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Abstract
L-Lysine is widely used as a nutrition supplement in feed, food, and beverage industries as well as a chemical intermediate.
At present, great efforts are made to further decrease the cost of lysine to make it more competitive in the markets. Further-
more, lysine also shows potential as a feedstock to produce other high-value chemicals for active pharmaceutical ingredients,
drugs, or materials. In this review, the current biomanufacturing of lysine is first presented. Second, the production of novel
derivatives from lysine is discussed. Some chemicals like L-pipecolic acid, cadaverine, and 5-aminovalerate already have
been obtained at a lab scale. Others like 6-aminocaproic acid, valerolactam, and caprolactam could be produced through a
biological and chemical coupling pathway or be synthesized by a hypothetical pathway. This review demonstrates an active
and expansive lysine industry, and these green biomanufacturing strategies could also be applied to enhance the competi-
tiveness of other amino acid industry.
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Abbreviations

Lys Lysine

L-PA  L-Pipecolic acid

LCD  Lysine cyclodeaminase
LDC  1r-Lysine decarboxylase
GDH  Glucose dehydrogenase
LysR  Lysine racemase
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Introduction

Amino acids are the basic constituent units of many bio-
logical functional macromolecules, especially the proteins
needed for animal survival. Traditionally, amino acid man-
ufacturing methods include acid hydrolysis of proteins or
chemical synthesis [32, 79]. However, recently, innovative
fermentation has emerged as an alternative of the classical
manufacturing methods, and the large production volume
pushes the amino acid industry to progressively gain a pre-
vailing share in the international market. Accompanying
the emerging technologies such as metabolic engineering
and synthetic biology, establishing new value chains from
amino acids to high-value-added chemicals, such as fuels,
materials, and drugs, should be focused on more closely. On
one hand, this activity could lead to more economic boom
in the production of novel and high-value-added chemicals,
thus leading to new jobs. On the other hand, the extension
of the amino acid industry could help to maintain the price
of the original amino acid in the international market, thus
protecting the effective market operations and stabilizing the
profit of the amino acids industry and the workers.

@ Springer

220z 1snbny |z uo ysenb Aq 9/9966/6 | 2/8/St/o10Me/quil/wod dno-olwspese//:sdiy woly papeojumoq


http://crossmark.crossref.org/dialog/?doi=10.1007/s10295-018-2030-8&domain=pdf

720

Journal of Industrial Microbiology & Biotechnology (2018) 45:719-734

Lysine (Lys) is reported as a kind of imperative nutri-
tion for human and animal. The largest commercial usage is
relying on its promotion of the growth of poultry and other
animals as a feed additive. However, it could also be used as
special chemicals in food, pharmaceutical, and chemical
industries. The calculated global Lys market is about 2.5
million metric tons in 2016, and is still growing at a rate of
about 7% per year [2, 33, 91]. Due to the market competition
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Fig. 1 Production of lysine increase over the past decade, the fluctua-
tion of the lysine price, and the total market value

from industrial capacity and demand, and also from the natu-
ral Lys resources such as sardine, swine blood, and maize,
the per kilogram price of Lys has decreased to around $1.5
since 2013 [11, 29] (Fig. 1). However, the gross annual value
of the output is maintained around $2.8 billion, continue
showing attraction for investors. Here, first, we want to sum-
marize the great efforts for low-cost Lys production, which
include strain improvement, fermentation optimization, and
downstream processing. Some of the characteristics of the
processing routes such as microbial strains, typical biomass
kinds, titers, productivity, yields, and the main advantages,
are listed in detail in Table 1. The “bio-based manufactur-
ing” possibility using Lys as a feedstock to expand the Lys
industry beyond the traditional usage is discussed in the lat-
ter part of this review, including biological and chemical
hybrid routes, to guarantee a bigger profit and less envi-
ronmental pollution. These two strategies might together
help to expand the Lys industry in the fierce international
competition (Fig. 2).

Lys production often employs mutant strains or engi-
neered strains, like Corynebacterium glutamicum and engi-
neered Escherichia coli to produce Lys through fermentation.
Recently, accompanying the development of emerging tech-
nology like metabolic engineering and synthetic biology [21,

Table 1 Characteristics of the lysine microbial processing routes are listed in detail about the microbial species, typical biomass kinds and titers,

production titers, yields, and the main advantages

The kind of strain The characteristic The yield The titer achieved The biomass The bio- The main advan-  References
of the strain achieved by this by this process kinds mass titers ~ tages
process (g/g) (g/L) (g/L)
E. coli A threonine and  0.45 134.9 Glucose 300 Increasing the [98]
methionine dou- yield
ble auxotrophic,
with ppc, pntB,
aspA overex-
pression
C. glutamicum 10lT1 and iolT2 0.24 9.30 Glucose 36.36 Enhancing the [27, 43]
overexpression carbon utiliza-
tion
C. glutamicum 12 defined 0.55 120 Glucose 700 Increasing the [4]
genome-based yield
changes in
genes encoding
central meta-
bolic enzymes
C. glutamicum MurE mutation 0.36 7.56 Glucose 254 Increasing the [5, 6]
yield
C. glutamicum A S. mutans-type  0.19 9.55 Glucose 50 Increasing the [85]
glycolic path- yield
way reconstruc-
tion
C. glutamicum Replacement 0.47 130.99 Glucose 280 Increasing the [96]
of the NADH productivity
biosynthesis
enzyme
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Fig.2 Two strategies help to expand the lysine industry. The first is the great efforts for low-cost biomanufacturing of lysine. The second is the
“bio-based manufacturing” combined with chemical steps possibility using lysine as a feedstock

23], non-natural metabolic pathways could be constructed
beyond the natural networks. Thus, chemicals traditionally
produced from oil refining are now included in the list of the
bio-based chemical derivatives. This review will focus on
chemicals that are mass-produced from fossils, and on special
Lys derivatives that might have economical potential in the
future. To the best of our knowledge, the microbial synthesis
of commodity derivatives from Lys has never been reviewed
before. However, this field has rapid development and great
potential in special chemical industry, agricultural application,
medical treatment, and biopolymer production. This review
has discussed the efforts now being made for low-cost bio-
manufacturing of Lys, while the latter part has been organized
along the sequence of the fields the novel derivatives belong,
which are summarized in Table 2 and Fig. 3. Chemicals used
as functional materials have been first presented, and then the
pharmaceutical products. However, some chemicals are used
in both these two areas.

Recent efforts for low-cost
biomanufacturing of Lys

To expand the Lys industry, one strategy is to further
decrease the production cost and the market price, which
might result in the requirement of more supplementa-
tion. Recent efforts for low-cost biomanufacturing of
Lys include strain improvement, fermentation optimiza-
tion, and downstream processing as reported. The natural
metabolic pathways for Lys synthesis, together with the
related enzymes and genes, have been omitted here, since
such fundamental information is easily available in books
and articles.
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Table 2 Summary of some of the novel lysine derivatives produced through biomanufacturing strategy

The derivatives The con- The yields  The con- The yields  The con- The yields  The pre- The References
from lysine centrations  achieved centrations  achieved by centrations achieved by ferred path- economic
achieved by enzyme achieved by whole-cell —achieved by fermenta-  way for the potential of
by enzyme  catalysis whole-cell  catalysis fermenta-  tion (g/g) derivatives  the strategy
catalysis (g/2) catalysis (g/g) tion (g/L) production  nowadays®
(g/L) (g/L)
L-Pipecolic acid 27 0.79 45.1 0.87 17.25 0.69 Whole-cell + [56, 86, 99]
catalysis
6-Aminocap- 0.031 0.012 - - 0.16 0.32 Fermen- - [70, 89, 106]
roic acid tative
process
cadaverine 42.58 0.29 221 0.92 88 0.50 Whole-cell + [36, 41, 59,
catalysis 61]
5-Aminovaler-  20.8 0.69 90.6 0.94 47.96 0.8 Whole-cell + [46, 64, 68]
ate catalysis
8-Valerolactam — - 54.35 0.60 0.705 0.071 Chemo- - [8, 64, 101,
enzymatic 102]
synthesis
e-Caprolactam - - - - 0.00215 0.001 Chemo- - [8, 14, 102]
enzymatic
synthesis

The table just lists the highest concentrations or yields of the derivatives nowadays achieved. More chemicals might be included due to the

development of the bio-catalysis strategy

%+ means that the bio-transformation strategy nowadays has economic potential; — means that the bio-transformation strategy nowadays has not

economic potential nowadays

Strain improvement

Lys fermentation is the No. 2 oldest amino acid fermen-
tation processes next to microbial glutamate synthesis,
which is first industrialized by the Kyowa Hakko Bio Co.,
Ltd. [29]. Besides the famous strain C. glutamicum, E.
coli has recently also been enrolled in the Lys production.

Escherichia coli

In an era of metabolic engineering and synthetic biology,
Lys-producing E. coli has been constructed by rational
design, and reached a yield capacity almost as higher as
that of C. glutamicum industrial strains.

An engineered E. coli strain was reported to reach 130 g/L.
titer, with a yield of 0.45 g/g glucose. Systematic metabolic
engineering was adopted, with ppc (phosphoenolpyruvate
carboxylase), aspA (aspartase ammonia-lyase), and pntB
(pyridine nucleotide transhydrogenase) overexpression
[98]. Overexpression of the Lys exporter YbjE could also
enhance the Lys production [65]. Recently, the ensemble
modeling (EM) framework is carried out, and desensitiza-
tion of aspartate kinase is found to be a rate-controlling
step in the L-lysine (L-Lys) pathway [10]. A synthetic RNA
device is used to screen the key enzymes involved in Lys
biosynthesis pathway in E. coli. It is reported that a chimeric
aspartate kinase shows 160% increase in vitro activity, and

@ Springer

results in 0.674 g/L Lys production when introduced in vivo
in engineered strains [92].

Corynebacterium glutamicum

Based on the developmental history of C. glutamicum,
three stages are clearly shown. The first stage was related
to the traditional cognition known as “metabolic regulatory
fermentation”. Rational design was then executed, and the
strain improvement strode forward into the second stage,
which was called “metabolic engineering”. Recently, the
third stage is achieved, which is characterized by “genome
breeding” and “synthetic biology” [94, 95]. Recent improve-
ments focus on carbon utilization, metabolic precursor
enhancement, genome reduction, as well as new screening
method to further reduce the cost.

