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ABSTRACT

Rapid industrialization and proliferative development of chemical and mining industries
have resulted in increased global pollution and environment deterioration, due to the release of
numerous toxic substances. This has extreme relevance in the South African context due to the
high amount of cyanide used by local mines in comparison to that utilized globally. This has
created the need for the development of novel approaches viz., using microbial enzymes for its
remediation because of lower process times, lower energy requirements, and their cost-effective,
nontoxic and eco-friendly characteristics. From previous work in our lab, the whole genome
sequencing and secretome analysis of the industrially-important fungus Thermomyces lanuginosus
SSBP revealed the presence of a cyanate hydratase gene and enzyme, respectively. Cyanate
hydratase detoxifies cyanate in a bicarbonate-dependent reaction to produce ammonia and carbon
dioxide. The cyanate hydratase gene (TI-Cyn) from this fungus was therefore cloned,
overexpressed, purified, characterized and its potential in cyanate detoxification has also been
evaluated. The recombinant cyanate hydratase (rTI-Cyn) showed high catalytic efficiency,

suggesting that it could be used for bioremediation applications.

Though, cyanate hydratase catalyzes the decomposition of cyanate, the requirement of
bicarbonate is a major drawback for its effective utilization in large-scale applications. Hence, a
novel strategy was developed to limit the bicarbonate requirement in cyanate remediation, by the
combinatorial use of two recombinant enzymes viz., cyanate hydratase (rTI-Cyn) and carbonic
anhydrase (rTI-CA) from T. lanuginosus. This integrative approach resulted in the complete
degradation of cyanate using 80% less bicarbonate, compared to the cyanate hydratase alone. In
addition, co-immobilization of these recombinant enzymes onto magnetic nanoparticles and
evaluation of their potential in bio-remediation of cyanurated wastes together with their reusability

resulted in more than 80% of cyanate detoxification in wastewater samples after 10 cycles.

Another novel strategy was also developed for the simultaneous removal of heavy metals
and cyanate from synthetic wastewater samples, by immobilizing the rTI-Cyn on magnetic multi-
walled carbon nanotubes (M-MWOCNT-rTI-Cyn). The m-MWCNT-rTI-Cyn simultaneously
reduced the concentration of chromium (Cr), iron (Fe), lead (Pb) and copper (Cu) by 39.31, 35.53,

34.48 and 29.63%, respectively, as well as the concentration of cyanate by >85%.

Xi



The crystal structure of TI-Cyn in complex with inhibitors malonate or formate at 2.2 A
resolution was solved for the first time to elucidate the molecular mechanism of cyanate hydratase
action. This structure enabled the creation of a mutant enzyme with ~1.3-fold enhanced catalytic
activity as compared to the wild-type TI-Cyn. In addition, the active site region of TI-Cyn was
found to be highly conserved among fungal cyanases. Information from the 3D structure could
enabled the creation of novel fungal cyanases, which may have potential for biotechnological

applications, biotransformation and bioremediation.
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CHAPTER 1

1. Introduction and Literature Review

Cyanide is a toxic compound which poses a major threat to health and ecosystems. It is
produced by several industries such as: electroplating; ore leaching; steel manufacturing; and also
by several other anthropogenic activities (Patil and Paknikar, 2000; Hamel, 2011). Cyanide is also
applied as an anticaking agent in road salt and fire retardants. In the USA, 10 million tonnes of
road salt representing an environmental input of 700 tonnes of cyanide are used annually (Baxter
and Cummings, 2006). Besides, at the salt storage depots, runoff from precipitation may result in
the leaching of cyanide into surface waters (Paschka et al., 1999). In a similar manner, the use of
cyanide compounds in chemical retardants for firefighting results in 400 tonnes of cyanide
derivatives being applied annually during forest fire control in the USA (Mudder and Botz, 2004).
In addition to this, it is also produced by a number of organisms viz., plants, bacteria and fungi
(Dubey and Holmes, 1995).

Cyanate is an important derivative of cyanide, which is produced by spontaneous photo-
oxidation (Carepo et al., 2004; Malhotra et al., 2005) and chemical-oxidation of cyanide (Barakat
et al., 2004; Baxter and Cummings, 2006). It is also produced naturally from the dissociation of
urea and carbamoylphosphate (Qian et al., 1997; Purcarea et al., 2003). Currently, cyanate has
been used in agriculture as a pesticide and fungicide (Elmore et al., 2015). Pesticides used in
agriculture has resulted in an increase in production, however, only 5% of the total chemicals
applied reach the intended targets (Kookana et al., 1998; Nawaz et al., 2011), and the remainder
enters into soil and water and causes environmental pollution (Barriuso and Koskinen, 1996; Liu
et al., 2001; Lai, 2017; Clasen et al., 2018). Notably, main concerns associated with cyanide or
cyanate is their prospective toxicity, which is generated predominantly through anthropogenic

activity and also as an outcome of cyanogenic activity by a number of organisms.
1.1 Naturally occurring sources of cyanide/cyanogenic compounds in the environment

Among living organisms, cyanide compounds are produced by many taxa, including higher
plants (Jones, 1998; Pi¢manova et al., 2015; Rajniak et al., 2015; van Ohlen et al., 2017; Bjarnholt



et al., 2018), arthropods (Eisner et al., 1996; Zagrobelny et al., 2008), fungi (Dubey and Holmes,
1995; Baxter and Cummings, 2006; Spiteller, 2015), algae (Dubey and Holmes, 1995; Wolfe et
al., 2001) and bacteria (Dubey and Holmes, 1995; Blumer and Haas, 2000; Zdor, 2015). Plants
produce cyanide compounds in the form of cyanogenic glucosides (bitter tasting) as a defense
against herbivores and pathogens (Jones, 1998; Pi¢cmanova et al., 2015; Rajniak et al., 2015;
Bjarnholt et al., 2018). Such plants include mainly alfalfa, sorghum and cassava. Cyanide is also
present in many seeds, nuts, fruits and vegetables, which include: apricots; bean sprouts; cashews;
cherries; chestnuts; corn; kidney beans; lentils; nectarines; peaches; peanuts; pecans; pistachios;
potatoes; soybeans; and walnuts. Conversely, a number of fungi and bacteria utilize the toxicity of
cyanide compounds in a more obvious way by generating cyanide-containing antibiotic
compounds to inhibit competitive organisms. For example, Chromobacterium violaceum ATCC
53434 produces the isonitrile antibiotic, aerocyanidin, that is mainly active against Gram-positive
bacteria (Parker et al., 1988), and the fungus Trichoderma harzianum produces homothallin Il, a
nitrile with an extensive activity against fungi and bacteria. In nutrient-limited environments such
as soil, or where competition for resources is extreme, as in the rhizosphere, these compounds
apparently increase the competitive advantage of the cyanogenic organisms (Baxter and
Cummings, 2006).

1.2 Anthropogenic sources of cyanide/cyanogenic compounds in the environment

There are a number of significant anthropogenic inputs of cyanide into the soil and water
environment (Ubalua, 2010; Kwaansa-Ansah et al., 2017; Priestley et al., 2018; Tapiaet al., 2018).
Possibly, the most significant is the discharge of municipal wastewater by sewage treatment plants,
predominantly from industrialized areas, where cyanide can reach concentrations of upto
65 000 mg/L (Machingura et al., 2016). Despite its toxicity, there is a substantial demand for

cyanide in many processes.
1.2.1 Electroplating industries

Electroplating is a procedure that uses electric current to minimize dissolved metal cations,
so that they form a thin coherent metal coating on an electrode. It is mainly used for: (i) to alter
their appearance; (ii) to provide a protective coating; (iii) to give them special surface properties;
and (iv) to give them engineering or mechanical properties. Discharges from electroplating

industries are one of the key concerns of the present world due to the hazardous nature of its wastes
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(Orescanin et al., 2009, 2018; Naim et al., 2010). The effluent released from these industries can
pollute water, resulting in toxic effects to human health and ecosystems due to their prospective of
bioaccumulation. The effluent wastewater from the electroplating industries contain; chromium,
cyanide, nickel, copper, zinc and lead (Jeon et al., 2001; Naim et al., 2010; Bhateria and Dhaka,
2017; Orescanin et al., 2018).

1.2.2 Coal-gasification/Coal-coking plants

Coal gasification is the method of producing syngas, a mixture comprising primarily of
carbon monoxide (CO), hydrogen (H2), carbon dioxide (CO2), methane (CHa), and water vapour
(H20) from coal, water, and oxygen. Recently, large-scale use of coal gasification is primarily for
electricity generation (Zuldian et al., 2017), such as in integrated gasification combined cycle
power plants (Chen et al., 2015; Prabu, 2015), for the production of chemical feedstocks, or for
the production of synthetic natural gas (Guo et al., 2015; Man et al., 2016; Xiang et al., 2018).
Historically, the main coal refining processes in the USA have been linked with coal coking for
the manufacture of metallurgical coke and for the production of by-products (Luthy, 1981).
Cyanide, sulphide, and thiocyanate are major pollutants in industrial wastewaters from coke-
plants, iron-production, coal-gasification and liquefaction (Luthy and Bruce Jr., 1979; Wang et al.,
2012; Ji et al., 2016). The existence of these pollutants in coal-coking wastes results from the
pyrolysis of coal at high temperature. Coke is manufactured in by-product regaining ovens, where
coal is heated under vacuum at temperatures ranging from 1500 to 2000°F. In addition, ammonia
is also produced as a result of the release of amino or substituted amino type side chains from the
coal structure (Jeremias et al., 2014). However, it is also believed that ammonia released from coal
may be converted into cyanide under the situations existing during coal carbonization and
gasification (Luthy and Bruce Jr., 1979). Hydrogenation during gasification also results in the
formation of ammonia and further into cyanide, as a secondary reaction. It may also be produced
in small amounts by pyrolysis of nitrogenous products, obtained as a result of coal decomposition,
such as from pyridine (Luthy and Bruce Jr., 1979; Hansson et al., 2003). It is well-known that
cyanide can react with oxidized products of sulphide to produce thiocyanate in the aqueous phase
(Luthy and Bruce Jr., 1979). Moreover, it was found that, the association between simple and
complex cyanide species in industrial wastes is not consistent. For example, the complex forms of

cyanide found in wastes from the chemical manufacturing plants can be either 0% or 100% of the



total cyanide content (Dash et al., 2009). However, it generally appears that the cyanide in
industrial wastes are found mostly in complexed species. Thiocyanate is one of the most important

cyanide-complexing compounds present in industrial effluents.
1.2.3 Recovery of precious metals

Cyanide leaching has been an effective technology applied globally for the recovery of
valuable metals (especially Au and Ag) from ores/concentrates/waste materials (Montero et al.,
2012; Akcil et al., 2015; Johnson, 2015). On the other hand, cyanide is constantly favoured over
other chemical compounds because of its potential to deliver high recovery at a reduced cost (Akcil
et al., 2015). Chemical alternates for cyanide have been explored for decades; however, cyanide
remains the high-class lixiviant of choice in the mining industry, because of its availability,
efficiency and economics. Remarkably, about 90% of the gold manufacturing processes worldwide
utilize cyanide for its extraction (Mudder and Botz, 2004). The commercial introduction of cyanide
was initially started in New Zealand over a century ago, and subsequently it has been used
worldwide for the extraction of gold, silver and other metals. The use of cyanide in the world mines
is shown in Fig. 1.1, which indicates that Africa is the highest cyanide user (27%) in the world and
mine-related pollution in the central rand goldfield, South Africa is shown in Fig. 1.2.
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Fig. 1.1 World-wide distribution of cyanide use in mines (Mudder and Botz, 2004).



The demand for sodium cyanide worldwide is about 360000 tonnes per annum of which about
120000 tonnes (one-third) is used in the recovery of gold and silver. In addition, mining uses 18%
of the total cyanide produced globally (https://miningfocus.squarespace.com/s/ICMMCY 1.PDF)
(Fig. 1.3). Cyanide effectively and efficiently extracts gold from ore. Although, a number of other
chemicals can extract gold, such as halogens, thiourea, and thiosulphate, these form less stable
complexes with gold and thus need more destructive conditions and oxidants to dissolve the gold.
The use of alternative chemicals are limited because of its high risk to health and the environment

compared to cyanide (Akcil, 2010).

Fig. 1.2 Mine-related pollution in the central rand goldfield of South Africa showing: (a) slimes
dump oxidation front; (b) slimes dump showing efflorescent crust on the lower slope; (c) slimes
dump showing precipitation of ferric hydroxide in a paddock at the foot; (d) and (e) various colours
of efflorescent crusts around a paddock at the foot of a slimes dump; (f) polluted water pond in a

domestic ground (Tutu et al., 2008).
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Fig. 1.3 World-wide industrial uses of cyanide. About 80% of the total is used in organic chemical

manufacturing, 18% in mining and 2% in other industries.

The mining-industry continues to hunt for cost-effective and eco-friendly substitutes to
cyanide. Although, they have investigated alternative lixivants from several decades, no chemical
system has been developed thus far, which is safer, from an environmental and worker perspective,
as well as cost-effective and efficient. Therefore, irrespective of the perceived or real risks
associated with cyanide usage, it is being permitted for mining operations. It is far superior and
safer for society and the environment compared to the use of mercury for the extraction of gold
(Mudder and Botz, 2004). Environmental issues due to mining operations are often accredited to
cyanide, whether it is involved or not. This situation arises from the perception that mining and
cyanide are synonymous, or a simple desire to depict mining in a negative light (Mudder and Botz,
2004).

Gold cyanidation is an electrochemical process which depend on the fact that gold dissolves in the
alkaline cyanide solution and forms gold cyanide complex (Au(CN)z2") in the so called anodic

reaction (Senanayake, 2008; Bas et al., 2017; Asamoah et al., 2018) (Fig. 1.4).
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Fig. 1.4 Anodic cyanidation model for gold; boundary i: gold-film interface, boundary o: film-

solution interface (Senanayake, 2008).

1.2.4 Surface coating industries

According to Alkaya and Demirer (2014), over the years, small- and medium-sized
enterprises (SMEs) in surface coating industry have shown noteworthy progress toward resource-
efficient and environmentally aware production. However, the potential environmental innovation
in this sector has not yet been fully exploited. Still, high energy and water consumption, low
efficiency, costly wastewater treatment, high volatile organic carbon (VOC) emissions, excessive
solvent use, corrosive fluoride and toxic lead, as well as highly toxic cadmium and cyanide
contaminated wastes are among the foremost environmental issues which need to be undertaken
via cost-effective measures. Due to these environmental issues and stringent legislative restrictions
on the use of certain toxic chemicals/metals (e.g., chromium, cadmium, and cyanide), surface
coating industry is facing a structural technological change (Alkaya and Demirer, 2014). Cadmium
electroplating is one of the noteworthy examples among various surface coating sub-sectors, from
which renovation should be practiced towards more eco-friendly and resource-efficient

technologies (Merrikhpour and Jalali, 2013; Senthilnathan and Rajam, 2014). According to EU



Water Framework Directive “cadmium and its components” are listed among 33 priority
hazardous substances, which are targeted for advanced reduction and subsequent termination in
the European market. Moreover, cyanide, which is used extensively in cadmium plating, was listed
both among main pollutants and substances matter to review for possible identification as priority

hazardous substances (http://ec.europa.eu/smartrequlation/impact/ia_carried out/docs/ia

2012/com_2011_076_en.pdf). Cyanide is extensively used in all these processes, owing to its

strong complexing capability, ready availability, relatively low-cost and well-known chemistry.
Because of the potential hazards associated with cyanide, it is necessary to find the removal
process, which can remediate cyanide-contamination. Various methods have been employed for

the removal of cyanide or cyanate, as outlined below.
1.3 Physical methods for the removal of cyanide

Physical methods for cyanide removal include adsorption, membrane,
hydrolysis/distillation, flotation, resins and photolysis. Adsorption is the most common physical

treatment method used for the removal of cyanide (Naveen et al., 2011).
1.3.1 Adsorption

Different bio-sorbents have been used for the removal of cyanide complexes. Such bio-
sorbents are: agricultural waste, industrial waste, municipal solid waste components, fungal and
bacterial waste, algal biomass, plant waste, and charcoal. The amount of cyanide complexes
removed using these sorbents ranges from 1.95-3.65 umol/g biomass (Patil, 2012). Among all
materials tested for the sorption of cyanide complex, rice husk (3.65 umol/g) and Eichornia roots
(3.56 pumol/g) showed the most efficient bio-sorption, other than activated charcoal (selected as a
reference material). Apart from the removal of cyanide complex, these low-cost materials were
also used for the treatment of metal-contaminated wastewater worldwide, such as in India (Ajmal
et al., 2001), Nigeria (Abia et al., 2003), Italy (Abollino et al., 2003) and USA (Yu et al., 2003).
In addition to these bio-sorbents, several other materials such as, zero-valent iron (Tyagi et al.,
2018); different nanomaterials (Khataee et al., 2017; Uppal et al., 2017) have also been employed

for the removal of cyanide from wastewater.

Despite the low-cost and eco-friendly nature of sorbents, it has certain limitations, such as their

adsorption capacity is dependent on the pH. Increasing or decreasing the pH will affect their


http://ec.europa.eu/smartregulation/impact/ia_carried_out/docs/ia_2012/com_2011_076_en.pdf
http://ec.europa.eu/smartregulation/impact/ia_carried_out/docs/ia_2012/com_2011_076_en.pdf

removal efficiency, due to the change in adsorption capacity of materials. In addition, adsorption
methods also generate toxic by-products which further requires treatment (Mudder et al., 1991;
Young and Jordan, 1995). Apart from sorption, other physical methods have been employed for
cyanide removal, such as reverse osmosis (Young and Jordan, 1995; Patil and Paknikar, 2000),
hydrolysis/distillation (Akcil, 2003), flotation (Young and Jordan, 1995), resin (Bose et al., 2002;
Fernando et al., 2002) and photolysis (Peral and Domenech, 1992; Young and Jordan, 1995; Kim
et al., 2003).

1.4 Chemical methods for the removal of cyanide

Several chemical methods have been employed for the degradation of cyanide. Among
them alkaline chlorination, peroxide oxidation and ozonation technologies are well-established
(Dzombak et al., 2006; Acheampong et al., 2010).

1.4.1 Alkaline chlorination

Alkaline breakpoint chlorination [Equation (1la, b)] is a commonly-used chemical

oxidation method for cyanide removal (Baxter and Cummings, 2006).

Cl,#+CN° ———3» CNCI+CI (1a)

CNCI+H,0 ————» OCN +ClI'+2H* (1b)

However, this method has significant disadvantages as it needs special requirements for waste
disposal, releases more toxic chemical agents (such as OCN") and the potential formation of
chlorinated organic compounds (Huertas et al., 2010). Furthermore, it is ineffective with metal-

cyanide complexes because of its low reactivity.
1.4.2 Peroxide oxidation

Hydrogen peroxide (H202) has been used for the removal of cyanide since 1980s. Firstly,
it was used for full-scale treatment by Degussa at the Ok Tedi Mining Limited gold mine in Papua
New Guinea. Total cyanide concentration was reduced to 10 mg/L after treatment with H202
(Griffiths et al., 1987). H202 oxidizes cyanide to produce cyanate which subsequently hydrolyses,
if there is an excess of H20z2, to give nitrite and carbonate [Equation 2a, b] (Mudder et al., 1991;
Young and Jordan, 1995; Chergui et al., 2015).



CN +H,0, —» OCN +H,0 (2a)
OCN" +3H,0, + H,O ——» NO, + CO;* +2H,0 + 2H" (2b)

H20:2 has also been used for cyanide treatment in the presence of homo- or heterogeneous catalysts,
such as Ru/MgO (Pak and Chang, 1997), cadmium (Taylor et al., 2004), and copper (Kitis et al.,
2005; Chen et al., 2014). However, this method is expensive and requires special equipment and
maintenance, and also needs accurate measurement of chemical dose (Huertas et al., 2010). The
presence of suspended solids in wastewater also limits the percentage removal of cyanide (Pueyo
et al., 2016). In addition, other alternative chemical treatment has also been used such as the
SO2/air (INCO) process. This involves combining sulphur dioxide with oxygen and cyanide
compounds in the presence of a copper catalyst [Equation (3a)] and the oxidation of cyanide
compounds using hydrogen peroxide [Equation (3b)], which also results in the formation of
cyanate (Baxter and Cummings, 2006).

Cu?" catalyst
CN + S0, +0,+ H,0 » OCN™ + H,SO, (3a)

Cu?" catalyst
CN_ + HzOz > OCN_ + H20 (3b)

The disadvantage associated with this process is the need for sulphates addition to the treated

water, and some of the reagent savings are offset by license/royalty payments (Dash et al., 2009).
1.4.3 Ozonation

Ozone is a powerful oxidizing agent with no secondary product formation during the
cyanide removal from wastewater (Parga et al., 2003). Concentrations of ozone varies from 5-25
mg/L of air, depending on the ozone generator parameters, such as, air flow, generator power etc.
(Van Leeuwen et al., 2003). Ozone has also been used in combination with H202 (Monteagudo et
al., 2004), and UV radiation (Kim et al., 2003; Mudliar et al., 2009) for the removal of cyanide.
Despite its advantages, ozone has certain limitations such as, inadequate oxidation ability to
remove ozonated by-products (Chang et al., 2008), and also requires high cost, due to the use of
external energy, chemicals, and operators (Mudder et al., 1991). Apart from this, other chemical

methods have also been used for the removal of cyanide, which are shown in Table 1.1.
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Table 1.1 Advantages and disadvantages associated with various chemical methods used for

cyanide removal

Chemical methods

Advantages

Disadvantages

References

Anodic oxidation

Electrodialysis

Electrowinning

Acidification/volati
lization and
reneutralisation
(AVR)

Iron cyanide
precipitation

Caro's acid

Treat all cyanide
baths regardless of
concentration.

Efficient in
treatment.

Performs well in
concentrated
solution and also
useful in gold
processing.

Reduced energy
consumption and
increased
volatilization.

Widely used as a
polishing process
and suitably used

for mining industry.

Useful on site
treatment and also
used where SO2/air
process is not
suitable.

Require post treatment by a
number of oxidation method

Costly and only applicable to
certain type of wastes

Proper controlled condition
require and can’t be directly
used for removal.

Technology is not properly
established.

Thiocyanate does not respond.
Free cyanide liberated and not
useful at low concentration.

High acid consumption.
Sludge of gypsum is high.
Require specially designed
reactor.

Suitability is limited to
situations, such as work only
with low concentration of
cyanide and also need to
maintain the pH.

Special requirements for the
disposal of precipitate.

Difficulty in handling as it
readily decomposes to oxygen
and sulfuric acid. It is also not
applicable for all type of site.

(Ho et al., 1990;
Linetal., 1992;
Oguitveren et al.,
1999)

(Young and
Jordan, 1995)

(Mosher and
Figueroa, 1996)

(Young and
Jordan, 1995;
Mosher and
Figueroa, 1996;
Akcil, 2003)

(Young and
Jordan, 1995;
Sharma et al.,
1998; Ghosh et
al., 1999)

(Young and
Jordan, 1995;
Akcil, 2003)
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Even though physical and chemical methods can be used to degrade cyanide and its allied
compounds, their expensive nature and complex operation is a major concern for application. An
alternative to these processes is biological treatment, which usually depends on the enhancement
of indigenous microbes and their enzymes. Biodegradation of cyanide or cyanogenic compounds
has been offered as a potentially economical and eco-friendly alternative to conventional processes
(Dash et al., 2008).

1.5 Biological methods for the removal of cyanide

Biological methods of cyanide removal can be less expensive than physical and chemical
methods (Dash et al., 2009). The biodegradation of cyanide and cyanate by microorganisms or
microbial enzymes have revealed the feasibility for concomitant generation of biogas (Ebbs,
2004), and its utilization as an alternative energy source (Palatinszky et al., 2015), which is
possibly an economic benefit of the biological process. These methods satisfy the need for an eco-
friendly bio-remediation process which has been applied on a large-scale in several systems (Akcil,
2003). There are four common pathways for the bioremediation of cyanogenic compounds such
as, hydrolytic, oxidative, reductive, and substitution/transfer (Fig. 1.5), which has been reported in
several literature (Knowles and Bunch, 1986; Raybuck, 1992; Dubey and Holmes, 1995; Luque-
Almagro et al., 2008). Enzymes involved in this bioremediation processes for different reactions
are, hydrolytic reactions: cyanide hydratase; nitrile hydratase; cyanidase; nitrilase, oxidative
reactions: cyanide monoxygenase; cyanide dioxygenase, reductive reaction: nitrogenase,
substitution/transfer reactions: cyanoalanine synthase; cyanide sulphurtransferase, and oxidative/
substitution/transfer reactions: thiocyanate hydrolase; cyanase. Fungi are the main source for
cyanide hydratase (Barclay et al., 2002), and bacteria for cyanidase (cyanide dihydratase) (Ebbs,
2004).

It has been shown that cyanide hydratase and cyanidase have structural similarity with nitrilase
and nitrile hydratase enzymes (O’Reilly and Turner, 2003). Nitrilase and nitrile hydratase has
shown less substrate specificity compared to cyanide hydratase and cyanidase. Moreover, cyanide
hydratase also showed nitrilase activity, when cyanide hydratase gene from Fusarium lateritium
was expressed in E. coli, which facilitated their growth on nitriles as the sole nitrogen source.
Further, cyanide hydratase and nitrilase activities were abolished by mutating the active site of the

gene via site-directed mutagenesis (Nolan et al., 2003). The wide-range of catalytic activity and
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substrate specificities of these enzymes, offer significant opportunity for biotechnological
development, including bio-remediation (Rezende et al., 2000; Dias et al., 2001). Cyanide

biodegradation by oxidative reactions formed ammonia and carbon dioxide (Fig. 1.5).

