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The uncharacterized gene previously proposed as a mannose-6-phosphate isomerase from Bacillus subtilis
was cloned and expressed in Escherichia coli. The maximal activity of the recombinant enzyme was observed at
pH 7.5 and 40°C in the presence of 0.5 mM Co>*. The isomerization activity was specific for aldose substrates
possessing hydroxyl groups oriented in the same direction at the C-2 and C-3 positions, such as the p and L
forms of ribose, lyxose, talose, mannose, and allose. The enzyme exhibited the highest activity for L-ribulose
among all pentoses and hexoses. Thus, L-ribose, as a potential starting material for many L-nucleoside-based
pharmaceutical compounds, was produced at 213 g/liter from 300-g/liter L-ribulose by mannose-6-phosphate
isomerase at 40°C for 3 h, with a conversion yield of 71% and a volumetric productivity of 71 g liter™" h™".

L-Ribose is a potential starting material for the synthesis of
many L-nucleoside-based pharmaceutical compounds, and it is
not abundant in nature (5, 19). L-Ribose has been produced
mainly by chemical synthesis from L-arabinose, L-xylose, D-
glucose, D-galactose, D-ribose, or D-mannono-1,4-lactone (2,
17, 23). Biological L-ribose manufacture has been investigated
using ribitol or L-ribulose. Recently, L-ribose was produced
from ribitol by a recombinant Escherichia coli containing an
NAD-dependent mannitol-1-dehydrogenase (MDH) with a
55% conversion yield when 100 g/liter ribitol was used in a 72-h
fermentation (18). However, the volumetric productivity of
L-ribose in the fermentation is 28-fold lower than that of the
chemical method synthesized from L-arabinose (8). L-Ribulose
has been biochemically converted from L-ribose using an L-
ribose isomerase from an Acinetobacter sp. (9), an L-arabinose
isomerase mutant from Escherichia coli (4), a D-xylose isomer-
ase mutant from Actinoplanes missouriensis (14), and a D-lyxose
isomerase from Cohnella laeviribosi (3), indicating that L-ribose
can be produced from L-ribulose by these enzymes. However,
the enzymatic production of L-ribulose is slow, and the enzy-
matic production of L-ribose from L-ribulose has been not
reported.

Sugar phosphate isomerases, such as ribose-5-phosphate
isomerase, glucose-6-phosphate isomerase, and galactose-6-
phosphate isomerase, work as general aldose-ketose isomer-
ases and are useful tools for producing rare sugars, because
they convert the substrate sugar phosphates and the substrate
sugars without phosphate to have a similar configuration (11,
12, 21, 22). L.-Ribose isomerase from an Acinetobacter sp. (9)
and D-lyxose isomerase from C. laeviribosi (3) had activity with
L-ribose, D-lyxose, and D-mannose. Thus, we can apply man-
nose-6-phosphate (EC 5.3.1.8) isomerase to the production of
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L-ribose, because there are no sugar phosphate isomerases
relating to L-ribose and p-lyxose. The production of the expen-
sive sugar L-ribose (bulk price, $1,000/kg) from the rare sugar
L-ribulose by mannose-6-phosphate isomerase may prove to be
a valuable industrial process, because we have produced L-
ribulose from the cheap sugar L-arabinose (bulk price, $50/kg)
using the L-arabinose isomerase from Geobacillus thermodeni-
trificans (20) (Fig. 1).

In this study, the gene encoding mannose-6-phosphate
isomerase from Bacillus subtilis was cloned and expressed in E.
coli. The substrate specificity of the recombinant enzyme for
various aldoses and ketoses was investigated, and L-ribulose
exhibited the highest activity among all pentoses and hexoses.
Therefore, mannose-6-phosphate isomerase was applied to the
production of L-ribose from L-ribulose.

