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Abstract: Glycerol is a readily available and inexpensive substance that is mostly generated during
biofuel production processes. In order to ensure the viability of the biofuel industry, it is essential
to develop complementing technologies for the resource utilization of glycerol. Ethylene glycol
is a two-carbon organic chemical with multiple applications and a huge market. In this study,
an artificial enzymatic cascade comprised alditol oxidase, catalase, glyoxylate/hydroxypyruvate
reductase, pyruvate decarboxylase and lactaldehyde:propanediol oxidoreductase was developed
for the production of ethylene glycol from glycerol. The reduced nicotinamide adenine dinucleotide
(NADH) generated during the dehydrogenation of the glycerol oxidation product D-glycerate can be
as the reductant to support the ethylene glycol production. Using this in vitro synthetic system with
self-sufficient NADH recycling, 7.64 + 0.15 mM ethylene glycol was produced from 10 mM glycerol
in 10 h, with a high yield of 0.515 £ 0.1 g/g. The in vitro enzymatic cascade is not only a promising
alternative for the generation of ethylene glycol but also a successful example of the value-added
utilization of glycerol.
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1. Introduction

The manufacturing of biofuels from reproducible feedstocks is increasing throughout
the world [1-3]. The development of the biofuel industry has generated a large amount
of glycerol as an inevitable byproduct [4]. An excess of glycerol production in the biofuel
industry leads to a dramatic decrease of the price of glycerol, which has a negative impact
on the development of the biofuels industry [5]. Thus, the conversion of glycerol into
value-added compounds through chemical or biotechnological routes is now urgently
needed for the improvement of the viability of the biofuel industry.

Ethylene glycol is a large-volume commodity that is widely used in many industrial
processes, such as glycolic acid production and polyethylene terephthalate synthesis [6].
It is predominantly produced from ethylene oxide through carbonation and subsequent
hydrolyzation, or by the hydration of ethylene oxide [7,8]. Direct ethylene glycol production
from biomass-derived carbohydrates through chemical catalysis has also been reported [9].
Importantly, ethylene glycol can be produced from glycerol through liquid-phase catalytic
hydrogenolysis [10,11]. However, this process usually needs high pressures (4.0-8.0 MPa),
high temperatures (453-473 K) and expensive noble metal catalysts (Pt, Ni, Ru, etc.). Several
metabolic pathways have been constructed for the biotechnological production of ethylene
glycol from renewable substrates such as D-glucose, D-xylose and L-arabinose [12-14].
Nevertheless, the production of ethylene glycol from glycerol via a biotechnological route
has never been reported, until now.
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An in vitro synthetic system is emerging as a promising technique for the synthesis of
high-value products from cheap and renewable substrates [15,16]. This biomanufacturing
platform leaves out the use of cells, and can thus exclude cell-associated process barriers,
such as the transmembrane transport of substances, the toxicity of products, and unde-
sired metabolism pathways. In addition, an in vitro synthetic system exclusively employs
purified enzymes, and makes the purification of the target products rather simple to con-
duct. Some in vitro synthetic systems have been constructed for the generation of valuable
chemicals from renewable substrates, such as D-glucose, D-xylose and glycerol [17-19].
In this study, we have designed an artificial enzymic cascade for the conversion of glycerol
to ethylene glycol that only requires five enzymes. The artificial pathway is also com-
pletely redox balanced through self-sufficient reduced nicotinamide adenine dinucleotide
(NADH) recycling.

