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Abstract
Unnatural amino acids (UAAs) are valuable building blocks in the manufacture of a wide range of pharmaceuticals. UAAs 
exhibit biological activity as free acids and they can be incorporated into linear or cyclic peptides with biological activity. 
However, the scope of biotechnological application of UAAs goes beyond this, as they can be used to investigate the structure 
and dynamics of proteins, to study protein interactions, or to modulate the activity of proteins in living cells. The means to 
expand nature’s repertoire of amino acids include chemical and biological routes. An UAA can be made through chemical 
modifications of natural amino acids, or related compounds. These modifications typically rely on utilisation of ligands and 
palladium catalysts. Employing biocatalysts in the synthesis of UAAs can also afford novel molecules with different physi-
cal and chemical properties. A number of transaminases for example have been identified and employed in the production 
of UAAs. This review will compare the chemical and biological routes for the synthesis of UAAs and provide an overview 
of their applications.

Keywords  Unnatural amino acids · Noncanonical amino acids · Biocatalysis · Chemical synthesis · Bioactive molecules · 
Protein modification

Introduction

Optically active amines, including amino acids, are esti-
mated to make up approximately 40% of all chiral interme-
diates involved in the production of active pharmaceutical 
ingredients (Hönig et al. 2017). Amino acids, in addition 
to being the essential building blocks, are found in natural 
products such as antibiotics (Hancock and Chapple 1999), 
and due to the characteristic that they contain functional 
groups which could easily be transformed chemically they 
are attractive molecules for the synthesis of new drugs and 
materials (Blaskovich 2016; Clerici et al. 2016). In addition 
to the well-known 20 amino acids often called proteino-
genic, ornithine, selenocysteine, hydroxylysine and hydroxy-
proline are frequently found in nature (Hönig et al. 2017). 

To date 800 natural amino acids are known in the literature, 
while thousands of synthetic amino acids have been reported 
(Xue et al. 2018).

Unnatural amino acids (UAAs) are so called because they 
are not found in natural polypeptide chains. Many UAAs are 
formed as secondary metabolites in bacteria, fungi, plants, 
or marine organisms, or they can be synthesised chemically 
(Blaskovich 2016). UAAs can be divided into two major 
groups: UAAs that are structurally similar to canonical 
amino acids and therefore frequently named as analogues, 
and surrogate UAAs that differ dramatically from canonical 
amino acids (Agostini et al. 2017). Whatever group they 
belong to, their distinct chemical and biological character-
istics that stem from their unusual side groups and/or d-ste-
reochemistry make them highly attractive as biologically 
active molecules or building blocks.

Application of UAAs

UAAs can function as single molecules, part of larger bio-
molecules, or when inserted in peptides (Table 1). Fre-
quently, single amino acids such as glutamine and its ana-
logues have bioactivity. Glutamine is the major excitatory 
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Table 1   Application of unnatural amino acids (UAAs)

Mode of use UAA​ Chemical structure Application Reference

Free amino acid l-3,4-dihydroxy-phenyla-
lanine

Levodopa, used for the 
treatment of Parkinson’s 
disease

Lloyd et al. (1975)

Radiolabelled amino acid O-[11C ]methyl-l-tyrosine Tumour imaging agent Iwata et al. (2003)

API tert-leucine A central residue in a 
JAK3-selective kinase 
inhibitor

Soth et al. (2012)

Part of an antibiotic 2,4-diaminobutyric acid The polymyxin antibiotics 
colistin and polymyxin B

Velkov et al. (2013)

API (2R,3S)-N-benzoyl-3-phe-
nylisoserine

Paclitaxel, anticancer drug Blaskovich (2016)

Labelling of proteins, free 
amino acid

Norleucine Enzymes protection Anderhuber et al. (2016)

Part of a dipeptides Norvaline Smart materials Yadav et al. (2015)

Part of antibody-drug 
conjugates

4-acetylphenylalanine Aantibody-drug conjugates Axup et al. (2012)

Free amino acid Vinylglycine Irreversible inhibitor of 
multiple enzymes

Lacoste et al. (1988)
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neurotransmitter of the central nervous system (Albrecht 
et al. 2010). An UAA named LY404039, a selective glu-
tamine agonist was shown to be efficient in the treatment of 
schizophrenia (Patil et al. 2007). Furthermore, some UAAs 
exhibit inhibitory effect on the activity of enzymes (Rando 
1974), antimicrobial (Dittmer et al. 1948; Williams et al. 
1988) or antiproliferative activity (Kindler et al. 2009).

