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CHAPTER I

LITERATURE REVIEW

Most of the organisms on Earth are microorganisms and they are invisible to the naked
eye. Despite their small size, these microorganisms play central roles in the web of life. Evidence
has shown that the lives of all macro life forms (humans, animals, plants) are intimately tied to

the activities of these microorganisms (Madigan et al, 2009).

Microorganisms are very diverse in nature. Due to their overall diversity and adaptability,
microorganisms can be found in a variety of locations such hydrothermal vents deep in the ocean
floor, the glaciers of the Arctic and on and within other organisms, including humans, animals
and plants. Microorganisms generally fall into one of three domains, Bacteria, Archaea or
Eukarya. Though there are major differences between the domains, members of Archaea are
typically found in more extreme environments than Bacteria and are often called "extremophiles",
for their proclivity towards extreme environments (Madigan et al/, 2009). Bacteria, though not as
extreme, are found in a wide variety of environments, from the soil to animal guts, and often live
in complex communities with the other domains (Archaea and Fungi). In these complex
communities, microorganisms often link metabolic processes in a way such that the waste

products of one species may be the nutrient or energy source for another species.

Microorganisms have vast metabolic capacities in terms of the way in which they acquire

energy. They can use different electron sources for energy, including organic compounds like



glucose (chemoorganotrophs), inorganic compounds like hydrogen (chemolithotrophs), and the sun
(phototrophs). Microorganisms have different catabolic systems such as aerobic respiration (oxygen
as the terminal electron acceptor), anaerobic respiration (inorganic compound other than oxygen as

the terminal electron acceptor), and fermentation (organic compounds), and in some cases, they can

switch between the different systems based on the environmental conditions.

Because of their vast metabolic capacities, microorganisms play valuable roles in the
environments that they reside in. Besides their role in nutrient cycling and the global biogeochemical
cycle, microorganisms play a big role environmentally in terms of bioremediation. In bioremediation,
the unique metabolic capacities of certain species of microorganisms are used to clean up
environmental pollution that is usually anthropogenic and recalcitrant in the environment. These types
of microorganisms are also commonly used to clean up wastewater treatment plant effluent, which

would otherwise typically require harsh chemicals to treat.

In addition to their use in bioremediation in the environment, microorganisms have also been
exploited for their metabolic capacities in other industries. Fermenters, for example, have been
exploited for years by the beverage industry and more recently the biofuel industry to produce
alcohols. The nitrogen-fixating capacity of certain environmental microorganisms has also been used
by farmers for generations to improve crop yields. More recently, microorganisms have been used in
biotechnology and genetic engineering to produce products of commercial interest and for gene

expression and have revolutionized the way in which molecular biology research is applied.

General Human Microbial Flora

Before birth, humans are generally free of microorganisms. However, during the birthing
process, a baby is first exposed to the mother’s normal flora via mother’s birth canal. From birth to
death, humans are exposed to microorganisms, which results in the human body having more bacteria

cells on/in their bodies than human cells. As all body surfaces (skin and mucous membranes: mouth,
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respiratory tract, gastrointestinal tract, urogenital tract) become colonized by microorganisms, these

bacteria can interact amongst themselves or with the human host (Madigan et al, 2009).

Many microorganisms are only able to survive on the human surface for a short period of
time and are referred to as the transient microbial flora, whereas those that have more of a permanent
residence are known as the normal flora (Madigan et al/, 2009; Tortora et al, 2012). The normal flora
of an organism can be beneficial to the host and often do not cause problems unless they move from
their normal habitat or can take advantage of a host's compromised immune system (Ahmad et al,
2010). Benefits of the normal flora that colonize the human body include the prevention of the
colonization of harmful microbes (pathogens) by way of sequestering nutrients from these pathogens
or by producing antimicrobial compounds which are harmful to the pathogens (Ahmad et al, 2010).
The normal flora can also aid in the digestion of food in the intestine and stimulate the immune

system (Ahmad et al, 2010).

Normal Flora of the Human Gastrointestinal Tract

The gastrointestinal tract is home to the largest number of microorganisms in the human body
as well as the most diversity overall with as many as 500 different species of bacteria (Finegold ef al,
1975; Madigan et al, 2009; Moore & Holdeman, 1974; Whitman et al, 1998). Interestingly, 10'
colony forming units of bacteria is 10 times more than the number of human cells in the body
(Finegold et al, 1975; Moore & Holdeman, 1974; Whitman et al, 1998). The human gastrointestinal
tract starts at the mouth, goes through the esophagus, into the stomach, followed by the small intestine
and large intestine (Figure 1) (Madigan et al, 2009). The environment of the gastrointestinal tract
changes dramatically from start to finish and each different environmental condition is able to support
different types of microorganisms (Madigan et al/, 2009). The role of the normal flora in the
gastrointestinal tract is to aid in the digestion of food, to enhance the body’s immune system, and to

serve as an antagonist against pathogenic intestinal bacteria (Madigan et al, 2009).



Figure 1. General Anatomy of the Human Gastrointestinal Tract and the Normal Flora (Madigan ef al, 2009).

Microbes enter the gastrointestinal tract through the food we eat, the water we drink, and the
air we breathe. Saliva is one of the main sources of bacteria entering the gastrointestinal tract; saliva
can contain millions of bacteria per milliliter (Tortora et al, 2012). The first hurdle for
microorganisms to entering our gastrointestinal tract is the low pH and overall harsh environment of
the stomach (Madigan et al, 2009). The low pH condition of the stomach can inactivate some
microorganisms, while others are able to survive (Helicobacter, Lactobacilli and Streptococci) and
enter the intestines (Ahmad et al, 2010; Borriello, 2000; Savage, 1977). Following the stomach, the
small intestine begins with the duodenum, which also features a low pH, many of the same bacteria as
found in the stomach, and other Gram-positive bacteria (Arumugam et a/, 2011; Claesson et a/, 2009;
Madigan et al, 2009; Savage, 1977). In the jejunum and ileum, though, the pH is increased (4-5) and
features as many as 10° to 107 colony forming units per gram of digested material (Madigan et al,
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2009). Here, the Gram-positive bacteria begin to be outnumbered by Gram-negative bacteria and
aerobic bacteria begin to be outnumbered by anaerobic bacteria (Arumugam ef a/, 2011; Borriello,
2000; Claesson et al, 2009; Madigan et al, 2009). The large intestine is the most heavily populated
region of the gastrointestinal tract by far, containing more than 100 billion bacteria per gram of fecal
material (Borriello, 2000; Madigan et al, 2009; Tortora et al, 2012). Here we also find the most
bacterial species diversity of all of the gastrointestinal tract, primarily due to the area being rich in
nutrients for the bacteria, having a relatively neutral pH, and being more stagnant than the other areas
of the gastrointestinal tract (Madigan et al, 2009; Savage, 1977). Because of the low availability of
oxygen, we see microorganisms of varying degrees of oxygen tolerance (Macfarlane & Gibson,
1994). In the colon, Gram-negative bacteria (such as Escherichia coli) outnumber Gram-positive
bacteria and microorganisms capable of anaerobic respiration (such as Clostridium perfringens)
outnumber strictly aerobic microorganisms (Arumugam et al, 2011; Borriello, 2000; Claesson et al,

2009; Madigan et al, 2009).

The diversity of the normal flora in the gastrointestinal tract is constantly fluctuating and
changing, based on diet and medications. People being treated with antibiotics, for example,
dramatically reduce the number of normal flora in their gastrointestinal tract which makes them more
prone to infections by opportunistic pathogens (Madigan et al, 2009). Foods and supplements can
provide a means of probiotics, which increases the colonization of lost normal gut flora thereby
providing a health benefit (Madigan ef al, 2009). Probiotics can also provide a means to increase
bacterial diversity of the normal gut flora, as probiotic products such as yogurts and milk contain
many different species of Lactobacillus, Lactococcus, Steptococcus and Bifidobacterium (Gueimonde

et al,2004).



Metabolism of the Normal Intestinal Flora

The relationship between the human gastrointestinal tract and the normal microbial flora that
inhabit it is more than just a commensal relationship; rather, the relationship is mutualistic. In the
colon, the microbes benefit from human host as the intake and digestion of food fuels their
metabolism and survival and in turn microbes metabolize and produce vitamins which are necessary
for human survival (Madigan ef al, 2009). For example, vitamins B, and K are considered essential
because they cannot be synthesized by humans (Madigan et al, 2009). Additionally, there are steroids
produced by our liver and released into our intestine which are not absorbed by our bodies until they
are modified and activated by the normal intestinal flora (Gill et a/, 2006; Guarner & Malagelada,
2003). Because of the overall diversity of microorganisms within our gastrointestinal tract, there is a

great diversity of metabolic capabilities of the bacteria residing in our gut (Roberfroid ef al, 1995).

Role of Intestinal Flora in Xenobiotic Metabolism and Carcinogenesis

Intestinal microflora play a key role in xenobiotic metabolism through a process called
enterohepatic circulation (Hanninen et a/, 1987). The normal gut flora has a wide variety of metabolic
capabilities, as they can utilize enzymes to either directly reduce xenobiotic compounds or to reduce
the transformed metabolites produced by cytochrome P450 (Figures 2 and 3) (Chung, 1997). In some
cases, these microbial enzymes can detoxify toxic compounds (in a way similar to cytochrome P450);
however, in other cases, these microbial enzymes can produce compounds more toxic than the

original compound through deconjugation reactions (Figure 3) (Chung, 1997).

Cytochrome P450

RH + O, + NAD(P)H + H* »ROH + H,0 + NAD(P)*

Figure 2. Cytochrome P450 Reaction Scheme (Gandolfi, 1991; Iwasaki ef al, 2010; Roland et al, 1993).
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Figure 3. Generalized Drug Metabolism Scheme.

Xenobiotics are molecules which are foreign to the host and are often encountered by the
gastrointestinal tract as anthropogenic components of foods or beverages consumed (Chung, 1997).
Since xenobiotics are foreign to the host, these chemicals and often their metabolites are sometimes
toxic and/or mutagenic in nature to the host. Enzymes of the host gastrointestinal tract, as well as
those produced by the normal gut flora, can be both beneficial and deleterious when it comes to

dealing with these anthropogenic compounds (Chung, 1997).

Regarding enterohepatic cycling, cytochromes such as P450 are part of a supergene family
that plays a major role through the oxidative metabolism of xenobiotics and other drugs and their
clearance from the body (Iwasaki ef al, 2010). This supergene family is composed of mono-

oxygenases which are of mixed function and are present in many tissues (Iwasaki et a/, 2010). The



cytochromes in the liver, specifically cytochrome P450, are the most involved in the metabolism and
detoxification of xenobiotic compounds through Phase I and Phase Il reactions (Figure 3) (Chung,
1997; Iwasaki et al, 2010). In the liver, cytochrome P450 utilizes two protons and two electrons from
NADPH to oxidize the xenobiotic compound (Figure 2) and a second enzyme, flavin monooxygenase
modifies the xenobiotic to expose functional groups for modification and conjugation (Figure 3)
(Gandolfi, 1991; Hanninen et al, 1987; Roland et al, 1993). What prevents the removal of the
modified molecule is the deconjugation process, normally driven by the flora in the intestines (Figure
3). The deconjugated molecule can be toxic and reabsorb or recirculate, and is called enterohepatic
cycling (Figure 3). This recirculation can occur several times, which can cause increasing levels of

toxicity or detoxification in the body.

Azo Dyes and Metabolism

Humans have been using natural dyes for centuries. However, in 1856, William Henry Perkin
accidently laid the groundwork for synthetic dyes (Saratale et a/, 2010). Though W.H. Perkin did not
directly develop azo dyes, his work with synthetic organic pigments laid the foundation for a
synthetic compound that we use to this day (Saratale ef al, 2010). Azo dyes are organic synthetic
colorants which are used widely by the textile, paper, cosmetic, pharmaceutical and food industries
and are the most important dye currently used in the textile industry (Chen, 2006; Chung et al, 1992).
Azo dyes are characterized by the presence of one or more double nitrogen bonds (-N=N-, azo bond)
and aromatic rings, as shown in Figure 4 (Pandey et a/, 2007). The presence of the chromophore, the
azo bond, is what allows azo dyes to absorb light in the visible spectrum and gives the dyes their
color (Saratale et al, 2010). Azo dyes are classified based on the presence of various functional

groups, as well as the number of azo bonds present in the molecule.
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Figure 4. Azo Dye Structures and Molecular Weights.

Azo dyes are recalcitrant in the environment because of the lack of similar natural

compounds. Interestingly, only one natural compound containing an azo group is known, 4,4'-

dihydroyazobenzene, from the Agaricus xanthodermus mushroom (Gill & Strauch, 1984). It was

recently estimated that yearly world dye production was around 1 million tons, about half of this

being contributed to azo dyes (Pandey et al, 2007). Because of azo dye loss through rather inefficient

dyeing processes, azo dyes often enter the environment through wastewater streams, as wastewater

treatment plants are generally not efficient at removing azo dyes from wastewater (Pandey et al,

2007). It is estimated that as much as 280,000 tons of azo dyes are discharged into wastewater

treatment plants every year (Saratale et al, 2010).




A)

For years, wastewater treatment plant workers had issues with the removal of azo dyes from
their wastewater streams (Saratale et al, 2010). Using the physicochemical methods that are
characteristic of wastewater treatment streams, azo dyes are not completely removed and generate a
multitude of secondary waste products themselves that have their own pollution issues (Saratale et al,
2010). This process, in some cases, can produce secondary waste products that are more harmful than
the original presence of the azo dyes in the wastewater (Saratale et al, 2010). When it was found that
microorganisms were capable of reducing these dyes, a bioremediation approach was sought in order
to provide the most eco-friendly option for the removal of azo dyes from textile wastewater treatment

streams (Saratale ef al, 2010).

