Applied Microbiology and Biotechnology (2019) 103:191-199
https://doi.org/10.1007/500253-018-9503-6

MINI-REVIEW

@ CrossMark

Biosynthesis of w-hydroxy fatty acids and related chemicals from natural
fatty acids by recombinant Escherichia coli

Sun-Ki Kim' « Yong-Cheol Park?

Received: 4 October 2018 /Revised: 1 November 2018 / Accepted: 5 November 2018 /Published online: 11 November 2018

© Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract

w-Hydroxy fatty acids (w-HFAs) are of great interest because they provide the long carbon chain monomers in the synthesis of
polymer materials due to the location of the hydroxyl group close to the end of the first methyl carbon. w-HFAs are widely used
as building blocks and intermediates in the chemical, pharmaceutical, and food industries. Recent achievements in metabolic
engineering and synthetic biology enabled Escherichia coli to produce these fatty acids with high yield and productivity. These
include (i) design and engineering of the w-HFA biosynthetic pathways, (ii) enzyme engineering to enhance stability and activity,
and (iii) increase of tolerance of E. coli to toxic effects of fatty acids. Strategies for improving product yield and productivity of
w-HFAs and their related chemicals (e.g., «,w-dicarboxylic acids and w-amino carboxylic acids) are systematically demon-

strated in this review.

Keywords w-Hydroxyl fatty acid - o,w-Dicarboxylic acid - w-Amino carboxylic acid - Biotransformation - Recombinant
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Introduction

Lipids and fatty acids are one of the most abundant renewable
resources in nature. In Asia, for instance, 84.8 million metric
tons of vegetable oils were produced in 2014-2015 (Mittaine
2016). Large amounts of fatty acids are used in the chemical
industry to manufacture biodiesel and building blocks for
plastics such as polyamides, polyesters, and polyurethanes.
However, hydroxy fatty acids (HFAs) are usually difficult to
be produced from renewable biomass by chemical process
because of harsh reaction conditions (e.g., ozonolysis or caus-
tic pyrolysis), tedious steps, and poor selectivity (Kockritz and
Martin 2011; Liu et al. 2011). HFAs, which contain hydroxyl
group(s) in the carbon skeleton of fatty acids, occur as com-
ponents of triacylglycerols, waxes, cerebrosides, and other
essential lipids in living organisms (Chance et al. 1998).
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HFAs have gained great interest because of their special prop-
erties such as much higher viscosity and reactivity compared
with nonhydroxylated fatty acids (Hou et al. 1999). They are
widely used as starting materials for the synthesis of nylons,
resins, waxes, plastics, biopolymers, and lubricants, and as
additives in coatings and paintings (Biermann et al. 2011;
Metzger and Bornscheuer 2006).

The composition of fatty acids in vegetable oils provides
an opportunity to produce value-added materials. Most
plant oils consist of a mole of glycerol and three moles
of fatty acids, in which oleic acid and linoleic acid are
mainly present (Karmakar and Ghosh 2015). Among sev-
eral kinds of HFAs, w-hydroxy fatty acids (Fig. 1a) are of
great interest because they provide the longest carbon
chain as the monomer in the synthesis of polymer materials
due to the location of the hydroxyl group close to the end
of the first methyl carbon (Cao and Zhang 2013). In view
of industrial applications, w-HFAs can be used for the
production of o,w-dicarboxylic acids and w-amino car-
boxylic acids (Fig. 1), which are the starting materials of
polyamides, polyesters, and other chemical products
(Griehl and Ruestem 1970; Liu et al. 2008). w-HFA can
be biosynthesized from fatty acids via oxygenation of the
terminal C—H bond or internal oxidative cleavage of fatty
acids. While the C—H bond is oxidized by P450
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Fig. 1 Chemical structures of w- a
hydroxy fatty acids (w-HFAs)
(a), a,w-dicarboxylic acid (b),
and w-amino carboxylic acid (c)

monooxygenase or alkane hydroxylase, the oxidative
cleavage of fatty acids is catalyzed by Baeyer—Villiger
monooxygenase (BVMO) or a combination of
lipoxygenase and hydrogen peroxide lyase. This review
particularly focused on recent achievements in biosynthesis
of w-HFA via the oxidative cleavage of fatty acid mediated
by BVMO. Detailed information of the C—H bond oxygen-
ation can be found in a review (Seo et al. 2015).

