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Abstract The purpose of this study is to summarize the cur-
rent knowledge of the enzymes which are involved in the
hydrolysis of cyanide, i.e., cyanide hydratases (CHTs; EC
4.2.1.66) and cyanide dihydratases (CynD; EC 3.5.5.1).
CHTs are probably exclusively produced by filamentous fungi
and widely occur in these organisms; in contrast, CynDs were
only found in a few bacterial genera. CHTs differ from CynDs
in their reaction products (formamide vs. formic acid and am-
monia, respectively). Several CHTs were also found to trans-
form nitriles but with lower relative activities compared to
HCN. Mutants of CynDs and CHTs were constructed to study
the structure-activity relationships in these enzymes or to im-
prove their catalytic properties. The effect of the C-terminal
part of the protein on the enzyme activity was determined by
constructing the corresponding deletion mutants. CynDs are
less active at alkaline pH than CHTs. To improve its bioreme-
diation potential, CynD fromBacillus pumiluswas engineered
by directed evolution combined with site-directed mutagene-
sis, and its operation at pH 10 was thus enabled. Some of the
enzymes have been tested for their potential to eliminate cya-
nide from cyanide-containing wastewaters. CynDs were also
used to construct cyanide biosensors.
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Introduction

Reducing environmental pollution by cyanide compounds,
which represent serious health hazards for humans and cause
damage to ecosystems, is a global challenge. Cyanides are
released in the wastes from various industrial activities such
as metal plating, coal gasification, coal coking, gold and silver
ore leaching and the production of some pharmaceuticals,
synthetic fibers, plastics, dyes, or agrochemicals. Both chem-
ical methods and active sludge are generally applied to elim-
inate cyanide fromwastewaters, but each of these methods has
its drawbacks such as high costs, long reaction times, use of
toxic chemicals, or generation of toxic wastes.

The use of enzymes is a promising way to eliminate these
problems. There are diverse metabolic pathways of the micro-
bial breakdown of cyanide, which involve, e.g., anaerobic
assimilation, reaction with thiosulfate (catalyzed by
rhodanese), and hydrolytic reactions, which are catalyzed by
a cyanide hydratase (CHT; EC 4.2.1.66) or a cyanide
dihydratase (CynD; EC 3.5.5.1) (Basile et al. 2008). The re-
action product is formamide in CHTs but formic acid and
ammonia in CynDs (Fig. 1). The hydrolytic pathway seems
to be the most attractive for biotechnology: the products are of
low toxicity and can be converted further, the enzymes do not
require any cofactors, and their specific activities are high.

The current knowledge of nitrile- and cyanide-hydrolyzing
enzyme as a whole was previously summarized (O’Reilly and
Turner 2003; Thuku et al. 2009, Martínková et al. 2009).
Various pathways of cyanide biodegradation were reviewed
by Ebbs (2004), Baxter and Cummings (2006), Dash et al.
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(2009), and Gupta et al. (2010). However, there has been no
review specializing in CHTs and CynDs, and the recent liter-
ature on this topic has not been summarized at all. Therefore,
this work will aim to fill this gap, focusing on the state of the
art in the production, biochemical characterization, structure-
activity relationships, and potential environmental uses of
these enzymes.

Enzyme production

The first CHTs were characterized, and their genes cloned in
phytopathogenic fungi (Stemphylium loti; Gloeocercospora
sorghi, Leptosphaeria maculans, genus Fusarium; O’Reilly
and Turner 2003). The sequences of experimentally confirmed
CHTs were used to search databases for further members of
this enzyme group (Basile et al. 2008; Kaplan et al. 2013;
Veselá et al. 2015). These analyses indicated that cht genes
occur in a wide range of filamentous fungi. In contrast to
CHTs, CynDs seem to occur rarely in nature and were only
characterized in Alcaligenes xylosoxidans subsp.
denitrificans, Bacillus pumilus, and Pseudomonas stutzeri
(O’Reilly and Turner 2003).

E. coli proved to be a suitable host for the production of
both CynDs and CHTs (Jandhyala et al. 2005; Basile et al.
2008; Kaplan et al. 2013; Rinágelová et al. 2014). The wild-
type strains of fungi with significant CHTactivities (Fusarium
oxysporum, G. sorghi) seemed to occur rarely. Therefore, the
heterologous production was the method of choice to obtain
other CHTs for characterization. In this way, new CHTs were
produced from the genes found in Gibberella zeae,
Aspergillus nidulans, Neurospora crassa (Basile et al.
2008), Aspergillus niger (Kaplan et al. 2013; Rinágelová
et al. 2014), Penicillium chrysogenum (Kaplan et al. 2013),
Botryotinia fuckeliana and Pyrenophora teres f. teres (Veselá
et al. 2015).