Many types of both microorganisms and macroorganisms are capable of metabolizing azo
dyes. In fact, fungi, yeast, algae, plants, bacteria and humans are all capable of breaking down these
dyes (Saratale et al, 2010). In bacteria, this metabolic process features the reductive cleavage of the
azo bond of the dye, which in turn releases the aromatic amines which were used to form the azo dye
(Figure 5) (Chen, 2006; Saratale et al, 2010). In mammals, the breakdown of azo dyes is catalyzed by
liver enzymes, such as cytochrome P450, as previously mentioned for other xenobiotic compounds

(Chung et al, 2000; Rafii & Cerniglia, 1995).

B)
Direct Blue 15
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Figure 5. Azoreductase Activity Scheme. A) Generalized azo dye breakdown, B) Enzymatic breakdown of
Direct Blue 15
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The ability of an azo dye to be reduced ultimately depends on the structure of the azo dye.

The number of azo bonds and size of the dye play a major role in determining whether an azo dye

will be metabolized, however, the primary factor in azo dye reduction is in the characteristics of the

functional groups surrounding the azo bond (Bardi & Marzona, 2010; Chen, 2006). Specifically, the

electron density surrounding the azo bond (Bardi & Marzona, 2010; Chen, 2006). The reduction of

the azo bond has been shown to be facilitated by the presence of electron-withdrawing groups

surrounding the azo bond, such as -NO, and —SOsH (Bardi & Marzona, 2010; Chen, 2006). Having

such a functional group in the para position to the azo bond reduces the electron density around the

azo bond making it easier to be reduced (Figure 6) (Bardi & Marzona, 2010; Chen, 2006; Hsueh &

Chen, 2008). In addition, steric hindrance and sheer size of functional groups in the ortho position can

decrease dye reduction (Figure 6) (Hsueh & Chen, 2008).

Methyl Orange
i . NaO.,S N=N
4-(4'-dimethylaminophenylazo) 3 N(CH,),

benzenesulfonic acid sodium salt
[p-MO] Af,,, = 465nm

NO,
4-(4'-dimethylaminophenylazo)
-2-nitro-benzenesulfonic acid sodium salt  NaO;S N=N QN(CH )

[0-NO,-p-MO] 2f _ =440 nm

N
2-(4'-dimethylaminophenylazo) SONa

benzenesulfonic acid sodium salt @N:N QN(CH )
3/2

[0-MO] Af, . =440 nm

V (uM/min/g cell)

3.13

1.08

1.54

Figure 6. Influence of Functional Groups on Azo Bond Reduction. Figure modified from Hseuh et al (Hsueh &
Chen, 2008). Three derivatives of Methyl Orange are shown, along with their specific activity (V).
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Azoreductase activity of bacteria in the human gastrointestinal tract was greatly advanced by
accomplishments made by researchers at the National Center for Toxicological Research (Rafii et al,
1990). These researchers created a large-scale semi-continuous culture system containing human
intestinal microflora and exposed them to the azo dye Direct Blue 15 (Rafii et a/, 1990). Through this
system, these researchers were able to isolate intestinal bacteria which were capable of reducing the
azo dye and, in the process, greatly advance our knowledge of the bacteria that produce this enzyme

(Chung et al, 1992; Rafii et al, 1990).

Mutagenicity of Azo Dyes and Aromatic Amines

It is well-known that aromatic amines are notorious for being carcinogenic in nature,
especially those containing moieties of toluene, aniline, naphthalene and benzidine (Chung, 1997,
Vineis & Pirastu, 1997). In fact, there are many studies which show an increased prevalence for
bladder cancer in individuals who have worked in or near an azo dye manufacturing facility
(Bulbulyan et al, 1995; Cartwright, 1983; Chung, 1997; Chung et al, 2000; Dillon ef al, 1994; Sontag,
1981; Vineis & Pirastu, 1997). Specifically, the aromatic amines accumulate in the bladders of these
individuals as they are awaiting clearance from the body and host cell mutagenesis occurs (Bulbulyan
et al, 1995; Chung et al, 2000; Vineis & Pirastu, 1997). Aside from bladder cancer, the azo dye
metabolites have also been linked to causing contact dermatitis (when in contact with azo textile
dyes), liver nodules, splenic carcinomas as well as stomach, kidney and skin cancer (Brown &
Devito, 1993; Dillon et al, 1994; Sontag, 1981). To cause such toxicity and cancer, it is thought that,
like its parent azoreductase, the aromatic amines undergo metabolic activation to become highly
reactive ions (Brown & Devito, 1993). These highly reactive ions, being very electrophilic, can bind
to both DNA and RNA, causing tumors induced by genetic mutation (Brown & Devito, 1993). The
ability of azo dyes and their metabolites to persist in the environment, coupled with their inherent
toxicity and carcinogenicity, makes these compounds a concern to both human health and

environmental health.
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The reduction of azo dyes by normal gastrointestinal tract flora has been well-studied in
many bacteria in both whole cell culture studies (Enterobacter aerogenes, Bacteroides, Clostridium,
Fusobacterium, Ruminococcus, Salmonella, Staphylococcus, Streptococcus, Proteus, Lactobacillus
and Eubacillus) and in pure enzyme studies (direct purification or heterologously expressed from
bacteria such as E. coli, Bacillus subtilis, Enterococcus faecium, Enterococcus faecalis and
Pseudomonas aeruginosa) (Chen et al, 2004; Chung et al, 1992; Macwana et al, 2010; Nakanishi et
al, 2001; Punj & John, 2009; Sugiura et al, 2006; Wang et al, 2007). As azo dyes are used widely as
artificial colorants in our food, beverage and pharmaceutical products, the normal flora of the human
gastrointestinal tract encounter these dyes very often (Goldin, 1990). Because the normal flora of the
gastrointestinal tract are able to reduce these azo dyes to aromatic amines, it is no surprise that the
ingestion of these dyes has been linked to several types of cancer in humans (Bulbulyan et al, 1995;
Cartwright, 1983; Chung, 1997; Chung et al/, 2000; Chung et al, 1992; Dillon ef al, 1994; Sontag,

1981; Vineis & Pirastu, 1997).

Azoreductase

The first recorded azoreductase discovery from a pure culture was in 1982 by Zimmerman in
Pseudomonas KF46 (now known as Xenophilus azovorans) (Zimmermann ef al, 1982). This
particular enzyme was found to be capable of reducing the azo dye, Orange II, by use of NADH or
NADPH as electron donors and was monomeric in nature (30 kDa) (Zimmermann et al, 1982). Two
years later, Zimmerman discovered another azoreductase in Pseudomonas K24 (now known as
Pigmentiphaga kullae) capable of reducing Orange I (Zimmermann ef al, 1984). This additional
azoreductase was also monomeric in structure, though much smaller than the Orange Il azoreductase
(21 kDa versus 30 kDa) (Zimmermann et al, 1984; Zimmermann et a/, 1982). Neither azoreductase
showed any antigenic cross-reactivity, suggesting that they have very different protein sequences

(Zimmermann et al, 1984). Both of these azoreductases were shown to be flavin-independent, as in
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no exogenous flavin was required for azoreduction to occur (Zimmermann et al, 1984; Zimmermann

et al, 1982).

The first record of flavin-dependent azoreductases being studied was in 1992 by Ghosh
(Ghosh et al, 1992). Ghosh studied the azoreductases of Shigella dysenteriae type 1 (Ghosh et al,
1992). Two azoreductases were identified in this bacterium and they were very different in nature.
Azoreductase [ was a dimer (28kDa) whereas Azoreductase II was a monomer (11kDa) (Ghosh et al,
1992). Additionally, the azoreductases showed differential dye specificity, as Azoreductase I was able
to reduce the azo dye Amaranth, but Azoreductase II was not (Ghosh et al, 1992). Azoreductase II,
however, could reduce Ponceau SX, Tartrazine and Orange II (Ghosh et a/, 1992). Ghosh also
identified azoreductase proteins in E. coli K12 which also had differential substrate specificities from

the Shigella azoreductases (Ghosh ef al, 1993; Ghosh et al, 1992).

In 2001, the first heterologous expression of an azoreductase occurred with the azoreductase
that was discovered in Bacillus OY1-2, a soil bacterium (Suzuki et al, 2001). This represented a huge
step forward in the field as pure azoreductases were now able to be efficiently purified and tested.
The pure azoreductase was shown to have broad dye specificity and to utilize NADPH as an electron
donor without the addition of exogenous flavin (Suzuki et al, 2001). Several years later, an
azoreductase isolated from Rhodobacter sphaeroides was shown to have a Ping-Pong Bi-Bi reaction
mechanism (Bin et a/, 2004). In the Ping-Pong Bi-Bi mechanism, 2 moles of NADH are used to

reduce 1 mole of azo dye via a flavin cofactor (Bin et al, 2004).

The breakthrough in the field of intestinal azoreductase research came in 2001 when
Nakanishi's group was studying an enzyme that they had predicted to be an acyl carrier protein (acp)
phosphodiesterase from E. coli (Nakanishi et al, 2001). This enzyme, though, was shown not to have
any phosphodiesterase activity, but rather had high azoreductase activity (Nakanishi et al, 2001).

Similarly, an acp phosphodiesterase in Pseudomonas aeruginosa was found to have azoreductase
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activity but not phosphodiesterase activity (Wang et al, 2007). Both purified azoreductase enzymes
required the addition of exogenous flavin cofactor (FMN) for azoreductase activity to occur
(Nakanishi et al, 2001; Wang et al, 2007). The requirement for the exogenous addition of flavin
cofactor is azoreductase-dependent and may not be required by all azoreductases, as witnessed by the
Bacillus azoreductase detailed above. Additionally, all azoreductases have been shown to utilize a
nicotinamide cofactor for enzyme activity, though it may be NADH or NADPH or either depending
on the azoreductase. Again, the azoreductase reaction in Pseudomonas was shown to function by a

Ping-Pong bi-bi reaction (Nakanishi et a/, 2001).

Diversity of Azoreductases

All aerobic azoreductases which have been biochemically studied in their pure forms to date
are shown in Table 1. It can be seen from Table 1 that there is great diversity amongst biochemically-
tested azoreductases in terms of substrate specificity, multimeric state and cofactors utilized.
However, it is important to note that all but one of the azoreductases in Table 1 are from aerobic or
facultative anaerobes. Only one azoreductase from a strictly anaerobic bacteria is well-characterized

(Table 1).

Table 1. Characteristics of Biochemically-Tested Azoreductases

Organism ilc)c(el;g(l);noﬁlf‘) Dyes Tested Ol;)t;,lzlal Cofactors Pols);ranteerlc (Al;):j:coebe / Reference
Bacillus anthracis 3POR N/D N/D N/D Monomer Facultative (Filippova et
strain Sterne anaerobe / al,2010)

Environment
Bacillus anthracis 3U71 N/D N/D FMN Tetramer Facultative (Zhang et al,
strain Ames NADH anaerobe / 2011)
Ancestor Environment
Bacillus sp. OY1-2 BAB13746, Methyl Red, Acid Acid NADPH N/D Facultative (Suzuki et al,
QI9FAWS5 Red 88, Sumifix Red 88 anaerobe 2001)
Red B, Acid Orange / Environment
7, Reactive Black 5
Bacillus ACF17423 Direct Red 28 Direct NADH N/D Facultative (Bafana et
amyloliquefaciens Red 28 anaerobe al, 2008)
strain AB / Environment
Bacillus sp. B29 BAF02597 Methyl Red, Orange Methyl FMN Dimer Facultative (Ooi et al,
I, Orange II, Orange Red NADH anaerobe 2007)
G, Acid Red 88, 1- / Environment

(2-pyridylazo)-2-
naphthol, New
coccin, Sunset

Yellow FCF
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Organism

ID (PDB or
Accession #)

Dyes Tested

Optimal
Dye

Cofactors

Polymeric

(An)aerobe /

State Source

Reference

Bacillus sp. B29

BAH36887

Methyl Red, Ethyl
Red, Methyl
Orange, Orange 1,
Orange 1I, Orange
G, Acid Red 88,
New coccin, Sunset
Yellow FCF

Methyl
Red,
Ethyl
Red

FMN
NADH

Facultative
anaerobe
/ Environment

Dimer

(Ooi et al,
2009)

Bacillus sp. B29

BAH36886

Methyl Red, Ethyl
Red, Methyl
Orange, Orange 1,
Orange II, Orange
G, Acid Red 88, 1-
(2-pyridylazo)-2-
naphthol, New
coccin, Sunset
Yellow FCF

Methyl
Red,
Ethyl
Red

FMN
NADH

Dimer Facultative
anaerobe

/ Environment

(Ooi et al,
2009)

Bacillus subtilis
Strain ISW1214

BAB85976

Azobenzene, p-
aminozobenzene,
Mordant Orange I,
Methyl Red, Acid
Orange 52, Reactive
Yellow 17, Acid
Yellow 23, Reactive
Orange 16, Reactive
Red 22, Reactive
Orange I, Reactive
Red 2, Direct Red
80, Direct Brown
44, Reactive Red
120, Congo Red,
6.42Reactive Black
5, Reactive Red
180, Acid Red 88,
Acid Orange 10,
Acid Orange 7

Methyl
Red

NADPH

N/D Facultative
anaerobe
/ Environment

(Sugiura et
al, 2006)

Bacillus subtilis
strain ATCC 6633

BAB85974

Azobenzene, p-
aminozobenzene,
Mordant Orange I,
Methyl Red, Acid
Orange 52, Reactive
Yellow 17, Acid
Yellow 23, Reactive
Orange 16, Reactive
Red 22, Reactive
Orange I, Reactive
Red 2, Direct Red
80, Direct Brown
44, Reactive Red
120, Congo Red,
Reactive Black 5,
Reactive Red 180,
Acid Red 88, Acid
Orange 10, Acid
Orange 7

Reactive

Red 22,

Methyl
Red

NADPH

N/D Facultative
anaerobe
/ Environment

(Sugiura et
al, 2006)

Bacillus sp.