2. Results and Discussion
2.1. Design of the In Vitro Biosystem for Ethylene Glycol Production

Here, an artificial enzymatic reaction cascade was designed for the conversion of
glycerol into ethylene glycol (Figure 1). Glycerol is first oxidized to D-glycerate via D-
glyceraldehyde by alditol oxidase (Aldo) catalyzed two-step oxidation. The D-Glycerate
produced from glycerol is then transformed into 3-hydroxypyruvate by oxidized nicoti-
namide adenine dinucleotide (NAD™)-dependent glyoxylate/hydroxypyruvate reductase
(GRHPR). Then, 3-hydroxypyruvate is decarboxylated to glycolaldehyde by pyruvate
decarboxylase (PDC). Finally, the glycolaldehyde is reduced into ethylene glycol by lac-
taldehyde:propanediol oxidoreductase (FucO), using the NADH produced during the
D-glycerate dehydrogenation as the cofactor. The HyO, generated during the oxidation
of the glycerol is decomposed by catalase in order to avoid the spontaneous oxidative of
the intermediate products [20]. As a result, one mole of glycerol can generate one mole of
ethylene glycol.
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Figure 1. Scheme of ethylene glycol production from glycerol based on the artificial in vitro enzymatic
cascade. The enzymes are alditol oxidase (AldO) from Streptomyces coelicolor A3(2), catalase from
Aspergillus niger, glyoxylate/hydroxypyruvate reductase (GRHPR) from Pyrococcus furiosus, pyruvate
decarboxylase (PDC) from Zymomonas mobile, and lactaldehyde:propanediol oxidoreductase (FucO)
from Escherichia coli.

2.2. Substrate Specificity of AldO

AldO is a soluble monomeric flavoprotein containing covalently-bound FAD as its
cofactor [21]. This enzyme is first isolated from Streptomyces coelicolor A3(2) and identified
as an oxidase primarily active with alditols, and as producing aldoses as products. Interest-
ingly, AldO exhibits regio- and enantio-selective oxidative activity toward 1,2-diols and
a-hydroxy carboxylic acids but not the a-hydroxy aldehydes which will be formed as the
end products [22]. AldOy,: with enhanced oxidative activity towards glycerol was also
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constructed through directed evolution, and this enzyme has been successfully applied in
D-glycerate production from glycerol [23].

The target product of this study, ethylene glycol, is the simplest 1,2-diol, and is also the
possible substrate of AldOp,t. Thus, the activity of AldOp toward ethylene glycol was as-
sayed using a Clark-type oxygen electrode, as described in a previous study [24]. As shown
in Figure 2a, the AldOpt-dependent oxygen consumption was rather low with the addition
of ethylene glycol, while noticeable oxygen consumption was observed when glycerol was
added (Figure 2c). The estimated specific activities of AldOp for glycerol and ethylene
glycol were 0.53 &+ 0.03 U/mg and 0.018 £ 0.004 U/mg, respectively (Figure 2b). The ox-
idative activities of AldOp; toward glycerol and ethylene glycol were also determined
by high-performance liquid chromatography (HPLC) analysis. As shown in Figure 2¢,d,
the depletion of glycerol could be observed obviously, while very little consumption of
ethylene glycol was detected.
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Figure 2. Substrate specificity of AldOm¢. (a) The determination of the oxygen consumption during
the AldOm¢-catalyzed oxidation of the target substrates. (b) The specific activity of AldOm toward
glycerol, D-glyceraldehyde, glycolaldehyde, and ethylene glycol, respectively. The error bars indicate
the standard deviations from three parallel replicates. (c,d) HPLC analysis of AldOm¢-catalyzed
glycerol (c) or ethylene glycol (d) oxidation. The reactions were carried out in a reaction mixture con-
taining 50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)-NaOH buffer (pH 7.4),
10 mM glycerol or 10 mM ethylene glycol and 0.2 mg/mL AldOn, at 30 °C, with a shaking speed of
150 rpm.

AldO oxidizes glycerol into D-glycerate in a two-step reaction via D-glyceraldehyde [23].
Glycolaldehyde, the direct precursor of ethylene glycol in the designed enzymatic reaction
cascade, is the analogue of D-glyceraldehyde, and might be oxidized by AldO¢. Thus,
the activities of AldOp toward glycolaldehyde and D-glyceraldehyde were also assayed.
As shown in Figure 2a,b, a very much lower oxygen consumption rate was observed when
glycolaldehyde, but not D-glyceraldehyde, was added to the reaction mixture, indicating
that AldOm¢ exhibits rather low oxidative activity toward glycolaldehyde. The result of
the HPLC analysis further confirmed that AldOp,; can hardly catalyze the oxidation of
glycolaldehyde (Figure S1).
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Based on the data mentioned above, AldOp,; can efficiently oxidize glycerol into
D-glycerate, but will barely consume the glycolaldehyde and ethylene glycol in the reaction
system. Thus, AldOny is a proper catalyst in the designed enzymatic reaction cascade, and
it exhibits little promiscuous activity affecting the production of ethylene glycol.

