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Abstract
This study describes the sorbitol production with permeabilized cells of Zymomonas mobilis immobili-
zed in Ca-alginate. Toluene treated cells lose activity of glucose-fructose oxidoreductase due to the
leaking of enzyme from the cells. To prevent this leakage, the permeabilized cells were treated with
0.25% glutaraldehyde by stirring for 1 h at room temperature. A continuous process with glutaraldehyde
treated cells was developed and no significant reduction in the degree of conversion occurred during
210 h operation. The productivities were estimated to be about 7.2~7.5 g/l-h for sorbitol at dilution

rate 0.18 h™1.
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Introduction

The bacterium Zymomonas mobilis has been shown
to be a very fast, efficient producer of ethanol”. How-
ever, Viikari® and Barrow ef al'®, demonstrated that
some sorbitol accumulated when either sucrose or a
mixture of glucose and fructose was used as a carbon
source during growth. The new enzyme complex,
which is responsible for glucose oxidation and fructose
reduction, has been described as glucose-fructose oxi-
doreductase”. This enzyme is present at significant
level in Z. mobilis, especially when the organism is
grown on glucose as a carbon source'®.

The enzyme, glucose-fructose oxidoreductase which
converts fructose to sorbitol has several biotechnologi-
cal application in food industries. The purified enzymes
have been used as a soluble or immobilized form. Ho-
wever, enzyme purification is time consuming and te-
dious. The use of whole cells as a source of enzyme
is an interesting alternative for specific bioconversion.
It was reported that formation of fructose-1,6-diphos-
phate during glucose fermentation by permeabilized
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yeast cells Saccharomyces carlsbergensis depended on
the degree of permeabilization'”. Joshi et al.”, also
reported that permeabilized cells of yeast Kluyveromy-
ces fragilis increased B-galactosidase activity 480 fold.

In view of the interesting properties of the oxidore-
ductase identified in Z mobilis, the aim of present
study is to investigate the efficiency of conversion by
the permeabilized cells with various methods. Results
also showed the stability of the biocatalyst immobilized
with alginate and glutaraldehyde.

Materials and Methods

Microorganism and growth conditions

All experiments were performed with Zymomonas
mobilis ZM4(ATCC31821) grown in a medium contai-
ning 100 g/l glucose, 1g/I(NH,),S0,, 1 g/l MgSO,-7H,
O and 5 g/l yeast extract(Sigma) under controlled en-
vironmental conditions of 30T and pH 5.0. No phos-
phate salts were added to the final growth medium(al-
though they were present in the medium for inoculum
growth) in order to minimize the levels of phosphory-
lated intermediates in the cells. Thus, metabolism of
gluconate to 2-keto-3-deoxy-6-phosphogluconate via 6-
phosphogluconate would be partly prevented.
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Cell permeabilization

Approximately 10g cells taken from the late exponen-
tial phase of growth were separated by centrifugation
and suspended in citrate buffer(pH 6.2) to give a total
volume of 100 ml. In order to select the most practical
methods of permeabilization instead of toluene treat-
ment due to its toxicity a preliminary series of experi-
ments was carried out using solvent, surfactant or heat
shock methods which increase cell permeability®.

Procedure for cell immobilization

A concentrated suspension of cells was mixed with
a solution of sodium alginate (2% w/v) in the volume
ratio of 1 . 10. In order to evaluate the enzyme stability
for long term processes, cross-linking was carried out
by adding 0.25% glutaraldehyde with stirring for 1h
at room temperature before immobilization. Also, per-
meabilized cells were suspended in 50 m/ of 2% Na-
alginate solution. Spherical beads of immobilized cells
were then produced by adding the above mixture dro-
pwise into a 40 g/l calcium chloride solution. The pro-
cedure was automated by using a syringe and peristal-
tic pump to give beads of 1.0 to 1.5 mm diameter.

