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Abstract: Industries such as mining, cokemaking, (petro)chemical and electroplating produce ef-
fluents that contain free cyanide (fCN = HCN + CN7). Currently, fCN is mainly removed by
(physico)chemical methods or by biotreatment with activated sludge. Cyanide hydratases (CynHs)
(EC 4.2.1.66), which convert f{CN to the much less toxic formamide, have been considered for a mild
approach to wastewater decyanation. However, few data are available to evaluate the application
potential of CynHs. In this study, we used a new CynH from Exidia glandulosa (protein KZV92691.1
designated NitEg by us), which was overproduced in Escherichia coli. The purified NitEg was highly
active for f{CN with 784 U/mg protein, kcat 927/s and kcat /Ky 42/s/mM. It exhibited optimal ac-
tivities at pH approximately 6-9 and 4045 °C. It was quite stable in this pH range, and retained
approximately 40% activity at 37 °C after 1 day. Silver and copper ions (1 mM) decreased its activity
by 30—40%. The removal of 98-100% fCN was achieved for 0.6-100 mM fCN. Moreover, thiocyanate,
sulfide, ammonia or phenol added in amounts typical of industrial effluents did not significantly
reduce the fCN conversion, while electroplating effluents may need to be diluted due to high f{CN
and metal content. The ease of preparation of NitEg, its high specific activity, robustness and long
shelf life make it a promising biocatalyst for the detoxification of fCN.

Keywords: biocatalyst; cyanide hydratase; nitrilase; Exidia glandulosa; industrial effluent; cokemaking;
electroplating; wastewater treatment; free cyanide; formamide

1. Introduction

Cyanide is widely used in industry due to its chelating and electrolytic properties.
For example, it is used to leach gold and silver from their ores. These processes generate
significant amounts of cyanide waste [1,2]. Cyanide wastewaters also come from, e.g.,
electroplating, jewelry industry, (petro)chemical industry and cokemaking [1,3-7].

Cyanide occurs as free cyanide (fCN), i.e., CN~ and HCN, or as metal complexes.
fCN is the most toxic; at pH <8.5, it occurs predominantly as volatile HCN, which is very
hazardous [1]. The above industrial effluents also contain other chemicals such as sulfide,
thiocyanate, ammonia, phenols or metals [4-9], which can complicate their treatment.

Organic pollutants have adverse effects on human health and the environment [10,11].
Cyanide is one of them, and is listed as toxic pollutant; according to the Environmental
Protection Agency (EPA) effluent guidelines, the limit concentration of total cyanide is

Catalysts 2021, 11, 1410. https:/ /doi.org/10.3390/catal11111410

https:/ /www.mdpi.com/journal/catalysts


https://www.mdpi.com/journal/catalysts
https://www.mdpi.com
https://orcid.org/0000-0003-4030-0588
https://orcid.org/0000-0001-7069-0973
https://orcid.org/0000-0002-9882-0693
https://doi.org/10.3390/catal11111410
https://doi.org/10.3390/catal11111410
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/catal11111410
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com/article/10.3390/catal11111410?type=check_update&version=2

Catalysts 2021, 11, 1410

20f16

1.30 mg/L for any one day in electroplating [12], while the limit for cokemaking is expressed
in kg of total cyanide per ton of product (e.g., approximately 0.07 kg/t for any one day) [13].

The molecular mechanism of cyanide toxicity primarily consists in the formation of a
complex with the iron cofactor in cytochrome c oxidase (EC 7.1.1.9), thereby affecting the
respiratory chain. Consequently, multiple body systems (e.g., respiratory, cardiovascular,
central nervous, sensory nervous, and endocrine) are severely affected by cyanide [14],
with LD50 of 1-3 mg per kg of body weight (calculated for ingested HCN) [1]. In addition,
aquatic ecosystems are extremely sensitive to low concentrations of f{CN (<0.01 mg/L and
<0.15 mg/L for prolonged and acute exposure, respectively) [14].

Spontaneous processes based on volatilization, oxidation, precipitation, or microbial
decomposition were traditionally used in the treatment of gold mine waste in “tailing
ponds”. Later, the trend was toward more strictly controlled processes such as alkaline
chlorination or oxidation with, e.g., SO, + air (Inco process), or SO, + air + H,O, (CombinOx
process) [1].

Nanomaterials are among the promising tools for eliminating or mitigating the harm-
ful effects of environmental pollutants. For example, they were proposed for removing
environmental contaminants such as industrial dyes [10,11,15], or nitrate ions [16]. Their
uses for wastewater decyanation also emerged. These strategies used ZnO or Ga,O3 /Pt
nanoparticles acting as photocatalysts for the breakdown of f{CN [17,18]. The current focus
is on non-toxic nanoparticles produced through environmentally friendly methods, e.g.,
from biodegradable polymers [10,11].

Biological processes offer alternative ways to overcome the bottlenecks of the (physico)-
chemical approaches in terms of required space, time, energy or chemicals, or secondary
waste. Microbial consortia (activated sludge) have already found full-scale applications in
the treatment of cokemaking wastewaters [19].

