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and ω‑oxidation for production of mono‑ethyl 
dicarboxylic acids and di‑ethyl esters in a 
whole‑cell biocatalytic setup with Escherichia 
coli
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Abstract 

Background:  Medium chain length (C6–C12) α,ω-dicarboxylic acids (DCAs) and corresponding esters are important 
building blocks for the polymer industry. For DCAs of 12 carbon atoms and longer, a sustainable process based on 
monooxygenase catalyzed ω-oxidation of fatty-acids has been realized. For medium-chain DCAs with a shorter chain 
length however, such a process has not been developed yet, since monooxygenases poorly ω-oxidize medium-chain 
fatty acids (MCFAs). On the contrary, esterified MCFAs are ω-oxidized well by the AlkBGTHJ proteins from Pseu-
domonas putida GPo1.

Results:  We show that MCFAs can be efficiently esterified and subsequently ω-oxidized in vivo. We combined ethyl 
ester synthesis and ω-oxidation in one-pot, whole-cell biocatalysis in Escherichia coli. Ethyl ester production was 
achieved by applying acyl-CoA ligase AlkK and an alcohol acyltransferase, either AtfA or Eeb1. E. coli expressing these 
proteins in combination with the ω-oxidation pathway consisting of AlkBGTHJ, produced mono-ethyl DCAs directly 
from C6, C8 and C9 fatty acids. The highest molar yield was 0.75, for mono-ethyl azelate production from nonanoic 
acid. Furthermore, di-ethyl esters were produced. Diethyl suberate was produced most among the di-ethyl esters, 
with a molar yield of 0.24 from octanoic acid.

Conclusion:  The results indicate that esterification of MCFAs and subsequent ω-oxidation to mono-ethyl DCAs via 
whole-cell biocatalysis is possible. This process could be the first step towards sustainable production of medium-
chain DCAs and medium-chain di-ethyl esters.

Keywords:  Whole-cell biocatalysis, α,ω-dicarboxylic acids, Adipic acid, Esters, Monooxygenases

© The Author(s) 2017. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License 
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, 
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, 
and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/
publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Background
α,ω-dicarboxylic acids (DCAs) of medium chain length 
(C6–C12) and corresponding esters constitute an impor-
tant share of building blocks for the polymer industry. 
However, their production from petrochemical resources 
using organic chemistry methods is associated with 

high gross energy requirements and severe greenhouse 
gas emissions [1]. These adverse effects have directed 
research to alternative, more sustainable production 
processes. In a promising alternative route, fatty acids 
or their methyl esters are converted by microbial cells 
expressing an alkane 1-monooxygenase, sometimes 
assisted by an alcohol oxidase or dehydrogenase. This 
route has resulted in high titers of DCAs or mono-esteri-
fied DCAs (MEDAs) [2–4].

The AlkBGTL system from Pseudomonas putida GPo1 
is especially suitable for the ω-oxidation of esterified 
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medium chain length fatty acids [5]. Its main product is 
the ω-alcohol, and the ω-aldehyde and carboxylic acid are 
formed to a limited extent. Recently, we have expanded 
the AlkBGTL system with alcohol dehydrogenase AlkJ 
and aldehyde dehydrogenase AlkH in E. coli, result-
ing in the exclusive and efficient production of MEDAs 
from esterified fatty acids [6]. However, the AlkBGTLHJ 
system is not efficient in ω-oxidizing non-esterified 
medium-chain fatty acids. So esterification of medium-
chain fatty acids in  vitro by organic chemical methods 
prior to the oxidation step is required, adding costs to the 
overall process.

The solution is straightforward: if fatty acids have to 
be used directly, the biocatalyst has to esterify the fatty 
acids first in  vivo. In  vivo esterification of fatty acids to 
ethyl esters for the sake of biodiesel production in E. coli 
has been shown before [7, 8]. This conversion is accom-
plished in two steps. First the fatty acid is converted to 
acyl-CoA by a fatty acid CoA ligase, after which the 
coenzyme A moiety is exchanged with an alcohol by an 
alcohol:acyltransferase. In earlier studies aiming at ethyl 
ester production in E. coli, the native fatty-acid CoA 
ligase was used. For the alcohol:acyltransferase reaction 
AtfA and Eeb1 have been applied [7–9]. AtfA is known 
for its broad substrate scope, and can even synthesize 
wax di-esters [10–12]. Eeb1 uses ethanol and medium-
chain acyl-CoA as substrates [9].

