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Abstract A variety of fungal species are known to degrade
cyanide through the action of cyanide hydratases, a special-
ized subset of nitrilases which hydrolyze cyanide to formam-
ide. In this paper, we report on two previously unknown and
uncharacterized cyanide hydratases from Neurospora crassa
and Aspergillus nidulans. Recombinant forms of four
cyanide hydratases from N. crassa, A. nidulans, Gibberella
zeae, and Gloeocercospora sorghi were prepared after their
genes were cloned with N-terminal hexahistidine purification
tags, expressed in Escherichia coli, and purified using
immobilized metal affinity chromatography. These enzymes
were compared according to their relative specific activity,
pH activity profiles, thermal stability, and ability to remedi-
ate cyanide contaminated waste water from silver and copper
electroplating baths. Although all four were similar, the N.
crassa cyanide hydratase (CHT) has the greatest thermal
stability and widest pH range of >50% activity. N. crassa
also demonstrated the highest rate of cyanide degradation in
the presence of both heavy metals. The CHT of 4. nidulans
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has the highest reaction rate of the four fungal nitrilases
evaluated in this work. These data will help determine
optimization procedures for the possible use of these
enzymes in the bioremediation of cyanide-containing waste.
Similar to known plant pathogenic fungi, both N. crassa and
A. nidulans were induced to express CHT by growth in the
presence of KCN.

Keywords Cyanide - Cyanide hydratase - Bioremediation

Introduction

Cyanide waste is becoming an increasingly prevalent
problem in today’s society. An estimated 18 billion liters of
cyanide-containing waste are generated annually in the USA
(Baxter and Cummings 2006). With such uses as gold and
silver mining, electroplating, steel manufacturing, polymer
synthesis, pharmaceutical production, and other specialized
applications including dyes and agricultural products, it is
difficult to avoid its use. Remediation of cyanide-containing
waste is necessary due to the ability of cyanide to poison the
respiratory system by inhibiting the final transport of
electrons from cytochrome C oxidase to oxygen. Currently,
the most widely used methods of detoxification are chemical
oxidation of cyanide to less toxic compounds or stabilization
using reagents and cement in soil to reduce permeability
(Baxter and Cummings 2006).

A variety of biological approaches to cyanide waste
remediation have been proposed over many decades (Akcil
and Mudder 2003). There are enzymes that convert cyanide
to non-toxic products, but special conditions are required
for this conversion. Nitrogenases, found in nitrogen-fixing
prokaryotes, require strictly anaerobic conditions (Hardy
and Knight 1967; Li et al. 1982). Rhodanese, an enzyme
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found in all animals, some plants, fungi, and prokaryotes,
requires thiosulfate to function (Westley 1987). Nitrilases
do not have these drawbacks; they convert cyanide using a
simple hydrolytic pathway which involves nucleophilic
attack by a conserved cysteine (Kobayashi et al. 1998).
This cysteine, along with a lysine and a glutamic acid, is
conserved throughout the nitrilase superfamily and forms
the catalytic triad necessary for catalytic activity (Brenner
2002; Kobayashi et al. 1998; Pace and Brenner 2001).
Banerjee et al. (2002) observed that there are a number of
reactions catalyzed by nitrile-metabolizing enzymes that are
either already used in large scale or have the potential to
become so. This has been demonstrated by the successful
commercial use of such organisms as Pseudomonas
chlororaphis B23 (Banerjee et al. 2002) and Rhodococcus
rhodochrous J1 to convert another nitrile, 3-cyanopyridine,
to nicotinic acid (Mathew et al. 1988).

Microbial nitrilases are a family of enzymes that convert
nitriles, such as cyanide, to less harmful compounds through a
hydration reaction (Kobayashi and Shimizu 1994). Cyanide
hydratases (CHT), which are found in numerous plant
pathogenic fungi such as Fusarium solani (Barclay et al.
1998a) and Gloeocercospora sorghi (Wang et al. 1992)
convert cyanide to formamide (Cluness et al. 1993). Other
cyanide hydratases are found in Fusarium lateritium (Cluness
et al. 1993; Nolan et al. 2003) and Leptosphaeria maculans
(Sexton and Howlett 2000). The related cyanide dihydratases
convert cyanide to formate and ammonia (Watanabe et al.
1998a) and are found in Alcaligenes xylosoxidans subsp.
dentrificans (Ingvorsen et al. 1991), Bacillus pumilus (Meyers
et al. 1993), and Pseudomonas stutzeri AK61 (Watanabe et
al. 1998b). It has been proposed that subtle differences in the
active site dictate the leaving group and hence distinguish the
cyanide dihydratases from the hydratases (Jandhyala et al.
2005; Wang et al. 1992; Wang and VanEtten 1992). Both
groups of enzymes have many qualities that make them
promising candidates for remediation. They have stability
over long periods, require no co-factors, are readily expressed
at high levels, and can function as purified enzyme, crude
extracts, or within cells (Jandhyala et al. 2005).

