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1  | INTRODUC TION

Thermal springs are hot spots of microbial biodiversity that may be uti-
lized within agriculture, food and feed industry, textile industry, and 
biotechnology (Gupta, Gupta, Capalash, & Sharma, 2017; Mahajan 
& Balachandran, 2017; Sahay et al., 2017). Thermostable enzymes 

from such environments have attracted increased interest from in-
dustry and academia due to the opportunities for high-temperature 
processes and interesting molecular structures (DeCastro, Rodríguez-
Belmonte, & González-Siso, 2016; Elleuche, Schäfers, Blank, Schröder, 
& Antranikian, 2015; Mehta, Singhal, Singh, Damle, & Sharma, 2016; 
Ribeiro, Sánchez, Hidalgo, & Berenguer, 2017; Urbieta et al., 2015). 
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Abstract
Thermal springs are excellent locations for discovery of thermostable microorgan-
isms and enzymes. In this study, we identify a novel thermotolerant bacterial strain 
related to Paenibacillus dendritiformis, denoted Paenibacillus sp. 3179, which was 
isolated from a thermal spring in East Greenland. A functional expression library of 
the strain was constructed, and the library screened for β-d-galactosidase and α-l-
fucosidase activities on chromogenic substrates. This identified two genes encoding 
a β-d-galactosidase and an α-l-fucosidase, respectively. The enzymes were recom-
binantly expressed, purified, and characterized using oNPG (2-nitrophenyl-β-d-
galactopyranoside) and pNP-fucose (4-nitrophenyl-α-l-fucopyranoside), respectively. 
The enzymes were shown to have optimal activity at 50°C and pH 7–8, and they were 
able to hydrolyze as well as transglycosylate natural carbohydrates. The transglyco-
sylation activities were investigated using TLC and HPLC, and the β-d-galactosidase 
was shown to produce the galactooligosaccharides (GOS) 6'-O-galactosyllactose 
and 3'-O-galactosyllactose using lactose as substrate, whereas the α-l-fucosidase 
was able to transfer the fucose moiety from pNP-fuc to lactose, thereby forming 
2'-O-fucosyllactose. Since enzymes that are able to transglycosylate carbohydrates 
at elevated temperature are desirable in many industrial processes, including food 
and dairy production, we foresee the potential use of enzymes from Paenibacillus sp. 
3179 in the production of, for example, instant formula.
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Especially within dairy production, processes at high or low tem-
peratures are required due to low growth capabilities of food spoil-
ers (Hervert, Martin, Boor, & Wiedmann, 2017; Ruusunen, Surakka, 
Korkeala, & Lindström, 2012). Furthermore, in some processes like 
oligosaccharide synthesis high temperatures are desired to obtain 
higher solubility of the reactants (Hassan et al., 2015; Yu & O'Sullivan, 
2018). Galactooligosaccharides (GOS) in particular have been studied 
thoroughly (Singla & Chakkaravarthi, 2017). GOS are indigestible oli-
gosaccharides, which have a documented positive effect on develop-
ment and growth of beneficial gut bacteria such as bifidobacteria and 
lactobacilli in the human gastrointestinal tract (Gibson, Probert, Jan, 
Rastall, & Roberfroid, 2004; Knol, Scholtens, et al., 2005; Ladirat et 
al., 2014). Additionally, they have been shown to prevent adherence 
of pathogenic bacteria such as enteropathogenic Escherichia coli and 
Salmonella enterica to the cell walls of the colon (Knol, Boehm, et al., 
2005; Searle et al., 2009; Shoaf, Mulvey, Armstrong, & Hutkins, 2006). 
Synthesis of oligosaccharides can be carried out by either chemical 
synthesis using acid hydrolysis, which is a relatively nonspecific, ener-
gy-demanding, and time-consuming process, or by enzymatic synthe-
sis carried out by glycosyltransferases (EC 2.4) or glycoside hydrolases 
(EC 3.2.1). Glycoside hydrolases (GH) are the preferred catalysts due 
to high availability, natural hydrolytic function, ability to glycosylate 
a wide variety of hydroxyl group-containing molecules, and the use 
of cheap and simple donor substrates (Crout & Vic, 1998; de Roode, 
Franssen, Padt, & Boom, 2003; Watt, Lowden, & Flitsch, 1997). One 
of the cheapest donor substrates for GOS synthesis is lactose (β-d-ga-
lactopyranosyl-(1 → 4)-d-glucopyranose) which is a by-product from 
cheese production. Great efforts have been spent on converting 
this low-price disaccharide into carbohydrates of higher value, espe-
cially enzymatic conversion of lactose to lactobionic acid (Goderska, 
Szwengiel, & Czarnecki, 2014; Gutiérrez, Hamoudi, & Belkacemi, 
2012), to the sweetener d-tagatose (Jørgensen, Hansen, & Stougaard, 
2004; Wanarska & Kur, 2012; Zhan et al., 2014) and to GOS (Arreola 
et al., 2014; Jørgensen, Hansen, & Stougaard, 2001; Splechtna et al., 
2006). Synthesis of GOS through enzymatic transglycosylation results 
in linear oligomers of galactose (n  = 2–6) joined by β1-2, β1-3, β1-4, 
or β1-6 linkages with a glucose at the reducing end (Ishikawa et al., 
2015; Li et al., 2009; Torres, Gonçalves, Teixeira, & Rodrigues, 2010; 
Wu et al., 2013). Due to the risk of contamination by food-spoiling 
bacteria during GOS production, focus has been on enzymes that 
are active at either high or low temperatures. Cold-active enzymes 
that are able to catalyze the formation of GOS have been described 
from, for example, Pseudoalteromonas sp. 22b (Cieśliński et al., 2005) 
and Alkalilactibacillus ikkensis (Schmidt & Stougaard, 2010), whereas 
thermostable GOS-producing enzymes have been described from, 
for example, Sulfolobus spp. (Park, Kim, Lee, & Oh, 2010; Park, Kim, 
Lee, Kim, & Oh, 2008), Halothermothrix orenii (Hassan et al., 2015), and 
hot environment metagenomes (Gupta, Govil, Capalash, & Sharma, 
2012). In addition to production of GOS, where lactose is used as 
donor as well as acceptor, some β-d-galactosidases may use other 
acceptors than lactose (Díez-Municio, Herrero, Olano, & Moreno, 
2014). Mu, Chen, Wang, Zhang, and Jiang (2013) and Li et al. (2009) 
have described that a β-d-galactosidase from Bacillus circulans forms 

the trisaccharide lactosucrose (O-β-d-galactopyranosyl-(1 → 4)-O-α-
d-glucopyranosyl-(1 → 2)-β-d-fructofuranoside) from lactose and su-
crose, and Guerrero, Vera, Acevedo, and Illanes (2015), Wang, Yang, 
Hua, Zhao, and Zhang (2013), and Tang et al. (2011) have reported 
the enzymatic synthesis of the disaccharide lactulose (4-O-β-d-
galactopyranosyl-β-d-fructofuranose). GOS, lactosucrose, and lactu-
lose all show prebiotic effects and are presumed to play an important 
role in stimulating growth of beneficial bifidobacteria in the human 
intestine (Gibson et al., 2004; Mu et al., 2013; Wang et al., 2013). 
Furthermore, previous studies have shown that several bifidobacterial 
species can grow on GOS as sole carbon source (Garrido et al., 2013; 
Gavlighi, Michalak, Meyer, & Mikkelsen, 2013; Rada et al., 2008).

