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Chemoenzymatic access to enantiopure
N-containing furfuryl alcohol
from chitin-derived N-acetyl-D-glucosamine
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Abstract

Background: Chiral furfuryl alcohols are important precursors for the synthesis of valuable functionalized pyranones
such as the rare sugar L-rednose. However, the synthesis of enantiopure chiral biobased furfuryl alcohols remains
scarce. In this work, we present a chemoenzymatic route toward enantiopure nitrogen-containing (R)- and (5)-
3-acetamido-5-(1-hydroxylethyl)furan (3ASHEF) from chitin-derived N-acetyl-D-glucosamine (NAG).

Findings: 3-Acetamido-5-acetylfuran (3A5AF) was obtained from NAG via ionic liquid/boric acid-catalyzed dehydra-
tion, in an isolated yield of approximately 31%. Carbonyl reductases from Streptomyces coelicolor (ScCR) and Bacillus sp.
ECU0013 (YueD) were found to be good catalysts for asymmetric reduction of 3A5AF. Enantiocomplementary synthe-
sis of (R)- and (5)-3A5HEF was implemented with the yields of up to > 99% and the enantiomeric excess (ee) values

yield of 65%.

chemicals

of > 99%. Besides, biocatalytic synthesis of (R)-3A5HEF was demonstrated on a preparative scale, with an isolated

Conclusions: A two-step process toward the chiral furfuryl alcohol was successfully developed by integrating
chemical catalysis with enzyme catalysis, with excellent enantioselectivities. This work demonstrates the power of the
combination of chemo- and biocatalysis for selective valorization of biobased furans.
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Introduction

Nitrogen-containing chemicals constitute a group
of valuable substances that have found wide applica-
tions in pharmaceutical, agricultural chemical, polymer,
chemical, and food industries. It has been reported that
most of the best-selling drugs as well as all the top agro-
chemicals are N-containing chemicals (Chen et al. 2016,
2020, 2021). In addition, the widespread polyimide and
polyamide nylon materials are derived from N-contain-
ing monomers, with the market of > 28 billion USD in
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2019 (Chen et al. 2021). Currently, most of industrial
N-containing chemicals are obtained by introducing the
nitrogen element from NH; and its derivatives into fos-
sil-based intermediates via chemical transformations. In
general, NH; is produced by the energy-extensive Haber
process (Erisman et al. 2008; Pham et al. 2020). The
sustained prevalence of N-containing groups in many
important chemicals has greatly driven the development
of efficient and sustainable catalytic routes toward orga-
nonitrogen chemicals.

