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Abstract

Wastewater from certain industrial proces@gsd and silver mining, electroplating
with Cu, Ag and other metals, coal cofjncontairs high concentrations of free cyanide
(hydrogen cyanideand cyanide ions; fCN)and can pose a threat to environmental safety.
Modern approaches to wastewater treatment are primarily based on (physico)chemical
methodsand a final biological treatemt with mixedmicrobial cultures Enzymaticremoval
of fCN represents an environmentally promising approach.

This work focuses on the remediation potential of enzymes from the nitrilase
superfamily.In fungi, hypotheticalnitrilases and cyanide hydratasesre foundthrough
database searches. Selectedymeswere overproduced ikscherichia coli purified and
characterizedand their remediation potential was evaluated based on these results.

Two of the enzymes belonged to tRET4-type nitrilaseqdEC 35.5.4) according to
their amino acid sequenceshe NitTvl enzyme from Trametes versicolor(protein
XP_008032838 landtheNitAb enzyme fromAgaricus bisporugproteinXP_006462086 .1
NIT4-type nitrilases are widespread plant enzymedithasformb-cyano-L-alanine AlaCN),
an intermediate of f{CN scavenging. AlaCN is converted to utilizable amino acids by NIT4. In
this work, these enzymes were described for the firstitifumgi. The fungal enzymes NitTv1l
and NitAb exhibitechigh specific activieswith AlaCN T approximately 132 and 40/tdg of
protein respectivelyln addition thesubstrate specificitgf these enzymes webéyondplant
NIT4, as they could alsotransform other nitriles (phenylpropionitrile, cinnamonitrile,
fumaronitrile). The dability properties were better for NitTv1 than NitAb. Presumably, these
nitrilases play a role in plaiffiingus interactions, allowing fungi to detoxify plant nitriles.

Cyanide hydratases (CynHs) (EC 4.2.1.66) convert fCN into the much less toxic
formamide andhave been therefore considered for deeontaminatiof cyanideeffluents

The purifiedCynH from Exidia glandulosaprotein KZV92691.1enzymeNitEg) showed
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high activity toward fCN with 784 U/mgof protein, keat (turnover number) 0927/s, and
keafKm (catalytic efficiency) o#21/s/mmol. pH and temperature optirm were 6 9 and 40
45A C, r e s Phasctheicatabytic groperties of NitEg surpassed those of the second CynH
studied, which was from the fung@&ereum hirsutunfprotein XP_007307917 ,lenzyme
NitSh).High concentrations of silver and copper (1 mM) redubedctivity of NitEg by 30
40%, wrereasphenol, thiocyanate, sulfide, and ammonia, at levels tygaralndustrial
effluents, did not lead ta significant reduction in fCN conversioithe enzyme was also
functional at highfCN concentrations (100 mM)which is relevant to the remediation of
wastewater from metal electroplating

NitEg is thusa promising biocatalyst fadirect f{CN detoxification and NIT4 was
shown to likely play an imgrtant role in fCN detoxification by fungi. Both enzymes thmes
prospectivefor the detection and determinatioh fCN. Nevertheless, the potential of the
enzymes is just emerging and requitgsherintensiveresearcho improve and scale up their

production and application.

Keywords: cokemaking cyanide hydratasecyanide wasteelectroplating; free cyanide;

formamide industrial effluent; wastewater treatmemityilase



Abstrakt

Odpadn2 vody z nhRkterTch prTmysbavVvahi ok
pokovovE&n2 @ikovw, Agkoksdbal8®@2 uhl 2) obsahuj2 v
kyanidu (kBkganovdd¥%¥® ionty) a mohou pSedst a
gi votn2ho prostSed2. Modern2 pS2psSeudpeyv gke ml ing
(fyzi-kBd miNgkT ch met od8ch a konel n®m bi ol og
mi krobk@8l nach Enzymavokh®hopBy¢daRevgper pB2 st
k givotn2mu prost Sed?

Tato pr&8§ce se zamhNSujgymhazremddod| ny pobt
byly pomoc?2 vyhliedde8nvt8infey fvo td&att iadk€®& 2rciht r i | asy
Vybran® enzymy byl wethadel o d o iEscheBtings ¢colyt el i
purifikovg8&ny a charaktevigloe@&kV lylnav yzh§okd na
remedial n2 potenci 8I

Dva z enzymT patSily podle aminokyselino\
3.5.5.4): enzym NitTvl houby Trametes versicolofprotein XP_008032838.1) a enzym
NitAb z houbyAgaricus bisporugprat ei n XP_006462086. 1) . Nitril
rozg2Sen® rostlinn® bé&yamyatapin (AIRKONE meziprgddke mN R u j
detoxifikace a ut.i |AlzaaGN pitehabyN®iadc 2lpSa miNdw v § n
vyugitel n® amipog§gisebyhy. tyt o ®enozyFuyn gBd mr2v ®
enzymy NitTvl a NitAb vykazoval-pSiydadki® NDs A&
resp. 40 U/ mg proteinu. Shylas & vg8i trogv?8 vsep escri o vi |
rostlinrou nitrilasouNIT4. Fun g 8§ | n 2p SeenmmyRowijai n® nitrily (fe
nitril kyseliny s k ooSvj &imaronitril). Stabilia byla | e p § 2 u NitTv1 neg
PravdDpodobnnD tyto nitrilasy hraj?2 roli Voo

houb8mkdeaboxrostlinn® nitrily.



Kyani dhydrat as ymRREG34.T2 rkby. aémei)adhe$e m®n Nt ¢
formami d, a p ujojakooeszgmpor on idcehk ounvtaagmi naci kyani
vod. Pur i fi hauby&adi gl@guios(pratein KZV92®1.1, enzym NitEQ)
vykazovala vysokou aktivitp r o v o | n T 78K Y/mgprotdiru)(ka:6 | 2 s1 o p Semhi
927/s dkealKm ( kat al yt i dX/§midll i pRHoat Y epl ot-8&404bpt i mun
AC. Katalytick® vl ast niosdr uiN®Hh theszymednihSred@ | i |
kterl pochSeeemhirsutuhpubyein XP_007307917. 1, e
koncentrace stS2bra a mRd40 (%, mVdt smeéqiflenalk
sulfid a amoniak Tvchkomrcenpr@amyshovw®&podgadn
viznamn®mu sn2gen2 konverze f CN. Enzym byl
(100 mM), cog je dTlegit® pro sanaci odpadns?:

NitEg je tedy slibnlm eti mkiakadiyzf§ECNra mulp:
NI T4 pravdhDpodobnhD hraje dTlegitou roli pSi

perspepkobi det ekci a stanovenz fCN. Nicm®nhD poc

a vy gdaadiugjiee vd izkkuén 2Inép@ rozg2Sen? jejich vir

Kl 2] ovdigltdwnad: odelaadkntzrcahl yvt o dddin@mig kydnidhydradsg n 2

kyani do yklo kosdopitaBaea2pr Tmy sl ov® odpadn2 vody; volnl
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List of abbreviations:

AlaCNi b-cyanoL-alanine

Asni L-asparagine

Aspi L-aspartic acid

B-R - Brittoni Robinson(buffer)

CiN i cinnamonitrile

CN-WAD - weakacid dissociable cyanides

2CPi 2-cyanopyridine

3CP1 3-cyanopyridine

ACP1 4-cyanopyridine

CynDi cyanide dihydratase

CynHT cyande hydratase

IAN i indole-3-acetonitrile

IMAC T immobilizedmetal affinity chromatography
fCN 1 free cyanide

HPLC - High-Performance Liquid Chromatography
FN1 fumaronitrile

NIT4 7 type 4 nitrilase

NHasei nitrile hydratase

NLase- nitrilase

PANT phenylaetonitrile

PPN- 3-phenylpropionitrile

PTAN phenylthioacetonitrile

SAB - Simultaneous Adsorption and Bioremediation

TCNT total cyanide
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1. Introduction

HCN and simple yanide(NaCN, KCN) arewell known as very toxicompounds,
highly lethal for most livig organismsThe toxic effect of cyanide on the body is due to its
high affinityto metals an@speciallydue to thenhibition ofthe enzyme cytochrome c oxidase,
which leads tahedisruption of cellular respiration and,consequenceg tissue hypoxiand
acidosisandto thedisturbance of the nervous system.

