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Chapter 1  

 

β-Galactosidase enzymes and their galactooligosaccharide 
products  
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Introduction 

Lactose (β-D-galactopyranosyl-(1→4)-D-glucose) is a disaccharide composed of 

one galactose molecule linked to a glucose molecule, which can be found in the 

milk of mammals [1], [2]. The content of lactose in bovine milk ranges from 4.4% 

to 5.2%, while human milk contains 7% lactose [1]. Human newborns have the 

ability to produce β-galactosidase (E.C. 3.2.1.23) enzymes to digest lactose, 

however, adults usually have lost the ability to produce this enzyme [3]. The 

absence or deficiency of β-galactosidase enzymes can lead to lactose intolerance 

upon the consumption of dairy products [4], [5]. Lactose can be removed from 

milk to solve this problem and be used as an ingredient in the food industry. This 

also provides opportunities for the development of high value-added lactose 

derivatives such as galactooligosaccharides (GOS). The market price of GOS is 

10-12 times higher than that of lactose while the GOS prebiotic effects are widely 

accepted [6], [7], [8].  

The concept of prebiotics was first introduced in 1995 by Gibson and Roberfroid 

[9], and now is defined as “a non-digestible compound that, through its 

metabolization by microorganisms in the gut, modulates composition and/or 

activity of the gut microbiota, thus conferring a beneficial physiological effect on 

the host” [10]. GOS are important commercial prebiotics which are added into 

infant formula as alternatives for human milk oligosaccharides (hMOS) [11], [12]. 

GOS are composed of a number of galactose units linked to a terminal glucose or 

galactose residue via different glycosidic bonds, with degrees of polymerization 

(DP) from 2 to 10 units [13]. Nowadays GOS are produced from lactose using 

microbial β-galactosidase enzymes [14], [15], [16]. 

Structures of β-galactosidases and reaction mechanism 

β-Galactosidase enzymes belong to glycoside hydrolase (GH) families 1, 2, 35, 

and 42, which belong to the GH-A superfamily (Carbohydrate Active Enzymes 



512682-L-bw-Yin512682-L-bw-Yin512682-L-bw-Yin512682-L-bw-Yin
Processed on: 17-8-2017Processed on: 17-8-2017Processed on: 17-8-2017Processed on: 17-8-2017 PDF page: 9PDF page: 9PDF page: 9PDF page: 9

Chapter 1 

9 
 

database, http://www.cazy.org/) [17]. β-Galactosidases in GH1,GH2 and GH42 

are found predominantly in bacteria and fungi, whereas the enzymes in GH35 

have been found in bacteria, fungi, animals and plants [18]. As shown in Table 1, 

crystal structures are available for several β-galactosidase enzymes. These β-

galactosidase enzymes catalyze the hydrolysis of terminal β-galactose residues 

from various substrates. The β-galactose residues subsequently serve as growth 

substrates and are used for carbon metabolism, energy generation, and 

maintaining a normal physiological activity of the organisms. As shown in Figure 

1, the domain organization of β-galactosidases from different GH families is quite 

different. For β-galactosidases in the GH2 family, the catalytic domain is the third 

domain from the N-terminus, while for β-galactosidases in GH35 and GH42 the 

catalytic domains are the first domains from the N-terminus [19], [20], [21], [22], 

[23]. The catalytic domain is a (β/α)8 TIM barrel that contains one glutamic acid 

residue as the nucleophile and another glutamic acid residue as the proton donor 

[17],[24]. The β-galactosidases in the GH1, 2, 35, and 42 families display a 

retaining mechanism in their reaction. The catalytic nucleophile first attacks the 

anomeric center of lactose with the assistance of the proton donor, forming a 

galactosyl-enzyme intermediate while releasing glucose. The second step depends 

on the identity of the acceptor substrate: if water serves as the acceptor, the 

 

 

Figure 1. Domain distribution of β-galactosidases from different Glycoside Hydrolase 
(GH) families [17], [18], [19], [20], [21]. 
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intermediate undergoes hydrolysis and releases galactose; if lactose serves as 
acceptor substrate, a DP3 GOS (β-D-Galp-(1→x)-β-D-Galp-(1→4)-D-Glcp) is  

Table 1. β-Galactosidase enzymes and their protein 3D structures. 

Protein 
name 

GH 
family 

Organism PDB 
code 

UniProt code Reference 

BglA 1 Thermotoga maritima 1OD0 Q08638 [26] 
LacZ 2 Arthrobacter sp. C2-2 1YQ2 Q8KRF6 [27] 
BgaD 2 Bacillus circulans 

ATCC 31382 
4YPJ E5RWQ2 [28] 

LacZ 2 Escherichia coli K12 4V40 P00722 [29] 
BgaL 2 Paracoccus sp. 32d 5EUV D1LZK0 [30] 
BgaA 2 Streptococcus 

pneumoniae serotype 
4 

4CU6 A0A0H2UP19 [31] 

Lac4 2 Kluyveromyces lactis 
CBS2359 

3OB8 P00723 [32] 

BgaC 35 Bacillus circulans 
ATCC 31382 

4MAD O31341 [33] 

Bgl35A 35 Cellovibrio japonicus 
Ueda107 

4D1I B3PBE0 [34] 

BgaC 35 Streptococcus 
pneumoniae TIGR4 

4E8C A0A0H2UN19 [17] 

LacA 35 Aspergillus oryzae 
RIB40 

4IUG Q2UCU3 [35] 

Glb1 35 Homo sapiens 3THC P16278 [36] 
LacA 35 Penicillium sp. 1TG7 Q700S9 [37] 
Tbg4 35 Solanum 

lycopersicum 
3W5F O81100 [16] 

Bga1 35 Trichoderma reesei 3OG2 Q70SY0 [38] 
Bca 42 Bacillus circulans 

subsp. alkalophilus 
3TTS  [39] 

Gal42A 42 Bifidobacterium 
animalis subsp. lactis 
Bl-04 ATCC SD5219 

4UNI  [21] 

LacZ2 42 Bifidobacterium 
bifidum S17 

4UCF E3EPA1 [40] 

GanB 42 Geobacillus 
stearothermophilus 

T-6 

4OIF F8TRX0 [41] 

R-β-Gal 42 Rahnella sp. R3 5E9A A0A0B4U8I5 [42] 
A4- β-Gal 42 Thermus sp. A4 1KWG O69315 [43] 
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formed by transgalactosylation (Figure 2) [25], [26], [27]. This DP3 GOS may 

serve again as acceptor substrate and undergo another round of 

transgalactosylation. The transgalactosylation reaction thus results in GOS 

mixtures containing structures varying in size and in linkage types. Carbohydrates 

other than lactose can also serve as acceptors in the transgalactosylation reaction. 

The linkage type and degree of polymerization (DP) of GOS structures strongly 

depend on the β-galactosidase enzyme origin. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Reaction scheme of β-galactosidase enzymes. This figure has been adapted 
from Bultema et al [25]. The acid/base catalyst and the nucleophile are both Glutamic 
acid residues. The hydrolysis reaction uses water as acceptor substrate, while the 
transgalactosylation reaction uses lactose and other carbohydrates as acceptor substrate. 
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Identification of GOS structures produced by β-galactosidases 

As mentioned above, the characterized β-galactosidase enzymes adopt the same 

reaction mechanism. However, they synthesize different GOS products reflecting 

variations in their crystal structures, especially in their active sites [46],[47]. One 

of the aims in our work is to understand the relation between the active site 

structures and the synthesized GOS compounds. This requires the availability and 

use of reliable techniques to characterize the composition and structures of the 

GOS compounds. Techniques like high-performance anion-exchange 

chromatography (HPAEC) coupled with pulsed amperometric detection (PAD), 

NMR spectroscopy,  Mass Spectrometry (MS), and methylation analysis have 

been widely used in the identification of the GOS structures [48], [49], [50], [51], 

[52]. This has resulted in the identification of an increasing number of GOS 

structures. Rodriguez-Colinas et al. identified 5 structures in the GOS mixture 

produced by β-galactosidase from Kluyveromyces lactis [53]. Urrutia et al. found 

9 structures in the GOS mixture produced by β-galactosidase from Aspergillus 

oryzae [54]. Yanahira et al. isolated 11 GOS structures from the products of β-

galactosidase of Bacillus circulans ATCC 31382 [55]. Our laboratory has made 

big strides to identify GOS compounds, using a series of techniques. We 

identified 43 structures in the commercial Vivinal GOS produced with β-

galactosidase of B. circulans ATCC 31382 [56],[57]. Recently van Leeuwen et al. 

compared 6 commercial GOS products with Vivinal GOS and found 13 new 

structures [58]. Taken together, a total of 60 structures have been characterized in 

the GOS produced by various β-galactosidase enzymes (Figure 3). GOS are 

generally used in the dairy industry, especially in infant formula, as alternatives 

for hMOS to give beneficial effects to babies [59]. Till now, more than 200 

hMOS structures have been revealed [60], [61], [62], and the structural 

complexity of hMOS is considered as important for their multiple biological 

functions [63]. Although the GOS structures are less diverse than those of hMOS, 
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with the development of sensitive and accurate identification techniques and the 

discovery and engineering of new β-galactosidases, the potential of discovering 

new GOS structures is still growing. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. The GOS structures synthesized from lactose in the transgalactosylation 
reaction of β-galactosidases. Structure 1 is galactose, structure 2 is glucose, structure 5 is 
lactose, all others are GOS structures. The numbers refer to GOS structures identified in 
previous studies by van Leeuwen et al [56], [57], [58]. 
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Efforts to improve the GOS yield and change the linkage specificity 

β-Galactosidase enzymes incubated with lactose catalyze two types of reactions: 

hydrolysis and transgalactosylation. Hydrolysis results in the production of 

galactose, and transgalactosylation produces GOS mixtures. Due to the hydrolysis 

reaction, the GOS yield cannot reach 100% in industrial processes (e.g. B. 

circulans β-galactosidase has a GOS yield of ~63.5% with 50% (w/w) lactose, 

incubated at 60 °C for 20 h [64]). Relatively high lactose concentrations are 

generally needed to improve the transgalactosylation/hydrolysis ratio, but also 

results in remaining lactose, in addition to glucose and galactose [65]. There is a 

clear wish to improve the GOS yield and lower the hydrolysis products and 

lactose content in the final product mixture. Although GOS are generally used as 

alternatives for hMOS [66], their structural diversity is much less than that of 

hMOS. It may be of interest to try and change the linkage specificity of the β-

galactosidase enzymes to produce different type of GOS mixtures or to enrich the 

GOS structure complexity or avoid GOS components implicated in allergenic 

effects [67]. There are two approaches to improve the GOS yield and/or change 

the linkage specificity of the products. The first approach is to change the 

reaction conditions, such as the reaction solvents, temperatures, substrate 

concentrations and so on; i.e. process engineering. The second approach is to 

modify the enzymes themselves; i.e. enzyme engineering. It has been shown that 

bio-solvents derived from dimethylamide and glycerol changed the 

regioselectivity of Biolacta N5 (commercial available β-galactosidase from B. 

circulans, Daiwa Kasei), and improved the yield of GOS products with (β1→6) 

linkages [68], [69]. A study of the β-galactosidases from B. circulans, A. oryzae, 

K. lactis, and Kluyveromyces fragilis found that higher temperatures resulted in 

higher GOS yields, and that high lactose substrate concentrations resulted in even 

higher GOS yields [70]. Other studies also found that the temperatures, pH values, 

lactose concentrations and enzyme origins not only contributed to the GOS yield, 
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but also influenced the composition of the GOS mixtures [71], [72], [73], [74], 

[75]. Besides, different enzyme immobilization techniques such as adsorption on 

celite, covalent coupling to chitosan, aggregation by cross-linking, and 

immobilized on magnetic polysiloxane-polyvinyl also contributed to the 

improvement of the GOS yield [75], [76], [77],[78], [79]. On the other hand, 

protein engineering is a powerful tool to optimize the enzyme catalytic efficiency 

and change the product specificity [46], [80], [81]. For example, deletion 

mutagenesis showed that removal of 580 amino acids from the C-terminus of the 

β-galactosidase from Bifidobacterium bifidum greatly improved its 

transgalactosylation ability [82]. The native enzyme only has transgalactosylation 

activity at 13.7% lactose concentration while the truncated enzyme has a 

relatively high yield of GOS (39%) at 10% initial lactose [82]. A single mutation 

(F426Y) in β-glucosidase from Pyrococcus furiosus increased the 

transglycosylation/hydrolysis ratio, increasing the GOS yield from 40% to 45%. 

A double mutant (F426Y/M424K) improved GOS synthesis at 10% lactose from 

18% to 40% due to the increase in the ratio of transglycosylation to hydrolysis 

[83]. A mutagenesis approach was also applied to the β-galactosidase from 

Geobacillus stearothermophilus; mutation R109W increased the 

transglycosylation/hydrolysis ratio, and the yield of trisaccharide β-D-Galp-

(1→3)-β-D-Galp-(1→4)-D-Glcp enhanced from 2% to 23% at a lactose 

concentration of 18% [84]. Double mutants F571L/N574S and F571L/N574A of 

Thermotoga maritima β-galactosidase increased the transgalactosylating 

efficiency of the wild-type enzyme up to 2-fold [85]. In another mutagenesis 

study of β-galactosidase from Sulfolobus solfataricus, the GOS yield was 

enhanced by 11% by mutating phenylalanine to tyrosine (F441Y), which may be 

caused by the introduction of new H-bonds [86]. A recent study showed that 

incubation of the C-terminally truncated β-galactosidase from B. circulans with 

monobodies, synthetic binding peptides which can modulate the catalytic 

properties of enzymes, altered the enzyme specificity in such a way that it barely 
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produced any GOS higher than DP5 [87], whereas in the absence of monobodies 

this enzyme is capable of producing GOS up to at least DP8 [50]. 

The beneficial impact of GOS 

GOS are well-known prebiotics and have been used in infant formula for decades 

[12], [66], [88]. A study has shown that the administration of highly purified 

(>95%) short-chain GOS in human subjects improved the lactose digestion and 

tolerance [89]. Another study showed that the use of GOS in the first 6 months of 

infant nutrition reduced the total number of infections, and cumulative incidence 

of infections [90]. The dietary intervention with GOS in the first two years of 

babies feeding reduced both the manifestation of allergies, as well as infections 

[91]. GOS produced by whole cells of Bifidobacterium bifidum NCIMB 41171 

significantly increased the bifidobacterial population in the stool of human adults 

[92]. Purified GOS greatly inhibited the adhesion of pathogens to the epithelial 

cell surface [93]. A study found that the consumption of short-chain GOS and 

long-chain fructooligosaccharides (FOS) in the early life of newborns modulated 

the microbiota in a similar way as that of hMOS, namely by increasing the 

number of Bifidobacterium [94].  

The main end products of microbial fermentation of GOS are short-chain fatty 

acids, which can prevent host colon cancer and other intestinal disorders [95]. It 

is generally considered that GOS benefit the host in the following ways. Firstly, 

the structures of GOS are similar to some pathogen receptors, thus they act as 

decoys resulting in pathogen binding and excretion instead of adhesion in the gut 

[96], [97]. Secondly, GOS inhibit the growth of toxic bacteria such as 

Clostridium difficile, and stimulate the growth of beneficial bacteria such as 

Bifidobacterium adolescentis and B. bifidum [98]. Thirdly, GOS modulate the 

human gut microbiota and increase the percentage of probiotic bacteria in the gut 

[99], [98]. These probiotic bacteria improve human health in various ways: 
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inhibitory compounds such as bacteriocins produced by probiotic bacteria inhibit 

the growth of certain pathogens [100]; probiotic bacteria compete for the limiting 

nutrients with pathogens, and also produce short-chain fatty acids that result in a 

lowering of the pH and inhibition of the growth of certain pathogens [100], [96]; 

probiotic bacteria adhere to the intestinal mucosa and block the adherence of 

enteropathogens [100], [101]; probiotic bacteria modulate the development of the 

immune system [102].  

Outline of the thesis 

GOS are generally considered as prebiotics and are widely used in the food 

industry and pharmacy. They are composed of galactose molecules and one 

glucose molecule through different glycosidic linkages. The linkage types and 

degree of polymerization (DP) of GOS structures strongly depend on the enzyme 

origin. Although there have been many studies of β-galactosidase enzymes and 

the produced GOS mixtures, there are still many questions that remain 

unanswered. It is already known that β-galactosidases produce different GOS 

mixtures, however, the enzyme active site structural details that determine the 

composition of GOS mixtures has remained unknown. What are the roles of 

specific amino acid residues in the β-galactosidase active site? What are the 

structural determinants for the GOS yield and linkage specificity? Can we 

engineer β-galactosidases to change their GOS linkage specificity and thus 

change or enrich the GOS structural complexity? Can we use β-galactosidases to 

synthesize products other than GOS?  

In this thesis, we tried to answer these questions. We investigated the active site 

structural basis for the linkage specificity, to provide insights into the structure-

function relationship and provide guidance for the engineering of β-galactosidase 

enzymes. In chapter 2, a more detailed analysis of GOS profiles of three 

commercial β-galactosidases from B. circulans, K. lactis and A. oryzae is 
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reported. The GOS yields, the linkage specificity, and the diversity of GOS 

produced by these enzymes are clearly different from each other. The presence of 

the monosaccharides glucose and galactose in the reaction mixture changed the 

GOS profile and yield, however, the influence of monosaccharides also depended 

on the enzyme origin.  

In chapter 3, residue R484 near the +1 subsite of the C-terminally truncated β-

galactosidase from B. circulans (BgaD-D) was subjected to site saturation 

mutagenesis. The mutant enzymes displayed significantly altered enzyme 

specificity, leading to a GOS mixture with mainly (β1→4) and (β1→3) linkages, 

while the wild-type enzyme gave a GOS mainly composed of (β1→4) linkages. 

Besides, the mutant GOS mixtures also contained 14 structures that are not found 

in the GOS produced by the wild-type enzyme. Chapter 4 investigated the 

functional roles of selected amino acid residues in the BgaD-D active site using 

site-directed mutagenesis. A detailed biochemical characterization and product 

profile analysis was presented, showing that these amino acid residues in the 

active site were crucial to the enzyme activity, linkage specificity, 

transgalactosylation versus hydrolysis, acceptor substrate selection.  

In chapter 5, lactulose was used as substrate for the BgaD-D wild-type and 

R484H mutant enzymes to expand the application of β-galactosidase enzymes. 

The oligosaccharides derived from lactulose were identified and several new-to-

nature compounds characterized. They were tested as sole carbon source for 

growth by Bifidobacteria, reflecting their potential prebiotic properties. Chapter 6 

summarizes the results reported in this thesis and gives perspectives for future 

research. 
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Abstract 

β-Galactosidase enzymes are used in the dairy industry to convert lactose into 

galactooligosaccharides (GOS) that are added to infant formula to mimic the 

molecular sizes and prebiotic functions of human milk oligosaccharides. Here we 

report a detailed analysis of the clearly different GOS profiles of the commercial 

β-galactosidases from Bacillus circulans, Kluyveromyces lactis and Aspergillus 

oryzae. Also the GOS yields of these enzymes differed, varying from 48.3% (B. 

circulans) to 34.9% (K. lactis), and 19.5% (A. oryzae). Their incubation with 

lactose plus the monosaccharides Gal or Glc resulted in altered GOS profiles. 

Experiments with 13C6 labeled Gal and Glc showed that both monosaccharides act 

as acceptor substrates in the transgalactosylation reactions. The data shows that 

the lactose isomers β-D-Galp-(1→2)-D-Glcp, β-D-Galp-(1→3)-D-Glcp and β-D-

Galp-(1→6)-D-Glcp are formed from acceptor reactions with free Glc and not by 

rearrangement of Glc in the active site.  
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Introduction 

More than 200 human milk oligosaccharides (hMOS) have been identified in 

human mother milk, and they fulfill many functions in the health and 

development of the neonate [1]. In addition to providing nutrients for brain 

development, hMOS modulate intestinal immunity, block the binding of 

pathogens, and promote the growth of beneficial gut bacteria [2], [3]. Nowadays 

many babies receive infant formula based on bovine milk, which has a more 

limited abundance and complexity of oligosaccharides [3]. As an alternative route 

to provide beneficial oligosaccharides, analogues have been developed and added 

to infant formula to mimic the molecular sizes and prebiotic functions of hMOS 

[4]. These prebiotic analogues consists of short chain galactooligosaccharides 

(GOS), long chain fructooligosaccharides (FOS),  polydextrose, and mixtures of 

these in different ratios [4], [5], [6]. Babies who received these analogues had 

significantly more Bifidobacteria in their gut microbiome than those in the 

placebo group [7]. In addition, the species distribution of Bifidobacteria was more 

similar to that of the group receiving human mother milk [7]. 

β-Galactosidase enzymes are widely used in the dairy industry to convert lactose 

into GOS. They attack the anomeric center of the galactose residue in lactose, 

forming a galactosyl-enzyme complex while releasing the Glc molecule [8], [9], 

[10].  The subsequent step depends on the acceptor substrate: if the acceptor is 

water, the galactosyl-enzyme complex undergoes hydrolysis and releases the Gal 

molecule as well; if lactose, monosaccharide or oligosaccharide serves as 

acceptor, GOS are formed as the transgalactosylation product. The previously 

formed disaccharide or oligosaccharide can either serve as a new acceptor 

substrate yielding GOS products with a higher degree of polymerization (DP), or 

bind to the enzyme to be used as a donor substrate (Figure 1). The linkage types 

and the DP of GOS produced depend on the specific enzyme and reaction 

conditions [9], [10]. 
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Several commercial GOS products currently are available, such as Oligomate 55, 

Bimuno, and Vivinal® GOS [9], [11]. Various microbial β-galactosidases are 

used for GOS synthesis, using relatively high lactose concentrations, yielding 

GOS mixtures with different structural compositions which are likely to result in 

different prebiotic effects [11], [12]. 

 

Figure 1. Reaction scheme of the β-galactosidase enzyme with lactose. 

β-Galactosidases from the bacterium B. circulans, the yeast K. lactis and the 

fungus A. oryzae are used in the dairy industry because of their high 

transgalactosylation activity and different ranges of products [13], [14], [15], [16]. 

Other formulations are produced using two enzymes, e.g. Oligomate 55 by the A. 

oryzae and Streptococcus thermophilus β-galactosidase enzymes [9].  B. 

circulans β-galactosidase production yields 4 isoforms (BgaD-A, BgaD-B, BgaD-

C, and BgaD-D), caused by truncation at the C-terminus of the BgaD protein (full 

length 1737 amino acids) [17]. The shortest isoform (BgaD-D) contains 812 

amino acids, and the crystal structure is a dimer [18], [19]. At high lactose 
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concentration, BgaD-D has a similar ability to produce GOS as the other isoforms 

[20]. NMR analysis of Vivinal® GOS, the commercial GOS product made with 

the B. circulans β-galactosidase, has revealed more than 40 structures, covering 

99% of the products [21,22]. The β-galactosidase from K. lactis consists of 1024 

amino acids and the crystal structure  is a tetramer [23]. HPAEC-PAD analysis 

has revealed 6 structures in the K. lactis Lactozyme 3000 HG GOS product 

mixture, with a preference for (β1→6) linkages [24]. The β-galactosidase from A. 

oryzae is a monomer with 985 residues [25]. The GOS molecules identified as 

products of this enzyme constitutes a mixture of 9 structures, among which β-D-

Galp-(1→6)-β-D-Galp-(1→4)-D-Glcp accounts for nearly one-third of the total 

GOS [26]. 

Over the years, much effort has been devoted to optimize the reaction conditions 

of these 3 β-galactosidases to obtain a higher GOS yield. Several immobilization 

methods have been tested to enhance the stability of the enzymes [15], [27], [28], 

[29].Different reaction temperatures and pH values have been used to improve 

the GOS yield [30], [31]. It has been suggested that the monosaccharides 

produced from lactose (Gal and Glc) inhibit the activity of the β-galactosidase 

enzymes from A. oryzae, K. lactis, and B. circulans, resulting in failure to reach 

the highest GOS yield [10], [32], [33]. Several studies also have explored the 

transgalactosylation products of the 3 enzymes individually [34,30,26,24], and 

made a comparison between the 3 enzymes [35]. 

The reaction kinetic changes [34] of GOS fractions of these 3 β-galactosidase 

enzymes have not been studied yet. The aim of the present study is a 

comprehensive comparison of the complex GOS-synthesis process for three of 

the most prominent β-galactosidase enzymes currently used in industry. In this 

paper, the dynamic changes of the major GOS fractions produced by these 3 

enzymes during the GOS synthesis process are presented. Also the influence of 
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the monosaccharides (Gal and Glc) on GOS synthesis is studied in detail and 

compared among the 3 enzymes. 

Materials and methods 
Materials  

β-Galactosidase from K. lactis (Lactozyme 2600L) and β-galactosidase from A. 

oryzae, Fucose, D-Glucose-13C6 ( 99 atom % 13C), and D-Galactose-13C6 (98 

atom % 13C) were purchased from Sigma-Aldrich (St. Louis, USA). Gal, lactose, 

Glc, sodium chloride, sodium hydroxide, sodium hydrogen phosphate, sodium 

dihydrogen phosphate, and sodium acetate were from Merck (Darmstadt, 

Germany).  

Recombinant protein expression and purification  

The C-terminally truncated B. circulans ATCC 31382 recombinant β-

galactosidase (rBgaD-D) protein was constructed previously [8] and used in this 

study. PCR amplification was performed in order to add a 6×His tag at the N-

terminus of rBgaD-D. The template was plasmid pET-15b containing the rBgaD-

D encoding gene. A forward primer (5’-CAGGGACCCGGTATG 

GGAAACAGTGTGAGC-3’) and reverse primer (5’-

CGAGGAGAAGCCCGGTTATGGCGTTACCGTAAATAC-3’) were used for 

PCR amplification; the PCR products were purified on an agarose gel. Vector 

pET-15b-LIC was digested by FastDigest KpnI (Thermo Scientific) and purified 

with a PCR purification kit (GE Healthcare). Subsequently, the PCR product was 

treated with T4 DNA polymerase (New England BioLabs) in the presence of 2.5 

mM dATP, while the vector was digested with T4 DNA polymerase in the 

presence of 2.5 mM dTTP. Both reactions were incubated at room temperature 

for 60 min, followed by 20 min at 75 oC to inactivate the enzymes. The reaction 

mixture containing 2 μL of the target DNA and 1 μL vector was incubated at 

room temperature for 15 min to allow ligation. Then the mixture was transformed 
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into Escherichia coli DH5α competent cells (Phabagen) for DNA amplification. 

The DNA sequence was verified by sequencing.  

The plasmid containing the gene encoding the His-tagged rBgaD-D protein was 

transformed into E. coli BL21* DE3 competent cells (Invitrogen, Carlsbad, USA). 

Precultures of E. coli BL21* DE3 harboring the plasmid were grown overnight at 

37 oC. Then 1% preculture was inoculated into fresh LB medium containing 100 

μg/ml ampicillin. When the cell density reached 0.6 at 600 nm, the expression of 

His-tagged rBgaD-D was induced with 1 mM isopropyl-β-D-

thiogalactopyranoside. Subsequently, the cells were cultured overnight at 30 oC 

and 220 rpm/min, and harvested by centrifugation. Cell pellets were washed with 

20 mM Tris-HCl (pH 8.0) buffer and resuspended in B-PER lysis solution 

(ThermoScientific, Pierce). After incubation at room temperature for 30 min, the 

cell debris was removed by centrifugation. To purify the protein, the cell-free 

extract was mixed with HIS-Select® Nickel Affinity Gel (Sigma, USA), which 

was previously equilibrated with 20 mM Tris-HCl (pH8.0), 50 mM NaCl (buffer 

A), and incubated at 4 oC overnight. The unbound protein was washed away with 

20 column volumes of buffer A, and then the rBgaD-D protein was eluted with 

buffer A containing 100 mM imidazole. The protein was centrifuged with a 

centrifugal filter with a cutoff of 30 kDa (Merck, Darmstadt, Germany) to remove 

the imidazole. 

Enzyme incubations  

Enzyme activity assays 

The β-galactosidase activity towards lactose under relevant GOS production 

conditions was measured using an oxidase/peroxidase method (GOPOD Format, 

Megazyme, Ireland). One unit (U) of (total) activity was defined as the enzyme 

amount required to release 1 μmol Glc per min. For rBgaD-D, 50% lactose (w/w) 

in 0.1 M sodium phosphate buffer (pH 6.0) was used as substrate [40], incubated 

at 60 oC for 5 min. For Lactozyme 2600L, 30% lactose (w/w) in 0.1 M sodium 
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phosphate buffer (pH 7.0) was used and the mixture was incubated at 40 oC for 5 

min [15]. For the β-galactosidase from A. oryzae, 30% lactose (w/w) in 0.1 M 

sodium acetate buffer (pH 4.5) was used and incubation was carried out at 45 oC 

for 5 min [32]. Different lactose concentrations were used reflecting the solubility 

of lactose at the respective enzyme optimum temperature. After 5 min, the 

reactions were stopped immediately by adding 1.5 M NaOH, followed by 

neutralization with 1.5 M HCl. The amount of released Glc was determined in the 

GOPOD assay by measuring the absorbance at 510 nm.  

GOS synthesis 

For the production of GOS from lactose, incubations of all 3 enzymes contained 

37 U enzyme activity per gram lactose. The incubation conditions were: 50% 

lactose (w/w) in 0.1 M sodium phosphate buffer (pH 6.0), 60 oC for rBgaD-D; 30% 

lactose (w/w) in 0.1 M sodium acetate buffer (pH 4.5), 45 oC for β-galactosidase 

from A. oryzae; 30% lactose (w/w) in 0.1 M sodium phosphate buffer (pH 7.0), 

40 oC for Lactozyme 2600L. At specified time intervals, 50 μL aliquots of 

reaction mixture were withdrawn and heated at 100 oC for 5 min to stop the 

reaction.  

To analyze the synthesis of GOS products in time by the 3 β-galactosidases, 3.75 

U enzyme activity per gram lactose was used for all 3 enzymes and incubated at 

their optimal conditions (see above). Aliquot samples were taken at 5 min, 15 min, 

30 min, 1 h, 2 h, 4 h, and 8 h and immediately incubated at 100 oC for 5 min to 

stop the reaction.  

The final GOS profiles were obtained by using 370 U enzyme activity per gram 

lactose for all 3 enzymes. The reactions were incubated at their optimal 

conditions for 72 h, 48 h, and 48 h for rBgaD-D, Lactozyme 2600L, and the β-

galactosidase from A. oryzae, respectively. 

Effects of Gal and Glc on GOS synthesis 
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To investigate the influence of the presence of the monosaccharides Gal and Glc 

on GOS synthesis, a mixture of 30% (w/w) lactose plus 20% (w/w) Gal or Glc 

was used for incubations with rBgaD-D. For Lactozyme 2600L and A. oryzae β-

galactosidases, a mixture containing 20% (w/w) lactose plus 10% (w/w) Gal or 

Glc was used. The reactions were carried out using 37 U of the enzymes per gram 

lactose, incubated at their respective optimal conditions. The rBgaD-D enzyme 

also was incubated with 30% (w/w) lactose plus 20% (w/w) 13C6 labelled Gal or 

20% (w/w) 13C6 labelled Glc as described above. All reactions were stopped after 

2 h by incubation at 100 oC for 5 min. Structures of interest were isolated using 

preparative HPAEC-PAD separations. 

HPAEC-PAD  

For analytical HPAEC-PAD the reaction samples were diluted 3000 times with 

Milli-QTM water, resulting in samples of ~ 0.10-0.17 mg/mL, containing 200 

μM fucose as internal reference for the HPAEC-PAD analysis and quantification. 

The analysis of the samples was carried out with a Dionex ICS-3000 work station 

(ThermoScientific, Amsterdam, the Netherlands), coupled to a CarboPac PA-1 

column (250 ×4 mm, Dionex) and an ICS-3000 ED pulsed amperometric detector 

(PAD). The separation conditions were the same as used previously [21]. Briefly, 

the elution buffer consisted of a complex gradient of A) 100 mM sodium 

hydroxide, B) 600 mM sodium acetate in 100 mM sodium hydroxide, C) Milli-Q 

water, and D) 50 mM sodium acetate, details are provided in Supplementary 

Figure S1. The quantification of GOS fractions is determined by the peak 

intensities of HPAEC-PAD profiles. GOS yield (%) = peak intensities of total 

GOS fractions / peak intensities of (galactose + glucose + lactose + total GOS 

fractions) * 100%. Percentage of specific GOS fraction (%) = peak intensities of 

specific GOS fraction / peak intensities of (galactose + glucose + lactose + total 

GOS fractions) * 100%. Preparative separations were performed on an ICS-5000 

work station (ThermoScientific), coupled to a CarboPac PA-1 column (250 x 9 
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mm), using the same gradient as used for analytical separations at 4 mL/min. 

Samples were diluted to 4 mg/mL concentration and 250 μL was injected per 

separation. After separation samples were immediately neutralized using 4 M 

acetic acid, followed by desalting on Carbograph SPE (Grace, Breda, The 

Netherlands), eluting with 3 x 1 mL 40% acetonitrile in Milli-Q water. 

