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Abstract

Difructose anhydride (DFA Ill) is a new potential sweet food additive. A screening was undertaken to isolate bacterial strains
for conversion of inulin to DFA. Of special interest were thermotolerant enzymes. Some 400 strains were investigated, among
four of them produce DFA and strain Buo141 expresses an extracellular enzyme which is stable at elevated temperatures. Based
on metabolic data and 16S-rRNA-sequencing, the strain was identified as Artheobacter species. For increased enzyme
production, the inulase gene was cloned BBtooli XL1-blue, inulase Il was expressed and its activity detected. After identifying
the cleavage site, the sequence coding for a signal-peptide was eliminated from the plasmid and a beneficial amino acid exchange
introduced by error-prone PCR. The recombirfaroli was fermented to 10.5 g/l and after disruption an activity of 1.76 Mio U/l
was observed. The enzyme was flocculated from supernatant and entrapped in calcium alginate hydrogels. To enable production
of uniform and small beads JetCutter technology was used with a production rate of 5600 beads/(s hozzle). The influence of bead
diameter on activity was investigated. An activity of 196 U/g was measured fopd0Beads.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction It has approximately half the sweetness of sucrose,
is not cariogenic, and is not metabolised by the hu-
man body. As is known from oligofructoses, it influ-

ences the composition of the intestinal flora positively

as was shown in feeding experiments with r&aifo

1.1. Properties of DFA I11

The disaccharide difructose anhydride Il (DFA III;

Fig. 1) is derived from the vegetable storage compound
inulin. DFA is a non-reducing sugar which is very well
soluble in water and has a melting point of T€2
Due to an intramolecular dioxane ring, the molecule
is very stable and is not hydrolysed in the stomach.

* Corresponding author. Tel#49-531-596-4101;
fax: +49-531-596-4199.
E-mail address: klaus.vorlop@fal.de (K.-D. Vorlop).

and Tomita, 2000 Likewise, in rats an increased up-
take of calcium could be observed in the intestine af-
ter nourishing on DFA-enriched food&(zuki et al.,
1998. The authors conclude that the risk of osteo-
porosis could be lowered by such a diet. Investigations
regarding the effects in humans were not made yet.
However, as DFA is also a small by-product obtained
in crystallisation it is not expected to have negative
effects. So far, DFA is not produced on a commercial
scale as a food additive.
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Fig. 1. Chemical structure of inulin (left) and the enzymatic product difructose dianhydride 11l (DFA 111).

1.2. Production of DFA for instance pH-value and temperature. Moreover, in
the case of entrapment, the catalysts are protected
DFA can be produced either chemically or enzy- against other bacteria and thus processes can run
matically from inulin. The prior method uses diluted under non-sterile conditions since potential contam-

sulfuric acid McDonald, 1947 or pyrolysis condi- inations are washed out while the favoured catalyst
tions Defaye et al., 198Fand yields of up to 40% can  specifically is protected.
be found in inulin-derived caramelRichards, 1996 As a matrix for entrapment, the biopolymer algi-

The enzymatic route in contrast is more specific. The nate can be chosen. Sodium alginate is mixed with
enzyme inulase 1l (EC 2.4.1.93) accomplished the the catalyst solution and then solidified by dropping
DFA formation by an intramolecular transfructosyla- into a solution of calcium chloride. The resulting par-

tion. This enzyme was first describedAnthrobacter ticles are bead-shaped and the biocatalyst is equally
ureafaciens (Uchiyama et al., 1973and has mean-  distributed in the bead.
while been found in various other bacteriavamura The resulting alginate-matrix is a hydrogel, i.e. it

et al., 1988; Yokota et al., 1991; Kim and Lee, 2D00  principally consists of water with only a minor content
However, the cited enzymes are not long-term stable of polymer. The cut-off for these gels is normally not
at elevated temperature which is eligible for a process low enough to retard common enzymes so that these

on industrial scale. enzymes have to be treated first. They can be linked to
each other or co-crosslinked with a spacing agent. As
1.3. Enzymes in continuous processes a consequence, the molecular weight of the enzyme is

increased. The reaction conditions and used chemicals
To establish a large scale process based on a bio-have to be tested and optimised anew for each enzyme.
chemical reaction, it is preferable to have means However, encapsulation of catalysts also has dis-
available to hold back the catalyst, i.e. the enzyme advantages. Depending on the used matrix system,
in the present case, in the bioreaction vessel. Variousthe catalyst may be inactivated during the process
methods have been developed for this purpose as isof matrix formation. Even if this is not the case the
shown inFig. 2 (Klein and Vorlop, 198% In addition overall activity of the bead in case of calcium alginate
to the advantage of easy retention immobilised cata- entrapment is less than that of the free catalyst due
lysts often also show an increased stability regarding to diffusional limitations. To minimise this negative
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adsorption covalent binding