Currently, therearea number ofndustries associated with the use of cyanide or the
formation of cyanide as a froduct. Accordingly, cyanide and other hazardous substances
are present in theffluents of these industries. Cyanides are used extensively in the wining
precious metaland in the manufacture of pharmaceuticals, chemicals, pesticides, and plastics.
In the gold silvermining and jewelry industries, cyanides are usedfeseletive extraction
of the precious metals from ores and for electroplating processes, respectively -(Luque
Almagro et al., 2016). Wastewasdrom agriculture may also contain cyanides due to the
decomposition of plant cyanoglycosides and cyanolipids durigitbcessing of some raw
materials (cyanideontaining cropssuch as cassava, millet, etc.). These factansong
others,cause cyanide contamination of soil, groundwater, and other environments

The methods currently used to treat cyargdatainingwase (physicochemical,
chemical) have disadvantages suchadsgh consumption of chemicals or energy and the
generation of secondary waste. Bioremediation is an environmentally friendly alternative or
complement to abiotic methods, and the searcméwr gren methods and options fahe
bioremediation of cyanide wasteresquired(Anning et al., 2020)This work focuses othe
search for enzymes that participate in the detoxification of HbNheir functionandtheir
potentialusesin cyanide decontaminain and thus protection of population and environment

The enzymesof interest largely belong the nitrilase superfamilylhis groupgncludes

13 branchesand its known membersatalyze the hydrolysis of ngmeptide carbomitrogen
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bonds.The branches dir in the amino acid sequence atitke catalytic activity. The most
studied andbestcharacterizeénzymes of the nitrilase superfamilse, e.g.nitrilase(NLase;
EC 3.5.5.1)amincterminal amidas€EC 3.5.1-), aliphatic amidase (EC 3.5.1.4jptinidase
(EC 3.5.1.12)b-ureidopropionase (3.5.1,6and D- and L-carbamoylase (EG.5.1.77 EC
3.5.1.8). Members of this superfamily are involved in the biosynthasdmodification of
variousnaturalcompounds and are found lbacteria,fungi, plants, andramals (Pace and
Brenner, 2001).

This work focuseson the enzymes of the first branch, thecsdled "trueNLases$
(hereafter referred to &4 _ase3, in particular their subtypes involved in the detoxification of
HCN. Different subtypes olNLasesare spedic for certain bacteria, fungi, or plants. The
functions ofNLasedn nature seem tmainlyinvolve plantmicrobe interactions. For example,
microbial NLasesmay participatein the synthesis of some plant hormones or detoxify and
metabolize plant nitrilesAt the same time, microbidLasesmay take partin some of the
mechanisms that promote microbial parasitism in plants containing nitrile compounds
(Howdenet al.,2009 O 6 Re i |Turger, 2003

NLasescatalyze nitrile hydrolysis and have a wide ran§esubstrate specificities, so
they are ableo processnitriles of different structursas substrage aliphatic nitriles €.g, b-
cyanoL-alanine(AlaCN), acrylonitrile), aromatic nitrilese(g, cyanopyridine, benzonitrile),
and aryldiphatic nitriles(e.g, 3-phenylpropionitrileFigurel)( Br enner , 200 2; 0o
Turner, 2003).Cyanide hydratas€CynH) and cyanide dihydrasa (CynD) catalyz the
cyanide transformationinto amide and acid product(formamide and formic acid)

respectively (O6Reilly and Turner, 2003).
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Figure 1. Examples oktructurally differennitriles.

NLaseshave a wide range of potential applicationssarious fields. One reason for
this is thér environmental compatibility. The biotechnological importancéliodses is very
high in the production of chemicals and in the degradation of waste materials. Biohydrolysis
of nitriles and bioremediation of cymles byNLases are promising routes due to the high
catalytic activities and suitable substrafecificiies of the enzymes. Since the discovery of
microorganisms possessing nitfiigdrolyzing enzymes, many papers have been published on
the biochemicabnd genetic background of the nitrile transformation process, the enzyme
structures, and the metabolic pathwagpswhich the enzymes are involved (Sharma et al.,
2019; Kumar et al., 2017).

Here we discuss the potential of these enzymes in the contédwd ofitrent state of
cyanide remediation angp-to-datetrends 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 grfufungifor the detoxification
of cyanide has been poorly explorgal far Basidiomycota were found to be a rich source of
plantNLasehomologues (NIT4) involved in the hydrolysis of AlaCN, an intermediate of HCN
scavenging. In addition, Basidiomycot&ne 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

syntheticgeneé Ru c k § e;tSedavh et al., 2D21)2 0
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In addition, theCynHs 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 ptiegewith 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 renediation of industrial wastewater or of contaminated environment, for the sake of
population protection.
Specific aims were

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

1 express selected genes focusing on cyanideatage and nitrilase NIT4;

1 determine the catalytic properties of the enzymes;

1 investigate the enzyme operation in cyaredataminated media.

14



2. State of the art

The problem of cyanide discharge via industrial effluentshemdto deal with ibhave
beenthesubject of numerous revieswThe reviews published over the past approximately ten
yearshavefocused on the following topics: cyanide waste treatraehitionsin gold mines
(KuyucakandAkcil, 2013 Mekuto et al. 2016 Anning et al, 2019) ability of microbes and
plants to degrade and utilize cyani#einar et al.2017) cyanide detoxification by enzymes
(Mart2nkovsg§g et al . Sharth@ dt al; 201Ppmaetobicedégradation of 2 0 1 7
cyanide (LugueAlmagro et al., 2018xandthe cyanide degrdation potential of an isolate of
Pseudomonas pseudoalcaligeifesque Almagro et al., 2016; Cabello et al., 2018)wide
range of topicencludingthe chemical and biological properties of cyanitdsypccurrence and
biodegradation wereeviewed by Anning et al. (2020)However, reviews of thaull range of
cyanide waste treatment processes (chemaalobial, enzymatic.etc.) have beelacking,
especially for thenostrecent period. Therefore, the literature review part of this woltk
address cyanaldisposal 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 iaresis
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 maless products, as weds enzymes involved in the

turnover of cyanide in plants and some microorganisms.

2.1. Cyanidesi origin, properties and regulatory directives

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

includecertainindustrial facilities, forest and house firespducts of incomplete combustion
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of nitrogenrcontaining organic polymersigarette smokand vehicle emission# industry,
cyanideis required for certain processes in metatingfadlities petrochemicahnd organic
chemical industriespr machinebuilding plants In addition, cyanide is present in primary
wastewaters from & plants and ironsmelting plants.Agricultural plantscontaining
cyanoglycosides can release H@blarinwa et al., 2014, Kuyucak and Akcil, 201Bue to
the highly toxic nature of the cyanide ani@s well aof HCN (released especially under
acidic conditions)the cyanide content in wastewater, natunal drinking water is subject to

strict standardésee below).

2.1.1. Types and chemical propertief cyanides

Simple cynides are cyanide anion (CN and metal catiomontaining compounds
An important feature ofy@nidesolutionsis the ratio of theundisso@ted hydrocyanic acid
(HCN) andthe cyanide ionsthe sum of both is named free cyan{fiéN). In water,simple
cyanides dissociate to form cyaniad@ons andmetalcations or are present as undissociated
HCN. In acidic environment, theatio of HCN and ganide aniorincreaseslf pH is lower
thanabout8.5, HCNreadilyevaporatefrom thesolution as very dangerous fumé&kerefore
it is recommended that the solutions of cyanide salts are kept at pH even higher, such as pH
over 10. When cyanides are oxiged with hydrogen peroxider other oxidnts cyanates
(OCN) are formedCyanates armuchless toxic than cyanideSyanidecomplexes (chelates)
with, e.g., Cd, Ag, Cu, Zn, or Ni iorare designatedveakacid dissociable cyanides (EN
WAD). The sum of hcyanide types iseferred toastotal cyanide (TCN)It contains fCN,

CN-WAD and hardly dissociableyanidecomplexes with Fe ion&uyucak and Akcil, 2013)

2.1.2. Industrial sources

An important property ofCN is its complexation with metals and kgectolytic
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properties,which are utilized in severalindustrial processes (TablB. 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,-0.5 g NaCML (pH > 10) is used, and the
resulting [Au(CN})]" complexes are exposed to zinghich redues Au* to AwW. Another
option for the recovery of gold the adsorption ahe metalcyanide complex on activated
carbon followed by elution of goldvith a mixture $0.1% NaCN and 1% NaOHhe process
of preparing silver is similar, but either higher concentratiorslonger exposure to NaCN
are used to produce the [Ag(GN)xomplex(KuyucakandAkcil, 2013). The amount of gold
mined in 2020 was approximately 3@ns(Gold mine production worldwide from 2005 to
2020, 2021; Global mine production of silver from 2005 to 2020, 2@&4oh year, between
2001 and 2005, approximately 120 tons of NaCN were usesiaglegold-silver mine(Akcil,
2006).

The complexaton ability of cyanideis alsouseful formetal plating.The aim of this
industrial field is taefinethe surface oh range oproductancludingjewellery. Cyanidesare
used in electroplating baths of silver, copper, cadmium and zinc. Typ&aifgnice solution
contains NaCN and a metal salt or oxide, asdH must be above 10 to avoid the formation
of HCN vapos (Safe Work Australia, 2012)

The DuPont process for producing adiponitrile, a precursor for polyamide 6.6, involves
the use of cyanide. Bhprocesgonsists othe Nicatalyzed hydrocyanation of butadietoe
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 66. 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 in(Bisirgt al.,

2010).