MATERIALS AND METHODS

1 i

Microorg: P medium, and culture conditions. B. subtilis ATCC
23857, E. coli ER2566, and plasmid pET-28a(+) (Novagen, Darmstadt, Ger-
many) were used as the sources of genomic DNA of mannose-6-phosphate
isomerase, as host cells, and as the expression vector, respectively. The recom-
binant E. coli cells for the expression of the enzyme were cultivated in 500 ml of
Luria-Bertani medium in a 2,000-ml flask containing 20 pg/ml of kanamycin at
37°C with shaking at 250 rpm. When the optical density of bacteria reached 0.6
at 600 nm, isopropyl-B-p-thiogalactopyranoside was added to a final concentra-
tion of 0.1 mM to induce mannose-6-phosphate isomerase expression, and the
culture was incubated with shaking at 150 rpm at 16°C for 16 h.

Gene cloning. The gene (945 bp) encoding mannose-6-phosphate isomerase
was obtained using the genomic DNA isolated from B. subtilis ATCC 23857. The
sequence of the primers used for gene cloning was based on the DNA sequence
of the mannose-6-phosphate isomerase from B. subtilis HB002 (GenBank acces-
sion number AF324506). Forward (5-TTTCATATGACGCATCCTTTATT) and
reverse (S-TTTCTCGAGTTAAGGATGAGATATCA) primers were designed
to introduce the underlined Ndel and Xhol restriction sites. The amplified DNA
fragment obtained by PCR was cloned into the pPGEM-T Easy vector (Promega,
Madison, WI). The Ndel-Xhol fragment from T vector containing the gene
encoding mannose-6-phosphate isomerase was subcloned into the same sites of
pET-28a(+) and transformed into E. coli ER2566.

Purification of p ase. The washed recombinant
cells were resuspended in 50 mM phosphate buffer containing 300 mM NacCl, 10
mM imidazole, and 0.1 mM phenylmethylsulfonyl fluoride as a protease inhibi-
tor. The resuspended cells were disrupted by ultrasonication (Fisher Scientific,
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FIG. 1. Schematic representation for the production of L-ribulose from L-arabinose by G. thermodenitrificans L-arabinose isomerase and the
production of L-ribose from L-ribulose by B. subtilis mannose-6-phosphate isomerase.

Pittsburgh, PA). The cell debris was removed by centrifugation at 13,000 X g for
20 min at 4°C, and the supernatant was filtered through a 0.45-um filter. The
filtrate was applied to a HisTrap HP chromatography column (Amersham Bio-
sciences, Uppsala, Sweden) equilibrated with the phosphate buffer. The column
was washed extensively with the same buffer, and the bound protein was eluted
with a linear gradient from 10 to 250 mM imidazole at a flow rate of 1 ml/min.
The active fractions were collected and dialyzed against 50 mM N-(2-hyroxyethyl)-
piperazine-N'-(3-propanesulfonic acid) (EPPS) buffer (pH 7.5). After dialysis,
the resulting solution was used as the purified enzyme. The purification step
using the column was carried out in a cold room at 4°C with a fast protein liquid
chromatography system (Bio-Rad Laboratories, Hercules, CA).

Molecular mass determination. The subunit molecular mass of mannose-6-
phosphate isomerase was examined by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis. To determine the molecular mass of the native enzyme,
purified enzyme was applied to a Sephacryl S-300 HR 16/60 gel filtration chro-
matograph (Amersham Biosciences) and eluted with 50 mM Tris-HCI (pH 7.5)
buffer containing 150 mM NaCl at a flow rate of 1 ml/min. The column was
calibrated with aldolase (158 kDa), albumin (67 kDa), chymotrypsinogen A (25
kDa), and RNase (13.7 kDa) as reference proteins (Amersham Biosciences).

Enzyme assay. Mannose-6-phosphate isomerase was used without EDTA
treatment. Unless otherwise stated, the reaction was performed at 40°C in 50
mM EPPS buffer (pH 7.5) containing 10 mM L-ribose, 1.5 U/ml of enzyme, and
0.5 mM Co?* for 20 min. One unit of mannose-6-phosphate isomerase activity
was defined as the amount of enzyme required to produce 1 nmol of L-ribulose
per min at 40°C and pH 7.5. The specific activity was defined as the increased
amount of aldose or ketose as a product per the enzyme amount per the reaction
time.