In contrast, biocatalysts still have a very limited impact in this area, although cyanide
hydratases (CynHs; EC 4.2.1.66) and cyanide dihydratases (CynDs; EC 3.5.5.1) seem to be
promising tools for wastewater detoxification, as they catalyze the conversion of f{CN to
the less toxic formamide, and to a formic acid/ammonia mixture, respectively (Figure 1A).
In particular, they are resistant to high f{CN concentrations and do not require a cofactor. In
addition, CynHs have the advantage of about 10-fold higher specific activity compared
to CynDs [20]. CynHs also transform some nitriles such as 2-cyanopyridine (2CP), the
products of which are the corresponding carboxylic acid and amide (Figure 1B).
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Figure 1. Transformation of (A) HCN by cyanide hydratase (CynH) or cyanide dihydratase (CynD),
and (B) transformation of 2-cyanopyridine by CynH.

CynH has been considered a potential cyanide-degrading biocatalyst since it was first
described in the fungus Stemphylium loti [21]. In the following years, other CynHs were
obtained from Gloeocercospora sorghi [22], and genus Fusarium [23-25]. However, the CynH
activities produced by the mycelia were mostly low: less than 0.05 U/mg dry weight in
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various fungal pathogens of plants [22] or 1.4 U/mg dry weight in Fusarium solani [24].
Only Fusarium lateritium showed a much higher activity of 102.5 U/mg dry weight [23]
(Table S1). Specific activities typically ranged from 4.6 to 85 U/mg protein in cell-free
extract (CFE) and increased to 128-1109 U/mg protein by purification [22-25] (Table S1).

The presence of a CynH was also suspected in the bacterium Serratia marcescens [26]
after a reaction product corresponding to formamide was found in HPLC. The putative
CynH sequence had a shorter amino acid chain than typical CynHs (326 residues). Similar
proteins are widely distributed in the genus Serratia, other Proteobacteria, or Actinobacteria
according to BLAST searching in the NCBI database [27].

In contrast, there are only a few characterized CynDs. They originate from Bacillus
pumilus, Pseudomonas stutzeri and Alcaligenes xylosoxidans [28] and their homologues seem
to occur only in bacteria.

In the last two decades, several fungal CynHs have been obtained, whose genes are
expressed in Escherichia coli [3,29-33]. The activities of the whole E. coli cells (153-600 U/mg
dry weight) and CFE (736 U/mg protein) [33] were substantially higher in comparison with
the endogenous enzymes, whereas the activities of the purified enzymes from the homolo-
gous and heterologous producers were similar (100-1324 U/mg protein; Table S1) [29,31,33].
Further enhancement of CynH action on f{CN may be possible by the specific mutations
recently proposed in silico [34].

However, the extent to which CynHs or CynDs can degrade fCN in different environ-
ments has scarcely been studied. Thus, f{CN conversion by four recombinant CynHs was
demonstrated for diluted Ag and Cu electroplating effluents containing 100 mM fCN [3];
it was almost complete in the presence of Ag but less than 70% in the presence of Cu.
Another CynH was used with a spiked cokemaking effluent and degraded, e.g., 10 mM
fCN to almost 100% [4]. In addition, an immobilized whole-cell CynD biocatalyst was used
with diluted gold-mine wastewater and the maximum conversion was 98% starting from
17.6 mM fCN [2].

Recently, we have investigated Basidiomycota as a source of enzymes of the nitrilase
superfamily, which include some putative CynHs [32,35]. The focus of this work is on a
detailed study of one of these CynHs, which originates from the fungus Exidia glandulosa.
The aim of this work was to determine its properties that are important for its future use:
kinetic parameters, pH and temperature profiles, stability, and ability to remove cyanide
under conditions relevant to wastewater treatment. Therefore, the degree of f{CN conversion
was studied at typical cyanide concentrations, alkaline pH (necessary to minimize the
escape of highly toxic HCN), and the presence of contaminants accompanying cyanide
in industrial effluents. Further steps toward the use of CynHs in wastewater treatment
are proposed.

2. Results
2.1. Enzyme Preparation and Properties

The sequence of enzyme NitEg was taken from databases (GenBank: KZV92691;
UniProtKB: AOA165HZS1), where this protein was classified as “cyanide hydratase”.
The corresponding gene (nitEg) was synthesized, with codon usage bias optimized for
E. coli (Figure S1).

2.1.1. Enzyme Overproduction

E. coli containing the optimized nitEg gene was grown to an optical density (de-
termined at 600 nm; ODgqp) of 12.0, which corresponds to approximately 3.6 mg dry
weight/mL. Total whole-cell activity was typically 318 U/mL culture medium (88.4 U/mg
dry weight), as determined by the rate of f{CN consumption. Cells from 200 mL of culture
were sonicated to obtain CFE containing 9.3 mg protein/mL (214 mg protein in total)
(Table S2). Analysis of the CFE by SDS-PAGE (Figure S2) revealed the major band to have
an apparent molecular mass of approximately 43.85 kDa, which was essentially consistent
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with the theoretical molecular mass of NitEg carrying a Hisg-tag (41,800 Da). The CFE had
a specific activity of 280 U/mg as determined by the picric acid method (Table S2).

