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Abstract

Nitrile-containing compounds are integral to pharmaceuticals, agrochemicals and poly-
mer industries, yet their environmental persistence and toxicity pose major challenges.
Biocatalytic approaches using nitrile-converting enzymes—particularly nitrilases and ni-
trile hydratases—offer sustainable alternatives to conventional hydrolysis, enabling the
selective transformation of nitriles into amides and acids under mild conditions. This
review presents an industrial perspective on nitrile-converting enzymes, summarising their
catalytic potential, current limitations, and emerging strategies for stability, activity and
performance enhancement. Advances in protein engineering, metagenomic discovery and
biocatalytic optimisation have already expanded their wider applicability, while synthetic
biology and protein design tools are accelerating the development of tailored biocatalysts.
The integration of these enzymes into cascades and chemoenzymatic processes supports
scalable and innovative solutions to green manufacturing. Collectively, these emerging
strategies position nitrile-converting enzymes as versatile tools for sustainable catalysis,
with growing relevance in fine chemical synthesis, waste remediation, and bio-based
synthetic platforms.

Keywords: biocatalysis; nitrilase; nitrile hydratase; catalysis; cyano groups; enzymes;
chemocatalysis; cascades

1. Introduction
Cyano- or nitrile (–C≡N)-containing molecules are widely distributed in nature,

present as inorganic cyanides and organic carbonitriles [1]. They originate primarily
from microbial and plant biosynthetic pathways, as well as from anthropogenic chemicals.
Many abiotic processes, such as combustion and volcanic emissions, could also indirectly
lead to the formation of nitrile-containing molecules [2]. The nitrile group is highly ver-
satile, contributing to an enhanced binding affinity, metabolic stability, and favourable
pharmacokinetic properties, which have inspired its strategic incorporation into a broad
range of pharmaceuticals and agrochemicals [3–5]. The presence of nitrile functionalities
in polymers confers an improved thermal stability, chemical resistance, and mechanical
strength. Additionally, the nitrile group serves as a reactive handle for the post-synthetic
modifications of many intermediates, facilitating the design of novel macromolecules with
tailored properties and expanded application potentials [6].

Despite their utility, nitrile-containing compounds pose high levels of environmental
and health concerns [7,8]. Organic carbonitriles and nitrile-based polymers are known for
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their persistence in the environment due to their resistance to degradation, contributing
to long-term environmental pollution. The release of cyanide derivatives and hydrogen
cyanide from these materials can cause significant health risks, underscoring the need for
the sustainable design of nitrile-based materials and the development of enzyme-based
efficient biodegradation and bioremediation methods.

Conversely, the biological efficacy of nitrile bioactive molecules used in pharma and
agrochemical applications is often linked to the presence of a specific stereoisomer, and the
biological activity varies significantly among stereoisomers [5,9]. The selective isolation
of the active form is essential for optimising therapeutic and agricultural outcomes. Thus,
nitrile-converting enzymes—comprising nitrilases, nitrile hydratases (NHase), cyanide
dihydratases and cyanide hydratases—hold great promise not only for environmentally
sustainable waste reduction, but also for the product refinement and resolution of the
most biologically active isomers. Consequently, nitrile-converting enzymes have gathered
significant attention in recent years due to their potential to replace the harsh chemical
processes traditionally used in nitrile hydrolysis [10–12].

There are several review articles and studies published in the last few decades focus-
ing on various aspects of nitrile-converting enzymes, including their classification [13,14],
mechanisms [15,16], catalytic properties, biotechnological applications [17,18] and advan-
tages [19–21]. In this review, our aim is to summarise the advances in nitrile-converting
enzyme catalysis in reference to industrial applications and fine chemical synthesis. Draw-
ing upon the relevant literature, this review will discuss the strategies for addressing the
inherent limitations of two nitrile-converting enzymes—nitrilases and NHases. More em-
phasis is placed on their identification, screening and enhancement of catalytic performance
and stability via protein engineering, along with a summary of progress to date, current
developments and future perspectives.

2. Nitrilases and NHases
Nitrilase and NHase are two downstream enzyme groups that act on nitrile molecules

produced via the aldoxime–nitrile catabolic pathway (Figure 1). Aldoximes, which are
derived from amino acids, serve as biochemical precursors for different biomolecules,
such as cyanogenic glucosides and glucosinolates, which are important in plant defence
mechanisms. Aldoxime dehydratases mediate the conversion of aldoximes to nitriles in the
aldoxime–nitrile catabolic pathway. Microorganisms, notably certain bacterial and fungal
taxa involved in plant ecological networks or mutualisms, utilise nitriles as substrates for
carbon and nitrogen assimilation. The metabolic degradation of nitriles to carboxylic acids
in these organisms proceeds via two enzymatic routes: (1) direct hydrolysis catalysed by
nitrilases and (2) a sequential pathway employing NHases and amidases (Figure 1).
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Figure 1. Aldoxime–nitrile pathway in microbes and plants, and the downstream metabolism of
nitriles. Nitrilase directly hydrolyses nitriles produced in this pathway to carboxylic acids and
ammonia. NHase catalyses the hydration of nitriles to amides, which are subsequently converted to
carboxylic acids and ammonia by an amidase enzyme.

3. Nitrilases and Controlled Nitrile Hydrolysis via the Catalytic Triad
The nitrilase superfamily comprises various structurally related enzymes that catalyse

diverse hydrolytic and condensation reactions on nitriles, as well as the detoxification of
hydrogen cyanide. While early annotations grouped several enzymes including amidases
under the nitrilase superfamily label, the contemporary evidence indicates that bona fide
nitrilase activity is confined only to a branch of enzymes that act on organic cyanides
and HCN [13,19]. The earlier classification groups may have originated because nitrilase-
related domains are also present in other enzymes involved in cellular signalling and
ammonia utilisation pathways, reflecting their divergent catalytic adaptations. In this
review, nitrilase enzymes that hydrolyse non-peptide –C≡N bonds to form carboxylic acids
are only considered for further discussion.