The many uses of cyanide produce a wide variety of
waste products with varying qualities, such as pH and
concentration of other contaminants; therefore, having
nitrilases better suited for these conditions would be of
value. Genome searching revealed that a variety of non-
plant pathogenic fungi, including human pathogens such as
Aspergillus fumigatus, carry related genes. We have cloned
the genes from lab strains of the saprophytic fungi
Aspergillus nidulans and Neurospora crassa as well as a
plant pathogenic fungi Gibberella zeae and compared them
to the previously characterized nitrilase from G. sorghi
(Jandhyala et al. 2005; Wang et al. 1992; Wang and
VanEtten 1992). This work compares these four cyanide

@ Springer

hydratases with respect to their relative stabilities, rate of
cyanide degradation, and ability to work under pH
conditions expected for cyanide containing waste.

Materials and methods
Bacterial strains and plasmids

The plasmids and strains used are described in Table 1. The
N. crassa knockouts were provided by the Fungal Genetics
Stock Center as part of their comprehensive gene knockout
project (McCluskey 2003).

Culture media and reagents

Escherichia coli strains were grown in L-broth containing
0.05% glucose and 0.5% glycerol (0.2% lactose added to
induce protein expression), which is essentially the auto-
induction media of Studier (2005). Antibiotics were added
to concentrations of 100 ug ml™" ampicillin, 25 pg ml™
chloramphenicol, or 25 pg ml™' kanamycin for selection in
E. coli strains. N. crassa strains were grown in 1X Vogel’s
medium (Vogel 1956), whereas A. nidulans was grown in
complete medium (Kaminskyj 2001).

DNA manipulations

The cyanide hydratase gene was amplified from A. nidulans
and G. zeae genomic DNA and complementary DNA
(cDNA) from N. crassa using PfuTurbo® Hotstart poly-
merase chain reaction (PCR) Master Mix (Stratagene, La
Jolla, CA, USA). The primers used introduced an Ndel site
at the ATG codon and a unique site in the downstream
primer (beyond the stop codon) for cloning into p2160.
These clones were sequenced and later moved by subclon-
ing into pET26b to produce untagged protein and pET28a
to generate N-terminal His-tagged proteins.

Removal of introns was necessary for the genomic 4.
nidulans and G. zeae clones. The A. nidulans gene
contained three introns and G. zeae contained two. The
QuikChange® site-directed mutagenesis kit (Stratagene)
was used to create deletions of the intron segments,
producing the predicted proteins shown in Fig. 1. All
constructs were transformed into MB3436 for routine
cloning, and the E. coli B strain BL21(DE3)pLysS was
used for expression from the T7 promoter.

Expression and purification of CHT from E. coli
Protein production from strains MB3487, MB3643, MB3644,

and MB3653 was achieved in 50 ml cultures of autoinduction
medium containing 25 pg ml ' kanamycin and grown
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Table 1 Strains and plasmids
Strain/plasmids Description/genotype Reference
E. coli
MB1837 BL21(DE3), pLysS F ompT hsdSg gal dem(DE3) Novagen
MB3436 MM294 but lacl? lacZ AM15 Lab stock
MB3487 MB1837 p3487 This work
MB3643 MB1837 p3639 This work
MB3644 MB1837 p3641 This work
MB3653 MB1837 p3649 This work
Plasmids
pET-26b Kan® E. coli expression vector (C-terminal His-tag) Novagen
pET-28a Kan® E. coli expression vector (N-terminal His-tag) Novagen
p2160 pBS KS+ with Ndel replacing the Clal Lab stock
p2313 pET26b Ndel-Xhol fragment of G. sorghi cht Jandhyala et al. 2005
p3460 pET26b Ndel-EcoRI fragment of N. crassa cht This work
p3487 pET28a Ndel-EcoRI fragment of N. crassa cht This work
p3622 PET26b Ndel-HindlIll fragment of G. zeae cht This work
p3639 pET28a Ndel-Xhol fragment of G. sorghi cht This work
p3642 pET28a Ndel-Hindlll fragment of G. zeae cht This work
p3646 pET26b Ndel-EcoRI fragment of A. nidulans cht This work
p3649 pET28a Ndel-EcoRI1 fragment of A. nidulans cht This work
Neurospora crassa
FGSC #2489 Mat A 74-OR23-1VA McCluskey 2003

