catalysed by
oxidoreductases [159]. It occurs in an oxidised form (NAD") that accepts electrons or
a reduced form that donates electrons to the reaction, denoted as NADH. In the NO
reduction system, NADH donates two electrons to nitric oxide reductase to catalyse
the reaction which reduces NO to generate nitrous acid and water [104, 160].
Glucose dehydrogenase can subsequently use glucose to reduce NAD" to NADH for
subsequent reuse by NOR. Due to the relative abundance of glucose (in e.g. cell
culture media), the system will remove NO continuously and ensure the catalytic
nature of the proposed system (Scheme 1.4), assisting in the evaluation of the

system.

Cofactor recycling systems have previously been reported [103, 108, 109, 110, 112,
161, 162], through either the attachment of the cofactor to a solid surface e.g.
membrane reactor, hollow-fibre or packed bead reactors [103, 108, 109, 112, 162].
For this study, a novel enzyme immobilisation technology has been applied to
sustain a good proximity between the enzymes and the cofactor, which may
potentially improve substrate availability and reaction catalysis. Furthermore,
immobilised enzyme can be removed from the biological system and can be
regenerated for cost saving [117]. Twala et al. (2012) [114], have previously
demonstrated that enzymes can be immobilised with high efficiency on the
proprietary polymer support ReSyn™. The authors’ further demonstrated
encapsulation of an enlarged cofactor (as yet unpublished). Although the cofactor
encapsulation would present a suitable approach for the development of the NOR
system, the PEG’ylated NADH presents structural obstruction to the binding site of
the nitric oxide reductase (NOR). However, the addition of NADH is sufficient for
demonstrating and evaluating the proposed cofactor recycling system using the two

enzymes.
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1.2.6. Value proposal of the NOR system

Enzymes often require the assistance of cofactors to catalyse oxidation-reduction
reactions [159]. It is proposed that the cofactor recycling by a second enzyme will
ensure continuous reduction of NO by the first enzyme. This system may have an
application in the investigation of the role of NO in for instance a model of
inflammatory response. The continuous reduction of NO in a biological environment,
with potentially benign (or reduced toxicity) secondary effects, is the purpose of the
proposed synthetic biological system. It differs from alternate methods to achieve the
same, including NOS inhibitors to prevent nitrosative tissue injury and may reduce
an inflammatory response (similar to glucocorticoid treatment) as observed in acute

inflammation and other pathologies [95, 163, 164].

An advantage of this novel bi-enzymatic nitric oxide reduction system would be its
high substrate selectivity, thus avoiding limitations of NOS inhibitors such as
arginine-analogues which can interfere with arginine metabolism [12, 93, 165] and
should not alter the physiological functions, which is a concerning side effect of
glucocorticoids [163]. Nitric oxide reductase is specific for nitric oxide and to a lesser
degree to other small molecules, such as carbon monoxide [31, 32, 95, 163]. It is
therefore proposed, that the bi-enzymatic nitric oxide reduction system may have a
potential application as a research reagent for the investigation of NO’s role in an in
vitro inflammatory model. This knowledge may facilitate to comprehend the biology
of NO and determine its role in a variety of pathologies such as chronic inflammation,
autoimmune diseases, septicaemia, and organ rejection. Furthermore, the NO
reduction system could further assist in investigating the functions of NO in tissues
and living organisms, without the undesired side effects of current NOS inhibitors
mentioned above, further improving our fundamental understanding of this important

biological molecule.

The nitric oxide reduction system will be unique and, to the best of the authors’
knowledge, the first of its kind prepared. Its preparation and evaluation is the focus of

this doctoral study.
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1.3. Development of NOR System

1.3.1. Optimisation of the NOR activity assay

For the development of the NOR system, an assay which would be able to quantify
the enzymatic reduction of NO was required. In the first experimental chapter
(Chapter 2), the optimisation of the NOR activity assay is outlined. Previously, the
enzymatic reduction of NO was determined by gas chromatography [104] which was
not considered suitable for the extensive NOR activity quantification required for the
development of the NOR system. Hence a more convenient micro-titre assay was
developed. This assay involved the addition of the substrate via a NO donor, NOC-5,
and the indirect measurement of cofactor consumption, NADH. This assay allowed
for high through-put screening of Anor transformants, characterisation of
recombinant Anor, and the quantification of residual NOR activity after immobilisation

on the microspheres.

1.3.2. Isolation of Nitric Oxide Reductase

Kaya and his colleagues (2004) [152] have studied the expression of the cytochrome
P450nor gene from Aspergillus oryzae. The gene was denoted as nicA (CYP55A5)
and deposited into Gene bank (No. AB055659) and the isoform of this enzyme family
was named Anor. The coding region of this gene was synthesised and cloned into
two expression plasmids. Initially, the plasmid was introduced into a protease-
deficient A. niger strain D15 and subsequently transformed into E. coli BL21 (DE3).
The aim was to express and purify sufficient functional Anor for the development of
the NOR system. The isolation and characterisation of Anor from A. niger D15 is
discussed in Chapter 3 and the expression of Anor in E. coli BL21 (DE3) in Chapter
4. Both studies outline the transformation of nicA into the host, the screening for
transformant with the highest NOR activity and the characterisation of the

recombinant Anor.

16

© University of Pretoria



1.3.3. Immobilisation of enzymes

Previous studies have shown that enzyme immobilisation may alter enzyme activity
and hence it was necessary to investigate several immobilisation variables. At first
the most suitable immobilisation buffer and reaction conditions were determined.
Thereafter, the pH profile and temperature stability at 37°C were investigated in an
effort to identify the most suitable immobilisation chemistry for the co-immobilisation
of the enzymes for preparation of the system. The third step of the immobilisation
studies was the synchronisation of both enzymatic reactions and the determination

of concomitant substrate consumption. This is outlined in Chapter 5.

1.3.4. Evaluation of NOR system

For the evaluation of the NOR system, an in vitro inflammation model with human
macrophage-like cells was developed and the cytokine response was analysed to
determine the potential anti-inflammatory properties of the NOR system. Chapter 6
presents these studies. An outline for the development of the NOR system is

presented in Scheme 1.7.
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Chapter 2:
NOR activity assay development
Optimisation of NO in solution

Validation of NOR activity quantification Chapter 5:
Optimisation of immobilisation protocol
Determination of enzyme activity maintenance
Chapter 3 and Chapter 4: Selection of most suitable carrier

Expression, purification and characterisation
of NOR from A. niger and from E. coli

Glucose dehydrogenase
(E.C. 1.1.1.47)

ReSyn™ microsphere

Nitric oxide reductase .
(www.resynbio.com)

(E.C.1.7.99.7)

v

Addition of NOC-5 Chapter 5:

NO reduction by NOR Co-immobilisation of enzymes

L Synchronisation of cofactor redox rate

Concomitant consumption of enzyme
A substrates
Cofactor recycling efficiency
l Absorbance at 340 nm l
NAD*

—

Addition of glucose
Glucose oxidation by
GDH

i

Chapter 6:
Evaluation of NOR system’s application as a research
reagent in ain vitro cell model;
Determination of anti-inflammatory properties

Scheme 1.7. An overview of the NOR system development. The development commenced with the
development of an NOR activity assay (Chapter 2) followed by the expression and characterisation of
Anor (Chapter 3 and 4). The assembly of the NOR system is described in Chapter 5 and its
evaluation in Chapter 6.
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1.4. Outputs: Publication and conference proceedings

S. Garny, J. Verschoor, N. Gardiner and J. Jordaan. Spectrophotometric activity
micro-assay for pure and recombinant cytochrome P450-type nitric oxide reductase.
Analytical Biochemistry Nov 2013 (Epub pii: S0003-2697(13)00531-9. doi:
10.1016/j.ab.2013.11.005, ahead of print).

S. Garny, N. Gardiner, J. Verschoor and J. Jordaan. A novel nitric oxide reduction
system presents protection against the cytotoxic effect of nitric oxide. Keystone
Symposium on Molecular and Cellular Biology: Metabolic Control of Inflammation
and Immunity, Colorado, USA, 2013 (poster).

S. Garny, D. Gardiner, J. Verschoor and J. Jordaan. Optimisation of
spectrophotometric micro-assay for the quantification of Nitric Oxide Reductase

activity, SASBMB, Champange Sports Resort, Dakensberg, 2012 (poster).

S. Garny, S.H. Rose, W.H. van 2Zyl, |. Gerber and J. Jordaan. Expression and
Screening of Nitric Oxide Reductase in Aspergillus niger. SASBMB,
Bloemfontein, 2010 (poster).

S. Garny, |I. Gerber and J. Jordaan. Biocompatibility of ReSyn™, BioMatSAS,
Johannesburg, 2009 (poster).
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Chapter 2
Development of a spectrophotometric micro-assay for the

guantification of Nitric Oxide Reductase activity

2.1. Introduction

As outlined in Chapter 1, the development of the Nitric Oxide Reduction (NOR)
system required the development of a facile, fast and reliable nitric oxide reductase
activity assay. NOR activity is currently determined by gas chromatography (GC)
[137, 140, 148, 149, 151, 152, 166, 167, 168], amperometric assays [141, 169, 170,
171], stopped-flow rapid scan spectroscopy [104] and conventional UV
spectrophotometry [160, 168, 172].

The determination of NOR activity by GC involves the purging of NO into the reaction
flask devoid of oxygen [104]. The product of the enzyme reaction (N2O) is quantified
by sampling the head space of the reaction flask at regular intervals. This method
represents an end-point enzyme reaction assay, not suitable for real-time kinetic
monitoring of enzyme. Turnover rates (T/O) for NO have previously been reported,
ranging from 5000 to 32000 min™* with K, values ranging from 0.08 mM to 0.8 mM
NO or NADH as listed in Table 2.1.

The amperometric assays concerns are real-time determination of NO reduction with
electrical charge generation [141, 169, 170, 171, 172, 173, 174]. Also in these
studies, NO gas was added to the reaction mixture. The decrease in electrical signal
was correlated to the NOR activity. The electrical signal was converted into
concentrations of NO, which required the titration of NO against reduced myoglobin,
i.e. the involvement of another assay for the determination of NO in solution [169].
However, this NO quantification methodology is a direct determination of NO in
solution which can be related to NOR activity provided that no other non-enzymatic

NO consumption takes place in that solution [170]. Furthermore, this NO
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quantification is most suitable for NORs with numerous domains involved in the NOR
reaction as observed with bacterial NORs [134, 175].

Table 2.1. NO reduction activity determined in fungi and bacteria.

Source Enzyme Gene Enzyme kinetics Reference
. Km=0.113 mM NADH,;
Fusarium oxysporum Fnor CYP55A1 T/O= 31500 min™ [104, 140, 176]

Km = 0.320 mM NADH,;

Cylindrocarpon tonkinese Cnorl CYP55A2 T/0 = 32000 NO.min [137]
: . Kmn =0.71 mM NADH
Cylindrocarpon tonkinese Cnor2 CYP55A3 T/0 =24000 NADH. min [137]

Trichosporon cutaneum;

. Tnor CYP55A4 12700 N,O per min™ [151, 167, 177]
T. montevideense

Km =0.179 mM NO

Aspergillus oryzae Anor CYP55A5 T/0 = 10000 NO.min [152]
: Km =0.080 mM NO

Histoplasma capsulatum Norlp NOR1 T/0 = 5000 NO.min™ [168]

Pseudomonas stutzeri Cyt cbb3 norO Km = 0.012 mM NO [170]

Escherichia coli Cyto bo3 T/O = 0.3 mM NO.min™ [171]

Escherichia coli FlavoRb NorRVW K, =0.4 mM NO [141]

However, the determination of NO reduction by stopped-flow rapid scan
spectroscopy was correlated to NADH oxidation by the decrease in absorbance at
340 nm [160]. The decrease of absorbance at 340 nm has the potential for real-time
quantification of NO reduction. However, this methodology was mainly applied for the
investigation of NO reduction mechanisms [160, 178] instead of NOR activity
quantification and kinetic characterisation. This methodology requires a stopped-flow
instrument (a rapid mixing device) linked to a spectrophotometer. It is a fast and
reliable procedure for the determination of NOR activity by measuring indirect NADH

consumption.

All three NOR activity assays described above were performed with the addition of
NO gas to the reaction flask and are not considered suitable for the development of a
fast and reliable micro-assay. NO is a small diatomic gaseous molecule with a very
short half-life and fast rate of diffusion, challenging the estimation of NO in solution
[9, 179, 180]. Thus, it was the objective of this study to develop a simple miniaturised
micro-spectroscopic assay for the quantification of NOR activity with addition of a NO
donor, NOC-5. The development of NO releasing reagents or zwitterionic
polyamine/NO adducts such as NOC-5 ([3-(2-hydroxy-1-(methylethyl)-2-
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nitrosohydrazino)-1-propanamine]), allowed for the development of a kinetic assay
that follows the reduction of NO through spectrophotometric quantification of NADH.

Kaya et al. (2004) [152] demonstrated the linearly proportional relationship between
the oxidation of NADH to NAD", with the release of NO from NOC-5 with the intention
to quantify NO in solution with NOR. However, this study set out to apply this
principle to establish and optimise the assay conditions for the development of a
NOR activity assay rather than for the quantification of NO in solution. Nakahara et
al. (1993) [104] determined the stoichiometry of NO reduction by NOR as 2:1:1 for
NO:NADH:N,O. Therefore, for each NADH oxidized to NAD", two molecules of NO

are converted to N,O (refer Equation 1).

2 NO + NADH + H* — N,O+ H,0 + NAD" (Equation 1)

For the development of the nitric oxide reduction system, a robust and reliable kinetic
assay was required to asses the NO reduction. This chapter describes the
development of a fast, reliable and convenient method for the quantification and
kinetic characterization of NOR that utilizes the monitoring of NADH as a suitable
substrate for real-time kinetic measurements. Due to the magnitude of requirements
for the development of the NOR system (including the screening for NOR activity,
establishing enzyme vyields after purification, kinetic enzyme characterisation and the
determination of enzyme activity maintenance after immobilisation), the assay was

further miniaturised to a 384 well format.

2.2. Materials

A NOR solution from Aspergillus oryzae was purchased from Wako Chemical GmbH
(Germany). Reactions were performed in flat bottom 96 well micro-titre plates from
Greiner Bio One (Germany) and 384 well micro-titre plates from Genetix (now
Molecular Devices, England). Assay reagents including NADH and buffer
components were purchased from Sigma-Aldrich (Germany) and NOC-5 was
purchased from Merck-Millipore (Germany). Greiner Bio One UV plates were used
for the spectrophotometric quantification of NOC-5 at 250 nm. The optical density

was measured in a BioTek Powerwave HT UV VIS micro-titre plate reader (USA).
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2.3. Methods

2.3.1. Assay development

With the intent of creating a robust and reliable method for the quantification of NO
reducing enzymes, the assay parameters were established starting with the NADH
concentration and the determination of the light path in the micro-titre plates (96 and
384 wells). Optimum pH, temperature and buffer were determined and then the
substrate concentration range that could be obtained from the NO-donor reagent,
NOC-5. Finally, the dynamic enzyme concentration range was determined under
these optimal conditions for enzyme activity determination. For the validation, and as
an example of an application of this assay, the kinetic parameters of a commercial

preparation of NOR were determined.

2.3.1.1. NADH concentration

NADH has an absorption maximum of 340 nm with a molar extinction coefficient, e,
of 6.22 mM™.cm™ [181, 182]. The detection limit of the BioTek Powerwave HT micro-
titre plate reader at 340 nm was determined by measuring optical density at
increasing NADH concentrations. The length of the light path in a 96 well plate and in
a 386 well micro-titre plate, with 150 ul and 70 pl total reaction volume respectively,
was calculated using standard concentrations of NADH and the Beer-Lambert

relationship between the extinction coefficient and path length.

2.3.1.2. Reaction temperature and pH

It is well known that enzyme activity is affected by temperature and pH [183]. Thus, it
was important to characterise NOR activity at various pH (4.2 to 8.6) and
temperature values. For the purpose of this study, the enzyme activity was

determined at room temperature and 37°C.

The substrate for NOR, NO, was obtained from the decomposition of NOC-5, which
is pH dependent [184]. Therefore, the NOC-5 decomposition rate at various pH
values was determined first. NOC-5 was observed to be stable at high pH and thus a
200 mM NOC-5 stock solution was prepared in 50 mM NaOH and diluted to 0.05 mM
NaOH concentration. This had a minimal effect on the pH of the reaction solution. To
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obtain the maximum rate of NO release, NOC-5 was allowed to decompose in
Britton-Robinson buffer (50 mM sodium phosphate dibasic, 50 mM boric acid, 33 mM
citric acid and 50 mM TRIS; with pH adjustment using potassium hydroxide) within a
pH range of 4.2 to 8.6 with increments of 1 pH unit. The decomposition of 1 mM
NOC-5 was monitored at 37°C for 30 minutes in a UV transparent micro-titre plate at
250 nm.

Thereafter, an activity profile of the commercial NOR over the pH range 4.2 to 8.6 in
Britton-Robinson buffer was established. To eliminate the NO release rate from
NOC-5 decomposition as a determinant of NOR activity at different pH values, a 20
mM NOC-5 solution was pre-incubated in Britton-Robinson buffer pH 5 for 1 minute
at 37°C, before it was added to the buffered enzyme solution for the activity
determination at a particular pH. This was done to ensure that each sample

contained the same initial amount of NO.

2.3.1.3. Assay buffer

Although sodium phosphate buffer at pH 7.2 is frequently used for NO reduction
assays [104, 152, 160, 169], there is no report of the evaluation of various buffering
agents that could be found for the assay. Due to this lack of comparison the authors
evaluated a variety of potentially suitable buffers for assay at pH 6. In consideration
of the addition of base stabilised NOC-5, a relatively high buffer concentration of 200
mM was chosen for the assay to prevent a pH shift. The following buffering agents
were chosen for evaluation: sodium phosphate; MES (2-(N-
morpholino)ethanesulfonic acid); HEPES (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid); TRIS (tris(hydroxymethyl)aminomethane); and TEA

(triethanolamine).

2.3.1.4. Estimation of solution phase NO

The introduction of solution phase NO has previously been conducted by bubbling of
NO gas into the enzyme reaction mix, but this approach is too cumbersome for high
throughput assays and may undergo autoxidation resulting in an unknown NO
concentration. The release of this volatile substrate into solution phase is preferred
through the use of a solid NO donor, in this case NOC-5. NO concentration in

solution is affected by several factors, including the pH dependent release of NO
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from NOC-5, oxidation of NO with oxygen, as well as the rate of diffusion of the
volatile NO [185, 186]. Due to these variables, the determination of NO concentration
from NOC-5 decomposition required more sophisticated analysis. The relationship of
NO formation and consumption was previously described as a six order polynomial
equation [186, 187]:

NO in solution = NO release rate — NO/O, oxidation — NO diffusion
d[NOJ/dt = enoki[NOC-5]," — 4k*[NOJ’[0,] — (k.a/V)[NO] (Equation 2)

The first term of equation 2 describes the rate of release of NO from the NO donor,
which was characterised as first order release kinetics in deoxygenated solution. The
NO release rate = eno ki [NOC-5[™, where ki (min?) is the first-order
decomposition constant obtained by the decrease in absorbance of the chromophore
NOC-5 at 250 nm as it spontaneously releases NO [184, 186] and [NOC-5], the
initial NOC-5 concentration. The rate of release of NO is further dependent on the
stoichiometric ratio of NOC-5 decomposition defined by eno. Based on the proposed
stoichiometric release of NO from NOC-5, eno would theoretically be two [188].
However, this ratio is dependent on the reaction mix and other factors that as yet
have not been established [187, 189]. The time taken for the NOC-5 decomposition

is assigned as t (min).

The oxidation kinetics of NO in agueous solutions are represented by the second
term in equation 2, which further contributes to the uncertainty of the exact
concentration of NO in solution. This factor accounts for the reaction of NO with
oxygen in solution to form nitrite ions. The stoichiometry of this reaction is generally
expressed as: 4NO + O, + 2H,O — 4H™ + 4NO, [190, 191, 192]. The rate of nitrite
formation is described by the rate constant, k*, of 2.4 x 10° M?.s™ between 35 to
37°C [179, 185].

The third component in equation (2) is the volumetric mass transfer coefficient that
describes the diffusion of NO from the liquid phase into the gas phase. Lewis & Deen
(1994) proposed that the NO diffusion from liquid into gas was the main process in

which NO was removed from the reaction mixture [185].
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Method (A) involved the calculation of NO in solution by solving only the first term of
equation 2, i.e. the rate of release of NO (mM NO.min™): d[NOJ/dt = enoki[NOC-5]o¢
D where eno Was assumed to be 2 or less, where k; was the average of the rate
constants determined and NOC-5 concentration at time t=0. This equation does not
include the potential loss of NO by oxidation or diffusion, which was assumed to be
negligible due to NO consumption by NOR as soon as the NO is produced. For the
determination of the rate constant of NOC-5 decomposition, k;, the rate of
decomposition for NOC-5 (concentrations between 0.016 and 2 mM) in 200 mM TEA
buffer (pH 6) was recorded at 250 nm for 30 minutes at 37°C in a 96 well UV micro-
titre plate as described before [184, 186]. The first-order decomposition rate
constant, k;, was calculated from the gradient (-m) generated by a plot of In (Ap-Ax)
with time, where Ag is absorbance at t=0 and A« is the absorbance at the time when
no further decrease in absorbance is observed [184, 186]. The average of all the rate

constants was applied to calculate the rate of NO release.

For method (B), the enzymatic determination of NO (as demonstrated by Kaya et al.,
2004; [152]), a constant concentration of NOR (0.285 uM) was allowed to reduce NO
generated from varying concentrations of NOC-5 (0 to 8.6 mM) in 200 mM TEA
buffer pH 6 at 37°C. The rate of reduction was estimated by the following the rate of
NADH consumption monitored by the decrease in absorbance at 340 nm for 5

minutes in a 384 well plate.

2.3.1.5. Lower limit of detection and dynamic range

On completion of the optimisation of the various assay parameters, an evaluation of
assay linearity, lower Ilimit of detection (sensitivity) and dynamic range was
undertaken. NOR activity was measured by a decrease in absorbance at 340 nm
(NADH) over 5 minutes in a 384 well micro-titre plate with increasing concentrations
of a commercial NOR preparation (0.02 to 0.9 pM) to establish the dynamic range of
the NOR activity assay. NOC-5 concentration was added in excess to the reaction
mixture to ensure that NOC-5 did not limit the NADH consumption. Thus, the enzyme
reaction contained 2 mM NOC-5 and 1 mM NADH in 200 mM TEA pH 6 buffer at
37°C.
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2.3.1.6. Assay reproducibility

The reproducibility of the NOR activity assay was established by repeating the assay
on three consecutive days with reagents prepared on each day with the optimal
reaction condition (2 mM NOC-5 and 1 mM NADH in 200 mM TEA pH 6). A 20 mM
NOC-5 stock solution (in 50 mM NaOH) was allowed to release NO for one minute at
37°C in Britton-Robinson buffer pH 5 before it was added to the reaction mixture. The
intention of this pre-incubation of NOC-5, was to pre-empt the oxidation of NADH by
NOC-5 and to ensure excess NO in solution. A NOR dilution series was prepared
from the commercial NOR stock solution and the NO reduction was initiated by the
addition of the assay reagents. The NADH consumption was monitored for 5 minutes
at 37°C.

2.3.2. Kinetic characterisation of NOR in micro-assay

In the past numerous P450-type enzymes with NOR activity have been isolated from
various sources [139, 140, 144, 145, 148, 149, 151, 152, 193, 194]. This indicates
the general interest in the NO reducing enzymatic reaction. For the characterisation
of new isoforms of NO reducing enzymes, a fast and reliable assay is required to
determine the kinetic constants. The Michaelis-Menten constant (K,) and the
maximum velocity (Vmax) Were calculated using a 0.14 mM NOR enzyme solution
with varying NOC-5 concentrations. A non-linear regression analysis for single ligand
binding (SigmaPlot 10.0, Systat Software Inc. Germany) and Lineweaver-Burk
analysis (reciprocal of initial velocity (vo) and substrate concentration [S]), were used

to calculate the enzyme’s kinetic parameters.

2.4. Results

2.4.1. Assay development

2.4.1.1. NADH concentration
The optical measurement of NADH at 340 nm was used to monitor NOR activity. The
stoichiometry of 2:1 was used for enzyme activity calculations considering one NADH

molecule is required for the reduction of two NO molecules [104]. A linear increase in
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absorbance at 340 nm for 0 to 0.5 mM NADH was observed for 96 well plates and
from 0 to 1 mM NADH for 384 well plates (Fig. 2.1). Using the Beer Lambert Law, the
light path for the 150 ul volume in a 96 well micro-titre plate was 0.35 cm and for the
70 pl volume in the 384 well micro-titre plate was calculated to be 0.47 cm from the
equations y= 2.222x (R?=1) and y= 2.917x (R?>=0.99) for the for the 96 well and 384

well micro-titre plate (respectively).
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Figure 2.1. Quantification of NADH at 340 nm. In (A), the standard curve for NADH in a 96 well micro-
titre plate and (B) for a 384 well micro-titre plate. The gradient and the extinction coefficient of NADH
was used to calculate the light path to 0.35 cm for the 96 well micro-titre plate (A) and 0.47 cm in the
384 well micro-titre plate (B).

2.4.1.2. Optimum conditions for NOR activity assay

The optimum conditions for the quantification of NOR were established as 2 mM
NOC-5 and 1 mM NADH in 200 mM TEA buffer (pH 6) at 37°C. The NOR activity at
37°C was 24.4 yM NO.min™ which was approximately double that at 28°C (12.3 uM
NO.min™), therefore all subsequent assays were performed at 37°C.

The pH dependent NOC-5 decomposition is shown in Figure 2.2. The most suitable
NOC-5 decomposition rate was observed at pH 5. Neither low (pH 4) or high pH (8 to
9) was suitable for NOC-5 decomposition. At low pH (pH 4), NO was released at an
extremely fast rate and NO gas formation (in the form of bubble formation) interfered
in the spectrophotometric assay, whereas at pH 5, the NOC-5 decomposition rate
was completed after 90 seconds without interference. The NOC-5 decomposition
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was more gradual in Britton-Robinson buffer pH 6 with a maximum rate after 5

minutes. No apparent NOC-5 decomposition took place at pH 8 or 9.
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Figure 2.2. The pH profile of NOC-5 decomposition. A) The chemical structure of NOC-5
decomposition to an amine adduct and 2 NO molecules in the presence of hydrogen ions. B) The
NOC-5 decomposition with increasing pH. A stock solution of 5 mM NOC-5 was prepared in 50 mM
NaOH and added to Britton-Robinson buffer for a final concentration of 1 mM. NOC-5 decomposition
was monitored at 250 nm in a UV micro-titre plate at 37°C for 30 minutes. The blank sample contained
only Britton-Robinson buffer. NOC-5 chemical structure was copied from http://www.dojindo.com.

The pH profile of NOR demonstrated maximum enzyme activity at pH 6.2, with high
activity also detected at pH 6.6 (Fig. 2.3). A variety of buffers at pH 6 and 200 mM
concentration were subsequently evaluated for their effect on the enzyme assay.
Although the choice of buffer had little effect on the activity, increased activity was
observed in TEA and HEPES buffer (Table 2.2).
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Figure 2.3. pH profile of NOR activity. The enzyme reaction contained 0.07 pM NOR solution, 1.7 mM
NOC-5 and 1 mM NADH in Britton-Robinson buffer with various pHs. The reaction was monitored for
5 minutes at 37°C. The decrease in absorbance at 340 nm was correlated to NADH consumption
which was converted to uM NO.min™ consumption.

Table 2.2. NO reduction rate by 0.07 yM NOR at 37°C in various buffers (200 mM).

Buffer pM NO.min™ SD?
NaPO, 182.9 111
MES 191.4 11.3
TRIS-HCI 2104 14.7
TEA 250.9 4.3
HEPES 289.8 9.5

% standard deviation of triplicates

2.4.1.3. Substrate concentration and availability

The accurate quantification of NO concentration in solution is essential to determine
the kinetic parameters of nitric oxide reducing enzymes. Due to several variables
influencing the effective concentration of NO in solution after its release from NOC-5
decomposition, accurate estimation of NO concentration presented a challenge. This
study attempted to determine the NO concentration by (A) a mathematical calculation
of NO release from NOC-5 which was compared to (B) from enzymatic NO reduction
by NOR.
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A) Mathematical calculation of substrate concentration

The decomposition of NOC-5 was determined by spectrophotometric measurement
at 250 nm from which the decomposition rate constant, ki, was calculated as
described by Maragos et al. (1991) [184]. The calculated NO release did not include
the NO oxidation reaction, or the volumetric mass-transfer coefficient. This method
for NO concentration only applies for a closed system, and was chosen since it best
simulated the enzymatic consumption of NO after its formation. For this mathematical
computational method, the equation was solved by applying the variables as
indicated in Table 2.3. The initial NOC-5 concentration, [NOC-5],, and the calculated
NO release rate (WM NO.min™) generated a direct linear correlation with an equation
where y= 0.147x (R?*= 1). The average of the decomposition rate constant, ki, was
used in the subsequent determinations for rate of release of NO. The knowledge of
the NOC-5 decomposition rates was essential for the substrate optimisation studies

as it allowed for the estimation of NO concentrations.

Table 2.3. Kinetic parameters for mathematical NO estimation in solution.

[NOC-5], ki (per min)*>  uM NO.min™"

2 0.202 294.3
1 0.174 145.7
0.5 0.235 72.6
0.25 0.242 36.1
0.125 0.250 17.9
0.064 0.254 9.1
0.031 0.272 4.3
0.016 0.102 2.0
average 0.216
[NOC-5]p in mM

% k,= gradient (-m) which was determined from In (Ag-Aso) [182, 184]
® NO release rate=eyo ki [NOC-5], &, where eno= 2, t= 5 min [186]

B) Enzymatic quantification of substrate

Kaya et al. (2004) [152] have indicated that NOR isolated from Aspergillus oryzae
was suitable for the quantification of NO in solution. The rate of enzymatic reduction
of NO is dependent on the available NO in solution. In this study, an objective was to
investigate whether the decrease in absorbance of NADH presents a direct
correlation to NO concentration. A non-linear regression was observed with
increasing NOC-5 concentration vs. NO reduction (Fig. 2.4 A) at concentrations up to

10 mM. A linear increase of NO reduction rate was however observed between 0 and
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1.5 mM NOC-5 of where y= 86.2x (R*= 0.977) and 88.8x (R?= 0.982) from two
experimental repeats (Fig. 2.4 B). These results support the findings of Kaya et al.
(2004) [152] that NOR could be used to quantify NO in solution. The average of the
gradients (87.5) determined, was used to extrapolate the NO concentration.

400 - 120 4 y = 86.2x
OA R2=0.977
350 -
} 100 | gg  y=888x §

c c R2=0.982
S 300 - S &
g % 2 80 -
€ 250 - £ g
S ]
%] %)
S 200 - } € 60 -
(8] ()
c c
£ 150 £ 40 |
S 10, e S
> S = 20 -
3 | 3

50 : )

0 T T T T 1 0 A T T T T T 1
0 2 4 6 8 10 0 025 05 075 1 125 15
mM NOC-5 mM NOC-5

Figure 2.4. NO estimation from NO reduction by NOR. A) Determination of limitations for NO
reductions from excess NOC-5 concentration with 0.3 uM NOR. B) The plot of A was zoomed into
NOC-5 concentrations below 2 mM to indicate linear relationship between NO reduction and NOC-5

concentration. The square markers (m) in plot B, trace an experimental repeat of A in plot (B: 0). The
decrease of 1 mM NADH at 37°C for all reactions was used to calculate the NO reduction by NOR.

The close correlation between the two methods of NO estimation indicated that the
release rate of NO from NOC-5 can be determined by either the enzymatic
quantification (y= 87.5x; R*= 1; Table 2.4) or by applying the decomposition rate
constant (eno ki [NOC-5]p e (y= 87.3x; R?= 1; Table 2.4). This close correlation
indicates that the non-enzymatic reduction of NO by oxidation and diffusion is likely
to be negligible. The decomposition stoichiometry of NOC-5 is theoretically 2 moles
of NO [188]. However, it has been noted that this may be less in different reaction
conditions [184]. In this study, this decompostion stoichiometry was calculated
to~1.19 moles of NO.
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Table 2.4. The calculated NO release rate from enzymatic NO
quantification and mathematical estimation.

uM NO.min™
y=87.5x y= 87.3x
mM NOC-5 Enzymatic NO reduction rate NO release rate*
8.58 750.8 748.9
4.29 375.4 3745
25 218.8 218.2
1.25 109.4 109.1
0.67 58.6 58.5
0.4 35.0 34.9
0.2 17.5 17.5
0 0.0 0.0

*eno=1.19

2.4.1.4. Lower limit of detection and dynamic range for NOR activity quantification

At first, the NOR activity was determined with increasing concentrations of a
commercial NOR solution to verify ratios of enzyme concentration to NOR activity
and to establish the lower limit of detection. A linear range from 0.04 to 0.9 mM of the
commercial NOR was determined with an assay sensitivity ranging from 1.5 to 160
UM NO.min? (y= 0.238x; R?*= 0.991) as shown in Figure 2.5 A. The assay was
repeated with a recombinant NOR in two plate formats, 96 wells or 384 wells with
reaction volumes of 150 pl and 70 pl (Fig. 2.5 B). Here, the aim was to establish the
linear dynamic range for different reaction volumes and plate formats. For the 384
well plate, a linear increase in NO reduction rate from 14 to 308 yM NO.min™ (y=
2.269x; R?*= 0.991) was observed, whereas the 96 well plate presented a linear
dynamic range from 10 to 282 yM NO.min™ (y= 3.378x; R?*= 0.981) as shown in
Figure 2.4 B. Overall, a linear dynamic range of one order of magnitude was noted

for the enzymatic assay of NOR.
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Figure 2.5. Linear dynamic range of NOR activity assay. In (A), the NO reduction rate was determined
with increasing concentrations of the commercial NOR in a 384 well plate. In (B), the NO reduction
rate was determined with increasing enzyme concentrations of recombinant NOR protein content in [¢]
384 well plate and [o] in 96 well plate. The reaction mixture contained 2 mM NOC-5, 1 mM NADH and
200 mM TEA buffer (pH 6) and was performed at 37°C for 5 minutes. The enzyme activity (UM
NO.min™) was calculated from the NADH consumption rate.

2.4.1.5. Assay reproducibility

In order to determine assay reproducibility, the assay was repeated over several
days. Inter-well variability and day to day variability were less than 10% within the
dynamic range of the assay (Fig. 2.6). Higher variability was observed at the higher
NOR concentrations. The experimental set confirms the assay is reliable (R? equal to
0.964).
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Figure 2.6. Reproducibility of a NOR activity assay. The linear relationship of NOR concentration and
NO reduction was measured on three consecutive days. The reaction mixture contained 5 pl
commercial NOR at various concentrations, 2 mM NOC-5 and 1mM NADH in 200 mM TEA pH 6. The
NADH consumption rate was monitored for 5 minutes at 37°C from which the enzyme activity (uM
NO.min'l) was calculated.

2.4.2. Kinetic characterisation of NOR

The kinetic characterization of NOR solution (NOR from A. oryzae) aimed to
establish the affinity of NO for NOR under the described assay conditions and the
versatility of the assay for the enzymatic kinetic parameter determination. Kinetic
constants for Anor have been reported before [152], but it was considered useful to
compare the kinetic characteristics of the commercial NOR obtained in this assay to
these existing values. For the determination of kinetic constants of any enzyme, data
relating to the initial velocity with increasing substrate concentration was obtained.
Lineweaver-Burk double reciprocal plot and non-linear regression analyis , were

employed to calculate the kinetic constants (Table 2.5).

Table 2.5. Kinetic constants of 0.14 uM NOR from A. oryzae.

NO LB? plot N-LP
guantification
method Km Vimax Km Vinex
enzymatic 209 632 222 658
equation 208 632 221 658

 Lineweaver-Burk plot
® Non-linear regression analysis
K and Vs in kM NO and pM NO.min™, respectively
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The K, calculated in this study is slighlty higher at an average of 215 pM NO than
the previously reported value of 179 uM NO [152], while the Vna IS nearly double
(645 pM NO.min™) in this study than the reported value of 352 pM NO.min™ [152].
The faster NO reduction (Vmax) highlights the optimal reaction conditions developed
in this study. Therefore it was concluded that this method provides a suitable way to

characterise NOR activity in sample solutions.

2.5. Discussion and Conclusions

This study set out to develop a simple kinetic assay to quantify NOR activity from a
P450-type NOR. To achieve this, various assay variables were investigated. The
oxidation of NADH was chosen as a colorimetric “readout” for the quantification of
NO reduction. NADH has a strong extinction coefficient and a wide dynamic range
with suitable sensitivity. The optimal reaction mixture and conditions were 1 mM
NADH, 2 mM NOC-5 in 200 mM TEA buffer pH 6 at 37°C. NOR activity was
evaluated in several types of buffers with little variation in enzyme activity, indicating
the potential versatility of this enzyme assay.

The optimisation of substrate concentration and estimation of solution phase NO
required a more in depth analysis. The NO concentration in solution derived from the
decomposition of NOC-5 has previously been described as a six order polynomial
(Equation 2) [186, 187]. However, it was demonstrated here that in the presence of
enzyme, the rate of NO release is the major variable determining NO concentration,
and that alternate factors influencing NO concentration are negligible. To the author’s
knowledge this is the first study that presents the relationship between the
guantification of NO with NOR and its correlation to a mathematical estimation of NO.
It was proposed that this approach may be suitable for the development of other

assays utilising rate dependent substrate release agents.

