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biotransformation system; the yield reached 48.62 g/l when 
500 mM d-fructose was used as the substrate.
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Introduction

Allitol is a rare polyol found in nature that is useful not only 
as a sweetener or raw material for production of chemical 
compounds, but also as a research reagent [18]. Allitol may 
be an important intermediate for the preparation of azasug-
ars, which represent potential medicines against diabetes, 
cancer, and viral infections, including AIDS [3]. Moreover, 
allitol is located at the center of hexoses in the Izumoring 
strategy. Thus, allitol should be useful as a substrate for the 
production of l-tagatose and l-psicose, from which several 
l-aldoses can be obtained by keto-aldol isomerases [7].

Since allitol has unique properties and is difficult to 
chemically synthesize, it is clearly important to discover 
an economic and high-yield method for allitol production. 
According to the location in the Izumoring strategy and 
the chemical formula of allitol, the production of allitol 
using biotransformation should be possible by d/l-psicose 
or d/l-tagatose reduction. Izumori et al. reported a method 
for converting allitol from d-psicose using Enterobacter 
agglomerans strain 221e [15]. However, d/l-Psicose and 
d/l-tagatose are expensive rare sugars, thereby making the 
cost of production of allitol from these sugars prohibitively 
expensive.

Allitol can also be produced from d-fructose via the 
intermediate d-psicose by coupling the enzymes d-tagatose-
3-epimerase (DTE), ribitol dehydrogenase (RDH), and for-
mate dehydrogenase (FDH) [18]. In this reaction system, 

Abstract An engineered strain for the conversion of 
d-fructose to allitol was developed by constructing a multi-
enzyme coupling pathway and cofactor recycling system 
in Escherichia coli. d-Psicose-3-epimerase from Rumi-
nococcus sp. and ribitol dehydrogenase from Klebsiella 
oxytoca were coexpressed to form the multi-enzyme cou-
pling pathway for allitol production. The cofactor recycling 
system was constructed using the formate dehydrogenase 
gene from Candida methylica for continuous NADH sup-
ply. The recombinant strain produced 10.62 g/l allitol from 
100 mM d-fructose. To increase the intracellular concentra-
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from Zymomonas mobilis was incorporated into the engi-
neered strain. The results showed that the allitol yield was 
enhanced significantly to 16.53 g/l with a conversion rate 
of 92 %. Through optimizing conversion conditions, allitol 
was produced effectively on a large scale by the whole-cell 
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d-fructose was transformed into d-psicose by DTE and then 
d-psicose was hydrogenated to form allitol by RDH. Nico-
tinamide adenine dinucleotide (NADH) was regenerated 
using FDH, thereby facilitating the conversion of d-psicose 
to allitol. The construction of a coenzyme recycling system 
effectively overcomes the problem on cofactor deficiency. 
However, the reaction was performed extracellularly and 
the yield of allitol was relatively low (10 g/l).

Compared with the extracellular enzyme reaction, 
whole-cell biotransformation has the advantages of main-
taining cofactor recycling in vivo and circumvents the 
requirement to extract and purify every enzyme. Moreover, 
the separation and purification of products are more con-
venient because products are separated from enzymes and 
cofactors by the cell membrane. Sometimes the product can 
be crystallized from the fermentation liquid directly. Vari-
ous whole-cell biotransformation systems using wild-type 
microorganisms, as well as recombinant strains, have been 
developed [22, 26, 27], such as the production of d-man-
nitol from d-fructose using resting cells of recombinant E. 
coli and C. glutamicum ATCC13032 [1, 9], and the synthe-
sis of C4, C5, C6, and C7 rare ketoses using C. glutamicum 
engineered strain harboring an artificial pathway [24].

Compared with extracellular enzymatic reactions, it is 
important for whole-cell biotransformation to accumulate 
the substrate intracellularly in order to improve the conver-
sion efficiency. The glucose/fructose facilitator (GLF) gene 
has been reported to increase significantly the d-fructose 
uptake rate during biotransformation [16, 21]. The glf gene 
from Gram-negative bacterium Z. mobilis was also reported 
to be coexpressed on a plasmid to accelerate the uptake of 
d-fructose, and thus a higher product yield was achieved by 

increasing the intracellular concentration of d-fructose [16, 
21].