FGSC #11825
Aspergillus nidulans
FGSC #A4

Mat A ANCU04697.2

Glasgow wild type (veA+)

McCluskey 2003

FGSC

overnight at 30°C. The cells were collected by centrifugation,
and the cell pellets were resuspended in 20 ml of 20 mM
sodium phosphate (pH 7.4), 100 mM NaCl, 12.5 mM
imidazole (pH 7.4), and 1 mg ml™" lysozyme. After incubation
on ice for 15 min, cells were lysed by freezing at —80°C and
thawing for five cycles. Viscous DNA was removed by the
addition of a crude preparation of Serratia nuclease (Miller et
al. 1991) before centrifugation at 3,750 rpm for 15 min. The
supernatant was then clarified with a 0.45-pum filter.

The hexahistidine-tagged cyanide hydratase enzymes
were purified from crude cell lysates by immobilized metal
affinity chromatography using a 1-ml precharged HisTrap™
Ni Sepharaose™ high performance column (Amersham
Biosciences, Piscataway, NJ, USA). The column was washed
with five column volumes of water and ten column volumes
of buffer B (25 mM imidazole, 1 mM NaCl, and 20 mM
sodium phosphate) before passing the filtered lysate through
the column. The column was then washed with ten column
volumes of buffer B with 100 mM imidazole. Enzyme was
eluted using ten column volumes of buffer B with 500 mM
imidazole. Peak fractions having cyanide-degrading activity
were pooled and stored at 4°C.

pH activity profiles

The pH profiles for the purified cyanide hydratases of G.
sorghi, G. zeae, N. crassa, and A. nidulans were determined

using sodium phosphate buffers between pH 4.5 to pH 11.
A 1 M stock solution of KCN was diluted in 100 mM 3-(N-
morpholino)propanesulfonic acid (MOPS), pH 7.6, to yield
a final KCN concentration of 100 mM. Reactions were run
in duplicate at room temperature in a final volume of 300 pl
consisting of 100 mM buffer, enzyme diluted in the same
pH buffer, and 10 mM KCN. Enzyme concentrations used
for rate measurements were: 1.8 pg ml' for N. crassa,
3.5 ug ml™! for G. sorghi (tenfold more for pH 11), 2.2 pg
ml ™" for A. nidulans (tenfold more for pH 10.5 and 11), and
6.9 ug ml”! for G. zeae (tenfold more for pH 4.5 and 11).
Reactions were run for up to 61 min with the baseline
sample taken at 1 min and at subsequent time points where
a measurable amount of cyanide still remained. The picric
acid method for determining cyanide concentration was
used to determine the rate of degradation (Fisher and
Brown 1952). To each 0.1-ml sample, 0.2 ml of 0.5% picric
acid in 0.25 M sodium carbonate was added and heated to
100°C for 6 min. The absorbance at 520 nm was measured
to determine the change in OD per minute between the
I-min baseline and the subsequent time point. Controls
containing cyanide without enzyme were run at each pH.

Determination of thermal stability

To determine their thermal stability, each enzyme was
incubated at temperatures of 27°C, 37°C, 43°C, and 50°C,
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Fig. 1 CHT multiple sequence alignment. Alignment of our sequen-
ces of the four fungal cyanide-degrading nitrilases. Identical residues
noted by /ine, similar amino acids by colon, and less similar by a dot.

and samples were taken at time points ranging from 30 min
to 48 h. The remaining activity of each enzyme sample was
then measured at room temperature in 0.1 M MOPS, pH
7.4, with 10 mM KCN. All assays were performed in
duplicate. Enzyme concentrations initially were the same as
for the pH profiles, but were increased as needed due to
loss of activity upon prolonged incubation at the higher
temperatures. Assays were otherwise performed as de-
scribed for the pH profiles.

