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A B S T R A C T

Cell-free synthetic enzymatic biosystem is emerging to expand the traditional biotechnological mode by utilizing
a number of purified/partially purified enzymes and coenzymes in a single reaction vessel for the production of
desired products from low-cost substrates. Here, a cell-free synthetic biosystem containing minimized number of
reactions was designed for the conversion of D-glucose to L-lactate via pyruvate. This NADH-balanced biosystem
was comprised of only 5 thermophilic enzymes without ATP supplementation. After optimization of enzyme
loading amounts, buffer concentration and cofactor concentration, D-glucose was converted to L-lactate with a
product yield of ∼90%. Our study has provided an emerging platform with potentials in producing pyruvate-
derived chemicals, and may promote the development of cell-free synthetic enzymatic biosystems for bioma-
nufacturing.

1. Introduction

Cell-free synthetic enzymatic biosystem is an emerging biomanu-
facturing platform containing a number of enzymes and coenzymes in a
single reaction vessel for the production of chemicals [1–3]. This bio-
system has some obvious advantages compared with traditional mi-
crobial fermentation, including high product yields, fast reaction rates,
broad reaction conditions, uncomplicated scale up, easy reaction con-
trol and optimization [4–6]. To date, a variety of products, such as
alcohols [7], organic acids [8], carbohydrates [9], isoprene [10], fine
chemicals [11], bioplastic [12], hydrogen [13], and electricity [14]
have been produced by many cell-free synthetic enzymatic biosystems.
The design principles for such cell-free synthetic enzymatic biosystems
on an industrial scale include using thermophilic enzymes without any
cofactor or with a closed cofactor balance at least, minimizing the
number of enzymes, and making the last step of the biosystem irre-
versible for the high product yield [3].

Pyruvate, the final product of glycolysis, is an important platform
chemical in biochemistry. Many studies have used cell-free synthetic
enzymatic biosystems to produce pyruvate from D-glucose, further to
produce high value products, like n-butanol [15], isoprene [10],
monoterpenes [16], 2,3-butanediol [17], and malate [8]. In previous

studies, pyruvate is always produced in vitro from D-glucose by about 10
glycolytic enzymes, generating two net NADH and two net ATP from
one D-glucose. Numerous enzymes and non-balanced ATP of such cell-
free biosystems result in system complexity, and thus limited the ap-
plication of these biosystems on an industrial scale.

Inspired by the non-phosphorylative Entner-Doudoroff-Pathway
(np-ED) derived from hyperthermophilic archaea [18], we designed a
cell-free synthetic biosystem for the conversion of D-glucose to L-lactate
via pyruvate. This biosystem is comprised of only 5 enzyme-catalyzed
reactions, with balanced nicotinamide cofactors and without ATP in-
volved (Fig. 1). These five enzymes are glucose dehydrogenase (EC
1.1.1.47, GDH) from Sulfolobus solfataricus, dihydroxy acid dehydratase
(EC 4.2.1.9, DHAD) from S. solfataricus, 2-keto-3-deoxygluconate al-
dolase (EC 4.1.2.14, KDGA) from Sulfolobus sacidocaldarius, glycer-
aldehyde dehydrogenase (EC 1.2.1.3, ALDH) from Thermoplasma acid-
ophilum, and L-lactate dehydrogenase (EC 1.1.1.27, L-LDH) from
Thermotoga maritima. These 5 enzymes were all from thermophilic
strains, enabling simple enzyme preparation, and hence increasing their
potential in industrial application. High-yield L-lactate (more than 90%)
was produced through the optimization of reaction conditions including
enzyme loading amounts, buffer concentration, and cofactor con-
centration. This thorough optimization sheds light on applying this cell-

https://doi.org/10.1016/j.synbio.2018.05.003
Received 27 April 2018; Received in revised form 25 May 2018; Accepted 28 May 2018

Peer review under responsibility of KeAi Communications Co., Ltd.
∗ Corresponding author.
∗∗ Corresponding author.
E-mail addresses: xushuxia97@163.com (S. Xu), you_c@tib.cas.cn (C. You).

Synthetic and Systems Biotechnology 3 (2018) 204–210

2405-805X/ © 2018 Production and hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-NC-ND 
license (http://creativecommons.org/licenses/BY-NC-ND/4.0/).

T

http://www.sciencedirect.com/science/journal/2405805X
http://www.keaipublishing.com/synbio
https://doi.org/10.1016/j.synbio.2018.05.003
https://doi.org/10.1016/j.synbio.2018.05.003
mailto:xushuxia97@163.com
mailto:you_c@tib.cas.cn
https://doi.org/10.1016/j.synbio.2018.05.003
http://crossmark.crossref.org/dialog/?doi=10.1016/j.synbio.2018.05.003&domain=pdf


free synthetic enzymatic biosystem containing minimized reaction
cascades on an industrial scale.

2. Materials and methods

2.1. Chemicals and strains

All chemicals were reagent grade, purchased from Sigma-Aldrich
(St. Louis, MO,USA), Solarbio (Beijing, China) and Sinopharm
(Shanghai, China), unless otherwise noted. PrimeSTAR DNA poly-
merase was from Takara (Shiga, Kusatsu, Japan). Restriction enzymes
(NdeⅠ and XhoⅠ) were purchased from Thermo-Fisher Scientific
(Massachusetts, USA). 2-[4-(2-Hydroxyethyl)-1-piperazinyl] ethane
sulfonic acid (HEPES) was from Amresco (Solon, OH, USA). The
genomic DNA of Thermotoga maritima MSB8 was purchased from DSMZ
(Braunschweig, Germany). Escherichia coli Top10 was used for plasmid
construction, E. coli BL21(DE3) was used for protein expression.
Luria–Bertani (LB) medium supplemented with 100 μg/mL ampicillin
or 50 μg/mL kanamycin was used for E. coli cell growth and re-
combinant protein expression. Gene synthesis was performed by
Qinglan biotech (Wuxi, China).

