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Conversion of D-glucose to D-fructose catalyzed by
yeasts and yeast-like organisms

JIRI ZEMEK — BEATRICA KADLECIKOVA — LUDOVIT KUNIAK —
STEFAN KUCAR — ANNA KOCKOVA-KRATOCHVILOVA

Summary. Isomerization between certain aldo- and keto-sugars due to presence
of p-xylose isomerase in some yeast-like organisms is described in this paper
together with methods of selection of the producing strains, immobilization of the
veast-like organisms and subsequent manufacture of p-fructose.

p-Xylose isomerase (D(-)-xyloseketolisomerase, EC 5.3.15) is an enzyme
predominantly present in microbial cells, which catalyzes reversibly isomeri-
zation between certain aldoses and ketoses. The physiological role of the enzy-
me is probably mediating the formation of p-xylulose from p-xylose. D-Xylu-
lose is phosphorylated then to enter the pentose phosphate pathway [1—3].
However, since its unspecificity in the D-glucose isomerization was reported,
the enzyme has been the subject of intensified research [4]. The enzyme is used
now on industrial scale to manufacture fructose syrups for food industry and to
prepare special medical formulations. Due to the extention of its production
and industrial application it is at present the third important enzyme prepa-
ration, following the proteolytic and amylolytic enzymes [5—7]. Xylose-iso-
merase activity has been demonstrated in more than 100 different microbial
species, mainly bacteria. On the other hand, xylose isomerase has not been
described to occur in fungi so far. Therefore, it is not too surprising that among
yeasts the only strains reported so far to produce this enzyme are Candida
utilis [8) and Rhodotorula gracilis [9]. The aim of this work was to study the
ability of veasts and yeast-like organisms to catalyze the aldo-ketose transfor-
mation and in the same time to replace expensive D-xylose through its cheap
sources provided that the strains produce xylanase.
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Experimental part

Microorganisms. The strains to be studied in the experiment (i.e. 465) ori-
ginated from the Czechosloval Collection of Yeasts and Yeast-like Organisms,
Institute of Chemistry, Centre of Chemical Research of the Slovak Academy of
Sciences, Bratislava. In experiments the same strains were used as described
previously [10].

Selection of the xylanase-producing strains. The gel method based on gel pre-
pared in crosslinking reaction from xylen (ex Fagus silvatica ) using 2-chloro-
methyloxyrane as a crosslinking agent. The gel assuming dry weight 5%, form-
ing agar-like hydrophilic and transparent medium preserves its substrate
properties for the endo-acting xylanase (f-1,4-xylan xylanohydrolase, EC
3.2.1.8) whereas its substrate properties for exo-acting beta-xylosidase are
highly suppressed due to crosslinking. Modification of the polysaccharide by
crosslinking was carried out in alkali [11, 12]. The folia of gel prepared was
washed out from alkali in tap water and in distilled water. Gel layers 4.5 mm
thick were cut into equilateral triangular pieces with side length of 15 em,
placed into Petri dishes, immersed into Yeast Nitrogen Base (Oxid) growth
medium reaching to a half of the gel thickness, and sterilized at 100°C with
streaming steam for 1 h (three times). The producing strains of beta-xylanase
are capable to liquefy the gel.

Selection of D-xylose isomerase producers. A synthetic selection medium for
veast-like microorganisms was used according to [13]. p-Xylose as a component
in the medium was sterilized separately.

Positive strains and stock cultures have been maintained on Yeast Malt
Agar slants, containing sdditional 0.19, D-xylose. For biomass production,
a complex medium was composed, containing D-xylose or beta-xylan (6 g),
D-glucose (4 g), amino acid mixture obtained through total hydrolysis of egg
white (10 g), CoCl,.6H,0 (0.3 g), MgS0,.7H,0 (0.5 g), KH,PO, (1 g). Sugars
were autoclaved separately. Distilled water was added to 1 1 volume and the
medium obtained was adjusted to pH 7.0. The yeast biomass was produced in
500 ml Erlenmayer flasks, containing 100 ml medium, incubated for 120 h
on a reciprocal shaker at 28°C.

Enzyme assay. Incubation mixture (1 ml) for xylose isomerase assay con-
tained 122 mmol/l D-glucose or another sugar, 0.1 mol/l MgSO,.7H,0 and
1 mmol/l CoCl,.6H,0. The enzyme reaction was carried out at 70°C (pH 8.0).
At appropriate time intervals the isomerization reaction was stopped by adding
10ml 0.1mol/l HCIO,. Cells or debris were removed by centrifugation at 10,000 g
and formed ketese was quantitatively measured, following the modified
cvstein-carbazol colorimetric method [14, 15]. Qualitative detection of p-fruc-
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tose and its separation from D-glucose were performed by descending paper
chromatography on Whatman No. 1 paper, in solvent aceton—butanol—water
system (7 : 2 : 1, by volume) and detected with benzidine [16]. D-Fructose and
D-glucose were determined radiochemically in a separate experiment using
[U-1C] p-glucose or D-fructose (Institute for Research, Production and Appli-
cation of Radioisotopes, Prague) (10 mg; radioactivity 248 MBq). Separation
of both hexoses was carried out as described previously.

