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Abstract 

Ammonia-lyases and aminomutases are mechanistically and structurally diverse enzymes which 

catalyze the deamination and/or isomerization of amino acids in nature by cleaving or shifting a 

C-N bond. Of the many protein families in which these enzyme activities are found, only a subset 

have been employed in the synthesis of optically pure fine chemicals or in medical applications. 

This review covers the natural diversity of these enzymes, highlighting particular enzyme classes 

that are used within industrial and medical biotechnology. These highlights detail the discovery 

and mechanistic investigations of these commercially-relevant enzymes, along with comparisons 

of their various applications as stand-alone catalysts, components of artificial biosynthetic 

pathways and biocatalytic or chemo-enzymatic cascades, and therapeutic tools for the potential 

treatment of various pathologies.   
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1. Introduction 

 

During the past decade, biocatalysis has had an increasing impact on manufacturing in the 

chemical industry, leading to the development of greener, more efficient and more sustainable 

synthetic processes. This impact has been especially prominent in the preparation of 

pharmaceuticals, agrochemicals and fine chemicals, as well as in the development of new 

biopharmaceuticals for the treatment of several diseases. However, even though the industrial-

scale use of enzymes is now well established, its application is somewhat limited to specific 

enzyme classes (e.g., lipases, proteases, dehydrogenases and more recently transaminases, 

aldolases, nitrilases, etc.). At the research level, biocatalysis is a rapidly expanding area that 

offers novel catalysts, processes and technologies at an ever-accelerating pace. Some of these 

new biocatalysts present great potential for stereoselective synthesis, but are currently not applied 

in a general sense to large scale manufacturing.  

The enzymes belonging to the structurally and mechanistically diverse families of ammonia-

lyases and aminomutases exemplify this situation perfectly. These proteins catalyze a range of 

transformations based upon α- and β-amino acid scaffolds (and rarely upon other amine 

derivatives), with excellent stereoselectivity and often perfect atom economy. In common with 

many other classes of biocatalysts, the toolbox of ammonia-lyases and aminomutases is rapidly 

expanding as a result of recent developments in bioinformatics, protein engineering and directed 

evolution, which have led to a significant increase in the number and range of enzymes available 

for screening and application in organic synthesis. Furthermore, most often the reactions 

catalyzed by these enzyme families do not have a counterpart in traditional synthetic organic 

chemistry. This makes their implementation in synthetic processes highly desirable for 

preparative applications at any scale, but specifically with a view to industrial production of 

value-added chemicals that are hard to access stereoselectively otherwise. 
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1.1 Classification of ammonia-lyases 

Ammonia-lyases (EC 4.3.1.X, defined as carbon-nitrogen lyases that release ammonia as one of 

the products) catalyze the reversible cleavage of C-N bonds, typically of -amino acids, 

generating ammonia and an unsaturated or cyclic derivative. In spite of this apparently specific 

and well-defined transformation, the differences in structure, function and mechanism are 

remarkable, giving rise to 31 different EC subclasses (Table 1). The vast majority of these 

enzymes (definitely all the most relevant and better studied subclasses) fall into one of seven 

main groups based on the specific analogies in the reaction they catalyze and the types of 

substrates they accept (Scheme 1). 

 

1.1.1 Aspartate ammonia-lyases. Aspartate ammonia-lyases (DALs), also known as aspartases, 

catalyze the reversible deamination of L-aspartic acid to fumaric acid.1–3 They play a crucial role 

in bacterial nitrogen metabolism and they belong to a broad and well-characterized superfamily 

(the “aspartase/fumarase” superfamily) with a characteristic tertiary and quaternary structure, as 

well as a similar active site architecture.4 However, other members of this superfamily are known 

to catalyze different C-N lyase reactions, C-O lyase reactions and other unrelated transformations. 

The vast majority of the practical applications of aspartase exploit the reverse of the natural 

reaction for the asymmetric synthesis of L-aspartic acid. Aspartase is among the most specific 

enzymes known, with multiple attempts of engineering failing to afford more versatile 

biocatalysts. However, the synthesis of a limited range of aspartic acid analogues with aspartases 

has been demonstrated. Section 2.1 will deal with the structure and properties of DALs, while 

their applications will be presented in Section 4.1. 
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Table 1. Updated EC classification of ammonia-lyases (obsolete classes are shown in red). 

EC number Enzyme Acronym Created Last modified 

4.3.1.1 aspartate ammonia-lyase DAL 1961  
4.3.1.2 methylaspartate ammonia-lyase MAL 1961  
4.3.1.3 histidine ammonia-lyase HAL 1961 2008 
4.3.1.4 formimidoyltetrahydrofolate cyclodeaminase  1961 2000 
4.3.1.5 phenylalanine ammonia-lyase 

(deleted and subdivided into EC 4.3.1.23-25) 
PAL 1965 deleted 2008 

4.3.1.6 β-alanyl-CoA ammonia-lyase βACAL 1965  
4.3.1.7 ethanolamine ammonia-lyase EAAL 1972  
4.3.1.8 hydroxymethylbilane synthase 

(transferred to EC 2.5.1.61) 
 1972 deleted 2003 

4.3.1.9 D-glucosaminate ammonia-lyase DGDD 1972 2004 
4.3.1.10 L-serine-O-sulfate ammonia-lyase  1972  
4.3.1.11 dihydroxyphenylalanine ammonia-lyase 

(deleted for lack of experimental evidence) 
 1972 deleted 2007 

4.3.1.12 ornithine cyclodeaminase OCD 1976  
4.3.1.13 carbamoylserine ammonia-lyase  1976  
4.3.1.14 3-aminobutyryl-CoA ammonia-lyase ABCAL 1999  
4.3.1.15 diaminopropionate ammonia-lyase  1999  
4.3.1.16 threo-3-hydroxy-L-aspartate ammonia-lyase  2001 2011 
4.3.1.17 L-serine ammonia-lyase LSDD 2001 2014 
4.3.1.18 D-serine ammonia-lyase DSDD 2001  
4.3.1.19 threonine ammonia-lyase TDD 2001 2014 
4.3.1.20 erythro-3-hydroxy-L-aspartate ammonia-lyase  2001 2011 
4.3.1.21 aminodeoxygluconate ammonia-lyase  

(deleted, identical to EC 4.3.1.9) 
 2002 deleted 2004 

4.3.1.22 3,4-dihydroxyphenylalanine reductive deaminase  2007  
4.3.1.23 tyrosine ammonia-lyase TAL 2008  
4.3.1.24 phenylalanine ammonia-lyase PAL 2008  
4.3.1.25 phenylalanine/tyrosine ammonia-lyase PAL/TAL 2008  
4.3.1.26 chromopyrrolate synthase 

(transferred to EC 1.21.3.9) 
 2010 deleted 2013 

4.3.1.27 threo-3-hydroxy-D-aspartate ammonia-lyase  2011  
4.3.1.28 L-lysine cyclodeaminase KCD 2012  
4.3.1.29 D-glucosaminate-6-phosphate ammonia-lyase  2013  
4.3.1.30 dTDP-4-amino-4,6-dideoxy-D-glucose ammonia-

lyase 
 2011  

4.3.1.31 L-tryptophan ammonia-lyase  2016  
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Scheme 1. Representative reactions catalyzed by the most important classes of ammonia-lyases. 
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1.1.2 Methylaspartate ammonia-lyases. 3-Methylaspartate ammonia-lyases, or 

methylaspartases (MALs) share mechanistic and structural features with the enolase 

superfamily.2,5,6 They were first identified in anaerobic bacteria but later proven to be insensitive 

to oxygen and found in a number of non-anaerobic species. MALs catalyze the deamination of 

(2S,3S)-threo-3-methylaspartate to 2-methylfumaric acid (i.e., mesaconic acid) and require no 

specific cofactor, only divalent (Mg2+) and monovalent (K+) cations. In spite of the similarity of 

the transformation performed, MALs are structurally very different from DALs, being more 

related to the versatile superfamily of enolases, that catalyze a broad range of reactions (e.g., 

dehydrations, racemizations and cycloisomerizations).7 Also, again in contrast with aspartases, 

the substrate tolerance of methylaspartases is much broader and it has been expanded further by 

structure-based protein engineering, leading to the synthesis of a large variety of substituted 

aspartic acid derivatives. MALs will be discussed in detail in Section 2.2, and their applications in 

Section 4.1. 

1.1.3 Aminoacyl-CoA ammonia-lyases. The fermentation of β-alanine, performed only by very 

few organisms, proceeds via activation to the CoA thioester, followed by the elimination of 

ammonia by a β-alanyl-CoA ammonia-lyase (βACAL), producing acryloyl-CoA. Two enzymes 

of this class have been identified in Clostridium propionicum, and one of them (Cp-βACAL-2) 

isolated, purified and demonstrated to be active.8 The reversibility of the reaction and the 

tolerance towards different derivatives of the substrate (e.g., crotonyl-CoA, methacryloyl-CoA) 

have also been demonstrated, illustrating a possible application in the production of small β-

amino acids. More recent structural studies on Cp-βACAL-2, including a crystal structure in 

complex with propionyl-CoA, led to the proposal of a mechanism based on the formation of an 

enolate intermediate and retro-Michael elimination of an ammonium ion.9 A similar activity is 

that of L-3-aminobutyryl-CoA ammonia-lyase (ABCAL), first identified in Clostridium 

subterminale,10 and later in other organisms such as Brevibacterium.11 This enzyme converts 3-

aminobutyryl-CoA into crotonyl-CoA and ammonia, and it has been postulated to follow the 



8 
 

same mechanism as βACAL. Interestingly, it has been demonstrated that ammonia can be 

replaced with hydroxylamine in the ABCAL amination reaction, leading to the heterocycle 3-

methyl-5-isoxazolidinone, after cyclization of the expected 3-hydroxyaminobutyryl-CoA product 

and loss of CoA.10 However, due to the difficulty of accessing CoA-derivatives as substrates, 

these enzymes are unlikely to find widespread synthetic use in large scale applications. 

 1.1.4 Aromatic amino acid ammonia-lyases. Phenylalanine ammonia-lyase (PAL), histidine 

ammonia-lyase (HAL) and tyrosine ammonia-lyase (TAL) catalyze the reversible elimination of 

ammonia from the corresponding aromatic L-amino acids, yielding cinnamic acid, urocanic acid 

and p-coumaric acid, respectively.12–15 Only one report is available in the literature about the 

conversion of L-tryptophan to 3-indoleacrylic acid by a putative tryptophan ammonia lyase 

(WAL) from Rubrivivax benzoatilyticus,16 however the gene has not been conclusively identified 

and further work will be necessary before the existence of such enzyme in nature can be 

confirmed. The characteristic feature of arylalanine ammonia-lyases is the presence of the 

unusual highly electrophilic heterocycle 4-methylideneimidazol-5-one (MIO), formed by post-

translational cyclization and dehydration of a tripeptide in the active site, which mediates these 

challenging amination/deamination reactions.14,17 This functionality is often improperly called 

“MIO cofactor”, especially in the older literature, but this is not formally correct because 

cofactors are non-protein-derived molecules (or ions). Similarly, it is often referred to as “MIO 

prosthetic group”, but this is also incorrect, since it implies the separate biosynthesis and 

subsequent post-translational attachment of this group to the apo-enzyme. Given that the 

formation of the MIO occurs from nothing but the folded polypeptide chain, it would be better 

described just as a modified active site residue or catalytic moiety, instead. In recent years, 

aromatic amino acid ammonia-lyases (particularly PALs) have become popular as excellent and 

versatile catalysts for the synthesis of substituted amino acids, and a plethora of applications have 

been described with these enzymes alone or in the context of chemo-enzymatic cascade 

catalysis.18–21 A comprehensive description of the structure and mechanistic studies of arylalanine 



9 
 

ammonia-lyases will be given in Section 3.1 and their synthetic and biotherapeutic applications 

will be discussed in Sections 4 and 5, respectively.  

1.1.5 Hydroxy amino acid dehydratase/deaminases. A large family of phylogenetically related 

enzymes dependent on pyridoxal 5’-phosphate (PLP) catalyze reversible reactions where the C-N 

bond of a β-hydroxy-α-amino acid is replaced with a C=O bond, with concomitant elimination of 

ammonia and water. These enzymes belong to class II of the PLP-dependent enzymes family, and 

their mechanism involves binding to PLP as an imine (through the α-amino group) and 

elimination of water from the β-position of the substrate, yielding an enamine that tautomerizes to 

the imine and is rapidly hydrolyzed non-enzymatically in the aqueous environment, yielding the 

corresponding α-keto acid and ammonia. These enzymes are often referred to as ammonia-lyases 

because of the C-N bond cleavage, but naming them dehydratases/deaminases reflects more 

clearly the steps of the mechanism  (noting that a water molecule is lost in the first step, but one is 

required for imine hydrolysis). Examples are L- or D-serine dehydratase/deaminase (L- or D-

serine to pyruvate),22,23 L-threonine dehydratase/deaminase (L-threonine to 2-oxoglutarate),24,25 

L-threo-3-hydroxyaspartate dehydratase/deaminase (L-threo-3-hydroxyaspartate to 

oxaloacetate)26 and D-glucosaminate dehydratase/deaminase (D-glucosaminate to D-2-dehydro-

3-deoxygluconate).27 One interesting exception is diaminopropionate ammonia-lyase (L-α,β-

diaminopropionate to pyruvate),28 since its substrate bears an amino group instead of a hydroxyl 

group at the β-position, and therefore the α,β-elimination results in a loss of ammonia instead of 

water. Another related exception is carbamoylserine ammonia-lyase, that cleaves the carbon-

oxygen bond of carbamoylserine, releasing CO2 and a first molecule of ammonia, followed by the 

usual tautomerization and hydrolytic deamination to form pyruvate with elimination of a second 

molecule of ammonia.29 No preparative application of these enzymes is known, even though a 

few have been used in the design of assays or biosensors.30,31 

1.1.6 Ethanolamine ammonia-lyases. Even though the overall reaction of ethanolamine 

ammonia-lyase (EAAL) resembles closely that of dehydratases/deaminases, this enzyme 
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performs the conversion with a completely different mechanistic pathway. EAAL reversibly 

converts ethanolamine into acetaldehyde and ammonia, an activity first discovered in choline-

fermenting Clostridium sp.32 and later identified in several other organisms, including 

Salmonella, Klebsiella and Bacillus. Unlike any other ammonia-lyase, EAALs require the 

cofactor adenosylcobalamin (AdoCbl or coenzyme B12).33 The availability of crystal structures of 

the enzyme with cofactor analogues bound34 supported mechanistic studies and gave a precise 

view of the key binding interactions. The mechanism has been extensively studied with native 

and recombinant enzymes and found to be more similar to that of AdoCbl-dependent 

aminomutases (see Section 1.2.1). The Co-C bond of AdoCbl is cleaved homolytically, forming 

the 5’-deoxyadenosyl free radical, which removes a proton radical from C1 of the substrate. The 

ethanolamine-derived radical thus generated undergoes a rearrangement with migration of the 

amine from C2 to C1, yielding a hemiaminal radical, which abstracts a hydrogen radical from 5’-

deoxyadenosine, to regenerate the 5’-deoxyadenosyl radical. The resulting hemiaminal rapidly 

decomposes to the products ammonia and acetaldehyde.35,36 In spite of the very extensive body of 

work on the mechanistic aspects of these fascinating enzymes, alternative substrates have not 

been found and the applications of EAALs remain rather limited. 

1.1.7 Amino acid cyclodeaminases. The first member of this class to be identified and isolated 

was L-ornithine cyclodeaminase (OCD) from Clostridium sporogenes PA 3679, which converts 

L-ornithine to L-proline and ammonia.37 Early mechanistic studies suggested that the reaction 

involves the initial deamination of the α-amino group of the substrate to give 2-oxo-5-

aminopentanoate, which cyclizes spontaneously to Δ1-pyrroline-2-carboxylate, followed by 

reduction of the latter to L-proline.38 These two complementary redox reactions are carried out by 

a tightly bound nicotinamide adenine dinucleotide (NAD+) cofactor molecule in the active site, 

via hydride abstraction and donation. Thus, amino acid cyclodeaminases are the only 

nicotinamide cofactor-dependent ammonia-lyases known to date. As a matter of fact, this 

mechanism resembles closely that of amino acid dehydrogenases (classified as oxidoreductases); 
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however, the cyclization/reduction steps make the whole process redox-neutral, thus 

cyclodeaminases are better regarded to as ammonia-lyases. The first X-ray crystal structure of an 

OCD (from Pseudomonas putida)39 allowed the definition of substrate binding residues and the 

proposal of an alternative mechanism, in which the imine formed by dehydrogenation of the 

substrate undergoes attack by the free amine to give an α-aminoproline intermediate, from which 

ammonia is eliminated. The resulting imine is then reduced as before. In a subsequent attempt to 

elucidate the biosynthesis of pipecolate-containing macrolide immunosuppressants such as 

rapamycin, the analogous cyclodeamination reaction of L-lysine to L-pipecolic acid was also 

identified.40,41 This reaction is catalyzed by L-lysine cyclodeaminases (KCDs), with strong 

mechanistic similarities to OCDs.42 Recombinant expression and purification of a few 

cyclodeaminases has been achieved, opening up the way to practical applications. For instance, 

very recently, a simple and highly efficient process for the conversion of L-lysine to L-pipecolic 

acid was demonstrated using whole cells of E. coli overproducing KCD as the biocatalyst, up to a 

17.25 g L–1 product concentration.43 Another example is the synthetic biology approach to the 

production of L-proline by expression of the ocd gene from P. putida in an ornithine-producing 

Corynebacterium glutamicum strain, with yields of up to 0.36 g L-proline per gram of glucose.44 

These results already showed the great synthetic potential of cyclodeaminases, and intensification 

of these processes could offer significantly improved industrial routes to cyclic amino acids in the 

years to come. 

 

1.2 Classification of aminomutases 

Aminomutases (EC 5.4.3.X, defined as isomerases mediating intramolecular transfer of amino 

groups) catalyze the synthetically challenging shift of an amine group along a saturated carbon 

chain, typically of an amino acid. It must be noted that such a rearrangement is normally 

described as a “1,2-shift” since the amino group is transferred between two adjacent carbon 

atoms, but this is not meant to indicate that such atoms are necessarily the first two in the chain. 
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Enzymes with aminomutase activity are widespread and involved in the synthesis of diverse 

natural products in many different organisms (11 distinct EC subclasses identified at present, 

listed in Table 2).45,46 Due to the range of proteinogenic amino acids accepted by different classes 

of aminomutases, they employ a broad variety of chemistries depending on the substrate type. In 

fact, in order to achieve the common goal of shifting an amino group, nature has been observed to 

select and adapt different catalytic strategies, which play different roles in the synthesis of 

complex natural products and the anaerobic degradation of amino acids. The distant phylogenetic 

relationships and very different roles make a unified description of aminomutases impossible, 

even to a greater extent than for ammonia-lyases. Nonetheless, based on the mechanism and 

cofactor dependency, it is convenient to classify them into four main families (Scheme 2).  

 

Table 2. Updated EC classification of aminomutases (obsolete classes are shown in red). 

EC number Enzyme Acronym Created Last modified 

5.4.3.1 ornithine 4,5-aminomutase  
(deleted, multiple enzymes responsible) 

 1972 deleted 1976 

5.4.3.2 lysine 2,3-aminomutase 2,3-KAM 1972  
5.4.3.3 β-lysine 5,6-aminomutase 5,6-KAM 1972  
5.4.3.4 D-lysine 5,6-aminomutase  1972 2003 
5.4.3.5 D-ornithine 4,5-aminomutase 4,5-DOAM 1972  
5.4.3.6 tyrosine 2,3-aminomutase TAM 1976  
5.4.3.7 leucine 2,3-aminomutase  1982  
5.4.3.8 glutamate-1-semialdehyde 2,1-aminomutase GSAM 1983  
5.4.3.9 glutamate 2,3-aminomutase EAM 2012  
5.4.3.10 phenylalanine aminomutase (L-β-Phe forming) (S)-PAM 2013  
5.4.3.11 phenylalanine aminomutase (D-β-Phe forming) (R)-PAM 2013  
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Scheme 2. Representative reactions catalyzed by the most important classes of aminomutases. 

 

1.2.1 AdoCbl-dependent aminomutases. These enzymes catalyze the migration of terminal 

amino groups to the adjacent position: examples are lysine 5,6-aminomutase (5,6-KAM) and D-

ornithine 4,5-aminomutase (4,5-DOAM). In order to perform such a complex transformation, 

they require a radical mechanism using adenosylcobalamin (AdoCbl or coenzyme B12) and 

pyridoxal 5’-phosphate (PLP) as cofactors. The key steps of the mechanism are the homolytic 

cleavage of the Co-C bond of AdoCbl, forming the 5’-deoxyadenosyl free radical, the abstraction 

of a hydrogen atom from the substrate (stabilized in the active site by PLP), isomerization via an 

aziridinecarbinyl radical intermediate, and finally radical transfer to 5’-deoxyadenosine to 

regenerate the 5’-deoxyadenosyl radical. This has been shown to be associated with large 

conformational changes bringing the PLP-bound substrate and the AdoCbl close to each other 

only after substrate binding.47,48,49 It has been suggested that such a “locking” mechanism 
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prevents side reactions involving the highly reactive radicals formed next to the AdoCbl center. 