Recently, the production of biobased chemicals from
renewable and carbon-neutral biomass has attracted
considerable interest (Tuck et al. 2012; Sheldon 2014,
2018), due to the gradual depletion of petroleum
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resources and increased environmental issues (e.g.,
global warming). Two routes were established to pro-
duce biobased N-containing chemicals. One route is that
biomass materials such as cellulose and lignin serve as
renewable carbon sources to produce the intermediates,
followed by incorporating N-functional groups using
NHj, thus affording N-containing chemicals (He et al.
2020). The other one is to directly synthesize N-contain-
ing chemicals from N-containing biomass feedstocks
such as chitin and chitosan (Chen et al. 2021; Dai et al.
2020; Hiilsey et al. 2018; Shi et al. 2021), which is free
of use of external NH; and thus leads to significantly
reduced energy consumption. Currently, utilization of
N-containing biopolymers as raw materials to produce
chemicals and materials received less attention com-
pared to cellulose and lignin. In fact, chitin is the second
most abundant biopolymer after cellulose on earth, with
the annual production of approximately 100 billion tons
(Hilsey et al. 2018). In addition, there is around 7 wt%
nitrogen in chitin; hence, it is a promising feedstock for
the production of N-containing chemicals.
3-Acetamido-5-acetylfuran (3A5AF) that can be
obtained from N-acetyl-D-glucosamine (NAG) and
chitin is a versatile N-containing furan platform chemi-
cal. Sperry and co-workers reported the synthesis of an
anticancer alkaloid proximicin A and a dihydrodifuro-
pyridine scaffold from 3A5AF (Pham et al. 2018; Sadiq
et al. 2018). Recently, this chemical was converted to a
group of structurally diverse N-scaffolds such as ami-
nated bicyclic ethers, bicyclic pyrrolidines and pyri-
dines via multi-step chemical transformations (Pham
et al. 2020, 2019a, b). 3-Acetamido-5-(1-hydroxyle-
thyl)furan (3A5HEF), a chiral furfuryl alcohol derived
from 3A5AF, is the precursor for the synthesis of the
rare 2-amino sugar L-rednose, which constitutes the
key structural unit of many pharmacologically active
natural products such as rudolphomycin (Doyle et al.
1979), anthracycline CG21-C (Johdo et al. 1996), and
saquayamycins (Shaaban et al. 2012). Kerton and co-
workers described the reduction of 3A5AF to 3A5HEF
using stoichiometric NaBH, or via transfer hydrogena-
tion using an Ir-based catalyst (Scheme 1); although
good yields were obtained, no enantioselectivity was
reported (Liu et al. 2017). Sperry and co-workers
reported the synthesis of (S)-3A5HEF from 3A5AF in
the presence of high-pressure H, using an Ru-based
Noyori catalyst (Scheme 1); after 7 d, the desired prod-
uct was obtained with a yield of 91% and an enan-
tiomeric excess (ee) value of 91% (Pham et al. 2019¢).
Therefore, it remains a great challenge to develop an
efficient and sustainable catalytic protocol to produce
this N-containing chiral furfuryl alcohol in enantio-
pure form. In terms of selectivity and environmental
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friendliness, biocatalysts appear to excel the chemical
counterparts for organic transformations (Sheldon and
Woodley 2018). Therefore, we envisage that selective
and green synthesis of enantiopure chiral 3A5HEF may
be implemented using alcohol dehydrogenases (ADHs),
also known as carbonyl reductases (CRs), since asym-
metric reduction of prochiral ketones by these enzymes
has been established well (Ni and Xu 2012; Goldberg
et al. 2007; Hollmann et al. 2021; An et al. 2019). In this
work, we report a new chemoenzymatic reaction that
combines ionic liquid/boric acid that catalyze the dehy-
dration of NAG with CRs that asymmetrically reduce
3A5AF for producing enantiopure (R)- and (S)-3A5HEF
(Scheme 1). Enzymatic asymmetric reduction of 3A5AF
was optimized. The desired products were obtained
with good yields and excellent enantioselectivities. In
addition, the enzymatic synthesis of (R)-3A5HEF was
scaled up.

Materials and methods

Biological and chemical materials

NAG (97%), 1-butyl-3-methylimidazolium chloride
[(Bmim)Cl, 97%], dimethyl sulfoxide-d;, (DMSO-dq,
99.9%), ethyl 4-chloro-3-oxobutanoate (COBE, 95%),
benzaldehyde (98.5%), and B-nicotinamide adenine dinu-
cleotide (NADH, 98%) were purchased from Macklin Bio-
chemical Co., Ltd. (Shanghai, China). Boric acid [B(OH),4
99.5%] was obtained from Qiangsheng Functional Chem-
ical Co., Ltd. (Jiangsu, China). B-Nicotinamide adenine
dinucleotide phosphate (NADPH, 98%) was obtained
from Yuanye Biotechnology Co., Ltd. (Shanghai, China).
The recombinant plasmids harboring ADH434 and
AAD1669 from Meyerozyma guilliermondii SC1103, CR
from Acetobacter sp. CCTCC M209061 (AceCR), ADH
from Synmechocystis sp. (SynADH, GenBank Accession
Number CP003265.1) and horse liver ADH (HLADH,
Gene ID: 100034242) were maintained in our laboratory.
The plasmids harboring CR from Bacillus sp. ECU0013
(YueD) and CR from Streptomyces coelicolor (ScCR,
GenBank accession number NC003888.1) were kindly
donated by Prof. Hui-Lei Yu and Prof. Gao-Wei Zheng of
East China University of Science and Technology, respec-
tively. The gene of ADH from Ralstonia sp. DSM 6428
(RalADH, GenBank accession number EU485985) was
synthesized by GenScript Biotechnology Co., Ltd. (Nan-
jing, China).

