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Abstract

A β-galactosidase (EC 3.2.1.23) from Bacillus circulans (Biolacta FN5) can catalyse 

transgalactosylation reactions with lactose as a donor. In addition to their function as 

cofactors and structural stabilisers in biocatalytic reactions, cations can play a role in salt-

bridge interactions and electrostatic charge screening of proteins. In this work, we 

investigated the impact of calcium, magnesium, sodium and potassium, commonly found in 

dairy whey systems, on the transgalactosylation kinetics of the β-galactosidase from Bacillus 

circulans. Both molecular modeling and quantitative experimental methods were used to 

assess enzyme aggregation and resulting loss in enzyme activity that is initiated by high 

concentrations of these cations. The effect of this loss in activity with time was studied during 

the transgalactosylation of N-acetylglucosamine (GlcNAc) to N-acetyllactosamine 

(LacNAc) using lactose as the donor. No significant change in hydrolysis or 

transgalactosylation reaction kinetics was observed at low concentrations of divalent cations 

(Ca2+ or Mg2+) or up to 100 mM of monovalent cations (Na+ or K+). The enzymatic yield and 

selectivity, however, were significantly affected at concentrations of 100 mM of Ca2+ or 

Mg2+. These changes were the result of both the loss in enzyme activity and a reduction in 

the reaction rate constant for hydrolysis and formation of the undesired isomer, Allo-

LacNAc. In particular, addition of magnesium enhanced the selectivity for LacNAc over 

Allo-LacNAc, with no significant reduction in the LacNAc yield. These findings suggest that 

cations can be employed to regulate the action of β-galactosidase during transgalactosylation 

through the formation of protein aggregates.

Keywords: oligosaccharide; aggregation; enzyme; cations; whey.
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1. Introduction

The use of enzymes as catalysts for large-scale manufacturing of oligosaccharides can be 

more cost effective than the alternative complex, multistage chemical processes. In addition, 

in chemical processes, toxic reagents that are not suitable for food or pharmaceutical 

applications are often used [1]. The biosynthesis of glycosidic bonds can be performed using 

glycosyltransferase enzymes (a process under kinetic control) and glycoside hydrolase 

enzymes able to catalyse the “reverse” of the hydrolytic reaction (a process under 

thermodynamic control). Glycosyltransferases, although being more stereo-selective, are rare 

and need a nucleotide sugar as a donor, which adds to production costs. A more cost-effective 

approach is to source glycoside hydrolases with transglycosylation activity. The β-

galactosidase EC 3.2.1.23 from  Bacillus circulans, known as Biolacta FN5, is commercially 

available and readily catalyses transgalactosylation reactions using lactose as donor to form 

galactooligosaccharides and human milk oligosaccharide compounds  [2, 3]. Nonetheless, in 

such a method, transgalactosylation competes with hydrolysis. Key factors that can increase 

transgalactosylation include the concentration of lactose and the ratio of lactose as a donor 

to the acceptor molecule [4]. The reaction time can considerably alter the composition of the 

product mixture, as the reaction shifts from being predominantly a transgalactosylation 

reaction to being mainly a hydrolytic reaction once the lactose concentration falls and the 

level of the target transgalactosylation product increases [5, 6]. Thus, controlling the time 

(and extent of reaction) at which the reaction is halted is a major factor in reaching the 

maximum yield of the desirable product. 
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The focus of the present manuscript is the use of β-galactosidases to convert the 

lactose present in dairy whey systems to oligosaccharides, most notably LacNAc, using 

transgalactosylation. While lactose is the major component of these whey streams, they also 

contain a range of salts including the cations sodium (Na+), potassium (K+), calcium (Ca2+) 

and magnesium (Mg2+). Such cations influence enzyme robustness and are also considered 

as enzyme cofactors and may directly affect substrate binding to cations within the enzyme 

active site [7-11].  As one example, a 12-fold increase in the activity of the enzyme from 

Lactobacillus delbrueckii subsp. was obtained in the presence of 50 mM Na+, while the 

divalent cations Mg2+, Ca2+ and Zn2+ inhibited the reaction [12]. Transition metal ions, 

including Cu2+, Fe2+ and Zn2+, completely inhibited β-galactosidase from Bacillus subtilis 

KL88 isolated from milk, whereas most of the alkaline earth cations, including Na+, K+ and 

Li+, exerted a stimulating effect on this enzyme [13]. Fischer and Kleinschmidt [14] 

investigated the effect of Na+, K+, NH4
+, Mg2+ and Ca2+ at different concentrations (1, 10, 

and 100 mM) on the β-galactosidases derived from Aspergillus oryzae and Kluyveromyces 

lactis. No significant change in the activity of A. oryzae β-galactosidase was observed. The 

activity of K. lactis β-galactosidase, on the other hand, was modified as a function of cation 

concentration. Ca2+ showed no effect on the activity of this enzyme, whilst a moderate 

activating change resulted from the presence of Mg2+ in the environment and Na+, K+ and 

NH4
+ strongly enhanced the activity. Despite these activating effects of cations even at low 

concentrations, lower yields of galactooligosaccharides with different compositions were 

obtained in dairy whey systems, compared to lactose buffer solutions [14]. Recently, whey 

has been used for the production of galactooligosaccharides in some research; however, no 

results concerning the role of cations were included [15, 16].
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Here we present the first detailed quantitative analysis of the effect of cations 

commonly found in dairy whey systems on the reaction pathways involved in the enzymatic 

synthesis of N-acetyllactosamine catalysed by the Biolacta FN5 β-galactosidase from B. 

circulans. N-acetyllactosamine is a prebiotic and an important building block of many 

biological compounds, including human milk oligosaccharides. The formation of enzyme 

aggregates and their consequent influence on the product formation are demonstrated using 

both quantitative experimental techniques, decay kinetics and molecular modeling.

