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Abstract

Wastewater from certain industrial processes (gold and silver mining, electroplating
with Cu, Ag and other metals, coal coking) contains high concentrations of free cyanide
(hydrogen cyanide and cyanide ions; fCN) and can pose a threat to environmental safety.
Modern approaches to wastewater treatment are primarily based on (physico)chemical
methods and a final biological treatment with mixed microbial cultures. Enzymatic removal
of fCN represents an environmentally promising approach.

This work focuses on the remediation potential of enzymes from the nitrilase
superfamily. In fungi, hypothetical nitrilases and cyanide hydratases were found through
database searches. Selected enzymes were overproduced in Escherichia coli, purified and
characterized, and their remediation potential was evaluated based on these results.

Two of the enzymes belonged to the NIT4-type nitrilases (EC 3.5.5.4) according to
their amino acid sequences: the NitTvl enzyme from Trametes versicolor (protein
XP_008032838.1) and the NitAb enzyme from Agaricus bisporus (protein XP_006462086.1).
NIT4-type nitrilases are widespread plant enzymes that transform (3-cyano-L-alanine (AlaCN),
an intermediate of fCN scavenging. AlaCN is converted to utilizable amino acids by NIT4. In
this work, these enzymes were described for the first time in fungi. The fungal enzymes NitTv1
and NitAb exhibited high specific activities with AlaCN — approximately 132 and 40 U/mg of
protein, respectively. In addition, the substrate specificity of these enzymes went beyond plant
NIT4, as they could also transform other nitriles (phenylpropionitrile, cinnamonitrile,
fumaronitrile). The stability properties were better for NitTv1 than NitAb. Presumably, these
nitrilases play a role in plant-fungus interactions, allowing fungi to detoxify plant nitriles.

Cyanide hydratases (CynHs) (EC 4.2.1.66) convert fCN into the much less toxic
formamide and have been therefore considered for the decontamination of cyanide effluents.

The purified CynH from Exidia glandulosa (protein KZV92691.1, enzyme NitEg) showed



high activity towards fCN with 784 U/mg of protein, keat (turnover number) of 927/s, and
keat/Km (catalytic efficiency) of 42 I/ss/mmol. pH and temperature optimum were 6-9 and 40—
45 °C, respectively. Thus, the catalytic properties of NitEg surpassed those of the second CynH
studied, which was from the fungus Stereum hirsutum (protein XP_007307917.1, enzyme
NitSh). High concentrations of silver and copper (1 mM) reduced the activity of NitEg by 30—
40%, whereas phenol, thiocyanate, sulfide, and ammonia, at levels typical for industrial
effluents, did not lead to a significant reduction in fCN conversion. The enzyme was also
functional at high fCN concentrations (100 mM), which is relevant to the remediation of
wastewater from metal electroplating.

NitEg is thus a promising biocatalyst for direct fCN detoxification, and NIT4 was
shown to likely play an important role in fCN detoxification by fungi. Both enzymes are thus
prospective for the detection and determination of fCN. Nevertheless, the potential of the
enzymes is just emerging and requires further intensive research to improve and scale up their

production and application.

Keywords: cokemaking; cyanide hydratase; cyanide waste; electroplating; free cyanide;

formamide; industrial effluent; wastewater treatment; nitrilase.



Abstrakt

Odpadni vody z nékterych prumyslovych procesii (t€Zba zlata a stiibra, galvanické
pokovovani Cu, Ag a dalsimi kovy, koksovani uhli) obsahuji vysoké koncentrace volného
kyanidu (kyanovodik a kyanidové ionty) a mohou pifedstavovat hrozbu pro bezpecnost
zivotniho prostfedi. Moderni piistupy k ¢isténi odpadnich vod jsou zalozeny predev§im na
(fyzikéIn€)-chemickych metoddch a kone¢ném biologickém cisténi pomoci smésnych
mikrobidlnich kultur. Enzymatické odstranovani volného kyanidu pfedstavuje pristup Setrny
k zivotnimu prostiedi.

Tato prace se zamétuje na remediacni potencidl enzymi z nadrodiny nitrilas. U hub
byly pomoci vyhledavani v databazich identifikovany hypotetické nitrilasy a kyanidhydratasy.
Vybrané enzymy byly nadprodukovany v heterolognim hostiteli (Escherichia coli),
purifikovany a charakterizovany a na zaklad¢ téchto vysledkd byl vyhodnocen jejich
remediacni potencial.

Dva z enzymu pattily podle aminokyselinovych sekvenci k nitrilasdm typu NIT4 (EC
3.5.5.4): enzym NitTvl z houby Trametes versicolor (protein XP_008032838.1) a enzym
NitAb z houby Agaricus bisporus (protein XP_006462086.1). Nitrilasy typu NIT4 jsou $iroce
roz§ifené rostlinné enzymy, které preménuji p-kyano-L-alanin (AlaCN), meziprodukt
detoxifikace a utilizace volného kyanidu. AlaCN je pomoci nitrilasy NIT4 pfeménovan na
vyuzitelné aminokyseliny. V této praci byly tyto enzymy poprvé popsany u hub. Fungalni
enzymy NitTv1 a NitAb vykazovaly vysoké specifické aktivity pro AlaCN - ptiblizn¢ 132,
resp. 40 U/mg proteinu. Substratova specifita t€chto enzymu byla navic $irSi ve srovnani s
rostlinnou nitrilasou NIT4. Fungalni enzymy pifeménovaly i jiné nitrily (fenylpropionitril,
nitril kyseliny skoficové, fumaronitril). Stabilita byla lepsi u NitTvl nez u NitAb.
Pravdépodobné tyto nitrilasy hraji roli v interakcich mezi rostlinami a houbami a umoznuji

houbam detoxikovat rostlinné nitrily.



Kyanidhydratasy (EC 4.2.1.66) pfeméiuji volny kyanid na mnohem méné toxicky
formamid, a proto se o nich uvazuje jako 0 enzymu pro dekontaminaci kyanidovych odpadnich
vod. Purifikovana CynH z houby Exidia glandulosa (protein KZV92691.1, enzym NitEg)
vykazovala vysokou aktivitu pro volny kyanid (asi 784 U/mg proteinu), Keat (¢islo pfemény)
927/s a keat/Km (katalyticka ucinnost) 42 I/ssfmmol. pH a teplotni optimum byly 6-9 a 40-45
°C. Katalytické vlastnosti NitEg tak piedcily vlastnosti druhého studovaného enzyme, CynH,
ktery pochazel z houby Stereum hirsutum (protein XP_007307917.1, enzym NitSh). Vysoké
koncentrace stiibra a médi (1 mM) sniZily aktivitu NitEg o 30-40 %, zatimco fenol, thiokyanat,
sulfid a amoniak v koncentracich typickych pro primyslové odpadni vody nevedly k
vyznamnému snizeni konverze f{CN. Enzym byl funkéni 1 pfi vysokych koncentracich fCN
(100 mM), coz je diilezité pro sanaci odpadnich vod z galvanického pokovovani.

NitEg je tedy slibnym biokatalyzatorem pro pifimou detoxikaci fCN a ukézalo se, ze
NIT4 pravdépodobné hraje dileZitou roli pii detoxikaci fCN houbami. Oba enzymy jsou také
perspektivni pro detekci a stanoveni f{CN. Nicméné potencidl téchto enzymt se teprve objevuje

a vyzaduje dalsi intenzivni vyzkum ke zlepSeni a roz$ifeni jejich vyroby a pouZiti.

Kli¢ova slova: ¢isténi odpadnich vod; elektrolytické pokovovani; formamid; kyanidhydratasa;

kyanidovy odpad; koksovani; nitrilasa; pramyslové odpadni vody; volny kyanid.
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List of abbreviations:

AlaCN — B-cyano-L-alanine

Asn — L-asparagine

Asp — L-aspartic acid

B-R - Britton—Robinson (buffer)

CiN — cinnamonitrile

CN-WAD - weak-acid dissociable cyanides

2CP — 2-cyanopyridine

3CP — 3-cyanopyridine

4CP — 4-cyanopyridine

CynD — cyanide dihydratase

CynH — cyanide hydratase

IAN — indole-3-acetonitrile

IMAC — immobilized metal affinity chromatography
fCN — free cyanide

HPLC - High-Performance Liquid Chromatography
FN — fumaronitrile

NIT4 — type 4 nitrilase

NHase — nitrile hydratase

NLase - nitrilase

PAN — phenylacetonitrile

PPN - 3-phenylpropionitrile

PTAN — phenylthioacetonitrile

SAB - Simultaneous Adsorption and Bioremediation

TCN - total cyanide
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1. Introduction

HCN and simple cyanide (NaCN, KCN) are well known as very toxic compounds,
highly lethal for most living organisms. The toxic effect of cyanide on the body is due to its
high affinity to metals and especially due to the inhibition of the enzyme cytochrome c oxidase,
which leads to the disruption of cellular respiration and, in consequence, to tissue hypoxia and
acidosis, and to the disturbance of the nervous system.

Currently, there are a number of industries associated with the use of cyanide or the
formation of cyanide as a by-product. Accordingly, cyanide and other hazardous substances
are present in the effluents of these industries. Cyanides are used extensively in the mining of
precious metals and in the manufacture of pharmaceuticals, chemicals, pesticides, and plastics.
In the gold/ silver mining and jewelry industries, cyanides are used for the selective extraction
of the precious metals from ores and for electroplating processes, respectively (Luque-
Almagro et al., 2016). Wastewaters from agriculture may also contain cyanides due to the
decomposition of plant cyanoglycosides and cyanolipids during the processing of some raw
materials (cyanide-containing crops, such as cassava, millet, etc.). These factors, among
others, cause cyanide contamination of soil, groundwater, and other environments.

The methods currently used to treat cyanide-containing waste (physicochemical,
chemical) have disadvantages such as a high consumption of chemicals or energy and the
generation of secondary waste. Bioremediation is an environmentally friendly alternative or
complement to abiotic methods, and the search for new green methods and options for the
bioremediation of cyanide waste is required (Anning et al., 2020). This work focuses on the
search for enzymes that participate in the detoxification of HCN, on their function and their
potential uses in cyanide decontamination and thus protection of population and environment.

The enzymes of interest largely belong to the nitrilase superfamily. This group includes

13 branches, and its known members catalyze the hydrolysis of non-peptide carbon-nitrogen
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bonds. The branches differ in the amino acid sequence and the catalytic activity. The most
studied and best characterized enzymes of the nitrilase superfamily are, e.g., nitrilase (NLase;
EC 3.5.5.1), amino-terminal amidase (EC 3.5.1.-), aliphatic amidase (EC 3.5.1.4), biotinidase
(EC 3.5.1.12), B-ureidopropionase (3.5.1.6), and D- and L-carbamoylase (EC 3.5.1.77; EC
3.5.1.87). Members of this superfamily are involved in the biosynthesis and modification of
various natural compounds and are found in bacteria, fungi, plants, and animals (Pace and
Brenner, 2001).

This work focuses on the enzymes of the first branch, the so-called "true NLases"
(hereafter referred to as NLases), in particular their subtypes involved in the detoxification of
HCN. Different subtypes of NLases are specific for certain bacteria, fungi, or plants. The
functions of NLases in nature seem to mainly involve plant-microbe interactions. For example,
microbial NLases may participate in the synthesis of some plant hormones or detoxify and
metabolize plant nitriles. At the same time, microbial NLases may take part in some of the
mechanisms that promote microbial parasitism in plants containing nitrile compounds
(Howden et al., 2009; O’Reilly and Turner, 2003).

NLases catalyze nitrile hydrolysis and have a wide range of substrate specificities, so
they are able to process nitriles of different structures as substrates: aliphatic nitriles (e.g., B-
cyano-L-alanine (AlaCN), acrylonitrile), aromatic nitriles (e.g., cyanopyridine, benzonitrile),
and arylaliphatic nitriles (e.g., 3-phenylpropionitrile) (Figure 1) (Brenner, 2002; O’Reilly and
Turner, 2003). Cyanide hydratase (CynH) and cyanide dihydratase (CynD) catalyze the
cyanide transformation into amide and acid products (formamide and formic acid),

respectively (O’Reilly and Turner, 2003).
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Figure 1. Examples of structurally different nitriles.

NLases have a wide range of potential applications in various fields. One reason for
this is their environmental compatibility. The biotechnological importance of NLases is very
high in the production of chemicals and in the degradation of waste materials. Biohydrolysis
of nitriles and bioremediation of cyanides by NLases are promising routes due to the high
catalytic activities and suitable substrate specificities of the enzymes. Since the discovery of
microorganisms possessing nitrile-hydrolyzing enzymes, many papers have been published on
the biochemical and genetic background of the nitrile transformation process, the enzyme
structures, and the metabolic pathways, in which the enzymes are involved (Sharma et al.,
2019; Kumar et al., 2017).

Here we discuss the potential of these enzymes in the context of the current state of
cyanide remediation and up-to-date trends in alternative solutions. The source of the enzymes
in this work was Basidiomycota fungi, a group of organisms known for their broad
biodegradation potential. However, the potential of this group of fungi for the detoxification
of cyanide has been poorly explored so far. Basidiomycota were found to be a rich source of
plant NLase homologues (NI1T4) involved in the hydrolysis of AlaCN, an intermediate of HCN
scavenging. In addition, Basidiomycota were found to produce some CynHs which directly
convert HCN. The biochemical and catalytic properties of the enzymes were studied after
selected representatives of these enzymes were obtained by heterologous expression of

synthetic genes (Rucka et al., 2020; Sedova et al., 2021).
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In addition, the CynHs were used as purified enzymes to study their ability to work in
media contaminated with cyanide. Future uses of the enzymes for environmental technologies
and bioanalytics were discussed, comparing their properties with alternative chemical and

biological tools.

Aims of the thesis

The primary aim of this thesis was the preparation of new biocatalysts for the
biodegradation of free cyanide and the evaluation of their suitability for future uses such as
the remediation of industrial wastewater or of contaminated environment, for the sake of
population protection.
Specific aims were:

e investigate the cyanide detoxification potential of fungi focusing on Basidiomycota;

e express selected genes focusing on cyanide hydratase and nitrilase NI1T4;

e determine the catalytic properties of the enzymes;

e investigate the enzyme operation in cyanide-contaminated media.
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2. State of the art

The problem of cyanide discharge via industrial effluents and how to deal with it have
been the subject of numerous reviews. The reviews published over the past approximately ten
years have focused on the following topics: cyanide waste treatment solutions in gold mines
(Kuyucak and Akcil, 2013; Mekuto et al., 2016; Anning et al., 2019), ability of microbes and
plants to degrade and utilize cyanide (Kumar et al., 2017), cyanide detoxification by enzymes
(Martinkova et al., 2015; Park et al., 2017; Sharma et al. 2019), anaerobic degradation of
cyanide (Luque-Almagro et al., 2018) and the cyanide degradation potential of an isolate of
Pseudomonas pseudoalcaligenes (Lugue-Almagro et al., 2016; Cabello et al., 2018). A wide
range of topics including the chemical and biological properties of cyanide, its occurrence and
biodegradation were reviewed by Anning et al. (2020). However, reviews of the full range of
cyanide waste treatment processes (chemical, microbial, enzymatic, etc.) have been lacking,
especially for the most recent period. Therefore, the literature review part of this work will
address cyanide disposal options as a whole. It will summarize the recent promising solutions
in this research area, considering chemical, physicochemical and biological methods. It will
also address the types and sources of cyanides and collect data on cyanide levels in various
industrial wastewaters. A separate subchapter will address the legal aspects of cyanide
regulation. Finally, this part of the work will focus on enzymes suitable for the degradation of
cyanide to less toxic or relatively harmless products, as well as enzymes involved in the

turnover of cyanide in plants and some microorganisms.

2.1. Cyanides — origin, properties and regulatory directives

Sources of cyanides in the environment, foods or products may be natural or man-
made. The frequently encountered anthropogenic sources of cyanide release into air and water

include certain industrial facilities, forest and house fires, products of incomplete combustion
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of nitrogen-containing organic polymers, cigarette smoke and vehicle emissions. In industry,
cyanide is required for certain processes in metal plating facilities, petrochemical and organic
chemical industries, or machine-building plants. In addition, cyanide is present in primary
wastewaters from coke plants and iron-smelting plants. Agricultural plants containing
cyanoglycosides can release HCN (Bolarinwa et al., 2014, Kuyucak and Akcil, 2013). Due to
the highly toxic nature of the cyanide anion, as well as of HCN (released especially under
acidic conditions), the cyanide content in wastewater, natural and drinking water is subject to

strict standards (see below).

2.1.1. Types and chemical properties of cyanides

Simple cyanides are a cyanide anion (CN°) and metal cation containing compounds.
An important feature of cyanide solutions is the ratio of the undissociated hydrocyanic acid
(HCN) and the cyanide ions; the sum of both is named free cyanide (fCN). In water, simple
cyanides dissociate to form cyanide anions and metal cations or are present as undissociated
HCN. In acidic environment, the ratio of HCN and cyanide anion increases. If pH is lower
than about 8.5, HCN readily evaporates from the solution as very dangerous fumes. Therefore,
it is recommended that the solutions of cyanide salts are kept at pH even higher, such as pH
over 10. When cyanides are oxidized with hydrogen peroxide or other oxidants, cyanates
(OCN") are formed. Cyanates are much less toxic than cyanides. Cyanide complexes (chelates)
with, e.g., Cd, Ag, Cu, Zn, or Ni ions are designated weak-acid dissociable cyanides (CN-
WAD). The sum of all cyanide types is referred to as total cyanide (TCN). It contains fCN,

CN-WAD and hardly dissociable cyanide complexes with Fe ions (Kuyucak and Akcil, 2013).

2.1.2. Industrial sources

An important property of fCN is its complexation with metals and its electrolytic

16



properties, which are utilized in several industrial processes (Table 1). In the mining of
precious metals such as gold and silver, the use of cyanide has been well known since ancient
times. To extract gold from ore with cyanide, 0.1-0.5 g NaCN/L (pH > 10) is used, and the
resulting [Au(CN)2]- complexes are exposed to zinc, which reduces Au* to Au’. Another
option for the recovery of gold is the adsorption of the metal-cyanide complex on activated
carbon, followed by elution of gold with a mixture of 0.1% NaCN and 1% NaOH. The process
of preparing silver is similar, but either higher concentrations or a longer exposure to NaCN
are used to produce the [Ag(CN)2]" complex (Kuyucak and Akcil, 2013). The amount of gold
mined in 2020 was approximately 3,200 tons (Gold mine production worldwide from 2005 to
2020, 2021; Global mine production of silver from 2005 to 2020, 2021). Each year, between
2001 and 2005, approximately 120 tons of NaCN were used at a single gold-silver mine (Akcil,
2006).

The complexation ability of cyanide is also useful for metal plating. The aim of this
industrial field is to refine the surface of a range of products including jewellery. Cyanides are
used in electroplating baths of silver, copper, cadmium and zinc. Typically, a cyanide solution
contains NaCN and a metal salt or oxide, and its pH must be above 10 to avoid the formation
of HCN vapors (Safe Work Australia, 2012).

The DuPont process for producing adiponitrile, a precursor for polyamide 6.6, involves
the use of cyanide. The process consists of the Ni-catalyzed hydrocyanation of butadiene to
adiponitrile. Adiponitrile can then be further processed to produce hexamethylene diamine,
which is one of the monomers used in the production of polyamide 6.6, commonly known as
nylon 6.6. Cyanation reactions like the one used in this process are important in the synthesis
of various organic compounds and are widely employed in the chemical industry (Bini et al.,
2010).