2.2. Construction of plasmids

The plasmids used in this study are listed in Table 1. The gdh gene of
S. solfataricus (Genebank accession number: AAK43106.1), the dhad
gene of S. solfataricus (Genebank accession number: AKA78631.1), the
kdga gene of S. acidocaldarius (Genebank accession number: AAY79644.
1), and the aldh gene of T. acidophilum (Genebank accession number:
CAC11938.1) were synthesized and sub-cloned into pET28a by Qinglan
biotech (Wuxi, China), yielding pET28a-Ssgdh, pET28a-Ssdhad,
pET28a-Sackdga and pET28a-Taaldh, respectively. Among these 4
genes, gdh, dhad, and kdga are wild-type genes. The protein encoded by
the aldh gene has three mutations (F34M, Y399C and S405N) compared
with the wild-type enzyme [19]. These 3 mutations conferred the

mutant enzyme higher protein solubility expressed in E. coli and re-
versed cofactor specificity from NADP+ to NAD+. The ldh gene of T.
maritima (Genebank accession number: NP_229663.1) was amplified
from T. maritima genomic DNA purchased from DSMZ by a primer pair
of IF (5′-TAACTTTAAGAAGGAGATATACATATGAAAATAGGTATCG
TAG GACTCG-3′) and IR (5′-AGTGGTGGTGGTGGTGGTGCTCGAGACC
GCTGGTGTTCTGGTGCTTGTTC-3′). pET20b vector backbone was am-
plified based on pET20b with a primer pair of VF (5′-GAACAAGCACC
AGAACACCAGCGGTCTCGAGCACCACCACCACCACCACT-3′) and VR (
5′-CGAGTCCTACGATACCTATTTTCATATGTATATCTCCTTCTTAAAG
TTA-3′). These two DNA fragments were then assembled to yield the
plasmid pET20b-Tmldh by Simple Cloning [20].

2.3. Protein expression and purification

E. coli BL21(DE3) containing the above plasmids were cultivated at
37 °C in a 1-L Erlenmeyer flask with 200mL of the LB medium con-
taining 100 μg/mL ampicillin or 50 μg/mL kanamycin. When OD600

reached about 0.75, 100 μM isopropyl-beta-D-thiogalactopyranoside
(IPTG, a final concentration) was added and the cultivation tempera-
ture was lowered to 16 °C for 16 h. After centrifugation at 4 °C, the cell
pellets were washed in 50mM HEPES-NaOH buffer (pH 7.5) containing
50mM NaCl once, and resuspended in the same buffer to a final OD600

of 50. The cells were lysed by ultrasonication. After centrifugation at
10,000 g for 10min at 4 °C, all the supernatant of cell lysate was heat-
treated at 70 °C for 20min except that the supernatant of glycer-
aldehyde dehydrogenase was heat-treated at 60 °C for 20min. After
centrifugation at 10,000 g for 10min at 4 °C, the 6x His-tagged protein
was further purified by Ni-NTA agarose resin (GE, USA) as published
elsewhere [21,22]. The purity of the purified enzymes was examined by
SDS-PAGE.

2.4. Enzyme activity assays

The activity of GDH was assayed at 50 °C by measuring the increase

Fig. 1. (A) Schematic illustration of the in vitro enzymatic synthetic biosystem for direct conversion of D-glucose to L-lactate via pyruvate. Abbreviations: GDH,
glucose dehydrogenase; DHAD, dihydroxy acid dehydratase; KDGA, 2-keto-3-desoxygluconate aldolase; ALDH, glyceraldehyde dehydrogenase; L-LDH, L-lactate
dehydrogenase; NADH, nicotinamide adenine dinucleotide; NAD+, oxidized nicotinamide adenine dinucleotide. (B) Standard Gibbs free energy change of each and
overall reaction at pH 7.0 and ionic strength= 0.1M (http://equilibrator.weizmann.ac.il/).
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of NADH at 340 nm (εNADH=6.22 mM−1cm−1). The assay mixture
contained 50mM D-glucose, 2.0mM NAD+, and 5.0 mM MgCl2 in
100mM HEPES-NaOH buffer (pH 7.0) [7].

The activity of DHAD for gluconate was assayed at 50 °C by mea-
suring the reduction of NADH at 340 nm. The assay mixture contained
100mM HEPES-NaOH buffer (pH 7.0), 5.0 mM MgCl2, 0.3 mM NADH,
1.0 U/mL TmLDH, 20mM gluconate, and excess amount of SacKDGA
[7,23].

The activity of KDGA was assayed at 50 °C by measuring the re-
duction of NADH at 340 nm. The assay mixture contained 100mM
HEPES-NaOH buffer (pH 7.0), 5.0 mM MgCl2, 0.3 mM NADH, 2.0 U/mL
SsDHAD, 1.0 U/mL TmLDH, and 20mM gluconate [24].

The activity of ALDH was assayed at 50 °C by measuring the in-
crease of NADH at 340 nm. The assay mixture contained 100mM
HEPES-NaOH buffer (pH 7.0), 5.0 mM MgCl2, 4.0 mM NAD+, and
5.0 mM D,L-glyceraldehyde [7,19].

