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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 
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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 

HN

O

caprolactam
6-aminohexanoic acid
(6-aminocaproic acid)

6-ACA

H2N
OH

O

= 6-ACA

N C

N CNylA
NylB

NylC

O
OH

O

6-oxohexanoic acid

HO
OH

O

O
adipic acid

fatty acid β-oxidation
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DH
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B
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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]).



14

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
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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 



1

19

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.

 



20

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 
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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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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 + 
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L-2-amino-6-oxoheptanedioate + NH3 + 
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 D-arginine 
dehydrogenase 
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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 
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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] 
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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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Abstract

Nylon-6 is a versatile polyamide with numerous applications. It is produced in 
bulk amounts by ring-opening polymerization of caprolactam that is synthe-
sized from petrochemical resources. To reduce the environmental footprint, a 
bio-based approach deserves investigation. Whereas a route for production 
of the intermediates α-ketopimelate (AKP) and 6-aminocaproic acid (6-ACA) in 
E. coli has been described, productivity is rather low. Here, we investigate the 
potential bottlenecks in the decarboxylase- and aminotransferase-catalyzed 
conversion of AKP to 6-ACA and examine the effect of different enzyme 
combinations on product formation in vivo. This led to the proposal of a new 
AKP to 6-ACA route with D-aminopimelic acid (D-2-APA) as an intermediate.
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Azotobacter vinelandii was used as a substitute 
for AksA [12–14]. 

Biosynthesis of 6-ACA from AKP is completed 
with the help of a decarboxylase and an amino-
transferase, where the order of these reactions 
is in principle reversible. In the decarboxylation- 
first route, or left pathway (Fig. 1), initial 
decarboxylation of AKP leads to the aldehyde 
6-oxohexanoic acid (6-OHA) (Fig. 1, reaction 3), 
which can be converted to 6-ACA by an amino-
transferase (Fig. 1, reaction 4). For this route, 
the branched-chain α-keto acid decarboxylase 
KdcA from Lactobacillus lactis was chosen [15] 
together with the ω-aminotransferase from 
Vibrio fluvialis (VfAT). In fed-batch fermentations 
with the best-performing strain, this resulted 
in an overall production of 160 mg/l 6-ACA in 
120 h [10]. For the amination-first route, or right 
pathway, an aminotransferase from Bacillus 
subtilis can convert AKP to 2-aminopimelic acid 
(2-APA) (Fig. 1, reaction 6) but for the subse-
quent de carboxylation to 6-ACA an efficient 
decarboxylase is still missing (Fig. 1, reaction 7). 
Therefore, the decarboxylation-first pathway is 
the only established proof-of-concept for the 
AKP pathway in vivo. 

Unfortunately, in these engineered 6-ACA cells 
two side products are formed: adipate and 2-APA. 
The accumulation of adipate is supposedly due 
to endogenous dehydrogenase activity convert-
ing the intermediate 6-OHA to adipate (Fig. 1, 
reaction 5) [10,16]. Oxidation by endogenous 
dehydrogenases and amination by VfAT are 
competing reactions for 6-OHA conversion. In 
order to reduce adipate formation and propa-
gate 6-OHA transformation towards 6-ACA, an 
aminotransferase with better kinetic properties 
could be useful. 

The second side product of the AKP-pathway is 
2-APA. Turk et al. [10] revealed that its accumula-
tion is due to endogenous α-aminotransferases, 
converting AKP to 2-APA. If 2-APA would be 
decarboxylated by a suitable decarboxylase, 
the desired product 6-ACA would be formed. 
Previously, the use of a meso- diaminopimelate 
decarboxylase from Thermotoga maritima (Tm-DC) 

Introduction

Synthetic polymers have revolutionized the 
availability and fabrication of numerous materials 
and found widespread applications in products 
of every-day use in modern society [1]. Some of 
the most common synthetic polymers include 
nylon-6, nylon-6,6, polyethylene terephthalate 
(PET), polypropylene (PP), polystyrene (PS), and 
polyvinylchloride (PVC). These polymers are pri-
marily manufactured from fossil resources. Even 
though only 4–6% of European oil consumption is 
used for polymer synthesis [2], other production 
related factors like energy requirement, use of 
logistical infrastructure and emission of green-
house gases during synthesis pose a serious 
environmental burden [3–5]. Along with the 
future scarcity of fossil resources, this justifies 
the exploration of bio-based solutions for the 
production of bulk chemicals and polymers [6–9]. 

Nylon-6 is a polymer manufactured by poly-
condensation of caprolactam. On laboratory 
scale, Turk and colleagues explored the use of 
metabolic engineering to obtain a microorgan-
ism that can synthesize 6-aminocaproic acid 
(6-ACA), the linear equivalent of caprolactam 
(Fig. 1) [10]. As proof of concept, they developed 
an E. coli strain containing six heterologously 
expressed enzymes on two separate plasmids. 
The starting point of this so-called AKP-route 
for 6-ACA synthesis is the tricarboxylic acid 
cycle intermediate α-ketoglutarate (AKG). The 
first part of the pathway includes the chain 
elongation of AKG to α-ketopimelic acid (AKP) 
(Fig. 1, reaction 1–2). AKP is an intermediate 
in the biosynthetic pathway of coenzyme B in 
methanogenic archaea [11,12]. In these archaea, 
the enzymes catalyzing the two consecutive 
1-carbon elongation reactions are abbreviated 
as AksA, AksD, AksE, and AksF. Acetyl CoA 
serves as the donor of the 1-carbon units, and 
its decarboxylation drives the reaction towards 
synthesis. For the 6-ACA pathway in E. coli, the 
AksD, AksE, and AksF proteins from Methano-
coccus aeolicus Nankai-3 were implemented 
and NifV from the nitrogen fixating bacterium 
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Figure 1: Biotechnological production pathway for 6-aminocaproic acid via the AKP pathway. The starting 
point is the TCA cycle intermediate α-ketoglutarate, which is converted to α-ketopimelate by an introduced 
enzyme cascade consisting of AksD, AksE, AksF, and NifV (1 + 2). AKP is then converted by the introduced 
decarboxylase KdcA from L. lactis to 6-oxohexanoic acid (3), which is either aminated by introduced VfAT to 
6-ACA (4) or oxidized by endogenous enzyme activity to form the side product adipate (5). Alternatively, AKP is 
converted by endogenous aminotransferase activity to yield 2-APA (6), which probably is another side product 
since no enzyme is currently available for its conversion to 6-ACA (7). The 6-ACA formed can be cyclized to 
caprolactam (8), which can be polymerized to nylon 6 (9).

was discussed, but it showed only low activity [10]. 
In this study, we examine the use of a modified 
decarboxylase enzyme to overcome the low 
activity towards 2-APA.

The formation of the side products adipate 
and 2-APA and the modest accumulation levels 
of the desired product 6-ACA indicate serious 
bottlenecks in the biosynthetic pathway of 
6-ACA. Therefore, targets for investigation are 
the conversion of 6-OHA to 6-ACA (Fig. 1, reac-
tion 4) to find a better aminotransferase and the 
conversion of 2-APA to 6-ACA (Fig. 1, reaction 7) 
to complete the pathway with an additional 
decarboxylase. Next to the clear challenges 
in finding or engineering suitable enzymes for 
this reaction, we also examine the influence of 
media composition on 6-ACA biosynthesis. By 

supplying media components that are useful for 
enzymatic performance, we monitored whether 
the side product formation can be influenced. 

Materials and methods

Plasmid and strains [16]. For construction of the 
full pathway in strain E. coli eAKP672, plasmids 
pAKP444 and pAKP96 were co-transformed 
into E. coli BL21(DE3) as described by Turk et al. 
[10]. Plasmid pAKP444 consists of a pMS470-
based vector [17] with an ampicillin resistance 
marker and harbors four genes encoding the 
AksD, AksE, AksF, and NifV enzymes that are 
required for the C1 elongation steps from AKG 
to AKP [16]. Genes for NifV (from A. vinelandii) 
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and AksF were expressed under a single Ptac 
promoter and the genes encoding AksD and AksE 
were under control of a second Ptac promotor 
(AksDEF from M. aeolicus Nankai-3). The second 
plasmid was pAKP96 with the vector backbone of 
pBBR-lac [18] harboring a kanamycin resistance 
marker and the genes for the aminotransferase 
from V. fluvialis (VfAT) (AEA39183) and the decar-
boxylase from L. lactis (KdcA) (AAS49166) under 
control of a single Ptac promoter. 

Cultivation and 6-ACA production. Pre- 
cultures of E. coli eAKP672 were grown overnight 
at 37°C in 10 ml LB medium containing 100 µg/ml 
ampicillin and 35 µg/ml kanamycin. Pre-cultures 
were diluted 200-fold in a deep-well MTP con-
taining 8 ml TB medium with appropriate antibi-
otics and grown for 20 at 30°C in a plate orbital 
shaker (Heidolph Titramax 1000) at 900 rpm for 
auto-induced expression. After this, cells were 
harvested by centrifugation and concentrated 
5-fold in M9 medium [19] containing the antibi-
otics and 1% glycerol, according to previous opti-
mization studies [10], and incubated at 30°C and 
a shaking speed of 300 rpm to follow production 
of 6-ACA and related compounds. The expression 
of all pathway enzymes was confirmed by 2D gel 
electrophoresis (data not shown).

For time-course experiments, samples were 
analyzed every 24 h over a period of 5 days. The 
standard production time was 48 h. In case of 
supplementation with cofactors or substrates, 
0.35 mM PLP, 1 mM thiamine and/or 5 mM 
L-alanine was added to the M9 medium. For 
testing the reproducibility of the 24-deep well 
MTP format cultures, each well was inoculated 
with E. coli eAKP672 strain and the metabolites 
in the supernatant were measured with intervals. 
For analysis, samples were taken and centrifuged 
and 1% formic acid was added to the superna-
tants after which the samples were frozen. 

Based on the variations found between the 
wells, further experiments included six replicates 
for each experimental set up. By using a double 
breathable seal, the optical density (OD) and vol-
ume stayed the same for all wells over the whole 
plate including the outer wells. Furthermore, 

the OD as well as the volume of each well was 
monitored. 

For quantification of products, thawed sam-
ples were centrifuged for 30 min at 10,000 g 
(Eppendorf tabletop centrifuge) and diluted 
100 times with ultrapure water. The metabolites 
6-ACA, 2-APA, and adipate were measured with 
UPLC-MS/MS (Waters Acquity UPLC HSS T3 
column, 1.8 μm, 2.1 × 100 mm) using a linear gra-
dient of water with 0.1% formic acid (eluent A) 
and acetonitrile with 0.1% formic acid (eluent B). 
The daughter fragments of 6-ACA (m/z=114), 
2-APA (m/z=156), and adipate (m/z=111) were 
analyzed in positive ion mode. 

Aminotransferase activities. To examine 
aminotransferase activities in vitro, VfAT was in-
troduced in E. coli C41(DE3) using the pET28b(+) 
vector followed by growth and induction by 
IPTG for 16 h at 30°C [20]. Cell-free extract 
was prepared in 50 mM potassium phosphate 
buffer, pH 7.5. For enzymatic conversion, the 
aldehyde 6-OHA was synthesized using the 
procedure described by Bouet et al. [21] which 
yielded 280 mg 6-OHA of approximately 90% 
purity (Fig. 2). 6-OHA was stable in CHCl3 at 
4°C for a period of several months as shown by 
repeated NMR analysis. Different amino donors 
(1-phenylethylamine (PEA), L-alanine, L-gluta-
mate) were tested with 5 mM 6-OHA, 0.35 mM 
PLP, and 1 mg/ml CFE in 50 mM potassium 
phosphate buffer, pH 7.5, in duplicate. Samples 
from enzymatic reaction mixtures were taken at 
t=15 min, t=2 h, t=5.5 h, and t=17 h, frozen in the 
presence of 1% formic acid and the precipitate 
was removed by centrifugation in the thawed 
sample. Next, the samples were diluted 100x 
with H2O and analyzed using UPLC-MS/MS 
(Waters Acquity UPLC HSS T3 column, 1.8 μm, 
2.1 × 100 mm) using a linear gradient of water 
with 0.1% formic acid (eluent A) and acetonitrile 
with 0.1% formic acid (eluent B). The product 
6-ACA was analyzed in positive ion mode. 

Cloning. The molecular biology work was done 
following protocols described by Sambrook et al. 
[19]. The pAKP96 plasmid containing genes for 
expression of VfAT and KdcA was used for most 
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Figure 2: Synthesis of 6-oxohexanoic acid.

molecular cloning procedures, with gene inser-
tions or deletions where appropriate. For the 
experiments where the VfAT aminotransferase 
was not necessary, the plasmid was digested 
with EcoRI and SpeI in accordance with the 
manuals provided by the enzyme supplier (New 
England Biolabs). After extraction of the digested 
plasmid from a 1% agarose gel, the 5’-overhangs 
were filled with DNA polymerase I, large (Kle-
now) fragment, to form blunt-end DNA. The 
purified blunt-end DNA fragment was ligated 
with T4 DNA ligase (Roche) overnight at room 
temperature. The ligated vector was reintro-
duced in competent E. coli DH5α strains for 
plasmid production. Accordingly, when the other 
enzyme on the plasmid, KdcA, was not needed, 
the same procedure was applied with the restric-
tion enzymes NdeI and HindIII. The introduction 
of alternative genes (PjAT and TmDC) was done 
by introducing the restriction sites EcoRI and 
SpeI at the end of the respective genes and by 
digestion and ligation of PCR product and vector. 
The correct removal or introduction of genes was 
confirmed by sequencing (Eurofins). The modi-
fied pAKP96 plasmids were then co-transformed 
with pAKP444 to competent E. coli BL21(DE3) 
or E. coli K12 BW25113 cells. 

Molecular modeling. In order to explore the 
substrate-PLP-enzyme systems at atomic detail, 
a series of in silico simulations were carried out. 
For modeling the external aldimine complexes 
were chosen since these are the intermediates 
that undergo the decarboxylation reaction 
(Fig. 3). First, a molecular docking simulation was 
set up for the external aldimine-enzyme com-
plexes. The structures of these substrate-PLP 
adducts were manually generated using YASARA 
[22,23] and geometrically optimized using the 

built-in semi-empirical QM-module, followed 
by an energy minimization using the AMBER03 
force field [24]. The final geometries and charge 
distributions were saved and used as input 
for molecular docking simulations. The TmDC 
crystal structure (pdb 2XX) was used as the 
wild-type receptor for the molecular docking 
simulations. The double mutants S182A/E315T 
and S182G/E315T were manually created using 
YASARA. Autodock Vina [25] was utilized as 
molecular docking engine. The best six docking 
poses possessing the PLP-moiety at an optimal 
position compared to the observed position of 
the PLP in the crystal structure were saved for 
further molecular dynamics simulations. The 
resulting enzyme-substrate complexes were 
accordingly processed as Gromacs input [26]. 
Six independent simulations were carried out 
for each substrate. A rectangular simulation box 
with at least 5 Å around the protein was filled 
with TIP3P water [27], then Cl⁻ ions and Na⁺ ions 
were added for charge neutrality and to simulate 
physiological salt concentration. Prior to MD 
simulations, internal constraints were relaxed by 
energy minimization. Following the minimization, 
an MD equilibration run was performed under 
position restrains for 50 ps. Each production 
run was executed fully unrestrained. The LINCS 
[28] and SETTLE [29] algorithms were used to 
constrain hydrogen bonds. The velocity-rescale 
[30] thermostat was used for all production runs 
under NPT conditions. Long-range electrostatic 
forces were treated using the particle mesh 
Ewald method (PME). The coordinates were 
saved every 2.5 ps. The time step for the simula-
tions was 0.002 ps and the total simulation time 
was 2 ns. The decarboxylase extraction angle 
θ, defined as the angle between the leaving 
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Figure 3: Reaction mechanism of PLP-dependent decarboxylase.

group CO2 and the PLP ring, was measured and 
averaged over time and independent simulations. 

TmDC activity assays. Based on the find-
ings of the molecular modeling, mutations 
were introduced in TmDC (S182A/E315T and 
S182G/E315T) by two consecutive rounds of 
Quikchange-PCR using appropriate primers and 
the pBAD-MycHisA-TmDC plasmid as template 
(Table 1). The correct mutations were confirmed 
by sequencing (Eurofins) and the plasmids were 
introduced into competent E. coli NEB-10β cells. 
Transformed cells with the wild-type or mutant 
TmDCs were grown to an OD600 of 0.6 in TB 
medium with 100 µg/ml ampicillin at 37°C. Ex-
pression was initiated with 0.4% of L-arabinose 
addition and cells were grown for another 16 h. 
The harvested cell cultures were resuspended 
in 20 mM triethanolamine-HCl buffer, pH 7.8, 
with 10 mM imidazole, 50 µM PLP, and 1 mM β- 
mercaptoethanol. Lysozyme and DNaseI (Sigma) 
were added to help break cell walls. Additional 
sonication assured full lysis and cell-free extract 
was obtained by centrifugation.

The His-tag at the N-terminus of the proteins 
allowed rapid purification by immobilized metal 

ion affinity chromatography (IMAC). The activity 
of the purified enzymes was determined using 
a coupled spectrophotometric enzyme assay 
(Diazyme Carbon Dioxide Enzymatic Assay Kit), 
where CO2 production is coupled to NADH oxi-
dation which is followed spectrophotometrically 
at 340 nm. As substrate concentrations 10 mM 
DAP and 40 mM rac-2-APA was chosen. The 
enantiomeric distribution of 2-APA was deter-
mined by chiral HPLC using a Crownpak CR(+) 
column with isocratic elution of the enantiomers 
at 5.5 min for D-2-APA and 8.5 min for L-2-APA 
using ultra-pure water with 0.01% formic acid.

Results and Discussion

6-ACA biosynthesis and side product forma-
tion. E. coli strain eAKP672 contains an arti-
ficial 6-ACA production pathway. Productivity 
is modest and accumulation of side products 
in the fermentation medium is observed [10]. 
The formation of adipate and of 2-aminopimelic 
acid (2-APA) suggests that intermediates are 
not efficiently converted to the final product. 
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Growth conditions such as medium composi-
tion, pH, temperature, and oxygen supply can 
influence the performance of production strains 
[31–33]. E. coli strain eAKP672, which is the top 
6-ACA production strain, accumulated 6-ACA to 
160 mg/l in a 10 L fed-batch fermenter, whereas 
in shake flasks experiments 6-ACA levels reached 
8–48 mg/l, dependent on medium composition 
[10,16]. 

Effect of production conditions in small scale 
cultures. To investigate the effect of cultivation 
conditions on product formation, we established 
a small-scale cultivation method where several 
conditions can be tested in a medium through-
put way. Cultures of E. coli strain eAKP762 
were grown in autoinducing TB medium using 
24-deep-well multititer plates (MTP) with a 
maximal volume of 8 ml per well. In TB medium, 
expression is induced by traces of lactose present 
in the medium after glucose is depleted [34]. In 
this way, addition of IPTG is not necessary, which 
may be advantageous since IPTG can cause 
significant physiological stress when expressing 
multiple heterologous enzymes [35]. The MTP 
format gives advantages in handling but some 
important factors need to be considered: do all 
wells behave the same way; is growth influenced 
by the increased volume to capacity ratio; and 
can similar levels of 6-ACA be reached in MTP 
format as compared to previously reported 
shake-flask conditions? 

After an expression period of 20 h, 6-ACA pro-
duction by E. coli eAKP762 cells was initiated by 
transferring the cell cultures to mineral medium 

containing 1% glycerol. After another 24 h in this 
medium, supernatants of each MTP well were 
analyzed for the presence of 6-ACA, 2-APA, 
and adipate by UPLC-MS (Table 2). The relative 
standard deviation for all three compounds 
was around 4%, indicating that reproducibility 
of these small-scale production experiments 
is good. These results can be compared to the 
publications of Zhou et al. [16] and Turk et al. [10]. 
When compared to the shake flask experiments 
performed by Zhou et al. [16], the levels of 6-ACA 
accumulation were around 2.5 times lower. How-
ever, measured levels of the side products 2-APA 
and adipate were significantly higher than the 
published numbers and by far exceeded pro-
duction of 6-ACA (Table 2). The highest 6-ACA 
levels were achieved in 120 h fermentations of 
the same strain at larger scale, which reached 
up to 160 mg/l 6-ACA [10]. This indicates that 
the level of accumulation 6-ACA found in MTP 
cultures was lower than the highest numbers 
reported, but still comparable to levels observed 
in shake flasks. Considering the advantages in 
handling and throughput offered by experiments 
in MTP format, the lower level of 6-ACA accu-
mulation was accepted. The MTP format offers 
the opportunity to test various conditions and/or 
different strains in parallel, with rapid testing of 
6-ACA and side product formation for multiple 
replicates with variations in medium composition 
and strain type.

The elongation pathway enzymes (AksD, AksE, 
AksF, NifV) are susceptible to oxygen [11]. Spe-
cifically, the Fe-S clusters of the enzyme complex 

Table 1: Oligonucleotides used for cloning and mutagenesis

Oligonucleotide Oligonucleotide sequence (5’ to 3’)

Tma-EcoRI-F GGA ATT GAA TTC ATG GAC ATC CTG

Tma-SpeI-R CCG GGA CTA GTA TTA CAT AAC C

TmaH6_S182A-F CGT TCA CAT CGG TGC GCA GAT TAC CCG CG

TmaH6_S182A-R CGC GGG TAA TCT GCG CAC CGA TGT GAA CG

TmaH6 E315T_F CCC TCT GTG CAC CAG CGG TGA TGT TAT TGC TTA CG

TmaH6 E315T_R CGT AAG CAA TAA CAT CAC CGC TGG TGC ACA GAG GG
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AksD and AksE are oxygen sensitive. For the 
cultivation conditions, this means that enough 
dissolved oxygen needs to be available for ef-
ficient proliferation of the culture, but at the 
same time the AKP pathway enzymes need to 
be protected from too much oxygen. To reduce 
dissolved oxygen levels during growth, cells can 
be cultured in shake flasks at reduced shaking 
speed or by lowering the aeration surface to 
culture volume ratio [36]. To see whether varia-
tions in shaking speed influences the formation 
of 6-ACA and side products, cells were cultivated 
at different shaking speeds (450 rpm or 900 rpm) 
in TB autoinduction medium for the first step 
of enzyme production. Subsequently, cells 
were collected by centrifugation, concentrated 
according to their optical density in mineral 
medium supplemented with 1% glycerol as 
carbon source and incubation was continued 
for 24 h at 300 rpm. In this second step, 6-ACA 
and related metabolites are produced. The two 
cultures were thus only differing in how fast they 
were shaken in the gene expression phase in TB 
medium, whereas conditions during the second 
incubation period in mineral medium were kept 
the same. HPLC analysis of the culture fluids 
revealed that a higher shaking speed during the 
enzyme expression phase did increase the overall 
production of AKP-derived products, which was 
mostly due to an increase in adipate formation 
(Fig. 4). The levels of 6-ACA and 2-APA mar-
ginally increased in cells initially cultured at the 
higher shaking speed. Apparently, a reduction of 
shaking speed did not increase productivity of 

the AKP pathway and for further experiments a 
shaking speed of 900 rpm was chosen.

To examine the time course of product forma-
tion, strain eAKP672 was cultivated as described 
above in deep-well MTPs in TB medium for 24 h 
with shaking at 900 rpm after which cells were 
concentrated in mineral medium containing 1% 
glycerol as carbon and energy source. Samples 
were taken with intervals of 24 h for a period of 
5 days and analyzed by UPLC-MS (Fig. 5). The 
data showed that accumulation of the side prod-
ucts adipate and 2-APA again exceeded 6-ACA 
formation. Levels of 6-ACA and 2-APA reached 
stagnation after approximately 48 h of incubation, 
while the main product adipate increased over a 
longer period of time. This side product can be 
formed by oxidation of the potentially harmful 
aldehyde 6-OHA, the last intermediate towards 
6-ACA production via the decarboxylation first 
(left) route. Accumulation of adipate suggests that 
the conversion of 6-OHA by transamination is 
the bottleneck in the 6-ACA production pathway. 

Effect of cofactor and cosubstrate additions. 
It is not known if the current engineered E. coli 
strain produces sufficient cofactors to saturate 
the overexpressed enzymes of the 6-ACA 
pathway. KdcA is a decarboxylase dependent 
on thiamine pyrophosphate (TPP), synthesized 
from vitamin B1 [15]. This cofactor was added to 
increase KdcA driven conversion. The ω-amino-
transferase VfAT is a fold-type I, aminotransferase 
class III, PLP-dependent enzyme that accepts 
L-Ala as substrate [37]. Since the transamination 
reaction of 6-OHA to 6-ACA is a likely bottleneck 

Table 2: Accumulation of 6-ACA and intermediates in 24- well MTPs.

mean
(mg/l)

SD
(mg/l)

RSDc)

(%)
reported

(mg/l)
6-ACA 3.07 0.12 3.9 8a)

2-APA 16.7 0.62 3.7 6b)

adipate 17.2 0.81 4.7 5a)

a) Zhou et al. [16], conditions: 20 ml in 100 ml flask
b) Turk et al. [10] conditions: strain with only pAKP96 plasmid, supplemented with 50 mg/l AKP precursor
c) RSD: relative standard deviation
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of the pathway, we examined if addition of ami-
notransferase cofactors or co-substrates would 
stimulate product synthesis. PLP, an active form 
of vitamin B6, is an important cofactor for a vari-
ety enzymes with a role in amino acid metabolism 
[38]. B6 vitamers are readily taken up by E. coli 
upon supplementation of the medium [39,40]. We 
therefore examined the effect of thiamine, PLP, 
and L-alanine on product levels. The possibility of 
a detrimental effect of cofactor or L-alanine ad-
dition on 6-ACA production was also considered 
since an elevated activity of endogenous L-amino 
acid aminotransferase could increase accumula-
tion of the dead-end side product 2-APA. 

Addition of PLP and L-alanine did not enhance 
the production of 6-ACA or 2-APA (Fig. 6C,D) 
in eAKP672 cells. This indicated that PLP and 
L-alanine are present in sufficient amounts in the 
cells. In prokaryotes, the cofactor PLP can either 
be synthesized de novo or recycled by a so-called 
salvage pathway [41]. When overexpressing 
PLP-dependent enzymes, cells have mechanisms 
to upregulate enzymes of the salvage pathway and 
therefore account for the extra PLP needed [42]. 

The addition of thiamine resulted in lower 
levels of 6-ACA and higher levels of adipate 
in the medium (Fig. 6B). The adipate to 6-ACA 
ratio increased from 2.2 in control cells to 3.8 
in cells cultured in medium containing thiamine. 
These data suggest that the addition of thiamine 
stimulates the KdcA dependent decarboxylation 
reaction, resulting in an increased production of 
the aldehyde 5-OHA. Since 5-OHA is still not 
effectively aminated to 6-ACA, endogenous 
oxidative reactions converted this to adipate. 
This suggests that cofactor availability influences 
the activity of overexpressed KdcA. 

For further experiments, growth conditions 
were chosen as described in Materials and Meth-
ods, with an expression phase of 20 h in rich me-
dium and a production phase of 48 h in mineral 
medium containing 1% glycerol as carbon and 
energy source with no extra additions. In MTP 
cultures, this protocol gave reproducible results 
and 6-ACA levels could reach up to 7 mg/l. It is 
noteworthy that the difference between 6-ACA 

levels summarized in Table 2 and found here due 
to the extended incubation time from 24 h to 
48 h in mineral medium is in accordance to the 
findings of the time course experiment (Fig. 5).

Role of VfAT. As described above, a major side 
product of the AKP pathway that leads to 6-ACA 
is adipic acid. A previous publication indicates 
that adipate can enter the β-oxidation pathway 
[43]. If this is indeed the case a futile, unwanted 
cycle would be present in these cells. 

Since the two processes, transamination and 
oxidation of 6-OHA are in competition, synthesis 
would benefit from a highly active and selective 
aminotransferase. To examine if VfAT efficiently 
contributes to the pathway, we removed the 
transferase gene from the expression plasmid 
and measured product and side product for-
mation in these deletion cells (Fig. 7). The cells 
without VfAT were compared to control cells 
with VfAT (eAKP672) and to negative control 
cells lacking both KdcA and VfAT, in which only 
the elongation enzymes were present (Fig. 7A). 
As expected, cells lacking KdcA and VfAT did not 
produce any 6-ACA (Fig. 7A). Surprisingly, in cells 
without VfAT expression, 6-ACA formation was 
similar and adipate and 2-APA production was 
somewhat higher when compared to the cells 
with VfAT expression (Fig. 7B,C). This leads to 
the conclusion that endogenous E. coli ω- amino-
transferases can also aminate 6-OHA. 

These production experiments were all per-
formed in E. coli BL21 cells. To examine if this 
E. coli strain specifically contains the required 
transamination activity, we introduced the 
pathway plasmids into the E. coli K12 derivative 
BW25113, both with and without the gene for 
VfAT (Fig. 8). Interestingly, product accumulation 
(sum of 6-ACA, 2-APA, and adipate) was almost 
two-fold higher in the original BL21 cells with 
(Fig. 8B). Furthermore, in contrast to the original 
BL21 cells, in K12 cells the presence of the gene 
encoding VfAT promoted the transamination 
reaction to 6-ACA by 3-fold, even though it was 
still a minor product. This suggests that relevant 
endogenous transaminase activity is different 
between the two E. coli strains. 
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Figure 4: Effect of shaking speed on formation of 
6-ACA and side products 2-APA and adipate. E. coli 
eAKP672 cells were autoinduced for 24h at different 
shaking speeds, including A: 450 rpm. B: 900 rpm. All 
data are based on 6 replicates.

Figure 5: Time course of formation of 6-ACA and side 
products. Cells of E. coli strain eAKP672 expressing 
the AKP pathway enzymes were cultivated in 24-
deep well MTPs and samples were taken at different 
time points during the production phase. Error bars 
indicate standard deviation of six independent wells.

Figure 6: Effect of additives on product formation 
by E. coli eAKP672. A: standard conditions. B: with 
thiamine C: with PLP. D: with alanine. Data are aver-
ages from 6 replicates (independent wells). Error bars 
indicate standard deviations.

Figure 7: Formation of ACA pathway products by 
strain eAKP672 with and without VfAT. A: E. coli 
strain only containing the enzymes for the elongation 
of AKG to AKP. B: strain eAKP672. C: stain eAKP672 
without VfAT. Standard deviations from 6 indepen-
dent samples.

Figure 8: Product formation by E. coli BL21 and K12 
strains containing ACA pathway enzymes. A: BL21 
with VfAT B: BL21 without VfAT C: K12 with VfAT 
D: K12 without VfAT. Standard deviations from 6 
independent samples.
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Blast searches with VfAT as query revealed the 
presence of VfAT-related aminotransferases in 
both E. coli strains (Table 3). The sets of enzymes 
retrieved from BL21(DE3) and BW25113 were 
almost identical. Both the GabT protein and PuuE 
are PLP fold-type I γ-aminobutyrate aminotrans-
ferases. GabT is also active with δ-aminovalerate 
and is involved in the lysine catabolic pathway 
by catalyzing the conversion of 5-aminovalerate 
to glutarate semialdehyde (5-oxovalerate). In the 
reverse direction this reaction resembles the 
desired conversion of 6-oxohexanoic acid to 
6-ACA. The PuuE protein is the initial enzyme 
of a γ-aminobutyrate catabolic pathway. 

Even though the aminotransferase profiles of 
BL21(DE3) and BW25113 are the same, other 
genotypical differences can result in subtle 

differences in phenotype [44]. For example, the 
strains behave differently when cultivated in 
high-glucose batch fermentations [45]. Differ-
ences between regulation of metabolic pathways 
such as gluconeogenesis, glycolysis, and β-oxida-
tion, as well as upregulation of the TCA cycle and 
the glyoxylate shunt explain the lower excretion 
of acetate by E. coli BL21(DE3) compared to the 
E. coli K12 derivative JM109 [44–47]. Therefore, 
we suggest that the differences observed in 
the VfAT independent production of 6-ACA in 
E. coli BL21 compared to the E. coli K12 are due 
to differences in regulation of gene expression. 

In vitro analysis of VfAT. To analyze why 6-ACA 
production is not elevated in cells expressing 
VfAT, we performed bioconversion assays with 
cell-free extract (CFE) of E. coli C41(DE3) cells 

Table 3: Blast results of VfAT against the E. coli BW25113 and BL21(DE3) translated genomes.

Gene acc. number
K12 name
BL21 name

Gene Syn Length 
(AA)

MW 
kDa Description

E-value
K12

BL21

%Id
K12

BL21
ECK3063
BW25113_3073
B21_02892

patA ygjG 459 49.7 putrescine:2-oxoglutaric acid 
aminotransferase

1.00E-14
1.00E-14

35.5 
35.5

ECK1746
BW25113_1748
B21_01705

astC argM
cstC
ydjW

396 43.6 succinylornithine transaminase, 
acetylornithine transaminase

1.70E-12
1.70E-12

33.8 
33.8 

ECK3347
BW25113_3359
B21_03162

argD alaB 
Arg1 
argG 
dapC 
dtu

406 43.8 acetylornithine aminotransfer-
ase/ succinyldiaminopimelate 
aminotransferase

5.70E-11
5.80E-11

33.8 
33.8 

ECK1297
BW25113_1302
B21_01290

puuE goaG 421 44.7 4-aminobutyrate aminotransferase 4.80E-08
4.80E-08

34.5
34.5

ECK2656
BW25113_2662
B21_02482

gabT - 426 45.8 4-aminobutyrate aminotransferase 3.50E-08
3.50E-08

31.2
31.2

ECK0763
BW25113_0774
B21_00758

bioA - 429 47.3 adenosylmethionine-8-ami-
no-7-oxononanoate 
aminotransferase

1.30E-08
3.50E-08

31.3
30.1

ECK3701
BW25113_3708
B21_03536

tnaA ind 471 52.7 tryptophanase/L-cysteine 
desulfhydrase

0.033
0.033

30.8 
30.8 

ECK0153
BW25113_0154
B21_00152

heml popC
gsa

426 45.4 glutamate-1-semialdehyde 
aminotransferase

0.045
0.045

30.4 
30.4
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expressing VfAT. Previous data revealed that VfAT 
shows high activity towards aromatic amines 
like 1-phenylethylamine (PEA) and poor activity 
with α-amino acids, except for L-alanine [48,49]. 

In experiments with purified enzyme, we ana-
lyzed whether VfAT can use 6-OHA to produce 
6-ACA with different amino donors in vitro. The 
highest activity was found when using PEA as 
amine donor (Table 4). Activities with L-alanine 
were 10-fold lower. With L-glutamate as amino 
donor, the activities were just above the limit 
of detection with 0.7 mU/mg. This result is in 
agreement with Shin et al. [37]. Intracellular con-
centrations of L-glutamate are ca. 40-fold higher 
than L-alanine levels [50]. Since the availability 
of L-alanine in cells is limited, this is considered 
a probable cause for stalling of the pathway. 
However, in the supplementation experiments 
above, L-alanine did not elevate the 6-ACA levels 
when added to the medium. 

Alternative ω-aminotransferase PjAT. Efforts 
to find potentially better enzymes for the 6-ACA 
pathway led to the discovery of the caprolactam- 
metabolizing organism P. jessenii by Otzen et al. 
[43]. Analyses of the enzymes involved in capro-
lactam degradation indicated that after lactam 
ring opening to 6-ACA, conversion proceeds by 
deamination of 6-ACA to 6-OHA and further by 
dehydrogenation to adipic acid, which enters the 
β-oxidation cycle for fatty acid degradation. De-
amination is catalyzed by a PLP fold-type I class 
III aminotransferase (PjAT), of which the crystal 
structure was recently solved (pdb 6G4E) [51]. 
This PjAT has attractive catalytic properties for 
the substrate/product pair 6-OHA/6-ACA [51]. 

We introduced PjAT in E. coli by replacing the 
gene encoding VfAT in the pAKP96 plasmid and 
used the E. coli transformant harboring also 
pAKP444 to examine the formation of 6-ACA, 
2-APA and adipate (Fig. 9). Unfortunately, the 

Table 4: Activities of VfAT with 5-OHA and different amino donors.

Amino donor Spec. Act. mU/mg Conv.
%

(S)-1-phenylethylamine 152 8.5

L-Ala 15.4 3.0

L-Glua 0.7 0.25
a Limit of detection around 0.5 mU/mg

Figure 9: Effect of PjAT in place of VfAT on 6-ACA production. Different transformants of E. coli BL21(DE3) were 
compared. After 48h of production phase the supernatant was analyzed for the presence of 6-ACA, 2-APA, and 
adipate. A: strain eAKP672 with VfAT, B: strain eAKP672 without VfAT. C: strain eAKP672 with PjAT instead 
of VfAT. D: strain eAKP672 with PjAT and supplement L-alanine.
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use of PjAT did not enhance the levels of 6-ACA 
(Fig. 9C). Furthermore, the adipate-to-6-ACA 
ratio dropped from 2.2 in the reference strain 
to 1.8 in cells producing PjAT, indicating reduced 
side product formation with VfAT (Fig. 9A,C). 
Interestingly, supplementation with L-alanine 
increased 6-ACA formation (Fig. 9D). This sug-
gests that low levels of intracellular L-alanine 
limited conversion of 6-OHA to 6-ACA in these 
cells. At the same time, addition of L-alanine 
reduced 2-APA levels (Fig. 9C,D), which might 
indicate that the pathway is working better with 
PjAT than with VfAT, since the side reaction from 
AKP to 2-APA is reduced. Despite the fact that 
the PjAT aminotransferase was isolated from 
a caprolactam-degrading organism and that it 
shows good catalytic activity on 6-OHA and 
6-ACA in vitro, PjAT did not enhance the 6-ACA 
titers in strain E. coli eAKP672. 

Avoiding 2-aminopimelic acid. Formation of 
2-aminopimelic acid (2-APA) by endogenous ami-
notransferases is unwanted since it cannot be 
converted to 6-ACA via 6-OHA. The amination 
of 2-ketopimelic acid to 2-APA is most probably 
catalyzed by an α-amino acid aminotransferase, 
a type of enzyme that is mostly found in the PLP 
fold-type I class II of the aminotransferase family. 
By Blast searches of known fold-type I class II 
ATs, a list of putative enzymes was identified 
(Table 5). Knock-out of one or several identified 
ATs in the genome of the E. coli production strain 
might reduce or eliminate the formation of the 
side product 2-APA. 

Another possibility is to convert the side 
product 2-APA into 6-ACA by the expression of 
a 2-APA decarboxylase. Such a decarboxylation 
step is irreversible which would drive the path-
way towards 6-ACA. In previous research by Turk 
et al. [10], a variety of amino acid decarboxylases 
were tested for conversion of 2-APA to 6-ACA. 
One of the most active decarboxylases was the 
diaminopimelate decarboxylase from Thermotoga 
maritima (TmDC) (accession number Q9X1K5). 
Diaminopimelate decarboxylases catalyze the last 
step in L-lysine biosynthesis through stereose-
lective decarboxylation of meso-diaminopimelic 

acid (meso-DAP)[52]. Meso- DAP has an (R)- and 
an (S)-stereocenter and since diaminopimelate 
decarboxylase is active exclusively on the 
(R)-stereocenter only L-lysine is produced [53]. 
To consider whether TmDC is a valid candidate 
for the amination-first pathway, we analyzed the 
enantiomeric composition of 2-APA found in 
the culture fluid of strain eAKP672 using chiral 
HPLC (Fig. 10). Only L-(S)-2-APA was detected, 
suggesting it is formed by endogenous L-amino 
acid aminotransferase activity of the E. coli host. 
This accumulation of L-2-APA is highly agreeable 
with the genetic equipment of E. coli. However, 
regarding the substrate preference of TmDC this 
is the wrong enantiomer. 

Nevertheless, we introduced the gene for 
TmDC in E. coli strain eAKP672, replacing the 
VfAT-encoding gene. Despite the enzyme being 
well expressed in E. coli (Chapter 3), the introduc-
tion of TmDC into the pathway did not cause any 
additional formation of 6-ACA, nor a decrease in 
L-2-APA levels (Fig. 11). This indicates once more 
that the formation of 6-ACA from 6-OHA should 
be attributed to endogenous enzymes. The KdcA 
present in the pathway together with the endo-
genous enzymes enables formation of 6-ACA via 
the decarboxylation-first pathway, irrespective 
of VfAT or TmDC being present. Without KdcA 
and with TmDC as the sole additional enzyme 
next to the enzymes elongating AKG to AKP, 
only trace amounts of 6-ACA were formed, 
suggesting that KdcA is important for initial 
decarboxylation (Fig. 11D). As expected, the 
contribution of TmDC to 6-ACA biosynthesis was 
very limited, indicating that the amination-first 
pathway would require a better decarboxylase 
that accepts the L-(S)-enantiomer of 2-APA. 
This is in agreement with previously reported 
in vitro assays with cell-free extract of E. coli 
cells expressing TmDC. The results showed that 
with 50 mM rac-2-APA some decarboxylation 
product could be found (4.8% yield), but when 
TmDC was introduced in the pathway, no 6-ACA 
could be measured [10]. 

Previous computation-guided engineering of 
TmDC based on the crystal structure (pdb 2YXX) 
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Table 5: List of fold-type I class II aminotransferases present in the E. coli strain B genome.

Gene Ac Nu Gene Syn Length
(a.a.)

MW
(kDa) Description

EG10446 hisC - 356 39.4 histidinol-phosphate aminotransferase

ECK4046 tyrB - 397 43.5 tyrosine aminotransferase

ECK2284 alaA yfbQ 405 45.5 glutamate-pyruvate aminotransferase; alanine 
transaminase

ECK2375 alaC yfdZ 412 46.2 glutamate-pyruvate aminotransferase; alanine 
transaminase

ECK3561 avtA - 417 46.7 valine-pyruvate aminotransferase; alanine-valine 
transaminase

ECK1433 yydcR - 468 52.8 putative DNA-binding transcriptional regulator and 
putative aminotransferase

ECK0765 bioF - 384 41.6 8-amino-7-oxononanoate synthase

ECK3607 kbl - 389 43.1 2-amino-3-ketobutyrate coenzyme A ligase

Figure 10: Chiral HPLC-MS analysis of 2-APA produced in E. coli eAKP672 strain. Upper panel: standard 
resolution of rac-2-APA. Elution of D-APA at 5.5 min and L-APA at 8.5 min. Lower panel: Analysis of 2-APA 
from culture medium of E. coli eAKP672. Only L-APA is produced. HPLC column Crownpak CR with water with 
0.1% formic acid as the eluent. 
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Figure 11: Formation of 6-ACA and related com-
pounds by the decarboxylation-first vs. amination- 
first pathway enzymes. A: E. coli BL21(DE3) strain 
without introduced decarboxylating and aminating 
enzymes. B: Reference strain eAKP672, C: Strain 
expressing TmDC instead of VfAT. D: expression of 
only TmDC without KdcA decarboxylase.

