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Abstract: Hydroxynitrile lyases (HNLs) are specialized biocatalysts that facilitate the synthesis and 
cleavage of cyanohydrins, a class of compounds critical for the production of enantiomerically pure 
esters, alcohols, and acids. The stereospecificity offered by HNL enzymes makes them invaluable 
for the creation of chiral compounds, which are essential in industries such as pharmaceuticals, 
agrochemicals, and fine chemicals. By leveraging HNLs, manufacturers can achieve high 
enantioselectivity under environmentally friendly conditions, reducing reliance on toxic reagents 
and minimizing energy consumption compared to traditional chemical synthesis (Effenberger, 1998; 
Gruber et al., 2004). This white paper underscores the pivotal role of HNL enzymes in enabling 
green chemistry practices, offering an in-depth exploration of their mechanism, applications, and 
advantages over conventional methods. The paper also highlights emerging innovations in the field, 
such as protein engineering and synthetic biology, which aim to enhance the efficiency and 
scalability of HNL-driven processes. From pharmaceutical precursors to agrochemical 
intermediates, HNL enzymes are poised to revolutionize the production of high-value compounds 
while addressing the growing demand for sustainable industrial practices. Additionally, the 
versatility of these enzymes in environmental applications, such as cyanide detoxification, further 
cements their importance in promoting a circular and sustainable economy (Banerjee et al., 2020). 
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Introduction 

Stereospecific synthesis of chiral compounds is crucial for various industries, including 
pharmaceuticals, agrochemicals, and food production. Enantiopure compounds, which contain a 
single stereoisomer, are often essential for biological activity, particularly in pharmaceuticals where 
the wrong enantiomer can lead to reduced efficacy or adverse effects (Effenberger, 1998). However, 
traditional chemical methods for synthesizing these compounds often require multiple reaction steps, 
use toxic reagents, and demand high energy inputs, which contribute to significant environmental 
and economic costs (Gruber et al., 2004). 

Hydroxynitrile lyase (HNL) enzymes present a sustainable and efficient alternative. These 
biocatalysts catalyze stereoselective reactions under mild conditions, significantly reducing the 
environmental impact of chemical synthesis. HNLs facilitate the reversible cleavage or formation of 
cyanohydrins by acting on aldehydes or ketones and cyanide ions (Banerjee et al., 2020). 
Cyanohydrins, in turn, serve as intermediates for the production of esters, alcohols, and acids 
through subsequent chemical or enzymatic transformations. 

Plant-derived HNLs, such as those from Prunus amygdalus (almond) and Manihot esculenta 
(cassava), have been extensively studied due to their ability to produce enantiopure compounds. For 
example, Prunus amygdalus HNL has been used to synthesize (R)-mandelonitrile, a precursor for 
the production of enantiopure mandelic acid, which is utilized in pharmaceuticals and cosmetics 
(Effenberger, 1998). Similarly, Manihot esculenta HNL has demonstrated high stereoselectivity and 

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and 
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting 
from any ideas, methods, instructions, or products referred to in the content.

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 16 December 2024 doi:10.20944/preprints202412.1224.v1

©  2024 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202412.1224.v1
http://creativecommons.org/licenses/by/4.0/


 2 

 

efficiency in synthesizing cyanohydrins from a wide range of aldehydes, showcasing its potential for 
industrial applications (Gruber et al., 2004). 

By offering a combination of high enantioselectivity, eco-friendly reaction conditions, and 
versatility, HNL enzymes are paving the way for greener and more efficient methods of producing 
chiral compounds. These advantages align with the growing emphasis on sustainable industrial 
practices, making HNLs a valuable tool for various high-value applications. 

Mechanism of Action 

HNLs catalyze the reaction between a carbonyl compound (aldehyde or ketone) and cyanide ion 
to form a cyanohydrin in a highly enantioselective manner. The cyanohydrin intermediate can be 
hydrolyzed or transesterified to yield esters, alcohols, or acids: 

Ester Formation: Cyanohydrins react with alcohols in the presence of an alcohol acceptor or are 
chemically esterified (Banerjee et al., 2020). 

Alcohol Formation: Reduction of cyanohydrins using mild chemical reducing agents yields 
enantiopure secondary alcohols (Gruber et al., 2004). 