2.1.2. Enzyme Purification and Activity

NitEg was purified in a single step. The amount of the purified enzyme was typ-
ically 12 mg from 200 mL of culture. The purification yield was 14.4% (Table S2) and
the amount of NitEg accounted for approximately 40% of the total cell protein. Analy-
sis of the purified NitEg by SDS-PAGE showed that the protein contained no significant
impurities (Figure S2).

Formamide was the main product of {CN conversion by the purified enzyme (Figure 2).
The concentration of formamide in the reaction mixture was about 22 mM after complete
elimination of f{CN (60 min). It was similar to the concentration of f{CN in the control sample
without enzyme after the same time. This suggests that the remainder of fCN (about 3 mM)
was abiotically removed in both the reaction and the control.
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Figure 2. Transformation of 25 mM free cyanide (fCN) to formamide by enzyme NitEg (4.0 ug
protein/mL) in 100 mM glycine/NaOH buffer, pH 9.0. Residual f{CN concentration was determined
by picric acid method. The enzyme was omitted from the control.

The specific activities calculated from the rates of f{CN consumption and formamide
production were approximately 697 U/mg and 784 U/mg protein, respectively. The kinetic
parameters were calculated from the rates of formamide production (Table 1). The values
of Vimax and keat were relatively high, but Ky; was also high. Nevertheless, the kcat/Km
ratio indicates good catalytic efficiency of the enzyme.

Table 1. Specific activity and kinetic parameters of enzyme NitEg.

Activity Specific Activity Vmax kcat/Km
Assay [U/mg] ! [U/mg] Ky [mM] cat [1/s] [1/s/mM]
fFCN . 697 £+ 95 n.d. n.d. n.d. n.d.
consumption
Formamide 784 + 32 1335 + 81 222+24 927 + 80 42 410
production

1 at 25 mM free cyanide (fCN).



Catalysts 2021, 11, 1410

50f16

2.1.3. Effect of pH and Temperature

The pH and temperature profiles of NitEg were determined using 2CP as substrate.
This was because 2CP is less sensitive to pH and temperature than f{CN. 2CP was generally a
good substrate for the CynHs we previously studied [32,33]. NitEg also showed acceptable
activity for 2CP. The activity was expressed as the sum of the reaction products pyridine-
2-carboxylic acid and pyridine-2-carboxamide (Figure 1B), and was determined to be
approximately 6.6 U/mg. NitEg was most active at 40-45 °C (Figure 3A) and exhibited a
broad optimum at pH approximately 6-9 (Figure 3B). Its activity decreased significantly
outside this pH range and at 50 °C. The stability of the enzyme was acceptable in a similar
pH range (Figure 3B).
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Figure 3. Effect of (A) temperature on the activity of enzyme NitEg and (B) pH on the activity and
stability of NitEg. 2-Cyanopyridine (25 mM) was used as substrate.

2.1.4. Effect of Silver and Copper

The effect of metal ions (Cu?*, Ag*) prevalent in some electroplating baths [3] on the
activity of NitEg was studied by measuring the rate of f{CN consumption at pH 9.0 and
30 °C (Table 2). Silver ions decreased the activity by about 1/3 at 0.1-1 mM and by 2/3 at
5 mM. No enzyme activity was detected at 10 mM concentration of silver ions. However, it
should be noted that the concentration of fCN was also decreased in the controls (without
enzyme) in the presence of silver (to about 15.7 mM and 5.7 mM at 5 mM and 10 mM Ag,
respectively), apparently due to complex formation. A strong inhibition effect of Cu was
observed at 5-10 mM.

Table 2. Effect of copper and silver ions on the activity of enzyme NitEg.

Metal Concentration (mM) Agt Relative Activity [%] Cu2*
- 100 100
0.1 66 +5 93 +7
1 61£5 68 £ 8
5 31+10! 14 £3
10 n.d. 2 0

115.7 mM free cyanide (fCN) in control. > 5.7 mM fCN in control.

2.1.5. Temperature stability and shelf life

At temperatures selected according to the previous work (27-50 °C) [3], the enzyme
was pre-incubated for 24 h and the residual activities were determined using fCN as
substrate. Under these conditions, the stability of the purified NitEg was acceptable at
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27 °C or 37 °C, with about 60% and 40% of its initial specific activity, respectively, after
24 h. At 43 °C, it retained approximately 40% of its initial activity after 3 h, but only 10% of
it after 24 h, and it lost more than 90% of its activity at 50 °C after 1 h (Figure 4).
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Figure 4. Temperature stability of enzyme NitEg. The purified enzyme (10.3 mg protein/mL) was
incubated in 50 mM Tris/HCl buffer, pH 8.0, with 150 mM NaCl, at different temperatures without
shaking. Specific activities were determined by the formamide assay.

At 4 °C, the specific activity of purified NitEg (10.3 mg protein/mL) showed no
statistically significant loss until day 69. Thereafter, the activity decreased, but was still
almost 83% of the initial value after 98 days (Figure S3).