Another group of prebiotics belong to the fucosylated oligosac-
charides. l-fucose (6-deoxy-l-galactose) is a monosaccharide which is a 
component of many glycoproteins and glycolipids, and is often located 
at the nonreducing end of oligosaccharide chains via an α-(1 → 2) link-
age to a d-galactosyl residue or via α-(1 → 3), α-(1 → 4), or α-(1 → 6) link-
age to N-acetyl-d-glucosamine (reviewed by Becker & Lowe, 2003). In 
addition, fucosylated oligosaccharides are major components in human 
breast milk, while almost absent in bovine milk (Kunz, Kuntz, & Rudloff, 
2014; Kunz & Rudloff, 1993; Kunz, Rudloff, Baier, Klein, & Strobel, 
2000; Thurl, Henker, Taut, Tovar, & Sawatzki, 1993), which is the basis 
for infant formula. By supplementing bovine instant formula with fuco-
sylated oligosaccharides as well as GOS, it has been shown that growth 
of bifidobacteria and lactobacilli in the fecal microflora of infants was 
improved (Boehm et al., 2002; Moro et al., 2002), and α-linked fuco-
sylated oligosaccharides have furthermore been shown to prevent in-
fection with the pathogenic bacteria E. coli and Campylobacter jejuni 
(Morrow, Ruiz-Palacios, Jiang, & Newburg, 2005). Fucosylated oligo-
saccharides such as 2'-O-fucosyllactose (2FL) and 3'-O-fucosyllactose 
(3FL) can be synthesized enzymatically through transglycosylation by 
the action of transfucosylating fucosidases (Lezyk et al., 2016; Zeuner 
et al., 2018) or by using fucosyltransferases, where an l-fucose unit is 
transferred from guanosine 5'-phosphate (GDP)-l-fucose to an accep-
tor substrate (Chin, Kim, Kim, Jung, & Seo, 2017; Chin, Kim, Lee, & Seo, 
2015; Sprenger, Baumgärtner, & Albermann, 2017).

In this study, we screened hitherto unexplored hot springs in East 
Greenland for bacteria expressing thermostable glycoside hydro-
lases. One of the isolates, affiliated to Paenibacillus sp., was shown 
to produce a transglycosylating β-d-galactosidase and a transglyco-
sylating α-l-fucosidase. The two enzymes were recombinantly ex-
pressed in E. coli, purified, and functionally characterized, and here, 
we report on the characterization of the β-d-galactosidase and the 
α-l-fucosidase from Paenibacillus sp. 3179.

2  | MATERIAL S AND METHODS

2.1 | Bacterial strains and chemicals

All chemicals were purchased from Sigma-Aldrich (St. Louis) unless 
otherwise stated. All enzymes were purchased from New England 
Biolabs (Ipswich) unless otherwise stated.

http://www.chem.qmul.ac.uk/iubmb/enzyme/EC2/4.html
http://www.chem.qmul.ac.uk/iubmb/enzyme/EC3/2/1.html
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For construction of a genomic library and initial protein ex-
pression and characterization, the plasmid pUC18ΔlacZ (Schmidt 
& Stougaard, 2010) was used in E. coli TOP10 (F–  mcrA Δ(mrr-
hsdRMS-mcrBC) Φ80lacZΔM15 ΔlacX74  recA1  araD139 Δ(ara leu) 
7,697 galU galK  rpsL (StrR) endA1 nupG) (Thermo Fisher Scientific, 
Waltham, MA, USA). For enzyme expression, the cloning vector 
pET9a-USER-1 (Schultz-Johansen et al., 2018) was used in the lac-
tose-deficient strain E. coli BL21(DE3)ΔlacZ, which was kindly pro-
vided by Professor Jin-Ho Seo from Seoul National University, Seoul, 
the Republic of Korea.

2.2 | Samples, isolation, and growth conditions

Samples were collected from a hot spring in Knighton Fjord in East 
Greenland (69°21'60.4”N; 24°39'67.1”W) in 2001, where more than 
30 discharges were observed with temperatures around 54°C. 
Gravel samples from the bottom and the sides of the hot springs 
were plated directly on R2 agar, which contained per liter: 0.5  g 
yeast extract, 0.5  g Bacto peptone, 0.5  g casamino acids, 0.05  g 
MgSO4•7H2O, 0.1 g NaCl, 0.5 g soluble starch, 0.3 g sodium pyru-
vate, 0.3 g KH2PO4, and 20 g agar. The substrate was buffered to pH 
7 with 0.01 M NaH2PO4/Na2HPO4 buffer. Plates were incubated at 
50°C for 1–2 days, and bacterial colonies were isolated by re-inocu-
lating on R2 agar.

2.3 | Screening for enzymatic activities

For screening of native bacterial isolates, the R2 agar was supple-
mented with 0.2% lactose and either 20 µg/ml 5-bromo-4-chloro-3-
indolyl β-d-galactopyranoside (X-gal) for β-d-galactosidase activity 
or 20 µg/ml 5-bromo-4-chloro-3-indolyl β-d-fucopyranoside (X-fuc) 
for α-l-fucosidase activity. Cultures were incubated at 50°C over-
night, and positive colonies were re-inoculated until pure colonies 
with enzymatic activity were obtained.

Crude protein extract was made by bead beating of cells har-
vested from an overnight culture (50°C, 200 rpm) in a MP FastPrep 
Homogenizer (MP Biomedicals) at speed 5.5 for 3  ×  25  s in 2-ml 
Micro tubes PP (Sarstedt, Nümbrecht) supplemented with approx. 
250 µl acid-washed glass beads (212–300 µm, 425–600 µm, ratio 
1:1). Extracts were tested for hydrolytic activity with 1 mM oNPG 
and 1 mM pNP-fucose at 50°C until visible yellow color was devel-
oped (10–35 min). Reactions were stopped with 0.5 M Na2CO3, and 
OD405 was measured in an EL808 Ultra Microplate Reader (BioTek 
Instruments, Inc.,).