This NOR activity assay demonstrated a linear dynamic range in excess of one order
of magnitude which can be accounted to the small reaction volumes, i.e.micro-liters.
This is in contrast to the other studies which assayed NO reduction in milli-liters and
over a longer assay duration [104, 169]. The assay demonstrated high inter-well

reproducibility and low day to day variability. This assay does not require laborious

36

© University of Pretoria



techniques of saturation the reaction mixture with NO [104] or expensive equipment
like GC [104] or Clark-type platinum electrode [169], and is therefore proposed as a
reliable method for the quantification of NOR activity and suitable for kinetic
characterisation of a commercial Anor preparation with comparable kinetic constants

to previously reported values.

In this study, the assay was shown to be suitable for quantification of NOR activity,
however, the lack of sensitivity indicates that the commercial NOR is unlikely to be
suitable for potential application in the quantification of NO in biological solutions.
Furthermore, the use of NADH based assays may be complicated by the presence of

alternate NADH reducing enzymes in crude samples.

This assay was used for the high throughput screening of Anor secreting A. niger
D15 transformants (Chapter 3), and the quantification and characterisation of NOR
expressed in E. coli (Chapter 4). Furthermore, this assay was applied for the
determination of NOR activity maintenance after its immobilisation and the

synchronisation of cofactor recycling (Chapter 5).
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Chapter 3
Expression and Purification of Nitric Oxide Reductase from

Aspergillus niger

3.1. Introduction

For the construction of the nitric oxide reductase system, the fungal nitric oxide
reductase, P450nor [NOR; EC 1.7.99.7; changed to E.C. 1.7.2.5 Brenda; E.C.
1.7.1.14 (KEGG)], was chosen as the prefered enzyme to reduce nitric oxide (NO) to
nitrous oxide (N,O) and water (H,O) [104, 195]. As indicated by the enzyme’s name,
P450nor, it belongs to the P450 superfamily of haem containing enzymes which are
found in almost all living organisms, and responsible for catalysing a vast range of
chemical reactions [196, 197, 198, 199, 200]. P450s were first identified in the 1950s
and in 1964 the distinctive Soret peak at 450 nm upon carbon monoxide binding with
the pre-treatment of a reducing agent of the Fe-protoporhyrin IX pigment, resulted in
the name allocation cytochrome P450 [201, 202]. The cytochrome P450s, generally
abbreviated by CYP, can be divided in four classes based on the mechanism of
electron delivery to the active site from the cofactor, NAD(P)H [198, 203]. In general,
P450s catalyse monooxygenation reactions in which a redox partner is required for
the transfer of electrons from the reduced pyridine nucleotides to the reaction centre
[200, 204, 205, 206]. The transferred electrons facilitate the binding and activation of
the iron-bound molecular oxygen [203]. P450nor has been allocated into the fourth
class as it receives its electron directly from NAD(P) [104]. P450s in this class are
unique to fungi and function as nitric oxide reductases during denitrification [140,
150] and so far, only one member for this class has been described, CYP55,
containing five isoforms: Fnorl (CYP55A1) from Fusarium oxysporum [176, 193],
Cnor (CYP55A2 and CYP55A3) from Cylindrocarpon tonkinese [137, 148], Tnor
(CYP55A4) from Trichosporum cutaneum [151] and Anor (CYP55A5) from
Aspergillus oryzae [152], exhibiting higher homologies to bacterial P450s than to
eukaryotic P450s [139].
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Despite the diversity in origin of P450s and variations in the catalytic mechanisms,
secondary structures are highly conserved [207]. P450nor, like the other CYPs, has
an I-helix which forms part of the proton transfer groove on the distal side of the
haem where the conserved threonine 243 forms part of the oxygen-binding pocket
[206, 208, 209], and is believed to play a role in the NADH consumption rate, N,O
release and the formation of reaction intermediates [195]. In all P450s, the haem-
binding loop lies in the N-terminal to the L-helix and is confined to the inner core
between the I-helix and the proximal L-helix (refer to Scheme 3.1. below). The
cysteine 352 residue places the haem group within the proximal haem-binding loop
[160, 210]. Unlike the other P450s, the F,G-loops are placed just above the I-helix
due to hydrophylic regions of the I-helix deflecting the hydrophilic regions of the F,-G
helices and thus opening up the haem pocket to a greater extent than in other P450s
[211]. A unigue accumulation of positively charged amino acids beneath the B’-helix
in the haem distal pocket, have been proposed as the NADH binding site as no
classical NADH binding motif has been identified [146, 211]. A hydrogen bonding
network formed by Ser296, Thr243, Asp393 and a water molecule on the protein
surface of the distal pocket is proposed to be essential in the proton delivery during
NO reduction which requires charge compensation of the transferred NADH-hydride
[178]. When an NO radical binds to the haem Fe(lll), two electrons are donated from
NADH and subsequently the nitrogen of the radical is protonated with two hydrogen
ions to form an intermediate Fe(lll)-NHOH. A second NO molecule binds to this
complex and forms an unstable Fe(lll)-N,O2H,, which is stabilized by the transfer of
a proton from the nitrogen atom to the second NO, creating a tautomer. The
dissociation of the N,O and H,O as well as the formation of the coordinated haem

Fe(lll) complex completes the catalytic cycle [212].
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F,G-loop

Scheme 3.1. A ribbon structure of P450nor (Fnor) derived from crystallography. Amino acid residues
forming helical loops are shown as red ribbons and beta pleated sheets in yellow arrows. NADH
(purple) groove is between the F,G-loop and B’-helix and the heam (orange) is nestled between the |
and L-helices. The structure was rendered from protein database file “1ROM” using PyMol Molecular
Graphics System (version 0.99) from DelLano Scientific LLC (Carolina, USA). The crystal structure
was determined by Park et al. (1997) [213].

The P450nor isoform of interest for this study, abbreviated Anor, was first isolated
from Aspergillus oryzae by Kaya and colleagues in 2004 [152], and the gene was
denoted the abbreviation nicA (CYP55A5). The Anor protein is encoded by 3785
nucleotides which translate into 408 amino acid residues, consequently the protein
molecular mass is estimated at 45.7 kDa. Amino acid sequence alignment studies
have shown that Anor shares 60% homology with the other isolated P450nors such
as Fnor, Cnor and Tnor [152]. A major and minor expression pattern was identified
for this gene which is under the control of two expression factors nirA and Rox1 [152]
which has been associated with responsiveness to nitrate [214] and suppression of
gene expression under aerobic conditions [215, 216, 216]. This gene has been
entered in the NCBI database with GenBank accession number: AB055659 [152].

Aspergillus niger, a closely related species, has been of interest to the protein
biotechnology industry as an expression system due to its ability to produce a
diverse range of heterologous enzymes and the associated benefit of its secretory

pathway, secreting proteins in large quantities [217]. Several A. niger expression
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systems were developed to maximise protein production and secretion, of particular
interest for the expression of recombinant fungal proteins that are not routinely
expressed in bacteria [218, 219, 220, 221]. For example, Wiebe et al. (2001) [222]
and Gordon et al. (2000) [223] developed a recipient strain for recombination and
secretion of heterologous proteins, A. niger D15, a protease deficient strain (prtT),
non-acidifying (phmA) and an uridine auxotrophic (pyrG) mutant [222, 223]. The
uridine auxotroph facilitates the selection of transformants when a pyrG* expression
plasmid has been integrated into its genome. For these reasons, A. niger D15 was

chosen as a suitable expression system for Anor in this study.

Rose and van Zyl (2002) [224] have developed a plasmid (pGTP) with a constitutive
expression cassette for the synthesis and secretion of heterologous proteins [224]. A
secretion signal from the Xyn2 beta-xylanase, xyn2, from Trichoderma reesei [225]
and the gene of interest are placed under the transcriptional control of a
glyceraldehyde-3-phosphate dehydrogenase promoter (pgd,) from A. niger [226].
Transcription is terminated by glucosamylase terminator (glaAr) from Aspergillus
awamori [226]. This expression cassette ensures high level constitutive expression
of the gene as well as its extra-cellular secretion which pre-empts the protein
degradation by intra-cellular proteases and the disruption of the host's metabolism
[227]. A proteolytic cleavage site (KR) for the endoprotease KEX2 was placed
between the signal sequence and the gene of interest. This serves to remove the
signal sequence during the protein’s translocation through the endoplasmic
recticulum into the cytoplasm [225]. This further ensures transport to the
endoplasmic reticulum for post-translational modification. This plasmid vector was
used in this study to facilitate the expression and purification of the recombinant

Anor.

In addition to the genetic manipulation of host strains and expression cassettes,
optimisation of culture media is another strategy to maximise heterologously
expressed protein production, with an emphasis on increasing protein secreting
mycelia. Wang et al. (2003) observed that bioprocessing parameters such as initial
glucose concentration and the intensity of agitation affected heterologous protein
production [228]. With the consumption of glucose and the increase of biomass, an

increase in protease activity was observed accompanied by a decrease of
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heterologous protein production [229]. The effect of high agitation on protein
production was attributed to the increase of mechanical stress resulting in the
breakage of mycelia with the resultant release of intracellular protease and
consequent degradation of heterologous proteins [230]. Xu and his colleagues (2000)
observed that the spore inoculum contributes to the pellet size of flamentous fungi in
submerged cultures in which 4 million spores per millilitre produced a pellet size of
1.6 mm with the highest heterologous protein production and lowest protease
degradation [231]. Papagianni and colleagues (2004) also described a relationship
between low spore inoculums to a larger pellet diameter and lower protease activity
in the culture medium [232]. In the present study, the bioprocess parameters such as
glucose concentration, agitation and spore inoculum and their respective effects on
the production of Anor were investigated.

The preparation of the nitric oxide reduction system in this study required the
expression and purification of Anor. Two distinct approaches were followed to
achieve this expression in fungal (Aspergillus niger) and bacterial (Escherichia coli)
host organisms. Chapter 3 describes the expression and purification of Anor in A.
niger, while Chapter 4 covers bacterial expression. The purified enzyme was
subsequently used for immobilisation and characterisation of the enzyme. The three
main objectives of this chapter were the expression of Anor and its secretion into the
culture medium; the optimisation of growth conditions for maximum Anor production;

and the subsequent purification of Anor from the culture medium.

3.2. Materials

3.2.1. Genes, vectors and host strain

The nicA gene (CYP55A5) from Aspergillus orzyzae on plasmids pMA and pMK with
optimised codon usage for A. niger and xyn2 secretion signal peptide as well as a
KEX2 cleavage site were synthesised by GeneArt (Germany). The expression
plasmid pGTP (plasmid map in Appendix to Chapter 3, Section A.3.1.3) and the
mutant A. niger D15 (pyrG prtT phmA) were kindly provided by Prof. W.H. van 2yl
(University of Stellenbosch). The approximate 1 kbp sized DNA fragments identified
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on agarose gel electrophoresis were purified with a Zymoclean™ Gel DNA Recovery
kit, which was purchased from ZymoResearch. Restriction enzymes were purchased
either from Roche (BamHlI, Hindlll, EcoRI and Xhol) and from New England BioLabs
Inc. (Notl). T4 ligase and the High Pure Plasmid Isolation kit were purchased from
Roche and the Ex Taq polymerase was purchased from TaKaRa (Thermo Scientific,
USA). The pGTP primers were kindly provided by Dr. Shaunita Rose (University of
Stellenbosch).

3.2.2. NOR activity assay and protein quantification assay

NOC-5 (3-[2-Hydroxy-1-(1-methylethyl)-2-nitrosohydrazino]-1-propanamine) was
purchased from Calbiochem (Merck Millipore, Germany). NADH and NaOH were
purchased from Sigma-Aldrich (Germany). Nitric oxide reductase solution (Anor from
A. oryzae) was purchased from Wako Chemical GmbH (Germany). The reagents for
protein quantification, 1x Bradford dye and the protein standard bovine gamma
globulin were purchased from Bio-Rad (USA). The 384 well micro-titre plates were
purchased from Genetix (Molecular Devices, USA). A PowerWave HT micro-titre
plate reader was used for assays (BioTek Instruments, USA). An EpMotion 5075
automated pipetting station was used for automated pipetting of assay reagents
(Eppendorf, Germany).

3.2.3. Purification of Anor

Calbiochem Miracloth and 1.2 pm in-line Milligard Opticap Filters were purchased
from Merck Millipore (Germany). Filtration through optical filters utilised a miniplus 3
peristaltic pump (model M312 - Gilson, France). A FreeZone® Triad™ freeze drying
system (Labconco, USA) fitted with a Pascal Adixen (2015 SD) vacuum pump
(Alcatel, France) was used for sample preservation. Sephacryl 300 HR size
exclusion resin was purchased from Sigma-Aldrich (Germany). The ion exchange
resin, Toyopearl Super Q 650M, was purchased from Tosoh Bioscience (Germany).
Columns, XK 26 and XK 16, were purchased from GE Healthcare (Sweden). An
AktaExplorer System was used for protein purification (GE Healthcare, Sweden).
The gel filtration standards for calibration of the size exclusion column were
purchased from Bio-Rad (USA).
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3.2.4. SDS-PAGE reagents

Electrophoresis was performed in the Invitrogen gel tank system and powered by
and the PowerPac™ Universal from Bio-Rad (USA). NuPage® Bis-Tris 4-12%
gradient gels together with the accompanying electrophoresis chambers from
Invitrogen (USA) were used. The molecular weight markers were purchased from
Fermentas Life Science (USA). Colloidal Coomassie Brilliant Blue stain was
prepared according to a method outlined in Appendix to Chapter 3, Section A.3.3.2.
Gel Images were photographed using GeneSnap software and analysed with Gene
Tools version 3.08 (SynGene, UK).

3.2.5. Other reagents and buffers

Ampicillin, kanamycin and bovine haemoglobin were purchased from Sigma-Aldrich
(Germany). Aurin tricarboxylic acid ammonium salt GF, yeast extract sorbitol, Cas-
amino acids (Difco Bacto), polyethylene glycol 4000 (BDH), bacteriological agar,
neopeptone (trypticase BBL) and Novozyme 234 were purchased from Merck
Millipore (Germany). Oxoid agar (Oxoid LP0011) was purchased from Basingstoke
(England). Ultra-filtration membranes (10 kDa PVC) were purchased from Omega
and the Amicon stirred ultra-filtration cell (Merck Millipore, Germany) was used for
the ultra-filtration process. Components for stock reagent solutions of AspA trace
element (TE) solution (Appendix to Chapter 3, Section A.3.3.2) were purchased from
Sigma-Aldrich (Germany). A CentriVap Benchtop Vacuum Concentrator (Labconco,
USA) was used for sample desiccation in preparation of amino acid analysis with
MS-MS spectrophotometry. The reagents (NHsHCO3;/ 50% MeOH; DTT,
iodoacetamide, trypsin, methanol, acetonitrile and formic acid) required for this

procedure were purchased from Sigma-Aldrich (Germany).
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3.3. Methods

3.3.1. Design of recombinant Anor genes: nicAl and nicA2

To facilitate the purification process, a signal peptide, xyn2, was placed upstream of
the start codon of nicA, by replacing its start codon with that from xyn2, which
redirects the intra-cellular enzyme to the extracellular environment, while the KEX2
(KR) cutting site was included for cleavage of the signal peptide from Anor post the
secretion process (Scheme 3.2). An intron splicing site was identified in the gene
sequence between the 3rd and 4th amino acid of the encoded protein [152]. Due to
the uncertainty of Aspergillus niger’s ability to splice this codon, two gene variants of
nicA were synthesised, nicAl and nicA2. The one variant (nicAl) lacked the wild
type initiation codon and the amino acids upstream of the splicing site, whereas the
second gene variant (nicA2) encoded only the amino acid sequence correlating to
the reported protein sequence. The nicAl variant lacked 9 amino acids C-terminal to
the KEX2 cleavage site at the N-terminus (Scheme 3.2). The genes nicAl and nicA2
were synthesised by GeneArt with codon optimisation for expression in A. niger.

nicAl1 MVSFTSLLAGVAAISGVLAAPAAEVESVAVEKR FPFARPSG
nicA2 MVSFTSLLAGVAAISGVLAAPAAEVESVAVEKRVMINSEPVYPRFPFARPSG
nicA MNSEPVYPRFPFARPSG

Scheme 3.2. Amino acid sequence alignment of recombinant Anor. Gene variants, nicAl and nicA2,
were dervided from the wild-type nicA in A. oryzae (nicA). The amino acids in grey represent the xyn2
signal peptide and the double underlined (KR) the KEX2 restriction site. The intron splicing site is

indicated in italics (SE). The transcription initiation for nicAl and nicA2 are at the methionine (green)
of the xyn2. The alignment was done with BioEdit 7.0.9 (Ibis Bioscience, CA). The full sequence is
presented in Fig. A.3.1 (Appendix to Chapter 3, Section A.3.1.1).

3.3.2. Expression plasmids of nicAl and nicA2

GeneArt provided the gene nicAl on a pMA (AmpR) vector and nicA2 on a pMK
(KanR) vector backbone. The genes were excised from the pMA and pMK vectors
using restriction enzyme digestion with Notl and were ligated to pGTP (bla gpd,-glar
pyrG) with a T4 ligase at room temperature for 4 hours. Use of this plasmid placed

transcriptional control under the plasmid’'s glyceraldehyde-3-phosphate
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dehydrogenase (gpd) promoter, with termination of transcription under the control of
the gla terminator from A. awamori (Scheme 3.3). The pGTP-nicAl and pGTP-nicA2
(plasmid maps and nucleotide sequence are presented in Appendix to Chapter 3,
Section A.3.1.2 to 3.1.4) were transformed into E. coli DH5a according to Sambrook
et al. (1989) [233]. The E. coli DH5a transformants with the correct gene orientation
determined by restriction enzyme digests (Notl, Xhol, BamHI and Blgll), were
selected and cultured in LB agar (3 days). The plasmid DNA was extracted with the
High Pure Plasmid Isolation kit and stored at -20°C for the Aspergillus transformation
experiments. A polymerase chain reaction with pGTP primers (Appendix to Chapter

3, Section A.3.2.4.) was used to confirm the presence of nicA in recombinant

plasmids.
wild type nicA
Notl KEX2 Notl
4
pGTP gpd Xyn2 pGTP

pGTP-nicA

Scheme 3.3. Genetic environment of nicA in A. oryzae and on the pGTP plasmid. ROX1 and NirA are
transcription regulation elements upstream of the start codon of the nicA gene (red). The Anor gene,
nicA (red), on the pGTP plasmid is downstream of a constitutive promoter, gpd (blue), and signal
peptide, xyn2 (yellow), separated by the KEX2 restriction site and terminated with a glA terminator
(green). The enzyme restriction and hydrolysis sites are indicated by arrows.

3.3.3. Transforming A. niger D15 with pGTP-nicAl or pGTP-nicA2

The protocol described by van den Hondel et al. (1992) [218] was followed for the
transformation of A. niger D15 (PyrG prtT phmA) with pGTP-nicAl or pGTP-nicA2
plasmids. Briefly, A. niger D15 spores (1.0 x 10° spores.ml™®) were added into
minimal medium (MM, Table A.3.1, Appendix to Chapter 3, Section A.3.3.1) which
was enriched with 0.01 M uridine and trace elements as described previously [219,

224]. The culture was allowed to grow overnight at 30°C with orbital agitation of 80
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rotations per minute (rpm). The mycelia were harvested and rinsed with a 0.6 M
NaCl/CaCl, solution (Appendix to Chapter 3, Section A.3.3.2). The mycelia were
drained, and four grams of mycelia were added to 100 ml NaCl/CaCl, solution in an
Erlenmeyer flask. Protoplasts were generated by adding 240 mg of Novozyme 234
to the 4 grams of mycelia in 100 ml NaCl/CaCl, solution and allowed to digest the
mycelial cell walls for 2 hours at 30°C. The protoplasts were transformed with
between 3 and 6 pug plasmid DNA in the presence of 1 volume STC1700 solution
(Appendix to Chapter 3, Section A.3.3.2) together with 0.1 M Aurin tricarboxylic acid
ammonium salt GR and 60% (v/v) polyethylene glycol 4000. Thereafter, protoplasts
were seeded onto transformation plates (Table A.3.1, Appendix to Chapter 3,
Section A.3.3.1) and incubated for 3 days at 30°C. Mycelia from the transformation
plates were transferred to transformation plates without oxoid agar and sorbitol. After
three days at 30°C, the spores were harvested and transferred to spore plates (Refer
to Table A.3.1, Appendix to Chapter 3, Section A.3.3.1). Spores were harvested after
three days at 30°C with a 0.9% (w/v) NaCl solution. The spores were stored at 4°C
for further experimentation or stored in 40% (v/v) sterile glycerol at -80°C. Genomic
DNA was isolated from transformants cultured for 4 days in minimal medium
(Appendix to Chapter 3, Section A.3.2.5). The genomic DNA was subjected to
polymerase chain reaction with pGTP primers (Appendix to Chapter 3, Section
A.3.2.4) to confirm the presence of the expression plasmid. Transformants with a 1.4
kbp insert were selected for further investigation. For the identification of Anor
secreting transformants, the culture medium was tested for nitric oxide reductase

(NOR) activity using the assay described in Chapter 2.

3.3.4. Quantification of Nitric Oxide Reductase activity and protein
concentratrion determination

For the determination of NOR activity, the NADH oxidation rate was monitored at
340 nm in the presence of a nitric oxide donor, NOC-5 as described in Chapter 2. In
brief, the NOR activity assay reagent contained 0.3 mM of NOC-5 dissolved in 50
mM NaOH which was added to 1 mM NADH in 200 mM sodium phosphate buffer
(pH 6). The NADH consumption rate was measured for 10 minutes at 37°C in a 384
well plate at 340 nm. Protein concentration was determined as described by
Bradford (1976), where the the dye Comassie Brilliant Blue G-250 binds to protein

a7
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and results in a colour change from red to blue with an absorbance at 595 nm [406].
The absorbance was measurued from the colour reaction obtained when 35 ul of the
1x Bradford dye was added to 35 pl of sample in a 384 well plate. The protein
concentration was extrapolated from a bovine gamma globulin standard curve. The

linear assay range for protein quantification was 0-25 pg.mi™.

3.3.5. Screening for Anor secreting transformants

Upon successful introduction of pGTP-nicAl or pGTP-nicA2 into A. niger D15 and its
integration into the genome, prototrophic A. niger D15[nicAl] PyrG* and A. niger
D15[nicA2] PyrG" transformants that were able to grow on agar plates without
uridine supplementation were picked for further analysis. The prototrophic A. niger
D15 that produced 1.4 kbp PCR products were cultured in 5 ml of minimal medium
(MM) for 4 to 7 days at 30°C with 100 rpm orbital agitation. The culture medium was
analysed for NOR activity with the NOR activity assay (Section 3.3.4). The screen
was repeated after culturing the same transformants in double strength medium
(2MM, Table A.3.1, Appendix to Chapter 3, Section A.3.3.1). Transformants having
medium to high NOR activity were selected and cultured in 20 ml of MM or 2MM for
7 days at 100 rpm and 30°C. NOR activity was monitored on day 4 and 7 of growth.
Transformants with the highest NOR activity in the culture media were selected for
growth optimisation studies in an attempt to increase Anor production.

3.3.6. Optimisation of growth conditions for increased NOR activity

The growth of mycelia is affected by several environmental conditions [234, 235,
236] and therefore several culture variables and their effect on NOR activity were
investigated. Transformants were cultured at two agitation intensities and at three
different strengths of medium (increasing in glucose concentration and yeast content
— media compositions are listed in Table A.3.1, Appendix to Chapter 3, Section
A.3.3.1). Several studies have shown that protease activity increases with
decreasing glucose concentration [220, 237] which may negatively impact the
amount of protein produced. A simulated fed-batch culture strategy was further
investigated to reduce or prevent protease degradation of Anor and to increase the

rate of enzyme production and reduce the time required to achieve optimal biomass.
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Spent medium was replaced with fresh medium upon glucose exhaustion at day 4

and again at day 9 after inoculation.

Previously, studies have shown that the spore inoculums also contribute to mycelia
morphology [232, 235], which in turn has been shown to affect protein synthesis and
secretion. El-Enshasy and colleagues (1999) [235] have associated a high spore
inoculum with smaller mycelial aggregates and higher protein expression. Similarly in
this study, media were inoculated with spores ranging from 0.5 x 10° to 13.5 x 10°

spores per millilitre.

Anor is a P450 cytochrome with haem in its active site [152]. Haem synthesis follows
a tightly controlled metabolic pathway [238] and may present a bottleneck in the
expression of P450nor. To improve the secretion of holoprotein (active Anor), the
culture media were supplemented with filtered bovine haemoglobin [400]. To monitor
the enzyme activity, the culture medium in each flask containing MM or MM with
haemoglobin, was measured every 24 hours. To facilitate the processing of
numerous samples automated pipetting was used for assaying the culture

supernatants.

3.3.7. Protein sample preparation: Concentration and desalting

For the purification process, A. niger D15[nicAl] or A. niger D15[nicA2], were
cultured in 6x 200 ml culture medium in Erlenmeyer flasks. At first, the mycelia were
separated from the culture medium by filtration through Miracloth, and then the
media were pooled and filtered through a 1.2 pum Milligard Opticap Filter with a
peristaltic pump to remove spores and other cell debris. To ensure ionic interaction
of the proteins in the culture media with the ion exchange resin, the culture media
were concentrated by ultra-filtration in an Amicon stirred cell ultra-filtration device
over a 10 kDa PVDF exclusion filter at 400 kPa nitrogen pressure at room
temperature. The concentrated culture media were diafiltered against 20 mM TRIS-

HCI buffer pH 7.8 to below 2 mS/cm conductivity using ultra-filtration.
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For the purpose of sample preservation — enzyme samples were snap frozen in
liquid nitrogen, and lyophilized in a FreeZone® Triad™ freeze drying system and

stored at -80°C for further analysis.

3.3.8. Purification of Anor: anion exchange chromatography

The desalted and concentrated culture media were applied to Super Q 650M anion
exchange chromatography resin, pre-equilibrated in 20 mM TRIS-HCI buffer (pH 7.8)
in a XK 26 column (26 mm diameter, 40 mm in length) using the sample loading
function of the AktaExplorer 10S System. The unbound protein (flow through) was
collected for further analysis. The bound protein was washed with three column
volumes of 20 mM TRIS-HCI buffer pH 7.8 and eluted with a linear salt gradient (O to
500 mM NaCl) in 20 mM TRIS buffer (pH 7.8) at a flow rate of 10 ml.min™. The
eluted proteins were monitored at 280 and 254 nm (proteins tracking) and 410 nm
(haem monitoring in Anor). Fractions of 5 ml were collected and assayed for NOR
activity. Samples containing NOR activity above 0.1 Units.ml* were pooled,
concentrated and lyophilised as indicated (Section 3.3.7).

3.3.9. Purification of Anor: size exclusion chromatography

Preserved samples containing at least 0.1 Units. mI™ Anor were re-suspended in 0.5
ml 50 mM phosphate buffer (pH 7.3) and applied to size exclusion chromatography
using Sephacryl HR 300 packed in a XK 16 column (16 mm diameter, 70 mm
length). Protein separation and migration at 0.5 ml.min™ was monitored at 260, 254
and 410 nm. The protein sizes were estimated by comparison to gel filtration
standards run on the same column. Fractions of 2 ml were collected and analysed
for NOR activity and protein content. Fractions with at least 0.1 Units. mI* NOR

activity were pooled and concentrated.
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3.3.10. SDS-PAGE analysis of proteins

SDS-PAGE analysis was performed according to the protocol described by Laemmli
(2970) [ref], with improvments of the commercially available pre-cast gel systems
[407]. At each purification step, proteins in the samples were analysed for molecular
size and purity using denaturing SDS-PAGE with a 4-12% gradient Bis-TRIS pre-
cast polyacrylamide gel. Aliquots of sample proteins were precipitated according to
the 2D protein clean up protocol available from Bio-Rad (Appendix to Chapter 3,
Section A.3.3.2) prior to SDS-PAGE electrophoresis. Approximately, 10 ug of protein
was loaded into the wells and visualized with colloidal Coomassie Blue stain. The
molecular weight of protein subunits was estimated against molecular weight
markers, Promega (MW 116, 66, 45, 35, 25, 18.7 and 14.2 kDa). The proteins which
migrated to the expected molecular size, 45.7 kDa, of Anor were excised and the

identity confirmed by MS-MS spectrometry.

3.3.11.  Protein verification by mass spectrometry

The sample preparation and mass spectrometry were performed as a service by Dr.
Stoyan Stoychev (CSIR Biosciences, South Africa). Protein bands of interest were
trypsin digested (in-gel) as per the protocol described by Shevenko et al. (2006)
[239]. Briefly, gel bands were destained using 50 mM NH4HCO3/ 50% MeOH
followed by in-gel protein reduction (50 mM DTT in 25 mM NH4HCO3) and alkylation
(55 mM iodoacetamide in 25 mM NH4HCO3). Proteins were digested overnight at 37
°C using 5 — 50 pl, 10 ng.pl™ trypsin, sufficient to cover the gel fragment. Peptides
were extracted using 50% acetonitrile (ACN)/ 5% formic acid (FA) and dried using
vacuum centrifugation with a CentriVap Benchtop Vacuum Concentrator (Labconco,
USA).

Samples were re-suspended in 35 pl 2% (v/iv) ACN/ 0.2% (v/v) FA and separated
using a Dionex UltiMate 3000 RSLC system coupled to a QSTAR Elite mass
spectrometer (AB SCIEX, USA). Peptides were first de-salted on an Acclaim
PepMap C18 trap (75 ym x 2 c¢m) for 8 min at 5 pl.min™ using 2% (v/v) ACN/0.2%
(v/v) FA, then separated on an Acclaim® PepMap C18 RSLC column (75 ym x 15

cm, 2 um particle size) that was connected to the trap column via a 10-port switching
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valve. Peptide elution was achieved using a flow-rate of 500 nl.min™ with a gradient:
4-60% B in 30 min (A: 0.1 % FA; B: 80% ACN/0.1% FA). Nano-spray was achieved
using a MicrolonSpray head assembled with a New Objective, PicoTip® nanospray
Emitter (USA). An electrospray voltage of 2.0 - 2.8 kV was applied to the emitter.
The QSTAR ELITE mass spectrometer was operated in Information Dependent
Acquisition (IDA) using an Exit Factor of 2.0 and Maximum Accumulation Time of 2.5
sec. MS scans were acquired from m/z 400 to m/z 1500. The three most abundant
ions were automatically fragmented in Q2 collision cells using nitrogen as the
collision gas. Collision energies were chosen automatically as function of m/z and

charge.

Protein identification was performed using NCBI's msdb database and PEAKS
version 6.1 proteomics software. A false discovery rate of 0.1% was used for peptide
identification. Only protein entries with at least one unique peptide were reported.
The false discovery rate refers to the number (as a percentage) of false positives
based on a reversed or scrambled protein data base, from which peptides of low
confidence will present a false hit. Due to the redundancy in databases, there is a
need to exclude homologous entries by selecting more than one unique peptide and

thus removing or excluding repetitive entries [240].

3.4. Results

3.4.1. Screening transformants for NOR activity

Transformants with a 1.4 kbp PCR product were selected and cultured to determine
their capacity to secrete active Anor into the culture medium. From the
transformation experiments, 116 transformants were obtained with the correct
orientation of the 1.4 kbp insert. Less than 1% of pGTP-nicAl transformed A. niger
D15 [nicAl] and 2.7% of pGTP-nicA2 (A. niger D15[nicA2]) screened transformants
presented detectable NOR activity (Table A.3.2, Appendix to Chapter 3, Section
A.3.3.4). The screening process was extended to minimal (MM) and double strength
(2MM) culture media at two different shaking intensities (100 rpm and 200 rpm) and

the activity detected at two different time points (3 days and 7 days after inoculation).
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However, these variations offered little to no increase in the yield obtained in the
culture medium of the transformants. The data is summarized in Table A.3.3 and
Table A.3.4 in Appendix to Chapter 3, Section A.3.3.5.

3.4.2. Optimisation of NOR activity in culture media

The search for the highest Anor producing transformant was extended by
investigating various culture conditions. Culture conditions of A. niger are known to
affect mycelium and biomass development. Glucose concentration, rate of agitation
(Fig. A.3.3 and Fig. A.3.4, Appendix to Chapter 3, Section A.3.3.6.1), size of spore
inoculum (Fig. A.3.5, Appendix to Chapter 3, Section A.3.3.6.2) and supplementation
with haemoglobin (Fig. A.3.6, Appendix to Chapter 3, Section A.3.3.6.3) were
investigated in this study in an attempt to improve the yield of active Anor in the
culture media. The use of a simulated fed batch culture protocol was also

investigated.

From each gene variant, one transformant, which demonstrated the highest NOR
activity identified during the optimisation of the culture media described above, was
selected for the growth optimisation studies. The highest NOR activity was measured
after 12 to 14 days of simulated fed-batch culturing of A. niger D15[nicAl] in minimal
medium supplemented with filtered bovine haemoglobin at an agitation rate of 100
rpm (Fig. 3.1). A spore inoculum of 14 x 10° spores.ml™® and agitation of 100 rpm
resulted in compact mycelia pellets. The mycelia at higher orbital agitation appeared
as mesh, which could have been due to mycelia breakage and thus potentially
releasing intracellular proteins, including proteases. A. niger D15 is a protease
deficient strain, but it may express low quantities of intracellular protease which
could result in reduced yield of active Anor [226]. NOR activity from A. niger
D15[nicA2] did not increase with extended duration of culturing or with haemoglobin
supplementation. A. niger D15[nicAl] was thus used for NOR production using 21
day fed-batch culturing regime and subsequently used for the purification of Anor
(Fig. A.3.7, Appendix to Chapter 3, Section A.3.3.6.4).
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Figure 3.1. NOR activity in culture media from simulated fed-batch of A. niger D15[nicAl] and A.
niger D15[nicA2]. A. niger was cultured either in 200 ml minimal medium (#1-H, #2-H) or with medium
supplemented with bovine haemoglobin (#1+H, #2+H; 1 g.L'l). Each flask was inoculated with 14 x
10° spores per millilitre and incubated at 30°C with agitation of 100 rpm. NOR activity was monitored
every 24 hours. Each data point is a representation of triplicate culture flasks from which each
enzyme activity was assayed in triplicate. Error bars are representative of standard deviations. Spent
media was replaced with fresh media on day 4 and day 9. Statistical difference is indicated by * and *.
The P value is smalller than 0.0001 (Unpaired t test, GraphPad Software, Inc.).

NOR activity was improved by a 2.4 fold increase from day 4 to day 14 in media

supplemented with haemoglobin for A. niger D15[nicA1] which is indicated by * (refer

to Fig. 3.1). A 3.4 fold higher NOR activity was measured in the A. niger D15[nicA1l]
culture supplemented with haemoglobin when compared to the other cultures
(indicated by # in Fig. 3.1).

3.4.3. Purification of Anor

3.4.3.1. lon exchange chromatography of Anor

Anor has an isoelectric point between pH 5 and 6 and is therefore negatively
charged above these pH values. This property was exploited to separate Anor by
anion exchange chromatography. Super Q 650M was chosen for its comparatively

high protein binding capacity and potential to achieve a high degree of resolution.
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Since A. niger D15[nicAl] presented higher NOR activity from the growth
optimisation studies (Section 3.4.2), it was used as a source of Anor for the
chromatographic purification process. A. niger D15[nicAl] was cultured in MM or in
MM+H at 100 rpm for several days. On day 4, 8 and 16, culture media were
harvested and prepared for the purification process as described in Section 3.3.7.
Concentrated culture medium from A. niger D15[nicAl] was applied to a Super Q
650M anion exchange column. The NOR activity was measured in fractions
presenting enzyme activity, and a protein with corresponding 410 nm (heam) peak
which occurred from 300 to 400 ml elution volume. The elution profiles from the Anor
containing supernatant (Fig. 3.2) harvested on day 16 was used as representative
example of the ion exchange purification process. The active fractions were pooled
and concentrated and preserved for size exclusion chromatography as indicated

above (refer to Section 3.3.7).

From the elution profile, an interesting observation was made. Namely, that second
protein peak (280 nm in blue) presented high NOR activity [a] without a distinct 410
nm (pink) peak, in contrast to the third protein peak that corresponded to a 410 nm
peak that also presented NOR activity [b] (Fig. 3.2 A [a] and [b], respectively). Here it
seems, that this protein species [a] has much higher specific NOR activity when
compared to the second protein species [b]. It is important to note that protein
species [a] eluates around 300 ml, whereas the protein species [b] eluates around
340 ml. Fractions from both NOR activity peaks were collected and prepared for size

exclusion chromatography.

The elution profiles of culture media supplemented with haemoglobin (Fig. 3.2 B),
shows a small NOR activity peak that corresponded to a 280 and 410 nm peak. A
major 410 nm peak was eluted thereafter, which likely correlates to the unused
haemoglobin in the culture medium. The next protein peak (blue) corresponded to a
NOR activity peak (green) as well as a 410 nm peaks (pink). Only the fractions
associated with the major NOR activity peak were collected and prepared for size
exclusion chromatography. It is interesting to note that the fractions with the highest
NOR activity eluted at the same volume, i.e. around 300 ml as the protein species [a]
in Figure 3.2 A.
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Figure 3.2. Anion exchange chromatograph of spend culture medium from A. niger D15[nicAl]. A.
niger D15[nicAl] was cultured in MM and MM+H for 16 days at 30°C with agitation of 100 rpm. In (A),
the chromatograph shows the proteins secreted from A. niger D15[nicAl] when cultured in MM and in
(B), when cultured in MM+H. Protein content was monitored at 280 nm (blue). Haem content was
monitored with 410 nm (pink). Absorbance was measured in mAU. Conductivity (mS/cm) is indicated
with brown line and NOR activity (Units.ml™) is presented by the green line. The activity profile is
superimposed onto the chromatograph. The proteins (280 nm) with corresponding haem peak (410
nm) and NOR activity (green peaks) are indicated by arrows (solid and dashed lines). In MM (A), two
protein species with 280 nm and 410 nm as well NOR activity was observed and is annotated by [a]
and [b]. The elution profile of MM+H (B) presented one protein species with the three indicators for
Anor (280 nm, 410 nm and NOR activity) and was annotated with [a].
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3.4.3.2. Size exclusion purification process of Anor

For separation of Anor from other negatively charged proteins with different sizes,
molecular exclusion chromatography with Sephacryl 300 HR (molecular weight
separation range from 10 to 1500 kDa) was used. The elution profile from the size
exclusion chromatography (SEC) corresponds to the IEC elution profile shown in
Figure 3.2 and is shown in Figure 3.3. The elution profile of the sample cultured in
MM is shown in Figure 3.3 A. Here two distinct protein peaks, [a] and [b], were
observed both having NOR activity, however, only the first elution peak [b] had a
distinct 410 nm peak. The low-haem containing protein, [a], presents lower NOR

activity in contrast to peak [b].

