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2 Bonnin et al. (1996) bepalen ten onrechte de beste procescondities voor een kinetisch 
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3 Bepaling van de kinetische parameters wordt veelal gedaan door het meten van initiele 

snelheden. Meer informatie wordt verkregen door het meten van de concentraties over 

een langere periode. Men moet dan niet vergeten dat nog steeds elk experiment een 

onafhankelijke waarneming is. 

Bakken AP, Hill CG JR, Amundson CH. 1992. Hydrolysis of lactose in skim milk by immobilized 

B-galactosidase {Bacillus circulans). Biotechnol Bioeng 39:408-417. 

4 Parameters bepaald in een enkelvoudig adsorptie systeem moeten ook de adsorptie in 

een meervoudig systeem kunnen beschrijven. Het schatten van nieuwe parameters 

wijst op een onjuist model. 

Lee JH, Song DI, Jeon YW. 1997. Adsorption of organic phenols onto dual organic cation 

montmorillonite from water. Sep Sci Technol 32:1875-1992. 

5 Het publiceren van wetenschappelijke resultaten heeft soms iets weg van het 

herformuleren van eigen werk. 

Bakken AP, Hill CG JR, Amundson CH. 1991. Use of novel immobilized B-galactosidase reactor 

to hydrolyze the lactose constituent of skim milk. Appl Biochem Biotechnol 28/29:741-756. 

Bakken AP, Hill CG JR, Amundson CH. 1992. Hydrolysis of lactose in skim milk by immobilized 

B-galactosidase (Bacillus circulans). Biotechnol Bioeng 39:408-417. 

6 De vereenvoudiging van de werkelijkheid in modellen leidt soms tot meer 

onduidelijkheid dan duidelijkheid. 



7 Dyslexie is een moeilijk woord voor dyslexische mensen. 

8 De kortste weg in Engeland is meestal ook de steilste weg. 

9 Als je met meerdere mensen op een kamer zit zou lachen bij het lezen van de e-mail 

verboden moeten worden. Ook als het mailprogramma HappyMail heet. 

10 Darmflora zou eigenlijk darmfauna moeten heten. 

11 Rokers zijn meestal meer koffie dan theedrinkers. 

12 Mensen die altijd tijd over hebben zijn net zo slecht in time-management als mensen 

die altijd tijd te kort komen. 

13 De man heeft meer bijgedragen aan het woord emancipatie dan de vrouw. 

14 Mensen met het Down syndroom (mongolen) zijn niet in een stelling te vatten. 
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All the modern things 
Like cars and such 

Have always existed 

They 'vejust been waiting in a mountain 
For the right moment 

Listening to the irritating noises 
Of Dinosaurs and people 

Dabbling outside 

All the modern things 
Have always existed 

They'vejust been waiting 

To come out 
And multiply 

And take over 

It's their turn now 

Bjork 
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General introduction 



Chapter 1 

Oligosaccharides as prebiotics 

There is general agreement that the intestinal microflora, e.g. bifidobacteria, has a strong 
influence on the human health (Crittenden, 1999; Gibson et ah, 1996; Ziemer and Gibson, 
1998). Some health claims attached to bifidobacteria are inhibition of the growth of 
potential pathogens e.g. by decreasing the pH, production of vitamins and enzymes, 
reduction of blood ammonia level, lowering of blood cholesterol level, and activation of 
the immune system (Gibson and Roberfroid, 1995). Consequently, there is an interest in 
the manipulation of the composition of this flora. Two approaches exist to increase the 
number or activity of health-promoting organisms in the gastrointestinal tract. Organism 
(probiotics) or a selective carbon source (prebiotics) can be added to the food. 
Combination of these two approaches (synbiotics) is also possible (Crittenden, 1999). 

Organisms added to food as probiotics are mostly lactic acid bacteria and 
bifidobacteria. These bacteria must survive the gastrointestinal tract, establish, and be 
active in the new environment. Furthermore, the shelf life of the product has to be taken 
into account; the bacteria must stay viable and simultaneously the product must not be 
influenced negatively. Consumption of the product containing the probiotic is essential, 
when stopped, the added bacteria will disappear from the colon. 

Prerequisites of prebiotics are that they must reach the colon intact and act there as a 
specific substrate for desired bacteria. To date almost all prebiotics described and those 
produced commercially in Japan and Europe are carbohydrates. They are added to the 
product as a 'functional food' ingredient. Examples are disaccharides (lactulose and 
lactitol), oligosaccharides (soybean, fructo- and galactooligosaccharides) and 
polysaccharides (inulin and resistant starch). 

A lot of attention is focussed on oligosaccharides. They are naturally present in some 
food ingredients (soybeans, fruit, milk, and honey), in mother's milk and they are formed 
during food processing (beer brewing and bread baking). A great deal of research has been 
carried out to point out the positive effects of the indigestion of oligosaccharides. Alles 
(1998) tested several health claims of fructo- and transgalactooligosaccharides in healthy 
humans using placebo-controlled interventions. The oligosaccharides are completely 
fermented, but no evidence is found for the positive effect on the composition of the 
intestinal microflora, the glucose and lipid metabolism, and on colon cancer risk markers 
(such as stool weight, faecal concentration of protein degradation products, and the activity 
of several glycolytic enzymes). Hence, for healthy humans with a Western diet the health 
claims attached to oligosaccharides are not confirmed. We expect that oligosaccharides 
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will be beneficial for humans with a disrupted microflora. Also the application of 
oligosaccharides in infant milk formulas seems to be promising. 

The market for oligosaccharides 

The popularity of functional food ingredients has developed rapidly in Japan and Europe. 
The 1996 list of 'foods for specified health use' (FOSHU) in Japan consisted of 58 
approved foods, of which 34 contained oligosaccharides (Crittenden and Playne, 1996). On 
the other hand in the United States the Food and Drug Administration (FDA) has up till 
1998 not allowed any health claims for prebiotics (Berner and O'Donnell, 1998). However 
the interest is large since health and diet are important trends (Sanders, 1998). The most 
important marketing point for oligosaccharides is the increase of bifidobacteria (Ziemer 
and Gibson, 1998). 

The majority of companies producing and applying oligosaccharides are Japanese. 
Some examples of European companies are BioEurope (France), Borculo Domo 
Ingredients (the Netherlands) and Orafti Ltd. (Belgium) (Hartemink, 1999). The 
oligosaccharides are mainly produced using enzymatic processes. The product consists of a 
mixture of oligosaccharides of a different degree of polymerisation. Various sorts of 
oligosaccharides are commercially available on the Japanese market, such as 
transgalactosyl-, fructo-, and isomaltooligosaccharides. 

Enzymatic synthesis of oligosaccharides 

Chemical synthesis of oligosaccharides has been developed (Schmidt, 1986), but problems 
arise because of the need for multiple protection and deprotection steps and the lack of 
stereoselectivity of the glycosylation reactions. These problems can be avoided by 
enzymatic synthesis (Ichikawa et al, 1992). 