2.4 | Characterization of bacterial growth

Bacterial growth experiments were carried out in triplicates in R2 
broth supplemented with 0.2% lactose. Growth and enzyme activity 
was tested at 20, 28, 37, 50, and 60°C at 200 rpm. Optimal pH for 

growth was tested at pH 5.0, 5.6, 6.0 (50 mM citrate buffer), 7.0, 
8.0 (50 mM Na-phosphate buffer), 9.0, and 10.0 (50 mM glycine-
NaOH buffer) at 37°C, 200 rpm. Growth was monitored as OD600 
using an UVmini 1,240 spectrophotometer (Shimadzu). Phenotypes 
were furthermore investigated on a nutrient-poor substrate contain-
ing 0.8% (w/v) agar and 0.2% (w/v) peptone. After 48 hr incubation 
at 50°C, the agar plates were stained with 0.1% (w/v) Coomassie 
Brilliant Blue R-250 dissolved in a solution of 20% EtOH (v/v) and 
5% (v/v) acetic acid.

2.5 | Construction and screening of genomic library

A genomic library was generated in E. coli TOP10 using the 
pUC18ΔlacZ plasmid. Genomic DNA from P. dendritiformis sp. 3179 
was extracted using the Puregene Yeast/Bact. Kit B (Qiagen, Hilden) 
according to the manufacturer's protocol. The genomic DNA was 
partially digested with Sau3AI for 25 min at 37°C. The digest was 
applied to a 1% SeaPlaque® GTG agarose gel (Lonza, Visp), and 
fragments corresponding to 3–6 kb were cut out and purified using 
1X GELase™ Reaction Buffer and GELase™ Enzyme (Epicentre) fol-
lowed by precipitation with 70% EtOH.

The pUC18ΔlacZ vector was linearized by digestion with BamHI 
for 1  hr at 37°C, applied to a 1% SeaPlaque® GTG agarose gel, 
and purified using the GeneJET™ Gel Extraction Kit (Fermentas, 
Waltham, MA, USA) according to the manufacturer's protocol. 
The vector DNA was phosphorylated using the Shrimp Alkaline 
Phosphatase (New England Biolabs) for 45  min at 37°C followed 
by inactivation for 10 min at 65°C. Ligation of the partially digested 
genomic DNA and the digested vector was carried out using the 
T4 DNA Ligase at 16°C overnight. The ligation reaction was trans-
formed into chemically competent E. coli TOP10. The transformation 
reaction was subsequently plated onto LB agar supplemented with 
100 µg/ml ampicillin and either 20 µg/ml X-gal + 0.3 mM isopropyl 
β-d-1-thiogalactopyranoside (IPTG) or 20 µg/ml X-fuc. Plates were 
incubated for 37°C overnight, and blue colonies, indicating hydro-
lytic activity on the X-linked substrates, were selected for further 
investigation.

2.6 | Identification and cloning of enzyme-
coding genes

Plasmids from blue colonies were purified using the QIAprep® Spin 
Miniprep Kit (Qiagen), and inserts were sequenced at GATC Biotech 
(Constance). Sequences were analyzed for open reading frames 
(ORFs) using CLC Main Workbench v7.9.1 (Qiagen), translated into 
amino acid sequences, and blasted using the NCBI BLASTp Tool 
(https​://blast.ncbi.nlm.nih.gov/Blast.cgi). ORFs with the highest 
similarity to β-galactosidases and α-fucosidases were selected for 
further analysis. Two sequences of 1,749  bp and 1,281  bp corre-
sponding to a β-d-galactosidase and α-l-fucosidase, respectively, 
were identified as best candidates and amplified with specific primers 

https://blast.ncbi.nlm.nih.gov/Blast.cgi
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(PdenGal_USER_F: 5'-GGCTTAAUATGACAACGCTTTCTTATAAC-3', 
PdenGal_USER_R: 5'-GGTTTAAUTTTCGATAAAGAAGGGGC-3', 
PdenFuc_USER_F: 5'-GGCTTAAUATGCGTCGGTCACG-3', 
PdenFuc_USER_R: 5'-GGTTTAAUTTCGCCATCCTCCA-3'; uracil-
specific excision reagent (USER) overhangs are underlined). Reverse 
primers were designed without stop codons to utilize the 6xHis tag 
included in the cloning vector for protein purification.

The β-d-galactosidase gene was amplified using the following 
PCR protocol: 1 × 98°C for 30 s; 30 × (98°C for 10 s, 55°C for 20 s; 
and 72°C for 1 min); and 72°C for 10 min, while the gene encoding 
the α-l-fucosidase was amplified using the PCR protocol: 1x 98°C for 
30 s; 30x (98°C for 10 s, 56°C for 20 s; and 72°C for 1 min 30 s); and 
72°C for 10 min.

The cloning vector, pET9a-USER-1 vector, was prepared by di-
gestion with PacI and nt.BbvCI at 37°C overnight followed by purifi-
cation from a 1% SeaPlaque® GTG agarose gel using the GeneJET™ 
Gel Extraction Kit. The amplified ORFs were inserted into pE-
T9a-USER-1 by including specific USER overhangs during the PCR 
(Table I) and ligating the PRC product into the vector by means of 
USER enzyme (New England Biolabs). The reaction was carried out 
at 37°C for 20 min followed by 25°C for 20 min and subsequently 
used for transformation into chemically competent E. coli BL21(DE3)
ΔlacZ. Colonies were grown on LB agar supplemented with 50 µg/ml 
kanamycin (Km) at 37°C overnight. The plasmids from one randomly 
selected colony from each transformation were purified and verified 
by sequencing (as above).

2.7 | Phylogenetic analyses

The 16S rRNA gene was analyzed against BLASTn (https​://blast.
ncbi.nlm.nih.goc/Blast.cgi), and the closest relatives were aligned 
using Clustal W (Thompson, Higgins, & Gibson, 1994). A phyloge-
netic tree was made in MEGA7 (Kumar, Stecher, & Tamura, 2016) 
using the maximum likelihood method based on the Tamura–Nei 
model (Tamura & Nei, 1993).

The two ORFs identified as a putative β-d-galactosidase and 
α-l-fucosidase, respectively, were analyzed using BLASTp against 
PDB to identify the phylogenetically closest relatives. When this 
only gave very few results, the search was expanded to the nonre-
dundant (nr) protein database in combinations with the CAZy data-
base. Sequences were aligned using Clustal W, and a phylogenetic 
tree was made using the maximum likelihood method based on the 
JTT matrix-based model (Jones, Taylor, & Thornton, 1992).