MALDI-TOF-MS analysis   

Positive-ion mass spectra were recorded on an AximaTM Performance mass 

spectrometer (Shimadze Kratos Inc., Manchester, UK) equipped with a nitrogen 

laser (337 nm, 3 ns pulse width). Spectra were recorded in reflectron mode at a 

resolution of at least 5000 FWMH and acquired with software controlled delayed-

extraction optimized for m/z 800. Spectra were recorded with a range of 1-5000 

m/z with ion-gate blanking set to 300 m/z. Samples were prepared by mixing on 

the target plate 1 μL sample solution (~1 mg/mL) with 1 μL matrix solution, 

consisting of 2,5-dihydroxybenzoic acid (10 mg/mL) in 40% acetonitrile.  

NMR spectroscopy 

The isolated oligosaccharide samples and the reaction mixtures were lyophilized 

and exchanged twice with 99.9% atom D2O (Cambridge Isotope Laboratories Ltd, 

Andover, MA). Finally, samples were dissolved in 650 μL 99.9% atom D2O, 

containing 25 ppm acetone (δ1H 2.225, δ13C 31.08) as internal standard. All 

NMR spectra, including 1D 1H, as well as 2D 1H-1H and 13C-1H correlation 

spectra were recorded at a probe temperature of 298K on a Varian Inova 600 

spectrometer (NMR Department, University of Groningen, The Netherlands). 1D 

600-MHz 1H NMR spectra were recorded with 5000 Hz spectral width at 16k 

complex data points, using a WET1D pulse to suppress the HOD signal. 2D 1H-
1H spectra were recorded in 200 increments of 4000 complex data points with a 

spectral width of 5000 Hz. 2D 1H-1H TOCSY spectra were recorded with 

MLEV17 mixing sequences with 30, 60, and 150 ms spin-lock times. 2D 13C-1H 
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HSQC spectra were recorded with a spectral width of 5000 Hz in t2 and 10,000 

Hz in t1 direction. 2D 1H-1H ROESY spectra with a mixing time of 300 ms were 

recorded in 128 increments of 4000 complex data points with a spectral width of 

5000 Hz. All spectra were processed using MestReNova 5.3 (Mestrelabs 

Research SL, Santiago de Compostela, Spain), using Whittaker Smoother 

baseline correction [36].  

Results and Discussion 
Structures of GOS products  

For each β-galactosidase enzyme a product profile was obtained after 4 h 

incubation at their respective optimal conditions (Figure 2). GOS synthesized by 

rBgaD-D presents a mixture matching that of the commercial product of the 

native B. circulans enzyme, Vivinal® GOS [21], [22], here we only list the 21 

major structures in Figure 2. We also identified a total of 12, and 11 structures 

from the GOS profiles of Lactozyme 2600L and A. oryzae β-galactosidase, 

respectively. The GOS structures of peak 1-25a, 34 and 38 were identified 

according to the GOS library described previously (Table S1) [12], [21], [22]. 

Structure 39 [β-D-Galp-(1→6)-β-D-Galp-(1→6)-D-Glcp] was identified by 

matching the 1D 1H NMR spectrum with that previously published [37]. 

Structure 25b [β-D-Galp-(1→6)-β-D-Galp-(1→2)-D-Glcp] was identified by a 

combination of HPAEC-PAD profiling, MALDI-TOF-MS and NMR 

spectroscopy (Supplementary).  

GOS synthesized by rBgaD-D presents a mixture showing (β1→4), (β1→2), 

(β1→3), (β1→6) linked Gal on the reducing Glc, with both linear and branched 

structures. All of these structures can be further elongated with (β1→4)-linked 

Gal residues. Structure 6b (6`GalLac) with a (β1→6)-linked elongation of lactose, 

and structure 12 (3`GalLac) with a (β1→3)-linked elongation of lactose, were 

present only in trace amounts (Figure 2). 
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  In comparison, the GOS structures of the Lactozyme 2600L and A. oryzae β-

galactosidase present much less complexity and variety. For K. lactis (Lactozyme 

2600L) structures 3, 4, 6b, 8b, 12, and 38 (Table 1) were previously identified,  

 

Figure 2. HPAEC-PAD profiles (left) and GOS structures (right) produced from lactose 
by the 3 β-galactosidases, (A) rBgaD-D from B. circulans, (B) Lactozyme 2600L from K. 
lactis, (C) β-galactosidase from A. oryzae. The profiles were obtained after incubation for 
4 h with the enzymes supplied at 37 U/g lactose. The determination of the GOS product 
structures was based on the retention times, NMR spectroscopy, and MALDI-TOF-MS 
(see Supplementary). 

using Lactozyme 3000 HG [24]. Structures 6a, 8a, 10a, 10b, 25a, 25b, and 39 

(Table S1) had not been identified for the K. lactis β-galactosidase (Figure 2), 

representing various peaks in the previous work that remained to be assigned [24]. 

No structure 11 (4`GalLac) was observed here; possibly the Lactozyme 3000 HG 

preparation used by Rodriguez-Colinas et al. [24] has slightly different activity 

and/or specificity. 

For A. oryzae β-galactosidase structures 3, 4, 6b, 8b, 11, 12, 34 and 38 (Table 1) 

were observed both in this study as well as in previous work [26]. Here, also 6a, 

8a, and 39 were identified (Table 1, Figure 2). Structure 7 [β-D-Galp-(1→4)-D-

Galp] was not observed here but in the previous work [26]. 
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 Table 1. Structures observed in the GOS produced by β-galactosidases from B. circulans 
(BC), K. lactis (KL) and A. oryzae (AO). 

Nr Structure BC KL AO  Nr Structure BC KL AO 

1  ● ● ●  17  ● ○ ○ 

2  ● ● ●  18a  ● ○ ○ 

3  ● ● ●  18b  ● ○ ○ 

4  ● ● ●  19a  ● ○ ○ 

5  ● ● ●  19b  ● ○ ○ 

6a  ● ● ●  19c  ● ○ ○ 

6b  ● ● ●  20a  ● ○ ○ 

7  ● ○ ○  20b  ● ○ ○ 

8a  ● ● ●  20c  ● ○ ○ 

8b  ● ● ●  21a  ● ○ ○ 

9  ● ○ ○  21b  ● ○ ○ 

10a  ● ● ○  21c  ● ○ ○ 

10b  ● ● ○  22  ● ○ ○ 

11  ● ○ ●  23a  ● ○ ○ 

12  ● ● ●  23b  ● ○ ○ 

13a  ● ○ ○  24  ● ○ ○ 

13b  ● ○ ○  25a  ○ ● ○ 

14a  ● ○ ○  25b  ○ ● ○ 

14b  ● ○ ○  34  ○ ● ● 

15a  ● ○ ○  38  ○ ● ● 
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Nr Structure BC KL AO  Nr Structure BC KL AO 

15b  ● ○ ○  39  ○ ● ● 

16a  ● ○ ○  X  ● ○ ○ 

16b 
 

● ○ ○  

 

   

16c  ● ○ ○     

 

The β-galactosidases from K. lactis and A. oryzae clearly showed a preference for 

(β1→6) elongation, reflected in structures 4, 6a, 6b, 25a, 25b, 34 and 38 (Table 1, 

Figure 2). There are some differences, however. GOS produced by Lactozyme 

2600L showed two branched structures (peak 10a, 10b) stemming from (β1→6) 

substitution of the reducing Glc in structures 8a and 8b, respectively. GOS from 

A. oryzae β-galactosidase exhibited also (β1→4) elongating activity (peak 11; 

4`GalLac), which was not found in K. lactis. Overall, K. lactis β-galactosidase 

produced mainly (β1→6) elongations (peaks 3, 4, 6, Figure 2) while β-D-Galp-

(1→6)-β-D-Galp-(1→4)-D-Glcp is the major structure produced by A. oryzae β-

galactosidase, as previously reported by Urrutia et al. [26]. 

Formation routes of GOS structures  

The synthesis of GOS products was followed in time for all 3 β-galactosidase 

enzymes, incubated at 3.75 U/g lactose (Figure 3). From an analysis of the 

Vivinal product mixture it was previously observed that the commercially used B. 

circulans β-galactosidase is able to introduce all types of substitution on the 

reducing Glc residue [21],  [22]. When rBgaD-D was incubated with lactose and 

the reaction followed in time (Figure 3A), first (β1→4) elongation of lactose 

occurred, resulting in structure 11 (4`GalLac). At 15 min (β1→4)-elongation of  

23

4
6

D-Galp D-Glcp

23

4
6
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Figure 3. Kinetic changes of major GOS fractions produced by the 3 β-galactosidases. (A) 
rBgaD-D from B. circulans, (B) Lactozyme 2600L from K. lactis, (C) β-galactosidase 
from A. oryzae. The enzyme amount and reaction conditions are the same as in Figure 2. 
The numbers correspond to the peak numbers in Figure 2. Data were obtained in three 
parallel experiments.  

structure 11 to structure 17 occurred, followed by further (β1→4)-elongation to 

structure 22 at 60 min and to structure 24 at 120 min (Figure 3A, Table 1). The 

first substitution structure of released Glc, by (β1→2)-elongation, i.e. [β-D-Galp-

(1→2)-D-Glcp] (structure 8a) was observed at 15 min. Hydrolysis, as evidenced 
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by free Gal in minor amounts (structure 1), was also observed at 15 min. Further 

substitution of released Glc by (β1→3)-linked Gal, i.e. [β-D-Galp-(1→3)-D-Glcp] 

(structure 8b) was found at 30 min, and elongation of free Glc by (β1→6)-linked 

Gal [β-D-Galp-(1→6)-D-Glcp] (allolactose; structure 4) was observed at 60 min. 

Interestingly, the occurrence of 4,6-branched Glc in structure 6a [β-D-Galp-

(1→4)-{β-D-Galp-(1→4)-}D-Glcp] occurred already at 30 min, indicating it was 

not initially formed from allolactose (structure 4). This branched structure could 

already be formed from (β1→6)-substitution of the Glc in lactose. At 60 min, all 

branched structures were found (9, 10a, and 10b, besides 6a that was formed 

earlier), as well as the products of (β1→4) elongation of structures 8a and 8b, i.e. 

structures 13a [β-D-Galp-(1→4)-β-D-Galp-(1→2)-D-Glcp] and 13b [β-D-Galp-

(1→4)-β-D-Galp-(1→3)-D-Glcp], respectively (Figure 3A, Table 1). All these 

trisaccharides were further elongated in a (β1→4) manner in time up to the full 

DP5 spectrum at 240 min. The (β1→3) elongation of lactose (structure 12) was 

only observed at 240 min, indicating that this reaction is less favorable for the 

enzyme.  

With K. lactis β-galactosidase (Figure 3B), (β1→6) elongation on the Gal unit of 

lactose (structure 6b) was first observed at 5 min, followed by further (β1→6) 

elongation forming structure 34 at 60 min. The free Glc and Gal were released at 

5 min. Then Gal was further elongated by (β1→3) and (β1→6) linkages, forming 

structures 38 and 3 at 30 min, respectively. Meanwhile, the free Glc was used as 

acceptor, forming structures 4, 8a, 8b at 15 min. These 3 structures were used for 

synthesis of structures 39,10a, 10b, 25a, and 25b (Figure 3B, Table 1) from 60 

min to 240 min. Structure 12 is a (β1→3) elongation of lactose on the Gal unit, it 

formed at 30 min. Structure 6a is a (β1→6) branching of lactose on the Glc unit, 

it  was found at 60 min. 

In case of A. oryzae β-galactosidase (Figure 3C), the (β1→6) elongation on 

lactose (structure 6b) was first observed at 5 min, then further elongated with 
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(β1→6), forming structure 34 at 30 min. Structures 11 and 12 were also formed at 

5 min, by (β1→3) and (β1→4) elongation on lactose (Table 1). The free Gal and 

Glc were released at 5 min, then the Gal was elongated with (β1→6) and (β1→3) 

linkages forming structures 3 at 120 min, and structure 38 at 240 min, 

respectively (Figure 3C, Table 1). Free Glc was used as acceptor substrate 

forming structures 8a and 8b at 60 min, and structure 4 at 120min. Structure 4 

was further elongated with (β1→6) linkage forming structure 39 at 240 min 

(Figure 3C, Table 1) . Structure 6a was formed at 30 min by (β1→6) elongation 

on the Glc unit of lactose.  

Analysis of the GOS synthesis profiles in time thus allowed deduction of the 

formation routes of the different GOS structures in time. This clearly revealed 

that rBgaD-D has a (β1→4) linkage preference while Lactozyme 2600L and A. 

oryzae β-galactosidases show a preference of (β1→6) linkage formation .   

Changes of major GOS composition 

The maximum GOS yields were calculated as follows (Table 2): rBgaD-D, 

48.3±1.2% GOS yield with 88.4±0.4% lactose consumption at 8 h; Lactozyme 

2600L, 34.9±1.8% GOS yield with 91.8±0.8% lactose consumption at 6 h; β-

galactosidase from A. oryzae, 19.5±2.2% GOS yield with 69.6±1.1% lactose 

consumption at 8 h. The GOS composition and yield of β-galactosidase enzymes 

depend on the ratio between its transgalactosylation and hydrolysis. A high 

transgalactosylation/hydrolysis ratio is beneficial for GOS yield. When the GOS 

yield reached the highest points, the GOS/Gal factor was 10.9, 2.1, and 1.5 for 

rBgaD-D, Lactozyme 2600L, and A. oryzae β-galactosidase, respectively. This 

also explains why rBgaD-D has the highest GOS yield (Table 2).  

The kinetic changes of the major GOS fractions produced by the 3 enzymes 

(Figure 4) were followed by HPAEC-PAD integrations. Due to lack of suitable 

calibration standards, the assumption was used that all GOS structures have the 
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same response on the PAD detector. Structure 11 is a (β1→4) elongation of 

lactose and the first GOS structure produced by rBgaD-D; it reached its highest 

yield at 45 min, then decreased quickly (Figure 4A). Gal is only released in small 

amounts, indicating that the decline in 11 is the result of further 

transgalactosylation rather than of hydrolysis. Meanwhile structure 8 increased 

quickly in 5 h, and then stayed almost stable at longer incubation times. This may 

reflect the continued release of Glc from lactose, used as acceptor substrate for 

the formation of 8a and 8b; both these structures also are used as acceptor 

substrate for (β1→4) elongation at similar rates. Structure 4, allolactose, first 

increased gradually in 5 h, and then increased quickly. As a result, structures 8 

and 4 became the major GOS structures upon longer incubation times with 

rBgaD-D (Figure 4A). Figure 4B showed that structures 4 and 6 are the major 

GOS fractions produced by Lactozyme 2600L, which reflects its strong 

preference for formation of (β1→6) linkages. Figure 4C clearly showed that 

structure 6 is the major GOS fraction produced by A. oryzae β-galactosidase. It 

decreased gradually upon longer incubation times, while structures 3 and 4 

increased gradually.  

Table 2. Reaction time, lactose consumption, and GOS/galactose factor at the highest 
GOS yield of the three enzymes. The enzyme amounts and reaction conditions used are as 
shown in Figure 2. 

Enzyme 
source 

GOS yield1 
(%) 

GOS/Gal 
Factor2 

Lactose 
consumption (%) 

Reaction 
time3 (h) 

B. circulans 48.3±1.2 10.9 88.4±0.4 8 
K. lactis 34.9±1.8 2.1 91.8±0.8 6 
A. oryzae 19.5±2.2 1.5 69.3±1.1 8 

1 Determined from the peak intensities, data obtained by three parallel experiments. Only 
the peaks labeled in Figure 2 (except lactose, Gal, and Glc) were used to determine the 
GOS yield. 

2 Representing the transgalactosylation/hydrolysis ratio, determined by the peak 
intensities of GOS and galactose. 

3Reaction time at which the maximum GOS yield was obtained. 
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Figure 4. The effects of Gal and Glc on the GOS profiles of the 3 β-galactosidases 
incubated with lactose: (A) rBgaD-D from B. circulans, (B) Lactozyme 2600L from K. 
lactis, (C) β-galactosidase from A. oryzae. Profiles were obtained using 37 U of the 
enzymes per g of lactose, incubated for 2 h at their respective optimal conditions. A 
mixture of 30% (w/w) lactose (plus 20% (w/w) Gal or Glc) was used for rBgaD-D. For 
the Lactozyme 2600L and A. oryzae β-galactosidases, a mixture containing 20% (w/w) 
lactose (plus 10% (w/w) Gal or Glc) was used.  
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The kinetic changes in the major GOS fractions of these three enzymes showed 

that the GOS composition strongly depends on the enzyme source and is 

dynamically related to the reaction time.  

The effects of Gal and Glc on GOS synthesis  

To test whether Gal and Glc were just acceptor substrates, or whether they 

inhibited enzyme activity, reactions were performed with a high concentration of 

either monosaccharide from the start. The addition of Gal or Glc significantly 

changed the GOS profiles of all 3 β-galactosidase enzymes. For example, when 

Gal was added in the reaction with rBgaD-D, disaccharide β-D-Galp-(1→4)-D-

Galp (structure 7, Figure 5A) increased significantly. This also resulted in 

appearance of an additional peak (structure X) in the product profile. This peak 

was isolated for NMR analysis and characterized as the (β1→4) elongation of 

structure 7 (trisaccharide β-D-Galp-(1→4)-D-Galp-(1→4)-D-Galp) 

(Supplementary, Table S1). When Glc was used in the reaction, structure 8 had a 

much higher yield (Figure 5A); also structure 4 increased. The changed GOS 

profiles clearly suggested that Gal and Glc were used as additional acceptor 

substrates. To investigate this in more detail, 13C6 labeled Gal or Glc together 

with lactose were used in incubations with rBgaD-D. Structures 7, X and 8 were 

isolated to check their masses using MALDI-TOF-MS (Figure 6). The intensities 

of the peaks and the m/z showed that majority of structure 7 is formed from the 
13C6 labelled Gal, only a minority is formed from the normal Gal released during 

the reaction with lactose (Figure 6A). Figure 6B showed that the DP3 structure X 

contains mostly13C6 labelled Gal. Structures 8a and 8b contain both the 13C6 

labelled Glc and the normal Glc released during the reaction with lactose (Figure 

6C). These results confirm that Gal and Glc were used as acceptor substrates in 

the formation of GOS. The MALDI-TOF-MS analysis of the reaction mixture 

with 13C6 Glc showed that the 13C6 Glc was incorporated up to DP5 structures 

(Figure 7).  
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Figure 5. The effects of Gal and Glc on the GOS profiles of the 3 β-galactosidases 
incubated with lactose: (A) rBgaD-D from B. circulans, (B) Lactozyme 2600L from K. 
lactis, (C) β-galactosidase from A. oryzae. Profiles were obtained using 37 U of the 
enzymes per g of lactose, incubated for 2 h at their respective optimal conditions. A 
mixture of 30% (w/w) lactose (plus 20% (w/w) Gal or Glc) was used for rBgaD-D. For 
the Lactozyme 2600L and A. oryzae β-galactosidases, a mixture containing 20% (w/w) 
lactose (plus 10% (w/w) Gal or Glc) was used.  
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Figure 6. MALDI-TOF-MS spectra of (A) structure 7, (B) structure X, and (C) structure 
8. Compared to Figure 5A, 13C6 Gal or 13C6 Glc were used in the incubations with lactose 
and rBgaD-D, then the peak fractions were isolated for MALDI-TOF-MS analysis. 
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Figure 7. MALDI-TOF-MS analysis of the reaction mixture of rBgaD-D, incubated with 
30% (w/w) lactose plus 20% (w/w) 13C6 Glc. 

These results indicate that structures 3 and 7 are only formed when enough Gal is 

released; this is also supported by the formation process followed in time (Figure 

3). Structures 4, 8a and 8b are only formed when a certain Glc threshold is 

reached, as was also evident when following the reaction in time (Figure 3). 

Previously it was suggested that allolactose (structure 4) particularly was formed 

from lactose by a rearrangement of the Glc in the active site of β-galactosidase 

from E. coli [38]. Our data, combined with the observations following the 

reaction in time, indicate that allolactose (structure 4) as well as structures 8a and 

8b were formed from Glc, acting as acceptor substrate in the transgalactosylation 

reaction catalyzed by the β-galactosidase from B. circulans.  

When K. lactis β-galactosidase Lactozyme 2600L was incubated with 10% w/w 

Gal peaks 3 and 38 increased (Figure 5B), showing that Gal can be used as an 

acceptor substrate as well. When incubated with Glc, peaks 4 and 8 increased, 

indicating that also Glc can be used as acceptor substrate by Lactozyme 2600L of 

K. lactis.  



512682-L-bw-Yin512682-L-bw-Yin512682-L-bw-Yin512682-L-bw-Yin
Processed on: 17-8-2017Processed on: 17-8-2017Processed on: 17-8-2017Processed on: 17-8-2017 PDF page: 52PDF page: 52PDF page: 52PDF page: 52

 Chapter 2 

52 
 

Addition of 10% w/w Gal to the incubation with β-galactosidase of A. oryzae 

resulted in a much lower GOS yield (Figure 5C), indicating that Gal is an 

inhibitor for this enzyme; all peaks were reduced, also 3 and 38, the (putative) 

products of the reaction with the Gal acceptor substrate. Adding Glc to the 

reaction resulted in increased levels of structures 4 and 8, but to a lower extent 

than for the other two β-galactosidase enzymes. 

Reaction end-point profiles 

GOS generally are regarded as intermediate reaction products that ultimately will 

be hydrolyzed into Gal and Glc. In the above we have studied the GOS product 

profiles at maximum yields. To study the final, end-point GOS profiles of each of 

the 3 enzymes, a high enzyme dose of 370 U/g lactose was incubated at the 

respective optimum conditions (Figure 8). GOS initially produced by the 

Lactozyme 2600L and A. oryzae β-galactosidases were almost entirely 

hydrolyzed after prolonged incubation for 48 h (Figure 8 B and C). Peaks 3 and 4 

represent the remaining disaccharides β-D-Galp-(1→6)-D-Galp and β-D-Galp-

(1→6)-D-Glcp. In contrast, there were still many GOS disaccharides and 

trisaccharides left in the rBgaD-D incubation, even after 72 h (Figure 8 A). An 

earlier study also reported that there were still large amounts of GOS and lactose 

left even after 400 h of incubation, and this was suggested to be caused by the 

inactivation of the Biolactase (commercial preparation of β-galactosidase from B. 

circulans) [34]. A study on the stability of β-galactosidase from B. circulans 

showed that the enzyme retained 27% activity after incubation for 24 h at 60 oC 

in 30% (w/w) lactose solution [39]. The authors also indicated that a high initial 

lactose concentration had a large positive effect on the enzyme activity and 

stability. Our results showed that, when incubated with 50% (w/w) initial lactose 

at 60 oC, the enzyme retained 65% activity after 24 h, 37% activity after 48 h, and 

28% activity after 72 h. In view of these results, it is unlikely that inactivation of 

the rBgaD-D enzyme can explain the remaining GOS and lactose in our study. 
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Moreover, addition of a fresh dose of this enzyme after 48 h did not induce 

further changes in the final GOS profile (not shown).  

 

 

 

 

 

 

 

 

Figure 8. HPAEC-PAD analysis of the final GOS profiles in incubations with 370 U/g 
lactose of (A) rBgaD-D of B. circulans, incubated for 72 h; (B) Lactozyme 2600 L of K. 
lactis, incubated for 48 h; (C) β-galactosidase from A. oryzae, incubated for 48 h. All 3 β-
galactosidases were incubated at their respective optimum conditions.  

Conclusions 

This study has identified several parameters that influence the final GOS profiles 

of the β-galactosidases from B. circulans, K. lactis, and A. oryzae. Firstly, the β-

galactosidase from B. circulans has a relatively high 

transgalactosylation/hydrolysis ratio (the GOS/Gal factor is 10.9, Table 2) in 

comparison with the other two enzymes, resulting in a high yield of GOS. The 

formation process of the rBgaD-D, showed a complex formation pattern (Figure 

3A), in which lactose analogues 8a, 8b and 4 were formed from acceptor 

reactions with released Glc, rather than rearrangement reactions with Glc retained 

in the active site. This was also evident from the observation that the lactose 

analogues were not formed until a certain level of free Glc was formed. This was 
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further confirmed by reactions with added Glc, showing higher yields when Glc 

was present in high levels at the start of the reaction. Similar results were found 

for the A. oryzae and K. lactis enzymes, i.e. first free Glc was formed, and only 

later the lactose analogues were observed. The GOS formed by rBgaD-D are 

much more complex than the GOS from A. oryzae and K. lactis enzymes. 

Although the latter enzymes both had a preference for (β1→6)-elongation, there 

is a difference also. The A. oryzae enzyme can also synthesize (β1→3) and 

(β1→4)-elongations. The K. lactis enzyme showed a higher yield of complex 

GOS, but was unable to introduce (β1→4)-elongations.  

Following the reactions to the end-point, it was observed that structures 

containing (β1→6) linkages, like β-D-Galp-(1→6)-D-Glcp are difficult for 

rBgaD-D to hydrolyze, thus these structures are likely to accumulate during the 

reaction. For rBgaD-D the reaction ends in a dynamic equilibrium with relatively 

high amounts of structures with β-D-Galp-(1→6)- elements. For A. oryzae and K. 

lactis enzymes the reaction ends with almost complete hydrolysis, showing only 

trace amounts of residual GOS after 48 h incubation with high enzyme activity.  

Finally, the produced Gal and Glc did not inhibit the transgalactosylation reaction 

of rBgaD-D as shown in Figure 5A; instead Gal and Glc can be used as acceptor 

substrates to synthesize GOS derivatives. Incubation with high initial Gal and Glc 

also showed that K. lactis is capable of effectively using both monosaccharides as 

an acceptor substrate and found no inhibitory effect. In the case of A. oryzae it 

was clear that Gal had an inhibitory effect on the enzyme, resulting in a lower 

GOS yield when incubated with a high starting concentration of Gal. In case of 

added Glc, similar GOS yields were achieved.  

In summary, it is concluded that A. oryzae and K. lactis are enzymes with similar 

properties, but also showing minor differences in GOS production capacities. The 

B. circulans derived rBgaD-D enzyme produces a more complex product profile, 
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and has a significantly higher transgalactosylation capacity, resulting in a more 

dynamic GOS profile, also at longer reaction times. 

Abbreviations used 

GOS, galactooligosaccharides; HPAEC-PAD, high-pH anion-exchange 

chromatography coupled with pulsed amperometric detection; NMR, nuclear 

magnetic resonance. MALDI-TOF-MS, Matrix Assisted Laser 

Desorption/Ionization-Time of Flight Mass Spectrometry; Gal, galactose; Glc, 

glucose; Lac, lactose. 
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Supplemental data 

 

Table S1. NMR 1H and 13C chemical shifts determined from 1D and 2D NMR 
spectroscopy of 25b (Main paper, Figures 2, 3) and peak X (Main paper, Figure 5A). 

 25b  X  
 1H 13C 1H 13C 
Aα-1 5.447 93.0 5.271 93.3 
Aα-2 3.69 80.6 3.89 70.0 
Aα-3 3.85 72.3 3.95 71.0 
Aα-4 3.46 70.7 4.226 79.9 
Aα-5 3.84 72.3 4.129 71.0 
Aα-6a 3.84 61.8 3.85 61.5 
Aα-6b 3.77  3.75  
     
Aβ-1 4.722 nd 4.611 97.4 
Aβ-2 3.53 81.0 3.56 73.4 
Aβ-3 3.68 73.7 3.75 74.4 
Aβ-4 3.44 70.7 4.165 79.1 
Aβ-5 3.48 76.6 3.75 75.4 
Aβ-6a 3.89 62.0 3.80 62.0 
Aβ-6b 3.70  3.77  
     
B-1 4.657/720 104.4 4.640 105.5 
B-2 3.60/53 72.1 3.67 72.7 
B-3 3.67 73.7 3.78 74.1 
B-4 3.93/91 69.8 4.175 78.3 
B-5 3.95 75.3 3.72 75.6 
B-6a 4.05 70.2 3.80 62.0 
B-6b 3.91  3.77  
     
C-1 4.44-4.47 104.4 4.596 104.4 
C-2 3.55 71.9 3.60 72.6 
C-3 3.69 73.7 3.66 73.9 
C-4 3.97 69.7 3.904 69.9 
C-5 3.70 76.3 3.68 76.4 
C-6a 3.82 62.1 3.80 62.0 
C-6b 3.75  3.77  
 

 



512682-L-bw-Yin512682-L-bw-Yin512682-L-bw-Yin512682-L-bw-Yin
Processed on: 17-8-2017Processed on: 17-8-2017Processed on: 17-8-2017Processed on: 17-8-2017 PDF page: 60PDF page: 60PDF page: 60PDF page: 60

 Chapter 2 

60 
 

 

Figure S1. Separation conditions for HPAEC-PAD analysis 

 

Structure 25b 

MALDI-TOF-MS analysis of the fraction containing structure 25b showed only 
one peak at 527.3 m/z fitting the sodium adduct of a trisaccharide structure. The 
1D 1H NMR spectrum of 25 showed anomeric peaks fitting two structures in 
approximately equal abundance. Further separation by HPAEC-PAD successfully 
isolated structure 25a, the 1D 1H NMR matched that of structure 25,1 indicating 
β-D-Galp-(1→6)-β-D-Galp-(1→3)-D-Glcp. For structure 25b the separation was 
not successful. 

The second structure, 25b, showed anomeric signals at δ 5.447 (Aα H-1), 4.722 
(Aβ H-1), 4.675 (Bα H-1), 4.720 (Bβ H-1), and 4.44-4.47 (C H-1). The anomeric 
signals at δ 5.447 and 4.722 are indicative of a 2-substituted Glc residue. The 
anomeric signal at δ 4.44-4.47, which overlaps with C H-1 of 25a, is deduced 
from the signal intensity of the mixture. The position of the anomeric signal fits 
the occurrence of a β-D-Gal-(1→6)- residue. Since the isolation of pure 25b was 
not successful, all 1H and most 13C chemical shifts were deduced from 2D 
spectroscopy on the peak 25 mixture, since all peaks belonging to 25a are already 
known.1 From the chemical shift pattern of residue B, particularly H-6a/C-6, it 
was found that residue B has to be 6-substituted. Moreover, the clear anomeric 
track of Aα H-1 showed no evidence of 6-susbtitution. Together with ROESY 
interresidual correlations between C H-1 and B H-6a and H-6b, and between Bα 
H-1 and Aα H-2, and between Bβ H-1 and Aβ H-2 these data indicate a β-D-Galp-
(1→6)-β-D-Galp-(1→2)-D-Glcp structure for 25b (Main paper; Figure 2). 
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Considering the elution position of 25b, together with 25a, fits observations for 
elongations of 8a and 8b with (β1→4) (13a and 13b) and also for structures 
elongated with (β1→3) found previously (structures 29 and 30) in reference 1. 

Structure X 

The 1D 1H NMR spectrum (Figure S1) showed anomeric signals at δ 5.271 (Aα 
H-1) , 4.611 (Aβ H-1), 4.640 (B H-1) and 4.596 (C H-1). From 2D NMR spectra 
all 1H and 13C chemical shifts could be assigned (Table S1). The chemical shift 
pattern of residue Aα matches with that of 4-substituted reducing Gal.2 
Particularly H-4:C-4 at δ 4.226:79.9 and H-5 at δ 4.129 are indicative of a 4-
substitution. The 4-substitution of the reducing Gal residue is also reflected in the 
Aβ H-4:C-4 at δ 4.165:79.1 ppm. Residue B showed the pattern of a 4-substituted 
residue as well, reflected in the H-4:C-4 at δ 4.175:78.3 ppm. Finally, residue C 
showed the chemical shift pattern of a terminal residue, linked via (β1→4) bond, 
as indicated by the H-4 at δ 3.904 ppm. Furthermore, ROESY spectroscopy 
showed interresidual correlations between C H-1 and B H-4 and between B H-1 
and Aα and Aβ H-4 signals. These data result in a structure of β-D-Galp-(1→4)-
β-D-Galp-(1→4)-D-Galp for X (Main paper; Figure 5A). 

 

 

Figure S2. 1D 1H NMR spectra of (A) mixture 25, and (B) structure X. Distinctive peaks 
are marked. In spectrum (A) Red labels belong to 25a, whereas black labels belong to 25b. 
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Figure S4. 1D 1H NMR spectra of GOS produced by incubation of (A) rBgaD-D with 50 % 
(w/w) lactose at 60 °C and pH 6.0, (B) Lactozyme L2600 with 30 % (w/w) lactose at 
45 °C and pH 4.5 and (C) A. oryzae β-galactosidase incubated with 30 % (w/w) lactose at 
40 °C and pH 7.0. Structural-reporter-group signals a-p are explained in Table S1, 
adapted from reference 1.
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Abstract  
Microbial β-galactosidase enzymes are widely used as biocatalysts in industry to 

produce prebiotic galactooligosaccharides (GOS) from lactose. GOS mixtures are 

used as beneficial additives in infant formula to mimic the prebiotic effects of 

human milk oligosaccharides (hMOS). The structural variety in GOS mixtures is 

significantly lower than in hMOS. Since this structural complexity is considered 

as the basis for the multiple biological functions of hMOS, it is important to 

broaden the variety of GOS structures. In this study, residue R484 near +1 subsite 

of the C-terminally truncated β-galactosidase from Bacillus circulans (BgaD-D) 

was subjected to site saturation mutagenesis. Especially the R484S and R484H 

mutant enzymes displayed significantly altered enzyme specificity, leading to a 

new type of GOS mixture with altered structures and linkage types. The GOS 

mixtures produced by these mutant enzymes contained 14 structures that were not 

present in the wild-type enzyme GOS mixture; 10 of these are completely new 

structures. The GOS produced by these mutant enzymes contained a combination 

of (β1→3) and (β1→4) linkages, while the wild-type enzyme has a clear 

preference towards (β1→4) linkages. The yield of the trisaccharide β-D-Galp-

(1→3)-β-D-Galp-(1→4)-D-Glcp produced by mutants R484S and R484H 

increased 50 times compared to that of the wild-type enzyme. These results 

indicate that residue R484 is crucial for the linkage specificity of BgaD-D. This is 

the first study showing that β-galactosidase enzyme engineering results in an 

altered GOS linkage specificity and product mixture. The more diverse GOS 

mixtures produced by these engineered enzymes may find industrial applications. 
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Introduction 
Prebiotics are non-digestible food ingredients that selectively stimulate the 

growth or activity of specific bacterial species in the colon, thereby beneficially 

affecting the colonic microbiota and improving the host health [1]. 