The ability to degrade cyanide was also found in a few
members of Basidiomycota (Cabuk et al. 2006; Özel et al.
2010). It is unclear which enzyme(s) catalyzed this degrada-
tion—the products were not detected except for a slight pro-
duction of ammonia. It was postulated that the biodegradation

could proceed via an oxidative pathway but a participation of
rhodanese was also not excluded (Cabuk et al. 2006).

A strain of Klebsiella oxytoca was also able to utilize cya-
nide (Kao et al. 2003; Chen et al. 2008), tetracyanonickelate
(Chen et al. 2009), and some nitriles (Kao et al. 2006; Chen
et al. 2010). The key enzyme of the biodegradation of cyanide
was postulated to be nitrogenase (Kao et al. 2003) but this
enzyme was not detected among the proteins whose produc-
tion was enhanced in the presence of cyanide (Tang et al.
2010). Recently, however, a cyanide-hydrolyzing enzyme
was obtained from a strain of Klebsiella sp. grown on cyanide
and used to construct a cyanide sensor (Mak et al. 2005a; see
below). The properties of the enzyme are unclear, as it was
only partially purified and its amino acid (aa) sequence was
not determined.

Catalytic properties and structure-activity
relationships

Substrate specificity and reaction products

The purified CHTs generally exhibited high specific activities
(102–103 U mg−1) for cyanide (Jandhyala et al. 2005;
Rinágelová et al. 2014). Their Vmax values achieved up to
6.8.103 U mg−1 of protein in A. niger. However, their Km

values were also high (typically ca. 100 mM). The Vmax and
Km values of the CynDs were significantly lower, i.e., 88–
100 U mg−1 of protein and 1.7–7.3 mM, respectively
(Table 1).

A number of CHTs were found to transform nitriles
(Table 1). In the CHTs from Fusarium lateritium (Nolan
et al. 2003) and F. oxysporum (Yanase et al. 2000), the relative
activities for the saturated and unsaturated aliphatic nitriles or
benzonitrile were only ca. 0.01–0.04 % compared to cyanide.
However, the nitrilase activities examined with fumaronitrile
and 2-cyanopyridine (2-CP) as the substrates of CHTs from
A. niger (Rinágelová et al. 2014), P. chrysogenum (Kaplan
et al. 2013), and B. fuckeliana and P. teres (Veselá et al.
2015) were higher (ca. 0.8–3.7 % compared to cyanide). In
the CHT from A. niger, the Vmax and Km values for
fumaronitrile and 2-CP as substrates have been found to be
one to two orders of magnitude lower than that for HCN
(Table 1). Therefore, 2-CP was used as the substrate in a
CHT assay (Rinágelová et al. 2014). The nitriles examined
as potential substrates of CynDs were not transformed by
these enzymes except for cyanoacetic acid, which was hydro-
lyzed by CynD in P. stutzeri (Table 1).

In some nitrilases, vice versa, the ability to accept HCN as
substrate was demonstrated. These were, e.g., some fungal
arylacetonitrilases which transformed HCN into formamide
with ≤2.5 % relative activities compared to phenylacetonitrile
(Veselá et al. 2013; Kaplan et al. 2013).

H C N

H O
-

O

NH4

+
CynD

H NH2

O

CHT

+

Fig. 1 Reactions catalyzed by cyanide hydratase (CHT) and cyanide
dihydratase (CynD)
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The reaction product of cyanide depends both on the en-
zyme and the substrate (Table 1). The product of the CHT-
catalyzed conversion of HCN is formamide. However, the
CHTs from A. niger, P. teres, or B. fuckeliana gave at least
partly acids from their nitrile substrates (Rinágelová et al.
2014; Veselá et al. 2015). In contrast, amides were found to
be the products of the CHT from F. oxysporum (Yanase et al.
2000).

Properties of enzyme mutants

Some variants of CHTs and CynDs were prepared in order to
study the structure-activity relationships in these enzymes,
especially the role of the C-terminal part. According to
CynD and nitrilase models, this part is involved in the inter-
actions between the subunits. These interactions seem to be
essential for their correct assembly and, hence, for enzyme
activity (Sewell et al. 2005; Thuku et al. 2009). The activity
was actually decreased or abolished by deletions in this part,
depending on the extent of the deletion and the enzyme
(Table 2).

Other structural motifs which are likely to participate in the
interactions between the subunits are two insertions typical for

nitrilases and cyanide (di)hydratases. One of these insertions
(15 aa residues) was deleted in the CynDs from P. stutzeri and
B. pumilus, and its impact on the enzyme activity was con-
firmed (Table 2). The residues which may participate in the
formation of salt bridges (Y201 and A204 in B. subtilis, Y200
and C203 in P. stutzeri) were also found to be important for
enzyme activity (Sewell et al. 2005).