In the process of producing pharmaceutical chemicals, useful intermediate substances

17



are cyanohydrins, which are the products of cyanation of ketones or aldehydes. For instance,
the production of mandelic acid (a chiral compound) uses mandelonitrile, which in turn is
obtained by cyanation of benzaldehyde. To obtain the enantiopure (R)-mandelic acid,
biocatalytic hydrolysis of racemic mandelonitrile is possible (Martinkova and Kien, 2018).
The precursor of clopidogrel (an antithrombotic drug) is (R)-2-chloromandelic acid, which is
produced in a similar way (Zou et al., 2021). The product of cyanation of acetone is acetone
cyanohydrin, from which methyl methacrylate is obtained, and used to produce polymethyl
methacrylate (PMMA) - this is the well-known acrylic or “Plexiglas”.

Cyanide can be a by-product in various industries. One example is the production of
coke: during the pyrolysis of coal at temperatures reaching 1200 °C, HCN with other
substances (H.S, ammonia and other organics) is transferred into coke oven gas which is then
cooled, thus forming "raw coke wastewater" (Kwiecinska-Mydlak et al., 2019). Annual coke
production worldwide was approximately 650 tons in 2016 (Ghosh et al., 2022). One of the
main uses of coke is in the metallurgical industry (Kwiecinska-Mydlak et al., 2019). In this
technology field, coke is used in the iron production process in blast furnaces. It provides the
fuel for achieving high temperatures needed to convert iron ore into “pig iron” (crude iron).
At this stage, reactions between alkali metals, carbon and nitrogen lead to the formation of
cyanide (Mondal et al., 2021).

The concentration of cyanide and the presence of other components in wastewater will
vary significantly depending on the industry, processes and technologies used in that industry
(Table 1). Data on the amount of cyanide in various wastewaters can differ by several orders
of magnitude (Table 1) and are important for the decision on the further treatment of the
wastewater.

Kwiecinska-Mydlak et al. (2019) used the term “raw coking wastewater” to refer to

wastewater after ammonia removal and tar separation. This wastewater is usually heavily
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polluted with multiple contaminants and is released in very large volumes. For example, in

one day, 2000 m® was released in a coke plant that produced more than 3500 tons of coke per

day (Yu et al., 2016). With a coke production capacity of approximately 11 500 tons per year,

2900-3600 m® per day were produced (Fan et al., 2021). The content of fCN in these

wastewaters was largely between 3.5 and 18.2 mg/l. However, fCN was not found in two

samples of the raw wastewater and the sample after biological treatment, whereas TCN was

present in all of them at significant concentrations of 34-105 mg/I (Table 1).

Table 1. Content of free cyanide (fCN) and total cyanide (TCN) in cyanide-containing

effluents from various industries

Industry TCN fCN Reference
Gold mining 231 n.d. Zheng et al., 2015
7155 n.d. Pan et al., 2021
n.d. 13760 Carmona Orozco et al., 2019
1574 276 Chen et al., 2020
Coking n.d. 4-15 Papadimitriou et al., 2009
(raw effluent) 46 + 10 35+21 Yuetal.,, 2016
105 n.d. Vifia Mediavilla et al., 2019
n.d. 5-20 Kwiecinska-Mydlak et al., 2019
~13 53+16 Mondal et al., 2021
78.2 n.d. Fan et al., 2021
n.d. 8.3 Martinkova and Chmatal, 2016
n.d. 186+2.1 Ban et al., 2022
n.d. 8-10 Ghosh et al., 2022
Coking 354+15 n.d. Liuetal., 2020
(after biotreatment)
Petrochemical n.d. <120 Jarrah and Mu"azu, 2016
Chemical 1280 n.d. Yang et al., 2020
Iron smelting ~10 48+1.0 Mondal et al., 2021
Electroplating n.d. ~26 000 Basile et al., 2008
n.d. 51 200 + 420 Pérez-Cid et al., 2020
Jewelry ~39 000 26 000 Ibanez et al., 2017

fCN — free cyanide; TCN — total cyanide (sum of fCN and all metal-complexed cyanide);

n.d. - no data available.

In addition, high concentrations of phenols were found in coke wastewater samples

(400-2100 mg/l) (Papadimitriou et al., 2009; Martinkova and Chmatal, 2016). After the
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primary stage, phenols are reduced by 13%, which is insufficient (Ban et al., 2022). Coke
wastewater also contains ammonia and thiocyanate (Papadimitriou et al., 2009; Pillai and
Gupta, 2016; Yu et al., 2016; Vina Mediavilla et al., 2019).

Effluents from jewelry and electroplating industry have a high content of cyanide, such
as 39 g TCN/I (Ibanez et al., 2017) or 25 - 52 g fCN/I (Basile et al., 2008; Pérez-Cid et al.,
2020), respectively. In addition, this wastewater contains metals, such as Fe, Cu, Ag, Zn, Al
or Ni. Gold mine wastewater also contains a combination of a high concentration of cyanide

with residues of metals (Carmona-Orozco and Pannay, 2019; Chen et al., 2020) (Table 1).

2.1.3. Toxicity

Lethal dose for adults is estimated at 50-200 mg of a simple cyanide such as NaCN or
KCN. The toxic dose depends on the form of cyanide and the route of entry into the body; the
most rapid manifestations of symptoms of cyanide poisoning occur following inhalation and
intravenous penetration into the body (Bogucki and Weir, 2002). Exposure to airborne cyanide
of 270 ppm is rapidly fatal.

A concentration of fCN of only 5 - 7 ug/l in aquatic habitats has a negative effect on
fish, inhibiting their swimming functions and reproduction processes. A higher concentration
of cyanide (over 20 pg/l) is lethal for most fish species (Eisler and Wiemeyer, 2004).

Chronic exposure to sub-lethal doses of fCN is also highly hazardous as it can damage
the sensory system (visual and auditory nerves). This can result from frequent consumption of
foods made from plants that naturally contain cyanides, unless the processing of the plant
foods is done properly. A well-known plant of this type is cassava, which is regularly

consumed in oriental countries.
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According to Anning et al. (2020), contamination of aquatic ecosystems with cyanide
due to excessive discharges to surface waters has detrimental effects on fish both chronically
and acutely at cyanide concentrations from 5 pg/l and 50 ug/l, respectively.

Complexes of cyanides with metals such as nickel, copper, zinc or iron are less toxic
than fCNas their solubility is limited. However, cyanide complexes such as ferro- and
ferricyanides decompose under the action of light to form free HCN (Kuyucak and Akcil,

2013).

2.1.4. Legislative frameworks

Different cyanide-containing compounds have varying degrees of toxicity. Organic
cyanides and hexacyanoferrates, in which the cyanide ions are tightly bound to the iron ions
(ferrocyanide and ferricyanide), have low toxicity. In contrast, HCN and simple cyanides (e.g.,
KCN, NaCN) are the most toxic. There are also organic compounds that readily release
cyanide ion/ hydrogen cyanide, such as trimethylsilyl cyanide upon contact with water,
cyanoacrylates upon pyrolysis, or cyanohydrins (2-hydroxynitriles) in alkaline media (Rustler
et al., 2008).

All civilized countries have legislation regulating the use of cyanide and its content in
various environments.

The US Environmental Protection Agency (EPA) classifies cyanide as an inorganic
contaminant of drinking water and surface water (National Primary Drinking Water
Regulations), and wastewater (US Clean Water Act). EPA guidelines allow a maximum fCN
level of 0.2 mg per liter of drinking water (Code of Federal Regulations, 2002). EPA cyanide
discharge limits vary by industry and facility size (up to 38 000 and over 38 000 liters per
day). The EPA sets cyanide standards as follows: 5.2 ug/l - total cyanide for continuous

publicly owned treatment work discharges, 22 pg/l - maximum permissible amount of
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discharge into fresh water, 1 pg/l - maximum permissible amount of discharge into salt water
(Code of Federal Regulations, 2008).

The European drinking water standard allows a lower fCN limit than EPA: 0.05 mg/I
(Directive 75/440/EEC).

In the Czech Republic, Law No. 254/2001 Coll., on water and on amendments to
certain laws (Water Law), regulates activities in the field of regulation, management and
protection of surface water or groundwater (CR Zakon ¢&. 254/2001 Sb.).

Directive 2006/21/EC of 15 March 2006 on the management of waste from extractive
industries (Mining Waste Directive), article 13(6) of the Mining Waste Directive, defines the
permissible concentration of fCN at the point of discharge of mining waste into a tailing pond
as not exceeding 10 ppm. According to Article 14 of Directive 2006/21/EC, companies must
also provide financial guarantees to ensure environmental remediation following mine closure.
This could reduce the number of small companies seeking to develop gold mines in the EU
due to a lack of financial resources to provide such guarantees (Directive 2006/21/EC).

Directive 2000/60/EC of 23 October 2000 (Water Framework Directive) sets standards
for discharges into water and it considers cyanide as one of the main pollutants. According to
the directive, direct discharges of pollutants into groundwater are prohibited without first
achieving the ecological status of surface waters (An official website of the European Union).

Another aspect regulated at the legislative level is the problem of large-scale industrial
accidents with a subsequent release of hazardous substances of a toxic, flammable or explosive
nature, which can lead to serious consequences including damage to human health and life and
material and financial losses, contamination of groundwater and the environment. This is
addressed by the Directive 2012/18/EU of the European Parliament and of the Council of July
2012 on the control of the risk of serious accidents arising from the presence of hazardous

substances and amending and subsequently repealing Council Directive 96/82/EC. The need
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to implement the changes introduced by the Directive of July 2012 is contained in the law of
the Czech Republic, which is discussed below.

The Ministry of the Environment of the Czech Republic is responsible for the
prevention of accidents caused by certain hazardous chemicals, including cyanide. In the
Czech Republic, Law No. 224/2015 Coll. on the Prevention of Serious Accidents is the legal
regulatory document in this area. This law implements the SEVESO Il directive (Directive
2012/18/EU) (https://www.zakonyprolidi.cz/cs/2015-224). According to this law, a major
accident is defined as “an extraordinary, partially or completely uncontrollable event limited
in time and space, in particular a serious release of a hazardous substance, fire or explosion,
occurring or imminent in connection with the use of a facility, resulting in a serious threat or
serious consequences for the life and health of people and animals, the environment or
property and associated with one or more hazardous substances." This law regulates the
prevention of serious accidents and was created after the well-known major cyanide accident

in Baia Mare, Romania, in 2000.

2.2. Current state of the art in cyanide remediation

Nowadays, physicochemical and chemical methods are extensively used for
wastewater treatment. The search for methods that are environmentally friendly and,
moreover, allow to increase efficiency and reduce the cost of wastewater treatment, is a
modern trend. The biological and enzymatic methods for wastewater treatment are promising
and hopeful, although not the only possible solutions. Prospective methods have also emerged
in the area of coagulation, oxidation, photocatalysis, electrolysis, and combined processes
(Table 2). The advantages and drawbacks of various types of cyanide disposal processes are

discussed in the following sections.
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Table 2. Examples of recently reported processes of cyanide removal from wastewaters

Process Chemical(s), (bio)catalyst(s) Scale Reference
Coagulation Polyferric sulfate, organic polymer 75 m¥h Shen et al., 2014
FeSO, 200 ml Yuetal., 2016
Adsorption Activated carbon 100 ml Liu et al., 2020
Calcium alginate beads 20 ml Pérez-Cid et al., 2020
Metal-organic resin 50 ml Chenetal., 2021
Oxidation (o)} 700 | Oulego et al., 2014
H,0,, CuSO,4 240 ml Wang et al., 2017
0,, Cu-Mn-O 25,000/h? Lietal., 2018
Os + air (Oy) + H202 5 m¥h Achaetal., 2013
Cyanation 2-Methoxybenzaldehyde, CO, 20 ml Petersen et al., 2021
Electrooxidation Pt-coated Ti electrode 16 mi Valiuniene et al., 2013
BDD electrode®, Na,SO, 21 Jarrah and Mu’azu, 2016
PbO; electrode 250 ml Pillai and Gupta, 2016
BDD electrode®, Na,S;0s 500 ml Yang et al., 2020
Ti electrode 100 ml Chen et al., 2020
Electrodialysis  dialysis membrane, Na;SO4 15 1/h Zheng et al., 2015
Photocatalysis  Pt/Ga,03/SiO; 300 ml Baeissa and Mohamed, 2013
Zn0O 300 ml Bagabas et al., 2013
K,La,Tiz010/Ce0O, 25 ml Pala et al., 2015
TiO, 50 ml Pattanayak et al., 2021
Microbial Pseudomonas 101 Ibanez et al., 2017
remediation Bacillus 0.26 I/d Mekuto et al., 2015
511 Burneo et al., 2020
Bacterial consortia 0.14-11Md Mekuto et al., 2017
0.51/d Shin et al., 2020
>120 m®/h Fanetal., 2021
Tetraspora 100 ml Rai et al., 2021
Biocatalysis Cyanide hydratase 50 ml Martinkova and Chmatal, 2016
Cyanide dihydratase n.d. Carmona-Orozco et al., 2019
Combined Activated carbon, Serratia odorifera 100 ml Singh et al., 2016
H>0O,, cyanase 101 Saez et al., 2019

4gas flow rate/ catalyst volume, ® BDD - boron-doped diamond; GHSV
Processes tested with real industrial effluents are marked in color: coke-oven plant effluents,
gold mine wastewater, electroplating wastewater, jewelry wastewater, chemical plant

effluent.

Other processes were tested with model solutions.
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2.2.1. Industrial processes

Cyanides can be removed from various environments using a variety of methods, such
as chemical, physicochemical, biological, or enzymatic. The choice of method depends on
many factors, including the type of cyanide, its concentration, the nature of the contamination,
available resources and clean-up requirements. However, not all methods are equally effective
or safe. When choosing a method, it is important to consider the effectiveness, safety and
economic feasibility of this method under specific conditions. There are not many methods
known that are effective and have already been tested in practice. Such approaches include the
chemical oxidation of cyanides, the reaction product of which is cyanate. Another method is
the precipitation of metal complexes with cyanide. A combination of both approaches is also
possible. As for the biological approach, bioremediation with activated sludge is known, but
this method is only suitable for wastewaters with a low cyanide content; for example, the
method is applicable for a pre-treated coking wastewater (Fan et al., 2021). Due to their
cheapness and relative simplicity, passive methods of cyanide removal remain popular. These
combine photodegradation, evaporation, complexation and precipitation, and biodegradation
by plants and other organisms.

A method developed by Hemlo Gold Mines Inc. (Ontario, Canada) was based on a
two-step complexation of cyanide with metals (Fe** and/or Cu®") (Figure 2) followed by
oxidation with hydrogen peroxide, and final remediation in “tailings ponds” (Kuyucak and

Akcil 2013).

CuSO, + FeSO, CUCN + Fe(OH), Cu, Ni, Zn, Sb, I\il co-precipitate
with Fe(OH);

TCN

v

precipitate

Figure 2. Precipitation of total cyanide (TCN) using copper (I1) and iron (Il) sulfate. Heavy

metal co-precipitate with iron (I11) hydroxide was formed.
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Coke effluent may retain TCN at levels of 4 - 5 mg/l after sedimentation (Shen et al.,
2014), which may be due to the presence of compounds that prevent the formation of cyanide
complexes with metals (see below).

Chlorine, oxygen, air, hypochlorite, ozone, H202 or SO/ air, sometimes together with
copper as a catalyst, were used as oxidizing agents for the conversion of cyanide to cyanate

(Figure 3).

Catalyst H,O 5 N

Figure 3. Degradation of free cyanide to the much less toxic cyanate (CNO). Hydrolysis of

cyanate is optional.

The product of alkaline chlorination is cyanate in the one-step process, which may be
sufficient for the detoxification of the waste treated. The products are N> and CO: if a two-

step process is used (Figure 4).

CN™+ Cl,— CNCI + CI
OH-

CNO +CI'+ H,0
Cl, | OH"

HCO5; + N, + Cl + H,0

Figure 4. Degradation of free cyanide by alkaline chlorination. The process may be reduced

to one stage resulting in the production of cyanate.
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Significant disadvantages of this method are the toxicity of chemical compounds used
or formed (chlorine, cyanogen chloride and chlorinated by-products) and the unfavorable
price/ effectiveness ratio, i.e. high cost and low efficiency for some cyanocomplexes. The next
generation of processes used SO/ air as an oxidizing agent. One example is the Inco process,
which was created in 1984. This technology was followed, in 2003, by an improved process
using a mixture of SO/ air/ H2O> as oxidizing agents (CombinOx process by Inco-Degussa).
This technology has proven to be effective and versatile, as it is also able to remove heavy
metals (Kuyucak and Akcil 2013). Moreover, the application of the ozonation process to a
model mixture of cyanide, phenol, and benzonitrile (50, 50, and 10 mg/I, respectively) was
demonstrated on a 400-L scale (Acha et al., 2013). The oxidation process took place in a 5-

meter column through which wastewater and ozone flowed.

2.2.2. Trends in chemical and physicochemical processes

Current trends in the field of cyanide coagulation are aimed at finding alternative
coagulants and changing their quantity. It has been shown that the Fe?*/ TCN ratio is decisive
for the coagulation of FeSO4 (Yu et al., 2016). A Fe?*/ TCN ratio of more than 2.5 made it
possible to almost completely remove TCN from coke plant wastewater.

Replacing the coagulant with a mixture of polyferric sulfate and a cationic polymer
optimized this method. The effectiveness of the method has been shown on an industrial scale
(wastewater flow 75 m%h, TCN concentration reduced by 20 times) (Shen et al., 2014).

Using electrocoagulation, fCN was completely degraded at a concentration of 100
mg/l. The purification process was as follows: enriched wastewater from the mining industry
passed through a 2-liter electrochemical cell. The effectiveness of electrocoagulation turned
out to be higher in comparison with classical chemical coagulation (Mamelkina et al., 2020).

The use of electrocoagulation in combination with adsorption and biotreatment allowed the
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removal of 96% fCN (initial concentration 6.4 mg/l) in jewelry wastewater on a scale of 1.5
m? (Pratiwi et al., 2021).

Alginate hydrogel (Pérez-Cid et al., 2020), organometallic resin (Chen et al., 2021)
and activated carbon (Liu et al., 2020) have been tested in laboratory conditions as adsorbents.
The effectiveness of the calcium alginate sorbent was 85% for a wastewater from
electroplating industries with a fCN concentration of more than 50 g/l. In addition, the
concentrations of metals present in the wastewater (approximately 5 g/l Ni and 2 g/l Cu) were
reduced by 50 times (Pérez-Cid et al., 2020 The sorbent made of a metal-organic resin turned
out to be effective for removing cyanide metal complexes with Fe**, Pd?*, Pt?*, Co®" and,
moreover, enabled to extract palladium and platinum. The concentration of metals in a model
solution was 50 mg/l for each (Chen et al. 2021).

Innovative oxidation technologies or the use of new catalysts are aimed primarily at
environmental safety and reducing the use of hazardous chemicals. An example is the use of
compressed oxygen for liquid phase (“wet”) oxidation, which does not require the use of
hazardous chemicals (Oulego et al., 2013, 2014). Another example for safe oxidation is the
use of H2O> generated on site using argon as the discharge gas (Wang et al. 2017; Figure 5).

Using H20; as an oxidant requires 40 mg Cu?*/I for an efficient oxidation (Wang et al.
2017). An example of an advanced catalyst was a mixed Cu—Mn oxide used under argon
atmosphere at a temperature of 250 °C (Li et al., 2018). Another new approach represented
the oxidation by H20 in combination with hydrodynamic cavitation, which resulted in the
formation of free radicals (OH") from water (Montalvo Andia et al., 2021).