Galactooligosaccharides (GOS) have drawn a great deal of attention in the field 

of prebiotics, because they have been shown to significantly modulate the species 

composition of colonic microbiota [2]. GOS are added in infant formula to mimic 

the molecular size and prebiotic benefits of hMOS [3], [4]. Numerous studies 

have shown that GOS greatly increased the number of Bifidobacteria and their 

metabolic activity in the gut [5], [6], [7], [8], reduced the incidence of allergy [9], 

[10], reduced adhesion of pathogens [11], and mediated the gut immune system 

[6], [10], [12].  Moreover, GOS are effective in the treatment of metabolic 

diseases [13].  

GOS are oligosaccharides that consist of a number of galactose units linked to a 

terminal glucose or galactose residue via different glycosidic bonds, with degrees 

of polymerization (DP) from 2 to 10 units [14], [15]. Microbial β-galactosidase 

enzymes are widely used as biocatalysts in industry to produce GOS [5]. The 

formation of GOS proceeds via a double displacement mechanism (Figure 1). 

The catalytic nucleophile first attacks the anomeric center of lactose, forming a 

galactosyl-enzyme intermediate while releasing glucose. The second step depends 

on the identity of the acceptor substrate: if water serves as the acceptor, the 

intermediate undergoes hydrolysis and releases galactose; if lactose serves as 

acceptor substrate, a DP3 GOS (β-D-Galp-(1→x)-β-D-Galp-(1→4)-D-Glcp) is 

formed by transgalactosylation [16], [17], [18], [19], [20], [21]. This DP3 GOS 

may serve again as acceptor substrate and undergo another round of 

transgalactosylation. The transgalactosylation reaction thus results in GOS 

mixtures containing different structures.  
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Figure 1. Reaction scheme of β-galactosidase enzymes. This figure has been adapted 
from Bultema J. B. et al [6]. In B. circulans β-galactosidase, the nucleophile is E532, the 
acid/base catalyst is E447. The hydrolysis reaction uses water as acceptor substrate while 
the transgalactosylation reaction uses lactose and other carbohydrates as acceptor 
substrate. 

Rodriguez-Colinas et al. identified 5 structures in the GOS mixture produced by 

β-galactosidase from Kluyveromyces lactis [22]. Urrutia et al. found 9 structures 

in the GOS mixture produced by β-galactosidase from Aspergillus oryzae [23]. 

Yanahira et al. isolated 11 GOS structures from the products of β-galactosidase of 
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Bacillus circulans [24]. We identified 43 structures in the commercial Vivinal 

GOS produced with β-galactosidase of B. circulans [25], [26]. Recently we 

compared 6 commercial GOS products with Vivinal GOS and found 13 new 

structures [27]. Taken together, a total of 60 structures have been characterized in 

the GOS produced by various β-galactosidase enzymes. However, the structure 

and linkage variability in these GOS mixtures is far less than that of human milk 

oligosaccharides (hMOS) structures [28]. The structural complexity of hMOS is 

considered as the basis for their multiple biological functions [29]. We therefore 

studied the synthesis of GOS mixtures with enhanced structural variety.  

 

Figure 2. Stereo view of the active site of two β-galactosidase structures: BgaD-D (PDB 
entry 4YPJ, blue) superimposed with the nucleophile mutant (E645Q) of β-galactosidase 
from Streptococcus pneumoniae in complex with LacNAc (PDB entry 4CUC, cyan). The 
two enzymes share 49% sequence identity. R602 in 4CUC (corresponding to R484 in 
4YPJ) interacts with the LacNAc (yellow carbon atoms) in the +1 subsite; hydrogen bond 
interactions are shown as red dashed lines. Residues of 4YPJ are labeled in black, and the 
residues of 4CUC are labeled in grey.  

At present it is unknown what features in β-galactosidase proteins determine the 

structural and linkage diversity of their GOS product mixtures. Previously we 

have shown that in glucansucrase enzymes, residues near the acceptor binding 

site play important roles in the linkage and reaction specificity [30] ,[31]. Site 
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saturation mutagenesis was performed on the R484 residue of BgaD-D to 

elucidate its role in determining enzyme specificity and the effects of mutagenesis 

on products synthesized, since it is close to the +1 acceptor subsite (Figure 2) in 

both B. circulans β-galactosidase (PDB ID: 4YPJ) and β-galactosidase from 

Streptococcus pneumoniae (PDB ID: 4CUC) [32,33]. Mutant enzymes showing 

altered product specificity were studied in more detail, and their GOS mixtures 

characterized. MALDI-TOF-MS, NMR spectroscopy and HPAEC-PAD profiling 

revealed that these GOS mixtures mainly contained (β1→3) and (β1→4) linkages, 

which is different from any known commercial GOS products. Their structural 

characterization resulted in the identification of 14 new GOS compounds, thus 

greatly enriching the currently available GOS variety. 

Materials and methods 

Plasmid Construction and Mutagenesis 

The C-terminally truncated B. circulans β-galactosidase (BgaD-D) protein was 

used as wild type enzyme in this study [16], [17], [34], [35]. PCR amplification 

was performed in order to add a 6×His tag at the N-terminus of BgaD-D. The 

template was plasmid pET-15b containing the BgaD-D encoding gene [16]. A 

forward primer (5’-CAGGGACCCGGTATG GGAAACAGTGTGAGC-3’) and 

reverse primer (5’-CGAGGAGAAGCCCGGTTATGGCGTTACCGTAAATAC-

3’) were used for PCR amplification; the PCR product was purified on an agarose 

gel. Vector pET-15b-LIC was digested by FastDigest KpnI (Thermo Scientific) 

and purified with a PCR purification kit (GE Healthcare). Subsequently, the PCR 

product was treated with T4 DNA polymerase (New England BioLabs) in the 

presence of 2.5 mM dATP, while the vector was digested with T4 DNA 

polymerase in the presence of 2.5 mM dTTP. Both reactions were incubated at 

room temperature for 60 min, followed by 20 min at 75 oC to inactivate the 

enzymes. The reaction mixture containing 2 μL of the target DNA and 1 μL 

vector was incubated at room temperature for 15 min to allow ligation. Then the 
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mixture was transformed into E. coli DH5α competent cells (Phabagen). The 

DNA sequence was verified by sequencing. Then the plasmid pET-15b-LIC 

containing the BgaD-D gene was used as the template for site-directed 

mutagenesis. Mutations at R484 were introduced by various primers 

(Supplementary Table 1) using the QuikChange site-directed mutagenesis kit 

(Stratagene). The PCR product was digested by FastDigest DpnI (Thermo Fisher) 

and cleaned up with a PCR purification kit. The cleaned PCR product was 

transformed into E. coli BL21 (DE3) (Invitrogen). After growth on LB agar 

(containing 100 μg/mL ampicillin), 20 colonies were randomly selected and 

inoculated into 10 mL LB medium containing 100 μg/mL ampicillin for 

overnight growth at 37oC. Plasmid DNA of the overnight cultures was isolated 

using a miniprep kit (Sigma-Aldrich) for nucleotide sequencing. 

Enzyme Production and Purification 

The wild-type BgaD-D enzyme and mutant proteins were heterologously 

produced and purified. Briefly, the plasmids containing the wild-type and mutant 

genes were transferred into E. coli BL21 (DE3) competent cells. After growth on 

LB agar plates (containing 100 μg/mL ampicillin), colonies were inoculated for 

overnight cultivation. Then 1% overnight culture was inoculated into fresh LB 

medium (containing 100 μg/mL ampicillin) and incubated at 37oC. When the cell 

density reached about 0.6 at 600 nm, expression of the recombinant proteins was 

induced with 1 mM isopropyl-β-D-thiogalactopyranoside. Subsequently, the cells 

were cultured overnight at 30oC and harvested by centrifugation. Cell pellets 

were washed with 20 mM Tris-HCl buffer (pH 8.0) and lysed with B-PER lysis 

solution (Thermo Scientific) for 1 h at room temperature. The cell debris was 

removed by centrifugation. The supernatant was mixed with HIS-Select Nickel 

Affinity Gel and incubated at 4oC overnight. Unbound proteins were washed 

away with 20 mM Tris-HCl (pH 8.0), 50 mM NaCl (buffer A); the recombinant 
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proteins were eluted with buffer A containing 100 mM imidazole. Then 

imidazole was removed by ultracentrifugation with a cutoff of 30 kDa (Merck). 

Enzyme Activity Assays 

Activity assays were performed with 0.5 mg/mL enzymes with 10% (w/w) 

lactose in 100 mM sodium phosphate buffer, pH 6.0, at 40 oC. Samples of 100 μL 

incubation mixture were withdrawn every min for 5 min, and inactivated with 50 

μL 1.5 M NaOH. After 10 min the samples were neutralized with 50 μL 1.5 M 

HCl. The released glucose was measured using a D-Glucose Assay Kit (GOPOD 

Format). One unit of total enzyme activity was defined as the release of 1 μmol 

glucose per min. The kinetic parameters (Km and kcat) were determined with 10 

different lactose concentrations ranging from 10 to 500 mM. The kinetic 

parameters were determined with OriginPro 9.0 software (OriginLab). 

Enzymatic production of GOS 

For the production of GOS, wild-type BgaD-D and R484 mutant enzymes (3.75 

units/mL) were incubated with 50% (w/w) lactose in 100 mM sodium phosphate 

buffer, pH 6.0, for 20 h at 60oC to reach the highest GOS yield. The enzymes 

were inactivated by incubation at 100 oC for 10 min.  

HPAEC-PAD Analysis and Quantification of GOS 

The GOS produced by the wild-type BagD-D and mutant enzymes were diluted 

1000 times with MilliQ water, and analyzed and quantified by High Performance 

Anion Exchange Chromatography (HPAEC) on a Dionex ICS-3000 work station, 

equipped with an ICS3000 Pulsed Amperometric Detector (PAD). GOS were 

separated on a CarboPac PA1 analytical column (2×250 mm) by using an adapted 

gradient based on previously described separation conditions for (4x250 mm) 

columns [36]. A calibration curve of lactose, galactose, and glucose ranging from 

10-1000 μM was used for the quantification of GOS yield (GOS yield (g) = 
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Initial lactose (g) – [remaining lactose (g) + galactose (g) + glucose (g)] after 20 

h). A calibration curve ranging from 4-200 μg/mL was used for the quantification 

of β-D-Galp-(1→3)-β-D-Galp-(1→4)-D-Glcp (Sigma). Due to a lack of 

calibration references for β-D-Galp-(1→3)-β-D-Glcp, β-D-Galp-(1→2)-β-D-Glcp, 

β-D-Galp-(1→4)-β-D-Galp-(1→4)-D-Glcp, β-D-Galp-(1→4)-β-D-Galp-(1→3)-D-

Glcp and β-D-Galp-(1→4)-β-D-Galp-(1→2)-D-Glcp, the yield of these 

compounds were estimated by comparing the peak intensities in HPAEC-PAD 

profiles. 

Separation and Identification of GOS fractions 

GOS produced by the R484S mutant enzyme were loaded onto Extract Clean® 

Carbograph Columns (Grace Davison Discovery Sciences) to remove salt and 

monosaccharides. The GOS mixtures were fractionated using a CarboPac PA1 

Semi-Preparative column (9×250 mm) on a Dionex ICS-5000 work station. The 

separated GOS fractions were manually collected, exchanged and lyophilized 

twice with 99.9%atom D2O (Cambridge Isotope Laboratories). Samples were 

dissolved in 650 μL 99.9%atom D2O, containing 25 ppm acetone (δ1H 2.225, δ13C 

31.08) as internal standard. All spectra were recorded with a 1H spectral width of 

4800 Hz, and where applicable 10,000 Hz for 13C spectra. 1D 600-MHz 1H NMR 

spectra were recorded with 16k complex data points, using a WET1D pulse for 

HOD signal suppression. 2D COSY spectra were recorded in 200 increments of 

4000 complex points. 2D TOCSY spectra were recorded in 200 increments of 

2000 complex data points, using MLEV17 pulse of 50 and 150 ms spin-lock 

times. 2D 13C-1H HSQC spectra were recorded using 2000 complex data points 

with 128 increments. 2D ROESY spectra with 300 ms mixing time were recorded 

in 200 increments of 2000 complex data points. All spectra were processed using 

MestReNova 5.3 (Mestrelabs Research SL, Santiago de Compostela, Spain), 

using Whittacker Smoother baseline correction and manual phase correction. The 

DP of the samples was verified by MALDI-TOF-MS analysis. The samples (1 μL) 
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after NMR measurement were mixed with 1 μL 2,5-dihydroxybenzoic acid (10 

mg/mL) in 40% (v/v) acetonitrile to allow crystallization. The experiments were 

performed on an Axima performance mass spectrometer (Shimadzu Kratos Inc.) 

equipped with a nitrogen laser (337 nm, 3ns pulse width). Masses were calibrated 

using an external calibration ladder of DP 1 to 8 malto-oligosaccharides. Peak 

positions were confirmed by re-injection on an analytical (2x250 mm) CarboPac 

PA1 column as described above. 

Results  
Cloning, Production, and Purification of Wild-type BgaD-D and R484 

Mutants 

Site saturation mutagenesis was performed on residue R484 of BgaD-D to 

elucidate its role in determining the enzyme product specificity. Mutations in B. 

circulans β-galactosidase were introduced by PCR using the random primers 

described in the “Experimental Section”. Six mutant genes of R484 (R484A, 

R484P, R484Q, R484S, R484L, R484C) were identified in the first round of 

sequencing. Then the specific primers for the other 13 mutations (Supplementary 

Table S1) were used for a second round to achieve site saturation mutagenesis at 

this position. Wild-type BgaD-D and all R484 mutant proteins were produced in 

E. coli BL21 (DE3) and purified. Compared with BgaD-D, no significant 

differences in expression levels of the mutant proteins were observed.  

Effects of Mutations on Kinetic Properties of Enzymes 

The wild-type BgaD-D and mutant enzymes displayed Michaelis-Menten kinetics 

in the reaction with lactose. The kinetic parameters (Km and kcat) were determined 

for the wild-type BgaD-D enzyme and for selected R484 mutants (Table 1). 

Compared to the wild-type enzyme, R484S showed a 15.5% decrease in the Km 

value for lactose, while the R484G, R484H, R484N, R484C mutants showed an 

increase of 16-43% in their Km values (Table 1). Mutant R484G showed only a 10% 
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decrease in kcat value, whereas the kcat values of R484S, R484H, R484N, and 

R484C were reduced to 53.9-77.0% of the wild-type enzyme kcat (Table 1). Thus 

the catalytic efficiencies (Km /kcat) of the mutants were reduced to 46.9-70.6% 

(Table 1). The reduced catalytic efficiencies led to a lower enzyme activity for 

the mutants compared to the wild-type enzyme (Table 2). 

Table 1. Kinetic properties of B. circulans β-galactosidase wild-type BgaD-D and mutants derived.  

 

 

 

 

 

 

a Kinetic parameters were determined with 10 different lactose concentrations ranging from 10 to 

500 mM. 

Effects of mutations on transgalactosylation and linkage specificity of GOS 

HPAEC-PAD analysis showed different product profiles for mutant R484S and 

the BgaD-D wild-type enzyme (Figure 3A). The products were fractionated on a 

semi-preparative CarboPac PA1 column (9x250 mm). Fractions were analyzed by 

NMR spectroscopy and MALDI-TOF-MS, in order to identify the structures 

produced. In previous structural studies of GOS, NMR structural-reporter signals 

have been identified [25], [26], [27]. Peaks 1–13, 18, 21–31 and 38 could be 

assigned based on 1D 1H NMR spectra, matching those of known structures [25], 

[26], [27]. Based on previous data, 1H and 13C chemical shift patterns can be 

recognized for each type of residue [27]. The newly isolated structures 39-46 

Enzymea Km 

mM 

kcat 

s-1 

kcat/Km   

s-1M-1 

WT 112.9±12.7 199.8±5.3 1770 

R484S 95.4±7.7 119.1±5.1 1250 

R484H 151.3±9.4 148.8±4.3 980 

R484G 161.3±3.5 179.8±2.5 1110 

R484N 133.3±6.7 153.9±2.9 1150 

R484C 130.2±3.6 107.7±0.9 830 
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were studied by MALDI-TOF-MS, 1D and 2D 1H and 13C NMR spectroscopy, 

and re-injected on analytical HPAEC-PAD to verify peak positions. All structures 

identified are presented in Figure 3B. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. (A) HPAEC-PAD analysis of the galacto-oligosaccharides synthesized by the 
wild-type BgaD-D and R484S mutant using 50% (w/w) lactose as substrate (B) GOS 
structures [37], [38] identified in the R484S mutant product mixture, corresponding to the 
peak numbers in (A). The numbers of the novel structures are shown underlined. 
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Table 2. Effects of mutations of residue R484 on enzyme activity, transgalactosylation 
GOS yield and GOS linkage specificity. 

 
Enzymes 

 
Relative 
activitya 

 
Structure 12 

Yieldb 

 
GOS yieldc 

 
Structure 12 (%)  

in total GOSd 
WT 100 0.2±0.05 63.5±0.8 0.3 

R484S 50.5 10.5±1.4 65.0±0.8 16.2 
R484H 47.7 10.2±0.5 60.6±0.5 16.9 
R484G 66.0 8.7±0.2 59.7±1.5 14.6 
R484N 48.3 8.5±0.5 60.8±1.0 13.9 
R484C 42.4 7.6±0.3 63.5±1.5 11.9 
R484T 39.7 7.2±0.4 65.2±0.7 11.1 
R484V 34.7 6.3±0.3 63.2±2.2 9.9 
R484A 45.1 6.2±0.1 63.8±0.1 9.8 
R484P 24.0 6.2±0.4 59.3±1.7 10.4 
R484D 36.5 4.2±0.3 60.1±1.2 7.0 
R484I 48.8 3.8±0.1 62.5±0.4 6.1 
R484F 28.4 3.2±0.1 61.5±0.9 5.2 
R484Q 54.4 2.7±0.7 63.0±0.9 4.2 
R484W 17.9 2.7±0.1 57.9±2.0 4.6 
R484M 27.3 2.6±0.4 62.9±2.2 4.2 
R484E 33.5 2.2±0.2 61.9±0.8 3.6 
R484L 38.2 2.2±0.7 59.7±0.1 3.6 
R484K 35.0 1.8±0.1 66.4±0.6 2.7 
R484Y 41.2 1.6±0.2 63.1±0.9 2.5 

Values presented are an average of 3 replicates. 

a Total activity. Activities of all mutant enzymes relative to that of the wild-type enzyme 
(100%; 103.4 umol/min/mg). Enzyme activity was measured in triplicate experiments 
with 10% (w/w) lactose at 40oC. 

b Wild-type and mutant enzymes (3.75U of each) were incubated with 50% (w/w) lactose, 
at 60oC for 20 h. Yields are expressed as grams of product obtained from 100 g initial 
lactose. A calibration curve of structure 12 (β-D-Galp-(1→3)-β-D-Galp-(1→4)-D-Glcp) 
ranging from 4-200 μg/mL was used for its quantification. 

c Yields are expressed as grams of GOS produced from 100 g initial lactose. Calibration 
curves for lactose, galactose and glucose, ranging from 10-1000 μM, were used for 
quantification.  

d This is the percentage (%) of structure 12 in total GOS. 
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A detailed description of the NMR analysis is provided in Supplementary. The 

new structures identified showed that the R484S mutant had a novel activity, 

allowing (β1→3) elongation on galactose residues, whereas the wild-type enzyme 

only performed (β1→3) substitution on the reducing glucose residue, and has a 

preference of (β1→4) elongation of Gal. A total of 29 structures were confirmed, 

including 15 structures found in the wild-type GOS compounds. Besides, 14 

structures were identified in the R484S product profile that were absent in the 

wild-type product profile. Of these compounds, 4 were identified previously in 

other commercial GOS samples [27], 10 other compounds were completely novel 

structures (Figure 3B).  

Mutations of residue R484 greatly altered the enzyme activity and GOS linkage 

specificity. The activity of all mutants decreased compared to the wild-type 

BgaD-D enzyme (Table 2). The largest decrease was caused by the substitution of 

arginine to tryptophan; this mutant enzyme retained only 17.9% activity 

compared to the wild-type enzyme. Mutants R484S, R484H, R484G, R584N, 

R484Q retained about half of their activity. The GOS yields of the mutant 

enzymes were comparable to that of the wild-type enzyme (Table 2). The wild-

type BgaD-D and R484 mutant enzymes respectively produced 63.5 g and 57.9-

66.4 g GOS from 100 g initial lactose when incubated at 60 oC for 20 h (Table 2).  

In the product mixture of the wild-type enzyme, only a trace amount of the 

trisaccharide β-D-Galp-(1→3)-β-D-Galp-(1→4)-D-Glcp  (Structure 12) is present, 

i.e. 0.2 g from 100 g lactose (Table 2). In contrast, all mutants showed 

significantly increased yields of this compound. The highest yield (more than 50 

times) was achieved with R484S (10.5 g), followed by R484H (10.2 g), R484G 

(8.7 g), and R484N (8.5 g). In fact, structure 12 became one of the most abundant 

compounds in the GOS mixture produced by these mutants after 20 h of 

incubation; e.g. it represents 16.9% of the GOS mixture produced by mutant 

R484H (Table 2).  
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Figure 4. Effects of mutations in residue R484 on the yield of (A) structures 8a and 8b, 
(B) structure 11, (C) structures 13a and 13b, relative to wild-type (WT, 100%).  
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Figure 4 shows the relative yields of main GOS structures produced by BgaD-D 

mutants, with respect to that of the wild-type enzyme. According to the peak 

intensity shown in Figure 3, peak 8 (β-D-Galp-(1→3)-β-D-Glcp and β-D-Galp-

(1→2)-β-D-Glcp), peak 11 (β-D-Galp-(1→4)-β-D-Galp-(1→4)-D-Glcp), and peak 

13 (β-D-Galp-(1→4)-β-D-Galp-(1→3)-D-Glcp and β-D-Galp-(1→4)-β-D-Galp-

(1→2)-D-Glcp), are the major structures in the GOS produced by the wild-type 

enzyme. For each mutant, the relative yield of these structures decreased (Figure 

4). For example, mutant R484W only produced 60.0% of disaccharide 8 (Figure 

4A). The relative yield of trisaccharide 11 decreased to 58.5% for mutant R484S 

(Figure 4B). Mutant R484W had a relative yield of only 30.1% for trisaccharides 

13a and 13b (Figure 4C). Notably, mutants producing high amounts of 12 

(R484S, R484H, R484G, R484N) (Table 2) decreased significantly in the yield of 

these structures (Figure 4). 

Discussion 
The structural and linkage variability of GOS is far lower than that of hMOS [28], 

while this structural diversity is considered as the basis for their multiple 

biological functions [29]. More detailed studies of GOS structure and 

functionality revealed that GOS with different linkages have different prebiotic 

effects and selectivity towards colonic bacteria [39], [40], [41]. Synthesis of GOS 

with new structures thus has the potential to enhance the functionality of GOS 

mixtures.  

Enzyme engineering has been used as an approach to optimize properties of the 

β-galactosidase enzyme [42] and to modulate the production of GOS with respect 

to transglycosylation efficiency and product size. For example, deletion 

mutagenesis showed that removal of 580 amino acids from the C-terminus of β-

galactosidase from Bifidobacterium bifidum greatly improved its 

transgalactosylation ability [43]. The native enzyme only has transgalactosylation 

activity at high lactose concentration while the truncated enzyme has a relatively 
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high yield of GOS (39%) even at only 10% initial lactose [43]. A single mutation 

(F426Y) in β-glucosidase from Pyrococcus furiosus increased the 

transglycosylation and hydrolysis ratio, increasing the GOS yield from 40% to 

45%. A double mutant (F426Y/M424K) improved GOS synthesis at 10% lactose 

from 18% to 40% [44]. A mutagenesis approach was also applied to β-

galactosidase from Geobacillus stearothermophilus; mutation R109W increased 

the yield of trisaccharide β-D-Galp-(1→3)-β-D-Galp-(1→4)-D-Glcp from 2% to 

23% at a lactose concentration of 18% [45]. Double mutants of F571L/N574S 

and F571L/N574A of Thermotoga maritima β-Galactosidase increased yield of 

the major GOS compound β-D-Galp-(1→3)-β-D-Galp-(1→4)-D-Glcp 2-fold [46]. 

In another mutagenesis study of β-galactosidase from Sulfolobus solfataricus, the 

GOS yield was enhanced by 11% by mutating phenylalanine to tyrosine (F441Y) 

[47].  

Finally, a recent study showed that the use of monobodies, synthetic binding 

peptides which can modulate the catalytic properties of enzymes, altered the 

enzyme specificity of BgaD-D such that it barely produced any GOS higher than 

DP5 [48], although no changes in linkage types and no new structures were 

observed. 

Thus, although enzyme engineering of β-galactosidases successfully enhanced the 

transgalactosylation activity or limited product diversity, none of these studies 

focused on changing the enzyme product linkage specificity. 

In our study, mutagenesis of R484 in BgaD-D altered the enzyme product linkage 

specificity, resulting in clearly different GOS product compositions. A detailed 

structural analysis revealed that entirely new GOS compounds were synthesized, 

greatly enriching the product diversity. In contrast to the wild-type BgaD-D, 

which has a clear preference for (β1→4) linkages, the R484 mutants prefer 

synthesis of both (β1→3) and (β1→4) linkages. In addition, this dual preference 
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results in the synthesis of new GOS structures containing alternating (β1→3) and 

(β1→4) linkages. The possible formation routes for all observed product 

structures are summarized in Figure 5. This reveals that the new mutant R484S 

activity allows (β1→3) elongation to occur irrespective of the previous bond, 

except for (β1→6). Structures 39a and 40 are (β1→3) elongations of 6a and 10a, 

respectively. In both cases the β-D-Galp-(1→4)- residue is elongated, but not the 

β-D-Galp-(1→6)- residue. Structures 11 and 12 were found elongated by (β1→3), 

as seen in 41 and 31, respectively. Also (β1→4) elongation was observed for 

structures 11 and 12, seen in 17 and 42, respectively. Structures 43-46 are the 

results of further elongations by (β1→3) and (β1→4) of structures 17, 31, 41, 42. 

Structure 39b results from a novel activity, resulting in a 3,4-disubstituted 

galactose residue. Whether this is the result of a (β1→3)-branching of 11, or a 

(β1→4)-branching of 12, or the result of both routes, cannot be determined from 

the available data. A total of 14 new GOS structures were produced by the R484S 

mutant compared to the wild-type enzyme. Among these, 4 structures are also 

present in other commercial GOS products [27], but 10 structures have not been 

reported before. These new compounds further enrich the composition and 

variety of available GOS structures.  

Interestingly, while mutation of R484 affected the GOS composition and variety, 

it hardly affected the total amount of GOS produced. As a consequence, the 

increased yield of trisaccharide 12, as well as the formation of new structures, 

occurs at the expense of other structures. For example, for mutant R484S, the 

yield of 12 increased more than 50 times (from 0.2 g to 10.5 g). At the same time 

however, the yield of 8 decreased about 30%. The yield of 11 decreased about 

42%, and the yield of 13 decreased 58%, as a consequence of formation of 29 and 

30. This may also be the cause that of the 43 structures found for the wild-type 

enzyme, only 19 were still found in detectable levels, whereas the enzyme 

activity still allows for the synthesis of all 43 structures. 
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Figure 5. The possible formation routes for all GOS structures produced by the R484S 
mutant enzyme. The numbers of the novel structures are shown underlined. 

The effect of mutation of residue R484 on transgalactosylation linkage specificity 

can be explained by the fact that this residue is located near acceptor subsite +1 of 

the catalytic site (Figure 2). Given the (β1→4) linkage specificity of wild-type 

BgaD-D, acceptor molecules such as lactose preferentially bind in a way that the 

4-OH group of the sugar moiety in subsite +1 is positioned to attack the C1 atom 

of the covalent galactosyl-enzyme intermediate. Mutation of R484 to serine or 

histidine likely affects the binding mode of lactose (and of other acceptors) such 
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that both the 3-OH and 4-OH of the sugar moiety in subsite +1 can be in a 

favorable position for the transglycosylation reaction. Apparently, the mutations 

also affected the catalytic efficiency (Table 1), and led to a lower activity. 

However, the GOS yields of the mutations were comparable to that of the wild-

type enzyme (Table 2). 

Conclusions 

Our study shows that mutation of residue R484 significantly alters the product 

linkage specificity of the B. circulans β-galactosidase BgaD-D, resulting in a new 

GOS mixture composition. In particular, the mutant enzymes synthesized a large 

amount of GOS with (β1→3) and (β1→4) linkages, of which many are different 

from all known commercial GOS products [27]. To our knowledge, this is the 

first paper showing that β-galactosidase enzyme engineering results in a clear 

change in linkage specificity, yielding an enhanced structural diversity of the 

GOS produced. The mutant enzymes may find industrial application, depending 

on the functionality of the GOS produced, which remains to be determined in 

future work. 
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Supplementary Information 
 

Table S1. List of primers used in this study. 

Primer name DNA sequence (5’ to 3’) 
R484-F 
R484-R 

GATAAAACCNNKGGAGACAAAG 
CTTTGTCTCCMNNGGTTTTATC 

R484H-F 
R484H-R 

GATAAAACCCATGGAGACAAAG 
CTTTGTCTCCATGGGTTTTATC 

R484K-F 
R484K-R 

GATAAAACCAAGGGAGACAAAG 
CTTTGTCTCCCTTGGTTTTATC 

R484D-F 
R484-D-R 

GATAAAACCGACGGAGACAAAG 
CTTTGTCTCCGTCGGTTTTATC 

R484E-F 
R484E-R 

GATAAAACCGAGGGAGACAAAG 
CTTTGTCTCCCTCGGTTTTATC 

R484T-F 
R484T-R 

GATAAAACCACGGGAGACAAAG 
CTTTGTCTCCCGTGGTTTTATC 

R484N-F 
R484N-R 

GATAAAACCAACGGAGACAAAG 
CTTTGTCTCCGTTGGTTTTATC 

R484G-F 
R484G-R 

GATAAAACCGGTGGAGACAAAG 
CTTTGTCTCCACCGGTTTTATC 

R484V-F 
R484V-R 

GATAAAACCGTCGGAGACAAAG 
CTTTGTCTCCGACGGTTTTATC 

R484I-F 
R484I-R 

GATAAAACCATCGGAGACAAAG 
CTTTGTCTCCGATGGTTTTATC 

R484M-F 
R484M-R 

GATAAAACCATGGGAGACAAAG 
CTTTGTCTCCCATGGTTTTATC 

R484F-F 
R484F-R 

GATAAAACCTTCGGAGACAAAG 
CTTTGTCTCCGAAGGTTTTATC 

R484Y-F 
R484Y-R 

GATAAAACCTACGGAGACAAAG 
CTTTGTCTCCGTAGGTTTTATC 

R484W-F 
R484W-R 

GATAAAACCTGGGGAGACAAAG 
CTTTGTCTCCCCAGGTTTTATC 
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Structural analysis of novel GOS structures. 

Fraction 39: 

Fraction 39 was analysed by MALDI-TOF-MS, showing only a peak at 689.2 m/z, 

corresponding with the Na+ adduct of a DP4 structure. The 1D 1H NMR spectrum 

of fraction 39 (Figure S3) showed anomeric signals fitting a major structure 39a 

and a minor structure 39b. Further purification yielded a fraction 39`, containing 

major fraction 39a with a reduced amount of 39b. From the 1D 1H NMR 

spectrum of 39` (not shown) the distinction could be made between peaks 

belonging to 39a and 39b. 

