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Development of a multiphase reaction system for integrated synthesis
of isomaltose with a new glucosyltransferase variant
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Abstract

A new genetically derived variant of the glucosyltransferase from Streprococcus oralis has been characterized physicochemi-
cally and kinetically. Compared with the industrially used glucosyltransferase from Leuconostoc mesenteroides, the enzyme
variant GTF-R S628D possesses 25 times higher affinity for the specific glucosylation of glucose. For a concept of inte-
grated reaction and product isolation, a fluidized bed reactor with i situ product removal was applied. The technical
feasibility and the applicability of the kinetic models for reaction and adsorption could be demonstrated. The immobilized
enzyme was stable (20% activity loss after 192 h) and product could be obtained with 90% purity. A bioprocess model was
generated which allowed the integral assessment of the enzymatic synthesis and i sizu product adsorption. The model is
a powerful tool which assists with the localization of optimal process parameters. It was applied for the process evaluation

of other glucosyltransferases and demonstrated key characteristics of each enzymatic system.
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Introduction

Oligosaccharides exhibit great functional diversity
and thus are of extraordinary relevance for bio-
logical systems (Kannagi et al. 2004; Landsteiner
2004). Apart from their application in medical sci-
ence (Nilsson et al. 1997; Heerze & Armstrong 2002;
Seeberger & Werz 2007), oligosaccharides are used
on a large scale in the food industry because of
their prebiotic effects and their low glycemic index
(Schiweck et al. 1990; Roberfroid 2007). Isomalto-
oligosaccharides are a mixture of di- to hexasac-
charides (Buchholz & Seibel 2003). In 2004, the
annual isomalto-oligosaccharide output amounted
to 11 000 tons (Taniguchi 2004). However, selective
synthesis of a single isomalto-oligosaccharide like the
disaccharide isomaltose is difficult.

Generally, three approaches to oligosaccha-
ride formation can be distinguished: hydrolysis of
polymers, reverse hydrolysis of monosaccharides in
solutions with low water activity and transglycosyla-
tion in aqueous solutions (Monsan & Paul 1995;
Hansson & Adlercreutz 2001). The first approach

lacks sustainability and is often not cost-effective due
to the high cost of substrates (dextranase—dextran
system; e.g. Mountzouris et al. 2002). The required
endo-glycosidases also yield a broad product spec-
trum with varying degrees of polymerization (DP)
instead of a single pure compound. However gly-
cosidases can facilitate oligosaccharide synthesis
by reverse hydrolysis. Using activated donors, high
molar yield coefficients can be obtained under mild
reaction conditions (e.g. 60% for isomaltose; Vetere
et al. 2000), although reverse hydrolysis is not regi-
oselective and is an equilibrium-controlled reaction.
Thus, high amounts of substrate and activated donor
remain in the product solution and result in low
product purity.

Transglycosylation reactions are catalyzed by the
enzyme family of glycosyltransferases (GTFs); in the
case of Leloir GTFs with a requirement for activated
substrates. For example, dextransucrase (DSR-S)
converts the inexpensive substrate sucrose into dex-
tran at technical scale (Naessens et al. 2005). GTFs
like DSR-S transfer the glucosyl moiety from sucrose
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highly selectively to a growing polymer chain with
DP=i via an o-1,6 glycosidic linkage with displace-
ment of fructose (equation (1)). In general, the reac-
tions are regio- and stereoselective, and proceed even
at low concentrations in water with high yield.

n sucrose + (1,6 - a - D - glucosyl-), —=—

(1,6-a-D-glucosyl-),,, +n fructose (D)

Alternatively glucose can be transferred to an
external acceptor like glucose to form isomalto-
oligosaccharides (equation (2)). The yield of
product depends on both acceptor quality (Robyt &
Eklund 1983) and quantity (Berensmeier et al.
2006). The degree of sucrose hydrolysis is usually
low as water is a weak acceptor. Glucose, isomalt-
ose or isomaltotriose act as strong acceptors. Thus,
follow-up reactions take place and a homologous
series of oligosaccharides is generated (Pereira et al.
1998; Tanriseven & Dogan 2002).