3A5AF preparation

The preparation of 3A5AF was based on a previous
method with some modifications (Omari et al. 2012).
Briefly, 10 g NAG, 5.59 g B(OH);, 75 g [Bmim]Cl were
added to a 150 mL three-necked flask and mixed. The
mixture was heated under microwave irradiation at
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Scheme 1 Chemical and chemoenzymatic routes toward chiral 3A5HEF from NAG

180 °C for 10 min. After cooling to room temperature,
the reaction mixture was diluted with deionized water to
500 mL and mixed for 1 min. Extraction was performed
with 3 x 500 mL ethyl acetate. The combined organic
phases were evaporated under vacuum at 50 °C. The
resulting residue was subjected to flash column chro-
matograph [petroleum ether/ethyl acetate (11/10, v/v),
the retention factor (R¢) of 0.21], according to a previous
method (Drover et al. 2012). Its structure was character-
ized by NMR. 'H and '*C NMR spectra were recorded
using a 600 MHz Bruker NMR (AVANCE III HD 600,
Bruker, Switzerland).

Chemical synthesis of racemic 3A5HEF using NaBH,

First, 189 mg (1.13 mmol) of 3A5AF was dissolved in
10 mL of anhydrous ethanol. Next, 127.2 mg (3.36 mmol)
of NaBH, was dissolved in 10 mL anhydrous ethanol
under N, flow. With stirring, the NaBH, solution was
added dropwise to the 3A5AF solution at 4 °C, followed
by adding 10 mL anhydrous ethanol. After 1 h, the reac-
tion mixture was stirred at room temperature overnight.
Upon reaction, the mixture was filtered, and the filtrate
was concentrated under vacuum at 40 °C. The residue
was dissolved in 30 mL deionized water, followed by
extraction with 4 x 50 mL ethyl acetate. The combined
organic phases were evaporated under vacuum at 50 °C,

affording yellow oil. Its structure and purity were charac-
terized by NMR, and HPLC, respectively.

Expression and purification of ScCR and YueD

The recombinant cells [Escherichia coli BL21(DE3)/
pET28a-ScCR and E. coli BL21(DE3)/pET28a-YueD]
were inoculated on 100 ug/mL kanamycin-containing
Luria—Bertani (LB) agar plates. A single colony was
picked out and pre-cultivated in 20 mL kanamycin
(100 pg/mL)-containing LB medium at 37 °C and 160 r/
min for approximatelyl2 h. Then, 1% seed culture was
inoculated into 100 mL LB medium and incubated at
37 °C and 160 r/min. When the optical density at 600 nm
(ODgy) of the culture reached 0.6-0.8, isopropy-p-D-
thiogalactoside (IPTG) was added at a final concentra-
tion of 0.5 mM to induce the enzyme expression at 20 °C
and 160 r/min for 20 h. Then, the cells were harvested by
centrifugation (5200xg, 10 min) at 4 °C, washed twice
with 0.9% NaCl solution, and resuspended in sodium
phosphate buffer (0.1 M, pH 7.0). Besides, the recom-
binant plasmid pET28a_GDH_ScCR was constructed
(Additional file 1: Scheme S1) and was transformed into
the competent cells of E. coli BL21(DE3), and the protein
expression was conducted under the above-mentioned
conditions.
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The harvested cells were resuspended in binding buffer
(pH 7.0, 0.1 M sodium phosphate buffer, 0.5 M NaCl and
0.05 M imidazole) and disrupted by sonication for 15 min
(30% power, 3 s on, 5 s off and at 4 °C). The cell lysate was
centrifuged at 4 °C (15,285 xg) for 10 min, and the super-
natant was loaded onto a HisTrap FF crude column (GE,
USA) equilibrated with binding buffer. Then, the samples
were eluted with buffer (pH 7.0, 0.1 M sodium phosphate
buffer, 0.5 M NaCl and 0.1 M imidazole) in a flow rate
of 2 mL/min to remove the impure proteins. Next, the
elution of the target enzymes was conducted with an elu-
tion buffer (pH 7.0, 0.1 M sodium phosphate buffer, 0.5
M NaCl and 0.4 M imidazole). The fractions containing
target enzymes were desalted by HisTrap " Desalting col-
umn (5 mL) with desalting buffer (pH 7.0, 0.1 M sodium
phosphate buffer). The purified protein fractions were
subjected to SDS-PAGE analysis to indicate its purity
(Additional file 1: Figure S1). In addition, the protein
concentrations were measured by the Bradford protocol
(Yang et al. 2021).