ACI12881

Methyl orange,
Flame orange,
Ammonium-azo-I,
alizarin yellow R,
Methyl Red, Janus
Green, Citrus
Yellow, Orange G,
Ponceau BS, Ruby
Red, Basic Blue 41,
Nitro-naphthyl-
DMA, Orange I,
Orange 11, BHQ-10

BHQ-10

FMN
NADPH

Facultative
anaerobe
/ Environment

Tetramer

(Johansson
etal,2011)
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Organism ilc)c(el;g(l);noﬁlf‘) Dyes Tested Ol;)t;,lzlal Cofactors Pols);ranteerlc (Al;):j:coebe / Reference
Bacillus subtilis 032224 N/D N/D FMN Dimer Facultative (Nishiya &
NADH anaerobe Yamamoto,
/ Environment  2007)
Bacillus subtilis 007529 Azobenzene, p- Reactive NADPH N/D Facultative (Sugiura et
subsp. subtilis str. aminozobenzene, Red 22 anaerobe al,2006)
168 Mordant Orange I, / Environment
Methyl Red, Acid
Orange 52, Reactive
Yellow 17, Acid
Yellow 23, Reactive
Orange 16, Reactive
Red 22, Reactive
Orange I, Reactive
Red 2, Direct Red
80, Direct Brown
44, Reactive Red
120, Congo Red,
Reactive Black 5,
Reactive Red 180,
Acid Red 88, Acid
Orange 10, Acid
Orange 7
Escherichia coli 2D5I, 279C, Methyl red, Ethyl Methyl FMN Dimer Facultative (Ito et al,
K12 2798, 1V4B, red, Ponceau SX, Red, NADH anaerobe 2005, Ito et
P41407 Menadione (QR) Ethyl / Gut al, 2006, Ito
Red, etal, 2008,
Menadio Nakanishi et
ne (QR) al, 2001)
Yersinia pestis 4ESE N/D N/D FMN Monomer Facultative (Tan et al,
C092 NADH anaerobe 2012)
/ Gut
Enterococcus 2HPV, Methyl Red, Orange ~ Methyl FMN Tetramer Facultative (Chen et al,
faecalis AAR38851, II, Amaranth, Red, NADH anaerobe 2004; Liu et
Q831B2 Orange G, Ponceau ~ Menadio / Gut al,2007)
BS, Ponceau S, ne (QR)
Menadione (QR)
Pseudomonas 2V9C, 3LTS, Methyl Red, Orange ~ Methyl FMN Tetramer Facultative (Ryan et al,
aeruginosa 3R6W, II, Orange G, Red NADPH anaerobe 2010; Wang
15595982 Ponceau BS, / et al, 2007)
Ponceau S, Gut
PAABSA,
Amaranth
Pseudomonas 15597158 Methyl Red, Ponceau FMN Tetramer Facultative (Ryan et al,
aeruginosa PAABSA, Orange BS NADPH anaerobe 2010)
G, Orange II, /
Amaranth, Ponceau Gut
BS, Ponceau S
Pseudomonas 15598419 Methyl Red, Methyl FMN Tetramer Facultative (Ryan et al,
aeruginosa PAABSA, Orange Red NADPH anaerobe 2010)
G, Orange II, /
Amaranth, Ponceau Gut
BS, Ponceau S
Enterococcus ACX30669 Methyl Red, Congo Methyl FMN N/D Facultative (Macwana et
faecium strain Red, Acid Red 88, Red NADH anaerobe al,2010)
ATCC 6569 Ponceau BS, /
Orange 11, Direct Gut
Blue 15, Ponceau S,
Tartrazine,
Amaranth
Staphylococcus ACF54629 Acid red B, Acid Acid None N/D Facultative (Yan et al,
cohnii scarlet GR, Direct Red B anaerobe 2012)
Blue 15, Acid / Skin
Yellow G, Acid
Orange 11
Shewanella ABM97417 Fast Acid Red GR, Reactive N/D N/D Faculative Xu et al,
decolorationis Reactive Brilliant Brilliant anaerobe/ 2005)
strain S12 Blue Blue Environment
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Organism ilc)c(el;g(l);noﬁlf‘) Dyes Tested Ol;)t;,lzlal Cofactors Pols);ranteerlc (Al;):j::gebe / Reference
Rhodobacter AAN17400 Reactive Brilliant Reactive N/D N/D Faculative (Song et al,
sphaeroides Red K-2BP, Brilliant anaerobe 2003)

Reactive Brilliant Red X- /
Red X-3B, Reactive 3B, Red Environment
Yellow X-6G, Red 1L, Red
I, Red II, Red 11T 111
Geobacillus BAB85975 Azobenzene, p- Methyl N/D N/D Facultative (Sugiura et
stearothermophilus aminozobenzene, Red anaerobe al,2006)
Strain IFO13737 Mordant Orange I, / Environment
Methyl Red, Acid
Orange 52, Reactive
Yellow 17, Acid
Yellow 23, Reactive
Orange 16, Reactive
Red 22, Reactive
Orange I, Reactive
Red 2, Direct Red
80, Direct Brown
44, Reactive Red
120, Congo Red,
Reactive Black 5,
Reactive Red 180,
Acid Red 88, Acid
Orange 10, Acid
Orange 7
Pigmentiphaga AAO039146 Orange [ Orange [ N/D N/D Aerobe / (Blumel &
kullae Environment  Stolz, 2003)
Pigmentiphaga ADDS80733 Methyl Red, Orange] = NADPH Monomer Aerobe (Chen et al,
kullae Amaranth, Ponceau Flavin- / 2010)
BS, Ponceau S, free Environment
Orange II, Orange
G, Magneson II, 1-
(4-nitrophenylazo)-
2-naphthol, 1-(4-
nitrophenylazo)-
resorcinol
Staphylococcus AAT29034, Orange 11, Methyl FMN Tetramer Facultative (Chen et al,
aureus strain ATCC Q50H63 Amaranth, Methyl Red NADPH anaerobe 2005a)
25923 Red, Ponceau BS, / Skin
Ponceau S
Xenophilus Q8KUO07, Orange 1I, Violet N, Orange NADPH N/D Facultative (Blumel et
azovorans AAM92125 Acid Orange 8, 1I anaerobe al, 2002)
Acid Orange 12, / Environment
Ponceau BS, Acid
Red 88, Sunset
Yellow FD6, Sudan
1, Sudan II, Sudan
111, Sudan IV,
Orange G, Acid Red
18, Amaranth, Acid
Black 52, Acid Red
151, 1-(2-
pyridylazo)-2-
naphthol,
calconcarboxylic
acid, calmagite
Clostridium AGH15624 Direct Blue 15, Direct FAD Trimer Strict (Morrison et
perfringens strain Methyl Red, Blue 15 NADH anaerobe / al,2012)
ATCC 3626 Tartrazine, Trypan Sheep
Blue, Congo Red, intestine

Eriochrome Black
T, Buffalo Black
NBR, Janus Green,
Cibacron Brilliant
Red 3B-A, Ponceau
S, Ponceau BS,
Methyl Orange
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Azoreductase activity has been shown to occur nonenzymatically under anaerobic conditions
(Stolz, 2001). Stolz describes a process that is dependent on reduced flavins, many of which he states
will react directly with either oxygen or the azo dyes themselves (Stolz, 2001). Previous studies have
shown that under anaerobic conditions, the reduced flavins can shuttle electrons to the azo dye and
cause non-enzymatic reduction of the azo bond (Roxon et al, 1967; Russ et al, 2000; Stolz, 2001).
However, reduced flavins are only prevalent in the cytoplasm of the cell, so the azoreduction must
occur intracellularly in order for this process to occur (Stolz, 2001). With the highly polar nature of
some of the most frequently tested azo dyes, it seems that transport of the azo dyes into the cytoplasm
would be a major rate limiting factor (Stolz, 2001). However, one could search the available genomes
of anaerobic microorganisms to find that they do in fact contain putative azoreductases. A common
strategy is to use the gene sequence of the E. coli azoreductase (AzoR) as a query to perform a
BLAST search to find azoreductase genes. In addition, the original acp phosphodiesterase primers

have been used to search genomes for other potential azoreductases.

Since the gene that encodes for an azoreductase was isolated and characterized from
Clostridium perfringens, an observation regarding whether anaerobic bacteria contain unique
azoreductases compared to aerobic bacteria can be made. It can be noted from the phylogenetic tree
shown in Figure 7 that the sequence for the azoreductase of C. perfringens strain ATCC 3626 is very
different from the other azoreductases that have been studied in pure form. As detailed in Table 1, no
other azoreductases from strict anaerobes have been studied, suggesting a possible explanation for the
differences seen. When comparing similarity of AzoC to the two azoreductases that it falls nearest to
on the tree, Staphylococcus aureus strain ATCC 25923 and Staphylococcus cohnii, it can be
determined that AzoC has only 19.4% identity with Staphylococcus cohnii and only 17.5% identity
with Staphylococcus aureus strain ATCC 25923 (determined with Mega5 and

http://www .bioinformatics.org/sms2/ident_sim.html) (Tamura et a/, 2011).
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Figure 7. Molecular Phylogenetic Analysis of Azoreductases by the Maximum Likelihood Method. The
evolutionary history was inferred by using the Maximum Likelihood method based on the JTT matrix-based
model (Jones et al, 1992). The tree with the highest log likelihood (-6205.9679) is shown. Initial tree(s) for the
heuristic search were obtained automatically as follows. When the number of common sites was < 100 or less
than one fourth of the total number of sites, the maximum parsimony method was used; otherwise BIONJ
method with MCL distance matrix was used. The tree is drawn to scale, with branch lengths measured in the
number of substitutions per site. The analysis involved 28 amino acid sequences. All positions containing gaps
and missing data were eliminated. There were a total of 141 positions in the final dataset. Evolutionary analyses
were conducted in MEGAS (Tamura et al, 2011).
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In 1990, Fatemeh Rafii and colleagues showed that several strict anaerobic bacteria
(Eubacterium hadrum, Eubacterium spp., Clostridium clostridiiforme, Butyrivibrio spp., Bacteriodes
spp., Clostridium paraputrificum, Clostridium nexile and Clostridium spp.) were capable of reducing
azo dyes in culture studies (Rafii ef al, 1990). Two years later, Dr. Rafii determined that the
azoreductases from these various strictly anaerobic bacteria had immunological homology, suggesting
that they share common regions within their sequence (Rafii et a/, 1992). As more azoreductase genes
are identified from anaerobic bacteria, the data in Table 1 will include more anaerobic azoreductases,

thereby, supporting the idea that both aerobic and anaerobic azoreductase do exist.

Crystal Structures of Azoreductases

To date, only five azoreductases from acrobic and facultative anaerobes have been
crystallized and their three-dimensional structures determined, as detailed in Table 2. To date, no pure
azoreductases from strictly anaerobic bacteria have had their structures determined. The first
azoreductase structure was AzoR of E. coli, which was crystallized and its structure solved in 2006
(PBD 2DS5I) (Ito et al, 2006). The crystal structure of AzoR revealed the active site of the protein in
complex with Methyl Red, its preferred azo dye substrate (Ito et al, 2008). The three-dimensional
structure of AzoR also shows that the protein has a Rossmann fold structure with five parallel -
sheets flanked by six a-helices (Ito et al, 2006). AzoR is also homodimeric in nature, with each
monomer having a flavodoxin-like fold holding FMN at the dimer interface (Ito et al, 2006). Site-
directed mutagenesis studies have suggested that conformational active site changes are responsible

for differential substrate specificity (Ito et al, 2008).

Table 2. Crystal Structure Details of Azoreductases.

Organism PDBID  Characteristics Multimeric = Cofactor Reference
(Azoreductase Name) No. State
E. coli (AzoR) 2D5I Rossmann Fold Dimer FMN (Ito et al, 2006)
E. faecalis (AzoA) 2HPV Rossmann Fold Dimer FMN (Liu et al, 2007)
B. anthracis 3POR Rossmann Fold Monomer N/D (Filippova et al, 2010)
P. aeruginosa (paAzoR1) 2V9C Rossmann Fold Tetramer FMN (Wang et al, 2007)
Y. pestis 4ESE Rossmann Fold Dimer FMN (Tan et al, 2012)
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After AzoR was crystallized, the azoreductases from E. faecalis (AzoA, PBD 2HPV) and
Pseudomonas aeruginosa (paAzoR1, PBD 2V9C) had their crystal structures solved in 2007 (Liu et
al, 2007; Wang et al, 2007). These three-dimensional structures were very similar to that of AzoR,
showing a Rossmann fold structure and bound FMN cofactor in a flavodoxin fold (Liu et al, 2007;
Wang et al, 2007). Both AzoA and paAzoR1 are homomultimers, though AzoA is a homodimer and
paAzoR1 is a homotetramer (Liu et al, 2007; Wang et al, 2007). The azoreductases of Bacillus
anthacis (PDB 3P09) and Yersinia pestis (PDB 4ESE) have also been solved, but not intensively
studied as they were both the result of high-throughput Structural Genomics projects (Filippova et al,
2010; Tan et al, 2012). However, both show the characteristic Rossmann fold; additionally, the
azoreductase from Yersinia pestis was shown to be homodimeric in nature and in complex with FMN

in a flavodoxin fold (Filippova et al, 2010; Tan et al, 2012).

The study of C. perfringens and its azoreductase activity is at its infancy. The role of
azoreductase in C. perfringens is unknown, as its impact on the host or its surrounding normal flora
population is not fully understood. In addition, the structure and function of the current AzoC is not
fully known. Improving our understanding of these unknowns will have implications in human health

as well as in the environment.

Clostridium perfringens

Clostridium perfringens (C. perfringens) is a large, Gram-positive bacillus (Ahmad et al,
2010). C. perfringens is a strict anaerobe and forms endospores under poor environmental conditions
(Ahmad et al, 2010). C. perfringens is ubiquitous and found everywhere from the soil to the colon of
the gastrointestinal tract of humans (Ahmad et al, 2010). C. perfringens is a part of the normal flora
of the gastrointestinal tract, though it can be an opportunistic pathogen if the conditions are
appropriate, as the bacteria produces three types of toxins (a-toxin, B-toxin and an enterotoxin)

(Ahmad et al, 2010). C. perfringens can be a contaminant in food products and can cause enterocolitis
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and food poisoning when ingested in large quantities (Ahmad ef al, 2010). Most often, C. perfringens
is found as a contaminant in meat, specifically beef, food products (Angelotti et a/, 1962; Hall &
Angelotti, 1965). C. perfringens is capable of sugar, starch, pectin and cellulose fermentation,
producing large quantities of hydrogen and carbon dioxide gas and is a common cause of both gas
gangrene and cellulitis (Ahmad et a/, 2010; Madigan et a/, 2009). The a-toxin and B-toxin produced
by this medically-important bacterium are hemolytic in nature and cause acute infections that have
lytic effects on many types of cells (Ahmad et a/, 2010). C. perfringens has a diverse metabolic
capacity, as it is able to undergo both anaerobic respiration and fermentation (Ahmad ef al, 2010).
Some strains of C. perfringens contain catalase, peroxidase and superoxide dismutase, but still require
the environment to have low oxygen tension and a low oxidation-reduction potential (Gregory et al,

1978).