Despite of numerous advantages of Escherichia coli as a
workhorse in all areas of bioprocess, potential roadblocks in
w-HFA production by recombinant E. coli still exist. First,
instability of cascade enzymes for w-HFA bioconversion
and low rate of fatty acid transport into E. coli cells across
their cell membrane led to low yield and productivity of w-
HFAs. Second, the productivities are often low due to product
toxicity that hampers the performance of whole-cell
biocatalysts. Recently, attempts to overcome these limitations
in w-HFA production have been reported.

In this review, we summarized metabolic and/or protein
engineering strategies to improve w-HFA production by
engineered E. coli. Especially, we focused on recent prog-
ress in (1) construction of the efficient w-HFA conversion
pathway by searching for novel enzymes with high speci-
ficity and activity, (2) enhancing stability of a rate-limiting
enzyme and accessibility to its substrate, (3) conversion of
w-HFAs into «,w-dicarboxylic acids and w-amino carbox-
ylic acids, and (4) alleviation of product toxicity by
chemoenzymatic synthesis or introduction of genes related
to acid tolerance.

Expression of cascade enzymes in E. coli
for w-HFA production

Microbial synthesis of various w-HFAs from renewable fatty
acids such as oleic acid, linoleic acid, and ricinoleic acid has
been intensively investigated. Multistep enzymatic reactions
involve the hydration of internal carbon atoms in fatty acids
by a hydratase, oxidation of the hydroxy group to the ketone
by an alcohol dehydrogenase (ADH), oxidation to an ester by
BVMO, and hydrolysis of this ester to yield w-HFAs (Fig. 2).
The first example is the cleavage of ricinoleic acid into n-
heptanoic acid and w-hydroxyundec-9-enoic acid (w-HUA)
(Fig. 2a). For bioconversion of ricinoleic acid to w-HUA, an
ADH from Micrococcus luteus, a BVMO from Pseudomonas
putida KT2440, and an esterase (PFE1) from Pseudomonas
fluorescens SIK WI were overexpressed in E. coli BL21(DE3)
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(Jang et al. 2014). Biotransformation during stationary growth
phase of recombinant E. coli in a bioreactor allowed to pro-
duce w-HUA and n-heptanoic acid at a productivity of
3.2 mM/h and > 80% yield (Table 1).

Unlike ricinoleic acid, most fatty acids from plant oils are
nonhydroxylated (Biermann et al. 2011). Therefore, an en-
zyme to catalyze the formation of hydroxylated fatty acids
was introduced into the cleavage pathway (Fig. 2b). Most of
the HFAs produced by microbes are considered to be synthe-
sized by fatty acid double-bond hydratases (e.g., oleate
hydratase and linoleate hydratase), which catalyze the re-
gion-specific, irreversible addition of a hydrogen atom and a
hydroxy group from water to the carbon—carbon cis-double
bond in unsaturated fatty acids (Kim and Oh 2013). The gene
encoding oleate hydratase (OhyA) from Stenotrophomonas
maltophilia was selected based on a previous study showing
that the OhyA has a high enzyme activity of 3600 U/mg pro-
tein toward hydroxylation of oleic acid into 10-hydroxystearic
acid (Joo et al. 2012). To evaluate the performance of the
extended pathway, recombinant E. coli cells expressing the
S. maltophilia ohyA gene as well as the ADH from M. luteus
and the BVMO from P, putida KT2440 were constructed and
used for the biotransformation of oleic acid (Song et al. 2013).
In this case, addition of the cell extract of E. coli BL21(DE3)
expressing the esterase (PFE1) gene from P, fluorescens SIK
WI led to the production of 0.67 mM w-hydroxynonanoic
acid at > 60% yield.