In this study, we investigated whether MEDAs can be 
produced directly from fatty acids. Two modules were 
used: an ω-oxidation module consisting of AlkBGTHJL 
and an esterification module consisting of an acyl-CoA 
ligase and an alcohol:acyltransferase. AlkK from Pseu-
domonas putida GPo1 was selected for acyl-CoA pro-
duction from fatty acids, because we expect it to have the 
same broad substrate specificity as the enzymes encoded 
by AlkBGTLHJ. AlkK has been shown to synthesize 
octanoyl-CoA from octanoic acid [13, 14], but has not 
been tested with other medium-chain  substrates to our 
knowledge. AtfA or Eeb1were selected to convert the 
generated acyl-CoA subsequently into ethyl esters [7, 9]. 
Together they realize the pathway depicted in Fig. 1a.

We also investigated if the esterification module is 
able to esterify the MEDAs into di-esterified DCAs 
(DEDAs, Fig. 1b). DEDAs are less soluble in water which 
would be advantageous for product removal from the 
broth. Furthermore, DEDAs are beneficial for polym-
erization processes, since in the polymerization process 
volatile alcohols are released instead of water, shifting 
the equilibrium of the reaction to polymer formation. 
Medium-chain DEDAs are also good building blocks for 
lipase-catalyzed polymerizations [15].

Methods
Chemicals
The following chemicals were purchased with the highest 
purity available: hexanoic acid, octanoic acid, nonanoic 
acid, methyl nonanoate, ethyl nonanoate, ethyl hydrogen 
adipate, ethyl hydrogen pimelate, diethyl azelate and die-
thyl sebacate from Sigma; ethyl hydrogen suberate, ethyl 
hydrogen sebacate and diethyl suberate from Alfa Aesar; 
ethyl hydrogen azelate from TRC, diethyl adipate from 
Acros Organics; diethyl pimelate from Merck; dimethyl 
octadecanedioate from TCI; 0.2  M TMSH in MeOH 
from Macherey–Nagel; Coenzyme A from VWR and 
ATP from GE Healthcare.

Strains and plasmids
For cloning purposes, E. coli competent TOP10 (Invit-
rogen™) cells were used. For conversion studies, E. coli 
competent T7 Express (New England Biolabs®) cells were 
used. An overview of plasmids and strains used is shown 
in  Table 1.

Fig. 1  Proposed biocatalytic pathway. a Biocatalytic production of 
mono-ethyl dicarboxylic acids from fatty acids. b further conversion 
of mono-ethyl dicarboxylic acids to α,ω-diethyl esters
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Construction of vectors
Construction of vectors is shown in the Additional file 1: 
Table S1.

Qualitative AlkK assay
E. coli carrying pET-Duet-alkK or pET-Duet (empty 
vector control) was grown overnight in LB containing 
100  µg/mL ampicillin, at 30  °C, 250  rpm. Of this cul-
ture, 250  µL was used to inoculate 50  mL of the same 
medium. Expression of AlkK was started at an OD600nm 
of 0.3 with the addition of 0.4 mM of IPTG. This culture 
was incubated overnight at 20  °C. Cells were harvested 
and resuspended in a buffer consisting of 25 mM Tris pH 
7.5, 2.5 mM EDTA and 1% Triton-X100. Cells were then 
lysed with lysozyme and DNase I. The resulting mixture 
was centrifuged at 20,000×g for 15 min. The supernatant 
was loaded on a 10 kDa spin column to concentrate the 
protein. About 450 µg of this concentrate was added to a 
5 min pre-incubated assay mixture consisting of 200 mM 
Tris pH 7.5, 12 mM MgCl2, 10 mM ATP, 1 mM CoA, and 
2  mM octanoic acid or 2  mM ethyl hydrogen suberate. 
Reactions were carried out at 30 °C, and stopped by addi-
tion of 1:1 CHCl3:MeOH, brief vortexing and transfer-
ring the mixture to liquid nitrogen. The aqueous phase 
was analyzed with LC–MS/MS with a Waters BEH C8 
column coupled to an LCQ-Fleet mass spectrometer.