General procedure for biocatalytic reduction of 3A5AF
Typically, the purified enzyme (1 mg/mL) was dissolved
in 1 mL of sodium phosphate buffer (0.1 M, pH 7.0)
containing 10 mM 3A5AF and 5% DMSO (v/v). Upon
the addition of NAD(P)H (0.1 mM), glucose (20 mM)
and GDH cell-free extract (0.05 mg/mL), the reaction
mixtures were incubated at 35 °C and 150 r/min. Next,
aliquots were withdrawn from the reaction mixtures
at specified time intervals and diluted with the corre-
sponding mobile phase prior to high-performance liquid
chromatography (HPLC) analysis. For determining the
product ee, samples were extracted twice with equivalent
volume of ethyl acetate, and the organic phase was sub-
jected to chiral HPLC analysis. The initial reaction rate
was defined as the formed products concentration at the
initial stage (within 0.5 h). The conversion was defined
as the ratio of the consumed substrate to the initial sub-
strate amount (in mol). Likewise, the yield was defined
as the ratio of the formed product amount to the theo-
retical value based on the initial substrate amount (in
mol). All the experiments were conducted in duplicate,
and the values were expressed as the means + standard
deviations.

Scale-up synthesis and preparation of (R)-3A5HEF

ScCR (80 mg) was added into 20 mL of sodium phos-
phate buffer (0.1 M, pH 7.0) containing 0.6 mmol 3A5AF,
0.1 mM NADH, 60 mM glucose, 0.6 mmol CaCO,,
0.05 mg/mL GDH cell-free extract, 10% DMSO (v/v).
The reaction mixture was incubated at 35 °C and 150 r/
min for 48 h. After enzyme inactivation by heating, the
solution was extracted 4 times with equal volume of
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ethyl acetate. The organic phases were combined and
dried with anhydrous Na,SO, overnight. Upon removal
of organic solvent, the residual was subjected to flash
column chromatography [petroleum ether/ethyl acetate
(1/2, v/v), the retention factor (R;) of 0.2], affording the
purified product.

Analytical methods

The reaction mixtures were analyzed on a Zorbax Eclipse
XDB-C18 column (4.6 mm x 250 mm, 5 pm, Agilent,
USA) using a reversed phase HPLC (Waters, USA)
equipped with a Waters 1525 pump and a 2489 UV
detector. The mixture of acetonitrile/0.4% (NH,),SO,
solution with pH 3.5 (20/80, v/v) was used as the mobile
phase with the flow rate of 0.6 mL/min. The retention
times of 3A5AF (228 nm) and 3A5HEF (210 nm) were
9.8 min and 6.7 min, respectively. In addition, the prod-
uct ee values were determined by HPLC analysis using an
OJ-H Chiral column (4.6 x 250 mm; Daicel Co., Japan).
The mobile phase is n-hexane/isopropanol (84/16, v/v)
with a flow rate of 0.7 mL/min. The retention times of
(R)-3A5HEF and (S)-3A5HEF were 19.4 and 17.8 min,
respectively. The specific rotation values of chiral furfuryl
alcohols (Additional file 1: Table S1) were determined via
an automatic polarimeter P810 (Hanon Instruments, Inc.,
China). To assay specific rotation values of 3AS5HEF at
589 nm and 25 °C in ethanol, a concentration of 17.9 mg/
mL was used. Absolute configurations of the products
were based on comparison of their specific optical rota-
tions with those in the literature.