DSR-S .
sucrose + glucose —————isomaltose +

-fru

glucose — DSRS . jsomaltotriose... 2)

+suc; -fru

The approach using GTFs overcomes some
limitations of using enzymes that need activated sug-
ars (e.g. UDP-Glucose) as substrate (cost-effective
substrate, water as solvent, high conversions, thus
no substrate remaining in product solution). How-
ever the product purity still suffers from impurities
like high amounts of acceptor (500 g L!; Ergezinger
et al. 2006) and follow-up products. It is thus imper-
ative to further increase the selectivity of the bio-
catalyst and also to tailor the product spectrum. The
latter could be realized by i sizu product removal
(ISPR) which suppresses follow-up reactions.
Ergezinger et al. (2006) increased the overall prod-
uct yield (isomaltose) by up to 25% using ISPR in
a fluidized bed reactor (FBR).

Regarding the improvement of biocatalyst selec-
tivity, recent studies have focused on the implemen-
tation of endo-dextranase in the DSR-S reaction
system, either in soluble form in an enzyme mem-
brane reactor (Kim & Day 1994; Goulas et al. 2004;
Kubik et al. 2004) or co-immobilized in alginate
beads (Erhardt et al. 2008a,b). However, the insta-
bility of DSR-S in the presence of excess dextranase
hinders the technical application.

The current study aimed to develop an enzymatic
process for isomaltose synthesis with ISPR. From previ-
ous engineering and screening studies a new enzyme
variant GTF-R S628D (E.C.2.4.1.5) was obtained
(Hellmuth et al. 2008) showing increased hydro-
lysis (11%), but most notably increased formation

of small acceptor products (89%). No dextran forma-
tion occurs. This variant bears a single mutation near
the putative transition-state stabilizer D627. In differ-
ent glucansucrases, mutations in this region showed
structural changes of the polymer formed (Kralj
et al. 2005; Moulis et al. 2006). Possibly nucleophilic
attack as well as the release of acceptor products
are facilitated due to this mutation, but because a
three-dimensional structure for this type of enzyme
has been published only recently (Pijning et al. 2008),
precise explanations are lacking.

Materials and methods
Enzyme production

Fermentation and cell disruption. The gene encoding
GTF-R S628D was available on the recombinant
plasmid pTH275 hosted in Escherichia coli X1.10-
gold (Hellmuth et al. 2008). Shaken flask cultures
were routinely grown at 27°C on LB medium
(tryptone 10 g L-l, yeast extract 5 g L', NaCl
10 g LY supplemented with ampicillin 0.1 g L.
For large-scale growth, starter cultures (cell dry
weight (CDW) 2.5 g L) were inoculated (5%
v/v) into 50 L defined medium which consisted of
(g L™): glucose (20), KH,PO, (13.3), (NH,),HPO,
(4), citric acid (1.7), MgSO,, (1.2), Fe(III) citrate (0.1),
ampicillin (0.1), thiamin (4.5%x1072) and trace ele-
ments (CoCl, (10 pM), MnCl, (75), CuCl, (9),
H,BO, (48), Na,MoO, (9), Fe(Il) citrate (400)),
pH 6.5 Bacteria were grown at 30°C with a gas-
sing rate of 0.5 v/v per min at 460 rpm. After 17 h,
cell suspension (CDW 4.1 g L'!) was harvested by
centrifugation at 11 000g for 25 min at 10°C. Cell
washing and re-suspension were performed in 25
mM sodium acetate buffer, pH 5.4. For cell break-
age, biomass was subjected to ultrasonication (200 W;
7 MJ kg-biomass™!).

Fermentation was done without induction and
yielded GTF-R enzyme activity of 90 U L1

Enzyme purification and immobilization. Enzyme
immobilization required the formation of a protein—
dextran complex. Dextran formation was achieved by
enzymatic conversion of sucrose 10 g L at 30°C. For
enzyme immobilization, 1 L enzyme solution with an
activity of 3.3 U mL™! was prepared for application
in a FBR according to Berensmeier et al. (2004).
About 1.3 kg in Ca-alginate-immobilized biocatalyst
with a particle diameter of 0.5 mm and an activity of
1.2 U g! (70% yield) could be obtained using a jet
cutter (GenialLab Ltd, Braunschweig, Germany).
In Table I, a qualitative comparison with two
other enzymatic systems shows that GTF-R had the
highest potential for isomaltose formation. It needed
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Table I. Comparison of GFT-R with two other enzyme systems
with respect to isomaltose formation.