The nitrilase enzymes typically feature a conserved Glu-Lys-Cys catalytic triad and
adopt a characteristic four-layered α-β-β-α sandwich fold (Figure 2A,B). The residues
present in the α-β-β-α fold often play a role in protein interactions by forming dimers,
which in turn assemble into larger oligomeric structures (Figure 2C) [22,23]. Cyanide-
converting enzymes such as cyanide dihydratase and cyanide hydratase, detoxify HCN
into formate and formamide, respectively, also belonging to the nitrilase superfamily as
well. They share a conserved Glu–Lys–Cys catalytic triad, along with additional conserved
flanking residues that support their classification as specialised nitrilase variants acting
on free cyanide [18]. Nitrilases uniquely catalyse the direct hydrolysis of nitriles, with-
out producing intermediate amides, via a covalent thiol-mediated catalysis. However,
the promiscuous amide formation activity was also reported in nitrilases towards ben-
zylic nitriles and other aromatic nitriles substituted with electron-withdrawing groups
(Figure 2D) [24,25]. This moonlighting activity was further improved by the site-directed
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mutagenesis of non-polar amino acid residues that stabilise the native tetrahedral inter-
mediate during catalysis [24,26]. The native nitrilase reaction mechanism, which involves
sequential water additions and the formation of distinct geometric intermediates, sets them
apart from other family enzymes that lack such a conformational flexibility in catalysis.
Mechanistically, most nitrilases, except cyanide hydratases, exhibit a preference for steri-
cally demanding cyano-group-containing substrates, suggesting that geometric distortion
facilitates the thioimidation of the nitrile substrate [27]. Cyanide hydratase is a mechanis-
tically distinct outlier here, and, by catalysing the reaction with a single hydration event,
it bypasses the conventional hydrolytic pathway leading to carboxylic acid formation in
nitrilases, requiring less substrate-specific adaptations [28].

Figure 2. (A) The crystal structure of nitrilase from Synechocystis sp. PCC6803 (Pdb 3WUY). The
catalytic triad (Glu-Lys-Cys) in the active site is shown as red sticks. Individual monomers are
represented in green and blue cartoons. (B) The active site and catalytic triad. (C) Cryo-EM structure
of an active helical nitrilase, the engineered nitrilase 4 from Arabidopsis thaliana (EMD-0320), showing
higher order helical twist complex. (D) The proposed reaction mechanisms for the nitrilase-catalysed
reaction. The native reaction pathway to the formation of carboxylic acid and the mechanism for
moonlighting reaction that forms amide products are also shown.
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4. NHases and Metal-Catalysed Nitrile Hydrolysis
NHases are a widely distributed class of metalloenzymes, identified from both prokary-

otic and eukaryotic organisms in nature. NHases are composed of α- and β-subunits, with
a conserved VC(T/S)LCSC(Y/T) motif in the α-subunit serving as a metal-binding cat-
alytic domain, and are classified as Fe- or Co-dependent based on their active-site metal
ions (Figure 3A). Though the majority of known NHases coordinate with either low-spin
trivalent Fe or Co metal ions in the active site, NHase variants bound with Mn2+, Ni2+

or multi-metal centres (such as Co, Cu, Zn) were also reported [29,30]. The specific role
and involvement of metal-specific activators, subunit dynamics and metallochaperones
were proposed for the metallocentre assembly and activation of NHases. A major differ-
ence between Fe-NHase and other metal NHase is photo regulation—a well-characterised
phenomenon present in Fe-NHases by which the enzyme could toggle between active
and inactive states via the light-induced displacement of a nitric oxide (NO) from the iron
centre [31–34].

Despite the high sequence similarity between Fe-type and Co-type NHases, experi-
mental evidence suggests their distinct assembly mechanisms guided by metal selectivity
and separate activator proteins. Beyond metal incorporation, the activator’s role is also im-
plicated in catalytic cysteine oxidation and in the formation of post-translational modified
sulfonate—a prerequisite for metal binding and enzyme activity (Figure 3B,C). Around six
different types of NHase gene organisations are currently reported, with a different gene
order for α, β and activator (or γ) subunits. These include NHases lacking an activator unit,
which consist of either a fused α and β unit or a solo α unit that retains activity [14,35–37].
The fused α and β unit NHase from the eukaryotic organism Monosiga brevicollis exhibits
a unique architecture, indicating an unconventional maturation pathway which differs
from all canonical bacterial NHases, possibly acquired via horizontal gene transfer. In this
fused β-α NHase, the β unit is fused into a single polypeptide chain with the α-subunit via
a histidine-rich linker—typically denoted as a His17 region. Notably, the histidine linker
region was found to play no active role in NHase metal ion incorporation [36]. This subunit
fusion strategy was also explored to improve the catalytic activity in normal NHases that
lack a His17 region [38].

Regardless of extensive investigations, the catalytic mechanism of NHases remains
highly debated, with competing distinct catalytic models supported by spectroscopic,
structural, site-directed mutational and quantum mechanical studies. Central to all these
mechanisms is the redox-active metal centre in a low-spin state, coordinated by highly
conserved cysteine residues—often oxidised to sulfenic or sulfinic acid—which mediate
substrate activation and catalysis. The inner-sphere mechanism proposes that the nitrile
substrate binds directly to the active site metal ion, which is often coordinated by a unique
ligand environment, including oxidised cysteine residues, through its cyano group [39,40].
This facilitates the polarisation and activation of the nitrile carbon, promoting a subsequent
nucleophilic attack by a water-derived species. The outer-sphere mechanism—one of the
widely accepted models—proposes the indirect substrate activation. In this model, the
metal ion activates water molecules or hydroxide ions bound within its coordination sphere,
which then attack the nitrile carbon from the periphery, without direct substrate–metal
binding, as proposed in the inner-sphere mechanism (Figure 3D) [41,42]. An alternative
mechanism for NHase is the formation of a cyclic intermediate via the direct attack of an
activated sulfenate or post-translationally sulfonated cysteine residue acting as a nucle-
ophile. This mechanism is currently well recognised, with further validations and evidence
collected via computational and mechanistic studies [40,43–45]. This direct attack leads to
either the formation of a disulfide intermediate or a water-mediated conversion to imidic
acid (Figure 3E). The isotopic oxygen exchange, time-resolved crystallography and FTIR
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studies also supported mechanisms that involve a post-translationally modified sulfenato
group in the catalysis [46,47]. This nucleophile could activate a water molecule, which in
turn transiently retains a labelled oxygen through the catalytic cycle within the protein, as
observed during the isotopic exchange analysis using native high-resolution protein mass
spectrometry [43].