In Figure 3.3 B, two major protein peaks were observed of which only the larger
protein, [b], presented NOR activity and a corresponding 410 nm absorption. The
protein denoted as [a], elutes approximately at the same volume as the protein

species in Fig. 3.3 A [a], indicating that this is likely the same protein.

57

© University of Pretoria



Culture medium: MM

A

0.30

0.28

NOR activity (Units/ml)

2
2
0.22

0.20

0.18

[b]

(wo/sw) ANAnONPUOD

wu QT pue 08¢ e adueqlosqy

80 100 120

0

6
Elution volume (ml)

40

20

Culture medium: MM+H

B

0.80

NOR activity (Units/ml)

o o o o o o o o
~ o 0 I @ S = S
o o o o o o o o

(wo/sw) AlAndNpuo)d

wu QT pue 08¢ 1e adueqlosqy

40 60 80 100 120
Elution volume (ml)

20

58

© University of Pretoria



C D
- 3.0 Sample kDa ml
E 25 vitamin B12 1.35 124
g 20 - equine myoglobin 17 114
é 15 | chicken ovalbumin 44 86
S 10 - bovine gamma globulin 158 75
E 05 - 06261 thyroglobulin (V) 670 56
'I 0.0 . . . . . \ Protein [b] 108 45
10 12 14 16 18 20 22 Protein [a] 72-79 64-60

Log10 of molecular mass (MW)

Figure 3.3. Size exclusion chromatography of the IEC-purified NOR active fractions from A. niger
D15[nicA1l]. A. niger D15[nicAl] was cultured either in (A) MM and (B) MM+H for 16 days at 30°C with
agitation of 100 rpm. Protein eluted according to size differences in 25 mM TRIS buffer (pH 7.8).
Protein content was monitored at 280 nm (blue). Haem content was monitored with 410 nm (pink).
Absorbance was measured in mAU. Anor activity (Units.ml'l) is represented in green and conductivity
(mS/cm) is indicated with a brown line. The activity profile is superimposed onto the chromatograph.
The proteins (280 nm) with corresponding haem peak (410 nm) and NOR activity (green peaks) are
indicated by arrows. In MM (A), two protein species with 280 nm and 410 nm as well NOR activity was
observed and is annotated by [a] and [b]. The elution profile of MM+H presented only one protein
species with the three indicators for Anor (280 nm, 410 nm and NOR activity) and was annotated with
[a]. In (C), Calibration curve for size exclusion chromatography and in (D), the corresponding
molecular weights estimated from (C) are shown for [a] and [b] together with those fore calibration
proteins.

The NOR active fractions from size exclusion chromatography correlated to a
molecular weight of 72.3 and 101 kDa for protein fractions [a] and [b] shown in Fig.
3.3 A respectively, and 78.6 kDa for protein denoted [a] in Figure 3.3. B when
compared to the gel filtration standards (Fig. 3.3 C and D). The molecular weight of
the protein [a] in both the haem and non-haem containing culture batches is similar
(72. 3 vs. 78.6 kDa) as observed in the two purification batches. The molecular
weight observed for this native protein species was larger than the previously
reported molecular weight of Anor at 45.7 kDa by Kaya et al. (2004) [152]. Here, it
may be speculated that protein aggregation or potential dimerization could have

resulted in the increased molecular weight [241].

The NOR active fractions were pooled and prepared for SDS-PAGE to assess the
purity of the protein samples after chromatography. After SEC, multiple protein
bands were still present in the protein sample (Fig. 3.4, lane 4 in A and B,

respectively). The major protein band with mobility of 55 kDa in the haem containing
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culture medium (Fig. 3.4 B, lane 4) was excised and a tryptic digest fingerprint
conducted to determine its identity. The resultant 54% sequence coverage to
cytochrome P450nor from Aspergillus oryzae (Accession number Q8NKB4_ASPOR)
confirmed its identity. An example of the results is presented in Figure A.3.8
(Appendix 3, Section A.3.4.1).

A Culture medium: MM B Culture medium: MM+H
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Figure 3.4. Reducing gradient SDS-PAGE analysis of Anor purification. A. niger was either cultured
in MM (A) or in MM+H (B). The molecular weight marker was applied to lane 1, in (A) Fermentas
Page Ruler SM0431 and in panel (B) Fermentas Page Ruler SM0671. Lanes from 2 to 4 contained
samples after the following purification process:2 - ultra-filtrated crude; 3 - after Super Q 650M; 4 -
after Sephacryl 300HR. The samples for electrophoresis were prepared according to the protocol
provided by NUuPAGE® Invitrogen. For qualitative assessment, approximately 10 pg protein of sample
was loaded into each well. The gel was stained with Coomassie Brilliant Blue and the image was
taken with GeneSnap version 7.01 (SynGene, UK).

The purification of Anor is outlined in the purification table below. The tables illustrate
the purification yields of Anor from A. niger after culturing for 16 days in minimal
medium (MM — Table 3.1) and in medium supplemented with haemoglobin (MM+H —
Table 3.2). The medium supplementation with haemoglobin contributed to the total
protein in the crude extract and therefore presents an apparent lower specific activity
(5.5 U.mg*, Table 3.2) when compared to the 13.5 U.mg* specific activity in the
crude extract from the A. niger D15[nicAl] cultured in MM (Table 3.1). However, an

approximate 1.5 fold higher enzyme activity was determined from A. niger
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D15[nicAl] cultures supplemented with haemoglobin after Super Q 650M
purification. This implies that haemoglobin supplementation was favourable for the
expression of Anor. Most of the enzyme activity was lost after size exclusion
chromatography, which is most likely to due protein aggregation as mentioned

above.

Table 3.1. Purification of recombinant Anor from A. niger D15[nicA1l] cultured in MM

Total protein  Specific Activity  Total Activity Yield Fold purification

Purification

process mg U.mg'1 Units % X
Crude extract 3.293 13.5 44.5 100.0 1.0
Ultra-filtration 1.569 23.1 36.4 81.8 1.7
Super Q 650M 0.425 22.9 9.8 21.9 1.7
Sephacryl 300HR* 0.004 6.9 0.03 na na

* 48% of the Super Q650M was loaded onto the Sephacryl 300HR column
na- not applicable

Table 3.2. Purification of recombinant Anor from A. niger D15[nicAl] cultured in
MM+H.

Total protein  Specific Activity ~ Total Activity Yield Fold purification

Purification

process mg U.mg'l Units % X

Crude extract 9.013 55 49.2 100.0 1.0
Ultra-filtration 1.453 225 32.6 66.4 4.1
Super Q 650M 0.465 31.3 14.6 29.6 5.7
Sephacryl 300HR* 0.015 4.4 0.07 na na

NOR activity units were determined by the NOR activity assay as described in Methods. One unit of
enzyme was defined as the amount of protein that can reduce one umole of NO per minute [152].

* 28% of the Super Q 650M was loaded onto the Sephacryl 300HR column
na- not applicable

3.5. Discussion and Conclusions

From a total of 116 A. niger D15 transformed colonies the highest producer of the
two constructs pGTP[nicAl] or pGTP[nicA2] were selected for further study. Low
transformation efficiencies were achieved but this is not unusual for eukaryotic
expression systems due to tougher cell walls which may be re-enforced with chitin or
melanin [217, 242]. The entry of DNA is artificially facilitated by enzymatic digestion
of mycelia and treatment of the protoplasts with CaCl,/PEG [242]. Unlike in

prokaryotic expression systems where the plasmid remains as circular DNA, in
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eukaryotic expression systems the heterologous DNA integrates into the host's
genome through recombination [242].

In an effort to maximize Anor yield and to prevent its degradation by proteases, a
protease deficient strain of A. niger, termed D15, was used as an expression host.
Furthermore, culture conditions were optimised for increased biomass and Anor
production. Although previous studies have shown that an increased glucose
concentration can positively increase the protein production [228]; in this study, a 1%
(w/v) glucose resulted in the highest NOR activity, as opposed to 10 and 20% (w/v)
glucose containing media. The preferred agitation rate of 100 rpm produced compact
fungal pellets, but did not significantly affect NOR activity in the culture media. Spore
inoculums have been shown to affect mycelia morphology which was linked to
protein production and secretion [231, 232]. In this study, the size of the spore
inoculum did not significantly increase NOR activity in the culture media over 7 days.
In an effort to increase mycelia biomass for increased protein production, A. niger
D15 transformants (A. niger D15[nicAl] and A. niger D15[nicA2]) were cultured in a
simulated fed-batch culture that involved removing spent medium and replacement
with fresh medium. This strategy increased the production rate of NOR and assisted

in producing sufficient quantities of the protein for purification.

The nitric oxide reductase, P450nor, from A. oryzae (Anor) belongs to the P450
superfamily which has a haem in its active site [104, 140]. The synthesis of haem is
a complex process [238] and could potentially pose limitations to the synthesis of
Anor in A. niger D15. Both A. niger transformants were further cultured in a
simulated fed-batch culture which was supplemented with 1 g.L™ of bovine
haemoglobin. NOR activity increased with time for A. niger D15[nicAl] supplemented
with haemoglobin when compared to the other cultures. The low NOR activity on day
5 and day 10 is linked to the addition of fresh media on day 4 and 9. The extended
growth period allowed for an accumulation of biomass, and consequently an

increased protein yield.

A. niger D15[nicA2] did not show improved NOR activity. The encoding of nicAl
commences at the start codon of the signal sequence, xyn2, and presents no other
alternative, whereas nicA2 possess two potential start codons. Bearing this in mind,
it may be speculated that nicA2 might have presented two expression patterns: one
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from the start codon from the signal sequence, xyn2, and the other from the start
codon just after the KEX2 cutting site (wild type start codon). Therefore, it may be
suggested that Anor encoded from the signal sequence start codon resulted in its
secretion whereas the expression of Anor from the wild type start codon might have

resulted in an intracellular protein.

From the purification studies, it was observed that the haemoglobin supplemented
cultures favoured a single peak with NOR activity which correlated to high haem and
protein absorbance (410 nm and 280 nm absorbance peak, respectively). After IEC,
the proteins with 55 kDa mobility on a SDS-PAGE gel were moderately enriched
instead not an anticipated 45.7 kDa protein. The size increase could have resulted
from protein glycosylation which readily occurs in fungi [225, 243, 244, 245]. No
further enrichment was achieved by subsequent SEC, which was also associated
with a concomitant loss of NOR activity. A substantial amount of protein in the SEC
was found to have a molecular weight ~75 kDa, while the denaturing SDS-PAGE gel
revealed a more accurate size estimation of 55 kDa. Potential protein aggregation
may have been observed in the SEC elution profile, which is potentially due to
protein carbonylation as described by Karuzina and colleagues (1999) [246]. They
have demonstrated that cytochrome P450s exposed to oxygen (which reacts with
the Fe** to form hydroxyl radicals known as the Fenton reaction) could have resulted
in an increase of carbonyl content, this manifested as native dimerisation in SEC 250

chromatography; 50 kDa protein was observed as a 100 kDa species [246].

Protein aggregation and denaturation by carbonylation may facilitate to rationalise
the observation that only one protein species was observed in the presence of
haemoglobin, where the introduction of haemoglobin could potentially scavenge
oxygen thereby reducing the Fenton reaction [247]. The reduction in dissolved
oxygen in the culture media could potentially reduce the iron catalysed oxidation of
amino acids of P450nor and thus pre-empted apoprotein modifications which are
followed by aggregation, SH-group oxidation, carbonyl production and intermolecular

cross linking [246].

As mentioned before, the synthesis of haem is strictly regulated and its absence may

result in apoprotein synthesis. The absence or loss of haem from cytochrome P450s,
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introduces conformational changes and alters its hydrophobicity resulting in protein
denaturation and aggregation [246, 248, 249]. It may be concluded that two
observed protein species from the elution profiles might be a reflection of native and
aggregated Anor.

In conclusion, two objectives were achieved in this chapter. Firstly, Anor was
successfully expressed as an extracellular protein and NOR activity was measured
in the culture media. To our knowledge, this is the first report of an intracellular
fungal recombinant P450nor being expressed and secreted into a culture medium.
Secondly, the growth conditions were optimised to increase the yield of active Anor.
Unfortunately, purification resulted in insufficient quantities of pure Anor for the
intended immobilisation and characterisation. The parallel investigation of the
production of this enzyme in E. coli resulted in higher yields suitable for protein

immobilisation and characterisation (Chapter 4).

64

© University of Pretoria



Chapter 4
Expression, Purification and Characterization of Nitric Oxide

Reductase in Escherichia coli

4.1. Introduction

In the previous chapter it was established that NOR is a member of the P450 family.
The synthesis of P450s and other haem proteins [197], require a biosynthetic
pathway to produce protohaem [250, 251, 252, 253, 254]. Such a haem biosynthesis
pathway has been identified and characterised in Escherichia coli [255]. Briefly, the
process involves nine enzymatic reactions to achieve the final product,
protoporphyrin IX [254, 256, 257]. Ferrochelatase is the final enzyme in this process,

and catalyses the insertion of ferrous iron into the protoporphyrin 1X [258].

Haem biosynthesis is strictly regulated and this can prove problematic for the
heterologous expression of recombinant haemoproteins in E. coli [259, 259, 260,
260, 261, 262]. The expression of haem proteins using strong promoters such as T7
polymerase results in a protein population without the haem cofactor (apo-protein),
as protein production and folding outpaces haem insertion [259, 260, 262]. Several
strategies have been developed to improve haem incorporation for increased yield of
functional holo-proteins. A limiting factor in production of haem proteins was shown
to be at the point of synthesis of 5-aminolevulinic acid [263, 264, 265, 266, 267].
Several studies have observed a greater yield of the haem-containing protein by the
addition of 5-aminolevulinic acid to the culture medium [263, 267, 268, 269, 270,
271, 272, 273]. However, it was shown that the expression of recombinant proteins
did not all benefit from this approach [259, 262]. External supplementation of haem,
e.g. in the growth media, is challenged by the dependency of uptake on transport
across the cell membrane, which is not an efficient process in common laboratory
strains of E. coli [250, 251, 272, 273, 274, 275]. Therefore, studies were conducted
to co-express haem transport genes from enteropathogenic bacteria [276, 277, 278,

279] and haem receptors [272, 273]. A more recent strategy to improve haem
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incorporation into recombinant haem-protein, was the co-expression of the terminal
enzyme of the haem biosynthesis pathway, ferrochelatase, together with the
augmentation of 5-aminolevulinic acid [262]. This current study will not pursue such
an extensive haem-protein expression optimisation, but will rely on the
supplementation of the culture medium with 5-aminolevulinic acid and haemoglobin
to overcome the bottleneck in the haem biosynthesis pathway and pre-empt holo-

protein production.

Besides the challenges in holo-protein production of haemoproteins, the
heterologous expression of an eukaryotic protein in a prokaryotic system presents its
own set of challenges. This includes the transcriptional and translational aspects of
protein production which can be addressed by the choice of expression vector,
promoter, terminator, codon usage, location of protein expression and genetic
engineering of the host strain [280]. Incorrect protein folding and aberrant post-
translational modifications are notorious challenges faced with eukaryotic protein
expression in E. coli [245]. Furthermore, the recombinant protein might become
enclosed in inclusion bodies which can result in insoluble and aggregated protein
intermediates, potentially presenting advantages in purification when applying this
strategy, but are difficult to solubilise and subsequently retain activity of the
expression target [280, 281]. Proteolysis of the heterologous protein presents
another major challenge which has largely been addressed by genetic engineering of
the host strain, e.g. E. coli BL21 (DE3) which lacks the ompT outer membrane
protease [282]. Despite these challenges, fungal nitric oxide reductase, P450nor,
has been expressed in several different E. coli strains (HB101, XL-1 Blue, JM105,
Y1090) using the pUC19 expression plasmid [283]. Nevertheless, the specific nitric
oxide reductase activity was disappointingly low, ranging from 0.32-1.34 pmol.mg*
[283]. In the pursuit of P450nor structural characterization, P450nor (Fnor and Tnor)
was expressed in E. coli IM109 using a T7 polymerase-driven expression vector
[146, 147, 148, 178, 213]. To the best of the author’'s knowledge, the expression of a

recombinant P450nor isoform, Anor, has not yet been reported.

The aim of the work reporte in this chapter was to obtain sufficient functional Anor for
the development of the nitric oxide reduction system. Previous attempts to express

Anor in an eukaryotic expression system and the purification of this secreted protein
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from the extracellular environment resulted in disappointingly low yields.
Consequently, the strategy reported in this chapter was to express histidine tagged
Anor in an intracellular environment and then to extract it using a single purification

step.

For this purpose, the first objective entailed the expression of Anor from a pET-28a
vector in E. coli BL21 (DE3). The second objective was the characterisation of the
recombinant Anor purified from E. coli. It was essential to ensure that the purified
protein was indeed the protein of interest and that it was largely similar to the wild-
type fungal Anor. Characterisation included comparison of the Soret peak of Anor
and the kinetic constants for Anor. The third objective was to evaluate the potential
to increase yields through the supplementation of the expression medium with 5-

aminolevulinic acid and haemoglobin.

4.2. Materials

4.2.1. Genes, vectors, host strain and culture media

The gene variants encoding nitric oxide reductase, Anor, were synthesised by
GeneArt (Germany) as described in Section 3.3.1. For the expression of Anor in E.
coli, the pET-28a vector purchased from Novagen (USA) and E. coli BL21 (DE3) (F
,dcm, ompT", hsdS(rg’,mg"), gal, A(DE3) was purchased from Stratagene (USA). For
the gene amplification reaction, the Ex Taq polymerase and its supplementary
reagents were purchased from TaKaRa Bio Inc. (Japan). Primers were synthesised
by Ingaba Biotec (South Africa). The PCR reaction was performed in a G-Storm
thermocycler (Gene Technologies, UK). The Zymoclean Gel DNA Recovery Kit and
the Zyppy Plasmid Miniprep Kit were purchased from Zymo Research Corporation
(USA). The Fast-Link DNA Ligation Kit was purchased from Epicentre
Biotechnologies (USA). The restriction enzymes, Ncol and Sall, reaction buffer, DNA
loading dye, TopVision agarose and isopropyl B-D-thiogalactopyranoside (IPTG) was
purchased from Thermo Scientific (USA). The Aurum Plasmid Mini Kit was
purchased from Bio-Rad (USA). The DNA molecular weight marker was purchased

from Promega (USA) and the ethidium bromide was purchased from Sigma-Aldrich
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(Germany). A NanoDrop 1000 (ND-1000 spectrophotometer, USA) was used for
plasmid DNA quantification and the sequence analysis was done with ABI 3130XL
sequencer by Ingaba Biotech (South Africa). The electroporation procedure was
carried out with a Bio-Rad Gene Pulser® electroporator (USA). The reagents for the
super optimal catabolite repression (SOC) media were purchased from Sigma-
Aldrich and prepared according to current protocols [233]. Luria broth, 5-
aminolevulinic acid, haemoglobin and kanamycin were purchased from Sigma-
Aldrich. E. coli culturing was performed in a Zhicheng orbital shaking incubator
(China) and an Avanti J-301 from Beckman Coulter (USA) was used for

centrifugation.

4.2.2. Reagents and instruments used for biophysical analysis

The reagents for the nitric oxide reductase activity assay and for protein
guantification were the same as those described in Section 3.3.4. For the
guantification of P450 content, a Shimadzu spectrophotometer (Japan) was used,
while the carbon monoxide required for the experimentation was purchased from
Speciality Gases (South Africa). The sodium dithionite and the reagents for the

sodium phosphate buffer were purchased from Sigma-Aldrich (Germany).
4.2.3. Purification of Anor

E. coli cell lysis was carried out using detergent based YPER solution (Thermo
Scientific, USA) and DNase | (Bio-Rad, USA). The protease inhibitor cocktail was
purchased from Sigma-Aldrich (Catalogue no. S8830). The nickel affinity resin,
MagReSyn™ NTA, was a gift from ReSyn Biosciences (South Africa). The magnetic
separator was purchased from Invitrogen (Life Technologies, USA). For the end-

over-end mixing an Elmi Intelli mixer (USA) was used.
4.2.4, SDS-PAGE reagents

The PowerPac Universal was from Bio-Rad (USA). The Bis-Tris NUPAGE® precast
acrylamide 4-12% gradient gels were purchased from Invitrogen (USA). The

molecular weight marker was purchased from Fermentas. Colloidal Coomassie
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Brilliant Blue stain was prepared in this laboratory (Appendix to Chapter 3, Section
A.3.3.2). The destained gel was imaged using a Syngene Genebox using GeneSnap

software and analysed with GeneTools version 3.08 (Syngene, UK).

4.3. Methods

4.3.1. Design of recombinant Anor genes: nicAl and nicA2

The cloning strategy entailed the amplification of the coding sequence of Anor,
termed nicA, from the plasmid DNA using a forward primer containing a start codon
and a Ncol restriction site, and a reverse primer containing a Sall restriction site.
These restriction sites were included to facilitate directional cloning into a prokaryotic
expression plasmid, pET-28a, with a C-terminal His-tag sequence configuration.
With successful ligation of the amplicons into the expression plasmid backbone, nicA
would be placed under the expression control of a T7 promoter and terminator. The
pPET-28a vector also encodes for kanamycin resistance to facilitate selection of
transformed E. coli clones. The genetic environment of the recombinant nicA gene is

shown in Scheme 4.1.

Ncol  Sall

lac operator

pET-28a

T7 promoter

PET-nicA

T7 terminator

Scheme 4.1. Genetic environment of nicA in E. coli on the pET-28a plasmid. The gene nicA is under
the transcriptional control of the T7 promoter and terminator. The lac operator facilitates IPTG gene
induction, while the poly-histidine tail facilitates the affinity purification of Anor. The enzyme restriction
sites are indicated by vertical arrows. The wild type genetic environment of Anor was described in
Chapter 3, Scheme 3.3.
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4.3.2. Transforming E. coli with pET-nicAl or pET-nicA2

For the transformation experiments, the plasmid DNA from pMA-nicAl and pMK-
nicA2 was extracted from E. coli DH10B (Chapter 3, Section 3.3.2) using an Aurum
mini plasmid extraction kit. This DNA was then used as a template for amplification
of the coding sequence of nicA using primers FnicAl or FnicA2, respectively,
together with RnicA (Appendix to Chapter 4, Section A.4.1.1). A PCR product of 1.4
kbp size was excised from the agarose gel after electrophoresis and the DNA was
recovered using a Zymoclean DNA recovery kit. The PCR product as well as pET-
28a were digested with Ncol and Sall (reaction details in Appendix to Chapter 4,
Section A.4.1.1) and the digested DNA was separated by 0.8% (w/v) agarose gel
electrophoresis. The DNA band corresponding to 1.4 kbp and 5.3 kbp were excised
and recovered from the agarose as before. The restriction enzyme-digested PCR
product was ligated into the pET-28a vector in a ligation reaction containing 1.5 Units
DNA ligase, 1.5 ul vector DNA and PCR DNA, 7.5 mM ATP, 0.75 pl 10x Fast-Link
buffer and 2.5 pl of dd H,O for a total reaction volume of 7.5 pl. The reaction was
allowed to proceed for one hour at room temperature and was subsequently heat-
inactivated at 70°C for 10 min. The ligation product was electroporated into 100 pl
competent E. coli BL21 (DE3) cells using 25 pFD and 200 Q settings on a Bio-Rad
Gene Pulser®. The electroporated E. coli cells were allowed to incubate in 1 ml SOC
medium for 1 hr at 37°C at 175 rpm. Thereafter, the cells were plated onto Luria
broth agar plates containing 50 pg.ml* kanamycin. The plates were incubated
overnight at 37°C.

4.3.3. Screening for pET-nicAl and pET-nicA2 containing E. coli

Several sets of ten colonies were picked from the overnight agar plates and
subjected to colony PCR in search for nicA-positive E. coli. Each set of 10 colonies
was mixed and suspended in a PCR tube containing 50 pl filtered dd H,O and
incubated at 100°C for 30 minutes. The cellular particulates were removed by
centrifugation and 2 pl of the supernatant was used as a template for colony PCR
(reaction mixture and conditions described in Appendix to Chapter 4, Section
A.4.1.1). Colony pools presenting a ~1.4 kbp product upon agarose gel

electrophoresis were selected and a PCR of each of the 10 substituent colonies was
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performed. Each positive colony was then cultured in 5 ml Luria broth containing 50

ug.mi™ kanamycin overnight at 190 rpm.

4.3.4. Screening for NOR activity from E. coli containing pET-nicAl and
PET-nicA2

For the expression of Anor from pET-nicAl or pET-nicA2-transformed E. coli cells,
10 ml of Luria broth containing 50 pug.ml™* kanamycin was inoculated with 100 pl of
overnight culture described in Section 4.3.3. The cultures were allowed to grow for 4
hours at 37°C at 190 rpm, at which point IPTG (0.5 mM final concentration) was
added to the culture to induce nicA expression via the lac operon complementation
system of E. coli [284]. At this point, the temperature was reduced to 30°C. The E.
coli cells were harvested the next day by centrifugation at 3500 xg for 15 minutes at
4°C. The cell pellet was washed twice with 0.2 mM phosphate buffer at pH 7.2. The
cells were lysed with a lysis buffer comprising of 2 ml of YPER per 1 g of pellet, 4.4 K
units DNase 1 in its reaction buffer (10 mM TRIS-HCI pH 8 and 2.5 mM MgCl,) and
Sigma-Aldrich protease inhibitor cocktail. The cells were mixed with this lysis buffer
and incubated at room temperature with gentle agitation for 15 minutes. The cell
debris was separated from the cell lysate by centrifugation (14000 xg for 10
minutes). The supernatant was analysed for NOR activity according to the NOR
activity assay described in Section 3.3.4. This overnight culture was used to isolate
the plasmid for sequencing analysis and to prepare glycerol stocks of the expressing

organism.
4.3.5. Purification of Anor with MagReSyn™ NTA

To purify and characterise Anor, one of each construct (pET-nicAl and pET-nicA2)
containing E. coli colony with the highest NOR activity, was selected (Section 4.3.4).
An overnight starter culture of E. coli BL21[nicA2] was used to inoculate 500 ml Luria
broth containing 50 pg.mI™* kanamycin and the culture was grown at 37°C and 190
rpm orbital shaking to a final cellular density correlating to an optical density around
0.4 at 600 nm. At this point, IPTG was added to a final concentration of 0.5 mM for
induction of gene expression. The temperature was then reduced to 30°C. The cells

were harvested after 18 hours of growth.
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The cells were harvested by centrifugation at 6000 xg, 4°C for 15 minutes and
washed twice with 100 ml, 20 mM sodium phosphate buffer (pH 7.2). E. coli cells
were lysed using lysis buffer (same as above with adjusted volumes) and were
incubated for 15 minutes at room temperature with gentle end-over-end mixing (15
rpom). The lysed cells were centrifuged at 14000 xg for 20 minutes at 4°C. The
supernatant was pooled and an equal volume of double strength binding buffer was
added to obtain a final concentration of 20 mM imidazole, 500 mM NacCl in 80 mM
sodium phosphate buffer (pH 7.2). The histidine tagged protein was recovered by
magnetic bead purification. MagReSyn™ NTA was equilibrated by washing the resin
with three times its volume of single strength binding buffer. The cell lysate was
added to the equilibrated resin. The protein was allowed to interact with the resin for
3 minutes on ice, after which the unbound protein was removed using a magnet and
stored at 4°C for further analysis. The resin was washed three times its volume with
binding buffer containing 20 mM imidazole and 500 mM NaCl in 80 mM sodium
phosphate buffer (pH 7.2). Anor protein was then eluted using a 1/10™ of the resin’s
volume with elutation buffer containing 500 mM imidizole in 80 mM sodium
phosphate buffer (pH 7.2).

4.3.6. Spectroscopic analysis of Anor: direct difference spectroscopy

The P450 concentration was determined using a Shimadzu spectrophotometer
according to the method of Gruengerich et al. 2009 [285]. All spectra were obtained
by three repeated scans of the samples from 250 nm to 700 nm. A 10 fold dilution of
the affinity purified protein was prepared in 200 mM TEA buffer (pH 6), and scanned
accordingly. The sample was then reduced by adding 50 mM sodium dithionite
(Na;S,0,4) final concentration, to a sample volume of 2 ml with subsequent
wavelength scan. Carbon monoxide (CO) was bubbled through the reduced sample
for 20 seconds with a continuous stream of bubbles to saturate the solution, followed
by immediate scanning of the sample. The cuvette chamber was kept at 25°C for the
duration of the experiment. The haemoprotein content was calculated from the
difference between the reduced protein sample spectra and the CO-bound reduced
protein spectra using an extinction coefficient of 91000 M™*.cm™ at 450 nm [285]. To

establish whether NO, the substrate of Anor, would produce a similar Soret peak, the
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procedure was repeated. Here, the sample was reduced with 1.2 mM NADH and the
wavelength was recorded. Thereafter, NO from 2 mM NOC-5 was added to the

sample and the wavelength was recorded as with the CO binding.

4.3.7. Quantification of Nitric Oxide Reductase activity and protein

concentration

Nitric oxide reductase (NOR) activity was assayed by measuring the reduction of
NADH at 340 nm in a 384 well plate as described previously (refer to Chapter 2 and
Chapter 3). Intracellular NADH utilising E. coli enzymes would also be present in the
cell lysate and could potentially interfere with the enzymatic reduction of Anor. It was
therefore necessary to monitor the rate of NADH reduction in the absence of NOC-5.
The observed activity was subtracted from the activity in the presence of NOC-5 to
correct for any competing activities. The protein concentration of all samples was
determined using the Bradford reagent as previously described by Bradford (1976)
[406] and the optical density assayed in a 384 well micro-titre plate. Here, 35 pl of
the sample was mixed with 35 pl of the Bradford reagent and the colour was allowed
to develop for 5 min at room temperature. The absorbance was measured at 595
nm. The protein concentration was extrapolated from a bovine gamma globulin

standard (BGG) curve. The linear assay range for protein quantification was 0-25

pg.mi™.
4.3.8. SDS-PAGE analysis of proteins

All purified Anor protein samples were analysed by SDS-PAGE to estimate their
purity [407]. Here, the cell lysate, unbound protein, eluates and the microspheres (to
estimate the tagged protein not released from the beads) were denatured with
reducing agent (500 mM DTT) and NuPAGE® Anti-oxidant (provided in the precast
NUPAGE?® gel kits) at 70°C for 10 minutes. An approximate total of 13 pg of protein
was loaded into each well of a Bis-Tris NUPAGE® precast 4-12% gradient gel and
visualized with Colloidal Coomassie brilliant blue stain (Appendix to Chapter 3,
Section A. 3.3.2). The molecular weight of the proteins was estimated using

molecular weight markers.
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4.3.9. Amino acid sequence analysis by mass spectrometry

To confirm identity, the proteins that migrated according to the expected molecular
size of Anor were excised and the identity confirmed by tryptic digest fingerprinting
using MS-MS spectrometry as described in Chapter 3 section 3.3.11. The sample
preparation and amino acid analysis were performed by Dr. Stoyan Stoychev (CSIR,

Biosciences, South Africa).

4.3.10. Nucleotide sequence analysis of pET-nicAl and pET-nicA2

From an overnight culture (18 hours), plasmids from E. coli BL21[nicAl] and E. coli
BL21[nicA2] were extracted with Zyppy Plasmid Miniprep Kit. The plasmid
concentration was determined with a NanoDrop 1000 (ND-1000 spectrophotometer,
USA) and the sequence analysis was done with an ABI 3130XL sequencer Ingaba
Biotech (South Africa). Sequence files were viewed and edited with BioEdit
Sequence Alignment Editor version 5.0.9 (USA). Sequence alignments and plasmid

maps were constructed with DNAMAN version 5.2.9 (Lynnon BioSoft, Canada).

4.3.11. Optimisation of growth conditions for increased NOR activity

E. coli maintains low levels of free haem and haem intermediates, because higher
concentrations of these compounds can prove toxic for the cells [275, 286]. With the
T7 polymerase driving high expression rates, the synthesis of large quantities of
P450 apo-proteins is an inevitable risk. For this reason, it has become common
practice to supplement the culture medium with 5-aminolevulinic acid to overcome
the bottleneck of haem synthesis and to increase holo-protein yields [264, 265, 287].
However, this strategy alone is not always sufficient [267]. We therefore tested
supplementation with 5-aminolevulinic acid, haemoglobin, and a combination

thereof, to determine which method would provide the highest holo-protein yield.

In brief, an overnight starter culture of E. coli BL21[nicA2] was used to inoculate
either 4 x 250 ml Luria broth containing 50 pg.mI* kanamycin alone, and similar
media supplemented with filtered haemoglobin to a final concentration of 0.2 g.L™

which was added to the culture media before inoculation. The haem precursor, 5-
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aminolevulinic acid, was added to the culture media to a final concentration of 0.5
mM one hour before IPTG induction. The third supplementation strategy entailed the
addition of both reagents at the indicated time points and concentrations. The culture
was grown at 37°C and 190 rpm orbital shaking to a final cellular density with an
optical density around 0.4 at 600 nm. At this point, IPTG was added to achieve a
final concentration of 0.5 mM for induction of gene expression. The temperature was
then reduced to 30°C. The cells were harvested after 18 hours of growth. The
expressed Anor protein was harvested and purified as described in Section 4.3.5.
Protein concentration, enzyme activity and P450 content were determined for each

culture (refer to Section 4.3.7 and 4.3.6, respectively).

4.4. Results

4.4.1. Expression and identification of Anor in E. coli

E. coli was transformed with pET-28a vector carrying either nicAl or nicA2 with the
intention of expressing Anor at sufficient yield to continue with the development of
the nitric oxide reductase system. Firstly, the E. coli transformants carrying a nicA
vector were identified, and following expression, the enzyme activity of the crude cell
lysates were determined (Appendix to Chapter 4, Section A.4.1). Since an adequate
yield of activity was essential, the E. coli transformant representing the highest

enzyme activity was selected for further study.

The E. coli cultures with the highest NOR activity were selected (one of each
construct) for purification and Anor characterisation studies. The two selected
colonies were cultured for protein purification and characterisation. Table 4.1
presents the NOR activity from E. coli BL21 (DE3) transformants carrying either pET-
nicAl or pET-nicA2. In consideration of NADH oxidation in the cell lysate (L), the
NADH consumption rated determined in the absence of NOC-5 was subtracted from
the NOR activity. Furthermore, the lysate of E. coli BL21 (DE3) without a pET-28a
vector was included to quantify other nitric oxide related redox activity naturally
present in E. coli, such as nitric oxide reductases [135] and nitric oxide dioxygenases

[67]. This background NO reducing activity accounted for between 20% and 24%
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(PET-nicAl and pET-nicA2, respectively, refer to Table 4.1) when compared to total
NOR activity in a cell lysate (L), indicating that an estimated 97% and 19% of Anor
(PET-nicAl and pET-nicA2, respectively) was found in the unbound fraction (UB).
NOR activity from cell lysates and unbound fraction indicated the possible
contribution of NADH-NO catalysing enzymes to the observed NOR activity (Table
4.1). The NOR activity in pET-nicAl eluate (21%) was four times lower than with
PET-nicA2 (93%). Another possible contribution to the NOR activity observed in the
unbound fraction (UB*, Table 4.1) could have been due the calculated quantitative
recovery and the dilution of inhibitory compounds in the lysis buffer. This apparently

resulted in the observed amplified NOR activity.

Table 4.1. NOR activity purified from E. coli BL21[nicAl] and E. coli BL21[nicAZ2].

Total Total Specific Fold
plasmid protein”® activity activity Yield purification
construct Sample mg Units Units.mg'l % X
pPET-nicAl L 2.3 48.1 21.2 100 1.0
uB* 25 56.1 22.3 117 11
E 0.3 10.2 38.2 21 1.8
PET-nicA2 L 4.2 38.7 9.3 100 1.0
uB* 3.0 16.5 5.6 43 0.6
E 1.0 36.1 35.2 93 3.8
Negative control L 3.5 9.4 2.7

L-lysate, UB- unbound, E-eluate
* Protein and enzyme activity determination tendered towards quantitative recovery that
could have resulted in amplified values due to dilution or sample volume as well as
endogenous NADH-NO activity.