Fig. 2. Schematic representation of different immobilisation methods.

effect, particles have to be kept as small as possible St. Louis, MO) as the sole source for carbon and
and reasonable for the later application. energy was used. Samples were plated on a solidified

Continuous processes are preferably run in packed medium and incubated at 30, 45 and°60under aer-
bed reactors. Since these build up significant pressureobic and anaerobic conditions, respectively. Grown
drop it is important that beads used for this purpose colonies were then subcultured to liquid media and
have a high mechanical stability. The stability of beads screened for formation of DFA IIl by HPLC analysis
can be increased by using higher concentrated polymer(Jahnz, 200l One unit of enzyme activity was de-
solutions. However, the technical problems to make fined as the formation of Lmol of DFA per minute.
the desired small particles from the resulting highly Supernatant of positive strains was tested after incu-
viscous polymer solutions are immense. bation at different elevated temperatures to determine

temperature stability.
1.4. Aims of the work
2.2. Genetic engineering

A broad screening programme was started to isolate
strains producing inulase Il enzymes. Of special inter-  For cloning of theift gene, a genomic library
est were thermotolerant enzymes, i. e. enzymes whichwas constructed from partially digestédthrobacter
are stable at leastwise 6G for a prolonged period of ~genome in phagg. By phylogenetic analysis of pub-
time. By means of genetic engineering, the production lished data, a universaft gene-specific primer pair
of this enzyme should be enhanced. For this purpose,was designed and used to amplify a homologitis
theift-gene encoding for inulase Il was cloned and ex- gene-specific probe fromrthrobacter chromosomal
pressed irE. coli as a new host. To facilitate the use DNA. This probe was used to screen the genomic
of the enzyme in a future industrial process, the basics library and a hybridising clone, bearing an approx-

for its immobilisation were investigated. imately 15kbp large genomic fragment with the
completeift gene, was isolated. The genomic subfrag-

ments were subcloned into the plasmids pUC18 and

2. Materials and methods pUC19, respectively. Based on thegesubclones,
expression vectors were constructed and the enzyme
2.1. Screening for microorganisms expressed ilE. coli XL1-blue and its activity detected.

Activity tests were done by measuring the amount of
For selective enrichment, a mineral salt medium DFA Il formed in 30 min from a 10% (w/v) solution
with inulin from dahlia tubers (Sigma Chemicals Co., of inulin at 50°C.
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Enzyme design was accomplished on the DNA
level in two steps: the sequence for the original signal-
peptide was partially removed by exonuclease
activity. Based on results obtained from these ex-
periments subsequently the entire region coding for
the transfer-peptide was deleted by means of spe-
cific endonucleases. Additionally, a point-mutation in
the coding region of théft gene was generated by
error-prone PCR.

2.3. Fermentation

To obtain large quantities of the enzyme, the gene-
tically modified organism was fermented in 10-|
scale (fermenter NLF22, Bioengineering, Wald) us-
ing as starting medium technical yeast extract (15 g/l,
Ohly, Hamburg) and glycerol (2.5g/l). Based on
HPLC-measurements of residual glyceralalinz,
2007, new medium was fed to the fermenter during
the course of the fermentation. Afterwards cells were
harvested and disrupted with a high-pressure homog-
enizer (LAB60, APV Gaulin, Libeck; three passages
of 65 MPa; 0.51/min,Ti, = 5°C, Toyt = 21°C).

2.4. Enzyme immobilisation

Forimmobilisation, the enzyme was co-crosslinked.
The exact amounts of chemicals needed for this
procedure are listed below in ttgection 3 the com-
position of the chemicals was as follows. Chitosan
(type EC, genialab, Braunschweig) was dissolved
in 0.5%(w/w) acetic acid and mixed with enzyme
solution as a cell-free extract. After addition of glu-
tardialdehyde from a 50% stock solution, crosslink-
ing was accomplished over 24h at@ while stir-
ring vigorously and afterwards 3% sodium alginate
(LF20/60, FMC Biopolymer, Drammen) was added.
Small droplets of 500-850m in diameter were
formed with a JetCutter (geniaLab, Braunschweig;
nozzle 30Qum; flow of liquid 0.9g/s; cutting tool
48 wires of 10Qum; rotation speed 7000rpm) and
hardened for 15min in a 2% calcium chloride solu-
tion. To evaluate the effect of diffusional limitation,
the activity of beads of different diameters was mea-
sured.

