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Abstract
Functional sugars have attracted attention because of their wide application prospects in the food, cosmetics, and pharmaceutical
industries in recent decades. Compared with complex chemical synthesis, enzymatic methods of creating functional sugars,
characterized by high specificity, moderate reaction conditions, and sustainability, are favored. D-lyxose isomerase (D-LI, EC
5.3.1.15), an important aldose-ketose isomerase, catalyzes the reverse isomerization reaction between D-xylulose and D-lyxose,
as well as D-fructose and D-mannose. D-LI has drawn researchers’ attention due to its broad substrate specificity and high
potential for enzymatic production of some functional sugars such as D-xylulose, D-mannose, and D-ribose. In this article, an
overview of recent advances in the biochemical properties of various D-LIs is explored in detail. Structural analysis, active site
identification, and catalytic mechanisms are also provided. Additionally, the applications of D-LIs for functional sugar produc-
tion, including D-lyxose, D-mannose, and L-ribose, are reviewed in detail in this paper.
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Introduction

Currently, the incidence of chronic diseases such as diabetes,
obesity, hyperlipidemia, and hypertension has increased rap-
idly throughout the world. These diseases are generally
caused by the over intake of high sugar and high-fat foods.
As a result, functional sugars with unique physiological ben-
efits have attracted more public attention (Zhang et al.
2017b). These functional sugars can be chemically synthe-
sized, but chemical synthesis methods usually have some
drawbacks, including strict reaction conditions, complicated
purification steps, chemical waste, and application safety
issues (Bicas et al. 2010). Hence, the enzymatic conversion
of functional sugars is preferred, because these methods can
be more moderate, efficient, and sustainable. Prof. Izumori

established a novel and complete strategy to synthesize rare
sugars. Based on the Izumoring strategy, all the monosac-
charides can be linked by enzymatic epimerization, isomer-
ization, and oxidization-reduction, using ketose 3-epimer-
ases, aldose isomerases, polyol dehydrogenases, and aldose
reductase. In the past two decades, most studies on the pro-
duction of rare sugars were based on this classical strategy
(Izumori 2006).

D-lyxose isomerase (D-LI, EC 5.3.1.15) is an important
aldose-ketose isomerase which can catalyze the reverse isom-
erization reaction between D-xylulose and D-lyxose, as well
as D-fructose and D-mannose. Similar to L-rhamnose isomer-
ase (EC 5.3.1.14) and L-ribose isomerase (EC 5.3.1.B3), D-
LIs display broad substrate specificity for many functional
aldoses and ketoses (Fig. 1) and have attracted much atten-
tion from researchers. As reported previously, D-LI plays an
important role in the microbial catabolism of D-lyxose and L-
ribose. First, D-lyxose and L-ribose are converted to D-
xylulose and L-ribulose, respectively. After that, through ca-
talysis of D-xylulokinase (EC 2.7.1.17) and L-ribulokinase
(EC 2.7.1.16), D-xylulose and L-ribulose are transformed to
D-xylulose 5-phosphate and L-ribulose 5-phosphate, which
are common intermediates of the pentose phosphate pathway
(Cho et al. 2007).

Because of their wide substrate specificity, D-LIs have
been utilized for the production of functional sugars, such

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s00253-018-8746-6) contains supplementary
material, which is available to authorized users.

* Wanmeng Mu
wmmu@jiangnan.edu.cn

1 State Key Laboratory of Food Science and Technology, Jiangnan
University, Wuxi, Jiangsu 214122, China

2 Synergetic Innovation Center of Food Safety and Nutrition, Jiangnan
University, Wuxi 214122, China

Applied Microbiology and Biotechnology (2018) 102:2051–2062
https://doi.org/10.1007/s00253-018-8746-6

http://crossmark.crossref.org/dialog/?doi=10.1007/s00253-018-8746-6&domain=pdf
https://doi.org/10.1007/s00253-018-8746-6
mailto:wmmu@jiangnan.edu.cn