In the present study, we report the construction of 
recombinant plasmids and engineered strains to co-express 
the genes for converting d-fructose to allitol. The construc-
tion of the engineered strain for allitol production is shown 
in Fig. 1. The conditions for allitol production using whole-
cell biotransformation were optimized, and allitol was inex-
pensively and efficiently produced using d-fructose as the 
substrate. This is the first report on allitol production using 
the whole-cell biotransformation of an engineered strain.

Materials and methods

Enzymes and chemicals

All restriction enzymes, T4 DNA ligase, the Taq DNA 
polymerase and protein molecular weight markers were 
obtained from Fermentas (Ontario, Canada). The DNA 
marker was obtained from Generay (Shanghai, China). The 
bacterial genomic DNA extraction kit, plasmid extraction 
kit, DNA gel extraction kit, and DNA purification kit were 
obtained from Tiangen (Tianjin, China). The Ni Sepharose 
resin and His SpinTrap kit for protein purification were 
obtained from GE (Uppsala, Sweden). Allitol, d-fructose 
and d-psicose were purchased from Sigma-Aldrich (St. 
Louis, MO, United States). Antibiotics, such as ampicillin 
(100 μg/ml), chloramphenicol (10 μg/ml), and streptomy-
cin (100 μg/ml), were obtained from Solarbio (Beijing, 
China).

Plasmids and strains

The bacterial strains and plasmids used in this study are 
listed in Table 1. We used E. coli DH5α as the host strain 
for gene cloning and E. coli BL21 Star (DE3) for gene 
expression. The plasmid pCDFDuet™-1 was used as the 
co-expression vector. Klebsiella oxytoca CGMCC7662, 
from which the RDH gene (rdh) was found, was isolated 
from soil samples by our laboratory and deposited with the 
China General Microbiological Culture Collection Centre 
under the accession number of 7662 [4]. The d-psicose 
3-epimerase (DPE) gene (dpe) from Ruminococcus sp. 
5_1_39BFAA was synthesized by GeneWize (Beijing, 
China). The FDH gene (fdh) and GLF gene (glf) were from 
Candida methylica X81129 and Zymomonas mobilis subsp. 
mobilis ZM4, respectively.

Media and culture conditions

All strains were grown in Luria–Bertani medium and 
cultivated aerobically at 37 °C by rotating at 200 rpm. 

Fig. 1  The strategy for allitol production using whole-cell biotrans-
formation. GLF glucose/fructose facilitator, DPE d-psicose 3-epimer-
ase, RDH ribitol dehydrogenase, FDH formate dehydrogenase
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Protein expression was conducted aerobically at 20 °C 
by rotating at 100 rpm with 1.0 mM isopropyl β-d-1-
thiogalactopyranoside (IPTG) present in the medium.

Construction of expression plasmids and strains

The dpe gene was synthesized into the vector pET-21a(+) 
at the Nde I and Xho I restriction sites by GeneWize to form 
pET-dpe. The rdh gene was amplified from the genomic 
DNA of K. oxytoca and ligated into the first multiple clon-
ing site (MCS) of pCDFDuet™-1 at the EcoR I and Hind III 
site to create the recombinant plasmid, named pCDF-rdh. A 
6×His-tag sequence was present in the vector to aid protein 
purification. The fdh gene was amplified from C. methylica 
genomic DNA and ligated into the second MCS of pCDF-
rdh at the Bgl II and Kpn I site to create the recombinant 
plasmid pCDF-rdh-fdh. The glf gene was amplified from 
Z. mobilis genomic DNA. The amplified glf gene with the 
restriction sites EcoR I and Pst I was ligated into the vec-
tor pACYC184M, which was modified by pACYC184 and 
pTrc99A, resulting in vector pACYC184M-glf. The prim-
ers used in this work were synthesized by GeneWize and 
listed in Table 2. The recombinant plasmids pET-dpe and 

pCDF-rdh-fdh were transformed into E. coli BL21 Star 
(DE3) simultaneously to form Strain I. The recombinant 
plasmid pACYC184M-glf was transformed into strain I to 
form Strain II.