2.3. 3-Hydroxypyruvate Decarboxylation Catalyzed by PDC

The GRHPR of Pyrococcus furiosus can catalyze the NAD*-dependent dehydrogenation
of D-glycerate to produce 3-hydroxypyruvate [18,25]. However, the standard Gibbs energy
change (ArG?) of D-glycerate dehydrogenation is estimated to be 20.26 KJ/mol, indicating
that this reaction is not thermodynamically favorable. In order to support the GRHPR-
catalyzed, thermodynamically unfavorable D-glycerate dehydrogenation, the integration of
thermodynamically favorable reactions with 3-hydroxypyruvate or NADH as the substrates
is needed.

The PDC of Zymomonas mobilis can catalyze the decarboxylation of pyruvate to pro-
duce carbon dioxide and acetaldehyde [26]. In this study, the activity of PDC toward 3-
hydroxypyruvate decarboxylation, a thermodynamically favorable reaction
(ArG® = —55.23 KJ/mol), was also assayed. As shown in Figure S2, PDC also exhibited
decarboxylation activity to catalyze 3-hydroxypyruvate into glycolaldehyde. About 8 mM
glycolaldehyde was produced from 10 mM 3-hydroxypyruvate in 4 h by 10 pg/mL PDC.

2.4. Substrate Specificity of FucO

The NADH-dependent reduction of glycolaldehyde can regenerate the NAD* re-
quired for D-glycerate dehydrogenation, and can support the production of ethylene glycol.
The lactaldehyde:propanediol oxidoreductase of Escherichia coli (FucO) was reported to
reduce glycolaldehyde [27,28]. This enzyme has been overexpressed in E. coli for in vivo
ethylene glycol production via a synthetic pathway [29]. In this study, the activity of FucO
using glycolaldehyde and NADH as the substrates was also assayed (Figure 3a,b). The spe-
cific activity of FucO toward glycolaldehyde reduction was calculated to be 30.9 1.2 U/mg
(Figure 3b). The HPLC analysis results showed that FucO rapidly reduces glycolaldehyde
into ethylene glycol (Figure 3c).
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Figure 3. Substrate specificity of FucO. (a) Time course of reactions of FucO with glycerol, D-glyceraldehyde, glycolaldehyde,

or ethylene glycol as the substrate and NADH as the cofactor. (b) Specific activity of FucO toward glycerol, D-glyceraldehyde,

glycolaldehyde and ethylene glycol, respectively. The error bars indicate the standard deviations from three parallel

replicates. (c¢) HPLC analysis of the FucO-catalyzed glycolaldehyde reduction. The reaction was carried out in a reaction
mixture containing 50 mM HEPES-NaOH bulffer (pH 7.4), 10 mM glycolaldehyde, 10 mM NADH and 0.5 mg/mL FucO, at
30 °C, with a shaking speed of 150 rpm.

The activities of FucO toward other reactants in the in vitro system including ethylene
glycol, glycerol and D-glyceraldehyde were also assayed. As shown in Figure 3a,b, all of
these reactant especially D-glyceraldehyde, the analogue glycolaldehyde, cannot be reduced
by FucO. Thus, the NADH generated during D-glycerate oxidation can only be consumed
for glycolaldehyde reduction. This property of FucO ensured the self-sufficient NADH
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recycling of the in vitro system, and avoided the requirement for exogenous reducing
agent addition.