Clostridium perfringens strains are grouped into five different types, based on their
production of the four toxins of C. perfringens, including a-toxin, B-toxin, y-toxin and t-toxin
(Shimizu et al, 2002a). The complete genome of C. perfringens strain 13, which produces a-toxin
(Type A strain) and is isolated from the soil, is known (Shimizu et al/, 2002a). The complete genome
of C. perfringens strain SM101 is also known, which is an enterotoxin-producing food poisoning
isolate (Myers et al, 2006). C. perfringens strain ATCC 13124 also has its complete genome known
(Myers et al, 2006). In contrast, C. perfringens strain ATCC 3626, an intestinal isolate from a lamb,
produces B-toxin (Type B strain). The genome sequencing of C. perfringens ATCC 3626 is not yet
complete. Investigation of the available genome of C. perfringens strain ATCC 3626 shows that this
particular strain is significantly different than the other genome-sequenced C. perfiingens strains,
including the well-studied C. perfringens strain 13, strain SM101 and strain ATCC 13124. As
calculated by the National Center for Biotechnology Information (NCBI), the dendrogram featuring
all genome-sequenced C. perfringens strains shows that C. perfringens strain ATCC 3626 is located

on a separate clade from the three other genome-sequenced C. perfringens strains, suggesting that the
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not-often-studied C. perfringens strain ATCC 3626 is quite unique. Additionally, C. perfringens
strain ATCC 3626 has a much larger genome size (3.80 Mb) compared to C. perfringens strain 13
(3.0 Mb), C. perfringens strain SM101 (2.96 Mb) and C. perfringens strain ATCC 13124 (3.26 Mb).
C. perfringens strain ATCC 3626 also has many more genes (3710) than C. perfringens strain 13
(2840), C. perfringens strain SM101 (2765) and C. perfringens strain ATCC 13124 (3016). C.
perfringens strain ATCC 3626 also has many more proteins (3301) than C. perfringens strain 13
(2723), C. perfringens strain SM101 (2619) and C. perfringens strain ATCC 13124 (2876).
Additionally, the numbers for C. perfringens will only rise, as its genome sequencing is not yet

complete.

Clostridium perfringens Cell Structure

C. perfringens stains purple during a Gram stain and is thus a Gram-positive bacteria. A
schematic of the cell envelope structure is shown in Figure 8. The cell structure of C. perfringens is
comprised of a cell membrane, which encompasses the cytoplasm. Extracellular to the cell membrane
of a Gram-positive bacteria lies the periplasmic space (Forster & Marquis, 2012). The periplasmic
space consists of proteins and lipoteichoic acid that is anchored to the cell membrane (Forster &
Marquis, 2012; Matias & Beveridge, 2008). Though this area between the cell membrane and cell
wall is often referred to as a periplasmic space, it is technically an inner-wall zone (it is 30 nm thick)

and is not as thick as a typical Gram-negative cell wall periplasmic space (Forster & Marquis, 2012).

The Gram-positive bacterial cell wall is a very dynamic structure that undergoes constant
remodeling (Forster & Marquis, 2012; Xia ef al, 2010). This region is 25-50 nm thick and is
composed of peptidoglycan, wall teichoic acid polymers and a variety of amino acids; additionally,
the peptidoglycan in Gram-positive bacteria is composed of disaccharide glycan chains of various
lengths that are linked by short proteins (Forster & Marquis, 2012). It has been suggested that

proteins as large as 25 kDa can freely cross the cell wall to the extracellular environment, but this
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Figure 8. Cell Envelope Structure of a Gram-positive Bacteria, Similar to C. perfringens. LTA (Lipotechoic
acid) (Schneewind & Missiakas, 2012).

estimate largely depends on the length of the glycan chains of peptidoglycan, the level of cross-
linking between these chains, pH and turgor pressure; it is by no means an unregulated event (Forster

& Marquis, 2012).

The cell wall of C. perfringens (formerly C. welchii) was studied in 1966 by B. T. Pickering
(Pickering, 1966). In particular, the cell wall was found to contain alanine, 2,6-diaminopimelic acid,
glutamic acid, glycine, glucosamine, muramic acid, galactosamine, mannosamine, ethanolamine,
rhamnose, galactose and phosphorus (Pickering, 1966). The structure of the cell wall was found to
consist of 1 - 4-linked N-acetylglucosamine (NAG) and N-acetylmuramic acid (NAM) residues
(Pickering, 1966). To the NAM and NAG, through the carboxyl group of muramic acid, a peptide
composed of D- and L-alanine, D-glutamic acid, L-lysine and glycine is linked (Pickering, 1966). L-
lysine can also be found to be substituted by 2,6-diaminopimelic acid (Pickering, 1966). In the cell

wall model provided by B.T. Pickering, the hexapeptide crossbridge is predicted to be in the
25



following order: L-Ala-D-Glu(Gly)-L-Lys(DAP)-D-Ala-D-Ala-D-Glu (Pickering, 1966). The
peptidoglycan structure of Clostridium is known to be substantially different between vegetative and
spore-forming cells, suggesting that this bacterium enters a structurally-unique “non-growth” state

(Humann & Lenz, 2009).

In addition to the major cell wall components described above, C. perfringens also contains
many important surface and cell wall proteins, as studied recently in C. perfringens strain ATCC
13124 (Alam et al, 2009). Many of the proteins found on the surface of this strain of C. perfringens
were found to be immunogenic and are potential vaccine candidates for this medically-important
bacterium (Alam et al, 2009). In addition, these S-layer proteins could also serve as a mechanism of
rapid diagnosis of C. perfringens infections (Alam et al, 2009; Sara & Sleytr, 2000). Proteins located
on the surface of C. perfringens strain ATCC 13124 include ornithine carbamoyltransferase,
cystathione beta-lyase, choloylglycine hydrolase, serine proteinase and rhomboid-family proteins,
including many other proteins predicted to have functions in metabolism (including amino acid
transport and metabolism or lipid metabolism) (Alam ef al, 2009). In C. difficile, the secA2 gene is
required for the assembly of the S-layer (Schneewind & Missiakas, 2012). C. perfringens is also
known to have a functional two-component system (BceRS) that functions in signal transduction in

response to stressors (Jordan et al, 2008).

Protein Translocation Systems

The cell membrane is the main hurdle of proteins crossing to the extracellular environment.
Six protein translocation systems have been studied in Gram-positive bacteria to date (the Secretion
translocation system, the twin arginine transporter, the fimbrillin-protein exporter, the flagella export
apparatus, phage-inserted holins and the ESAT-6.WXG100 secretion system) (Forster & Marquis,
2012). The protein translocation systems of C. perfringens have not been studied, though in close

relatives C. tetani, C. difficile and C. acetobutylicum, the secretion translocation (Sec) system seems
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to be the most common way that proteins are excreted into the extracellular environment (Berks et al,
2005; Bruggemann et al, 2003; Desvaux et al, 2005; Schneewind & Missiakas, 2012). In C. difficile,
two separate sec4 genes have been identified, one of which (secA42), seems to be directly responsible
for the protein secretion related to the creation of the S-layer (Schneewind & Missiakas, 2012). The
twin arginine translocation system (Tat) has been found to be absent from all Clostridium genomes so

far (Bruggemann et al, 2003).

Interestingly, in the previously mentioned recent study on the cell-surface proteins of C.
perfringens strain ATCC 13124, several of the surface proteins found were predicted to be
cytoplasmic in nature due to function or lack of signal peptide (Alam et al, 2009). Additionally, this
phenomenon has been found in an increasing number of proteins throughout Gram-positive bacteria
(Alam et al, 2009; Bukau & Horwich, 1998; Cole et al, 2005; Severin et al, 2007; Shimizu ef al,
2002b; Walz et al, 2007). In fact, in a previous study it was shown in C. perfringens that the culture
supernatant following late exponential phase contained proteins that were predicted to be intracellular
and that did not contain signal sequences (Shimizu et al, 2002b). ESAT-6 secretions are known to
support the secretion of proteins that do not contain a signal peptide sequence (Pallen, 2002).
ExPortal systems may also play a role but these have not been thoroughly studied in C. perfringens

(Rosch & Caparon, 2004).

Despite the overwhelming support for translocated proteins without signal peptide sequences,
the mechanism by which these proteins are able to exit the cell without a signal peptide sequence is
yet unknown (Bendtsen et al, 2005; Wang et al, 2013; Wickner & Schekman, 2005). Some authors
have recently suggested piggy-backing on proteins with signal sequences as a possible mechanism of
transport for non-signal peptide sequence proteins (Wickner & Schekman, 2005). In E. coli,
environmental extracellular stress on the cell wall can cause proteins to selectively escape from the
intracellular space due to a stress response (Vazquez-Laslop et al, 2001). Non-classical protein

secretion appears to be tightly regulated and influenced by specific stimuli and may represent a stress
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response (Wang et al, 2013). Therefore, the main aim of this non-classical protein secretion pathway
may be to protect the cell from the undesirable effects of the stressor or may aid in bacterial virulence
(Wang et al, 2013). As previously mentioned, C. perfringens does have a functioning BceRS two-
component system for stress response (Jordan et al, 2008). However, there does not appear to be any
signal or motif that is consistent with these non-classically secreted proteins, making prediction of

these proteins difficult (Bendtsen et al, 2005).

Clostridium perfringens Cell Growth

The growth and nutritional requirements of C. perfringens were determined almost
immediately upon the discovery of the species, as it was an important food contaminant (Fuchs &
Bonde, 1957). In most cases, C. perfringens requires complex media to grow, suggesting that the
species possesses a very simplistic metabolic system and cannot synthesize many components
required for growth and survival (Caldwell, 2000; Fuchs & Bonde, 1957). The generation time of C.
perfringens can be as rapid as 7.4 minutes under optimal conditions (37 to 45°C, rich media),
confirming the role of this bacterium as a contaminant in meat and poultry products and a common

cause of food-borne illness (Shimizu et a/, 2002a; Smith & Schaffner, 2004; Willardsen et al, 1979).

C. perfringens is a strictly anaerobic bacterium that is capable of anaerobic respiration and
fermentation (Madigan et al, 2009). The recent genome sequencing of C. perfringens strain 13 has
shown that C. perfringens is capable of utilizing a variety of sugars as a carbon source, including
fructose, galactose, glycogen, lactose, maltose, mannose, raffinose, starch and sucrose, both via
culture studies and the presence of the necessary glycolytic genes within the genome (Shimizu et al,
2002a; Sneath, 1986). C. perfringens was determined to have the complete set of enzymes necessary
for both glycolysis and glycogen metabolism, but is lacking the genes necessary for the tricarboxylic
acid (TCA) cycle or any respiratory chain related proteins (Shimizu et a/, 2002a). Additionally, all of

the genes responsible for anaerobic fermentation are present in the C. perfringens genome, resulting
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in the production of lactate, alcohol, acetate and butyrate, which have been found in culture studies
(Shimizu et al, 2002a; Sneath, 1986). Fermentation results in the production of hydrogen gas and
carbon monoxide, both of which are necessary for the creation of an anaerobic environment in host
tissues and are directly responsible for the growth and survival of C. perfringens in the host (Shimizu
et al, 2002a). In addition to the typical fermentation pathways, genes necessary for amino acid
fermentation are also found in C. perfringens, specifically for the fermentation of serine and threonine
(Shimizu et al, 2002a). C. perfringens is capable of switching between anaerobic respiration and

fermentation based on the electron acceptor present in the environment.

Clostridium perfringens Azoreductase Function

Rafii and colleagues were instrumental in the initial culture studies of strictly anaerobic
intestinal bacteria. In their initial studies, they isolated several species and strains of bacteria which
they found to be capable of reducing the azo dye, Direct Blue 15, on a non-denaturing SDS gel assay
(Rafii & Cerniglia, 1990). Among these bacteria that seemed to possess an azoreductase was C.
perfringens (Rafii & Cerniglia, 1990). Based on the single zone of Direct Blue 15 clearing on the gel,
it was predicted that C. perfringens only contained one azoreductase enzyme, which Rafii and
colleagues proceeded to extract from the gel and purify (Rafii & Cerniglia, 1990). Upon purification
and analysis on an SDS-PAGE gel, it was determined that the putative azoreductase was actually
dimeric in nature (Rafii & Cerniglia, 1990). The putative azoreductase did not require the exogenous
addition of a flavin cofactor for activity, but interestingly did require the absence of oxygen (Rafii &
Cerniglia, 1990; Rafii et al, 1990). Culture studies suggested that the azoreductase production was
constitutive and extracellular, a finding which was confirmed by immunoelectron microscopy with
gold-labeled antibodies to the putative azoreductase (Rafii & Cerniglia, 1990; Rafii & Cerniglia,
1993; Rafii et al, 1990). Rafii's azoreductase was found to be antigenically similar to a putative
azoreductase from Eubacterium, which suggested the presence of a conserved domain in

azoreductases (Rafii ef al, 1992).
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In their last publication (1999), the Rafii group attempted to rescue and characterize this
putative azoreductase gene in a fragment of DNA, however, their study was not complete (Rafii &
Coleman, 1999). In 2007, Cristee Wright studied this fragment and upon looking deeper into the
3.8kB fragment that Rafii had suggested contained the azoreductase, Wright found that this fragment
contained a number of open reading frames, none of which were expected to code for an azoreductase
enzyme (Wright, 2007). However, given the high azoreductase activity against Direct Blue 15 seen in
Rafii's culture studies, there is a high probability that there is a functioning azoreductase present in C.
perfringens (Rafii & Cerniglia, 1990; Rafii et al, 1990; Wright, 2007). In her thesis, Cristee Wright

was able to identify a candidate for the azoreductase of C. perfringens (Wright, 2007).