Acid Formation: Hydrolysis of cyanohydrins results in the formation of chiral carboxylic acids 
(Effenberger, 1998). 

Applications 

1. Stereospecific Synthesis of Esters 
HNL enzymes are used to produce chiral esters, which are critical intermediates in drug 

synthesis, flavor production, and agrochemicals: 
Compound: (S)-Ethyl mandelate 
Application: Intermediate in fragrance and pharmaceutical production. 
Source Organism: Hevea brasiliensis (rubber tree) (Gruber et al., 2004). 
Compound: (R)-Methyl-2-hydroxy-2-phenylpropionate 
Application: Used in anticoagulant drug synthesis. 
Source Organism: Prunus amygdalus (almond) (Effenberger, 1998). 

2. Stereospecific Synthesis of Alcohols 
Chiral alcohols synthesized using HNLs serve as precursors for drugs, cosmetics, and specialty 

chemicals: 
Compound: (R)-Mandelonitrile 
Application: Precursor for (R)-mandelic acid, used in pharmaceuticals. 
Source Organism: Manihot esculenta (cassava) (Banerjee et al., 2020). 
Compound: (S)-Hydroxybutyronitrile 
Application: Used in the synthesis of chiral alcohols for fine chemicals. 
Source Organism: Linaria vulgaris (Gruber et al., 2004). 

3. Stereospecific Synthesis of Acids 
HNL-derived cyanohydrins are hydrolyzed to yield enantiopure acids, widely used in polymers, 

pharmaceuticals, and agrochemicals: 
Compound: (R)-Mandelic Acid 
Application: Used in cosmetic formulations and as a resolving agent in drug synthesis. 
Source Organism: Prunus amygdalus (almond) (Effenberger, 1998). 
Compound: (S)-2-Hydroxyisobutyric Acid 
Application: Precursor for biodegradable polymers. 
Source Organism: Hevea brasiliensis (rubber tree) (Gruber et al., 2004). 

4. Agrochemical Applications 
HNLs enable the synthesis of chiral precursors for herbicides, fungicides, and insecticides: 
Compound: (R)-2-Chloropropionic Acid 
Application: Intermediate for herbicide production. 
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Source Organism: Sorghum bicolor (Banerjee et al., 2020). 
5. Environmental Bioremediation 

HNLs facilitate the detoxification of cyanide-containing industrial effluents, contributing to 
environmental sustainability: 

Application: Bioremediation of cyanide waste in mining and chemical industries. 
Source Organism: Manihot esculenta (cassava) (Banerjee et al., 2020). 
Advantages of HNL Enzymes 
High Stereoselectivity: Enables the production of enantiomerically pure compounds 

(Effenberger, 1998). 
Mild Reaction Conditions: Operates at ambient temperature and pH, reducing energy 

consumption (Gruber et al., 2004). 
Eco-Friendly: Avoids the use of toxic reagents and reduces waste generation (Banerjee et al., 

2020). 
Wide Substrate Range: Catalyzes reactions with various aldehydes and ketones (Gruber et al., 

2004). 
Sustainability: Sourced from renewable biological systems (Effenberger, 1998). 
Challenges and Future Directions 
Despite their advantages, the industrial application of HNL enzymes faces certain challenges: 
Limited Availability: Most HNLs are derived from plants, making large-scale production 

challenging (Gruber et al., 2004). 
Substrate Inhibition: High concentrations of cyanide can inhibit enzyme activity (Banerjee et al., 

2020). 
Stability: Enzyme stability under industrial conditions requires improvement (Effenberger, 

1998). 
Future directions include: 
Protein Engineering: Enhancing enzyme stability, activity, and substrate scope (Banerjee et al., 

2020). 
Immobilization Techniques: Improving reusability and process efficiency (Gruber et al., 2004). 
Synthetic Biology: Engineering microbial hosts to overexpress HNLs for scalable production 

(Banerjee et al., 2020). 

Conclusion 

Hydroxynitrile lyases (HNLs) represent a powerful tool for the stereospecific synthesis of esters, 
alcohols, and acids. Their high stereoselectivity, mild reaction conditions, and eco-friendliness make 
them indispensable for industries seeking sustainable and efficient solutions. Addressing current 
challenges through biotechnological innovations will further expand their applicability, paving the 
way for greener and more cost-effective chemical processes. 
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