Enzyme K, (mol mol™) Y, . (Mol%)
GFT-R 0.8 60
DSR-S + dextranase 4.3 60
DSR-S 18.3 60

a glucose/sucrose ratio (K,) of less than one, giving
an isomaltose yield on sucrose (Y_, ) at the same

level as both of the other systems with much higher
glucose/sucrose ratios.

Storage stabiliry and activiry studies ar different
temperatures and pH values

To compute half-lives of the immobilized enzyme a
first-order decay model was applied. Different buffer
systems were investigated at 35°Cin25mM CaCl, in25
mM buffer (4.6=pH=5.2,benzoic acid; 5.2=pH=5.8,
sodium acetate; 5.8<pH=7.0, imidazole). Activity assays
were performed in 25 mM CaCl, in 25 mM buffer
(3.5=pH=5.0, sodium acetate; 5.0=pH=6.4, pipera-
zine; 6.4=pH=8.0, imidazole; 8.0=pH=8.5, glycine).
At pH 5.8, Bis-Tris (bis(2-hydroxyethyl)amino-tris
(hydroxymethyl)methane), MES (2-(4-morpholino)
ethanesulfonic acid), imidazole, benzoic acid and
sodium acetate were used as buffer systems to deter-
mine storage stability.

Reaction conditions for kinetic experiments and
in situ product removal

The GTF-R S628D immobilizate (7.5 g) was incu-
bated in 25 mL reaction solution (0.1-1 M sucrose
and 0-2 M glucose in 25 mM calcium acetate buffer
at pH 5.8) at 30°C in a shaking water bath. For the
semi-technical scale bioconversion, 1.2 kg immo-
bilized GTF-R S628D were incubated in a FBR
with ISPR (234 mM sucrose and 560 mM glucose;
0.15 U mL™!; 30°C; pH 5.8). As selective adsorbent
B-zeolites with Si/Al ratio of 75 were applied (Siid-
Chemie Ltd, Munich, Germany) at a solid phase
concentration of 100 g 1. Adsorption properties
of zeolites for mono- and disaccharides have been
reviewed by Berensmeier & Buchholz (2004). The
reactor was operated quasi-continuously. A process
flow sheet of the FBR and its operation are described
in the ‘Fluidized bed reactor’ section below.

Modeling

Kinetic modeling of product formation. Parameters
for the kinetic model were obtained from experi-
ments with GTF-R S628D under various sucrose/

glucose conditions. We adopted a previously devel-
oped GTF model for the acceptor reaction (Heincke
et al. 1999). The significance of model parameters
could be demonstrated by sensitivity analysis and the
model has also been verified for other GTFs (Dols
et al. 1999). Equation (3) describes the substrate
consumption neglecting substrate inhibition, which
was not observed for this enzyme variant.

E, -suc~(p1 +p, -glc)

dsuc _
dz 1+ p, -suc+ p, - gle + p, - gle - suc + p, - glc®

3)

suc and glc are the sucrose and glucose concentration.
Parameter p, was set to the reciprocal of the Michaelis—
Menten concentration, enzyme activity E, could be
taken from experimental conditions and parameter
p, could be computed from parameters p,, p, and p,
(Heincke et al. 1999). Thus, four parameters were
ascertained by non-linear regression using a training
set of initial rates at different experimental condi-
tions by the Levenberg—Marquardt algorithm (see
Figure 2). A table with the actual parameter data is
given in the Appendix. Using equation (3), sucrose
conversion can be simulated.

Likewise, isomaltose concentration (i) can be
modeled taking account of the molar yield coeffi-
cient Y,  (equation (4)).The calculationofY,  is
described in more detail in the ‘Results and discussion’
section (equation (9)) and must also consider sucrose

hydrolysis (Y;;,5,.=0-1; experimental data).