Alginate beads (0.5 g) were dissolved for 30 min in
5 ml of a mixed solution of 100 mmol/l sodium citrate
and 100 mmol/l sodium chloride.
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3. Results and discussion
3.1. Screening for microorganisms

Some 400 strains were investigated in pure cul-
ture. Four strains were found to produce DFA llI, the
strain Buol41 expresses an enzyme which is stable
for weeks at elevated temperatures of°60 Using
metabolic data and 16S-rRNA-sequencing, the strain
was identified to be a newrthrobacter species. It
grows aerobically at ambient temperatures. Inulase Il
is secreted as an extracellular enzyme.

3.2. Cloning of ift gene

To increase the production of the enzyme, the gene
encoding for the inulase lift gene) should be trans-
ferred to ark. coli host and expressed. To gain access
to the bacterial gene, suited primers for a PCR-reaction
were needed. For the primer design, only two highly
divergent sequences of inulase proteins were known
and published in the databases:

e A DFA lll-producing inulase enzyme, in its func-
tion identical and in its phylogenetic origin closely
related to our enzymeS@kurai et al., 1997

e A DFA I-producing inulase enzyme, in its phylo-
genetic origin only distantly related to our enzyme
(Haraguchi et al., 1995

Phylogenetic analysis of both these sequences
resulted in two conserved regions for design of ap-
propriate primers. One of them at the N-terminal end
and the other one approximately in the middle of the
inulase protein. Using this universidt gene-specific
primer pair, a region of approximately 500 bp could
be amplified from theArthrobacter chromosomal
DNA which mirrors about one-third of the totéft
gene. The described primer-design extremely accel-
erated the isolation dft gene. The completdt gene
was obtained by screening the genomic library with
this probe. As a result, a plasmid was constructed
which expressed an enzyme of 477 amino acids when
transferred toE. coli. A cell-free extract of such
a culture showed an activity of 3000 U/l, whereas
the majority of this activity was detected intracellu-
larly.
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DNA plasmid’s amino acids inulase
name in protein activity

lac promotor.

- - pMSiftPH 477 aa 3 000 U/L
partial removal with exonuclease

B - pMSiftExo326 431 aa 70 000 U/L
exact removal of signal peptide

- - pMSiftOptWT 418 aa 320 000 U/L

Fig. 3. Partial and exact removal of sequences coding for the transfer-peptide and the resulting effects in terms of number of amino acids

and measured activity.

3.3. Enzyme design for increase in inulase activity

In Arthrobacter, the inulase Il enzyme is expressed

arginine. Fig. 4 shows the probable effect of this
exchange on the assumed secondary structure of the
protein chain. A newx-helix region can be generated

as an extracellular enzyme. The transport via the cell in the region of amino acids 216 to 224 according to
membrane is accomplished by means of a specific the model ofGarnier et al. (1978)The clone bearing

signal transfer-peptide which is part of tife gene.
The cleavage site for this signal-peptide was identi-

this plasmid was name#. coli pMSiftOptR.

fied by database comparison and verified by sequenc-3.4. Fermentation of E. coli pMSftOptR

ing the N-terminus of the matured wild-type protein.

Due to phylogenetic differences between the species The recombinari. coli pMSiftOptR was fermented

of Arthrobacter and Escherichia, the transfer-peptide
does not work inE. coli. In E. coli, the enzyme re-
mains intracellular as was shown by activity analysis
of disrupted cells and supernatant of cultivations. By
stepwise removal of the region coding for the signal-
peptide it was evidenced, that not only the inulase I

using an inexpensive technical medium. During the
fermentation, the inulase activity was monitored. A fi-
nal biomass concentration of 10.5 g/l (dry weight) and
an overall activity of 1,760,000 U/l was measured. The
majority of the activity (82%) was measured as being
intracellular, only 18% of the activity were present in

remains in good order but rather an increase in activity the supernatant.

could be observed, as is displayedHig. 3. An exact
removal of the complete transfer-peptide resulted in
a hundred fold increased activity. Probably the lead-
ing signal-peptide and remaining parts of it have a
negative effect on the folding of the following protein
which leads to the low activities observed afore.

A further increase in activity of approximately
35% was possible due to a point-mutation which
was induced by error-prone PCR. On position 221 of

Since high-density fermentations d&. coli are
known to reach biomass concentration of about 110 g/l
(Cutayar and Poillon, 1989it is reasonable that by
optimising the fermentation step an activity of at least
15 million units per litre could be achieved.