Figure 12: Substrates for diaminopimelate decarboxylase from T. maritima. The wild-type enzyme decarboxyl-
ates the substrate meso-DAP at the (R)-stereocenter (in red the CO2-leaving group). The mutant TmDC E315T 
is found to convert D-(R)-APA, which misses the second (distal) amino function. A mutant enzyme based on 
TmDC E315T is needed for the inverted substrate conversion of L-(S)-APA.

Figure 13: Average binding pose the PLP-(S)-2-APA (yellow) external aldimine in the active site of diaminopimel-
ate decarboxylase of T. maritima. The average angles (θ) between the PLP plane and the cleaved C—COO⁻ bond 
are shown on top. Positions in pink were selected for mutagenesis. A: Molecular modeling simulation with the 
wild-type (WT) crystal structure (pdb 2YXX). The substrate (S)-2-APA can be accommodated with a θ-angle 
of 40°. B: In the double mutant S182A/E315T the same substrate reaches a θ-angle of 73°± 13. C: With the 
double mutant S182G/E315T the predicted θ-angle reaches around 90°.
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yielded the single mutant E315T which is able 
to convert D-(R)-2-APA to 6-ACA (Chapter 3). 
Using this mutant, we examined if TmDC can 
be further engineered to accept L-2-APA as 
substrate as well.

Engineering α-carbon stereopreference of 
TmDC. Diaminopimelate decarboxylases fall 
into the fold-type III group of PLP-dependent 
enzymes, together with alanine racemases and 
L-ornithine decarboxylases. Despite the fact that 
they are structurally and sequentially similar to 
L-ornithine decarboxylases, they are strictly 
(R)-enantioselective enzymes [53]. For a role 
in the amination-first pathway towards 6-ACA, 
a TmDC decarboxylase variant with reversed 
enantioselectivity is desirable. Trace amounts 
of 6-ACA found as decarboxylation product 
from L-(S)-2-APA suggest some promiscuity of 
TmDC to accept this substrate with opposite 
stereochemistry (Fig. 11D). 

The compounds meso-DAP and APA are 
structurally very similar, the latter missing one 
amino function at the non-reacting stereocenter 
(Fig. 12). From engineering efforts (Chapter 3), it 
became clear that the E315T mutant of TmDC 
is able to convert D-(R)-2-APA to 6-ACA. Based 
on this mutation, we investigated if we could 
modify the selectivity of TmDC to include con-
version of L-(S)-2-APA by further mutations at 
the active site. Molecular docking simulations 
with the external aldimine of L-(S)-2-APA 
(Fig. 3) showed that with this enantiomer the 
carboxylate is not located optimally in the active 

site. According to Dunathan [54], the bond to 
be broken in PLP- dependent reactions has to 
lie perpendicular to the plane of the PLP ring 
(extraction angle θ = 90⁰). In case of decarbox-
ylases, this is the C—CO2⁻ bond. Whereas the 
wild-type can accommodate the D-(R)-2-APA 
external aldimine with an almost perpendicular 
θ-angle for the CO2 group, it fails to do so for the 
opposite enantiomer (Fig. 13A). For L-(S)-2-APA, 
the closest angles that were reached are ca. 40°. 
It appears that Ser182 is sterically prohibiting the 
leaving group CO2 of the (R)-2-APA-aldimine to 
reach a favorable state for decarboxylation. To 
enable a more favorable PLP—C—COOH bond 
angle, we replaced Ser182 by smaller amino acids. 
Molecular modeling simulations with the L-(S)-2-
APA-aldimine suggested that the double mutants 
S182A/E315T and S182G/E315T create more 
space for positioning the carboxylate group and 
allow θ angles between the C—COOH bond and 
the PLP ring to reach 73° and 88°, respectively 
(Fig. 13B, 13C). 

The double mutant enzymes were produced 
and isolated in the described way. Activity 
measurements with these variants showed that 
by introducing the space-creating mutation at 
position 182 the activities for both DAP and 
2-APA strongly dropped (Table 6). Additionally, 
the selectivity towards the R-stereo center re-
tained. Even though the double mutants were 
predicted by molecular simulations to show 
improved substrate accommodation for L(S)-2-
APA decarboxylation, this was not reflected in 

Table 6: Specific activities of TmDC mutants with meso-DAP and racemic 2-APA as substrates.

Specific activities [mU/mg] Selectivity

mutant meso-DAP (rac)-2-APA chiral HPLC/MS

Wild type 675 ± 70 14.7 ± 1.5 (R)-2-APA (E>200)

E315T 26.3 ± 0.9 482 ± 36 (R)-2-APA (E>200)

S182A/E315T 2.2 ± 0.3 20.4 ± 0.6 (R)-2-APA (E>200)

S182G/E315T 3.5 ± 0.4 14.2 ± 0.9 (R)-2-APA (E>200)
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the experimental data. The molecular simulations 
are based on the assumption that the external 
aldimine would be formed for each substrate. 
This approach might not reflect reality in case of 
(S)-2-APA. Even if (S)-2-APA is accommodated in 
the active site of TmDC, formation of the external 
aldimine might still be hindered due to geomet-
ric restraints. In comparison, (R)-2-APA binding 
seems to yield a productive enzyme-substrate 
complex. Possibly, the enantiopreference of the 
enzyme is determined by other factors, such as 
substrate entrance or internal aldimine activation. 

Research on the related diaminopimelate 
decarboxylase from Helicobacter pylori suggests 
that the geometry and charge distribution in the 
active site could be crucial for the positioning 
of meso-DAP for decarboxylation. This may be 
influenced by an active site loop that contributes 
to intermediate stabilization and product release 
[55]. More recent studies on the decarboxylase 
of Arabidopsis thaliana indicate that this active 
site loop is indeed involved in substrate recog-
nition since closure of the loop can only occur 
if the D-stereocenter of meso-DAP is oriented 
towards the PLP cofactor [56]. This makes stere-
oselectivity of diaminopimelate decarboxylases a 
rather complex issue where further investigation 
is needed. The observed activity of the E315T 
mutant of TmDC with D-APA nonetheless sug-
gests that the further exploration of DAPDCs 
to develop an orthogonal D-amino acid-based 
pathway towards 6-ACA is a useful endeavor.

Conclusions

The biotechnological production of 6-ACA 
via α-ketopimelic acid (AKP) suffers from low 
productivity, in part due to formation of the 
unwanted side products 2-APA and adipate. 
Although 6-ACA titers of 160 mg/l over a 
period of 120 h were reported for fed-batch 
experiments, small scale batch fermentations 
performed in MTP format delivered only around 
8 mg/l 6-ACA. Furthermore, total side product 
formation exceeded 6-ACA accumulation, 

pointing to ineffective intermediate flow through 
the pathway. In this work, we tried to address 
the most pressing bottlenecks of the pathway. 
We investigated different media components, 
supplemented the medium to enhance enzyme 
performance and analyzed different culturing 
conditions, unfortunately without significantly 
promoting 6-ACA levels. The most pronounced 
effect was seen in the addition of thiamine on 
the level of adipic acid, which may be due to 
higher activity of the thiamin-containing decar-
boxylase KdcA, and which can be a future target 
for metabolic engineering if it can be accompa-
nied by an enhanced transamination to 6-ACA. 

When 6-ACA production proceeds by the 
decarboxylation-first pathway, one would expect 
that improved productivity can be achieved by 
using more active enzymes. Especially the per-
formance of VfAT in this pathway is critical, as 
slow amination of 6-oxohexanoic acid (6-OHA) 
allows its unwanted oxidation to the side product 
adipic acid. Additionally, 6-OHA might have toxic 
effects on the cell. Unfortunately, the alternative 
PjAT only slightly improved yields when tested in 
vivo, despite the much better catalytic parameters 
for 6-OHA when the enzyme was tested in vitro. 
Palacio et al. determined the kinetic constants 
of VfAT and PjAT with 6-OHA [51]. The kcat and 
KM values were 5.4 s−1 and 0.06 mM for PjAT and 
1.8 s−1and 2 mM for VfAT, giving a 100-fold better 
kcat/KM ratio for PjAT in the alanine-dependent 
amination of 6-OHA. With a KM of 2 mM, VfAT 
might have a too low affinity towards 6-OHA. 
Furthermore, for the purpose of an intracellular 
caprolactam synthesis pathway, an aminotrans-
ferase that accepts L-glutamate as amino donor 
would be preferred, since L-glutamate is intracel-
lularly more abundant than L-alanine. The modest 
improvement resulting from replacing VfAT by 
PjAT may be due to alanine or PLP cofactor sup-
ply limiting the aminotransferase activity instead 
of enzyme properties that were measured in vitro, 
thus medium optimization for this strain could 
potentially stimulate product formation. 

An additional challenge is the need for a good 
balance between endogenous and introduced 
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transaminase activities on the intermediates 
AKP and 6-OHA. Amination of the former gives 
2-APA as a dead-end side product, whereas 
6-OHA amination should be rapid to avoid 
oxidative conversion of 6-oxohexanoic acid to 
adipic acid, as discussed above. Discovery of 
better transaminases and/or selective removal 
of aminotransferase activities from the E. coli 
background could be a target for further engi-
neering of 6-AHA producing strains that use the 
decarboxylation first pathway. 

For the amination-first pathway (right pathway), 
TmDC was considered as an enzyme that could 
stimulate conversion of the dead-end product 
2-APA to 6-ACA. Even though a small promiscuity 
for L-(S)-2-APA was found, computation-based 
engineering could not enhance this promiscuity 
to change the selectivity of TmDC. 

The assumptions about factors that limit 
6-ACA production were based on the detection 
of intermediates in culture fluids. The limitations 
are greater than expected since our efforts did 
not lead to remedies that effectively improved 
the titers of 6-ACA formed by this pathway. 
Based on the mutant TmDC-E315T, which 
is highly active on D-2-APA (Chapter 3), we 
propose exploration of a new pathway, putting 
D-2-APA as a new central intermediate. The mu-
tation E315T in TmDC should be combined with 
a D-amino acid producing enzyme. One enzyme 
of choice is the diaminopimelate dehydrogenase 
from Symbiobacterium thermophilum. Studies on 
this enzyme are reported in Chapter 4.

References

1 Namazi H (2017) Polymers in our daily life. BioIm-
pacts 7, 73–74.

2 Association of Plastics & Manufacturers. (2017) An 
analysis of European plastics production, demand 
and waste data for 2011. Plast – Facts 2017, www.
plasticseurope.de/informations.

3 Hong J & Xu X (2012) Environmental impact assess-
ment of caprolactam production — A case study in 
China. J Clean Prod 27, 103–108.

4 Binder, M., Albrecht, S., Marincovic, C., Baer, S., 
 McGavis, D., Harless D (2010) Life cycle assessment 

of caprolactam production from nylon 6 carpet 
recycling. Bridging science, policy, and the public. 
Am Cent Life Cycle Assessment, Portland, Oregon.

5 Braun M, Levy AB & Sifniades S (1999) Recycling 
nylon 6 carpet to caprolactam. Polym Plast Technol 
Eng 38, 471–484.

6 European Bioplastics (2017) Bioplastics—Facts and 
Figures.

7 Hermann BG, Blok K & Patel MK (2007) Producing 
bio-based bulk chemicals using industrial biotech-
nology saves energy and combats climate change. 
Environ Sci Technol 41, 7915–7921.

8 Burk MJ, Burgard AP, Osterhout RE & Pharkya 
P (2013) Microorganisms and methods for the 
biosynthesis of adipate, hexamethylenediamine 
and 6-aminocaproic acid. US Pat 2013/0303723A1.

9 Guit RPM, Van der Does T & Raamsdonk LM (2016) 
Preparation of caprolactam from 6-amino caproic 
acid obtained in a fermentation process. US Pat 
2016O200677A1.

10 Turk SCHJ, Kloosterman WP, Ninaber DK, 
Kolen KPAM, Knutova J, Suir E, Schürmann M, 
Raemakers- Franken PC, Müller M, De Wildeman 
SMA, Raamsdonk LM, Van Der Pol R, Wu L, Temudo 
MF, Van Der Hoeven RAM, Akeroyd M, Van Der 
Stoel RE, Noorman HJ, Bovenberg RAL & Trefzer 
AC (2016) Metabolic engineering toward sustain-
able production of nylon-6. ACS Synth Biol 5, 65–73.

11 Drevland RM, Waheed A & Graham DE (2007) En-
zymology and evolution of the pyruvate pathway 
to 2-oxobutyrate in Methanocaldococcus jannaschii. 
J Bacteriol 189, 4391–4400.

12 Howell DM, Harich K, Xu H & White RH (1998) 
α-keto acid chain elongation reactions involved 
in the biosynthesis of coenzyme B (7-mercapto-
heptanoyl threonine phosphate) in methanogenic 
archaea. Biochemistry 37, 10108–10117.

13 Zheng L, White RH & Dean DR (1997) Purification 
of the Azotobacter vinelandii nifV-encoded homo-
citrate synthase. J Bacteriol 179, 5963–5966.

14 Howell DM, Graupner M, Xu H, White RH, Robert 
H & White RH (2000) Identification of enzymes 
homologous to isocitrate dehydrogenase that are 
involved in coenzyme B and leucine biosynthesis 
in Methanoarchaea. J Bacteriol 182, 1–5.

15 Smit BA, Van Hylckama Vlieg JET, Engels WJM, 
Meijer L, Wouters JTM & Smit G (2005) Identifica-
tion, cloning, and characterization of a Lactococcus 
lactis branched-chain α-keto acid decarboxylase 
involved in flavor formation. Appl Environ Microbiol 
71, 303–311.

16 Zhou H, Vonk B, Roubos JA, Bovenberg RAL & 
Voigt CA (2015) Algorithmic co-optimization of 
genetic constructs and growth conditions: Appli-
cation to 6-ACA, a potential nylon-6 precursor. 
Nucleic Acids Res 43, 10560–10570.



54

17 Balzer D, Ziegelin G, Pansegrau W, Kruft V & Lanka 
E (1992) Korb protein of promiscuous plasmid 
rp4 recognizes inverted sequence repetitions in 
regions essential for conjugative plasmid transfer. 
Nucleic Acids Res 20, 1851–1858.

18 Xiao X, Shi W & Ruan W (2019) Performance and 
microbial community structure of anaerobic mem-
brane bioreactor for lipids-rich kitchenwaste slurry 
treatment: Mesophilic and thermophilic processes. 
Processes 7, 1–16.

19 Green MR & Sambrook J (2012) Molecular Cloning: 
A Laboratory Manual, 4th edition.

20 Palacio CM, Crismaru CG, Bartsch S, Navickas V, 
Ditrich K, Breuer M, Abu R, Woodley JM, Baldenius 
K, Wu B & Janssen DB (2016) Enzymatic network 
for production of ether amines from alcohols; En-
zymatic network for production of ether amines 
from alcohols. Biotechnol. Bioeng 113, 1853–1861.

21 Bouet A, Oudeyer S, Dupas G, Marsais F & Levacher 
V (2008) New advances in stereoselective Meyers’ 
lactamization. Application to the diastereoselec-
tive synthesis of β-substituted oxazoloazepinones. 
Tetrahedron: Asymmetry 19, 2396–2401.

22 Krieger E, Koraimann G & Vriend G (2002) In-
creasing the precision of comparative models with 
YASARA NOVA-a self-parameterizing force field. 
Proteins Struct Funct Bioinforma 47, 393–402.

23 Krieger E, Joo K, Lee J, Lee J, Raman S, Thompson 
J, Tyka M, Baker D & Karplus K (2009) Improving 
physical realism, stereochemistry, and side-chain 
accuracy in homology modeling: Four approaches 
that performed well in CASP8. Proteins Struct Funct 
Bioinforma 77, 114–122.

24 Duan Y, Wu C, Chowdhury S, Lee MC, Xiong G, 
Zhang W, Yang R, Cieplak P, Luo R, Lee T, Caldwell 
J, Wang J & Kollman P (2003) A point-charge force 
field for molecular mechanics simulations of pro-
teins based on condensed-phase quantum mechan-
ical calculations. J Comput Chem 24, 1999–2012.

25 Trott O & Olson AJ (2010) AutoDock Vina: Im-
proving the speed and accuracy of docking with a 
new scoring function, efficient optimization, and 
multithreading. J Comput Chem 31, 455–461.

26 Abraham MJ, Murtola T, Schulz R, Páll S, Smith 
JC, Hess B & Lindah E (2015) Gromacs: High 
performance molecular simulations through multi-
level parallelism from laptops to supercomputers. 
SoftwareX 1–2, 19–25.

27 Mark P & Nilsson L (2001) Structure and dynamics 
of the TIP3P, SPC, and SPC/E water models at 
298 K. J Phys Chem A 105, 9954–9960.

28 Hess B, Bekker H, Berendsen HJC & Fraaije JGEM 
(1997) LINCS: A Linear Constraint Solver for mo-
lecular simulations. J Comput Chem 18, 1463–1472.

29 Miyamoto S & Kollman PA (1992) Settle: An analyt-
ical version of the SHAKE and RATTLE algorithm 

for rigid water models. J Comput Chem 13, 952–962.
30 Bussi G, Donadio D & Parrinello M (2007) Canon-

ical sampling through velocity rescaling. J Chem 
Phys 126, 1–8.

31 Deutschbauer A, Price MN, Wetmore KM, Tarjan 
DR, Xu Z, Shao W, Leon D, Arkin AP & Skerker 
JM (2014) Towards an informative mutant phe-
notype for every bacterial gene. J Bacteriol 196, 
3643–3655.

32 Zhang S, Ye BC, Chu J, Zhuang Y & Guo M (2006) 
From multi-scale methodology to systems biology: 
To integrate strain improvement and fermenta-
tion optimization. J Chem Technol Biotechnol 81, 
734–745.

33 Zhang C, Chen X, Zou R, Zhou K, Stephanopoulos 
G & Too HP (2013) Combining genotype im-
provement and statistical media optimization for 
isoprenoid production in E. coli. PLoS One 8, 1–11.

34 Studier FW (2005) Protein production by auto- 
induction in high-density shaking cultures. Protein 
Expr Purif 41, 207–234.

35 Dvorak P, Chrast L, Nikel PI, Fedr R, Soucek K, Sed-
lackova M, Chaloupkova R, De Lorenzo V, Prokop 
Z & Damborsky J (2015) Exacerbation of substrate 
toxicity by IPTG in Escherichia coli BL21(DE3) car-
rying a synthetic metabolic pathway. Microb Cell 
Fact 14, 201.

36 Tolosa L, Kostov Y, Harms P & Rao G (2002) Nonin-
vasive measurement of dissolved oxygen in shake 
flasks. Biotechnol Bioeng 80, 594–597.

37 Shin J-S, Yun H, Jang J-W, Park I & Kim B-G (2003) 
Purification, characterization, and molecular clon-
ing of a novel amine:pyruvate transaminase from 
Vibrio fluvialis JS17. Appl Microbiol Biotechnol 61, 
463–471.

38 Liang J, Han Q, Tan Y, Ding H & Li J (2019) Current 
advances on structure-function relationships of 
pyridoxal 5’-phosphate-dependent enzymes. Front 
Mol Biosci 6, 1–21.

39 Dempsey WB (1971) Control of vitamin B6 biosyn-
thesis in Escherichia coli. J Bacteriol 108, 415–421.

40 Zhao G & Winkler ME (1994) An Escherichia coli 
K-12 tktA tktB mutant deficient in transketolase 
activity requires pyridoxine (vitamin B6) as well as 
the aromatic amino acids and vitamins for growth. 
J Bacteriol 176, 6134–6138.

41 Di Salvo ML, Contestabile R & Safo MK (2011) Vi-
tamin B6 salvage enzymes: Mechanism, structure 
and regulation. Biochim Biophys Acta — Proteins 
Proteomics 1814, 1597–1608.

42 Fu TF, Di Salvo M & Schirch V (2001) Distribution 
of B6 vitamers in Escherichia coli as determined by 
enzymatic assay. Anal Biochem 298, 314–321.

43 Otzen M, Palacio C & Janssen DB (2018) Char-
acterization of the caprolactam degradation 
pathway in Pseudomonas jessenii using mass 



2

55

spectrometry-based proteomics. Appl Microbiol 
Biotechnol 102, 6699–6711.

44 Shiloach J, Reshamwala S, Noronha SB & Negrete 
A (2010) Analyzing metabolic variations in different 
bacterial strains, historical perspectives and cur-
rent trends — example E. coli. Curr Opin Biotechnol 
21, 21–26.

45 Phue JN, Noronha SB, Hattacharyya R, Wolfe AJ 
& Shiloach J (2005) Glucose metabolism at high 
density growth of E. coli B and E. coli K: Differences 
in metabolic pathways are responsible for efficient 
glucose utilization in E. coli B as determined by 
microarrays and Northern blot analyses. Biotechnol 
Bioeng 90, 805–820.

46 Shiloach J, Kaufman J, Guillard AS & Fass R (1996) 
Effect of glucose supply strategy on acetate accu-
mulation, growth, and recombinant protein produc-
tion by Escherichia coli BL21 (λDE3) and Escherichia 
coli JM109. Biotechnol Bioeng 49, 421–428.

47 Phue JN & Shiloach J (2004) Transcription levels 
of key metabolic genes are the cause for different 
glucose utilization pathways in E. coli B (BL21) and 
E. coli K (JM109). J Biotechnol 109, 21–30.

48 Kaulmann U, Smithies K, Smith MEB, Hailes HC & 
Ward JM (2007) Substrate spectrum of ω-transam-
inase from Chromobacterium violaceum DSM30191 
and its potential for biocatalysis. Enzyme Microb 
Technol 41, 628–637.

49 Koszelewski D, Tauber K, Faber K & Kroutil W 
(2010) ω-Transaminases for the synthesis of 
non-racemic α-chiral primary amines. Trends 
Biotechnol 28, 324–332.

50 Bennett BD, Kimball EH, Gao M, Osterhout R, Van 
Dien SJ & Rabinowitz JD (2009) Absolute metab-
olite concentrations and implied enzyme active 
site occupancy in Escherichia coli. Nat Chem Biol 5, 
593–599.

51 Palacio CM, Rozeboom HJ, Lanfranchi E, Meng Q, 
Otzen M & Janssen DB (2019) Biochemical proper-
ties of a Pseudomonas aminotransferase involved in 
caprolactam metabolism. FEBS J 286, 4086–4102.

52 Cox RJ (1996) The DAP pathway to lysine as a 
target for antimicrobial agents. Nat Prod Rep 13, 
29–43.

53 Fogle EJ & Toney MD (2011) Analysis of catalytic 
determinants of diaminopimelate and ornithine 
decarboxylases using alternate substrates. Biochim 
Biophys Acta - Proteins Proteomics 1814, 1113–1119.

54 Dunathan HC (1966) Conformation and reaction 
specificity in pyridoxal phosphate enzymes. Sci 
Harris J I Nat 34, 1533–471.

55 Hu T, Wu D, Chen J, Ding J, Jiang H & Shen X 
(2008) The catalytic intermediate stabilized by a 

“down” active site loop for diaminopimelate de-
carboxylase from Helicobacter pylori. J Biol Chem 
283, 21284–21293.

56 Crowther JM, Cross PJ, Oliver MR, Leeman 
MM, Bartl AJ, Weatherhead AW, North RA, 
Donovan KA, Griffin MDW, Suzuki H, Hudson 
AO, Kasanmascheff M & Dobson RCJ (2019) 
Structure-function analyses of two plant meso- 
diaminopimelate decarboxylase isoforms reveal 
that active-site gating provides stereochemical 
control. J Biol Chem 294, 8505–8515.





Thermostable D-amino 

acid decarboxylases 

derived from Thermotoga 

maritima diaminopimelate 

decarboxylase 

Antonija Marjanović1, Carlos J. Ramírez-Palacios 1,3, 
Marcelo F. Masman1,2, Jeroen Drenth1, Marleen Otzen1, 
 Siewert-Jan Marrink3, Dick B. Janssen1

1Biotechnology and Biocatalysis, Groningen Biomolecular Sciences and Biotechnology Institute, 
University of Groningen, The Netherlands
2Present address: Van’t Hoff Institute for Molecular Sciences HIMS-Biocat, University of Amsterdam, 
The Netherlands
3Molecular Dynamics, Groningen Biomolecular Sciences & Biotechnology Institute, University of 
Groningen, The Netherlands

Keywords
Diaminopimelate decarboxylase, D-amino acid, Thermotoga maritima, rational design, pyridoxal 
phosphate, 6-aminocaproic acid.

Authors’ contributions
AM, MFM, and MO designed the experiments. AM and JD performed the experiments. MFM and 
CJRP performed the computational modeling on the wild-type and mutants, respectively. SJM 
and DBJ supervised the work. AM, CJRP, and DBJ wrote the paper; submitted for publication.



Abstract

Diaminopimelate decarboxylases (DAPDCs) are highly selective enzymes 
that catalyze the common final step in different lysine biosynthetic path-
ways, i.e. the conversion of meso-diaminopimelate (DAP) to L-lysine. We 
examined the modification of the substrate specificity of the thermostable 
decarboxylase from Thermotoga maritima with the aim to introduce ac-
tivity with 2-aminopimelic acid (2-APA) since its decarboxylation leads 
to 6-aminocaproic acid (6-ACA), a building block for the synthesis of 
nylon-6. Structure-based mutagenesis of the distal carboxylate binding 
site resulted in a set of enzyme variants with new activities towards 
different D-amino acids. One of the mutants (E315T) had lost most of its 
activity towards DAP and primarily acted as a 2-APA decarboxylase. We 
used computational modelling to explain the observed shift in catalytic 
activities of the mutants. The results indicate that it is possible to modify 
the substrate range of the enzyme but that changing enantioselectivity 
is not straightforward.
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Introduction

Amino acid decarboxylases play a crucial role in 
various catabolic and biosynthetic processes, like 
putrefaction and production of hormones and 
neurotransmitters [1]. Two main groups of de-
carboxylases act on α-amino acids, i.e. pyridoxal 
5’-phosphate (PLP)-dependent decarboxylases 
and pyruvoyl-dependent decarboxylases. Ex-
amples of pyruvoyl-dependent decarboxylases 
include histidine decarboxylases, which produce 
the neurotransmitter histamine [2], and aspar-
tate decarboxylases, which produce β-alanine, a 
precursor of pantothenate and coenzyme A [3]. 
PLP-dependent decarboxylases include aromatic 
α-amino acid decarboxylases, which are involved 
in dopamine synthesis [4], and glutamate de-
carboxylases, which produce γ- aminobutyric 
acid (GABA) [5]. Both these products are 
important neurotransmitters. Most α-amino 
acid decarboxylases act on an L-stereo center, 
converting L-amino acids to amines. Unlike 
these enzymes, diaminopimelate decarboxylases 

(DAPDCs) (EC number: 4.1.1.20) act on the 
D-stereo center of meso-diaminopimelic acid 
(DAP), the last intermediate in the biosynthesis 
of L-lysine. DAP is also a component of the 
bacterial cell wall in Gram-negative bacteria [6,7]. 

Four different L-lysine synthesis routes have 
been identified in plants and bacteria, all four 
starting from L-aspartate (Fig. 1) [8,9]. DAPDC 
catalyzes the common last step, which is de-
carboxylation of DAP at the D-stereo center to 
yield L-lysine [10,11]. These enzymes are highly 
regulated and have a narrow substrate range 
[12,13]. Humans lack the capacity to synthesize 
L-lysine via any of the four pathways and are 
bound to obtain it from dietary sources. DAPDCs 
are therefore potential targets for development 
of drugs that act against pathogenic bacteria 
like Staphylococcus aureus or Mycobacterium 
tuberculosis [6,14–17]. 

DAPDCs have been isolated and characterized 
from various organisms, including M. tubercu-
losis, Arabidobsis thaliana, Helicobacter pylori, 
and  Methanococcus jannaschii [6,16,18,19]. The 

L-aspartate

L-tetrahydropicolinate

Acetylase 
pathway

Succinylase
pathway

Aminotransferase
pathway

Dehydrogenase 
pathway

L,L-diaminopimelate

meso-diaminopimelate

L-lysine

DAPDC
peptidoglycan

Figure 1: Four known anabolic L-lysine pathways. The acetylase and succinylase pathways share similar 
intermediates except for the incorporation of acetyl-CoA vs succinyl-CoA, respectively. In the aminotransferase 
pathway, L-tetrahydropicolinate is converted to L,L-DAP by an aminotransferase (DapL). In the dehydrogenase 
pathway, L-tetrahydropicolinate is directly converted to DAP. All pathways share the last step, the conversion 
of DAP to L-Lys by DAPDC.
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structures of several DAPDCs have been solved 
by protein crystallography, including the enzymes 
from Corynebacterium glutamaticum (PDB 5X7N) 
[20], E. coli (1KNW), H. pylori (2QGH), M.  jannaschii 
(1TWI) [6], and M. tuberculosis (1HKW and 
2O0T) [16,21]. Bacterial DAPDCs belong to the 
fold-type III dimeric PLP-dependent enzymes 
(alanine racemase family) [22–26], which also 
includes L-ornithine decarboxylases (ODC) and 
L-arginine decarboxylases (ADC) [27]. The crystal 
structures of DAPDCs provide information on the 
interactions of the substrate DAP with active site 
residues that govern substrate binding and have 
provided hints about the catalytic mechanism 
[16,18,21,28–30]. Owing to the geometry of its 
active site pocket, DAPDC is able to distinctively 
bind the meso-stereoisomer of DAP with the 
D-stereo center oriented close to the cofactor 
PLP where DAP can react to form an external 
aldimine intermediate that can later undergo de-
carboxylation. The L-stereo center of DAP binds 
at the distal site in the substrate-binding region. 

The reaction initiates with formation of an external 
aldimine in which the substrate’s amino group re-
places the ε-NH2 of a conserved lysine that partici-
pates in an imine bond with the PLP cofactor when 
no substrate is present. For decarboxylation to 
occur, the leaving CO2 group at the D-binding site 
needs to be oriented in the direction away from 
the Si-face of C-4’ of the external aldimine [19,31]. 
Decarboxylation is accompanied by protonation 
at the Cα-carbon, followed by displacement of the 
substrate, and reformation of the internal aldimine 
with the lysine (Fig. 2).

An attractive DAPDC for further exploration 
is the enzyme from the thermophilic bacterium 
Thermotoga maritima (TmDC). The enzyme has so 
far not been characterized but a crystal structure 
(PDB 2YXX) has been deposited. T. maritima is a 
hyperthermostable bacterium that dwells in hot 
springs and hydrothermal vents and is capable of 
growing at temperatures of up to 90°C [33,34]. 
Consequently, T. maritima is expected to be a 
prolific source of thermostable enzymes. 
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Figure 2: Schematic reaction mechanism of PLP dependent decarboxylases [32]. Upon entering the active 
site, the amino acid substrate replaces the enzyme bound lysine to form a new Schiff’s base structure with PLP, 
called the external aldimine. After decarboxylation, the internal aldimine is formed again with the same lysine 
residue and the decarboxylated product leaves the active site.
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Our interest in structure-function relationships 
in DAPDCs was triggered by the possible applica-
tion of a decarboxylase reaction in a metabolically 
engineered biosynthetic pathway towards the 
nylon-6 precursor 6-aminocaproic acid (6-ACA) 
[35]. In this artificial intracellular pathway in 
E. coli, the central metabolite 2-ketoglutarate is 
converted via a cascade of coexpressed hetero-
logous proteins to 6-ACA. Side reactions within 
this pathway cause significant accumulation of 
2-aminopimelic acid (2-APA), a compound which 
upon decarboxylation would give 6-ACA (Fig. 3). 
To explore the possibility of introducing TmDC 
into this pathway, we examined whether the 
selectivity can be tailored by protein engineering. 

Based on the information derived from the 
X-ray structure, we rationally designed a small 
mutant library, and tested the expressed mutant 
enzymes for decarboxylation of 2-APA under 
reaction conditions that might be relevant for 
the intracellular pathway. To rationalize the ob-
served decarboxylase activities of the mutant 
dataset with 2-APA and DAP, a combination of 
docking and MD simulations was performed. 
Computational analysis of geometric parameters 
of the mutant structures agreed that the best 
mutations for introducing activity with 2-APA 
and DAP were E315T and E315E, respectively.

Materials and methods

Sequence and structure analysis. Sequences 
of enzymes homologous to DAPDC from Ther-
motoga maritima (encoded by the lysA gene, 
accession number Q9X1K5) were retrieved from 
the PDB database by Blast searches. A multiple 
sequence alignment of 10 related DAPDCs was 
constructed by T-Coffee and visualized by ESPript 
[36]. The crystal structure from the PDB entry 
2YXX was compared to 10 related DAPDCs via 
the POSA server [37]. The active site pocket was 
visualized with LigPlot [38]. 

Cloning of diaminopimelate decarboxylase. 
The codon optimized lysA gene, which encodes 
TmDC, was amplified by PCR (Table S1) to intro-
duce an NcoI restriction site at the beginning 
and a polyhistidine tag coding sequence with an 
EcoRI restriction site at the end of the gene. The 
PCR product was introduced in the vector pBAD- 
MycHisA by restriction and ligation using T4 DNA 
ligase (Roche) under the recommended condi-
tions. The ligation product was transformed into 
competent E. coli NEB-10β cells and grown on 
LB agar plates containing ampicillin (100 µg/ml). 
The plasmid was confirmed by sequencing (Eu-
rofins Scientific) and used as the template for 
mutagenesis.

Construction of the mutant library. Mu-
tants were produced using the QuikChange 
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Figure 3: Decarboxylation catalyzed by DAPDC. Top: Diaminopimelic acid (DAP) is decarboxylated to L-lysine 
(1). Decarboxylation of 2-aminopimelic acid (2-APA) is of interest for engineering a biosynthetic pathway for 
6-aminocaproic acid, an intermediate in nylon-6 production (2). 
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site-directed mutagenesis protocol (Agilent). In 
a volume of 25 µl, 1 µl of forward and reverse 
primer (10 µM stock solution), 1 µl template 
plasmid (50–150 ng/µl stock concentration), 1.6% 
DMSO and 0.8 mM MgCl2 were mixed. Primers 
are given in Supporting Information (Table S1). 
After digestion with DpnI to remove template 
DNA, 5 µl of PCR product was transformed into 
competent E. coli NEB-10β cells and plated on 
LB agar containing 100 µg/ml ampicillin. The 
mutations in individual clones were confirmed 
by sequencing.

Expression and purification of diaminopimel-
ate decarboxylase. For the pre-culture, 30 ml 
of TB medium with 100 µg/ml ampicillin was 
inoculated with one colony of E. coli NEB-10β 
cells containing the pBAD-MycHisA-lysA plasmid 
and incubated overnight at 37°C. The pre-culture 
was diluted to an optical density OD600 of 0.6 
in 200 ml TB medium with 100 µg/ml ampicillin 
and expression was started by adding 0.4% of 
L- arabinose. This main culture was incubated 
overnight at 37°C and harvested by centrifuga-
tion at 3000 × g and 4°C for 20–30 min. The cell 
pellet was resuspended in lysis buffer (20 mM 
TEA-HCl, pH 7.8, 10 mM imidazole, 50 µM PLP, 
1 mM β-mercaptoethanol) with 1 mg/ml lysozyme 
and DNaseI (Sigma). To break the cells, the 
suspension was first incubated for 1 h at 37°C 
with shaking and then sonicated. Cell debris was 
removed by centrifugation (31,000 × g) to obtain 
the cell-free extract (CFE). 

For immobilized metal ion affinity chromatog-
raphy (IMAC) of His-tagged proteins, CFE was 
incubated overnight at 4°C with equilibrated 
Ni-NTA resin (Qiagen) under head-to-tail rotation. 
The incubated resin was extensively washed with 
wash buffer (lysis buffer with 20 mM imidazole 
and 300 mM KCl) and the His-tagged protein 
was eluted with a high concentration of imid-
azole (wash buffer with 300 mM imidazole). The 
eluted material was transferred onto an Amicon 
centrifugal unit with a MW cut-off of 30 kDa 
to concentrate the protein and exchange the 
buffer (50 mM TEA-HCl, pH 7.8, 20 µM PLP, 
1 mM DTT, 50 mM KCl). Protein concentrations 

were determined using the Bradford assay and 
purity was confirmed by SDS-PAGE using 12% 
acrylamide gels.

Spectrophotometric decarboxylation assays. 
To determine the activities of the wild-type 
enzyme a coupled spectrophotometric enzyme 
assay was used (Diazyme Carbon Dioxide Enzy-
matic Assay Kit). In this assay CO2 production is 
coupled to two enzymatic reactions [39]. First, 
CO2 as bicarbonate reacts with phosphoenolpy-
ruvate (PEP) in a reaction catalyzed by phosphoe-
nolpyruvate carboxylase (PEPC) to oxaloacetate. 
Next, oxaloacetate is reduced to malate by malate 
dehydrogenase with simultaneous oxidation of 
NADH to NAD+. The latter is followed spectro-
photometrically at 340 nm. For the decarboxylase 
assay, 90 µl of the Diazyme kit solution was incu-
bated with 100 µl substrate solution containing 
either DAP or 2-APA (Sigma-Aldrich, 50 mM stock 
concentration) for 30 min at 30°C. Substrate 
stock solutions were prepared in reaction buffer 
(100 mM TEA-HCl, 20 µl PLP, 10 mM MgCl2) and 
were adjusted to pH 7.8. In order to reduce the 
CO2 content in the assay mixture, the solution 
was flushed with argon for 30 min prior to use. 
To start the reaction, 10 µl of wild-type enzyme 
solution of varying concentrations (depending 
on the substrate) was added and the depletion 
of NADH was followed in the BioTek Synergy MX 
plate reader. Kinetic parameters were calculated 
from initial rates using the extinction coefficient 
of NADH at 340 nm, which is 6.22 mM−1∙cm−1. The 
kinetic parameters for the substrate DAP were 
determined by varying substrate concentrations 
from 0–10 mM. The activities for 2-APA were 
determined at a concentration of 40 mM, which 
equals the solubility.

The mutants of the E315X library were tested 
under the same conditions as the assays with 
the wild-type enzyme. The substrate concentra-
tions were based on the catalytic values of the 
wild-type enzyme (DAP, 10 mM; APA, 40 mM). 
Kinetic parameters were determined by varying 
APA concentrations from 0–10 mM.

Thermostability. The thermostability of TmDC 
mutants was analyzed using the ThermoFluor 
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assay described by Ericsson et al. [40] in which 
the temperature-driven unfolding of a protein is 
detected by following the increase of fluores-
cence of Sypro Orange (Molecular Probes, Life 
Technologies). An enzyme solution (1 mg/ml) was 
mixed with 100× diluted Sypro Orange dye and 
heated from 20 to 99°C with a heating rate of 
1.75 °C/min in a CFX 96 Real Time PCR system 
(Bio-Rad). Fluorescence was followed with an 
excitation wavelength of 490 nm and an emission 
wavelength of 575 nm. Apparent melting tem-
peratures were determined from the derivative 
point of the fluorescence signal.

Computational modelling. The external 
aldimine intermediate structures of DAP and 
2-APA were prepared using YASARA by adding 
a covalent bond between the substrate’s amino 
group and the exocyclic C4’ of PLP [41,42], 
followed up by an energy minimization using 
the GAFF force field [43]. A rotamer library of 
the external aldimine structures was created 
before Rosetta docking. First, the geometry of 
the energy- minimized external aldimine struc-
tures was further optimized in YASARA with the 
built-in QM-module using the semi-empirical 
AM1 method and the COSMO implicit solvent 
model [44]. The partial charges were derived 
using the AM1/BCC procedure [45]. The dihedral 
corresponding to the angle between the bond to 
the carboxylate group and the plane of the Schiff 
base (χ1), was set to 90°. A library containing 
10,000 rotamers for both DAP and 2-APA was 
constructed by randomly perturbing the external 
aldimine heavy atom dihedrals, while keeping 
atoms of the PLP moiety fixed. The rotamer 
library was subsequently pruned by: 1) energy 
criteria; 2) uniqueness (RMSD > 0.0050 Å); and 
3) a cutoff (< 2.5 Å) on the distance by which the 
distal Cα could deviate from a reference rotamer. 
The last pruning criterium was added to prevent 
sampling of irrelevant structures, and the refer-
ence rotamer was obtained by docking DAP into 
the wild-type DAPDC. After pruning, a final count 
of 400 unique rotamers remained in the DAP and 
2-APA libraries (Fig. S1). The rotamer library was 
used as input for the Rosetta 2015 enzyme design 

application [46], where the ligand was docked 
to the active site of DAPDC and E315X mutants 
were generated in a single dock-and-design step. 
Residues whose Cα or Cβ were less than 8 Å or 
10 Å, respectively, away from any ligand heavy 
atoms were set to repackable. For each E315X 
mutant, 500 output models were generated by 
Rosetta. Based on the Rosetta Interface Energy, 
the top-scoring scoring structures (50 out of 500) 
were selected as starting conformations for the 
MD simulations.

MD simulations were performed on the dock-
ing complexes containing the external aldimine 
of DAP or 2-APA to rank the structures. All MD 
simulations were run with YASARA3 using the 
Yamber3 force field [47,48]. The enzyme-ligand 
complex was placed in a dodecahedral cell 7.5 Å 
larger than the enzyme. 24,000 TIP3P waters 
were added to the cell, along with Na⁺ and 
Cl⁻ ions to a final concentration of 0.15 M. The 
system was then minimized with 1000 steps of 
steepest descent minimization, followed by 100 
steps of simulated annealing. The system was 
gradually warmed up from 0 to 298 K during 
3 ps, and equilibrated for 2 ps. A multiple time 
step algorithm with a simulation time step of 
1.25 fs was used [49]. Long-range electrostatics 
were handled with the Particle Mesh Ewald 
(PME) algorithm at a cutoff distance of 7.86 Å 
[50]. Temperature control was achieved using a 
modified Berendsen thermostat [47]. Pressure 
was maintained with a Berendsen barostat [51]. 
Relevant distances, angles, and dihedrals were 
computed on-the-fly during the 20 ps production 
run, and the trajectories ranked by counting the 
number of reactive binding poses produced. 

Results 

Structure analysis. To obtain a diaminopimelate 
decarboxylase with modified selectivity and 
activity with 2-APA, we chose as the starting 
point the diaminopimelate decarboxylase from  
 
3 www.yasara.org
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the hyperthermophilic bacterium T. maritima 
(TmDC) of which the structure was solved by 
Nakamura et al. (PDB 2YXX). The enzyme has a 
dimeric structure in which the C-terminus of one 
monomer is wrapped around the other (Fig. S2), 
a topology that is conserved in related PLP- 
dependent fold-type III enzymes [18]. While the 
overall structure is highly conserved, sequence 
similarities between TmDC and other DAPDCs 
are modest (<36%) (Table S2). When aligning the 
structures of TmDC with 10 other DAPDCs using 
the POSA server [37], the average RMSD was 
1.70 Å (319 equivalent α-carbons) making the 
structures quite similar (Fig. S3). Each monomer 
consists of a large (α/β)8 TIM-barrel like domain, 
and a smaller domain composed of a β-sandwich 

and short α-helices. The small domain is formed 
by the C- and N-terminal continuation of the first 
domain (Fig. 4A). The active site is buried in a cleft 
between the two domains flanking the TIM barrel 
at the monomer-monomer interface but partially 
solvent exposed. An active site lid contributed by 
the second monomer (residues 133–152) closes 
the active site upon substrate binding [19] and 
plays a role in substrate recognition at the reac-
tive D-carboxylate binding site [28]. 

