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Abstract: A green and low-cost removal method for cyanate, a toxic byproduct from the treatment of
cyanide, is still needed. Cyanase converts cyanate to CO, and NHj3, but its industrial practicality is
limited because the reaction requires HCO3; ™ as a substrate. In this study, we used carbonic anhydrase
from Sulfurihydrogenibium azorense (SazCA) to provide HCO3 ™~ for cyanase from Thermomyces lanugi-
nosus (TICyn); both TICyn and SazCA were purified by one-step heating without prior cell lysis. The
heat treatment resulted in higher activities of both enzymes than the conventional two-step process.
From a 50 mL-culture, the highest total activity of 147 U and 47,174 WAU was obtained from 5 min of
heating at 60 and 80 °C for TICyn and SazCA, respectively. The coupled enzymatic system was used
to degrade cyanate in three different matrices: 50 mM Tris-HCl (pH 8), industrial wastewater, and
artificial wastewater. In the industrial wastewater, with the addition of 0.75 WAU (Wilbur-Anderson
unit) of SazCA, cyanate degradation using 0.5 mM NaHCOj3; was similar to that using 3 mM NaHCO3,
indicating an 83% reduction in NaHCOj3. We have demonstrated that the dependence on HCO3 ™ of
cyanate degradation can be effectively alleviated by using low-cost heat-purified TICyn and SazCA;
the industrial practicality of the coupled enzymatic system is therefore improved.
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1. Introduction

Cyanides are widely used in industries such as precious metal extraction and electro-
plating [1]. These compounds are extremely toxic and difficult for biodegradation. Cyanate,
a less toxic derivative from cyanide oxidation, often accompanies cyanides in industrial
waste. Cyanate accumulation in the environment is sometimes found because it can be
used as a pesticide and fungicide. Chemical methods such as alkaline chlorination and
ozone oxidation have been applied to the treatment of wastes containing cyanides and
cyanate [2]. An activated sludge process has also been used in the removal of cyanide [3].
However, these conventional methods have certain disadvantages. Special equipment is
often necessary for chemical methods, and toxic byproducts may be produced if organic
compounds are present in the waste [4]. The activity of microorganisms in activated sludge
could be inhibited by the cyanide-containing waste because of its complex matrix.

Cyanase (EC 4.2.1.104), which converts cyanate to CO, and ammonia using bicarbon-
ate as a substrate, can be used as a catalyst for green cyanate detoxification. Cyanase is
involved in nitrogen assimilation, detoxification of cyanate, and metabolism regulation in
organisms [5]. Detoxification of cyanate using cyanase has limited industrial practicality be-
cause the reaction requires a large amount of bicarbonate. The dependence on bicarbonate
can be lowered by supplementing carbonic anhydrase into the reaction [6].

Carbonic anhydrase (EC 4.2.1.1) catalyzes the CO; hydration: CO, + H,O & HCO;~
+ H* [7]. The bicarbonate necessary for cyanate degradation is supplied by carbonic
anhydrase-catalyzed CO; hydration, and CO; is replenished by cyanase. The genes of
cyanase and carbonic anhydrase often cluster together in the fungal genomes [8]. For the
purpose of detoxifying cyanate under harsh conditions, cyanase from the thermophilic
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fungus Thermomyces lanuginosus (TICyn) is an ideal choice because of its stability and heavy
metal tolerance; complete degradation was achieved up to 10 mM cyanate [9]. Ranjan et al.
reported an enzymatic system composed of recombinant TICyn and carbonic anhydrase
also from T. lanuginosus (TICA) for cyanate degradation; a similar extent of degradation
can be achieved with much less bicarbonate when compared with only TICyn [6]. These
enzymes were also immobilized on magnetic nanoparticles to facilitate recycling.