UAAs are frequently used as scaffolds and building 
blocks for drug discovery (Bhonsle et al. 2013; Blaskovich 
2016), or as reactants for important drug-like compounds 
such as benzodiazepines (Scott et al. 2009). The unnatural 
amino acid (2R,3S)-N-benzoyl-3-phenylisoserine is a good 
example of an important intermediate in the preparation of 
the anticancer drug called Paclitaxel, used to treat breast and 
lung cancer (Blaskovich 2016; Njogu et al. 2013; Weaver 
2014).

Antimicrobial peptide (AMP) synthesis is one of the 
application areas for UAAs (Almahboub et al. 2018a). 
AMPs are biomolecules present in virtually every class 
of organisms as a host defence mechanism (Yeaman and 
Yount 2003). Increased interest in AMPs in recent years 
is due to their activity towards a wide range of bacteria, 
including some antibiotic-resistant strains, different fungi, 
viruses and parasites (Ageitos et  al. 2017). AMPs are 
selective and efficient, (Fosgerau and Hoffmann 2015) and 
unlike conventional antibiotics, such peptides exhibit dual 
activity: disrupt targeted cells membranes and modulate 
the immune system while certain peptides have one or the 
other activity preferentially (Hancock and Sahl 2006). For 
example, Polymyxin B is a cyclic AMP that has activity 
against a broad range of Gram-negative bacteria and acts 
as a surfactant and permeabilises the bacterial cell mem-
brane (Ageitos et al. 2017). Bacterial resistance to AMPs 
would require severe rearrangements of the membrane 
structure, which would significantly delay the emergence 
of resistance (Aoki and Ueda 2013; Chen et al. 2014). 

Thus, AMPs are promising candidates for the treatment 
of resistant infections (Shagaghi et al. 2018). Addition of 
UAAs into the structure of AMPs can increase their activ-
ity, hydrophobicity, and decrease their susceptibility to 
proteolytic activity.

Furthermore, UAAs can be applied in probing protein 
function (Stevenazzi et al. 2014). By labelling proteins with 
UAAs it is possible to study protein conformation by Förster 
resonance energy transfer (FRET), follow intracellular pro-
tein localisation or to determine protein structures in vivo by 
means of 3D X-ray crystallography or 19F NMR spectros-
copy (Agostini et al. 2017). In addition, the incorporation of 
UAAs into enzymes, such as the substitution of methionine 
by norleucine could be used to protect proteins from methio-
nine oxidation, a strategy valuable in the case of biocatalysts 
that are inactivated under oxidative conditions or require 
oxidizing substrates or cofactors (Anderhuber et al. 2016). 
Using expanded genetic code it is possible to exploit the cell 
transcription and translation machinery to incorporate UAAs 
at specific sites of a protein (Xiao and Schultz 2016). This 
methodology relies on using amber or a nonsense codon and 
orthogonal aminoacyl-tRNA synthetase/transfer RNA pair 
to introduce spectroscopic or photo-affinity probes, post-
translational modifications, site-specific modifications and 
novel properties into proteins (Xiao and Schultz 2016). In 
addition, the library of genetically encoded UAAs could be 
expanded by assigning some of the redundant codons to the 
non-proteinogenic AA (Iwane et al. 2016).

Conjugation of polymers to proteins can improve the sta-
bility, solubility, and biocompatibility of these therapeutic 
agents. Among different strategies for site-specific conju-
gation of polymers to proteins, the incorporation of UAAs 
via the expansion of the genetic code or solid-phase peptide 
synthesis was proven an efficient strategy to improve the 
pharmacodynamics properties of certain protein or peptide 
therapeutics (Wang and Wu 2018).

