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1. Use and synthesis of nylon-6

Discovery of nylon-6. The polymer nylon-6 is a 
polyamide formed by ring-opening polymeriza-
tion of caprolactam. The origin of the generic 
name “nylon” has caused some speculations. 
From being an acronym for “Now You’ve Lost, 
Old Nippon” referring to the competition be-
tween the US and Japan on the silk markets, to 
the combination of the two cities New York and 
London, with the name allegedly being created on 
a flight between the two cities. The documented 
origin for this catchy name after the discovery 
of this polyamide at DuPont lies in the creative 
interpretation and arranging of letters coming 
from “no-run”, a property which turned out not 
to hold true for nylon stockings [1].

The building block for nylon-6, caprolactam, 
has been studied since the end of the 19th 
century, when 6-aminocaproic acid was found 
to cyclize [2]. Much later an alternative synthesis 
via Backmann rearrangement from cyclohexa-
none oxime was established [3]. The polymeric 
structure of nylon, also called polycaprolactam, 
was not considered until the father of polymer 
synthesis, Wallace Carothers, experimented with 
caprolactam in the early 20th century when 
working as a researcher at DuPont. The findings 
in collaboration with Bechet (1930) led to the 
conclusion that higher polymeric structures 
were not achievable with caprolactam due to its 
decomposition at temperatures close to its syn-
thesis temperature [2]. Caprolactam was further 
disregarded as a substrate for spinnable polymers 
and Carothers continued with his famous studies 
on polycondensation of dicarboxylic  acids and 
diamines. His research led in 1935 to the first 
commercially available polyamide, nylon-6,6, 
which is built up out of two 6-carbon molecules, 
adipic acid and hexamethylenediamine. Shortly 
thereafter in 1938, Paul Schlack, a chemist at 
IG Farben (Germany), picked up the research 
on caprolactam polymerization and managed to 
isolate a polycaprolactam fiber, calling it nylon-6 
[3]. The industrial interest in nylon-6 expanded 
quickly, e.g. for the production of fibers and 

resins, since nylon-6 has the property to mold 
into various shapes.

Uses of nylon-6. Modern life is almost un-
imaginable without the use of polymers. With 
368 million metric tons produced worldwide 
in 20191, nylon-6 has become one of the most 
widely used polymers. It is applied in the 
manufacture of mechanical parts and utensils, 
electronic equipment, fibers and clothing, car-
pentries, and numerous products for everyday 
use. The total global market size of nylon-6 is 
estimated at 2100 million USD in 20192. This 
enormous worldwide use of nylon-6 is due to 
its low-cost production processes and versatile 
areas of application. It is durable, light, exhibits 
high mechanical strength and hardness and can 
easily be prepared into elastic fibers. Compared 
to its big brother nylon-6,6, nylon-6 retains its 
structure after being molded and can more easily 
be colored. On the downside, it shows a lower 
melting temperature (225°C vs 265°C) and is 
more hygroscopic [4], which makes it less suitable 
in applications involving water and heat. 

Synthesis of caprolactam. The production of 
the nylon-6 building block caprolactam is based 
on naphtha-derived hydrocarbons in reaction 
with ammonia under highly energy-consuming 
conditions. Refinement of crude oil yields primary 
products such as ethylene and phenol, benzene, 
and toluene (Fig. 1). The introduction of hetero-
atoms like nitrogen into these compounds, using 
reagents such as ammonia, is a cumbersome 
process. The most common synthesis route for 
caprolactam starts from either benzene or phenol 
to form the intermediate cyclohexanone (Fig. 1, 
route 1). Cyclohexanone is ammoximated to the 
corresponding oxime by reaction with hydroxyl-
amine sulfate (or phosphate), which is followed 
by a Beckmann rearrangement in concentrated 

1 Report “Global plastic production 1950–2019” by Ian 
Tiseo, Jan 27, 2021, published on 

 https://www.statista.com
2 Report “Global Nylon 6 Market 2019 by Manufactur-

ers, Regions, Type and Application, Forecast to 2024”, 
Mar 13, 2019, published on

 https://www.marketstudyreport.com
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sulfuric acid to form caprolactam [5]. Different 
reaction conditions and catalysts can be applied 
for these reactions to occur [6]. 

Alternative routes for caprolactam production 
skip the intermediate cyclohexanone. Benzene 
can for example be hydrogenated to cyclohex-
ane which can be directly converted to cyclo-
hexanone oxime via photonitrosation by nitrosyl 
chloride, a process used by Toray Ltd. (Japan) 
[7] (Fig. 1, route 2a). Alternatively, benzene 
can be partially hydrogenated and oxidized to 
cyclohexanol which can be further converted to 
cyclohexanone (Fig. 1, route 2b). Hydrogenation 
of phenol produces cyclohexanol as well [7]. 
The oxime-based processes generate significant 
amounts of ammonium sulfate as side product. 
It can yield of production of side product of 
1.9 tons per ton of caprolactam produced which 
is typically sold as fertilizer to countries with 
sulfate-poor soils [8]. 

In the SNIA Viscosa process (Italy), toluene is 
used as the starting point and the Beckmann 
rearrangement is circumvented (Fig. 1, route 3). 
Toluene is oxidized to benzoic acid and further 

converted to cyclohexanecarboxylic acid by 
hydrogenation [7,9]. Nitrosation with nitrosyl 
sulfuric acid leads to caprolactam. The SNIA 
Viscosa process avoids the production of large 
amounts of ammonium sulfate.

Polymerization of caprolactam. For the po-
lymerization reaction, caprolactam is heated at 
260–270°C in the presence of a small quantity of 
water for periods of 14–24 h under oxygen-free 
conditions [7]. The water molecules initiate some 
hydrolysis of caprolactam to 6-aminocaproic acid 
(6-ACA). Then, the free functional groups at the 
end of 6-ACA (—COOH and —NH2) undergo 
intermolecular condensation to yield an amide 
linkage and water. Most of the chain elongation 
of nylon-6 happens when the free functional 
amine groups either from 6-ACA or the ex-
panding polycaprolactam chain are attacking 
the cyclic molecule [10,11]. This polyaddition 
reaction goes via transamidation and does not 
release water [12].

Besides the polyamide chain, other cyclic and 
linear oligomers can be found after the reaction 
has completed [13,14]. The extraction of the 

Figure 1: Overview of 
industrial production 
processes for caprolactam 
synthesis [7].
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cyclic oligomers can be done with hot water or 
methanol [13] or with vacuum distillation [15].