Structure 39a: 

The 1D 1H NMR spectrum (Figure S3) of fraction 39a showed anomeric peaks at 

5.229 (Aα H-1), 4.684 (Aβ H-1), 4.453 (Bα H-1), 4.441 (Bβ H-1), 4.567 (C H-1) 

and 4.620 (D H-1). From 2D NMR spectra (COSY, TOCSY, ROESY and HSQC) 

all 1H and 13C chemical shifts were determined (Table S2). The 4,6-disubstitution 

of the reducing residue A is reflected in the combination of Aα H-4:C-4 (δ 3.80; 

79.5), Aα H-6a,H-6b:C-6 (δ 4.226,3.96;68.5) and Aβ H-4:C-4 (δ 3.81;78.7), Aβ 

H-6a.H-6b:C-6 (δ 4.295,3.90; 68.6).1 Residue B showed the typical anomeric 

splitting observed for β-D-Galp-(1→6)- residues, linked to the reducing residue.1  

Moreover, the ROESY spectrum showed inter-residual correlations between B H-

1 and A H-6a and H-6b. Residue B showed the 1H and 13C pattern fitting a 

terminal residue.1,2 The position of residue C H-1 fits with a 3-substituted β-D-

Galp residue that is linked (β1→4) to the reducing Glc residue. The linkage to 

residue A is further confirmed by inter-residual ROESY correlations between C 

H-1 and A H-4. The 3-substitution of residue C was further supported by the 

position of the H-2, H-3 and H-4, showing the unique combination fitting a 3-

substitution. The 3-substitution is further reflected by the C-3 at δ 83.0 which is 

indicative of substitution at that position, whereas C-4 (δ 69.6) is clearly 
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unsubstituted. Residue D shows again the 1H and 13C pattern of a terminal residue. 

Inter-residual correlations in the ROESY spectrum show interactions between D 

H-1 and C H-3. These data lead to a structure β-D-Galp-(1→3)-β-D-Galp-(1→4)-

[β-D-Galp-(1→6)-]D-Glcp; D1→3C1→4[B1→6]A (Main paper; Figure 3). 

Structure 39b: 

Structure 39b showed anomeric signals (Figure S3) at δ 5.334 (Aα H-1), 4.665 

(Aβ H-1), 4.529 (B H-1), 4.830 (C H-1), and 4.614 (D H-1) in the 1D 1H NMR 

spectrum (Figure S3). From 2D NMR spectra all 1H and 13C chemical shifts were 

determined for all residues (Table S2). The pattern of chemical shifts observed 

for residue A, in both α and β configuration, fit with that observed for glucose 

substituted at O-4 by β-D-Galp.1,2 Residue B showed a unique pattern of 1H and 
13C chemical shifts, the H-2, H-3 and H-4 at δ 3.83, 3.92 and 4.428, respectively 

are shifted significantly downfield from those observed in case of 3- or 4- 

substitution. From the 13C chemical shifts of residue B showed C-3 and C-4 at δ 

82.4 and 76.7, respectively, indicating both 3- and 4-substitution for residue B. 

Residue C showed an anomeric signal significantly downfield from other 

anomeric signals. The pattern of H-2 – H-6a,b for residue C fits with a terminal 

residue, which is further confirmed by the 13C chemical shifts. Residue C showed 

a pattern of chemical shifts fitting with a terminal residue. Inter-residual 

correlations in the 2D ROESY spectrum showed correlations between B H-1 and 

A H-4, between C H-1 and B H-4 and between D H-1 and B H-3. These data lead 

to the postulation of β-D-Galp-(1→3)-[β-D-Galp-(1→4)-]β-D-Galp-(1→4)-D-

Glcp; D1→3[C1→4]B1→4A for structure 39b. 

Fraction 40: 

MALDI-TOF-MS showed a peak at 689.2 m/z fitting the occurrence of a DP4 

structure. From the 1D 1H NMR spectrum (Figure S3) of structure 40 anomeric 

signals were observed at δ 5.452 (Aα H-1), 4.745 (Aβ H-1), 4.630 (Bα H-1), 
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4.447 (Cα H-1), 4.432 (Cβ H-1) and 4.618 (D H-1). Using 2D NMR spectroscopy 

a partial 1H chemical shift assignment was possible (Table S2). Due to low 

amounts of structure 40 no 13C data was obtained. The 1H chemical shift pattern 

observed for residue A matches that observed for a 2,6-disubstituted terminal 

Glc.2 The residue B H-1 signal is shifted to δ 4.630, Δδ + 0.066 compared to 

residue B in structure DP3f4a in Van Leeuwen et al.2 Moreover, the H-2, H-3 

and H-4 signals at δ 3.68, 3.84 and 4.200, are indicative of a 3-substituted 

residue.3 Residue C shows a 1H chemical shift pattern fitting a terminal β-D-

Galp-(1→6)- residue. Residue D shows a pattern fitting a terminal β-D-Galp-

(1→3)- residue. 2D ROESY spectra showed inter-residual correlations between B 

H-1 and A H-2, between C H-1 and A H-6a and H-6b and between D H-1 and B 

H-3. These data result in a structure β-D-Galp-(1→3)-β-D-Galp-(1→4)-[β-D-

Galp-(1→6)]D-Glcp; D1→3B1→4[C1→6]A. 

Fraction 41: 

Analysis by MALDI-TOF-MS showed a peak at 689.3 m/z fitting a DP4 sodium-

adduct. The 1D 1H NMR spectrum of structure 41 (Figure S3) showed anomeric 

signals at δ 5.222 (Aα H-1), 4.663 (Aβ H-1; C H-1), 4.484 (B H-1), and 4.613 (D 

H-1). Using 2D NMR spectra all 1H and 13C chemical shifts were assigned (Table 

S2). The chemical shifts of residue Aα/β match that of a 4-substituted D-Glcp 

residue.1 Residue B H-1 at δ 4.484 fits with a 4-substituted β-D-Galp residue, 

linked to the reducing Glc.1 Furthermore, the H-4:C-4 at δ 4.206:77.8 ppm 

indicates a 4-substituted residue. Residue C showed H-2, H-3 and H-4 at δ 3.73, 

3.83 and 4.180, fitting a 3-substituted residue. Moreover, the C-3 and C-4 at δ 

82.7 and 69.0, respectively, support this observation. Residue D showed the 

chemical shift pattern of a terminal residue. The H-1 at δ 4.613 is within the 

range expected for (β1→3)-linked terminal residues (δ 4.615-4.625).1,3 Inter-

residual correlations were observed in the ROESY spectrum between B H-1 and 

A H-4, between C H-1 and B H-4 and between D H-1 and C H-3. These data lead 
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to a structure β-D-Galp-(1→3)-β-D-Galp-(1→4)-β-D-Galp-(1→4)-D-Glcp; 

D1→3C1→4B1→4A for structure 41 (Main paper; Figure 3). 

Fraction 43: 

From MALDI-TOF-MS a DP5 product was determined for fraction 43 (851.3 

m/z). In the 1D 1H NMR spectrum of structure 23 (Figure S3) anomeric signals 

are observed at δ 5.223 (Aα H-1), 4.663 (Aβ H-1), 4.483 (B H-1), 4.663 (C H-1), 

4.679 (D H-1) and 4.618 (E H-1).  Using 2D NMR spectroscopy all 1H and 13C 

chemical shifts were assigned (Table S3). Residues A, B, and C show the same 

pattern as observed in structure 13, indicating a →3)-β-D-Galp-(1→4)-β-D-Galp-

(1→4)-D-Glcp sequence. This is confirmed by ROESY inter-residual correlations 

between C H-1 and B H-4, and between B H-1 and A H-4. Residue D anomeric 

signal at δ 4.679 fits with a →3)-β-D-Galp-(1→3)- residue[55] in the absence of a 

→4,6)-β-D-Glcp residue (see Aβ H-1 in structure 39a). The position of D H-3:C-

3 and H-4:C-4 at δ 3.85:83.0 and 4.20:69.2, respectively further supports the 3-

substituted nature of residue D. Residue E showed a pattern of chemical shifts 

typical for a terminal Gal residue. The position of the anomeric signal of residue 

E at δ 4.618 suggest a (1→3)-linked residue.3 Furthermore, ROESY inter-

residual correlations were observed between E H-1 and D H-3, and between D H-

1 and C H-3. These data result in a structure β-D-Galp-(1→3)-β-D-Galp-(1→3)-

β-D-Galp-(1→4)-β-D-Galp-(1→4)-D-Glcp; E1→3D1→3C1→4B1→4A for 

structure 43 (Main paper; Figure 3). 

Fraction 44: 

Fraction 44 showed only one peak in MALDI-TOF-MS at 851.3 m/z, fitting a 

DP5 structure. The 1D 1H NMR spectrum of fraction 44 (Figure S3) showed 

anomeric peaks for one major and one minor component at δ 5.223 (44a,b Aα H-

1), 4.656-4.662 (44a,b Aβ H-1; 44a C H-1;44a,b D H-1), 4.484 (44a B H-1), 

4.513 (44b B H-1), 4.683 (44b C H-1), 4.616 (E H-1), 4.601 (44b E H-1). Using 
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2D NMR spectroscopy most 1H and 13C chemical shifts could be assigned (Table 

S3). Further separation of the two structures was not successful. However, from 

intensity differences and ROESY correlations a distinction between the major and 

minor structures could be made. 

In the 1D 1H NMR spectrum anomeric signals uniquely fitting the major 

component 44a are at δ 4.484 (B H-1) and 4.616 (E H-1). The signal at δ 4.484 

fits with a →4)-β-D-Galp-(1→4)-D-Glcp residue, whereas the signal at δ 4.616 is 

indicative of a terminal β-D-Galp-(1→3)- residue. From the 2D NMR spectra 

most 1H and 13C chemical shifts could be assigned for 44a (Table S3). Residues 

A, B, and C show chemical shift patterns matching that of →4)-β-D-Galp-

(1→4)-β-D-Galp-(1→4)-D-Glcp (see structure DP4f4 in van Leeuwen et al.[54] 

Residue D shows H-2 and H-3 signals at δ 3.77 and 3.84, respectively, fitting a 3-

substituted Gal residue. Residue E fit the pattern of a terminal residue, of the β-D-

Galp-(1→3)- type, as evidenced by the H-1 and H-4 at δ 4.616 and 3.92, 

respectively. Inter-residual correlations are observed between E H-1 and D H-3, 

between D/C H-1 and C/B H-4, and between B H-1 and A H-4. These data fit the 

occurrence of a β-D-Galp-(1→3)-β-D-Galp-(1→4)-β-D-Galp-(1→4)-β-D-Galp-

(1→4)-D-Glcp; E1→3D1→4C1→4B1→4A for structure 44a (Main paper; 

Figure 3). 

From the 1D 1H NMR spectrum structural-reporter-group signals are observed at 

δ 4.683 (C H-1), 4.601 (E H-1), and 4.513 (B H-1), assigned to minor component 

structure 44b, based on relative intensities. These signals, belonging to anomeric 

protons, fit with →3)-β-D-Galp-(1→3)- residue (C H-1), a terminal β-D-Galp-

(1→4)- residue (E H-1), and a 3-substituted Gal, in a →3)-β-D-Galp-(1→4)-D-

Glcp (B H-1) sequence, respectively. Other anomeric signals for 44b are 

positioned between δ 4.656-4.662, fitting 4-substituted β-D-Gal-(1→3)-, or 3-

substituted β-D-Gal-(1→4)-, residues. For 44b residue D at δ 4.656-4.662 fits a 

pattern matching a 4-substituted Gal. In the ROESY spectrum, inter-residual 
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correlations are observed between D H-1 and C H-3, that do not fit with 

correlations in structure 44a, indicating residue D as a →4)-β-D-Galp-(1→3)- 

residue. These data result in a structure for 44b of β-D-Galp-(1→4)-β-D-Galp-

(1→3)-β-D-Galp-(1→3)-β-D-Galp-(1→4)-D-Glcp; E1→4D1→3C1→3B1→4A 

(Main paper; Figure 3). 

Fraction 45: 

Analysis by MALDI-TOF-MS showed a peak at 851.4 m/z, fitting the occurrence 

of a DP5 structure. Fraction 45 showed anomeric peaks at δ 5.224 (Aα H-1), 

4.663 (Aβ H-1), 4.484 (B H-1), 4.665 (C H-1), 4.660 (D H-1) and 4.602 (E H-1) 

in the 1D 1H NMR spectrum (Figure S3). Peaks of a minor contaminant at δ 

4.451 and 4.620 belong to the structure found in fraction 46 and structural 

analysis of that component will be discussed below. 

Using 2D NMR spectroscopy all 1H and 13C chemical shifts were assigned (Table 

S3). The chemical shift patterns of residues A, B and C match those observed in 

structure 41, indicating a →3)-β-D-Galp-(1→4)-β-D-Galp-(1→4)-D-Glcp 

sequence. Compared to residue D in structure 41, the H-1 - H-4 signals of residue 

D in structure 45 are shifted significantly, showing a pattern fitting a 4-substituted 

residue. This is further confirmed by position of residue D C-4 at δ 77.9 ppm. 

Residue E showed an H-1 at δ 4.601, fitting a terminal β-D-Galp-(1→4)- residue, 

further supported by the pattern of H-2 – H-6a,b and C-2 – C-6. The ROESY 

spectrum showed inter-residual correlations between E H-1 and D H-4, D H-1 

and C H-3, C H-1 and B H-4 and between B H-1 and A H-4. These data result in 

a β-D-Galp-(1→4)-β-D-Galp-(1→3)-β-D-Galp-(1→4)-β-D-Galp-(1→4)-D-Glcp; 

E1→4D1→3C1→4B1→4A for structure 45 (Main paper; Figure 3). 

Fraction 46: 
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From MALDI-TOF-MS analysis fraction 46 was shown to contain only DP5 

(851.3 m/z). The 1D 1H NMR spectrum of fraction 46 (Figure S3) showed 

anomeric signals at δ 5.224 (Aα H-1), 4.665 (Aβ H-1), 4.508 (B H-1), 4.660 (C, 

D H-1), and 4.617 (E H-1). From 2D NMR experiments all 1H and 13C chemical 

shifts could be assigned (Table S3). Residue A showed chemical shifts fitting a 4-

substituted terminal Glc residue (compare structures 39b, 41, 43 – 45). Residue B 

showed H-3 and H-4 signals at δ 3.84 and 4.17 ppm, respectively, fitting a 3-

substituted β-D-Galp residue, linked in a (1→4)-manner to the reducing Glc, as 

evidenced by the H-1 at δ 4.508 ppm. This link is further confirmed by an inter-

residual correlation between B H-1 and A H-4 in the ROESY spectrum. The 

anomeric peak at δ 4.660 corresponds with two protons. In the 2D COSY and 

TOCSY experiments two distinct sets of H-2 – H-4 are observed in the anomeric 

track. For residue C H-2 – H-4 resonate at δ 3.68, 3.78 and 4.19 ppm, whereas for 

residue D H-2 – H-4 resonate at δ 3.75, 3.85 and 4.18 ppm, respectively. These 

data fit with a 4-substituted residue and a 3-substituted residue, respectively. 

Residue E showed the pattern of a terminal β-D-Galp-(1→3) residue. The (1→3)-

linkage of residue E is evidenced by the H-1 and H-4 signals, at δ 4.617 and 3.92 

ppm, respectively. In the ROESY spectrum inter-residual correlations are 

observed between E H-1 and D H-3, between D H-1 and C H-4, and between C 

H-1 and B H-3. Substitution patterns are further confirmed by downfield shifts 

observed in the 13C values from the HSQC spectrum. These data leat to a β-D-

Galp-(1→3)-β-D-Galp-(1→4)-β-D-Galp-(1→3)-β-D-Galp-(1→4)-D-Glcp; 

E1→3D1→4C1→3B1→4A for structure 46 (Main paper; Figure 3). 

Fraction 31/42: 

The MALDI-TOF-MS spectrum showed only one peak at 689.2 m/z, fitting the 

occurrence of tetrasaccharide structures for peak 31/42. The 1D 1H NMR 

spectrum (Figure S3) showed anomeric signals fitting one major, and one minor 

structure. Further separation and 2D NMR analysis were not successful. However, 
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using structural-reporter-group signals from the 1D 1H NMR spectrum both 

structures could be identified. Major structure 31 showed a pattern at δ 5.223 (Aα 

H-1), 4.665 (Aβ H-1), 4.512 (B H-1), 4.679 (C H-1) and 4.617 (D H-1), together 

with structural-reporter-group peaks at δ 4.201, 4.194 and 3.921 (B H-4, C H-4 

and D, respectively) (Figure S3, black labels), fitting the high intensity of the 

major structure, these signals match those of structure 31 in Van Leeuwen et al.3 

The distinct minor structure peaks at δ 4.508 (B H-1), 4.658 (C H-1) and 4.601 

(D H-1), taken together with δ 5.223 (Aα H-1) and 4.665 (Aβ H-1) (Figure S3, 

red labels) which overlap with the signals for 31, fit with a tetrasaccharide 

structure for 42. The anomeric signal at δ 4.508 fits with a 3-substituted residue 

that is linked to the reducing glucose by a (β1→4)-linkage (see 44b and 46 

residue B H-1), the anomeric signal at δ 4.601 is indicative of a terminal β-D-

Galp-(1→4)- residue, the occurrence of such a residue is also supported by the H-

4 signal at δ 3.904, also belonging to the minor structure, based on intensity. 

Finally, the signal at δ 4.658 fits with either a 3-substituted β-D-Galp-(1→4)- 

residue, or a 4-substituted β-D-Galp-(1→3)- residue. In this case, a residue C in a 

linear tetrasaccharide can only be a 4-substituted β-D-Galp-(1→3)- residue, 

which is linked to residue B. These data lead to a structure for 42 of β-D-Galp-

(1→4)-β-D-Galp-(1→3)-β-D-Galp-(1→4)-D-Glcp, i.e. D1→4C1→3B1→4A 

(Main paper; Figure 3). The occurrence of such a structure is also supported by 

the occurrence of structure 46, which is a (β1→3)-elongation of structure 42. 
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Table S2. 1H and 13C chemical shifts determined from 1D and 2D NMR spectra for DP4 
structures 39a, 39b, 40 and 41 expressed relative to internal acetone (δ1H 2.225, δ13C 
31.08). The most relevant structural reporter group signals are shown in boldface. 

 

 39a  39b  40 41  
 1H 13C 1H 13C 1H 1H 13C 
1 5.229 92.9 5.224 92.9 5.452 5.222 92.3 
2 3.59 72.0 3.59 72.0 3.67 3.57 71.5 
3 3.84 72.4 3.84 72.4 3.88 3.83 72.0 
4 3.80 79.5 3.66 79.5 3.59 3.66 78.9 
5 4.09 69.9 3.94 71.3 4.009 3.95 70.5 
6a 4.226 68.5 3.86 61.1 4.167 3.87 60.6 
6b 3.96  3.77  3.89 3.83  
        
1 4.684 96.9 4.665 96.9 4.745 4.663 96.2 
2 3.306 74.7 3.288 74.7 3.57 3.278 74.2 
3 3.64 75.2 3.64 75.2 3.70 3.63 75.0 
4 3.81 78.7 3.66 79.5 3.50 3.65 78.9 
5 3.75 74.6 3.60 75.8 3.65 3.60 75.5 
6a 4.295 68.6 3.95 61.1 4.222 3.654 60.6 
6b 3.90  3.81  3.85 3.80  
        
1 4.453/441 104.2 4.529 103.8 4.630 4.484 103.5 
2 3.53 71.7 3.83 72.4 3.68 3.62 71.8 
3 3.67 73.9 3.92 82.4 3.84 3.77 73.6 
4 3.92 69.6 4.428 76.7 4.200 4.206 77.8 
5 3.76 76.2 3.72-70 75.8 - 3.76 75.3 
6a 3.82-77 62.1 3.82-77 62.1 - 3.81-75 61.4 
6b 3.82-77  3.82-77  - 3.81-75  
        
1 4.567 103.6 4.830 104.0 4.447/432 4.663 104.5 
2 3.69 71.1 3.53 71.8 3.56 3.73 71.2 
3 3.84 83.0 3.67 73.7 3.65 3.83 82.7 
4 4.198 69.6 3.90 69.9 3.924 4.180 69.0 
5 3.72-70 76.2 3.72-70 76.2 - 3.71 75.5 
6a 3.82-77 62.1 3.82-77 62.1 - 3.81-77 61.4 
6b 3.82-77  3.82-77  - 3.81-77  
        
1 4.620 105.3 4.614 105.6 4.618 4.613 104.9 
2 3.60 72.0 3.60 72.0 3.61 3.61 71.8 
3 3.66 73.9 3.66 73.9 3.68 3.66 73.1 
4 3.92 69.6 3.92 69.6 3.924 3.921 69.1 
5 3.72-70 76.2 3.72-70 76.2 - 3.70 75.5 
6a 3.82-77 62.1 3.82-77 62.1 - 3.81-77 61.4 
6b 3.82-77  3.82-77  - 3.81-77  
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Table S3. 1H and 13C chemical shifts determined from 1D and 2D NMR spectra for DP5 
structures 43, 44a, 44b, 45 and 46 expressed relative to internal acetone (δ1H 2.225, δ13C 
31.08). The most important structural-reporter-group signals are shown in boldface. 

 43  44a  44b  45  46  
 1H 13C 1H 13C 1H 13C 1H 13C 1H 13C 
1 5.223 92.7 5.223 92.6 5.224 92.6 5.224 92.4 5.224 93.1 
2 3.58 72.0 3.58 72.0 3.58 72.0 3.58 71.8 3.58 72.3 
3 3.85 72.2 3.84 72.4 3.84 72.4 3.83 71.9 3.84 72.6 
4 3.65 79.5 3.65 79.0 3.65 79.0 3.65 78.7 3.65 79.5 
5 3.95 71.3 3.95 71.0 3.95 71.0 3.95 70.6 3.95 71.3 
6a 3.86 61.0 3.86 61.0 3.86 61.0 3.86 61.6 3.85 61.7 
6b 3.83  3.83  3.81  3.83  3.80  
           
1 4.663 96.7 4.661 96.6 4.660 96.6 4.663 96.4 4.665 96.9 
2 3.28 74.5 3.278 74.5 3.284 74.5 3.28 74.3 3.28 75.1 
3 3.64 75.2 3.64 74.8 3.64 74.8 3.63 74.7 3.64 75.6 
4 3.65 79.5 3.65 79.0 3.65 79.0 3.65 78.7 3.65 79.5 
5 3.60 75.8 3.60 - 3.60 - 3.60 75.2 3.60 76.0 
6a 3.96 61.0 3.955 61.0 3.955 61.0 3.96 61.6 3.96 61.3 
6b 3.80  3.80  3.80  3.80  3.80  
           
1 4.483 103.8 4.484 103.3 4.513 103.3 4.484 103.4 4.508 103.8 
2 3.62 72.2 3.63 72.0 3.75 71.4 3.62 71.7 3.72 71.5 
3 3.78 73.9 3.78 73.7 3.85 83.1 3.76 73.6 3.84 83.3 
4 4.21 78.2 4.19 77.9 4.17 69.0 4.20 77.9 4.17 69.8 
5 3.75 75.5 3.75 75.4 3.70 75.8 3.70 75.9 3.75 75.9 
6a 3.82-76 61.8 3.83-77 61.6 3.83-77 61.6 3.85 61.6 3.80 62.1 
6b 3.82-76  3.83-77  3.83-77  3.77  3.75  
           
1 4.663 104.3 4.656 104.8 4.683 104.7 4.665 104.8 4.660 105.2 
2 3.74 71.5 3.65 72.0 3.79 71.4 3.75 70.9 3.68 72.4 
3 3.85 83.0 3.77 73.7 3.85 83.1 3.84 82.5 3.78 74.1 
4 4.18 69.2 4.19 69.1 4.20 68.8 4.19 68.9 4.19 78.5 
5 3.71 75.8 3.75 75.4 3.70 75.8 3.75 75.4 3.70 76.2 
6a 3.83-76 61.8 3.83-77 61.6 3.83-77 61.6 3.85 61.6 3.80 62.1 
6b 3.83-76  3.83-77  3.83-77  3.77  3.75  
           
1 4.679 104.9 4.656 104.8 4.663 104.8 4.660 104.8 4.660 105.2 
2 3.77 71.0 3.77 71.4 3.69 72.0 3.68 71.9 3.75 71.8 
3 3.84 83.0 3.84 83.1 3.77 73.7 3.77 73.6 3.84 83.3 
4 4.20 69.2 4.17 68.9 4.20 77.9 4.16 77.9 4.18 69.8 
5 3.71 75.8 3.70 75.8 3.75 75.4 3.70 75.9 3.75 75.9 
6a 3.83-76 61.8 3.83-77 61.6 3.83-77 61.6 3.85 61.6 3.80 62.1 
6b 3.83-76  3.83-77  3.83-77  3.77  3.75  
           
1 4.618 105.1 4.616 104.8 4.601 104.8 4.602 104.8 4.617 105.5 
2 3.61 72.2 3.61 72.0 3.61 72.0 3.58 71.7 3.61 72.3 
3 3.67 73.3 3.66 73.0 3.66 73.0 3.66 73.1 3.67 73.8 
4 3.92 69.2 3.92 69.2 3.90 69.2 3.90 69.2 3.92 69.8 
5 3.70 75.8 3.70 75.8 3.70 75.8 3.70 75.4 3.70 76.2 
6a 3.83-76 61.8 3.83-77 61.6 3.83-77 61.6 3.85 61.6 3.80 62.1 
6b 3.83-76  3.83-77  3.83-77  3.77  3.75  
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Figure S1. 1D 1H NMR spectra of fractions (A) 39, (B) 40, (C) 41, (D) 43, (E) 44, (F) 45, 
(G) 46, and (H) 31/42 isolated from incubation of lactose with R484S mutant enzyme. 
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Abstract 
The β-galactosidase enzyme from Bacillus circulans ATCC 31382 BgaD is 

widely used in the food industry to produce prebiotic galactooligosaccharides 

(GOS). Recently, the crystal structure of a C-terminally truncated version of the 

enzyme (BgaD-D) has been elucidated. The roles of active site amino acid 

residues in β-galactosidase enzyme reaction and product specificity have 

remained unknown. Based on a structural alignment of the β-galactosidase 

enzymes BgaD-D from Bacillus circulans and BgaA from Streptococcus 

pneumoniae, and the complex of BgaA with LacNAc, we identified 8 active site 

amino acid residues (Arg185, Asp481, Lys487, Tyr511, Trp570, Trp593, Glu601, 

and Phe616) in BgaD-D. This study reports an investigation of the functional 

roles of these residues, using site-directed mutagenesis, and a detailed 

biochemical characterization and product profile analysis of the mutants obtained. 

The data shows that these residues are involved in binding and positioning of the 

substrate, and thus determine the BgaD-D activity and product linkage specificity. 

This study gives detailed insights into structure-function relationships of the B. 

circulans BgaD-D enzyme, especially regarding GOS product linkage specificity, 

allowing the rational mutation of β-galactosidase enzymes to produce specific 

mixtures of GOS structures. 
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Introduction 
Prebiotics were first defined as “nondigestible food ingredients that beneficially 

affect the host by selectively stimulating the growth and/or activity of one or a 

limited number of bacterial species already resident in the colon, and thus attempt 

to improve host health” [1]. This concept has been updated and adapted many 

times [2], [3], [4], but there is no doubt that galactooligosaccharides (GOS) are an 

important category of prebiotics. GOS are a mixture of oligosaccharides produced 

from lactose by β-galactosidase enzymes, comprising of a number of galactose 

units, with a terminal glucose or galactose [5], [6], [7]. GOS are produced via the 

double-displacement reaction catalyzed by β-galactosidase enzymes. In the first 

step, the glycosidic linkage of lactose is cleaved, and the galactosyl unit 

covalently binds to the enzyme forming a galactosyl-enzyme intermediate while 

releasing the glucose. In the second step, an acceptor substrate attacks the 

intermediate, resulting in formation of a product with the galactosyl moiety. β-

Galactosidase enzymes perform two reactions depending on the properties of the 

acceptor substrate: with water serving as the acceptor substrate, galactose is 

released via hydrolysis; with lactose or other carbohydrates serving as acceptor 

substrates, GOS products are formed via transgalactosylation [8], [9], [10], [11]. 

β-Galactosidase enzymes belong to glycoside hydrolase (GH) families 1, 2, 35, 

and 42 [12]. The β-galactosidase from Bacillus circulans ATCC 31382 (BgaD) is 

a 189 kDa enzyme and its commercial preparation Biolacta N5 is widely used in 

the food industry [13-15]. It belongs to family GH2 and has been studied for over 

three decades. BgaD has a higher activity towards lactose and a better thermal 

stability than other β-galactosidase enzymes [16]. Another study investigated the 

influence of organic solvents on the regioselectivity of BgaD transglycosylation 

[17]. The product specificity of BgaD with lactose as substrate was studied using 

methylation analysis, mass spectrometry (MS), and NMR spectroscopy; in this 

way, 11 GOS structures were identified [18]. A detailed analysis of the 
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commercial product Vivinal GOS, synthesized by the B. circulans enzyme, 

resulted in identification of a total of 43 GOS structures [6], [7]. In B. circulans 

BgaD is present in different isoforms resulting from C-terminal cleavage by an 

endogenous protease [19]. Three isoforms were reported by Vetere and Paoletti 

[20]; four isoforms (BgaD-A, BgaD-B, BgaD-C, BgaD-D) were reported in the 

commercial enzyme preparation of β-galactosidase from B. circulans [19]. In 

recent years, these BgaD isoforms have been characterized in more detail, 

facilitated by their cloning and recombinant overexpression in E. coli [21]. All 

four isoforms have similar transgalactosylation activity at high lactose 

concentration [9], [22]. The products synthesized by recombinant BgaD-D were 

also studied in detail , showing a similar product profile as Vivinal GOS [6], [7], 

[10]. Mutagenesis studies have shown that the C-terminal discoidin domain of 

BgaD is essential for hydrolytic activity of the enzyme [23]. A few BgaD-D 

mutants have been biochemically characterized in our previous work, resulting in 

identification of residues Glu532 and Glu447 as the nucleophile and acid/base 

catalysts, respectively [9]. Mutagenesis of the Arg484 changed the GOS linkage 

specificity [11]. 

The high resolution crystal structure of the shortest isoform of β-galactosidase 

from B. circulans (BgaD-D, PDB code 4YPJ) was reported recently [24]. Details 

of the structure-function relationships of this enzyme determining its GOS 

product linkage specificity have remained unknown however. Here we report the 

identification and site-directed mutagenesis of further residues in the active site of 

BgaD-D. Their functional roles were characterized by analyzing the biochemical 

properties of the mutant enzymes and the structures of the GOS produced. The 

data give insight in how these residues contribute to determining enzyme activity 

and GOS linkage specificity. 
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Materials and methods 
Bacterial strains 

Escherichia coli DH5α (Phabagen) was used for DNA manipulation and E. coli 

BL21 (DE3) was used for protein expression. 

Sequence and structure alignment 

T-Coffee and Jalview were used for the alignment of the amino acid sequences of 

β-galactosidases from GH2 (Table 1, and Figure 1): BgaD-D (E5RWQ2) from 

Bacillus circulans ATCC 31382, BgaA (A0A0H2UP19) from Streptococcus 

pneumoniae serotype 4, BIF3 (Q9F4D5) from Bifidobacterium bifidum DSM 

20215, BbgIII (A4K5H9) from B. bifidum NCIMB 41171, and BbgIII (D4QAP3) 

from B. bifidum. PyMOL (The PyMOL Molecular Graphics System, Version 1.2 

Schrödinger, LLC) was used for the structural alignment (Figure 2) of BgaD-D 

from B. circulans (PDB code 4YPJ) and the nucleophile mutant (E645Q) of 

BgaA in complex with N-acetyl-lactosamine (LacNAc) from Streptococcus 

pneumoniae (PDB code 4CUC). 

Figure 1. Sequence alignment of β-galactosidase enzymes in the GH2 family. Residues 
selected for mutagenesis and the catalytic residues in BgaD-D from Bacillus circulans 
ATCC 31382, Arg185, Glu447 (acid/base catalyst), Asp481, Lys487, Tyr511, Glu532 
(nucleophile), Trp570, Trp593, Glu601, and Phe616, are indicated by red arrows. The 
order of the sequences shown is the same as those listed in Table 1. 
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Table 1. Comparison of the amino acid sequences of β-galactosidase BgaD-D from 
Bacillus circulans ATCC 31382 and other β-galactosidases in the GH2 family. 

Enzyme 
Name 

Enzyme Source Identity 
(%) 

Uniprot code PDB 
code 

 
BgaD-D 

 
Bacillus circulans 

ATCC31382 

  
100 

 
E5RWQ2 

 
4YPJ 

 
BgaA 

 
Streptococcus pneumoniae 

serotype 4 

 
49 

 
A0A0H2UP19 

 
4CU6 

 
BIF3 

 
Bifidobacterium bifidum 

DSM 20215 

 
44 

 
Q9F4D5 

 

 
BbgIII 

 
Bifidobacterium bifidum 

NCIMB 41171 

 
43 

 
A4K5H9 

 

 
BbgIII 

 
Bifidobacterium bifidum 

 
26 

 
D4QAP3 

 
5DMY 

 
 

 

Figure 2. Stereo view of the superposition of the active sites of the β-galactosidases 
BgaD-D (PDB code 4YPJ) of Bacillus circulans ATCC 31382 and the nucleophile 
mutant E645Q of BgaA from Streptococcus pneumoniae in complex with LacNAc (PDB 
code 4CUC). 4YPJ is shown in slate blue, 4CUC in brown, and the catalytic residues of 
BgaD-D are highlighted in cyan. Residues of BgaD-D are labeled in black, and the 
corresponding residues in BgaA in grey.  
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Site-directed Mutagenesis 

The plasmid pET-15b-LIC containing the rBgaD-D encoding gene was obtained 

from a previous study and used as template for site-directed mutagenesis [10]. On 

basis of the results of the sequence and structure alignments, mutations in 

residues Arg185, Asp481, Lys487, Tyr511, Trp570, Trp593, Glu601, and Phe616 

were introduced by various primers (Supplementary Table S1) using the 

QuikChange site-directed mutagenesis kit (Stratagene). The PCR products were 

cleaned up with a PCR purification kit after digestion by DpnI (Thermo Fisher). 