The cyclic intermediate model is reinforced by high-resolution structures of NHase
active sites showing sulfenated cysteines adjacent to the metal centre, further supporting it
as the most chemically and structurally plausible pathway for NHase catalysis. In contrast,
the inner-sphere mechanism, which posits the direct coordination of the nitrile to the metal
ion, lacks structural evidence for stable substrate–metal complexes and fails to explain
activity retention in the mutants of metal-binding residues [40]. Similarly, the outer-sphere
activation model is undermined by the absence of a suitably positioned water molecule in
crystal structures and by inconsistent kinetic data which does not support a water-mediated
attack [46,47]. Together, these mechanisms elucidate a highly coordinated catalytic frame-
work in NHases, wherein metal ion coordination, site-specific post-translational modi-
fications and strategically positioned amino acid residues collectively govern substrate
activation and product formation. This convergence of structural and chemical features con-
fers exceptional specificity, turnover efficiency and mechanistic adaptability to the NHase
active site, enabling the precise metal-assisted hydrolysis of diverse nitrile substrates under
mild conditions.
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Figure 3. (A) Highly conserved metal binding VC(T/S)LCSC(Y/T) motif present in Fe- and Co-NHase
enzymes. (B) The overlaid crystal structures for Co- and Fe-NHase enzymes. α and β subunits are
shown in blue and green colour shades. The metal cofactor is shown as a small sphere, whereas the
corresponding residues that interact with the metal ion are shown as sticks. (C) Metal coordination
in the active site of Co-NHases. Crystal structure of Co-NHase from Pseudomonas thermophila (Pdb
8I6N) and Fe-NHase from Comamonas testosterone (Pdb 4FM4) were used as the structure template
for the images. (D,E) show the proposed outer-sphere and cyclic intermediate reaction mechanisms,
respectively, for NHase reaction [16,44,48].
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5. Metagenomics and Identification of Nitrilases and NHases
The scientific exploration of nitrile-hydrolysing enzymes began in the early 1960s,

driven by various studies on the formation and transport of the plant hormone auxin, as
well as the identification of other microbial and plant-based associated pathways [49]. The
capability of certain plant-associated fungi to hydrolyse 3-indoleacetonitrile was initially
reported, followed later by the partial purification of nitrilase enzymes from Pseudomonas
species and barley leaves [49,50]. The genus Rhodococcus subsequently emerged as a prolific
source of nitrilases with broad substrate specificity, including those that exhibit activity
toward aromatic and aliphatic nitriles [51]. The first NHase was also identified from
Rhodococcus, followed by an industrial-scale production of acrylamide in 1996 [52,53]. Re-
cent advances in metagenomics and computational database mining have revolutionised
the discovery and functional annotation of nitrile-converting enzymes. These approaches al-
low the identification of novel nitrilases and NHases from environmental and genomic data
without the need of traditional culture-based methods that were often used a decade ago.

Previously, 137 distinct nitrilase enzymes were identified using microbial culture-
independent metagenomic approaches. This was achieved via the high-throughput screen-
ing and functional assays of selected enzymes of over 600 biotope-specific environmental
DNA libraries [54]. This pioneering work has spurred further exploration into various
untapped ecological niches, resulting in the isolation of nitrilases from diverse micro-
bial communities with enhanced properties and substrate scopes [55–59]. The isolation
of specific nitrilase types from environmental samples was also made possible by de-
signing Polymerase chain reaction (PCR) primers for different nitrilase clades. These
approaches soon became highly relevant for expanding the enantioselective profiles of
nitrile-converting enzymes, which are often determined by their sequence patterns and
identity with a particular nitrilase clade [60]. Additionally, linking nitrilase gene BLAST
searches with the specific gene operons and neighbouring genes present in diverse nitrilase
biosynthetic clusters has proven advantageous for identifying novel nitrilases, such as ary-
lacetonitrilases and nitrilases, with a high specificity for dinitriles [61,62]. The data mining
approaches for nitrilases often rely on the identification of conserved Glu-Lys-Glu-Cys
motifs and other conserved structural regions, including α-β-β-α sandwich motifs [63].

Similarly to nitrilases, the early screenings for NHase gene identification from environ-
mental samples were heavily based on NHase-specific PCR primers for gene amplification.
Further advancement has also led to the use of primer pairs that can distinguish between
cobalt and iron NHase genes [64]. The bioinformatics-based identification of NHase en-
zymes from genome deposits relies on the presence of NHases operons, which are typically
encoded by genes for α- and β-subunits, along with an activator. The motif search algo-
rithms were employed to identify the characteristic Cys–Ser–Cys triad and metal-binding
residues—often featuring post-translationally oxidised cysteines [65,66]. Increasingly, the
proteomic, functional and transcriptomic profiling of microbial consortia exposed to nitrile
pollutants has revealed inducible NHase expression and regulatory pathways, opening
new avenues for various synthetic biology applications [67–69].