Cell immobilization

The biomass obtained from complex medium was concentrated by centrifu-
gation (2,500 g). The sediment was twice washed in distilled water and freez-
dried. The dried biomass was washed with ethanol and toluene and the cells
were permeabilized by action of toluene (70°C, 1 h) and vacuum sicced then.
The cells’ immobilization was carried out in polyethylenimine (Flulka, Buchs,
Switzerland). Polyethylenimine (molecular weight 45,000) as a 109, (w/v)
aqueous solution (19 g) was mixed with 0.095 g of dried permeabilized cells
and 0.4 ml of 2-chloromethyloxyrane prepared for the suspension. The crosslink-
ing reaction lasted 10 min at 30°C, and the gel prepared in this way was disin-
tegrated in a mixer, washed with water (100 ml), dried and sieved [17]. Simi-
larly, as in the case of enzyme immobilization [18].

The biological purity of the experiment was checked by microscopic and
cultivation tests. Growth of the cells was followed nephelometrically and/or
by counting the cells in the Biirker chamber.

Results and discussion

Almost 209, of the tested strains (i.e. 75 strains) of yeast-lilke microorganisms
gave positive reaction to the synthetic selection medium with p-xylose. «
follows: Bullere alba 12-1-1, Oospora lactis 16-1-1, Cryptococcus albidus 17-4-1,
Dioszeqia hungarica 18-1-1, Sporobolomyces salmonicolor 19-4-1. Rhodotorula
glutints 20-2-1, -13, Torulopsis kruisic 26-19-7, Aureobasidivm pullulans 27-1-1,
-6, -7, -8, -14, 16, -20, -22, -23, -25, -27, -28, -30, -32, -33, -34, -36. -37. -38, 41,
Metschnikowia pulcherrima alfa 29-2-115, Candida albicans 29-3-19, C'. tropicalis
29-7-23, C. humicola 29-11-2, C. intermedia 29-12-1, C'. curvata 29-18-1, C. mus-
corum 29-19-1, C. parapsilopsis 29-20-9, -13, C. solani 29-23-1, C. utilis 29-38-1,
-18, C. oregonensis 29-42-1, C. natalensis 29-44-1, C. lusitaniae 29-59-1, C. obtusa
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29-60-1, C. stellatoidea 29-64-1, C'. mogiz 29-66-1, C. shehatae 29-68-1, C. stea-
rolytica 29-75-1, Trichosporon cutameum 30-5-4, T'. fermentans 30-3-1, T'. brassic
30-8-1 T'. aculeatum 30-11-1, T. terresire 30-12-1, T'. lutetice 30-14-1 Lipomyces
lipofer 33-2-1, Nadsonia fulvescens 36-2-2, Hormoascus platypodis 38-8-1, -4,
Pichia membranaefaciens 39-1-4, Citeromyces matritensis 40-1-1, Hansenula
phaffii 38-7-2, Endomyces magnusii 42-1-1, E. selenospora 42-10-1, Fabospora
fragilis 51-1-1, Pachysolen tannophilus 53-1-1, Nematospora coryli 56-1-1,
Dekkera bruxelensis 59-2-1, Wickerhamia fluorescens 61-1-1, Rhodosporidivm
toruloides 62-2-3, Leucosporidium scottii 64-1-1, -2, L. capsuligenum 64-2-1, -2,
-4, Lodderomyces elongasporus 65-1-1, Wingen robertsic 68-1-1, Filobasidium
capsuligenwm T1-1-1.

On the other hand, only 9 strains were proved as producers of endo-acting
xylanolytic activity (i.e. Bullera alba 12-1-1, Cryptococcus laurentii 17-3-3,
Cryptococcus albidus 17-4-1, Trichosporon cutanewm 30-5-4, Hansenula phaffii
41-7-2, Ambrosiozyma ambrosiae 60-1-1, Leucosporidium scottii 64-1-2, Loddero-
mayces elongasporus 65-1-1, Wingea robertsis 68-1-1. All the strains of Aureobasi-
dium pullulans tested (i.e. 21) have been found beta-xylanase producers [19].