Hydrolytic reactions

Cyanide hydratase
HCN + H,0 — HCONH,

Reductive reactions

Nitrile hydratase HCN +2H" + 2¢ — CH,=NH + H,0 — CH,=0
R-CN + H,0 — R-CONH,

!
. CH,=NH + 2H" + 2e- — CH,-NH + 2H" + 2¢- — CH, + NH,
Cyanidase

HCN +2H,0 — HCOOH

Nitrilase
R-CN + 2H,0 — R-COOH

Chemical reactions for the biodegradation
of cyanide, thiocyanate and cyanate

Oxidative reactions Substitution/transfer reactions
Cyanide monoxygenase Cyanoalanine synthase
HCN + 0, + H* + NAD(P)H — HOCN + NAD(P)* + H,O Cysteine + CN- — B-cyanoalanine + H,S

OAS + CN- — pB-cyanoalanine + CH;COO-

Cyanide dioxygenase

HCN + 0, + 2H* + NAD(P)H — CO, + NH; + NAD(P)" Thiosulphate:cyanide sulphurtransferase
CN- +8,0;,> — SCN- + 8S0,>

Thiocyanate/cyanate biodegradation

Carbonyl pathway (thiocyanate hydrolase)
SCN-+2H,0 — COS + NH; + OH-

Cyanate pathway (cyanase)
SCN-+ 3H,0 + 20, > CNO- + HS- — HS +20, — SO +H*

!
CNO- + 3H* + HCO, — NI, +2CO0,

Fig. 1.5 The general types of chemical reactions responsible for the biodegradation of cyanide and
cyanate. For the hydrolytic reaction involving nitriles, R represents either an aliphatic or aromatic
group. The substitution/transfer reaction catalyzed by cyanoalanine synthase can also use
O-acetylserine (OAS) as a substrate. The cyanate formed by cyanide monoxygenase is converted
to NH4" and COz2 by the same pathway as the cyanate from thiocyanate. Also, cyanate is directly
converted into NH4* and CO2 by cyanase in the presence of bicarbonate. The reductive pathway is
derived from the action of nitrogenase and the products resulting from the transfer of pairs of
electrons [Source: (Ebbs, 2004) with slight modification].
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In addition, cyanide oxidation also forms cyanate, which is an important cyanide derivative
(Lugue-Almagro et al., 2016). Cyanide monoxygenase converts cyanide to cyanate, which is
further converted into ammonia and carbon dioxide by cyanase, in a bicarbonate dependent
manner. Cyanases have been identified in many bacteria, fungi, plants and animals. However,
phytoremediation is seemingly inefficient, as it is time consuming and takes several years to halve
the contamination (Peuke and Rennenberg, 2005). Thus, the bio-remediation process principally
depends on the microorganisms (Karigar and Rao, 2011), which enzymatically degrade the
pollutants and converts them to harmless products or even economically valuable products (Ebbs,
2004). Microbial enzymes have also gained interest over the plant and animal enzymes, because
of their ease of production and optimization, which makes them suitable for their widespread use
in industries (Whitlock and Whitlock, 2001; Singh et al., 2016).

Several microorganisms have been utilized for the bio-remediation of cyanide and other
cyanogenic compounds (Table 1.2). However, the complex nature of industrial effluents, primarily
the high concentrations of cyanide or cyanate and heavy metals limit the utilization of
microorganisms, due to poor viability (Papadimitriou et al., 2009; Sharma and Philip, 2014). At
high concentrations, these toxic compounds alter the conformation of nucleic acids and proteins
and also interfere with oxidative phosphorylation and osmotic balance, resulting in low viability
(Bruins et al., 2000). In contrast to the microbial cells, enzymes produced from them have known
to play a major role in the detoxification of environmental pollutants, as they have showed higher

efficiency in a short span of time (Gianfreda and Rao, 2004; Sutherland et al., 2004).
1.5.1 Microbial enzymes

Enzyme driven processes are promptly gaining interest owing to lowered process-time,
requirement of lower-energy, cost-effective, nontoxic and eco-friendly characteristics (Li et al.,
2012; Choi et al., 2015). Moreover, with the introduction of genetic- and protein- engineering,
microorganisms can be manipulated and cultivated at large-scale for the production of new
enzymes with improved catalytic properties to meet the industrial demand (Liu et al., 2013). Some
of the factors which prompted the use of microbial enzymes in industrial processes are: need of
cost reduction; depletion of natural resources; and environmental safety (Choi et al., 2015). In
addition to this, microbial enzymes from different sources, work well under a wide range of

physical and chemical conditions (Singh et al., 2016).
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Table 1.2 Bioremediation of cyanide/cyanate

microorganisms or microbial enzymes

and other cyanogenic compounds using

Compound Microorganism/ Enzyme Optimum conditions  References
pH Temp. (°C)
Cyanides Pseudomonas sp.(CM5, 9.2- 30 (Akcil et al.,
MNZ2) 114 2003)
Ferrous(ll) cyanides  Pseudomonas fluorescens  4.0-7.0 25-35 (Dursun and
complex immobilized on calcium Aksu, 2000)
alginate
Potassium cyanide Klebsiella oxytoca 7.0 30 (Kao et al.,
2003)
Nitriles K. oxytoca 7.0 30 (Kao et al.,
2006)
Cyanides and Fusarium oxysporum 8.0 25-30 (Campos et al.,
formamide immobilized on sodium 2006)
alginate,
Methylobacterium sp.
Metallo-cyanide Strains of Trichoderma 6.5 25 (Ezzi and Lynch,
spp. 2005)
Phenol and cyanides P. putida immobilized on - 27 (Kowalska et al.,
Ultrafiltration membranes 1998)
Cyanide and phenol  Aspergillus niger K10 7.0-8.0 25-30 (Martinkova and
(cyanide hydratase) and Chmatal, 2016)
Agaricus bisporus
(tyrosinase)
Copper and zinc Citrobacter sp., 7.5 35 (Patil and
cyanide Pseudomonas sp. Paknikar, 2000)
Tetra-cyano- P. fluorescens - 30 (Suh et al., 1994)
nickelate(ll) immobilized on zeolite
Potassium cyanide Burkholderia cepatia stain  8.0- 30 (Adjei and Ohta,
C-3 10.0 2000)
Iron/nickel CN Mix of (1) F. solani, 40and 25 (Barclay et al.,
K2Ni(CN)4K4Fe T. polysporum (2) 7.0 1998)

(CN)s

F. oxyspoum, Scytalidium
themophilum, Pencillium
miczynski
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Compound Microorganism/ Enzyme  Optimum conditions  References

pH Temp. (°C)

Potassium cyanide  Klebsiella oxytoca 7.0 30 (Chenetal.,
immobilized on alginate and 2008)
cellulose triacetate

Potassium cyanide Pseudomonas stutzeri AK61 7.6 30 (Watanabe et
(cyanidase) al., 1998)

Sodium cyanide Pseudomonas 9.5 30 (Huertas et al.,
pseudoalcaligenes 2010)
CECT5344

Tetra-cyano- Cryptococcus humicolus 7.5 25 (Kwon et al.,

nickelate(ll) MCN2 2002)

Potassium cyanide  Trichoderma harzianum 8.5 30 (Ezzi and
T. pseudokoningi Lynch, 2002)

Soil cyanide Pseudomonas stutzeri - 30£2 (Nwokoro and
Bacillus subtilis Dibua, 2014)

Copper cyanide, Cladosporium 7.5 30-35 (Patil and

Nickel cyanide cladosporioides Paknikar, 1999)

Cyanide from gold Pseudomonas - 30 (Tiong et al.,

mining wastewater pseudoalcaligenes strain 2015)

W2
Potassium cyanate  Nitrososphaera gargensis - 37 (Palatinszky et
al., 2015)

Potassium cyanate  Synechocystis sp. strain 7.0 26-30 (Harano et al.,
PCC 6803 and 1997)
Synechococcus sp strain
PCC 7942

Potassium cyanate  Sordaria macrospora 7.6 27 (Elleuche and

Pbggeler, 2008)

Potassium cyanate  Arabidopsis thaliana and 7.7 27 (Qianetal.,
Oryza sativa 2011)

Sodium cyanide, P. putida immobilized on 7.5 25 (Chapatwala et

cyanates and sodium alginate al., 1998)

thiocyanates
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The global market for industrial enzymes was about $4.2 billion in 2014 and predicted to develop
at a compound annual growth rate (CAGR) of approximately 7% over the period from 2015-2020,

to reach nearly $6.2 billion (http://www.pharmaion.com/report/india-industrial-enzymes-market-

forecast-and-opportunities-2020/10.html). Enzymes are specific and they accelerate the rate of

reaction by lowering the activation energy without any permanent change into them; hence, it has
a vital role to support life (Freeman, 1985; Piccolino, 2000; Aldridge, 2013). It usually requires
milder conditions of temperature and pressure for catalyzing reactions, and therefore, are used as

an alternative to harmful chemical pollutants (Mojsov, 2011; Illanes et al., 2012).
1.5.2 Thermomyces lanuginosus as a source for enzyme production

T. lanuginosus is a thermophilic filamentous fungus, commonly found in composting
environments. It is well-known for the production of several robust and thermostable enzymes
with potential industrial applications (Puchart et al., 1999; Singh et al., 2000, 2003; Shrivastava et
al., 2013; Khan et al., 2015; Kumar et al., 2016; Sikandar et al., 2017). The whole genome
sequencing and seceretome analysis of a T. lanuginosus SSBP has revealed the presence of several
industrially important enzymes, many for the first time (Mchunu et al., 2013; Winger et al., 2014).
Enzymes produced by this fungus include: amylase, chitinase, cyanate hydratase, carbonic
anhydrase, glucoamylase, lipase, phytase, protease, xylanase, etc. In addition, it has a ubiquitin
degradation pathway which plays an essential role in response to various stress, such as nutrient
limitation, heat shock, and heavy metal exposure (Mchunu et al., 2013). Due to these requisite
properties, this fungus has been identified as one of the organisms of choice for industrial

applications and has provided the foundation to explore these novel enzymes.
1.5.2.1 Cyanate hydratase

Cyanate hydratase (Cyn, EC 4.2.1.104) (also known as cyanate lyase or cyanase) catalyzes
the bicarbonate-dependent decomposition of cyanate into ammonium and carbon dioxide.
Cyanases are found in bacteria (Anderson, 1980; Johnson and Anderson, 1987; Sung et al., 1987),
fungi (Elleuche and Pdggeler, 2008) and plants (Qian et al., 2011), where they have important
roles for nitrogen assimilation or cyanate detoxification. Despite these important functions, the
production of this enzyme is low by most known organisms (Anderson, 1980; Harano et al., 1997;

Elleuche and Pdggeler, 2008; Qian et al., 2011). In general, several microorganisms are known to
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produce high amounts of enzymes, however, the enzyme production by wild type strain is low for
its commercial utilization (Punt et al., 2002). Therefore, strain improvement using genetic- and
protein- engineering approaches are essential for application. Additionally, most of the enzymes
used in industries are recombinant, which is produced by bacteria and fungi, as the production

level by wild-strain is low (Adrio and Demain, 2014).
1.5.2.2 Carbonic anhydrase

Carbonic anhydrase (CA, EC 4.2.1.1) (also known as carbonate dehydratase) catalyzes the
interconversion between carbon dioxide and bicarbonate: CO2 + H20 «» HCOs + H*. Carbonic
anhydrases are involved in several physiologic processes, such as photosynthesis, respiration, CO2
transport, as well as metabolism of xenobiotics (Capasso and Supuran, 2015). Thus far six families
of carbonic anhydrases are known viz., a-, B-, y-, 8-, - and n-CAs (Supuran, 2016). In particular,
the product of this enzyme i.e. bicarbonate, is one of the substrates for cyanate hydratase to convert
cyanate into ammonium and carbon dioxide (Fig. 1.6) (EImore et al., 2015). So clustering of these
two genes (cyanate hydratase and carbonic anhydrase) or encoding these enzymes may enhance

the cyanate detoxification capacity with low dependence on bicarbonate.
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Cyanate

H,CO;

Carbonic Cyanate
anhydras hydratase

CO, 2CO,+NH,*

Fig. 1.6 Cyanate hydratase converts the toxic compound cyanate into nontoxic ammonia and
carbon dioxide. Carbonic anhydrase converts carbon dioxide and water into bicarbonate, which
cyanate hydratase requires in order to convert cyanate to ammonia and carbon dioxide (Elmore et
al., 2015).

1.6 Strategies to improve microbial enzyme production by different hosts

The progress of sophisticated molecular approaches such as recombinant DNA technology
has established a new stepping stone towards the goal of using an efficient and scale-up expression
systems for enzyme production (Punt et al., 2002; Adrio and Demain, 2014). Some industrially
known organisms such as, E. coli, Bacillus subtilis and other species of Bacillus, Ralstonia
eutropha, Pseudomonas fluorescens, Saccharomyces cerevisiae, Pichia pastoris, Hansenula
polymorpha, and species of Aspergillus and Trichoderma, are used for the production of enzymes
from industrially unknown microorganisms (Demain and Vaishnav, 2009). Approximately 90%

of the industrial enzymes are recombinant.
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1.6.1 E. coli as a recombinant host for microbial enzyme production

E. coli has been extensively used as a recombinant host for enzyme production because of
several reasons: easy to modify the genome; short generation time; reduced protease activity; and
ease to grow in cheap culture media. It can accumulate up to 80% of recombinant proteins of its
dry cell weight (Adrio and Demain, 2014). However, it has certain disadvantages such as, lack of
post-translational modifications, presence of toxic cell wall pyrogens or formation of inclusion
bodies, which results in the formation of insoluble heterologous proteins. Despite of all this,

several proteins have been heterologously expressed in E. coli with high levels of production.
1.6.2 S. cerevisiae as a recombinant host for microbial enzyme production

S. cerevisiae as a cloning host offers some benefits over bacteria (Romanos et al., 1992),
viz., grows well on simple media and reaches high cell density, produces heterologous proteins
extracellularly, and also has a more advanced and better understood genetics than other eukaryotes

(http://www.yeastgenome.org/). Regardless of all these advantages, it has been observed that

S. cerevisiae is not an optimal host for large-scale production, because of hyperglycosylation, and
lack of strong and tightly-regulated promoters (Demain and Vaishnav, 2009).

1.6.3 P. pastoris as a recombinant host for microbial enzyme production

P. pastoris is one the most widely used and established expression systems (Higgins and
Cregg, 1998; Demain and Vaishnav, 2009; Ahmad et al., 2014; Zahrl et al., 2017). In this
heterologous expression system, around 22 g/L of proteins has been intracellularly expressed
(Hasslacher et al., 1997) and 14.8 g/L extracellularly (Werten et al., 1999). Apart from this, it has
been observed that up to 30 g/L of recombinant proteins can also be produced from this host
(Morrow, 2007). This methylotrophic expression host has certain advantages over S. cerevisiae
such as the presence of tightly-regulated methanol promoter (AOX1); less extensive glycosylation;
generation of high-copy number and integration of foreign DNA into the chromosomal DNA,;
which makes stable transformants, high-density growth and easy to scale-up (Romanos, 1995;
Ahmad et al., 2014; Safder et al., 2018; Theron et al., 2018).

Apart from protein expression using different hosts, some other techniques have also been used

for the rapid development of bio-catalysis, such as, directed evolution, metabolic engineering and
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structural biology (Ran et al., 2008; Bornscheuer et al., 2012). The production and properties of
enzymes can be improved according to the need by all these techniques, however, the high cost of
downstream processing of enzymes and difficulty in separation from the reaction mixture for
subsequent reuse may discourage their uses from the economic prospect (Datta et al., 2013).
Consequently, enzyme immobilization offers an alternative to resolve the challenges associated
with the reusability of free enzymes coupled with several other advantages such as enhanced

thermal stability and ease of separation (Dehnavi et al., 2015; Zhou et al., 2017).

1.7 Enzyme immobilization

Immobilization of enzymes on random carrier/support may decrease the enzyme stability,
if the carrier and enzyme has undesired interactions (Mateo et al., 2007).To develop an efficient
bio-catalyst capable of performing in a broad spectrum of operating conditions after
immobilization, needs a suitable carrier and immobilization technique for a particular enzyme
(Oliveira et al., 2015).

1.7.1 Carrier selection for enzyme immobilization

Numerous carriers and techniques have been applied to improve the traditional enzyme
immobilization with the aim of enhancing enzyme loading, activity and stability at reduced cost
for industrial applications. Several carriers have been used for the immobilization of enzymes
(Table 1.3), however, nanomaterials serve as an ideal supporting carrier for immobilization (Wang,
2006; Fortes et al., 2017; Wong et al., 2017). Such carriers include nanoparticles, nanotubes,
nanofibers, nanocomposites and graphene (Puri et al., 2013; Heidarizadeh et al., 2017; Kim et al.,
2017; Xu et al., 2017; Benucci et al., 2018). Nanomaterials provide high surface areas, large
surface-to-volume ratios, mass transfer resistance, and effective enzyme loading in contrast to
other planar 2-dimensional surfaces (Ahmed and Husain, 2012). It also possess a combination of
the precise physical, chemical, optical and electrical properties with the specific recognition of

biomolecules, which prompted their occurrence in countless novel biotechnological applications.
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Table 1.3 Different carrier/support used for the immobilization of enzymes

Carrier/supports

Enzymes

References

Natural polymer as a carrier
Alginate

Chitosan and chitin

Carrageenan
Gelatin
Cellulose
Starch
Pectin
Sepharose

Synthetic polymer as a carrier
Amberlite

Polyvinyl chloride

Polyurethane microparticles

Polyaniline

Inorganic materials as a carrier

Zeolites

Ceramics

Celite

Silica

Glass

Activated carbon

Charcoal

Urease and tannase
Xylanase

Lipase
B-galactosidase
[-galactosidase
Peroxidase
Invertase
Luciferase

a-amylase

Cyclodextrin
glucosyltransferase
a-amylase and
maltogenase

Lipase

Cutinase and
a-chymotrypsin
Lipase

Oxidase and
B-galactosidase
Urease and a-amylase

Nitrite reductase and
urease

Cellulase and lipase

Urease and
amyloglucosidase

(Elgin, 1995; Flores-
Maltos et al., 2011)
(Kapoor and Kuhad,
2007)

(TUmtark et al., 2007)

(Shen et al., 2011)

(Klein et al., 2011)
(Matto and Husain, 2009)
(Gomez et al., 2006)

(Hosseinkhani et al.,
2003)

(Kumari and Kayastha,
2011)
(Abdel-Naby, 1999)

(Kahraman et al., 2007;
Romaskevic et al., 2010)

(Pahujani et al., 2008)

(Serralha et al., 1998;
Xing et al., 2000)
(Magnan et al., 2004;
Huang and Cheng, 2008)
(Khan et al., 2006; Ansari
and Husain, 2012)
(Pogorilyi et al., 2007,
Soleimani et al., 2012)
(Rosa et al., 2002; Sahney
et al., 2005)

(Daoud et al., 2010;
Ramani et al., 2012)
(Kibarer and Akovali,
1996; Rani et al., 2000)
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1.7.2 Techniques for enzyme immobilization

The commonly used techniques for enzyme immobilization are adsorption, entrapment,

cross-linking and covalent bonding.
1.7.2.1 Adsorption

It is a simple and straightforward enzyme immobilization technique, in which, enzymes
are physically attached onto the carrier material (Mohamad et al., 2015). In addition, it is a
chemical-free enzyme binding technique (Chronopoulou et al., 2011), which is another advantage
over other techniques. However, no permanent bond formation occurs between enzymes and
carrier; only weak bonds such as van der Waals, hydrophobic interactions and hydrogen bonds
that stabilize the enzymes to the support (Jegannathan et al., 2008). Due to the weak bond
formation, enzyme leaches from the immobilized enzyme preparation after few cycles which limit

its applications.
1.7.2.2 Entrapment

It is caging of enzymes inside a porous matrix or fibers by covalent or non-covalent bonds
(Chiang et al., 1997). This method is fast, cheap and easy to practice at small-scale, however,
leakage of enzyme and pore diffusion limitation, is a major drawback of its large-scale utilization

http://www.easybiologyclass.com/enzyme-cell-immobilization-techniques/.

1.7.2.3 Covalent bonding

Covalent bonding is one of the most extensively used techniques for irreversible enzyme
immobilization (Mohamad et al., 2015). This technique involves the biding of amino acid residues
via side chains such as, g-amino group of lysine, thiol group of cysteine, and carboxylic group of
aspartic and glutamic acids (Tran and Balkus, 2011). It also yields relatively stable immobilized
enzyme preparations with more reusability, as compared to the physical adsorption techniques
(Georgakilas et al., 2005; Ahmed and Husain, 2012).

1.7.3 Effect of immobilization on enzyme activity

It has been observed that enzyme immobilized on nanoparticles showed higher thermal
stability and broader working pH range, compared to the native enzymes (Husain, 2010).

Immobilization also enhances the enzyme activity, due to the mobility of nanoparticles which
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enhances substrate-to-enzyme interactions via Brownian motion (Jia et al., 2003). In addition to
this, various factors viz., binding modes, change in conformations, diffusion effects, etc. are also
responsible for the improvement of immobilized enzymes activity (Datta et al., 2013).
Immobilization of enzymes on nanoparticles also offers some important features as compared to
other conventional immobilization methods, such as easy to synthesize nano-enzyme particles
without the use of surfactants and toxic reagents. Thick enzyme-shell can be attained due to well
defined core-shell nanoparticles (Singh et al., 2014). Nanoparticle size can be suitably customized
within convenience limit. Further, with the increasing consideration paid towards enzymatic
cascade reactions, it is possible to achieve the co-immobilization of multiple enzymes on these
nanoparticles, which will offer considerable advantages in biotechnological applications.

1.8 Purpose of the study

In view of green chemistry as the forerunner in all eco-friendly managing strategies,
application of enzymes in bio-remediation is a critical event for a sustainable environment (Nair
and Jayachandran, 2017). Microbial enzymes are rapidly gaining interest in the bio-remediation
process because of their short process time, low energy requirement, cost-effective, nontoxic and
eco-friendly characteristics. In view of these considerations, T. lanuginosus, a thermophilic fungus
that produces a high amount of hydrolyzing enzymes and is well-known as an organisms of choice
for industrial applications (Singh et al., 2003) could be a viable alternative. Furthermore, whole-
genome sequencing and secretome analysis of T. lanuginosus (Mchunu et al., 2013; Winger et al.,
2014), revealed the presence of a cyanate hydratase, which prompted for further investigation on

this enzyme. The present investigation therefore focused on following objectives:

» To clone and express the cyanate hydratase gene from T. lanuginosus into prokaryotic
and eukaryotic hosts;

To purify and characterize the recombinant cyanate hydratase (rTI-Cyn);

To immobilize the rTI-Cyn on several matrices;

To apply the rTI-Cyn in bio-remediation; and

vV V VYV VY

To determine the crystal structure of TI-Cyn and its implications for a catalytic

mechanism.
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CHAPTER 2

Expression of a novel recombinant cyanate hydratase (rTI-Cyn) in
Pichia pastoris, its characteristics and applicability in the detoxification of

cyanate

(Published: Ranjan, B., Pillai, S., Permaul, K., and Singh, S. (2017) Expression of a novel
recombinant cyanate hydratase (rTI-Cyn) in Pichia pastoris, characteristics and applicability in

the detoxification of cyanate. Bioresource Technology. 238: 582-588).

2.1 Introduction

Cyanate is a toxic compound produced by industries and also formed from some
metabolites, such as urea and carbamoylphosphate (Outer and Protein, 1987). Cyanate hydratase
catalyzes the decomposition of cyanate into ammonium and carbon dioxide in a bicarbonate-
dependent reaction. Bicarbonate acts as a nucleophilic reactant, which helps in the breakdown of
cyanate, with carbamate as an unstable intermediate (Anderson, 1980). At least three biological
roles have been allied with cyanate hydratase activity viz., nitrogen assimilation, cyanate
detoxification and metabolism regulation (Luque-Almagro et al., 2008). Since cyanate hydratase
catalyzes the decomposition of cyanate into ammonium, this allows some bacteria (Luque-
Almagro et al., 2008) and certain marine cyanobacteria (Rocap et al., 2003; Kamennaya and Post,
2013), to utilize cyanate as a nitrogen source. It is also found in a variety of other bacteria and
archaea, which play a role in nitrogen assimilation or detoxification, as cyanate chemically alters
proteins through carbamylation (Kamennaya et al., 2008; Luque-Almagro et al., 2008). In
addition, some organisms utilizes ammonium and carbon dioxide produced from cyanate, as a
nitrogen and carbon source, respectively (Kunz and Nagappan, 1989; Espie et al., 2007). Nitrifying
microbes are commonly considered to be highly devoted chemolithoautotrophs, that oxidize either
ammonia or nitrite to produce energy (as a nitrogen source) and reductant for growth, and uses
carbon dioxide as a carbon source (Palatinszky et al., 2015). However, the growth of
microorganisms and plants which lack cyanate hydratase are inhibited in the presence of cyanate
(Qianetal., 2011).

25



Whole genome sequencing and secretome analysis of the thermophilic fungus
T. lanuginosus SSBP has revealed the presence of a cyanate hydratase gene and protein (Mchunu
et al., 2013; Winger et al., 2014). Since T. lanuginosus SSBP is a hyper-xylanase producer with
good pH and temperature stability, has prompted further exploration of the fungus for cyanate
hydratase. As the production of cyanate hydratase by T. lanuginosus SSBP (wild-type) is low, it
was required to clone and overexpress the cyanate hydratase encoding gene heterologously into
P. pastoris. P. pastoris is a methylotrophic yeast, where proteins can be heterologously expressed
either constitutively or inducibly. Heterologous proteins can be produced extracellularly using an

expression plasmid with the a-factor secretory signal sequence (Ranjan and Satyanarayana, 2016).

Thus far, numerous genes have been successfully expressed in P. pastoris (Cregg et al.,
2000), however, no attempts have been made to express the TI-Cyn gene. In this chapter, the
research work focused on cloning and expression of the cyanate hydratase gene heterologously in
P. pastoris, followed by characterization of the recombinant cyanate hydratase (rTI-Cyn) and

finally evaluation of its potential in cyanate detoxification was assessed.
2.2 Materials and Methods
2.2.1 T. lanuginosus SSBP, P. pastoris strain and vectors

The thermophilic fungus T. lanuginosus SSBP used in this study was deposited in the
Industrial Biotechnology MIRCEN Culture Collection, Bloemfontein, South Africa (Accession
number PRI 0226) (Singh et al., 2000). P. pastoris GS115 (Invitrogen) was used as an expression
host for the production of rTI-Cyn. The expression cassette containing the inducible promoter
AOX1 was used for protein expression. The plasmid pPICZaA was used for the cloning of TI-Cyn
gene (Fig. 2.1). Restriction sites, EcoRI and Kpnl were added to the sense and antisense primers,
respectively, for the cloning of TI-Cyn in pPICZaA vector. Cloning steps were accomplished in

E. coli DH5a (Invitrogen).
2.2.2 Suitability of the TI-Cyn gene for expression in P. pastoris

Before commencing TI-Cyn expression studies in the eukaryotic host P. pastoris, the
cyanate hydratase open reading frame (ORF) from T. lanuginosus SSBP was analyzed for codon
bias. The percentage usage of different codons for a particular amino acid was calculated and

compared with codon usage in P. pastoris (Ranjan and Satyanarayana, 2016).
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a-factor

AOXITT

pPICZoA-TI-Cyn
~4.1 kb

pUC ori B pME7

Zeocin

CYE11Y

Fig. 2.1 Pictorial representation of the pPICZaA-TI-Cyn construct. 5 AOX1, alcohol oxidase
(inducible) promoter; a-factor, secretory signal sequence; TI-Cyn, T. lanuginosus cyanate
hydratase; 6xHis, histidine tag for rapid purification; AOX1 TT, alcohol oxidase transcription
termination region; PTEF1, yeast promoter for zeocin; PEM7, bacterial promoter for zeocin; Zeocin,
a zeocin resistance gene; CYCL1 TT, cytochrome c1 transcription termination region; pUC ori,

bacterial origin of replication.