The binding site is highly conserved among 
DAPDCs, as shown by sequence- and structure- 
based alignment (Fig. 4B, S4). Residues Tyr343 
and Ser182 are involved in PLP binding through 
the phosphate group. Glu246 and Asp65 keep 
the pyridinium nitrogen of PLP protonated to 

Figure 4: A: 3D structure of the TmDC monomer. Domain 1 is composed of an (α/β)8-TIM barrel and contains 
the active site with bound PLP. The N- and C-terminal regions of the protein (blue and yellow-red) form 
domain 2, mainly consisting of β-sheets. B: 2D depiction of the DAP-bound active site. The iminium groups 
of Arg249 and Arg285 form salt bridges with the distal carboxylate, and Glu315 stabilizes the amino group 
of DAP. Created with LigPlot [38]. C: Active site of TmDC with 50 docked structures of the external aldimine 
of 1DAP. The iminium groups of Arg249 and Arg285 form salt bridges to the distal carboxylate and Glu315 
stabilizes the amino group of meso-DAP.
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hyperthermophilic bacterium T. maritima (TmDAPDC) of which the structure was solved by Nakamura 
et al. (PDB 2YXX). The enzyme has a dimeric structure in which the C-terminus of one monomer is 
wrapped around the other (Fig. S2), a topology that is conserved in related PLP-dependent fold-type 
III enzymes [18]. While the overall structure is highly conserved, sequence similarities between 
TmDAPDC and other DAPDCs are modest (<36%) (Table S2). When aligning the structures of TmDAPDC 
with 10 other DAPDCs using the POSA server [37], the average RMSD was 1.70 Å (319 equivalent α-
carbons) making the structures quite similar (Fig. S3). Each monomer consists of a large (α/β)8 TIM-
barrel like domain, and a smaller domain composed of a β-sandwich and short α-helices.  The small 
domain is formed by the C- and N-terminal continuation of the first domain (Fig. 4A). The active site is 
buried in a cleft between the two domains flanking the TIM barrel at the monomer-monomer interface 
but partially solvent exposed. An active site lid contributed by the second monomer (residues 133-152) 
closes the active site upon substrate binding [19] and plays a role in substrate recognition at the 
reactive D-carboxylate binding site [28].  

The binding site is highly conserved among DAPDCs, as shown by sequence- and structure-
based alignment (Fig. S4). Residues Tyr343 and Ser182 are involved in PLP binding through the 
phosphate group. Glu246 and Asp65 keep the pyridinium nitrogen of PLP protonated to facilitate its 
function as electron sink [52]. His179 interacts with the PLP ring via π-stacking. The conserved Lys46 is 
bound to PLP in the substrate-free enzyme and during catalysis will replace the PLP-bound product 
after the Cα-CO2 bond is broken and can also form a salt bridge with Asp65  [19]. The flexibility of Lys46 
may have an important role in the catalytic cycle of the enzyme. The carboxyl group that is cleaved off 
will be oriented at the Si-face of C4' carbon of the PLP, as described for M. jannaschii DAPDC [6,31]. 
The leaving CO2 is on the opposite side of Lys46. In addition to this reactive site, there is a distinct 
binding site for the distal or non-reacting L-amino acid part of DAP [6].  
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facilitate its function as electron sink [52]. His179 
interacts with the PLP ring via π-stacking. The 
conserved Lys46 is bound to PLP in the substrate- 
free enzyme and during catalysis will replace 
the PLP-bound product after the Cα—CO2 bond 
is broken and can also form a salt bridge with 
Asp65 [19]. The flexibility of Lys46 may have 
an important role in the catalytic cycle of the 
enzyme. The carboxyl group that is cleaved off 
will be oriented at the Si-face of C4’ carbon of 
the PLP, as described for M. jannaschii DAPDC 
[6,31]. The leaving CO2 is on the opposite side of 
Lys46. In addition to this reactive site, there is a 
distinct binding site for the distal or non-reacting 
L-amino acid part of DAP [6]. 

To examine possible binding conformations 
of the external aldimine, which is the reaction 
intermediate undergoing decarboxylation, we 
performed docking simulations with different 
rotamers of this covalent substrate-PLP ligand 
(Fig. 4C). The results indicated that for different 

aldimine conformations the iminium groups 
of Arg249 and Arg285 can stabilize the distal 
carboxylate group of the DAP, whereas Glu315, 
belonging to the other subunit, is important for 
recognition of the non-reacting ε-amino group. 
Glu315 was chosen as target for mutagenesis, 
since its replacement is expected to modify the 
distal group selectivity, including the possible 
introduction of activity with 2-APA, which lacks 
the distal ε-amino group (Fig. 3). 

Catalytic properties of E315 mutants. To ex-
amine the possibility to introduce new activities, 
a set of mutants was created in which Glu315 was 
replaced by the other 19 proteinogenic amino 
acids. All TmDC mutants were constructed indi-
vidually by QuikChange PCR and were well ex-
pressed in E. coli with yields reaching 0.5–1 mg/ml 
culture (Fig. S5). Measurements of apparent 
melting temperatures of enzymes purified by 
His-tag affinity chromatography revealed that all 
mutants retained stability (Fig. 5). The library was 
screened for activities towards DAP and 2-APA. 
Most of the mutants retained activity towards 
the natural substrate DAP, although significantly 
lower than the wild-type (Fig. 5). Most mutants 
also gained activity towards 2-APA, confirming 
that Glu315 is important for recognition of the 
distal amino group of DAP. 

Mutant E315T is particularly interesting since it 
has lost most of the activity towards DAP and has 
the highest activity towards 2-APA. Activity was 
higher with 2-APA than with DAP. The inversion 

Figure 5: Screening of the E315X 
library for activities with DAP 
and rac-APA. The measurements 
were performed in triplicate using 
purified enzyme. The thermal sta-
bility (TM) was measured with the 
ThermoFluor assay [40].

Table 1: Kinetic parameters of DAPDC variants. 

Enzyme Substrate KM (mM) kcat (s−1)

Wild-type DAP 0.27 (0.06) 0.075 (0.004)

E315T APA 0.32 (0.03) 0.2 (0.004)

Standard deviations from triplicate measurements 
are given in parenthesis.
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of substrate preference toward 2-APA was also 
apparent from the kinetic parameters (Table 1). 
Whereas both wild-type DAPDC and the E315T 
mutant showed similar KM values with DAP and 
2-APA, respectively (around 0.3 mM), the kcat of 
the mutant with 2-APA was 2.6-fold higher than 
that of the wild type with DAP. Furthermore, the 
E315T mutant fully retained the enzyme stereo-
preference by only decarboxylating the D-APA 
present in a racemic mixture (Fig. 6).

Substrate scope and promiscuity. Because 
substitutions of E315 increased reactivity for 
2-APA, which lacks a distal amino group, we 
examined the activity of the E315X mutants 
with various analogs of DAP and 2-APA. A broad 
substrate range might yield a versatile D-amino 
acid decarboxylase, adding to the portfolio of 
enzymes acting on D-stereo centers, which are 
not as widespread in nature as enzymes acting on 
L-amino acids [53]. DAPDCs are the only known 

Figure 6: Kinetic resolution of racemic 2-APA by 
the TmDC E315T mutant. The panels show LC-MS 
spectra of a reaction mixture at t=0 and t=10 min.

Table 2: Activities of mutants of TmDC with different substrates. 

Specific activity (mU/mg)

Substrate/mutant WT E315T E315F E315P E315M E315L E315Q E315N

meso-DAP 675 (70) 26.3 (0.9) 36.0 (6.5) 22.6 (3.4) 111 (21) 32.7 (3.9) 82 (11) 42 (1)

D,L-2-APA 14.7 (1.5) 482 (36) 21 (1) 9.1 (1.5) 62 (3) 36.5 (0.7) 41 (4) 41.6 (5)

D,L-α-aminoadipic acid n.a.1 3.2 (0.2) 3.2 (0.7) 7.3 (0.4) 13 (2) 12.4 (0.8) 8.1 (0.6) 32.3 (2.6)

D-glutamate n.a. n.a. n.a. n.a. n.a. n.a. 5.9 (0.1) n.a.

D-ornithine 26.6 (4.3) n.a. n.a. n.a. n.a. n.a. n.a. n.a.

D-norleucine n.a. n.a. 4.2 (0.2) n.a. n.a. 13.8 (0.4) n.a. n.a.

D-phenylalanine n.a. n.a. 4.1 (0.1) n.a. n.a. 13.3 (0.9) n.a. n.a.

1 n.a., no activity detectable (i.e. <1 mU/mg). L- and D-lysine were also tested but no activity was found with 
any of the mutants. 
2 Errors (standard deviations of triplicate measurements) in parenthesis.
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decarboxylases that can remove a carboxyl group 
from a D-stereocenter. 

Eight substrates, differing in side chain length 
and distal functional group, were examined for 
enzymatic reactivity (Fig. S6). L-lysine, the prod-
uct of the natural DAP decarboxylation, was not 
reactive. Neither was the enantiomeric D-lysine, 
but D-ornithine with its shorter side chain was 
accepted by the wild-type enzyme. Shorter ana-
logs of APA were tested, i.e. (R,S)-2-aminoadipic 
acid and D-glutamate, and the results showed 
that several mutants accepted the 6-carbon 
substrate but not the latter 5-carbon compound. 
Both D-norleucine as a 6-carbon substrate with-
out distal functional group and D-phenylalanine 
with a bulky hydrophobic side chain were tested 
and conversion was only seen in E315X variants 
where the glutamate was replaced by a hydro-
phobic residue (F/L) (Table 2).

Computational analysis of decarboxylase 
selectivity. To rationalize the enzymatic de-
carboxylase activities found in the DAPDC 
mutants with DAP and 2-APA, we modelled 
enzyme-substrate complexes relevant for the 

decarboxylation reaction. The external aldimine 
intermediate was chosen for modelling because 
the Cα—COO⁻ bond cleavage takes place on this 
intermediate, and in PLP-dependent enzymatic 
reactions the step prior to the formation of the 
quinonoid intermediate is typically rate-limiting 
[54,55] (Fig. 7). Using a combination of docking 
and molecular dynamics simulations, we analyzed 
binding poses of the external aldimine that could 
reveal geometric factors correlated with the ob-
served experimental activities. 

The enzyme-ligand complexes were obtained 
by covalent docking of the external aldimine of 
different substrates into the active site (Fig. S7). 
The structures (500 per enzyme-ligand complex) 
were examined prior to the MD simulations. A 
trend can be observed when comparing the 
averaged Rosetta Interface Energies of the 
500 structures (for each E315X mutant) to the 
experimental catalytic activities (Table S3). Mu-
tants with larger specific activities had generally 
a lower Interface Energy, implying the enzyme 
could more easily accommodate the external 
aldimine. The best mutant for 2-APA (E315T) 
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is also the best mutant in terms of the docking 
score. Wild-type DAPDC is correctly predicted 
to have a low activity towards 2-APA. On the 
other hand, docking scores of the external aldi-
mine intermediate of DAP show worse Interface 
Energies in wild-type DAPDC than expected. 
E315M is correctly identified to be a good mutant. 
Interface Energies are given in Rosetta Energy 
Units (REU) and measure the interface energy 
between the ligand and the rest of the protein.

The subsequent multiple short MD simulations 
were aimed at determining the frequency of oc-
currence of reactive poses. Based on the reaction 
mechanism (Fig. 2), geometric criteria required for 
the decarboxylation to occur can be postulated 
(Fig. 7): 1) the extraction angle between the 
cleavable sigma bond (Cα—COO⁻) and the flat π 
system of the PLP ring (χ1); 2) the proximity of the 
catalytic residue Lys46 to the Cα carbon (d1, θ1); 3) 
the interaction between the PLP cofactor and the 
protein environment as reflected in the distance 
between the pyridine nitrogen and Glu246 (d2). 
The trajectories were ranked by counting the 
number of frames with reactive binding poses 
(Fig. 7). The most reactive mutants were found to 
have a larger proportion of reactive binding poses 
than the least reactive mutants (Fig. 8), indicating 

that the combination of Rosetta docking and MD 
can explain the trend in activity ratios.

The total number of reactive binding poses was 
controlled by the conformation of the catalytic 
Lys46 (d1, θ1), and not the orientation of the 
extracted COO- (χ1) or the cofactor’s position in 
the binding pocket (d2). During the short 20 ps 
trajectories, the χ1 dihedral did not move away 
from the initial value set at the docking stage, 
remaining close to 90° and steadily producing 
reactive binding poses throughout the simulation. 
Furthermore, the distance from the pyridinium 
hydrogen (H1) to Glu246 (d2) had an autocor-
relation time (t < 0.1 ps) much shorter than the 
total simulation time, hence going in and out of 
the reactive pose (d2 < 2.0 Å) hundreds of times 
during the trajectory. However, both criteria (χ1 
and d2) were kept in the definition of reactive 
poses for consistency. 

A closer examination of the conformations of 
the catalytic Lys46 revealed it adopted one of 
three distinct conformations during docking and 
in the subsequent MD simulations (conforma-
tions MC1-MC3) (Fig. S8). These conformations 
rarely interchanged between each other in the 
20 ps trajectories. Conformation MC1 had shorter 
d1 distances (average 2.9 Å), thereby producing 

Figure 8: Correlation between reactive binding poses observed in the MD simulations and catalytic activity of 
E315X DAPDC mutants. A: For the substrate DAP, the geometric parameters for defining reactive binding poses 
are as follows: d1 < 4.0 Å, θ1 < 80°, −90° < χ1 < −120°, d2 < 2.0 Å. The Pearson correlation is r = 0.63. Having the 
larger proportion of reactive binding poses, the wild-type DAPDC (E315E) was thus correctly identified as the 
best variant. B: for substrate 2-APA the parameters are: d1 < 4.0 Å, θ1 < 80 °, −75 ° < χ1 < −125°, d2 < 2.0 Å. The 
Pearson correlation is r = 0.72. The mutant E315T was correctly identified as the best variant.

A B
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more reactive binding poses than conformations 
MC2 and MC3. Conformation MC3 was the least 
productive, with a distance d1 > 4.8 Å it rarely met 
the d1 criterion (d1 < 4.0 Å). 

Discussion 

PLP-dependent diaminopimelate decarboxylases 
act on the (R)-D-stereocenter of diaminopimelate 
and have a high substrate specificity, related 
to their crucial role in lysine biosynthesis. The 
enzyme from T. maritima, TmDC, also shows a 
narrow substrate range, although there is some 
promiscuity by accepting 2-APA and D-ornithine 
along with DAP. The somewhat relaxed selec-
tivity of the wild-type TmDC may be related to 
T. maritima being positioned in one of the slowest 
evolving branches of eubacteria [33,34,56]. The 
organism appears to have a high percentage of 
archaeal genes [33]. Within the structural family 
of fold-type III PLP enzymes, DAPDCs are more 
similar to ornithine decarboxylases than to argi-
nine decarboxylases, which may relate to the ob-
served low activity of TmDAPC with D-ornithine 
[27]. Ray and colleagues postulated that during 
the evolution of this structural family, an internal 

“molecular ruler” developed in the active site to 
accept amino acid side chains with increasing 
length and chemical complexity, from alanine 
racemase to ornithine decarboxylase (ODC) and 
DAPDC [6]. For binding of alanine, only interac-
tions close to the PLP binding site are important 
whereas for ODC and DAPDC interactions at a 
more distal binding site contribute to substrate 
recognition as well. The distal amino group of 
ODC from Trypanosoma brucei is recognized via 
a salt bridge with Asp361 located on the opposite 
subunit. In DAPDC, the distal amino group rec-
ognition is undertaken by residue Glu315, which 
is positioned in another subunit. From structure 
alignments of the active sites, it appeared that 
the position of the residue interacting with the 
distal charged group varies with the length of the 
substrate side chain to allow salt bridge forma-
tion. Accordingly, we found that replacements 

at position Glu315 did not only disturb activity 
with the native substrate DAP but also expanded 
the substrate scope by removing this molecular 
ruler. Structural information of DAPDC from 
H. pylori [19] confirmed by findings on the eu-
karyotic enzyme from A. thaliana [18] suggests 
that conformational changes are induced upon 
binding of PLP and DAP, closing the active site 
loop that contains Glu315. These conformational 
changes are necessary for recognition of the 
distal substrate functionality and facilitate the 
decarboxylation reaction at the proximal site.

To our knowledge, there are no reports describ-
ing engineering of bacterial DAPDCs aimed at 
developing biotechnological applications. The en-
gineering of D-amino acid decarboxylase variants 
with enhanced or shifted substrate scope could 
open up new possibilities for use of D-amino 
acids as intermediates in engineered biosynthetic 
pathways since this would allow routes to op-
erate orthogonal to the central metabolism of 
a host organism. For example, decarboxylation 
of D-2-APA would yield the nylon-6 precursor 
6-ACA. Motivated to find a mutant enzyme that is 
active with 2-APA, we picked Glu315 as starting 
point for mutagenesis and tried to explain the 
resulting activities with computational methods. 
Under conditions postulated for in vivo applica-
tion, the E315T mutant showed almost oppo-
site relative activities towards DAP and 2-APA 
compared to the wild-type enzyme, indicating 
that catalytic activity indeed is not only deter-
mined by the positioning of the carboxylate at 
the proximal reactive substrate binding site [31], 
but also by interactions at the distal L-binding 
site. In addition to being a catalytically efficient 
enzyme, the E315T variant also shows excellent 
enantioselectivity towards D-2-APA (Fig. 5). We 
are currently examining the possibility of inte-
grating the activity of the TmDC E315T mutant 
in an alternative biosynthetic pathway towards 
the production of 6-ACA [35], with D-2-APA as 
intermediate (Chapter 4).

The decarboxylation products of lysine and 
ornithine are cadaverine and putrescine, re-
spectively, which are used in polymer chemistry 
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and in pharmaceutical applications [57]. Cadav-
erine is also the main precursor for a variety of 
quinolizidine alkaloids based pharmaceutical 
compounds [58]. In natural pathways, these 
amines are formed by decarboxylation of 
L-amino acid precursors. The shorter analog 
of 6-aminocaproic acid, 5-aminovaleric acid, 
is a precursor for valerolactam, which is used 
in nylon-5  synthesis and can be reached by 
decarboxylation of 2-aminoadipic acid, which is 
formed in fungi as an intermediate in antibiotic 
biosynthesis. The bulkier substrate D-phenylal-
anine was accepted by the TmDC mutants E315F 
and E315L. Various other TmDC mutants were 
discovered with different substrate scope than 
the wild type, but the observed activities are still 
low. Whereas there are alternative methods to 
obtain some of the products [59–61], the ob-
servation that the specificity of TmDC can be 
altered by mutagenesis suggests that the enzyme 
is an attractive template for redesign towards 
biocatalytic applications [62].

Computational modelling of the TmDC mutants 
containing the external aldimine intermediates 
revealed a modest correlation between the pro-
portion of frames with reactive binding poses and 
experimental activity. The modesty of the cor-
relation suggests that the geometric description 
of the decarboxylation used in this study (Fig. 7) 
may not capture the final decarboxylation step 
accurately (Fig. 2). First, it is unknown whether 
decarboxylation by DAPDC is a concerted pro-
cess, where loss of CO2 and protonation of the 
Cα occur in the same step [28,31]. Were it not 
a concerted process, Lys46-NH3⁺ would not be 
needed in close proximity to Cα (distance d1) at 
the exact same instant when the CO2 loss occurs. 
The observed correlation (Fig. 8) leans toward a 
concerted process, in line with evidence from 
deuterium isotope effect experiments that the 
electrophilic substitution occurs at the same time 
of CO2 loss or immediately after [63]. Second, the 
identity of the general acid that protonates Cα 
is still unknown but believed to be Lys46, which 
would be consistent with the stereoselectivity 
of the reaction and with our observations (Fig. 7 

and 8) [28,31,64]. Third, it is uncertain to what 
extent the distance from the pyridinium H1 and 
Gu246 (d2) can influence the enzymatic activity. 
A non-concerted process would particularly 
benefit from the pyridine’s ability to distribute 
the developing negative charge of the quinonoid 
intermediate during Cα—CO2 cleavage. Studies 
on dialkylglycine decarboxylase have shown that 
the pyridine ring may only play a small role in the 
stabilization of C4’ carbanions, with most of the 
stereoelectronic stabilization coming from the 
Schiff base [65,66].

A previous study [31] found a weak correlation 
between the optimal χ1 dihedral and the experi-
mental activity of a DAPDC from M. tuberculosis 
with several substrates. Instead, we worked on 
the assumption that all mutants can position the 
external aldimine in a catalytic conformation (χ1 = 

−90°), and tested how easily that conformation 
can be maintained (χ1 criterion) during the 20 ps 
MD trajectory, while keeping the ligand in a 
reactive binding pose (θ1, d1, and d2 criteria). 
The approach enabled the identification of the 
best enzyme mutants by counting the number 
of frames with binding poses (Fig. 8). Similarly, 
the docking scores of DAP and 2-APA show a 
correlation to experimental activities (Table S3). 
E315X mutants with higher activities have better 
docking scores, meaning it is easier for Rosetta 
to accommodate the intermediate in the binding 
pocket. Because substrate binding is most likely 
not rate-limiting, the binding of the decarboxyl-
ation substrates, DAP, and 2-APA, was not con-
sidered in this study. This assumption leaves out 
the possibility that the E315X mutations interfere 
in reaction steps prior to the external aldimine 
formation (Fig. 7). 

PLP is a versatile cofactor enabling a variety 
of chemical reactions on amino acids, such as 
transamination, racemization, β- and γ-elimina-
tion, aldol cleavage, and decarboxylation. The 
type of reaction is determined by the geometry 
of active site residues and the interactions be-
tween substrate, enzyme, and cofactor [19,28]. 
Applying predictive methods to PLP-dependent 
enzymes is difficult due to the multistep catalytic 
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cycle. Yet, computation-supported engineering 
of class III transaminases has been achieved 
[67–70]. Studies on computational modelling of 
α-amino acid decarboxylases are less abundant, 
despite having a simpler reaction mechanism in 
the sense that only one substrate is involved in 
the reaction cycle. The ability to computationally 
explain the reactivities and selectivities of small 
mutant libraries would allow design of useful 
variants in a single step, avoiding the necessity 
to test large libraries and employ iterations of 
mutagenesis and testing.

Acknowledgements

We thank Dr. Stefan Turk (DSM) for kindly pro-
viding the lysA gene. This work was supported by 
the Dutch Ministry of Economic Affairs through 
BE-Basic, grant FS02.001. CJRP thanks CONA-
CYT for the doctoral fellowship.

References

1 Li T, Huo L, Pulley C & Liu A (2012) Decarboxylation 
mechanisms in biological system. Bioorg Chem 43, 
2–14.

2 Gallagher T, Snell EE & Hackert ML (1989) 
Pyruvoyl- dependent histidine decarboxylase. Ac-
tive site structure and mechanistic analysis. J Biol 
Chem 264, 12737–12743.

3 Albert A, Dhanaraj V, Genschel U, Khan G, Ramjee 
MK, Pulido R, Sibanda BL, Von Delft F, Witty M, 
Blundell TL, Smith AG & Abell C (1998) Crystal 
structure of aspartate decarboxylase at 2.2 Å res-
olution provides evidence for an ester in protein 
self-processing. Nat Struct Biol 5, 289–293.

4 Giardina G, Montioli R, Gianni S, Cellini B, Paiar-
dini A, Voltattorni CB & Cutruzzolà F (2011) Open 
conformation of human DOPA decarboxylase 
reveals the mechanism of PLP addition to group 
II decarboxylases. Proc Natl Acad Sci U S A 108, 
20514–20519.

5 Fenalti G, Law RHP, Buckle AM, Langendorf C, Tuck 
K, Rosado CJ, Faux NG, Mahmood K, Hampe CS, 
Banga JP, Wilce M, Schmidberger J, Rossjohn J, 
El-Kabbani O, Pike RN, Smith AI, Mackay IR, Row-
ley MJ & Whisstock JC (2007) GABA production 
by glutamic acid decarboxylase is regulated by 

a dynamic catalytic loop. Nat Struct Mol Biol 14, 
280–286.

6 Ray SS, Bonanno JB, Rajashankar KR, Pinho MG, 
He G, De Lencastre H, Tomasz A & Burley SK 
(2002) Cocrystal structures of diaminopimelate 
de carboxylase: Mechanism, evolution, and inhi-
bition of an antibiotic resistance accessory factor. 
Structure 10, 1499–1508.

7 Vollmer W, Blanot D & De Pedro MA (2008) 
Peptidoglycan structure and architecture. FEMS 
Microbiol Rev 32, 149–167.

8 Triassi AJ, Wheatley MS, Savka MA, Gan HM, Dob-
son RCJ & Hudson AO (2014) L, L-diaminopimelate 
aminotransferase (DapL): A putative target for the 
development of narrow-spectrum antibacterial 
compounds. Front Microbiol 5, 509–519.

9 McCoy AJ, Adams NE, Hudson AO, Gilvarg C, 
Leustek T & Maurelli AT (2006) L,L-diaminopimel-
ate aminotransferase, a trans-kingdom enzyme 
shared by Chlamydia and plants for synthesis of 
diaminopimelate/lysine. PNAS 103, 17909–17914.

10 Nachar VR, Savka FC, McGroty SE, Donovan KA, 
North RA, J Dobson RC, Buckley LJ, Hudson AO, 
Ward NL, Stingl U, Wang Y, Thomas TH, Dobson 
RCJ, Buckley LJ & Hudson AO (2012) Genomic and 
biochemical analysis of the diaminopimelate and 
lysine biosynthesis pathway in Verrucomicrobium 
spinosum: Identification and partial characteri-
zation of L,L-diaminopimelate aminotransferase 
and UDP-N-acetylmuramoylalanyl-D-glutamyl-
2,6- meso-di. Front Microbiol 3, 183–201.

11 Umbarger HE (1978) Amino Acid Biosynthesis and 
its Regulation. Annu Rev Biochem 47, 533–606.

12 Stragier P, Richaud F, Borne F & Patte JC (1983) 
Regulation of diaminopimelate decarboxylase 
synthesis in Escherichia coli. J Mol Biol 168, 
307–320.

13 Stragier P, Borne F, Richaud F, Richaud C & Patte 
J-C (1983) Regulatory pattern of the Escherichia coli 
lysA gene: expression of chromosomal lysA-acZ 
fusions. J Bacteriol 156, 1198–1203.

14 Pavelka MS & Jacobs WR (1996) Biosynthesis 
of diaminopimelate, the precursor of lysine and 
a component of peptidoglycan, is an essential 
function of Mycobacterium smegmatis. J Bacteriol 
178, 6496–6507.

15 De Lencastre H, Wu SWW, Pinho MGG, Ludovice 
AMM, Filipe S, Gardete S, Sobral R, Gill S, Chung M 
& Tomasz A (1999) Antibiotic resistance as a stress 
response: Complete sequencing of a large number 
of chromosomal loci in Staphylococcus aureus strain 
COL that impact on the expression of resistance 
to methicillin. Microb Drug Resist 5, 163–175.

16 Gokulan K, Rupp B, Pavelka Jr MS, Jacobs Jr WR, 
Sacchettini JC, (2003) Crystal structure of Mycobac-
terium tuberculosis diaminopimelate decarboxylase, 



72

an essential enzyme in bacterial lysine biosynthesis. 
J Biol Chem 278, 18588–18596.

17 Girodeau JM, Masson M, Rol P, Agouridas C & 
Goffic F Le (1986) The lysine pathway as a target for 
a new genera of synthetic antibacterial antibiotics? 
J Med Chem 29, 1023–1030.

18 Crowther JM, Cross PJ, Oliver MR, Leeman 
MM, Bartl AJ, Weatherhead AW, North RA, 
Donovan KA, Griffin MDW, Suzuki H, Hudson 
AO, Kasanmascheff M & Dobson RCJ (2019) 
Structure-function analyses of two plant meso- 
diaminopimelate decarboxylase isoforms reveal 
that active-site gating provides stereochemical 
control. J Biol Chem 294, 8505–8515.

19 Hu T, Wu D, Chen J, Ding J, Jiang H & Shen X 
(2008) The catalytic intermediate stabilized by a 

“down” active site loop for diaminopimelate de-
carboxylase from Helicobacter pylori. J Biol Chem 
283, 21284–21293.

20 Son HF & Kim KJ (2018) Structural basis for 
substrate specificity of meso-diaminopimelic acid 
decarboxylase from Corynebacterium glutamicum. 
Biochem Biophys Res Commun 495, 1815–1821.

21 Weyand S, Kefala G, Svergun DI & Weiss MS (2009) 
The three-dimensional structure of diaminopimel-
ate decarboxylase from Mycobacterium tuberculosis 
reveals a tetrameric enzyme organisation. J Struct 
Funct Genomics 10, 209–217.

22 Grishin NV, Phillips MA & Goldsmith EJ (1995) 
Modeling of the spatial structure of eukaryotic 
ornithine decarboxylases. Protein Sci 4, 1291–1304.

23 Schneider G, Käck H & Lindqvist Y (2000) The man-
ifold of vitamin B6 dependent enzymes. Structure 8, 
1–6.

24 Jansonius JN (1998) Structure, evolution and 
action of vitamin Bs-dependent enzymes Johan 
N Jansonius. Curr Opin Struct Biol 8, 759–769.

25 Kern AD, Oliveira MA, Coffino P & Hackert 
ML (1999) Structure of mammalian ornithine 
de carboxy lase at 1.6 Å resolution: Stereochem-
ical implications of PLP-dependent amino acid 
decarboxy lases. Structure 7, 567–581.

26 Peverelli MG, Da Costa TPS, Kirby N & Perugini MA 
(2016) Dimerization of bacterial diaminopimelate 
decarboxylase is essential for catalysis. J Biol Chem 
291, 9785–9795.

27 Kidron H, Repo S, Johnson MS & Salminen TA (2007) 
Functional classification of amino acid decarboxy-
lases from the alanine racemase structural family 
by phylogenetic studies. Mol Biol Evol 24, 79–89.

28 Phillips RS, Poteh P, Krajcovic D, Miller KA & 
Hoover TR (2019) Crystal structure of D-ornithine/ 
D-lysine decarboxylase, a stereoinverting decar-
boxylase: Implications for substrate specificity 
and stereospecificity of fold III decarboxylases. 
Biochemistry 58, 1038–1042.

29 Momany C, Ghosh R & Hackert ML (1995) Struc-
tural motifs for pyridoxal-5’-phosphate binding in 
decarboxylases: An analysis based on the crystal 
structure of the Lactobacillus 30a ornithine decar-
boxylase. Protein Sci 4, 849–854.

30 Oliver MR, Crowther JM, Leeman MM, Kessans 
SA, North RA, Donovan KA, Griffin MDW, Suzuki 
H, Hudson AO, Kasanmascheff M & Dobson RCJ 
(2014) The purification, crystallization and prelim-
inary X-ray diffraction analysis of two isoforms of 
meso-diaminopimelate decarboxylase from Arabi-
dopsis thaliana. Acta Crystallogr Sect FStructural Biol 
Commun 70, 663–668.

31 Fogle EJ & Toney MD (2011) Analysis of catalytic 
determinants of diaminopimelate and ornithine 
decarboxylases using alternate substrates. Biochim 
Biophys Acta - Proteins Proteomics 1814, 1113–1119.

32 Liang J, Han Q, Tan Y, Ding H & Li J (2019) Current 
advances on structure-function relationships of 
pyridoxal 5’-phosphate-dependent enzymes. Front 
Mol Biosci 6, 1–21.

33 Nelson KE, Clayton RA, Gill SR, Gwinn ML, Dodson 
RJ, Haft DH, Hickey EK, Peterson JD, Nelson WC, 
Ketchum KA, McDonald L, Utterback TR, Malek JA, 
Linher KD, Garrett MM, Stewart AM, Cotton MD, 
Pratt MS, Phillips CA, Richardson D, Heidelberg 
J, Sutton GG, Fleischmann RD, Eisen JA, White 
O, Salzberg SL, Smith HO, Venter JC & Fraser CM 
(1999) Evidence for lateral gene transfer between 
archaea and bacteria from genome sequence of 
Thermotoga maritima. Nature 399, 323–329.

34 Huber R, Langworthy TA, Konig H, Thomm M, Wo-
ese CR, Sleytr UB & Stetter KO (1986) Thermotoga 
maritima sp. nov. represents a new genus of unique 
extremely thermophilic eubacteria growing up to 
90°C. Arch Microbiol 144, 324–333.

35 Turk SCHJ, Kloosterman WP, Ninaber DK, Kolen 
KPAM, Knutova J, Suir E, Schürmann M, Raemak-
ers-Franken PC, Müller M, De Wildeman SMA, 
Raamsdonk LM, Van Der Pol R, Wu L, Temudo MF, 
Van Der Hoeven RAM, Akeroyd M, Van Der Stoel 
RE, Noorman HJ, Bovenberg RAL & Trefzer AC 
(2016) Metabolic engineering toward sustainable 
production of nylon-6. ACS Synth Biol 5, 65–73.

36 Robert X & Gouet P (2014) Deciphering key fea-
tures in protein structures with the new ENDscript 
server. Nucleic Acids Res 42, 320–324.

37 Li Z, Natarajan P, Ye Y, Hrabe T & Godzik A (2014) 
POSA: A user-driven, interactive multiple protein 
structure alignment server. Nucleic Acids Res 42, 
240–245.

38 Laskowski RA & Swindells MB (2011) LigPlot+: 
Multiple ligand–protein interaction diagrams for 
drug discovery. J Chem Inf Model 51, 2778–2786.

39 Smithson DC, Shelat AA, Baldwin J, Phillips MA & 
Guy RK (2010) Optimization of a non-radioactive 



3

73

high-throughput assay for decarboxylase enzymes. 
Assay Drug Dev Technol 8, 175–185.

40 Ericsson UB, Hallberg BM, DeTitta GT, Dekker 
N & Nordlund P (2006) Thermofluor-based 
high-throughput stability optimization of proteins 
for structural studies. Anal Biochem 357, 289–298.

41 Krieger E, Koraimann G & Vriend G (2002) In-
creasing the precision of comparative models with 
YASARA NOVA-a self-parameterizing force field. 
Proteins Struct Funct Bioinforma 47, 393–402.

42 Krieger E, Joo K, Lee J, Lee J, Raman S, Thompson 
J, Tyka M, Baker D & Karplus K (2009) Improving 
physical realism, stereochemistry, and side-chain 
accuracy in homology modeling: Four approaches 
that performed well in CASP8. Proteins Struct Funct 
Bioinforma 77, 114–122.

43 Wang J, Wolf RM, Caldwell JW, Kollman PA & Case 
DA (2004) Development and testing of a general 
Amber force field. J Comput Chem 25, 1157–1174.

44 Klamt A (1995) Conductor-like screening model for 
real solvents: A new spproach to the quantitative 
calculation of solvation phenomena. J Phys Chem 
99, 2224–2235.

45 Jakalian A, Jack DB & Bayly CI (2002) Fast, efficient 
generation of high-quality atomic charges. AM1-
BCC model: II. Parameterization and validation. 
J Comput Chem 23, 1623–1641.

46 Richter F, Leaver-Fay A, Khare SD, Bjelic S & Baker 
D (2011) De novo enzyme design using Rosetta3. 
PLoS One 6, 19230.

47 Krieger E, Darden T, Nabuurs SB, Finkelstein A & 
Vriend G (2004) Making optimal use of empirical 
energy functions: Force-field parameterization 
in crystal space. Proteins Struct Funct Genet 57, 
678–683.

48 Krieger E & Vriend G (2014) YASARA View — mo-
lecular graphics for all devices - from smartphones 
to workstations. Bioinformatics 30, 2981–2982.

49 Krieger E & Vriend G (2015) New ways to boost 
molecular dynamics simulations. J Comput Chem 
36, 996–1007.

50 Essmann U, Perera L, Berkowitz ML, Darden T, Lee 
H & Pedersen LG (1995) A smooth particle mesh 
Ewald method. J Chem Phys 103, 8577–8593.

51 Berendsen HJC, Postma JPM, van Gunsteren WF, 
DiNola A & Haak JR (1984) Molecular dynamics 
with coupling to an external bath. J Chem Phys 81, 
3684–3690.

52 Eliot AC & Kirsch JF (2004) Pyridoxal phosphate 
enzymes: mechanistic, structural, and evolutionary 
considerations. Annu Rev Biochem 73, 383–415.

53 Grishin D V, Zhdanov DD, Pokrovskaya M V & 
Sokolov NN (2020) D-amino acids in nature, ag-
riculture and biomedicine. Front Life Sci 13, 11–22.

54 Zhou X, Jin X, Medhekar R, Chen X, Dieckmann T & 
Toney MD (2001) Rapid kinetic and isotopic studies 

on dialkylglycine decarboxylase. Biochemistry 40, 
1367–1377.

55 Toney MD (2005) Reaction specificity in pyridoxal 
phosphate enzymes. Arch Biochem Biophys 433, 
279–287.

56 Achenbach-Richter L, Gupta R, Stetter KO & 
Woese CR (1987) Were the original eubacteria 
thermophiles? Syst Appl Microbiol 9, 34–39.

57 Schneider J & Wendisch VF (2011) Biotechnolog-
ical production of polyamines by bacteria: Recent 
achievements and future perspectives. Appl 
Microbiol Biotechnol 91, 17–30.

58 Yamazaki M, Katayama K, Bunsupa S, Saito K, 
Ikeura E, Toyooka K, Oikawa A, Oa W, Bunsupa 
S, Katayama K, Ikeura E, Oikawa A, Toyooka K, 
Saito K & Yamazaki M (2012) Lysine decarboxylase 
catalyzes the first step of quinolizidine alkaloid bio-
synthesis and coevolved with alkaloid production 
in Leguminosae. Plant Cell 24, 1202–1216.

59 Mimitsuka T, Sawai H, Hatsu M & Yamada K (2007) 
Metabolic engineering of Corynebacterium glutam-
icum for cadaverine fermentation. Biosci Biotechnol 
Biochem 71, 2130–2135.

60 Kind S, Neubauer S, Becker J, Yamamoto M,  Völkert 
M, Von Abendroth G, Zelder O &  Wittmann C 
(2014) From zero to hero — Production of bio-
based nylon from renewable resources using 
engineered Corynebacterium glutamicum. Metab 
Eng 25, 113–123.

61 Qian ZG, Xia XX & Lee SY (2009) Metabolic en-
gineering of Escherichia coli for the production 
of putrescine: A four carbon diamine. Biotechnol 
Bioeng 104, 651–662.

62 Sonnleitner B & Fiechter A (1983) Advantages of 
using thermophiles in biotechnological processes: 
expectations and reality. Trends Biotechnol 1, 
74–80.

63 Kelland JG, Palcic MM, Pickard MA & Vederas 
JC (1985) Stereochemistry of lysine formation by 
meso-diaminopimelate decarboxylase from wheat 
germ: Use of 1H-13C NMR shift correlation to de-
tect stereospecific deuterium labeling. Biochemistry 
24, 3263–3267.

64 Jackson LK, Brooks HB, Osterman AL, Goldsmith 
EJ & Phillips MA (2000) Altering the reaction 
specificity of eukaryotic ornithine decarboxylase. 
Biochemistry 39, 11247–11257.

65 Bach RD, Canepa C & Glukhovtsev MN (1999) 
Influence of electrostatic effects on activation 
barriers in enzymatic reactions: Pyridoxal 5’-phos-
phate-dependent decarboxylation of α-amino 
acids. JACS 121, 6542–6555.

66 Toney MD (2001) Computational studies on non-
enzymatic and enzymatic pyridoxal phosphate 
catalyzed decarboxylations of 2-aminoisobutyrate. 
Biochemistry 40, 1378–1384.



74

67 Sirin S, Kumar R, Martinez C, Karmilowicz MJ, 
Ghosh P, Abramov YA, Martin V & Sherman W 
(2014) A computational approach to enzyme 
design: Predicting ω-aminotransferase catalytic 
activity using docking and MM-GBSA scoring. 
J Chem Inf Model 54, 2334–2346.

68 Han S-W, Kim J, Cho H-S & Shin J-S (2017) Active 
site engineering of ω-transaminase guided by 
docking orientation snalysis and virtual activity 
screening. ACS Catal 7, 3752–3762.

69 Voss M, Das D, Genz M, Kumar A, Kulkarni N, 
Kustosz J, Kumar P, Bornscheuer UT & Höhne 
M (2018) In silico based engineering approach to 
improve transaminases for the conversion of bulky 
substrates. ACS Catal 8, 11524–11533.

70 Seo JH, Hwang JY, Seo SH, Kang H, Hwang 
BY & Kim BG (2012) Computational selection, 
identification and structural analysis of ω-amino-
transferases with various substrate specificities 
from the genome sequence of Mesorhizobium 
loti MAFF303099. Biosci Biotechnol Biochem 76, 
1308–1314.



3

75

Supporting Information

Figure S1: Rotamer libraries of PLP-bound substrates meso-DAP and (R)-APA. External aldimine intermediate 
of A: meso-DAP, and B: (R)-APA. 