2. Materials and methods

2.1. Materials

All chemicals and reagents used were of analytical grade. Lactose and p-nitrophenol 

(pNP) were purchased from Thermo Fisher Scientific (Scoresby, Australia). Galactose, 

glucose, citric acid monohydrate, chloroform, methanol, calcium chloride dihydrate, 

potassium chloride, magnesium chloride hexahydrate, disodium hydrogen orthophosphate 

(anhydrous powder) and sodium carbonate anhydrous were purchased from Chem-Supply 

(Gillman, Australia) and sodium chloride was obtained from Merck (Darmstadt, Germany). 

P-nitrophenyl β-galactopyranoside (pNP-β-Gal), N-acetylallolactosamine (Gal-β(1,6)-

GlcNAc; Allo-LacNAc) and guanidine hydrochloride were supplied by Sigma Aldrich (St. 

Louis, MO, USA). Coomassie Brilliant Blue R 250 was obtained from Bio-Rad Laboratories 

Pty. Ltd (NSW, Australia). N-acetylglucosamine (GlcNAc) was purchased from Carbosynth 

(Berkshire, UK). N-acetyllactosamine (Gal-β(1,4)-GlcNAc; LacNAc) was purchased from 

Sapphire Bioscience Pty. Ltd (NSW, Australia). Acetonitrile HPLC grade was obtained from 

Merck (Darmstadt, Germany). β-galactosidase derived from Bacillus circulans, with the 
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commercial name of Biolacta FN5, was supplied by Vitachem (Sydney, Australia). Sweet 

whey and ultra-filtered (UF) acid whey were kindly provided by Bega Cheese Pty. Ltd. 

(Victoria, Australia). Ultrapure water (Millipore Elix, resistivity of >18.2 MΩ·cm at 25°C) 

was used for preparation of solutions and cleaning. Syringe Filter Millex Membranes with a 

0.22 µm pore size (Merck) were employed to filter buffers or solutions where needed.

2.2. Methods

2.2.1 Enzyme hydrolytic activity measurement

Measurement of the enzymatic hydrolytic activity was performed using 0.4 µM 

enzyme and 3.3 mM pNP-β-Gal in 20 mM phosphate-citrate buffer (pH 6). Unless otherwise 

stated, the reaction mixture (100 µl) was incubated for 4 min at 40 °C in a thermomixer 

(Eppendorf) and it was then stopped by addition of 100 µl of 1 M sodium carbonate. After 

stopping the reaction, samples were centrifuged at 20,000g for 3 min before recording the 

absorbance. The amount of p-nitrophenol (pNP) produced was quantified by absorbance 

measurement using a Thermo Scientific™ NanoDrop™ spectrophotometer at 420 nm and a 

pNP standard calibration curve. One unit (U) of β-galactosidase hydrolytic activity is defined 

as the amount of enzyme releasing 1 µmol pNP per minute under the experimental 

conditions. The specific enzyme activity was also determined in terms of units per microliter 

(U·µl-1) enzyme solution.

The hydrolytic activity in the presence of cations including CaCl2
 (8 mM, 17 mM, 50 

mM, 100 mM), MgCl2 (1 mM, 4 mM, 50 mM, 100 mM), NaCl (5 mM, 17 mM, 50 mM, 100 

mM) and KCl (10 mM, 37 mM, 50 mM, 100 mM) was quantified in the enzyme assay as 
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described above at 40 °C. For comparison, the enzyme was first incubated at 50 °C for 120 

min in the presence of cations and the activity was measured using the same procedure (at 

40 °C for 4 min). The second value in each concentration range above is indicative of the 

average concentration of cations in dairy by-products including whey [14, 17].

Time-course variations in the activity of the enzyme were also measured in the 

presence of calcium and magnesium at 50 °C for up to 120 min. To this end, 200 µl samples 

containing the enzyme (0.8 µM) and calcium (17 mM and 100 mM) or magnesium (4 mM 

and 100 mM), along with a control, were kept at 50 °C in the thermomixer.  At specified 

times (10 min, 30 min, 60 min, 90 min, and 120 min), 50 µl pNP-β-Gal (8.3 mM) was added 

to each sample while still at 50 °C. After 4 min, the reaction was stopped using 250 µl of 

Na2CO3 (1 M) and the absorbance was recorded as above.

2.2.2. Transgalactosylation experiments

The BioLacta FN5 β-galactosidase derived from Bacillus circulans was used to 

catalyse synthesis of LacNAc by forming a β(1,4) glycosidic bond between galactose 

supplied by lactose as donor and GlcNAc as acceptor. Two concentrations of the enzyme 

(0.57 U ml-1 and 1.43 U ml-1) were used in a mixture of lactose (17 g l-1; 50 mM) and GlcNAc 

(110 g l-1; 500 mM) in 27.5 mM phosphate-citrate buffer (pH=6). The total reaction volume 

was 300 µl. The reaction was performed at 50 °C in a thermomixer. The mixture was 

preheated in the thermomixer before adding the enzyme solution. At specified time points 

(30 min, 60 min, 90 min, 120 min, 150 min), a 20 µl sample from the reaction mixture was 

immediately added to a cold solution containing 80 µl methanol and 20 µl chloroform to 
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cease the enzymatic reaction and the reaction mixture was then kept in ice. A total of 300 µl 

ultrapure water (Millipore Elix) was added to each sample followed by centrifugation at 

20,000g for 5 min to precipitate the enzyme before HPLC analysis of the supernatant. The 

supernatant was kept at -20 °C before analysis.