The first AdoCbl-dependent 5,6-KAM and 4,5-DOAM were isolated in the 1970s from the 

anaerobic bacterium Clostridium sticklandii,50,51 and since then several enzymes of this class have 

been successfully produced in E. coli and purified.52 The recombinant proteins showed reasonable 

activity/stability and, most importantly, are not sensitive to oxygen. In spite of these advantages 

for the production, purification and use of AdoCbl-dependent mutases, practical applications in 

biocatalysis are still absent. In particular, one serious issue is light sensitivity (common to all 

AdoCbl-dependent enzyme, since photolysis of AdoCbl produces hydroxocobalamin that can act 

as a strong inhibitor). 

1.2.2 SAM-dependent aminomutases. The most studied member of this class is lysine 2,3-

aminomutase (2,3-KAM), discovered in Clostridium subterminale SB4 in the context of lysine 

metabolism.53,54,55 This enzyme mediates the interconversion of L-α-lysine to (S)-β-lysine, and 

requires three cofactors: S-adenosylmethionine (SAM), PLP and a [4Fe-4S] cluster.56 In a similar 

fashion to AdoCbl-dependent mutases, SAM-dependent mutases require the formation of the 5'-

deoxyadenosyl radical, but since the homolytic cleavage of the C-S bond of SAM is very 

difficult, the [4Fe-4S] cluster is required as electron donor.57 The mechanism is analogous to 

AdoCbl mutases: the 5'-deoxyadenosyl radical abstracts a hydrogen from the β-position of the 

PLP-bound substrate to form a β-radical intermediate, which rearranges to the more stable α-

radical via an aziridinyl intermediate. In this species the radical is stabilized by the carboxylic 

acid group, and its reaction with adenosine to produce the β-lysine product and regenerate the 5'-

deoxyadenosyl radical completes the cycle.56,58  Other members of this family were discovered 

more recently, including an enantiocomplementary version of 2,3-KAM from E. coli (forming 

(R)-β-lysine, albeit with much lower activity),59 and glutamate 2,3-aminomutases (EAM) from 

Clostridium difficile60 and thermostable organisms such as Thermoanaerobacter tengcongensis 

and Morella thermoacetica.61 A few very promising applications of these enzymes have been 

demonstrated in the last decade, such as the evolution of 2,3-KAM into an alanine aminomutase 



15 
 

for the production of other β-amino acids including β-alanine,62,63 or the production of β-

glutamate with EAMs.61 The potential synthetic use of this class of enzymes is appealing, 

especially for non-natural substrates, but due to their sensitivity to oxygen and the requirement 

for expensive cofactors, large scale processes are still not established.  

1.2.3 MIO-dependent aminomutases. Remarkably, the same transformation catalyzed by SAM-

dependent mutases can be performed easily on aromatic amino acids by this class of enzymes, 

with no requirement for radical sources or oxygen-free conditions. Phenylalanine aminomutase 

(PAM) and tyrosine aminomutase (TAM) catalyze the 2,3-shift of the α-amino group of L-

phenylalanine and L-tyrosine to afford β-phenylalanine and β-tyrosine, respectively.12,13,45 This 

relatively newly discovered class of mutases is the only case where there are close similarities 

between ammonia-lyases and aminomutases, since PAMs and TAMs share the same structure, 

mechanistic pathway and characteristics of PALs, TALs and HALs, being all members of the 

same MIO-dependent enzyme family (also called “class I lyase-like enzymes”). Another feature 

of the isomerization reactions catalyzed within this protein family is the production of both (R)- 

and (S)-β-amino acids from the proteinogenic L-α-regioisomers by enzymes with 

enantiocomplementary selectivity, something uncharacteristic of other aminomutases classes. The 

availability of stereocomplementary enzymes is of great interest for the development of 

preparative strategies, considering that both enantiomers of β-arylalanines are valuable chiral 

building blocks for synthetic and medicinal chemistry. The features and the applications of this 

class of mutases will be described in detail in Sections 3.2 and 4.4, respectively. 

1.2.4 PLP-dependent aminomutases/aminotransferases. A rather different aminomutase 

reaction is the 2,1-shift of the amino group of aminoaldehydes (with concomitant 1,2-shift of the 

carbonyl group) to afford terminal aminoketones. The only example is the isomerization of L-

glutamate-1-semialdehyde to 5-aminolevulinate, a precursor of chlorophyll, heme, porphyrins, 

and other tetrapyrrolic compounds. This reaction is performed in plants and several bacteria by 

glutamate-1-semialdehyde 2,1-aminomutase (GSAM), a PLP-dependent enzyme first isolated 
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from barley leaves.64 The reaction involves the exchange of the amino group with a carbonyl 

functionality (rather than with a proton as seen for all the other aminomutases) and, in fact, it is 

closely related to that of transaminases.65 Indeed, the structure of GSAM is homologous to many 

PLP-dependent transaminases and the proposed mechanism involves the same PLP-mediated 

imine formation chemistry, with diaminovalerate as the key intermediate.66–68 Due to the poor 

stability of aminoaldehyde starting materials, the biocatalytic applications of this enzymatic 

activity are limited, compared to other transaminases. 

 

1.3 Scope of this review 

Considering this impressive variety of enzyme subclasses, with completely different mechanistic 

and structural features, a comprehensive report covering all the families mentioned above would 

be beyond the scope of this review. Several previous accounts and perspectives have already 

covered in detail the structure and mechanism of specific classes of ammonia-lyases 1–3,12–15,19,69–71 

and aminomutases.45,46,72 Nevertheless, since great interest has been devoted to some of these 

families recently for their (potential or demonstrated) synthetic, industrial or therapeutic 

applications, the present review intends to cover in detail only these subclasses: aspartate 

ammonia-lyases (Section 2.1), methylaspartate ammonia-lyases (Section 2.2), arylalanine 

ammonia-lyases (Section 3.1) and arylalanine aminomutases (Section 3.2), with specific 

emphasis on their applications (Sections 4 and 5). A few members of these families have been 

recently demonstrated as valuable tools for the synthesis of high value-added products (e.g., 

pharmaceuticals, agrochemicals, chiral building blocks) or for biotherapeutic applications in the 

treatment of specific diseases. 
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2. Structure and mechanism of aspartate and methylaspartate ammonia-lyases 

 

2.1 Aspartate ammonia-lyases (DALs) 

The first report of the conversion of L-aspartic acid to succinic acid (a two-step process involving 

aspartase and a reductase) by Escherichia coli, formerly known as Bacillus coli communis, dates 

back to 1901,73 followed by the identification of an equilibrium reaction between L-aspartate, 

fumarate and ammonia promoted by resting cells of the same organism.74 Only in 1971 was the 

enzyme responsible for this activity (EcDAL, also known as AspA) isolated and purified from E. 

coli.75 Even though AspA remains the most studied member of the aspartase family, several other 

DALs have been isolated from various sources, for instance Pseudomonas fluorescens,76 Hafnia 

alveis (formerly known as Bacterium cadaveris),77 Aeromonas media,78 Bacillus subtilis79 and 

Bacillus sp. YM55-1 (also known as AspB).80  

The first crystal structure of AspA81 showed that the enzyme shares structural features with 

several other proteins, now collectively referred to as the aspartase/fumarase superfamily.4 This 

family includes not only some related C-N lyases acting on N-substituted derivatives of aspartic 

acid, such as argininosuccinate lyase (ARL) and adenylosuccinate lyase (ADL), but also the 

ubiquitous fumarase, also known as fumarate hydratase (FUM), that mediates the reversible 

hydration of fumarate to L-malate, and other mechanistically related enzymes such as the cis,cis-

muconate-lactonizing enzyme (CMLE) that converts 3-carboxy-cis,cis-muconate into a 

muconolactone (Scheme 3). Interestingly, δ-crystallin, the major soluble protein in the eye lenses 

of birds and reptiles, is also a member of this family due to its close structural relationship with 

ARL, from which it is thought to have evolved through gene sharing.82 Of the two isoforms of δ-

crystallin known, only one exhibits ARL activity, but it has been shown through mutagenesis that 

the other isoform can also regain such activity.  
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Scheme 3. Reactions catalyzed by members of the aspartase/fumarase superfamily. 

 

The members of the aspartase/fumarase superfamily are homotetramers, with each monomeric 

subunit being composed of three mainly α-helical domains (N-terminal, central, C-terminal). The 

bundles of five rather long -helices in the central domain in each subunit interact with each 

other forming a tight core of 20 helices in the middle of the tetramer (Figure 1). These features of 

the tertiary and quaternary structure were first discovered in 1994, with the structural 

determination of turkey δ-crystallin,83 and later found to be common to the whole superfamily. In 

spite of the very low sequence identities among different members (as low as 15%), another 

distinctive feature is the presence of three highly conserved regions (10-15 amino acids each), 

spatially well-separated in the sequence, that constitute the active site architecture. Indeed, the 

residues in the conserved regions of three monomers build up each active site, since the 

homotetramer contains four identical active sites that are located at the interface of three different 

subunits each.4 A portion of the third conserved region is a flexible loop, named the SS-loop, that 
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is crucial for the catalytic mechanism since it carries an essential catalytic base and has been 

shown to close over the rest of the active site after substrate binding.84 

 

 

Figure 1. X-ray crystal structure of EcDAL (PDB ID: 1JSW), showing the homotetramer and the 

domains of each subunit. 

 

AspA and other DALs were originally shown to be allosterically activated by a divalent metal ion 

and by L-aspartate,85 but other enzymes of the family do not display these features. The location 

of the binding site for these activators, independent from the catalytic site, has not been identified 

in the crystal structure of AspA. 

A general acid-base mechanism has been proposed for aspartases and related enzymes (Scheme 

4), with strong evidence from pH-rate profiles and inhibition studies for DALs, FUMs, ADLs and 

ARLs.4,86 In the first step, after substrate binding and loop closure, the pro-R proton at the β-

position is abstracted by the essential catalytic base on the flexible loop, forming a carbanion 

stabilized as its aci-carboxylate (ene-diolate) form. This intermediate then rearranges with 

concomitant cleavage of the C-N bond (C-O bond for fumarases), leading to the release of the 

nucleophile (ammonia, amine or water) and fumarate. Such cleavage is the rate determining step, 

C-terminal

domain

N-terminal

domain

central

domain
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which may be facilitated by the presence of a general acid to donate a proton to the leaving group. 

Since the elimination is anti, two separate residues must be involved in proton abstraction and 

proton donation. For most of the superfamily members the general acid is catalytically essential, 

but for aspartases it has not yet been possible to establish if the leaving group is released as an 

ammonium ion or as free ammonia. The latter case might make the presence of a general acid to 

protonate the α-amino group unnecessary, and indeed a catalytically essential acid residue in the 

active site has not yet been identified by mutagenesis studies. 

 

 

Scheme 4. Catalytic mechanism of DALs and schematic representation of the active site of AspB. 

 

This general acid-base mechanism is also supported by inhibition experiments carried out with 

substrate analogues bearing a nitro group instead of the β-carboxylate (Scheme 5). The aspartase 

from Hafnia alveis was shown to be inhibited competitively by such compounds, binding them 

several hundred times more tightly than its natural substrates.87 These results suggest that the 

anions behave like transition state analogues and that the mechanisms of the aspartase reaction 

involves an enzyme-bound 3-carbanion. Additional supporting evidence comes from an X-ray 

crystal structure of AspB with L-aspartate bound.84 This structure shows the substrate in a 

distorted conformation similar to that of the ene-diolate intermediate, stabilized by an extensive 
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network of hydrogen bonds. This might allude to a facilitated proton abstraction from the sp3 

carbon caused by binding-induced distortion of the geometry of the substrate, forcing it to adopt a 

conformation similar to the sp2 ene-diolate intermediate. 

 

 

Scheme 5. Nitro analogues of the ene-diolate intermediate. 

 

The structure of AspB with L-aspartate bound also showed for the first time the closed-

conformation of the enzyme (similar to what was previously observed for other superfamily 

members, e.g. ADL), allowing the identification of Ser318 as the essential catalytic base. This 

was also confirmed by mutagenesis, since no activity was detected with the Ser318Ala mutant.84 

However, to function as a base, the serine residue must be deprotonated to the corresponding 

oxyanion, and the mechanism by which this serine anion is formed and stabilized has not yet been 

elucidated. 

Concerning substrate specificity, aspartases are among the most specific enzymes known, with 

extensive studies failing to identify any alternative amino acid substrate. Many early reports 

already proved lack of activity with D-aspartate, other proteinogenic L-amino acids, other 

unsaturated acids (e.g., crotonate, maleate, mesaconate, aconitate) and related compounds.74,88,89 

Remarkably Ma et al. reported an alteration of specificity from L-aspartate to L-asparagine by 

prolonged incubation with different concentrations of ethanol, although this work was never 

exploited for preparative applications.90 The case of L-aspartic-β-semialdehyde is worth noting: 

even though this compound is a non-natural substrate that is deaminated by the enzyme, it leads 
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to irreversible inactivation by chemical reaction with active site residues, i.e., it behaves as a 

suicide substrate.91 Additional experiments showed that after deamination and further reaction 

with the active site, the aldehyde group is still intact, and that the amino acid residue that is 

covalently modified is a cysteine. Subsequently, Falzone et al. performed a very extensive 

screening of structural analogues of aspartate, in the attempt to find alternative substrates. While 

this was not successful, it led to the identification of several inhibitors with various Ki values, 

ranging from 0.2 to 36 mM (Scheme 6).85 The binding seems to strictly require one polar group at 

each end of the short carbon chain, while greater variation is tolerated at the α-position. 

Nevertheless, in spite of the high specificity of aspartases, a few interesting examples of 

promiscuity and successful engineering have been reported, as described in Section 4.1. 

 

 

Scheme 6. Inhibitors of AspA identified in the screening for potential non-natural substrates. 

 

2.2 Methylaspartate ammonia-lyases (MALs) 

While investigating the reversible conversion of glutamate to mesaconate and ammonia by 

Clostridium tetanomorphum, Barker et al. discovered that by treating the cell-free extract with 

charcoal some essential factors were removed, resulting in no activity when starting from 

glutamate, and accumulation of a different amino acid when starting from mesaconate and 

ammonia. The amino acid was found to be L-threo-3-methylaspartate, and this led to the isolation 

of the first methylaspartase (CtMAL) in 1958.92,93 Facultative anaerobes such as Proteus sp., 
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Enterobacter sp., Morganella morganii and Citrobacter sp. have also been shown to harbor MAL 

activity, as evidenced through cell-free assays94 and/or protein isolation.95 Intriguingly, it was also 

observed that in the reverse reaction, the enzyme catalyzes not only anti-addition, but also syn-

addition of ammonia, forming L-erythro-3-methylaspartate as a minor product (Scheme 7).96 

 

 

Scheme 7. Reaction catalyzed by MALs. 

 

CtMAL was first produced recombinantly in E. coli in 1992,97 followed by other 

methylaspartases from different sources, including Citrobacter amalonaticus (CaMAL),98 

Fusobacterium varium (FvMAL)99 and Carboxydothermus hydrogenoformans (ChMAL).100 The 

latter is of particular interest due to its thermostability and higher activity at high temperatures. 

MALs are homodimeric proteins that require divalent (Mg2+) and monovalent (K+) cations for 

activity. The catalytic mechanism has been debated for many decades, with various hypotheses 

proposed, including a carbanion mechanism similar to that of DALs (Section 2.1) or the 

involvement of an active site modification similar to that of PALs (Section 3.1). However, the X-

ray crystal structure analysis of ligand-free CtMAL6 and of the complex of CaMAL with L-threo-

3-methylaspartate,5 both published in 2002, solved the conflict. The MAL subunit is composed of 

a large C-terminal domain that has the structure of an 8-fold α/β-barrel (TIM barrel), and a 

smaller N-terminal domain, composed mainly of β-strands, that wraps around the barrel and 

partially occludes its C-terminus (Figure 2).  
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Figure 2. X-ray crystal structure of CtMAL (PDB ID: 1KCZ), showing the homodimer and the 

domains of each subunit. The Mg2+ ions are shown in red. 

 

Therefore, from a structural point of view, MALs were found to be totally unrelated to either 

DALs or MIO-enzymes, and instead to belong to the enolase superfamily, despite the very low 

sequence similarity (clearly illustrating the tolerance of such fold for amino acid substitutions). 

The members of this family catalyze a broad range of transformations, including β-eliminations 

of water, racemizations and cycloisomerizations, all of which share a common metal-assisted 

general base catalyzed abstraction of a proton from the α-position of a carboxylic acid, generating 

a stable enolate intermediate.7,101 The structures of CtMAL and CaMAL, combined with sequence 

alignments with other members of the superfamily, enabled the identification of the magnesium 

ion binding site and the catalytic residue responsible for the proton abstraction (Lys331). This 

suggested a mechanism based on the removal of the β-proton of 3-methylaspartate mediated by 

the catalytic lysine, formation of the stable ene-diolate (further stabilized by the magnesium ion) 

and collapse of the intermediate to release ammonia (Scheme 8).102 

C-terminal

α/β-barrel

N-terminal

domain
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Scheme 8. Catalytic mechanism of MALs and schematic representation of the active site of 

CtMAL. 

 

The magnesium ion sits on top of the C-terminal mouth of the α/β-barrel, tightly bound by three 

carboxylic acid residues (Asp238, Glu273 and Asp307). Three molecules of water complete the 

octahedral coordination. Upon substrate binding, one of these water molecules is replaced by the 

oxygen atoms of the β-carboxylate group of the substrate, stabilizing the enolate intermediate, 

and effectively lowering the pKa of the α-proton. The residue of Lys331 was identified as the base 

responsible for the proton removal from the L-threo substrate, and it was postulated that His194 

(superimposable with key basic residues of other members of the enolase superfamily) could act 

as the base for the removal of the proton of the L-erythro substrate. Indeed, it has been 

demonstrated with other enolase enzymes (e.g., mandelate racemase, glucarate dehydratase) that 

the enolate intermediate can be converted into different stereoisomeric products by different 

residues suitably placed in the active site.6 

These considerations, and this mechanism of MAL, are strongly supported by mutagenesis 

studies.103,104 Poelarends and co-workers demonstrated that MAL does not catalyze the direct 

epimerization of the L-threo and L-erythro products, then investigated the effect of several 

mutations of the relevant active site residues. The Lys331 residue was confirmed to be essential 
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for activity, since variants harboring mutations to Ala, Gly, His, Gln or Arg completely lost MAL 

activity. On the other hand, the His194Ala mutation results in perfect diastereoselectivity for the 

L-threo product, albeit with considerably reduced activity due to the loss of some stabilizing 

hydrogen bond interactions.103 A similar outcome was observed, to a lesser extent, with the 

Gln329Ala mutation.104 Several other residues lining the active site were subjected to site-

directed mutagenesis and some were found to be critical for substrate binding and activation 

(particularly Gln73, Gln172, Tyr356, Thr360 and Leu384), with obvious benefits for future 

engineering studies.104  

With this combination of structural information, biochemical studies and mutagenesis 

experiments, the mechanism of MAL catalyzed reactions has been elucidated, leading to further 

work on expanding the substrate scope of these enzymes by engineering and evolution, which 

will be described in Section 4.1. 

 

 

3. Structure and mechanism of aromatic amino acid ammonia-lyases and aminomutases 

 

3.1 Arylalanine ammonia-lyases (PALs, HALs and TALs) 

The non-oxidative deaminations of L-phenylalanine, L-tyrosine and L-histidine (mediated by 

PALs, TALs and HALs, respectively) to form the corresponding α,β-unsaturated acids (cinnamic 

acid, p-coumaric acid and urocanic acid) have different metabolic and catabolic functions in 

various organisms. 

HALs play a major role in amino acid degradation. While catabolic pathways of most amino 

acids usually start with the oxidative removal of the α-amino group by transaminases, in the case 

of histidine this process begins with the HAL mediated non-oxidative deamination, yielding 

urocanate that is further converted to N-formiminoglutamate. The latter is either used for the 

synthesis of 5-formiminotetrahydrofolate (in mammals), or is further degraded to glutamate (in 
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bacteria and some fungi). Interestingly, the groups of eukaryotes found not to employ HALs in 

primary metabolism (Dikarya and land plants) are composed of organisms known to encode 

polypeptides with PAL activity, acquired through horizontal gene transfer.105  

PALs, on the other hand, are needed for biosynthetic purposes. The conversion of phenylalanine 

into cinnamic acid is the first step of phenylpropanoid biosynthesis in plants, which affords a 

stunningly broad collection of polyhydroxylated aromatic compounds (e.g., lignans, coumarins, 

flavonoids, stilbenes, anthocyanins).106 By siphoning the primary metabolite phenylalanine into 

polyphenol synthetic pathways, PAL effectively acts as a gateway enzyme between primary and 

secondary metabolism. TALs serve the same role (mainly as an alternative pathway to p-

coumaroyl-CoA), but they are involved in more specific pathways, possibly adding evidence to 

the speculation that they are rarer than PALs.107 However, considering that the p-coumaric acid 

product of the TAL reaction can also be derived from the cinnamic acid product of the PAL 

reaction by means of cinnamic acid 4-hydroxylase (CAH), the metabolic functions of PALs and 

TALs are strongly related. 

Arylalanine ammonia-lyases, generally known as class I lyase-like enzymes, together with the 

structurally related aminomutases (see Section 3.2), are fairly ubiquitous in nature, with PALs 

and TALs being less common in bacteria. A large number of those have been characterized, 

produced recombinantly in E. coli and purified to homogeneity.  