Recent advancements in metagenomic data mining using computational and AI-based
tools have markedly improved the ability to identify novel nitrile-converting enzymes
from environmental samples [70–72]. In a recent study, metagenomic datasets derived
from coal-rich environments were processed using MEGA-HIT and SqueezeMeta, enabling
the efficient annotation of microbial genomes. The structure prediction via AlphaFold2
and molecular docking analysis led to the identification of a previously uncharacterised
Alphaproteobacteria nitrilase that exhibits a high affinity toward environmental nitriles [71].
Complementarily, functional metagenomic screening of the same ecosystem also revealed
different nitrile-hydrolysing enzymes, including putative NHases. This workflow inte-
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grated InterProScan-based motif identification, NetSurfP secondary structure prediction,
and CASTp active site mapping to prioritise enzyme candidates for further biophysical
studies. Collectively, these studies exemplify how advanced and predictive metagenomic
mining strategies, when combined with computational modelling, could facilitate the
accelerated discovery of robust nitrile-converting biocatalysts.

6. Screening and Assay Development for Nitrilases and NHases
Screening assays for nitrilase and NHase activity span from basic cell-based selec-

tion assays to more complex enzymatic coupled assays with purified nitrilases or NHase
enzymes, as well as high-performance liquid chromatography (HPLC) and nuclear mag-
netic resonance (NMR)-based assays [73,74]. Over the past five decades, numerous high-
throughput screening strategies have been developed to facilitate the identification of nitrile-
hydrolysing enzymes from microbial and engineered libraries. The early developed colori-
metric techniques—which are efficient in ammonia detection via various mechanisms—are
still in use. For NHases, coupled amidase enzymatic assays were reported which indirectly
quantify the hydratase activity from the amount of ammonia liberated via amide hydroly-
sis [75]. Alternatively, the amide products could also be detected via initially converting
them into hydroxyamic acid through a reaction with hydroxyl amine. An amidase enzyme
able to catalyse the acyl transfer from a variety of amides onto hydroxylamine—such as
Rhodococcus erythropolis amidases—could complement this reaction in a bienzymatic assay
route [76].

The well-established ammonia detection assays for nitrile-converting enzymes include
the use of pH indicators like phenol red that detect pH changes associated with ammonia
release; Nessler’s reagent assays that exploit the reaction of potassium mercury (II) iodide
with ammonia; and the Berthelot (or indophenol) reaction in which ammonia reacts with
hypochlorite to form a monochloramine [77–79]. For nitrile substrates that strongly absorb
at the far UV region, such as acrylamide and aromatic nitriles, spectroscopic measure-
ments were reported [77,80,81]. An alternative approach with a glutamate dehydrogenase
(GDH) enzyme was also reported by spectrophotometrically monitoring the formation
of nicotinamide adenine dinucleotide (NADH). In this method, the biproduct ammonia
will react with α-ketoglutarate in the presence of a GDH enzyme [82]. While sensitive,
these methods often suffer from buffer instability and a limited compatibility with complex
biological matrices.

Metal ion-based colorimetric assays, such as the complexation of ammonia with ex-
ternally introduced CoCl2, also showed limitations due to poor sensitivity, with a <5 mM
detection threshold and interference from proteinaceous media [83]. An alternative ferric
hydroxamate-based spectrophotometric assay was reported for high-throughput read-
outs [84]. In this method, carboxylic acids formed via the enzymatic hydrolysis of nitriles
are first converted to hydroxamic acids through a coupling reaction with hydroxylamine
perchlorate and dicyclohexylcarbodiimide, which activates the acid group. The hydroxamic
acids then react with acidic ferric perchlorate to form a purple ferric hydroxamate complex,
allowing for a quantification via absorbance measurements [84].

More refined approaches, such as using time-resolved luminescence and fluorescent
probes, though offering an improved sensitivity by minimising background noise, are re-
stricted to a narrow range of substrates, specifically o-hydroxy-benzonitrile derivatives [74].
In one of these developed assays, o-hydroxy-benzonitrile derivates were converted into
salicylic acid derivatives by the nitrilase reaction, which in turn bind with metal ions
(e.g., Tb3+), producing characteristic fluorescence emission spectra via metal chelation
with the acid products. Another reported fluorescence-based approach utilised a modified
Roth’s fluorimetric method, in which ammonia derivatisation with o-phthaldialdehyde/N-
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acetylcysteine (OPA/NAC) was performed to create isoinoldoles that are detectable and
quantifiable under specific fluorescence measurement conditions [27,85,86]. A milder ver-
sion of this assay was also reported for the activity screening of nitrilases from Rhodococcus
rhodochrous species. In this method, the ammonia liberated was allowed to react with
o-phthaldialdehyde and 2-mercaptoethanol to form a fluorochrome [87].

Though mass spectrometry-based assays, such as MALDI-TOF MS and nano-DESI,
have revolutionised metabolite profiling directly from microbial colonies, they remain
underutilised for nitrile-converting enzymes due to the nature of their reaction prod-
ucts [88,89]. Amides and carboxylic acids lack distinctive fragmentation patterns or ion-
isation efficiency under conventional mass spectrometry (MS) settings, due to their low
volatility. Additionally, nitrile conversion often occurs intracellularly or in complex media,
complicating the direct MS analysis from colonies. However, some of the emerging and
above-mentioned strategies could bridge this gap: for example, coupling MS imaging with
derivatisation protocols (e.g., hydroxamate tagging), integrating NHase activity screens
with metabolomic fingerprinting or employing ambient ionisation techniques such as
DESI-MS combined with functional assays. Beyond MS, other scalable platforms—such
as colorimetric ferric hydroxamate assays, time-resolved fluorescence probes and pH-
shift indicators—could also offer advantages for the high-throughput screening of nitrile-
converting enzymes in diverse biological matrices, especially when adapted for microfluidic
or droplet-based formats.