@ _ dsuc .
dr dr

Yim/ suc (4)

Modeling of integrated adsorption on [-zeolite and
synthesis. Adsorption is expressed as a kinetic term in
which the change in covered places of the adsorbent
(¢p) is calculated by adsorption (rate constant ads,,,)
of solute isomaltose onto free places (fp). Desorption
is considered by the rate constant ads, , (equation
(5)). As equilibrium is rapid, no adsorption kinetics
could be determined; the ratio of ads, | over ads,,
represents the dissociation constant. This constant
is equal to the quotient of saturation capacity over
the adsorption equilibrium constant (Berensmeier
& Buchholz 2004; Ergezinger 2006). As a further
boundary condition, the number of free adsorption
sites fp is limited (zeolite concentration times the
saturation capacity).

de :
d_tp =ads,, -im- fp—ads,_, -cp ©)

Equation (4) is cast into equation (6) to model con-
tinuous operation with a residence time 7. Adsorption,
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desorption and export of loaded zeolite are also
included.

dl—m == dsuc : Yvim/suc
dt dt

; . 1
+ (mzto —um, ) .

—ads,, -im- fp+ads, - cp— (6)

cp
T
Modeling of specific zeolite loads for various reaction
conditions and enzymes. In contrast to sucrose, glu-
cose competes with isomaltose for free places on the
zeolite. A glucose-dependent adsorption equilibrium
parameter K, can be calculated via equation (7). The

parameter decreases exponentially and half of initial
K, is attained at 880 mM glucose.

K, = ads, + ads, -exp[—ﬁj (7

The molar yield coefficient Y, can be computed
for any glucose/sucrose ratio. Multiplied by the ini-
tial sucrose concentration the yield coefficient gives
the overall product concentration. By use of a mass
balance the specific load of B-zeolite with adsorbed
isomaltose can be computed from the overall and
equilibrium isomaltose concentration. The itera-
tive calculation of specific load was performed
with Microsoft Excel® using the solver function and
macros.

Modeling of process efficiency. In order to assess
the overall process efficiency under defined pro-
cess conditions (i.e. sucrose/glucose concentration,
enzymatic system), equation (8) was applied. The
amount of adsorbed isomaltose on the zeolite (g*)
was computed as discussed in the preceding section
on ‘Modeling of specific zeolite loads’. Reaction
rate r,, depends on sucrose and glucose concen-
tration in the reaction mixture and can be calculated
according to equation (3). As a boundary condition,
sucrose conversion was considered from the initial
sucrose concentration (c,, ) until Coue10mm = 10 mM
remaining substrate (i.e. K, of enzyme). The first
term of equation (8) reflects the equilibrium load of
zeolite, and this is related to the reaction time which
is necessary for sucrose conversion (second term).
The third term takes account of the surface cover-
age of the adsorbent (g* over g_,); from a practi-
cal point of view, downstream processing (DSP) of
highly loaded zeolites is preferred to DSP of margin-
ally loaded carriers. Thus, efficiency is optimal when
zeolites are almost fully loaded at reaction times as
short as possible.

rmax 5 q

Efficiency = ¢" ®)

Csuc,ini - C:uc,lOmM qmax

Assessment of isomaltose bound on zeolite

Suspension from the multiphase reactor was centri-
fuged at 5200¢ for 20 min (30 mL in Falcon tubes).
Supernatant (10 mL) was withdrawn for HPLC
analysis and 5 mL EtOH was added for desorption.
Quantitative desorption measured by HPLC
occurred at 70°C over a period of 5 days. To gravi-
metrically measure the zeolite mass, the desorbed
suspension was washed three times with dH, O, dried
at 70°C and desiccated. Following this procedure the
specific load (isomaltose per weight zeolite) could
be computed. Mass balances indicate that desorption
was quantitative under the conditions given above.

Downstream processing of zeolites from the fluidized bed
reactor. After solid/liquid separation in a dead-end
filtration unit (black ribbon filter, pore size <5 pum)
one aliquot of zeolite was immediately desorbed
with ethanol (200 g L™! zeolite suspension; 50% v/v
EtOH; 70°C; 5 days). The remaining zeolites were
re-suspended in dH,O (50°C; 200 g L™! zeolite sus-
pension; 4 mL water/g zeolite), stirred for 1 h and
filtered/desorbed as described above. If necessary,
the procedure was repeated. Purities were calculated
on a w/v basis and yields of processed zeolites were
benchmarked against the immediately desorbed
zeolite aliquot. Detailed information is given in
Holtkamp et al. (2009).