Purification and characterization of RDH

Escherichia coli cells of Strain I were cultivated at 37 °C 
and rotated at 200 rpm in LB medium containing 100 μg/
ml streptomycin and 100 μg/ml ampicillin. Protein expres-
sion was induced by the addition of IPTG when the OD600 
reached 0.8, and the culture was grown at 20 °C and 
rotated at 100 rpm for a further 20 h. The cells were har-
vested by centrifugation and disrupted by sonication. The 
supernatant was obtained by centrifugation at 14,000×g 
for 20 min at 4 °C. The recombinant RDH was purified 
using the His SpinTrap kit and a standard method, and the 
purified RDH was desalted and concentrated using Ami-
con Ultra Centrifugal Filters (Millipore) against 25 mM 
Tris–HCl buffer (pH 8.0). The resulting solution was used 
as a purified enzyme.

The activity of RDH was determined spectrophoto-
metrically by monitoring the change in A340 upon oxi-
dation of NADH. The RDH assay mixture consisted of 
2 mM NADH, 50 mM d-psicose, and 40 μg/ml enzyme 
[14]. The reaction was started by the addition of sub-
strate. One unit of enzyme activity was defined as the 
amount of enzyme required to consume 1 μmol NADH 
per min. The optimum pH of RDH was determined 
at various pH values between 4.0 and 11.0 using four 
buffer systems. The optimum temperature of RDH was 
measured by assaying the enzyme samples over the 
range of 20–70 °C in 25 mM Tris–HCl buffer (pH 8.0). 
The thermal stability of the enzyme was investigated 
by incubating the enzyme in 25 mM Tris–HCl buffer 
(pH 8.0) at various temperatures. The activity was then 

Table 1  Plasmids and strains used in this study

Plasmids or strains Relevant characteristics Sources

pET-21a(+) amp; expression vector with T7 promoter Novagen

pCDFDuet™-1 sm; Double T7 promoters, CloDF13ori Novagen

pTrc99A bla; expression vector with trc promoter Novagen

pACYC184 cat, tet; low copy vector Novagen

pACYC184 M cat; replace tet with lacI and Ptrc of pTrc99A This study

pET-dpe amp; pET-21a(+) carrying gene for d-psicose 3-epimerase from Ruminococcus sp. [12]

pCDF-rdh-fdh sm; pCDFDuet™-1 carrying genes for FDH from C. methylica and RDH from K. Oxytoca This study

pACYC184 M-glf cat; pACYC184 M carrying the glf from Z. mobilis This study

E. coli DH5 endA1, supE44, recA1, gyrA96, relA1, deoR U169, Φ80dlacZΔM15, mcrA Δ(mrr–hsdRMS–mcrBC) Invitrogen

E. coli BL21 Star (DE3) For gene expression Invitrogen

Strain I BL21 Star (DE3) pCDF-rdh-fdh pET-dpe This study

Strain II BL21 Star (DE3) pCDF-rdh-fdh pET-dpe pACYC184 M-glf This study

Table 2  Primers used in this study (restriction sites are underlined)

Primers Sequences

dpe-F GGAATTCCATATGAAATATGGTATTTATTACG

dpe-R CGGGATCCTTAGACTTCAAATACATG

rdh-F CGGAATTCGATGAATACTTCCCTTAGCGGTAA

rdh-R CCCAAGCTTTCAGAGATCCACGCTGTTCGG

fdh-F GAAGATCTCATGAAGATCGTTTTAGTCT

fdh-R GGGGTACCTTATTTCTTATCGTGTTTACCGT

glf-F CGGAATTCAGTTCTGAAAGTAGTCAGGG

glf-R AACTGCAGCTACTTCTGGGAGCG
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assessed under a standard condition. All trials were per-
formed in triplicate.