Then the PCR products were transformed into E. coli DH5α competent cells 

(Phabagen) for overnight growth on LB agar plates (containing 100 μg/mL 

ampicillin). For every mutant, colonies were randomly chosen and inoculated into 

5 mL LB medium (containing 100 μg/mL ampicillin) for DNA amplification 

overnight. The plasmid DNA of the overnight cultures was purified using a 

miniprep kit (Sigma-Aldrich) and sequenced (GATC Biotech).  

Recombinant protein expression and purification 

The sequence verified plasmids were transformed into E. coli BL21 (DE3) 

(Invitrogen) competent cells for protein expression as described [101]. Briefly, 

after growth on LB agar plates (containing 100 μg/mL ampicillin), colonies were 

inoculated into 10 mL LB medium (containing 100 μg/mL ampicillin) for 

overnight preculture. The overnight cultures were inoculated into 1 L LB medium 

(containing 100 μg/mL ampicillin) and incubated at 37oC until the cell density 

reached 0.6 at 600 nm; then 1 mM isopropyl-β-D-thiogalactopyranoside was used 

for the induction of recombinant protein expression. The cells were cultured at 

30oC overnight and harvested by centrifugation at 10,876 g for 15 min. The cell 

pellets were washed with 20 mM Tris-HCl buffer (pH 8.0) and centrifuged again.  

The cell pellets were lysed with B-PER protein extract reagent (Thermo Scientific) 

at room temperature for 1 h. The cell debris was removed by centrifugation; the 
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retaining supernatants were mixed with HIS-Select Nickel Affinity Gel (Sigma) 

and incubated at 4oC overnight. Unbound proteins were washed away with 20 

mM Tris-HCl (pH 8.0), 50 mM NaCl. The recombinant proteins were eluted with 

20 mM Tris-HCl (pH 8.0), 50 mM NaCl containing 100 mM imidazole. 

Subsequently, the imidazole was removed by ultrafiltration (cutoff 30kDa, 

Amicon, Merck) 

Enzyme activity assay 

For the activity assay of the wild-type and mutant enzymes, 0.5~1 mg/mL 

amounts were incubated with 10% (w/w) lactose in 100 mM sodium phosphate 

buffer, pH 6.0, for 5 min at 40 oC. The incubation mixtures were withdrawn and 

immediately inactivated with 50 μL 1.5 M NaOH. The reaction mixtures were 

neutralized with 50 μL 1.5 M HCl after 10 min. The total activity (U) towards 

lactose was defined as the enzyme amount required to release 1 μmol Glc per min. 

The released glucose was measured using a GOPOD kit (D-glucose Assay Kit, 

Megazyme). The activity of the wild-type enzyme was regarded as 100%; 

activities of all mutant enzymes were relative to that of the wild-type enzyme. 

The kinetic parameters (Km and kcat) of mutant enzymes were determined using 10 

different lactose concentrations ranging from 10 to 500 mM. 

GOS production and analysis 

GOS were produced by using 3.75 U/g lactose β-galactosidase wild-type and 

mutant enzymes with 50% (w/w) lactose (in 100 mM sodium phosphate buffer, 

pH 6.0) incubated at 60 oC for 20 h to reach the highest GOS yield. The reactions 

were stopped by heating at 100 oC for 10 min.  

The reaction mixtures were diluted 1000-fold with MilliQ water, and analyzed by 

High pH Anion Exchange Chromatography (HPAEC) coupled with a Pulsed 

Amperometric Detector (PAD) on an ICS3000 chromatography workstation 
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(ThermoScientific). The analysis was performed by injecting 5 μL on a CarboPac 

PA1 analytical column (2×250 mm) with the following elution buffers: A) 100 

mM sodium hydroxide, B) 600 mM sodium acetate in 100 mM sodium hydroxide, 

C) MilliQ water, and D) 50 mM sodium acetate. The separation conditions were 

the same as used in our previous study [101]. The quantity of β-D-Galp-(1→3)-β-

D-Galp-(1→4)-D-Glcp was determined by using a calibration curve of this 

compound (Sigma) ranging from 4-200 μg/mL. The comparison of other GOS 

fractions were based on the peak intensities of HPAEC-PAD profiles of the wild-

type and mutant enzymes. The quantification of the GOS yield (GOS yield (g) = 

Initial lactose (g) – [remaining lactose (g) + galactose (g) + glucose (g)] after 20 h) 

was based on a calibration curve of galactose, glucose, and lactose ranging from 

10-1000 μM.  

Results 
Structural alignment 

The β-galactosidase proteins BgaD-D of B. circulans and BgaA of S. pneumonia 

share 49% sequence identity. A structural alignment of BgaD-D (PDB code 4YPJ) 

with the catalytic region of BgaA (PDB code 4CU6), and with the inactive BgaA 

mutant E645Q in complex with LacNAc (PDB code 4CUC) (Figure 2), guided 

our selection of residues in the active site to be mutated. The residues targeted for 

mutagenesis were grouped in four sets, mainly based on their location in the 

active site. 

Site-directed mutagenesis and enzyme activity 

Mutations were introduced by site-directed random mutagenesis as described in 

the experimental procedures. The mutants were obtained via two rounds of 

mutagenesis. Universal primer pairs (Table S1) were used for the first round, and 

20 colonies were selected randomly for sequencing. Specific primers (Table S1) 

were used in the second round of mutagenesis for a full coverage of amino acid 
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classes, or to obtain a specific amino acid residue. The obtained mutants, the 

mutagenesis round, and their relative enzyme activities (Glc release from lactose) 

are shown in Table 2. 

For residues Arg185, Glu601 and Tyr511 a total of 6, 11 and 5 mutants were 

obtained after two rounds, respectively; all mutants were completely inactive 

(Table 2). Four Trp570 mutants were found in the first round of mutagenesis; 

another 6 mutants were introduced in the second round. Of these mutants, 

Trp570Tyr had the highest activity, 37.4±0.4% compared to that of the wild-type 

enzyme, followed by Trp570Phe (16.1±1.0%), and Trp570Leu (14.6±0.8%). The 

activity of the other Trp570 mutants was rather low (Table 2). One round of 

Trp593 mutagenesis yielded a total of 11 mutants. Among them, only Trp593Tyr 

and Trp593Phe retained activity, 3.3±0.2% and 70.7±0.7% of the wild-type 

enzyme activity, respectively (Table 2). For Phe616, 8 mutants were obtained in 

the first round. With the specific primers, the other 11 mutants were also obtained. 

Phe616Trp (37.2±1.5%) and Phe616Tyr (73.2±0.6%) had the highest activity 

among all these mutants (Table 2). In the first round, 6 mutants of Asp481 were 

acquired, and another 7 mutants were obtained in the second round. Only 

Asp481Glu, Asp481His, Asp481Ser, Asp481Asn, and Asp481Gln retained very 

little activity (Table 2). For Lys487, the universal primers resulted in 8 mutants, 

most of them had relatively high activity (65.5 ± 0.8% – 105.5±1.2%), except for 

Lys487Cys (3.5±0.4%) (Table 2). 

Catalytic properties 

Based on activity compared to WT enzyme, and interesting product profiles (see 

next section) the catalytic properties of a selection of enzymes was determined 

(Table 3). For all enzymes the kcat is lower (12.3±1.1 – 184.7±3.4 s-1) than that of 

the WT enzyme (199.8±5.3 s-1), while the substrate affinity Km ranged from 

21.9±4.7 up to 246.5±66.0 mM, while the WT enzyme has a Km of 112.9±12.7  
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Table 2. Relative total activities (Glc release from lactose) of the various Bacillus 
circulans ATCC 31382 β-galactosidase BgaD-D mutant proteins obtained. 

Site  Round  Mutants Relative 
activitya 

Site  Round  Mutants Relative 
activity 

  WT 100   Val 1.9±0.01 
  Glu -b   Glu 1.4±0.01 
  Gly -   Gly 3±0.1 

Arg 1 Leu -  1 Lys 0.8±0.01 
185  Pro -   Gln 3.2±0.08 

  Ser -   Arg 1.3±0.01 
  Lys -   Asp 4.6±0.1 
  Pro -   Leu 22.9±1.6 
  Phe - Phe  Trp 37.2±1.5 
  Gln - 616  His 13.4±0.2 
  His -   Ser 5.3±1.1 

Glu 1 Ala -   Thr 4.9±0.03 
601  Arg -   Asn 11.6±0.1 

  Tyr -  2 Cys 3.9±0.08 
  Cys -   Pro 3.8±0.7 
  Gly -   Ala 3.4±0.1 
  Thr -   Ile 2.8±0.04 
 2 Asp -   Met 1.4±0.05 
  Cys -   Tyr 73.2±0.6 
 1 Pro -   Tyr - 

Tyr  Ser -   Phe - 
511  Trp -  1 Glu 7.3±0.5 

 2 Phe -   His 2.1±0.6 
  Gly 5.1±0.08   Ala - 
  Thr 6.5±0.2 Asp  Ser 6.1±0.2 
 1 Arg 3.6±0.1 481  Lys - 
  Glu 5.2±0.3   Arg - 

Trp  Tyr 37.4±0.4   Asn 6.7±0.3 
570  Phe 16.1±1.0  2 Gln 3.3±0.3 

  Ala 4.2±0.05   Leu - 
 2 Val 3.0±0.1   Trp - 
  Cys 6.1±0.1   Gly - 
  Leu 14.6±0.8   Met 105.5±1.2 
  Val -   Phe 73.2±0.7 
  Leu -   Leu 93.7±0.4 
  Ser - Lys  Gln 83.1±0.6 
  Ala - 487 1 Ser 76.3±0.9 

Trp  Gly -   Gly 65.5±0.9 
593 1 Thr -   Asn 65.5±0.8 

  Pro -   Cys 3.5±0.4 
  Gln -     
  Tyr 3.3±0.2     
  Phe 70.7±0.7     
  His -     

a Average activity. Activities of all mutant enzymes are relative to that of the wild-type 
enzyme (100%, 103.4 umol/min/mg). Enzyme activity was measured in triplicate 
experiments with 10% (w/w) lactose at 40oC.  b Not detectable. 
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mM [11]. The catalytic efficiency kcat/Km of the WT enzyme is 1.77 s-1mM-1, in 

almost all cases the efficiency is lower (0.18 – 1.55 s-1mM-1), except for 

Trp593Phe with a much higher kcat/Km of 2.90 s-1mM-1. 

Table 3. Kinetic properties of the Bacillus circulans ATCC 31382 wild-type β-
galactosidase BgaD-D and mutant proteins derived. 

Enzyme  Km
a kcat 

a kcat/Km 
 mM s-1 s-1mM-1 

WTb 112.9±12.7 199.8±5.3 1.77 
Trp570Tyr 75.6±11.0 27.2±0.9 0.36 
Trp570Phe 246.5±66.0 44.6±7.1 0.18 
Trp593Phe 21.9±4.7 63.6±0.6 2.90 
Phe616Trp 180.0±8.0 114.7±3.5 0.64 
Phe616His 156.1±9.8 48.9±1.8 0.31 
Phe616Tyr 112.6±3.9 183.9±4.0 1.63 
Asp481Gln 57.4±13.8 12.3±1.1 0.21 
Lys487Ser 119.5±5.6 184.7±3.4 1.55 
Lys487Gly 176.8±12.6 177.7±7.1 1.01 

a Kinetic parameters (Km and kcat) were determined with 10 different lactose 
concentrations ranging from 10 to 500 mM. bData from our previous study [11]. 

Mutant GOS profiles 

For the mutant enzymes showing sufficient activity incubations using 3.75 U/g 

lactose were performed for 24 h, to evaluate the product profiles. HPAEC-PAD 

profiles (Figure 3) are compared with a WT incubation product for each mutant 

sequence. 

For all three Trp570 mutants the hydrolysis activity increased, as evidenced by 

the increased intensity of peak 1 in the HPAEC-PAD profile (Figure 3A), 

whereas the hydrolytic activity of all Trp593 and Phe616 mutant enzymes was 

comparable with that of the WT enzyme (peak 1; Figures 3B and 3C). Most 

notable changes in relative product intensities were observed in structures 8, 11, 

13 and 17 for the mutant enzymes at Trp570, Trp593 and Phe616 (Table 4). In 

case of Trp570Tyr and Trp570Phe the structures 8a [β-D-Galp-(1→4)-β-D-Galp-

(1→2)-D-Glcp] and 8b [β-D-Galp-(1→3)-β-D-Galp-(1→4)-D-Glcp] are similar in 
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level to that of the WT enzyme, whereas the (β1→4) elongations (peaks 13a and 

13b) are significantly increased. Structures 11 [β-D-Galp-(1→4)-β-D-Galp-

(1→4)-D-Glcp] and its (β1→4) elongation (peak 17) are significantly decreased. 

In the case of Trp593Tyr and Trp593Phe a similar observation can be made, 

except that structures 8a and 8b are also increased compared to the WT product 

profile. Mutant Trp570Leu shows a completely different profile, with a much 

higher hydrolytic activity than any of the other mutants. The HPAEC-PAD 

profile shows two major product peaks for 11 and 17 and only minor peaks for 

anything else. However, quantitation of the peaks (Table 4) shows that peak 11 is 

comparable with that of the WT enzyme, while all other peaks have a reduced 

yield. 

Enzymes with a mutation at Phe616 show HPAEC-PAD profiles very similar 

with that of the WT enzyme. Quantitation of peaks 8, 11, 13 and 17 shows some 

differences in intensity compared with the WT enzyme, the changes are mostly 

minor, however. In case of Trp, Asn and Tyr structures 11 and 17 are slightly 

increased, while 8 and 13 are either slightly decreased or the same compared with 

WT. For the other mutants of Phe616 the intensities show the opposite (Table 4). 

Mutations at Asp481 and Lys487 show different effects on the product profiles 

(Figures 3D and 3E). Mutation of Asp481 into Glu, Ser or Asn reduces the 

intensity of peaks 8, 11 and 13 (Table 5), whereas the intensity of peak 12 [β-D-

Galp-(1→3)-β-D-Galp-(1→4)-D-Glcp] increases significantly. Whereas the WT 

enzyme only produces minor amounts of 12 (0.2 +/- 0.05 g/100 g lactose), all 

three mutants produce a significant amount of 12. Notably, in case of Asp481Asn 

also peak 4 [β-D-Galp-(1→4)-D-Glcp] is increased (Figure 3D). 

Changing Lys487 to a Met, Leu or Gln has no significant effect on the product 

profile, also evidenced by quantitation of peaks 8, 11, 12 and 13 (Table 5). 

Mutation of this residue into Phe or Asn results in a reduced 8 and 13, while 11 



512682-L-bw-Yin512682-L-bw-Yin512682-L-bw-Yin512682-L-bw-Yin
Processed on: 17-8-2017Processed on: 17-8-2017Processed on: 17-8-2017Processed on: 17-8-2017 PDF page: 116PDF page: 116PDF page: 116PDF page: 116

 Chapter 4 

116 
 

and 12 both increase in yield. Most remarkable change is observed in Ly487Ser 

and Lys487Gly, showing a significant increase in 12, even up to 9.7 +/- 1.1 g per 

100 g lactose. 

 

Figure 3. The HPAEC-PAD profiles of the GOS produced by Bacillus circulans ATCC 
31382 BgaD-D mutants. A) Trp570 Mutants, B) Trp593 mutants, C) Phe616 mutants, D) 
Asp481 mutants, E) Lys487 mutants, and F) the annotated major GOS structures. 
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Table 4. The total GOS yields, and yields of the major GOS structures 8, 11, 13 and 17 
obtained for the Bacillus circulans ATCC 31382 BgaD-D Trp570, Trp593, and Phe616 
mutants, compared to the wild-type enzyme. 

Enzyme GOS 

yielda 

Structure 8 

yieldb  

Structure 11 

yieldb  

Structure 

13 yieldb  

Structure 

17 yieldb  

WTc 63.5±0.8 100 100 100 100 

Trp570Tyr 65.8±1.7 133.5±0.9 52.7±1.0 103.8±1.6 41.3±1.0 

Trp570Phe 65.4±0.9 110.1±0.7 44.1±0.5 91.6±2.0 31.0±0.6 

Trp570Leu 43.8±0.7 21.8±0.5 93.9±3.1 -d 67.9±2.7 

Trp593Phe 66.0±1.0 122.5±5.1 65.7±1.7 126.2±5.1 53.7±1.6 

Trp593Tyr 65.2±2.1 146.6±7.2 49.3±2.1 128.4±1.9 35.4±1.9 

Phe616Trp 50.8±2.4 80.8±1.7 132.1±7.2 75.7±0.8 119.8±6.0 

Phe616Leu 61.0±1.4 114.4±1.6 91.3±3.1 120.2±2.5 82.7±3.3 

Phe616His 59.6±1.2 99.8±3.3 93.4±1.5 110.6±0.8 80.4±2.4 

Phe616Asn 57.3±1.4 82.0±2.6 106.5±8.0 93.6±4.7 97.3±9.6 

Phe616Tyr 58.3±0.6 105.9±4.3 108.0±0.1 114.9±2.0 108.3±0.5 

 

GOS was produced using 3.75 U/mL β-galactosidase wild-type and mutant enzymes with 
50% (w/w) lactose (in 100 mM sodium phosphate buffer, pH 6.0) incubated at 60 oC for 
20 h. 

a Yields are calculated as grams of GOS produced from 100 g initial lactose. Calibration 
curves for lactose, galactose, and glucose ranging from 10-1000 μM were used for 
quantification.  

b The yields are relative to that of the wild-type enzyme (100%),estimated by comparing 
the peak intensities in the HPAEC-PAD profiles. 

c Data from our previous study [11]. 

d Unable to quantify.  

 

 

 



512682-L-bw-Yin512682-L-bw-Yin512682-L-bw-Yin512682-L-bw-Yin
Processed on: 17-8-2017Processed on: 17-8-2017Processed on: 17-8-2017Processed on: 17-8-2017 PDF page: 118PDF page: 118PDF page: 118PDF page: 118

 Chapter 4 

118 
 

Table 5. The total GOS yields and yields of the major GOS structures 8, 11, 12 and 13 
obtained for the Bacillus circulans ATCC 31382 BgaD-D Asp481, and Lys487 mutants, 
compared to the wild-type enzyme. 

Enzyme GOS 

yielda 

Structure 8 

yieldb 

Structure 

11 yieldb 

Structure 

12 yieldc 

Structure 

13 yieldb 

WTd 63.5±0.8 100 100 0.2±0.05 100 

Asp481Glu 56.4±2.2 51.5±2.0 47.5±1.5 4.8±0.8 17.1±3.2 

Asp481Ser 55.3±3.6 59.3±1.9 70.1±4.1 2.6±0.4 30.3±3.1 

Asp481Asn 68.8±1.7 68.5±2.9 16.6±0.8 4.9±0.8 20.2±4.7 

Lys487Met 59.0±1.9 99.8±1.5 97.3±3.2 -e 103.2±3.4 

Lys487Phe 58.3±1.5 74.7±0.2 105.6±1.3 1.6±0.2 68.7±1.0 

Lys487Leu 59.1±1.1 101.3±0.7 101.9±2.4 -  97.7±4.1 

Lys487Gln 58.6±2.9 98.9±1.2 98.8±1.7 -  98.1±2.9 

Lys487Ser 63.6±1.0 77.5±3.1 68.2±1.3 5.0±0.4 57.5±3.7 

Lys487Gly 62.0±2.7 63.1±0.2 66.0±2.7 9.7±1.1 36.9±3.7 

Lys487Asn 59.8±1.3 68.5±1.8 104.4±5.0 1.7±0.2 58.5±2.0 

 

GOS was produced using 3.75 U/mL β-galactosidase wild-type and mutant enzymes with 
50% (w/w) lactose (in 100 mM sodium phosphate buffer, pH 6.0) incubated at 60 oC for 
20 h. 

a Yields are calculated as grams of GOS produced from 100 g initial lactose. Calibration 
curves for lactose, galactose, and glucose ranging from 10-1000 μM were used for 
quantification.  

b The yields are relative to that of the wild-type enzyme (100%), estimated by comparing 
the peak intensities in the HPAEC-PAD profiles. 

c Yields are expressed as grams of product obtained from 100 g initial lactose. A 
calibration curve of structure 12 (β-D-Galp-(1→3)-β-D-Galp-(1→4)-D-Glcp) ranging 
from 4-200 μg/mL was used for its quantification. 

d Data from our previous study [11]. 

e Not detectable.  
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Discussion 
Prebiotic GOS produced from lactose by β-galactosidase enzymes are drawing 

strong attention; they have been added to infant formula because of their similar 

molecular size to human milk oligosaccharides and their beneficial functions and 

positive effects on intestinal health [25], [26], [27], [28]. The beneficial functions 

of GOS were further shown by studies regarding calcium absorption, metabolic 

activities, and protection against colorectal cancer [29], [30], [31], [32]. To 

understand how different β-galactosidases synthesize such a range of GOS 

structures, and how they may be tailored to produce more specific GOS mixtures, 

it is essential to obtain detailed (3D) structural information of both the enzymes 

and of their GOS products. Although several crystal structures of β-galactosidase 

enzymes have been determined and served to understand the enzyme reaction 

mechanism [33], [34], [35], [36], their structure-function relationships are still 

largely unexplored, especially regarding their GOS product linkage specificity. 

In this study, we have characterized the functional roles of 8 amino acid residues 

in the active site of BgaD-D from B. circulans ATCC 31382, close to the 

substrate binding site, constituting 4 groups. 

Arg185 and Glu601 are essential for activity and substrate binding 

Arg185 and Glu601 are located near the non-reducing end hydroxyl groups of the 

lactosyl moiety of LacNAc in subsite -1 (Figure 4A). All 6 mutants of Arg185, 

and 11 mutants of Glu601, had lost all enzyme activity. As shown in Figure 4A, 

Arg185 and Glu601 in 4YPJ correspond to Arg288 and Glu716 in S. pneumoniae 

BgaA, respectively; they are located at the -1 subsite of BgaA and are hydrogen-

bonded to the OH-4 group of the galactosyl unit of LacNAc (Figure 4A). Given 

the conservation of these residues, it is likely that Arg185 and Glu601 in BgaD-D 

have a similar essential function, assisting in the binding and positioning of the 

substrate.  
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Figure 4. Superposition of the Bacillus circulans ATCC 31382 BgaD-D residues (PDB 
code 4YPJ) subjected to mutagenesis, A) Arg185, Glu601, and Tyr511; B) Trp570, 
Trp593, and Phe616; and C) Asp481, Lys487, with the nucleophile mutant (E645Q) of 
BgaA of Streptococcus pneumoniae in complex with LacNAc (PDB code 4CUC). Color 
coding and labeling is the same as in Figure 2. 

Tyr511 is essential for activity  

Residue Tyr511 is conserved among the GH2 family β-galactosidase enzymes 

(Figure 1); both in BgaA and in BgaD its OH-group makes a hydrogen-bond 

interaction (2.6 Å) to the nucleophilic Glu residue. Residue Tyr511 has a 

hydrogen-bond interaction with the nearby nucleophilic residue Glu532 that 

attacks the substrate while it is productively bound; a previous study proposed 

that Tyr511 assists in the catalytic mechanism by donating its proton to Glu532, 
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before it attacks the substrate to form the covalent galactosyl-enzyme 

intermediate [24]. None of the mutants obtained were active. Our experimental 

results confirm that the hydroxyl group of Tyr511 is essential for enzymatic 

activity, especially regarding the transglycosylation reaction.  

Residues Trp570, Trp593, and Phe616 form an aromatic pocket shaping the 

substrate binding site 

Trp570 is located near the +1 subsite, while Trp593 and Phe616 are located near 

the -1 subsite (Figure 4B). Within the 10 mutants of Trp570, only Trp570Tyr 

retained 37.4±0.4% activity (Table 2). The kcat of Trp570Tyr decreased 7.3 times 

compared to the wild-type enzyme, while the Km decreased 1.5 times (Table 3). 

Trp570Phe retained 16.1±1.0% activity when compared to the wild-type enzyme; 

for the other substitutions, the activity was lower (Table 2). The kcat of Trp570Phe 

decreased 4.5 times while the Km increased 2.2 times (Table 3). The kinetic 

parameters of Trp570Tyr and Trp570Phe show that the mutations at this site have 

a larger influence on the turnover rate kcat, and may affect acceptor binding. The 

GOS yields of the Trp570Tyr and Trp570Phe mutants were comparable with that 

of the wild-type enzyme (63.5±0.8 g GOS from 100 g initial lactose), while 

Trp570Leu can only produce 43.8±0.7 g GOS from 100 g initial lactose (Table 4). 

Mutant Trp570Tyr and Trp570Phe produced more of structure 8 and less of 

structures 11 and 17, showing their preference for (β1→2) and (β1→3) over 

(β1→4) linkages. In contrast, Trp570Leu only produced 21.8±0.5% of structure 8 

compared to the wild-type (100%), and the yield of structures further elongated 

from this (structure 13) was too low to be quantified. The Trp570Leu yield of 

structure 11 was comparable to that of the wild-type enzyme. These results show 

the strong preference of this mutant to synthesize GOS with (β1→4) linkages. 

Notably, these three mutants also have a higher hydrolytic activity, as evidenced 

by a much higher yield of galactose compared to the wild-type enzyme (Figure 

3A), i.e. 3.0, 5.9, and 10.1 times of the wild-type for Trp570Tyr, Trp570Phe, and 
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Trp570Leu, respectively. Among the mutants of Trp593, activity was only 

observed for Trp593Tyr, and Trp593Phe, (3.3±0.2%, and 70.7±0.7%, 

respectively) (Table 2). Both the Km and kcat of Trp593Phe decreased (Table 3), 

resulting in a relatively low activity (70.7±0.7%) compared to the wild-type 

enzyme (Table 2). As shown in Figures 4B, 4F and Table 4, the GOS yields of 

mutants Trp593Tyr and Trp593Phe were comparable to that of the wild-type 

enzyme. These two mutants synthesized more of structures 8 and 13, and less of 

structures 11 and 17, showing their preference for (β1→2) and (β1→3) over 

(β1→4) linkages.  

In case of Phe616, the Phe616Tyr mutant had the highest activity, with 73.2±0.6% 

remaining, followed by Phe616Trp, which has 37.2±1.5% activity of wild-type 

enzyme (Table 2). The kinetic parameters (Km and kcat) of Phe616Tyr changed 

slightly compared to those of the wild-type enzyme (Table 3). For Phe616Trp, the 

Km increased while the kcat decreased (Table 3), resulting in a much lower activity. 

Phe616Trp produced more of structures 11 and 17, and less of structures 8 and 13 

(Table 4), showing its preference for synthesizing (β1→4) linkages. In contrast, 

Phe616Leu has a preference for synthesizing (β1→2) and (β1→3) linkages 

(Figure 3C, Table 4).  

The aromatic pocket formed by residues Trp570, Trp593, and Phe616 in BgaD 

shapes its active site. We found that mutations at these positions negatively affect 

enzyme activity, especially when the mutations were non-aromatic. Moreover, 

they change the linkage preference and size of the products. For example, 

Trp570Leu only produced 21.8±0.5% of structure 8 compared to the wild-type 

enzyme, and its elongation product, structure 13, was not detectable. Apparently, 

the mutation enhanced the percentage of small oligosaccharides produced, 

achieving similar results as reported in a previous study [37]. Our results also 

show that Trp570 is essential for the transgalactosylation and hydrolysis activities, 

suggesting that it may be involved in selection of the acceptor substrate, either 
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water or carbohydrates. Together, the observed effects of mutations of residues in 

the aromatic pocket suggest that the geometry of this pocket is important to 

recognize and orient donor and acceptor substrates.  

Asp481 and Lys487 are involved in determining linkage specificity 

Asp481, Arg484 and Lys487 are located near subsite +1 (Figure 4C). Mutations 

of the first residue (Asp481) reduced the enzyme activity dramatically. Among all 

mutants, only 5 (Glu, His, Ser, Asn, and Gln) retained some activity (Table 2). 

Since Asp481 is relatively close to the acid/base catalyst Glu447 (3.9 Å), 

mutations at this position may affect the orientation and/or acidity of Glu447, and 

thus influence catalysis. Mutation Asp481Gln increased substrate binding affinity 

(Km increased twice) but decreased turnover rate (kcat decreased 16-fold) (Table 3). 

The GOS profiles of the Asp481 mutants changed strongly compared to that of 

the wild-type enzyme (Figure 3D). The amounts of all major GOS structures 

produced by the wild-type enzyme (structures 8, 11, and 13) decreased, while that 

of structure 12 increased significantly (Table 5), similar to results found 

previously for mutations of Arg484 [11]. It is also notable that with mutant 

Asp481Asn, the yield of allolactose (structure 4) increased 2.3 times when 

compared to that of the wild-type enzyme (Figure 3D). The results show that the 

mutations at this site favor synthesis of GOS with (β1→3) and (β1→6) linkages. 

In BgaA of S. pneumoniae, the corresponding Asp599 (Asp481 in BgaD) forms a 

hydrogen-bond with the OH-6 group of the GlcNAc moiety at the +1 subsite 

(Figure 4C); thus, considering its position and interaction, Asp481 may play a 

role in acceptor substrate binding. 

The third residue in this group, Lys487, is relatively far away from the +1 subsite 

(Figure 4C). The activity of its mutants is relatively high compared to the other 

mutant enzymes except for Lys487Cys, retaining only 3.5±0.4% activity (Table 

2). Compared to the wild-type enzyme, the Km and kcat values of Lys487Ser only 
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showed minor changes. In comparison, the Km value of Lys487Gly increased by 

57% and resulted in a lower catalytic efficiency (kcat/Km value 1.01). Compared 

with the wild-type enzyme, the GOS profiles and the relative amount of the major 

structures did not change significantly for Lys487Met, Lys487Leu, and 

Lys487Gln. Mutants Lys487Phe, Lys487Ser, Lys487Gly, and Lys487Asn all 

have increased yields of structure 12 (Figure 3E, and Table 5). Especially for 

Lys487Gly, the yield of structure 12 is comparable to that of Arg484Ser and 

Arg484His [11]. The latter mutations thus favor synthesis of GOS with (β1→3) 

linkages. Considering the slightly larger distance from the +1 site, mutations of 

Lys487 may change the micro-environment of the +1 subsite, therefore  affecting 

the linkage specificity indirectly. 

Conclusions 

In conclusion, we pinpointed several residues in the active site of BgaD that are 

important for the β-galactosidase reaction activity and specificity, by affecting 

substrate binding or transglycosylation specificity. Residues Arg185 and Glu601 

at subsite -1 are essential for the β-galactosidase reaction since they affect 

substrate binding. A tyrosine residue near the catalytic residues (Tyr511) is also 

essential for the enzyme activity. An aromatic triplet (Trp570, Trp593, and 

Phe616) shaping the active site is important for correct substrate binding and 

determining the linkage distribution. Residues in subsite +1 (Asp481, Asp484 and 

Lys487) may affect acceptor substrate orientation. Mutants derived produced 

large amounts of the trisaccharide β-D-Galp-(1→3)-β-D-Galp-(1→4)-D-Glcp 

(structure 12) in the product mixture, thus leading to more diverse GOS mixtures 

with potential industrial applications. Our study thus provides important insights 

towards the understanding of the structure-function relationships of β-

galactosidase enzymes, especially regarding their GOS product linkage 

specificity, and provides guidance for rational protein engineering of these 

enzymes aiming at producing tailor-made prebiotic GOS mixtures.   



512682-L-bw-Yin512682-L-bw-Yin512682-L-bw-Yin512682-L-bw-Yin
Processed on: 17-8-2017Processed on: 17-8-2017Processed on: 17-8-2017Processed on: 17-8-2017 PDF page: 125PDF page: 125PDF page: 125PDF page: 125

Chapter 4 

125 
 

Acknowledgments  

This work is funded by the China Scholarship Council (to H.Y.) and by the 

University of Groningen (to T.P., X.M., S.S.v.L. and L.D.). We also thank Prof. 

Johannis P. Kamerling for stimulating discussions. 

References 
1  Gibson, G. R. and Roberfroid, M. B. (1995) Dietary modulation of the human 

colonic microbiota: introducing the concept of prebiotics. J. Nutr. 125, 1401–
1412. 

2  Gibson, G. R., Probert, H. M.,  Loo, J. V., Rastall, R. A. and Roberfroid, M. B. 
(2004) Dietary modulation of the human colonic microbiota: updating the concept 
of prebiotics. Nutr. Res. Rev. 17, 259–275. 

3  Bindels, L. B., Delzenne, N. M., Cani, P. D. and Walter, J. (2015) Towards a 
more comprehensive concept for prebiotics. Nat. Rev. Gastroenterol. Hepatol. 12, 
303–310. 

4  Hutkins, R. W., Krumbeck, J. A., Bindels, L. B., Cani, P. D., Fahey, G., Goh, Y. 
J., Hamaker, B., Martens, E. C., Mills, D. A., Rastal, R. A., Vaughan, E. and 
Sanders, M. E. (2016) Prebiotics: Why definitions matter. Curr. Opin. Biotechnol. 
37, 1–7. 

