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Starch, whey or hemicellulosic waste can be used as a raw material for the industrial produc-
tion of rare sugars. D-Glucose from starch, whey and hemicellulose, D-galactose from whey, and
D-xylose from hemicellulose are the main starting monosaccharides for production of rare sugars.
We can produce all monosaccharides; tetroses, pentoses and hexoses, from these raw materials.
This is achieved by using D-tagatose 3-epimerase, aldose isomerase, aldose reductase, and oxido-
reductase enzymes or whole cells as biocatalysts. Bioproduction strategies for all rare sugars are
illustrated using ring form structures given the name Izumoring.
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3-epimerase]

I. HISTORY

Sugar production was established in the seventh century
AD. Since then, the sugar industry has grown immensely. In
the year 2002, global sugar production exceeded 133 mil-
lion tons per year (1). The earliest examples of starch hy-
drolysis are as old as ancient cooking, brewing or wine
making. The modern history of enzymes dates back to 1833
when the isolation of an amylase complex from germinating
barley was reported by Anselme Payen and Jean-Frangois
Persoz. However, it was not until the early 20th century that
scientists were able to explain what is happening to starch
and what is causing it. The first patent on the production of
D-fructose from D-glucose by D-xylose isomerase was is-
sued in 1960 (2).

Increasing amounts of sugars in food, sweets, soft drinks,
and so on has raised some concerns about their health
effects. The number of people suffering from diabetes, obe-
sity, cancer, and cardiovascular diseases is increasing every
year in the developing world according to the WHO (press
release, March 3, 2003). However, the success of xylitol has
shown that alternatives to existing dominant sweeteners are
possible. Xylitol is a five carbon polyol (pentitol) that has
beneficial health properties. For example, it can prevent
tooth decay and acute otitis media in children, when used
regularly (3, 4). It is also a polyol, and is produced industri-
ally and represents an alternative to current conventional
sweeteners.
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The International Society of Rare Sugars (ISRS) has de-
fined rare sugars as monosaccharides and their derivatives
that rarely exist in nature. According to this definition, xyli-
tol is a rare sugar. In our laboratory, we have been studying
the production of rare sugars using microbial and enzymatic
reactions. We have devised a scheme to display all the rare
sugars in a ring-form called an “Izumoring”. Using this dis-
play, we can illustrate their relation to each other. In addi-
tion, we can describe the biochemical reactions needed to
produce them and the connection between the D- and L-con-
figurations of these sugars. There are three different [zumor-
ings, one for tetroses, one for pentoses, and one for hexoses.

II. BIOCATALYSTS FOR PRODUCTION
OF RARE SUGARS

It is advantageous to use cheap natural resources, such as
starch, wood or whey, as starting materials for the produc-
tion of rare sugars. D-Glucose is obtained from starch where-
as D-xylose can be derived from the hemicellulosic fraction
of wood. Whey contains lactose, which can be hydrolysed
into D-glucose and D-galactose. We have studied the pro-
duction of various rare sugars using whole cells and en-
zymes. The main biocatalysts are enzymes such as D-taga-
tose 3-epimerase, various oxidoreductases, polyol dehydro-
genases, and aldose isomerases. D-Tagatose 3-epimerase
(DTE) catalyses the epimerisation of all ketohexoses and
ketopentoses at the C-3 position, producing the correspond-
ing ketoses (5). The amino acid sequence of this enzyme
was determined and no homology to other DTE enzymes
was reported (6). We used this enzyme for the mass pro-
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duction of various rare ketohexoses such as D-psicose from
D-fructose (7, 8), D-sorbose from D-tagatose (9), L-fructose
from L-psicose, and L-tagatose from L-sorbose (10).

Oxidoreductases catalyze oxidation-reduction between
ketoses and polyols. We have been able to use oxidoreduc-
tase reactions using microbial cells as catalysts instead of
enzymes. D-Tagatose was produced from galactitol (11) and
L-tagatose from galactitol (12). Using the reverse reaction
of polyol dehydrogenase, various rare hexitols were pre-
pared from ketohexoses by microbial reactions. These in-
clude D-talitol production from D-tagatose (13), allitol from
D-psicose (14), D-talitol from D-psicose (15), and D-iditol
from D-sorbose (16).