Enzyme activiry assay (dinitrosalicylic acid test)

One unit of GTF activity refers to the amount of
enzyme that liberates 1 pmole of fructose per minute
at pH 5.8 and 30°C using sucrose 100 g L! in 25
mM calcium acetate buffer. Reducing sugars were
measured with dinitrosalicylic acid (DNS) solu-
tion according to the protocol of Sumner & Howell
(1935). Linear regression of the fructose formation
over a 2 h time period was used for final computation
of GTF activity. Investigation of the effect of metals
upon GTF-R activity showed that the presence of 10
mM heavy metals significantly distorted the slope of
the calibration line (water, 100%; Cu?*, 65%; Ni?*,
130%; Zn?*, Co?*, 180%; EDTA, Mn?*, 230%).

Fluidized bed reactor

A process flow sheet for the GTF-R bioreactor is
presented in Figure 1. An eccentric pump generated
the fluidization of biocatalyst in the FBR. Mesh sizes
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Figure 1. Process flow sheet for the fluidized bed reactor (reactor height = 2 mj; reactor diameter = 0.1 m; flow rate = 0-1 L h'};

temperature = 30°C).

of the sieves at the bottom and top of the reactor were
adapted to the particle size of the adsorbent phase
(zeolite; particle diameter = 10—-60 um). By doing so,
this could freely circulate in the fluid phase while
the biocatalyst (diameter 0.5-1 mm) was retained
in the reactor. Sucrose and glucose were fed quasi-
continuously from a feed bin. Because the B-zeolite
undergoes aging in aqueous solution, it must be
separately added to the reactor as a dry powder.
Product suspension with zeolite was withdrawn and
after sieve box centrifugation the loaded adsorbent
was further processed. DSP involved washing of
the zeolite and desorption with 50% v/v ethanol.
After zeolite reconditioning it could be recycled.
Ergezinger et al. (2006) reported on a continuous
approach for DSP of adsorbent with recirculation of
material fluxes (reaction supernatant, washing and
stripping agents), so in principle the overall process
could be operated in a continuous manner.

Quantification of intermediates by HPLC

Carbohydrate concentrations were quantified using
external standards with a refractive index detector
(30°C). Samples were separated by HPLC with an
amino-bonded stationary phase analytical column
(Purospher Star NH, 5 um, 250 mm X 4.6 mm i.d.;

Merck, Darmstadt, Germany) with acetonitrile—
water (80% v/v) as mobile phase at a linear veloc-
ity of 1 mm s~!. To remove zeolites and dust from
reaction solutions, samples were centrifuged and
subjected to membrane filtration (0.2 um, nitrocel-
lulose; Millipore, Schwalbach, Germany). Samples
were diluted so that the total sugar concentration
did not exceed 50 g L1,

Results and discussion
Characterization of GTF-R S628D

Enzyme activity and stability under various physicochemical
conditions. Regarding enzyme activation by 10 mM
calcium ions (Berensmeier 2003; Ergezinger 2006),
complete activity loss in the presence of 10 mM zinc
and copper (Miller & Robyt 1986; Berensmeier 2003)
and the pH-dependent activity profile (maximum
activity at pH 6.5, 80% activity within pH 4.8-7.2;
Tuomanen et al. 2000), results from the enzyme vari-
ant correspond well with the properties of the wild-
type enzyme. However, the enzyme variant exhibited
maximal activity at a temperature of 42°C which was
higher than that of DSR-S (34°C; Monchois et al.
1998) and the GTF-R wild-type (38°C; Berensmeier
2003). Activation energy was computed using the
Arrhenius equation, giving E, = 33+3 K] mol.
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Inactivation occurred at temperatures above 45°C
(Ep, = 270£60 kJ mol™).

To locate optimal stability parameters for long-
term biocatalysis, storage stability studies of the
immobilized enzyme were carried out.

The half-life of GTF-R S628D dropped sharply
from 37 h at 35°C to only 4.1 h at 40°C, so the
operating temperature should be well below 35°C
(37 h). At a temperature of 30°C, the half-life (z,,,)
of immobilized enzyme under process conditions
(0.6 M glucose, 0.2 M sucrose) was 22 days and
surpassed the extrapolated ¢, , from stability studies
(9 days at 30°C). Furthermore, the energy of inacti-
vation for ¢, , compares very well with that of DSR-S
(32347 k] mol! rather than 353 k] mol!; Berensmeier
et al. 2006). In studies of operating pH, the highest
half-life was achieved at pH 5.8 (z,,,= 37 h compared
withz ,=21hatpH 7and¢,,=1.9 hat pH 4.6) and
different buffer systems for this pH value were evalu-
ated. Bis-Tris, sodium acetate, MES and imidazole
(25 mM buffer in 25 mM calcium chloride) did not
affect biocatalyst stability. Benzoic acid also has anti-
microbial potential, but decreased ¢, by 70% (data
not shown). A negative effect of benzoic acid (90%
decrease of GTF activity with 1 mM benzoic acid)
has also been reported by Taguchi et al. (1997).