Figure S2: DAPDC dimer of T. maritima in different perspectives. A: C-terminus of one monomer wrapped 
around the other like two right-handed mittens. B: Side perspective with a large water exposed area and a 
tunnel towards the active site (pink). C: 180° rotation in respect of panel A. The active site is water exposed 
Both monomers contribute to the active site geometry. PLP in yellow with active site in pink.
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Table S1: Oligonucleotides used for cloning 

Oligonucleotide Oligonucleotide sequence (5’ to 3’)
389_LysATma-F AACCCCATGGACATCCTGAGAAAGG
389_LysATma-H6-R CGCCACCACTTTGTACAAGAATTCTTAGTGATGGTGATGATGATGCATAACCACATCC
TmaH6 E315F_F CCCTCTGTGCtttAGCGGTGATGTTATTGCTTACG
TmaH6 E315F_R CGTAAGCAATAACATCACCGCTaaaGCACAGAGGG
TmaH6 E315L_F CCCTCTGTGCctgAGCGGTGATGTTATTGCTTACG
TmaH6 E315L_R CGTAAGCAATAACATCACCGCTcagGCACAGAGGG
TmaH6 E315I_F CCCTCTGTGCattAGCGGTGATGTTATTGCTTACG
TmaH6 E315I_R CGTAAGCAATAACATCACCGCTaatGCACAGAGGG
TmaH6 E315V_F CCCTCTGTGCgtgAGCGGTGATGTTATTGCTTACG
TmaH6 E315V_R CGTAAGCAATAACATCACCGCTcacGCACAGAGGG
TmaH6 E315M_F CCCTCTGTGCatgAGCGGTGATGTTATTGCTTACG
TmaH6 E315M_R CGTAAGCAATAACATCACCGCTcatGCACAGAGGG
TmaH6 E315P_F CCCTCTGTGCccgAGCGGTGATGTTATTGCTTACG
TmaH6 E315P_R CGTAAGCAATAACATCACCGCTcggGCACAGAGGG
TmaH6 E315T_F CCCTCTGTGCaccAGCGGTGATGTTATTGCTTACG
TmaH6 E315T_R CGTAAGCAATAACATCACCGCTggtGCACAGAGGG
TmaH6 E315A_F CCCTCTGTGCgcgAGCGGTGATGTTATTGCTTACG
TmaH6 E315A_R CGTAAGCAATAACATCACCGCTcgcGCACAGAGGG
TmaH6 E315Y_F CCCTCTGTGCtatAGCGGTGATGTTATTGCTTACG
TmaH6 E315Y_R CGTAAGCAATAACATCACCGCTataGCACAGAGGG
TmaH6 E315H_F CCCTCTGTGCcatAGCGGTGATGTTATTGCTTACG
TmaH6 E315H_R CGTAAGCAATAACATCACCGCTatgGCACAGAGGG
TmaH6 E315Q_F CCCTCTGTGCcagAGCGGTGATGTTATTGCTTACG
TmaH6 E315Q_R CGTAAGCAATAACATCACCGCTctgGCACAGAGGG
TmaH6 E315N_F CCCTCTGTGCaacAGCGGTGATGTTATTGCTTACG
TmaH6 E315N_R CGTAAGCAATAACATCACCGCTgttGCACAGAGGG
TmaH6 E315K_F CCCTCTGTGCaaaAGCGGTGATGTTATTGCTTACG
TmaH6 E315K_R CGTAAGCAATAACATCACCGCTtttGCACAGAGGG
TmaH6 E315D_F CCCTCTGTGCgatAGCGGTGATGTTATTGCTTACG
TmaH6 E315D_R CGTAAGCAATAACATCACCGCTatcGCACAGAGGG
TmaH6 E315C_F CCCTCTGTGCtgcAGCGGTGATGTTATTGCTTACG
TmaH6 E315C_R CGTAAGCAATAACATCACCGCTgcaGCACAGAGGG
TmaH6 E315W_F CCCTCTGTGCtggAGCGGTGATGTTATTGCTTACG
TmaH6 E315W_R CGTAAGCAATAACATCACCGCTccaGCACAGAGGG
TmaH6 E315R_F CCCTCTGTGCcgtAGCGGTGATGTTATTGCTTACG
TmaH6 E315R_R CGTAAGCAATAACATCACCGCTacgGCACAGAGGG
TmaH6 E315S_F CCCTCTGTGCagcAGCGGTGATGTTATTGCTTACG
TmaH6 E315S_R CGTAAGCAATAACATCACCGCTgctGCACAGAGGG
TmaH6 E315G_F CCCTCTGTGCggcAGCGGTGATGTTATTGCTTACG
TmaH6 E315G_R CGTAAGCAATAACATCACCGCTgccGCACAGAGGG
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Table S2: Sequence identities (%) determined with the POSA server [38] for DAPDCs with known crystal 
structure. 

2yxx 
T. ma

6n2f
A. th

5x7m
C. gl

4xg1 
P .in

2p3e 
A. ae

1twi 
M.ja

3n2b 
V. ch

3vab 
B. me

1hkv 
M. tu

1knw
 E.co

2qgh
H. py

2yxx - 32.1 30.3 30.1 35.7 35.4 32.6 34.8 29.9 28.4 35.5

6n2f 32.1 - 25.2 30.8 33.8 30.1 32.1 32.4 24.2 25.5 31.7

5x7m 30.3 25.2 - 25.6 31.6 27.7 28.1 27.7 57.3 24.9 28.0

4xg1 30.1 30.8 25.6 - 44.4 36.9 56.2 44.7 24.4 27.1 39.9

2p3e 35.7 33.8 31.6 44.4 - 38.8 41.7 42.0 30.3 28.7 41.8

1twi 35.4 30.1 27.7 36.9 38.8 - 34.4 35.3 29.4 26.2 37.9

3n2b 32.6 32.1 28.1 56.2 41.7 34.4 - 48.3 26.0 26.3 42.2

3vab 34.8 32.4 27.7 44.7 42.0 35.3 48.3 - 31.9 29.1 41.7

1hkv 29.9 24.2 57.3 24.4 30.3 29.4 26.0 31.9 - 23.3 26.5

1knw 28.4 25.5 24.9 27.1 28.7 26.2 26.3 29.1 23.3 - 29.4

2qgh 35.5 31.7 28.0 39.9 41.8 37.9 42.2 41.7 26.5 29.4 -

Figure S3: Structural alignment of DAPDCs. In opaque grey are the crystal structures of the following DAPDCs: 
1KNW (E. coli); 5X7M (C. glutamicum); 1HKV (M. tuberculosis); 6N2F (A. thaliana); 1TWI (M. jannashii); 2QGH (H. 
pylori); 2P3E (A. aeolicus); 3VAB (B. melitensis); 3N2B (V. cholerae); 4XG1 (P. ingrahamii) and in purple the reference 
structure 2YXX (T. maritima). The secondary structure is highly conserved: RMSD 1.7Å.
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Figure S4: Sequence alignment of 11 different DAPDCs. 2YXX: T. maritima; 1KNW: E. coli; 5X7M: C.  glutamicum; 
1HKV: M. tuberculosis; 6N2F: A. thaliana; 1TWI: M. jannaschii; 2QGH: H. pylori; 2P3E: A. aeolicus; 3VAB: B. mel-
itensis; 3N2B: V. cholerae; 4XG1: P. ingrahamii. Identical residues are marked in red. Residues marked with 

* belong to the active site. Other conserved motifs contribute to formation of the (α/β)8-TIM barrel or to PLP 
binding, like HI/VGS (179–182), the glycine-rich region (212–214), EI/PGRS (246–249), and GAY (341–343).

*

* *

*
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Figure S5: Reductive SDS-PAGE gel of IMAC-purified mutant DAPDCs studied.
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Figure S7: Docking poses overlap of the (R)-APA external aldimine docked in DAPDC obtained by Rosetta. 
A and C: (R)2-APA in wild-type DAPDC (E315E). B and D: (R)2-APA in mutant E315T. In both variants (E315E 
and E315T), salt bridges are present between the distal carboxylate of (R)-2-APA and two active site arginine 
residues, Arg429 and Arg286. For enzyme variant E315T, Rosetta produced structures where the catalytic lysine 
Lys46 adopts a conformation that positions its ε-amino group closer to the atom Cα, making the electrophilic 
substitution more likely to occur than in E315E. In E315T, the ε-amino group of Lys46 forms a hydrogen bond 
with the hydroxyl group of Thr315.
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Figure S8: Conformations adopted by the catalytic Lys46 in docking and MD simulations. Binding poses 
are predominantly determined by the conformation of Lys46 (d1, θ1). A: All Lys46 conformations produced in 
the docking stage (denoted in yellow, green, magenta, and cyan colors) could evolve during the equilibration 
stage to become either one of three distinct conformations. B: The three Lys46 conformations, denoted as 
MC1-MC3, had distinct distances to the Cα atom. Conformations MC1-MC3 were adopted from the early 
equilibration stage, and rarely interchanged during the short MD run. C: Heatmap of the population of the 
Lys46 conformations found in the trajectories. Conformation MC1 produced more reactive binding poses than 
MC2 and MC3. Mutants with higher percentage of reactive binding poses simply have a larger population of 
MC1 conformations (Fig. 8).
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Abstract

D-amino acids are rare in nature and their synthesis is challenging. Bac-
terial diaminopimelate dehydrogenases reductively aminate a prochiral 
α-keto group of a ketoacid to produce an (R)-configured α-amino acid and 
thereby generate D-amino acid stereocenters. We used computational 
library design with Rosetta CoupledMoves to engineer the selectivity 
of diaminopimelate dehydrogenase from Symbiobacterium thermophilum. 
Solubility engineering was studied as well, with four different approaches 
and 74 mutant variants. The overall goal was to obtain an enzyme 
capable of converting α-ketopimelic acid to (R)-D-2-aminopimelic acid 
in order to integrate it in a pathway that proceeds towards the nylon-6 
precursor 6-aminohexanoic acid via a metabolically stable D-amino acid. 
Ranking of computationally predicted dehydrogenase designs was done 
based on differences in frequencies of occurrence among sets of design 
solutions for the target substrate and the native substrate. Activity 
towards D-2-aminopimelic acid by the native enzyme was not detectable, 
but computational predictions suggested activity may be obtained by 
simultaneous mutagenesis at up to four different positions. Laboratory 
testing of 74 mutants resulted in 8 variants with the desired activity. Two 
of these redesigned dehydrogenase variants were found to function in an 
in vivo artificial cascade reaction that converted α-ketoglutarate, a citric 
acid cycle intermediate, to 6-aminohexanoic acid, which can be converted 
to caprolactam. The results demonstrate the potential of computational 
enzyme redesign for producing an enzyme that can be applied in an 
engineered metabolic pathway for synthesis of a nylon precursor. 
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Introduction

Meso-2,6-diaminopimelate (meso-DAP) is a bac-
terial cell wall precursor and an intermediate 
in the biosynthesis of L-lysine in various pro-
karyotes and plants. Meso-DAP is synthesized 
by NADPH-dependent reductive amination of 
L-2-amino-6-oxopimelate (Fig. 1A), a reversible 
reaction that is catalyzed by diaminopimelate 
dehydrogenase (DAPDH; EC 1.4.1.16) [1]. Due 
to its rare ability to synthesize amino acids with 
(R)-D-stereocenters, the enzyme can play a role 
in the biosynthetic production of D-amino acid 
containing compounds like antibiotics or other 
biogenic amines with (R)-configuration [2]. 

DAPDHs have been isolated from various bac-
teria, such as Bacillus sphaericus, Ureibacillus ther-
mosphaericus, and Corynebacterium glutamicum 
[1,3,4]. Recently, the DAPDH originating from 
the thermophilic organism Symbiobacterium ther-
mophilum was studied by X-ray crystallography, 
elucidating structural details and the mechanism 
of its reductive amination reaction [5–8]. The 
enzyme has a homohexameric structure and is 
highly thermostable [9]. The crystal structures 
suggested significant movements within the 
monomers upon cofactor and substrate binding 
(pdb 3WB9, 3WBB and 3WBF) [6]. In the active 
site of the monomer, one can distinguish a D-site 
for binding meso-DAP’s proximal (R)-D-center 
that is formed by reductive amination and an 
L-site that accommodates the non-reacting distal 
S-configured group. 

Most DAPDHs have a very narrow substrate 
scope, but it appears possible to expand their 
substrate range by protein engineering. The 
substrate range of DAPDH from C. glutamicum 
was modified by Vedha-Peters et al. [10] using 
directed evolution and rational mutagenesis 
of residues that interact with the substrate in 
the distal L-site. The best mutants showed a 
remarkable increase in activity with substrates 
other than meso-DAP [11]. The meso-DAPDH 
from S. thermophilum (StDAPDH) exhibits a 
broader range of action when compared to other 
meso-DAPDHs of its class [5,12]. Mutagenesis 

studies by Gao et al. on StDAPDH, at positions 
surrounding the L-site, showed an increased ac-
tivity for amination of phenylpyruvate, allowing 
production of D-Phe [7]. The substitutions did 
not impair the excellent stereopreference at the 
D-site [7]. Additionally, Cheng et al. introduced 
two mutations in the L-site of StDAPDH and 
obtained activity with the 2-ketoacids phenyl-
glyoxylic acid, 2-oxo-4-phenylbutyric acid, and 
indole-3-pyruvic acid [13]. Structure-based 
engineering of Ureibacillus thermosphaericus 
DAPDH generated a mutant with enhanced 
activity in the synthesis of D-phenylalanine 
[14]. These results show that residues contrib-
uting to enzyme- substrate interactions at the 
L-site can be targeted for engineering DAPDH 
towards new substrates. They present mutants 
with enhanced activity in the conversion or 
synthesis of amino acids with apolar or amino 
functionality in the side chain, but not with side 
chains carrying carboxylate functionality such as 
D-2-aminopimelic acid (D-APA) (Fig. 1B).

Tailoring enzyme properties using computa-
tional design and computer simulations is an 
emerging trend as it may offer opportunities 
for modification of enzyme selectivity while 
reducing the amount of labor-intensive screening 
that is typically required in protocols employing 
random mutagenesis [15]. The applications 
of computational redesign of enzyme activity 
include metabolic engineering. For example, a 
P450 was engineered to function in a metabolic 
route towards artemisinin and a benzaldehyde 
lyase was engineered to couple two carbon 
dioxide molecules to formaldehyde, enabling 
a novel CO2 fixation pathway [16,17]. Different 
computational approaches can be used for en-
zyme redesign, of which most are based solely 
on molecular mechanics modelling [18–20]. 
Molecular dynamics (MD) simulations can oc-
casionally be applied to screen enzyme variants 
for improved catalytic properties [21–23].

The goal of the work reported here is to modify 
the selectivity of StDAPDH and explore its func-
tioning in an alternative metabolic pathway to-
wards 6-aminocaproic acid (6-ACA). This pathway 
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would proceed via a D-amino acid intermediate, 
which isolates it from L-amino acid metabolism, 
and finish with a decarboxylase reaction, which 
makes it irreversible (Fig. 1B). To modify DAPDH 
selectivity, we used the Rosetta CoupledMoves 
application [24,25], which differs from similar 
applications for enzyme redesign in that it allows 
both the backbone and the side chains to move 
simultaneously during the search for optimized 
enzyme variants [18–20,24]. Backbone flexibility 
is modeled using local backrub type motions 
of the protein during the search [26]. This has 
been described to give better recapitulation of 
native active sites and better modelling of known 
mutations that boost activity than computational 
protocols that optimize backbone and side chain 
in separate steps [15,18]. 

 In the current work, the starting compound 
was 2-ketopimelic acid, which can be produced 
via an artificial biosynthetic pathway and should 
be converted to D-2-aminopimelic acid (D-APA). 
The latter is an analog of the native DAPDH 
product meso-DAP but lacks the non-reactive 
(distal) L-amino function (Fig. 1B). The conver-
sion of 2-ketopimelic acid to D-APA is of special 
interest for the biotechnological production of 
6-aminocaproic acid (6-ACA), the industrial 

precursor of caprolactam which is polymerized 
to produce nylon-6. For the conversion of 6-ACA 
to caprolactam, several enzymatic reactions are 
under consideration [27–29]. An artificial biosyn-
thetic pathway in E. coli towards 6-ACA has been 
described by Turk et al. [30]. This pathway uses 
the TCA-cycle intermediate 2-ketoglutarate as a 
starting point. A set of heterologously expressed 
enzymes catalyze one-carbon extensions of 
2-ketoglutarate to produce said 2-ketopimelate 
as an intermediate. Next, the decarboxylase KdcA 
from Lactobacillus lactis converts 2-ketopimelate 
to 6-oxohexanoate, which is converted by the 
ω-aminotransferase from Vibrio fluvialis to form 
6-ACA (Fig. 2, left branch). This pathway suffers 
from accumulation of unwanted chain-elongated 
side products leading away from 6-oxohexanoate 
[30]. A main side product is adipic acid, which 
can be formed by oxidation of 6-oxohexanoate.

The formation of these undesired side prod-
ucts could possibly be reduced by designing a 
pathway that uses an alternative route with 
D-APA as the intermediate (Fig. 2, right branch). 
This route would incorporate the amine group in 
a 2-ketoacid, which should be less reactive than 
the aldehyde of the 6-oxohexanoic acid pathway. 
Furthermore, most endogenous E. coli enzymes 

Figure 1: Reactions catalyzed by DAPDH and desired variants thereof. A: natural biosynthesis of L-lysine via 
meso-DAP; B: designed reaction sequence from α-2-ketopimelic acid to 6-aminohexanoic acid via D-APA. In 
both cascades, the dehydrogenase creates an (R)-stereocenter in the first step while a stereoselective (D)-amino 
acid decarboxylase (DC) produces the corresponding amine in the second step. 
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acting on amino acids are L-selective; thus, 
introducing a D-amino acid as an intermediate 
might further suppress side product formation. 
Recently, we developed a meso-diaminopimelate 
decarboxylase from Thermotoga maritima (TmDC) 
to accept D-APA as a substrate for decarboxyl-
ation (Marjanović et al., in preparation; Chapter 3 
of this thesis). This enzyme can serve in the 
last step of such an alternative route to 6-ACA 
(Fig. 2, right branch). The use of meso-DAPDH 
in a route towards 6-ACA synthesis would thus 
consist of conversion of 2-ketopimelic acid to 
D-APA by an engineered meso-DAPDH followed 
by conversion of D-APA to 6-aminocaproic acid 
by a decarboxylase (Fig. 1B).

We hypothesized that changing the active site 
residues interacting with the distal amino group 
in the L-site of DAPDH from Symbiobacterium 
thermophilum will not destroy activity or alter 
the stereoselectivity at the reaction site [7], and 
that this stable enzyme may be a good start-
ing point for engineering a dehydrogenase to 

incorporate an amino group into 2-ketopimelate. 
With Rosetta CoupledMoves, we examined the 
sequence and conformational space accessible 
by such localized mutagenesis for solutions and 
evaluated whether they predicted to shift the 
substrate preference towards the substrate/
product pair 2-ketopimelate/D-APA and away 
from the native pair L-2-amino-6-oxopimelate/
meso-DAP. By testing several designs in the 
laboratory, we discovered multiple variants that 
accepted D-APA which is not accepted as a 
substrate by the natural enzyme. Subsequently, 
two of these engineered enzymes were found 
to be functional in the envisioned alternative 
pathway via D-APA. 

Materials and Methods

Computational library design. Rosetta Coupled-
Moves [24] was used to suggest combinations 
of mutations that are likely to increase the rate 

Figure 2: Two 2-ketopimelate based pathways towards 6-aminohexanoic acid [30]. The TCA cycle intermediate 
2-ketoglutarate is extended by a cascade of enzymes to form 2-ketopimelate. Next, 2-ketopimelate is decarbox-
ylated by KdcA from L. lactis to the aldehyde, 6-oxohexanoic acid. An aminotransferase (from V. fluvialis) converts 
6-oxohexanoic acid to 6-aminohexanoic acid. Next to the main product 6-ACA, endogenous enzymes oxidize it 
to adipic acid. The alternative cascade (boxed) consists of mutants of StDAPDH and a decarboxylase (DC) from 
T. maritima to perform first a reductive amination reaction followed by a decarboxylation step leading to 6-ACA.
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of 2-ketopimelate to D-APA interconversion. 
Rosetta version 57698 was used. Subunit A of 
3WBF was taken as a starting point for the mod-
eling because it represents the ternary Michaelis 
complex of StDAPDH with meso-DAP and NADP⁺ 
simultaneously bound [31]. The D-APA product 
was modeled by removing the distal amine from 
the bound meso-DAP. 

The command line options used for 
CoupledMoves were: -nstruct 600 
-constraints::cst_fa_weight 2 
-coupled_moves::initial_repack false; 
coupled_moves::min_pack false 

-coupled_moves::mc_kt 0.9; 
-coupled_moves::mm_bend_weight 1.0 
-coupled_moves::ntrials 10000; 
coupled_moves::ligand_mode true 

-coupled_moves::ligand_prob 0.3; 
-coupled_moves::ligand_weight 2.0 
-coupled_moves::fix_backbone false; 
coupled_moves::uniform_backrub false 

-coupled_moves::bias_sampling true; 
coupled_moves::bump_check true 

-coupled_moves::save_structures true 
-use_input_sc; -ex1 -ex2 -ex3 -extrachi_cutoff 0 
-no_his_his_pairE. 

The “-coupled_moves::ntrials 10000” option 
indicates that 10,000 trials, together a trajectory, 
were done per set of calculations. This parameter 
was set to 1000 in cases where only a single po-
sition was allowed to mutate (i.e. when follow-up 
calculations were run on successful designs). The 

“-nstruct 600” option indicates that the calcula-
tions are run 600 times, each with the given set-
tings and 10,000 or 1000 trials. Calculations were 
run for 600 times because this was sufficient 
to get reasonable convergence of the results 
(Fig. S1). To improve speed, the calculations were 
mostly run in parallel. This was done by setting 
up a number of identical directories, in which 
the number of trajectories (keyword -nstruct) 
was decreased correspondingly (e.g. when the 
calculation was done on 60 different directo-
ries, -nstruct 600 was changed to -nstruct 10, 
giving 10 trajectories per directory). The results 
of such pooled calculations were found to be 

indistinguishable from results run without 
parallelization. The –nstruct value was also 
varied to evaluate convergence. If substitutions 
were allowed at a position, the search diversity 
included the wild-type and the hydrophobic 
amino acids (AGWFYILVM). In addition to the 
target position, a set of neighboring residues (94, 
121, 123, 130, 144, 145, 147, 150, 151, 152, 154, 
181, 227, 229, 231, and 253) were set as flexible 
to accommodate changes in protein backbone 
geometry due to the mutations. Example files 
that allow redoing the entire calculation are 
supplied in the Supporting Information. 

Design calculations were always performed 
both with meso-DAP product and D-APA. For 
each generated unique combination of mutations 
(further referred to as a design), we determined 
the fraction of occurrence among the complete 
set of solutions found for both of the substrates. 
For each design solution, we subsequently com-
puted its percentage enrichment (PE):

PE = (Fa−Fd) × 100% (Equation 1)

in which Fa is the fraction of occurrence of a 
design within a series of design calculations that 
were carried out while the modeled substrate was 
D-APA and Fd is the corresponding fraction for 
the same design in the corresponding calculations 
that were done with meso-DAP. Analogous equa-
tions were used previously to evaluate the results 
of Rosetta CoupledMoves [15,20]. The PE was 
used to assess the design solutions, with variants 
that had the highest PE receiving the highest rank. 
It might also be intuitive to rank mutants by the 
logarithm of Fa/Fd, as this allows ranking on an 
energy scale by analogy to the Boltzmann distri-
bution law [32]. However, this could attribute a 
high ranking score to variants that are very rare in 
both sets due to Fd approaching zero. In no case 
were mutations added, removed, or combined 
rationally at the stage of visual inspection after 
the design calculations [33]. 

Stabilizing interface mutations were selected 
using the FRESCO method [34] while selecting 
only residues at the subunit-subunit interface 
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and rationally combining the least risky mu-
tations. To alter the net charge of the protein 
(so-called supercharging), mutants were designed 
using the Rosetta SuperCharge application [35] 
with the command line options -use_input_sc 

-ignore_unrecognized_res -surface_residue_ cutoff 
16 -include_asp -include_glu -refweight_asp -0.6 
-refweight_glu -0.8 -target_net_charge_active 
true -dont_mutate_glyprocys true -dont_mutate_ 
correct_charge true -dont_mutate_hbonded_
sidechains true -symmetry -target_net_charge 
X, in which X was the desired net charge, which 
itself was varied to obtain the different mutants. 
Silent mutations were introduced to slow protein 
translation specifically after transcribing the first 
and second enzyme domain and thereby give 
more time for proper folding of these domains. 
Only leucine codons were altered since the 
changes of those codons are predicted to give 
the strongest effects on translation speed while 
mRNA energy and secondary structure are not 
strongly effected [36]. Additionally, mutants 
that had been automatically generated with 
the PROSS server were visually inspected with 
protocols described in detail for the FRESCO 
method [34,37].

Construction of mutant libraries. The gene 
encoding DAPDH from Symbiobacterium thermo-
philum was purchased from GenScript. It was co-
don-optimized for expression in E. coli BL21(DE3) 
and cloned into the expression vector pET-22b(+) 
with a C-terminal His-tag using the restriction 
sites NcoI and XhoI. The protein sequence corre-
sponds to pdb 3WBF. All mutants were created 
using a modified QuikChange protocol from 
Agilent. The reaction included 1.6% DMSO and 
0.8 mM MgCl2. The primer sequences for intro-
ducing mutation at the active site are given in 
Table S1. The PCR products were digested with 
DpnI and transformed to chemically competent 
E. coli NEB-10β cells. Mutations were confirmed 
by sequencing (Eurofins). Consecutive cycles of 
QuikChange PCR were performed to add more 
mutations following the same procedure.

Expression and purification of diaminopi-
melate dehydrogenase. For a preculture E. coli 

BL21(DE3), cells were inoculated in 10 ml LB 
medium (100 μg/ml ampicillin) either directly 
from a glycerol stock or from a single colony. 
After overnight incubation at 37°C, the culture 
was diluted 1:100 in fresh TB medium (100 μg/ml 
ampicillin) and grown overnight at 30°C. The 
autoinducing properties of TB medium lead to 
a gradual induction of the gene cloned in the pET 
vector by traces of lactose and no additional in-
ducer was used [38]. The cells were harvested at 
3,000 × g at 4°C for 20–30 min and resuspended 
in lysis buffer (50 mM Tris-HCl, pH 7.4, 25 mM 
NaCl, 5% glycerol) with 1 mg/ml lysozyme (Sigma) 
and DNase I (Sigma) added, and incubated at 
37°C for 1 h. To assure full lysis, 2–3 freeze-thaw 
cycles were performed. Cell debris was removed 
by high-speed centrifugation at 30,000 × g and 
the cell-free extract was incubated with equili-
brated Ni-NTA resin (Qiagen) overnight at 4°C 
in a head-to-tail rotation. The resin was washed 
with 5 bed volumes of wash buffer (50 mM Tris-
HCl, pH 7.4, 20 mM imidazole, 250 mM NaCl, 5% 
glycerol) and bound protein was finally eluted 
with elution buffer (50 mM Tris-HCl, pH 7.4, 
500 mM imidazole, 250 mM NaCl, 5% glycerol). 
Amicon centrifugal units with a 10 kDa cut-off 
were used to exchange the buffer with dialysis 
buffer (50 mM Tris-HCl, pH 7.4, 50 mM NaCl, 5% 
glycerol) and to concentrate the protein. Protein 
content and purity were determined by the Brad-
ford assay and SDS-PAGE (15%), respectively. 

Spectrophotometric activity assays. The 
deamination of DAP and APA were followed by 
monitoring the production of NADPH, which is 
a cofactor of DAPDH, at 340 nm. The reactions 
were performed in 200 μl microtiter plates 
(100 mM Na2CO3-NaHCO3 buffer, pH 9.5, with 
2 mM NADP+). The mutant library was screened 
with 5 mM rac-DAP and 35 mM rac-APA. The 
activities were calculated from initial rates 
of NADPH formation (extinction coefficient 
6.22 mM−1cm−1).

In vivo cascade for 6-ACA production. For the 
in vivo production of 6-ACA, the E. coli strain 
eAKP672 developed by Turk et al. [30] was 
used. This particular strain is an E. coli BL21(DE3) 
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host co-transformed with plasmids pAKP444 
and pAKP96. Plasmid pAKP444 consists of a 
pMS470-based vector [39] with an ampicillin re-
sistance marker and harbors four genes incorpo-
rated under two promoters (Ptac) for expression 
of the proteins AksD, AksE, AksF, and NifV. The 
proteins AksDEF are naturally involved in the 
biosynthesis of coenzyme B and originated from 
the same methanogen Methanococcus aeolicus 
Nankai-3 [40,41] whereas the homocitrate syn-
thase NifV originates from Azotobacter vinelandii 
[42]. These four enzymes are required in the C1 
elongation, in which the TCA cycle intermediate 
2-ketoglutarate is elongated to 2-ketopimelate 
(Fig. 2) [43]. The second plasmid pAKP96 with 
the vector backbone of pBBR-lac [44] harboring 
a kanamycin resistance marker was constructed 
to express the mutants of StDAPDH as well as 
the TmDC mutant (Chapter 3) under control of a 
single Ptac promoter. The correct introduction of 
heterologous genes in the plasmid was confirmed 
by sequencing (Eurofins). After transformation of 
both plasmids into chemically competent E. coli 
BL21(DE3) strains, a pre- culture was prepared 
from a single colony or a glycerol stock in 10 ml 
LB medium containing 100 µg/ml ampicillin and 
35 µg/ml kanamycin.  After overnight incubation 
at 37°C, the culture was diluted 25-fold into 
fresh TB medium containing 100 µg/ml ampicillin 
and 35 µg/ml kanamycin and grown in tripli-
cate at 30°C for 72 h. The production of 6-ACA 
pathway intermediates was analyzed by UPLC 
(Waters Acquity UPLC HSS T3 column, 1.8 μm, 
2.1 × 100 mm) and by multiple reaction monitor-
ing (MRM) for 6-ACA formation in the positive 
ion mode (fragment 6-ACA m/z=114). The chi-
rality of the intermediate APA was investigated 
by chiral HPLC/MS using a Crownpak CR(+) 
column with isocratic elution of the enantiomers 
at 5.5 min for D-2-APA and 8.5 min for L-2-APA 
using ultra-pure water with 0.01% formic acid.

Results

Structure analysis and mutant design. To select a 
strategy for computational redesign of StDAPDH, 
the active site was examined using three crystal 
structures published by Lie et al. (3WB9, 3WBB 
and 3WBF) [6]. The targeted substrate/product 
pair, 2-ketopimelic acid and D-APA, differs from 
the native pair i.e. (S)-6-amino-2-ketopimelic 
acid and meso-DAP, by the absence of the amino 
group on the non-reacting carbon 6 (Fig. 1). Struc-
ture 3WBF was selected for inspection because it 
represents the enzyme in a closed conformation 
with the NADP+ and meso-DAP bound, the latter 
with the non-reacting distal L-amino acid func-
tionality in the distal binding site. 

Interactions in the active site suggested posi-
tions that should be included in the search space 
for computational redesign. The most prominent 
interactions of the amino group in the non-reac-
tive L-site are an electrostatic  cation-pi stacking 
with Phe146 and two hydrogen bonds with 
bridging water molecules (Wat528, Wat706). Pre-
vious studies of Gao et al. reported mutagenesis 
of Phe146 [7],[5], and this residue was included 
in the virtual search space. The water molecules 
are located in a network with other water mol-
ecules of which Wat528 interacts with Asp122 
(Fig. 3A&B). These interactions lead to a polar 
network around Asp122 and Asp126. Therefore, 
the initial library also included Asp122, Asp126, 
and Phe146. Further libraries encompassed the 
same residues with His94, Trp121, and Val229 
added. Residue His94 interacts via Wat528 with 
the distal amine of DAP (Fig. 3C), whereas Trp121 
is in a first shell position immediately next to 
the alkane chain of the substrate and Val229 
is in a second shell position and may indirectly 
contribute to substrate binding (Fig. 3C). Hydro-
phobic replacements of these residues would 
contribute further to creating an environment 
where D-APA could bind preferentially over the 
more polar meso-DAP.

Computational design strategy. The theoretical 
diversity of a 3-position saturation library would 
reach 8,000 variants, or 160,000 for a 4-position 
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Figure 3: Active site of StDAPDH. A: 2D Ligplot+ 
representation of the interactions of meso-DAP with 
the active site residues (PDB 3WBF). In the L-site, 
a network of water molecules is interacting with 
the distal amino function of meso-DAP [45]. B: 3D 
representation of the active site. NADP+ is depicted 
in orange and meso-DAP in yellow. For redesign with 
Rosetta CoupledMoves, positions D122, D126 and 
F146 (magenta) were included in the search space. 
Neighboring active site residues (green) were allowed 
to move including their protein backbone. C: H94 
interacts indirectly via a coordinated water mole-
cule (wat528 in subunit A of 3WBF) with the distal 
amino function of meso-DAP. W121, T144 and V229 
are second shell amino acids. By allowing in silico 
replacement of these residues by aliphatic residues 
an increasingly hydrophobic active site was examined.

library. For computational redesign of StDAPDH 
we considered only substitutions towards hydro-
phobic amino acids because the target substrate 
D-APA is more hydrophobic than meso-DAP. At 
the selected variable positions, simultaneous 
substitutions were allowed, including intro-
duction of the wild-type residues and the nine 
hydrophobic amino acids [24,25]. This reduced 
the theoretical library size to 103 sequences for 
the three- position library and to 104 for a four-po-
sition library. Computational selection from these 
virtual libraries of variants that may better accom-
modate the target substrate was performed with 
the Rosetta CoupledMoves application. Designs 
harboring sets of mutations that are predicted by 
CoupledMoves to be favorable were generated 
both for the natural product meso-DAP and for 

the target product D-APA. These molecules were 
placed in the active site in a reactive position with 
respect to the cofactor NADP+ according to the 
orientation observed in the X-ray structure for 
meso-DAP. Rosetta  CoupledMoves runs were 
performed as described under Material and Meth-
ods to discover variants potentially improved for 
D-APA synthesis. 

To rank the large number of variants found by 
Rosetta CoupledMoves, the enrichment percent-
age PE was used (Equation 1). PE was defined as 
the fraction of occurrence of a set of mutations 
among the total set of designs found for the 
target substrate D-APA (Fa) minus the fraction of 
occurrence of that same solution among designs 
optimized for the native substrate meso-DAP 
(Fd). This approach should disfavor variants that 
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are selected for the native substrate and which 
are therefore not expected to have mutations 
that help in converting the specificity of the 
enzyme towards the new substrate. To ensure 
that these PE scores were reproducible, we 
tested duplicate sets of design calculations 
(at positions 122|126|146) with 15–600 design 
trajectories (each with 10,000 subsequent trials) 
and checked for convergence. For these trial 
calculations, the enrichment of each mutant 
sequence of one calculation was plotted versus 
that for the duplicate calculation (Fig. S1A,B). 
The correlation between the two was quantified 
using Pearson’s R2. With increasing numbers of 
design trajectories, the resulting R2 gradually 
increased and reached a satisfactory 0.96 at 
600 design trajectories (Fig. S1C). 

Rosetta calculations for the initial library (at 
positions 122|126|146) with 600 design trajec-
tories generated 15,239 (non-unique) designs 
for meso-DAP and 14,827 for D-APA. This cor-
responds to an average of 25 (≈15,000/600) dif-
ferent designs per trajectory. All the 141 unique 
sequences were counted for occurrence (varying 
from 1 to 600 per set of trajectories, i.e. maximally 

3.9%) and sorted for enrichment by subtracting 
the frequencies for meso-DAP from those for 
D-APA (Equation 1). The highest enrichments for 
D-APA were around 1.5% (Fig. S1, Fig. 4), which 
corresponded to a sequence being recorded 
roughly 150 times more often for D-APA than 
for meso-DAP. By selecting the D-APA optimized 
designs with the highest PE, we picked 38 differ-
ent variants for laboratory evaluation in case of 
the three-position library (Fig. 4). 

Besides this three-position library, also a 
set of other variants (Table S2) was designed. 
His94, Trp121, and Val229 were added to li-
brary design to establish if extension of the 
hydrophobic environment around the L-site 
could contribute to the enrichment of variants 
accepting D-APA. For Trp121, these attempts 
were unsuccessful already in silico, as only the 
original indole side chain (Trp) was suggested 
by the design calculations. Similarly, for Val229 
only alanine was suggested which from visual 
inspection appeared not to assist in D-APA 
binding. Thus, only His94 was left, for which 
a variety of mutants was suggested both in 
4-position (94|122|126|146) and in 3-position 

Figure 4: Rosetta designs for D-APA activity. The percent enrichment (PE, Equation 1) reflects the difference 
in occurrence of a specific variant among the set of D-APA and meso-DAP primary designs. The triple mutant 
code indicates the amino acids at positions 122, 126, and 146. The wild-type code is DDF. Variants that had 
catalytic activity with D-APA are indicated with a line pattern (including FDG and ADF). 
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(94|122|146) design calculations. Furthermore, 
after screening the initial library for preliminary 
hits (see below), more follow-up variants were 
designed by allowing only His94 to mutate while 
fixing the mutations at positions 122, 126, and 
146 to amino acids that were successful in 
the prescreening (Table S1). The enrichments 
(equation 1) for D-APA of all these mutants were 
in the range of 0.18 to 2.9%, with the highest 
enrichments observed for calculations where 
only His94 was allowed to mutate. The result 
of these different design calculations were an 
additional 36 mutants that were experimentally 
characterized (Table S1). 

Experimental verification. The recombinant 
protein DAPDH from S. thermophilum is known 
to be expressed in E. coli BL21(DE3) as soluble 
protein, but around 50% of the expressed protein 
is found in inclusion bodies [5]. With adjustments 
to the previously published expression protocol 
(described in Materials and Methods), the over-
expression of DAPDH in cleared cell lysates was 
approximately 70% of the total protein amount, of 
which only about 20% was expressed in the sol-
uble fraction. The yields of soluble protein were 
between 50–100 mg/l culture. That the fraction 
of insoluble was so high protein triggered us to 
examine if the expressed protein can be made 
soluble. Several strategies were considered and 
protein content was examined on SDS-PAGE gels.

First, we tested if increasing the net charge 
of the protein could increase solubility [35,46]. 
DAPDH has a net charge of −2 per subunit. By 
site-directed mutagenesis of surface positions, 
we changed these charges stepwise to values 
ranging from −14 to +8 (Table S2). At a net charge 
of >0 per subunit, the protein became completely 
insoluble. All other charges resulted in at least 
some soluble protein. Second, we examined if 
changing the interaction between subunits by 
mutations at the subunit interface would help. 
There are two distinct subunit interfaces in 
 StDAPDH: one is quite buried and has a β-sheet 
inside and the other is more solvent exposed and 
consists mostly of coil structure. Hydrophobic 
residues were targeted to introduce mutations 

at both interfaces. Third, we examined if slow-
ing down the translation rate would increase 
soluble expression. Using the RiboTemp web 
server [47,48], regions within the protein were 
identified where introduction of a rare codon 
for leucine could increase translational atten-
uation and improve folding (Table S2). Fourth, 
we tried StDAPDH variants predicted to show 
improved solubility using the PROSS server [37]. 
Three-dimensional structures were modeled for 
each of the mutant designs predicted through 
the PROSS server and subsequently subjected 
by MD simulations. The MD-relaxed structures 
were visually inspected and most of the PROSS 
mutations were not expected to introduce 
problems. However, some mutations were 
dismissed because they introduced a negative 
charge near the phosphate of bound NADPH 
or caused unsatisfied H-bond donors or ac-
ceptors. A few also were expected to increase 
hydrophobicity at the surface or caused local 
flexibility (M223E). Together, we constructed 33 
possibly improved StDAPDH mutants (Table S2). 
Except for the surface-charge mutants with a 
net positive charge, all mutants were expressed 
giving both soluble and non-soluble protein, like 
the wild-type. Judging the expression levels on 
SDS-PAGE gels, for none of the mutants the 
solubility increased significantly in comparison 
to wild-type. Therefore, we kept the wild-type 
enzyme as the template for active-site mutations.

All desired active site variants were obtained 
by QuikChange mutagenesis and expressed in 
E. coli BL21(DE3) after confirming the sequence. 
All mutants gave soluble protein (and insoluble 
protein) that could be isolated by His-tag im-
mobilized metal affinity chromatography. After 
purification, the enzymes were examined for 
their ability to deaminate meso-DAP and rac-APA 
by spectrophotometric measurement of NADPH 
production (Fig. 5). Of the targeted substrate 
and product, only 2-APA was available and 
therefore screening assays were done with the 
desired product as substrate. This was possible 
since the enzyme catalyzes the reaction in both 
directions [5].



94

Figure 5: Activity screening of the D122/D126/F146 DAPDH mutants predicted by Rosetta CoupledMoves. 
Designs were selected on basis of the high PE score with D-APA vs. meso-DAP. Dehydrogenase activities were 
measured with purified enzymes and 2-APA or DAP as the substrate. The three letter code represents the 
mutations introduced at the target positions. Accordingly, the wild-type sequence code is DDF. Most mutants 
have reduced activity with DAP. Seven of the mutants show activity towards APA. 

Figure 6: Activity screening of the H94/D122/D126/F146 DAPDH mutants predicted by Rosetta. Designs 
were selected on basis of the high PE score with D-2-APA and are expected to have an enhanced D-APA: 
meso-DAP activity ratio. Several mutants retain the activity for meso-DAP in comparison with the wild-type. 
Additional D-APA designs are marked in pink. 
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From the 3-position library (D122/D126/
F146) 38 variants were isolated and assayed 
and they showed much lower decarboxylation 
activities with meso-DAP as the substrate than 
the wild-type TmDAPDH. Among this set of 
38, five mutants showed activity for the target 
substrate APA. 

The 36 designs with variations at 4 positions 
(H94/D122/D126/F146) were also expressed 
and purified and their activities on the substrates 
2-APA and DAP were measured. The mutants 
showed deamination activities towards the 
natural substrate meso-DAP which were in the 
same order of magnitude as the wild-type activity 
(Fig. 6). With the non-native target substrate APA, 
the 4-position libraries gave 3 additional hits: 
mutants FFGV, LFGV, and FMGV (the four-letter 
code represents the one-letter amino acid re-
placements at the four target positions, wild type 
is HDDF). However, the specific activities of the 
active 4-position variants were below 1 mU/mg, 
showing that these mutants were not improved 
compared to the double and triple mutants found 
in the earlier library. 

Correlation between prediction and experi-
mental data. To examine whether the PE scores 
helped to select improved variants, we plotted 
the number of hits within the largest sublibrary 
(122/126/146; 38 variants) versus the priority 
(based on PE) of each variant (Fig. 7) as well as 
in a ROC plot (Fig. S2). For the other variants, 

which were based on a total of 13 sets of cal-
culations, such plots were not useful since the 
number of variants that originated from a single 
set of calculations was too small (Table S3). Fig. 7 
shows that, especially in the beginning, there 
is good enrichment of active designs. In a ROC 
plot (Fig. S2), the area under the curve was 64% 
(would be 50% for random selection, and 100% 
for perfect selection). These results confirm 
that using PE as a selection criterion worked to 
identify active designs. Furthermore, the mutants 
FDV and WDV, which were 2nd and 3rd in the PE 
ranking, showed the highest shift ratio for D-APA 
over meso-DAP activity, with a 57-fold shift in 
this ratio for mutant FDV and a 40-fold shift for 
mutant WDV assuming the limit of detection 
as reference for the wild-type enzyme. These 
mutants were selected for testing in an artificial 
metabolic pathway from AKP to 6-ACA [30]. 