Azoreductase Gene (AzoC)

Wright identified the gene for the azoreductase of C. perfringens strain ATCC 3626 through
searching the available C. perfringens genome for sequence homology to both the nucleic acid and
protein sequences from known bacterial azoreductases from E. coli, Staphylococcus aureus,
Enterococcus faecalis and Bacillus OY1-2 in hopes that there would be a conserved domain which
aids in conferring azoreductase activity (Wright, 2007). Wright cloned and expressed her NAD(P)H-
dependent FMN reductase (which contained an FMN-reductase domain) gene in E. coli, but was
unable to obtain pure protein (Wright, 2007). Initial studies with mixed protein showed high
azoreductase activity against Direct Blue 15, consistent with the culture studies (Wright, 2007). Pure
enzyme studies with AzoC would be needed to confirm that this gene encodes for azoreductase

activity in C. perfiringens strain ATCC 3626.
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Conclusion

Very little information is known about azoreductases that originate from strictly anaerobic
bacteria. Much of the information comes from whole cell culture studies of strict anaerobes isolated
from the human gastrointestinal tract. The purpose of this study is to fully characterize the
azoreductase of C. perfringens strain ATCC 3626 in terms of enzyme structure and function in order

to fill the gap in the literature regarding azoreductases originating from strictly anaerobic bacteria.
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CHAPTER II

IDENTIFICATION, ISOLATION AND CHARACTERIZATION OF A NOVEL

AZOREDUCTASE FROM CLOSTRIDIUM PERFRINGENS

The following chapter is based off of a publication in the journal Anaerobe (2012, 18:229-234)

and appears here with the journal’s permission.

Abstract

Azo dyes are used widely in the textile, pharmaceutical, cosmetic and food industries as
colorants and are often sources of environmental pollution. There are many microorganisms that
are able to reduce azo dyes by use of an azoreductase enzyme. It is through the reduction of the
azo bonds of the dyes that carcinogenic metabolites are produced thereby a concern for human
health. The field of research on azoreductases is growing, but there is very little information
available on azoreductases from strict anaerobic bacteria. In this study, the azoreductase gene was
identified in Clostridium perfringens, a pathogen that is commonly found in the human intestinal
tract. C. perfringens shows high azoreductase activity, especially in the presence of the common
dye Direct Blue 15. A gene that encodes for a flavoprotein was isolated and expressed in E.coli,
and further purified and tested for azoreductase activity. The azoreductase (known as AzoC) was
characterized by enzymatic reaction assays using different dyes. AzoC activity was highest in the
presence of two cofactors, NADH and FAD. A strong cofactor effect was shown with some dyes,

as dye reduction occurred without the presence of the AzoC (cofactors alone). AzoC was shown
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to perform best at a pH of 9, at room temperature, and in an anaerobic environment. Enzyme
kinetics studies suggested that the association between enzyme and substrate is strong. The results

show that AzoC from C. perfringens has azoreductase activity.

Introduction

Azo dyes are synthetic organic colorants used widely in the manufacture of textiles,
pharmaceuticals, cosmetics, and a wide variety of foods. Each year, almost 1 million tons of azo
dyes are produced worldwide (Suzuki et al, 2001). Most of the dyes are released into the
environment as effluent in industrial wastewater and, because of their recalcitrance, persist there
as pollutants (Nakanishi et al, 2001). In addition, azo dyes are linked to causing several types of

cancers in humans (Rafii & Coleman, 1999).

Azoreductases cleave the azo linkage (N=N) of azo dyes in a reductive process that
produces aromatic amines and decolorizes the dye (Nakanishi et al, 2001; Stolz, 2001). The genes
encoding azoreductases have been cloned and characterized from a number of bacterial strains
(Blumel & Stolz, 2003; Chen et al, 2005a; Chen et al, 2004; Nakanishi et al, 2001; Sugiura et al,
2006). The enzymes, reported to be flavoproteins, range from 19 - 30 kDa in size and require
either NADH or NADPH as electron donors. Bacteria from the human intestinal tract can be
exposed to azo dyes from environmental contamination and from consumption of dyes in foods
and drugs (Dillon et al, 1994; Marmion, 1991). In the intestine, bacterial azoreductases reduce the
dyes to their component aromatic amines. Some of these amines are carcinogenic and mutagenic
to humans, causing cancer of the kidney, bladder, stomach, and liver (Brown & Devito, 1993;
Chung et al, 2000; Rafii & Coleman, 1999). Several species of intestinal bacteria with
azoreductase activity have been isolated and studied (Chung & Cerniglia, 1992; Gingell &
Walker, 1971; Rafii et al, 1990; Song et al, 2003; Walker et al, 1971). Among those having high

azoreductase activity is the anaerobic bacterium Clostridium perfringens.
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C. perfringens is a Gram-positive, rod-shaped, anaerobic and spore-forming bacterium
(Ahmad et al, 2010). Some strains contain catalase, peroxidase, and superoxide dismutase but
still require low oxygen tension and low oxidation reduction potential. C. perfringens is
considered a pathogen as it produced enterotoxins that cause a range of symptoms from mild
enterotoxaemia to fatal gas gangrene (Ahmad et al, 2010). The bacterium possesses both
anaerobic respiration and fermentative capabilities, which provides it with a diverse metabolic
capacity (Ahmad et al, 2010). One major metabolic activity found is azoreductase. The current
study isolated an azoreductase gene from the chromosome of C. perfiringens, expressed the gene
in Escherichia coli, and purified and characterized the enzyme activity using several azo dyes.
This is the first time a flavoprotein from C. perfringens has been identified as having

azoreductase activity.

Background Information and Previous Work (Wright, 2007)

To determine if C. perfringens cultures were able to efficiently reduce azo dyes, Direct
Blue 15 was added to the culture and at approximately 4 hours the dye was completely reduced,
which suggested that the organism contained an azoreductase. No dye reduction was seen in the
accompanying control. Other dyes besides Direct Blue 15 were also tested, along with dye only
controls; over a period of 12 hours, most of the other dyes were reduced under the control
conditions, without the presence of the whole cells. Direct Blue 15 showed no reduction under

these control conditions, but a great reduction in the presence of the whole cells.

tblastn and tblastp software (National Center for Toxicological Research) were used to
search the C. perfringens chromosome for proteins showing homology to the deduced nucleotide
and amino acid sequences of the azoreductases from E. coli, Enterococcus faecalis,
Staphylococcus aureus and Bacillus OY 1-2. Since the nucleotide and amino acid sequences of

known azoreductases revealed no conserved sequences based on primary alignments, a more
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rigorous screening method was implemented. A list of known bacterial azoreductases and their
conserved domains was obtained from the Universal Protein Resource (UniProt) Knowledgebase.
The putative azoreductase gene from C. perfringens was identified by first identifying bacterial
azoreductase conserved domains which were found to be homologous to either an

FMN _reductase or a flavodoxin_2 conserved region. The Protein Family Database (PFAM) was
used to identify proteins with these conserved domains within the C. perfringens chromosome
and also to compare their function(s) to that of known azoreductases. Using PFAM, a single
putative NAD(P)H-dependent FMN reductase having a conserved FMN reductase domain was
identified in the C. perfringens chromosome. The gene, annotated as a hypothetical protein was
designated azoC for the purpose of the study. Analysis of the gene coordinates revealed the ORF
to be part of an operon with four other ORFs — two hypothetical proteins with unknown function,
a probable anaerobic ribonucleotide reductase, and a hypothetical protein thought to be involved

in 2’-deoxyribonucleotide metabolism (Figure 9).
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Figure 9. Region View of CPE0915 in the C. perfringens Chromosome (Institute). CPE0911 — gluthatione
peroxidase; CPE0917 — probable anaerobic ribonucleotide reductase; CPE0912, CPE0913, CPE0916,
CPE0918, CPE0919, CPE0920, CPE0922, CPE0923 — hypothetical proteins; CPE0914, CPE0915,
CPE0921, CPE0924 — conserved hypothetical proteins. CPE0915 represents the putative azoC.
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C. perfringens strain ATCC 3626 was grown on sheep blood agar plates in an
anaerobic jar for 3 days at 37°C and used to inoculate 10 mL of anaerobic brain heart infusion
broth (BHI) in an anaerobic chamber. The broth culture was used for the preparation of
chromosomal DNA. Genomic DNA was extracted from a fresh 10 mL culture of C. perfringens
strain ATCC 3626 according to the Masterpure Gram Positive DNA Purification Kit (Epicentre
Biotechnologies). The azoC open reading frame was amplified using C. perfringens genomic
DNA as template. The forward primer (flavoF'3) included an Xhol site before the start codon: 5°-
CGGCC TCGAG ATGAA AGTAT TATTA GTTA - 3°. The reverse primer (flavo0915r)
included a BamH1 site downstream of the azoC ORF: 5> — GTGAA AGGAT CCTTA TCTAA

TAAAA TTAGT TCTTT CTCTT TC - 3.

Template DNA and primers for the control reaction were provided in the TOPO TA
cloning kit (Invitrogen). PCR was carried out in a Perkin Elmer 480 DNA thermal cycler.
Conditions for amplification were followed as outlined in the TOPO TA cloning manual
(Invitrogen) - one cycle of 2 min at 94°C, 25 cycles with each cycle consisting of 1 min at 94°C,
1 min at 55°C, and 1 min at 72°C, and a final extension of 7 min at 72°C. The products were

analyzed on a 1% agarose gel after staining with ethidium bromide.

The PCR product containing the azoC ORF was directly cloned into pCR 2.1-TOPO TA
vector (Invitrogen) and sequenced. The TOPO clone and pET15b (Novagen) were each cleaved
by sequential digestion with Xhol and BamHI restriction enzymes, each time at 37°C for 12
hours. The 721 bp product (Figure 10A) from cleavage of the TOPO clone was purified using the
QIAquick Gel Extraction Kit (QIAGEN) and ligated between the Xhol and BamHI sites of
pET15b in a reaction containing 0.1 U T4 DNA ligase and carried out at 4°C for 16 hours. A 2 ul
volume of the ligation mixture was used to transform 20 pl of NovaBlueDE3 E. coli cells
(Novagen). Following plasmid extractions, positive clones were confirmed by PCR with the

insert specific primers flavoF3 and flavo0915r and by simultaneous cleavage with Xhol and
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BamHI. The recombinant DNA (pAzoC) was used to transform BL21pLysS E. coli cells, which
were deficient in protease activity, and used for expression of the azoreductase. The induced

protein produced a band at 22.6 kDa based on the SDS-PAGE gel (Figure 10B).
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Figure 10. PCR Amplification of the azoC ORF and SDS-PAGE Analysis of AzoC. A) PCR
Amplification of azoC ORF. Lane 1: Mid-Range Marker (Thermo Scientific), Lane 2: azoC ORF. B) SDS-
PAGE Analysis of AzoC. Lane 1: Protein Standard (Pierce), Lane 2: Uninduced AzoC, Lane 3: Induced (1
mM IPTG, 3 hrs, 37°C) AzoC.

Materials and Methods
Azo Dyes

Azo dyes were purchased from the following companies: Direct Blue 15 (MP
Biomedicals), Methyl Red (Acros Organics), Tartrazine (Sigma-Aldrich), Trypan Blue (Kodak),
Congo Red (Sigma-Aldrich), Eriochrome Black T (MCB), Buffalo Black NBR (Allied

Chemical), Janus Green (Sigma-Aldrich) and Cibacron Brilliant Red 3B-A (Sigma-Aldrich).
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Purification of the Azoreductase Enzyme

The E. coli cells containing the pAzoC (as prepared above) were inoculated into a 5 mL
LB broth containing ampicillin (100 pg/mL) and incubated overnight with shaking at 200 rpm at
37°C. The cells were transferred to a large flask containing 1 L LB broth containing ampicillin
(100 pg/mL) and incubated shaking at 200 rpm at 37°C until the ODggo of the culture was at 0.6.
The cells were then induced with isopropyl-beta-D-thiogalactopyranoside (IPTG, 1 mM final
concentration) for an additional 3 hours. This culture was then centrifuged (6000 x g, 10 minutes,
4°C) to pellet the cells. The supernatant was discarded as bacterial waste and the pellets were

stored at -20°C until protein purification could occur.

The pellet was thawed and resuspended in 10 mL of a lysis/wash buffer (20% glycerol,
50 mM sodium monobasic phosphate, 750 mM sodium chloride and 20 mM imidazole in double-
distilled water, pH 8.0). Lysozyme (0.1 mg/mL final concentration) was added to each of the
pellets and incubated on ice for 30 minutes. Cell pellets were sonicated with a Sonic 300
dismembranator with an intermediate tip and relative output of 60%. Sonication occurred in 10
intervals of 5 seconds each. The cell suspension remained on ice when not being sonicated to
ensure that the protein was not denatured by the heat generated by sonication. The suspension
was centrifuged (10,000 x g, 30 minutes, 4°C) to pellet the cell debris and to leave the protein in

solution.

The supernatant was subjected to nickel-nitrilotriacetic acid (Ni-NTA) slurry (Clon-Tech)
in a 1:1 ratio of supernatant to slurry in a glass frit column (Kimble-Chase Flex Column). The
Histidine-tag of the protein allows for this purification procedure to be effective. All steps were
carried out at 4°C to ensure that the protein did not denature during the process. The samples were
incubated at 4°C for 1 hour on a BioDancer orbital shaker (New Brunswick Scientific) at medium

speed to ensure that the His-tagged protein would stick to the Ni-NTA resin. Following protein
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exposure to the column, the excess solution was drained from the column (pre-wash fraction) and
the resin was washed with lysis/wash buffer until the effluent from the column was clear (wash
fractions). Following washing, the protein was eluted from the resin by exposing the resin to
elution buffer (20% glycerol, 50 mM sodium monobasic phosphate, 750 mM sodium chloride,
250 mM imidazole, double-distilled water, pH 8.0). At least four elutions were carried out to

ensure that all protein was eluted from the resin. Elutions were saved and stored at -20°C.