The most studied enzymes of this family are RgPAL from Rhodotorula glutinis,108 RtPAL from 

Rhodosporidium toruloides (formerly known as Rhodotorula gracilis),109 PcPAL from 

Petroselinum crispum (parsley),110,111 AvPAL from Anabaena variabilis,112 RsTAL from 

Rhodobacter sphaeroides, SxTAL (BagA) from Streptomyces sp.,113 PfHAL from Pseudomonas 

fluorescens,114 and PpHAL from Pseudomonas putida.115  

Obviously, the reactions catalyzed by arylalanine ammonia-lyases are chemically more 

challenging than those of DALs and MALs, since the abstraction of a proton from the β-carbon is 

unfavorable due to the very low acidity (pKa ~ 40) of the β-protons. Indeed, it is quite surprising 
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that these enzymes do not require complex cofactors and radical mechanisms as seen, for 

instance, with some aminomutases. This has posed a considerable mechanistic challenge to 

biochemists and, after half a century of research, the answer is still not completely clear. 

The very first mechanistic studies performed on HAL identified a catalytically essential 

electrophile, derived either from a tightly bound cofactor or from active site functionalization.116 

Inactivation by the radioactively labelled nucleophiles [3H]-borohydride and [14C]-cyanide 

afforded, upon complete hydrolysis, [3H]-alanine and [14C]-aspartate, respectively, suggesting 

that the electrophilic group was dehydroalanine (acting as a Michael acceptor).108,115,117,118 It was 

also recognized that the nitrogen of dehydroalanine formed a Schiff base with a carbonyl 

compound that could not be identified.117 Site-directed mutagenesis studies in PpHAL,119 

PcPAL120 and RsTAL121 demonstrated that an active site serine residue is the precursor of the 

catalytically essential dehydroalanine (Ser143 in PpHAL, Ser102 in PcPAL, Ser150 in RsTAL). 

Interestingly, the HAL and PAL mutants where that serine was replaced with a cysteine showed 

identical catalytic properties, suggesting that the dehydroalanine-derived functionality could be 

formed by post-translational modification via elimination of either H2O or H2S.122,123 

Unexpectedly, with the first X-ray crystallographic study of PpHAL, Schulz and co-workers 

showed that the electron density around the predicted dehydroalanine residue was not consistent 

with any of the standard proteinogenic amino acids, and the electrophilic functionality in the 

active site was more complex than expected. The observed structure was the five-membered 

heterocycle 4-methylideneimidazol-5-one (MIO, formally 5-methylene-3,5-dihydro-4H-imidazol-

4-one).124 The MIO moiety, very often inappropriately called “MIO cofactor” or “MIO prosthetic 

group” (as briefly discussed in Section 1.1.4), is in fact a dehydroalanine derivative formed by 

cyclization and double dehydration of an active site tripeptide, typically Ala-Ser-Gly and, less 

frequently, Thr/Ser/Cys-Ser-Gly (Scheme 9).14,17,71  
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Scheme 9. Mechanism of formation of the MIO electrophile by cyclization and double 

dehydration of the active site tripeptide Ala-Ser-Gly. 

 

The mechanism of formation of the MIO electrophile is post-translational and autocatalytic, since 

heterologous expression of prokaryotic and eukaryotic PALs and HALs results in fully active 

enzymes. It closely resembles the formation of the fluorophore of green fluorescent protein 

(GFP), discovered in 1996,125 but, in contrast with arylalanine ammonia-lyases, the cyclizing 

tripeptide in GFP is Ser/Thr-Tyr-Gly, and the final step is an oxidation by molecular oxygen 

instead of the second elimination of water.126 A very recent molecular dynamics simulation study 

provided great insight into the process of MIO formation in PpHAL, supporting the idea that 

mechanical compression from neighboring residues is required to prevent the formation of 

stabilizing hydrogen bonds and to enforce the correct alignment of donor and acceptor orbitals.127 

The crystal structure of PpHAL also showed for the first time the general structural features of 

arylalanine ammonia-lyases, homotetramers mainly built of α-helices of varying lengths128. Each 

subunit contains a globular N-terminal domain and an elongated C-terminal domain with five 

parallel α-helices, surrounded by six more (Figure 3). The tetrameric structure contains four 

identical active sites, each built of residues belonging to three different subunits.124 Certain plant 

and fungal PALs have been shown to bear an additional C-terminal multi-helix domain, which 

may play a role in the fine regulation of enzyme activity in these organisms via substrate 

channeling and/or overall destabilization of the protein.110,129 Structural alignments of these 
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domains point to their origins as partial duplication or gene fusion events within the evolutionary 

history of plant and fungal PALs.130 Other than the presence of this additional domain, the general 

structural features of arylalanine ammonia lyases are found invariably in all the known crystal 

structures of the members of this family, e.g., RtPAL,109 PcPAL110 and AvPAL.112 All of the 

enzymes that have been structurally characterized were found to contain the MIO moiety (already 

demonstrated by spectroscopic methods131) and to have almost identical active site geometry 

(Scheme 10a).  

 

 

Figure 3. X-ray crystal structure of PpHAL (PDB ID: 1B8F), showing the homotetramer and the 

domains of each subunit. The MIO heterocycles are shown in red. 
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Scheme 10. Schematic representation of the active site of PcPAL (a) and putative roles of the so-

called selectivity residues in substrate recognition (b). Selectivity residues are shown in blue. 

 

Just a few years later, the first crystal structure of a TAL was reported (RsTAL from Rhodobacter 

sphaeroides),132 demonstrating that only one residue (His89 in RsTAL) is responsible for its 

selectivity for tyrosine. The single point mutation His89Phe resulted in a complete selectivity 

switch from TAL to PAL activity, as was also demonstrated independently and simultaneously by 

Schmidt-Dannert and co-workers.107 Analogously, the Phe144His mutation introduced in AtPAL1 

from Arabidopsis thaliana gave the opposite switch from PAL to TAL activity.107 These 
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remarkable examples of modulation of substrate specificity are rather rare; an earlier attempt to 

turn PcPAL into a HAL by replacing the only two non-conserved active site residues 

(Leu138His-Gln488Glu) gave a mutant much less active on phenylalanine and with a KM for 

histidine almost identical to that of HAL, albeit with much lower kcat.133 These results indicate the 

subtle influence residues far from the active site can have, and also reinforce the idea of the active 

site glutamate at the second position being a determining feature of HALs (as glutamine is found 

in all other family members).133,134 More recently, examples of enzymes with TAL activity (e.g., 

SxTAL/BagA from Streptomyces)113 or dual phenylalanine-tyrosine specificity (e.g., ZmPAL1 

from Zea mays)135 have been identified with the non-homologous histidine active site residues 

being seemingly responsible for TAL activity, presumably due to the interaction of these two 

residues with the para-substituent of the substrate. The existence of these enzymes, combined 

with the known bifunctionality of some fungal enzymes point to multiple convergent evolution 

events resulting in TAL activity within different clades of the class I lyase-like enzyme family. 

As variation at either position from hydrophobic residues to histidine is shown to confer tyrosine 

or histidine acceptance, these two active site positions act as “selectivity residues” (Scheme 10b). 

In particular, for PAL activity hydrophobic interactions are predominant, for TAL activity the 

histidine nitrogen interacts with the para-hydroxy functionality of the substrate, and for HAL 

activity (recognized in early studies to depend on Zn2+ ions136) the histidine residue and the 

histidine substrate are proposed to coordinate the divalent cation, as shown by detailed 

computational simulations.137 Examples of the most typical selectivity residue combinations seen 

in the aromatic binding pocket, and the corresponding substrate specificities, are shown in Table 

3. 
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Table 3. Examples of ammonia-lyase substrate specificities and selectivity residues. 

Activity Selectivity residues Examples 
PAL Phe-Leu PcPAL, AvPAL, AtPAL1 
TAL Tyr-His BagA 
TAL His-Leu RsTAL 
PAL/TAL His-Leu ZmPAL1 
PAL/TAL His-Gln RgPAL, RtPAL 
HAL Ser-His PpHAL, PfHAL 

 

 

Mutagenesis studies on PpHAL,138 PcPAL133 and RsTAL121 revealed also the presence of an 

essential catalytic tyrosine residue (Tyr53 in PpHAL, Tyr110 in PcPAL, Tyr60 in RsTAL) on a 

flexible loop covering the binding site. In contrast with PpHAL, the first crystal structure of a 

PAL did not show a complete picture of the active site, since the flexible loop carrying the 

catalytic tyrosine was either absent (RtPAL) or locked in the inactive open conformation 

(PcPAL), as shown in Figure 4. By homology modelling, using the closed-loop structure of 

PpHAL as a guide, a closed loop structure of PcPAL was built, along with those of two bacterial 

homologs.129 Dynamic simulations led to the hypothesis that the additional C-terminal domain of 

eukaryotic PALs (absent in bacterial PALs) destabilizes the enzyme, thus decreasing its lifetime, 

a potentially important feature in the regulation of phenylpropanoid biosynthetic pathways. 

Further focused directed evolution work around the carboxylate/amine binding sites only led to 

variants with decreased activity, highlighting the presence of a complex and highly mutation-

sensitive network of hydrogen bonds.139 
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Figure 4. Overlay of the X-ray crystal structures of PpHAL (PDB ID: 1B8F) and PcPAL (PDB 

ID: 1W27). The loop bearing the catalytic tyrosine is locked in the closed conformation in the 

structure of PpHAL (green), but in an inactive open conformation in the structure of PcPAL. 

 

It is worth mentioning that the crystallization of PpHAL required the mutagenesis of a surface 

cysteine to alanine (Cys273Ala) in order to obtain high quality crystals reproducibly.124 A similar 

strategy, applied to the recently discovered and characterized AvPAL from Anabaena 

variabilis,112 allowed researchers to obtain the first crystal structure of a PAL with all the residues 

in the catalytically active closed conformation. In this case, mutation of two surface cysteine 

residues was required (AvPAL-Cys503Ser-Cys565Ser) and the solution of the structure afforded 

the first complete picture of the active site of a PAL.130  

The mechanism of MIO-dependent ammonia-lyases has been debated for many decades, and is 

still considered partly controversial. The most likely mechanistic paths proposed are summarized 

in Scheme 11. 

 

open loop (PcPAL)

closed loop (PpHAL)

MIO
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Scheme 11. Mechanisms proposed for the deaminations mediated by arylalanine ammonia-lyases. 

 

The first proposal by Hanson and Havir,118 later revised by Cleland and co-workers,140 was 

formulated even before the structure of the MIO had been fully elucidated. This reaction 

mechanism (Scheme 11, path A) involved a direct interaction of the electrophilic functionality 

with the deprotonated amino group of the substrate, forming a covalent amino-MIO intermediate. 

This step facilitates the reaction by forming a secondary ammonium ion, a better leaving group 

than less substituted species. Then, the catalytically essential enzymatic base abstracts the pro-S 

proton from the β-position, forming a carbanion intermediate, immediately followed by 

elimination of the MIO-NH2 leaving group (E1cB mechanism). Lastly, reprotonation of the MIO-

NH2 moiety and elimination of ammonia completes the cycle. The β-proton abstraction and the 

MIO-NH2 elimination can, in principle, occur according to three different pathways: E1 (via a 

carbocation intermediate), E2 (concerted) and E1cB (via a carbanion intermediate), as shown in 

Scheme 11. However, the E1 mechanism is extremely unlikely, not only due to the high energy of 

the α-carbocation intermediate, but also because of the incompatibility with the orientation of 
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helix dipoles, as observed, for instance, in RtPAL.109 On the basis of the kinetic isotope effects 

observed with 15N-labelled and β-2H2-labelled phenylalanines, the concerted E2 mechanism was 

also originally excluded.140 However, this statement is strictly valid only if the elimination step is 

rate-limiting, and a detailed computational study on the mechanism of RsTAL reactions indicated 

that this is not necessarily the case.141 In this work, Poppe and co-workers revealed a tandem 

nucleophilic and electrophilic enhancement by a proton transfer from the protonated amino group 

of the zwitterionic substrate (increasing the nucleophilicity of the nitrogen) to the nitrogen of the 

MIO ring (increasing the electrophilicity of the double bond). This step is mediated by Tyr300, a 

residue found to be fully conserved not only in all known 3D structures of MIO-enzymes, but 

also across the gene sequences (e.g., Tyr351 in PcPAL, Scheme 10a). The calculations suggested 

that such proton transfer is the rate-determining step of the reaction, possibly justifying why no 

significant 2H or 15N isotope effects could be observed experimentally.  

In 1995, a completely different mechanistic pathway was proposed by Rétey and co-

workers.142,143 This mechanism (Scheme 11, path B) involves first a Friedel-Crafts-like attack of 

the MIO electrophile with formation of a covalent ring-MIO intermediate, which renders the β-

proton more acidic by generating a positively charged complex. The Friedel-Crafts-like complex 

then decomposes with elimination of an ammonium ion, to restore the aromaticity of the system 

and regenerate the MIO.144,145 This mechanism is plausible for electron-rich aromatic rings such 

as histidine or tyrosine, but less plausible for the PAL reaction on unsubstituted substrates. 

Evidence to support this mechanism includes the relative rates of different substrates due to 

resonance effects (e.g., much higher reaction rates of m-tyrosine with PAL compared to 

phenylalanine),143 and the stereoelectronic viability observed in the reaction of a suitably-

designed synthetic model compound.146 

A very recent computational study also highlighted the possibility of a single-step mechanism for 

the TAL reaction, without the formation of covalent bonds with the MIO.147 This hypothesis, 

however, was considered unlikely on the basis of serious contradictions with experimental data, 
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such as the kinetic isotope effects,140 the stepwise release of the arylacrylate prior to that of 

ammonia,148 and the reversibility even at relatively low ammonia concentrations.149  

The amino-MIO mechanism is now generally accepted as the most plausible, primarily on the 

basis of structural data (e.g., RsTAL with the inhibitor 2-aminoindan-2-phosphonate bound,150 

and various related aminomutases, see Section 3.2), computational simulations141 and evidence of 

conversion of substrates that cannot react via a Friedel-Crafts-like mechanism (e.g., 

pentafluorophenylalanine151 or propargylglycine149). The main problem of the difficulty of 

abstraction of a non-acidic β-proton in the E1cB mechanism, has not found a convincing 

explanation as of yet (although examples of abstraction of an apparently non-acidic proton vicinal 

to a good leaving group performed by hydroxide ions are known). On the other hand, the E2 

mechanism overcomes this difficulty, and computational data also showed that substrate binding 

to form the amino-MIO intermediate caused a weakening of the Cα-N bond and, at the same time, 

increased the acidity of the β-proton, potentially enabling a smooth E2 elimination.141 The debate 

between the E1cB and the E2 mechanisms will probably continue until conclusive experimental 

evidence is found. 

The conversion of arylalanines bearing a strongly electron-withdrawing group (EWG) is also 

worth mentioning because of its mechanistic implications. The conversion of 4-nitrohistidine with 

HAL was reported by Klee et al. in 1979.152 In addition, no deuterium kinetic isotope effect was 

observed with β-2H2-4-nitrohistidine, as opposed to unsubstituted β-2H2-histidine. This can be 

explained by considering that the decrease in electron-density of the ring leads to an increased 

acidity of the β-protons, thus making the abstraction of the pro-S hydrogen no longer the rate 

limiting step. More recently, Rétey and co-workers demonstrated the conversion of 

nitrophenylalanine with PcPAL, in both the deamination and the amination directions, showing 

also that the MIO-less mutant PcPAL-Ser202Ala is active on such substrates, even with 

considerably higher specific activities than the natural substrates.153  This was thought to be 

further evidence of a Friedel-Crafts-like mechanism, since the strong electron-withdrawing effect 
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of the nitro group provides the same activation as that provided by the MIO moiety after the 

Friedel-Crafts-type attack. Very recently, however, we showed evidence of a MIO-independent 

competing reaction pathway with highly activated substrates (i.e., those carrying strong EWGs), 

that proceeds non-stereoselectively and more slowly.154 With isotopic labelling and mutagenesis 

studies it was shown that this pathway is consistent with an E1cB mechanism and proceeds via 

stereoselective deprotonation of the pro-R β-proton of D-phenylalanine, followed by either non-

selective reprotonation of the carbanion, or elimination of ammonia. This remarkable MIO-

independent activity could be increased by engineering155 (and exploited in biocatalytic 

applications, see Section 4.3), but attempts to engineer a truly D-selective PAL are currently 

unsuccessful.  

In spite of the ongoing mechanistic debate, which will certainly promote more discussion and 

research in the future, aromatic amino acid ammonia-lyases (PALs in particular) have been 

employed very effectively in multiple practical applications, ranging from the synthesis of amino 

acids, to assays and biosensors, to the development of new therapeutic strategies. These 

applications will be discussed in Sections 4 and 5. 

 

3.2 Arylalanine aminomutases (PAMs and TAMs) 

The first example of a MIO-dependent 2,3-amine shift was reported in 2003 through the study of 

enediyne antitumor natural products in Streptomyces globisporus.156 The chromophore of the C-

0127 secondary metabolite under study was known to contain an unusual 3-hydroxy-5-chloro-β-

tyrosine of (S)-configuration (Scheme 12a), despite the absence of any open reading frames 

predicted to have traditional aminomutase chemistry in the cloned biosynthetic gene cluster. 

Investigation of the gene encoding SgcC4 revealed it shared homology with known HAL and 

PAL enzymes, as well as its (S)-selective tyrosine aminomutase (or (S)-TAM) activity. The 

association of MIO-dependent catalysis was also confirmed via borohydride and cyanide 

inactivation, as well as mutagenesis of the central residue essential for catalytic moiety 
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formation.156 Further evidence was added to this assertion in later kinetic studies of the enzyme 

involving the addition of metals or cofactors often required by other classes of aminomutase, 

spectroscopic analysis of the wild-type enzyme and the MIO-less variant and correlated pH 

profiles with other family members.157 The structure of the enzyme was also solved confirming 

both the presence of the fully formed MIO in the active site and the structural homology of this 

protein with characterized aromatic amino acid ammonia-lyases.158 

 

 

Scheme 12. Examples of enzymes with (S)-TAM activity (a) and (R)-TAM activity (b), 

implicated in secondary metabolic processes. 

 

Following this first example of a MIO-dependent aminomutase, other family members were 

uncovered in related and more diverse metabolic pathways. One example of this is the SgcC4 

orthologous protein MdpC4 from Actinomadura madurae, another (S)-TAM involved in the 

production of the structurally similar enediyne natural product madurapeptin.159 Another more 

recent discovery was the enzyme KedY4 from Streptoalloteichus sp., an (R)-selective family 

member that was predicted to be involved in the production of the 2-azatyrosine derivative central 

to the kedarcidin toxin (Scheme 12b). By again tracing the sgc gene cluster template onto this 

more unusual example of an enediyne antibiotic, the putative activity of this orthologue was 
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confirmed160 constituting the first discovery of a class I lyase-like enzyme with a non-

proteinogenic amino acid as its natural substrate. 

Until the discovery of KedY4, the only example of an (R)-selective aminomutase from bacteria 

was CmdF from Chondromyces crocatus (also referred to as CcTAM).  This enzyme was found 

to be involved in secondary metabolic synthesis of cytotoxic depsipeptides called chondramides, 

previously known to contain (R)-β-tyrosine (Scheme 12b).161,162 Interestingly, when this enzyme 

was used as a query sequence for the discovery of new family members, none of the hits shared 

similar catalytic activity with CmdF. Those most closely related were found to be (S)-TAMs from 

the Myxococcus genus of bacteria (MfTAM from M. fulvus and MxTAM from an unnamed 

species) and possibly implicated in non-ribosomal peptide synthesis of the (S)-β-tyrosine-

containing antibiotic myxovalargin A (Scheme 12a).134 This observation, combined with the 

enantiocomplementarity of KedY4 and McpC4/SgcC4, suggests that enantioselectivity switching 

between closely related family members involved in similar biosynthetic pathways has led to 

convergent evolution of (S)-TAM activity, rather than transfer of (S)-TAM encoding genes 

between distantly related bacteria.  

Another relative found through the same database search was the homologous enzyme from 

Cupriavidus metallidurans. Despite discovery of weak (R)-TAM activity in this enzyme, the 

deamination product p-coumarate was found in vast excess in all cases making it a probable TAL 

under physiological conditions.134 The interesting distribution of enantioselectivity among the 

bacterial TAM clades has prompted mutational studies,134 mechanistic, labelling and pH profile 

studies163 of the (R)-selective CmdF. The results are in accordance with the incidence of β-

tyrosine racemase activity unveiled by earlier kinetic studies of the enantiocomplementary 

SgcC4.157 As such, it is possible that this is a feature of all TAMs as an evolutionary artefact of 

many selectivity switching events between (R)- and (S)-specific enzymes. 

There has been evidence for a long time that eukaryotes also harbor enzymes with TAM activity, 

e.g., the detection of such activity in the purple fungus Cortinarius violaceus in the absence of 
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characterisation of the specific protein responsible.164 The most recent addition to the suite of 

class I lyase-like enzymes with TAM activity is an (R)-selective enzyme (OsTAM1) from the rice 

plant Oryza sativa. Its discovery was prompted by the finding of (R)-β-tyrosine production by 

rice plants in response to jasmonate exposure, possibly as a counter defense mechanism, given the 

concurrent finding that the non-natural amino acid product inhibits growth of some competing 

species.165 This information, combined with previous studies of aminomutases within the class I 

lyase-like family of enzymes, allowed identification of a candidate open reading frame whose 

product was revealed to be a TAM,165 the first example of such an enzyme in eukaryotes. Further 

biochemical studies revealed that, unlike its bacterial relatives, OsTAM1 did not display 

decreased or variable enantioselectivity, giving consistently high enantiomeric excess for the (R)-

configured product even after prolonged reaction time and over a range of pH values. The 

enzyme also showed acceptance of phenylalanine, albeit with an activity just 3% of that for 

tyrosine,166 which possibly points to the evolutionary origin of this enzyme from an ancestral 

plant PAL. Building on this, variations identified at two positions in the active site of OsTAM1, 

and the related phenylalanine-specific TcPAM,166 allowed mutagenic studies of the enzyme to 

increase binding affinity for phenylalanine.167 Interestingly, the variation of either (but not both) 

of these residues served not only to increase phenylalanine acceptance, but also to enhance 

overall turnover and ammonia-lyase activity.167 This alteration between TAM- and PAL-like 

activity is reminiscent of studies with PcPAL-Glu484Asn, where decrease in catalytic efficiency 

with L-phenylalanine and increase with L-tyrosine was observed.168 These results taken together 

highlight the importance of fine-tuning mutations for substrate specificity which occur at 

positions other than the selectivity residues.  