The transgalactosylation reactions in the presence of CaCl2 (8 mM to 100 mM), 

MgCl2 (1 mM to 100 mM), NaCl (5 mM to 100 mM) and KCl (10 mM to 100 mM) were 

conducted at the enzyme concentrations of 0.57 U ml-1 and 1.43 U ml-1 using the same 

concentration of lactose (50 mM) and GlcNAc (500 mM) as specified above in 27.5 mM 

phosphate-citrate buffer (pH=6) at 50 °C. A control, with no cations added, was also carried 

out for comparison. The same procedure as above was employed to inactivate the enzyme 

and prepare samples for HPLC analysis.

Transgalactosylation in whey was carried out using ultra-filtered (UF) acid whey (~34 

g l-1 lactose (~100 mM); pH=4.5) and sweet whey (~44 g l-1 lactose (128 mM); pH=6.1). A 

volumetric flask was used to prepare whey solutions containing GlcNAc (220 g l-1 (~1 M) 

for UF acid whey and 284 g l-1 (~1.3 M) for sweet whey). The pH of the UF acid whey 

solution was also adjusted to 6 by adding a sodium hydroxide solution. The reaction was 

performed at 50 °C for 120 min with the initial concentrations of 0.57 U ml-1, 31.7 g l-1 and 

41 g l-1 for the enzyme, lactose in UF acid whey and lactose in sweet whey, respectively. The 

reaction in lactose solutions with the same concentrations was also performed for 

comparison. The same analysis as above was used for quantification of the product after 

reaction.
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2.2.3. HPLC analysis

The concentration of saccharides was quantified by an Agilent 1200 series High 

Performance Liquid Chromatography (HPLC) equipped with an Agilent 1290 Infinity II 

Evaporative Light Scattering Detector (ELSD). The ELSD nebulizer and evaporator 

temperatures were set at 60 °C and 50 °C, respectively, with a nitrogen gas flow of 1.6 

standard liter per minute (SLM). The formation of N-acetyl saccharides (UV chromophores) 

was also monitored by an Agilent Diode Array Detector at 210 nm. The column—NH2P50-

4E amino column (Asahipak, Japan)—was isocratically eluted at 30 °C with 75% 

acetonitrile/water solution at a flow rate of 1.0 ml min-1.

2.2.4. Staining insoluble protein aggregates

Coomassie brilliant blue can be used for staining protein [18]. To this end, samples 

of 300 µl containing the enzyme (4 mg ml-1) and 100 mM of calcium and magnesium were 

incubated in the thermomixer at 50 °C for 120 min. Then, 300 µl of 0.1 mg ml-1 of Coomassie 

brilliant blue was added to the samples at room temperature and well mixed using a vortex 

mixer for 3 min. All samples were then centrifuged at 20,000g for 5 min. After separation of 

the supernatant, a sample of the aggregates was observed using an OLYMPUS BX51 

microscope at a magnification of 100X with oil immersion.

2.2.5. Circular dichroism (CD) measurements
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The secondary structure of the enzyme was analyzed by Circular Dichroism (CD) 

spectroscopy using an Aviv Biomedical Model 410. The far-UV CD spectra were recorded 

in the range of 200 nm to 250 nm at room temperature (25 °C) with the enzyme concentration 

of 0.8 µM, resolution of 1 nm, bandwidth of 1 nm and response time of 4 s. Solutions 

containing cations were added to 20 mM phosphate buffer at pH 6 to obtain the following 

concentrations for each cation: Ca2+: 17 mM and 100 mM; Mg2+: 4 mM and 100 mM; Na+: 

17 Mm and 100 Mm; K+: 37 mM and 100 mM. Samples of 300 µl were used in the device 

using a quartz cuvette with a 1 mm path length.  The buffer baseline was subtracted from the 

spectra of each sample.

2.2.6. Dynamic light scattering (DLS) measurements

Variations in the enzyme size and aggregation in the presence of cations (100 mM) 

were investigated by dynamic light scattering (Nano ZS; Malvern Instruments, Malvern, 

UK). Before collecting scattering data, samples were incubated under the reaction conditions 

(50 °C, 120 min). The measurement of diameter and polydispersity index (PDI) was 

performed at 25 °C using a disposable cuvette.

2.2.7. Molecular modeling

Biolacta FN5 is a commercial preparation of β-galactosidase from Bacillus circulans 

ATCC 31382 [19] with the Uniprot code of E5RWQ2 and the Protein Data Bank (PDB) code 

of 4ypj. Using this data, the catalytic pocket amino acids of the enzyme were predicted by 

PrankWeb (http://prankweb.cz). AutoDock Vina was used to dock lactose to the protein 

active site. The lactose molecular structure was obtained from the ZINC database 

http://prankweb.cz
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(http://zinc.docking.org). The divalent metal ion-binding residues of the enzyme were 

predicted by MIB (Metal Ion-Binding Site Prediction and Docking Server) based on the 

fragment transformation method [20]. The electrostatic surface potential at pH 6 was 

estimated by PDB2PQR (with a PARSE forcefield) [21] and Adaptive Poisson-Boltzmann 

Solver (ABPS) [22]. UCSF Chimera 1.13.1 was employed for visualization and analysis of 

molecular structures of the enzyme and docked ligands.  YASARA software was used to 

estimate the composition in terms of α-helix, β-sheet, β-turn and random coil in the secondary 

structure. The molar extinction coefficient and molecular weight of the enzyme were 

obtained based on its amino acid sequence using Compute pI/Mw tool 

(https://web.expasy.org/compute_pi). 

