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Abstract L-Ribose is a synthetic L-form monosaccharide. It is
a building block of many novel nucleotide analog anti-viral
drugs. Bio-production of L-ribose relies on a two-step reac-
tion: (i) conversion of L-arabinose to L-ribulose by the catalyt-
ic action of L-arabinose isomerase (L-Al) and (ii) conversion
of L-ribulose to L-ribose by the catalytic action of L-ribose
isomerase (L-RI, EC 5.3.1.B3) or mannose-6-phosphate
isomerase (MPI, EC 5.3.1.8, alternately named as
phosphomannose isomerase). Between the two enzymes,
L-RI is a rare enzyme that was discovered in 1996 by
Professor Izumori’s group, whereas MPI is an essential en-
zyme in metabolic pathways in humans and microorganisms.
Recent studies have focused on their potentials for industrial
production of L-ribose. This review summarizes the applica-
tions of L-RI and MPI for L-ribose production.
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Introduction

Sugar isomerases are important enzymes used in the food in-
dustry, such as xylose isomerase (EC 5.3.1.5) or, namely, glu-
cose isomerase (GI). GI has great importance in the production
of high-fructose corn syrup (HFCS) (Bhosale et al. 1996; Mu
etal. 2015). Besides GI, various enzymes have been extensive-
ly studied—Db-tagatose 3-epimerase (DTE) and D-psicose 3-
epimerase (DPE), which catalyze D-psicose synthesis (Itoh
et al. 1994; Kim et al. 2006); D-mannose isomerase and D-
lyxose isomerase (D-LI), which catalyze b-mannose produc-
tion; D-ribose-5-phosphate isomerase, D-galactose 6-
phosphate isomerase, and L-thamnose isomerase, which cata-
lyze p-allose synthesis (Menavuvu et al. 2006); and L-arabinose
isomerase (L-Al), which catalyzes the synthesis of D-tagatose
and L-ribulose (Kim et al. 2004; Oh 2007; Beerens et al. 2012;
Mu et al. 2015; Xu et al. 2014). Besides these enzymes, L-
ribose isomerase (L-RI) and mannose-6-phosphate isomerase
(MPI), which catalyze the conversion of L-ribulose into L-ri-
bose, were recently discovered (Okano 2009; Hu et al. 2011).
In 1996, the first L-RI, discovered in Acinetobacter sp. strain
DL-28, was purified and characterized (Shimonishi and
Izumori 1996). In 2001, the gene encoding the enzyme was
identified based on the amino acid sequence of the purified
native enzyme (Mizanur et al. 2001). Its sequence showed a
very low similarity to other known proteins. The highest se-
quence identities in GenBank were 18 and 19 % to D-LI from
Escherichia coli strain O157:H7 and Bacillus subtilis strain
168, respectively (Yoshida et al. 2014).

2-Deoxy-L-ribose forms the backbone of many anti-viral
drugs (e.g., telbivudine, a first-line anti-HBV drug), and it
can be chemically synthesized from various monosaccharides
such as L-arabinose (through a five-step reaction) and L-ascor-
bic acid (through an eight-step reaction) (Chong and Chu
2002; Cho et al. 2005). However, the final yields were low,
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making these methods low efficient. Using L-ribose as starting
material, 2-deoxy-L-ribose can be obtained in a high yield of
60 % (Jung and Xu 1997). Therefore, developing the produc-
tion of L-ribose will be beneficial for the production of 2-
deoxy-L-ribose.