Enzymatic synthesis of oligosaccharides involves either the hydrolysis of 
polysaccharides or the synthesis from smaller sugars using glycosyltranferases or 
glycosidases. Glycosyltransferases catalyse the transfer of a monosaccharide from a sugar 
nucleotide to a glycosyl acceptor. The use of these enzymes is restricted because of the 
requirement of expensive nucleotide donors (Watt et al, 1997) and their high specificity 
(Bucke, 1996). 
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Glycosidases besides hydrolase activity, also show transferase activity. In fact, 
hydrolysis of the glycosidic bond is a special case of transglycosylation in which the 
acceptor is water. Hence, oligosaccharides can be produced by enzymatic synthesis with a 
glycosidase as catalyst and a disaccharide as substrate (Crittenden and Playne, 1996). 
During transglycosylation, a glycosyl moiety is transferred from a donor to an acceptor 
molecule 

Glycosyl-0-R+ Enzyme <=> Glycosyl-Enzyme+ R-OH 
{Donor) 

Glycosyl-Enzyme + R'-OH <=> Glycosyl-0-R'+ Enzyme 
{Acceptor) {Product) 

Wallenfels and Malhotra (1961) first described this mechanism for lactose hydrolysis. 
Glycosidases are more abundant in nature but the oligosaccharide yields are generally low. 
Therefore, the application of glycosidases is restricted to the synthesis of small 
oligosaccharides (Watt et al, 1997). 

Kinetically controlled reactions 

Oligosaccharide formation using the transferase activity of glycosidases is a kinetically 
controlled synthesis. The fundamentals of this approach were described and discussed by 
Kasche (1986). Other examples of kinetically controlled reactions by enzymes are the 
peptide synthesis by proteases and the (J-lactam antibiotic synthesis (Nam et al, 1985). 

During enzymatic kinetically controlled synthesis a nucleophile attacks the substrate-
enzyme complex to give the desired product. At the same time water also acts as a 
nucleophile and competitive hydrolysis of the substrate-enzyme complex takes places. The 
hydrolysis is thermodynamically favoured and the desired product is also liable to 
hydrolysis. Therefore, when following the reaction in time, an optimum in product 
concentration is observed. This has important implications for the reactor design. 

The highest product concentration obtained is dependent on the initial transferase and 
hydrolase rate and the kinetic stability of the product (determined by the ratio between 
synthesis and hydrolysis of the product). These rates are properties of the enzyme. Hence, 
the right enzyme choice is very important. Also the nucleophile choice and concentration 
play an important role in the yield that can be obtained. Of course also other process 
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properties such as pH, temperature, ionic strength, and medium composition influence the 
product yield (Kasche, 1986). 

Aim of this thesis 

Oligosaccharides are produced on larger scale in a batch process. The enzyme is added to a 
sugar solution and the mixture is stirred for a certain period of time. The aim of this 
research is to obtain more knowledge about the influence of process parameters as 
substrate concentration, temperature, time, enzyme origin, and reactor configuration on the 
oligosaccharide synthesis. This information can be used to improve the operating 
conditions for the batch process. Additionally this knowledge can be used to design a more 
appropriate reactor configuration for a batch or continuous process. 

Furthermore, the enzymatic synthesis of oligosaccharide can serve as a model system 
for the synthesis of a kinetically controlled product. An extra complication in this model 
system is that the substrate and the nucleophile attacking the substrate-enzyme complex are 
identical. 

Outline of this thesis 

The model system used in this study is the oligosaccharide synthesis with lactose as a 
substrate and a (3-galactosidase as catalyst. Since the synthesis is a kinetically controlled 
reaction, describing the concentrations of all reactants in time is essential for reactor 
design. Various models are proposed in chapter 2 and a procedure is developed to 
determine the model parameters and to select the most suitable model. The effect of 
temperature is implemented in the kinetic model and the model is used to describe the 
synthesis by P-galactosidases from various enzyme origins (chapter 3). 

Model calculations indicated the positive effect of elevated temperatures. Furthermore, 
it has been reported that high initial lactose concentrations increase the oligosaccharide 
yields (Burvall et al, 1979; Roberts and Pettinati, 1957). Higher initial lactose 
concentrations are possible at higher temperatures and this requires a thermostable and 
thermoactive biocatalyst. Therefore, in chapter 4 the oligosaccharide synthesis by the p-
glucosidase from the hyperthermophilic archaeon Pyrococcus furiosus (Kengen et al, 
1993) is discussed. 
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In chapter 5 is shown that the production of a kinetically controlled product is 
increased when it is continuously removed from the reaction mixture. In the last chapter 
some aspects, such as enzyme inactivation, the application of water-miscible solvents, and 
alternative techniques to remove the product from the reaction mixture are discussed. 
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2 
Model development and parameter estimation 

Abstract 

The aim of this research is to develop a model to describe oligosaccharide synthesis and 
simultaneously lactose hydrolysis. Model A (engineering approach) and model B 
(biochemical approach) were used to describe the data obtained in batch experiments with 
(J-galactosidase from Bacillus circulans at various initial lactose concentrations (0.19-0.59 
mol/kg). A procedure was developed to fit the model parameters and to select the most 
suitable model. The procedure can also be used for other kinetically controlled reactions. 

Each experiment was considered as an independent estimation of the model 
parameters, and consequently, model parameters were fitted to each experiment separately. 
Estimation of the parameters per experiment preserved the time dependence of the 
measurements and yielded independent sets of parameters. The next step was to study by 
ordinary regression methods whether parameters were constant under the altering 
conditions examined. 

Throughout all experiments, the parameters of model B did not show a trend upon the 
initial lactose concentration when inhibition was included. Therefore model B, a 
galactosyl-enzyme complex based model, was chosen to describe the oligosaccharide 
synthesis, and one parameter set was determined for various initial lactose concentrations. 

This chapter has been published as: Boon MA, Janssen AEM, van der Padt A. 1999. Modelling and 
parameter estimation of the enzymatic synthesis of oligosaccharides by |3-galactosidase from 
Bacillus circulans. Biotechnol Bioeng 64:558-567. 
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Chapter 2 

Introduction 

There is general agreement that the intestinal microflora, e.g. bifidobacteria, has a strong 
influence on the human health (Minami et al., 1983; Wijsman et al., 1989). Consequently, 
there is an interest in the manipulation of the composition of this flora (Gibson and 
Roberfroid, 1995). The growth of bifidobacteria in the intestine can be enhanced by non-
digestible oligosaccharides (Oku, 1996). Oligosaccharides reach the colon unaltered and 
thus can act as a specific substrate. 

Chemical synthesis of oligosaccharides has been developed (Schmidt, 1986), but 
problems arise because of the need for multiple protection and deprotection steps and the 
lack of stereoselectivity of the glycosylation reactions. These problems can be avoided by 
enzymatic synthesis (Ichikawa et al, 1992). This is possible with glycosidases because 
glycosidases, besides hydrolase activity, also show transferase activity. Hence 
oligosaccharides are formed during the hydrolysis of disaccharides (Crittenden and Playne, 
1996). 

The model system chosen in this study is the enzymatic synthesis of oligosaccharides 
catalysed by P-galactosidase from Bacillus circulans with lactose as a substrate. This 
enzyme was chosen since Nakanishi et al. (1983) found that P-galactosidase from B. 
circulans produces a relatively large amount of oligosaccharides during the hydrolysis of 
lactose. The aim of this study is to develop a model to describe oligosaccharide synthesis 
and lactose hydrolysis. 

Theory 

Two models (A and B) are proposed in this study. Both models are shown in Figure 1, the 
rate expressions are listed in Table I. In both models the synthesis of oligosaccharides is 
lumped together in the production of trisaccharides. 

In model A, developed from an engineering perspective, the lactose hydrolysis and 
trisaccharide synthesis are considered as two parallel second-order reactions of which only 
the trisaccharide synthesis is reversible. Product inhibition by glucose and galactose is 
included. 