7. Industrial Substrate Scope and Current Limitations
The acrylonitrile hydrolysis of nitrile-converting enzymes is amongst the earliest

examples of a well-established and economically leveraged enzyme-mediated process.
Acrylamide is a key monomer ingredient in the synthesis of various industrially useful
polymers, including polyacrylamide and its copolymers, which are used across industrial
sectors. Polyacrylamide polymers exhibit a broad acceptance for different applications
across various sectors: from enhanced oil recovery to the production of textile fibres, paints,
adhesives and cosmetics. Whole-cell NHase biocatalysis conversions using Rhodococcus
rhodochrous, Nocardia spp. and Pseudonocardia thermophila were reported for their industrial
adaptability to produce acrylamide [90–92]. The strains that are capable of producing
acrylic acid via nitrilase activity were also identified and exploited widely for industrial
applications, including the surface modification of acrylic fibres, and for extensive use
in polyacrylamide copolymer synthesis [93–96]. Their isolation and identification were
often guided by the bioremediation potential of the isolated microbial strains’ ability to
grow in nitrile- and petroleum-contaminated sludge environments [96]. The industrial
deployment of nitrilases and NHases has demonstrated remarkable titres and conver-
sions, yielding above 400 g/L acrylamide and acrylic acid; and, in most cases, a near
completion was reported under batch or fermenter reaction set-ups [91,97]. The advent
of metabolic engineering and CRISPR/Cas9-based genome editing tools for various bac-
terial species, also reflected in the bio-acrylamide research, has contributed to improving
product titres [98]. Researchers have further developed Rhodococcus strains as biocatalysts
for producing acrylic acid and diverse acrylic monomers using adaptive laboratory evo-
lution and engineering amide metabolism [99]. Recently, a CRISPR/Cas9-mediated gene
knockout was performed on the carotenoid biosynthetic gene cluster to address the low
purification yields of acrylamide from reaction cultures due to the high inherent pigment
contaminations in Rhodococcus ruber species [100].

Nitrile-converting enzymes are also widely used for the synthesis of nicotinic acid,
nicotinamide and their derivatives, which are key precursors in pharmaceutical interme-
diates, and specifically for the synthesis vitamin B3 active forms. NHases such as variant
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NHT-120, with an engineered lower level of cyanopyridine inhibition, exhibited higher
catalytic activities for the biotransformation of cyanopyridine [101]. A genetically modified
Rhodococcus rhodochrous strain was reported to yield complete NHase substrate conversion
for cyanopyridine, with titres exceeding 850 g/L under optimised fermentation condi-
tions [101]. Although the biocatalytic conversion of 4-cyanopyridine to isonicotinic acid
using nitrilases has been less extensively studied, certain strains of Pseudomonas putida
and Nocardia globerula have shown significant levels of performance, with titres exceed-
ing 120 g/L [102,103]. The substrate and product inhibition during NHase and nitrilase
scale-up reactions were evident, particularly during prolonged fermentation in fed-batch
operations. Enzyme cascade reactions for 3-cyanopyridine bioconversion were devel-
oped using NHase–amidase coupled reactions to circumvent these issues in large-scale
bioreactors [104].

The NHase-based conversion of adiponitrile to 5-cyanovaleramide—a key interme-
diate to produce nylon 6, azafenidin and caprolactam—is a biocatalytic alternative to the
traditional high-pressure, high-temperature, chemical-based manufacturing route. Whole-
cell catalysts of Pseudomonas and Rhodococcus ruber and Rhodococcus erythropolis strains were
excellent for this reaction, yielding a complete conversion under optimised conditions,
with minimal traces of unwanted side products such as adipamide [105,106]. This indicates
that NHase is a promising catalyst for the creation of different regioselective pathways for
single-nitrile hydrolysed products.

(R)-Mandelic acid and (R)-Mandelamide are chiral pharmaceutical intermediates for
various pharmaceutically important molecules—such as cefamandole, clopidogrel, cyclan-
delate, dexmethylphenidate and pemoline—and are also widely used in textile dyeing
processes. Whole-cell and recombinant Alcaligenes nitrilases have demonstrated excellent
mandelonitrile conversion rates. In certain cases, to address product inhibition and low
reusability, the recombinant strain was immobilised with tris(hydroxymethyl)phosphine or
by glutaraldehyde cross-linking [107]. Purified NHase from Rhodococcus rhodochrous, which
was crossed linked in a poly(vinyl alcohol)/chitosan-glutaraldehyde matrix, displayed a
near completion with over 81% enantiomeric excess [108].

Nitrile-converting enzymes have also demonstrated significant potential in indus-
trial and environmental waste remediation. For instance, Rhodococcus rhodochrous J1 has
been employed to degrade toxic nitrile herbicides such as dichlobenil and bromoxynil,
converting them into less harmful amide or acid derivatives suitable for further microbial
breakdown [109]. Similarly, NHases from Microbacterium imperiale and Pseudonocardia ther-
mophila have been used to detoxify acrylonitrile and cyanopyridines containing industrial
effluents, which are common by-products in polymer and pharmaceutical manufactur-
ing [110–112]. Another example is the nitrilases from Rhodococcus erythropolis, which were
employed to hydrolyse benzonitrile and acetonitrile in petrochemical wastewater, reducing
the chemical oxygen demand and toxicity levels [113].

Though nitrile-converting enzymes are capable of the industrial production of
the above-mentioned chemicals and various other small-molecule structural analogues
(Table 1), their wider industrial adaptability is often hindered by a limited substrate scope,
their poor stability to withstand organic solvent and reaction conditions, product inhibition
and the slow progress in protein engineering approaches to improve activity and stere-
oselectivity for the synthesis of fine chemicals. The poor substrate scope of NHases and
nitrilases is often linked to their intrinsic structural and mechanistic constraints. The en-
zyme’s active site is typically optimised for small, linear or mildly branched nitriles, limiting
their ability to accommodate bulky, rigid or highly functionalised substrates. This speci-
ficity arises from the geometry of the substrate-binding pocket and access tunnel, which
restricts the entry and proper orientation of diverse nitrile compounds. Additionally, the
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catalytic mechanism—relying on a conserved cysteine residue in nitrilases for nucleophilic
attack or post-translationally modified cysteine in NHases for metal binding—could be
sensitive to steric hindrance and electronic effects, further narrowing the range of compati-
ble substrates. Another contributing factor is the evolutionary origin of most characterised
nitrilases, which are derived from soil bacteria, fungi and plants adapted to metabolise
naturally occurring nitriles [114]. As a result, these enzymes have not evolved to process
synthetic or structurally complex industrial nitriles.