Detection and determination of heterologous proteins

Strains I and II were cultivated aerobically at 37 °C by 
rotating  at 200 rpm until the optical density (OD600) 
reached 0.8 to 1.0, and then cultivated at 20 °C and rotated 
at 100 rpm with 1.0 mM IPTG for a further 20 h to induce 
the expression of heterologous proteins. The cells were har-
vested and disrupted by sonication. The supernatants were 
obtained by centrifugation at 14,000×g for 20 min and 
used as cell-free extracts for sodium dodecyl sulfate–poly-
acrylamide gel electrophoresis (SDS-PAGE) analysis and 
enzymatic activity assays. For the detection of membrane 
proteins, the cell lysate of Strains I and II was centrifuged 
at 200,000×g for 90 min. The precipitate was suspended 
by 1 % DDM (n-Dodecyl-β-d-maltoside) and extracted 
overnight at 4 °C. The suspension was used for SDS-PAGE 
analysis.

The DPE activity was analyzed by determining the 
amount of d-psicose obtained from d-fructose [28]. The 
activity of RDH and FDH was determined spectrophoto-
metrically by monitoring the change in A340 upon oxidation 
or reduction of NADH at room temperature [20]. Protein 
concentrations were determined by the Lowry method.

Whole-cell biotransformation

The engineered E. coli strains were harvested and washed 
twice with 50 mM Tris–HCl buffer (pH 7.0). The washed 
cells were suspended in 50 mM Tris–HCl buffer (pH 7.0) 
containing 100, 200, 300, and 500 mM d-fructose, and 200, 
400, 600, and 1,000 mM sodium formate, respectively. The 
cell concentrations were 7, 14, 21, and 28 g/l (correspond-
ing to OD600 = 20, 40, 60, and 80, respectively). The con-
version experiment was performed at 40 °C by rotating at 
200 rpm. Samples were obtained at different times to deter-
mine the allitol yield until the reaction time reached 18 h. 
The biomass, temperature, and pH were investigated as fac-
tors that may affect allitol yield. All trials were performed 
in triplicate.

Quantification of d-fructose and allitol

To determine the concentrations of d-fructose and allitol, 
the reaction products of the biotransformation experiments 
were subjected to high-performance liquid chromatography 
with a reflective index detector. The samples were filtered 
through 0.22 μm membrane filters and then injected onto 
two tandem gel pack GL-C611 columns (Hitachi Chemical, 
Japan) at 60 °C, using 0.1 mM NaOH as the mobile phase. 
The flow rate was 0.6 ml/min.

Results and discussion

Two key genes for allitol production

In the multi-enzyme coupling pathway for allitol produc-
tion, the enzyme converting d-fructose to d-psicose is the 
most important. As reported, d-tagatose 3-epimerase or 
d-psicose 3-epimerase (DTE/DPE) catalyze the epimeri-
zation reaction between d-fructose and d-psicose [2, 
5, 25]. In our previous work, a metal-independent DPE 
from Ruminococcus sp. was cloned and overexpressed in 
E. coli. It was shown that the DPE from Ruminococcus 
sp. was the most thermostable among all reported DTE/
DPEs. Because of the high stability and activity, this 
DPE was used in large-scale production of d-psicose, 
which was produced at 125 from 500 g/l d-fructose using 
a small amount of DPE (1.2 U/ml) in a short period (3 h) 
[28].

The other key enzyme is ribitol dehydrogenase, which 
converts d-psicose to allitol. In our previous study, Kleb-
siella oxytoca CGMCC7662 was isolated from soil sam-
ples and used for allitol production from d-psicose [4]. The 
rdh gene of this strain was cloned and overexpressed by 
IPTG induction. SDS-PAGE analyses on the extract of E. 
coli harboring the rdh gene showed the presence of a pro-
tein around 26 kDa, which is in agreement with the pre-
dicted molecular mass for the RDH. The recombinant RDH 
was purified by affinity chromatography.

The purified RDH showed reduction activity toward 
d-psicose, and exhibited an optimum activity at 40 °C and 
pH 8.0 (Fig. 2a,b). The thermal stability was investigated 
by exposing the enzyme in Tris–HCl buffer (pH 8.0) to 
temperatures of 40, 45, and 50 °C for different time inter-
vals. RDH was found to be stable at 40 °C, but the stabil-
ity decreased rapidly at higher temperatures (Fig. 2c). The 
half-life of RDH at 40, 45. and 50 °C was 601.8, 88.5, and 
15.7 min, respectively.