While a number of C-9 double-bond hydratases was
identified and characterized in detail, C-12 double-bond
hydratase had remained unidentified. Recently, a linoleate
13-hydratase from Lactobacillus acidophilus was charac-
terized to be specific to hydration of the C-12 double bond
in linoleic acid, and thereby its expression allowed the
selective production of 13-hydroxy-cis-9-octadecenoic acid
from linoleic acid (Oh et al. 2015). 13-Hydroxy-cis-9-
octadecenoic acid can be converted to w-hydroxy-cis-9-
dodecenoic acid and n-hexanoic acid by the cascade en-
zymes (Fig. 2c). w-Hydroxy-cis-9-dodecenoic acid was
produced from linoleic acid by serial reactions of recombi-
nant E. coli expressing the linoleate 13-hydratase and re-
combinant E. coli BL21(DE3) expressing the ADH from
M. luteus, the BVMO from P. putida KT2440, and PFEI
from P. fluorescens SIK WI (Oh et al. 2015). The maximal
specific reaction rate of the recombinant cells reached
1.4 U/g dry cells in 2 h of biotransformation, resulting in
the production of 1.8 mM w-hydroxy-cis-9-dodecenoic ac-
id from 2.0 mM 13-hydroxy-cis-9-octadecenoic acid.



Appl Microbiol Biotechnol (2019) 103:191-199

193

a OH b

WA~
5 7

NAD+
1 Alcohol dehydrogenase
NADH
o
™
5 7

NADPH
+0, Baeyer-Villiger
monooxygenase

NADP+
+H,0

(o] COOH
' "N
o
H,0

OH

(o}

S S
7 7

H,0
1 Hydratase
COOH
5 4 ;

NAD+
Alcohol dehydrogenase
NADH
COOH

Cc

o™
4 7

H,0
Hydratase

COOH

OH

NAD+
Alcohol dehydrogenase
NADH

COOH

(o}

NADPH NADPH
Esterase +0, Baeyer-Villiger +0, Baeyer-Villiger
NADP+ monooxygenase NADP+ monooxygenase

+H,0

HO \/_\M/COOH
7

o)
\[\/})\ COOH
+ /\M/
7 © 7

/P\]s\COOH

H,0
1 Esterase

COOH COOH
HO/\[\/]/7 * M

Fig. 2 Designed biotransformation pathways for production of w-HFAs
from ricinoleic acid (a), oleic acid (b), and linoleic acid (¢). a Ricinoleic
acid is converted into w-hydroxyundec-9-enoic acid (w-HUA) and n-
heptanoic acid. b Oleic acid is converted into w-hydroxy nonanoic acid

Modulation of enzymes in the w-HFA
biosynthetic pathways

BVMO catalyzes the Bayer—Villiger oxidation and
sulfoxidation with high regioselectivity and enantioselectivity
(Balke et al. 2012; Orru et al. 2011). BVMO contains two-
domain architecture with FAD-binding and NADPH-binding
domains, in which the active site is located in a cleft at the
domain interface. The crystal structure of BVMO from
Rhodococcus sp. HI-31 in a complex with its substrate and
NADP* and FAD suggested that the enzyme undergoes a
series of conformational changes during catalysis, resulting
in the formation of an unstable structure (Yachnin et al.
2012). Also, the ester formation rate was abruptly reduced to
zero within 2 h after initiation of the biotransformation, and
the intermediate of keto-fatty acid was accumulated gradually
in the reaction medium (Baek et al. 2015). Considering these
unstable enzymatic properties and reaction profiles, the ester-
forming reaction catalyzed by BVMO has been recognized as
a limiting step in the conversion of fatty acids to w-HFAs (Fig.
2) (Baek et al. 2015; Jeon et al. 2015). To increase functional
expression and activity of BVMO under reaction conditions,
fusion proteins of ADH-Gly-BVMO consisting of the ADH of
M. luteus and the BVMO from either P. putida KT2440 or
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and n-nonanoic acid. ¢ Linoleic acid is converted into w-hydroxy-cis-9-
dodecenoic acid and n-hexanoic acid by multistep enzyme-catalyzed
reactions

R. jostii RHA1 were designed (Jeon et al. 2015), in which a
glycine-rich peptide (Pazmino et al. 2008) was used as the
linker. Activity of recombinant E. coli expressing the ADH-
Gly-BVMO with ricinoleic acid substrate was about 40%
greater than that of recombinant E. coli expressing ADH and
BVMO independently. The BVMO activity of the ADH-Gly-
BVMO fusion enzyme was further improved by co-
expression of a single subunit recombinant thermosome (r-
THS) from Methanocaldococcus jannaschii, which is known
to stabilize unstable proteins (Bergeron et al. 2009). The re-
combinant E. coli expressing both ADH-Gly-BVMO and r-
THS showed approximately 2-fold higher final product con-
centration than the recombinant E. coli expressing ADH-Gly-
BVMO only (Baek et al. 2015). Moreover, 3'-untranslated
region (3'UTR) engineering was adopted to improve solubil-
ity of BVMOs in E. coli. Insertion of gene fragments contain-
ing putative endonucleolytic cleavage sites of RNase E into
the 3'UTR in the BVMO genes led to the reduction of mRNA
levels (Song et al. 2016). While the total expression level of
BVMOs with the putative RNase E sites was lower than that
of BVMOs without the RNase E sites, the soluble expression
level and catalytic activity were significantly improved by the
insertion of the putative RNase E sites. Also, stability and
expression of the BVMO from P. putida KT2440 at 30 °C