Table 1   (continued)

Mode of use UAA​ Chemical structure Application Reference

Free amino acid 4′-Hydroxy-phenylglycine Drug Oxfenicine used post 
myocardial infarction

Coleman (1983)

API 2-amino-2-methylbutyric 
acid

Drug Decernotinib, a selec-
tive JAK3 inhibitor for the 
treatment of autoimmune 
diseases

Farmer et al. (2015)
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The exploitation of peptides in the development of 
smart nanomaterials is gaining increasing attention in the 
last few years. These advances are based on the property 
of amino acids to drive the self-assembly and the self-
organisation at the molecular level (Clerici et al. 2016). 
Incorporating UAAs in the nanomaterials can expand the 
scope of the possible applications, ranging from bioma-
terials, biosensors to drug delivery systems. For example, 
the incorporation of homoalanine or norvaline in dipep-
tides created microporous organic materials with novel 
crystal structures and with the potential to be used as 
drug carriers as well as absorbents for green-house gasses 
(Yadav et al. 2015). Furthermore, UAAs such as photo-
reactive para-azidophenylalanine could be employed to 
design thermoresponsive gels with tuneable control over 
the sequestration and delivery of materials (Costa et al. 
2018). Elastin-like polypeptides are the usual building 
blocks of crosslinked gel particles that exist as disordered 
soluble chains at low temperatures, while at temperatures 
above their concentration-dependent transition tempera-
ture they become globular structures (Meyer and Chilkoti 
1999). The major challenge in producing these materials 
stems from complex processes relying on use of cytotoxic 
crosslinking agents. The use of UAAs can eliminate the 
need for external crosslinker, thereby facilitating the fab-
rication of thermoresponsive gels (Costa et al. 2018).

Antibody-drug conjugates (ADC) are holding great 
promise as anticancer therapeutics. Their activity is based 
on a specific interaction with cells presenting tumour asso-
ciated antigens, followed by endocytosis of ADC, deg-
radation by lysosome and release of the cytotoxic drug 
into the cytosol of a tumour cell (Kovtun and Goldmacher 
2007; Okeley et al. 2010). Brentuximab vedotin, trade 
name Adcetris, is an anti-CD30 ADC with proven efficacy 
in patients with CD30+ malignancies and the first drug 
approved for Hodgkin’s lymphoma since 1977 (Ansell 
2014; Axup et al. 2012). While there are many more ADCs 
in development, a frequent challenge associated with their 
design is that a drug is non-selectively conjugated to an 
antibody via cysteine or lysine residues, which causes 
formation of heterogenous products upon endocytosis 
(Hamblett et al. 2004), and therefore poses difficulties 
in optimising pharmacological and biological effects of 
ADC. Introducing UAAs was shown to allow more pre-
cise control of conjugation and stoichiometry. Site-specific 
incorporation of p-acetylphenylalanine (pAcPhe) into an 
antibody using an orthogonal amber suppressor tRNA/
aminoacyl-tRNA synthetase pair, and subsequent conjuga-
tion of an auristatin derivative to the antibody via pAcPhe 
keto group was shown to yield an ADC with excellent 
pharmacokinetics and potent cytotoxicity to mammary fat 
pad tumours (Axup et al. 2012).

Synthesis of UAAs

Despite their tremendous potential, synthesis of UAAs 
remains a challenge. While there is a range of chemical 
synthetic routes available for the preparation of UAAs (Ste-
venazzi et al. 2014), they are complex and follow multiple 
reaction steps (Fig. 1), often offering a moderate yield. The 
particular bottleneck in chemical synthesis of UAAs is the 
lack of enantio- and stereoselectivity and the need to protect 
the reactive amine and carboxylic groups. On the other hand, 
the enzymatic asymmetric synthesis of chiral amino acids 
is very attractive due to the brief reaction steps, usually in 
aqueous media without the need for protective groups, and 
therefore low energy and sustainable means to synthesise 
these value-added chemicals (Fig. 1). The enzymes involved 
in the UAAs synthesis in nature may suffer from low activity 
or stability, or poor substrate range, but these issues may be 
relatively easy overcome using protein engineering. How-
ever, the main challenge associated with biocatalytic pro-
duction of UAAs at scale is the dependence on cofactors 
(Fig. 1), which adds to the cost of the process and often 
requires complex and not so efficient approaches for the 
cofactor recycling. The examples of enzymatically catalysed 
synthesis of UAAs and the solutions to cofactor dependency 
will be addressed below.