L-Ribose could be obtained by isomerization of L-ribulose
using L-RI or MPI; L-ribulose was obtained from L-arabinose
using L-Al as a catalyst or from ribitol using washed cells of
Acetobacter aceti IFO 3281, which yielded a conversion rate of
approximately 98 % (Ahmed et al. 1999). Additionally, ribitol
was obtained through fermentation by Trichosporonoides
oedocephalis or Trichosporonoides megachillensis using D-
glucose as a raw material (Hu et al. 2011; Kawaguchi et al.
2001). However, the yield was low (<30 %) and the cost of
extraction of ribitol from the fermentation broth was high.
Therefore, it was not economical to produce L-ribose by this
process. For the first route, using L-Al, with the addition of
borate, L-ribulose was efficiently obtained in a yield of nearly
75 % (Zhang et al. 2009, 2010a, b, 2011). To the best of our
knowledge, this is the most efficient route ever reported
(Scheme 1). Borate can react with ketose to form L-ribulose-
borate complex, resulting in a shift of chemical equilibrium and
enhanced the final yields (Zhang et al. 2010a, b). Borate was
then eliminated using the method of methanol evaporation
(Englesberg 1961). The obtained L-ribulose was used for step
(ii) of the reaction to produce L-ribose. In step (ii), isomeriza-
tion of L-ribulose into L-ribose by L-RI achieved a chemical
equilibrium of 30:70 (Ahmed et al. 1999). For isomerization
by MPI, the reaction equilibrium was the same to that achieved
by L-RI. Thus, both L-RI and MPI were suitable for step (ii)
bio-conversion reaction.

In eukaryotes and prokaryotes, MPI catalyzes the conversion
of (3-D-mannose-6-phosphate (M6P) to D-fructose-6-phosphate

(F6P) (Jensen and Reeves 1998). In mammalian cells, MPI was
essential for channeling M6P into the glycolytic pathway
(Cleasby et al. 1996). MPI has been classified into three
types—I, II, and III (Jensen and Reeves 1998; Proudfoot et al.
1994; Sigdel et al. 2015). Type I MPIs are zinc-dependent and
homologous mono-functional enzymes, catalyzing a single
isomerization reaction (Sigdel et al. 2015; Collins and Hackett
1991; Miles and Guest 1984). Type Il MPIs are bi-functional and
have limited sequence identity to the type I enzymes, including
phosphomannose isomerase-guanosine diphospho-D-mannose
pyrophosphorylase (PMI-GMP) from Pseudomonas
aeruginosa and Xanthomonas campestris (Jensen and Reeves
1998). Type 1l MPIs catalyze reversible isomerization reactions
but share little identity with sequences of type I and type II en-
zymes; this type includes only one enzyme that derived from
Rhizobium meliloti (Jensen and Reeves 1998; Sigdel et al.
2015). The first crystal structure of MPI was published in
Nature Structural Biology journal (Cleasby et al. 1996) as the
purpose was to design small molecular inhibitors for this en-
zyme. Till 2009, professor Oh’s group reported that MPI from
B. subtilis (BsMPI) was identified to have a broad substrate spec-
ificity including the ability to convert L-ribulose into L-ribose
(Yeom et al. 2009b). Further, developing an “L-ribulose
isomerase” has emerged as the new direction in MPI discovery
and modification.

The hepatitis virus causes numerous deaths worldwide ev-
ery year. Development of anti-HBV and anti-HCV drugs is an
immediate necessity. A highly efficient technique for
manufacturing L-ribose may overcome this problem. To de-
velop a feasible method, enzymatic processing using L-RI and
MPI was essential. This review focused on the latest achieve-
ments in identification of novel MPI and L-RI and discussed
future goals toward L-ribose production using these enzymes.
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Scheme 1 The two bio-synthetic routes for L-ribose. Route 1 used D-
glucose as carbon source to produce ribitol through fermentation by
Trichosporonoides oedocephalis or Trichosporonoides megachillensis.
Ribitol was converted into L-ribulose by washed cells of A. aceti
IFO3281. L-Ribulose was then isomerized into L-ribose by MPI or L-
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RI. Route 2 used L-arabinose as raw material and L-Al to isomerize it
into L-ribulose, which was then converted into L-ribose by L-RI or MPL
L-Ribose and its derivatives are used for the production of many anti-virus
drugs