In the process of producing pharmaceutical chemioakfulintermeliate substances
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are cyanohydrins, which are the produmtt cyanationof ketonesor aldehydes. For instance,
the production of mandelic acid (a chiral compound) uses mandelonitrile, which in turn is
obtained by cyanation of benzaldehyde. To obtain thenteqaurre R)-mandelic acid,
biocatalytic hydrolysis of racemic mandelonitrile is posspi®ar t 2andkK Se & |, 2018)
The precursoof clopidogrel (an antithrombotic drug) iR)}¢2-chloromandelic acid, which is
produced in a similar wafZou et al., 2021)The product of cyanation of acetone is acetone
cyanohydrin, from which methyl methacrylate is obtairetjused to produce polymethyl
methacrylate (PMMA} thisisthewelk nown acryl i c or APl exiglas:
Cyanide can be a Byroduct in various industries. One example is the production of
coke: during the pyrolysis of HCNowith othert t e mg
substances (#$, ammonia and other orgas)ics transferedinto coke oven gawhichis then
cooled,thusforming "raw coke wastewate(" K wi e eMydlak &t al., 2019)Annual coke
production worldwide was approximately 650 tons in 20@Bosh et al., 2022Dne of the
main uses of coke is in the metallurgical indugtriK wi e eMydlak &t al., 2019)In this
technology field, oke is ugd in the iron production process in blast furnaces. It provides the
fuel for achievinghigh temperatures needed to convert iron orefipigirono ( cr ude i r o
At this stage, reactions between alkali metals, carbon and nitrogen lead to the formation of
cyanide(Mondal et al., 202).
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
(Tablel). Data on the amount of cyanidevarious wastewateisan differ byseveralordes
of magnitude(Table 1) andare important for the decision on the further treatmerthef
wastewater
Kwi e c-MyHakKehal. (2019) uset he term Araw coking was

wastewater after ammoni@moval and tar separatiomhis wastewater is usually heavily
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pollutedwith multiple contaminants and is releasedsény large volumesFor examplein
one day2000 nf was releaseih a coke planthat producednore thar8500tons of coke per
day(Yu & al., 2016)With a coke production capacity of approximatély500tonsperyear,
29003600 m® per day were produced(Fan et al., 2021)The content of fCN in these
wastewaters was largely between 3.5 and 18.2. rAigivever, fCN was not found in two
sanplesof the raw wastewater and the sample after biological treatmwéetreas TCN was

presenin all of themat significantconcentrations 084-105 mgf (Table 1).

Table 1. Content of free cyanide(fCN) and total cyanide (TCNjn cyanidecontaining

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.,@09
(raw effluent) 46N10 3.5N2.1 Yu et al., 2016
105 n.d. Vi fa Medi av9 | |
n.d. 5-20 Kwi e c-MyHkkkenal.,2019
©13 5.3N1.6 Mondal et al., 202
78.2 n.d. Fan et al., 2021
n.d. 8.3 Mart 2 ank®hvrg8t al ,
n.d. 18.6N2.1 Ban et &, 2022
n.d. 8-10 Ghosh et al., 2022
Coking 35.4N1.5 n.d. Liu et al., 2020
(afterbiotreatment)
Petrochemical n.d. O 120 JarranandMu E a2016
Chemical 1280 n.d. Yang et al., 2020
Iron smelting °10 4.8N1.0 Mondal et al., 202
Electroplatimg n.d. ©26000 Basile et al., 2008
n.d. 51200N420 P ® -@Gdzt al., 2020
Jewelry °©39000 26000 Il b8fez et al .,

fCN T free cyanideTCN i1 total cyanide(sum of fCN and all metaiomplexed cyanide)
n.d.- no dataavailable

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

(4002100 mgl) ( Papadi mi triou et al ., 2 0 OAdter thMar t 2 n
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primary stagephenolsarereduced by 13%which is insufficient(Ban et al., 2022)Coke

wastewater alsoontains ammonia and thiocyangfapadimitriou et al., 2009; Pillai and

Gupta, 2016; Yu et al., 2016; Vi fYa Mediavi l Il
Effluents from jewelry and electroplating industry have a high content of cyanicke

as39gTCN (I bg8fez eot25a52gfCNIZBRB) | e et -@detgl., 200 8;

2020) respectivelyIn addition, this wastewater contains metals, such as Fe, Cu, Ag, Zn, Al

or Ni. Gold minewastewaterlso contaie acombination ofa high concentration of cyanide

with residwes of metal§CarmonaOrozcoandPannay, 2019; Chen et al., 20Z0able 1)

2.1.3. Toxicity

Lethal dose for adults estimated ab0i 200 mg ofa simple cyanidesuch as NaCN or
KCN. The toxic dose depends on the form of cyanide and the route of entry intmhehe
most rapid manifestations of symptoms of cyanide poisoning dalbowing inhalation and
intravenous penetration into the body (Bogucki and Weir, 2@3®)psure t@irbornecyanide
of 270 ppmis rapidly fatal.

A concentration ofCN of only 5- 7 ng/l in aquatic habitats has a negative effect on
fish, inhibiting their swimming functions and reproduction proces&dsgher concentration
of cyani dd)is(lethal Brmog fish Peri¢Bisler and Wiemeyer, 2004).

Chronic exposure to stbthal doses of fCN is also highly hazardous as it can damage
the sensorgystem(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 isdone properly. A welknown 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 detririéatéd on fish both chronically
and acutely at cyanide concentratidmsn 5 ng/l and50 ng/l, respectively.

Compexesof cyanides with metals such asickel, copper, zinor iron are &sstoxic
thanfCNas their solubility is limitedHowever, cyanide copiexes such afro- and
ferricyanides decompose under the action of light to formHI@N (KuyucakandAkcil,

2013).

2.1.4. Legislative frameworks

Different cyanidecontaining compounds have varying degrees of toxicity. Organic
cyanides and hexacyanoferratesyhich the cyanideions aretightly bound to the iron ian
(ferrocyanide and ferricyanide), have low toxicity. In contid&N and simple cyanides (e.qg.,
KCN, NaCN) are the most toxic. There aedso organic compounds that readily release
cyanide ion/hydrogen cyanide, such as trimethylsilyl cyanide upon contact with ,water
cyanoacrylates upon pyrolys@r cyanohydrins (hydroxynitriles) in alkaline medi@Rustler
et al., 2008

All civilized countrieshavelegislation regulating thaeseof cyanide ad its contentin
variousenvironments

The US Environmental Protection Agen@PA) classifies cyanide as an inorganic
contaminant of drinking water and surface water (National Primary Drinking Water
Regulationy and wastewater (US Clean Water A&RA quidelines allow a maximurfCN
level of 0.2 mg perliter of drinking water(Code of Federal Regulatior0@®). EPA cyanide
discharge limits vary by industry and facility size (up to08® and over 3800 liters per
day). The EPA sets cyanide standardd as| | o w g/l:- total.cyznid® fpr continuous

publicly owned treatment workl i s ¢ h a r g/le-smaximir2 pefnissible amount of
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di schar ge i nt/b maximans germigsibte amount of disEhgrge into salt water
(Code of Federal Regulations,d8).

The European drinking water standard allows a Id@ér limit than EPA:0.05 mdl
(Directive 75/440/EET

In the Czech Republic, Law No. 254/2001 Coll., on water and on amendments to
certain laws (Water Law)yegulates activities in the field of regtibn, management and
protection of surfaceateror g r o u RZw&toenr | ((Sb254/ 2001

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 Directigénes the
permissibleconcentration ofCN at the point of discharge of mining waste inttading pond
as not exceeding 10 pprxccording to Article 14 of Directive 2006/21/EC, companies must
also provide financial guarantees to ensure environmental remediation following mine closure.
This could redue the number of small companies seeking to develop gold mines in the EU
due to a lack of financial resources to provide such guarafdeestive 2006/21/EQ.

Directive 2000/60/EC of 23 October 2000 (Water Framework Directive) sets standards
for dischargs into water andét considerscyanideasone 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 th@d&am Union).

Another aspect regulated at the legislative level is the problem ofdaade industrial
accidents witlasubsequent release of hazardous substances of a toxic, flammable or explosive
nature, which can lead to serious consequences inclddingge to human health and life and
material and financial losses, contamination of groundwater and the envirofrhents
addressed by tHeirective 2012/18/EU of the European Parliament and of the Council of July
2012 on the control of the risk of gmrs accidents arising from the presence of hazardous

substances and amending and subsequently repealing Council Directive 968 EEed
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to implement the changes introducedthg Drective of July 2012 is contained in the law of
the Czech Republic, mchis 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 ob&&rccidents is the legal
regulatory document in this area. This law implements the SEVESO Il directive (Directive
2012/18/EV) kttps://www.zakonyprolidi.cz/cs/201%24). According to this law, a major
accident is defined arsomipletaly uecantralladle event limited vy ,
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 consequencdsr 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 aftaraifidknown major cyanide accident

in Baia Mae, Romania, in 2000.