Table 1. Selected examples showing the recent progresses reported in NHase- and nitrilase-
catalysed reactions.

(A) NHase-Catalysed Reactions

Origin/ Engineering
strategy Substrates Purpose Conversion

rate Main product References

NHase from Rhodococcus sp.
(integrated cascade with

amidase, NHase, nitrilase,
amide bond synthetase,
decarboxylase, metal/

photocatalysts)

Aromatic nitriles Regioselectivity and
stereoselectivity >90% Enantioenriched

amides Torri et al., 2025 [115]

NHase βM40A mutant
(substrate channel

engineered for selective
monocyanamide synthesis)

Malononitrile
Regioselectivity

(monocyanamide
enrichment)

~92% Cyanoacetamide Wang et al., 2025
[116]

Tunnel engineered NHase
from Carbonactinospora

thermoautotrophicus
4-cyanopyridine Product yield 100% Isonicotinamide Guo et al., 2023 [117]

NHase variant with tunnel
mutations

Phenylacet onitrile/
benzonitriles Product yield 85–95% Corresponding

amides Ma et al., 2022 [118]

Rhodococcus erythropolis
CCM2595 Adiponitrile Product yield >95% 5-cyanovaleramide Wang et al., 2020

[106]

Rhodococcus rhodochrous J1

Adiponitrile,
malononitrile,

terephthalonitrile,
phthalonitrile

Product yield >98%

Adipamide
Malonamide

Terephthalamide
Phthalamide

Cheng et al., 2018
[119,120]

Pseudomonas putida
NRRL-18668

Adiponitrile/
Malononitrile Product yield >99% 5-cyanovaleramide/

Cyanoacetamide
Cheng et al., 2018

[121]

βL37 mutants of
Pseudomonas putida
NRRL-18668 and C.

testosteroni

Adiponitrile/
Malononitrile
α,ω-dinitriles

Product yield/
Diamide synthesis >98%

Adipoamide/
Malonamide
α,ω-diamides

Cheng et al., 2016
[121]

Rhodococcus aetherivorans
ZJB1208

1-cyanocycloh
exaneacetonitrile

Regioselectivity/
Product yield 100% 1-cyanocyclohex

aneacetamide
Zheng et al., 2016

[122]

Rhodococcus ruber
CGMCC3090 Adiponitrile Product yield 100% 5-cyanov aleramide Shen et al., 2012 [105]

Rhodopseudomonas palustris
HaA2

2-phenylpr
opionitrile/
2-phenylb

utyronitrile

Stereoselectivity —

(S)-2-phenylpro
pionamide/
(S)-2-phenyl
butyramide

van Pelt et al., 2011
[123,124]

Rhodococcus rhodochrous
DSM43269

2-phenylp
ropionitrile Stereoselectivity E-value >100 (S)-2-phenylp

ropionamide
van Pelt et al., 2011

[123,124]
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Table 1. Cont.

(B) Nitrilase-Catalysed Reactions

Origin/Engineering
strategy Substrate Regio-

/stereoselectivity Conversion rate Main product References

Engineered nitrilase
with photoredox

catalysts (integrated
reaction)

Aromatic nitriles Regioselectivity ~80% Fluorinated acids Angiolini et al., 2025
[125]

Substrate channel
engineered mutants of

PpNit nitrilase gene from
Pseudomonas putida

3-chloropro
pionitrile and

various aliphatic
nitriles

Product yield ~100%
Corresponding

aliphatic carboxylic
acids

Bian et al., 2025 [126]

Nit6803 nitrilase
homologue from

Pseudomonas fluorescens
NCIMB 11764

Succinonitrile/
fumaronitrile/
Sebaconitrile

Dicarboxylic acid
synthesis ~90–20% Dicarboxylic acids Jones et al., 2021 [127]

Variovorax
boronicumulans J1

nitrilase
(arylacetonitrilase Nit09)

Phenylace tonitrile Product yield ~90% Phenylacetic acid Egelkamp et al. 2020
[82]

Alcaligenes faecalis MTCC
12629

4-hydroxyphe
nylacetonitrile Product yield 90% 4-hydroxyph

enylacetic acid
Thakur et al., 2018

[128]

Recombinant E. coli
JM109 cells harbouring

nitrilase gene from
Alcaligenes faecalis MTCC

126

3-cyanopyridine Product yield 98% Nicotinic acid Pai et al. 2014 [129]

Pseudomonas sp Strain
UW4 Indole-3-acetonitrile Product yield — Indole-3-acetic acid Duca et al., 2014 [130]

Nocardia globerula NHB-2 4-cyanopyridine
Aliphatic nitriles Product yield 100% Isonicotinic acid

Corresponding acids
Sharma et al., 2012

[103]

Pseudomonas fluorescens
DSM 50106 Mandelonitrile Stereoselectivity 95% (R)-Mandelic acid Layh et al., 1998 [131]

Rhodococcus rhodochrous
ATCC BAA-870

2-phenylp
ropionitrile Stereoselectivity E-value >100 (S)-2-phenylpr

opionic acid
Gilligan et al., 1993

[132]