Model B is proposed from a biochemical point of view. Investigation of P-
galactosidase action on lactose has resulted in models with a galactosyl-enzyme complex. 
Nearly all models consider only lactose hydrolysis but some describe in addition 
oligosaccharide synthesis. In model B water or lactose can attack the galactosyl-enzyme 
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Water 
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Figure 1 Models A and B proposed for the enzymatic synthesis of oligosaccharides. 

complex. The synthesis of trisaccharides is assumed to be reversible. Again product 
inhibition by the monosaccharides is included. To derive the rate expressions for model B 
the approach of King and Altaian (1956) has been used. Unlike other models, mutarotation 
of galactose (Bakken et al., 1992), allolactose production (Huber et al., 1976), and separate 
production of tri- and tetrasaccharides (Iwasaki et al, 1996) are not taken into account. 
This prevents a further increase in the number of parameters. The reduction of parameters 
is a driving force for model development (so-called 'Ockham's razor', see e.g. McMeekin 
etal, 1993). 

The models for the enzymatic oligosaccharides synthesis from lactose (Bakken et al, 
1992; Huber et al, 1976; Iwasaki et al, 1996) show strong resemblance to models for the 
peptide synthesis (Gololobov et al, 1988) and p-lactam antibiotics synthesis (Nam et al., 
1985). These models correspond to models for steady-state kinetics in the presence of 
added nucleophiles (Roberts, 1977). In these cases a nucleophile attacks the substrate-
enzyme complex to give the desired product. At the same time water also acts as a 
nucleophile and competitive hydrolysis of the substrate-enzyme complex takes places. 
Consequently a mixture of several products is obtained. In case the nucleophile and 
substrate are identical, estimation of the parameters is complicated because studying 
hydrolysis in absence of synthesis is than impossible. Hence, all parameters can only be 
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Table I Rate expressions for models A and B. 
model A 

lactose 
^ 1 = (- * , J lac][H 20] - 2 ^ [ l a c ] 2 + 2*iB[glu][tri])rB 

dt 
glucose dlelul / , \ 

m^L = (t/fl[iac][H20] + *ifl[lac]2 -*j8[glu][tri])Kfl dt 

» — ftfl-M-m^fc 
trisaccharide dftri] 

dt 

with Y„ = 

(* i f lPac]2-t i f l[glu][tri]>; 

k k 

(k4a[glu]+kj(k6a[gal]+k7a) 

model B 

lactose 

glucose 

galactose 

trisaccharide 

d[lac] 

dt 

d[glu] 

dt 

d[gal] 

dt 

d[tri]_ 

dt 

- *«*» 7
L [ l a c ] [ H 2 0 ] - 2 ^ ^ - [ l a c ] 2 + *„[ t r i ] [H 20] 

V- /J 

*»*« T L [ l ac ] [H 2 0] + i ; 4 ^ [ l a c ] 2 

IC4b 'C4b 

*r t*»-^- [ lac ] [H 20] + *„[ t r i ] [H 20] 

^ 7 ^ [ l a c ] 2 - ^ [ t r i ] [ H 2 0 ] 

with — = kn — [H 2 0 ] + -^- [lac] + * ; t — [lac] + [tri] + 

*» T
L ^ [ g l u ] [ H 2 0 ] + ^ ^ - [ l a c ] [ g l u ] + 

* • / * *<S4 
J- A-
K4b "-64 

*» T ^ ^ t g a l l t H . O J + ^ ^ t l a c l t g a l ] 
/C, fc K7 

kjh k8b K-4b ftS* 

estimated within one experiment. 

When concentrations are measured in time, the measurements are dependent 

observations. As a result the deviation from the average of duplicate experiments are 

sometimes all positive or all negative (Figure 2). Naturally, it is possible to fit a model to 

the data from different experiments simultaneously by minimising the RSS of all 

concentrations of all experiments. However, the information that sets of data points belong 
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Caverase — dieasured (mol/kg) 

0.006T 

0.003-

-0.003-

-0.006-1 

A A 
A A 

25 50 75 100 

time (min) 
Figure 2 Deviation of the measured trisaccharide concentration of duplicate experiments at an 
initial lactose concentration of 0.42 mol/kg. 

together will be neglected; therefore the overall least-square method is inappropriate. In 
this study each experiment is considered as an independent determination of the model 
parameters and the parameter estimation is done separately for each experiment. In this 
way independent sets of estimates are obtained which are the basis for further 
straightforward analysis. An example of modelling where time dependence between 
measurements is preserved, is the determination of initial rates for estimation of the 
Michaelis-Menten parameters. 

Data treatment and statistical methods 

Preliminary data screening 

For some experiments the measurement error was considered to be too large. Hence, for all 
experiments the average glucose and galactose residue ratio was calculated, based on the 
sugar residue balance 

[glucose residue] _ [lac] + [glu] + [tri] 

[galactose residue] [lac] + [gal] + 2[tri] 

All experiments start with lactose only, as a consequence the ratio should be 1. An 
error of 10% was excepted, therefore, all experiments were removed from the data set for 
which the average ratio was lower than 0.9 or higher than 1.1. Eventually, the data set 
consisted of 22 experiments at eight different initial lactose concentrations. 
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Estimation of model parameters 

The kinetic parameters of models A and B were estimated by using data from separate 
batch experiments. By definition, the parameters should be positive since they are reaction 
constants in the given direction. The parameters were estimated by non-linear regression 
minimising the residual sum of squares (RSS) of the four concentrations using the 
Levenberg-Marquardt method. 

The initial concentrations were determined directly after adding the enzyme to the 
lactose solution. The samples were heated up to 90°C to denaturate the enzyme prior to 
HPLC analysis. During the inactivation process, a certain amount of the lactose could 
react. There are two ways to correct for this error: estimation of three initial concentrations 
(the fourth could be calculated by using a mass balance) or estimation of a time shift. In 
this study is chosen for estimation of a time shift, assuming that initially only lactose was 
present. It is noteworthy that estimation of three initial concentrations resulted in 
approximately the same parameters. 

Model selection 

The aim is to find a model with one parameter set to describe the oligosaccharide synthesis 
at all initial lactose concentrations. Since models A and B are not hierarchical (in the sense 
that one can be obtained by putting restrictions on the parameters of the other) no formal 
test applies to distinguish between the models. In the hierarchical case (e.g., considering 
model B without inhibition(s) as a restriction of model B with inhibition) the approach of 
separate fits does allow for a formal test. However model B with inhibition is not the most 
general model and therefore the variance will not be a good estimation of the measurement 
error. Again no formal test for Lack of Fit can be applied. 

The models will be judged separately and inadequacies will be traced by plotting 
parameter estimates against initial lactose concentration. The model for which the 
parameters were independent of the initial lactose concentration was considered the best 
model to describe the synthesis at various initial concentrations. 

Estimation of one parameter set 

When the decision was made for the most suitable model, one parameter set had to be 
determined from independent sets of parameters. An elegant route is to transform the 
parameters to stabilise the variance and determine the parameter by taking the average 
(Zwietering et al., 1994). However, this method could not be used because the number of 
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repeated experiments in this research was limited. Therefore, it was assumed that the 
variance was independent on the initial lactose concentration. 

Since the dependency of the parameters on the initial lactose concentration was 
excluded (see Model selection), the average with its 95% confidence interval was taken as 
the estimate. 

Materials and methods 

Materials 

Lactose was obtained from Sigma (St. Louis, USA) and the other chemicals were obtained 
from Merck (Darmstadt, Germany). The P-galactosidase from Bacillus circulans was 
obtained from Daiwa Kasai K. K. (Osaka, Japan). All were used without further 
purification. 