Apart from OsTAM1, with its PAM side-activity, there also exist a suite of distinct aromatic 

amino acid aminomutases active on L-phenylalanine, whose biological function is to provide a 

pool of β-phenylalanine for incorporation into various natural products. The most investigated of 

these are the (R)-PAM orthologues ubiquitous across taxol-producing species of yew tree. This 
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group of nearly identical proteins169–171 have received much attention due to their mediation of the 

first committed step in the biosynthesis of the side chain of taxol,171 the most well-known bio-

derived anticancer drug in clinical use.172 The existence of this class of enzymes in many of these 

yew tree species, as well as several taxol-producing fungi, is often anecdotal through presence of 

the final product.173 One of the first studies to provide direct evidence of aminomutase activity 

was in a cell-free assay of Taxus brevifolia.174 This discovery laid the groundwork for 

investigation of other enzymes from Taxus species, such as T. cuspidata, T. chinensis and T. 

wallichiana (with extremely high sequence identity), which have each been studied as isolated 

proteins and their catalytic activity confirmed.169–171 Two of these in particular, from T. 

canadensis (TcPAM) and from T. wallichiana var. chinensis (TwPAM), have subsequently been 

investigated in great detail due to the unusual stereochemical requirements of the (R)-PAM 

reaction.  

While the formation of (S)-β-phenylalanine through MIO chemistry proceeds with deamination 

and reamination from the same stereoheterotopic face of the substrate (Scheme 13a), the 

production of (R)-β-phenylalanine from the corresponding (S)-configured proteinogenic 

regioisomer necessitates abstraction of the amino group from one face of the newly formed 

cinnamate intermediate, and reamination on the opposite face (Scheme 13b). Upon investigation 

using labelling studies and TcPAM, it was also revealed that the concomitant proton transfer is 

mediated in a similar but opposite fashion, constituting in a formal exchange with the amine 

group from the opposite face.175 Kinetic isotope effects of the labelled and unlabelled substrates 

from the same study highlighted the initial proton extraction as the rate limiting step in the 

catalytic cycle.175 The method by which the enzyme accomplishes this rearrangement has been 

subject to speculation, with suggestions including reorientation of the entire ligand in the active 

site176 and possible conformational changes of the intermediate involving rotation around both the 

C1-Cα and Cβ-Cipso bonds together170,177 or each of these bonds in isolation (Scheme 13b).178,179  
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Scheme 13. General deamination-reamination mechanism of (S)-selective PAMs (a) and 

proposed deamination-rotation-reamination mechanism for (R)-selective PAMs (b). The bonds 

around which a rotation is thought to happen are shown in red. The substrate bears a substituent at 

the ortho-position in order to highlight whether ring flipping has occurred, compared to the 

previous conformation.  

 

Upon release of the X-ray crystal structure of TcPAM with bound cinnamate170 it could be seen 

that the reaction intermediate was accommodated in a non-planar form, with distortion of bond 

angles around the central π-system of the molecule and a misalignment of the aryl ring and 

carboxyl group in their respective active site binding pockets. This could be seen to imply an 
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enzyme mediated partial disruption of the conjugation of the reaction intermediate, decreasing the 

torsional barrier of rotation around both C1-Cα and Cβ-Cipso bonds, whilst also providing minimal 

perturbation of the two conformers with regard to pre- and post-rotational positioning of the 

aromatic ring. Interestingly, in the study citing conformer interchange involving torsion at both 

bonds, the reaction is seen not to proceed with a non-natural substrate which would result in a 2-

methylcinnamate intermediate.177 Assuming rotation around both bonds, one might predict that 

this substrate would provide only minor hindrance to the presentation of either stereoheterotopic 

face of the central double bond compared with the unsubstituted intermediate, whereas rotation 

around just the C1-Cα would, as it involves flipping of the entire ring. This is a hypothesis backed 

up by computational studies of the same enzyme where calculation results indicate not only 

preference for a single 180o rotation around the C1-Cα bond, but also a favouring of the MIO-

adduct mechanism and ammonia elimination through an E2 mechanism.179 The in silico study has 

also predicted that the MIO abstraction/addition of the amino group could only occur at the α-

position in one of the two conformers and at the β-position in the second conformer, assuming a 

single bond rotation.179 This is consistent with the established strict enantioselectivity of the 

rearrangement reactions for this enzyme,175 as it contravenes the production/conversion of both 

D-phenylalanine and (S)-β-phenylalanine in theory. The most recent structural studies, this time 

of the closely related TwPAM, however, provide evidence for two distinct binding modes of the 

cinnamate intermediate in the active site,176 possibly mitigating the need for any sort of bond 

rotation. With the earlier realization that the plant (R)-PAM and PAL active sites are nearly 

identical, differing by only a single aryl binding pocket residue,180 the molecular mechanism by 

which (R)-β-selective ammonia readdition is enabled uniquely in the Taxus-derived enzymes 

remains unclear, regardless of the precise mode by which the stereoheterotopic faces of the 

central double bond are presented to the MIO and catalytic tyrosine. It is likely that the residues 

that determine this lie elsewhere in the protein, perhaps altering breathing motions to reshape the 

active site of PAMs during catalysis.176 
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Despite the PAMs from Taxus sp. being the only known (R)-selective and phenylalanine specific 

mutases for a long time, there have always been clues hinting at the existence of analogous 

enzymes in other organisms (Scheme 14a). Such evidence includes the occurrence of other 

metabolites containing (R)-β-phenylalanine, the most notable examples of these being the 

chemically similar astins and cyclochlorotines from the plant Aster tartaricus and fungus 

Talaromyces islandicum respectively.181,182 Although these bioactive pentapeptides were isolated 

and characterized decades ago, knowledge of their biosynthesis was hindered by the lack of 

genome sequence data. With the recent release of the T. islandicum genome,183 the biosynthetic 

gene cluster associated with cyclochlorotine production could be identified.184 One of the putative 

genes within the group was predicted to code for a member of the class I lyase-like family and, 

through knowledge of the aminomutase potential of MIO catalysis and previous evidence of 

convergent evolution of mutase activity, it has been reasoned that the gene product, CctP, may 

well be an (R)-PAM responsible for the (R)-β-phenylalanine found in the final natural 

product.184Interestingly, the similarity between the astin and cyclochlorotine compounds extracted 

from members of two separate eukaryotic kingdoms minimizes the likelihood that these 

organisms have arrived at the same pentapeptide structure by chance and sheds light on the 

possibility of horizontal gene transfer or endophytic production of the astin series by a fungal 

plant symbiont. Upon further investigation the latter seems to have been the case, as seen in 

recent work on the characterization of the Aster-associated, astin-producing fungus Pelliciarosea 

asterica.185 Given the close relationship between this organism and species of Talaromyces,185 it 

stands to reason that P. asterica also harbors an (R)-PAM making fungi a possibly rich source of 

new enzymes with this activity. 
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Scheme 14. Examples of enzymes with (R)-PAM activity (a) and (S)-PAM activity (b), 

implicated in secondary metabolic processes. 

 

Unlike the (R)-selective PAM enzymes, their enantiocomplementary relatives are only known 

from various examples in the eubacterial kingdom (Scheme 14b). The first of these to be 

discovered, and thus most extensively characterized, was AdmH from Enterobacter agglomerans, 

which was identified in the context of the biosynthetic gene cluster for the antibiotic andrimid.186 

Later studies confirmed the excellent (S)-selectivity of this enzyme, a feature linked to the natural 

gatekeeping mechanism of the biosynthetic process ensuring chemical fidelity and final product 

homogeneity when the gene cluster is upregulated.187 The discovery of a PAM with opposite 

enantioselectivity to the previously characterized Taxus enzymes prompted mechanistic studies 

and comparisons between the two isomerization reactions. Whereas TcPAM from the Canadian 
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yew tree was expected to mediate rotation of the acrylic acid intermediate in the active site, 

labelling studies showed this need not be the case for AdmH, with both proton/amine abstraction 

and re-addition occurring on the same respective faces.177 Further evidence was added to this by 

parallel isomerization assays with both enzymes using L-2-methylphenylalanine as a chemical 

mechanistic probe. The turnover of this substrate to the expected regioisomer by AdmH, but not 

by TcPAM, was cited as evidence for the lack of a torsional barrier to isomerisation in the former 

enzymatic process.177 Finally, confirmation of this binding mode was achieved through 

crystallographic studies of the enzyme, revealing MIO-amino acid adduct electron densities 

consistent with both β- and α-phenylalanine derivatives from separate active sites.188 The minimal 

shift in backbone position seen between the β- and α-regioisomers in overlaid structures indicates 

that the AdmH mediated binding mode of the substrate allows the mutase reaction to occur 

without repositioning and/or major torsional considerations. 

The structural insight from the studies of AdmH also allowed rationalization of the enzyme’s 

unique substrate positioning, with this being attributed to a bulky residue (Phe455) not found in 

any other active site of a known class I lyase-like enzyme. The size and position of this residue 

was seen to alter the trajectory of substrate binding, making it similar to that employed by the (S)-

TAM SgcC4, although with a different molecular basis.188 This finding was used to uncover 

homologous sequences with the same residue at aligning positions and putatively assign them (S)-

PAM activity. Initially, six putative sequences were found,188 but owing to ongoing genomic 

sequencing efforts the same search repeated more recently uncovered 19 hits. One of these, PabH 

from a species of the genus Bacillus, could be tentatively attributed to the biosynthesis of 

pyloricidin-like antibacterial compounds via a genetic context analysis and, upon 

characterization, was also found to possess the predicted aminomutase activity.189 The only other 

instance of an (S)-PAM known to be involved in secondary metabolism is the case of HitA from 

Streptomyces scabrisporus. In this example, the biosynthetic gene cluster for the known 

polyketide hitachimycin was identified from the genome sequence of the host organism solely 
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based on the presence of a PAM-like sequence. Rather than looking for particular sequence 

motifs, the entire query sequence of a known PAM was used to identify a potential open reading 

frame in the context of probable polyketide biosynthetic genes. Upon characterization of the 

putative aminomutase, (S)-PAM activity was confirmed, as required to achieve the correct 

stereochemistry for the natural product under investigation.190 

Another of the enzymes selected in both of the aforementioned database searches for its 

possession of an (S)-PAM-like active site was EncP from Streptomyces maritimus.188 Unlike the 

other hits, which were all uncharacterized sequences, this enzyme was already known to be 

involved in the production of wailupemycin metabolites and the antibiotic enterocin in its host 

organism, courtesy of its PAL activity.191 Upon further characterization, however, the enzyme 

was found to exhibit very low turnover compared to other known ammonia-lyases and to have the 

highest sequence similarity to the mutase AdmH.192 As an investigation of this, both enzymes 

were tested for ammonia-lyase and aminomutase activity over a range of temperatures, to reflect 

the different physiological environments they would be subjected to in the thermotolerant S. 

maritimus and mesophilic E. agglomerans. Strikingly, both enzymes were found to exhibit 

mutase activity at lower temperatures with only minimal production of cinnamate when L-

phenylalanine was used as a starting material.193 This finding was in accordance with the leaking 

of cinnamate reported upon the first biochemical characterization of AdmH187 and also explains 

in part the apparently low reaction rate for EncP in initial studies,192 where only formation of the 

ammonia-lyase product cinnamate was measured. At higher temperatures, both enzymes were 

seen to produce an increasing amount of cinnamate, with minimal PAM activity detectable at 

temperatures of around 70°C (Scheme 15). This thermal bifunctionality between PAM and PAL 

activity was reasoned to be due to the effect of increased temperature on the dynamics of the 

enzyme. Whilst at lower temperatures the inner active site loop would remain in the closed 

conformation long enough for deamination and reamination to occur, at higher temperatures 

interruption of the catalytic cycle (with loop opening and release of the intermediate) would result 
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in ammonia-lyase activity.193 From a physiological perspective, knowledge of the distinct 

pathways associated with EncP and AdmH allows speculation that, whilst both enzymes possess 

unwanted side activities, they are unlikely to have detrimental wasteful effects in vivo. This is 

because AdmH has been shown on two accounts to produce only a small amount of unproductive 

cinnamate187 and EncP, whilst able to form a sizable amount of (S)-β-phenylalanine, can also 

revert it to metabolically active L-phenylalanine or deaminate it to cinnamate193 under the same 

conditions. In this way the relevant product can be siphoned off into the host specific pathway 

allowing the bifunctional PAL/(S)-PAM enzymes to act as multipurpose starting enzymes for 

different metabolic strategies in an evolutionary context.  

 

 

Scheme 15. The thermobifunctionality of EncP and AdmH which both display predominantly (S)-

PAM activity at low temperature and more PAL activity as the temperature increases. 

 

As briefly demonstrated in this section, PAMs and TAMs occupy a key position in secondary 

metabolism to provide adequate supplies of aromatic β-amino acids for the incorporation in a 

strikingly broad range of complex natural products. Likewise, their activity has been exploited in 

preparative synthesis not only to afford these valuable natural precursors, but also multiple related 

non-natural building blocks (e.g., for medicinal chemistry), as will be discussed in Section 4.4. 
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4. Synthetic applications of ammonia-lyases and aminomutases 

The past few decades have seen an exponential rise in the use of biocatalysts to convert readily 

available and inexpensive starting materials to value-added products. This has been credited to 

several factors, including the advancement in recombinant DNA technologies, the development 

of suitable high-throughput screening systems, the improvement of bioinformatics for the 

discovery of new enzymes, and the reduction in the cost of DNA synthesis and sequencing. This 

has led to the identification and development of enzymes with unique and novel chemistry better 

suited for sustainable manufacturing. Perhaps the greatest influence came from the fine chemical 

and pharmaceutical industry at a time when strict rules and regulations were enforced to reduce 

the carbon footprint in order to combat climate change. This led to the adoption of greener 

strategies to mitigate current problems the industry was facing, including the need for harmful 

organic solvents, the generation of toxic waste, the poor atom economy of most fine chemical 

processes and the reliance on non-renewable feedstocks. The concept of “greenness” of chemical 

processes was already considered relevant in the 1960s, however, it was only in 1998 when 

Anastas and Warner developed the 12 principles of green chemistry. Biocatalytic processes 

typically adhere to most (if not all) of these principles, contributing to the ever-increasing 

popularity of enzymatic reactions in industrial processes. In this section, multiple examples of 

ammonia-lyase and aminomutase biocatalytic processes (including chemo-enzymatic and 

multienzymatic cascades) will be provided, highlighting the advantages brought to chemical 

manufacturing. 

 

4.1 Synthesis of aspartic acid derivatives 

Undoubtedly, aspartase represents one of the earliest success stories of biocatalysis for industrial 

applications. Its high specificity and activity were immediately recognized and exploited in 

several industrial processes for the preparation of L-aspartic acid from fumaric acid and 

ammonium salts, comprehensively reviewed elsewhere.1,3 The earliest applications employed 
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wild-type E. coli cells immobilized on various supports, such as polyacrylamide,194 

polyurethane195 or carrageenan,196 with high productivity, good stability and, most importantly, 

low cost. Subsequent improvements on this process involved the use of recombinant cells 

overproducing aspartase197 and the application of thermotolerant DALs with increased stability 

under the process conditions.198 On laboratory scale, the aspartase reaction has been demonstrated 

also for the enantioselective synthesis of specifically labelled L-[1,4-13C2]-aspartic acid from [1,4-

13C2]-fumaric acid (44% isolated yield).199 

A number of technical solutions have been reported to improve conversions and/or overall 

efficiency of the aspartase reaction. In particular, a recent strategy based on the overproduction of 

AspA in the psychrophilic organism Shewanella livingstonensis Ac10, led to the improvement of 

conversions to 99.3%. The cells were heat-treated to deactivate most of the endogenous enzymes 

(including fumarase, which interferes with the aspartase reaction producing malate as a by-

product).200 Several systems were also patented for the chemical recycling of the waste stream 

from the aspartase reaction. The use of maleic anhydride to lower the pH of the L-aspartate 

solution and precipitate the L-aspartic acid generates an effluent containing only maleic acid and 

low concentrations of ammonia. Isomerization of maleic acid to fumaric acid (by treatment with 

ammonium bromide and ammonium persulfate, followed by ion-exchange) and pH adjustment 

(by addition of ammonium hydroxide) affords a solution of fumaric acid that can be directly 

recycled.201 A more elegant system, perfecting the same concept, involves the coupling of 

aspartase with maleate isomerase, to perform the isomerization of maleate to fumarate in the 

same reaction system as the addition of ammonia.202 This makes the whole process more 

efficient, avoids the additional chemical step and affords the aspartate product in much higher 

purity (Scheme 16). 
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Scheme 16. Coupling of aspartase and maleate isomerase for the industrial-scale synthesis of L-

aspartate with waste stream recycling. 

 

Aspartase has also been employed in several other multi-enzymatic cascade processes, since its 

high substrate specificity prevents cross-reactions with other enzymatic systems. One example is 

the recent co-immobilisation of AspB with a microbial aspartate transaminase (AspTA) to 

produce L-phenylalanine from phenylpyruvate, using as the amino donor L-aspartate formed in 

situ from fumarate (Scheme 17a).203 The two enzymes were co-immobilized on an amino-epoxy 

support, giving a 95% yield of L-phenylalanine at 100 mM concentration in continuous flow. In 

another example, Zhu and co-workers employed aspartase as an ammonia scavenger to shift the 

equilibria of a nitrilase reaction for the production of β-alanine (Scheme 17b).204 The reaction of 

3-aminopropionitrile with a nitrilase identified from a screen (NIT3397 from Bradyrhizobium 

japonicum) affords β-alanine and ammonia, with traces of the intermediate 3-aminopropanamide. 

Upon increasing the substrate concentration up to 3 M (210 g L–1), the accumulation of 

considerable quantities of amide was observed, because of the equilibrium established between 

the acid, the amide and ammonia in the enzymatic hydrolysis. The addition of DAL and fumarate 

to the system, to shift the equilibria by consuming the by-product ammonia, resulted in almost 

complete conversion of the amide to acid with no influence on the nitrilase activity. 
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Scheme 17. Examples of cascade applications of DALs: (a) in situ generation of a co-substrate; 

(b) in situ removal of a by-product to drive an enzymatic equilibrium reaction. 

 

Another remarkable cascade application of aspartase was as part of an in vitro artificial metabolic 

cycle for the interconversion of chemical functional groups employing six different enzymes 

(Scheme 18): aspartase AspB from Bacillus sp. (DAL), L-aspartate oxidase from Sulfolobus 

tokodaii (LASPO), L-malate dehydrogenase from bovine heart (LMDH), and fumarase from 

porcine heart (FUM), combined with commercial catalase (CAT) and formate dehydrogenase 

(FDH) from unspecified bacterial sources.205 The four main steps of the cycle involve the 

conversion of fumarate to L-aspartate (by DAL), dehydrogenation to 2-oxaloacetate (by LASPO 

coupled with CAT to break down H2O2), reduction to L-malate (by LMDH coupled with FDH to 

regenerate the NADH cofactor) and dehydration (by FUM), regenerating fumarate ready to start a 

new cycle. The authors demonstrated that the addition of any of the intermediates to this multi-

enzymatic system establishes a steady state in which concentrations of all the four compounds do 

not vary and the oxidation of formate at the expense of molecular oxygen proceeds continuously. 

This process exemplifies the concept of systems biocatalysis, where simple and modular 

enzymatic activities are combined to achieve the desired transformation. 

 



54 
 

 

Scheme 18. In vitro artificial cascade cycle for the interconversion of functional groups, as an 

example of artificial metabolism. The net reaction consumes formate and oxygen and produces 

water and carbon dioxide. 

 

Apart from the plethora of uses of aspartase for the natural (forward or reverse) reaction, the 

expansion of its application to the synthesis of substituted aspartic acid derivatives has been 

considered highly desirable as well. Many aspartate derivatives are building blocks of bioactive 

compounds such as pharmaceuticals and natural products, and their chemical synthesis remains 

quite challenging. However, as mentioned in Section 2.1, aspartases were found to be highly 

specific for their natural reaction, in spite of countless attempts to find alternative substrates. The 

first example of promiscuity of the aspartase from Bacillus cadaveris was reported by Emery in 

1963: the synthesis of N-hydroxyaspartic acid by reaction of fumarate with hydroxylamine as the 

nucleophile.206 The product was identified by its physico-chemical properties, but proved too 

unstable to isolate. Only in 2008 was a similar experiment attempted and expanded in order to 

probe the specificity of AspB for the nucleophile.207 Incubating the enzyme with fumarate and a 

panel of several small nucleophiles gave complete conversion not only with hydroxylamine, as 

reported by Emery, but also with hydrazine, methoxyamine and methylamine (Scheme 19a). 

Larger (ethylamine, glycine, formamide) and charged (azide, cyanide, cyanate) nucleophiles 

afforded no conversion. The isolation problems with N-hydroxyaspartic acid could not be solved 
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by purification, protection or derivatization, but all the other derivatives were easily purified by 

ion-exchange chromatography.207 

 

 

Scheme 19. Synthesis of various amino acids with wild-type and mutant DALs: N-substituted 

aspartic acid derivatives with AspA and AspB (a) and (R)-3-aminobutyrate (b). 