Another oxidizer — sodium persulfate (Na:S20g) — was tested under laboratory
conditions with coke plant wastewater, which was previously biologically purified and
contained 4.8 mg TCN/I. It was combined with a flocculant — zero-valent iron (Fe®). As a

result, the TCN concentration was reduced to a level lower than 0.05 mg/l (Zhang et al., 2018).
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Discharge gas

l

T

electrode H2 + O2 - HZO2

v
Cyanide oxidation

fCN solution (100 mg/l),
CuSO4 (40 mg/l), pH 10

Removal rate: 100 ppm HCN/40 min

Figure 5. Removal of free cyanide (depicted as HCN) by oxidation with hydrogen peroxide

generated in a plasma discharge reactor (Wang et al. 2017).

Other recent approaches have been based on new principles of cyanide removal. For
example, the reaction of cyanide with an aldehyde yielded an insoluble cyanohydrin. Using 2-
methoxybenzaldehyde under a carbon dioxide atmosphere (to optimize the cyanohydrin

formation, 97% of 1M NaCN was removed (Figure 6) (Petersen et al., 2021).

O OH

H + HCN ——> CN

OMe OMe

Figure 6. Scavenging of free cyanide by reacting HCN with an aldehyde (Petersen et al.,
2021).
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Another new process was electrochemical oxidation. In this approach, cyanides were
oxidized with electric current, and the reaction product, cyanate, was converted into N2 and
CO2 (Kuyucak and Akcil 2013) (Figure 7). An innovative feature in the possibility of
removing several pollutants in one process (Jarrah and Mu’azu, 2016; Pillai and Gupta, 2015;
Pillai and Gupta, 2016), reducing the cost of electrodes (Valiuniene et al., 2013; Pillai and
Gupta, 2015; Pillai and Gupta, 2016). An example of such an approach is the use of an
electrolytic facility with a graphite cathode and a biplanar boron-doped diamond (BDD)
anode, which are commercially available. Elimination of more than 97% of fCN and the full
elimination of phenol, ammonia and sulfide were demonstrated for a coke oven wastewater
model (Jarrah and Mu’azu, 2016; Figure 8). In addition, the high efficiency of the BDD
electrode in the degradation of cyanide, phenol and thiocyanate was demonstrated with real

coking wastewater (Pillai and Gupta, 2016).

CN + 20H" — CNO" + H,0 + 2¢e-
OH-

CO, + N, + H,0

Figure 7. Electrochemical oxidation.

Another example of an electrode available at a reduced cost is the Ti electrode. It is
coated with a nanolayer of Pt, which makes it much cheaper than a Pt-only electrode. The Ti
electrode removed 2.6 g/l of cyanide almost completely in model mixtures of KCN and
chlorides (Valiuniene et al., 2013). In electrochemical oxidation, chlorides have a positive
effect on the oxidation efficiency due to the formation of Cl, and CIO" that are very efficient

in oxidizing cyanides (fCN, TCN) (Chen et al., 2020). In addition, a PbO- electrode was highly
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effective in degrading fCN, thiocyanate and phenol in coke plant wastewater (Pillai and Gupta,

2016).
97% removal of fCN,
— 100% removal
E‘,} |:| I of other pollutants
r ® 0 cathode anode
oxidation _-

multiple pollutants ~ —»[__ 2L

fCN (200 mg/1), s*, NH,,

phenol

Figure 8. Electrolytic facility for removing free cyanide (fCN) and other pollutants (Jarrah
and Mu’azu, 2016).

Electrodialysis is a method of separating and purifying solutions using an electric field
and membrane filters. It is based on the principle of ion migration under the influence of
electric field through selective ion-exchange membranes. Electrodialysis is used in industry
and laboratories for various purification and separation tasks. Electrodialysis units made it
possible to degrade almost 98% TCN in gold mine wastewater (initial concentration 231 mg/l)
using a flow rate of 15 I/h (Zheng et al., 2015).

Photocatalysts are substances or materials that are capable of initiating and enhancing
chemical reactions when exposed to light. The principle of operation of photocatalysts is based
on the fact that they can absorb photons of light and transfer this energy into chemical
reactions. Photocatalysts can be used to destroy cyanide in agqueous solutions. Titanium
dioxide (TiO2) can be used for this purpose. Well-known affordable TiO. powders are
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produced by Aldrich (Anatase) and Evonik-Degussa (P25 catalyst). The latter is superior to
Anatase Aldrich in removing cyanide from stream waste (Motegh et al., 2014). Thus, the P25
catalyst can remove almost 100% of TCN and 70% of thiocyanate in coking wastewater when
exposed to artificial sunlight, as concluded from the computational model of the process (Viiia
Mediavilla et al., 2019).

In addition, it has been shown that the adsorption of TiO2 on zeolite increases the
efficiency of the catalytic agent. This catalyst was tested on a laboratory scale and was able to
remove 94% of TCN (more than 7 g/l) in metallurgical waste, and was also effective in
removing Cu and Zn (Pan et al., 2021). Immobilization of TiO, on polyurethane also increased
the efficiency of the photocatalyst; when an iron porphyrin photosensitizer was added to the
system, the fCN removal efficiency (100 mg/l) increased from 75% to 91% (Pattanayak et al.,
2021).

Modern photocatalysts that are active in visible light have been studied. Examples are
Nb/Ti, potassium lanthanum titanate (K2La>Ti3O10), cerium oxide (CeO2), or gallium oxide
(Ga203) photocatalysts (Lopez and Castro, 2020; Pala et al., 2015; Baeissa and Mohamed,

2013).

2.2.3. Trends in biological degradation of cyanides
Bioremediation makes use of the metabolic potential of plants, fungi, insects, worms
and other organisms for cleaning water, soil or atmosphere. A number of bacteria, fungi and
plants are capable of cyanogenesis and produce cyanides but also have a significant potential
to eliminate them through various routes (Bhalla et al., 2018).
There have been many studies showing the potential of innovative biological methods
for the treatment of wastewaters that contain cyanide. These studies included the use of

bacteria, both mixed and pure cultures, as well as the use of purified enzymes obtained from
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homologously or heterologously producing strains. An industrial plant with a sequential
change of phases without oxygen and with oxygen was used to treat waste products from the
coking process. High rates of removal of cyanide, phenols, total nitrogen, and other
contaminants were obtained. The researchers attributed this remediation efficiency to the
abundance of Thiobacillus, Thauera, and an unidentified nitrifying bacterial strain and to the
stability of the microbial community structure in this stepwise mode (Fan et al., 2021).

The ability of some anaerobic bacteria to remove not only fCN, but also its complexes
with metals has been shown (Gupta et al., 2016). The aerobic and anaerobic cyanide-degrading
consortia can be obtained and applied in different ways. Aerobic consortia have been derived
from metallurgical effluents and enriched with media containing high concentrations of fCN
(Mekuto et al., 2013). In another study, the source of aerobic consortia was mining wastewater
residues (Guadalima and Monteros, 2018).

Mekuto et al. (2015, 2017) demonstrated the effectiveness of aerobic consortia to
remove cyanide under laboratory conditions. The duration of cultivation of aerobic consortia
ranged from 80 to 300 days, the concentration of fCN in the medium was 500 mg/I, and the
decomposition of fCN was almost complete during the entire continuous process. The
ammonia obtained as a reaction product was processed by nitrification and denitrification
(Mekuto et al., 2015) (Figure 9).

The metabolic potential of the phylum Proteobacteria for the biological treatment of
wastewater from a gold processing plant was also shown. Thus, a bioreactor with a
combination of bacteria Rhizobium daejeonense, Pseudomonas fluorescens and Pseudomonas
stutzeri showed decomposition of 93% of the present fCN (Shin et al., 2020). Another cell
system (Alcaligenes sp. strain DN25) was immobilized with polyurethane foam and used for
cyanide degradation. The effectiveness of the system based on simultaneous adsorption and

biodegradation was shown to remove high concentrations of cyanide (up to 1,200 mg/l) in
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model solutions. The continuous agitation bioreactor demonstrated an 85% cyanide removal

efficiency in 52 days at fCN concentration of 100 - 200 mg/I (Li et al., 2019).

A‘ﬁ ihi

Pneumatic
bioreactor:
0.25L nitrification

4’@% and aerobic
AN

denitrification
\
f

Dual-stage packed-bed

bioreactors — Efficiency
primary cyanide >99%
biodegradation
process Effluent

Figure 9. Long-term (80-day) continuous removal of fCN by aerobic microbial cultures
(Mekuto et al., 2013).

A mixed consortium of bacterial strains has been used to biodegrade phenol and fCN
in coke oven wastewater. The researchers used a two-step treatment consisting of i) oxidation
and ii) biodegradation. The degradation of phenol (1000 mg/l) and fCN (100 mg/I) was 99%
and 100%, respectively (Tyagi et al., 2020).

Another study demonstrated biodegradation of fCN (96%) in gold mining wastewater,
and modeled the growth of a biofilm that used cyanide as a source of nitrogen and carbon. In
this experiment, a biological reactor with separated compartments was used, in which disks
with biofilm were partially immersed in the effluent and rotated (Burneo et al., 2020) (Figure

10).
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Biofilm

PP

Efficiency >96%
3 days

Mining wastewater Control
~300 mgqg fCN/I

Figure 10. Facility for removal of fCN by microbial biofilm attached to rotating discs (Burneo
et al., 2020).

Some bacteria were also effective in the degradation of organic cyanides — nitriles. For
example, a bioreactor study (Chen et al., 2010) revealed the efficiency of propionitrile
decomposition by immobilized cells of Klebsiella oxytoca. In another study, Li et al. (2018)
used the recombinant bacterium B. subtilis N4/pHTnha-ami, which consisted of biofilms
removing acetonitrile, acrylonitrile, and cis- and trans-crotononitrile. The study by An et al.
(2018) revealed an effective treatment of nitrile-containing groundwater (removal of up to
99.8% CN") in a fluidized bed reactor based on mixed biofilms.

There are studies devoted to individual strains of cyanide-degrading bacteria, for
example, Pseudomonas pseudoalcaligenes CECT5344 (Cabello et al., 2018) or Pseudomonas
fluorescens NCIB 11764 (Fernandez and Kunz 2005). The products of cyanide conversion by
the bacterium P. fluorescens NCIMB 11764 are CO. and ammonia (Figure 11A). The
metabolic mechanism for cyanide conversion has been proposed to be mediated by enzymes
such as oxidases, hydrolases and carbonic anhydrases, and genes encoding these enzymes have
been found in the genome of the P. fluorescens strain (Vilo et al., 2012). The P.

pseudoalcaligenes strain is an isolate obtained from river water. It is able to metabolize fCN
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using cyanohydrin as an intermediate, and the cyanohydrin is then hydrolyzed by NLase
(Cabello et al., 2018) (Figure 11B). Moreover, new insights into the metabolism of cyanide
and cyanate by this strain were reported, such as the structure and function of the cyanate
operon (Saez et al., 2019), the role of small RNAs in the regulation of the strain metabolism
(Olaya-Abril et al. 2019, Saez et al. al., 2019) and the synthesis of metal chelators (Olaya-
Abril et al. 2020). Studies on the cyanide degrading ability of this strain were conducted using
dilute jewelry factory wastewater that contained approximately 300 mg TCN/I. The
biodegradation process, which took place in a 10-liter bioreactor, removed about 95% of TCN

(Ibanez et al., 2017).

A HCN + O, + NADH + H* — CO, + NH; + NAD*

nitrilase
B HCN + oxaloacetate — cyanohydrin —— carboxylate + NH,"

H,0

Figure 11. Metabolization of HCN in (A) Pseudomonas fluorescens (Fernandez and Kunz,

2005) and (B) Pseudomonas pseudoalcaligenes (Cabello et al., 2018).

The “Simultaneous Adsorption and Bioremediation” (SAB) process is a combination
of methods for removing contaminants from aqueous solutions. It combines two main
processes: adsorption on activated carbon and bacterial treatment. The SAB process can
achieve a more effective water treatment than the physicochemical or biological methods
alone. It can be particularly useful in cases where the water contains both organic and inorganic
contaminants that can be easily removed by adsorption but also requires biological treatment
for complete purification. The bacterium Serratia odorifera isolated from coking wastewater
metabolized phenols in addition to cyanide. Activated carbon served as an adsorbent of fCN
and phenols, and the bacteria restored the adsorbent by decomposing the compounds adsorbed.
The optimal concentrations of fCN, phenol and activated carbon for the efficiency of this
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process were 50 mg/l, 500 mg/l and 30 g/, respectively. In this way, about 90% of fCN and
almost all phenol were removed (Singh et al., 2016).

Phycoremediation is a process that uses microalgae to clean up contaminated aquatic
environments. The ability of the autotrophic microalga Tetraspora sp. to decompose cyanide,
ammonia and phenol has been studied. It has been shown that phycoremediation is effective
only at a low cyanide concentration such as 2 mg/l. Microalgae are less resistant to cyanide

than bacteria but this method can be applicable to a pre-treated wastewater (Rai et al., 2021).

2.2.4. Emerging enzyme processes

Isolated/purified enzymes, or whole cells that function solely as enzyme carriers
(whole-cell catalysts) are probably the least developed tools investigated for cyanide
remediation. However, their advantages are unequivocal: e.g., process simplicity, resistance
to high concentrations of cyanides (compared with the resistance of growing microbial
cultures), or operation at ambient temperatures. In addition, the cyanide-transforming enzymes
that belong to the NLase group do not require cofactors. Nevertheless, sensitivity to highly
polluted environments containing, e.g., heavy metals, need for sophisticated equipment, or
costs of enzyme isolation or purification may be drawbacks.

The studies by Crum et al. (2015, 2016) showed the bioremediation potential of
Bacillus pumilus. CynD is a good candidate for cyanide biodegradation, but the wild-type
enzyme exhibits intolerance to alkaline pH. However, some CynD mutants of Bacillus pumilus
C1 degraded fCN at pH up to 10 (Wang et al., 2012). Another work showed that agar- and
polyacrylamide-immobilized E. coli cells overexpressing the Bacillus pumilus CynD were
effective at pH 10, maintaining their activity at a high level, while cells immobilized on
chitosan showed a low efficiency. The suitability of the immobilized cells for the degradation

of fCN in wastewater from the gold processing industry was shown (Carmona-Orozco and
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Panay, 2019). Therefore, the use of cyanide-degrading NLases is a promising tool for
bioremediation of cyanide waste and for a potential use at sites of accidental release of cyanide
into the environment (Banerjee et al., 2002; Gupta et al., 2010; Thuku et al., 2009). The origin,
occurrence, production and biochemical/catalytic properties of the enzymes of interest are
discussed below.

Cyanase (EC 4.2.1.104) is an enzyme that catalyzes the reaction of cyanate to carbon
dioxide and ammonia (cyanate is the oxidation product of fCN) (Figure 12). Ranjan et al.
(2019) demonstrated cyanate removal by cyanase from Thermomyces lanuginosus, which was
obtained by expressing the gene in Pichia pastoris. The enzyme was immobilized on modified
(magnetic) “multi-walled carbon nanotubes”. The model mixtures contained heavy metals (Pb,
Fe, Cu and Cr) in addition to cyanate (168 mg/l) (Ranjan et al., 2019). The aforementioned P.
pseudoalcaligenes strain also contains cyanase and has been shown to be useful in removing

cyanate produced by a prior chemical oxidation of cyanide (Saez et al., 2019).

cyanase
CNO™ + HCO3 + 2H* ——— 2CO, + NH;

Figure 12. Reaction catalyzed by cyanase.

Rhodanese (thiosulfate sulfurtransferase, EC 2.8.1.1) catalyzes the reaction of HCN
with thiosulfate to form thiocyanate (much less toxic than cyanide) and sulfite (Figure 13). It
is the oldest of the cyanide-converting enzymes, known since 1933. It is common in all
kingdoms of life. Its localization varies depending on the organism: rhodanese occurs in
mitochondria (mammals, plants), chloroplasts (plants) or cytoplasm (plants, microbes). In
mammals, its localization depends on the respective organism. In humans, activity is the
highest in the kidneys, but it is also found in the liver and to a lesser extent in other organs.

Disfunction of rhodanese is associated with various diseases (diabetes, colon diseases
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including cancer, etc.). A number of papers also dealt with the biotechnological use of the
enzymes (Buonvino et al., 2022). Bacteria and fungi are readily available sources of rhodanese
for the remediation of cyanide waste. The enzyme could also serve as a therapeutic agent

against cyanide intoxication.

rhodanase
HCN + 5203_ _— SCN_ + 5032_

Figure 13. Reaction catalyzed by rhodanase.

2.3. Nitrilases in cyanide metabolism

Branch 1 of the NLase superfamily includes NLases that catalyze the hydrolysis of
various nitriles but also HCN to the corresponding amides and acids. According to their
activities, the enzymes acting on HCN belong to two different groups: CynD (EC 3.5.5.1, i.e.,
the same as NLase) belonging to the 3rd class — hydrolases, and CynH (EC 4.2.1.66),
belonging to the 4th class - lyases. However, this classification is formal, and the enzymes are
related, both having the Glu-Cys-Lys triad which is also common for all proteins of the NLase
superfamily. The amino acid identities between CynH and CynD are only 25-30% (Benedik
and Sewell, 2018). The CynD activity yields formic acid as the product of cyanide degradation,
while the CynH activity yields formamide. Similarly, the hydrolysis of nitriles by NLases (EC
3.5.5.1) can proceed in two ways: hydrolysis of nitriles to ammonia and the corresponding
carboxylic acid, or to the corresponding amides (Figure 14). Since NLases are capable of
producing amide as a reaction product, it is important not to confuse them with nitrile
hydratases (NHases; EC 4.2.1.84), metalloenzymes, that also yield amide as the reaction

product from nitrile. NHase is not a member of the NLase superfamily.
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Figure 14. Pathways of the enzymatic conversion of cyanides and nitriles.

The mechanism of the conversion of cyanide catalyzed by the CynD and CynH
enzymes can be represented by the scheme in Figure 15. The basic mechanism of NLase
activity during cyanide transformation can be described as follows: the attack of the conserved
NLase cysteine residue on the carbon atom of the cyanide in the presence of a water molecule
results in the formation of a tetrahedral intermediate, and finally the acyl enzyme and NHs.
The following step is the hydrolysis of the acyl enzyme by another water molecule to yield a
carboxylic acid and free enzyme. The formation of amide results from an alternative route.

This includes a C-S bond cleavage in the tetrahedral intermediate (Jandhyala et al., 2005).

NH \ |

H-CEN+ESH ——— H-C” < > H-C-NH,
SE 7 |

U
H—C— NH,

H,0 . ESH
NH,
H,0
0 0
ESH+ H-c” P 4/ H-c”
" OH SE

Figure 15. Nitrilase catalytic mechanism (E = enzyme).
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2.3.1. Cyanide hydratase

CynH catalyzes the hydration of cyanide to formamide as the single reaction product
(Basile et al., 2008) (Figure 14). The molecular weight of the subunit of all CynHs is about 40
kDa (Nolan et al., 2003). It is widely accepted that CynHs are fungal enzymes, although a
report on a bacterial CynH from Serratia marcescens was published (Kushwaha et al., 2018).
The paper described the structural analysis and computational modeling of this enzyme. The
catalytic triad was Cys-Lys-Glu characteristic of the NLase superfamily. However, the
evidence for the presence of CynH in this organism is indirect. This was based on finding
formamide as a reaction product of the whole cells along with a NLase superfamily protein
sequence in the genome of this organism.

Extensive data about the cyanide metabolism via CynH are available (Rindgelova et
al., 2014). Enzymes of this type have been found in many fungi, particularly in the phylum
Ascomycota.