Appl Microbiol Biotechnol (2016) 100:9003-9011

9005

Table 1  Comparison of the enzymatic properties of various L-RIs
Origins Optimal ~ Optimal StablepH = M.W. of whole Sequence Metal ion References
temp. (°C) pH range enzyme (kDa) identity (%) requirements
Acinetobacter sp. DL-28 30 9.0 7.0-9.0 120 (tetramer) 100 NR Shimonishi and
(native) Izumori 1996
Acinetobacter sp. DL-28 30 9.0 7.0-9.0 Not reported 100 Mn?* Mizanur et al. 2001
(recombinant)
G. obscurus DSM43160  30-40 9.0 7.0-9.0 120.5 (tetramer) 77.5 No Hung et al. 2015
C. parahominis MB426 40 9.0 7.0-9.0 Not reported 75.9 No Morimoto et al. 2013
Actinotalea fermentans 40 8.0 7.5-8.5 Not reported 74.3 No Xuetal. 2016a, 2016b

Comparison of various L-RIs

The reported L-RIs from different origins were summarized in
Table 1. As noted, the optimal temperature of L-RI was in the
range of 3040 °C while the optimal pH was between 7.0 and
9.0. Amino acid sequence analysis revealed a very close iden-
tity among reported L-RIs (the lowest was 74.3 % between L-
RIs from Acinetobacter sp. DL-28 and Actinotalea
fermentans). Analysis of the effects of metal ions revealed that
most L-RIs had no metal requirements because the purified
enzyme already contains metals ions and thus had no require-
ment for exogenous metals ions, except for Acinetobacter sp.
(AsRI), which needs Mn** (Mizanur et al. 2001). Ethylene
diamine tetraacetic acid (EDTA) showed no influences on
the activity of reported L-RI. However, L-RI was reported to
be a metalloprotein since all the reported crystal structures
have metal ions bound in their active sites. In Table 2, kinetic
parameters revealed that L-RI from Cellulomonas
parahominis MB426 (CpRI) showed the highest catalytic ef-
ficiency to form L-ribose. Besides these L-Rls, our group iden-
tified L-RI from A. fermentans. This enzyme showed optimal
temperature and pH of 40 °C and 8.0, respectively, and was
tolerant to EDTA and Cu®* (Xu et al. 2016a, b).

L-RI shows broad substrate specificity. In the case of CpRI,
effective substrates included L-ribose, L-ribulose, D-lyxose, D-
talose, and D-xylulose; the natural substrate was L-ribulose

(Morimoto et al. 2013). In the case of L-RI from
Geodermatophilus obscurus DSM43160 (GoRI), effective
substrates were D-lyxose, L-ribose, L-ribulose, and L-sorbose;
the natural substrate was L-ribose (Hung et al. 2015). In the
case of AsRI, effective substrates were L-ribose and D-lyxose,
while the natural substrate was L-ribose (Mizanur et al. 2001).
The crystal structure of CpRI and AsRI revealed the presence
of Mn** near the catalytic residues (Terami et al. 2015;
Yoshida et al. 2014). It was concluded that L-RI was useful
in metabolic pathways using L-ribose as the sole carbon
source. Isomerization of L-ribose resulted in the formation of
L-ribulose which was then converted to L-ribulose 5-
phosphate by L-ribulokinase, and to D-xylulose 5-phosphate
by L-ribulose-5-phosphate 4-epimerase, and finally incorpo-
rated into the pentose phosphate pathway (Terami et al. 2015).

Stability of L-RI

Stability is one of the most important properties for industrial
enzymes. Among the reported L-RI, GoRI was stable at 40 °C
for 6 h (Hung et al. 2015) and CpRI was stable at 40 °C for 1 h
(Morimoto et al. 2013). When higher than this temperature, it
was expected to dissociate from tetrameric to dimeric or mo-
nomeric form and become inactive (Terami et al. 2015).
However, AsRI was only stable at 30 °C for 10 min

Table2  Comparison of kinetic parameters of reported L-RIs using different substrates