Characterization of reaction kinetics. Kinetic constants
of native and (used) immobilized biocatalyst were
determined. Compared to the GTF-R wild-type
(0.9 mM; Berensmeier 2003), K,, differed signifi-
cantly (3.8 mM). Enzyme entrapment resulted in
a further change of the apparent K,; of GTF-R
S628D. Diffusional limitations caused an increase in
K, by a factor of 2.5 (to 9.6 mM sucrose) at a spe-
cific activity of 1.34 U g-beads!. A shift in specific
activity and K, after operation in the FBR (specific
activity = 1.06 U g'!; K, = 8.1 mM) might point at a
slow, abrasive disintegration of the alginate matrix.
Figure 2 presents experimental and modeled
data of initial reaction rates at various sucrose and
glucose concentrations. Apparently glucose acts as
an effector up to 1 M and increases reaction rate
up to 300%. Competitive inhibition takes place at
higher glucose concentrations and has to be taken
into account in the model (parameters p; (p,, p,)
in equation (3)). The comparatively low positive
effect of sucrose at moderate and high glucose
concentrations is also considered by parameter ps.
Substrate inhibition has been reported for DSR-S
(Berensmeier et al. 2006), but not for the GTF-R
wild-type (Berensmeier 2003), while GTF activity
can be accelerated or slowed down by glucose
(Koepsell et al. 1953; Berensmeier et al. 2006).
Because glucose serves as an acceptor, high con-
centrations will cause high yields of acceptor product

10.0 4+ " T T T " T T T
< 7.54
")
"
©
€ 5.07
=
s
B 254
é ® 890 mM sucrose
- e 460 mM sucrose| 1
* 150 mM sucrose
0.0

T T T T T T T T
0 500 1000 1500 2000
Glucose [mM]

Figure 2. Initial reaction rates of G TF-R S628D at different
sucrose/glucose concentrations (solid lines, kinetic model).

(Figure 3). Molar yield coefficients of isomaltose can
be modeled reasonably well for a broad spectrum
of experimental conditions using a saturation
model (equation (9)). In this model K, displays the
acceptor/substrate ratio at which half-maximal yield
is obtained. Thus it is an affinity measure for glucosyl
transfer (K, = 0.8 mol mol™).

Yo ©)

1

B 1+ K, - glc- suc™

The affinity for glucosyl transfer by GTF-R S628D
surpasses that of DSR-S by a factor of 25 and that of
DSR-S co-immobilized with dextranase by a factor
of 5 (Berensmeier et al. 2006; Erhardt et al. 2008a).
However, the formation of o-1,6 glycosidic linkages

m

T T T T T

o 5 10 15 20

Molar ratio glc/suc [mol mol_ ]

Figure 3. Molar yield coefficient of isomaltose formation at
different molar ratios of acceptor and substrate (volumetric
enzyme activity = 0.05-0.5 U mL!; sucrose concentration =
0.1-1 M; glucose concentration = 0—2 M; solid line, saturation
model; Y= (0.60+0.02) mol-im mol-suc! ; K, =(0.80£0.09)
mol-glc mol-suc™!).
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by the GTF-R variant is slightly less selective com-
pared with the DSR-S enzyme (Y ax.677-R 56280 = 0-605
Y ax.psr-s = 0-69; Erhardt et al. 2008a). A successful

inx‘?egrated production strategy requires a biocatalyst
with low K, value, because glucose concentration
must remain as low as possible in the process. This is
not only due to problems of glucose in downstream
processing (co-adsorbed, void volume; Ergezinger
2006), but also due to the lower selectivity for pro-
duction of isomaltose (equation (7); Berensmeier &
Buchholz 2004).