Results and discussion

Enzyme screening

The chemically catalytic synthesis of 3A5AF was per-
formed by combining ionic liquid [Bmim]Cl with boric
acid under microwave irradiation, according to a previ-
ous method (Drover et al. 2012). Upon solvent extraction
and column chromatography, the desired product was
obtained with an isolated yield of approximately 31%.

To date, there are few reports on biocatalytic asym-
metric synthesis of chiral furfuryl alcohols in the litera-
ture (Blume et al. 2016). Therefore, six CRs/ADHs were
tested for asymmetric reduction of 3A5AF (Table 1),
based on their good catalytic performances in the reduc-
tion of prochiral ketones (Wang et al. 2011; Ni et al. 2011;
Nealon et al. 2015; Wei et al. 2017; Lavandera et al. 2008;
Vidal et al. 2009). It was found that only ScCR and YueD
showed good catalytic activities toward 3A5AF (entries
1-2). ScCR provided (R)-alcohol with the yield of > 99%
and ee of > 99% in 9 h (entry 1), while (S)-product was
obtained using YueD, with a good yield and an excellent
ee (entry 2). 3A5AF seemed not to be a good substrate of
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RalADH, AceCR and SynADH, since low yields (6—-12%)
were achieved after a long reaction period (entries 3-5).
Although HLADH was reported to have broad substrate
specificity (Nealon et al. 2015), it could not accept 3A5AF
as a substrate (entry 6). In addition, both ADH434 and
AAD1669 from M. guilliermondii SC1103 that proved to
be good catalysts for the reduction of 5-hydroxymeth-
ylfurfural (HMF) (Xia et al. 2020), an analog of 3A5AF,
were unable to reduce 3A5AF as well (data not shown),
likely due to great steric hindrance of this substrate.

Whole-cell catalysis

From an economic perspective, whole-cell catalysts
appear be preferred to the isolated enzymes for bio-
transformations, since whole-cell catalysts can be more
readily and inexpensively prepared. Besides, whole-cell
catalysts appear to be more stable, due to the protec-
tion by cell membrane and/or cell wall from enzyme
inactivation caused by potentially harmful surroundings
(Carballeira et al. 2009). The processes involving cofac-
tor regeneration can be significantly simplified using
whole-cell catalysts (Wachtmeister and Rother 2016).
Therefore, whole-cell biocatalytic reduction of 3A5AF
was performed. First, a substrate-coupled NADH regen-
eration method was applied to synthesize (R)-3A5HEF
by whole cells expressing ScCR (Additional file 1: Figure
S2). It was found that much high molar ratios of co-sub-
strate (2-propanol) to 3A5AF (up to 50:1) were required
to derive the synthesis of this chiral furfuryl alcohol, due
to the thermodynamic equilibrium issue (Itoh et al. 2002;
Hummel and Groger 2014). The maximal substrate con-
version of approximately 70% was obtained (Additional
file 1: Figure S2). Then, an enzyme-coupled NADH recy-
cling system was constructed by co-expressing glucose
dehydrogenase (GDH) with ScCR in E. coli (Additional
file 1: Scheme S1), and whole-cell biocatalytic reduc-
tion was performed (Fig. 1). Although the molar ratios
of co-substrate (glucose) to 3A5AF (about 6-8:1) were
significantly reduced, the concentrations of glucose used
remain high, likely due to oxidative assimilation of glu-
cose by E. coli cells. It would impair the sustainability of
this process and also have a negative effect on the down-
stream product purification, especially at high substrate
concentrations. To reduce glucose consumption, there-
fore, enzyme-catalyzed asymmetric reduction of 3A5AF
using ScCR coupled with GDH was performed in the
subsequent studies.