2.8 | Protein expression and purification

For initial transglycosylation experiments, the construct en-
coding the β-d-galactosidase gene was expressed and pu-
rified as described by Schmidt and Stougaard (2010) with 
minor modifications. In short, the gene containing the native 
SD sequence was amplified using specific primers β-galFpUC 

(5'-TCTCGGTACCAGAAGGAGAGAAGCCAATG-3') and β-galRpUC 
(5'-CTCTAAGCTTATTTCGATAAAGAGGGGC-3'), and cloned into 
the KpnI and HindIII site of pUC18∆LacZ. Overnight expression at 
37°C in E. coli TOP10 cells was followed by protein extraction by 
bead beating (as described below), heating to 60°C for 15 min, and 
subsequent purification by anion exchange chromatography at pH 
6.2 and eluted with a NaCl gradient, resulting in apparent homoge-
neity on a SDS gel.

For the remaining characterization and transglycosylation exper-
iments, recombinant strains in E. coli BL21(DE3)ΔlacZ were used for 
protein expression. Cells were inoculated in 10 ml LB with 50 µg/ml 
Km and incubated at 37°C with 200 rpm overnight. The overnight 
culture was used to inoculate the expression culture in 100 ml LB 
with 50 µg/ml Km, which was incubated at 37°C with 200 rpm until 
OD600 ~ 0.3–0.4. The culture was then supplemented with 0.2 mM 
IPTG and 0.1% dl-rhamnose to induce expression, and incubation 
was continued at room temperature with 200 rpm overnight to in-
crease correct protein folding.

After overnight expression, cells were cooled on ice for 10 min 
and harvested by centrifugation for 10 min at 4,700 rpm, 4°C, and 
the supernatant was discarded. The cell pellet was resuspended in 
10 ml binding buffer [20 mM sodium phosphate, 500 µM NaCl, and 
20 mM imidazole, pH 7.4] and transferred to 50-ml centrifuge tubes 
with screw caps and a gasket (VWR, Radnor) supplemented with 
approx. 2 ml acid-washed glass beads (212–300 µm, 425–600 µm, 
ratio 1:1) for bead beating. Bead beating was carried out in an MP 
FastPrep Homogenizer at speed 4.0 for 3 × 25 s. The samples were 
incubated on ice for 1 min in between rounds. Samples were centri-
fuged for 5 min at 4,700 rpm to remove glass beads and cell debris, 
and the supernatant was transferred to a clean tube and kept on ice 
until purification.

Protein purification was carried out using the His GraviTrap Kit 
(GE Healthcare) following the manufacturer's protocol for purifica-
tions under native conditions. Elution was carried out using 500 mM 
imidazole. Expression was checked by SDS-PAGE on RunBlue SDS 
4%–12% Protein Gels (Expedeon).

2.9 | Characterization of recombinant proteins

Concentration of purified enzyme was determined in a Bradford 
assay using BradfordUltra reagent (Expedeon Protein Solutions) with 
a dilution series of BSA (bovine serum albumin) as model protein. 
Absorbance was measured at 595  nm using an Epoch Microplate 
Spectrophotometer running Gen5 software ver. 3.03 (BioTek 
Instruments Inc.), and the slope was used to estimate the concentra-
tions of purified enzymes.

To determine pH and temperature optimum, the purified β-d-ga-
lactosidase was characterized using 0.5  mM oNPG as a substrate, 
while the purified α-l-fucosidase was characterized using 0.5  mM 
pNP-fucose. pH optimum was determined (with six replicates) at 
50°C at pH 5.0, 5.6, and 6.0 (50 mM citrate buffer); pH 6.8, 7.4, and 
8.0 (50 mM Na-phosphate buffer); and pH 9.0, 10.0, and 10.7 (50 mM 

https://blast.ncbi.nlm.nih.goc/Blast.cgi
https://blast.ncbi.nlm.nih.goc/Blast.cgi
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glycine-NaOH buffer). Temperature optimum was determined (in 
triplicates) from 25 to 65°C for 5 min in 50 mM Na-phosphate buf-
fer at pH 7.4. OD420 was determined using an Epoch Microplate 
Spectrophotometer running Gen5 software ver. 3.03.

Enzyme kinetics was investigated at 50°C. Reactions of 200  µl 
[in 50 mM Na-phosphate buffer pH 7.4] with a fixed amount of en-
zyme (18 µg for the α-l-fucosidase and 1,200 µg for the β-d-galactosi-
dase) were incubated with increasing concentrations of the substrate 
(0.25–1  mM oNPG/pNP-fucose). The product formation was moni-
tored by measuring the absorbance at 420 nm every 30 s in real time 
by using a FLOUstar Omega microplate reader (BMG Labtech GmbH). 
Blanks contained buffer and substrate alone to represent the autohy-
drolysis of the substrate. All samples were performed in triplicates. 
Data were analyzed using the Omega Mars data analysis software ver. 
3.20 (BMG Labtech). Molar extinction coefficients for oNP and pNP of 
3.47 mM-1 cm-1 and 18.4 mM-1 cm-1, respectively (Bowers, McComb, 
Christensen, & Schaffer, 1980; Zeyer & Kocher, 1988), were used to 
calculate concentrations of the product. The steady-state rates were 
determined from the slope of the initial (linear) part of the resulting 
progress curves. The experimental data points were fitted to the 
Michaelis–Menten equation to obtain the kinetic parameters Km and 
Vmax. Nonlinear regression and estimations of kinetic parameters were 
performed in the software OriginPro (OriginLab).

2.10 | Transglycosylation

Transglycosylation by the β-d-galactosidase was tested using 10% 
(w/v) lactose as galactosyl donor and acceptor, and sucrose or fruc-
tose was used as additional galactosyl acceptors. The α-l-fucosidase 
was tested using 5–50 mM pNP-fucose (dissolved in 10% dimeth-
ylformamide) as donor and 5% (w/v) lactose as acceptor. Reactions 
were incubated at 50°C for 0, 15, 30 min, 1, and 3 hr. Reactions were 
stopped at 99°C for 15 min. For transglycosylation reactions by the 
β-d-galactosidase using lactose, sucrose, and fructose as acceptors, 
a control reaction with inactivated enzyme (99°C for 15 min) was 
included.

Reactions were analyzed by thin-layer chromatography (TLC) 
on TLC Silica gel 60 F254 (Merck, Darmstadt, Germany) developed 
in ethyl acetate:acetic acid:H2O (6:6:1, v/v/v). Saccharides were de-
tected by 0.1M 2-methylresorcinol dissolved in a 5% (v/v) solution of 
sulfuric acid in ethanol followed by heating of the silica gel.