2. Degradation of nylon

Aging of nylon-6. Like many other synthetic 
polymers, nylon-6 is non-biodegradable in the 
sense that it will not be decomposed by any 
(micro) organisms into organic compounds and 
will therefore remain in the environment for a 
long time. Taking into account that nylon-6 is 
used in various maritime applications including 
fish nets and a variety of household products and 
utensils, it contributes considerably to the plastic 
soup in the oceans. Of the plastic debris found 
there, nylons are predicted to decompose very 
slowly [16]. The erosion of polyamides is esti-
mated to proceed with a half-life of 83,000 years 
[17]. However when exposed to environmental 
factors like high temperature [18], sunlight [19], 
solvents [20], or mechanical stress through waves 
and wind [21], the effects will be noticeable on a 
considerably shorter time scale [16]. Weathering 
includes loss of molecular weight, morphological 
changes through cracking, lowered mechanical 
strength, and decolorization caused by surface 
and/or bulk oxidation or hydrolysis of the poly-
amide chain [17,22,23]. Furthermore, ocean 
plastics are offering a biotope for colonization by 
microorganisms and biofilm formation. Therefore, 
some biotic degradation contributes to the aging 
of nylon-6, which is discussed further below. 
These different degradation forces finally lead to 
fragmentation of nylon-6 materials into smaller 
particles, called microplastics [24]. The impact of 
this small-sized plastic debris is gaining interest 
from the scientific community in recent years, 
since the accumulation of microplastics in the 
gastrointestinal tract of marine organisms is not 
only influencing the ecosystem but has also 
entered our food chain [25,26].

Environmental sustainability. From the group 
of polyamides produced under the generic name 
nylon, nylon-11 is the only polymer made from 
renewable starting material. It is produced by 

polymerization of 11-aminoundecanoic acid, 
which can be synthesized from ricinoleic acid. 
Ricinoleic acid is the main component of castor 
oil (89%) and can be isolated from the plant 
 Ricinus communis [27]. Nylon-11 is produced 
on a commercial scale by Arkema (France) 
and traded under the name Rislan. Though 
being produced in a “green” way, it still remains 
non-biodegradable like similar polymers [28].

In light of the above mentioned long degrada-
tion time of nylons, recycling of nylon-containing 
products, among other plastics, becomes a major 
objective to reduce the environmental impact 
[29]. The recycling of nylon is still very expensive 
compared to production of the virgin material, 
but some companies are taking on the chal-
lenge. For example, the synthetic fabric Econly 
(Aquafil, Italy) is a fully recycled nylon polymer 
from landfill and ocean waste material [30]. The 
information on the exact recycling process for 
Econyl is scarce. What is known is that nylon 
materials are rescued from wastes made from 
100% nylon, like fish nets, carpets, and fabric 
scraps. After chemical depolymerization, the 
material is molten again and spun into new yarn. 
The main challenges of nylon recycling lie in 
the mixture of materials. Recycling processes 
to separate nylon from other polymers have not 
been developed yet.

Biodegradation of nylon and nylon oligomers. 
The amide bond in nylon-6 is very similar to 
the peptide bonds found in proteins and other 
biomolecules. Whereas proteases are readily 
available for degradation of polypeptides, not 
many are described to tackle the amide bond 
in polycaprolactam [31]. The recalcitrance of 
nylon-6 is attributed to the strong hydrogen 
bonding between the chains [24]. This could 
be a reason, why degradation of nylon-6 rope 
has a slower rate than degradation of ropes 
made from polyesters [32]. Some marine and soil 
microorganisms have been described to be able 
to degrade nylon-6. On the surface of floating 
plastics in the ocean, biofilms are formed from 
organisms supposedly using the plastic as their 
carbon and nitrogen source. Biotic degradation 
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of nylon-6 and nylon-6,6 was suggested to occur 
with marine organisms including strains of Ba-
cillus cereus, Bacillus sphericus, Vibrio furnisii, and 
Brevundimonas vesicularis [24]. In a test period 
of 3 months, a Bacillus cereus strain was able to 
reduce the molecular weight of nylon-6 by up to 
31% when used as a carbon source, but weight 
loss of the polymer was only 2%.

Some ligninolytic white rot fungi of the species 
Bjerkandera adusta [33], Phanerochaete chrysospo-
rium [34], and Trametes versicolor [35] have also 
been reported to be able to degrade nylon when 
put under selective nutritional pressure. The 
filamentous fungus P. chrysosporium for example 
decreased the molecular mass of nylon-6 in a 
test period of 3 months on average by 50% 
[34] whereas B. adusta reduced the molecular 
weight by 67% in 2 months [33]. The ability to 
grow on nylon-6 is probably due to a secreted 
manganese peroxidase [33], which was found 
to be involved in the non-specific oxidative 
degradation of nylon-6,6 [36]. This was also 
considered to be the main degradation pathway 
for the above-mentioned marine bacteria [24]. 
The reason why the degradation rates differ so 
greatly between marine and soil organisms has 
not yet been investigated. It could be that the 
secreted manganese peroxidase and the subse-
quent autoxidation proceeds faster in a more 
stable microenvironment that is not perturbed 
by an aqueous surrounding. 

Via wastewater from nylon production plants, 
unreacted nylon monomers and linear or cyclic 
oligomers may end up in the environment if not 
treated properly. Fortunately, the monomers 
and oligomers may be biodegradable. Bac-
terial strains isolated from soil samples near 
nylon production plants, such as Arthrobacter 
sp. KI72 (formerly Flavobacterium sp.), have 
shown to grow and degrade cyclic oligomers 
[37–40]. Three types of enzymes encoded on 
plasmids are reported to degrade nylon oligo-
mers in a consecutive fashion. These hydrolytic 
enzymes have been characterized in some 
detail and X-ray structures have been solved: 
6- aminohexanoate-cyclic-dimer hydrolase (NylA) 

(pdb 3A2P, 3A2Q), 6-aminohexanoate-dimer 
hydrolase (NylB) (pdb 1WYB), and endo-type 
6-aminohexanoate- oligomer hydrolase (NylC) 
(pdb 3AXG0) [41]. NylA hydrolyzes the cyclic 
dimer to linear 6-aminohexanoate [42] (Fig. 2A). 
NylB removes 6-aminohexanoate units from 
linear oligomers of up to six 6-aminohexanoate 
units [43]. Since the highest activity is on 
6-aminohexanoate dimers, the enzyme is called 
6-aminohexanoate-dimer hydrolase. NylC also 
hydrolyses oligomers of different size, but in an 
endo-type reaction [44]. 

The biodegradation of caprolactam starts with 
the enzymatic hydrolysis to 6-aminohexanoic 
acid (6-aminocaproic acid, 6-ACA) (Fig. 2B). 
Some Pseudomonas strains can utilize capro-
lactam as sole carbon and nitrogen source for 
growth [45–49]. The enzyme performing the 
first hydrolysis reaction has so far not been 
characterized, but the recent discovery of the 
caprolactam degradation pathway in P. jessennii 
suggests that this lactam hydrolyzing enzyme is 
related to a not-well investigated enzyme class 
of ATP-dependent 5-oxoprolinase and hydan-
toinases [49]. This so-called caprolactamase is 
a multimeric enzyme consisting of two proteins, 
CapA and CapB. The hydrolysis of caprolactam 
to 6-ACA is followed by the removal of the 
terminal amino group by an ω-transaminase. 
The formed aldehyde 6-oxohexanoic acid is 
oxidized to adipic acid by a dehydrogenase 
and enters the β-oxidation pathway for further 
degradation [37,50]. 

3. Bio-based production from 
biomass

Biomass to platform chemicals. In light of the 
depleting fossil resources and the necessity to 
diminish the use of fossil fuels to reduce carbon 
dioxide emissions, there is a need to replace 
processes that depend on the petrochemistry 
value chain. Biomass is considered to become a 
major resource for the production of biofuels and 
platform chemicals that serve as intermediates 



1

13

for manufacturing bulk and fine chemicals. Na-
ture synthesizes from a limited number of central 
metabolites an almost unlimited spectrum of 
chemical structures, some in huge amounts, but 
both the valorization of bulk biomass and the 
utilization of the chemical diversity of organisms 
and enzymes are still underdeveloped [52,53]. 