2.2. Current state of the art in cyanide remediation

Nowadays physiochemical and chemical methods arextensively used for
wastewater treatment. The search for methods that are environmentally fradily
moreover, allow to increasefficiency and reduce the cost of wastewater treatmisna
modern trend. The biologicahdenzymatic methods for wastewater treatmagepromising
andhopeful although not the only possible solut®Rrospective methodsave alsemerged
in the area bcoagulation, oxidation, photocatalysis, electrolysis, and combined pescess
(Table2). Theadvantageand drawbacks of various types of cyanide disposal procasses

discussed in the followingections
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Table 2. Examples of recently reported processiesyanide removal from wastewaters

Process Chemical(s), (bio)catalyst(s) Scale Reference
Coagulation Polyferric sulfate orgaric polymer 75 n¥/h Shen et al., 2014
FeSQ 200ml Yu et al., 2016
Adsorption Activated carbon 100ml Liu et al., 2020
Cdcium alginate beads 20ml P ® rGdzt al., 2020
Metal-organic resin 50ml Chen et al., 2021
Oxidation O, 7001 Oulego et al., 2014
H.O,, CuSQ 240ml Wang et al., 2017
0,, CuMn-O 25,000// Li et al., 2018
Os + air (O) + H0, 5 m¥/h Acha et &, 2013
Cyanation 2-Methoxybenzaldehyde, GO 20ml Petersen et al., 2021
Electrooxidation Pt-coated Ti electrode 16 ml Valiuniene et al., 2013
BDD electrodé Na&SQ, 21 JarrahandMu Ea z u 2
PbQ electrode 250ml Pillai andGupta, 2016
BDD electrod®, NaS,0s 500ml Yang et al., 2020
Ti electrode 100ml Chen et al., 2020
Electrodialysis dialysis membranéjaSQu 151/h Zheng et al., 2015
Photocatalysis PtYG&0s/SiO; 300ml BaeissaandMohamed 2013
Zn0O 300ml Bagabas et al., 2013
KoLasTiz01d/Ce 25ml Pala et al., 2015
TiO2 50ml Pattanayak et al., 2021
Microbial Pseudomonas 101 | b8Yez et al
remediation Bacillus 0.26l/d Mekuto et al., 2015
5.11 Burneo et al., 2020
Bacterial consoré 0.1411/d Mekuto et al., Q17
0.51/d Shin et al., 2020
2120 n¥/h Fan et al., 2021
Tetraspora 100ml Rai et al., 2021
Biocatalysis Cyanide hydratase 50ml Mar t 2 ank@®hvrng8 t a l
Cyanide dihydratase n.d. CarmonaOrozco et al., 2019
Combined Activated carbonSermtia odorifera 100ml Singh et al., 2016
H.0,, cyanase 101 S8ez et al .,

2gas flow ratetatalyst volume’,BDD - borondoped diamond; GHSV
Processes tested with real industrial effluents are marksmlan coke-oven plant effluents
gold mine vastewater electroplating wastewatejewelry wastewater chemical plant

effluent

Other processes were tested with model solutions.
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2.2.1. Industri al processes

Cyanides can be removed from various environments using a variety of methods, such
as chemical, phsicochemical, biologicalpr enzymatic. The choice of method depends on
many factors, including the type of cyanide, its concentration, the nature of the contamination,
available resources and cleap requirements. However, not all methods are equakgie
or safe. When choosing a method, it is important to consider the effectiveness, safety and
economic feasibility of this methaghderspecific conditions. There are not many methods
known that are effective and have already been tested in practoteafproaches include the
chemical oxidation of cyanides, the reaction product of which is cyanate. Another method is
the precipitation of metal complexes with cyanidecombination of both approaches is also
possible As for the biological approach, wemediation with activated sludge is known, but
this method isonly suitable for wastewatemwith a low cyanide contenfor example, the
method is applicable foa pretreatedcoking wastewate(Fan et al., 2021)Due to their
cheapness and relative simafily, passive methods of cyanide remorexhain popularThese
combinephotodegradation, evaporatiamgmplexation and precipitation, abtbdegradation
by plants and othearganisms

A method developed by Hdo Gold Mines Inc. (Ontario, Canadajs basedon a

two-step complexation of cyanide with metals @Fend/or CG" (Figure 2) followed by

oxidationwith hydrogen peroxideandfinal remediationn it a i | i 30 (Keyucakcandd
Akcil 2013).
QU+ O, Qu, Ni, Zn, o, M .
TON : 5 QUCN + Fe(OH)3 : Cq-ﬁrgglpltate
precipitate with Fe(OH);

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

metal coprecipitate withiron (lll) hydroxidewasformed.
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Coke effluent may retain TCN at levals4 - 5 mgl after sedimentation (Shen et al.,
2014) whichmay be due to the presence of compounds that prevent thatifmmrof cyanide
complexes with metals (see below).

Chlorine, oxygen, air, hypochlorite, ozoneQd or SO,/ air, sometimes together with
copper as a catalyst, were used as oxidizing adgenthe conversion of cyanide to cyanate

(Figure3).

Catalyst H,O
., o T, DN

N +1/20,
Figure 3. Degradation ofree cyaniddo the much less toxicyarate (CNO). Hydrolysis of

cyanate is optional.

The product otilkaline chlorinations cyanate irthe onestep process, which may be
sufficient for the detoxification of the waste treated. The pradaN. andCO; if a two

step procests used (Figure 4)

N +d,— ONA +O"

OH
CNO +d +H,0
d, | OH

HQOy + N, + O + H,0

Figure 4. Degradation ofree cyaniddy alkaline chlorinationThe process may be reduced

to one stage resulting in the production of cyanate.
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Significant disadvantages of this method aredixecity of chemical compoundssed
or formed(chlorine, cyanogen chloride and chlorinatedpogducts) and the unfavorable
price/effectiveness ratid.e.high cost and low efficiency for sonsganocomplexed he next
generation of processes usedS4r as an oxidizing agen®One example is theco process,
which was created in 1987 his technology was followedh 2003,by an improved process
usinga mixture ofSOy/ air/ H20, as oxidizing agest(CombinOxprocess bynco-Degussa
This technology haproven to be effective and versatile, as ialisoableto remowe heavy
metals(Kuyucakand Akcil 2013). Moreover, the application of the ozonation process to a
model mixture of cyanide, phenol, and benzonitrile (50, 50, and 1) ragpectively) was
demonstrated on a 400 scale(Acha et al., 2013)The oxidation process took place ina 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 aiatefinding alternative
coagulants and changing their quantity. It has been shown that’th@ EN ratio is decisive
for the coagulation of FeS@Yu et al., 2016)A Fe?*/ TCN ratio of more than 2.5 made it
possible to almost completely remove TCN frooke&plant wastewater

Replacing the coagulant with a mixture of polyferric sulfate and a cationic polymer
optimized this methadrhe effectiveness of émethod has been shown an industrial scale
(wastewater flow 75 #h, TCN concentration reduced by @d®es)(Shen et al., 2014).

Using electrocoagulation, f{CN was completely degraded at a concentration of 100
mg/l. The purification process was as follows: enriched wastewater from the mining industry
passed through alRer electrochemical cell. The effeveness of electrocoagulation turned
out to be higher in comparison with classical chemical coagul@lamelkina et al.2020).

The use of electrocoagulation in combination with adsorption and biotreatment allowed the
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removal of 96% fCNi(itial concertration 6.4 mg) in jewelry wastewateon ascaleof 1.5
m?® (Pratiwi et al., 2021).

Al gi nat e h yQGidrepal,020)drgar®metallicesin (Chen et al., 2021)
and activated carbon (Liu et al., 2020) have been tested in laboratory conditidesrasiats.
The effectiveness of the calcium alginate sorbent was &%06a wastewater from
electroplating industries with a fCN concentration of more than /&0lrg addition, the
concentrations of metals present in the wastewapgroximately 5 4 Ni and 2 dl Cu) were
reduced by 50 times P ®Ci@ et al., 2020rhe sorbent madef a metalorganicresin turned
out to be effectivdfor removingcyanide metal complexes with ¥ePd*, P£*, Co** and,
moreovergenabledo extract palladium and platinum. &leoncentration of metals amodel
solutionwas 50 mdl for each(Chen et al. 2021).

Innovative oxidation technologies or the usenefv catalysts are aimed primarily at
environmental safety and reducing the use of hazardous chemicals. An exampleses dhe
compressed oxygen for |l iquid phase (fAwet o)
hazardous chemicals (Oulego et al., 2013, 2014). Another example for safe oxidation is the
use ofH202 generated on site using argon asdisehargegas (Wanget al. 2017; Figre5).

Using HO; as an oxidantequires40 mg Cd*/l for an efficientoxidation (Wang et al.
2017). An examplef an advancedatalystwas a mixed Cu Mn oxide usedunder argon
atmosphere at a temperature of 280(Li et al., 2018). Andter new approachepresented
the oxidationby H2O- in combination with hydrodynamic cavitation, which resulted in the
formation of free radicals (O‘b—lfrom water (Montalvo Andia et al., 2021).

Another oxidizer- sodium persulfate (N&:Og) - was estd under laboratory
conditions with coke plant wastewater, which was previously biologically purified and
contained 4.8 mg TCN It was combiedwith a flocculant - zerovalent iron (F8). As a

result, the TCN concentration was reduced to a levedrthan0.05 mdl (Zhang et al., 2018).
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Figure 5. Removal offree cyanidddepicted as HCNby oxidation withhydrogen peroxide

generated in plasmadischarge reactor (Wang et al. 2017).