Cascade reaction of StDAPDH within the 
2-keto-pimelate-derived pathway. The APA- 
active mutants were considered for engineering 
an alternative 2-ketopimelate derived biosyn-
thetic pathway towards 6-aminohexanoic acid. 
The pathway explored by Turk and colleagues 
[30] is based on a two-plasmid system in E. coli 
BL21(DE3)eAKP672. One plasmid (pAKP444) 
encodes four enzymes AksD, AksE, AksF from 
M. aeolicus Nankai-3, and NifV from Azotobacter 
vinelandii for the C1-elongation of 2-ketoglutarate 
to 2-ketopimelate. The second plasmid (pAKP96) 

Figure 7: Selection of active DAPDH variants by 
computational enrichment. Plotted are the number 
of obtained active variants when screening the library 
in order of decreasing enrichment of D-APA designs 
(Equation 1). For comparison curves are given that 
display ideal selection (i.e. the active variants always 
have higher priority than inactive ones) and random 
selection (prioritization favoring nor disfavoring 
active designs).
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contains the genes for the decarboxylase KdcA 
from L. lactis and an aminotransferase (Fig. 8). The 
decarboxylase KdcA is active on 2-ketopimelate, 
and produces the aldehyde 6-oxohexanoic acid, 
which is partially used by the aminotransferase 
from V. fluvialis (Vf-AT) to produce 6-ACA, the 
final product of the pathway (Fig. 2). Part of 
6-oxohexanoic acid is diverted from the path-
way probably by endogenous dehydrogenases 
to produce the side product adipic acid.

To test whether an alternative cascade reac-
tion from 2-ketopimelic acid to 6-ACA via D-APA 
is feasible, we replaced the decarboxylase and 
aminotransferase genes of pAKP96 with a 
mutated StDAPDH gene and a gene encoding 
an engineered decarboxylase from T. maritima 
(TmDC)[49] (Fig. 8) (Marjanovic et al., manuscript 
in preparation Chapter 3 of this thesis). If suc-
cessful, such a cascade reaction via D-APA could 
function as an alternative pathway for the bio-
technological production of nylon-6 precursors 
(Fig. 2). The mutated dehydrogenase should con-
vert 2-ketopimelic acid in an NADPH- dependent 
reaction to form D-2-APA. Subsequently, the 
decarboxylase should decarboxylate D-APA at 
the D-stereocenter to form 6-aminohexanoic 
acid (Fig. 1B), a reaction that is likely irreversible. 
For the initial reductive amination reaction of 
2-ketopimelic acid, the StDAPDH mutants FDV 
and WDV were chosen since they showed the 
best APA over DAP conversions (Fig. 5). 

The E. coli strains harboring the desired combi-
nation of plasmids were cultivated in LB medium 
and formation of 6-ACA in the culture medium 
was monitored by UPLC-MS. The original strain 
E. coli BL21(DE3)eAKP672 which uses KdcA 
and VfAT for 6-ACA production was used as a 
reference (Fig. 8). 

Formation of 6-ACA in the culture  medium 
of the reference strain reached a level of 
4.5 ± 0.3 mg/l (Fig. 9A). Next to 6-ACA, a sub-
stantial amount of side products can be mea-
sured in the reference strain. As a product of 
enzymatic amination by undefined endogenous 
enzymes of 2-ketopimelic acid, APA reaches a 
titer of 27.4 ± 5.3 mg/l, of which all have the 

L-configuration. Almost equally, adipic acid 
accumulates with 25.5 ± 4.7 mg/l.

By replacing the enzymes KdcA and VfAT with 
StDAPDH and TmDC, an orthogonal pathway 
is created, that uses D-APA as an intermediate. 
Introduction of the wild-type StDAPDH shows 
a lower level of accumulation of all the inter-
mediates in the medium (Fig. 9B). Wild-type 
StDAPDH did not show detectable deamination 
activity with APA during the in vitro experiments 
described above. With the accumulation of 
<0.2 mg/l of 6-ACA within the pathway, it appears 
that the wild-type enzyme has some activity in 
the amination reaction towards production of 
6-ACA. At the same time, the total side product 
formation is almost half. When extra rac-APA 
was added to this culture, the levels of 6-ACA 
increased to 3.6 ± 0.1 mg/l (Fig. 9C) which is still 
a bit lower than the reference strain but a clear 
improvement. The additional rac-APA appears 
to increase the TmDC-catalyzed decarboxylation 
towards 6-ACA. When analyzing the supernatant 
of the culture with chiral HPLC/MS, it appears 
that from the rac-APA, the D-enantiomer has 
decreased in proportion to the non-reacting 
L-enantiomer (Fig. S3). This is in agreement 
with the selectivity that has been found for the 
decarboxylation preference of TmDC on D-amino 
acids. At the same time, the increase in 6-ACA 
upon addition of rac-APA indicates that the 
performance of wild-type StDAPDH in D-APA 
production is limiting the synthesis of 6-ACA. In 
other words, TmDC seems to be limited by the 
substrate supply from the previous cascade step. 

The additions of the StDAPDH variants FDV 
and WDV, the 6-ACA titers were higher than 
with the wild-type StDAPDH (1.3 ± 0.1 mg/l for 
FDV and 0.7 ± 0.1 mg/l for WDV) (Fig. 9D–E). This 
can be regarded as a proof of concept for the 
orthogonal pathway via D-APA, but there is still 
room for improvement. The supply of intracellular 
D-APA by FDV and WDV is still not as efficient 
as the reference strain.

Additionally, it appears that adipate is also in 
the orthogonal pathway a very prominent side 
product with 12–19 mg/l concentrations in the 
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supernatant of the cultures C, D, E. Initially, in 
the reference pathway it was considered to have 
originated from the decarboxylation product of 
KdcA which forms the aldehyde 5-oxohexanoic 
acid. This gets through endogenous activities 
converted to adipate. In the absence of KdcA in 
the orthogonal pathway, the presence of adipate 
is not obvious. It could be an indication that other 
pathway intermediates are diverged into other 
degradation pathways. 

Discussion

Protein engineering towards modified or higher 
catalytic activity is a key step in the development 
of biochemical pathways for the production 

of non-natural compounds [50–52]. Here, we 
describe the introduction of a new activity in a 
dehydrogenase using the Rosetta CoupledMoves 
application [24], resulting in enzyme variants that 
can be used in an alternative 6-aminocaproic acid 
synthetic pathway. The computationally selected 
enzymes were introduced in a constructed bio-
synthetic pathway for the cascade conversion 
of 2-ketopimelate to 6-ACA. The redesigned 
diaminopimelate dehydrogenase reported here 
converts 2-ketopimelate to D-APA. A subsequent 
decarboxylase converts it to 6-ACA, a reaction that 
offers a thermodynamic driving force by making 
the final step of the pathway irreversible. The final 
non-proteinogenic amino acid 6-ACA is a precur-
sor for chemical [53] and biological caprolactam 
synthesis [29], and is not known to occur naturally. 

Figure 8: Genetic modification of E. coli for production of 6-ACA via the D-APA. The original production 
strain for 6-ACA harbors two plasmids, pAKP444 and pAKP96. Plasmid pAKP96 encodes KdcA decarboxylase 
from organism L. lactis and V. fluvialis aminotransferase (VfAT). The KdcA-encoding gene was replaced by the 
StDAPDH wild-type gene or a gene encoding the FDV or the WDV mutant of StDAPDH. The gene for VfAT 
was replaced by the gene for the TmDC mutant decarboxylase. 

Figure 9: Formation of 6-ACA in strains with 
StDAPDH and TmDC. A: reference strain E. coli 
eAKP672 expressing KdcA and VfAT [30]. B: Alter-
native route including wild-type StDAPDH and TmDC. 
C: Additional 5mM rac-APA added to a culture of B 
during growth. D: FDV variant of StDAPDH instead 
of wt-StDAPDH. E: WDV variant of StDAPDH instead 
of wt-StDAPDH. The three letter code represents 
the mutations introduced at positions 122/126/146. 
Accordingly, the wt letter code is DDF. Error bars 
indicate two independently grown cultures.
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To computationally predict variants of meso- 
DAP dehydrogenase that have D-APA synthetic 
activity, we used a scoring method based on the 
notion that variants occurring more frequently in 
a computationally generated library of variants 
have a higher probability of being successful. 
Whereas each run of the Rosetta search algo-
rithm will not find the same single lowest energy 
solution, low energy designs will be found more 
often than less optimized designs. We estimated 
the probability of finding a certain design by 
comparing the relative abundance of variants in 
a library computed for D-APA versus a library 
for meso-DAP. The resulting ranking was used 
as a proxy for preferred binding of D-APA over 
meso-DAP and to select designs for testing in 
the lab. The Rosetta CoupledMoves method 
introduced backbone flexibility since it considers 
the movement of neighboring residues as well 
as the back rub motion [20]. The residues that 
we targeted (H94, W121, D122, D126, F146, 
and V229 in different combinations) shape the 
site that binds the non-reacting L-α-amino acid 
functionality of the natural substrate meso-DAP 
and the search space included substitutions that 
created a more hydrophobic environment for 
interacting with the target substrate D-APA, 
which lacks the distal amino functionality [31]. 

The CoupledMoves application has been 
developed to enrich for experimentally known 
mutations that switch the selectivity of enzymes 
to new target substrates [20,24]. At the same 
time, ranking designs by comparing their enrich-
ment among a large set of designs generated for 
a target substrate relative to their occurrence in 
a control set of designs for the native substrate 
is not a common method. More often, the best 
designs are selected based on binding energies 
or on rational considerations. In accordance with 
the enrichment approach that CoupledMoves 
was optimized for, we ranked and selected 
variants harboring 3–4 simultaneous mutations 
by their relative enrichment among the Rosetta 
solutions. The two best mutants we found were 
FDV and WDV (single letter code at positions 
122/126/146); both displayed an increase in 

activity ratio of 2-APA over DAP by more than 
40-fold compared to the wild-type enzyme. Both 
mutants scored high in the PE ranking (2nd and 
3rd). The usefulness of the enrichment scoring is 
confirmed by the ability of the protocol to pro-
duce functional enzyme variants and further by 
the successful prioritization of the best designs 
as indicated by an enrichment and a ROC plot 
(Fig. 7, Fig. S2). 

Prioritization by calculating enrichment may 
have advantages over traditional scoring proto-
cols in computational enzyme design. Unlike with 
other methods, designs are also generated for the 
native substrate. Mutations suggested for the 
native substrate are not expected to help since 
evolution has already optimized the enzyme for 
its native substrate. If a set of mutations is pre-
dicted to be beneficial both for natural substrate 
and for the target substrate, that design would be 
eliminated. Possible reasons for the occurrence of 
designs that do not perform as expected would 
be conformational undersampling and systematic 
errors in the energy function used for design 
calculations [54,55]. Such dysfunctional or del-
eterious mutations would be (partly) filtered out 
by the current approach as they are suggested for 
both the target substrate and the native substrate.

The catalytic properties of the improved vari-
ants showed that activity towards a new sub-
strate can be introduced. The wild-type enzyme 
showed no measurable activity towards D-APA. 
The positions that were targeted for mutagenesis 
have rational relevance in the catalytic mech-
anism of StDAPDH. H94 is highly conserved 
between close homologs. The examination of the 
crystal structures reveals that H92 interacts with 
Wat528 that contacts the non-reacting L-amino 
function of meso-DAP, which is not present in the 
target substrate D-APA. Comparably, the active 
site residue D122 interacts also via the Wat528 
with the L-amino function. D126 is a second shell 
residue in close proximity to D122. In homologs 
from U. thermosphaericus, C. glutamicum, and 
C. tetani a phenylalanine can be found at this 
position. It has been included as a residue in 
order to create putatively additive effects when 
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co-mutated together with D122. As we can see 
from most of the D-APA active mutants, in the 
CoupledMoves designs this residue stays mostly 
conserved or gets substituted to glycine to create 
some space and extra hydrophobicity. The active 
site residue F146 makes a cation-pi interaction 
with the non-reacting L-center. In the homologs a 
tryptophan can be found at this position. Initially 
Gao et al. investigated the role of this position 
by mutating it to the conserved residue F146W 
[5] with nearly no effect on activity compared to 
the wild-type enzyme. Further, the same group 
screened a site saturation mutagenesis library 
for F146 for D-phenylalanine synthesis without 
successful hits [7]. In our studies, all the active 
mutants show a replacement to valine to be 
beneficial for D-APA activity. 

By introducing the DAPDH mutants with 
confirmed D-APA synthetic activity in an E. coli 
strain engineered to produce 2-ketopimelic 
acid [30], we could provide a proof of concept 
for an alternative route for 6-aminocaproic acid 
formation. The original pathway proposed by Turk 
et al. uses a combination of decarboxylation (by 
KdcA) and transamination (VfAT) to proceed from 
2-ketopimelic acid to 6-ACA (Fig. 2). We kept the 
pathway towards 2-ketopimelic acid the same as 
in the reference, but introduced the StDAPDH 
variants together with an engineered decarboxy-
lase (TmDC) and proved formation of 6-ACA 
acid via this cascade. Whereas the new pathway 
clearly produced 6-ACA, the accumulation levels 
are still low. Nevertheless, implementation of this 
orthogonal pathway has the advantage to inter-
fere less with the host metabolism and there-
fore directing the intermediates more towards 
product formation. In the comparison with the 
wild-type StDAPDH and the variants FDV and 
WDV, we could see clear differences. The con-
struct with the wild-type StDAPDH also shows 
very little activity in this cascade. To exclude that 
the subsequent TmDC is stalling the pathway, 
we added extracellular rac-APA. This lead to an 
increase in product levels and chiral HPLC/MS 
analysis of the supernatant indicated that D-APA, 
for which TmDC is selective, was consumed out 

of the racemic mixture. Furthermore, wild-type 
StDAPDH was not active on D-APA in the in vitro 
deamination but it did show activity in vivo for the 
amination reaction. This suggest that the deami-
nation rates might not be a good predictor for the 
synthesis reaction, since some enzymes may have 
a clear kinetic preference for one of the directions 
of a reversible reaction [56–58]. It could be that 
the screening in vivo might lead to more hits in the 
synthesis reaction than considered here. 

Next to the main product, 6-ACA, we also 
detected side product formation of L-APA and 
adipic acid. It was proposed by Turk et al. that 
endogenous aminotransferases are responsible 
for formation APA and endogenous dehydro-
genases for the formation of adipic acid. Both 
side products are present in the orthogonal 
pathway, which indicates that there is a com-
petitive depletion of pathway intermediates 
originating from the elongation of 2-ketoglut-
erate to 2-keto pimelate. The question whether 
through additional metabolic engineering the 
endogenous activities can be fully eliminated 
remains a difficult one. Advances in metabolic 
flux analysis between synthetic pathways and 
host organisms could help in this regard. An-
other option would be to target the catalytic 
properties of the heterologous enzymes that 
force the pathway intermediates to flow through 
the desired pathway. Since 2-ketoglutarate from 
the tricarboxylic acid cycle is the starting point 
of this pathway, consequences for cell viability 
might be expected, and it may be necessary to 
look for a trade-off between product and side 
product formation.

In conclusion, it was possible to obtain variants 
of StDAPDH that enabled a modified metabolic 
pathway to produce 6-ACA. Limitations of the 
newly modified pathway were analyzed and 
further optimization could result in higher titers 
of 6-ACA. While in vitro screening had to be done 
with the product of the reaction, this still allowed 
finding improved variants. The mutants were 
designed using Rosetta’s CoupledMoves, which 
demonstrates that this protocol can indeed be 
used to engineer enzyme specificity. 
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Supporting Information

Table S1: Oligonucleotides used for cloning. 

Oligonucleotide Oligonucleotide sequence (5’ to 3’)
DAPDH FG-F GCGGGCTGGtttCCGGGTACCggcTCGATTATCCGTGCACTGCTGG
DAPDH FG-R CCAGCAGTGCACGGATAATCGAgccGGTACCCGGaaaCCAGCCCGC
DAPDH FA-F GCGGGCTGGtttCCGGGTACCgcgTCGATTATCCGTGCACTGCTGG
DAPDH FA-R CCAGCAGTGCACGGATAATCGAcgcGGTACCCGGaaaCCAGCCCGC
DAPDH YG-F GCGGGCTGGtatCCGGGTACCggcTCGATTATCCGTGCACTGCTGG
DAPDH YG-R CCAGCAGTGCACGGATAATCGAgccGGTACCCGGataCCAGCCCGC
DAPDH WG-F GCGGGCTGGtggCCGGGTACCggcTCGATTATCCGTGCACTGCTGG
DAPDH WG-R CCAGCAGTGCACGGATAATCGAgccGGTACCCGGccaCCAGCCCGC
DAPDH LG-F GCGGGCTGGctgCCGGGTACCggcTCGATTATCCGTGCACTGCTGG
DAPDH LG-R CCAGCAGTGCACGGATAATCGAgccGGTACCCGGcagCCAGCCCGC
DAPDH WA-F GCGGGCTGGtggCCGGGTACCgcgTCGATTATCCGTGCACTGCTGG
DAPDH WA-R CCAGCAGTGCACGGATAATCGAcgcGGTACCCGGccaCCAGCCCGC
DAPDH MG-F GCGGGCTGGatgCCGGGTACCggcTCGATTATCCGTGCACTGCTGG
DAPDH MG-R CCAGCAGTGCACGGATAATCGAgccGGTACCCGGcatCCAGCCCGC
DAPDH YA-F GCGGGCTGGtatCCGGGTACCgcgTCGATTATCCGTGCACTGCTGG
DAPDH YA-R CCAGCAGTGCACGGATAATCGAcgcGGTACCCGGataCCAGCCCGC
DAPDH LA-F GCGGGCTGGctgCCGGGTACCgcgTCGATTATCCGTGCACTGCTGG
DAPDH LA-R CCAGCAGTGCACGGATAATCGAcgcGGTACCCGGcagCCAGCCCGC
DAPDH AA-F GCGGGCTGGgcgCCGGGTACCgcgTCGATTATCCGTGCACTGCTGG
DAPDH AA-R CCAGCAGTGCACGGATAATCGAcgcGGTACCCGGcgcCCAGCCCGC
DAPDH MA-F GCGGGCTGGatgCCGGGTACCgcgTCGATTATCCGTGCACTGCTGG
DAPDH MA-R CCAGCAGTGCACGGATAATCGAcgcGGTACCCGGcatCCAGCCCGC
DAPDH AG-F GCGGGCTGGgcgCCGGGTACCggcTCGATTATCCGTGCACTGCTGG
DAPDH AG-R CCAGCAGTGCACGGATAATCGAgccGGTACCCGGcgcCCAGCCCGC
DAPDH FL-F GCGGGCTGGtttCCGGGTACCctgTCGATTATCCGTGCACTGCTGG
DAPDH FL-R CCAGCAGTGCACGGATAATCGAcagGGTACCCGGaaaCCAGCCCGC
DAPDH GG-F GCGGGCTGGggcCCGGGTACCggcTCGATTATCCGTGCACTGCTGG
DAPDH GG-R CCAGCAGTGCACGGATAATCGAgccGGTACCCGGgccCCAGCCCGC
DAPDH D122F-F GCGGGCTGGtttCCGGGTACCGACTCG
DAPDH D122F-R CGAGTCGGTACCCGGaaaCCAGCCCGC
DAPDH D122Y-F GCGGGCTGGtatCCGGGTACCGACTCG
DAPDH D122Y-R CGAGTCGGTACCCGGataCCAGCCCGC
DAPDH D122W-F GCGGGCTGGtggCCGGGTACCGACTCG
DAPDH D122W-R CGAGTCGGTACCCGGccaCCAGCCCGC
DAPDH D126A-F CCGGGTACCgcgTCGATTATCCGTGCACTGCTGG
DAPDH D126A-R CCAGCAGTGCACGGATAATCGAcgcGGTACCCGG
DAPDH D126G-F CCGGGTACCggcTCGATTATCCGTGCACTGCTGG
DAPDH D126G-R CCAGCAGTGCACGGATAATCGAgccGGTACCCGG
DAPDH F146A-F CCTATACGAACgcaGGCCCGGGTATG
DAPDH F146A-R CATACCCGGGCCtgcGTTCGTATAGG
DAPDH F146V-F CCTATACGAACgtgGGCCCGGGTATG
DAPDH F146V-R CATACCCGGGCCcacGTTCGTATAGG
DAPDH F146D-F CCTATACGAACgatGGCCCGGGTATG
DAPDH F146D-R CATACCCGGGCCatcGTTCGTATAGG
DAPDH F146W-F CCTATACGAACtggGGCCCGGGTATG
DAPDH F146W-R CATACCCGGGCCccaGTTCGTATAGG
DAPDH F146G-F CCTATACGAACggcGGCCCGGGTATG
DAPDH F146G-R CATACCCGGGCCgccGTTCGTATAGG
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Figure S1. Convergence of enrichment of StDAPH designs in Rosetta CoupledMoves calculations. A: Percentage 
enrichment (PE) for all variants examined obtained from two different sets of calculations that each used 
60 trajectories of 10,000 trials each. Plotted is the PE for each variant obtained in one set of calculations versus 
the PE for the same variant in second (duplicate) set of calculations. The line is a fit for which the coefficients 
and the Pearson’s coefficients is shown. Perfect convergence should give a line y = 1x+0 with an R2 of 1. B: 
The same for 600 calculations for each set of calculations. C: The obtained Pearson’s correlation coefficient R2 
versus the number of calculations. The displayed line merely connects the data points. After 600 calculations 
a reasonable convergence was obtained. 

Figure S2. Receiver operating characteristic (ROC) curve for selection by enrichment. Variants with the highest 
enrichment amongst D-APA designs were plotted first (via Equation 1). For comparison the theoretical curve 
for ideal selection is shown (area under the curve = 100%), when the selection would first pick all the active 
designs and only after those the inactive designs. The random selection curve (area under the curve 50%) 
corresponds to the situation that the selection would neither favor nor disfavor the active designs. The area 
under the curve for the actual result was 86%.
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Table S2. Variants designed to improve soluble expression. 

Approach Mutations Net charge 
per subunitA

− none −2

supercharging R208D −4

“ R208D/R102E −6

“ R208D/R102E/A41E −7

“ R208D/R102E/A41E/Q215E −8

“ R208D/R102E/A41E/Q215E/K272D −10

“ R208D/R102E/A41E/Q215E/K272D/R198E −12

“ R208D/R102E/A41E/Q215E/K272D/R198E/R212E −14

“ Q57K −1

“ Q57K/V207K 0

“ Q57K/V207K/E75K +2

“ Q57K/V207K/E75K/A40K +3

“ Q57K/V207K/E75K/A40K/A194K +4

“ Q57K/V207K/E75K/A40K/A194K/E29K +6

“ Q57K/V207K/E75K/A40K/A194K/E29K/E59K +8

interface stabilization I251V/Y286F −2

“ “ V225L −2

“ “ L244W/I251V/Y286F −2

“ “ V225L/L244W −2

“ “ V225L/L244W/I251V/Y286F −2

translational 
attenuation/A1

L168 (CUG→A), L244 (CUG→A) −2

“ “ A2 L168 (CUG→A), L256 (CUC →A) −2

“ “ A3 L168 (CUG→A), L265 (CUG→A) −2

“ “ A4 L168 (CUG→A), L287 (CUG→A) −2

“ “ B1 L187 (CUG→A), L244 (CUG→A) −2

“ “ B2 L187 (CUG→A), L256 (CUC→A) −2

“ “ B3 L187 (CUG→A), L265 (CUG→A) −2

“ “ B4 L187 (CUG→A), L287 (CUG→A) −2

PROSS A41N/R82A/A182E/R208H/R212H/T214F −4

“ L39E/A41N/R82A/A182E/R208H/R212H/T214F/M223I/A293E −6

“ L39E/A41N/R82A/A182E/R208H/R212H/T214F/A293E −5

“ L39E/A41N/R82A/ M176Q/R208H/R212H/T214F/A293E −5

“ L39E/A40E/A41D/S56R/Q62D/R82A/R165K/M176Q/ V207A/
R208H/R212H/T214F/A293E

−7

“ L39E/A40E/A41N/T42Q/S56R/Q62D/R82A/R165K/M176Q/
V207A/R208H/R212H/T214F/M223K/A269M/K272Q/A293E

−7

A the net charge per subunit is −2 for the WT StDAPDH
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Table S3. Designed StDAPDH variants. 

Amino acid at positions
94 | 122 | 126| 146

PE (%) Description of the calculation that the variant 
originates from. Indicated are fixed positions and 
variable residues. 

Detectable activity 
on D-APAA

FFGV 0.50 positions 94, 122, 126 and 146 variable yes
IYGV 0.49 “ −
MYGV 0.49 “ −
GFGV 0.49 “ −
LFGV 0.47 “ yes
MFGV 0.45 “ −
FYDV 0.86 positions 94, 122 and 146 variable −
MYDV 0.58 “ −
GYDV 0.53 “ −
GFDV 0.45 “ −
VWDV 0.67 WDV fixed and position 94 variable B,C −
FWDV 0.44 “ −
GWDV 0.18 “ −
GWAG 1.20 WAG fixed and position 94 variable B,D −
FWAG 0.93 “ −
MWAG 0.45 “ −
FLGV 0.85 LGV fixed and position 94 variable B,D −
MLGV 0.54 “ −
YLGV 0.43 “ −
FFDV 0.46 FDV fixed and position 94 variable B,C −
WFDV 0.37 “ −
MFDV 0.35 “ −
FFGA 0.61 FGA fixed and position 94 variable B,D −
WFGA 0.39 “ −
FMGV 0.91 MGV fixed and position 94 variable B,D yes
LMGV 0.29 “ −
MMGV 0.29 “ −
FWAV 1.58 WAV fixed and position 94 variable B,D −
VWAV 0.61 “ −
GWAA 1.12 WAA fixed and position 94 variable B,D −
FWAA 0.85 “ −
MWAA 0.38 “ −
FFDG 1.27 FDG fixed and position 94 variable B,C −
FYGV 0.64 YGV fixed and position 94 variable B, D −
WADF 2.90 ADF fixed and position 94 variable B,C −
FADF 1.55 “ −
YADF 0.31 “ −

A  −, no detectable catalytic activity. 
B  The template was a variant from an earlier library that showed activity during prescreening. 
C  Catalytic activity for the template variant was later confirmed. 
D  Catalytic activity for the template variant was later not confirmed. 



4

107

Figure S3: Chiral HPLC analysis of culture media for the detection of 2-APA. A: Separation of rac-2-APA with 
D-2-APA eluting at 5.5 min and L-APA at 9.5 min. B: Addition of rac-2-APA to a culture of cells expressing wild-
type StDAPDH. Both enantiomers are still visible but the level of D-APA is reduced. C: Formation of L-APA in 
a culture of E. coli expressing the reference pathway.
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Abstract

Caprolactamase is the first enzyme in the caprolactam degradation path-
way of Pseudomonas jessenii. It is composed of two subunits (CapA and 
CapB) and sequence-related to other ATP-dependent enzymes involved in 
lactam hydrolysis, like 5-oxoprolinases and hydantoinases. Low sequence 
similarity also exists with ATP-dependent acetone- and acetophenone car-
boxylases. The enzyme was expressed in E. coli, isolated by His-tag affinity 
chromatography, and subjected to functional and structural studies. Activ-
ity towards caprolactam required ATP and was dependent on the presence 
of bicarbonate in the assay buffer. The hydrolysis product was identified 
as 6-aminocaproic acid (6-ACA). Quantum mechanical modeling indicated 
that the hydrolysis of caprolactam was highly disfavored (∆G0’ = 23 kJ/mol), 
which explained the ATP dependence. A crystal structure showed that 
the enzyme exists as an (αβ)2 tetramer and revealed an ATP-binding site 
in CapA and a Zn-coordinating site in CapB. Mutations in the ATP binding 
site of CapA (D11A and D295A) significantly reduced product formation. 
Mutants with substitutions in the metal binding site of CapB (D41A, 
H99A, D101A and H124A) were inactive and less thermostable than the 
wild-type enzyme. These residues proved to be essential for activity and 
on basis of the experimental findings we propose possible mechanisms 
for ATP-dependent lactam hydrolysis. 
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Introduction

ε-Caprolactam is used as the building block 
for the homopolymer nylon-6. Non-reacted 
caprolactam may be discharged via wastewater 
at nylon-6 production plants. Release of high 
levels of caprolactam in the environment should 
be avoided since it can be neurotoxic in various 
mammalian species as well as have phytotoxic 
effects [1]. It has limited acute toxicity to humans 
and it is rapidly eliminated from the body [1,2]. 
Biodegradation of caprolactam is important for 
wastewater treatment at nylon production plants 
as well as for the removal of caprolactam that 
passes treatment systems or that is accidentally 
released into the environment. 

Several microorganisms are known to degrade 
caprolactam under aerobic conditions, including 
strains of Alcaligenes faecalis, Achromobacter 
guttatus, and different pseudomonads that use 
it as a growth substrate [3–8]. A caprolactam 
degradation pathway in these organisms was 
proposed already in the 1980s [9,10]. Conversion 
was supposed to start with lactam ring-opening, 
followed by transamination and β-oxidation of 
the 6-oxo fatty acid. Whereas plasmids encoding 
caprolactam degradation genes were discovered 
in Pseudomonas putida [10,11], the enzymes in-
volved were not characterized until we recently 
described the pathway in the caprolactam- 
utilizing bacterium Pseudomonas jessenii strain 
GO3 [6]. Proteomics analysis indicated that cells 
growing on caprolactam overexpressed two dif-
ferent polypeptides with sequence similarity to 
eukaryotic oxoprolinases. Activity assays with 
lysates of E. coli cells producing these proteins 
indicated that they are subunits of a caprolact-
amase (EC 3.5.2.-x) that catalyzes the first step 
in the catabolic pathway: the ATP-dependent 
hydrolysis of the lactam ring to form 6-amino-
caproic acid (6-ACA) (Fig. 1). Next, 6-ACA is 
deaminated to the aldehyde 6-oxohexanoic acid 
by a transaminase [12]. The aldehyde is oxidized 
to adipic acid by a dehydrogenase and subse-
quently metabolized in a β-oxidation pathway. In 
P. jessenii GO3, the transaminase and β-oxidation 

enzymes are also upregulated in cells growing on 
caprolactam as carbon and nitrogen source in 
comparison to glucose-grown cells [6]. 

The caprolactamase of P. jessenii GO3 is en-
coded by the capA (ORF CRX42_01175) and capB 
(CRX42_01180) genes, which are located in a sin-
gle operon. Sequence analysis placed the CapAB 
enzyme in the hydantoinase/oxo prolinase family 
(Pfam CL0108). These enzymes are related to the 
actin-like ATPase superfamily and ATP- dependent 
lactamases/carboxylases. Homologs of capro-
lactamase include mammalian 5-oxo prolinases 
and bacterial hydantoinases, but also acetone 
carboxy lases and acetophenone carboxy lase 
[6,13,14]. Like caprolactamase, hydantoinase 
and 5-oxoprolinase catalyze ATP-dependent 
hydrolytic lactam ring opening (Fig. 1A–C) [15,16]. 
CapAB has no 5-oxoprolinase activity and to our 
knowledge it is the only enzyme of this group that 
is shown to convert caprolactam. The reaction 
catalyzed by the carboxylases is seemingly very 
different, i.e. C—C bond formation instead of 
C—N bond hydrolysis (Fig. 1D,E). Whereas the 
lactam hydrolysis reaction is accompanied by 
cleavage of a single high-energy phosphoester 
bond, the carboxylation reactions require two, 
either by converting 1 ATP to 1 AMP and 2 phos-
phate (Fig. 1D) or by hydrolyzing 2 ATP to 2 ADP 
and 2 phosphate (Fig. 1E). 

The ATP-dependence of carboxylase reactions 
is not surprising from a thermodynamic point 
of view, but the ATP requirement of lactam 
hydrolysis is less obvious since most amide 
and lactam hydrolysis reactions are exergonic 
[19,20]. Whether this is also the case for capro-
lactam is unclear, but hydrolytic cleavage of 
L-α-amino-ε-caprolactamase has been reported 
with no mentioning of ATP dependence [21]. 
Furthermore, an oxoprolinase from Alcaligenes 
faecalis was ATP-independent and reversible, 
with the equilibrium towards the lactam instead 
of the ring-opened product [22]. Peptide bond 
hydrolysis can also be ATP dependent. Here, ATP 
plays a role in conformational changes in large 
protein assemblies and stimulates substrate 
binding [23,24]. 
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Thus far, no structures are known for ATP- 
dependent lactamases, hydantoinases, oxoproli-
nases or any other member of the oxoprolinase/
hydantoinase family of ATP-dependent hydro-
lases. Furthermore, mechanistic information is 
scarce. It has been proposed that hydrolysis of 
5-oxoproline proceeds via phosphorylation of 
the iminol tautomer in the large subunit and 
lactam cleavage in the other subunit [25]. Crystal 
structures of acetone carboxylase from Xantho-
bacter autotrophicus (XaAc, PDB-ID: 5M45, 5SVB, 

5SVC) and acetophenone carboxylase from 
Aromatoleum aromaticum (AaApc, PDB PDB-ID: 
5L9W) were recently published [17,18] and sug-
gested that different subunits are involved in 
ATP-dependent substrate phosphorylation and 
carbon-carbon bond formation. To understand 
the relation between ATP-dependent carboxyl-
ase and lactamase enzymes, we analyzed the 
sequence and solved the crystal structure of 
the CapAB protein. Comparison to  carboxylase 
structures provided information on the function 
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Figure 1: Reactions catalyzed by sequence-related ATP-dependent hydrolases/carboxylases. The reactions of 
A: caprolactamase, B: 5-oxoprolinase [15] and C: hydantoinase [16] consume one ATP. D: Acetone carboxylase 
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of the CapAB subunits and the active site 
residues. Accordingly, mutants of CapAB car-
rying substitutions in conserved motifs were 
constructed. The activities of the mutants and 
observation that caprolactam hydrolysis was 
dependent on the presence of bicarbonate sug-
gested possible mechanisms for ATP-dependent 
lactam hydrolysis. 

Materials and methods

Isolation of His-tagged caprolactamase. The 
previously constructed pET20b(+)-based vector 
pET-OP contains the capAB genes which were 
amplified from genomic DNA of P. jessenii GO3 
[6]. To introduce a C-terminal His-tag on the α 
subunit called CapA, the insert and the vector 
were amplified using the PCR primer-pairs 
prCapBA-F (CCTCGGACTGATGATGTTCGCC) 
and prGib-CapAHis-R (GTGCTCGAGTGCGGC-
CGCTTAATGATGATGATGATGATGGCCG) for the 
insert and prGib-CapAHis-F (CGGCCATCATCAT-
CATCATCATTAAGCGGCCGCACTCGAGCAC) 
with prCapBA-R (GGCGAACATCATCAGTC-
CGAGG) for the vector. The template DNA 
was digested with DnpI for 1 h at 37⁰C and 
overlapping PCR products were purified (PCR 
purification kit, Qiagen) followed by assembly 
using ligation-free Gibson cloning [26] to obtain 
plasmid pET20b(+)-CapBAHis. Subunit β or CapB 
stayed untagged. The vector was transformed 
into competent E. coli NEB10β cells. The intro-
duction of the His-tag and correct assembly were 
confirmed by DNA sequencing (Eurofins) and the 
plasmid was transformed into the expression 
strain E. coli C41(DE3).

For enzyme production, an overnight pre- 
culture of E. coli C41(DE3) cells containing the 
expression vector was grown in LB medium 
with 100 µg/ml ampicillin and used to inoculate 
a main culture (1:100 dilution) in TB medium with 
ampicillin. Due to the autoinducing properties 
of TB medium, the culture was grown at 24°C 
for 24 h and traces of lactose were sufficient to 
ensure expression of the capAB genes. The cells 

were harvested at 3000 × g at 4°C for 20–30 min, 
washed with AB buffer (50 mM ammonium bi-
carbonate-NaOH buffer, pH 8.0, 10 mM MgCl2, 
5% glycerol), resuspended in AB buffer containing 
1 mg/ml lysozyme (Sigma), an EDTA-free protein 
inhibitor cocktail (cOmplete, Roche) and DNaseI 
(Sigma), and sonicated. Cell debris was removed 
by centrifugation for 45 min at 31,000 × g and 
4°C and the cell-free extract was incubated with 
Ni-NTA resin (Qiagen) for 1.5 h at 4°C with head-
to-tail rotation. The resin was washed extensively 
with AB buffer containing 20 mM imidazole and 
bound proteins were released with elution buffer 
(AB buffer with 300 mM imidazole). The protein 
sample was desalted using an EconoPac 10-DG 
desalting column (Bio-Rad) equilibrated with AB 
buffer to avoid aggregation. The enzyme was 
stored in AB buffer. Protein concentration and 
purity were determined by the Bradford assay 
using bovine serum albumin as the standard and 
by SDS-PAGE (9 %), respectively. 

Site-directed mutagenesis. To create CapAB 
mutants, site-directed mutagenesis by Agilent’s 
QuikChange protocol was performed for the 
active- site positions Asp11 and Asp295 in 
CapA and Asp41, His99, Asp102, and His124 in 
CapB, exchanging these functional residues by 
alanine. Primers were designed according to the 
requirements for QuikChange mutagenesis. PCR 
mixtures contained 1 μl template (50–150 ng∙μl−1 
DNA), 1 μl forward and reverse primer (10 μM 
each), 1.6% DMSO and 0.8 mM MgCl2 and 
were performed in a 25 μl reaction volume with 
PfuUltra II Hotstart 2× Master Mix (Agilent) in 
accordance with the provided thermocycling 
protocol. PCR template DNA was digested with 
DpnI and the PCR products were transformed 
to chemically competent E. coli NEB-10β cells. 
The plasmids with successfully introduced mu-
tations as verified by sequencing (Eurofins) were 
retransformed into competent E. coli C41(DE3) 
cells for enzyme production.

Caprolactamase activity assays. Standard 
reactions mixtures for caprolactamase assays 
contained 2 mM ATP, 2 mM caprolactam, 5 mM 
MgCl2 and 5% glycerol in a buffer of pH 8.0 
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and 90 µg of enzyme. Reactions were set up 
in 2 ml buffer. The buffer was varied between 
ammonium bicarbonate (AB buffer), Tris·HCl and 
Hepes·HCl, each at a concentration of 50 mM. 
Reactions were started by addition of enzyme 
and mixtures were incubated at 25°C. At different 
times, samples of 80 μl were taken and mixed 
with 1 μl of formic acid after which precipitated 
protein was removed by centrifugation. The 
supernatants were used for analysis. 

ATP and ADP were analyzed by HPLC on a 
Phenomenex Gemini C18 column (5 µm pore 
size, 4.6 × 250 mm) with a linear gradient (buf-
fer A: 25 mM KH2PO4, 2.5% trimethylamine, 5% 
methanol, pH 6.5; buffer B: 25 mM KH2PO4, 2.5% 
trimethylamine, 50% methanol, pH 6.5). Retention 
times were 16 min for ADP and 17.5 min for ATP. 

6-ACA was analyzed by UPLC using separation 
on a Waters Acquity HSS T3 column (1.8 μm, 
2.1 × 100 mm) operated with a linear gradient 
of water containing 0.1% formic acid (eluent A) 
to acetonitrile with 0.1% formic acid (eluent B) 
and with detection using an Acquity TQD mass 
spectrometer (Waters) operated in positive ion 
mode with multiple reaction monitoring for 
quantitative analysis. The fragment followed 
was m/z=114 (6-ACA M⁺-H2O).

Thermodynamic equilibrium of caprolactam 
hydrolysis. To predict the thermodynamic equi-
librium for caprolactam hydrolysis, all species in 
Scheme 1 need to be considered. We calculated 
the difference in Gibbs free energy between 
caprolactam and uncharged 6-ACA (6-ACA0) 
by quantum chemical methods, which is only 
accurate for species having the same charge 
[27]. The equilibrium between the charged and 
uncharged forms of 6-ACA was calculated from 
pKA and pKB values. 

The change in Gibbs free energy upon hydro-
lytic ring opening of caprolactam to 6-ACA0 was 
calculated from the difference in formation en-
ergies of the three reactants (
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The assumptions reduce the distribution 
function of 6-ACA to that of the single most 
dominant species. This causes a maximum error 
of RT∙ln(2) (=1.7 kJ/mol), which would occur when 
two species have equal concentrations, i.e. when 
pH = pKA⁺ or pH = pKB⁻ (Scheme 1, [20]). The 
microscopic pK values in Equation 2 are difficult 
to measure experimentally; therefore they were 
approximated in the usual manner from exper-
imentally determined macroscopic constants 
[20]. The pKA

0 was estimated to be 4.8 from the 
similar non-zwitterionic compound hexanoic 
acid [31]. For pKA⁺ and pKB, the experimentally 
known values of 4.43 and 10.75 were used [32]. 
Substituting Equation 2 into Equation 1 gives the 
pH-dependent Gibbs free energy of caprolactam 
hydrolysis. 

Crystallography of CapAB. Enzyme obtained 
by His-tag isolation was further purified by gel 
filtration using a Superdex 200 HR10/30 column 
(GE Healthcare), equilibrated with 20 mM Tris·HCl 
buffer, pH 7.5, containing 150 mM NaCl, 10 mM 
MgCl2 and 2% glycerol. CapAB eluted at a molec-
ular weight of ca. 320 kDa. CapAB fractions were 
pooled and concentrated to 5.1 mg/ml using an 
Ultracel-30K filter unit (Millipore). Dynamic light 
scattering (DLS) experiments were performed 
using a DynaPro MS800TC instrument (Wyatt 
Technology Corporation) at 20°C. DLS data were 
processed and analyzed with Dynamics software. 

Sitting-drop crystallization screening was 
performed using a Mosquito crystallization 
robot (TTP Labtech) in 96-well MRC2 plates 
(Molecular Dimensions) with a protein concen-
tration of 5.1 mg/ml. Many commercially available 
screening solutions were tested. A small crystal, 
with a largest dimension of 0.1 mm, appeared 
after 1 month of incubation at 294 K in the Mo-
lecular Dimensions PACT screen condition G10; 
0.02 M Na/K phosphate, 0.1 M Bis-Tris propane, 
pH 7.5, and 20% PEG3350. This crystal could 
not be reproduced or improved although many 
optimization experiments were performed and 
numerous alternative crystallization conditions 
were investigated. Before data collection, the 
crystal was briefly soaked in a cryoprotectant 

solution, consisting of 25% glycerol, 25% 
PEG3350, 0.02 M Na,K phosphate and 0.1 M 
Bis-Tris propane, pH 7.5. X-ray diffraction data 
were collected on an in-house MarDTB Gonio-
stat System using Cu-Kα radiation from a Bruker 
MicrostarH rotating- anode generator equipped 
with HeliosMX mirrors. Intensity data were 
processed using XDS [33]. 