Some organic material is relatively easy to pro-
cess in biorefineries. For example, first-genera-
tion biofuels are obtained by direct fermentation 
of sugarcane sugars or of hydrolyzed corn and 
wheat starch to produce ethanol [54,55]. The 

mono- and disaccharides in sugarcane are readily 
accepted as carbon source by fermenting micro-
organisms like yeast. The use of starch as feed-
stock only requires a hydrolysis step to release 
glucose. When aiming at the use of feedstocks 
like crop waste or other non-food biomass that is 
more difficult to convert to fermentable sugars, a 
pretreatment process has to be employed [56,57]. 
The sugars present in lignocellulosic biomass 
are not readily available for fermentation due 
to entrapment in lignin, to modifications of the 
carbohydrate structure or to the presence of 
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Figure 2: Degradation of 6-aminohexanoic acid oligomers and caprolactam. A: Degradation of 6-aminohexanoic 
acid circular and linear oligomers by the enzymes 6-aminohexanoate-cyclic-dimer hydrolase (NylA), 6-amino-
hexanoate-dimer hydrolase (NylB) and endo-type 6-aminohexanoate-oligomer hydrolase (NylC) (adapted from 
[51]). B: Plasmid-based degradation pathway of caprolactam. Hydrolysis of caprolactam by a caprolactamase 
(CapAB) leads to the linear 6-aminocaproic acid (6-ACA). An aminotransferase (AT) deaminates 6-ACA to form 
the aldehyde 6-oxohexanoic acid. Further oxidation by a dehydrogenase (DH) leads to adipic acid, which enters 
β-oxidation for further degradation (adapted from [49]).
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sugars that are not suitable for fermentation by 
common yeast. Lignocellulosic biomass consists 
of the biopolymers cellulose, hemicellulose, and 
lignin in different proportions [58]. Agricultural 
waste has approximately 40–50% cellulose, 
20–30% hemicellulose, and 10–20% lignin [57]. In 
the three-dimensional structure, cellulose fibers 
lie at the core and are encapsulated by a matrix 
made from hemicellulose and lignin polymers 
[59]. While the carbohydrates in cellulose and 
hemicellulose can be hydrolyzed using cellulases 
and hemicellulases to glucose or different C5 
sugars (xylose, arabinose) and C6 sugars (man-
nose, rhamnose, galactose) [60], the hydrolysis 
of lignin is more challenging. Lignin is a highly 
cross-linked polymer of aromatic groups, e.g. 
p-hydroxy phenyl, guaiacyl or syringyl groups. 
After depolymerization, the products can be 

converted by (bio)chemical methods or in fermen-
tation processes to platform chemicals that can 
be used for further synthesis. Various chemical 
reactions are possible; a well-known example is 
the conversion to hydroxymethylfurfural (HMF) 
via fructose. Fermentation to carboxylic acids, 
ketones and alcohols requires specific microbial 
strains. Some important platform chemicals that 
can be used for the production of fuel, polymers, 
food supplements, and pharmaceuticals are listed 
in Table 1. 

The lignin component of lignocellulosic bio-
mass can be used to produce benzene, phenol, 
and cyclohexane, the starting molecules for 
caprolactam production. Guaiacol, which is 
released from lignin after pyrolysis treatment, 
can be hydrodeoxygenated to benzene, phenol 
and cyclohexane [61]. Despite the advances 

Table 1: Key platform chemicals from biomass feedstock

Biomass 
feedstock

Process Products Use Ref. Company

agricultural 
waste

autohydrolysis 
saccharification
fermentation with 
S. cerevisiae

ethanol fuel, chemicals for 
polymer synthesis 
(ethylene, propylene, 
1,3-butadiene)

[58,63–65] Abengoa 
DuPont
Ace Ethanol
Canergy etc.

carbohydrates fermentation lactic acid polymer (PLA), 
chemicals

[66] Corbion

glucose fermentation with 
E. coli

succinic acid polyesters (PES, 
PPS, PBS), chemicals

[67] Bio-Amber
Roquette/DSM
Succinity GmbH

corn
cassava 
wheat

enzymatic 
hydrolysis
hydrogenation of 
glucose

sorbitol sugar substitute [68] Roquette
Cargill 
SPI Polyols

eucalyptus 
wood sugarcane 
bagasse
corncob etc.

acid hydrolysis
dehydration of 
pentose sugars like 
xylose

furfural pharmaceuticals, 
solvent in 
petrochemistry
furfuryl alcohol

[69–71]

sugarcane
tapioca roots
corn stalk
pine wood etc.

autohydrolysis 
acid-catalyzed 
pretreatment of 
hexose sugars 

5-hy-
droxymethyl-
furfural (HMF)

polymer, levulinic 
acid

[72–79] Maine Bioproducts
GF Biochemicals



1

15

made, lignin valorization remains a cumbersome 
process [62], since extensive chemical depolym-
erization is necessary to unlock the compounds 
buried in its recalcitrant structure. 

Biochemical synthesis from platform chemi-
cals. Some of the key platform chemicals originat-
ing from biomass valorization can be used for the 
production of caprolactam (Fig. 3). Caprolactam 
can, for example, be synthesized via butadiene 
which can be made from bioethanol (Fig. 3, re-
action 1). The process to obtain 1,3-butadiene 
from ethanol has been known for decades as 
a sustainable route which is not reliant on the 

petrochemical industry. The one-step process 
developed in the 1920s in the Soviet Union is 
a direct gas-phase conversion at 430–450°C 
with a mix of ZnO and Al2O3 as catalysts; it is 
often referred to as the Lebedev process [80]. 
A competing two-step process was developed 
in the United States [81,82]. In the reaction 
mechanism, ethanol is believed to be partially 
dehydrogenated to form acetaldehyde. The 
mixture of ethanol and acetaldehyde dimerizes 
to form crotyl alcohol, which is dehydrated to 
1,3-butadiene [83–85]. Until now the isolation 
of butadiene from naphtha steam crackers was 

Figure 3: Alternative routes for caprolactam production based on bio-based platform chemicals. Starting from 
bio-based platform chemicals which can be obtained from fermentation of lignocellulosic biomass like ethanol, 
HMF, muconic acid isomers and L-lysine, several chemical and biochemical routes can lead to caprolactam. 
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the economically more valuable production way, 
but the reaction performance and yield of the 
butadiene synthesis from ethanol have gained 
more interest over the last decade in view of 
the finite availability of fossil resources [84,86]. 

Butadiene-to-caprolactam conversion can 
go via a carbonylation to methyl-3-pentenoate 
(Fig. 3, reaction 1a). Next, through successive 
hydroformylation and reductive amination re-
actions, methyl 6-aminocaproic acid is formed, 
which can cyclize to caprolactam. The process 
from 1,3-butadiene to caprolactam has been 
patented by DSM (NL) as the ALTAM process 
(“alternative caprolactam”) [87–89]. Butadiene 
can also be converted to 6-aminocaproic acid 
(6-ACA) via 3-pentenenitrile (Fig. 3, reaction 1b), 
but with lower yields [88]. The cyclization pro-
cess of 6-ACA to caprolactam as used by DSM 
and BASF proceeds using superheated steam at 
260–270 °C without additional catalyst [89–91]. 