8. Improving the Efficiency of Nitrile-Converting Enzyme for Industrial
Applications and Future Perspectives

Attempts to broaden the substrate scope of nitrile-converting enzymes through protein
engineering have met with limited success, as mutations in the active site or tunnel regions
often compromise enzyme stability or activity. Moreover, the high-throughput screen-
ing of nitrilase libraries remains labour-intensive and technically challenging, slowing
the discovery of broadly active variants [27,133]. Despite all of these limitations, many
successful outcomes were reported in addressing such issues [25,119,134]. Engineering
the substrate channel of nitrilase enzymes has emerged as a common theme to expand
substrate specificity and enhance catalytic efficiency. The residues around substrate chan-
nels in nitrilases and NHases were modified via site-specific, rational and semi-rational
approaches (Figure 4A–D). A recent study utilised an active binding pocket remodelling
strategy to identify the key residues in the substrate binding pocket of nitrilases; generating
mutants such as V198L/W170G showed up to 26-fold activity toward aromatic nitriles [135].
These mutations introduced favourable π-alkyl interactions and expanded the substrate
cavity volume from 225.66 Å3 to 307.58 Å3, facilitating a better substrate access. Similarly,
by targeting residues such as W166G and F202L in the pocket, activity toward aliphatic
nitriles was significantly improved [126]. Targeting key distal residues via site-directed
saturation mutagenesis and combinatorial methods also displayed promising results in
improving the catalytic activity of nitrilases [134]. Following a similar rational mutation
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strategy for NHase resulted in variants with expanded channel geometry activity toward
aromatic and branched substrates [118]. Structural analysis revealed that these mutations
facilitated substrate access by enlarging the tunnel and introducing favourable dynamic
movements around the active site. Similarly, semi-rational engineering of the substrate
channel of NHase was used as a strategy for the selective synthesis of cyanoacetamide [116].
The βM40A mutant thus created exhibited an improved regioselectivity by narrowing the
channel and increasing the metal ion–substrate distance, thereby reducing unwanted side
reactions [126]. These findings underscore the importance of tunnel flexibility and residue
polarity in modulating substrate preferences.

Figure 4. (A) The entrance to substrate binding channels in NHase enzymes. (B) The amino acid
residues present at the entrance of substrate binding channel are shown as red sticks. Crystal structure
of Fe-NHase from Rhodococcus sp. R312 (Pdb 1AHJ) was used as a structure template for the images A
and B. (C) The entrance to substrate binding channel in nitrilase enzymes (in dimeric form). (D) The
amino acid residues present at the entrance of the substrate binding channel and around catalytic
triads are shown as red sticks. Crystal structure of nitrilase from Synechocystis sp. PCC6803 (Pdb
3WUY) was used as a structure template for the images (C,D).
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Integrating computational and AI-assisted structural prediction and enzyme en-
gineering tools have significantly accelerated the rational design of nitrile-converting
biocatalysts [136]. One notable example is the development of the ASSMD (Ancestral
Sequence–Structure–Molecular Dynamics) strategy, which enabled the reconstruction and
engineering of an extreme thermophilic ancestral nitrilase which is active at 100 ◦C [137].
The mutant ASR135-M4 exhibited an enhanced thermostability and catalytic activity, further
verified by molecular dynamics simulations and structural rigidity analysis. Complement-
ing ancestral reconstruction, a semi-rational design workflow combining substrate channel
modelling and molecular docking to redesign nitrilases led to the improved activity toward
aliphatic nitriles [126]. In another study, virtual screening, AI-assisted residue selection
and targeted mutagenesis were employed to enhance the biosynthesis of 4-cyanobenzoic
acid from terephthalonitrile using a nitrilase from Acidovorax facilis. A triple mutant,
F168V/T201N/S192F, thus identified exhibited a higher activity and better conversion at
high substrate loading, further validating the predictive power of computational design
for industrial scale biocatalysis [138]. The computational docking and molecular dynamics
simulations were also used to redesign NHases. By incorporating ten non-catalytic residue
substitutions in NHase from Pseudonocardia thermophila JCM3095 through this approach, a
mutant M10 was generated with an improved thermostability and activity [139]. A recent
study reported advanced NHase design strategies by modelling coevolutionary residue
networks and post-translational modifications. This approach could reveal stabilising
interactions in protein structure that are essential for catalytic resilience and robustness
under industrial conditions [140].

The limited thermal stability of the nitrile-converting enzyme often restricts its indus-
trial applications. For example, the activity of many industrially used NHases drastically
reduces above 20◦C, necessitating energy-intensive cooling systems for reactions [94,130].
The stabilisation of inter-subunit salt bridges present in thermophilic NHases inspired
efforts to incorporate such salt bridges into the Rhodococcus ruber NHase sequence via
mutagenesis, which significantly improved its thermostability and structural rigidity [141].
Several other innovative strategies are as follows: designing chimeric NHases via the
fragment swapping of NHase thermolabile regions with thermostable fragments [141];
designing fusion NHases with amphipathic self-assembling peptides—EAK16 and ELK16
— to promote inclusion body formation [142]; and creating a single-chain fusion construct
with fused α and β subunits of NHases [143–145]. These approaches collectively offer
different scalable solutions for stabilising NHases under industrial conditions. While most
native nitrilases operate optimally at moderate temperatures, recent discoveries from ex-
tremophiles have revealed several variants with remarkable heat tolerance. For instance,
a nitrilase from Pyrococcus abyssi retained activity after 6 h at 90◦C, demonstrating its
potential for high-temperature bioprocessing [58]. Similarly, a nitrilase isolated from the
Atlantis II brine pool in the Red Sea exhibited a robust activity at 68◦C and resistance to
heavy metals [56]. The immobilisation of nitrile active enzymes—either as whole cells
or as purified enzymes from native host or recombinant sources—has also emerged as
a key strategy to enhance the operational stability, reusability and substrate versatility
of biocatalytic systems. The encapsulation of Pseudonocardia thermophila NHase in silica-
derived sol–gel matrices, immobilisation of Geobacillus pallidus NHase in different support
materials and NHase ES-NHT-118 immobilisation in biological metal–organic frameworks
were the noteworthy examples of this [123,146,147]. In addition, various conventional ap-
proaches, such as immobilisation using sodium alginate beads and preparing crosslinking
enzyme aggregates (CLEA) of nitrile-converting enzymes, were also reported over the
years [148,149].
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Regio- and stereoselectivity are the defining features for industrial enzymatic bio-
transformation reactions, particularly for synthesising chiral amides and carboxylic acids,
which act as chiral auxiliaries for asymmetric synthesis. NHases have shown promising
regioselective behaviour towards the hydrolysis of the aliphatic or aromatic dinitriles,
a selectivity not reported with traditional organocatalysis [122]. NHases isolated from
several Rhodococcus and Pseudomonas species showed enantioselectivity. For example,
PVA/chitosan-glutaraldehyde cross-linked NHase from Rhodococcus rhodochrous ATCC
BAA-870 catalysed the hydrolysis of R-mandelonitrile with 81% enantiomeric excess [150].
Recently, it was also reported that NHases are capable of recognising a planar element
of chirality during reactions with nitrile ferrocene derivatives [151]. Despite these suc-
cesses, engineered NHases with high enantioselectivity remains rare, though earlier studies
revealed that tunnel-lining residues play a critical role in substrate orientation and enantio-
facial discrimination [119,152]. More recently, it was demonstrated that the steric bulk and
electrophilicity of nitrile substrates influence both binding and reaction rates, reinforcing
the importance of tunnel geometry and active-site polarity in stereoselective outcomes [153].
Parallel developments were also reported in nitrilase research. Nitrilases have been ex-
plored for the enantioselective synthesis of α-substituted acids, including mandelic and
phenylacetic acid derivatives [154]. Directed evolution and active-site mutagenesis have
been used to improve chiral discrimination of nitrilases, though success has been limited
by the enzyme’s rigid substrate channel and sensitivity to steric hindrance [155,156].