With respect to the price of p-xylose as an inducer for xylose isomerase,
we considered in further experiments just those producers of xylose isomerase
which were capable of splitting xylan. Already Takasaki et al. [20] shown that
cheap D-xylose sources, such as wheat bran, corncob and chaff, containing
xylan, could replace pure D-xylose as an inducer, provided that the strains
involved produce beta-xylanase. Xylan-utilizing strains will obviously grow
satisfactorily on xylose and xylose-oligosaccharides present in assorted wood
liquors and spent sulphite liquors now beeing used as a single cell proteing
substrate and are thus potentional xylose-isomerase producers.

Considering the morphology and the semiquantitavely evaluated extent
of the isomerization reaction (paper chromatography) and beta-xylanase
reaction (monitored with the substrate — 21), Wingea robertsii was found to
be the most suitable xylose-isomerase producer.

The strain of Wingea robertsis CCY 68-1-1 was inoculated on selected medium
and grown for 96 h at 28°C. For biomass production a complex medium (2 1)
was used. In Table 1 cultivation of the strain on medium with D-xylose and
corresponding activities of beta-xylanase and xylose isomerase are demonstra-
ted. Similarly, in Table 2 growth on the complex medium with xylan and in
Table 3 on the medium with tamarind (ex Tamarindus indica ) is shown. Accord-
ing to the results obtained in absence of xylan, a very low xylanolytic activity
was observed; presence of D-xylose in the medium maintained, however,
a sufficiently high xylose-isomerase activity. Replacement of p-xylose in the
medium for xylan resulted in increasing xylanolytic activity in the medium;
the xylose-isomerase activity, however, remained unchanged. When tamarind,
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with D-xylose

Table 1. Formation of xylose isomerase and beta-xylanase with Wingea robertsii cells on medium

PR . ¥ Xylose-isomerase Beta-xylanase
CulblV&tE}f;? time Drycelgl}l]wexght aotiviby el
[ukat/i] [ukat/I]
2 0.01 0. 0.
6 0.015 0. 0.
12 0.02 0. 0.
24 0.038 0. 0.
30 0.059 0. 0.
36 0.1 0.3 0.15
42 0.34 0.6 0.15
48 0.6 0.6 0.15
60 0.9 0.7 0.15
72 1.5 1.4 1.15
84 1.5 1.6 0.15
96 1.55 1.6 0.1
108 1.55 1.6 0.1
120 1.55 1.8 0.05
132 1.55 1.8 0.05
144 1.55 1.8 0.05

Table 2. Formation of xylose isomerase and beta-xylanase with Wingea robertsii cells on medium

with xylan

Cultivation time Dry cells’ weight Xylose;sqmerase Bety-xylanase
(h] [g/1] activity activity
[pukat/1] [ukat/1]
2 0.01 0. 0.01
6 0.015 0. 0.015
12 0.02 0. 0.03
24 0.036 0. 0.05
30 0.055 0.34 0.08
36 0.095 0.4 0.09
42 0.10 0.4 0.09
48 0.34 0.5 0.1
60 0.6 i f 0.3
72 1.6 1.3 0.4
84 1.65 1.4 0.6
96 1.65 L.5 0.7
108 1.65 1.7 0.9
120 L5 1.8 1.0
132 1.7 1.8 1.0
144 1.7 1.8 1.0

@ native derivative of cellulose containing p-xylose was used in the complex
medium instead of xylan, production of both xylanase and xylose isomerase

was retarded.

Activity of xylose isomerase reached its maximum after 120 h of cultivation.
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Table 3. Formation of xylose isomerase and beta-xylanase with Winga robertsic cells on medium
with tamarind

|
Cultivation time Dry cells’ weight Xylose;sc?ineras,a Beta-xylanase
[h] z/1] activity activity
[pkat/1] [pkat/1]
2 .1 0. a.
6 0.015 . .
12 .02 0. 0.
24 0.03 0. 0.02
30 0.04 0.1 0.05
36 0.05 0.2 0.06
! 42 0.07 0.3 0.07
! 48 0.1 0.4 0.0
60 0.34 0.5 0.09
72 0.8 0.7 0.2
84 0.96 0.8 0.25
96 1.1 0.8 0.23
108 1.1 0.9 0.24
120 1.1 0.9 0.25
132 1.0 0.7 0.2
144 1.0 0.6 0.15

Table 4. Conversion of D-glucose to D-fructose catalyzed with immobilized Wingea robertsiz colls

Formation of D-fructose
[%
Time
from D-glucose feon, stanch:
h hydrolysate
1 4 2
2 8 4
3 16 6
4 20 12
5 29 18
6 36 7
T 45 35
S 45 42
10 45 42

The Wingea roberisii cells were harvested by centrifugation, washed with water
and permeabilized as described in Experimental.