as D-lyxose, D-mannose, and some other L-form rare sugars
like L-ribose and L-gulose. All these sugars have physio-
logical functions. D-lyxose is a rare pentose, which is
found in bacterial glycolipids, and is not usually utilized
by microorganisms. It is often used as a precursor for
immunostimulatory α-galactosylceramide and anti-tumor
agents, a treatment for some murine cancers (Morita et al.
1996). D-Mannose is a natural hexose and the aldose iso-
mer of D-fructose. It shows many health benefits, such as
anti-diabetic function (Vuksan et al. 1999), prebiotic, and
anti-inflammatory effects (Korneeva et al. 2012), and it is a
treatment for phosphomannose isomerase deficiency (De
and Seta 2009). In addition, D-mannose is an important
precursor for the synthesis of D-mannitol (Mishra and
Hwang 2013), vitamins (Chen et al. 2007), and anti-
tumor and immunostimulatory agents (Zhang et al.
2017a). Because of the wide potential applications in phar-
maceutical industry, L-sugars have also attracted much at-
tention. L-ribose, the enantiomer of D-ribose, is commonly
known as an intermediate of many L-nucleoside-based
pharmaceutical compounds (Okano 2009).

Although D-LIs exhibit potential for functional sugar pro-
duction, until now, there have been few reviews about D-LIs
available. In this review, we focus on the recent advances in
the biochemical properties and structural studies of D-LIs. In
addition, the production of some functional sugars by D-LIs is
also described in this review article.

Properties of various D-LIs

Novel enzyme sources

Several D-LIs have been isolated and characterized from
different microorganisms. In 1965, the first characterized
D-LI from Aerobacter aerogenes PRL-R3 was reported,
which catalyzed the isomerization of D-lyxose and D-man-
nose and showed the best substrate specificity for D-lyxose
(Anderson and Allison 1965). Thirty years later, the second
D-LI was determined, which was isolated from Cohnella
laevoribosii RI-39 (Cho et al. 2007). Recently, research on
D-LI has been accelerated, and D-LIs have been identified
and characterized from Providencia stuartii KCTC 2568
(Kwon et al. 2010), Serratia proteamaculans KCTC 2936
(Park et al. 2010b), Escherichia coli O157:H7 (Van et al.
2010), Bacillus subtilis strain 168 (Marles-Wright and
Lewis 2011), Bacillus licheniformis DSM13 (Patel et al.
2011), Dictyoglomus turgidum DSM 6724 (Choi et al.
2012), and Thermosediminibacter oceani DSM 16646
(Yu et al. 2016). The isomerization capacities of different
D-LIs are influenced by the microbial source and reaction
conditions, such as pH, operation temperature, and metal
ion cofactors. A summary of the enzymatic properties of
the aforementioned D-LIs is shown in Table 1.

Fig. 1 A schematic diagram of
aldose-ketose isomerization
catalyzed by D-LIs. The pink
boxed structures indicate the
preferred hydroxyl configurations
of C-2, C-3, and C-4. The activity
orders are exhibited from the top
to bottom in the figure
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Amino acid sequence comparison

Based on the identity comparison (Table S1), the D-LIs can
be divided into two groups, namely group 1 and group 2.
Group 1 contains C. laevoribosii D-LI (GenBank accession
no. ABI93960.1, 182 aa), P. stuartii D-LI (EDU58657, 183
aa), B. licheniformis D-LI (AAU22106.1, 167 aa), B.
subtilis D-LI (AIY91703, 167 aa), D. turgidum D-LI
(YP_002352606.1 , 181 aa) , and T. oceani D-LI
(ADL08607.1, 181 aa); their molecular weights are very
similar, and they share 51.8 to 76.7% amino acid identity
with each other. Group 2 contains S. proteamaculans D-LI
(BAJ07463.1, 228 aa) and E. coli D-LI (Q8X5Q7, 227 aa);
their molecular weights are much higher than all the D-LIs
in group 1, and their amino acid identity is 71.4%. Despite
the D-LIs share relatively high amino acid identity within
each group, group 1 and group 2 exhibited very low amino
acid identity with each other (20.6 to 29.1%). The phylo-
genetic tree of D-LIs confirmed these differences by spe-
cies relationships as well (Fig. S1). Multiple amino acid
sequences from various D-LIs were also aligned (Fig. 2)
based on the structure of E. coli D-LI bounding with D-

fructose; the active sites were identified (Van et al. 2010).
Although the two groups share relatively low identity, the
active site residues are strictly conserved among all these
D-LIs, especially the residues related to metal coordination
and substrate binding.