Effects of pH and temperature on enzyme activity. To examine the effects of
pH and temperature on the activity of mannose-6-phosphate isomerase, the pH
was varied between 6.5 and 8.5 using 50 mM piperazine-N,N'-bis(2-ethanesul-
fonic acid) (PIPES) buffer (pH 6.5 to 7.5) and 50 mM EPPS buffer (pH 7.5 to
8.5), and the temperature was varied from 20 to 50°C. The experimental enzyme
deactivation data were fitted to a first-order curve, and the half-life of the enzyme
was calculated using SigmaPlot 10.0 software (Systat Software, San Jose, CA).
The influence of temperature on enzyme stability was monitored at temperatures
from 25 to 50°C at pH 7.5.

Analytical methods. The metal ion-treated enzyme of 12 mg/ml was prepared
by adding 0.5 mM Co>* or Zn?" to the purified enzyme, followed by overnight
dialysis at 4°C against distilled water. The concentrations of Co>* and Zn>" for
the enzymes were analyzed by inductively coupled plasma mass spectrometry
(Elan 6100; Perkin Elmer, Norwalk, CT). The concentrations of monosaccha-
rides were determined by a Bio-LC system (Dionex ICS-3000, Sunnylvale, CA)
with an electrochemical detector using a CarboPac PA I column. The column
was eluted at 30°C with 200 mM sodium hydroxide at a flow rate of 1 ml/min. The
concentrations of mannose-6-phosphate were determined by the same system.
The column was eluted at 30°C with an Na-acetate gradient of 75 mM NaOH and
75 mM NaOH-500 mM Na-acetate. The gradient was increased to 100 mM
between 0 to 35 min, to 150 mM between 35 and 38 min, to 350 mM between 38
and 65 min, and then to 500 mM for 75 min (7). The flow rate was 1 ml/min.

RESULTS AND DISCUSSION

Amino acid sequence alignment of B. subtilis mannose-6-
phosphate isomerase. A search using the active-site motif
(LSVQVHPDD) of mannose-6-phosphate isomerase from B.
subtilis ATCC 23857 was performed, and the enzyme exhibited
59, 57, 54, 55, 56, 25.5, and 27.5% amino acid sequence simi-

larities to proposed mannose-6-phosphate isomerases from B.
amyloliquefaciens, B. halodurans, Geobacillus kaustophilus,
Paenibacillus sp. strain JDR-2, Listeria monocytogenes, Ther-
motoga maritima, and Thermus thermophilus, respectively.

Previously cloned L-ribose-converting enzymes, such as
the L-ribose isomerase from Acinetobacter sp. (9), L-arabi-
nose isomerase mutant from E. coli (4), D-xylose isomerase
mutants from A. missouriensis (14), and D-lyxose isomerase
from C. laeviribosi (3) exhibit no extensive homology with
mannose-6-phosphate isomerase, which is genetically differ-
ent from other L-ribose-converting enzymes.

Molecular mass determination. The mannose-6-phosphate
isomerase was purified with a final purification of 27-fold, a
yield of 33%, and a specific activity of 22.5 U/mg. The subunit
molecular mass of the purified mannose-6-phosphate isomer-
ase by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis was approximately 36.5 kDa (data not shown), which
was consistent with the calculated value of 36,444 Da based on
the 315 amino acid residues and 6 histidine residues. The
molecular masses of other proposed mannose-6-phosphate
isomerases from B. halodurans, Candida albicans, Salmonella
enterica, Homo sapiens, and Thermus thermophilus were 35,521,
48,867, 42,591, 46,656, and 28,102 Da, respectively. The mo-
lecular mass of the native enzyme was estimated using a
Sephacryl S-300 HR 16/60 gel filtration chromatograph to be
36.6 kDa as a monomer (data not shown).