Various aldose isomerases transform ketohexoses to the
corresponding aldohexoses. Bhuiyan ef al. (17, 18) reported
L-mannose and D-allose production from L-fructose and
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D-psicose, respectively. D-Xylose isomerase is used in the
conversion of D-glucose into D-fructose in the industrial
production of high fructose corn syrup (HFCS). However,
Pastinen et al. (19) found that D-xylose isomerase can be
used in the production of various rare aldohexoses from
ketohexoses, such as D-altrose, and D-allose from D-psicose,
as well as D-gulose and D-idose from D-sorbose. They have
also shown that active cross-linked D-xylose isomerase crys-
tals can be used for the separation of enzyme inhibitors such
as xylitol and D-sorbitol from impure mixtures of D-arabini-
tol, D-mannitol, ribitol, and monosaccharides (20).

III. IZUMORING FOR HEXOSES

Figure 1 presents the arrangement and interconnections
between all ketohexoses and all hexitols. It shows four epi-
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FIG. 1. Arrangement and interconnections between ketohexoses and hexitols. Ketohexoses and hexitols were divided into four groups, D-1,
D-2, L-1, and L-2 and the groups were linked with six hexitols. One group consisted of two ketohexoses and four hexitols. Four epimerization reac-
tions and 16 oxidoreductase reactions are shown by arrows. The six arrows between the four groups are bridges connecting them with two identical

hexitols.
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merization reactions between ketohexoses and 16 oxido-
reductase reactions to ketohexoses and hexitols. We can
classify eight ketohexoses into four groups depending on
the epimerase reaction. A ketohexose is reduced by two
oxidoreductases at the C-2 position producing two different
hexitols. The hexitols produced from the eight ketohexoses
are also classified into four corresponding groups depend-
ing on the ketoses used as substrates. The groups D-1 and
D-2 contain all the D-series ketohexoses and hexitols. Con-
sequently, the groups L-1 and L-2 contain L-series ketohex-
oses and hexitols (Fig. 1). Although two ketohexoses and
four hexitols in each group are directly linked with D-taga-
tose 3-epimerase and oxidoreductase, it seems that these
groups, D-1, D-2, L-1, and L-2, are completely independent.
However, if we superimpose D-glucitol on L-gulitol when
the latter is rotated 180° in the plane of the paper, we see
that these two hexitols are identical to each other. Therefore,
it was concluded that there are definite bridges between the
four groups. Group D-1 is connected directly with group L-1
via D-glucitol (L-gulitol). Similarly, D-allitol, D-talitol, D-ga-
lactitol, D-gulitol, and L-talitol are identical to L-allitol, D-al-
tritol, L-galactitol, L-glucitol, and L-altritol, respectively (Fig.
1).

Construction of the ketohexose ring was carried out in the
following way. A scheme was drawn for the production of
ketohexoses based upon the network composed of the four
groups comprising all of the ketohexoses and hexitols men-
tioned above. The main idea of this strategy was to link pro-
duction of all the ketohexoses and hexitols using D-tagatose
3-epimerase and oxidoreductases. As shown in Fig. 2 (the
bottom ring), a circular map was drawn in the form of a ring
based on a cycle composed of eight ketohexoses and four
hexitols connected by the two enzymes. The ring is divided
into three different vertical zones illustrated with different
colors, i.e., L-zone (pink), DL-zone (yellow), and D-zone
(blue). The point of symmetry of D- and L-sugars is located
at the center of the ring. The D-series and L-series com-
pounds are placed in the D- and L-zone, respectively. Those
compounds that have both D- and L-symmetry belong to the
DL-zone in the center of the ring. The ring was composed
of D-glucitol (L-gulitol) — D-fructose — D-psicose — D-tali-
tol (D-altritol) — D-tagatose — D-sorbose — D-gulitol (L-glu-
citol) — L-fructose — L-psicose — L-talitol (L-altritol) —
L-tagatose — L-sorbose — L-gulitol (D-glucitol). Galactitol
(D-,L-galactitol) and allitol (D-,L-allitol) are placed at the
center of the ring because both of these hexitols are opti-
cally inactive among the 18 compounds (8 ketohexoses and
10 hexitols). The remaining four hexitols, D-mannitol, D-idi-
tol, L-mannitol, and L-iditol, are placed at the outer ring.
Furthermore, aldohexoses can be converted to the corre-
sponding ketohexoses by an aldose isomerase reaction, and
also converted to the corresponding hexitols by a hydroge-
nation reaction. Accordingly, all 16 aldohexoses can be con-
nected with ketohexoses and hexitols in the Izumoring. We
can draw a symmetric [zumoring comprising of 16 aldohex-
oses, 8 ketohexoses, and 10 hexitols (Fig. 2, the biggest
ring). All the compounds are connected to each other by en-
zyme reactions or by hydrogenation reactions as illustrated
in Fig. 2. This symmetric ring was named by a student in
our laboratory as an Izumoring. This Izumoring is not a
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metabolic scheme like the Krebs TCA cycle in vivo, but
rather a complete design for the bioproduction of ketohex-
oses and hexitols as well as aldohexoses.