Formation of oligosaccharides was analyzed by HPLC using an 
ICS-5000 system (Dionex) with an AS autosampler and a pulsed 
amperometric detector (carbohydrate four-potential waveform, 
sampling rate 2 Hz), with a gold electrode (Au) and an Ag/AgCl ref-
erence electrode. The column used was a Dionex CarboPac PA1 
(250 × 4 mm, with 50 × 4 mm Guard, Thermo Scientific) maintained 
at 22°C. Eluents consisted of water and aqueous solutions of so-
dium hydroxide (NaOH) and sodium acetate (NaOAc), in the com-
binations: (a) water; (b) 1 M NaOH; (c) 500 mM NaOH + 750 mM 
NaOAc; and (d) 500 mM NaOAc. The flow: 1.0 ml/min, injection vol-
ume: 10 µl, and samples were maintained at 5°C. For identification 

of peaks, qualitative standards of 3'-O-galactosyllactose, 4'-O-
galactosyllactose, and 6'-O-galactosyllactose were used.

3  | RESULTS

3.1 | Isolation and characterization of glycoside 
hydrolase-producing isolate 3179

Water and sediment samples from hot springs in Knighton Fjord, East 
Greenland, were screened for isolates producing β-d-galactosidase 
and α-l-fucosidase enzymes on growth media supplemented with 
chromogenic substrates. One isolate, #3179, that showed good β-d-
galactosidase and α-l-fucosidase activity was selected for further 
analysis.

Phylogenetical analysis of the 16S rRNA gene sequence of iso-
late 3179 (GenBank accession number MK616148) showed a high 
degree of similarity to the genus Paenibacillus with 98.4% iden-
tity to Paenibacillus thiaminolyticus LMG 17412T, 97.8% identity to 
Paenibacillus dendritiformis DSM 18844T, and 94.7% identity to P. 
alvei DSM29T (Figure 1a). Culturing isolate 3179 on thin agar plates 
with peptone and subsequent staining with Coomassie Brilliant Blue 
showed a unique complex growth pattern (Figure 1b), which was 
similar to that reported for P. dendritiformis (Tcherpakov, Ben-Jacob, 
& Gutnick, 1999). Thus, we assume that isolate 3179 was affiliated 
to the genus Paenibacillus, and in the following, the strain is denoted 
Paenibacillus sp. 3179.

When Paenibacillus sp. 3179 was cultivated in lysogenic broth 
(LB) medium, growth optimum was determined to be at 50°C. No 
growth was observed at 28°C nor at 60°C. Optimal growth was ob-
served at pH 8, and no growth was observed below pH 5.6; good 
growth was still maintained at pH 9–10.

3.2 | Paenibacillus sp. 3179 crude extract contains 
α-l-fucosidase and β-d-galactosidase activity

A crude extract of the native Paenibacillus sp. 3179 was subjected 
to analysis of α-l-fucosidase and β-d-galactosidase hydrolytic and 
transglycosylation activity. No activity was observed in the mem-
brane fraction, but the cytosolic fraction showed α-l-fucosidase and 
β-d-galactosidase hydrolytic activity as determined from hydroly-
sis of pNP-fucose (4-nitrophenyl-α-l-fucopyranoside) and oNPG 
(2-nitrophenyl-β-d-galactopyranoside) substrates, respectively. In 
addition, the crude cytosolic extracts showed transgalactosylation 
activity using lactose as substrate as well as transfucosylation activ-
ity using pNP-fucose as substrate (Figure 2).

3.3 | Identification of enzyme-encoding genes

A functional expression library was constructed by inserting partially 
digested genomic DNA (gDNA) fragments from Paenibacillus sp. 3179 

info:ddbj-embl-genbank/MK616148
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into plasmid pUC18ΔlacZ and transformed into E. coli TOP10. The li-
brary was screened for β-galactosidase-encoding genes by plating the 
expression library onto agar plates supplemented with the chromog-
enic substrate X-gal. One inserted DNA fragment from a blue colony 
contained a 1,749 bp open reading frame (ORF) next to a seven bp puta-
tive Shine–Dalgarno sequence (AGGAGAG) located seven bp upstream 

of the ORF. BLASTp analysis of the translated ORF showed that the 
amino acid sequence displayed 92.5% identity to an uncharacterized 
putative β-d-galactosidase from P. dendritiformis (WP_133381740.1), 
91.6% identity to a characterized β-d-galactosidase from P. thiamino-
lyticus (CAZ44333) (Benešová, Lipovová, Dvořáková, & Králová, 2010), 
and 79.7% identity to an uncharacterized putative β-d-galactosidase 

F I G U R E  1   (a) Phylogeny of 16S rRNA 
genes generated using the maximum 
likelihood method based on the Tamura–
Nei algorithm, showing the phylogenetic 
relationships between Paenibacillus 
sp. 3179 and related taxa. Numbers 
at nodes are bootstrap values shown 
as percentages of 100 replicates. (b). 
Paenibacillus sp. 3,170 cultured at 50°C 
for 48 hr on agar (0.8% w/v) with peptone 
(0.2% w/v) and subsequently stained with 
Coomassie Brilliant Blue and destained in 
ethanol (20% v/v) and acetic acid (5% v/v)

Paenibacillus sp. 3179
Paenibacillus dendritiformis DSM18844T (Y16128)

Paenibacillus thiaminolyticus DSM7262T (NR 114808.1)
Paenibacillus alvei DSM29T (NR 042091.1)

Paenibacillus apiarius DSM5581T (NR 040890.1)
Paenibacillus yonginensis JCM19885T (NR 148743.1)

Paenibacillus alginolyticus DSM5050T (AB073362.1)
Paenibacillus antarcticus LMG22078T  (AJ605292.1)

Paenibacillus odorifer DSM15391T (AJ223990.1)
Paenibacillus etheri DSM29760T (NR 148622.1)

Bacillus brevis NRS604T (D87457.1)
Bacillus subtilis IAM12118T (NR 112116.2)

Bacillus bataviensis LMG21833T (NR 036766.1)
Bacillus galactosidilyticus LMG17892T (NR 025580.1)60

99
100

100
94

68
100

55

64

60

0.020

(a)

(b)