Origins Substrate keae (min 1) K, (mM) ket Ko ! Vinax References
(mM ! minh) (pnmol mg{1 min )
Acinetobacter sp. DL-28 L-Ribose Not reported 44 Not reported 357 Shimonishi and Izumori 1996
Mizanur et al. 2001
G. obscurus DSM43160 L-Ribose 1224 51.6 21.8 39.2 Hung et al. 2015
C. parahominis MB426 L-Ribose 5710 304 188 179 Morimoto et al. 2013
L-Ribulose 6530 15.4 423 204
D-Lyxose 1040 37.1 28.3 32.8
D-Talose 947 37.6 25.1 29.6
D-Xylulose 1090 32.8 333 34.1
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(Shimonishi and Izumori 1996). The Acidaminococcus
fermentans L-R1 (AfRI) has an activity half-life of 7.2 h at
45 °C (Xu et al. 2016a, b). These results implied that stability
of L-RI was still not comparable to those of other available
industrial enzymes such as GI and L-Al. Protein engineering
studies should be carried out in future to improve thermal and
pH stability of L-RI. However, there are no reports on stability
improvement at this point.

Crystal structure of L-RI

Crystal structures of two L-RIs (AsRI and CpRI) have been
revealed (Table 3) (Yoshida et al. 2014; Terami et al. 2015).
The overall folding of L-RI adopted a cupin-type 3-barrel struc-
ture. The catalytic site was between two [3-sheets with a bound
metal ion. A very flexible loop region was located at the gate for
substrate entrance and might involve substrate binding
(Yoshida et al. 2014). In the case of these L-RIs, two dimers
are associated with each other to form a tetramer (Terami et al.
2015). Moreover, the tetrameric structure of CpRI was essential
for its activity and thermal stability (Terami et al. 2015). CpRI
was believed to be related to a novel metabolic pathway using
L-ribose as the sole carbon source, since expression of it in
E. coli IM109 made it possible to grow in medium supplement-
ed with L-ribose as the sole carbon source (Terami et al. 2015).

Catalytic mechanism of L-RI

Aldose-ketose isomerase obeys two catalytic mechanisms—
cis-enediol intermediate mechanism (Davenport et al. 1991)
and hydride-shift mechanism (Whitlow et al. 1991). In a cis-
enediol intermediate mechanism, two acid or base catalysts
transfer a proton from O2 to O1 and a proton from C2 to Cl,
respectively. In a hydride-shift mechanism, one acid or base
catalyst transfers a proton from O2 to O1 followed by a hydride
ion shift between C1 and C2 (van Staalduinen et al. 2010;

Manjasetty and Chance 2006). AsRI obeys the rule of cis-
enediol intermediate mechanism (Fig. 1), and residues E113/
E204 act as acid/base catalysts. Opening of the ring structure of
the substrate was enabled by a water molecule coordinated to
the metal ion. This water molecule forms hydrogen bonds with
O1 and O5 and may help to transfer a proton from O1 to O5
to open the pyranose ring of L-ribose (Yoshida et al. 2014).

Application of L-RI in L-ribose production

The first effective route for L-ribose production was from
ribitol to L-ribulose by washed cells of A. aceti IFO 3281,
and then L-ribulose was converted into L-ribose by L-RI
(Ahmed et al. 1999). However, as an alternative pathway,
L-ribose could be obtained by using L-arabinose as a raw ma-
terial and by the use of another aldose-ketose isomerase,
namely, L-Al. L-Al isomerizes L-arabinose into L-ribulose.
However, the equilibrium ratio for this reaction was 90:10,
demonstrating a poor yield for L-ribulose. Nevertheless, high
yield of L-ribulose could be obtained with the addition of
boric acid in alkaline conditions, as previously reported
(Zhang et al. 2010a, b). Meanwhile, by the use of novel
immobilization technique for L-Al, L-ribulose yield increased
to 62 % (Xu et al. 2016a, b). Hung et al. used L-Al from
Thermoanaerobacterium saccharolyticum strain NTOU1
and recombinant GoRI to produce L-ribose from L-arabinose,
and the highest conversion rate was 15.9 % (Hung et al. 2015).
AsRI was expressed in L-ribulokinase-deficient E. coli
UPI1110 and Lactobacillus plantarum BPT197 strains, and
the resting cells achieved a highest conversion rate of 20 %
from L-arabinose (Helanto et al. 2009). A problem that needed
immediate attention was the separation of L-ribose from the
final reaction solution. Simulated moving bed chromatogra-
phy (SMBC) would be a promising technique as several
successful separations using this approach have been reported,
including purification of D-fructose from high-fructose
corn syrup and amino acid separation (Juza et al. 2000).