The CapAB crystal belongs to the orthor-
hombic space group P21212 with two dimers 
of 138 kDa (CapA is 75 kDa and CapB 63 kDa) 
in the asymmetric unit. The VM is 2.6 Å³/Da [34] 
with a solvent content of 52%. The structure of 
the CapAB was determined by the molecular 
replacement method using Phaser [35] with an 
assembly of mixed model coordinates for CapB 
of XaAcα (PDB code 5M45:A) [17] and AaApcβ 
(PDB code: 5L9W:A) [18] generated by the FFAS 
server [36] and the SCWRL algorithm [36]. Phaser 
was able to find a dimer of CapB molecules. The 
position of the CapA molecules was calculated 
with an assembly of mixed models of XaAcβ 
(PDB code 5SVB:B) [17] and AaApcα (PDB code: 
5L9W:B) and α’ (PDB code: 5L9W:b) [18]. Phaser 
determined the orientation of two CapAB dimers 
in the asymmetric unit with minimal clashes in 
the packing of the molecules and interpretable 
electron density. 

Phenix Autobuild rebuild-in-place with NCS 
(non-crystallographic symmetry) was used for 
initial building and the model was further refined 
with Rosetta Phenix Refine and Phenix Refine 
[35], [37]. Coot [38] was used for manual rebuild-
ing and map inspection. B-factor sharpening was 
used for enhancement of the electron density 
[39]. The quality of the model was analyzed with 
PDB_REDO [40] and MolProbity [41]. Composite 
omit electron-density maps were used to validate 
the quality of the model [29]. For comparison 
with the X-ray structure, a 3D hybrid homology 
model of CapAB was generated using YASARA 
software4 [42] with the crystal structures of 
AaApc (pdb 5L9W) and XaAc (5M45, 5SVB and 
5SVC) as templates.

4 http://www.YASARA.org
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The CAVER plugin for Pymol [43,44] was used 
to detect putative channels to the ATP binding 
site and substrate binding sites. For calculation 
of the characteristics of the channel, the zinc 
atom was set as a starting point. Channels were 
calculated with the following settings: minimum 
probe radius: 0.8 Å; shell depth: 10 Å; shell radius: 
9 Å; clustering threshold: 3.5; number of approxi-
mating balls: 12; input atoms: 20 amino acids and 
the zinc. Cavity volumes were calculated with the 
program CastP [45] with a probe radius of 1.4 Å. 

Atomic coordinates and experimental structure 
factor amplitudes were deposited in the Protein 
Data Bank PDB number 6YRA.

Results and Discussion

Bioinformatic analysis. Proteomic- and sequence 
analysis of the Pseudomonas jessenii GO3 genome 
led to the discovery of the capAB genes which 
encode polypeptides of 696 (CapA,  UniProtKB 
A0A2W0EVE0, 75 kDa) and 581 amino acids 
(CapB, UniProtKB A0A2W0FH34, 63 kDa). The 
proteins were upregulated in cells growing on 
caprolactam as compared to cells cultivated 
on glucose. Among known proteins with 
confirmed activity, the closest homologs of 
caprolactamase are eukaryotic oxoprolinases 
(OP) [6], for example the human, bovine, 
and rat enzymes and the oxoprolinase from 
Saccharomyces cerevisiae [46–49]. These are 
dimeric enzymes with subunits of around 1250 
amino acids. Sequence alignments showed that 
CapA is similar to the N-terminal part of ca. 
730 amino acids of the oxoprolinase protein, 
whereas CapB is homologous to the C-terminal 
part of ca. 550 amino  acids (Table 1). Obviously, 
the subunit composition of enzymes in the 
ATP-dependent  lactamases and carboxylases 
family varies, with the oxoprolinases correspond-
ing to the fused lactamase subunits. To comply 
with the terminology proposed by Weidenweber 
et al. [18] for acetone carboxylase (see below), 
we call the expected ATP-binding subunit of 
caprolactamase subunit α or CapA and the other 

(smaller) subunit β or CapB; these align to the 
oxoprolinase sequence in the order of A-B, but 
are encoded on the P. jessenii genome and in the 
expression clone in the order of B-A.

Searching genomic databases shows that capAB 
genes and close homologs are not rare. Highly 
similar coding sequences (80–98% identity) occur 
in many Pseudomonas strains, with the encoded 
proteins annotated as hydantoinase/oxoprolinase 
family enzymes. Since for many of these the se-
quence similarity to the P. jessenii caprolactamase 
is much higher than to confirmed oxoprolinases 
or hydantoinases, the genes more likely encode 
lactamases. However, the function of these genes 
or proteins has not been established, with the 
exception of the oplAB genes of Pseudomonas 
putida KT2440 [50]. These oplAB genes were 
upregulated in cultures growing in the presence 
of valerolactam and caprolactam, and gene knock-
outs confirmed their role in lactam utilization. Yet, 
no activity was found when the encoded proteins, 
which share 80–86% sequence identity to CapAB, 
were expressed in E. coli [50,51].

Whereas CapAB is clearly related to eukaryotic 
oxoprolinases, sequence comparison showed 
that caprolactamase is not similar to a group of 
prokaryotic 5-oxoprolinases recently identified by 
Niehaus et al. [52]. Bioinformatic analysis showed 
that various bacterial genomes harbor pxpABC 
genes that are essential for ring opening of 
5-oxoproline formed from glutamic acid residues 
during in vivo peptide degradation [52]. The PxpA 
protein is probably a metal- dependent tetramer 
with lactamase activity while the co-purified PxpB 
and PxpC proteins show ATP hydrolysis  activity 
[53]. This class of oxoprolinases may be related 
to the two-component enzyme converting 
oxoproline to glutamate in Pseudomonas putida 
[54–56]. Component A is a hexamer of dimers 
(64 kDa and 51 kDa polypeptides) that catalyzes 
oxoproline- dependent ATP hydrolysis and com-
ponent B (82 kDa) is required for 5- oxoproline 
amide bond hydrolysis. PxpABC also shows no 
similarity to ATP-dependent carboxylases.

Similar to caprolactamase, the homologous 
ATP-dependent hydantoinases are composed 
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of unfused smaller subunits (Table 1), unlike 
the oxoprolinases. Pseudomonas sp. strain 
NS671 harbors three plasmid-localized genes 
(hyuABC) which encode a non-stereospecific 
 hydantoinase. The gene products HyuAB hy-
drolyse 5- substituted hydantoins to the corre-
sponding N-carbamyl amino acids, whereas HyuC 
converts the N-carbamyl amino acids into free 
amino acids [57]. The oligomeric structure of this 
hydantoinase is not known, but the N-methyl-hy-
dantoinase from Pseudomonas putida 77 is a het-
erotetramer consisting of two large and two small 
subunits [58]. The reported N-terminal sequences 
of the subunits indicate sequence similarity to 
proteins of the hydantoinase/oxoprolinase fam-
ily, including the CapAB protein described here 
(Table 1). Additionally, another homolog is found 
in the metabolism of indolacetate found in the 
bacteria Aromatoleum aromaticum and Azoarcus 
evansii [59]. The hydrolysis of the N-heterocyclic 
ring of 2-oxoindolacetate is proposed to be car-
ried out by a hydantoinase-like hydrolase in an 
ATP-dependent manner. The genes iaaCE for this 
heteromeric enzyme are part of a gene cluster, 
which is upregulated when the bacteria are grown 
anaerobically on indolacetate as sole carbon and 
energy source.

Of the caprolactamase homologs, crystal struc-
tures have only been solved for two carboxylases. 
The structure of acetophenone carboxylase from 
Aromatoleum aromaticum EbN1 (AaApc) was 
reported by Weidenweber et al. [18] (PDB-ID: 
5L9W), and the structure of acetone carboxy-
lase from Xanthobacter autotrophicus (XaAc) was 
determined in multiple conformational states 
by Mus et al. [17] (PDB-ID: 5M45, 5SVB, 5SVC). 
These enzymes have more complex quaternary 
structures than CapAB and related lactamases. 
XaAc occurs as a heterohexamer that consists of 
three different subunits: (αβγ)2. AaApc consists of 
a heterooctameric core complex (αα’βγ)2 and a 
smaller subunit Apcε which dissociates from the 
core complex during purification but is required 
for activity [60].

CapA is homologous to the XaAcβ subunit and 
to both the α and α’ subunit of AaApcα (Table 1). 

These carboxylase subunits are involved in 
substrate phosphorylation. The XaAcβ subunit, 
AaApcα, and AaApcα’ are structurally related and 
all three possess an ATP binding site from the 
ASKHA superfamily (acetate and sugar kinase/
hsp70/actin). Multiple sequence alignment of 
CapA with the homologous ATP-binding carboxy-
lase subunits and annotated sequences of related 
hydantoinase/oxoprolinase proteins revealed 
that several functional motifs are conserved 
(Fig. 2). The sequence motifs for adenosine bind-
ing (GxxPGP) (GANPGP, res. 358–363 in CapA) 
and for binding of phosphate 1 (DxGGTxDDT) 
(DAGGTFTDF, 11–18 in CapA) and phosphate 2 
(DVGGT) (DMGGT, 295–299 in CapA) of ATP are 
conserved in the ATP binding site [18] (Fig. 2). In 
acetone carboxylase, the XaAcβ subunit con-
sumes ATP and converts it to AMP with phos-
phorylation of both bicarbonate and the enol 
tautomer of acetone. In case of acetophenone 
carboxylase, phosphorylation of acetophenone 
and bicarbonate occurs in the separate Apcα and 
Apcα’ subunits of AaApc, each at the expense of 
one ATP to ADP conversion.

The smaller CapB subunit of caprolactamase 
is homologous to the XaAcα subunit of acetone 

Figure 2: Multiple sequence alignment of CapA with 
related ATP-dependent hydrolases/carboxylases. 
Sequences: PjCapA, subunit A of caprolactamase 
from P. jessenii GO3; HsOplA, N-terminal part of 
5-oxoprolinase from H. sapiens; ScOplA, idem, from 
S. cerevisiae; AaApcA and A’, acetophenone carboxy-
lase from A. aromaticum; XaAcB, acetone carboxylase 
from X. autotrophicus; AaHyuA, hydantoinase-like 
hydrolase IaaCE from A. aromaticum; PspHyuA, 
hydantoinase from Pseudomonas sp. strain NS671; 
PpLactA, lactamase from P. putida KT2440; PdOplA, 
5-oxoprolinase from Paracoccus denitrificans strain 
1222. The secondary structure features are taken 
from the crystal structure of PjCapA (vide infra). P1: 
γ-phosphate binding site (DxGGTxTD). P2: β-phos-
phate binding site (DxGGT). The first aspartic acids 
from the two phosphate binding sites were chosen 
for mutagenesis (asterisk). A: Adenosine binding site 
(GxxPGP).The figure is created with ESPript [62].
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Figure 3: Multiple sequence alignment of CapB with related ATP-dependent hydrolases/carboxylases. Se-
quences: PjCapB, caprolactamase from P. jessenii GO3; HsOplA, C-terminal part of 5-oxoprolinase from H. sapiens; 
ScOplC, idem, from S. cerevisiae; AaApcB, acetophenone carboxylase β subunit from A. aromaticum; XaAcA, 
acetone carboxylase from X. autotrophicus; AaHyuB, hydantoinase-like hydrolase IaaCE from A. aromaticum; 
PspHyuB, hydantoinase from Pseudomonas sp. strain NS671; PpLactB, lactamase from P. putida KT2440; PdOplA, 
5-oxoprolinase from P. denitrificans 1222. The secondary structure features are taken from the crystal structure of 
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carboxylase and to the of AaApcβ subunit of 
acetophenone carboxylase (Table 1). These 
subunits contain a metal-binding site and are 
involved in the carbonate coupling reaction, us-
ing phosphorylated bicarbonate as the activated 
donor [17,18]. In XaAcα, residues Glu89, His150, 
Asp153, and His175 are involved in manganese 
binding. In the metal-binding site of AaApcβ, a 
non-physiological mercury ion was found. It is 
liganded by Asp65, His123, Asp126 and His148. 
Of these carboxylase metal-binding residues, the 
Asp-His-Asp-His tetrad is conserved in CapB 
as Asp41, His99, Asp102, and His124 (Fig. 3). 
From the sequence alignments, it appears that 
XaAcα has Glu89 instead of the aspartate in 
the homologs. This glutamate is regarded to be 
a gating residue in the tunnel connecting the 
ATP-dependent phosphorylation subunit with 
the metal-containing coupling subunit [17]. 

The sequence motifs characteristic of the ATP 
binding site of CapA, XaAcα, and AaApcβ are 
conserved in the oxoprolinase and hydantoinase 
sequences (Fig. 2), including the lactamase of 
Pseudomonas putida KT2440 (Table 1) that was 

recently proposed to be capable of caprolactam 
degradation [50]. Furthermore, the Asp/Glu-His-
Asp-His metal-binding site in CapB is conserved 
in the related enzymes (Fig. 3).

Expression and purification. To isolate and 
characterize the caprolactamase, we expressed 
the protein in E. coli using a pET-derived construct 
harboring the CapB-CapA coding sequence am-
plified from P. jessenii genomic DNA (Fig. 4A). 
The capB-capA intergenic region from P. jessennii 
which includes a ribosome binding site for CapA 
expression was maintained. The C-terminal 
end of CapA was fused to a poly-histidine tag 
whereas CapB stayed untagged. CapAB was sub-
sequently produced in E. coli C41(DE3) growing 
in TB medium. Analysis of centrifuged cell lysates 
by SDS-PAGE showed that the CapA and CapB 
polypeptides were expressed as soluble proteins, 
but a large amount of CapB also occurred as 
insoluble protein in the pellet (Fig. 4B). The 
disproportional overexpression of CapB is likely 
due to the native P. jessenii ribosome binding 
site preceding capA having a lower ribosome 
recruitment rate [63]. The CapAB protein was 

PjCapB (vide infra). Putative metal-binding residues which are highly conserved among the examined sequences 
are marked with an asterisk. Blue triangles indicate residues in the active site. In yellow the vicinal disulfide is 
shown. The eight PGII helical structural elements are depicted in green. The figure is created with ESPript [62].

Figure 4: Expression and purification of CapAB. A: A 3.9 kb P. jessenii fragment harboring capA and capB genes 
was cloned behind the T7 promotor pET20(+) with a 36 bp intergenic region and a C-terminal His tag coding 
sequence. B: SDS-PAGE of the His-tag purification of CapAB. M: Protein ladder; P: Pellet fraction after sonication; 
S: Supernatant fraction after sonication; FT: Unbound proteins after incubation of supernatant fraction with 
the Ni-resin; E: Elution of bound protein.

A

B
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purified by metal affinity chromatography using 
a Ni-NTA resin in a single purification step. Due 
to the tight interaction of the heterodimer, 
both subunits were purified simultaneously via 
the CapA His-tag. The yield of isolated CapAB 
protein was 50 mg/l culture. For crystallographic 
experiments, CapAB was additionally purified by 
gel permeation chromatography.

Catalytic activity. To investigate the catalytic 
properties of caprolactamase, we performed ac-
tivity assays with purified enzyme. Hydrolysis of 
caprolactam to 6-ACA by CapAB was dependent 
on the presence of ATP [6]. The depletion of 
ATP and the formation of ADP were followed 
by HPLC and the caprolactam hydrolysis prod-
uct 6-ACA was quantified by UPLC-MS. In the 
presence of caprolactam and ATP in bicarbonate 
buffer, the initial ACA formation activity was 
0.51 U/mg (Table 2). Conversion with 2 mM ATP 
and 2 mM caprolactam levelled off at 1.4 mM 
ACA (Fig. 5). The molar ratio between hydrolysis 
of ATP to ADP and production of 6-ACA was 1.2, 
suggesting some excess hydrolysis of ATP under 
these conditions.

When caprolactam was omitted, significant 
uncoupled hydrolysis of ATP was observed 

(Fig. 5). The rate of caprolactam-independent 
ATP hydrolysis was ca. 70% of that observed 
with caprolactam present (Table 2, entries 2, 5, 
and 7). This high rate of uncoupling has been 
observed previously for N-methylhydantoinase 
from Pseudomonas putida 77 in the presence of 
some cyclic amide compounds that were not hy-
drolyzed themselves [58]. Since in the presence 
of caprolactam, production of 6-ACA and ADP 
was almost in a stoichiometric ratio, caprolactam 
strongly suppressed the rate of uncoupled ATP 
hydrolysis. The high rate of uncoupling is sur-
prising since the intracellular production of the 
CapAB under inducing conditions suggests the 
possibility of futile ATP hydrolysis. 

To examine the role of bicarbonate in caprolac-
tam and ATP hydrolysis, activity measurements 
were performed in Hepes buffer under the 
same conditions as described before. Omitting 
bicarbonate from the standard reaction mixture 
by using Hepes buffer reduced ATP hydrolysis in 
the presence of caprolactam by at least 60-fold 
(Fig. 6). Furthermore, caprolactam hydrolysis was 
not detectable by 6-ACA formation if bicarbonate 
was not present (Table 2). This lack of caprolac-
tam hydrolysis in the absence of bicarbonate was 

Table 2: Caprolactam and ATP hydrolysis activity of CapAB. 

Reaction mixturea Initial rate 

Entry Cap
(mM)

ATP
(mM)

HCO3⁻
(mM)

ADP
(U/mg)

ACA
(U/mg)

1 2 2 50 0.51 0.39
2 0 2 50 0.44 -
3 2 2 0 0.008 - 

4 2 2 0.5 0.021 0.017
5 0 2 0.5 0.019 - 

6 2 2 5 0.167 0.190
7 0 2 5 0.158 - 

8 2 0 50 n.d. n.d.b

a Reaction mixtures contained CapAB (0.045 mg/ml) and varying concentrations of 
ATP, caprolactam and bicarbonate in Hepes buffer, pH = 8.0
b Reference reaction from Otzen et al. [6], reaction mixture containing CFE of 
CapAB producing P. jessenii strains grown on caprolactam. In the absence of ATP, 
no product formation was found.
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not due to inhibition by Hepes because in the 
same buffer with 0.5 mM or 5 mM ammonium 
bicarbonate added the rate of ATP hydrolysis 
and 6-ACA formation hydrolysis increased to 
the expected level (Table 2). In each case, the 
ATP hydrolysis activity found in the presence of 
caprolactam was only slightly higher than in its 
absence. These results show an essential role for 
bicarbonate in the hydrolysis of caprolactam and 
ATP and that the observed uncoupling was also 
dependent on the presence of HCO3⁻.

In a recent study on caprolactam degradation, 
Thompson et al. [50] reported that expression 
in E. coli of CapAB homologs encoded by the 
P. putida KT2440 oplAB genes (Table 2) did not 
give detectable activity, but a possible effect of 
bicarbonate was not reported [50]. Also, earlier 
literature on hydantoinases and oxoprolinase ac-
tivity do not report a requirement for bicarbonate 
in assay buffers [54,57]. 

Caprolactam hydrolysis is endergonic. The 
unexpected ATP dependence of caprolactam 

hydrolysis prompted us to calculate the free 
energy for this reaction. The equilibrium was 
computed under Gaussian using the CBS-QB3 
method, which can reproduce absolute formation 
energies with an error of <5 kJ/mol [29]. The 
effect of pH was modeled from known acid and 
base dissociation constants (Scheme 1). Very 
acidic or basic conditions were predicted to make 
hydrolysis more favorable while at neutral pH 
the ring-closed or lactam form is highly favored 
(Fig. 7). A similar pH dependence was experi-
mentally observed for the uncatalyzed hydrolysis 
of 5-oxopropline [62]. The calculations showed 
that at neutral pH the caprolactam hydrolysis 
reaction was highly endergonic; the equilibrium 
disfavored formation of 6-ACA (sum of all spe-
cies) due to a ∆G0’ of 23 kJ/mol. By coupling 
the reaction to ATP hydrolysis (∆G0’ = −31 kJ/mol, 
[64]) the reaction becomes exergonic. 

The structure of the CapAB dimer. A 4.0 Å reso-
lution dataset was collected from a single crystal 
grown in phosphate containing Bis-Tris propane 

Figure 5: 6-ACA and ADP formation 
during caprolactam hydrolysis. 
Reaction mixtures contained 2 mM 
caprolactam, 2 mM ATP, 5 mM 
MgCl2, and 5% glycerol in 50 mM 
ammonium bicarbonate buffer, 
pH 8. Formation of ADP (red) and 
6-ACA (blue) was followed by HPLC. 
Controls contained no caprolactam 
(black).

Figure 6: Dependence of ATP 
mediated caprolactam hydrolysis 
on bicarbonate. Reactions were 
performed in 50 mM Hepes buffer 
containing 2 mM caprolactam, 2 mM 
ATP, 5 mM MgCl2, 5% glycerol, and 0, 
0.5 or 5 mM ammonium bicarbonate. 
Dotted line: Hepes only.
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buffer with 20% PEG3350. Extensive efforts to 
reproduce or obtain more or better diffracting 
crystals failed, also when substrate or substrate 
analogs were added. The structure was solved by 
molecular replacement and refined to an R/Rfree 
of 29/37%. Despite the modest resolution of the 
data, the CapA and CapB main chains were well 
tracible and side chains of β-strands and α-he-
lices can be observed (Fig. 8) and the structure 
was refined with reasonable validation statistics 
(Table 3). The Rama-Z score of −3.3 is slightly 
better than the mean value of −4.0 for structures 
with similar resolution [65]. The Molprobity score 
of 2.3 with a percentile of 99% implies that the 
actual crystallographic resolution is quality-wise 
better than the average structure at that resolu-
tion (3.25–4.25 Å).

The structure shows a (αβ)2 heterotetram-
eric assembly. The final model thus consists 
of two CapB subunits (residues 1–580) and 
two CapA subunits (residues 6–696). The CapB 
subunits form a dimeric core with an interface 
area of ca. 1350 Å² (Pisa server). Each CapB 
subunit interacts with a CapA subunit on the 

Figure 7: Predicted change in Gibbs free energy 
(∆G0) upon hydrolysis of caprolactam to 6-ACA (all 
species) in water. The difference in energy between 
the uncharged species (Scheme 1) was calculated 
quantum mechanically using CBS-QB3 with an SMD 
solvent model [29,30]. The energy differences with 
the charged 6-ACA species were calculated from pKA 
and pKB constants (Materials and Methods). 
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were added. The structure was solved by molecular replacement and refined to an R/Rfree of 29/37%.  
Despite the modest resolution of the data, the CapA and CapB main chains were well tracible and side 
chains of β-strands and α-helices can be observed (Fig. 8) and the structure was refined with 
reasonable validation statistics (Table 3). The Rama-Z score of -3.3 is slightly better than the mean 
value of -4.0 for structures with similar resolution [65]. The Molprobity score of 2.3 with a percentile 
of 99% implies that the actual crystallographic resolution is quality-wise better than the average 
structure at that resolution (3.25 – 4.25 Å). 

The structure shows a (αβ)2 heterotetrameric assembly. The final model thus consists of two 
CapB subunits (residues 1-580) and two CapA subunits (residues 6-696). The CapB subunits form a 
dimeric core with an interface area of ca. 1350 Å2 (Pisa server). Each CapB subunit interacts with a 
CapA subunit on the opposite side of the CapB-CapB dimer interface, with a buried surface area of ca. 
3000 Å2. The heterotetramer (CapABBA) has dimensions of ca. 70 Å x 80 Å x 170 Å (Fig. 9). The 
elongated shape of the assembly observed in this crystal structure is in agreement with the results of 
dynamic light scattering (DLS) measurements with purified CapAB. Here, a homogeneous protein 
species was found with a hydrodynamic radius of 7.8 nm (Fig. 10), which corresponds well to the largest 
dimension of 17 nm found in the X-ray structure of the tetramer. Due to the elongated structure the 
apparent molecular weight of the protein was overestimated at 412 kDa in DLS measurements; the 
mass of the tetrameric CapAB enzyme is 278 kDa.  

The dimerization of the two CapB subunits is structurally similar to the interactions seen in the 
crystal structures of XaAc and AaApc. Polar as well as hydrophobic subunit interactions are observed. 
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Table 3. Data collection and refinement statistics. Numbers in parenthesis are for 
the highest resolution shell. 

Data collection
Unit cell a, c (Å) 195.4, 167.4, 88.0
Resolution (Å) 48.8–4.0 (4.28–4.0)
No. of observations 92432 (15956)
No. of unique reflections 24725 (4389)
Rpim(%) 37.0 (74.5)
Completeness (%) 98.8 (98.7)
Mean I/σ (I) 2.3 (1.1)
Redundancy 3.7 (3.6)
CC(1/2) 0.784 (0.389)
Refinement
R / Rfree (%) 29 / 37
No. of protein atoms 19265
Ligand active site 2 × Zn
Geometry
R.m.s. deviations, bond lengths (Å) 0.005
R.m.s. deviations, bond angles (o) 1.1
Ramachandran most favored (%) 89.34
Ramachandran allowed (%) 9.91
Ramachandran outliers (%) 0.75
Rama distribution Z-score −3.3
Rotamer outliers 0
Cβ outliers 0
MolProbity / percentile 2.3 / 99th
Clashscore / percentile 17.2 / 97th
PDB accession code 6YRA

Figure 9: Crystal structure of caprolactamase tetramer. Salmon CapA, blue CapB, green CapB, yellow CapA. 
The assembly is (αβ)2. The metals are depicted as purple spheres.
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opposite side of the CapB-CapB dimer interface, 
with a buried surface area of ca. 3000 Å². The 
heterotetramer (CapABBA) has dimensions of 
ca. 70 Å × 80 Å × 170 Å (Fig. 9). The elongated 
shape of the assembly observed in this crystal 
structure is in agreement with the results of 
dynamic light scattering (DLS) measurements 
with purified CapAB. Here, a homogeneous 
protein species was found with a hydrodynamic 
radius of 7.8 nm (Fig. 10), which corresponds 
well to the largest dimension of 17 nm found 
in the X-ray structure of the tetramer. Due to 
the elongated structure the apparent molecular 
weight of the protein was overestimated at 
412 kDa in DLS measurements; the mass of the 
tetrameric CapAB enzyme is 278 kDa. 

The dimerization of the two CapB subunits is 
structurally similar to the interactions seen in 
the crystal structures of XaAc and AaApc. Polar 
as well as hydrophobic subunit interactions are 
observed. The YASARA hybrid model of CapAB 
predicted well the position of interface between 
the CapA and CapB despite the rotation between 
homologous subunits [66]. However, the sub-
units in the Yasara model were ca. 2 Å closer to 
each other compared to the crystal structure, 
indicating despite the modest resolution the 
crystal structure identified clear flaws in the 
homology model.

Structure of CapA. The CapA subunit com-
prises 20 α-helices and 26 β-strands involved in 

6 β-sheets (Fig. 11) and is composed of an ATPase 
module common to acetate and sugar kinase/
heat shock cognate/actin (ASKHA) superfamily 
proteins [67] (residues 1–84 and 242–494) with 
an insertion of an α/β-domain (res. 85–241). The 
CapA structure is continued with an α+β-domain 
(res. 495–610) containing a disulfide bridge 
Cys545—Cys605, and via a linking β-strand to 
the C-terminal barrel-like domain (res. 623–696). 
Dimerization with CapB occurs through interac-
tions with a long helix (helix N, res. 418–438) and 
an omega loop (res. 553–560) of the α+β-domain.

The structure supports the validity of the 
sequence- based conclusion that CapA resem-
bles the α and α’ subunits of acetophenone 
carboxylase from A. aromaticum and the corre-
sponding large subunit of acetone carboxylase 
from X. autotrophicus. The structure of CapA 
is most similar to the ligand-free state of the 
homologous acetophenone carboxylase subunit 
AaApcα (5L9WB 33% sequence identity and 
RMSD of 2.1 Å). The similarity to the AaApcα’ 
subunit is smaller (5L9Wb 20% id. and RMSD of 
3.3 Å), which is in a closed, ADP-bound state [18]. 
Binding of ligands to acetone carboxylase also 
results in rearrangements in the β subunits [17]. 
The XaAcβ subunits containing AMP + 2 Mg2+ 
(5M45), AMP + SO4 (5SVB) or SO4 (5SVC) 
show different conformations with RMSDs up 
to 2.8 Å. Therefore, it can be expected that 
ligand-induced flexibility exists in the structures 

Figure 10: Dynamic light scattering (DLS) of purified caprolactamase. The majority (99.4% mass) of the protein 
belongs to the species with a radius of 7.8 nm. The molecular weight of the protein is overestimated due to its 
non-globular assembly. Some aggregation is observed (0.6%). 
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of the CapA according to the observations with 
the homologs.

The YASARA hybrid model of CapA has an 
RMSD of 2.2 Å with the crystal structure similar 
to AaApcα (5L9WB RMSD of 2.1 Å). The largest 
differences are observed in β-strands 18 and 19 
of the barrel-like domain, loops connecting the 
secondary structures elements, and the loop 
between α-helix D and β-strand 6 at the interface 
with CapB. 

Inspection of structural alignments between 
CapA and the XaAc and AaApc subunits re-
vealed a conserved (putative) ATP binding site 
in PjCapAB. No ATP or ADP was observed in 
CapAB. Most of the CapA homologues have a 
phenylalanine residue stacking on the adenine 
ring: Phe405 in XaAcβ, Phe368 in AaApcα’, and 
Tyr406 in AaApcα. The CapA subunit has two 
leucine residues at that position (Leu390, Leu391) 
(Fig. 2) indicating fewer hydrophobic interactions. 

Non-aromatic hydrophobic interaction is also 
observed in related proteins, e.g. by side chains 
of arginine residues in the Hsp70-x chaperone 
nucleotide binding domain (PDB code 6RZQ). 

Similar to AMP/ADP binding in homologous 
structures, the α-phosphate (AMP) in CapA is 
probably bound via an Mg2+ ion to Asp18 and the 
backbone oxygens of Thr15, Phe16 and Gly298, 
and to the amide of the strictly conserved Lys32 
(Fig. 2). This α-phosphate could also be bound via 
another Mg2+ ion to the carboxylate of Asp295, 
which will also have interaction to the second 
phosphate (ADP). This β phosphate and the γ 
phosphate (ATP) can also be bound via the same 
Mg2+ ions to the carboxylate atoms of Asp295 
and Asp11 or side chains of Thr299 and Thr15.

The substrate binding site where the capro-
lactam will be phosphorylated should be close 
to γ-phosphate binding site (ATP). It will be 
surrounded by Asp11 (conserved), Asn269, 

Figure 11: The CapA fold. A: Cartoon representation of CapA in rainbow depiction (N-terminus blue, C-terminus 
red) created with PyMol [68]. B: Topology of the CapA fold. α-Helices are named by alphabetic letters and 
β-strands are numbered. Diagram created on the Pro-origami server [69] and adjusted with the Inkscape graphics 
editor. The ASKHA ATP binding domain (red outline) is flanked by three additional domains, an α/β-domain which 
also includes the long loops G and H (199–241), an α+β-domain and a C-terminal barrel-like domain (grey outline). 

with the crystal structures of AaApc (pdb 5L9W) and XaAc (5M45, 5SVB and 5SVC) as 
templates. 

The CAVER plugin for Pymol [43,44] was used to detect putative channels to the ATP 
binding site and substrate binding sites. For calculation of the characteristics of the channel, 
the zinc atom was set as a starting point. Channels were calculated with the following settings: 
minimum probe radius: 0.8 Å; shell depth: 10 Å; shell radius: 9 Å; clustering threshold: 3.5; 
number of approximating balls: 12; input atoms: 20 amino acids and the zinc. Cavity volumes 
were calculated with the program CastP [45] with a probe radius of 1.4 Å.  

Atomic coordinates and experimental structure factor amplitudes were deposited in 
the Protein Data Bank PDB number 6YRA. 
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Pro272 (conserved), and Asp302 (conserved). 
There is no positively charged Lys or a His close 
to this site in CapA. In the absence of high 
resolution structures with bound substrate, the 
groups involved in enol tautomer formation and 
substrate phosphorylation remain unclear. 

Architecture of CapB. The CapB subunit 
contains 11 long and 5 short α-helices and 
19 β- strands involved in 5 β-sheets (Fig. 12). 
Its core structure is similar to that of the α 
subunit of acetone carboxylase (XaAcα, RMSD 
2.3 Å with 580 matched residues) and to the β 
subunit of acetophenone carboxylase (AaApcβ 
RMSD of 1.8 Å on 580 residues). The CapB 
structure commences with a Greek-key like 
domain (residues 5–205) from which the first 
and last long helices are involved in the dimer in-
terface with CapA. A disulfide bridge is observed 
between Cys121 and Cys190. The structure 

continues via a linking helix to a mixed β-sheet 
domain containing two α- helices facing CapB 
(res. 233–355), which is followed by a distorted 
barrel composed of two β-sheets and containing 
the polyglycine type-II-like (PGII) helix motif 
(res. 358–531) (Fig. 3 & 12B) [70]. CapB finishes 
with a small α/β mixed C-terminal domain (res. 
533–581). Residues 129 to 174 of the Greek-key 
like domain (sheet 6 and helix D) constitute the 
CapB-CapB interface. 

In agreement with the sequence analysis, CapB 
resembles the β subunit of AaApc and the corre-
sponding subunit (α) of XaAc. CapB (581 residues) 
is smaller than the homologues AaApcβ (684) and 
XaAcα (776) subunits. In acetophenone carboxyl-
ase, the ca. 50 C-terminal residues of the AaApcβ 
subunit embrace the AaApcγ subunit of which the 
function is unknown function and that is absent 
in caprolactamase. The C- terminal arm of XaAcα 

Figure 12. The CapB fold. A: Cartoon representation of CapB in rainbow depiction created with PyMol [68]. The 
interface to CapA is at the back of the CapB molecule. Ligands Asp41, His99, Asp 102, and His124 of the Zn2+ 

ion (grey) are colored in magenta; B: Topology of the main four domains in CapB. The N-terminal Greek-key like 
domain is followed by a mixed β-sheet domain and a distorted barrel domain including the unusual PGII-helix 
motif (white circles). A small mixed α/β domain is located at the C-terminal end. The diagram was created on 
the Pro-origami server[69] and adjusted with the Inkscape graphics editor.
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is ca. 90 residues long. It is involved in binding of 
the XaAcγ subunit and also enlarges the dimer 
interface (dimeric core of 3200 Å²). In addition, 
the N-termini of AaApcβ and XaAcα are 25 and 
47 residues longer, respectively. 

The YASARA hybrid model of CapB has an 
RMSD of 2.0 Å with the crystal structure similar 
with AaApcβ (5L9WB RMSD of 1.8 Å). The larg-
est differences are observed in loops between 
β-strands 15, 16 and 17 of the distorted β-bar-
rel domain (residues 473–511). YASARA was 
not able to predict the correct folding of this 
domain which contains many glycine residues. 
Differences are also observed in a loop between 
β-strand 9 and α-helix D (res. 272–278) of the 
mixed β-sheet domain. Despite the modest 
resolution, the crystal structure provided a much 
better model of the structure, including positions 
of loop and interactions between domains and 
subunits.

Previous studies on carboxylases [60,71] and 
D-hydantoinases [72] suggest a divalent metal 
(Mn2+ or Zn2+) in the active site of the subunit 
homologous to CapB. In XaAcα, a Mn2+ ion is 
present in the active site and AaApcβ contains Zn 

or Fe. The corresponding metal-binding residues 
in the CapB sequence are His99, Asp102, His124 
(all three fully conserved in the decarboxylases, 
hydantoinases and oxoprolinases), and Asp41 
(also conserved, but Glu89 in XaAc). The crystal 
structure of CapAB shows a metal at the expected 
site in CapB (Fig. 13), but the nature of the ion is 
unknown. There is no anomalous signal detected 
in the data, therefore a Mn2+ ion or a Fe2+ ion can 
be excluded (the anomalous scattering factors 
f” for Mn2+, Fe2+ and Zn2+ are 2.8, 3.2, and 0.68 e 
respectively at the data collection wavelength of 
1.54 Å). However, Zn2+ has a negligible anomalous 
signal and was therefore modeled.

The structure of XaAc was determined in 
multiple conformational states. In 5SVB Glu89 is 
coordinating the metal, while in 5M45 and 5SVC 
the sidechain of Glu89 is displaced indicating 
different conformations during the reaction. 
The metal-bound state of Glu89 is observed 
with AMP bound and is allowing access of the 
phosphorylated intermediates to the Mn2+ active 
site [66]. In CapB, the equivalent Asp41 is a ligand 
of the metal and refines to this state. Refining the 
CapBA structure with a starting model containing 

Figure 13: Active site in CapB. The 
pocket is surrounded by residues 
(salmon) Leu38, Ile60, Ile62, Tyr136, 
Thr336, Met339, Ala365, Ile368, 
Val386, Ser389, Pro408, Leu415, 
Phe468, and a vicinal disulfide 
Cys410-Cys411. The metal (Zn2+) 
is depicted with a purple sphere. 
Ligands Asp41, His99, Asp102, and 
His124 of the Zn2+ ion are colored 
yellow.
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an Asp41 in a displaced state always resulted in a 
shift of Asp41 to the metal-bound state.

In CapB, a cavity is located next to the metal 
binding site. This putative active site pocket has 
a surface area of 149 Å² and a volume of 66.3 Å³. 
It is very hydrophobic and flanked by Leu38, Ile60, 
Ile62, Tyr136, Thr336, Met339, Ala365, Ile368, 
Val386, Ser389, Pro408, Leu415, Phe468, and 
a vicinal disulfide Cys410-Cys411, providing a 
hydrophobic platform that possibly could bind 
caprolactam (Fig. 13). The vicinal disulfide is 
of type T(rans)x. Disulfide groups from vicinal 
cysteines can bind to sugars or other rings 
[73]. The disulfide is conserved in the P. putida 
lactamase, hydantoinases and 5-oxoprolinases 
(Table 1), but not in the carboxylases. In XaAc 
this binding pocket is much smaller (33.4 Å² area, 
8.4 Å³ volume). There, it is mainly constricted by 
three tryptophan residues (401, 438, and 479), 
Phe456, Leu108, and Met187, still leaving space 
for accommodating the smaller product aceto-
acetate. In AaApcβ this binding site is slightly 

smaller than in CapB and is also of hydrophobic 
nature (69.7 Å² area and 26.6 Å³ volume). 

Substrate channel. The structural similarities 
between CapAB and carboxylases suggest 
that caprolactam and/or bicarbonate become 
phosphorylated by ATP in the CapA subunit, 
followed by movement to the CapB subunit for 
metal- catalyzed lactam ring opening. In XaAc, a 
substrate channel is proposed to connect the 
XaAcβ and the XaAcα subunits in which Glu89 
shifts to a Mn2+-coordinating position when the 
interior channel opens (PDB 5SVB) [17]. In CapB, 
the corresponding Asp41 is already in a position 
where it coordinates the Zn2+ atom. This is com-
parable to the conformation of Asp65 in AaApcβ 
(PDB 5L9W). This metal-coordinating conforma-
tion of Asp41 in CapB opens a long channel in 
the CapAB structure. A phosphorylated substrate 
formed in the ATP-binding site of CapA can move 
through this channel, which is flanked by Asp302 
(Asp315 in AaApc (5L9W)), Gln330 (Gln344), 
Arg112 (Gln116), His111 (absent in AaApc), and 

Figure 14: Possible intramolecular tunnel between CapA and CapB. The ATP binding site in CapA is con-
nected to the metal binding site in CapB by a 40 Å long intramolecular tunnel. The charged loop in CapA 
(106 HKEDGHRYDATY 118) is marked with an arrow which indicates the entrance of ATP/substrate. Depicted 
is the dimer CapAB. Color coding is the same as in Fig. 9. 
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Arg439 (Glu455) to CapB Arg21 (Asp46 in Apc) 
and finally to Asp59 (Gly83) (Fig. 14). The phos-
phorylated substrate passes a charged loop in 
CapA (106 HKEDGHRYDATY 118). In AaApcα 
and XaAcβ, this loop is also present but in a 
different conformation, without contacting the 
γ-domain. It is missing in AaApcα’ and probably 
shorter in 5-oxoprolinase.

Active site mutants. To confirm the expected 
role of the putative ATP-binding residues in CapA 
and of the observed metal-binding residues in 
CapB in catalysis, we constructed a number of 
mutants. The two conserved aspartic acids lo-
cated in the phosphate binding site 1–3 in subunit 
CapA (Asp11 and Asp295) likely play a role in ATP 
binding (vide supra). Of CapB we targeted the 
four residues (Asp41, His99, Asp101, and His124) 
involved in binding of the metal ion. These six 
residues were mutated to alanine and the mu-
tant enzymes were expressed and isolated by 
metal affinity chromatography as with wild-type 
CapAB. Next, the enzymes were tested for their 
ability to convert caprolactam to 6-ACA, which 
was measured by UPLC-MS, and their thermal 
stability was also examined (Table 4). 

The CapA phosphate site mutants retained 
their stability compared to the wild-type enzyme 
but were able to convert only traces of capro-
lactam to 6-ACA (Table 4). This small residual 
caprolactam hydrolysis activity found in CapA 
mutants was not observed in similar mutants 

of the 5-oxoprolinase from S. cerevisiae [61]. 
Because the activities were very low, only end 
point measurements were taken to quantify the 
amount of 6-ACA converted by these mutants. 
The four CapB metal binding site mutants com-
pletely lost the ability to convert caprolactam 
to 6-ACA and also showed significantly reduced 
thermal stability (Table 4). These results confirm 
a role for the proposed ATP and metal binding 
sites in catalysis.

Mechanism of caprolactam hydrolysis. The 
sequence analysis, activity measurements, and 
comparison of X-ray structures with other en-
zymes suggest possible catalytic mechanisms for 
PjCapAB. The mechanism should account for two 
essential active sites connected by a tunnel, the 
uncoupling observed in the absence of caprolac-
tam, and the essential role of bicarbonate both for 
ATP hydrolysis coupled to caprolactam hydrolysis 
and for uncoupled ATPase activity. The high 
uncoupling rate in the absence of caprolactam 
and in the presence of bicarbonate suggests that 
bicarbonate plays an active role in the catalytic 
cycle. Bicarbonate could be an allosteric activator 
triggering conformational changes but not taking 
part in the reaction. Conformational changes are 
of major importance in similar enzymes catalyzing 
ATP-dependent substrate activation. However, 
in the related acetone and acetophenone 
carboxylases, bicarbonate is a reactant that is 
activated to carboxyphosphate. This travels to 

Table 4: Properties of CapAB mutants. Reactions measured in 50 mM ammonium 
bicarbonate buffer, pH 8, containing 2 mM caprolactam, 2 mM ATP, 5 mM MgCl2 
and 5% glycerol. 

Enzyme variant TM 
app (°C) Reaction

time (h)
Conversion to

6-ACA (%)
WT 56.0 1 100
CapA-D11A 57.5 19 0.05
CapA-D295A 55.0 17 0.4
CapB-D41A 51.5 17 <0.015
CapB-H99A 39.0 17 <0.015
CapB-D102A 38.0 17 <0.015
CapB-H124A 37.5 17 <0.015



132

carboxyl group to an acceptor. For these enzymes, 
the role of bicarbonate is obvious since it forms 
a C—C or C—N bond. The role of bicarbonate in 
caprolactamases is less palpable and structural 
evidence for a bicarbonate binding site in CapA 
was not found. Yet, if carboxyphosphate is 
formed as an intermediate, it may transfer either 
the carboxylate moiety or the phosphate group 
to the iminol tautomer of caprolactam. 