Biocatalytic routes

In biocatalysis enzymes are employed as catalysts that 
operate under mild reaction conditions with high enanti-
oselectivity, conversion, and space-time yield on an indus-
trial scale (Kelly et al. 2018; Xue et al. 2018). Further-
more, the enzymes are generally harmless and can often be 
recycled using immobilisation (Cao et al. 2003). Enzyme 
discovery and advances in protein engineering are major 
contributors to the expansion of enzyme catalysed synthe-
sis of UAAs. The main biocatalytic routes for the synthesis 
of UAAs are kinetic resolution and asymmetric synthesis. 
In kinetic resolution the process is limited by the maximal 
theoretical yield of 50% while asymmetric synthesis offers 
maximal theoretical yield of 100% and more importantly 
synthesis of new to nature molecules (Rudat et al. 2012; 
Xue et al. 2018). However, as already mentioned, the main 
challenge associated with biocatalytic production of UAAs 
is the dependence on cofactors, which adds to the cost of 
the process and often requires complex and not so efficient 
approaches for the cofactor recycling. On the other hand, 
protein engineering, metabolic engineering and synthetic 
biology offer great possibilities for the advancement of 
biocatalysts, or design of new biocatalysts.
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Amino acid dehydrogenases (AADH) are involved in 
reductive amination of ketoacids to yield amino acids. They 
are NAD(P)H dependent (Fig. 1), therefore the cofactor has 
to be recycled during the process. Stoichiometric supply of 
NAD(P)H is not economically sustainable since the price 
ranges from 4500 US $ per kg for NADH to 290,000 US $ 
per kg for NADPH (Faber 2011). However, efficient cofactor 
recycling systems were developed to aid large-scale appli-
cation of AADHs and the current methods for the NAD(P)
H regeneration are reviewed in in detail elsewhere (Wang 
et al. 2017).

Another issue associated with application of AADH is the 
reversibility of the reaction since these enzymes naturally 
maintain balance between amino and keto acids. Ammonia 
could be used as amino donor, which makes the process 
relatively cheap and thermodynamically favourable (Sharma 
et al. 2017). Relatively narrow substrate range of AADH 
could be overcome with the aid of in silico modelling and 
mutagenesis (Sharma et al. 2017). In addition, the protein 
engineering was proven successful in designing D-AADH, 
which are not ubiquitously found in nature for the synthesis 
of β-UAAs (Vedha-Peters et al. 2006).

However, regardless of the challenges related to AADH 
application there are numerous examples of synthesis of 
UAAs using these enzymes as biocatalysts. An efficient 
strategy to produce unnatural l-amino acids combines an 
AADH to convert hydrophobic α-keto acids into amino 
acids and a formate dehydrogenase for the cofactor regen-
eration (Bommarius et al. 1998; Krix et al. 1997). One of 
the UAAs produced using this strategy is l-tert-leucine, a 
precursor in the manufacture of protease inhibitors used 

in the treatment of hepatitis C, NS3/4 protease inhibitors, 
HIV protease inhibitor, as well as peptide deformylase 
inhibitors and matrix metalloprotease inhibitors (Xue et al. 
2018). A leucine dehydrogenase was recently engineered 
using random mutagenesis paired with a high throughput 
spectrophotometric screening assay to allow the biosynthe-
sis of l-tert-leucine with productivity of 1170 g/l/day (Zhu 
et al. 2016). Further advances in the production of UAA via 
AADH biocatalysis could be achieved by using synthetic 
biology to design a tuneable multienzyme system, such as a 
whole-cell biocatalyst reported by Jiang and Fang, in which 
leucine dehydrogenase and cofactor recycling enzyme, for-
mate dehydrogenase are co-ordinately expressed to give 
good enantioselectivity and high conversion rate combined 
with high stability and lower cost of the process (Jiang and 
Fang 2016). The gap between the activities of leucine dehy-
drogenase and the formate dehydrogenase was bridged by 
using the ribosome binding sites (RBS) of different strength 
to finely tune the expression of the leucine dehydrogenase 
and placing the formate dehydrogenase under a very strong 
RBS since this enzyme is known to have low activity. This 
whole-cell catalyst was tested with a 100 mM substrate 
load, and it performed superior in comparison with purified 
enzymes, yielding a complete conversion of the substrate 
trimethylpyruvic acid into optically pure l-tert-leucine in 
an hour (Jiang and Fang 2016).