2.2.3 RNA isolation

RNA was isolated from T. lanuginosus SSBP mycelium after 5 days of incubation (50°C
and 150 rpm), at the time of maximum cyanate hydratase activity. The mycelium was frozen in
liquid nitrogen and ground with a mortar and pestle until a floury consistency was attained. RNA

was isolated using the RNeasy Mini Kit (Qiagen).
2.2.4 cDNA synthesis

cDNA synthesis was carried out using the Maxima H Minus First Strand cDNA Synthesis

Kit (Thermo Fisher Scientific), as per the manufacturer’s instructions.
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2.2.5 Construction of rTI-Cyn

The cyanate hydratase gene was amplified from the cDNA, using primers P1 and P2
containing flanking regions for EcoRI and Kpnl restriction sites, respectively (Table 2.1). PCR
conditions was as follows: denaturation at 95°C for 5 min; 25 cycles of (denaturation at 95°C for
30 s, annealing at 58°C for 30 s, elongation at 72°C for 60 s) and a final elongation step at 72°C
for 5 min. The 500 bp PCR product obtained and plasmid pPICZaA were digested with EcoRI and
Kpnl restriction enzymes and were ligated to make the pPICZaA-TI-Cyn construct (Fig. 2.1). In
this construct, the TI-Cyn ORF was fused in-frame with the a-factor secretory signal sequence, and
the myc epitope and 6xHis-tag from the vector at the N- and C-termini, respectively. The construct
was confirmed by double digestion with EcoRI and Kpnl. The presence and precise positioning of

the insert was confirmed by DNA sequencing.

Table 2.1 Primers used in this study

Primers Oligonucleotide sequence (5" —3")
P1 CGGAATTCATGGCTGATATCGCAACCC
P2 GGTTGGTACCTTGAATCGACTGTATGGCAA

GAATTC- restriction site for ECORI; GGTACC- restriction site for Kpnl.

2.2.6 Sequence alignment

The nucleotide and protein sequences were compared with the NCBI nucleotide/protein
database using the BLASTN and BLASTP algorithms, respectively. Multiple sequence alignment
of protein sequences were performed at http://www.ebi.ac.uk/Tools/msa/clustalw2/ with the

proteins available in the databases using ClustalW2.
2.2.7 Transformation of P. pastoris with TI-Cyn

The pPICZaA-TI-Cyn construct was linearized with Sacl for transformation into
P. pastoris. Chemically competent P. pastoris cells were prepared for the transformation of
linearized pPICZaA-TI-Cyn by electroporation. Approximately 10 pg of linearized pPICZaA-TI-
Cyn was mixed with competent cells and the mixture was transferred to a 0.2 cm pre-chilled

electroporation cuvette and incubated on ice for 5 min. Electroporation conditions were as follows:
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voltage (1.5 kV), capacitance (25 pF) and resistance (200 Q). One mL of ice-cold sorbitol (1.0 M)
was immediately added to the cuvette after electroporation, and the mixture was spread on YPD
agar medium (g L™ yeast extract 10, peptone 20 and dextrose 20, agar 15), supplemented with
1.0 M sorbitol containing different concentrations of zeocin (100, 200, 500, 1000 and 1500 pg mL"
1. The plates were incubated at 30°C until single distinct colonies appeared. Colony PCR was
performed to identify the positive clones harbouring cyanate hydratase genes. Spheroplasting of
P. pastoris was done before colony PCR by mixing single yeast colony in 30 pL buffer containing
1 U of lyticase (Sigma) for 30 min. After spheroplasting, 5 pL of the suspension was used as
template DNA in the PCR mix and PCR was performed using primers P1 and P2 (Table 2.1). The
positive transformants with fastest growth rates on YPD agar plates (supplemented with 1.0 M
sorbitol) containing the highest concentration of zeocin were screened for the production of
enzyme, rTI-Cyn. These clones were first grown in YPD broth and then inoculated into Yeast
extract-Peptone (YP) medium containing 0.5% (v/v) methanol (Ranjan and Satyanarayana, 2016).
The cyanate hydratase production levels by different clones were determined by performing the

enzyme assay as described below.
2.2.8 Cyanate hydratase assay

Cyanate hydratase assays were performed according to the modified method of Anderson
(1980). The reaction mixture contained 0.1 mL appropriately diluted rTI-Cyn, 0.5 mL Tris-HCI
buffer (50 mM, pH 8.0), 0.2 mL of potassium cyanate (2 mM) and 0.2 mL of sodium bicarbonate
(6 mM) and incubated at 60°C for 10 min. One mL of Nessler’s reagent was added to the reaction
mixture to terminate the reaction. The amount of ammonia released was measured
spectrophotometrically at 420 nm. One unit (U) of cyanate hydratase was defined as the amount

of enzyme required to liberate 1 pumol of ammonia per minute under the standard assay conditions.
2.2.9 Purification of rTI-Cyn

The cell-free culture supernatant was filtered through 10 kDa ultrafiltration membrane
cartridges (Millipore). Desalting and reconcentration was carried out for three cycles using the
same membrane cartridges with Tris-HCI buffer (20 mM, pH 8.0). The concentrated enzyme was
further purified by a fast protein liquid chromatography (FPLC) system (AKTApurifier 100, GE
Healthcare Bio-Sciences) using a HiTrap Capto Q column (GE Healthcare Bio-Sciences) and the
bound protein was eluted with a linear gradient of 0-1 M NaCl in Tris-HCI buffer (20 mM, pH
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8.0) at a flow rate of 1.0 mL min™. The fractions having cyanate hydratase activity were pooled
and dialyzed against Tris-HCI buffer (20 mM, pH 8.0) and concentrated using a vacuum
concentrator (Eppendorf). The concentrated enzyme was loaded on a gel filtration chromatography
column [Sephacryl S-200HR(16/60)] and eluted with 20 mM Tris-HCI buffer (pH 8.0) containing
50 mM NacCl at a flow rate of 0.4 mL min. The fractions having cyanate hydratase activity were
collected and their purity was analyzed by SDS-PAGE.

2.2.10 Biochemical characterization of rTI-Cyn

The optimum pH for the activity of rTI-Cyn was determined by performing enzyme assays
using different buffers [Sodium acetate buffer 20 mM (pH 4.0-5.0), Tris-HCI buffer 20 mM (pH
6.0-8.0) and glycine-NaOH buffer 20 mM (pH 9.0-10.0)] at 60°C. Similarly, the optimum reaction
temperature was determined by conducting rTI-Cyn assays at various temperatures (40-80°C) at
pH 8.0. The effect of various modulators on rTI-Cyn activity was assessed by performing enzyme
assays in the presence of modulators such as, metal ions (As®**, Cr?*, Cd?*, Cu?*, Hg?*, Na*, Ni%*,

Pb?*, Zn?"), and inhibitors (azide, nitrite, nitrate, NaCN, p-Mercaptoethanol).
2.2.11 Enzyme kinetics and thermal deactivation of rTI-Cyn

rTI-Cyn activity was assayed at various concentrations of potassium cyanate (ranging from
0.1 to 3.0 mM). The Km and Vmax values were graphically determined from the Lineweaver-Burk
plot. Activation energy (Ea) was calculated according to the protocol described by Ranjan et al.
(2015). The efficiency of ammonia liberation by the enzyme action was calculated from the
Vmax/Km ratio. The energy of deactivation (Ed) of the rTI-Cyn was calculated from the residual
activity at different temperatures, by incubating the enzyme solution in 20 mM Tris-HCI buffer
(pH 8.0) at various temperatures (60-80°C) in the absence of substrate. Aliquots were drawn from
the incubated samples at specific time intervals, cooled on ice for 30 min and cyanate hydratase
assays were performed to calculate the residual activity. The inactivation rate constants (Kd) and

energy of deactivation (Ed) were calculated according to Ranjan and Satyanarayana (2016).

The effect of temperature on the rate of reaction was expressed in terms of temperature quotient
(Q10), which is the factor by which the rate increases when the temperature is raised by 10°C.

Temperature quotient (Qio) was calculated by rearranging the equation of Dixon and Webb (1979):
Quo = antilog (Ea x 10/RT?) (1)
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where, Ea = activation energy, R is the universal gas constant and T is the absolute temperature.
2.2.12 Thermodynamic parameters of rTI-Cyn

Thermodynamics of irreversible inactivation of the rTl-Cyn was determined by rearranging

the Eyring’s absolute rate equation derived from the transition state theory:
Kq = (KbT/h) e (-AH/RT) e (- AS/RT) (2)

AH (change in enthalpy of deactivation), AG (change in free energy of inactivation), and AS

(change in entropy of inactivation) for irreversible inactivation were calculated as follows:

AH=E4¢—RT (3)
AG = -RT In (K¢h/KpT) (4)
AS = (AH - AG)/ T ®)

where Kp is the Boltzmann’s constant =1.38 x 10-23 J K1, Kgq is the deactivation constant, T is the
absolute temperature (K), h the Planck’s constant = 6.626 x 103* J s, R is the gas constant = 8.314

J K mol ™.
2.2.13 Fourier transform infrared (FTIR) spectroscopy analysis for cyanate degradation

Samples were prepared for FTIR spectroscopy analysis according to Bryan et al. (1994).
The reaction mixture containing 0.1 mL of appropriately diluted rTI-Cyn, 0.5 mL Tris-HCI buffer
(50 mM, pH 8.0), 0.2 mL of potassium cyanate (2 mM) and 0.2 mL of sodium bicarbonate (6 mM)
was incubated at 60°C for 10 min. Reaction mixtures without rTI-Cyn served as control.
Absorbance were measured on KBr sample pellets (samples with and without rTI-Cyn) to

determine the degradation of cyanate and liberation of ammonia.
2.2.14 Cyanate detoxification by rTI-Cyn in wastewater samples

Samples were collected from the influent of an industrial wastewater treatment plant in
KwaZulu Natal, South Africa. rTI-Cyn (30 U) was added to 1 mL of wastewater sample
supplemented with varying concentrations of cyanate (5-20 mM) and the reactions were carried
out for 10 min at 60°C, in a reciprocating water bath at 100 rpm. Similarly, another set of
experiments were also performed, except that the wastewater sample was replaced with Tris-HCI

buffer (50 mM, pH 8.0). After 10 min of incubation, samples were centrifuged and analyzed for
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cyanate degradation via release of ammonia using a spectrophotometer. In a separate experiment,
heavy metals (Ag*, Au®", Cr?*, Cd?*, Cu?*, Fe?*, Pb**, and Zn?*) were added to both wastewater
and buffered samples, and thereafter observed for cyanate degradation by rTI-Cyn. In addition, the
presence of heavy metals in wastewater samples (spiked and un-spiked) were analyzed using

atomic absorption spectroscopy (AAS) (Srikanth et al., 2013).
2.3 Results and Discussion
2.3.1 Construction of rTI-Cyn

To achieve the expression of cyanate hydratase, differences in the relative codon frequency
between T. lanuginosus SSBP and P. pastoris were analyzed using codon analysis tool
(http://www.genscript.com/cgi-bin/tools/rare_ codon_analysis) and compared with the wild-type
gene. The codon usage frequency for wild-type and optimized gene were found to be 46 and 38%,
respectively, for its expression in P. pastoris. Since the codon usage of optimized gene (predicted
by analysis tool) was lower than that of the native gene, the native gene was used for expression.
The construction of pPICZaA-TI-Cyn was confirmed by colony PCR (Fig. 2.2a) and double
digestion with EcoRI and Kpnl (Fig. 2.2b).

2.3.2 Sequence alignment

Multiple amino acid sequence alignments of the rTI-Cyn with known cyanases from NCBI
showed an identity of 84, 84, 82, 82, 83, 83, 82 and 83% to the cyanases from Rasamsonia
emersonii CBS 393.64 (XP_013324462.1), Talaromyces cellulolyticus (GAM35076.1),
Talaromyces stipitatus ATCC 10500 (XP_002486940.1), Talaromyces marneffei ATCC 18224
(XP_002145582.1), Aspergillus oryzae RIB40 (XP_001822419.1), Aspergillus flavus NRRL3357
(XP_002382512.1), Penicillium oxalicum (EPS32828.1), and Aspergillus fischeri NRRL 181
(XP_001261116.1), respectively (Fig. 2.3).
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Fig. 2.2 Confirmation of pPICZaA-TI-Cyn construction using agarose gel electrophoresis by
colony PCR and restriction endonuclease digested products (a) colony PCR products: lanes 1-3,
random colonies and (b) restriction endonuclease products after digestion with EcoRI and Kpnl:
lanes 1-2 double digested pPICZaA-TI-Cyn, lane M- 1kb ladder.
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1 57
-—-MADIATLDVTQHPYLPAYSKTLFEAKAAKKLTFEEIAKKIGRNEVATAALEYGQA

--MSSLATLDATQHPYLPAASQTLFNAKAKKKLSFEDISKHIGRNEVATAAIFYGQA
MAHLNLATLDASQHPYLPASSQTLFAAKAKKKEFSFEEISKQIGRNEVATAATIEFYGQA
MSHLNIATLDASQHPYLPASSQTLFAAKAKKKLSFEEISQEIGRNEVATAAIFYGQOA
MSHLNLATLDTSQHPYLPASSQTLFAAKAKRKEFTFEDISKOQIGRNEVATAAIEFYGOA
-—-MSLATLDTSQHPNLPSASATLFKAKAAKKFSFEQIAQHIGRNEVATAATIFYGQA
-—-MSLATLDTSQOHPNLPSASATLFKAKAARKFSFEQIAQHIGRNEVATAAIFYGQA
-—-MSLATLDPSQHPYLPESSTTLFRAKATKKLTFEQIAQHLGRNEVAAAAIFYGQA
-—-MSLATLDATQHPNLPASAATLFKAKAQNKLSFEQIAQHIGRNEVATAALEYGQA

58 114
KASPEDIKNLSSVLGIPVAVLESOMSGFPDRGRSVEMPPKEPLIYRLYEIVONYGYA

KASPEDIQKLASLLDIPVEQLEQOLSGFPDRGRSVEMPPKEPLIYRLYEIVONYGYA
KASPEDITNLSKALDIPYDLLEEQLSGFPDRGRSVEMPPKEPLIYRLYEIVONYGYA
KASPEDITNLSKALDIPYELLEEQLSGFPDRGRSVEMPPREPLIYRLFEIVONYGYA
KASAEDIANLAKVLDIPLKLLEEQLSGFPDRGRSVEMPPKEPLIYRLYEIVONYGYA
KASPEDITNLASLLGIPQEVLEDOLNGFPDRGKSVEMPPKEPLIYRLYEIVONYGYA
KASPEDITNLASLLEIPQEVLEDQLSGFPDRGKSVEMPPKEPLIYRLYEIVQNYGYA
KASPEDIQKLSELLGIPHETLEGOLSGFPDRGRTVEMPPKEPLIYRLYEIVONYGYA
KASPEDIQKLSELLNISPOVLEEQLSGFPDRGRSVEMPPKEPLIYRLYEIVONYGYA

115 163
YKAVLNEKFGDGIMSAISESTSVDKETDKDGNNWAVITLRGKWLPYSRE

YKAVLNEKFGDGIMSAISEFSTKVEKETDKDGNDWAVITLRGKWLPYSREF
YKAVLNEKFGDGIMSAISEFSTKVEKETDADGNNWAVITLRGKWLPESRE
YKAVLNEKFGDGIMSAISESTKVEKETDADGNNWAVITLRGKWLPFSRY
YKAVLNEKFGDGIMSAISEFSTKVEKETDADGNNWAVITLRGKWLPESRE
YKAVLNEKFGDGIMSAISFSTKVEKETDADGNNWAVITLRGKWLPFEFSREF
YKAVLNEKFGDGIMSAISESTKVEKETDADGNNWAVITLRGKWLPESRE
YKAVLNEKFGDGIMSAISFSTKVEKETDADGNNWAVITLRGKWLPFSRE
YKAVLNEKFGDGIMSAISEFSTKVEKETDADGNNWAVITLRGKWLPESRE

Fig. 2.3 Multiple amino acid sequence alignment of cyanases from Rasamsonia emersonii CBS
393.64 (XP_013324462.1), Talaromyces cellulolyticus (GAM35076.1), Talaromyces stipitatus
ATCC 10500 (XP_002486940.1), Talaromyces marneffei ATCC 18224 (XP_002145582.1),
Aspergillus oryzae RIB40 (XP_001822419.1), Aspergillus flavus NRRL3357 (XP_002382512.1),
Penicillium oxalicum (EPS32828.1), and Aspergillus fischeri NRRL 181 (XP_001261116.1).
Fully conserved residues are shown in red, block of similar residues are in blue, and weakly similar
residues are in green. The R, S, and A residues of the catalytic triad are shown in red with yellow
background.

2.3.3 rTI-Cyn activity and purification

Of the >100 clones screened for high titre of cyanate hydratase production, clone 26
displayed the highest extracellular rTI-Cyn activity (100+13 U mL™) and was selected for further

investigation. No cell bound rTI-Cyn activity was observed in clone 26 which indicated efficient
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functioning of the o-factor secretory signal sequence. A ~10-fold improvement in cyanate
hydratase production was achieved by the recombinant P. pastoris compared with the wild-type
T. lanuginosus. The rTI-Cyn was purified to homogeneity, in three steps viz., ultrafiltration, ion-
exchange chromatography and gel-filtration chromatography. The purity of rTI-Cyn was
confirmed by SDS-PAGE as a single band corresponding to ~20 kDa (Fig. 2.4). The purified rTl-
Cyn displayed a 34.66 fold increase in activity with a specific activity of 84545.45 U mg™ (Table
2.2).

Table 2.2 Summary of rTI-Cyn purification from the recombinant P. pastoris

Purification step Total activity Total protein  Specific activity Purification fold
(UmL?) (mg mL?) (Umg?)

Cell-free supernatant 100 0.041 2439 1

Ultrafiltration 209 0.076 2750 1.13

Anion exchange 185 0.0038 48684.21 19.96

Gel filtration 93 0.0011 84545.45 34.66

25kD
~20 kDa

1SkD
10 kD

Fig. 2.4 SDS-PAGE analysis profile of rTI-Cyn. Lane 1: protein marker, lane 2: purified rTI-Cyn.
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2.3.4 Biochemical characterization of rTI-Cyn

The optimum temperature and pH for rTI-Cyn activity were 60°C and pH 8, respectively
(Fig. 2.5). In addition, rTI-Cyn displayed ~60% of its activity at pH 5.0-7.0 and more than 60% at
pH 9.0. Similarly, it showed ~80% activity at 40°C and ~95% at 50°C, 70°C and 80°C. It was also
observed that the optimum pH of rTI-Cyn was similar to that of the other known cyanases reported
in literature (Elleuche and Pdggeler, 2008; Luque-Almagro et al., 2008). Furthermore, the rTI-Cyn
activity was marginally stimulated by Na" while other metal ions slightly inhibited or did not
influence the activity (Table 2.3). In addition, rTI-Cyn activity was remarkably inhibited by azide
(~44%), because it is a cyanide and cyanate analog. Conversely, the enzyme activity was not
inhibited by cyanide, urea, nitrite, EDTA, or dithioerythritol up to 10 mM concentrations. Similar
results were observed with cyanase from Pseudomonas pseudoalcaligenes CECT5344 (Luque-
Almagro et al., 2008). The reducing agent, f-mercaptoethanol displayed no effect on the rTI-Cyn
activity, signifying that -SH groups had no role in the catalytic activity or rTI-Cyn does not have
any free and accessible -SH groups. The chelating agent EDTA also had no effect on the rTI-Cyn
activity, indicating that it did not require any cations for activity. Similar effects were observed
with other enzyme where EDTA had no effect on enzymatic activity (Ranjan and Satyanarayana,
2016).
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Fig. 2.5 Influence of temperature (a) and pH (b) on rTI-Cyn activity. For optimum pH rTI-Cyn
activity was performed at 60°C and for optimum temperature rTI-Cyn activity was performed at
pH 8.0.
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Table 2.3 Effect of different metal ions on rTI-Cyn activity at 60°C for 10 min

Metal ions Relative enzyme activity (%)
Metal ion concentration
2 mM 5mM
As®* 96 +0.93 93+0.79
Cr2 92.6 +0.82 88.8 +0.84
Cd? 98+0.72 97 +0.79
Cu® 97 +0.92 95+ 0.86
Hg? 92 +0.89 89+0.90
Na* 102 + 0.63 106 + 0.68
Ni%* 99.2 +0.82 97.4+0.79
Pb?* 93+0.94 89 +0.83
Zn?* 100 +0.39 99.8 £0.48

Control (no metal ions) = 100 + 0.87

2.3.5 Kinetic parameters and thermodynamics of rTI-Cyn

The Michaelis constant (Km) and maximum velocity (Vmax) of rTI-Cyn were 0.34 mM and
2857.14 umoles mg*min, respectively. The turnover number (kca) and specificity constant
(kea/Km) of the rTI-Cyn were 2.14 x 10*stand 6.3 x 10’ M*s?, respectively, which was
remarkably higher than that of the other known cyanases (Anderson et al., 1994; Luque-Almagro
etal., 2008). A larger kcat value of the rTI-Cyn suggests that only low amount of enzyme is required

for its applications.

The deactivation constant (Kd) was calculated from the plot of In[Et/Eo] vs time
for rTI-Cyn (Fig. 2.6a). This value of Kq was substituted in Eq. (2) to calculate T2 of the rTI-Cyn.
The T2 values of the rTI-Cyn at 60°C and 80°C were 16.16 and 2.6 h, respectively. An Arrhenius
plot of the deactivation constant at different temperatures was plotted for calculating the
deactivation energy (Ed) of rTI-Cyn (Fig. 2.6b), which was 91.73 kJ mol™?. In addition, the
activation energy of rTI-Cyn was also calculated and found to be 41.5 kJ mol™, further this value

was substituted in Eq. (1) to calculate the temperature quotient (Q1o), and was 1.57.
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Fig. 2.6 Determination of thermodynamic parameters for the rTI-Cyn. (a) Plot of In[Ev/Eo] vs
time (h) for the calculation of deactivation constant (Kd) and T2 of rTI-Cyn at different
temperature [60°C (blue line), 70°C (black line), 80°C (green line)]. (b) Arrhenius plot of rTI-Cyn

for the calculation of deactivation energy [Ed].
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Thermodynamic parameters of thermal inactivation was calculated for rTI-Cyn by applying
the first order kinetics to the thermal inactivation data. The overall AG, AH and AS values for
thermal inactivation of rTI-Cyn were positive (Table 2.4). The enthalpy change (AH) represents
the energy required for thermal denaturation of the protein. A large AH value signifies that high
energy is required for breaking covalent bonds during thermal inactivation of rTI-Cyn. Free energy
change (AG) was positive for rT1-Cyn, which indicates that the thermal denaturation of
recombinant enzyme was non-spontaneous as reported for other enzymes (Ranjan et al., 2015;
Parashar and Satyanarayana, 2016; Ranjan and Satyanarayana, 2016). Also, the viability of any
chemical reaction is mostly determined by the measurement of change in Gibbs free energy (AG),
more precisely for the transformation of E-S complex into products. The lower the AG, the more
viable is the reaction. Enzyme denaturation is also accompanied by an increase in the
conformational disorder of the enzyme structure, which can be measured as entropy change (AS).

Thus, AS values decreases with increasing enzyme stability (Yadav et al., 2018).

Table 2.4 The thermodynamic parameters of rTI-Cyn measured during thermal deactivation at

various temperatures

Temp (K)  Kq(h?) T2 (h) AH (kJ mol'Y)  AG(kJ mol!)  AS (J molt K1)

333.15 0.043 16.16 88.96 52.33 110.00
343.15 0.113 6.14 88.88 51.23 109.78
353.15 0.266 2.6 88.79 50.29 109.07

2.3.6 FTIR spectroscopy analysis

Complete degradation of cyanate and liberation of ammonia after the addition of rTI-Cyn
in the reaction mixture was confirmed by FTIR analysis (Fig. 2.7). A characteristic peak in the
range of 3400 and 3320 cm™ was observed for ammonia and in contrast, a peak in the range of
2300-2100 cm™ was observed for cyanate, in the control experiment (Fig. 2.7). Similar peaks were
observed by Morimoto et al. (1976) for ammonia and by Alwis et al. (2015) for cyanate.
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Fig. 2.7 FTIR analysis to assess the liberation of ammonia and complete degradation of cyanate
using rTI-Cyn [red line- reaction mixture without rTI-Cyn (control) and blue line with rTI-Cyn].

2.3.7 Cyanate detoxification by rTI-Cyn

The degradation potential of rTI-Cyn was assessed in wastewater as well as in buffered
(control) samples supplemented with 5-20 mM cyanate. Complete degradation of cyanate (10 mM
concentration) was achieved in buffered sample (control) and 90% in a wastewater sample, within
10 min of incubation. Moreover, more than 80% of cyanate degradation was achieved, upto 20
mM cyanate concentration, in wastewater and control samples under the same conditions (Fig.
2.8). A similar study showed that 80% of cyanide (20 mM, KCN) degradation was achieved using
cell-free extracts of Rhodococcus UKMP-5M in 80 min (Nallapan Maniyam et al., 2015). In
addition, the concentration of heavy metals were also examined by AAS in wastewater samples
under spiked and un-spiked conditions (Table 2.5). These findings revealed that the presence of
heavy metals in the reaction mixture had no substantial effect on the catalytic activity of rTI-Cyn,
achieving ~95% cyanate degradation compared to un-spiked samples. Furthermore, it was also

noticed that the degradation of cyanate was lower in a wastewater sample compared to buffered
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sample. This could be due to the fact that wastewater contains many impurities which might have
inhibited the proper binding of rTI-Cyn to cyanate.
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Fig. 2.8 Degradation of cyanate in wastewater and control samples using rTI-Cyn.
Control= Tris-HCI buffer (50 mM, pH 8.0).
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Table 2.5 Heavy metal analysis of a wastewater sample under spiked and un-spiked conditions

using atomic absorption spectroscopy

Metals Spiked with metals [mg L] Not spiked with metals [mg L]
Ag’ 0.32 0.01

Au®* 1.77 0.16

Cd? 574 0.01

Cr?* 61.2 0.01

Cu?* 263 <0.01

Fe?* 167.5 <0.01

Pb%* 20.8 0.49

Zn* 319 <0.01

2.4 Conclusions

The cyanate hydratase gene of T. lanuginosus SSBP was successfully expressed in

P. pastoris. The recombinant P. pastoris produced ~10-fold higher titre of cyanate hydratase

activity compared with the original host. The high thermostability, catalytic-efficiency and metal-

tolerance of rTI-Cyn makes it a good biocatalyst for cyanate detoxification.
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CHAPTER 3

A novel strategy for the efficient removal of toxic cyanate by the combinatorial
use of recombinant enzymes immobilized on aminosilane modified magnetic

nanoparticles

(Published: Ranjan, B., Pillai, S., Permaul, K., and Singh, S. (2018) A novel strategy for the
efficient removal of toxic cyanate by the combinatorial use of recombinant enzymes immobilized

on aminosilane modified magnetic nanoparticles. Bioresource Technology. 253: 105-111).