Bio-based HMF, which can be derived from 
biomass sources, can also be used for caprolac-
tam synthesis (Fig. 3, reaction 2a) [72]. Direct 
hydrogenation of HMF to 1,6-hexandiol is 
possible but with low selectivities and under 
harsh conditions [92]. Buntara and colleagues 
investigated more commercially viable options 
to perform this reaction with additional steps 
but with better yield and selectivity [93]. The 
conversion of 1,6-hexanediol to caprolactone 
goes via the monoaldehyde, which cyclizes to the 
lactol and is then oxidized to caprolacton [93]. 
Caprolacton is reacted with ammonia at 170 bar 
and 300–400°C to caprolactam [94]. Caprolacton 
can also be formed from cyclohexanone in a 
Baeyer-Villiger oxidation reaction performed by 
the cyclohexanone monooxygenase (CHMO) 
from Acinetobacter calcoaceticus with molecular 
oxygen and using an NADH-recycling enzyme 
like polyol dehydrogenase (PDH) (Fig. 3, reac-
tion 2b) [95].

Further pathways worth mentioning start from 
muconic acid, which can be made by fermenta-
tion of glucose with an engineered E. coli strain 
[96]. Hydrogenation of fermentation-derived 
cis,cis-muconic acid leads to adipic acid [97] 

(Fig. 3, reaction 3a). Adipic acid can be converted 
to caprolactam using ammonia and a metal cata-
lyst [98,99]. Direct use of different muconic acid 
isomers to form caprolactam in the presence of 
ammonia and hydrogen with a Pd/Al2O3 catalyst 
has also been described [88,100,101]. 

Biosynthetic production of caprolactam. The 
pathways mentioned above start with bio-based 
platform chemicals and use a variety of chemical 
catalysts and solvents to produce caprolactam 
in subsequent reactions. Fully biosynthetic 
pathways have the advantage that multistep pro-
duction can be performed in the highly specified 
confinement of cells, thus reducing the number 
of steps and eliminating the use of chemicals 
and catalysts. Together with savings due to lower 
purification costs, this could possibly contribute 
to a more sustainable production process for 
caprolactam. 

Metabolic engineering of host organisms has 
become a rapidly growing field to realize the need 
of fully fermentative pathways for production of 
specialty and platform chemicals [102,103]. Fer-
mentative L-lysine production using a genetically 
engineered Corynebacterium glutamicum strain 
is well established on industrial scale [104–106]. 
This could serve as a lead for related bio-based 
synthetic pathways. A recent study considered 
L-lysine as the starting point for the production of 
adipic acid, focusing on the deamination of either 
lysine or β-lysine [107] (Fig. 4A). Deamination of 
L-lysine by an α-amino acid ammonia lyase could 
lead to 6-aminohex-2-enoic acid (6-AHEA), which 
could be subsequently reduced to 6-ACA. Even 
though ammonia lyases (E.C. 4.3.1.x) have been 
described in the literature for the reversible de-
hydrodeamination of amino acids like aspartate, 
histidine, phenylalanine, and 3-methylaspartate 
[108–110], for lysine such an enzyme has not yet 
been found. The cleavage of the C—N bond by 
such an ammonia lyase requires the abstraction 
of the non-acidic β-hydrogen. For this reaction 
different mechanisms are found in different 
classes of ammonia lyases [111]. In some en-
zymes, like 3-methylaspartate ammonia lyases, 
proton abstraction is facilitated by stabilization of 
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negative charge on the β-carboxylate by a metal, 
which is similar to the mechanism of dehydration 
known for the family of enolases [112]. Engineer-
ing efforts starting with the 3-methylaspartate 
ammonia lyase from three different organisms 
(Carboxydothermus hydrogenoformans, Citrobacter 
amalonaticus, and Clostridium tetanomorphum) 
showed that the active site is spacious enough 

to accommodate lysine, but unfortunately no ac-
tivity towards it could be found [107]. Mutational 
studies performed on aspartate ammonia lyase, 
which acts in a cofactor-independent manner 
and is related to fumarases, have shown that 
expanding this enzyme’s substrate scope was 
possible for related substrates like L-aspartic 
acid α-amide [113] or β-aminobutanoic acid 

Figure 4: Biosynthetic pathways to 6-ACA. Red: Synthetic fermentative pathways. A: Hypothetic pathway 
starting from L-lysine to adipic acid [107]. A lysine ammonia lyase (activity not found yet) could produce 6-AHEA, 
which can be reduced to 6-ACA by an enone reductase. B: AKP derived pathway by Turk et al. [121]. Carbon 
extension from AKG to AKP followed by decarboxylation (DC) and amino transfer reaction. C: Unconfirmed Ge-
nomatica pathway for caprolactam, adipic acid and 1,6-hexamethylenediamine [127]. Green: naturally occurring 
compounds. D: Precursors for 2-aminocaproic acid found in plants like Asplenium [133,135] and Reseda luteola 
[136]. Decarboxylation (DC) of 2-aminopimelic acid forms 6-ACA. In vitro reactions: E: One-pot bioconversion 
of adipic acid to 6-ACA and to 1,6-hexamethylenediamine using a combination of purified carboxylic acid 
reductases (CAR) and ω-transaminases (AT) [130]. F: Enzymatic cyclization of 6-ACA to caprolactam. 
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[114]. However, no activity with β-lysine has 
been described.

Aromatic ammonia lyases catalyze the deam-
ination of phenylalanine, histidine, and tyrosine, 
and have a narrow substrate scope limited to 
aromatic α-amino acids. They make use of the 
4-methylideneimidazole-5-one (MIO) group, an 
internal active-site cofactor which is produced 
through autocatalytic cyclization at the Ala/Thr-
Ser-Gly motif. The MIO group acts as an electro-
phile in the deamination reaction. In recent years, 
this class of enzymes has gained interest because 
of possible and realized industrial applications 
[115]. Mutations at the hydrophobic active 
site have made the amination of bulkier, m- or 
p-substituted substrates possible [116,117], but 
the activities still remain restricted to aromatic 
substrates such as phenylalanine or tyrosine. 

Alternatively, L-lysine can be converted 
to β-lysine through an 2,3-amine shift by a 
lysine-2,3-aminomutase (EC 5.4.3.2) [118,119]. 
Lysine 2,3-aminomutase is a rather compli-
cated enzyme with its activity depending on 
enzyme-bound cofactors PLP, zinc, and an iron 
sulfur cluster as well as an S-adenosylmethionine 
group to generate a radical intermediate from the 
PLP-bound substrate. Deamination of its product 
β-lysine would lead to 6-AHEA, but as mentioned 
above no ammonium lyase has been described 
for this reaction. The SAM-dependent amino-
mutases are not related to the MIO-dependent 
ammonia lyases or aminomutases mentioned 
above to act on aromatic amino acids [120].