Metabolic engineering has proven useful in designing 
bacterial catalysts for the production of l-homoalanine or 
2-aminobutyric acid, which is a precursor of antiepileptic 
drug levetiracetam and the antituberculosis drug ethambutol. 
Zhang and co-workers have expanded the metabolism of 

Fig. 1   Biocatalytic (light green) 
and chemical (light orange) 
synthetic routes for the produc-
tion of unnatural amino acids 
(UAAs). Chemical synthetic 
routes for the preparation of 
UAAs are frequently complex 
and follow multiple reaction 
steps (represented by broken 
arrows), and lack enantio- and 
stereoselectivity. Biosynthetic 
routes usually yield enanti-
omerically pure UAAs, but 
are frequently challenged by 
cofactor dependency. AADH 
amino acid dehydrogenases, 
TA transaminase, NAD(P)H 
nicotinamide adenine dinucleo-
tide (phosphate) reduced form, 
NAD(P)+ nicotinamide adenine 
dinucleotide (phosphate) 
oxidised form, PLP pyridoxal 
5′-phosphate, PMP pyridoxam-
ine 5′-phosphate
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Escherichia coli to include l-homoalanine in the metabolite 
family by introducing threonine dehydratase TdcB or IlvA 
to convert threonine into 2-ketobutyrate (Zhang et al. 2010). 
Further optimisation of the process was achieved by incor-
porating an evolved glutamate dehydrogenase (GDH) for 
efficient reductive amination of 2-ketobutyrate with ammo-
nia. GDH is naturally involved in reductive amination of 
2-ketoglutarate, with 10-fold higher activity in the synthesis 
of glutamine compared to the glutamine degradation (Cau-
sey et al. 2003). Using saturation mutagenesis approach and 
deletion of native transaminases avtA and ilvE a variant of 
GDH was created with 8.2-fold increased catalytic efficiency 
with 2-ketobutyrate, and the created synthetic E. coli strain 
was ultimately able to convert glucose into l-homoalanine. 
Changing the host strain for a threonine overproducer 
(Debabov 2003), overexpressing the evolved GDH along 
with overexpression of IlvA from B. subtilis and deletion of 
rhtA23 threonine transporter the final synthetic strain had 
a productivity of 2.7 g/l/day of l-homoalanine from glu-
cose, with 0.18 g/g yield. While this was only 26% of the 
theoretical maximum, this work is an example of successful 
metabolic engineering coupled with protein engineering to 
allow the production of an UAA.

Another example of an AADH used for the production of 
an α-amino acid with high e.e. is an engineered phenylala-
nine dehydrogenase (PheDH) from Thermoactinomyces sp. 
(Hanson et al. 2007) The modified PheDH containing two 
amino acid changes at the C‐terminus and a 12‐amino acid 
extension of the C‐terminus was used for the production of 
2‐(3‐hydroxy‐1‐adamantyl)‐(2S)‐aminoethanoic acid, a key 
intermediate required for the synthesis of the anti-diabetic 
drug saxagliptin. A 100 kg scale process for the production 
of this UAA was developed to support the development of 
saxagliptin (Hanson et al. 2007).

Transaminases (TAs) can aminate a wide range of 
ketones and aldehydes. These ubiquitous enzymes are natu-
rally involved in nitrogen metabolism. While TAs are also 
cofactor dependent, there is no need for external cofactor 
recycling which lowers the cost of the process and there-
fore makes TAs very attractive as biocatalysts (Kaulmann 
et al. 2007). Pyridoxal 5′-phosphate (PLP) acts as an inter-
mediate amino group acceptor and an electron sink, and 
is recycled during the course of the reaction (Bugg 2004). 
Among TAs, a group of ω-TAs known to accept a range of 
substrates beyond only α-keto acids and α-amino donors are 
particularly interesting for biocatalysis and production of α- 
and β-UAAs (Mathew and Yun 2012). However, the use of 
TAs as biocatalysts also comes with a challenge of reaction 
equilibrium (Cassimjee et al. 2010). The by-product ketone 
formed after deamination of the donor competes with the 
acceptor for the amino group, shifting the reaction equilib-
rium towards the reactants. This is especially the case when 
alanine is used as a donor, where the reaction equilibrium 

favours the recycling of alanine and starting ketone rather 
than formation of the corresponding amine and pyruvate 
(Koszelewski et al. 2010b). In some cases high concentra-
tions of the produced amine and by-product ketone can 
inhibit ω-TA activity (Höhne and Bornscheuer 2009; Shin 
and Kim 1997).