The differences in Anor expression were also observed after the SDS-PAGE
analysis (Fig. 4.1, lanes comparison of 3 and 2). The affinity purification process has
enriched a 45 to 55 kDa protein species from nicA2 expression, whereas only a
minor protein migration band was visible in the eluate of E. coli BL21[nicAl]. The
protein migration profile of nicAl expressing E. coli BL21 was very similar to the
protein migration profile of the negative control (Fig. 4.1, lane 1). Most the NOR
activity was measured in the unbound fraction of E. coli BL21[nicAl], indicating that
this activity may be due to endogenous NADH-NO reducing enzymes, rather than
the expression of Anor. The highest NOR activity expressing insert, nicA2, was

chosen for further studies.
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Figure 4.1. Denaturing and reducing SDS-PAGE gradient analysis of proteins from E. coli
BL21[nicAl] and E. coli BL21[nicA2]. The affinity tagged protein was purified with the
MagReSyn™ NTA beads. For qualitative analysis, an approximately 13 ug of the denatured
and reduced protein was loaded onto a 4-12% gradient NUPAGE gel. The arrow guides to
the anticipated 45.7 kDa sized protein. The gel was stained with Colloidal Coomassie
Brilliant Blue stain overnight with gentle agitation. The gel was destained in double distilled
water and the image photographed with GeneSnap version 7.01 (SynGene, UK). MwM-
protein molecular weight marker in kDa.

Nucleotide sequence analysis (refer to Appendix to Chapter 4, Section A.4.1.4) of
PET-nicAl supported the findings that the NOR activity was not from Anor
expression by E. coli BL21[nicAl], but endogenous NO reduction may have
contributed to the NADH consumption. The lower NOR activity may be due to lower
Anor expression. The nucleotide sequence of pET-nicAl lacks the nicA start codon
as well as 303 bps (Fig. A.4.5, Appendix to Chapter 4, Section A.4.1.4). This
nucleotide loss was likely due to an Ncol cutting site. However, nicA2 on pET-nicA2
did contain the wild-type start codon with the insertion of three random nucleotides
placing the start codon in an optimal reading frame for nicA2 expression (Fig. A.4.5,
Appendix to Chapter 4, Section A.4.1.4). These findings were further confirmed by
tryptic digest finger printing of the protein corresponding to the BL21[nicA2] 45 kDa
eluate in lane 2 (Fig. 4.1) where a 78.4% coverage of cytochrome P450nor
(QB8NKB4_ASPOR) confirmed its identity (Appendix to Chapter 4, Section A.4.1.5).
Thus active expression of the fungal NOR in E. coli was successfully demonstrated

and the first objective was achieved.

s

© University of Pretoria



4.42. Characterisation of Anor

P450 enzymes present a characteristic absorbance at 450 nm upon the binding of
carbon monoxide to its reduced haem centre; this is termed the Soret peak [201,
202]. This characteristic spectrophotometric property provides a means to
demonstrate and quantify the P450 properties of a sample [201]. The Soret peak of
Anor at 450 nm in the presence of carbon monoxide was compared to that in the
presence of nitric oxide. The results and implications of the findings are elaborated
below.

42.2.1. Spectroscopic analysis of the Soret peak

The objective was to determine whether purified protein would produce the
characteristic P450 Soret peak at 450 nm in an effort to illustrate the structural
integrity of the heterologously expressed P450nor (Anor). The characteristic Soret
peak of Anor was first demonstrated using the conventional method as described by
Gruengerich et al. (2009) [285]. Here, the substrate-free Anor in its resting state
(Fe*") was reduced with sodium dithionite to Fe?*, and the expected shift from 410
nm to 450 nm was observed after CO binding as shown in Figure 4.2 A. As for all
published P450nor absorption spectra, this recombinant Anor also presented a
prominent 418 nm peak with other minor peaks of ~535 and 568 nm in its oxidative
state (blue arrows in Fig. 4.2), indicating that the haem was in an oxidised form [151,
152]. No peaks were observed after sodium dithionite reduction, but after saturating
the sample cuvette with CO, a peak-shift was observed at 370 nm as well as a
characteristic Soret peak at 450 nm. As expected, the formation of the characteristic
Soret peak confirmed that the recombinant NOR was indeed a P450. Furthermore,
from this Soret peak shift, the percentage of apo to holo-protein was calculated to
94% (the ratio percentage absorbance from the 450 nm peak and peak in the 410

nm peak) indicating that most Anor were holo-proteins.

It was further of interest to determine whether this P450nor-like enzyme would
produce the Soret peak after NADH reduction and subsequent NO binding. In Figure
4.2 B, the characteristic Soret peak at 450 nm was also observed in the presence of
NO, albeit with a reduced peak height. This may be accounted to lower NO
concentration of NO in solution from 2 mM NOC-5. This experiment was repeated
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with higher NOC-5 concentrations and the Soret peak was measured at regular
intervals for an hour. With time, an increase in amplitude of a 420 nm peak was
observed (data not shown) which may indicate that the characteristic thiol ligand
from the cysteine 352 was denatured [160, 210, 285]. These results indicate that
Anor purified from E. coli BL21[nicA2] is not only a P450 but that it also produces the

characteristic Soret peak in response to NO binding to its heam reactive centre.
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Figure 4.2. Spectroscopic properties of Anor purified from E. coli. The spectroscopic scan is an
average of three scans with one minute intervals. The blue line represents Anor in its oxidative state;
red: reduced state and green line when either CO (A) or NO (B) bound to the reactive centre. In (A)
the characteristic Soret peak at 450 nm of the haem is depicted when bound to CO after reduction
with 50 mM sodium dithionite (Na,S,0.). The P450 yield was calculated at 71 nmol P450.mg™. In (B)
the Soret peak in the presence of NO after reduction with 1.2 mM NADH is shown. The P450 yield
was 22 nmol.mg'l. For both reactions, 0.1 mg of the same Anor batch was prepared in 200 mM TEA
buffer pH 6. The reaction chamber was kept at 25°C. Minor peaks are indicated by blue arrows.
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4.2.2.2. Kinetic constants of Anor

The affinity of the substrate for its active site (indicated by Ky,), the maximal velocity
of an enzyme (Vmax) and the enzyme’s turnover number (Kea) are important
parameters for kinetic characterisation of an enzyme [288, 289]. In an effort to
characterise recombinant Anor, these parameters were determined and compared to

kinetic constants of a commercial preparation of Anor isolated form A. oryzae [152].

The kinetic constants (Ky;) and maximal velocities (Vmax) reported by Kaya and his
colleagues (Anor®) [152], the wild-type Anor (commercial Anor preparation, Anor®,
Chapter 2) as well as two different recombinant enzyme preparations (Anor® and
Anor®) are shown in Table 4.2. The kinetic constant, Ky, from the wild-type Anor
determined by the NOR activity assay (Anor®) deviated only by a marginal 11% from
the K, determined by gas chromatography (Anor®). Anor® presented a slower
catalytic rate (4700 NO.min™) which might be due to compromised enzyme integrity
caused by extended storage. The kinetic characterisation described for the
commercial preparation was repeated for the recombinant Anor. A higher substrate
affinity (lower K.,) was measured for Anor® and Anor® which were expressed in and
purified from E. coli BL21[nicA2]. The maximum velocity (Vma) for Anor® deviated
only by a marginal 3% from the wild-type Anor*. Similarly for the catalytic turnover
(kcar) Of the recombinant enzymes were within the same order of magnitude when
compared to the wild-type Anor®. The determination of enzyme efficiency, Km/Keat,
[290, 291] and specificity constant (Vmax/Km) [291, 292, 293] were included for a
more comprehensive characterisation of the recombinant Anor. The higher specificity
constant (VmaxKm) as well as the improved enzyme efficiency (Kca/Km) [294]
highlights that Anor expression in E. coli might have altered NOR’s interaction with
its substrate. The NOR activity presents sufficient sensitivity for the detection of
changes in enzyme kinetics which may be attributed to the direct determination of
enzyme rates with the new NOR activity assay (as described in Chapter 2). The
close similarity of the kinetic characteristics of the recombinant enzymes to the wild-
type Anor indicates that the enzyme of interest was indeed expressed and purified
by E. coli BL21[nicA2].
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Table 4.2. Kinetic characterisation of Anor purified from E. coli BL21[nicAZ2].

Km Vmax kcat kcat/ Km Vmax/ Km
NOR UMNOR  pMNO UM NO.min?  NO.min®  mint.uM™
Anor® 0.028 197 352 12571 64 1.8
Anor® 0.140 222 658 4700 21 2.9
Anor© 0.026 97 269 10567 109 2.8
Anor® 0.037 117 342 9364 80 2.9

Anor": reported values of wild-type Anor [152]
Anor®: commercially acquired wild-type Anor solution
Anor® and Anor®: recombinant Anor

4.4.3. Optimisation of NOR activity in culture media

As indicated previously, the yield of Anor apo-protein is subject to the synthesis of
haem within the host organism which is strictly regulated in E. coli [254]. It has
therefore become common practice to supplement culture media with a haem
precursor, 5-aminolevulinic acid [263, 268, 269, 270, 272, 273]. As shown in the
previous chapter, it was reasoned that the addition of haemoglobin to the culture
medium might assist by increasing the yield of expressed Anor in E. coli. Various
culture medium optimisation strategies were explored (Appendix to Chapter 4,
Section A.4.2), however, only the supplementation of 5-aminolevulinic acid and
haemoglobin to the medium is described here. The yield of Anor was compared to
the yield with the addition of 5-aminolevulinic acid (I, A) one hour before induction, or
the addition of haemoglobin (I, H) to the culture medium before inoculation, or the
addition of both combined (I, A, H). In all the cultures, gene expression was induced
with 0.5 mM IPTG as before. Anor was purified as previously described but the
culture volume was increased to 4x 250 ml. As observed in Chapter 3,
supplementation of culture media with haemoglobin (I, H) or in combination with 5-
aminolevulinic acid (I, A, H) increased the Anor yield two to four fold (Table 4.3).
Since the supplementation of the growth media with haemoglobin and 5-
aminolevulinic acid resulted in the highest total enzyme activity and total P450

content, this growth strategy was applied to all subsequent culturing procedures.
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Table 4.3. Purification yields from 1 L culture (4% 250 ml) from E. coli BL21 [nicA2]

Total Total Specific specific
Media protein activity activity P450
supplementation mg Units Units.mg-1 nmol.mg'1
I, A 2.9 132 45 2.8
I, H 3.2 547 170 27.7
I,A/H 4.1 363 89 19.1

I-IPTG, A- 5-aminolevulinic acid, H- haemoglobin
The purification yields E. coli BL 21[nicA2] for IPTG induced culture is
shown in Table A.4.3 (Appendix to Chapter 4, Section A.4.2.3).

The yield of recombinant Anor was compared to the purification yields from other
P450nor isoforms (Table 4.4). The specific activity and P450 content obtained from
this study was comparable to the yields obtained from the wild-type Fnor [104] and
Anor [152]. The comparison in yields obtained in this study to the recombinant Fnor
[194, 283] was difficult as the available data was incomplete. Nonetheless, the Anor
yields obtained in this study were considered sufficient for subsequent immobilisation

and development of the NOR system.

Table 4.4. Purification yields of P450nors

Specific Specific
P450nor activity P450
Source isoform Units.mg®  nmol.mg™ Reference
F. oxysporum Fnor 289 18.3 [104]
A. oryzae Anor 75 3.3 [152]
E. coli HB101 and Fnor 0.32 & 1.34* [283]
XL1-Blue
E.coli Fnor 600" [194]
E. coli BL21(DE3) Anor 129 234 this study
A estimated value from Kaya et al. (2004) [152]
* pmol.mg™
*nmol.L™

4.5. Discussion and Conclusions
The nitric oxide reductase for the development of a nitric oxide reduction system was

successfully expressed and purified in E. coli BL21 (DE3). The nicAl and nicA2
gene variants of Anor were slightly different in their start codon and it appeared that
functional expression of the protein only occurred in nicA2. Both gene variants from
GeneArt (Chapter 3) were prepared for expression in E. coli on the pET-28a plasmid.

In contrast to the expression of nicAl in A. niger, nicA2 appeared to provide
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functional expression in E. coli. The low Anor yield from E. coli BL21[nicAl] could
potentially be attributed to the Ncol cutting site downstream of the PCR generated
start codon compromising gene expression (Appendix to Chapter 4, Section A.4.1.4).
The enzyme activity observed from E. coli BL21[nicAl] could have resulted from
endogenous NO reducing activity. Therefore, E. coli BL21[nicA2] was chosen as the
source of Anor for further studies. DNA sequence analysis of the plasmid as well
tryptic digest fingerprinting successfully confirmed the identity of the gene coding for
the 45 kDa protein as well as its expression as Anor, which concludes the first
objective of this chapter and it may also be the first report on the expression of Anor

in E. coli.

The second objective was to characterise the recombinant Anor as a member of the
P450 family as well as the kinetic characterisation to ensure its effective catalysis of
NO. Recombinant Anor presented the characteristic Soret peak after reduction and
the binding of CO or NO to the haem, verifiying P450 function. The comparative K,
for recombinant Anor indicated it had a slightly improved affinity for its substrate, but
an overall lower Vnha. However, the catalytic constant from E. coli BL21[nicA2]
deviated only between 18 to 25% from Anor purified from A. oryzae [152]. The
kinetic characteristics of recombinant Anor were similar to that of the wild-type Anor*
indicating its suitability for subsequent immobilisation and preparation of the NOR

system.

The third objective involved attempting to increase the enzyme yield through culture
medium supplementation. The addition of haemoglobin or in combination with 5-
aminolevulinic acid did increase specific enzyme activity, total enzyme activity as
well as specific P450 content. This is an interesting observation since the E. coli cell
wall is generally impermeable to haem or haem proteins [262, 272, 287]. The uptake
of haem or haem proteins requires haem receptor, haem binding proteins and the
Ton system, which are energy-requiring transport mechanisms described mostly for
enteric/pathological bacteria [250, 295, 296, 297, 298, 299]. The mechanism in
which haemoglobin contributes to a higher nitric oxide reductase activity is unknown
and since elucidation of this mechanism extends beyond the scope of this study, it
was not further investigated. Nonetheless, the supplementation with haemoglobin or

in combination with 5-aminolevulinic acid might have contributed to an increased
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Anor yield and thus this culturing strategy was used for all subsequent expressions.
The protein yield from supplemented cultures was higher overall, and thus some part

of the contribution may have been as a nutrient that resulted in protein expression.

The aim and objectives set out for this part of the study was successfully completed,
namely the expression and purification of Anor with sufficient yield for its subsequent
immobilisation. The recombinant Anor presented similar characteristics to the wild-
type Anor and this enzyme preparation was therefore considered suitable for the

immobilisation for the preparation of a bi-enzymatic cofactor recycling system.
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Chapter 5

Development and Evaluation of a Nitric Oxide Reduction System

5.1. Introduction

The substrate specificity of enzymes has made them an attractive alternative for the
production of valuable compounds such as pharmaceutical intermediates as well as
for industrial applications [96, 97, 98, 99, 100, 101, 102]. Enzyme technologists have
applied enzymes for the development of “green technology” and “white
biotechnology” which focuses on cleaner chemical production processes, with fewer
by-products and milder reaction conditions, built on the utilisation of renewable
resources [97, 300]. Among protein engineering techniques, immobilisation, i.e. the
attachment of enzymes to an insoluble carrier, has improved enzyme stability and
reduced the cost of these biological catalysts by making them recoverable and

thereby re-usable for application in bio-catalytic processes [101].

The co-immobilisation of enzymes allows for the potential development of multi-
enzymatic bio-catalytic processes [108, 109, 110, 111]. It often entails an enzyme of
bio-catalytic value in combination with an enzyme performing a co-enzymatic
function, such as the recycling of a cofactor or coenzyme, for example
oxidoreductases [112, 113]. With the co-immobilisation of a fungal nitric oxide
reductase (NOR) and a bacterial glucose dehydrogenase (GDH), two chemical
reactions would be catalysed in close proximity, allowing for near simultaneous
kinetics for substrate conversion and cofactor regeneration. The proposed system is

illustrated in Scheme 5.1.
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Nitric Oxide Reductase
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Nitric Oxide

N,O + H,0
Nitrous Oxide Water
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\’ Glucose Dehydrogenase
Gluconic Acid

Scheme 5.1. Cofactor recycling by the NOR system with concomitant reduction of NO and oxidation
of glucose. The simultaneous consumption of the NO and glucose is catalysed by NOR and GDH,
respectively. Refer also to Scheme 1.5 in Chapter 1.

ReSyn™ microspheres constitute a relatively new immobilisation carrier platform
with comparatively high binding capacity and high functional group densities
(www.resynbio.com). These features, as well as the proposed structure of the
polymer beads, make these ideally suited for the immobilisation of multimeric
enzymes such as glucose dehydrogenase [114]. The interaction of the enzyme with
the immobilisation carrier consists of several components, each of which may
contribute to the maintenance of enzyme activity, and thereby contribute to the
efficiency of the system under development. Scheme 5.2 illustrates the components
contributing to enzyme-carrier interaction [128]. The polymer backbone is the anchor
for the chemical interactions to which the functional groups and non-functinal groups
are attaced, which affect the micro-environment [128]. The functional groups react
with the amino acid residues on the enzyme, which can influence the orientation of
the enzyme, access to the active site and conformational flexibility of the enzymes
for catalytic processes [124, 128, 301, 302, 303, 304].
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Micro-environment:
Non-functional groups
from polymer fiber
Hydrophobicity/philicity
Active site orientation of
enzyme GDH or NOR
Conformational flexibility

Chemical interaction:
Covalent bond formation
between reactive amino acids
and functional groups from
the polymer fibers.

Multipoint attachment conveys
stability

Functionalised to
epoxide or carboxyl

functional groups
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HoN N\/\N/\,/N\/\N’\/N NH,
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Scheme 5.2. Essential components for covalent immobilisation of enzymes. The polymer fibres of
ReSyn™ microsphere (orange ring) are the backbone for the functional groups (purple ring) and non-
functional groups (brown ring). The reactive amino acids such as lysine residues (blue ring) on the
enzymes (green and red spheres) react with the functional groups to form a covalent bond between
immobilisation carrier and the enzyme. Scheme adapted from Cao (2005) [128].

The functional groups, such as aldehydes, epoxides and carboxyl (which are
routinely activated for coupling), interact with reactive amino acid residues on the
surface of the protein to form covalent bonds. The multipoint attachment of the
enzyme to the functional groups of the carrier, as well as the micro-environment of
the carrier, have been shown to improve overall enzyme stability [114]. Multipoint
attachment can promote rigidity and prevent dissociation of multimeric enzymes
[305, 306, 307, 308].

From the methods available, including self-immobilisation, encapsulation, and
chemical coupling onto solid supports, the latter was selected for the immobilisation
of NOR and GDH. Chemical coupling has been reported to provide enhanced
stability and high immobilisation yields [124, 125, 126, 127]. The vast array of
possible immobilisation carriers flows from the multiple possible chemical
functionalities and variety of materials from which they can be prepared.

An alternate to using a carrier, are carrier-free self-immobilisation techniques such

as Spherezymes™ [133]. All possibilities considered, ReSyn™ microspheres were
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used for this study. The technology provides a loosely linked polymer network that
offers exceptionally high surface area for the binding of enzymes which translates to
high binding capacities, and has demonstrated suitability for the efficient
immobilisation of the multimeric enzyme GDH [114].

The immobilisation process entails incubation of the protein with the carrier under
desirable conditions to allow chemical reactions to take place between the functional
groups from the polymer support and the reactive amino acid residues from the
enzyme [128]. There are nhumerous reports on the alteration of enzymes which have
observed enhanced enzyme performance, including increased temperature stability
[116, 127, 131, 132, 302, 309, 310, 311] and shifting of the enzyme pH profiles
(attributed to the micro-environment) for immobilised enzymes [114, 120, 310, 312,
313], albeit with a reduction in the overall activity of the enzyme. Enzyme activity
maintenance (also referred to as residual activity) is a key consideration for
immobilisation of an enzyme onto a solid carrier [115]. Structural attributes, such as
distribution of amino acid residues of the enzyme, are important considerations that
can contribute to the activity maintenance after immobilisation. It is therefore
important to consider this aspect of the enzyme’s physical properties before
immobilisation [116, 128]. The amino acid residues may further provide information
on suitable carrier chemistry to achieve immobilisation of the enzyme [128].

NOR is a comparatively smaller enzyme (45 kDa; [152]) than the 120 kDa sized
GDH, and has a different distribution of reactive amino acids such as lysine and
serine (reactive with epoxide functional groups) on its surface (refer to Scheme 5.3).
The active site of NOR is situated near the core of the enzyme (red for haem and
yellow for NADH in Scheme 5.3 A; [213], whereas glucose oxidation takes place in a
cavity termed the ‘Rossmann’ fold close to the subunit C of the tetrameric GDH (red
for glucose and yellow for NAD" in Scheme 5.3 B; [314]. The tetrameric structure of
GDH has been shown to disassociate under alkaline conditions [314, 315, 316, 317]
indicating a high degree of instability. NOR is a member of the P450 family and has
a haem in its active site (red in Scheme 5.3 A) which is prone to oxidation and
inactivation [246]. Considering the potential effect of the immobilisation chemistry on
the activity of the enzymes, two immobilisation chemistries were used in this study,

namely epoxide (reactive with multiple residues including lysine and serine) and N-
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hydroxysuccinimide (NHS) activated carboxyl chemistries, only reactive with lysine

residues.

Scheme 5.3. The structural representations of NOR and GDH. The lysine residues are presented as
orange sticks on NOR (A) and GDH (B). The position of the active site of NOR (haem) and GDH
(glucose) are indicated by the red spheres and the cofactor position by the yellow spheres. The
structures were generated from the PDB data base using PyYMOL™ software (DeLano Scientific LLC.
2006).

The efficient and continuous reduction of nitric oxide with concomitant regeneration
of NADH by glucose oxidation is the primary aim of the current study. Achieving this
aim consists of the following objectives: the selection of a suitable carrier for the
immobilisation of the enzymes, optimisation of the immobilisation and the
characterisation of the NOR system. This was initiated by determining the protein
binding capacity of the microspheres and the optimal immobilisation conditions for
the enzymes. The immobilised enzymes were subsequently evaluated for enzyme
activity maintenance at 37°C in a neutrally buffered environment (tissue culture
medium), and the activities synchronised for reduction of their substrates. Scheme

5.4 illustrates the key considerations for the development of the NOR system.
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Key considerations of NOR system

Process Parameters
eContinuous reduction of NO
*Enzyme activities at pH 7.2
*Substrate availability
«Effect of product

Application

*Removal of NO

*Research tool for studying cellular NO biology
Tissue culture environment

Immobilised Enzymes
*Reduction of NO
*Oxidation of glucose
*Co-factor recycling

Catalytic Parameters

*Activity

*Substrate selectivity/specificity
«Stability at 37°C at pH 7.2

Non-Catalytic Parameters

*Mechanical stability of ReSyn™ microspheres
*Chemical stability ReSyn™ microspheres
eInteraction of ReSyn™ microspheres with cells

Scheme 5.4. The key considerations for the development of a bi-enzymatic NOR system. The
application for the NOR system was the primary consideration for the system requirements, followed
by the process parameters, enzyme functionality, catalytic parameters and non-catalytic parameters.
Achieving all the aforementioned parameters contributes to the overall success of the NOR system
and its potential application in cell biology. Adopted from Cao (2005) [128].

5.2. Materials
5.2.1. ReSyn™ microspheres and functionalisation

Epoxide and carboxylate functional microspheres were supplied by ReSyn
Biosciences (Pty) Ltd (South Africa) as listed in Table 5.1. The reagents required for
the functionalisation of the microspheres were purchased from Sigma-Aldrich, which
included 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), N-
hydroxysuccinimide (NHS), aminocaproic acid and aspartic acid. A Beckman Allegra
X-22 R centrifuge and a Beckman Microfuge 18 centrifuge was used for recovery of
the microspheres while a CaptAir® Bio PCR workstation from Erlab group (China)

was used to ensure sterility of the microspheres during use.
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Table 5.1. ReSyn™ microspheres supplied by ReSyn Biosciences (South Africa).

ReSyn™ . Functional . BSA binding capacity*
. Functional : concentration 1
microsphere rou group density (mg.ml) (mg BSA.mg

Acronym group (umoles.g™) 9. microsphere)

E3500 Epoxide 3500 5.0 2.1

E1200 Epoxide 1200 6.6 1.8

E300 Epoxide 300 6.6 1.3

C2400 Carboxyl 2400 6.3 2.4

C1200 Carboxyl 1200 4.9 2.8"

* BSA binding done in dd H,O
A BSA binding capacity determined for NHS EDC activated microspheres in 20 mM TEA pH 8.

5.2.2. Immobilisation of protein or enzymes onto ReSyn™ microspheres

Bovine serum albumin (BSA) for the determination of protein binding capacity was
purchased from Roth Chemicals (USA). The immobilisation buffer, TEA, was
purchased from Sigma-Aldrich. An ELMI Intelli-Mixer (USA) was used for the end-
over-end mixing. Low protein binding Eppendorf tubes were purchased from Sigma-
Aldrich (Germany).

5.2.3. Enzyme assays and protein quantification

The reagents for the nitric oxide reductase activity assay and for protein
guantification were the same as those described in Chapter 3, Section 3.3.4. GDH
102 (Bacillus megaterium) was purchased from Codexis (USA). Glucose was
purchased from Sigma-Aldrich (Germany). For the desalting of GDH a PD-10 gel
filtration column was used (GE Healthcare, Sweden). A PowerWave HT Microplate
reader (BioTek, USA) was used for spectrophotometric measurements. Acrodisk
syringe filters (0.8/0.2 pm pore size) were purchased from Pall Cooperation (USA).
The cofactors, NAD and NADH, were purchased from Sigma-Aldrich and NOC-5 (3-
(Aminopropyl)-1-(hydroxy-3-isopropyl-2-oxo-1-triazine) as well as the glucose assay
kit were purchased from Calbiochem (Merck Millipore, Germany). The DAF-FM (4-
amino-5-methylamino-2’,7’-difluorescein) was purchased from Molecular Probes
(Invitrogen). The relative fluorescence units (RFU) from excitation and emission at
485/530 nm were measured using an FLx800 fluorescence micro-titre plate reader
(BioTek, USA).
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5.3. Methods

5.3.1. Functionalisation of Microspheres

The epoxide functionalised microspheres were supplied by ReSyn Biosciences (refer
to A in Scheme 5.5), whereas the carboxyl functionalised microspheres were
functionalised for coupling immediately prior to immobilisation. This was achieved by
using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) in the presence of N-
hydroxysuccinimide (NHS) resulting in the formation of an intermediate NHS ester
derivative. The amine group of proteins displace the NHS ester to form an amide
bond with the ReSyn™ microspheres as shown in Scheme 5.5 B. The activation of
the microspheres via the carbodiimide-mediated process, was performed using filter-
sterilised activation solution containing 20 mM EDC, 50 mM NHS in 100 mM MES
(pH 6) and 500 mM NacCl for 15 minutes at room temperature with gentle end-over-

end mixing (10 rpm on ELMI Intelli-Mixer).

R= HN™ ™ po HO—@— HS™

B Carbodiimide

X, X
N=C=N

NHS

NHS leaving group ?\

HO—N

g

Scheme 5.5. Reactivity and functionalisation of ReSyn™ microspheres. The polymer backbone of
ReSyn™ microspheres containing epoxide functional groups (A), where R on the protein are the
various reactive amino acid residues capable of coupling to the epoxide group to form covalent
bonds. In (B), the carboxyl functional group ReSyn™ microspheres are treated with carbodiimide and
NHS to generate a reactive intermediate to which the amino acid residues bind covalently to form a
stable amide bond by displacing the NHS intermediate [318]. Chemical drawings were supplied by
ReSyn Biosciences (www.resynbio.com).
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5.3.2. Immobilisation of BSA onto ReSyn™ microspheres

BSA was chosen as a model protein to test the initial capacity for immobilisation of
proteins on to the microspheres. To estimate the binding capacity of the various
ReSyn™ microspheres, a 10 mg.mlI* BSA solution was prepared in 20 mM
triethanolamine buffer (TEA, pH 8.0) and filter-sterilized using a 0.2 um Acrodisk
syringe filter for sterile storage. The microspheres (0.5 ml suspensions) were
washed three times with 1 ml autoclaved dd H,O or filter sterilized immobilisation
buffer during the evaluation of immobilisation buffers. To determine the capacity of
the microspheres, 1 ml of the BSA solution was added to the 0.5 ml ReSyn™
microspheres (refer to Table 5.1 for ReSyn™ microsphere concentrations). The
carboxyl microspheres were treated with the activation solution as described in
Section 5.3.1 and washed three times to remove excess activation solution. The
BSA solution was subsequently added to the functionalised ReSyn™ microsphere
suspension. The binding was performed by end-over-end mixing of the protein
solution and microspheres at 25 rpm and 4°C for 18 hours.

5.3.3. Determination of protein binding capacity

The binding capacity was calculated as the difference between the starting protein
concentration and the residual protein left in solution. The unbound BSA in the
supernatant (after recovery of the microspheres by centrifugation at 3000 xg for 10
minutes) was pooled with 3x 1 ml 4 M NaCl washes (to remove non-covalently
bound BSA). This was compared to a suitably diluted BSA solution. The absorbance
of 200 pl of a ten-fold dilution of the unbound fractions were compared to an
equivalent dilution of the starting material and quantified in a 96 well UV micro-titre
plate with optical density measurement at 280 nm. This methodology was applied for
the determination of BSA binding capacity of the epoxide functionalised ReSyn™
microspheres. The BSA binding capacity for the carboxyl functionalised ReSyn™
microspheres was determined with the Quick Start™ 1x Bradford reagent (Bio-Rad,
USA) since the NHS ester displaced by immobilisation (refer to Scheme 5.5)
interferes with optical density measurements in the UV spectrum. For this method of
protein quantification, a fifty fold dilution of the standard protein and unbound

fractions was required due to the sensitivity of this assay. A total volume of 35 pl of
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diluted sample was mixed with 35 ul of the Quick Start™ 1x Bradford reagent in a
384 well plate. After a 5 minute reaction, the absorbance was measured at 595 nm.
The protein concentration was determined as described above. For determination of
the specific protein binding capacity, the protein bound was divided by the weight of
the microspheres. For dry weight determination, 1 ml of microsphere suspension
was lyophilised for 18 hours and weighed. The binding capacity was calculated using

the equations below:

BSA binding capacity= total starting protein (10 mg) — total unbound protein (mg)

Specific binding= binding capacity + particle dry weight (for 0.5 ml suspension)

5.3.4. Immobilisation of NOR and GDH

For the enzyme immobilisation studies, a reduced quantity of ReSyn™ microspheres
was used (300 pl with an average dry weight of 1.4 mg). It was washed three times
with the respective immobilisation buffers and re-suspended to its original volume.
The enzyme, either GDH or NOR, was added to the microspheres and mixed for 18
hours at 4°C on an ELMI Intelli-Mixer (25 rpm) in Eppendorf™ low protein binding

tubes.

The initial protein concentration of each enzyme was determined with the Quick
Start™ 1x Bradford reagent and extrapolated from a standard curve of bovine
gamma globulin (BGG). This value was used for the determination of the unbound
protein by difference as described in Section 5.3.3.

The enzyme activity maintenance for NOR and GDH was calculated as a percentage
of the immobilised enzyme activity in relation to the activity of the free enzyme in
solution. For the optimisation of the immobilisation procedure, the enzyme activity
maintenance was determined after 18 hours in 20 mM TEA buffer at pH 6, 7 and 8 at
4°C with agitation. Thereafter, the enzyme activity maintenance upon immobilisation
onto the various carriers was established. For the selection of the most suitable
carrier for the NOR system’s application in an in vitro cell model, the temperature
stability at 37°C in PBS was established as well as the pH profile was determined in

Briton-Robinson buffer.
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5.3.5. Co-immobilisation of NOR and GDH

For co-immobilisation of the enzymes onto the selected functionalised ReSyn™
microspheres, the initial enzyme activity was determined for both enzymes and used
to determine the ratio of enzymes (NOR: GDH) required for synchronised cofactor
utilisation after immobilisation onto the microspheres, i.e. so that the forward reaction
(NADH oxidation by NOR) proceeds at a similar reaction rate as the reverse reaction
(NAD reduction by GDH). This synchronisation of cofactor utilisation rate involved
the determination of the enzyme activity in solution, the enzyme activity maintenance
after immobilisation, also considering the enzyme activity maintenance at pH 7.2
(determined as described in Section 5.3.4). GDH presented an approximate 100 fold
higher comparative specific enzyme activity and thus only a 1/100™ of GDH was
added to the enzyme mixture (i.e. NOR: GDH was 1: 1/100) which was added to 300
Ml ReSyn™ microspheres. The enzymes were immobilised by allowing them to
interact with ReSyn™ microspheres for 18 hours with gentle agitation at 4°C. The
excess enzyme was removed by washing the particles three times with

immobilisation buffer and the particles were re-suspended in sterile dd H,O.

5.3.6. Quantification of cofactor redox reaction

The oxidation and reduction of the cofactor NADH by NOR and GDH were assayed
by measuring the decrease or increase (respectively) of absorbance at 340 nm. The
oxidation reaction of NADH measured the NOR activity, whereas the GDH activity
was measured by the increase of absorbance. The NOR activity assay was
performed as described previously (Chapter 2, Section 2.6.1.1). The regeneration of
NADH from NAD was monitored in a reaction mixture containing 50 mM glucose, 1
mM NAD in 200 mM TEA pH 8. For evaluation of the NOR system (co-immobilised
enzymes), the pH of the reaction buffer was adjusted to neutral pH, due to the

proposed application and evaluation in tissue culture.

5.3.7. Cofactor recycling assay

To demonstrate that the system was indeed recycling the cofactor, the two half

reactions were assayed independently. A 50 fold dilution of the NOR system from
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the original stock solution (0.56 mg.ml™) was prepared in 200 mM TEA buffer pH 7
containing 0.5 mM NADH. To commence the enzyme reaction, NOC-5 was added to
a final concentration of 2 mM. The reaction mixture (70 ul) was transferred into a 384
well micro-titre plate. The reaction was monitored at 340 nm for 30 minutes at 37°C
for the duration of the reaction. Thereafter, the removed aliquot was returned to the
reaction tube and 8.3 mM glucose (final concentration) was added to the reaction
tube. The suspension was subsequently mixed by gentle agitation and 70 pl was
pipetted into a 384 well micro-titre plate and the reaction monitored for a further 30
minutes at 37°C. This was repeated for at least three cycles. The assays were run in
triplicate for three separate preparations of the co-immobilised enzyme system.

Scheme 5.6 outlines the experimental design for the cofactor recycling.

@ Added NOC-5, mixed

and transfer 70 pl of

reaction mixture to Measured AAbsorbance at

plate 340 nm for 30 min at 37°C )
@
(&)
Returned 70 pl of reaction mixture to tube a
| —
O
s}
O
©
(¥
S— @]
@:v | . @)
Added glucose, mixed Measured AAbsorbance at Q
and transfer 70 pl of 340 rm for 30 min at 37°C +—
reaction mixture to nm for 50 min a <
plate g.
@]
Returned 70 pl of reaction mixture to tube O

ﬁm NOC-5, mixed

and transfer 70 pl of
reaction mixture to
plate

Measured AAbsorbance at
340 nm for 30 min at 37°C

Scheme 5.6. Experimental procedure for the two half-reactions from the NOR system. The reaction
mixture contained the NOR system and 0.5 mM NADH in 200 mM TEA pH 7. With the addition of
NOC-5 (red arrow), the NOR system would reduce NADH to NAD", which would be recycled to NADH
by GDH with the additions of glucose (green arrow). The half-reactions were measured in a 384 well
micro-titre plate at 37°C. The reaction mixture in the plate was returned to the reaction tube. This
experimental procedure was designed to demonstrate the cofactor recycling of NADH.
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5.3.8. Quantification of substrate consumption by NOR system

For the purposes of testing the efficiency of the system in tissue culture, the system
was evaluated in RPMI supplemented with 1 mM NADH. To demonstrate the ability
to reduce NO in RPMI solution, the NOC-5 was added to the reaction mixture to a
final concentration of 2 mM. The reaction was allowed to proceed for 30 minutes at
37°C. After the 30 minutes reaction time, 90 pl (triplicate samples) was transferred to
a black 96 well micro-titre plate to which 1 uM DAF-FM (4-amino-5-methylamino-
2',7’-difluorescein) final concentration was added. The residual NO in solution from
NOC-5 was quantified from the excitation of the fluorescent dye (DAF-FM) which
developed after 30 minutes incubation at 37°C. The fluorescence determined in the
sample containing NOR system, NOC-5 and NADH in RPMI (NORsys) was
compared to a sample containing NOC-5, NADH in RPMI (N+N). The background
control (negative control) was the sample containing only RPMI and NADH (RPMI).
The sample N+N was considered as the positive control for NO reduction and thus
100% of residual NO in solution. The sample RPMI was the negative control for NO

in solution.

The quantification of glucose was determined at the end of this experiment. Here, a
100 fold dilution was prepared for each sample and 25 pul thereof was transferred to
a 384 well micro-titre plate to which 25 pl of the glucose assay reagent from the
glucose detection kit was added. The reaction was incubated for 30 minutes at room
temperature. The glucose concentration was extrapolated from a standard curve
prepared for this assay. RPMI and N+N were used as negative and positive controls
for gluclose (100% glucose) in which the glucose concentration was anticipated to
remain unchanged. Glucose reduction was only anticipated in the sample containing

the NOR system (NORsys). Scheme 5.7 is a representation of these experiment.

97

© University of Pretoria



Reaction time in minutes o
Quantification of NO:

Added NOC-5 to tube 1 and 2 0 Transferred 90 pl from tube 1 to 3 to
black 96 micro-titre plate and added
10 pl of 10 uM DAF-FM to each well.
Incubated at 37°C for 30 min.
Recorded RFU at 495/525 nm.

30 Quantification of glucose:
Prepared 100 fold dilution of each sample
(1) NOR system, NOC-5 and NADH in RPMI (NORsys) and transferred 25 pl thereof into
(2) NOC-5, NADH and RPMI, (N+N) 384 micro-titre plate.
(3) RPMI and NADH (RPMI) Added 25 ul of glucose assay reagent.