2.2.8 Kinetic modeling

A kinetic study was performed to formulate a mechanism for the β-galactosidase 

catalysed transgalactosylation of GlcNAc by lactose and to quantify the effect of cations on 

this mechanism. To this end, time-dependent differential equations were formulated to 

describe the changes in sugar concentrations as a function of reaction rate constants. To 

estimate the rate constants, an objective function, defined as the summation of the absolute 

differences between the experimental and modeled concentrations, was minimized using a 

genetic algorithm (GA), as shown in Fig. 2S in the Supplementary Information. The genetic 

algorithm starts with an initial population of individual data, which is generated randomly in 

many directions at the same time so that the optimization can proceed in any direction to 

reach a global minimum point. This approach avoids the results reflecting only a local 

optimum, making it an appropriate tool for non-linear optimization problems [23-25]. 

http://zinc.docking.org
https://web.expasy.org/compute_pi
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MATLAB R2017b was used to prepare the codes and run the GA. After the GA initialization, 

the set of differential equations was solved by a variable order method (ode15s in MATLAB) 

and the objective function was then evaluated. Based on the fitness values, the population 

individuals were optimized through processes of selection, crossover and mutation. Thus, the 

best fitted individuals were selected, while the weaker ones were ignored for the next 

population. This procedure was repeated until the final generation was achieved. A relatively 

large population size of 150 was set to enhance the global optimization. The code was 

repeated fifty times and the results used to calculate statistical data, including confidence 

intervals, standard errors and t-score statistics. The coefficient of determination (R2), root 

mean square deviation (or the standard deviation of the residuals) (RMSD) and mean absolute 

deviation (MAD) were calculated using the following equations to evaluate the model 

accuracy [26]:

𝑆𝑆𝑇 = ∑
𝑖

(𝐶𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡
𝑖 ― 𝐶)2

𝑆𝑆𝑅 = ∑
𝑖

(𝐶𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡
𝑖 ― 𝐶𝑚𝑜𝑑𝑒𝑙

𝑖 )2

𝑅2 = 1 ―
𝑆𝑆𝑅

𝑆𝑆𝑇

𝑅𝑀𝑆𝐷 =
∑

𝑖(𝐶𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡
𝑖 ― 𝐶𝑚𝑜𝑑𝑒𝑙

𝑖 )2

𝑛
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𝑀𝐴𝐷 =
∑

𝑖|𝐶𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡
𝑖 ― 𝐶|

𝑛

where  and  are the total and residual sum of squares and , ,  and n SST SSR 𝐶𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡 𝐶  𝐶𝑚𝑜𝑑𝑒𝑙

denote the experimental concentrations, the mean of the experimental concentrations, the 

modeled concentrations and total number of data, respectively.

2.2.9 Statistical analysis

All experimental data was obtained at least in duplicate and are represented as the 

mean value ± one standard deviation, with statistical significance determined by the Student’s 

t-test (p<0.05).

3. Results and discussion

3.1. Molecular structure

The 3D structure of the enzyme is shown in Fig. 1(A). The enzyme is composed of 

two identical chains with a total length of 1,737 amino acids, the composition of which is 

shown in Table A1 of the Supplementary Information. The molecular weight of the enzyme 

is 192,359 Da and the molar extinction coefficient at 280 nm is estimated as 302,190 M-1 

cm-1 using a Compute pI/Mw tool. The active site of the enzyme contains two amino acids, 

glutamic acid 447 (Glu447) and glutamic acid 532 (Glu532). The secondary structure 

analysis of the enzyme by YASARA software showed that it is predicted to be mainly 

composed of β-sheets (44%), followed by random coils (27.3%), turn (15.7%) and α-helix 

(12.8%) (Fig. 1(A)).

3.1.1. Electrostatic surface potential map and metal ion binding residues
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The Poisson-Boltzmann electrostatic surface potential of the enzyme at pH 6, 

calculated by the Adaptive Poisson-Boltzmann Solver (APBS), is shown in Fig. 1(B). Before 

performing the APBS, the PDB2PQR tool was employed to prepare structural data and force 

field parameters, such as adding hydrogens, assigning atomic charges and radii. As can been 

seen, the surface of the enzyme is mainly negatively charged, acting as a repulsive force 

against enzyme aggregation in the solution.

 (Fig. 1)

Cations can potentially act as bridges between negatively charged groups, increasing the 

likelihood for aggregation. Divalent cations are often much stronger than monovalent cations 

in terms of bridge formation [27]. The predicted docking positions of Ca2+ and Mg2+ in the 

enzyme chain A are represented in Fig. 2. The binding score of a residue was then compared 

with a specified threshold, which can be found in the Supplementary Information (Table A2). 

Both Ca2+ and Mg2+ can interact with the enzyme residues at different locations; nonetheless, 

they are predicted to have no electrostatic interaction with the active site of the enzyme, 

meaning that they are likely not cofactors and they do not directly affect the enzymatic 

reaction. In addition, the highest scored calcium binding residues (Glu263 and Thr264 with 

a score of 1.962) and magnesium binding residues (Lys220 and Ser221 with a score of 1.804) 

are located on the surface of the enzyme away from the active site (Fig. 2). The predicted 

scores for Ca2+ binding residues are higher than those for Mg2+.

(Fig. 2)

3.2. Hydrolytic activity



15

Fig. 3(A) presents the relative hydrolytic activity of the enzyme after incubation for 

4 min at 40 oC for different concentrations of the cations used in this study. The control 

sample (without cations) had a specific activity of 9.5 U ml-1 enzyme solution. Apart from 

the high concentrations of the divalent cations (100 mM of Ca2+ or Mg2+), no significant 

change in the activity of the enzyme was observed. The results are consistent with a previous 

study [28], which showed that the activity of β-galactosidase from Bacillus circulans 

changed only slightly in the presence of cations including Ca2+, Mg2+, K+ and Na+ at 30 °C 

for ten minutes.