For any large-scale enzymatic process, an economical purification process and/or
recycling of the enzymes are often used to reduce the overall cost. Heating can be applied to
the purification of thermostable proteins; compared with conventional protein purification
processes such as precipitation, dialysis, ultrafiltration, and chromatography, purification
by heating is less cumbersome, and the process does not require specialized reagents nor
equipment. In heat purification, the host cells are often lysed first by other methods [10,11].
In this work, we performed cyanate degradation by combining TICyn with thermostable
carbonic anhydrase from Sulfurihydrogenibium azorense (SazCA), a carbonic anhydrase with
a very high ket of 4.4 x 10° s~ [12]. SazCA purification by heating has been reported [13];
sonication was used for cell lysis, and only two heat treatment conditions were examined.
TICyn and SazCA, used herein for cyanate degradation, were partially purified by a simple
one-step heating, in which cell lysis and precipitation of constituent proteins are combined.
The temperature and incubation period of heat purification were examined and optimized;
the results were compared with conventional two-step methods. In cyanides and cyanate-
containing wastewater, other constituents such as metal ions are often present [14]. In order
to gain more insight into the degradation efficiency of the enzymatic system, three different
matrices, including buffer, industrial wastewater, and artificial wastewater, were used.

2. Results and Discussion
2.1. TICyn Purified by Heating

The recombinant TICyn has 181 amino acids and a theoretical molecular mass of
20,085 Da, which was confirmed with SDS-PAGE using enzyme purified by a Ni-NTA
column. The results from heat-purification are listed in Table S1. As determined from
SDS-PAGE using densitometry, the heating time did not affect the purity significantly. The
highest purity of 53% was obtained from a heating time of 5 min at 60 °C. The heating
time had little effect on the total activity at 60 °C, but the total activities at 70 and 80 °C
decreased significantly as the heating time increased. The total activities obtained at 80 °C
were much lower than those at 60 and 70 °C; we suspected that TICyn suffered from
significant thermal denaturation at 80 °C, and thus the thermal stability of TICyn (Ni-NTA
column purified) was examined. After a 30-min incubation, the residual activities of TICyn
at 60 and 70 °C were 1.5 and 1.3-fold higher than that at 80 °C; the thermal stability data
were in line with our previous observation. The highest total activity of 147 U was obtained
with a 5 min-heating at 60 °C. The total protein that resulted from 60 °C was higher than
those from 70 and 80 °C; it is possible that more constituent protein was precipitated at
higher temperatures. At 60 °C, the heating time also had little effect on specific activity,
but the specific activities at 70 and 80 °C decreased with increasing heating time. The
specific activities obtained from 80 °C were much lower than those from 60 and 70 °C. A
heating time of 5 min at 60 °C was chosen for later purification of TICyn due to its optimal
total activity.

The performance of the one-step heating was compared with a Ni-NTA column and
the two-step heating, to which a sonication step was incorporated (Table 1). As expected,
the highest purification and lowest total protein were obtained with a Ni-NTA column
because the purified TICyn had almost no other proteins, as shown in SDS-PAGE. The
purification fold and yield of the one-step heating were 1.5-fold higher than those of the
two-step heating.
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Table 1. Comparison of different purification methods for TICyn.

Specific e e
Purification Method Total Total Activity Purification ;014 (%)
Activity (U) Protein (mg) (x)
(U/mg)

Crude lysate 204 2.9 69 1 100
One-step heating ! 147 15 99 1.4 72
Two-step heating 2 100 1.6 63 0.9 49

Ni-NTA column 197 0.4 444 6.4 97

! Heating was performed at 60 °C for 5 min. 2 Heating was performed at 60 °C for 5 min after sonication. * The
data were obtained from a culture volume of 50 mL.