Incubated at room temperature for 30 min.
Recorded OD at 600 nm.

Scheme 5.7. Experimental procedure for the quantification of the simultaneous substrate
consumption by the NOR system. The reaction was performed in RPMI supplemented with 1 mM
NADH. To the first reaction tube the NOR system and NOC-5 was added (1), to the second reaction
tube only NOC-5 was added (2) and the third tube only contained the reaction mixture (3). The
reaction was initiated by the addition of NOC-5 to tube 1 and 2. The absorbance at 340 nm, the
fluorescence and the glucose concentration were determined after 30 minutes incubation at 37°C.

5.4. Results

5.4.1. BSA binding capacity

The protein binding capacity of the five different variants of ReSyn™ microspheres
(custom preparations provided by ReSyn Biosciences; refer to Table 5.1) was
determined using bovine serum albumin (BSA) as a standard. The objective was to
identify the one microsphere that would fulfil the requirements as outlined in Scheme
5.4, since these factors contribute to the outcome of enzyme immobilisation (refer to
Scheme 5.2). The first step in the selection of the optimal carrier was the
consideration of the protein binding capacity of the various preparations. Two
different functional group chemistries (epoxide and carboxyl) were evaluated for the
immobilisation, further varying in functional group density (300, 1200, 2400 and 3500
pumoles.g?). The two different functional chemistries resulted in different protein
interactions (refer Scheme 5.5), while differences in functional group density
potentially allow for increased coupling efficiency and variations in the multipoint

attachment to the proteins.
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Figure 5.1 is a microscopic image of the microspheres provided by ReSyn™
Biosciences, photographed on a Neubauer Haemocytometer for estimation of

microsphere size.

Figure 5.1. Light micrograph of ReSyn™ microspheres. ReSyn™ microspheres size estimation of 3
to 10 um with Neubauer Haemocytometer with 50x magnification of E1200 ReSyn™ microspheres.
An Olympus BX41TF light microscope (Japan) was used. The micrograph was captured with a CC12
camera.

The BSA binding capacity of the microspheres presented in Table 5.1 were
determined in water as an immobilisation solution, which is not considered ideal for
immobilisation of enzymes. Triethanolamine (TEA) buffering agent was therefore
used to immobilise BSA onto the microspheres to determine its effect on the BSA
binding capacity of the various ReSyn™ microspheres. Other buffering agents such
as MES and HEPES were also investigated, however these and other tertiary amine-
based buffer components (Good’s buffers) have been shown to generate radicals
and it has been suggested that these buffers are not suitable for redox processes in
biochemistry [319, 320].

TEA as an immobilisation compatible buffering reagent did not alter the BSA binding
capacity (Table 5.2) when compared to the BSA binding capacity illustrated in Table
5.1. The duration and temperature of BSA binding to the carrier was done for 24
hours at 4°C, respectively, as a routine protocol for all immobilisation procedures.
Although, the reaction between the activated carboxyl functional groups and amine
residues of the proteins can occur more rapidly, the time was set as a constant to
ensure sufficient reaction time [318].
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Table 5.2. ReSyn™ microspheres BSA binding capacity in 20 mM TEA pH 8.

ReSyn™ . Functional . BSA binding capacity
. Functional : concentration -1
microsphere rou group density (mg.ml) (mg BSA.mg

Acronym group (umoles.g™) 9. microsphere)

E3500 Epoxide 3500 5.0 2.6

E1200 Epoxide 1200 6.6 1.7

E300 Epoxide 300 6.6 2.4

C2400 Carboxyl 2400 6.3 2.4

C1200 Carboxyl 1200 4.9 2.8

Functional group density do not necessarily relate to binding capacity. However, an
increase in functional group density may result in an increased number of covalent

protein attachments that can improve protein stability [116, 128].

5.4.2. Selection of conditions for enzyme immobilisation

The second step considered in the determination of the optimal carrier for the
development of the co-immobilised enzyme system was to maximise the enzyme
activity maintenance for the two different chemistries (epoxide and carboxyl) and
functional group densities (3500, 1200 and 300 pmoles.g™). The immobilisation
conditions evaluated are shown in Figure 5.2, for NOR (red bar) and for GDH (blue
bar). The enzyme stability at three pH-values was determined over a period of 24
hours at 4°C. Enzyme activity appeared to be suitably maintained for all three pH-
values evaluated, however, 20 mM TEA buffer at pH 8 was chosen for all the
subsequent immobilisation reactions due to the more favourable interaction of the
reactive amino acid resides (e.g. lysine) with the functional groups of the carrier at
this pH [124].
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Figure 5.2. Enzyme stability in 20 mM TEA buffer with a pH of 6, 7 and 8. The enzymes were
incubated at 4°C for 24 hours with agitation (15 rpm on Intelli Mixer). The % of activity maintenance of
NOR is presented by the red bars and the % activity maintenance for GDH is shown by the blue bars.
The enzyme activity was determined by monitoring the increase or decrease in absorbance at 340 nm
in a 384 well micro-titre plate at 37°C for 5 minutes. Error bars represent the standard deviation from
triplicate assays.

5.4.3. Activity maintenance of immobilised enzymes

For the determination of enzyme activity maintenance on various ReSyn™
microspheres, NOR and GDH, were immobilised onto the carrier with the
immobilisation conditions described in Section 5.4.2. The enzymes were immobilised
to each carrier for the selection of the most suitable carrier.

Immobilised NOR activity maximally maintained on carboxyl functionalised carriers at
44 and 113% calculated activity yield for carrier with 2400 and 1200 pmoles.g™
functional group densities (C2400 and C1200, respectively) as shown in Table 5.3. A
15 fold higher specific enzyme activity on the C1200 carrier was observed when
compared to E1200 carrier and confirmed in three different immobilisations. To our
knowledge, this is the first report of NOR immobilisation onto a microsphere carrier.
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Table 5.3. NOR activity maintenance on ReSyn™ microspheres.

Total mg NOR o 0 o Specific
NOR immobilised Enzyme activity |~ % ACIVIy o i img
: (umoles NADH.min™) maintenance :

onto carrier carrier

E3500 0.136 0.024 5.1 0.361
E1200 0.123 0.024 5.0 0.443
E300 0.144 0.013 2.7 0.174
C2400 0.138 0.201 43.9 2.188
C1200 0.138 0.528 112.9 6.978

Free Enzyme 0.273 0.468 100.0

* Specific activity in umoles NADH.min™", which was calculate from enzyme activity divided
by total mg of GDH immobilised onto carrier

GDH is a homo-tetramer consisting of four glucose oxidising units of 30 kDa each,
and is considered notoriously difficult to immobilise [311, 314, 321]. The ReSyn™
microspheres were selected for this study, since they had demonstrated suitability
for the efficient immobilisation of this enzyme [114]. Table 5.4 shows that the
functionalised carboxyl microspheres exhibited a twofold higher specific enzyme
activity per mg of carrier than epoxide functional microspheres for the same
functional group densities (1200 pmoles.g™; refer to Table 5.2). Similar to NOR
activity maintenance, GDH activity maintenance was higher on the carboxyl

functionalised carriers. A summary of the results for GDH are presented in Table 5.4.

Table 5.4. GDH activity maintenance on ReSyn™ microspheres.

o o Specific
0,
GDH T_otal mg_GDH Enzyme actle[y_1 A) Activity activity*/mg
immobilised (umoles NAD.min™)  maintenance :
. carrier
onto carrier
E3500 0.147 0.014 0.2 0.198
E1200 0.139 0.043 0.6 0.713
E300 0.160 0.013 0.2 0.162
C2400 0.185 0.176 23 1.424
C1200 0.151 0.315 4.2 3.804
Free Enzyme 0.302 7.581 100.0

* Specific activity in umoles NAD.min™, which was calculate from enzyme activity divided by
total mg of GDH immobilised onto carrier

The carboxyl carrier with a 1200 pmoles.g™ (refer to Table 5.2) functional group
density presented the highest enzyme activity maintenance according to the cofactor
redox rates established in 200 mM TEA buffer. These results present an indication

which carrier would be suitable for the development of the NOR system. But further
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analysis was required to establish which carrier would be most suitable for the
application of the NOR system, i.e. its functionality in an in vitro cell model.
Therefore, the enzyme activity of the immobilised enzymes on the five carriers was
investigated at 37°C and at various Britton-Robinson buffer pH-values.

5.4.4. Temperature stability of NOR and GDH on ReSyn™ microspheres

For selecting the most suitable carrier for co-immobilisation of NOR and GDH, due
consideration must be given to the intended application of the system. For
application in physiological conditions, enzyme stability at 37°C in phosphate
buffered saline (PBS) and activity at pH 7.2 were minimum requirements for
evaluation of the NOR system.

For the determination of the enzyme stability at 37°C, the enzyme activity of
immobilised GDH and NOR was measured over 5 days. The NOR activity was
reduced to ~30% within 60 hours of incubation, but appeared to stabilise after this
period on the carboxyl functional microspheres (Fig. 5.3 A). Furthermore, NO
reduction by NOR on carrier C1200 was detectable after three months storage at
4°C in 20 mM TEA pH 8. GDH activity was maintained at 37°C in PBS over the five
days at >80% for the C1200 carrier (Fig. 5.3 B). The observed GDH stability over
several months correlates to findings from Pauly & Pfleiderer (1977) [316]. These
findings highlight the suitablility of the NOR system for its application in vitro studies
with the potential to invesitage the continuous reduction of NO for up to 5 days.
Furthermore, it also presents the suitablility of the NOR system as a research

reagent with a self-life of three months.
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Figure 5.3. Enzyme activity maintenance at 37°C in PBS pH 7.2. Immobilised enzymes were
incubated at 37°C with 15 rpm agitation over 5 days. Enzyme activity was determined by enzyme
activity assay (Section 5.3.6). NOR activity is presented in (A) and GDH activity in (B). Enzyme

activity is presented as percentage residual activity where the activity at time point zero was
considered 100%.

5.4.5. pH profile of immobilised NOR and GDH

The final step in the carrier selection process was the determination of the % activity
maintenance of both enzymes at physiological pH of 7.2. This was essential for the
synchronisation of enzyme activity and the development of the NOR system, which
entails the co-immobilisation of both NOR and GDH. Therefore, enzyme activity
profiles were established for free NOR and GDH (enzyme in solution), as well as the
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immobilised enzymes. Britton-Robinson buffer, adjusted to various pH values, was
used as a replacement to the standard reaction buffers and the assays were
performed at 37°C. The optimal enzyme activity for NOR was around pH 6 for the
free and immobilised forms of the enzyme (Fig. 5.4 A). The pH profile of GDH activity
did not show much deviation from the enzyme in solution; with optimal activity
between pH 7 to 8 (refer to Fig. 5.4 B). The enzyme activity profiles for both
enzymes are presented in Figure 5.4 C. The dotted line represents the physiological
pH of 7.2, demonstrating significant activity of both enzymes at this pH, albeit that

NOR activity was reduced to ~35% whereas GDH activity was nearly optimal.
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Figure 5.4. The pH profiles of immobilised and free NOR and GDH. The pH profile of NOR is shown
and in (A) and GDH in (B). The activity at the physiological pH (pH 7.2) of both enzymes is indicated
by the dotted line in (C). The enzymes were immobilised in 20 mM TEA pH 8, washed before the
enzyme activity was measured in Britton-Robinson buffer at 37°C.

In summary, the carboxyl functional group carrier, C1200, was found to be the most
suitable immobilisation carrier for the development of the NOR system. This
functional group and its density allowed the retention of the highest enzyme activity
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of NOR and GDH upon immobilisation on ReSyn™ carrier and that could be
conserved at 37°C in PBS over at least 5 days. There was ample overlap of the pH
stability profiles of the enzymes’ activity at physiological pH, allowing 35% and 92%
activity for NOR and GDH, respectively.

5.4.6. Co-immobilisation of enzymes

For the construction of the NOR system, both enzymes were co-immobilised onto
the carrier identified in Section 5.4.5. The immobilisation rate of the enzymes was
not determined and thus the carrier was not loaded to capacity to ensure sufficient
binding sites for both enzymes. The activity maintenance and cofactor oxidation or
reduction rate were different for each enzyme and thus it was necessary to
synchronise the cofactor oxidation and reduction rates at pH 7.2. GDH had a much
higher cofactor reduction rate (379.1 pmoles NAD.min) than the oxidation rate of
NADH by NOR (0.469 pmoles NADH.min™). However, NOR activity was conserved
guantitatively (a calculated 113%) after immobilisation onto C1200 (Table 5.3),
whereas GDH activity after immobilisation was reduced to 4.2% (Table 5.4). Enzyme
activity was affected by the pH of thereaction buffer and at the physiological pH of
7.2 (refer to Section 5.4.5). GDH activity was conserved at 92% at pH 7.2. In
contrast to NOR activity which was reduced to 35% at this pH when compared to
NOR'’s optimal enzyme activity is at pH 6 From the above information, comparative
activities for NOR activity was 0.147 umoles NADH.min™ and GDH activity was 11.4
pmoles NAD.min™ (Table 5.5). The enzyme concentrations were therefore adjusted
to obtain an equal cofactor rate for both half-reactions (Table 5.5). The average
cofactor redox rate from three individual preparations was shown to be 0.077/0.082
pumoles NAD/H.min? (Table 5.5). This confirms the suitability of the calculation

methodology to synchronise the two half-reactions.
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Table 5.5. Synchronisation of redox rates for the co-immobilisation of NOR and
GDH.

Initial Residual

0 -
activity* activity* % Activity A’ Activity Theoretical Measured
Enzyme . . - . maintenance o enzyme
(enzyme in  (immobilised maintenance total activity* R
. atpH 7.2 activity
solution) enzyme)
NOR 0.468 0.528 113 35 0.182 0.082 (x0.03)
GDH 379.1 15.75 4.2 92 14.49 0.077 (x0.01)

* Enzyme activity measured in pmoles NAD/H.min™.

* Average of 3 enzyme immobilisation events determined in 200 mM TEA buffer pH 7.2
Theoretical total activity was calculated as follows:

((% Activity maintenance at pH 7.2/ 100) x % Activity maintenance)/100 x Initial activity

GDH Initial activity and Residual activity from Table 5.4 was multiplied by its dilution factor of 50.

5.4.7. Demonstration of cofactor recycling

To demonstrate beyond doubt that the cofactor was indeed being recycled, we
devised an experimental procedure outlined in Section 5.4.8 (Scheme 5.6). In this
experiment, the cofactor recycling was monitored for 30 minutes, and the substrates
required for each half-reaction were alternated. The experiment commenced with the
addition of NOC-5 and the NO reduction with NADH oxidation was monitored for 30
minutes at 37°C. Thereafter, glucose was added to the reaction and the increase of
absorbance was monitored for 30 minutes. In this reaction the NAD was recycled
back to NADH. The oxidation of NADH to NAD and back to NADH was monitored for
six cycles; the free enzymes were monitored as a positive control (Fig. 5.5). The
negative control indicated that the cofactor was oxidised in the presence of NOC-5
during the experimental period. The total NADH turnover appeared to reduce with
each cycle. This is most likely due to the dilution of the system by addition of the

substrates in accordance with the experimental design.
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Figure 5.5. Cofactor recycling by NOR system. The reduction and oxidation of the cofactor, NAD/H,
by the NOR system was compared to the NADH recycling of free NOR and GDH (in solution). The bi-
enzymatic reaction NADH absorbance was monitored at 340 nm for 30 minutes (37°C). For the NOR
system, NOR and GDH were co-immobilised onto C1200 microspheres. No NADH degradation
(NADH in reaction buffer) was observed during incubation duration (data not shown).

5.4.8. Consumption of substrates by NOR system

The primary requirement of a functional NO reducing system is the ability for the
system to efficiently recycle the cofactor for continuous reduction of solution phase
NO. To demonstrate the substrate consumption by the NOR system, the
disappearance of both substrates, NO and glucose, were monitored and quantified.
In the NADH oxidation reaction, NOR reduces NO from NOC-5 which was quantified

by relative fluorescence units (RFU) generated by the interaction of residual NO in
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solution with DAF-FM. Similarly, for the NAD" reduction reaction by GDH and the

oxidation of glucose, residual glucose was quantified using a glucose assay Kkit.

The relative fluorescence units (RFU) relating to the comparative NO concentration
in the samples indicated little to no fluorescence in the sample containing the system
(NORsys). The negative control containing only RPMI and the NADH resulted in a
similar RFU. The positive assay control containing NOC-5 and NADH in RPMI
illustrated a high fluorescence. This successfully demonstrates the system is capable
of reducing NO in culture medium (Fig. 5.6 A). Concomitant determination of the
residual glucose concentration, (in combination with the assays demonstrating the
recycling of NADH) indicates that the reduction half-reaction was operational. In
comparison to the negative control (RPMI), the sample containing NOC-5 and the
NOR sytem presented a quantifiable glucose reduction (Fig. 5.6 B). There was a
lower glucose concentration in the sample containing NOC-5 and NADH (N+N) when
compared to the sample containing only RPMI. This reduced glucose concentration
could have been attributed to the oxidation NADH to NAD" by NOC-5 (Fig. 5.5). This
cofactor oxidation by NOC-5 became apparent in the glucose assay and resulted in

an apparent glucose reduction.
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Figure 5.6. Concomitant substrate consumption by NOR system. The residual NO was quantified with
DAF-FM (RFU) and is presented in (A). The residual glucose in solution was quantified with the
glucose assay kit and is shown in (B). The reactions were performed at 37°C for 30 minutes.
Statistical significance was determined from triplicate samples where P<0.001 is indicated by * and
P<0.01 by * (Unpaired t test, GraphPad Software, Inc.).
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5.5. Discussion and Conclusions

This study was set out to develop a system consisting of a co-immobilised enzyme
system capable of reducing nitric oxide with the concomitant recycling of NADH from
NAD" using glucose. The enzyme activity maintenance of the enzymes after
immobilisation was used as the primary criterion to select the carrier as well as the
relative enzyme concentrations for the co-immobilisation. The NOR system was
evaluated for its capacity to simultaneously reduce both substrates and the
concomitant ability to recycle the cofactor. These results clearly demonstrate the
reduction of NO with cofactor recycling, and are considered suitable for application
testing.

From the immobilisation studies, NOR and GDH activity was highest on the C1200
carrier with improved enzyme stability in solution and little to no alteration of the pH
profile. Interestingly epoxide functionalised carriers have previously been considered
ideal for protein immobilisation [127, 130, 302, 302, 322, 323, 324]. However, in this
study, we found EDC NHS functionalised carboxyl supports the most optimal for high

enzyme activity maintenance.

NOR in solution was unstable and lost activity within 24 hours. The immobilisation of
NOR onto the carboxyl activated carriers conveyed enzyme stability at 37°C in PBS
for several days making it suitable for evaluation in culture conditions. In contrast to
NOR, hardly any GDH activity was lost during its incubation in PBS at 37°C, which
lines up with previous reports on GDH'’s stability in solution [316, 321, 325].

For the co-immobilisation of NOR and GDH, the enzyme activity was synchronised
by adjusting the enzyme concentrations in accordance with the ratios calculated from
the theoretical maintenance in activity. The average from three NOR system
preparations presented near synchronous redox rates (0.082:0.077 pmoles
NAD/H.min™; refer to Table 5.5). Simultaneous consumption of the substrates, NO
and glucose, together with the recycling of the cofactor was clearly demonstrated,

indicating successful preparation of the NOR system.
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Chapter 6
Evaluation of an applications for the Nitric Oxide Reduction

System

6.1. Introduction

In an acute inflammatory response, typical of a host-pathogen interaction, particulate
matter from the pathogen induces a cascade of events commencing with its binding
to receptors on the host cell surface [326, 327, 328]. A vast diversity of mechanisms
of cellular defense and the resolution of inflammation exist, depending on the type of
pathogen and on the type of host cell [328]. Many studies of the inflammatory
response induced by bacterial lipopolysaccharides (LPS) have established a close
interaction of pro-inflammatory cytokines and nitric oxide [329, 330, 331, 332, 333].
An uncontrolled progression of acute inflammation in response to bacterial infection
may progress to critical and life threating disease conditions such as sepsis [50, 333,
334, 335, 336].

The inflammatory response has been studied extensively with the intention to
elucidate the mechanism of progression to a life-compromising disease condition
[335, 337, 338, 339, 340]. For this, many in vitro models were developed. This study
will use a similar approach for its evaluation of the NOR system as a potential anti-
inflammatory reagent. The NOR system might have an anti-inflammatory properties
by reducing the NO from the cell environment which might alter the secretion of pro-
inflammatory cytokines such as IL-6 and TNFa [385]. Previous studies have observe
that IL-8 [331, 372] and TNFa [336] were affected by NO produced by macrophages
[331]. A common approach for the investigation of anti-inflammatory properties of a
reagent entails the stimulation of commercially available macrophage-like cells with
LPS together with the reagent of interest. The quantification of pro-inflammatory
cytokines serves as an indicator whether the reagent presents anti-inflammatory
properties [329, 341, 342, 343, 344, 345, 346, 347]. A well-established cellular
response to LPS, is the synthesis of NO by inducible nitric oxide synthase (iNOS)
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mediated by the binding of LPS to Toll-like receptors [19, 326, 329]. The receptors
propagate the signal via NFkB to the nucleus and induce the transcription and
activation of INOS [43, 61, 348, 349, 350]. Simultaneously, LPS activates the
secretion of pro-inflammatory cytokines such as Interleukin 18 and 6 (IL-1 and IL-6)
as well as chemokine 8 (IL-8) and tumour necrosis factor alpha (TNFa) [329, 341,
345]. Each cytokine has its own unique role in the progression of inflammation and
defense against the invading pathogen [351, 352, 353, 354]. Pro-inflammatory
cytokines initiate the defense response with the recruitment of other immune cells
such as neutrophils and macrophages [47, 48, 49, 50]. Only the initial inflammatory
response that facilitates the production of NO will be investigated, i.e. the LPS-
induced NO production by iNOS, together with the synergistic secretion of pro-
inflammatory cytokines [19, 35, 43, 355, 356, 357]. Therefore, this study focused
only on the inflammatory response of macrophages in isolation of other immune cells
[346, 358].

The human myeloid cell line, monocyte-like U937, has been shown to differentiate
into macrophage-like cells with phorbol 12-myristate 13-acetate (PMA) and dimeythyl
sulfoxide (DMSO) [346, 358]. As macrophages, U937 cells have been shown to
respond to LPS from various micro-organisms [329, 345]. The acute inflammatory
response progresses in stages where the cytokine secretion appears within 6 hours
of exposure to the immunogen and may linger for 24 hours after its initiation [329,
345, 350].

The human myeloid cell line U937 was selected because of the potential applications
of the NOR system as an anti-inflammatory reagent. An in vitro acute inflammation
model with LPS-induced cytokine synthesis was developed. The determination of the
anti-inflammatory properties of the NOR system was assessed by measuring the
LPS-induced cytokine secretion in the presence or absence of Dexamethasone, the
anti-inflammatory reagent [359, 360] that is also an INOS suppressing reagent [95,
163, 164], or the removal of NO by a NO scavenger, such as cPTIO [377].
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6.2. Materials

6.2.1. Tissue culture materials: preparation of reagents

For the in vitro cell culture model, the RPMI cell culture medium, fetal bovine serum
(FBS) and human recombinant Interferon gamma (IFNy) from Gibco (Life
Technologies, USA) were wused. The intracellular NO detecting dye
Diaminofluorescein-FM diacetate (4-Amino-5-methylamino-2’,7'-difluorescein
diacetate), NO scavenger (2-(4-Carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-
oxyl-3-oxide potassium salt, cPTIO) and NO donor (S-nitroso-N-acetylpenicillamine,
SNAP) from Molecular Probes (Invitrogen, USA) were used for the in vitro
inflammation experiments. The phosphate buffered saline (PBS) was purchased
from Lonza (BioWhittaker, Belgium). NOC-5 was obtained from Calbiochem (Merck
Millipore, Germany). DMSO (tissue culture grade), nicotinamide adenine nucleotide
(NADH), phorbol 12-myristate-13-acetate (PMA), Dexamethasone (Dex), U937 cells
(European Cell Culture collection, Public Health of England) and the Escherichia coli
0111:B4 lipopolysaccharides (LPS) were purchased from Sigma-Aldrich (Germany).
The NOR system and the carrier were prepared as described in Chapter 5, Section
5.3.

A HeraCell150 Heraeus incubator (Thermo Electron Corporation, Germany) was
used for incubation of the cell cultures and the Labconco Class 2 Type A2 Biosafety
cabinet (USA) was used for cell manipulations. Filtered pipette tips from BioPointe
Scientific (Mexico) were used for all procedures. Tissue culture flasks and micro-titre
plates for culturing were from TPP (Switzerland). Visual inspection of the cell
cultures was done with an Olympus CKX41 inverted microscope (Philippines) and
cell concentration was determined with the TC™ 10 automated cell counter from Bio-
Rad (Singapore). Acrodisc® Syringe filters from PALL Corporation (UK) were used to

filter-sterilize solutions.

6.2.2. Assays: Cell titre, Cytotox assay and NO quantification

For the biochemical assays, the CellTitre 96® AQueous One Solution cell (Promega,

USA) proliferation assay and the CytoTox 96° Non-radioactive Cytotoxicity assay
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(Promega, USA) were used to determine cell viability. The Pierce® LAL Chromogenic
Endotoxin Quantification kit was used to determine endotoxin content in tissue
culture reagents. Absorbance measurements were conducted using a HT
Powerwave spectrophotometer (BioTek, USA). Fluorescence measurements were
performed in black 96 well micro-titre plates (Greiner bio-one, USA) using an FLx800
micro-titre plate reader (BioTek, USA). The BD Cytometric Bead Array (CBA) Human
inflammation Cytokines kit, the BD FACSArray bioanalyzer and the software FCAP
Array version 1.0 are all products from Becton, Dickenson & Company (USA). The
samples for this assay were prepared and analysed in round bottom 96 well micro-

titre paltes (Greiner bio-one, USA).

6.3. Methods

6.3.1. Cell culture maintenance

The human myeloid cell line, U937, was cultured in 10 ml culture medium containing
RPMI and 10% foetal bovine serum (FBS) at 100% humidity and 5% CO,. The cells
were collected by centrifugation (300 xg for 3 minutes) and diluted one third into
fresh culture medium every third to fourth day to maintain a growing cell culture stock

for the development and evaluation of the LPS-induced inflammation model.
6.3.2. U937 monocyte differentiation to macrophage-like cells

Daigneault et al., have described the differentiation of monocyte-like THP-1 cells with
PMA [408] and a similar protocol was followed for this study. Monocyte-like U937
cells were differentiated to macrophage-like cells with 10 ng.mI™* PMA for 4 days. In
this process, PMA was added to a cell suspension containing approximately 100 000
cells.ml™ in RPMI and 10% FBS. The suspension was gently mixed by swirling and
subsequently pipetted into a 96 well cell culture micro-titre plate to a final volume of
100 pl. The micro-titre plate with the cells was incubated at 5% CO, and 37°C. After
48 hours, 50 pl of the spent medium was removed from each well and replaced with

fresh culture medium. The cells were allowed to grow for another 48 hours before
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the experimental procedures commenced. The culture medium for all the

experimental procedures only contained RPMI and no FBS.

6.3.3. Preparation of reagents for cell culture studies

Great care was taken in the preparation of reagents used for the inflammation model
of U937 cells. A stock solution of LPS (5 mg.ml™), Dex (1 mg.ml™), PMA (10 mg.ml™)
and SNAP (20 mM) were prepared in tissue culture grade DMSO which was tested
for endotoxins with the Pierce® LAL Chromogenic Endotoxin Quantification kit (refer
to Section 6.3.4.4). All reagent vials were opened and prepared in a class 2 biosafety
cabinet. The NOR system and the NHS activated ReSyn™ microspheres (carrier)
were washed three times in RPMI before their addition to the cell cultures. The
endotoxin concentration of this preparation was also determined (refer to Section
6.3.4.4). Serial dilutions of the reagents were prepared in RPMI. The cofactor, NADH
was prepared in a tenfold stock solution in double distilled H,O. This solution was
filter-sterilised before its addition to the cell culture.

6.3.4. Biochemical assays

6.3.4.1. Cell viability assay

Cell viability was determined with the CellTitre-96® AQueous One Solution according
to the manufacturer’s instructions. The metabolising cells were quantified by addition
of 20 ul of AQueous One Solution to 100 pl of culture media. The NADH produced
by the cells reacts with the [3-(4,5-dimethylthiazol-2-yl-)-5-(3-
carboxymethoxyphenyl)-2-(4-2sulfophenyl)-2  H-tetrazolium to form a brown
formazan product [361, 362, 363]. This reaction was allowed to proceed for 1 hour at
37°C and the absorbance was measured at 490 nm with the Powerwave HT micro-
titre reader (Bio-Tek, USA). A serial dilution of cells was prepared to generate a

standard curve to extrapolate viable cell number from measured absorbance.

6.3.4.2. Cytotoxicity assay
For the determination of cellular cytotoxicity, the lactose dehydrogenase (LDH)
activity in the culture medium was quantified. LDH is an intracellular enzyme and its

presence in the spent culture medium serves as an indicator for compromised cell
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integrity and thus cellular cytotoxicity and cell lysis [364, 365, 366]. For the
determination of cellular cytotoxicity, the lactose dehydrogenase (LDH) activity in the
culture media was quantified with the CytoTox96® Non-Radioactive Cytotoxicity
Assay (Promega, USA).

6.3.4.3. NO quantification with DAF-FM DA

Nitric oxide was quantified by fluorescence emission from its reaction with 5 pyM
Diaminofluorescein-FM diacetate (DAF-FM DA). For this assay, 100 ul of culture
media was transferred to a black 96 well micro-titre plate to which 10 ul fluorescence
dye (10x stock solutions) was added and incubated for 1 hour at 37°C. The relative
fluorescence units (RFU) from NO-DAF-FM (DA) was recorded at an emission
wavelength of 528 (20 nm) after excitation at 485 (x20 nm) with a FLx800
fluorescence micro-titre reader (BioTeck, USA). The sensitivity of the instrument was

adjusted to obtain the optimal RFU recordings.

6.3.4.4. Endotoxin quantification assay

The endotoxin concentrations were determined with the Pierce® LAL Chromogenic
Endotoxin Quantification kit for the tissue culture reagents, such as the carrier, the
NOR system, monocyte cells, DMSO, PBS and E. coli 0111:B4 LPS as a positive
control. For this assay, a sterile 96 well micro-titre plate was equilibrated to 37°C for
10 minutes on a heating block (AccuBlock™ Digital Dry Bath, Labnet International,
USA). The sample (50 ul) was pipetted into the plate and incubated for 5 minutes at
37°C. Thereafter, 50 pul of the Limulus Amebocyte Lysate (LAL) reagent was added
to the sample and mixed by gentle shaking of the plate for 10 seconds. The bacterial
endotoxins were allowed to activate the proenzyme of the modified LAL assay for 10
minutes at 37°C. To the activated proenzyme, 100 pl of the colourless substrate, p-
Nitroaniline, were added and the enzymatic conversion of the colourless substrate
into a yellow coloured product was allowed to proceed for 6 minutes at 37°C. The
reaction was stopped by the addition of 50 ul of stop reagent and the absorbance
recorded at 405 nm. The endotoxin units (EU.ml?) were calculated from the

Escherichia coli (0111:B4) endotoxin standard curve.
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6.3.4.5. Cytokine analysis

The LPS-induced cytokine secretion by the PMA treated U937 cells was quantified
by the BD™ Cytometric Bead Array Human Inflammation kit (USA) and detected
with the BD FACS Array Bioanalyser with a 488 nm laser. The data was analysed
with the FCAP Array™ v 1.0 (Soft Flow Inc., USA). The spent cell culture media
were stored at -80°C and thawed on the day of analysis, from which 50 ul was added
to 50 pl of cytokine capture bead mixture (10 pl of IL-1B, IL-6, IL-10, IL-12p70 and
TNFa). For the cytokine IL-8, the sample was diluted tenfold of which 50 ul was
added to the 10 pl IL-8 capture beads. To all samples, 50 ul of the phycoerythrin
(PE) detection reagent was added. The tube was mixed by gentle mixing and
incubated for 3 hours at room temperature. The samples were washed to remove
unbound cytokines and phycoerythrin detection reagent. Then, 1 ml of wash buffer
was added to each sample, briefly vortexed and centrifuged at 200 xg for 5 minutes.
The supernatant was aspirated and discarded. The bead pellet was re-suspended in
300 pl wash buffer. The samples were transferred to a round bottom 96 well micro-
titre plate for cytokine detection by the BD FACS Array Bioanalyzer. The instrument
settings were adjusted to the following voltage settings: Forward scatter: 250; side
scatter: 234; Far red: 373; Yellow: 473; NIR: 355; and Red: 460. For each sample,

10000 events were recorded.

6.3.5. Development of U937 inflammation model

Macrophages have been observed to produce NO in response to several external
stimuli, such as LPS and IFNy [62, 329, 343, 345, 348]. Therefore, the PMA
differentiated U937 cells were stimulated with increasing concentrations of iINOS
inducing stimulants with the objective to quantify NO in solution. The PMA
differentiated cells were also exposed to increasing concentrations of
dexamethasone (0, 0.1, 1 and 10 pg.ml*), DMSO, LPS and NOR system to
determine whether any of these reagents would contribute to the baseline
fluorescence of the DAF-FM DA detection agent. The NO was quantified by the
addition of 5 uM DAF-FM DA to the stimulated cells and the RFU was recorded after
30 minutes incubation at 37°C.

119

© University of Pretoria



6.3.6. Evaluation of anti-inflammatory properties of NOR system: cytokine

analysis

For the LPS-induced inflammation model, the PMA differentiated U937 cells were
challenged with 50 pg.mlI* LPS together with the various treatment regimens for 6
hours. All treatments were prepared in triplicate wells for each assay, i.e. cell viability
assay, cytotoxicity assay, NO fluorescence and cytokine analysis. In an effort to
determine whether the NOR system (concentration) exhibited anti-inflammatory
properties via the reduction of NO, cells sensitised with LPS were treated with the
NOR system and the cytokine response was compared to that of 0.25 mM cPTIO
(NO scavenger) and 10 ng.ml™* dexamethasone treated cells. An NO donor, 0.2 mM
SNAP, was used as positive control for the NO related cytokine response. The
addition of NHS activated ReSyn™ microspheres [i.e. carrier without immobilised
enzymes (1% v/v)] to the cells, served as negative control for the NOR system. The
cytokine secretion of non-LPS stimulated monocyte-like cells and the PMA
differentiated cells served as negative control for LPS challenged cells. The cytokine
response of LPS stimulated PMA differentiated U937 cells was used as a positive

control for the inflammation-related cytokine response.

6.4. Results

6.4.1. Development of in vitro inflammation model

For the development of the in vitro inflammation model, various reagents were
investigated for their effect on cell viability and their capacity in stimulate NO
production. The effect of various agents such as dexamethasone (Dex), E. coli
lipopolysaccharides (LPS) and the reagent vehicle (DMSO), on cell viability was
investigated. NO and pro-inflammatory cytokine synthesis have been reported for
U937 cells in response to LPS [329, 341, 345] and therefore the NO production was
guantified under these conditions.

Stock solutions of Dex and LPS were prepared in DMSO (refer to Section 6.3.).
Considering that DMSO may lead to compromised cell viability [367], the effect of
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DMSO as well as Dex and LPS on cell viability was investigated. The monocyte-like
U937 cells were differentiated to macrophage-like cells for four days after stimulation
with PMA. The spent culture media was replaced with fresh RPMI medium and
treated with either DMSO or with Dex or LPS dissolved in DMSO at increasing
concentrations. As a polar agent and organic solvent, DMSO at high concentrations
such 1% (v/v), did result in compromised cell viability (Fig. 6.1. A). Therefore, Dex
and LPS concentrations were introduced at a maximum of 0.1% (v/v) DMSO. Cells
viability was unaffected by the exposure to dexamethasone (Fig. 6.1 B), however,
LPS in DMSO did affect cell viability (Fig. 6.1 C).
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Figure 6.1. Cell viability and dissolved NO levels in solution from PMA differentiated U937 cells. U937
cells were differentiated to macrophage-like cells with 10 ng.ml'l PMA for four days. Cell viability
(Cells/well) was determined after 24 hour exposure to gA) DMSO, (B) Dex and LPS (C). in (D) PMA
treated cells were treated with 50 ug.ml'l LPS, 2 ng.mI™ INFy, 2.38 ug NORsys.mg'l carrier, 1% (v/v)
carrier and 0.5 mM NADH for 24 hours. The intracellular NO was quantified with 5 uM DAF-FM DA
and the fluorescence was recorded after 6 hours incubation. Fluroscence sensitivity was set to 50
units. Error bars are the standard deviation of triplicate samples. Statistical significance with a P<
0.0003 is indicated by ** and P< 0.02 by * (Unpaired t test, GraphPad Software, Inc.).

LPS may induce the NO synthesis from iINOS, initiated by its binding to the Toll-like
receptor 4. This signal is then mediated via the NFkB pathway and initiates the
transcription process for INOS [43]. E. coli (0111:B4) LPS was dissolved in DMSO to
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prepare a stock solution (5 mg.ml™) that was further diluted to determine the potency
of LPS for the induction of NO production, and subsequent detection with
intracellular fluorescence dye DAF-FM DA. The RFU measured after 24 hour LPS
stimulation was marginally higher than the RFU determined from the untreated cells
(Fig. 6.1 D), however, the difference was not statistically significant to the 95%

confidence level.