Enzyme parameters

Enzyme was diluted in 1 ml 0.1 M MOPS, pH 7.6, and 1| M
KCN, pH 7.6, was added to final concentrations of 20, 40,
60, 80, 100, 120, and 140 mM. Upon the addition of
cyanide, each reaction was divided into three tubes of
300 pl each. Reactions were run for 61 min at room
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Non-conservative charges are left blank below the alignment. The
catalytic triad residues are marked by a gray box

temperature with samples being taken at 1, 6, 11, 31, and
61 min. Enzyme concentrations used for rate analysis were
0.61 ug ml™" for N. crassa, 1.36 ug ml™' for G. sorghi,
0.98 pg ml™" for 4. nidulans, and 1.20 ug ml™' for G. zeae.
The picric acid assay loses linearity above ~12 mM;
therefore, all cyanide concentrations above 10 mM were
diluted 1:10 before adding picric acid and 120 and 140 mM
samples were diluted 1:20. After boiling for 6 min, 700 pl
of water was added to the reaction. The reactions were
further diluted twofold into 1-ml cuvettes, and the ODsy
was measured. The change in OD was calculated using the
same method as with the pH profiles.

Cyanide induction of fungal cultures

Overnight A. nidulans cultures were prepared in 2 ml of
complete medium (Kaminskyj 2001) inoculated 1:100 with
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A. nidulans spores. After growing overnight, the culture
was diluted fivefold at a final volume of 1 ml in two
separate tubes. To one tube, KCN was added to 0.1 mM for
induction. The cultures were grown overnight.

N. crassa cultures of the wild-type (FGSC #2489) and a
cht knockout strain (FGSC #11825) of the same mating
type, provided by the Fungal Genetics Stock Center, were
similarly grown overnight at 30°C in 1X Vogel’s+1.5%
glucose. The cultures were harvested, washed, and each
resuspended in two tubes 1X Vogel’s+1.5% glucose and
two tubes 1X Vogel’s+1.5% glucose containing no nitrogen
source. KCN (2 mM) was added to one tube of each set.
After growing for 3 h at 30°C, the cultures were washed
and resuspended in 4 ml 0.1 M MOPS.

Both A. nidulans and N. crassa were harvested, washed,
and sonicated. Each lysate was assayed with 5 mM KCN.

Enzyme activity on industrial water samples

Water samples were obtained from an electroplating plant in
Houston, Texas; these are samples from silver and copper
electroplating baths. They have cyanide concentrations of
approximately 1 M and are at a pH in excess of 11. They also
contain the residual silver or copper normally present in such
electroplating bathwater. Each water sample was diluted to
~100 mM in 1 M MOPS. This also lowered the pH to ~8 so
that pH would have no influence on activity. For use as a
control, laboratory stocks of KCN were also diluted to 100
mM in 1 M MOPS. For use as a measurement of total cyanide
per sample, 100 mM copper, silver, and KCN samples were
set up with no enzyme present. For each cyanide sample,
enzyme was added and incubated at room temperature
for 24 h. Total volume for each reaction was 100 pl. Enzyme
concentrations used were 7.19 pg ml™' for N. crassa,
7.01 pug ml™" for G. sorghi, 8.86 ug ml' for A. nidulans,
and 13.71 pgml ' for G. zeae for the KCN and silver assays.
Tenfold more enzyme was used for the copper assays. After
24 h, the picric acid endpoint method was used and ODsyq
measured to determine the percent cyanide degraded.

Results
Cloning for expression in E. coli

The cht gene of N. crassa, A. nidulans, and G. zeae were
PCR-amplified from a cDNA library of N. crassa or the
genomic DNA of 4. nidulans and G. zeae. The resulting
products were then subcloned into p2160 and transformed
into MB3436 to allow for blue-white screening. Introns
were deleted from the A. nidulans and G. zeae clones by
site-directed mutagenesis using the Quick-change protocol.
When the introns were deleted from the A. nidulans gene to

match the NCBI entry (AN8773.2) nitrilase open reading
frame, no activity could be observed. Upon comparison
with other nitrilases, it was obviously larger, and the intron
assignment was likely not to be correct. A more likely
sequence was then deduced from this comparison, espe-
cially the highly homologous one from 4. fumigatus. This
new open reading frame, shown in Fig. 1, was active
against cyanide. The DNA of each final clone was verified.
The cDNA clone for G. sorghi was already in our collection
(Jandhyala et al. 2005).