5  Coulier, L., Timmermans, J., Bas, R., Van Den Dool, R., Haaksman, I., 
Klarenbeek, B., Slaghek, T. and Van Dongen, W. (2009) In-depth 
characterization of prebiotic galacto-oligosaccharides by a combination of 
analytical techniques. J. Agric. Food Chem. 57, 8488–95. 

6  van Leeuwen, S. S., Kuipers, B. J. H., Dijkhuizen, L. and Kamerling, J. P. (2014) 
1H NMR analysis of the lactose/β-galactosidase-derived galacto-oligosaccharide 
components of Vivinal® GOS up to DP5. Carbohydr. Res. 400, 59–73. 

7  van Leeuwen, S. S., Kuipers, B. J. H., Dijkhuizen, L. and Kamerling, J. P. (2016) 
Corrigendum to “1H NMR analysis of the lactose/β-galactosidase-derived galacto-
oligosaccharide components of Vivinal® GOS up to DP5” [Carbohydr. Res. 400 
(2014) 59–73]. Carbohydr. Res. 419, 69-70. 

8  Torres, D. P. M., Gonçalves, M. D. P. F., Teixeira, J. A. and Rodrigues, L. R. 
(2010) Galacto-oligosaccharides: Production, properties, applications, and 
significance as prebiotics. Compr. Rev. Food Sci. Food Saf. 9, 438–454. 

9  Bultema, J. B., Kuipers, B. J. H. and Dijkhuizen, L. (2014) Biochemical 
characterization of mutants in the active site residues of the β-galactosidase 
enzyme of Bacillus circulans ATCC 31382. FEBS Open Bio. 4, 1015–20. 



512682-L-bw-Yin512682-L-bw-Yin512682-L-bw-Yin512682-L-bw-Yin
Processed on: 17-8-2017Processed on: 17-8-2017Processed on: 17-8-2017Processed on: 17-8-2017 PDF page: 126PDF page: 126PDF page: 126PDF page: 126

 Chapter 4 

126 
 

10  Yin, H., Bultema, J. B., Dijkhuizen, L. and van Leeuwen, S. S. (2017) Reaction 
kinetics and galactooligosaccharide product profiles of the β-galactosidases from 
Bacillus circulans, Kluyveromyces lactis and Aspergillus oryzae. Food Chem. 225, 
230–238. 

11  Yin, H., Pijning, T., Meng, X., Dijkhuizen, L. and van Leeuwen, S. S. (2017) 
Engineering of the Bacillus circulans β-galactosidase product specificity. 
Biochemistry 56, 704-711. 

12  Cantarel, B. L., Coutinho, P. M., Rancurel, C., Bernard, T., Lombard, V. and 
Henrissat, B. (2009) The Carbohydrate-Active EnZymes database (CAZy): An 
expert resource for glycogenomics. Nucleic Acids Res. 37, 233–238. 

13  Gosling, A., Stevens, G. W., Barber, A. R., Kentish, S. E. and Gras, S. L. (2010) 
Recent advances refining galactooligosaccharide production from lactose. Food 
Chem. 121, 307–318. 

14  Husain, Q. (2010) β-Galactosidases and their potential applications: a review. Crit. 
Rev. Biotechnol. 30, 41–62. 

15  Otieno, D. O. (2010) Synthesis of β-galactooligosaccharides from lactose using 
microbial β-galactosidases. Compr. Rev. Food Sci. Food Saf. 9, 471–482. 

16  Nakanishi, K., Matsuno, R., Torii, K., Yamamoto, K. and Kamikubo, T. (1983) 
Properties of immobilized β-D-galactosidase from Bacillus circulans. Enzyme 
Microb. Technol. 5, 115–120. 

17  Usui, T., Kubota, S. and Ohi, H. (1983) A convenient synthesis of β-D-galactosyl 
disaccharide derivatives using the  β-D-galactosidase from Bacillus circulans. 
Carbohydr. Res. 244, 315–323. 

18  Yanahira, S., Kobayashi, T., Suguri, T., Nakakoshi, M., Miura, S., Ishikawa, H. 
and Nakajima, I. (1995) Formation of oligosaccharides from lactose by Bacillus 
circulans β-galactosidase. Biosci. Biotechnol. Biochem. 59, 1021–1026. 

19  Song, J., Abe, K., Imanaka, H., Imamura, K., Minoda, M., Yamaguchi, S. and 
Nakanishi, K. (2011) Causes of the production of multiple forms of β-
galactosidase by Bacillus circulans. Biosci. Biotechnol. Biochem. 75, 268–278. 

20  Vetere, A. and Paoletti, S. (1998) Separation and characterization of three β-
galactosidases from Bacillus circulans. Biochim. Biophys. Acta - Gen. Subj. 1380, 
223–231. 

21  Song, J., Imanaka, H., Imamura, K., Minoda, M., Katase, T., Hoshi, Y., 
Yamaguchi, S. and Nakanishi, K. (2011) Cloning and expression of a β-
galactosidase gene of Bacillus circulans. Biosci. Biotechnol. Biochem. 75, 1194–
1197. 

22  Warmerdam, A., Paudel, E., Jia, W., Boom, R. M. and Janssen, A. E. M. (2013) 



512682-L-bw-Yin512682-L-bw-Yin512682-L-bw-Yin512682-L-bw-Yin
Processed on: 17-8-2017Processed on: 17-8-2017Processed on: 17-8-2017Processed on: 17-8-2017 PDF page: 127PDF page: 127PDF page: 127PDF page: 127

Chapter 4 

127 
 

Characterization of β-galactosidase isoforms from Bacillus circulans and their 
contribution to GOS production. Appl. Biochem. Biotechnol. 170, 340–58. 

23  Song, J., Imanaka, H., Imamura, K., Minoda, M., Yamaguchi, S. and Nakanishi, 
K. (2013) The discoidin domain of Bacillus circulans β-galactosidase plays an 
essential role in repressing galactooligosaccharide production. Biosci. Biotechnol. 
Biochem. 77, 73–79. 

24  Ishikawa, K., Kataoka, M., Yanamoto, T., Nakabayashi, M., Watanabe, M., 
Ishihara, S. and Yamaguchi, S. (2015) Crystal structure of β-galactosidase from 
Bacillus circulans ATCC 31382 (BgaD) and the construction of the thermophilic 
mutants. FEBS J. 282, 2540–2552. 

25  Boehm, G., Fanaro, S., Jelinek, J., Stahl, B. and Marini, A. (2003) Prebiotic 
concept for infant nutrition. Acta Paediatr. Suppl. 91, 64–67. 

26  Osborn, D. A. and Sinn, J. K. H. (2009) Probiotics in infants for prevention of 
allergic disease and food hypersensitivity. Cochrane Database Syst. Rev. 1–3. 

27  Knol, J., Scholtens, P., Kafka, C., Steenbakkers, J., Groβ, S., Helm, K., Klarczyk, 
M., Schöpfer, H., Böckler, H. M. and Wells, J. (2005) Colon microflora in infants 
fed formula with galacto- and fructo-oligosaccharides: more like breast-fed 
infants. J. Pediatr. Gastroenterol. Nutr. 40, 36–42. 

28  Fanaro, S., Boehm, G., Garssen, J., Knol, J., Mosca, F., Stahl, B. and Vigi, V. 
(2005) Galacto-oligosaccharides and long-chain fructo-oligosaccharides as 
prebiotics in infant formulas: a review. Acta Paediatr. Suppl. 94, 22–26. 

29  Whisner, C. M., Martin, B. R., Schoterman, M. H. C., Nakatsu, C. H., McCabe, L. 
D., McCabe, G. P., Wastney, M. E., van den Heuvel, E. G. H. M. and Weaver, C. 
M. (2013) Galacto-oligosaccharides increase calcium absorption and gut 
bifidobacteria in young girls: a double-blind cross-over trial. Br. J. Nutr. 110, 
1292–1303. 

30  Monteagudo-Mera, A., Arthur, J. C., Jobin, C., Keku, T., Bruno-Barcena, J. M. 
and Azcarate-Peril, M. A. (2016) High purity galacto-oligosaccharides enhance 
specific Bifidobacterium species and their metabolic activity in the mouse gut 
microbiome. Benef. Microbes 1–18. 

31  Bruno-Barcena, J. M. and Azcarate-Peril, M. A. (2015) Galacto-oligosaccharides 
and colorectal cancer: Feeding our intestinal probiome. J. Funct. Foods. 12, 92–
108. 

32  Lamsal, B. P. (2012) Production, health aspects and potential food uses of dairy 
prebiotic galactooligosaccharides. J. Sci. Food Agric. 92, 2020–2028. 

33  Juers, D. H., Matthews, B. W. and Huber, R. E. (2012) LacZ β-galactosidase: 
structure and function of an enzyme of historical and molecular biological 
importance. Protein Sci. 21, 1792–1807. 



512682-L-bw-Yin512682-L-bw-Yin512682-L-bw-Yin512682-L-bw-Yin
Processed on: 17-8-2017Processed on: 17-8-2017Processed on: 17-8-2017Processed on: 17-8-2017 PDF page: 128PDF page: 128PDF page: 128PDF page: 128

 Chapter 4 

128 
 

34  Pereira-Rodríguez, A., Fernández-Leiro, R., González-Siso, M. I., Cerdán, M. E., 
Becerra, M. and Sanz-Aparicio, J. (2012) Structural basis of specificity in 
tetrameric Kluyveromyces lactis β-galactosidase. J. Struct. Biol. 177, 392–401. 

35  Skálová, T., Dohnálek, J., Spiwok, V., Lipovová, P., Vondráčková, E., Petroková, 
H., Dušková, J., Strnad, H., Králová, B. and Hašek, J. (2005) Cold-active β-
galactosidase from Arthrobacter sp. C2-2 forms compact 660 kDa hexamers: 
crystal structure at 1.9A resolution. J. Mol. Biol. 353, 282–94. 

36  Rutkiewicz-Krotewicz, M., Pietrzyk-Brzezinska, A. J., Sekula, B., Cieśliński, H., 
Wierzbicka-Woś, A., Kur, J. and Bujacz, A. (2016) Structural studies of a cold-
adapted dimeric β-D-galactosidase from Paracoccus sp. 32d. Acta Crystallogr. 
Sect. D, Struct. Biol. 72, 1049–61.  

37  Tanaka, S., Takahashi, T., Koide, A., Ishihara, S., Koikeda, S. and Koide, S. 
(2015) Monobody-mediated alteration of enzyme specificity. Nat. Chem. Biol. 11, 
762–764. 

 

 

 

 

 

 

 

 

 

 

 

 

 



512682-L-bw-Yin512682-L-bw-Yin512682-L-bw-Yin512682-L-bw-Yin
Processed on: 17-8-2017Processed on: 17-8-2017Processed on: 17-8-2017Processed on: 17-8-2017 PDF page: 129PDF page: 129PDF page: 129PDF page: 129

Chapter 4 

129 
 

Supplementary Information 

Table S1. The primer pairs used for site-directed mutagenesis of BgaD-D. 

Primer name DNA sequence (5’ to 3’) 
Arg185-F 
Arg185-R 

CACCCAGCCGAGCAGCNNKTGGTATTCGGGGAGCG 
CGCTCCCGAATACCAMNNGCTGCTCGGCTGGGTG 

Asp481-F 
Asp481-R 
Asp481Lys-F 
Asp481Lys-R 
Asp481Arg-F 
Asp481Arg-R 
Asp481Asn-F 
Asp481Asn-R 
Asp481Gln-F 
Asp481Gln-R 
Asp481Leu-F 
Asp481Leu-R 
Asp481Trp-F 
Asp481Trp-R 
Asp481Gly-F 
Asp481Gly-R 

GATCGGCGAGNNKAAAACCC 
GGGTTTTMNNCTCGCCGATC 
GATCGGCGAGAAGAAAACCC   
GGGTTTTCTTCTCGCCGATC 
GATCGGCGAGCGGAAAACCC 
GGGTTTTCCGCTCGCCGATC 
GATCGGCGAGAACAAAACCC 
GGGTTTTGTTCTCGCCGATC 
GATCGGCGAGCAGAAAACCC 
GGGTTTTCTGCTCGCCGATC 
GATCGGCGAGCTGAAAACCC 
GGGTTTTCAGCTCGCCGATC 
GATCGGCGAGTGGAAAACCC 
GGGTTTTCCACTCGCCGATC 
GATCGGCGAGGGGAAAACCC 
GGGTTTTCCCCTCGCCGATC 

Lys487-F 
Lys487-R 

CGCGGAGACNNKGTAAATGTTACAC 
GTGTAACATTTACMNNGTCTCCGCG 

Tyr511-F 
Tyr511-R 
Tyr511Phe-F 
Tyr511Phe-R 
Tyr511Trp-F 
Tyr511Trp-R 

GGACTGAACNNKAGCGAGAACAACTATGATGGC 
GCCATCATAGTTGTTCTCGCTMNNGTTCAGTCC 
GGACTGAACTATAGCGAGAACAACTATGATGGC 
GCCATCATAGTTGTTCTCGCTATAGTTCAGTCC 
GGACTGAACTGGAGCGAGAACAACTATGATGGC 
GCCATCATAGTTGTTCTCGCTCCAGTTCAGTCC 

Trp570-F 
Trp570-R 
Trp570Tyr-F 
Trp570Tyr-R 
Trp570Phe-F 
Trp570Phe-R 
Trp570Ala-F 
Trp570Ala-R 
Trp570Val-F 
Trp570Val-R 

GTCGGCNNKGGACGAACTGCAGAAG 
CTTCTGCAGTTCGTCCMNNGCCGAC 
GTCGGCTACGGACGAACTGC 
GCAGTTCGTCCGTAGCCGAC 
GTCGGCTTTGGACGAACTGC 
GCAGTTCGTCCAAAGCCGAC 
GTCGGCGCTGGACGAACTGC   
GCAGTTCGTCCAGCGCCGAC 
GTCGGCGTTGGACGAACTGC 
GCAGTTCGTCCAACGCCGAC 
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Trp570Leu-F 
Trp570Leu-R 
Trp570Cys-F 
Trp570Cys-R 

GTCGGCCTTGGACGAACTGC 
GCAGTTCGTCCAAGGCCGAC 
GTCGGCTGCGGACGAACTGC 
GCAGTTCGTCCGCAGCCGAC 

Trp593-F 
 
Trp593-R 
 

ACCTGAAGCATATTGCAGGGCAATTTATCNNKACCGGCT
TTGATTATATTGG 
CCAATATAATCAAAGCCGGTMNNGATAAATTGCCCTGC
AATATGCTTCAGGT 
 

Glu601-F 
 
Glu601-R 
 
Glu601Asp-F 
 
Glu601Asp-R 

CCGGCTTTGATTATATTGGCNNKCCGACGCCATATTATA
ATTCC 
GGAATTATAATATGGCGTCGGMNNGCCAATATAATCAA
AGCCGG 
CCGGCTTTGATTATATTGGCGACCCGACGCCATATTATA
ATTCC 
GGAATTATAATATGGCGTCGGGTCGCCAATATAATCAAA
GCCGG 

Phe616-F 
Phe616-R 
Phe616Trp-F 
Phe616Trp-R 
Phe616His-F 
Phe616His-R 
Phe616Ser-F 
Phe616Ser-R 
Phe616Thr-F 
Phe616Thr –R 
Phe616Asn-F 
Phe616Asn-R 
Phe616Cys-F 
Phe616Cys-R 
Phe616Pro-F 
Phe616Pro-R 
Phe616Ala-F 
Phe616Ala-R 
Phe616Ile-F 
Phe616Ile-R 
Phe616Met-F 
Phe616Met-R 
Phe616Tyr-F 
Phe616Tyr-R 

GCAAAAAGCTCCTATNNKGGTGCTGTGGATACGG 
CCGTATCCACAGCACCMNNATAGGAGCTTTTTGC 
GCAAAAAGCTCCTATTGGGGTGCTGTGGATACGG 
CCGTATCCACAGCACCCCAATAGGAGCTTTTTGC 
GCTCCTATCATGGTGCTGTGGATAC 
GTATCCACAGCACCATGATAGGAGC 
GCTCCTATTCAGGTGCTGTGGATAC 
GTATCCACAGCACCTGAATAGGAGC 
GCTCCTATACAGGTGCTGTGGATAC 
GTATCCACAGCACCTGTATAGGAGC 
GCTCCTATAATGGTGCTGTGGATAC 
GTATCCACAGCACCATTATAGGAGC 
GCTCCTATTGCGGTGCTGTGGATAC 
GTATCCACAGCACCGCAATAGGAGC 
GCTCCTATCCAGGTGCTGTGGATAC 
GTATCCACAGCACCTGGATAGGAGC 
GCTCCTATGCTGGTGCTGTGGATAC 
GTATCCACAGCACCAGCATAGGAGC 
GCTCCTATATCGGTGCTGTGGATAC 
GTATCCACAGCACCGATATAGGAGC 
GCTCCTATATGGGTGCTGTGGATAC 
GTATCCACAGCACCCATATAGGAGC 
GCTCCTATTACGGTGCTGTGGATAC 
GTATCCACAGCACCGTAATAGGAGC 
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Abstract 

Oligosaccharides derived from lactulose are drawing more and more attention 

nowadays because of their strong resistance to gut digestion, and the need to 

discover novel prebiotics. Currently known structures of lactulose 

oligosaccharides are very limited compared to galactooligosaccharides. In this 

study, the wild-type β-galactosidase BgaD-D of Bacillus circulans ATCC 31382, 

as well as the derived mutant R484H, were used to synthesize oligosaccharides 

from lactulose. In total, 8 oligosaccharide structures were identified by MALDI-

TOF-MS and NMR spectroscopy analysis. Trisaccharide β-D-Galp-(1→4)-β-D-

Galp-(1→4)-D-Fru was the major structure produced by the wild-type enzyme, 

while the R484H mutant showed a preference for synthesis of β-D-Galp-(1→3)-

β-D-Galp-(1→4)-D-Fru. The obtained lactulose oligosaccharides and the TS0903 

GOS mixture were tested as growth substrates for Bifidobacterium dentium and 

Bifidobacterium breve. Both Bifidobacteria only consumed the β-D-Galp-(1→3)-

β-D-Galp-(1→4)-D-Fru structure when growing on lactulose oligosaccharides. 

Upon TS0903 GOS, B. dentium preferred the shorter oligosaccharides while B. 

breve had a preference for longer oligosaccharides. Our study greatly enriched 

the structural information of oligosaccharides derived from lactulose. The growth 

tests showed that oligosaccharide β-D-Galp-(1→3)-β-D-Galp-(1→4)-D-Fru 

derived from lactulose is a potential prebiotic substrate.  
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Introduction 
Lactulose is a synthetic disaccharide (β-D-Galp-(1→4)-D-Fru) that is usually 

produced by the isomerization of lactose using chemical catalysis [1], [2], [3], or 

enzymatic synthesis by various enzymes [4],[5]. It is widely used in the 

pharmaceutical and food industry because of its healthy effect on humans, e.g. for 

the treatment of hepatic encephalopathy and constipation [6], [7]. Besides, it is 

known as a prebiotic which can stimulate the growth of Bifidobacteria and 

Lactobacilli, and modulate the microbial community composition and diversity in 

the gut [8], [9], [10], [11]. Lactulose is mainly consumed by bacteria in the 

proximal colon, and may cause abdominal distension, intestinal gas production, 

and flatulence [7], [12], [13]. With the growing interest in new carbohydrate 

prebiotics with improved or complementary properties, oligosacharides derived 

from lactulose (OsLu) have been enzymatically synthesized and receive more and 

more attention [14], [15], [16], [17].  

It is well known that the resistance of oligosaccharides towards microbial 

degradation depends on the glycosidic linkages present, the monosaccharide 

composition, and the degree of polymerization (DP) [18], [19], [20], [21], [22]. 

Rapidly fermented carbohydrates mainly show bifidogenic effects in the caecum 

and proximal colon, while the more resistant oligosaccharides are able to reach 

the distal colon and influence the microbial composition there [23]. An in vivo 

study in rats showed that the disaccharide fraction of OsLu (β-galactobioses and 

galactosyl-fructoses) produced by Aspergillus oryzae was fully resistant to the 

digestion in the small intestine and completely fermented in the large intestine 

[24]. The trisaccharide fraction of OsLu was much more resistant to gut digestion 

(digestibility rates 12.5±2.6%) than the trisaccharides from GOS (digestibility 

rates 52.9±2.7%), and therefore these OsLu can reach the large intestine as 

carbon source for the intestinal microbiota [24].   
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OsLu and GOS synthesized by the Aspergillus aculeatus (Pectinex Ultra SP-L) 

and Kluyveromyces lactis (Lactozym 3000 L HP G) β-galactosidase enzymes 

from lactulose and lactose were both shown to have the ability to promote growth 

of Bifidobacteria using an in vitro fermentation system with human fecal cultures 

[23]. Another study showed that treatment with OsLu produced by the A. oryzae 

β-galactosidase changed the bacterial composition in the intestinal contents, 

resulting in increased numbers of Bifidobacteria and Lactobacilli [25]. This study 

also showed that OsLu generated a larger amount of short-chain fatty acids and 

showed a better anti-inflammatory effect than lactulose [25]. Short-chain fatty 

acids are the main fermentation products of these carbohydrates, and they exert 

health benefits to the host [26], [27]. OsLu produced by A. oryzae β-galactosidase 

also selectively increased the numbers of Bifidobacterium animalis in the caecum 

and colon of rats [28], greatly reduced intestinal pathogen adhesion [29], and 

enhanced iron absorption in the intestinal tract of rats [30]. 

New lactulose derived oligosaccharides may be used as functional food 

ingredients to improve gut health. Despite the extensive characterization and 

increasing studies of OsLu, there are limited structures synthesized and identified 

compared to oligosaccharides derived from lactose (GOS) [31], [32], [33]. One 

study found two OsLu trisaccharides, 6'-galactosyl-lactulose (β-D-Galp(1→6)-β-

D-Galp(1→4)-D-Fru), and 1-galactosyl-lactulose (β-D-Galp(1→4)-β-D-

Frup(1←1)-D-Gal), as products from the transgalactosylation of lactulose by β-

galactosidase from A. aculeatus [34]. Another study by this group identified the 

same two trisaccharides by incubating lactulose with β-galactosidase from K. 

lactis [35]. Padilla et al. identified 6-galactobiose, 6'-galactosyl-lactulose, and 1-

galactosyl-lactulose as products from incubations of the crude cell extracts of 15 

Kluyveromyces strains with lactulose [36]. Two lactulose oligosaccharides, 

allolactulose (β-D-Galp(1→6)-D-Fru) and 6'-galactosyl-lactulose, were identified 

as products of the transgalactosylation by β-galactosidase from A. oryzae [37]. 
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Oligosaccharides up to a degree of polymerization (DP) of 6 were also detected 

from the transgalactosylation of A. oryzae β-galactosidase [38]. Another 

trisaccharide, 4'-galactosyl-lactulose (β-D-Galp(1→4)-β-D-Galp(1→4)-D-Fru), 

was formed when incubating cheese whey permeate with a commercial β-

galactosidase from Bacillus circulans (Biocon) [16].  

In this study, we report the synthesis of OsLu using the wild-type β-galactosidase 

BgaD-D enzyme from B. circulans [39], [40] and a mutant derived that was 

described previously [41] and the separation and identification of the products 

and their structures. Finally, the purified OsLu were tested as sole carbon sources 

for growth of Bifidobacteria. Considering the very limited number of structures 

of OsLu available, and a general lack of growth tests with probiotic bacteria, this 

study gave novel insights into the structures and prebiotic potential of OsLu. 

Materials and methods 
Enzymes, chemicals, and strains 

The wild-type BgaD-D and R484H mutant β-galactosidase enzymes of B. 

circulans ATCC 31382 are described in a previous study [41]. Lactulose (≥95%) 

was purchased from Sigma-Aldrich (Austria), galactose (≥99%), and acetonitril 

were purchased from Boom (Meppel, Netherlands), fructose (≥99%) was 

purchased from Sigma (St Louis, USA). The TS0903 GOS mixture (based on 

Vivinal GOS, with most of the mono- and disaccharides removed) was provided 

by FrieslandCampina (Netherlands). The Bifidobacterium breve DSM 20213 and 

Brevibacterium dentium DSM 20436 strains were ordered from DMSZ 

(Germany).  

Enzymatic synthesis of oligosaccharides from lactulose 

For the production of OsLu, 10 U/mL of the wild-type BgaD-D and R484H 

mutant β-galactosidases (total enzyme activity towards lactose) were incubated 
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with 50% (w/w) lactulose as substrate, at 50oC for 20 h. The enzymes were 

inactivated by incubation at 100oC for 10 min. 

Separation of OsLu by Bio-Gel P2 column 

The OsLu produced by the R484H mutant enzyme were diluted four times with 

Milli-Q water, and then loaded onto the Bio-Gel P2 column to separate the 

oligosaccharides. The OsLu were eluted with 10 mM ammonium carbonate. 

Samples of 3 mL were collected for each fraction. After the separation, every 

fraction was loaded on a High pH Anion Exchange Chromatography (HPAEC) 

coupled with an ICS3000 Pulsed Amperometric Detector (PAD). The fractions 

were separated on a CarboPac PA1 analytical column (2×250 mm) using a 

gradient described previously [42]. Fractions with similar profiles were pooled 

together (pool 1-4). 

MALDI-TOF-MS analysis 

The DP of the OsLu produced by the wild-type and R484H mutant enzymes was 

analyzed by MALDI-TOF-MS. The samples were mixed with 1 μL of 2,5-

dihydroxybenzoic acid (10 mg/mL) in 40% (v/v) acetonitrile in a ratio of 1:1, and 

crystallized under atmospheric conditions. The experiments were carried out on 

an Axima performance mass spectrometer (Shimadzu Kratos Inc., Manchester, 

UK), equipped with a nitrogen laser (337 nm, 3 ns pulse width). Masses were 

calibrated using malto-oligosaccharides from DP2 to 8 as the external calibration 

ladder. 

Isolation of OsLu fractions using HPAEC-PAD 

The sample pools after the Bio-Gel P2 column were further separated by 

HPAEC-PAD using a CarboPac PA1 Semi-Preparative column (9×250 mm) on a 

Dionex ICS-5000 work station. The program used a complex gradient of A (100 

mM NaOH), B (600 mM NaOAc in 100 mM NaOH), C (Milli-Q water), and D 
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(50 mM NaOAc). The isolation was performed at 4.0 mL/min with 40% A, 0% B, 

10% C, and 50% D to 50.3% A, 5.1% B, 7.4% C, and 37.2% D in 27 min. This 

was followed by washing with 100% B for 5 min and reconditioning with 40% A, 

0% B, 10% C, and 50% D for 5 min. The collected fractions were neutralized 

with 4 M acetic acid immediately after the isolation. Desalting was performed on 

Extract Clean Carbo Columns (150 mg; Grace Davison Discovery Sciences).  

NMR spectroscopy 

Samples were exchanged twice with 300 μL D2O (99.9 atom%; Cambridge Isotope 

Ltd, Andover, MA), and finally dissolved in 650 μL D2O containing internal 

acetone (δH 2.225 ppm, δC 31.08 ppm). One- and two-dimensional 1H/13C NMR 

spectra were recorded on a Varian Inova 500 MHz spectrometer (NMR 

department, University of Groningen) at a probe temperature of 25 °C. All 

spectra were recorded with a spectral width of 4000 Hz for 1H, centered on the 

HOD signal and 15000 Hz for 13C. One-dimensional 1H NMR spectra were 

recorded, using a WET1D suppression pulse on the HOD signal, collecting 16-64 

cumulative transients of 16k complex data points. Two-dimensional NMR spectra 

(COSY, TOCSY 50 ms, 150 ms and ROESY) were recorded collecting 8-32 

transients of 2000-4000 complex points per increment, collecting 200 increments. 

Gradient HSQC spectra with multiplicity editing were recorded collecting 32-64 

cumulative transients of per increment, collecting 128-200 increments. All 

spectra were processed using MestReNova 9.1 (MestReLabs, Santiago de 

Compostella, Spain). 

Optimization of OsLu yield 

Several conditions were evaluated to optimize the production of OsLu with the 

wild-type and R484H mutant β-galactosidase enzymes of B. circulans. Firstly, 

enzyme amounts of 5 U/mL, 10 U/mL, 15 U/mL (total enzyme activity towards 

lactose) were incubated with a 50% (w/w) lactulose solution and incubated at 50 
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oC for 8 h for wild-type and mutant enzymes. The reactions were stopped by 

heating at 100oC for 10 min. Based on the obtained optimal enzyme amount, 

different lactulose concentrations (40%, 50%, 60% (w/w)) were also tested for 

both enzymes to obtain the optimal substrate concentration. Then, reaction 

temperatures (40oC, 50oC, 60oC) were tested using the optimal enzyme amount 

and substrate concentration. In the last step, the reaction duration (8 h, 16 h, 24 h) 

was tested at the optimal conditions obtained above. All the samples were diluted 

2000 times with Milli-Q water for HPAEC-PAD analysis. The quantification of 

OsLu yield was based on the calibration curve of galactose, fructose, and 

lactulose from 0.005 mM to 1.5 mM. OsLu yield = Initial lactulose – (remaining 

lactulose + galactose + fructose). 

Purification of OsLU and Bifidobacterial culture media used 

The OsLu produced by the wild-type and R484H mutant enzymes were mixed in 

a 1:1 ratio and diluted 10 times. Then the mixture was loaded onto a graphitized 

carbon column (5 g volume, filled with Eviro Clean CUCARB, Screening 

Devices) coupled to an ÄKTA FPLC system (Amersham Biosciences) to remove 

the monosaccharides and lactulose. The column was first washed with Milli-Q 

water for 10 min with a flow rate of 5 mL/min for, followed by 2% acetonitrile 

washing for 10 min at the same flow rate. The purified OsLu was finally eluted 

with 40% acetonitrile at a flow rate of 3 mL/min for 5 min. The collected samples 

were put under a N2 stream overnight to get rid of acetonitrile and then 

lyophilized. Stock solutions were prepared in 10 mg/mL carbohydrates (glucose, 

lactulose, OsLu, and TS0903 GOS) and filter sterilized. Then the glucose solution 

was mixed in a 1:1 ratio with 2× autoclaved Bifidobacterium medium 

(Supplementary) for the pre-cultures with Bifidobacteria. Pre-cultures of B. 

dentium and B. breve were incubated with glucose Bifidobacterium medium at 37 
oC for 48 h growth in a GasPak EZ anaerobic container system (BD, US) (total 

volume 5 mL). A volume of 1 mL of the pre-cultures was centrifuged. The pellets 
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were re-suspended into 1 mL Bifidobacterium medium (2×), and diluted 50 times 

for inoculation. The inoculation cultures and carbohydrate solutions (10 mg/mL) 

were mixed in a 1:1 ratio, and air exchanged with N2 to achieve anaerobic 

conditions in Hungate type anaerobic culture tubes (SciQuip, UK). The cultures 

(total volume 3 mL) were incubated at 37oC.  

Growth of Bifidobacteria and the consumption of OsLu 

The growth of B. dentium and B. breve was recorded by measuring the optical 

densities at 600 nm (OD600) on an hourly basis. The growth and measurement was 

stopped when the Bifidobacteria reached the stationary phase. For the 

Bifidobacteria growing on OsLu (produced by wild-type and R484H mutant 

enzymes) and TS0903 GOS (5 mg/mL), culture samples were taken at different 

time points (depending on the growth) to check the consumption of the 

oligosaccharides (Table 1). The samples were centrifuged at 16,000 g for 5 min to 

remove the cells. The supernatants were diluted 5 times with Milli-Q water and 

filtered with a 0.2 μm filter (Millipore). Then the samples were loaded to 

HPAEC-PAD coupled with a CarboPac PA1 analytical column (2×250 mm) for 

analysis.  

 

Table 1. Time points for culture samples taken for analysis 

 

 

Results and discussion 
DP of OsLu 

 B. dentium B. breve 

OsLu 13 h 14 h 

OsLu 24 h 28 h 

TS0903 GOS 24 h 25 h 
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Wild-type BgaD-D and the R484H mutant derived were used in the experiments 

because they gave different GOS profiles as shown in aprevious study [41]. The 

OsLu mixtures produced by the wild-type BgaD-D and R484H mutant enzymes 

(10 U/mL, 50% (w/w) lactulose, 50oC, 20 h incubation) were analyzed by 

MALDI-TOF-MS (Figure 1). The degree of polymerization of OsLu produced by 

these two enzymes can reach a value as high as DP4. When the OsLU produced 

by the R484H mutant enzyme were separated with a Bio-Gel P2 column, also 

products upto DP6 were observed (Figure 2).  

 

 

 

 

 

 

Figure 1. MALDI-TOF-MS analysis of OsLu produced from lactulose by the wild-type 
BgaD-D and R484H mutant B. circulans ATCC 31382 enzymes. 