Effects of metal ions, pH, and temperature. Typically, phos-
phate sugar isomerases are metal independent (11, 12), but
mannose-6-phosphate isomerases are metalloenzymes that re-
quire a divalent ion metal cofactor, like a zinc ion, for activity
and catalysis (6, 13, 16). The effect of metal ions on enzyme
activity was investigated. The purified enzyme showed 54%
activity relative to that of Ba®", whereas the enzyme after the
removal of metal ions by treatment with EDTA displayed no
activity (Fig. 2A). Among the metal ions tested, Co** was the
most effective metal ion for L-ribose isomerization by B. subtilis
mannose-6-phosphate isomerase, and its optimal concentra-
tion was 0.5 mM (data not shown). The affinity of Co*", Mn**,
Mg>*, or Zn** for a specific sugar, such as L-ribose, D-lyxose,
or D-talose, was investigated (Fig. 2B). The results showed that
the order of isomerization activity for the metal ions tested was
the same regardless of the kind of sugar, and that the isomer-
ization activity was highest in the presence of Co®" among the
sugars tested. Thus, all subsequent experiments were per-
formed in the presence of 0.5 mM Co?™ as a cofactor.

Inductively coupled plasma mass spectrometry analysis dem-
onstrated that the concentration of Zn** (9,280 parts per bil-
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FIG. 2. (A) Effect of metal ions on the activity of B. subtilis man-
nose-6-phosphate isomerase. The reactions were performed in 50 mM
EPPS buffer (pH 7.5) containing 10 mM L-ribose, 1.5 U/ml of enzyme,
and 0.5 mM of each metal ion at 40°C for 20 min. (B) Effect of metal
ions on activity of B. subtilis mannose-6-phosphate isomerase with
different substrates. The reactions were performed in 50 mM EPPS
buffer (pH 7.5) containing 10 mM sugar such as L-ribose, D-lyxose, or
D-talose, 1.5 U/ml of enzyme, and 0.5 mM metal ion such as Co®* (mm),
Mn?* (00), Mg>* (B, or Zn*" ([J) at 40°C for 20 min. Data represent
the means from three experiments, and error bars represent standard
deviations. Data represent the means from three separate experiments.

lion [ppb]) in the purified enzyme (12 mg/ml) was 232-fold
higher than that of Co** (40 ppb). The metal ions were not
removed by dialysis, suggesting that they were tightly bound to
the enzyme. After 0.5 mM Zn?>* or Co*" was added to the
enzyme and followed by dialysis, the concentration of Zn?>* or
Co** in the metal ion-treated enzyme (12 mg/ml) was in-
creased to 51,440 or 17,870 ppb, respectively. The increased
concentration of Zn*" (42,160 ppb) in the Zn*"-treated en-
zyme was 2.4-fold higher than that of Co** (17,830 ppb) in the
Co*"-treated enzyme. These data indicated that Zn** is an
effective metal ion for mannose-6-phosphate isomerase, and
that Co** also can be bound to the enzyme. Although B.
subtilis mannose-6-phosphate isomerase typically contained a
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zinc ion, the enzyme had the highest activity in the presence of
Co?*. Similar results for the highest activity in the presence of
Co*™ also were reported for the mannose-6-phosphate isomer-
ases from Xanthomonas campestris and P. aeruginosa (10, 15).

The effects of pH and temperature on enzyme activity were
investigated, and maximum activity was observed at pH 7.5 and
40°C. Mannose-6-phosphate isomerase displayed first-order ki-
netics for thermal inactivation, and the half-lives of the enzyme
at 25, 30, 35, 40, 45, and 50°C were 461, 325, 236, 111, 56, and
10 h, respectively. Since the thermal stability of this enzyme is
not particularly good, the use of mannose-6-phosphate isomer-
ases from thermophilic organisms such as G. kaustophilus,
Thermotoga maritima, and Thermus thermophilus may be more
effective for industrial applications.

Substrate specificity of B. subtilis mannose-6-phosphate
isomerase. The specific activity of B. subtilis mannose-6-phos-
phate isomerase was investigated with all pentoses and hex-
oses. Among the aldose substrates, the specific activity was the
highest for L-ribose, followed by p-lyxose, D-talose, D-mannose,
L-allose, D-ribose, L-talose, D-allose, L-lyxose, and L-mannose
(Table 1). Among the ketose substrates, the highest specific
activity was observed with L-ribulose, followed by D-xylulose,
D-ribulose, L-xylulose, D-tagatose, D-fructose, L-psicose, L-fruc-
tose, D-psicose, and L-tagatose. These results suggested that
mannose-6-phosphate isomerase was a potential L-ribose pro-
ducer.