3.1 Introduction

Cyanide is one of the most toxic chemicals widely used in mining industries for the
extraction of metals and electroplating (Barakat et al., 2004; Luque-Almagro et al., 2016). The
mining industry discharges several billion pounds of toxic wastewaters, which in addition to
cyanide, contains silver, gold, cadmium, chromium, copper, iron, lead, zinc etc. (Lugque-Almagro
etal., 2011). Cyanide is also applied as an anticaking agent in road salt and fire retardants. Cyanate
(OCN)) is an important cyanide derivative formed by its oxidation (Lugue-Almagro et al., 2016),
and is present in cyanide contaminated environments. The application of pesticides and fungicides

in agriculture also results in the accumulation of cyanate in the environment (Elmore et al., 2015).

The treatment of cyanurated wastewaters has been performed using several physical,
chemical and biological methods or combinations of them (Papadimitriou et al., 2006; Sharma et
al., 2012; Pal and Kumar, 2013; Glanpracha and Annachhatre, 2016). Alkaline breakpoint
chlorination [Equation (1a, b)] is a commonly used chemical oxidation method for cyanide
removal (Barakat et al., 2004; Baxter and Cummings, 2006).

Cl,+CN° ————3» CNCI+CI’ (1a)

CNCI+H,0 ————3 OCN +ClI'+2H" (lb)

However, this method has substantial disadvantages as it needs special requirements for waste

removal, releases more toxic chemical agents (such as OCN") and the potential formation of
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chlorinated organic compounds (Huertas et al., 2010). Alternate chemical treatments such as the
SO2/air (INCO) process have also been used, which involves combining sulphur dioxide with
oxygen and cyanide compounds in the presence of a copper catalyst [Equation (2)] and the
oxidation of cyanide compounds using hydrogen peroxide [Equation (3)], which also results in the

formation of cyanate (Baxter and Cummings, 2006).

Cu®* catalyst
CN + S0, + O, + H,0 » OCN +H,SO, (2

Cu’" catalyst
CN" + H,0, » OCN'+H,0 ()

Due to the several disadvantages allied with chemical treatments for cyanide removal, eco-friendly
technologies by means of activated sludge (Papadimitriou et al., 2009; Ryu et al., 2017) or
microbes (Ebbs, 2004) have been employed. However, the complex nature of polluted
wastewaters, and the high concentrations of cyanide or cyanate in industrial effluents, may weaken
the sustainability and activity of microorganisms (Papadimitriou et al., 2009; Sharma and Philip,
2014). In contrast, the cyanate hydrolyzing enzyme, cyanate hydratase (also called as cyanase),
detoxifies cyanate by transforming it to ammonium (NH4") and carbon dioxide (CO2) in a
bicarbonate-dependent reaction (Johnson and Anderson, 1987). Since bicarbonate is required to
facilitate the reaction, a novel strategy was developed to limit the dependency on exogenous
bicarbonate by the combinatorial use of two recombinant enzymes, rTI-Cyn and recombinant

carbonic anhydrase (rTI-CA) for cyanate removal.

The use of free enzymes have some limitations such as, large consumption, difficulty in
separation and recycling, which are key factors for their effective utilization at industrial scale
(Madhavan et al., 2017). Enzyme immobilization offers an alternative to resolve the challenges
associated with the reusability of enzymes coupled with numerous advantages, such as, enhanced
thermal stability and ease of separation (Dehnavi et al., 2015; Zhou et al., 2017). Immobilization
methods generally include adsorption (Wu et al., 2014), combination (Karimi et al., 2014), and
entrapment (Kovalenko et al., 2013). Due to the increasing demands for enzyme applications in
various industrial processes, there is a constant search for new materials to be used for

immobilization. Among these, magnetic nanoparticles (MNPs) are deemed appropriate for enzyme
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immobilization owing to their small size, high surface area, superparamagnetism, low toxicity and

good catalytic properties (Xu and Wang, 2012; Pereira et al., 2017).

The use of surface functionalization of MNPs increases their stability in solution which
prevents the formation of agglomerates due to magnetic dipole interactions (Villa et al., 2016).
Surface functionalization also facilitates the attachment of anchoring mediates and subsequent
grafting of acidic, basic, hydrophilic or hydrophobic functional groups. This contributes to an
engineered surface with selective affinity towards diverse bio-compounds which are amenable to
biocompatibility measures (Kovalenko et al., 2013; Dehnavi et al., 2015). Silanization is one of
the most widely-used techniques for introducing functional groups on the surface of MNPs (Faridi
etal., 2017).

In this chapter, the detoxification of cyanate was assessed by the combinatorial use of
recombinant enzymes, rTl-Cyn and rTI-CA. As the ability of rTI-Cyn for cyanate detoxification
has been described in the previous chapter, this chapter focuses on: (i) to evaluate the synergistic
effect of rTI-Cyn and rTI-CA on the degradation potential of cyanate at varying concentrations of
bicarbonate; (ii) to determine the influence of rTI-CA on the efficacy of cyanate degradation under
the same conditions; (iii) to immobilize the rTI-Cyn and rTI-CA on silanized MNPs and assess
their reusability in cyanate degradation; (iv) to characterize the free and immobilized MNPs using
FTIR spectroscopy, FE-SEM, and XRD analysis.

3.2 Materials and Methods
3.2.1 Strains and reagents

All plasmid constructions were performed using E. coli DH5a as the host and E. coli BL21
(DE3) (Invitrogen) was used as the expression host. The pJET1.2/blunt vector (Thermo Scientific)
was used as the cloning vector for nucleotide sequence determination. pET28a(+) (Novagen)
vector was used for the cloning and expression of TI-Cyn and TI-CA genes. Ni?*-NTA agarose
resin (Qiagen) was used for protein purification. Restriction enzymes were procured from New
England Biolabs (NEB). Primers used in this study were procured from Integrated DNA
Technologies (IDT). Wastewater samples were collected from the influent of an industrial

wastewater treatment plant in KwaZulu-Natal, South Africa.
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3.2.2 RNA isolation, cDNA synthesis and construction of TI-Cyn and TI-CA plasmids

RNA isolation and cDNA synthesis from T. lanuginosus SSBP were performed as
described previously in chapter 2. Cyanate hydratase and carbonic anhydrase genes were amplified
from cDNA using primers P1/P2 and P3/P4, respectively (Table 3.1), containing EcoRI and
HindlIll restriction sites. PCR conditions used in this study were as follows: denaturation at 95°C
for 1 min; 25 cycles (denaturation at 95°C for 40 s, annealing at 58°C for 30 s, elongation 72°C
for 60 s) and final elongation at 72°C for 8 min, for the amplification of TI-Cyn and TI-CA genes.
PCR products of 500 bp and 583 bp for TI-Cyn and TI-CA, respectively were obtained and digested
with EcoRI and Hindlll restriction enzymes and cloned into the plasmid pET28a(+) vector to make
pET28a-TI-Cyn and pET28a-TI-CA constructs. The constructs were confirmated by double
digestion with EcoRI and Hindlll. The presence and precise positioning of the inserts were

confirmed by DNA sequencing.

Table 3.1 Primers used in this study

Primers Oligonucleotide sequence (5 —3")
P1 CGGAATTCATGGCTGATATCGCAACCC
P2 GGTTAAGCTTTTAGAATCGACTGTATGGC
P3 CGGAATTCATGGGTTTCCGCATTTATGGC
P4 GGTTAAGCTTTTATGTGCACACCTCCGGATCAAC

GAATTC- restriction site for EcoRIl; AAGCTT- restriction site for HindlI1.

3.2.3 Expression and purification of rTI-Cyn and rTI-CA

Plasmids isolated from both the positive clones, pET28a-TI-Cyn and pET28a-TI-CA were
transformed into E. coli BL21 (DE3), and the transformants were cultured at 37°C for 16-18 h in
LB medium supplemented with kanamycin (50 pg/mL). LB-kanamycin medium (100 mL) was
inoculated with E. coli BL21 (DE3) and cultivated at 37°C until the absorbance (Asoo) reached 0.5
to 0.7 (Ranjan et al., 2015). The expression of TI-Cyn and TI-CA genes under the control of the
T7 promoter was induced by adding 0.8 mM isopropyl-p-D-thiogalactopyranoside (IPTG) with
further incubation at 25°C for 8 h. The cells were harvested by centrifugation (13000 x g for 20
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min) and cell pellets were resuspended in Tris-HCI buffer (50 mM, pH 8.0). Resuspended cells
were sonicated using 2 s pulses for 10 min at 21% amplitude in a ultrasonic sonicator (Sonics
Vibra-cell), to release the intracellular proteins. Thereafter, sonicated samples were centrifuged
(213000 x g for 20 min) to remove cell debris, and the supernatant was evaluated for enzyme
activity. Recombinant cyanate hydratase and carbonic anhydrase were purified as described by

Parashar and Satyanarayana (2016).
3.2.4 Enzyme assays

Cyanate hydratase activity was determined as previously described in chapter 2. One unit
(V) of cyanate hydratase was defined as the amount of enzyme that liberates 1 pmol of ammonium

per minute under the standard assay conditions.

Carbonic anhydrase activity was analyzed by a modified protocol of Khalifah (1971). The
assay was carried out at 4°C by adding 0.1 mL of rTI-CA to 3.0 mL of Tris-HCI buffer (20 mM,
pH 8.0). Thereafter, the reaction was initiated by the addition of ice-cold CO2-saturated water (2.0
mL). The time interval for the pH to decrease by 1 unit (from 8.0 to 7.0) due to the release of
protons during CO2 hydration was measured. One unit of rTI-CA activity was defined as the
amount of enzyme required to reduce pH of the buffer from 8.0 to 7.0, and expressed as Wilbur-

Anderson (WA) units per unit volume.
3.2.5 Biodegradation of cyanate by rTI-Cyn

rTl-Cyn (20 U) was added to reaction mixtures (1 mL total volume) containing Tris-HCI
buffer (50 mM, pH 8.0), NaHCOs3 (3 mM), KOCN (4 mM), and was incubated at 60°C for 10 min
in a reciprocating water bath at 100 rpm. The stability of rTI-Cyn in the presence of heavy metal
ions such as Ag*, Au®*, Cd?*, Cr?*, Cu?*, Fe?*, Pb?*, and Zn?* was also assessed. In addition, the
buffered sample was replaced with an industrial wastewater sample (1 mL total volume) spiked
with cyanate (4 mM). Thereafter, samples were incubated for 10 min and centrifuged at 10000 x
g for 10 min. The resulting supernatants were analyzed spectrophotometrically for the product
released at 420 nm. Samples were also analyzed by Fourier transform infrared spectroscopy
(FTIR) for the presence of ammonia and cyanate, as previously described in chapter 2. The
concentration of different heavy metals in the wastewater sample was analyzed by atomic
absorption spectroscopy (AAS) (Srikanth et al., 2013).
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3.2.6 Biodegradation of cyanate by rTI-Cyn and rTI-CA and optimization of their

concentrations

rTlI-Cyn (20 U) was added to reaction mixtures (1 mL total volume) containing Tris-HCI
buffer (50 mM, pH 8.0), NaHCOs3 (3 mM) and KOCN (4 mM). Incubation of the reaction mixtures
were carried out for 10 min at 60°C in a shaking water bath at 100 rpm, and the liberation of
ammonia was measured by a colorimetric method. NaHCOs at different concentrations (0.3-3.0
mM) were also added to the buffered samples at the above conditions and ammonia release was
analyzed. rTI-Cyn and rTI-CA were also mixed together, and incubated at the above conditions
and was evaluated for cyanate degradation. Buffered samples were replaced with industrial
wastewater and the reaction was carried out under the same conditions. Varying concentrations of
rTI-CA were used in combination with rTI-Cyn, together with different concentrations of

NaHCOs, to determine the minimum amount of rTI-CA required for cyanate degradation.
3.2.7 Synthesis of MNPs

A chemical co-precipitation method was used for the preparation of MNPs (Can et al.,
2009), wherein a 1.75:1 molar ratio of Fe3":Fe?* was dissolved in 320 mL of Milli-Q water. The
mixture was stirred vigorously under N2 at 80°C for 1 h. Aqueous ammonia solution (25%) was
added to the mixture to raise the pH to ~10, and continuously stirred for another 1 h under
N2-sparging and cooled to room temperature. The black magnetic slurry was collected by a magnet
and thereafter washed several times with ethanol followed by several cycles of washes with
Milli-Q water. Finally, MNPs were dispersed by sonication for 15 min and the precipitates were

removed and dried under vacuum at 60°C overnight.
3.2.8 Silanization of MNPs by (3-aminopropyl)-triethoxysilane (APTES)

The MNPs obtained from co-precipitation (1.0 g) were dispersed in a solution of APTES
(20%) and glycerol (4.0 mL) and the mixture was heated for 2 h at 90°C with simultaneous
N2-sparging and mechanical stirring, as previously described (Faridi et al., 2017). The solution
was cooled to room temperature and the modified MNPs were sonicated for 10 min, collected with
a magnet followed by several washings with ethanol and Milli-Q water and dried under vacuum
at 60°C overnight.
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3.2.9 Immobilization of rTI-Cyn and rTI-CA on modified MNPs

Prior to immobilization on modified MNPs, carboxyl groups of rTI-Cyn and rTI-CA were
pre-treated  with  3-(3  dimethylaminopropyl) = N’-ethylcarbodiimide = (EDC) and
N-hydroxysuccinimide (NHS) as described previously (Faridi et al., 2017). EDC (4 mg) was added
to a 10 mL solution of rTI-Cyn:rTI-CA (1:0.75; v/v), incubated at room temperature for 1 h with
gentle shaking, followed by the addition of NHS (5 mg). The pre-treated enzymatic solution was
then added to MNPs (20 mg) and incubated at room temperature for 3 h with gentle shaking. A
schematic illustration of the MNPs synthesis, their modification and immobilization of
rTI-Cyn/rTI-CA is shown in Fig. 3.1.

3.2.10 Determination of the binding efficiency of rTI-Cyn and rTI-CA onto silanized MNPs

MNPs (5 mg) were mixed with the recombinant enzyme (1-10 mg) for 3 h. After
immobilization, the amount of free enzyme in the supernatant was measured by the Lowry method
(Lowry et al., 1951), using bovine serum albumin as the standard. The binding capacity of the
MNPs against varied concentrations of enzyme was determined by the difference in concentration
of the free enzyme after immobilization against the initial enzyme concentration (Faridi et al.,
2017).

50



" Magnetic
~ recycling

/\/\ N g |
Stirred at 90 °C under N, atm - EDC activation of rTI-Cyn & H o
3 /\/\
in the presence of APTES u 1 ) /\/\

NH
éN Hz NH, % 2 Activated rTI-Cyn & %
_ é 0

. H,oN

/ |

APTES -

Fig. 3.1 Schematic illustration of magnetic nanoparticles synthesis modified with APTES for
rTI-Cyn/rTI-CA immobilization.

3.2.11 Characterization of nanoparticles

Adsorption of functional groups on the surface of MNPs were confirmed by infrared
spectra of the nanoparticles recorded on FTIR spectroscopy (Perkin Elmer). Field emission
scanning electron microscopy (FE-SEM) was performed to study the morphology of MNPs using
a Zeiss Gemini instrument. The crystalline structure and phase purity of the MNPs prepared were
identified by X-ray diffraction (Philips PW1830).

3.2.12 Reusability of the immobilized enzyme

To study the reusability of FesO4/APTES-rTI-Cyn-rTI-CA, the immobilized enzyme was
recovered by magnetic separation after each batch reaction. The recovered immobilized-enzyme
was washed several times with Tris-HCI buffer (20 mM, pH 8.0) to prepare for the subsequent

batch reaction.
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3.3 Results and Discussion
3.3.1 Construction, expression and purification of rTI-Cyn and rTI-CA

TI-Cyn and TI-CA genes were constructed from the cDNA of T. lanuginosus SSBP and the
generated constructs, pET28a-TI-Cyn and pET28a-TI-CA, were confirmed by colony PCR and
double digestion (using EcoRI and HindllI restriction enzymes).

The expression of rTI-Cyn and rTI-CA were confirmed by investigating the whole-cell
protein profiles of the induced cultures (Fig. 3.2a). rTI-Cyn and rTI-CA were further purified to
homogeneity, and the purity of recombinant enzymes were confirmed by SDS-PAGE analysis.
The bands for rTI-Cyn and rTI-CA corresponding to ~18 kDa and ~22 kDa, respectively, were
visualized on SDS-PAGE (Fig. 3.2b). The sizes of rTI-Cyn and rTI-CA were comparable to those
reported for E. coli K12 (17 kDa) (Sung and Fuchs, 1988) and E. coli (24 kDa) (Guilloton et al.,
1992), respectively.

3.3.2 Effect of industrial wastewater components on cyanate degradation

The effect of industrial wastewater components, especially heavy metals, were evaluated
with purified rTI-Cyn in Tris-HCI buffer (50 mM, pH 8.0) containing 4 mM of cyanate. Complete
(100%) cyanate degradation was attained in buffered conditions (without the addition of heavy
metals) with 20 U of rTI-Cyn after 10 min. This was confirmed by UV-vis spectrophotometry and
also by FTIR spectroscopy. However, in other studies, nearly 60% of cyanide degradation was
observed using cyanide hydratase (Martinkovd and Chmatal, 2016), and the concentration of
cyanide was decreased by 50% using cell-free extracts of Rhodococcus UKMP-5M (Nallapan
Maniyam et al., 2015).
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Fig. 3.2 SDS-PAGE analysis profile of rTI-Cyn and rTI-CA. (a) whole-cell protein profile,
(b) purified protein profile: M- protein marker; L1- rTI-Cyn; L2- rTI-CA.
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The effect of individual heavy metals (Ag*, Au®**, Cd?*, Cr?*, Cu?*, Fe?*, Pb?* or Zn?*) on
rTI-Cyn activity was assessed. It was observed that heavy metals when applied individually was
not inhibitory to rTI-Cyn, as the enzyme displayed >91% of its initial activity. A 10% reduction in
enzyme activity was noticed when all the heavy metals were applied together. The concentration
of cyanate did not decrease in control experiments without rTI-Cyn. Since, degradation of cyanate
by rTI-Cyn was not affected by the addition of heavy metals, this suggests that the enzyme is

reasonably robust.
3.3.3 Application of rTI-Cyn in industrial wastewaters

rTlI-Cyn was able to degrade 90% of cyanate in industrial wastewater samples, not spiked
with heavy metals, and 85% of cyanate degradation when samples were spiked with heavy metals.
In addition, the concentration of heavy metals were examined by AAS in wastewater samples
under spiked and un-spiked conditions (Table 3.2). Cyanate was completely degraded in a buffered
sample within 10 min following the addition of rTI-Cyn. Cyanate degradation was also confirmed
by FTIR spectroscopy, with peaks in the range of 3400-3320 cm™ for ammonia and 2300-2100

cm for cyanate in control experiments (Fig. 3.3).

Table 3.2 Heavy metal analysis of industrial wastewater samples under spiked and un-spiked

conditions using atomic absorption spectroscopy

Metals Spiked with metals [mg L] Not spiked with metals [mg L]
Ag" 0.42 0.04

AUt 2.21 0.28

Cd? 627 0.02

Cr?* 77.4 0.03

Cu? 301.5 0.08

Fe2* 16.5 <0.01

Pb? 21.9 0.94

Zn?* 351 0.03
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Fig. 3.3 FTIR spectra showing degradation of cyanate and release of ammonia.

(a) Reaction mixture without rTI-Cyn, (b) reaction mixture with rTI-Cyn.
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Until now, only rTI-Cyn was used for the removal of cyanate from the industrial
wastewater sample (Chapter 2). Moreover, other close comparison is the cyanide hydratase
expressed in E. coli from A. niger K10, showed 80% degradation of cyanide (Rindgelova et al.,
2014). Although, rTI-Cyn is able to degrade cyanate in wastewater samples, there is a dependency
on bicarbonate for its effective degradation and this is a hurdle for any large-scale application. To

overcome this bottleneck, rTI-Cyn were complemented with rTI-CA from T. lanuginosus SSBP.
3.3.4 Combinatorial effect of rTI-Cyn and rTI-CA in industrial wastewater bioremediation

Cyanate degradation by rTI-Cyn was increased from 30 to 100% with increasing
concentrations of NaHCOs from 0.3 to 3 mM (Fig. 3.4a). In comparison, the combined application
of rTI-Cyn and rTI-CA, resulted in complete cyanate degradation with 0.6 mM NaHCOs (Fig.
3.4b). It was noted that, the combined use of rTI-Cyn and rTI-CA resulted in a 3-fold increase in
cyanate degradation in the presence of 0.6 mM NaHCOgs, where rTI-CA contributing to an overall
enhancement of 64%. This clearly shows that the synergy of rTI-Cyn and rTI-CA enhanced cyanate
degradation even at low bicarbonate concentration in comparison to rTI-Cyn alone. Three different
ratios of rTI-CA were tested, while rTI-Cyn was kept constant, in the presence of different
concentrations of NaHCOs (Fig. 3.4b, c, d), and observed that a rTI-Cyn:rTI-CA ratio of 1.0:0.75
was optimum for efficient cyanate degradation (Fig 3.4c). This optimized enzyme combination
was further used for the degradation of cyanate as well as for immobilization experiments.
Although, other cyanases have been previously reported (Elleuche and Pdggeler, 2008; Luque-
Almagro et al., 2008; Qian et al., 2011) their potential for the bioremediation of cyanurated
wastewaters has not been explored. The closest comparison to this study was the application of
cyanide hydratase and tyrosinase in a two-step process for phenol degradation (Martinkova and
Chmatal, 2016). Therefore, the combinatorial use of rTI-Cyn and rTI-CA opens up new prospects
for the efficient biodegradation of cyanurated industrial wastes. A schematic illustration of the
process for the expression of rTI-Cyn and rTI-CA and their combinatorial use to reduce

bicarbonate utilization in cyanate removal is shown in Fig. 3.5.
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Fig. 3.4 Degradation of cyanate in control and industrial wastewater at different concentrations of
NaHCOs by (a) rTI-Cyn, (b) rTI-Cyn:rTI-CA (1:1), (c) rTI-Cyn:rTI-CA (1:0.75), (d) rTI-Cyn:rTI-

CA (1:0.5). Control= buffered conditions without heavy metals. Industrial wastewater samples

were spiked with cyanate and different heavy metals.
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Fig. 3.5 Schematic demonstration of rTI-Cyn; rTI-CA expression and a strategy for the efficient

removal of cyanate by their combinatorial use to save the bicarbonate utilization.

3.3.5 Characterization of nanoparticles

FE-SEM images of FesOs4 and FesO4s/APTES nanoparticles revealed that the FesOs
nanoparticles had a diameter in the range of 50 to 200 nm (Fig 3.6). Morphological changes were
not evident for the APTES-grafted samples (Fig 3.6b) compared to their bare counterparts (Fig
3.6a).
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Fig. 3.6 FE-SEM images of bare Fe3O4 (a) and APTES grafted FesOas (b) nanoparticles.
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FTIR spectra showed characteristic peaks for Fe3sO4, FesO4/APTES and FesO4/APTES-rTI-
Cyn-rTI-CA nanoparticles (Fig. 3.7). A peak at 589 cm™ was associated with the Fe-O functional
groups (Fig. 3.7a) as demonstrated by the characteristic peak for FesO4 (Zhang et al., 2007). The
grafting of APTES to the surface of FesO4 nanoparticles were confirmed by the presence of a band
around 1055 cm, which is assigned to the Si-O groups (Kumar and Cabana, 2016; Faridi et al.,
2017). The peak detected near 1637 cm™ for the FesO4 nanoparticles was due to the adsorption of
water molecules to the surface via hydrogen bonds (Faridi et al., 2017). A broad peak acquired at
3200-3500 cm ™t in all of the spectra, originated from the hydroxyl group present on the surface of
the nanoparticles, uncondensed silanol groups present in the coating layer, and water on the
surfaces of the FesO4 nanoparticles adsorbed physically and chemically (Ma et al., 2003). Thus,
peaks displayed by FTIR confirmed the synthesis of FesOs nanoparticles and the grafting of
APTES on its surface. Some peaks were common in Fe3Oas, FesO4/APTES and FesO4/APTES-rTI-
Cyn-rTI-CA nanoparticles, however, the peak intensity of FesOs grafted with APTES or
APTES/enzymes decreased noticeably, confirming that functional groups and enzymes were
successfully introduced onto the surface of nanoparticles. Similar results were observed with the
functionalization of FesOs nanoparticles, as reported by Song et al. (2016). XRD analysis
confirmed the crystalline structure and phase purity of the FesO4 nanoparticles, which had six
characteristic peaks 20=35.25°, 41.55°, 50.62°, 63.11°, 67.57° and 74.49 (Fig. 3.8) that matched
well with the standard data of FesO4 (JCPDS 19-629).
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Fig. 3.8 XRD patterns of FesO4 nanoparticles.

3.3.6 Application of immobilized enzyme in cyanate remediation

Approximately 90% cyanate degradation was observed by FesO4s/APTES-rTI-Cyn in
industrial wastewater sample and complete degradation (100%) was achieved with buffered
sample at a NaHCOs concentration of 3 mM. Decreasing NaHCOs3 concentrations resulted in less
cyanate degradation (Fig. 3.9a). Surprisingly, the combination of rTI-Cyn and rTI-CA

nanoparticles also attained a 100% degradation of cyanate at 0.6 mM NaHCOs concentration (Fig.

3.9b).
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3.3.7 Determination of binding and storage stability of the immobilized enzyme

The economic viability of industrial enzyme applications are dependent on the cost of
enzyme production, therefore, enzymes with long-term reusability and storage stability are
preferred (Alex et al., 2014; Faridi et al., 2017). To this end, immobilization and storage stability
of FesO4/APTES-rTI-Cyn and FesO4#/APTES-rTI-Cyn-rTI-CA were evaluated by incubating them
in Tris-HCI buffer (20 mM, pH 8.0) at 4°C, and assessed for the release of free enzyme into the
supernatant after magnetic settlement. No free enzymes were detected in the supernatant over a
30-day incubation period from FesO4/APTES-rTI-Cyn and FesO4/APTES-rTI-Cyn-rTI-CA (Fig
3.10a). Similarly, enzymes stored at 4°C were analyzed every 5" day for enzyme activity over a
period of 30 days. The storage stability of the immobilized enzymes were satisfactorily stable and
retained almost 100% of their catalytic activity (Fig 3.10b), which highlighted its potential for
large-scale application.

3.3.8 Reusability of the immobilized enzyme

In an industrial bioremediation process, reusability of the immobilized enzyme is crucial,
as it determines the biodegradation potential after sequential reuses (Jiang et al., 2016).
Consequently, one of main aims was to use an immobilized enzyme with efficient bio-catalytic
properties and that can be easily recovered and reused. Reusability of immobilized enzymes in this
investigation was verified by the presence of more than 80% of residual activity in a wastewater

sample and 90% in a buffered sample after 10 cycles (Fig. 3.11).
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3.4 Conclusions

This study revealed that the combinatorial use of recombinant enzymes, rTI-Cyn and
rTI-CA, reduced the NaHCOs dependency by 80% as compared to rTI-Cyn alone for cyanate
remediation. In addition, the recombinant enzymes were successfully co-immobilized on magnetic
nanoparticles, with high stability retaining 100% of the catalytic activity over a period of 30 days.
More than 80% of the residual activity in wastewater and buffered samples was also retained after
10 catalytic cycles with this co-immobilized system. This unique and novel enzyme combination
clearly demonstrates its great potential for the bioremediation of cyanurated wastes on a large-

scale.
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CHAPTER 4

Simultaneous removal of heavy metals and cyanate in a wastewater sample

using immobilized cyanate hydratase on magnetic-multiwall carbon nanotubes

(Accepted: Ranjan, B., Pillai, S., Permaul, K., and Singh, S. (2018) Simultaneous removal of heavy
metals and cyanate in a wastewater sample using immobilized cyanate hydratase on magnetic-

multiwall carbon nanotubes. Journal of Hazardous Materials).