Effect of pH

Most of the reported D-LIs show optimal activity under weak-
ly alkaline conditions of pH 7.5–8.0, including P. stuartii D-LI
(Kwon et al. 2010), S. proteamaculans D-LI (Park et al.
2010b), E. coli D-LI (Van et al. 2010), B. licheniformis D-LI
(Patel et al. 2011), and D. turgidum D-LI (Choi et al. 2012).
Only C. laevoribosii D-LI and T. oceani D-LI had maximum
activity levels at the slightly acidic conditions of pH 6.5 (Cho
et al. 2007; Yu et al. 2016). Generally, acidic pH conditions are
preferred in the industrial production of functional sugars
(Bhosale et al. 1996; Lee et al. 2012) because non-
enzymatic reactions of carbohydrates are inhibited in acidic
conditions. Alkaline pH can accelerate non-enzymatic brow-
ning reactions, whereas the browning effect and unwanted by-
products are reduced and suppressed in weakly acidic

Fig. 2 Alignment of the amino acid sequences of various D-LIs. Residues
related to substrate binding sites (black circle), and those involved in both
the metal coordination and substrate binding sites (black triangle),
according to the complex structure of E. coli D-LI bound to D-fructose
(PDB no. 3MPB). The GenBank accession no. of D-LIs are as follows:C.
laevoribosii D-LI (ABI93960.1), P. stuartii D-LI (EDU58657), S.

proteamaculans D-LI (BAJ07463.1), E. coli D-LI (Q8X5Q7), B.
licheniformis D-LI (AAU22106.1), B. subtilis D-LI (AIY91703), D.
turgidum D-LI (YP_002352606.1), and T. oceani D-LI (ADL08607.1).
The amino acid sequence of the A. aerogenes D-LI was not available
from the NCBI GenBank. The alignment was carried out using the
ESPript 3.0 service (http://espript.ibcp.fr/ESPript/ESPript/)
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conditions (Friedman 1996; Shen and Wu 2010). Currently,
many researchers are focusing on the screening, identification,
and molecular modification of sugar isomerases with slightly
acidic optimum pH, such as L-arabinose isomerases (EC
5.3.1.4) (Chen et al. 2015), D-glucose isomerases ((EC
5.3.1.5) (Bhosale et al. 1996), and D-psicose 3-epimerase
(EC 5.3.1.15) (Zhang et al. 2015).

Effect of temperature

High operating temperatures are often needed for the indus-
trial production of rare sugars because they can offer several
advantages for the conversion of monosaccharides, such as
fast reaction velocities, high substrate and product solubility,
low viscosity, small risk of contamination, resistance to
chemical denaturation, and shifting the equilibrium ratio to-
wards endothermic reactions. When reaction temperature is
high, the Maillard reaction occurred, which has merits such as
excellent gel strength, emulsifying stability, foaming proper-
ties, and antioxidant activities. However, when temperature is
too high, the Maillard reactions will be accelerated and may
bring browning effects and other unwanted compounds. So,
the proper temperature for industrial sugar production is 60–
70 °C in order to control Maillard reaction (Mozhaev 1993;
Xu et al. 2014). The optimal temperature for D-LI isomeriza-
tion varies from 40 to 75 °C (Table 1). Among all the reported
D-LIs, the thermostable D. turgidum D-LI showed the highest
optimum temperature of 75 °C (Choi et al. 2012), whereas S.
proteamaculans D-LI exhibited the lowest optimum tempera-
ture of 40 °C (Park et al. 2010b).