In view of the above, three different mecha-
nisms can be considered (Fig. 15). In mechanism 
A, caprolactam acts as the direct acceptor in the 
substrate phosphorylation reaction and bicarbon-
ate only functions as a non-reacting activator, for 
example by introducing a conformational change 
that brings catalytic residues in proximity of the 
substrate. The –OH group of the lactim (iminol) 
tautomer of the substrate is phosphorylated 
by nucleophilic attack on the γ-phosphate P of 
ATP in the CapA subunit, after which it moves 
and is subjected to cleavage in CapB. This is 
in agreement with the proposed mechanism 
of oxoprolinases [25]. Bicarbonate would be a 
non-reacting activator. Bovine and human oxop-
rolinase are not reported to require bicarbonate 
for activity [47,48]. In mechanism B, caprolactam 
is also activated by phosphorylation of its lactim 
tautomer but with carboxyphosphate as a media-
tor in phosphoryl transfer from ATP to the lactim 
OH. In this scenario, carboxyphosphate is formed 
from bicarbonate and ATP in CapA. Binding of 
bicarbonate could be comparable to the bicar-
bonate binding site in biotin carboxylases [77,78]. 
The third option, mechanism C, also involves 
carboxyphosphate but here caprolactam is not 
activated as the phosphorylated lactim, but as the 
carboxyester of the lactim. All three mechanisms 
involve formation of an activated caprolactim. 
This activated caprolactim intermediate would 
pass through the tunnel connecting CapA and 
CapB to the metal-containing hydrolysis site in 
CapB. Structural inspection shows that the tunnel 
is sufficiently spacious (Fig. 14). 

After migration through the tunnel to CapB, the 
activated caprolactim could be positioned close 
to the zinc binding site next to two coordinated 

the β subunit, together with the phosphorylated 
enol tautomer of the ketone acceptor, which is 
produced in the same α subunit as carboxyphos-
phate (acetone carboxylase) or in a different α’ 
subunit (acetophenone carboxylase). The close-
to-one stoichiometric conversion of ATP and 
caprolactam during the caprolactamase reaction 
excludes that both bicarbonate and the organic 
substrate are phosphorylated separately, but not 
that activation of caprolactam involves carboxy-
phosphate as an intermediate. The formation of 
carboxyphosphate in the α subunit, distant from 
the caprolactam binding site, would be consistent 
with a high rate of ATP hydrolysis in the absence 
of caprolactam. A bicarbonate binding site like 
the one formed by 2 arginines and a glutamate in 
biotin carboxylase (PDB 4MV3) was not detected 
in CapA. The only positive group protruding into 
the active site is Lys40 which is conserved in the 
carboxylases, hydantoinases, and lactamases but 
not in the oxoprolinases.

An examination of the expected position of 
the γ-phosphate of ATP reveals a rather spacious 
site that could well accommodate bicarbonate 
and caprolactam. The most notable difference 
in charged residues around the region where 
substrate should bind are Asp302 in CapA, which 
corresponds to Lys281 in AaApcα’ of acetophe-
none carboxylase. Other differences are that 
two aromatic groups of AaApcα’ (Phe434 and 
Phe463) are missing in CapA. However, these 
differences neither rule out nor suggest that 
CapA phosphorylates carbon dioxide.

From studies on pyruvate and propionyl-CoA 
carboxylases as well as carbamoyl phosphate 
synthetases, it is known that carboxyphosphate 
is a crucial reaction intermediate generated by 
ATP-dependent phosphorylation of bicarbon-
ate [74–76]. A distinct carboxylate binding site 
is present in biotin carboxylase (3G8C, 4MV9) 
where HCO2⁻ interacts with Glu, Lys, Asn, Arg 
[77,78] and in (N(5))-carboxyaminoimidazole 
ribonucleotide synthase (3V4S), where HCO2⁻ is 
connected to Arg and Lys [79]. In both enzymes, 
the formed carboxyphosphate does not diffuse 
from the active site but immediately transfers the 
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water molecules (Fig. 15). Metal-assisted hy-
drolysis of the activated lactim requires one (in 
case of carboxylated lactim) or two (in case of 
phosphorylated lactim) water molecules, which 
can be activated by the zinc in the CapB active 
site (Fig. 13). Water deprotonation and amine 
protonation should facilitate the lactim ring 
opening. It likely includes a nucleophilic attack 
by water on the lactim carbon and protonation 
of the nitrogen of the amine that is formed. 
The only obvious group that could act as acid/
base catalyst in phosphocaprolactim cleavage is 
Tyr136, which sticks into the active site of CapB. 
Through a nucleophilic attack by a coordinated 
water molecule a tetrahedral diol is formed. The 
second water molecule initiates the hydrolysis 
and 6-ACA is and phosphate are released from 
the active site. 

Figure 15: Proposed mechanisms for hydrolysis of caprolactam by PjCapAB. A/B: Phosphorylation of caprolac-
tam at the ATP-binding site of the CapA subunit leading to a phosphorylated lactim intermediate either by direct 
phosphorylation by A: ATP or B: via the carboxyphosphate intermediate. After migration through a tunnel to 
CapB, hydrolysis of phosphocaprolactam occurs via coordinated water molecules releasing the product 6-ACA 
and free phosphate. C: Carboxylation of caprolactam by carboxyphosphate is followed by migration to CapB 
and subsequent elimination with involvement of coordinated water. Products CO2 (or bicarbonate) and 6-ACA 
are released. Leaving group protonation is not shown. 

Conclusions

Caprolactamase belongs to a group of ATP-de-
pendent hydrolases of the oxoprolinase/ hydan-
toinase family of enzymes. Since the activities 
of these hydrolases are diverse (hydrolysis of 
lactams, hydantoins, oxoproline) but all act 
on cyclic amides, we propose the name be 
ATP-dependent lactamase family of enzymes. 
Furthermore, sequence similarities suggest that 
many genes annotated in sequence databases 
as oplAB in various Pseudomonas strains do 
not code for oxoprolinases but for lactamases 
acting on other substrates, e.g. caprolactam or 
valerolactam. The crystal structure of caprolac-
tamase shows an (α/β)2 tetramer, with the α 
subunits (CapA) responsible for ATP-dependent 
substrate phosphorylation and the β subunits 
(CapB) for hydrolytic lactam ring opening. 
Multi-sequence alignments and structural 
inspection suggest two distinct active sites, 
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one with an actin-like ATPase motif located in 
subunit CapA, which is conserved in a range of 
ATP utilizing enzymes from different functions 
[80]. The second catalytic site is formed by a 
Zn-binding site in CapB. The catalytic activity 
of caprolactamase was dependent not only on 
ATP but also on bicarbonate. The approximate 
equimolar formation of ADP and 6-ACA sug-
gests that only one ATP is used per round of 
caprolactam hydrolysis. The ATP dependence 
can be explained by an unfavorable position 
of the equilibrium, similar to that observed for 
oxoproline hydrolysis. The requirement for bi-
carbonate may be related to allosteric activation 
through conformational effects, but it is also 
conceivable that carboxyphosphate is formed 
and acts as a mediator in caprolactam activation, 
forming carboxy- or phospholactim. The dimeric 
structure and presence of a connecting tunnel 
suggest that the activated lactim moves from 
the CapA active site to the CapB active site 
without release to solvent. In the CapB site, 
the activated substrate will undergo hydrolysis 
by water activated by bound zinc. The results 
provide a basis for further studies aimed at 
identifying the nature of the activated lactim, 
the role of bicarbonate, the mechanism by which 
uncoupling is suppressed and the identification 
and role of catalytic groups.
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Summary and perspectives 

Summary
The ongoing depletion of fossil resources ne-
cessitates exploration of alternative solutions 
for the demands of modern societies. This 
includes the development of processes making 
use of sustainable feedstocks instead of oil 
for the production of nylon and other plastics. 
Alternatives for the production of the nylon-6 
precursors caprolactam and 6-aminocaproic acid 
(6-ACA) would be highly attractive in view of the 
large production volume and poor sustainability 
metrics of current synthetic routes. To replace 
chemical synthesis based on petrochemistry 
by biocatalytic or fermentative routes starting 
with renewable resources, development of 
dedicated enzymes and design of production 
microorganisms is needed. Protein engineering 
can expand the possibilities offered by natural 
enzymes through tailoring their substrate scope 
and metabolic engineering allows assembly of 
such dedicated enzymes in pathways. In vivo 
multi-enzyme cascades have the advantage that 
the cell can provide the co-substrates and cofac-
tors that are needed for heterologous enzymes 
to function properly [1]. Engineered biosynthetic 
pathways usually start from inexpensive sub-
strates or intermediates of central metabolism. 
Along the metabolic pathway, functional groups 
and structural complexity are added towards 
higher-value products. However, these pathways 
have shown low production yields.

A main cause of the modest production levels 
that are sometimes observed when investigat-
ing artificial biosynthetic pathways lies in the 
deflection of intermediates into non-productive 
routes leading to side product formation. In 
some cases, this can be solved through targeted 
gene deletions that remove side reactions and 
increase product formation, like in the recently 
discovered pathway towards valerolactam in 
Pseudomonas putida [2]. The valerolactam bio-
synthesis route that naturally occurs in P. putida 
starts from L-lysine but does not accumulate the 
lactam to significant levels, since P. putida can 

utilize valerolactam as carbon source and thus 
degrades it. By genetic deletion of the valero-
lactam degrading hydrolase, which is related to 
the caprolactamase described in this thesis, and 
two other genes coding for enzymes that diverge 
intermediates, the titer of valerolactam in culture 
fluid could be increased to 90 mg/l. 

When genes encoding an artificial pathway are 
introduced in a different host, routing metabo-
lism through this pathway may still be challenging, 
especially if the pathway needs to diverge me-
tabolites from the central metabolism. A clear ex-
ample is the artificial biosynthetic route towards 
6-ACA in an E. coli strain developed by Turk et al. 
working at DSM. Naturally, E. coli is not able to 
degrade 6-ACA and seems not affected in growth 
by high levels of it, which makes a biosynthesis 
pathway introduction in this host attractive. The 
pathway consists of two parts: (1) a carbon-skele-
ton synthetic route converting the 5-carbon citric 
acid cycle intermediate 2-ketoglutarate (AKG) to 
the 7-carbon compound 2-ketopimelate (AKP), 
and (2) a 2-step decarboxylation plus amination 
cascade converting AKP to 6-ACA. Next to the 
desired product 6-ACA, several side products 
are formed, which is attributed to endogenous 
E. coli enzymes competing with the introduced 
enzymes. The work described in this thesis is 
aimed at exploring solutions that remedy this un-
desired side product formation. Here, the focus 
is on the second part of the pathway since the 
side products are formed at this stage.

In Chapter 2, we explored ways to improve 
that pathway by means of adaptation of cul-
turing conditions, as well as by introduction of 
new enzymes and enzymes improved by protein 
engineering, with the goal of increasing 6-ACA 
titers. Changing shaking speed, cofactor, and 
cosubstrate supplementation did not significantly 
increase the 6-ACA levels. Through selective 
removal of the Vibrio fluvialis aminotransferase 
(VfAT) gene from the 6-ACA producing strain, it 
became clear that the amination reaction from 
the aldehyde 6-oxohexanoic acid (6-OHA) to 
6-ACA should not be attributed to VfAT but to 
endogenous E. coli ATs. This was confirmed by the 
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observation that by moving the pathway to a dif-
ferent E. coli host strain (from an E. coli B derived 
strain to a K12 derivative), 6-ACA formation de-
creased. Additionally, in vitro characterization of 
VfAT proved that 6-OHA is aminated best when 
1-phenylethylamine is used as amino donor. The 
L-amino acids alanine and glutamine are less fa-
vorable for the activity of VfAT. As an alternative, 
we investigated the ω-aminotransferase from 
Pseudomonas jessenii (PjAT), which in vitro showed 
better catalytic properties for 6-OHA amination 
[3], but in vivo this effect was not reflected in an 
increase of 6-ACA accumulation. 

For possible conversion of the predominant 
side product 2-aminopimelic acid (2-APA), we in-
vestigated the introduction of a diaminopimelate 
decarboxylase from Thermotoga maritima (TmDC). 
The decarboxylation of 2-APA could lead to 
6-ACA with the right enzyme. Whereas native 
TmDC acts on a D-amino acid stereocenter, 
the enzyme also showed in vivo some activity 
with the potential AKP pathway intermediate 
L-2-APA. In vitro, this activity could not be re-
produced. Nevertheless, an attempt was made 
to change the enantioselectivity of TmDC by 
rational mutagenesis of active site residues. 
Residues that influenced the CO2 extraction 
angle from the PLP-bound intermediate were 
mutated. Even though molecular dynamics 
simulations predicted that decarboxylation 
might happen in some mutants, and also since 
the enzyme seems to lack a specific site for 
coordination of the carboxylate group that is 
split off as CO2, the mutants retained their 
preference for D-amino acids when tested ex-
perimentally. Despite these efforts to improve 
productivity of the 6-ACA biosynthetic pathway, 
the side product titers of 2-APA and adipate 
continued to exceed the concentrations found 
for the 6-ACA. By starting with the TCA cycle 
intermediate AKG, the pathway interacts with 
metabolic routes for amino acid production 
and other pathways [4]. Endogenous enzymes 
can diverge 6-ACA biosynthetic intermediates, 
reducing the yield from the substrate (glucose). 
A more detailed analysis and a more holistic 

approach to metabolic engineering may be 
needed to improve the yield of 6-ACA.

The results described in Chapter 2 sug-
gested that D-2-APA, instead of L-2-APA, can 
be considered to serve as an intermediate in 
6-ACA biosynthesis. Accordingly, we explored 
in Chapters 3 and 4 the use of computational 
redesign to obtain enzymes for this alternative 
pathway from 2-AKP towards 6-ACA. The use of 
D-enantiomers as intermediates in biosynthesis 
is rarely considered, since enzymes acting on 
D-amino acids are not widespread [5]. However, 
it would create an orthogonal artificial pathway 
with no expected interference by endogenous 
enzymes and thereby avoiding deflecting side re-
actions. We took an example from the enzymes 
catalyzing the last two steps in the biosynthesis 
of lysine: diaminopimelic acid dehydrogenase 
(DAPDH) and diaminopimelic acid decarboxylase 
(DAPDC). In this reaction, DAPDH catalyzes the 
amination of L-2-amino-6-oxoheptandionate, 
creating a D-stereocenter in the intermediate 
meso- diaminopimelate. Subsequently, DAPDC 
removes CO2 from said D-stereocenter of 
meso- diaminopimelate resulting in L-lysine. The 
cascade of DAPDH and DAPDC gives an oppor-
tunity to study orthogonal pathway construction. 

For DAPDC, engineering a rational approach 
was chosen to identify target positions for 
mutagenesis and after only a limited number of 
mutations was tested, mutant Glu315Thr was dis-
covered which showed excellent decarboxylation 
activity towards D-APA. Further computational 
analysis revealed that the geometric positioning 
of the catalytic residue Lys46 makes the mutant 
Glu315Thr stand out in performance compared 
to the other mutants in the library (Chapter 3). 

The approach for DAPDH engineering was to 
see whether the frequency by which mutations 
are predicted by a computational design protocol 
based on the Rosetta energy function correlates 
to the likelihood of the mutations promoting ac-
tivity towards APA. Based on that assumption, a 
mutant library was constructed. The library was 
quite large (74 variants) with the best mutant 
being a double mutant (Asp121Phe+Phe146Val) 
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which showed an improvement of more than 50-
fold compared to wild-type activity (Chapter 4). 
The work on D-selective enzymes could guide the 
way for synthesis of other enantiopure D-amino 
acids, either by asymmetric transformation of 
2-keto acids or by kinetic resolution or racemic 
amino acids. Establishing more complete correla-
tions between computational and experimental 
data, including the role of different parameters 
that can be identified computationally (geometry, 
hydrogen bonding, and interaction energies) re-
quires larger experimental data sets. This would 
allow sampling of parameters separately and in 
combination. Collecting experimental kinetic 
data of enzymes is much more time consuming 
than computational analysis, suggesting that, 
provided they are accurate, computational 
prediction protocols could be suitable for the 
discovery of improved variants [6,7]. The cumu-
lative motions occurring in an enzyme can lead 
to conformational states facilitating substrate 
conversion by lowering the energy barrier for ca-
talysis [8]. However, the effect of conformational 
fluctuations on catalysis is difficult to predict 
computationally. The near-attack-concept, which 
samples and scores the occurrence of proposedly 
reactive enzyme-substrate conformations in mo-
lecular dynamics simulation trajectories, may be 
a suitable approximation [9]. 

Chapter 5 describes a new enzyme, caprolact-
amase, belonging to the family of ATP- dependent 
lactamases. Sequentially, it is related to eukary-
otic 5-oxoprolinases and prokaryotic hydantoi-
nases. We describe the first crystal structure 
solved for a member of this class of hydrolytic 
enzymes. The structure revealed a tetrameric 
oligomer (αβ)2 consisting of two pairs of poly-
peptide chains called CapA (75 kDa) and CapB 
(63 kDa). CapA is characterized by an ATP-binding 
site, whereas CapB shows a metal-binding site, 
where the residues Asp41, His99, Asp 102, and 
His124 bind a zinc ion. Due to the lack of avail-
able structures of hydrolases to compare to, the 
X-ray structure of caprolactamase is most relat-
able to the structures of ATP-dependent acetone 
and acetophenone carboxylases [10,11]. In these 

enzymes, both the ketone and bicarbonate are 
phosphorylated by ATP, leading to a phosphoe-
nol and carboxyphosphate, respectively. These 
reactions happen in the CapA-like subunits. 
The carboxylase subunits homologous to CapB 
then perform a nucleophilic addition reaction 
between the two phosphorylated substrates.

Besides providing the crystal structure of 
caprolactamase we shed light on the reaction 
mechanism of the enzyme. We discovered that 
caprolactamase activity is also bicarbonate-de-
pendent, like that of the related carboxylases. 
We proposed a mechanism where ATP hydrolysis 
and caprolactam hydrolysis are spatially sepa-
rated. The results indicate that phosphorylation 
of caprolactam or bicarbonate happens in the 
CapA component. A spacious tunnel of around 
40 Å connects the active sites of the CapA and 
CapB subunits, and the activated intermediate 
travels through this tunnel from CapA to CapB. 
At the metal binding site in CapB, lactam ring 
cleavage takes place. Based on our findings, it 
can be debated whether enzymatic hydrolysis of 
caprolactam goes via a phosphorylation or car-
boxylation of the expected iminol intermediate. 
Further research, preferably with high-resolution 
structures and structures of enzyme-substrate 
complexes, will be necessary to unravel the 
mechanism of catalysis at the atomic level and 
role of active site residues in phosphoryl transfer. 
The presented results may help to understand 
the function of phylogenetically related enzymes 
annotated like oxoprolinases and hydantoin-
ases and their annotation in protein sequence 
databases.

Perspectives
Creating metabolic pathways is becoming an 
important field of research since it allows pro-
duction of platform chemicals and secondary 
metabolites from bio-based resources as a re-
placement for fossil-based feedstocks. Despite 
the advances made in molecular biology and 
metabolic engineering, construction of de novo 
metabolic pathways often remains difficult due 
to the lack of enzymes for one or more of the 
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reactions in a designed pathway [12]. Whereas 
metabolic engineering of microorganisms 
that already possess the enzymes towards a 
specific product (e.g. C. glutamicum, a natural 
L-glutamate and L-lysine excreting bacterium 
[13]) has been very successful [14], designer 
pathways relying on non-natural reactions and 
employing enzymes of different origins are more 
challenging. In case of the AKP-based pathway 
for fermentative production of 6-ACA/caprolac-
tam, further engineering is needed to increase 
the concentration of product and the yield on 
glucose. Host selection can as well be consid-
ered. So far, E. coli presented a good platform to 
construct and express the artificial 6-ACA bio-
synthetic pathway and for exploring the effect of 
varying growth conditions. However, compared 
to results obtained with industrial fermentation 
strains of Corynebacterium and Brevibacterium, 
which give titers of up to 150 g/L of amino ac-
ids, 6-ACA levels obtained with E. coli are very 
modest. Poor product yields may also have to 
do with the fact that the pathway starts with 
the TCA cycle intermediate AKG. The enzymes 
chosen for carbon skeleton extension from AKG 
to AKP are AksD, AksE, AksF, and NifV. These 
enzymes originate from methanogenic archaea 
where they are involved in the biosynthesis of 
coenzyme B (7-mercaptoheptanoylthreonine 
phosphate) and biotin. Within those biosynthetic 
pathways they perform a cascade of reactions 
to increase the number of carbons from five 
in AKG to eight in α-ketosuberate (AKS) [15]. 
Besides the fact that these enzymes usually 
act in cells growing anaerobically [16], an issue 
could be that the product 7-mercaptoheptanoyl-
threonine phosphate is not needed intracellularly 
in high concentrations, and that the enzymes 
thus have not evolved for high catalytic activity. 
Furthermore, even though there is not much 
known about the regulation of these enzymes, 
one can assume that their activity is under strict 
control. Whether feedback inhibition or other 
regulatory effects play a role in the flux through 
the 6-ACA production pathway has not yet been 
studied but would be interesting to investigate 

for identifying additional measures that increase 
productivity. 

The conversion of AKP to 6-ACA consists of 
a decarboxylation reaction and an amination 
reaction. The decarboxylation is attractive since it 
will shift the thermodynamic equilibrium towards 
product formation, but it would be most helpful 
if it were the last step. Unfortunately, a decar-
boxylase acting on the side product 2-APA has 
not been identified. The decarboxylase we inves-
tigated (TmDC) showed some promising activity 
in an orthogonal pathway for 6-ACA synthesis 
via D-2-APA, but was not useful for conversion 
of the current intermediate L-2-APA to 6-ACA. 
Possibly, the desired activity can be found or 
engineered in a natural L-amino acid decarboxyl-
ase. Candidates would be the dopamine-forming 
L-DOPA decarboxylase or L-glutamate decarbox-
ylase. Both are also PLP-dependent enzymes, but 
have opposite stereopreference to TmDC at the 
substrate binding site.

In January 2020, Genomatica (San Diego, USA) 
together with Aquafil (Arco, Italy) announced the 
production of sustainable nylon precursors at 
ton scale. Even though the precise steps of this 
fermentative pathway towards caprolactam pre-
cursors have not been disclosed in peer reviewed 
literature, we assumed based on the available 
information that it is based on the production 
of 1,4-butanediol (BDO) as an intermediate and 
is completed by including additional enzymes 
[17]. Through extensive research on meta-
bolic engineering and pathway design, such a 
pathway may allow production of caprolactam, 
1,6-hexamethylenediamine and adipic acid in 
one fermentation process [18,19]. The research 
behind this pathway is covered in more than 
80 patents and two decades of research, pointing 
to the complexity of accomplishing a successful 
metabolic engineering project towards a non- 
biological compound. As shown by the work of 
Turk and colleagues on the AKP derived pathway 
[20,21] and in Chapter 2 of this thesis, a major 
challenge of the synthetic pathway towards 
caprolactam is the drainage of intermediates 
by endogenous E. coli enzymes. A way to test 
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compatibility of a synthetic pathway with the 
host metabolic network in advance would be to 
carry out a constraint-based flux balance analysis 
[22]. With this method, hypothetical pathways 
can be evaluated on criteria for maximal fluxes 
that can be expected, as well as their thermody-
namic implications, energy efficiency, and overall 
compatibility of network enzymes with metabolic 
activities of the host.

Development of synthetic metabolic pathways 
usually requires proteins tailored to catalyze 
reactions towards non-natural compounds. For 
this, directed evolution and structure-guided 
protein engineering are powerful tools. Our 
laboratory is interested in the development of 
computational strategies and tools that allow 
reduction of the sequence space to be examined 
for finding better enzymes. Improving enzymes 
by structure- guided mutagenesis is easier when 
starting enzyme with a degree of promiscuity 
is available [12]. This is also what we observed 
with the meso-diaminopimelate decarboxylase 
(DAPDC) as described in Chapter 3. Wild-type 
DAPDC had some decarboxylase activity towards 
2-APA and with only one point mutation we were 
able to increase it, with retention of enantioselec-
tivity for the D-amino acid functionality.

The computational approach applied in Chap-
ter 4 to change the substrate scope of meso- 
diaminopimelate dehydrogenase (DAPDH) was 
targeted to create an activity that the wild-type 
enzyme did not have. Using the Rosetta Cou-
pledMoves protocol and by looking into the fre-
quency of a combination of mutations found in 
the Rosetta solution space, we predicted the like-
lihood that a certain set of mutations will cause 
beneficial activity changes for a given substrate. 
This approach is based on the assumption that 
computational optimization of substrate binding 
in a reactive conformation can be achieved, but 
that the modest accuracy of the computations 
cannot reliably provide a unique correct solution. 
The Rosetta search algorithm can rapidly find 
multiple solutions and search a much greater 
sequence- and conformational space than what 
is accessible by experimental approaches. This 

strategy requires a good understanding of the 
catalytic mechanism, and can become especially 
useful when the target substrate is structurally 
related to the natural substrate (like 2-APA and 
DAP). As mentioned above, orthogonal routes 
with D-amino acids as intermediates have not 
been considered in designer pathways, but 
could offer benefits when creating new cellular 
biofactories. Knowledge on the natural diver-
sity of enzymes acting on D-amino acids is still 
modest, but further enzymological and protein 
engineering studies aimed at broadening this 
scope could create the bandwidth that is neces-
sary to make the design of orthogonal pathways 
a feasible strategy for obtaining synthetic routes 
to non-natural products. 

The implications of the results of our studies 
on the ATP-dependent caprolactamase are 
twofold. First, the architecture of the tetramer 
consisting of the CapA and CapB proteins is 
in agreement with subunits involved in ATP- 
dependent phosphorylation and C—C bond 
formation, respectively, of the multi-enzyme 
complexes of acetone and acetophenone 
carboxylases. Both sequence and structural 
comparisons identify this relationship. Though 
extensive crystallization attempts were made 
with the co-purified CapA and CapB proteins, 
also in the presence of substrates and substrate 
analogs, no better refracting crystals could be 
found. An examination of the 4 Å resolution 
X-ray structure suggested that mobility within 
CapA might influence the packing of CapAB 
dimer in crystals and thus could be a critical 
point. The second implication is that the mech-
anism for lactam hydrolysis should include a 
role for bicarbonate since we observed that 
caprolactam hydrolysis was dependent on 
the presence of bicarbonate. Based on the 
site-directed mutagenesis experiments, we 
concluded that phosphorylation happens at the 
CapA active site, while ring cleavage occurs 40 Å 
further away in CapB. Even though caprolactam 
was not co-crystallized in the active sites, the 
architecture indicates that the space around the 
proposed ATP-binding site of CapA could fit a 
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hydrophobic substrate like caprolactam. The 
phosphorylated or carboxylated substrate has 
to travel through an intermolecular tunnel that 
connects the active sites. This tunnel is also 
present in the related carboxylases and likely 
also occurs in related ATP-dependent lactam hy-
drolases such as oxoprolinase and hydantoinase. 
In vitro activity of a related putative lactamase 
enzyme from P. putida could not be detected 
under the conditions used [2]. If bicarbonate 
dependence also holds for such homologs, the 
results would suggest a catalytic role for bi-
carbonate in enzymatic ATP-dependent lactam 
hydrolysis. This would imply a new mechanism 
for hydrolysis of which the details are enigmatic 
at this moment. 

For the purpose of the development of a 
fermentative pathway towards caprolactam, it 
is interesting to further explore the enzymatic 
interconversion between 6-ACA and caprolac-
tam. Preliminary calculations on the equilibrium 
between caprolactam and 6-ACA show that the 
equilibrium prefers caprolactam over 6-ACA. 
This would explain the ATP requirement of 
caprolactamase for the hydrolysis reaction. The 
chemical 6-ACA ring closure reaction is per-
formed at high temperature (260–270°C) and 
under pressure (12 bar). This indicates that the 
energy barrier is too high for the ring closure 
reaction to happen under ambient conditions. 
In the biosynthesis pathway of valerolactam, a 
cyclase (ORF26) is known to be able to perform 
the ring-closing reaction. ORF26 is an acyl-CoA 
ligase and uses ATP for the cyclization reaction 
[23]. It is described to be also active on 6-ACA to 
form caprolactam. The inclusion of ORF26 into 
the caprolactam biosynthesis pathway could be 
interesting for the final step of the route. With 
the recently developed biosensor for caprolactam 
which is coupled to GFP production [24], rapid 
screening of large numbers of combinations of 
enzymes or laboratory evolution strategies could 
be employed to discover strains showing a boost 
in caprolactam production levels.
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Samenvatting en vooruitzichten 
(NL)

Sammenvatting
De voortdurende uitputting van fossiele 
grondstoffen vereist onderzoek naar nieuwe 
oplossingen om moderne samenlevingen in 
hun behoeften te voorzien. Eén uitdaging is het 
ontwikkelen van nieuwe processen om nylon en 
andere kunststoffen te produceren van duurzame 
grondstoffen in plaats van met olie. Duurzame al-
ternatieven voor de productie van de basisingre-
diënten caprolactam en 6-aminocapronzuur 
( 6-ACA) voor nylon-6 zijn hard nodig, gegeven het 
grote productievolume en de slechte voetafdruk 
van de huidige synthetische processen. Om de 
petrochemische synthese te vervangen door bio-
katalytische of fermentatieve routes die uitgaan 
van hernieuwbare bronnen is de ontwikkeling van 
speciale enzymen (of eiwitten) nodig. Modificatie 
van eiwitten verhoogt de potentie van natuurlijk 
beschikbare enzymen zodat ze beter inzetbaar 
zijn voor nieuwe biochemische reacties. De 
realisatie van dergelijke specifieke enzymen in 
biologische procesroutes, zogenoemde cascades, 
leidt tot nieuwe productie-microorganismen. 

Deze cascades hebben het voordeel dat de 
cel mede kan zorgen voor eiwit-specifieke fac-
toren, die nodig zijn om goed te functioneren [1]. 
Nieuwe biochemische syntheseroutes starten 
meestal vanuit simpele en goedkope substraten 
of tussenproducten van het centrale metabolisme 
van een microorganisme. Langs de metabolische 
routes worden functionele groepen en structurele 
complexiteit toegevoegd richting producten met 
een hogere waarde. Echter, vaak hebben zulke 
kunstmatige productieroutes een lage opbrengst.

Een belangrijke oorzaak daarvan is gelegen in 
de afbuiging van tussenproducten richting niet- 
productieve routes die leiden tot de vorming van 
ongewenst bijproduct. In sommige gevallen kan 
dit worden opgelost door gerichte gen-deleties 
die nevenreacties verwijderen en de product-
vorming verhogen, zoals in de recent ontdekte 
route om valerolactam te verkrijgen in Pseudom-
onas putida [2]. De lactam biosyntheseroute in 

P. putida start met L-lysine, maar leidt niet tot 
het voldoende hoeveelheden, omdat P. putida 
deze lactam zelf kan verteren als koolstofbron. 
Door genetische deletie van het valerolactam- 
afbrekende eiwit hydrolase, dat gerelateerd is aan 
de caprolactamase beschreven in dit proefschrift 
en twee andere genen, kan het rendement van 
valerolactam significant worden verhoogd.

Wanneer genen die coderen voor een kunstma-
tige syntheseroute geïntroduceerd worden in een 
gastorganisme is het lastig om de voorkeursroute 
te forceren, vooral als de route metabolieten uit 
het centrale metabolisme van het gastorganisme 
moet extraheren. Dit probleem zien we ook in de 
kunstmatige biosynthetische route naar 6-ACA 
in een E. coli-stam ontwikkeld door Turk en 
anderen (DSM). In natuurlijke vorm is E. coli niet 
in staat om 6-ACA af te breken en lijkt het niet 
te worden beïnvloed in groei door hoge niveaus 
ervan, wat het gastorganisme aantrekkelijk maakt 
voor het implementeren van een syntheseroute. 
De route bestaat uit twee delen: (1) een route 
waarbij het tussenproduct 2-ketoglutaraat 
(AKG) (5-koolstofverbinding) wordt omgezet in 
2- ketopimelaat (AKP) (7-koolstofverbinding) en 
(2) een decarboxylering plus amineringscascade 
van AKP naar 6-ACA. Naast het gewenste 
product 6-ACA worden enkele bijproducten 
gevormd. Deze bijproductvorming wordt toe-
geschreven aan endogene E. coli-eiwitten, die 
concurreren met de ingebrachte eiwitten. Het 
werk dat in dit proefschrift wordt beschreven, 
is gericht op het onderzoeken van oplossingen 
die deze ongewenste vorming van bijproducten 
verhelpen. Het werk is gericht op het tweede 
deel van de route, aangezien de bijproducten 
voornamelijk in dit stadium worden gevormd.

In hoofdstuk 2 verkennen we manieren 
om de syntheseroute met aanpassing van de 
kweekomstandigheden te verbeteren, evenals 
met de introductie van nieuwe eiwitten, met als 
doel het verhogen van de 6-ACA-concentratie. 
Het veranderen van de roersnelheid, cofactor 
en cosubstraat suppletie zorgde niet voor een 
significante verhoging van de 6-ACA-gehaltes. 
Door het selectief verwijderen van het eiwit 
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aminotransferase van Vibrio fluvialis (VfAT) uit de 
6-ACA-producerende stam werd duidelijk dat 
de amineringsreactie van het aldehyde 6-oxo-
hexaanzuur (6-OHA) naar 6-ACA niet moet wor-
den toegeschreven aan VfAT maar aan endogene 
E. coli AT’s. Dit werd bevestigd door de observatie 
dat door het verplaatsen van de route naar een an-
dere E. coli-stam (een E. coli B afgeleide stam naar 
een K12-derivaat) 6-ACA- vorming vermindert. 
Bovendien liet in vitro karakterisering van VfAT 
zien, dat 6-OHA het beste wordt geamineerd als 
1-fenylethylamine wordt gebruikt als aminodonor. 
De L-aminozuren alanine en glutamaat zijn minder 
gunstig voor de activiteit van VfAT. Als alternatief 
onderzochten we het eiwit ω-aminotransferase 
van Pseudomonas jessenii (PjAT), dat in vitro be-
tere katalytische eigenschappen vertoonde voor 
6-OHA-aminering [3], maar in vivo niet leidde tot 
een toename van 6-ACA.

Voor mogelijke omzetting van het bijproduct 
2-aminopimelinezuur (2-APA) onderzochten wij 
het toevoegen van een diaminopimelaatdecar-
boxylase van Thermotoga maritima (TmDC). De 
decarboxylering van 2-APA zou kunnen leiden tot 
6-ACA met het juiste eiwit. Terwijl natieve TmDC 
zich richt op een D-aminozuur stereocentrum, 
vertoonde het enzym in vivo ook enige activiteit 
met het AKP-route-tussenproduct L-2-APA. In 
vitro kon deze activiteit niet worden gereprodu-
ceerd. Niettemin werd een poging gedaan om 
de enantioselectiviteit van TmDC door rationele 
mutagenese te veranderen. Residuen die de CO2- 
extractiehoek van het PLP-gebonden tussenpro-
duct beïnvloedden werden gemuteerd. Hoewel 
simulaties van moleculaire dynamica voorspelden 
dat decarboxylering zou kunnen plaatsvinden bij 
sommige mutanten, behielden de mutanten hun 
voorkeur voor D-aminozuren in de experimenten. 
Ondanks deze inspanningen om de productiviteit 
van de 6-ACA-biosyntheseroute te verbeteren, 
blijven de bijproducten 2-APA en adipaat de 
concentraties van 6-ACA overschrijden. Door te 
beginnen met het cel-eigen tussenproduct AKG, 
interacteert deze route met metabolieten voor 
aminozuurvorming en andere routes [4]. Endo-
gene enzymen kunnen de 6-ACA biosynthetische 

tussenproducten divergeren, waardoor de op-
brengst van afneemt. Een meer gedetailleerde 
analyse en een meer holistische benadering van 
metabolic engineering is nodig om de opbrengst 
van 6-ACA te verbeteren.

De beschreven resultaten in hoofdstuk 2 
suggereerden dat D-2-APA, in plaats van L-2-
APA, zou kunnen dienen als tussenproduct in 
de 6-ACA-biosynthese. Daarom hebben we in 
hoofdstukken 3 en 4 onderzocht of het gebruik 
van simulatiegericht ontwerp betere eiwitten 
voor de alternatieve route 2-AKP richting 6-ACA 
kan opleveren. Het gebruik van D-enantiome-
ren als tussenproduct bij de biosynthese wordt 
zelden overwogen, aangezien op D-aminozuren 
gerichte eiwitten niet wijdverspreid zijn [5]. 
Het kan echter een orthogonale, kunstmatige 
route creëren zonder verwachte interferentie 
door endogene eiwitten, waardoor ongewenste, 
afbuigende nevenreacties worden vermeden. We 
hebben een voorbeeld aan de laatste twee stap-
pen in de biosynthese van lysine genomen: met 
de eiwitten diaminopimelinezuurdehydrogenase 
(DAPDH) en diaminopimelinezuurdecarboxylase 
(DAPDC). In deze cascade katalyseert DAPDH 
de aminering van L-2-amino-6-oxoheptandio-
naat, waardoor een D-stereocentrum ontstaat 
in het tussenproduct meso-diaminopimelaat. 
Vervolgens verwijdert DAPDC CO2 uit het 
D-stereocentrum van meso-diaminopimelaat, wat 
resulteert in L-lysine. De cascade van DAPDH en 
DAPDC geeft een kans om de constructie van 
orthogonale routes te bestuderen.

Voor DAPDC werd een rationele benadering 
gekozen om doelposities voor mutagenese te 
identificeren. Nadat slechts een beperkt aantal 
mutaties was getest, werd mutant Glu315Thr 
ontdekt die een uitstekende decarboxylerings-
activiteit vertoonde ten opzichte van D-APA. 
Verdere rekenkundige analyse wees uit dat de 
geometrische positionering van het katalyti-
sche residu Lys46 ervoor zorgt dat de mutant 
Glu315Thr opvalt in prestatie vergeleken met de 
andere mutanten in het onderzoek (hoofdstuk 3).

De benadering voor DAPDH was om te zien 
of de frequentie waarmee mutaties worden 
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voorspeld door een rekenkundig ontwerpproto-
col op basis van de Rosetta-energiefunctie, gecor-
releerd kunnen worden met de waarschijnlijkheid 
dat de mutaties APA-activiteit vertonen. Op basis 
van die aanname werd een mutantenbibliotheek 
geconstrueerd. De bibliotheek was vrij groot 
(74 varianten). De beste mutant, een dubbele 
mutant (Asp121Phe + Phe146Val), vertoonde een 
verbetering van meer dan 50 keer in vergelijking 
met de wildtype activiteit (hoofdstuk 4). Het werk 
aan D-selectieve enzymen zou de basis kunnen 
leggen voor de synthese van andere enantio-
meerzuivere D-aminozuren. Voor het vastleggen 
van een meer volledige correlatie tussen reken-
kundige en experimentele data, inclusief de rol 
van verschillende parameters die rekenkundig 
kunnen worden geïdentificeerd (geometrie, wa-
terstofbinding, interactie- energie), is een grotere 
experimentele dataset nodig. Hierdoor zouden 
de parameters afzonderlijk en in combinatie 
kunnen worden geanalyseerd. Verzamelen van 
experimentele kinetische gegevens van enzymen 
is veel tijdrovender dan computationele analyse 
en dit suggereert dat, mits nauwkeurig, simu-
latieprotocollen geschikt kunnen zijn voor de 
ontdekking van verbeterde varianten [6,7]. De 
cumulatieve bewegingen die in een eiwit voorko-
men, kunnen leiden tot conformatietoestanden, 
die leiden tot het verlagen van de energiebarrière 
voor conversie van het substraat [8]. Het effect 
van conformationele fluctuaties op de katalyse is 
echter rekenkundig moeilijk te voorspellen. Het 
‘bijna-aanvalsconcept’, dat het voorkomen van 
voorgestelde reactieve enzym-substraatconfor-
maties in moleculair-dynamische-simulatietrajec-
ten analyseert en beoordeelt, kan een geschikte 
benadering zijn [9].

Hoofdstuk 5 beschrijft een nieuw, onbekend 
eiwit caprolactamase, behorende tot de familie 
van de ATP-afhankelijke lactamases. Achter-
eenvolgens is het gerelateerd aan eukaryote 
5-oxoprolinases en prokaryote hydantoïnases. 
Voor het eerst beschrijven wij de kristalstruc-
tuur opgelost voor een lid van deze klasse van 
hydrolytische eiwitten. De structuur liet een te-
trameer oligomeer (αβ)2 zien bestaande uit twee 

paar polypeptideketens genaamd CapA (75 kDa) 
en CapB (63 kDa). CapA wordt gekenmerkt door 
een ATP-bindingsplaats. CapB toont een me-
taal-bindingsplaats, waarbij de residuen Asp41, 
His99, Asp 102 en His124 een zinkion binden. 
Vanwege het gebrek aan beschikbare structuren 
van hydrolasen om vergelijkingen te maken, is 
de röntgenstructuur van caprolactamase het 
meest te relateren aan de structuren van ATP- 
afhankelijke aceton en acetofenoncarboxylasen 
[10,11]. In deze eiwitten worden zowel het keton 
als ook bicarbonaat gefosforyleerd door ATP. 
Deze reacties vinden plaats in de CapA-achtige 
subeenheden. De carboxylase-subeenheden die 
homoloog zijn aan CapB voeren vervolgens een 
nucleofiele additiereactie uit tussen de twee 
gefosforyleerde substraten.