Other ecent approaches halieenbased on newrinciples ofcyanide remwal. For
example, the reaction of cyanide with an aldehyidkled aninsoluble cyanohydrin. Using 2
methoxybenzaldehyde under a carbon dioxide atmospereptimize the cyanohydrin

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

O OH

H + HCN —> CN

OMe OMe

Figure 6. Scavenging ofree cyanideby reacthg HCN with an aldehyde(Petersen et al.,
2021)
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Anothernew processvaselectrochemical oxidation. In this approach, cyanidese
oxidized with electriccurrent and thereaction produgtcyanatewasconverted into Nand
CO, (Kuyucak and Akcil 2013) (Figure7). An innovative featurein the possibility of
removing several pollutanis one process J ar r ah and MuEazu, 2016;
Pillai and Gupta, 2016)educing the cost of electrodes (Valiuniene et al., 2013; Pillai and
Gupta, 2015; Pillai and Gupta, 201&n example of such an approach is the use of an
electrolytic facility with a graphite cathode and a biplanar bedoped diamond (BDD)
anode, whictare commercially availabl&limination of more than 97%f fCN andthefull
eliminationof phenol, ammonia and sulfide were demonstr&ted coke oven wastewater
model (JarrahandMu Ea z u 2 B)L 16 additiomn, gha high efficiency of the BDD
eledrodein the degradation afyanide, phenol and thiocyanate was demonstraitdreal

coking wastewatePillai andGupta, 2016).

N +20H — ONO +H,O+ 2¢e

l OH

a3, +N, +H,0

Figure 7. Electrochemical oxidation

Another example of arlectrode availablat a redu@d cost is the Ti electrode. i$
coated with a nanolayer of Pt, which makes it much cheaper thaordyrtiectrode. The Ti
electrode removed 2.6/lgof cyanide almost completely in model mixtures of KCN and
chlorides(Valiuniene et al., 2013)n electrochemical oxidation, chloridésve a positive
effect on the oxidation efficiency due to the formation of&Id CIO that are very efficient

in oxidizing cyanidesfCN, TCN) (Chen et al., 2020)n addition, &PbQ electrode was highly
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effective indegradhg fCN, thiocyanate and phehin cokeplantwastewate(Pillai andGupta,

2016).
@ PpT:NB Y 2200 &
M MNSY20!I f
E‘y:l' H I 2F 20KSNJ LE
e e OF K2 y2
2EARILL u
Y dzf £G5S\ LLJ2 € f-dziet H
T/ b oHBEE YAk
LIK Sy 2 f

Figure 8. Electrolytic facility for removingree cyanide fCN) and other pollutants (Jarrah
andMuEazu, 2016) .

Electrodialysis is a method of separating and purifying solutions using an elietdiric f
and membrane filters. It is based on the principle of ion migration under the influence of
electric field through selective ieexchange membranes. Electrodialysis is used in industry
and laboratories for various purification and separation td&dkstrodialysis unig made it
possible to degraddmost98%TCN in gold mine wastewatémitial concentration 231 mg/l)
usingaflow rateof 151/h (Zheng et al., 2015).

Photocatalysts are substances or materials that are capable of initiating and gnhancin
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 aqodaiens. Titanium
dioxide (TiQ) can be used for this purpose. Wallown affordable Ti@ powders are
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produced by Aldrich (Anatase) and Evoiillegussa (P25 catalyst). The latter is superior to
Anatase Aldrich in removing cyanide from stream wé#steteghet al., 2014)Thus, the P25
catalystcan removelmost 100% of TCN and 70% of thiocyanate in coking wastewater when
exposed to artificiadunlight, as concluded from the computational moélgie procesg Vi | a
Mediavilla et al. 2019.

In addition, it has been shown that the adsorption of ;TdD zeolite increases the
efficiency of the catalytic agent. This catalyst was testesl laboratory scale and was able to
remove 94% of TCN (more than 7l)gin metallurgical waste, and was also effective in
removng Cu and Zr{Pan et al., 2021)mmobilization of TiQ on polyurethane also increased
the efficiency of the photocatalysthen an iron porphyrin photosensitizer was added to the
system, the fCN removal efficiency (100 )gncreased from 75% to 91@Ratanayak et al.,
2021).

Modern photocatalysts thateactive in visible light have been studiétkamples are
Nb/Ti, potassium lanthanum titanate{&TizO10), cerium oxide CeQ), or gallium oxide
(Ga0g3) photocatalystgL - p &nd Castro, 202(Rala etal., 2015 Baeissaand 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 atmospAenember of bacteria, iigi and
plants are capable of cyanogenesis and produce cydnitiatso have a significant potential
to eliminate them through various rou(&halla et al. 2018)
There have been many studies showing the potentiaho¥ativebiological methods
for the treatment of wastewasethatcontain cyanideThesestudiesincludedthe use of

bacteria, both mixed and pure cultures, as well as the use of purified enzymes dhtained
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homologouly or heterdogoudy producing strainsAn industrial plant with a sequential
changeof phases without oxygen and with oxygen was used to treat waste products from the
coking processHigh rates of removal of cyanidghenols total nitrogen, and other
contaminants were obtaine@ihe researchers attribudethis remediationefficiency to the
abundance of hiobacillus Thauerg andan unidentified nitrifying bacterial strain atmthe
stability of the microbial community structure in this stepwise n{éda et al., 2021)

The ability of some anaerobic bacteria to removeontt fCN, but also itcxomplexs
with metals has been shown (Gupta et al., 2006 .a&robic and anaerobic cyanidegrading
consorta can beobtaired and applieth different ways. Aerobic consoathave been derived
from metallurgical effluentandenriched with mediaontaininghigh concentrations ofCN
(Mekuto et al., 2013)n another studythesourceof aerobic consortizwasmining wastewater
residues (GuadalimendMonteros, 2018).

Mekuto et al. (2015, 2017) demonstrated the effectiveness dbiaaronsortia to
remove cyanide under laboratory conditiohlse duration of cultivation of aerobic consortia
ranged from 80 to 300 days, the concentration of f{CN in the medium was 30Gnuythe
decomposition of fCN was almost complete during the entontinuous procesdhe
ammonia obtained as a reaction product was processed by nitrification and denitrification
(Mekuto et al., 2015) (Figure).

The metabolic potential of the phylum Proteobacteria for the biological treatment of
wastewater from a do processing plant waalso shown. Thus, a bioreactor with a
combination of bacteriRhizobiundaejeonensd’>seudomonaffuorescenandPseudomonas
stutzerishowed decompositioof 93% of the present fCNShin et al, 2020. Another cell
system Alcaligeressp 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 (\@0@rhdl) in
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modelsolutions The continuous agitation bioreactor demonstrated an 85% cyanide removal

efficiencyin 52 days atCN concentration of 100200 mdl (Li et al.,2019).
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Figure 9. Longterm (8Gday) continuous removal diCN by aerobic microbial cultures
(Mekuto et al., 2013)

A mixed consortium of bacterial strains has been used to biodegrade phefoNand
in coke oven wastewater. The researchisesia two-step treatmentonsisting of) oxidation
andii) biodegradationThe degradatiorof phenol(1000mg/l) andfCN (100 mg/l) was99%
and 100%, respectivelyfyagiet al.,2020).

Another studydemonstratetdiodegradation diCN (96%) in gold mining wastewater
andmodekdthe growth of a lmfilm that used cyanide as a source of nitrogen and carbon. In
this experiment, diological reactowith separatedompartments was used, in which disks
with biofilm wereparially immersedn the effluentand rotatedBurneoet al., 2020)Figure

10).
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Figure 10. Facility for removal of CN by microbial biofilm attache to rotating discsBurneo
et al., 2020).