2.2. Enzyme Performance on Model Mixtures

The performance of purified NitEg was studied using model solutions that were
prepared based on published wastewater analyses (see below). They mimicked the effluents
of various industries in terms of concentrations of f{CN and other contaminants, as well
as pH.

2.2.1. Effect of Alkaline Media

First, the performance of NitEg was investigated with f{CN at pH 9.0-10.5 (Figure 5).
At pH 9.0, the removal of 25 mM fCN by 4 pg enzyme/mL was almost complete after 1 h.
The abiotic removal accounted for approximately 10% within the same time. Higher pH
resulted in less efficient f{CN removal (approximately 89% and 54% at pH 9.5 and 10.0,
respectively) under the same conditions. At pH 10.5, the enzyme was no more active in
removing fCN (Figure 5A).

Increasing the enzyme concentration to 20 pg/mL allowed removal of nearly 25 mM
fCN at pH 9.0 or 9.5 after 30 min and over 80% fCN at pH 10 after 1 h. Some decrease
in fCN concentration was observed even at pH 10.5 (Figure 5B). This suggested that the
enzymatic reaction must proceed quite rapidly to achieve a high degree of f{CN removal.
This is probably due to the limited stability of the enzyme under the reaction conditions as
indicated by the pH profile of enzyme stability (Figure 3B).
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Figure 5. Effect of pH on the biocatalyzed degradation of 25 mM free cyanide (fCN) in 100 mM
glycine/NaOH buffer by (A) 4.0 ug enzyme/mL and (B) 20 pug enzyme/mL. Controls were carried
out at (A) pH 9.0 and (B) pH 10.5 without enzyme. Residual fCN concentration was determined by
picric acid method.

2.2.2. Enzyme Performance in the Presence of Phenol and Inorganic Salts

Cokemaking effluents typically contain < 0.6 mM fCN, but occasionally up to 10 mM
fCN. Their common constituents also include phenols, thiocyanate, and ammonia. A
model mixture was prepared according to the reported content [8] of f{CN, SCN—, NH4*
and phenol in cokemaking effluents (Figure 6A). The upper limits of the concentrations
were used, where the f{CN concentration was 0.6 mM, and the pH was 9.1. Under these
conditions, almost all of the f{CN was degraded with 2.5 ug enzyme/mL after 90 min, with
a negligible degree of abiotic elimination (Figure 6A).
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Figure 6. Biocatalyzed degradation of free cyanide (f{CN) by enzyme NitEg in 100 mM glycine/NaOH,
pH 9.1, containing (A) 0.6 mM {CN, 8.6 mM SCN~, 10.7 mM NH;* and 12.8 mM phenol (model
coke plant effluent) [8], and (B) 4.6 mM fCN, 23.4 mM §2-, 2.5 mM NHy* and 0.64 mM phe-
nol (model petrochemical effluent) [5]. Reactions were also performed in the same buffer with
(A) 0.6 mM fCN or (B) 4.6 mM fCN without other additives. Enzyme concentration was
(A) 2.5 pg/mL, and (B) 5.0 ug/mL. The enzyme was omitted from the controls. Residual fCN
concentration was determined by (A) picric acid method or (B) Spectroquant® kit.

A model petrochemical effluent was also prepared according to the literature [5].
Compared to the previous effluent, this contained almost eight times more fCN but less
phenol or ammonia. It contained no SCN~, but a significant concentration of S?~; its
pH was the same (9.1) (Figure 6B). The presence of S*~ (interfering compound [36]) did
not allow the use of the picric acid method to determine fCN. This interference caused
an attenuation of the signal at 0.029 mM (1 ppm) and 0.29 mM H,S by 2.5% and 27.5%,
respectively. In contrast, 2.9 mM and 29 mM H,S increased the signal more than twofold
and twentyfold, respectively [36]. Therefore, the fCN concentration in the model effluent
containing more than 20 mM S>~ was monitored using the Spectroquant® kit, which is
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based on a different reagent (1,3-dimethylbarbituric acid). However, according to the
manufacturer, this kit is not suitable for samples containing SCN~.

An enzyme concentration of 5 ug/mL was sufficient to remove approximately 96% fCN
after 45 min. No further decrease in f{CN concentration could be detected, which may
have been caused by the background signal generated by one or more components of the
mixture (Figure 6B).

2.2.3. Enzyme Performance in the Presence of Heavy Metal Salts

The fCN-containing effluents from electroplating and precious metal mining contain
heavy metals. The two electroplating wastes used in a previous work [3] contained unde-
fined amounts of Cu or Ag. Another one contained about 30 mM Cu, 83 mM Ni and 0.9 mM
Zn [37]. The fCN concentrations in these effluents can be extremely high (approximately
0.5-2 M) [2,3,37]. The CynD was not sufficiently effective in the original gold-mine effluent
(528 mM {CN) and only removed 43% of the fCN [2]. Therefore, it was necessary to dilute
this solution to 17.6 mM fCN [2] before applying the enzyme. Similarly, the electroplating
wastewater was diluted to 100 mM fCN [3]. This can also cause the metal concentration to
drop to a level tolerated by CynH. The above experiments have shown that NitEg does not
work well at Ag or Cu concentrations of about 5 mM or more (Section 2.1.4).