The first CynH was discovered in Stemphylium loti, a fungus that parasitizes on the
cyanogenic plant birdsfoot trefoil (Lotus corniculatus L.) (Fry and Millar, 1972). Later, CynHs
were also characterized in other plant-parasitic fungi: Gloeocercospora sorghi, Fusarium
solani, Fusarium lateritium and Leptosphaeria maculans (O’Reilly and Turner, 2003).

Several authors characterized CynHs obtained by genetic engineering technologies,
since wild-type fungal strains with satisfactory CynH activities (Fusarium oxysporum, G.
sorghi) are rare. E. coli is suitable as a heterologous host for the overproduction of these
eukaryotic enzymes (Basile et al., 2008; Martinkova et al., 2015). In this way, several CynHs
were obtained by expressing the cynH genes from Gibberella zeae, Aspergillus nidulans,
Neurospora crassa, Gloeocercospora sorghi (Basile et al., 2008), Aspergillus niger (Kaplan
et al.,, 2013; Rinagelova et al., 2014), Penicillium chrysogenum (Kaplan et al., 2013),

Botryotinia fuckeliana, and Pyrenophora teres (Vesela et al., 2016).
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Even though the main natural function of the enzyme is probably to catalyze the
conversion of cyanide to formamide (Benedik and Sewell, 2018), these enzymes have been
also shown to transform nitriles. However, the relative activity for nitriles is very low
compared to that for cyanide (Martinkova et al., 2015). CynH from F. lateritium has a low
NLase activity with benzonitrile, propionitrile and acetonitrile (Nolan et. al., 2003). Some
nitriles, such as 2-cyanopyridine (2CP) and fumaronitrile (FN), have been shown to be
degraded by CynH from A. niger (Kaplan et al., 2013; Rinagelova et al., 2014). The Vmax for
HCN is much higher than for FN or 2CP (Rinagelova et al., 2014). These two nitriles seem to
be common substrates of CynHs, as they are also accepted by CynHs from P. chrysogenum
(Kaplan et al., 2013), B. fuckeliana, or P. teres (Vesela et al., 2016).

Since the product of HCN conversion catalyzed by CynH is the corresponding amide,
we can speak of a NHase reaction rather than a NLase reaction (O’Reilly and Turner, 2003).
However, it is worth mentioning that cyanide metabolism is different in vivo due to cellular
amidases, which can convert formamide to formate and ammonia. Thus, fungal cultures may

produce a carboxylic acid product, while purified CynH does not (Benedik and Sewell, 2018).

2.3.2. Cyanide dihydratase

CynD catalyzes the conversion of cyanide into ammonia and formate and occurs
probably in bacteria only (Benedik and Sewell, 2018). The first CynDs were discovered and
characterized in the bacteria Alcaligenes xylosoxidans subsp. denitrificans (Ingvorsen et al.,
1991), Bacillus pumilus C1 (Meyers et al., 1993) and Pseudomonas stutzeri AK61 (Watanabe
etal., 1998).

The structure of the enzyme is a left-handed helical oligomer consisting of 10 or more
subunits. The CynD enzyme from P. stutzeri AK 61 (CynDstwt) has a homooligomeric helical

structure and consists of 14 subunits with twofold symmetry (Sewell et al., 2003). In contrast,
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Bacillus pumilus C1 CynD consists of 18 subunits and has a peculiar structure that changes
depending on pH (Jandhyala et al., 2003). Separate particles (oligomers) are transformed into
long rods if pH drops from 8.0 to 5.4. When analyzing engineered mutants of the CynDpum
enzyme from Bacillus pumilus, mutations were found that affected the oligomer size and
enzyme activity. The R67C mutation resulted in a defect in oligomerization. Thus, the study
indicates that the corresponding region is responsible for oligomerization and plays an
important role in the structure of helical microbial NLases.The following regions were also
found to be important for oligomerization of the CynDs: A-surface (conservative interface)
between two monomers forming a dimer, and C-surface as the area of interaction of two
dimers. Both surfaces are also very important for the activity of the enzyme and its temperature
stability (Park et al., 2016).

The C-terminus is an extension that nteracts with both A surface and C surface (Sewell
et al., 2003). The C-terminal domain of Bacillus pumilus CynD was shown to participate in
changing such parameters as enzyme activity, thermal stability and pH tolerance. A hybrid
protein CynDpum-stit Which included the majority of sequence of CynDpum and the C-terminal
part of CynDstyt retained 100% activity at pH 9, while the parent CynDpum protein lost activity
at pH above pH 8. The thermal stability of the hybrid was also better compared to the parent
enzymes (Crum et al., 2015).

Another study compared recombinant forms of CynDs from Bacillus pumilus C1 and
Pseudomonas stutzeri. After cloning their genes, expression in Escherichia coli, and
purification, the enzymes were studied for their pH stability, thermal stability, and other
characteristics. The pH range (pH 5.2 — 8.5), kinetic parameters (Km 67 mM, Vmax 0.1 mmol
min~' mg™') and tolerance to metals (Fe*, Cd?*, Zn?*, Hg?*, Cr**, and Pb?*) of both of the

enzymes were similar (Jandhyala et al., 2005).
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For the use of these enzymes in the biodegradation of cyanides, it is also possible to
modify their catalytic properties by point mutations. Four point mutations in CynDs from
Bacillus pumilus (K93R, D172N, A202T and E327K) exhibited effects on the properties of
the enzyme (Kinetics, thermal stability or pH stability). Thus, K93R and D172N mutations
improved the stability of the enzyme. The D172N mutation increased the affinity of the
enzyme for its substrate at pH 7.7. On the other hand, the A202T mutation had a destabilizing
effect on the protein and led to the loss of its activity (Crum et al., 2016).

Recently, Flavobacterium indicum MTCC 6936 CynD and its ability to degrade
cyanide has been described. At moderate temperatures, the enzyme exhibited a wide pH range
(70% of enzyme activity was retained at pH 10). It exhibited thermal stability for 6.5 hours at
30 °C and for 5 hours at 35 °C. The kinetic parameters were Ky 0f 4.76 mM and Vmax of 45

U mg? (Kumar et al., 2018).

2.3.3. Nitrilase NIT4

Type 4 NLase (NIT4) has a narrow substrate specificity for AlaCN, and analogues of
this enzyme are widely distributed in the plant kingdom. Analysis of the purified NIT4 enzyme
from Arabidopsis and Nicotiana showed that NIT4 is a distinct sub-branch of NLases that
catalyze the hydrolytic reaction of AlaCN to a mixture of L-asparagine (Asn) and L-aspartic
acid (Asp) (Piotrowski et al., 2001) (Figure 16). NIT4 has NLase and NHase activity. Both
reactions share the same catalytic site.

Analysis of the sequence of “cyanoalanine hydratase” (classified EC 4.2.1.65) from
blue lupine (Lupinus angustifolius) showed that this enzyme is a homologue of Arabidopsis
thaliana and Nicotiana tabacum NIT4. Thus, plant cyanoalanine hydratase is a NIT4 enzyme.
It has been proposed to replace the term cyanoalanine hydratase with the term cyanoalanine

NLase or NIT4 (Piotrowski and VVolmer, 2006).
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Figure 16. Transformation of B-cyano-L-alanine by nitrilase NIT4.

The NIT4 isoform of A. thaliana NLase is different from other forms of plant NLases
NIT1, NIT2, and NIT3 which are similar to each other. NIT4 homologues were characterized
in plants from different families, for example, Nicotiana tabacum and Oryza sativa. The ability
of purified NIT4 protein from N. tabacum, A. thaliana, and L. angustifolius to transform
AlaCN into Asp and Asn under in vitro conditions was shown (Piotrowski et al., 2001). The
two activities of the NIT4 homologues, NHase activity (amide formation) and NLase activity
(carboxylic acid plus ammonia formation) can produce different amide/ acid ratios from
AlaCN in different plants (Piotrowski, 2008).

Cyanide is a by-product of the last stage of ethylene synthesis in plants (Figure 17).
Cyanide is eliminated by a reaction with cysteine; this reaction is catalyzed by p-cyanoalanine
synthase (CAS), resulting in the formation of AlaCN and sulfide (Sharma et al., 2019). The
function of plant NLases NIT4 is to transform AlaCN to Asn, Asp and ammonia (Piotrowski
and Volmer, 2006). Thus, NIT4 takes part in the process of cyanide detoxification in plants.
The ability of plants to assimilate cyanide from the external environment is known (Ebbs,
2004). In wheat, under experimental conditions the rate of cyanide uptake was shown to
correlate with nitrogen concentration, with nitrogen restriction leading to an increase in the
rate (Ebbs et al., 2010). With an increase in exogenous cyanide, there is an increase in CAS
activity in wheat (Machingura and Ebbs, 2010), tobacco (Liang, 2003) and rice (Yu et al.,

2012). Arabidopsis studies have demonstrated that knocking out the gene encoding
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mitochondrial CAS reduces CAS activity and increases the concentration of endogenous
cyanide in plant roots. In addition, an increase in exogenous cyanide leads to an increase in

endogenous cyanide when the gene is turned off (Garcia et al., 2010).

ACC synthase ACC oxidase
—_—

Met —» SAM ACC ———» C2H4+C2HN02

HCN + CO,

cyanoalanine synthase

Cys
\ cysteine synthase

AlaCN + sulfide

2H,0
NIT 4

Asp + Asn + NH3

Figure 17. Metabolism of cyanide and synthesis of B-cyano-L-alanine in plants. Met,
methionine; SAM, S-adenosyl-L-methionine; ACC, L-aminocyclopropane-L-carboxylic acid;

Cys, cysteine; AlaCN, B-cyano-L-alanine; Asp, L-aspartic acid; Asn, L-asparagine.

The origin of endogenous cyanide in plants, in addition to its formation as a byproduct
in the biosynthesis of the hormone ethylene, can be cyanogenic glycosides, which are present
in many plant species and protect the plants from herbivores. Hydrolysis of cyanogenic
glycosides, induced by injury to plant tissue, leads to the release of cyanide (Gleadow and
Moller, 2014). NLases can participate in both primary and secondary metabolism of plants.
NLases derived from the NIT4 ancestor are engaged in the endogenous catabolism of
secondary metabolic products. The NLase heterocomplex NIT4A/B2 from Sorghum bicolor
transforms the cyanogenic glycoside dhurrin (Figure 18) without cyanide release. Dhurrin can

be metabolized in plants in two ways: through the intermediate decomposition product -
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p-hydroxymandelonitrile, which then turns into p-hydroxybenzaldehyde and fCN, or through
an intermediate product - p-hydroxyphenylacetonitrile - to hydroxyphenylacetic acid and

ammonia. The second way proceeds without cyanide release (Figure 19) (Jenrich et al., 2007).

OH
Ns., K©/
HO O~ ~©
HOY ""OH

OH

Figure 18. Cyanogenic glycoside dhurrin.

Dhurrinase
Dhurrin - >  pHMN
a-Hydroxynitrile lyase
pHPAN pHB + HCN
NIT 4A/B2 B-Cyanoalanine synthase
pHPAAC + NH; AlaCN

NIT 4A/B1 and/or NIT 4A/B2

v

Asp + Asn + NH3

Figure 19. Scheme of dhurrin turnover pathways. pHPAN - p-hydroxyphenylacetonitrile;
pHPAAcC - p-hydroxyphenylacetic acid; pHMN - p-hydroxymandelonitrile; pHB - p-

hydroxybenzaldehyde; AlaCN - B-cyano-L-alanine; Asp - L-aspartic acid; Asn - L-asparagine.
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The specificity of plant NLase NIT4 from Arabidopsis thaliana depends on the helical
turn of the enzyme. If this turn is changed by site-directed mutagenesis, the specificity of the
mutant changes (Mulelu et al., 2019).

Plant NLases perform versatile functions and take part in the following processes:
cyanide detoxification, which is probably their main function in plants, but also nitrogen
restoration and recycling, catabolism of cyanogenic glycosides, and auxin biosynthesis. The
importance of NLases for plants is supported by the fact that NIT4 homologues are ancient in
higher plants, and the corresponding gene has been conserved during evolution (Piotrowski,
2008).

According to database searches, fungi and bacteria also contain a lot of NLases that
are homologues of plant NLase NIT4 and can participate in cyanide degradation via AlaCN
(Rucka et al., 2020). Hundreds of NIT4-like sequences have been published in bacteria.
However, only few bacterial NIT4 enzymes were characterized. They were, e.g., the NIT4 of
Pseudomonas fluorescens (Howden et al., 2009) and Sinorhizobium fredii (Vesela et al.,
2016). In Basidiomycota fungi, subdivision Agaricomycotina, close homologues of NIT4 are
encoded in Dichomitus squalens, Trametes sp., Armillaria sp., Agaricus bisporus, and many

others (Rucka et al., 2019).
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3. Methods

3.1.

Genes and strains of microorganisms

The genes encoding putative NLases XP_006462086.1 (protein NitAb) and

XP_008032838.1 (protein NitTv1), and putative CynHs XP_007307917.1 (protein NitSh) and

KZV92691.1 (protein NitEg) were retrieved from the GenBank, based on homology searches.

They were synthetically produced, per order, by GeneArt (part of ThermoFisher Scientific),

Regensburg, Germany, according to nucleotide sequences optimized using the company’s

original algorithm, i.e., the codons preferred by Escherichia coli were selected to allow for an

efficient gene expression in this host (Figure 20). The software for gene design is available at

https://www.thermofisher.com/cz/en/home/life-science/cloning/gene-synthesis/

geneoptimizer.html.
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ACGTACAACGGCCACGCGCGCATCTTCGCGCCCGACGGTACGCTGCTCGTCAAGCCGGACAAGGACTTC
D G L L F VvV N |1 D L N E C€C H L T K A L A D F G
GACGGGCTGCTCTTCGTCAACATCGACCTCAACGAGTGCCACCTTACTAAGGCTCTCGCTGACTTCGGC
G H Y M R P D L 1 R L L Vv D T R R K E L VvV T E
GGCCACTATATGCGTCCGGACCTCATCCGTCTGCTTGTCGACACGCGCCGCAAGGAACTCGTGACAGAA
A D P D G G 1 A T Y T T R E R L G L N L P L A

GCGGACCCAGACGGCGGCATTGCCACCTACACCACGCGCGAACGGCTTGGCCTGAACTTGCCATTGGCG
E K E E K K G G 8 8 T K K H D G K K A G D L
GAGAAGGAGGAGAAGAAGGGTGGGAGCAGCACCAAGAAGCACGATGGGAAGAAAGCTGGCGACCTCCTC

GAG
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M P I T @ Y K A A A ¥V T S E P € W F D L E A
CATATGCCGATCACACAGTATAAAGCAGCAGCAGTTACCAGCGAACCGTGTTGGTTTGATCTGGAAGE
G ¥ & K T I & F I N E A 6 & A 6 & K L I A F P
GGTGTTCAGAAAACCATTAGCTTTATTAACGAAGCAGGTCAGGCAGGTAGCAAACTGATTGCATTTCE
E v wW | P 6 Y P Y w M wW K ¥ T ¥ @ @ S L P L L
GAAGTTTGGATTCCGGATTAT CCGTATTGGATATGGAAAGTTACCTATCAGCAGAGCCTGCCGECTGET
KO8 ¥y RE N 8L B ot ® CECE MR R W YRR A A R
AAAAGCTATCGTGAAAATAGCCTGCCGGTTGATAGCGAAGAAATGCGTCGTATTCGTCGTGCAGCACGT
D N H I Y ¥ & M 6 F & E | D H A T L Y L & a ¥
GATAATCATATTTATGTTAGCATGGGOTTCAGCGAAATTGATCATGGAAGCCCTGTATCTGAGCCAGGTT
L I § P T 6 P ¥ L N H R R K I K P T H ¥ E K L
CTGATTAGCCCGACEGGTGATGTTCTGAATCATCGTCGTAAAAT CAAACCGACGCATGTTGAAAAACT
v ¥ 6 b &6 D & bp T F L & ¥ ¥ D T D L 6 R L G Q
GTGTATGGTGACGGTGATGGTGATACCTTTCTGAGCGTTGTTGATACCGATCTGGGTCGTCTGGGTCA
LN 6 %M. E N W N P F K K S, L SND 1 SR M 6 B G0 1 TH
CTGAATTGTTGGGAAAATATGAATCCGTTTCTGAAAAGCCTGAATATTGCAATGGGTGAGCAGATTCAT
I A A W P ¥ ¥Y P 6 K E T L K Y P D P A T N Vv A
ATCGCAGCATGGCCTGTTTATCCGGGTAAAGAAACCCTGAAATATCCGGATCCTGCAACCAATGTTGCA
E P A § D I ¥ T P A Y A L E T A T W T L A P F
GAACCGGCAAGCGBATATTGTTACCCCTGCCTATGCACTGGAAACCGCAACCTGGACACTGGCACCGTTT
@ R L & ¥ E 6 L K K N T P A G M E P E T D P &
CAGCGTCTGAGCGTGGAAGGTCTGAAAAAAAACACACCGGCAGGTATGGRAACCGGAAACCGATCCGAG
T ¥ N 6 H A R I ¥ R P D 6 S L ¥ ¥ K P D K D F
ACCTATAATGGTCATGCACGTATTTATCGTCCGGATGGTAGCCTGGTTGTTAAACCGGATAAAGATTTT
P 6 L L Y ¥ P I P L N E $ H L T K A L 6 D F A
GATGGTCTGCTGTATGT GGATATCGATCTGAATGAAAGECATCTGAGCAAAGCACTGGGTGATTTTGCA
$ 6 H Y M R P D L | R L L ¥ D T R R K E L V T
AGCGGTCATTATATGCGTCCGGATCTGATTCGTCTGCTGGTTGATACCCGTCGTAAAGAACTGGTTAC
E A D P D 6 6 ¥ A T Y & T R E R L 6 L N R P L
GAAGCCGATCCGGATGGRCGGTGTTGCAACCTATAGCAGCCCGTGAACGCCTGGGTCTGAATCGTCCGET
D P P K D E R H 6 | Vv 6 ¥V A 6 0 K S A E & R K
GATCCGOCTAAAGAT GAACGTCATGGTATTGTTGGTGTTGCAGGTCAGAAAAGCGCAGAACAGCGTAAA
A 6 D L
GCCGGTGATCTGCTCGAG

Figure 20. Optimized sequences of genes encoding nitrilases (A) NitAb and (B) NitTv1, and

cyanide hydratases (C) NitEg and NitSh (D). Restriction sites Ndel and Xhol are underlined.

3.2.

Overproduction and purification of enzymes

The genes were ligated between restriction sites Ndel and Xhol in the vector

pET22b(+), which allowed to translate the genes into proteins with a C-terminal Hise-tag. The

recombinant plasmids were used to transform competent E. coli Origami B (DE3) (Novagen)

cells. The strains were prepared by Lenka Rucka, PhD. (Laboratory of Modulation of Gene

Expression, Institute of Microbiology of the Czech academy of Sciences (IMIC), Prague). The

2xXYT medium containing 16 g tryptone (ThermoFisher Scientific), 10 g yeast extract

(ThermoFisher Scientific), 5 g NaCl, total volume 1 L, was used for cultivation of the

transformed cells at 37 °C. Optical density at 600 nm (ODeo) was monitored using

spectrophotometer UVmini-1240 (Shimadzu). To induce gene overexpression, 0.02 mM IPTG

was added after ODegoo achieved 1.0. The cultivation was continued for 20 h. The cell-free
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extract (CFE) was prepared by sonication using sonicator Bandelin Sonopuls HD2200. Protein
purification from the CFE was performed by immobilized metal affinity chromatography
(IMAC) on TALON® Metal Affinity Resin (Clontech Laboratories, Inc.) with Co?* as the

metal ion. The methodology is summarized in Figure 21.