F I G U R E  2  TLC analysis of hydrolysis 
and transglycosylation reactions of crude, 
intracellular extract from Paenibacillus sp. 
3179. (a) Reaction with lactose; standard 
sugars in lanes 1–3; lane 4, extract from 
Paenibacillus sp. 3179 incubated with 
lactose for 16 hr at 37°C. (b) Reaction 
with pNP-fucose; lane 5, extract from 
Paenibacillus sp. 3179 incubated with 
pNP-fucose and fucose for 16 hr at 
37°C; lane 6, pNP-fucose and fucose. 
Transglycosylation products are shown 
with a red line (reaction with lactose) and 
a star (reaction with pNP-fucose)
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P. alvei (EPY10792.1) as its closest relatives (Figure 3a). A conserved 
domain search (CDD) (Marchler-Bauer et al., 2015) showed the same 
domains in the Paenibacillus sp. 3179 β-d-galactosidase as in enzymes 
from P. thiaminolyticus and P. dendritiformis: a conserved GH35-domain 
(Pfam01301) at position 10–322 and a β-d-galactosidase jelly roll do-
main (Pfam13364) at position 527–562. A BLAST search at UniProt 
(www.unipr​ot.org) confirmed the affiliation to the glycoside hydrolase 
family 35. A HMM search and in silico folding analysis over known 
structures showed that the Paenibacillus sp. 3179 β-d-galactosidase 
displayed high similarity to the characterized structure of the bgaC 
β-d-galactosidase from Bacillus circulans (4MAD) (5.6e-95) (Henze et 
al., 2014): The Paenibacillus sp. 3179 amino acid sequence including 
the catalytic residues (nucleophile Glu233 and acid/base Glu157, ac-
cording to the B. circulans numbering) could be superimposed onto the 
corresponding B. circulans structure, 4MAD (Figure A1).

The expression library was subsequently screened for α-l-fuco-
sidase activity on agar plates containing the chromogenic substrate 
X-fuc. DNA sequence analysis of an inserted DNA fragment from a 
blue colony showed a 1,281 bp ORF. BLASTp analysis showed that 
the amino acid sequence encoded by the ORF displayed 97.4% amino 
acid sequence identity to a characterized α-l-fucosidases from P. thi-
aminolyticus (aLfuk1, FN869117) (Benešová, Lipovová, Dvořáková, 
& Králová, 2013) and 97.2% sequence identity to a putative unchar-
acterized α-l-fucosidase from P. dendritiformis (WP_006676648.1) 
(Figure 3b). The conserved domain search revealed a conserved gly-
coside hydrolase superfamily D (GH-D) domain (pfam01120), which 
comprises the families GH27, GH31, and GH36 containing enzymes 
with structurally and mechanistically similar activities, but none of 
them are known to show α-l-fucosidase activity. However, a BLAST 
analysis at UniProt showed that the most closely related α- l-fucosi-
dases all belong to GH29. Thus, we conclude that the α-l-fucosidase 
from Paenibacillus sp. 3179 belongs to GH29. An HMM search and 
modeling over the structure with highest similarity (2.2e-86), which 
was  an α-l-fucosidase from P. thiaminolyticus (6GN6) (Koval'ová, 
2019), showed that the Paenibacillus sp. 3179 sequence including 
the catalytic residues (nucleophile Asp186 and acid/base Glu239, 
according to the P. thiaminolyticus numbering) could be superim-
posed onto the corresponding 6GN6 structure (Figure A1). The DNA 
sequences encoding the α-l-fucosidase and the β-d-galactosidase 
from Paenibacillus sp. 3179 have been uploaded to GenBank with 
the accession numbers MK625194 and MK625195, respectively.

3.4 | Characterization of recombinant enzymes

The Paenibacillus sp. 3179 β-d-galactosidase and α-l-fucosidase 
were recombinantly produced in E. coli as 6xHis-tagged enzymes. 
SDS-PAGE showed that purified β-d-galactosidase and α-L-
fucosidase migrated as 70 kDa and 50 kDa protein, respectively 
(calculated theoretical molecular weights 65.7 kDa and 49.5 kDa) 
(Figure A2).

Using oNPG as a substrate, the purified β-d-galactosidase 
showed optimal activity at 50°C and at pH 8.0 (Figure 4a). Stability 

was investigated at 37, 50, and 70°C, and the β-d-galactosidase was 
stable for up to 5 hr at 37°C or 50°C, while it was completely inacti-
vated after 30 min at 70°C (data not shown). Km for the β-d-galacto-
sidase with oNPG as substrate was estimated to be 0.57 ± 0.12 mM 
and Vmax = 0.11 ± 0.01 mmoles/min/mg enzyme (Table 1, Figure A3). 
The β-d-galactosidase was also tested with p-nitrophenyl-β-d-galac-
topyranoside (pNPG) as substrate, but no activity was detected (data 
not shown).

Activity of the purified α-l-fucosidase was similarly determined 
with pNP-fucose as substrate. Optimal activity was observed at 
50°C and at pH 7.4 (Figure 4b). Stability was investigated at 37°C, 
50°C, and 70°C, and the α-l-fucosidase was stable for up to 5 hr at 
37°C and 50°C, while it was completely inactivated after 30 min at 
70°C (data not shown). Km with pNP-fucose as substrate was esti-
mated to be 1.11 ± 0.75 mM and Vmax = 3.88 ± 1.58 mmoles/min/mg 
enzyme (Table 1, Figure A3).

3.5 | Transglycosylation of recombinant enzymes

Both of the investigated enzymes exhibited transglycosylation ac-
tivity. Transglycosylation by the β-d-galactosidase was analyzed 
with lactose as galactosyl donor and lactose, sucrose, or fructose 
as accepting carbohydrates. When lactose was used as donor and 
acceptor, hydrolysis products (galactose and glucose) appeared in 
the TLC analysis together with unhydrolyzed lactose and galactoo-
ligosaccharides (GOS) (Figure 5a). Two of these GOS were identi-
fied as 6’-O-galactosyllactose and 3’-O-galactosyllactose by HPLC 
analysis (Figure 6a), and the enzyme was able to transform lactose 
into 6’-galactosyllactose, 0.14  mol/mol, and 3’-galactosyllactose, 
0.027  mol/mol (Figure 6b). Hydrolysis and transgalactosylation 
were seen in the range from pH 5 to 8 (data not shown). When su-
crose or fructose was used as acceptors, reddish spots appeared in 
the TLC analysis (white arrows in Figure 5b). In these transgalacto-
sylation experiments, both dark blue/purple spots corresponding 
to GOS, lactose, galactose, and glucose and reddish spots were ob-
served, indicating that transgalactosylation occurred with sucrose 
and fructose as galactosyl acceptors (Figure 5b, red and yellow 
arrows, respectively). Similarly, transglycosylation with the α-l-
fucosidase was analyzed using pNP-fucose as fucosyl donor and 
lactose as fucosyl acceptor. With TLC, an oligosaccharide corre-
sponding in size to 2FL was detected (Figure 5c, black arrow). This 
finding was confirmed by HPLC, which showed that the formed 
oligosaccharide eluted as 2FL (Figure 6c). Further products were 
formed at about the same rate as 2FL, but these were not charac-
terized further (Figure 6d).