First, the potential of NitEg to degrade 100 mM fCN was investigated (Figure 7A).
Here, the pH of the model mixture was adjusted to 9.0, at which the stability of the f{CN
solutions was higher than at pH 8 used previously [3]. Different amounts of enzyme (14,
20, or 30 ng/mL) eliminated more than 97% from 100 mM fCN within 1 h. However,
more than 2% of f{CN remained in the reaction mixture within the monitored period (3 h)
regardless of enzyme loading. The abiotic loss of f{CN was about 17%.

The simulated electroplating effluents contained 100 mM fCN and 1 mM AgNO;3 or
1 mM CuSOy. The reactions were catalyzed by 14 nug enzyme/mL, which was sufficient to
remove more than 97% fCN in the metal-free medium after 1 h (Figure 7A). The metal ions
slightly decreased the initial reaction rates (Figure 7B), which was consistent with their
effects on NitEg activity (Section 2.1.4). However, the percentage of f{CN removal (96-98%)
was similar to that in the absence of both of these metals. A copper concentration of 10 mM
completely inhibited the catalytic process (not shown), which is also consistent with the
results of the inhibition experiments above. The reaction in the presence of 10 mM silver
was not studied because a metal cyanide complex was formed, which reduced the amount
of f{CN available to the enzyme (Section 2.1.4).
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Figure 7. Cont.
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Figure 7. Biocatalyzed degradation of 100 mM free cyanide (fCN) in 100 mM glycine/NaOH, pH 9.0,
by (A) 14, 20 or 30 ug enzyme/mL, and (B) 14 ug enzyme/mL in the presence of 1 mM AgNOj or
1 mM CuSOy. Residual fCN concentration was determined by picric acid method. The enzyme and
the metal salts were omitted from the control.

3. Discussion

The presence of a large number of cynH genes in Ascomycota compared to Basid-
iomycota was previously demonstrated in our database searches [31,32]. The enzyme
NitEg studied in this work is the first purified CynH from Basidiomycota. NitEg has an
amino acid sequence identity of 86.29% (95% coverage) with CynH from Neurospora crassa
(GenBank: XP_960160.2; UniProtKB: Q7RVTO0) but NitEg is larger with its 366 amino acid
residues (compared with 351 in N. crassa) (Figure S4). The latter enzyme was previously
purified [3]. In this work, we compare the properties of NitEg and the CynH from N. crassa
as far as the published data allow.

NitEg was produced in E. coli following the general protocol we developed for the
production of nitrilases (EC 3.5.5.1) and the related CynHs [31]. The yield of purification
of NitEg was about 14.4%, which is similar to the yield of CynH from Aspergillus niger
(17%) [33]. However, the purification of NitEg (a one-step protocol) was simpler due to
the presence of the Hisg-tag. We hypothesize that further optimization of the purification
protocol can improve the yield of NitEg. Nevertheless, the amount of purified NitEg
(approximately 12 mg) obtained from 200 mL of culture was sufficient for the aims of
this work.

The CynH producing fungi F. solani and Fusarium oxysporum were cultivated at
10-L [24] or 45-L [25] scale, respectively. In contrast, heterologous production was per-
formed at a small scale [3,33]. However, a related enzyme, nitrilase, was produced het-
erologously at 300-L scale. The growth medium was optimized and contained lactose as
inducer. Under these conditions, the biomass yield was almost 13 g dry weight/L [38].
Therefore, we assume that a future scale-up of the production process of NitEg is very
feasible using this method. It follows from the comparison of the specific activities of both
enzymes (almost 500-fold higher in the CynH) that, after a suitable scale-up, the CynH
production in the order of 10°~107 U/L may be possible.

The use of whole cells of a recombinant organism for wastewater treatment could face
regulatory obstacles, as it might be difficult to exclude cell escape. Enzyme purification
would increase the cost of the catalyst but the use of CFE can be a suitable solution, as CFE
has high specific activity and can be made free of residual whole cells.

Most CynHs are closely related with more than 60% sequence identity, but they differ
in their specific activities (Table S1). It is not entirely clear to what extent these results are
influenced by different experimental conditions. Differences in pH profiles were also found
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between CynHs studied by the same method [3]. The operation of CynHs in alkaline media
is of paramount importance, since similar conditions occur in industrial wastewaters. In
this work, we investigated whether NitEg was able to fully remove fCN from alkaline
media. It was found that this was possible for 25 mM fCN at pH 9-9.5, while more than
80% was still removed at pH 10.0. This was consistent with the pH activity profile of the
enzyme with an optimum at pH approximately 6-9.