Likewise, the circular dichroism spectra of the enzyme (Fig. 1S of the Supplementary 

Information) measured at 25 °C shows no significant change in the secondary structure in the 

presence of cations at the equivalent average concentration found in dairy byproducts or up 

to 100 mM. The minimum negative peak at ∼215 nm is indicative of β-sheet conformation, 

as is also predicted by the molecular structure analysis (Section 3.1).

In typical transgalactosylation reactions involving β-galactosidases, however, the 

reaction times and temperatures are usually greater than described above [29, 30]. To 

consider the effect of these more aggressive reaction conditions, the hydrolytic activity test 

was first repeated at 50 oC. As shown in Fig. 3(B), the hydrolytic activity increases at this 

higher temperature as expected. The enzyme was then incubated with 100 mM of each of the 

cations at 50 °C for 120 min and the activity measured by the standard procedure at 40 oC. 

Surprisingly, heating at 50 °C for 120 min resulted in ~56% reduction in the activity (Fig. 

3(B)). When cations were present an even more significant reduction in the hydrolytic 

activity of the enzyme occurred. The presence of calcium thus caused complete inactivation 
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of the enzyme within 2 hours. We interpret this activity loss as a result of the divalent ions 

acting as bridges between negatively charged sites on the enzyme and assumed that the 

activity loss was a result of enzyme protein aggregation. Hence, we next explored whether 

this loss of activity was related to enzyme aggregation.   

(Fig. 3)

3.3. Aggregation study

The measurement of changes in the hydrodynamic radius of the enzyme performed 

by the dynamic light scattering analysis confirmed the formation of large aggregates. The 

average size of the native enzyme is 8±2 nm. Heating at 50 °C for 120 min increased this to 

40±2 nm, while in the presence of 100 mM of Na+ and K+ larger aggregates were formed 

with an average size of 130 ± 10 nm. Much larger aggregates were formed in the presence of 

divalent cations (490±60 nm for Mg2+ and 1,100±300 nm for Ca2+) and the samples were 

polydisperse (polydisperse index of ~1 for Ca2+ and ~0.7 for Mg2+) (Table 1). Bollella et al. 

[31] similarly showed that divalent cations including Ca2+ and Mg2+ can lead to much greater 

aggregation of fructose dehydrogenase, relative to Na+ and K+. Likewise, it was reported that 

although at 25 °C no human lysozyme was aggregated in the presence of cations, incubating 

the enzyme at 65 °C for 5 days led to the formation of aggregates in the presence of Mg2+ 

and Na+ [32].

(Table 1)

As shown in Fig. 4(A), under reaction conditions (at 50 °C up to 120 min), high 

concentrations of Ca2+ or Mg2+ lead to the inactivation of the enzyme, probably due to the 
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aggregation described above. Both electrostatic interactions and hydrophobic binding can 

facilitate the formation of larger aggregates with the passage of time. At low cation 

concentrations or in the absence of cations, the dominant electrostatic repulsion predominates 

over Van der Waals forces and hydrophobic interactions among proteins. Conversely, the 

formation of cation-bridges and neutralization of the negatively charged groups make 

intermolecular attractive forces more dominant, causing  aggregation [33, 34]. Using the data 

presented in Fig. 4(A), the inactivation rate constants, assuming first order kinetics are 

estimated as 4.1×10-3, 37×10-3 and 27.5×10-3 min-1, in the absence and presence of 100 mM 

Ca2+ and 100 mM Mg2+, respectively.

For further analysis, the CD spectra of the enzyme were collected after keeping the 

enzyme at 50 °C for 120 min in the absence and presence of 100 mM Ca2+ or Mg2+ (Fig. 

4(B)). These results demonstrate that in the absence of cations the primary conformation of 

the enzyme is still β-sheet; however, a significant change in the secondary structure occurs 

in the presence of Ca2+ and Mg2+ under reaction conditions, which can be attributed to a 

change in structure resulting from the formation of aggregates [35]. Changes in the structure 

of the enzyme can lead to the formation of unfolded or misfolded proteins and stronger 

interactions between hydrophobic parts of proteins, resulting in larger disordered protein 

networks and insoluble aggregates [36-38]. The results suggest that the gradual activity loss 

recorded when cations were present are the result of such a mechanism.

Coomassie Brilliant Blue was added to both a control sample and samples with 100 

mM Ca2+ or Mg2+ incubated first at 50 oC for 120 min; this stain can bind to protein through 

hydrophobic interactions [18]. Staining with Coomassie Brilliant Blue produced blue 
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precipitates when cations were present but a uniform blue supernatant without cations, 

corroborating the interpretation that the enzyme molecules aggregated in the presence of 

cations (data not shown). The aggregates were re-suspended in fresh buffer and then 

centrifuged again; however, the aggregates remained insoluble, which is indicative of the 

formation of an irreversible network. The activity of this supernatant was about 0.6% of the 

initial sample. Stull et al. [33] also reported that ion bridges can lead to irreversible protein 

aggregation. It has been reported that irreversible protein aggregates cannot easily be 

dissolved; however, a strong denaturant can disaggregate the network [39]. With this in mind, 

the exposure of the aggregates to a guanidine hydrochloride solution (6M), which can interact 

with the hydrophobic network, resulted in complete dissolution of the aggregates.