The uptake of glucose could be activated by the phospho-
enolpyruvate-dependent sugar phosphotransferase system
(PTS), as recognized until decades ago. However, recently,
myo-inositol transporters, especially proteins encoding by
iolTI and iolT2, have been identified. Overexpression of
these two genes could accelerate the glucose uptake rate
[27, 43]. The bglF-specified EII permease and glucokinase
form the third non-PTS glucose transporter system, which
has first been acknowledged in C. glutamicum ATCC 31833,
could contribute to further enhance the carbon utilization
while increasing their activities in vivo [28]. The spectrum
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Fig. 3 Production of lysine and novel lysine derivatives from biomass, traditional technologies, and novel strategies

of carbon source of the engineered strains could be expanded
by heterologous pathway reconstituted. Arabinose, ethanol,
and acetic acid, even the industrial molasses [97], and the
lignocellulosic hydrolysate could support the good growth
and productivity of C. glutamicum [77, 100]. With the intro-
duction of the heterogeneous araBAD operon and the xylA
gene, the recombinant could produce 42 mM Lys on rice
straw hydrolysate and wheat bran hydrolysate [20]. Since
the expenditure on carbon source occupies a majority of the
fermentation cost, expanding the substrate utilization has a
significant effect on the low-cost biomanufacturing of the
Lys.

Recently, rational design and metabolic engineering has
developed extensively that novel engineered strains have
been constructed and the supplement of the precursor has
been enhanced in vivo. It was found that a one-step dehy-
drogenase reaction could replace the original four-step suc-
cinylase reaction [4]. Kind reported that the supplementation
of succinyl-CoA could be enhanced with the deletion of the
succinyl-CoA synthetase within the tricarboxylic acid cycle,
and a Lys yield of 0.17 mol/mol glucose was achieved [40,
41]. To avoid the transformation of p,L-diaminopimelate to

peptidoglycan, overexpression of lysA could increase the
Lys production with the enhanced decarboxylation reac-
tion [4]. In addition, recently, introduction of a mutation
MurE, which was a UDP-N-acetylmuramoyl-L-alanyl-
D-glutamate:meso-diaminopimelate ligase utilizing D,L-
diaminopimelate as the substrate, could result in increased
Lys concentration [5, 6].

In the history of strain improvement, classically generated
strains and rational designed strains are combined together
as repertoire for the selection of production strains. Recently,
new screening methods are used, which expedites strain
development. Based on the tandem ligation of gene lysE
encoding the transcriptional activator LysG and eYFP, a Lys
sensor was constructed [5]. The analysis of large amounts
of single cells by fluorescence-activated cell sorting (FACS)
strategy could facilitate the selection of new Lys producers.
In Binder’s study, a mutation murE (G81E) as an efficient
D,L-diaminopimelate utilizing ligase was identified and over-
expressed for Lys production enhancement [6].

Synthetic biology, especially the riboswitch, could help
us to dynamically control metabolic pathways, and thus
be applied for Lys production. A recombinant strain C.
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glutamicum LPECRS was constructed to dynamic control
of the enzyme citrate synthase and lysE, with two artificial
riboswitches and additional deregulated aspartokinase. The
strains achieve a 21% increase in the yield compared to the
control strain [107]. System engineering under the guidance
of in silico modeling helped the genetic engineering of the
Lys strains [4]. In this work, 12 changes in genes encoding
central metabolic key enzymes pushed major carbon fluxes
towards the Lys synthesis route, and finally resulted in a titer
of 120 g/L of Lys. Recently, introduction of S. mutans-type
glycolic pathway in C. glutamicum has led to a fabulous
result in L-Lys production [85]. Another experiment, which
replaced the NADH biosynthesis enzyme with NADP-
dependent GADPH, could also increase the cofactor supple-
mentation. The final L-Lys productivity achieved 2.73 g/L h
for C. glutamicum Lys5-8 [96]. However, there are advan-
tages of using a deleted host. Therefore, many studies fol-
lowing similar strategies focus on the dissection of cellular
networks and construction of strains with a reduced genome
[15, 104]. Different combinatory deletions of all irrelevant
gene clusters were investigated, which decreased the size of
the native genome [90]. The strains with irrelevant clusters
deletion could grow on defined medium”.

Other microorganisms

Although C. glutamicum and E. coli was considered as the
most powerful industrial strains, some other organisms are
undergo constructing to obtain significant Lys production
ability.

Since industrial condition is often high temperature, ther-
motolerant bacterial organisms such as B. methanolicus and
C. efficiens have been focused on being developed as promis-
ing Lys producers [58]. C. efficiens is phylogenetically close
to C. glutamicum, while the former could grow at approxi-
mately 10 °C higher than the latter [60]. B. methanolicus
could grow on methanol, an alternative carbon source which
does not compete with human food, while grow at 35-60 °C
[45].

Fermentation optimization

Based on the engineered or mutated strains, fermentation
optimization is executed to achieve high concentration of
Lys to facilitate the downstream purification. In different
countries, different industrials, with different equipment and
different substrates, fermentation optimization usually needs
to start from scratch, although the same strain is used.

The carbon source accounts for the majority of the
fermentation cost, so its utilization should be paid much
attention. Except for the strain improvement in the utiliza-
tion of the low value carbon source as indicated in the last
section, the optimization of the kinds of the substrate, the
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substrate initial concentration, and the substrate fed mod-
ule also contributes to the decreasing of the fermentation
cost. In China, starch hydrolysate, i.e., corn syrup, is the
substrate usually used for Lys fermentation, while soybean
hydrolysate is usually used in America. South America and
Europe give preference to beet molasses and cane, respec-
tively, due to the cost and availability of the substances. A
titer of 130 g/L with a yield of 0.45 g/g glucose and 120 g/L
could be reached in E. coli and C. glutamicum, respectively.

Industrial fermentation is executed in large-scale tank fer-
menters with a volume of 500 kL or above and often adopts
fed-batch fermentation process to accumulate high titer of
Lys in the final process. Another fermentation style is called
continuous fermentation. In this style, the fed-batch fermen-
tation process could be extended by sucking out part of the
broth one or several times intermittently and supplement
the fermenter with fresh broth or concentrated nutrition at
a specific rate, correlating to the total substrate concentra-
tion, or the pH, or the specific growth rate of the strain,
etc. This fermentation strategy could often result in higher
productivity and final concentration, while it gives full play
to the production capacity of mature strains by prolonging
the synthesis period.

Downstream processing

In the Lys whole production process, downstream expendi-
ture often occupies 60—80% of the total cost, depending on
the purity of the final product and the intended use. In the
past, the animal-feed Lys from the broth has mainly been
recovered based on the developed chromatographic separa-
tion [13]. However, this strategy often results in lower prod-
uct concentrations and increased cost of waste-water treat-
ment. Recently, novel promising technologies are emerged
and explored for Lys purification as industrial applications.

Traditional production process produces Lys sulfate and/
or Lys hydrochloride, using sulfate and/or chloride as coun-
ter anion(s) to main pH. However, a new process, which
employs hydrocarbonate and carbonate ions to produce Lys
carbonate, is developed [42]. On the one hand, sequestration
of the CO, is advocated by the government; on the other
hand, decreasing the amounts of ammonium chloride and/
or ammonium sulfate supplemented into the broth result in
significant reduce of the fermentation cost and the environ-
mental loads. Recently, retracting of Lys was investigated
with sec-octylphenoxy acetic acid in sulfonated kerosene or
supported liquid membrane (SLM) on a flat sheet. A mixture
of mono-(2-ethylhexyl) ester of phosphoric acid (M2EHPA)
and bis-(2-ethylhexyl) ester of phosphoric acid (D2EHPA)
is used as carriers, while kerosene adds as diluent. All the
studies reveal new mechanisms and give high extraction effi-
ciency [50, 105].
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Spray drying has many advantages such as relative ease
in operation, easy industrialized production, cost-effective-
ness, and ready availability of suitable equipment [17, 18,
25]. Spray-dried fermentation broth is also a commercially
available lysine preparation on the market [34]; for example,
Evonik and Global Bio-chem Technology Group Company
Limited all used this strategy. Henke et al. have described the
metabolic engineering of C. glutamicum for the combined
production of lysine and cell-bound value-added compounds
[24]. A proof of principle was proposed, and 48 g/L Lys and
10 mg/L astaxanthin were coproduced by fed-batch fermen-
tation. Moreover, this strategy could be applied to secreted
Lys production with the cell-bound carotenoids decaprenox-
anthin, zeaxanthin, canthaxanthin, and lycopene [29].

Development of new Lys-derived products

Except the recent efforts to further reduce the Lys produc-
tion cost, to maintain the price of the original Lys and the
profit of the amino acid industry in the international market,
the best way is to extend the industry chain, especially to
develop the new Lys-derived products.

Lys derivatives for bio-based materials

The potential usage of Lys as precursor for polymer materi-
als relates to the functional group it gains, which includes
the amino group and the carboxyl group. Under special con-
ditions with catalysts, the derivatives of Lys might retain the
functional groups to form products with structural similarity,
which could be used as monomers for polymer materials.
The monomers for polyamides are now produced from fuel
refineries, but biomanufacturing could be a potential strategy
to replace the traditional production. Here, we will show
that the monomers of nylon family, like cadaverine, SAVA,
valerolactam, caprolactam, etc., could also be obtained
through bio-transformation.

Cadaverine

Also named 1,5-diaminopentane, cadaverine has various
applications in industry and agriculture [3]. Most impor-
tantly, bio-based cadaverine could be used as an important
platform chemical to generate various bio-based polyam-
ides such as PA 54 [54], PA 510 [41], and PA 512 [36].
Cadaverine could be generated by microbial fermentation
or whole-cell bio-catalysis from L-Lys via microorganisms,
which includes recombinant E. coli strains [38, 81, 84] and
C. glutamicum [37, 39, 61, 87].

For microbial fermentation, Qian et al. reported that while
the cadaverine utilization and degradation pathways were
inactivated [57, 69], the production of cadaverine could be

enhanced in the engineered strain. The maximum cadaver-
ine yield of 9.61 g/L from glucose was achieved in E. coli
[69]. A C. glutamicum strain DAP-16 was engineered by
Kind et al., in which L-Lys decarboxylase (LDC) encoded
by LDC gene (cadA) and a major facilitator permease were
overexpressed. The cadaverine yield of 88 g/L could be
accumulated in C. glutamicum [41, 59]. Cadaverine produc-
tion from xylooligosaccharides using engineered strains dis-
playing xylosidase on the cell surface was also investigated
[30]. Finally, the engineered strains enabled production of
1.18 g/L cadaverine from 13 g/L of consumed xylooligosac-
charides. Furthermore, Tween 40 could enhance the cadaver-
ine production in engineering strains [52]. One of the reason
might be the increase in fluxes for the anaplerotic reactions;
another possibility might be an increase in membrane per-
meability with Tween 40 addition.

