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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.



48

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.
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