A fully fermentative pathway from glucose 
towards 6-ACA has recently been investigated by 
Turk et al. [121]. This pathway was designed by 
retrosynthesis and starts from the tricarboxylic 
acid cycle intermediate α-ketoglutarate (AKG) 
(Fig. 4B). The engineered E. coli strain contains 
a two plasmid system on which in total six 
genes for heterologous enzymes are encoded. 
The correct co-expression of all enzymes and 
therefore the level of pathway intermediates 
formed is dependent on promoter strength of the 
vectors as well as the culturing conditions [122]. 
One plasmid encoding four enzymes originated 

from the biosynthetic pathway of coenzyme B 
in methanogenic archaea. These enzymes build 
a complex that can perform C1 extensions on 
AKG towards α-ketopimelic acid (AKP) [123]. The 
second plasmid contains a gene for a branched-
chain decarboxylase (KdcA) that removes the 
CO2 from AKP to form the aldehyde 6-oxohex-
anoic acid (6-OHA) and an ω-transaminase that 
aminates the aldehyde to 6-ACA [124,125]. In 
batch experiments, titers of 6-ACA of 160 mg/l 
could be achieved, but the pathway suffers from 
accumulation of intermediates that exceed the 
levels of 6-ACA by four-fold [121]. This indicates 
a non-optimal flow of intermediates through 
the pathway. The bottlenecks are assumed to 
be found in the insufficient performance of the 
pathway enzymes. 

Extensive research at Genomatica over the last 
decade has been aimed at exploring alternative 
fermentative routes which could provide nylon-6 
and nylon-6,6 intermediates [124,126,127]. In 
2020, Genomatica celebrated their first ton of 
nylon intermediates produced from renewable 
resources. From the limited amount of publicly 
available information about their fermentative 
pathway, it is clear that extensive metabolic 
engineering was at the base of this success 
[128]. The unconfirmed pathway behind the 
invention is probably based on the reversed 
adipate degradation pathway [129] and starts 
with the condensation of the  tricarboxylic acid 
cycle intermediates succinyl-CoA and acetyl-CoA 
by a 3-oxoadipyl-CoA thiolase (EC 2.3.1.174) to 
form 3-oxoadipyl-CoA (Fig. 4C). After reduction 
and dehydration steps by the enzymes 3-hy-
droxyadipyl-CoA dehydratase and 5-carboxy- 
2-pentenoyl-CoA reductase from the fatty acid 
metabolic pathway, adipyl- CoA is formed, which 
is the precursor of adipic acid and can be used 
in the synthesis of nylon-6,6. An adipyl-CoA re-
ductase can then convert adipyl- CoA to 6-OHA, 
which can be aminated by an ω-transaminase 
to 6-ACA, the precursor for caprolactam. Addi-
tionally, 6-ACA can be transformed by a 6-ami-
nocaproyl-CoA synthase to 6-aminocaproyl-CoA. 
A reductase can catalyze the formation of 
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6-aminohexanal, which can be aminated by an 
aminotransferase or amine dehydrogenase to 
form 1,6-hexamethylene diamine (1,6-diamino-
hexane), the second starting material for ny-
lon-6,6 [127]. In total, this pathway creates three 
intermediates which can be directly used in 
polyamide synthesis. These three intermediates 
can alternatively also be produced by a one-pot 
cascade reaction in vitro using purified carboxylic 
acid reductases (CAR) and transaminases (TA) 
(Fig. 4E) [130]. CAR is a large enzyme with 
multiple domains that catalyzes the reduction 
of carboxylic acid to aldehyde under ATP and 
NADPH consumption. In this cascade reaction, 
a combination of enzymes has been chosen for 
the biotransformation of adipic acid to 6-ACA 
and 1,6-hexamethylenediamine. For the first 
step of the reaction, a CAR from Mycobacterium 
abcessus and an AT from Streptomyces avermitilis 
have been chosen. Due to the limited activities 
in the second step of the reaction, another pair 
of CAR and AT was added. The triple mutant 
L342E, G418E, G426W of MaCAR and the 
putrescine transaminase PatA from E. coli were 
added to the reaction including an ATP/NADPH 
cofactor recycling system to succeed in the full 
conversion of adipic acid to 6-ACA (70%) and 
1,6-hexamethylenediamine (30%) [130].

Caprolactam and 6-ACA are non-natural com-
pounds with no described biosynthetic pathway. 
A possible precursor of 6-ACA, 2-aminopimelic 
acid, which can be decarboxylated to 6-ACA, 
is reported to occur in some green plants like 
different ferns from the genus Asplenium or in 
the legume tree Ceratonia siliqua [131,132]. The 
biosynthesis pathway of 2-aminopimelic acid 
has not been described so far, but the related 
amino acids trans-3,4-dehydro-2-aminopimelic 
acid and 4-hydroxy-2-aminopimelic acid were 
identified in several Asplenium ferns and could be 
intermediates in a biosynthesis route [133,134] 
(Fig. 4D). Enzymes involved in a synthetic route 
in plants leading to 2-aminopimelic acid might 
be a source of enzymes for a synthetic metabolic 
pathway. Interestingly, the 2-aminopimelic acid 
found in Asplenium unilaterale was reported to 

have the D-configuration [133–135]. In the meta-
bolic pathways discussed above all intermediates 
are L-amino acids. D-amino acids have not been 
considered for orthogonal pathway engineering 
but could have advantages in not interfering with 
the normal metabolism.

To make any of the above mentioned met-
abolic pathways complete, an enzymatic ring 
closure of 6-ACA to caprolactam would be 
needed (Fig. 4F). A candidate enzyme for this 
reaction is the acyl-CoA ligase (ORF26) from 
Streptomyces aizunensis [137]. This enzyme has 
been employed in the biosynthetic pathway 
towards valerolactam in P. putida [138] (Fig. 5). 
This pathway starts from L-lysine, which is oxi-
datively degraded to 5- aminovaleramide by an 
L-lysine monooxygenase (DavB). Subsequently, 
a 5-aminovaleramide amidohydrolase (DavA) 
catalyzes the reaction from 5-aminovaleramide 
to 5-aminovaleric acid, which can be cyclized by 
ORF26 protein under ATP consuming conditions 
[139]. ORF26’s counterpart is OplBA, a lactam 
hydrolase that is closely related to the also 
ATP-dependent caprolactamase CapBA and ex-
hibits not only activity towards valerolactam but 
to a smaller extend also with caprolactam. Smart 
metabolic engineering by removal of OplBA and 
other intermediate- diverging pathways led to 
a valerolactam producing strain derived from 
P. putida, which reaches titers up to 90 mg/l 
[138]. A similar synthetic pathway, which harbors 
the necessary enzymes in an E. coli background, 
managed to produce valerolactam even up to 
200 mg/l [137]. The transcriptional regulator 
of the operon encoding the ORF26 cyclase in 
combination with a genetic fusion of ORF26 to 
green fluorescent protein (GFP) could be used 
as a biosensor for 5- aminovaleric acid and 6-ACA 
formation [140]. Whether ORF26 could also 
be a candidate enzyme to be engineered for 
caprolactam cyclization yet has to be explored.
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4. D-amino acids

D-amino acids in biocatalysis and metabolic 
engineering. Amino acids are next to their role 
in protein synthesis also relevant as precursor 
for numerous secondary metabolites formed 
by bacteria, fungi, and plants. A vast arsenal 
of nitrogen-containing alkaloids is known to 
be produced from amino acids, helping the 
organism in communication, protection against 
predators, and other functions [141,142]. In the 
food industry the presence of biogenic amines 
is a sign of microbial activity and quite common 
in fermented foods but undesired in fresh foods, 
since it can cause toxicological side effects upon 
consumption [143,144].

