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I 

1 ABBREVIATIONS 

Amino acids 

Amino acid 3-Letter code 1-Letter code 

Alanine Ala A 

Arginine Arg R 

Asparagine Asn N 

Aspartic acid Asp D 

Cysteine Cys C 

Glutamine Gln Q 

Glutamic acid Glu E 

Glycine Gly G 

Histidine His H 

Isoleucine Ile I 

Leucine Leu L 

Lysine Lys K 

Methionine Met M 

Phenylalanine Phe F 

Proline Pro P 

Serine Ser S 

Threonine Thr T 

Tryptophan Trp W 

Tyrosine Tyr Y 

Valine Val V 

 

Organisms 

Alicyclobacillus acidocaldarius, A. acidocaldarius Kluyveromyces fragilis, K. fragilis 

Alternaria sp. L1, Alternaria sp. L1, Micrococcus antarcticus, M. antarcticus 

Alteromonas haloplanctis, A. haloplanctis Mucor hiemalis, M. hiemalis 

Arabidopsis thaliana, A. thaliana Mycobacterium tuberculosis, M. tuberculosis 

Arthrobacter protophormiae, A. protophormiae Paecilomyces thermophile, P. thermophile 

Bacillus circulans, B. circulans Paenibacillus pabuli, P. pabuli 

Bacillus halodurans, B. halodurans Paenibacillus polymyxa, P. polymyxa 

Bacillus licheniformis, B. licheniformis Penicillium decumbens, P. decumbens 

Bacteroides thetaiotaomicron, 
B thetaiotaomicron 

Picea abies, P. abies 

Bifidobacterium bifidum, B. bifidum Pseudotsuga menziesii, P. menziesii 



II 

Organisms 

Calotomus japonicus, C. japonicus Pyrococcus furiosus, P. furiosus 

Candida rugosa, C. rugosa Pyrococcus horikoshii, P. horikoshii 

Cellulomonas fimi, C. fimi Rhodococcus equi, R. equi 

Cellvibrio gilvus, C. gilvus 
Rhizobium radiobacter, R. radiobacter (formerly 
Agrobacterium tumefaciens or 
Agrobacterium radiobacter) 

Cicer arietum, C. arietum Solanum lycopersicum, S. lycopersicum 

Clostridium stercorarium, C. stercorarium Streptococcus pneumonia, S. pneumonia 

Coprinopsis cinerea, C. cinerea Sulfolobus solfataricus, S. solfataricus 

Criptococcus albidus, C. albidus Thermococcus kodakaraensis, T. kodakaraensis 

Eudendrium antarcticum B7, E. antarcticum B7 Thermotoga maritima, T. maritima 

Escherichia coli, E. coli Thermotoga neapolitana, T. neapolitana 

Geobacillus stearothermophilus, 
G. stearothermophilus 

Thermoplasma acidophilum, T. acidophilum 

Helicobacter pylori, H. pylori Thermosphaera aggregans, T. aggregans 

Homo sapiens, H. sapiens Thermus nonproteolyticus, T. nonproteolyticus 

Humicola insolens, H. insolens Thermus thermophiles, T. therophiles 

Kluyveromyces marxianus, K. marxianus 
(formerly K. fragilis) 

Volvariella volvacea, V. volvacea 

 

Glycosides 

Ara L-Arabinose IPTG Isoproyl β-D-thiogalactopyranoside 

Gal D-Galactose LacNAc N-Acetyl D-lactosamine 

Glc D-Glucose Lea/x Lewis antigena/x 

GlcNAc N-Acetyl D-glucosamine Leb/y Lewis antigenb/y 

Fuc L-Fucose LNB I Lacto-N-biose I 

Lac Lactose LNFP II Lacto-N-fucopentaose II 

Mal Maltose LNT Lacto-N-tetraose 

Man D-Mannose pNPAra 
p-Nitrophenyl 
α-L-arabinopyranoside 

Rha L-Rhamnose pNPGal 
p-Nitrophenyl 
β-D-galactopyranoside 

Xyl D-Xylose pNPGlc p-Nitrophenyl β-D-glucopyranoside 



 

III 

Glycosides 

α-GalF 
α-D-Galactopyranosyl 
fluoride 

pNPGlcNAc 
p-Nitrophenyl N-acetyl 
β-D-glucosaminide 

α-GlcF 
α-D-Glucopyranosyl 
fluoride 

pNP-β-D-Fuc p-Nitrophenyl β-D-fucopyranoside 

α-FucF 
α-L-Fucopyranosyl 
fluoride 

pNP-α-L-Fuc p-Nitrophenyl α-L-fucopyranoside 

α-LacF α-D-Lactosyl fluoride pNPLac p-Nitrophenyl β-D-lactoside 

α-ManF 
α-D-Mannopyranosyl 
fluoride 

pNPMan 
p-Nitrophenyl 
β-D-mannopyranoside 

α-Man2F α-D-Mannobiosyl fluoride pNPRha 
p-Nitrophenyl 
α-L-rhamnopyranoside 

α-XylF 
α-D-Xylopyranosyl 
fluoride 

pNPXyl p-Nitrophenyl β-D-xylopyranoside 

β-GalN3 
β-D-Galactopyranosyl 
azide 

pNPXyl2 p-Nitrophenyl β-D-xylobioside 

β-FucN3 β-L-Fucopyranosyl azide 

XLFG; 
XLLG/XLLGαF; 
XXXG/XXXGαF 

Xyloglucans 

(G = Glc; X = Xyl-α1,6-Glc; 
L = Gal-β1,2-Xyl-α1,6-Glc; 
F = Fuc-α1,2-Gal-β1,2-Xyl-α1,6-Glc; 
αF = fluoride in α-configuration) 

β-FucF 
β-L-Fucopyranosyl 
fluoride 

β-RhaN3 
β-L-Rhamnopyranosyl 
azide 

BTXyl2 Benzylthio-β-xylobioside Xyl2F/X2F α-D-Xylobiosyl fluoride 

2-Cl-pNPRha 
2-Chloro-p-nitrophenly 
α-L-rhamnopyranoside 

Xyl3F α-D-Xylotriosyl fluoride 

HMO 
Human milk 
oligosaccharides 

UDP-GlcNAc 
Uridine diphosphate 
N-acetylglucosamine 

 

Enzymes 

Abg 
β-Glucosidase of 
R. radiobacter 

Gan42B 
β-Galactosidase of 
G. stearothermophilus 

A4-β-gal 
β-Galactosidase of 
T. thermophilus 

GlmATk/Ph 
Β-Glucosaminidases 
of T. kodakarensis or 
P. hirokoshii 

AaβGal-D361G 
β-Galactosynthase of 
A. acidocaldarius 

HiCel7B 
Cellobiase of 
H. insolens 

Abg-2F6 Mutant variant of Abg Hs-β-gal 
β-Galactosidase of 
H. sapiens 

Abg-NNT Mutant variant of Abg KmBglI 
β-Glucosidase of 
K. marxianus 



IV 

Enzymes 

AglA 
α-Glucosidase of 
T. acidophilum 

LacZ 
β-Galactosidase of 
E. coli 

AHA 
α-Amylase of 
A. haloplanctis 

LamA 
Endo-1,3-β-glucanase 
of P. furiosus 

AtFUT1 
Fucosyltransferase of 
A. thaliana 

MalA 
α-Glucosidase of 
S. solfataricus 

BbAfcA 
α-Fucosidase of 
B. bifidum 

Man26a 
β-Mannosidase of 
C. japonicus 

BgaC 
β-Galactosidase of 
B. circulans 

Man2a 
β-Mannosidase of 
C. fimi 

BglC 
β-Glucosaminidase of 
P. furiosus 

Pfu 
Polymerase of 
P. furiosus 

BglU 
β-Glucosidase of 
M. antarcticus 

PpXG5 
Endo-xyloglucanase of 
P. pabuli 

BglU1-E386G 
β-Glucosidase mutant of 
rice 

REX 
Reducing-end 
xylose-releasing 
exo-xylanase 

BglY 
β-Glucosidase of 
Paenibacillus sp. 

RhaB 
α-L-Rhamnosidase of 
Bacillus sp. GL1 

BgtA Glycosyltransferase RhaL1 
α-L-Rhamnosidase of 
Alternaria sp. L1 

Bhx 
Exo-β-xylosidase of 
B. halodurans 

RNase B 
Ribonuclease B of 
bovine pancreas 

Cbg1 
Coniferin specific 
β-glucosidase of 
R. radiobacter 

Ss 
Fucosidase of 
S. solfataricus 

Cel5A Cellobiase of C. fimi Taq 
Polymerase of 
T. aquaticus 

Cex Xylanase of C. fimi Tm 
Fucosidase of 
T. maritima 

CFXcd-E235G Xylanase of C. fimi TmGalA 
β-Galactosidase of 
T. maritima 

CstI Sialyltransferase TnBgl1A/TnBgl3B 
β-Glucosidases of 
T. neapolitana 

EGALC-E341S 
Endo-galactosyl 
ceramidase of R. equi 

TnG-E338A 
β-Glycosidase of 
T. nonproteolyticus 

EGCase Endo-glycoceraminidase  WbgL Glycotransferase 

Endo-CC 
Endo-N-acetyl 
glucosaminidases of 
C. cinerea 

XylB 
Xylanase of 
T.maritima 



 

V 

Enzymes 

Endo-H Endoglycosidase H XynA 
Xylanase of 
B. halodurans 

Endo-M 
Endo-N-acetyl 
glucosaminidases of 
M. hiemalis 

XynB 
Xylanase of 
C. stercorarium 

ENGase 
Endo-N-acetyl 
glucosaminidase 

XynB2 
Exo-glycosidase of 
G. stearothermophilum 

ExoI 
Barley β-D-glucan 
exo-glucohydrolase 

β-GalT-1 
Human 
galactosyltransferase 

 

General 

APS Ammonium persulfate LOQ Limit of quantification 

BLAST Basic local alignment search tool AU Auxillary units 

bp Base pairs NMR Nuclear magnetc resonance 

CaZY Carbohydrate active enzymes NTA Nitrilotriacetic acid 

CDMBI 
2-Chloro-1,3-dimethyl-1H-
benzimidazol-3-ium chloride  

PCR Polymerase chain reaction 

Da Dalton (g/mol) PDB Protein data base 

DMC 
2-Chloro-1,3-dimethylimidazolium 
chloride 

PE Petrol ether 

DMF N,N-Dimethylformamide pNP p-Nitrophenol 

DMPU N,N′-Dimethylpropyleneurea rpm Rounds per minute 

DP Degree of polymerisation RP-TLC 
Reversed phase thin layer 
chromatography 

DSMZ 
Deutsche Stammsammlung von 
Mikroorganismen und 
Zellkulturen 

SDS-PAGE 
Sodium dodecylsulfate 
polyacrylamide gel 
electrophoresis 

E.C. Enzmye class SGP Sialylglycopeptide 

EA Ethyl acetate T Temperature 

EDTA Ethylenediaminetetraacetic acid t Time 

equiv Equivalents TB Terrific broth 

GH Glycohydrolase TEMED 
N,N,N′,N′-Tetramethyl 
ethylenediamine 

HEPES 
4-(2-Hydroxyethyl)-1-
piperazineethanesulfonic acid 

TIM Triosephosphateisomerase 

    



VI 

General 

His6 Tag comprising of six histidines TIPSpNP 
Triisopropyl-(4-nitrophenoxy)-
silane 

HIV Human immunodeficiency virus TLC Thin layer chromatography 

HIV-1 
gp41 

Glycopeptide of HIV-1 TRIS Tri(hydroxymethyl)aminomethane 

HMPA Hexamethylphosphoramide U Unit (µmol substrate/min) 

HPLC 
High-performance liquid 
chromatography 

UM Umbelliferone 

HTS High-throughput screening UV Ultra violet 

IgG Immunoglobulin G ṽ Wave number 

IMAC Ion metal affinity chromatography wt Wild type 

IR Infra red X-gal/X-glc 
5-bromo-4-chloro-3-indoyl 
β-D-galacto-/glucopyranoside 

ISE Ion selective electrode xJ Coupling constant (NMR) 

KEGG 
Kyoto encyclopedia of genes and 
genomes 

δ Chemical shift 

KPi Potassium phosphate ε Extinction coefficient 

LB Lysogeny broth λ Wavelength 

LOD Limit of detection   

 

 



2 Abstract 
 

1 

2 ABSTRACT 

With the aim of producing and applying new glycosynthases towards the synthesis of 

glycosides, the results obtained during the work of this thesis highlighted various aspects not 

only of the glycosynthase-catalysed reaction but also of the process of transforming a 

glycosidase into a glycosynthase. 

The influence of temperature on glycosynthetic reactions was examined in detail by applying 

mutated glycosidases with hyperthermophilic, mesophilic, and psychrophilic properties. An 

elevated temperature proved as unsuitable for glycosynthetic reaction utilising glycosyl fluoride 

donors. The application of a hyperthermophilic enzyme was attempted with mutants of the 

putative β-galactosidase BglC, which was provided by the group of Prof. Elling (RWTH 

Aachen). A general unsuitability of high temperatures for glycosynthetic reactions was 

determined as thermal degradation of the glycosyl fluoride donor dominated the reaction. The 

unsuitability of elevated temperatures turned the focus towards low and moderate 

temperatures for the glycosynthetic reaction in order to minimalise glycosyl fluoride hydrolysis. 

The mesophilic β-glucosidase mutant Abg-E358S acted, not only as an example of a 

mesophilic glycosynthase, but also as a positive control as this variant was literature known to 

possess glycosynthetic activity. The psychrophilic glucosidase BglU of M. antarcticus was 

characterised and the catalytic residue mutated with the aim of producing a cold-adapted 

β-glycosynthase. Mutation of the nucleophilic residue and β-glucosidase activity screening via 

esculin-agar resulted in the discovery of the glycosynthetic active variant BglU-E377A. Similar 

to the wt, the glycosynthase BglU-E377A exhibited a lower synthetic activity than the 

mesophilic Abg-E354S and despite the lower activity, a repeated glycosylation of the product 

similar to the reaction catalysed by Abg-E358S was observed. 

Following the method of Andrés et al., a modification of the glycosynthase activity assay, 

exploiting the capability of fluoride to cleave silyl ether bonds, was developed shortening the 

assay time and increasing the maximal detection limit greatly.[1] The modifications enabled the 

measurement of glycosynthase activity and the determination of the conversion during 

synthetic reactions within the short time of 10 min. The application of the assay was 

demonstrated by the determination of the conversion of the glycosyl fluoride donor, kinetic 

measurements, substrate scope, and optimal acceptor : donor ratio of the glycosynthases 

Abg-E358S and BglU-E377A. Both the development and application of the assay was 

successfully published.[2] 

Due to the limitation of the substrate spectrum of the examined glycosynthases, glycosylating 

only glycosidic acceptor molecules, a substrate-based approach of glycosynthase candidate 

identification was carried out. The coniferin-specific β-glucosidase Cbg1 of R. radiobacter was 
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identified as a glycosynthase candidate, which could potentially glycosylate phenolic 

compounds. Structural analysis identified the catalytic residues and nine mutant variants were 

created by mutagenesis and tested for hydrolytic and glycosynthase activity utilising glycosyl 

fluoride or the chemical recovery method. With respect to hydrolysis, the mutants Cbg1-D222S 

and -H144A exhibited much higher hydrolytic activity than the wt form. A chemical recovery 

was only observed for the mutant variants of the D559 position. Additionally, transglycosylation 

experiments were attempted applying phenolic compounds. 

The conversion of the α-L-rhamnosidase RhaB of Bacillus sp. GL1 into a rhamnosynthase was 

attempted, by applying the strategy of an in situ production and transfer of the β-glycosyl azide 

donor. The reference substances and substrates were synthesised successfully for the 

application in activity and chemical recovery experiments. The wt RhaB of Bacillus sp. GL1 

was expressed and characterised. New mutant variants of RhaB, RhaB-E567C/N, -E579Q, 

and -E841A were created by mutagenesis. The mutant variants were tested for hydrolytic 

activity, activity mediated by chemical recovery, and glycosynthetic activity. A colourimetric 

detection assay for azide ions by acidic ferric solution was adapted for a microplate format and 

applied for the identification of glycosynthetic activity of RhaB mutant variants.  

In cooperation with the group of Prof. Fujiyama (Osaka University) the synthetic potential of 

the glycosynthase variant of Endo-CC N180H of C. cinerea for the diversification of flavonoids 

was evaluated. The transfer of a sialo biantennary glycan catalysed by commercially obtained 

Endo-CC N180H was successfully demonstrated for different substrates. The acceptor scope 

was further tested towards the flavonoids, revealing the limitation of the acceptor scope lying 

in the glycoside (glucoside vs. galactoside) rather than the aglycone of the acceptor. Active 

Endo-CC N180H was also expressed in E. coli BL21(DE3) and isolated for glycan transfer 

reactions. 
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3 KURZZUSAMMENFASSUNG 

Die vorliegende Dissertation beschäftigt sich mit der Generierung und dem Einsatz neuer 

Glykosynthasen in der biokatalytischen Synthese von Glykosiden. Durch die erlangten 

Ergebnisse konnten verschiedene Aspekte der Glykosynthasen-katalysierten Reaktion und 

des Prozesses der Umwandlung einer Glykosidase zur Glykosynthase aufgeklärt werden. 

Der Einfluss der Temperatur auf synthetische Reaktionen mit Glykosynthasen wurde durch 

den Einsatz von mutierten hyperthermophilen, mesophilen und psychrophilen Glykosidasen 

untersucht. Die Anwendung eines hyperthermophilen Enzyms wurde erprobt mit Mutanten der 

putativen β-Galaktosidase BglC aus P. furiosus, dessen wild typ (wt) Enzym von der AG Elling 

(RWTH Aachen) zur Verfügunug gestellt wurde. Erhöhte Temperaturen erwiesen sich jedoch 

generell als ungeeignet für synthetische Reaktionen mit Glykosylfluoriden als Donor. Somit 

rückte der Fokus auf niedrige und moderate Temperaturen für die glykosynthetische Reaktion, 

um die Glykosylfluoridhydrolyse zu minimieren. Die mesophile β-Glucosidase Mutante 

Abg-E358S ist nicht nur ein Beispiel für eine mesophile Glykosynthase, sondern diente auch 

als positive Kontrolle, da diese Variante in der Literatur als Glykosynthase bekannt war. Die 

psychrophile β-Glucosidase BglU aus M. antarcticus wurde charakterisiert und mutiert mit dem 

Ziel, eine kälteangepasste β-Glykosynthase zu produzieren. Die Mutation des katalytisch 

aktiven Zentrums und ein β-Glucosidase-Aktivitätsscreening auf Esculin-Agar führten zur 

Entdeckung der glykosynthetisch aktiven Variante BglU-E377A. Ähnlich wie der wt zeigte die 

Glykosynthase BglU-E377A eine geringere synthetische Aktivität als die mesophile 

Abg-E354S. Trotz der geringeren Aktivität wurde eine wiederholte Glykosylierung des 

Produkts ähnlich der durch Abg-E358S katalysierten Reaktion beobachtet. 

Nach dem Verfahren von Andrés et al. wurde eine Modifikation des 

Glykosynthase-Aktivitätsassays unter Ausnutzung der Spaltung von Silyletherbindungen 

durch Fluorid-Ionen entwickelt, die die Assayzeit verkürzt und die maximale Nachweisgrenze 

stark erhöht.[1] Die Modifikation ermöglichte die Messung der Glykosynthaseaktivität und die 

Bestimmung der Umsatzes bei synthetischen Reaktionen innerhalb von 10 Minuten. Die 

Anwendung des Assays wurde durch die Bestimmung des Umsatzes des 

Glykosylfluorid-Donors, kinetischer Messungen, Bestimmung des Substratspektrums und des 

optimalen Akzeptor : Donor-Verhältnisses der Glykosynthasen Abg-E358S und BglU-E377A 

demonstriert. Sowohl die Entwicklung als auch die Anwendung des Assays wurden erfolgreich 

veröffentlicht.[2] 

Aufgrund der Einschränkung des Substratspektrums der untersuchten Glykosynthasen, die 

nur glykosidische Akzeptormoleküle glykosylieren können, wurde ein substratbasierter Ansatz 

zur Identifizierung von Glykosynthase-Kandidaten durchgeführt. Die Coniferin-spezifische 
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β-Glucosidase Cbg1 von R. radiobacter wurde als Kandidat identifiziert, der potenziell 

phenolische Verbindungen glykosylieren könnte. Eine Strukturanalyse lieferte die 

katalytischen Aminosäuren und neun verschiedene Mutanten wurden erzeugt und auf 

hydrolytische und Glykosynthaseaktivität unter Verwendung von Glykosylfluorid oder der 

‚chemical recovery‘ methode untersucht. In Bezug auf die Hydrolyse zeigten die Mutanten 

Cbg1-D222S und -H144A eine viel höhere hydrolytische Aktivität als das wt-Enzym. Eine 

Rückgewinnung der enzymatischen Aktivität wurde nur für die mutierten Varianten der 

D559-Position beobachtet. Zusätzlich wurden Transglykosylierungsexperimente mit 

phenolischen Verbindungen durchgeführt. 

Die Umwandlung der α-L-Rhamnosidase RhaB aus Bacillus sp. GL1 zu eine Rhamnosynthase 

wurde untersucht, indem die Strategie einer in situ Produktion und Übertragung des 

β-Glykosylazid-Donors angewendet wurde. Die Referenzsubstanzen und Substrate wurden 

erfolgreich für den Einsatz in Aktivitäts- und ‚chemical recovery‘-Versuchen synthetisiert. Der 

wt-Glykosidase von RhaB wurde heterolog exprimiert und charakterisiert. Neue mutierte 

Varianten von RhaB, RhaB E567C/N, E579Q und E841A wurden erzeugt und auf 

hydrolytische Aktivität, auf rückgewonnene Aktivität durch ‚chemical recovery‘ und auf 

glykosynthetische Aktivität getestet. Ein Nachweisassay für Azid-Ionen wurde für ein 

Mikrotiterplattenformat angepasst und zur Identifizierung der glykosynthetischen Aktivität von 

RhaB-Varianten eingesetzt. 

In Zusammenarbeit mit der Arbeitsgruppe von Prof. Fujiyama (Osaka University) wurde das 

synthetische Potenzial der Glykosynthasevariante von Endo-CC N180H aus C. cinerea zur 

Glykodiversifizierung von Flavonoiden untersucht. Die Übertragung eines Glykans (des 

komplexen Types) katalysiert durch das kommerziell erhältliche Endo-CC N180H, wurde 

erfolgreich für verschiedene Substrate nachgewiesen. Das Akzeptorspektrum wurde weiterhin 

auf Flavonoide getestet, welche die Einschränkung des Akzeptorspektrums zeigt, der im 

Glykosid (Glucosid vs. Galaktosid) und nicht im Aglykon des Akzeptors liegt. Aktives 

Endo-CC N180H wurde auch in E. coli BL21(DE3) heterolog exprimiert und für die 

Glykanübertragung getestet. 
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4 INTRODUCTION 

4.1 Importance of glycosides 

The most abundant biological molecules on earth are carbohydrates. Their simplest form, 

created during the photosynthesis of plants by the use of sunlight and CO2, which are then 

converted to complex carbohydrates, glycoconjugates or glycans, take part in the biology of 

all living organisms. They cover the surface of all cellular organisms (either forming the 

glycocalyx or a cell wall) and are added to the structure of numerous macromolecules 

produced by these cells. Glycosides are essential for the given biological and physicochemical 

properties of the specific compound, and exert major influence on the functionality and stability 

of peptides, cell recognition, health and immunity and many other processes throughout 

biology. Many advances in glycoscience have brought more and more to light the crucial role 

of glycosides and glycoconjugates in biological processes and have defined their importance 

for applications of the pharmaceutical-, medicinal-, food-, energy-, and material industry. Due 

to their natural occurrence and production in plants for example, carbohydrates are proving to 

be viable and sustainable alternative to fossil resources.[3, 4] 

The role of glycosylation is also increasing immensely in the pharmaceutical industry. Since 

the introduction of the first biologically based pharmaceutical Insulin, approved by the US Food 

and Drug Administration in 1982, many biopharmaceuticals in form of cytokines, hormones, 

enzymes, monoclonal antibodies, and fusion proteins have been introduced to the market.[5] 

This has changed the pharmaceutical industry drastically with now eight of the top ten selling 

pharmaceuticals in 2017 being of biological origin (Figure 1, A).[6] 

 
Figure 1 (A) Overview of the top ten selling pharmaceuticals of 2017.[6] The pharmaceuticals based on 
biological complex molecules are highlighted by an asterisks. (B) Number of production changes after 
approval of pharmaceuticals, which can have an effect on the posttranslational modifications such as 
glycosylation.[7] 
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However, these large complex molecules are subject to diverse posttranslational 

modifications, which are influenced by subtle changes such as culture conditions, production 

cell type, and purification strategies (Figure 1, B). The in-depth understanding of these 

modifications, as for example functionally relevant glycans, are essential for the maintenance 

of quality and safety of biopharmaceuticals. The recent introduction of biosimilars, follow-on 

versions of biopharmaceuticals designed to match protein drugs for which production patents 

have expired, has increased the importance of state of the art analytics for the detection and 

control of critical quality attributes.[5, 7] 

Glycosides play a further major role in the food industry modulating biological activities and the 

bioavailability of nutritional compounds. Flavonoids and their respective glycosides are the 

most abundant type of polyphenols in food and have been attributed considerable biological 

effects concerning diseases such as cancer, diabetes, HIV, inflammation, and obesity. 

Glycosylation of the flavonoid structures, most commonly O-glycosylation in the 3- or 

7-position, can influence the absorption, distribution and metabolism. A generalisation of the 

glycosylation effects on flavonoids is difficult as glycosylation position, flavonoid structure, and 

the type of glycosyl residue influence the increase or decrease in activities. Activities such as 

anti-obesity, anti-HIV, tyrosinase inhibition, and anti-allergic can be greatly increased by 

glycosylation, whereas the antioxidant, anti-cancer, anti-coagulant and anti-fungal activity 

have been reported to decrease.[8] The diversification of the glycosylation of such compounds 

could lead to the discovery of further beneficial activities. 

Due to the large impact of glycosylation, the demand for simple methods for the synthesis of 

defined glycosides is therefore constantly rising. In the area of organic synthesis, especially 

the synthesis of natural compounds, enzymatic conversions are becoming more and more 

popular. Many properties of enzymes such as, regio-, stereo- and chemo-selectivity make 

enzymes ideal candidates for organic synthetic conversions. The ability of enzymes to catalyse 

reactions under mild conditions also shows their potential as ‘green’ catalysts. Due to the huge 

variety of enzymes throughout nature, many different reaction types can be catalysed with the 

use of enzymes, e.g. redox reactions, carbon-carbon bond formations, hydrolytic reactions or 

isomerisations, making enzymes versatile tools to develop synthetic methods. The use of 

enzymes such as glycosyltransferases and glycosidases capable of transferring and 

hydrolysing glycosidic structures has gained much interest by organic chemists. The high 

regio-selectivity and often complete anomeric control of the enzymatic conversions cancel out 

the need of tedious protection and activation procedures which often lead to low yields. Recent 

developments in genetic engineering have also made the use of glycosynthases possible, 

raising the yields and synthetic potential of these enzymes greatly. 
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4.2 Thesis objective 

As described above, the importance of synthesising glycosidic structures due to their crucial 

roles in biological processes is evident. The simple production of complex glycans or 

glycosylated compounds will help to develop new pharmaceuticals, modulate nutritional food 

values and new analytical methods. The main objective of the presented thesis is the 

development of new glycosynthases in the aim of creating a versatile biocatalytic toolbox for 

glycosylation and glycodiversification in organic synthesis. The focus lies hereby on the 

production of the glycosynthases by mutagenesis and the evaluation of their suitability for the 

application in synthetic reactions. 

The objective is approached in four separate projects, each focussing on a different aspect of 

the glycosylation reaction carried out by glycosynthases. However, in each case, gained 

insights and the developed glycosynthases are applied to a set of flavonoid substrates 1 as a 

model reaction (Figure 2). The flavonone naringenin (1a) and its respective glycosides, 

prunin (1b, naringenin-7-O-β-D-glucoside), and naringin (1c) are well known throughout 

literature and therefore ideal model substrates, with the focus lying on the production of the 

7-O-glucoside prunin (1b) and its subsequent glycodiversification possibly modulating its 

properties such as bioavailability, biological activity and taste. 

 
Figure 2 Flavonoid substrates naringenin (1a), prunin (1b) and naringin (1c) applied in model reaction 
set for the evaluation of glycosynthase applicability. The examined glycosidases and potential 
glycosynthases are to be tested in de-glycosylation (A & C) and glycosylation (B & D) reactions. 
Furthermore, the glycodiversification of prunin (1b) is examined. 

Firstly, with the aim of producing β-linked glucosides, two extremophile β-glycosidases, the 

psychrophilic BglU of Micrococcus antarcticus, and hyperthermophilic BglC of 

Pyrococcus furiosus are to be characterised biochemically and subsequently transformed by 

site-directed mutagenesis to potential glycosynthases. The suitability of extremophile 

glycosidases for the production of potential glycosynthases and their use in synthetic reactions 

is to be evaluated by comparison of the potential new glycosynthases with the characteristics 
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of a literature known β-glycosynthase variant of Abg of Rhizobium radiobacter. The 

development of a high throughput assay is also to be targeted, in order to simplify the 

biochemical characterisation of newly created potential glycosynthases. Secondly, a focus is 

to be set on the acceptor substrate specificity of glycosynthases by choosing a glycosidase 

with a known natural substrate. With the aim of glycosylating non-glycosidic phenolic acceptor 

substrates, the coniferin specific β-glucosidase Cbg1 of R. radiobacter is to be examined for 

glycosynthetic potential by mutagenesis. 

Though many advances have been made towards the production of α-glycosynthases, the 

establishment of α-L-rhamnosynthases has not yet been described. The third project focusses 

on the transferral of methods developed for α-galacto- and α-fucosynthases towards the 

transformation of the α-L-rhamnosidase RhaB of Bacillus sp. GL1 into a α-L-rhamnosynthase. 

Beside the site-directed mutagenesis of the rhamnosidase, a suitable assay for the evaluation 

and analysis of potential synthetic reactions is to be developed. 

In a cooperation with the group of Prof. Fujiyama of the Osaka University, the fourth project 

switches the focus from the transferal of monosaccharide moieties to large glycan moieties. 

The potential of transferring a sialyl biantennary glycan onto flavonoid and aryl glycosides is 

examined with the endo-N-acetyl-glucosaminidase mutant variant EndoCC-N180H of 

Coprinopsis cinerea. 
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5 STATE OF KNOWLEDGE 

5.1 Glycosynthases — from hydrolysis to synthesis 

Glycosidic structures are ubiquitous throughout nature, covering the surface of all cellular 

organisms and even many of the macromolecules inside of these. Therefore, glycosides fulfil 

various functions in biological systems acting on the one hand as recognition motifs, as for 

example, in blood group antigens, but also providing function, structure, and stability for cells 

and enzymes. The importance of glycosidic structures for the pharmaceutical industry is clearly 

demonstrated by the many bacterial and viral infections mediated by glycoside recognition.[9] 

Furthermore, specific oligosaccharides, such as human milk oligosaccharides (HMOs), have 

been reported to have probiotic and antimicrobial effects making them highly desired targets 

for the food and nutrition industry.[10] Originating from renewable resources, polysaccharides 

also play an important role in discovering new sustainable materials. The demand for simple 

synthetic methods for the synthesis of defined glycosides is rising constantly with the 

increasingly growing knowledge of the major role glycosides and glycoconjugates play in 

biological processes. The high biological functionality and complex structure of glycosides is a 

direct result of their numerous functional moieties, diverse stereochemistry, and abundant 

linkage possibilities. Synthesis of glycoside structures would greatly improve the possibility in 

producing new materials and pharmaceuticals, and allow targeted research on functional and 

structural properties of these compounds. The chemical synthesis of glycosidic structures is 

well developed, but remains a strenuous task. Addressing for example, solely single functional 

groups, many protection and selective deprotection steps are required in order to avoid side 

product formation.[11-14] A complete anomeric control of the newly formed glycosidic bond is 

also prerequisite to bypass lengthy separation methods. 

Throughout nature, the enzyme group of glycosyltransferases (E.C.  2.4.1.n) accomplish the 

biosynthesis of glycosidic structures. These enzymes transfer activated sugar-nucleotide 

donor molecules with high selectivity onto various acceptor molecules. Even though their use 

in biocatalysis has been extensively researched, a large scale use is still limited by the high 

cost of the nucleotide-phosphate donor molecules and the difficulty in expression and handling 

of these mostly membrane bound enzymes.[15] Alternative carbohydrate active enzymes are 

glycohydrolases (E.C. 3.2.1.n), also referred to as glycosidases, of which a high variety are 

readily available due to their occurrence in most primary and secondary metabolic pathways 

of all organisms.[16] These enzymes are structurally divers and have been categorised by the 

carbohydrate active enzyme database (CAZy) into over 150 glycosyl hydrolase families (GH) 

based on amino acid sequence similarities. Similarities in protein folding have also enabled 

the classification of 18 different glycohydrolase clans (GH A–R). The natural function of this 
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group of enzymes is the degradation of glycosidic structures and are defined into two groups 

depending on their catalytic mechanism (Figure 3, A & B).[17]  

 
Figure 3 Hydrolytic (A & B) and synthetic (C & D) mechanisms of glycosyl hydrolases. (A) Inverting 
hydrolases: A single displacement mechanism, supported by acid/base residues, inverts the anomeric 
configuration of the product compared to the substrate. (B) Retaining hydrolases: The double 
displacement mechanism allows the anomeric configuration of the substrate to be retained in the product 
via a glycosyl-enzyme-intermediate. (C) Reverse hydrolysis: The presence of high acceptor 
concentrations shifts the equilibrium of the reaction to the formation of a glycosidic bond. 
(D) Transglycosylation: The enzyme-glycosyl-intermediate is intercepted by and transferred to an 
acceptor molecule in place of a hydrolysis of the intermediate. 

A double displacement mechanism catalysed by a nucleophilic and acid/base residue in the 

enzymes active site is carried out by retaining glycosidases, resulting in a retention of the 

anomeric configuration of the substrate in the yielded product (Figure 3, B). Inverting 

glycosidases in comparison follow a single displacement mechanism with two catalytic 

acid/base residues supporting the nucleophilic substitution at the anomeric centre of the 

substrate, inverting the anomeric configuration of the resulting product compared to the 

substrate (Figure 3, A). Due to the vast variety of glycosidases, a consensus nomenclature for 

the description of the carbohydrate binding subsites was developed.[18] The nomenclature 

adopts a -n to +n form whereby -n represents the non-reducing end and +n the reducing end 

binding subsites. The cleavage catalysed by the glycosidase takes place between the -1 and 

+1 subsites (Figure 4). The consensus nomenclature is necessary in order to compare 

glycosidases consistently throughout literature. 
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Figure 4 Depiction of the consensus nomenclature for the carbohydrate binding subsites of the active 
site of glycosidases. The -n subsites represent binding sites of the non-reducing end, while +n subsites 
bind to the reducing end of the cleaved oligosaccharide.[18] 

Glycosidases can be utilized in two different ways for synthetic reactions by reverse hydrolysis 

or transglycosylation methods (Figure 3, C & D).[19, 20] Nevertheless, the ability of the 

glycosidase in hydrolysing the produced product most often leads to strongly diminished yields. 

Mackenzie et al. and Malet et al. (working on exo- and endo-glycosidases, respectively) 

reported the production of genetically engineered glycosidases, namely glycosynthases, which 

were lacking a nucleophilic residue and therefore void of hydrolytic activity, to overcome the 

disadvantage of product hydrolysis.[21, 22] The intact structure of the enzyme allowed the 

formation of glycosidic bonds in the presence of activated glycosyl donors such as glycosyl 

fluorides, which mimic the glycosyl-enzyme-intermediate (Figure 5, A). Following the 

introduction of this ‘classical’ glycosynthase method mostly restricted to retaining glycosidases, 

alternative methods such as in situ generation of donor molecules have been described, 

greatly expanding the repertoire of glycosynthases.[23] The in situ donor synthesis is enabled 

by a recovery of the ‘hydrolytic’ activity of glycosidase mutants by the presence of an external 

nucleophile (Figure 5, B). The external nucleophile can then act as a new leaving group, 

allowing the transferral of the glycosyl residue onto an acceptor molecule. This method has 

been termed ‘chemical rescue’ throughout literature. 
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Figure 5 Mechanisms for mutant glycosidases without hydrolytic activity acting as glycosynthases. 
(A) A ‘classic’ approach in which a chemically synthesised activated glycosyl donor with an opposite 
anomeric configuration to the natural substrate is utilised. (B) The activated glycosyl donor is produced 
in situ by addition of an external nucleophile (chemical recovery) and subsequently transferred onto an 
acceptor. (C) Activated glycosyl donors in the shape of glycosyl oxazoline compounds derived from 
N-acetyl-D-glucosamine can be transferred to acceptors by glycosynthases based on 
endo-β-N-acetylglucosaminidases. 

Glycosidases of various origins have been transformed into glycosynthases allowing the 

production of α- and β-glycosyl linkages with glucosyl-, galactosyl-, fucosyl-, arabinosyl-, 

mannosyl- or even lactosyl-residues.[24] Recently, the method has been applied to 

endo-β-N-acetylglucosaminidases, such as the enzyme Endo-M of the fungal plant pathogen 

Mucor hiemalis, which play important roles in protein post-translational glycosylation. 

Elucidation of the mechanistic properties of these enzymes led to the development of synthase 

mutants, which transfer oxazoline glycoside structures onto different acceptors enabling the 

complete (en bloc) transfer of large (nonasaccharide) glycans (Figure 5, C).[25] This has 

resulted in a powerful tool for modifying peptides with high pharmaceutical interest with defined 

glycan structures. 

5.2 Biocatalysis towards β-linked glycosides 

5.2.1 Synthesis of β-glycosides 

Biocatalytic synthesis with β-glucosynthases 

After the introduction of the genetically engineered glycosynthases by Mackenzie et al. in 

1998, glucosynthases, transferring glucosyl moieties, derived from glucosidases (exo- or 

endo-) originating from a variety of organisms have been the most commonly produced type 

of these enzymes.[21] This type of variant is often generally referred to as ‘glycosynthase’ 

throughout literature, due to the often-observed promiscuity concerning the donor glycoside. 
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The Abg E358A glucosynthase derived from R. radiobacter (formerly 

Agrobacterium tumefaciens), for example, catalysed not only the transfer of glucosyl but also 

galactosyl residues to para-nitrophenyl (pNP) glycosides. Shim et al. and Kim et al. reported 

further modulation of this enzyme broadening the scope of donor substrates even more.[26, 27] 

The use of the glycosynthase variant Abg 2F6 was thereby extended to a xylosyl donor and 

Abg NNT to C3-modified (methylated) gluco- and galactosyl donors (producing β-1,4 linkages), 

giving a much broader range of synthesisable glycosides. Wei et al. also impressively 

demonstrated the promiscuity of glycosynthases to accept different glycosyl fluoride donors 

with the β-glycosidase mutant TnG-E338A of Thermus nonproteolyticus.[28] The glycosynthase 

showed high promiscuity towards the donor substrate, transferring α-D-glucosyl-, 

α-D-galactosyl-, and α-D-fucosyl fluoride donors (2a, α-GlcF; 2b, α-GalF; 2c, α-D-FucF) to 

different acceptors 3a, 4a, 5a–5c in yields for 3b, 4b, 5d–5f varying between 15–100% 

depending on the donor and acceptor combination (Table 1). Interestingly the enzyme also 

catalysed donor transferal towards dehydroepiandrosterone (4a), an unusually large and 

lipophilic acceptor, with α-GlcF 2a as the donor glycoside (49% yield). 

Table 1 Synthetic glycosylation examples catalysed by TnG-E338A.[28] The reactions were carried out 
with α-GlcF (2a), α-GalF (2b), or α-D-FucF (2c) as the donor substrates. Donor and acceptor molecules 
were employed in equal amounts unless otherwise described. Yields were determined after isolation. 

Donor Acceptor 
Product Yield 

[%] 

 
2a 

 
3a 

 
3b 80% 

 
4a  

4b 49% 

 
2b 

 
5a 

 
5d 32% 

 
5b  

5e 14%a 

 
2c 

 
5c 

 
5f 91% 

a Donor was applied in 2 equiv. 
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An even more extensive donor scope was exhibited by the glucosynthase BGlu1-E386G 

originating from the β-glucosidase of rice examined by Pengthaisong et al.[29] The 

glycosynthase was shown to transfer the glycosyl residues of α-D-glucosyl (2a), 

α-D-galactosyl (2b), α-D-fucosyl (2c), α-D-arabinosyl, α-D-xylosyl (2d), and α-D-mannosyl (2e) 

fluoride donor to p-nitrophenyl β-D-cellobioside (5c) producing yields of 57%, 42%, 59%, 99%, 

3%, and 79%, respectively. 

 
Figure 6 Glucosylation of natural and unnatural glycosides by glucosynthases. (A) Synthesis of 
glucosylated methyl β-acarviosin (6) by Fairweather et al.[30] The mono- and diglycosylated products 6b 
and 6c were isolated in yields of 42% and 6%; (B) Enzymatic glucosylation of erythromycin A (7a) by 
the glucosynthase EryBI-D257G. The enzyme showed high tolerance towards the bulky dimethylated 
amino group in the C3-position.[31] 

The use of Abg-E358S as a glycosynthase in syntheses of natural or unnatural glycosides was 

also demonstrated efficiently by Fairwether et al. in the synthesis of glycosylated versions of 

methyl β-acarviosin (6a), an inhibitor of cellulases (Figure 6, A).[30] The inhibitor was 

glucosylated, with a β-1,4 connection, to the pseudo-tri- 6b and pseudo-tetrasaccharide 6c in 

yields of 42% and 6%, respectively. Further putative cellulose inhibitors, derivatives of 

tetrahydrooxazine and isofagomine, were produced by MacDonald et al. producing a mixture 

of cello-oligosaccharide inhibitor variants with different lengths.[32] The reported glucosylation 

of erythromycin A (7a) by Jakeman et al. displayed the possibility of transferal of a glucosyl 

residue, in a β-1,2 fashion, to a more complex type of acceptor in a yield of 14% (Figure 6, 

B).[31] 

Additionally to the ‘classical’ glycosynthase approach catalysing the transfer of glycosyl 

fluoride donors, Pozzo et al. improved glycosylation yields by utilizing the chemical rescue 

method for in situ donor production with the β-glucosynthase (TnBgl1A-E349G) derived from 

Thermotoga neapolitana.[33] The group reached a 3.7 × higher yield during the synthesis of 

quercetin-3,4′-di-O-β-D-glucopyranoside, with ortho-nitrophenyl glucopyranoside and formate 

for in situ donor production, compared to the synthesis using α-GlcF 2a (10% yield). This 
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approach was later transferred efficiently to the TnBgl3B-D242A W243F (T. neapolitana) 

glycosynthase variant, which exhibited transglucosylation activity to 

quercetin-3-O-β-D-glucopyranoside (30%), quercetin-3-O-β-D-galactopyranoside (40%), and 

quercetin (15%).[34] This chemical rescue method was also applied to the α-glucosynthase 

variant of AglA from Thermoplasma acidophilum (AglA-D408G) allowing the synthesis of the 

putative tyrosinase inhibitor α-1,4-D-glucosyl arbutin in a 38% yield.[35] Though most 

exo-glycosidase derived glycosynthases are limited to glycoside acceptors, Yang et al. utilized 

the glycosynthase of HiCel7B (Humicola insolens), HiCel7B-E197S, in the glycosylation of 

non-glycosylated flavonoid structures (Figure 7).[36] 

 
Figure 7 Glycosylation of non-glycosidic flavonoid 1d/e to the lactosides 1f/g by the glycosynthase 
HiCel7B-E197S described by Yang et al.[36] The enzyme exhibited high regio-specificity, only deviating 
once the hydroxyl group in the Y-position was absent. 