Alternative biocatalysts such as CynDs were investigated for the degradation of f{CN
in alkaline media [2,28,39,40]. However, even the improved CynDs still lagged behind
CynHs such as NitEg, which had activity greater than 600 U/mg at pH 9.0. Moreover,
at alkaline pH, NitEg remained active long enough to almost completely remove high
concentrations of f{CN. Since immobilization of CynD was shown to have a stabilizing
effect under alkaline conditions [2], we hypothesize that it may have a positive effect on
the operation of CynHs as well.

The studies of two CynDs and the CynH from N. crassa showed the importance of
the C-terminus for the thermostability of both types of enzymes [28,40]. The CynH was
more thermostable than CynDs with almost 90% activity after 4 h at 42 °C [40], and about
50% activity after 1 day at 43 °C [3]. In contrast, the CynHs from G. sorghi and Aspergillus
nidulans retained very low residual activities under the same conditions [3]. The latter
has a very similar sequence to the CynH from A. niger [33]. The CynH from A. niger
was also investigated for stability, but using a different method (1 h preincubation), and
was found to be unstable above 35 °C. The stability of NitEg at 43 °C was intermediate,
with the enzyme retaining 10% of its initial activity after 1 day. However, significantly
higher residual activities were observed after the same time at 27 or 37 °C. The activity and
stability of NitEg decreased sharply at 50 °C. Therefore, this enzyme probably cannot be
used under these conditions.

The kinetic parameters Vmax and Ky were previously reported for the CynHs from
G. sorghi (Hisg-tagged) [41] and A. niger (without the tag) [33]. Both Vjax and Ky were
very high in these enzymes (V max = 4400 U/mg and 6800 U/mg, Ky = 90 mM and 109 mM,
respectively). In NitEg, both parameters were lower (Vmax = 1335 U/mg, Ky = 22 mM).
Thus, the Vmax/ Ky ratio (U/mg/mM) was 60 in NitEg and similar in A. niger CynH (62)
but lower in G. sorghi CynH (49). In contrast, Ky values were 2.6-7.3 mM in the CynDs,
with Vinax of 88-100 U/mg [41] and Vmax /Ky ratio of 14-34 U/mg/mM.

The ability of NitEg to remove low concentrations of fCN did not appear to be
significantly affected by the relatively high Kj;. No residual f{CN was found in the NitEg
catalyzed degradation of 0.6 mM fCN. The reason for the incomplete (but still 96-98%)
conversion of 100 mM fCN was probably the enzyme inactivation.

No entries for keat or keat/ Ky were found for CynHs in the BRENDA database [42].
Here, they were calculated for the CynHs with known Vpyax (see above) and subunit
molecular weights, which were similar in all these enzymes (approximately 40-42 kDa).
Thus, the CynHs from G. sorghi and A. niger, and NitEg exhibit kcat (1/s) of approximately
3000, 4500 and 927, respectively, and kcat /Ky (1/s/mM) of approximately 33, 41 and 42,
respectively. For the related nitrilases, the ket /Ky (1/s/mM) reported in the BRENDA
database ranged from approximately 0.001 to 205 [42]. The highest value was found for
nitrilase from Pyrococcus sp. for benzonitrile [43], while all other values were lower than
for NitEg.

There are few examples demonstrating the use of CynHs or CynDs in real or simulated
industrial effluents (Table S3). Four CynHs were used to degrade 100 mM fCN in the pres-
ence of Ag or Cu, or their absence [3]. The concentrations of the CynHs were 7-13 pg/mL
in the reaction mixtures with Ag or the control (without metals), but they were increased
10-fold in the mixtures with Cu. The enzymes showed large differences in their reaction
rates. However, complete degradation of f{CN was only achieved in buffer, whereas in the
presence of Ag and Cu approximately 90% and 70% of f{CN was degraded, respectively. It
is difficult to compare the performance of these enzymes with that of NitEg because the
composition of the electroplating effluents used in the previous work is largely unknown
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(not even the metal content), and the pH of the reaction mixture was lower (about 8) than
for NitEg (9.0).

Nevertheless, it can be stated with some caution that the rapid degradation of 100 mM
fCN in the absence of metals was similar for CynH from N. crassa (best of four CynHs
tested) [3] and NitEg (98-100% conversions after 1-2 h). In contrast, the other enzymes
required 12 to 48 h for similar conversions [3]. In addition, we characterized NitEg with
respect to properties not reported for the N. crassa CynH: kinetic parameters, shelf life,
and fCN conversion in different environments. The properties found for NitEg were
favorable and suggest that this enzyme may be superior in terms of its ability to catalyze
fCN degradation.

The evaluation of NitEg suggests that the enzyme is unlikely to be significantly
inhibited by the major constituents of industrial effluents (phenol, ammonia, sulfide or
thiocyanate). However, cokemaking wastewater, e.g., contains a large number of minor
organic constituents, which can be expressed collectively as chemical oxygen demand
(COD) or biological oxygen demand (BOD) [44]. This is difficult to simulate in model
mixtures. NitEg is also likely to be functional at certain concentrations of heavy metals
(e.g., 1 mM of Ag or Cu). Although electroplating or gold mining wastewaters may contain
higher concentrations of metals, they can be suitably diluted for enzyme action. These types
of effluent are also more complex than the model mixtures, also containing other metals and
metal cyanide complexes. Therefore, the aim of the future research will be the evaluation
of NitEg or other cyanide-degrading biocatalysts in real wastewaters. Importantly, detailed
analysis must be available for these wastewaters to ensure reproducibility, reliability and
comparability of the data but this has rarely been the case in previous studies.