 

The consideration that the β-carboxylate group of the substrate plays a key role in stabilizing the 

intermediate, while the α-carboxylate is not actively involved, prompted Vogel et al. to start an 

engineering project to alter the active site of AspB to accommodate different functional groups.208 

Four positions in close contact with the α-carboxylate were selected and simultaneously mutated 

(Thr187, Met321, Lys324, Asn326), affording a considerably large library. The screening of 

300,000 clones against methyl crotonate (by HPLC, using cluster screening in mixed populations) 

afforded the quadruple mutant Thr187Cys-Met321Ile-Lys324Met-Asn326Cys, named BSASP-

C6, active on the selected substrate to form (R)-3-aminobutyrate (Scheme 19b). Even though the 

catalytic performance was poor, this is the first example of active site reshaping of a DAL, an 

exciting proof-of-concept of the applicability of these enzymes to a broader set of products. This 

also highlights the importance of synergistic mutations (further analysis revealed that at least 

three mutations were decisive) and the effectiveness of cluster screening for large library sizes. 

Concerning MALs, instead, their reaction on natural substrates is of limited interest for synthetic 

applications. The use of CtMAL to prepare L-threo-3-methylaspartic acid (from mesaconate, 

76% yield),92 and D-threo-3-methylaspartic acid (from the racemic threo-diastereoisomer, by 

removal of the L-enantiomer, 36% yield)93 is obviously very efficient and has been described 
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already in the very early studies. However, in contrast with DALs, the real potential of MALs lies 

in their activity on non-natural substrates, which was recognized early as well.  

The ability of CtMAL to accept various β-substituted aspartic acids (ethyl, n-propyl, isopropyl 

side chains with progressively low rates, while no activity was observed with n-butyl) was 

reported in 1967,209 but the first reports of asymmetric additions on substituted fumaric acids 

appeared only about two decades later. Gani and co-workers first tested a panel of 2-

halofumarates as substrates, obtaining different results: with 2-fluorofumarate the reaction 

occurred slowly with accumulation of multiple side-products; with 2-chlorofumarate the product 

could be isolated in high yield and purity; with 2-bromofumarate the product was formed 

efficiently but could not be isolated due to rapid cyclization to the corresponding 2,3-

aziridinedicarboxylate, and irreversible inhibition of the enzyme.210,211  

They also demonstrated the synthesis of a panel of 3-alkylaspartates with CtMAL, starting from 

2-alkylfumarates (Scheme 20), including specifically 2H-labelled aspartates obtained by running 

the reactions in D2O.212 The same group also reported the synthetic access to N-substituted 

aspartate derivatives using other nitrogen nucleophiles (e.g., hydrazine, methylamine, 

hydroxylamine, methoxyamine).213 Even though this work showed a much greater substrate 

tolerance than aspartases (Scheme 20), the reaction is still limited to small nucleophiles. A similar 

substrate scope was also reported later for the thermostable ChMAL.100 
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Scheme 20. Aspartic acid derivatives prepared with wild-type MAL (n.r. = no reaction). 

 

However, much more striking results were obtained recently by structure-guided engineering, 

leading to the development of two single-point variants with greatly enhanced nucleophile scope 

or electrophile scope.214 Analyzing the crystal structure of CtMAL with L-threo-3-

methylaspartate bound, residues Gln73 and Gln172 (in close contact with the amino group) were 

selected and targeted by site-saturation mutagenesis. The screening for the model reaction of the 

addition of methylamine to mesaconate led to the identification of Gln73Ala as the variant with 

the highest catalytic rate. This variant showed a remarkably broad nucleophile tolerance (Scheme 

21a), accepting a wide range of amines from simple alkylamines to cyclohexylamine and 

benzylamine. Remarkably, all the products were obtained with excellent diastereoselectivity. In a 

similar fashion, from the analysis of the same crystal structure, mutagenesis efforts were then 

directed to Phe170, Tyr356 and Leu384, that form the binding pocket for the methyl group of 

mesaconate. Screening for the model reaction of the addition of ammonia to 2-hexylfumarate 

resulted in the identification of Leu384Ala as the most active variant, which showed an 

exceptionally broad electrophile tolerance (Scheme 21b), accepting substituted fumarates with a 

side chain as bulky as a benzyl group, albeit with lower diastereoselectivities across the board. 
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Many of these reactions were optimized for preparative scale application, demonstrating the 

synthetic potential of MAL variants for the synthesis of biologically active compounds.214 

 

 

Scheme 21. Expanded nucleophile/electrophile scope of engineered MAL variants. 

 

Lastly, DALs and MALs have also been employed in synthetic biology applications, an area 

certainly bound to grow in the near future. For instance, the activity of aspartase has been 

exploited in a recent successful metabolic engineering effort towards the fermentative production 

of 3-aminopropionic acid (β-alanine) from glucose (Scheme 22).215 Starting from an engineered 

E. coli strain producing fumarate as a host, the panD gene from Corynebacterium glutamicum 

(encoding L-aspartate-α-decarboxylase), the aspA gene (encoding aspartase) and the ppc gene 

(encoding phosphoenolpyruvate carboxylase) were overexpressed either by promoter replacement 

or using additional plasmids. The final strain allowed production of 3-aminopropionic acid up to 

a concentration of 32.3 g L–1 over 39 h. 
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Scheme 22. Metabolic engineering of E. coli for the production of 3-aminopropionic acid. The 

genes overexpressed or deleted in the final strain are shown in blue. 

 

Another recent metabolic engineering project afforded an efficient E. coli platform for the 

production of mesaconate from glucose, with a productivity of up to 7.8 g L–1. The constructed 

pathway includes recombinant expression of glutamate mutase (an AdoCbl-dependent enzyme for 

the conversion of glutamate to methylaspartate) and MDAL. In order to maximize the efficiency 

of the glutamate mutase, the two genes encoding for the two subunits of this enzyme were 

selected from different organisms: the glmE gene for the dimeric catalytic subunit from 

Clostridium cochlearium and mutS gene for the monomeric B12-binding subunit from Clostridium 

tetanomorphum (Scheme 23).216 
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Scheme 23. Metabolic engineering of E. coli for the production of mesaconate. The genes 

overexpressed in the final strain are shown in blue. 

 

4.2 Synthesis of L-arylalanines 

Derivatives of L-phenylalanine are ubiquitous in nature, involved in many metabolic processes or 

pathways and are chiral structural units of a number of chemical messengers, including hormones 

and neurotransmitters. Non-natural L-arylalanines are also crucial in a myriad of chemical 

processes and are incorporated as key pharmacophores in many active pharmaceutical ingredients 

(APIs) and drug candidates. Whilst D-phenylalanine is obviously much rarer in nature, the D-

enantiomers of many arylalanines are almost equally common and useful building blocks in 

synthetic chemistry. A representative selection of APIs, drug candidates or precursors based on  

L- and D-arylalanine synthons is presented in Scheme 24.  
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Scheme 24. Representative examples of APIs, drug candidates or precursors containing L- and D-

arylalanine derivatives (the arylalanine moieties are highlighted in blue).  

 

Due to the reversibility of the enzymatic reactions of arylalanine ammonia-lyases, first alluded to 

by Williams and Hiroms in 1967 for HALs,217 and Hanson and Havir in 1968 for PALs,218 it is 

synthetically more useful to drive the reaction in the amination direction to produce the higher 

value L-arylalanine from the inexpensive arylacrylic acid substrate. Several methods already exist 

for the chemical synthesis of enantiopure amino acids, for example, the asymmetric 

hydrogenation of dehydroamino acids,219 a process well known for the synthesis of L-DOPA, or 

the classical Strecker synthesis220 (either performed in an asymmetric fashion221 or followed by 

chemical or enzymatic resolution). The ammonia-lyase reaction, however, has a number of 

unique advantages over other methods: 100% atom economy, inexpensive and easily accessible 

substrates, and no requirement for expensive cofactors or regeneration systems. Furthermore, the 
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direct addition of ammonia to the α-position of the acrylic acid occurs with anti-Michael 

regioselectivity, a reaction which cannot be emulated with current synthetic methods, 

highlighting the synthetic utility of these biocatalysts. 

In order to favor the equilibrium position towards the amination direction, the biotransformation 

step is carried out in the presence of high concentrations of ammonia. The potential industrial 

application of PAL was first demonstrated in 1976, in a patent filed by Pfizer using RtPAL from 

Rhodosporidium toruloides (formerly known as Rhodotorula gracilis) covalently immobilized 

onto a solid support.222  Unsubstituted cinnamic acid with a concentration of 500 mM in the 

presence of concentrated buffered ammonia at pH 9.5 gave 90% yield of L-phenylalanine after 18 

h incubation at 37°C. Yamada et al. soon published the first paper with full optimization 

parameters of RgPAL from Rhodotorula glutinis for the hydroamination of cinnamic acid to L-

phenylalanine.223 A number of factors were tested, such as optimal growth conditions, pH, 

ammonia concentration and substrate loading. The best growth conditions were found with 1% 

yeast extract, 1% peptone, 0.05% L-phenylalanine and 0.5% sodium chloride. Substrate loading 

experiments showed 60 mM to be the ideal concentration for amination (concentrations higher 

than this resulted in substrate inhibition). Optimum ammonia concentration was determined to be 

9 M at pH 10.0, yielding 70% conversion to L-phenylalanine.  

Earlier work on the synthesis of L-phenylalanine opened up new avenues towards the synthesis of 

non-natural amino acids. It was a decade later when RgPAL was screened against a 

comprehensive panel of substituted cinnamic acid derivatives, highlighting the scope and 

limitations of this transformation (Scheme 25).224 Under similar conditions previously reported 

with this enzyme,223 a number of fluoro-, chloro, bromo-, methyl-, methoxy- and dihalogenated 

compounds gave moderate to very good conversion. Interestingly, for monosubstituted substrates, 

a general correlation between the conversion and the position of the substituent could be 

observed: the rate of amination was found to decrease in the order ortho- > meta- > para-. A 

difference of >35% in conversion was observed between the three isomers of fluoro-, chloro- and 
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bromo- substrates, for instance. This was ascribed to the steric clash between the substituent and 

active site residues, as also postulated by the authors. Unsurprisingly, increasing further the size 

of the aromatic ring either dramatically reduced the conversion values (e.g., 1-naphthyl) or 

afforded no conversion at all (e.g., indol-3-yl, 3,4-methylenedioxyphenyl). On the other hand, 

substrates where the phenyl ring was replaced with a short aliphatic chain (e.g., trans-2-butenoic 

acid) gave no conversion either. Smaller thienylacrylic acids were accepted, albeit with low 

conversion to the corresponding amino acid. To probe further the substrate tolerance of PAL, α- 

and β-substituted fluoro- and methylcinamic acid were tested under amination condition. No 

conversion was observed with these substrates, and they were in fact found to be mildly 

inhibitory to the enzyme. It is worth mentioning that up to now (more than 25 years later), no 

wild-type or mutant PAL active on a cinnamic acid derivative bearing any substituent other than 

H (or 2H and 3H)148,154,225 on the C=C bond has been identified. The same situation applies to the 

attempts to expand the nucleophile scope: even though deamination of N-substituted amino acids 

has been reported (e.g., N-methylphenylalanines226), amination with methylamine or any other 

nitrogen nucleophile has not been successful, as of yet. Such extremely challenging targets would 

represent a major breakthrough and a very valuable addition to the ammonia-lyase toolbox for 

biocatalysis.  
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Scheme 25. RgPAL catalyzed synthesis substituted phenylalanine analogues (percentage values 

refer to conversions). 

 

Bromophenylalanines are particularly valuable products for further chemical manipulations to 

afford structurally diverse L-phenylalanine analogs (see Section 4.5 for examples of multi-step 

systems). However, RtPAL and RgPAL suffer from narrow substrate specificity and poor 

conversions with bromocinnamic acids (particularly the p-bromo isomer) limiting their use as 

industrial biocatalysts. Recent engineering efforts by Rowles et al. successfully improved 

substrate tolerance of a related PAL (RgrPAL from Rhodotorula graminis) towards p-

bromocinnamic acid.227 The design and screening of five CASTing libraries (each covering two 

spatially close positions) in the active site allowed the identification of the RgrPAL-His143Cys-

Gln144Asn variant (RgrPAL-31E) with an impressive 28-fold improvement in activity compared 

to the wild-type. Even though AvPAL was found to be more tolerant towards that substrate (71% 

conversion), similar engineering work on AvPAL by Ahmed et al. yielded a modest improvement 

in activity with the single point mutation Phe107Ala (80% conversion).228   
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The discovery, cloning and screening of new arylalanine ammonia-lyase enzymes from different 

sources proceeded at a much faster rate in the last years, occasionally stumbling into remarkable 

new properties. In 2008, DSM patented the discovery and expression of new PAL genes from 

several organisms (Shewanella oneidensis, Idiomarina lohiensis, Fibrobacter succinogenes and 

Vibrio vulnificus) with increased expression levels and very high relative activities on o-

bromocinnamic acid, compared to RgPAL.229 Besides their increased activity, however, the 

striking feature of this set of new biocatalysts (in particular the PAL from I. lohiensis) was the 

extraordinary tolerance to high substrate concentrations, even at elevated pH values where the 

solubility is higher. The combination of high activity and absence of substrate inhibition is 

extremely appealing to increase the productivity of industrial biocatalytic processes. 

As a further demonstration of the industrial viability of PALs, the intensified synthesis of a 

number of non-natural halophenylalanine derivatives was reported by Weise et al., in 

collaboration with the chemical company Johnson Matthey.230 Using ammonium carbamate as the 

ammonia source instead of the more conventional pH-adjusted ammonia solutions or other 

ammonium salts, considerably improved conversions could be obtained, along with a much 

simpler downstream processing. The superior conversion was attributed to ammonium carbamate 

releasing two equivalents of ammonia whilst maintaining a lower ionic strength. Several 

important parameters including temperature, pH, catalyst formulation, substrate loading and 

incubation time were optimized to improve the efficiency of the biocatalytic process. Preparative 

scale synthesis of a number of amino acids was carried out yielding full conversion in each case 

with a space-time yield (STY) in the range of 5-20 g L–1 d–1 (Scheme 26). The use of ammonium 

carbamate improved the isolation efficiency by evaporation of the buffer at its sublimation 

temperature, alleviating many problems encountered using previous methods, such as the 

requirement for ion-exchange purification (with additional costs and sometimes low recovery). 

Optimized conditions for 3-fluorocinnamic acid led to an impressive STY of 237.6 g L–1 d–1 with 

excellent enantiopurity. To demonstrate the modularity of this process, the method was also 
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integrated in two chemo-enzymatic processes (synthesis of biarylalanine derivatives228 and 

telescopic one-pot condensation/hydroamination,231 see Section 4.4).   

 

 

Scheme 26. Panel of non-natural L-halophenylalanines produced with an intensified AvPAL 

mediated hydroamination using ammonium carbamate as the ammonia source (space-time yields 

are reported). 

 

Previous work has alluded to the fact that no modification of the carboxylic acid portion of the 

substrate is tolerated by the enzyme. Remarkably, Nair and co-workers reported the PAL 

catalyzed hydroamination of methyl trans-cinnamate to L-phenylalanine methyl ester using 

RgPAL in an organic-aqueous biphasic mixture, due to the poor solubility of the substrate 

(Scheme 27).232 A solvent screen showed n-heptane to be the best co-solvent, giving the highest 

product yield. Under the best conditions, with a substrate loading of 100 mM, only 7% 

conversion could be achieved. While the potential applications (e.g., for aspartame synthesis) are 

exciting, the low conversions obtained from the biotransformation are far from ideal for industrial 

application. Unfortunately, no further work through reaction optimization or enzyme engineering 

was reported with this substrate, which suggests the extreme difficulty in engineering PAL 

enzymes to accept substrates lacking the carboxylate moiety essential for substrate binding.  
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Scheme 27. RgPAL catalyzed synthesis of L-phenylalanine methyl ester in a biphasic system. 

 

Several phenylalanine analogues with non-aromatic cyclic systems were explored by different 

groups, either for mechanistic investigation or in the attempt to understand and expand the 

substrate spectrum. Ressler et al. demonstrated promising activity towards the deamination of L-

(2,5-dihydrophenyl)alanine, to afford the corresponding acrylic acid with RgPAL. Kinetic data 

revealed 10-fold decrease in kcat but similar binding affinity to L-phenylalanine, yielding 85% 

conversion after 4 days (Scheme 28a),233 disputing earlier works suggesting that PAL enzymes do 

not accept non-aromatic substrates. A tentative explanation for the deamination was provided two 

decades later by Retéy and co-workers using the Friedel-Crafts mechanism.234 They also 

postulated the regioisomer L-(1,4-dihydrophenyl)alanine to be a competitive inhibitor of PAL, 

and this was proved through inhibition studies with PcPAL (Scheme 28a). Gloge et al., in pursuit 

of unique substrates for potential novel applications, tried unsuccessfully the hydroamination of 

cyclooctatetraenylacrylic acid (Scheme 28b).235 The lack of activity can be attributed to three key 

factors: the non-aromatic character, the size and the conformation of the ring. Earlier work on 

PALs highlighted the requirement of substrates to bear a planar 6-membered aromatic ring for 

optimal substrate binding and catalysis. The increased size of the 8-membered ring could lead to a 

clash with the active site residues lining the hydrophobic pocket, although the thermodynamically 

favored puckered conformation adopted by the non-aromatic ring might be the key factor that 

prevents the substrate from binding effectively in the active site.  
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Scheme 28. Early studies of amination/deamination of non-conventional PAL substrates: 

dihydrophenylalanine isomers (a), cyclooctatetraenylacrylic acid (b), pyrimidinylalanines (c). 

 

Additional mechanistic work on PcPAL was carried out testing the deamination of two aromatic 

pyrimidine substrate analogues: L-(pyrimidin-2-yl)alanine and L-(pyrimidin-5-yl)alanine  

(Scheme 28c).151 The pyrimidin-2-yl regioisomer was determined to be a competitive inhibitor, 

forming a strong irreversible covalent bond with the MIO functionality leading to a stable 

pyrimidinium complex. This was interpreted as possible supporting evidence for the Friedel-

Crafts-type mechanism, even though the formation of this inert complex does not in itself 

disprove the E1cB mechanism. On the other hand, the pyrimidin-5-yl isomer was accepted by 

PcPAL to give the acrylic acid with a respectable 57% yield. 

Nonetheless, these fundamental studies led also to the exploration of the substrate scope of 

PcPAL, highlighting its broad substrate tolerance and its industrial value in biocatalytic synthesis 
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of non-natural amino acids, mainly through the work of Rétey, Poppe and co-workers. Several 

polyfluoro- and monochloro- phenylalanine analogues were synthesized with moderate to good 

isolated yields (37-88%) with high enantiopurity using purified enzyme (Scheme 29). Nitrogen-

containing heteroaromatic substrates were also tested, affording excellent conversion for all three 

regioisomers of pyridylacrylic acid and (pyrimidin-5-yl)acrylic acid. The substrate scope of 

PcPAL was then probed with furan and thiophene systems, including larger fused aromatic rings 

(Scheme 29).236 Many of these substrates were converted efficiently with good isolated yields, 

even though some were previously shown to give poor or no activity with fungal PALs.224 PcPAL 

failed to convert only the substrates containing 3-substituted furans and thiophenes. The lack of 

activity towards these substrates was ascribed to the unfavorable binding conformation the 

substrates adopted in the active site, seen in the light of the Friedel-Crafts-like mechanism.144 

However, the 3-thienylacrylic acid substrate is accepted to some extent by RtPAL,224 pointing 

towards either a different mechanism or an altered substrate binding mode in a different enzyme. 

The substrate tolerance of PcPAL was further challenged with 5-arylfuran-2-yl derivatives, 

affording the corresponding biarylalanines in 49-66% isolated yields after 36-48 h (Scheme 

29).237 Nitro-substituted phenylalanines were also obtained in very good yields.139,153 Access to 

such a broad variety of compounds through one simple biocatalytic method (with excellent 

enantiomeric purity in all cases) opened up potential sustainable routes to the manufacture of 

countless non-natural amino acid derivatives for the pharmaceutical and agrochemical industry. 

Furthermore, such a broad substrate scope facilitated the development of PAL-specific assay 

methods using modified or functionalized cinnamic acid analogues as molecular probes.238,239 
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Scheme 29. Production of a broad panel of aromatic and heteroaromatic amino acids by PcPAL 

(percentage values refer to isolated yields). 

 

The discovery of the cyanobacterial AvPAL from Anabaena variabilis112 led to an expansion of 

the substrate scope of PAL aminations for the production of non-natural amino acids. When 

comparing its catalytic activity with that of PALs from yeasts (RgPAL) and plants (PcPAL), 

AvPAL presented an even broader substrate scope towards several non-natural substrates.240 This 

was highlighted with the synthesis of L-(4-trifluoromethyl)phenylalanine (a substrate not 

accepted by RgPAL and PcPAL) on a preparative scale, with excellent conversion and 

enantiopurity, in a moderate isolated yield of 42% (Scheme 30).  