Oligopeptides can function as neurotransmit-
ters (e.g. endorphins), hormones (e.g.  vasopressin),  
or antibiotics (e.g. netropsin). Many microbial 
bioactive compounds, including antibiotics, 
contain not only L- but also D-amino acids. The 
rareness of D-amino acids in human tissue and 
the slow metabolic response they illicit make 
them attractive for use in therapeutical peptides 
and peptidomimetics. For example, D-valine and 
D-phenylalanine are precursors or monomers 
for peptide antibiotics like penicillin G and 
gramicidin D (Fig. 6). Such drugs often possess 
structures that mimic intermediates or regula-
tors of naturally occurring metabolic pathways. 
Based on the natural antibiotic penicillin G, a 
series of (semi-)synthetic antibiotics has been 
developed (e.g. ampicillin, amoxicillin etc.) that in-
corporate next to D-valine also D-phenyl glycine 
or p-hydroxy-D-phenylglycine (Fig. 6) [145]. 

Unfortunately, the production of enantiopure 
D-amino acids is complicated. In general, enan-
tiopure chiral compounds are produced either 
starting from enantiopure precursors (nature’s 
chiral pool), by (dynamic) kinetic resolution of ra-
cemic mixtures, or via asymmetric synthesis from 
prochiral compounds. Which route to choose is 
dependent on the desired product, since there 
are major differences in production costs and 
yields with few general trends [146].

The peptidoglycan layer of bacterial cell wall 
can contain several D-amino acids. Even though 
the cell wall architecture and peptidoglycan 
thickness differ between Gram-positive and 
Gram-negative organisms, the overall composi-
tion of peptidoglycan has some key components 
in common and most contain D-glutamate and 
D-alanine in their structure. The glycan chain 
consists of repetitive units of a disaccharide 
composed of N-acetylglucosamine (GlcNAc) 
and N-acetylmuramic acid (MurNAc) to which 
a five amino acid long peptide is coupled [147]. 
In Gram-negative E. coli, the peptide consists 
of L-alanine, D-glutamate, meso-diaminopimelic 
acid (meso-DAP) and D-alanyl-D-alanine. Neigh-
boring glycan strands are interlinked between 
meso-DAP and D-alanine (Fig. 7). The compo-
sition of the peptidoglycan layer of S. aureus 
as a representative Gram-positive bacterium is 
very similar. The oligopeptide connected to the 
 disaccharide is made of L-Ala, D-isoGln, L-Lys, 
and D-alanyl-D-alanine and a penta-glycine 
bridge between peptides connected to different 
glycan strands [148] (Fig. 7). Depending on the 
microorganism other D-amino acids can be found 

H2N
OH

O

NH2

H2N NH2

O

H2N OH

O

NH

O

DavB DavA

OplBA

ORF26

L-lysine 5-aminovaleramide 5-aminovaleric acid valerolactam

+ATP

+ATP

Figure 5: Biosynthesis pathway for valerolactam production in Pseudomonas putida. Production of valerolactam 
starts with the conversion of L-lysine by a monooxygenase (DavB) to 5-aminovaleramide, which is converted 
to 5-aminovaleric acid by the amidohydrolase DavA. This product can be cyclized by an acyl-CoA ligase 
(ORF26) to valerolactam. The antagonizing hydrolysis reaction is attributed to OplBA, an enzyme related to 
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either in the peptide stem connected to MurNAc 
or in the interpeptide bridge, like D- asparagine, 
D-lysine, D-ornithine, and others [149]. The 
biosynthesis of peptidoglycan is complex and 
consists of approximately 20 consecutive reac-
tions, which due to their absence in humans have 
become targets for antibiotic research.

Enzymes acting on D-amino acids. The abun-
dance in nature of L-amino acids and enzymes 
working on L-stereo centers is much higher 
compared to D-amino acids and enzymes active 
on those [150]. Several reversible reactions are 
known to interconvert D-amino acids to L-amino 
acids or keto acids. The formation of keto acids by 
oxidative deamination (Fig. 8A) or transamination 
(Fig. 8B) leads de facto to the same end product. 
The difference is that with oxidative deamination 
the amino group is removed as ammonia, while 
in the transamination reaction the amino func-
tion is transferred to a keto acid forming a new 
amino acid. Dependent on the keto acceptor, this 
new amino acid can be formed with the same 

stereoconfiguration as the donor, resulting in 
a new D-amino acid. Other enzymes catalyze 
interconversion of the enantiomers causing ra-
cemization (Fig. 8C). Irreversible D-amino acid 
modifications can be, for example, decarboxyl-
ations (Fig. 8D). Enzymes acting on D-amino acids 
can be found in all enzyme classes (EC). Examples 
are given in Table 2 and will be discussed further 
down in the context of biosynthesis and degra-
dation of D-amino acids.

Industrially relevant enzymes producing 
D-amino acids are D-hydantoinases together 
with D-carbamoylases [151] (Fig. 8E). D-hydan-
toinases catalyze the enantioselective ring 
opening of penta- or hexacyclic hydantoins to 
yield N-carbamoyl-D-amino acids. A wide variety 
of D-5’-substituted hydantoins can be synthe-
sized chemically. The carbamoyl moiety can be 
removed by enantioselective D-carbamoylases 
for the synthesis of enantiopure D-amino acids. 
This conversion can also be done non-selectively 
with sodium nitrite under acidic conditions [152].

Figure 8: Enzyme reactions on D-amino acids. Red: reversible interconversion reactions between D- and 
L-amino acids and the corresponding keto acids. Green: irreversible decarboxylation of D-amino acids to amines. 
Black: industrial tandem reaction of D-5’-substituted hydantoins with D-hydantoinase and D-carbamoylase to 
D-amino acids. This reaction is used in the synthesis of D-phenylglycine for the preparation of semi-synthetic 
β-lactam antibiotics.
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Biosynthesis of D-amino acids. The biosynthe-
sis of D-amino acids goes mostly via racemization 
of an L-amino acid or via transamination [167]. 
As mentioned above, D-amino acids which are 
present in most bacteria are D-glutamate and 
D-alanine (D-alanyl-D-alanine) (Fig. 7); these 
are produced from the L-counterpart by race-
mases. D-glutamate racemase interconverts 
L-glutamate and D-glutamate. In E. coli this 
enzyme is monomeric and requires activation 
by UDP-MurNAcAla [162]. Other D-glutamate 
racemases do not need this activation and occur 
as dimeric proteins [168]. The synthesis of D- 
alanine proceeds via racemization of L-alanine 

by a pyridoxal-5′-phosphate(PLP)-dependent 
enzyme (Fig. 9B). The gene encoding this ala-
nine racemase (alr) is constitutively expressed 
[147]. The formation of the D-alanine-D-alanine 
dipeptide happens under ATP-consuming con-
ditions and is catalyzed by D-alanine-D-alanine 
ligase (Fig. 10A). The N-terminal D-alanine 
is recognized with high specificity, while the 
C-terminal part allows different D-amino acids 
to bind [164,165]. Since the D-alanine-D-alanine 
dipeptide is involved in the crosslinking of the 
peptidoglycan layers, some antibiotics have 
evolved to inhibit this reaction. For example, the 
antibiotic vancomycin acts by directly binding to 

Table 2: Overview of enzymes catalyzing reactions with D-amino acids representing all enzyme classes. 