Construction of the allitol production pathway in E. coli

To construct the allitol production pathway in E. coli, the 
dpe and rdh gene, which are responsible for epimeriza-
tion between d-fructose and d-psicose and reduction from 
d-psicose to allitol, were transformed into the E. coli BL21 
Star strain. The fdh gene, the product of which maintained 
a continuous NADH supply, was transformed into the 
strain simultaneously and formed the cofactor recycling 
system with the rdh gene. Strain I containing the recombi-
nant plasmids of pET-dpe and pCDF-rdh-fdh was obtained 
and induced the expression of heterologous proteins . SDS-
PAGE analysis showed that the cell lysate of Strain I gave 
three distinct protein bands, corresponding to DPE, RDH, 
and FDH proteins (Fig. 3a, lane 1, 2).
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Cell-free extracts of the recombinant Strain I were used 
for the enzymatic activity analysis, as described in the 
Materials and methods. The activities of DPE, RDH, and 
FDH were 6.0, 75, and 56 U/mg, respectively. As previ-
ously reported, when the epimerization reaction catalyzed 
by DTE/DPEs reaches its equilibrium, the relative con-
tent of d-psicose is no more than 30 % [13]. In the multi-
enzyme coupling pathway, RDH and DPE were coex-
pressed, so that d-psicose was reduced to allitol under the 
role of RDH. Consequently, the reaction equilibrium was 
disrupted and more fructose was converted to d-psicose, 
which increased the utilization efficiency of the substrate.

FDH was added to the multi-enzyme coupling path-
way to form the cofactor recycling system. As previously 
shown, non-growing E. coli cells may lose cofactors due 
to cell permeabilization caused by toxic agents, such as 
organic solvents or excess carbon dioxide [19]. Supple-
mentation with a cofactor to the biotransformation reaction 

system could increase the specific productivity [8, 11, 23]. 
However, most cofactors are very expensive, resulting in 
increased production costs. Hence, the cofactor recycling 
system was constructed for cofactor NADH regeneration 
to ensure the presence of sufficient cofactor for ketohexose 
reduction. In this case, sodium formate was added into the 
reaction mixture together with the substrate, and thus, the 
cost for allitol production was significantly decreased.

Effect of glf overexpression on the conversion

The glf gene that encodes the glucose facilitator protein was 
overexpressed in the study to increase the d-fructose con-
centration in the cell. The plasmid pACYC184M-glf was 
constructed and transformed into Strain I. After induction 
by IPTG, three distinct protein bands of DPE, RDH, and 
FDH were observed in the SDS-PAGE analysis (Fig. 3a, 
lane 3, 4); however, the protein band of GLF, which is a 

Fig. 2  Effect of temperature (a) and pH (b) on RDH activity and 
the thermal stability of the enzyme (c). Mean and standard deviation 
(error bars) were calculated based on triplicate experiments. Symbols 

b square, sodium acetate buffer; diamond sodium phosphate buffer; 
triangle Tris–HCl buffer; circle glycine-NaOH buffer. Symbols c 
square 40 °C; diamond 45 °C; circle 50 °C

Fig. 3  SDS-PAGE analysis 
of the co-expression recom-
binant proteins. a The soluble 
recombinant proteins. M, 
protein marker; lane 1 soluble 
proteins in the supernatant of 
strain I without IPTG; lane 2 
soluble proteins in the super-
natant of Strain I with IPTG; 
lane 3 soluble proteins in the 
supernatant of Strain II without 
IPTG; lane 4, soluble proteins 
in the supernatant of Strain II 
with IPTG. b The membrane 
proteins. M, protein marker; 
lane 1 membrane proteins in 
the precipitate of Strain II; lane 
2, membrane proteins in the 
precipitate of Strain I
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membrane protein, was not observed. Hence, the mem-
brane proteins of Strain I and II were extracted and detected 
by SDS-PAGE. Different from Strain I, there was a unique 
protein band among the membrane proteins of Strain II 
(Fig. 3b). The molecular mass of GLF is ~52.1 kDa, but 
the protein band observed in the SDS-PAGE analysis was 
~40 kDa. As reported, the gel shift is common for mem-
brane proteins and originates from altered detergent bind-
ing [17].