Thermostability is one crucial property related to the in-
dustrial application of D-LIs. Enzymes from P. stuartii, S.
proteamaculans, and B. licheniformis exhibited relatively
high thermostability at low temperatures, with half-lives
(t1/2) of 36, 84, and 140 h at 30 °C, respectively. However,
at slightly higher temperatures, their thermostability drastical-
ly decreased, showing t1/2 values of 1.4, 0.09, and 7 h at
50 °C, respectively (Kwon et al. 2010; Park et al. 2010b;
Patel et al. 2011). D. turgidum D-LI showed relatively high
thermostability, with t1/2 values of 9.1, 4.1, 2.9, and 1.8 h at
60 to 75 °C (Choi et al. 2012). For T. oceani D-LI, the t1/2
values were 12.7 and 7.8 h at 70 and 75 °C, respectively (Yu
et al. 2016). It is interesting that the optimum temperature of
T. oceani D-LI (65 °C) was lower than that of D. turgidum D-
LI (75 °C), whereas its thermostability was much better at
higher temperatures. The T. oceani D-LI displayed optimal
activity and relatively high thermostability in acidic condi-
tions (pH 6.5), suggesting that it has good potential in indus-
trial applications. Patel et al. compared the amino acid content
of different D-LIs and proposed that the higher stability of D-
LI might be related to the high content of charged residues
(Lys, Arg, Glu, and Asp) (Kumar et al. 2000) and low content
of Asn and Gln residues (Patel et al. 2011).

Effect of metal ions

Based on the crystal structure, metal ions play a critical role in
the catalytic mechanisms of D-LIs. Recent research character-
izing various D-LIs has provided more evidence about the
importance of metal ions. Different metal ions have various
effects on the enzyme activity of D-LIs. In general, the pres-
ence of Mn2+ or Co2+ activates the D-LIs and enhances their
catalytic efficiency several times to ten times. A. aerogenes D-
LI and C. laevoribosii D-LI were identified as metal-
dependent enzymes. For almost all the reported D-LIs, Mn2+

is considered to be the optimum metal ion for A. aerogenes D-
LI (Anderson and Allison 1965), C. laevoribosii D-LI (Cho
et al. 2007), P. stuartii D-LI (Kwon et al. 2010), S.
proteamaculans D-LI (Park et al. 2010b), E. coli D-LI (Van
et al. 2010), B. licheniformis D-LI (Patel et al. 2011), and T.
oceani D-LI (Yu et al. 2016). Only for D. turgidum D-LI, the
optimum metal ion is Co2+ (Choi et al. 2012). Interestingly,
the presence of Co2+ can drastically inhibit the isomerization
activity of C. laevoribosii D-LI and P. stuartii D-LI. The cata-
lytic activities of many sugar enzymes, such as L-arabinose
isomerase (Xu et al. 2014), ketose 3-epimerase (Zhang et al.
2016), L-rhamnose isomerase (Xu et al. 2016a), and D-glucose
isomerase (Bock et al. 1983), are influenced by divalent cat-
ions, especially Mn2+ and Co2+. In addition, metal ions are
related to the stability of some other sugar enzymes. For ex-
ample, the thermostability and structural stability of D-psicose
3-epimerase and L-rhamnose isomerase are improved by the
addition of metal ions (Chen et al. 2017; Zhang et al. 2013).

Substrate specificity and kinetic parameters

The kinetic parameters of D-LIs are another important factor
for industrial application. The kinetic parameters of the
abovementioned D-LIs are compared in Table 2. With D-
lyxose as the substrate, A. aerogenes D-LI exhibited the lowest
Km value (3.6 mmol L−1), whereas P. stuartii D-LI exhibited
the highest Km value (47.0 mmol L−1). With D-xylulose as the
substrate, S. proteamaculans D-LI exhibited the lowest Km

value (3.8 mmol L−1), whereas P. stuartii D-LI also exhibited
the highest Km value (38.0 mmol L−1). In addition, B.
licheniformis D-LI showed the highest specific activity for D-
lyxose (54.0 U mg−1), which was much higher than other
reported D-LIs.E. coli D-LI showed the lowest specific activity
for D-lyxose (5.8 U mg−1). Additionally, the equilibrium ratio
between D-xylulose and D-lyxose was compared. The equilib-
rium ratio for A. aerogenes D-LI and D. turgidum D-LI was
nearly 20:80, whereas the highest equilibrium ratio for C.
laevoribosii D-LI was nearly 65:35.