Enzyme class Example gene EC no. Reaction Ref.

Oxidoreductase D-amino-acid oxidase dao 1.4.3.3 D-amino acid + H2O + O2 
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Figure 8: Enzyme reactions on D-amino acids. Red: reversible interconversion reactions 
between D- and L-amino acids and the corresponding keto acids. Green: irreversible 
decarboxylation of D-amino acids to amines. Black: industrial tandem reaction of D-5’-
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Table 2: Overview of enzymes catalyzing reactions with D-amino acids representing all enzyme classes. 
Enzyme class Example gene EC no. Reaction Ref. 
Oxidoreductase D-amino-acid 

oxidase 
dao 1.4.3.3 D-amino acid + H2O + O2 ⇌  

2-oxocarboxylic acid + NH3 + H2O2 
[153] 

 Diaminopimelate 
dehydrogenase 

ddh 1.4.1.16 meso-2,6-diaminopimelate + H2O + 
NADP+ ⇌  
L-2-amino-6-oxoheptanedioate + NH3 + 
NADPH + H+ 

[154] 

 D-arginine 
dehydrogenase 

dauA 1.4.99.6 D-Arg + acceptor + H2O ⇌  
5-guanidino-2-oxopentanoate + NH3 + 
reduced acceptor 

[155] 

      
Transferase D-alanine 

transaminase 
dat 2.6.1.21 D-Ala + 2-oxoglutarate ⇌ 

 pyruvate + D-glutamate 
[156] 

      
Hydrolase D-hydantoinase  hydA 

dht 
3.5.2.2 5,6-dihydrouracil + H2O ⇌ 

3-ureidopropanoate 
[157] 

 N-carbamoyl-D-
amino-acid 
hydrolase 

hyuC 3.5.1.77 N-carbamoyl-D-amino acid + H2O ⇌  D-
amino acid + NH3 + CO2 

[158] 

      
Lyase Diaminopimelate 

decarboxylase 
lysA 4.1.1.20 meso-2,6-diaminopimelate ⇌  

L-Lys + CO2 
[159] 

 D-serine ammonia-
lyase 

 4.3.1.18 D-Ser ⇌ pyruvate + NH3 [160] 

      

 ADP +
D-alanyl-(R)-lactate + phosphate

[166]
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D-alanyl-D-alanine. As a response other race-
mases and ligases have evolved to synthesize 
the formation of D-alanine-D-X peptides. In 
vancomycin-resistant enterococci, the D- alanine-
D-lactate ligases VanA and VanB incorporate 
D-lactate on the position of the D-alanine in 
the peptidoglycan layer and make inhibition by 
the antibiotic vancomycin impossible [166]. 

D-alanine and D-glutamate can also be formed 
by D-amino acid aminotransferases. Aminotrans-
ferases generally convert 2-keto acids into amino 
acids in a two-substrate two-product reaction 

dependent on the PLP cofactor (Fig. 9A). Typically, 
the amino donor for a biosynthetic D-amino acid 
dependent aminotransferases is D-alanine. The 
amino function is transferred to a 2-keto acid with 
enantioselective introduction of chirality, result-
ing in a new D-amino acid and pyruvate [156].

Another D-stereoselective enzyme provides 
the cell-wall cross-linking residue meso-diamino-
pimelate. Meso-diaminopimelate dehydroge-
nase is an NADPH-dependent enzyme that 
aminates L-2-amino-6-oxopimelate to create 
a D- stereocenter [154]. This D-stereocenter 
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Figure 10: Reactions catalyzed by D-stereoselective enzymes. A: D-alanine-D-alanine ligase binds the first 
D-alanine substrate and under ATP consumption forms D-alanyl-D-phosphate. Nucleophilic attack by a second 
D-alanine nitrogen on the intermediate forms D-alanyl-D-alanine, the terminal dipeptide for peptidoglycan 
synthesis [175]. B: The last two reactions in the meso-diaminopimelate dependent L-lysine biosynthesis pathway. 
The dehydrogenase (DH) aminates L-2-amino-6-oxohepantandionate creating a D-stereocenter. The subsequent 
decarboxylase (DC) removes CO2 from said D-stereocenter of meso-diaminopimelate resulting in L-lysine.
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of meso- diaminopimelate can in a consecutive 
 reaction be removed by a D-active decarboxy-
lase to produce L-lysine in the lysine biosynthe-
sis pathway (Fig. 10B) [169]. Diaminopimelate 
decarboxylases are PLP-dependent and catalyze 
the extraction of CO2 from the external aldi-
mine (Fig. 9C). These enzymes are known to 
be highly regulated with a narrow substrate 
scope [170,171]. 

The D-amino acids which are present in antibi-
otics like gramicidin S usually are not provided by 
those “external” enzymes. These non-ribosomal 
peptides (NRP) are synthesized by a multienzyme 
complex called non-ribosomal peptide synthetase 
(NRPS). The formation of D-amino acids in this 
process happens within the complex in an inte-
grated epimerization domain, so after activation 
of the amino acid and incorporation in the peptide 
[172]. This epimerization reaction is cofactor 
independent and proceeds via a deprotonation 
to an enolate anion intermediate followed by 
reprotonation through an active site base [173].

Degradation of D-amino acids. Free D-amino 
acids are rare but can be present in some vegeta-
bles and fruits in low quantities [176]. However, 
during food processing basic or acidic conditions 

are often applied, which can lead to substantially 
higher levels of D-amino acids [177,178] since 
under such conditions amino acids can racem-
ize [179]. It is estimated that humans consume 
daily ca. 100 mg D-amino acids in the form of 
cheese, fruit juices, tomato sauces, etc. [178,180]. 
Research into the toxicity and metabolism of 
D-amino acids was therefore initiated. It was 
found that certain D-amino acids can impair 
cellular growth by binding to the corresponding 
L-amino acid aminoacyl-tRNA synthetase and 
thereby disturb translation during ribosomal 
protein synthesis [181,182].

Enzymes involved in the degradation of 
D-amino acids include oxidoreductases (EC 1) 
that catalyze a deamination reaction to form 
a keto acid (Table 2). An example of a flavin 
adenine dinucleotide (FAD) containing oxidore-
ductase that catalyzes deamination is D-arginine 
dehydrogenase (DauA). In Pseudomonas aerugi-
nosa, DauA is encoded in the same operon as 
L-arginine dehydrogenase (DauB), the expression 
of which is activated by exogenous D-arginine 
[183]. The coupled activity of DauA and DauB 
allows the net conversion of D-Arg to L-Arg 
(Fig. 11A). D- arginine dehydrogenases have a 
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broad substrate spectrum and can deaminate 
a wide range of D-amino acids, allowing some 
microorganisms to grow on D-amino acids 
[155]. In eukaryotic organisms a related EC 1 
enzyme for similar purposes is the D-amino acid 
oxidase (DAAO) with an activity also found in 
the Gram-positive bacterium Arthrobacter 
protophormiae [184]. Here, the detoxification 
of D-amino acids proceeds via oxidation by 
molecular oxygen with formation of the corre-
sponding imino acid [153]. The imine function 
will hydrolyze to form a keto acid (Fig. 11B). The 
activity of DAAO can be measured by a coupled 
assay usually with horseradish peroxidase, which 
uses the produced peroxide to oxidize a non- 
colored substrate, for example diaminobenzidine, 
into a colored product [185].