The activity of DHAD for glycerate was assayed at 50 °C by mea-
suring the reduction of NADH at 340 nm. The assay mixture contained
100mM HEPES-NaOH buffer (pH 7.0), 5.0 mM MgCl2, 0.3 mM NADH,
1.0 U/mL TmLDH, and 1.0 mM glycerate.

The activity of LLDH was assayed at 50 °C by measuring the re-
duction of NADH at 340 nm. The assay mixture contained 100mM
HEPES-NaOH buffer (pH 7.0), 5.0 mM MgCl2, 0.3mM NADH, and
1.0 mM pyruvate [25].

One unit of enzyme activity was defined as the amount of enzyme
that released 1 μmol of product per minute. Unless otherwise stated,
each measurement was conducted in triplicate.

2.5. L-lactate synthesis and intermediate assays

One-pot biosynthesis of L-lactate was conducted in a 1.0-mL reaction
system containing 100mM HEPES-NaOH buffer (pH 7.0), 27.8 mM D-
glucose, 5.0mM NAD+, 5.0mM MgCl2, as well as GDH, DHAD, KDGA,
ALDH, and LDH (equal unit, 1U/mL) at 50 °C. An aliquot (65 μL) of the
reaction sample was withdrawn and mixed with 35 μL of 1.9 M HClO4

to stop the reaction. The pH value of the reaction solution was then
adjusted to neutral with 13 μL of 5.0M KOH. Gluconate, pyruvate,
glycerate, D-, L-glyceraldehyde and L-lactate were determined by high
performance liquid chromatography (HPLC) (Shimadzu, Japan)
equipped with a Bio-Rad HPX-87H column with 5.0mMH2SO4 as a
mobile phase and a refractive index detector. The concentration of D-
glucose was determined by D-glucose assay kit (Applygen Technologies
Inc, Beijing, China).

2.6. Effect of enzyme and coenzyme concentrations on L-lactate production

Enzyme loading amounts were optimized in 100mM HEPES-NaOH
buffer (pH 7.0) containing 27.8 mM D-glucose, 5.0mM NAD+ and

5.0 mM MgCl2 at 50 °C (the initial reaction condition). The concentra-
tion of L-lactate was determined at the reaction time of 12 h. The con-
centration of GDH was varied from 0 to 2.0 U/mL while the other four
enzymes were loaded at 1.0 U/mL for each. After the optimal loading
amount of GDH was settled, DHAD was changed from 0 to 3.0 U/mL
while the other three enzymes, KDGA, ALDH, and LDH, were loaded at
1.0 U/mL for each. After the optimal loading amounts of GDH and
DHAD were both settled, the concentration of KDGA was adjusted from
0 to 2.0 U/mL, while ALDH and LDH were loaded at 1.0 U/mL. Then,
after the optimal loading amounts of GDH, DHAD, and KDGA were
settled, ALDH was varied from 0 to 2.0 U/mL, while LDH was loaded at
1.0 U/mL. And finally, after the concentrations of GDH, DHAD, KDGA
and ALDH were settled, the concentration of LDH was varied from 0 to
2.0 U/mL to determine the optimal loading amount. The coenzyme of
NAD+ was varied from 0 to 10mM for optimization after the con-
centrations of all enzymes were determined.

2.7. Effect of buffer concentration on L-lactate production

The effect of different concentrations of HEPES-NaOH buffer was
determined in a reaction system containing 27.8mM D-glucose, 5.0 mM
MgCl2 at 50 °C with the optimal enzyme ratios and coenzyme con-
centration for the production of L-lactate from glucose. The con-
centration of L-lactate was measured at the reaction time of 12 h. The
concentrations of HEPES-NaOH buffer was ranged from 0 to 400mM.

3. Result

3.1. Pathway design

A cell-free enzymatic synthetic biosystem containing only 5 en-
zymes has been constructed to convert D-glucose to pyruvate, and fur-
ther to L-lactate (Fig. 1A). Within this biosystem, D-Glucose is first
converted to gluconate by GDH, generating 1 NADH from 1 NAD+.
Gluconate is converted to 2-keto-3-deoxygluconate by DHAD, and then
to pyruvate and glyceraldehyde by KGDA. Subsequently, glycer-
aldehyde is converted to glycerate by ALDH, generating 1 NADH from 1
NAD+. And glycerate is converted to pyruvate by DHAD. Finally, pyr-
uvate is converted to L-lactate by LL-LDH which consumes NADH and
produces NAD+. As a result, 2 molecules of L-lactate can be synthesized
from 1 molecule of D-glucose, while NAD+/NADH in the system was
balanced. The standard Gibbs free energy changes (ΔG°) of overall re-
action is −188.6 kJ/mol at pH 7.0 and ionic strength=0.1M (http://
equilibrator.weizmann.ac.il/) (Fig. 1B). Although the reaction of con-
verting 2-keto-3-deoxygluconate to pyruvate and glyceraldehyde by
KDGA is thermodynamically unfavorable, the downstream reaction
steps are all exergonic, especially the one catalyzed by LDH. LDH cat-
alyzes the last step of the cascade reaction with a standard Gibbs free

Table 1
The list of enzymes and their properties.