Whole‑cell conversions and GC analysis
Cultivation, conversions and GC analysis were carried out 
as described before [5], except that induction with DCPK 
and the conversion were done at 30 °C. The substrates were 
added to 1 mM, from a concentrated stock in ethanol, to 
give a final concentration of ethanol of 2.5%. GC analysis 
of ω-acids was performed after derivatization with TMSH.

Results
The ω-oxidation module system has been successfully 
tested before [6]. This system was expanded with AlkK 
and AtfA to realize the formation of esters. First we 
tested if AlkK and AtfA were functionally expressed and 
able to esterify both fatty acids and mono-ethyl dicarbo-
xylic acids.

Expression of AlkK
AlkK activity was determined by following the synthesis 
of the CoA esters from fatty acids and mono-ethyl diac-
ids. The AlkK assay was performed qualitatively, since 
peak resolutions did not allow quantification. We tested 
functionality of AlkK in a cell-free extract assay, using 
octanoic acid, CoA and ATP in the assay mixture. The 
cell-free extracts were prepared from E. coli pET-Duet-
alkK and E. coli pET-Duet (empty vector control). LC–
MS analysis indicated that a product with an m/z of 892 
was formed, see Fig.  2a. This mass corresponds to the 
expected mass of octanoyl-CoA.

In a negative control experiment we added cell-free 
extract of E. coli carrying the empty vector. In this assay 
only trace amounts of octanoyl-CoA were detected, 
indicating that the formed octanoyl-CoA in the cell-
free extract from E. coli pET-Duet-alkK was formed by 
AlkK. We repeated the assay, with mono-ethyl suberate 
as substrate, to check whether AlkK also has the abil-
ity to generate the CoA-ester of mono-ethyl suberate. A 
product with m/z of 950 appeared (see Fig.  2b), which 
corresponds to mass for the CoA ester of ethyl hydrogen 
suberate. This implies that AlkK can also use mono-ethyl 
suberate as substrate.

Table 1  Plasmids used in this study

Plasmid Description Reference

pUC57-alkKcodopt Codon optimized alkK in pUC57 This study

pUC57-atfAcodopt Codon optimized atfA in pUC57 This study

pGEc47 Contains genes necessary for growth on alkanes (alkBFGHJKL and alkST) in the broad-host-range vector pLAFR1 [16]

pET-Duet-alkK Codon optimized alkK under control of T7 promoter in MCSI of pET-Duet This study

pCOM10-alkL Contains alkL in pCOM10, a broad host range alkane responsive vector [17]

pBGTHJKL-atfA Complete alk-operon; codon optimized atfA under control of separate PalkB This study

pBGTHJKL-eeb1 Complete alk-operon; eeb1 under control of separate PalkB This study

pE alkK and alkL under control of PalkB; codon optimized atfA under control of separate PalkB in pCOM10 This study

palkKL alkK and alkL under control of PalkB in pCOM10 This study

pSTL alkTL in pCOM10 [5]

pBGTHJL alkBGTHJL genes in pCOM10 [6]

pE-II pE with pBR322 ori, AmpR This study
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Combined expression of AlkK and AtfA
CoA esters of mono-ethyl dicarboxylic acids are not 
available. We therefore tested AtfA activity by using a 
combined assay with whole-cells expressing both AlkK 
and AtfA. The tests were performed with induced, rest-
ing E. coli pE cells. The same setup was tested with E. coli 
palkKL, which served as negative control. Octanoic acid 
and nonanoic acid were applied as the substrate, added 
to 1 mM from a concentrated ethanol stock. This resulted 
in a final ethanol concentration of 2.5% v/v. Results are 
shown in Table 2.

AtfA was functionally expressed, because ethyl 
octanoate was produced by resting cells expressing both 
AlkK and AtfA. Ethyl octanoate was not detected in cells 
expressing only AlkK and AlkL from the palkKL plasmid. 