All elutions were analyzed with an SDS-PAGE gel. SDS-PAGE analysis was performed
as described previously (Laemmli, 1970). Protein samples were prepared for analysis directly
following protein purification by adding a 1X concentration of SDS-PAGE loading buffer (4X
loading buffer = 0.06 M TRIS-HCI pH 6.8, 10% (v/v) glycerol, 2% (w/v) SDS, 0.0025% (w/v)
bromophenol blue). Beta-mercaptoethanol (5%) was used to denature disulfide bonds. Protein
samples were boiled for 15 minutes and then loaded (20 nuL) onto a 12.5% SDS-PAGE gel.
Coomassie blue was used for staining and the protein bands were visualized and photographed in
comparison to a 250 kDa protein ladder (New England Biolabs). Protein concentration was
determined with a Nanodrop spectrometer, using the Molar Extinction Coefficient of the protein
(0.880) to determine the protein concentration. The Molar Extinction Coefficient was determined
by using the NCBI database. All samples were concentrated using an Amicon Ultrafiltration cell
under Nitrogen pressure and a Millipore filter (Regenerated Cellulose membrane, NMWL

10,000) to achieve a protein concentration of between 2 and 5 mg/mL.

Pure Enzyme Assays — Anaerobic and Aerobic Conditions

Assays for azoreductase activity for the pure AzoC protein were carried out both
anaerobically and aerobically. All experiments were performed in triplicate. Enzyme reactions
were carried out in a 1.5 mL-polystyrene cuvette (Sigma-Aldrich) with a total reaction volume of

1 mL. The buffer used in most cases (except for specific pH experiments) was 25 mM TRIS, pH
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9.0. Although different azo dyes were tested the final concentration tested was consistently 20
uM. Experiments were performed to determine the optimal enzyme concentration in the reaction
by altering the concentration of the protein and once the optimal AzoC concentration was found,
different cofactors were tested (NADH and NADPH). The concentration of NADH (Acros
Organics) was also altered in experiments to determine optimal conditions for dye reduction (10
mM NADH). FAD (Sigma-Aldrich) and FMN (Sigma-Aldrich) were both tested as cofactors and
FAD was found to be an essential component to the azoreductase function of AzoC at an optimal

concentration of 2 mM.

Reactions were prepared by mixing the appropriate buffer, azo dye, water and the
enzyme together in the cuvette and bubbling with nitrogen at a rate of 1 nitrogen bubble per
second for 10 minutes. Immediately following the nitrogen bubbling, mineral oil was added to the
top of the cuvette to prevent the introduction of oxygen into the newly anaerobic system. Aerobic
experiments were performed without the nitrogen bubbling step and without the addition of
mineral oil. To begin the reaction, 10 mM NADH and 2 mM FAD were mixed together
separately and then added to the reaction and mixed together carefully as to not introduce oxygen
into the system. The reaction was scanned using a Shimadzu UV-1650 PC spectrophotometer.
Each azo dye was scanned prior to the reaction with the spectrophotometer to determine the
optimal absorbance for each dye (all dye absorption values were above 340 nm and extinction
coefficients were used in determining the final concentration of dyes). In some cases, an
absorbance was selected that was not the optimal due to interference by the absorbance of FAD,
which is orange in color. The absorbencies tested were as follows: Direct Blue 15 (602.5 nm),
Cibacron Brilliant Red 3B-A (534.00 nm), Congo Red (531.00 nm), Tartrazine (425.00 nm),
Janus Green (597.50 nm), Trypan Blue (533.50 nm), Buffalo Black NBR (614.50 nm), Methyl
Red (430.00 nm) and Eriochrome Black T (527.50 nm). Dye concentration was interpolated from

absorbencies by making standard curves of dye concentrations to find the extinction coefficient.
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This was determined to be a spectrophotometer-specific equation of a best fit line. Experiments
were also done to determine the optimal order of the addition of reactants to the system where

each of the components (dye, AzoC, cofactors) were added last in separate experiments.

Pure Enzyme Assays — Cofactor Effect

To determine the effect of the cofactor on the enzyme reaction, experiments were
performed that lacked the azoreductase and contained a protein control, albumin (Sigma-Aldrich).
The protein control would serve to show whether the azoreductase was causing the reduction of
the dye or if the cofactors and the presence of a protein was causing the reduction. Experiments
were also performed that did not contain a protein and showed the effects of the cofactors
themselves. In the case of the protein control, 138 pg of albumin was added to the reaction in
place of AzoC. For the cofactor controls, only NADH and FAD were added to the reaction; no

protein was present in these experiments.

Pure Enzyme Assays — Optimal Temperature

To determine the optimal temperature for the azoreductase enzyme to work, experiments
were carried out at several different temperatures (25°C/room temperature, 30°C, 37°C, 45°C and
60°C). Prior to the reaction taking place, all components except for the cofactors were incubated
in their cuvette in a water bath to reach the desired temperature. The cuvette was moved to the
spectrophotometer to begin the experiment with the cofactors and then promptly moved back to

the water bath. The absorbance was recorded every 5 minutes until the reading reached a plateau.

Pure Enzyme Assays — Optimal pH

To determine the optimal pH for AzoC to work, several different pH buffers were
prepared to test azoreductase activity: sodium acetate pH 4.0 and 5.0, potassium phosphate pH

6.0 and 7.0, TRIS pH 8.0 and 9.0, sodium bicarbonate pH 10.0 and 11.0, and potassium chloride
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pH 12.0. Enzyme experiments were conducted as described above by only changing the pH of the

buffer used.

Pure Enzyme Assays — Effect of Oxygen

Since AzoC is from an anaerobic organism, there was curiosity as to the effect of oxygen
on the protein itself. To study this, anaerobic and aerobic experiments were performed and
compared as mentioned above. In another experiment, an anaerobic reaction at the optimal
conditions was prepared and taken to complete dye reduction. Following dye reduction, the
cuvette was bubbled again (in one case with Nitrogen and in another case with Oxygen). Dye and
cofactors were added into the reaction and the cuvette scanned. This provides an understanding of

the regeneration of the enzyme in the presence of oxygen as compared to anaerobically.

Pure Enzyme Assays — Enzyme Kinetics

A brief study of the enzyme kinetics was performed by taking one component of the
experiment (dye, FAD, NADH) and changing the concentration of that component while keeping
the others constant. The optimal conditions were 20 uM dye, 10 mM NADH and 2 mM FAD.
During the kinetics experiments, the optimal concentration of one of these components was tested
by either increasing or decreasing in hopes of finding a saturation point for the enzyme. Results

were graphed and analyzed by a Lineweaver-Burke plot to determine Km and Vmax.

Results

Pure Enzyme Assays — Initial Work and Cofactor Effect

Bacterial azoreductases require NADH and/or NADPH as an electron donor and the
cofactor FMN and/or FAD can serve as a prosthetic group. AzoC was determined to be NADH-
dependent as it demonstrated the highest activity, with NADPH showing no significant dye

reduction activity when tested as an electron donor for the reaction for the reduction of Direct
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Blue 15 (p-value >0.05, 95% confidence). FAD and FMN were also tested and the results showed
that neither are acceptable for the reduction Direct Blue 15 by themselves (less than 10% dye
reduction occurs) with AzoC, producing non-significant dye reduction (p-value >0.05, 95%
confidence). However, when these flavin cofactors are combined with NADH a great reduction
occurs, with up to 100% of the dye being reduced (Figure 11). This produces a statistically
significant azo dye reduction at a 95% confidence interval (p-value <0.001). Comparing FMN by
itself to FMN/NADH, the cofactor combination of FMN/NADH showed a five-fold increase in
dye reduction, a result that is statistically significant at a 95% confidence interval (p-value
<0.001). FAD/NADH compared to FAD by itself showed an 8.5-fold increase in dye reduction
when the cofactor combination of FAD/NADH was used, which is also statistically significant at

a 95% confidence interval (p-value <0.001).

Controls that test the reducing effects of the cofactors themselves on the dye were
implemented to understand what effect the enzyme is playing compared to the cofactors.
Although FMN/NADH produced the overall greatest drop in Direct Blue 15 absorbance, the
control (without AzoC) showed just as much activity (Figure 11), resulting in non-significant dye
reduction by FMN/NADH (p-value >0.05, 95% confidence). This was not the case with
FAD/NADH, which showed great activity with AzoC, but significantly less activity when without
AzoC (Figure 11). In contrast to FMN/NADH, the FAD/NADH combination with AzoC shows
significant dye reduction over its non-enzymatic control at a 95% confidence interval (p-value
<0.001). Due to this fact, the FAD/NADH combination was used in testing. Interestingly, the
greatest reduction of the dye occurred when NADH and FAD were mixed together and added last
to the reaction mixture, thus allowing time for the azo dye substrate to interact with AzoC prior to

the addition of the cofactor mixture.
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Effect of Cofactors on Dye Reduction
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Figure 11. Effect of Cofactors on Direct Blue 15 Reduction by AzoC. Comparison of FAD/NADH with
AzoC and FAD/NADH without AzoC shows a significant difference in dye reduction in the reaction with
the enzyme (p-value <0.001, 95% confidence). Comparison of FMN/NADH with AzoC and FMN/NADH
without AzoC does not show a significant difference in dye reduction between the reaction with the
enzyme and the non-enzymatic control (p-value >0.05, 95% confidence).

Upon further examination of the dye reduction by AzoC, a cofactor effect was noticed.
With Direct Blue 15, the presence of FMN/NADH alone was enough to reduce the dye, making
dye reduction with AzoC, FMN/NADH insignificant over the FMN/NADH cofactors alone (p-
value >0.05, 95% confidence) (Figure 11). When no protein was present, a slight reduction in dye
absorbance occurred with FAD/NADH (less than 35% dye reduction) but a large reduction for
FMN/NADH (100% dye reduction) suggesting that the reduction in dye was caused by the
cofactors themselves. However, the FAD/NADH required the presence of the protein to produce
significant Direct Blue 15 reduction and the presence of any protein, as shown by the albumin
control in Table 3 (p-value <0.05, 95% confidence). This was not the case with the individual
cofactors (FMN or NADH) themselves, but only occurred when the two cofactors were mixed
together and added to the reaction. Other dyes were also tested with AzoC and this cofactor effect

was also seen with some of the other dyes. A similar effect was observed with other dyes (Janus
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Green, Cibacron Brilliant Red 3B-A and Eriochrome Black T) as the specific activity was not

significantly different for the albumin control and AzoC (Table 3, unhighlighted rows, p-value

>0.05, 95% confidence). Significantly, Direct Blue 15 undergoes the greatest reduction by AzoC,

compared to other azo dyes tested when taking the non-AzoC containing control and therefore the

effect of the cofactors into account (Table 3).

Table 3. Specific Activities of Other Dyes in the Presence of AzoC and Albumin. Specific activity is
provided as mean + standard deviation across triplicates (n=3) for both AzoC and Albumin (control).
Highlighted rows represent statistically significant differences at a 95% confidence interval (p-value <0.05)

Specific Activity with AzoC

Specific Activity with Albumin

Dye (1M dye/min/mg AzoC) (uM dye/min/mg Albumin)
Direct Blue 15 0.144 + 0.019 0.095 + 0.029
Tartrazine 0.002 + 0.002 0.001 £ 0.000
Methyl Red 0.004 + 0.004 0.002 + 0.001
Buffalo Black NBR 0.072 £ 0.015 0.053 + 0.002
Janus Green 0.015 £ 0.005 0.018 + 0.004
Cibacron Brilliant Red 3B-A 0.128 + 0.035 0.134 + 0.006
Congo Red 0.089 + 0.040 0.037 +0.017
Eriochrome Black T 0.056 = 0.001 0.056 £ 0.002
Trypan Blue 0.130 +£ 0.042 0.099 + 0.025

Pure Enzyme Assays — Optimal Temperature

Between the five temperatures tested, no significant difference in dye reduction was seen

(p-value >0.05, 95% confidence) (Figure 12). The optimal temperature of AzoC was between

30°C and 37°C (Figure 12). It appears that temperatures that are near body temperature are the

most optimal. Interestingly, when comparing the cofactor effect at 37°C versus 25°C, the cofactor

effect is less of a factor at 25°C, suggesting that 25°C is actually the more optimal temperature to

use in experimentation (Tables 4 and 5). AzoC at 37°C showed a 2.0-fold increase over its

control, while AzoC at 25°C showed a 2.4-fold increase over its control.
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Figure 12. Effect of Temperature on Direct Blue 15 Reduction. Specific activity is provided as mean +
standard deviation (error bars) across triplicates (n=3) for the four temperatures tested. Protein precipitation
occurred at 60°C, making testing dye reduction not possible. No significant differences are found between
the five temperatures tested (p-value >0.05, 95% confidence).

Table 4. AzoC Temperature and Oxygen Condition Comparisons. Specific Activity is provided as the
mean across triplicates (n=3), with “SD” representing the standard deviation of the triplicate samples.
Oxygen state is anaerobic unless noted otherwise.

Condition Specific Activity (WM Direct Blue 15/min/mg AzoC) SD
Aerobic AzoC 25°C 0.051 0.042
Albumin 25°C 0.095 0.029
Albumin 37°C 0.136  0.052
AzoC 37°C 0.269  0.058
AzoC 25°C 0.226  0.042

Table 5. Fold Increases of Temperature and Oxygen Condition Comparisons.

Fold Increases

AzoC 37°C/AzoC 25°C 1.2
AzoC 25°C/Albumin 25°C 2.4
AzoC 25°C/Aerobic AzoC 25°C 4.4
AzoC 37°C/Albumin 37°C 2.0

Pure Enzyme Assays — Optimal pH

The optimal pH of the reaction was determined to be pH 9.0 (Figure 13). Upon further

investigation of the protein, it was found that the pl of the protein is 8.72 which corresponds to
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the optimal pH. Due to the high variability at the increased pH, pH 9 was found to be the most

statistically significant (p-value <0.05, 95% confidence).
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Figure 13. Effect of pH on Direct Blue 15 Reduction. Specific activity is provided as mean + standard
deviation (error bars) across triplicates (n=3) for the various pH conditions tested. Letters represent
comparisons of the different specificity activity measurements at the noted pH values; two means with the
same letter are not significantly different at a 95% confidence interval (p-value >0.05).