Process optimization

Figure 2 shows the effect of four key parameters on the
enzymatic synthesis of (R)-3A5HEF. The effect of temper-
ature on biocatalytic synthesis of (R)-3A5HEEF is depicted
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Table 1 Asymmetric synthesis of 3A5HEF catalyzed by CRs/

ADHs

Entry Enzyme Time (h) Product Product ee (%)
yield (%)

1 ScCR 9 >99 >99 (R)

2 YueD? 9 90 >99 (9)

3 RalADH?® 60 12 >99 (S)

4 AceCR 60 8 >99 (R)

5 SynADH? 60 6 >99 (R)

6 HLADH 60 na® na

Reaction conditions: 10 mM 3A5AF, 1 mg/mL purified enzyme, 0.05 mg/mL GDH
cell-free extract, 20 mM glucose, 0.1 mM NADH, 1 mL sodium phosphate buffer
(0.1 M, pH 7) containing 5% (v/v) DMSO, 30 °C, 150 r/min

2 NADPH used

5 No activity

in Fig. 2A. It was found that the initial reaction rates (V)
greatly increased from 4.8 to 7.4 mM/h with the incre-
ment of temperature, although the product yields were
comparable in all cases. It was reported that the half-live
of ScCR was around 169 h at 30 °C, while it was markedly
reduced to 81 h at 40 °C (Wang et al. 2011). Considering
the thermostability of ScCR, the following studies were
conducted at 35 °C. As shown in Fig. 2B, the enzyme
ScCR displayed the highest activity (approximately
6.6 mM/h) in the reduction of 3A5AF at pH 7, which is
close to its optimal pH (pH 6.5) (Wang et al. 2011). In
addition, good catalytic activities were observed within
a broad pH range (pH 5-8), indicating the great applica-
tion potential of this enzyme.

Herein glucose served as the sacrificial substrate for
enzymatic regeneration of NADH. Therefore, the effect of
the substrate molar ratios (glucose/3A5AF) on the enzy-
matic synthesis of 3ASHEF was studied (Fig. 2C). The
initial reaction rates as well as the product yields were
comparable when the substrate molar ratios were var-
ied from 1 to 4. In addition, even at the substrate molar
ratio of 1, a product yield of 96% and an initial reaction
rate of 6.3 mM/h were obtained, which indicates that the
enzyme-coupled strategy is much advantageous over the
substrate-coupled one in terms of environmental (E) fac-
tor (Sheldon 2017). Then, the influence of the ScCR con-
centrations on the enzymatic synthesis of 3A5HEF was
explored (Fig. 2D). It was found that the initial reaction
rates significantly increased with the increased enzyme
concentrations. The desired product was obtained in the
yields of > 95% within 7 h, with more than 0.6 mg/mL of
ScCR.

Effect of the substrate loadings
Then, the enzymatic synthesis of (R)- and (S)-3A5HEF
was performed by ScCR and YueD, respectively, at higher
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Fig. 1 Effect of glucose concentrations on asymmetric reduction of
3AS5AF catalyzed by recombinant E.coli_GDH_ScCR cells. Reaction
conditions: 10 mM 3A5AF, 20 mg/mL E.coli_GDH_ScCR, 10-80 mM
glucose, 1 mL sodium phosphate buffer (0.1 M, pH 7.0) containing 5%
DMSO (v/v), 30 °C, 150 r/min