2.2. SazCA Purified by Heating

The recombinant SazCA has 257 amino acids and a theoretical mass of 29,553 Da,
which was also confirmed with SDS-PAGE using column-purified enzyme. The results
from heat-purification are listed in Table S2. The purities at 70 and 80 °C were similar
irrespective of the heating time, but the purity at 90 °C decreased with increasing heating
time. The purities obtained from 90 °C were lower than those from other temperatures; the
highest purity of 60% was obtained by heating at 80 °C for 5 min. The total activities at
70 °C were similar; however, the total activity at 80 and 90 °C decreased with increasing
heating time. The total activities obtained from 90 °C were much lower than those from
70 and 80 °C. The thermal stability of SazCA (Ni-NTA column purified) was reported in
our previous work [15]; the residual activities of SazCA after a 30-min incubation at 70 and
80 °C were 18 and 5.6-fold higher than that at 90 °C, indicating that the low total activity
obtained from 90 °C was most likely due to thermal denaturation. The highest total activity
was obtained from heating at 80 °C for 5 min, followed by that from heating at 70 °C for
10 min. Regardless of the heating time, the total protein was in the range of 11-14 mg at
70 and 80 °C, but the total protein was only 5-6 mg when the temperature was increased
to 90 °C. The specific activity at 70 °C varied little with heating time; nevertheless, the
specific activity at 80 and 90 °C decreased with increasing heating time. The specific activity
resulting from heating at 80 °C for 5 min was very close to those from 70 °C. A heating
time of 5 min at 80 °C was selected for later purification of SazCA due to its optimal total
activity and high specific activity.

The performance of the one-step heating is compared with other purification meth-
ods (Table 2). As observed for TICyn, the Ni-NTA column also resulted in the highest
purification and the lowest total protein because the purified SazCA had a purity of 99% as
determined from SDS-PAGE. The yield of the one-step heating was 3.4-fold higher than
that of the two-step heating; moreover, it was even slightly higher than that of the Ni-NTA
column. The total activity and specific activity obtained from the one-step heating at 80 °C
for 5 min were roughly two-fold higher than those from a two-step process performed at
70 °C for 30 min [13]. Higher yields obtained from the one-step process for both TICyn and
SazCA could be partly explained by the early heat-denaturation of proteases [16].

Table 2. Comparison of different purification methods for SazCA.

Specific

Purification Method Acti;l:?tt;](U) 3 Prot;l;(r)lt?rlng) 3 Activity Purl(ﬁ;a;tlon Yield (%)
(WAU/mg) 4
Crude lysate 54,470 24 2304 1 100
One-step heating 1 47174 13 3669 1.6 87
Two-step heating 2 14,239 3.9 3653 1.6 26
Ni-NTA column 44,756 2.5 17,675 7.7 82

! Heating was performed at 80 °C for 5 min. 2 Heating was performed at 80 °C for 5 min after sonication. * The
data were obtained from a culture volume of 50 mL. * Wilbur-Anderson unit.
2.3. Cyanate Degradation Using Only TICyn

The data of cyanate degradation using only heat-purified TICyn are shown in Figure 1A
(control). In both 50 mM Tris-HCI, pH 8, and industrial wastewater, cyanate degradation
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increased with NaHCOj3 concentration, showing a strong dependence on HCO3; ™. The
dependence on HCO3 ™ was also evident in a previous report [6] and the results obtained
with column-purified TICyn (Figure S1A). Cyanate degradation in industrial wastewater
was lower than that in the buffer; the industrial wastewater contained 2 mM Na®*, 0.2 uM
Zn**,31.5 nM Cu?*, 44.3 nM Ni?**, 30.8 nM Cr?**, and 4.8 nM Pb?* as determined with an
ICP optical emission spectrometer. According to the metal ion inhibition on TICyn, reported
by others [9], components other than the metal ions in the industrial wastewater may be
responsible for the lower degradation. In order to test the performance of TICyn under
high metal ion concentration, we prepared artificial wastewater containing 13.2 uM Cd?*,
0.24 mM Pb?*, 0.48 mM Cr®*, 0.86 mM Ni?*, and 1.2 uM Hg?*. The cyanate degradation
in the artificial wastewater was independent of NaHCO; concentration and much lower
than those obtained from the other two matrices. Our data indicated that the TICyn activity
was inhibited by the artificial wastewater; a similar observation was reported by others,
and such phenomena could be explained by a combined inhibition imposed by the metal
ions [6].
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Figure 1. Degradation of cyanate in different matrices using heat-purified enzymes. The activity of
SazCA added was 0 ((A) control), 0.5 (B), 0.75 (C), and 1 WAU (D)); the activity of TICyn added was
0.03 U. Degradation was performed in 50 mM Tris-HCI, pH 8 (black), industrial wastewater (red),
and artificial wastewater (green). The 100% was defined as the cyanate degradation observed with
3 mM NaHCOgs; in the buffer.