The former endo-cellulase catalysed the transfer of lactosyl fluoride (2f, α-LacF) with high 

selectivity to the 4′-O position (position Y) of four different flavonoids (only deviating when the 

4′-O was not present) with yields ranging between 72–95%. A different variant of this mutant 

enzyme, HiCel7B-E197A was recently applied in the synthesis of regularly substituted, 

functionalised celluloses by Codera et al.[37] Polymerisation of 6′-azido-α-cellobiosyl fluoride by 

HiCel7B-E197A resulted in azido substituted cellulose oligosaccharides with a degree of 

polymerisation (DP, number of monomeric units) up to 32 in a yield of 88%. Fluorescent 

polymers were produced by a subsequent copper catalysed azide/alkyne cycloaddition 

(Huisgen reaction) with alkyne functionalised Alexa Fluor dye. Aragunde et al. performed a 

further polysaccharide synthesis.[38] The glycosynthase derived from the β-1,3-1,4-glucanase 

of Bacillus licheniformis catalysed the oligomerisation of the Glc-β1,4-Glc-β1,3-α-GlcF donor 

reaching yields of 90% (weight polymer / weight initial donor). 
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Biocatalytic synthesis with β-galactosynthases 

By combining the glycosynthase Abg 2F6, in a reaction sequence with the 

glycosyltransferases WbgL and BgtA, towards the synthesis of the type 2 blood group A 

oligosaccharide 8a, Kwan et al. demonstrated the importance of the glycosynthase method in 

the production of glycoside structures for biological or pharmaceutical research.[39] The enzyme 

effectively transferred α-D-galactosyl fluoride (2b, α-GalF) onto 4-methylumbelliferyl 

β-N-acetylglucosaminide (8b, UM-β-GlcNAc) in yields of 84% (Figure 8). 
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Figure 8 Synthetic route towards the methyl-umbelliferone derivative of the type 2 blood group A 
oligosaccharide 8a by Kwan et al.[39] The synthesis combined the engineered glycosynthase Abg 2F6 
(containing the mutations A19T, E358G, Q248R, M407V) with two glycosyltransferases WbgL and BgtA. 
WbgL and BgtA could also be applied in a one-pot reaction giving a higher yield of 62% compared to 
37% for the sequential reaction. 

Exploiting the chemical rescue method usually carried out in the case of α-glycosynthases 

(described in detail in section 5.3), Strazulli et al. catalysed the formation of various 

β-galactosyl glycosides by the β-galactosynthase AaβGal-D361G 

(Alicyclobacillus acidocaldarius) and the simple donor pNPGal 5g as starting material.[40] 

Though a high transglycosylation was achieved, the enzyme displayed high promiscuity by 

producing different regioisomers and polyglycosylated products. 

Goddard-Borger et al. demonstrated the use of a glycosynthase in the synthesis of the natural 

product psychosine, a 1-β-D-galactopyranosyl sphingosine found in the central nervous 

system.[41] The neural signalling dysfunction often observed in individuals with Krabbe disease 

can be led back to an accumulation of this compound. The β-glycosynthase EGALC-E341S 

(endo-galactosyl ceramidase of Rhodococcus equi) was successfully applied in the one-step 

synthesis of psychosine from α-GalF 2b and sphingosine (9a) in a yield of 21%, mainly due to 

the low solubility of sphingosine (9a) and precipitation of the enzyme. Further 

glycosphingolipids were synthesised by the efficient combination of glycosyltransferases and 
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endo-glycoceraminidase (EGCase) derived synthases. Rich et al. described the synthesis of 

the glycolipid lyso-GM3 (9b) by combining α-LacF 2f with sphingosine (9a) catalysed by 

EGCase II-D351S, followed by a sialylation with the Cst-I α-2,3-sialyltransferase reaching an 

overall yield of 51% (9b, Figure 9).[42] Yang et al. varied the same synthesis to a FRET-probe 

of lyso-GM3 (9b) to allow visualisation of the enzymatic processing of the glycolipid.[43] A further 

combination of glycosyltransferases and glycosynthases was performed in sequential and also 

one-pot reactions by Henze et al.[44] The report demonstrated the synthesis of 

N-acetyllactosamine type 1 (-3-Gal-β1,3-GlcNAc-1-) and type 2 (-3-Gal-β1,4-GlcNAc-1-) 

oligomers by combining the glycosynthase His6BgaC-D233G (Bacillus circulans) either in a 

one-pot or sequential reaction with the glycosyltransferases β3GlcNAcT (Helicobacter pylori) 

and the βGalT-1 (human origin).[45] By sequential use of this combination of enzymes it was 

even possible to create neo-N-acetyllactosamine (LacNAc) oligomers with alternating type 1 

and type 2 units. 

 
Figure 9 Synthesis of the glycolipid lyso-GM3 (9b) performed by Rich et al.[42] The synthesis of the 
lactosyl sphingosine acceptor 9c for the Cst-I α-2,3-sialyltransferase was catalysed by the EGCase II 
glycosynthase variant in an overall yield of 61%. a Yield encompassing the chemical synthesis of 
α-LacF 2c and the glycosynthase reaction. 

 

Biocatalytic synthesis of β-xylosides 

The pharmaceutical industry has gained much interest in xylooligosaccharides, due to their 

anti-freezing activity, non-digestibility, non-cariogenic and beneficial properties for the 

intestinal flora.[46] One of the first attempts towards the synthesis of xylosides was carried out 

by Kim et al. using the β-glycosynthase Abg 2F6 (A19T, E358G, Q248R, M407V) derived from 

a β-glucosidase from A. tumefaciens (now R. radiobacter).[27] The glycosynthase variant 
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exhibited a broad donor substrate range and an increased specificity toward α-D-xylosyl 

fluoride (2d, α-XylF; 34× higher) compared to the original mutant Abg-E358G. This was later 

utilised in 2005 by the same group in the synthesis of xylooligosaccharides with pNPGlc 5h 

(β-1,4), p-nitrophenyl xylopyranoside (5i, pNPXyl; β-1,3/1,4) and p-nitrophenyl xylobioside (5j, 

pNPXyl2; β-1,4) as acceptors in yields of 35–98%. Xylosylated 1-deoxyxylanojirimycin (10a), a 

xylose derived nitrogen-containing inhibitor was also synthesised by this mutant in a yield of 

28% (acetylated product; Figure 10).[47] 

 
Figure 10 Synthetic route towards various xylosides 5j–5o and 10b by the β-glycosynthase Abg 2F6 
derived from the β-glucosidase Abg of R. radiobacter.[47] The enzyme exhibited variable selectivity 
depending on the acceptor molecule, producing predominantly β-1,4 linkages. a Yields based on HPLC 
analysis of the reaction mixture; b Yield of isolated, acetylated product. 

After these first biocatalytic syntheses, various groups accomplished syntheses of 

xylooligomers with glycosynthases derived from actual xylanases. The reducing-end 

xylose-releasing exo-xylanase (REX), with a mutation of the acid/base catalytic residue 

(E236C), was utilised by Honda et al. in the synthesis of xylotrimers from xylobiosyl 

fluoride (2g, X2F) and xylose (11a).[48] This was also the first example of a glycosynthase 

derived from an inverting glycosidase. Kim et al. also produced xylooligosaccharides with the 

CFXcd-E235G mutant of the retaining xylanase of Cellulomonas fimi.[49] The enzyme catalysed 

the oligomerisation of X2F 2g and pNPXyl2 5j or benzylthio-β-xylobioside (3c, BTXyl2) resulting 

in a mixture of different oligomers ranging from xylotetrasaccharides to -dodecasaccharides 

with a total yield of transfer products of 61 and 66%, respectively. Sugimura et al. expanded 

the repertoire of xylanase derived glycosynthases by four examples of the GH 10 family (XylB 

Thermotoga maritima; XynA Bacillus halodurans; XynB Clostridium stercorarium; Cex C. fimi) 

enabling the synthesis of xylooligomers from X2F 2g in yields from 29–69% (7.8–18.4 mg).[50] 

Product precipitation enabled easy isolation and these were of high interest as unsubstituted 
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xylan, a homopolymer of β-1,4-xylopyranose units, does not exist in nature. The production of 

even larger xylooligomers was achieved by Ben-David et al.[51] The XynB2-E335G 

recombinant enzyme of the retaining exo-glycosidase (GH 52) of 

Geobacillus stearothermophilus catalysed the synthesis of xylosides with α-XylF 2d and 

pNPGlc 5h, pNPXyl 5i, and p-nitrophenyl mannopyranoside (5b, pNPMan) with a β-1,4 

linkage in yields of 49%, 42%, and 10% (disaccharide yields), respectively. By exploiting the 

self-condensation of α-XylF 2d by the XynB2-E335G to Xyl2F 5j, a combinatorial synthesis with 

a glycosynthase variant of the xylanase XT6 (E265G; also of G. stearothermophilus) resulted 

in xylooligomers comprising of 6–100 monomers (Figure 11).[51, 52] 

 
Figure 11 Synthesis of xylooligomers comprising of 6–100 monomers, exploiting the self-condensation 
of α-XylF 2d and Xyl2F 2g catalysed by the combination of XynB2-E335G and XT6-E265G.[51, 52]  

The activity of the XynB2-E335G glycosynthase in production of Xyl2F 2g and Xyl3F 2h was 

improved by the development of a general screening assay utilizing the pH indicator 

Methyl Red, resulting in variants with much higher kcat values than the original synthase.[53] 

However, no yields of the reactions catalysed by the improved variants were reported. More 

recently, Goddard-Borger et al. demonstrated the efficient synthesis of various xylanase 

inhibitors by the exo-β-xylosidase mutant Bhx-E334G (B. halodurans).[54] The enzyme 

accepted various sugar derivatives such as thioglycosides, iminosugar derived carbamates, 

and a 2-deoxy-2-fluoroxyloside giving yields of 67–86% of glycosylated products (acetylated 

products). A further important type of xyloside are xyloglucans (α-1,4 glucan backbone 

containing α-1,6-D-xylose branches) which are the major hemicellulose components of the 

primary cell wall of plant cells and are also an abundant type of storage polysaccharide in 

seeds.[55] They often find use in the paper, textile, food, and pharmaceutical industry as for 

example cellulose cross-linkers or rheology modifiers (fluid mechanics). With the xyloglucan 

glycosynthase PpXG5-E323G (Paenibacillus pabuli), the synthesis of xyloglucans, as custom 

polysaccharides, was recently carried out by Spaduit et al.[56] The group synthesised 

XXXG- 12a and XLLG-structure 12b type xyloglucans with molecular masses of up to 30,000 

(n = 29) and 60,000 (n = 44) by self-condensation of the XXXGαF 2i and XLLGαF 2j donor 

blocks respectively (Figure 12, Nomenclature: G = Glc; X = Xyl-α1,6-Glc; 

L = Gal-β1,2-Xyl-α1,6-Glc; F = Fuc-α1,2-Gal-β1,2-Xyl-α1,6-Glc; αF = fluoride in 

α-configuration). These were subsequently modified to fucosylated XLFG-type glucans 12c 
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with a ratio of 3 : 1 XLFG : XLLG catalysed by the fucosyltransferase AtFUT1 (originating from 

Arabidopsis thaliana). 

 
Figure 12 Combinatorial glycosynthase / glycosyltransferase approach for the synthesis of defined, 
homogenous xyloglucans.[56] Polysaccharide synthesis using compound 2i or 2j was catalysed by 
PpXG5-E323G resulting in polymers with a maximal molecular weight of 30,000 (n = 29) and 60,000 
(n = 44), respectively. Subsequent fucosylation by the fucosyltransferase AtFUT1 reached a fucosylation 
of 75% of the oligosaccharide repeats. Nomenclature: G = Glc; X = Xyl-α1,6-Glc; 
L = Gal-β1,2-Xyl-α1,6-Glc; F = Fuc-α1,2-Gal-β1,2-Xyl-α1,6-Glc; αF = fluoride in α-configuration. 

 

Biocatalytic synthesis of β-mannosides 

Apart from the xyloglucans, mannans are also highly abundant polysaccharides in plant cell 

walls and mannosyl moieties are common components of biological structures such as 

N-linked glycans, viral and microbial antigens.[57, 58] The enzymatic synthesis of β-mannosyl 

linkages has raised much interest, as the chemical synthesis is complex and demanding due 

to no beneficial effects promoting the synthesis of the β-anomeric configuration. Utilisation of 

β-mannosynthases is therefore a simple and practical solution for the synthesis of this type of 

linkage. Nevertheless, not much research has been carried out toward the creation of 

mannosynthases. Nashiru et al. produced a β-mannosynthase by the ‘classical’ glycosynthase 

method with a retaining β-mannosidase mutant of Man2a (E519S, GH 2) of C. fimi.[57] 

Man2a-E519S catalysed the formation of β-1,4 (major linkage) and β-1,3 mannosides with 

α-D-mannosyl fluoride (2e, α-ManF) and various acceptors (pNPMan 5b, -Xyl 5i, -Glc 5h, 

-cellobioside 5c, -gentiobioside, and 2,4-dinitrophenyl-2-deoxy-2-fluoro-β-mannoside) in 

yields from 70–99% comprising di-, tri-, and tetrasaccharides. The yield was mostly restricted 

due to the instability of α-ManF 2e, which can easily undergo hydrolysis by epoxide-formation. 

The enzyme also displayed high activity in chemical rescue experiments using 

2,4-dinitrophenyl-β-D-mannopyranoside (5p) and external nucleophiles such as azide, formate 

or acetate, but also in the presence of fluoride ions allowing an in situ production of the α-ManF 

donor 2e (Figure 13). 
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Figure 13 In situ synthesis of the glycosynthases donor substrate α-ManF (2e) by applying the chemical 
rescue method with Man2a-E519S in the presence of sodium fluoride as an external nucleophile.[57] 

Larger mannooligosaccharides were synthesised by Jahn et al. using the glycosynthase 

derived from the β-mannosidase Man26A of Calotomus japonicus.[59] The glycosynthase 

produced mannooligosaccharides using the α-Man2F donor 2e and pNPGlc 5h as the acceptor 

in a total yield of 59%. The tri- (36%), penta- (18%), and heptasaccharides (5%) contained 

exclusively β-1,4 linkages. In comparison, the acceptor pNPMan 5b resulted in a trisaccharide 

in 35% yield. 

 

5.2.2 Glycosidase candidates — a versatile toolbox for β-glycoside synthesis 

Even though much research and progress has been carried out and achieved on the 

development of glycosynthases for the synthesis of glycosides, there is still no general method, 

which can be applied for the definite production of a potential glycosynthase. In order to reach 

the goal of developing a versatile biocatalytic toolbox for the synthesis of glycosides, new 

glycosynthases exhibiting a broad substrate scope and a tolerance towards a wide range of 

reaction conditions need to be discovered. The following glucosidases were chosen to help 

step closer to this goal. 

Learning from the first glycosynthase 

An important point to developing new methods is to test the developed methods with a control, 

which is already literature known and well characterised. In order to evaluate methods 

developed for glycosynthase identification and characterisation in this thesis, one of the first 

developed glycosynthases, a mutant of the β-glucosidase Abg of R. radiobacter (also known 

as Agrobacterium faecalis, Agrobacterium sp., A. tumefaciens, A. radiobacter) was chosen for 

use as a positive control.[21] The catalytic nucleophilic residue of the β-glucosidase Abg was 

identified by trapping the glycosyl-enzyme-intermediate using 2′,4′-dinitrophenyl 

2-deoxy-2-fluoro-β-D-glucopyranoside and identifying the thereby marked residue by Edman 

degradation.[60] After the identification, many mutagenesis studies were carried out 

characterising the influence of the variation of the nucleophilic residue and the surrounding 

amino acids.[61, 62] Further mutagenic studies led to the identification of the catalytic acid/base 

residue of Abg, determining the catalytic residues to be E358 and E170 (nucleophile and 

acid/base respectively).[63] The wild type (wt) enzyme was first used in synthesis by Prade et al. 

in transglycosylation reactions. The group demonstrated the glycosylation of acceptors, such 
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as phenyl-1-thio- or benzyl-1-thio-glycopyranosides using (e.g.) p-nitrophenyl 

β-D-galactopyranoside (5g) as the glycosyl donor.[64] Shortly thereafter the mutant variant 

Abg-E358A was described as a glycosynthase by Mackenzie et al., transferring the donors 

α-GlcF (2a) and α-GalF (2b) onto aryl glycosides. The glycosynthase activity was then 

optimised, by introducing a serine or glycine instead of the alanine residue at the E358 position, 

creating much more active glycosynthases.[65, 66] The combination of glycosynthase activity and 

the hydrolysis of the respective glycosynthetic product by the cellobiase Cel5A (C. fimi), 

releasing a detectable chromo- or fluorophore, allowed the screening for further optimised 

variants of Abg by directed evolution.[27, 65] This process led to the highly active and versatile 

glycosynthases Abg-2F6 and Abg-NNT described in section 5.2.1.[26, 47] 

Temperature variation towards the optimal glycoside synthesis 

For many industrial applications, the tolerance of enzymes towards extreme conditions such 

as elevated or low temperatures has become of high relevance in order to make many 

biocatalytic processes even viable. Thereby, the interest towards enzymes of extremophiles 

has gained much interest in recent years. With respect to these developments two 

glycosidases originating from different extremophiles were examined in this thesis. 

Putative hyperthermophilic ‘β-galactosidase’ BglC1 of P. furiosus: 

The marine microorganism P. furiosus, belonging to the domain of the archaea, has 

hyperthermophilic properties, growing optimally under conditions near 100 °C in its natural 

habitat.[67] The genome of P. furiosus (2.05 Mbp) has been sequenced and extensively 

examined by Borges et al.[67] Genome comparisons with other representatives of the 

Pyrococcus phylum such as Pyrococcus horikoshii have also been carried out.[68] Enzymes 

isolated from this organism mostly show high thermal stability as for example the 

Pfu-polymerase, a thermostable DNA-polymerase with proof-reading activity. The glycosidase 

BglC [WP_011011477.1 / PF_RS01865 (gene), AAL80487 (protein)] chosen for this thesis of 

the P. furiosus DSM3638 strain (isolated and provided by Elling and Merker)2 also exhibits 

hyperthermophilic properties (activity optimum around 85 °C) and was annotated as a putative 

‘β-galactosidase’.[69] The enzyme is classified as part of the GH A clan containing a typical 

(β / α)8-fold (TIM-barrel), belonging to the glycohydrolase family GH 35.[70, 71] In initial 

experiments of Elling and Merker, the enzyme has shown to exhibit weak β-glucosidase and 

β-xylosidase rather than β-galactosidase activity. The application of this specific enzyme in 

transglycosylation reactions or mutation to a glycosynthase has not been reported in literature.  

                                                 
1 Referred to as ‘GalPF’ in the publication Hayes et al.[2]

 
2 RWTH Aachen University, Laboratory for Biomaterials, Institute for Biotechnology and Helmholtz 
Institute for Biomedical Engineering 
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Nevertheless, the use of other glycosidases originating from P. furiosus as hydrolases or 

synthases in organic synthesis has often been reported. Gelo-Pujic et al. described 

transglycosylation reactions in dry media under microwave irradiation with a β-glucosidase of 

P. furiosus and successfully transferred glucose onto propane-1,3-diol.[72] The group of 

Lieshout et al. carried out hydrolytic and glycosynthetic reactions utilising the 

endo-1,3-β-glucanase (laminarinase, LamA).[73] A mutant variant of LamA with reduced 

hydrolytic activity was able to catalyse synthetic reactions using glycosyl fluorides. They also 

describe the drawback of the use of hyperthermophilic enzymes, as the thermo-stability of the 

glycosyl fluoride substrates is not high. Perugino et al. and Trincone et al. further investigated 

the application of P. furiosus glycosidases.[74, 75] They developed three hyperthermophilic 

glycosynthases of Sulfolobus solfataricus, Thermosphaera aggregans and P. furiosus (CelB, 

β-glucosidase) and described the activating effects of buffer below pH neutrality on the activity 

of the synthases using the chemical rescue method. 

Psychrophilic β-glucosidase of Micrococcus antarcticus: 

In contrast to the hyperthermophilic enzymes, psychrophilic enzymes exhibit high catalytic 

activity at lower temperatures and originate most often from organisms living in permanently 

cold areas such as the Antarctic. These types of enzymes have high potential for industrial 

purposes as for example in the food industry avoiding the deterioration of nutritional value and 

flavour of heat-sensitive products.[76] They could also prove useful in the second generation 

bio-ethanol production allowing simultaneous biomass hydrolysis/saccharification (usually 

carried out at higher temperatures) and fermentation (yeast prefer cool temperatures) without 

the need of multiple heat/cooling stages.[77] Despite these promising applications, only little 

research has been carried out towards this type of enzyme in comparison to mesophilic and 

thermophilic enzymes. The research on psychrophilic glycosidases is mostly limited to a few 

such as β-glucosidases (BglU, M. antarcticus; PtBglu, Paecilomyces thermophile), xylanases 

(Criptococcus albidus), and α-amylases (AHA, Alteromonas haloplanctis).[78-81] Recently the 

group of Zanphorlin et al. elucidated the crystal structure of the psychrophilic β-glucosidase 

EaBglA1 (GH 1) of Eudendrium antarcticum B7, examining in detail the structural properties 

leading to cold tolerance.[82] The use of these enzymes in synthetic reactions of glycosidic 

bonds instead of hydrolysis has not been reported. The modification of a psychrophilic 

β-glucosidase to a glycosynthase and its application in synthesis was attempted in this thesis 

for the β-glucosidase BglU [FJ483828 (gene), ACM66669 (protein)] of M. antarcticus. The 

glucosidase was discovered by an activity screening of the genomic library of M. antarcticus 

by Fan et al. and was the first example of a cold adapted β-glucosidase of the GH 1 family.[81] 

The protein structure was elucidated and consisted of the characteristic (β / α)8-fold, typical for 

GH 1 glycosidases. The amino acid sequence displayed the conserved sequence motifs [ENP] 
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and [ENG] allowing determination of the acid/base and nucleophilic residue to be E170 and 

E377 respectively. The enzyme was characterised and found to hydrolyse β-1,2; β-1,3; β-1,4; 

and β-1,6-diglycosides and aryl glycosides optimally at 25 °C and pH 6.5. Further structural 

analysis by Miao et al. revealed two key structural elements conveying the cold adaptedness 

exhibited by BglU (Figure 14).[83] First, a unique long loop structure (35 amino acids long 

compared to around 7 usually observed in GH 1 glucosidases) involved in the substrate 

binding ensures higher activity at lower temperatures. Mutagenesis experiments revealed the 

correlation of a shorter loop with lower activities at lower temperatures. The second key 

element found was a histidine residue H299, which contributes to the stabilisation of an ordered 

water molecule chain within the active site pocket. This residue is mostly responsible for the 

thermo-lability of BglU. The exchange of the histidine with a tyrosine residue, found in 

meso- and thermophilic glycosidases at this position, greatly increased catalytic activity, the 

optimal temperature, and the thermostability of the enzyme. 

 
Figure 14 Depiction of the key structural elements conveying the cold adaptedness properties of the 
β-glucosidase BglU of M. antarcticus (PDB 3W53).[83] The non-conserved long loop L3 (blue) and H299 
residue (green) give BglU the characteristic cold adapted activity. Also depicted are the catalytic 
acid/base and nucleophile residues E170 and E377. 

 

Substrate based prediction of glycosynthase specificity 

Many glycosynthases were created by mutation of characterised glycosidases of which 

preferentially the crystal structure has already been elucidated. However, most commonly the 

exact natural substrates of these glycosidases are unknown and therefore rendering the 

acceptor specificity of the resulting potential glycosynthase equally unknown. The 
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β-glucosidase Cbg1 of R. radiobacter (formerly A. tumefaciens) on the other hand is a 

glycosidase with a known natural substrate. 

Coniferin specific β-glucosidase of R. radiobacter: 

The β-glucoside coniferin (14a) produced by conifers such as Pseudotsuga menziesii has 

been described as a major vir region inducer (virulence region encoding enzymes responsible 

for mediating conjugative transfer of T-DNA), which induces the successful infection of the host 

plant cells by R. radiobacter.[84] The active inducer, coniferyl alcohol (14b), is the aglycone of 

coniferin (14a), which is released by the β-glucosidases Cbg1 of R. radiobacter. Castle et al. 

discovered the enzyme by screening the genomic library of R. radiobacter for β-glucosidase 

activity.[85] Two enzymes were identified, but only one exhibiting activity towards the 

β-glucoside coniferin (14a). The gene cbg1 was identified and showed similarities to 

β-glucosidase genes of the glycohydrolase family GH 3, which allowed the identification of the 

catalytic nucleophilic residue D222 as part of the [-SDW-] consensus sequence found in GH 3 

glycosidases. Later, as no structural data was available for GH 3 glycosides, the construction 

of chimeric enzymes of Cbg1 and the β-glucosidase of Cellvibrio gilvus, led to insights to the 

domain functions of Cbg1.[86, 87] Watt et al. carried out the biochemical characterisation of 

Cbg1, demonstrating hydrolytic activity towards aryl glucosides, xylosides, α-L-arabinosides, 

β-D-fucosides, and galactosides.[88] The enzyme exhibited a 20,000-fold preference to 

coniferin (14a) than towards the cellobiose disaccharide. The group also describes a high 

transglycosylation activity of the enzyme in the presence of hydrophobic alcohols, the highest 

activity observed for the transglycosylation of 1-butanol (15a). The first assignment of the 

catalytic acid/base residue was proposed as E616 by Goyal et al. comparing the sequence of 

Cbg1 with the β-glucosidase BglB of T. maritima during the creation of further chimeric 

β-glucosidases.[89] Truncation studies, deleting parts of the non-homologous regions of Cbg1 

compared to the barley β-D-glucan exo-glucohydrolase ExoI, revealed the structural function 

of this region in maintaining the affinity of Cbg1 toward hydrophobic compounds.[90] Further 

insights on the transglycosylation activity of Cbg1 were gained by Kitaoka et al. describing a 

self-transferring product inhibition when a high concentration of pNPGlc 5h was present.[91] 

The inhibition was observed by a non-linear time profile of the initial enzyme reaction. The 

transfer of the glucosyl residue of pNPGlc 5h to already released p-nitrophenol (13b) was 

determined to be the cause of the non-linearity of the reactions time profile (Figure 15). 
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Figure 15 Proposed self-transferring inhibition of Cbg1 of R. radiobacter described by Kitaoka et al. 
when incubating Cbg1 with high concentrations of pNPGlc 5h.[91] A: Regular hydrolysis of pNPGlc 5h 
by Cbg1. B: Tranglycosylation of before released pNP 13b (marked with *) occurring at high 
concentrations of pNPGlc 5h. 

Even though the structure of Cbg1 has not been elucidated, an idea of the structure can be 

obtained by the structure of KmBglI, a GH 3 β-glucosidase of Kluyveromyces marxianus 

(formerly known as Kluyveromyces fragilis), which shows 40% identity and 64% similarity to 

Cbg1.[92] The structure of KmBglI shows the combination of a (β / α)8-barrel and a 

(α / β)6-sandwich fold, which is characteristic to GH 3 glycosidases. The (α / β)6-sandwich is 

separated into two units by the insertion of a PA14 domain, consisting of a two layered β-sheet, 

which is also present in Cbg1. The PA14 domain was determined to play a critical role in the 

substrate specificity of the +1 subsite, hindering the binding of long oligosaccharides. 

 
Figure 16 Structural overview of the GH 3 β-glucosidase KmBglI of K. marxianus (PDB: 3AC0).[92] 
KmBglI shows 40% identity and 64% similarity to Cbg1 and can therefore be used as a model for the 
structure of Cbg1. The domain structure is depicted by colouration: (β / α)8-fold (TIM-barrel), blue; 
(α / β)6-sandwich, gray; PA14, green; C-terminal domain, magenta; glucose, red. 
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5.3 Biocatalysis towards α-linked glycosides 

5.3.1 Synthesis with α-glycosynthases 

Even though much research and many advances have occurred in the synthesis of 

β-glycosidic linkages, the synthesis of α-glycosidic linkages utilizing α-glycosynthases is still 

limited and poses a challenge. The ‘classical’ glycosynthase method utilising a glycosyl fluoride 

donor is majorly hindered by the necessity of β-glycosyl fluorides, which are much more 

instable and difficult to synthesise compared to their α-configured counterparts.[93] Therefore, 

alternative methods are required in order to create this kind of linkage biocatalytically with 

glycosynthases. 

Biocatalysis towards α-galactosides 

With the aim of producing α-galactosides, Cobucci-Ponzano et al. reported the efficient 

conversion of β-D-galactopyranosyl azide (16a, β-GalN3) to α-galactooligosaccharides by the 

glycosynthase TmGalA-D327G derived from T. maritima.[94] The enzyme synthesised 

galactooligosaccharides in high yields and the method was recently expanded by 

Okuyama et al. with the glycosynthase BtGH97b-D415G to the in situ formation of a 

β-D-galactosyl formate donor (17a), which exhibited a higher transglycosylation rate compared 

to the azide donor 16a (Figure 17).[95] The method enabled the galactosylation of 

carbohydrates such as glucose (α-D-Gal-1,1-β-D-Glc, non-reducing sugar), xylose (α-1,4), 

maltose (α-D-Gal-1,1-β-D-Man), cellobiose (α-D-Gal-1,1-β-D-Cel; α-1,6), lactose 

(α-D-Gal-1,1-β-D-Lac), and pNP derivatives of glucose (pNPGlc 5h), and mannose 

(pNPMan 5b; exclusively α-1,6) in yields ranging from 75% to 95%. Bayón et al. examined the 

effect of ionic liquids as cosolvents on the synthesis of α-galactosyl residues with β-GalN3 16a 

and reported increased conversion and yield for the glycosynthase TmGalA D327G producing 

α-1,6 bonds with pNPGlc 5h and pNPMan 5b.[96] 

 
Figure 17 In situ synthesis of the galactosyl donors β-GalN3 16a and β-Gal-formate 17a by incubation 
with α-GalF 2b with the galactosynthase BtGH97b-D415G and the external nucleophiles sodium azide 
or formate.[95] The in situ produced donor can then be directly transferred to a suitable acceptor (R″OH). 
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Biocatalytic α-mannosylation 

For the synthesis of α-mannosyl linkages Yamamoto et al. described the possibility of 

mono-α-mannosylating acceptors with a glycosynthase derived from a broad glycosidase 

scaffold.[58] The α-mannosynthase was produced by mutation of an α-glucosidase of 

S. solfataricus with hydrolysis of glucosides preferred over mannosides. The synthase variant 

MalA-D320G catalysed the formation of oligosaccharides if β-D-glucopyranosyl fluoride (2k, 

β-GlcF) was used, but only mono-glycosylation was observed in the case of the 

β-D-mannopyranosyl fluoride donor (β-ManF). The enzyme was tested on various 

pNP-glycosides 5 resulting in yields up to 77% (α-1,4 being the major type of linkage, α-1,3 

and α-1,2 were also observed) and the preparation of naturally occurring α-mannosyl motifs, 

such as Man-α(1,4)-Glc (5t), Man-α(1,3)-L-Rha (5u), and Man-α(1,2)-Man (5w, Table 2). The 

production of mannosylated myo-inositol (18a), a component of the cell wall glycolipids of 

Mycobacterium tuberculosis was also demonstrated with this method. The 

mono-mannosylated inositols were isolated in a yield of 41% (mixture of Man-α(1,5)- and 

Man-α(1,1)-myo-inositol 18b and 18c in a 3 : 1 ratio). 

Table 2 Examples of α-mannosylated synthetic products 5t–5w, 18b/c catalysed by MalA-D320G. All 
reactions were carried out with β-ManF as the donor. Different regioselectivities were observed 
depending on the acceptor structure and anomeric configuration. Yields were determined after 
purification or isolation. 

Acceptor Product Yield (Selectivity) 

 
5q  

5t 

26%a 

(>95%, α-1,3) 

 
5r  

5u 

44%a 
(92%, α-1,3) 

 
5s  

5v  
5w 

55% 
(60 : 40 α-1,3 / α-1,2) 

 
18a  

18b  
18c 

41%a 

(3 : 2 α-1,5 / α-1,1) 

a Isolated as peracetate. 

 



5 State of knowledge 
 

29 

Biocatalysis towards α-fucosides 

A further important group of glycosyl compounds relevant in many biological processes are 

fucosyl residues. Throughout nature, this deoxy-aldohexose occurs in comparison to most 

other natural carbohydrates as an L-configured glycoside and is linked predominantly in 

α-configuration at the anomeric centre. Many biological processes involve fucosylated 

compounds such as, cell-to-cell communication, cell development, recognition structures for 

pathogens, and antigenic structures. 

The first production of fucosylated structures using a glycosynthase method was reported by 

Wada et al. with a mutated α-fucosidase of Bifidobacterium bifidum BbAfcA-D766G.[97] The 

recombinant enzyme was successfully applied in the synthesis of a Fuc-α(1,2)-Gal linkage in 

2′-fucosyllactose by combining β-fucopyranosyl fluoride (2l, β-FucF) with lactose. However, 

the low stability of β-FucF 2l led to yields of 6%. The low yields caused by the instability of the 

β-fluoride donor were overcome by Cobucci-Ponzano et al. by the implementation of the more 

stable β-azide fucosylpyranoside (16b, β-FucN3) donor for two new α-fucosynthases 

(Figure 18).[98] 

 
Figure 18 In situ production of a glycosyl donor and subsequent transferral to an acceptor demonstrated 
by Cobucci-Ponzano et al. The α-fucosynthases Ss-D242S and Tm-D224G were derived from the 
fucosidases of S. solfataricus and T. maritima.[98] 

The α-fucosynthase Ss-D242S displayed a broad acceptor range (shown for various 

aryl-glycosides) though also catalysing the self-condensation of β-FucN3 16b in all cases. In 

comparison, the second fucosynthase Tm-D224G exhibited a more restricted acceptor range, 

but the self-condensation reaction was not observed. The reactions were also carried out with 

Ss-D242S in a preparative scale with total transfucosylation efficiencies ranging from 29–86% 

[for the acceptors pNPXyl 5i, pNPGal 5g, and p-nitrophenyl N-acetylglucosaminide (5a, 

pNPGlcNAc)] resulting mostly in α-1,4 and 1,3 linkages and additionally α-1,6 linkages in the 

case of the galactoside acceptor 5g. The Tm-D224G variant could even reach a 

transfucosylation efficiency of 91% providing a mixture of Fuc-α(1,3)- and Fuc-α(1,4)-β-XylpNP 

in a near 1 : 1 ratio. The application of α-L-fucosynthases was recently transferred to biological 

structures such as epitopes of the Lewis and ABO antigens. These glycosides can be found 

on, e.g., red blood cells, contributing to the phenotype of the blood group system. 

Sakurama et al. reported the synthesis of the Lewis antigens Lea and Lex 
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[Gal-β1,3/4-(Fuc-α1,4/3)-GlcNAc: Lea/x 19a/19b] catalysed by the 1,3-1,4-α-L-fucosynthase 

BbAfcB-D703S.[99] The antigen structures were produced by the reaction of β-FucF 2l and 

lacto-N-biose I [19c, LNB, Gal-β(1,3)-GlcNAc] and N-acetyllactosamine [19d, LacNAc, 

Gal-β(1,4)-GlcNAc] resulting in yields of 47% and 55% for Lea 19a and Lex 19b, respectively 

(Figure 19). An increase in the yield using the more stable donor β-FucN3 16b as described by 

Cobucci-Ponzano et al. could not be achieved as no transfucosylation products could be 

observed using this donor. The enzyme also interestingly only acted on di- or trisaccharide 

acceptors, unable to fucosylate monosaccharides such as, glucose, galactose, 

N-acetylglucosamine, and N-galactosamine. The specific synthesis of 

lacto-N-fucopentaose II [LNFP II: Gal-β1,3-(Fuc-α1,4)-GlcNAc-β1,3-Gal-β1,4-Glc] was also 

achieved in a yield of 41% with lacto-N-tetraose (LNT: Gal-β1,3-GlcNAc-β1,3-Gal-β1,4-Glc) as 

the acceptor. 

 
Figure 19 Synthesis of the Lewis antigens Lea 19a and Lex 19b by α-fucosylation of LNB 19c of 
LacNAc 19d, respectively, catalysed by the α-1,3-1,4-L-fucosynthase BbAfcB-D703S.[99] 

The repertoire of synthesised antigen epitope structures was broadened by the work of 

Sugiyama et al. introducing the 1,2-α-L-fucosynthase BbAfcA-N423H.[100] In addition to 

α-fucosylating various types of mono- and disaccharides, producing for example H type-1 or 

H type-2 chains from LNB 19c or LacNAc 19d respectively, the antigens Leb and Ley 

[Fuc-α1,2-Gal-β1,3/4-(Fuc-α1,4/3)-GlcNAc: Leb/y] were produced in yields of 43% and 62% 

from the Lea 19a and Lex 19b trisaccharides. In comparison to the BbAfcB-D703S synthase, 

BbAfcA-N423H produced LNFP I (Fuc-α1,2-Gal-β1,3-GlcNAc-β1,3-Gal-β1,4-Glc) rather than 

LFNP II with an efficiency of 75%. Later, the transfer of fucosyl residues to the non-reducing 

end of O-linked glycans was demonstrated by the successful reintroduction of H-antigen 

structures to pretreated glycopeptide porcine gastric mucin. The reaction was even further 

expanded by the group introducing H-antigens to the non-reducing ends of N- and O-glycans 

in fetuin glycoproteins, GM1 ganglioside (9d), and a xyloglucan nonasaccharide.[101] It was 

determined that BbAfcA-N423H could fucosylate asialo-bi-, asialo-tri-, and 
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monosialo-triantennary N-glycans of the asialo fetuin glycopeptide with transfer efficiencies of 

9%, 26%, and 20% respectively. BbAfcA-N423H was also capable of fucosylating the sialo 

form of the fetuin peptide containing di-sialo-bi-, di-sialo-tri-, tri-sialo-tri-, and 

tetra-sialo-triantennary glycans, yet with lower transfer efficiencies. Fucosylation of the 

xyloglucan nonasaccharide XLLG 12b (Structure in Figure 12) occurred with an efficiency of 

57% giving a mixture of mono- (α-1,2-Gal), di- (α-1,2-Gal), and trifucosylated (α-1,3-Glc) XLLG 

glycosides. The enzyme also fucosylated glycolipids, transferring the α-1,2-fucosyl residue to 

the glycoside of the GM1 ganglioside (9d, Figure 20). 

 
Figure 20 Selective α-fucosylation of the glycoside GM1 ganglioside (9e) described by 
Sugiyama et al.[101] BbAfcA N423H showed a wide acceptor range exhibiting fucosylation activity 
towards N- and O-glycans and the nonasaccharide xyloglucan XLLG (12b). 

 

5.3.2 Biocatalysis towards rhamnosides 

Similar to fucose, α-L-rhamnose, a 6-deoxy-hexopyranoside occurs predominantly in the 

L-configuration. α-L-Rhamnosides are widely distributed in plants and bacteria and occur often 

for example in plant glycosides, cell walls, bacterial rhamnolipids and other 

polysaccharides.[102] Many biological active compounds of pharmaceutical interest contain 

rhamnose as a glycoside. The de-rhamnosylation and even rhamnosylation can vary the active 

properties and bioavailability of certain compounds greatly. The bioavailability of flavonoid 

glycosides such as prunin (1b) or isoquercetin (1h) differ greatly from naringin (1c) or 

hesperidin, respectively, strengthening the effects of the molecules by far.[8, 103, 104] On the other 

hand, myricetin, a natural flavonol in plants and fruits with anti-oxidant and anti-mutagenic 

activities, can be rhamnosylated to myricetin-3-O-rhamnoside, modifying its physicochemical 

and biological properties to a neural nitric oxide synthase or protein kinase C inhibitor.[105] 

The use of α-L-rhamnosidases for biocatalytic synthesis of natural products containing 

rhamnosyl residues is limited throughout literature. The most common use of rhamnosidases 

occurs in the food industry, for example in debittering and clarification of fruit juices [hydrolysis 
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of naringin (1c), hesperidin, and pectin] and aroma optimisation of wine (liberation of 

monoterpenols).[102, 106] Chemoenzymatic synthetic reactions with rhamnosidases have been 

limited to the use of reverse hydrolysis. De Winter et al. produced various rhamnosides, 

rhamnosylating acceptors such as 2-phenylethanol, anisyl alcohol, catechol, and resorcinol, 

though with lengthy reaction times up to 48 h, high co-solvent amounts and low yields.[107] The 

α-rhamnosidase RhaL1 of Alternaria sp. L1 was also applied in reverse hydrolysis reactions 

by Lu et al., glycosylating mannitol, fructopyranose, and esculin in yields of 36%, 12%, and 

18% respectively.[108] The relative yield of the reverse hydrolysis reaction with mannitol was 

improved up to 43% by site directed mutagenesis studies on RhaL1.[109] The use and 

development of α-L-rhamnosynthases via mutation has not been reported up to date. An 

application of the chemical rescue method, applied for the closely related α-fucosynthases, 

has not yet been transferred or tested for α-L-rhamnosidases and is examined in this thesis. 

 
Figure 21 Domain structure of RhaB of Bacillus sp. GL1 (A) and structural comparison of GH 78 
rhamnosidases (B). The five domains, N, D1, D2, A, and C of RhaB (2OKX) are marked in (A) by colour. 
Domain A contains the proposed catalytic residues. In the structural comparison (RhaB, blue, 2OKX; 
KoRha, lilac, 4XHC; SaRha78A, green, 3W5N) the conserved (α / α)6 fold characteristic for GH 78 
glycosidases is highlighted.[110-112] 

For the studies of this thesis, the α-L-rhamnosidase RhaB (sometimes also referred to as 

BaRhaB) of Bacillus sp. GL1 was chosen. Activity of an α-L-rhamnosidase produced by 

Bacillus sp. GL1 induced by the presence of gellan during cultivation was first described by 

Hashimoto et al.[113] The activity was attributed to a protein with a molecular weight of about 

100 kDa and an optimal activity at pH 7 and 50 °C. Upon later analysis of the genome, the 

group identified two α-L-rhamnosidase genes rhaA and rhaB.[114] The before observed activity 

was identified as the enzyme product of rhaB, as the production of RhaA was not induced by 

the presence of gellan. Nevertheless, both were shown to accept degraded gellan as 

substrates for de-rhamnosylation. The identified rhamnosidase RhaB of the glycohydrolase 
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family GH 78 was recombinantly expressed in E. coli BL21(DE3)pLysS and further 

characterised. The enzyme was proposed to act as an inverting glycosidase and exhibited a 

high affinity towards rhamnose with a KM value of 0.28 mM, though also being inhibited by the 

monosaccharide with a Ki of 1.8 mM. The enzyme interestingly showed activity towards the 

flavonoid glycoside naringin (1c) producing the naringenin-7-O-β-D-glucoside (1b) by 

de-rhamnosylation, indicating to a potential industrial application of the enzyme. Cui et al. later 

elucidated the crystal structure of RhaB with and without the presence of rhamnose, which 

was the first structure to be elucidated of an enzyme of the GH 78 family (Figure 21).[112, 115] 

The group confirmed the size and structural family of the enzyme and showed RhaB to be a 

homodimer. The monomer itself consists of the five domains N, D1, D2, A and C (in order from 

the N- to C-terminus). The four Domains N, C, D1 and D2 are small and abundant in β-strands 

showing β-sandwich motives. The largest and catalytic domain A consists of 15 α-helices and 

four β-strands folded as a (α / α)6-barrel. Based on the structural analysis and mutagenesis 

experiments the residues D567, E572, W576, D579, and E841 were ascribed a catalytic or 

substrate recognition function. 
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5.4 Transferring glycans by endo-β-N-acetylglucosaminidases 

5.4.1 Glycosynthases derived from endo-β-N-acetylglucosaminidases 

Different to the exo- and endo-glycosidases described above, the hydrolytic mechanism of 

endo-β-N-acetylglucosaminidases (ENGase) follows a substrate-assisted pathway in which 

the anomeric centre of N-acetylglucosamine located in the chitobiose moiety undergoes a 

nucleophilic attack by the N-linked acetyl group creating an oxazoline structure (Figure 23). 