All four were then subcloned using the Ndel site of
pET28a to create N-terminal His-tagged constructs and
likewise to pET26b to generated untagged proteins. The
final confirmed constructs were transformed into BL21
(DE3) pLysS. All strains expressed cyanide-degrading
activity shown by measuring loss of cyanide. High level
expression of nitrilase was easily visualized using sodium
dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-
PAGE). Expression levels and enzyme activity was com-
parable from both the His-tagged and untagged versions of
these enzymes. Purified enzymes were therefore prepared
using the His-tagged proteins.

Purification of CHT enzymes

CHT was purified from MB3487, MB3643, MB3644, and
MB3653 using immobilized metal affinity chromatography as
described in “Materials and methods”, and SDS-PAGE was
used to analyze the purity and relative concentration of the
protein preparations. Protein preparations were stored at 4°C
because storage at —80°C resulted in precipitation and loss of
activity. The enzymes were stable for many months at 4°C.

pH activity profile of CHT enzymes

The pH activity profiles of purified G. sorghi, G. zeae, N.
crassa, and A. nidulans CHT were measured at pH’s
ranging from 4.5 to 11 (Fig. 2). All of these displayed
maximum activity between pH 6 and 7, with an abrupt
decrease in activity above pH 10 and below their individual
maxima. CHT from G. sorghi and G. zeae displayed greater
than 50% of their maximal activity throughout the range of
pH 6-8.5, the narrowest range of activity. N. crassa CHT
had greater than 50% maximal activity over the widest
range, which was between pH 5 and 9. 4. nidulans CHT
also had a relatively wide range of activity, but at all points,
the activity was generally lower than N. crassa except at
pH values below 5.5.

Thermal stability

To determine the stability of each enzyme, they were
incubated at 27°C, 37°C, 43°C, and 50°C and the activity
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most stable with no loss of activity after 48 h at 37°C and

!! gg:g about 40% of activity remaining after 48 h at 43°C. G. zeae

100 ‘ M 3653 CHT showed an initial increase in activity at lower

' Ld 3487 temperatures, but the subsequent stability was similar to
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Fig. 2 pH activity profiles of CHT from N. crassa (MB3487), A.
nidulans (MB3653), G. zeae (MB3644), and G. sorghi (MB3643).
Each bar represents the recombinant enzyme as listed in the inset box.
Error bars represent half the value range from duplicate experiments,
and the columns represent the average

measured at time points ranging between 0 and 48 h
(Fig. 3). All four enzymes retained greater than 70% of
their relative activity after 48 h at 27°C; however, at 50°C,
their activity dropped below 5% by 48 h. When comparing
activity at 37°C and 43°C, the CHT from N. crassa was

N. crassa CHT. Both of these enzymes showed a gradual
decrease in activity at 50°C. The CHT of A. nidulans and
G. sorghi quickly lost activity at the two highest temper-
atures, and 50% of activity was lost after 48 h at 37°C.

Enzyme parameters

We observed that the rate of the reaction decreases at high
substrate concentrations in the case of all the enzymes, which
is indicative of substrate inhibition. The reaction rates of the
purified recombinant CHT enzymes are listed in Table 2.
When comparing rates at a substrate concentration of 20 mM
KCN, the A. nidulans and N. crassa CHT had the highest
rates at 0.22 and 0.21 AOD min ' pg ' enzyme, respec-
tively. The G. sorghi CHT had the lowest activity of the
group by over threefold. The reaction rate of the G. zeae
enzyme did not show a significantly lower rate when
compared to A. nidulans and N. crassa. With the exception
of G. sorghi, all of the enzymes reached their maximal rate
around 60 mM KCN and had relatively similar maximum
rates, with N. crassa having the highest rate. G. sorghi did
not reach maximum activity until 80 mM KCN and had a
much lower maximum rate than the other three enzymes.