2.4. Cyanate Degradation Using TICyn and SazCA

In Figure 1B-D, 0.5, 0.75, and 1 WAU (Wilbur-Anderson unit) of heat-purified SazCA
were added to the reaction mixture in addition to heat-purified TICyn, respectively. Differ-
ence in cyanate degradation (DCD, listed in Table 3), defined as the cyanate degradation
in percentage using 0.5 mM NaHCOj3 subtracted from that using 3 mM NaHCO3, is used
to represent the dependence on HCO3 ™. A smaller DCD indicates that the system is less
dependent on HCO; ™. In the buffer, the addition of SazCA clearly improved the depen-
dence on HCO3™ because the DCD decreased as SazCA activity increased. In the industrial
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wastewater, the same trend as that in the buffer was observed up to 0.75 WAU; cyanate
degradation using 0.5 mM NaHCO; was similar to that using 3 mM NaHCOj3, and 83%
less NaHCOj3 was required with the addition of 0.75 WAU of SazCA. The improvements
on the HCO3 ™~ dependence using heat-purified enzymes are quite similar to those using
column-purified ones (black and red bars in Figure S1B-D), suggesting that the impurities
in heat-purified enzymes do not affect cyanate degradation. When TICA was combined
with TICyn (both were column-purified) to alleviate its HCO3 ™~ dependence in the buffer,
comparable results were reported [6]. However, the addition of SazCA did not lower
the enzymatic system’s dependence on HCO;3 ™ in the artificial wastewater, and thus we
examined the inhibition of SazCA by the metal ions in this matrix (Figure S2). These ions
showed strong inhibition on SazCA, as less than half of the initial activity remained. The
strongest inhibition was observed with Ni** and Hg?*; only 20 and 18% of the initial activi-
ties were retained, respectively. The combined inhibition by the metal ions in the artificial
wastewater could explain why SazCA did not improve the dependence on HCO3; ™.

Table 3. Difference in cyanate degradation under different reaction conditions.

DCD ! (%)
SazCA (WAU) 0 0.5 0.75 1
50 mM Tris-HCl (pH 8) 49.8 29 13.2 11.7
Industrial wastewater 33.6 19.8 6.7 7.9
Artificial wastewater 9.6 10 134 13.2

! Difference in cyanate degradation (DCD) = cyanate degradation in percentage using 3 mM NaHCO5;~ cyanate
degradation in percentage using 0.5 mM NaHCO3.

3. Materials and Methods
3.1. Bacterial Strains and Vector Construction

DNA manipulation was carried out with E. coli DH5«x, and recombinant enzyme
expression was performed with E. coli BL21(DE3). For TICyn cloning, the gene was de-
generated from the amino acid sequence deposited in the Protein Data Bank (entry code
6XGT_A) [13]; the commercially synthesized gene was also inserted into a pET-28a(+)
vector using the Ndel and Xhol restriction sites. The recombinant TICyn has a N-terminal
(Hisg)-tag because a stop codon was placed before the Xhol site. The construction of
pET-28a(+)-SazCA plasmid was described in our previous work [15].

3.2. Expression and Purification of TICyn and SazCA

The transformants carrying the pET-28a(+)-TICyn were cultivated at 37 °C in LB
medium containing 50 pug/mL kanamycin; protein expression was induced with 0.8 mM
IPTG when ODygq reached 0.5-0.7. The cell pellet was collected after further incubation for
8 h at 25 °C. The BugBuster protein extraction reagent (from Merck, Darmstadt, Germany)
was used for the disruption of the pellet; the Ni-NTA His-Bind Resin Chromatography kit
(also from Merck) was used for purification. Purified TICyn was desalted against 50 mM
Tris-HCI, pH = 8. The protein concentration was determined with a Bradford assay using
BSA standards. The expression and purification of SazCA were described elsewhere [15].