Nitrilase overproduction

eEscherichia coli Origami B (DE3)

*pET22b(+) — nit genes cloned into Ndel and Xhol sites

©200 mL 2xYT medium + 0.02 mM IPTG, 20 °C, 20 h
 J

i Wholecells |

Protein extraction

eCells in 20 mM Na/Na phosphate buffer, pH 7.8, 0.1
mM of phenylmethylsulfonyl fluoride (buffer P)

N\ *Sonication (9x30s,4°C)

| Cell-free extract | *Centrifugation (27,000 g, 4 °C, 20 min)

Nitrilase purification

eCobalt affinity chromatography (Talon®)

eBinding (buffer P, 4°C, 2 h)

¢Elution of non-specifically bound protein (buffer P +
300 mM NaCl + 5 mM imidazole, 4 °C)

eElution of nitrilase (buffer P + 300 mM NaCl + 100 mM
imidazole, 4 °C)

eConcentration (Amicon® Ultra-30K, 4,000 g, 4 °C)

eBuffer exchange for 50 mM Tris/HCI, pH 8.0, 150 mM
NaCl

Nitrilase activity assay
RCN --> RCONH, (HPLC)

RCN --> RCOOH (HPLC) + NH; (spectrophotometry)
fCN --> HCONH, (spectrophotometry)

Figure 21. Scheme of the enzyme preparation protocol.

3.3. Enzyme Assays

3.3.1. Nitrilase NIT 4 assays
NIT4 activity assays were carried out in 1.5 ml Eppendorf tubes at 30 °C under shaking
(850 rpm) using Eppendorf ThermoMixer Comfort (Eppendorf). The total volume of the
reaction mixture was 0.5 ml. Stock solutions of substrates (500 mM) were prepared in 200

mM buffer, pH 8.0, for 2CP, 3-cyanopyridine (3CP) and 4-cyanopyridine (4CP), and in
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methanol for other nitriles (Table 3). The reaction mixture contained 0.025 ml of the stock
solution of substrate (final concentration of 25 mM) in 50 mM Tris/HCI, pH 8.0, supplemented
with 150 mM NaCl. After preincubation (5 min, 30 °C), the reaction was initiated by adding
an appropriate amount of the enzyme. After an appropriate interval, the reaction was stopped
by adding 0.05 ml of 2 M HCI and the mixture was centrifuged (12 000 rpm, 2 min).

The reaction products formed from nitriles were analyzed by High-Performance Liquid
Chromatography (HPLC); the nitrile, carboxylic acid, and amide were indentified by
comparing retention times and UV spectra of products with those of authentic standards. The
reaction product originated from AlaCN, ammonia, was determined spectrophotometrically
(Brunner et al., 2018). Optionally, the reaction mixture was supplemented with asparaginase
from E. coli (Sigma-Aldrich; 4 U) to convert Asn to Asp and ammonia.

The Kkinetic properties of the enzymes were determined analogously using 2.5 - 25 mM
AlaCN. Vmax and Km were calculated using MyCurveFit program (https://mycurvefit.com).

To determine the temperature and pH stability of the enzymes, as well as to determine
their pH and temperature optima, cinnamonitrile (CiN) was used as a substrate. Accordingly,
the enzyme activity was calculated from the concentrations of cinnamic acid and
cinnamamide. The following changes were made to the standard analysis: reactions were
performed at temperatures from 20 to 50 °C to determine the temperature optima. The pH
optima were determined using Britton—Robinson (B-R) buffers in the pH range of 4.0-11.2.
B-R buffers consisted of solutions A (phosphoric acid, acetic acid, and boric acid, 40 mM
each) and B (0.2 M NaOH) in different proportions.

Temperature stability was determined by pre-incubating the enzymes at different
temperatures for 2 hours under shaking (850 rpm), followed by the determination of the
residual activity. For activity determination, the reaction mixtures were brought to standard

temperature (incubation for 10 min, 30 °C). Analogously, pH stability was determined by
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incubating the enzymes for 2 hours at different pH values and standard temperature. The
reactions were carried out under standard conditions; a 3-fold volume of 250 mM Tris/HCI
buffer, pH 8.0, was added to adjust pH. Details of the reaction conditions are given in Table

3.

Table 3. NIT4 nitrilase assays — method details

Substrate . . Compound .
(mM) Reaction conditions determined Analysis
Standard assay AlaCN (25) . Photometry
- Ammonia
Kinetics AlaCN (2.5-25) pH 8.0°, 30 °C, (3.4.3)
relative activity | ATvi(aliphatic) 3-10 min Acid, HPLC
Y nitriles (25) 2 amide (3.4.1)
Temperature pH 8.0°, 20-50 °C,
optimum 5-10 min
Pre-incubation:
Temperature pH 8.0°, 20-50°C, 2 h;
stability Reaction
H 8.0°, 30 °C, 10 min i
s ! e
: pH 4.0-11.2¢, 30 °C, s

pH optimum 10 min

Pre-incubation:
pH 4.0-11.2¢ 2 h, 30 °C;
Reaction:
pH 8.0¢, 30 °C, 10 min

pH stability

Abbreviations: AlaCN — B-cyano-L-alanine, CiN — cinnamonitrile.
& Allylcyanide, fumaronitril, indole-3-acetonitrile, phenylacetonitrile, 4-phenylbutyronitrile,
3-phenylpropionitrile, and phenylthioacetonitrile.
b 50 mM Tris/HCI buffer, pH 8.0, 150 mM NaCl.
¢ Britton—Robinson buffers.
3.3.2. Cyanide hydratase assays
CynH activity assays were carried out in 1.5 ml Eppendorf tubes at 30 °C under
shaking (850 rpm) using an Eppendorf ThermoMixer Comfort (Eppendorf). The total volume

of the reaction mixture was 0.5 ml. Stock solutions of KCN (500 mM) were prepared in 200

mM Tris/HCI buffer, pH 9.0. The reaction mixture contained 0.025 ml of the stock solution
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of substrate in 50 mM glycine/NaOH buffer, pH 9.0. The reaction was stopped after 1-2 min
by adding a two-fold volume of methanol.

Determination of fCN (substrate) or formamide (product) was carried out
spectrophotometrically by the picric acid method (Fisher, 1952) and by the hydroxylamine
method (Cluness, et al. 1993), respectively. The methods described in these papers were
slightly modified (see section 3.4.2. for method details). Spectrophotometric measurements
were performed against controls, which were prepared in the same way as the samples, but
without KCN.

The amount of enzyme that degrades 1 umol of f{CN per minute or produces 1 pmol of
formamide per minute was taken as a unit of CynH activity (conditions ofstandard assay: 30
°C, pH 9.0). The Kkinetic properties of the enzyme, its thermostability and pH stability, as well
as temperature and pH optima were also investigated. The parameters and conditions of the
experiments are given in Table 4. The study of the shelf life of the purified enzyme at 4 °C
was carried out by periodically measuring its specific activity for 98 days.

Experiments using 2CP as a substrate were performed with the following differences
from the standard assay: 50 mM Tris/HCI buffer, pH 8.0, with 150 mM NaCl was used,
reaction time was 10 min, and 2 M HCI (0.05 ml per 0.5 ml sample) was used to stop the
reaction; after centrifugation of the reaction mixture, the supernatants were analyzed by
HPLC.

The temperature optimum was determined in the range of 20-50 °C. The optimum pH
was determined in the pH range 4.0-10.8 using B-R buffers at 30 °C. To determine the pH
stability, the enzyme was incubated in the same buffers for 2 h at 30 °C and then the residual
activity was determined at pH 8.0 and 30 °C. The reaction products of the enzyme with 2CP
are 2-pyridinecarboxylic acid and 2-pyridinecarboxamide. Their concentrations were

determined by reverse phase HPLC (see section 3.4.1).
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In the studies of the influence of copper and silver ions on the degradation of cyanide

using the enzyme NitEg, the rate of consumption of fCN was monitored by the standard assay

but in the presence of metal ions in different concentrations from 0 to 10 mM. Details of the

reaction conditions are given in Table 4.

Table 4. Cyanide hydratase assays - method details

Substrate (mM) Reaction conditions Compo_und Analysis
determined
Standard assay KCN (25) pH 9.02, 30 °C,
1-2 min
Kinetics KCN (2.5-25)
Pre-incubation:
1-24 h Residual
™~ . Photometr
TSI cysy a0 e PR
g Reaction: formamide
standard assay
. KCN
Cyanide pH 9.0-10.5, 30 °C,
conversion (0.6, 4.6, 25, 5-180 min
100)
Temperature 2-Cyanopyridine  pH 8.0°, 20-50 °C,
optimum (25) 10 min
Pre-incubation:
- 20-50°C, 2h
Thermostability Reaction:
short-term .
( ) pH 8.0°,30 °C, 10
min Picolinic acid, =~ HPLC
] pH 4.0-10.8. 30 °C plCOllnamlde (341)
pH optimum 10 min
Pre-incubation:
pH 4.0-10.8, 2h, 30
pH Stab|||ty °C, Reaction:

pH 8.0°, 30 °C, 10
min

2100 mM glycine/NaOH, pH 9.0-10.5.
b 50 mM Tris/HCI buffer, pH 8.0, 150 mM NacCl.
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The degree of fCN conversion was studied according to the following protocol:
Eppendorf tubes of 2 ml contained reaction mixtures of 1 ml total volume. The mixtures were
incubated at 30 °C and shaking (Eppendorf ThermoMixer Comfort, 850 rpm). Buffers were
100 mM glycine/NaOH, pH 9.0, 9.5, 10.0, or 10.5. The simulated wastewater was prepared
according to the literature (Jarrah and Mu'azu, 2016; Papadimitriou et al., 2009). The following
concentrations of fCN were used: 0.6, 4.6, 25 or 100 mM (added as KCN). Optionally, model
compounds were added to the reaction mixtures - NaxS, KSCN, NH4Cl, phenol, CuSOa, or
AgNO:s (see Table 5 for details). Reactions were also performed in the same buffer with 0.6
mM fCN or 4.6 mM fCN without other additives. Enzyme concentration was 2.5 ug/ml, and
5.0 ng/ml for the reaction with model coke plant effluent and model petrochemical effluent,
respectively. Control reactions did not contain the enzyme. The reaction was stopped at
various time intervals by taking 0.1 ml of the sample and adding 0.2 ml of methanol to it.
Using the picric acid method (see above) or the Spectroquant® kit (Supelco), the residual fCN

was determined.

Table 5. Composition of simulated wastewaters

Pollutant, mM
Wastewaters
freCN  S= SCN- NH4* Phenol ~ AgNOs CuSOs
Coke oven 0.6 0 8.62 10.7 12.8
Petrochemical 4.6 23.4 4.61 25 0.64
Electroplating 100 1 1

3.4. Analytical methods
3.4.1. High-Performance Liquid Chromatography (HPLC)
Determination of concentrations of nitriles and their reaction products was performed
using HPLC. For 2CP, 3CP, 4CP, and FN, the column used was an ACE C8 (5 um, 250 mm

x 4 mm; Advanced Chromatography Technologies Ltd.). The mobile phase was 10%
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acetonitrile/ 5 mM sodium phosphate buffer, pH 7.2, used at a flow rate of 0.9 ml/min. For
other nitriles (phenylacetonitrile (PAN), 3-phenylpropionitrile (PPN), allylcyanide, CiN,
indole-3-acetonitrile (IAN), phenylthioacetonitrile (PTAN), 2CP) the column used was a
Chromolith SpeedRod RP-18 (50 mm x 4.6 mm; Merck KgaA, Darmstadt, Germany). The
mobile phase was 20% acetonitrile / 0.1% phosphoric acid used at a flow rate of 2 ml/min.
Calibration for nitriles used as substrates and the corresponding amides and carboxylic
acids (if standards were available) was done by measuring peak area for different
concentrations of each compound. Areas were read out at local spectrum maximum for each

compound. The calibration curves are shown in Appendix A.

3.4.2. Liquid Chromatography — Mass Spectrometry (LC-MS)

The analysis of reaction mixtures was performed using liquid chromatography with
tandem mass spectrometry on a Shimadzu Prominence system (Shimadzu Europa GmbH,
Duisburg, Germany). The column used was an ACE C8 (5 um, 250 mm x 4 mm; Advanced
Chromatography Technologies Ltd., Aberdeen, UK) or Chromolith RP 18e (100 mm x 3 mm;
Merck KgaA, Darmstadt, Germany) and a mobile phase of 10% acetonitrile, and the flow rate
was 0.4 ml/min at a column temperature of 34 °C. MS analysis was performed using SCAN
mode 50 — 250 m/z and LabSolutions software version 5.75 SP2. Other parameters of the
negative-mode MS measuremets were as follows: ESI interface voltage - 4.5 kV, detector
voltage - 1.15 kV, nebulizing gas flow - 1.5 ml/min, drying gas flow - 15 ml/min, heat block
temperature - 200 °C, temperature DL - 250 °C. LC-MS measurements were performed and
the data were interpreted by Ing. Lucie Petraskova, Ph.D. (Laboratory of Biotransformation,

IMIC).

58



3.4.3. Spectrophotometric methods

The picric acid method was performed as follows: a mixture of the sample (0.01 ml),
Tris/HCI buffer, pH 8.0 (0.09 ml), and 0.5% picric acid in 0.25 M Na2COs (0.2 ml) was
incubated for 5 min at 100 °C in the water bath. The reaction mixture was then placed on ice
to stop the reaction. Before measuring the optical density, 0.7 ml of distilled water was added,
and absorbance was measured at 520 nm. The calibration curve is shown in Appendix B
(Figure B.1).

Formamide comcentration was determined as follows: a mixture of the sample (0.2 ml)
and 2.3 M hydroxylamine/3.5 M NaOH (1/1) (0.4 ml) was incubated for 10 min at 60 °C. Then
0.2 ml of 4 M HCl and 0.2 ml of 1.23 M FeCls were added, and the absorbance was measured
at 540 nm. The calibration curve is shown in Appendix B (Figure B.2).

Protein concentration was determined by the Bradford method. The method is based
on binding of the protein with Coomassie brilliant blue R-250 dye, which thus changes the
absorption maximum from 465 to 595 nm (Bradford, 1976). The enzyme was diluted 20 times
in 50 mM Tris/HCI buffer, pH 8.0, with 150 mM NaCl. The resulting enzyme solution (20 ul)
was added to a cuvette containing 1 ml of Bradford solution and mixed. After 5 min the
spectrophotometric measurement was carried out at a wavelength of 595 nm against a blank
sample (1 ml Bradford solution with 20 pul buffer without enzyme).

Ammonia concentration was determined using the o-phthaldehyde reagent as
described in the literature (Brunner et al., 2018). The total volume of the reaction mixture was
0.9 ml, and the absorbance was measured using spectrophotometer UVmini-1240 (Shimadzu).
Semi-microcuvettes contained dimethyl sulfoxide (186 ul) and 132 pl of o-phthalaldehyde
(OPA) reagent (80 mg OPA dissolved in 400 pul of methanol was added to 40 ml of 15 mM
Na-tetraborate, pH 9.25). Aliquots (66 pL) taken from the reaction mixtures were added,

followed by 66 pL of 10% (v/v) trichloroacetic acid. Next, dimethyl sulfoxide (450 ul) was
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added, the solutions were vigorously mixed, and the cuvettes were incubated for 10 min at a
room temperature. Finally, the absorbance at 675 nm was measured spectrophotometrically.
Calibration curves were generated using defined concentrations of NH4Cl (1-15 mM). The

calibration curve is shown in Appendix B (Figure B3).

3.4.4. SDS-PAGE
Electrophoresis was carried out according to Laemmli (1970); a 10% polyacrylamide
gel with sodium dodecyl sulfate was used. Samples were incubated at 95 °C for 5 min in
sample buffer (Tris/HCI (pH 6.8) 100 mM, dithiothreitol 200 mM, SDS (for electrophoresis)
4% wt., bromophenol blue 0.2% wt., glycerol 20% wt.) and added to the gel in an amount of
5 - 10 ul (protein concentration approximately 0.3 mg/ml). Standards with molecular weights
ranging from 14.4-97 kDa (GE Healthcare) were used. The gel was stained with Coomassie

brilliant blue R-250.
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4. Results

4.1. Nitrilases NIT4

Based on database searches, Basidiomycota genomes were recently shown to contain
a large number of genes encoding for potential proteins of the “nitrilase superfamily” (Rucka
et al., 2019). Since these enzymes are considered as promising biodegradation tools, the
enzymes NitTv1 (sequence XP_008032838.1) and NitAb (sequence XP_006462086.1) from
Trametes versicolor and Agaricus bisporus, respectively, were selected in this thesis as
representatives of fungal NIT4 NLase homologues to study their functions and their capability

to degrade toxic cyanide.

4.1.1. Analysis of published NIT4 sequences
The sequences of NLases from the division of Basidiomycota previously found by
GenBank database analysis (Rucka et al., 2019) were divided into two main clades: 1 - similar
to plant NIT4 NLases (up to >50% identities); 2 - similar to putative NLases in Ascomycota
(up to ca. 50%). The producers of both selected NLases belong to the division Basidiomycota
(subdivision Agaricomycotina). The enzymes studied in this thesis were chosen so that one of
them is a representative of clade 1 (more than 50% sequence identity with plant NLases), and

the other enzyme is outside clade 1 on the phylogenetic tree (Figure 22).
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Figure 22. Phylogenetic tree of homologues of plant nitrilases in Basidiomycota (Rucka et al.,
2019). Clade 1 in the box; NitTv1 nitrilase (template) highlighted in yellow.
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4.1.2. Characterization of fungal nitrilases NitAb and NitTv1

E. coli Origami B (DE3) served as a heterologous host for the overproduction of
NLases. The conditions for gene expression were the same as in the previous study (Rucka et
al., 2019). After sonicating the cells, the enzymes were purified by IMAC using TALON®
resin (Figure 21 in section 3 Methods), affording approximately 9.6 mg and 6.6 mg of protein
per 100 ml of culture medium for NitAb and NitTv1, respectively (Figure 23). Each of the
NIT4 nitrilases was detected as two protein bands of very similar molecular weights. Mass
spectrometry did not show any difference between the two bands in either enzyme. These
phenomena are apparently caused by the conditions under which the SDS-PAGE analysis
proceeds (e.g., the composition of the sample buffer) and may reflect two different oxidation

states of the enzymes.
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Figure 23. SDS-PAGE of nitrilases NitTv1 and NitAb. Lane 1 — partially purified NitTv1 (lot
1), 1.59 mg/ml, 4 ul; lane 2 — marker; lane 3 — partially purified NitAb, 20.9 mg/ml, 5 times
diluted, 2 ul; lane 4 — partially purified NitTv1 (lot 2), 7.23 mg/ml, 1 pul; lane 5 — marker.
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Both enzymes were investigated for their catalytic properties (Table 6). The specific
activities for 25 mM substrates (AlaCN, PPN) and kinetic parameters for AlaCN were
calculated based on ammonia production, which was determined spectrophotometrically. The
ratio of activities for AlaCN and PPN were also determined, which is characteristic of each

NIT4 enzyme.

Table 6. Catalytic properties of fungal nitrilases NitTv1 and NitAb

Enzyme Substrate AlaCN AlaCN:PPN
specific activity Vmax [U mg * protein] NHase:NLase Activity
[U mg™* protein] Km (mM) Activity

Asparaginase
+ (Total — (NLase NLase NHase

Activity) Activity) Activity Activity

NitTvl 131.5+05 942+10 1298+114 53.2+9.2 0.40 £ 0.02 91+3

7.72+182 6.74+3.35

NitAb 401+0.1 26.8+04 34.8+2.0 19.6+25 0.50 +0.02 56 + 4.0

7.38+1.40 4.97+212

AlaCN — B-cyano-L-alanine, PPN — 3-phenylpropionitrile, NHase — nitrile hydratase, NLase
— nitrilase.
Note: Determined with 25 mM substrates at pH 8 and 30 °C.