The aldose substrates with hydroxyl groups oriented in the
same direction at C-2 and C-3 were converted reversibly by the
enzyme to the corresponding ketoses. The enzyme preferred

TABLE 1. Specific activity and equilibrium ratio of B. subtilis
mannose 6-phosphate isomerase for monosaccharides®

Sp act” (nmol Equilibrium ratio®

Substrate Product min~! mg™!) (aldose:ketose, %)
Aldose
L-Ribose L-Ribulose 225 0.1 71:29
D-Lyxose D-Xylulose 16515 60:40
D-Talose D-Tagatose 10.1 =04 9:91
D-Mannose D-Fructose 5.5 £0.51 76:24
L-Allose L-Psicose 4.7 = 0.20 76:24
D-Ribose D-Ribulose 1.1 £0.04 85:15
L-Talose L-Tagatose 0.47 = 0.09 10:90
D-Allose D-Psicose 0.21 £ 0.00 82:18
L-Lyxose L-Xylulose 0.16 = 0.00 75:25
L-Mannose L-Fructose 0.09 = 0.00 83:17
Ketose

L-Ribulose L-Ribose 91.8 3.2 29:71
D-Xylulose D-Lyxose 659 0.9 40:60
D-Ribulose D-Ribose 8.4 = 0.28 15:85
L-Xylulose L-Lyxose 43 *0.20 25:75
D-Tagatose D-Talose 2.4 +0.02 91:9
D-Fructose D-Mannose 2.1 £0.02 24:76
L-Psicose L-Allose 2.0 = 0.06 24:76
L-Fructose L-Mannose 0.53 £ 0.00 17:83
D-Psicose D-Allose 0.09 = 0.00 18:82
L-Tagatose L-Talose 0.08 = 0.00 90:10

“ Data represent the means and standard deviations from three separate ex-
periments.

® The reactions were performed in 50 mM EPPS buffer (pH 7.5) containing 10
mM sugar and 0.5 mM Co>" at 40°C for 20 min by adjusting the enzyme amount
(1.0 to 10 U/ml).

¢ The reactions were performed in 50 mM EPPS buffer (pH 7.5) containing 1
mM sugars, 120 U/ml of enzyme, and 0.5 mM Co?* at 35°C for 72 to 144 h.
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FIG. 3. Schematic representation of aldose-ketose isomerization reactions catalyzed by B. subtilis mannose-6-phosphate isomerase. The boxed
structure indicates the hydroxyl configurations at C-2 and C-3 of the sugars.

aldose substrates with the C-2 and C-3 hydroxyl groups in the
left-hand configuration (Fischer projections), such as L-ribose,
D-lyxose, D-talose, b-mannose, and L-allose, compared to those
with right-hand hydroxyl groups, such as p-ribose, L-talose,
p-allose, L-lyxose, and L-mannose (Fig. 3). The specific activity
of L-ribose isomerase from an Acinetobacter sp. followed the
order L-ribose > D-lyxose > D-mannose, whereas the specific
activity of D-lyxose isomerase from C. laeviribosi followed the
order D-lyxose > D-mannose > L-ribose (3, 9). No activity was
found from the two enzymes for p-talose, L-allose, D-ribose,
L-talose, D-allose, L-lyxose, and L-mannose, demonstrating the
different substrate specificities of the B. subtilis mannose-6-
phosphate isomerase.