Some bacteria were also effective in the degradation of organic cyamdgekes. For
exampeg, a bioreactorstudy (Chen et al. 2010) revealed the efficiency of propionitrile
decompositiorby immobilized cel$ of Klebsiella oxytocaln anotheistudy, Li et al. (2018)
used the recombinant bacteriuBn subtilis N4/pHTnhaami, which consistedof biofilms
removning acetonitrile, acrylonitrileandcis- andtrans-crotononitrile.The studyby An et al.
(2018) revealé an effective treatment of nitrikeontaining 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 cyadétgading bacteria, for
examplePseudomonas pseudoalicggneSCECT5344(Cabello et al., 2018)r Pseudomonas
fluorescendNCIB 11764 (FernandeandKunz 2005).The products of cyanide conversion by
the bacteriumP. fluorescendNCIMB 11764 are C@® and ammonia (Figre 11A). The
metabolic mechanism for cyanide e@nsion 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 ofettP. fluorescensstrain (Vilo et al., 2012). The P.

pseudoalcaligenestrain is anisolate obtained from river watdt is able to metabolizéCN
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using cyanohydrin as an intermediate, and the cyanohysltimen hydrolyzed byNLase

(Cabello et al., 2018) (FigurELB). Moreover, new insights into the metabolism of cyanide

and cyanate byhis strain wereeported such aghe structure and function of the cyanate
operon (S8ez et al., 2019), ttiestramefamlisomf s ma
(OlayaAbr i | et al . 2019, S8ez et al . s @®lya, 20109
Abril et al. 2020) Studies on the cyanide degrading ability of this strain were conducted using

dilute jewelry factory wastewater that contained approximately 300 TiGll/I. The
biodegradation procesahich took place in a Her bioreactorremovedabout 95% of TCN

(1 b§Te2017pt al

A HON+0O, + NADH + HF —— (0, + NH; + NAD*

nitrilase
B HON + oxaloacetate — cyanohydrin —O> carboxylate + NH;,*
2

Figure 11 Metabolizationof HCN in (A) Pseudomonas fluoresce(i@ernandeand Kunz,

2005) andB) Pseudomonas pseudoalcaligei€abello et al., 2018)

The fiSimultaneous Adsorption and Bioremediatid8AB) process is a combination
of method for removing contaminants from aqueous solutioliscombine two main
processes: adsorptiomn activated carbomand bacterialtreatment. The SAB procesan
achievea more effective water treatmetttan thephysicoctemical 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 sdfjaiogjical treatment
for complete purificationThe bactdum Serratia odoriferaisolated from coking wastewater
metabolized phenols in addition to cyanide. Activated carbon served as an adsbfGéht
and phenolsandthebacteria restored the adsorbeptlecomposinghe compounds adsorhed
The optimal conagtrations of fCN, phenol and activated carbon for the efficiency of this
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process were 50 mMg500 mdl and 30 ¢, respectively. In this way, about 90% of f{CN and
almost all phenol were removégingh et al., 2016).

Phycoremediation is procesghatusesmicroalgae to clean up contaminated aquatic
environments. The ability dhe autotrophic microalgaetraspora spto decomposeyanide,
ammonia and phenol has been studietias been shown that ployemediation is effective
only atalow cyanide concendtion such a2 mgl. Microalgae are less resistant to cyanide

than bacteridutthis methodcan beapplicable taa pretreated wastewat€Rai et al., 2021).

2.2.4. Emerging enzyme processes

Isolated/purified enzymesr whole cel that function solely as eyme 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 (compareith the resistame of growing microbial
cultures) pr operation at ambient temperatsirin addition the cyanidegransforming enzymes
that belong to th&lLasegroupdo not require cofactors. Nevertheless, sensitivity to highly
polluted environments containing.g, heaw metak, need for sophisticated equipmeaot
costs ofenzymeisolationor purification may be drawbacks.

The studes by Crum et al. (2015, 2016) showed the bioremediation potential of
Bacillus pumilus CynD is a good candidate for cyanid®mdegradationbut the wild-type
enzymeexhibits intolerance to alkaline pHiowever, some Cyniutants oBacillus pumilus
Cldegra@dfCN at pHup to10 (Wang et al., 2012Anotherwork showedthat agar and
polyacrylamideimmobilized E. coli cells overexpressing ¢hBacillus pumilusCynD were
effective at pH 10, maintaining their activity at a high level, while cells immobilized on
chitosan showed a low efficiency. Theitability of the immobilized cells for the degradation

of fCN in wastewater from the gold pros#sg industry was showrCarmonaOrozco and
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Panay, 2019). Therefore, theuse of cyanidaelegradingNLases is a promising tool for
bioremediation of cyanide waste dioda potential usat sites of accidental release of cyanide
into the environment (Banegeet al., 2002; Gupta et al., 2010; Thuku et al., 2009 .origin,
occurrenceproductionand 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 cyaaateio
dioxide and ammonia (cyanate is the oxidation product of fEjure 12). Ranjan et al.
(2019) demonstrated cyanate removal by cyanaseTr@mrmomyces lanuginoswshich was
obtained by expressing the gené®ichia pastoris The enzyme wasimobilized onmodified
( magnet rwalledcdrbomnanotubesThe model mixtures contained heavy metals (Pb,
Fe, Cu and Crin addition to cyanate (168 ig(Ranjan et al., 2019). Tredorementionedp.
pseudoalcaligenestrainalso contains cyanase andhmeen shown to be useful in removing

cyanateproduced byaprioc hemi cal oxi dation of cyanide (S

cyanase
ONO +HQO;5 +2H" —— 200, + NH;

Figure 12 Reaction catalyzed by cyanase

Rhodarse (thiosulfate sulfurtransferase, EC 2.8)1chtalyzeshe reaction of HCN
with thiosulfate to form thiocyanate (much less toxic than cyanide) and KHiftere 13) It
is the oldest of the cyanidmnverting enzymes, known since 1933. It is common in all
kingdoms of life. Its localization varies depending on the organrBimdarese occurs in
mitochondria (mammals, plants), chloroplasts (plants) or cytoplasm (plants, microbes). In
mammals, its localization depends on tleepectiveorganism. In humans, activity the
highest in the kidneys, biitis also found in the liver and to sster extent in other organs.

Disfunction of rhodarese is associated with various diseases (diabetes, colon diseases
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including cancer, etc.A number ofpapersalsodealt with the biotechnological use of the
enzymegBuonvinoet al., 2022)Bacteria and fagi aereadily available sources of rhodanese
for the remediation of cyanide wasiehe enzyme could also seras a therapeutic agent

against cyanide intoxication.

rhodanase
HON+S0; ——— N+ 302

Figure 13. Reaction catalyzed bhodarase

2.3. Nitrilases in cyanide metabolism

Branch 1of the NLasesuperfamily includedNLases that catalyze the hydrolysis of
various nitrilesbut alsoHCN to the corresponding amides and aciélscording to their
activities, the azymesacting on HCNoelong totwo different groupsCynD (EC 3.5.5.1i.e.,
the sameas NLas@ belonging to the 3rd class hydrolases and CynH (EC 4.2.166),
belonging to the 4th classyasesHowever, this classification fermal,and the enzymes are
related poth havinghe GluCys-Lys triadwhichis also common faall prateins of theNLase
superfamily.The anino acid identies betweerCynH and CynDareonly 2530% (Benedik
andSewel| 2018).TheCynD activity yieldsformic acid agheproduct ofcyanidedegradation,
while theCynH activity yieldsformamide.Similarly, thehydrolysis of nitriles byNLases (EC
3.5.5.) can proceed in twavays: hydrolysis of nitriles to ammonia and the corresponding
carboxylic acid or to the corresponding amides (krg 14). SinceNLases are capable of
producing amide as a reaction produttjs important not to confuse them with nitrile
hydratase (NHases; ECL.2.1.84, metalloenzymg that alsoyield amide asthe reaction

productfrom nitrile. NHaseis not a member of tidLasesuperfamily.
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[ Y Nitrile hydratase | ) Nitrilase ( N
RCONH, | s RCN | =) RCOOH

Cyanide
dihydratase

Y Cyanide hydratase (

HCONH, | < HCN

HCOOH

Figure 14. Pathway®f theenzymaticconversiorof cyanidesandnitriles.

The mechanism of the conversion ©fanide catalyed by the CynD and CynH
enzyme can be representday the schemen Figure 15 The basic mechanism dfLase
activity duringcyanidetransformation can be described as follows: dttack of the conserved
NLasecysteineresidue on the carbon atom of thyanidein the presence afwater molecule
results in the formationf atetrahedral intermediatand finally the acyl enzyme amiHs.
Thefollowing step isthe hydrolysis of theacyl enzyme bynothemwater moleculéo yield a
carboxylicacid andfree enzyme The formation of amide results from an alternative route.

This includes &£-S bond cleavage the tetrahedral intermediat@andhyala et al., 2005).

H,0 OH o
/N \» Hc Cc NH
HCN+EH —— H-C b > H-CoNH, C LGN
£ / | :
H,0 = EH
NH;
H,0
//O //O
EH+ H-C « H-C
OH E

Figure 15. Nitrilasecatalyticmechanisn{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) (Fige 19. 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 froBerratia marcecenswas published (Kushwaha et al., 2018).

The paper described the structural analysis and catiuodlmodeling of this enzyme. The
catlytic triad was Cydys-Glu characteristic of théNLase 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 wWiNhasesuperfamily potein
sequence in the genome of this organism.

Extensive data about the cyanide metabol
al., 2014). Enzymes of this type have been founchamyfungi, particularlyin the phylum
Ascomycota.

The first CynH was dicovered inStemphylium lotia fungus that parasitizes on the
cyanogenic plant birdsfoot trefoll@tus corniculatus [).(Fry and Millar, 1972). Later, CynHs
were also characterized in other plaparasitic fungi:Gloeocercospora sorghi, Fusarium
solani,Fusarium lateritiumandLeptosphaeria maculafsO6 Rei | | y 2083).d Tur ner .