4  | DISCUSSION

A β-d-galactosidase and α-l-fucosidase producing strain, #3179, was 
isolated from a thermal spring in Greenland. 16S rRNA gene analysis 
showed that strain 3179 was affiliated to the genus Paenibacillus with 

http://www.uniprot.org
info:ddbj-embl-genbank/MK625194
info:ddbj-embl-genbank/MK625195
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P. dendritiformis and P. thiaminolyticus as closest relatives. Strain 3179 
displayed dendritic growth similar to P. dendritiformis why we conclude 
that strain 3179 most likely could be classified as P. dendritiformis. 
However, as no other phylogenetical or chemotaxonomical analyses 
were carried out, we denote the strain Paenibacillus sp. 3179.

The two genes encoding a β-d-galactosidase and an α-l-fucosi-
dase, respectively, were isolated and analyzed phylogenetically and 
functionally. Sequence analysis of the β-d-galactosidase showed 
close relationship to β-galactosidases from P. dendritiformis (92.5% 
sequence identity) and from P. thiaminolyticus (91.6% identity) 
(Benešová et al., 2010). Further distantly related enzymes showed 
below 80% identity for hypothetical enzymes and below 55% identity 
for classified β-galactosidase like Bacillus circulans BgaC (BAA21669) 
(Ito & Sasaki, 1997). All related β-d-galactosidase sequences were 
classified as GH35 according to the glycoside hydrolase classifica-
tion system (Henrissat, 1991), and thus, the β-d-galactosidase from 
Paenibacillus sp. 3179 was hypothesized to belong to GH35, which 
primarily consists of β-galactosidases (EC 3.2.1.23), but also contain 
exo-β-glucosaminidases (EC 3.2.1.165), exo-β-1,4-galactanases (EC 

3.2.1.-), and β-1,3-galactosidases (EC 3.2.1.-). GH35 enzymes can 
be found in more than 2,700 different organisms spanning archaea, 
bacteria, and eukaryotes, including plants and animals. GH35 β-ga-
lactosidases have an (α/β)8 barrel as catalytic domain (www.cazyp​
edia.org), and the mechanism is catalysis of the hydrolysis of termi-
nal nonreducing β-galactosyl residues in, for example, lactose, oligo-
saccharides, glycolipids, and glycoproteins. In silico analysis showed 
that the overall structure, including the catalytic residues, could be 
modeled over a known structure of a β-d-galactosidase from B. cir-
culans (Figure A1), making it possible that the β-d-galactosidase from 
Paenibacillus sp. 3179 has the same functional activity as that from 
B. circulans.

The α-l-fucosidase sequence was analyzed in a similar manner. 
The closest related sequence was an α-l-fucosidase from P. thiami-
nolyticus (FN869117; 6GN6) (Benešová et al., 2013; Koval'ová et al., 
2019). The phylogenetically closest related α-l-fucosidases were all 
shown to belong to GH29, which consists of exo-acting α-fucosi-
dases (EC 3.2.1.51) and α-1 → 3/1 → 4-l-fucosidases (EC 3.2.1.111). 
Enzymes in GH29 also consist of an (α/β)8-like barrel domain plus 

F I G U R E  3   Phylogenetic analysis of (a) 
Paenibacillus sp. 3179 β-d-galactosidase 
and (b) Paenibacillus sp. 3179 α-l-
fucosidase. Sequences that showed 
similarities to the Paenibacillus sp. 3179 
enzymes were identified by BLASTp 
analysis against Protein Data Bank (PDB) 
and supplemented with closely related 
enzymes from the nonredundant (nr) 
protein sequence database. The latter 
were only selected if also identified 
among GH35 and GH29 family enzymes, 
respectively, in the CAZy database (www.
cazy.org). Phylogenetic relationships 
were inferred the by maximum likelihood 
method based on the JTT matrix-based 
model. The trees with the highest log 
likelihood are shown. Bootstrap values 
(n = 100) above 50 are shown. All 
positions containing gaps and missing data 
were eliminated. Evolutionary analyses 
were conducted in MEGA7

 Paenibacillus dendritiformis (WP 133381740.1)
 Paenibacillus sp. 3179

 Paenibacillus thiaminolyticus (CAZ44333)
 Paenibacillus alvei A6-6i-x (EPY10792.1)

 Bacillus aciditolerans (WP 121449538.1)
 Chlamydia abortus (SHE09694.1)
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F I G U R E  4   Temperature optimum 
determined at pH 9.0 (a) and pH optimum 
determined at 50°C (b) for Paenibacillus sp. 
3179 β-d-galactosidase (solid line) and α-l-
fucosidase (dashed line) based on reaction 
rates. Error bars indicate standard error 
(n = 3)

(a)

(b)

TA B L E  1   Characteristics of the β-d-galactosidase and α-l-fucosidase from Paenibacillus sp. 3179 compared to the closest related enzymes 
from P. thiaminolyticus (CCM 3,599)

Enzyme Km (mM) Substrate
Temperature 
optimum (°C) pH optimum Ref.

Paenibacillus sp. 3179 β-d-galactosidase 0.57 ± 0.12 oNPG 50 8.0 This work

P. thiaminolyticus β-d-galactosidase 250 pNPG 65 5.5 a

Paenibacillus sp. 3179 α-l-fucosidase 1.11 ± 0.75 pNP-l-fucose 50 7.4 This work

P. thiaminolyticus α-l-fucosidase iso1 0.44 pNP-l-fucose 48 8.2 b

P. thiaminolyticus α-l-fucosidase iso2 0.52 pNP-l-fucose 50 6.5 c

aBenešová et al. (2010). 
bBenešová et al. (2013). 
cBenešová et al. (2015). 
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a C-terminal β-sandwich domain (www.cazyp​edia.org) and function 
by classical retaining mechanisms involving double displacement via 
a covalent intermediate. In silico structural analysis showed that the 
α-l-fucosidase sequence from Paenibacillus sp. 3179 could be super-
imposed onto the corresponding 6GN6 structure, including catalytic 
residues, indicating a functional relationship (Figure A1).

Sequence analyses revealed that there are a lot of potentially 
unclassified β-galactosidases and α-fucosidases from strains within 
the Paenibacillus genus ranging in temperature profile from the psy-
chrotolerant P. antarcticus which shows optimal growth at 10–15°C 
(Montes, Mercadé, Bozal, & Guinea, 2004) to the described ther-
motolerant Paenibacillus sp. 3179 with optimal growth at 50°C. 
However, since most of the proteins are only annotated as potential 
enzymes with no documented functions, the genus Paenibacillus ap-
pears to have a lot of potential for discovery of cold-active as well as 
thermostable enzymes for a range of industrial applications.