This kind of activated compound can be employed by mutant forms of the 

endo-β-N-acetylglucosaminidases, which are deficient in the promotion of the oxazoline 

formation, as glycan donors in glycosynthetic reactions. Umekawa et al. reported the first 

glycosynthase like form of an endo-β-N-acetylglucosaminidase as the N175A mutant variant 

of Endo-M (originating from M. hiemalis).[25, 116, 117] 

 
Figure 22 Hydrolytic and synthetic mechanisms of endo-β-N-acetylglucosaminidases. The enzyme 
promotes a cleavage by oxazoline formation within the substrate, which can then be hydrolysed by H2O 
or transferred to an acceptor in a transglycosylation. The Asn/Gln residue, conserved throughout GH 85 
ENGases, assists in the appropriate orientation of the 2-acetamido group for the oxazoline formation. 
The hydrolysis of the oxazoline is promoted by the coordination of a water molecule by the conserved 
tyrosine residue. The transglycosylation product may also be hydrolysed by the same mechanism if the 
hydrolytic activity of the enzyme is high. 

The enzyme was able to utilize the oxazoline donor Man9GlcNAc-oxazoline in the synthesis of 

the HIV-1 gp41 derived glycopeptide Man9GlcNAc2C34, producing the glycopeptide in a yield 

of 72%. A large improvement for the glycosynthase method using 

endo-β-N-acetylglucosaminidases was the simplified donor synthesis by Noguchi et al.[118, 119] 

The synthesis of the oxazoline structure catalysed by 2-chloro-1,3-dimethylimidazolium 

chloride (DMC) and later 2-chloro-1,3-dimethyl-1H-benzimidazol-3-ium chloride (CDMBI) 

allowed the production in aqueous solution and without the need of protection groups, 

therefore ideal for subsequent conversion by enzymatic glycosylation. In 2010, Umekawa et al. 

described a new variant Endo-M N175Q, which exhibited a much higher synthase activity and 
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transglycosidase activity.[120] This enabled the use of natural glycan donors such as the 

sialoglycopeptide (20, SGP), though leading to a lower yield compared to the use of oxazoline 

donors. The variant enabled the synthesis of a high-mannose (84%) and complex-type 

glycoform (76%) of the sperm antigen CD52 (21a/b) using the GlcNAc-CD52 peptide (21c) as 

the acceptor (Figure 23). 

 
Figure 23 Synthesis of two glycoforms of the sperm antigen CD52 (2a/b) by the 
endo-β-N-acetylglucosaminidase derived glycosynthase Endo-M N175Q.[116] The high-mannose and 
complex-type glycoforms were produced under utilisation of oxazoline donors and the GlcNAc-CD52 
peptide (21c). 

The group also described the successful synthesis of sialo-complex-type glycoforms of the 

bioactive peptides PAMP12 and ‘Substance P’ in high yields (95% and 98%, respectively). The 

glycosylation reaction was also shown for the protein RNase B bearing a single GlcNAc moiety 

therefore allowing glycan modification of proteins/enzymes by this method.[121] Amin et al. also 

described the production of monoglycoforms of RNase B by the glycosynthase Endo-A N171A 

(Arthrobacter protophormiae) in yields up to 80% with chemically synthesized oxazoline 

glycans.[122] The Endo-M and Endo-A glycosynthase variants were additionally employed in 

the synthesis of four glycoforms of the glycopeptide pramlintide with yields varying from 
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59–96% by Tomabechi et al., in an attempt to vary the low circulatory half-life and poor 

solubility of the pharmaceutical compound.[123] The produced glycoforms were tested in vitro 

and in vivo and exhibited varying properties in dependency of the type of transferred glycan 

and its position in the glycopeptide. The glycoform library was subsequently expanded with the 

same enzymes by Kowalczyk et al. to 18 N-glycosylated pramlintide analogues bearing either 

a GlcNAc, pentasaccharide or undecasaccharide residue at different positions of the 

peptide.[124] In comparison to the Endo-A and Endo-M glycosynthases, Fan et al. developed a 

glycosynthase variant of Endo-D originating from Streptococcus pneumoniae, which could 

glycosylate fucosylated GlcNAc residues.[125] This unique property allowed the remodelling of 

the glycans of the IgG Fc-domain. However, the strict substrate specificity for Man3GlcNAc 

oxazoline and not complex-type N-glycan oxazolines limits the use of the enzyme greatly. A 

more variable glycosylation of α-1,6-fucosylated GlcNAc-polypeptides was demonstrated by 

Giddens et al. with the Endo-F3 mutants D165A/Q.[126] The mutant was capable of synthesising 

asialo-biantennary and complex triantennary core-fucosylated glycoforms of rituximab (intact 

antibody) in yields over 95%. Further applications, indicating the high potential of the method 

for the synthesis of pharmaceutical relevant compounds were the chemoenzymatic production 

of vaccine candidates, the site-selective glycosylation of HIV-1 polypeptide antigen bearing 

two different glycans (yields up to 95%), the glycan remodelling of human 

erythropoietin (EPO), and the synthesis of mannose-6-phosphate-containing glycoproteins.[127-

130] Tang et al. impressively demonstrated a one-pot N-glycan remodelling of IgG proteins by 

combining the wild type (wt) Endo-M glycosidase with the synthase variant Endo-S D322S.[131] 

This synthesis comprised the donor production by Endo-M catalysed SGP (20) hydrolysis, 

subsequent conversion to the oxazoline with DMC and donor transfer to the protein by 

Endo-S D322S with near complete conversion within 30 min. 

5.4.2 Endo-CC — an ENGase with high potential 

The transfer of different types of high-mannose and complex type glycans to various acceptor 

molecules by Endo-M variants leading to homogenously glycosylated compounds has been 

examined extensively (as described in the section 5.4.1). The use of this enzyme on a larger 

scale is limited by the high cost of commercially available samples and the low recombinant 

expression of Endo-M and its variants in E. coli strains. Eshima et al. described the isolation 

of a new ENGase Endo-CC from C. cinerea, which could act as an alternative to Endo-M for 

glycan transfer.[132] The enzyme was identified by the in silico analysis of amino acid 

sequences of ENGases from different organisms. The ENGase, also from the GH 85 family, 

shows 46% similarity to Endo-M and hydrolyses high-mannose and biantennary complex-type 

oligosaccharides, but not asialo-bi-, tri-, and tetraantennary oligosaccharides. The enzyme 

exhibited high activity at a neutral pH of 7.5 in comparison to the acidic pH in the range of 4–6, 
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which most other endo-β-N-acetylglucosaminidases require for activity. It also exhibited a 

higher thermal stability, retaining its activity even after an incubation of 10 min at 50 °C. A 

mutation of the position N180 (equivalent to N175 in Endo-M) produced a mutant with high 

transglycosylation activities using SGP (20) as a glycan donor. Higuchi et al. later 

demonstrated and optimised the use of Endo-CC N180H with a sialo-complex-type oxazoline 

donor.[133] The pH optimum of Endo-CC acted as a great advantage for yield improvement due 

to the increased stability of the oxazoline donors at this pH. Most recently, Manabe et al. 

examined the acceptor range of Endo-CC N180H.[134] 
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6 RESULTS 

6.1 From hot to cold — searching for optimal glycosynthase 

conditions by varying temperature optima 

The production of β-glucosides has been the most commonly examined reaction catalysed by 

glycosynthases. Even though many β-glucosynthases have been created with a variety of 

different properties, methods for the analysis and characterisation are still limited and much 

research is needed with respect to finding the optimal reaction conditions for these enzymes. 

In this first chapter, the factor of temperature on the enzymatic glycosylation reaction by 

glycosynthases was to be examined by the application of glycosidases with varying 

temperature optima. Mutant variants of two glycosidases, BglC (hyperthermophilic, P. furiosus) 

and BglU (psychrophilic, M. antarcticus), originating from extremophile organisms were 

compared to the mesophilic glycosynthase Abg-E358S (R. radiobacter) in order to assess the 

optimal temperature range for the synthesis of glycosides with glycosynthases. Additionally, 

an activity assay in a microplate format was to be developed for the characterisation of the 

potential glycosynthases. 

6.1.1 Glucosidase gene isolation 

The β-glucosidase Abg of R. radiobacter (formerly A. tumefaciens / A. radiobacter) is a 

well-characterised glycosyl hydrolase, of which the gene sequence and catalytic active 

residues have been described. The mutant variant of Abg, Abg E358S, was demonstrated to 

exhibit glycosynthase activity by Mackenzie et al., catalysing the synthesis of 1,4-glycosidic 

bonds.[21] Therefore, Abg was chosen to create a reference example of a glycosynthase with 

mesophilic properties. The glucosidase gene abg consists of 1401 bp coding for 466 amino 

acids. In order to create mutant variants of the gene, coding for the glycosynthase variants of 

Abg, the gene needed to be amplified from the genomic DNA and cloned into an appropriate 

expression vector. A commercial strain of R. radiobacter was obtained from the DSMZ3 and 

cultivated to give access to the genomic DNA. Amplification of the gene, from a cell suspension 

of R. radiobacter (colony re-suspended and lysed by heat denaturation) by the polymerase 

chain reaction (PCR), was first attempted with the RedTaq® ready mix™. The primer 

oligonucleotides were designed for a direct subsequent integration into the pET-21a(+) 

expression vector via the Gibson assembly method.[135] The primers therefore contained not 

only the beginning and end of the abg gene (fw- and rev-primer respectively) but also a 

sequence complementary to the position of insertion in the target vector. The PCR reaction 

was carried out on a broad scale varying the annealing temperature from 45–55 °C. These first 

                                                 
3 Leibniz Institute DSMZ-German Collection of Microorganisms and Cell Cultures 
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reactions did not result in an amplification product of the desired gene. Therefore, the genomic 

DNA of R. radiobacter culture was isolated by a phenol/chloroform extraction. The isolated 

genomic DNA acted as a template for further PCR reactions towards the amplification of the 

abg gene. Keeping the conditions identical and using the genomic DNA as a template, the 

PCR still occurred without amplification of the gene. Variation of various parameters, such as 

the polymerase (Phire Hot-Start II, Phusion High-Fidelity, Pfu), annealing temperature, buffer 

system (HF-, GC-buffer), and the addition of DMSO did not yield an amplification product. The 

touchdown-PCR method was applied in case an unspecific binding of the primers to the 

template was occurring. This method added a set of ten PCR cycles with decreasing annealing 

temperature (55–45 °C), allowing only specific primer binding at higher temperatures, before 

running the standard PCR conditions. Nevertheless, the combination of touchdown-PCR and 

different annealing temperatures did not lead to an amplification of the desired gene. To 

enhance the specificity of the employed primers, the vector overlapping sequence of the 

primers was removed. As these changes also did not yield the desired result, a further variation 

of the PCR method to a nested-PCR was attempted. Additional primers binding -144 bp 

upstream and +200 bp downstream of abg in the genomic context were designed and applied 

in a single PCR reaction together with the standard primers binding at the beginning and end 

of abg. The nested-PCR generated two distinct amplicons of the expected size of ~1.5 kbp 

and ~1.4 kbp (Figure 24, A). 

   
Figure 24 Amplification of the abg gene from genomic DNA of R. radiobacter by nested-PCR (A) and 
subsequent amplification of the Gibson assembly insert (B). (A) The nested-PCR occurred with four 
primers (#2–4), the Phire Hot Start II polymerase, and varying annealing temperatures (1: 48 °C; 
2: 51 °C; 3: 55 °C; 4: 59 °C; 5: 63 °C). (B) Using the amplicon of the nested-PCR as a template, the 
vector overlapping sequences were added to the gene by primers #1 & 2 (1: 59 °C; 2: 61 °C; 3: 66 °C; 
4: 69 °C). 

The amplicon mixture of the nested-PCR was subsequently utilised in a further PCR reaction 

as a template in order to add the vector overlapping sequences required for the 

Gibson assembly (Figure 24, B). The reaction resulted in an amplicon of the expected size of 

1.4 kbp. For the insertion of abg into the pET-21a(+) vector (linearized prior with NdeI/XhoI) 
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via the Gibson assembly, different insert to vector ratios were tested leading to strongly 

differing colony numbers of transformed E. coli DH5α colonies after selection on LB-agar 

plates containing ampicillin. Twelve of the resulting transformants were checked via colony 

PCR for the presence of the desired abg gene, which was found to be present in a single 

colony. The high amount of colonies containing only vector without the desired insert indicates 

strongly to a religation of the vector and therefore to an incomplete restriction of the vector. In 

addition, the higher concentration of vector and insert shows to be advantageous for the 

Gibson assembly itself. Sanger-sequencing verified the correct insertion of abg into the vector. 

The comparison of hydrolytic and glycosynthetic activity of the wt and mutant variants of the 

mesophilic β-glucosidase Abg was to be carried out with a hyperthermophilic and psychrophilic 

glycosidase and their possible glycosynthase variants. The comparison is important as many 

of the substrates and products required or produced by glycosynthases can differ strongly in 

their thermostability. As an example for a hyperthermophilic glycosidase, the gene of the 

putative β-glycosidase BglC of P. furiosus was provided by the group of Prof. Elling of the 

RWTH Aachen4. The bglC gene was inserted by Merker4 into the pET-Duet-1 vector between 

the restriction sites of NcoI and SalI fusing to the vector’s sequence of the N-terminal His6-tag. 

The function of the enzyme has been annotated by sequence analysis as a putative 

β-galactosidase.[67, 68] However, initial results of Merker4 indicated to a lack of galactosidase 

activity and to weak gluco- and xylosidase activity, therefore rendering this enzyme viable as 

a comparison to Abg even without annotation as a β-glucosidase. 

In contrast to thermophilic glycosidases, only scarce amounts of studies on psychrophilic 

β-glucosidases and their biochemical characterisation can be found throughout the 

literature.[136] A few examples of cold tolerant β-glucosidases of the GH 3 family, such as 

BglA49 of Serratia sp. TN79 (ADK91094) and BglY of Paenibacillus sp. C7 (AAX35883), have 

been characterised biochemically, but the protein structure has not been elucidated making a 

rational design towards a glycosynthase more difficult.[137, 138] For the purposes of this study, 

the psychrophilic β-glucosidase BglU of M. antarcticus, discovered and characterised by 

Fan et al., was chosen. Additionally to the elucidated crystal structure, the amino acid 

sequence showed a high similarity to Abg of R. radiobacter. A functional screening of a 

genomic library of M. antarcticus in E. coli by Fan et al. led to the identification of the bglU 

gene. Analysis of the amino acid sequence revealed the typical conserved amino acid 

sequences [NEP] and [ENG] often found in glycohydrolases in the GH 1 family (Figure 25). 

                                                 
4 RWTH Aachen University, Laboratory for Biomaterials, Institute for Biotechnology and Helmholtz 
Institute for Biomedical Engineering 
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The catalytically active residues could therefore be determined to be E170 and E377, acting 

as the acid/base catalyst and nucleophile residue respectively. 

 
Figure 25 Alignment of the amino acid sequences of BglU of M. antarcticus and Abg of A. radiobacter 
using Clustal Omega.[139] The conserved catalytic domains found in GH 1 glycohydrolases are 
highlighted by the coloured boxes (red - domain of acid/base residue; green - domain of nucleophilic 
residue; * conserved; : high similarity; . low similarity). 

Due to the difficulty in cultivation of psychrophilic strains such as M. antarcticus, the bglU gene 

was synthesised commercially and inserted between the NdeI and XhoI restriction sites of 

pET-21a(+) thereby adding a C-terminal His6-tag to the enzyme for later purification via ion 

metal affinity chromatography (IMAC). As the production of the enzyme was to be conducted 

heterologous in E. coli BL21(DE3), the codons of the bglU sequence were optimised for the 

codon usage of E. coli before synthesis of the gene. For this purpose, the method of codon 

harmonisation was chosen exchanging codons not just to the most frequently used by the host 

E. coli, but more with codons matching the usage within the original organism M. antarcticus 

(Figure 26). The resulting sequence showed 74% identity to the original DNA sequence and a 

100% identity for the amino acid sequence. Upon further analysis, the harmonised sequence 

displayed two new restriction enzyme sites for XhoI (CTCGAG) and BamHI (GGATCC), both 

relatively commonly used enzymes. In order to avoid later complications, these restriction sites 
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were removed by inserting silent mutations at the positions 396 (CTCGAG→CTAGAG) and 

778 (GGATCC→GGACCC) in the nucleotide sequence. 

 
Figure 26 Excerpt of the codon harmonisation of the gene bglU for the heterologous production in 
E. coli BL21(DE3). (A) Codon usage of bglU in M. antarcticus. (B) Codon usage of the bglU gene in 
E. coli without adaptation of the sequence towards the expression host. (C) Codon usage of the 
harmonised bglU sequence for the expression host E. coli, which was optimised to match the usage of 
the original organism. As no data could be found for the codon usage of M. antarcticus, the codon usage 
data of Micrococcus sp. 28 was chosen as a reference (Appendix 9.2, Figure 118). Data was processed 
by the online tool Graphical Codon Usage Analyser (gcua) of Fuhrmann et al.[140] 

  



6 Results 
 

43 

6.1.2 Characterisation of the wild type glycosidases 

Before mutation of the three β-glucosidases to potential glycosynthases, the wild type (wt) 

enzymes were expressed, isolated, and characterised. Throughout literature, the wt 

β-glucosidases have been characterised with temperature and buffer conditions giving the 

optimal activity for the natural hydrolysis reaction. Nevertheless, the glycosynthases derived 

from these characterised enzymes were applied with completely different conditions allowing 

for an easier analysis and product isolation, though not making the parameters determined for 

the wt glucosidases comparable to the glycosynthase variants. Therefore, the β-glucosidases 

were characterised using the conditions of the planned glycosynthetic reactions. All 

glycosidases were incorporated into the expression vector fusing a His6-tag to either the 

C- (Abg and BglU) or N-terminus (BglC) of the enzyme for simple purification of the proteins 

via IMAC. The expression of the enzymes was carried out in E. coli BL21(DE3) under standard 

expression conditions (25 °C, 24 h, 120 rpm) after induction with isopropyl 

β-D-1-thiogalactopyranoside (IPTG). The glycosidases Abg and BglU were isolated by IMAC 

purification, leading to enzyme solutions of high purity. 

 
Figure 27 SDS-PAGE analysis of the IMAC purification of the wt β-glucosidases Abg of R. radiobacter 
(A) and BglU of M. antarcticus (B) expressed in E. coli BL21(DE3). Different steps of the purification are 
depicted: 1 cell lysate; 2 cell-free lysate; 3 flow-through; 4 wash fraction; 5 elution. Roti-Mark 10–150 
was applied as a standard (M) for size determination. The expression of BglC of P. furiosus (C) is shown 
for expression in E. coli BL21(DE3) (a) and E. coli Rosetta™ 2 (b). The enzyme was purified by 
heat-denaturation (Ia/b: 30 min, 75 °C; IIa/b: 30 min, 85 °C). 
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SDS-PAGE analysis indicated to proteins with a molecular weight of 40 and 56 kDa for Abg 

and BglU respectively, roughly corresponding to the molecular weights found in literature 

(Figure 27, A & B). The lower molecular weight of Abg observed in the SDS-PAGE may have 

been caused by inhomogeneity of the polyacrylamide gel, but also by the high concentration 

of the loaded protein sample. After a buffer-exchange via ultrafiltration, enzyme solutions with 

protein concentrations of 3.3 ± 2.3·10-1 mg/mL of Abg and 1.4 ± 3.7·10-1 mg/mL of BglU could 

be obtained. 

Due to the hyperthermophilic properties of putative β-galactosidase BglC, a simplified 

purification utilising heat-denaturation could be implemented. After expression, the cells were 

disrupted via sonification and subsequent to removal of the cell debris, the solution was heated 

to 75 °C (30 min) and then further to 85 °C (30 min). The heat-denaturation process removed 

a large amount of the undesired proteins from the solution, leaving the desired protein of 

~85 kDa in a near constant amount, which could be easily observed by SDS-PAGE analysis 

(Figure 27, Ca). As the gene sequence of bglC was not harmonised to the codon usage of 

E. coli, the expression was repeated in E. coli Rosetta™ 2 in order to compensate for the rare 

codons of the bglC sequence. Analysis of the purification steps show, when expressed in 

Rosetta™ 2, a slightly better purification can be achieved after the heat-denaturation steps 

(Figure 27; Cb). The heat-denaturated solutions are, compared to the expression using 

E. coli BL21(DE3), near free of the protein band at 135 kDa. Nevertheless, even with near 

identical specific activities the expression of BglC in E. coli Rosetta™ 2 led to a lower protein 

concentration of 1.2 mg/mL than when expressed in E. coli BL21(DE3) (2.2 mg/mL). 

To evaluate the purification of the β-glycosidases, the protein concentration and specific 

activity of each purification step fraction was analysed (Table 3). In each case, the protein 

concentration decreased largely due to the removal of impurities (cellular proteins, cell debris) 

from the enzyme solution. The increase of the specific activity for each enzyme also pointed 

to a successful purification of the desired β-glycosidase. The highest increase of specific 

activity could be observed for BglC increasing 8.4× from 1.2·10-3 ± 3.0·10-4 U/mg in the cell 

lysate to 10.3·10-3 ± 1.65·10-3 U/mg in the final enzyme solution (after heat-denaturation II, 

activity towards pNPXyl 5i). Yet, the highest specific activity could be observed for the 

mesophilic β-glucosidase Abg, exhibiting an activity of 20.3 ± 1.73 U/mg towards pNPGlc 5h. 
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Table 3 Parameters determined for the evaluation of the protein purification of the β-glycosidases Abg, 
BglU and BglC. The specific activity was determined for the hydrolysis of pNPGlc 5h and pNPXyl 5i for 
Abg and BglU, and BglC respectively. 

β-Glycosidase Fraction 
Protein conc. 

[mg/mL] 
Spec. activity 

[U/mg] 
Purification 

factor 

Abga 

Cell-free lysate 12 ± 2.2 5.9 ± 1.2 1× 

Flow-through 4.7 ± 1.8·10-1 0.1 ± 1·10-2 — 

Wash 1.2 ± 11·10-2 2.7·10-1 ± 3.0·10-2 — 

Elution 3.3 ± 2.3·10-1 2.0·101 ± 1.7 3.4× 

2nd Wash 8.4·10-1 ± 3.0·10-2 2.5 ± 2.4·10-1 — 

BglUb 

Cell-free lysate 116 ± 6.75 0.34 ± 0.07 1 

Flow-through 40 ± 1.0 0.0 ± 2·10-4 — 

Wash 1.31 ± 0.09 0.01 ± 1.8·10-3 — 

Elution 2.9 ± 1.8·10-1 1.4 ± 3.7·10-1 4.1× 

BglCc 

Cell lysate 21 ± 3.0 1.2·10-3 ± 3.0·10-4 1× 

Cell-free 15 ± 7.0·10-1 1.7·10-4 ± 2.0·10-5 — 

Heat-Denat. Id 3.7 ± 3.0·10-1 2.4·10-3 ± 2.4·10-4 2.0× 

Heat-Denat. IIe 1.7 ± 2.0·10-1 10·10-3 ± 1.7·10-3 8.4× 

a 25 °C, NH4HCO3-buffer 150 mM, pH 7.9, 5h 18 mM; b 25 °C, KPi-buffer 50 mM, pH 7, 5h 36 mM; C 85 °C, 
citrate-phosphate-buffer (35 mM and 128 mM), pH 6, 5i 4 mM; d 30 min, 75 °C; e 30 min, 85 °C 

While the mesophilic and psychrophilic β-glucosidases, Abg and BglU, respectively, have 

already been characterised in literature by Withers et al. and Fan et al., the hyperthermophilic 

BglC on the other hand has not yet been biochemically characterised.[62, 81, 125] When looking 

into literature, the function of the bglC gene was derived from sequential analysis and 

annotated as a putative β-galactosidase.[141] Contrary to this annotation, the isolated enzyme 

did not exhibit any hydrolytic activity towards p-nitrophenyl β-D-galactopyranoside (5g, 

pNPGal), but rather to pNPGlc 5h and pNPXyl 5i with activities of 2.2·10-2 ± 3.1·10-3 U/mL and 

1.8·10-2 ± 2.3·10-3 U/mL, respectively (incubation at 85 °C, Figure 28). 
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Figure 28 Volumetric activity of BglC towards p-nitrophenyl β-glycopyranosides 5g–i. The reaction 
mixture was incubated in citrate-phosphate-buffer (pH 6) at 85 °C with 4 mM substrate for 5 min. 
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The exhibited activity of BglC clearly illustrates a mistake in the annotation of the enzyme, as 

no galactosidase activity could be observed despite the similarity of homologues in this 

glycohydrolase family (GH 35). As the enzyme exhibited the highest activity towards 

pNPGlc 5h, an annotation as a β-glucosidase would be more appropriate. Nevertheless, the 

low activity exhibited towards pNPGlc 5h and pNPXyl 5i by BglC can indicate to a natural 

substrate different to the tested glycosides 5g–i. Furthermore, the storage and temperature 

stability of BglC was examined to further characterise the enzyme. Storage of the enzyme 

solution was examined at 4 °C or -20 °C either containing 50% glycerol (v/v) or being flash 

frozen or lyophilised. The β-glycosidase showed a high stability towards freezing, with only a 

decrease of initial activity by 21% after flash freezing in liquid nitrogen and after subsequent 

lyophilisation. High stability was also observed in solution at 4 °C and -20 °C containing 50% 

glycerol (v/v) retaining near 100% activity after 15 days of storage. It must be noted, that the 

storage of enzyme solutions by addition of 50% glycerol, even though effective, was excluded 

in further experiments of this thesis. The cryo-protectant can also act as an acceptor molecule 

for potential glycosynthases and is difficult to remove from the reaction products after a 

glycosynthetic reaction. A short-term stability was determined for BglC at a reaction 

temperature of 85 °C, which was described by Elling and co-workers as the optimal 

temperature for BglC. The enzyme retained 90% hydrolytic activity after 1 h incubation at 

85 °C. Further incubation up to 3 h caused a decrease of the hydrolytic activity down to 54%, 

indicating a poor suitability of the enzyme for long reaction times. 

To compare the three isolated β-glycosidases, the temperature dependency was determined 

with respect to the hydrolytic activity towards glucoside 5h (Figure 29). The lowest activity 

(max. 3.2·10-2 ± 1.0·10-3 U/mg) and highest temperature dependency (83% activity decrease 

from 85 °C to 65 °C) was observed for the hyperthermophile BglC. Temperatures above 85 °C 

were omitted from these studies, on the one hand due to evaporation of buffer causing 

measurement difficulties, on the other hand as higher temperatures are not suited well for 

future glycosynthase experiments with thermolabile substrates [e. g. the donor substrate 

α-D-glucopyranosyl fluoride (2a)]. The psychrophilic BglU exhibited maximal activity at 35 °C 

with 7.5 ± 0.2 U/mg. The highest temperature dependent activity was observed for the 

mesophilic β-glucosidase Abg showing an activity of 64 ± 6.1 U/mg at 45 °C. With respect to 

glycosynthetic reactions, reaction conditions at around 25 °C would be desired as this would 

be the most energy efficient and keep the autohydrolysis of the glycosyl fluoride donors low. 

Only the mesophilic Abg and psychrophilic BglU exhibited activity (19 ± 3.0·10-1 and 

3.7 ± 0.1 U/mg at 25 °C, respectively) at this desired reaction condition. 
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Figure 29 Temperature dependency of the hydrolytic activity of β-glucosidases Abg, BglU (▲ and ● 
respectively, left y-axis) and BglC (■, right y-axis). The activity of each enzyme was determined for 
pNPGlc 5h (20 mM for Abg and BglU, NH4HCO3-buffer 150 mM, pH 7.9; 40 mM for BglC, 
citrate-phosphate-buffer, pH 6.5). Activity was determined in triplicate by measurement of released 
p-nitrophenol (13b). 

For a more effective comparison of the three isolated β-glucosidases, kinetic parameters such 

as vmax, kcat, KM, Ki and the resulting catalytic efficiency kcat/KM of each enzyme were determined 

(Figure 30, Table 4). The highest parameters were observed for the mesophilic enzyme Abg 

with a vmax of 23 ± 2.1·10-1 U/mg and a catalytic efficiency of 18.2 ± 1.01 s-1·mM-1. These results 

align well with the initial activity measurements at fixed substrate concentrations. Nevertheless, 

the kinetic analysis indicated to a high substrate-excess inhibition by the glucoside 5h, showing 

a Ki value of 1.9·102 ± 0.0 M, which was determined by fitting the kinetic data by using 

substrate-excess-inhibition formula derived by Murray (Equation 1).[142] 

Equation 1 ࢜ ൌ
࢞ࢇ࢓࢜
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Figure 30 Characterisation of the kinetic parameters of Abg (A), BglU (B), and BglC (C) for the 
hydrolysis of pNPGlc 5h. Parameters were determined for Abg and BglU in NH4HCO3-buffer (150 mM, 
pH 7.9) at 25 °C, and for BglC in citrate-phosphate-buffer (35 mM, 128 mM respectively, pH 6) at 85 °C. 

Table 4 Summary of the kinetic parameters determined for the wild type β-glycosidases Abg, BglU, and 
BglC. Parameters were determined towards pNPGlc 5h for Abg and BglU in NH4HCO3-buffer (150 mM, 
pH 7.9), and for BglC in citrate-phosphate-buffer (35 mM, 128 mM respectively, pH 6). For vmax, KM, and 
Ki the errors are uncertainties from least-square fitting of triplicate data. The errors for kcat and kcat/Km 
were determined by error-propagation from their parental parameters. 

 vmax [U/mg] kcat [s-1] KM [mM] Ki [M] kcat/KM [s-1·mM-1] 

Abg 23 ± 2.1·10-1 20 ± 1.8·10-1 1.1 ± 5.0·10-2 1.9·102 ± 0.0 18 ± 1.01 

BglU 3.4 ± 5.0·10-2 3.1 ± 5.0·10-2 6.3 ± 2.8·10-1 — 4.8·10-1 ± 3.0·10-2 

BglC 2.7·10-1 ± 1.0·10-2 4.1·10-1 ± 2.3·10-2 1.6·10-1 ± 2.0·10-2 — 2.5 ± 4.0·10-1 

 

The psychrophilic BglU exhibited a maximal activity at 3.2 ± 5.0·10-2 U/mg, which is 6.6× lower 

than the maximal activity of Abg. In combination with a lower affinity to pNPGlc 5h 

(KM = 6.3 ± 2.8·10-1 M), the catalytic efficiency of BglU was very low at 

4.8·10-1 ± 3.0·10-2 s-1·mM-1. The inhibition of the hydrolytic activity by pNPGlc 5h could also be 

observed for BglU, though the theoretical value of Ki being far above the solubility range of 

compound 5h, hindering the reliable determination of the inhibition constant. The lowest 

turnover number of 4.1·10-1 ± 2.3·10-2 s-1 (even at 85 °C) was exhibited by BglC, partially 

compensated by the high affinity of pNPGlc 5h (KM = 1.6·10-1 ± 2.0·10-2 mM) resulting in a 

catalytic efficiency of 2.5 ± 4.0·10-1 s-1·mM-1. 
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6.1.3 Structural analysis and mutagenesis of the β-glucosidases 

In order to transform a glycosidase to a glycosynthase the natural hydrolytic activity of the 

glycosidase needs to be eliminated. The intact overall structure of the mutated glycosidase is 

able to facilitate the regio-specific transfer of a glycosyl donor onto an acceptor molecule. This 

was first demonstrated by Mackenzie et al. and Planas et al. for the β-glycosidases Abg of 

R. radiobacter (then known as Agrobacterium sp.) and HiCel7B of Humicola insolens and has 

since been transferred to various glycosidases.[21, 22] For retaining glycosidases, the 

nucleophilic catalytic residue is most commonly exchanged for a non-nucleophilic residue, in 

order to knock-out the hydrolytic activity and enable glycosynthetic activity. This approach was 

applied successfully to Abg by replacing the nucleophilic glutamate residue at position E358 

with a non-nucleophilic alanine or less nucleophilic serine. A transfer of this method was taken 

into account for the psychrophilic BglU (GH 1) and hyperthermophilic BglC (GH 35), as these 

are both part of glycohydrolase families with retaining mechanisms. 

As afore mentioned, the mesophilic β-glucosidase Abg of R. radiobacter was one of the first 

glycosidases to be transformed into a glycosynthase by Mackenzie et al.[21] The catalytic 

residues were determined and replaced by mutation with non-nucleophilic residues. The Abg 

variant E358A was found to transfer α-D-glucopyranosyl fluoride (2a, α-GlcF) and 

α-D-galactopyranosyl fluoride (2b, α-GalF) onto various aryl glycoside acceptors. Further 

variants were tested and characterised for the transferal of α-GalF 2b onto glycoside 

acceptors. Following this example, the corresponding codon for E358 in abg was mutated by 

QuikChange™-PCR resulting in the abg variants coding for Abg-E358A and Abg-E358S 

(Table 5). The mutations of the abg gene were verified by Sanger-sequencing. 

Table 5 Mutation of the nucleophilic amino acid residues E358 of Abg of R. radiobacter. The mutations 
were acquired by QuikChange™-PCR by mutation of the wild type gene in a pET-21a(+) vector. 
Obtained plasmids were sequenced for confirmation of the resulting mutation. 

Original AA 
Introduced 
mutation 

Codon variation Verification 

E358 
A GAA → GCG + 

S GAA → AGC + 

 

As the crystal structure of the putative β-galactosidase BglC was and still is not elucidated, the 

identification of the catalytically active residues was required by comparison of the BglC amino 

acid sequence with other homologous β-galactosidase structures. The amino acid sequence 

of BglC shows parts of the conserved domain structure GanA which is most commonly 

attributed to β-galactosidases.[143] An amino acid sequence similarity based classification of 

BglC of the carbohydrate-active enzyme database (CAZy) pointed to the GH-A clan 

[glycohydrolases containing a (β / α)8-fold] and the glycohydrolase family GH 35.[70, 71] A first 
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comparison of the amino acid sequence of BglC was carried out with the sequences and the 

elucidated protein structures of four GH 35 β-galactosidases of Solanum lycopersicum[144], 

Homo sapiens[145], Bacteroides thetaiotaomicron[146], and S. pneumoniae[147]. Even though 

these enzymes show a low sequence identity to BglC (e.g. 16.0% for Hs-β-gal of H. sapiens), 

the comparison led to three conserved residues, which were candidates for mutation towards 

a glycosynthase variant of BglC (Figure 31, E). The residues corresponded to the amino acid 

positions E97, E173, and E300 in the sequence of BglC. Noteworthy at this point is the close 

proximity of the positions E188 and E268 (E173 and E300 in BglC) to the anomeric centre of 

the galactose molecule, which points to the high likelihood of these being the catalytic 

acid/base and nucleophilic residue. These two residues also share the conserved positions 

with respect to the nucleophilic and acid/base residues of GH 35 glycosidases (Figure 31, F). 

A recent publication by Mine et al. has introduced the structures of two β-glucosaminidases, 

GlmATk and GlmAPh originating from Thermococcus kodakaraensis und P. horikoshii.[148] 

Comparing these glycosidases, also belonging to the GH 35 family, with the sequence of BglC, 

a high sequence identity 81.3% and 61.9% (GlmAPh and GlmATk respectively) could be found. 

Due to the high sequence identity of BglC with these β-glucosaminidases, the identical 

comparison of structures and sequences, carried out for GlmATk and GlmPh by Mine et al., was 

applied to the amino acid sequence of BglC (Figure 31). 
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Figure 31 Structural analysis and sequence alignment of BglC with GH 35 and GH 42 glycosidases for 
the determination of the acid/base and nucleophile residue. The structure of GlmATk acts representative 
for BglC due to the high sequence identity. A: Overview of the structure alignment GlmATk 
(T. kodakaraensis, 5GSM, blue) with GH 42 A4-β-gal (Thermus thermophiles, 1KWK, cyan). B: Close 
up of the superimposed active sites of GlmATk and A4-β-gal. The potential catalytic and conserved 
residues are depicted and marked respectively. C: Excerpt of the amino acid alignment of BglC with 
GlmATk/Ph, A4-β-gal, and Gan42B (G. stearothermophilus, 4OIF) showing potential conserved catalytic 
residues (red box, * conserved; : high similarity; . low similarity; via Clustal Omega).[139] D: Overview of 
the alignment of GlmATk (blue) with GH 35 Hs-β-gal (H. sapiens, 3THC, green). E: Close up of the 
superimposed active sites of GlmATk and Hs-β-gal. The potential catalytic and conserved residues are 
depicted and marked respectively. F: Excerpt of the amino acid alignment of BglC with GlmATk/Ph, 
Hs-β-gal, and BgaC (S. pneumoniae, 4E8C) showing potential conserved catalytic residues (red box, * 
conserved; : high similarity; . low similarity; via Clustal Omega).[139] 

As was discovered for GlmATk and GlmAPh, the sequence alignment showed conserved 

sequences for the acid/base and nucleophile residues of the TIM-barrel domain [(β / α)8-fold] 
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of the GH 42 glycosidases A4-β-gal and Gan42B (Figure 31, C). This alignment would 

designate the residues E173 and E342 of BglC as the acid/base and nucleophile residue 

respectively. Nevertheless, the alignment of the BglC sequence with the GH 35 galactosidases 

Hs-β-gal and BgaC, as mentioned above, also showed conserved sequences for the acid/base 

and nucleophile residues of GH 35 galactosidases, designating these roles to the residues 

E173 and E300 (Figure 31, F). An equivalent of the position E342 could not be found and is 

therefore not conserved in the GH 35 galactosidases as was also stated by Mine et al. when 

comparing the β-glucosaminidases to these sequences. The structural analysis of GlmATk 

compared to the structure of GH 35 galactosidases, revealed the position of the E347 residue 

(corresponding to E342 in BglC and the conserved nucleophile position in GH 42 

galactosidases) to take up the same position as the nucleophilic residue in the GH 35 

galactosidases. The E306 residue (corresponding to E300 in BglC and the conserved 

nucleophile position in GH 35 galactosidases) is located in a different position, taking part in 

the catalysis by electrostatic interaction with the substrate (thereby lowering the activation 

energy of the chemical transformation). Due to the high similarity of BglC to the 

β-glucosaminidases, it can be assumed that the positions E173 and E342 are most likely to be 

the acid/base and nucleophile residues respectively, and position E300 will facilitate the 

catalysis in a similar way to the E306 residue in GlmATk. The resemblance of BglC to GlmAPh 

and GlmATk also explains the observed hydrolytic activities of BglC described during the 

characterisation of the wt enzyme (section 6.1.2). Both β-glucosaminidases exhibit no 

galactosidase activity and GlmATk was reported to exhibit very weak β-glucosidase activity, 

similar to the observation made for BglC in this thesis.[149] A second indication, supporting the 

assumption of BglC being a β-glucosaminidase, can be found in a further analysis of the amino 

acid sequence. The aspartate residue D172 which precedes the acid/base residue E173 in 

BglC, usually an asparagine (N) residue in GH 35 glycosidases, is also present in GlmATk and 

GlmAPh. The negative charge of this residue stabilises the binding and recognition of a 

β-D-glucosamine glycoside, which holds a positively charged amino group at the C2-position 

when located in the active site pocket of the β-glucosaminidase. 

As the characterisation and mutagenesis of BglC, presented in this thesis, was carried out 

before the publication of the β-glucosaminidase structures elucidated by Mine et al., the 

presented mutagenesis of BglC focuses on of the three positions E97, E173, and E300 

determined by the amino acid sequence comparison with the GH 35 galactosidases. Due to 

the N-terminal fusion of a His6-tag to BglC by the insertion of bglC in the pET-Duet-1 vector, 

the positions E97, E173, and E300 of the natural protein correspond to the residues E113, 

E189, and E316 in the recombinant protein. The bglC gene was mutated by application of the 

QuikChange™-PCR method with primers containing the degenerate codon 

KSC [(T/G)-(G/C)-C], coding for the four amino acids serine, alanine, glycine, and cysteine. 
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Identical to the procedure for abg mutagenesis, the isolated plasmids resulting from the 

mutagenesis procedure were checked by sequencing for mutation of bglC. In total three 

variants of each examined position could be generated (Table 6).

Table 6 Variation of the proposed catalytically active amino acid residues E113, E189 and E316 of BglC 
of P. furiosus. The mutations were acquired by QuikChange™-PCR by mutation of the wild type gene 
in a pET-Duet-1 vector. Obtained plasmids were sequenced for confirmation of the resulting mutation. 

Original AA 
Introduced 
mutation 

Codon variation Verification 

E113 

A GAG → GCC + 

C GAG → TGC — 

G GAG → GGC + 

S GAG → TCC + 

E189 

A GAA → GCC — 

C GAA → TGC + 

G GAA → GGC + 

S GAA → TCC + 

E316 

A GAA → GCC + 

C GAA → TGC — 

G GAA → GGC + 

S GAA → TCC + 

 

To create a glycosynthase variant of BglU, the catalytic residues of BglU, E170 and E377, 

identified by sequence alignment, needed to be mutated to non-nucleophilic residues. 

Examination of the crystal structure of BglU also indicated to the involvement of these residues 

in the hydrolysis of glycosidic bonds, as the distances of these glutamic acid residues to each 

other are between 3–4 Å, which is typical for retaining glycosyl hydrolases (Figure 32).[150] The 

variants mutated at position E377 were most likely to act as potential glycosynthases as this 

position was proposed to be the catalytic nucleophilic residue of BglU by Fan et al.[81] 
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Figure 32 Analysis of the crystal structure of BglU of M. antarcticus (PDB 3W53). The (β / α)8-barrel 
structure (TIM-barrel; helices, blue; strands, gray) can be observed in the overview (A) with the 
catalytically active residues (magenta) located inside the active site pocket. The residues E170 and 
E377 are at average around 4.1 Å apart, a typical distance for retaining hydrolases (B). The distances 
are depicted and given in Å. 

As was chosen for the mutagenesis of bglC, the introduction of various single mutations into 

the bglU gene was to occur via the QuikChange™-PCR method. Primers containing the same 

degenerate codon KSC [(T/G)-(G/C)-C] as for the mutagenesis of bglC, were designed and 

applied in the PCR reactions. Products of the QuikChange™-PCR were used to transform 

E. coli BL21(DE3), which were cultivated on ampicillin containing agar plates for selection. As 

the proportion of wt genes, even after DpnI digestion of the template vector, was often still high 

after the QuikChange™-PCR reaction (observed during the mutagenesis of abg and bglC), a 

screening was applied to easily recognise β-glucosidase variants deficient of hydrolytic activity. 

The screening method was based on the hydrolysis of 6,7-dihydroxycoumarin 

6-β-D-glucopyranoside (21a), also known as esculin, which when hydrolysed forms a complex 

with iron(III) ions causing a black colouration (Figure 33). 
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Figure 33 Hydrolysis of esculin (21a) by a β-glucosidase releasing glucose (11b) and 
6,7-dihydroxycoumarin (21b). Coumarin 21b causes a black colouration when in complex with Fe(III) 
ions. 