At present, the whole-cell bioconversion is another
promising method explored for efficient cadaverine synthe-
sis from L-Lys. The PelB signal sequence had an important
effect on the whole-cell bioconversion of L-Lys to cadaver-
ine. Cadaverine antiporter (CadB) was expressed with the
PelB signal sequence, which could generate cadaverine of
221 g/L, increasing the production of cadaverine by 12%
[48]. The pyridoxal 5-phosphate pathway was introduced
into the engineered E. coli strain BL-CadA, which could
produce cadaverine of 168 g/L [49]. The effects of buffer-
ing conditions, substrate concentrations, substrate pH, and
biocatalyst concentrations were optimized, and a final con-
centration of 133.7 g/ was obtained with a molar yield of
99.9% [61].

5-Aminovalerate

5-Aminovalerate (SAVA) is a potential feedstock for the
manufacture of nylon 5 and nylon 6,5, and also a valuable
C5 platform chemical used to produce glutarate, valerolac-
tam, 1,5-pentanediol, and 5-hydroxyvalerate [46]. Due to the
importance of SAVA, biotechnological production of SAVA
has attracted considerable interest.

5AVA is naturally produced through the SAVA path-
way by Pseudomonas putida [12-74]. SAVA synthesis is
sequentially mediated by Lys 2-monooxygenase (DavB)
and &-aminovaleramidase (DavA) as follows: in the first
step, L-Lys is converted to 5-aminovaleramide by DavB;
in the second step, 5-aminovaleramide is hydrolyzed to
S5AVA by DavA (Fig. 4a). Park et al. found that while
DavB and DavA were overexpressed in the recombinant
E. coli WL3110, the engineered strain could generate
3.6 g/l SAVA with L-Lys as the substrate [63]. DavB
and DavA were purified and coupled to form SAVA by
enzymatic method. Under this strategy, 20.8 g/L of SAVA
could be achieved from 30 g/L Lys [46]. High cell den-
sity fermentation and whole-cell catalysis were carried
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DavA

A DavB av

I
0, Co, 5-Aminovaleramide H,O NH3 5-Aminovalerate

B L-lysine oxidase H,0,

-0, 5-Aminovalerate
Lysine 0,+H,0 NH,+H,0 6-Amino-2-ketocaproic acid
c PatA PatD
LdcC Cadaverine 5-Aminopentanal 5-Aminovalerate

Fig.4 Scheme for the production of 5-aminovalerate from L-lysine.
The enzymes included in those routes are: A: lysine 2-monooxyge-
nase (DavB), delta-aminovaleramidase (DavA); B: L-lysine a-oxidase

out for the production of SAVA with recombinant E. coli
strain W3110/DavAB. The highest yield of 90.59 g/L
5AVA was achieved consuming a substrate of 120 g/L
of L-Lys [64]. Various C. glutamicum strains including
different origins of replication and promoters were engi-
neered by Shin et al.. The superior strain could generate
33.1 g/L 5SAVA from 250 g/L glucose [78]. Recently, Jorge
et al. proposed a new route to produce SAVA from Lys
via cadaverine as intermediate (Fig. 4c) [31]. The path-
way involved LDC, putrescine transaminase (PatA), and
y-aminobutyraldehyde dehydrogenase (PatD). A final con-
centration of 5.1 g/LL 5SAVA and a yield of 0.13 g/g could
be achieved. Moreover, a de novo bio-based production
process for the coupling production of two C5 platform
chemicals SAVA and glutarate was established [76]. The
optimized strain could generate 28 g/L. SAVA with a maxi-
mal productivity of 0.9 g/L h.

Kusakabe et al. first proposed another SAVA synthe-
sis pathway [44]. The a-carbon atom of Lys was oxidized
into 6-amino-2-keto-caproic acid, NH; and H,O, by L-Lys
a-oxidase (LysOx) from Trichoderma viride, which then
could be oxidatively decarboxylated to form SAVA with
no addition of catalase (Fig. 4b). The SAVA was success-
fully produced by the immobilized LysOx in the absence of

Fig.5 Synthesis of
d-valerolactam from L-pipecolic
acid or 5-aminovalerate. There
are potential enzymes to do this
work. A: like lysine 2-monooxy-
genase (DavB) (EC 1.13.12.2)
and lactate 2- monooxygenase
(EC 1.13.12.4); B: p-alanine
CoA transferase (Act)

5-Aminovalerate

@ Springer

L-pipecolic acid

(rAIP); C: L-lysine decarboxylase (LdcC), putrescine transaminase
(PatA), and y-aminobutyraldehyde dehydrogenase (PatD)

catalase [68]. A 13.4 g/ of SAVA was achieved in aerobic
incubation for 5 days at 37 °C.

6-Valerolactam

0-Valerolactam is usually obtained by the cyclization of
5AVA, which is dehydrated under vacuum conditions
[64]. Nylon 5 is formed by the self-polymerization of
d-valerolactam. Nylon 6,5 is generated by the polymeriza-
tion of §-valerolactam and e-caprolactam initiated by acetyl-
caprolactam (acetyl-CL) and catalyzed by potassium terz-
butoxide (PtB) [64]. Therefore based on the discussion of
“5-Aminovalerate” in this paper, a hybrid route to obtain
d-valerolactam from bio-based Lys could be constructed.
The production of 8-valerolactam and e-caprolactam was
demonstrated using recombinant E. coli strains with the
overexpression of an acyl-CoA ligase ORF26 from Strep-
tomyces aizunensis [102]. The recombinant stains could
produce d-valerolactam and e-caprolactam when SAVA
and 6ACA were added to the culture medium. Moreover,
an efficient platform metabolic pathway for the produc-
tion of §-valerolactam and e-caprolactam was constructed
[8]. m-Amino acids were activated by P-alanine CoA
transferase (Act) from Clostridium propionicum followed

EC 1.13.12.X A

4>

Act B 8-Valerolactam
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Fig. 6 One-pot bioconversion to
L-pipecolic acid from pL-lysine.
The enzymes included in these
routes are: lysine racemase
(LysR), L-lysine a-oxidase
(rAIP), glucose dehydrogenase
(GDH), and A'-piperideine-

2-carboxylase/reductase (DpkA) LysR

by spontaneous cyclization (Fig. 5b). In addition, zhang
et al. discovered a lactam biosensor based on the ChnR/
Pb transcription factor-promoter pair, which could sense
d-valerolactam and e-caprolactam in a dose-dependent man-
ner [101]. This biosensor could potentially be applied for
industrially high titer lactam biosynthesis.

To exclude the chemical synthesis, another novel route is
proposed based on L-PA (Fig. 6). Converting p-Lys to L-PA
could be found in p-Lys metabolic pathway [55]. Comparing
the chemical structure of L-PA and &-valerolactam, it could
be deduced that an oxidative decarboxylase might catalyze
the transformation of d-valerolactam from L-PA (Fig. 5a).
There are potential enzymes to do this work, like DavB (EC
1.13.12.2), lactate 2-monooxygenase (EC 1.13.12.4), etc.
However, the natural substrates of these enzymes are not
L-PA, so rational design and evolution of enzymes might
be required.

e-Caprolactam

As it has been discussed in the above sections, e-caprolactam
is the starting material for nylon 6,5 synthesis and the bulk
building block chemicals for nylon 6 nowadays in the world-
wide. Frost et al. developed a route for the production of
e-caprolactam, where biomass-derived lysine was chemi-
cally converted into e-caprolactam [14]. The process was
as follows: in optimized conditions, a cyclization reaction
was initiated after neutralization of lysine hydrochloride
with sodium hydroxide (NaOH). The resulting a-amino-
e-caprolactam could then be transformed to e-caprolactam
with the subsequently addition of KOH and hydroxylamine-
O-sulphonic acid under —20 °C.

A microbial 6ACA synthesis pathway from L-Lys is sup-
posed by our lab and is shown in Fig. 8. If this hypoth-
esis pathway could be confirmed by further experiments,
e-caprolactam could be obtained by the chemical cycliza-
tion or bio-cyclization of purified bio-6-ACA. The chemo-
enzymatic catalysis strategy might replace the nowadays
production of e-caprolactam from oil.

Gluconolacyone ~ Glucose

GDH

NADPH NADP+

rAlP DpkA
D- Iysme<__> L-lysine =——3 —_——

Piperideine-2-carboxylic acid L-Pipecolic acid

Lys derivatives for active pharmaceutical
ingredients or drugs

Bio-transformation of Lys to the medical intermediate or
final therapeutically drugs could expand the Lys industry
and result in increasing profits of these enterprises. Since
Lys naturally has chiral structure, the derivatives obtained
from Lys through enzyme catalysis or whole-cell catalysis
often keep this characteristic, and could be used as a chiral
compound with biological function. This section will focus
on the production of two kinds of medical intermediate L-
PA and 6ACA.

L-Pipecolic acid

L-Pipecolic acid (L-PA) is a crucial non-proteinogenic amino
acid. It is a very important intermediate of many pharma-
ceutically and biologically compounds, such as the antican-
cer agents swainsonine, VX710, and sandramycin [22], the
immunosuppressive agents FK506 and rapamycin [16, 35],
the anaesthetic analogue ropivacaine and bupivacaine [1,
62], and antibiotics meridamycin, demethoxyrapamycin,
Cyl-2, virginiamycin, apicidin, and trapoxins [80, 93] could
also be synthesized from L-PA. Currently, synthesis of L-PA
involves biosynthesis [53] and chemical synthesis, such as
enantioselective reduction [19, 75], diastereoselective syn-
thesis [9], and stereoselective transformation [12]. However,
these chemical synthesis processes are difficult to provide an
economic and acceptable manner for the production of chiral
L-PA on large scale due to the low yield, the cumbersome
procedures, and other disadvantages. The current market
price of the L-PA produced by chemical synthesis reaches up
to 15,000-30,000 $ per ton. Therefore, the biosynthesis of
the L-PA has been attracted great attention from the chemical
company worldwide.