Enzyme cascade reactions involving nitrile-converting enzymes could also streamline
complex stereo- and regiospecific syntheses by linking multiple biocatalytic steps, min-
imising purification needs and improving reaction efficiency. This approach was exploited
to synthesise enantiomerically pure β-amino acids from β-keto nitriles using nitrilase
and ω-transaminase enzymes [157]. A nitriliase (known as NitBJ) and its site-directed
mutants from Bradyrhizobium japonicum were utilised to hydrolyse β-keto nitriles to β-keto
acids, followed by ω-transaminase to aminate β-keto acids, producing chiral (S)-β-amino
acids. Similarly, integrating chemical and enzymatic nitrile transformations could offer a
broader substrate compatibility and fine-tuned selectivity, creating more sustainable and
scalable pathways to high-value industrial compounds. A one-pot method for synthesising
functionalised amides was achieved by integrating E. coli over expressed NHase enzymes
with copper-catalysed Ullmann-type N-arylation [158]. Recently, bacterial nitrilases were
integrated with photoredox catalysts capable of decarboxylative fluorination, creating
a one-pot chemo–bio cascade for the transformation of organic nitriles into fluorinated,
trifluoromethylated and pentafluoroethylated products [125]. Nitrile-converting enzymes
could also be utilised for regioselective C−H bond functionalisation by integrating them
with chemo catalysts. A pioneering example is the integration of the regioselective flavin-
dependent halogenase enzyme with palladium-catalysed cyanation, which site-specifically
incorporates nitrile groups in bigger aryl molecules. This will be followed by a NHase- or
nitrilase-dependent biocatalytic conversion of generated nitriles to amides or carboxylic
acids [159]. A recent report described a multi-component enzymatic one-pot biocatalytic
cascade that converts racemic nitriles into amide products by integrating nitrilase, NHase,
amidase and amide bond synthetase [115]. This cascade accommodates the photochemi-
cal cyanation of arenes to generate nitrile precursors in situ, enabling formal C–H bond
amidation without isolating intermediates. Collectively, these methodologies underscore
the versatility of nitrile-converting enzymes in enabling the design of novel biocatalytic
cascades and hybrid chemoenzymatic processes. Such integrated approaches hold sig-
nificant promise for advancing sustainable and selective chemical synthesis, particularly
through the development of innovative reaction pathways and enhanced functional group
transformations. In addition, the discovery and design of stereoselective nitrile-converting
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enzymes could be potentially accelerated by integrating advanced computational tools
to analyse and design novel nitrile-converting enzyme structures combined with high-
throughput screening, metagenomic mining and a further understanding of the role that
tunnel-lining residues play in substrate orientation. Such advances hold great promises for
producing more enantiopure pharmaceuticals, agrochemicals and fine chemicals via green
biocatalysis in the near future.

9. Conclusions and Future Perspectives
Over the last two decades, the rapid progress and increased awareness about

the industrial potential of nitrile-converting enzymes—particularly about nitrilases and
NHases—have revolutionised the biocatalytic research field. Advances in enzyme discov-
ery, mechanistic elucidation, genetic and metabolic engineering and targeted modification
have transformed these biocatalysts into strategic tools for amide and acid production
across pharmaceutical, agrochemical, material and textile sectors. The functional expression,
purification and characterisation of enzymes from diverse origins—including metagenomic
and extremophilic sources—have yielded a growing portfolio of catalytic candidates, some
of which are now integrated into the commercial-scale production of compounds like
acrylamide, nicotinamide and (R)-mandelic acid. Despite their promises, natural nitrile-
converting enzymes often lack the robustness required for large-scale deployment. Catalytic
limitations, thermal and pH instability and unintended byproduct formation remain com-
mon hurdles. However, contemporary molecular and cellular biology strategies—ranging
from genetic engineering and site-directed mutagenesis to domain truncation and protein
technologies—have substantially improved enzyme performance. Bioinformatics and gene
mining have also empowered the identification of tailored nitrile-converting enzymes with
enhanced substrate affinity and activity. The convergence of synthetic biology, AI-driven
structure prediction and next-generation sequencing is poised to accelerate the rational de-
sign of nitrile-converting enzymes. In parallel, immobilisation strategies and co-expression
platforms offer scalable routes for incorporating these enzymes into cascade and integrated
chemoenzymatic processes, minimising intermediate handling and maximising yield and
selectivity. The continuing expansion of metagenomic libraries and structure–function
databases will likely yield bespoke nitrile-converting biocatalysts tailored for specific in-
dustrial challenges. Collectively, these developments position nitrile-converting enzymes
as an indispensable agent in green chemistry and bio-based manufacturing, with untapped
potential in the synthesis of advanced intermediates, specialty chemicals and sustain-
able polymers.
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