This activity test was developed by Harrison et al. to detect the presence of E. coli in water 

samples.[151] Common as an assay for the detection of β-glucosidase activity, the assay has 

not yet been applied as a mutagenesis screening for glycosynthase variants. Transformed 

E. coli BL21(DE3) colonies containing a mutant form of a β-glucosidase deficient of hydrolytic 

activity would therefore not cause any colouring of the agar and be easily identifiable. The 
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assay has high similarity to the blue-white-screening detecting the insertion of a target gene 

into the desired vector by inactivating the β-galactosidase LacZ and consequently hindering 

the hydrolysis of X-gal (5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside) and a blue 

colouration.[152] The choice towards a screening based on esculin agar plates instead of X-glc 

(5-bromo-4-chloro-3-indolyl-β-D-glucopyranoside) was based on the high cost of X-glc 

(100 mg, 848 €5) in comparison to esculin (21a, monohydrate 100 g, 464 €5). Before screening 

for mutant variants of BglU, a control was carried out by incubating E. coli BL21(DE3), 

transformed prior with a pET-21a(+) vector (not containing an insert), on esculin agar in order 

to rule out the expression of an endogenous β-glucosidase by the E. coli strain. The colonies 

did not cause a dark colouration, therefore rendering the strain as suitable for the screening 

assay. First attempts of cultivating E. coli BL21(DE3), transformed with the 

QuikChange™-PCR product, on esculin agar plates already containing IPTG at a 

concentration of 50 µM failed as no bacterial growth could be found on the agar plates after 

24 h incubation at 37 °C. Therefore, the transformed bacteria were first incubated on esculin 

agar plates without the presence of IPTG and the expression later induced (after colony 

formation) by adding 0.7 µL of 50 µM IPTG onto the agar plate. After a further incubation of up 

to 16 h, colonies containing functional β-glucosidases showed a dark brown colouration in 

contrast to non-functional glucosidases, which left the colonies uncoloured (Figure 34). The 

presence of IPTG in the agar when cultivating freshly transformed bacteria seems to exert 

stress on the bacteria hindering a normal growth and therefore the formation of visible colonies. 

By use of the esculin screening, bacteria containing mutated bglU genes were easily identified 

and a total of five bglU variants of the possible eight planned variants (4 each at E170 and 

E377) were isolated and confirmed by DNA sequencing (Table 7).

                                                 
5 Sigma-Aldrich 21st Feb 2019 
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Figure 34 Mutagenesis screening of BglU by cultivation on esculin agar. After transformation and 
incubation of E. coli BL21(DE3) with plasmids derived from the QuikChange™-PCR mutagenesis of 
bglU, IPTG was added to the agar to induce β-glucosidase expression and dark colouring of active 
variants. (A) Mutagenesis screening of position E377 of BglU. (B) Mutagenesis screening of position 
E170 of BglU. (C) Control plate testing defined E. coli BL21(DE3) strains with BglU variants; 1: wt BglU; 
2: BglU-E170S; 3: BglU-E377A; 4: E. coli BL21(DE3) containing pET-21a(+) without bglU gene. 

 

Table 7 Variation of the catalytically active amino acid residues E170 and E377 of BglU of 
M. antarcticus. The mutations were acquired by QuikChange™-PCR by mutation of the wt gene in a 
pET-21a(+) vector. Obtained plasmids were sequenced for confirmation of the resulting mutation. 

Original AA 
Introduced 
mutation 

Codon variation Verification 

E170 

A GAG → GCC — 

C GAG → TGC + 

G GAG → GGC + 

S GAG → TCC + 

E377 

A GAA → GCC + 

C GAA → TGC — 

G GAA → GGC + 

S GAA → TCC — 

 

After mutagenesis of the three β-glucosidases Abg, BglC, and BglU the potential 

glycosynthase variants were expressed under the identical conditions as the expression of the 

wt enzymes. The heterologous expression occurred for the mutant forms of Abg and BglU in 

E. coli BL21(DE3). In contrast to the experiments for wt BglC, the expression of the BglC 

variants E113S, E189S and E316S in E. coli BL21(DE3) did not lead to the target enzyme and 
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therefore was carried out in E. coli RosettaTM 2. All mutant glycosidases were isolated by IMAC 

and checked for purity by SDS-PAGE analysis (Figure 35). 

 
Figure 35 SDS-PAGE analysis of the expression and purification of the mutated β-glycosidases. All 
proteins were isolated by IMAC. The glycosidases wt BglC (1), Abg-E358S (5), and BglU-E377A (6) 
were expressed in E. coli BL21(DE3), the variants BglC-E113S (2), -E189S (3), and -E316S in 
E. coli Rosetta™ 2. Roti-Mark 10–150 was applied as a standard (M) for size determination. 

 

6.1.4 Detecting glycosynthase activity 

Synthesis of glycoside substrates 

Required in a larger amount for activity assays and synthetic experiments, the substrates 

p-nitrophenyl β-D-glucopyranoside (5h, pNPGlc), α-D-glucopyranosyl fluoride (2a, α-GlcF), 

and α-D-xylopyranosyl fluoride (2d, α-XylF) were synthesised chemically (Figure 36). The 

pNPGlc 5h substrate, used later in all activity measurements, was prepared beginning from 

1,2,3,4,6-penta-O-acetyl α-D-glucopyranoside (22a) according to the O-glycosylation method 

of Lee et al. and subsequent deprotection of glycoside 22b.[153] The glycoside 22b was 

obtained in a yield of only 46% most probably due to hydrolysis during the alkaline extraction 

of p-nitrophenol (13b) with saturated carbonate solution and incomplete crystallisation during 

the work-up procedure. The deprotection using sodium methoxide in methanol led to a 

quantitative yield of product 5h. For glycosynthetic reactions the glycosyl fluorides 2a and 2d 

were prepared according to the procedure of Steinmann et al. from acetyled glucose (22a) and 

xylose (22c).[154] The acetylated fluoride derivatives 22d and 22e were both obtained as 

anomeric mixtures. The α-anomer was isolated in both cases via flash column chromatography 

in yields of 45% and 56% for compound 22d and 22e respectively. Deprotection of the 

acetylated glycosyl fluorides 22d and 22e using ammonia in methanol occurred in a 

quantitative yield.[58] 
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Figure 36 Chemical synthesis of the glycosyl donor/acceptor molecules α-D-glucopyranosyl-, 
α-D-xylopyranosyl fluoride (2a & 2d), and p-nitrophenyl β-D-glucopyranoside (5h). 

 

Testing for synthetic activity 

To determine whether the produced β-glucosidase variants displayed glycosynthase activity, 

a model reaction of the glucosylation of pNPGlc 5h (acceptor) with the glucosyl donor 

α-GlcF 2a was examined for each variant (Figure 37). The mutant β-glucosidases were tested 

beforehand for residual hydrolytic activity towards pNPGlc 5h before application in the model 

reaction. 

 
Figure 37 Model glycosylation reaction applied for the detection of synthetic activity of mutant 
β-glucosidase variants of BglC, Abg and BglU. α-GlcF 2a and pNPGlc 5h were incubated with the 
respective β-glucosidase mutant at 25 °C (Abg & BgU) or 85 °C (BglC) and the respective buffer 
employed in the characterisation of the wt enzyme. 

 

Potential glycosynthase variants of BglC 

The first set of β-glycosidase mutants tested for glycosynthetic activity were the mutants of the 

hyperthermophilic glycosidase BglC, BglC-E113S, -E189S, and -E316S. Hydrolytic activity 

towards pNPGlc 5h exhibited by the mutants could not be detected, strongly indicating to the 

catalytic importance of all of the chosen residues. In addition, the enzymes showed no activity 

during chemical recovery experiments using glucoside 5h and sodium formate (2 M) as an 

external nucleophile. This initial result was a first indication for the unsuitability of the BglC 

mutants as glycosynthases. Further tests for glycosynthase activity were carried out using the 

synthesised α-GlcF 2a (20 mM) and pNPGlc 5h (40 mM) as the donor and acceptor 

respectively (Figure 37). The excess of acceptor was chosen to repress the transfer of the 

glycosyl donor to itself (homocoupling) or water (hydrolysis). A control reaction was also 
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conducted using identical conditions without enzyme. The reactions were followed by reverse 

phase thin-layer chromatography (RP-TLC) revealing a hydrolysis of substrate 2a in all tested 

reactions. The degradation was also visible in the reference reaction ruling out enzymatic 

hydrolysis by the BglC mutants and indicating to a thermal hydrolysis due to the high 

temperature of 85 °C. Thermal hydrolysis can be expected at high temperatures such as 85 °C, 

as glycosyl fluorides show high instability even at lower temperatures.[93] Therefore, to use the 

glycosyl fluoride 2a as a donor substrate in a synthase reaction using BglC, the reaction 

conditions would need to be changed to lower temperatures. However, as shown during the 

characterisation of BglC (section 6.1.2, Figure 29), the enzyme showed no activity at 

temperatures below 55 °C. High temperatures are therefore prerequisite for the activity of the 

wt enzyme BglC, which was to be expected due to the hyperthermophilic nature of this 

particular enzyme. An increase in synthetic activity of different mutated glycosidases, using 

buffers with more acidic conditions (around pH 4) than for the respective wt hydrolysis 

reactions was reported by Perugino et al.[74] Therefore, the pH tolerance of wt BglC was tested 

by measuring the activity at pH 6, 5, 4 and 3. The wt enzyme exhibited no activity at pH values 

of 4 and lower. The activity of BglC at pH 5 was only 14.3% of the activity measured under the 

same conditions at pH 6 (1.2·10-2 U/mg, pH 5 compared to 8.4·10-2 U/mg, pH 6). A further 

explanation for the lack of synthetic activity can be considered with respect to the positions of 

the incorporated mutations. As described during the comparison of the amino acid sequence 

of BglC with the β-glucosaminidases GlmAPh and GlmATk, the glutamate residue E358 (E342 

without the C-terminal fused His6-tag) is most likely the catalytic nucleophilic residue and not 

one of the three residues examined in this experiment. Despite of this insight, the suitability of 

BglC as a glycosynthase was hindered by the strict temperature dependency of the enzyme 

and was not further considered as a potential glycosynthase. 

 

β-Glucosynthase Abg-E358S 

To verify the non-suitability of BglC and thermophilic glycosidases as glycosynthases in 

general, due to the instability of the glycosyl fluoride donors at elevated temperatures but not 

the applied analytical method, the literature known glycosynthase Abg-E358S was applied as 

a reference for the model glycosylation reaction. As expected from literature, the mutant did 

not show hydrolytic activity towards pNPGlc 5h and was then tested in the same model 

reaction as carried out for BglC (Figure 37). Incubation of the Abg-E358S (0.8 mg/mL, 

NH4HCO3-buffer 150 mM, pH 7.9) with α-GlcF 2a (40 mM) and pNPGlc 5h (20 mM) resulted in 

a mixture of new products, which could be observed by RP-TLC. The products were derivatised 

by peracetylation, with acetic anhydride in pyridine, and isolated by preparative TLC. As was 
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described by Mackenzie et al., the glycosynthase catalysed the transfer of the glucosyl moiety 

onto pNPGlc 5h with a β-1,4 linkage.[21] Nevertheless, due to repeated transfer of α-GlcF 2a 

by Abg-E358S a mixture of p-nitrophenyl β-D-cellobioside (5c), p-nitrophenyl 

β-D-cellotrioside (5x), and p-nitrophenyl β-D-cellotetraside (5y) was produced of which the 

trisaccharide 5x was the major product. 

 
Figure 38 Possible reaction pathways of the glycosylation of the acceptor pNPGlc 5h with Abg-E358S 
and α-GlcF 2a as the glycosyl donor. (A) Transfer of the glucosyl moiety onto the acceptor molecule 5h. 
(B) Autohydrolysis of the glycosyl fluoride donor 2a. (C) Self-coupling of the glycosyl donor 2a catalysed 
by the glycosynthase. 

The purification and yield determination of synthesised glycosylation products produced by 

Abg-E358S proved difficult as a substantial amount of side products were produced in addition 

to the glucose (11b) side product caused by autohydrolysis (Figure 38). Upon closer analysis 

of the side product signals in the 1H-NMR spectra of the isolated mixed fractions, more than 

one signal with a coupling constant of 52.8 Hz, which is characteristic for a proton of an 

anomeric centre coupling to a fluorine atom in α-configuration, could be observed. This 

observation indicated to Abg-E358S catalysing the transfer of the glucosyl residue of the donor 

not only onto the acceptor but also onto the donor molecule itself. To verify a self-coupling of 

the donor α-GlcF 2a by Abg-E358S, a test was carried out incubating the enzyme with the 

donor 2a in the absence of an acceptor molecule. After incubation of the reaction (24 h, 25 °C), 

the products were peracetylated and separated by flash chromatography. 1H-NMR analysis 

confirmed the homocoupling of the donor α-GlcF 2a by the identification of not only 

α-D-cellobiosyl fluoride (2m) and α-D-cellotriosyl fluoride (2n), but also the respective di- and 

trisaccharide caused by hydrolysis of the glycosyl fluorides (Figure 39). The major product of 

the homocoupling reaction, α-D-cellobiosyl fluoride (2m), was only produced in a 6.8% yield, 

which displays the low affinity of the +1 subsite of Abg towards glycosides without an aryl 

aglycone. Therefore, in the presence of a suitable acceptor Abg-E358S will first glycosylate 

the acceptor, but with decreasing amounts of acceptor molecules the glycosynthase will also 
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catalyse the homocoupling reaction. The use of an excess of acceptor molecules should cause 

a suppression of the self-coupling reaction. 

 
Figure 39 1H-NMR analysis of homocoupling products produced by Abg-E358S with α-GlcF (2a, 80 mM) 
in the absence of an acceptor molecule. The reaction was incubated 24 h at 25 °C and the reaction 
products subsequently peracetylated for isolation by flash chromatography. Boxes highlight the shift of 
the anomeric centre (1), the additional anomeric centres (1′, 1″), and the increase in acetate (Ac) signals. 
The 1H-NMR spectra were recorded in CDCl3. 

The synthase activity of Abg-E358S was further applied for the glycodiversification of the 

flavanone glycoside prunin (1b, naringenin-7-O-β-D-glucoside). This glycoside of the 

flavanone naringenin (1a) has a higher solubility mediated by the glucosyl residue and thereby 
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a higher bioavailability than naringenin (1a), but lacks the bitter taste exhibited by naringin (1c, 

naringenin-7-O-β-neohesperidoside). A diversification of the glycosylation of naringenin (1a) 

could improve the bioavailability and bioactive properties of the flavanone. Due to the high cost 

of prunin (1b, 206 €/mg6) in comparison to naringin (1c, 2.25 €/g6), the flavanone glucoside 1b 

was produced by a de-rhamnosylation procedure described by Vila-Real et al.[103] The 

de-rhamnosylation was catalysed by a naringinase of Penicillium decumbens, an enzyme 

complex exhibiting α-L-rhamnosidase and β-D-glucosidase activity. To avoid a 

de-glucosylation, the β-D-glucosidase activity was deactivated prior to the reaction with 

naringin (1c) by incubating the enzyme in 20 mM citrate buffer at pH 3.9 and 82 °C for 16 min. 

The procedure, determined by Vila-Real et al. by the use of response surface methodology, 

eliminated the β-D-glucosidase activity, while keeping 40% residual α-L-rhamnosidase 

activity.[103] The pretreated naringinase was then added to a solution of naringin (1c, 10 mM) at 

60 °C and afforded the desired glucoside 1b in a yield of 84% (Figure 40). 

 
Figure 40 De-rhamnosylation of naringin (1c) for the synthesis of prunin (1b) catalysed by selectively 
deactivated naringinase of P. decumbens. The β-glucosidase activity was deactivated by incubation in 
20 mM citrate-buffer, pH 3.9, at 82 °C for 16 min. 

The resulting glycoside 1b (40 mM) was applied as an acceptor in a glycosylation reaction with 

Abg-E358S (3 mg purified, lyophilised) and the donor α-GlcF 2a (80 mM). DMSO (10% v/v) 

was added to the reaction as a co-solvent to improve the solubility of prunin (1b). After an 

incubation of 24 h the product mixture was derivatised by acetylation, identically to the 

glycosylation of pNPGlc 5h, and the products isolated by flash chromatography. Analysis of 

the isolated fractions by 1H-NMR revealed many similar products of which the spectra only 

slightly varied from each other. The acceptor prunin (1b) was reisolated from the reaction and 

the major reaction product was identified as a glucosylated derivative of prunin (1b), 

naringenin-7-O-β-D-cellobioside (1g). The derivatisation using peracetylation caused 

difficulties for the purification with flash chromatography. The acetyl group of the A-ring of the 

flavonoid scaffold seemed to be labile and partially cleaved during the chromatography, 

leading to mixtures of the peracetylated and partly non-acetylated products 22h–k (Figure 41). 

                                                 
6 Sigma-Aldrich 22nd March 2019 
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Figure 41 1H-NMR analysis of isolated compounds of the glycosylation of prunin (1b) with Abg-E358S 
and α-GlcF 2a. Compounds of the reaction mixture were acetylated and separated by flash 
chromatography. The acceptor 1b and product 1i were isolated in two forms, completely 
acetylated 22h/i and mono-deacetylated 22j/k (signals indicating to a mono-deacetylation are marked 
by boxes; * shows signal of the acyl group or proton of R). 1H-NMR spectra were measured in CDCl3. 

Considering all versions of the respective product (peracetylated and mono-deacetylated), the 

glucosylated prunin derivative 1i was isolated in a yield of 15%. The product was further 
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confirmed by high-resolution mass spectroscopy. Furthermore, traces of a diglycosylated 

product and homocoupling of the glycosyl fluoride donor 2a was observed in the 1H-NMR 

spectra. The reaction parameters seem to have not been optimal for the enzyme as 55% of 

the glycosyl donor 2a was reisolated from the reaction. Possible oligomerisation products were 

also observed in trace amounts but were not further examined due to a high amount of 

impurities. 

The application of an alternative glycosyl fluoride, α-XylF 2d, as a glycosyl donor was also 

examined for the glycosylation of pNPGlc 5h. Identically to the afore mentioned reactions, the 

donor 2d was applied in an excess (80 mM) with respect to the acceptor 5h (40 mM) and 

incubated for 24 h at 25 °C with Abg-E358S. Subsequent derivatisation (peracetylation) and 

flash chromatography led mostly to the reisolation of the donor 2d and pNPGlc 5h in their 

acetylated form. A mixture of 1,2,3,4-tetra-O-acetyl α/β-D-xylopyranoside (22c), representing 

30% of the employed donor 2d, was also isolated indicating to a high rate of autohydrolysis of 

the donor. The glycosylation product, p-nitrophenyl-(4-O-β-D-xylopyranosyl)-

β-D-glucopyranoside (5k), was identified only in trace amounts. The low synthase activity of 

Abg-E358S towards the transfer of xylosyl residues was expected, as this has been described 

in literature for the Abg-E358G mutant.[27] Even though further mutations have been described, 

which enhance the xylosynthase activity of Abg mutants, the optimisation of this reaction was 

not further examined in this thesis. 

The results obtained for Abg-E358S in the examined glycosylation reactions, verified the 

applicabitlity of the chosen analytical methods for the identification of glycosynthase activity 

and product analysis. Therefore, the unsuitability of BglC as a glycosynthase was due to the 

enzymes hyperthermophilic properties and not the possible problematic product detection by 

the applied analytical methods. 

BglU variants as potential psychrophilic glycosynthases 

The preceding results defined the BglC mutant variants as unsuitable for the application as a 

glycosynthase, as the strict temperature dependency of the activity only caused thermal 

degradation of the glycosyl fluoride donor. The psychrophilic β-glucosidase mutants of BglU 

with a potential optimal activity at low temperatures should therefore be more suitable for this 

type of reaction. The successful detection of synthetic activity by a mutant of BglU, would also 

present the first cold-adapted glycosynthase in literature. 

Site-directed mutagenesis of bglU utilising the QuikChange™-PCR method, resulted in the 

production of the variants E170S, E170G, and E170C for the catalytic acid/base residue, and 

E377A and E377G for the catalytic nucleophile residue of BglU (section 6.1.3). All variants 
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were heterologously expressed, isolated, and tested for hydrolytic activity towards pNPGlc 5h. 

As expected for the mutation of the acid/base residue E170, all variants exhibited weak or no 

hydrolytic activity compared to the wt form of BglU. The highest specific activity was observed 

for BglU-E170C at 2.1·10-2 ± 4.5·10-2 U/mg, followed by BglU-E170S with 

2.0·10-3 ± 4.9·10-3 U/mg, representing 1.3% and 0.1% residual activity compared to wt BglU 

measured at 1.6 ± 3.4·10-1 U/mg. No hydrolytic activity was detected for BglU-E170G. The 

mutation of the nucleophilic residue of BglU, E377, to alanine or serine, displayed similar 

results for the measurement of the hydrolytic activity towards pNPGlc 5h. A low specific activity 

of 2.98·10-2 ± 2.40·10-2 U/mg was detected for BglU-E377G, whereas no hydrolytic activity 

could be detected for BglU-E377A. 

The variants of BglU were then applied in the model glucosylation reaction with α-GlcF 2a and 

pNPGlc 5h as was carried out for BglC and Abg. Due to the low activity of wt BglU in 

comparison to Abg, the reaction for each BglU variant was carried out with high substrate 

concentrations of the donor α-GlcF 2a at 80 mM and the acceptor pNPGlc 5h at 40 mM. 

Following the reactions by RP-TLC, the variants BglU-E170G, -E170S, and -E170C showed 

only a slight production of glucose, but no other product formation and therefore no synthetic 

activity. The production of glucose (11b) was attributed to the autohydrolysis of α-GlcF 2a, 

which occurred over time due to the instability of the glycosyl fluoride in aqueous solution. This 

result was expected as glycosynthases derived from retaining glycosidases are obtained by 

mutation of the catalytic nucleophilic residue and not the catalytic acid/base residue. In 

contrast, for the reaction incubated with BglU-E377A, three new product spots were observed 

by RP-TLC. For further analysis, the solvent of the reaction batch was removed under reduced 

pressure and all compounds peracetylated with acetic anhydride in pyridine according to the 

method of Steinmann et al. (Figure 42).[154] Separation of the reaction products via flash 

column chromatography and subsequent analysis by 1H-NMR determined the products as the 

acetylated forms of 4-nitrophenyl cellobioside (5c), -cellotrioside (5x), and -cellotetraside (5y). 

The production of these products confirms the transformation of β-glucosidase BglU into a 

glycosynthase. The enzyme BglU-E377A catalysed the transfer of glucosyl residues onto the 

acceptor with complete anomeric control in a β-1,4 linkage. 
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Figure 42 Glycosylation of pNPGlc 5h catalysed by BglU-E377A with α-GlcF 2a as the glycosyl donor. 
The reaction was incubated at 25 °C in KPi-buffer (50 mM, pH 7) for 24 h. After solvent removal, all 
reaction products were acetylated for product isolation by flash chromatography. 

The glycosynthase also catalysed the subsequent glucosylation of the first reaction product, 

leading to an oligomerisation as was observed for Abg-E358S. For the case of BglU-E377A 

the p-nitrophenyl cellotrioside (5x) was the main product of the reaction after a 24 h incubation 

with a yield of 20%. Only trace amounts of the p-nitrophenyl cellobioside (5c) were isolated 

allowing the measurement of the 1H-NMR spectrum but not of the respective 13C-NMR 

spectrum. The low amount of p-nitrophenyl cellobioside (5c) strongly indicates to a high affinity 

of BglU-E377A towards the disaccharide product facilitating a further glycosylation to the 

trisaccharide 5x. The affinity of BglU-E377 towards the trisaccharide 5x on the other hand 

seems to be lower as the reaction yielded only 5% of the p-nitrophenyl cellotetraside (5y). 

Nevertheless, the low conversion of the trisaccharide 5x might also have been caused by a 

depletion of the donor 2a concentration leading to a decrease of the reaction rate. 

 

6.1.5 Development of a high-throughput assay for glycosynthase 

characterisation7 

The analysis of biocatalytic reactions by glycosynthases are most commonly carried out by 

lengthy high-pressure liquid chromatography (HPLC) measurements, requiring a sufficient 

separation of the reaction products, or by the measurement of the fluoride release by an 

ion-selective electrode (ISE). The measurement of glycosynthase activity via an ISE was 

exemplary demonstrated for the glucosylation of pNPGlc 5h by Abg-E358S with α-GlcF 2a as 

the donor. The conversion of the donor molecule 2a releases fluoride ions, which can be 

detected by the ISE in a decrease of the electric potential of the solution. By plotting the 

                                                 
7 The development of the glycosynthase activity assay and glycosynthase characterisation were 
published in Hayes et al.[2] 
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negative decadic logarithm of various fluoride concentrations against the measured electric 

potential, a calibration for quantification of the fluoride ions released by the glycosynthase can 

be created. By following the release of fluoride over time, a specific activity of 

7.4·10-1 ± 6.0·10-2 U/mg could be determined for Abg-E358S for this reaction (Figure 43). 

However, the measurement of the reaction using the ISE is laborious, as firstly, the measured 

values must be precisely timed and noted manually during the reaction, and secondly, 

conduction of parallel measurements was not possible. Additionally, due to the size of the ISE, 

a downscaling of the reaction volume was only possible down to 500 µL. A characterisation or 

screening of glycosynthases by ISE measurements is therefore highly time consuming and 

requires high substrate amounts due to the larger reaction volume. 

Abg-E358S
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Figure 43 Glycosynthase activity measurement via an ion selective electrode (ISE). The conversion of 
α-GlcF 2a catalysed by Abg-E358S was detected by the decrease of electric potential measured by the 
ISE. 

As an alternative to the ISE measurements and a possible high-throughput screening method 

(HTS), a colourimetric assay was developed allowing quantification of released fluoride in a 

microplate format. The assay is a modification of a method developed by Andrés et al.[1] In 

mutagenesis libraries of glycosidases the group identified glycosynthetic activity by the 

cleavage of tert-butyldimethylsilyl-protected 4-methylumbelliferone. The compound was added 

to a reaction solution of a cell-free lysate containing a glycosyl fluoride donor and the resulting 

fluorescence was measured after 40 min. The demonstrated assay showed a low detection 

maximum of 500 µM fluoride, limiting the use of the assay for biocatalytic conversion 

measurements, identification and characterisation of potential highly-active glycosynthase 

variants. To overcome these limitations, a modified assay using 

triisopropyl-(4-nitrophenoxy)-silane (23, TIPSpNP) was developed. Similar to the method of 

Andrés et al.,[1] the release of fluoride by conversion of α-GlcF 2a will cause a cleavage of the 

triisopropylsilyl group of TIPSpNP 23 (Figure 44). 
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Figure 44 Example reaction mechanism of the developed glycosynthase activity assay. The enzymatic 
glycosylation is catalysed in reaction A by the α/β-glucosynthase releasing hydrogen fluoride as a side 
product. A sample of the enzymatic reaction is then transferred into acetonitrile containing 1 mM 
TIPSpNP 23 initiating the cleavage of the silyl ether as reaction B. A quantification of the enzymatically 
released fluoride can then occur by photometric measurements of the released pNP 13b at 410 nm. 

The chemical synthesis of the TIPSpNP 23 in a preparative scale resulted in yields of 97% 

(1.4 g, 4.8 mmol, Figure 45). The possibility of a continuous assay using the synthesised 

fluoride chemosensor TIPSpNP 23 was ruled out by the low solubility of the sensor 23, 

therefore requiring the assay to be carried out in a discontinuous fashion. Even the use of 

co-solvents such as DMSO, acetonitrile, or acetone in concentrations of 10–20% could not 

greatly enhance the solubility of TIPSpNP 23 in aqueous solution. The use of DMSO as a 

co-solvent was also problematic, due to partial cleavage of TIPSpNP 23 by the presence of 

DMSO in the solution. 

 
Figure 45 Synthesis of triisopropyl-(4-nitrophenoxy)-silane (23) used for the fluoride detection during 
glycosynthase activity assays. 

The low solubility of fluorogenic molecules protected by a triisopropylsilyl ether was also 

described by Sokkalingam and Lee.[155] They also observed a strong decrease in the reaction 

rate of the silyl ether cleavage with increasing amount of aqueous solvent. The low solubility 

and therefore low concentration, resulting in a low cleavage reaction rate of TIPS ethers could 

cause a false representation of the enzymatic reaction rate in a continuous assay. As an 

alternative, the addition of fluoride containing samples for the cleavage of TIPSpNP 23 and 

quantification of fluoride was examined in acetonitrile as the bulk solvent. By testing different 

amounts of buffer, containing pNP 13b in acetonitrile, a buffer content of 10% was chosen. 

This amount would keep to a low aqueous content (with respect to the cleavage reaction rate), 

but ensure a sufficient absorption signal at 410 nm (Figure 46). 
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Figure 46 Influence of the buffer content in acetonitrile on the absorption on p-nitrophenol (13b) at 
410 nm and 25 °C. The chromophore 13b concentration was held constant at 0.5 mM and the amount 
of NH4HCO3-buffer (150 mM, pH 7.9) in acetonitrile varied from 0–20%. 

The cleavage of TIPSpNP 23 (1 mM) was measured in a time-dependent manner in acetonitrile 

containing 10% buffer and varying concentrations of sodium fluoride (15 µM–2 mM). A reliable 

completion of the cleavage after 10 min was observable independent of the fluoride 

concentration (Figure 47, A). This reaction rate is in accordance to the rate observed by 

Sokkalingam and Lee.[155] After a 10 min incubation, a linear dependency of the absorption 

towards the fluoride concentration could be recognised when using an NH4HCO3-buffer 

(pH 7.9), which is most commonly used in synthetic reactions with glycosynthases 

(Figure 47, B). 

 
Figure 47 (A)Time course of the cleavage reaction of TIPSpNP 23 (1 mM) by the addition of varying 
concentrations of NaF (0.05–2 mM) in acetonitrile with 10% NH4HCO3-buffer (150 mM, pH 7.9) at 
25 °C. (B) Calibration of the fluoride quantification assay with TIPSpNP 23 (1 mM) in acetonitrile using 
NH4HCO3- (■, 150 mM, pH 7.9), KPi- (▲, 50 mM, pH 6.5), and citrate-phosphate-buffer (●, 35 mM, 
128 mM, pH 6) after the addition of NaF (0.05–2 mM) and 10 min incubation. For the measurements with 
KPi- and citrate-phosphate-buffer an additional basification step was added ahead of the cleavage 
reaction. 

The addition of sodium bicarbonate solution (0.2 M) to the sample in a 1:1 ratio was added 

before the cleavage of TIPSpNP 23 by the released fluoride. This basification further 

broadened the applicability of the quantification to enzymatic reactions carried out in buffers 

with a pH lower than 7 (Figure 47, B). Calibrations carried out after this additional basification 

step led to reliable regression lines using a citrate-phosphate buffer (35 mM, 128 mM, pH 6) 
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and KPi-buffer (150 mM, pH 6.5). The measurement of the absorption of pNP 13b, in 

comparison to the fluorescence of 4-methylumbelliferone, raised the maximal detection limit to 

ranges of 2–4 mM fluoride and above, which lowered the limitation of the assay. The limit of 

detection (LOD) and limit of quantification (LOQ) of the assay was determined by linear 

regression to be 25 µM and 82 µM respectively (calibration with fluoride concentrations in the 

range of 50–150 µM).[156] The determined LOQ was verified by repeated measurements of 

samples with a sodium fluoride concentration of 85 µM with a precision of 10%. The high 

maximal limit and low LOQ of the assay allows simple determination of substrate conversions 

at low and high substrate concentrations, which is vital for kinetic characterisation of 

glycosynthases.  

The literature known β-glucosynthase Abg-E358S was first examined to determine the 

applicability of the developed assay for measurement of enzymatic activity. The kinetic 

parameters of this β-glucosynthase were determined by Mackenzie et al. using α-GalF 2b 

instead of α-GlcF 2a in order to avoid self-condensation of the donor molecules.[21] As a model 

reaction for glucosylation with Abg-E358S, the glucosylation of the acceptor pNPGlc 5h 

(40 mM) with α-GlcF 2a (20 mM) was chosen. An excess of the acceptor 5h was employed to 

reduce the rate of self-condensation of the donor molecules, which has been observed when 

using α-GlcF 2a. The determination of the conversion of α-GlcF 2a by Abg-E358S via the 

concentration of released fluoride (25 °C, 5 min reaction time) with the TIPSpNP-assay 

resulted in a specific activity of 0.83 ± 0.05 U/mg. Importantly, the rate of autohydrolysis of 

α-GlcF 2a and pNPGlc 5h was measured by control reactions and subtracted from the 

enzymatic reaction if any occurred. 
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Figure 48 Time course of the glycosylation reaction catalysed by Abg-E358S (■, 0.7 g/mL) and 
BglU-E377A (●, 0.2 g/mL) in the presence of the glycosyl fluoride donor 2a (20 mM; 40 mM for 
BglU-E377A) and the glycosyl acceptor 5h (40 mM) in NH4HCO3-buffer (150 mM, pH 7.9) at 25 °C. 

An expected linear conversion of α-GlcF 2a, releasing the leaving group fluoride accordingly, 

could be observed during the first 15 min of the enzymatic reaction, indicating to a rapid 
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conversion of the α-GlcF 2a by Abg-E358S (Figure 48). Furthermore, the activity and time 

course of the glucosylation using the newly developed glucosynthase BglU-E377A was 

examined. The enzyme exhibited a much lower activity than Abg-E358S and the time of the 

enzymatic reaction needed to be lengthened to determine a reliable activity. A specific activity 

of 1.8·10-2 ± 2.0·10-3 U/mg was determined for the enzyme (1 : 1 donor 2a : acceptor 5h), which 

was around 46× lower than the specific activity of Abg-E358S even after doubling the donor 

concentration. However, the 3.5× lower enzyme concentration of BglU-E377A employed in the 

reaction must be considered. The potential synthase mutants BglC-E113S, -E189S, 

and -E316S, which were already ruled out for use as glycosynthases, were also tested for 

synthetic activity using the fluoride quantification assay. The identical reaction as tested for 

Abg-E358S and BglU-E377A was carried out at optimal temperature of 85 °C of the wt enzyme. 

As before, no synthetic activity was observed for each mutant. Only thermal hydrolysis of 

α-GlcF 2a could be detected. The thermal instability of glycosyl fluoride derived donors has 

also been described by Williams and Withers.[93] Therefore, to avoid a thermal hydrolysis, the 

reaction was assayed for each mutant at lowered temperatures of 25–65 °C. Instead of 

enzymatic activity, only an increase in autohydrolysis for each reaction (observable by the 

control reaction) with increasing temperature was detected. These results verify the 

non-suitability of the variants of BglC for glycosynthetic reactions. They also illustrate the 

limitation of hyperthermophilic glycosidases with narrow temperature optima as candidates for 

glycosynthases when using glycosyl fluoride derived donors. 

 

6.1.6 Glycosynthase kinetics and acceptor screening 

The first experiments demonstrated the applicability of the fluoride quantification assay for 

detection of the synthetic activity of glycosynthases. Further applicability was to be shown by 

characterisation of the glycosynthases Abg-E358S and BglU-E377A. The kinetic parameters 

of these enzymes were determined for the same reaction as in section 6.1.5 in 

NH4HCO3-buffer (150 mM, pH 7.9). This buffer is most commonly used for synthetic reactions 

but not for the characterisation of the enzymatic properties used for the synthesis. A 

two-dimensional approach, varying both the acceptor and donor molecule concentration 

(0–80 mM) for the measurement of the Michaelis-Menten kinetics was taken. Therefore, the 

activity of the glucosynthases was measured with 37 different ratios of donor and acceptor 

concentrations (Figure 49). 
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Figure 49 Donor (α-GlcF 2a) and acceptor (pNPGlc 5h) concentration ratios chosen for the 
determination of kinetic parameters for Abg-E358S (A) and BglU-E377A (B). 

 
Figure 50 Characterisation of the glycosynthases Abg-E358S (A) and BglU-E377A (B) by 
2D-Michaels-Menten kinetics determined in NH4HCO3-buffer (150 mM, pH 7.9). The specific 
activity (U/mg) of the enzyme variants was determined for 37 different acceptor 5h : donor 2a ratios. 
Subsequent fitting of the data was carried out using the data set of each triplicate measurement. 

 

Equation 2 ࢜ ൌ
ሺ࢞ࢇ࢓࢜ൈ࢞ൈ࢟ሻ

ሺࢇࡹࡷൈ࢈ࡹࡷା࢈ࡹࡷൈ࢞ାࢇࡹࡷൈ࢟ା࢞ൈ࢟ሻ
 [157] 

Each reaction was measured in triplicate and the complete set of data was fitted to a 

Michaelis-Menten-equation for a two substrate reaction (Figure 50, Equation 2).[157] The 

maximal activity (vmax) of the enzymes was determined as 2.9 ± 2.1·10-1 U/mg and 

1.1 ± 1.2·10-1 U/mg for Abg-E358S and BglU-E377A, respectively (Table 8). The low activity of 

the β-glucosynthase BglU-E377A was also observed in the activity measurements described 

in section 6.1.5. However, in this case the maximal activity of Abg-E358S is only 2.6× higher 

than for BglU-E377A, indicating to non-optimal conditions for BglU-E377A during the activity 

measurement in section 6.1.5. A high affinity towards the donor α-GlcF 2a with low KM, α-GlcF 

values of 6.7·10-1 ± 1.5·10-1 mM and 1.1 ± 2.8·10-1 mM (Abg-E358S and BglU-E377A, 

respectively) was exhibited by both enzymes. The affinity of the enzymes towards the 

acceptor 5h was much lower, observable by the high KM, pNPGlc values of 94 ± 19 mM and 
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11·101 ± 18 mM. The large standard deviations of the determined KM values towards the 

acceptor 5h (16–20% deviation) are due to the low solubility of the acceptor molecule. This 

issue can be easily recognised in the curve of the plotted fit of the kinetic measurements 

(Figure 50). The concentration of pNPGlc 5h is far from the theoretical vmax value, leading to 

the high uncertainty of the KM, pNPGlc value. 

Table 8 Kinetic parameters vmax and KM (for the donor and acceptor respectively) for the glycosynthase 
Abg-E358S and BglU-E377A. The reaction velocities of 37 acceptor 5h : donor 2a ratios were 
determined and fitted with Michaelis-Menten kinetics considering two substrates. 

 vmax [U/mg] kcat [s-1] KM, α-GlcF [mM] KM, pNPGlc [mM] 

Abg-E358S 2.9 ± 2.1·10-1 2.5 ± 1.8·10-1 6.7·10-1 ± 1.5·-1 94 ± 19 

BglU-E377A 1.1 ± 1.2·10-1 9.6·10-1 ± 1.1·10-1 1.1 ± 2.8·10-1 11·101 ± 18 

 

The difference in affinity towards the donor and acceptor molecules give indications towards 

the natural substrate range of both examined enzymes. The -1 sub-site of both β-glucosidases 

are optimally designed for the recognition of the non-reducing terminus of a glucoside 

substrate. In comparison, the +1 and possibly +2 sub-site of the β-glucosidases are not suitably 

arranged for the recognition of glucose or an aryl substituent containing a nitro group in the 

para-position of the benzyl ring. 

# Substrate # Substrate 

 

15b Methanol 5h pNPGlc 

15c Ethanol 5b pNPMan 

15d Propanol 5g pNPGal 

15e Pentanol 5i pNPXyl 

15f Octanol 5a pNPGlcNAc 

15g Decanol 5r pNPRha 

15h Dodecanol 1c Naringin 

11b Glc 1b Prunin 

11c Man 1a Naringenin 

11d Gal 2a 
I 

α-GlcF 
(20 mM) 11a Xyl 

11e Rha 2a 
II 

α-GlcF 
(5 mM) 11f GlcNAc 

11g Maltose 2a 
III 

α-GlcF 
(2.5 mM) 11h Lactose 

Figure 51 Acceptor scope screening for the glycosynthases Abg-E358S (0.12 µM; black) and 
BglU-E377A (0.20 µM, grey). The reactions were carried out in NH4HCO3-buffer (150 mM, pH 7.9) with 
α-GlcF 2a as donor and the respective acceptor in a 1 : 2 ratio. Homocoupling was tested in 2aI–III with 
absence of an acceptor molecule. Conversion was determined by the quantification of fluoride release 
after 1 h. The reactions were carried out in triplicate and control reactions were carried out without 
addition of enzyme. 
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To characterise further the β-glucosynthases and scope of the assay applicability, the 

substrate scope towards the acceptor molecule structure was screened. A batch of 24 different 

acceptor molecules were incubated in a 1 : 2 donor : acceptor ratio with α-GlcF 2a as the donor 

and the respective glycosynthase for up to 1 h at 25 °C. Different acceptor molecule types, 

such as alcohols 15b–g varying in alkyl chain length, various glycosides 11a–h, 5a/b, 5g–I, 

5r, and three derivatives of the naringenin flavonoid 1a–c were chosen for the screening in 

order to determine factors, which promote the glycosylation activity (Figure 51). The screening 

showed an obvious preference of Abg-E358S for glucosyl and xylosyl moieties with respect to 

the acceptor. The enzyme featured a moderate activity towards the monosaccharidic acceptor 

molecules 11a and 11b. Addition of the aromatic p-nitrophenyl aglycone to these moieties (5i 

and 5h) increased the activity largely. This increase could indicate to a favourable interaction 

of the aromatic aglycone with the enzymes +2 sub-site. An increased activity of the Abg-E358S 

was also observed towards prunin 1b, a glucoside of the naringenin flavonoid 1a (Figure 52). 

 
Figure 52 Substrate preference with respect to the acceptor molecule of the β-glucosynthase 
Abg-E358S. The screening of 24 acceptor molecules displayed a preference of Abg-E355S for 
glucosides and xylosides, preferably with an aryl aglycone. 

In contrast, the screening of the acceptor scope of BglU-E377A did not lead to a clarification 

of the psychrophilic enzymes acceptor preference. For various acceptors, a conversion of the 

donor 2a could be detected by the assay. However, control reactions containing donor 2a in 

absence of an acceptor molecule also showed a conversion in a similar percentage, indicating 

to a high self-coupling reaction of the donor molecules (Figure 51). Therefore, identification of 

the coupling products would be requisite in order to determine if solely a self-coupling of the 

donor molecules is catalysed by the enzyme or not. The results clearly illustrate the importance 

of the self-coupling control reactions in addition to the autohydrolysis controls for the 

characterisation of newly developed glycosynthases, as these types of side reactions can lead 

to false depictions of the glycosynthases properties. 

Furthermore, the effect of the donor : acceptor ratio on the glucosylation reaction of pNPGlc 5h 

catalysed by Abg-E358S was examined. The release of fluoride, representing the conversion 

of the glycosyl donor 2a, was determined for the reaction with different donor 2a : acceptor 5h 

ratios ranging from 5 : 1 up to 1 : 5 (Figure 53). An excess of the donor molecule α-GlcF 2a did 

not influence the glycosylation reaction as similar amounts of fluoride were released for the 
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ratios ranging from 5 : 1 up to 1 : 1 (donor : acceptor). The application of an excess of the 

acceptor 5h on the other hand had a strong influence on the conversion by the enzyme. A 

donor : acceptor ratio of 1 : 2 caused a near doubling of the conversion of α-GlcF 2a and a 1 : 4 

ratio caused the maximal increase. Applying a further excess of the acceptor (1 : 5) caused a 

decrease of the conversion compared a ratio at 1 : 4. The different effects of the 

donor : acceptor ratios on the conversion of the glycosyl fluoride donor are most likely 

competitive effects concerning the binding of the glycosidases active site sub-sites. A high 

donor concentration will cause an increased binding of the α-GlcF 2a in the +1 sub-site, 

thereby competing with the acceptor 5h and promoting the homocoupling reaction. A too high 

excess of the acceptor pNPGlc 5h on the other hand will block the -1 sub-site and therefore 

decrease the conversion of the donor 2a. The positive effects of a slight excess of acceptor 5h 

can also be explained by the lower affinity of Abg-E358S towards pNPGlc 5h 

(KM, pNPGlc = 93.82 ± 19.02 mM) observed during the determination of the kinetic parameters. 

Abg-E 358S
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Figure 53 Effect of the donor : acceptor ratio on the glycosylation reaction of Abg-E358S. The donor 2a 
and acceptor 5h concentrations were varied in 10 mM steps (from 50 mM : 10 mM to 10 mM : 50 mM) the 
reactions were carried out in NH4HCO3-buffer (150 mM, pH 7.9), incubated for 10 min at 25 °C. The 
released fluoride was determined by cleavage of TIPSpNP 23 and absorption measurement. 

The obtained results show the applicability of the fluoride quantification assay for a reliable 

determination of a glycosynthases’ kinetic parameters. Throughout literature, the kinetic 

parameters are usually determined by lengthy HPLC analyses or fluoride quantification via the 

ion-selective electrode. Therefore, the presented assay is the first method of determining a 

glycosynthases’ kinetic parameters in a fast and efficient microplate format. 
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Chapter synopsis: 

 The wt genes abg, bglU, and bglC were isolated/synthesised and incorporated into 

expression vectors. These glycosidase genes were mutated via QuikChange™ PCR 

producing two variants of abg, five variants of bglU, and nine variants of bglC. 