The experiment was repeated with IFNy, another INOS inducing reagent, and
compared to LPS. IFNy activates iNOS transcription via the JAK-STAT pathway
[348, 368]. It was hoped that an alternative pathway of iINOS activation would result
in detectable NO production. A marginally higher NO signal was determined from
IFNy treated cells compared to untreated cells (P<0.02), indicating that the U937
cells do produce detectable NO upon stimulation (Fig. 6.1 D).

The cells were also treated with the NOR system, the carrier and NADH to determine
the biocompatibility of these reagents. The RFU measured from cells exposed to the
NOR system, carrier or NADH at the relevant concentrations were similar to
untreated cells, indicating that these reagents did not appear to elicit NO production
(Fig. 6.1 D).

Although IFNy treated cells did produce detectable NO, this reagent was not applied
further, due to its expense. Instead, LPS was used for all the subsequent studies to
stimulate a cytokine response. Thus it was assumed that LPS would suffice in the
initiation of an acute inflammatory response in PMA differentiated U937 cells and

stimulate the secretion of pro-inflammatory cytokines.

6.4.2. Evaluation of anti-inflammatory properties of the NOR system:
cytokine analysis

A synergistic interaction of cytokines and nitric oxide has been attributed to the
critical progression of disease, such as in sepsis [335, 336, 337, 369, 370, 371].
Work done with in vitro macrophage models suggested that nitric oxide augments
the release of cytokines such as IL-8 [331, 372] and TNFa [370, 373, 374], of which
the latter has been associated with TNFa shock and cytotoxicity [370]. LPS-
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stimulation of PMA differentiated U937 cells was shown to result in secretion of IL-
1B, IL-6, IL-10 and TNFa [329, 345, 375]. Therefore, it was hypothesised that
reducing NO by the NOR system could potentially alter the cytokine response of
PMA differentiated LPS-challenged U937 cells. The altered cytokine response of the
NOR system treated cultures was compared to those obtained with the NO

scavenger, cPTIO, and the anti-inflammatory reagent, dexamethasone (Dex).

6.4.2.1. Cytokine response from exogenous NO

Relationships between NO and various cytokines have been previously described
[19, 33, 53, 331, 372, 376]. Thus, it was hypothesised that the reduction of NO by
the NOR system may modulate the cytokine response and provide a method for the
evaluation of the system. Since, NO production induced with LPS or IFNy stimulation
was lower than expected (Fig. 6.1 B), exogenous NO was added to the PMA
differentiated LPS challenged cells. Here the intention was to augment the cytokine
response specific to exogenous NO as observed by Turpaev et al. (2003, 2004)
[376, 377]. In this way, the hypothesis was tested that the reduction of NO by the
NOR system would alter the cytokine response and thus provide evidence for the

anti-inflammatory properties of the NOR system.

For this experiment, U937 cells were differentiated to macrophage-like cells with 10
ng.ml™ PMA for four days. Then the cells were challenged with 21 pg.mli™* LPS
together with 0.2 mM SNAP for 6 hours. The cell viability was not compromised by
the various treatments (SNAP, NOR system, Dex and cPTIO), which was confirmed
by the cytotoxicity assay (blue and red bar, respectively in Fig. 6.2 A). However, cells
treated with the carrier did show reduced cell per wells and increased cytotoxicity
(Fig. 6.2 A). As for the NO in solution from the NO donor, SNAP, cells treated with
the carrier and dex had high RFU, whereas in the presence of the NOR system (0.37
pg.ml™) and the NO scavenger (0.25 mM cPTIO), NO reduced (green bar in Fig. 6.2
A).

The cytokine profiles of monocyte-like cells (undifferentiated U937, Mo),
differentiated cells (M@) and treated cells (SNAP, NORsys, carrier, Dex and cPTIO)
were established (Fig. 6.2 B to G). As expected, very low concentrations of cytokines

were produced by the monocyte-like cells (Mo) and the untreated differentiated
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macrophage-like cells (Mg). These were considered as the negative controls for
inflammatory response. The differentiated macrophage-like cells treated with LPS
were considered as the positive controls for the pro-inflammation cytokine profile.
These LPS treated cells registered the highest levels of cytokines (IL-183, IL-6. IL-10
and TNFa), indicating that LPS indeed stimulated an inflammatory response (Fig. 6.2
B, C, D and G).

The increase in the chemokine IL-8 after PMA mediated differentiation might indicate
oxidative stress in the cell culture [377]. Earlier studies suggested that IL-8
production was a response to ROS and reactive nitrogen intermediates [377]. The
higher IL-8 concentration from cells treated with the exogenous NO (SNAP, carrier,
NOR sys, dex and cPTIO) supports the notion that IL-8 was secreted due to
oxidative stress (Fig. 6.2 E). The treatment of the LPS stimulated macrophage-like
cells with SNAP resulted in a very similar depressed cytokine profile for IL-1, IL-6
and IL-10 (Fig. 6.2 B, C and D) even in the presence of the NOR system, carrier,
Dex and cPTIO, showing that the inflammation model was overwhelmed with this
non-physiological NO intervention. This was not the case with TNFa which, although
somewhat reduced by the presence of exogenous NO (Fig. 6.2 G), could be
abolished by treatment with Dex. Although the excess NO provided externally did not
affect the viability of the cells for the duration of the experiment and allowed for
secretion and determination of cytokines such as IL-8, IL-12 and TNFaq, it could not
be applied validly as an in vitro model to assess the efficiency of the NOR system. It
did, however, demonstrate the potency of the NOR system to lower the NO
concentrations (Fig. 6.2 A) under conditions of excessive production that still allowed
IL-8, IL-12 and reversible TNFa secretion (Fig. 6.2 E, F and G). A different approach
was therefore undertaken to elucidate the potential anti-inflammatory properties of

the NOR system with a broad range of inflammatory cytokines.
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Figure 6.2. Assessment of the NOR system on exogenous NO induced cytokine response in an in
vitro inflammation cell model. The PMA differentiated and LPS-stimulated U937 cells were exposed to
exogenous NO from 0.2 mM SNAP for 6 hours. The LPS-stimulated U937 cells were treated with 1%
(v/v) carrier, 0.37 pug.mI™* NOR system, 10 ng.ml™ Dex and 0.25 mM cPTIO. Cell viability (cells/well)
and cytotoxicity (dead cells/well) as well as the RFU, representing residual NO concentration are
presented in (A). The cytokine concentration of IL-13 (B), IL-6 (C), IL-10 (D), IL-8 (E), IL-12p70 (F)
and TNFa (G) are shown. The standard deviations of triplicates are indicated by the error bars.
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6.4.2.2. Cytokine response from U937 cells after 6 hours and 24 hours of
treatment

Since the exogenous NO overwhelmed the cytokine response (Fig. 6.2), the anti-
inflammatory properties of the NOR system could not be elucidated. Although, IFNy
stimulation resulted in higher NO production than LPS stimulation (Fig. 6.1 B), this
reagent was not considered, due to its expense. Therefore, the cytokine analysis
was repeated by treating PMA differentiated cells with 50 pug.ml™* LPS. Here, it was
thought that LPS would induce an inflammatory response resulting in the secretion of
cytokines and low levels of NO. Although NO levels produced by LPS might be
below the detection limit, the NOR system was expected to reduce NO and thus may
alter the cytokine response. The cytokine response was monitored at two different
time intervals, namely after 6 hours and 24 hours after LPS stimulation and
treatment, to cover the different mechanisms by which the anti-inflammatory
properties could potentially only become evident within 24 hours of incubation [49,
359].

The cytokine response by the U937 monocytic cells (Mo) registered low quantities of
cytokines in comparison to the PMA differentiated cells and PMA differentiated LPS
treated cells (Fig. 6.3), except for IL-12, which was high only for the undifferentiated
monocytes. The very low IL-12p70 signals that were detected in the differentiated
and stimulated cell cultures confirmed that only LPS was the pro-inflammatory
cytokine stimulant and no other factors such as non-specific phagocytosis, which is
known to stimulate IL-12p70 production [378, 379]. Furthermore, the anti-
inflammatory reagent, Dex, did reduce cytokine responses when compared to the
LPS stimulated cells in all cases, testifying to the validity of the test to assess anti-
inflammatory reagents or systems. Combined, the evidence indicated that the
infammation cell model was suitable for the evaluation of anti-inflammatory
properties of the NOR system. The treatment with cPTIO compromised cell viability.

Therefore the cytokine profiles of these cells are not shown in Figure 6.3.

Interleukin 1B, together with LPS, have been shown to induce iNOS transcription and
the production of NO was determined [329]. Although our NO detection method
appeared not to be sensitive enough to detect the in vitro concentration of NO, the

cytokine profile indicated an NO induced response. The amounts of pro-inflammatory
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IL-1B8, IL-6 and IL-8 did increase upon LPS stimulation after 24 hour incubation, but
could not be brought down with the NOR system treatment. Notably, the carrier
alone seemed to induce stimulation of IL-1B3, IL-6, IL-10 and IL-8, implying that the
particle platform is immunologically active. Because it was suspected that endotoxin
could have contributed to this immunogenic response, the endotoxin units (EU) were
determined for the carrier, the NOR system, cell culture and cell culture reagents.
The carrier solution contained 0.08 EU.ml™*, which was lower than the endotoxin
content for the NOR system and the cell culture (0.99 and 0.65 EU.ml?,
respectively). The cell culture reagents such as RPMI, DMSO and PMA did contain
less than 0.03 EU.ml™. In other words, the immunogenic response observed in the

carrier treated cells, was most likely not due to endotoxins in the carrier solution.

A possible plausible cause of the immunogenic properties of the carrier may be due
to the chemical nature of this particle. The ReSyn™ microsphere has a high density
of positively charged reactive groups (refer to Chapter 5) which is to the benefit of
the high protein binding capacity. However, in its application in the in vitro cell culture
model this property seems to be a disadvantage. Here it may be speculated that the
charged reactive groups on the surface of the particle may have interacted with the
cell surface which is generally negatively charged [380], resulting in an immunogenic
response [381]. This unforeseen property of the carrier may have affected the
anticipated outcome of the anti-inflammatory properties of the NOR system. For all
cytokines measured except IL-12p70, the NOR system was capable of at least
returning the inflammatory cytokine response back to that of the untreated cells after
24 hours, and in the case of IL-6 to even lower than the untreated cell control (Fig.
6.3 C).

Interleukin 6 (IL-6) is a marker of inflammation but it has also been implicated in the
resolution of inflammation and tissue repair depending on its cellular context [382].
IL-6 has been observed in the acute phase of inflammation with dual activity, either
as pro- or anti-inflammatory cytokine [351] in which anti-inflammatory properties
have been observed [351, 383]. However, in combination with other chemokines
such as TNFa, IL-6 was observed to contribute to cellular cytotoxicity with
dependence on the concentration of NO [384, 385]. Another bifunctional effect of NO

was observed in connection with IL-6: low NO increased IL-6 and high NO reduced
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IL-6 mMRNA expression and IL-6 protein levels [386, 387]. IL-6 in LPS stimulated cells
increased over time for all samples (6 vs. 24 hours, Fig. 6.3 D), while inclusion of the
NOR system showed reduced IL-6 after 24 hours when compared to the LPS treated
cells (P<0.04, Fig. 6.3 D*), supporting the notion that NO may modulate IL-6 levels
and that the NOR system can reduce the effect by removing the NO.

IL-10 is another cytokine known to be involved in counter-acting the inflammatory
response by the down regulation of TNFa [353, 354] and other cytokines [337]. In the
presence of the NOR system, a decrease in IL-10 was observed after 24 hours
(P=0.02; Fig. 6.3 E*). This might be an indication of the potential anti-inflammatory
activity of the NOR system in that it reduced the IL-10 secretion after 24 hours
compared to the LPS stimulated cells.

Together with IL-18 and TNFa, the chemokine IL-8 plays a role in the neutrophil
recruitment to inflamed tissue [337]. Nitric oxide has been implicated in the
regulation of IL-8 via p38 MAPK activation in LPS-stimulated macrophages [331]. An
increase in IL-8 was observed after 24 hours when untreated cells were compared to
LPS treated cells (except for Dex treated cells, refer to Fig. 6.3 F), but could not be
recovered back to normal by the NOR system. IL-8 may have been induced by TNFa
via the NFkB pathway [388] together with other oxidative related stress signals
suggesting that compounded signalling may have resulted in the relatively high IL-8
concentrations observed in the LPS-stimulated PMA differentiated U937 cells.

However, this effect could not be neutralised by the NOR system.

The sixth pro-inflammatory cytokine measured in the cell cultures was TNFa. TNFa
is a cytokine involved in many diseases [389, 390] but for the purpose of this study,
the focus shall remain with the role of TNFa in acute inflammation in response to
LPS in macrophages. The synergy of TNFa and NO relates strongly to refractory
hypotension observed in septic shock [370]. The inhibition of INOS by specific
inhibitors such as L-NAME revealed that mere abolishment of NO synthesis does not
resolve haemodynamic collapse [336, 370], as small amounts of NO seem to be vital
for the subsidence of inflammation [35]. Thus, the NOR system was evaluated for its
capacity to reduce TNFa concentrations via the reduction of NO. The TNFa

concentrations which were determined in cells treated with the NOR system were
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lower when compared to LPS stimulated cells, however, not statistically significant;
thus the NOR system did not present a TNFa tempering effect (Fig. 6.3 G).
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Figure 6.3. Assessment of the NOR system in an in vitro inflammation cell model. Monocyte-like
U937 cells were differentiated to macrophage-like cells with 10 ng.mI* PMA. The macrophage-like
cells were stimulated with 50 pg.mI™* LPS and treated with 1% (v/v) carrier, 0.37 pg.mI™> NOR system
or 10 ng.ml'l dexamethasone. The cell viability (cells/well) and cytotoxicity (dead cells/well) are
presented in (A) (6 hours after treatment) and in (B) (24 hours after treatment). NADH (0.05 mM) was
added to the NOR system, but interacts with the assay reagents. This artefact is indicated by # in (A)
and (B). The cytokine concentrations (pg.ml™) are represented in (C) IL-1B, (D) IL-6, (E) IL-10, (F) IL-
8, (G) TNFa and (H) IL-12p70. The error bars represent the standard deviations of triplicate assays.
The statistical significance of P<0.02 is presented either by *, ** or *** determined with the Unpaired t

test (GraphPad Software, Inc.).
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In summary, cells treated with the NOR system displayed an altered cytokine profile,
particularly for IL-6 and IL-10 when compared to LPS stimulated cells and the control
with the carrier only. Although several of the observations may be interpreted as an
anti-inflammatory activity, the inflammatory response induced by the carrier only
makes the study inconclusive. The biological validation of the NOR system therefore
remains inconclusive. In particular, the carrier system must be modified or replaced,
such that it provides an inflammatory neutral particle platform for enzyme

immobilisation.

6.5. Discussion and Conclusion

Nitric oxide has been shown to modulate the cytokine response to immunogens such
as LPS [33, 35, 87, 347, 357, 369, 372, 386]. This study pursued the hypothesis as
to whether an enzymatic system capable of reducing NO (NOR system) would have
anti-inflammatory properties. For the evaluation of this hypothesis, an in vitro

inflammation model was developed.

Human monocyte-like U937 cells were differentiated to macrophage-like cells and
stimulated with immunogens such as LPS and IFNy. Although, IFNy stimulation of
differentiated U937 cells resulted in higher NO output than LPS, LPS was used as
the more affordable stimulator of inflammation. Cytokines that are associated with
acute inflammation were detected in PMA differentiated and LPS stimulated U937
cells, when compared to unstimulated cells. LPS stimulated cells treated with the
anti-inflammatory reagent dexamethasone, resulted in low cytokine response similar
to untreated cells not exposed to LPS. This indicated that the in vitro inflammation
model was suitable for the evaluation of the anti-inflammatory properties of the NOR

system.

From the cytokine analysis, it was evident that the carrier system without its
immobilised enzymes (NOR and GDH) induced inflammatory cytokines. Cytokine
response from LPS stimulated cells treated with the NOR system was similar to the
cytokine response from LPS stimulated cells after 24 hours, suggesting that the

immunogenic response to the carrier was neutralised by the NOR system.
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The hypothesis that the NOR system may lower the NO-induced inflammatory
response of LPS exposure should therefore be supported by experiments using a
non-immunogenic carrier. The NOR system in its current composition is unable to
lower the inflammatory effect of NO under in vitro conditions simulating the
physiological concentrations of NO. The NOR system does, however, lower the
concentration of non-physiological concentrations (high) of NO, which may occur

under extreme conditions of immune challenge.
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Chapter 7

Summary, Conclusion and Future Work

7.1.  Summary and Conclusion

The intricate role of nitric oxide in biological processes is extensive [1, 11], and
ranges from a signalling molecule [3, 10, 12] to an agent that can be responsible for
the progression of disease [13, 15,, 16, 17]. The concentration and availability of NO
determines whether it is beneficiary or detrimental in these biological processes [10,
25, 27 28, 31]. High NO concentrations have been implicated in various disease
states and their progression [32, 34, 44]. The synergistic and complex relationships

in inflammation make this an interesting biological molecule [33, 35.

The initial role of NO as an effector molecule was elucidated using inhibitors of NO
synthesis including arginine analogues, such as L-NAME [56]. These analogues did
facilitate an appreciation of NO’s role in the cellular environment; but a full
understanding of its role was compromised when it became apparent that these
reagents interfered with arginine metabolism and other physiological systems [91,
92, 93]. Similary, the application of immune suppressing reagents such as
glucocorticoids revealed the role of NO in inflammation and the cytokine response,
but the full understanding of this is masked by the fact that glucocorticoids are known
to non-specifically suppress cytokine responses [39, 95]. These challenges in the
study of NO identified the need for new approaches for the understanding of NO’s
role in biology. The development of a tailorable nitric oxide reduction system is a
novel approach to the study of NO to assist in the understanding of acute

inflammation and ways to manage it.

The development of the NOR system required the establishment of a NOR activity
assay as well as the production and assembly of various system components. The
NOR system is a bi-enzymatic cofactor recycling system which involved the
reduction of NO by NOR and the oxidation of glucose by GDH for recycling of the
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cofactor. These two enzymes were co-immobilised onto NHS-EDC functionalised

ReSyn™ carboxyl microspheres.

The first step necessitated by the proposed development of the NOR system, was
the development of a fast and reliable NOR activity assay, which is described in
Chapter 2. The NOR activity assay was applied in the screening, purification and
kinetic characterisation of recombinant NOR (Chapter 3 and 4). The Kkinetic
characterisation of NOR required a more in depth analysis for the estimation of NO
concentration in solution. The enzymatic estimation of NO in solution (excess
enzyme) was compared to a well-established mathematical computational method
and an excellent correlation was obtained. This method of NO estimation was
subsequently applied for the determination of kinetic constants of a commercial NOR
solution (wild-type Anor) as well as a recombinant NOR preparation (expressed in E.
coli). From these studies, it became evident that the kinetic constansts (K, and Kca)
were comparable to the values determined by gas chromatography [152], but with
improved convenience and cost efficiency. These findings have been accepted for
publication in Analytical Biochemistry. After the evaluation of the NOR activity assay
for its suitability to determine NOR activity, this assay was applied to quantify the
enzyme activity after immobilisation and to synchronise NO reduction with glucose
oxidation for cofactor recycling, described in Chapter 5.

The second step in the NOR system developmental process required the purification
of NOR, because the commercial source was discontinued. The NOR from A. oryzae
(Anor) was initially expressed in and purified from A. niger (Chapter 3) and
subsequently in E. coli (Chapter 4). The latter expression system resulted in
sufficient enzyme for the immobilisation studies, the assembly of the NOR system
(Chapter 5) and its subsequent evaluation in in vitro studies (Chapter 6). A variant of
GDH, engineered for stability, was readily available commercially from Codexis and
thus recombinant expression was not pursued. From the purification studies, it was
observed that the addition of bovine haemoglobin was beneficial for Anor synthesis
in A. niger and E. coli. The underlying mechanism for the improved yields were
beyond the scope of this study. The Anor yield from E. coli was comparable to the

yields from purification processes reported on wild-type Fnor [104] and Anor [152].
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To the authors knowledge, this is the first investigation in which Anor has been

expressed heterologously with a histidine affinity tag.

The assembly of the NOR system entailed co-immobilisation of NOR and GDH. This
process entailed the selection of the carrier fulfilling the key requirements of the
applications of the NOR system, the synchronisation of cofactor redox rates, the
concomitant consumption of both enzymes substrates, and the determination of
cofactor recycling efficiency (Chapter 5). In carrier selection, it was observed that the
carboxyl functionalised carrier was preferable for the immobilisation of NOR and
GDH with regard to enzyme activity maintenance and enhanced temperature stability
at 37°C. While the immobilisation of GDH has previously been reported, the
immobilisation of Anor represents, to the best of the author’'s knowledge, novel work.
There are reports on GDH's use in cofactor recycling applications such as
biocatalysis, but its application for the continuous reduction of NO by NOR presents
a unique application. In this study, it was shown that the NOR system consumes
both substrates with subsequent cofactor recycling. This approach was potentially

beneficial for the study of NO biology, which was demonstrated in Chapter 6.

The final step in the development of the NOR system was the evaluation of its
suitability as a reagent to determine the effect of NO reduction in an in vitro
inflammatory cell model (Chapter 6). Human monocyte-like cells (U937) were
differentiated into macrophage-like cells and stimulated with E. coli LPS to induce
NO synthesis and pro-inflammatory cytokine synthesis. Despite various efforts, NO
in solution was not detected after LPS stimulation. Therefore it was concluded that
NO concentration was below the sensitivity of the NO specific fluorescent dye.
Nonetheless, an anti-inflammatory response was observed from cells which were
differentiated to macrophage-like cells and stimulated with LPS. As anticipated,
macrophage-like cells stimulated with LPS and treated with dexamethasone
(immune suppressing reagent) showed a low pro-inflammatory cytokine response.
This confirmed the indications from the literature that glucocorticoids are efficient
immune suppressing reagents [359, 372, 391, 392], that do not distinguish
synergistic relationship of NO and cytokines [95, 360]. These findings highlight the
significance and suitability of the NOR system as a reagent to study the role of NO in

an inflammatory response. However, an unforeseen immunogenic response was
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observed in LPS stimulated cells treated with the carrier only. The NOR system in all
cases did reduce the immunogenic response induced by the carrier. However, one
cannot at this stage distinguish whether this was due to masking of the inflammatory
surface of the carrier with the NOR enzyme, or whether it is due to removal of NO by
the NOR enzyme of the system. This observation hinders the prediction of potential

anti-inflammatory applications for the NOR system.

7.2. Future Work

The evaluation of the NOR system as an anti-inflammatory reagent was
inconclusive, and this provides opportunity for further study. The immunogenicity of
the carrier could be addressed by reducing the particles’ surface charge through
chemical finishing with a neutral compound. An alternative strategy would be the
determination of the anti-inflammatory properties of the NOR system in a trans-well
in vitro cell model. Trans-well culturing systems would prevent direct interaction of
the NOR system with the cells and would be able to reduce the fast diffusing NO in
solution mimicking an in vitro model for studying the inflammation across the blood
brain barrier. This cell model could elucidate the interaction of NO and inflammatory
response observed in cerebral malaria. The inclusion of the bi-enzymatic NO
reducing system in haemofiltration could present another application of the NOR
system as a potential anti-inflammatory reagent or for research in severe sepsis and
haemodynamic shock. The NOR system may complement cytokine traps in
haemofilters that are currentlybeing investigated in an effort to improve the outcome

of septic shock and other inflammation syndromes [393, 394].

The authors propose that the diagnostic application of this system should be
investigated. This detection method might be developed into a suitable technology
for the diagnosis of e.g. asthma. In this diagnostic application the nitric oxide in the
breath would condensate onto a membrane strip which would contain the NOR
system. In the presence of NO, NADH is reduced to a faster rate than its interaction
with a colour reagent such as water-soluble formazans. Only the NADH recycled by
GDH would react with formazan and the colour would be an indicator of NO in the

breath. Such NO detection system would be much smaller and could be developed
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into a point of care device. The current detection of asthma is determined from NO in
the breath of patients, which is directed into a chamber containing ozone [395]. In
this chamber, the light emission from the reaction of NO and ozone is used as an
output for NO in the breath. This instrument is relatively large and not generally

available for patients.

The reduction of NO and the formation of NADH by GDH of the NOR system may be
exploited in the development of a biosensor for the continuous monitoring of NO, as
an important diagnostic molecule. Further, the system may have applications as a

bio-research tool to assist in the understanding of NO and its implications in biology.
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Appendix to Chapter 3: Anor from A. oryzae

A.3.1. Amino acid and nucleotide alignments

A.3.1.1. Amino acid alignment of Anor from A. oryzae

The coding sequence determined by Kaya et al. (2004) [152] was used to express
Anor, the nitric oxide reductase of interest for this study. This wild-type Anor
expression gene, nicA, has two expression patterns from the starting codon of nicA,
a major and minor [152], of which the major expression pattern was used as a
template to design the nicA gene for this study. In an attempt to exclude the wild type
signalling peptide sequence, which guides the protein to its intracellular destination,
two gene variants were designed. The two variants of the nicA gene have a 9 amino
acid difference at the N-terminus, where nicAl excludes the wild type initiation codon
and intron splicing amino acids and nicA2 is identical to the wild type. A signal
peptide sequence (xyn2) and a KEX2 cutting site (KR) were inserted upstream of the
nicA gene to ensure that the protein product of the nicA, Anor, gene is secreted to
the extracellular environment. Figure A.3.1 shows the amino acid alignments of nicA
in A. oryzae, nicAl and nicA2. The genes nicAl and nicA2 were synthesised by
GeneArt (Germany) with codon optimisation for Aspergillus niger. The nucleotide
sequence and the amino acid translations received from GeneArt on plasmids pMA
or pMK are presented in Appendix to Chapter 3, Section A. 3.1.4.
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10 20 30 40 50
e L e e e
nicAl MVSFTSLLAGVAAISGVLAAPAAEVESVAVEKR FPFARPSG
nicA2 MVSFTSLLAGVAATSGVLAAPAAEVESVAVEKRMNSEPVYPRFPFARPSG
nicA oo T MNSEPVYPRFPFARPSG

60 70 80 90 100
nicAl DEPPAEFHRLLRECPVSRVELWDGSHPWLVVKHKDVCEVLTDPRLSKVRQ
nicA2 DEPPAEFHRLLRECPVSRVELWDGSHPWLVVKHKDVCEVL TDPRLSKVRQ
nicA  DEPPAEFHRLLRECPVSRVELWDGSHPWLVVKHKDVCEVLTDPRLSKVRQ

110 120 130 140 150
. SRS ERTEY EEEE] FEREY EEErl PEEEY EErrY EEEEY RErel Reres |
nicAl RDGFPEMSPGGKAAARNRPTFVDMDAPDHMHQRSMVSAFFNDEYVESRLP
nicA2 RDGFPEMSPGGKAAARNRPTFVDMDAPDHMHQRSMVSAFFNDEYVESRLP
nicA  RDGFPEMSPGGKAAARNRPTFVDMDAPDHMHQRSMVSAFFNDEYVESRLP

160 170 180 190 200
nicAl FIRDTVQHYLDRL IRAGKDGKEVDLVKHFALPIPSHIIYDILGIPIEDFE
nicA2 FIRDTVQHYLDRL IRAGKDGKEVDLVKHFALPIPSHI1YDILGIPIEDFE
nicA  FIRDTVQHYLDRLIRAGKDGKEVDLVKHFALPIPSHIIYDILGIPIEDFE

210 220 230 240 250
nicAl YLSGCDATRTNGSSTAAAAQAANKEILEYLERLVDKKTTNPSHDVISTLV
nicA2 YLSGCDATRTNGSSTAAAAQAANKEILEYLERLVDKKTTNPSHDVISTLV
nicA YLSGCDATRTNGSSTAAAAQAANKE ILEYLERLVDKKTTNPSHDVISTLV

260 270 280 290 300

nicAl 1QQLKPGHIEKLDVVQIAFLLLVAGNATVVSMIALGVVTLLEHPDQLSRL
nicA2 1QQLKPGHIEKLDVVQIAFLLLVAGNATVVSMIALGVVTLLEHPDQLSRL
nicA 1QQLKPGHIEKLDVVQIAFLLLVAGNATVVSMIALGVVTLLEHPDQLSRL

310 320 330 340 350

nicAl LEDPSLSNLFVEELCRFHTASALATRRVATVDIELRGOKIRAGEG I IASN
nicA2 LEDPSLSNLFVEELCRFHTASALATRRVATVDIELRGOKIRAGEG I IASN
nicA  LEDPSLSNLFVEELCRFHTASALATRRVATVDIELRGQKIRAGEG I IASN

360 370 380 390 400

nicAl QAANRDPEVFPDPDTFDMFRKRGPEEALGFGYGDHRCIAEMLARAELETV
nicA2 QAANRDPEVFPDPDTFDMFRKRGPEEALGFGYGDHRCIAEMLARAELETV
nicA  QAANRDPEVFPDPDTFDMFRKRGPEEALGFGYGDHRCIAEMLARAELETV

410 420 430 440
nicAl FSTLFQTLPSLKLAIPKSEIQWTPPTRDVGIVGLPVTWDRD
nicA2 FSTLFQTLPSLKLAIPKSEIQWTPPTRDVGIVGLPVTWDRD
nicA FSTLFQTLPSLKLAIPKSEIQWTPPTRDVGIVGLPVTWDRD

Figure A.3.1. Amino acid sequence alignment of nicA gene product. The underlined sequence is the
inserted signal peptide sequence (xyn2) and the KEX2 cutting site (KR). The gene nicAl codes for
has nine amino acids (MNSEPVYPR) less than nicA2 and nicA. The amino acids sequences coded
by nicAl are continuous. The space between the KEX2 site and first nicAl coded amino sequences
acids is a result of the alignment algorithms from BioEdit Sequence Alignment Editor version 5.0.9
(USA).
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A.3.1.2. Plasmid map for pGTP-nicAl and pGTP-nicA2

The nicA gene was ligated to the pGTP plasmid at a Notl restriction site and
denoted as either pGTP-nicAl or pGTP-nicA2. The nicA gene is placed under the
control of the gpd promoter and its termination by the gla terminator. Plasmid pGTP
has the backbone of plasmid pGTP1/pGTP, a derivative from pSPORT plasmid.
Figure A.3.2 presents the plasmid maps of pGTP-nicAl or pGTP-nicA2.

A B BamHI
BamH / gpd promoter
gpd promoter
1
1 Notl
Notl
nicAl .
pGTP-nicAl pGTP-nicA2
Gene 2 bl
bla a
9172p Bamr 9199bp
Notl \ Notl
Sall Sall
Gl . Gla terminator
la terminator
E\RI
EcoRlI pyg  ECORI EcoRl co
Sall 4 sall PG

Figure A.3.2. Plasmid map of pGTP-nicAl and pGTP-nicA2 of either 9172 (A) or 9199 (B) base pairs.
The nucleotides code for numerous restriction digest enzyme sites (BamHI, Notl, Sall, EcoRl), the
constitutive promoter pgd from A. niger and the gla terminator from A. awamori, a PyrG gene and a
beta lactamase resistance gene, bla, as an antibiotic selection marker. Plasmid maps were generated
with DNAMAN (Lynnon BioSoft, Canada).

A.3.1.3. pGTP plasmid map and restriction enzymes sites

pGTP1/pGTP: a pSPORT derivative containing A. niger gpd promoter (BamH1-Not1)
and A. awamori glucoamylase terminator (Sall-EcoR1) is named pGTP1. The PyrG
marker was inserted into the EcoRlI site. The plasmid was kindly provided by Prof.

W.H. van Zyl, University of Stellenbosch.
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SnaBlI (211)
BamHI (220) | pyiniir (214)

Aatll (196) SPh! (202) Asp718I (247)
Puull (70) Nil (269)
Pwul (41) Sphi (271)
Bgll (13)

Sspl (7525) Asp7181 (502)

Sspl (7394)
ApalLl (7257)
Scal (7070)

GPD promoter
Pwul (6960)

Bgll (6710)

ApalLl (6011)
Gla

7965bp

ApalLl (5067)

Bcll (5033)

BStEIl (4865)

Apal (4844)

ECORV (4601)

Stul (4105)

Pwull (4451)
Spel (4113)
Narl (4409)
Pull (4358) EcoRI (4119)
Pstl (4140) Asp718I (4131)

Bgll (752)

Sacll (753) Xhol (873)

Smal (786) Pwull (939)
Pwll (1052)
Stul (1187)

HindI11 (1439)

Notl (1484)
Spel (1493)
Sacl (1503)
Sall (1505)
Nrul (1555)
Bell (1594)
EcoRV (1678)

Ncol (1705)
EcoRV (1809)
Nsil (1828)
Sacl (1840)

Nsil (2046)
Pstl (2206)

Spel (2228)
Clal (2458)
Bcll (2548)
Bglll (2553)
EcoRI (2565)

term

Smal (2584)
Sacl (2605)
Nrul (2732)
Apal (2864)
Mscl (2999)
Bglll (3082)
Sphl (3133)
Pstl (3163)
Bcll (3186)
Clal (3201)

Asp7181 (3335)
Apal (3360)

Pstl (3375)

Pstl (3978) Mscl (3497)
Mscl (4099) Sall (3569)

Figure A.3.3. Plasmid map of pGTP1. The plasmid sequence codes for gdp promotor, gla terminator
and the auxotrophic marker (PyrG). The restriction enzyme digesting sites are listed. The plasmid

map was provided by Dr S. Rose (University of Stellenbosch).
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A.3.1.4. Sequences as received from GeneArt (Germany)

Gene 0915924 gene 2 (also nicAl)

GGTACCGCGGCCGCATGGTGTCCTTCACCTCCCTGCTCGCCGGCGTCGCCGCCATCTCTGGCGTCCTCGCTGCTC
CTGCCGCCGAGGTCGAGTCCGTCGCCGTCGAGAAGCGCTTCCCCTTCGCTCGCCCTTCCGGCGACGAGCCCCCTG
CCGAGTTCCACCGCCTCCTCCGCGAGTGCCCCGTGTCCCGCGTCGAGCTGTGGGATGGCTCCCACCCCTGGCTCG
TCGTCAAGCACAAGGATGTCTGCGAGGTCCTCACCGATCCCCGCCTCTCCAAGGTCCGCCAGCGCGACGGCTTCC
CCGAGATGTCCCCTGGCGGCAAGGCCGCTGCCCGCAACCGCCCCACCTTCGTCGATATGGATGCCCCCGATCACA
TGCACCAGCGCTCCATGGTGTCCGCTTTCTTCAACGATGAGTACGTCGAGTCCCGCCTCCCCTTCATCCGCEATA
TCGATCGCCTCATCCGCGCTGGCAAGGACGGCAAAGAAGTCGATCTCGTCAAGCACTTCG
CCCTCCCCATCCCTTCCCACATCATCTACGATATCCTCGGCATCCCCATCGAGGATTTCGAGTACCTCTCCGGCT
GCGACGCCACCCGCACCAACGGCTCCTCCACCGCCGCTGCTGCCCAGGCCGCCAACAAAGAAATCCTCGAGTACC
TCGAGCGCCTCGTCGATAAGAAAACCACCAACCCCTCCCACGATGTCATCTCCACCCTCGTCATCCAGCAGCTCA
AGCCCGGCCACATCGAGAAGCTCGATGTCGTCCAGATCGCCTTCCTCCTCCTCGTCGCCGGCAACGCCACTGTCG
TGTCCATGATCGCTCTCGGCGTCGTCACCCTCCTCGAGCACCCCGATCAGCTCTCCCGCCTCCTCGAGGATCCCT
CCCTCTCCAACCTCTTCGTCGAGGAACTCTGCCGCTTCCACACCGCCTCCGCCTTGGCTACCCGTCGCGTCGCTA
CCGTCGATATCGAGCTGCGTGGCCAGAAGATCCGGGCTGGCGAGGGCATCATCGCCTCCAACCAGGCCGCTAACC
GTGATCCTGAGGTGTTCCCCGATCCCGATACCTTCGACATGTTCCGCAAGCGCGGTCCCGAGGAAGCCCTCGGCT
TCGGCTACGGCGATCATCGCTGTATTGCCGAGATGCTCGCTCGCGCCGAGCTGGAAACCGTGTTCTCCACTCTCT
TCCAGACCCTGCCCTCCCTGAAGCTCGCCATCCCCAAGTCCGAGATCCAGTGGACCCCCCCCACCCGTGACGTCG
GCATCGTCGGCCTCCCCGTCACTTGGGATCGTGATTGAGCGGCCGCGAGCTC

PIfR: PA50NOR F2 and P450NOR R1 primers (F1 only on Gene 3)
Yellow: P450NOR F1 (primer for Gene 2 and 3).
Green: xyn2 and KEX site

1

1

61

20 F P
121 TCGCTCGCCCTTCCGGCGACGAGCCCCCTGCCGAGTTCCACCGCCTCCTCCGCGAGTGCC
40 F ARPSGDEWPWPAEFHRILILREC
181 CCGTGTCCCGCGTCGAGCTGTGGGATGGCTCCCACCCCTGGCTCGTCGTCAAGCACAAGG
60 PV SRV ELWDG G SHZPWLV V KHK
241 ATGTCTGCGAGGTCCTCACCGATCCCCGCCTCTCCAAGGTCCGCCAGCGCGACGGCTTCC
80 b vCcEV L TDPRLS KV R QR D G F
301 CCGAGATGTCCCCTGGCGGCAAGGCCGCTGCCCGCAACCGCCCCACCTTCGTCGATATGG
100 P EMSPGGKAAARNRPTF V DM
361 ATGCCCCCGATCACATGCACCAGCGCTCCATGGTGTCCGCTTTCTTCAACGATGAGTACG
120 b AAPDHMHOQARSMV S AFFNDE'Y
421 TCGAGTCCCGCCTCCCCTTCATCCGCGATACCGTCCAGCACTACCTCGATCGCCTCATCC
140 vV ESRLPF 1T RDTV QH Y L DI RLI
481 GCGCTGGCAAGGACGGCAAAGAAGTCGATCTCGTCAAGCACTTCGCCCTCCCCATCCCTT
160 R AG KD GKEV DLV KHFATLUP1P
541 CCCACATCATCTACGATATCCTCGGCATCCCCATCGAGGATTTCGAGTACCTCTCCGGCT
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S H 1 I Yy bl L 66 1P 1 EDUZFEY L S G