It has been known that there are four synthetic routes of
L-PA. The A!-piperideine-2-carboxylase (P2C) pathway and
the Lys cyclodeamination pathway are both via the loss of
the a-nitrogen of Lys and the condensation of the e-nitrogen
to produce L-PA. The A'-piperideine-6-carboxylase (P6C)

@ Springer
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pathway and the a-aminoadipic acid pathway are both
through the loss of the e-NH, and the incorporation of
a-NH, into L-PA [22]. Lys cyclodeaminase (LCD) alone
could catalyze the direct formation of L-PA from L-Lys. Tsot-
sou and Barbirato revealed further the presence of iron(II)
and glycerol could obviously improve the LCD activity [88].
Byun et al. investigated the optimal reaction parameters for
LCD from Streptomyces pristinaespiralis to the production
of L-PA, such as temperature, pH, buffer condition, and car-
bon length of substrate [7]. The purification and the first
characterization in vitro of LCD encoded by the rapL gene
were studied, and the mechanism of the LCD reaction was
revealed [22]. Ying et al. used an engineered E. coli strain
harboring another LCD encoded by pipA from Streptomy-
ces hygroscopicus. This whole-cell conversion process with
NAD™ supplement could reach a relative higher L-PA pro-
duction of 17.25 from 25 g/L Lys [99].

Muramatsu et al. utilized an enzyme-coupled system for
the production of L-PA from L-Lys based on a combination
of LysOx, Pip2C reductase, and glucose dehydrogenase
(GDH). This system could produce 27 g/L. of L-PA [56]. Tani
et al. constructed a one-pot synthesis of L-PA by overexpres-
sion of LysOx from Scomber japonicus, GDH from Bacillus
subtilis, Lys racemase (LysR), and Pip2C reductase from
Pseudomonas putida in E. coli strains. 45.1 g/L of L-PA
could be obtained after 46 h in this one-pot process, which
was by far the highest yield of L-PA with substrate flexibility
for industrial application [86] (Fig. 6).

In our lab, LysOx, Pip2C reductase, Lys permease (LysP),
and GDH are overexpressed in a mutated E. coli strain
MLO04 with cadA knocked out, in which ribosome-binding
sites and promoters for each gene are optimized. This strain
could produce 46.3 g/L. L-PA at the end of the 48 h fed-
batch fermentation, which is the highest level reported in
the world (unpublished data). Furthermore, the Lys 6-dehy-
drogenase gene and pyrroline 5-carboxylate reductase gene
were overexpressed to produce L-PA, and the final yield of
0.09 g/g could be achieved [66]. Furthermore, fermentative
production of L-PA from glucose glycerol, starch, glucosa-
mine, and xylose was investigated [67]. L-PA production
from these alternative carbon sources was established by
expressing the heterologous genes glIpF (glycerol facilita-
tor), glpK (glycerol kinase), and glpD (glycerol-3-phosphate
dehydrogenase), etc.

6-Aminocaproic acid

6-Aminocaproic acid (6ACA) is a non-natural amino acid,
which could potentially inhibit the activity of some enzymes,
such as plasmin, elastase, and pepsin. Therefore, it could
be potent in treatment of some bleeding disorders [47, 83].
6ACA is also the building block of the PA 6. Therefore, pro-
duction of 6ACA from bioresources, especially Lys, could

@ Springer

significantly reduce the emissions of the fuel refineries and
be more biosafety preferred.

Raemakers-Franken et al. previously showed that L-Lys
could be converted to 6ACA by a series of chemical and
biological methods. The L-Lys is successively converted
to 6-amino-2-hydroxyhexanoate, 6-aminohex-2-enoate,
6-aminohexanoate, and 6 ACA sequentially [70]. The direct
production of 6ACA from 5-formyl valeric acid was inves-
tigated [71]. Turk et al. first proposed two complete biosyn-
thetic pathways for the fermentative production of 6ACA
[89] (Fig. 7). The adipoyl-CoA route starts with the con-
densation of acetyl-CoA and succinyl-CoA. Another impor-
tant pathway is the a-ketopimelate route, which starts with
acetyl-CoA and 2-oxoglutarate using biosynthetic pathway
enzymes for coenzyme B [26]). This pathway could directly
produce 160 mg/L 6 ACA from glucose after 120 h. If there
are some unknown enzymes that could catalyze the alpha
aminoadipic acid to form ketoglutaric acid or succinyl-CoA,
6ACA could be potentially formed from Lys, as depicted in
Fig. 7. A strategy to simultaneously vary genetic and process
factors was first reported by Zhou et al., which was then
applied to 6ACA production and increased the final titer
from 9 to 48 mg/L [106].

Here, a new 6ACA synthesis pathway engineered in E.
coli using the leucine pathway enzymes LeuABCD together
with the LysOx, 2-keto-acid decarboxylase (KIVD), and
phenylacetaldehyde dehydrogenase (PadA) (Fig. 8) is pro-
posed [51, 82, 103]. LysOx is the first step to transform Lys
into 6-amino-2-keto-caproic acid, and then, LeuABCD could
perform the C1-elongation to produce 2-keto-7-aminohep-
tanoate, which could be decarboxylased by KIVD and oxi-
dized to 6-ACA by PadA. However, this engineered pathway
has not yet been confirmed by any experiments until now.

Concluding remarks

Transformation of high-value-added chemicals from renew-
able biomass, especially from the overcapacity of fermenta-
tive Lys, will be successful if the process cost is competitive
compared with the traditional fuel refineries and derivative
industry chain and, however, supports from government, and
the taxpayers are welcomed to transform this green manufac-
turing manner from lab to industrial scale. Moreover, life-
cycle analysis should be done to confirm the feasibility of
the new mode of manufacturing.

In this review, several kinds of chemicals could be pro-
duced from Lys, which includes L-PA, cadaverine, SAVA,
&-valerolactam, 6ACA, and e-caprolactam, but there might
be some other chemicals could be converted from Lys and
not discussed here. Except for L-PA and 6ACA, which
could be used as pharmaceutical intermediate, the other
chemicals discussed are all related to the nylon polymer

220z 1snbny |z uo ysenb Aq 9/9966/6 | 2/8/St/o10Me/quil/wod dno-olwspese//:sdiy woly papeojumoq



Journal of Industrial Microbiology & Biotechnology (2018) 45:719-734

729

L-lysine -
cy
2-keto 6-amino caproic acid
L.
piperideine-2-carboxylate

i1 F

)

pipecolic acid

saccharopine

piperideine-6-carboxylate

_h.

alpha aminoadipic
semialdehyde

B

¢ > OO LO0OH

alpha aminoadipic acid

-

<

D

#

alpha ketopimelate(AKP)route alpha ketoglutarate

alpha ketogluta rate
* H

alpha ketoadipate

Vo 2

alpha ketopimelate
‘J

alpha aminopimelate

NH / 6-aminocaproic acid

Fig.7 Schematic representation of the AKP and adipoyl-CoA route
for fermentative production of 6-ACA from lysine, partly is con-
firmed by experiments and partly is deduced from the references. The
most important enzymatic activities of these routes are or might be:
aminoadipic semialdehyde synthase (AASS) (A), aminoadipic semi-
aldehyde dehydrogenase (B), unknown enzymes (C, D), deaminase
(E), pipecolic acid oxidase (F), unknown enzyme (G), (R)-homoci-
trate synthase, (R)-homocitrate dehydratase, cis-homoaconitate dehy-

adipate semialdehyde

Adipyl-CoA route
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dratase and threo-isohomocitrate dehydrogenase (H), (homo)2citrate
synthase, dihomocitrate dehydratase, cis-(homo)2aconitate dehy-
dratase and threoiso(homo)2citrate dehydrogenase (I), Aminotrans-
ferase (J), 2-aminopimelate decarboxylase (K), a-ketopimelate decar-
boxylase (L), aminotransferase (M), 3-oxoadipyl CoA thiolase (N),
3-hydroxyadipyl-CoA dehydrogenase (O), enoyl-CoA hydratase (P),
hexenoyl-CoA-reductase (Q) (acetylating), and aldehyde dehydroge-
nase (R)
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Fig.8 Proposed engineered pathway for the biosynthesis of 6-ami-
nocaproic acid. The most important enzymatic activities of these
routes are: lysine oxidase, 2-isopropylmalate synthase (LeuA), isopro-

production. Since nylon is well known for their durability
and strength, it is indispensable for modern life and the
amount demanded are arising year by year. Considering
the decreasing oil reserves and increasing environmental
pollution, it is important to build biochemical routes to
develop a renewable and clean bio-based nylon production
to satisfy the need of the people and society.

In the traditional Lys production industry, studies are
undergoing to further decrease the production cost and the
market price, which include strain improvement, fermenta-
tion optimization, and downstream processing as reported.
With great efforts for low-cost biomanufacturing of Lys
and the possibility of using “bio-based manufacturing”
Lys as a feedstock, the Lys industry might be expanded
in the next decades and enterprises still could maintain
profits amidst fierce competition.

Acknowledgements This work was supported by the National Natural
Science Foundation of China (21206175 and 315014682), the Indus-
trial Biotechnology Program of Tianjin Municipal Science and Tech-
nology Commission (14ZCZDSY00066), the Fundamental Research
Funds for the Central Universities (Project No. 106112017CDJX-
FLX0014), and the Henan Provincial Science and technology Open
cooperation projects (162106000014). This work is also partially

@ Springer

LeuA
ﬁ

LeuCD

acetyl-coA H20

LeuCD

~

H,0

PadA

6-Aminocaproic acid

pylmalate isomerase complex (LeuC, LeuD) and 3-isopropylmalate
dehydrogenase (LeuB), 2-keto-acid decarboxylase (KIVD), and alde-
hyde dehydrogenases (PadA)

supported by Open Funding Project of the State Key Laboratory of
Bioreactor Engineering, Shanghai, China.