In the N-terminal part of the CHT from F. lateritium, residues
T12 and S13were found to be important for the enzyme function,
as the corresponding point mutations led to the loss of or a de-
crease in enzyme activity (Table 2). The impact of a further five
conserved residues was examined in a similar way, and negative
effects on activity were generally observed (Table 2). Directed
evolution combined with site-directed mutagenesis proved to be
an efficient way to extend the pH operating range of CynD. The
wild-type enzyme exhibited the optimum activity at pH 8 andwas
not able to hydrolyze HCN at pH higher than 9. However, cya-
nide wastes should be maintained at alkaline pH to prevent HCN
release. Therefore, the CynD from B. pumiluswas engineered for
an increased activity under these conditions (pH 9–10), and sev-
eral mutants were shown to meet this requirement (Table 2). At
the same time, the improved variants were more thermostable
than the wild-type enzyme (Wang et al. 2012).

Table 2 Mutants of cyanide (di)hydratases and their catalytic properties

Target Enzyme (organism)a Modification Effect Reference

N-terminus CHT (Fusarium lateritium) T12Q, S13A Lower activity Nolan et al. 2003
T12P No protein

C-terminus CHT (Aspergillus niger) Deletion 14 aa No change Rinágelová et al. 2014
18–34 aa No activity

CynD (Pseudomonas stutzeri) 25–59 aa No activity Sewell et al. 2005
CynD (Bacillus pumilus) 28 aa No change

38 aa Lower activity

52 aa No activity

CynD (Pseudomonas stutzeri) C-terminal part from Bacillus
pumilus

No activity

CynD (Bacillus pumilus) C-terminal part from
Pseudomonas stutzeri

No change

Proximity of the
catalytic centerb

CHT (Fusarium lateritium) F170L No activity Nolan et al. 2003

Others CHT (Fusarium lateritium) K136R, D275E, V281A, M302Sc Lower activity Nolan et al. 2003

CynD (Pseudomonas stutzeri) Y200D, C203D No activity Sewell et al. 2005
Deletion of residues 220–234

CynD (Bacillus pumilus) Y201D, A204D

Deletion of residues 219–233

E327G, Q86R + E96G + D254E,
E35K + Q322R+ E327G, Q86R
+ E6G + D254E + E327G

Activity at pH 10.0 Wang et al. 2012

a See Table 1 for strain numbers
b C163
cMutants carrying combinations of these mutations exhibited lower or no activity
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Applications

Bioremediation of wastewaters

Whole cells or crude, purified, or immobilized enzymes have
been examined as tools for cyanide biodegradation at the lab-
oratory scale (Table 3). A CynD enzyme preparation with
industrial potential was introduced by Novo-Nordisk. This
catalyst (Cyanidase®) consisted of whole cells of
A. denitrificans cross-linked with glutaraldehyde (Ingvorsen
et al. 1992). Due to its high affinity for cyanide, it was able to
reduce high cyanide concentrations (up to 26,000 mg L−1) to
trace levels in buffers at pH 7–7.6.

The CHT preparation BCyclear^ (Imperial Chemical
Industries, England) consisted of the dried mycelium of
F. lateritium (Cluness et al. 1993). The product exhibited a
long half-life of 100–200 days but its disadvantage was its
sensitivity to heavy metals (Basheer et al. 1992).

Recently, several heterologously produced CHTs and
CynDs were examined as catalysts (Jandhyala et al. 2005;
Basile et al. 2008; Rinágelová et al. 2014). A whole-cell cat-
alyst consisting of E. coli producing the CHT from A. niger
was also used and examined in a continuous membrane reac-
tor (Rinágelová et al. 2014). This reactor could be operated for
at least 3 days with no decrease in the efficiency of cyanide
removal, which was almost complete. Formamide was detect-
ed as the only product (Rinágelová et al. 2014).

To decrease the toxicity of the effluent further, formamide
may be converted into formic acid using an amidase (Campos
et al. 2006). In this experiment, the cyanide-converting cata-
lyst was whole cells of F. oxysporum immobilized in calcium
alginate. The product of this catalyst, formamide, was hydro-
lyzed by whole cells ofMethylobacterium sp. immobilized in
the same way. The system consisted either of a single reactor
containing both catalysts or of a cascade of two connected
reactors (Fig. 2).

The whole cells ofA. denitrificanswere effective at treating
zinc electroplating baths or wastewater from marzipan pro-
duction, in which cyanide concentrations (62 and
95 mg L−1, respectively) were decreased to trace levels
(Ingvorsen et al. 1992). The high content of cyanide in some
Cu- and Ag-plating baths (ca. 1 M, 26,000 mg L−1 of cyanide;
Basile et al. 2008) required the samples to be diluted tenfold
before adding the CHTs. Four different purified CHTs were

examined for this purpose and the one from N. crassa exhib-
ited the highest effectiveness. For instance, it removed ca.
90 % of the cyanide content (initial concentration
2600 mg L−1) from the Ag-plating bath within 1 h. In the
presence of Cu residues, the degradation of cyanide was less
effective (maximum ca. 70 %).