The orders of turnover numbers (k.,,) and catalytic efficien-
cies (k.,/K,,) for B. subtilis mannose-6-phosphate isomerase
with aldoses were the same as the order of specific activity
(Table 2). L-Ribose displayed the highest k., /K,, among the
aldoses tested. The Michaelis-Menten constant (K,,) for L-
ribulose (849 mM) was about 1.2-fold lower than that for
L-ribose. The kg, (3,694 s™') using L-ribulose was about 2.1-
fold higher than that using L-ribose. As a result, the k., /K,,
(43.5 mM~ ' s7!) for L-ribulose was 2.5-fold higher than that
(17.6 mM~* s71) for L-ribose. This enzyme displayed k_,/K,,
values for L-ribose that were significantly higher (88 X 10°- and

TABLE 2. Kinetic parameters of B. subtilis mannose 6-phosphate
isomerase for aldoses”

Substrate K, (mM) kear 571 (mlf\jf’l/ ]K;’LI)
L-Ribose 998 + 44 17,595 + 670 17.6 = 1.0
D-Lyxose 433 £ 3 7,089 = 78 16.4 = 0.1
D-Talose 469 + 31 3,969 = 150 6.8 0.5
D-Mannose 946 + 7 3,748 + 240 3.5+02
L-Allose 312+ 14 920 + 41 29+0.2
D-Ribose 110 = 1 72+1 0.6 = 0.01

“ Data represent the means and standard deviations from three separate ex-
periments. The reactions were performed in 50 mM EPPS buffer (pH 7.5)
containing various amounts of sugar (50 to 1,500 mM) and 0.5 mM Co?" at 40°C
for 20 min.

3.4 X 10°-fold) than those of the D-lyxose isomerase from C.
laeviribosi and the D-xylose isomerase mutant from A. missou-
riensis, respectively (3, 14). Thus, B. subtilis mannose-6-phos-
phate isomerase has the highest k,,/K,,, for L-ribose among the
L-ribose-converting enzymes reported to date, suggesting that
the enzyme is an L-ribose producer.

The K, k.., and k., /K,, of the enzyme for mannose-6-
phosphate were 29 mM, 22,730 s~ !, and 770 mM ' s~!, re-
spectively, and were 34-fold lower, 1.3-fold greater, and 44-fold
greater than those for L-ribose, indicating that the enzyme is a
true mannose-6-phosphate isomerase, and that mannose-6-
phosphate is an authentic substrate for the enzyme.

Equilibrium ratio. The enzyme reactions were performed in
50 mM EPPS buffer (pH 7.5) with 1 mM total sugars of aldose
and/or ketose with five initial ratios, 0:100, 25:75, 50:50, 75:25,
and 100:0, in the presence of 0.5 mM Co®" using a high
enzyme concentration (120 U ml~ ") with stable temperature
control (35°C) under extended reaction times (144 h). The
extended reaction time was longer than the half-life of the en-
zyme at 40°C (111 h) but shorter than the half-life of the enzyme
at 35°C (236 h). Thus, a reaction temperature of 35°C resulted
in attaining the equilibrium ratio between the aldose and ke-
tose under stable conditions. The reactions were performed
with L-ribose, D-lyxose, and D-talose for 72 h, with p-mannose,
L-allose, and D-ribose for 96 h, and with L-talose, p-allose,
L-lyxose, and L-mannose for 144 h. Equilibrium ratios between
sugars (except that between talose and tagatose) shifted to-
ward the aldoses (Table 1). The equilibrium ratio between
L-ribose and L-ribulose was 71:29, which was essentially the
same as that obtained (70:30) by L-ribose isomerase from an
Acinetobacter sp. (1).

Production of L-ribose. L-Ribose production was tested at
enzyme concentrations ranging from 1 to 30 U/ml of enzyme
with 300 g/liter L-ribulose as the substrate for 3 h (Fig. 4A).
Below 25 U/ml of enzyme, L-ribose production (or conversion
yield) increased with increasing amounts of enzyme, whereas it
reached a plateau at concentrations above 25 U/ml of enzyme.
Thus, the enzyme concentration for effective L-ribose produc-
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FIG. 4. (A) Effect of enzyme activity on the production and con-
version yield of L-ribose by B. subtilis mannose-6-phosphate isomerase.
The reactions were performed in 50 mM EPPS buffer (pH 7.5) con-
taining 300 g/liter L-ribulose and 0.5 mM Co?* at 40°C for 3 h. (B) Ef-
fect of substrate concentration on production (@) and conversion yield
(M) of L-ribose by B. subtilis mannose-6-phosphate isomerase. The
reactions were performed in 50 mM EPPS buffer (pH 7.5) containing
25 U/ml of enzyme and 0.5 mM Co** at 40°C for 3 h.