 The wt enzymes Abg, BglU and BglC were expressed and characterised with respect 

to temperature dependency and their kinetic parameters. BglC was further 

characterised towards substrate specificity, temperature and storage stability, and pH 

optimum. 

 Structural analysis of BglC determined the function of the annotated ‘β-galactosidase’ 

as a potential β-glucosaminidase. 

 The mutant variants of the hyperthermophilic, mesophilic and psychrohilic glycosidases 

were tested for glycosynthetic activity, which was found for the glycosidase variants 

Abg-E358S and E358A, and BglU-E377A. 

 A fluoride quantification assay was developed in a microplate format based on the 

cleavage of triisopropyl-(4-nitrophenoxy)-silane (23, TIPSpNP) by released fluoride 

ions. The assay allowed for fast and reliable measurement of glycosynthase 

conversions. 

 The kinetic parameters and substrate scope of the glycosynthases Abg-E358S and 

BglU-E377A were determined by use of the developed glycosynthase activity assay. 
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6.2 A substrate based approach for glycosynthase development 

6.2.1 Choice and isolation of the β-glucosidase Cbg1 

The mutation of mostly exo-glycosidases to glycosynthases has resulted in many 

glycosynthases, which transfer glycosyl residues specifically to glycosidic acceptors. 

Examples of glycosynthases glycosylating non-glycosidic structures are still only few, such as 

TnG-E388A, HiCel7B-E197S, and EGCase II-D351S, glycosylating the acceptors 

dehydroepiandrosterone (4a), flavonoids 1d/e, and sphingosine (9a) respectively.[28, 36, 42] The 

latter two enzymes belong to the group of endo-glycosidases transferring only oligo- or 

disaccharide donors such as cellobiosyl or lactosyl fluoride, requiring further modification 

reactions in order to receive a product with a single glycosyl residue. The only 

exo-glycosidase-derived synthase is thereby TnG-E388A, which, as described in section 5.2.1 

(Table 1), exhibits a wide acceptor range including a steroidal type. 

Most exo-glycosidases isolated from a diverse array of organisms, take part in the primary 

carbohydrate metabolism. Their function is most commonly the release of monosaccharides 

from large polysaccharides in order to process these further in pathways such as the glycolysis. 

Therefore, their +1 sub-sites have most likely evolved to optimally bind glycosidic moieties. To 

find exo-glycosidases, which do not act on polysaccharides, possibly possessing sub-sites 

with a high affinity to non-glycosidic compounds, the focus must be shifted to enzymes of the 

secondary metabolism. With help of the KEGG pathway database different secondary 

metabolisms were examined for the presence of glycosides with non-glycosidic aglycones.[158] 

Additionally to the specification of a non-glycosidic aglycone, it was important to find 

compounds of which the attributed hydrolysing enzyme (cleaving the glycoside from the 

non-glycosidic aglycone) has also been described in literature. A search through the KEGG 

pathway database revealed interesting compounds such as coniferin (14a), syringin (24), and 

4-hydroxycinnamyl alcohol 4-β-D-glucoside (25) as part of the phenylpropanoid biosynthetic 

pathway (Figure 54). All three compounds belong to the group of monolignols and contain a 

β-glucoside directly linked to a phenolic hydroxyl group. 
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Figure 54 Excerpt from the phenylpropanoid biosynthetic pathway (KEGG pathway) for the identification 
of glycosides with non-glycosidic aglycones.[158] The boxed numbers represent the E.C. number of a 
respective enzyme. Three glycosides, syringin (24), coniferin (14a), and 4-hydroxycinnamyl alcohol 
4-D-glucoside (25) were identified, which are all hydrolysed by the same enzyme, coniferin-hydrolysing 
β-glucosidase (E.C.3.2.1.126). 

Recognisable in the phenylpropanoid biosynthesis, all three glucosides 14a, 24, and 25 can 

be cleaved by the coniferin-hydrolysing β-glucosidase (E.C.3.2.1.126). This type of enzyme 

has been described by Marcinowsdki et al. as a cell wall bound β-glucosidase in Picea abies 

(Norway spruce), and by Hösel et al. as an enzyme possibly involved in lignification from 

Cicer arietinum (chickpea).[159, 160] Castle et al. also identified a bacterial coniferin-specific 

β-glucosidase Cbg1 produced by the plant pathogen R. radiobacter (formerly A. tumefaciens), 

which was induced by the presence of coniferin (14a) and is proposed to play a crucial role in 

the virulence of R. radiobacter towards conifers.[85] The enzyme was further characterised by 

Watt et al. and described to have a high transglycosylation activity in the presence of 

hydrophobic alcohols.[88] This β-glucosidase therefore has a high potential to act as a 

glycosynthase, which can create glycosidic bonds directly bound to a phenolic aglycone 

instead of a glycosidic acceptor. 

Identically to the β-glucosidase gene abg, described in section 6.1.1, the cbg1 gene was to be 

isolated from the genomic DNA of R. radiobacter. The isolated cbg1 gene was subsequently 

to be inserted into a pET-21a(+) vector between the XhoI and NdeI restriction sites fusing a 

C-terminal His6-tag to the protein for IMAC purification. Due to the difficulties in the isolation of 

abg from the genomic DNA, two approaches for the isolation and amplification of cbg1 were 

carried out simultaneously. Firstly, simple primers (#17 & 18) binding at the beginning and end 

of the gene were designed to amplify the gene from the genomic DNA in a standard PCR 

reaction. Secondly, a pair of primers with overlaps (complementary to the vector insertion site, 

#19 & 20) were designed for a direct use of the amplicon in a Gibson assembly.[135] 
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Nonetheless, despite variation of the annealing temperature (50–70 °C), no amplification 

product could be observed for both PCR reactions. Therefore, a third set of primers (#21 & 22) 

was developed binding -107 bp upstream and +110 bp downstream of cbg1 for the use in a 

nested-PCR as was carried out for the isolation of abg. The combination of the four primers 

(#17–18, 21–22) led to an array of amplification products of different sizes (Figure 55, A). A 

variation of the employed primers (#18 & 21, #17 & 22; Figure 55, B & C) did not lead to a 

reduction of undesired side products. The amplicon of ~2 kbp, possibly an amplification of cbg1 

(2,457 bp), was only produced in a low amount. Isolation of this amplicon and use as a 

template in a further PCR reaction led to further mixture of amplification products. 

 
Figure 55 Analysis of the nested-PCR reaction mixtures for the amplification of cbg1. Variation of the 
annealing temperature (1: 51 °C; 2: 54 °C; 3: 58 °C; 4: 63 °C; 5: 68 °C) and combination of primers (A 
#17–18, 21–22; B #18 & 21; C #17 & 22) did not reduce the amount of undesired side products. All 
depicted PCR reactions were carried out with the Phire Hot-Start II DNA-polymerase 

For the insertion of a gene into an expression vector, the direct use of these PCR reaction 

mixtures is highly disadvantageous as many products can be inserted and lead to false vectors. 

In an attempt to reduce undesired side products, five different DNA-polymerases, the 

Phire Hot-Start II, Phusion High-Fidelity, KAPA-HiFi, Herculase II Fusion, and Taq 

DNA-polymerase were tested (Figure 56). Of the five tested polymerases, the 

Herculase II Fusion polymerase produced the highest amount of amplicon at ~2.5 kbp while 

producing the least side products (with an annealing temperature set at 63 °C). Variation of the 

PCR method to a touchdown- or sequential nested-PCR (use of the PCR-mixture with primers 

#21 & 22 as a template for a PCR reaction with primers #17 & 18) did not improve the amount 

of desired and undesired products. 
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Figure 56 Variation of the DNA-polymerase for the amplification of cbg1 from the genomic DNA of 
R radiobacter. Each polymerase, Phire Hot-Start II (A), Phusion High-Fidelity (B), 
Herculase II Fusion (C), Taq (D), and Kappa-HiFi (E) was tested with a variation of annealing 
temperatures (1: 52 °C; 2: 55 °C; 3: 58 °C; 4: 63 °C). 

In a final attempt, the use of the TOPO-TA cloning method was attempted. This method utilises 

the topoisomerase I, which acts both as a restriction enzyme and as a ligase. The 

topoisomerase is covalently bound to the TOPO-cloning vector and ligates PCR products with 

a 3′-adenine overhang directly into the cloning vector. Such an overhang is automatically 

added by the Taq polymerase, therefore allowing direct use of PCR products produced by the 

Taq polymerase for TOPO-TA cloning. Nevertheless, the cbg1 gene was not amplified by the 

Taq polymerase using the genomic DNA as a template, but also when applying the PCR 

product obtained by the Herculase II fusion polymerase as the template. The isolation and 

insertion of cbg1 was therefore also not possible considering this cloning method. Due to these 

difficulties in amplification and isolation of cbg1 from the genomic DNA of R. radiobacter, the 

gene was then synthesised commercially into a pET-21a(+) vector at the desired position and 

chemically competent E. coli BL21(DE3) cells were transformed for expression and 

characterisation of the wt enzyme. 

 

6.2.2 Characterisation of Cbg1 

The characterisation of the wt form of Cbg1 was carried out by Watt et al. applying a 

temperature of 30 °C. This was determined by the group as the optimal temperature for Cbg1 

for the hydrolysis of pNPGlc 5h. In regard to employing mutant variants of Cbg1 as 

glycosynthases, at temperatures preferably lower than 30 °C, the wt glycosidase Cbg1 was 

expressed and characterised with respect to the kinetic parameters and substrate scope of the 

enzyme at 25 °C. After transformation of chemically competent E. coli BL21(DE3) with the 

pET-21a(+) expression vector containing cbg1, the expression of Cbg1 was induced by the 

addition of IPTG. A 24 h incubation at 25 °C resulted in an overexpression of the enzyme 

visible by SDS-PAGE analysis (Figure 57). The purification by IMAC yielded an enzyme 

solution with high purity and a protein concentration of 1.3 ± 1.0·10-1 mg/mL (after desalting 

and concentrating). The molecular weight of the isolated enzyme was determined, by 
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comparison with the standard in the SDS-PAGE, as 86 kDa, which corresponds well to the 

theoretical value of 89 kDa and the values observed in literature.[85, 88] 

 
Figure 57 SDS-PAGE analysis of the IMAC purification of the wt β-glucosidase Cbg1 of R. radiobacter 
expressed in E. coli BL21(DE3). Different steps of the purification are depicted: 1 cell lysate; 
2 cell-free lysate; 3 flow-through; 4 wash fraction; 5 elution. Roti-Mark 10–150 was applied as a 
standard (M) for size determination. 

Furthermore, the kinetic parameters exhibited by Cbg1 for the hydrolysis of pNPGlc 5h at 25 °C 

and a pH of 7.5 (KPi-buffer, 50 mM) were determined (Figure 58). The enzyme showed a 

maximal activity of 23.7 ± 1.41 U/mg and a high affinity to pNPGlc 5h, recognisable by the low 

KM value of 36 ± 4.7·10-3 mM. Due to a decrease of the specific activity caused by high 

concentrations of pNPGlc 5h, the collected data was fitted according to Murray (section 6.1.2, 

Equation 1), as was carried out for Abg (section 6.1.2; Figure 30, A).[142] The decrease in 

activity indicated to a substrate-excess inhibition and the Ki was determined to be 

2.0 ± 5.2·10-1 mM. The activity decrease may be caused by a competitive inhibition of 

glucose (11b), which is released by the hydrolysis of pNPGlc 5h. Watt et al. also observed an 

inhibition by glucose (11b) and determined the inhibition constant of glucose (11b) towards 

Cbg1 to be 2.9 mM. 
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Figure 58 Determination of the kinetic parameters of the β-glucosidase Cbg1 of R. radiobacter. 
Parameters were determined for the hydrolysis of pNPGlc 5h in KPi-buffer 50 mM, pH 7.5 at 25 °C. 
Collected data was fitted according to Murray (Equation 1).[142] 

The substrate scope of Cbg1 was examined for eleven different p-nitrophenyl glycosides, to 

determine important recognition motifs of the -1 sub-site, which would in turn determine the 

scope of glycosyl donor types for a glycosynthase derived from Cbg1 (Figure 59). 
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Figure 59 Determination of the substrate scope for Cbg1 with respect to the glycoside, which binds to 
the -1 sub-site of the active site. Each reaction was incubated at 25 °C in 50 mM KPi-buffer, pH 7.5. 
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As expected, the highest hydrolytic activity of Cbg1 was exhibited towards pNPGlc 5h with a 

specific activity of 4.6·10-2 ± 1.6·10-3 U/mg. The hydrolytic activity towards pNPXyl 5i on the 

other hand was 3.9× lower (1.2·10-2 ± 5.1·10-5 U/mg) than towards pNPGlc 5h, clearly 

displaying the importance of the hydroxyl group of the C6-position for the binding of the glycosyl 

substrate. The glycosidase also showed hydrolytic activity towards pNPGal 5g with an activity 

of 2.2·10-2 ± 1.0·10-3 U/mg. The axial configuration in the C4-position of the pyranoside 

significantly decreased the hydrolytic activity compared to pNPGlc 5h with an equatorial 

hydroxyl group in the same position. The near equal activity towards β-D-pNPFuc 5z, which 

possesses the identical configuration as β-D-pNPGal 5g but no hydroxyl group at C6, indicated 

a major participation of the methylene moiety at C6. This was also evident by the even lower 

activity of 4.3·10-3 ± 1.2·10-4 U/mg towards p-nitrophenyl α-L-arabinopyranoside 5aa (pNPAra), 

in which the C6-methylene group is absent. An even higher impact on the substrate recognition 

was exhibited by modification of the C2-configuration. Cbg1 displayed no activity towards 

pNPMan 5b, and only weak activity towards pNPGlcNAc 5a. The enzyme also did not accept 

disaccharidic substrates, showing no activity towards p-nitrophenyl lactoside (5ab). 

 

6.2.3 Mutagenesis and screening for synthetic activity 

In order to create a glycosynthase derived from the β-glucosidase Cbg1, mutagenesis studies 

were carried out to exchange the catalytic nucleophilic residue, eliminating the hydrolytic 

activity of the hydrolase. The nucleophilic residue D222 was identified by Castle et al. by amino 

acid sequence alignment with other GH 3 glycosidases.[85] The consensus sequence [-SDW-] 

containing the nucleophilic residue typical for this glycohydrolase family was also present in 

Cbg1. To identify the catalytic acid/base residue, proposed by Goyal et al. to be residue E616, 

a structural analysis of Cbg1 using the crystal structure of KmBglI (K. marxianus) as a model 

was carried out. This model structure was chosen as the amino acid sequence shows 40% 

identity and 64% similarity to Cbg1.[89, 92] The sequence of Cbg1 and KmBglI was additionally 

aligned with the amino acid sequence of VvBglII (Volvariella volvacea), which also shares a 

high identity of 38.2% with Cbg1, to identify the conserved areas of the proteins structure. The 

alignment clearly demonstrated a high level of conserved residues in the (β / α)8- and 

(α / β)6-domains, in particular in the region of the active site (Figure 60). The PA14-domain 

inserted into the (α / β)6-domain, present in all three aligned glycosidases, showed a lower level 

of conservation. This difference most likely explains the different specificity of the enzymes 

towards the aglycone of the glycoside substrate as a direct result of a different structure of the 

+1 sub-site created by the PA14 domain. 
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Figure 60 Amino acid sequence alignment of Cbg1 (R. radiobacter) with two GH 3 glycosidases KmBglI 
(K. marxianus) and VvBglII (V. volvacea) which all contain an inserted PA14 domain in the 
(α / β)6-sandwich. The domains are indicated by colour and the catalytic conserved domains by boxes 
[(β / α)8 blue; (α / β)6 green; PA14 red; C-terminal domain gray]. The alignment was created with 
Clustal Omega (* conserved; : high similarity; . low similarity).[139] 
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Figure 61 Structural analysis of the overall structure (A) and active site (B) of the β-glucosidase KmBglI 
(PDB 3AC0) as a model for the structure of Cbg1. The degree of conservation was determined by 
alignment of the amino acid sequences of Cbg1 with KmBglI and VvBglII and is depicted by the colour 
gradient. Distances of the catalytic residues, corresponding to D222 (2.9 Å) and E559 (3.5 Å) in Cbg1, 
to the anomeric centre of the glucose molecule are depicted (B). 

The catalytic nucleophile is conserved in all three glycosidases, in contrast to the proposed 

acid/base residue E616, which is only found in KmBglI but not VvBglII. The position of the 

residue far from the active site also negates the possibility of this residue acting as the 

acid/base catalyst during hydrolysis. In comparison, the position of the acid/base residue 

determined for KmBglI by Yoshida et al. is also conserved in all three β-glycosidases, therefore 

the residue E559 in Cbg1 was established as the acid/base catalyst. 

After identification of the catalytic residues as D222 and E559, the nucleophilic residue D222 

was to be exchanged with the less nucleophilic residues cysteine and serine and the 

non-nucleophilic amino acid alanine. Glycine was excluded from the mutagenesis as the 

exchange with glycine can often lead to structural problems due to a high increase in flexibility 

of the protein back-bone caused by this residue. Initially, mutation of the D222 residue was to 

be carried out by the QuikChange™-PCR method. Primers containing the respective point 

mutations were designed and applied in the PCR reaction. Similar to the attempts to isolate 

cbg1 from the genomic DNA from R. radiobacter, the PCR did not yield the desired product 

but many side products. The variation of the annealing temperature also did not lead to the 

desired mutated gene. As an alternative option the round the horn-PCR mutagenesis method 

was chosen. First PCR reactions with the respective designed primers led to the desired 

amplicon, but with the presence of many side products. Changing the procedure to a two-step 

protocol, consisting of only a denaturation step (98 °C) and a combined annealing and 

extension step (72 °C), resulted in the production of an around 8 kbp amplicon with little side 
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products. The mutagenesis procedure allowed the isolation and identification of the three 

vectors containing the D222A, D222S, and D222C variants of cbg1 (Table 9). 

Table 9 Variation of the catalytic nucleophilic amino acid residues D222 of Cbg1 of R. radiobacter. The 
mutations were acquired by round the horn-PCR by mutation of the wt gene in pET-21a(+). Obtained 
plasmids were sequenced for confirmation of the resulting mutation. 

Original AA Introduced 
mutation 

Codon variation Verification 

D222 A GAC → GCC + 

C GAC → TCC + 

S GAC → TCG + 

 

The mutant variants of Cbg1 were examined for hydrolytic activity towards the enzymes natural 

substrate coniferin (14a). The hydrolysis was determined by the quantification of coniferyl 

alcohol (14b), which can be detected by a reaction with the Fast Blue RR Salt reagent 

(Figure 62). The assay was described by Castle et al. during the identification of Cbg1.[85] The 

exchange of the nucleophilic residue D222 with the non-nucleophilic residue alanine, 

decreased as expected the hydrolytic activity greatly by 97% compared to wt Cbg1. The 

Cbg1-D222C variant showed a weak activity, 3× higher than Cbg1-D222A. On the contrary, 

the Cbg1-D222S mutant unexpectedly retained the hydrolytic activity towards coniferin (14b) 

with a slightly higher activity of 1.01·10-1 U/mg than the wt activity of 9.44·10-2 U/mg. Even 

though unexpected, the retained hydrolytic activity could be caused by a nucleophilic attack 

on the substrate by the introduced serine residue despite the most likely different position of 

the nucleophile compared to the glutamate residue of the wt enzyme. 
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Figure 62 Colourimetric assay detecting the hydrolysis of coniferin (14a, 0.41 mM) to coniferyl 
alcohol (14b) catalysed by variants of Cbg1. The hydrolysis was carried out for 50 min at 25 °C, and 
stopped by the addition of 0.1 M sodium carbonate solution. The quantity of released coniferyl 
alcohol (14b) is determined by the addition of the Fast Blue RR salt (5 mg/mL) and absorption 
measurement at 490 nm. 
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The three mutants were then tested for glycosynthase activity for the glucosylation of coniferyl 

alcohol (14b) with α-GlcF 2a as the glycosyl donor (Figure 63). Applying the fluoride 

quantification assay, a conversion of α-GlcF 2a in 1 : 1 ratio with the acceptor 14b was 

detected for all three mutants, indicating to a possible synthetic reaction. Different to the 

glycosynthase Abg-E358S, an excess of the acceptor in a 1 : 4 ratio lowered the release of 

fluoride and therefore the conversion of α-GlcF 2a. The highest activity was detected during 

incubation of the donor 2a in the absence of the acceptor 14b, thereby ruling out a transfer of 

the glucosyl moiety onto coniferyl alcohol (14b). Incubation of wt Cbg1 with α-GlcF 2a also led 

to a release of fluoride, which implied to a hydrolysis of the donor 2a despite having the 

opposite configuration to the natural substrate. 
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Figure 63 Cbg1 variants applied in the glycosylation of coniferyl alcohol (14b) with α-GlcF 2a as the 
glycosyl donor (donor : acceptor ratio A: 1 :1; B: 1 : 4; C: only donor). Activity was detected as the release 
of fluoride quantified by the cleavage of TIPSpNP 23. The reaction was incubated with 16 µg/mL of the 
Cbg1 variant for 1 h at 25 °C in KPi-buffer (50 mM, pH 7.5). 

An alternative method to the use of a glycosyl fluoride donor in a glycosynthase catalysed 

reaction is the use of the chemical recovery method. The glycosyl donor is thereby created 

in situ by the reaction with an external nucleophile and subsequently transferred to the 

acceptor. For the Cbg1 mutants the possibility of recovering the “hydrolytic” activity by 

employing an external nucleophile was examined for the cleavage of pNPGlc 5h (Figure 64). 

The specific activity of the wt form of Cbg1 towards pNPGlc 5h was barely effected by the 

presence of sodium azide at concentrations of 0.5 M or 1 M. The presence of sodium formate 

at these concentrations on the other hand lowered the activity of the wt enzyme to 

9.37·10-2 ± 1.20·10-3 U/mg and 7.31·10-2 ± 2.92·10-3 U/mg respectively. The presence of any 

external nucleophile did not recover any activity for Cbg1-D222A and only low activities of 

around 3.94·10-3 ± 7.35·10-5 U/mg could be recovered for Cbg-D222C. Opposite to these 

results, Cbg1-D222S exhibited a high specific activity of 4.8·10-1 ± 1.1·10-2 U/mg towards 

pNPGlc 5h even without the presence of an external nucleophile. The addition of sodium azide 

activated the activity of Cbg1-D222S even further up to 5.95·10-1 ± 4.27·10-3 U/mg (1 M NaN3). 
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Despite the 3.6× higher specific activity of Cbg1-D222S compared to wt Cbg1, the addition of 

sodium formate deactivated the mutant enzyme with increasing concentration in a similar rate 

as for wt Cbg1. The high hydrolytic activity of Cbg1-D222S rendered the application of this 

mutant unsuitable as a glycosynthase. 
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Figure 64 Chemical recovery of the cleavage activity of Cbg1 mutants Cbg1-D222A, Cbg1-D222S, and 
Cbg1-D222C in the presence of sodium azide (B: 0.5 M; C: 1 M) and sodium formate (D: 0.5 M, E: 1 M) 
as external nucleophiles. Activity was measured by the release of p-nitrophenol (13b) and absorption 
measurement at 410 nm. The hydrolytic activity without the presence of an external nucleophile was 
also measured as a control reaction (A). 

 

6.2.4 Expanding the mutant library of Cbg1 for synthetic application 

The initial studies testing the synthetic potential of the Cbg1 mutant variants led to very mixed 

results. A complete deactivation of the hydrolytic activity was only observed for Cbg1-D222A. 

Both Cbg1-D222C and D222S retained hydrolytic activity, whereby the D222S mutant even 

surpassed the hydrolytic activity of the wt enzyme with respect to pNPGlc 5h. All mutants 

showed a hydrolysis of the α-GlcF 2a donor, indicating to possible alternate hydrolysis 

mechanisms occurring in the active site, facilitated by the mutation of the catalytic nucleophilic 

residue. A further analysis of the potential active site, again using the structure of KmBglI as a 

model, was carried out in order to identify potentially interfering residues. As the structure is 

only a model for the active site of Cbg1, only the conserved amino acid residues were 

considered (Figure 65). Viewing the distances of the two catalytic residues towards the 

anomeric centre of the co-crystallised glucose molecule, it was apparent that the D222 residue 

with a 2.9 Å distance should act as the nucleophilic residue rather than D559 with a distance 

of 3.5 Å. Nevertheless, the potential acid/base residue D559 was considered for mutation to 

prove the importance of the residue for the hydrolytic mechanism. In addition to the two 

aspartates D222 and D559, a hydroxyl group of the tyrosine residue Y190, with a distance of 

3.3 Å, is in close proximity to the anomeric centre of the glucose molecule (Figure 65, A). This 

residue, most likely mediating substrate recognition, could act as a nucleophile and thereby 
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cause hydrolytic activity in the Cbg1 mutants. Depending on the mutation at position D222, the 

position of the tyrosine residue might shift further towards the anomeric centre, thereby 

facilitating a nucleophilic attack. 

 
Figure 65 Analysis of the conserved active site amino acid residues of Cbg1 (structure of KmBglI as 
model, PDB 3AC0). Potential nucleophilic atoms like oxygen (red), nitrogen (blue) and sulphur (yellow) 
are marked by colour. All distances are given in Å. (A) In addition to the catalytic nucleophile D222 and 
acid/base residue D559 the nucleophilic residue Y190 is located close to the anomeric centre of the 
glucose molecule. (B) The residue H144 coordinates to the C2- and C3-hydroxyl group of the glucose 
molecule and is possibly essential for catalysis.  

Replacement of the tyrosine residue Y190 with a phenylalanine residue would retain any 

effects of the aromatic ring on the enzymes structure, but remove the potential nucleophile. 

Furthermore, the role of the histidine residue (H144) located centrally in the active site pocket 

closely to the glucose molecule was also examined (Figure 65, B). Enzymes originating from 

the glycohydrolase family GH 3 have not only been characterised as glycosidases, but also as 

glycoside phosphorylases. This type of enzyme utilises phosphate as an acceptor for cleavage 

of the glycosyl-enzyme-intermediate. Additionally to a catalytic aspartate (nucleophile), a 

catalytic diad consisting of a histidine and aspartate are employed to reduce coulombic 

repulsion between the acid/base and the phosphate acceptor. The catalytic diad is commonly 

found in the conserved sequence [KH(F/I)PG(H/L)GXXXXD(S/T)H]. Even though the 

sequence is not conserved in Cbg1, the H144 residue is located in the active site and is part 

of a [KHF] sequence and was therefore considered for mutation. The possibility of Cbg1 acting 

as a phosphorylase, instead of a hydrolase was examined by comparing the hydrolysis in the 

presence and absence of phosphate (Figure 66). The hydrolysis rate of pNPGlc 5h by Cbg1, 

was identical in both reactions, one in phosphate buffer (50 mM, pH 7.5) the other in HEPES 

buffer (50 mM, pH 7.5). This result confirmed Cbg1 as a hydrolase as the enzyme was 

unaffected by the presence of phosphate during the hydrolytic reaction. 
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Figure 66 Hydrolysis of pNPGlc 5h (20 mM) by wt Cbg1 in the presence (●) and absence (▼) of 
phosphate. Wt Cbg1 was isolated and purified in 50 mM HEPES-buffer, pH 7.5 (▼) and in 50 mM 
KPi-buffer, pH 7.5 (●) to determine whether Cbg1 acts as a glycohydrolase or phosphorylase. Both 
reactions were carried out with an identical protein concentration of 15 µg/mL at 25 °C. Hydrolysis was 
detected by p-nitrophenol (13b) release at 410 nm. 

The mutagenesis of the positions D559, Y190, and H144 was carried out with the 

round the horn-PCR method similar to the D222 mutants described before. The mutant library 

of Cbg1 was thereby expanded by six further variants of Cbg1 including a double mutant 

Cbg1-Y190F D222A (Table 10). 

Table 10 Variation of the catalytically important amino acid residues E559, H144, and Y190 of Cbg1 of 
R. radiobacter. The mutations were acquired by round the horn-PCR by mutation of the wild type gene 
in pET-21a(+). Obtained plasmids were sequenced for confirmation of the resulting mutation. 

Original AA 
Introduced 
mutation 

Codon variation Verification 

E559 

A GAA → GCA + 

C GAA → TGC + 

S GAA → TCA + 

H144 A CAC → GCC + 

Y190 F TAC → TTC + 

Y190 D222 
Y190F TAC → TCC 

+ 
D222A GAC → GCC 

 

All of the mutant variants of Cbg1 were expressed heterologously in E. coli BL21(DE3) and 

isolated via IMAC. All isolated protein solutions were diluted to an identical concentration of 

95.5 µg/mL for the application in various activity assays. 

The hydrolytic activity of all Cbg1 variants was determined for the hydrolysis of pNPGlc 5h 

(Figure 67). The wt Cbg1 exhibited an activity 2.5·10-1 ± 1.0·10-2 U/mg towards the 

glucoside 5h. Replacement of the tyrosine Y190 with a phenylalanine residue decreased the 

activity by 4.3×. The decline in activity clearly demonstrates the importance of the hydroxyl 

group of Y190 during catalysis. As the variant retained hydrolytic activity, the involvement as 
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a nucleophilic residue for the hydrolysis mechanism of wt Cbg1 could be ruled out. The 

mutation of the histidine in position 144 resulted in a high increase of hydrolytic activity. The 

mutant Cbg1-H144A reached a specific activity of 5.06 ± 0.09 U/mg, 20× higher than the wt 

Cbg1 and 2.7× higher than the Cbg1-D222S mutant. Due to the proximity of H144 to the 

C2- and C3-hydroxyl groups of the glucose moiety, a decrease of the hydrolytic activity was 

expected by a lower binding of the substrate to the -1 sub-site. Nevertheless, the results 

demonstrate a highly favourable effect for the hydrolysis of pNPGlc 5h. The replacement of 

the histidine moiety may allow a shift of the proposed acid/base catalyst D559 towards the 

substrate, thereby allowing a higher hydrolysis rate.
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Figure 67 Hydrolytic activity of all Cbg1 variants towards the substrate pNPGlc 5h. The respective 
variant (19.1 µg/mL) was incubated with the substrate 5h (5 mM) in 50 mM KPI-buffer, pH 7.5 at 25 °C 
for 10 min. Hydrolysis was detected by p-nitrophenol (13b) release and absorption measurement at 
410 nm. DM : double mutant Cbg1-Y190F D222A 

Mutation of the D559 residue to alanine, cysteine, or serine reduced the hydrolytic activity 

greatly down to specific activities of around 1·10-2 ± 0 U/mg. For the mutations of D222 on the 

other hand, Cbg1-D222A and Cbg1-D222S retained hydrolytic activity with specific activities 

of 1.1·10-1 ± 2.0·10-2 U/mg and 1.9 ± 4.1·10-2 U/mg respectively. The addition of the Y190F 

mutation in Cbg1-D222A eliminated the hydrolytic activity, implying a participation of the Y190 

residue in the retained hydrolysis of Cbg1-D222A. 
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Figure 68 Conversion of α-GlcF 2a by Cbg1 variants. The enzyme variant (19.1 µg/mL) was incubated 
with α-GlcF 2a (10 mM) in 50 mM KPi-buffer, pH 7.5, at 25 °C for 140 min. The conversion was detected 
by fluoride release and subsequent quantification by cleavage of TIPSpNP 23. 

Furthermore, the variants were incubated with α-GlcF 2a to determine whether the variants 

hydrolyse the glycosyl fluoride 2a, as was observed for the wt and D222 mutants (Figure 68). 

The highest release of fluoride by conversion of α-GlcF 2a was observed for wt Cbg1. The 

hydrolysis rate of the substrate 2a by Cbg1 is low only releasing 0.47 ± 0.15 mM fluoride of 

possible 10 mM (starting concentration of α-GlcF 2a after an incubation time of 140 min). 

Further hydrolysis of α-GlcF 2a was observed for Cbg1-D559A and -D222A by the release of 

0.18 ± 0.06 mM and 0.15 ± 0.02 mM fluoride respectively. This release could indicate to a 

hydrolysis or self-coupling of the substrate 2a. Nevertheless, the hydrolysis or self-coupling 

reaction was neglected for the mutants of Cbg1, due to the low reaction rate representing only 

a 1% conversion of the glycosyl fluoride 2a after a 2 h incubation. Therefore, the Cbg1 variants 

were tested in a glycosynthase reaction with the donor α-GlcF 2a (2.5 mM) and coniferyl 

alcohol (14b, 5 mM) acting as the acceptor substrate. The protein concentration of the mutants 

Cbg1-H144 and -D222S were diluted tenfold, in order to lower the hydrolysis of potential 

reaction products due to the high hydrolytic activity exhibited by these variants. However, the 

glycosynthase reaction displayed for each mutant the same pattern observed for the reaction 

with α-GlcF 2a in the absence of the acceptor 14b. A possible transferal of the glucosyl residue 

of α-GlcF 2a onto the acceptor molecule 14b by a Cbg1 variant was therefore dismissed. 

As described for the Cbg1-D222 variants in section 6.2.3, the chemical recovery of glycosidase 

activity by an external nucleophile, is a feasible alternative to classic glycosynthase reactions 

utilising glycosyl fluoride donors. All of the produced Cbg1 mutants were tested for activity 

recovery by the addition of sodium azide in an equal concentration to the substrate pNPGlc 5h 

(5 mM, Figure 69). As observed before, the activity of wt Cbg1 and the D222 variants were not 

significantly effected by the presence of the external nucleophile. The single mutant 

Cbg1-Y190F and double mutant Cbg1-Y190F D222A were also not effected. On the contrary, 
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the presence of the external nucleophile increased the activity of Cbg1-H144A from 

5.1 ± 9.0·10-2 U/mg to 6.0 ± 5.9·10-1 U/mg (1.2× increase). An even higher recovery in activity 

was observed for all the Cbg1-D559 variants. The two variants, Cbg1-D559C and -D559S 

showed an 8.3× and 3.8× increase in activity compared to hydrolysis without sodium azide 

present. Cbg1-D559A exhibited the highest recovery, rising from 6.5·10-3 ± 4.4·10-3 U/mg up 

to 2.4·10-1 ± 5.0·10-3 U/mg, a 38× increase. The Cbg1-D559A mutant therefore regained over 

100% of the wt activity (2.3·10-1 ± 5.0·10-3 U/mg) in the presence of the external nucleophile. 
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Figure 69 Detection of the recovered ‘hydrolytic’ activity of Cbg1 variants towards pNPGlc 5h (5 mM) in 
the presence of sodium azide (5 mM) as an external nucleophile. All variants were applied in a 
concentration of 19.1 µg/mL in 50 mM KPi-buffer, pH 7.5, and incubated for 10 min at 25 °C. Enzymatic 
activity was detected by the release of p-nitrophenol (13b) and subsequent absorption measurements 
at 410 nm. 

The reactivation of the Cbg1 variant mutated in the position of the proposed catalytic acid/base 

residue can indicate to two different reactivation mechanisms. The first type of mechanism is 

also observed for thioglycoligases, mutant glycosidases, which catalyse the production of 

thioglycosides.[161] The glycoside substrate is attacked by the nucleophilic residue of the mutant 

glycosidase, resulting in a glycosyl-enzyme-intermediate, which is not hydrolysed due to the 

absence of the mutated acid/base residue. An external nucleophile/acceptor such as a thiol 

can cleave the glycosyl-enzyme-intermediate, thereby producing a β-thioglycoside. The 

second, more unlikely mechanism, would not produce a glycosyl-enzyme-intermediate, but 

allow a direct attack of the external nucleophile (in this case azide) on the substrate. 

To further investigate the option of glycosynthetic reactions via a chemical recovery, the 

Cbg1-D559 mutants was tested for synthesis in the presence of pNPGlc 5h, sodium azide and 

the potential acceptor molecules coniferyl alcohol (14b) and hydroquinone (26a). These 

acceptor molecules were chosen, as their respective glucosides, coniferin (14a) and 

arbutin (26b), are known substrates cleaved by the wt Cbg1. The variants were tested for 

activity after an incubation at 25 °C for 30 min with equal amounts of pNPGlc 5h, sodium azide, 
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and acceptor 14b or 26a (5 mM, Figure 70). All three variants displayed different behaviour 

depending on the substrates present during the reaction. As observed before, the activity of 

Cbg1-D559A was most effected by the addition of sodium azide, followed by the Cbg1-D559C 

variant. The addition of coniferyl alcohol (14b) as an acceptor for the glycosylation reaction 

inhibited the activity recovery by the external nucleophile for Cbg1-D559A and -D559C. The 

activity recovery for Cbg1-D559S on the other hand was not affected. In the presence of the 

acceptor hydroquinone (26a), the recovered activity of both Cbg1-D559A and -D559S 

increased by 1.6·10-2 U/mg and 1.4·10-2 U/mg (∆U/mg). The increase in recovered activity 

could indicate to a transfer of the glucosyl residue of pNPGlc 5h onto the acceptor 26a. 
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Figure 70 Analysis of glycosynthetic reactions utilising the chemical recovery method and Cbg1-D222 
variants. Each variant (19.1 µg/mL) was incubated with pNPGlc 5h (5 mM) and: A 0 mM NaN3; B 5 mM 
NaN3; C 5 mM NaN3, 5 mM 14b; D 5 mM NaN3, 5 mM 26a; in 50 mM KPi-buffer, pH 7.5 at 25 °C. Activity 
was determined by the release of p-nitrophenol (13b) and absorption measurement at 410 nm. 

To determine firstly, by what mechanism the azide is incorporated into the glycosyl 

substrate 5h, and secondly, whether a transferal of the glucosyl residue of the potential 

glycosyl azide occurred onto one of the acceptor molecules or not, 1H-NMR analysis of the 

reaction mixtures was carried out. The product mixture produced by Cbg1-D559A in the 

presence of sodium azide (5 mM) with and without the acceptors 14b or 26a (5 mM) was 

peracetylated after removal of the buffer solution under reduced pressure. The analysis of the 

reaction products via 1H-NMR clearly displayed the production of a single new compound in 

all three examined reactions (Figure 72). In addition 

 to the signals of the starting material pNPGlc 5h, coniferyl alcohol (14b), and 

hydroquinone (26a) in their peracetylated form, a time dependant increase of signals belonging 

to a new compound could be detected. Comparing the newly formed signals with literature 

values for 2,3,4,6-tetra-O-acetyl α/β-D-glucopyranosyl azide 22o-α/β allowed the identification 

of the new compound as β-configured 2,3,4,6-tetra-O-acetyl-β-D-glucopyranosyl 
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azide (22o-β). The production of the β-configured glycoside confirmed the mechanism to follow 

the thioglycoligase mechanism by producing a glycosyl-enzyme-intermediate, which is cleaved 

by the external nucleophile azide ion (Figure 71). Nevertheless, the production of a 

β-configured glycosyl donor inhibited the transfer of the glycosyl donor onto the acceptor, as 

the donor would require a leaving group in α-configuration. The transfer of a glycosyl residue 

onto hydroquinone (26a) or coniferyl alcohol (14b) could not be observed by 1H-NMR. The 

inhibitory effect of coniferyl alcohol (14b) on the activity recovery of Cbg1-D559A observed 

before was also evident in the 1H-NMR analysis, as this reaction showed the weakest 

production of signals belonging to 2,3,4,6-tetra-O-acetyl-β-D-glucopyranosyl azide (22o). 

 
Figure 71 Proposed reaction mechanism of the chemical recovery reaction catalysed by Cbg1-D559A 
in the presence of the external nucleophile sodium azide and pNPGlc 5h as the substrate. A nucleophilic 
attack occurs by the catalytic residue D222 creating a glucosyl-enzyme-intermediate, which can only be 
cleaved by the external nucleophile as the acid/base residue is missing. 
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Figure 72 1H-NMR analysis of the chemical recovery reaction catalysed by Cbg1-D559A in the 
presence of sodium azide (5 mM) after 0 min, 30 min and 60 min. The reaction was incubated at 25 °C 
in 50 mM KPi-buffer, pH 7.5 and stopped by removal of the solvent under reduced pressure. The dry 
reaction was peracetylated and analysed by 1H-NMR in CDCl3. The signals of the newly produced 
glycosyl azide 22o are marked with *. Unmarked signals belong to the peracetylated form of pNPGlc 5h, 
representing not converted starting material. 
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6.2.5 Cbg1 for transglycosylation 

Even though no suitable conditions were yet determined for the use of Cbg1 as a 

glycosynthase, the glycosidase could still be a potential biocatalyst for glycoside synthesis by 

transglycosylation. Watt et al. described the activation of wt Cbg1 in the presence of aliphatic 

alcohols and determined the activation as a transglycosylation of the glucosyl moiety of 

pNPGlc 5h onto the alcohol by 1H-NMR analysis.[88] The highest activation was observed for 

n-butanol (15a), whereby the larger aliphatic alcohols most likely show solubility issues leading 

to the lower transglycosylation. Kitaoka et al. also observed the transglycosylation of 

p-nitrophenol (13b) causing a self-transferring product inhibition during the hydrolysis of 

pNPGlc 5h.[91] The activation of wt Cbg1 towards pNPGlc 5h by the presence of 

n-butanol (15a) was examined for three different concentration ratios, 1 : 1, 1 : 2, and 1 : 10 

(Figure 73) by measurement of the time profile of the p-nitrophenol (13b) release. A high 

activation of the wt Cbg1 activity was observed in all cases. Equimolar concentrations of the 

acceptor n-butanol (15a) doubled the activity of the enzyme. Excess of the acceptor raised the 

activity of wt Cbg1 even further up to 2.8× of the activity observed without any acceptor. 
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Figure 73 Activation of wt Cbg1 (26.8 µg/mL) towards pNPGlc 5h (5 mM) by the presence of 
n-butanol (15a) in various concentrations (0 mM, 5 mM, 10 mM, 50 mM). The reaction was incubated at 
25 °C in 50 mM KPi-buffer, pH 7.5 and the release of p-nitrophenol (13b) was followed by absorption 
measurement at 410 nm. 
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Figure 74 Activation of wt Cbg1 (26.8 µg/mL) towards pNPGlc 5h (5 mM) by the presence of the 
phenolic alcohols, coniferyl alcohol (14b, A), hydroquinone (26a, B), phenol (27a, C), and 
naringenin (1a, D) in various concentrations. The reaction was incubated at 25 °C in 50 mM KPi-buffer, 
pH 7.5 and the release of p-nitrophenol (13b) was followed by absorption measurement at 410 nm. In 
the case of naringenin (1a) 10% (v/v) DMSO was added as a co-solvent. 

To further determine the potential of the transglycosylation reaction for synthesis, the activation 

reaction of wt Cbg1 by an additional acceptor was expanded to the phenolic alcohols, coniferyl 

alcohol (14b), hydroquinone (26a), phenol (27), and naringenin (1a, Figure 74, A–D). The 

acceptor molecules coniferyl alcohol (14b) and hydroquinone (26a) were chosen, as their 
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respective glucosides coniferin (14a) and arbutin are known substrates hydrolysed by Cbg1. 

With the exception of naringenin (1a) the presence of phenolic alcohols increased the activity 

of wt Cbg1. The highest activation was observed for coniferyl alcohol (14b), increasing the rate 

of p-nitrophenol (13b) release from 3.9·10-2 ± 1.3·10-3 mM/min up to 8.2·10-2 ± 2.9·10-3 mM/min 

when in an excess of 4.4× compared to the pNPGlc 5h concentration. Both 

hydroquinone (26a) and phenol (27) increased the activity of Cbg1, but with a lower effect 

compared to coniferyl alcohol (14b). The increase of p-nitrophenol (13b) release strongly 

indicated to an activation by transglycosylation. The presence of naringenin (1a) on the other 

hand, inhibited the activity of Cbg1 irrespective of the concentration of the acceptor. Due to the 

low solubility, transglycosylation reactions with naringenin (1a) were carried out with 10% (v/v) 

DMSO as a co-solvent. A control reaction with wt Cbg1 and pNPGlc 5h in the presence of 10% 

(v/v) DMSO but without naringenin (1a) displayed no inhibition of the hydrolytic activity. A 

possibility of successful glycosylation of naringenin (1a) by transglycosylation catalysed by 

Cbg1 was therefore ruled out. 1H-NMR analysis was carried out for the transglycosylation 

reactions with coniferyl alcohol (14b), hydroquinone (26a), phenol (27), and n-butanol (15a). 