2.5. Production of Ethylene Glycol from Glycerol In Vitro

AldOp, GRHPR, PDC and FucO were overexpressed, purified (Figure S3), and
coupled with commercial catalase from A. niger (Sigma-Aldrich, St. Louis, MO, USA) for
the production of ethylene glycol from glycerol. As shown in Figure 4, 7.64 & 0.15 mM
ethylene glycol was generated from 10 mM glycerol in 10 h. Some chemists have also
attempted to produce ethylene glycol from glycerol by hydrogenolysis. For example, Feng
and his colleagues studied the conversion of glycerol to ethylene glycol over Ru-Co/ZrO,
catalysts [30]. However, this catalyst exhibited higher selectivity toward 1,2-propanediol
generation than ethylene glycol production. The yield of ethylene glycol was only 0.30 g/g
glycerol. Ueda and his colleagues reported the conversion of glycerol to ethylene glycol
over Pt-modified Ni catalysts under the conditions of 453 K and 8.0 MPa [10]. The yield
of ethylene glycol was 0.479 g/g, which was lower than that of a biocatalytic process
utilizing the artificially designed enzymatic cascade (0.515 £ 0.1 g/g) under modest reaction
conditions (303 K, 0.1 MPa).
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Figure 4. Conversion of glycerol into ethylene glycol by the artificial enzymatic reaction cascade.
The reaction was carried out in a reaction mixture containing 50 mM HEPES-NaOH buffer (pH 7.4),
10 mM glycerol, 1 mM NAD*, 2 mM MgSQOy, 0.25 mM thiamine pyrophosphate (TPP), 1 mg/mL
AldOmt, 10 mg/mL GRHPR, 5.4 mg/mL PDC, 13 mg/mL FucO and 500 U/mL catalase. The reaction
was conducted at 30 °C and a shaking speed of 150 rpm. The error bars indicate the standard
deviations from three parallel replicates.

Some biotechnological routes have been developed for the production of ethylene
glycol from biomass-derived carbohydrates [12-14,19,29,31-35] (Table 1). For example,
D-glucose was used as a substrate to produce ethylene glycol via the extension of the serine
biosynthesis pathway. The yields of ethylene glycol from D-glucose were only 0.09 g/g
by engineered Corynebacterium glutamicum and 0.14 g/g by engineered E. coli [14,31]. Gly-
colaldehyde, the direct precursor of ethylene glycol, can be produced from D-xylose or
xylonic acid through the Dahms pathway [12,29,32]. Due to the carbon loss induced by
the coproduction of pyruvate, the theoretical yield of ethylene glycol from D-xylose was
0.413 g/g. Liu and his colleagues disrupted the D-xylose isomerisation pathway and
introduced Dahms pathway in E. coli, and obtained a yield of 0.29 g/g ethylene glycol from
D-xylose [12]. A higher yield of 0.40 g/g ethylene glycol from D-xylose was obtained by fur-
ther improving the redox balance of the Dahms pathway, overexpressing FucO and YjhG,
and deleting the by-products encoding genes aldA and arcA [29]. Recently, a cell-free biore-
action scheme was also reported to generate ethylene glycol from D-xylose, with a yield of
0.227 g/g [19]. In this study, we designed an artificial enzymatic cascade to produce ethy-
lene glycol from glycerol with only one carbon atom loss. A high yield of 0.515 + 0.1 g/g
ethylene glycol from glycerol was acquired using the in vitro synthetic system.
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Table 1. Yield of ethylene glycol production from various substrates by metabolically-engineered strains or an in vitro biosystem.

Strain or Enzymes Substrate Ethylene Glycol Yield (g/g) Reference
E. coli BW25113(DE3)
AxylAAaldA/pACYC-xdh-yghD D-Xylose 029 [12]
E. coli MG1655 AxylB/pEXT20-khkC-aldoB D-Xylose 0.19 [13]
E. coli BL21(DE3) AarcAAaldA/pETDuetl-yjhH-xdh-
IC/pACYCDuetl-fucO-yjhG D-Xylose 040 [29]
E. coli MG1655(DE3) AendAArecA
AxylBAaldA /p10_T5-Pc.dte-fucA-fucO-fucK D-Xylose 0-35 (331
E. coli W3110 Alacl /pTacxylBC-yghD-P1-anti-xylB D-Xylose 0.36 [34]
E. coli W3110 AxylABAaldAAyjgBAyqhD /pKMX & .
pTrcHis2A-yghD D-Xylose 0.39 [35]
Enterobacter cloacae S1 Xylonic acid 0.288 [32]
E. coli MG1655(DE3)
Aend AArecAAxylBAaraBAaldA /p5_T7-Pc.dte-rhaB- L-Arabinose 0.38 [33]
rhaD-fucO
E. coli MG1655(DE3)
AaldAAeutBC/p10_T7-serA:317-serB-serC-fucO & D-Glucose 0.14 [31]
pCDFDuet_T7-At.sdc.t+T7-aao
C. glutamicum PABS1/pEC-P1-GsLdh-PpMdlc-yghD D-Glucose 0.09 [14]
D-Xylose dehydrogenase, xylonolactonase, xylonate
dehydratase, 2-keto-3-deoxy-D-xylonate aldolase, .
lactaldehyde reductase, x-acetolactate synthase, D-Xylose 0.227 [19]
x-acetolactate decarboxylase
AldOpyyt, catalase, GRHPR, PDC, FucO Glycerol 0.515 This study