The effect of GLF on the conversion reaction was ana-
lyzed by comparing Strain I and Strain II at the same sub-
strate concentration (Fig. 4). When 100 mM d-fructose 
and 200 mM sodium formate were used as the substrate, 
the yield of allitol produced by Strain I and II after 18 h 
reaction was 10.62 and 16.53 g/l, respectively. This result 
indicated that the yield of allitol was increased due to the 
overexpression of GLF, which could transport more sub-
strate into the cells.

As reported, d-fructose could be phosphorylated and 
then taken up by the phosphoenolpyruvate-dependent 
phosphotransferase (PTS) system in E. coli cells [12]. 
However, phosphorylated fructose cannot be converted 

to d-psicose by DPE [10]. Consequently, the phosphoryl-
ated fructose would be consumed by the cells. Hence, in 
the case of Strain I, the conversion rate of d-fructose was 
only 59 %, and part of the substrate was lost through meta-
bolic consumption. The heterogenous expression of GLF 
from Z. mobilis accelerated the rate of uptake of d-fructose 
in the non-phosphorylated form. Thus, more fructose was 
converted to d-psicose, rather than being consumed by 
the strain. The result indicated that the conversion rate by 
Strain II was increased to 92 % thereby the yield of allitol 
was 1.6-fold higher than that observed using Strain I.

Optimization of biotransformation conditions

In order to maximize the allitol yield, different biotrans-
formation conditions, such as temperature, pH value, and 
cell biomass were optimized using Strain II. To determine 
the effect of temperature on allitol yield, the reaction was 
carried out at various temperatures (25, 30, 35, 40, 45, and 
50 °C), and the relative yields of allitol were calculated. 
As the temperature increased, the yield of allitol increased 
until the temperature reached 40 °C (Fig. 5a). The optimum 

Fig. 4  Comparison of allitol 
production between Strain I 
(a) and Strain II (b). Mean 
and standard deviation (error 
bars) were calculated based on 
triplicate experiments. Symbols 
circle d-fructose; filled circle 
allitol. The initial concentration 
of d-fructose was 100 mM

Fig. 5  Effect of temperature (a), pH (b), and cell biomass (c) on the allitol yield from Strain II. Mean and standard deviation (error bars) were 
calculated based on triplicate experiments. Symbols b circle sodium acetate buffer; square Tris–HCl buffer; triangle glycine−NaOH buffer
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temperatures for DPE [28] and RDH (Fig. 2a) were 60 and 
40 °C, respectively. Moreover, RDH was stable at 40 °C, 
but the stability dramatically decreased with increasing 
temperature. Hence, the stability of RDH was the key fac-
tor of the whole multi-enzyme coupling system. The opti-
mal temperature for allitol production using whole-cell 
biotransformation was 40 °C, which is the same as the opti-
mum temperature for RDH.

To determine the effect of pH on allitol yield, the reac-
tion was carried out at various pH values (4.0, 5.0, 6.0, 
7.0, 8.0, 9.0, and 10.0). The results indicated that the high-
est yield of allitol occurred at pH 7.0 in 50 mM Tris–HCl 
buffer (Fig. 5b). This pH value is lower than the optimum 
pH (pH 8.0) for DPE [28] and RDH (Fig. 2b), which may 
arise from the steady increase in pH due to the level of for-
mic acid in the reaction mixture gradually reducing during 
transformation [9].

For optimization of cell biomass, the resting cells at 
different biomasses (OD600 = 20, 40, 60, and 80) were 
prepared and used for allitol production. As shown in 
Fig. 5c, the allitol yield increased as the cell biomass 
increased from OD600 = 20 to OD600 = 80, and the alli-
tol yield at OD600 = 80 was 2.5-fold that measured at an 
OD600 = 20. However, the rate of increase of the alli-
tol yield did not increase linearly. When the cell biomass 
reached OD600 = 60, the rate of increase dropped. Taking 
into consideration cost factors, we selected a cell biomass 
of OD600 = 60 as the most suitable biomass for allitol 
production.