Numerous studies dealt with the issues of the ω-TA cata-
lysed reactions (Cassimjee et al. 2010; Cho et al. 2003; Shin 
and Kim 2001; Truppo et al. 2009; Wang et al. 2013). In 
order to shift the reaction equilibrium towards product for-
mation excess amino donor is often used (Koszelewski et al. 
2010b). Moreover, using donors such as isopropylamine 
(IPA) provide a potential solution to the problem of reac-
tion equilibrium and the inhibitory effect of the by-product 
ketone (Mathew and Yun 2012). IPA is transformed into 
acetone upon the amino group transfer, which is easy to 
remove due to its volatility (Park et al. 2013; Savile et al. 
2010). Another solution to shift the equilibrium is using 
additional enzymes such as lactate dehydrogenase and 
alanine dehydrogenase that recycle the amino donor and 
deplete the potentially inhibitory by-product ketone (Höhne 
and Bornscheuer 2009; Koszelewski et al. 2008). Recently, 
an in-situ product crystallisation approach was developed 
to shift the reaction equilibrium towards product formation 
(Hulsewede et al. 2018).

l-tert-leucine, an UAA which was already discussed in 
the section dealing with AADHs, could be produced using a 
cascade reaction in an extractive biphasic system employing 
a branched-chain amino acid transaminase (BCTA) and an 
(S)-selective ω-transaminase (ω-TA) and achiral α-keto acid 
precursors (Park and Shin 2015). While employing a bipha-
sic system in this case led the conversion of 20 mM substrate 
into the product, which was a nearly 2-fold improvement in 
l-tert-leucine synthesis compared to using a monophasic 
system, this approach compares poorly to the synthesis of 
this UAA using the whole cell biocatalyst reported by Jiang 
and Fang (Jiang and Fang 2016; Park and Shin 2015).

Norleucine (2-aminohexanoic acid) is a side prod-
uct of branched chain amino acids metabolism and as 
methionine analogue is easily incorporated in proteins in 
place of methionine (Bogosian et al. 1989; Cirino et al. 
2003). The bioproduction of norleucine was achieved in 
a metabolically engineered E. coli strain in which three 
acetolactate synthases from the metabolism of branched 
chain amino acids were deleted, and leuABCD operon 
was over expressed to allow accumulation of 2-ketobu-
tyrate, a precursor in norvaline and norleucine synthesis 
(Anderhuber et al. 2016). The enzymes encoded by the 
leuABCD operon convert 2-ketobutyrate via 2-ketopen-
tanoate into 2-ketohexanoate, which is ultimately ami-
nated by a branched chain transaminase IlvE (Anderhu-
ber et al. 2016). This route can provide synthesis of 5 g/l 
of norleucine. The engineered strain not only produced 
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norleucine but was also demonstrated as an efficient sys-
tem for the cost-effective labelling of proteins with nor-
leucine at larger scales (Anderhuber et al. 2016).

An ω-TA form Vibrio f luvialis was successfully 
employed for the synthesis of L-homoalanine in a reaction 
of reductive amination (Shin and Kim 2009). This study 
demonstrated the potential to use an amine compound 
rather than an amino acid as amino donor and by doing 
so achieving more favourable reaction equilibrium and 
solving one of the issues of UAAs biosynthesis using TAs 
as biocatalysts. A severe reaction inhibition that occurred 
due to the formation of benzaldehyde as a side product 
was solved by using an extractive biphasic reaction sys-
tem, finally reaching 96% conversion of 2-oxobutyric acid 
into L-homoalanine with 99% e.e. (Shin and Kim 2009).

Coupling of two TAs is another strategy that could 
be used to ensure the favourable reaction equilibrium. 
In a cascade reaction employing a branched chain amino 
acid TA from E. coli and an ω-TA from Paracoccus deni-
trificans l-hydroxyadamantglycine, l-tert-leucine and 
l-norvaline were produced (Park and Shin 2015). The P. 
denitrificans ω-TA was used to regenerate 2-oxobutyrate 
back into the donor, l-homoalanine.