200
e
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Fig. 3 Thermal stabilities of CHT. A G. sorghi, B N. crassa, C G.
zeae, and D A. nidulans. Shown is the activity remaining after
incubation at the noted temperatures for periods between 0 and 48 h.
Enzyme samples taken at each time point were assayed using 10 mM
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KCN. The picric acid endpoint method was used to determine the rate
of degradation. Each point is calculated as the percentage of the 0 time
point which is set as 100%. The average of two trials is plotted, and
the error bars represent the value range of these experiments
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Table 2 Reaction rates

Enzyme Rate at 20 mM  Maximal rate  KCN conc.
at maximal activity
N. crassa 0.21£0.02 0.49+0.05 (60)
A. nidulans 0.22+0.04 0.46+0.09 (60)
G. zeae 0.18+0.01 0.34+0.04 (60)
G. sorghi 0.06+0.03 0.18+0.06 (80)

Rates are Adsy min | ugfl enzyme. The second column shows the
rate for all enzymes at a single substrate concentration. The third
column shows the maximal rate. The substrate concentration for the
maximal rate is shown in parenthesis.

Regulation of cyanide hydratase expression

Cultures of N. crassa wild-type strains of both mating types
(FGSC #2489) as well as a knockout mutant at the cht gene
locus, generated by the Fungal Genetics Stock Center
(FGSC #11825), were grown in minimal medium as
described. The effect of cyanide on CHT expression was
tested by adding 2 mM KCN to one set of cultures. The
effect of exogenous ammonia was also tested with N.
crassa because the breakdown of cyanide leads to the
release of ammonia. Shown in Table 3 is the change in OD
per minute that was calculated from the average of three
reactions. It appears that the presence or absence of
nitrogen had no effect on induction of activity, but the
presence of cyanide during growth clearly caused induction
of cht gene expression. The cht knockout strains had no
detectable activity under any conditions (not shown).

A. nidulans grown with or without KCN showed similar
KCN induction of nitrilase expression (not shown), but
these assays were not analyzed quantitatively.

Activity on electroplating bath samples

The ability of each enzyme to degrade cyanide from silver
or copper electroplating bath waters was measured over a
48-h period (Fig. 4). As a control, assays were run using
KCN alone (Fig. 4A). All of the cyanide was degraded
from these samples by 48 h, with N. crassa showing the
fastest rate of cyanide degradation. Silver plating bath

Table 3 Induction of CHT activity in N. crassa

NH, + + - -

KCN - + - +
FGSC #2489 (CHT+) <0.1 10 <0.1 6.7
FGSC #11825 (ACHT) <0.1 <01 <0.I  <0.1

NH, (added as NH4NO;3) or 2 mM KCN during culture growth is
designated above each column. Each lysate was assayed with 5 mM
KCN to measure the rate of cyanide degradation which is presented as
AAsgo min~' x1,000 after addition of 0.5% picric acid.

samples were assayed and are plotted in Fig. 4B. These
assays were run using the same enzyme concentration as
the KCN control assay. 4. nidulans showed the lowest level
cyanide degradation with ~30% of the cyanide remaining
after 48 h. The other three CHT enzymes degraded approx-
imately 90% of the cyanide in the silver sample by 48 h, with
N. crassa degrading this amount after less than 5 h.

When the same amount of enzyme was used for the
copper wastewater sample, very little degradation was
observed (not shown). Shown in Fig. 4C is the percent
cyanide degraded from the copper plating bath sample

120 —=&— N. crassa

—=&— G. sorghi
—o— G. zeae
—&— A. nidulans
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Fig. 4 Enzymatic treatment of electroplating bath samples. Ability of
N. crassa, G. sorghi, G. zeae, and A. nidulans to degrade KCN (A)
and cyanide in wastewater samples from silver (B) or copper (C)
electroplating baths as described in “Materials and methods”. Shown
is the percent of cyanide remaining after assaying for periods between
0 and 48 h. Each point is calculated relative to that at time point zero.
C showing cyanide degraded in the presence of copper was assayed
using tenfold more enzyme than A and B. Each panel shows a
representative experiment
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when tenfold more enzyme was added. For all four cyanide
hydratases, 30% or more cyanide remained in the sample
after 48 h. This could be caused by the copper forming a
complex with either the cyanide or the enzyme, preventing
degradation or by some other contaminant in the sample.
Supplementing with additional enzyme had no significant
effect. As with the other wastewater sample, the N. crassa
CHT has the highest activity and degraded the most
cyanide, and A. nidulans showed the least activity, with
greater than 60% of the cyanide remaining after 48 h.

Discussion

The cht gene of N. crassa, A. nidulans, G. zeae, and G.
sorghi was expressed in E. coli with and without an amino
terminal 6-His purification tag. The tagged enzymes were
purified and used for comparison with respect to their pH
profiles, thermal stability, and enzyme parameters.