The in vitro synthetic system has appealing advantages, such as a high product yield,
easy product separation, and simple process control [16]. It has made great progress in
recent years. For example, the production of inositol from starch using the in vitro synthetic
system has been implemented on an industrial scale [36]. In this study, we designed an
enzymatic cascade for the production of ethylene glycol from glycerol. Although a higher
yield of ethylene glycol was obtained using the artificially designed enzymatic cascade, the
final concentration and productivity of ethylene glycol cannot meet the requirements for
industrial application. The low activity of GRHPR may be the key factor restricting the
efficiency of the in vitro enzymatic cascade. Systematic screening or the directed evolution
of a new biocatalyst with higher activity toward the dehydrogenation of D-glycerate to
3-hydroxypyruvate will be necessary to further improve the production of ethylene glycol.
The optimization of the reaction system may also improve the efficiency of the enzymatic
cascade, and this deserves an intensive study [37].

3. Materials and Methods

Materials: reduced/oxidized nicotinamide adenine dinucleotide (NADH/NAD?),
isopropyl-3-D-1-thiogalactopyranoside =~ (IPTG), thiamine pyrophosphate (TPP),
3-hydroxypyruvate, D-glycerate and glycolaldehyde were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Restriction endonuclease and T4 DNA ligase were purchased from
Thermo Scientific (Waltham, MA, USA). FastPfu DNA polymerase was purchased from
TransGen Biotech Ltd. (Beijing, China). The other chemicals used in this study were
analytical pure grade and commercially available.

The cloning and expression of fucO: the strains, plasmids and primers used in this
study are listed in Supplementary Materials Table S1. E. coli DH5« was used for the plasmid
construction, and E. coli BL21(DE3) was used for the overexpression of the recombinant
proteins. The encoding gene of FucO was amplified from the genomic DNA of E. coli K12
with the primers fucO-f/fucO-r (Supplementary Table S1), digested with BamHI/HindlIII,
and cloned into pET28a in order to construct pET28a-FucO. The plasmid pET28a-FucO was
then transferred into E. coli BL21(DE3) to obtain E. coli BL21(DE3)/pET28a-FucO. All of the
E. coli strains were cultivated in Luria-Bertani (LB) medium at 37 °C and 180 rpm or 16 °C
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and 160 rpm. If necessary, ampicillin (at a final concentration of 100 png/mL) or kanamycin
(at a final concentration of 50 ng/mL) was added into the medium.

Purification of the enzymes: the catalase from A. niger used in this study was pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). The AldOp,, GRHPR and PDC were
purified as described by Li and his colleagues [20]. E. coli BL21(DE3)/pET28a-FucO was
grown at 37 °C and 180 rpm in LB medium with 100 pg/mL kanamycin to an optical
density of 0.5 at 620 nm. Then, IPTG was added at a final concentration of 1.0 mM in
order to induce the expression of FucO. After cultivation for another 4 h at 37 °C, the cells
were harvested and washed twice with 20 mM phosphate solution buffer (PBS, pH 7.4) by
centrifugation at 6000 rpm for 10 min; the cells were subsequently suspended in binding
buffer (20 mM phosphate buffer, 500 mM NaCl, and 20 mM imidazole, pH 7.4) and lysed
using a continuous high-pressure cell disrupter working at 4 °C and 900 bar. The cell
lysate was centrifugated at 12,000 rpm for 1 h, and the supernatant then was loaded onto a
5 mL HisTrap HP column (GE Healthcare, Sweden). The target proteins were eluted with
a gradient ratio of elution buffer (20 mM phosphate buffer, 500 mM NaCl, and 500 mM
imidazole, pH 7.4). The purified proteins including AldOp,;, GRHPR, PDC and FucO were
subjected to sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE),
and the results are shown in Supplementary Figure S3.