Batch experiments 

Lactose conversion was carried out in a standard stirred tank reactor with a reaction 
volume of 330 ml at 40°C. Four baffles (5.8 mm) were placed in the reactor, and a 0.02 M 
sodium-phosphate buffer at pH 5 was used as aqueous solution. The lactose concentration 
varied from 0.19 to 0.59 mol/kg (each concentration was at least one time repeated). The 
reaction was initiated by the addition of 0.4 g P-galactosidase dissolved in 2 ml water. 

The reaction was followed for 90-240 min. Samples were taken at regular time 
intervals, and the enzyme was inactivated by heating the sample in a water bath at 90°C for 
5 min. The samples were treated with Pb(NC>3)2 (concentration in the sample 0.1 M) and 
stored in the freezer to accelerate precipitation (minimum time 1 h). Before analysis the 
samples were centrifuged for 10 min at 13000 rpm and diluted. 

HPLC analysis 

The samples were analysed by HPLC using a RSO oligosaccharide column (Phenomenex, 
the Netherlands) at 80°C. The column was eluted with double distilled water (filtered 
through a regenerated cellulose membrane of 0.45 um and purged with helium gas) at a 
flow rate of 0.3 ml/min. The eluent was monitored by means of a refractive index detector, 
and it was assumed that the response was independent on the degree of polymerisation. 
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Lactose, glucose, galactose, and higher saccharides, such as tri- and tetrasaccharides, were 
measured as weight percentage. 

Results and discussion 

Determination of concentrations 

Since no standard was used, HPLC measurements gave percentages as result. Hence, a 
mass balance and the initial lactose concentration were required to calculate 
concentrations. Three mass balances could be used: the monosaccharide, the glucose, or 
the galactose residue balance (in mol/kg) 

[monosaccharide residue] = 2[lac] + [glu] + [gal] + 3[tri] 

[glucose residue] = [lac] + [glu] + [tri] 

[galactose residue] = [lac] + [gal] + 2[tri] 

The concentrations calculated from percentages with these three balances differ 
slightly since the measured ratio between glucose and galactose residue varied over time. 
To eliminate the influence of the sample error on the chosen balance, one proportionality 
factor for each HPLC analysis (including four concentrations) can be introduced. These 
proportionality factors do not have a predictive value, should not differ too much from 1, 
and should not show a trend in time. 

To determine which balance should be used and if the introduction of proportionality 
factors had the desired effect, model B including glucose inhibition was fitted to the data 
from five batch experiments. The batch experiments used were 0.19, 0.35 (two times), 
0.49, and 0.59 mol/kg initial lactose concentration. The results with three different 
balances both including and excluding proportionality factors were determined (results not 
shown). The introduction of proportionality factors did not lead to the desired effect; the 
proportionality factors were dependent on time and varied from 0.92 up to 1.43, moreover, 
the difference between the estimated parameters using the different balances did not 
decrease by introducing proportionality factors. Without proportionality factors, the 
glucose residue balance usually gave the lowest RSS and therefore this balance was used. 

It should be noted that in the system there is enough information to determine 
proportionality factors for each measurement. Each measurement consists of four 
concentrations (lactose, glucose, galactose, and trisaccharides); however, these four 
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concentrations are not four independent observations. Since any reasonable kinetic model 
obeys the above three balances, only two concentrations are necessary to calculate all four 
concentrations. Therefore, with each measurement two degrees of freedom become 
available for parameter estimation. The number of model parameters determines the 
minimum amount of measurements required. 

Inhibition 

It is convenient to first determine whether product inhibition occurs because the absence of 
inhibition will lead to the elimination of parameters. Independent experiments with 
additional glucose (0.20 mol/kg) and galactose (0.10 mol/kg) in the reaction mixture were 
conducted to determine whether product inhibition took place. These sugar concentrations 
were chosen because during the oligosaccharide synthesis the galactose and glucose 
concentrations were never higher than these concentrations. 

Figure 3 shows the lactose concentration in time, from which it is clear that both 
glucose and galactose inhibited the enzyme. In this study, contrary to literature (Bakken et 
al., 1992; Mozaffar et al, 1984), galactose inhibition was neglected because under 
conditions in our experiments it was measured to be less than the glucose inhibition. As a 
result the reaction constants for galactose inhibition {k^a, ha, kjb, and kgb) were assumed to 
be zero. The glucose inhibition was considered to be competitive, which means that the 
glucose binds to or nearby the active site of the free enzyme to form an inactive complex 
(Deschavanne et al, 1978). To our knowledge, glucose inhibition for P-galactosidase from 
B. circulans has not been reported before. 

lactose concentration (mol/kg) 

time (min) 

Figure 3 Lactose decrease as function of time at 0.20 mol/kg initial lactose (•), with additional 
0.20 mol/kg glucose (•) or with additional 0.10 mol/kg galactose (•) (lines for guidance). 
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Lumping of parameters 

Model B includes a galactosyl-enzyme complex (E-galactose) that can be attacked by 
water or lactose (Figure 1). This galactosyl-enzyme complex cannot be measured resulting 
in an ill-conditioned parameter estimation problem, specifically for the reactions that have 
the concentration of this complex as driving force. Therefore, the six parameters were 
grouped into four parameters (kjb, kjblk^, \lk4b, and ksb/kgb) which were estimated and one 
fixed parameter fat), which was assumed to be 1. It was checked that the value of 
parameter fej only very slightly influenced the parameter set found (see Model evaluation). 

The inhibition parameters of model A were also grouped (k^Jksa)- Due to the 
restriction that all parameters had to be positive, the inhibition parameter of model A was 
zero for 17 out of 22 batch experiments. Therefore, only model A without inhibition will 
be discussed. 

Model choice 

Models A and model B (with and without inhibition) were fitted to the 22 batch 
experiments (at eight different initial lactose concentrations). Figure 4 shows examples of 
measurements and model predictions for four different batch experiments at various initial 
lactose concentrations with model B including inhibition. For each individual experiment, 
all models could describe the lactose, glucose, galactose, and trisaccharide concentrations 
in time. In other words it was possible by varying the parameters to produce nearly the 
same curves with the different models. It is worth to note that all models had the tendency 
to overestimate the galactose and trisaccharide concentrations at high initial lactose 
concentrations. 

Figure 5 shows the residual variance (RSS divided by the degrees of freedom) for 
models A and B (with and without inhibition) as function of the initial lactose 
concentration. The variances for models A and B were in the same order of magnitude. At 
higher initial lactose concentrations the variance seemed to increase for all models. A 
possible reason is that at these higher initial concentrations almost no decrease in the 
trisaccharide concentration was measured, hence estimation of foa, k3blk4b, and \lk4b was 
difficult. 

The time shifts found were 3.0 ± 0.7, 9.9 ± 2.8, and 2.1 ± 0.3 min for model A and 
model B without and with inhibition, respectively. The time shift is a correction for the 
time needed for enzyme inactivation (should be « 5 min) and has no predictive value. 
Note that for model B without inhibition the time shift tends to be too long. 
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Figure 4 Measurements and model predictions with model B including inhibition (and with 
individually estimated time shifts) for 4 different batch experiments ( • , lactose; • , glucose; • , 
galactose, and • , oligosaccharide). Please note the different concentration scales. 