 

 

Scheme 30. Preparative scale synthesis of L-(4-trifluoromethyl)phenylalanine with AvPAL. 
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As a further illustration of the synthetic utility and the robust activity of PAL enzymes, Barron et 

al. investigated the synthesis of L-phenylalanines by RgPAL in ionic liquids (ILs). Four 

commonly used ILs were tested: 1-butyl-3-methylimidazolium methylsulfate ([BMIM][MeSO4]), 

1-butyl-3-methylimidazolium tetrafluoroborate ([BMIM][BF4]), 1-butyl-3-methylimidazolium 

hexafluorophosphate ([BMIM][PF6]) and 1-butyl-3-methylimidazolium lactate 

([BMIM][lactate]). Ionic liquids tend to infer thermal/operational stability and generally show 

reduced enzyme inhibition/deactivation compared to organic solvents. [BMIM][PF6] was found 

to be the best IL for this application, giving a maximum conversion of 59% in the amination 

direction using 1 M ammonium hydroxide adjusted to pH 9.0.241  

Enzyme immobilization, a widely used method to improve the lifespan and operational stability 

of enzymes for industrial applications, has been recently demonstrated with PALs. The ability to 

recycle enzymes after each biotransformation is an attractive strategy to improve overall 

efficiency and to reduce waste and costs. The advent of microreactor technology has rekindled 

efforts in developing innovative processes with immobilized enzymes. Pioneering work 

conducted by Poppe and co-workers demonstrated the potential application of immobilized 

arylalanine ammonia-lyases.242 PcPAL was covalently attached to carboxylated single-walled 

carbon nanotubes (SwCNT), through either a direct link or a glycerol diglycidyl ether (GDE) 

linker (Scheme 31). To determine the stability of the covalently immobilized enzyme, 

optimization tests were carried out with 2-thienylacrylic acid as a model substrate, under harsh 

amination conditions (6 M NH4OH, pH 10.0). The directly linked enzyme suffered significant 

loss of activity after three cycles, while the GDE linked enzyme showed greater tolerance, 

retaining 98% activity after three cycles and 50% after five cycles. Optimal amination conditions 

in continuous flow mode were found to be 2 M NH4OH, pH 10.0. The difference in conversion 

between immobilized and free enzyme (58% compared to 89%) is due to the low ammonia 

concentration, in order to prevent hydrolysis and degradation of the covalent linker. Immobilized 
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PcPAL showed remarkable thermal stability compared to the free enzyme: no significant loss of 

activity at 70°C for 38 h, with an optimum temperature found to be around 60°C (1.5-fold 

increase in temperature tolerance compared to the free enzyme). This method positively affects 

two key parameters of the biocatalyst, its reusability over several cycles and the its thermal 

tolerance, both important for industrial manufacturing. A very recent report from the same group 

demonstrated even higher stability and durability of PcPAL immobilized on aminated SwCNTs 

compared to carboxylated SwCNTs.243 Experiments aimed at demonstrating the recyclability of 

the immobilized biocatalyst highlighted an unusual inactivation profile, with a relatively long 

stable plateau, followed by rapid inactivation. This led to the interesting hypothesis that the 

deactivation is caused by the slow (and reversible) replacement of structural water with ammonia, 

leading to a sudden loss in activity only when the inner regions close to the active site are 

affected. This hypothesis seems to be confirmed by experimental results, since the original 

activity could be restored multiple times by incubating the deactivated immobilized biocatalyst 

with a slightly acidic reconditioning buffer after each run.243 

 

 

Scheme 31. Immobilization of PcPAL on a carboxylated single-walled carbon nanotube 

(SwCNT) and application to the synthesis of L-arylalanines using microreactor technology. 
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Additional work carried out by the same group demonstrated the immobilization of PcPAL on 

magnetic nanoparticles (MNPs).149 The MNPs-immobilized enzyme was retained by means of 

permanent magnets in several small cells within a microfluidic reactor. Remarkably, the enzyme 

in the microfluidic system managed to carry out successfully the synthesis of L-propargylglycine 

from the corresponding acrylic acid, a substrate which was thought to be incompatible with PAL 

enzymes, affording 14% isolated yield (Scheme 32). This contradicts earlier works which 

suggested the substrates require an aromatic ring to enable binding to the active site, and also 

disfavors the Friedel-Crafts mechanism. More importantly, Poppe and co-workers have 

highlighted new opportunities towards catalyzing the conversion of acyclic acrylic acid 

analogues, broadening the substrate scope and potential applications of ammonia-lyases. 

 

 

Scheme 32. Synthesis of L-propargylglycine using PcPAL (on MNPs) in a microfluidic system. 

 

4.3 Synthesis of D-arylalanines 

The biocatalytic synthesis of the non-proteinogenic enantiomer of amino acids represents an 

attractive strategy in industrial processes compared to conventional chemical synthesis. Where 

direct asymmetric synthesis is not possible, two main approaches exist to produce optically pure 

D-arylalanines: kinetic resolution (stereoselective removal of the L-enantiomer) or 

deracemization (two-step conversion of the L-enantiomer to either the D-enantiomer or the 

racemic mixture, through a non-chiral intermediate). Both processes have typical advantages and 

disadvantages. For example, while kinetic resolution might be a much simpler and cheaper 

process, the maximum conversion is limited to 50%, making the process intrinsically wasteful. 

Employing a deracemization cascade can mitigate this problem by recycling the L-enantiomer, 
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with theoretical conversion >99%, although the process is usually more complex, requiring 

several components for the reaction. PALs have been used for a long time in the synthesis of D-

arylalanines by stereoselective deamination of the L-enantiomer in a chemically synthesized 

racemic mixture. The acrylic acid can be removed easily (e.g., by ion-exchange chromatography 

or recrystallization), leaving behind the unconverted D-product. An additional advantage of this 

method is that the PAL reaction (in the natural direction) proceeds more efficiently without the 

need for high pH and ammonia concentrations. PAL-based deracemization approaches were 

developed only very recently.  

An early study reported the synthesis of a range of D-arylalanines with >99% ee and moderate to 

good isolated yields using a crude homogenate of Rhodotorula graminis cells.244 Even though the 

method may be considered rudimental since the lysate contains a number of uncharacterized 

enzymes (including, most likely, RgrPAL), it highlights the simplicity and low cost of the 

process, which led to the resolution and isolation of several substituted phenylalanine analogs 

(Scheme 33).  

 

 

Scheme 33. Isolation of enantiopure D-phenylalanines from racemic mixtures using Rhodotorula 

graminis homogenate (percentage values refer to isolated yields). 

 

A similar strategy was also reported by Shibatani et al. exploiting the HAL activity of 

Achromobacter liquidum cells, for the production of urocanic acid and D-histidine.245 The 
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conversion rates were improved by addition of triethanolamine lauryl sulfate (TEALS), a 

surfactant to increase the permeability of the membrane. No inhibition of HAL was observed in 

the presence of TEALS and 45% isolated yield of D-histidine and 46% isolated yield of urocanic 

acid was obtained from racemic histidine (Scheme 34). 

 

 

Scheme 34. Synthesis of D-histidine and urocanic acid from the enantioselective deamination of 

rac-histidine. 

 

Rétey and co-workers153,236,237 and later Poppe and co-workers 149,242 employed isolated PcPAL 

for the production of a very broad panel of enantiomerically pure D-heteroarylalanines via the 

consumption of the L-enantiomer (Scheme 35). Furthermore, Zhu et al. demonstrated the large 

scale resolution of racemic phenylalanine in a packed-bed reactor using covalently immobilized 

RgPAL on a mesoporous silica support, to give >99% conversion with a space-time yield of 7.2 g 

L–1 h–1 and perfect enantioselectivity.246 
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Scheme 35. Isolation of enantiopure D-arylalanines from racemic mixtures using PcPAL 

(percentage values refer to isolated yields). 

 

To overcome the 50% theoretical yield limitation of kinetic resolution approaches, Parmeggiani 

et al. recently proposed a chemo-enzymatic amination-deracemization strategy for the synthesis 

of D-phenylalanines directly from cinnamic acids (Scheme 36).155 Firstly, a PAL converts the 

cinnamic acid into L-phenylalanine (enantiopure or containing small amounts of D-enantiomer, 

depending on substituents), then the L-amino acid deaminase from Proteus mirabilis (LAAD) 

selectively oxidizes the L-enantiomer, rapidly followed by its non-selective chemical reduction 

by ammonia-borane to afford rac-phenylalanine. Repeated cycles of L-selective oxidation and 

non-selective reduction result in accumulation of the D-enantiomer in very high ee. Solid-phase 

screening of a very large site-saturation mutagenesis library of AvPAL afforded variants with 

improved activity towards D-phenylalanine production (AvPAL-His359Tyr found to be the most 

efficient). Even though the PAL variants did not afford enrichment in the D-enantiomer, they 

allowed the racemic composition to be reached more quickly, and performed better in the cascade 

system. This procedure allowed the production of enantiopure D-amino acids with >98% ee and 

conversions between 62-80%. A similar system, employing a D-amino acid oxidase (DAAO) for 

selective removal of D-product in place of the LAAD, allowed to improve to >99% ee the optical 
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purity of those L-arylalanines that were not obtained in enantiopure form with PAL mediated 

aminations.155,247 

 

 

Scheme 36. Chemo-enzymatic amination-deracemization cascade for the synthesis of D-

phenylalanines from cinnamic acids (percentage values refer to isolated yields). 

 

4.4 Synthesis of β-arylalanines 

β-amino acids have been described as an emerging class of synthons for a number of 

years163,248,249 and find use particularly in the area of medicinal chemistry. As they are isomers of 

the proteinogenic amino acids, they are especially useful as building blocks for therapeutic 

polymers mimicking peptide-peptide interactions, which display promising bioavailability and in 

vivo stability when compared to natural proteins.250–252 Derivatives of these chemicals with 

aromatic side chains are also used in the synthesis of small molecule pharmaceuticals, as well as 

being found in bioactive natural products (Scheme 37). Although the use of β-amino acids seems 

to be less widespread than that of the α-isomers, it is unclear whether this is due to lack of focus 

on asymmetric methods to provide amenable routes to these compounds. 
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Scheme 37. Representative examples of bioactive compounds synthesized from β-aromatic amino 

acids (the arylalanine-derived moieties are highlighted in blue).  

 

In contrast to all the other aminomutase classes, the MIO-containing aminomutases have great 

potential as industrial biocatalysts due to their ability to perform amino acid isomerization 

chemistry in a unique way, without the need for expensive cofactor supplementation. As the 

reaction involves interchange between the L-α- and either enantiomer of the β-amino acid via the 

corresponding acrylic acid, there are three main methods by which optically pure β-arylalanines 

can be produced using this class of enzymes. The first of these is via isomerization of L-

phenylalanine or its derivatives using either an (R)- or (S)-PAM with high enantioselectivity, 

providing complementary routes to either enantiomer (Scheme 38, center). These reactions can 

also be performed in reverse using racemic starting material to yield enantiopure products via 

kinetic resolution (Scheme 38, left side). Lastly, the intermediate of the wild-type reaction can be 

used as a starting material for direct addition of ammonia, in a similar manner to the use of PALs 

as hydroamination biocatalysts (Scheme 38, right side). 
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Scheme 38. Examples of biocatalytic strategies for the production of (R)- or (S)-β-arylalanines 

employing enzymes with enantiocomplementary aminomutase activity. 

 

Among the proteins with aminomutase activity in the class I lyase-like family, tyrosine-

metabolising enzymes have received much less attention than their phenylalanine-specific 

counterparts for use in the biocatalytic production of β-arylalanines. One reason for this is that 

many of the characterized TAMs from bacteria have been observed to possess low 

enantioselectivity with respect to the β-tyrosine product134,157,163 when compared to known PAMs, 

which do not accept para-hydroxylated substrates.175,177,187 This feature of TAMs, studied more 

extensively in the (R)-selective CmdF from Chondromyces crocatus, has proved difficult to 

explain fully and thus remedy via site-directed mutagenesis.134 In spite of this drawback, the 

ability to generate synthetically valuable β-amino acids with excellent optical purity from their 

cheaper and more readily available proteinogenic regioisomers remains attractive from a 

commercial point of view. As such, efforts have been made to design enzymes with improved 

industrial characteristics, for instance enantioselectivity, to allow β-tyrosine to be accessed as a 

chiral building block. This has been achieved through the rational engineering of the (R)-selective 

TwPAM from Taxus wallichiana, making use of sequence alignments between this enzyme and 
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its relatives with TAM activity. Identification of variation around the aryl binding pocket within a 

subset of family members allowed amino acid exchanges to be introduced with the hope of 

conferring TAM-like substrate specificity to the template enzyme, whilst retaining its excellent 

native enantioselectivity. The most successful of these was TwPAM-Cys107Ser, which was 

shown to enable both rearrangement of L-tyrosine and amination of p-coumarate to give the 

corresponding (R)-β-amino acid without any trace of the unwanted (S)-enantiomer (or α-

regioisomer in the latter case).253 More recently the eukaryotic (R)-selective OsTAM1 has been 

discovered in the rice plant Oryza sativa165 which may be a more amenable candidate for fine 

chemical production. This enzyme has been shown to be extremely selective for tyrosine vs. 

phenylalanine (unlike TwPAM-Cys107Ser)253 whilst possessing enantioselectivity superior to 

that of any other wild-type TAM.166 Interestingly, OsTAM1 has been shown to have an active site 

very similar (two amino acid differences) to plant PALs167 and thus TwPAM180 with variant 

residue Tyr125 at the position homologous to the Cys107. As a Cys107Tyr exchange was not 

attempted in the aforementioned rational design work, this reinforces not only that there are 

hotspot positions for activity in the aryl binding pocket of PAM/PAL/TAM enzymes,167 but also 

that the variations selected initially in TwPAM may not have arrived at the optimal residue-

residue combination. Continued enzyme discovery and engineering efforts in this understudied 

area could see growth in the use of TAMs as commercially-viable biocatalysts in the future 

(Scheme 39). 
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Scheme 39. Possible and reported biocatalytic strategies to produce enantiopure β-arylalanines 

from the renewably sourced primary metabolites L-tyrosine and L-phenylalanine.  

 

Aside from the engineering of PAMs to perform the TAM reaction, the wild-type substrate scope 

of the isomerization reaction has been of great interest to researchers in the field of biocatalysis. 

As PAMs do not seem to have a requirement for a para-hydroxy functionality in their substrates, 

the range of compounds which can be accepted is broader and thus their use is more widely 

applicable. Nearly 10 years after the initial identification of PAM activity in the Taxus genus,174 

the use of TcPAM for the conversion of various L-arylalanine starting materials, including L-

phenylalanine, to the (R)-β-isomers was reported. The enzyme was found to accept a range of 

ring substituents, including fluorine and methyl groups at any position and methoxy and tert-butyl 

groups at the para-position, as well as the more unusual 2-furyl-, 2-thienyl- and β-styryl-L-

alanines.254 Although a value-added process, the requirement for enantiopure starting materials 

could be seen as a drawback in an industrial setting, a concern addressed by the coupling of 

TwPAM with a broad specificity alanine racemase from Pseudomonas putida.255 This method, 

subsequently patented by Michigan State University,256 allowed dynamic kinetic resolution of 

more readily accessible racemic α-amino acids, resulting in an improvement in yield of up to 

19%.255,256 With later structural insight into the ligand binding interactions of TwPAM, it was 

possible to rationalize and enhance the poorer acceptance of some L-amino acid substrates. With 
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the example of L-3-methylphenylalanine, the ring substituent was predicted to clash with residue 

Leu104 in the aryl binding pocket in a model based on the structure of the TcPAM-cinnamate 

complex. Through rational design, the TcPAM-Leu104Ala variant was created and shown to give 

more favourable kinetic parameters with the substrates under study, although not with the 4-

methylphenylalanine or styrylalanine analogues.170 The acceptance of (S)-β-styrylalanine by the 

enzyme was an interesting finding in that, unlike most other substrates, the enzyme was found to 

produce almost exclusively styrylacrylic acid, the intermediate of the aminomutase reaction. The 

lack of reamination in this case was seen to imply that the abstracted amine was retained in the 

active site for longer than the substrate,257 which was later confirmed by burst phase analysis of 

the reaction, with rate constants revealing temporary inactivation (covalent amine-MIO adduct) 

and reactivation (ammonia release/reamination) of the enzyme.258 This feature of the reaction 

with styrylalanine and bicyclic alanine derivatives was shown to allow intermolecular amine 

transfer, thus enabling the introduction of much cheaper, non-chiral arylacrylic acids as starting 

materials257 in place of the perhaps less industrially desirable enantiopure amino acid substrates 

(Scheme 40). 

 

 

Scheme 40. Examples of biocatalytic ammonia transfer reactions as catalyzed by the (R)-selective 

TcPAM.  
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At around the same time as the initial work with TcPAM was being reported, the Japanese 

company Mitsui Chemicals Ltd. filed patents detailing the use of (S)-PAMs (specifically AdmH) 

for the production of (S)-β-phenylalanine via isomerization.259,260 This method employed whole 

cells, rather than the more intensive and costly isolated enzyme formulation common in other 

research, with 94% conversion of 90 g starting material and >99% enantiomeric excess values in 

the best case example.260 This large scale and efficient overall biotransformation is reported to be 

enabled by specific conditions, with temperature, pH and buffer composition being optimized for 

precipitation of the product, thus overcoming the equilibrium limitation of the mutase reaction.260 

Similar results have also been achieved with a wider range of compounds by employing the 

whole cell biocatalyst within a fermentation process. By adding different non-natural L-amino 

acids to the growth medium of an AdmH production culture, it was possible to see conversions of 

over 90% to several (S)-β-arylalanine derivatives (3-methylphenyl-, 3- and 4-bromophenyl-, 4-

chlorophenyl- and 2-thienyl-).249 This route was able to afford 235 mg product per litre of culture 

with the highest converted substrate, although at this concentration the precipitation of the β-

amino acid during production was not reported249 as with the previous, more intensified 

method.260 As an alternative explanation of the displaced equilibrium between the freely 

interchanging β- and α-amino acids, the authors suggest differential permeation of the bacterial 

cell walls by the regioisomers during the growth phase of the culture. In this way, they predict a 

compartmentalization effect leading to accumulation of enantiopure β-arylalanine in the 

extracellular environment with α-amino acid permeases contributing to a form of in situ substrate 

feeding.249 Additionally, the whole cells were found to be reusable for at least five reaction 

batches without any decrease in activity, which is an attractive quality in an industrial catalyst and 

possibly due to the implementation of the biotransformation in growth medium, at low 

temperature and over a short duration. 

Aside from these industrial and preparative strategies, further academic investigations have been 

carried out into the use of the AdmH mutase reaction with a selection of chemical probes. One 
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such study in 2014 tested a total of 22 L-arylalanine substrates and revealed different reaction 

rates and product distributions for each. Whilst EWGs at the ortho-position gave no discernible 

traces of either possible product, their presence at other positions gave mostly β-amino acid, 

whereas EDGs gave increased amounts of acrylic acid. These findings could be rationalized, in 

part, by electronic and resonant effects pertaining to the ease of proton abstraction in the initial 

deamination step and reamination at the β-position of the arylacrylate intermediate.248 Docking of 

the more anomalous 3-substituted cinnamate derivatives in the active site of the enzyme revealed 

several residues which may influence the substrate positioning and effect the product ratios.248 

Interestingly one of these, Val108, is homologous to position Val83 in a related enzyme with 

similar (S)-PAM activity (EncP from Streptomyces maritimus). Variation of this residue to an 

alanine in EncP is known to increase ~20-fold the rate of cinnamate production from L-

phenylalanine.192 This may be through the influence of this residue on the mutase/lyase ratio of 

(S)-PAMs, with clashes from ligand substituents having a similar effect by overlapping with this 

position in the wild-type active site.  

These findings with AdmH have been expanded with further substrate screens of the enzyme, this 

time in both directions (starting with either L-/rac-α-arylalanines or (S)-/rac-β-arylalanines). 

Apart from slight variations, possibly due to different reaction conditions, the results for α to β 

isomerisation correlate well between the two studies.248,261 Again, modelling was used to provide 

insight into the reaction parameters, but this time comparing the lowest energy states of both α- 

and β-regioisomers of identically substituted amino acids. These analyses corroborated previous 

evidence that most meta-substituents preferentially bind in the NH2-cis conformation248,261 and 

revealed additionally that ortho-substituents, as seen in the case with 2-chloro-, may bind best in 

opposing conformations depending on whether the amine is at the α- or β-position.261 

Experiments performed using β-arylalanines as starting materials also revealed additional 

information about the AdmH mutase reaction. Whereas 2-nitro-, 2-chloro- and 2-bromo-

substituted α-phenylalanines were not seen to react in the forward direction,248,261 a significant 
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amount of α-amino acid could be produced when starting with the corresponding β-isomer.261 

This provides evidence that the α-forms of these amino acids do bind in the active site of the 

enzyme and take part in the reaction, possibly even being deaminated and reaminated at the same 

position due to electronic and steric considerations. These structural and mechanistic insights into 

the chemistry and substrate profile of the industrially exploited (S)-PAM AdmH provide much 

scope for further application and engineering of this biocatalyst for use in the synthesis of high-

value non-natural amino acid products. 