Analytical methods

5ml of samples were taken from the reactor and
frozen immediately. Analysis of glucose, fructose, etha-
nol and sorbitol was performed using a Waters model
HPLC(r401) with a BioRad Aminex HPX-87C column.
HPLC analysis was carried out at 85C with solvent
flow rate of 0.6 m//min. The samples were pretreated
by diluting to an appropriate sugar concentration(2
Brix), desalted and then filtered through a 0.45um
pore size filter(Millipore).

The biomass concentrations for the free cells were
determined as dry weights following oven drying at
104T for 24 h.

For the immobilized cell experiments, a known mass
of cells was immobilized. The kinetic parameters were
estimated based on the total volume of liquid plus algi-
nate beads.

Results and Discussion

Cell permeabilization
Table 1 shows the effect of cell treatment with per-
meabilizing agents or methods in the preliminary study

Table 1. Comparison of efficiencies for sorbitol forma-
tion for treated and untreated cells of Zymomonas mo-
bilis on 50 g/l each of glucose and fructose

Max. Sorbitol . Ethanol

Cell treatment concentration Con(ver)snon concentration

(& % (&
Toluene 28 56 1.7
Glycerol ¥ 20 40 124
Tween 20 ¢ 11 22 29.5
Heat shock ¢ 20 40 133
Untreated cells 3 6 36.6

a) Vortexing with 10%(v/v) toluene for 5min

b) Glycerol added at late stationary phase to give 10 mi/!
and stirring for 1h

¢) Tween 20 added after 2 h of inoculation. Final conce-
ntration © 0.4%(w/v)

d) Stirring harvested cells in 10 m/ of 10% ethanol for
1h

of the most adequate procedure to be adopted. In the
experimental system the temperature was maintained
at 39C and the pH was not controlled. Toluene treated
cells appeared to produce the highest amount of sorbi-
tol, whereas untreated cells were able to accumulate
sorbitol at low level. The low conversion of sugars to
sorbitol exhibited by untreated cells is probably due
to the poor permeability of the cell membrane. Pre-
viously, it was reported that a 10%(v/v) toluene con-
centration with 5min of vortexing was sufficient to
minimize ethanol production and achieve high conver-
sion efficiency for sorbitol formation®. The authors
also reported that only permeabilized cells(with to-
luene) were able to accumulate sorbitol and gluconate.
Cells with incomplete permeability mostly transformed
sugars to ethanol and CO, In a normal conversion
of the glucose and fructose, sorbitol accumulated in
the culture medium while gluconic acid was metaboli-
zed via 6-phosphogluconate to 2-keto-3-deoxy-6-phos-
phogluconate(an intermediate in the Enter-Doudoroff
pathway). However, the amount of sorbitol formed was
very low®.

From the Table 1, ethanol formed at high concentra-
tion with untreated cells compared to toluene treated
cells indicating that the gluconate which accumulated
originally was finally converted to ethanol. Chun and
Rogers® confirmed in previous report that no further
gluconate accumulated, whereas almost equimolar con-
centrations of sorbitol and gluconate formed with fully

permeabilized cells of Z mobilis. Although the gluco-
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Fig. 1. Production of sorbitol in semi-batch process
with toluene-treted cells of Z. mobilis. Three cycles
of batch culture were carried out (T=39C, pH6.2)
—@— ; sorbitol, —a— ; glucose, —x— ; fructose

Table 2. Kinetic parameters in semi-batch process with
toluene treated cells of Z. mobilis immobilized in Ca-
alginate

Batch cycle

Kinetic parameters
1st 2nd 3rd

Max. sorbitol concentration(g/l) 335 160 95
Conversion efficiency(%) 66 32 19

nate would accumulate in the reactor with tdluene
treated cells, data are not presented here.