The parameters of model A as function of the initial lactose concentration with the 
regression line are shown in Figure 6. Outliers which were of a different order of 
magnitude were left out when the slope or average parameter was determined. This implied 
that for model A the outliers for foa and k}a (1-2 and 49.5, respectively, both at 0.19 
mol/kg) were not included when the regression line was determined. All estimated 
parameters decreased upon increasing initial lactose concentration. This was confirmed for 
kia and fa, by the 95% confidence interval of the slope, since zero was not included in the 
confidence interval (Figure 6 and Table II). Due to the dependency of the parameters on 
the initial lactose concentration, model A was rejected. 

The parameters of model B (without and with inhibition) as function of the initial 
lactose concentration and the regression lines are shown in Figure 7. The 95% confidence 
interval of the slope is also shown in Table II. Due to the restriction that all parameters had 
to be positive, some parameters equalled zero. These values were not taken into account 
when determining the slope or average parameter because they were not fitted to the data 
points but were assumed to be zero. For the ratios ksiJk^ and k^k6b the logarithm was 
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Figure 5 Variance of models A (a) and B without inhibition (b) and with inhibition (c) as function 
of the initial lactose concentration. Please note the different scale. 

plotted. With and without inhibition, the values found for k3blk4b and \lk4i, were in the same 
order of magnitude. For the model without inhibition the value for kit, decreased upon 
increasing initial lactose concentrations, apparently to compensate for the absence of 
inhibition. Also log (ksiJk^) was dependent on the initial lactose concentration. Therefore, 
model B without inhibition was rejected. 

For model B with inhibition, no dependency of the parameters on the initial lactose 
concentration was found. For \lk4b, two outliers (700 and 120 at 0.59 mol/kg) were not 
taken into account. Model B with inhibition was chosen to describe the oligosaccharide 
synthesis at various initial lactose concentrations, but first one parameter set had to be 
estimated. 

Estimation of one parameter set 

For model B with inhibition, the average of the parameters was taken to describe the 
oligosaccharide synthesis at various initial lactose concentrations. For the parameter Vk^, 
again the two outliers were not taken into account and for all parameters zero values were 
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Figure 6 Parameters of model A as function of the initial lactose concentration with regression line 
and its 95% confidence interval. For k2a and k3a the outliers of 1.2 and 49.5, respectively, both at 
0.19 mol/kg were ignored and not shown. 

omitted. The parameter set found was kib = 0.019 ± 0.004, kjtJk^ = 4600 (log {kiiJk^) = 
3.7 ± 0.1), \lk4b = 11 ± 5, and k5blk6b = 21 (log {k5blk6b) = 1.3 ± 0.2). 

Unfortunately the parameter set can not be compared to sets from literature. On the 
one hand because usually experiments are fitted simultaneously. This results in erroneous 
parameters and comparison is useless. On the other hand because the models are different 
and therefore give rise to other parameters. Lumping of parameters in order to get the same 
set is often not possible. 

Model evaluation 

In model B, parameter estimation was very ill-conditioned; this problem was circumvented 
by fixing fo* arbitrarily to 1. To evaluate that choice, the parameters per batch experiment 
were estimated for various values of foj (results not shown). The same RSS was found for 
all experiments varying foj from 0.01 up to 100. The parameters kib, \lk4b, and kSb/k6b 

remained constant, while k3b/k4b changed nearly proportionally with k2h. In case (klblk4b)\\a.c] 
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Figure 7 The parameters of model B as function of the initial lactose concentration (closed 
symbols with inhibition, open symbols without inhibition) with regression line and its 95% 
confidence interval. For \lk4b (with inhibition) the two outliers 700 and 120 at 0.59 mol/kg are 
ignored and not shown. 
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Table II 95% Confidence interval of the slope for parameters of models A and B as a function of 
the initial lactose concentration. The intervals including zero are given in bold. 

95% confidence interval of the slope 

model A 

model B without inhibition 

model B with inhibition 

kla 

k2a 

k3a 

kib 

log {k3blk4b) 

Mk4b 

ktb 

log (k3blk4b) 

\lk4b 

log (ksblk6b) 

lower 

-0.001 

-1.6 

-62 
-0.05 

1.0 
-20 

-0.05 

-300 

-0.03 

-0.80 

upper 

-0.0006 

-0.08 

0.2 
-0.03 

2.8 
75 

0.01 

26000 

1.70 

2.70 

+ [tri] equalled zero, k3blk4b would have been proportional to k2b, since in that special case, 

all terms in numerator and denominator of the rate expressions would contain or k3blk4b or 

k2b. With the term (klb/k4b)[lac] + [tri] present in the model, the model is not over-

parameterised. However, the nearly proportional increase in k3b/k4b with k2b confirms that 

the parameter estimation of model B was ill-conditioned and fixation of e.g. k2b was 

inevitable. 

In Figure 8 four experiments and model predictions of model B with the general 
parameter set are shown. A time shift of 2 min was assumed for all experiments. Of main 
interest is the trisaccharide concentration in time. These concentrations, together with the 
lactose and glucose concentrations, were predicted very well. The galactose concentration 
was not predicted very well since the galactose concentration is excluded from the glucose 
balance. This balance was used to calculate concentrations from measured percentages. 

By changing the parameters of the model it is possible to determine which parameters, 
and thereby which properties of the enzyme, are important during the synthesis of 
trisaccharides. The rate constants ku,, k%b, k^, and ksblka, were individually changed a 
factor 10 while the others were kept constant. For each situation the maximum 
trisaccharide yield was calculated. The trisaccharide yield was defined as mol 
trisaccharides measured per mol lactose initially present divided by the theoretical 
maximum (0.5 mol trisaccharides per mol lactose). The results are shown in Table III. 

The trisaccharide yield was increased when the parameter ku, was increased. A higher 
kit results in a higher concentration of the galactosyl-enzyme complex. The galactosyl-
enzyme complex concentration is the driving force for the tranferase (^[E-galactose]) and 
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Figure 8 Measurements and model predictions with model B using parameter set found by fitting 
experiments separately (see text) and a time shift of 2 min, for 4 different batch experiment ( • , 
lactose; • , glucose; • , galactose, and • , oligosaccharide). Please note the different concentration 
scales. 

hydrolase rate (^[E-galactose]). Since foj was fixed only k%b had to be taken into account. 
Table III shows that k3b, and thereby the ratio ^JA/^J, has the largest influence on the 
trisaccharide yield, and therefore this is an important enzyme property for the trisaccharide 
synthesis. The parameter ku has the same influence on the trisaccharide yield as the 
parameter k;/,. The inhibition parameter (ksiJk6b) did not influence the trisaccharide yield, 
since it only determines the actual fraction of active enzyme. However it did influence the 
time necessary to reach the maximum yield. 

The model parameters can be determined for various enzymes. By comparing the 
model parameters, the most suitable enzyme for oligosaccharide synthesis can be chosen. 
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Table III The influence of the model parameters of model B with inhibition on the yield in a batch 
reactor. 

standard situation 

kit 

kib 

k4b 

k5tJk6b 

factor (-)* 

-
0.1 
10 
0.1 
10 
0.1 
10 
0.1 
10 

yield (mol/mol) 

0.37 
0.11 
0.61 
0.08 
0.71 
0.61 
0.11 
0.37 
0.37 

Note: standard situation; initial lactose concentration 0.5 mol/kg; water concentration 45.5 mol/kg; 
parameters as listed in text. 
Every kinetic parameter was changed a factor 0.1 or 10, while the others were kept constant. 

Conclusions 

To estimate kinetic parameters it is not only of importance to have good data, but every 
manipulation with the measured data has to be considered carefully because it will effect 
the estimates. 