Similar to L-rhamnose isomerase and L-ribose isomerase
(Xu et al. 2016a, b), D-LIs also displayed broad substrate
specificity for many aldoses and ketoses. The substrate spec-
ificity of various D-LIs is compared in Table 3. Among the

Appl Microbiol Biotechnol (2018) 102:2051–2062 2055



aldose substrates, the optimum substrate for D-LIs was D-
lyxose followed by D-mannose. For all characterized D-LIs,
the substrate specificity for ketoses was higher than the corre-
sponding aldoses. No activity was detected with aldose phos-
phates as the substrate (Choi et al. 2012). According to previ-
ous studies and summarized in Fig. 1, D-LIs displayed very
high substrate specificity for aldoses with the C-2 and C-3
hydroxyl groups oriented in the left-hand configuration and
the C-4 hydroxyl group oriented in the right-hand configura-
tion (Fischer projections (D-lyxose, D-mannose and L-
gulose)). When the hydroxyl groups of C-2, C-3, and C-4
were oriented in the left-hand configuration, D-LIs showed
relatively high substrate specificity for the aldoses L-ribose,
D-talose, and D-allose. If the C-2, C-3, and C-4 hydroxyl
groups were oriented in the right-hand configuration, the sub-
strate specificity for these aldoses (D-ribose, D-allose and L-
talose) was low. Finally, D-LIs exhibited very little or nearly
null activity for the aldoses L-mannose and L-lyxose, which
have the C-2 and C-3 hydroxyl groups oriented in the right-
hand configuration and the C-4 hydroxyl group oriented in the
left-hand configuration (Kwon et al. 2010; Van et al. 2010).
Among all the D-LIs, B. licheniformis D-LI displayed the
highest specific activities for several substrates, such as D-
lyxose (54.0 U mg−1), D-mannose (41.0 U mg−1), D-xylulose
(78.0 U mg−1), and L-ribulose (12.0 U mg−1), indicating that
B. licheniformis D-LI might be very suitable for the production
of these functional sugars (Choi et al. 2012).

Crystal structure and catalytic mechanism

Overall structures

To date, only two crystal structures of D-lyxose isomerase
have been solved and released, including D-LI from E. coli
O157:H7 (Protein Data Bank, PDB no. 3KMH) and D-LI
from B. subtilis strain 168 (PDB no. 2Y0O; Marles-Wright
and Lewis 2011; Van et al. 2010). Both E. coli D-LI and B.
subtilis D-LI assemble into a dimeric structure in the asym-
metric unit. E. coli D-LI belongs to the cupin protein super-
family, and its overall structure is the typical cupin β-barrel
fold, with a 20-residue α-helix and three shorter α-helices at
the N-terminus. The helices are followed by the cupin do-
main, which consists of two anti-parallel β-sheets. Both the
metal ion-binding site and substrate-binding site are located
in a deep hydrophobic pocket formed by the β-barrels. The
buried dimerization interface accounts for 14.3% of the total
solvent-accessible area of E. coli D-LI. The two subunits are
intimately connected by the disulfide bond formed by two
Cys86, one from each peptide chain. In addition, the dimer-
ization is further facilitated by the extensive hydrogen-
bonding network, which includes 20 hydrogen bonds and
15 intermolecular salt bridges (Van et al. 2010). AlthoughTa
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the amino acid identity between B. subtilis D-LI and E. coli
D-LI is low (24%), their structures are very similar. Their
monomer structures are shown superimposed in Fig. 3. B.
subtilis D-LI also forms a cupin β-barrel structure. Two α-
helices are located at the N-terminus, and two anti-parallel β-
sheets follow the α-helices to form the cupin domain. The
active pocket is also located in a domain between these β-
sheets. B. subtilis D-LI forms a dimeric structure, and the
interface is composed of the first β-sheet and a loop region
between the α-helices at the N-terminus. The interface is
stabilized by 8 salt bridges and 16 hydrogen bonds between
subunits, which accounts for 13% of the overall accessible
surface (Marles-Wright and Lewis 2011).