References

1. Adger B, Dyer U, Hutton G, Woods M (1996) Stereospecific
synthesis of the anaesthetic levobupivacaine. Tetrahedron Lett
37:6399-6402. https://doi.org/10.1016/0040-4039(96)01357-3

2. Ajinomoto Co. I (2014) First quarter-FY2014 Market and other
information. Ajinomoto Co., Inc., Tokyo

3. Becker J, Wittmann C (2012) Bio-based production of chemi-
cals, materials and fuels-Corynebacterium glutamicum as versa-
tile cell factory. Curr Opin Biotechnol 23:631-640. https://doi.
org/10.1016/j.copbio.2011.11.012

4. Becker J, Zelder O, Hafner S, Schréder H, Wittmann C (2011)
From zero to hero-design-based system metabolic engineering
of Corynebacterium glutamicum for L-lysine production. Metab
Eng 13:159-168. https://doi.org/10.1016/j.ymben.2011.01.003

5. Binder S, Schendzielorz G, Stibler N, Krumbach K, Hoffmann
K, Bott M, Eggeling L (2012) A high-throughput approach to
identify genomic variants of bacterial metabolite producers at the
single-cell level. Genome Biol 13:R40. https://doi.org/10.1186/
gb-2012-13-5-r40

6. Binder S, Siedler S, Marienhagen J, Bott M, Eggeling L (2013)
Recombineering in Corynebacterium glutamicum combined
with optical nanosensors: a general strategy for fast producer

220z 1snbny |z uo ysenb Aq 9/9966/6 | 2/8/St/o10Me/quil/wod dno-olwspese//:sdiy woly papeojumoq


https://doi.org/10.1016/0040-4039(96)01357-3
https://doi.org/10.1016/j.copbio.2011.11.012
https://doi.org/10.1016/j.copbio.2011.11.012
https://doi.org/10.1016/j.ymben.2011.01.003
https://doi.org/10.1186/gb-2012-13-5-r40
https://doi.org/10.1186/gb-2012-13-5-r40

Journal of Industrial Microbiology & Biotechnology (2018) 45:719-734

731

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

strain generation. Microb Biotechnol 6:131-140. https://doi.
org/10.1093/nar/gkt312

Byun SM, Jeong SW, Cho DH, Kim YH (2015) Optimized
conversion of L-lysine to L-pipecolic acid using recombinant
lysine cyclodeaminase from Streptomyces pristinaespiralis.
Biotechnol Bioprocess Eng 20:73-78. https://doi.org/10.1007/
s12257-014-0428-3

Chae TU, Ko Y-S, Hwang K-S, Lee SY (2017) Metabolic
engineering of Escherichia coli for the production of four-,
five- and six-carbon lactams. Metab Eng 41:82-91. https://doi.
org/10.1016/j.ymben.2017.04.001

Chattopadhyay SK, Biswas T, Biswas T (2008) Complemen-
tary routes to both enantiomers of pipecolic acid and 4,5-dihy-
droxypipecolic acid derivatives. Tetrahedron Lett 49:1365—
1369. https://doi.org/10.1016/j.tetlet.2007.12.097

Contador C, Rizk M, Asenjo JA, Liao JC (2009) Ensemble
modeling for strain development of L-lysine-producing Escher-
ichia coli. Metab Eng 11:221-233. https://doi.org/10.1016/j.
ymben.2009.04.002

Eggeling L, Bott M (2015) A giant market and a powerful
metabolism: L-lysine provided by Coryne-bacterium glu-
tamicum. Appl Microbiol Biot 99:3387-3394. https://doi.
org/10.1007/s00253-015-6508-2

Eichhorn E, Roduit J, Shaw N, Heinzmann K, Kiener A (1997)
Preparation of (S)-piperazine-2-carboxylic acid, (R)-pipera-
zine-2-carboxylic acid, and (§)-piperidine-2-carboxylic acid
by kinetic resolution of the corresponding racemic carboxa-
mides with stereoselective amidases in whole bacterial cells.
Tetrahedron Asymmetr 8:2533-2536. https://doi.org/10.1016/
S0957-4166(97)00256-5

Faurie R, Thommel J, Bathe B, Debabov VG, Huebner S,
Ikeda M, Kimura E, Marx A, Mockel B, Mueller U, Pfefferle
W (2003) Microbial production of L-amino acids. Ikeda M (ed)
Amino acid production process. Advances in biochemical engi-
neering/biotechnology. Springer Verlag, Tokyo, pp 1-35
Frost JW (2005) Synthesis of caprolactam from lysine.
WO0123669 Al

Gao H, Zhuo Y, Ashforth E, Zhang LX (2010) Engineering
of a genome-reduced host: practical application of synthetic
biology in the overproduction of desired secondary metabo-
lites. Protein Cell 1:621-626. https://doi.org/10.1007/s1323
8-010-0073-3

Gatto GJ, Boyne MT, Kelleher NL, Walsh CT (2006) Bio-
synthesis of pipecolic acid by RapL, a lysine cyclodeami-
nase encoded in the rapamycin gene cluster. ] Am Chem Soc
128:3838-3847. https://doi.org/10.1021/ja0587603

Ghandi A, Powell IB, Broome M, Adhikari B (2013) Sur-
vival, fermentation activity and storage stability of spray
dried Lactococcus lactis produced via different atomization
regimes. J Food Eng 115:83-90. https://doi.org/10.1016/j.jfood
eng.2012.09.022

Gibbs FB, Kermasha S, Alli I, Mulligan CN (1999) Encapsula-
tion in the food industry: a review. Int J Food Sci Nutr 50:213—
224. https://doi.org/10.1080/096374899101256

Ginesta X, Pericas MA, Riera A (2002) Straightforward entry to
the pipecolic acid nucleus. Enantioselective synthesis of baiki-
ain. Tetrahedron Lett 43:779-782. https://doi.org/10.1016/S0040
-4039(01)02271-7

Gopinath V, Meiswinkel TM, Wendisch VF, Nampoothiri M
(2011) Amino acid production from rice straw and wheat bran
hydrolysate by recombinant pentose-utilizing Corynebacterium
glutamicum. Appl Microbiol Biotechnol 92:985-996. https://doi.
org/10.1007/s00253-011-3478-x

Hajnal I (2016) Meeting report: cold spring harbor Asia syn-
thetic biology meeting. Biotechnol J 11:197-198. https://doi.
org/10.1002/biot.201400836

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

He M (2006) Pipecolic acid in microbes: biosynthetic routes and
enzymes. J Ind Microbiol Biotechnol 33:401-407. https://doi.
org/10.1007/$10295-006-0078-3

Heider SAE, Wendisch VF (2015) Engineering microbial cell
factories: metabolic engineering of Corynebacterium glutami-
cum with a focus on non-natural products. Biotechnol J 10:1170-
1184. https://doi.org/10.1002/biot.201400590

Henke NA, Wiebe D, Pérez-Garcia F, Peters-Wendisch P, Wen-
disch VF (2018) Coproduction of cell-bound and secreted value-
added compounds: simultaneous production of carotenoids and
amino acids by Corynebacterium glutamicum. Bioresour Technol
247:744-752. https://doi.org/10.1016/j.biortech.2017.09.167
Horaczek A, Viernstein H (2004) Comparison of three commonly
used drying technologies with respect to activity and longev-
ity of aerial conidia of Beauveria brongniartii and Metarhizium
anisopliae. Biol Control 31:65-71. https://doi.org/10.1016/j.
biocontrol.2004.04.016

Howell DM, Harich K, Xu HM, White RH (2000) Identifica-
tion of enzymes homologous to isocitrate dehydrogenase that
are involved in coenzyme B and leucine biosynthesis in metha-
noarchaea. J Bacteriol 182:5013-5016. https://doi.org/10.1128/
JB.182.17.5013-5016.2000

Ikeda M, Mizuno Y, Awane S, Hayashi M, Mitsuhashi S, Tak-
eno S (2011) Identification and application of a different glu-
cose uptake system that functions as an alternative to the phos-
photransferase system in Corynebacterium glutamicum. Appl
Microbiol Biotechnol 90:1443-1451. https://doi.org/10.1007/
s00253-011-3210-x

Ikeda M, Noguchi N, Ohshita M, Senoo A, Mitsuhashi S, Tak-
eno S (2015) A third glucose uptake bypass in Corynebacterium
glutamicum ATCC 31833. Appl Microbiol Biotechnol 99:2741-
2750. https://doi.org/10.1007/s00253-014-6323-1

Ikeda M (2016) Lysine fermentation: History and genome breed-
ing. In: Scheper Th, Belkin S, Bley Th, Bohlmann J, Gu MB,
Hu WS, Mattiasson B, Nielsen J, Seitz H, Ulber R, Zeng AP,
Zhong JJ, Zhou W (eds) Advances in biochemical engineering/
biotechnology. Springer, Berlin Heidelberg, pp 73-102

Imao K, Konishi R, Kishida M, Hirata Y, Segawa S, Adachi N,
Matsuura R, Tsuge Y, Matsumoto T, Tanaka T, Kondo A (2017)
1,5-Diaminopentane production from xylooligosaccharides
using metabolically engineered Corynebacterium glutamicum
displaying beta-xylosidase on the cell surface. Bioresour Technol
245:1684-1691. https://doi.org/10.1016/j.biortech.2017.05.135
Jorge IMP, Pérez-Garcia F, Wendisch VF (2017) A new meta-
bolic route for the fermentative production of 5-aminovalerate
from glucose and alternative carbon sources. Bioresour Technol
245:1701-1709. https://doi.org/10.1016/j.biortech.2017.04.108
Juhl K, Gathergood N, Jorgensen KA (2001) Catalytic asym-
metric direct mannich reactions of carbonyl compounds
with alpha-imino esters. Angew Chem Int Ed 40:2995-2997.
doi: 10.1002/1521-3773(20010817)40:16<2995:AID-
ANIE2995>3.0.CO;2-M

Kcomber I (2016) CCM-2016 China’s lysine market: continua-
tion of market downturn in 2015. Kcomber Inc, Guangzhou
Kelle R, Hermann T, Bathe B (2005) L-lysine production. In:
Eggeling L, Bott M (eds) Handbook of Corynebacterium glu-
tamicum. CRC Press, Boca Raton, pp 465-488

Khaw LE, Bohm GA, Metcalfe S, Staunton J, Leadlay PF (1998)
Mutational biosynthesis of novel rapamycins by a strain of Strep-
tomyces hygroscopicus NRRL 5491 disrupted in rapL, encoding
a putative lysine cyclodeaminase. J Bacteriol 180:809-814
Kim JH, Seo HM, Sathiyanarayanan G, Bhatia SK, Song HS,
Kim JY, Jeon JM, Yoon JJ, Kim YG, Park K, Yang YH (2017)
Development of a continuous L-lysine bioconversion system for
cadaverine production. J Ind Eng Chem 46:44—48. https://doi.
org/10.1016/j.jiec.2016.09.038