This ring scheme reveals the interesting fact that there are
four entrances to transfer into the L-hexose configuration
from the D-hexose configuration. Figure 2 shows that these
entrance hexitols that belong to the D-,L-series area are D-glu-
citol (L-gulitol), galactitol (D-,L-galactitol), allitol (D-,L-alli-
tol), and D-gulitol (L-glucitol). Four L-series ketohexoses are
produced from these four hexitols. Some of these L-series
sugars are particularly interesting. For example, L-sorbose
is used in the industrial production of vitamin C, whereas
L-galactose was found to act as an intermediate in the bio-
synthetic pathway for vitamin C in higher plants (21). Ga-
lactitol (D-,L-galactitol) can be used to produce L-tagatose or
D-tagatose, the latter being an increasingly attractive sweet-
ener for the food industry. Earlier, Shimonishi et al. (12) re-
ported the production of L-tagatose using Klebsiella pneu-
moniae 40b, whereas Huwig et al. (22) used galactitol dehy-
drogenase enzyme from Rhodobacter spaeroides. 1L.-Psicose
is produced from allitol (D-,L-allitol) and it is studied for its
advantageous properties in the medical field. Takeshita et
al. (23) succeeded in the production of L-psicose using Glu-
conobacter frateurii IFO 3254.

A ketohexose synthesis strategy using the Izumoring
clearly suggests a way for designing a production process
for any ketohexose from D-fructose that can be produced
from D-glucose. For example, L-fructose has some interest-
ing properties as a source of energy (24, 25) and as an in-
hibitor for glycoproteins (26). Following the route of the
Izumoring from D-fructose to L-fructose we can facilitate
the production method for L-fructose via four reactions. The
first step is epimerization of D-fructose to D-psicose by
D-tagatose 3-epimerase (7, 8). The second step is reduction
of D-psicose to allitol (D-,L-allitol) by oxidoreductase (14,
27). The third reaction is transformation of allitol (D-,L-alli-
tol) to L-psicose by oxidoreductase (23). The final step is epi-
merization of L-psicose to L-fructose by D-tagatose 3-epi-
merase (10).

IV. IZUMORINGS FOR PENTOSES
AND TETROSES

The construction of Izumorings for pentoses and tetroses
follows the same pattern as that for hexoses (Fig. 2, the top
ring and middle one). In the case of pentoses there are
eight aldopentoses, four ketopentoses, and four pentitols.
The entrance from a D-pentose configuration to an L-pen-
tose configuration occurs through xylitol (D,L-xylitol) and
ribitol (D,L-ribitol). D-Xylose can be used as a starting mate-
rial for the synthesis of all pentoses. D-Xylose reductase that
reduces D-xylose into xylitol has been purified from Can-
dida guilliermondii by Granstrom et al. (28). It was shown
to reduce D- and L-forms of arabinose, ribose and lyxose,
in addition to D,L-xylose. Bhuiyan et al. (29) reported the
preparation of L-lyxose from ribitol using microbial and en-
zymatic reactions. First ribitol was oxidized to L-ribulose by
Acetobacter acetii IFO 3281. L-Ribulose was epimerized to
L-xylulose by D-tagatose 3-epimerase and finally isomerized
to L-lyxose by L-thamnose isomerase. Kylmai ez al. (30) was
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Biosynthesis strategy for all monosaccharides
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able to determine a specific production rate of 1.2 g-g™!-h™!
in the bioreactor for L-ribulose conversion from ribitol using
resting cells of 4. acetii IFO 3281.