Using equations (3) and (4), kinetics of substrate
conversion and product formation can be modeled.
This basic model considers the release of glucose
from sucrose hydrolysis and its removal for acceptor
reaction/isomaltose synthesis (sucrose 168 mM and
985 mM, glucose 0 mM; Figure 4). Other by-products
of transglucosylation are not considered, since they
could not be detected (polymer retention in the algi-
nate matrix) or are produced only at very high sucrose
conversions (leucrose, isomaltulose). Isomaltose
concentration is simulated well at different glucose/

200 ——
Suc 168 mM

__ 150 Glc 0mM

= 100

© 50,

0 . . .
0 10 20 30 40 50

t [h]
200 . ,
Suc 156 mM
_ 15 Glc 457 mM
%100 *”****
o 50 o * :
0 : ,
0 5 10 15 20
t [h]
200 . .
Suc 120 mM
__ 1501 Glc 2099 mM
s
g 100 L.
© 50{ N&
0 L
0 5 10 15 20
t [h]

sucrose ratios via the computed yield coefficient (equa-
tions (4) and (9); remaining kinetics in Figure 4).
Particularly at high molar saccharide concentrations
the sucrose concentration profiles were difficult
to predict, which might suggest external transport
limitations. Although GTFs exhibit multiple molec-
ular interactions (Dols et al. 1999; Heincke et al.
1999; Ergezinger 2006), the kinetic model produces
reasonable data with a low number of parameters.
Next, modeling should integrate the i situ adsorp-
tion step.

Production and isolation of isomaltose using a
continuously operated fluidized bed reactor with
n situ product removal

The FBR with ISPR is used to produce isomaltose
in a continuous manner on a semi-technical scale
(Figure 5). Residence times were 20 h, 40 h and
infinity (batch mode). The modeled concentration
courses of substrate and product are well represented
which is also in agreement with modeling data from

1000 : : :
Suc 985 mM
_ 7901 Glc O0mM
% 5001
© 250
0 ki X x_x_‘,t———-r* -
0 30 60 90 120
t [h]
1000 : :
Suc 926 mM
_ IR0 Glc 451 mM
Z 500 \™
u 250- . - * * *
04 \ —
0 40 80 120
t [h]
1000 ; : :
Suc 705 mM
7501
= Glc 2099 mM
£ 500
= % " . . +
© 250{ \u*
0 - -

0 40 80 120

t [h]

Figure 4. Comparison of experimental and modeled kinetics of immobilized GTF-R S628D (M, sucrose data; %, isomaltose data).
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Figure 5. Product formation in the continuous fluidized bed reactor using 560 mM glucose, 234 mM sucrose and B-zeolite 100 g L!
(reaction volume = 15 L; enzyme activity = 0.15 U mL"!; pH 5.8; 30°C; solid lines, kinetic model).

Figure 4 (see plot with 156 mM sucrose/457 mM
glucose).

Incorporation of a kinetic adsorption model
(equations (5) and (6)) results in good agreement
between actual and simulated data for isomaltose
in the fluid and on the solid phase. However, quan-
tification of zeolite-bound isomaltose is challeng-
ing, although a previous protocol (Ergezinger et al.
2006) could be improved. Quantitative desorption
demands harsh conditions (desorption at 70°C in
50% v/v ethanol for 5 days) and the minor changes
in concentration make analysis difficult. Figure 5
indicates that even the doubling of isomaltose con-
centration during reaction results in only a slight
increase in zeolite-bound isomaltose. This is due to
the reduced selectivity of zeolite (equation (7)) even
at moderate glucose concentrations. After 192 h of
operation, the reaction mixture consisted of 65%
glucose, 19% fructose, 4% fructose acceptor prod-
uct (leucrose) and 12% isomaltose (4% adsorbed on
solid phase, 8% in fluid phase).