Comparable results were achieved with nonanoic acid as 
substrate. The maximum product titer of 0.82  mM was 
reached with this substrate. A small gap in the C-balance 
was observed (0.18 of 1 mM added substrate), which was 
likely caused by evaporation of the volatile product and/or 
β-oxidation.

Testing the AlkK‑AtfA esterification module 
for esterification of MEDAs
The same test was performed using 5  mM of C6–C10 
MEDA instead of fatty acids using E. coli pE. Di-ethyl esters 
were produced from all chain lengths. The titers were 
rather low, and 4% of the MEDA was converted to di-ethyl 
ester at most. Especially with C9 and C10 chain lengths, 
conversion was poor. Mono-methyl azelate was clearly 

Fig. 2  Mass spectra of products in assays with AlkK. a mass spectrum of the formed product in incubations with cell free extract of E. coli pET-Duet-
alkK and octanoic acid. The m/z of 892 corresponds to octanoyl-CoA. b mass spectrum of the formed product in incubations with cell free extract of 
E. coli pET-Duet-alkK and mono-ethyl suberate. The m/z of 950 corresponds to the CoA-ester of mono-ethyl suberate. The M−+22*n peaks indicate 
sodium adducts

Table 2  Whole-cell conversions of fatty acids (1 mM) and MEDAs (5 mM) into ethyl esters and di-esters

Incubation was carried out with 1.0 gcdw/L, and lasted for 2 h with fatty acids, 3 h for mono-ethyl dicarboxylic acids

ND not detected, NT not tested
a  Detected product was methyl-ethyl azelate

E. coli pE E. coli palkKL
Ethyl ester/di-ethyl ester concn (mM) Ethyl ester/di-ethyl ester concn

Octanoic acid 0.72 ± 0.03 ND

Nonanoic acid 0.82 ± 0.12 ND

Mono-ethyl adipate (C6) 0.17 ± 0.00 < 0.01 mM

Mono-ethyl pimelate (C7) 0.12 ± 0.00 0.03 ± 0.00 mM

Mono-ethyl suberate (C8) 0.19 ± 0.02 0.02 ± 0.00 mM

Mono-ethyl azelate (C9) 0.05 ± 0.00 − 0.02 ± 0.00 mM

Mono-ethyl sebacate (C10) 0.06 ± 0.01 − 0.01 ± 0.00 mM

Mono-methyl azelate (C9) 0.50 ± 0.03a NT
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a better substrate, since incubations with this substrate 
yielded 0.50 mM of methyl-ethyl azelate, corresponding to 
a conversion of 10% of the added mono-methyl azelate. The 
incubations with mono-ethyl suberate yielded 0.19  mM. 
These compounds are identical in length, which suggests 
that the position of the ester group plays a role.

An impurity of di-ester was present in the MEDA 
stocks; this was confirmed by GC analysis of the pure 
stock. The impurity was measured at t0, this concentra-
tion was subtracted to evaluate which share of di-ester 
was formed by the cells.

Combining the esterification and ω‑oxidation modules
Resting-cell conversions of fatty acids were performed 
with E. coli pBGTHJKL-atfA, expressing both modules. 
The same conversion was done with E. coli pBGTHJL, 

expressing only the ω-oxidation module, to compare the 
ω-oxidation capacity. The products detected in these 
tests are shown in Fig.  3a. E. coli pBGTHJL produced 
ω-hydroxy fatty acids and dicarboxylic acids, up to 
0.30 mM after 19 h when 1 mM nonanoic acid was the 
substrate (Fig.  3b). Conversions with hexanoic acid did 
not yield ω-oxidation products. AlkB thus ω-oxidizes the 
fatty acids to a limited extent. Apparently, AlkJ and AlkH 
function poorly with ω-hydroxy fatty acids since the 
highest titer of dicarboxylic acid was 0.06 mM.