Chromobacterium violaceum ω-TA accepts a wide 
range of aldehydes and ketones as amino acceptors (Kaul-
mann et al. 2007), and as such holds a great potential 
for the synthesis of UAAs. It was recently shown that C. 
violaceum TA can be used for the synthesis of 2-aminooc-
tanoic or 2-aminocaprylic acid (Almahboub et al. 2018a). 
This α-UAA can be used as a reagent in the preparation of 
1,5-disubstituted-2-aminoimidazoles, which have antibi-
otic activity towards a variety of bacterial strains (Harris 
et al. 2011), to design a vaccine delivery system without 
the need for additional adjuvant (Olive et al. 2003), or 
to modify antimicrobial peptides for the improved activ-
ity (Almahboub et al. 2018a). C. violaceum TA has been 
engineered via directed mutagenesis and rational design 
to further expand the range of substrates accepted by this 
enzyme (Almahboub et al. 2018b; Deszcz et al. 2015), 
or to change the enantioselectivity (Humble et al. 2012), 
and therefore increase the repertoire of produced UAAs.

Other enzymes involved in the synthesis 
of UAAs

While other enzymes could be used in the produc-
tion of UAAs, such as lipases (Houng et al. 1996), and 
nitrilases (Martínková and Křen 2010), their application 
is mainly focused on kinetic resolution, thus providing 
a maximum theoretical yield of 50% (Koszelewski et al. 
2010a). However, with the advancements in the fields of 
bioinformatics and protein engineering the toolbox of 

enzymes available for the synthesis of UAAs is growing 
and includes enzymes such as ammonia lyases and amino-
mutases (Parmeggiani et al. 2018). Highly enantioselec-
tive production of N-substituted aspartic acid derivatives 
was achieved using an engineered methylaspartate lyase 
by addition of structurally diverse amines to fumaric acid 
(Veetil et al. 2013).

Recently an α-ketoglutarate-dependent dioxygenase 
(Fe/αKG) was characterised and shown to hydroxylate 
the δ position of various aliphatic amino acids (Zwick 
and Renata 2018). Selective C–H functionalisation at dis-
tal positions is a highly challenging problem in organic 
synthesis, and this advance opens up possibilities in 
synthesis of derivatives of amino acids through C–H 
functionalisation.

Chemical synthetic routes

The development of efficient synthetic methods or new 
catalytic strategies to access an amino acid–base struc-
tural motif in an optically active form has long been an 
important topic in organic chemistry and catalysis. While 
numerous challenges are associated with this non-biosyn-
thetic approach i.e. low selectivity and harsh conditions, 
advances in chemical synthesis yielded some novel and 
interesting UAAs. An advantage of chemical routes over 
biocatalysis approach is their broad applicability. The 
examples of overcoming specific challenges to achieve 
higher enantioselectivity and design processes that are 
more environment friendly are given below. However, it 
is worth noting that the large majority of discussed routes 
for the synthesis of UAAs are quite complex and require 
several reaction steps.

Substituted arylglycines are structural motifs found in 
many biologically active compounds and natural products, 
such as β-lactam antibiotics cephalexin, cefadroxi, amoxi-
cillin and peptide antibiotics vancomycin and teicoplanin, 
P53-MDM2 inhibitor RO-5963, antiplatelet agents clopi-
dogrel and vicagrel, and HCV NS3/4A protease inhibitor 
(Zhang et al. 2015). While synthetic approaches to racemic 
arylglycine derivatives have been developed, there is only 
a few reports of asymmetric synthesis of optically pure 
arylglycines (Zhang et al. 2015). Contrary to biocatalysts, 
that most frequently show enantioselectivity, processes 
employing organic and inorganic catalysts seldom exhibit 
enantioselectivity when prochiral substrates are used. 
Zhang and co-workers developed a stereoselective syn-
thesis of optically active arylglycine derivatives using a 
Pd-catalysed alpha arylation of chiral nickel(II) glycinate 
complex with various aryl bromides with up to 90% yield 
and > 99% e.e.
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d-Amino acids (d-AAs) can be found in microorgan-
isms, plants, mammals and it has been shown that they 
have a biological activity either as single molecules or 
part of a peptide (Genchi 2017). In natural peptides one 
d-AA is usually positioned close to the N-terminus thus 
providing protease stability and affects the 3D structure 
of a peptide, leading to the formation of specific struc-
tures (Konno et al. 2007). Owing to the growing interest 
in d-AAs in biomedicine and pharmaceutical industry, 
chemical conversion of natural and tailor-made l-α-AAs 
into d-α-AAs via l-to-d-interconversion was developed 
(Nian et al. 2016). This approach involves the use of a 
wide range of free, unprotected l-AAs and cheap, readily 
available, recyclable proline derived ligands, making it 
cost-effective and widely applicable.