The compounds of the reaction mixture were peracetylated before analysis. A 

transglycosylation product could only be observed in the case of the reaction containing 

n-butanol (15a), resulting in the production of 1-butyl β-D-glucopyranoside (15i). However, the 

high concentration of the respective acceptor molecules and pNPGlc 5h, compared to the 

produced product, hindered the identification of product signals in the 1H-NMR spectra. The 

production of aryl glycosides by transglycosylation may also be hindered by the higher affinity 

and activity of Cbg1 towards aryl glycosides compared to glycosides with aliphatic aglycones. 

 
Figure 75 Activation of mutant Cbg1 variants (19.1 µg/mL) towards pNPGlc 5h (5 mM) by the presence 
of hydroquinone (26a, 5 mM, A) or coniferyl alcohol (14b, 5 mM, B). The spec. activity in the presence 
of the acceptor 26a or 14b (dark gray) is compared to the activity without addition (light gray). The 
reaction was incubated at 25 °C in 50 mM KPi-buffer, pH 7.5 and the release of p-nitrophenol (13b) was 
followed by absorption measurement at 410 nm. 
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The effect on the enzymatic activity, exhibited by the phenolic acceptors coniferyl alcohol (14b) 

and hydroquinone (26a), was also examined for the mutant variants of Cbg1 (Figure 75). As 

was observed for the wt enzyme, the addition of the phenolic alcohols generally led to an 

increase in activity towards pNPGlc 5h. The Cbg1-H144A mutant displayed the highest 

increase in activity. Addition of hydroquinone increased the activity from 5.1 ± 9.0·10-2 U/mg to 

11 ± 2.6·10-1 U/mg (2.1×). Coniferyl alcohol (14b) in comparison only increased the activity of 

Cbg1-H144A up to 7.8 ± 1.8·10-1 U/mg corresponding to a 1.5× increase. On the contrary, the 

addition of coniferyl alcohol (14b) increased the activity of the Cbg1-D222S mutant to 

3.7 ± 9.1·10-2 U/mg and hydroquinone (26a) only up to 2.2 ± 7.2·10-2 U/mg. These activities 

could indicate to potential transglycosylation activity similar to the wt enzyme. Yet, the 

increased hydrolytic activity of the Cbg1-H144A and -D222S may hinder the isolation of 

transglycosylation products in high yields. Initial analysis of the transglycosylation reaction by 

RP-TLC could not lead to the identification of new produced products. 

 

Chapter synopsis: 

 The coniferin-specific β-glucosidase Cbg1 of R. radiobacter was identified as a 

glycosynthase candidate, which could potentially glycosylate phenolic compounds. 

 Cbg1 was successfully heterologously expressed in E. coli BL21(DE3) and isolated by 

IMAC. The wt enzyme was characterised with respect to its kinetic properties and 

substrate scope. 

 Structural analysis identified the catalytic residues D222 and D559 as the nucleophilic 

and acid/base respectively. The mutants Cbg1-D222A, -D222S, and D222C were 

created by round the horn-PCR mutagenesis and tested for glycosynthetic activity. 

 The mutant library of Cbg1 was expanded by Cbg1-D559A, -D559S, -D559C, 

-Y190F, -Y190F D222A, and -H144A variants. Each mutant was examined for hydrolytic 

activity and glycosynthase activity utilising glycosyl fluorides or the chemical recovery 

method. 

 β-D-Glucopyranosyl azide (16c) was identified as the product of the chemical recovery 

reaction catalysed by Cbg1-D559A with pNPGlc 5h and sodium azide. 

 Transglycosylation reactions were tested for phenolic alcohols, which showed an 

activating effect on wt Cbg1 and various mutant variants. Successful transglycosylation 

was only proven for the aliphatic alcohol n-butanol (15a). 
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6.3 Creating a rhamnosynthase 

A glycosynthetic approach, using a mutated form of a rhamnosidase as a rhamnosynthase for 

the incorporation of rhamnosyl moieties onto various acceptors, has not yet been 

demonstrated throughout literature. One of the largest limitations towards the creation of a 

rhamnosynthase is the low amount of structural and mechanistic data available for this type of 

carbohydrate active enzyme. Therefore, the α-L-rhamnosidase RhaB of Bacillus sp. GL1 was 

selected for this project, as the enzyme (as described in section 5.3.2) is well characterised 

and the crystal structure was elucidated by Cui et al.[112, 115] However, even though the enzyme 

displayed structural similarities with other inverting carbohydrate enzymes, the sequence 

similarity was low and suggested to a new, undescribed hydrolysis mechanism. 

 

6.3.1 Synthesis of rhamnosyl substrates 

As described before in section 6.1.4, in order to analyse and characterise enzymatic catalysis, 

reference compounds and substrates are required. For the analysis of the activity of 

α-L-rhamnosidase RhaB of Bacillus sp. GL1 and potential rhamnosynthase variants of this 

rhamnosidase, the reference compounds and donor molecules 5r/ae and 16d were required 

and synthesised chemically (Figure 76 & Figure 77). 

 
Figure 76 Synthesis of the α-L-rhamnopyranoside derivatives 5r and 5ae following the O-glycosylation 
method of Steinmann et al.[154] 

With respect to the rhamnosidase hydrolytic activity assay, and as potential rhamnosyl donors 

used in the chemical rescovery method, the p-nitrophenyl rhamnosyl derivatives 5r and 5ae 

were synthesised chemically (Figure 76). The monosaccharide α-L-rhamnose (11e) was 

peracetylated to 1,2,3,4-tetra-O-acetyl-α-L-rhamnose (22q) with acetic anhydride in pyridine 

according to the literature known procedure of Steinmann et al. in yields of around 95%.[162] 

The O-glycosylation, resulting in the rhamnosyl derivatives 22r and 22s in a yield of 53 and 

32% respectively, was prepared according to the method described by Lee et al.[153] The yield 
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of the rhamnoside 22s in comparison to rhamnoside 22r is most likely limited by the lower 

nucleophilicity of the phenol 13c caused by the electron withdrawing chlorine substituent in the 

ortho-position. The general yields of the reaction are also much lower than the yields reported 

by Lee et al., though their procedure was only performed on gluco- and not 

rhamnopyranosides, making the direct comparison of these yields difficult.[153] The reaction 

procedure led specifically to the formation of the 1,2-trans configured 

α-L-rhamnopyranoside 22r due to the participating neighbouring 2-O-acetyl group. A modified 

work-up procedure utilising a crystallisation step circumvented the requirement of a lengthy 

chromatography work-up. The crude product was therefore recrystallized in hot ethanol and 

simply purified by filtration. The compounds 5r and 5ae were produced by a deprotection 

reaction using the Zemplén conditions described by Steinmann et al.[162] The glycosides 5r and 

5ae were obtained in yields of 97% and 89% respectively. The lower nucleophilicity and 

therefore increased leaving group potential of the phenol 13c compared to p-nitrophenol (13b), 

is underlined by the higher instability and lower obtained yield of the glycosides 22s and 5ae 

compared to the glycosides 22r and 5r. 

 
Figure 77 Synthetic routes (A & B) towards the rhamnosyl donor 16d. The β-L-rhamnopyranosyl 
azide (16d) was synthesised exclusively by the synthetic route B, as purification difficulties arose during 
the last step of route A. (a Yield of the single reaction, b Uncertain yield as residual HMPA was present) 

Two different synthetic routes were attempted for the synthesis of the reference and potential 

rhamnosyl donor β-L-rhamnopyranosyl azide (16d, β-RhaN3, Figure 77). Györgydeák et al. 

described the conversion of a pyranosyl halide with NaN3 in HMPA which was carried out in 

the first synthetic route (Figure 77, A).[162] Their review described the synthesis of 
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1,2-cis-glycosyl azides as generally difficult and discussed the reaction as an SN2 substitution 

of the halide by the azide anion in HMPA or DMSO. The first route (Figure 77, A), began with 

a peracetylation of rhamnose (11e) and subsequent fluorination following the procedure 

described by Steinmann et al., which resulted in a yield of 79% of the 

2,3,4-tri-O-acetyl-α-L-rhamnopyranosyl fluoride (22t) after both steps.[154] After a deprotection 

of compound 22t with quantitative yields (Yamamoto et al.), the glycoside 2o was treated with 

sodium azide in HMPA for the substitution of the halide.[58] It was not possible to follow the 

reaction via TLC, as many degradation spots were visible after staining, making a distinction 

of the putative product 16d and remaining starting material 2o not possible. The analysis of 

the crude reaction via 1H-NMR showed the production of the rhamnosyl azide 16d (anomeric 

proton signal was detectable). However, the work-up of rhamnoside 16d proved difficult due 

to the high boiling point of the HMPA solvent and high solubility of HMPA and the 

non-acetylated β-RhaN3 16d in water rendering a removal of HMPA via extraction not possible. 

To avoid an unwanted neighbouring group effects of the 2-O-acetyl group (α-directing effect) 

and to improve the solubility of rhamnoside 16d in organic solvents a selective deprotection of 

compound 22t at the 2-position was attempted chemically and enzymatically (Table 11). 

Table 11 Chemical and enzymatic conditions for the selective deprotection of the 2-O-acetyl group of 
2,3,4-tri-O-acetyl-α-L-rhamnopyranosyl fluoride (22t). The chemical deprotection occurred at ~25 °C 
whereas the enzymatic reaction was incubated at 37 °C. 

Entry Conditions 

A 
0.2 mmol 22t, 10 mL/mmol CH2Cl2:MeOH (1 : 2) 
0.5 M NaOMe/MeOH 

B 
0.2 mmol 22t, 10 mL/mmol CH2Cl2:MeOH (1 : 2) 
5 mM NaOMe/MeOH 

C 0.1 M 22t, 1 M NH3/MeOH 

D 
0.07 mmol 22t, 50 mg Lipase of Candida rugosa (~70 U/mg), 
1 mL toluene, 100 µL 50 mM KPi-buffer pH 7 

E 
0.07 mmol 22t, 1 mL 50 mM KPi-buffer pH 7 
20 mg Lipase of C. rugosa (~70 U/mL), 50 mg β-cyclodextrin 

 

The chemical deprotection methods exhibited no selectivity during the deacetylation, removing 

all hydroxyl groups too fast in order to isolate a single intermediate. The enzymatic deprotection 

showed no effect and was abandoned as most literature states the most common position of 

acetyl cleavage to be the 4-position and not the 2-position.[163-165] A second synthetic route was 

carried out in order to avoid a prolonged synthesis route via acetylation and subsequent 

deacetylation and the difficult retrieval of the β-RhaN3 16d from the reaction. The route 

followed a different procedure also proposed by Györgydeák et al.[166] The route encompasses 

an one-pot acetylation and bromination of α-L-rhamnose (11e) and substitution of the 

acetylated halide 22u with sodium azide. The one-pot acetylation and bromination procedure 
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of Kartha et al. was carried out to receive the acetylated bromide 22u directly from 

rhamnose (11e), which was obtained in a yield of 96%.[167] Residual traces of hydrobromic acid 

were removed by repeated dissolution of the product in toluene and co-evaporation under 

reduced pressure. 1H-NMR analysis indicated to an instability of the glycosyl halide 22u as 

small amounts of degradation products of the bromide 22u were present. Therefore, the 

compound was always stored below -20 °C and continuously kept on ice when in use. The 

substitution of the bromide using sodium azide in HMPA yielded the product 22v in a virtually 

quantitative yield. The high solubility of the acetylated product 22v in organic solvents (CH2Cl2) 

simplified the purification by extracting HMPA using water. A complete removal of the residual 

HMPA was not achieved, making the determination of the exact yield difficult. Using ammonia 

in methanol (2 M) for the deprotection of glycoside 22v resulted in a yield of 84% of 

rhamnoside 16d.[58] Similar to rhamnoside 22u, β-RhaN3 16d also displayed slight instability 

indicated by the 1H-NMR-spectrum. A residual amount of HMPA was also still detectable in 

the 1H-NMR-spectrum after the deprotection of the acetylated rhamnoside 22v. In order to 

avoid the use of the highly toxic solvent HMPA, the synthesis of the rhamnosyl azide 16d was 

attempted using the less toxic DMPU as a substitute solvent. The substitution of the solvent 

led to an unfavourable anomeric ratio of 1 : 2 (α : β) of the resulting product 22v which was 

observable via 1H-NMR. This unfavourable ratio clearly indicates to a strong participation of 

HMPA in the substitution reaction directing the azide into the equatorial position 

(β-configuration). The reaction in DMPU also showed side products and difficulty in separation 

of solvent from the desired product 22v. 

β-RhaN3 16d was used on the one hand as a reference compound for the enzymatic synthesis 

of β-L-rhamnopyranosyl azide (16d) but also as a donor substrate for the potential 

rhamnosynthase variants. 

6.3.2 Characterisation of the wt α-L-rhamnosidase 

Before attempting the mutagenesis of RhaB to a glycosynthase, the wt form of the 

rhamnosidase was characterised. The wt gene rhaB, encoding the rhamnosidase RhaB 

containing a C-terminal His6-tag, was synthesised commercially into a pUC57 vector 

(GenScript USA Inc., Piscataway, NJ, USA). The expression of the enzyme was carried out, 

identical to the expression of Cbg1 (section 6.2.2), heterologously in E. coli BL21(DE3) and 

isolated by IMAC. SDS-PAGE analysis of the purification steps displayed a successful isolation 

of wt RhaB in the elution fraction (Figure 78). The determined molecular weight (size 

comparison in the SDS-PAGE) of 101.2 kDa corresponds to the theoretical value of 107.6 kDa. 

The enzyme was isolated in concentrations of 0.75 ± 0.23 mg/mL after desalting and 

concentrating via ultrafiltration. 
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Figure 78 SDS-PAGE analysis of the IMAC purification of the wt α-L-rhamnosidases RhaB of 
Bacillus sp. GL1 expressed in E. coli BL21(DE3). Different steps of the purification are depicted: 
1 cell lysate; 2 cell-free lysate; 3 flow-through; 4 wash fraction; 5 elution; 6 column wash. Roti-Mark 
10–150 was applied as a standard (M) for size determination. 

The kinetic parameters exhibited by RhaB for the hydrolysis of pNPRha 5r were determined 

at 25 °C and a pH of 7.5 (KPi-buffer, 50 mM; Figure 79). The rhamnosidase showed a high 

maximal activity of 168 ± 16.6 U/mg and a high affinity to pNPRha 5r, recognisable by the low 

KM value of 1.18 ± 0.18 mM. Due to the low solubility of pNPRha 5r, concentrations higher than 

1 mM were not tested for the determination of the kinetic parameters. Considering the fit of the 

kinetic data, it is evident that the maximal activity of RhaB was not reached under the chosen 

conditions, causing the relative high uncertainty of the determined vmax value (~10%). 
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Figure 79 Determination of the kinetic parameters of the α-L-rhamnosidase RhaB of Bacillus sp. GL1. 
Parameters were determined for the hydrolysis of pNPRha 5r in 50 mM KPi-buffer, pH 7.5 at 25 °C. 
Hydrolysis was detected by absorption at 410 nm after 5 min incubation. 

The kcat value was calculated as 302 ± 30 s-1 resulting in a catalytic efficiency of 

255 ± 64.2 s-1·mM-1. Further characterisation of RhaB was carried out towards the storage 

stability, substrate scope and tolerance of co-solvents and external nucleophiles. 
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The low solubility of pNPRha 5r and some glycosides, such as naringin (1c), caused the 

necessity of a co-solvent in order to make the substrate available for the enzyme in aqueous 

solution. Therefore, the influence of increasing the DMSO concentration on the activity of the 

rhamnosidase was examined (Figure 80, A). Lower concentrations up to 10% (v/v) did not 

affect the hydrolytic activity. The activity was improved at concentrations between 15–20%, 

most likely caused by an increased solubility of the substrate pNPRha 5r in the presence of 

the co-solvent. High concentrations of 40% did not influence the activity of RhaB significantly, 

rendering DMSO as an ideal co-solvent. As residual HMPA was found in the product of the 

synthesis of β-L-rhamnopyranosyl azide (16d), the effect of HMPA on RhaB was also 

determined. In contrast to the tolerance of RhaB to DMSO, the presence of HMPA had a strong 

deactivating effect on the rhamnosidase (Figure 80, B). The activity of RhaB continually 

decreased with increasing HMPA concentrations resulting in residual activity of 34% at a 

HMPA concentration of 40% (v/v). 
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Figure 80 DMSO- (A) and HMPA-tolerance (B) of RhaB of Bacillus sp. GL1 during hydrolysis of 
pNPRha 5r. The hydrolysis of pNPRha 5r was measured in the presence of 5, 10, 15, 20 and 40% 
DMSO/HMPA (v/v) in 50 mM KPi-buffer, pH 7.5, at 28 °C for 5 min by absorption measurement at 
410 nm. 

In addition to the tolerance of co-solvents, the effect of different concentrations of 

glucose (11b) and sodium azide on the activity of RhaB was examined as these were 

employed as a possible acceptor or external nucleophile respectively (Figure 81, B). The 

activity of RhaB towards 2-Cl-pNPRha 5ae was not affected significantly by low glucose (11b) 

concentrations. A slight activation of RhaB could be observed for low concentrations of 20 mM 

glucose (11b) increasing from 15 ± 4.5 U/mg to 17 ± 3.0 U/mg (17% increase). A high 
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concentration of 1 M on the other hand, exhibited a deactivating effect on the specific activity, 

lowering the activity down to 10.4 ± 1.03 U/mg. Nevertheless, this represents only a decrease 

of 29% activity, therefore indicating to a high tolerance of RhaB towards glucose (11b). In 

comparison, the effect of the potential external nucleophile sodium azide on the activity of 

RhaB towards 2-Cl-pNPRha 5ae was much higher (Figure 81, A). Similar to glucose (11b), 

low concentrations of sodium azide activated the enzyme increasing the activity from 

10 ± 8.4·10-1 U/mg to 21 ± 4.7·10-1 U/mg. Concentrations of 40 mM and higher exhibited a 

strong deactivating effect, lowering the activity down to 6.3 ± 6.4·10-1 U/mg corresponding to 

only 62% residual activity (compared to 0 mM sodium azide). 
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Figure 81 Influence of sodium azide (A) and glucose (B) on the hydrolytic activity of RhaB of 
Bacillus sp. GL1 during hydrolysis of 2-Cl-pNPRha 5ae. The hydrolysis of 2-Cl-pNPRha 5ae was 
measured in the presence of different concentrations of sodium azide or glucose (11b) in 50 mM 
KPi-buffer, pH 7.5, at 28 °C for 3.3 min by absorption measurement at 410 nm. 

To determine the versatility of a potential glycosynthase derived from RhaB with respect to 

possible donor substrates, the hydrolytic activity of RhaB towards ten different p-nitrophenyl 

glycosides were tested an compared to the activity towards 2-Cl-pNPRha 5ae. The 

rhamnosidase exhibited only weak activity to different glycosides such as, pNPGlcNAc 5a and 

pNPXyl 5i, with relative activities around 0.04% when compared to the activity towards 

2-Cl-pNPRha 5ae. To all other glycosides, pNPGlc 5h, pNPMan 5b, pNPGal 5g, 

pNPGalNAc 5ad, α-L-pNPFuc 5ac, β-D-pNPFuc 5z, and α-L-pNPAra 5aa relative activities 

below 0.03% were observed. The disaccharidic glycoside pNPLac 5ab was also not 

hydrolysed by the enzyme. The substrate scope of RhaB is therefore very specific for 

α-L-rhamnosyl moieties. 
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The application of the α-L-rhamnosidase RhaB for the production of flavanone glucoside 

prunin (1b), which was also synthesised with the selectively deactivated naringinase 

(section 6.1.4), was tested using various conditions (Table 12). The reaction was followed by 

TLC at certain intervals in order to detect conversion of naringin (1c) to the desired product 

prunin (1b). For all conditions, no conversion of naringin (1c) could be observed. Precipitation 

of the substrate 1c was often observed after less than 1 h incubation at 27 °C even after 

preliminary solubilisation of flavonoid 1c at higher temperatures. Therefore, the reaction might 

have not occurred due to the precipitation of the flavonoid 1c, becoming unavailable for RhaB 

in solution. A further possibility could be, that naringin (1c) is not naturally accepted by RhaB, 

as the natural substrate of this specific enzyme is gellan, which contains a α-1,3 linkage 

between the rhamnosyl and glucosyl moieties and not a α-1,2 linkage (Figure 82). These 

results contradict the findings described by Hashimoto et al.[114] The group reported the 

hydrolysis of naringin (1c) to prunin (1b) by RhaB detected via TLC analysis while incubating 

10 µg RhaB with 25 µg of glycoside 1c. A suitability of the model system for the development 

of reaction methods using α-L-rhamnosidase RhaB as a rhamnosynthase could therefore not 

be verified. 

 
Figure 82 Chemical structure of the linear repeating tetrasaccharide unit of gellan, the natural substrate 
of α-L-rhamnosidase RhaB of Bacillus sp. GL1. ([,3-β-D-Glc-1,4-β-D-GlcA-1,4-β-D-Glc-1,4-α-L-Rha-1,]n, 
GlcA = glucoronic acid) 

Table 12 Conditions tested for the hydrolysis of naringin (1c) to prunin (1b) by α-L-rhamnosidase RhaB 
of Bacillus sp. GL1. All reactions were carried out in 50 mM KPi-buffer, pH 7 and reaction 
components/products analysed via TLC. 

Entry Conditions 

A1 0.01 mg/mL RhaB lyophilised, 10 mM naringin 1c, 2 h 30 °C, 18 h 40 °C 

B1 0.05 mg/mL RhaB lyophilised, 10 mM naringin 1c solubilised in DMSO (5% 
final-concentration v/v), 24 h 30 °C 

C/D/E/F/G2 0.1 mg/mL RhaB lyophilised, 17 mM naringin 1c, DMSO 5/10/20/30% v/v, 
42 h 30 °C 

H/I2 0.1 mg/mL RhaB lyophilised, 17 mM naringin 1c, DMF 10/20% v/v, 
42 h 30 °C 

J2 0.1 g/mL RhaB lyophilised, 17 mM naringin 1c, acetone 10% v/v, 
42 h 30 °C 

K2 0.1 mg/mL RhaB lyophilised, 17 mM naringin 1c, ethanol 5% v/v, 
42 h 30 °C 

1 Reaction volume 10 mL 2 Reaction volume 1 mL 
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6.3.3 Mutagenesis of α-L-rhamnosidase RhaB 

In order to create a rhamnosynthase, the hydrolytic activity needed to be eliminated by 

replacing the catalytically active residues with non-nucleophilic residues. The initial work 

towards this goal was carried out during the doctoral thesis of Kamila Morka.8 Based on the 

description of the catalytically relevant amino acid residues by Cui et al. (Figure 83), mutations 

replacing each of the three conserved residues D567, E572 and E841 by a serine or glycine 

were introduced.[112] The mutations were incorporated by the QuikChange™-PCR method and 

verified by Sanger DNA sequencing. 

 
Figure 83 Overview of RhaB of Bacillus sp. GL1 and a close up of the proposed active site cleft. 
Residues described by Cui et al. participating in the catalytic hydrolysis of RhaB are marked in the close 
up.[112] As RhaB is an inverting glycosidase, a definite determination of the catalytic acid/base pair is not 
possible, as the distances between these can vary. Distances in the close up are given in Å. 

The wild type and mutated variants rhaB-D567G/S, -E572G/S, -E841G/S were then 

transferred into the expression vector pET-28a(+). Upon further consideration, it was decided 

to expand the variant library by not only varying the mutations further to alanine, cysteine, 

asparagine, and glutamine but adding mutations of the fourth highly conserved residue D579 

as well.9 The addition of alanine and cysteine mutations was considered, as they are common 

residues, which are usually tested for the production of glycosynthases throughout literature. 

The exchange with asparagine or glutamine would retain the structural properties of the 

replaced amino acids, but without the possibility of acting as an acid/base residue. Due to the 

high number of unique primers required for the creation of the additional twelve variants and 

the low yield of mutated genes created due to the linear amplification in the 

QuikChange™-PCR method, the mutagenesis method was changed to round the horn-PCR. 

                                                 
8 K. Morka, ‘Yeasts as Production Hosts for Biocatalysts’, Dissertation, Heinrich Heine University Düsseldorf, 2015 
9 B.-G. Axinte, ‘α-L-Rhamnosidase from Bacillus sp. GL1: First Attempts on Systematically Altering Hydrolytic Activity’, Bachelor 
thesis, Heinrich Heine University Düsseldorf, 2018 
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As this method does not utilise complementary primers, the change entailed the use of single 

reverse primers for each position in combination with a unique forward primer containing the 

new mutation, reducing the required amount of primers from 24 to 15. 

Despite the successful use of the round the horn-PCR for the mutagenesis of cbg1, the 

mutagenesis of rhaB proved difficult when applying this method. For each mutation, PCR 

protocols with varying annealing temperatures were tested and desired fragments of around 

8 kbp [size of pET-28a(+) with rhaB insert] were observed. Nevertheless, side products of 

smaller size were also produced indicating to non-selective binding of the primers within the 

rhaB gene. PCR products in batches containing a side product were separated by agarose gel 

electrophoresis and gel elution prior to ligation. Isolated plasmids were tested for the rhaB 

gene in a test PCR with primers binding the T7 promoter and terminator region of the vector. 

In many cases, the test PCR showed amplicons of varying size, most probably caused by an 

incorrect binding of one of the mutagenesis primers within rhaB. Isolated plasmids harbouring 

incomplete gene fragments were discarded. Sequencing was also carried out for a definite 

determination of the obtained mutant variant of rhaB (Table 13). 

Table 13 Variation of the proposed catalytically active amino acid residues D567, E572, D579, and E841 
of RhaB of Bacillus sp. GL1. The mutations were acquired by round the horn-PCR by mutation of the wt 
gene in a pET-28a(+). Obtained plasmids were sequenced for confirmation of the resulting mutation. 

Original AA 
Introduced 
mutation 

Codon variation Verification 

D567 

A GAC → GCC — 

C GAC → TGC +a 

N GAC → AAC +a 

Q GAC → CAG — 

G GAC → GGC +b 

S GAC → AGC +b 

D579 

A GAC → GCC — 

C GAC → TGC — 

N GAC → AAC — 

Q GAC → CAG +a 

G GAC → GGC — 

S GAC → TCC — 

E841 

A GAG → GCC +a 

C GAG → TGC — 

N GAG → AAC — 

Q GAG → CAG — 

G GAG → GGC +b 

S GAG → AGC +b 

E572 
G GAA → GGC +b 

S GAA → AGC +b 

a Mutations created by Bianca-Giorgiana Axinte during her bachelor thesis work. 
b Plasmids obtained from the doctoral thesis of Kamila Morka 
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The expression of mutant variants of RhaB was carried out in E. coli BL21(DE3) following the 

standard expression procedure, incubating for 24 h at 25 °C after induction with 0.1 M IPTG. 

The expression was successful in all cases and the desired variants were isolated by the IMAC 

procedure (Figure 84). Expression of the RhaB variants by E. coli BL21(DE3) occurred at 

different levels resulting in highly varying protein concentrations ranging from 

1.1 ± 7.2·10-1 mg/mL for RhaB-E841S down to 5.1·10-2 ± 2.0·10-3 mg/mL for RhaB-D567C. The 

difference in expression might indicate to a disruption of the protein folding by the introduced 

mutation or a less suitable codon for expression in E. coli. All mutant variants were expressed 

in a lower level than the wt rhamnosidase. 

 
Figure 84 Exemplary SDS-PAGE analysis of the expression and purification of the mutated 
α-L-rhamnosidases. The variants RhaB-E841G (A) and RhaB-E841S (B) were isolated by IMAC. The 
glycosidases were expressed in E. coli BL21(DE3). Different steps of the purification are depicted: 
1 cell lysate; 2 cell-free lysate; 3 flow-through; 4 wash fraction; 5 elution. Roti-Mark 10–150 was applied 
as a standard (M) for size determination. 

 

6.3.4 Screening for azide release 

As discussed earlier in this thesis (section 6.1.4), the measurement of the activity of 

glycosynthases is a laborious task, as most glycosidic compounds are not easily detected by 

simple methods such as absorption or mass spectrometry without further derivatisation steps. 

In the case of the ‘classic’ glycosynthases, which utilise a glycosyl fluoride donor in the 

synthetic reaction, the release and quantification of the fluoride ion could be easily detected by 

a colourimetric assay containing triisopropyl-(4-nitrophenoxy)-silane (23). The release of the 

fluoride allowed the detection of the conversion of the glycosyl fluoride donor and therefore 

determine the rate of the enzymatic reaction. Due to the instability of β-glycosyl fluorides in 

general and the preliminary results observed in the work of Kamila Morka (high instability of 

β-L-rhamnopyranosyl fluoride in aqueous buffer), the classical donor could not be utilised for 

the identification and subsequent characterisation of potential rhamnosynthases. Therefore, 
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the developed assay for fluoride detection and quantification could also not serve as an 

adequate method for rhamnosynthase activity. 

 
Figure 85 Comparison of glycosynthetic reaction schemes via a ‘classical’ glycosynthase (A) utilising a 
glycosyl fluoride donor and a glycosynthase following the ‘chemical recovery’ method (B) creating in situ 
the glycosyl donor with assistance of an external nucleophile (e.g. azide-, acetate-, formate- or 
fluoride-ion). The arrows indicate an increase (gray) or decrease (black) of a detectable leaving 
group/nucleophile. 

When comparing the proposed synthetic reaction scheme of a glycosynthase following a 

chemical recovery method, producing a glycosyl donor in situ in the presence of an external 

nucleophile, and the reaction scheme of a ‘classical’ glycosynthase (Figure 85), it is evident 

that also for the rhamnosynthase a successful glycosylation will be indicated by the release of 

the donor leaving group. Even more, a detection method quantifying the donors leaving group, 

which acts as the external nucleophile in the in situ production of the glycosyl donor would also 

allow the detection of the glycosyl donor’s production. A suitable assay would allow the 

characterisation and optimisation of both the in situ donor production and the glycosyl transfer 

onto an acceptor. In respect to the proposed rhamnosynthase reaction, a detection assay for 

azide ions would be required. For this purpose, the suitability of a spectrophotometric rapid 

determination method developed by Seto et al., originally for the determination of cyanide and 

azide in beverages, was examined.[168] The method follows the formation of an azide ferric 

complex in acidic solution by photometry. After addition of NaN3, the yellow acidic ferric 

solution (50 mM FeCl3 in 10 mM HCl) develops a red colour with an absorption maximum at 

450 nm. The assay was carried out by the group in a microplate format, rendering the assay 

suitable for high-throughput screening. The detection limit of the assay for NaN3 was 

determined by the group to be 0.25 mM (S/N=3). 

Before application of the assay towards the identification and characterisation of possible 

rhamnosynthase candidates, the handling and applicability was evaluated. The absorption 

spectrum of the acidic ferric solution after addition of NaN3 (in concentrations of 1–10 mM) 
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showed a maximum at 456 nm (Figure 86, B). The increase of absorption followed a linear 

fashion allowing a simple linear fit (R2 = 0.999) which can be utilised for quantification of the 

azide concentration. 

 
Figure 86 Evaluation of the absorption changes of the acidic ferric solution (40 mM FeCl3 in 10 mM HCl) 
in the presence of NaN3 in different concentrations (1–10 mM). The absorption spectra (B) show a 
maximum at 456 nm and the increase of absorption with increasing azide amounts follows a linear 
fashion (A). Linear regression led to a calibration straight with a R2 = 0.999. 

The variation of the FeCl3 concentration (10–50 mM) also exhibited a strong effect on the 

absorption up to a concentration of 30 mM. Above 30 mM FeCl3 the absorption only increased 

slightly and a concentration of 40 mM was chosen as the standard condition for the assay. In 

order to determine the amount of released azide ions due to the conversion of the glycosyl 

donor, the possible formation of an azide ferric complex by the glycosyl donor 16d itself needed 

to be ruled out. Therefore, the effects of β-L-rhamnopyranosyl azide (16d) at different 

concentrations and in the presence of free azide ions was tested (Figure 87). The absorption 

spectra measured in the presence of the glycoside 16d at concentrations ranging from 1–5 mM 

showed only a slight increase of 0.01 (∆Abs) at 456 nm. The rhamnoside 16d also showed no 

influence in the formation of the azide ferric complex when NaN3 was added simultaneously to 

the rhamnoside 16d. The absorption at 456 nm still followed a linear increase dependent of 

the NaN3 concentration even in the presence of β-L-rhamnopyranosyl azide (16d). These 

results confirmed the applicability of the azide quantification assay as a useful tool for the 

identification and characterisation of potential rhamnosynthases. 
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Figure 87 Analysis of the effect of β-L-rhamnopyranosyl azide (16d) on the absorption of the acidic ferric 
assay solution (40 mM FeCl3 in 10 mM HCl). (A) The absorption spectra showed no significant increase 
when varying the concentration of compound 16d (1–5 mM). (B) Different ratios of NaN3 and 
β-L-rhamnopyranosyl azide (16d) showed an absorption solely dependent of the free azide ion 
concentration (1 : 4 = 1 mM NaN3 : 4 mM β-RhaN3 16d). 

 

6.3.5 Attempts to find a α-L-rhamnosynthase 

In contrast to the glycosynthases derived from β-glycosidases, which utilise α-configured 

glycosyl fluoride donors, a glycosynthase derived from a α-glycosidase requires a donor 

glycoside with β-configuration. The instability of β-glycosyl fluorides in aqueous solution 

renders these unsuitable for synthetic reactions. As described in section 5.3.1, 

α-glycosynthases have been developed by utilising the in situ production of β-glycosyl azides, 

which exhibit a higher stability than their fluoride counterparts and are directly transferred to 

an adequate acceptor molecule. The in situ synthesis of the β-azide donor by chemical 

recovery was to be examined for the potential rhamnosynthase variants of RhaB (Figure 88). 
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Figure 88 Proposed mechanism for a α-L-rhamnosynthase by applying the chemical recovery method. 
The β-rhamnopyranosyl azide (16d) is synthesised in situ by addition of the external nucleophile sodium 
azide and subsequently transferred to an acceptor molecule. 

Before examining the potential of the produced RhaB variants in the chemical recovery 

experiments, with sodium azide acting as an external nucleophile, the mutant variants were 

tested for hydrolytic activity. Lyophilisate samples of the isolated rhamnosidase variants 

RhaB-D567G, -D567S, -E841G, and -E841S, provided by Kamila Morka, exhibited towards 

pNPRha 5r no residual activity above 0.5% compared to the wt RhaB and were therefore 

further considered for glycosynthetic reactions (Figure 89, A). The variant RhaB-D572G on the 
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other hand showed a residual activity of 10.9%, possibly displaying the importance of this 

residue for substrate recognition as the activity was not fully eliminated. The serine mutant at 

this position exhibited nearly no residual activity, which strengthens the possibility of a 

substrate recognition function, as unfavourable substrate-enzyme interactions may be caused 

by the incorporated serine residue. Addition of the external nucleophile at concentrations of 

40 mM and 80 mM resulted in no significant recovery of activity for any of the RhaB variants 

(Figure 89, A). The presence of sodium azide decreased the residual activity of RhaB-E572G 

from 10.9% to 8.2% and 7.7% at concentrations of 40 mM and 80 mM azide respectively. The 

deactivation of the rhamnosidase variant is in keeping with the results observed for the wt 

rhamnosidase. 
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Figure 89 Chemical recovery with various RhaB mutants (2 mg/ml lyophilisate). The residual activity of 
each mutant compared to the activity of the wt enzyme (taken as 100% activity) with identical conditions 
is depicted. (A) Incubation with pNPRha 5r (10 mM) and sodium azide (A = 0 mM, B = 40 mM, 
C = 80 mM); (B) Incubation with 2-Cl-pNPRha (5ae, 5 mM) and sodium azide (A = 0 mM; B = 5 mM). 

The reactions were repeated with the 2-chloro-4-nitrophenyl derivative of pNPRha 5ae, as 

Cobbuci-Ponzano et al. described the respective fucoside to be more efficienct than 

pNPFuc 5ac in chemical recovery experiments while developing the α-fucosynthase.[98] The 

substrate was employed in a much lower concentration (5 mM) due to the lower solubility of 

the compound and also the stronger absorption of 2-chloro-4-nitrophenolate (13c) compared 

to p-nitrophenolate (13b). Nevertheless, the mutant variants displayed the same behaviour 

towards the rhamnoside 5ae as to pNPRha 5r. The residual activity of RhaB-E572G was 

higher for 2-Cl-pNPRha 5ae (18%), but was also deactivated by the presence of 
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sodium azide (16%, 5 mM). Due to the residual hydrolytic activity of RhaB-E572G, the mutant 

variants of this position were excluded from further examination of glycosynthetic activity. 
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Figure 90 Chemical recovery with the mutant variant RhaB-E841S, 2-Cl-pNPRha 5ae (5 mM) and 
sodium azide (5 mM or 10 mM) incubated for 30 min at 25 °C in 50 mM KPi-buffer, pH 7. In the reactions 
A–C contained 2 mg/mL lyophilisate and reaction D 5 mg/mL lyophilisate. Sodium azide concentrations: 
A 0 mM, B 5 mM, C 10 mM, D 5 mM. 

Upon further testing, a slight recovery of activity was observed for the RhaB-E841S variant. 

The recovery could be observed in the chemical recovery reaction with pNPRha 5r (Figure 89; 

A), but not for 2-Cl-pNPRha 5ae (Figure 89, B). Due to the high error, the results were 

considered with uncertainty. Nevertheless, the reaction with substrate 5ae was repeated with 

RhaB-E841S and followed for a longer duration of 30 min (Figure 90). The mutant exhibited 

virtually no volumetric activity (4.0·10-4 U/mL) when incubated in the absence of the external 

nucleophile azide. When incubated with equimolar concentrations of sodium azide (5 mM), the 

enzyme regained activity up to 6.2·10-3 U/mL, reconfirming the possibility of a chemical 

recovery of the activity observed with pNPRha 5r. An increase of azide to 10 mM showed as 

expected a deactivating effect, decreasing the volumetric activity of the solution to 

4.5·10-3 U/mL. The increase of lyophilisate from 2 mg/mL to 5 mg/mL (and therefore increasing 

the amount of enzyme) increased the volumetric activity 2.4× (1.5·10-2 U/mL). This increase in 

activity corresponds linearly to the increase of the protein concentration. These results strongly 

pointed to RhaB-E841S being a possible candidate for a α-L-rhamnosynthase. The substrate 

was only cleaved in the presence of the external nucleophile and therefore cannot have been 

caused by natural hydrolysis. The reaction was carried out on a larger scale, but the detection 

of the presence of β-L-rhamnopyranosyl azide (16d), as a reaction product of the enzymatic 

conversion, was not possible via RP-TLC. Analysis of the crude reaction mixture, after removal 

of the aqueous solvent by reduced pressure, and comparison with the chemically synthesised 

β-RhaN3 16d via 1H-NMR displayed indications of the production of rhamnoside 16d 

(Figure 91). A weak signal, with a chemical shift of 4.8 ppm (in D2O), could be observed next 

to the large solvent peak of HDO. The signal indicated to the possible presence of the anomeric 

proton of β-RhaN3 16d. Closer examination of the 1H-NMR spectrum and additional 
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comparison with the chemical shift values of α- and β-L-rhamnose (11e-α/β) determined the 

produced product to be β-L-rhamnose (11e-β). Despite the different functional group of the 

anomeric centre in β-L-rhamnose (11e, OH) and β-L-rhanopyranosyl azide (16d, N3), the 

chemical shift of the anomeric proton of both compounds are near identical. Nevertheless, a 

differentiation between the two compounds 11e and 16d can be more easily made by 

comparison of the proton signals of the C2- and C3-positions of the rhamnosides. The 1H-NMR 

spectrum shows apart from remaining starting material, a mixture of α- and 

β-L-rhamnose (11e) and released 2-chloro-p-nitrophenol (13c). The presence of the hydrolysis 

product of 2-Cl-pNPRha 5ae was unexpected as RhaB-E841S showed no hydrolytic activity 

without the presence of the external nucleophile. Nonetheless, due to low concentration and 

therefore low intensity of the proton signals the 1H-NMR spectrum, a production of the 

β-rhamnopyranosyl azide (16d) cannot be excluded. 
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Figure 91 1H-NMR analysis of the conversion of 2-Cl-pNPRha 5ae (5 mM) by RhaB-E842S (5 mg/mL 
lyophilisate) in the presence of sodium azide (10 mM) incubated 18 h at 25 °C. The resulting spectrum 
of the reaction mixture (A; after solvent removal under reduced pressure) was compared to the 
references 2-Cl-pNPRha 5ae, α/β-L-rhamnose (11e), and β-RhaN3 16d. Each 1H-NMR-spectrum was 
recorded in D2O. 

During the Bachelor thesis of B.-G. Axinte, the variants of RhaB mutated at the positions E841 

and E567 were freshly expressed in E. coli BL21(DE3) and isolated by IMAC. However, the 

RhaB-D567G mutant was excluded from further experiments, as resequencing of the inserted 

gene rhaB-D567G revealed a section of six mutated amino acids (N547–I552; NATWEI 

changed to ISHVAF) additionally to the desired D567G mutation. The results obtained 
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beforehand with the lyophilisate of this RhaB variant can therefore not be taken into account, 

as an exchange of six consecutive amino acids will most likely lead to the deficiency in 

hydrolytic activity, which was observed in the previous experiments. 

Contrary to the chemical recovery experiments using the lyophilisated samples, the freshly 

expressed RhaB variants displayed a much higher recovery in the presence of the external 

nucleophile (Figure 92). With exception of RhaB-E841S, all examined variants 

RhaB-E841G, -D567S, and -D567C exhibited a residual hydrolytic activity even without the 

presence of the external nucleophile. The absence of this residual activity in the lyophilisated 

samples may be due to denaturation of the rhamnosidase during the freeze-drying process. In 

the presence of sodium azide at a concentration of 16 mM, RhaB-E841G, -D567S, and -D567C 

all showed 100% recovery of the cleavage activity. As the activity of the wt enzyme was 

deactivated by high concentrations of sodium azide, the recovered activity will not have been 

caused or influenced by the residual activity observed in the absence of sodium azide. Higher 

concentrations of azide such as 0.1 M and 0.2 M exhibited a deactivating effect on the 

RhaB-D567S variant. RhaB-D567C was also deactivated by the high concentration, though 

the large deviations in recovered activity might indicate to disturbances during the 

measurement. Different to the other variants, RhaB-E841G was not deactivated by the high 

concentrations of azide. The high percentage of recovered activity in the presence of the 

external nucleophile points to an incorporation of the azide into the substrate 5ae. The 

RhaB-D567G variant showed the most promising properties for use as a rhamnosynthase, as 

this mutant recovered activity without any deactivation during all of the tested conditions. The 

missing recovery of the variant RhaB-E841S contradicts the results found for the lyophilisate 

sample. This apparent absence in recovered activity might be due to the short measurement 

time of 5 min as, with the lyophilisated sample, long reaction times of 30 min and longer were 

necessary to detect a cleavage of the substrate pNPRha 5r with RhaB-E841S. 
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Figure 92 Recovered activity of the RhaB mutant variants towards 2-Cl-pNPRha 5ae (0.6 mM) in the 
presence of sodium azide. The concentration of sodium azide was varied (A: A 8 mM; B 16 mM; C 0 mM / 
B: A 0.1 M; B 0.2 M,; C 0 M) and the reaction followed for 5 min at 25 °C in 50 mM KPi-buffer, pH 7.5. 
Activity was compared to the wt activity, which was set as 100%. Enzyme concentrations: 
E842G 94.8 µg/mL; E841S 73.2 µg/mL; D567S 2.0 µg/mL; D567C 0.1 µg/mL. 