Directed evolution of D-amino acid selective 
enzymes. Enzymes selective for D-amino acids 
are rare in nature compared to L-amino acid se-
lective enzymes. Research on how to reverse the 
enzyme enantioselectivity has led to a broader 
understanding of the mechanisms underlying 
enantioselectivity and the effects of additive 
and non-additive mutations [186]. Pioneers in 
the field of directed evolution have booked 
important successes by proving that through 
iterations of mutagenesis and screening, enan-
tioselectivity from (S)-selective to (R)-selective 
can be achieved [187–190]. The amount of in-
formation available on this matter can fill books. 
In a nutshell, the key is analyzing the productive 
binding of the substrate and how the opposite 
enantiomer can be accommodated in the right 
conformation in the active site. 

Some work has been done on expanding the 
substrate scope of D-selective oxidoreductases 
by protein engineering for D-amino acid produc-
tion. The NADPH-dependent diaminopimelate 
dehydrogenase (DAPDH) from C. glutamicum 
was for example in three rounds of mutagenesis 
able to selectively produce enantiopure D- 
arylalanines from their keto acids [191,192]. The 
substrate diaminopimelate is a meso- compound 
with a D- and L-stereocenter and the active 
site in the wild-type DAPDH is designed to 

selectively bind the substrate in the correct 
orientation for deamination at the D-stereocen-
ter. In the engineered broad-spectrum DAPDH, 
the mutations with impact on the substrate 
scope are located at the distal binding site, far 
away from the D-binding site. The proximal 
binding pocket guarantees the D-selectivity, 
whereas the shape and hydrophobicity of the 
distal binding pocket determines the variety in 
substrate chain acceptance.

The natural substrate scope of the FAD- 
dependent oxidoreductase D-amino acid oxidase 
(DAAO) mentioned above is fairly broad. An 
exemplary oxidase is DAAO from the yeast 
Rhodotorula gracilis [193]. It oxidizes a wide range 
of D-amino acids but not acidic ones. Acidic 
amino acids like D-aspartate and D- glutamate 
are substrate for D-aspartate oxidase (EC 1.4.3.1). 
An immobilized quadruple mutant of RgDAAO 
(T60A/Q144R/K152E and M213G) has been 
created to add acidic residues to substrates 
scope for DAAO in order to make use the en-
zyme in a biosensor for detection of all D-amino 
acids [194]. 

In view of the limited amount of enzymes 
acting on or producing D-amino acids and due to 
their importance in bioactive products, it would 
be important to broaden the toolbox of enzymes 
for D-amino acid synthesis. Two different strate-
gies can be considered: expanding the substrate 
scope of existing enzymes that produce D-amino 
acids, or inverting the enantioselectivity of en-
zymes producing L-amino acids. Expanding the 
substrate range of natural enzymes by protein 
engineering has advanced to a mature discipline, 
with many examples of success, also in case of 
enzymes acting on amino acids and peptides. It 
can be pursued by rational design, employing 
X-ray structures, directed evolution, or compu-
tational design. Despite their divergent rationale, 
these strategies are increasingly used in combina-
tion, also for synthesis of non-natural amino acids 
[195]. Inversion of enantioselectivity has been 
explored by rational design but more importantly 
also by directed evolution, most noticeable by 
M. Reetz and coworkers [186–189]. Whereas the 
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latter developed into a very powerful strategy 
for hydrolases and monooxygenases, success 
in the field of amino acid biosynthesis is scarce. 
This may have to do with the configurational 
restrictions imposed by the carboxylate and the 
amine group, both providing strong and direc-
tional interactions with the protein environment.

Scope of the thesis

In view of the desire to develop an attractive 
biosynthetic pathway towards caprolactam, we 
investigated possible changes and alternatives 
to the described route based on 2-ketopimelic 
acid as the key intermediate (AKP-pathway) 
(Fig. 4B). After exploring product and side prod-
uct formation by metabolically engineered E. coli 
cells, we concluded that alternative or improved 
enzymes for conversion of 2-ketopimelic acid to 
6-aminocaproic acid should be considered. In-
spired by knowledge about metabolic pathways 
involving D-amino acids, we explored a pathway 
with a D-amino acid as key intermediate. Exam-
ples from bacterial metabolism are the synthesis 
of the cell wall component diaminopimelate and 
the L- lysine biosynthesis pathway via diamino-
pimelate (Fig. 10). The last two steps of the 
lysine pathway consist of a tandem reaction of 
diaminopimelate dehydrogenase and diamino-
pimelate  decarboxylase, both enzymes acting 
on a D-configured amino acid stereocenter. 
L-lysine production via this pathway is highly 
efficient and has been commercialized. To our 
knowledge, it is the only fermentation pathway 
including a D-amino acid functionality as central 
intermediate.

In Chapter 2, we discuss limitations of the in 
vivo synthetic pathway based on the stepwise ex-
tension of 2-glutarate to 2-ketopimelic acid that 
was previously proposed by Turk and colleagues. 
Based on the side products that are formed, we 
suggest bottlenecks in the pathway resulting from 
insufficient performance of enzymes that should 
convert 2-ketopimelic acid to 6-aminocapropic 
acid and interference of endogenous enzymes 

with pathway intermediates. Furthermore, we 
attempted to engineer the enantioselectivity of 
a diaminopimelate decarboxylase to be incorpo-
rated in the pathway in order to convert one of 
the dead-end side products into product. 

This particular decarboxylase from Thermotoga 
maritima is further characterized in Chapter 3. 
Besides the deposited crystal structure, no ad-
ditional literature was available on the enzyme. 
We employed enzyme engineering to shift the 
enzyme specificity from diaminopimelate to-
wards 2-aminopimelate. A computational search 
for correlations between enzyme activity and 
formation of possible reactive binding poses 
gave insight in the general engineerability of 
this class of PLP-dependent enzymes.

Chapter 4 is about a hexameric diaminopimel-
ate dehydrogenase. Here, we attempted enzyme 
engineering at the active site to expand the 
 substrate scope to accept 2-aminopimelic acid. 
We investigated if in combination with the 
mutated diaminopimelate decarboxylase, the 
dehydrogenase can be employed in a tandem 
reaction that can be incorporated in a host 
possessing the 2-ketopimelic acid pathway 
described by Turk and colleagues.

We were not only interested in the biosyn-
thetic routes toward caprolactam but also in 
its biodegradation. Understanding the path and 
enzymes involved could uncover new enzymes 
for integration in a synthetic pathway in case of 
reversibility. The degradation pathway found by 
Otzen et al. includes a new enzyme hydrolyzing 
caprolactam in an ATP-dependent manner. In 
Chapter 5, we conducted studies on the putative 
mechanism of this so-called caprolactamase with 
the help of structure-guided mutagenesis. 
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