Metal coordination sites

In the crystal structure of E. coli D-LI, the metal coordination
sites are located in the deep hydrophobic pocket formed by the
β-barrel. The manganese ions (Mn2+) are being coordinated
by two water molecules and four residues (H103, H105,
H171, and E110), which are completely conserved across all
D-LIs. Interestingly, because the pocket in the cupin domain is
too deep, the metal binding affinity of the protein is tight, and
EDTA treatment fails to chelate the metal ions (Van et al.
2010). For B. subtilis D-LI, there are two metal ions in the
active sites, including zinc (Zn2+) and arsenic (As3+) ions.
Similar to E. coli D-LI, the primary binding ion (Zn2+) of B.
subtilis D-LI is also coordinated by two water molecules and
four strictly conserved residues (H69, H71, H137, and E82).
However, the coordination for this metal site appears to be
suboptimal for zinc (Van et al. 2010), and the metal binding
site might be configured optimally for manganese (Harding
2006). From the amino acid sequence alignment (Fig. 2), these

three histidines and one glutamic acid residue, which are re-
lated to metal binding sites, are strictly conserved among all
the reported D-LIs.

Substrate binding sites

Only the structure of the E. coli D-LI complex with D-fructose
bound has been solved (PDB no. 3MPB). The complex struc-
ture of E. coli D-LI is quite similar to the apo structure overall.
From the structure complexed with D-fructose, the substrate D-
fructose is bound by K90, K108, E110, E186, D193, and
N197 by hydrogen bond interactions, as well as by the Mn2+

ion. In the well-ordered molecule B, R205, located in the loop
between residues L203 and L208, was also found to interact
with the O-4 positions of D-fructose by hydrogen bonding
(Van et al. 2010).

Van et al. also performed alanine-scanning mutagenesis
around potential key residues in the active site, including
K90, K108, E110, E186, D193, N197, and R205. The muta-
tion E110A, which is involved in both metal coordination and
substrate binding, results in a sharp decrease in enzyme activ-
ity. Additionally, the mutations of K108A, E186A, and
D193A led to a complete loss of catalytic activity. Residue
K108 is related with O-2 of D-fructose, whereas residue E186
might improve the chemical characteristics of the active pock-
et and enhance the stabilization with K108. Although residues
D193 and K90 form interactions with hydroxyl groups not
involved in isomerization, they play a key role in the optimal
orientation of the substrate. Based on the structures, residue
R205 was related to substrate specificity. Interestingly, the
R205A mutation only shows catalytic activity towards D-
lyxose (Van et al. 2010). As displayed in Fig. 2, all these
residues involved in D-fructose binding were strictly con-
served among all the reported D-LIs. Only residue N917,
which forms interactions with the O-2 of D-fructose by hydro-
gen bonding, was not conserved. The mutation analysis cor-
responds with the sequence alignment results.

Catalytic mechanism

Based on the crystal structure and mutation results for the key
residues in the active site of E. coli D-LI, Van et al. proposed a
cis-enediolate-based mechanism. The natural form of mono-
saccharides in solution is the closed ring form (Swenson and
Barker 1971). The histidine residue (H103), which might not
only coordinate the metal ions but could also be positioned
near the O-5 of the D-fructose and available for hydrogen
bonding, is supposed to be used as an acid catalyst for ring
opening. Once the ring is opened, another metal binding res-
idue, E110, immediately abstracts the proton, and a cis-
enediol intermediate is formed. The cis-enediol intermediate
is not very stable, so isomerization occurs. The subsequent
stabilization is facilitated by the positively charged residue

Fig. 3 Superimposition of the monomer of E. coli D-LI (cyan) and B.
subtilis D-LI (green). The PDB structures of E. coli D-LI and B. subtilis
D-LI are no. 3MPB and no. 2Y0O, respectively. The subunit
superimposition was performed in PyMol
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K108. During the isomerization process, R205 located in the
loop region can form interactions with the hydroxyl group of
C-4, which might block solvent entry and close the active
pocket. After the isomerization process, the loop changes to
the open conformation, allowing the product to be released
and a new substrate molecule to bind (Van et al. 2010).