Table 3 Released structural

information of L-RI in the PDB Origins PDBID  Description Resolution Sequence References
database A) identity (%)
Acinetobacter sp. 4Q0P AsRI and L-ribose 1.93 100 Yoshida et al. 2014
DL-28 4Q0Q AsRI and L-ribulose 1.93
4Q0S AsRI and L-ribitol 1.93
4Q0U E204Q mutant and 1.98
L-ribose
4Q0V E204Q mutant and 1.98
L-ribulose
Cellulomonas 3WW3 apo 1.90 75.9 Terami et al. 2015
parahominis 3IWWI1 CpRI and L-ribose 1.95
3Ww4 CpRI and L-allose 1.95
3IWW2 CpRI and L-psicose 2.00
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Fig. 1 Catalytic mechanism of isomerization from L-ribulose to L-ribose
by L-RI

Comparison of different MPI

Till now, MPI isolated from eight origins have been reported
including those from Homo sapiens (Proudfoot et al. 1994),
Thermus thermophilus (Yeom et al. 2011b), Thermotoga
neapolitana (Shin et al. 2013), Bacillus subtilis (Yeom et al.
2009b), Candida albicans (Proudfoot et al. 1994),
Saccharomyces cerevisiae (Wells et al. 1993), Salmonella
typhimurium (Sagurthi et al. 2009), Geobacillus
thermodenitrificans (Yeom et al. 2009a), and Bacillus
amyloliquefaciens (Sigdel et al. 2015). Among these, three
origins were reported to be able to produce L-ribose, including
T thermophilus, G. thermodenitrificans, and B. subtilis. The
reported MPIs were compared, and their properties are sum-
marized in Table 4. Sequence similarities among these MPI

were rather low. Interestingly, as shown in GenBank, several
MPIs were reported to exist in the same bacteria (B. subtilis
str. 168) as isoenzymes (Table S1). One should notice that the
keae Values of MPI were much higher than those of L-RI.

Site-directed mutagenesis of MPI

Among the reported MPI, the one from G. thermodenitrificans
(GtMPI) and T thermophilus (TtMPI) were subjected to site-
directed mutagenesis. The essential residues affecting enzyme
activity were summarized in Table 5. The mutant R142N of
TtMPI showed better catalytic properties than the wild-type
enzyme (Yeom et al. 2011a, b). In the case of TtMPI, four
residues (H50, E67, H122, and E132) were responsible for
metal ion binding, and their alanine mutants lost activities.
The other five residues (R11, K37, Q48, K65, and R142) were
responsible for substrate binding. The aromatic ring of residue
W13 was essential for enzyme activity. Residues W17, N90,
and L129 were important for the activity of GtMPL. Among
these mutants, the triple-site mutant W17Q/N90A/L129F
showed the highest k., and catalytic efficiency (112,098 s
and 1120 s' mM !, respectively) (Lim et al. 2012). The
BsMPI (GenBank accession no. AF324506) was mutated into
an “L-ribose isomerase” (lost original activity for mannose-6-

Table 4 Comparison of enzymatic properties and kinetic parameters of reported MPI

Origins Optimal Optimal Kt koae Kin 2 Kb Foat Ko ™® References
temperature pH (mM) (ml\/F1 sfl) (mM) (ml\/r1 sh