4.1 Introduction

Increasing global pollution by numerous toxic substances (cyanide, cyanate, heavy metals
etc.) as a result of mining, electroplating and several other industries, is a major threat to health
and ecosystems (Luque-Almagro et al., 2008; Dash et al., 2009; Huertas et al., 2010). This
warrants the need for efficient processes that are eco-friendly and cost-effective in bio-
remediation. The use of enzymatic bio-catalysis can be employed for sustainable remediation
(Mirizadeh et al., 2014; Sheldon and Woodley, 2017). However, the practical use of free enzymes
as bio-catalysts are limited, because of their instability, high costs of production and difficulty in
separation from the reaction mixture, for subsequent reuse (Tran and Balkus, 2011; Subrizi et al.,
2014). Consequently, enzyme immobilization offers an alternative to resolve these challenges
associated with free enzymes and making them industrially and commercially feasible (Feng and
Ji, 2011; Tran and Balkus, 2011; Sheldon and Woodley, 2017). Nanomaterials serve as ideal
support for enzyme immobilization as they provide high surface areas, large surface-to-volume
ratios, mass transfer resistance, and effective enzyme loading (Wang, 2006). A variety of structural
forms, such as nanoparticles, nanofibres, nanotubes, and nanocomposites have been used to
immobilize enzymes to improve their catalytic performance (Ahmed and Husain, 2012; Ke et al.,
2014). Carbon nanotubes (CNTs) serve as excellent immobilization matrices as they possess
unique structural, mechanical, thermal and biocompatibility properties (Verma et al., 2013;
Modugno et al., 2016). However, their potential use for bioremediation is limited, owing to
agglomeration from the strong attraction between the tiny carbon particles, which decreases their
effective surface area (Abo-Hamad et al., 2017). To address this limitation, CNTs can be further

processed by surface modification to reduce agglomeration and increase the available surface area
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(Johnson et al., 2011; Abo-Hamad et al., 2017). In addition, the efficiency of CNTs can be
improved by surface functionalization, which introduces chemical functional groups onto their
surface to obtain CNTs with desired properties (Shim et al., 2002; Pavlidis et al., 2010).

Enzyme immobilization onto the surface of CNTs can be achieved using physical
adsorption or covalent bonding (Pavlidis et al., 2010). Adsorption is a relatively simple method as
it is a chemical free enzyme binding process (Chronopoulou et al., 2011), however, leaching of
the enzyme from the immobilized carrier after a few catalytic cycles has limited its application
(Sheldon and Woodley, 2017). This could be overcome by covalent-binding of the enzyme to the
support matrix via reaction with amino acid functional groups (-NHz, -COOH and -SH) (Tran and
Balkus, 2011). Cross linkers such as glutaraldehyde have also been used for the covalent
immobilization of enzymes (Puri et al., 2005; Pavlidis et al., 2012; Subrizi et al., 2014). Studies
have shown that covalent binding methods yield relatively stable immobilized enzyme
preparations with more reusability than physical adsorption (Ahmed and Husain, 2012; Lal et al.,
2012). However, recovery of the CNTs-immobilized enzymes from the reaction mixture for
repeated use remains a major challenge. An effective solution for this is to develop CNTs with

magnetic properties (Georgakilas et al., 2005).

Thus far, several enzymes have been immobilized on magnetic CNTs, however, no
attempts have been made for the immobilization of cyanase to this carrier, although, the efficacy
of rTI-Cyn for cyanate detoxification has been described in Chapter 2. Therefore, in this chapter,
characterization and covalent immobilization of magnetic-multiwall carbon nanotubes (m-
MWCNTSs) with rTI-Cyn for the simultaneous removal of cyanate and heavy metals from
wastewater sample has been described. In addition, stability and reusability of the immobilized

enzyme was also evaluated.
4.2 Materials and Methods
4.2.1 Enzymes and chemicals

Multi-walled carbon nanotubes (6-13 nm outer diameter x 2.5-20 um length, >98%
carbon), ethylenediamine (EDA), O-(7-Azabenzotriazol-1-yl)-N,N,N',N'-tetramethyluronium
hexafluoro- phosphate (HATU) and glutaraldehyde were purchased from Sigma-Aldrich. All other
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chemicals used for the modification of MWCNTSs were purchased from Merck. The rTI-Cyn was

produced and purified as reported in chapter 2.

4.2.2 Modification of MWCNTSs

The MWCNTSs (1 g) were treated with a 3:1 (v/v) mixture of concentrated H2SO4 and
concentrated HNOs in a screw cap bottle, and refluxed at 120°C for 30 min (Verma et al., 2013).
The MWCNTS suspension was cooled at room temperature, vacuum-filtered with a 0.22 pum pore
polytetrafluoroethylene (PTFE) membrane and washed with Milli-Q water until a neutral pH was
achieved. The oxidized nanotubes (ox-MWCNTS) were vacuum dried at 80°C for 8 h and the dry

powder was stored at room temperature.
4.2.3 Preparation of magnetic MWCNTSs

Iron-oxide nanoparticles were synthesized by chemical co-precipitation as described by
Faridi et al. (2017). m-MWCNTSs were prepared according to the method of Juan and Xin (2012)
with minor modification. ox-MWCNTSs and iron-oxide with a ratio of 4:1 (w/w) was dispersed in
a solution of Milli-Q water and ethanol (1:1, v/v). The mixture was sonicated for 2 h, stirred at
room temperature for 96 h, filtered using a 0.22 um PTFE membrane, and vacuum dried at 60°C
for 16 h.

4.2.4 Amino-functionalization of m-MWCNTSs

m-MWCNTs (100 mg) were dispersed in ethylenediamine (EDA, 60 mL) for amino-
functionalization. The coupling agent, HATU (8 mg) was added to increase the reaction yield and
the mixture was sonicated for 4 h at 40°C. The samples were thereafter diluted in absolute
methanol (300 mL) and filtered using a 0.22 um PTFE membrane filter. The filtrate was washed

several times with methanol and vacuum dried at 60°C for 8 h.
4.2 .5 Characterization of MWCNTs and m-MWCNTSs

Scanning electron microscopy (SEM) was carried out on the pristine MWCNTSs and ox-
MWCNTSs using a Zeiss GeminiSEM equipped with a field emission electron gun. Micrographs
were taken at 5 kV and composites were coated with gold before analysis. High-resolution
transmission electron microscopy (HRTEM) was carried out using a JEOL JEM-2100 instrument

operating at 200 kV. The crystalline structure and phase purity of the samples were analyzed by
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X-ray diffraction using X’Pert Pro diffractometer (PANalytical) with a Co anode at 40 kV and a
wavelength 0.179 nm. Data was collected in the range of 20 = 5-90°. Fourier transform infrared
(FTIR) spectra was recorded on a Perkin Elmer instrument after dispersing the samples in a KBr
pellet as described previously in chapter 2, to confirm the presence of amino groups in the

functionalized carbon nanotubes.
4.2.6 Enzyme immobilization onto functionalized m-MWCNTSs

The amino-functionalized m-MWCNTSs (5 mg) were dispersed in Tris-HCI (50 mM, pH
8.0) buffer (10 mL) and sonicated for 30 min to achieve a homogenous dispersion. Glutaraldehyde
(1 M) was thereafter added to the solution for the surface activation of nanotubes (Verma et al.,
2013), followed by gentle shaking at room temperature for 1 h. m-MWCNTSs were magnetically
separated and washed several times with Milli-Q water to remove excess glutaraldehyde followed
by washing with buffers of different pH values [(Tris-HCI buffer (50 mM, pH 7.0-8.0) and glycine-
NaOH buffer (50 mM, pH 9.0)], to confirm the optimum pH for immobilization. Varying amounts
of rTI-Cyn (ranging from 0.2 to 1 mg; total volume of 5 mL) were immobilized onto surface-
activated m-MWCNTSs (1 mg) by gentle shaking overnight. The excess enzyme was separated by
collecting the m-MWCNTSs using a magnetic field, and the supernatant was assayed for enzyme
activity to calculate the immobilization efficiency (Subrizi et al., 2014). The immobilized m-
MWCNT-rTI-Cyn was washed several times with respective buffers (used for immobilization) to
confirm the complete removal of unbound enzyme. The amount of enzyme in the supernatant after
each wash cycle was quantified to determine the total amount of free enzyme leached. The absence

of enzyme in the washing buffer was confirmed by standard enzyme and protein assays.
4.2.7 Determination of rTI-Cyn activity

The activity of native and immobilized cyanase was measured as previously described in

chapter 2.
4.2.8 Biochemical characterization of free and immobilized rTI-Cyn

The optimum pH for free and immobilized rTI-Cyn was determined by conducting enzyme
assays at different pH values (7 to 9) using Tris-HCI buffer (50 mM, pH 7.0-8.0) and glycine-
NaOH buffer (50 mM, pH 9.0) at 60°C. Similarly, the optimum reaction temperature was
determined by performing cyanate hydratase assays at various temperatures (40 to 80°C) at pH
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8.0. Relative activity of the free and immobilized rTI-Cyn at a selected range of pH and

temperature was also determined.
4.2.9 Determination of kinetic constants

The kinetic constants of immobilized m-MWCNT-rTI-Cyn were determined by measuring
the initial rates of the reaction with different cyanate concentrations, ranging from 0.1 to 3 mM, in
Tris-HCI buffer (50 mM, pH 8.0) at 60°C. The Km and Vmax values were calculated after plotting
data in a Lineweaver-Burk plot. All experiments were performed in triplicate using native and

immobilized rTI-Cyn.
4.2.10 Storage stability

The storage stability of free and immobilized m-MWCNT-rTI-Cyn was carried out by
storing in Tris-HCI buffer (50 mM, pH 8.0) at 4°C over a period of 30 days. Sampling was done
over 5 day intervals and enzyme activity was expressed as the relative activity with respect to time

zero (representing 100%).
4.2.11 Enzyme recycling

The reusability of immobilized m-MWCNT-rTI-Cyn was assessed at 60°C by determining
the degradation of cyanate in the control and wastewater samples, as described previously for the
free enzyme in chapter 2. After each cycle, the immobilized m-MWCNT-rTI-Cyn was recovered
by magnetic separation, washed several times, and reused. For each run, the cyanase activity was

expressed as the percent relative activity with respect to the first run (considered as 100%).
4.2.12 Simultaneous removal of cyanate and heavy metals from wastewater sample

The cyanate and heavy metal removal tests were performed by the addition of m-MWCNT-
rTI-Cyn (1 mg) in synthetic wastewater samples (20 mL) supplemented with cyanate (4 mM) and
heavy metals (5 mM each; lead, chromium, copper and iron), followed by shaking at 100 rpm for
30 min. The heavy metal removal was assessed by atomic absorption spectrophotometry (AAS)
and the residual cyanate concentration was analyzed by a colorimetric method. A schematic
representation for the simultaneous removal of cyanate and heavy metals from wastewater sample
by m-MWCNT-rTI-Cyn is shown in Fig. 4.1.
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Fig. 4.1 A schematic representation for the simultaneous removal of cyanate and heavy metals

from wastewater sample by m-MWCNT-rTI-Cyn.

4.3 Results and Discussion

4.3.1 Modification, functionalization and characterization of MWCNTs and m-MWCNTSs

To develop efficient enzyme immobilization supports, studies were carried out with

MWCNTSs because of their low cost and greater commercial availability (Subrizi et al.,

However, the low dispersibility of MWCNTS in aqueous solutions even after prolonged sonication

(Fig. 4.2a), results in the lack of available surfaces for enzyme immobilization. MWCNTSs were

oxidized by refluxing at 120°C in a mixture of concentrated sulfuric and nitric acids (3:1, v/v) for
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30 min, followed by repeated washing with Milli-Q water until the pH became neutral. This
treatment has allowed for the removal of impurities and increased the dispersibility of MWCNTs
in aqueous solution (Fig. 4.2b), by introducing carboxyl and hydroxyl groups (Modugno et al.,
2016). The resulting ox-MWCNTSs suspension (Fig. 4.2b) showed minimal flocculation even after
storing for 2 weeks in aqueous solution, thus opening the possibility for long-term application.
Increased dispersion of ox-MWCNTs was also verified by spectroscopy (Asoo) and a linear
relationship between absorbance and concentration of ox-MWCNTSs was observed, indicating that
the particles were evenly dispersed. These changes in the properties of ox-MWCNTSs could be
attributed to the introduction of oxygenated functional groups onto their surface, which form
hydrogen bonds with water thereby increasing their dispersibility (Asuri et al., 2006; Umbuzeiro
et al., 2011; Subrizi et al., 2014).

Fig. 4.2 Aqueous dispersion test of pristine (a) and oxidized (b) MWCNTSs.
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In addition, FEG-SEM analysis was carried out to demonstrate the effect of oxidation on
the morphological changes of MWCNTSs. The smooth appearance of the well-separated pristine
MWCNTs (Fig. 4.3a) has changed to more dense structure, after oxidation (Fig. 4.3b). This has
probably resulted from the successful introduction of acid functional groups onto the MWCNTSs
surface, which is in accordance with the report by Mubarak et al. (2014), wherein functionalized

multiwall carbon nanotubes was used for the immobilization of cellulase.

m-MWCNTSs were prepared and their magnetic properties were initially tested by the
application of a magnetic field (Fig. 4.4). HRTEM images has revealed the presence of MWCNTSs
filled with iron-oxide nanoparticles (Fig. 4.5). The absence of iron-oxide nanoparticles on the
HRTEM carbon film suggests that nanoparticles have successfully entered the tubes and
unattached nanoparticles were completely removed from the m-MWCNTSs. Furthermore, powder
XRD revealed the presence of the typical peaks for both iron-oxide and MWCNTs in m-MWCNTSs
(Fig. 4.6), indicating that the phase remained unchanged during the preparation process, and also
confirmed the attachment of iron-oxide nanoparticles onto the MWCNTSs. This is in accordance
with the results from previous studies, where it was observed that the characteristic peaks of
MWCNTSs remain unchanged in the presence of magnetic phase in the composites (Xiu-juan and
Xin, 2012; Fan et al., 2017).

FTIR analysis has confirmed the presence of amino groups in the functionalized carbon
nanotubes (Fig. 4.7). IR spectra showed the presence of amine and ester groups with symmetric
and asymmetric stretching vibration of -CH2 groups at 2924 and 2848 cm™, respectively. The
absorption peak at 1638 cm™ is attributed to the stretching vibration of C=0 in the amide group.
Also, the broad band which appeared at 3430 cm™ was due to the hydroxyl stretching vibration,
as reported in the literature (Pavlidis et al., 2010; Verma et al., 2013). However, these bands did
not appear in the spectra of pristine nanotubes, which suggests that organic groups were
successfully attached to the surface of functionalized nanotubes. This result is in accordance with
a previous report, wherein no peaks were observed for pristine carbon nanotubes (Verma et al.,
2013).
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Fig. 4.3 FEG-SEM images showing the change in surface morphology after oxidation of pristine
(a) and oxidized (b) MWCNTS.
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Fig. 4.5 HRTEM micrographs of (a) MWCNT and (b) m-MWCNT, showing entrapped iron-oxide

within an internal cavity of tubes; inset shows a zoomed-in image of entrapped iron-oxide.
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4.3.2 Immobilization of rTI-Cyn onto m-MWCNTSs
4.3.2.1 Effect of pH on rTI-Cyn immobilization

pH is a critical factor in many enzyme-driven reactions as well as in the immobilization
process (Ke et al.,, 2014). It was noted that alkaline conditions were most-suited for the
immobilization process of rTI-Cyn (Fig. 4.8a). The increase in immobilization yield at pH 8.0
might have favoured the Schiff base reaction between e-NH2 groups on the surface of rTI-Cyn and
m-MWCNTSs activated by glutaraldehyde. In another study, it was also observed that an alkaline

pH was beneficial for the Schiff base reaction for the immobilization of lipase (Fan et al., 2017).
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Although several enzymes have been immobilized on a carrier activated by glutaraldehyde, there

are no reports on the immobilization of cyanate hydratase.
4.3.2.2 Effect of rTI-Cyn concentrations on immobilization

The rTI-Cyn activity and immobilization yield gradually increased with the increase of
enzyme concentrations up to 0.6 mg, beyond which both declined (Fig. 4.8b). It can be concluded
that the low concentration of enzyme during the immobilization process would have increased the
bonding between enzyme and linker, leading to enhanced activity and immobilization yield. Thus,

a rTI-Cyn concentration of 0.6 mg was selected for immobilization.
4.3.3 Effect of pH and temperature on the catalytic activity of free and immobilized rTI-Cyn

The optimum pH for the catalytic activity of both free and immobilized enzymes was pH
8.0 (Fig. 4.9a). However, the immobilized enzyme was more active at higher pH in comparison to
the free enzyme (Fig. 4.9a). This could be advantageous for cyanurated waste remediation, as the
nature of these wastes are usually alkaline, which is a major bottleneck for most of the enzymatic
bio-remediation process (Huertas et al., 2010). The change in activity could be attributed to the

improvement in enzyme stability through covalent immobilization onto the carrier.

The optimum temperature for both the enzymes was 60°C and it was observed that
temperature variations had minimal effect on the immobilized enzyme activity in comparison to

the free enzyme (Fig. 4.9b).
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4.3.4 Determination of the kinetic constants

The Michaelis constant (Km) and maximum velocity (Vmax) for free and immobilized
enzymes were 0.34 and 0.51 mM and 2857.14 and 3141.72 umoles mg™* min, respectively. The
1.5 fold increase (0.51 mM) in the Km for immobilized enzyme was possibly due to the diffusional
limitation, which resulted in a lower enzyme-substrate complex formation. However, a 4-fold
increase in the Km value was reported for an immobilized lipase from T. lanuginosus in comparison
to the free enzyme (Sorensen et al., 2010). Irrespective of the Km, m-MWCNT-rTI-Cyn showed a
Vmax 0f 3141.72 umoles mg™* min't, which is 1.1 fold higher than free rTI-Cyn, indicating a better

efficiency of the immobilized enzyme.
4.3.5 Storage stability and reusability properties

Major advantages of immobilized enzymes is their increased stability and reusability
(Subrizi et al., 2014). The storage stability of free and immobilized enzymes were evaluated and
showed that almost 100% of initial activity was retained over 30 days (Fig. 4.10a). This confirms
that covalent immobilization of rTI-Cyn to m-MWCNTSs did not affect the enzyme stability and

also prevented the leaching of the enzyme from the immaobilized carrier.

The reusability of m-MWCNT-rTI-Cyn was assessed in a batch operation mode for 10
cycles during the degradation of cyanate at 60°C with each cycle lasting for 10 min (Fig. 4.10b).
Strikingly, the m-MWCNT-rTI-Cyn retained >94% of its initial activity after 10 consecutive
cycles. However, in another study MWCNT-cellulase retained only 52% of its initial activity after
6 catalytic cycles (Mubarak et al., 2014). This small loss in activity (<5%) of m-MWCNT-rTI-
Cyn, might be due to the deactivation of the enzyme during repeated use. Thus, the preservation
of the catalytic activity of m-MWCNT-rTI-Cyn during 10 successive reactions, along with their
outstanding storage stability, with an activity retention of 100% over 30 days, emphasizes its

potential in large-scale and economically-feasible remediation processes.
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4.3.6 Simultaneous removal of cyanate and heavy metals

CNTs have proven to be an efficient, economical and eco-friendly adsorbent for the removal of a
number of heavy metals from water, due to their van der Waals forces and n-7 interaction
(Thsanullah et al., 2016). The degradation of cyanate in wastewater is previously reported in
chapter 2. In this chapter, the simultaneous removal of heavy metals and cyanate using
m-MWCNT-rTI-Cyn in a synthetic wastewater sample was assessed. The removal of heavy metals
was observed in the supernatant obtained after magnetic separation of the m-MWCNT-rTI-Cyn,
and their concentrations were analyzed using AAS. In addition, control samples were also used for
different heavy metals and the concentration of the respective metal in control sample was
considered as 100%. Based on this, the relative percentage of test samples were evaluated.
Interestingly, it was observed that, 39.31, 35.53, 34.48 and 29.63% of chromium (Cr*?), iron (Fe*?),
lead (Pb*?) and copper (Cu*?), respectively were removed using 1 mg of the immobilized carrier
(m-MWCNT-rTI-Cyn) (Fig. 4.11). However, in another study, 1 g of carrier (MWCNTSs) was used
to remove 55.74 and 70% of Pb and Fe, respectively (Jagadish et al., 2016). In the present
investigation, a >84% of cyanate degradation was simultaneously achieved in the presence of all
heavy metals tested (Fig. 4.11). It was also observed that, while increasing adsorption of these
heavy metals on m-MWCNT-rTI-Cyn, the extent of cyanate degradation has decreased. This could
be due to the increase in concentration of metals adsorbed onto the surface of m-MWCNT-rTI-
Cyn, probably hindered the binding of cyanate to the active site of rTI-Cyn. Moreover, similar
observations were noticed for the free enzyme (r-TI-Cyn), wherein cyanate degradation was
inhibited by ~ 4%, when heavy metal concentrations were increased from 2 to 5 mM (Chapter 2).
This bi-functionality of the m-MWCNT-rTI-Cyn bio-composites shows remarkable potential for

synthetic wastewater treatment.
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Fig. 4.11 Simultaneous removal of heavy metals and cyanate in a synthetic wastewater sample.

4.4. Conclusions

The immobilization of rTI-Cyn on m-MWCNTSs was accomplished for the first time, and their bi-
functionality in a synthetic wastewater remediation was evaluated. The potential for the
simultaneous removal of heavy metals and cyanate from a synthetic wastewater sample in a single
step was clearly highlighted with the immobilized enzyme (m-MWCNT-rTI-Cyn). Due to the
increasing demands for enzymatic cascade reactions geared towards bio-remediation, the
contributions from this work would open up new approaches for economical, efficient and

sustainable bio-catalytic processes.
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CHAPTER 5

Crystal structure of a fungal cyanase and implications for catalytic mechanism

5.1 Introduction

Cyanate is a toxic compound produced by industry (Luque-Almagro et al., 2008), but also
generated spontaneously from urea and carbamoyl phosphate (Qian et al., 1997; Purcarea et al.,
2003). The toxicity of cyanate possibly arises from its reactivity with amino, sulfhydryl, carboxyl,
phenolic hydroxyl, imidazole, and phosphate groups in proteins (Stark, 1967). Additionally,
cyanate is widely used to inhibit the physiological reactions in plants as a herbicide (Koshiishi et
al., 1997) and in mammals as an uremic toxin (Kraus and Kraus Jr., 1998). In contrast, cyanate
has been assumed to serve as a nitrogen source for the growth of certain microorganisms (having
a functional cyanase) under nitrogen limitation (Rocap et al., 2003; Palatinszky et al., 2015).
However, microbes lacking a cyanase gene are not able to grow in the presence of cyanate
(Anderson et al., 1990; Kozliak et al., 1995).

Cyanase (also known as cyanate hydratase and cyanate lyase) catalyzes the decomposition
of cyanate into ammonium and CO2. Cyanases are found in bacteria (Anderson, 1980; Johnson
and Anderson, 1987; Sung et al., 1987), fungi (Elleuche and Pdggeler, 2008) and plants (Qian et
al., 2011), where they have important roles for nitrogen assimilation or cyanate detoxification.
Despite these important functions, the production of this enzyme is low by most known organisms
(Anderson, 1980; Harano et al., 1997; Elleuche and Pdggeler, 2008; Qian et al., 2011). Although
cyanase from bacteria has been characterized in detail and its structure is also known (Walsh et

al., 2000; Butryn et al., 2015), no attempt has been made to enhance its production.

T. lanuginosus, a thermophilic fungus, has been known to produce the highest amount of
xylanase and also produces several other hydrolytic enzymes (Singh et al., 2003). In addition, it
has a ubiquitin degradation pathway which plays an essential role in response to various stress,
such as nutrient limitation, heat shock, and heavy metal exposure (Mchunu et al., 2013). Owing to
these requisite properties, this fungus has been identified as one of the organisms of choice for

industrial applications. Furthermore, whole genome sequencing and secretome analysis of
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T. lanuginosus (Mchunu et al., 2013; Winger et al., 2014) has revealed the presence of a cyanase

(TI-Cyn) and its potential in cyanate detoxification has been presented in previous chapters.

To get a better understanding of TI-Cyn function and a deeper insight into its molecular
mechanism, structural information on this enzyme is required. To date, biochemical and structural
studies have been limited to bacterial cyanases and no structural information is available on fungal
cyanases. In this chapter, the crystal structure of the cyanase (TI-Cyn) from T. lanuginosus is
reported. Also, the binding modes of substrate-analog inhibitors in the active site of TI-Cyn was
determined and characterized their inhibition of the enzyme by kinetic studies. Furthermore,
mutation studies were performed to confirm the structural observations and also to enhance the

catalytic activity of the TI-Cyn.
5.2 Materials and Methods
5.2.1 Protein expression and purification

TI-Cyn gene was sub-cloned into the pET28a vector (Novagen), which introduced an
N-terminal hexa-histidine tag. The recombinant protein was over-expressed in E. coli BL21 Star
(DE3) cells (Novagen), which were induced with 0.8 mM IPTG and allowed to grow at 20°C for
16 h. The protein was extracted as described previously in chapter 3. The soluble protein was
purified by nickel-charged immobilized-metal affinity chromatography (Qiagen) followed by gel
filtration chromatography (Sephacryl S-300, GE Healthcare). The purified protein was
concentrated to 13 mg/mL in a buffer containing 20 mM Tris-HCI (pH 8.0) and 150 mM NacCl,
flash-frozen in liquid nitrogen and stored at —80°C. The N-terminal hexa-histidine tag was not

removed for crystallization.
5.2.2 Thermal shift assay

The thermal stability of the TI-Cyn at 10 uM concentration was analyzed at various
temperatures using the Mx3005P Real-Time PCR system (Stratagene). The TI-Cyn was mixed
with the fluorescence dye (SYPRO orange; Invitrogen) for monitoring protein unfolding. All
assays were performed in duplicate in a buffer comprising of 20 mM Tris-HCI (pH 8.0) and 150
mM NaCl. The temperature was increased from 25 to 99°C at 1°C intervals over a 75 min period.
Fluorescence values for the curve were normalized to the maximum and the minimum of the curve
(Zhang et al., 2017).
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5.2.3 Protein crystallization

Crystals were grown by the sitting-drop vapour diffusion method at 20°C (Maderbocus et
al., 2017). The protein was at 13 mg/mL concentration. The reservoir solution contained 2% (v/v)
Tacsimate (pH 8.0), 0.1 M Tris (pH 8.5), and 16% (w/v) PEG 3350. Fully-grown crystals were
obtained one day after set-up. The crystals were initially observed under microscope and are shown
in Fig. 5.1. The crystals were then cryo-protected in the reservoir solution supplemented with 20%

(v/v) glycerol and flash-frozen in liquid nitrogen for data collection at 100 K.