When the zeolite was immediately desorbed after
solid/liquid separation, the purity of isomaltose could
be tripled from ~10% in the reaction supernatant
to greater than 30% in the desorption solution
(Figure 6). Initial purity surpassed that of a pro-
cess using DSR-S with glucose 500 g L ! by a fac-
tor of 3 (Ergezinger et al. 2006). The yield for 60%
pure isomaltose is also three times higher for the
GTF-R variant (60% yield) compared with DSR-S
(20% vyield). In both cases isomaltose could be
further purified up to 90% purity (20% yields).
When zeolite is washed with water, it predominantly

removes adsorbent-associated contaminants, but
also some isomaltose. Product loss during aqueous
washing steps does not seem to be typical of pro-
cesses with ISPR (Hilker et al. 2004; Jordening et al.
2008). However, in many cases the compound of
interest is hydrophobic and adsorbed on an organic
polymer. In this respect the polar isomaltose, which
is adsorbed on an inorganic carrier, differs signifi-
cantly. Furthermore, 100% pure isomaltose cannot
be expected even after extensive washing, because
water only removes contaminants of the void volume
and not of co-adsorbed compounds. Although the
DSP itself could be further optimized via fine-tuning
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Figure 6. Effect of zeolite washing upon product quality (DSR-S

data from (Ergezinger 2006); product suspension obtained from

different reaction solutions: DSR-S =2.77 M-glc; GTF-R S628D =

0.56 M-glc).
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Figure 7. Process efficiency for different enzymatic systems (B-zeolite = 200 g L!; activity = 8.5 U-GTF mL™!): (a) GTF-R S628D;
(b) DSR-S and dextranase, co-immobilized (Erhardt et al. 2008a); (c) DSR-S (Jordening et al. 2008).

of process parameters (temperature, wash duration,
solvents), Figure 6 clearly shows the benefits of using
the GTF-R S628D enzyme system as a common
principle and the consequent benefit of using low
acceptor concentration.

Figure 7 displays the process efficiency (equa-
tion (8)) of three enzymatic biocatalysts at various
sucrose/glucose concentrations. To compare all sys-
tems, batch operation with ISPR was assumed. The
efficiency is an integral measure of the reaction and
adsorption as well as for the specific load of zeolites.
Its computation requires all kinetic models developed
in the previous sections. For all systems the matrix
depicts a single optimal process condition. Regarding
the DSR-S system, the optimal sucrose/glucose
concentration obtained from modeled data is in good
agreement with the experimentally determined opti-
mal process parameters (Ergezinger et al. 2006).

Optimal process parameters from Table II indi-
cate that biocatalysts with a low affinity for glucosyl
transfer (high K,) require high amounts of the
acceptor glucose. Thus, the intuitive guess that a low
K, (high molar yield coefficient, respectively) would
allow for a lower glucose concentration in the reactor
can be confirmed by computation. Furthermore, K,
affects the maximum attainable process efficiency
and a direct correlation between these two factors
may be made. A 25-fold higher K, for the GTF-R
variant than the DSR-S enzyme gives a 21-fold
higher efficiency (likewise for the co-immobilizate;
see last column of Table II).

In summary, Figure 7 and Table II clearly show
the superiority of the new enzyme variant GTF-R
S628D for the production of isomaltose in a FBR
with ISPR. Also, process efficiency diagrams are a
useful tool for the qualitative and quantitative assess-
ment of different enzymatic systems for bioprocess
development.

Conclusions

The GTF-R enzyme variant has been characterized
physicochemically. The enzyme had long-term sta-
bility at pH 5.8 in acetate buffer at 30°C. Addition-
ally, the enzyme variant possesses a K, three times
higher than the wild-type GTF-R, but a 5-25 times
higher affinity for glucosyl transfer as compared
with the DSR-S GTF (Ky 7y, = 0.8 mol mol ™).
A model was developed for combined computation
of reaction kinetics and i siru product adsorption
in a continuous reaction system. As a proof-of-
concept for modeling and scale-up, a continuous
FBR with ISPR was operated at semi-technical
scale for 192 h. Further, a DSP scheme for zeo-
lites was examined and product purities up to 90%
could be obtained. Integral bioprocess modeling
proved to be a powerful tool to assess the process
efficiency of the GTF-R variant and two further
GTFs for applications using ISPR. The superiority
of the variant GTF-R S628D with its high selec-
tivity could be demonstrated. Furthermore, the
bioprocess model allowed for the identification of

Table II. Optimal process conditions and efficiencies for examined enzyme systems.

Sucrose (mM)/glucose (mM)

Efficiency (mg g! h™!)

Product of efficiency and affinity K,
(mg g”! h™'xmol mol™)

GFT-R S628D 150/600 38.4 31
DSR-S + dextranase 260/900 8.4 36
DSR-S 200/1500 1.8 33
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optimal process conditions for the three enzymatic
systems.
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