(Fig. 4)

3.4. Transgalactosylation results

It is well known that transgalactosylation competes with hydrolysis. 

Transgalactosylation is favoured at high lactose concentrations, with lactose reacting with 

GlcNAc to form LacNAc and Allo-LacNAc. As reaction continues, the lactose concentration 

falls and the transglycosylation product level increases, leading to hydrolysis becoming 

dominant, which forms galactose. We have shown above, however, that in the presence of 

significant concentrations of Ca2+ and Mg2+ a further competing reaction is the aggregation 

of the enzyme, which leads to a loss of activity (Fig. 4(A)). As the enzyme activity falls, both 

reactions will be inhibited. This is evident from Fig. 5. In the absence of divalent cations, the 

initial 50 mM lactose is almost fully depleted after 150 minutes of reaction at 50 oC, while 
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galactose and LacNAc concentrations are comparable at 20-25 mM. Conversely, when 100 

mM of Ca2+ is present, the lactose concentration only falls to around 25 mM. However, the 

LacNAc concentration is still 17 mM. It is the galactose concentration that falls most, as the 

loss of enzyme activity impacts the hydrolysis reaction, with a final value of around 8 mM. 

Similar trends are observed when 100 mM of Mg2+ is present but in this case the lactose 

consumption is slightly higher and hence the LacNAc yield is comparable to that in the 

absence of metal ions. Again, it is the galactose concentration that is most impacted by the 

loss of enzyme activity. This is an important result, as it suggests that by careful timing of 

the enzyme activity loss, the system can be manipulated to give a LacNAc product of similar 

concentration but with significantly less galactose impurity.

(Fig. 5)

3.5. Kinetic studies

A mechanism based on the reaction pathways shown in Fig. 6 is proposed as reactions 

(1)-(5), where E, L, EGal, Glu, Gal, and E’ denote the enzyme, lactose, enzyme-galactosyl 

intermediate, glucose, galactose and inactivated enzyme, respectively. A similar kinetic 

scheme has been proposed for the production of galacto-oligosaccharides [40]. Through the 

hydrolysis pathway (2), galactose is released, while in the transgalactosylation pathways (3) 

and (4) the enzyme-galactosyl intermediate is converted to either LacNAc or Allo-LacNAc 

when reacting with GlcNAc. Inactivation of the enzyme is described by reaction (5).

(Fig. 6)
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𝐸 + 𝐿
𝑘1

𝐸𝐺𝑎𝑙 + 𝐺𝑙𝑢 (1)

𝐸𝐺𝑎𝑙
𝑘2

𝐸 + 𝐺𝑎𝑙 (2)

𝐸𝐺𝑎𝑙 + 𝐺𝑙𝑐𝑁𝐴𝑐
𝑘3
⇌

𝑘 ―3
𝐸 + 𝐿𝑎𝑐𝑁𝐴𝑐 (3)

𝐸𝐺𝑎𝑙 + 𝐺𝑙𝑐𝑁𝐴𝑐
𝑘4

𝐸 + 𝐴𝑙𝑙𝑜 ― 𝐿𝑎𝑐𝑁𝐴𝑐 (4)

𝐸
𝑘5

𝐸′ (5)

Based on this mechanism, the following ordinary differential equations ODEs are 

derived. ki and Cj indicate the reaction constant for the reaction i and the concentration of 

component j, respectively:

𝑑𝐶𝐸

𝑑𝑡 = ―𝑘1𝐶𝐸𝐶𝐿 +
𝑘3

𝑅2
𝐶

𝐸𝐺𝑎𝑙
+ (𝑘3 +

𝑘3

𝑅4
) 𝐶

𝐸𝐺𝑎𝑙
𝐶𝐺𝑙𝑐𝑁𝐴𝑐 ―

𝑘3

𝑅 ―3
𝐶

𝐸
𝐶𝐿𝑎𝑐𝑁𝐴𝑐 ― 𝑘5𝐶𝐸

Eq. 

(1)

𝑑𝐶𝐿

𝑑𝑡 = ―𝑘1𝐶𝐸𝐶𝐿

Eq. 

(2)
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𝑑𝐶𝐸𝐺𝑎𝑙

𝑑𝑡 = 𝑘1𝐶𝐸𝐶𝐿 ―
𝑘3

𝑅2
𝐶

𝐸𝐺𝑎𝑙
―(𝑘3 +

𝑘3

𝑅4
) 𝐶

𝐸𝐺𝑎𝑙
𝐶𝐺𝑙𝑐𝑁𝐴𝑐 +

𝑘3

𝑅 ―3
𝐶

𝐸
𝐶𝐿𝑎𝑐𝑁𝐴𝑐

Eq. 

(3)

𝑑𝐶𝐺𝑙𝑢

𝑑𝑡 = 𝑘1𝐶𝐸𝐶𝐿

Eq. 

(4)

𝑑𝐶𝐺𝑎𝑙

𝑑𝑡 =
𝑘3

𝑅2
𝐶

𝐸𝐺𝑎𝑙

Eq. 

(5)

𝑑𝐶𝐺𝑙𝑐𝑁𝐴𝑐

𝑑𝑡 = ―(𝑘3 +
𝑘3

𝑅4
) 𝐶

𝐸𝐺𝑎𝑙
𝐶𝐺𝑙𝑐𝑁𝐴𝑐 +

𝑘3

𝑅 ―3
𝐶

𝐸
𝐶𝐿𝑎𝑐𝑁𝐴𝑐

Eq. 