Ethylene glycol production: the production of ethylene glycol from glycerol was
performed in a 5 mL reaction system containing 1 mg/mL AldOp, 500 U/mL catalase,
10 mg/mL GRHPR, 5.4 mg/mL PDC, 13.0 mg/mL FucO, 10 mM glycerol, 1 mM NAD?,
0.25 mM TPP, 2 mM MgSOy, and 50 mM HEPES-NaOH (pH 7.4) at 30 °C and 150 rpm.
Samples (0.2 mL) were withdrawn every 2 h and subjected to analysis by HPLC.

Analytical methods: the concentrations of the purified proteins were measured by
the use of the Bradford protein assay (Bio-Rad, Hercules, CA, USA). The activity of the
FucO was assayed by recording the absorption of NADH at 340 nm using a UV-visible
spectrophotometer (Ultrospec 2100 pro; Amersham Biosciences, Little Chalfont, UK) [20].
All of the reactions were carried out in a 1.0 mL quartz cuvette at 30 °C, and HEPES-
NaOH buffer (50 mM, pH 7.4) with 0.2 mM NADH and 2.5 mM substrate (glycerol, D-
glyceraldehyde, glycolaldehyde or ethylene glycol). One unit of FucO activity was defined
as the amount of protein catalyzing the consumption of one pmol of NADH per minute.

The oxidase activities of AldOp,; toward glycerol, D-glyceraldehyde, glycolaldehyde
and ethylene glycol were assayed by measuring the rate of oxygen consumption. The re-
action mixture contained 10 mM substrate, 50 mM HEPES-NaOH buffer (pH 7.4), and
0.2 mg/mL AldOp¢. The oxygen consumption in the reaction system was monitored using
a Clark-type oxygen electrode (Oxytherm System; Hansatech Instruments Ltd., Pentney,
UK). One unit of AldOyy activity was defined as the amount of protein catalyzing the
consumption of one umol O, per minute.

The concentrations of glycerol, glyceraldehyde, D-glycerate and 3-hydroxypyruvate
were analyzed using an HPLC system (Agilent 1100 series, Hewlett-Packard, Palo Alto,
CA, USA) equipped with an anion exchange column (Aminex HPX-87H, 300 x 7.8 mm;
Bio-Rad, USA) and a refractive index detector [20]. The mobile phase was 5.0 mM HSO,4
at a flow rate of 0.4 mL/min and at a temperature of 55 °C. The concentrations of the
analytes were calculated by converting the peak areas detected by HPLC using external
calibration curves.

4. Conclusions

In conclusion, we designed an artificial in vitro biosystem involving five enzymes
for the production of ethylene glycol from glycerol. Ethylene glycol was produced from
glycerol with a yield of 0.515 &+ 0.1 g/g, which is higher than any reported chemical or
biotechnological routes to date. The method presented in this work would not only provide
a promising process for ethylene glycol production, but would also expand the utilization
of the glycerol produced by the biofuel industry.
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Supplementary Materials: The following are available online at https://www.mdpi.com /2073
-4344/11/2/214/s1. Figure S1: HPLC analysis of AldOmt-catalyzed D-glyceraldehyde (a) and
glycolaldehyde (b) oxidation. The reactions were carried out in a reaction mixture containing
50 mM HEPES-NaOH buffer (pH 7.4), 0.2 mg/mL AldOp¢, 10 mM D-glyceraldehyde or 10 mM
glycolaldehyde, at 30 °C and 150 rpm. Figure S2: HPLC analysis of PDC catalyzed 3-hydroxypyruvate
decarboxylation. The reaction was carried out in 50 mM HEPES-NaOH buffer (pH 7.4) containing 2
mM MgSOy, 0.25 mM TPP, 10 mM 3-hydroxypyruvate and 10 ug/mL PDC, at 30 °C and 150 rpm.
Figure S3: SDS-PAGE results of the purified enzymes. M: Marker; 1: AldOm¢; 2: GRHPR; 3: PDC; 4:
FucO. Table S1: Strains, plasmids and primers used in this study.
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