 

 

 

 

 

 

Figure 2. MALDI-TOF-MS analysis of OsLu produced by R484H mutant after 
separation with Bio-Gel P2 column (Pool 4). 
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Structural analysis of isolated OsLu fractions 

Under the incubation conditions used, both enzymes were unable to convert all 

lactulose provided (Figure 3). A total of 8 OsLu product structures were 

identified by NMR analysis (for structures, see Figure 3, right side). MALDI-

TOF-MS analysis of the isolated fractions showed peaks at m/z 527.1 for 

fractions 1 – 5 fitting the sodium adduct of trisaccharide structures. Fractions 6 – 

7 showed a peak at m/z 689.2 fitting the sodium adduct of tetrasaccharide 

structures. Reinjection on an analytical HPAEC-PAD column confirmed the 

elution positions of the isolated fractions. OsLu derived from the wild-type 

BgaD-D and R484H mutant enzymes both contained structures F1-F5 and F7 

(Figure 3). F6 was only found in the OsLu derived from the R484H mutant 

enzyme. Some minor peaks were visible as well but could not be identified 

(Figure 3). The wild-type enzyme produced more F4 (β-D-Galp-(1→4)-β-D-

Galp-(1→4)-D-Fru) than the R484H mutant enzyme, while the R484H mutant 

enzyme produced more F5 (β-D-Galp-(1→3)-β-D-Galp-(1→4)-D-Fru), and F7 

(β-D-Galp-(1→3)-β-D-Galp-(1→3)-β-D-Galp-(1→4)-D-Fru). This indicated that 

the wild-type enzyme has a preference for introducing a (β1→4) linkage, while 

R484H has a preference for a (β1→3) linkage. The study by Corzo-Martínez et 

al. identified F4 in the OsLu derived from the commercial B. circulans β-

galactosidase enzyme (Biocon, Spain) [16]. Here, we identified 8 OsLu structures 

in total, including the structures found by Cardelle-Cobas et al. [43], namely F2b 

(β-D-Galp-(1→6)-β-D-Galp-(1→4)-D-Fru) and F3 (β-D-Galp-(1→4)[β-D-Galp-

(1→1)]-D-Fru). However, allolactulose (β-D-Galp-(1→6)-D-Fru) found in the 

OsLu produced by A. oryzae β-galactosidase by Cardelle-Cobas et al. [37], was 

not observed in our study. Compared with previous studies, we identified and 

characterized a total of 5 new-to-nature OsLu structures, i.e. F1, F2a, F5, F6, and 

F7 (Figure 3). A detailed description of the results of the NMR analysis is shown 

below: 
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Figure 3. HPAEC-PAD analysis of OsLu produced by the wild-type BgaD-D and R484H 
mutant enzymes (left), and the identified OsLu structures (right). 

 

Fraction 1 

The 1D 1H NMR spectrum of trisaccharide F1 (Figure S1) showed β-anomeric 
signals at δ 4.638 (Bp H-1; J1,2 8.0 Hz) and δ 4.512 (Cp H-1; J1,2 8.1 Hz). The 
signal at δ 4.418 (J3,4 2.8 Hz) typically fits with the H-5 signal of a fructopyranose 
residue. It is, however, shifted significantly downfield, compared with lactulose 
[44] (δH-5 4.20). The characteristic peaks for the furanose form δ H-3 4.29 and δ 
H-4 4.26 are absent in the 1D 1H NMR spectrum. Starting from the β-anomeric 
signals for the Gal residues, and the fructose H-5 the 1H chemical shifts of Bp and 
Cp could be determined up to H-4 and for Ap from H-3 to H-6a,b from the COSY 
and TOCSY spectra (Table 2). The H-5 and H-6a,b signals for the Gal residues 
could be derived from the HSQC spectrum, and the H-1a,b signals of Ap were 
derived from the HSQC, and confirmed by the observation that H-1a at δ 3.534 
only correlated in COSY and TOCSY spectra with δ 3.783, which fits with H-1b. 

The clear downfield shift of the Ap H-5 and C-5 signals to δ 4.418 (Δδ + 0.22) 
and δ 74.2 (Δδ + 6.5) indicate a 5-substitution of the Fru residue [31], [32], [33]. 
This is further supported by the ROESY interresidual correlations between Cp H-
1 and Ap H-5 and between Cp H-1 and Ap H-6a,b (Figure S1). The linkage 
between residue B and O4 of fru residue A is further confirmed by ROESY 
correlations between Bp

 H-1 and Ap H-4 and between Bp H-1 and Ap H-5 (Figure 
S1). The substitution at A O5 explains the absence of the peaks corresponding 
with the furanose form, since closure of the ring in furanose form requires a free 
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OH-5. These data lead to the conclusion that trisaccharide F1 has a β-D-Galp-
(1→5)[β-D-Galp-(1→4)]-D-Frup structure; i.e. C1→5[B1→4]A (Figure 3). 

Fraction 2 

The 1D 1H NMR spectrum of fraction 2 (Figure S2) showed anomeric signals 
belonging to two separate trisaccharide compounds F2a and F2b. Anomeric 
signals at δ 4.469 (Bf H-1) and δ 4.488 (Cf H-1) are assigned to structure F2a and 
anomeric signals δ 4.576 (Bp H-1), δ 4.504 (Bf  H-1), and 4,517 (C H-1) were 
assigned to structure F2b and signals. Using 2D NMR spectroscopy all 1H and 
most 13C chemical shifts could be assigned for both structures (Table 2). For 
structure F2a residue Af showed an altered pattern. Particularly H-6a and H-6b (δ 
4.17; 3.83) showed a very large downfield shift, compared with Af of lactulose. 
The C-6 chemical shift δ 72.0, indicated a 6-substitution of residue Af.  For 
structure F2a no Ap residue was observed, fitting with a 6-substitution. Further 
the position of H-4 and C-4 (δ1H 4.33; δ13C 75.4) fit with the 4-substitution of 
residue Af. Residues B and C both show the chemical shift pattern of a terminal 
Gal residue [31], [32], [33]. The ROESY inter-residual correlations between B H-
1 and A H-4 and between C H-1 and A H-6a,b support the substitution patterns. 
These data lead to a structure β-D-Galp-(1→6)[β-D-Galp-(1→4)]-D-Fru; i.e. 
C1→6[B1→4]A for structure F2a (Figure 3). 

For structure F2b residue A showed a chemical shift pattern matching with that 
of lactulose, indicating a 4-substituted Fru residue. Residue B showed H-6a and 
H-6b shifted downfield, combined with a C-6 shifted downfield to δ 70.0, 
indicating a 6-substituted residue. Residue C showed a pattern fitting a terminal 
Gal residue [31], [32], [33]. The ROESY inter-residual correlations between B H-
1 and A H-4, and between C H-1 and B H-6a,b further support these findings. All 
data result in a structure β-D-Galp-(1→6)-β-D-Galp-(1→4)-D-Fru; i.e. 
C1→6B1→4 (Figure 3). 

Fraction 3 

The trisaccharide F3 showed a 1D 1H NMR spectrum (Figure S3) with β-
anomeric signals at δ 4.561 (Bp

 H-1), δ 4.469 (Bf H-1), 4.471 (Cf H-1), and δ 
4.445 (Cp H-1). From the 2D NMR spectra all 1H chemical shifts and most 13C 
chemical shifts could be assigned (Table 2). Both residues B and C show a 
chemical shift pattern fitting a terminal Gal residue. The splitting of the Gal 
anomeric signals based on the furanose and pyranose mutarotamers of the Fru 
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residue suggests that both residues are linked to the Fru residue. The H-1a and H-
1b signals of the Fru residue are shifted significantly, compared with Fru in 
lactulose. Moreover, the HSQC spectrum showed C-1 of Fru shifted significantly 
downfield, indicating a 1-substitution of the Fru residue. The ROESY spectrum 
showed interresidual correlations between B H-1 and A H-4 and between C H-1 
and A H-1a,b. These data result in the postulated structure for F3 of β-D-Galp-
(1→4)[β-D-Galp-(1→1)]-D-Fru; i.e. B1→4[C1→1]A (Figure 3). 

Fraction 4 

The 1D 1H NMR spectrum of trisaccharide F4 (Figure S4) showed β-anomeric 
peaks at δ 4.610 (C H-1), δ 4.592 (Bp H-1), δ 4.500 (Bfβ H-1) and δ 4.479 (Bfα H-
1). From the 2D NMR spectra all 1H and 13C chemical shifts could be assigned 
(Table 2). The signals for the Ap and Af matched closely with that observed for 
the Fru residue in lactulose, confirming no further substitution on this residue. 
Residue B showed a significant downfield shift in H-3 (Δδ +0.08) and H-4 (Δδ 
+0.29). The C-4 is also shifted downfield to δ 78.1, indicative of a 4-substituted 
residue B [31], [32], [33]. This observation is further supported by the 
interresidual correlation between C H-1 and B H-4 observed in the 2D ROESY 
spectrum. These data result in a structure for F4 of β-D-Galp-(1→4)-β-D-Galp-
(1→4)-D-Fru; i.e. C1→4B1→4A (Figure 3). 

Fraction 5 

The 1D 1H NMR spectrum of trisaccharide F5 (Figure S5) showed β-anomeric 
peaks at δ 4.619 (Bp H-1), δ 4.617 (C H-1), δ 4.524 (Bfβ H-1) and δ 4.506 (Bfα H-
1). From the 2D NMR spectra all 1H and 13C chemical shifts could be assigned 
(Table 2). The signals for the Ap and Af matched closely with that observed for 
the Fru residue in lactulose, confirming no further substitution on this residue. 
Residue B showed a significant downfield shift in H-3 (Δδ +0.17) and H-4 (Δδ 
+0.31). The C-3 is also shifted downfield to δ 83.2, supporting a 3-substitution of 
residue B [31], [32], [33]. The O3 substitution at residue B is further confirmed 
by the interresidual correlation between C H-1 and B H-3 observed in the 2D 
ROESY spectrum. These data result in a structure for F5 of β-D-Galp-(1→3)-β-
D-Galp-(1→4)-D-Fru; i.e. C1→3B1→4A (Figure 3). 

Fraction 6 

The 1D 1H NMR spectrum of tetrasaccharide F6 (Figure S6) showed β-anomeric 
signals at δ 4.664 (C H-1), δ 4.615 (D H-1), δ 4.594 (Bp H-1), and δ 4.499 (Bf H-
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1). Using 2D NMR spectroscopy all 1H chemical shifts and part of the 13C 
chemical shifts could be assigned (Table 2). The chemical shift pattern of residue 
A matches that of lactulose fitting with a reducing Fru residue that is 4-
substituted. Residue B has a H-1 signal that is shifted downfield compared with 
residue B in lactulose. Moreover, the H-3 and H-4 are shifted downfield, and also 
C-4 showed a downfield shift, fitting with a 4-substituted residue B. Residue C 
showed also a H-3 and H-4 that are shifted downfield, in this case H-3 is shifted 
further downfield than for residue B. Residue C has a C-3 that is shifted 
downfield, indicating a 3-substituted residue [31], [32], [33]. Residue D has a 
pattern of chemical shifts fitting a terminal Gal residue. The glycosidic linkages 
between the residues is further shown by interresidual ROESY correlations 
between D H-1 and C H-3, between C H-1 and B H-4 and between B H-1 and A 
H-4. These data result in a structure for F6 of β-D-Galp-(1→3)-β-D-Galp-(1→4)-
β-D-Galp-(1→4)-D-Fru; i.e. D1→3C1→4B1→4A (Figure 3). 

Fraction 7 

Fraction F7 contains one major tetrasaccharide structure with β-anomeric signals 
in the 1D 1H NMR spectrum (Figure S7) at δ 4.681 (C H-1), δ 4.660 (Bp H-1), δ 
4.616 (D H-1), and δ 4.523 (Bf H-1). Starting from these anomeric signals in the 
2D NMR spectra all 1H chemical shifts could be assigned (Table 2) for the Gal 
residues. Starting from the A H-4 signals at δ 4.14 and δ 4.29 the 1H chemical 
shifts of the Fru residue could be assigned, except for the H-1a H-1b signals, 
which were derived from the HSQC spectrum. Using the 2D HSQC spectrum a 
partial 13C assignment was possible. The chemical shift pattern observed for 
residues C and B fits with that of a 3-substituted β-D-Galp residue. Residue D 
showed a pattern fitting a terminal residue. The chemical shifts for the Fru 
residue match that of the Fru residue in lactulose, indicating a 4-substituted 
residue. The connections between the residues are further supported by ROESY 
interresidual correlations between D H-1 and C H-3, between C H-1 and B H-3, 
and between B H-1 and A H-4. These data result in the structure β-D-Galp-
(1→3)-β-D-Galp-(1→3)-β-D-Galp-(1→4)-D-Fru; i.e. D1→3C1→3B1→4A for 
the major component of F7 (Figure 3). The other minor components in this 
fraction could not be further elucidated. 
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Table 2. Proton and carbon chemical shifts of structures F1 – F7, determined by 1D and 
2D NMR spectroscopy in reference to internal acetone (δ1H 2.225; δ13C 31.08). 

 Lu  F1  F2a  F2b  F3  
 1H 13C 1H 13C 1H 13C 1H 13C 1H 13C 
Ap 1a 3.71 64.8 3.534 64.4 3.71 65.0   3.96 72.6 
Ap 1b 3.57 64.8 3.783 64.4 3.57 65.0   3.87 72.6 
Ap 3 3.93 67.0 3.990 66.7 3.93 67.1   3.96 67.2 
Ap 4 4.13 78.4 4.254 76.7 4.12 79.1   4.15 78.0 
Ap 5 4.20 67.7 4.418 74.2 4.20 68.0   4.21 67.7 
Ap 6a 4.02 63.9 3.949 61.2 4.02 64.1   4.06 63.9 
Ap 6b 3.75 63.9 3.949 61.2 3.75 64.1   3.74 63.9 
           
Af 1a 3.60 63.4   3.60 63.5 3.60 63.5 3.98 72.3 
Af 1b 3.55 63.4   3.55 63.5 3.55 63.5 3.74 72.3 
Af 3 4.29 75.4   4.29 75.4 4.33 75.4 4.36 n.d. 
Af 4 4.26 85.1   4.26 85.4 4.32 85.1 4.27 n.d. 
Af 5 4.03 80.9   4.03 79.6 4.29 79.6 4.06 n.d. 
Af 6a 3.81 63.4   3.80 63.6 4.17 72.0 3.80 n.d. 
Af 6b 3.71 63.4   3.69 63.6 3.83 72.0 3.71 n.d. 
           
Bp 1 4.56 101.6 4.638 n.d. 4.57 101.8   4.56 n.d. 
Bp 2 3.60 71.5 3.60 71.6 3.62 71.6   3.60 71.7 
Bp 3 3.68 73.5 3.68 73.5 3.67 73.8   3.68 73.4 
Bp 4 3.92 69.5 3.925 69.5 3.96 69.7   3.92 69.6 
Bp 5 3.71 76.3 3.71 76.2 3.95 75.4   3.71 76.1 
Bp 6a 3.82 62.0 3.81 61.9 4.06 70.0   3.75 62.0 
Bp 6b 3.75 62.0 3.76 61.9 3.94 70.0   3.80 62.0 
           
Bf 1 4.46 103.8   4.47 103.4 4.49 103.4 4.47 n.d. 
Bf 2 3.56 71.5   3.57 71.6 3.58 71.8 3.57 n.d. 
Bf 3 3.66 73.5   3.66 73.8 3.66 73.6 3.67 n.d. 
Bf 4 3.92 69.5   3.97 69.7 3.92 69.7 3.92 n.d. 
Bf 5 3.71 76.3   3.95 75.4 3.70 76.4 3.71 n.d. 
Bf 6a 3.82 62.0   4.06 70.0 3.80 62.1 3.75 n.d. 
Bf 6b 3.75 62.0   3.94 70.0 3.75 62.1 3.80 n.d. 
           
C 1   4.512 103.6 4.501/442 104.4 4.47 104.4 4.45 n.d. 
C 2   3.58 71.6 3.53 71.6 3.57 71.8 3.57 71.7 
C 3   3.66 73.5 3.67 73.8 3.66 73.6 3.66 73.4 
C 4   3.925 69.5 3.92 69.7 3.92 69.7 3.92 69.6 
C 5   3.71 76.2 3.70 76.4 3.70 76.4 3.71 76.1 
C 6a   3.81 61.9 3.80 62.1 3.80 61.2 3.75 62.0 
C 6b   3.76 61.9 3.75 62.1 3.75 61.2 3.80 62.0 
           
a Residue label Ap signifies a Fru residue that is in pyranose form, whereas Af indicates a 
Fruf residue. Residues Bp and Bf stand for Gal residue B that is linked to a Frup or a Fruf 
residue, respectively. 

 



512682-L-bw-Yin512682-L-bw-Yin512682-L-bw-Yin512682-L-bw-Yin
Processed on: 17-8-2017Processed on: 17-8-2017Processed on: 17-8-2017Processed on: 17-8-2017 PDF page: 147PDF page: 147PDF page: 147PDF page: 147

Chapter 5 

147 
 

Table 2 (continued) 

 F4  F5  F6  F7  
 1H 13C 1H 13C 1H 13C 1H 13C 
Ap 1a 3.74 64.7 3.71 65.0 3.71 64.9 3.72 64.9 
Ap 1b 3.58 64.7 3.57 65.0 3.59 64.9 3.59 64.9 
Ap 3 3.924 66.9 3.929 67.2 3.92 67.5 3.92 67.5 
Ap 4 4.13 78.2 4.146 78.4 4.14 78.3 4.14 78.3 
Ap 5 4.21 67.4 4.21 67.7 4.20 67.8 4.20 67.8 
Ap 6a 4.02 63.9 4.019 64.0 4.017 64.2 4.04 64.2 
Ap 6b 3.75 63.9 3.75 64.0 3.75 64.2 3.75 64.2 
         
Af 1a 3.58 63.3 3.600 63.6 3.60 63.8 3.60 63.8 
Af 1b 3.58 63.3 3.55 63.6 3.55 63.8 3.55 63.8 
Af 3 4.295 75.5 4.31 75.2 4.28 n.d. 4.28 n.d. 
Af 4 4.273 85.0 4.288 85.2 4.26 n.d. 4.26 n.d. 
Af 5 4.016 80.9 4.05 81.0 4.04 n.d. 4.04 n.d. 
Af 6a 3.81 63.4 3.81 63.8 3.81 64.0 3.81 64.0 
Af 6b 3.69 63.4 3.71 63.8 3.72 64.0 3.72 64.0 
         
Bp 1 4.593 101.8 4.619 101.6 4.594 101.3 4.594 101.3 
Bp 2 3.68 71.9 3.77 71.1 3.67 71.8 3.67 71.8 
Bp 3 3.79 73.7 3.85 83.2 3.79 74.0 3.79 74.0 
Bp 4 4.198 78.1 4.206 69.6 4.20 78.5 4.20 78.5 
Bp 5 3.76 76.1 3.70 76.2 3.74 75.7 3.74 75.7 
Bp 6a 3.83 61.6 3.72 62.0 3.75 62.0 3.75 62.0 
Bp 6b 3.77 61.6 3.80 62.0 3.80 62.0 3.80 62.0 
         
Bf 1 4.501 103.6 4.526 103.6 4.499 103.5 4.499 103.5 
Bf 2 3.66 71.9 3.73 71.1 3.65 72.3 3.65 72.3 
Bf 3 3.77 73.7 3.85 83.2 3.78 83.3 3.78 83.3 
Bf 4 4.187 78.1 4.194 69.6 4.20 78.5 4.20 69.2 
Bf 5 3.76 76.1 3.71 76.2 3.74 75.7 3.74 76.0 
Bf 6a 3.83 61.6 3.72 62.0 3.75 62.0 3.75 62.0 
Bf 6b 3.77 61.6 3.80 62.0 3.80 62.0 3.80 62.0 
         
C 1 4.610 105.0 4.616 105.5 4.664 105.3 4.664 105.3 
C 2 3.58 71.9 3.61 72.1 3.74 71.8 3.74 71.8 
C 3 3.65 73.7 3.67 73.6 3.84 83.3 3.84 83.3 
C 4 3.91 69.7 3.917 69.7 4.18 69.2 4.18 69.2 
C 5 3.71 76.1 3.71 76.2 3.71 76.0 3.71 76.0 
C 6a 3.83 61.0 3.72 62.0 3.75 62.0 3.75 62.0 
C 6b 3.77 61.0 3.80 62.0 3.80 62.0 3.80 62.0 
         
D 1     4.615 105.6 4.615 105.6 
D 2     3.62 72.3 3.62 72.3 
D 3     3.66 73.6 3.66 73.6 
D 4     3.92 69.8 3.92 69.8 
D 5     3.71 76.0 3.71 76.0 
D 6a     3.75 62.0 3.75 62.0 
D 6b     3.80 62.0 3.80 62.0 
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Optimization of OsLu yield 

The optimization of OsLu yield was tested with different enzyme amounts, 

substrate concentrations, temperatures, and incubation times (Figure 4). For the 

wild-type enzyme, the OsLu yield increased gradually when the enzyme units 

increased from 5 U/g lactulose to 15 U/g lactulose (Figure 4A). When the enzyme 

amount was increased from 5 U/g to 10 U/g, the OsLu yield of the R484H mutant 

enzyme remained almost similar. However, the OsLu yield of R484H enzyme 

increased greatly when the enzyme amount was 15 U/g (Figure 4A). Then, the 

influence of the substrate concentration on the OsLu yield was investigated at 

three lactulose concentrations: 40% (w/w), 50% (w/w), and 60% (w/w). For both 

wild-type and R484H enzymes, the OsLu yield increased when the substrate 

concentration increased, and both of them had the highest yield at 60% (w/w) 

lactulose concentration (Figure 4B). The influence of temperatures on the OsLu 

yield was studied at 40 oC, 50 oC, and 60 oC. Both the wild-type BgaD-D and 

R484H enzymes had low OsLu yield at low temperatures. When the temperature 

increased, the OsLu yield also increased, and the highest yield was observed at 60 
oC (Figure 4C). Finally, the incubation durations were also tested for both 

enzymes. Three incubation times were used in the experiments: 8 h, 16 h, and 24 

h. The wild-type enzyme had the highest OsLu yield at 8 h incubation, followed 

by 24 h incubation, and then 16 h incubation. The R484H mutant had the highest 

OsLu yield at 16 h incubation, and then 24 h incubation, and the 8 h incubation 

(Figure 4D). 

In summary, when the enzyme units, substrate concentrations, and temperatures 

increased, the OsLu yield also increased. The incubation durations were not 

similarly correlated with the OsLu yield. The optimal condition for the wild-type 

enzyme was 15 U/g lactulose, 60% (w/w) lactulose, 60 oC incubated for 8 h, with 

a yield of 202.9±2.3 g/L (i.e. a conversion of lactulose into OsLu of 25.7%). The 

optimal condition for the R484H enzyme was 15 U/g lactulose, 60% (w/w) 
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lactulose, 60 oC incubated for 16 h, with a yield of 197.7±5.4 g/L (i.e. a 

conversion of lactulose into OsLu of 25.0%). It is reported that β-galactosidase 

from A. oryzae had a OsLu yield of 50% (w/v) at the optimal incubation 

conditions [37], while β-galactosidase from Kluyveromyces marxianus yielded 45 

g OsLu from 100 g lactulose at its optimal reaction conditions [36]. Under the 

incubation conditions used the OsLu yields of both the wild-type and R484H 

mutant enzymes therefore were clearly lower than the values reported for these 

other enzymes. 

 

Figure 4. Effect of (A) enzyme units, (B) lactulose concentrations, (C) temperatures, and 
(D) incubation times on OsLu yield of the wild-type and R484H mutant β-galactosidase 
enzymes. Data obtained from duplicate experiments. Incubation conditions: (A) 50% 
(w/w) lactulose solution, incubated at 50 oC for 8 h; (B) 15 U/g enzyme, incubated at 50 
oC for 8 h; (C) 15 U/g enzyme, 60% (w/w) lactulose solution for 8 h; (D) 15 U/g enzyme, 
60% (w/w) lactulose solution, 60 oC. 

Growth of B. dentium and B. breve on OsLu and consumption of specific 

oligosaccharides 
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Growth of B. dentium and B. breve on different carbohydrate sources was 

studied.Clearly different growth patterns were observed on glucose, TS0903 GOS, 

OsLu (produced by WT and R484H mutant enzymes), and lactulose (Figure 

5).On all substrates tested, B. dentium showed a lag phase of about 8 h before 

growth started (Figure 5A). Growth on glucose was fastest, reaching a maximal 

optical density of OD600=2.0 at t = 15 h. B. dentium also showed a relatively fast 

growth on TS0903 GOS (a complex mixture), reaching OD600~1.8 at t = 20 h, 

only a little lower than on glucose. Apparently, most GOS molecules present in 

the TS0903 mixture can be used by B. dentium for growth. The growth rate was 

clearly lower with OsLu  as carbon source, and the maximal OD600 reached was 

~1.0 at t = 21 h. This indicates that only a limited number of the OsLu molecules 

present are used for growth. The growth rate and final OD on lactulose were 

lowest among the carbohydrates tested, reaching OD600~0.4 at t = 24 h, with 

growth still continuing. 

 

Figure 5. Growth of (A) B. dentium, and (B) B. breve on different carbohydrates as sole 
carbon source (each at 5 mg/mL concentration). Data was obtained from duplicate 
experiments. 

B. breve showed a lag phase of about 12 h before growth started (Figure 5B). 

Growth on glucose reached the maximal optical density (OD600=2.0) at t = 20 h, 

whereas growth on TS0903 GOS and OsLuresulted in final OD600~1.5 at t = 20 h 

and  OD600~1.4 at t = 27 h respectively. Similar to B. dentium, also B. breve grew 
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slowly on lactulose, the OD600 was ~0.6 at t = 28 h, again with growth still 

continuing. 

 

 

 

 

 

 

 

 

 

Figure 6. HPAEC-PAD analysis of the consumption of OsLu produced by WT and 
R484H enzymes by (A) B. dentium, and (B) B. breve during growth. For (A) B. dentium, 
samples were taken at 13 h and 24 h; (B) B. breve samples were taken at 14 h and 28 h. 

Culture samples of OsLu and TS0903 GOS grown cells were taken at different 

time points (Table 1) and analyzed for the utilization of the different compounds 

in these mixtures. For B. dentium, the OsLu culture samples were taken at the 

beginning of growth (13 h) and at the stationary phase (24 h). As can be seen 

from Figure 6A, B. dentium mainly used F5 (β-D-Galp-(1→3)-β-D-Galp-(1→4)-

D-Fru). At 13 h, the peak intensity of F5 was a little less than in the control. The 

peak was almost gone at 24 h when growth reached the stationary phase. Samples 

of the OsLu cultures of B. breve were taken at 14 h and 28 h. Also B. breve 

mainly used OsLu compound F5. Peak F5 was already very small at 14 h, and 

was almost gone at 28 h (Figure 6B). B. breve thus consumed F5 faster than B. 
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dentium (compare peak intensities at 14 h (Figure 6B), and 13 h (Figure 6A), 

respectively). Also the growth curves indicated that B. breve  (final OD600 ~1.4) 

grew better on this OsLu mixture than B. dentium (final OD600~1.0).   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. HPAEC-PAD analysis of the consumption of TS0903 GOS by (A) B. dentium, 
(B) B. breve during growth, samples were taken at 24 h, and 25 h, respectively.The GOS 
structures shown in (C) were identified based on previous publications [31], [32], [45].  

The consumption of TS0903 GOS during growth of B. dentium and B. breve was 

also investigated by analyzing culture samples taken at their respective stationary 

phases (24 and 25 h) (Figure 7). B. dentium clearly preferred use of all the 
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trisaccharides, peaks 10, 11, and 13 (Figure 7A,C), resulting in a final OD600~1.8 

(Figure 5A). In comparison, B. breve consumed a larger diversity of GOS 

structures (Figure 7B,C), resulting in a final OD600~1.5 (Figure 5B). Structures 10, 

11, 13 and 17 were partially consumed, while structures 18, 22, 23, and 24 were 

totally gone. In conclusion, B. dentium prefered to use GOS oligosaccharides 

with a lower DP (DP3) while B. breve prefered to use longer oligosaccharides 

(DP ≥ 4). 

Conclusions and perspectives 
In this study, the wild-type and R484H mutant β-galactosidase enzymes from B. 

circulans ATCC 31382 wer used to synthesize OsLu from lactulose. Analysis by 

NMR spectroscopy and MALDI-TOF-MS identified 6 trisaccharides and 2 

tetrasaccharides after separation with HPAEC-PAD, 5 of which are totally new-

to-nature structures. In previous studies, 4 OsLu structures were reported in total 

[16], [34], [35], [36], [37], our study thus greatly increased the number of known 

OsLu structures. The MALDI-TOF-MS data showed that the R484H mutant β-

galactosidase can produce up to DP6 OsLu. The OsLu product profiles of the 

wild-type BgaD-D and R484H mutant enzymes showed a preference for 

introducing (β1→4) linkages and (β1→3) linkages, respectively. Our previous 

study showed that when lactose was used as substrate, the wild-type enzyme had 

a strong preference for  (β1→4) linkages, only a trace amount of a (β1→3) linked 

trisaccharide was produced [41]. Here, however, when lactulose was used as 

substrate, the (β1→3) linked trisaccharide equivalent was the second largest peak 

in the OsLu profile of the wild-type enzyme (Figure 3). This difference indicates 

that the linkage preference of the β-galactosidase enzymes also depends on the 

substrates. Previously we have shown that mutant R484H also has a preference to 

introduce(β1→3) linkages when incubated with lactose [41]. 

The optimal conditions for the production of OsLu were also investigated in this 

study (Figure 4). The wild-type enzyme had a highest yield of 202.9±2.3 g/L at 
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15 U/g lactulose, 60% (w/w) lactulose, and 60 oC incubated for 8 h. The R484H 

mutant enzyme had a highest yield of 197.7±5.4 g/L at 15 U/g lactulose, 60% 

(w/w) lactulose, 60 oC incubated for 16 h. Although the OsLu yields were not so 

high when compared to that of the previously reported A. oryzae and K. 

marxianus β-galactosidases [36], [37], our data show a higher variety of OsLu 

structures. 

Lactulose was a relatively poor growth substrate for both B. dentium and B. breve. 

Both these strains clearly grew much better on OsLu than on lactulose, with B. 

breve reaching a higher cell density than B.dentium (Figure 5).  The TS0903 GOS 

acted as a better growth substrate than OsLu for B. dentium. In contrast, B. breve 

reached a similar cell density when growing on OsLu or TS0903 GOS. Both 

Bifidobactera only consumed the β-D-Galp-(1→3)-β-D-Galp-(1→4)-D-Fru 
structure when growing on OsLu (Figure 6), reflecting a strong structural 

preference either in their transport systems and/or in their catabolic enzymes. 

When growing on TS0903 GOS, B. dentium had a strong preference for the 

oligosaccharides with a lower DP (DP3) while B. breve had a preference for 

longer oligosaccharides (DP ≥ 4) (Figure 7). 

To our best knowledge, this is the first study reporting synthesis of OsLu using a 

mutant β-galactosidase enzyme and their utilization for growth by Bifidobacteria. 

The identified OsLu structures greatly increased the number of known OsLu 

structures (from 4 to 9). The utilization of OsLu and TS0903 GOS for growth 

showed distinct features, which may be caused by the different enzymes 

produced by these Bifidobacteria, topic of  study in our future work. The growth 

studies also showed that OsLu may find applications as prebiotic compounds, 

especially when considering that OsLu trisaccharides were much more resistant 

to gut digestion than GOS trisaccharides [24]. 

Abbreviations used 
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GOS, galactooligosaccharides; HPAEC-PAD, high-pH anion-exchange 

chromatography coupled with pulsed amperometric detection; NMR, nuclear 

magnetic resonance. MALDI-TOF-MS, Matrix Assisted Laser 

Desorption/Ionization-Time of Flight Mass Spectrometry; Gal, galactose; Fru, 

fructose; Lactu, lactulose; OsLu, oligosaccharides derived from lactulose. 
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Supplementary 

 

 

Figure S1. 1D 1H NMR spectrum, 2D TOCSY (black) 2D ROESY (Red) and 13C-1H 
gHSQC spectra for fraction F1. 
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Figure S2. 1D 1H NMR spectrum, 2D TOCSY (black) 2D ROESY (Red) and 13C-1H 
gHSQC spectra for fraction F2. 
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Figure S3. 1D 1H NMR spectrum, 2D TOCSY (black) 2D ROESY (Red) and 13C-1H 
gHSQC spectra for fraction F3. 
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Figure S4. 1D 1H NMR spectrum, 2D TOCSY (black) 2D ROESY (Red) and 13C-1H 
gHSQC spectra for fraction F4. 
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Figure S5. 1D 1H NMR spectrum, 2D TOCSY (black) 2D ROESY (Red) and 13C-1H 
gHSQC spectra for fraction F5. 
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Figure S6. 1D 1H NMR spectrum, 2D TOCSY (black) 2D ROESY (Red) and 13C-1H 
gHSQC spectra for fraction F6. 
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Figure S7. 1D 1H NMR spectrum, 2D TOCSY (black) 2D ROESY (Red) and 13C-1H 
gHSQC spectra for fraction F7. 
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Bifidobacterium medium (without carbon-source) 
 
10 g   trypticase peptone 
2.5 g   yeast extract 
3 g   tryptose 
3 g   K2HPO4 
3 g   KH2PO4 

2 g   triammonium citrate 
0.3 g   pyruvic acid 
1.0 g (w/v)  Tween 80 
0.574 g   MgSO4·7H2O 
0.12 g   MnSO4·1H2O 
5 g   NaCl 
 
 
Dissolve in 1 l distilled water and boil. Add 0.05% (w/v) Cysteine-HCl and bring 
down to pH 6.8. Sterilize through autoclaving.  
 