Escherichia coli pBGTHJKL-atfA produced the ethyl 
esters of the added fatty acids (Fig. 3b). These ethyl esters 
were ω-oxidized, resulting in production of 0.36 mM of 
mono-ethyl azelate after 19 h. These results show shows 
that further oxidation to the carboxylic acid is more effi-
cient with ω-hydroxy fatty acid ethyl esters than with 

Fig. 3  Products detected in whole-cell conversions of different fatty acids. a legend indicating the structures of possible products from conversions 
of fatty acids with resting E. coli strains from c. b the same legend, with the names of the detected compounds. The colors of the boxes correspond 
with the colors in c. The colors of the arrows in a and b indicate which enzymes catalyze the reactions. c resting cell conversion of fatty acids by 
various E. coli strains. Concentration of fatty acid was 1 mM, ethanol was added to 2.5%. C6, C8, C9 represent hexanoic, octanoic and nonanoic acid, 
respectively. Biomass concentrations were 1.0 gcdw/L for all strains
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ω-hydroxy fatty acids. This is in line with earlier findings, 
where ethyl esters served as substrate [6]. In contrast to 
nonanoic acid, hexanoic and octanoic acid were not effi-
ciently converted to MEDA. Conversions with these fatty 
acids yielded at most 0.06 mM mono-ethyl dicarboxylic 
acid, less ω-oxidized product than in conversions with E. 
coli pBGTHJL.

In general, a large share of the added fatty acids was not 
converted into product by E. coli pBGTHJKL-atfA. Inter-
mediate esterified products did not accumulate in this 
strain, suggesting that ester synthesis (and not oxidation) 
limited higher product titers. Since atfA was equipped 
with its own PalkB promoter, expression levels of this gene 
were high (Additional file 1: Figure S1). On the contrary, 
AlkK is the penultimate gene in the alk operon, which 
resulted in low expression levels. In order to increase the 
titers, we switched the ori and resistance marker from 
pE to give pE-II, a plasmid that can be cotransformed 
with pBGTHJL. On this plasmid, AlkK has its own PalkB 
promoter and could potentially have a higher esterifica-
tion activity. E. coli transformed with pE-II produced 
0.72 mM ethyl octanoate from 1 mM octanoic acid and 
thus performed similar to E. coli pE (data not shown). 
This plasmid was cotransformed with pBGTHJL, giving 
E. coli pBGTHJL +  pE-II, which has higher expression 
levels of AlkK as indicated by SDS PAGE analysis (Addi-
tional file 1: Figure S1).

The resulting strain clearly produced more ω-oxidized 
products, especially with hexanoic and octanoic acid 
as substrate (Fig.  3b). In the tests with hexanoic acid, 
0.91 mM of ω-oxidized product was formed in 19 h. This 
strain thus had a higher esterification capacity and as a 
result also further converted MEDAs to di-ethyl esters. 
Di-ethyl esters were formed from all the tested fatty 
acids, indicating that the product went twice through the 
esterification pathway (constituted by AlkK and AtfA). 
The highest concentration of di-ethyl ester (0.24  mM, 
24% molar yield) was detected in conversions with octa-
noic acid. GC–MS analysis demonstrated that E. coli 
pBGTHJL + pE-II also produced side-products, the major 
one being the ester of nonanoic acid and 9-hydroxy ethyl 
nonanoate, or ethyl 9-(nonanoyloxy)nonanoate (see Addi-
tional file 1: Figure S2 for proposed pathway). Since this 
chemical was not commercially available, the quantifica-
tion was realized by taking the response factor of dimethyl 
octadecanedioate. Furthermore, nonyl nonanoate was 
produced, which is probably the result of nonanoic acid 
reduction to 1-nonanol. This product is then esterified 
with nonanoyl-CoA to give nonyl nonanoate. Ethyl esters 
of E. coli native fatty acids were also detected, including: 
ethyl myristate, ethyl palmitate and ethyl oleate. These 
findings highlight the nonspecific nature of AtfA.

Investigating di‑ethyl ester production
Di-ethyl ester production was less efficient than ethyl 
ester production. It seemed to occur when the fatty acids 
were depleted, suggesting that fatty acids are preferred 
over MEDAs as substrate by the esterification module. 
We therefore checked if di-ethyl ester production could 
be enhanced, by using ethyl nonanoate instead of nona-
noic acid as substrate. Ethyl nonanoate is efficiently con-
verted to the ω-acid by E. coli pBGTHJL [6]. The results 
are shown in Fig. 4.