GCGACGCCACCCGCACCAACGGCTCCTCCACCGCCGCTGCTGCCCAGGCCGCCAACAAAG
c bATRTNGSSTAAAAZQAANK

AAATCCTCGAGTACCTCGAGCGCCTCGTCGATAAGAAAACCACCAACCCCTCCCACGATG
E 1 L EY L ERLV DKIKTTNWPS HD

TCATCTCCACCCTCGTCATCCAGCAGCTCAAGCCCGGCCACATCGAGAAGCTCGATGTCG
v I § T1L VI Q Q L K P G H 1T E KL DV

TCCAGATCGCCTTCCTCCTCCTCGTCGCCGGCAACGCCACTGTCGTGTCCATGATCGCTC
v Q@ 1 A F L L LV AGNATVV S M1 A

TCGGCGTCGTCACCCTCCTCGAGCACCCCGATCAGCTCTCCCGCCTCCTCGAGGATCCCT
L 6 v v.T LL EHPDOQULSRULL E D P

CCCTCTCCAACCTCTTCGTCGAGGAACTCTGCCGCTTCCACACCGCCTCCGCCTTGGCTA
S L SNULFVEELT CRFWHTASATL A

CCCGTCGCGTCGCTACCGTCGATATCGAGCTGCGTGGCCAGAAGATCCGGGCTGGCGAGG
T R RV A TVD I E L RGQ K I R A G E

GCATCATCGCCTCCAACCAGGCCGCTAACCGTGATCCTGAGGTGTTCCCCGATCCCGATA
G I 1 ASNQAANWIRUIDU®PEV F P D P D

CCTTCGACATGTTCCGCAAGCGCGGTCCCGAGGAAGCCCTCGGCTTCGGCTACGGCGATC
T FDMZFIRI KRS GWPEEALGTEFGY G D

ATCGCTGTATTGCCGAGATGCTCGCTCGCGCCCAGCTGGAAACCGTGTTCTCCACTCTCT
H R CI A EMLARAEWLETVF S TIL

TCCAGACCCTGCCCTCCCTGAAGCTCGCCATCCCCAAGTCCGAGATCCAGTGGACCCCCC
F Q T L P SLIKULATIUPIKSETI QWTP

CCACCCGTGACGTCGGCATCGTCGGCCTCCCCGTCACTTGGGATCGTGATTGAGCGGCCG
P T RDVSGI VGLPV TWDRD * A A

CGAGCTC
A S
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Gene 0915923 gene3 (also nicA2)

GGTACCGCGGCCGCATGGTGTCCTTCACCTCCCTGCTCECCGGCGTCGCCGCCATCTCTGGCGTCCTCGCTGCTC
CTGCCGCCGAGGTCGAGTCCGTCGCCGTCGAGAAGCEEATEARETBEBABEBEGTCTACCCCCGCTTCCCCTTCG
CTCGCCCTTCCGGCGACGAGCCCCCTGCCGAGTTCCACCGCCTCCTCCGCGAGTGCCCCGTGTCCCGCGTCGAGE
TGTGGGATGGCTCCCACCCCTGGCTCGTCGTCAAGCACAAGGATGTCTGCGAGGTCCTCACCGATCCCCGCCTCT
CCAAGGTCCGCCAGCGCGACGGCTTCCCCGAGATGTCCCCTGGCGGCAAGGCCGCTGCCCGCAACCGCCCCACCT
TCGTCGATATGGATGCCCCCGATCACATGCACCAGCGCTCCATGGTGTCCGCTTTCTTCAACGATGAGTACGTCG
AGTCCCGCCTCCCCTTCATCCGC BAACEETEEASEABIABE T CGATCGCCTCATCCGCGCTGGCAAGGACGGCA
AAGAAGTCGATCTCGTCAAGCACTTCGCCCTCCCCATCCCTTCCCACATCATCTACGATATCCTCGGCATCCCCA
TCGAGGATTTCGAGTACCTCTCCGGCTGCGACGCCACCCGCACCAACGGCTCCTCCACCGCCGCTGCTGCCCAGG
CCGCCAACAAAGAAATCCTCGAGTACCTCGAGCGCCTCGTCGATAAGAAAACCACCAACCCCTCCCACGATGTCA
TCTCCACCCTCGTCATCCAGCAGCTCAAGCCCGGCCACATCGAGAAGCTCGATGTCGTCCAGATCGCCTTCCTCC
TCCTCGTCGCCGGCAACGCCACTGTCGTGTCCATGATCGCTCTCGGCGTCGTCACCCTCCTCGAGCACCCCGATC
AGCTCTCCCGCCTCCTCGAGGATCCCTCCCTCTCCAACCTCTTCGTCGAGGAACTCTGCCGCTTCCACACCGCCT
CCGCCTTGGCTACCCGTCGCGTCGCTACCGTCGATATCGAGCTGCGTGGCCAGAAGATCCGGGCTGGCGAGGGCA
TCATCGCCTCCAACCAGGCCGCTAACCGTGATCCTGAGGTGTTCCCCGATCCCGATACCTTCGACATGTTCCGCA
AGCGCGGTCCCGAGGAAGCCCTCGGCTTCGGCTACGGCGATCATCGCTGTATTGCCGAGATGCTCGCTCGCGCCG
AGCTGGAAACCGTGTTCTCCACTCTCTTCCAGACCCTGCCCTCCCTGAAGCTCGCCATCCCCAAGTCCGAGATCC
AGTGGACCCCCCCCACCCGTGACGTCGGCATCGTCGGCCTCCCCGTCACTTGGGATCGTGATTGAGCGGCCGCGA
GCTC

Biflk: P450NOR F2 and P450NOR R1 primers (F1 only on Gene 3)
Yellow: P450NOR F1 (primer for Gene 2 and 3).

Green: xyn2 and KEX site

Blue: Gene 3 start codon and P450nor

1 GGTACCGCGGCCGCATGGTGTCCTTCACCTCCCTGCTCGCCGGCGTCGCCGCCATCTCTG
1 M VS F T S L L A GV A A 1 S
61 GCGTCCTCGCTGCTCCTGCCGCCGAGGTCGAGTCCGTCGCCGTCGAGAAGCGCATGAACT
20 G vV.L AAPAAUEVESV AV EKIRMN
121 CCGAGCCCGTCTACCCCCGCTTCCCCTTCGCTCGCCCTTCCGGCGACGAGCCCCCTGCCG
40 S E PV Y PR RFUPFAWRUPSGIDEP P A
181 AGTTCCACCGCCTCCTCCGCGAGTGCCCCGTGTCCCGCGTCGAGCTGTGGGATGGCTCCC
60 E F HRLILIRET CWPV SRV EULWTD G S
241 ACCCCTGGCTCGTCGTCAAGCACAAGGATGTCTGCGAGGTCCTCACCGATCCCCGCCTCT
80 H P WL VYV KHKDV CEV L TD P R L
301 CCAAGGTCCGCCAGCGCGACGGCTTCCCCGAGATGTCCCCTGGCGGCAAGGCCGLTGCCC
100 S K VRQRIDGFUPEMSUPGGKAAA
361 GCAACCGCCCCACCTTCGTCGATATGGATGCCCCCGATCACATGCACCAGCGCTCCATGG
120 R NRPTFV DWMDAWPUIDMHMMHOQR S M
421 TGTCCGCTTTCTTCAACGATGAGTACGTCGAGTCCCGCCTCCCCTTCATCCGCGATACCG
140 vV S A F FNDIEYVESIRULWPUFTI1T RDT
481 TCCAGCACTACCTCGATCGCCTCATCCGCGCTGGCAAGGACGGCAAAGAAGTCGATCTCG
160 V Q H Y LD RL I R AGIKDGIKE V DL
541 TCAAGCACTTCGCCCTCCCCATCCCTTCCCACATCATCTACGATATCCTCGGCATCCCCA
180 vV K HF AL P 1T P S H T 1 Y D1 L G I P
601 TCGAGGATTTCGAGTACCTCTCCGGCTGCGACGCCACCCGCACCAACGGCTCCTCCACCG
200 l E D F EY L S G CDATWI RTNGS ST
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CCGCTGCTGCCCAGGCCGCCAACAAAGAAATCCTCGAGTACCTCGAGCGCCTCGTCGATA
AAA A AQAANI KIEI L EY L EIRUL VD

AGAAAACCACCAACCCCTCCCACGATGTCATCTCCACCCTCGTCATCCAGCAGCTCAAGC
K K T T NP S HDV I S TUL V1 Q Q L K

CCGGCCACATCGAGAAGCTCGATGTCGTCCAGATCGCCTTCCTCCTCCTCGTCGCCGGCA
P GH 1 EK LDV YV Q1 A F L L L V AG

ACGCCACTGTCGTGTCCATGATCGCTCTCGGCGTCGTCACCCTCCTCGAGCACCCCGATC
NATVVSMI AL GV V T L L EH P D

AGCTCTCCCGCCTCCTCGAGGATCCCTCCCTCTCCAACCTCTTCGTCGAGGAACTCTGCC
Q L S RLL EDWPSLSNWLFVEETLTC

GCTTCCACACCGCCTCCGCCTTGGCTACCCGTCGCGTCGCTACCGTCGATATCGAGCTGC
R FHTASALA AT RRVYVATVD 1 E L

GTGGCCAGAAGATCCGGGCTGGCGAGGGCATCATCGCCTCCAACCAGGCCGCTAACCGTG
R 6 Q K I RAGEGTIT I A SNUQGQAANR

ATCCTGAGGTGTTCCCCGATCCCGATACCTTCGACATGTTCCGCAAGCGCGGTCCCGAGG
b PEV FPDWPDTZFDMMZFRI KRG P E

AAGCCCTCGGCTTCGGCTACGGCGATCATCGCTGTATTGCCGAGATGCTCGCTCGCGCCG
E AL GF GY G DHIRZCI AEMMLARA

AGCTGGAAACCGTGTTCTCCACTCTCTTCCAGACCCTGCCCTCCCTGAAGCTCGCCATCC
E L ETVFSTLFQTULP S L KL AI

CCAAGTCCGAGATCCAGTGGACCCCCCCCACCCGTGACGTCGGCATCGTCGGCCTCCCCG
P K S EI QWTWPWPTRUDVGI1 VG LP

TCACTTGGGATCGTGATTGAGCGGCCGCGAGCTC
v T wW D R D * A A A S
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A.3.2. DNA manipulation reactions

A.3.2.1. Restriction enzyme digest reaction

For the restriction enzyme digests in a total reaction volume 17 pl, 10 pyl DNA, 2 ul
10x restriction enzyme buffer, 2 pl of enzyme, 0.2 pl 1% (w/v) BSA and 2.8 pl dd
H,O were mixed and incubated at 37°C for 3 hours. Restriction enzyme buffer B
contained 10 mM TRIS-HCI, 5 mM MgCl,, 100 mM NaCl, 1 mM 2-Mercaptoethanol
with a pH of 8 at 37°C. The restriction enzyme buffer H contained 50 mM TRIS-HCI,
10 mM MgCl;, 100 mM NaCl, 1 mM Dithioerythritol (DTE), pH 7.5 at 37°C.
Restriction enzyme buffer B was used for BamHI (10 U.ul*, Roche) and Hindlll (10
U.pl?, Roche) digests and restriction buffer H was used with EcoRI (10 U.pl?,
Roche), Xhol (10 U.ul™*, Roche) and Notl (10 U.ul™, NEB, UK) digests.

A.3.2.2. Nucleotide gel electrophoresis

A 0.8% (w/v) agarose Techcomp gel (LTD, Hong Kong, Cat # 9201) was prepeared
in 1x TAE (TRIS acetate EDTA) buffer and 5 pl of ethidium bromide solution (Sigma-
Aldrich) was added. A current of 80 volts was applied to the gel for DNA fragments
separation over 20 minutes. Restriction enzyme digested A DNA was used as

molecular size markers.
A.3.2.3. Ligation reaction
For the DNA ligation to the plasmid pGTP, 2 pyl DNA, 2 pl 10x buffer, 2 pl ligase T4

(5 U.pl™*, Roche) and dd H,O in a total reaction volume of 20 pl, were mixed and

incubated at room temperature for 4 hours.

145

© University of Pretoria



A.3.2.4. PCR reaction to identify E. coli colonies containing the gene of

interest

PCR reaction in 50 ul contained 0.25 pl of 10x Ex Taq (5 U.pl?, TakaRa), 4 pl NTP,
1 ul DNA, 6 yl pGTP forward primer, 6 pl pGTP reverse primer and 27 pl dd H,O
with thermocycling of: (2" 94°C, 2" 40°C) x 1; (1° 30” 72°C, 1'94°C, 1’ 50°C) x 25 and
(77 72°C, 4°C until stopped) x 1 in a GeneAmp PCR System 9700 (Applied
Biosystems).

A 1.4 kbp DNA fragment was anticipated with the pGTP primers (kindly provided by
Dr Shaunita Rose (University of Stellenbosch)

pGTP primers:

forward primer (F1): TTCCGCTTCCTCGCTCACT

reverse primer (R1): GGCTGCGGCGAGCGGTATC

A.3.2.5. Genomic DNA extraction from mycelia

Mycelia cultured in minimal medium for 2 days were harvested by filtering through
Myra cloth (Calbiochem, Merck Millipore) and rinsed twice with dd H,O. Excess
water was removed by squeezing the mycelia. The mycelia were snap frozen with
liquid nitrogen in a porcelain mortar and then crushed to a fine powder. The powder
was transferred to a reaction tube and 400 ul of STE buffer (sodium chloride TRIS
EDTA buffer, pH 8) together with 400 pl of PCI (phenol: chloroform: isopropanol;
2:1:1) were added to the powder. The mixture was briefly mixed and incubated on
ice for 1 hour. The supernatant was transferred to a new tube after centrifugation at
13000 xg for 5 minutes and 400 ul of PCl was added. This was repeated once more.
Thereafter, 700 ul of chloroform isopropanol was added to supernatant and
subjected to centrifugation (as above). A 1/50 volume of 5 M NaCl and 1 volume
100% ethanol were added to the supernatant. The mixture was gently mixed and
centrifuged again for 5 minutes. The pellet was washed once with 1 ml 70% (v/v)
ethanol and then dried in an oven. A small volume (50 pl) of dd H,O was added to
the pellet. The pellet was allowed to re-hydrate over night at room temperature.

Thereafter, it was stored at 4°C.
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A.3.3. Growing of A. niger in culture

A.3.3.1. Culture medium composition and agar plates

Table A.3.1. Media composition for A. niger fermentation.

Media (% wiv) MM  2MM 3MM MM+H TF agar SP agar
Glucose 1.0 10 20 1.0 1.0 1.0
Yeast Extract 0.5 1.0 1.5 0.5 0.1
MgS0O,.7H,0 0.04 | 0.08 | 0.16 | 0.04 0.04

Cas AA 02 | 04 0.6 0.2 0.1
Neopeptone 0.2
Oxoid agar 15

Sorbitol 21.9
Bacteriological agar 1.8
AspA* 2 4 6 2 2 2
TE* 0.1 | 0.2 0.3 0.1 0.1 0.1
Bovine haemoglobin# 1

*(% viv); # g.L'; Cas AA: cas amino acid (Difco Bacto); TE: trace elements

A.3.3.2. Reagents and preparation of stock solutions

1) 20x AspA solution:
A 20x AspA solution contained 30% NaNOg3, 2.6% KCIl and 7% KH,POy, all (w/v).

2) 0.6 M NaCl/CaCl, solution
The 0.6 M NaCl/CaCl, were solution was prepared as follows: 39.7 g of CaCl,.2H,0

and 34.8 g NaCl dissolved in 1 L water and autoclaved for 20 minutes.

3) 1000x trace element solution (TE):

The stock solution of trace elements contained the following chemical constituents:
2.2% ZNSO,4.7H0, 1.1% H3BOs3;, 0.5% MnCl,.4H,0, 0.5% FeS0O4.7H,0, 0.17%
CoCl,.6H,0, 0.16% CuS04.5H,0, 0.15% Na;Mo004.H,0 and 5% EDTA (no Na salt),

all (wiv).

4) STC 1700 solution:
A STC 1700 solution was prepared with the following reagents: 21.8% sorbitol,
0.74% CacCl,.2H,0, 0.02% NaCl in (w/v), 0.1% of 1 M TRIS buffer (pH 7.5) in (v/v).
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5) PEG 4000 solution:
A PEG 4000 solution contained: 60% PEG 4000, 0.74% CacCl, in (w/v), 1% 1 M TRIS
buffer (pH 7.5) in (v/v).

6) Transformation plates:

The transformation plates were prepared from the following reagents: 0.04%
MgS0O,4.7H,0, 1% glucose, 1.5% oxoid agar (Oxoid LP0011l, Basingstocke,
England), 21.86% sorbitol all in (w/v) and were prepared in dd H,O. This solution
was autoclaved and thereafter 2% of 50x AspA and 0.1% of TE solution in (v/v) was
added.

7) Spore plates:

Minimal media with nitrate, 1% glucose, 0.2% neopeptone (trypticase BBL), 0.1%
yeast extract (Merck Biolab), 0.1% casamino acid all in (w/v) and 0.8% bacterial
agarose was prepared in dd H,O and sterilised by autoclaving the solution for 20

minutes.

8) Bovine haemoglobin solution:

Haemoglobin was dissolved in 50 ml of dd H,O overnight. The haemoglobin solution
was added to sterile MM to a final concentration of 1 g.L™* and mixed. The particulate
matter was removed by centrifugation for 20 minutes at 10000 xg. Thereafter the
MM-+haemoglobin solution was filter sterilized through a 0.22 ym DuraPore PVDF

membrane Stericup filter units (Merck Millipore).

9) Colloidal Coomassie brilliant blue stain:
Ammonium sulfate (100 g, HgN.O,4S) was dissolved in 600 ml dd H,0O, then 1 g of
Coomassie G-250 (Sigma-Aldirch, Germany) was added and dissolved. Thereatfter,

ortho phosphoric acid was added to a final concentration of 30% (v/v) to which 20%
(v/v) ethanol was added for final volume of 1 L. Reagents were obtained from Sigma-
Aldrich and were of analytical grade. This protocol is an adaptation to the protocol
reported by Neuhoff et al. (1988) [396].
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10) Protein precipitation for SDS-PAGE electrophoresis:
The protocol from Bio-Rad 2D clean up kit (Cat # 163-2130) was followed with the

following reagents prepared in the laboratory:

Precipitation reagent 1: 10% trichloroacetic acid, 4 M NacCl
Precipitation reagent 2: 0.1% sodium deoxycholate

Wash reagent 1: 50% acetone (v/v)

Wash reagent 2: 20% acetone (-20°C) (v/v)

Wash additive: 1.5% starch (v/v)

A.3.3.3. Spore maintenance

Spores from the glycerol stock (which were stored at -80°C) were used to generate a
spore solution. The spores from the glycerol stock were plated onto spore plates and
incubated at 37°C. After 4 days, the spores were harvested with sterile 0.9% (v/v)
physiological saline and were counted with a Neubauer haemocytometer (Brand,
Germany) to determine the spore concentration. The spore solution was stored at
4°C for a maximum of three months before it was discarded and fresh spore solution
was generated. Sporulation of A. niger mycelia was induced on minimal medium
agar plates with nitrate, 1% glucose (w/v), 0.2% trypticase (BBL) (w/v), 0.1% yeast
extract (w/v) and 0.1% (w/v) casamino acids, 0.04% MgSO, (w/v), 6% NaNOs in
(w/v) trace elements as well as 0.015M uridine (for PyrG") and without uridine for

transformed A. niger D 15.

A.3.3.4. Screening for Anor expression by A. niger D15

For the screeingin of Anor expressing A. niger D15 transformants, 50 ml culture
medium was inoculated with the spores of the 116 transformants (containing a 1.4
kbp insert with correct orientation). The spend culture medium was tested for nitric
oxide reductase (NOR) activity. The NADH reduction rate was categoriesd to identify

the transformant presenting the highest NOR activity (Table A.3.2).
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Table A.3.2. Categorisation of NADH reduction for NOR activity

NADH reduction rate NOR activity
0<19 None
20< 39 Low
40 <59 Medium
60 <79 High

80 < above Very high

The NOR activity determined by the cultured transformants is presened in Table
A.3.3. Only a few of the transformants of the 116 evaluated, presented high to very
high NOR activity (0.4% for pGTP-nicAl and 5% for pGTP-nicA2).

Table A.3.3. NOR activity from A. niger D15 transformants determined after 3 days

% of total transformants cultured

NOR activity pGTP-nicAl pGTP-nicA2
None 84.3 75.2
Low 13.6 16.1

Medium 1.6 3.7
High 0.2 2.7
Very High 0.2 2.3

It was observed that the mycelial increased with time and thus it was considered

essential to evalualte the NOR activity after 3 days in culture and and after 7 days.

A.3.3.5. Screening of NOR activity from transformants cultured in two

different glucose concentrations in culture media after 3 and 7 days

Culture conditions such as glucose concentration and yeast content contribute to the
protein expression and production in A. niger [228, 397], and therefore the
transformants were cultured in two different strengths of minimal medium. NOR
activity was determined from 50 ml cultures in minimal medium (MM) and double
strength minimal medium (2MM) after 3 days (refer to Table A.3.5). Furthermore, it
was observed by Sharma et al. (2009), that some proteins were expressed during
the exponential phase and others during stationary phase [398]. Therefore, NOR

activity was assayed on day 3 and day 7 (refer to Table A.3.6).
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Table A.3.4. NOR activity from A. niger D15 transformants in two different culture
media after 3 days.

% of total transformants cultured

pGTP-nicAl pGTP-nicA2
NOR Activity MM 2MM MM 2MM
None 85.3 80.2 90.2 69.3
Low 13.8 12.3 3.3 22.2
Medium 0.9 4.7 0.8 4.6
High 0.0 1.9 3.3 1.3
Very High 0.0 0.9 2.4 2.6

Table A.3.5. NOR activity in culture media from A. niger D15 transformants
measured after 3 and 7 days.

% of total transformants cultured

NOR activity pGTP-nicAl pGTP-nicA2

% day 3 day 7 day 3 day 7
None 62.5 64.6 83.5 78.7
Low 30.6 34.2 15.6 11.2
Medium 4.2 1.2 0.9 6.7
High 14 0 0 11
Very High 1.4 0 0 2.2

From the NOR activity screening process, it was observed that there are slight
differences between A. niger D15[nicAl] (pGTP-nicAl) or A. niger D15[nicA2]
(pGTP-nicA2) with their NOR activity in MM or 2MM as well as day 3 or day 7. A.
niger D15[nicAl] showed medium to very high NOR activity in 2MM and at day 3,
whereas A. niger D15[nicA2] showed medium to very high NOR activity in MM and
2MM. High to very high NOR activity was observed at day 7. These findings were
used to select one transformant from each plasmid construct to investigate the effect
of glucose concentration, agitation, inoculum and haemoglobin supplementation in a

simulated fed-batch culture on NOR activity.
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A.3.3.6. Optimisation of culture conditions for maximal Anor production

A.3.3.6.1. Glucose concentration and agitation

Wang et al. (2003) [228] observed that the initial glucose concentration and agitation
intensity affected the development of biomass. Therefore, A. niger transformants
containing either pGTP-nicAl or pGTP-nicA2, were cultured in three different
strengths of 200 ml minimal medium at two different agitation intensities (100 rpm
and 200 rpm). The NOR activity was monitored every 24 hours and the highest NOR
activity was observed on day 4 and day 5 with MM at 100 rpm and 200 rpm for A.
niger D15[nicAl] as indicated in Figure A.3.4. At first, A. niger D15[nicAl] was
cultured in medium in which the glucose was autoclaved together with the other
medium components resulting in the Maillard reaction (complex glucose). This
resulted in low NOR activity, thus this experiment was repeated and the NOR activity
was measured from A. niger D15[nicAl] cultured in medium to which glucose was
added aseptically to the hot autoclaved cultured media. Both culturing procedures

were repeated for A. niger D15[nicA2] as shown in Figure A.3.5.
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Figure A.3.4. The effect of culture media and agitation on NOR activity from A. niger D15[nicA1l].
Different strengths of 200 ml minimal media (MM, 2MM and 3MM) were inoculated with A. niger
D15[nicA1] spores (0.5 x 10°.mlI™) and were cultured with agitation at 100 rpm and 200 rpm at 30°C.
In (A), cultured media contained complex glucose by the Maillard reactions and in (B), the glucose
was added aseptically to the culture media. NOR activity was monitored every 24 hours. Each data
point is the average from triplicate culture flasks. A high variability was observed and thus no
statistical difference is presented here.

For A. niger D15[nicA2], the highest NOR activity was observed at day 3 under the
different culture conditions. Culture media with the highest NOR activity was

observed when A. niger D15[nicA2] was cultured in MM with 100 rpm and 200 rpm
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agitation as indicated in Figure A.3.5. It appears that the Maillard reactions did not
alter the NOR activity (Fig. A.3.5. A), nor did the increase in medium concentration
benefit NOR activity (Fig. A.3.5 B).
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Figure A.3.5. The effect of culture media and agitation on NOR activity from A. niger D15[nicA2].
Different strengths of 200 ml minimal media (MM, 2MM and 3MM) were with inoculated A. niger
D15[nicA2] spores (0.5 x 106.ml'l) and were cultured with agitation at 100 rpm and 200 rpm at 30°C.
In (A), cultured media contained complex glucose by the Maillard reactions and in (B), the glucose
was added aseptically to the culture media. NOR activity was monitored every 24 hours. Each data
point is the average from triplicate culture flasks. No statistical difference was observed. MM 100
culture was contaminated on day 3 and excluded from this study.

It was observed that 2MM and 3MM resulted in small mycelial pellets whereas MM
favoured the development of larger mycelia pellets (Fig. A.3.6). Gordon et al. (2000)
[399] proposed that protein secretion takes place at the tips of mycelia, which would
translate to more protein sections. Therefore, the larger mycelial pellet may have
favoured Anor section which was observed as higher NOR activity in the culture
medium.

_ca ppetee T

Figure A.3.6. Mycelia of A. niger D15[nicA2] after 2 days in culture. Culture media
composition determined mycelia pellet size and possible NOR activity.
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For both, A. niger D15[nicAl] and A. niger D15[nicA2], MM showed to be most
favourable in yielding high NOR activity. The addition of glucose to autoclaved media
resulted a in higher NOR activity for A. niger D15[nicAl] (Fig. A.3.4 B). Therefore this
was followed for all subsequent culturing experiments. Furthermore, the other
strengths of the media, 2MM and 3MM did not increase NOR activity and thus further

culturing was done only with MM.

A.3.3.6.2. Spore inoculum

Xu and his colleagues (2000) [231] observed that the spore inoculum contributes to
the pellet size of filamentous fungi in submerged -cultures. Papagianni and
colleagues (2004) [232] also described a relationship between inoculums, pellet
aggregation and protein secretion. Therefore, four different spore inoculums were
investigated for their effect on NOR activity in culture media. Since minimal medium
with simple glucose (Fig. A.3.4 B) has shown the highest NOR activity for A. niger
D15[nicAl], MM was also used in this study. As before, 200 ml of MM was
inoculated with either 0.5 x 10° spores.ml®, 1.5 x 10° spores.ml?, 4.5 x 10°
spores.ml™ or 13.5 x 10° spores.ml™. Each inoculum was performed in triplicate. The
flasks were incubated for 7 days at 30°C with 100 rpm agitation. Nitric oxide
reductase activity was measured every 24 hours. Neither spore inoculation method
showed significant increase of nitric oxide reductase activity (Fig. A.3.7), but a
difference in pellet size was observed (data not shown).

20 | —¢=05 —m=15 45 —>=13.5
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Figure A.3.7. The effect of spore inoculum on A. niger D15[nicAl]. A. niger D15[nicAl] was cultured
in MM for 7 days at 30°C with 100 rpm agitation. Four different concentrations of spores were added
to 200 ml of MM: 0.5 x 10° spores.ml™ (0.5), 1.5 x 10° spores.ml™ (1.5), 4.5 x 10° spores.ml™ (4.5) or
13.5 x 10° spores.ml™ (13.5). The NOR activity was measured every 24 hours. Each data point is the
average from triplicate culture flasks for which the NOR assay was also conducted in triplicates. No
statistical difference was observed.
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A.3.3.6.3. Supplementation with haemoglobin

The nitric oxide reductase, P450nor, from A. oryzae (Anor) belongs to the P450
superfamily which has a haem in its active site [104, 140]. The synthesis of haem is
complex process [238] and might pose a bottleneck for the synthesis of Anor in A.
niger D15. The addition of haemoglobin to the culture medium has been shown to
increase the activity of haem peroxidase between 7 to 10 fold in comparison to the
enzyme activity in non-supplemented media [400]. Both A. niger transformants,
D15[nicAl] and D15[nicA2], were cultured in MM supplemented either with
autoclaved or filtered bovine haemoglobin solution to determine its effect on the yield
of active Anor (Fig. A.3.8). Supplementation with haem increased NOR activity only
for A. niger D15[nicAl] with filtered bovine haemoglobin on day 5 and 6 of culturing
duration (Fig. A.3.8 B). It was observed that NOR activity decreased after the 4™ day
of culturing when haem was supplemented with autoclaved haemoglobin, hence
filtered haemoglobin was used for all subsequent experiments. Furthermore, A. niger
D15[nicAl] showed statistically significant higher NOR activity than A. niger
D15[nicA2] on day 5 and 6. Therefore, A. niger D15[nicAl] was chosen as the

preferred transformant for further experiments.
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Figure A.3.8. The effect of culture media supplementation with haemoglobin on NOR activity. A. niger
D15 was cultured at 30°C with 100 rpm agitation. The minimal medium (MM) was supplemented with
1 g.L™ haemoglobin (MM+H). In (A), the NOR activity of A. niger D15[nicAl] (#1) and A. niger
D15[nicA2] (#2) when cultured in 200 ml MM or in MM with autoclaved bovine haemoglobin (MM+H).
In (B), the NOR activity from A. niger D15[nicAl] and A. niger D15[nicA2] when cultured in 200 ml MM
or in MM with supplemented with filtred hemoglboin (MM+H). The NOR activity was measured every
24 hours. Each data point is the average from triplicate culture flasks of which the NOR assay was
also conducted in ftriplicates. Statistical significant differences are indicated by * where P< 0.01
(Unpaired t-test, GraphPad Software, Inc.).
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A.3.4. Purification of Anor

A.3.4.1. Amino acid sequence analysis of 55 kDa proteins from SDS-PAGE

The proteins with the anticipated mobility on a SDS-PAGE gel (55 kDa) was excised
and identified by tryptic digest fingerprinting. The methods used were adapted from
Shevchenko et al. (2007) [239] and the analysis was done by Dr Stoyan Stoychev
(CSIR Biosciences, South Africa). A Dionex UltiMate 3000 RSLC system coupled to
a QSTAR ELITE mass spectrometer was operated in Information Dependant
Acquisition (IDA) using an Exit Factor of 2.0 and Maximum Accumulation Time of 2.5
sec. The amino acid sequences were identified with NCBI's msdb database and
PEAKS version 6.1 proteomics software. Figure A.3.8 is an example of a peptide
sequence analysis of a 55 kDa protein from A. niger D15[nicAl] cultured in MM+H for
4 days after ion exchange purification. A 53.9% coverage of Cytochrome P450nor (A.
oryzae) with an accession number of Q8NKB4_ ASPOR was obtained (Fig. A.3.9).
The Unused ProtScore was 46.08, a measurement of all the peptide evidence for a

protein that is not better explained by a higher ranking protein [240].
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Figure A.3.9. The trytic digest fingerprinting of a 55 kDa purified from A. niger D15[nicAl]. This
protein presented a 53.9% coverage of Cytochrome P450nor from A. oryzae (Accession no.
Q8NKB4_ASPOR). The table in (A) presents the b and y ions from peptide sequence
SMVSAFFNDEYVESR from N-terminal to C-terminal and C-terminal to N-terminal, respectively. The
overlapping fragments are highlighted in green. The overlapping MS-MS fragments representative in
the mass spec chart (B), where b ions are in green and y-ions in red.

156

© University of Pretoria



Appendix to Chapter 4: Anor from E. coli

A.4.1. Expression of Anor in E. coli DH10B and BL21 (DE3)
A.4.1.1. Screening for nicA transformants with the polymerase chain reaction

The PCR mixture was used for:

1) the gene construction of pET-nicAl and pET-nicA2, and

2) screening of E. coli DH10B or BL21 (DE3) containing the pET-nicAl and pET-
nicA2.

The vector DNA of pMA and pMK (GeneArt, Germany) was used as template for the
expression vector construction and total cellular DNA from lysed E. coli colonies
(incubated for 10 minutes at 100°C) was used as template for colony PCR screening
methodologies. The amplification reaction contained 1.25 Units of Ex Taq
polymerase, 5 pl 10x PCR reaction buffer, 0.05 mM of each NTP, 10 uM of each
primer (FnicAl and RnicA for nicAl amplification and FnicA2 and RnicA for nicA2
amplification), 2 pl of template DNA and 33.5 l filtered dd H,O for a total reaction
volume of 50 pl. The amplification process was done in a G-Storm | thermocycler
(UK) for 25 cycles, which was preceded by an initial denaturing step for 2 min at
94°C. The temperature cycle commenced with a DNA denaturing step at 94°C for 90
seconds, then primer annealing was followed for 1 minute at 60°C and the DNA
elongation was done at 72°C for 1 minute. This cycle was repeated 25 times and
was concluded with an elongation step at 72°C for 2 minutes. The PCR products

were stored at 10°C for further analysis.

FnicAl: 5 — GCAGCACCATGGGCTTCCCCTTCGCTCGCCCTTCC -3’
FnicA2: 5’- GCAGCACCATGGGCAACTCCGAGCCCGTCTAC -3
RnicA: 5- GCAGCAGTCGACATCACGATCCCAAGTGACGGG -3

The PCR products were subjected to 0.8% (w/v) agarose gel electrophoresis to

identify the PCR reaction in which the primers annealed and amplified the nicA gene
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of 1.4 kbp as shown in Figure A.4.1. The amplication of pMK-nicAl, pMA-nicAl,
pGTP-nicAl and pGTP-nicA2 presented the anticipated 1.4 kbp PCR product (Fig.
A.4.1). This PCR product was used for the preparation of the pET-nicAl or pET-

nicA2 vector for Anor expression in E. coli (refer to Chapter 4, Section 4.3.2).

In preparation of the ligation of the 1.4 kbp PCR product in pET-28a, the PCR
product was excised from the agarose after gel electrophoresis and the DNA was
recovered using a Zymoclean DNA recovery kit. This DNA was digested with Ncol
(located in FnicAl and FnicA2) and Sall (located in RnicA) for directional ligation.
The restriction enzyme digest contained either 12 ul pET-28a vector DNA or 20 pl of
1.4 kbp PCR product which was digested with 15 units of enzyme (1.5 ul each) in 3
pl of BamHI buffer [containing 10 mM TRIS-HCI (pH 8.0); 5 mM MgCl,; 100 mM KClI;
0.02% Triton X-100; 0.1 mg.mL™* BSA]. For a final reaction volume of 30 pl, 4 pl of
filtered dd H,O was added to the reaction. The enzymatic digestion was allowed to
proceed for 2 hours at 37°C. The digested PCR product and vector were separated
on a 0.8% (w/v) agarose gel. The 1.4 kbp as well as the pET-28a DNA fragments
were recovered from the agarose gel. The digested PCR product was ligated to
digested pET-28a and electroporated into E. coli DH10B as described in Chapter 4,
Section 4.3.2.

lane  primer set template DNA

FnicA2- pGTP-nicA2 #3
RnicA pGTP-nicA2 #3
FnicAl- pGTP-nicAl #4
RnicA pGTP-nicAl #4

1 Promega MwM

2 X pMK-nicA2

3 FnlgAZ- empty
RnicA -

4 pMK-nicA2

5 FnicAl- pMA-nicAl

6 RnicA pMA-nicAl

7

8

9

=
o

Figure A.4.1. PCR products from vector DNA containing nicAl or nicA2. The PCR product (1.4 kbp)
was analysed by 0.8% (w/v) agarose gel electrophoresis. The Promega 1 kbp molecular marker
(MwM) was used to estimate in kbp of the DNA. The gel was stained with ethidium bromide. The
GeneSnap was used to capture the image.

The E. coli was allowed to grow in SOC medium for 1 hour and was plated onto
Luria agar plates containing 50 pg.ml™* kanamycin. The next day, 50 colonies of each

gene vector was selected and screened for nicA by colony PCR with primer sets
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FnicAl-RnicA or FnicA2-RnicA. The colonies were pooled (10 colonies per reaction)
and lysed by boiling for 30 minutes. The total cellular DNA was used as a template in
the PCR reactions. Figure A.4.2 A presents the results of the pooled colony PCR
reaction. The anticipated ~1.4 kbp product was observed in colonies 21 to 50 (lanes
3, 4 and 5) which were transformed with pET-nicAl and amplified with priner set
FnicAl-RnicA. In this PCR reaction a ~1 kbp product was also amplified. The
colonies from 41 to 50 were chosen for single colony PCR as the pooled colony PCR
reaction showed the least of the ~1 kbp PCR product. In the single PCR reaction
only colony 50 presented the ~1.4 kbp PCR product (lane 11 in comparison to the
positive control in lane 12; refer to Fig. A.4.2. B). However, colonies 44 and 45 were

chosen further investigations.