NO. Plasmid Enzyme Abbreviation Source KEGG ORF EC. Opt.
T(oC)

Reaction Specific
activitya (U/
mg)

1 pET28a-
Ssgdh

Glucose dehydrogenase GDH Sulfolobus
Solfataricus

SSO3003 1.1.1.47 70 D-glucose + NAD+ → D-glucono-1,5-
lactone + NADH + H+

12.5

2 pET28a-
Ssdhad

Dihydroxy acid
dehydratase

DHAD S. solfataricus SS03107 4.2.1.9 70 (1) D-gluconate → 2-keto-3-
deoxygluconate + H2O
(2) Glycerate → Pyruvate + H2O

0.1
0.008

3 pET28a-
Sackdga

2-keto-3-desoxy
gluconate aldolase

KDGA Sulfolobus
acidocaldarius

Saci0225 4.1.2.14 99 [7] 2-keto-3-deoxygluconate →
Pyruvate + Glyceraldehyde

1.2

4 pET28a-
Taaldh

Glyceraldehyde
dehydrogenase

ALDH Thermoplasma
acidophilum

Ta0809 1.2.1.3 63 Glyceraldehyde + NAD+ + H20 →
Glycerate + NADH + H+

1.0

5 pET20b-
Tmldh

L-lactate dehydrogenase L-LDH Thermotoga
maritima

TM1867 1.1.1.27 85 Pyruvate + NADH + H+ → L-
Lactate + NAD+

98

a The specific activity of enzymes was determined at 50 °C.
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energy change of −27.5 kJ/mol, indicating this reaction is almost ir-
reversible. The irreversible reaction of LDH, together with the ex-
ergonic reactions of ALDH and DHAD, help to push the overall reaction
toward completeness. The analysis of thermodynamic data indicates the
yield of L-lactate based on D-glucose can be almost 100%.

3.2. Enzyme preparation and enzyme activities

All the enzymes were expressed in the soluble form in E. coli
BL21(DE3). All the enzymes were purified by heat precipitation, fol-
lowed by nickel-resin purification (Fig. S1). All the enzymes were
purified to homogeneity as shown in Fig. 2. The molecular weights of
GDH, DHAD, KDGA, ALDH, and LDH were approximately 42, 60, 33,
57, and 35 kDa, respectively, which were in agreement with their the-
oretical molecular weight values. The specific activities of GDH, KDGA,
ALDH, and LDH were 12.5, 1.2, 1.0, and 98 U/mg at 50 °C, respectively.
The specific activity values of DHAD (purified by heat-treatment) [23]
on gluconate and glycerate were 0.1 and 0.008 U/mg at 50 °C, re-
spectively (Table 1).

3.3. L-lactate synthesis under initial reaction conditions

HPLC was used to quantify the concentrations of L-lactate. The
height of L-lactate peak is proportional to the concentration of L-lactate
(Fig. S2), and the retention time of L-lactate was 12.9min which
showed no significant overlap with any of the substrate or inter-
mediates (Fig. S3 and Table S1). The same HPLC method was also able
to separate the other two intermediates, glycerate and glyceraldehyde.
The amount of D-glucose was determined by the glucose assay kit, as the
retention time of D-glucose analyzed by HPLC was 9.4min which had a
significant overlap with that of the reaction intermediate, gluconate
(Fig. S3 and Table S1).

Because ALDH was not stable enough at temperatures above 50 °C,
and Maillard reaction between D-glucose and proteins, which can de-
activate enzymes, happen at high temperatures easily [26], and the
optimal pH of DHAD, which is the rate-limited enzyme, was 7.0 in
HEPES-NaOH buffers, the one-pot biosynthesis of L-lactate by the cell-
free synthetic biosystem containing GDH, DHAD, KDGA, ALDH, and
LDH (1.0 U/mL for each) was conducted at 50 °C to convert D-glucose to
L-lactate in 100mM HEPES-NaOH buffer (pH 7.0) containing 27.8mM
D-glucose, 5.0mM NAD+, and 5.0 mM MgCl2. As shown in Fig. 3 and
Fig. S4, the concentration of L-lactate was 31.2mM with a product yield
of 56% after reacting at 50 °C for 20 h. The further increase of L-lactate
can be ignored, and the residual D-glucose was approximately
3.72mM at 20 h. The concentration of glycerate was about 8.29mM
after 20 h, accounting for the most part of the intermediates.

3.4. Optimization of reaction conditions for a high L-lactate yield

We performed the optimization of enzyme loading amounts, co-
factor concentration, and buffer concentration to achieve a high yield of
L-lactate produced from glucose. Enzyme loading amounts were opti-
mized under the initial reaction condition. We first adjusted the loading
amount of GDH and found that the yield of L-lactate rapidly increased
from 0 to 52% when GDH concentration increased from 0 to 1.0 U/mL.
When more than 1.0 U/mL of GDH was used, the L-lactate yield leveled
off (Fig. 4A). Therefore, the optimal GDH loading was 1.0 U/mL (As
shown in red circle) which was used for further optimization of the
loading amounts of other enzymes. When more than 2.0 U/mL of DHAD
was used, the L-lactate yield leveled off (Fig. 4B), suggesting that the
optimal DHAD loading was 2.0 U/mL. Using the same method, the
optimal enzyme loading values of KDGA, ALDH, and LDH were all
found to be 1.0 U/mL (Fig. 4C–E). After the enzyme loading values
were determined, the loading concentration of cofactor was optimized
to be 5mM for L-lactate production (Fig. 4F). The effect of different
concentrations of HEPES-NaOH buffer on L-lactate production from D-
glucose was also determined. The L-lactate yield was increased as the
concentration of HEPES-NaOH buffer (pH 7.0) increased (Fig. 5).
However, high concentration of HEPES-NaOH buffer results in high
product cost. Considering the trade-off of product cost and yield,
200mM was chosen as the optimal HEPES-NaOH buffer concentration.
As a result, the optimal reaction condition for converting 27.8mM D-
glucose to L-lactate was 200mM HEPES-NaOH buffer (pH 7.0) con-
taining 5.0mM NAD+, with the loadings of GDH, DHAD, KDGA, ALDH,
and L-LDH being 1.0, 2.0, 1.0, 1.0, and 1.0 U/mL, respectively.