In experiments where concentrations are measured in time, the measurements are 
dependent observations. Hence, for fitting kinetic parameters each experiment must be 
considered as independent estimation of the parameters. When parameters are estimated 
per experiment, time dependence is preserved and it is possible to examine whether 
parameters are constant under the altering conditions studied. The dependence of 
parameters can be used to discriminate between models and facilitates the choice of the 
most suitable model. This fitting procedure can also be used for other kinetically controlled 
reactions. 

Taking these considerations into account, for oligosaccharide synthesis one parameter 
set could be determined for a model describing the galactosyl-enzyme complex formation 
and subsequently hydrolysis or reversible product formation. The model contains 
inhibition by glucose, which has not been reported before for the used enzyme. The model 
with four parameters can describe the concentrations in time for a range of initial lactose 
concentrations. Important parameters for the trisaccharide yield are the first order constants 
for the galactosyl-enzyme complex formation (A74 and k4b), and the transferase over the 
hydrolase rate (A34/A24). 
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3 
The effect of temperature and enzyme origin 

Abstract 

The aim of this research is to quantify the effect of temperature and enzyme origin on the 
enzymatic synthesis of oligosaccharides. Quantification of these effects is important 
because temperature and enzyme origin are important process parameters. A kinetic model 
was used to describe the concentrations in time. The kinetic parameters were determined 
by using data obtained in batch experiments at various temperatures (20, 30, 40, and 50°C) 
and by using (3-galactosidases from Bacillus circulans, Aspergillus oryzae, Kluyveromyces 
lactis, and Kluyveromyces fragilis. 

The effect of temperature on the kinetic parameters could be described with the 
Arrhenius equation, except for the inhibition parameter. Slightly higher oligosaccharide 
yields were found at higher temperatures. However, the influence of the initial lactose 
concentration was much larger. The higher yield at higher temperatures is an additional 
advantage when operating at high initial lactose concentrations and consequently elevated 
temperatures. Clear differences between the p-galactosidases were found concerning 
amount, size, and type of oligosaccharides produced. The (3-galactosidase from B. 
circulans produced the most abundant amount, the most different, and largest-size 
oligosaccharides. The P-galactosidases from Kluyveromyces spp. produced mainly 
trisaccharides. The kinetic parameters for the different enzymes were determined and 
differences were discussed. 

This chapter has been accepted for publication as: Boon MA, Janssen AEM, van 't Riet K. 1999. 
Effect of temperature and enzyme origin on the enzymatic synthesis of oligosaccharides. Enzyme 
Microb Technol. 
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Introduction 

Glycosidases, besides hydrolase activity, also show transferase activity. In fact, hydrolysis 
of the glycosidic bond is a special case of transglycosylation in which the acceptor is 
water. Hence, oligosaccharides can be produced by enzymatic synthesis with a glycosidase 
as catalyst and a disaccharide as substrate (Crittenden and Playne, 1996). The source of the 
enzyme and the operating conditions regulate the type and amount of oligosaccharides 
produced. The ingestion of these oligosaccharides encourages the proliferation of 
bifidiobacteria, which are considered to be beneficial for the human health (Minami et ah, 
1983; Wijsman etal, 1989). 

The model system chosen in this study is the enzymatic synthesis of oligosaccharides 
catalysed by a P-galactosidase with lactose as a substrate. In the work presented in chapter 
2 a kinetic model (Figure 1) was developed to describe the oligosaccharide synthesis and 
lactose hydrolysis. 

E - I n h i b i t o r 

Glucose ^Gluco 

Glucose 

E - I n h i b i t o r 

Galactose' 
*7 

^Galactose 

Lactose, 

Trisaccharide/ Trisaccharide 

Figure 1 Kinetic model for the enzymatic synthesis of trisaccharides with lactose as a substrate and 
a P-galactosidase as catalyst. 

The synthesis of oligosaccharides is lumped together in the production of 
trisaccharides. Competitive inhibition by the monosaccharides was included since 
Deschavanne et al. (1978) found that most P-galactosidases are inhibited by the produced 
monosaccharides. To derive the rate expressions, the approach of King and Altaian (1956) 
was used. The preliminary data treatment and lumped model parameter determination were 
performed as described in chapter 2. 

The model was used to describe the oligosaccharide synthesis at 40°C by the p-
galactosidase from B. circulans (chapter 2). The aim of this study is to describe the 
oligosaccharide synthesis at various temperatures and by p-galactosidases from other 
origin. The effect of temperature and enzyme origin is implemented in the kinetic model. 
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The model can be used to design a suitable reactor for oligosaccharide synthesis taking the 
effect of these process parameters into account. 

Effect of temperature on oligosaccharide synthesis 

The effect of temperature on the oligosaccharide synthesis has been studied and different 
results have been reported. An increase of the disaccharide synthesis at higher 
temperatures was found for the p-glucosidase from almond (Ajisaka et al., 1987a). 
Bakken, et al. (1991) described a lower oligosaccharide production at elevated 
temperatures by the P-galactosidase from A. oryzae, whereas others reported no effect 
(Iwasaki et al., 1996; Prenosil et al., 1987). For the p-galactosidases from A. niger (Bonnin 
and Thibault, 1996; Prenosil et al., 1987; Yang and Okos, 1989) and from K. fragilis 
(Prenosil et al., 1987) and K. lactis (Prenosil et al., 1987) no effect of temperature was 
found. 

In all these cases the effect of temperature was small compared to the influence of the 
initial substrate concentration. However, to describe the oligosaccharide synthesis at higher 
initial lactose concentrations and consequently elevated temperatures, the effect of 
temperature on the kinetic parameters has to be known. 

Temperature dependency of reactions is often modelled with the Arrhenius equation. 
Usually the data of experiments at various temperatures are fitted simultaneously. 
However, the step-wise determination of the parameters at one temperature (chapter 2) 
results in a step-wise approach of the temperature dependency. 

Effect of enzyme origin on oligosaccharide synthesis 

(3-Galactosidases from different origin synthesise various types and amounts of 
oligosaccharides. However, this knowledge has not been linked to kinetic parameters. In 
this study, the kinetic model of Figure 1 is used. It is studied whether differences between 
P-galactosidases from various origins can be supported by statistically different kinetic 
parameters. 

In this research the p-galactosidases from B. circulans, A. oryzae, K. lactis, and K. 
fragilis were used. The P-galactosidase from B. circulans is known to produce a relatively 
large amount of oligosaccharides with a higher degree of polymerisation (tetra- and 
pentasaccharides) (Mozaffar et al., 1984). The p-galactosidase from A. oryzae produces 
mainly trisaccharides (Lopez Leiva and Guzman, 1995; Yanahira et al., 1992) and a small 
amount of tetrasaccharides (Iwasaki et al., 1996; Prenosil et al., 1987). The P-
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galactosidases from Kluyveromyces spp. synthesise trisaccharides and only a limited 
amount of tetrasaccharides (Prenosil et al., 1987). 

Materials and methods 

Materials 

Lactose was obtained from Sigma (St. Louis, USA) and the other chemicals were acquired 
from Merck (Darmstadt, Germany). The P-galactosidase from B. circulans was obtained 
from Daiwa Kasai K. K. (Osaka, Japan). The P-galactosidase from A. oryzae was acquired 
from Sigma. The P-galactosidase from K. lactis ("Maxilact") was obtained from Gist 
brocades (Delft, the Netherlands). The P-galactosidase from K. fragilis ("Lactozym") was 
a gift from Novo Nordisk A/S (Bagsvaerd, Denmark). All were used without further 
purification. 