Naast het verschaffen van de kristalstructuur 
van caprolactamase hebben we het reactieme-
chanisme van het eiwit onderzocht. We ontdek-
ten dat de caprolactamase-activiteit niet alleen 
ATP- maar ook bicarbonaatafhankelijk is, net 
als de homologe carboxylases. We hebben een 
mechanisme geponeerd waarbij ATP-hydrolyse 
en caprolactamhydrolyse ruimtelijk gescheiden 
zijn. De resultaten geven aan dat fosforylering 
van caprolactam of bicarbonaat plaatsvindt in het 
CapA-gedeelte. Een ruime tunnel van ongeveer 
40 Å verbindt de actieve plaats van CapA en CapB. 
Het geactiveerde tussenproduct reist door deze 
tunnel van CapA tot CapB. Op de metaalbindings-
plaats in CapB vindt splitsing van de lactamring 
plaats. Op basis van onze bevindingen kan 
worden betwijfeld of enzymatische hydrolyse 
van caprolactam verloopt via een fosforylering 
of carboxylering van het verwachte iminol- 
tussenproduct. Verder onderzoek, bij voorkeur 
met hoge resolutie structuren en substraten is 
om het mechanisme van katalyse op atomair 
niveau en de rol van actieve randresiduen bij 
fosforyloverdracht te ontrafelen. De resultaten 
kunnen helpen om de functie te begrijpen van 
fylogenetisch verwante enzymen die in de 
database zijn geannoteerd als oxoprolinases en 
hydantoïnases.
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Vooruitzichten
Het ontwikkelen van metabolische routes wordt 
een steeds belangrijker gebied, omdat het de 
productie van basischemicaliën en secundaire 
metabolieten uit bio-based grondstoffen ter 
vervanging van fossiele grondstoffen mogelijk 
maakt. Ondanks de vooruitgang in de molecu-
laire biologie en metabolic engineering, blijft de 
constructie van de novo metabolische routes vaak 
moeilijk vanwege het gebrek aan eiwitten voor 
een of meer van de reacties in een ontworpen 
cascade [12]. Terwijl de opschaling van metaboli-
sche productie in micro-organismen die reeds de 
eiwitten voor een specifiek product bezitten zeer 
succesvol is geweest (bijv. C. Glutamicum, een 
natuurlijke L-glutamaat en L-lysine-uitscheidende 
bacterie [13]) [14], zijn cascades die vertrouwen 
op niet-natuurlijke reacties en op gebruik van 
eiwitten van andere oorsprong uitdagender. In 
het geval van de op AKP-gebaseerde route voor 
fermentatieve productie van 6-ACA/caprolactam 
is verder onderzoek nodig om de opbrengst van 
het product uit glucose te verhogen. De selectie 
van gast-micro-organismen kan ook worden over-
wogen om dit doel te bereiken. Tot nu toe is E. coli 
een goed startpunt geweest om de kunstmatige 
6-ACA biosynthetische route te bouwen en het 
effect van verschillende groeiomstandigheden te 
onderzoeken. In vergelijking met de resultaten 
die zijn verkregen met industriële fermentaties-
tammen van Corynebacterium en Brevibacterium 
die tot 150g/L aminozuren kunnen opleveren, zijn 
de 6-ACA-gehaltes verkregen met E. coli echter 
zeer beperkt. Slechte productopbrengsten kun-
nen ook te maken hebben met het feit dat de 
route begint met het TCA-cyclus- tussenproduct 
AKG. De eiwitten die zijn gekozen voor de 
uitbreiding van het koolstofskelet van AKG 
naar AKP zijn AksD, AksE, AksF en NifV. Deze 
eiwitten zijn afkomstig van methanogene archaea 
waar ze betrokken zijn bij de biosynthese van co- 
enzym B (7-mercaptoheptanoylthreoninefosfaat) 
en biotine. Daarbinnen voeren ze een cascade 
van reacties uit om het aantal koolstofatomen 
van 5 naar 8 te verhogen, met α-ketosuberate 
(AKS) als product [15]. Naast het feit dat deze 

eiwitten vaak optreden in anaeroob groeiende 
cellen [16]  bestaat het probleem dat het co-en-
zym B intracellulair niet in hoge concentraties 
nodig is. Daarom zijn deze eiwitten van nature 
niet ontwikkeld voor hoge katalytische activiteit. 
Bovendien is er niet veel bekend over de regule-
ring van deze eiwitten, maar men kan aannemen 
dat hun activiteit sterk gecontroleerd wordt. Of 
feedbackremming of andere regulerende effecten 
een rol spelen in de flux voor 6-ACA-productie 
is nog niet onderzocht, maar het zou interessant 
zijn om aanvullende maatregelen te identificeren 
die de productiviteit verhogen.

De omzetting van AKP tot 6-ACA heeft een 
een decarboxyleringsreactie en een aminerings-
reactie nodig. Decarboxylering als laatste stap is 
aantrekkelijk, omdat het het thermodynamische 
evenwicht zal verschuiven in de richting van de 
vorming van 6-ACA. Helaas is een decarboxylase 
dat zich richt op het bijproduct 2-APA niet ge-
identificeerd. De onderzochte decarboxylase 
(TmDC) toont veelbelovende activiteit in een 
orthogonale route voor 6-ACA-synthese via 
D-2-APA, maar was niet bruikbaar voor con-
versie voor het huidige tussenproduct L-2-APA. 
Mogelijk kan de gewenste activiteit worden 
gevonden of geïmplementeerd in een natuurlijk 
L-aminozuur decarboxylase. Kandidaten zijn de 
dopamine-vormende L-DOPA-decarboxylase 
of L-glutamaat-decarboxylase. Beide zijn ook 
PLP-afhankelijke eiwitten, maar hebben een 
tegengestelde stereopreferentie met TmDC op 
de substraatbindingsplaats.

In januari 2020 publiceerde Genomatica (San 
Diego, V.S.) samen met Aquafil (Arco, Italië) over 
de productie van duurzame nylonbasisingredi-
enten op de schaal van tonnen. Hoe de exacte 
stappen van deze fermentatieve route richting 
caprolactam precursors eruitzien is niet beschre-
ven. Op basis van de beschikbare informatie den-
ken wij dat de route gebaseerd is op de productie 
van 1,4-butaandiol (BDO) als tussenproduct en 
wordt afgerond met toevoeging van extra eiwit-
ten [17]. Door een uitgebreid onderzoekstraject 
naar metabolische flux en cascade ontwerp, is 
een productieproces ontstaan waar caprolactam, 
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1,6-hexamethyleendiamine en adipinezuur in één 
fermentatieproces kunnen worden geproduceerd 
[18,19]. Dit twee decennia lange onderzoek ach-
ter dit succes is gedekt met meer dan 80 patenten, 
wat wijst op de complexiteit van het voltooien 
van een succesvol metabolic-engineering-project 
naar een niet-biologische verbinding. Zoals uit 
het werk van Turk en collega’s [20,21] en het 
onderzoek uit hoofdstuk 2 blijkt, is een belang-
rijke uitdaging de afvoer van tussenproducten 
door endogene E. coli-eiwitten. Een manier om te 
testen of de synthetische route met het metaboli-
sche netwerk van het gastorganisme verenigbaar 
is, is een flux-evenwicht-analyse [22]. Met deze 
methode kunnen hypothetische routes worden 
beoordeeld op de criteria voor maximale flux tot 
product, evenals de thermodynamische gevolgen, 
energie-efficiëntie en de algemene samenhang 
van het netwerk van eiwitten met de metabole 
activiteiten van het micro-organisme.

De ontwikkeling van nieuwe synthetische rou-
tes vereist meestal het vinden van toegesneden 
eiwitten die reacties kunnen uitvoeren met 
niet-natuurlijke verbindingen. Gerichte evolutie 
en op structuur gebaseerde protein engineering 
kunnen krachtige instrumenten zijn. Onze onder-
zoeksgroep is geïnteresseerd in de ontwikkeling 
van rekenkundige strategieën en tools, waarmee 
de reductie van de sequentieruimte kan worden 
onderzocht om betere eiwitten te vinden. Het 
verbeteren van eiwitten door structuurgeleide 
mutagenese is gemakkelijker wanneer het startei-
wit een mate van promiscuïteit vertoont [12]. Dat 
is wat we waarnamen met de meso-diaminopime-
late decarboxylase (DAPDC) zoals beschreven 
in hoofdstuk 3. Het wildtype eiwit DAPDC 
vertoonde al decarboxylase activiteit met 2-APA 
en met slechts één puntmutatie konden we de 
activiteit verhogen met behoud van enantiose-
lectiviteit voor de D-aminozuur-functionaliteit.

De rekenkundige benadering toegepast in 
hoofdstuk 4 heeft de eigenschappen van meso- 
diaminopimelate dehydrogenase (DAPDH) 
zodanig kunnen veranderen, dat een eiwit ont-
stond met een activiteit die het wildtype eiwit 
niet had. Door het gebruiken van het Rosetta 

CoupledMoves-protocol en door te kijken naar 
de frequentie van een combinatie van mutaties 
in de Rosetta-oplossingsruimte, hebben we de 
waarschijnlijkheid kunnen voorspellen dat een 
bepaalde mutatie een gunstige verandering in 
activiteit kan veroorzaken. Deze benadering is 
gebaseerd op de aanname dat rekenkundige 
optimalisatie van substraatbinding in een reac-
tieve conformatie kan worden bereikt, maar de 
beperkte nauwkeurigheid van de berekeningen 
zorgt niet altijd voor een unieke, correcte oplos-
sing. Het Rosetta-zoekalgoritme kan snel, grote 
aantallen oplossingen vinden en zoekt binnen 
een veel grotere conformationele ruimte dan 
wat bereikbaar is in een experimentele setting. 
Deze strategie vereist een goed begrip van het 
katalytische mechanisme en kan vooral nuttig 
zijn wanneer het doelsubstraat structureel 
verwant is aan het natuurlijke substraat (zoals 
2-APA en DAP). Zoals hierboven vermeld, wor-
den orthogonale routes met D-aminozuren als 
tussenproducten vaak niet overwogen, maar 
kunnen deze voordelen bieden bij het maken 
van nieuwe cellulaire bio-fabrieken. Kennis 
over de natuurlijke diversiteit van eiwitten die 
op D-aminozuren werken is nog beperkt, maar 
verder onderzoek naar de bandbreedte van eiwit-
ten kan het toepassingsgebied voor orthogonale 
routes uitbreiden om nieuwe synthetische routes 
voor niet-natuurlijke producten te verkrijgen. 

De implicaties van de resultaten van onze 
studies naar de ATP-afhankelijke caprolactamase 
zijn tweeledig. Ten eerste bestaat de architec-
tuur van het tetrameer uit de eiwitten CapA en 
CapB, wat overeenkomt met subeenheden van 
de  eiwitcomplexen van ATP-afhankelijke aceton- 
en acetofenon carboxylasen. Zowel sequentiële 
als structurele vergelijkingen bevestigen deze 
relatie. Hoewel we uitgebreide pogingen tot 
kristallisatie met het complex van CapA en 
CapB hebben gedaan, hebben we geen betere 
kristallen kunnen vinden met de aanwezigheid 
van substraten en substraatanalogen. De tweede 
implicatie is dat bicarbonaat een rol speelt in 
het mechanisme voor lactam-hydrolyse door de 
afhankelijkheid van het aanwezige bicarbonaat 
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op de caprolactam-hydrolyse. Gebaseerd op 
de gerichte mutaties in CapA, hebben we ge-
concludeerd dat daar fosforylatie plaatsvindt, 
terwijl ringsplitsing 40 Å verder in CapB optreedt. 
Hoewel caprolactam niet co-kristalliseerde in 
CapA, kunnen we gebaseerd op de architectuur 
concluderen dat er voldoende ruimte is bij de 
voorgestelde ATP-bindingsplaats voor een 
hydrofoob substraat, zoals caprolactam. Het ge-
fosforyleerde of gecarboxyleerde substraat moet 
door een intermoleculaire tunnel reizen die de 
twee eenheden met elkaar verbindt. Deze tunnel 
is ook aanwezig in de gerelateerde carboxylasen 
en komt waarschijnlijk ook voor in gerelateerde 
ATP-afhankelijke lactamhydrolasen zoals oxopro-
linase en hydantoïnase. In vitro activiteit van een 
verwant eiwit (vermoedelijk een lactamase) van 
P. putida kon onder de onderzochte omstandig-
heden niet worden gedetecteerd [2]. Als bicar-
bonaat afhankelijkheid ook daarvoor zou gelden, 
zou het een katalytische rol voor bicarbonaat in 
de ATP-afhankelijke hydrolyse van lactam be-
vestigen. Dit zou een nieuw mechanisme voor 
hydrolyse impliceren, waarvan de details op dit 
moment nog onbekend zijn.

Met het oog op de ontwikkeling van een fer-
mentatieve route naar caprolactam, is het interes-
sant om de enzymatische interconversie tussen 
6-ACA en caprolactam verder te onderzoeken. 
Voorlopige berekeningen van het evenwicht 
tussen caprolactam en 6-ACA laten zien dat het 
evenwicht de voorkeur geeft aan caprolactam 
boven 6-ACA. Dit kan de ATP-vereiste van ca-
prolactamase voor de hydrolysereactie verklaren. 
De chemische 6-ACA-ringsluitingsreactie wordt 
normaliter uitgevoerd bij hoge temperatuur 
(260–270 °C) en druk (12 bar). Deze procespa-
rameters tonen aan dat de energiebarrière te 
hoog is om een ringsluitingsreactie te laten 
plaatsvinden onder milde omstandigheden. In de 
biosyntheseroute van valerolactam is bekend dat 
een cyclase (ORF26) de ringsluitingsreactie kan 
uitvoeren. ORF26, een acyl-CoA ligase, gebruikt 
ATP gedurende de cyclisatie-reactie [23]. In de 
literatuur wordt beschreven dat de ligase ook 
actief is op 6-ACA om caprolactam te vormen. 

De opname van ORF26 in de biosyntheseroute 
van caprolactam zou interessant kunnen zijn 
voor de laatste stap van de route. Met de recent 
ontwikkelde biosensor voor caprolactam die is 
gekoppeld met GFP-productie [24] kan een snelle 
screening toegepast worden van grote aantallen 
combinaties en verschillende evolutiestrategieën 
om stammen te ontdekken die leiden tot een 
verhoging in caprolactamproductie.
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Zusammenfassung (DE)

Fossile Ressourcen neigen sich dem Ende zu 
und dies erfordert die Erforschung von alter-
nativen Lösungen, um die Anforderungen einer 
modernen Gesellschaft erfüllen zu können. Dies 
beinhaltet die Entwicklung von Verfahren, bei 
denen anstelle von Erdöl nachhaltige Rohstoffe 
für die Herstellung von Nylon und anderen 
Kunststoffen verwendet werden. Alternativen 
für die Herstellung von Polyamid-6 Vorstufen, 
Caprolactam und 6-Aminocapronsäure (6-ACA), 
sind äußerst attraktiv angesichts der großen 
Produktionsvolumina und der schlechten Nach-
haltigkeit aktueller synthetischer Prozesse. Um 
die auf Petrochemie basierende chemische Syn-
these durch biokatalytische oder fermentative 
Synthesen zu ersetzen, die mit erneuerbaren 
Ressourcen beginnen, müssen spezielle Enzyme 
und Produktionsmikroorganismen entwickelt 
werden. Protein-Engineering erlaubt die Erweite-
rung der Möglichkeiten von natürlichen Enzymen, 
indem durch gezielte genetische Ergänzungen 
innerhalb eines Organismus ganz neue Synthe-
sewege erreicht werden. Diese sogenannten 
Multienzymkaskaden haben den Vorteil, dass 
die Zelle die erforderlichen Cofaktoren und Co-
substrate liefern kann, sodass die eingeführten 
Enzyme richtig funktionieren [1]. Künstliche 
Biosynthesewege starten vorzugsweise mit 
günstigen Substraten oder Zwischenprodukten 
des zentralen Stoffwechsels. Mit jedem Schritt 
in der Kaskade werden dann entlang des Stoff-
wechselwegs funktionelle Gruppen und struk-
turelle Komplexität hinzugefügt, was den Wert 
der Verbindungen steigert. Häufig haben solche 
neuen Synthesewege jedoch mit bescheidenen 
Ausbeuten zu kämpfen.

Die Hauptursache dafür liegt darin, dass Zwi-
schenprodukte aus der künstlichen Route um-
gelenkt werden und in nicht-produktiven Routen 
enden, was zur Bildung von Nebenprodukten 
führt. In einigen Fällen kann dies durch gezielte 
Gendeletionen gelöst werden, wodurch die 
Nebenreaktionen beseitigt werden und die Pro-
duktbildung erhöht wird. Dies wurde erfolgreich 

bei der kürzlich entdeckten Syntheseroute für 
Valerolactam im Bakterium Pseudomonas putida 
angewandt [2]. Die Valerolactam Biosynthese, 
die natürlich in P. putida vorkommt, beginnt mit 
L-Lysin. P. putida kann Valerolactam aber nicht in 
signifikanten Mengen bilden, weil es dieses Lac-
tam selber als Kohlenstoffquelle verarbeiten kann. 
Die Enzyme, welche Valerolactam abbauen und 
Zwischenprodukte divergieren können, wurden 
gezielt durch genetische Deletion aus dem Or-
ganismus entfernt. Diese Modifikationen haben 
dazu geführt, dass die Ausbeute für Valerolactam 
deutlich erhöht wurde.

Wenn fremde Gene für eine künstliche 
Routencodierung in einen Wirtorganismus 
eingeführt werden, kann es dazu führen, dass 
der Metabolismus des Wirtes in die künstliche 
Route eingreift. Dies ist auch in dem künstlichen 
biosynthetischen Weg zu beobachten, der beim 
Konzern DSM für die Produktion von 6-ACA in 
einem Escherichia coli-Stamm entwickelt wurde. 
Von Natur aus ist E. coli nicht in der Lage 6-ACA 
abzubauen und scheint durch hohe Konzentra-
tionen nicht im Wachstum gehindert zu werden, 
was eine Einführung des Biosynthesewegs in 
diesen Wirt attraktiv macht. Die Route besteht 
aus zwei Teilen: im ersten Teil wird 2-Ketogluterat 
(AKG), was aus dem Citronensäurezyklus stammt, 
umgewandelt in 2-Ketopimelat (AKP). Im zweiten 
Teil wird AKP in zwei Schritten decarboxyliert 
und aminiert zu dem Produkt 6-ACA. Neben 
dem gewünschten Produkt 6-ACA werden zwei 
weitere Nebenprodukte gebildet, die den endo-
genen E. coli-Enzymen zuzuschreiben sind und 
in Konkurrenz mit den eingebrachten Enzymen 
stehen. Teil dieser Arbeit ist die Suche nach Lö-
sungen, um gezielt Abhilfe zu schaffen für diese 
unerwünschte Nebenproduktbildung. Hierbei 
liegt der Fokus auf dem zweiten Teil der Route, 
da die Nebenprodukte während dieser Phase 
gebildet werden.

In Kapitel 2 werden Möglichkeiten erkundet 
die Route durch gezielte Anpassung der Kul-
tivierungsbedingungen zu verbessern. Hierbei 
werden auch neue und mutierte Enzyme in 
Betracht gezogen, mit dem Ziel die Ausbeute 
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an 6-ACA zu erhöhen. Änderung an der 
Schüttlergeschwindigkeit, sowie Cofaktor- und 
Cosubstrat-Supplementierung erhöhten die 
6-ACA-Spiegel nicht signifikant. Durch selektive 
Entfernung des Aminotransferase-Gens (Vibrio 
fluvialis: VfAT) aus dem 6-ACA produzierenden 
Stamm erschließt sich, dass die Aminierungs-
reaktion, die aus dem Aldehyd 6-Oxohexanoat 
(6-OHA) 6-ACA macht, nicht dem Enzym VfAT, 
sondern den endogenen E. coli-Enzymen zu-
gewiesen werden können. Dies wird durch die 
Beobachtung bestätigt, dass die Route in einem 
anderen E. coli-Wirtsstamm (hierbei wurde ein E. 
coli B abgeleiteter Stamm mit einem K12-Stamm 
verglichen) weniger 6-ACA bildet. Zusätzlich hat 
die In-vitro-Charakterisierung von VfAT gezeigt, 
dass 6-OHA am besten aminiert wird, wenn 
1-Phenylethylamin als Aminodonor verwendet 
wird. Die L-Aminosäuren Alanin und Glutamin-
säure sind für die Aktivität von VfAT weniger 
günstig. Als Alternative untersuchten wir die 
ω-Aminotransferase aus Pseudomonas jessenii 
(PjAT), die in vitro bessere katalytische Eigen-
schaften für 6-OHA Aminierung zeigt [3]. Aber in 
vivo wird dies nicht in einer Zunahme von 6-ACA 
Akkumulation widergespiegelt.

Eine Möglichkeit ist das dominante Neben-
produkt 2-Aminopimelinsäure (2-APA) durch 
eine Dekarboxylierung umzuwandeln in 6-APA 
mit Hilfe eines passenden Enzymes. Hierfür 
untersuchten wir die Einführung einer Diamino-
pimelatdecarboxylase aus Thermotoga maritima 
(TmDC). Dieses Enzym wirkt üblicherweise auf 
ein Substrat mit einem D-Stereozentrum. Jedoch 
scheint es in vivo promiskuitiv gegenüber L-2-APA 
zu sein. In vitro ist diese Aktivität nicht reprodu-
zierbar. Dennoch ist der Versuch unternommen 
worden die Enantioselektivität von TmDC durch 
rationale Mutagenese zu verändern. Mit der An-
nahme, dass der CO2-Extraktionswinkel des PLP-
gebundenen Intermediats entscheidend ist für 
die Enantioselektivität, wurden molekulardyna-
mische Simulationen auf selektierten Mutanten 
ausgeführt. Obwohl die Simulationen voraussag-
ten, dass bei einigen Mutanten eine Decarboxy-
lierung auftreten könnte, behielten die Mutanten 

in den experimentellen Tests ihre Präferenz für 
D-Aminosäuren bei. Trotz dieser Bemühungen 
die Ausbeute des 6-ACA- Biosyntheseweg zu 
verbessern, überschreitet die Konzentration der 
Nebenprodukte 2-APA und Adipat weiterhin die 
des Produktes 6-ACA. Aufgrund dessen, dass 
die Syntheseroute mit dem Zwischenprodukt 
AKG aus dem TCA- Zyklus beginnt, entstehen 
Wechselwirkungen der Kaskade mit anderen 
metabolischen Wegen so als der Aminosäure-
Produktion und weiteren intrazellulären Wegen 
[4]. Endogene Enzyme können 6-ACA biosyn-
thetische Zwischenprodukte in neue Bahnen 
lenken, was die Endausbeute beeinflusst. Eine 
detailliertere Analyse und ein mehr ganzheitlicher 
Ansatz für Metabolic Engineering sind notwendig, 
um die Ausbeute weiter zu verbessern.

Die Ergebnisse, die im 2. Kapitel beschrieben 
werden, schlagen ein anderes Zwischenprodukt 
vor, nämlich D-2-APA anstelle von L-2-APA. Dem-
entsprechend erforschten wir in den Kapiteln 3 
und 4 die Verwendung von rechnerischen Metho-
den um geeignete Enzyme für den alternativen 
Weg von 2-AKP in Richtung 6-ACA zu finden. 
Die Verwendung von D-Enantiomeren als Zwi-
schenprodukten bei Biosynthesen wird selten in 
Betracht genommen, da Enzyme, die auf D-Ami-
nosäuren wirken, nicht weit verbreitet sind [5]. Es 
würde jedoch einen künstlichen, orthogonalen 
Weg schaffen, worin weniger Störungen durch 
endogene Enzyme erwartet werden und dadurch 
ablenkende Nebenreaktionen vermieden werden 
können. Wir haben uns ein Beispiel an den Enzy-
men genommen, die die letzten beiden Schritte 
der Biosynthese von Lysin katalysieren: Diami-
nopimelinsäuredehydrogenase (DAPDH) und 
Diaminopimelinsäuredecarboxylase (DAPDC). 
Bei dieser Kaskadereaktion katalysiert DAPDH 
die Aminierung von L-2-Amino-6-oxoheptan-
dionat und schafft dadurch im Zwischenprodukt 
meso-Diaminopimelat ein D-Stereozentrum. An-
schließend entfernt DAPDC CO2 aus dem D-Chi-
ralitätszentrum von meso-Diaminopimelat was 
zu L-Lysin führt. Die Kaskade von DAPDH und 
DAPDC gibt uns die Gelegenheit orthogonale 
Synthesewege zu studieren.
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Für das DAPDC-Engineering wurde ein 
rationaler Ansatz gewählt, um Zielpositionen 
für die Mutagenese zu identifizieren. Nachdem 
nur eine begrenzte Anzahl von Mutationen ge-
testet wurde, haben wir die Mutante Glu315Thr 
entdeckt, die eine ausgezeichnete Decarboxy-
lierungsaktivität gegenüber D-APA aufweist. 
Weitere rechnerische Analysen ergaben, dass die 
geometrische Positionierung des katalytischen 
Rests Lys46 die Leistung der Mutante Glu315Thr 
im Vergleich zu den anderen Mutanten hervor-
hebt (Kapitel 3).

Der Ansatz für das DAPDH-Engineering 
bestand darin, festzustellen, ob die Häufigkeit, 
mit der Mutationen durch ein auf der Rosetta-
Energiefunktion basierendes rechnerisches 
Entwurfsprotokoll vorhergesagt werden, mit 
der Wahrscheinlichkeit korreliert, sodass die 
Mutationen die Aktivität gegenüber APA för-
dern. Basierend auf geometrischen Annahmen 
wurde eine Mutantenbibliothek konstruiert. Die 
Bibliothek war relativ groß (74 Varianten) mit 
der besten Mutante (Asp121Phe + Phe146Val), 
die eine Verbesserung von mehr als 50-fach im 
Vergleich zum Wildtyp-Enzym zeigte (Kapitel 4). 
Die Resultate an D-selektiven Enzymen könnten 
den Weg für die Synthese anderer enantiome-
renreiner D-Aminosäuren weisen. Dafür ist er-
forderlich, dass eine vollständigere Korrelation 
zwischen berechneten und experimentellen 
Daten ermittelt wird. Hierzu ist vor allem wichtig 
zu untersuchen, welche Rolle die verschiedenen 
Parameter innerhalb des Protokolls haben. Fakto-
ren wie Geometrie, Wasserstoffbrückenbildung 
und Wechselwirkungsenergien können hierbei 
eine wichtige Rolle spielen. Um die Protokolle 
zu speisen sind jedoch größere experimentelle 
Datensätze notwendig. Das Sammeln experimen-
teller kinetischer Daten von Enzymen nimmt viel 
mehr Zeit in Anspruch als die rechnerische Ana-
lyse. Genau hierbei liegt die Stärke zuverlässiger 
Protokolle, wenn die Berechnungen als Vorher-
sage dazu dienen verbesserte Varianten schneller 
entdecken zu können [6,7]. Die kumulativen 
Bewegungen, die in einem Enzym auftretenden, 
können zu Konformationszuständen führen, 

wodurch die Energiebarierre für die Katalyse von 
Substraten gesenkt wird [8]. Die Auswirkung von 
Konformationsschwankungen auf die Katalyse 
ist jedoch schwer rechnerisch vorherzusagen. 
Das geometrische „Near- Attack“-Konzept, dass 
das Auftreten von reaktiven Enzym- Substrat-
Konformationen in molekulardynamischen 
Simulationen vorhersagt, bildet eine geeignete 
Näherung für die im Enzym auftretenden Kon-
formationszuständen [9].

Kapitel 5 beschreibt ein neues Enzym, die 
 Caprolactamase, das zu der Familie von ATP-
abhängigen Lactamasen gehört. Sequenziell ist 
es mit eukaryotischen 5-Oxoprolinasen und 
prokaryotischen Hydantoinasen verwandt. Wir 
beschreiben die erste Kristallstruktur für ein 
Mitglied dieser Klasse von hydrolytischen Enzy-
men. Die Struktur zeigt ein tetrameres Oligomer 
(αβ)2, das aus zwei Paaren von Polypeptidket-
ten besteht, genannt CapA (75 kDa) und CapB 
(63 kDa). CapA ist durch eine ATP- Bindungsstelle 
gekennzeichnet, während CapB eine Metall-Bin-
dungsstelle aufweist, die durch die Reste Asp41, 
His99, Asp102 und His124 charakterisiert ist und 
ein Zink Ion bindet. Aufgrund des Mangels an 
verfügbaren Strukturen von Hydrolasen ist die 
Röntgenstruktur von Caprolactamase am besten 
mit den Strukturen von ATP-abhängigen Aceton- 
und Acetophenoncarboxylasen zu vergleichen 
[10,11]. In diesen Enzymen werden sowohl 
das Keton als auch das Bicarbonat durch ATP 
phosphoryliert, was zu einem Phosphoenol- bzw. 
Carboxyphosphat führt. Diese Reaktionen treten 
in den CapA-ähnlichen Untereinheiten auf. Die 
zu CapB homologen Carboxylaseuntereinheiten 
führen dann eine nukleophile Additionsreaktion 
zwischen den beiden phosphorylierten Subst-
raten durch.

Neben der Kristallstruktur haben wir auch 
zusätzlich Aufschluss über den Reaktionsme-
chanismus der Caprolactamase geben können. 
Wir entdeckten, dass die Caprolactamaseakti-
vität auch Bicarbonat-abhängig ist, ähnlich den 
verwandten Carboxylasen. Darauf aufgebaut 
schlagen wir einem Mechanismus vor, wobei 
ATP-Hydrolyse und Caprolactam-Hydrolyse 



156

räumlich voneinander getrennt sind. Die Struktur 
zeigt, dass die Phosphorylierung von Caprolac-
tam oder Bicarbonat in der CapA-Komponente 
stattfindet. Ein großzügig-dimensionierter Tunnel 
von etwa 40 Å verbindet die aktive Stelle in der 
CapA- mit der CapB-Untereinheiten, worin ein 
phosphoriliertes Zwischenprodukt von CapA zu 
CapB reisen kann. An der Metallbindungsstelle in 
CapB finden die Lactamringspaltung statt. Basie-
rend auf unseren Erkenntnissen ist nicht eindeut-
lich ersichtlich, ob die enzymatische Hydrolyse 
von Caprolactam über eine Phosphorylierung 
oder Carboxylierung des erwarteten Iminol-
Zwischenprodukts erfolgt. Weitere Forschungen, 
vorzugsweise mit hochauflösenden Strukturen 
und Strukturen von Enzym-Substrat-Komplexen, 
sind erforderlich, um den Mechanismus der Kata-
lyse auf atomarer Ebene und die Rolle von Resten 
des aktiven Zentrums beim Phosphoryltransfer 
aufzudecken. Die hier beschriebenen Ergebnisse 
können helfen, die Funktion von phylogenetisch 
verwandten Enzymen, die als Oxoprolinasen 
und Hydantoinasen annotiert in Proteindaten-
banken sind, auf eine bessere Art und Weise zu 
untersuchen.
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Sazetak (HR)

Neprekidno iscrpljivanje neobnovljivih fosilnih 
izvora iziskuje pronalazak zamjenskih rješenja 
za zadovoljavanje sveokupnih potreba modernog 
društva. Ta rješenja uključuju i razvoj procesa 
koji umjesto nafte koriste obnovljive, prirodne 
izvore za proizvodnju najlona i drugih plastika. 
Alternativni postupci za proizvodnju prekursora 
najlona-6 (kaprolaktam i 6-aminokaproična 
kiselina (6-ACA)) su vrlo zanimljivi s obzirom na 
velike svjetske potrebe za najlonom-6, te slabe 
održivosti tradicionalnih sintetičkih procesa. Da 
bi se kemijska sinteza, temeljena na petrokemiji, 
zamijenila biokatalitičkim ili fermentacijskim pu-
tevima, počevši od obnovljivih izvora, potrebno 
je kontinuirano istraživati nove biokatalizatore 
(enzime) i mikroorganizme. 

Metode genetičkog inženjerstva mogu pove-
čati primjenu prirodnih enzima i proširiti njihovu 
specifičnost prema novim supstratima. Takvi novi 
enzimi se daju sklapati u metaboličke puteve 
i omogućuju nove kemijske sinteze unutar mikro-
organizma. Te takozvane in vivo enzimske kaskade 
imaju prednost jer se svi potrebni koenzimi nalaze 
u dovoljnoj mjeri unutar stanice, te omogućuju 
pravilno funkcioniranje enzima [1]. Takve kaskade 
ili biosintetski putevi obično počinju od jeftinih 
supstrata ili prekursora staničnog metabolizma. 
Tijekom metaboličkog ciklusa ti supstrati dobivaju 
dodatne funkcionalne skupine i strukturno se 
mijenjaju prema visokovrijednim metaboličkim 
završnim produktima. Nažalost, takvi metabolički 
putevi i ciklusi rijetko imaju visoke prinose.

Glavni uzrok skromnih prinosa leži između 
ostalog u uporabi prekursora u neproduktivnim 
metaboličkim putevima koji vode do formiranja 
sporednih i neželjenih produkata (nusprodukti). 
U nekim slučajevima rješenje je ciljano brisanje 
gena, kao što je dokazano u nedavno otkrivenom 
putu prema valerolaktamu u bakteriji Pseudo-
monas putida [2]. Brisanje dva gena koji kodiraju 
enzime za razgradnju valerolaktama je omogućilo 
povećane prinose valerolaktama.

Kad se geni stranog izvora tehnički uvode u 
mikroorganizam, metabolizam domaćina zna 

djelovati na prekursore nove kaskade i time 
usmjeravati metabolite novog željenog meta-
boličkog puta u sporedne reakcije. To možemo 
vidjeti u kaskadi za 6-ACA, koja je razvijena u 
bakteriji Escherichia coli u sklopu istraživanja 
unutar tvrtke DSM. Prirodno, E. coli nije u stanju 
razgraditi 6-ACA i prisutnost 6-ACA ne utječe na 
rast i razmnožavanje E. coli stanica. Ta svojstva 
čine E. coli odličnim domaćinom za biosintetsku 
kaskadu i proizvodnju 6-ACA. Kaskada se sastoji 
od dva dijela: u prvom dijelu prekursor 2-keto-
glutarat (AKG) se pretvara u spoj 2-ketopimelat 
(AKP), a u drugom djelu kroz dekarboksilaciju i na-
knadnu aminaciju AKP postaje 6-ACA. Međutim, 
uz 6-ACA otkriveno je i nekoliko nusprodukata, 
što se može pripisati djelovanju endogenih E. coli 
enzima. Cilj ovog rada je suzbijanje nastanka 
neželjenih nusprodukata. Fokus leži na drugom 
dijelu kaskade, jer u toj fazi nastaju nusprodukti.

U 2. poglavlju smo istraživali kako poboljšati 
6-ACA biosintetsku kaskadu u E. coli. Pritom smo 
mijenjali i optimizirali uvjete uzgoja stanica. Uspo-
redno smo testirali i učinke uvođenja novih (mu-
tiranih) enzima. Promjena brzine trešnje tijekom 
uzgoja, dodavanje koenzima i koosupstrata nije 
znatno povećalo prinos 6-ACA. Kroz selektivno 
uklanjanje gena aminotransferaze (Vibrio fluvialis, 
VfAT), postalo je jasno da se aminacijska reakcija 
aldehida 6-okoheksanoične kiseline (6-OHA) 
prema 6-ACA ne treba pripisati VfAT, nego en-
dogenim aminotrasferazama domaćina E. coli. To 
je potvrđeno nakon što smo prebacili kaskadu u 
drugi soj istog organizma (iz E. coli B u E. coli K12 
soj), gdje su također prinosi 6-ACA bili smanjeni. 
Uz to, in vitro karakterizacija VfAT dokazala je da 
se 6-OHA najbolje aminira kada se 1-feniletilamin 
koristi kao amino donor. L-aminokiseline, alanin 
i glutamat, nepovoljnije su za VfAT enzim. Kao 
zamjenu uveli smo drugu ω-aminotransferazu 
iz bakterije Pseudomonas jessenii (PjAT), koja je 
in vitro pokazala bolje katalitičke karakteristike 
za aminiranje 6-OHA [3], ali niti taj enzim nije 
povećao akumulaciju 6-ACA in vivo.

Glavni nusprodukt u kaskadi je 2-aminopime-
lična kiselina (2-APA), koji bi se s pravim enzimom 
kroz dekarboksilaciju mogao prevesti u 6-ACA. 
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Stoga smo istraživali mogućnost uvođenja enzima 
diaminopimelate dekarboksilaze iz bakterije Ther-
motoga maritima (TmDC). Taj enzim prirodno dje-
luje na D-stereo centru, ali in vivo pokazuje slabu 
aktivnost i prema željenom L-2-APA prekursoru. 
Nažalost, ta aktivnost nije potvrđena in vitro. Ipak, 
pokušali smo promijeniti enantioselektivnost 
TmDC enzima racionalnom mutagenezom aktiv-
nog centra. Aminokiseline u aktivnom centru koje 
utječu na kut oslobađanja CO2 su izmijenjene. 
Iako su simulacije molekularne dinamike predvi-
đale da bi se dekarboksilacija mogla dogoditi kod 
nekih varijanta enzima, svi mutanti su zadržali 
sklonost prema D-aminokiselinama u eksperi-
mentalnom testiranju. Usprkos svim naporima 
za poboljšanje produktivnosti 6-ACA biosinteze, 
nusprodukti su i dalje prelazili koncentracije 
6-ACA. Počevši od prekursora AKG, 6-ACA ka-
skada dolazi u sukob s unutarstaničnim putevima 
za proizvodnju aminokiselina i vjerojatno ostalim 
putevima [4]. Detaljnija analiza i više holistički 
pristup metaboličkom inženjeringu su potrebni 
za povećanje prinosa 6-ACA.

Rezultati opisani u 2. poglavlju upućuju da 
i D-2-APA, umjesto L-2-APA, može služiti kao 
međuprodukt u biosintezi 6-ACA. Sukladno 
tome, u 3. i 4. poglavlju istraživana je mogućnost 
računskih metoda u stvaranju enzima koji su pri-
kladniji za alternativnu kaskadu s prekursorom 
D-2-APA. Primjena D-enantiomera u biosintezi 
rijetko se razmatra, jer enzimi koji djeluju na 
D-aminokiseline nisu široko rasprostranjeni [5]. 
Međutim, upotrebom D-aminokiselina stvorio 
bi se ortogonalni put bez ometanja endogenih 
enzima domaćina i time bi se izbjeglo neželjeno 
stvaranje nusprodukata. Uzeli smo primjer iz 
prirode. Enzimi koji kataliziraju zadnja dva koraka 
u biosintezi lizina su diaminopimelična kiselina 
dehidrogenaza (DAPDH) i diaminopimelična 
kiselina dekarboksilaza (DAPDC). U toj reakciji 
DAPDH katalizira aminiranje L-2-amino-6- 
oksoheptandionata, stvarajući D-stereocentar 
u intermedijarnom mezo-diaminopimelatu. 
Nakon toga, DAPDC uklanja CO2 iz navedenog 
D- stereocentra mezo-diaminopimelata što rezul-
tira L-lizinom. Kaskada DAPDH i DAPDC daje 

mogućnost konstrukcije ortogonalnih putova.
Za DAPDC odabran je racionalan pristup 

prema utvrđivanju aminokiselina predviđenih 
za mutagenezu. Nakon testiranja samo djelića 
mutacija, otkriven je mutant Glu315Thr koji je 
pokazao izvrsnu aktivnost prema D-APA. Daljnja 
komputacijska analiza je pokazala da je geometrij-
sko pozicioniranje katalitičke aminokiseline Lys46 
odgovorno za iznimnu činkovitost Glu315Thr 
mutanta u odnosu na druge mutante DAPDC 
enzima (poglavlje 3).

Pristup za DAPDH imao je za cilj istražiti da li 
učestalost kojom se predviđaju mutacije pomoću 
računskih protokola utemeljenih na energet-
skoj funkciji Rosetta, koreliraju sa vjerojatnošću 
mutacija koje povećavaju aktivnost prema APA. 
Na temelju te pretpostavke pripremljena je 
knjižnica mutanata. Knjižnica je prilično velika 
(74 varijanti). Najbolji mutant (Asp121Phe 
+  Phe146Val) pokazuje preko 50 puta bolju 
aktivnost u odnosu na nepromijenjeni enzim 
(poglavlje 4). Uspostavljanje bolje korelacije 
između računalnih i eksperimentalnih podataka, 
zajedno s ulogama različitih parametara koji se 
mogu računalno identificirati (geometrija, vodi-
kove veze, interakcijske energije) iziskuje poveći 
set eksperimentalnih podataka. Takva korelacija 
bi omogućila uzorkovanje parametara odvojeno 
i u kombinaciji. Prikupljanje eksperimentalnih 
kinetičkih podataka o enzimima iziskuje mnogo 
više vremena nego računska analiza. Računske 
analize mogu znatno ubrzati potragu za pobolj-
šanim inačicama enzima pod uvjetom da se u 
računska predviđanja može pouzdati [6,7]. Kroz 
kumulativna gibanja u enzimima moguća su 
konformacijska stanja koja olakšavaju pretvorbu 
supstrata kroz smanjenje energetske barijere ka-
talizirane reakcije [8]. Međutim, efekt konforma-
cijskih fluktuacija na kataliziranu reakciju teško 
je računalno predvidjeti. Koncept “near- attack”, 
koji uzorkuje i ocjenjuje pojavu predloženih re-
aktivnih konformacija enzima i supstrata, može 
biti prikladna aproksimacija [9].

5. Poglavlje opisuje novi enzim, kaprolakta-
mazu, koji pripada obitelji ATP-ovisnih lakta-
maza. Sekvencijalno je povezan s eukariotskim 
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5- oksoprolinazama i prokariotskim hidantoi-
nazama. Opisali smo prvu kristalnu strukturu 
riješenu za član ove klase hidrolitičkih enzima. 
Struktura je otkrila tetramernog oligomera (αβ)2 
koji se sastoji od dva para enzima CapA (75 kDa) 
i CapB (63 kDa). CapA sadrzava ATP-vezno mje-
sto, a CapB prikazuje metalno vezno mjesto, gdje 
aminokiseline Asp41, His99, Asp102 i His124 
vežu cink. Zbog nedostatka dostupnih struktura 
drugih hidrolaza za usporedbu, rendgenska struk-
tura kaprolaktamaze najprikladnija je strukturama 
ATP-ovisnih aceton i acetofenon karboksilaza 
[10,11]. U tim enzimima, oba ketona i bikarbonat 
se fosforiliraju ATP-om. Te se reakcije događaju 
u podjedinicama sličnim CapA-u. U podjedinici 
karboksilaze koja je homologna CapB-u zbiva se 
potom nukleofilna adicija dva prethodno nastala 
fosforilirana produkta.

Usporedno sa novom kristalnom strukturom 
razjasnili smo i mehanizam reakcije kaprolak-
tamaze. Otkrili smo da je njezina aktivnost 
također ovisna o bikarbonatu, kao i kod srodnih 
karboksilaza. Predlažemo mehanizam gdje je 
ATP-hidroliza prostorno odvojena od kaprolak-
tam-hidrolize. Rezultati ukazuju da se fosforilacija 
kaprolaktama (ili bikarbonata) događa u CapA 
podjedinici. Prostrani tunel od oko 40 Å spaja 
aktivna mjesta CapA i CapB podjedinica. Na mje-
stu vezivanja metala u CapB dolazi do cijepanja 
laktamske funkcionalnosti. Na temelju naših 
rezultata otvoreno je pitanje da li enzimatska 
hidroliza kaprolaktama prolazi kroz fosforilaciju 
ili karboksilaciju očekivanog iminol prekursora. 
Daljnja istraživanja, po mogućnosti sa struktu-
rama većih rezolucija kao i sa strukturama en-
zimsko-supstratnih kompleksa, su potrebna kako 
bi se razotkrio mehanizam katalize na atomskoj 
razini i uloga pojedinih aminokiselina u aktivnom 
mjestu. Naši rezultati svakako bi mogli olakšati 
razumijevanje srodnih enzima klase oksoproli-
naza i hidantoinaza.
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