(6)

𝑑𝐶𝐿𝑎𝑐𝑁𝐴𝑐

𝑑𝑡 = 𝑘3𝐶𝐸𝐺𝑎𝑙𝐶𝐺𝑙𝑐𝑁𝐴𝑐 ―
𝑘3

𝑅 ―3
𝐶

𝐸
𝐶𝐿𝑎𝑐𝑁𝐴𝑐

Eq. 

(7)

𝑑𝐶𝐴𝑙𝑙𝑜𝐿𝑎𝑐𝑁𝐴𝑐

𝑑𝑡 =
𝑘3

𝑅4
𝐶

𝐸𝐺𝑎𝑙
𝐶𝐺𝑙𝑐𝑁𝐴𝑐

Eq. 

(8)
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𝑑𝐶𝐸′

𝑑𝑡 = 𝑘5𝐶𝐸

Eq. 

(9)

𝑅2 =
𝑘3

𝑘2

Eq. 

(10)

𝑅4 =
𝑘3

𝑘4
Eq. (11)

𝑅 ―3 =
𝑘3

𝑘 ―3
Eq. (12)

These ODEs form a stiff ODE set, which can be solved using a variable-step, 

variable-order numerical method. The value of the inactivation rate constants (k5) were 

calculated using the data presented in Fig. 4(A). To estimate other constants, the summation 

of the absolute difference between the experimental and calculated data at each time point is 

minimized by varying the rate constant values. To this end, a combination of a genetic 

algorithm and stiff differential equation solver was employed with MATLAB. Classical 

kinetic models such as Michaelis-Menten are commonly used for single substrate-single 

product enzymatic reactions. However, the present approach is more suitable for the kinetic 
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study of this multipathway reaction involving different substrates and products as well as 

enzyme inactivation by aggregation. As shown in Fig. 6, the hydrolysis product (galactose) 

is formed from one substrate (lactose), while the transgalactosylation products (LacNAc and 

Allo-LacNAc) are formed from two substrates (lactose and GlcNAc); thus, a more specific 

kinetic model is needed. The experimental data shown in Fig. 5 was used, with the initial 

enzyme concentration of 0.8 µM (0.57 U ml-1), lactose at 50 mM (17 g l-1) and GlcNAc at 

500 mM (110 g l-1). The initial concentration of other sugars is equal to zero.

The experimental and modeled values are shown in Fig. 5, representing a good 

agreement with the coefficient of determination (R2) of 0.991 (no cation), 0.994 (Ca2+) and 

0.957 (Mg2+). As shown in Fig. 3S in the Supplementary Information, a total of 50 

generations is adequate for this GA optimization as the best fitness value remains almost 

constant after around 15 generation cycles, while the mean fitness stabilizes after 30-35 

cycles. Table 2 indicates the estimated values for the rate constants with their confidence 

intervals. Initial calculations showed that the estimated values of k1, R2, k3 and R-3 are 

identical within error in the absence or presence of cations, which is to be expected. R4 is the 

ratio of k3 to k4 and the values greater than one indicate that the desirable transgalactosylation 

of GlcNAc to LacNAc has a higher rate constant (k3) than that for undesired Allo-LacNAc 

synthesis (k4). This shows that the β-galactosidase from Bacillus circulans is more specific 

for the β(1,4) linkage than the β(1,6) linkage. The ratio increases from 21 ± 2 for the control 

sample, to 37 ± 1 for Ca2+ and 30 ± 1 for Mg2+, which suggests that as these ions begin to 

associate with the enzyme, transgalactosylation to Allo-LacNAc is suppressed further than 
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indicated by enzyme concentration alone (i.e. as k3 is constant, k4 must decline). This leads 

to an increase in selectivity for LacNAc over Allo-LacNAc.

A further sensitivity analysis was also performed to study the effect of changes (by 

±20%) in the estimated rate constants on the sugar concentrations after 120 min of the 

reaction in the absence or presence of cations. The results are shown in Figs. 4S-6S in the 

Supplementary Information. In all cases, the sugar concentration is highly sensitive to the 

variations in the k1 value. For the cases where no cations are present, ìt is the lactose 

concentration which is most affected, whereas in the presence of either calcium or 

magnesium, all sugar concentrations are affected. The sensitivity of lactose and glucose 

concentrations to changes in the estimated values of k2, k3, k-3 and k4 is not significant. In 

most cases, variations in the rate constants by ±20% change the LacNAc concentrations by 

no more than about ±6% compared to the experimental values.

 (Table 2)

The relative influence of the different cations in reducing the enzyme activity is 

further presented in Fig. 7, which directly compares the change in lactose concentration with 

time in the presence of each ion. When no cations are present, the lactose conversion is about 

95% after 120 min. For the case of 100 mM Ca2+, most of the enzyme is deactivated (Fig. 

8(B)) and the lactose conversion levels off after 90 min at ~ 50%. The conversion in the 

presence of Mg2+ is less affected. It is notable, however, that even the presence of 100 mM 

Na+ or K+ has some impact on the conversion of lactose. 



25

As indicated in the proposed mechanism (Equations 1-5), the enzyme is present 

in the reaction medium in various forms; including free, galactosyl-associated and 

deactivated species. The changes in concentration of these forms with time are depicted 

in Fig. 8. In all cases, the concentration of the enzyme-galactosyl intermediate (EGal) is 

very low (on the order of 10-5 µM), demonstrating that after its formation, it is rapidly 

converted. After about 30 min of reaction time, this intermediate reaches its maximum 

concentration, which is greater in the absence of cations. It is again clear that the 

concentration of the deactivated enzyme rapidly increases in the presence of divalent 

cations. In all cases, the summation of species concentrations is equal to the total initial 

enzyme introduced into the reaction, as expected (E0=E+E’+EGal=0.8 µM).