G. thermodenitrificans 70 °C 7.0 NR NR 149/470° 158/61°¢ Yeom et al. 2009a;
Lim et al. 2012

G. thermodenitrificans” mutant 70 °C 7.0 NR NR 100 1120 Lim et al. 2012

T. thermophilus 80 °CY/75°C* 7.0 0.21 6685 136 374 Yeom et al. 2011a

T. thermophilus® mutant NR NR NR NR 140 579 Yeom et al. 2011b

B. subtilis 40 °C 7.5 29 770 849/998°  43.5/17.6° Yeom et al. 2009b

B. subtilis mutant” NR NR 0 0 569° 45.9° Yeom et al. 2013

B. amyloliquefaciens 70 °C 7.5 7.6 13,900 NR NR Sigdel et al. 2015

Homo sapiens 37°C 8.0 0.25 337 NR NR Proudfoot et al. 1994

Candida albicans 37°C 8.5 1.24 774 NR NR Proudfoot et al. 1994

Saccharomyces cerevisiae 37°C 8.0 0.65 1206 NR NR Wells et al. 1993

Salmonella typhimurium 37°C 8.5 1.34 435 NR NR Collins and Hackett 1991
Sagurthi et al. 2009

E. coli NR NR NR NR NR NR Miles and Guest 1984

NR not reported

 The substrate was mannose-6-phosphate
° The substrate was L-ribulose

¢ The substrate was L-ribose

9 Mutant W17Q/N9OA/L129F

¢ Mutant R142N

"Mutant R192N
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Table 5 Site directed mutants of

reported MPI Origins Mutants Enzyme keat kot Ko ! References
activity s mM s
(U/mg)
T. thermophilus WT 1493 50,644 374 Yeom et al.
2011a
R142N 2152 81,063 579 Yeom et al.
2011b
G. thermodenitrificans ~ WT NR 23,546 158 Lim et al. 2012
L129F NR 55,123 227
N90A/L129F NR 85,715 965
WI17Q/N90A/L129F NR 112,098 1120

The substrate for kinetic parameters determination was L-ribulose

phosphate) by site-directed mutagenesis of R192A. Moreover,
its counterpart R192N showed 3.5-fold enhanced activity for
formation of L-ribose (Yeom et al. 2013).

Stability of MPI

GtMPI showed half-lives of 338, 73,27, 17, and 6 h at 60, 65,
70, 75, and 80 °C, respectively (Yeom et al. 2009a). The
GtMPI mutants L129F, N90A/L129F, and W17Q/N90A/
L129F were stable at 60-65 °C for 12 h and retained 13, 26,
and 32 % of activity at 80 °C, respectively (Lim et al. 2012).
This implied that such mutations enhanced thermostability of
the enzyme. Thermostability of the immobilized E. coli whole
cell expressing GtAl and GtMPI was also evaluated, and half-
lives at 55, 60, 65, and 70 °C were 50, 36, 29, and 13 h,
respectively. The immobilized cells expressing GtAl and
GtMPI mutant (W17Q/N90A/L129F) showed 4-29-fold en-
hanced thermostability at 55-70 °C (Kim et al. 2014).

Crystal structure of MPI

MPI is essential for the biosynthesis of fungal cell wall.
Absence of MPI activity in yeasts caused cell lysis; thus, this
enzyme is a potential target for inhibition of fungal infection
and might be used as anti-fungal drug. The first studied struc-
ture of MPI was of the one derived from C. albicans (Cleasby
et al. 1996). Crystal structures of MPI from six origins (ten
structures in total) have been deposited into the PDB database
(Table 6). Among them, two origins, namely Salmonella
typhimurium and Pyrobaculum aerophilum, included both
apo and holo structures. The 1.8-A crystal structure of
BsMPI was released in the PDB database (accession no.
1IQWR, doi 10.2210/pdblqwr/pdb) as part of the structural
genomics initiative, and no corresponding paper was pub-
lished. One should notice that this BsMPI was not the one
reported by Yeom et al., whose GenBank accession number
was AF324506 (2009b; 2013). Similar to BsMPI, no related

@ Springer

paper was published for MPI from Archaeoglobus fulgidus
and Helicobacter pylori. The structure of 1. thermophilus
was modeled using the crystal structure of BsMPI as template.
It was observed that four residues H50, E67, H122, and E132
were metal-binding residues and five residues R11, K37, Q48,
K65, and R142 were substrate-binding residues. Moreover,
W13 might be related to the function of sealing off the active
site (Yoem 2011a).