Fig. 5.1 Microscopic view of TI-Cyn crystals under polarized light.

5.2.4 Data collection and processing

X-ray diffraction data were collected at the Advanced Photon Source beamline NE-CAT
24-1D-E using an ADSC Q315r detector (Argonne National Laboratory, USA) and at X25
beamline at the National Synchrotron Light Source at Brookhaven National Laboratory using a
Pilatus 6M detector. The diffraction images were processed and scaled with the HKL2000 package
(Otwinowski et al., 1997).
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5.2.5 Structure determination and refinement

The structure of TI-Cyn was solved by the molecular replacement method with the
programme Phaser (McCoy et al., 2007), using the structure of E. coli cyanase (PDB code 1dw9)
as the search model (Walsh et al., 2000). Manual model rebuilding was carried out with Coot

(Emsley and Cowtan, 2004) and refinement with the programme Refmac (Murshudov et al., 1997).
5.2.6 Site directed mutagenesis

Mutants were made by PCR-based site directed mutagenesis using the Phusion High-
Fidelity DNA Polymerase (Thermo Scientific) and confirmed by sequencing. A set of overlapping
oligonucleotide primer pairs with the desired mutations were designed to generate the mutant
constructs (Table 5.1). The recombinant vector (pET28a(+)-Cyn) was used as a template.
Approximately 100 ng of template was used for the amplification of the mutant constructs in a
thermocycler (GeneAmp PCR System 9700, Applied Biosystems) in 50 pL reaction mixtures
according to the following PCR conditions: denaturation at 98°C for 1 min; 25 cycles (denaturation
at 98°C for 30 s, annealing at 60°C for 30 s, elongation 68°C for 6 min) and final elongation at
68°C for 10 min. PCR products were digested with Dpnl at 37°C for 4 h and digested products
were transformed into E. coli DHS5a. The plasmid constructs isolated from the transformants were
sequenced for the confirmation of the mutated nucleotide(s). For generating double mutants,

confirmed single mutant plasmids were used as a template for the second mutagenesis.
5.2.7 Cyanase assay

Cyanase assays were performed as previously described in chapter 2.
5.2.8 Kinetic studies

The enzyme kinetics studies were performed by determining the velocities of the enzyme
reactions at different concentrations (0.05 to 3.0 mM) of potassium cyanate (Sigma). The apparent
Michaelis constant (Km) and the maximal velocity (Vmax) of the enzyme activities were calculated
by fitting the initial velocities and substrate concentrations into the Lineweaver-Burk plots. The

catalytic efficiency of the enzymes were estimated as Kcat/Km ratios.
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Table 5.1 Primer sequences for site directed mutagenesis

Primer Sequence (5'—3")*
BRF Y14 GACGTCACTCAGCATCCAGCTCTACCCGCCTACTCCAA
BRR_Y14 TTGGAGTAGGCGGGTAGAGCTGGATGCTGAGTGACGTC
BRF_R101 AAGGAACCCTTGATTTATAAATTGTATGAGATTGTGCA
BRR_R101 TGCACAATCTCATACAATTTATAAATCAAGGGTTCCTT
BRF_E104 GATTTATCGATTGTATGACATTGTGCAGAATTATGGA
BRR_E104 TCCATAATTCTGCACAATGTCATACAATCGATAAATC
BRF_S127 TCGGGGACGGTATCATGACTGCGATCAGCTTTTCAAC
BRR_S127 GTTGAAAAGCTGATCGCAGTCATGATACCGTCCCCGA
BRF_A128 GGGACGGTATCATGAGTGTGATCAGCTTTTCAACGTC
BRR_A128 GACGTTGAAAAGCTGATCACACTCATGATACCGTCCC

*Substituted nucleotides are indicated in bold.

5.2.9 Inhibition kinetics by formate and malonate

To characterize the nature of the inhibition by formate and malonate, Kinetic assays were
carried out with varying concentrations of cyanate and bicarbonate along with different
concentration of inhibitors (one at a time). The inhibitory constants for uncompetitive and mixed
inhibitions were analyzed by equations 1, 2 and 3, 4, respectively.

Km,,, = Km/(1+[1}/Kj,) (Eq. D)
Vmax,,, = Vmax/(1+[I]/K,) (Eq. 2)
Ky, = Km(1+{1/K;,)/(1H{1)/Ky,) (Eq. 3)
Vmax,,, = Vmax/(1+[I}/Ky,) (Eq. 4)

where Kmapp IS the apparent Michaelis constant (measured values of Km in the presence of

inhibitor), [l] the inhibitor concentration, Kia and Kip are the inhibitory constants for binding to
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the free enzyme and enzyme-substrate complex, respectively, and Vmaxapp is the apparent maximal
velocity (measured values of Vmax in the presence of inhibitor). SigmaPlot 10.0 was used to

generate the plots.
5.2.10 Sequence alignment

Alignment of selected sequences of cyanase was produced with Clustal Omega
(https://www.ebi.ac.uk/Tools/msa/clustalo/), and modified manually to include additional

information.
5.3 Results and Discussion
5.3.1 Overall structure of TI-Cyn

To gain insight into the TI-Cyn structure, activity and enable its rational design, the crystal
structure of TI-Cyn at 2.2 A resolution was solved using E. coli cyanase as the model. The full-
length TI-Cyn gene was expressed in E. coli BL21 Star (DE3) and purified using established
protocols (Huang et al., 2010; Choi et al., 2016) (Fig. 5.2a). In addition, stability of the purified
TI-Cyn was evaluated using the thermal shift assay (TSA) (Fig. 5.2b). TSA allows for the
assessment of multiphasic unfolding behavior of the protein, which commonly interferes with
crystallization (Geders et al., 2012). Therefore, it has been commonly used to improve the

purification and crystallization conditions of protein.
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Fig. 5.2 Purification and thermal unfolding analysis of TI-Cyn. (a) Gel filtration chromatogram of

the purified TI-Cyn. (b) Thermal shift assay to measure the thermostability of TI-Cyn.
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The refined structure has excellent agreement with the crystallographic data and the
expected bond lengths, bond angles, and other geometric parameters (Table 5.2). A total of 99.4%
of the residues are in the favoured region of the Ramachandran plot, and none are in the disallowed

region.

Table 5.2 Crystallographic data collection and refinement statistics

Structure TI-Cyn

Data collection
Space group P2,2,2,

Cell dimensions

a,b,c(A) 75.37, 157.64, 163.87

o, B, v (°) 90, 90, 90
Resolution (A) 50.00 - 2.20 (2.28 — 2.20)*
R erge 9.6 (38.1)
Completeness (%) 99.90 (99.50)
Redundancy 4.4 (4.3)
Refinement
Resolution (A) 50.00 - 2.20 (2.28 — 2.20)
R, o/ Riee 15.44/20.18

R.m.s deviations
Bond lengths (A) 0.018
Bond angles (°) 1.9

Ramachandran plot statistics

Most favoured regions (%) 99
Additionally allowed regions (%) 1
Outliers (%) 0.0

*Highest resolution shell is shown in parenthesis.
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The structure of cyanase contains an N-terminal a-helical domain (residues 1-91; helices
H1-H5) and a C-terminal o+ domain (residues 92-161; two antiparallel -strands S1-S2 and a
helix H6) (Fig. 5.3a). There are extensive interactions between the C-terminal domains of two
subunits of a dimer, which together form a four-stranded anti-parallel B-sheet that is flanked on

one face with the two H6 helices (Fig. 5.3a).

A decamer of TI-Cyn is formed by a pentamer of these dimers, with intimate contacts
among them (Fig. 5.4a-d). The interfaces in this decamer primarily involve the N-terminal domain
and the H6 helix, while the four-stranded B-sheet in the center of the dimer interface is located
near the ‘equator’ of the decamer. There is a small channel through the entire decamer, along its

five-fold symmetry axis (Fig. 5.4d).

The structure of TI-Cyn shows substantial differences to that of the E. coli cyanase (Fig.
5.3b). With the C-terminal domains of the two structures in overlay, large differences in the
positions of the helices in the N-terminal domain are observed. Especially, the N-terminal segment
of the two enzymes run in nearly opposite directions. On the other hand, the overall appearance of

the two decamers is similar (Fig. 5.5a, b).
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Fig. 5.3 Structure of fungal cyanase dimer. (a) An intertwined C-terminal domain (residues 92-
160) in the dimer structure (green and yellow) of T. lanuginosus cyanase (TI-Cyn). The two
monomers are coloured in yellow and green, and the two-fold axis of the dimer is indicated by the
black oval. The two malonate molecules bound to the active sites of the dimer are shown as sticks,
colored according to atom types (carbon black, and oxygen red) and labelled Mal. (b) Overlay of
the structure of TI-Cyn monomer (green) with that of E. coli cyanase (gray). Large structural
differences are seen for the N-terminal domain. Especially, the N-terminal segments run in
opposite directions in the two structures and are highlighted in magenta and black. The structure

figures were produced using PyMOL (http://www.pymol.org).
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Fig. 5.4 Crystal structure of the fungal cyanase decamer. (a) Overall structure of the TI-Cyn
decamer (top view). Each monomer is depicted in a different color. The side chains of Y14 are
shown as sticks, pointing towards the center of the structure. The malonate (labeled Mal) and
formate (labeled For) molecules bound to the active sites of the decamer are shown as sticks. The
five-fold symmetry axis of the decamer is indicated with the black pentagon. (b) Overall structure
of the TI-Cyn decamer viewed after a 90° rotation around the horizontal axis. (c) Overall structure
of the TI-Cyn viewed after a 36° rotation around the vertical axis from panel b. A two-fold axis of
the decamer is indicated with the black oval. (d) Molecular surface of the TI-Cyn decamer, viewed

in the same orientation as in a.
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Fig. 5.5 Overall appearance of the two cyanase decamers. (a) TI-Cyn. (b) E. coli cyanase.

5.3.2 Active site of TI-Cyn

The active site of TI-Cyn is located in the C-terminal domain (Fig. 5.3a), at the interface
between neighbouring dimers of the decamer (Fig. 5.4a). This suggests that TI-Cyn needs to be a
decamer to be active. Malonate, which was distinct components of the crystallization buffer, is
situated on a two-fold symmetry axis of the decamer, and its carboxylate groups are recognized by
six hydrogen bonds from residues of four monomers (Fig. 5.6a,b). Specifically, the carboxylate is
hydrogen-bonded to the side chain of Serl27 and the main-chain amide of Alal28 from one
monomer (Fig. 5.6a). One of the carboxylate oxygen atoms is also hydrogen-bonded to the side
chain of Arg101 from another monomer, which is also involved in a bidentate ion-pair with Glu104

from a third monomer.

Residues in the active site region of TI-Cyn are highly conserved among fungal cyanases,
sharing 100% amino-acid sequence identity (Fig. 5.6¢). Thus, elucidation of the TI-Cyn structure
would be beneficial to improve the catalytic properties of fungal cyanases and also allow for the

creation of novel enzymes for biotechnological applications.
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Fig. 5.6 Structural insights into the catalytic mechanism of TI-Cyn. (a) Schematic drawing of the
detailed interactions between TI-Cyn and the malonate molecule bound in the active site (sticks
model and labeled Mal). Hydrogen-bonding interactions with the malonate are indicated with
dashed lines (red). (b) Close-up view to that in a, and the internal cavity for malonate is shown
with semi-transparent surface. (c) Conserved sequence near the active site region of the C-terminal
domain in fungal cyanases are shown in cyan. Residues that interact with Mal are shown with
yellow background. TI: T. lanuginosus, Af. A. flavus, Ps: Penicillium subrubescens,

Pc: Phaeomoniella chlamydospora, Fp: Fonsecaea pedrosoi, Rm: Rhinocladiella mackenziei.
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5.3.3 Mutagenesis studies to provide insights into the catalytic mechanism

A series of point mutations were designed that are expected to perturb the hydrogen-
bonding interactions with Mal based on the structural observations and evaluated their effects on
catalysis (Fig. 5.7a). When the arginine (R101) and serine (S127) residues (in TI-Cyn) were
mutated to lysine and threonine, respectively, the catalytic activity was completely abolished (Fig.
5.7a). It was also found that the A128V and E104D mutations greatly reduced the catalytic activity
by 77 and 74%, respectively, compared with wild-type (Fig. 5.7a). The Glu104 residue is not
directly involved in the hydrogen-bonding interactions with Mal; however, it stabilizes the
catalytic residue Arg101. As expected, it was observed that, the A128V/R101K double mutation
completely abolished the catalytic activity of the enzyme. These data strongly support the
structural observation on the active site of TI-Cyn in which Arg101, Ser127, and Alal28 residues
are involved in the interaction with inhibitor (Mal) residue by hydrogen bonds (Fig. 5.6a). Based
on this mutagenesis studies, it is clear that Arg101 and Ser127 is crucial for the catalytic activity
of TI-Cyn, which is also highlighted from the structural observations (Fig. 5.6a, b). This is
supported a by previous report wherein it has been shown that, Ser122 is responsible for the
binding of substrates (OCN™ and HCO3") and guanidinium group of the Arg96 stabilizing the
negative charge of the substrates (Walsh et al., 2000), which is corresponding to a Ser127 and
Arg101 in the TI-Cyn structure.

In addition, a unique feature of TI-Cyn is the Tyr14 residue (Fig. 5.7b), which is located in
the center of the structure and helps to reduce the size of the central channel (Fig. 5.4a).
Surprisingly, the Y14A mutant displayed ~1.3 fold higher catalytic activity as compared with wild-
type TI-Cyn (Fig. 5.7a). This could be due to the bulky side chain of Tyrl4 residue sterically
hindering substrate access to the active site of the TI-Cyn, while mutating Tyr14 to smaller amino
acid (Ala) might have facilitated more substrate binding to the active site of the mutant. In addition,
further mutagenesis studies are needed to enhance the substrate specificity of fungal cyanases, and

TI-Cyn structure would provide insights on the effect of mutations on substrate binding.
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Fig. 5.7 Mutagenesis studies and their effects on catalytic activities. (a) Catalytic activities of wild-
type (WT) and mutant TI-Cyn. The cyanate concentration is at 2 mM. The error bars represent the
standard deviation from three independent measurements. NA, no activity observed under the
condition tested. (b) Sequence alignment in between the N-terminal domain region of the fungal
cyanases. Conserved residues are in cyan and a unique Y14 residue is shown with yellow

background.

To further characterize the effect of mutations on the catalytic efficiency (Kcat/Km) of these
enzymes, Kinetic experiments were performed. It was observed that, the catalytic efficiency of the
E104D and A128V mutants was 2.79 + 0.025 x 10’ st M?and 2.93 + 0.12 x 107 st M1, which is
~3.5- and ~3.3-fold lower than that for the wild-type enzyme, respectively (Table 5.3). In contrast,
the catalytic efficiency of the Y14A mutant was 12.04 + 0.69 x 10’ s M1, which is ~1.2-fold
higher compared to the wild-type enzyme (9.8 £ 0.4 x 10’ st M),
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Table 5.3 Summary of kinetic data for wild-type and mutant cyanases

Protein Keat (s1) Km (mM) (for cyanate) Keat! Km (s M)
Wild-type 3.56 +0.19 x 10* 0.36 £ 0.04 9.8+0.4 x 107
Y14A 4.81+0.11 x 10* 0.40+0.01 12.04 + 0.69 x 10’
R101K NA* NA* NA*

E104D 5.84 +0.026 x 10®  0.21 +0.003 2.79 +0.025 x 107
S127T NA* NA* NA*

A128V 5.72+0.029 x 10 0.20 + 0.007 2.93+0.12 x 107
A128V/ NA* NA* NA*

R101K

*No activity was observed under the same conditions.

5.3.4 Malonate and formate are cyanase inhibitors

In order to confirm the structural observations that malonate and formate are fortuitously
present in the active site of TI-Cyn (Fig. 5.6a, b), kinetic experiments were performed to determine
the inhibition mechanisms. The data are plotted in the form of 1/vo against 1/[S], where vo is the
initial velocity of an enzyme-catalyzed reaction (umoles mg™? min) and [S] is the substrate
concentration (mM) (Fig. 5.8). On the basis of the double-reciprocal plots, formate and malonate
have direct inhibitory effect on the catalysis of TI-Cyn. Furthermore, the point of intersections
observed in the double-reciprocal plots showed that it is a mixed-type of inhibition with respect to
the HCOs™ (Fig. 5.8a, b). In contrast, no point of intersections were observed with respect to the
OCN", and the presence of parallel lines in the double-reciprocal plots are indicative of the

uncompetitive inhibitions (Fig. 5.8c, d).
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Fig. 5.8 Kinetic studies on the inhibition of TI-Cyn by malonate and formate. (a) and (b) A set of
double-reciprocal plots, one obtained in the absence of inhibitor and two at different concentrations
of inhibitor, formate and malonate, respectively in the presence of varying concentrations of
NaHCOs. The location of the intersection point of the lines is indicated with the red arrow. (c) and
(d) A set of double-reciprocal plots, one obtained in the absence of inhibitor and two at different
concentrations of inhibitor, formate and malonate, respectively in the presence of varying
concentrations of KOCN. Data points are means taken from three representative set of

experiments.
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The inhibitory constants (Ki) for malonate and formate were determined (Table 5.4), and
these values provide information on the inhibitory potency of the compounds. These kinetic results
confirmed that formate and malonate could inhibit the catalytic activity of TI-Cyn by hindering
substrate binding, which further supports the structural observations. Overall, mutagenesis and
kinetic studies confirmed the presence of inhibitor at the active site of the TI-Cyn. A possible
mechanism was proposed for the decomposition of cyanate and kinetic inhibition of the TI-Cyn
(Fig. 5.9a, b). A similar mechanism for the decomposition of cyanate has been proposed on the
basis of the kinetic studies of E. coli cyanase (Johnson and Anderson, 1987). Although there is no
direct inhibition (uncompetitive-type) observed with respect to cyanate by these inhibitors,
however, it showed competitive- as well as uncompetitive- inhibition with respect to bicarbonate.
Moreover, it has been found that bicarbonate is necessary for the binding of cyanate to the active
site of cyanase for its degradation (Kozliak et al., 1995). Thus, inhibition of bicarbonate leads to
the inhibition of cyanate binding at the active site of TI-Cyn. Notably, it has also been observed
that bicarbonate and cyanate has a competitive relationship for the catalytic binding site (Kozliak
et al., 1995). In addition, inhibition of cyanase activity by malonate molecule in E. coli was also
previously reported (Anderson et al., 1987). Finally, this structural analysis has laid the
foundations for future protein engineering to design biocatalysts with enhanced catalytic

properties, which would be valuable for industries focused on sustainable bio-remediation.

Table 5.4 Summary of inhibition kinetics of TI-Cyn

Substrate Inhibitor Type of inhibition Inhibitory constant (Kj)
Kia? Kip?
KOCN Formate Uncompetitive - 0.70 £ 0.06
KOCN Malonate Uncompetitive - 0.54+0.12
NaHCOs Formate Mixed 041+0.11 1.19+0.39
NaHCOs Malonate Mixed 0.23+0.01 1.08 +0.20

PThe Ki for binding to the free enzyme. YThe Ki for binding to the enzyme-substrate complex.
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Fig. 5.9 Possible mechanism of the TI-Cyn catalysis and inhibition. (a) Schematic drawing for the
mechanism of cyanate decomposition catalyzed by cyanase. The substrates are shown with
different colors and shapes, bicarbonate green hexagon, and cyanate purple pentagon. (b) A
cartoon representation for the catalysis and kinetic inhibition of the TI-Cyn. The active site is
indicated with the red asterisk. The presence of the inhibitor at the active site of the TI-Cyn has
hindered substrate binding. The substrates are given separate colors as in a. The inhibitor molecule

is shown in yellow hexagon.

5.4 Conclusions

The crystal structure of cyanase from the thermophilic fungus T. lanuginosus (TI-Cyn) was
solved. This structural, biochemical, kinetic and mutagenesis studies also revealed the molecular
mechanism of TI-Cyn action. The structure has also aided the creation of a mutant enzyme with
enhanced catalytic activity. In addition, the active site region of TI-Cyn are highly conserved
among fungal cyanases, so TI-Cyn structure would be beneficial to improve the catalytic properties
of fungal cyanases and also allow for the creation of novel enzymes for biotechnological

applications, including biotransformation and bioremediation.
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6. CONCLUDING REMARKS

The thermophilic fungus T. lanuginosus SSBP has been known to produce the highest titre
of xylanase together with several other hydrolytic enzymes of industrial interest (Singh et al.,
2003). Of note is that apart from xylanase, other associated hemicellulases are secreted at
extremely low levels (Singh et al., 2000). This has been an evolutionary phenomenon across
various other strains that were evaluated (Singh et al., 2003; Xiong et al., 2004; Li et al., 2005).
In addition, it has a ubiquitin degradation pathway which plays an essential role in response to
various stress factors, such as nutrient limitation, heat shock, and heavy metal exposure (Staszczak,
2008). Based on these characteristics outlined above, this fungus has been identified as an

organism of choice for industrial applications.

The advent of fungal genomics has resulted in a massive influx of data, which provides an
unparalleled opportunity to gain insight into the industrially and environmentally relevant
enzymes. In this regard, the whole genome sequence analysis of T. lanuginosus SSBP (23.3 Mb)
has predicted the presence of 5,105 genes, of which 224 genes belongs to the Carbohydrate Active
EnZymes (CAZy) family (Mchunu et al., 2013). Several of these genes have been cloned,
expressed, and characterized, viz., xylanase (Birijlall et al., 2011), chitinase (Khan et al., 2015;
Zhang et al., 2015), B-xylosidase (Gramany et al., 2016), oligo-1, 6-glucosidases (Dong et al.,
2018) and many more genes are yet to be explored. Application of these recombinant enzymes
were also evaluated in various sectors such as, xylanase in biobleaching of bagasse pulp (Birijlall
et al., 2011), chitinase in antifungal activity against P. verrucosum and A. niger (Zhang et al.,

2015), and oligo-1, 6-glucosidases for the production of glucose from starch (Dong et al., 2018).

Another approach is to assess the fungal secretome, which consists of a repertoire of
secreted proteins and enzymes which are necessary for vital biological processes, viz., cell-cell
communication, differentiation, morphogenesis, survival, defense etc. (Ganesan, 2016). Profiling
of the secretome of T. lanuginosus SSBP (grown on corn cob medium) was done by shotgun
proteomics, which revealed the presence of several industrially important enzymes. This revealed
a total of 74 extracellular proteins, among them xylanase GH11, B-xylosidase GHA43,

B-glucosidase GH3, a-galactosidase GH36, trehalose hydrolase GH65, [-xylosidase,
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a-galactosidase, a-arabinosidase and 3-mannosidase belongs to glycoside hydrolases. In addition,
lipase and amylase were also identified from Thermomyces, which are commercially available.
Other industrially important enzymes viz., glutaminase, fructose bisphosphate aldolase and

cyanate hydratase, were also identified (Winger et al., 2014).

The contamination of water and soil due to rapid industrialization and proliferative
development of chemical and mining industries is a serious environmental challenge. The use of
cyanide in mining industries for the extraction of precious metals has resulted in the deterioration
of environmental quality. This is relevant in the South African context due to the high amount of
cyanide used by the mining industries compared to the global mining sector (Mudder and Botz,
2004). The development of novel approaches or strategies towards remediation is therefore of

extreme significance.

Several bacteria, fungi, and algae have been documented for their ability to bio-transform
detrimental environmental wastes. Fungi are well known to play a crucial role in the decomposition
of waste matter, and are critical constituents of the soil food web, providing sustenance for the
other biota that live in the soil (Rhodes, 2013). In addition, fungi play an imperative role in
industrial biotechnology as well as contributing the highest percentage of extracellular enzymes
which includes, amylases, cellulases, hemicellulases, inulinases, lipases, pectinases and proteases
which are utilized in the food and feed industry (Pel et al., 2007). Fungi also play a key role in
bioremediation and are regarded as the most sustainable green technology for the cleanup of
hazardous wastes (Czaplicki et al., 2016; Deshmukh et al., 2016; Spina et al., 2018).

The bioconversion can be classified into two main types: (i) use of whole-cells; and
(i) biocatalysts (Woodley et al., 2013). However, microbial growth is impeded due to toxic
environments which impacts on bio-remediation process (Sharma and Philip, 2014). In addition,
microbial cells need to be metabolically active in extreme environments, such as wide ranges of
pH, temperature, heavy metal tolerance, etc. In this regard, biocatalysts produced from
extremophiles, especially, fungi could be an alternative, as they can thrive under harsh conditions
(Neifar et al., 2015). Similarly, the cyanate hydratase from T. lanuginosus SSBP expressed in
P. pastoris demonstrated high catalytic efficiency along with a remarkable potential for the
remediation of cyanurated industrial wastewater. It also displayed good thermostability and pH

stability, as well as insensitivity towards heavy metals, which makes it a suitable candidate for
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bioremediation. However, the drawback associated with free enzymes are: large consumption,

difficulty in separation and recycling, which restricts their use at industrial scale (Das et al., 2018).

Current approaches highlight the use of immobilization for the improvement of biocatalytic
properties such as stability and reusability (Das et al., 2018; Zdarta et al., 2018). Apart from this,
another important advantage associated with immobilized biocatalysts is their absence from the
product stream (DiCosimo et al., 2013). Various techniques have been employed for the
immobilization of biocatalysts, viz. adsorption, covalent binding, cross-linking, encapsulation and
entrapment (Sheldon, 2007). However, covalent binding of biocatalysts onto the support matrix is
more appropriate for industrial applications (DiCosimo et al., 2013; Barbosa et al., 2015; Hosseini
et al., 2018). The type of matrices used for immobilization processes also play a critical role in
catalysis (Zdarta et al., 2018). The use of nanomaterials are gaining much attention due to their
small size, high surface to volume ratio, aqueous dispersibility, thermal stability, and chemical
inertness (Singh et al., 2014; Patila et al., 2016). Immobilized biocatalysts have also been justified,
both from an economic and eco-friendly viewpoint, due to these requisite properties (Bilal et al.,
2017). This then prompted the use of nanomaterials for the immobilization of rTI-Cyn. In this
regard, the immobilization of rTI-Cyn on m-MWCNTSs displayed >94% of initial activity after ten
cycles and also showed bi-functionality in removal of cyanate and heavy metals from industrial
wastewater. A secondary approach of co-immobilization of multiple enzymes on nanomaterials
was also a focus of this study. Hence, rTI-Cyn and rTI-CA were co-immobilized to reduce the
dependence on bicarbonate and this resulted in the complete degradation of cyanate using 80%
less bicarbonate, compared to rTI-Cyn alone. This suggested that the immobilized biocatalyst can

be applied on a large-scale, especially for the bioremediation of cyanurated wastes.