α,α-Disubstituted amino acids can also modify the struc-
tures of peptides or proteins. However, the asymmetric syn-
thesis of these amino acids has not been established due 
to the challenge of the catalytic enantioselective synthesis 
(Tsubogo et al. 2010). By expanding chiral calcium chem-
istry and employing a chiral calcium catalyst system for the 
asymmetric 1,4-addition of azlactones to acrylates, opti-
cally active α-substituted glutamic acid derivatives with 
stereogenic carbon centres were synthesised (Tsubogo et al. 
2010). However, this method requires the use of explosive 
tetrahydrofuran for the preparation of the catalyst, as well 
as toluene and low temperature of − 20°C for the synthesis 
of α-methyl glutamic acid making it non-economical and 
non-environmental friendly (Tsubogo et al. 2010).

A simple chemical route for the synthesis of racemic nor-
leucine uses nucleophilic substitution reaction between toxic 
and corrosive 2-bromohexanoic acid and ammonia (Marvel 
and du Vigneaud 2003). To afford synthesis of optically pure 
norleucine a non-trivial asymmetric synthesis via alkylation 
of Ni(II) complexes of Schiff bases derived from (S)-o-[(N-
benzylproplyl)amino]benzaldehyde or (S)-o-[(N-benzylpro-
plyl)amino]benzophenone glycine or alanine followed by the 
separation of diastereoisomeric complexes on SiO2 has been 
developed (Belokon et al. 1988). However, this chemical 
route for the synthesis of norleucine is far more complex 
when compared to the biocatalytic route discussed earlier 
(Anderhuber et al. 2016).

Alkylation of glycine represents the most intuitive syn-
thetic method for the production of UAAs (Stevenazzi et al. 
2014). While advances in transition to more economically 
and environmentally sound chiral phase transfer catalysts 
have been made, asymmetric alkylation of glycine offers 
yields of between 60 and 90% with e.e. ranging between 
18 and 99.7% (Wang et al. 2015). Furthermore, these syn-
thetic routes usually rely on the use of toxic reagents such 
as methylsulfonylchloride, needed to achieve efficient reac-
tion (Li et al. 2017; Wang et al. 2015). Li and co-workers 
developed a protocol with the view of a simplified alkylation 

workup and reduced use of hazardous reagents (Li et al. 
2017). Starting with proline and using EDCI/DMAP as a 
coupling agent a chiral intermediate is synthesised, which is 
then alkylated in the presence of sodium tert butoxide. Using 
this procedure five unnatural amino acids, frequently used 
for peptide stapling for improved pharmacological activity 
of peptides, were synthesised with high enantioselectivity 
> 99% e.e. and yield ranging between 60 and 70% (Li et al. 
2017).

Catalytic asymmetric amination which directly generates 
C-N bond is a simple method to derivatise α-amino acids. 
However, to achieve high enantioselectivity (97% e.e.) of 
this process usually very low temperatures of − 40°C are 
needed (Lan et al. 2009).

Derivatisation of natural amino acids serine, threonine, 
cysteine and tyrosine containing heavy atoms such as S, 
O, and N could provide a large number of possible UAAs. 
Although this strategy represents another intuitive and facile 
approach for introducing structural and chemical diversity, 
only a small number of UAAs of this class were successfully 
synthesised and applied (Stevenazzi et al. 2014).

Concluding remarks

Unnatural amino acids are already used in the market place 
and there is undoubtedly great potential for expansion of 
their use. The routes to their production will depend on 
the price and availability of starting materials but also on 
the capability of the biological and chemical catalysts. It 
appears that synthetic routes for the production of UAAs 
face more challenges than biocatalytic routes, primarily 
the lack of enantioselectivity. The biosynthesis of enati-
omerically pure UAAs from simple and cheap precursors, 
such as glucose, could remedy the lack of availability and 
lower the price. To this end there are still significant chal-
lenges to broadening catalyst substrate range and achiev-
ing high productivity. Thus many possibilities for protein 
engineering and synthetic catalyst improvement abound. 
Last decade has seen many advances in the field of bio-
catalytic synthesis of chiral amines including UAAs, such 
as metabolic engineering and application of synthetic 
biology techniques. Synthetic biology in particular offers 
the potential for the engineering of whole-cell catalysts 
with finely tuned protein expression that avoid the need 
of cofactor regeneration.
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