Pure Enzyme Assays — Effect of Oxygen

When AzoC was exposed to oxygen, the specific activity was greatly reduced when
compared to the anaerobic experiment, as a four-fold increase was seen with the anaerobic
sample (Table 5, Figure 14). This suggests AzoC is sensitive to oxygen, which has been reported
by others (Bragger et al, 1997). This sensitivity may be due to oxygen oxidizing the cofactor
thereby inhibiting the enzyme reaction (Chang et a/, 2001). In addition, oxygen may be a
preferable electron acceptor over the azo groups (Chung & Stevens, 1993; Srinivasan &
Viraraghavan, 2010). Using the same sample reaction, anaerobic activation followed by aerobic
activation and finally anaerobic reactivation produced activities that were high, low and high,

suggesting that oxygen may outcompete the dye for electrons, as mentioned above (Figure 15).
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However, it is possible that the oxygen is oxidizing both the cofactors and dyes. On the other

hand, without oxygen, an azo compound will act as sole oxidant, and its reduction rate will be
controlled solely by the rate of formation of the electron donor (reduced flavin nucleotides). It
must also be noted that, under aerobic conditions, dye reduction does still occur, however, the

reduction occurs at a much slower rate than the anaerobic dye reduction reaction.
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Figure 14. Effect of Oxygen on AzoC Specific Activity. Specific activity is provided as mean =+ standard
deviation (error bars) across triplicates (n=3) for the conditions tested (aerobic and anaerobic). Letters
represent comparisons of the different specificity activity measurements at the noted oxygen states; two
means with the same letter are not significantly different at a 95% confidence interval (p-value >0.05).
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Figure 15. Effect of Oxygen on AzoC Reactivation.
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Pure Enzyme Assays — Enzyme Kinetics

Enzyme kinetics experiments were completed to determine the Km and Vmax values for
azo dye, FAD and NADH. The data suggest that the reaction specificity between the enzyme and
substrates is strong, producing Km values of 0.005 uM, 0.00018 mM, and 0.0081 mM when the
dye concentration, FAD concentration, and NADH concentrations were altered, respectively.
Vmax values were 0.42 uM Direct Blue 15/min/mg AzoC, 0.012 mM FAD/min/mg AzoC, and

0.26 mM NADH/min/mg AzoC.

Discussion

The goal of this study was to characterize the enzyme predicted to be the cause of the
azoreductase activity of C. perfringens. In a previous study, Cristee Wright analyzed a 3.8 kb
fragment of C. perfringens DNA that had been shown to exhibit minimal activity, however no
gene for azoreductase was found within this DNA fragment (Wright, 2007). Cristee Wright used
information from known bacterial azoreductases and located an open reading frame in the C.
perfringens chromosome that coded for a putative azoreductase (Wright, 2007). The protein,
AzoC, was overexpressed in E. coli and the activity of the cell-free extract was tested on the
common azo dye Direct Blue 15. These results suggest that AzoC reduces Direct Blue 15 in a

NADH-dependent process under anoxic conditions.

The protein was successfully purified using Ni-NTA affinity chromatography. Out of the
variety of dyes tested, Direct Blue 15 was the most greatly reduced by the enzyme. It was also
found that, besides needing NADH for reduction, FAD is also essential for the enzyme to reach
its full azoreductase potential. FMN did produce a great reduction in dye absorbance when
combined with NADH and AzoC, but it also produced a similar drop in absorbance when not in
the presence of AzoC, suggesting that this combination of cofactors is actually reducing the dye.

The cofactors used in the experiment (FAD and NADH) were shown to have a great effect on
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some dyes (specifically Janus Green, Cibacron Brilliant Red 3B-A and Eriochrome Black T)
suggesting that in some cases it is possible for the cofactors themselves to be able to reduce dye
absorbance. Thus, cofactors only or in the presence of a protein control should always be used as
a control to make sure that the dye reduction that is occurring is due to the azoreductase enzyme

being tested and not due to other components of the reaction.

The optimal conditions for the azoreduction reaction were found and are unexpected. The
optimal pH was found to be at pH 9, which is unusual for an intestine-dwelling organism like C.
perfringens. However, the pl of AzoC was found to be 8.72, which corresponds to the optimal
pH. This suggests that AzoC may not be acting to its full potential within the intestinal tract.
Though the enzyme seemed to work best at 30-37°C, the controls told a different story, as there
was a strong cofactor effect at these increased temperatures. The optimal temperature was found
to be at 25°C, which is also unusual for an intestine-dwelling organism. However, C. perfringens
is also commonly found outside of the body and in the soil (Ahmad et a/, 2010). These optimal
conditions were shown to be just that by enzyme kinetics studies that showed high specificity in

enzyme and substrate binding and reaction time.

AzoC was found to have a greater reducing potential for the dye when under anaerobic
conditions than aerobic conditions and may be sensitive to oxygen in some way, which has been
reported by others (Bragger et al, 1997). This sensitivity may be due to oxygen oxidizing the
cofactor thereby inhibiting the enzyme reaction (Chang et al, 2001). In addition, oxygen may be a
preferable electron acceptor over the azo groups of the azo dyes (Chung & Stevens, 1993;
Srinivasan & Viraraghavan, 2010). However, it is possible that the oxygen is oxidizing both the
cofactors and dyes. When in the presence of oxygen, there appears to be competition between the
oxygen and the azo dye for reduction by the azoreductase, thus it was found that performing
experiments under anaerobic conditions gave the best results and faster reduction times for Direct

Blue 15. On the other hand, without oxygen, an azo compound will act as sole oxidant, and its
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reduction rate will be controlled solely by the rate of formation of the electron donor (reduced
flavin nucleotides). A schematic of the predicted Ping-Pong Bi Bi reaction for AzoC is shown in
Figure 16. In absence of oxygen, Figure 16A is expected, whereas in the presence of oxygen,

Figure 16B is expected.
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Figure 16. Expected Ping-Pong Bi Bi Reaction for AzoC in the Absence of Oxygen (A) and in the
Presence of Oxygen (B).

Researchers suggest several mechanisms by which anaerobic bacteria are able to reduce
azo dyes. One hypothesis is that these organisms possess true azoreductases that are specific in
their function. Another hypothesis, and perhaps the most popular, is that reduced electron carriers
(e.g. flavins) mediate reduction by a redox mechanism in which azo dyes are non-specific
electron acceptors. Since our protein works best in the presence of a flavin (FAD), it can be

suggested that the second mechanism is that which fits our AzoC.

In conclusion, our results showed that AzoC from Clostridium perfringens has
azoreductase activity. Optimal conditions for the enzyme were found to be pH 9.0 and at room
temperature (25°C) and with the cofactors NADH and FAD. A cofactor effect was observed

during experimentation, suggesting that an experimental condition containing the cofactors
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themselves and the dye, without the azoreductase, should be used as a control to understand the
effect that the cofactors have on dye reduction. AzoC was also found to be oxygen sensitive, as
AzoC performs enzymatically better under anoxic conditions than in the presence of oxygen. To
our knowledge, this is the first study in which the ORF for a putative azoreductase or flavoprotein
was rescued from a strict anaerobe, as well as cloned, expressed, purified, and characterized as to

have azoreductase activity.
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CHAPTER III

THE NON-ENZYMATIC REDUCTION OF AZO DYES BY FLAVIN AND NICOTINAMIDE

COFACTORS UNDER VARYING CONDITIONS

The following chapter is based off of a publication in the journal Anaerobe (2013, 23:87-96) and

appears here with the journal’s permission.

Abstract

Azo dyes are ubiquitous in products and often become environmental pollutants due to
their anthropogenic nature. Azoreductases are enzymes which are present within many bacteria
and are capable of breaking down the azo dyes via reduction of the azo bond. Often, though,
carcinogenic aromatic amines are formed as metabolites and are of concern to humans.
Azoreductases function via an oxidation-reduction reaction and require cofactors (a nicotinamide
cofactor and sometimes a flavin cofactor) to perform their function. Non-enzymatic reduction of
azo dyes in the absence of an azoreductase enzyme has been suggested in previous studies, but
has never been studied in detail in terms of varying cofactor combinations, different oxygen states
or pH’s, nor has the enzymatic reduction been compared to azoreduction in terms of dye
reduction or metabolites produced, which was the aim of this study. Reduction of azo dyes by
different cofactor combinations was found to occur under both aerobic and anaerobic conditions
and under physiologically-relevant pH’s to produce the same metabolites as an azoreductase.
These results show that, in some cases, the non-enzymatic reduction by the cofactors was found
to be equal to that seen with the azoreductase, suggesting that all dye reduction in these cases is
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due to the cofactors themselves. This study details the importance of the use of a cofactor-only

control when studying azoreductase enzymes.

Introduction

Azoreductases are enzymes that have been linked to several types of cancers in humans
(Chung et al, 2006). These enzymes are found within bacteria residing in the human intestinal
tract where they convert azo dyes to carcinogenic metabolites (Ryan et al, 2010). Globally, more
than 2000 different varieties of azo dyes are produced, which accounts for more than 50% of total
dye production (Ryan et al, 2010). These dyes are used in foods, beverages, cosmetics, textiles,
papers, pharmaceuticals and many other industries and are classified by the presence of a double
nitrogen (azo, R-N=N-R) bond (dos Santos et a/, 2007; Ryan et al, 2010). Environmentally, these
dyes are seen as a recalcitrant pollutant present in waste water treatment streams produced from

various industrial dyeing processes (Saratale et al, 2011).

Azo dyes are generally not harmful to humans, however, when broken down
enzymatically by azoreductases, carcinogens are produced in some cases (Bardi & Marzona,
2010; Chung & Cerniglia, 1992). Azoreductases cleave the azo bond of azo dyes, releasing
potentially toxic aromatic amines (Ryan et al/, 2010). Of the thousands of azo dyes on the market,
over 500 of them contain carcinogenic aromatic amines within their chemical formulation and are
thus the dyes with which we are concerned about (Chung et al, 2006). Azoreductases have been
identified in many bacteria of the human intestinal tract, including Escherichia coli, Enterococcus
faecalis, Enterococcus faecium, Clostridium perfringens, and many others (Chen et al, 2004;
Ghosh et al, 1993; Macwana et al, 2010; Rafii ef al, 1997). Because azo dyes can enter our bodies
through ingestion, it is likely that the reductive cleavage of azo dyes and the release of

carcinogens in the intestinal tract can be linked to cancer in humans.
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AzoC, an azoreductase that originates from the strictly anaerobic bacterium Clostridium
perfringens, was recently isolated and biochemically characterized (Chapter 2), representing the
first complete study of a pure azoreductase from a strict anaerobe (Morrison ef al, 2012).
Clostridium perfringens, while a strictly anaerobic bacteria, is able to survive in a vegetative state
under atmospheric conditions of oxygen (Jean et al, 2004). Although a study by Rafii and
Coleman (1999) suggested the presence of another azoreductase in Clostridium perfringens, that
particular enzyme was tested and showed minimal activity (Morrison et al/, 2012; Rafii &
Coleman, 1999; Wright, 2007). AzoC is the only proven azoreductase in Clostridium perfringens
and is different from that of Rafii and Coleman (1999) (Morrison et al, 2012; Rafii & Coleman,
1999; Wright, 2007). We have previously shown (Chapter 2) AzoC to have high enzymatic
activity with Direct Blue 15, a large sulfonated azo dye (0.27 U/mg AzoC, where one unit of
enzyme activity is defined as the amount of enzyme required to decolorize 1 pmol of dye per
minute) and with FAD and NADH as the optimal cofactors for the reaction (Morrison ef al,
2012). The specific activity, along with determined Km and Vmax values (Km = 5 nM, Vmax =
0.42 U/mg protein) is comparable to azoreductases in the literature and suggests that AzoC is a

strong and specific azoreductase (Morrison et al, 2012).

Azoreductases require cofactors to perform the oxidation-reduction reaction necessary to
break the azo bond. Specifically, azoreductases require either nicotinamide adenine dinucleotide
(NADH) or nicotinamide adenine dinucleotide phosphate (NADPH) as an electron donor, and a
flavin cofactor, such as flavin mononucleotide (FMN) or flavin adenine dinucleotide (FAD) for
electron transfer (Feng ef al, 2012). In Chapter 2, it was noted that, under some circumstances,
the cofactors necessary for AzoC to function were able to reduce azo dyes in the absence of an
azoreductase (Morrison et al, 2012). Another study showed similar effects, but focused primarily
on the non-enzymatic reduction of azo dyes by NADH at a relatively basic pH and did not

evaluate the effects of alternative cofactors, or combinations of cofactors (such as a nicotinamide
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cofactor and a flavin cofactor combined) (Nam & Renganathan, 2000). Because there are varied
azoreductase reaction requirements, it is important to determine the effect of cofactors on azo dye
reduction at varied temperatures, pH’s, oxygen states, and with a variety of relevant and
commonly tested azo dyes. This is the first study that provides a comprehensive look at the effect
of NADH, NADPH, FMN and FAD on the reduction of azo dyes both aerobically and

anaerobically and at different physiologically relevant pH values.

Materials and Methods

Cofactors and Azo Dyes

The cofactors used were purchased from the following companies: FAD (TCI America),

FMN (Sigma-Aldrich), NADH (Acros Organics), NADPH (Applichem), NAD+ (Sigma-Aldrich).

The azo dyes were purchased from the following companies: Direct Blue 15 (MP
Biomedicals), Methyl Red (Acros Organics), Tartrazine (Sigma-Aldrich), Trypan Blue (Kodak),
Congo Red (Sigma-Aldrich), Eriochrome Black T (MCB), Janus Green (Sigma-Aldrich),
Cibacron Brilliant Red 3B-A (Sigma-Aldrich), Ponceau S (Fluka), Ponceau BS (Sigma-Aldrich),

Methyl Orange (Allied Chemicals).