@ Springer



194 Appl Microbiol Biotechnol (2019) 103:191-199

Table 1 Production of w-HFAs and their related products in recombinant E. coli

System Substrate Product Dry cell Product Reference
weight
(g/L) Concentration Yield Productivity
(mM) (mM/
mM)

MIADH, PPBVMO, "'PFE1 24 mM ricinoleic acid w-HUA 10 20 >0.8 32 mMh, Jangetal
49 Ulg (2014)
cells

MADH, PPBVMO, 15 mM ricinoleic acid w-HUA 32 10 0.68 N.M. Woo et al.
exogenous PPFEL, resB, (2016)
dsrA

MIADH, "PBVMO, ~45 mM ricinoleic acid w-HUA ~30 23.7 0.61  1.19 mM/h Choetal.
tPelB-"'PFEI, (2018)
intermittent addition of
glycerol

SmOhyA, MADH, 1.0 mM oleic acid w-Hydroxynonanoic 3.6 0.67 >0.6 NM. Song et al.
PPBVMO, P'PFEI acid (2013)

L3 inoleate 13-hydratase, 2.0 mM w-Hydroxy-cis-9 72 1.8 0.9 1.4 U/g Oh et al.
MIADH, PPBVMO, 13-hydroxy-cis-9-- -dodecenoic acid cells (2015)
PIPFE] octadecenoic acid

MADH, E6-"PBVMO, a 100 mM ricinoleic acid 11-HOUA 25 85 0.85 172 mM/h  Seo etal.
constitutive promoter (2016)

MADH, "PBVMO in a high 63 mM ricinoleic acid 11-HOUA 20 53 0.84 6.6 mM/Mh  Jangetal.
copy number plasmid (2016)
(pJOE-"’PBVMO)

MADH, "PBVMO, ~60 mM ricinoleic acid 11-HOUA 316 34.5 0.77  2.16 mM/h Cho et al.
intermittent addition of (2017)
glycerol

MIADH, E6-""BVMOc300r, 150 mM ricinoleic acid 11-HOUA 25 132 088 16 mM/h  Woo etal.
FadL continuous addition (2018)
of glucose

SmOhyA, MADH, 30 mM oleic acid 9-(Nonanoyloxy) 10 25 NM. 28 mM/h, Koppireddi
pJOE-""BVYMO -nonanoic acid 4.6 Ulg etal.

cells (2016)

SmOhyA, MADH, 5 mM oleic acid 9-(Nonanoyloxy) 3 1.3 NM. 02 mM/h, Jeonetal
E6-"PBVMO -nonanoic acid 1.0 U/g (2016)

cells

SmOhyA, MADH, 5 mM oleic acid 9-(Nonanoyloxy) 3 39 NM. 12 mMh, Jeonetal
E6-"P BVMO, FadL -nonanoic acid 6.3 Ulg (2016)

cells

MIADH, PPBVMO, PPFEI, 5.0 mM 12-hydroxystearic o, w-Undecanedioic 72 3.6 072 NM. Song et al.
PPATK] acid acid (2014)

MLipase, S"OhyA, ™ADH, 3 g/L olive oil o,w-Nonanedioic 3 43 NM. 3.1U/g Seo et al.
E6-FPBVMO, FadL, acid cells (2018)
AChnDE

TLipase, S"OhyA, MIADH, 3 g/L yeast-derived oil a,w-Nonanedioic 3 2.4 NM. 1.6 Ug Seo et al.
E6-"PBVMO, FadL, acid cells (2018)
AChnDE

MIADH, PPBVMO, "PFE1, 5.0 mM 12-hydroxystearic w-Aminoundecanoic 7.2 2.5 0.50 11.6 U/g Song et al.
PPAIK], w-transaminase acid acid cells (2014)