To determine whether the recovered activity of the RhaB variants led to the formation of the 

β-L-rhamnopyranosyl azide (16d) donor, the chemical recovery reactions were repeated but 

instead of the release of 2-chloro-p-nitrophenolate (13c) the depletion of the sodium azide 

concentration was examined (Figure 93). The azide concentration of the reaction mixture could 

be determined by applying the assay described in section 6.3.4 using acidic ferric solution. The 

measurement of a reference sample containing no enzyme did not lead to the expected azide 

concentrations of 8 mM and 16 mM (starting concentrations of the external nucleophile) but 

concentrations of 5.9 ± 0.4 mM and 12.3 ± 2.0 mM respectively and also showed a 

concentration of 2.3 ± 0.5 mM when no sodium azide was present. The assay therefore seems 

to contain a slight uncertainty and the results should only be considered for indications of the 

donor 16d formation. When considering these measurements, the most promising variants of 

RhaB for the conversion of azide are RhaB-E841G and -D567S. In the presence of a starting 

concentration of 16 mM sodium azide RhaB-E841G and -D567S catalysed a reduction of the 

azide concentration of 6.6 mM and 4.9 mM respectively (∆N3 concentration after 1 h). The 

reduction catalysed by these variants is larger than the difference of the reference sample 

(∆N3 = 3.7 mM) and therefore could possibly indicate to a conversion by the enzymes and the 

production of the rhamnosyl donor 16d. The large standard deviation of the measurements 

also point towards the necessity of further optimisation of the azide quantification assay. 
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Figure 93 Quantification of the sodium azide concentration decreasded by the potential conversion of 
2-Cl-pNPRha 5ae to donor 16d by mutant variants of RhaB. The concentration of sodium azide was 
varied (A 8 mM; B 16 mM; C 0 mM) and the concentration measured after 1 h at 25 °C in 50 mM 
KPi-buffer, pH 7.5. Quantification was carried out measuring the absorption of the reaction in acidic ferric 
solution (40 mM FeCl3 in 10 mM HCl) at 456 nm. A control reaction was performed by adding buffer 
without enzyme to the reaction mixture. Enzyme concentrations: E842G 94.8 µg/mL; E841S 
73.2 µg/mL; D567S 2.0 µg/mL; D567C 0.1 µg/mL. 

Furthermore, it was attempted to observe the production of the donor β-RhaN3 16d by the 

RhaB variants using infrared (IR) spectroscopy and 1H-NMR analysis. The characteristic 

absorption band at 2113 cm-1 in the IR spectrum of β-L-rhamnopyranosyl azide (16d) 

represtents the vibration of the azide functionality when bound to the rhamnosyl moiety. 

Measurement of sodium azide displayed an absorption band around 2042 cm-1, which 

therefore allowed a differentiation between the bound and free form of the azide molecule. All 

IR spectra of the enzymatic reactions, containing 0.2 M sodium azide and 0.6 mM 

2-Cl-pNPRha 5ae and one of the RhaB variants RhaB-E841G, -E841S, or -D567S, displayed 

an absorption band around 2041 cm-1 belonging to the unbound azide ion (Figure 94). The 

absence of an absorption band at 2113 cm-1 therefore indicated to no production of the 

rhamnosyl donor 16d. Analysis of the chemical recovery reaction via 1H-NMR also could not 

lead to the identification of β-RhaN3 16d. For the cases of RhaB-E841G and -D567S, 

hydrolysis of the substrate 5ae to rhamnose (11e) was observed. For RhaB-D567S the 

hydrolysis was even observed for the reaction without the presence of sodium azide, 

suggesting a hydrolysis of substrate 5ae without the external nucleophile participating. 

RhaB-E841G on the other hand, displayed hydrolysis of substrate 5ae only in presence of the 

nucleophile, with an increase of sodium azide causing a proportional increase of the hydrolysis 

product 11e. These results for the RhaB variant RhaB-E841G correspond to the results 

observed by 1H-NMR analysis for the chemical recovery of RhaB-E841S lyophilisate sample. 
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Figure 94 IR analysis of the chemical recovery experiments with RhaB variants RhaB-E841S, -E841G, 
and D567S in the presence of 2-Cl-pNPRha 5ae (0.6 mM) and sodium azide (0.2 M). The reaction was 
incubated for 1 h in 50 mM KPi-buffer, pH 7.5 at 25 °C. The vibrational bands applied for differentiation 
between free (~2041 cm-1) and bound azide (2113 cm-1) are marked by the box. 

The glycosynthetic reaction, utilising difficult synthesisable donor molecules, would be 

facilitated by the in situ production of the glycosyl donor catalysed by the glycosynthase itself, 

yet the incapability of the in situ production of the glycosyl donor does not exclude the mutant 

glycosidase as a potential glycosynthase. Therefore, the mutant variants of RhaB were also 

tested for glycosynthetic activity by applying the chemically synthesised rhamnosyl donor 
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β-L-rhamnopyranosyl azide (16d) in the presence of the monosaccharide glucose (11b) as an 

acceptor. Glucose (11b) was chosen as the acceptor as the disaccharidic substrate 

3-O-(α-L-rhamnopyranosyl)-β-D-glucopyranose was proposed by Cui et al. as the natural 

substrate of RhaB.[112] Analysis of the potential rhamnosylation reaction was carried out by 

1H-NMR. After incubation of the reaction containing a RhaB mutant (E841G/S, D567S/C), 

β-RhaN3 16d as the donor, and the acceptor glucose (11b) in concentrations of 0.2 M and 

0.1 M, the solvent was removed by reduced pressure and dissolved in D2O for 1H-NMR 

analysis. Control reactions without the additon of the acceptor molecule 11b displayed the 

inactivity of the RhaB mutants towards the potential donor 16d. Nevertheless, the addition of 

glucose 11b did not lead to the production of the expected disaccharide. The identification of 

newly formed signals and the analysis of the left over starting material 11b in the 1H-NMR 

spectrum was hindered greatly by the high intensity of the acceptor proton signals caused by 

the high concentration of the acceptor (chosen to benefit the equilibrium towards product 

formation). 



6 Results 
 

124 

 

  

Chapter synopsis: 

 The substrates p-nitrophenyl rhamnopyranoside (5r) and 2-chloro-4-nitrophenyl 

rhamnopyranoside (5ae) were synthesised successfully as substrates for RhaB, applied 

in the activity and chemical recovery experiments. 

 β-L-Rhamnopyranosyl azide (16d) was successfully synthesised by conversion of the 

pyranosyl halide 22u with NaN3 in HMPA. The compound 16d was employed as a 

reference molecule and potential donor substrate for rhamnosynthase candidates. 

 The wt RhaB of Bacillus sp. GL1 was characterised for kinetic parameters, substrate 

scope and tolerance towards co-solvents (DMSO and HMPA) and the additives NaN3 

and glucose (11b). 

 Additionally to the mutant variants of RhaB created by Kamila Morka, 

RhaB-D567G/S, -E572G/S, -E841G/S, four further variants 

RhaB-E567C, -E567N, -E579Q, and -E841A were created by round the horn-PCR. 

 The colourimetric detection assay for azide ions by acidic ferric solution was adapted 

for a microplate format. 

 Mutant variants of RhaB were tested for hydrolytic activity, examined for regained 

activity by chemical recovery and glycosynthetic activity with glucose as an acceptor 

molecule. 
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6.4 From monosaccharides to en bloc glycan transfer 

In comparison to the glycosynthases, Abg-E358S and BglU-E377A, which transfer 

monosaccharide moieties to an acceptor molecule, glycosynthases derived from 

endo-β-N-acetylglucosaminidases (ENGase) of the glycohydrolase family GH 85, are able to 

transfer large glycan molecules en bloc onto various acceptor molecules. These acceptor 

molecules can range from small low-molecular-weight molecules (e. g. monosaccharides, 

1,3-diols) to large protein structures. Glycosyl oxazolines or N-glycans containg a β-1,4-linked 

N,N′-diacetylchitobiose core can act as donor molecules for glycosynthases of this family. 

Eshima et al. described the mutant variant of the endo-β-N-acetylglucosaminidase of 

C. cinerea Endo CC-N180H to have high transglycosylation and glycosynthase-like activity.[132] 

The enzymes activity pH-optimum of 7.5 is advantageous for synthetic reactions, as the 

stability of the oxazoline donor compounds is greatly increased at an alkaline pH. The high 

heterologous expression in E. coli strains would also allow easy scalability of the desired 

reactions. The transfer of the sialo biantennary complex type glycan by Endo CC-N180H, 

derived from the sialylglycopeptide (20, SGP) as the glycan donor, was demonstrated by 

Manabe et al. for various acceptor molecules.[134] The acceptor repertoire of Endo CC-N180H 

was to be expanded to flavonoid and sugar nucleotide compounds and was attempted during 

the work of this thesis for the flavonoid glycosides naringenin-7-O-β-D-glucopyranoside 

(1b, prunin), quercetin-3-O-β-D-glucopyranoside (1h, isoquercetin), quercetin-

3-O-β-D-galactopyranoside (1j, hyperoside), quercetin-3-O-α-L-arabinofuranoside (1k, 

avicularin) and uridine diphosphate N-acetylglucosamine (28, UDP-GlcNAc). 

 

6.4.1 En bloc glycosylation 

Glycosynthases derived from endo-β-N-acetylglucosaminidases mostly utilise oxazoline 

donors for the glycosylation reaction. If residual hydrolytic activity is present, the mutant 

glycosidase can also apply natural occurring glycans containing a N,N′-diacetylchitobiose core 

as glycan donors. The ENGase variant Endo-CC N180H is able to utilise the natural 

glycopeptide, sialylglycopeptide (20, SGP), as a donor for the transferral of a sialo biantennary 

glycan (complex type) onto a 1,3-diol acceptor (Figure 95). SGP 20 can be isolated from egg 

yolk powder and is commercially available in a purified form.[169, 170] For the presented 

experiments commercial SGP 20 was obtained and was applied in glycosylation reactions with 

a commercial version of Endo-CC N180H and a version heterologously expressed in 

E. coli BL21(DE3). 
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Figure 95 Structure of the sialylglycopeptide SGP 20, which acts as a glycan donor in glycosylation 
reactions with Endo-CC N180H. The N,N′-diacetylchitobiose core of the glycan is cleaved and then 
transferred onto a suitable acceptor. 

 

6.4.2 Glycosylating RNase B-GlcNAc 

Native RNase B, which possesses a single glycan structure of the high mannose type, was 

enabled to act as an acceptor for transglycosylation, by cleavage of the N,N′-diacetylchitobiose 

core of the glycan with commercially available Endo-H. The cleavage of the glycan proceeded 

with complete conversion, decreasing the proteins molecular weight from 15 kDa to 14 kDa, 

which was observable by Trincine-SDS-PAGE analysis. A Tricine-SDS-PAGE was chosen for 

the analysis of the transglycosylation, as this type of SDS-PAGE technique is more suited for 

proteins below 30 kDa.[171] By comparison with a dilution series of albumin, with protein 

amounts ranging from 1–10 µg, the amount of produced RNase B-GlcNAc was estimated to 

be 0.002 mg/μL. The obtained peptide (2 µg) was subsequently incubated as an acceptor with 

the commercial ENGase glycosynthase variant Endo-CC N180H (0.75 mU) and SGP 20 

(150 µg) as the glycan donor. Further Tricine-SDS-PAGE analysis displayed an increase in 

the molecular weight confirming the transfer of the biantennary complex type glycan to the 

RNase B-GlcNAc. These results were in accordance to the observations in literature.[132] A 

dilution of the Endo-CC N180H concentration caused an improved glycosylation, possibly due 

to residual hydrolytic activity of the mutant ENGase. 
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Figure 96 Tricine-SDS-PAGE analysis of the glycosylation of RNase B-GlcNAc with the mutant ENGase 
Endo-CC N180H and SGP 20. Native RNase B (1) was de-glycosylated to RNase B-GlcNAc (2) by 
incubation with Endo-H (theor. 29 kDa; impurities above 17 kDa). The glycosylation reaction with 
Endo-CC N180H in 25 mM KPi-buffer, pH 7.5 (3: 75 µU; 4: 7.5 µU) caused an increase in molecular 
weight of RNase B-GlcNac back to approx. 15 kDa. 

 

6.4.3 Transferring glycans to low molecular weight acceptors 

To test the versatility of the transglycosylation method using Endo-CC N180H different 

acceptors were chosen for the reaction. The acceptor range of Endo-CC was described to be 

similar to Endo-M N175Q, therefore rendering pNPGlcNAc 5a as a possible acceptor, which 

was the first acceptor tested in the Endo-CC N180H glycosylation reaction. After a 2 h 

incubation of pNPGlcNAc 5a (1 mM) with commercial Endo-CC N180H (75 µU) and the glycan 

donor SGP 20 (7.5 mM) at 30 °C, a new peak was detectable via HPLC. The conversion was 

determined by the peak area to be 21%. For further proof of glycosylation activity catalysed by 

the glycosynthase, a time conversion was measured after 0 h, 1 h, 2 h and 4 h (Figure 97). 

The newly formed peak was not visible after 0 h incubation and increased over the time of the 

incubation. Hydrolysis of the isolated product 5af with wt Endo-M (ENGase of M. hiemalis; 

commercially obtained) led to the production of the starting material pNPGlcNAc 5a, giving a 

further indication to the successful transfer of the sialyl biantennary glycan onto 

pNPGlcNAc 5a. The mass of the peak could not be determined in definite, as the analyte 

concentration of the isolated product was too low. Nevertheless, as the glycan transfer 

catalysed by Endo-CC N180H onto pNPGlcNAc 5a has been described in literature, the 

assumption of a successful transfer can be made. 
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Figure 97 Time profile of the glycan transfer catalysed by commercial Endo-CC N180H of C. cinerea. 
The enzyme (75 µU) was incubated with pNPGlcNAc 5a (1 mM) and the donor 20 (7.5 mM) for 
30–240 min at 30 °C (KPi-buffer, 50 mM, pH 7.5). Product formation and substrate conversion was 
analysed by HPLC. 

Additionally to the transfer of the sialo biantennary glycan of SGP 20 onto pNPGlcNAc 5a, 

Manabe et al. also described the transfer onto acceptors such as pNPGlc 5h and 

pNPMan 5b.[134] Therefore, the transfer should also be possible for the flavonone glucoside 

prunin (1b). Incubation of the commercial Endo-CC N180H with SGP 20 and 

naringenin-7-O-β-D-glucoside (1b), under identical conditions as the glycosylation of 

pNPGlcNAc 5a, also led to a newly formed product observable by HPLC analysis. The 

conversion over 2 h was with 31% similar to the conversion of the pNPGlcNAc 5a, which is 

most likely due to the identical configuration of the hydroxyl groups of the two glycosyl moieties. 

The acetyl group in the 2-position of pNPGlcNAc 5a therefore seems to play a secondary role 

in the acceptor recognition of Endo-CC N180H. As expected, an incubation over 18 h 

increased the conversion of the acceptor 1b to 54% (Figure 98). The peak of the possible 

glycosylated product was isolated via HPLC and the molecular weight was determined to be 

2436 g/mol confirming the presence of the expected product 1l. The hydrolysis of the isolated 

glycoside 1l by incubation with the ENGase wt Endo-M also led in this case to the starting 

material 1b. 
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Figure 98 Conversion of prunin (1b) during the glycan transfer catalysed by commercial 
Endo-CC N180H of C. cinerea. The enzyme (75 µU) was incubated with prunin (1b, 1 mM) and the 
donor 20 (7.5 mM) for 2–18 h at 30 °C (KPi-buffer, 50 mM, pH 7.5). Product formation and substrate 
conversion was analysed by HPLC. 

The flavonoid derivatives isoquercetin (1h), avicularin (1k) and hyperoside (1j) were also 

applied as acceptor substrates for the glycan transfer catalysed by Endo-CC N180H 

(Figure 99). 
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Figure 99 Acceptor molecules tested for glycosylation catalysed by Endo-CC N180H with SGP 20 as 
the glycan donor. A glycosylation product was observed for isoquercetin (1h), but not avicularin (1k), 
hyperoside (1j) or UDP-GlcNAc 28. 
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Only in the case of isoquercetin (1h) could the formation of a new product be observed by 

HPLC analysis. As the flavonol structure is identical in isoquercetin (1h) and hyperoside (1j) 

the difference in acceptance could only result from the glycoside configuration. The hydroxyl 

group of the C-4 atom in the glycosidic ring being in an equatorial position (compared to axial 

in, for example, the galactose residue of hyperoside) is prerequisite for Endo-CC N180H. 

Similar results were reported by Manabe et al. for the acceptor pNPGal 5g.[134] The nucleotide 

sugar UDP-GlcNAc 28 was also tested as a possible acceptor substrate for Endo-CC N180H. 

A new product formation could not be observed by HPLC. Nevertheless, this might be due to 

an inadequate HPLC separation. Due to the previous results glycosylating pNPGlcNAc 5a and 

as N-acetylglucosamine derivatives are usually readily accepted by ENGases, 

UDP-GlcNAc 28 should be a possible candidate for glycan transfer. Though the negative 

charges of the phosphate residues of UDP-GlcNAc 28 might cause unfavourable interactions 

in the active site of Endo-CC N180H and therefore render the compound not suitable as an 

acceptor. 

 

6.4.4 Heterlogous expression of Endo-CC N180H 

In order to characterise a certain enzyme fully, it is important to have access to a large amount 

of the respective enzyme as not to be restricted in the scope of feasible experiments. The 

production of Endo-CC N180H of C. cinerea was carried out in literature by the heterologous 

expression in E. coli BL21 CodonPlus (DE3).[132] The heterologous expression of 

Endo-CC N180H was testen in E coli BL21(DE3) and the gene endo-CC N180H was therefore 

synthesised commercially and inserted between the NdeI and XhoI restriction sites of 

pET-21a(+) adding a C-terminal His6-tag to the enzyme for later purification via IMAC. After 

transformation of the E. coli strain, the expression was induced by the addition of IPTG and 

incubated 24 h at 25 °C (120 rpm). IMAC purification of Endo-CC N180H led to an enzyme 

solution with a protein concentration of 4.2·10-1 ± 4.1·10-2 mg/mL and SDS-analysis indicated 

to a protein with a calculated size of 89 kDa and a solution of high purity (Figure 100). Isolation 

of Endo-CC N180H from 1 g E. coli BL21(DE3) (cell mass; not dry) resulted in 2.1 mg isolated 

protein. Eshima et al. described the isolation of 0.1 mg wt Endo-CC from 250 mL E. coli culture 

after a 12 h incubation at 30 °C. These values are difficult to compare, as the cell mass or 

OD600 values of the cell cultures from which the ENGase was isolated, were not determined by 

Eshima et al. at the point of harvest. Due to uncertain factors, such as cell growth, a direct 

comparison of the amount of isolated protein is therefore not possible. 
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Figure 100 Tricine-SDS-PAGE analysis of the IMAC-purification of Endo CC-N180H from 
E. coli BL21(DE3). Samples of six stages of the purification were analysed: 1 cell-free extract; 2 flow 
through; 3 wash-fraction; 4 elution; 5 column wash; 6 final enzyme solution (desalted, concentrated). 
M: RotiMark 10–150 

The heterologous expressed Endo-CC N180H was examined for transglycosylation activity 

using commercially obtained SGP 20 and the acceptor molecules pNPGlc 5h, pNPGlcNAc 5a, 

and prunin (1b). The glycan donor 20 (7.5 mM) was applied in a 7.5× excess with respect to 

the acceptor compound 5h, 5a and 1b (1 mM) and incubated at 30 °C for 18 h (Figure 101). A 

yellow colouration of the reaction solution containing the acceptors 5h and 5a after the 

deactivation of Endo-CC N180H (100 °C, 3 min), indicated to a release of p-nitrophenol (13b) 

by hydrolysis of the p-nitrophenyl glycosides. The temperature of the deactivation process was 

therefore lowered to 80 °C to avoid product degradation. Transglycosylation activity was 

detected via liquid chromatography coupled mass spectroscopy (LC/MS) measurements for 

the acceptors 5h and 5a by detection of the expected product mass peaks 1152.4 (M + 2H / 2) 

and 1172 (M + 2H / 2) respectively. A product for the glycosylation of prunin (1b) could not be 

detected via the LC/MS method. Nevertheless, this result is most probably attributed to the 

analytical method, as the possibility of glycosylation of prunin (1b) was confirmed applying the 

commercially available Endo-CC N180H. The obtained results therefore confirm the possibility 

of heterologous expression of active Endo-CC N180H in E. coli BL21(DE3). 
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Figure 101 Glycan transfer reactions catalysed by, in E. coli BL21(DE3) heterologous expressed, 
Endo-CC N180H of C. cinerea. The enzyme (0.21 mg/mL) was incubated with the respective 
acceptor 5a, 5h and 1b (1 mM) and donor 20 (7.5 mM) for 18 h at 30 °C (KPi-buffer, 20 mM, pH 7.5). 
Product formation was analysed by LC/MS measurement. 

 

 

 

Chapter synopsis: 

 The transfer of the sialo biantennary glycan of SGP 20 catalysed by commercially 

obtained Endo-CC N180H was successfully demonstrated for RNase B-GlcNAc, 

pNPGlcNAc 5a and naringenin-7-O-β-D-glucoside (1b). 

 The acceptor scope of Endo-CC N180H was tested towards isoquercetin (1h), 

hyperoside (1j), and avicularin (1k).  

 Active Endo-CC N180H was expressed in E. coli BL21(DE3) and tested for the glycan 

transfer onto pNPGlc 5h, pNPGlcNAc 5a, and naringenin-7-O-β-D-glucoside (1b) with 

SGP 20 as the glycan donor. 
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7 SUMMARY AND OUTLOOK 

The biocatalytic synthesis of glycosides by application of glycosynthases has many 

advantages over chemical synthesis, but also numerous challenges, which still need to be 

addressed in order to turn this synthetic approach into a universal method. The results obtained 

during the work of this thesis highlighted various aspects not only of the 

glycosynthase-catalysed reaction but also of the process of transforming a glycosidase into a 

glycosynthase. 

Application of extremophilic glycosidases as glycosynthase candidates 

The influence of temperature on glycosynthetic reactions by applying mutated glycosidases 

with hyperthermophilic, mesophilic, and psychrophilic properties was examined in detail. The 

mesophilic β-glucosidase mutant Abg-E358S acted, not only as an example of a mesophilic 

glycosynthase, but also as a positive control as this variant was literature known to possess 

glycosynthetic activity. The synthetic activity was demonstrated by the glucosylation of 

pNPGlc 5h and the naringenin-7-O-β-D-glucoside (1b, Figure 102). As has been described in 

literature, the enzyme did not only catalyse a single glucosylation, but in both cases led to 

oligomeric products.[21] Beside the repeated glycosylation of the produced product, the 

self-coupling of the donor α-GlcF 2a, producing α-D-cellobiosyl and α-D-cellotriosyl 

fluoride (2m and 2n) as undesired side products, was observed. 

 
Figure 102 Glycodiversification of the flavonoid naringin (1c). The rhamnoside was cleaved by the 
deactivated form of the naringinase of P. decumbens. Subsequently, the glucoside 1b was glycosylated 
by the β-glucosynthase Abg-E358S. a Yield of the acetylated derivative of 1i. 

An elevated temperature proved unsuitable for glycosynthetic reactions utilising glycosyl 

fluoride donors. In literature, thermophilic enzymes have been applied as glycosynthases, but 

mostly by employing the in situ production of the glycosyl donor by chemical recovery.[23, 74, 172] 
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The application of a hyperthermophilic enzyme was attempted in this thesis with mutants of 

the putative β-galactosidase BglC, which was provided by the group of Prof. Elling (RWTH 

Aachen). Analysis of the glycosidases amino acid sequence with glycosidases of the 

respective glycohydrolase family (GH 35) led to the determination of potential catalytic 

residues, which were mutated by QuikChange™-PCR. No glycosynthetic activity could be 

detected for the generated variants of BglC and a general unsuitability of high temperatures 

for glycosynthetic reactions was determined as thermal degradation of the glycosyl fluoride 

donor dominated the reaction. A further analysis of the sequence of BglC with the 

β-glucosaminidases GlmATk and GlmAPh revealed a high similarity of BglC to this type of 

enzyme and a most likely miss-identification of the catalytic residue, which might explain the 

absence of glycosynthetic activity by the tested BglC variants. Nevertheless, the high thermal 

degradation of the glycosyl donor at high reaction temperatures would still lead to diminished 

yields and BglC was therefore not further considered as a glycosynthase candidate. 

The unsuitability of elevated temperatures turned the focus towards low and moderate 

temperatures for the glycosynthetic reaction in order to minimalise glycosyl fluoride hydrolysis. 

The psychrophilic glucosidase BglU of M. antarcticus was therefore characterised and the 

catalytic residue mutated with the aim of producing a cold-adapted β-glycosynthase. The wt 

enzyme exhibited generally a much lower lower hydrolytic activity than the mesophilic 

glucosidase Abg. Mutation of the nuleophilic residue by QuikChange™-PCR and 

β-glucosidase activity screening via esculin-agar resulted in the identification of the 

glycosynthetic active variant BglU-E377A, which transferred the glucosyl donor onto glycosidic 

acceptors producing a β-1,4 linkage. Similar to the wt, the glycosynthase BglU-E377A 

exhibited a lower synthetic activity than the mesophilic Abg-E354S and despite the lower 

activity, a repeated glycosylation of the product similar to the reaction catalysed by Abg-E358S 

was observed. 

The β-glucosynthase BglU-E377A is to the best of our knoledge the first glycosynthase derived 

from a cold-adapted glucosidase. Nevertheless, the low activity of the generated 

glycosynthase limited the application of the enzyme for synthetic purposes. Characterisation 

of the substrate scope of BglU-E377A proved difficult most likely due to the low reaction rate 

of the glycosynthase. In order to make this glucosynthase synthetically useful, an increase of 

the catalytic activity of the enzyme would be required. Observations described by Miao et al. 

(mentioned in section 5.2.2), examining the effect of certain amino acid residues and the long 

L3-loop structure on the cold-adapted activity of BglU, could contribute greatly to this 

goal.[83, 173] While deletion of the flexible L3-loop caused a loss of the low-temperature activity 

for BglU, the exchange of H299 with tyrosine, found most commonly in this position in 

meso- and thermophilic glucosidases, increased the catalytic activity, thermostability and 
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optimal temperature (Figure 103). The combination of the E377A mutation, giving the desired 

glycosynthase activity, with the H299Y mutation might increase the activity of the 

glycosynthase as observed for the wt glycosidase. Miao et al. postulated the activation being 

caused by the interaction of the tyrosine hydroxyl group (H299Y) with the backbone of H331. 

This interaction on the one hand, stabilises the conformation of the catalytic pocket and on the 

other, cuts off an essential water chain usually ranging from the surface of BglU into the 

catalytic pocket by interaction with the H299 residue. The BglU-H299Y mutant exhibited a 3.4× 

higher hydrolytic activity (wt: kcat = 6.7·103 s-1; H299Y: kcat = 22.6·103 s-1) and a higher affinity 

to the substrate pNPGlc 5h (wt: KM = 5.9 M; H299Y: KM = 3.9 M) at 25 °C. This stabilising effect 

could also be beneficial for the glycosynthases activity. 

 
Figure 103 Structural comparison of the function of Y297 in the mesophilic glucosidase BglB 
(Paenibacillus polymyxa) and the corresponding residue H299 in the cold-adapted glucosidase BglU 
(M. antarcticus). (A) The hydroxyl group of Y297 in BglB interacts with the backbone of H331, exhibiting 
a stabilising effect on the catalytic pocket and cutting off the water chain (W2–W5) from the surface of 
the enzyme. (B) The H299 residue of BglU interacts with a water molecule belonging to a hydrogen 
bond network reaching from the surface into the catalytic pocket. Introduction of H299Y in BglU could 
also lead to a displacement of W1 and result in a stabilising effect, increasing activity and thermostability 
(depicted in blue, B). 

While an increase in glycosynthetic activity is desirable for an efficient synthesis of glycosides, 

the increased activity will also cause a disadvantage in the form of glycoside product mixtures 

due to repeated glycosylation. This is in general a drawback in particular for glucosynthases 

as the produced glucoside can act as a new acceptor for the enzyme. In literature, repeated 

glycosylation catalysed by glucosynthases is avoided by applying α-D-galactopyranosyl 

fluoride (2b), which after transferral is not recognised as an acceptor by the enzyme.[21] This 

solution is effective if the type of glycosylation in the product is not essential, but ineffective if 

a glucosylation is the desired. A solution possibly enabling mono-glucosylation could be the 

application of glucosynthases in a flow-reactor set up. The immobilisation of the glycosynthase 

to a stationary phase in a reactor column would allow the removal of the product from the 

enzyme after catalysing the first glycosylation reaction in a simple flow system (Figure 104). 

The degree of glycosylation might even be adjustable by employing different flow rates through 
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the reactor column and variation of the donor : acceptor ratios in the mobile phase. Most 

recently, Haneda et al. demonstrated the application of the glycosynthase Endo-M N175Q 

immobilised on N-hydroxysuccinimide-activated sepharose resin in a microbioreactor for the 

production of neo-glycoconjugates.[174] The transferral of the oxazoline derivative of the sialo 

complex-type glycoside onto N-Fmoc-N-acetylglucosaminyl-L-apraragine was successfully 

demonstrated with this method. This is, up to date, the only example in literature of an 

immobilised glycosynthase for synthetic uses. However, immobilisation and flow reactors have 

been successfully applied for transglycosylation reactions producing lactulose and 

β-glucosylglycerol using the thermophilic β-glycosidase CelB of P. furiosus, demonstrating the 

high potential of continuous flow reactors for reaction time sensitive reactions.[175, 176] 

 
Figure 104 Immobilisation of glucosynthases and application in continuous flow-reactors could improve 
the control of repeated glycosylation of the produced product by ensuring removal of the product from 
the enzyme reactor. Length of the reactor column or the flow rate could be variable parameters to 
influence the enzymatic glycosylation. 

Despite the unsuitability of the hyperthermophilic β-glycosidase BglC as a β-glucosynthase, 

due to the high temperature dependency and low activity towards glucoside substrates, a 

characterisation and verification of the natural function of BglC would be of great interest. The 

high sequential similarity of BglC to GlmATk/Ph indicates strongly in the direction of a 

β-glucosaminidase, which could easily be confirmed by testing the activity of BglC towards 

p-nitrophenyl β-D-glucosaminide or other glucosaminide derivatives. The high temperature 

dependency of the hydrolytic activity of BglC might then be cancelled out, should the activity 

towards glucosaminide compounds be much higher than the activity towards glucosides (as 

observed for GlmATK and GlmAPh). A decrease of the temperature dependency would 

reintroduce the possibility of applying BglC as a glycosynthase, serving as a new biocatalytic 

synthesis route towards glycosaminoglycans. The diverse structures of glycosamnioglycans, 

encompassing polymers such as hyaluronan, dermatan sulfate, and heparan sulfate are of 

high pharmaceutical interest due to their diverse biological activities, especially concerning 

carcinogenesis.[177, 178] The enzymatic synthesis of glycosaminoglycans has mostly been 

carried out by transglycosylation, applying β-N-acetylhexosaminidases or hyaluronidases with 

p-nitrophenyl glucosaminide or oxazoline derivatives as glycosyl donors.[179-183] A synthetic 

approach towards glycosaminoglycans by a glycosynthase has yet only been described by 
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Müllegger et al.[184] by transferring α-D-glucuronyl fluoride onto various glycoside acceptors 

catalysed by a mutant variant of the thermostable β-glucuronidase (TMGUA-E476A) of 

T. maritima. A glycosynthase derived from BglC transferring the glucosamine moiety towards 

the synthesis of a glycosaminoglycan would complement the synthesis approach of 

Müllegger et al. well. 

Colourimetric glycosynthase activity assay 

Following the method of Andrés et al., a modification of the glycosynthase activity assay, 

exploiting the capability of fluoride to cleave silyl ether bonds, was developed shortening the 

assay time and increasing the maximal detection limit greatly (Figure 105).[1] The use of 

TIPSpNP 23 in acetonitrile for the quantification of fluoride ions, released by conversion of the 

glycosyl fluoride donor, enabled the measurement of glycosynthase activity and the 

determination of the conversion during synthetic reactions within the short time of 10 min. 

Despite the use of a less sensitive absorption assay instead of a fluorescence probe, the 

quantitation limit (LOQ) is only slightly higher, thereby still allowing reliable detection of low 

fluoride concentrations. The increased detection maximum, which is vital for determination of 

kinetic parameters, for which high substrate concentrations are required, broadened the 

applicability of the method towards biochemical characterisation of glycosynthases. 

 
Figure 105 Reaction mechanism of the developed glycosynthase activity assay. The enzymatic 
glycosylation is catalysed in reaction A by the α/β-glucosynthase releasing hydrogen fluoride as a side 
product. A sample of the reaction is then transferred into acetonitrile containing 1 mM TIPSpNP 23 
initiating the cleavage of the silyl ether as reaction B. A quantification of the enzymatically released 
fluoride can then occur by photometric measurements of the released pNP 13b at 410 nm. 

The developed assay allowed the characterisation of glycosynthases in a fast and efficient 

microtiter plate format, omitting the need of lengthy ion-selective electrode analyses. The 

application of the assay was demonstrated by the determination of the conversion of the 

glycosyl fluoride donor, kinetic measurements, substrate scope, and optimal acceptor : donor 
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ratio of the glycosynthases Abg-E358S and BglU-E377A. Both the development and 

application of the assay was successfully published.[2] The utilisation of the assay could also 

be broadend from the characterisation of glycosynthase properties to the identification or 

improvement of glycosynthases in mutagenesis libraries. The high-throughput microplate 

format also has high potential in automated screening processes. Therefore, the quantification 

of the fluoride concentration being separate from the enzymatic reaction would bring the 

advantage of allowing subsequent anaylsis of the reaction by HPLC or multiplex capillary 

electrophoresis after identifying positive hits in a mutant library. 

Glycosylation of phenolic compounds by Cbg1 

Due to the limitation of the substrate spectrum of the examined glycosynthases, glycosylating 

only glycosidic acceptor molecules, a substrate-based approach of glycosynthase candidate 

identification was carried out. By analysis of the secondary metabolic pathways of 

R. radiobacter the coniferin-specific β-glucosidase Cbg1 was identified as a glycosynthase 

candidate, which could potentially glycosylate phenolic compounds. Cbg1 was successfully 

heterologously expressed, and characterised with respect to its kinetic properties and 

substrate scope. Structural analysis identified the catalytic residues D222 and D559 as the 

nucleophilic and acid/base residue respectively. The mutants Cbg1-D222A, -D222S, and 

D222C were created by round the horn-PCR mutagenesis and tested for glycosynthetic 

activity. As none of these variants showed glycosynthetic activity, but low hydrolysis of the 

glycosyl fluoride donor, a further structural examination was conducted. The mutant library of 

Cbg1 was therefore expanded by Cbg1-D559A/S/C, -Y190F, -Y190F D222A, and -H144A 

variants. Each mutant was examined for hydrolytic activity and glycosynthase activity utilising 

a glycosyl fluoride donor or the chemical recovery method. In regard to the hydrolysis, the 

mutants Cbg1-D222S and -H144A exhibited much higher hydrolytic activity (3.6× and 20×, 

respectively) than the wt form. A chemical recovery of pNPGlc 5h cleavage was only observed 

for the mutant variants of the D559 position. β-D-Glucopyranosyl azide (16c) was identified as 

the product of the chemical recovery reaction catalysed by Cbg1-D559A with pNPGlc (5h) and 

sodium azide. The production of this compound verified the position D559 as the acid/base 

catalyst in Cbg1. As the glycosynthetic activity was not yet observed, tranglycosylations 

following the experiments of Watt et al. were attempted applying phenolic compounds. 

Successful transglycosylation was only observed for the aliphatic alcohol n-butanol (15a), even 

though the phenolic alcohols showed an activating effect on wt Cbg1 and various mutant 

variants similar to the transglycosylation onto n-butanol (15a). 

Despite not having identified a mutant variant of Cbg1 with glycosynthase activity, there is 

much potential for application of Cbg1 in glycoside synthesis. The various mutant variants of 
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Cbg1 showed very different effects on the enzymes activity and could prove synthetically 

useful. The mutation of the acid/base catalyst D559 enabled the single step synthesis of 

β-D-glucopyranosyl azide (16c) by chemical recovery using sodium azide from a commercially 

available starting material pNPGlc 5h (Figure 106). This synthesis avoids the longer chemical 

procedure encompassing acetylation, bromination, and substitution of the halide by an azide 

ion or the use of hypervalent silicate intermediates and occurs with complete anomeric 

control.[162, 185] This glycosyl azide can be applied as a building block for the synthesis of 

β-glucopyranosyl triazols in a CuI-catalysed azide alkyne 1,3-dipolar cycloaddition (‘click 

chemistry’).[186, 187] These structures have been shown to possess interesting glucosidase 

inhibitory properties. Starting from the glycosyl azide, the synthesis of amide-linked 

N-glycosides by Staudinger-aza-Wittig chemistry or the respective glycosylamines by 

reduction of the azide are possible. Furthermore, considering the substrate scope of wt Cbg1, 

an array of glycosyl azides may possibly be synthesised by the mutant variant Cbg1-D559A. 

 
Figure 106 Possible synthetic applications of the generated variant Cbg1-D559A. The 
glycosyl-enzyme-intermediate, formed during the cleavage of pNPGlc 5h, can be cleaved by an external 
nucleophile such as a thiol (acting as a thioglycoligase) resulting in a β-thioglycoside or by an azide ion 
producing β-glucopyranosyl azide (16c).[161] This product can be utilised as a building block for the 
synthesis of β-glycopyranosyl triazols (click chemistry), β-glycosylamines (reduction), or amide-linked 
N-glycosides (Stauder-aza-Wittig chemistry).[162, 186, 187] 

By utilising the same reaction mechanism, Cbg1-D559A could also be applied as a 

thioglycoligase for the synthesis of β-thioglycosides by adding thiols as acceptors instead of 

sodium azide.[161, 188] When utilising a deoxythio sugar acceptor, the regioselectivity of the 

produced glycosidic linkage can be influenced by the position of the thiol group in the acceptor. 

The increased activity by mutation of the position H144A could also be exploited for synthetic 

purposes in different ways. In the case of the single mutation, the strong activation in the 

presence of an alcohol acceptor, which is higher than the activation of the wt enzyme, indicates 
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to an increased potential of synthesis by transglycosylation. Nevertheless, due to the increased 

activity of the variant, reaction control will be critical in order to avoid low yields by hydrolysis 

of the produced glycoside. Of great interest would be the combination of the H144A mutation 

with a further mutation such as D559A. The activation of the enzymes activity by the mutation 

H144A might also occur for Cbg1-D559A, possibly resulting in a double mutated variant 

Cbg1-H144A D559A with increased synthetic potential towards glycosyl azides or 

thioglycoligase activity. 

Transforming RhaB into a glycosynthase 

The transformation of a α-L-rhamnosidase into a glycosynthase has not yet been described in 

literature and therefore, the conversion of the α-L-rhamnosidase RhaB of Bacillus sp. GL1 was 

attempted, by applying the strategy of an in situ production and transfer of the β-glycosyl azide 

donor as demonstrated by Cobucci-Ponzano et al. for α-fucosynthases.[98] The substrates, 

p-nitrophenyl rhamnopyranoside (5r) and 2-chloro-4-nitrophenyl rhamnopyranoside (5ae), 

required for enzyme characterisation and glycosynthase development were synthesised 

successfully and applied in activity and chemical recovery experiments. β-L-Rhamnopyranosyl 

azide (16d) was successfully synthesised by conversion of the pyranosyl halide 22u with NaN3 

in HMPA. The compound 16d was employed as a reference molecule and potential donor 

substrate for rhamnosynthase candidates. The wt RhaB of Bacillus sp. GL1 was expressed 

and characterised for kinetic parameters and substrate scope, which revealed a high specificity 

towards rhamnosides and none of the other examined glycosides. The enzyme exhibited a 

high tolerance towards DMSO as a co-solvent but additives such as HMPA, NaN3, and 

glucose (11b) inhibited the rhamnosidase when present in high concentrations. In addition to 

the six mutant variants of RhaB created by Kamila Morka, 

RhaB-D567G/S, -E572G/S, -E841G/S, four further mutant variants RhaB-E567C/N, -E579Q, 

and -E841A were produced by round the horn-PCR. The mutant variants of RhaB were tested 

for hydrolytic activity, examined for regained activity by chemical recovery, and glycosynthetic 

activity, applying glucose (11b) as an acceptor molecule. Mutant variants of the position D572 

were excluded as potential glycosynthases due to the retained hydrolytic activity. Mutants of 

the positions E841 and D567, on the other hand, recovered activity in the presence of an 

external nucleophile, but the formation of β-L-rhamnopyranosyl azide (16d) was not detected 

by 1H-NMR or IR analysis. A colourimetric detection assay for azide ions by acidic ferric 

solution was adapted for a microplate format and applied for the identification of glycosynthetic 

activity of RhaB mutant variants. The assay allowed the distinction between free and bound 

azide molecules, yet the relative high deviations during azide quantification for enzymatic 

conversions indicates to the requirement of further optimisation. 



7 Summary and Outlook 
 

141 

 
Figure 107 Reaction scheme and detection methods for the characterisation of an α-L-rhamnosynthase 
by applying the chemical recovery method. The β-rhamnopyranosyl azide (16d) is synthesised in situ 
by addition of the external nucleophile sodium azide and subsequently transferred to an acceptor 
molecule. The in situ donor synthesis can be detected either by the decrease of the azide concentration 
or by the increase of absorption at 410 nm (release of 13c). Rhamnosylation can then be detected by 
the release of azide. 

Although the protein structure of RhaB has been elucidated, the absence of a clearly defined 

reaction mechanism is the main challenge for transforming this particular glycosidase into its 

glycosynthase counterpart. The instability issues of the β-glycosyl fluoride donor can be 

overcome by the application of the respective glycosyl azides, yet a general approach for 

mutation of the inverting glycosidase can still not be described. Acquisition of further mutant 

variants of the residues potentially involved in the enzymatic catalysis and their 

characterisation would give more insight into the glycoside hydrolysis and contribute to 

glycosynthase production. Further analysis of the rhamnoside cleavage by RhaB-E841 

and -D567 mutants observed in the chemical recovery experiments with sodium azide is also 

required. The cleavage occurring only in the presence of azide ions, yet absence of a cleavage 

product containing the external nucleophile indicates to an undescribed catalytic mechanism. 

Elucidation of this hydrolytic mechanism could be key to optimising the rhamnosidase towards 

glycosynthetic activity. Nevertheless, should further examination of RhaB variants not lead to 

glycosynthase activity, the rhamnosidase could alternatively be considered for rhamnoside 

synthesis by transglycosylation or reverse hydrolysis. De Winter et al. and Ge et al. both 

successfully demonstrated the use of fungal rhamnosidases towards the synthesis of phenolic 

rhamnosides and rhamnosyl mannitol by the reverse hydrolysis approach, which could also be 

attempted using the wt RhaB.[107, 189] 

Glycan transfer by Endo-CC N180H 

The transfer of larger glycans catalysed by glycosynthases was enabled by the introduction of 

mutant endo-β-N-acetylglucosaminidases (ENGases) exhibiting glycosynthase like activity. In 

cooperation with the group of Prof. Fujiyama the synthetic potential of the glycosynthase 

variant of Endo-CC N180H of C. cinerea for the diversification of flavonoids was evaluated. 