3.5. L-lactate production under optimized conditions

Under the optimal reaction condition, 27.8mM D-glucose was used
to produce L-lactate by cell-free synthetic enzymatic biosystem con-
taining 5 enzymes at 50 °C. As shown in Fig. 6, at hour 8, the con-
centration of D-glucose decreased to about 0, while the concentration of
L-lactate reached 48.2 mM, and then leveled off. The yield of L-lactate
from D-glucose was about 90%, which was much higher than the yield
(56%) under non-optimized conditions. 4.7 mM glycerate was found
when the reaction reach equilibrium, which was much lower than the
glycerate concentration under the initial reaction condition as shown in
Fig. 3.

4. Discussion

In this study, we constructed a cofactor-balanced and ATP-free cell-

Fig. 2. SDS-PAGE gel analysis of recombinant enzymes in one-pot biosynthesis
of L-lactate from D-glucose. M, protein marker. The molecular weights of GDH,
DHAD, KDGA, ALDH, and LDH were approximately 42, 60, 33, 57, and 35 kDa
according to the protein marker, respectively. Fig. 3. L-lactate production from D-glucose via pyruvate by in vitro enzymatic

synthetic biosystem under initial reaction conditions. The reaction was per-
formed at 50 °C in 100mM HEPES-NaOH buffer (pH 7.0) containing 27.8mM D-
glucose, 5.0mM MgCl2, 1.0 U/mL GDH, 1.0 U/mL DHAD, 1.0 U/mL KDGA, 1.0
U/mL ALDH, 1.0 U/mL LDH, and 5.0 mM NAD+. Values shown are means of
triplicate determinations.
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free synthetic enzymatic biosystem containing only 5 enzymes for the
synthesis of L-lactate from D-glucose via pyruvate. The number of en-
zymes of this biosystem for the conversion of D-glucose to pyruvate is
the fewest compared with the other biosystems which have the same
input (glucose) and output (pyruvate) [8]. In our system, pyruvate is
converted to L-lactate by one enzyme, enabling the balance of the intra-
pathway consumption and regeneration of cofactors. Under the initial
reaction condition, the yield of L-lactate from 27.8mM (5 g L−1) D-
glucose was only 56% which was accompanied with a relatively slow
consumption of D-glucose and a high accumulation of the intermediate,
glycerate. At 50 °C, Maillard reaction between D-glucose and proteins

may result in less D-glucose available as well as deactivated enzymes
which may both account for the low yield of L-lactate. After optimiza-
tion of the reaction conditions including enzyme loading amounts, co-
factor concentration and buffer concentration, the consumption of D-
glucose was more rapid, resulting in less accumulation of glycerate and
an improvement of the yield of L-lactate from 56% to 90%.

Comparing with the initial reaction condition, two main parameters
of the optimal condition were altered: the loading amount of DHAD was
raised from 1.0 U/mL to 2.0 U/mL, and the concentration of HEPES-
NaOH buffer was raised from 100mM to 200mM. These two factors
might account for the low yield of L-lactate under the initial condition.

Fig. 4. Optimization of the reaction conditions for L-lactate production from D-glucose. The reaction was performed at 50 °C in 100mM HEPES-NaOH buffer (pH 7.0)
containing 27.8mM D-glucose and 5.0 mMMgCl2. (A) Effect of GDH concentration from 0 to 2.0 U/mL on L-lactate production in the presence of 1.0 U/mL DHAD, 1.0
U/mL KDGA, 1.0 U/mL ALDH, and 1.0 U/mL LDH. (B) Effect of DHAD concentration from 0 to 3.0 U/mL on L-lactate production in the presence of 1.0 U/mL GDH,
1.0 U/mL KDGA, 1.0 U/mL ALDH, and 1.0 U/mL LDH. (C) Effect of KDGA concentration from 0 to 2.0 U/mL on L-lactate production in the presence of 1.0 U/mL
GDH, 2.0 U/mL DHAD, 1.0 U/mL ALDH, and 1.0 U/mL LDH. (D) Effect of ALDH concentration from 0 to 2.0 U/mL on L-lactate production in the presence of 1.0 U/
mL GDH, 2.0 U/mL DHAD, 1.0 U/mL KDGA, and 1.0 U/mL LDH. (E) Effect of LDH concentration from 0 to 2.0 U/mL on L-lactate production in the presence of 1.0 U/
mL GDH, 2.0 U/mL DHAD, 1.0 U/mL KDGA, and 1.0 U/mL ALDH. (F) Effect of coenzyme concentration on L-lactate production from 0 to 10mM in the presence of
1.0 U/mL GDH, 2.0 U/mL DHAD, 1.0 U/mL KDGA, 1.0 U/mL ALDH, and 1.0 U/mL LDH. The points in the open red circle indicate the optimal condition for each
parameters. Values shown are means of triplicate determinations.
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In our cell-free biosystem, DHAD catalyzes both the conversion of
gluconate to 2-keto-3-deoxygluconate and the conversion of glycerate
to pyruvate. The specific activity of DHAD of these two reactions are
only 0.1 and 0.008 U/mg at 50 °C, respectively, which are 1 or 2 order-
of-magnitude lower than the activities of the other enzymes in our
system. As the loading amount of DHAD was based on the enzyme
activity on converting gluconate to 2-keto-3-deoxygluconate, the actual
unit usage of DHAD on converting glycerate to pyruvate was only about
1/10 of converting gluconate to 2-keto-3-deoxygluconate. Thus, the
utilization of glycerate by DHAD became a rate-limiting step, resulting
in the accumulation of glycerate as shown in Fig. 3. Increasing the
loading amount of DHAD decreased the accumulation of glycerate and
enhanced lactate product yield, as shown in Figs. 4B and 6. However,
such a low activity of DHAD resulted in a high enzyme loading amount
(more than 20mg/mL of DHAD) for a satisfactory L-lactate yield from D-
glucose, which prohibits the future industrialization of this cell-free
synthetic pathway. To tackle this problem, the activity of DHAD on
converting glycerate to pyruvate should be increased by multiple pro-
tein engineering techniques including rational design and site-directed
saturated mutagenesis [27,28]. The requirement for a high concentra-
tion of buffer to achieve a high product yield (Fig. 5) may due to the
lowering of pH by the L-lactate produced. CaCO3 and Ca(OH)2 can be
added to control the pH when this system is applied in an industrial
scale in the future [29]. We also noticed that the consumption of D-
glucose under the initial reaction condition was much lower than that