@ Springer

220z 1snbny |z uo ysenb Aq 9/9966/6 | 2/8/St/o10Me/quil/wod dno-olwspese//:sdiy woly papeojumoq


https://doi.org/10.1093/nar/gkt312
https://doi.org/10.1093/nar/gkt312
https://doi.org/10.1007/s12257-014-0428-3
https://doi.org/10.1007/s12257-014-0428-3
https://doi.org/10.1016/j.ymben.2017.04.001
https://doi.org/10.1016/j.ymben.2017.04.001
https://doi.org/10.1016/j.tetlet.2007.12.097
https://doi.org/10.1016/j.ymben.2009.04.002
https://doi.org/10.1016/j.ymben.2009.04.002
https://doi.org/10.1007/s00253-015-6508-2
https://doi.org/10.1007/s00253-015-6508-2
https://doi.org/10.1016/S0957-4166(97)00256-5
https://doi.org/10.1016/S0957-4166(97)00256-5
https://doi.org/10.1007/s13238-010-0073-3
https://doi.org/10.1007/s13238-010-0073-3
https://doi.org/10.1021/ja0587603
https://doi.org/10.1016/j.jfoodeng.2012.09.022
https://doi.org/10.1016/j.jfoodeng.2012.09.022
https://doi.org/10.1080/096374899101256
https://doi.org/10.1016/S0040-4039(01)02271-7
https://doi.org/10.1016/S0040-4039(01)02271-7
https://doi.org/10.1007/s00253-011-3478-x
https://doi.org/10.1007/s00253-011-3478-x
https://doi.org/10.1002/biot.201400836
https://doi.org/10.1002/biot.201400836
https://doi.org/10.1007/s10295-006-0078-3
https://doi.org/10.1007/s10295-006-0078-3
https://doi.org/10.1002/biot.201400590
https://doi.org/10.1016/j.biortech.2017.09.167
https://doi.org/10.1016/j.biocontrol.2004.04.016
https://doi.org/10.1016/j.biocontrol.2004.04.016
https://doi.org/10.1128/JB.182.17.5013-5016.2000
https://doi.org/10.1128/JB.182.17.5013-5016.2000
https://doi.org/10.1007/s00253-011-3210-x
https://doi.org/10.1007/s00253-011-3210-x
https://doi.org/10.1007/s00253-014-6323-1
https://doi.org/10.1016/j.biortech.2017.05.135
https://doi.org/10.1016/j.biortech.2017.04.108
https://doi.org/10.1016/j.jiec.2016.09.038
https://doi.org/10.1016/j.jiec.2016.09.038

732

Journal of Industrial Microbiology & Biotechnology (2018) 45:719-734

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Kind S, Jeong WK, Schroder H, Wittmann C (2010) Systems-
wide metabolic pathway engineering in Corynebacterium glu-
tamicum for bio-based production of diaminopentane. Metab Eng
12:341-351. https://doi.org/10.1016/j.ymben.2010.03.005
Kind S, Jeong WK, Schroder H, Zelder O, Wittmann C (2010)
Identification and elimination of the competing N-acetyldiamio-
pentane pathway for improved production of diaminopentane by
Corynebacterium glutamicum. Appl Environ Microbiol 76:5175-
5180. https://doi.org/10.1128/AEM.00834-10

Kind S, Kreye S, Wittmann C (2011) Metabolic engineering of
cellular transport for overproduction of the platform chemical
1,5-diaminopentane in Corynebacterium glutamicum. Metab Eng
13:617-627. https://doi.org/10.1016/j.ymben.2011.07.006
Kind S, Becker J, Wittmann C (2013) Increased lysine production
by flux coupling of the tricarboxylic acid cycle and the lysine
biosynthetic pathway—metabolic engineering of the availability
of succinyl-CoA in Corynebacterium glutamicum. Metab Eng
15:184-195. https://doi.org/10.1016/j.ymben.2012.07.005
Kind S, Neubauer S, Becker J, Yamamoto M, Volkert M, Aben-
droth GV, Zelder O, Wittmann C (2014) From zero to hero-pro-
duction of bio-based nylon from renewable resources using engi-
neered Corynebacterium glutamicum. Metab Eng 25:113-123.
https://doi.org/10.1016/j.ymben.2014.05.007

Kobayashi M, Itoyama T, Mitani Y, Usni N (2011) Method for
producing basic amino acid. EP1182261 B1

Krings E, Krumbach K, Bathe B, Kelle R, Wendisch VF, Sahm
H, Eggeling L (2006) Characterization of myo-inositol utilization
by Corynebacterium glutamicum: the stimulon, identification of
transporters, and influence on L-lysine formation. J Bacteriol
188:8054-8061. https://doi.org/10.1128/JB.00935-06
Kusakabe H, Kodama K, Kuninaka A, Yoshino H, Misono H,
Soda K (1980) A new antitumor enzyme, L-lysine alpha-oxidase
from Trichoderma viride. Purification and enzymological proper-
ties. J Biol Chem 255:976-981

Lee GH, Hur W, Bremmon, CE, Flickinger MC (1996) Lysine
production from methanol at 50 degree C using Bacillus
methanolicus: modeling volume control, lysine concentra-
tion, and productivity using a three-phase continuous simula-
tion. Biotechnol Bioeng 49: 639-653. https://doi.org/10.1002/
(sici)1097-0290(19960320)49:6<639::aid-bit5>3.0.co;2-p

Liu P, Zhang H, Lv M, Hu MD, Li Z, Gao C, Xu P, Ma CQ
(2014) Enzymatic production of 5-aminovalerate from L-lysine
using L-lysine monooxygenase and 5-aminovaleramide amido-
hydrolase. Sci Rep 4:1-5. https://doi.org/10.1038/srep05657
LuJ, Meng HY, Meng ZY, Sun Y, Pribis JP, Zhu C, Li Q (2015)
Epsilon aminocaproic acid reduces blood transfusion and
improves the coagulation test after pediatric open-heart surgery:
a meta-analysis of 5 clinical trials. Int J Exp Pathol 8:7978-7987.
https://doi.org/10.1002/cncr.21958

Ma WC, Cao WJ, Zhang H, Chen KQ, Li Y, Ouyang P (2015)
Enhanced cadaverine production from r-lysine using recom-
binant Escherichia coli co-overexpressing CadA and CadB.
Biotechnol Lett 37:799-806. https://doi.org/10.1007/s1052
9-014-1753-5

Ma WC, Cao WJ, Zhang BW, Chen KQ, Liu Q, Li Y, Ouyang P
(2015) Engineering a pyridoxal 5'-phosphate supply for cadaver-
ine production by using Escherichia coli whole-cell biocatalysis.
Sci Rep 5:15630. https://doi.org/10.1038/srep15630

Mahdavi HR, Arzani M, Peydayesh M, Mohammadi T (2016)
Pertraction of L-lysine by supported liquid membrane using
D2EHPA/M2EHPA. Chem Eng Process 106:50-58. https://doi.
org/10.1016/j.cep.2016.05.004

Marcheschi RJ, Li H, Zhang KC, Noey EL, Kim S, Chaubey A,
Houk KN, Liao JC (2012) A synthetic recursive “+1” pathway
for carbon chain elongation. ACS Chem Biol 7:689-697. https
://doi.org/10.1021/cb200313e

@ Springer

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Matsushima Y, Hirasawa T, Shimizu H (2016) Enhancement
of 1,5-diaminopentane production in a recombinant strain of
Corynebacterium glutamicum by Tween 40 addition. ] Gen Appl
Microbiol 62:42-45. https://doi.org/10.2323/jgam.62.42

Miller DL, Rodwell VW (1971) Metabolism of basic amino acids
in Pseudomonas putida. Catabolism of lysine by cyclic and acy-
clic intermediates. J Biol Chem 246:2758-2764

Minitsuka T, Sawai H, Hatsu M, Yamada K (2007) Metabolic
engineering of Corynebacterium glutamicum for cadaverine fer-
mentation. Biosci Biotechnol Biochem 71:2130-2135. https://
doi.org/10.1271/bbb.60699

Muramatsu H, Mihara H, Goto M, Miyahara I, Hirotsu K, Kuri-
hara T, Esaki N (2005) A new family of NAD(P)H-dependent
oxidoreductases distinct from conventional Rossmann-fold
proteins. J Biosci Bioeng 99:541-547. https://doi.org/10.1263/
jbb.99.541

Muramatsu H, Mihara H, Yasuda M, Ueda M, Kurihara T, Esaki
N (2006) Enzymatic synthesis of L-Pipecolic acid by A!-piperid-
eine-2-carboxylate reductase from Pseudomonas putida. Biosci
Biotechnol Biochem 70:2296-2298. https://doi.org/10.1271/
bbb.60125

Na D, Yoo SM, Chung H, Park H, Park JH, Lee SY (2013)
Metabolic engineering of Escherichia coli using synthetic
small regulatory RNAs. Nat Biotechnol 31:171-174. https://doi.
org/10.1002/biot.201300263

Nagai Y, Ito H, Yasueda H (2010) Amino acid production:
L-lysine. In: Flickinger MC (ed) Encyclopedia of industrial
biotechnology: bioprocess, bioseparation, and cell technology.
Wiley, Hoboken

Nishi K, Endo S, Mori Y, Totsuka K, Hirao Y (2006) Method for
producing cadaverine dicarboxylate and its use for the production
of nylon. EP1482055 B1

Nishio Y, Nakamura Y, Kawarabayasi Y, Usuda Y, Kimura E,
Sugimoto S, Matsui K, Yamagishi A, Kikuchi H, Ikeo K, Gojo-
bori T (2015) Comparative complete genome sequence analysis
of the amino acid replacements responsible for the thermostabil-
ity of Corynebacterium efficiens. Genome Res 13:1572-1579.
https://doi.org/10.1101/gr.1285603

Oh YH, Kang KH, Kwon MJ, Choi JW, Joo JC, Lee SH, Yang
YH, Song BK, Kim IK, Yoon KH, Park K, Park SJ (2015) Devel-
opment of engineered Escherichia coli whole-cell biocatalysts
for high-level conversion of L-lysine into cadaverine. J Ind Micro-
biol Biotechnol 45:1481-1491. https://doi.org/10.1007/s1029
5-015-1678-6