In these tests, the di-ethyl azelate concentrations 
remained low as well, whereas mono-ethyl azelate was 
efficiently produced. This finding suggests that the sub-
strate specificity of AlkK and AtfA causes the low titers. 
The product distribution of the conversions with E. coli 
pBGTHJL  +  pE-II and E. coli pBGTHJKL-atfA were 
clearly different. The pBGTHJL + pE-II strain has a high 
esterification activity, but a rather low ω-oxidation activ-
ity. The opposite is true for the pBGTHJKL-atfA strain. 
Since the PalkB promoter is strong, the ability to synthe-
size proteins likely becomes limiting, which can cause the 
different behavior of the two strains. Since mono-methyl 
azelate seemed a better substrate for di-ester produc-
tion (Table 2), methyl nonanoate was added to the same 
strains, see Fig. 4.

In these tests, methyl-ethyl azelate was formed. The 
di-ester titers were clearly higher; the highest titer of 
0.31  mM was reached by E. coli pBGTHJKL-atfA. This 
strain produced a limited amount of di-ethyl azelate as 
well, indicating that methyl ester hydrolysis had occurred, 
after which the molecule was esterified with ethanol. 
After 2 h of incubation, the product distribution in tests 
with E. coli pBGTHJL + pE-II was comparable for both 
methyl nonanoate and ethyl nonanoate. After 19 h how-
ever, the ω-hydroxy fatty acid ester was completely con-
verted to ω-acid in the case of methyl nonanoate, which 
was not the case for the substrate ethyl nonanoate. This 
result suggests that the oxygenates of the methyl ester are 
more efficiently further oxidized to the acid than those of 
the ethyl ester.

Improving selectivity with a more selective 
alcohol‑acyltransferase
AtfA prefers longer alcohol and acyl-CoA chain lengths. 
It is also very nonspecific, which caused the accumula-
tion of by-products as described above. Therefore, we 
switched to Eeb1 as an alcohol-acyltransferase to inves-
tigate whether the production of MEDA and potentially 
DEDA from fatty acids could be increased (Fig.  3). E. 
coli pBGTHJKL-eeb1 clearly produced more MEDA. In 
the conversions with nonanoic acid the highest amount 
of products accumulated (0.83  mM), with a 75% molar 
yield of MEDA. Furthermore, 93% of the product was 
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efficiently ω-oxidized to the carboxylic acid. This strain 
was also more efficient, since more product was synthe-
sized after 2  h of incubation compared to conversions 
with other strains. DEDA concentrations were not sig-
nificantly increased.

Discussion
Fatty acids were poorly oxidized by E. coli pBGTHJL. 
The highest concentration of ω-oxidized product was 
0.30 mM after 19 h, with nonanoic acid as substrate. We 
show that this problem can be solved by first converting 
the fatty acids into ethyl esters.

We achieved medium-chain ethyl ester synthesis by 
using E. coli that expresses AlkK and AtfA or Eeb1. 
In  vivo esterification of fatty acids results in products 

with a low solubility, which can facilitate product removal 
and product inhibition [7, 18, 19]. Highest titer of ethyl 
ester was reached when nonanoic acid was applied as 
substrate, resulting in 0.82 mM of ethyl nonanoate from 
1 mM nonanoic acid. AlkK also accepts mono-esterified 
dicarboxylic acids as substrate, which facilitated di-ester 
production.

This in  vivo esterification was combined with 
ω-oxidation by AlkBGTHJL to form mono-ethyl DCAs 
with a chain length of C6 to C10. Most successful was 
the conversion of 1 mM nonanoic acid by E. coli pBGTH-
JKL-eeb1, which produced 0.75 mM of mono-ethyl aze-
late. These titers are in the same order of magnitude as 
medium-chain dicarboxylic acid production from fatty 
acids in shake flask experiments reported before [20–22]. 