The superscripts in the gene names present as follows: Ml, M. luteus; Pp, P. putida; Pf, P. fluorescens; Sm, S. maltophilia; La, L. acidophilus; TI,
T lanuginosus. Proteins and products as follows: ADH and AlkJ, alcohol dehydrogenase; BVMO, Baeyer-Villiger monooxygenase; PFE, esterase;
ResB, activator of GDAR system, OhyA, oleate hydratase; FadL, outer membrane protein; ChnDE, alcohol/aldehyde dehydrogenases; w-HUA, w-
hydroxyundec-9-enoic acid; 11-HOUA, (E)-11-(heptanoyloxy)undec-9-enoic acid

N.M. not mentioned

were substantially enhanced via fusion with hexa-glutamate  the N- or C-terminus played an important role in thermal sta-
(E6) tag (Seo et al. 2016). This result was consistent with a  bility of chaperonines from Pyrococcus furiosus and
previous study reporting that negatively charged residues at ~ Methanococcoides burtonii (Luo and Robb 2011).
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Furthermore, a synthetic promoter was used for inducer-free
constitutive expression of the engineered BVMO (E6-
BVMO) in large-scale biotransformation. In a 70-L-scale bio-
transformation, (£)-11-(heptanoyloxy)undec-9-enoic acid
(11-HOUA), the ester intermediate converted from ricinoleic
acid by ADH and BVMO (Fig. 2a), was produced at over
70 mM in the broth within 6 h after biotransformation (Seo
et al. 2016). Stability of the E6-BVMO was further improved
by substituting cysteine to leucine at the 302th amino acid
(Woo et al. 2018), which is consistent with a previous study
reporting that amino acids with sulfur group were sensitive to
reactive oxygen species (Schoneich 2008).

The extremely low solubility of fatty acids in aqueous re-
action mixture impedes the journey of substrate to enzyme
active sites. Therefore, it is necessary to increase the efficiency
of fatty acid transport to catalytic enzymes in order to improve
biotransformation rates. Fatty acids are transported into E. coli
cells across cell membranes via a transport/acyl-activation
mechanism involving an outer membrane protein (FadL)
and an inner membrane-associated acyl-CoA synthase
(FadD) (DiRusso and Black 1999; Maloy et al. 1981). The
gene coding for FadL was introduced into recombinant £. coli
BL21(DE3) containing plasmids of pACYC-ADH-OhyA and
pJOE-E6BVMO with the strong inducible 77 promoter. The
resulting recombinant E. coli strain exhibited 6-fold higher
oleic acid biotransformation rate and 9-(nonanoyloxy)-
nonanoic acid (Fig. 2b) production rate than those for the
control strain without the FadL. overexpression (Jeon et al.
2016). In addition, the FadLL overexpression increased bio-
transformation rate of ricinoleic acid to 11-HOUA by a 2-
fold (Jeon et al. 2018). These results indicated that the delivery
of oleic acid and ricinoleic acid into the cascade enzymes
inside cells plays an important role in determination of the
biotransformation rate. Furthermore, activity of fatty acid hy-
dration in recombinant E. coli expressing S. maltophilia OhyA
was improved by targeting the catalytic enzyme into the peri-
plasm instead of the cytoplasm. The hydration rate of oleic
acid by recombinant E. coli expressing the OhyA fused with
the PelB signal sequence was > 10-fold higher than that of
E. coli expressing the OhyA in the cytoplasm (Jung et al.
2015). The PelB signal sequence is a popular leader sequence
able to deliver target protein to the periplasmic space (Kim
et al. 2015). Meanwhile, the physiochemical property of 11-
HOUA remained a problem for efficient biotransformation of
ricinoleic acid to w-HUA. Since a long-chain free fatty acid of
11-HOUA is highly hydrophobic, it can be imbedded into the
cytoplasmic membrane of E. coli, which may hamper the re-
action of esterase expressed in the E. coli cytoplasm (Cho
et al. 2018). To increase the frequency of substrate binding,
a substrate/membrane-binding domain from an esterase in
P fluorescens DSM50106 was fused to the N-terminal end
of PFE1 from P. fluorescens SIK WI. This method led to a
substantial increase in its hydrolytic activity of 11-HOUA to