under the optimized condition. The slow metabolism of D-glucose pro-
vided a higher chance of Maillard reaction, which is a non-enzymatic
condensation reaction of carbonyl groups on reducing sugar (for ex-
ample, D-glucose) with amino groups on protein, peptides, and amino
acids at high temperature [30,31]. Maillard reaction also causes the
deactivation of enzymes [26], and may be another reason to explain the
low product yield of L-lactate under the initial condition.

Pyruvate is an important platform chemical. The enzymatic
pathway of converting glucose to pyruvate described in this study has
the minimized number of enzymes, generating two net NADH per
glucose. Many valuable chemicals can be produced from glucose via
pyruvate using this cell-free biosystem by adding some specific en-
zymes. For example, L-alanine can be produced from pyruvate by L-
alanine dehydrogenase (EC 1.4.1.1) with supplement of inorganic am-
monia [32]. Terpenoids can be produced from pyruvate through the
mevalonate pathway [16,33]. Polyhydroxybutyrate (PHB), ethanol,
and isobutanol can also be produced from pyruvate by defined enzymes
[7,12,34]. Therefore, the cell-free synthetic biosystem described in this
study has the potential to serve as a next generation bio-production
system. The optimization process of this cell-free synthetic biosystem
converting D-glucose to L-lactate sheds light on further application of
this biosystem in producing other valuable chemicals.

L-lactate can be produced by either fermentative production routes
or in vitro synthetic routes. Currently, nearly all of the L-lactate around
the world is produced by the fermentative method, which has been
extensively investigated and well optimized [35]. For example, Pal and
Dey [36] designed a three-stage membrane-integrated hybrid reactor
system for L-lactate production by Lactobacillus delbrueckii (NCIM-2025)
and obtained L-lactate at high yield (0.96 g g−1), rapid productivity
(12.4 g L-1 h-1), high concentration (250 g L−1) and satisfactory purity
(95%). Recently, with the development of in vitro synthetic biology, L-
lactate has been produced by many in vitro synthetic enzymatic path-
ways from raw materials like D-glucose and glycerol [37,38]. For ex-
ample, Honda and his coworkers demonstrated an alternative in vitro
ATP-balanced enzymatic pathway that converted glycerol to L-lactate in
an almost stoichiometric manner, and produced ∼14.7 mM L-lactate in
7 h with a productivity of 0.04mM/min [37]. Compared to their in vitro
enzymatic biosystems, our system used fewer number of enzymes and
obtained a higher L-lactate concentration (∼48.2 mM in 8 h) as well as
better productivity (0.10mM/min). At present, the L-lactate con-
centration and productivity of in vitro biosystem cannot be comparable
with the fermentative routes. Yet with the development of enzyme
engineering and enzyme immobilization, we believe that the produc-
tion of L-lactate by in vitro synthetic enzymatic biosystem would have a
bright prospect [3].

In conclusion, we demonstrated the one-pot biosynthesis of L-lactate
from D-glucose via pyruvate through a cell-free synthetic enzymatic
biosystem containing minimized reactions using thermophilic enzymes.
Approximately 49.8 mM L-lactate was produced from 27.8 mM D-glu-
cose within 20 h after optimization of the reaction conditions including
enzyme loading amounts, cofactor concentration, and buffer con-
centration. The optimized reaction conditions in this study provide
some useful information to produce various chemicals with D-glucose as
a starting material and pyruvate as an intermediate by this minimized
cell-free synthetic biosystem.
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Fig. 5. Effect of concentration of HEPES-NaOH buffer (pH 7.0) on the L-lactate
production from D-glucose. The reaction was performed at 50 °C in different
concentration of HEPES-NaOH buffer (pH 7.0) containing 27.8mM D-glucose,
5.0 mM NAD+, 5.0 mM MgCl2, 1.0 U/mL GDH, 2.0 U/mL DHAD, 1.0 U/mL
KDGA, 1.0 U/mL ALDH, and 1.0 U/mL LDH. Values shown are means of tri-
plicate determinations.

Fig. 6. L-lactate production from glucose under optimized conditions. The re-
action was performed at 50 °C in 200mM HEPES-NaOH buffer (pH 7.0) con-
taining 27.8mM D-glucose, 5.0 mM NAD+, 5.0 mM MgCl2, 1.0 U/mL GDH, 2.0
U/mL DHAD, 1.0 U/mL KDGA, 1.0 U/mL ALDH, and 1.0 U/mL LDH. Values
shown are means of triplicate determinations.
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Appendix A. Supplementary data

Supplementary data related to this article can be found at http://dx.
doi.org/10.1016/j.synbio.2018.05.003.