The pH profiles of the four recombinant fungal nitrilases
(Fig. 2) showed that N. crassa had the widest range of
activity (at least half-maximal activity between pH 5.2 and
pH 9) and G. zeae and G. sorghi displayed the narrowest
range, with at least half-maximal activity between approx-
imately pH 6 and pH 8.5. A. nidulans displayed a relatively
wide range of >50% activity relative to its maximal rate,
but this was >80% at only two pH values. Jandhyala et al.
(2005) showed that the CHT of G. sorghi was more tolerant
of higher pH values than were the CynDs of B. pumilus and
P, stutzeri, but the two CynD enzymes appear to be more
tolerant of lower pH. These differences in pH tolerance are
significant; applications generating cyanide wastewater are
routinely conducted at alkaline pH to reduce the formation
of hydrogen cyanide gas, often above pH 10.

When comparing the thermal stabilities (Fig. 3), there
was a clear difference in the effect of higher temperatures
on each cyanide hydratase. This is best shown by the
activity remaining after 48 h at 43°C. The CHT of N. crassa
and G. zeae had greater remaining activity after 48 h than
did G. sorghi and A. nidulans. The high stability of these
enzymes at expected operating temperatures (37°C or
below) suggests that small quantities of enzyme can be
used for treatment over 48 h or longer. Given there is so
little loss of activity by 48 h, one might expect the enzymes
to continue working well beyond that time period. This
result is similar to that we found previously (Jandhyala et
al. 2005).

With all these enzymes, we observed significant sub-
strate inhibition at high concentrations of KCN. Substrate
inhibition is not uncommon among the nitrilase group of
enzymes (Ingvorsen et al. 1991; Pertsovich et al. 2005;
Piotrowski et al. 2001). There is no evidence that this is due
to allosteric effects or changes in substrate association

@ Springer

(Jandhyala 2002; Pertsovich et al. 2005); it may be caused
by blocking access to the active site by excessive substrate
binding. Because of this inhibition, we were unable to
compare kinetic values, but instead compared relative
reaction rates. A. midulans and N. crassa enzymes had
similar reaction rates at 20 mM KCN, only slightly higher
than G. zeae; however, that of G. sorghi was approximately
threefold less. This was also true when comparing each
enzyme’s maximum reaction rate. G. sorghi, however, had
its maximal rate around 80 mM cyanide, whereas the others
were around 60 mM.

When comparing the ability to degrade cyanide in
industrial electroplating bath samples (Fig. 4), N. crassa
performed more efficiently than the other enzymes and
degraded more cyanide at a faster rate. The CHT of A.
nidulans had the lowest activity relative to the others when
assayed with these samples. In Jandhyala et al. (2005), we
showed that other nitrilases were tolerant to many heavy
metals other than mercury, not a metal used in electro-
plating. While the electroplating bath samples needed to be
diluted and its pH adjusted closer to neutral from its
original pH >11, these will not add significant costs to a
treatment process, and enzymatic treatment is likely to be
highly cost-competitive because it can be done on site and
not require shipping of the wastewater to a treatment
facility.

Other fungal nitrilases have previously been studied such
as those of F lateritium, F. solani, F. oxysporum, and L.
maculans. Cyanide hydratase activity in all four of these
organisms had been shown to be inducible by cyanide
(Barclay et al. 1998a; Cluness et al. 1993; Sexton and
Howlett 2000; Yanase et al. 2000). This work demonstrates
that enzymes with similar activity and regulation are found
in saprophytic strains of N. crassa and A. nidulans and not
just the plant pathogenic fungi as previously thought. The
amino acid sequence encoded by the cht of N. crassa is
72% and 82% identical to the sequences of G. sorghi and F.
lateritium, respectively, and that of 4. nidulans is the most
distant of the group with about 60% identity to the other
members. F. solani has been shown to degrade cyanide
under acidic conditions (Barclay et al. 1998a), while the
enzymes in this study are more active in the useful alkaline
pH range.

Comparisons of the many fungal nitrilases will help
determine the best candidate for the remediation of cyanide-
containing industrial wastewater. Based on our results, the
CHT from N. crassa is our most promising candidate for
this purpose. It showed high activity over a wide range of
pH values, stability for at least 48 h when incubated at
temperatures ranging from 27°C to 43°C, and a high rate of
cyanide degradation. In the near future, we hope to
genetically optimize this enzyme for use in detoxification
of cyanide-containing waste.
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