(Fig. 7)

(Fig. 8)

These reaction trends are further elucidated as a function of cation concentration in 

Fig. 9(A-D). This figure shows the LacNAc and Allo-LacNAc present after 120 min of 

reaction at 50 oC. In the absence of any cations, these yields are 51% and 7% based on lactose. 

Na+ and K+ have no statistically significant impact on the LacNAc yield at any concentration 

but there is a slight loss of Allo-LacNAc yield at the highest concentrations, consistent with 

the lower lactose utilization shown in Fig. 7. Calcium, however, leads to a more significant 

change in the Allo-LacNAc yield. Even at the Ca2+ concentrations present in whey i.e. 17 

mM Ca2+ the Allo-LacNAc yield is reduced by around 23%. At 100 mM Ca2+ there is also a 

significant decrease in the LacNAc yield. In the presence of Mg2+, the synthesis of LacNAc 
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remains almost constant, while that for Allo-LacNAc noticeably decreases. These results are 

consistent with those provided by kinetic modelling, which shows that transgalactosylation 

to Allo-LAcNAc is less favored, relative to LacNAc, as the enzyme degrades.

(Fig. 9)

3.6 Reaction selectivity

Fig. 9(E) shows the molar selectivity of the LacNAc product over Allo-LacNAc product. For 

the control sample the selectivity is about 7. Both calcium and magnesium can alter the 

reaction pathway to favor the production of LacNAc over its isomer, Allo-LacNAc, as 

discussed above. While the addition of high concentrations of calcium gives a higher 

selectivity, the yield of LacNAc is decreased (Fig. 9(A)). Conversely, magnesium can 

increase the selectivity of LacNAc with no significant reduction in LacNAc yield, due to the 

suppression of Allo-LacNAc formation. This is an important result and suggests that 

specifically dosing the reaction mixture with magnesium may be an effective strategy for 

reaction control in industrial application.

For further analysis, the enzyme concentration was increased to 1.43 U ml-1, while 

keeping all other conditions the same. Fig. 10(A) indicates the molar yield of LacNAc and 

Allo-LacNAc after running the reaction at 50 °C for 120 min in the presence of 100 mM of 

cations. The LacNAc molar yield based on lactose for the control sample was reduced to 

19%, while it increased to 17% for Allo-LacNAc. This is because the higher enzyme 

concentration can expedite secondary hydrolysis [5, 41]. In contrast to the results at the lower 

enzyme concentration of 0.57 U ml-1, however, all cations, including the monovalent species, 
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resulted in higher yields for LacNAc and lower yields for Allo-LacNAc compared to the 

control. Changes in the molar selectivity (Fig. 10(B)) are similar at both enzyme 

concentrations, although higher selectivity was obtained for the lower catalytic concentration 

(Fig. 9(E)). These results demonstrate that only measuring the hydrolytic activity, as is 

commonly reported in literature, is not a reliable method in analyzing the overall effect of 

cations (positive or negative) on the β-galactosidase-catalyzed synthesis of lactose-based 

bioactive molecules, in which different pathways are often involved.

(Fig. 10)

3.7 Results with dairy whey

Finally, the transgalactosylation of GlcNAc to LacNAc was performed using ultra 

filtered (UF) acid whey and sweet whey. As shown in Fig. 10(C), the yield of LacNAc using 

UF acid whey at pH=4.5 is 55±5% that of a lactose solution of similar concentration. As the 

optimum pH for the enzyme is 6, setting the pH of the acid whey solution to 6, reduces the 

difference between these two solutions. Similarly, the reaction in sweet whey did not result 

in a significant change compared to the buffer solution with the same lactose concentration.

4.  Conclusions

This study shows that the cations present in dairy whey can affect reaction pathways 

and regioselectivity of the transgalactosylation reaction forming LacNAc from lactose and 

GlcNAc catalysed by β-galactosidase from Bacillus circulans. These changes occur 

principally because these cations associate with negative sites on the enzyme, causing 

aggregation and a loss in enzyme activity. The divalent cations (Ca2+ and Mg2+) induce a 
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much greater level of aggregation than the monovalent cations (K+, Na+). The loss in enzyme 

activity is exacerbated by exposure to the cations for longer periods of time (120 min) and 

higher temperatures (50 oC). 

Kinetic studies show that the loss of enzyme activity has a much greater impact on 

the hydrolysis of lactose, relative to transgalactosylation. This is because transgalactosylation 

is dominant at early reaction times, when enzyme activity is high. Interestingly, the changes 

in enzyme activity also appears to reduce the rate constant for Allo-LacNAc, leading to an 

increase in the selectivity of the system towards the more favourable LacNAc isomer.   The 

work shows that cations such as magnesium can enhance the selectivity of the prebiotic 

LacNAc, with no significant reduction in the LacNAc yield. This is an important result that 

could significantly enhance the economic viability of such a conversion process.
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Size (nm)

Native enzyme 8±2

Enzyme incubated at 50 °C for 120 min:

No cation 40±2

In the presence of K+ or Na+ 130±10

In the presence of Mg2+ 490±60

In the presence of Ca2+ 1,100±300

Table 2. Estimated rate constants.

k1×10-3

(M-1 

min-1)

R2

(M-1)

k3×10-5

(M-1 

min-1)

R4

k5×103

(min-1)

R-

3×10-2

control Ca2+ Mg2+ control Ca2+ Mg2+

32.6 ± 

0.5

6.3 ± 

0.3
67 ± 9

21 ± 2
37 ± 

1

30 ± 

1
4.1 ± 1

37 ± 

4

28 ± 

4

3.1 ± 

0.2