4. Materials and Methods
4.1. Chemicals

Chemicals were obtained from standard suppliers and were of the highest purity:
acetic acid (99%; Lach-ner, Neratovice, Czech Republic), acetonitrile (>99.95%, HiPerSolv
Chromanorm; VWR International, Radnor, PA, USA), ammonium chloride (>99%; Lach-
ner), boric acid (>99.5%; Lach-ner), copper (II) sulphate (>99%; Lach-ner), 2-cyanopyridine
(99%; Sigma Aldrich, St. Louis, MO, USA), disodium hydrogen phosphate (>99.6%; Lach-
ner), ferric chloride (98%; Alfa Aesar, Haverhill, MA, USA), formamide (>99%; VWR),
glycine (>99%; Reanal, Budapest, Hungary), hydrochloric acid (35%; Lach-ner), hydroxy-
lamine hydrochloride (99%; Alfa Aesar), imidazole (research grade; Serva Electrophore-
sis GmbH, Heidelberg, Germany), isopropyl-3-D-thiogalactopyranoside (IPTG; research
grade; Serva), methanol (100%; VWR), phenol (>99%; VWR), phenylmethanesulfonyl
fluoride (PMSF; Serva), picric acid (>98%; Sigma Aldrich), phosphoric acid (>85%; VWR),
potassium cyanide (>96%; Sigma Aldrich), potassium thiocyanate (>99%; Lach-ner),
2-pyridinecarboxamide (98%; Sigma Aldrich), 2-pyridinecarboxylic acid (>98%; Sigma
Aldrich), silver nitrate (p.a.; Lach-ner), sodium carbonate (>99%; VWR), sodium chloride
(>98%; Lach-ner), sodium dihydrogen phosphate (>99%; Lach-ner), sodium dodecyl sul-
fate (SDS; >99%; Carl Roth GmbH + Co. KG, Karlsruhe, Germany), sodium hydroxide
(>98 %; Lach-ner), sodium sulfide (Alfa Aesar), and tris(hydroxymethyl)aminomethane
(Tris; >99%; Merck KGaA, Darmstadt, Germany).

4.2. Strain

The gene encoding protein KZV92691.1 (NitEg) was optimized (Figure S1), synthe-
sized and ligated into vector pET22b(+) by GeneArt (ThermoFisher Scientific, Waltham,
MA, USA). The gene was fused to C-terminal Hiss-tag coding sequence. The resulting
construct was used to transform E. coli Origami B(DE3) cells (Merck).

4.3. Enzyme Induction and Purification

The transformed cells were grown in 2xYT medium (g/L: Tryptone (ThermoFisher
Scientific) 16, yeast extract (ThermoFisher Scientific) 10, NaCl 5; pH 7.0) at 37 °C. After the
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ODgg reached 1.0 mM IPTG was added to a final concentration of 0.02 mM, and cultivation
continued for 20 h at 20 °C. Harvested cells were sonicated and NitEg was purified from
the CFE by cobalt ion affinity chromatography on TALON® Metal Affinity Resin (Clontech
Laboratories, Inc., Mountain View, CA, USA) as previously described for nitrilases [35], but
with minor modifications: NitEg was eluted with 20 mM sodium phosphate buffer, pH 7.6,
containing 300 mM NaCl, 0.ImM PMSF and 200 mM imidazole. The enzyme solution
was concentrated using Amicon Ultra-30 K filter (Merck, Millipore, Burlington, MA, USA)
and the buffer was replaced with 50 mM Tris/HCI buffer, pH 8.0, supplemented with
150 mM NacCl.

4.4. Enzyme Assays

The standard activity assay was performed using Eppendorf ThermoMixer Comfort
(Eppendorf, Hamburg, Germany) at 30 °C and 850 rpm. Reaction mixtures (0.5 mL)
in 1.5 mL Eppendorf tubes contained 100 mM glycine/NaOH buffer, pH 9.0, and an
appropriate amount of whole cells, CFE, or purified enzyme. After 5 min of pre-incubation,
the reaction was started by adding KCN at a final concentration of 25 mM. After 1-2 min
of incubation, the reaction was stopped by adding 1 mL of methanol. Whole cells were
removed by centrifugation (MiniSpin plus, Eppendorf; 14,500 rpm, 4 min). Centrifugation
was omitted for samples containing CFE or purified enzyme. The residual f{CN was
determined spectrophotometrically by the picric acid method [36] with some modifications.
Samples (0.01 mL) were mixed with 0.09 mL of 0.2 M Tris/HCl buffer, pH 8.0, and 0.2 mL
of 0.5% picric acid in 0.25 M NayCO3, and incubated at 100 °C in a water bath for 5 min.
The reaction was stopped by placing the test tube in an ice bath. After addition of 0.7 mL
of distilled water, absorbance was determined at 520 nm against the control prepared in
the same way but without fCN.