Pacella E, Collini S, Pacella F, Piraino DC, Santamaria V, De
Blasi RA (2010) Levobupivacaine vs. racemic bupivacaine in
peribulbar anaesthesia: a randomized double blind study in oph-
thalmic surgery. Eur Rew Med Pharmacol Sci 14:539-544
Park SJ, Kim EY, Noh W, Park HM, Oh YH, Lee SH, Song BK,
Jegal J, Lee SY (2013) Metabolic engineering of Escherichia coli
for the production of 5-aminovalerate and glutarate as C5 plat-
form chemicals. Metab Eng 16:42—47. https://doi.org/10.1016/j.
ymben.2012.11.011

Park SJ, Oh YH, Noh W, Kim HY, Shin JH, Lee EG, Lee S,
David Y, Baylon MG, Song BK, Jegal J, Lee SY, Lee SH (2014)
High-level conversion of L-lysine into S-aminovalerate that can
be used for nylon 6,5 synthesis. Biotechnol J 9:1322—-1328. https
://doi.org/10.1002/biot.201400156

Pathania A, Sardesai AA (2015) Distinct paths for basic amino
acid export in Escherichia coli: YbjE (LysO) mediates export of
L-lysine. J Biotechnol 197:2036-2047. https://doi.org/10.1128/
JB.02505-14

Pérez-Garcia F, Peters-Wendisch P, Wendisch VF (2016)
Engineering Corynebacterium glutamicum for fast production
of L-lysine and L-pipecolic acid. Appl Microbiol Biotechnol
100:8075-8090. https://doi.org/10.1007/s00253-016-7682-6

220z 1snbny |z uo ysenb Aq 9/9966/6 | 2/8/St/o10Me/quil/wod dno-olwspese//:sdiy woly papeojumoq


https://doi.org/10.1016/j.ymben.2010.03.005
https://doi.org/10.1128/AEM.00834-10
https://doi.org/10.1016/j.ymben.2011.07.006
https://doi.org/10.1016/j.ymben.2012.07.005
https://doi.org/10.1016/j.ymben.2014.05.007
https://doi.org/10.1128/JB.00935-06
https://doi.org/10.1038/srep05657
https://doi.org/10.1002/cncr.21958
https://doi.org/10.1007/s10529-014-1753-5
https://doi.org/10.1007/s10529-014-1753-5
https://doi.org/10.1038/srep15630
https://doi.org/10.1016/j.cep.2016.05.004
https://doi.org/10.1016/j.cep.2016.05.004
https://doi.org/10.1021/cb200313e
https://doi.org/10.1021/cb200313e
https://doi.org/10.2323/jgam.62.42
https://doi.org/10.1271/bbb.60699
https://doi.org/10.1271/bbb.60699
https://doi.org/10.1263/jbb.99.541
https://doi.org/10.1263/jbb.99.541
https://doi.org/10.1271/bbb.60125
https://doi.org/10.1271/bbb.60125
https://doi.org/10.1002/biot.201300263
https://doi.org/10.1002/biot.201300263
https://doi.org/10.1101/gr.1285603
https://doi.org/10.1007/s10295-015-1678-6
https://doi.org/10.1007/s10295-015-1678-6
https://doi.org/10.1016/j.ymben.2012.11.011
https://doi.org/10.1016/j.ymben.2012.11.011
https://doi.org/10.1002/biot.201400156
https://doi.org/10.1002/biot.201400156
https://doi.org/10.1128/JB.02505-14
https://doi.org/10.1128/JB.02505-14
https://doi.org/10.1007/s00253-016-7682-6

Journal of Industrial Microbiology & Biotechnology (2018) 45:719-734

733

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

Pérez-Garcia F, Risse JM, Friehs K, Wendisch VF (2017)
Fermentative production of L-pipecolic acid from glucose and
alternative carbon sources. Biotechnol J 12:646-657. https://
doi.org/10.1002/biot.201600646

Pukin AV, Boeriu CG, Scott EL, Sanders JPM, Franssen MCR
(2010) An efficient enzymatic synthesis of 5-aminovaleric
acid. J Mol Catal B Enzym 65:58—-62. https://doi.org/10.1016/j.
molcatb.2009.12.006

Qian ZG, Xia XX, Lee SY (2011) Metabolic engineering
of Escherichia coli for the production of cadaverine: a five
carbon diamine. Biotechnol Bioeng 108:93-103. https://doi.
org/10.1002/cctc.201700516

Raemakers-Franken PC, Nossin PMM, Brandts PM, Wubbolts
MG, Peeters WPH, Ernste S, Stefaan MA, De W, Schuermann
M (2009) Biochemical synthesis of 6-aminocaproic acid.
US7491520 B2

Raemakers-Franken PC, Schurmann M, Trefzer AC, Wilde-
man SMAD (2014) Preparation of 6-aminoc aproic acid from
5-formyl valeric acid. US0134681 A1

Revelles O, Espinosa-Urgel M, Molin S, Ramos JL (2004)
The davDT operon of pseudomonas putida, involved in lysine
catabolism, is induced in response to the pathway intermediate
d-aminovaleric acid. J Bacteriol 186:3439-3446. https://doi.
org/10.1128/1B.186.11.3439-3446.2004

Revelles O, Espinosa-Urgel M, Fuhrer T, Sauer U, Ramos
JL (2005) Multiple and interconnected pathways for
L-lysine catabolism in pseudomonas putida KT2440.
J Bacteriol 187:7500-7510. https://doi.org/10.1128/
JB.187.21.7500-7510.2005

Revelles O, Wittich RM, Ramos JL (2007) Identification of the
initial steps in D-lysine catabolism in pseudomonas putida. J Bac-
teriol 189:2787-2792. https://doi.org/10.1128/JB.01538-06
Rogers LMA, Rouden J, Lecomte L, Lasne MC (2003) Enantiose-
lective decarboxylation—reprotonation of an a-amino malonate
derivative as a route to optically enriched cyclic a-amino acid.
Tetrahedron Lett 44:3047-3050. https://doi.org/10.1016/S0040
-4039(03)00557-4

Rohles CM, Giefelmann G, Kohlstedt M, Wittmann C, Becker J
(2016) Systems metabolic engineering of Corynebacterium glu-
tamicum for the production of the carbon-5 platform chemicals
5-aminovalerate and glutarate. Microb Cell Fact 15:154-166.
https://doi.org/10.1186/s12934-016-0553-0

Schneider J, Niermann K, Wendish VF (2011) Production of the
amino acids L-glutamate, L-lysine and L-arginine from arabinose
by recombinant Corynebacterium glutamicum. J Biotechnol
154:191-198. https://doi.org/10.1016/j.jbiotec.2010.07.009
Shin JH, Park SH, Oh YH, Choi JW, Lee MH, Cho JS, Jeong
KJ, Joo JC, Yu J, Park SJ, Lee SY (2016) Metabolic engineer-
ing of corynebacterium glutamicum for enhanced production
of 5-aminovaleric acid. Microb Cell Fact 13:1-13. https://doi.
org/10.1186/512934-016-0566-8

Sigma MS, Vachal P, Jacobsen EN, (2000) A general cata-
lyst for the asymmetric Strecker reaction. Angew Chem
Int Ed 39: 1279-1281. https://doi.org/10.1002/(sici)1521-
3773(20000403)39:7<1279::aid-anie1279>3.0.co0;2-u

Singh SB, Zink DL, Liesch JM, Mosley RT, Dombrowski AW,
Bills GF, Darkin-Rattray SJ, Schmatz DM, Goetz MA (2002)
Structure and chemistry of apicidins, a class of novel cyclic
tetrapeptides without a terminal a-keto epoxide as inhibitors of
histone deacetylase with potent antiprotozoal activities. J Org
Chem 67:815-825. https://doi.org/10.1021/jo016088w
Soksawatmaekhin W, Kuraishi A, Sakata K, Kashiwagi K, Igar-
ashi K (2004) Excretion and uptake of cadaverine by CadB and
its physiological functions in Escherichia coli. Mol Microbiol
51:1401-1412. https://doi.org/10.1046/j.1365-2958.2003.03913
X

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Steen EJ, Kang YS, Bokinsky G, Hu ZH, Schirmer A, McClure
A, del Cardayre SB, Keasling JD (2010) Microbial produc-
tion of fatty-acid-derived fuels and chemicals from plant bio-
mass. Nature 463:559-562. https://doi.org/10.1016/j.copbi
0.2013.02.028

Stefanini M, Dameshek W (1962) The hemorrhagic disorders;
a clinical and therapeutic approach, 2nd edn. Grune & Stratton
Inc, New York, pp 510-514

Tabor CW, Tabor H (1985) Polyamines in microorganisms.
Microbiol Rev 49:81-99

Takeno S, Hori K, Ohtani S, Mimura A, Mitsuhashi S, Ikeda M
(2016) L-Lysine production independent of the oxidative pentose
phosphate pathway by Corynebacterium glutamicum with the
Streptococcus mutans gapN gene. Metab Eng 37:1-10. https://
doi.org/10.1016/j.ymben.2016.03.007

Tani Y, Miyake R, Yukami R, Dekishima Y, China H, Saito S,
Kawabata H, Mihara H (2015) Functional expression of L-lysine
a-oxidase from Scomber japonicus in Escherichia coli for one-
pot synthesis of L-pipecolic acid from pr-lysine. Appl Micro-
biol Biotechnol 99:5045-5054. https://doi.org/10.1007/s0025
3-014-6308-0

Tateno T, Okada Y, Tsuchidate T, Tanaka T, Fukuda H, Kondo
A (2009) Direct production of cadaverine from soluble starch
using Corynebacterium glutamicum coexpressing a-amylase and
lysine decarboxylase. Appl Microbiol Biot 82:115-121. https://
doi.org/10.1007/s00253-008-1751-4

Tsotsou GE, Barbirato F (2007) Biochemical characterization
of recombinant Streptomyces pristinaespiralis L-lysine cyclode-
aminase. Biochimie 89:591-604. https://doi.org/10.1016/j.bioch
1.2006.12.008