Allitol production at different substrate concentrations

To determine the effect of substrate concentration on the 
yield of allitol, different initial substrate concentrations 
were used for the biotransformation under the optimal con-
ditions found. The allitol yields at different initial substrate 
concentrations were 16.53, 32.33, 42.04, and 48.63 g/l 
when the concentrations of d-fructose and sodium formate 
were increased from 100–500 to 200–1,000 mM, respec-
tively (Fig. 6). The biotransformation reaction reached 
equilibrium after 9 h at low concentrations of d-fructose 
(100 and 200 mM). However, it took 12 and 15 h to reach 
equilibrium when the concentration of the d-fructose was 
300 and 500 mM, respectively.

Moreover, at low initial substrate concentrations (100 
and 200 mM), almost all d-fructose was converted into 
allitol without any intermediate accumulation, and only a 
small amount of the d-fructose was consumed by the E. coli 
cells. However, at high substrate concentrations (500 mM), 
only half of the d-fructose was converted into allitol and 
the accumulation of d-psicose was observed (Fig. S1). This 
was caused by the stability of RDH, which has a half-life of 
~10 h at 40 °C. The majority of the RDH enzyme had lost 

its activity after a 15 h reaction, thus suspending the con-
version of d-psicose to allitol. Since the epimerization reac-
tion between d-fructose and d-psicose had already reached 
its equilibrium, d-fructose was no longer converted.

Whole-cell biotransformation has several advantages 
over an extracellular enzyme reaction system. (1) The 
reduction reaction from d-psicose to allitol catalyzed by 
RDH requires a cofactor, NADH, which is very expensive 
and restricts the use of the enzyme in industrial processes. 
In the case of allitol production via whole-cell biotransfor-
mation, NADH in E. coli cells was used as a cofactor and 
regenerated by FDH. Only the addition of sodium formate 
was required for the reaction system. However, a small 
amount of NADH was required when allitol was produced 
by an extracellular enzyme coupling transformation [18]. 
(2) The whole-cell biotransformation overcomes the prob-
lems that exist in the extracellular enzyme reaction system, 
such as complex steps of enzyme extraction and difficulty 
in product purification. After the reaction, the allitol was 
isolated from the reaction mixture by centrifugation or fil-
tration and desalination with ion exchange resins. The step 
of removing proteins and cofactors may be omitted. (3) In 
order to further improve the yield of allitol, GLF was coex-
pressed and the presence of GLF in the reaction was sig-
nificant. The maximum yield of allitol produced by whole-
cell biotransformation reached up to 48.62 g/l, which is 
the highest among all reports describing allitol production. 
In contrast, the maximum yield of allitol produced by an 
extracellular enzyme coupling transformation was only 
10 g/l [18].

The allitol produced through whole-cell biotransfor-
mation was purified with a column (2.0 × 100.0 cm) of 

Fig. 6  Effect of the initial d-fructose concentration on the alli-
tol yield from Strain II. Mean and standard deviation (error bars) 
were calculated based on triplicate experiments. Symbols diamond 
100 mM d-fructose and 200 mM sodium formate; square 200 mM 
d-fructose and 400 mM sodium formate; triangle 300 mM d-fruc-
tose and 600 mM sodium formate; circle 500 mM d-fructose and 
1,000 mM sodium formate
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Dowex 50 W-X2 (Ca2+ form) [6]. The purified allitol was 
confirmed by HPLC, 13C NMR analysis, and optical rota-
tion measurements. The HPLC profile showed the retention 
time of the product was indistinguishable from authentic 
allitol. The 13C NMR spectrum of the product was identi-
cal to that of authentic allitol (Fig. S2). The specific optical 
rotation of the product was +0.2 (20 °C, 1.0 % in H2O), 
indicating a lack of optical activity of the product. There-
fore, the product was identified as allitol.

Conclusions

In summary, we constructed a recombinant E. coli Strain 
II for the conversion of d-fructose to allitol. The enzymes 
DPE and RDH were coexpressed to form the multi-enzyme 
coupling pathway for allitol production, and FDH with 
RDH constituted the cofactor recycling system for NADH 
supply. To increase the intracellular concentration of 
d-fructose, the membrane protein GLF was introduced to 
the system, which enhanced the yield of allitol. Through 
optimization of the conditions, the maximum yield of alli-
tol was 48.62 g/l using the whole-cell biotransformation 
system. Based on these results, Strain II shows enormous 
potential for application in the production of allitol.
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