References

[1] Hodgman CE, Jewett MC. Cell-free synthetic biology: thinking outside the cell.
Metab Eng 2012;14:261–9.

[2] Morgado G, Gerngross D, Roberts TM, Panke S. Synthetic biology for cell-free
biosynthesis: fundamentals of designing novel in vitro multi-enzyme reaction net-
works. Adv Biochem Eng Biotechnol 2018;162:117–46.

[3] You C, Zhang Y-HP. Biomanufacturing by in vitro biosystems containing complex
enzyme mixtures. Process Biochem 2017;52:106–14.

[4] Zhang Y-HP, Huang WD. Constructing the electricity-carbohydrate-hydrogen cycle
for a sustainability revolution. Trends Biotechnol 2012;30:301–6.

[5] Rollin JA, Martin del Campo J, Myung S, Sun F, You C, Bakovic A, et al. High-yield
hydrogen production from biomass by in vitro metabolic engineering: mixed sugars
coutilization and kinetic modeling. Proc Natl Acad Sci U S A 2015;112:4964–9.

[6] Zhang Y-HP. Production of biofuels and biochemicals by in vitro synthetic biosys-
tems: opportunities and challenges. Biotechnol Adv 2015;33:1467–83.

[7] Guterl JK, Garbe D, Carsten J, Steffler F, Sommer B, Reisse S, et al. Cell-free me-
tabolic engineering: production of chemicals by minimized reaction cascades.
ChemSusChem 2012;5:2165–72.

[8] Ye X, Honda K, Morimoto Y, Okano K, Ohtake H. Direct conversion of glucose to
malate by synthetic metabolic engineering. J Biotechnol 2013;164:34–40.

[9] You C, Chen H, Myung S, Sathitsuksanoh N, Ma H, Zhang XZ, et al. Enzymatic
transformation of nonfood biomass to starch. Proc Natl Acad Sci U S A
2013;110:7182–7.

[10] Korman TP, Sahachartsiri B, Li D, Vinokur JM, Eisenberg D, Bowie JU. A synthetic
biochemistry system for the in vitro production of isoprene from glycolysis inter-
mediates. Protein Sci 2014;23:576–85.

[11] You C, Shi T, Li Y, Han P, Zhou X, Zhang Y-HP. An in vitro synthetic biology plat-
form for the industrial biomanufacturing of myo-inositol from starch. Biotechnol
Bioeng 2017;114:1855–64.

[12] Opgenorth PH, Korman TP, Bowie JU. A synthetic biochemistry module for pro-
duction of bio-based chemicals from glucose. Nat Chem Biol 2016;12:393–5.

[13] Myung S, Rollin J, You C, Sun F, Chandrayan S, Adams MW, et al. In vitro metabolic
engineering of hydrogen production at theoretical yield from sucrose. Metab Eng
2014;24:70–7.

[14] Zhu ZG, Kin Tam T, Sun FF, You C, Zhang Y-HP. A high-energy-density sugar
biobattery based on a synthetic enzymatic pathway. Nat Commun 2014;5:3026.

[15] Krutsakorn B, Honda K, Ye X, Imagawa T, Bei X, Okano K, et al. In vitro production
of n-butanol from glucose. Metab Eng 2013;20:84–91.

[16] Korman TP, Opgenorth PH, Bowie JU. A synthetic biochemistry platform for cell
free production of monoterpenes from glucose. Nat Commun 2017;8:15526.

[17] Kay JE, Jewett MC. Lysate of engineered Escherichia coli supports high-level con-
version of glucose to 2,3-butanediol. Metab Eng 2015;32:133–42.

[18] Ahmed H, Ettema TJ, Tjaden B, Geerling AC, van der Oost J, Siebers B. The semi-
phosphorylative Entner-Doudoroff pathway in hyperthermophilic archaea: a re-
evaluation. Biochem J 2005;390:529–40.

[19] Steffler F, Guterl JK, Sieber V. Improvement of thermostable aldehyde

dehydrogenase by directed evolution for application in Synthetic Cascade
Biomanufacturing. Enzyme Microb Technol 2013;53:307–14.

[20] You C, Zhang Y-HP. Simple cloning and DNA assembly in Escherichia coli by pro-
longed overlap extension PCR. Meth Mol Biol 2014;1116:183–92.

[21] Wang Y, Huang W, Sathitsuksanoh N, Zhu Z, Zhang Y-HP. Biohydrogenation from
biomass sugar mediated by in vitro synthetic enzymatic pathways. Chem Biol
2011;18:372–80.

[22] You C, Myung S, Zhang Y-HP. Facilitated substrate channeling in a self-assembled
trifunctional enzyme complex. Angew Chem Int Ed 2012. http://dx.doi.org/10.
1002/anie.201202441. Epub.

[23] Carsten JM, Schmidt A, Sieber V. Characterization of recombinantly expressed di-
hydroxy-acid dehydratase from Sulfobus solfataricus-A key enzyme for the conver-
sion of carbohydrates into chemicals. J Biotechnol 2015;211:31–41.

[24] Wolterink-van Loo S, Siemerink MA, Perrakis G, Kaper T, Kengen SW, van der Oost
J. Improving low-temperature activity of Sulfolobus acidocaldarius 2-keto-3-deox-
ygluconate aldolase. Archaea 2009;2:233–9.