Formamide was determined spectrophotometrically [23] with some modifications.
Samples (0.2 mL) were mixed with 0.4 mL of 2.3 M hydroxylamine/3.5 M NaOH (1/1)
and incubated at 60 °C for 10 min. After the addition of 0.2 mL of 4 M HCl and 0.2 mL of
1.23 M FeCls, absorbance was determined at 540 nm against the control prepared in the
same way but without formamide.

One unit of CynH activity was defined as the amount of enzyme that consumed
1 pmol of fCN/min or produced 1 umol of formamide/min under the above conditions.

Enzyme kinetics was investigated using 2.5-25 mM KCN, and activities were deter-
mined using the formamide assay.

The thermostability of the purified enzyme was studied according to the literature [3]
with some modifications. The enzyme was incubated at 27, 37, 43 or 50 °C without shaking,
and its specific activity was determined after 1, 3, 16.5 and 24 h using the formamide assay.
The shelf life of the purified enzyme at 4 °C was investigated within 98 days by periodic
determination of its specific activity using the picric acid method.

The activity for 2-cyanopyridine (2CP) was determined analogously as that for f{CN
but using 50 mM Tris/HCI buffer, pH 8.0, with 150 mM NaCl, and the reaction was stopped
after 10 min by adding 0.05 mL of 2M HCI per 0.5 mL of sample. The reaction mixtures were
centrifuged and supernatants were used for HPLC analysis. The temperature optimum
was determined at 20-50 °C. The pH optimum was determined using Britton-Robinson
(CH3COOH/H3BO3/H3P0O4/NaOH) buffers, pH 4.0-10.8, at 30 °C. The pH stability was
determined by pre-incubating the enzyme in the same buffers for 2 h at 30 °C followed
by determination of the residual activity at pH 8.0 and 30 °C. The concentrations of sub-
strate and reaction products (2-pyridinecarboxylic acid and 2-pyridinecarboxamide) were
determined by reversed-phase HPLC (column ACE C8, 5 um, 250 mm X 4 mm (Advanced
Chromatography Technologies Ltd, Aberdeen, UK); mobile phase 10% acetonitrile in 5 mM
sodium phosphate buffer, pH 7.2, flow rate 0.9 mL/min).
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4.5. General Protocol for the Biocatalyzed Degradation of fCN

Reaction mixtures (1 mL) in 2-mL Eppendorf tubes were incubated in Eppendorf Ther-
moMixer Comfort (30 °C, 850 rpm). Simulated effluents were prepared according to pub-
lished data [5,8]. The fCN concentrations were 0.6, 4.6, 25 or 100 mM fCN. Optionally the
reaction mixtures were supplemented with additives (NaS, KSCN, NH4Cl, phenol, CuSOy,
AgNOs; see Figures 6 and 7 for details). The buffer was 100 mM glycine/NaOH (pH 9.0,
9.5, 10.0, or 10.5). Samples (0.1 mL) were withdrawn at various intervals (5-180 min) and
the reaction was stopped with 0.2 mL methanol. The f{CN concentrations were determined
using the picric acid method (Section 4.4) or using the Spectroquant® kit (Merck).

5. Conclusions

In this work, proof-of-concept was provided for the performance of NitEg, a unique
CynH from the Basidiomycota division, in f{CN solutions of up to 100 mM concentrations at
alkaline conditions. This CynH was studied as a potential biocatalyst using model mixtures
prepared according to the literature. This ensures that the results obtained are reproducible
and comparable with other biocatalysts used in the same way in the future. However,
further investigation of NitEg or other CyHs in real wastewater will be necessary in the
future, preferably with effluents that have been analyzed in detail. This work has shown
that the enzyme is highly active, resistant to alkaline pH, tolerates high concentrations of
fCN, and other industrial contaminants, and can be stored for extended periods under
standard conditions. The enzyme is formed at high expression levels and its production
is likely to be readily scalable. Immobilization can be useful to increase its robustness
and enable its reuse. Other potential applications of NitEg or CynHs in general could be
cyanide biosensors, some of which have been based on CynDs [45]. Importantly, NitEg is
unique with respect to its origin, as CynHs are rare in Basidiomycota. Therefore, it may
be of interest to study its natural role and potential impact on the interaction between
E. glandulosa and its plant hosts.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/catal11111410/s1, Figure S1. Optimized sequence of the gene encoding NitEg. Figure S2.
(A) SDS-PAGE of purified NitEg. (B) Determination of enzyme molecular mass. Figure S3. Shelf
life of NitEg at pH 8.0 and 4 °C. Figure S4. Multiple sequence alignment of NitEg (UniProtKB:
AO0A165HZS1) and its closest characterized homologue from Neurospora crassa (UniProtKB: Q7RVTO).
Table S1. Specific activities of cyanide hydratases. Table S2. Purification of NitEg from 200 mL of
culture. Table S3. Performance of cyanide hydratase (CynH) and cyanide dihydratase (CynD) in
model mixtures and real effluents.
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