Dye Reduction Assays — Cofactor Specificity

Assays with the cofactors (FAD, FMN, NADH and NADPH) were carried out both
aerobically and anaerobically. All experiments were performed in triplicate in 1.5 mL polystyrene
cuvettes (Sigma-Aldrich) with a total reaction volume of 1 mL. Although different azo dyes were
tested in each case, the final dye concentration was consistently 20 M prepared in deionized
water. The buffer was 25 mM potassium phosphate, pH 7.0. Flavin cofactors (FMN and FAD)
were tested at a final concentration of 2 mM, while nicotinamide cofactors (NADH and NADPH)

were tested at 10 mM, as determined to be optimal in Chapter 2; all cofactors were prepared in
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deionized water (Morrison et al, 2012). All reactions were performed in a Shimadzu UV-1650PC

spectrophotometer.

Each azo dye was scanned prior to the reaction to determine the optimal absorbance for
each dye in the reaction mixture (dye absorbencies were above 340 nm and extinction coefficients
were used in determining the concentration of the dyes at the conclusion of the reaction). In the
case of the blue-absorbing dyes, such as Methyl Red and Tartrazine, an absorbance was selected
that was not optimal in an effort to limit interference by the flavin cofactors, which absorb around
450 nm. The absorbencies for each azo dye tested were as follows: Cibacron Brilliant Red 3B-A
(534.0 nm), Congo Red (531.0 nm), Direct Blue 15 (602.5 nm), Eriochrome Black T (527.5 nm),
Janus Green (597.5 nm), Trypan Blue (533.5 nm), Methyl Red (430.0 nm), Tartrazine (425.0
nm), Ponceau S (515.5 nm), Ponceau BS (505.0 nm), Methyl Orange (465.5 nm). Dye
concentration was interpolated from a plot of dye absorbance to time by making a standard curve
of dye concentration to find the extinction coefficient. The extinction coefficient was determined

to be spectrophotometer-specific and dependent on a line of best fit.

To identify the effect of the cofactor(s) on the dye absorbance, the cofactors were tested
by themselves (NADH only, NADPH only, FMN only, FAD only) and in combinations
(NADH/FMN, NADH/FAD, NADPH/FMN, NADPH/FAD), under aerobic and anaerobic
conditions. All reaction conditions were performed by mixing the buffer, appropriate azo dye and
deionized water together in the cuvette. Reactions were initiated by the addition of the
appropriate cofactor(s). Cofactors in combination were mixed together prior to and after the
addition to the reaction. Reaction absorbance was scanned every minute up to fifteen minutes at
an absorbance appropriate for the specific azo dye. Additional steps were required for the
anaerobic reactions, which involved bubbling the cuvette with nitrogen for ten minutes at a rate of
one bubble per second. Mineral oil was then added to the top of the cuvette in an effort to prevent

the introduction of oxygen into the reaction mixture. The reaction was initiated through the
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addition of the appropriate anaerobically prepared cofactor(s), by piercing the oil overlay with a

pipette tip and mixing carefully with an inoculating loop.

For comparison to the cofactor dye reductions samples, similar reaction conditions and
methods were tested with the addition of AzoC (144 pg). The following mixtures were tested:
AzoC with NADH only, NADPH only, FMN only, and FAD only and in combinations, AzoC
with NADH/FMN, NADH/FAD, NADPH/FMN and NADPH/FAD. All reactions were

performed in triplicate.

Purification of the Azoreductase (AzoC)

NovaBlue (DE3) E. coli cells containing the AzoC-containing plasmid and subsequent
His-tag were prepared by Cristee Wright (see Chapter 2) (Wright, 2007). The E. coli cells
containing pAzoC were inoculated into a 5 mL LB broth containing ampicillin (100 pg/mL final
concentration) and incubated overnight at 37°C while shaking at 200 rpm. This overnight culture
was transferred to a large Erlenmeyer flask containing 1 L LB broth with ampicillin (100 pug/mL
final concentration) and incubated at 37°C with shaking at 200 rpm until an ODgg of 0.6 was
reached. The cultures were then induced with isopropyl-beta-D-thiogalactopyranoside (IPTG, 1
mM final concentration) for an additional 3 hours while remaining at 37°C with shaking at 200
rpm. To pellet the cells, the culture was centrifuged (6000 x g, 10 minutes, 4°C). The supernatant
was discarded as bacterial waste and the pellet was stored frozen at -20°C until further

purification could occur.

To continue purification of AzoC, the cell pellet from above was thawed and resuspended
in 10 mL of lysis/wash buffer (20% glycerol, 50 mM sodium monobasic phosphate, 750 mM
sodium chloride, 20 mM imidazole, deionized water, pH 8.0). To lyse cells, lysozyme (0.1
mg/mL final concentration) was added to each pellet and incubated on ice for 30 minutes.

Following incubation, cell suspensions were sonicated using a Sonic 300 dismembranator with an
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intermediate tip and relative output of 60%. Sonication occurred for 10 times, 5 seconds each
time, placing the cell suspension on ice in between sonications to cool the cell suspension and
ensure that the heat generated was not denaturing the protein. The cell suspension was
centrifuged (10,000 x g, 30 minutes, 4°C) to pellet the cell debris. The protein-containing
supernatant was stored at 4°C until further purification can occur and the pellet was discarded as

bacterial waste.

To purify the protein, the protein-containing supernatant was applied to a nickel-
nitrilotriacetic acid (Ni-NTA) resin slurry (Clon-Tech) in a 1:1 ratio of unpure protein to resin in
a glass frit column (Kimble-Chase Flex Column). The hexa-histidine tag on the induced AzoC
protein allowed for AzoC to interact with the Ni** of the resin and ultimately allowed for pure
AzoC to be isolated from the other protein contaminants. All purification steps occurred at 4°C to
ensure that the protein did not denature. After applying the protein-containing supernatant to the
Ni-NTA resin slurry in the glass frit column, the mixture was allowed to incubate horizontally on-
column for at least 1 hour at 4°C while shaking at medium speed on a BioDancer orbital shaker
(New Brunswick Scientific). This incubation ensures that AzoC in solution will interact with and
bind to the Ni-NTA resin. Following this incubation, excess solution was drained from the
column as the pre-wash fraction and the resin was washed with lysis/wash buffer until the
effluent draining off of the column was clear (saved as wash fractions). After washing occurred,
the pure protein was eluted from the Ni-NTA resin by exposure of the resin to an elution buffer
(20% glycerol, 50 mM sodium monobasic phosphate, 750 mM sodium chloride, 250 mM
imidazole, deionized water, pH 8.0). At least four elutions were carried out to ensure that all
protein was eluted from the column. Elutions were saved and stored frozen at -20°C until further

analysis could occur.

AzoC-containing elutions were analyzed via SDS-PAGE gel. SDS-PAGE gel analysis

was performed as described previously (Laemmli, 1970). AzoC-containing samples were
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prepared for this analysis directly following their purification by adding a 1X concentration of the
SDS-PAGE loading buffer (4X loading buffer stock = 0.06 M TRIS-HCI pH 6.8, 10% (v/v)
glycerol, 2% (w/v) SDS, 0.0025% (w/v) bromophenol blue). Beta-mercaptoethanol (5%) was
used to denature disulfide bonds. To ensure protein unfolding, samples were boiled for at least 15
minutes prior to loading onto a 12.5% SDS-PAGE gel (20 uL sample loaded per lane).
Coomassie blue was used for SDS-PAGE gel staining and the AzoC-containing protein bands
were visualized and photographed in comparison to a 250 kDa protein ladder (New England
Biolabs). A Nanovue Spectrometer was utilized to determine the protein concentration by use of
the molar extinction coefficient of AzoC (0.880). The molar extinction coefficient was obtained
through the NCBI database. The protein was concentrated between 2-10 mg/mL using an Amicon
Ultrafiltration cell system (Nitrogen pressure and a NMWL 10,000 Millipore regenerated

cellulose membrane). Protein was stored frozen at -20°C when not in use.

Oxidized NAD+ Assays

To test the specificity and function of the cofactors, reduced NADH and oxidized NAD+
were tested. Because Cibacron Brilliant Red 3B-A seems to have the most dramatic cofactor-
effect, it was the dye used in this study. The azo dye reaction with Cibacron Brilliant Red 3B-A
was tested aerobically and anaerobically with NAD+ only, and the combination of NAD+ and

FAD. These experiments were performed in the absence of any protein, including AzoC.

pH Assays

In an effort to understand the physiological importance of the cofactor-only studies and
the dependence of pH on the cofactor effect, the cofactor reaction mixtures were tested at
different pHs: pH 6.0 (potassium phosphate buffer), pH 5.0 (sodium acetate bufter), pH 4.0
(sodium acetate buffer), pH 3.0 (sodium citrate buffer). Rumen fluid (pH ~8.5) was also tested

and prepared for the experiments by spinning in a centrifuge (10,000 x g, 30 minutes, 4°C) to
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remove debris. These pH-dependent experiments were conducted as described above by only
changing the pH of the buffer used. The azo dye reaction mixtures were tested both aerobically

and anaerobically for all pH values in the same manner as described previously.

HPLC Analysis of Metabolites

In an effort to understand the relative identities of the metabolites produced by the
reaction with AzoC versus the reaction with the cofactors, the metabolites produced by both

reactions were extracted and analyzed via HPLC and the metabolites spectra were compared.

Reactions were scaled up 10-fold in an effort to produce concentrated metabolites that
were detectable with HPLC spectroscopy. Reactions were prepared aerobically and anaerobically
either with the cofactors only (FAD/NADH) or with AzoC (1.44 mg) and cofactors
(FAD/NADH). Reactions containing only the cofactors were prepared to a 2 mL volume in a test
tube with 25 mM dye (Direct Blue 15), 50 mM NADH, 10 mM FAD, 25 mM potassium
phosphate buffer pH 7.0, and deionized water to the desired volume. Anaerobic reactions were
bubbled with nitrogen for twenty minutes at a bubble rate of one bubble per second and then
overlaid with mineral oil. Reactions were incubated at 37°C. Controls were prepared by heat-
denaturing both AzoC and cofactors. These control reactions were set-up as described above

following the heat-denaturation.

After incubation, samples were extracted using three equal volumes of ethyl acetate
(HPLC grade). Extractions were dried using sodium sulfate and concentrated under a gentle
stream of nitrogen and gentle heating. Solvent was exchanged to methanol for HPLC analysis. An
extraction control was also prepared, using a sample containing only Direct Blue 15. Separation
of the metabolites produced was accomplished by use of an HPL.C (Thermo Scientific) with an
Alltima C18 column (150 mm x 4.6 mm, Alltech). Metabolites and retention times were

determined by using a UV-VIS spectrophotometer set at 280 nm. A gradient elution was utilized
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at 10% HPLC-grade methanol (90% reagent-grade water) for 5 minutes, followed by 30%
methanol for 5 minutes, 40% methanol for 5 minutes, 50% methanol for 5 minutes, 60%
methanol for 5 minutes and 100% methanol for 20 minutes to flush the column. 10% methanol
was held for 3 minutes prior to the injection of a new sample. Flow rate was set at 0.8 mL/min.
Each sample (100 pL) was loaded onto the column, and dilutions of the test sample were

prepared in methanol if deemed necessary for the accurate detection of metabolites.

Mass Spectroscopy Analysis of Metabolites

To determine the molecular weight of the dye metabolites produced by both the
azoreductase and the cofactors only, samples prepared as described above were analyzed by
infusion of the sample, diluted in a 66:33 Methanol/water mixture, directly into an LTQ Orbitrap
XL mass spectrometer (Thermo Scientific) via a New Objective nanospray ion source. MS
spectra were collected at a nominal resolution of 100,000. Mass spectra were analyzed using

Xcalibur (Thermo Scientific) and had a 5-10 ppm mass accuracy.

Results

Dye Reduction Assays — AzoC and Cofactors

AzoC shows high enzymatic activity with Direct Blue 15 as a substrate. As shown in
Figure 17, AzoC reduces the dye completely over a period of 15 minutes. When compared to its
control (cofactors only), the dye reduction with AzoC is significantly greater (p-value <0.001,
95% confidence). However, when looking at Cibacron Brilliant Red 3B-A, the dye reduction
profile is almost identical between the azoreductase and the cofactor only control (p-value >0.05,
95% confidence). This suggests that, in this particular case, the dye reduction seen with Cibacron
Brilliant Red 3B-A is not significantly different between the azoreductase and the cofactor-only
control, suggesting that the cofactors are responsible for all dye reduction. This provides the basis

for the study in this Chapter.
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Figure 17. FAD and NADH Cofactors as Compared to AzoC. Reactions were performed with FAD and
NADH in both the presence and absence of an azoreductase enzyme, AzoC, under anaerobic conditions and
are compared for two different azo dyes (Direct Blue 15 and Cibacron Brilliant Red 3B-A). Experimental
conditions, including dye concentration, were consistent. The percentage of dye remaining (% dye
remaining) is plotted as a mean and the error bars represent standard deviation across triplicate (n=3)
samples. Comparing the % dye reduced between Cibacron Brilliant Red 3B-A, with and without AzoC,
there is not a significant difference in dye reduction (p-value >0.05, 95% confidence). However, with
Direct Blue 15, the comparison of with and without AzoC shows a significant difference in dye reduction
(p-value <0.001, 95% confidence).

Eleven azo dyes of varying characteristics (molecular weight, number of azo bonds,
sulfonation) were tested (Figure 18). Single cofactor effects on dye reduction (FAD only, NADH
only, etc) were not observed, as only a combination of two different cofactors showed significant
reduction (Figure 18). There is great diversity amongst the dyes when it comes to reduction by
the varying cofactor combinations. Cibacron Brilliant Red 3B-A was the best performing dye
using the FAD/NADH and FMN/NADH combination as nearly 100% of the dye was reduced for

both combinations. There was no specificity for dye reduction based on the number of azo bonds,
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as seen with Direct Blue 15 (diazo) and Cibacron Brillia