[25] Wrba A, Jaenicke R, Huber R, Stetter KO. Lactate dehydrogenase from the extreme
thermophile Thermotoga maritima. Eur J Biochem 1990;188:195–201.

[26] Bruins ME, Van Hellemond EW, Janssen AE, Boom RM. Maillard reactions and
increased enzyme inactivation during oligosaccharide synthesis by a hy-
perthermophilic glycosidase. Biotechnol Bioeng 2003;81:546–52.

[27] Zhang YQ, Tao HB, Liu J, Sun YF, Chen J, Hua B, et al. A rational design for en-
hanced oxygen reduction: strongly coupled silver nanoparticles and engineered
perovskite nanofibers. Nano Energy 2017;38:392–400.

[28] Han R, Liu L, Shin HD, Chen RR, Du G, Chen J. Site-saturation engineering of lysine
47 in cyclodextrin glycosyltransferase from Paenibacillus macerans to enhance sub-
strate specificity towards maltodextrin for enzymatic synthesis of 2-O-D-glucopyr-
anosyl-L-ascorbic acid (AA-2G). Appl Microbiol Biotechnol 2013;97:5851–60.

[29] Niu D, Tian K, Prior BA, Wang M, Wang Z, Lu F, et al. Highly efficient L-lactate
production using engineered Escherichia coli with dissimilar temperature optima for
L-lactate formation and cell growth. Microb Cell Factories 2014;13:78.

[30] Chuyen NV, Utsunomiya N, Kato H. Nutritional and physiological effects of casein
modified by glucose under various conditions on growing and adult rats. Agric Biol
Chem 1991;55:659–64.

[31] Martins SIFS, Jongen WMF, van Boekel MAJS. A review of Maillard reaction in food
and implications to kinetic modelling. Trends Food Sci Technol 2000;11:364–73.

[32] Zhang X, Jantama K, Moore JC, Shanmugam KT, Ingram LO. Production of L
-alanine by metabolically engineered Escherichia coli. Appl Microbiol Biotechnol
2007;77:355–66.

[33] Bian G, Deng Z, Liu T. Strategies for terpenoid overproduction and new terpenoid
discovery. Curr Opin Biotechnol 2017;48:234–41.

[34] Atsumi S, Hanai T, Liao JC. Non-fermentative pathways for synthesis of branched-
chain higher alcohols as biofuels. Nature 2008;451:86–9.

[35] Es I, Mousavi Khaneghah A, Barba FJ, Saraiva JA, Sant'Ana AS, Hashemi SMB.
Recent advancements in lactic acid production - a review. Food Res Int
2018;107:763–70.

[36] Pal P, Dey P. Process intensification in lactic acid production by three stage
membrane integrated hybrid reactor system. Chem Eng Process 2013;64:1–9.

[37] Jaturapaktrarak C, Napathorn SC, Cheng M, Okano K, Ohtake H, Honda K. In vitro
conversion of glycerol to lactate with thermophilic enzymes. Bioresour Bioproc
2014;1:18.

[38] Mukai C, Gao L, Nelson JL, Lata JP, Cohen R, Wu L, et al. Biomimicry promotes the
efficiency of a 10-step sequential enzymatic reaction on nanoparticles, converting
glucose to lactate. Angew Chem Int Ed Engl 2017;56:235–8.

L. Xie et al. Synthetic and Systems Biotechnology 3 (2018) 204–210

210

http://dx.doi.org/10.1016/j.synbio.2018.05.003
http://dx.doi.org/10.1016/j.synbio.2018.05.003
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref1
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref1
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref2
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref2
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref2
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref3
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref3
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref4
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref4
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref5
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref5
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref5
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref6
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref6
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref7
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref7
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref7
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref8
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref8
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref9
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref9
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref9
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref10
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref10
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref10
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref11
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref11
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref11
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref12
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref12
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref13
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref13
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref13
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref14
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref14
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref15
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref15
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref16
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref16
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref17
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref17
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref18
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref18
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref18
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref19
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref19
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref19
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref20
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref20
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref21
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref21
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref21
http://dx.doi.org/10.1002/anie.201202441
http://dx.doi.org/10.1002/anie.201202441
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref23
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref23
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref23
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref24
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref24
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref24
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref25
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref25
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref26
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref26
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref26
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref27
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref27
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref27
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref28
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref28
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref28
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref28
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref29
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref29
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref29
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref30
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref30
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref30
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref31
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref31
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref32
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref32
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref32
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref33
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref33
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref34
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref34
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref35
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref35
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref35
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref36
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref36
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref37
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref37
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref37
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref38
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref38
http://refhub.elsevier.com/S2405-805X(18)30034-6/sref38

	Conversion of d-glucose to l-lactate via pyruvate by an optimized cell-free enzymatic biosystem containing minimized reactions
	Introduction
	Materials and methods
	Chemicals and strains
	Construction of plasmids
	Protein expression and purification
	Enzyme activity assays
	l-lactate synthesis and intermediate assays
	Effect of enzyme and coenzyme concentrations on l-lactate production
	Effect of buffer concentration on l-lactate production

	Result
	Pathway design
	Enzyme preparation and enzyme activities
	l-lactate synthesis under initial reaction conditions
	Optimization of reaction conditions for a high l-lactate yield
	l-lactate production under optimized conditions

	Discussion
	Declarations of interest
	Acknowledgments
	Supplementary data
	References