w-HUA and n-heptanoic acid (Lee et al. 2014). Moreover, to
improve accessibility of PFE1 to the 11-HOUA substrate, a
truncated version of the PelB signal sequence without the
recognition site of signal peptidase was attached to the N-
terminus of PFE1 (tPelB-PFE1). A fed-batch type biotransfor-
mation of ricinoleic acid by E. coli expressing tPelB-PFE! in
addition to ADH and BVMO resulted in 13.2-, 2.9-, and 2.6-
fold increases in w-HUA concentration, yield, and productiv-
ity, relative to those for the control strain without the PelB
signal sequence in a batch-type biotransformation (Cho et al.
2018). For a fed-batch type biotransformation, glycerol was
continuously or intermittently added in the stage of ricinoleic
acid biotransformation to facilitate the regeneration of co-
factors required in the ADH and BVMO reactions, and main-
tain cell viability (Cho et al. 2017).

Microbial synthesis of a,w-dicarboxylic acids
and w-amino carboxylic acids from renewable
fatty acids and oils

Although o,w-dicarboxylic acids and w-amino carboxylic
acids can be produced from hydrocarbons by a yeast of
C. tropicalis (Eschenfeldt et al. 2003), and chemical cata-
lysts (Zhang et al. 2009), these processes are limited by the
availability of substrates used and low product yields.
Therefore, biotransformation of fatty acids into «,w-dicar-
boxylic acids and/or w-amino carboxylic acids directly
from fatty acids (e.g., oleic acid, ricinoleic acid, lesquerolic
acid) using recombinant £ coli-based biocatalysts has been
investigated. w-HFAs produced from oxidative cleavage of
fatty acid were oxidized to o,w-dicarboxylic acids by al-
cohol dehydrogenase (ADH and AlkJ) from P. putida
GPol or converted into w-amino carboxylic acids by the
combination of ADH from P. putida GPol and an w-
transaminase from Silicibacter pomeroyi (Fig. 3). A repre-
sentative example is the production of o,w-undecanedioic
acid from 12-hydroxystearic acid. 12-Hydroxystearic acid
was first cleaved into w-hydroxyundecanoic acid and »n-
heptanoic acid by recombinant E. coli expressing ADH
from M. luteus, a BVMO from P. putida KT2440, and
the esterase from P. fluorescens SIK WI. w-
Hydroxyundecanoic acid was then oxidized by the recom-
binant E. coli expressing AlkJ from P. putida GPol,
resulting in production of 3.6 mM «,w-undecanedioic acid
with a yield of 72% (Song et al. 2014). On the other hand,
recombinant £. coli BL21 (DE3) expressing AlkJ from
P putida GPol and a w-transaminase from S. pomeroyi
converted 4 mM w-hydroxydodecanoic acid into 2.6 mM
w-aminododecanoic acid and 0.8 mM «,w-dodecanedioic
acid in the presence of 10 mM L-alanine (Song et al.
2014). Also, a recent study showed that o,w-nonanedioic
acid could be produced from renewable oils (e.g., olive oil
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Fig. 3 Biotransformation of w-
hydroxyundecanoic acid into
«,w-undecanedioic acid and w-
amino dodecanoic acid. w-
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and yeast-derived oil) by lipase from Thermomyces
lanuginosus and recombinant E. coli expressing alcohol/
aldehyde dehydrogenases (ChnDE) from Acinetobacter
sp. NCIMB9871 in addition to OhyA from
S. maltophilia, ADH from M. luteus, and an engineered
BVMO (E6-BVMO) from P. putida KT2440. This strategy
resulted in the production of 4.3 mM «,w-nonanedioic
acid from 3 g/L olive oil at an average rate of 3.1 U/g
dry cells (Seo et al. 2018). A more engineered E. coli strain
overexpressing FadL produced «,w-nonanedioic acid from
ricinoleic acid at a productivity of 20 U/g cells with an aid
of P. fluorescens SIK WI esterase added exogenously (Cha
et al. 2018).