The final goal of protein science is to reveal the 3D structure of proteins to predict the
binding of ligands, and elucidate structure-function relationships. The development of protein
structures has also led to rapid drug discovery with the aid of computational methods (Sledz and
Caflisch, 2018). In addition to drug designing, the generation of accurate protein models will also
assist in the creation of novel bio-catalysts via site-directed mutagenesis and this would provide
deeper insight into their molecular mechanisms of action. Similarly, the generation of the TI-Cyn

crystal structure with the aid of site directed mutagenesis has enabled the creation of a novel
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biocatalyst with ~1.3-fold enhanced catalytic activity and also provided information on their

molecular mechanism of catalytic action.
6.1 Future prospects
Based on the above future research will focus on:

1) Enhance production of cyanase using dual promoter system viz., constitutive and
inducible

i) Expression of cyanase and carbonic anhydrase together in P. pastoris

iii) Site directed mutagenesis to enhance the substrate specificity as well as other properties

1v) Large-scale remediation of cyanurated waste

V) Use of cyanate generated ammonia as an alternative energy source for algal growth and

concomitant production of biofuels

The biocatalysts and strategies developed in this study will provide a foundation for the
widespread application of cyanases in sustainable bioremediation of cyanate-contaminated

environments.
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A recombinant Pichia pastoris harbouring the cyanate hydratase gene (rTI-Cyn) from the thermophilic fun-
gus Thermomyces lanuginosus SSBP yielded a high titre of extracellular cyanate hydratase
(100 + 13 U mL™") which was ~10-fold higher than the native fungal strain. The purified rTI-Cyn had a
molecular mass of ~20kDa on SDS-PAGE, with Ky, Vimax, Kear and Kea/Kn values of 0.34 mM,
2857.14 ymoles mg ! min~!, 2.14 x 10*s~! and 6.3 x 10’ M~' s}, respectively. Its properties of ther-
mostability, pH stability, and heavy metals insensitivity, make it a suitable candidate for bioremediation

Key Won?s" in extreme environments. The rTI-Cyn was able to degrade toxic cyanate completely with the liberation
T. lanuginosus SSBP . . . ..
P. pastoris of ammonia, which was confirmed by FTIR analysis. This is the first report of any known cyanate hydra-

tase that has been expressed in P. pastoris, characterized and effectively evaluated for cyanate

Recombinant cyanate hydratase
Cyanate detoxification
Ammonia

detoxification.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Cyanate is a toxic compound produced by industry, but it is also
produced from some metabolites, such as urea and car-
bamoylphosphate (Outer and Protein, 1987). Cyanate hydratase
is an enzyme that catalyzes the breakdown of cyanate into CO,
and ammonium in a bicarbonate dependent reaction. Bicarbonate
acts as a nucleophilic reactant which attacks and breaks down cya-
nate, with carbamate as an unstable intermediate (Anderson,
1980). Cyanate has been hypothesised to serve as a nitrogen source
for the growth of certain marine cyanobacteria under nitrogen lim-
itation (Kamennaya and Post, 2013; Rocap et al., 2003). At least
three biological roles have been associated with cyanate hydratase
activity, i.e., nitrogen assimilation, cyanate detoxification, and
metabolism regulation (Luque-Almagro et al., 2008). Since the
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E-mail address: singhs@dut.ac.za (S. Singh).
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0960-8524/© 2017 Elsevier Ltd. All rights reserved.

enzyme catalyzes the direct formation of ammonium from cyanate,
cyanate hydratase activity allows some bacteria to utilize cyanate
as a nitrogen source (Luque-Almagro et al., 2008). For the assimila-
tion of cyanate, these phototrophic bacteria transform it to ammo-
nium and CO, with the enzyme cyanate hydratase (also known as
cyanate lyase and cyanase) (Palatinszky et al., 2015). Cyanate
hydratase are also found in a variety of other bacteria and archaea,
where they have been confirmed to play a role in nitrogen assim-
ilation or detoxification, as cyanate chemically alters proteins
through carbamylation (Kamennaya et al., 2008; Luque-Almagro
et al., 2008). Nitrifying microorganisms are generally considered
to be highly dedicated chemolithoautotrophs that oxidize either
ammonia or nitrite to generate energy and reductant for growth,
and use CO, as a carbon source (Palatinszky et al., 2015). Among
living organisms, cyanate hydratase plays a role in the detoxifica-
tion of cyanate and cyanide (Ebbs, 2004). Since cyanase directly
yields ammonia and CO, from cyanate, therefore, it is utilised as
a nitrogen and carbon source in some organisms (Espie et al.,
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2007; Kunz and Nagappan, 1989). However, the growth of
microorganisms and plants which lack cyanate hydratase is inhib-
ited in the presence of cyanate (Qian et al., 2011).

Whole genome sequencing and secretome analysis of the ther-
mophilic fungus T. lanuginosus SSBP has revealed the presence of a
cyanate hydratase gene in them (Mchunu et al., 2013; Winger
etal., 2014). Since T. lanuginosus SSBP is a potent xylanase producer
with good pH and temperature stability, this prompted us to fur-
ther investigate the presence of cyanate hydratase as well. Since
cyanate hydratase production levels by T. lanuginosus SSBP is
low, it would be beneficial to clone the cyanate hydratase encoding
genes and overexpress them heterologously in P. pastoris. P. pas-
toris is a methylotrophic yeast, in which heterologous proteins
can be expressed either constitutively or inducibly. By using an
expression plasmid with the secretory signal sequence of o-
factor, heterologous proteins are secreted into the medium
(Ranjan and Satyanarayana, 2016). A large number of genes have
been successfully expressed in P. pastoris (Cregg et al., 2000), how-
ever, no attempts have been made to clone and express TI-Cyn gene
in them. In this study, we have investigated cloning and expression
of cyanate hydratase heterologously in P. pastoris, characterization
of the recombinant cyanate hydratase (rTl-Cyn) and testing its
applicability in the detoxification of cyanate.

2. Materials and methods
2.1. P. pastoris strain and vectors

Pichia pastoris GS 115 (Invitrogen, USA) was used as the host to
express recombinant cyanate hydratase (rTl-Cyn) protein. The
expression cassette with the inducible promoter (AOX1) was used
for protein expression. The plasmid pPICZaA was used to construct
the methanol-inducible TI-Cyn expression vector. EcoRI and Kpnl
restriction sites were added to sense and antisense primers,
respectively, for cloning TI-Cyn in the pPICZaoA vector. Cloning
steps were performed in Escherichia coli (DH5a).

2.2. Suitability of the rTI-Cyn gene for expression in P. pastoris

Before commencing rTI-Cyn expression studies in the eukary-
otic host P. pastoris, cyanate hydratase ORF of T. lanuginosus SSBP
was analysed for codon bias. The percentage usage of different
codons for a particular amino acid was calculated and compared
with that of a codon usage in the highly expressed proteins in P.
pastoris (Ranjan and Satyanarayana, 2016).

2.3. RNA isolation

RNA was isolated from T. lanuginosus SSBP mycelium after
5 days incubation, at the time of maximum cyanase activity. The
mycelium was frozen in liquid nitrogen and ground in a mortar
until a floury consistency was obtained. The RNA was extracted
using a RNeasy Mini Kit (Qiagen, Germany) according to the man-
ufacturer’s protocol.

2.4. cDNA synthesis
cDNA synthesis was carried out using the Maxima H Minus First

Strand cDNA Synthesis Kit (Thermo Fisher Scientific, USA) accord-
ing to the manufacturer’s instructions.

2.5. Construction of rTI-Cyn

The cyanate hydratase gene was amplified from cDNA using the
primers P1 and P2 having flanking regions of EcoRI and Kpnl

restriction sites. PCR conditions: denaturation at 95 °C for 5 min;
25 cycles (denaturation at 95 °C for 30 s, annealing 58 °C for 30,
elongation 72 °C for 70 s) and final elongation at 72 °C for 5 min
was used for TI-Cyn amplification. The primers used in this inves-
tigations are given in [Table 1]. The final 500 bp PCR product thus
obtained was digested with EcoRI and Kpnl and cloned into the
plasmid pPICZoA vector to make the rTl-Cyn-pPICZoA construct.
In this construct, the rTI-Cyn ORF was fused in-frame with the
secretory signal sequence of a-factor, and the myc epitope and 6
x His-tag from the vector at the N- and C-termini, respectively.
Confirmation of the construct was done by double digestion with
EcoRI and Kpnl. The presence and precise positioning of the insert
was confirmed by DNA sequencing.

2.6. Bioinformatic analysis

The nucleotide and protein sequences were compared with the
NCBI nucleotide/protein database using BLASTN and BLASTP pro-
grams, respectively. Multiple sequence alignment of catalytic
domains was performed at http://www.ebi.ac.uk/Tools/
msa/clustalw2/ with the proteins available in the databases using
ClustalWw2.

2.7. Transformation of P. pastoris with TI-Cyn

The rTI-Cyn-pPICZalA was linearized with Sacl for the transfor-
mation of P. pastoris. Competent P. pastoris cells were prepared
by combining chemical transformation with electroporation.
Approximately 10 pg of linearized plasmid was mixed with compe-
tent cells and the mixture was directly transferred to a 0.2 cm pre-
chilled electroporation cuvette and incubated on ice for 5 min. The
electroporation was accomplished with a voltage of 1.5 kV, capac-
itance of 25 pF and resistance of 200 Q. To 1.0 mL aliquot, 1.0 M
ice-cold sorbitol was immediately added to the cuvette after elec-
troporation, and the mixture was spread on YPD agar (g L': yeast
extract 10, peptone 20 and dextrose 20, agar 15) medium supple-
mented with 1.0 M sorbitol containing different concentrations of
Zeocin (100, 200, 500, 1000 and 1500 ug mL~!). The plates were
incubated at 30 °C until single distinct colonies appeared and col-
ony PCR was further performed to identify positive clones harbour-
ing cyanate hydratase gene. Spheroplasting of the P. pastoris was
done before proceeding to colony PCR by spinning single yeast col-
ony in 30 pL buffer containing 1 U of lyticase (Sigma, USA). After
spheroplasting, 5 uL of the suspension was used as a template in
PCR mix and PCR was performed using primers P1 and P2 as
described above. The transformants with fastest growth rate on
YPD agar plates (supplemented with 1.0 M sorbitol) containing
the highest concentration of Zeocin were screened for the produc-
tion of rTI-Cyn. These clones were first grown in YPD broth and
then biomass was transferred to Yeast extract-Peptone (YP) med-
ium containing 0.5% (v/v) methanol (Ranjan and Satyanarayana,
2016). The production of rTl-Cyn was confirmed by quantitative
assays.

2.8. rTI-Cyn assay
Cyanate hydratase assay was performed according to the mod-
ified method of Anderson (Anderson, 1980). The reaction mixture

Table 1
Primers used in this study.

Primers Oligonucleotide sequence (5'-3')
P1 CGGAATTCATGGCTGATATCGCAACCC
P2 GGTTGGTACCTTGAATCGACTGTATGGCAA

GAATTC- restriction site for EcoRI; GGTACC- restriction site for Kpnl.
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containing 0.1 mL appropriately diluted rTI-Cyn, 0.5 mL Tris-HCl
buffer (50 mM, pH 8.0), 0.2 mL of potassium cyanate and 0.2 mL
of sodium bicarbonate and was incubated at 60 °C for 10 min.
One mL of Nessler's reagent was added to the reaction mixture
to terminate the reaction. The amount of ammonia released was
determined by measuring the absorbance at 420 nm after the addi-
tion of Nessler's reagent. One unit (U) of cyanate hydratase is
defined as the amount of enzyme that liberates 1 umol of ammo-
nium per minute under the defined assay conditions.

2.9. Purification of rTI-Cyn

The cell-free culture supernatant was passed through 10 kDa
ultrafiltration membrane cartridge (Millipore); desalting and
reconcentration was carried out for three cycles using the same
membrane cartridge with 20 mM Tris-HCI buffer (pH 8.0). The con-
centrated enzyme was then purified by fast protein liquid chro-
matography (FPLC) system [AKTApurifier 100, GE Healthcare,
Bio-Sciences, Uppsala, Sweden] using HiTrap Capto Q column (GE
Healthcare, Bio-Sciences, Uppsala, Sweden) and eluting the bound
protein with a linear gradient of 0-1 M NaCl in Tris-HCl buffer
(20mM, pH 8.0) at 1.0 mL min~'. The fractions with cyanate
hydratase activity were pooled and dialyzed against Tris-HCI buffer
(20 mM, pH 8.0) and concentrated using a vacuum concentrator
[Eppendorf, Germany]|. The concentrated enzyme was loaded on
a gel filtration chromatography column [Sephacryl S-200HR
(16/60)] and eluted with 20 mM Tris-HCl buffer (pH 8.0) contain-
ing 50 mM NaCl at a flow rate of 0.4 mL min~'.The fractions having
cyanate hydratase activity were collected, purity checked on SDS-
PAGE and characterized.

2.10. Biochemical characterization of rTl-Cyn

The optimum pH for the activity of rTI-Cyn was determined by
conducting enzyme assays at different pH (4-8) [Sodium acetate
buffer 20 mM (pH 4.0, 5.0), Tris-HCl buffer 20 mM (pH 6.0-8.0)
and glycine-NaOH buffer 20 mM (pH 9.0-10.0)] at 60 °C. Similarly,
the optimum reaction temperature was determined by performing
I'TI-Cyn assays at various temperatures (40-80 °C) at pH 8.0. The
effect of various modulators on recombinant cyanate hydratase
activity was assessed by performing enzyme assays in the presence
of modulators in the reaction mixtures.

2.11. Enzyme kinetics and thermal deactivation of rTI-Cyn

The enzyme was assayed at different concentrations of potas-
sium cyanate (0.1 to 3.0 mM). The K, and V.« values were graph-
ically determined from the Lineweaver-Burk plot. Activation
energy (E,) was calculated according to Ranjan et al. (2015). The
efficiency of ammonia liberation by the enzyme action was calcu-
lated as Vpax/Km ratio. The energy of deactivation (E4) of the
enzyme was calculated from residual activity at different temper-
atures by incubating the enzyme solution in 20 mM Tris-HCI buffer
(pH 8.0) at various temperatures (60-80 °C) in the absence of sub-
strate. From the incubated samples, aliquots were drawn at specific
intervals, cooled on ice for 30 min and cyanate hydratase assays
were performed for calculating the residual activity. Calculations
for determining inactivation rate constants (K4) and energy of
deactivation (E4) were calculated according to Ranjan and Satya-
narayana (Ranjan and Satyanarayana, 2016).

The effect of temperature on the rate of reaction was expressed
in terms of temperature quotient (Q;¢), which is the factor by
which the rate increases when the temperature is raised by
10 °C. Temperature quotient (Q;o) was calculated by rearranging
the equation of Dixon and Webb (Dixon and Webb, 1979):

Q4 = antilog(E, x 10/RT?) (1)
where E, = activation energy, R is universal gas constant and T is
absolute temperature.

2.12. Thermodynamic parameters of rTl-Cyn

Thermodynamics of irreversible inactivation of the rTI-Cyn was
determined by rearranging the Eyring’s absolute rate equation
derived from the transition state theory:

Kq = (KyT/h) el-AH/RDe(-as/kD) 2)

AH (change in enthalpy of deactivation), AG (change in free
energy of inactivation), and AS (change in entropy of inactivation)
for irreversible inactivation were calculated as follows:

AH = E4 — RT 3)
AG = —RTIn(Kgh/K,T) (4)
AS = (AH — AG)/T (5)

where Ky, is the Boltzmann’s constant (R/N)=1.38 x 10-23 J K1, Tis
the absolute temperature (K), h the Planck’s con-
stant = 6.626 x 107>*] s, N is the Avogadro’s number = 6.02 x 1023 -
mol~!, R is the gas constant =8.314 ] K~ mol~".

2.13. Fourier transform infrared (FTIR) spectroscopy analysis to check
the degradation of cyanate using rTl-Cyn

Samples for FTIR spectroscopy analysis were prepared accord-
ing to Program and Studies (Program and Studies, 1994). The reac-
tion mixture containing 0.1 mL of appropriately diluted rTI-Cyn,
0.5 mL Tris-HCI buffer (50 mM, pH 8.0), 0.2 mL of potassium cya-
nate and 0.2 mL of sodium bicarbonate was incubated at 60 °C
for 10 min. Reaction mixture without rTlI-Cyn served as control.
Absorbance measurements were taken on KBr sample pellets pre-
pared using samples with and without rTI-Cyn to check the degra-
dation of cyanate and liberation of ammonia.

2.14. Cyanate detoxification by rTI-Cyn in wastewater sample

Samples were collected from the influent of an industrial
wastewater treatment plant in KwaZulu Natal Province, South
Africa. rTlI-Cyn (30 U) was added to 1 mL of wastewater sample
supplemented with varying concentrations of cyanate (5-20 mM)
and the reaction was carried out for 10 min at 60 °C, in a recipro-
cating water bath at 100 rpm. Similarly, a control experiment
was also performed, except that the wastewater sample was
replaced with Tris-HCI buffer (50 mM, pH 8.0). After 10 min, the
samples were centrifuged and analysed for cyanate degradation
via, release of product (ammonia). In a separate experiment, heavy
metals (Ag, Au, Cd, Cr, Cu, Fe, Pb and Zn) were added to both
wastewater samples and the control, and thereafter observed for
cyanate degradation by rTI-Cyn. In addition, the presence of heavy
metals in wastewater samples (spiked and un-spiked) were anal-
ysed using atomic absorption spectroscopy (Srikanth et al., 2013).

3. Results and discussion
3.1. Construction of rTI-Cyn

To achieve the expression of cyanate hydratase, differences in
the relative codon frequency between T. lanuginosus SSBP and P.
pastoris were analysed. The optimized cyanate hydratase gene
was compared with the wild type and the sequence alignment
was tested [data not shown]. Codon usage by the host P. pastoris
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for the wild type gene and optimized gene has been compared, and
found to be 46 and 38%, respectively (Ranjan and Satyanarayana,
2016). The value of 100 is set for the codon with the maximum
usage frequency for a given amino acid in P. pastoris. Since codon
usage of the optimized gene was lower than the native gene for
expression in P. pastoris, this native gene was used in the present
investigation. The construction of rTI-Cyn-pPICZoA [Fig. S1] was
confirmed by colony PCR [Fig. 1a] and double digestion with EcoRI
and Kpnl [Fig. 1b].

3.2. Bioinformatic analysis

Multiple amino acid sequence alignment of the catalytic
domain of rTI-Cyn with known cyanases from NCBI showed an
identity of 84, 84, 82, 82, 83, 83, 82 and 83% to the cyanases from
Rasamsonia emersonii CBS 393.64 (KKA17850.1), Talaromyces cellu-
lolyticus (GAM35076.1), Talaromyces stipitatus ATCC 10500
(XP_002486940.1), Talaromyces  marneffei ~ATCC 18224
(XP_002145582.1), Aspergillus oryzae RIB40 (XP_001822419.1),
Aspergillus flavus NRRL3357 (XP_002382512.1), Penicillium oxali-
cum (EPS32828.1), and Neosartorya fischeri NRRL 181
(XP_001261116.1), respectively [Fig. S2].

3.3. rTI-Cyn activity and Purification

Among the 100 clones screened, clone 26 produced the highest
extracellular rTl-Cyn titre of 10013 UmL~! and was therefore
selected for further investigations. No cell bound cyanate hydra-
tase activity was observed in clone 26 which showed the efficient
functioning of the secretory signal sequence of a-factor. A ~10-fold
enhancement in cyanate hydratase production was achieved by
the recombinant P. pastoris, as compared to the native host [data
not shown]. The rTl-Cyn was purified to homogeneity, in three
steps viz., ultrafiltration, ion-exchange chromatography and gel fil-
tration chromatography. The purity was confirmed by SDS-PAGE,
showing a single band corresponding to ~20 kDa [Fig. 2]. Purifica-
tion also resulted in a 34.66-fold increase in activity with a specific
activity of 84545.45 U mg~! [Table 2].

6000 bp
3000 bp
1000bp

500bp
250bp

a

TI-Cyn

L1 L2

25kD
~20 kDa

15kD
10 kD

Fig. 2. SDS-PAGE analysis profile of rTI-Cyn: L1 protein marker, L2 purified rTI-Cyn.

3.4. Biochemical characterization of rTI-Cyn

The optimum temperature and pH for rTI-Cyn activity were
60 °C and pH 8, respectively. The optimum pH of rTI-Cyn was sim-
ilar to that of the other known cyanases (Elleuche and Poggeler,
2008; Luque-Almagro et al., 2008). The enzyme activity was mar-
ginally stimulated by Na* while other metal ions slightly inhibited
or did not influence the activity [Table 3]. rTI-Cyn activity was
inhibited by 44% in the presence of azide, which is remarkable,
since azide is a cyanide and cyanate analog. In contrast, the

6000 bp pPICZaoA
3000 bp

1000 bp

500bp Ti-Cyn
250bp

b

Fig. 1. Confirmation of pPICZaA-TI-Cyn construction by (a) colony PCR and (b) double digestion; M- 1 kb ladder, Lane 1,2 double digested pPICZaA-TI-Cyn.
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Table 2
Summary of rTI-Cyn purification from Pichia pastoris.

Purification step Total activity Total Protein Specific activity Purification fold

(UmL™) (mgmL™1) (Umg™)
Cell-free supernatant 100 0.041 2439 1
Ultrafiltration (10 kDa) 209 0.076 2750 1.13
Anion exchange 185 0.0038 48684.21 19.96
Gel filtration 93 0.0011 84545.45 34.66

Table 3
Effect of different metal ions on rTI-Cyn.

Metal ions Relative enzyme activity
Control 100 £ 0.87
2 mM 5 mM

As 96 +0.93 93 +0.79
Cr 92.6+0.82 88.8+0.84
cd 98 +0.72 97 +£0.79
Cu 97 £0.92 95 +0.86
Hg 92 +0.89 89 +0.90
Na 102 +£0.63 106 + 0.68
Ni 99.2 £0.82 97.4+0.79
Pb 93 +0.94 89+0.83
Zn 100+ 0.39 99.8+0.48

0.2

In[E/E,]

Time (h)

Fig. 3. Plot of In[E/E] vs time (h) for the calculation of deactivation constant (Ky)
and Ty, of rTI-Cyn at different temperature [60 °C (blue line), 70 °C (black line),
80 °C (green line)]. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

enzyme activity was not inhibited by cyanide, urea, nitrite, EDTA,
dithioerythritol up to 10 mM concentrations (data not shown).
Similar results were observed with Pseudomonas pseudoalcaligenes
CECT5344 Cyanase (Luque-Almagro et al., 2008). Reducing agents
such as B-mercaptoethanol had no effect on the enzyme activity,
signifying that -SH groups had no role in the catalytic activity or
these enzymes do not have any free and accessible -SH groups.
The chelating agent EDTA also has no effect on the activity of rTl-
Cyn, indicating that it did not require any cations for activity
(Ranjan and Satyanarayana, 2016).

3.5. Kinetic parameters and thermodynamics of rTl-Cyn

The Ky and Vpa of r1Tl-Cyn were 0.34mM and
2857.14 pmoles mg ' min~'. The ke and Keu/Km of the rTl-Cyn
was 2.14x 10*s 'and 6.3 x 10’ M~'s~!, respectively, which
was significantly higher than that of the other known cyanase

(Anderson et al., 1994). A larger K., value signified that the least
amount of enzyme was required for its applications (Ranjan and
Satyanarayana, 2016).

The deactivation constant (Kg) of rTI-Cyn was calculated from
the plot of In[Et/Eo] vs time [Fig. 3]. This value of K4 was substi-
tuted in Eq. (2) to calculate Ty, of the rTl-Cyn. The T;, values of
the rTl-Cyn at 60 °C and 80 °C were 16.16 and 2.6 h, respectively.
Arrhenius plot of the deactivation constant at different tempera-
tures were plotted for calculating the deactivation energy (E4) of
rTI-Cyn, which was 91.73 K] mol~!. The activation energy of rTI-
Cyn was 41.5 K] mol™!, and this value was substituted in Eq. (1)
to calculate the temperature quotient (Qq¢), was 1.57.

Thermodynamic parameters of thermal inactivation of rTI-Cyn
have been calculated by applying the first order kinetics to the
thermal inactivation data. The overall AG, AH and AS values for
thermal inactivation of rTI-Cyn were positive [Table 4]. The
enthalpy change (AH) represented the energy required for thermal
denaturation of the protein. A large AH value signifies that high
energy was required for breaking covalent bonds in the thermal
inactivation of rTI-Cyn. Free energy change (AG) was positive for
I'Tl-Cyn, which indicated that the thermal denaturation of recombi-
nant enzyme was non-spontaneous as reported for other enzymes
(Parashar and Satyanarayana, 2016; Ranjan and Satyanarayana,
2016; Ranjan et al., 2015). Denaturation of the enzyme was accom-
panied by an increase in the disorder of the enzyme structure
which can be measured as entropy change (AS) which decreases
with increasing enzyme stability.

3.6. FTIR spectroscopy analysis

FTIR analysis showed the complete degradation of cyanate and
liberation of ammonia after the addition of rTI-Cyn in the reaction
mixture. This was confirmed by a peak observed in the range of
3400 and 3320 cm~! for ammonia and in contrast to the control,
a peak in the range of 2300-2100 cm~! was observed for cyanate
[data not shown]. Similar peaks were observed by Morimoto
et al. (1976) for ammonia and by Alwis et al. for cyanate (Alwis
et al., 2015) respectively.

3.7. Cyanate detoxification by rTI-Cyn

The degradation potential of rTI-Cyn was evaluated in wastew-
ater as well as in control samples supplemented with 5-20 mM
cyanate. Complete degradation of cyanate (up to 10 mM concen-
tration) was achieved in control and 90% of the wastewater sam-
ples within 10 min of incubation. Moreover, more than 80%
cyanate degradation, (up to 20 mM cyanate) was achieved in
wastewater and control samples under similar conditions [Fig. 4].
A similar study showed 80% cyanide (20 mM, KCN) degradation
using cell-free extracts of Rhodococcus UKMP-5M in 80 min
(Nallapan Maniyam et al., 2015).

The effect of heavy metals on rTI-Cyn was also studied during
cyanate degradation. Further, heavy metal levels present in
wastewater samples under un-spiked and spiked conditions were
also analysed [Table S1]. Our findings showed that heavy metals
had no significant effect on rTI-Cyn activity achieving approxi-
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Table 4

The thermodynamic parameters of rTI-Cyn measured during thermal deactivation at various temperatures.