3.5. Co-crosslinking of inulase 11

Initially, it was tested if the covalent binding of the

the enzyme, a glycine residue was exchanged with enzyme inulase Il has an influence on its activity. If, for

CVELTRAGQAT

pMSiftOptR

pMSiftOptWT

pos371

mmo-helix pmp-sheet  turn

Fig. 4. Assumed secondary structure of native and mutated enzyme for the region around the amino acid exchange (position 221).
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example, lysine residues are located in the enzyme’s escapes from the nozzle (50 to 130 in diameter)
active site a reaction of their amino groups may lead at a constant velocity of 10 to 30 m/s and the cutting
to a readily inactivation. As was shown in experi- tool with 48 wires rotates with a constant speed of up
ments, our enzyme is not susceptible to glutardialde- to 12,000 rpm. Due to these parameters, the JetCutter
hyde over a broad range of concentration and thus has a tremendous throughput and, in parallel, a very
the envisaged method of co-crosslinking was appli- narrow distribution of particle diameters. Based on the
cable. The optimal concentrations for the individual individual parameters, particles can be generated in
chemicals in the reaction mixture were found to be as the range from approximately 120n up to 4 mm in
follows: diameter. A typical industrial JetCutter setup with 10
nozzles has a daily output of 1.2 tons of beads (diam-
eter 1 mm) and needs only little supervisidfid. 5).
The monodisperse distribution of diameters is advan-
tageous for most applications of spherical particles.
For instance, all particles show the same concentra-
3.6. JetCutter technology tion profile and in packed bed reactors no demixing
due to different sizes occurs.

To accomplish the task of producing the desired  JetCutter technology was originally developed for
small droplets from the highly viscous alginate— preparation of beads from aqueous systems like algi-
enzyme solution, JetCutter technology was employed. nate, pectinate and chitosan solutions for bioencapsu-
In comparison to other techniques like blow-off de- lation purposes. Meanwhile, this technology stood the
vices, vibrating nozzles or electrostatic forces, the test and was successfully applied to other areas where
JetCutter uses a mechanical cutting of a continuous highly viscous solutions have to be transformed into
jet of liquid to produce small droplets, which is shown small droplets. The following examples are taken
in Fig. 5(Prufe et al., 1998 from the area of neutraceuticals and pharmaceuti-

It is possible to work with liquids which have a vis- cals: preparation of food additives like encapsulated
cosity of up to several pascal seconds. The jet of liquid vitamins or masked amino acids, the preparation of

e protein concentration 5.6 g/l
e chitosan concentration 4.5 g/l,
¢ glutardialdehyde concentration 140 mmol/l.

nozzle

fluid jet 1
motor
— L ]
cutting tool

with fine wires §

bead o

hardeming  ©

ardening

bath L
\ ®

Fig. 5. Principle of JetCutting (left), high-speed motion picture of the cutting process (middle) and an industrial installation with a daily
capacity of 1.2tons of 1-mm beads (right).
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Fig. 6. Particle diameter distribution of alginate beads with en-
trapped inulase Il produced with JetCutter technology.

starter cultures with entrapped bifidobacteria and the
processing of hotmelts. Especially, the later can find
application in the pharmaceutical industry, since Jet-
Cutter technology allows the generation of excellent
particles for entrapping of or subsequent coating with

active substances, respectively, or production of beads

for controlled and/or retarded release applications with
therapeutics and health food compounds.

Using this technology, alginate beads with dif-
ferent diameters were produced with entrapped
co-crosslinked enzyme inulase Il. The production rate
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3.7. Immobilised inulase 11

Beads with diameters in the range of 500—800
were analysed and their activity compared to the prod-
uct release curve for free enzyme. Part of this data is
presented itfrig. 7. While beads of 50Q.m in diameter
showed 54% of activity compared to the value when
the same beads were dissolved, beads ofg0@ave
only 42% of the activity. For 85a.m, only one-third of
the genuine activity was observed. The activity mea-
sured for 600.m beads was 196 U/g/wet matter).

4. Conclusions

To produce DFA 1l in technical and industrial scale,
large amounts of encapsulated enzyme are needed.
The work described in this paper gives a basis for
satisfying this need. Due to results from genetically
engineering, a standard fermentation technique is ca-
pable of producing vast amounts of enzyme which can
then be encapsulated on an industrial scale by using
JetCutter technology. The prospect of producing DFA
Il on an industrial scale has been accelerated greatly
and DFA as a new food additive could be introduced
to the market.
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