3.3. Purification by Heating

The cell pellet of TICyn was resuspended in 50 mM Tris-HCl (pH 8, 5 mL buffer
was added to every gram of pellet) followed by heating at 60, 70, and 80 °C for 5, 10, 15,
and 20 min. The suspension was subject to centrifugation at 13,000x g for 5 min, and
the supernatant was collected as partially purified TICyn. As for SazCA, the differences
were: (1) the pellet was suspended in 20 mM Tris-HCI, pH 8.3 and (2) the temperatures
used were 70, 80, and 90 °C. For comparison, the cell suspension was subject to sonication
(Q125 dismembrator from QSONICA, Newtown, CT, USA) for 20 min at 20% amplitude
(3 s pulse on and 12 s pulse off) on ice before heating.
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3.4. Activity Assays

A hydratase activity assay was used for SazCA according to reported procedure [17].
The activity was presented in WAU, which is defined as (Tp — T)/T. Tp and T are the time
for the pH change from 8.3 to 6.3 in an uncatalyzed and catalyzed reaction, respectively.
The cyanase activity assay was modified from a previous report [9]. Nessler reagent
was prepared according to the procedure reported by Nxumalo et al. [18], except that KI
was dissolved in approximately 7.5 mL of deionized water. The amount of ammonium
produced was calculated from a calibration curve constructed with NH4Cl standards. One
unit (U) of activity is defined as the production of 1 umol of ammonium per minute under
assay condition.

3.5. Cyanate Degradation by Coupled Enzymatic System

A reaction mixture was prepared by mixing 0.5 mL of 50 mM Tris-HCI, pH 8.0, 0.2 mL
of 4 mM KOCN, and 0.2 mL of NaHCO3 in the range of 0.5 to 3 mM. To initiate cyanate
degradation, 50 uL of TICyn and 50 uL of SazCA (both diluted to appropriate concentration)
were added to the mixture followed by incubation at 60 °C for 10 min in a shaking water
bath at 100 rpm. The determination of ammonium released from cyanate degradation
is the same as that described in Section 3.4. To assess the influence of the matrix on
degradation, 50 mM Tris-HCI was replaced with industrial wastewater (obtained from an
electric motor factory of the Tatung Company, Taipei, Taiwan) and artificial wastewater.
The artificial wastewater contained 13.2 uM CdCl,, 0.24 mM Pb(NO3),, 0.48 mM K,CrQOy,
0.86 mM NiSOy, and 1.2 uM HgCl,. The composition of metal ions in industrial wastewater
was determined with a Perkin Elmer OPTIMA 2000™ ICP optical emission spectrometer
(Waltham, MA, USA).

4. Conclusions

We have demonstrated the feasibility of cyanate degradation using enzymes purified
by one-step heating. Both enzymes can be partially purified in 5 min without a prior cell
lysis step; to the best of our knowledge, this is the first systematic study of purifying TICyn
and SazCA using heat. The cost of heat purification is potentially much lower than that of
conventional purification methods because the process is rapid and simple. In addition, as
is evident from the results of the two enzymes we examined, more activity can be extracted
with the one-step process. The heat purification process can be scaled up with ease, because
heating is a common unit operation in industry. Such a process is also of interest to
researchers who are seeking a simple approach to obtain these commercially unavailable
enzymes. The reported enzymatic system composed of heat-purified TICyn and SazCA is
capable of detoxifying cyanate with low HCO3~ dependence, and the overall performance
is very close to those using highly purified enzymes. The overall cost of the whole process
can be lowered even further if these heat-purified enzymes are immobilized and recycled.
The degradation efficiency of the enzymatic system under extreme conditions, for instance,
high concentrations of metal ions, could be improved by a variety of techniques such as
rational design and directed evolution.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/catal13010076/s1, Figure S1: Degradation of cyanate in different
matrices using Ni-NTA column-purified enzymes; Figure S2: Inhibition of SazCA by metal ions;
Table S1: Properties of TICyn purified by heating; Table S2: Properties of SazCA purified by heating.
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