The same selection process for the colony with the 1.4 kbp PCR product was
repeated for E. coli transformed with pET-nicA2 using the FnicA-RnicA priner set
(lanes 7 to 11; Fig. A.4.2. A). The anticipated ~1.4 kbp PCR product was observed in
lane 9 and 10 (colonies from 21 to 40), of which colonies from 21 to 30 were
subjected to single colony PCR with the primer set FnicA2-RnicA as before. In this
PCR reactions, colonies 21, 24, 26 and 27 presented the ~1.4 kbp PCR product
(lane 2, 5, 7 and 8, Fig. A.4.2. C). Colony 26 was chosen for further investigations.
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lane _primer set_Colony pool 8 9 10 11 12 13 14 [Rad

A [

1-10 21.2
2 Fnicat- 11-20
8 | Rnica |—24:30
4 31-40 5.1/4.9/4.3
5 41-50
6 empty 35
7 1-10 2.0/1.9
8| Enicaz 11-20 (1)25(1);
9 | Rnica |—24-30 06
10 31-40
11 41-50
12 no DNA control
13 Roche MwM I
14 Roche MwM I
base pairs
priner set:
lane  FnicAl-RnicA 21.2
1 Roche MwM 1II 5 1/4.9/4.2
2 41 35
3 42 2.011.9
4 43 1.6/1.4
5 44 0.9/0.8
6 45 0.6
7 46
8 47
9 48
10 49
11 50
12 +ve control
13 Roche MwM lII

priner set: L2 3 450 607 8 RO ORI 281 38 14 kbp
lane __FnicA2-RnicA - s R 1.2
1 Roche MwM Il
2 21
3 22 : 5.1/4.9/4.2
4 23 35
5 24 2.0/1.9
6 25 ' - ' - ' 1.6/1.4
7 26 - L 0.9/0.8
8 27 0.6
9 28
10 29
11 30

+ve control

-ve controll

14 Roche MwM 1II

Figure A.4.2. Colony PCR products from pooled E. coli DH10B transformants. Transformants
contained either pET-nicAl or pET-nicA2. The PCR product from genomic DNA templates were
separated by 0.8% (v/w) agarose gel electrophoresis. In (A), a ~1.4 kbp PCR product indicates the
presence of nicAl (lane 3, 4 and 5) or nicA2 (lane 9 and 10). Plasmid DNA of pMA-nicAl or pMK-
nicA2 were used as a positive control in the PCR reaction. The negative control is a no DNA reaction.
For DNA base pair estimation, DNA molecular weight marker 1l (MwMII) and 1l (MwMIIl) were used
(lane 13 and 14). The PCR products of the single colonies which were identified in the pooled PCR
reaction (A), are shown for nicAl (B) and nicA2 (C). The agarose gel was stained with ethidium
bromide. The GeneSnap was used to capture the image.
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A.4.1.2. Screening for NOR activity in lysate

A pilot study was conducted to determine whether Anor is expressed in the identified
colonies (colony #44 and 45, for nicAl and #26 for nicA2, Fig. 2, B and C). As
described in Chapter 4 (Section 4.3.4), 10 ml Luria broth with 50 pg.mI™* kanamycin
was inoculated with these colonies, gene expression was induced with the addition
of 0.5 mM IPTG after 4 hours of incubation at 37°C. Thereafter, the cells were
cultured overnight at 30°C with agitation at 190 rpm. The culture medium
supernatant after harvesting (CM) and the cell lysate (L) were assayed for NOR
activity (Fig. A.4.3 A). The proteins molecular sizes were determined on a denaturing
gradient SDS-PAGE gel (Fig. A.4.3 B). Transformants harbouring each gene vector
showing NOR activity (Fig. A.4.3 A, #26, #44 and #45) were also analysed for the
anticipated ~55 kDa protein on SDS-PAGE gel electrophoresis (Fig. A.4.3 B). The
presence of this ~55 kDa protein together with NOR activity would indicate the

presence of Anor.

Anor is expressed with a poly-histidine tag which has a high affinity for nickel NTA
resin. This affinity chromatography was applied to facilitate the purification. In this
pilot study, the lysate of colony #45 was applied to the MagReSyn™ NTA to test
whether Anor is indeed expressed with a poly-histidine tag. Fig. A.4.3 B, lanes 3 to 7,
show that the bulk of a ~55 kDa protein is in the cell lysate after IPTG induction and

in lesser quantity in the eluate from the MagReSyn™ NTA.
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Figure A.4.3. Anor expression in E. coli DH10B. The colonies with a ~1.4 kbp PCR product were
cultured and analysed for NOR activity (A) and subjected to denaturing 4-12% gradient Bis-Tris
NuPage® gel electrophoresis (B). Lysate of colony #45 after 4 hours incubation presents the protein
expression before IPTG induction (lane 2) and lysate colony #46 o/n shows the proteins after IPTG
induction in stationary growth phase (18 hours culturing, in lane 3). The cells were cultured, lysed and
purified as described in Chapter 4, Section 4.3.5. NOR activity, protein concentration and SDS-PAGE
gel electrophoresis were determined as described in Chapter 4, Section 4.3.7 and 4.3.8. The gel was
stained with Colloidal Comassie brilliant blue stain. The GeneSnap was used to capture the image.

A.4.1.3. Transformation of nicA constructs into E. coli BL21 (DE3)

E. coli DH10B is not a suitable expression host as it was designed to carry large
plasmids for building metagenomic libraries [401]. Therefore, the E. coli strain BL21
(DE3), which is more suitable for heterologous protein expression [284, 402, 403],
was chosen. This strain is an outer membrane protease (ompT) and T1 prophage
receptor mutant. For the expression of Anor in E. coli BL21 (DE3) strain, plasmid

DNA from colonies #26 and #44 were isolated from overnight cultures and
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electroporated into E. coli BL21 (DE3). Thereatfter, the E. coli cells were allowed to
grow in SOC medium for 1 hour at 37°C and were subsequently plated onto Luria
agar containing kanamycin (50 pg.ml™?). The plate was incubated at 37°C for 18
hours. At random, five single colonies were selected from each construct and
subjected to boiling for 10 minutes in dd H,O. The cellular debris was collected by
centrifugation (4000 xg for 15 minutes at 4°C) and the supernatant containing
genomic DNA was used as a DNA template for PCR. As before, the PCR analysis
with primer pairs of FnicAl-RnicA and FnicA2-RnicA were used to establish whether
the colonies contained either pET-nicAl or pET-nicA2. Figure A.4.4 presents the

PCR products on a 0.8% agarose gel.

lane  vector sample

base pairs

1 Roche MwM I 21226

2 1

3 2

4 pET- 3 5148/4973/4268/

nicAl 3530

5 4 '

. : 2027/1904 ; bed
1584/1375 .

7 empty 925/831 X 1 I

8 1 564 :

9 pET- 2 '

10 nicA2 3

1 4 o wn ) W e .m -

12 pET-nicA2 DNA

Figure A.4.4. Colony PCR products from E. coli BL21 (DE3) transformants. Transformants contained
either pET-nicAl and pET-nicA2. The PCR product was analysed with a 0.8% (v/w) agarose gel
electrophoresis. The molecular weight marker Il from Roche was used to estimate the molecular
weight of the PCR products. The agarose gel was stained with ethidium bromide. The GeneSnap was
used to capture the image.

The size of the PCR products from colonies transformed with pET-nicAl were
smaller than anticipated (lanes 1 to 5; 925/831 bp). However, the amplicon size
generated from colonies transformed with pET-nicA2 were the expected ~1.4 kbps
(lanes 8 to 12 in Figure A.4.4). Again, one colony containing either pET-nicAl or
PET-nicA2, was selected at random. The colony was used to inoculate Luria broth
containing Kanamycin (50 pg.ml™?) and cultured for 18 hours at 37°C with 190 rpm
agitation. This culture was used to prepare 80% glycerol stocks which were stored at
-80°C for further studies.
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A.4.1.4. Sequence analysis of pET-nicAl and pET-nicA2

Nucleotide sequences were viewed and edited with BioEdit Sequence Alignment
Editor version 5.0.9 (USA). Sequence alignments and plasmid maps were
constructed with DNAMAN version 5.2.9 (Lynnon BioSoft, Canada). Figure A.4.5
shows the sequence alignments from nicAl and nicA2 with the gene sequence
provided by GeneArt (refer to Appendix to Chapter 3, Section A.3.2.4). The plasmid
maps are presented in Figure A.4.6.

The nucleotide sequence of the gene insert (PCR product, Section A. 4.1.1) on pET-
nicAl (colony #44) and pET-nicA2 (colony #26) was determined and aligned with
nicAl nucleotide sequence. Besides Ncol restriction site in the primers FnicAl and
FnicA2, another one was located 301 bp down stream of the ATP start codon. In the
preparation of pET-nicAl this site omitted 303 bp from nicAl. However, in pET-
nicA2, the restriction enzyme did not cut at this second restriction site and hence the

nicA2 nucleotide sequence aligned with 100% identity with nicA.

pET-nficAl ~ - —_— - — — —— — ——— -
nicAl GGTACCGCGGCCGCATGGTGTCCTTCACCTCCCTGCTCGCCGGCGTCGCC
PET-nicAl = ——————mmmm
nicAl GCCATCTCTGGCGTCCTCGCTGCTCCTGCCGCCGAGGTCGAGTCCGTCGC
PET-nicAl = -——————mmmm
nicAl CGTCGAGAAGCGCTTCCCCTTCGCTCGCCCTTCCGGCGACGAGCCCCCTG
PET-NicAl  ————— -
nicAl CCGAGTTCCACCGCCTCCTCCGCGAGTGCCCCGTGTCCCGCGTCGAGCTG
PET-NICAl = ——--- e
nicAl TGGGATGGCTCCCACCCCTGGCTCGTCGTCAAGCACAAGGATGTCTGCGA
PET-NICAl = ——--- e
nicAl GGTCCTCACCGATCCCCGCCTCTCCAAGGTCCGCCAGCGCGACGGCTTCC
PET-NicAl -
nicAl CCGAGATGTCCCCTGGCGGCAAGGCCGCTGCCCGCAACCGCCCCACCTTC
PET-nicAl  ———-——mmmmm ATGGGGTCCGC
nicAl GTCGATATGGATGCCCCCGATCACATGCACCAGCGCTECATGEGTGTCCGC

pET-nicAl TTTCTTCAACGATGAGTACGTCGAGTCCCGCCTGCATCTCATCCGCGATA
nicAl TTTCTTCAACGATGAGTACGTCGAGTCCCGCCTCCCCTTCATCCGCGATA

pET-nicAl CCGTCCAGCACTACCTCGATCGCCTCATCCGCGCTGGCAAGGACGGCAAA
nicAl CCGTCCAGCACTACCTCGATCGCCTCATCCGCGCTGGCAAGGACGGCAAA

PET-nicAl GAAGTCGATCTCGTCAAGCACTTCGCCCTCCCCATCCCTTCCCACATCAT
nicAl GAAGTCGATCTCGTCAAGCACTTCGCCCTCCCCATCCCTTCCCACATCAT

PET-nicAl CTACGATATCCTCGGCATCCCCATCGAGGATTTCGAGTACCTCTCCGGCT
nicAl CTACGATATCCTCGGCATCCCCATCGAGGATTTCGAGTACCTCTCCGGCT

pPET-nicAl GCGACGCCACCCGCACCAACGGCTCCTCCACCGCCGCTGCTGCCCAGGCC
nicAl GCGACGCCACCCGCACCAACGGCTCCTCCACCGCCGCTGCTGCCCAGGCC
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PET-nicA2
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nicA2

PET-nicA2

GCCAACAAAGAAATCCTCGAGTACCTCGAGCGCCTCGTCGATAAGAAAAC
GCCAACAAAGAAATCCTCGAGTACCTCGAGCGCCTCGTCGATAAGAAAAC

CACCAACCCCTCCCACGATGTCATCTCCACCCTCGTCATCCAGCAGCTCA
CACCAACCCCTCCCACGATGTCATCTCCACCCTCGTCATCCAGCAGCTCA

AGCCCGGCCACATCGAGAAGCTCGATGTCGTCCAGATCGCCTTCCTCCTC
AGCCCGGCCACATCGAGAAGCTCGATGTCGTCCAGATCGCCTTCCTCCTC

CTCGTCGCCGGCAACGCCACTGTCGTGTCCATGATCGCTCTCGGCGTCGT
CTCGTCGCCGGCAACGCCACTGTCGTGTCCATGATCGCTCTCGGCGTCGT

CACCCTCCTCGAGCACCCCGATCAGCTCTCCCGCCTCCTCGAGGATCCCT
CACCCTCCTCGAGCACCCCGATCAGCTCTCCCGCCTCCTCGAGGATCCCT

CCCTCTCCAACCTCTTCGTCGAGGAACTCTGCCGCTTCCACACCGCCTCC
CCCTCTCCAACCTCTTCGTCGAGGAACTCTGCCGCTTCCACACCGCCTCC

GCCTTGGCTACCCGTCGCGTCGCTACCGTCGATATCGAGCTGCGTGGCCA
GCCTTGGCTACCCGTCGCGTCGCTACCGTCGATATCGAGCTGCGTGGCCA

GAAGATCCGGGCTGGCGAGGGCATCATCGCCTCCAACCAGGCCGCTAACC
GAAGATCCGGGCTGGCGAGGGCATCATCGCCTCCAACCAGGCCGCTAACC

GTGATCCTGAGGTGTTCCCCGATCCCGATACCTTCGACATGTTCCGCAAG
GTGATCCTGAGGTGTTCCCCGATCCCGATACCTTCGACATGTTCCGCAAG

CGCGGTCCCGAGGAAGCCCTCGGCTTCGGCTACGGCGATCATCGCTGTAT
CGCGGTCCCGAGGAAGCCCTCGGCTTCGGCTACGGCGATCATCGCTGTAT

TGCCGAGATGCTCGCTCGCGCCGAGCTGGAAACCGTGTTCTCCACTCTCT
TGCCGAGATGCTCGCTCGCGCCGAGCTGGAAACCGTGTTCTCCACTCTCT

TCCAGACCCTGCCCTCCCTGAAGCTCGCCATCCCCAAGTCCGAGATCCAG
TCCAGACCCTGCCCTCCCTGAAGCTCGCCATCCCCAAGTCCGAGATCCAG

TGGACCCCCCCCACCCGTGACGTCGGCATCGTCGGCCTCCCCGTCACTTG
TGGACCCCCCCCACCCGTGACGTCGGCATCGTCGGCCTCCCCGTCACTTG

GGATCGTGATENEGAGAATGCTTGCGGCCGCACTCGAGCACCACCACCAC
GGATCGTGATTGAGCGGCCGCGAGCTCm————— === —m—m—mmm o

CACCACTGA

GGTACCGCGGCCGCATGGTGTCCTTCACCTCCCTGCTCGCCGGCGTCGCC

————————— TTTCCCCCCTCCAAGAAATAATTTTGTTTAACTTTAAGEAE
GCCATCTCTGGCGTCCTCGCTGCTCCTGCCGCCGAGGTCGAGTCCGTCGC

BABATATACCATEGGCAACTCCGAGCCCGTCTACCCCCGCTTCCCCTTCG
CGTCGAGAAGCGCATGAACTCCGAGCCCGTCTACCCCCGCTTCCCCTTCG

CTCGCCCTTCCGGCGACGAGCCCCCTGCCGAGTTCCACCGCCTCCTCCGC
CTCGCCCTTCCGGCGACGAGCCCCCTGCCGAGTTCCACCGCCTCCTCCGC

GAGTGCCCCGTGTCCCGCGTCGAGCTGTGGGATGGCTCCCACCCCTGGCT
GAGTGCCCCGTGTCCCGCGTCGAGCTGTGGGATGGCTCCCACCCCTGGCT

CGTCGTCAAGCACAAGGATGTCTGCGAGGTCCTCACCGATCCCCGCCTCT
CGTCGTCAAGCACAAGGATGTCTGCGAGGTCCTCACCGATCCCCGCCTCT

CCAAGGTCCGCCAGCGCGACGGCTTCCCCGAGATGTCCCCTGGCGGCAAG
CCAAGGTCCGCCAGCGCGACGGCTTCCCCGAGATGTCCCCTGGCGGCAAG

GCCGCTGCCCGCAACCGCCCCACCTTCGTCGATATGGATGCCCCCGATCA
GCCGCTGCCCGCAACCGCCCCACCTTCGTCGATATGGATGCCCCCGATCA

CATGCACCAGCGCTECATGGTGTCCGCTTTCTTCAACGATGAGTACGTCG
CATGCACCAGCGCTCCATGGTGTCCGCTTTCTTCAACGATGAGTACGTCG

AGTCCCGCCTCCCCTTCATCCGCGATACCGTCCAGCACTACCTCGATCGC
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AGTCCCGCCTCCCCTTCATCCGCGATACCGTCCAGCACTACCTCGATCGC

CTCATCCGCGCTGGCAAGGACGGCAAAGAAGTCGATCTCGTCAAGCACTT
CTCATCCGCGCTGGCAAGGACGGCAAAGAAGTCGATCTCGTCAAGCACTT

CGCCCTCCCCATCCCTTCCCACATCATCTACGATATCCTCGGCATCCCCA
CGCCCTCCCCATCCCTTCCCACATCATCTACGATATCCTCGGCATCCCCA

TCGAGGATTTCGAGTACCTCTCCGGCTGCGACGCCACCCGCACCAACGGC
TCGAGGATTTCGAGTACCTCTCCGGCTGCGACGCCACCCGCACCAACGGC

TCCTCCACCGCCGCTGCTGCCCAGGCCGCCAACAAAGAAATCCTCGAGTA
TCCTCCACCGCCGCTGCTGCCCAGGCCGCCAACAAAGAAATCCTCGAGTA

CCTCGAGCGCCTCGTCGATAAGAAAACCACCAACCCCTCCCACGATGTCA
CCTCGAGCGCCTCGTCGATAAGAAAACCACCAACCCCTCCCACGATGTCA

TCTCCACCCTCGTCATCCAGCAGCTCAAGCCCGGCCACATCGAGAAGCTC
TCTCCACCCTCGTCATCCAGCAGCTCAAGCCCGGCCACATCGAGAAGCTC

GATGTCGTCCAGATCGCCTTCCTCCTCCTCGTCGCCGGCAACGCCACTGT
GATGTCGTCCAGATCGCCTTCCTCCTCCTCGTCGCCGGCAACGCCACTGT

CGTGTCCATGATCGCTCTCGGCGTCGTCACCCTCCTCGAGCACCCCGATC
CGTGTCCATGATCGCTCTCGGCGTCGTCACCCTCCTCGAGCACCCCGATC

AGCTCTCCCGCCTCCTCGAGGATCCCTCCCTCTCCAACCTCTTCGTCGAG
AGCTCTCCCGCCTCCTCGAGGATCCCTCCCTCTCCAACCTCTTCGTCGAG

GAACTCTGCCGCTTCCACACCGCCTCCGCCTTGGCTACCCGACGCGTCGC
GAACTCTGCCGCTTCCACACCGCCTCCGCCTTGGCTACCCGTCGCGTCGC

TACCGTCGATATCGAGCTGCGTGGCCAGAAGATCCCGGCTGGCGAGGGCA
TACCGTCGATATCGAGCTGCGTGGCCAGAAGATCCGGGCTGGCGAGGGCA

TCATCGCCTCCAACCAGGCCGCTAACCGTGATCCTGGGGTGTTCCCCGAT
TCATCGCCTCCAACCAGGCCGCTAACCGTGATCCTGAGGTGTTCCCCGAT

CCCGATACCTTCGACATGTTCCGCAAGCGCGGTCCCGAGGAAGCCCTCGG
CCCGATACCTTCGACATGTTCCGCAAGCGCGGTCCCGAGGAAGCCCTCGG

CTTCGGCTACGGCGATCATCGCTGTATTGCCGAGATGCTCGCTCGCGCCG
CTTCGGCTACGGCGATCATCGCTGTATTGCCGAGATGCTCGCTCGCGCCG

AGCTGGAAACCGTGTTCTCCACTCTCTTCCAGACCCTGCCCTCCCTGAAG
AGCTGGAAACCGTGTTCTCCACTCTCTTCCAGACCCTGCCCTCCCTGAAG

CTCGCCATCCCCAAGTCCGAGATCCAGTGGACCCCCCCCACCCGTGACGT
CTCGCCATCCCCAAGTCCGAGATCCAGTGGACCCCCCCCACCCGTGACGT

CGGCATCGTCGGCCTCCCCGTCACTTGGGATCGTGATTCGACAAGCTTGC
CGGCATCGTCGGCCTCCCCGTCACTTGGGATCGTGATTGAGCGGCCGCGA

ACCGCACTCGAGCACCACCACCACCACCACTGAGATCCGGCTGCTAACAA

Figure A.4.5. DNA sequence alignment of pET-nicAl and pET-nicA2. DNA sequence was aligned
with nicAl and nicA2 from GeneArt (respectively). Start and stop codon are indicated in red text and
the restriction enzyme cutting sites are highlighted with green. The annealing site for the primers is
shown by underlined text and the nucleotides encoding for the histidine residues are highlighted in
grey. The nucleotide sequence alignment was done with BioEdit Sequence Alignment Editor version

5.0.9 (USA).
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A Sall 17 terminator B T7 terminator

Ncol
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o5
T7 promotor PET-nicAl PET-nicA2

6176bp 6479bp

Figure A.4.6. Plasmid maps for pET-nicAl and pET-nicA2. The coding sequence for nicAl or nicA2 is
indicated in pink which is flanked by the restriction enzyme sites Ncol and Sall. The T7 promoter
(blue) and T7 terminator are indicated by the blue and green boxes. The kanamycin resistance gene
is indicated in yellow. The plasmid map was constructed with DNAMAN (Lynnon BioSoft, Canada).
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A.4.1.5. Tryptic digest fingerprinting of 45 kDa proteins from SDS-PAGE

The protein with the anticipated mobility on SDS-PAGE gel electrophoresis was
excised and the amino acid sequenced was determined. The methods were adapted
from Shevchenko et al. (2006) [239] and the analysis was done by Dr Stoyan
Stoychev. In brief, a Dionex Ultimate 3000 RSLC system coupled to a QSTAR ELITE
mass spectrometer was operated by Information Dependant Acquisition (IDA) using
an Exit Factor of 2.0 and Maximum Accumulation Time of 2.5 sec. The amino acid
sequences were identified with NCBI's msdb database and PEAKS v 6.1 proteomics
software. The tryptic digest fingerprinting of the ~45 kDa protein from E. coli
BL21[nicA2] presented a 87% coverage of Cytochrome P450nor (A. oryzae) with an
accession number of Q8NKB4_ASPOR. For this analysis, the Unused ProtScore was
set to 82.07%, which is a measurement of all the peptide evidence for a protein that
is not better explained by a higher ranking protein [240]. For this analysis, E. coli
BL21[nicA2] was cultured in Luria broth and 50 pg.ml™* kanamycin supplemented with
filtered haemoglobin. Gene expression was induced with 0.5 mM IPTG. The lysate
was harvested after 18 hours as describe in Chapter 4, Section 4.3.5. Figure A.4.7 is
an example of a fragment of amino acid sequence determined from a 45 kDa protein
and in Figure A.4.8 the amino acids identified are shown.

A B vi| y3 y4 vé ¥6 y7 y8 v yio p11 | yi2 y15
Residue b y 5000 | B2 b3 ba bs b6 b7 b8 b9 b10 b15 )
s 83.039 1780.785 4500 | 178078

M 219080  1693.753

v 318.148 1562.712 4000

s 405180 1463644 2500

A 476217 1376612

F 623286 1305575 a000 |

F 770354 1158506 oo

N 884397 1011438

D 999.424 897.395 2000 |

E 1128.467 782.368 20044 1158.49

Y 1291530 | 653325 1500 prefis ke 13054

v 1390508 | 490.262 goge | * 49026

E 1519641 | 391.194 1 I 1011fpa 176282

s 1606.673 | 262151 ” \ worhl lggm e ;"‘”"G .
R 1762774 175'119 ||. l|l|'| I 1 Ill' ‘ll f L ) 11' I r IA

600 800 1000 1200 1400 1600

Figure A.4.7. Amino acid sequence analysis of a 45 kDa protein expressed by E. coli BL21[nicAZ2].
This fragment provided evidence of a Cytochrome P450nor from A. oryzae (Accession no.
Q8NKB4_ASPOR) with a 87% coverage. The table in (A) presents the b and y ions from peptide
sequence SMVSAFFNDEYVESR from N-terminus to C-terminus and C-terminus to N-terminus,
respectively. The overlapping fragments are highlighted in green. The overlapping MS-MS fragments
are resented in the mass spec chart (B), where b ions are in green and y-ions in red.
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NSEPVYPR ARPSGDEPPAEFHR VELWDGSHPWLVVKHKDVCEVLTDPR
QRDGFPEMSPGGK NRPTFVDMDAPDHMHQRSMVSAFFNDEYVESR DTVQHYLDR
HFALPIPSHIIYDILGIPIEDFEYLSGCDATRTNGSSTAAAAQAANKEILEYLER
TTNPSHDVISTLVIQQLKPGHIEK LLED
PSLSNLFVEELCRFHTASALATRRVATVDIELRGQKIRAGEGIIASNQAANRDPEVFPDPDTFDMFRK
RGPEEALGFGYGDHR AELETVFSTLFQTLPSLK SEIQWTPPTRDVGIVGLPVTW
DR

Figure A.4.8. Protein sequence coverage map of Anor expressed in E. coli BL21[nicA2]. Green
indicates the peptide has been identified with at least 95% confidence and yellow at least 50%
confidence (ProteinPilot™ Software, version 3.0, Applied Biosystems & MDS Analytical Technologies).
Red is less than 50% confidence. Underlined conserved sequences around the predicted haem-
binding region and I-helix [151].

A.4.2. Culture medium supplementation

In the results shown in Chapter 3 (Section 3.4.2), it was observed that the
supplementation of the culture media with haemoglobin resulted in an increase of
specific NOR activity and thus it was hypothesised that it might also increase the
NOR activity in the expression of Anor in E. coli. At first, a pilot study was conducted
to determine whether the addition of haemoglobin did result in increased NOR
activity. Thereafter, the Anor yield was compared to the supplementation of
autoclaved haemoglobin vs. filtered haemoglobin. Hamilton-Miller (1966) [404]
indicated that ethylenediaminetetra-acetic acid (EDTA) and penicillin would make E.
coli cell membrane porous and thus facilitate the uptake of haemoglobin. Therefore,
a pilot study was conducted to investigate whether the EDTA would improve Anor
expression by facilitating haemoglobin uptake. And thirdly, the supplementation with
the haem precursor, 5-aminolevulinic acid was compared to the protein expression
obtained from E. coli cultured in haemoglobin supplemented media. E. coli
BL21[nicA2] was chosen for these studies as it presented the highest NOR activity in

the pilot study reported in Section A.4.1.2.

A.4.2.1. Autoclaved vs. filtered haemoglobin

The Anor yield from E. coli BL21[nicA2] cultured in Luria broth (50 pg.ml*
kanamycin) supplemented either with autoclaved or filtered haemoglobin was
detemrined. Here, it was hypothesised that the haem from the haemoglobin could
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potentially improve the yield of the holo-protein. Therefore, E. coli BL21[nicA2] was
cultured with denatured haemoglobin (autoclaved) and native haemoglobin (filter
sterilised). For this study, 2 x 250 ml of culture medium were inoculated with E. coli
BL21[nicA2] overnight starter culture and allowed to grow until the absorbance at
600 nm reached 0.4. At this point, IPTG was added and the culture was further
incubated at 30°C for 18 hours. The culture was harvested and Anor was purified as
described in Section 4.3.5. The culture supplemented with autoclaved haemoglobin
yielded a higher specific NOR activity. However, the filtered haemoglobin had two-
fold higher total NOR vyield (Table A.4.1).

Table A.4.1. Anor yield from E. coli BL21[nicA2] cultured in medium
supplemented with autoclaved or filtered haemoglobin.

Total Total Specific Total Specific
protein activity activity P450 P450
Haemoglobin  Sample mg Units Units.mg™ nmol nmol.mg™
L 10.1 89.7 8.9
uB 7.1 39.6 5.6
autoclaved
w 25 24.0 9.6
0.1 215 221.6 3.5 36.2
L 6.1 156.1 25.5
filtered uB 55 63.3 11.4
w 0.0 335 0.0
E 0.2 24.7 209.7 8.7 73.8

L-lysate, UB- unbound, W- wash step, E-eluate

Not only was the total NOR activity higher from E. coli BL21[nicA2] when cultured in
filtered haemoglobin, but also the P450 spectral analysis indicated twice as much
P450 content (73.8 vs. 36.2 nmol.mg™ P450 for filtered haemoglobin vs. autoclaved
haemoglobin). The samples from the MagReSyn™ NTA purification process were
analysed on the denaturing 4-12% gradient SDS-PAGE gel electrophoresis and
presented another confirmation that filtered haemoglobin produced higher
holoprotein (Fig. A.4.9). Therefore, it was concluded that filtered haemoglobin
produces the higher functional Anor yield and was used as the haemoglobin

supplementation for further studies.
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Figure A.4.9. Denaturing and reducing gradient SDS-PAGE analysis of Anor purified from E. coli
BL21[nicA2]. E. coli BL21[nicA2] cultured either in autoclaved haemoglobin or in filtered haemoglobin.
MagReSyn™ NTA was used to purify Anor with poly-histidines tag. The protein band anticipated to be
Anor was boxed. An approximate 10 ug of protein was loaded onto the gel, which was stained with
Colloidal Coomassie Blue overnight and was destained with dd H,O as described in Chapter 4,
Section 4.3.8. The gel was photographed with GeneSnap as before. UB- unbound; MwM- molecular
weight marker.

A.4.2.2. Haemoglobin with and without EDTA

Hamilton-Miller (1966) [404] indicated that ethylenediaminetetra-acetic acid (EDTA)
and penicilins compromise the bacterial permeability barriers, i.e. increase
permeability of bacterial cell walls. Therefore we hypothesised that the addition of
EDTA to haemoglobin supplemented culture media would facilitate the transport of
haem across the cell membrane and increase holoprotein synthesis. To investigate
this hypothesis, a pilot study was conducted in which 1 g.L™ filtered haemoglobin or
haemoglobin with 10 mM EDTA were added to 2 x 250 ml of Luria broth (50 pug.ml™
kanamycin). The culture medium was inoculated with a overnight starter culture and
the gene expression was induced with IPTG at a cellular density of 0.4 absorbance
at 600 nm. The cells were further incubated with agitation at 30°C for 18 hours. The
cells were harvested as before and Anor was purified with NTA MagReSyn™ as
described in Chapter 4, Section 4.3.5. Table A.4.2. presents the Anor yields obtained
from each culture media supplementation. The specific NOR activity and % vyield
were very similar as observed in Fig. A.4.10. on the SDS-PAGE. However, the P450
content indicated that haemoglobin supplementation resulted in 4.5 x fold higher
P450 content (25 nmol.mg’ P450) than the specific P450 content (5.6 nmol.mg™)
obtained from haemoglobin and EDTA supplemented culture medium. Since EDTA
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together with haemoglobin media supplementation did not result in a significant

increase in enzyme activity, this medium supplementation was not further used.

Table A.4.2. Anor yield from E. coli BL21[nicA2] cultured in medium
supplemented with EDTA and haemoglobin.

Total Total Specific Total Specific
protein activity activity P450 P450
Sample mg Units Units.mg™ nmol nmol.mg™
) L 219 299.4 13.7
hgﬁ?g%‘;ﬂ” UB 16.4 167.4 10.2
w 3.6 165.7 46.5
1.6 4.3 2.8 2.6 5.6

L 18.1 288.0 15.9
haemoglobin UB 15.0 120.5 8.0
w 3.8 71.4 18.7

E 0.9 1.7 1.9 7.7 24.9

L-lysate, UB- unbound, W- wash step, E-eluate

kDa
Lane samples 170
1 haemoglobin | Eluate 130
2 Fermentas MwM
3 cM 95
4 . Lysate
5 haemoglobin yUB 2
and ETDA
6 ReSyn 55
7 Eluate VE
8 Fermentas MwM 43 |
haemoglobin
11 g uB 26
12 ReSyn 17

10

Figure A.4.10. Denaturing and reducing gradient SDS-PAGE analysis of Anor purified from E. coli
BL21[nicA2]. E. coli BL21[nicA2] cultured either in filtered haemoglobin or in filtered haemoglobin in
combination with 10 mM EDTA. MagReSyn™ NTA was used to purify Anor with poly-histidines tag.
The protein band anticipated to be Anor is boxed. An approximate 12 ug of protein was loaded onto
the gel, which was stained with Coomassi Blue overnight and was destained with dd H,O as
described in Chapter 4, Section 4.3.9. The gel was photographed with GeneSnap as before. MwM-
molecular weight marker, CM- culture medium, UB- unbound.

A.4.2.3. 5-Aminolevulinic acid vs. haemoglobin

An initial study was conducted with a 50 ml culture of E. coli BL21[nicA2] to
determine whether the addition of 5-aminolevulinic acid (A), haemoglobin (H) or a
combination (A, H) of both would improve enzyme yield. Expression of Anor from E.
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coli BL21[nicA2] was induced with IPTG and purified as described in Chapter 4
(Section 4.3.5). Table A.4.3 presents the yields obtained from E. coli BL21 (no
plasmid) and E. coli BL21[nicA2] with the various medium supplementation (A; H; A,
H). The NOR activity as well as the P450 content were compared to IPTG induced
expression (I). NOR activity was measured in E. coli BL21 (0.4% of total NOR
activity of E. coli BL21[nicA2] induced by IPTG only). 5-Aminolevulinic acid
supplementation did increase total NOR activity by 20%, however, the P450 content
remained similar. The NOR activity was increased three-fold after addition of
haemoglobin, although the P450 content increased only marginally. The medium
supplementation with haemoglobin or in combination of 5-aminolevulinic acid and
haemoglobin resulted in the highest Anor yield. This study was repeated with a
culture volume of 200 ml (refer to Section 4.4.3).

Table A.4.3. Anor yield from E. coli BL21[nicA2] with medium
supplementation.

Total Total Specific Total Specific
media protein activity activity P450 P450
supplementation mg Units Units.mg'l nmoles nmol.mg'l
No plasmid 0.9 0.25 0.28 0 0
I 0.4 66 154 1.6 3.9
I, A 0.5 79 165 1.6 34
I, H 1.3 274 213 2.2 1.7
I,A/H 1.5 304 208 8.4 5.7

BL21- no plasmid; |- addition of IPTG to Luria broth; A- 5-aminolevulinic acid; H-
haemoglobin; A, H- 5-aminolevulinic acid and haemoglobin.
50 ml culture volume

An SDS-PAGE gel analysis was used to investigate whether the NOR activity
observed from E. coli BL21 was not related to Anor. Lanes 1 to 4 in Figure A.4.11
confirm that no Anor was expressed by E. coli BL21 (no plasmid) and that the NOR
activity was most likely due to endogenous NADH-NO activity. The NOR activity
determined from E. coli BL21[nicA2] cultured with haemoglobin was due to Anor
expressed from pET-nicA2. A single protein of ~45 kDa was observed in lane 9 and
10 (eluate and remaining Anor on Mag ReSyn™ NTA). A commercial preparation of
Anor (Wako Chemicals, Germany) was used as a size comparison (Fig. A.4.11, lane
12).
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Figure A.4.11. Denaturing and reducing gradient SDS-PAGE analysis of Anor purified from E. coli
BL21[nicA2]. E. coli BL21 containing pET-nicA2 and E. coli BL21 without the plasmid were cultured in
filtered haemoglobin. MagReSyn™ NTA was used to purify poly histidine tagged Anor. The protein
band anticipated to be Anor is boxed. An approximate 7-12 ug of protein was loaded onto the gel,
which was stained with Colloidal Coomassie brilliant blue overnight and was destained with dd H,O as
described in Chapter 4, Section 4.3.8. The gel was photographed with GeneSnap. UB-unbound,
MwM- molecular weight marker

The spectral analysis of Anor purified with MagReSyn™ NTA from E. coli
BL21[nicA2] cultured with various medium supplementations (Table A.4.3) is shown
in Figure A.4.12. As expected, eluates from E. coli cultured in Luria broth (containing
50 pg.ml™* kanamycin) did not present a 410 nm peak nor a 450 nm peak after
reduction and CO binding (Fig. A.4.12 A). Haemoglobin was also investigated and
did present a 410 nm peak. This peak, as well as the 530 and 580 nm peaks are
considered characteristic for haemoglobin. These relate to methaemoglobin upon
reduction and CO binding as shown by the green line in Figure A. 4.12 B [405]. As
for the other samples the spectral analysis indicated the presence a cytochrome
P450 at various concentrations (Fig. A.4.12 C to D). These results show that the
Anor expressed by E. coli BL21[nicA2] presented the characteristic Soret peak of a
P450.
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Figure A.4.12. P450 spectral analysis of Anor purified from E. coli BL21[nicA2]. E. coli BL21[nicA2]
was cultured in various medium with supplementations as indicated and MagReSyn™ NTA was used
to extract histidine tagged Anor. The blue line represents the protein in its resting state, i.e. oxidative
state (0x). The red line is the absorbance after sodium dithionite reduction (re) and the green line is
the absorbance after saturating the haem centre with carbon monoxide (CO). In (A): no IPTG, (B):
haemoglobin, (C): IPTG, (D) aminolevulinic acid, (E) haemoglobin, (F) haemoglobin and
aminolevulinic acid. A dilution of sample (eluate) in sodium phosphate buffer was prepared and the
spectral analysis was done as described in Chapter 4, Section 4.3.6.
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