Recently, molecular modification technologies, including
site-directed mutagenesis, random mutagenesis, high-
throughput screening (HTS), and directed evolution, have de-
veloped quickly and have been extensively used to improve
the catalytic activity, thermostability, substrate specificity, and
pH optimum of enzymes. Some sugar enzyme variants with
desirable properties have already been obtained, such as D-
glucose isomerase (Hartley et al. 2000), L-arabinose isomerase
(Lee et al. 2012), and D-psicose 3-epimerase (Bosshart et al.
2013, 2015). Although the crystal structures and catalytic
mechanism of D-LI have been solved, there is still no similar
application for D-LI. Performing the molecular modification
on these enzymes in the future is urgently needed.

Bioproduction of functional sugars by D-LIs

Production of D-lyxose

D-lyxose is usually regarded as the precursor for
immunostimulatory α-galactosylceramide and anti-tumor
agents, which can be used for treating some murine cancers
(Morita et al. 1996; Yasushi Takagi et al. 1996). Until now,
several D-LIs have been used for large-scale D-lyxose produc-
tion from D-xylulose. Using 500 g L−1

D-xylulose as the sub-
strate, P. stuartii D-LI can produce 288 g L−1 D-lyxose in 2 h,
at pH 7.5 and 45 °C, with a conversion yield of 58% and a
volumetric productivity of 144 g L−1 h−1 (Kwon et al. 2010).
For S. proteamaculans D-LI, 35% (w/v) D-lyxose can be ob-
tained from 50% (w/v) D-xylulose in 3 h, at pH 7.5 and 35 °C,
with a conversion yield of 70% and a productivity of
117 g L−1 h−1 (Park et al. 2010b). After reaction optimization,
D. turgidum D-LI could yield 380 g L−1

D-lyxose from
500 g L−1

D-xylulose in 2 h, at pH 7.5 and 70 °C, with a
conversion yield of 76% and the highest productivity of
190 g L−1 h−1. The reaction temperature can influence the
equilibrium ratio ofD. turgidum D-LI, and the reaction shifted
to the production of D-xylulose with an increase in tempera-
ture (Choi et al. 2012). Due to the broad substrate specificity
of mannose-6-phosphate isomerase, this enzyme can also con-
vert D-xylulose to D-lyxose (Yeom et al. 2009). Ahmed et al.
also reported the production of D-lyxose from D-glucose by a
three-step reaction combination. First, D-glucose is catalyzed
to D-arabitol, and then D-arabitol is almost completely convert-
ed to D-xylulose by two different microorganisms. Finally, D-
xylulose is isomerized to D-lyxose by L-ribose isomerase
(Ahmed et al. 1999).

Production of D-mannose

D-mannose is not only the epimer of D-glucose at C-2 position
but also the aldose isomer of D-fructose (Hu et al. 2016). It has
great economic and application value in food, cosmetics, and
pharmaceutical industries. D-mannose is most commonly pro-
duced from D-fructose by D-mannose isomerase, with an ap-
proximately conversion yield of 35%. Recently, due to the
wide substrate specificity, some D-LIs have also been used
for D-mannose product ion. By using purif ied S .
proteamaculans D-LI, 10% (w/v) D-mannose was produced
from 50% (w/v) D-fructose in 5 h, at pH 7.5 and 35 °C, with
a conversion yield of 20% and a productivity of 20 g L−1 h−1