As demonstrated, the aminomutase reaction is freely reversible, meaning that enzymes of this 

class can also be employed in the kinetic resolution of racemic β-amino acids, leaving behind the 

more valuable single enantiomers in high optical purity. AdmH has been recently investigated for 

this purpose as part of the wider study into the influence of various ring substituted substrates on 

the mutase reaction mentioned previously.261 Using various rac-β-arylalanines, good acceptance 

of a variety of substrates, particularly those with ortho-substituents, could be seen (Scheme 41a), 

as well as evidence that the unreacting (R)-enantiomer does not act as a significant inhibitor of the 

enzyme. However, the reaction was found to result in varying amounts of corresponding 

cinnamic acid derivative and enantiopure L-amino acid as by-products depending on the 

substrate,261 a feature that may well prove incompatible with industrial processes, where minimal 

side-products formation and simple purification techniques are often preferred. This consideration 

had been previously addressed via the design of an earlier kinetic resolution strategy consisting of 

a biocatalytic cascade combination of TwPAM-Gln319Met178 with RtPAL (Scheme 41b). In an 

elegant manner, any α-amino acid produced by the (R)-selective aminomutase could be converted 

immediately to the same arylacrylic acid that may derive from the transformation catalyzed by the 

TwPAM variant, enabling simple removal of this contaminant via acidification and ion 

exchange.262 In an attempt to combine the enantiopreference of the AdmH work with the 

preparative scale cascade method, we developed a complementary strategy, combining the (S)-

PAM activity of EncP from Streptomyces maritimus with AvPAL from Anabaena variabilis 
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(Scheme 41c).189 This cascade was optimised for the biotransformation of a particular target 

substrate (rac-3-fluoro-β-phenylalanine), combined with the chemical synthesis of the starting 

material in a telescopic manner and subsequently performed at 100 mM scale to give the (R)-

product in 98% ee. 

 

 

Scheme 41. Examples of kinetic resolution strategies for the production of β-arylalanines 

employing enzymes with PAM activity. 

 

Drawing on the established PAL catalyzed amination strategies that allow arylacrylates to be 

aminated directly with free ammonia at the α-position, researchers envisaged the exploitation of 

the second half of the aminomutase reaction as a complementary strategy to access the β-amino 

acids. This was shown to be possible with the (R)-selective TwPAM from Taxus wallichiana var. 

chinensis using a 1200-fold excess of ammonia with trans-cinnamic acid, giving a β:α product 

distribution of around 50:50 (cis-cinnamic acid was not seen to be converted).263 Kinetic analyses 

of the reaction with cinnamate and various para-substituted analogues revealed that the enzyme 

gave higher kcat values and a lower β:α product ratio when EWGs (nitro and halogens) were 

present on the ring, as compared with EDGs (methyl and methoxy). This was reasoned to be due 

to the electronic effects of these substituents (Scheme 42), with the strongly activating p-nitro 

group priming the α-position of the molecule for nucleophilic attack, an effect mitigated by a p-

methoxy substituent, which would favor instead activation of the β-position by the more weakly 
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withdrawing carboxyl moiety.263 Further analyses of kcat and KM with an expanded substrate panel 

of 17 ring-substituted cinnamate derivatives revealed that the enzyme accepted a wider range of 

chemical groups, at the para-position, compared to the ortho- and meta-. This was reported to 

suggest a larger cavity around this portion of the substrate in the active site of the enzyme, 

allowing accommodation particularly of more bulky hydrophobic groups.264 In the vast majority 

of cases, the enantiomeric excess values that could be determined at the end of the kinetic 

analyses were found to be >99%, with all β-products being (R)-configured and all α-products (S)-, 

as expected. A comparison of Hammett constants for each substituent with the initial percentage 

of β-isomer seen with the corresponding arylacrylate substrate showed a strong linear 

correlation,264 reinforcing earlier hypotheses regarding substrate electronic effects and 

regioselectivity.263   

 

 

Scheme 42. Resonance forms of cinnamate derivatives with EWGs or EDGs on the aromatic ring 

in reference to activation of Cα or Cβ. 

 

Although the use of TwPAM as a hydroamination biocatalyst for the synthesis of (R)-β-

phenylalanine derivatives was a promising asymmetric method, several challenges had to be 

overcome in order to make it a viable alternative to other routes. One of these was the presence of 

the unwanted (S)-α-amino acid in many cases, complicating any subsequent work-up procedures. 
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A clever idea to circumvent this problem was proposed by Verkuijl et al., based on the addition of 

PdCl2(PPh3)2 dissolved in dichloromethane for the selective extraction of the α-amino acid in the 

organic layer, leaving the desired β-isomer in the aqueous phase. This  isomer-selective liquid-

liquid extraction (ILLE) method was reported specifically for aminomutase reactions (in this case 

catalyzed by TwPAM) and has been shown to allow recovery of enantiopure (R)-β-phenylalanine 

in 72% yield with up to 96% purity.265 Despite the utility of this regioisomeric separation, the 

underlying regioselectivity of the biocatalyst contributed to the low efficiency of the process, with 

a significant amount of the starting material being converted to side-product. To address this, 

efforts were made to design a regioselective enzyme to catalyze selective β-addition to the 

substrate and thus circumvent subsequent purification. As the electronic activation of the β-

position for amination was thought to involve charge delocalization into the aromatic ring or the 

carboxylate group of each substrate, it was reasoned that targeted mutagenesis of the active site 

would affect the ability of the enzyme to stabilize these. As such, the aromatic ring and 

carboxylate binding portions of the TwPAM active site were subjected to pairwise site-saturation 

mutagenesis (CASTing). The resulting variants were screened and hits with enhanced β-

regioselectivity identified in both the aryl and carboxylate binding libraries. The best of these, 

TwPAM-Gln319Met, was shown to give an initial β:α product ratio of 88:12, an increased kcat 

and an almost 2-fold increase in endpoint production of (R)-β-phenylalanine when compared to 

the wild-type enzyme (Scheme 43a). Oddly, the superior variation at Gln319, which is predicted 

to interact with the carboxyl of the substrate, was not thought to have an electronic effect like 

some of the other variants, but rather prime the enzyme-substrate complex for addition on the re 

face of Cβ by stabilizing a rotated substrate conformation.178   
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Scheme 43. Regioselective PAM variants allowing enantiocomplementary amination of 

arylacrylic acids to give (R)-β-phenylalanines (a) and (S)-β-phenylalanines (b). 

 

Another issue with the TwPAM asymmetric synthetic method was the relatively low conversions 

achievable through use of this enzyme in industrially desirable time periods. Attempts with both 

the wild-type enzyme and the regioselective variant were found to give consistently incomplete 

conversion even when left for several days178,264,265 (around 60% conversion at preparative scale 

after 4-5 days). As this problem was not evident among related PAL enzymes,139,151 studies of the 

molecular determinants of mutase-lyase activity within the protein family were drawn upon to 

address this. The two main differences thought to be characteristic of class I lyase-like ammonia-

lyases and aminomutases are the substrate binding modes (allowing or disfavoring β-reamination 

as appropriate)177,188 and the duration of ligand retention in the active site. Through temperature 

and viscosity studies in related enzymes with (S)-PAM activity, it has been reported that this 

second parameter is dictated, at least in part, by inner active site loop dynamics.193 With TwPAM 

acting physiologically to isomerize L-phenylalanine without releasing the cinnamate 

intermediate, it was seen as probable that the enzyme exhibited naturally slow opening and 

closing of the active site, a trait resulting in sluggish conversion in the synthetically useful 

amination reaction. To address this, molecular dynamics simulations of the lid opening were 

performed, revealing energetic barriers associated with breaking of two salt bridges involving 

adjacent arginine residues in the loop of TwPAM. Mutation of these to serine resulted in 

increased turnover for only one of the variants, with the other showing markedly decreased kcat. 
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The more successful TwPAM-Arg92Ser enzyme was found to allow PAL-like conversions of 

87% and 96% after 1 and 3 days respectively, whilst retaining mutase-like regioselectivity.180 

Further investigation of a known PAL sequence (PcPAL) demonstrated that this enzyme displays 

identical (Arg) or functionally equivalent (Glu/Asp) amino acids at positions homologous to the 

charge interaction residues in (R)-PAMs. These findings imply that such interactions are 

important for maintenance of the catalytic cycle (as demonstrated by the poorly active TwPAM-

Arg93Ser variant)180 and that nature has employed different strategies to alter loop dynamics. A 

comparison of the loop sequences from PcPAL and TwPAM showed several key differences, 

particularly in residue hydrophobicity and rigidity at certain positions, possibly contributing to 

the relative stability of the open (solvent-exposed) and closed (buried) conformations. Rational 

exchanges of many of these in TwPAM allowed enhancement of lyase activity with both 

regioisomers of phenylalanine, as well as 1.7-fold higher relative catalytic efficiency when 

starting with cinnamic acid.266 Interestingly, one of the variations inspired by the largest 

difference in hydrophobicity between the two enzymes Ile79Ser was reported to be detrimental to 

activity, supposedly due to unfavorable interactions with the catalytically essential Tyr80.266  

However, the presence of serine does not seem to be detrimental in PcPAL and other 

characterized PAL enzymes are known to contain an isoleucine at the homologous 

position,112,135,191,267 which raises the possibility of this being a phylogenetic artefact, rather than a 

function discriminating difference. 

Following on from the work with TwPAM, the possibility of using an enantiocomplementary 

enzyme in a similar manner was demonstrated with the discovery that the (S)-PAM AdmH can 

mediate production of both β- and α-phenylalanine, albeit with a conversion of about 1%.188 By 

changing the buffer to 4 M ammonium sulfate with the related enzyme EncP, it was possible to 

achieve an identical β:α product ratio (56:44)188,268 but with 80% conversion and enantiomeric 

excess values determined to be >95% (S) after 22 h. As both (S)-selective enzymes were known 

to exhibit thermal mutase-lyase bifunctionality,193 the elevated incubation temperature of 55oC 
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was found to give the optimal conversion for cinnamate as well as more variable conversion for 

21 other ring-substituted analogues.268 Comparison of the percentage of the β-regioisomer 

product resulting from each biotransformation with the core electron binding energy shift 

(ΔCEBE) values of the aromatic moiety of the substrate (previously calculated for each 

substituent and position269) suggested a possible interplay between electronic effects and substrate 

positioning on regioselectivity. This prompted rational design of enzyme variants displaying 

enhanced amination preference, with one catalyst (EncP-Arg299Lys) giving complete β-

selectivity with 9 of the 21 substrates and reduced amounts of the α-regioisomer product in all but 

5 cases (Scheme 43b).268 Interestingly, mutations at the position homologous to that changed in 

the β-selective TwPAM-Gln319Met resulted in the more α-selective variants EncP-Gln293Met 

and EncP-Gln293Glu, which could be explained either by the alteration of substrate 

positioning,268 or possibly by an effect on charge stabilization as predicted previously.178 

The various potential uses of class I lyase-like aminomutase enzymes as commercially-viable 

catalysts each have their own advantages and drawbacks. Arguably, the most value-added method 

is the isomerization of cheap, bio-derived aromatic amino acids to either of their enantiopure 

regioisomers. Although this has been demonstrated with the use of AdmH to manufacture tens of 

grams of (S)-β-phenylalanine,259,260 there are only reports of small scale syntheses of the (R)-β-

forms of phenylalanine or tyrosine253,257 and, as of yet, no biocatalytic studies producing (S)-β-

tyrosine with any sort of process-relevant enantioselectivity. Expansion of the product scope via 

the introduction of non-natural phenylalanine analogues has also shown promise with the 

preparation of hundreds of milligrams at a time, when using an (S)-selective aminomutase in a 

whole cell formulation.249 However, this requires enantiopure starting materials which are less 

readily available than their natural counterparts. One way around this is the coupling of the 

reaction to a racemization step, allowing cheaper racemic substrates to be converted, although 

this has only been reported at a small scale with an (R)-selective aminomutase.255,256 Non-

dynamic kinetic resolutions have been reported with enantiocomplementary PAM-PAL cascades 
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to allow preparative synthesis of both (R)-β-phenylalanine and (S)-3-fluoro-β-phenylalanine from 

more easily accessible racemates. Although preparative in nature and easy to work up in an 

industrial setting, these methods do suffer from an upper yield limit of 50%,262 which, depending 

on the value of the product, can be an undesirable feature. The direct amination of non-chiral 

arylacrylates represents an attractive asymmetric alternative that has been developed and 

demonstrated for a range of both (R)- and (S)-β-phenylalanine derivatives. However, the 

enantiocomplementary enzyme variants designed for these reactions are still not completely 

regioselective with some substrates owing to the inherent electronics of the reaction mechanism 

and have only been reported at small scale with 1-5 mM concentration.178,268 In spite of the 

minority of industrial scale examples of aminomutase catalyzed processes, much of the ground 

work has been laid in enzymology and biocatalysis literature to allow future exploitation of this 

versatile group of catalysts through continued enzyme discovery, protein engineering, cascade 

design and process development. 

 

4.5 Enzymatic and chemo-enzymatic cascade applications  

The exponential rise of enzymatic reactions in industrial synthesis is set to rival traditional 

chemical multi-step syntheses in the near future. Nonetheless, while biocatalysis has gained 

enormous attention in the context of synthetic applications, it is unlikely to replace completely 

traditional chemical synthesis. By harnessing the robustness of chemical catalysis with the 

elegance of biocatalysis, new modular and efficient routes towards highly functionalized 

molecular scaffolds from simpler starting materials can be attained.  

This has been demonstrated with PAL enzymes by developing telescopic routes to aromatic 

amino acids starting from the corresponding aromatic aldehydes. Successful synthesis of a range 

of halophenylalanines and arylalanines was carried out by Rétey and co-workers with a three-step 

chemo-enzymatic process (Scheme 44a).270 First, a Wittig-type reaction (Horner-Wadsworth-

Emmons) in water using ethyl (triphenylphosphoranylidene)acetate converted the aldehyde to the 
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corresponding ethyl cinnamate. Ester hydrolysis using pig liver esterase (PLE) followed, to afford 

the cinnamic acid. Lastly, after addition of ammonia and pH adjustment, purified PcPAL was 

added for the amination step. Full conversion to ethyl cinnamate was afforded from the Wittig 

reaction with a 95:5 mixture of (E) and (Z) diastereoisomers. While PLE successfully hydrolyzed 

both isomers, PAL, on the other hand, was specific for the (E)-isomer, leaving the (Z)-isomer 

untouched, thus leading to slightly decreased conversions. Furthermore, a major by-product of 

this process is triphenylphosphine oxide, notoriously difficult to remove from organic reactions. 

By employing an ion-exchange purification, halophenylalanines and heteroarylalanines were 

obtained with 72-91% isolated yields and >98% ee over a period of 48-96 h. 

  

 

Scheme 44. One-pot chemo-enzymatic syntheses of arylalanines from the corresponding 

aldehydes via Wittig-type reaction, hydrolysis and amination (a) or Knoevenagel-Doebner 

condensation and amination (b). 

 

We recently reported an alternative to this process, in this case using a Knoevenagel-Doebner 

condensation reaction for the synthesis of the cinnamic acid starting material (Scheme 44b),231 

with improved atom economy and reduced waste generation (i.e., no formation of the (Z)-isomer 

or triphenylphosphine oxide). The reaction parameters for both the chemical and biocatalytic 
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reactions were optimized for one-pot two-step operation; in particular switching the solvent from 

pyridine to DMSO proved crucial to avoid severe inhibition of the enzyme (AvPAL and RgPAL) 

in the biotransformation step. For the chemical step, microwave irradiation was employed to 

reduce reaction time and to afford greater control over the temperature. Experimental data 

revealed practically quantitative yields of the cinnamic acid only in an intermediate range of 

temperatures (with higher values consistently leading to lower conversions, likely due to DMSO 

decomposition in the presence of bases). The activity of RgPAL and AvPAL was tested towards 

halocinnamic acid analogs in the presence of varying DMSO concentrations, revealing a 

surprisingly high tolerance of PALs for this co-solvent (no significant inhibition was observed up 

to 10% v/v and reasonable activity was still present at 40% v/v). This enabled substantially 

increased substrate loadings and productivities, leading to the one-pot telescopic synthesis of a 

number of halogenated amino acids in good to excellent conversions with high enantiopurity. 

RgPAL showed preference towards the mono-substituted substrates whilst AvPAL showed higher 

tolerance for bulkier dihalogenated substrates. Preparative scale synthesis of five amino acid 

precursors of different APIs afforded 71-84% isolated yields with >98% ee.231 

By implementing the same telescopic process, novel ring-substituted heteroarylalanines were 

synthesized, including products containing EDGs.247 A panel of pyridylalanines was synthesized 

from the corresponding aldehydes with isolated yields of 32-65% with high enantiopurity. 

Several aldehydes from the picoline (ortho-), nicotine (meta-) and isonicotine (para-) series were 

incubated with AvPAL affording full conversion after 2-30 h (Scheme 45). While the conversion 

of each compound was high, the enantiopurity differed greatly between the three series. Low ee 

was obtained for the picoline and isonicotine isomers while the nicotine isomers generally gave 

high ee. The difference in optical purity was reported to be dependent on the electronic density of 

the aromatic system: electron-poor rings gave low ee compared to neutral or electron-rich ring 

systems, consistently with the alternative MIO-independent PAL mechanism postulated to afford 

the D-enantiomer154 (as discussed in Section 3.1). The addition of a strongly electron-donating 
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methoxy substituent did not suppress the reactivity (EDG-substituted cinnamates are very poorly 

accepted by PALs), even though the observed ee profile suggests the electron-withdrawing power 

of the pyridine nitrogen is surpassed by the electron-donating ability of the methoxy group. This 

work sheds new light on the enantioselective addition of ammonia in the PAL catalyzed 

amination reaction, since electronic effects were shown to play an important role in determining 

the final enantiopurity of the product. In light of these results, we reported the optimum 

conditions to afford the highest enantiopurity by monitoring the biotransformation giving the best 

compromise between conversion, ee and purity, essential for the synthesis of chiral APIs. The 

demonstrated cost-saving measures of adopting chemo-enzymatic telescopic routes shows great 

potential for industrial application.  

 

 

Scheme 45. Telescopic synthesis of a panel of heteroarylalanines (percentage values refer to 

isolated yields). 
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Obviously, the benefits of chemo-enzymatic and multi-enzymatic catalysis for PAL reactions are 

not limited to the in situ synthesis of cinnamic acid precursor. Combining the PAL reaction with 

further downstream manipulations allows diversification of the range of non-natural amino acid 

derivatives, with the advantage of reducing the purification efforts and total process cost. Scheme 

46 shows several examples of molecules of relevance for the pharmaceutical and agrochemical 

industry that have been synthesized with one-pot cascade/stepwise processes involving PALs. 

Except for the cascade synthesis of D-arylalanines (described in Section 4.3), the others will be 

described in the following.  

 

 

Scheme 46. Chemo-enzymatic one-pot stepwise/cascade processes involving PALs for the 

synthesis of industrially relevant phenylalanine derivatives. 

 

Exploiting the reaction scope of metal catalysis in combination with stereospecific biocatalytic 

steps is a powerful strategy to access complex chiral scaffolds. However, the implementation of 

chemo-enzymatic processes usually requires a trade-off in the choice of solvent and conditions 

(chemical steps are normally run in organic solvents at high temperatures, while biocatalytic steps 

proceed in aqueous buffers close to room temperature), sometimes leading to one-pot two-step 

strategies where the conditions are modified in between, without purification of the intermediate. 

However, in the attempt to adhere even more to the principles of green chemistry, next-generation 
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chemo-enzymatic processes for industrial production of fine chemicals will attempt to eliminate 

completely the use of organic solvents. This has been demonstrated by the chemical company 

DSM in one of the most frequently cited examples of industrial application of ammonia-lyases: 

the integration of the PAL reaction with a water-compatible metal catalyzed cyclization reaction 

in the conversion of 2-chlorocinnamic acid to (S)-2-indolinecarboxylic acid,271 a precursor of 

antihypertensives such as perindopril and indolapril (Scheme 47). The cinnamic acid was added 

to the biotransformation mixture in portions to prevent product inhibition, leading to 91% 

conversion and >99% ee. To avoid possible racemization in the cyclization step and to reduce the 

overall cost of the process, copper was used instead of palladium as the metal catalyst. The best 

reaction parameters were found in neat water using 2 mol% CuCl giving full conversion to the 

cyclized product, affording (S)-2-indolinecarboxylic acid with 60% isolated yield from 2-

chlorocinnamic acid with no loss of optical purity from the enzymatic step.  

 

 

Scheme 47. PAL mediated chemo-enzymatic synthesis of (S)-2-indolinecarboxylic acid. 

 

With a similar approach, we recently reported the chemo-enzymatic synthesis of (S)-1,2,3,4-

tetrahydroisoquinoline-3-carboxylic acid via a PAL mediated biotransformation followed by a 

Pictet-Spengler reaction.272 The crude PAL mixture was lyophilized to remove water and 

ammonium carbonate, and the crude material used directly for the Pictet-Spengler reaction with 
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concentrated aqueous formaldehyde in acidic conditions, to afford 53% isolated yield of the 

enantiopure tetrahydroisoquinoline scaffold (Scheme 48).  

 

 

Scheme 48. Synthesis of (S)-1,2,3,4-tetrahydroisoquinoline-3-carboxylic acid by combining PAL 

biocatalytic step and a Pictet-Spengler reaction. 

 

Another example from our group that highlights the power of chemo-enzymatic approaches, is 

the synthesis of biarylalanine API precursors by integrating the PAL mediated amination of p-

bromocinnamic acid with the palladium catalyzed Suzuki-Miyaura coupling, a key chemical 

transformation widely used in medicinal chemistry (Scheme 49).273 To maximize the conversion 

of the biotransformation step the AvPAL-Phe107Ala variant was used, with a larger active site 

cavity to accommodate the bulky para-substituent. The palladium coupling reaction was 

optimized in neat water by screening different water-soluble palladium catalysts under 

microwave irradiation. However, a one-pot telescopic route was found not to be feasible, due to 

the high ammonia concentration inhibiting the palladium catalyzed step. Thus, the amino acid 

was isolated by adsorption on ion-exchange resin, before submitting it to a one-pot N-protection 

and Suzuki coupling. Employing a panel of arylboronic acids, a broad range of N-Boc-protected 

L-biarylalanines could be obtained with >99% ee, in 33-65% isolated yield from the starting p-

bromocinnamic acid (and with a different biocatalytic strategy the corresponding D-

biarylalanines were accessed as well).228 The synthetic value of this process was exemplified by 

synthesizing a DPP-IV inhibitor starting via the biarylalanine intermediate in 5 steps, with an 

overall isolated yield of 30% from p-bromocinnamic acid (Scheme 49). 
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Scheme 49. Chemo-enzymatic synthesis of biarylalanines by coupling PAL biocatalytic synthesis 

with Suzuki-Miyaura coupling (percentage values refer to isolated yields). 