Fig. 4  Products detected in whole-cell conversions of methyl nonanoate and ethyl nonanoate. a legend indicating the structures of possible 
products from conversions of fatty acid methyl/ethyl esters with resting E. coli strains from c. b the same legend, with the names of the detected 
compounds. The colors of the boxes correspond with the colors in c The colors of the arrows in a and b indicate which enzymes catalyze the reac-
tions. c resting cell conversions of 1 mM methyl nonanoate (NAME) or 1 mM ethyl nonanoate (NAEE) by various E. coli strains. Ethanol was added to 
2.5%. Biomass concentrations were 1.0 gcdw/L for both strains



Page 8 of 9van Nuland et al. Microb Cell Fact  (2017) 16:185 

To our knowledge however, this is the first report of 
the combination of ester biosynthesis and ω-oxidation. 
ω-Oxidation was also achieved without esterification, 
but this process only yielded 0.30 mM ω-oxidized prod-
uct. This process was also much slower than the process 
with esterification. The major products of ω-oxidation 
of fatty acids were ω-hydroxy fatty acids, even in pres-
ence of dehydrogenases AlkJ and AlkH. ω-hydroxy fatty 
acids are not further oxidized by AlkB [20]. The limited 
amount of dicarboxylic acids in these tests are thus most 
likely products of dehydrogenase action, but this pro-
cess is far more efficient with esterified ω-hydroxy fatty 
acids. Esterification is thus a promising tool to enhance 
ω-oxidation of medium-chain fatty acids. Furthermore, 
there would be no need for esterification of the fatty acid 
prior to the conversion process, potentially increasing the 
cost-competitiveness.

Also α,ω-di-ethyl esters accumulated. Biocatalytic wax 
di-ester production has been reported before [10], but 
this study is the first to report on biocatalytic di-ethyl 
ester production. The highest α,ω-di-ethyl ester concen-
tration was 0.24  mM (55  mg/L), which was reached by 
E. coli pBGTHJL +  pE-II in conversions with octanoic 
acid. Production of di-esters was only detectable in the 
19  h samples, which suggests that di-ester production 
only occurs when the fatty acids are depleted and thus no 
more competition occurs.

Di-ethyl ester synthesis was thus less efficient than ethyl 
ester synthesis. Since AlkK and AtfA or EEB1 were co-
expressed, we were not able to determine which enzyme 
limits higher product titers. Direct addition of MEDAs to 
the conversion medium did not yield much more di-ethyl 
esters. In these test the highest di-ethyl ester concentra-
tion (0.19  mM) was reached with mono-ethyl suberate. 
Using mono-methyl azelate as substrate resulted in 2.6-
fold higher product titers (0.50 mM), which suggests that 
the position of the ester moiety plays an important role. 
Similar differences were seen between conversions with 
methyl and ethyl nonanoate, since in the conversions 
with methyl nonanoate clearly more di-ester was pro-
duced, 0.34 mM from methyl nonanoate versus 0.04 mM 
from ethyl nonanoate. Production of a symmetric di-
ester would however be more favorable, if the di-ester 
product is used for a polymerization reaction.

Besides the di-ethyl esters, also byproducts such as 
nonyl-nonanoate and ethyl 9-(nonanoyloxy)nonanoate 
were detected in nonanoic acid conversions with E. coli 
pBGTHJL  +  pE-II. For the production of dicarboxylic 
acid mono-/di-esters EEB1 seems a more promising can-
didate, since it prefers ethanol as the alcohol donor for 
the acyltransferase reaction. The use of this enzyme thus 
results in less byproduct formation.

To our knowledge this is the first report on whole-cell 
biocatalytic di-ethyl ester production from fatty acids. 
Di-ethyl ester production has several advantages over 
dicarboxylic acid production. Firstly, di-ethyl esters have 
a low solubility, which could facilitate downstream pro-
cessing. Secondly, di-ethyl esters can be applied directly 
as lubricants or plasticizers. Furthermore, if di-ethyl 
esters are polymerized with an alcohols or amines, etha-
nol is released from the reaction. If a dicarboxylic acid is 
used, water is released. Ethanol is easier to remove from 
the polymerization than water, and can be recycled in the 
di-ethyl ester synthesis. Unfortunately, the di-ethyl ester 
concentrations were lower than mono-ester concentra-
tions. Hence, if one wants to improve the di-ester con-
centration, the specificity of the esterification enzymes 
AlkK and AtfA/EEB1 has to be improved. Application of 
an organic phase for in  situ product removal could also 
facilitate higher product titers by shifting the equilibrium 
more to the product side. It could also alleviate potential 
toxicity/product inhibition issues.
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