587

Temp (K) Kq (h™1) Tij2 (h) AH (K] mol~) AG (K] mol™1) AS (Jmol~'K™)
333.15 0.043 16.16 88.96 52.33 110.00
343.15 0.113 6.14 88.88 51.23 109.78
353.15 0.266 2.6 88.79 50.29 109.07
120 - Il Control (un-spiked with heavy metals)
I Control (spiked with heavy metals)
[ Wastewater (un-spiked with heavy metals)
100 [ Wastewater (spiked with heavy metals)
(=] =
S 80 ™
c
el
g
© 60 A
—
D
Jog
(m]
40 A
20 A
0
5 10 15 20

Cyanate concentration [mM]

Fig. 4. Degradation of cyanate in wastewater sample and control” using rTI-Cyn. "Control: Tris-HCI buffer (50 mM, pH-8).

mately 95% cyanate degradation compared to un-spiked samples.
Further, we observed that cyanate degradation was lower in
wastewater samples compared to control. This could be due to fact
that wastewater contains many impurities which might prevent
I'TI-Cyn from binding with cyanate.

4. Conclusions

The cyanate hydratase gene of T. lanuginosus SSBP was
expressed in P. pastoris. The recombinant P. pastoris secreted
~10-fold higher cyanate hydratase than the native fungal strain.
The thermostability, high catalytic efficiency and metal tolerance
makes rTI-Cyn, a good biocatalyst for application in cyanate
detoxification.
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ABSTRACT

Cyanase detoxifies cyanate by transforming it to ammonia and carbon dioxide in a bicarbonate-dependent re-
action, however, dependence on bicarbonate limits its utilization in large-scale applications. A novel strategy
was therefore developed for overcoming this bottleneck by the combined application of cyanase (rTl-Cyn) and
carbonic anhydrase (rTI-CA). The synergistic effect of rTl-Cyn and rTIl-CA could reduce the dependence of bi-
carbonate by 80%, compared to using rTl-Cyn alone. Complete degradation of cyanate (4 mM) was achieved
with buffered conditions and 85 + 5% degradation with industrial wastewater sample, when 20 U of rTl-Cyn
was applied. Furthermore, a similar percentage of degradation was achieved using 80% less bicarbonate, when
rTl-Cyn and rTI-CA were used together under identical conditions. In addition, rTl-Cyn and rTl-CA were im-
mobilized onto the magnetic nanoparticles and their catalytic activity, stability and reusability were also
evaluated. This is the first report on the synergistic biocatalysis by rTl-Cyn and rTI-CA, for cyanate detoxifica-
tion.
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B. Ranjan et al.

1. Introduction

Cyanide, one of the most toxic chemicals, is extensively used in
mining industries for the extraction of metals and electroplating
(Barakat et al., 2004; Luque-Almagro et al., 2016). The mining industry
discharges several billion pounds of toxic wastewaters, which in addi-
tion to cyanide, contains silver, gold, cadmium, chromium, copper,
iron, lead, zinc etc. (Luque-almagro et al., 2011). Cyanate (OCN "), an
important cyanide derivative formed by cyanide oxidation (Luque-
Almagro et al., 2016) is present in cyanide contaminated environments.
The application of pesticides and fungicides in agriculture also results
in the accumulation of cyanate in the environment (Elmore et al.,
2015).

The treatment of cyanurated wastewaters has been performed using
various physical, chemical and biological methods or combinations of
them (Glanpracha and Annachhatre, 2016; Pal and Kumar, 2013;
Papadimitriou et al., 2006; Sharma et al., 2012). Alkaline breakpoint
chlorination is a commonly used chemical oxidation method for cya-
nide removal (Barakat et al., 2004; Baxter and Cummings, 2006).
However, this method has significant disadvantages as it needs special
requirements for waste disposal, releases more toxic chemical agents
(such as OCN ™) and the potential formation of chlorinated organic
compounds (Huertas et al., 2010). Similarly, some other alternative
chemical treatments, such as, SO,/air (INCO) process and hydrogen
peroxide have been used, which also resulted in the formation of cya-
nate (Baxter and Cummings, 2006). Due to the several disadvantages
associated with chemical treatments for cyanide removal, eco-friendly
technologies using activated sludge (Papadimitriou et al., 2009; Ryu
et al., 2017) or microbes (Ebbs, 2004) have been employed. However,
the complex nature of polluted wastewaters, primarily the high con-
centrations of cyanide or cyanate in industrial effluents, may weaken
the viability and activity of microorganisms (Papadimitriou et al., 2009;
Sharma and Philip, 2014). Conversely, the cyanate hydrolyzing enzyme
(rTl-Cyn), which is environmentally safe, selective and resistant to high
concentrations of cyanate and other metals, is a promising alternative
(Ranjan et al., 2017). Cyanase (cyanate hydratase) detoxifies cyanate
by transforming it to ammonium (NH4*) and carbon dioxide (CO,) in a
bicarbonate dependent reaction (Johnson and Anderson, 1987). Since
bicarbonate is required to facilitate the reaction, we have developed a
strategy for the efficient removal of toxic cyanate by the combinatorial
use of the rTI-Cyn and rTI-CA, in order to limit the dependence of bi-
carbonate.

Nevertheless, free enzymes have some limitations: large consump-
tion, difficulty in separation and recycling, which are key factors for the
effective utilization of enzymes at industrial scale (Madhavan et al.,
2017). Enzyme immobilization offers an alternative to resolve the
challenges associated with the reusability of enzymes coupled with the
several advantages, such as, enhanced thermal stability and ease of
separation (Dehnavi et al., 2015; Zhou et al., 2017). Various carriers
have been used for the immobilization of enzymes, among them, Fez04
nanoparticles are deemed appropriate, owing to their small size and
high surface area for the attachment of enzymes, superparamagnetism,
low toxicity and good catalytic properties (Pereira et al., 2017; Xu and
Wang, 2012).

In this work, the detoxification of cyanate has been evaluated by the
combinatorial use of the rTl-Cyn and rTIl-CA. As the efficacy for de-
toxification of cyanate has already been shown (Ranjan et al., 2017),
this study focused mainly on two key objectives: (i) to evaluate the
synergistic effect of rT1-Cyn and rT1-CA on the degradation efficiency of
cyanate at varying concentrations of bicarbonate; (ii) to determine the
influence of rTI-CA on the efficiency of cyanate degradation under the
same conditions. Further, rTl-Cyn and rTl-CA were immobilized on si-
lanized MNPs and their reusability in cyanate degradation was assessed.
FT-IR; FE-SEM; and XRD analyses were also carried out on free and
immobilized MNPs. Stability and reusability of immobilized MNPs were
also assessed.
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2. Materials and methods
2.1. Strains and reagents

E. coli DH5a was used as the host strain for all plasmid constructions
and E. coli BL21 (DE3) (Invitrogen) was used as the expression host. The
pJET1.2/blunt vector (Thermo Scientific) was used as the cloning
vector for nucleotide sequence determination. Vector pET28a(+)
(Novagen) was used for the cloning and expression of Tl-Cyn and TI-CA
genes. Ni>*-NTA agarose resin for protein purification was purchased
from Qiagen and restriction enzymes were procured from New England
Biolabs. The primers used in this investigation were supplied by
Integrated DNA Technologies. Wastewater samples were collected from
the influent of an industrial wastewater treatment plant in KwaZulu-
Natal, South Africa. The thermophilic fungus Thermomyces lanuginosus
SSBP used in this study was deposited in the Industrial Biotechnology
MIRCEN Culture Collection, Bloemfontein, South Africa (Accession
number PRI 0226) (Singh et al., 2000).

2.2. RNA isolation, cDNA synthesis and construction of TI-Cyn and TI-CA
plasmids

RNA isolation from T. lanuginosus SSBP and cDNA synthesis were
performed as described previously (Ranjan et al., 2017). Cyanate hy-
dratase and carbonic anhydrase genes were amplified from cDNA using
the primers P1, P2 and P3, P4, respectively (Table 1), with flanking
regions of EcoRI and HindIII restriction sites. PCR conditions: dena-
turation at 95°C for 1 min; 25 cycles (denaturation at 95 °C for 40s,
annealing at 58 °C for 30s, elongation 72 °C for 60s) and final elon-
gation at 72 °C for 8 min, were used for the amplification of TI-Cyn and
TI-CA. Finally, 500 bp and 583 bp PCR products of TI-Cyn and TI-CA
were obtained and digested with EcoRI and HindIII and cloned into the
plasmid pET28a(+) vector to make pET28a-Tl-Cyn and pET28a-TI-CA
constructs. Confirmation of the constructs was performed by double
digestion with EcoRI and HindIII. The presence and precise positioning
of the inserts were confirmed by DNA sequencing.

2.3. Expression and purification of rTl-Cyn and rTl-CA

Plasmids isolated from both the positive clones, pET28a-TI-Cyn and
pET28a-TI-CA were transformed into E. coli BL21 (DE3), and the
transformed cells were cultured at 37 °C for 16-18h in LB medium
supplemented with kanamycin (50 pg/mL). LB-kanamycin medium was
inoculated with E. coli BL21 (DE3) as the primary inoculum and culti-
vation was continued at 37 °C until the absorbance (Aggy) reached
0.5-0.7 (Ranjan et al., 2015). The expression of TI-Cyn and TI-CA genes
under the control of the T7 promoter was induced by adding 0.8 mM
isopropyl-p-D-thiogalactopyranoside (IPTG) and further incubation was
carried out at 25°C for 8 h. The culture was then harvested and re-
suspended in 50 mM Tris-HCl buffer, pH 8.0 and sonicated using a
Ultrasonic Sonicator (Sonics Vibra-cell) using 2 s pulses for 10 min to
release the intracellular proteins. The sonicated samples were then
centrifuged at 13,000 x g for 20 min to remove cell debris, and the su-
pernatant was assessed for enzyme activity. Recombinant cyanate hy-
dratase and carbonic anhydrase were further purified using Ni-NTA

Table 1
Primers used in this study.

Primers Oligonucleotide sequence (5’-3")

P1 CGGAATTCATGGCTGATATCGCAACCC

P2 GGTTAAGCTTTTAGAATCGACTGTATGGC

P3 CGGAATTCATGGGTTTCCGCATTTATGGC

P4 GGTTAAGCTTTTATGTGCACACCTCCGGATCAAC

GAATTC-restriction site for EcoRI; AAGCTT-restriction site for HindIIL.
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columns (Parashar and Satyanarayana, 2016).
2.4. Enzyme assays

rTl-Cyn activity was determined as previously described by Ranjan
et al. (2017). One unit (U) of cyanate hydratase was defined as the
amount of enzyme that liberates 1 umol of ammonium per minute
under the standard assay conditions.

rTl-CA activity was assayed by a modified protocol of Khalifah
(1971). The assay was performed at 4 °C by adding 0.1 mL of rTI-CA to
3.0mL of 20 mM Tris-HCI buffer, pH 8.0. The reaction was then in-
itiated by the addition of 2.0 mL ice cold CO,-saturated water. The time
interval for the pH to drop by 1 unit (from 8.0 to 7.0) due to the release
of protons during CO, hydration was measured. One unit of rTl-CA
activity was defined as the amount of enzyme required to reduce the pH
of the buffer from 8.0 to 7.0, and expressed as Wilbur-Anderson (WA)
units per unit volume.

2.5. Biodegradation of cyanate by rTl-Cyn

1TI-Cyn (20 U) was added to reaction mixtures (1 mL total volume)
containing 50 mM Tris-HCl buffer (pH 8.0), 3mM NaHCO;, 4mM
KOCN and was incubated for 10 min at 60 °C in a shaking water bath at
100 rpm. The stability of rTl-Cyn in the presence of heavy metals such
as Ag, Au, Cd, Cr, Cu, Fe, Pb and Zn was also evaluated. Additionally,
the buffer was replaced with industrial wastewater (1 mL total volume)
spiked with 4 mM cyanate. After incubation for 10 min, the samples
were centrifuged and the supernatants were analysed by a colorimetric
method via product analysis, using a UV-vis spectrophotometer and
also assessed for the presence of ammonia and cyanate by Fourier
transform infrared spectroscopy as previously described (Ranjan et al.,
2017). The concentration of different heavy metals in the wastewater
sample was analysed using atomic absorption spectroscopy (AAS)
(Srikanth et al., 2013).

2.6. Biodegradation of cyanate by rTl-Cyn and rTl-CA and optimization of
their concentrations

rT1-Cyn (20 U) was added to reaction mixtures (1 mL total volume)
containing 50 mM Tris-HCI buffer (pH 8.0), 3 mM NaHCO3; and 4 mM
KOCN. Incubation of the reaction mixtures was carried out for 10 min at
60 °C in a shaking water bath at 100 rpm, and the liberation of am-
monia was measured by colorimetric method. Varying concentrations
of NaHCO; (0.3-3.0 mM) were also added to the buffered mixtures at
the above conditions for measurement of the release of ammonia. rTI-
Cyn and rTI-CA were also added together, and incubated at the above
conditions in the presence of different concentrations of NaHCO3 and
was assessed for the degradation of cyanate. Buffered mixtures were
also replaced with industrial wastewater and the reaction was carried
out under the same conditions.

Varying concentrations of rTl-CA were used in combination with
1Tl-Cyn, together with different concentrations of NaHCOj3, to assess the
minimum amount of rTI-CA required for cyanate degradation.

2.7. Synthesis of MNPs

MNPs were prepared by a chemical co-precipitation method (Can
et al., 2009), wherein a 1.75:1 molar ratio of Fe>*:Fe?* was dissolved
in 320 mL of Milli-Q water. The mixture was stirred vigorously under
N, at 80 °C for 1 h. Aqueous ammonia solution (25%) was added to the
mixture to raise the pH to ~10, and stirred under N, sparging for an-
other 1h and cooled to room temperature. The black magnetic slurry
was collected by applying a magnetic field and thereafter washed sev-
eral times with ethanol followed by Milli-Q water. Finally, MNPs were
dispersed by sonication for 15 min and the precipitates were removed
and dried under vacuum at 60 °C overnight.
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2.8. Silanization of MNPs by (3-aminopropyl)-triethoxysilane (APTES)

The MNPs obtained from co-precipitation (1.0 g) were dispersed in a
solution of APTES (20%) and glycerol (4.0 mL) and the mixture was
heated for 2h at 90 °C with simultaneous nitrogen sparging and me-
chanical stirring (Faridi et al., 2017). The solution was cooled to room
temperature, and the modified MNPs were sonicated for 10 min and
collected with a magnet followed by washing with ethanol (3 times)
and Milli-Q water and dried under vacuum at 60 °C overnight.

2.9. Immobilization of rTl-Cyn and rTI-CA on modified MNPs

Prior to immobilization on modified MNPs, carboxyl groups of rTI-
Cyn and rTl-CA were treated with 3-(3 dimethylaminopropyl) N’-
ethylcarbodiimide (EDC) and N-hydroxysuccinimide (NHS) as de-
scribed by Faridi et al. (2017). EDC (4 mg) was added to 10 mL solution
of rTl-Cyn:rTIl-CA (1:0.75; v/v), incubated at room temperature for 1 h
with shaking followed by the addition of 5 mg of NHS. The solution was
then added to 20 mg of MNPs and incubated at room temperature for
3 h with gentle shaking.

A schematic illustration of the MNPs synthesis, modification and
immobilization of enzyme is shown in Fig. S1.

2.10. Determination of the binding efficiency of rTl-Cyn and rTI-CA onto
silanized MNPs

MNPs (5 mg) were mixed with 1-10 mg of the recombinant enzyme
for 3h. After immobilization, the amount of free enzyme in the su-
pernatant was measured by the Lowry method (Lowry et al., 1951),
using bovine serum albumin as the standard. The binding capacity of
the MNPs against varied enzyme concentrations was determined by the
difference in concentration of the free enzyme after immobilization
against the initial enzyme concentration (Faridi et al., 2017).

2.11. Characterization of nanoparticles

Adsorption of functional groups on the surface of Fe30, MNPs was
confirmed by infrared spectra of the nanoparticles recorded on FT-IR
(Perkin Elmer). Field emission scanning electron microscopy (FE-SEM)
was performed using a Zeiss Gemini instrument to study the mor-
phology of MNPs. The crystalline structure and phase purity of the
Fe304 MNPs prepared were identified by X-ray diffraction (Philips
PW1830).

2.12. Reusability of the immobilized enzyme

To investigate the reusability of Fe;0,/APTES-rTl-Cyn-rTI-CA, the
immobilized enzyme was recovered by magnetic separation after each
batch and washed several times with Tris-HCI buffer (20 mM, pH 8.0)
to prepare it for the subsequent batch.

3. Results and discussion
3.1. Construction, expression and purification of rTl-Cyn and rTI-CA

Tl-Cyn and TI-CA genes were constructed from the cDNA of T. la-
nuginosus SSBP and the construction of pET28a-TI-Cyn and pET28a-Tl-
CA was confirmed by colony PCR and double digestion with EcoRI and
HindIII.

The expression of rT1-Cyn and rTl-CA were confirmed by analysing
the whole-cell protein profiles of the induced cultures (Fig. 1A). rTl-Cyn
and rTI-CA were further purified to homogeneity, and the purity was
confirmed by SDS-PAGE, where bands of ~18kDa and ~22kDa cor-
responded to rTl-Cyn and rTI-CA respectively (Fig. 1B). The sizes of rTl-
Cyn and rTIl-CA were similar to those reported for E. coli K12 (17 kDa)
(Sung and Fuchs, 1988) and E. coli (24 kDa) (Guilloton et al., 1992),



B. Ranjan et al.

24 kDa 24 kDa
20 kDa 20 kDa
14.2 kDa 14.2 kDa

Fig. 1. SDS-PAGE profile of rTl-Cyn and rTI-CA (A) whole-cell protein profile, (B) purified
protein profile: M-protein marker; L1-rTl-Cyn; L2-rTl-CA.

respectively.
3.2. Effect of industrial wastewater components on cyanate degradation

The effect of industrial wastewater components, especially heavy
metals was tested with purified rTl-Cyn in 50 mM Tris-HCl buffer (pH
8.0) containing 4mM cyanate. A 100% cyanate degradation was
achieved in the buffered condition (without the addition of heavy
metals) with 20 U of rTl-Cyn after 10 min, which was confirmed by UV-
vis spectrophotometric analysis and also by FT-IR analysis. In other
study, approximately 60% of cyanide degradation was observed using
the enzyme, cyanide hydratase (Martinkova and Chmaétal, 2016) and
cell free extracts of Rhodococcus UKMP-5M decreased the concentration
of cyanide by 50% (Nallapan Maniyam et al., 2015). The impact of
individual heavy metals (Ag, Au, Cd, Cr, Cu, Fe, Pb or Zn; their con-
centrations are shown in Table S1) on rTl-Cyn activity in a spiked in-
dustrial wastewater sample showed > 91% retention of its initial ac-
tivity (data not shown). A 10% decrease in enzyme activity was
observed when all the heavy metals were applied together. The con-
centration of cyanate did not decrease in control experiments without
rTl-Cyn. Since, cyanate degradation by rTI-Cyn was not significantly
affected by the addition of heavy metals which confirmed that the en-
zyme was relatively robust.

3.3. Application of rTl-Cyn in industrial wastewaters

rTl-Cyn was able to degrade 90% of cyanate in industrial waste-
water and similarly 85% of cyanate was degraded when spiked with
heavy metals. In buffered conditions, cyanate was completely degraded
within 10 min following the addition of rTl-Cyn. FT-IR analysis also
confirmed the degradation of cyanate, with peaks in the range of
3400-3320 cm ! for ammonia and 2300-2100cm ™! for cyanate in
control experiments (Fig. S2). Hitherto, rTl-Cyn was only used for the
removal of cyanate from the industrial wastewater (Ranjan et al.,
2017), moreover, other close comparison is the cyanide hydratase ex-
pressed in E. coli from Aspergillus niger K10 which confirms a 80% de-
gradation of cyanide (Rinagelova et al., 2014). Although, rTl-Cyn is
able to degrade cyanate in wastewater samples (Ranjan et al., 2017),
there is a major dependence on bicarbonate for its effective degradation
and this is a complication for any large scale application. To overcome
this bottleneck we combined rTl-Cyn and rTI-CA from T. lanuginosus
SSBP.

3.4. Combinatorial effect of rTl-Cyn and rTl-CA in industrial wastewater
bioremediation

Degradation of cyanate by rTl-Cyn was increased from 30 to 100%
with increasing concentrations of NaHCO3 from 0.3 to 3 mM (Fig. 2A).
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In comparison, the combined application of rTl-Cyn and rTI-CA resulted
in the complete degradation of cyanate with 0.6 mM NaHCO3 (Fig. 2B).
The combined effect of rTl-Cyn and rTIl-CA resulted in an enhanced
cyanate degradation of ~3-fold in the presence of 0.6 mM NaHCO3
with rTl-CA contributing to an overall enhancement of 64%. Conse-
quently, this synergistic combination enhanced the degradation of cy-
anate even in the presence of a low concentrations of bicarbonate in
comparison to rTl-Cyn alone. Similarly, in another study the integrative
system has increased phenol removal from wastewater by ~22% (Jiang
et al., 2016a). Although, other cyanases have been reported (Elleuche
and Poggeler, 2008; Luque-Almagro et al., 2008; Qian et al., 2011),
however, their potential for the bioremediation of cyanurated waste-
waters have not been investigated. The closest comparison to our study
was the application of cyanide hydratase and tyrosinase in a two-step
process for phenol degradation (Martinkovda and Chmatal, 2016).
Therefore, the combinatorial use of rTl-Cyn and rTI-CA opens up new
possibilities for the efficient biodegradation of cyanurated industrial
wastes. We also tested 3 different ratios of rTI-CA, while keeping rTl-
Cyn concentration constant, for the efficient degradation of cyanate in
the presence of different NaHCO; concentrations (Fig. 2B-D) and found
that rTI-Cyn:rTI-CA of 1.0:0.75 was the best ratio (Fig. 2C). This opti-
mized enzyme combination was further used for cyanate degradation as
well as immobilization. A schematic representation of the process for
the expression of rTl-Cyn and rTl-CA and their combinatorial use to
reduce bicarbonate utilization in cyanate removal is shown in Fig. S3.

3.5. Characterization of nanoparticles

FE-SEM images of Fe3O,4 and Fe304/APTES nanoparticles revealed
that the Fe30, nanoparticles had a diameter in the range of 50-200 nm
(data not shown). No morphological changes were evident for the
APTES grafted samples when compared to their bare counterparts (data
not shown). Further, FT-IR spectra of the Fe304, Fe3s04/APTES and
Fe304/APTES-rTl-Cyn-rTI-CA nanoparticles showed characteristic
peaks (Fig. S4). A peak at 589 cm ™~ ! was related to the Fe-O functional
groups (Fig. S4A) as evidenced by the characteristic peak for Fe3O4
(Zhang et al., 2007). The introduction of APTES to the surface of Fe;04
nanoparticles were confirmed by the band around 1055 cm ™! assigned
to the Si-O groups (Faridi et al., 2017; Kumar and Cabana, 2016). The
peak observed near 1637 cm ™! for the Fe;0, nanoparticles was due to
the adsorption of water molecules to the surface via hydrogen bonds
(Faridi et al., 2017). A broad peak obtained at 3200-3500 cm ~ Lin all of
the spectra, originated from the hydroxyl group present on the surface
of the particles, uncondensed silanol groups present in the coating
layer, and water on the surfaces of the Fe;04 nanoparticles adsorbed
physically and chemically (Ma et al., 2003). Thus, peaks shown by FT-
IR confirmed the synthesis of Fe30, nanoparticles and the presence of
APTES on its surface. Some peaks were common in Fe304, Fez04/
APTES and Fe30,/APTES-rTl-Cyn-rTl-CA nanoparticles, however, the
peak intensity of Fe3O4 grafted with APTES or APTES/enzymes were
increased distinctly, which confirmed that functional groups and en-
zymes were successfully introduced on the nanoparticles. Similar re-
sults were observed in with the functionalization of Fe;O4 nano-
particles, as reported by Song et al. (2016). XRD analysis confirmed the
crystalline structure and phase purity of the Fe;0, nanoparticles, which
had six characteristic peaks 20 = 35.25°, 41.55°, 50.62°, 63.11°, 67.57°
and 74.49 (Fig. S5), that matched well with the standard data of Fe;04
(JCPDS 19-629).

3.6. Application of immobilized enzyme in cyanate remediation

Approximately 90% cyanate degradation by FezO4/APTES-rT1l-Cyn
was observed in industrial wastewater and complete degradation was
achieved with buffered condition at a NaHCO3; concentration of 3 mM.
Decreasing concentrations of NaHCO3 resulted in less cyanate de-
gradation (Fig. 3A). Surprisingly, the combination of rTl-Cyn and rTI-
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Fig. 2. Degradation of cyanate in control® and industrial wastewater® at different concentrations of NaHCO5 by using (A) rT1-Cyn, (B) rTl-Cyn:rTI-CA (1:1), (C) rTl-Cyn:rTI-CA (1:0.75),
(D) rTI-Cyn:rTl-CA (1:0.5). [*buffered conditions without heavy metals. Pindustrial wastewater sample spiked with cyanate and different heavy metals].

CA nanoparticles also achieved a 100% degradation at 0.6 mM con- 3.7. Determination of binding and storage stability of the immobilized
centration of NaHCO; (Fig. 3B). enzyme

The economics of industrial applications for enzymes are affected by
the cost of enzyme production, therefore, enzymes with long-term
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Fig. 4. Reusability of Fe;04/APTES-rTl-Cyn-rTl-CA in cyanate degradation.

reusability and storage stability are preferred (Alex et al., 2014; Faridi
et al., 2017). To this end immobilization and storage stability of Fe304/
APTES-rTl-Cyn and Fe30,/APTES-rTl-Cyn-rTI-CA was assessed by in-
cubating them in Tris-HCI buffer (20 mM, pH 8.0) at 4 °C, and evaluated
for the release of free enzyme into the supernatant after magnetic set-
tlement. No free enzymes in the supernatant were detected over a 30-
day incubation period from Fe3;04/APTES-rTl-Cyn and Fe30,/APTES-
rT1-Cyn-rT1-CA (data not shown). Similarly, enzymes stored at 4 °C were
used for the detection of enzymatic activity every 5 days over a period
of 30days. The storage stability of the immobilized enzymes were
sufficiently stable and retained almost 100% of their activity at 4 °C
(data not shown), which highlighted its potential for large-scale ap-
plication.

3.8. Reusability of immobilized enzyme

In an industrial bioremediation process, the reusability of the im-
mobilized enzyme is critical as it determines the biodegradation po-
tential over successive reuses (Jiang et al., 2016b). Thus, one of our
goals was to use an immobilized enzyme with efficient bio-catalytic
properties and that can be easily recovered and reused. Reusability of
immobilized enzymes in this study was evidenced by the presence of
more than 80% of residual activity in wastewater and 90% in buffered
samples after 10 cycles (Fig. 4).

4. Conclusions

This study revealed that the combinatorial use of rT1l-Cyn and rT1-CA
reduced the dependence for NaHCO3; by 80% as compared to the rTI-
Cyn alone for cyanate remediation. In addition, the enzymes were
successfully co-immobilized, with excellent stability retaining 100% of
the catalytic activity over a period of 30-days. Of significance is that
more than 80% of residual activity in wastewater and buffered samples
were retained after 10 cycles with this co-immobilized system. This
clearly demonstrates a unique and novel enzyme combination with
great potential for the bioremediation of cyanurated wastes on a large-
scale.
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