 

While a huge amount of work on PALs was conducted in the reverse (non-natural) direction to 

synthesize high-value chiral amino acids, the natural reaction has not been overlooked for its 

synthetic utility, especially in the context of synthetic biology. The synthesis of cinnamic acid 

analogues from phenylalanine can provide a range of commercially relevant compounds by 

incorporating additional chemical and/or enzymatic steps. For example, (S)-styrene oxide, a key 

fine chemical towards functionalized chiral diols, was produced in vivo from glucose. PAL, trans-

cinnamic acid decarboxylase (CADC) and styrene monooxygenase (SMO) were coexpressed in 

E. coli to afford the product epoxide from glucose via the primary metabolite phenylalanine 

(Scheme 50).274 

 

 

Scheme 50. In vivo production of (S)-styrene oxide from glucose via co-expression of PAL, 

CADC and SMO. 

 

Using a similar strategy Kroutil and co-workers demonstrated the in vivo synthesis of a panel of 

vinylated phenols starting from simple substituted phenols.275 This multi-enzymatic cascade 
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involved co-expression of tyrosine phenol-lyase from Citrobacter freundii (CfTPL), tyrosine 

ammonia-lyase from Rhodobacter sphaeroides (RsTAL) and ferulic acid decarboxylase from 

Enterobacter sp. (ExFAD). The first step of the cascade involves a C-C bond formation reaction 

between phenol and pyruvate catalyzed by a CfTPL variant with a relaxed substrate specificity to 

obtain L-tyrosine derivatives. RsTAL catalyzes the deamination of L-tyrosine to coumaric acid 

followed by decarboxylation by EsFAD to produce several different substituted vinylated phenols 

with >99% conversion and isolated yields varying from 65-83% (Scheme 51).  

 

 

Scheme 51. Multi-enzymatic synthesis of vinylated phenols (percentage values refer to isolated 

yields). 

 

A remarkable eight-step ten-enzyme cascade was reported by Li and co-workers,276 with PAL as 

the gateway to a variety of valuable chemical intermediates including styrene oxide, diols, α-

hydroxyacids and phenylglycine derivatives (Scheme 52). The enzymes involved are PAL, 

phenylacrylic acid decarboxylase (PAD), styrene monooxygenase (SMO), epoxide hydrolase 

(EH), alcohol dehydrogenase (ADH), aldehyde dehydrogenase (ALDH), hydroxymandelate 

oxidase (HMO), transaminase (TA), glutamate dehydrogenase (GluDH) and catalase (CAT). The 

enzymatic synthesis of enantiopure (S)-phenylglycine (eight enzymes for functional group 

manipulations, GluDH for cofactor regeneration and CAT for H2O2 removal) was achieved with 

85% conversion and >99% ee. The products were obtained from biomass feedstock, since bio-

derived L-phenylalanine was used as the starting material and the reactions were run in a biphasic 

mixture using bio-derived ethyl oleate from renewable resources as the organic solvent. 
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Scheme 52. Eight-step cascade for the synthesis of (S)-phenylglycine starting from the primary 

metabolite L-phenylalanine. 

 

The advent of synthetic biology has revolutionized the in vivo production of fine chemicals, 

particularly in the areas of metabolic engineering and synthetic biology, and PALs/TALs show 

great potential towards the industrial scale production of secondary metabolites in microbial cell 

factories. The PAL reaction can be seen as the gatekeeping step to the phenylpropanoid 

biosynthetic pathway, thus a substantial amount of work has been carried out on the integration of 

these enzymes into different pathways and hosts to produce bio-derived fine chemicals from 

phenylalanine and tyrosine. A few representative examples are shown in Scheme 53. Katsuyama 

et al. co-produced PAL from Rhodotorula rubra, 4-coumaryl ligase from Lithospermum 

erythrorhizon and stilbene synthase from Arachis hypogaea in E. coli, affording 20 mg L–1 of 

pinosylvin and 37 mg L–1 resveratrol from 490 mg L–1 phenylalanine and 540 mg L–1 tyrosine 

respectively.277 A similar approach was employed by Nielsen and co-workers by introducing the 

phenylpropanoid biosynthetic pathway into Saccharomyces cerevisiae. By controlling the 

metabolic fluxes through overexpression of the genes for the enzymes involved in malonyl-CoA 

synthesis and the feedback-inhibition resistant versions of 3-deoxy-D-arabinoheptulosonate-7-

phosphate (DAHP) synthase and chrorismate mutase, a 20,000-fold improvement in resveratrol 

yield from glucose was obtained.278 To improve the conversion further, Li et al. incorporated the 

resveratrol biosynthetic pathway from Arabidopsis thaliana and resveratrol synthase from Vitis 

vinifera in S. cerevisiae, producing 800 mg L–1 of resveratrol.279  Styrene was also produced by 
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employing a similar method, using hybrid PAL isoforms from Populus kitakamiensis.280 

Moriguchi and co-workers reported on the production of 9.4 mg L–1 chrysin from tyrosine in E. 

coli.281 Ververidis and co-workers highlighted the production of quercetin by coexpressing eight 

genes in yeast. The strain was tested for its ability to produce quercetin by supplementing the 

growth media with intermediate substrates in the phenylpropanoid pathway; naringenin, p-

coumaric acid and phenylalanine. Naringenin and p-coumaric afforded 0.38 mg L–1 and 0.26 mg 

L–1 of quercetin respectively while phenylalanine gave no traceable amount of product. The 

authors postulated that a suboptimal spatial arrangement of metabolic enzymes (referred to as a 

metabolon) may have been present in this system, hence affording poor yield of the final 

product.282 Furthermore, to counteract the lack of highly active and specific TALs for metabolic 

engineering applications, a recent enzyme discovery and comparative in vivo study was carried 

out, leading to a panel of new TALs that show potential for production of p-coumarate and 

related phenylpropanoids in different strains of bacteria and yeasts.283 Indeed, by harnessing the 

power of metabolic engineering and synthetic biology, these and a large number of other 

challenging target molecules could be obtained with PALs/TALs in vivo, as extensively covered 

in a very recent review.20  
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Scheme 53. PAL/TAL mediated production of secondary metabolites through metabolic 

engineering and synthetic biology. 

 

 

5. Therapeutic applications of ammonia-lyases 

 

The use of enzymes as biotherapeutics is a broad area of study that takes advantage of the 

physiologically compatible conditions and biomedically relevant substrate specificity of various 

biological catalysts. Ammonia-lyases are particularly suited for medical use, due to their activity 

on primary metabolites, often strict substrate preference and lack of requirement for cofactor 

supplementation. They are also known generally to have higher specific activities than the related 

(but equally selective) aminomutase enzymes192,193,266 and produce benign products such as 

cinnamate, p-coumarate or urocanate and trace amounts of ammonia. One area that has been 

researched for a long time is the use of ammonia-lyase enzymes in potential cancer treatments. 

This use stems from the knowledge that tumor cell proliferation is fuelled largely by the blood-

born substrate pool of primary metabolites, which includes all proteinogenic amino acids. Whilst 

some of these protein building blocks can be obtained through cellular metabolism from other 
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starting materials, many cannot be produced by human metabolic processes and are therefore 

taken up by proliferating cells. The suite of amino acids required for growth varies between cell 

types and is therefore not uniform across different forms of cancer. However the majority of 

human cells require nine ‘essential’ amino acids that are sourced from dietary protein and thus 

depletion of these in the blood plasma is a promising strategy to restrict uncontrolled cell 

division.284 Of the natural ammonia-lyase substrates, both histidine and phenylalanine cannot be 

produced by human metabolism, whereas tyrosine can be synthesized, but only via selective 

hydroxylation of phenylalanine. However there are also specific cancer types, such as melanoma, 

which have been shown to be sensitive to restriction of tyrosine.285,286 As such, the use of these 

enzymes for the selective removal of an aromatic amino acid provides a means by which tumor 

progression can be slowed down or halted with minimal effect to non-cancerous resting cells.13,287  

 

 

Scheme 54. The use of ammonia-lyases to remove aromatic amino acid nutrients in vivo and halt 

abnormal cell growth. 

 

The first examples of such research were published several decades ago and detailed the use of a 

bifunctional PAL/TAL to halt protein production, subsequently inhibiting RNA/DNA synthesis 

and thus cell division and viability in mouse leukemic lymphocytes and lymphoblasts.288–290 

Similarly the use of a bacterial HAL was shown to give antineoplastic effects291 and additionally 

allow the selective repression of murine sarcoma cell proliferation,292 possibly due to a similar 

mechanism. However, the transfer of the technology from cell culture to animal studies 

highlighted immunogenic issues with the introduction of the foreign proteins along with their 
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rapid clearance, even after repeated injections.292,293 It is possible that these undesirable properties 

hindered the further development of ammonia-lyases as anticancer agents, as there seem to be no 

further reports of their use until relatively recently. One such example discloses the use of a more 

recently discovered HAL to control of cell growth in prostate and ovarian cancer cell lines by 

removing histidine as a precursor for protein synthesis and histamine production.294,295 This work 

also details the potential of HAL mediated metabolite depletion as a means of inducing reversible 

arrest of the cell cycle in normal tissues, thus allowing unaffected tumor cells to be targeted more 

selectively by anticancer drugs.294,295There has also been commercial interest in the use of 

prokaryotic PALs (rather than fungal enzymes with both PAL and TAL activity), as demonstrated 

by a patent from the company BioMarin Pharmaceutical Inc.,296 which specializes in enzyme 

replacement therapies. The patent describes extensive study of a previously described soluble 

variant of the PAL from Anabaena variabilis130 and various chemical conjugate formulations 

showing stability at physiological temperature, slow clearance in vivo (in rat and macaque) and 

favorable IC50 values for liver, skin, prostate, lung, colon, brain and blood cancer cell lines.296 

The most recent example from 2013 makes use of a fungal PAL/TAL from Rhodosporidium 

toruloides, a close relative of the enzyme used 40 years earlier. This homologue was found to 

have good catalytic properties (turnover, KM, thermostability, pH tolerance) as well as significant 

cytotoxicity against breast and prostate cancer tissues.297 Although in depth toxicological studies 

have not been undertaken, this finding highlights the importance of assaying various protein 

candidates from different organisms to exploit the natural diversity in enzyme traits desirable for 

medical intervention. 

Another area where class I lyase-like enzymes could be of commercial interest are pathological 

imbalances in primary metabolites. These can include inborn errors of metabolism where genetic 

defects result in abnormal enzyme activities, causing flux through biosynthetic and catabolic 

pathways to be obstructed or altered detrimentally. A notable example of this is phenylketonuria 

(PKU), an irregularity in an aromatic amino acid hydroxylase (AAAH) or its cofactor recycling 
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apparatus, which results in accumulation of phenylalanine and low levels of tyrosine in the body 

(Scheme 55). The high concentration of L-Phe in the blood, known as hyperphenylalaninemia, 

has been proposed to be the cause of several PKU symptoms, including intellectual impairment, 

microcephaly, seizures and congenital heart defects.298–302 There are also several diseases 

associated with faulty tyrosine metabolism, resulting in increased concentrations of this amino 

acid and various other associated compounds. The most prominent of these is fumaryl 

acetoacetase deficiency, which affects multiple organ systems often resulting in neurological 

disorders, respiratory, kidney and liver failure as well as defective blood clotting and 

gastrointestinal problems (diarrhoea, vomiting, excretion of blood). Other examples include type 

III tyrosinemia, a rare disease severely affecting the nervous system, the Richner-Hanhart 

syndrome, characterized by eye sensitivity, painful skin lesions and intellectual disability, and 

alkaptonuria, which results in skin or cartilage damage and sometimes arthritis. There are also 

non-hereditary instances, such as vitamin C deficiency and premature birth, that can result in 

heightened blood tyrosine and various associated symptoms.303 

 

 

Scheme 55. The use of PAL to treat abnormalities in aromatic amino acid hydroxylase (AAAH) 

by removing accumulating phenylalanine. 

 

Enzymes with PAL activity have been widely studied for the treatment of PKU, with various 

methods employed to improve the biotherapeutic properties of a handful of proteins. Although 

some work exists on the treatment of foodstuffs by PAL to reduce dietary phenylalanine304 and 
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thus hyperphenylalaninemia, most research aims to use the enzymes within the body. This is 

because current treatments for PKU already encompass strict dietary restrictions which are 

difficult to follow and/or implement in patient groups.299,301,302 There exist two key methods for 

administration of PAL as a treatment: subcutaneous injection, which aims to reduce 

phenylalanine levels directly in blood plasma, and oral administration, a method which would 

remove dietary phenylalanine in the gastrointestinal tract after proteolytic release but before 

absorption. The dissimilar environments encountered by a therapeutic biomolecule in these two 

scenarios warrant optimization of different characteristics, often using the same starting enzyme. 

For example, a PAL formulation intended for injection requires careful consideration of 

immunogenic properties as well as high stability and activity at blood pH. Tailoring a biocatalyst 

for use as a dietary supplement, however, would need to focus on high stability and sustained 

activity at the various pH values encountered in the digestive system as well as resistance to 

human proteolytic enzymes. The two main methods evident in the literature for achieving such 

alterations to wild-type enzymes are via formulation development (including chemical 

conjugation, immobilisation or encapsulation of the enzyme for general stability) or through 

traditional enzyme engineering techniques, which focus on specific desirable features. A 

summary of some of the more notable examples of this is presented in Table 4. One of the most 

advanced studies of utilizing PAL enzymes, spanning almost a decade, is the development of 

polyethylene glycol-enzyme conjugates with vastly improved traits for use as an injectable PKU 

treatment.296,298,299,301,302,305,306 A preparation of PEGylated AvPAL from BioMarin Pharmaceutical 

(with the trade name pegvaliase) has even been taken through to human clinical trials with results 

from single-dose injections being well tolerated by adult patients with PKU, although all 

participants were observed to produce an immune response to polyethylene glycol.307 Pegvaliase 

recently entered phase 3 clinical trials. 
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Table 4. Methods employed to improve the therapeutic properties of PAL enzymes from different 
organisms. 
 

Enzyme Method Ref. 

AvPAL Loaded into non-immunogenic red blood cells (erythrocytes) from human 300 
AvPAL Cys503Ser-Cys565Ser variant with reduced aggregation 130 
AvPAL Phe18Ala variant altering human chymotrypsin cleavage site 306 
AvPAL Phe18Ala-Cys503Ser-Cys565Ser variant conjugated to 5-kDa linear polyethylene glycol 299 
AvPAL Silica gel immobilization and conjugation to 5-kDa polyethylene glycol 306 
AvPAL Gln292Cys variant reducing chemical unfolding 308 
PcPAL1 Lactobacillus lactis whole cells within calcium alginate mircroparticles 309,310 
PcPAL1 Conjugated to 2,4-bis(O-methoxypolyethyleneglycol)-6-chloro-s-triazine 302 
RgPAL 10% haemoglobin water-saturated ether encapsulated in nitrocellulose 311,312,313 
RtPAL Conjugated to linear 20-kDa polyethylene glycol 298,314 
RtPAL Entrapped in ultra-large-pore mesoporous silica 315 
AvPAL Phe18Ala-Cys503Ser-Cys565Ser in multi-compartment liposomal microreactors 316 
RgPAL Cross-linked enzyme aggregates with glutaraldehyde 317 
RgPAL Cross-linked enzyme aggregates with crude-pored microspherical silica core 318 
RgPAL Gln137Glu variant with greater stability at acid pH 319 
RtPAL Cross-linking and variation at 8 positions to reduce proteolytic cleavage 320 

 

In terms of mutagenesis for the optimisation of ammonia-lyases, one of the most in depth studies 

is reported as evidence for two patents held by Codexis, Inc., an enzyme technology 

company.303,321 Although several sequences of prokaryotic PAL and TAL enzymes are covered by 

these, most of the work pertains to large scale mutagenesis of AvPAL for PKU treatment321 and 

the same enzyme incorporating the Phe107His substrate-switching variation107 for pathologies 

associated with abnormal tyrosine metabolism.303 Both patents detail the screening of an 

extensive library of AvPAL variants with respect to substrate specificity for phenylalanine vs. 

tyrosine, resistance to animal and human proteases, as well as tolerance to pancreatic extract303 

and/or intestinal detergents.321 These studies represent one of the most promising strategies to 

obtain ammonia-lyases suitable for oral administration to treat metabolic abnormalities. 

Additionally the TAL-specific patent includes investigation of applicability for lowering blood 

tyrosine within a tyrsoinemia mouse model and in silico identification for additional mutagenesis 

of T-cell specific epitopes to create variants with reduced immunogenicity,303 possibly to find 

candidates for subcutaneous administration. Interestingly, this work constitutes a rare example of 

application of an enzyme with TAL activity to treat an error in tyrosine metabolism, an 

application that is not widely researched despite the many examples of associated diseases.  
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Aside from alleviation of unwanted proteinogenic amino acid accumulation, there are also reports 

of more wide-ranging therapeutic uses of ammonia-lyase enzymes. The discovery the TAL from 

Rhodobacter sphaeroides is able to deaminate the neurotransmitter precursor L-

dihydroxyphenylalanine (L-DOPA)132 led to speculations of its potential use to treat imbalances 

in neurochemicals, such as Tourette’s syndrome and certain forms of schizophrenia.322 L-DOPA 

is also used as a pharmaceutical to treat Parkinson’s disease by increasing the amount of 

dopamine that can be produced by brain localized enzymes. 322 Therefore the use of RsTAL to 

remove the drug from other parts of the body in a site-specific manner could provide better 

control during therapy. Interestingly, the deamination product of L-DOPA (caffeic acid) is known 

to have antioxidant and tumor-suppressing qualities, which could allow TALs to be used as 

biotherapeutics in related pathologies.322  Another example, similar to the production of caffeic 

acid, is the in situ generation of trans-urocanate from readily available L-histidine, followed by 

conversion of this to the cis-diastereoisomer using ultraviolet light,294,295 presumably in peripheral 

tissues (Scheme 56). It is reported that this can allow the immunosuppressant properties of the 

isomerized product to be exploited where required, combatting rapid clearance usually seen when 

cis-urocanate is introduced alone.294,295 Another use of HAL, listed in the same study, is as an 

enhancer of the pharmaceutical properties of the compound L-histidinol. It is reported that, 

although L-histidinol could be an effective antiviral agent in the context of various highly 

infectious human pathogens, its effect is reduced in the presence of the primary metabolite L-

histidine, minimizing its use in vivo. However, removal of the competing amino acid using a 

HAL enzyme has not been possible until recently, due to the apparent inhibition of this class of 

enzyme by L-histidinol (Scheme 56).294 Characterization of a novel HAL from Kurthia sp. 

(KxHAL) revealed it to retain activity in the presence of the inhibitor. Indeed initial application of 

KxHAL in vitro has shown reductions in plaque growth and number for both herpes simplex 

virus (HSV) and respiratory syncytial viruses (RSV) in standard virology experiments.294,295 This 

enzyme-drug combination was also linked to inhibition of reverse transcriptase in Rauscher 
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murine leukemia virus (RMuLV), an enzyme known to be required for infection in this family of 

viruses, which includes human immunodeficiency virus (HIV).295 

 

 

Scheme 56. Potential medical uses of the HAL from Kurthia sp. in conjunction with either L-

histidinol or ultraviolet irradiation. 

 

 

6. Conclusions and perspectives 

In view of the importance of amino acids as pharmaceutical and agrochemical intermediates, 

methods for their synthesis, particularly on scale, are likely to increase in demand in the future. In 

many cases the production of these building blocks will need to be carried out in an economic and 

sustainable manner, delivering products of high stereochemical purity at low cost. This challenge 

provides significant opportunities for the development of engineered biocatalysts, and in 

particular ammonia-lyases and aminomutases which, as demonstrated above, possess the potential 

to catalyze production of this class of molecules with high atom efficiency and enantioselectivity 

starting from inexpensive raw materials. Although some industrial processes based upon 

ammonia-lyases and aminomutases are starting to emerge, more research is needed to expand the 

substrate scope of these enzymes as well increases in stability and activity, so that they are able to 

tolerate the high substrate concentrations that are required on scale.  

Ammonia-lyases and aminomutases have been shown to be suitable for cascade reactions, 

enabling sequential transformations to be carried out in a one-pot manner. The rapid 
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developments in synthetic biology and metabolic pathway engineering are likely to witness 

greater application of these enzymes as key components of multi-step biocatalytic processes, in 

order to either create non-natural amino acids in vivo, or alternatively use amino acids as 

renewable feedstocks for conversion to other high value products. 

Furthermore, several promising biotherapeutic applications have been demonstrated for specific 

ammonia-lyase classes, leading to a whole range of new treatment strategies for different diseases 

and conditions (most prominently phenylketonuria and several forms of cancer). Some of these 

have reached advanced stages in clinical trials and have been proven superior to established 

methods. Due to improved efficiency, in conjunction with their favorable combination of 

properties, engineered ammonia-lyases are expected to become considerably more relevant in the 

development of next-generation therapeutic strategies in the near future. 
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