Severalauthors characterized CynHs obtained by genetic engineering technologies,
since wildtype fungal strains witlsatisfactoryCynH activiies (Fusarium oxysporum, G.
sorgh) are rare.E. coliis suitable as a heterologous host for the overproduction of these
eukaryotice nzymes (Basile et al ., 2 0 0 Beyeramist 2 nk o v
were obtained by expressintpe cynH genesfrom Gibberella zeagAspergillusnidulans
Neurospora crassdsloeocercospora sorgl{Basile et al., 2008)Aspergillus niger(Kaplan
et al ., 201 3; Ri méngikiumocthirgsogenuni{Kaplan. et al., 220134 ) |

Botryotinia fuckelianaandPyrenophoratere6 Ves el 8 et al ., 2016) .
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Even thoughthe mainnatural function of the enzyme iprobablyto catalyze the
conversion of cyanide to formamide (Benedik and Se&6ll8), these enzymes have been
also shown to transform nitrilesHowever,the relative activity for nitriles is veryow
compared to that for <cyani deF. latdiaumhasakwyv § et
NLaseactivity with benzonitrile, propionitrile and acetonitrile (Nolan et. al., 2003). Some
nitriles, such as -2yanopyridine(2CP) and fumaronitrile(FN), have leen shown to be
degraded byCynH fromA. niger( Kapl an et al ., 201TeVmaRorn8gel o
HCN is much higher than fétNor 2CP( Ri n8gel ovs§ et al ., 2014) .
be common substrates of CynHs, as they are also acdgptégnHs fromP. chrysogenum
(Kaplan et al., 2013B. fuckelianaorP.teresf Vesel 8 et al ., 2016).
Since the product of HCBonversiorcatalyzed by CynH is the corresponding amide,
we can speak of MHasereaction rather thanldLaser e a ¢ t i o yand TQrdeR €003).1
However, it is worth mentioning that cyanide metabolism is diffeirentvo due to cellular
amidases, whichanconvert formamide to formate and ammonia. Thus, fungal cultures may

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

2.3.2. Cyanidedihydratase

CynD catalyzes the conversion of cyanide into ammonia and formate and occurs
probably in bacteria only (Benedik and Sew20,18).The first CynDs were discovered and
characterized in the bacterdcaligenesxylosoxidansubsp.denitrificans(Ingvorsen et al.,
1991),Bacillus pumilusC1 (Meyers et al., 1993) arRseudomonas stutze&kK61 (Watanabe
et al., 1998).

The structure of the enzyme is albé&nded helical oligomer consisting of 10 or mor
subunits. The CynD enzyme frof stutzeriAK 61 (CynDswy) has a homooligomeric helical

structure and consists of 14 subunits with twofold symmetry (Sewell et al., 2008httast
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Bacillus pumilusC1 CynD consistof 18 subunits and has a peculitusture 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 mutatits ©§/nDpum
enzymefrom Bacillus pumilus mutations were foundhat affeced the oligomer size and
enzyme activity. The R67C mutation resulted in a defect in oligomerizatiars the study
indicatesthat the corresponding region is responsible for oligomerizatiod plays an
important role in the structure of heligaicrobial NLases.The following regionsverealso
found to beimportant for oligomerizatiomf the CynDs A-surface (conservative interface)
between twomonomers forming a dimeand C-surfaceas the area of interaction dfvo
dimers. Both surfaces aatsovery important for the activity of the enzyme and its temperature
stability (Park et al., 2016)

The Gterminus is an extension that nteewith both Asurfaceand C surface (Sewell
et al., 2003). The @erminal domain oBacillus pumilusCynD was shavn to participaten
changing such parameters as enzyme activity, thermal stability and pH toleXamgerid
protein CynBRumstut Which included the majority of sequence@fnDoum and the Germinal
part of CynDswt retained 100% activity at pH 9, whillkee parentCynDyum protein lost activity
at pH above pH 8rhe thermal stability of the hybrid was also bettempared to the parent
enzymeqCrum et al., 2015).

Another study compared recombinant forms of CynDs fBaillus pumilusC1 and
Pseudomonasstutzeri After cloning their genes, expression Escherichia coli and
purification, the enzymes were studied for their pH stability, thermal stability, and other
characteristics. The pH range (pH 5.2.5), kinetic parameter&yu 61 7 mM, Vmax0.1 mmol
min' 'mg ) and tolerance to meta{§e**, C*, Zr?*, H&*, Cr¥*, and PB") of both of the

enzymes were similgdandhyala et al., 2005).
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For the use of these enzymes in the biodegradation of cyanidealsib gossible to
modify their catalytic propeies by point mutations Four point mutations in CynDs from
Bacillus pumilugK93R, 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 stabily of the enzyme. The D172N mutation increased the affinity of the
enzyme for its substrate at pH 70Oh the other handhé A202T mutation had a destabilizing
effect on the protein and led to the loss of its activity (Crum et al., 2016).

Recently, Flavobacterium indicumMTCC 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
30AC #@n5choursat3A C. The ki net iKaof 4% mMeareM.gaf 45 wer e

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

2.3.3. Nitrilase NIT4

Type 4NLase(NIT4) has anarrowsubstrate specificity fohlaCN, and analoges of
thisenzymearewidely distributedn theplarnt kingdom Analysis of the purified NIT4 enzyme
from Arabidopsisand Nicotiana showed that NIT4 is a distinct sdiibanch ofNLases that
catalyze the hydrotic reaction ofAlaCN to a mixture ofL-asparagine (Asn) andaspartic
acid (Asp)(Piotrowskiet al, 2001) (Figure 16). NIT4 hasNLaseandNHase activity Both
reactions share the same catalytic. site

Analysis ofthe sequene o f cyafoalanine hydratade ( cl assi fi ed EC 4.
blue lupine Lupinus angustifolisshowed that this enzyme is a hdogue ofArabidopsis
thalianaandNicotiana tabacunNIT4. 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(PiotrowskiandVolmer, 2006).
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O~_OH O~_OH

O NIT 4
> +
~ o

NH,
H,N" 0 HO™ Yo

B-cyano-L-alanine L-asparagine L-aspartic acid

Figure 16. Transbrmationo f -cyénoL-alanineby nitrilase NIT4

The NIT4 isoform ofA. thalianaNLaseis differentfrom other forms oplantNLases
NIT1, NIT2, and NIT3 which are similar to each othidiT4 homologuesvere characterized
in plants from different families, foxample Nicotiana tabacumandOryza sativaThe ability
of purified NIT4 protein fromN. tabacumA. thaliang andL. angustifoliusto transform
AlaCN into Asp and Asn unden vitro conditions was shown (Piotrowséd al.,2001).The
two activities of theNIT4 homologuesNHase activity (amide formation) amNLaseactivity
(carboxylic acid plus ammonia formation) can produce different anaidiel/ ratiosfrom
AlaCN in different plants Riotrowski, 2008).

Cyanide is a byroduct of the last stage of ethyéerynthesis in plant$igure 17.
Cyanide is eliminated by a reaction with cysteine; this reaction is catalyfedyayoalanine
synthase (CAS), resulting in the formationA&CN and sulfide (Sharma et a019). The
function of plantNLases NIT4 is to transformAlaCN to Asn, Asp and ammonia (Piotrowski
andVolmer, 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 (Li2063) 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

Met —s SAM AQCsynthase ACC AQCoxidase C2H4+CZHNOZ

HON + @0,

cyanoalanine synthase

S
& \ cysteine synthase

AlaCN + sulfide

2H,0
NIT 4

Asp + Asn + NH;

Figure 17. Metabolism of cyanide and synthesis lofcyancL-alanine in plants Met,
methonine SAM, S-adenosylL-methionine ACC, L-aminocyclopropane-carboxylic acig

Cys,cysteine AlaCN, b-cyanaL-alanine Asp, L-aspartic acigAsn,L-asparagine

The origin of endogenous cyanide in plamsadditionto its formation as a byproduct

in the biosynthesis of the hormone ethylene, can be cyanogenic glycosides, whicsans

in many plant species and protettie plantsfrom herbivores. Hydrolysis of cyanogenic
glycosides, induced by injury to plant tissue, leads to the release of cy@hedelow and

MBI | e r.NLagcanparticipatein both primary and secondary metabolism of plants.
NLases derived from the NIT4 ancestor are engaged in the endogenous catabolism of
secondary metabolic produci&he NLaseheterocomplexNIT4A/B2 from Soghum bicolor
transforns the cyanogenic glycoside dhurrin (Eig 18) without cyanideeleaseDhurrin can

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

ammonia. The second wayoceedsvithout cyanideelease (Figre19) (Jenrich et al., 2007).

OH
Ns., K©/
HO O~ ~©
HOY ""OH

OH

Figure 18. Cyanogenic glycosidehdirrin.

Dhurrinase
Dhurrin > >  pHMN
h -Hydroxynitrile lyase
pHPAN pHB + HCN
NIT 4A/ B2 I -Cyanoalanine synthase
pPHPAAC + NH; AlaCN
NIT 4A/B1 and/or NIT 4A/ B2
Asp + Asn + NH;

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

hydroxybenzaldehyde; AlaCNo-cyanceL-alanine; Asp L-aspartic acid; AsnL-asparagine.
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The specificity of planNLaseNIT4 from Arabidopsis thalianalepends on the helical
turn of the enzymdf thisturnis changed by sitdirected mutagenesis, the specificity of the
mutant changesMulelu et al.,2019).