All known NIT4 NLases can be characterized as enzymes with a dual — NLase and
NHase — activity. The designation “NHase” is formal, as both activities belong to a single
enzyme which is a NLase in terms of structure. The products of the action of NLase activity
on a nitrile are the corresponding carboxylic acid and ammonia, while the product of the
reaction of a nitrile with an enzyme with NHase activity is the corresponding amide. Thus,
dual activity NLases produce a carboxylic acid acid and the corresponding amide as the

reaction products. Accordingly, NIT4 converts AlaCN to Asp and ammonia (i), or to Asn (ii).
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AlaCN + H,O— Asp + NH;  “nitrilase” activity of NIT4 ®

AlaCN + H.O— Asn “nitrile hydratase” activity of NIT4 (i)

After supplementing the reaction medium with asparaginase, which converts Asn to

Asp (iii), the amount of ammonia increased by 40-50%.

Asn + H,O— Asp + NH3 asparaginase activity (i)

Other nitriles investigated as substrates of the studied enzymes were aliphatic and
arylaliphatic nitriles (Table 7). As potential auxin precursors, PAN and IAN were tested. The
formation of reaction products - carboxylic acids and amides - was determined using HPLC.
The relative activities of enzymes with the above substrates were calculated using AlaCN as

the reference substrate.

Table 7. Relative activities of nitrilases NitTv1 and NitAb

Enzyme Relative Activity [%0]

NitTvl  AlaCN (100), FN (8.6), 4CP (1.7), CiN (1.6), PPN (1.1), PAN (1.0), PTAN

(<1), IAN (<1)

NitAb  AlaCN (100), CiN (3.3), PPN (1.8), PAN (1.1), FN (<1), PTAN (<1), 4CP (<1),

IAN (<1)

FN — fumaronitrile, 4CP — 4-cyanopyridine, CiN — cinnamonitrile, PPN - 3-
phenylpropionitrile, PAN — phenylacetonitrile, PTAN — phenylthioacetonitrile, IAN - indole-
3-acetonitrile.

Note: Determined with 25 mM of substrate at pH 8 and 30 °C. Specific activities of 131.5 and
40.1 U mg! protein for AlaCN - B-cyano-L-alanine (Table 6) were taken as 100% in NitTv1
and NitAb, respectively. No significant activities were found with allylcyanide and 4-
phenylbutyronitrile.
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For NitTv1, the best substrate after AlaCN was FN. With arylaliphatic substrates such
as CiN, PPN, PAN, or PTAN, the activity was present but significantly lower compared to
FN. The activity of NitAb enzyme for these substrates was lower than that of NitTv1. In
contrast to NitTv1, NitAb did not show a significant activity for FN.

Studies of the influence of temperature and pH on the activity and stability of the
enzymes were carried out using CiN as a substrate. The reaction products were the
corresponding acid and amide (cinnamic acid and cinnamamide) for both enzymes. The
advantage of using CiN as a substrate was the possibility of analyzing the effect of temperature
and pH on the ratio of NLase and NHase activity.

For the NitTv1 enzyme, the temperature optimum for NHase activity (30-35 °C) was

slightly higher than for NLase activity (30 °C) (Figure 24).
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Figure 24. Relative activities of NitTv1l at different temperatures and pH 8.0. The acid-
forming activity (nitrilase) is named NLase activity; the amide-forming activity is named

nitrile hydratase (NHase) activity. 25 mM cinnamonitrile was used as a substrate (see Methods
and Table 3 for method details).
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The stability of the enzyme was determined from the activity left after preincubation
for 2 hours at different temperatures (Figure 25). For the NitTvl enzyme, NLase activity

remained stable up to 35 °C, with the NHase activity being more stable than that of NLase.
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Figure 25. Relative stabilities of NitTv1 at different temperatures. See Fig. 24 for legend.

The effect of pH on the activity and on the ratio of NHase and NLase activities of the
NitTv1 enzyme is shown in Figures 26. The pH optimum for both activities was approximately
7.5-8.5; however, NHase was more active than NLase at pH 4.5-6.5. The stability of the
NitTv1l enzyme was good in the pH range of 5.2 to 9.3, with both activities remaining stable
over this pH range (Figure 27). At strongly acidic and alkaline pH (approximately 4 and 11)
the enzyme was unstable.

Thus, the NHase/ NLase ratio was affected by the reaction temperature, i.e., an increase
in temperature led to an increase in this ratio. A pH shift to acidic also led to an increase in

this ratio (Figures 24, 25).
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Figure 26. Relative activities of NitTv1 at different pH. See Fig. 24 for legend.
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Figure 27. Relative stabilities of NitTv at different pH. See Fig. 24 for legend.

A study of the activity of NitAb at different temperatures showed that the temperature
optimum of the enzyme is 25-30 °C, and at a temperature of 40 °C, almost no enzyme activity
was detected (Figure 28). No effect of temperature on the ratio of NHase and NLase activities

was found, in contrast to the NitTvl enzyme. The stability of the enzyme was good at
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temperatures of up to 35 °C. After preincubation of the enzyme at higher temperatures (40 —

45 °C), the activity was very low or absent (Figure 29).
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Figure 28. Relative activities of NitAb at different temperatures. See Fig. 24 for legend.
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Figure 29. Relative stabilities of NitAb at different temperatures. See Fig. 24 for legend.

A study of the effects of pH on the activity of NitAb showed that the activity of the
enzyme was the highest at pH between 6-8 (Figure 30). Unlike the NitTv1l enzyme, NitAb
was unable to maintain its activity at acidic pH such as 4.5 or below.
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Figure 30. Relative activities of NitAb at different pH. See Fig. 24 for legend.

NitAb enzyme was stable at pH 5-7 but lost a part of its activity at more alkaline pH
values (pH 8-9) (Figure 31). The effect of pH did not differ significantly between NLase and

NHase activity, in contrast to more significant differences in the NitTv1 enzyme.
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Figure 31. Relative stabilities of NitAb at different pH. See Fig. 24 for legend.
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NitTvl enzyme was more stable than NitAb during storage, retaining 95% activity

after 15 days at 4 °C, while the residual activity of NitAb was 42% after 18 days.

4.1.3. Computational studies of NitAb and NitTv1 enzymes
NitAb homology model construction and ligand docking were performed by Ing.
Natalia Kulik, Ph.D. (Laboratory of Photosynthesis, Algatech Centre, IMIC) in a similar way
as for the previously constructed NitTv homology model (Rucka et al., 2019). The active sites
of NitTvl and NitAb have been shown to be similar to those of other NLases (Rucka et al.,

2019). In NitTvl, the catalytic triad consists of E46, K133, C178, E140, and the NitAb

catalytic triad consists of E45, K157, C195 and E164 (Figure 32 - 34).
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Figure 33. Overlay of the active site residues of NitAb (element color, black labels) and

NitTv1 (magenta color, magenta labels).
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Figure 34. Multiple sequence alignment of crystallized nitrilases and NIT4 nitrilases NitAb
and NitTv1. Distribution of secondary structure elements was assigned according to the crystal
structure of nitrilase from Synechocystis sp. (pdb code 3wuy) (Cuff et al., 1998). The catalytic
triad (E, K, C) is labeled with black dots, an additional important E residue is marked with a
blue dot. Amino acid residues proposed to be important for substrate recognition are marked
with cyan dots. The numbers of residues below the alignment correspond to NitAb. Loops are

designated HL1-HL4 in accordance with the previous data (Rucka et al., 2019).

For both enzymes, it is characteristic that the HL1, HL2, and HL4 loops (Figures 32-
33) are extended, and the NitAb enzyme also has an extension of the HL1b loop, which was
not found in the first clade NLases (clade 1 includes NitTv1; Figure 22).

The affinities of ligands (substrates) to the active sites of NitTv1 and NitAb monomers
and tetramers were expressed as “standard precision scores” (SP score) calculated by the Glide
program Table 8. A lower (more negative) SP score indicates a higher affinity of the ligand to

the active site. In the monomer or tetramer of each enzyme, binding of all ligands in the active
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site is possible, with a certain advantage in binding of arylaliphatic nitriles. For NitAb and

NitTv1, oligomerization promoted better binding.

Table 8. Binding SP scores calculated by program Glide

Ligand Glide SP Score [kcal/mol]
NitTv1l NitAb

Monomer Tetramer Monomer Tetramer
Cinnamonitrile nit - 2.569 - 2.409 - 2.569
Fumaronitrile - 0.150 - 0.085 -1.1182 -0.8702
Phenylpropionitrile - 3.838 -4.639 -4.170 - 4.669
3-Phenylpropionitrile - 3.490 -3.571 - 3.146 -4.099
4-Cyanopyridine - 3.260 nit nit - 3.057
Phenylthioacetonitrile -3.591 - 3.602 - 3.453 -4.343
Methylthioacetonitrile nit - 3.897 - 3.694 - 3.250
[-Cyano-L-alanine -2.713 -2.758 -2.416 - 2.557
Indole-3-acetonitrile -4.310 -5.798 -4.112 -5.718
4-Phenylbutyronitrile -4.201 - 3.873 -3.072 -2.932
Allylcyanide nit - 1.004 - 1.487 -1.355

1 ni = not identified (no position with a negative binding score was found for the ligand).
2 Docking of ligand was only possible with increased distance (0.35 nm) between the catalytic
C residues (sulfur atom) and the ligand (cyano group). SP = standard precision.

4.2. Cyanide hydratases

4.2.1. Analysis of published cyanide (di)hydratase sequences

Using the GenBank database (https://blast.ncbi.nlm.nih.gov; accessed on December 5,

2022) and based on selected validated CynHs, 60-99% identical sequences were found with

greater than 90% coverage. A total of 389 homologous sequences were obtained, and all
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belonged to fungi, with 98.5% identified in Ascomycota fungi and only six belonging to

Basidiomycota (Table 9).

Table 9. Cyanide hydratases (CynHs) identified in GenBank

Phylum Class Genus. Sequences Species with confirmed cynHs

Found? (Reference)
Dothideomycetes  Aureobasidium 39
Ascomycota Alternaria 17
Hortaea 12
Pyrenophora 4 P. teres (Vesela et al., 2016)
Leptosphaeria 2 L. maculans (Sexton et al., 2000)
Stemphylium 1 S. loti (Fry and Millar, 1972)
Other 46
Lecanoromycetes  Mycoblastus 2
Letharia 2
Other 6
Leotiomycetes Botrytis 8
Monilinia 4
Botryotinia 1 B. fuckeliana (Vesela et al., 2016)
Other 20

F. solani (Barclay et al., 2002),
Sordariomycetes Fusarium 43 F. lateritium (Nolan et al., 2003),
F. graminearum (Basile et al., 2008) 3

Colletotrichum 21
Monosporascus 8
Diaporthe 6
Verticillium 6
Neurospora 2 N. crassa (Basile et al., 2008)
Microdochium 2 M. sorghi (Basile et al., 2008) *
Other 39
. . A. nidulans (Basile et al., 2008),
Eurotiomycetes Aspergillus 52 A. niger (Rinagelova et al., 2014)
Penicillium 29 P. chrysogenum (Kaplan et al., 2013)
Other 9
Xylobotryomycetes  Cirrosporium 1
Sareomycetes Sarea 1
Basidiomycota  Agaricomycetes Auricularia 3
Stereum 2 S. hirsutum (Rucka et al., 2019
Exidia 1 E. glandulosa (Sedova et al., 2021)

1 The following templates were used to search the GenBank: CynH from Fusarium solani
(CAC69666.1) (Barclay et al., 2002) and Gloeocercospora sorghi (designated Microdochium
sorghi in NCBI; AAA33353.1) (Basile et al., 2008). Redundant sequences were excluded
using the tool https://web.expasy.org/decrease_redundancy. Sequences with identities of 60—
99% and coverage of 90% were selected. 2Genera that contain the highest numbers of CynHs
or whose CynHs were experimentally confirmed are shown. 3Previously Gibberella zeae.
“Previously Gloeocercospora sorghi.
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A similar search yielded 230 CynD sequences (Table 10). Their identity and coverage
were > 70% and > 90%, respectively, using CynDpum, CynDswt (P. stutzeri has been
reclassified as Stutzerimonas stutzeri) or CynDing templates. The number of corresponding
sequences with 70-99% identity to CynDpym or CynDstt Was 79 (81 including templates). It
was assumed that these proteins have CynD activity, but it is difficult to predict the activities
of those that have a lower level of identity (at a threshold level of 50%, the number of

sequences is approximately 70 more). The hypothetical CynDs found were almost all from

bacteria; only one putative CynD was from yeast (Sheffersomyces stipites).

Table 10. Cyanide dihydratases (CynDs) identified in GenBank

Sequences Species with Confirmed CynD

Phylum Class Genus o
Found? Activity (Reference)
N - . »  B.pumilus (Park et al., 2016; Park

Firmicutes Bacilli Bacillus 52 etal., 2015: Sewell et al., 2017)

Paenibacillus 123

Other 4

Clostridia Clostridium 6

Lacrimispora 1

Proteobacteria Gammaproteobacteria  Acinetobacter 1
Stutzerimonas 1 S. stutzeri (Crum et al., 2015)

Betaproteobacteria Burkholderia 2

Actinobacteria Actinomycetia Brevibacterium 1
Bacteroidota Flavobacteria Flavobacterium 147 F. indicum (Kumar et al., 2018)

Other 5

Ascomycota Saccharomycetes  Scheffersomyces 1

! The following templates were used to search the GenBank: CynDpm from Bacillus pumilus
(AAN77004.1), CynDsy from Stutzerimonas stutzeri (BAA11653.1) and CynDing from
Flavobacterium indicum (CCG52320.1). Sequences with identities of 70-99% and coverage of 90%
were selected.

2 The number of sequences found in the species Bacillus safensis, Bacillus pumilus, Bacillus
thuringiensis and  Bacillus cereus was 17, 15, 5, and 4, respectively.
3 The number of sequences found in the species Paenibacillus alvei was 8.

The results of these searches show that CynDs and CynHs constitute a small portion
of NLases which comprise several thousand sequences. Not surprisingly, the well-known Glu-
Lys-Cys triad is also found in the CynDs and CynHs (e.g., C164, E48 and K130 in the CynD

from Bacillus pumilus). Enzymes of the NLase family also possess a second conserved Glu
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residue. Both Glu residues and the Lys residue determine the positioning of the substrate in
relation to the catalytic residue (Cys) and are important for activity (Makumire et al., 2022;
Weber et al., 2013). CynDs and CynHs, as representatives of NLases, also have two conserved

Glu residues at the corresponding positions (Figure 35).
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Figure 35. Conservation of key regions surrounding the active site residues in the following
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nitrilases: cyanide dihydratases (CynDs) from Flavobacterium indicum (CCG52320.1),
Stutzerimonas stutzeri (BAA11653.1), and Bacillus pumilus (AAN77004.1), cyanide
hydratases (CynHs) from Microdochium sorghi (AAA33353.1) and Fusarium solani
(CAC69666.1), and other nitrilases — NIT4 from Trametes versicolor (XP_008032838.1),
aliphatic nitrilase from Synechocystis sp. (pdb 3wuy), and NIT4 nitrilase from Arabidopsis
thaliana (pdb 6i00). The active site residues are indicated by red dots. The second Glu is
indicated by blue dots. Sequences were aligned with the CLUSTAL Omega tool, and the
diagrams were generated using the WebLogo tool (http://weblogo.berkeley.edu/logo.cgi). The

active site amino acids were identified based on a previous study (Thuku et al., 2009).

4.2.2. Obtaining enzymes
Only six putative CynHs have been found in the sequenced genomes of Basidiomycota.

Two of them were chosen for overproduction and characterization. These were CynHs from
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the fungi Stereum hirsutum (NitSh; GenBank: XP_007307917) and Exidia glandulosa (NitEg;
GenBank: KZV92691). The enzymes were overproduced and purified by Ing. Lenka Rucka,
Ph.D. (Laboratory of Modulation of Gene Expression IMIC). The enzymes were obtained in
a similar way as the above NIT4 NLases: briefly, the optimized genes were ligated into the
pPET22b(+) vector, which was then used to transform the cells of E. coli Origami B (DE3).
The synthesis, optimization and ligation procedures were performed by GeneArt. Here, both
enzymes were characterized in terms of their reaction optima and other catalytic properties
(see below).

Using SDS-PAGE, the molecular mass of NitEg in CFE (lane 1 in Fig. 36A) and the
(partially) purified enzyme (lanes 4-8 in Figure 36A, purity ca 90%) was estimated to be
approximately 43.8 kDa (Figure 36B) and this value is not too far from the theoretical

molecular mass of NitEg fused with a Hise tag (41,800 Da).

4.2.3. Cyanide-degrading activities of cyanide hydratases

To measure the specific activity of the CynHs, 25 mM KCN was used as substrate.
The specific activity of CFE from E. coli cells producing the NitEg enzyme was 280 + 14
U/mg as determined by the picric acid method. Pooled and concentrated fractions of the
(partially) purified enzyme (lanes 4-8 in Fig. 36A) exhibited a specific activity of 697 + 95
U/mg protein as determined by the same method. This was in accordance with the specific
activity calculated from the amount of formamide produced: 784 + 32 U/mg protein. The
specific activity was 206 + 32 U/mg protein for the purified NitSh enzyme.

Formamide is the main product of the CynH-catalyzed reaction of HCN (one form of
fCN formed by dissolution of simple cyanide) (Figure 37). In accordance with this, the final
concentration of formamide (22 mM) produced by NitEg was close to the initial concentration

of fCN (25 mM) (Figure 38). This formamide concentration corresponds even better to the
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fCN concentration in the control sample, in which the enzyme is absent (Figure 37). This
indicated that a small part of fCN load was removed abiotically under the conditions used (pH

9.0).
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Figure 36. (A) SDS-PAGE of cyanide hydratase from the fungus Exidia glandulosa (NitEg)
in 10% polyacrylamide gels. 1 - Cell-free extract, 2 - column wash (unbound protein), 3 -
marker, 4-8 - fractions from cobalt-affinity chromatography; right - prestained marker.
(B) Determination of molecular weight (MW) of NitEg using relative mobility (Rm)
calculated as the ratio of distance travelled by the NitEg band and the distance traveled by the
dye on the SDS-PAGE gel. Calibration (blue curve) was made for protein standards of 25, 32,
45, 58, 80 and 100 kDa. The position of NitEg is shown in orange.
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Figure 37. Detoxification of free cyanide catalyzed by cyanide hydratases.
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Figure 38. Conversion of fCN (fCN; 25 mM) by cyanide hydratase NitEg (4.0 ug protein/ml
of reaction mixture) at pH 9.0 (100 mM glycine/NaOH buffer). Concentrations of fCN were
determined using picric acid reagent. The control did not contain the enzyme.

4.2.4. Dependence of activity of NitEg and NitSh cyanide hydratases on temperature
and pH

The influence of temperature and pH on the activity of the enzymes was studied using

2CP as substrate, since this substrate is less sensitive to changes in temperature and pH, in

contrast to fCN. The specific activity of the CynHs with 2CP was about 2.4 U/mg protein for

NitSh and 6.6 U/mg protein for NitEg and these values were estimated by the amounts of
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products determined by HPLC. In the reaction of NitSh and NitEg with 2CP, pyridine-2-
carboxylic acid (picolinic acid) and pyridine-2-carboxamide (picolinamide) were obtained as
products, indicating the presence of both acid-forming and amide-forming activities, which
were designated as NLase and NHase activities, respectively (Figure 39). Reactions with 2CP
made it possible to evaluate the effect of temperature and pH on the ratio of the two activities,

similar to the reaction of substrate CiN in NIT4 NLases (section 4.1.2.).