Batch experiments effect temperature 

Lactose conversion was carried out in stirred vessels with a reaction volume of 50 ml at 20, 
30, 40, and 50°C. A 0.02 M Mcllvaine standard citrate-phosphate buffer at pH 5.0 was 
used as aqueous solution. The lactose concentration varied from 0.20 to 0.60 mol/kg 
solution. The reaction was initiated by the addition of 62.5 mg p-galactosidase from B. 
circulans dissolved in 1 ml water, except in the experiments at 20CC 1.5 times this amount 
was added. 

The reaction was followed for 360 min. Samples were taken at regular time intervals, 
and the enzyme was inactivated by heating the sample in a water bath at 90°C for 5 min. 
The samples were treated with Pb(NC>3)2 (concentration in the sample 0.1 M) and stored in 
the freezer to accelerate precipitation (minimum time 1 h). Before analysis the samples 
were centrifuged for 10 min at 13000 rpm and diluted. 

Batch experiments effect enzyme origin 

For the other enzymes, the lactose conversion and sample treatment were carried out as 
described in the previous section. All experiments were carried out at 40°C. As aqueous 
solutions were used a 0.02 M Mcllvaine standard citrate-phosphate buffer at pH 4.5 for p-
galactosidase from A. oryzae, a 0.025 M potassium-phosphate buffer at pH 7.3 for p-
galactosidase from K. lactis and at pH 6.5 for p-galactosidase from K. fragilis. For the 

36 



The effect of temperature and enzyme origin 

enzymes from K. lactis and K. fragilis, 1.5 and 1 mM MgCh was added, respectively, to 

improve the enzyme stability. The reaction was initiated by the addition of 62.5 mg P-

galactosidase from A oryzae dissolved in 1 ml water, 100 ul enzyme solution AT. lactis, and 

75 ul enzyme solution K. fragilis. 

Analysis 

The samples were analysed by HPLC using a RSO oligosaccharide column (Phenomenex, 
the Netherlands) at 80°C. The column was eluted with double distilled water (filtered 
through a regenerated cellulose membrane of 0.45 um and purged with helium gas) at a 
flow rate of 0.3 ml/min. The eluent was monitored by means of a refractive index detector 
and it was assumed that the response was independent on the degree of polymerisation. 
Lactose, glucose, galactose, and higher saccharides, such as tri- and tetrasaccharides were 
measured as weight percentage. 

To identify the oligosaccharides produced by the various enzymes, samples were also 
analysed by a Dionex LC system, equipped with a CarboPac PA-1 column (250 mm x 4 
mm). The column was eluted with a gradient of NaOAc in 0.1 M NaOH at a flow rate of 1 
ml/min. The pulsed amperometric detection (PAD) was carried out with a gold working 
electrode and triple pulse amperometry was used. 

Estimation of model parameters 

The estimation of the model parameters and the preliminary data treatment were carried 
out as described in chapter 2. The eight parameters were grouped into five parameters (ki, 
kilk4, \lk4, and kj/kt or kjk%) which were estimated and one fixed parameter {ki), which 
was assumed to be 1. Each experiment was considered as an independent determination of 
the model parameters. In this way independent sets of estimates were obtained. If the 
estimated parameters were constant under the altering conditions (meaning various initial 
lactose concentrations), one parameter was determined by taking the average. 

Effect of temperature on model parameters 

Temperature dependency was modelled with the Arrhenius equation. Inactivation was 
neglected for the duration of the experiments. To verify this, additional experiments were 
performed at 50, 55, 60, and 65°C (initial lactose concentration 0.30 mol/kg). The results 
are shown in Figure 2. It was concluded that at 50°C and 6 h reaction time, inactivation 
could be neglected. 
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Figure 2 Measurements lactose conversion at 40 (•), 50 ( • ) , 55 (•), 60 (A), and 65°C (A). Initial 
lactose concentration 0.30 mol/kg; en2yme P-galactosidase from B. circulans (batch 1) (lines for 
guidance). 

Because the parameters at one temperature were determined step-wise, the temperature 
dependency was determined in the same way. When using the Arrhenius equation in a 
step-wise approach the 95% confidence interval of the parameters is neglected. 
Temperature dependence is therefore easily found. To take the 95% confidence interval of 
the parameters into account, also the t-test was used. The t-test compares the differences 
between two sample means. It was assumed that the variances of the two populations were 
equal. The following is calculated 

t = -
yt-yi 

•JX, + 

The subscript 1 and 2 denote the two populations, y is the sample means, n is the size of 
the population and sp

2 denotes the pooled variance. The pooled variance is defined by 

_, _(n,-l)sj +(n2-l)s
2
2 

(n,-l) + {n2-l) 

In which s denotes the variance of the population. The t-value is compared to the 95% 
critical t-value at m+nr2. When the overlap of the 95% confidence interval is larger than 
5%, the two values are identical. The t-distribution can be found in Perry and Green (1984 
(a)). 
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Comparison of model parameters for /3-galactosidases from various origin 

To compare model parameters of different enzymes, parameters have to be corrected for 
the enzyme activity. The prerequisite is that the model parameters are linear with the 
enzyme concentration. Therefore, additional experiments with 30 mg and 80 mg p-
galactosidase from B. circulans were performed. The model parameters were found to be 
linear with the enzyme concentration. All parameters were divided by the parameter, which 
describes the initial decrease of the lactose concentration, £/. 

Statistics were used to compare the parameters from the various p-galactosidases. The 
above mentioned t-test together with the Lack of Fit was used. The Lack of Fit compares 
the residual sums of squares (RSS) of various models to a general model. The general 
model is hierarchical, in the sense that the other models can be obtained by putting 
restrictions on the parameters of the general model. The difference between the RSS is the 
profit obtained by adding a parameter. It is tested if the introduction of a parameter is 
worthwhile. The following is calculated 

(RSS-RSSg)/(DF-DFg) . „ g 
f = - — tested against FnF * 

RSSg/DFg
 DF* 

The subscript g denotes the general model, DF is the degrees of freedom (number of 
independent experiments minus the number of parameters), RSS is the residual sums of 
squares. The F distribution can be found in Perry and Green (1984 (b)). 

Results and discussion 

Effect of temperature on oligosaccharide synthesis 

Lactose conversion was followed for various initial lactose concentrations (0.20-0.60 
mol/kg) at 20, 30, 40, and 50°C. Figure 3 shows the concentrations in time at an initial 
lactose concentration of 0.45 mol/kg at the four temperatures. The reaction rates increased 
with temperature. Therefore, at 20°C 1.5 time the amount of enzyme was added to be able 
to perform the reaction within 6 h. 

The synthesis of oligosaccharides was lumped together in the production of 
trisaccharides. Only a slightly higher maximum trisaccharide yield was observed at higher 
temperatures. The trisaccharide yield was defined as mol trisaccharides measured per mol 
lactose initially present divided by the theoretical maximum (0.5 mol trisaccharides per 
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concentration (mol/kg) 20°C concentration (mol/kg) 30 °C 

100 200 
time (min) 

concentration (mol/kg) 

300 400 

40 °C 

200 

time (min) 

concentration (mol/kg) 50°C 

200 300 400 0 100 200 300 400 

time (min) 

Figure 3 Measurements lactose conversion at 20, 30, 40, and 50°C. Initial lactose concentration 
0.45 mol/kg; enzyme {3-galactosidase from B. circulans (batch 1) ( • , lactose; • , glucose; • , 
galactose, and • , oligosaccharides) (lines for guidance). 

mol lactose). For these four temperatures at an initial lactose concentration of 0.45 mol/kg, 
an experimental maximum yield of respectively, 0.23, 0.22, 0.24, and 0.24 mol/mol was 
found. There was no effect of the temperature on the production of higher 
oligosaccharides. 