Functional characterization of recombinant purified enzymes 
from Paenibacillus sp. 3179 produced by E. coli showed that both en-
zymes possessed hydrolytic as well as transglycosylating activities. 
Chromatography analyses showed that the β-d-galactosidase was 
able to form 6'-O-galactosyllactose and 3'-O-galactosyllactose using 
lactose as substrate, and the α-l-fucosidase was able to transfer the 
fucose moiety from pNP-fuc to lactose, thereby forming 2FL and also 

indication of 3FL was observed. The chromatogram in Figure 6c iden-
tified the transglycosylation product 2FL and a peak (no 3), which rela-
tive to elution of 2FL and lactose corresponded to the retention of 3FL 
(Tan, Chai, & Zhang, 2015). This compound was observed in increasing 
concentration with reaction progress, indicating that 3FL was a product 
of the transglycosylation reaction. Enzyme catalyzing production of 2FL 
and 3FL is known, and analyses of these oligosaccharides are well es-
tablished (Tan et al., 2015; Zeuner, Teze, Muschiol, & Meyer, 2019), but 
6FL as an enzymatic transglycosylation product is not described and 
the present investigation cannot establish its presence. The compound 
corresponding to peak 6 was not identified, but increased concentra-
tion with reaction time indicated it was a product of the reaction.

In studies carried out on the β-d-galactosidase and two α-l-fuco-
sidases from P. thiaminolyticus (Benešová et al., 2010, 2013, 2015), 
it is described that all three enzymes were able to transfucosylate a 
wide range of p-nitrophenyl substrates and alcohols; however, little 
attention has been focused on transgalactosylation. In this study, we 
showed that the β-d-galactosidase from Paenibacillus sp. 3179 is able 
to transgalactosylate a range of natural substrates such as lactose, su-
crose, and fructose, which can be of use for industrial purposes when, 
for example, upgrading disaccharides to oligosaccharides in food items. 
We furthermore showed that the α-l-fucosidase from Paenibacillus sp. 
3179 is able to transfucosylate using lactose as acceptor, making it 

F I G U R E  5   Transglycosylation activities by Paenibacillus sp. 3179 enzymes. (a) Transgalactosylation by Paenibacillus sp. 3179 β-d-
galactosidase preliminarily purified over time (0–21 hr) with lactose as donor and acceptor. (b) Transgalactosylation by preliminarily 
purified Paenibacillus sp. 3179 β-d-galactosidase with lactose (lac) as donor, and sucrose (suc), fructose (fruc), and lactose (lac) as acceptors. 
White arrows show the acceptor molecules sucrose and fructose. Red and yellow arrows show the transglycosylation products using 
sucrose and fructose as galactosyl acceptors, respectively. * indicates where the enzyme was inactivated before addition of substrates. (c) 
Transfucosylation by Paenibacillus sp. 3179 α-l-fucosidase with increasing concentration of p-nitrophenyl-α-l-fucopyranoside as donor and 
lactose as acceptor. Black arrow shows the transglycosylation product corresponding in size to 2FL.

http://www.cazypedia.org
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a good candidate for production of fucosylated oligosaccharides like 
2FL for infant formula (Aldredge et al., 2013; Chen, 2015) due to its 
transfucosylating activity at elevated temperatures.

As the interest for thermostable transglycosylating enzymes has 
gained interest, similar enzymatic reactions have been reported. For 
example, Petrova and Kujumdzieva (2010) isolated several strains of 
thermotolerant yeasts from a range of milk products with transgalac-
tosylation activities, and Fai, Silva, Andrade, Bution, and Pastore (2014) 
showed transgalactosylation activity by Pseudozyma tsukubaensis and 
Pichia kluyveri using lactose as a substrate. Lezyk et al. (2016) created 
a metagenome library from soil and discovered several putative α-fu-
cosidases, which were recombinantly expressed and proven to have 
hydrolytic as well as transfucosylating activities, potentially suitable 
for formation of fucosylated oligosaccharides for supplementing in-
stant formula to mimic the natural composition of human breast milk.

5  | CONCLUSIONS

In the current study, it was shown that the bacterium Paenibacillus sp. 
3179 isolated from a thermal spring in East Greenland produced two 
thermostable enzymes, a β-d-galactosidase and an α-l-fucosidase, with 
hydrolytic as well as transglycosylating activities. It was confirmed that 
the β-d-galactosidase was able to produce 6'-O-galactosyllactose and 

3'-O-galactosyllactose at its optimal temperature at 50°C and that the 
α-l-fucosidase was able to produce 2FL along with some uncharacter-
ized oligosaccharides, speculated to include 3FL. Future studies will be 
aimed at characterizing the remaining oligosaccharides and to expand 
the range of investigated substrates for transglycosylation.
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APPENDIX 

F I G U R E  A 1   Three dimension structure of the catalytic residues 
of (a) the Paenibacillus sp. 3179 β-d-galactosidase (amino acid 
backbone in green, nucleophile Glu and acid/base Glu in yellow) 
superimposed onto the corresponding B. circulans structure, 4MAD, 
(amino acid backbone in blue, nucleophile Glu233 and acid/base 
Glu157 (B. circulans numbering) in red), and (b) the Paenibacillus 
sp. 3179 α-l-fucosidase sequence (amino acid backbone in green) 
including the catalytic residues (nucleophile Asp and acid/base Glu 
in yellow) superimposed onto the corresponding P. thiaminolyticus 
structure 6GN6 (amino acid backbone in blue, nucleophile Asp186 
and acid/base Glu239, P. thiaminolyticus numbering, in red)

F I G U R E  A 2  SDS-PAGE of Ni-NTA-purified enzymes. Lanes 
1–4: Paenibacillus sp. 3179 β-d-galactosidase at approx. 70 kDa 
[1:1,200 µg; 2:240 µg; 3:120 µg; 4:24 µg]. Lanes 5–8: Paenibacillus 
sp. 3179 α-l-fucosidase at approx. 50 kDa [5:450 µg; 6:90 µg; 
7:45 µg; 8:9 µg]. Lane 9:5 µl PageRuler Unstained Protein Ladder 
(Thermo Fisher Scientific #26614). Enzyme concentrations were 
determined by Bradford assay with BSA as standard protein

F I G U R E  A 3  Nonlinear regression and estimation of kinetic 
parameters for (a) the Paenibacillus sp. 3179 β-d-galactosidase and 
(b) the Paenibacillus sp. 3179 α-l-fucosidase. The experimental 
data points (black squares) were fitted to the Michaelis–Menten 
equation (red lines) to obtain the kinetic parameters Km and Vmax. 
The two curves did not reach full saturation, which is reflected in 
the relatively large errors on the parameters. Therefore, the values 
given here are rough estimates of the kinetic parameters