Permeabilized cells were used for immobilization through encapsulation and
covalent bonding in the gel of polyethylenimine crosslinked with 2-chloromethyl-
oxvrane. Activity of xylose isomerase in the immobilized Wingea robertsii cells
was followed as described in Experimental. When starting with [U-4C] p-glucose

< a2 substrate in the incubation mixture (1 ml) under conditions stated in
Enzyme assay, and immobilized Wingea robertsii (5 mg), the optimal yield of



p-fructose was gained after 8 h at 70°C (pH 8.0). In equilibrium it reached 459,
(Table 4).

In a separate experiment instead of [U-14C] p-glucose 10 mg soluble starch
(ex potato) labelled with [U=] starch (ex Chlorella sp.) 248 MBq was used.
Before adding the immobilized cells, alpha-amylase (ex Bacillus subtilis, Bola-
mylase, LIKO, CSSR; 5 nkat) and glucoamylase (3 nkat, ex Endomycopsis
bispora, Prowiko, GDR) were applied. After 20 min preincubation immobili-
zed cells of Wingea robertsii (5 mg) were added. In equilibrium demonstrated
after 10 h, concentration of p-fructose reached 429, of the total sugars in the
mixture (Table 4).

Two types of glucose-isomerase activities have been established experi-
mentally. Numerous microorganisms were screened for D-glucose-isomerizing
activity, but a genuine, specific D-glucose isomerase apparently does not exist.
Instead, most of the enzymes in this category turned out to be either p-xylose
isomerase or D-glucose-6-phosphate isomerase. The latter activity, however,
requires arsenate for isomerization. As Wingea cells are capable to catalyze
aldo-ketose isomerization in absence of arsenate, it may be considered a proof
for presence of xylose isomerase in the cells. Because the primary market for
glucose/fructose syrups is in food application, it makes the isomerization reac-
tion catalyzed with these yeast-like organisms more attractive. With respect
to the bacterial producers of xylose isomerase [7], when using Wingea robertsis
cells there is no danger in pathogenesis of the organism or need to separate
toxic substances. These cells seem to be more advantageous from the technolo-
gical point of view than bacteria or the alkaline, non-enzymic isomerization
of glucose, because of colour, flavour and composition problems [22, 23]. It is
evident that D-fructose can be separated from p-glucose in the reaction mixtu-
re similarly as proposed by the German firm C. F. Boehringer for the produc-
tion of fructose from sucrose [24]. In the Boehringer process, sucrose is hydroly-
zed to glucose and fructose in a column packed with a sulphonated polystyrene
resin which is partially in a calcium form. The glucose and fructose are elucia-
ted separately after chromatographic separation on the same column, and frue-
tose may be crystallized then. The concentration step, crvstallization of
p-glucose and purification of D-fructose from the mother liquors, is appreciated
especially when fructose received should find its application in parenteral so-
Jlutions for intravenous infusions [25] or as an aleohol de-intoxicant [26].

Regarding the enzyme make-up of yeasts and yeast-like organisms, accord-
ing to literary data known, it is obviously not of marginal importance that
these organisms are able to catalyze the aldo-ketose transformation in such
great extent. Beside the technological aspect, their ability to isomerize aldoses
and ketoses can find its application in taxonomy, as well.

Selected permeabilized and immobilized cells of Wingea robertsii have already
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been made use of at the Institute for Research, Production and Application
of Radioisotopes (Prague, Czechoslovakia) for preparation of [U-4C] n-fructose
from the amylolytic hydrolysate of [U-4C] starch (ex Chlorella vulgaris) [27].
According to our preliminary results, unspecificity of xylose isomerase of
Wingea robertsii can result in preparation of such medical formulations as
maltoheptulose and lactulose.
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Cnoeof MOAroTOBKE D-(DPYKTO3BI M3 D-TIIOKO3bI ¢ MCHOOJB30BAHUEN JPOAUKEBBIX MAKDO-
OPraHu3MOB

Pesome

B pabore 0IiCcEBAETCSI M30MEPUBAIIA OIIPEeNICHHbIX ajlb{0- M KeTOCAXapHI0B D-KCII03a
M30MEpasoii, JIIpUCYTCTBYIONMEl B HEKOTODHIX POJGKEBHIX MHKpooprammsMax. Ipueonarcs
¢IOCO0 CeJIEKIUI IPOIYKTHBHAIX INTAMMOB, MMMOOHMIINM3ANUN [pOMKEBEIX MIKPOODTAHM3-
MOB, @ TaKz&Ke IPUIroTOBIeHHs D-(pYKTO3HOIO CHPOIA.

Spésob pripravy p-fruktézy z p-glukézy pri pouZiti kvasinkevych mikroorganizmov
Sthrn
V préci sa opisuje izomerizdcia uréitych aldo- a keto-sacharidov p-xyléza izomerézou
pritomnou v niektorych kvasinkovitych organizmoch. Uvedeny je sp6sob selekeie produké-

nych kmenov, imobilizacie kvasinkovitych organizmov, ako aj priprava p-fruktézového
sirapu.
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