Nitrilase

= activity* &~
—_— +
| H,0 | NF
Sy CN Sy COOH
2-Cyanopyridine Picolinic acid
Nitrile hydratase
H ol activity*

* two activities

@\ of cyanide hydratase
Y CONH,
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Figure 39. Dual activity of cyanide hydratase for 2-cyanopyridine.

NitSh was most active at 35 °C, but significantly less at 40 °C (Figure 40). As the
temperature increased (above 35 °C), the NHase/NLase ratio increased. The enzyme was fairly
stable at up to 30 °C (Figure 41), and NHase activity was more stable than NLase activity.
This finding is similar as that made for NIT4 NLases (section 4.1.2.).

The activity of NitEg was the highest at 40-45 °C (Figure 42). The effect of the
temperature on the NHase/ NLase ratio was only significant at 25-30 °C. At 50 °C, the activity
of the enzyme dropped significantly. The NLase activity was fairly stable at up to about 30

°C, while NHase activity remained stable at up to 40 °C after 2 hours. (Figure 43).
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Figure 40. Relative activities of NitSh at different temperatures and pH 8.0. The acid-forming
activity is named nitrilase (NLase); the amide-forming activity is named nitrile hydratase

(NHase) activity. 2-Cyanopyridine (25 mM) was used as substrate (see Methods and Table 3
for method details).
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Figure 41. Relative stabilities of NitSh at different temperatures. See Fig. 40 for legend.
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Figure 42. Relative activities of NitEg at different temperatures. See Fig. 40 for legend.
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Figure 43. Relative stabilities of NitEg at different temperatures. See Fig. 40 for legend.

The maximum activity of the enzyme was found at pH 7-8, while the range of enzyme
activity was from 6 to 10 (Figure 44). The range of pH was wider for NHase activity than for

the NLase activity. The enzyme remained active after 2-hour preincubation at pH 6-8 (Figure
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45). The NHase activity of the enzyme was stable over a wider pH range than the NLase

activity.
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Figure 44. Relative activities of NitSh at different pH. See Fig. 40 for legend.

120
100
80
60

40

Relative activity [%)]

20

pH

—e— NLase activity = —e— NHase activity

Figure 45. Relative stabilities of NitSh at different pH. See Fig. 40 for legend.
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The pH optimum of NitEg was approximately 6-10 for both NLase and NHase
activities. Thus, the pH range of NitEg activity was wider compared to NitSh. The residual
activity of the enzyme at pH range of 5 to 10 was high, but the enzymes did not retain
significant activity outside this range. Similar as for NitSh, NHase activity was stable over a

wider pH range than NLase for NitEg.
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Figure 46. Relative activities of NitEg at different pH. See Fig. 40 for legend.
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Figure 47. Relative stabilities of NitEg at different pH. See Fig. 40 for legend.
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The above studies have shown that NitEg is more promising in terms of its reaction
optima and stability. Comparing the effect of temperature and pH on the activity of the two
enzymes, NitEg had a wider range of activity and pH stability. Moreover, the specific activity

of NitEg enzyme was higher than that of NitSh enzyme.

4.2.5. Biodegradation abilities and potential applications of NitEg enzyme
From the above results it follows that NitEg is a more promising candidate for the use
in the biodegradation of cyanide in wastewater. Therefore, for the NitEg enzyme, we
investigated the influence of other parameters (presence of other pollutants, long-term storage
etc.) on its activity. These factors can affect the real working conditions of the enzyme, when

it is used for the biodegradation of cyanide in industrial wastewater, or for analytical purposes.

Effect of silver and copper on the activity of NitEg enzyme

The activity of purified NitEg was determined in the presence of silver and copper
ions. This parameter is important, since the content of these metals, for example, in silver and
copper galvanic baths, is obligatory (Basile et al., 2008). NitEg activity was assessed by the

rate of the decrease in fCN at 30 °C and pH 9 (Table 11).

Table 11. Influence of copper and silver ions on the activity of NitEg

_ Relative Activity [%]
Metal Concentration [mM]

Ag + Cu?*
- 100 100
0.1 66+ 5 93+7
1 61+5 68 +8
5 31+10 14+3

10 n.d. 0

n.d. - not determined (fCN formed a complex with silver).
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At a concentration of silver from 0.1 to 1 mM, the activity of NitEg decreased by
approximately 30%; at 5 mM, the activity decreased by 70%, and at 10 mM, no activity was
detected. It should be added that in the control samples that did not contain the enzyme, a
decrease in the concentration of fCN was also observed: at 5 mM silver, from 25 mM to
approximately 15.7 mM fCN, at 10 mM silver to 5 mM fCN. This is probably due to the ability
of cyanide to form complexes with metals.

The presence of copper ions in the reaction mixture in the concentration of 0.1 mM did
not significantly reduce the enzyme activity, but the activity of the enzyme was significantly

inhibited at above 5 mM copper.

Temperature stability and shelf life

Additionally, prolonged monitoring of the NitEg activity was carried out, aimed at
studying the long-term effect of temperature on the activity, as well as the shelf life of the
enzyme.

The specific activity of the purified enzyme remained consistently high for 98 days
when the enzyme was stored at 4 °C. A statistically significant but slight decrease was
observed after day 69, while after 98 days the enzyme activity was still approximately 83% of
the original value (Figure 48).

To study the stability of the enzyme at different temperatures, the temperature range
from 27 to 50 °C was chosen according to the literature data published for other CynHs (Basile
et al., 2008). Residual enzyme activity was measured at various time points of incubation up
to 24 hours using fCN as substrate. After 24 hours, the enzyme retained 60% of its initial
activity at 27 °C and 40% at 37 °C. A temperature of 43 °C significantly reduced the activity

of NitEg already after 3 hours (retention of 40% of the initial activity), and after 24 hours the

86



enzyme retained only 10% of its activity. At a temperature of 50 °C, already after 1 hour the

enzyme activity was less than 10% (Figure 49).
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Figure 48. Stability of NitEg during storage at 4 °C. Specific activity was determined by picric
acid method.
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Figure 49. Effect of temperature on the residual activity of purified enzyme NitEg at different
temperatures. Conditions: 10.3 mg protein/ml of reaction mixture, 50 mM Tris/HCI buffer, pH

8.0, supplemented with 150 mM NaCl. Specific activities were calculated based on the
production of formamide.
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Study of the efficiency of NitEg under conditions simulating wastewater

The ability of the enzyme to work under the conditions close to real industrial
wastewater was studied using simulated wastewater. Taking into account the literature data on
the analysis of wastewater, in particular the amount of fCN, pH, and the presence of other
components, solutions were modeled (see below). However, it must be noted that thezy are
still simple mixtures compared to multicomponent real wastewaters.

The efficiency of the enzyme in an alkaline environment is of fundamental importance
since cyanide-containing wastes are stored at an alkaline pH to avoid volatilization of cyanide
as HCN. Accordingly, investigations of enzyme activity were carried out at pH from 9.0 to

10.5 using 4 and 20 pg enzyme per ml (Figures 50 - 51).
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Figure 50. Effect of pH on the enzyme transformation of 25 mM free cyanide. Concentration
of enzyme NitEg was 4.0 pg enzyme/ml, buffer - 100 mM glycine/NaOH. Controls were

without enzyme, pH 9.0. Concentration of residual fCN was determined by picric acid method.

The efficiency of NitEg in a concentration of 4 pg of enzyme per ml at pH 9.0 to
eliminate 25 mM fCN was high - after 1 hour all cyanide was completely removed. With an

increase in pH, the efficiency of the enzyme decreased: at pH 9.5, 89% of cyanide were
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degraded in one hour, but only 54% at pH 10.0. At pH 10.5, the enzyme had a very low
efficiency. The degradation of cyanide associated with abiotic factors was only 10% after 1
hour (Figure 50).

Next, the performance of an increased concentration of NitEg (20 ug per ml) was
investigated at the same pH values (9.0-10.5) (Figure 51). At pH 9.0 and 9.5, more than 80%
of fCN were removed after only 30 min. In 1 hour, the same amount of cyanide was removed
at pH 10. Even at pH 10.5, a certain decrease in the amount of cyanide was observed (Figure
51). The obtained data show that the rate of the enzymatic reaction is important to achieve
high cyanide removal efficiency. It can be assumed that this is due to the fact that the enzyme

has some limitations in stability, judging by its pH stability profile (Figure 47).

[ [ N N
o w o (€]

Free cyanide [mM]

(6]

o

0 10 20 30 40 50 60
Reaction time [min]

—e—pH 9.0 pH95 ——pH 10.0 pH 10.5 controlpH 10.5

Figure 51. Effect of pH on the enzymatic degradation of 25 mM free cyanide. Concentration

of enzyme NitEg was 20 pg enzyme/ml. See legend of Fig. 50 for further details.
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The effect of the presence of inorganic salts and phenol in the reaction mixture on the
activity of NitEg

The composition of wastewater from coking industries can contain up to 10 mM fCN
(Pillai and Gupta, 2016), although more often the fCN concentration is around 0.6 mM fCN.
This wastewater also contains phenol, ammonia and thiocyanate. According to the literature
data (Papadimitriou et al., 2009), a mixture simulating wastewater from coke production was
prepared with certain concentrations of phenol, CN", SCN", NHs" (Table 5, Methods). The
maximum reported concentrations of impurities (12.8 mM phenol, 8.6 mM SCN-and 10.7 mM
NH4") were used in the model mixture, the fCN concentration was 0.6 mM; pH was 9.1 in
accord with the real wastewater. The enzyme in an amount of 2.5 pg/ml decomposed fCN
almost completely in 90 min under the above conditions. Control runs (without additives or
without enzyme) were used in the experiment. Thus, the sample labeled “buffer” in Figure 52
contained the same amount of fCN but it was free from the salt and phenol additives, while
the enzyme concentration was also 2.5 pg/ml. The time of decomposition of fCN in this sample
was slightly shorter than in the “wastewater”” sample. The control run without enzyme showed
that abiotic degradation of cyanide was rather insignificant (Figure 52).

Another model effluent was prepared according to the composition of wastewater from
petrochemical industry (Jarrah et al., 2016). This mixture contained a significant concentration
of S%, while the concentration of fCN was eight times higher than in the above coke-plant
effluent model. Both model effluents contained phenol and ammonia, but the petrochemical
effluent model contained them in lower concentrations, and it did not contain SCN™ (Figure
53). Under conditions simulating petrochemical wastewater, 96% fCN was removed after 45
min by the enzyme at 5 pg/ml (Figure 53). A zero response of fCN could not be achieved,
probably due to the measurement error caused by the background signal from the mixture

components.
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Figure 52. Biodegradation of free cyanide (fCN) by NitEg enzyme (2.5 pg/ml) in simulated
coke plant wastewater (0.6 mM fCN, 8.6 mM SCN-, 10.7 mM NHs" and 12.8 mM phenol in
100 mM glycine/NaOH, pH 9.1) (Papadimitriou et al., 2009). The reaction in the same buffer
with 0.6 mM fCN but without other additives is labeled “buffer”. Control did not contain the

enzyme. The concentration of fCN was determined using the picric acid method.
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Figure 53. Biodegradation of free cyanide (fCN) by enzyme NitEg (5.0 ug/ml) in a model
petrochemical effluent (4.6 mM fCN, 23.4 mM S?*7, 2.5 mM NH4" and 0.64 mM phenol in100
mM glycine/NaOH, pH 9.1) (Jarrah et al., 2016). The reaction in the same buffer with 4.6 mM
fCN but without other additives is labeled “buffer”. Control did not contain enzyme. The
concentration of fCN was determined by Spectroquant® kit.
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Because S is capable of causing interference, we could not use the picric acid method
to measure fCN (Fisher, 1952) in this case. At H.S concentrations of 0.029 mM and 0.29 mM,
the interference reduced the signal by 2.5% and 27.5%, respectively. Higher concentrations
led to the opposite effec; as a result, at the amount of H.S 2.9 mM and 29 mM, the interference
increased the signal two and twenty times, respectively (Fisher, 1952). Thus, the
Spectroquant® kit containing 1,3-dimethylbarbituric acid as a reagent was used to measure
fCN in petrochemical effluent models.

Since wastewater from gold mining, electroplating and processing of precious metals
contain heavy metals (copper, zinc and nickel), we studied the effect of heavy metals on the
degree of conversion of fCN by the enzyme. The wastewaters from the above industries can
contain very high concentrations of cyanide of up to approximately 0.5 — 2 M (Carmona-
Orozco et al., 2019, Basile et al., 2008, Pérez-Cid et al., 2020) and they were usually diluted
prior to the enzymatic treatment experiments (Carmona-Orozco et al., 2019, Basile et al.,
2008).

To study the function of the enzyme under the conditions of high fCN concentration,
we studied the biocatalytic degradation of a 100 mM fCN solution (simulating a diluted
effluent) using NitEg at various concentrations (14, 20, and 30 ug/ml). The pH of the reaction
mixture was 9.0, since at this value fCN is more stable than, for example, at pH 8.0 used in
the previous study (Basile et al., 2008). The results obtained demonstrate that even 14 pg/ml
of the enzyme is sufficient to degrade more than 97% of cyanide within 60 min (Figure 54).
However, approximately 2% of fCN was not removed during the entire experiment time of 3
hours, even at an enzyme concentration of 30 pg/ml. According to the data obtained in the
control sample, the loss of cyanide associated with abiotic factors was about 17%.

Enzyme activity in simulated galvanic effluents was studied at a concentration of fCN

of 100 mM and a concentration of copper and silver of 1 mM. It was shown that an enzyme
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concentration of 14 pg/ml is sufficient to remove 97% of fCN at a concentration of 100 mM

in one hour in a solution without metal ions (Figure 55).
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Figure 54. Biodegradation of 100 mM free cyanide (fCN) in 100 mM glycine/NaOH, pH 9.0,

by various NitEg enzyme concentrations (14, 20, 30 ug/ml). Controls did not contain enzyme.

The concentration of fCN was determined using the picric acid method.
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Figure 55. Biodegradation of 100 mM free cyanide in 100 mM glycine/NaOH, pH 9, by 14
ug/ml enzyme in the presence of 1 mM AgNOz or 1 mM CuSOa. Controls did not contain

enzyme. The concentration of fCN was determined using the picric acid method.
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The percentage of removal of fCN in the presence of metal ions was 96-98% (Figure
55), and thus similar to that in the reaction without metals (Figure 54). In the presence of

metals, the initial reaction rate was slightly lower (Figure 55).
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5. Discussion

Enzymatic degradation of cyanide is an emerging and promising alternative to the
current processes of removal of free and complex cyanides, toxic compounds that can be
released into the environment as a result of certain industrial processes or by accidents. Since
they represent a threat to the environment and population, green and sustainable ways of their
removal are extremely attractive. New biodemediation strategies using robust enzymes with a
high specific activity are among these prospective methods. This work is focused on two types
of NLases involved in the biodegradation of cyanide — CynH and NIT4. The involvement of
these enzymes in specific metabolic routes in microorganisms or plants was explained in the
Literature review (section 2.). The wealth of sequences resulting from genome sequence
projects allowed us to use an efficient approach to search for new enzymes important in
cyanide degradation.

Previous searches of the GenBank database (Rucka et al., 2019; last update on
December 5, 2022) focused on CynH and NIT4 representatives in the phylum Basidiomycota
which was heavily underexplored as for these enzymes. This phylum was found to contain
several dozens of NIT4 homologues and a few CynH homologues, apart from other NLase
types. The majority of NLases have been found in the subdivision Agaricomycotina (about 60
species contain NIT4 homologues).

Basidiomycota are known destroyers of toxic pollutants, primarily phenolic
compounds. This is since they produce a wide range of oxidases (laccases, peroxidases). In
contrast, their ability to decompose cyanides was almost unknown, although these fungi grow
on living or decaying plants containing cyanides (fCN, nitriles).

Selected enzymes were then obtained by heterologous expression in E. coli by
optimizing the previously developed protocol for the production of NLases (Vesela et al.,

2016). Enzyme purification was performed in one step using IMAC, which was enabled by
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the presence of the Hise-tag in the heterologously produced enzymes. Further optimization of
the expression and purification protocols would enable to increase the amount of the enzymes
obtained if needed. For example, lowering the cultivation temperature would lead to improved
protein solubility or using an autoinduction culture medium would enable to obtain high-
density cultures.

Especially, one representative of the CynHs, and two of the NIT4 NLases were studied
in detail. Among NLases, only NIT4 enzymes are widely distributed in plants. As a result of
this thesis, the “plant” NLase homologues have been newly found in the genomes of
Basidiomycota.

Cloning of the NLase genes NIT1-NIT3 and NIT4 from plants and their expression in
E. coli cells were published previously (Piotrowski et al., 2008). However, the catalytic
properties of fungal homologues of plant NLases have not been studied until recently, when
the activity of the first fungal NIT4 homolog, NitTv1, was shown for AlaCN using whole cells
(Rucka at al., 2019).

Studies of purified NitTv1 and NitAb enzymes showed that the enzymes have substrate
specificity for AlaCN, similar to NIT4. Screening for activity to different substrates showed
that NitTvl and NitAb are also active, although with a lower transformation rate, with
arylaliphatic nitriles, which are characteristic substrates for the NIT1-NIT3 enzymes (Vorwerk
et al., 2001, Osswald et al., 2002). Although a plant NIT4 is also able to transform PPN and
PAN, these activities are minor (Piotrowski et al., 2001). Thus, this is a significant difference
between plant and fungal N1T4 NLases.

The study of the influence of temperature and pH on the activity of the enzymes was
important to assess their effectiveness as catalysts. Comparing the catalytic and biochemical
properties of fungal NLases NitTvl and NitAb and plant NIT4 NLases from Arabidopsis

thaliana (GenBank: AAM65906) and Nicotiana tabacum (NP_001312683.1), it was shown
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that the temperature optima of fungal NLases are lower than those of plant NIT4 (Piotrowski
et al.,, 2001). The pH optima of NitAb and NitTvl were like those of NIT4 (pH 7-9)
(Piotrowski et al., 2001) and lower than those of NIT1 (pH 9) (Osswald et al., 2002).
Comparison of the temperature stabilities of fungal and plant NLases is difficult due to
different pre-incubation and reaction conditions.

In NitTv1, the pH stability profile was wider than the activity profile, i.e., at slightly
acidic or slightly alkaline pH, the relative stability of the enzyme is higher than its relative
activity. This effect can be explained by the so-called enzyme-specific pH effects that are
possible with some NLases. For example, when the pH shifts from slightly alkaline to slightly
acidic, the transformation of short helices into long ones can occur in the molecule of CynD
(Jandhyala et al., 2003).

The ability of plant NLases and their fungal counterparts to form an amide as a reaction
product has been termed NHase activity, and the NIT4 enzyme can be designated “bifunctional
NLase/ NHase NIT4” (Piotrowski et al., 2001). It is necessary to clarify that amide-forming
NLases differ from “true” NHases, which are metalloenzymes and do not belong to the
“NLase” superfamily. NLases are more stable than NHases and they are often enantioselective
unlike NHases whose enantioselectivity is limited.