Alleviation of toxicity of reaction
intermediates and final products

Whole-cell biotransformation of ricinoleic acid into w-HUA
and n-heptanoic acid (Fig. 2a) was limited by high toxicity of
the final products to the microbial host cells. Even though the
toxicity depends on the length of chain and the contents of
double bond and branches, most carboxylic acids damage cell
membrane and decrease intracellular pH, and hence reduce the
cell viability (Jarboe et al. 2013; Royce et al. 2015). Therefore,
ricinoleic acid was converted to an ester of 11-HOUA, which
is much less toxic to the cells, by recombinant E. coli express-
ing the ADH from M. luteus and the BVMO from P. putida
KT2440. 11-HOUA was then chemically converted into w-
hydroxyundecanoic acid, which was in turn transformed into
o,w-undecanedioic acid under fairly mild reaction conditions.
The biotransformation rate from ricinoleic acid to 11-HOUA
was approximately 50% higher compared to the direct
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biotransformation of ricinoleic acid to w-HUA and n-
heptanoic acid (Jang et al. 2016). The overall molar yield of
o, w-undecanedioic acid from ricinoleic acid was 55% based
on the biotransformation and chemical transformation yields
of 84% and 65%, respectively (Jang et al. 2016). The specific
growth rate of E. coli was also reduced by 50% in the presence
of 5 mM n-nonanoic acid, the final product converted from
oleic acid by the cascade enzymes (Fig. 2b) (Koppireddi et al.
2016). Therefore, biotransformation of oleic acid into a less
toxic ester of 9-(nonanoyloxy)-nonanoic acid via 10-
ketostearic acid was driven by recombinant E. coli cells ex-
pressing the OhyA from S. maltophilia, the ADH from
M. luteus, and the BVMO from P. putida KT2440. After pro-
duction of the ester, the compound was chemically hydrolyzed
to n-nonanoic acid and w-hydroxynonanoic acid, which was
chemically oxidized to o,w-nonanedioic acid with a high
yield under fairly mild reaction conditions (Koppireddi et al.
2016).

Although E. coli BL21 is one of the most utilized bac-
teria, it is more susceptible to various stresses including
acid-induced stress when compared to E. coli K-12 strains
(Lease et al. 2004). Activation of the GadA/B-based
glutamic acid-dependent acid resistance (GDAR) system
by introducing the rcsB and dsrA genes from E. coli
MG1655 into E. coli BL21(DE3) led to an increase in acid
tolerance not only to HCI but also to n-heptanoic acid
(Woo et al. 2016). In addition, activation of the GDAR
system allowed recombinant £. coli BL21(DE3) expressing
the ADH from M. luteus and the BVMO from P. putida
KT2440 to produce 10 mM w-HUA with the aid of exog-
enously added esterase from P. fluorescens SIK WI. The
titer of w-HUA was 1.6-fold higher as compared to the
control strain without activation of the GDAR system. A
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recent study reported the integration of the native transcrip-
tion unit (TU) of dsrA and the synthetic TU of rcsB into
the E. coli BL21 genome without scar by using CRISPR-
Cas9 system (Seo et al. 2017). The engineered strains ex-
pressing dsrA and/or resB exhibited the higher viabilities
and specific growth rates under n-heptanoic acid stress than
wild-type E. coli BL21.

Conclusions and future perspectives

The location of the hydroxyl group and specific properties of
w-HFAs make them useful for various applications in cos-
metics, foods, and plastics. It has been demonstrated that var-
ious value-added w-HFAs can be produced from vegetable
oils or fatty acids. However, most of the w-HFAs are currently
produced at a low yield or conversion rate. In the past few
years, production of w-HFAs by engineered E. coli has been
significantly improved by adapting a cutting-edge technology
of metabolic engineering. Amplification and engineering of
the heterologous pathways for biosynthesis of w-HFAs and
additional sugar-feeding strategy in biotransformation process
enabled engineered E. coli to produce over 20 mM of w-
HUA.

Considering the low tolerance of the E. coli BL21 to w-
HFAs, the microbial strains should be engineered to achieve a
much higher resistance to w-HFAs. As most of the engineered
E. coli strains for production of w-HFAs are only tested in the
laboratory scale, fermentation strategies should be employed
to expand the processes to an industrial level. To improve the
potential of w-HFAs as industrial products, future approaches
are suggested to not only focus on developing better microbial
strains but also aim at more efficient downstream process for
preparation of oils. For example, some impurities in the yeast-
derived oil and microalgal oil inhibit the activities of the cas-
cade enzymes involved in whole-cell biotransformation.
Improving downstream process for the preparation of the oils
will lead to greater productivities. We believe that more ad-
vances in metabolic engineering and downstream process
would overcome the current problems and ultimately lead to
an alternative way for the commercial supply of w-HFAs and
their related products.
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