The CHT from A. niger was also examined, as a crude
enzyme, for its ability to remove cyanide from coke plant
wastewaters. The enzyme was found to be only slightly
deactivated by typical components of these wastewaters (phe-
nol, sulfide, ammonium, thiocyanate). Thus, the elimination
of cyanide in a wastewater sample spiked with up to 520 mg
of cyanide per liter was almost complete (Chmátal et al. 2013).

Biosensors

The general disadvantages of many chemical and physico-
chemical methods developed for cyanide detection is their
high costs, time consumption, use of toxic chemicals, numer-
ous interferences, or complex pre-treatment of the samples
(Mak et al. 2005b, Ma and Dasgupta 2010). As a result, a
great deal of attention has been paid to biological methods
which, potentially, may be a more convenient alternative.
Some of them were based on the inhibition of the enzyme
activity or cell respiration by cyanide (Mak et al. 2005b).
However, these methods also exhibited some disadvantages
such as the need for regular enzyme replacement or the effect
of readily utilizable compounds on the respiration of the cells
(Mak et al. 2005b).

Using biosensors based on the enzymatic degradation of
cyanide by, e.g., rhodanese (Mak et al. 2005a, b) or CynD

HC N

H O-

O
NH4

+
+

CynD
ammonia determination

pH determination

NAD
+

CO2

FDH

NADH+H
+

SHL

catechol

salicylate + O2

+ CO2

oxygen determination

Fig. 3 Principles of various types of cyanide biosensors based on using
CynD (Keusgen et al. 2004; Mak et al. 2005a; Turek et al. 2007; Ketterer
and Keusgen 2010)
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(Mak et al. 2005a; Fig. 3), should eliminate these problems.
CynD immobilized on NHS-Sepharose™ was first used in
combination with an ammonia electrode (Keusgen et al.
2004; Turek et al. 2007). In order to reduce the biosensor size,
the ammonia electrode was replaced with a pH-sensitive elec-
trolyte/insulator/semiconductor (EIS) layer made of Al/p-Si/
SiO2/Si3N4 (Keusgen et al. 2004). The pH-sensitive Si3N4

layer was used to detect the medium acidification caused by
the conversion of cyanide (Ketterer and Keusgen 2010).

Another biosensor was based on the cascade reaction cata-
lyzed by three enzymes—CynD, formate dehydrogenase
(FDH) and salicylate hydroxylase (SHL). Cyanide was hydro-
lyzed into formate which was utilized by FDH to form CO2,
while NAD was reduced to NADH. SHL recycled NADH,
while forming catechol and CO2 from salicylate and oxygen.
Finally, a Clark electrode was used to record the consumption
of oxygen (Mak et al. 2005a).

Alternatively, CynD and a commercial FDH were com-
bined with an amperometric sensor in a flow injection analysis
(Ketterer and Keusgen 2010). Here, NADH produced in the
reaction catalyzed by FDHwas detected by amperometry. The
enzymes immobilized in cartridges were integrated into a
flow-through apparatus. This sensor exhibited a high long-
term stability and was suitable for the analysis of complex
samples such as the plant extracts. A strong interference of
the sensor with formate (reaction product) can be expected. Of
some other potential interferences, only that with thiocyanate
(0.1–0.5 mM) was confirmed, whereas sulfide or nitriles did
not affect the results at the same concentrations.

Conclusions and recommendations for future work

A number of cyanide-converting enzymes from bacteria and
fungi were demonstrated to be applicable to cyanide biodeg-
radation or detection. Compared to the chemical processes and
the use of active sludge or other microbial cultures, this ap-
proach is the least explored but most promising because it uses
simple, stable, and environmental-friendly systems with pre-
dictable responses to changing reaction conditions. Enzymatic
processes do not require any additives; the reaction products
are less toxic and can be further degraded by enzymes. The
processes may be cost effective provided the price of the en-
zymes is acceptable. To this end, overproduction of the en-
zymes in heterologous hosts and their repeated use will prob-
ably be essential. The spectrum of characterized CHTs has
been recently broadened which should enable suitable en-
zymes to be selected for each specific application. Database
mining and the construction of artificial variants may be useful
to obtain catalysts with better operational properties. It will be
necessary to investigate how the enzyme works in wastewa-
ters, primarily to analyze the effects of potential enzyme

inhibitors in these samples. Examining this factor will also
be important for the development of cyanide biosensors.
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