According to:  
Ryan, S. M., Fitzgerald, G. F. and van Sinderen, D. (2006) Screening for and 
identification of starch-, amylopectin-, and pullulan-degrading activities in 
bifidobacterial strains. Appl. Environ. Microbiol. 72, 5289-5296. 
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Microbial β-galactosidase enzymes are widely used as biocatalysts in industry to 

produce prebiotic galactooligosaccharides (GOS) from lactose. GOS are added in 

infant formula to mimic the molecular size and prebiotic benefits of human 

oligosaccharides (hMOS) [1], [2], [3]. GOS are oligosaccharides that consist of a 

number of galactose units linked to a terminal glucose or galactose residue via 

different glycosidic bonds, with degrees of polymerization (DP) from 2 to 10 

units [4]. Various β-galactosidases have been characterized and their GOS 

products identified. In recent years our research group has optimized GOS 

structural characterization [5], resulting in detailed analysis and comparison of 7 

commercial GOS product mixtures [6]. The GOS composition of these mixtures 

varies strongly, in size and in structure, including variations in linkage specificity. 

It has remained unclear what enzyme structural features determine GOS diversity 

and linkage specificity (Chapter 1). To study this in more detail we first made a 

careful comparison of three commercially used β-galactosidase enzymes, from B. 

circulans, K. lactis, and A. oryzae (Chapter 2). It turned out that the β-

galactosidase from B. circulans has the highest GOS yield and synthesizes the 

largest variety in GOS structures. Then structure-based site-directed mutagenesis 

was applied to the B. circulans β-galactosidase to clarify the functions of 

individual amino acid residues in the active site, followed by the structural 

determination of their product specificity (Chapters 3 & 4). In the last part, 

lactulose was used as substrate for the B. circulans wild-type and mutant enzymes 

to compare the lactulose and lactose product specificity, and to broaden the 

application of β-galactosidases (Chapter 5). 

Comparison of three commercial β-galactosidases 

β-Galactosidases from different origins are used to synthesize GOS mixtures 

from lactose, especially the enzymes from the bacterium B. circulans, the yeast K. 

lactis, and the mould A. oryzae. These three enzymes have been characterized 

previously regarding their GOS yield, the optimal reaction pH, and optimal 
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reaction temperature. In chapter 2, we reported a detailed comparative study of 

the product profiles of these three enzymes from lactose. We identified 21, 12, 

and 11 major GOS structures as products from the β-galactosidases from B. 

circulans, K. lactis, and A. oryzae, respectively. GOS produced by the B. 

circulans β-galactosidase is a mixture of (β1→4), (β1→2), (β1→3), (β1→6) 

linked structures, among which the most abundant structures have (β1→4) 

linkages. The (β1→4) elongation of lactose (4`GalLac) was the first synthesized 

structure, with lactose as both donor and acceptor substrate. The structures with 

other linkages were synthesized later, and were then elongated with further 

(β1→4) linked galactose units, forming a variety of GOS structures. The data 

show that β-galactosidase from B. circulans clearly has a strong preference for 

this (β1→4) linkage type. The K. lactis β-galactosidase mostly forms GOS with 

(β1→6) linkages. The structure [β-D-Galp-(1→6)-β-D-Galp-(1→4)-D-Glcp] was 

first formed using lactose as both donor and acceptor substrate. Then some non-

lactose disaccharides were formed, and subsequently elongated with (β1→6) 

linkages. The β-galactosidase from A. oryzae also has a preference for 

synthesizing GOS with (β1→6) linkages, with [β-D-Galp-(1→6)-β-D-Galp-

(1→4)-D-Glcp] as the major structure.  

Also the maximum GOS yields were clearly different, namely 48.3±1.2%, 

34.9±1.8%, and 19.5±2.2% for the β-galactosidases from B. circulans, K. lactis, 

and A. oryzae, respectively. The maximum yields were achieved at 8, 6, and 8 h 

of incubation, respectively. The kinetic changes of the major structures produced 

by these three enzymes showed that the GOS composition thus strongly depends 

on the enzyme source and is dynamically related to the reaction time. However, 

the determinants for these differences in GOS composition remained unclear. 

Previous studies have speculated that the galactose and glucose produced by the 

β-galactosidase enzymes are inhibitors for the transgalactosylation reaction. Our 

experimental results showed that the effects of these two monosaccharides are 
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dependent on the enzyme source, and are not necessarily inhibitors. The β-

galactosidases from B. circulans and K. lactis used both galactose and glucose as 

acceptor substrates in the transgalactosylation reaction. Glucose also could be 

used as acceptor substrate by the A. oryzae β-galactosidase, while galactose was a 

clear inhibitor for its transgalactosylation reaction [7].  

Structural basis for product specificity of the β-galactosidase from B. 

circulans 

GOS composition may vary in linkage type, in size (DP) and branching, but it has 

remained unclear what protein structural features determine this product 

specificity. Guided by the three dimensional structure of the B. circulans β-

galactosidase, we identified residue Arg484 in the active site of its C-terminally 

truncated BgaD-D variant, and subjected it to site saturation mutagenesis 

(Chapter 3). The results showed that all the mutations at this position altered the 

product linkage specificity, and resulted in a clearly different GOS product 

specificity. NMR analysis of the GOS mixture produced by Arg484Ser revealed 

that it contained a combination of both (β1→3) and (β1→4) linkages, while the 

GOS mixture produced by the wild-type enzyme was dominated by (β1→4) 

linkages. It is also noticeable that the yield of the trisaccharide β-D-Galp-(1→3)-

β-D-Galp-(1→4)-D-Glcp produced by mutants R484S and R484H increased 50 

times compared to that of the wild-type enzyme. NMR analysis showed that 10 

novel GOS structures were produced by the Arg484Ser mutant, thus greatly 

enriching the total number of known (from 60 to 70) GOS structures. Although 

the mutant enzymes had a clearly altered GOS linkage specificity, the GOS yield 

did not change significantly. These results indicate that residue R484 is crucial 

for the linkage specificity of BgaD-D. This is the first study showing that β-

galactosidase enzyme engineering results in an altered GOS linkage specificity 

and product mixture [8]. 
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Structure-function relationship of residues in the active site of β-

galactosidase from B. circulans 

The crystal structure of a C-terminally truncated version of β-galactosidase from 

B. circulans (BgaD-D) has been elucidated in detail [9]. However, the roles of 

amino acid residues in the active site have remained unknown. In chapter 4, 

based on the structural alignment of BgaD-D with BgaA from Streptococcus 

pneumoniae, and the complex of BgaA with LacNAc, we identified 8 active site 

amino acid residues (Arg185, Asp481, Lys487, Tyr511, Trp570, Trp593, Glu601, 

and Phe616) in BgaD-D, which can be grouped in four sets based on their precise 

location. 

The first group includes Arg185 and Glu601 which are located in the -1 substrate 

binding subsite (+n represents the non-reducing end and -n the reducing end, with 

cleavage taking place between the +1 and -1 subsites [10]) of BgaD-D. All 

mutants of Arg185 and Glu601 lost detectable enzyme activity. These two 

residues are strongly conserved in sequence alignments of GH2 β-galactosidases. 

Combined with the structural alignment with BgaA, we conclude that these two 

non-catalytic residues are essential for enzyme activity and may be involved in 

binding and positioning of the substrate. 

The second group contains only one residue, Tyr511. The OH-group of Tyr511 

has a hydrogen-bond interaction with the nearby nucleophile Glu532, it may 

donate its proton to the nucleophile to assist in catalysis. None of the obtained 

mutants were active thus confirming that Tyr511 is essential for enzyme activity. 

The third group includes three aromatic residues: Trp570, located near the +1 

subsite, and Trp593 and Phe616 that are located near the -1 subsite. These three 

residues form an aromatic pocket shaping the substrate binding site. The 

mutations at these residues greatly reduced the enzyme activity, especially the 

non-aromatic substitutions. Analysis of their GOS profiles showed that mutations 
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at these sites changed the linkage preference and enhanced the percentage of 

small oligosaccharides. Besides, Trp570 is essential for determining a relatively 

high ratio of transgalactosylation and hydrolysis activity, suggesting that it is 

involved in the selection of the acceptor substrate, either water or carbohydrates. 

Similarly, Trp999, an aromatic residue located at the +1 subsite of E. coli LacZ, 

is also a key residue for the selection of acceptor substrates and to ensure high 

yields of transgalactosylation products [11]. 

The last group is Asp481 and Lys487. Together with Arg484, they are located 

near the +1 subsite. Mutations at Asp481 reduced the enzyme activity 

dramatically. The GOS product profiles of Asp481 and Lys487 mutants changed 

strongly compared to that of the wild-type enzyme, resembling the changes seen 

with Arg484 mutants (Chapter 3). Considering that Asp481 is close to the 

acid/base catalyst Glu447, mutations at this site may affect the orientation of 

Glu447, thus influencing the catalysis and substrate binding. Lys487 is relatively 

far away from the +1 subsite and the activity of the mutants derived is relatively 

high compared to the mutants at the Asp481 site. Some of the Asp481 and 

Lys487 mutants showed a similar GOS profile as the wild-type enzyme, while 

others showed a similar GOS profile to that of Arg484 mutants. Mutations in 

Lys487 may affect the micro-environment of the +1 subsite, thus affecting the 

GOS profile and linkage specificity. 

Chapter 4 thus gives a detailed biochemical characterization and product profile 

analysis of mutant enzymes with changed amino acid residues in the active site of 

BgaD-D of B. circulans. The data showed that these residues play crucial roles in 

binding and positioning of the substrate, and thus in determining the enzyme 

activity and product profile [12]. 
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Synthesis of oligosaccharides derived from lactulose by wild-type and R484H 

mutant β-galactosidases from B. circulans and their utilization for growth by 

Bifidobacteria 

Oligosaccharides derived from lactulose (β-D-Galp-(1→4)-D-Fru) are drawing 

more and more attention nowadays because of their strong resistance to gut 

digestion, and the need to discover novel prebiotics. Studies on the structures and 

functions of lactulose derived oligosaccharides (OsLu) are very limited. In 

chapter 5, we report the synthesis of OsLu using the wild-type and R484H 

mutant BgaD-D β-galactosidases from B. circulans, and the separation and 

identification of their structures. The probiotic bacteria Bifidobacterium dentium 

and Bifidobacterium breve strains were tested for their ability to grow and use 

these purified OsLu and TS0903 GOS (Vivinal GOS minus mono- and 

disaccharides) as carbon sources. 

In total, 8 OsLu structures were identified by the NMR analysis, and 5 of them 

represent totally new structures, which greatly enriched the number of known 

OsLu structures. The wild-type BgaD-D enzyme had the highest product yield of 

202.9±2.3 g/L in incubations with 15 U/g lactulose, using 60% (w/w) lactulose 

(60 oC, for 8 h). The R484H mutant enzyme had a highest product yield of 

197.7±5.4 g/L in incubations with 15 U/g lactulose, using 60% (w/w) lactulose 

(60 oC, for 16 h). Both Bifidobacteria only consumed the newly discovered β-D-

Galp-(1→3)-β-D-Galp-(1→4)-D-Fru structure when incubated with this OsLu 

mixture. When growing on TS0903 GOS, B. dentium had a strong preference for 

oligosaccharides with a lower DP (DP3) while B. breve had a preference for 

longer oligosaccharides (DP ≥ 4). 

This study reports a detailed analysis of the synthesis of OsLu using a (mutant) β-

galactosidase enzyme and their utilization as growth substrates by Bifidobacteria. 

Considering the very limited structures of OsLu reported previously and the 
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general lack of growth tests of OsLu with probiotic bacteria, this study gave 

important new insights into the structures and utilization of OsLu. 

Conclusions  

This thesis reported the biochemical characterization of β-galactosidase enzymes 

and their products. Firstly, a detailed analysis of the GOS products synthesized by 

three commercial β-galactosidases from B. circulans, K. lactis, and A. oryzae. 

Their yields, linkage specificity, and diversity of GOS products were very 

different from each other. Among them, β-galactosidase from B. circulans had 

the highest GOS yield and product diversity. Then, protein structure-based 

mutagenesis was applied to β-galactosidase from B. circulans to investigate the 

roles of specific amino acid residues in the active site, putative determinants of 

GOS linkage specificity, which had not been studied previously. The roles of 

these amino acid residues in enzyme functions, activity, and linkage specificity, 

were studied in detail. The residues in the -1 subsite are essential for the enzyme 

activity and substrate binding. The aromatic residues in the active site form an 

aromatic pocket that can shape the binding of the acceptor substrate, changing the 

linkage ratio of the GOS products. Besides, mutations in the Trp570 aromatic 

residue in the +1 subsite changed the transgalactosylation/hydrolysis ratio of the 

enzyme, suggesting that it is involved in the selection of acceptor substrate, either 

water or carbohydrates, essential for a relatively high transgalactosylation activity. 

The residues located near the +1 subsite are essential for the linkage specificity of 

the GOS products, mutations at these positions yielded a GOS mixture with 

altered linkage specificity. This is the first study showing that enzyme 

engineering changed the linkage specificity of β-galactosidase enzymes. 

Considering the sequence similarity between β-galactosidases, mutations in these 

residues also may be applied to other β-galactosidase enzymes, to change their 

linkage specificity or the transgalactosylation/hydrolysis ratio. GOS mixtures 

with altered linkage specificity may have new functionalities which can be used 
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as prebiotics in the future. The ultimate goal is to engineer β-galactosidase to 

produce GOS with specific structures and desired functions. Our study provided 

important insights into the structure-function relationships of β-galactosidase 

enzymes. Finally, lactulose was used as substrate for both the wild-type and 

mutant β-galactosidase enzymes from B. circulans. This resulted in the synthesis 

and structural characterization of 5 new oligosaccharides from lactulose. Growth 

tests with Bifidobacteria suggested that the OsLu mixture are promising new 

prebiotics.  

β-Galactosidases are interesting enzymes and widely used as biocatalysts in 

industry. Further process engineering and enzyme engineering studies are likely 

to yield β-galactosidases that can produce tailor-made oligosaccharides with 

desired functions. 
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Microbiële β-galactosidase enzymen worden op brede schaal in de industrie 

toegepast als biokatalysatoren om prebiotische galactooligosachariden (GOS) te 

produceren uit lactose. GOS worden toegevoegd aan babyvoeding vanwege het 

feit dat hun moleculaire grootte en prebiotische eigenschappen erg lijken op die 

van humane oligosachariden (hMOS) [1], [2], [3]. GOS zijn oligosachariden 

opgebouwd uit een aantal galactose eenheden en een terminale glucose of 

galactose eenheid, verbonden via verschillende types glycosidische bindingen, 

met een polymerisatiegraad (DP) van 2 tot 10 [4]. Verschillende β-galactosidase 

enzymen zijn gekarakteriseerd, en hun GOS producten geïdentificeerd. In de 

afgelopen jaren heeft onze onderzoeksgroep methodes ontwikkeld en 

geoptimaliseerd om de moleculaire structuur van deze GOS producten te 

karakteriseren [5], en dit heeft geresulteerd in een gedetailleerde analyse en 

vergelijking van 7 commerciële GOS productmengsels [6]. De samenstelling van 

deze mengsels bleek sterk te verschillen qua grootte en structuuropbouw, 

waaronder verschillen in types glycosidische binding. Het bleef echter 

onduidelijk hoe structurele verschillen tussen de gebruikte enzymen bijdragen aan 

de variëteit van de producten, o.a. wat betreft het synthetiseren van verschillende 

types glycosidische binding tussen de suikereenheden (Hoofdstuk 1). We 

onderzochten dit door allereerst een zorgvuldige vergelijking te maken van 3 

commercieel gebruikte β-galactosidase enzymen, namelijk die van Bacillus 

circulans, Kluyveromyces lactis en Aspergillus oryzae (Hoofdstuk 2). Hieruit 

bleek dat de β-galactosidase van B. circulans de hoogste GOS opbrengst heeft en 

bovendien het GOS mengsel met de grootste diversiteit synthetiseert. Deze 

bevindingen brachten ons er toe om - op basis van de 3D structuur van dit enzym 

- gerichte mutaties aan te brengen en de productspecificiteit van deze mutanten te 

bepalen (Hoofdstuk 3 & 4). Op deze manier kon de functie van individuele 

aminozuur residuen in de actieve holte worden opgehelderd. Tenslotte werd de 

productspecificiteit van wild-type en mutanten van het B. circulans β-

galactosidase enzym bepaald met gebruik van lactulose als substraat, en 
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vergeleken met dat van lactose, om zo de toepasbaarheid van β-galactosidases te 

vergroten (Hoofdstuk 5). 

Vergelijking van drie commerciële β-galactosidases 

Om GOS mengsels te synthetiseren uit lactose worden β-galactosidase enzymen 

uit verschillende organismen gebruikt, met name die uit B. circulans (een 

bacterie), K. lactis (een gist), en A. oryzae (een schimmel). Deze drie enzymen 

werden eerder al gekarakteriseerd qua GOS opbrengst, optimale 

reactietemperatuur en pH. Hoofdstuk 2 geeft een meer gedetailleerde 

vergelijking van de productprofielen van deze drie enzymen (B. circulans, K. 

lactis en A. oryzae), waarbij lactose als substraat werd gebruikt. In deze profielen 

werden respectievelijk 21, 12 en 11 verschillende GOS-hoofdstructuren 

geïdentificeerd. Het GOS mengsel geproduceerd door de B. circulans β-

galactosidase bevatte structuren met (β1→4), (β1→2), (β1→3) en (β1→6) 

glycosidische bindingen, waarbij de meest voorkomende producten bindingen 

van het (β1→4) type hadden. 4`GalLac, onstaan door de elongatie van lactose 

met een (β1→4) binding, bleek het eerst gesynthetiseerde product, waarbij 

lactose als donor- en acceptorsubstraat fungeert. Producten met andere 

bindingstypes werden later in de reactie gesynthetiseerd en verder verlengd met 

galactose eenheden via (β1→4) bindingen; op deze manier vormde zich een scala 

aan GOS structuren. De resultaten maakten duidelijk dat het B. circulans β-

galactosidase enzym inderdaad een sterke voorkeur heeft voor het vormen van 

(β1→4) bindingen. Het K. lactis enzym daarentegen synthetiseerde vooral GOS 

met (β1→6) bindingen; het eerste product van dit enzym was [β-D-Galp-(1→6)-

β-D-Galp-(1→4)-D-Glcp] waarbij lactose zowel donor- als acceptorsubstraat is. 

Later in de reactie werden ook enkele disachariden anders dan lactose gevormd, 

die dan verder werden verlengd met (β1→6)-verbonden galactose eenheden. 

Tenslotte vonden we dat het β-galactosidase enzym uit A. oryzae ook een 
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voorkeur heeft voor het synthetiseren van GOS met (β1→6) bindingen, waarbij 

[β-D-Galp-(1→6)-β-D-Galp-(1→4)-D-Glcp] het meest voorkomende product is. 

Ook de maximale GOS opbrengst van de drie enzymen verschilde duidelijk en 

bedroeg respectievelijk 48.3±1.2%, 34.9±1.8%, and 19.5±2.2% (van totale 

suikers) voor B. circulans, K. lactis, en A. oryzae, respectievelijk bereikt na 8, 6 

en 8 uur incubatie. Als we de productprofielen van deze drie enzymen vergelijken, 

en deze bekijken als functie van de tijd, is duidelijk dat de GOS samenstelling 

sterk afhangt van het organisme waaruit het enzym werd geïsoleerd, en 

bovendien varieert gedurende de reactietijd. Deze resultaten gaven echter nog 

geen antwoorden op de vraag waardoor deze verschillen ontstonden. 

In eerdere onderzoeken werd gespeculeerd dat galactose en glucose, gevormd 

tijdens de β-galactosidase reactie, de transglycosyleringsreactie remmen. Onze 

experimenten toonden aan dat het effect van deze twee monosacchariden 

verschilt per organisme waaruit het enzym werd geïsoleerd, maar ook dat ze niet 

noodzakelijkerwijs remmers zijn. De β-galactosidase enzymen uit B. circulans en 

K. lactis bleken in staat om zowel galactose als glucose te gebruiken als acceptor 

substraat in de transglycosyleringsreactie. Ook het A. oryzae enzym kan glucose 

als acceptor substraat gebruiken, terwijl galactose voor dit enzym duidelijk een 

remmer is [7]. 

Structurele grondslag voor de productspecificiteit van B. circulans β-

galactosidase 

De samenstelling van GOS kan variëren in type binding, grootte 

(polymerisatiegraad, DP) en vertakkingspercentage; welke structurele 

determinanten in de enzymen hiervoor verantwoordelijk zijn was tot nu toe 

onduidelijk. Met de beschikbare 3D kristalstructuur van de C-terminaal 

getrunceerde BgaD-D variant van het B. circulans β-galactosidase enzym als 

leidraad richtten we ons allereerst op Arg484 in de actieve holte, en voerden een 
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verzadigingsmutagenese experiment uit op deze positie (Hoofdstuk 3). De 

resultaten lieten zien dat alle mutaties van dit aminozuur residu de 

productbindingsspecificiteit beïnvloeden en een duidelijk veranderd GOS 

productprofiel tot gevolg hebben. Uit de NMR-analyse van het GOS mengsel van 

de Arg484Ser mutant bleek dat het GOS mengsel zowel (β1→3) als (β1→4) 

bindingen bevatte, terwijl dit voor het wild-type enzym voornamelijk (β1→4) 

was. Zeer opvallend was ook een 50-voudige toename van de hoeveelheid van het 

trisaccharide β-D-Galp-(1→3)-β-D-Galp-(1→4)-D-Glcp gesynthetiseerd door de 

Arg484Ser en Arg484His mutanten, in vergelijking met wild-type. NMR-analyse 

liet verder zien dat de Arg484Ser mutant 10 nog niet eerder beschreven GOS 

structuren produceert, daarmee het totaal aantal bekende GOS structuren verder 

verhogend (van 60 naar 70). Hoewel de mutanten een duidelijk andere 

bindingsspecificiteit hadden, bleef de totale hoeveelheid geproduceerd GOS 

vrijwel onveranderd. Uit onze resultaten blijkt dus dat Arg484 een cruciale rol 

speelt voor wat betreft de productbindingsspecificiteit van BgaD-D; overigens is 

dit de eerste studie die aantoont dat enzyme engineering van een β-galactosidase 

resulteert in een gewijzigde GOS bindingsspecificiteit en GOS product mengsel 

[8]. 

Structuur-functie relatie van residuen in de actieve holte van het B. circulans 

β-galactosidase 

De kristalstructuur van een C-terminaal getrunceerd construct van de β-

galactosidase uit B. circulans (BgaD-D) is in detail opgehelderd [9]. De bijdragen 

van de aminozuur residuen in de actieve holte zijn echter niet volledig duidelijk. 

In Hoofdstuk 4 identificeren we, op basis van vergelijking van de 

aminozuursequenties van BgaD-D en een andere β-galactosidase (Streptococcus 

pneumoniae BgaA), en de structuur van een complex van BgaA met LacNAc, 

acht aminozuur residuen in de actieve holte van BgaD-D (Arg185, Asp481, 
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Lys487, Tyr511, Trp570, Trp593, Glu601, en Phe616); deze acht kunnen op basis 

van hun locatie worden ingedeeld in vier groepen. 

De eerste groep bevat Arg185 en Glu601 en draagt bij aan subsite -1 van de 

substraatbindingssite van BgaD-D (het substraat bindt met het niet-reducerende 

eind in +n subsites, en met het reducerend eind in –n subsites, waarbij splitsing 

plaatsvindt tussen +1 en -1 [10]). Deze twee (niet-katalytische) aminozuur 

residuen zijn sterk geconserveerd in glycosyl hydrolase familie GH2 β-

galactosidases; uit de structurele superpositie van BgaD-D en BgaA kunnen we 

aannemen dat ze betrokken zijn bij de binding en positionering van het substraat. 

De tweede groep bestaat uit één enkel residu, namelijk Tyr511. De OH-groep van 

Tyr511 gaat een waterstofbrug interactie aan met het dichtbij gelegen nucleofiele 

residu Glu532; het proton van de Tyr511 OH-groep zou dus kunnen worden 

overgedragen op de nucleofiel om zo bij te dragen aan katalyse van de reactie. 

Inderdaad was geen enkele van de Tyr511 mutanten actief; dit residu is dus 

essentieel voor de enzymactiviteit. 

De derde groep omvat drie aromatische residuen: Trp570 nabij subsite +1, en 

Trp593 en Phe616 nabij subsite -1. Samen vormen deze drie residuen een 

aromatische holte en bepalen mede de vorm van de plek waar het substraat bindt. 

Mutaties van deze residuen gaven een sterk verminderde enzym activiteit, vooral 

als het niet-aromatische substituties betrof. Analyse van de GOS profielen toonde 

aan dat de voorkeur qua bindingstype was veranderd, en dat er relatief meer 

kleine oligosacharide producten werden gesynthetiseerd. Bovendien bleek dat 

Trp570 essentieel was om een relatief hoge verhouding tussen transglycosylering 

en hydrolyse te bewerkstelligen; dit suggereert dat het betrokken is in selectie van 

het acceptor substraat (water of koolydraten). Een vergelijkbare situatie doet zich 

voor in E. coli LacZ, waar Trp999, een aromatisch residue nabij subsite +1, ook 
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een sleutelrol heeft in de selectie van acceptoren, en de transgalactosylerings-

opbrengst veiligstelt [11]. 

De laatste groep bestaat uit Asp481 en Lys487. Samen met Arg484 bevinden 

deze residuen zich nabij subsite +1. Mutaties van Asp481 verlagen de 

enzymactiviteit aanzienlijk. De GOS product profielen van mutanten van Asp481 

en Lys487 waren sterk gewijzigd ten opzichte van het wild-type enzym, net zoals 

eerder voor Arg484 was waargenomen (Hoofdstuk 3). Omdat Asp481 zich 

vlakbij de zuur/base katalysator Glu447 bevindt, zouden de mutaties de oriëntatie 

van Glu447 kunnen beïnvloeden en dus ook de katalyse en substraatbinding. 

Lys487 is relatief ver weg van de +1 subsite, en de activiteit van mutanten van dit 

residu is relatief hoog in vergelijking met die van Asp481 mutanten. Sommige 

Asp481 en Lys487 mutanten hadden een GOS profiel dat vergelijkbaar is met dat 

van het wild-type enzym, terwijl anderen een GOS profiel hadden dat meer 

vergelijkbaar is met dat van Arg484 mutanten. Mutaties van Lys487 zouden de 

micro-omgeving van subsite +1 kunnen veranderen en daardoor het GOS profiel 

en de bindingstype-specificiteit.  

Hoofdstuk 4 omvat dus een gedetailleerde biochemische karakterisering en 

analyse van de productprofielen van mutanten betreffende aminozuur residuen in 

de actieve holte van B. circulans BgaD-D. De resultaten laten zien dat deze 

residuen een cruciale rol spelen in het binden en positioneren van het substraat, 

en daarmee bepalend zijn voor de enzymactiviteit en het productprofiel [12]. 

Synthese van oligosachariden gevormd uit lactulose door wild-type en de 

Arg484His mutant van β-galactosidases uit B. circulans, en hun benutting 

voor de groei van Bifidobacteria 

De interesse voor oligosachariden afgeleid van lactulose (β-D-Galp-(1→4)-D-Fru) 

is recentelijk toegenomen vanwege hun hoge weerstand tegen vertering in het 

darmstelsel, ook in verband met de zoektocht naar nieuwe prebiotica. Er is echter 
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nog niet veel onderzoek naar de structuur en functie van lactulose-afgeleide 

oligosachariden (OsLu) gedaan. In hoofdstuk 5 beschrijven we de synthese van 

OsLu door β-galactosidase BgaD-D uit B. circulans (wild-type en mutant 

Arg484His), alsmede de scheiding en identificatie van OsLu structuren. De 

probiotische bacteriëstammen Bifidobacterium dentium en Bifidobacterium breve 

werden getest op hun vermogen om deze (gezuiverde) OsLu te gebruiken als 

koolstofbron en daarop te groeien; hetzelfde werd gedaan voor TS0903 GOS 

(Vivinal GOS zonder mono- en disacchariden). 

In totaal werden in een NMR analyse 8 OsLu structuren geïdentificeerd; 5 

hiervan kunnen als geheel nieuw worden beschouwd en vergroten dus het aantal 

beschreven OsLu structuren aanzienlijk. Het wild-type BgaD-D enzym vertoonde 

de hoogste productopbrengst in incubaties met 15 U/g lactulose: 202.9±2.3 g/L, 

gebruikmakend van 60% (w/w) lactulose bij 60oC gedurende 8 uur. De 

Arg484His mutant had een hoogste opbrengst van 197.7±5.4 g/L bij gelijke 

omstandigheden maar gedurende 16 uur. Incubatie van de twee Bifidobacterie 

stammen met het gevormde OsLu mengsel liet zien dat alleen  de nieuw ontdekte 

verbinding β-D-Galp-(1→3)-β-D-Galp-(1→4)-D-Fru werd geconsumeerd. In 

aanwezigheid van TS0903 GOS had B. dentium een sterke voorkeur voor 

oligosachariden met een lage DP (DP3), terwijl B.breve een voorkeur liet zien 

voor langere oligosachariden (DP ≥ 4). 

Dit onderzoek geeft dus een gedetailleerde analyse van de synthese van OsLu, 

gebruikmakend van een β-galactosidase (wild-type of mutant), en de benutting 

van OsLu als groeisubstraten door Bifidobacteria. Omdat er nog maar weinig 

OsLu structuren bekend waren, en omdat het aantal studies waarbij ze als 

groeisubstraat voor probiotische bacteriën werden getest beperkt is, geeft ons 

onderzoek belangrijke nieuwe inzichten in dit veld. 

Conclusies 
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Dit proefschrift beschrijft de biochemische karakterisering van β-galactosidase 

enzymen en hun producten. Ten eerste laat een gedetailleerde analyse van de 

GOS producten gesynthetiseerd door drie commerciële β-galactosidases (uit B. 

circulans, K. lactis en A. oryzae) zien dat hun opbrengsten, bindingstype-

specificiteit en diversiteit van GOS producten sterk verschillen van elkaar. Van 

de drie enzymen had het B. circulans enzym de hoogste GOS opbrengst en de 

hoogste diversiteit. Na deze analyse werd – aan de hand van de eiwitstructuur – 

gerichte mutagenese toegepast op deze B. circulans β-galactosidase om de rol van 

specifieke aminozuur residuen in de actieve holte van het enzym te onderzoeken, 

en om mogelijk niet eerder onderzochte determinanten van GOS bindingstype-

specificiteit te identificeren. De rol van deze aminozuur residuen met betrekking 

tot enzymfunctie, activiteit en bindingstype-specificiteit werd in detail bestudeerd. 

Hieruit bleek dat residuen in subsite -1 essentieel zijn voor enzymactiviteit en 

substraatbinding. Aromatische residuen in de actieve holte vormen een 

aromatische holte die de binding van acceptorsubstraten bepaalt en de verhouding 

tussen producten met verschillende bindingstypes beïnvloedt. Ook bleek dat 

mutaties van het aromatische residu Trp570 de transgalactosylering/hydrolyse 

verhouding van het enzym beïnvloeden; dit suggereert dat dit residu betrokken is 

bij de selectie van acceptorsubstraten (water of koolhydraten) en essentieel is 

voor de relatief hoge transgalactosyleringsactiviteit. De residuen die gelegen zijn 

nabij subsite +1 zijn essentieel voor de bindingstype-specificiteit; mutaties op 

deze posities resulteerden in een verandering in bindingstype-specificiteit. Ons 

onderzoek is het eerste dat beschrijft hoe enzyme engineering toegepast op β-

galactosidase de bindingstype-specificiteit wijzigt. Gezien de vergelijkbaarheid 

van β-galactosidase aminozuurvolgordes kunnen mutaties van genoemde 

residuen wellicht ook toegepast worden op andere β-galactosidase enzymen, om 

zo hun bindingstype-specificiteit en de verhouding tussen transgalactosylering en 

hydrolyse te wijzigen. Mogelijk hebben GOS mengsels met een gewijzigd 

bindingstype-verdeling nieuwe functionaliteit en kunnen deze in de toekomst als 
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prebiotica worden toegepast. Het uiteindelijke doel is om β-galactosidase 

enzymen zo aan te passen dat ze specifieke structuren met gewenste 

functionaliteit kunnen produceren. Ons onderzoek gaf hierbij belangrijke 

inzichten in de structuur-functie relatie van β-galactosidase enzymen. Tenslotte 

werd lactulose als substraat gebruikt, voor zowel wild-type B. circulans β-

galactosidase als een mutant hiervan. Dit resulteerde in de synthese en structurele 

karakterisering van 5 nieuwe oligosachariden, gevormd uit lactulose. Groeitesten 

met Bifidobacteria suggereerden dat de gevormde OsLu mengsels veelbelovende 

nieuwe prebiotica zijn. 

β-Galactosidases zijn interessante enzymen en worden breed toegepast in de 

industrie als biokatalysatoren. Het verder aanpassen van de synthese-processen en 

het doen van enzyme engineering onderzoek kan leiden tot β-galactosidases die 

“op maat” oligosachariden met gewenste functionaliteit produceren. 
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