(Park et al. 2010b). Using 600 g/L D-fructose as the substrate,
150 g/L D-mannose was obtained by free P. stuartii D-LI in 2 h
at pH 7.5 and 35 °C. After immobilization on Duolite A568
beads, the immobilized P. stuartii D-LI in 300 g/L D-fructose
yielded 75 g L−1 h−1 D-mannose with a conversion yield of
25% after 23 cycles (Park et al. 2010a). From 400 g/L D-
fructose, the thermostable T. oceani D-LI produced 101.6 g/
L D-mannose at pH 6.5 and 60 °C with a conversion yield of
25.4% (Yu et al. 2016). Patel et al. proposed the two-step
approach for D-mannose production from D-glucose by cou-
pling D-glucose isomerase and D-LI (Patel et al. 2011). It has
also been reported that the cellobiose 2-epimerase from
Caldicellulosiruptor saccharolyticus catalyzed the
epimerization of D-glucose to D-mannose directly. Using
500 g L−1 D-glucose as the substrate, it produced approximate-
ly 47.5 g L−1

D-fructose and 75 g L−1
D-mannose. The overall

conversion yield of D-mannose from D-glucose reached 15%,
and the equilibrium ratio of D-glucose, D-fructose, and D-man-
nose catalyzed byC. saccharolyticus 2-CEwas approximately
75.5:9.5:15 (Park et al. 2011).

Production of L-ribose

L-ribose, a rare sugar, is the enantiomer of D-ribose. It is often
used as a key intermediate for the synthesis of many L-nucle-
oside-based anti-viral drugs against human immunodeficiency
virus, cytomegalovirus, and hepatitis virus (Okano 2009). As
a result, enzymatic production for L-ribose is urgently needed.
L-ribose can be synthesized from L-ribulose by L-ribose isom-
erase or mannose-6-phosphate isomerase, but L-ribulose is
also very scarce and expensive (Xu et al. 2016b). Usually, L-
ribose production is carried out in a two-step reaction from L-
arabinose by L-arabinose isomerase and mannose-6-
phosphate isomerase (Kim et al. 2014). Recently, Patel et al.
reported the two-step isomerization process for L-ribose pro-
duction using L-arabinose isomerase and D-lyxose isomerase.
First, L-arabinose was transformed to L-ribulose as an inter-
mediate by L-arabinose isomerase from Shigella flexneri.
Then, L-ribulose was converted to L-ribose by C. laevoribosii
D-LI. The overall conversion yield of L-ribose from L-
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arabinose was 25%, and the equilibrium ratio of L-arabinose,
L-ribulose and L-ribose reached 1.6:5.9:2.5 (Patel et al. 2017).
M. Helanto et al. introduced an L-ribose isomerase into L-
ribulokinase-deficient mutants of E. coli and L. plantarum
and used these mutants for the production of L-ribose from
L-arabinose. The initial L-ribose production rates at 39 °C and
pH 8 were 0.46 g g−1 h−1 (1.84 g L−1 h−1) and 0.27 g g−1 h−1

(1.91 g L−1 h−1) for E. coli and for L. plantarum, respectively.
Conversions of L-arabinose to L-ribose were 19.7 and 20% for
E. coli and for L. plantarum, and their initial L-ribose produc-
tion rates at 39 °C and pH 8 were 0.46 g g−1 h−1

(1.84 g L−1 h−1) and 0.27 g g−1 h−1 (1.91 g L−1 h−1), respec-
tively (Helanto et al. 2009). The whole cell reaction has more
advantages than the enzymatic production of sugars because it
can simplify the purification process and improve assembly
efficiency (Johnston et al. 2000), and it may also reduce the
harm of external environmental factors and render the enzyme
more stable (Ishige et al. 2005). It may also be possible to
reach even higher yields using whole cells since the reaction
takes place in the cytoplasm and the products can be
transported into the medium (Helanto et al. 2009). Borate
can form more stable complexes with ketoses than aldoses,
so borate supplementation might shift the conversion rate to-
wards production, a strategy that has already been used for the
production of D-tagatose, D-allulose, and L-ribulose (Kim et al.
2008; Lim et al. 2007; Xu et al. 2016a). In addition, the de-
velopment of simulated moving bed (SMB) chromatography
improved the separation between different isomers, which
might be applied to industrial production of rare sugars
(Long et al. 2009; Wagner et al. 2015).
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