substrate loadings (Fig. 3). Notably, 3A5AF is a poorly
aqueous soluble chemical; its solubility is approximately
10 and 11 mM in 5% and 10% (v/v) DMSO solutions at
35 °C, respectively. However, the product 3A5HEF is
highly soluble in 10% (v/v) DMSO solution, with the
solubility of > 1 M. Therefore, most of substrate was
suspended in aqueous solutions at the substrate load-
ings of > 20 pmol in 1 mL solvent. It was interestingly
observed that 3A5AF could be smoothly reduced into
the desired product by the two enzymes at the substrate
loadings of 20-50 umol. With the substrate loading of
50 pmol, for example, (R)-3A5HEF was obtained with a
91% vyield after 48 h (Fig. 3A). When the substrate load-
ing increased to 75 umol, a moderate yield (approxi-
mately 60%) was achieved, and even the yield was lower
at 100 pmol 3A5AF. To uncover the underlying reasons,
the inhibition effects of substrate and product on the
enzyme were studied (Additional file 1: Figure S4), since
many alcohol dehydrogenases were reported to suffer
from such effects (Yang et al. 2020; Wratten and Cle-
land 1963). No substrate inhibition was observed within
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substrate concentration range of 1-10 mM (Additional
file 1: Figure S4A). However, a great product inhibition
effect on the enzyme activity was observed in the pres-
ence of more than 60 mM of 3A5HEF (Additional file 1:
Figure S4B). The low yields in the cases of 75-100 mM
may be partially attributed to great product inhibition. In
addition, (S)-3A5HEF was synthesized with good yields
(>86%) using YueD when the substrate loadings were
less than 50 pmol (Fig. 3B). At higher substrate loadings,
much lower yields (25-44%) were obtained. Based on the
kinetic studies (Additional file 1: Table S3), ScCR showed
lower substrate affinity toward 3A5AF than YueD (K,
6.3 mM vs 0.5 mM); however, the k_, value of the former
was much higher than that of the latter (0.1 vs 0.0007 s™%),
thus resulting in the higher catalytic efficiency of ScCR.
To demonstrate practical applicability of this enzymatic
route, the synthesis of (R)-3A5HEF was conducted on a
preparative scale (20 mL). The desired product was syn-
thesized with a yield of 93% after 48 h, based on HPLC
analysis. Upon solvent extraction and column chromato-
graph, (R)-3A5HEF was obtained with an isolated yield
of 65% and ee of > 99%. Its purity is approximately 95%,
based on HPLC analysis (Additional file 1: Figure S5).
Compared to the metal-mediated process (Pham et al.
2019c), this biocatalytic route shows many advantages
such as high efficiency, excellent enantioselectivity, mild
reaction conditions and environmental friendliness.

Conclusions

In summary, a novel chemoenzymatic approach toward
enantiopure N-containing chiral furfuryl alcohols from
biomass-derived NAG was successfully developed in this
work, with the isolation of 3A5AF. The carbonyl reduc-
tases ScCR and YueD were capable of selective reduction
of 3A5AF to (R)- and (S)-5A5HEEF, respectively, with the
yields of up to > 99% and ee of > 99%. From the sustain-
able chemistry point of view, the enzyme-coupled strategy
(glucose/GDH) for recycling reduced nicotinamide cofac-
tor seems to excel the substrate-coupled one (2-propanol).
A good yield could be obtained in enzymatic reduction
of 3A5AF in the presence of one equivalent of glucose.
In addition, the scale-up synthesis of (R)-5A5HEF was
demonstrated. In spite of good results, some issues (poor
water-solubility of substrate) accompanied with this bio-
catalytic route should still be addressed by reaction engi-
neering strategies in the future. For instance, the actual
substrate concentrations may be increased significantly
using organic solvent/water biphasic systems, thus result-
ing in the improved catalytic efficiency. In addition, the
application of the enzyme immobilization or whole-cell
biocatalysts coexpressing formate dehydrogenase and
CRs may lead to the greatly reduced cost of the enzymes
for its future large-scale applications.

Page 7 of 9

—m— 20 pmol —e— 30 ymol —4— 50 pmol 75 pmol —4— 100 pmol

100 4 100 4
A) % a3 B
3 A
) 3 ) _
e A% A
80 / / 80
5 60 T 60 ™
2 2 K]
= = |
T 404 > ¢ B 404] A
Q < u
o o || &
|
o, * *
20 204% of
I
i
b
0 T T T T 1 0 T T T T |
0 10 20 30 40 50 0 10 20 30 40 50
Time (h) Time (h)

Fig. 3 Effect of the substrate loadings on asymmetric synthesis of
3A5HEF by ScCR (A) and YueD (B). Reaction conditions: 20-100 pmol
3A5AF, 4 mg/mL enzyme, 0.05 mg/mL GDH cell-free extract, 0.1 mM
NAD(P)H, 20-100 umol CaCO;, molar ratio of glucose to 3A5AF of 2,
1 mL sodium phosphate buffer (0.1 M, pH 7) containing 10% DMSO
(v/v), 35 °C, 150 r/min. For YueD catalysis, sodium phosphate buffer

(0.1 M, pH 8) was used
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