Conversion efficiency

In order to evaluate the stability of the oxidoreduc-
tase in cells, semi-batch culture experiments were car-
ried out with toluene treated cells of Z. mobilis. After
10 h. the supernatant in the bioreactor was removed
by centrifugation and fresh sugar solution(50 g/l each
of glucose and fructose) added. The procedure was
repeated 3 times, and in each case the glucose, fructose
and sorbitol concentrations were determined(see Fig.
1). Similar experiments to those were performed with
toluene treated cells immobilized in calcium alginate
beads and results are summarized in Table 2. The
reaction of each cycle was carried out for 16 h. The
gel particle sizes were designed to be 1.00~1.15mm
diameter in order to overcome mass transfer limitation
because such sizes were recommended to give optimal
values of the kinetic constants, maximum reaction rate
(V.) and apparent saturation constant(K,)!?.

As can be seen from Fig. 1, a conversion efficiency
for sorbitol reduced after 1st run of batch cycle which
is probably due to enzyme leakage from the permeabi-
lized cell wall.

Similar results were obtained with immobilized cells.
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Fig. 2. Sorbitol producing capability of immobilized ce-
s of Z mobilis(ZM4) on 50 g/l each of glucose and
fructose at dilution rate 0.18 h™!in continuous processes
(T=30C, pH62)

—@— ; sorbitol, —a— ; glucose, —x— 3 fructose

At the 3rd stage of the cycle(48 h), sugars{e.g. 50 g/!
each of glucose and fructose) were converted to sorbi-
tol with conversion efficiency of only 19% with immo-
bilized cells(see Table 2). Leakage of enzyme activity
(hexokinase and pyruvatekinase) was also reported to
be serious with permeabilized cells of yeast, Saccharo-
myces calsbergensis®. More than 85% of the total hexo-
kinase activity at the 3rd stage of the cycle leaked
off the permeabilized cells.

Continuous process

Using immobilized toluene treated cells of Z. mobilis
in a continuous stirred tank reactor(CSTR), the sorbi-
tol level was determined for a 50 g/l glucose+50 g/!
fructose solution. Conditions of temperature=39C and
pH6.2 were maintained. The calcium alginate gel
beads were found to be very stable in a continuous
process over 210 h. Hardness of the beads was main-
tained by addition of 2 g/ CaCl, to the input substrate
solution. CaCl, has been used by other authors to sta-
bilize the alginate support™'2. It is not known whether
CaCl, is likely to cause any inhibition of the activity
of glucose-fructose oxidoreductase responsible for for-
mation of sorbitol, although Ca?* was reported to be
important in maintaining activity of this enzyme. Fig.
2 shows the sorbitol, fructose, glucose concentrations
at dilution rate 0.18 h™'. Sorbitol concentration decrea-
sed as time increased and corresponding glucose and
fructose concentrations increased. This indicates that
some enzyme leakage occurred in the permeabilized
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Fig. 3. Sorbitol production by permeabilized cells of
Z. mobilis immobilized in alginate plus glutaraldehyde
at dilution rate 0.187' in continuous process(T=39T,
pH 6.2)

—@— ; sorbitol, —a— ; glucose, —x— : fructose

cells immobilized in alginate matrix.

In view of preventing enzyme leakage from immobi-
lized system, cells were treated with glutaraldehyde
prior to immobilization with alginate. As can be seen
in Fig 3, during 210 h operation, sorbitol concentra-
tions of 40~41.5g/l were sustained throughout the
steady state period. The productivities were estimated
to be about 7.2~7.5 g/l-h for sorbitol at dilution rate
0.18 h™'. Some glucose and fructose remained unutili-
zed indicating that the dilution rate had been set at
too high a value to achieve full conversion.

A continuous process for sorbitol production using
immobilized Z. mobilis showed the possibility of exten-
ded production using Ca-alginate gel and glutaralde-
hyde as support materials. No cell leakage was evident
from the beads in both processes indicating that the
calcium alginate beads themselves were quite stable,
When treating cells with giutaraldehyde, the stable con-
version efficiency was observed for considerably long
period of process indicating that enzyme leakage could
be prevented due to a cross-linking between enzymes
by glutaraldehyde inside cells"?. It was reported that
glutaraldehyde treated cells of Saccharomyces carlsber-
gensts was repeatedly used for the phosphorylation of
glucose to fructose-1,6-diphosphate over 100 days®
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