tion was determined to be 25 U/ml of enzyme. The production
and conversion yield of L-ribose were assessed using various
L-ribulose concentrations from 15 to 300 g/liter after 3 h (Fig.
4B). Increases in the L-ribulose concentration led to propor-
tional increases in L-ribose production, while the yield of L-
ribose from L-ribulose was almost constant at 70 to 71% re-
gardless of the L-ribulose concentration.

We performed time-course reactions of L-ribose production
by B. subtilis mannose-6-phospate isomerase under the condi-
tions of 40°C, pH 7.5, 300 g/liter L-ribulose, 0.5 mM Co**, and
25 U/ml of enzyme (Fig. 5). As a result, L-ribose at 213 g/liter
was obtained from 300 g/liter L-ribulose after 3 h, with a con-
version yield of 71% and a volumetric productivity of 71 g
liter—* h™*. The chemical method using molybdic acid resulted
in a 23% conversion yield from L-arabinose and 20 g liter !
h™! volumetric productivity (8). L-Ribose at 52 g/liter was
produced from 100 g/liter ribitol by a recombinant E. coli

Time (h)

FIG. 5. Time course of L-ribose production (O) from 300 g/liter
L-ribulose (@) by B. subtilis mannose-6-phospate isomerase. Data rep-
resent the means from three separate experiments. The reactions were
performed in 50 mM EPPS buffer (pH 7.5) containing 300 g/liter
L-ribulose, 25 U/ml of enzyme, and 0.5 mM Co** at 40°C.

containing an MDH for 72 h, corresponding to a volumetric
productivity of 0.72 g liter™* h~' (18). This is the highest
reported volumetric productivity and production in biological
L-ribose manufacture. The volumetric productivity and pro-
duction of L-ribose with B. subtilis mannose-6-phosphate were
98- and 4-fold higher, respectively, than the values attained
previously with the recombinant E. coli. The enzymatic pro-
duction of L-ribose described in the present study represents a
remarkable improvement in terms of the volumetric produc-
tivity, product concentration, and ease of purification com-
pared to those of fermentation and chemical methods.

The equilibrium ratio between L-arabinose and L-ribulose is
reported to be 80:20 (20), and that between L-ribulose and
L-ribose is 30:70 (1). The conversion yield of L-ribose from
L-arabinose via a two-step bioconversion, obtained by making
a simple calculation using these equilibrium ratios, was 14%.
The theoretical conversion yield is expected to be higher than
the simple calculated conversion yield due to the draw-through
effect of the second reaction in the two-step bioconversion.
The theoretical conversion yield is calculated by the continu-
ous iteration of the two equilibriums between L-arabinose and
L-ribulose and between L-ribulose and L-ribose until the ratios
of L-arabinose, L-ribulose, and L-ribose are constant. As a re-
sult, the final equilibrium ratios of L-arabinose, L-ribulose, and
L-ribose equal 54:14:32. Thus, the overall conversion efficiency
of L-ribose from L-arabinose by the two-step bioconversion
using L-arabinose isomerase and mannose-6-phospate isomer-
ase was estimated to be 32%.

Since mannose-6-phosphate isomerase exhibited the highest
activity for L-ribulose among all pentoses and hexoses, the
unprecedented volumetric productivity and production of L-
ribose (71 g liter ™! h™!' and 213 gfliter, respectively) using
L-ribulose were obtained. The enzymatic production of L-ri-
bose from L-ribulose in the present study was the first trial. In
the future, we will attempt to produce L-ribose from L-arabi-
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nose via a two-enzyme system, in which L-ribulose will be
produced first from L-arabinose by L-arabinose isomerase, and
then L-ribose will be produced from L-ribulose by mannose-6-
phosphate isomerase.
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