Turk SCHJ, Kloosterman WP, Ninaber DK, Karin KPAM, Knu-
tova J, Suir E, Schiirmann M, Raemakers-Franken PC, Miiller
M, de Wildeman SMA, Raamsdonk LM, van der Pol R, Wu L,
Temudo MF, van der Hoeven RAM, Akeroyd M, van der Stoel
RE, Noorman HJ, Bovenberg RAL, Trefzer AC (2015) Metabolic
engineering towards sustainable production of nylon-6. ACS
synth Biol 5:65-73. https://doi.org/10.1021/acssynbio.5b00129
Unthan S, Baumgart M, Radek A, Herbst M, Siebert D, Briihl
N, Bartsch A, Bott M, Wiechert W, Marin K, Hans S, Krdmer R,
Seibold G, Frunzke J, Kalinowski J, Riickert C, Wendisch VF,
Noack S (2015) Chassis organism from Corynebacterium glu-
tamicum—a top-down approach to identify and delete irrelevant
gene clusters. Biotechnol J 10:290-301. https://doi.org/10.1002/
biot.201400041

Vassilev I, GieBelmann G, Schwechheimer SK, Wittmann C,
Virdis B, Kromer JO (2018) Anodic electro-fermentation:
anaerobic production of L-lysine by recombinant Corynebacte-
rium glutamicum. Biotechnol Bioeng. https://doi.org/10.1002/
bit.26562

Wang JM, Gao DF, Yu XL, Li W, Qi QS (2015) Evolution of a
chimeric aspartate kinase for L-lysine production using a syn-
thetic RNA device. Appl Microbiol Biotechnol 99:8527-8536.
https://doi.org/10.1007/s00253-015-6615-0

Weigelt S, Huber T, Hofmann F, Jost M, Ritzefeld M, Luy B,
Freudenberger C, Majer Z, Vass E, Greie JC, Panella L, Kaptein
B, Broxterman QB, Kessler H, Altendorf K, Hollosi M, Sewald
N (2012) Synthesis and conformational analysis of efrapeptins.
Chem Eur J 18:478-487. https://doi.org/10.1002/chem.20110
2134

Wendisch VF (2014) Microbial production of amino acids
and derived chemicals: synthetic biology approaches to strain
development. Curr Opin Biotechnol 30:51-58. https://doi.
org/10.1016/j.copbio.2014.05.004

Wendish VF, Jorge JP, Pérez-Garcia F, Sgobba E (2016) Updates
on industrial production of amino acids using Corynebacterium

@ Springer

220z 1snbny |z uo ysenb Aq 9/9966/6 | 2/8/St/o10Me/quil/wod dno-olwspese//:sdiy woly papeojumoq


https://doi.org/10.1002/biot.201600646
https://doi.org/10.1002/biot.201600646
https://doi.org/10.1016/j.molcatb.2009.12.006
https://doi.org/10.1016/j.molcatb.2009.12.006
https://doi.org/10.1002/cctc.201700516
https://doi.org/10.1002/cctc.201700516
https://doi.org/10.1128/JB.186.11.3439-3446.2004
https://doi.org/10.1128/JB.186.11.3439-3446.2004
https://doi.org/10.1128/JB.187.21.7500-7510.2005
https://doi.org/10.1128/JB.187.21.7500-7510.2005
https://doi.org/10.1128/JB.01538-06
https://doi.org/10.1016/S0040-4039(03)00557-4
https://doi.org/10.1016/S0040-4039(03)00557-4
https://doi.org/10.1186/s12934-016-0553-0
https://doi.org/10.1016/j.jbiotec.2010.07.009
https://doi.org/10.1186/s12934-016-0566-8
https://doi.org/10.1186/s12934-016-0566-8
https://doi.org/10.1021/jo016088w
https://doi.org/10.1046/j.1365-2958.2003.03913.x
https://doi.org/10.1046/j.1365-2958.2003.03913.x
https://doi.org/10.1016/j.copbio.2013.02.028
https://doi.org/10.1016/j.copbio.2013.02.028
https://doi.org/10.1016/j.ymben.2016.03.007
https://doi.org/10.1016/j.ymben.2016.03.007
https://doi.org/10.1007/s00253-014-6308-0
https://doi.org/10.1007/s00253-014-6308-0
https://doi.org/10.1007/s00253-008-1751-4
https://doi.org/10.1007/s00253-008-1751-4
https://doi.org/10.1016/j.biochi.2006.12.008
https://doi.org/10.1016/j.biochi.2006.12.008
https://doi.org/10.1021/acssynbio.5b00129
https://doi.org/10.1002/biot.201400041
https://doi.org/10.1002/biot.201400041
https://doi.org/10.1002/bit.26562
https://doi.org/10.1002/bit.26562
https://doi.org/10.1007/s00253-015-6615-0
https://doi.org/10.1002/chem.201102134
https://doi.org/10.1002/chem.201102134
https://doi.org/10.1016/j.copbio.2014.05.004
https://doi.org/10.1016/j.copbio.2014.05.004

734

Journal of Industrial Microbiology & Biotechnology (2018) 45:719-734

96.

97.

98.

99.

100.

101.

glutamicum. World J Microbiol Biotechnol 32:105. https://doi.
org/10.1007/s11274-016-2060-1

XuJZ, Han M, Zhang JL, Guo YF, Zhang WG (2014) Metabolic
engineering Corynebacterium glutamicum for the L-lysine pro-
duction by increasing the flux into L-lysine biosynthetic path-
way. Amino Acids 46:2165-2175. https://doi.org/10.1007/s0072
6-014-1768-1

XuJZ, Zhang JL., Guo YF, Zai YG, Zhang WG (2013) Improve-
ment of cell growth and L-lysine production by genetically modi-
fied Corynebacterium glutamicum during growth on molasses. J
Ind Microbiol Biotechnol 40:1423—-1432. https://doi.org/10.1007/
$10295-013-1329-8

Ying HX, He X, Li Y, Chen KQ, Ouyang PK (2014) Optimi-
zation of culture conditions for enhanced lysine production
using engineered Escherichia coli. Appl Biochem Biotechnol
172:3835-3843. https://doi.org/10.1007/s12010-014-0820-7
Ying HX, Wang J, Wang Z, Feng J, Chen KQ, Li Y, Ouyang PK
(2015) Enhanced conversion of L-lysine to L-pipecolic acid using
arecombinant Escherichia coli containing lysine cyclodeaminase
as whole-cell biocatalys. J Mol Catal B Enzym 117:75-80. https
://doi.org/10.1016/j.molcatb.2015.05.001

Zahoor A, Lindner SN, Wendisch VF (2012) Metabolic engi-
neering of Corynebacterium glutamicum aimed at alternative
carbon sources and new products. Comput Struct Biotechnol J
76:1422-1424. https://doi.org/10.5936/csbj.201210004

Zhang JW, Barajas JF, Burdu M, Ruegg TL, Dias B, Keasling
JD (2016) Development of a transcription factor-based lactam

@ Springer

102.

103.

104.

105.

106.

107.

biosensor. ACS Synth Biol 6:439-445. https://doi.org/10.1021/
acssynbio.6b00136

Zhang JW, Barajas JF, Burdu M, Wang G, Baidoo EE, Keasling
JD (2017) Application of an acyl-CoA ligase from Streptomyces
aizunensis for lactam biosynthesis. ACS Synth Biol 6:884-890.
https://doi.org/10.1021/acssynbio.6b00372

Zhang K, Sawaya M, Eisenberg D, Liao J (2010) Expand-
ing metabolism for biosynthesis of nonnatural alcohols. Proc
Natl Acad Sci USA 107:6234-6239. https://doi.org/10.1073/
pnas.0807157106

Zhang LY, Chang SH, Wang J (2011) Synthetic biology: from
the first synthetic cell to see its current situation and future devel-
opment. Chinese Sci Bull 56:229-237. https://doi.org/10.1007/
$11434-010-4304-z

Zhao CH, Zhou XH, Xiao Y, Wang D, Zhou Z, Yang ZX, Jiang
XQ, Wang J (2016) Mechanisms of L-lysine extraction with sec-
octylphenoxy acetic acid in sulfonated kerosene. J Chem Technol
Biotechnol 91:2047-2055. https://doi.org/10.1002/jctb.4799
Zhou H, Vonk B, Roubos JA, Bovenberg RAL, Voigt CA (2015)
Algorithmic co-optimization of genetic constructs and growth
conditions: application to 6-ACA, a potential nylon-6 precursor.
Nucleic Acids Res 43:10560-10570. https://doi.org/10.1093/nar/
gkv1071

Zhou LB, Zeng AP (2015) Engineering a lysine-on riboswitch for
metabolic control of lysine production in Corynebacterium glu-
tamicum. ACS Synth Biol 4:1335-1340. https://doi.org/10.1021/
acssynbio.5b00075

220z 1snbny |z uo ysenb Aq 9/9966/6 | 2/8/St/o10Me/quil/wod dno-olwspese//:sdiy woly papeojumoq


https://doi.org/10.1007/s11274-016-2060-1
https://doi.org/10.1007/s11274-016-2060-1
https://doi.org/10.1007/s00726-014-1768-1
https://doi.org/10.1007/s00726-014-1768-1
https://doi.org/10.1007/s10295-013-1329-8
https://doi.org/10.1007/s10295-013-1329-8
https://doi.org/10.1007/s12010-014-0820-7
https://doi.org/10.1016/j.molcatb.2015.05.001
https://doi.org/10.1016/j.molcatb.2015.05.001
https://doi.org/10.5936/csbj.201210004
https://doi.org/10.1021/acssynbio.6b00136
https://doi.org/10.1021/acssynbio.6b00136
https://doi.org/10.1021/acssynbio.6b00372
https://doi.org/10.1073/pnas.0807157106
https://doi.org/10.1073/pnas.0807157106
https://doi.org/10.1007/s11434-010-4304-z
https://doi.org/10.1007/s11434-010-4304-z
https://doi.org/10.1002/jctb.4799
https://doi.org/10.1093/nar/gkv1071
https://doi.org/10.1093/nar/gkv1071
https://doi.org/10.1021/acssynbio.5b00075
https://doi.org/10.1021/acssynbio.5b00075

	Expanding lysine industry: industrial biomanufacturing of lysine and its derivatives
	Abstract
	Introduction
	Recent efforts for low-cost biomanufacturing of Lys
	Strain improvement
	Escherichia coli
	Corynebacterium glutamicum
	Other microorganisms

	Fermentation optimization
	Downstream processing

	Development of new Lys-derived products
	Lys derivatives for bio-based materials
	Cadaverine
	5-Aminovalerate
	δ-Valerolactam
	ε-Caprolactam

	Lys derivatives for active pharmaceutical ingredients or drugs
	l-Pipecolic acid
	6-Aminocaproic acid


	Concluding remarks
	Acknowledgements 
	References