PlantNLases perform versatile funans and take part in the following processes:
cyanide detoxificationwhich is probablyther main functionin plant, but also nitrogen
restoration and recycling, catabolism of cyanogenic glycosatekauxin biosynthesis. The
importance ofNLases for pants is supported by the fact that NIT4 homologues are ancient in
higher plants, and the corresponding gene has been conserved during evolution (Pjotrowski
2008).

According to database searches, fungi and bacteria also contain aNloas® that
are hanologues of planNLaseNIT4 and can participate in cyanide degradation via AlaCN
(Ruckg et al ., 2 Oliked 9equendes maderbeed publishied iMbadiefia.
However, only few bacterial NIT4 enzymes were characterized; Wkee, e.g., the NIT4f
Pseudomonas fluorescefildowden et al., 2009) an8inorhizobium frediil Ves el 8 et
2016). In Basidiomycota fungi, subdivision Agaricomycotina, close homologues of NIT4 are
encoded iDichomitus squalendrametes sp Armillaria sp., Agaricus bispous and many

ot hers (Ruck8 et al., 2019).
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3. Methods

3.1. Genes andstrains of microorganisms

The genes encoding putativBlLases XP_006462086.1 (protein NitAb) and

XP_008032838.1 (protein NitTv1), and putattnHs 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, Ger many, according to nucl

original algorithm, i.e., the codons preferredischerichia coliwere selected to allow for an

eot

efficient gene expression in this h@stgure 20) The software for gene design is available at

https://www.thermofisher.com/cz/en/homefgeience/cloning/gexsynthesis/

geneoptimizer.html

70.

139.

208.

277.

3486,

415.

553.

622,

691.

760.

829.

808,

967.

M P @ T L R ¥ A V & 06 & H T L & T T & A T L
CATATGCCGCAGACAGCTGCGTGTTGCAGTTAGCCAGAGTCATACCCTGAGCACCAGCAGTGCAACGETG
$ AR L E 6 T Vv K S A K L & N D I D L I L F P E
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CGTGAACAGTTTCTGCATTATTTCAAAGAT GCAGTGGATCTGGGTGATACACCGCAAGGTGCAGGT GGT

L W I E K R L E M P 5 5 G D v R G D G T R E v
CTGTGGATTGAAAAACGTCTGGAAATGCCGAGCAGCGGTGATGTTCGTGGTGATGGCACCCGTGAAGTT
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CTGGAACGTATTGCAAAAGAAACCGGTGTTTTTGTTGTTACCGGTCTGATGGAACGTAGCGGTGGCACE
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CTGTATTGTGCAGTTGTTTATGTTTGTCCGCGTCTGGGTATTGTTGGTAAACGTCGTAAAGTTATGCCG
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AAAGGTGTTCAGATTACCCTGGCAGCAGCAATTTGTTGGGAAAACTATATGCCGETGCTGECGTCAGAGE
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CTGTATAGCCAGAATGTTAATCTGTATCTGGCACCGACCGCAGATGEGTCGTGATACCTGGECTGAGCCTG

M a T v A I E G R c 1 v L 5 A N a ¢ Y. T K D D
ATGCAGACCGTTGCAATTGAAGGTCGTTGTATTGTTCTGAGCGCAAATCAGTGTTATACCAAAGATGAT
L P E wn | T Q Q E K D A F ) A D E P 1 S R G G
CTGCCGGAATGGATTACCOCAGCAAGAAAAAGATGCATTTGATGCCGATGAACCGATTAGCCGTGGTGGT
5 c I I T P M G K v L A G P L W N E K G G L L
AGCTGTATTATTACCCCGATGGGTAAAGTTCTGGCAGGTCCGETGTGGAACGAAAAAGGTGGTETGETG
F A D v D F D D C | R G R L D L D v A G § ¥ L]

TTTGCAGATGTGGATTTTGATGATTETATTCGTGGTCETCTGGATCTGGATGTTGCAGGTAGCTATAGEC
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e e e e

49

d



70.

139.

208.

277.

415,

553.

622,

760.

829.

898

967.

7.

415,

&

M A N T I K A S ¥ ¥ @& A S T A A Y S L P D T
CATATGGCCAATACCATTAAAGCAAGGGTTGTTCAGGCAAGCACCGCAGCATATAGCCTGCCGGATACA
L Do K L, ‘E Gk L OF GROLE A K ZE R DD Gl A el 6 AN W E R
CTGGATAAATTAGAAAAACTGACCCGTCTGGCAAAAGAACGT GATGGTGCACAGCTGGCAGTTTTTCCG
E A F | 6 6 Y P K M S T F 6 L ¥ ¥V 6 D R Q P E
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GGTCGTGATGAATTTGTTCGTTATGCAAAAGCAGCCATTGAAATTCCGAGTCCGGCAATTACCCGTATT
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GTTATGATTGCCGGTGGTAGCGTGATTATTAGTCCGCTGGGTAAAGTTCTGGCAGGTCCGCTGCTGGAT
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GCAGAAGGTGTTATTAGCGCAGAACTGGATCTGGATGATGTTCTGCGTGGTAAATTTGATCTGGACGTT
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ACCGGTCATTATGCCCGTAATGATGTGTTCGAATTTAAACTGCGTGAACCGCCAGCAACCAGCAGCCTC
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GTCGCCGCGTGGCCGGTGTACCCTGGCAAGGAGACGCTCAAGTATCCCGACCCCGCGACGAACGTGGCC
E P A S D L VvV T P A Y A I E T 66 T ™w T L A P F
GAGCCCGCGTCCGACCTCGTTACGCCCGCTTATGCGATTGAGACCGGCACGTGGACTCTCGCGCCGTTC
@ R L 8 K E G L K K N T P E G V E P E T D P s
CAGCGCCTGAGTAAGGAGGGCTTGAAGAAGAACACGCCCGAGGGAGTCGAACCTGAGACGGATCCCAGC

T Y N G H A R I F A P D G T L L VvV K P D K D F
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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70

139

208.

277,

346,

415

553

622.

601,

760.

829

808,

967.

1036.

1105,

M P I T @ Y K A A A ¥V T S E P € W F D L E A
CATATGCCGATCACACAGTATAAAGCAGCAGCAGTTACCAGCGAACCGTGTTGGTTTGATCTGGAAGE
6 ¥ 9 kK T | & F I N E A 6 © A & & K L | 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 nitrilgSeblitAb and(B) NitTvl, and

cyanide hydratases (GlitEg andNitSh (D). Restriction site®Ndel and Xhol are underlined.

3.2. Overproduction and purificati on of enzymes

The genes were ligated between restriction she®l and Xhol in the vector

pET22b(+), which allowed to translate the genes into proteins witteen@nal Hig-tag The

recombinant plasmids were used to transform compEtesuli OrigamiB (DE3) (Novagen)

cel

| s. The strains wer e(Laparatory afiMedlilatibnyof Geren k a

Expressioninstitute of Microbiology of the Czech academy of Sciences (IMP&gue)The

2xXYT medium containing 16 g tryptone (ThermoFishe&Bcientfic), 10 g yeast extract

(ThermoFisher Scientific), 5 g NaClotal volume 1L, was usedfor cultivation of the

transformed cellsat 37 A COptical density at 600 nm (Qfy) was monitored using

spectrophotometd&sVmini-1240 (Shimadzu)loinducegene ovegxpression, 0.02 mM IPTG

was added after OEyo achievedl.0. The cultivation was continued for 20 h. The dedle
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extract (CFE) was prepared by sonication using soniBatoedelin Sonopuls HD2206Yotein
purification fromthe CFE was performed bynmobilized metalaffinity chromatography
(IMAC) on TALONE Metal Affinity Resin (Clontech Laboratories, Inajith Cc?* 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 assaysvere carried out in 1.8 Eppendorf tubes at 3@ undershaking
(850 rpm using Eppendorf ThermoMixer Comfort (Eppendorf). Ttb&al volume of the
reaction mixture was 0.81l. Stock solutions of substrates (500 mM) ag@repared in 200

mM buffer, pH 8.0, for2CP, 3-cyanopyridine(3CP and 4-cyanopyridine 4CP), and in
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methanol for other nitrile¢Table 3) The reactiormixture contained.025ml of the stock
solutionof substratéfinal concentration of 25 mM) i50 mMTris/HCI, pH 8.0, supplemented

with 1I50 MM NaCl. At er pr ei nc u b athd reaction(was initiatdely, addBgd U C)
an appropriate amount of teazyme After an appropriaténterval,thereaction was stopped

by adding 0.0%nl of 2 M HCI andthe mixure wascentrifuged (1200 rpm, 2 min).

The reaction products formed from nitriles were analyzddigl-Performance Liquid
Chromatography(HPLC); the nitrile, carboxyli