The ratio of acid/ amide reaction products depends on the substrate, pH, temperature
and enzyme. A pronounced effect of temperature and pH on acid/amide ratio was found in
NitTv1. Similar effects were previously shown for the NLase from P. fluorescens (Fernandes,
2006). In the reactions of AlaCN, the products were Asp (acid) and Asn (amide), and their
ratio was higher in NitTv1 and NitAb compared to NIT4 (Piotrowski, 2001).

The role and importance of NLases in biological processes may be related to the
detoxification of both exogenous and endogenous nitriles some of which can participate in

plant hormone biosynthesis (Howden and Preston 2009). Probably, fungal NLases are
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important in the interaction of plants and fungi, and studying the properties of fungal NLases
will help to understand the mechanism and nature of these interactions.

The NitEg enzyme from the fungus Exidia glandulosa is the first CynH characterized
in Basidiomycota. The amino acid sequence is 86.29% (coverage 95%) identical to CynH from
Neurospora crassa (GenBank XP_960160.2; UniProtKB: Q7RVTO0). NitEg consists of 366
amino acid residues, while N. crassa consists of 351 residues. The CynH from N. crassa is
one of the few CynHs that were previously purified (Basile et al., 2008) and at least partially
characterized. N. crassa belongs to the phylum Ascomycota which contains the majority of
CynH sequences known. A well characterized CynH (GenBank ABX75546) from another
species of Ascomycota, Aspergillus niger (Rinagelova et al., 2014), is more distant from NitEg
in terms of their sequences (cca. 65% identity). Its biochemical properties also slightly differ
from those of NitEg (see below).

The use of a purified enzyme for wastewater treatment has an advantage over the use
of whole cells of a recombinant organism, since the use of the latter can be regulatorily difficult
(moreover, it could cause a contamination of the environment with genetically modified cells).
However, purification of the enzyme inevitably leads to an increase in the cost of catalyst
production. An alternative solution would be to use CFE, as it had a high specific activity (280
U/mg for NitEg) and can be made void of whole cells. The disadvantage of this alternative is
that CFE is inferior in terms of specific activity compared to the purified enzyme.

CynHs have more than 60% amino acid sequence identity and yet they have different
specific activities or pH profiles. Experimental conditions undoubtedly influence the results,
but it is difficult to judge the strength of these factors. Nevertheless, even under identical
reaction conditions, differences in pH profiles were shown (Basile et al., 2008). The resistance

of the enzyme to alkaline conditions is of fundamental importance if the enzyme is intended
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to be used in industrial wastewater. This is because the cyanide-containing wastewaters must
have an alkaline pH to minimize the formation of gaseous HCN (extremely hazardous).

The efficiency of NitEg at alkaline pH was studied in this thesis and seems to be
promising. Thus, the enzyme completely removed 25 mM cyanide at pH 9-9.5, or over 80%
of it at pH 10. These data are in good agreement with the pH profile of the enzyme activity,
with a fairly wide pH range (cca. 6-9).

NitEg showed more attractive properties than CynDs whose ability to biodegrade
cyanide under alkaline conditions was studied previously (Carmona-Orozco et al., 2019, Park
etal., 2017, Wang et al., 2012, Crum et al., 2015). Its specific activity of over 600 U/mg at pH
9 leaves other alternative biocatalysts behind. The ability of NitEg to remain active at high pH
for a long time makes the catalyst efficient and allows it to degrade cyanide in highly
concentrated solutions almost completely. A stabilizing effect of CynD immobilization was
shown for alkaline conditions (Carmona-Orozco et al., 2019), and a similar effect is possible
for NitEg and other CynHs.

Studies of CynDs from bacteria (Bacillus, Pseudomonas — reclassified Stutzerimonas)
and CynH from N. crassa have shown that the C-terminus is of great importance for the
thermal stability of these enzymes (Park et al., 2017, Crum et al., 2015). CynH was superior
to CynD in resistance to elevated temperatures; it retained 90% activity after 4 hours at 42 °C
(Crum et al., 2015) and 50% after 24 hours at 43 °C (Basile et al., 2008). Other CynHs (from
G. sorghi and Aspergillus nidulans) were less stable under the same conditions (Basile et al.,
2008). CynH from Aspergillus nidulans is very similar to CynH from A. niger (Rinagelova et
al., 2014) in terms of sequence. The thermostability of CynH from A. niger was studied by a
different method with pre-incubation of the enzyme for 1 hour, and the enzyme did not show
sufficient stability at temperatures above 35 °C. The NitEg enzyme showed a good thermal

stability at 27 or 37 °C with retention of activity after 24 hours, but at 43 °C the enzyme
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retained only 10% residual activity after the same time interval. At a temperature of 50 °C,
NitEg quickly lost its activity like other CynHs (Basile et al., 2018).

Comparison of the kinetic parameters Vmax and Km of NitEg with those of previously
studied CynHs from A. niger (Rinagelova et al., 2014) and G. sorghi (Jandhyala et al., 2005)
showed that both parameters were the lowest in NitEQ: Vmax was 1335 U/mg, and Km was 22
mM, while in the CynH from A. niger Vmax was 6800 U/mg, Km was 109 mM and in the CynH
from G. sorghi Vmax was 4400 U/mg, and Km was 90 mM.

When comparing the ratio of Vmax to Kw, it was found that NitEg and CynH from A.
niger have similar values of catalytic efficiency, 60 and 62 U.l/mg/mmol, respectively, while
this parameter is lower in CynH from G. sorghi (49 U.l/mg/mmol).

The effect of high Km on the ability to degrade lower concentrations of cyanide was
not as significant, since the removal of 0.6 mM fCN by NitEg was almost complete.
Degradation of the 100 mM cyanide solution was not complete with 96-98% and this can be
explained by inactivation of the enzyme.

The values of kcat were calculated for CynHs with known Vmax and identical molecular
weights (40-42 kDa). NitEg and CynHs from G. sorghi and A. niger have ket (in s) of 927,
3000, 4500, respectively, and the keat/Km (1/s/mmol) ratios were 42, 33, and 41, respectively.
According to the BRENDA database, similar NLases have kcat/Km values ranging from 0.001
to 205 1/s/mmol and the highest value belonged to NLase from Pyrococcus sp. for
benzonitrile, but in other parameters this NLase was inferior to NitEg (Dennett et al., 2016).

A future scale-up of the CynH production is important for the envisioned industrial
uses of the enzyme as a prospective tool for environmental and population protection.
Previously, the enzyme has been prepared from fungal cultures. Fungal cultivation can be
carried out on a large scale; for instance, the fungus Fusarium oxysporum has been cultivated

in a volume of 45 liters (Yanase et al., 2000), and the fungus Fusarium solani in a volume of
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10 liters (Barclay et al., 1998). However, production of the CynH in heterologous strain was
only carried out on a small scale (Basile et al., 2008, Rinagelova et al., 2014). Nevertheless,
heterologous production of another NLase enzyme was successful at large scale; the culture
was grown in a fermenter with a capacity of 500 | and cultivation protocol was optimized
(using lactose as an inducer). Under such conditions, 13 g dry biomass per liter were obtained
(Xue et al., 2015). Accordingly, the production of the enzyme NitEg may be possible in large
volumes. Taking into account the much higher specific activity of the CynH enzymes
compared to other NLases, the production of the order of 10-107 U/I may be realistic.

CynHs and CynDs were shown to be effective in cyanide degradation in wastewaters
from some industries. Table 12 combines data on the use of these enzymes in simulated and
real wastewaters. In the study with the CynH from N. crassa, real wastewaters (electroplating
bath residues) contained approximately 100 mM fCN and, optionally, silver or copper ions
(Basile et al., 2008). For the degradation of cyanide in a solution with silver ions, the enzyme
was used at a concentration of 7-13 pg/ml, while for the reaction mixture with copper ions,
the concentration of the enzyme was 10 times higher. The presence of silver and copper ions
reduced the cyanide removal efficiency by 10% and 30%, respectively. However, the
comparison of these results with those obtained for NitEg is difficult due to insufficient data
on the types of wastewater used in the previous study (concentration of metal ions unknown).
Moreover, pH of the previous solutions was 8, while for NitEg pH was 9.

CynH from N. crassa was able to completely remove 100 mM cyanide in the absence
of metal ions within 1 hour (Basile et al., 2008) similar to NitEg but, also here, pH of the
solutions was different (pH 8 and pH 9 for CynH from N. crassa and NitEg, respectively).
However, other CynHs took 12-48 hours to degrade a similar amount of cyanide (Basile et al.,
2008). Studies of the kinetic parameters of the enzyme, degradation of fCN in various reaction

mixtures, and the shelf life of the enzyme were carried out only for NitEg. The characteristics
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of the enzyme obtained in this work showed a high promise of the enzyme for the degradation

of cyanide; moreover, according to the data accumulated in this thesis, this enzyme may be

one of the best known biocatalysts with this ability.

Table 12. Enzyme efficiency of CynH and CynD in real wastewater and simulated mixtures

Reaction mixture, Biocatalyst Removal Reference
free cyanide (mM), pH (Time)

Buffer, 0.6 mM, pH 9.0 NitEg" 100% (10 min)  This work

Buffer, 4.5 mM, pH 9.0 100% (30 min)

Buffer, 25 mM, pH 9.0 100% (20 min)

Buffer, 25 mM, pH 9.5 100% (45 min)

Buffer, 25 mM, pH 10.0 83% (1 h)

Buffer, 25 mM, pH 10.5 22% (1 h)

Buffer, 100 mM, pH 9.0 98% (2 h) This work

Buffer, 100 mM, pH 8.0
Buffer, 10 mM, pH 8.0

Coking effluent, 0.6 mM, pH
9.0

Mine effluent, 528 mM, pH 11
Mine effluent, 17.6 mM, -

CynH (N. crassa)”
CynH (A. niger)”
NitEg”

CynD (B. pumilus)
immobilized cells

100% (1 h)
100% (5 min)
100% (1.5 h)

43% (4 h)
98% (4 h)

(Basile et al., 2008)
(Martinkova et al., 2016)
This work

(Carmona-Orozco et al.,
2019)

Petrochemical effluent, NitEg” 96% (45 min)  This work
simulated, 4.5 mM, pH 9.1
Cu-plating effluent, simulated, 96% (2 h) This work
100 mM, pH 9.0
Ag-plating effluent, simulated, 98 (2 h) This work
100 mM, pH 9.0
Cu-plating effluent, diluted, CynH (N. crassa)”  ~65% (12 h) (Basile et al., 2008)
100 mM, pH 8.0
Ag-plating effluent, diluted, ~ 90 (2 h) (Basile et al., 2008)
100 mM, pH 8.0
"purified

To use the biocatalyst in real industrial conditions, scaling up the production of the

enzyme is necessary. Another potential solution to increase the efficiency of the degradation

process may be enzyme immobilization, which can increase the stability of the enzyme and

make it possible to reuse it.
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The main advantage of using biocatalysts for wastewater treatment is environmental
safety. Unlike physico-chemical methods, which can cause additional contamination, the
products resulting from biocatalysis are relatively benign. The use of the enzyme is possible
at high concentrations of cyanide and, most importantly, the enzyme can maintain its activity
at an alkaline pH.

The problem of neutralizing cyanide spills, as a result of industrial accidents, is still
very relevant, and effective solutions have not been found yet. The solution to this problem
may possibly arise in the field of biotechnology. It should be noted, however, that for technical
reasons, the application of enzymes for cyanide decontamination for the sake of environmental
or population protection would be most feasible for small-scale spills and accidents and for
waste-free bioremediation of wastewater in industries where the wastewater amounts are not
excessive, e.g., for metal electroplating baths.

The cyanide-transforming enzymes can also serve other purposes, for example, they
can be used for detecting cyanide and creating biosensors for analyzing, e.g., samples of
industrial effluents and other industrial waste, surface water, groundwater, plant and food
samples or soil. Routine test for fCN are based on spectrophotometry or the use of cyanide-
selective electrodes, but have several disadvantages (interference and use of toxic reagents in
photometric methods, high costs and low stability of electrodes, etc.).

Experimental biosensors for free cyanide were based on the CynD enzymes and the
compounds analyzed were formate or ammonia (Mak et al., 2005; Turek et al. 2007). For
example, formate was determined by a coupled reaction catalyzed by a NAD-dependent
formate dehydrogenase (FDH, EC 1.17.1.9), and the amount of NADH was determined. A
sensor of this type consisted of two cartridges with immobilized enzymes — CynD and FDH.
The buffer with the sample was passed through the system, while NAD was added, and the

NADH formed was determined using an electrode chip (Ketterer et al., 2010). It may also be
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possible to determine NADH production photometrically. However, this principle, although
used in various other assays, has not been used to determine fCN. In addition, CynD is not
optimal for this application as it is sensitive to alkaline media which are typically used to store
fCN solutions and wastes.

In this respect, CynHs, such as those studied in this work, outperform CynDs, as they
are active even at pH above 10. In addition, their specific activities are usually ten fold higher
in comparison with the CynD activities. However, the product of CynH, formamide, is difficult
to determine directly. Although there are spectrophotometric methods for formamide (Cluness
et al., 1993), they are not sensitive enough. To transform formamide into measurable products
such as formate, CynH must be combined with a formamidase. Fortunately, these
formamidases are highly active (with specific activities comparable with those of CynHs) and
have been produced recombinantly (Skouloubris et al., 2001; Soriano-Maldonado et al., 2011).

Recently, a proof-of-concept for this type of enzymatic assay of f{CN (Kftistkova et al.,
2023) was provided. This CynH-formamidase enzyme system, in which FDH is coupled in
the last step, is attractive in terms of selectivity, sensitivity, non-toxicity and mildness. Of
course, the possible interference of formic acid must be taken into account and the
corresponding controls must be performed. The determination of NADH (generated in the last
step) at 340 nm is quite sensitive, and the sensitivity can even be increased by replacing this
spectrophotometry with fluorimetry. No toxic chemicals are used and, moreover, the fCN in
the sample is detoxified during the reaction.

Finally, very small amounts of the enzyme are sufficient, as the specific activities of
CynH and formamide are in the order of hundreds to thousands. Therefore, the cost of the

enzyme can be managable, especially when the method is performed with microtitre plates.
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6. Conclusion

The aim of the work was to evaluate the current status of cyanide wastewater treatment
and to assess the feasibility of applying enzymes (NLases, CynHs) in this field, to give insight
into novel methods of green detoxification for the sake of protecting population and
environment against toxic effects of this hazardous chemical. The literature survey shows that
the trend in the cyanide effluent remediation is towards processes combining various
principles (physical, chemical, biological) but that the influence of enzymatic processes on
these environmental technologies is still limited and rather marginal. In order to contribute to
the development of the enzymatic processes, a strategy based on the search for suitable
enzymes in silico, their production in recombinant hosts and the evaluation of their catalytic
properties in model solutions was used in this study.

The first part of the thesis focuses on the search for homologues of plant NLases in
fungi and their characterization including the identification of their substrate-specificity
subtype. NLases NitTv1 and NitAb, being homologues of NIT4 according to their sequence,
were confirmed to act on 3-cyano-L-alanine (AlaCN), the key intermediate of fCN metabolism
in plants. The results suggest a physiological role of these enzymes: it is likely that these
NLases enable fungi to colonize plants, overcoming the high toxicity of AlaCN. In addition,
the fungal enzymes exhibited a broader substrate specificity compared to plant NIT4,
combining features of the plant NIT1-NIT3 and NIT4 types. Thus, these NLases can increase
the resistance of fungi to other natural (plant) nitriles, which are generally toxic. The new
fungal NLases produce amides and/or carboxylic acids from these substrates, with one of
them, the NitTvl enzyme, showing activity and stability over a wide pH range. This also
suggests a synthetic potential of the enzyme. The presence of NIT4 in higher plants is probably
one of the reasons for the important role of plants in the biodegradation of fCN in controlled

and passive biosystems. Similarly, NIT4 can be one of the enzymes that contribute to the
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degradation of fCN by some fungi, a process that has been observed but not adequately
explained.

The second part of the study is dedicated to two fungal CynHs, analyzing their
operating conditions, optimum and stability to identify the most promising candidate for
cyanide waste processing. The NitSh and NitEg enzymes are the first CynHs described in
Basidiomycota, with NitEg emerging as the superior candidate; it shows high specific activity
and is resistant to alkaline pH and contaminants, tolerates high concentrations of fCN and
other industrial pollutants, and is stable during long-term storage. Besides cyanide
decontamination, its potential application as an effective biocatalyst under alkaline conditions
may extend to the development of analytical tools — cyanide bioassays and biosensors. This
work has created a basis for further research of the enzyme potential in the detoxification of
wastewater and in analytics of cyanide as a hazardous chemical for human health and

environment.
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Appendix

Appendix A. HPLC analysis of nitriles used as substrates and the corresponding

amides and carboxylic acids — calibration curves.
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Figure Al. 2-Cyanopyridine, picolinic acid and picolinamide were eluted at retention times

of 10.0 min, 2.6 min and 7.3 min, respectively; peak area was determined at 264.0 nm for all

three compounds. See section 3.4.1. for the separation conditions.
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Figure A2. 4-Cyanopyridine, isonicotinic acid and isonicotinamide were eluted at retention
times of 10.3 min, 2.7 min and 4.3 min, respectively; peak area was determined at 274.7 nm,

265.2 nm, and 267.6 nm respectively. See section 3.4.1. for the separation conditions.
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fumaric acid and the corresponding cyanoamide (3-

cyanoacrylamide) were eluted at retention times of 10.3 min, 2.7 min and 4.3 min,

respectively; peak area was determined at 218.1 nm, 210 nm, and 214.6 nm, respectively. See

section 3.4.1. for the separation conditions.
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Phenylacetonitrile
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Figure A4. Phenylacetonitrile and phenylacetic acid were eluted at retention times of 2.9 min
and 1.6 min, respectively. Peak area was determined at 210 nm (Phenylacetamide was not
commercially available). See section 3.4.1. for the separation conditions.
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3-Phenylpropionitrile
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Figure A5. 3-Phenylpropionitrile was eluted at retention times of 2.9 min and 4.2 min,

respectively. Peak area was determined at 210 nm (3-Phenylpropionamide was not
commercially available). See section 3.4.1. for the separation conditions.
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Cinnamonitrile
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Figure A6. Cinnamonitrile, cinnamic acid and cinnamamide were eluted at retention times of
7.0 min, 3.6 min, and 1.5 min, respectively. Peak area was determined at 273.5 nm, 277 nm

and 274.7 nm, respectively. See section 3.4.1. for the separation conditions.
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Phenylthioacetonitrile
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Figure A7. Phenylthioacetonitrile and phenylthioacetic acid were eluted at retention times of

5.7 min and 2.8 min, respectively. Peak area was determined at 210 nm (Phenylthioacetamide

was not commercially available). See section 3.4.1. for the separation conditions.
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Figure A8. 3-Indoleacetonitrile and 3-indoleacetic acid were eluted at retention times of 3.8
min and 1.8 min, respectively. Peak area was determined at 277.0 and 278.2 nm, respectively.

(3-Indoleacetamide was not available commercially.) See section 3.4.1. for the separation

conditions.
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Phenylbutyronitrile
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Figure A9. 4-Phenylbutyronitrile and 4-phenylbutyric acid were eluted at retention times of

9.9 min and 6.2 min, respectively. Peak area was determined at 210 nm. (4-Phenylbutyramide

was not available commercially). See section 3.4.1. for the separation conditions.
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Appendix B. Calibration for spectrophotometric method
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Figure B1. Calibration for free cyanide determined by the picric acid method. See section
3.4.3. for method details.
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Figure B2. Calibration for formamide determined by the hydroxylamine method. See section
3.4.3. for method details.
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Figure B3. Calibration for ammonia determined by o-phthaldehyde (OPA) method. See
section 3.4.3. for method details.
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