Catalytic mechanism of MPI

The catalytic mechanism of MPI was believed to be the cis-
enediol mechanism (Sagurthi et al. 2009). Type I MPI from
C. albicans, as well as the one from P. aerophilum, was iden-
tified to obey the cis-enediol mechanism according to the apo
and holo crystal structures (Cleasby et al. 1996; Swan et al.
2004). Arginine 304 was proved to be the active site residue of
MPI from C. albicans (Wells et al. 1994), while its function
was further confirmed by crystal structure (Cleasby et al.
1996). The enzyme activity of MPI from S. cerevisiae was
zinc-dependent. It was also reported to be inhibited by zinc
ion (Wells et al. 1993).

Applications of MPI in L-ribose production

An enzymatic process was reported using purified L-Al and
MPI enzymes (both derived from G. thermodenitrificans) to
produce L-ribose. Using 500 g/L L-arabinose as substrate and
8 U/mL L-AI and 20 U/mL MPI (AI/MPI ratio, 1:2.5) as
biocatalysts, this method achieved a whole conversion yield
0f 23.6 % and a volumetric productivity of 39.3 g/L-h (Yeom
2009¢). Using 300 g/L L-ribulose as substrate and 2 mg/mL
enzyme, the wild-type TtMPI resulted in a conversion rate
of 70 % and a volumetric productivity of 71 g/L h™' in 3 h.
Under similar conditions, its mutant R142N showed higher
volumetric productivity of 107 g/L h™' (Yeom et al. 2011b).
By using alginate-immobilized E. coli whole cell
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Table 6 Released structural
information of MPI in PDB Origins PDB Description Resolution  Sequence References
database ID A) identity (%)
Salmonella 2WFP  St-MPI-EDO 1.67 100 Gowda et al.
typhimurium 3HIY  St-MPI-F6P-Zn** 2.04 2008
3HIW  St-MPI-Zn**-Y** 1.94 Sagurthi et al.
3HIM  StMPI-Zn** 25 2009
Candida albicans 1PMI apo 1.7 27.0 Tolley et al.
1994
Cleasby et al.
1996
Archaeoglobus 1ZX5 apo 23 14.7 Not published
Sulgidus
Bacillus subtilis IQWR  apo 1.8 15.2 Not published
Helicobacter 2QHS apo 2.3 9.6 Not published
pylori
Pyrobaculum 1TZB apo 1.16 14.4 Swan et al.
aerophilum 1TZC Pa-MPI-5- 1.45 2004
phosphoarabinonate

co-expressing L-Al and MPI, it was feasible to obtain 99 g/L
L-ribose in a conversion yield of 33 % (w/w) and productivity
of 33 g/L h™' using 300 g/L L-arabinose as substrate, whereas
immobilized cells contained 13 U/mL L-Al and 50 U/mL MPI
mutant (W17Q/N90A/L129F) (Kim et al. 2014).

Problems and further goals

The current problem for the production of L-RI was lacking
enzyme source. In GenBank, bacteria from only five origins
contain proteins being annotated as L-ribose isomerase. This
implied that L-RI was rarely found in microorganisms. To
screen more L-RI-producing microorganisms, studies should
be focused on bacteria with an ability to utilize L-ribose as the
sole carbon source. Currently available L-RI showed problems
such as lower k., value than that of MPI, as well as poor
thermal stability. L-ribulose was reported to be unstable in
alkaline or thermal conditions (De Muynck et al. 20006).
However, the optimal pH of L-RI reaction was alkaline from
7.0 to 9.0, which is harmful to substrate. Directed evolution
and site-directed mutation should be carried out to improve
these properties. Moreover, feasible methods should be
established including usage of novel materials for enzyme or
cell immobilization. Until now, no site-directed mutation was
available for L-RI. Further attempts need to be done on L-RI
modification to enhance its stability, to fulfill the industrial
requirements. One problem of MPI might be the high reaction
temperature, 70-75 °C for GtMPI and TtMPI. This might
cause degradation of L-ribulose during reaction. It is hard to
modify current MPI by rational design due to the lack of
structural information. Crystal structures of the potential in-
dustrial candidates of MPI need to be revealed.
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