The model parameters were determined following the procedure described in chapter 
2. For the P-galactosidases from B. circulans inhibition by glucose was found and 
therefore ky and ks were assumed to be equal to zero. To determine one parameter set for 
the various initial lactose concentrations, the parameters have to be independent of the 
initial lactose concentrations. Therefore, the slope and its 95% confidence interval of the 
parameters as function of the initial lactose concentration were determined (data not 
shown). When zero was included in the 95% confidence interval it was assumed that the 
parameter was independent of the initial lactose concentration. 

A negative trend with the initial lactose concentration was encountered for ki at 20°C 
and for log (kilk4) at 50°C. A positive trend for log (fe/fo) at 30 and 50°C was found. These 
trends were considered to be unimportant because not the same trend for parameters at one 
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temperature or for one parameter at various temperatures was found. Therefore, the 
average parameter was taken. The effect of the temperature on the model parameters was 
modelled with the Arrhenius equation. In Figure 4 the parameters and the prediction of the 
Arrhenius equation are shown. 

-In (k,) (1/min) 

V 
' 

A 
.r 

.{•-''"' 

0.0032 0.0034 

1/T (1/K) 

In (kjk,) (-) 
10 

, - * " 

,i ,A' 

A" 

In (Mk4) (min) 

3-

2 -H .--\-

. .*-

0.0036 0.003 0.0032 0.0034 

1/T (1/K) 

In (kdke) (-) 

0.003 0.0032 0.0034 

1/T (1/K) 

- l . I 
; i 

0.0036 0.003 0.0036 0.0032 0.0034 

1/T (1/K) 

Figure 4 Natural logarithm of the model parameters (including its 95% confidence interval) as 
function of the temperature reciprocate, including the Arrhenius equation prediction. Enzyme P-
galactosidase from B. circulans (batch 1). 

For the parameters activation energies (EA) of 53 ± 10, -43 ± 16,44 ± 11, and 29 ± 103 
kJ/mol for ki, k^k^ k4, and kslkf, respectively were determined. A negative activation 
energy was possible because the ratio of parameters was involved. For the inhibition 
parameters (kslkg) and parameter k$ the activation energies were not significantly different 
from zero. Hence, for these parameters no effect of temperature was found. 

When using the Arrhenius equation in a step-wise approach (data for each temperature 
is fitted independently and subsequently to the Arrhenius equation) the error is 
underestimated and the 95% confidence interval of the parameters is neglected. Therefore 
also a t-test was performed. The Arrhenius equation has a physical background, contrary to 
the t-test. The t-test is a statistical tool and it determines solely if two values are different. 
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The t-test confirmed that the model parameters were different at various temperatures 

(Table I). Again no clear effect of the temperature on the parameter log (ks/kg) was found. 

Table I Results t-test for temperature influence on the model parameters. Bold indicates that a 
difference between the parameters for two temperatures was found. 

k, 
20°C 
30°C 
40°C 
50°C 

log (kjk.) 
20°C 
30°C 
40°C 
50°C 

n 

8 
8 
22 
8 

n 
8 
8 
22 
8 

Estimate 

0.0043 
0.0093 
0.019 
0.032 

Estimate 
4.11 
3.82 
3.66 
3.36 

y 
810" 
6-10* 
9-10-' 
1 10J 

sJ 

0.007 
0.007 
0.09 
0.02 

versus 

20-30 
20-40 
20-50 
30-40 
30-50 
40-50 

versus 
20-30 
20-40 
20-50 
30-40 
30-50 
40-50 

1 

5.S4 
4.18 
7.53 
2.72 
6.01 
3.12 

t 
6.81 
4.21 
12.8 
1.47 
7.86 
2.76 

1, 

2.62 
2.47 
2.62 
2.05 
2.62 
2.47 

lc 

2.62 
2.47 
2.62 
2.05 
2.62 
2.47 

1/fc 

20°C 
30°C 
40°C 
50°C 

log(fa/fe) 
20°C 
30°C 
40°C 
50°C 

« 
8 
8 
18 
8 

n 
6 
6 
19 
7 

Estimate 

39.6 
19.3 
11.5 
7.27 

Estimate 
0.81 
0.61 
1.3 
1.1 

J 
75 
70 
120 
15 

S 
0.05 
0.35 
0.15 
0.20 

versus 

20-30 
20-40 
20-50 
30-40 
30-50 
40-50 

versus 
20-30 
20-40 
20-50 
30-40 
30-50 
40-50 

I 

4.82 
6.42 
9.50 
1.82 
3.79 
1.04 

/ 
0.79 
3.17 
1.44 
3.57 
1.72 
1.25 

tc 

2.62 
2.49 
2.62 
2.06 
2.62 
2.49 

U 
2.76 
2.50 
2.72 
2.07 
2.72 
2.49 

Note: n is the number of experiments; Estimate 
versus indicates the two temperatures compared; t 
value. 

is the estimated parameter; s is the variance; 
is the calculated t-value; tc is the 95% critical t-

To predict the effect of the temperature on the oligosaccharide production all the 

parameters have to be taken into account. Therefore, the concentrations in time were 

predicted and the maximum yield was calculated. This was done for various initial lactose 

concentrations and temperatures. The results are shown in Figure 5. The yield increased at 

higher temperatures and higher initial lactose concentrations. However, it is clear that the 

influence of the initial lactose concentration was much larger. The advantage of a higher 

yield at higher temperatures is an extra advantage when using high initial lactose 

concentrations at consequently elevated temperatures. 

0.5 

0.4 

0.3 

0.2 

yield (mol/mol) 

0.20 mol/kg 

0 20 40 60 

T(°C) 

Figure 5 Calculated yield as function of temperature and initial lactose concentration. Enzyme p-
galactosidase from B. circulans (batch 1). 

42 



The effect of temperature and enzyme origin 

Effect of enzyme origin on oligosaccharide synthesis 

To determine the influence of the enzyme origin on the oligosaccharide synthesis and to 
link this knowledge to the kinetic parameters of the model, experiments were performed at 
various initial lactose concentrations (0.20-0.60 mol/kg) with four P-galactosidases. Two 
different batches of the (3-galactosidase from B. circulans were used. The experimental 
data from the two batches were treated separately to determine if a statistical difference 
existed. 

Figure 6 shows the concentrations in time at an initial lactose concentration of 0.40 
mol/kg for four P-galactosidases. The production of oligosaccharides was divided in 
trisaccharides and in higher oligosaccharides. The production of higher oligosaccharides 
could be neglected for the p-galactosidases from K. lactis and K. fragilis. 

concentration (mol/kg) concentration (mol/kg) 

100 200 300 

time (min) 

concentration (mol/kg) 
0.4, 

100 200 300 

time (min) 

concentration (mol/kg) 

400 

100 200 300 400 0 100 200 300 400 

time (min) time (min) 
Figure 6 Measurements lactose conversion by P-galactosidases from B. circulans (batch 2) (a), A. 
oryzae (b), K. lactis (c) and K. fragilis (d). Initial lactose concentration 0.40 mol/kg ( • , lactose; • , 
glucose; • , galactose; • , trisaccharides, and A, tetrasaccharides and higher) (lines for guidance). 

The P-galactosidases from K. lactis and K. fragilis produced mainly trisaccharides. 
The HPLC chromatogram showed that a considerable amount of tetra- and 
pentasaccharides were synthesised by the p-galactosidase from B. circulans. Also the 
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