The Izumoring for tetroses consists of four aldotetroses,
two ketotetroses, and three tetritols. The entry point from a
D-configuration to an L-configuration goes through erythri-
tol. Erythritol is currently used as a bulk sweetener in low
calorie foods such as cookies, candies, and yoghurts.
Mizanur ef al. (31) used erythritol as a starting material for
preparing the rare and expensive aldotetrose L-erythrose.
Erythritol was first converted to the ketotetrose L-erythru-
lose by Gluconobacter frateurii IFO 3254 and then iso-
merized to L-erythrose with L-ribose isomerase enzyme.
Vuolanto et al. (32) showed that D-xylose isomerase is able
to isomerase and epimerize all the different D- and L-tet-
roses.

V. ALTERNATIVE SWEETENER — XYLITOL

Xylitol, a rare sugar, is industrially produced by the chem-
ical reduction of pure D-xylose, obtained from hard-wood
hydrolysates, in the presence of a Raney nickel catalyst
(Finnish patent no. 589388). This process requires several
purification steps because only pure D-xylose can be used
for chemical reduction (33). Xylitol production with yeasts
has been studied extensively as an alternative to the chemi-
cal reduction process (34, 35). In fully aerobic conditions
D-xylose is used for cell respiration and biomass growth,
but under oxygen limited conditions the yeast cells produce
xylitol. This is due to the fact that in these conditions the
intracellular amount of NADH is elevated due to insuffi-
cient respiration. Consequently, NADH acts as an inhibitor
of xylitol dehydrogenase, redirecting xylose flux into xylitol
(Fig. 3). Computer simulations and in vitro enzyme assays
have shown that NAD(P)H and ATP are regenerated through
intracellular substrate cycling and ethanol/glycerol produc-
tion in order to compensate for increased demand of these
cofactors under oxygen limited conditions (36, 37).

Xylitol is one of most significant alternatives to conven-
tional sweeteners. It is mainly used as an additive in com-
mercial products such as chewing gums, mints, sweets, and

Xylose reductase (XR)
NAD(P)H NAD(P)

D-Xylose Xylitol
NAD
Xylitol
dehydrogenase
(XDH)
ADP ATP NADH
D-Xylulose D-Xylulose
5-phosphate Xylulokinase (XK)

FIG. 3. The first three enzymes of the D-xylose metabolic pathway
in yeast. NAD(P)H—-dependent xylose reductase (XR) reduces D-xy-
lose into xylitol. Consequently, xylitol is oxidized to D-xylulose by
NAD-dependent xylitol dehydrogenase (XDH). Finally, D-xylulose is
phosphorylated into D-xylulose 5-phosphate by xylulokinase (XK).
From there D-xylulose 5-phosphate enters the pentose phosphate path-
way (PPP).
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tooth paste. Xylitol has an insulin independent metabolism,
and it can prevent dental caries and acute otitis media in
children (3, 4). In 2002, its worldwide annual production
was estimated to be about 15,000 t. The advantage of using
whole cells instead of chemical reduction in xylitol produc-
tion lies in the fact that crude industrial side streams could
be used as a raw material. Even though part of the D-xylose
goes into cell maintenance metabolism, the xylitol yield is
significantly higher in the biotechnological process than in
chemical reduction.

VI. FUTURE OF RARE SUGARS

The production methods for various rare sugars require
multidiscipline approaches that include fermentation tech-
nology, molecular biology, enzyme technology, and organic
chemistry. The first task was the construction of the three
Izumorings, following which the key biocatalysts have been
isolated and purified (38). Next, we are concentrating on
developing methods for the mass production of rare sugars
from readily available raw materials such as starch, hemi-
cellulosic waste, and whey. Eventually, our aim is to make
all of the rare sugars included in the three Izumorings avail-
able for research purposes. In the future, we expect to find
as of yet unidentified novel characteristics from these rare
sugars which will have a profound effect on the everyday
life and health of people. Currently, low caloric alternatives
to the present dominant sweeteners such as sugar, and
HFCS whose effects on human health have been ques-
tioned, are being sought. Rare sugars, such as D-psicose,
which we can easily produce from D-fructose using D-taga-
tose 3-epimerase, will most definitely have a role in this
development. In addition, various novel physiological func-
tions of rare sugars have been discovered. For example,
D-allose has a potent inhibitory effect on the production of
reactive oxygen species (39), and thus, may be used for
medical purposes. The potential for a wide range of applica-
tions is a characteristic of rare sugars.
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