The transfer of the sialo biantennary glycan of SGP 20 catalysed by commercially obtained 
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Endo-CC N180H was successfully demonstrated for RNase B-GlcNAc, pNPGlcNAc 5a and 

naringenin-7-O-β-D-glucoside (1b), which demonstrates the large scope of possible glycosides 

acting as an acceptor for Endo-CC N180H. The acceptor scope was further tested towards the 

flavonoids isoquercetin (1h), hyperoside (1j), and avicularin (1k), revealing the limitation of the 

acceptor scope lying in the glycoside (glucoside vs. galactoside) rather than the aglycone of 

the acceptor. Similar observations were made by Manabe et al., also transferring the glycan 

of SGP 20 to the anti-CCR4 antibody.[134] Active Endo-CC N180H was also expressed in 

E. coli BL21(DE3) and tested for the glycan transfer onto pNPGlc 5h, pNPGlcNAc 5a, and 

naringenin-7-O-β-D-glucoside (1b) with SGP 20 as the glycan donor. 

 
Figure 108 Overview of the examined glycosylation reactions catalysed by Endo-CC N180H. The sialo 
biantennary glycan was transferred from SGP (20) onto different glucosides and N-acetyl 
glucosaminides. Galactosides were not accepted by the enzyme as acceptor molecules. 

The results obtained during this thesis demonstrate the high potential of Endo-CC N180H in 

the synthesis of new glycosides with large glycan structures. The transfer of the glycan of 

SGP 20 onto the flavonoids naringenin-7-O-β-D-glucoside (1b) and isoquercetin (1h) reveals 

a new possibility of glycodiversification of flavonoid glycosides. Depending on the scope of the 

glycan donor structure of Endo-CC N180H, which has not yet been fully described, the 

biological activity and pharmaco kinetics of flavonoids could be tailored by adding the required 

glycan to the flavonoid by glycosynthase catalysis. The high cost of commercially available 
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SGP 20, limits the possibility of up-scaling of the reaction. Nevertheless, this limitation can be 

circumvented by extraction of the glycan from cost efficient sources such as egg yolk 

powder.[170, 190, 191] Endo-CC N180H could also be similarly applied for the production of 

neo-glycoconjugates as was demonstrated by Haneda et al. immobilising the glycosynthase 

Endo-M-N175Q in a microbioreactor.[174] The capability of Endo-CC N180H in transferral of 

glycans to large protein structures will be highly advantageous for the production of 

homogeneously glycosylated biopharmaceuticals and biosimilars. The use of this 

glycosynthase in the modification of the post-translational glycosylation will help to understand 

the functional role of relevant glycans and facilitate the maintenance of biopharmaceutical and 

biosimilar quality and safety. 
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8 EXPERIMENTAL SECTION 

8.1 General 

8.1.1 Devices 

Devices used for biochemical, molecular, and microbiological methods are listed in Table 14. 

An overview of the devices used for the chemical analysis of synthetic reaction products can 

be found in section 8.6. 

Table 14 Overview of the utilised devices. 

Device Description Producer 
Electrophoresis 300 V Power source VWR International GmbH, 

Darmstadt, Germany 
Mini-Protean® Tetra System Bio-Rad Laboratories 

GmbH, Munich, Germany 
Agarose gel chambers peqLab Biotechnology 

Gel documentation INTAS GeliX Imager INTAS Science Imaging 
Instruments GmbH, 
Göttingen, Germany 

Photometer NanoDrop 2000c 
 

Thermo Fisher Scientific, 
Waltham, MA, USA 

UV-1800 (cuvettes), tempered Shimadzu, Duisburg, 
Germany 

Photometer/Fluorometer 
for microplates 

Infinite® M1000Pro TECAN Trading AG, 
Männedorf, Switzerland 

pH-Meter pH-Meter 766 combined with electrode 
IJ44C 

Calimetic Knick 
Nordantec GmbH, 
Bremerhafen, Germany 

Pipettes Eppendorf Research, 0.1–2.5 µL 
Eppendorf Research, 1–10 µL 
Eppendorf Research, 10–100 µL 
Eppendorf Research, 100–1000 µL 
Gilson Pipetman, 0.5–5mL 

Eppendorf AG, Hamburg, 
Germany 
 
 
Gilson, Middleton, WI, USA 

Peristaltic pump Peristaltic pump P-1 Pharmacia Fine Chemicals, 
now Pharmacia & Upjohn, 
Uppsala, Sweden 

Rotatory evaporator Rotavapor R-205 combined with B-490 
Waterbath 

Büchi Labortechnik GmbH, 
Essen, Germany 

Thermocycler Biometra TProfessional Basic Gradient Analytik Jena AG, Jena, 
Germany 

VWR Doppio VWR International GmbH, 
Darmstadt, Germany 

Ultrasonic bath Sonorex RK 100H Bandelin electronic GmbH, 
Berlin, Germany 

UV-light 254/366 nm UV-light Camag, Muttenz, 
Switzerland 

Scales ME253S 
LA1200S 

Satorius AG, Göttingen, 
Germany 

Cell lysis equipment Sonoplus Bandelin electronic GmbH, 
Berlin, Germany 
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Centrifuges Eppendorf Centrifuge 5424R, cooled 
with fixed angle rotor (reaction vessels 
1.5 mL, 2 mL) 

Eppendorf AG, Hamburg, 
Germany 

Eppendorf Centrifuge 5810R, cooled 
with fixed angle rotor (reaction vessels 
15 mL, 50 mL) 

Eppendorf AG, Hamburg, 
Germany 

Eppendorf Concentrator 5301, vacuum 
centrifuge 

Eppendorf AG, Hamburg, 
Germany 

Sorvall RC6+, cooled centrifuge Thermo Fisher Scientific, 
Waltham, MA, USA 

Sorvall F10S-4x1000, fixed angle rotor Thermo Fisher Scientific, 
Waltham, MA, USA 

Sorvall F9S, fixed angle rotor Thermo Fisher Scientific, 
Waltham, MA, USA 

Incubator New Brunswick™ Innova® 42 Eppendorf AG, Hamburg, 
Germany 

Shaker BioCote Stuart rotator SB2 BioCote Ltd, 
Wolverhampton, UK 

 Eppendorf Thermomixer compact, 
shaking heatblock for reaction vessels of 
1.5–2 mL 

Eppendorf AG, Hamburg, 
Germany 

 HLC MKR23, shaking heatblock for 
reaction vessels of 1.5–50 mL 

HLC BioTech, Bovenden, 
Germany 

Magnetic stirrer Heidolph MR 3001 K, heatable magnetic 
stirrer combined with the EKT HeiCon 
thermometer 

Heidolph Instruments 
GmbH & Co.KG, 
Schwabach, Germany 

Heat gun (50–650 °C) Steinel HG3002LCD Type 3458 Steinel Vertrieb GmbH, 
Herzebrock-Clarholz 

Heat cabinet (120 °C, for 
glas ware) 

Jouan Innovens 234 EU1 Thermo Fisher Scientific, 
Waltham, MA, USA 

Lyophylisator Zirbus VaCo2 Lyophilisator Zibrus Technology GmbH, 
Bad Grund, Germmany 

 

8.1.2 Consumables 

Consumables such as pipette tips of various sizes (0.1–1,000 µL), reaction vessels (1.5 mL, 

2 mL, 15 ml, 50 mL), and petri dishes were acquired from neoLab Migge GmbH (Heidelberg, 

Germany). Sterile syringe filters (0.20 µm, cellulose acetate) were purchased from 

VWR International GmbH (Darmstadt, Germany). Single use syringes of the Injekt® series 

(polypropylene/polyethylene) were purchased from B. Braun Melsungen AG (Melsungen, 

Germany). For absorption measurements microplates, 96 well (PS, F-bottom, clear) of 

Greiner Bio-one GmbH (Frickenhausen, Germany) and single use cuvettes (LLG-cuvettes, PS, 

semi-micro, 1.6 mL) of Lab Logistics Group GmbH (Meckenheim, Germany) were utilised. 
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8.1.3 Chemicals and enzymes 

The chemicals used in chemical syntheses and for the production of buffers, cultivation media, 

and various solutions were obtained from the companies Sigma-Aldrich, Alfa Aesar, TCI, 

Apollo Scientific, AppliChem, Carl Roth, Fluka, and CarboSynth. Organic solvents were 

purchased commercially and distilled before use in order to remove stabilising agents. Dry 

solvents such as dichloromethane, tetrahydrofurane, diethyl ether and toluene were taken from 

the solvent drying system MB-SPS-800 (M. Braun Inertgas-Systeme GmbH, Garching, 

Germany). 

The Phusion High-Fidelity DNA polymerase (2 U/µL), Phire Hot-Start II DNA polymerase, 

T4 DNA ligase, dNTP mix (10 mM), and all restriction endonucleases were obtained from 

Thermo Fisher Scientific (Waltham, MA, USA). The Vent® DNA polymerase, Q5® High-Fidelity 

DNA polymerase, Taq DNA ligase (40,000 U/mL), T5-Exonuclease (10,000 U/mL) were 

obtained from New England BioLabs GmbH (Frankfurt a. Main, Germany). The 

Herculase II Fusion DNA polymerase and KAPA-HiFi DNA polymerase (1 U/µL), were 

purchased from Agilent (Santa Clara, CA, USA) and KAPA Biosystems (Roche, Basel, 

Switzerland) respectively. 

8.1.4 Oligonucleotides and plasmids 

Oligonucleotides were obtained as lyophylisate from Sigma-Aldrich (Steinheim, Germany) and 

dissolved in H2O creating a 100 mM solution. Synthetic genes were ordered from 

GenScript USA Inc. (Piscataway, NJ, USA), synthesised directly into the pET-21a(+)-vector 

flanked by NdeI and XhoI restriction sites. The plasmids utilised, synthesised and produced 

during this thesis with their respective target genes are listed in Table 16. 

Table 15 Oligonucleotide overview displaying each sequence in 5′→3′ orientation and the desired 
application method. The description fw (forward) and rv (reverse) of each oligonucleotide describe the 
orientation of the oligonucleotide binding either the sense or antisense strand respectively. Mismatching 
nucleotides for mutagenesis are depicted in bold. The target gene overlapping sequences of 
oligonucleotides designed for Gibson Assembly (GA) are underlined. (GA – Gibson assembly®; N – 
Nested-PCR; QC – QuikChangeTM; RTH – Round the horn-PCR; A – Analysis/Sequencing) 

# Description Sequence (5′→3′) Method 

1 abg1_GA_rv 
AGTGGTGGTGGTGGTGGTGCTCGAGCCCC
TTCACCACAC 

GA 

2 abg1_GA_fw 
ATTTTGTTTAACTTTAAGAAGGAGATATACA
CATATGACCGATCCCCAAACG 

GA 

3 abg1_fw_2 ATGACCGATCCCCAAACGCTTGCA N 

4 abg1_rv_2 CACCCCTTCACCACACCATGGTTCCC N 

5 abg1_+200_rv ATGACGGGTGCAAGCAGGCACC N 

6 abg1_-144_fw ATTAGTGCATGCAAAGCGCTTTGGA N 

7 QC_abg1_E358S_fw TACATTACCAGCAACGGCGCCTG QC 
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8 QC_abg1_E358S_rv CAGGCGCCGTTGCTGGTAATGTA QC 

9 QC_abg1_E358A_fw TACATTACCGCGAACGGCGCCTG QC 

10 QC_abg1_E358A_rv CAGGCGCCGTTCGCGGTAATGTA QC 

11 QC_abg1_E358_KCA_fw TACATCACCKCAAATGGCGCCTG QC 

12 QC_abg1_E358_KCA_rv CAGGCGCCATTTGMGGTGATGTA QC 

13 QC_bglU_E377_KSC_fw GTACATTACCKSCAACGGTGCTAG QC 

14 QC_bglU_E170_KSC_fw CCTTCAACKSCCCGCTGTGTT QC 

15 QC_bglU_E377_KSC_rv CTAGCACCGTTGSMGGTAATGTAC QC 

16 QC_bglU_E170_KSC_rv AACACAGCGGGSMGTTGAAGG QC 

17 cbg1_fw ATGATCGACGATATTCTCGATAAGAT N 

18 cbg1_rv CTACGGCTCCATCACATGATCG N 

19 cbg1_GA_fw 
ATTTTGTTTAACTTTAAGAAGGAGATATACA
CATATGATCGACGATATTCTCG 

GA 

20 cbg1_GA_rv 
TGGTGGTGGTGGTGGTGCTCGAGCGGCTC
CATCACATGA 

GA 

21 cbg1_fw_-107 GCTGGCAATCGTGCCGGT N 

22 cbg1_rv_+110 CAGGTATGTACATTAAGAGAGCGA N 

23 cbg1_rv_ver2 CTACGGCTCCATCACATGATC N 

24 QC_cbg1_D222A_fw TCATGTCCGCCTGGTTCGG QC 

25 QC_cbg1_D222S_fw TCATGTCCAGCTGGTTCGG QC 

26 QC_cbg1_D222C_fw TCATGTCCTGCTGGTTCGG QC 

27 QC_cbg1_D222A_rv CCGAACCAGGCGGACATGA QC 

28 QC_cbg1_D222S_rv CCGAACCAGCTGGACATGA QC 

29 QC_cbg1_D222C_rv CCGAACCAGCAGGACATGA QC 

30 RTH_cbg1_rv_phos 
GGACATGACCACGCCGTCGAAGCCCCATT
C 

RTH 

31 RTH_cbg1_fw_D222A_phos 
GCCTGGTTCGGCTCGCACTCGACGGCTGA
A 

RTH 

32 RTH_cbg1_fw_D222C_phos 
TCCTGGTTCGGCTCGCACTCGACGGCTGA
A 

RTH 

33 RTH_cbg1_fw_D222S_phos 
TGCTGGTTCGGCTCGCACTCGACGGCTGA
A 

RTH 

34 RTH_cbg1_rev2_phos GGAGGACATGACGG RTH 

35 RTH_cbg1_fw_Y190F_phos TTCAACAAGCTCAACGG RTH 

36 RTH_cbg1_rev3_phos GGTGTCCCACTCG RTH 

37 RTH_cbg1_fw_D559A_phos GCAGGTCTGGATCTG RTH 

38 RTH_cbg1_fw_D559S_phos TCAGGTCTGGATCTGC RTH 

39 RTH_cbg1_fw_D559C_phos TGCGGTCTGGATCTG RTH 

40 RTH_cbg1_rev4_phos CTTGATCGTGGCGGC RTH 

41 RTH_cbg1_fw_H144A_phos GCCTTCGTCGCCAAC RTH 

42 RTH_rhaB_D567A_fw_phos GCCTGCCCGTCCTATGAACA RTH 

43 RTH_rhaB_D567C_fw_phos TGCTGCCCGTCCTATGAACA RTH 

44 RTH_rhaB_D567N_fw_phos AACTGCCCGTCCTATGAACA RTH 

45 RTH_rhaB_D567Q_fw_phos CAGTGCCCGTCCTATGAACA RTH 



8 Experimental Section 
 

148 

46 RTH_rhaB_D567_rev_phos GACGAACGTGTCCTCCA RTH 

47 RTH_rhaB_D579A_fw_phos GGCAGCCGCAACGAGGC RTH 

48 RTH_rhaB_D579C_fw_phos TGCAGCCGCAACGAGGC RTH 

49 RTH_rhaB_D579N_fw_phos AACAGCCGCAACGAGGC RTH 

50 RTH_rhaB_D579Q_fw_phos CAGAGCCGCAACGAGGC RTH 

51 RTH_rhaB_D579G_fw_phos GGCAGCCGCAACGAGGC RTH 

52 RTH_rhaB_D579S_fw_phos TCCAGCCGCAACGAGGC RTH 

53 RTH_rhaB_D579_rev_phos GCCCACCCAGAACACCTGTT RTH 

54 RTH_rhaB_E841A_fw_phos GCGATGTATCCGAACTTTGC RTH 

55 RTH_rhaB_E841C_fw_phos TGCATGTATCCGAACTTTGC RTH 

56 RTH_rhaB_E841N_fw_phos AACATGTATCCGAACTTTGC RTH 

57 RTH_rhaB_E841Q_fw_phos CAGATGTATCCGAACTTTGC RTH 

58 RTH_rhaB_E841_rev_phos CCAACAGGTCGTGGCAT RTH 

60 Seq_pET28_rhaB_6066 CAGAGGCAATAGCGC A 

61 Seq_Fw_EndoCCN180H_1029 GGCTGGAACTGGGCA A 

62 Seq_Rev_EndoCCN180H_643 GCAATGACCAGGC A 

63 T7_fw TAATACGACTCACTATAGGG A 

64 pRSET-RP ATGCTAGTTATTGCTCAGC A 

 

Table 16 Utilised and produced expression vectors. 

Name Genotype description Origin 

Base vectors   

pET-21a(+) 
lacI, T7 Prom, T7 Term, f1 Ori, AmpR, 
pBR322 Ori 

Novagen 

pET-28a(+) 
lacI, T7 Prom, T7 Term, f1 Ori, KanR, 
pBR322 Ori 

Novagen 

   

   

Wild type genes   

pET-21a(+)::abg1 
pET-21a(+) containing the R. radiobacter 
gene abg1 encoding Abg with a C-terminal 
His-tag 

This thesis 

pET-21a(+)::bglU 
pET-21a(+) containing the M. antarcticus 
gene bglU encoding BglU with a C-terminal 
His-tag 

This thesis 

pET-21a(+)::cbg1 
pET-21a(+) containing the R. radiobacter 
gene cbg1 encoding Cbg-1 with a 
C-terminal His-tag 

This thesis 

pET-28b(+)::rhaB 
pET-28a(+) containing the B. subtilis GL1 
gene rhaB encoding RhaB with a 
C-terminal His-tag 

Kamila Morka 

pET-DUET::bglC 
pET-DUET containing the P. furiosus gene 
bglC encoding BglC with a N-terminal 
His-tag 

Prof. Elling 
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BglC mutants   

pET-DUET::bglC_E113A bglC containing the mutation E113A This thesis 

pET-DUET::bglC_E113G bglC containing the mutation E113G This thesis 

pET-DUET::bglC_E113S bglC containing the mutation E113S This thesis 

pET-DUET::bglC_E189C bglC containing the mutation E189C This thesis 

pET-DUET::bglC_E189G bglC containing the mutation E189G This thesis 

pET-DUET::bglC_E189S bglC containing the mutation E189S This thesis 

pET-DUET::bglC_E316A bglC containing the mutation E316A This thesis 

pET-DUET::bglC_E316G bglC containing the mutation E316G This thesis 

pET-DUET::bglC_E316S bglC containing the mutation E316S This thesis 

   

   

Abg1 mutants   

pET-21a(+)::abg1_E358S abg1 containing the mutation E358S This thesis 

pET-21a(+)::abg1_E358A abg1 containing the mutation E358A This thesis 

   

   

BglU Mutants   

pET-21a(+)::bglU_E170A bglU containing the mutation E170A This thesisa 

pET-21a(+)::bglU_E170C bglU containing the mutation E170C This thesisa 

pET-21a(+)::bglU_E170S bglU containing the mutation E170S This thesisa 

pET-21a(+)::bglU_E377A bglU containing the mutation E377A This thesisa 

pET-21a(+)::bglU_E377G bglU containing the mutation E377G This thesisa 

   

   

Cbg1 Mutants   

pET-21a(+)::cbg1_D222A cbg1 containing the mutation D222A This thesis 

pET-21a(+)::cbg1_D222C cbg1 containing the mutation D222C This thesis 

pET-21a(+)::cbg1_D222S cbg1 containing the mutation D222S This thesis 

pET-21a(+)::cbg1_Y190F cbg1 containing the mutation Y190F This thesis 

pET-21a(+)::cbg1_Y190F_D222A 
cbg1 containing the mutations Y190F and 
D222A 

This thesis 

pET-21a(+)::cbg1_H144A cbg1 containing the mutation H144A This thesis 

pET-21a(+)::cbg1_D559A cbg1 containing the mutation D559A This thesis 

pET-21a(+)::cbg1_D559S cbg1 containing the mutation D559S This thesis 

pET-21a(+)::cbg1_D559C cbg1 containing the mutation D559C This thesis 
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RhaB mutants   

pET-28b(+)::rhaB_E841G rhaB containing the mutation E841G Kamila Morka 

pET-28b(+)::rhaB_E841S rhaB containing the mutation E841S Kamila Morka 

pET-28b(+)::rhaB_E567G rhaB containing the mutation E567G Kamila Morka 

pET-28b(+)::rhaB_E567S rhaB containing the mutation E567S Kamila Morka 

pET-28b(+)::rhaB_D567C rhaB containing the mutation D567C This thesisb 

pET-28b(+)::rhaB_D567N rhaB containing the mutation D567N This thesisb 

pET-28b(+)::rhaB_D579Q rhaB containing the mutation D579Q This thesisb 

pET-28b(+)::rhaB_D579A rhaB containing the mutation D579A This thesisb 

   

   

EndoCC mutant   

pET-21a(+)::endoCC_N180H 
pET-21a(+) containing the C. cinerea gene 
endoCC encoding Endo-CC with a 
C-terminal His-tag and the mutation N180H 

Genscript 
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8.1.5 Bacterial strains 

Listed in Table 17 are the bacterial strains used throughout the work of this thesis. All strains 

of Escherichia coli are derived from the K12 laboratory strain. 

Table 17 Overview of the bacterial strains and description of their genotype and application in this thesis. 
(DNA – Replication of plasmid DNA; Protein – Heterologous expression of the target protein; Gene – 
Isolation of genomic DNA as template for gene amplification) 

Strain Genotype Reference Application 

E. coli DH5α 
fhuA2 ∆(argF-lacZ)U169 phoA glnV44 
ϕ80∆ (lacZ)M15 gyrA96 recA1 relA1 
endA1 thi-1 hsdR17 

New England 
BioLabs Inc. 

DNA 

E. coli BL21(DE3) 
fhuA2 [lon] ompT gal (λ DE3) [dcm] 
∆hsdS λ DE3 = λ sBamHIo ∆EcoRI-B 
int::(lacI::PlacUV5::T7 gene1) i21 ∆nin5 

New England 
BioLabs Inc.[192] 

Protein 

E. coli RosettaTM 2 
F- ompT gal dcm lon hsdSB(rB

-mb
-) 

pRARE2 (CamR argU argW ilex glyT leuW 
proL metT thrT tyrU thrU) 

EMD Biosiences 
Inc. (former 
Novagen®)[193] 

Protein 

A. radiobacter 
(DSMZ: DSM 
7215) 

Wild type 
Zhang et al. 
(2014)[194] 

Gene 

 

8.1.6 Software 

Table 18 Commonly utilised software for analysis of biological and chemical experients. 

Name Application Producer 

ChemBioDraw Ultra 12.0 & 
16.0 

Drawing chemical 
structures/reactions 

PerkinElmer Informatics 

Clone Manager 9.4 
Professional 

Planning of cloning strategies and 
analysis of sequencing results 

Scientific & Educational 
Software 

enschemLab 7.0.5 Electronic lab journal Enso Software GmbH 

MestReNova 8.0.1-10878 
Processing and analysis of NMR 
data 

Mestrelab Research S.L. 

OriginPro 9.0G 
Statistical evaluation/ linear and non-
linear regression 

OriginLab Corp. 

UCSF Chimera 1.7 Depiction of protein structures 

UCSF Resource for 
Biocomputing, 
Visualization and 
Informatics 

BioEdit Evaluation of sequencing quality Ibis Therapeutics 

Microsoft Excel 2010 Processing of simple data Microsoft Corp. 

Microsoft PowerPoint 2010 Production of presentations Microsoft Corp. 

Microsoft Word 2016 Creation of text files Microsoft Corp. 
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8.2 Molecular biological methods 

8.2.1 Isolation of genomic DNA from R. radiobacter 

For the extraction of the genomic DNA of R. radiobacter a 20 mL culture was incubated 

overnight and the cells harvested by centrifugation (2 min, 10,000 rpm). The resulting pellet 

was re-suspended in 2 mL of solution A, and after the addition of sterile glass beads (0.5 mm) 

vigorously mixed. The extraction proceeded in three steps. Firstly, 1 mL of the lysate was 

mixed thoroughly with 300 µL Roti-Phenol and the phases separated by centrifugation for 

2 min at 14,000 rpm. The upper phase was then further extracted with 3 mL Roti-phenol by 

mixing, followed by centrifugation for 2 min at 14,000 rpm. The third and final extraction of the 

upper phase was carried out with 2.5 mL chloroform/isoamylalcohol (24 : 1) solution. The 

genomic DNA was then precipitated by the addition of 0.2 mL P3-buffer and 0.5 mL cold abs. 

ethanol. The precipitated DNA was pelleted by centrifugation (15 min, 15,300 rpm, 4 °C) and 

the supernatant discarded. Washing of the DNA occurred by resuspension of the genomic 

DNA in cold ethanol (70%, v/v) and repeated centrifugation (15 min, 15,300 rpm, 4 °C). Excess 

ethanol was removed and the DNA dissolved by incubating in 40 µL TE-Buffer (with 2 mg/mL 

RNase A added) at room temperature (~25 °C) for 30 min. The purity of the genomic DNA was 

checked by determination of the A260/A280 value. 

The isolated genomic DNA sample of R. radiobacter had a concentration of 1109 ng/µL. The 

purity of the sample was confirmed by determination of the A260/280 value being 1.93 

(A260/230 = 1.17). 

Table 19 Solutions required for the isolation of genomic DNA. 

Solution Components 

TE-Buffer 
10 mM TRIS-HCl 
1 mM EDTA 
pH 8 

Solution A 

10 mM TRIS-HCl 
1 mM EDTA 
100 mM NaCl 
0.1% SDS 
pH 8 

P3-Buffer 3 M Sodium acetate, pH 5 

 

8.2.2 Plasmid isolation 

Isolation of desired plasmid DNA from E. coli cells was proceeded from a 5 mL culture, 

cultivated at 37 °C over night in LB-medium. The cells were pelleted by centrifugation and the 

supernatant discarded. The innuPREP DNA Mini Kit (AnalytikJena AG, Jena, Germany) was 
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applied for the isolation of the plasmid DNA from the cell pellet. The provided protocol was 

followed with exception of the last step. The plasmid DNA was eluted from the spin column 

using 20–50 µL dH2O instead of the provided elution buffer. 

 

8.2.3 DNA concentration determination 

The DNA concentration of a specific sample was determined photometrical with the 

NanoDrop 2000 (Thermo Fisher Scientific, Waltham, MA, USA) by measuring the absorption 

at λ = 260 nm. The concentration was determined with 2 µL of the DNA sample solution and 

with dH2O as a reference sample. Additionally, the absorption at λ = 280 nm was measured 

for determination of the purity of the DNA. This was described as the quotient of the absorption 

A260/A280. 

 

8.2.4 Agarose gel electrophoresis 

The size determination of DNA fragments and analysis of PCR reactions, DNA-restrictions, 

and plasmid isolation occurred via agarose gel electrophoresis. 

Table 20 Components for agarose gel electrophoresis. 

Solution Components 

50x TEA buffer 

2 M TRIS 
50 mM EDTA (Stocksolution: 0.5 M, 
pH 8) 
0.9 M Acetic acid 

Agarose gel solution 
1x TEA buffer 
0.8% (w/v) agarose 
0.1 ‰ Gel RedTM 

5x DNA loading buffer 
100 mM EDTA 
43% (v/v) Glycerol 
0.05% (w/v) Bromophenol blue 

 

The agarose gel solution was prepared by boiling 0.8% (w/v) agarose in TEA-buffer until 

complete dissolution of the agarose. After addition of the fluorescence dye Gel RedTM 

(Bioticum Inc., Hayward, CA, USA) the solution was stored at 60 °C to avoid polymerisation 

during storage. The Gel RedTM dye allows the selective detection of DNA strands via 

fluorescence by intercalation with the DNA. Polymerisation after casting occurred at room 

temperature (~25 °C) for around 30 min. Samples were mixed with DNA loading buffer before 

loading into the agarose gel sample chambers. For size determination, 1–1.5 µL of the 
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reference standard 1 kb DNA Ladder (Thermo Scientific, Waltham, MA, USA) was used as a 

size comparison. The electrophoresis was run for 26 min at 180 V submerged in TEA-buffer. 

Documentation of the electrophoresis results was conducted with a gel documentation system 

(INTAS Science Imaging Instruments GmbH, Göttingen, Germany). 

 

8.2.5 DNA gel elution 

For ligation and transformation procedures, the target DNA was required to be free of side 

products, which can occur in PCR reactions. The separation and isolation of the target DNA 

occurred after agarose gel electrophoresis by gel extraction using the 

innuPREP DOUBLEpure Kit (AnalytikJena AG, Jena, Germany). The desired fragment was 

cut out of the agarose gel using a scalpel and placed into a 2.0 mL reaction vessel. The DNA 

extraction was then carried out following the protocol of the kit. Differing from the protocol, the 

elution of the DNA form the spin column was performed using dH2O instead of the provided 

buffer. 

 

8.2.6 DNA ligation and restriction 

Self-circularisation of phosphorylated linear DNA produced by round the horn-PCR was 

carried out by ligation using the T4-DNA ligase. Depending on the presence of PCR side 

products, the target DNA was isolated after separation by agarose gel electrophoresis 

(sections 8.2.4/8.2.5). The ligation reaction mixture was incubated over night (18 h) at 18 °C 

and subsequently applied for transformation of competent E. coli cells (section 8.3.2). 

Table 21 General composition of ligation reactions for the self-circularisation of linear DNA. 

Component 
Volume 

[µL] 

T4-DNA Ligase 
buffer (10×) 

2 

T4-DNA Ligase 1 

PCR mix/ 
isolated target 
DNA 

17 

 

Restriction of vector DNA as preparation for cloning reactions and control of correct insertion 

was generally carried out using FastDigest restriction enzymes. The 10× FastDigest Buffer 

was applied as recommended and the reaction incubated for 1–2 h at 37 °C. Completion of the 
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restriction was checked by agarose gel electrophoresis (section 8.2.4). Restriction enzymes 

were deactivated by heating of the mixture at 80 °C for 15 min. 

 

8.2.7 DNA amplification by PCR 

The amplification of genes for isolation, mutagenesis or cloning purposes from genomic DNA 

or vectors was achieved by the polymerase chain reaction (PCR). All PCR reactions followed 

a general protocol and composition (Table 22). The Phire Hot-Start II DNA-polymerase was 

most commonly applied, as this polymerase yielded the best results. In certain cases the 

Phusion High-Fidelity, KAPA-HiFi, Herculase II Fusion, and Taq DNA-polymerase were also 

tested for optimal amplification of the target gene sequence. The addition of DMSO (3%, v/v) 

facilitated increased DNA amplification by reducing the DNA melting temperature and 

improving primer annealing. Verification of the DNA amplification occurred via agarose gel 

electrophoresis (section 8.2.4). 

Table 22 General composition (left) and PCR-protocol (right) used for amplification from vector or 
genomic DNA. 

Component 
Amount 

[µL] 
 Step 

Temp. 
[°C] 

Duration Cycle 

fw Primer (5 mM) 1  
Initial 
Denaturation 

98 1 min  

rw Primer (5 mM) 1  Denaturation 98 30 sec  

Template DNA 
(20–50 ng/µL) 

0.5  Annealing Xa 20 sec 35 

dNTP (10 mM) 1  Elongation 72 15 sec/kbp  

10× Reaction-buffer 4  Final Elongation 72 10 min  

Phire II Hotstart 
DNA-Polymerase 

0.4  Storage 10 ∞  

DMSO 0.6      

ad aqua dest. 20      

a Temperature of the annealing step was adjusted according to the melting temperature of the respective primers. 

 

Touchdown-PCR 

If the standard PCR procedure did not lead to an amplification product, a variation known as a 

touchdown-PCR was applied. The procedure follows the same set-up with the addition of ten 

cycles before the standard 35 cycles. For each of the ten additional cycles, a stepwise 

decrease of the annealing temperature is applied, starting ~10 ° above the annealing 

temperature of the employed primers. The higher temperature reduces unspecific primer 
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binding and enriches the target gene to achieve an improved amplification in the subsequent 

35 standard PCR cycles. 

Nested-PCR 

Similar to the touchdown-PCR method, nested-PCR attempts to enrich the target DNA to 

facilitate the amplification of the target gene. The method employs two pairs of primers. The 

first pair binds specific to the target region, which is to be amplified. The second pair, binds 

upstream and downstream of the target sequence. Amplification by these primers thereby 

enriches the amount of DNA containing the target sequence, facilitating the amplification by 

the standard primers. In the nested-PCR applied for the isolation of abg from the genomic DNA 

of R. radiobacter, all four primers were employed in a single PCR reaction. It is also possible 

to apply this method in two consequtive PCR reactions. 

 

8.2.8 Mutagenesis by inverse-PCR 

Introduction of point mutations in the glycosidase genes was performed by inverse-PCR 

mutagenesis methods. The inverse-PCR, in contrast to standard PCR, applies primer pairs, 

which 5′-ends point away from each other, therefore additionally amplifying the complete vector 

back bone and not just the target gene. The mutation is introduced by employing primers 

containg a mutation, which is built into the newly synthesized DNA strand. Vectors containing 

the wt genes were applied as the template of the inverse-PCR, except in the case of the double 

mutant gene cbg1-H144A D222A for which the pET-21a(+)::cbg1_H144A vector acted as the 

template. Subsequent to the amplification, the original template DNA was removed by 

restriction with DpnI, which recognises specifically the methylated DNA sequence GATC. After 

transformation of the competent E. coli cells with the potentially mutated plasmid DNA, 

resulting colonies are picked and the plasmids isolated for sequencing in order to confirm 

presence of the desired mutation (section 8.2.2 & 8.2.10). 

QuikChange™-PCR 

The QuikChange™-PCR method employs complementary primers containing the point 

mutation in the centre of the primer pair. Binding of the primers is ensured by complementary 

sequences of the 3′- and 5′-end flanking the mutation. The complementary nature of the 

primers lead to a linear amplification of the target DNA, as primers binding to the new 

synthesised DNA cannot lead to further amplficates. The QuikChange™-PCR followed two 

different procedures, depending on the success of the PCR reaction. First mutagenesis 

reactions were set up identically to a standard PCR (section 8.2.7). If unsuccessful, a two step 

PCR procedure was applied. Two separate PCR mixtures containing only the fw- or rev-primer 
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were run for 5 cycles and subsequently combined and the reaction run for further 18 cycles. 

The separate PCR reactions help to avoid primer dimerization during the PCR reaction, which 

can have a inhibitory effect. The template DNA was removed by DpnI restriction and the 

resulting mixture directly applied in a transformation of the target host (section 8.2.6 & 8.3.2). 

Round the horn mutagenesis 

Contrary to the QuikChange™-PCR method, round the horn-PCR does not employ 

complementary primers. The mutation, deletion or insertion is incorporated in one of the 

primers at the 5′-end. As the primers are not complementary to each other, the amplification 

occurs exponential, identically to a standard PCR. The resulting DNA contains blunt-ends 

hindering a self-circularisation by overlaps. Therefore, primers phosphorylated at the 5′-end 

are applied and the circularisation caused by enzymatic ligation (section 8.2.6). The template 

DNA is removed by DpnI restriction and the left over mutated DNA is then directly applied in a 

transformation of the target host (section 8.2.6 & 8.3.2). 

 

8.2.9 Gibson Assembly cloning 

The Gibson assembly cloning method was applied for the insertion of target genes into 

expression vectors. The method was developed by Gibson et al. in collaboration with the 

J. Craig Venter Institute (JCVI). The method allows the specific incorporation of large DNA 

fragments into a vector in an isothermal reaction. The target insertion gene is initially extended 

by the addition of sequences complementary to the desired vector insertion position by overlap 

extension PCR. The PCR product is then combined with the Gibson assembly master mix, 

which components catalyse the insertion of the target DNA into the vector (Table 23) The 

T5-exonuclease creates sticky-ends, wich allows the annealing of complementary DNA 

sequences of the vector and target DNA. The gaps are subsequently filled by the present 

polymerase and ligated by the Taq DNA-ligase resulting in the desired construct.The assembly 

reaction mixture consitsted of 3–6 µL linearised vector DNA, 2–4 µL insert DNA, 10 µL Gibson 

assembly master mix (Table 23), and dH2O added for a final volume of 20 µL. The reaction 

was incubated at 50 °C for 1 h. The assembly mixture was directly applied in the transformation 

of competent E. coli cells (section 8.3.2). 
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Table 23 Composition of the master mix and ISO-buffer applied for the Gibson assembly carried out 
during the work of this thesis. 

Gibson assembly 
master mix 

 5× ISO-buffer 

Component 
Amount 

[µL] 
 Component 

Amount 
[µL] 

ISO-buffer (5×) 60  TRIS-HCl (1 M; pH 7.5) 500 

T5-Exonuclease 
(100 U/mL) 

24  MgCl2 (2 M) 25 

Phusion Hot Start II 
DNA-Polymerase 
(0.4 U/µL) 

18  
dGTP (100 mM) 10 

dATP (100 mM) 10 

Taq DNA-Ligase 
(8,000 U/mL) 

39  dTTP (100 mM) 10 

ad aqua dest. 450  dCTP (100 mM) 10 

   DTT (1 M) 50 

   PEG-8000 250 mg 

   NAD+ (100 mM) 50 

 

8.2.10 DNA sequencing 

GATC Biotech AG (Constance, Germany) carried out sequencing of plasmid DNA samples to 

verify the correct target sequence insertion or mutation. The samples were sequenced using 

the dideoxy chain termination / cycle sequencing method developed by Sanger. 

 

8.3 Microbiological methods 

8.3.1 Chemically competent cells 

For the transformation of E. coli strains with plasmid DNA it is necessary to prepare chemically 

competent cells of the desired bacterial host strain. Therefore, a 5 mL pre-culture (LB-medium) 

was prepared with the required strain and incubated over night at 37 °C. A further culture 

(400 mL) was inoculated with 2 mL of the pre-culture and incubated (37 °C, 120 rpm) up to an 

OD600 of 0.4–0.6. The culture was the centrifuged (sterile centrifugation cups, 10 min, 4 °C, 

2,460 rpm) and the resulting pellet suspended in 10 mL of Buffer A. After incubating the cell 

suspension 20 min on ice, the culture was again centrifuged (10 min, 4 °C, 2,460 rpm) and 

subsequently suspended in 2 mL of Buffer B. The resulting cell-suspension was aliquoted into 

sterile tubes in 50 µL portions and immediately frozen with liquid nitrogen. The frozen cells 

were stored at -80 °C until needed. 
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Table 24 Required buffers for preparation of chemically competent cells. 

Solution Components 

Buffer A 100 mM MgCl2 

Buffer B 
100 mM CaCl2 

15% Glycerol 

 

Testing of the capability of plasmid uptake of newly created competent cells was tested by 

comparison of a transformation of the cells with a) the plasmid pET-21a(+) (1 µL, 42 ng/µL) 

and b) sterile dH2O. The transformation was carried out as described in section 8.3.2 and 

incubated on an LB-agar plate supplemented with ampicillin. Bacterial growth should only be 

observed for the bacteria transformed with the pET-21a(+) and not for the dH2O batch. The 

transformation efficiency (TE) was then determined by use of Equation 3. Additionally, the 

antibiotic sensitivity of the competent cells was tested in 5 mL LB-medium supplemented with 

ampicillin, tetracycline, chloramphenicol, streptomycine and kanamycine, incubated for 18 h at 

37 °C. 

Equation 3 ࡱࢀ ൌ	
ሻ࢙࢚࢏࢔࢛	ࢍ࢔࢏࢓࢘࢕ࢌ	࢟࢔࢕࢒࢕ࢉሺ	ࢁࡲ࡯

ሻࢍሺஜ	࢚࢔࢛࢕࢓ࢇ	࡭ࡺࡰ	࢒ࢇ࢚࢕࢚
 

 

8.3.2 Transformation of chemically competent E. coli strains 

In order to express the target protein or replicate plasmid DNA, suitable host organisms were 

transformed with the desired plasmid DNA. Transformation of chemically competent E. coli 

cells was carried out using the heat shock method. For the transformation, 2–3 µL of the 

plasmid solution were added to 50 µL chemically competent cells (prepared as described in 

section 8.3.1) and incubated for 30 min on ice. The cells were subsequently heated in a heat 

block to 42 °C for 90 sec. After the heat shock, 1 mL LB-medium was added to the cell 

suspension and then incubated for 1 h at 37 °C. For selection, the cells were pelleted by 

centrifugation for 2 min at 10,000 rpm and transferred, after re-suspension in around 50 µL of 

sterile LB-medium, to an agar plate or pre-culture tube containing the required selection 

antibiotic. Colonies or growth of the pre-culture of the transformed strain was observed after 

incubation at 37 °C for 18 h. 
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8.3.3 Cultivation of E. coli strains 

All media used for bacterial cultivation or protein expression was autoclaved without addition 

of antibiotics at 120 °C for 20 min. Media was stored if not used directly at 4 °C. Antibiotics 

were added to the media sterile before use. Agar plates (2% w/v; LB-medium) were inoculated 

with 100 µL cell suspension of transformed bacteria and spread over the plate evenly by 

shaking 10 sec after the addition of sterile glass beads (Ø 3 mm). Glass beads were then 

removed, washed with 0.1 M HCl and autoclaved for further use. Inoculated plates were 

incubated over night (~18 h) at 37 °C and stored up to one week at 4 °C. The cultivation of 

E. coli cultures for plasmid isolation or as pre-cultures for inoculation of expression cultures 

was carried out in 5 mL LB-medium in sterile test tubes (10 mL), incubated after inoculation at 

37 °C for ~18 h in a test tube rotator (Stuart®, Staffordshire, UK). Optical densities (OD600) were 

measured at 600 nm using the NanoDrop 2000c of Thermo Scientific Corp. (MA, USA). 

Cultures for the expression of target proteins were performed on a 1 L scale with TB-medium 

in 3 L Fernbach-flasks and shaken unless otherwise stated at 120 rpm. 

Table 25 Components of cultivation media used throughout this thesis. 

Lysogeny broth (LB)  Terrific broth (TB) 

Sodium chloride 1% (w/v)  Tryptone 1.2% (w/v) 

Yeast extract 0.5% (w/v)  Yeast extract 2.4% (w/v) 

Tryptone 1% (w/v)  Glycerol 0.4% (v/v) 

     

  
 Autoclaved 

separately: 
 

   KH2PO4 0.2% (w/v) 

   K2HPO4 1.3% (w/v) 

 

8.3.4 Heterologous expression of enzymes 

Protein expression of the β-glucosidases Abg, BglU, Cbg1, and the α-rhamnosidase RhaB, as 

well as the β-endo-N-acetylglucosaminidase Endo-CC N180H was carried out via the following 

procedure: 

All media used during the cultivation and expression contained the respective antibiotic 

(100 µg/mL ampicillin, 10 µg/ml kanamycin). A pre-culture of 5 mL LB-media was inoculated 

with a colony of the transformed bacterial strain and incubated over night at 37 °C. TB-media 

was applied for the subsequent cultivation and expression. The expression culture of a volume 

of 1 L was incubated in 3 L Fernbach-flasks. The culture was inoculated to an OD600 of 0.1 with 

the pre-culture and incubated at 37 °C until an OD600 of 0.4–0.6 was reached. The induction of 

protein expression occurred by the addition of IPTG (final concentration 0.1 mM). After 
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induction, the cultures were incubated at 25 °C for 24 h. The cultures were constantly shaken 

at 120 rpm. Cells were harvested by centrifugation (10 min, 10,000 rpm) and the cell pellets 

stored at -20 °C until needed. 

Protein expression of the putative β-galactosidase BglC of P. furiosus was carried out via the 

following protocol: 

All media used during the cultivation and expression contained 100 µg/mL ampicillin. When 

using the E. coli Rosetta™ 2 strain chloramphenicol (34 µg/mL) was added in addition to 

ampicillin. A pre-culture of 5 mL LB-media was inoculated with a colony of the transformed 

bacterial strain and incubated over night at 37 °C. From this pre-culture, a second pre-culture 

was inoculated using 1 mL of the first pre-culture and 4 mL LB-media. This culture was 

incubated for 4 h at 37 °C. TB-media was applied for the subsequent cultivation and 

expression. Cultures of a volume of 200 mL were incubated in 1 L baffled Erlenmeyer flasks, 

500 mL and 1 L cultures were incubated in 3 L Fernbach-flasks. The expression culture was 

inoculated with 1% (v/v) of the second pre-culture and incubated at 37 °C for 4 h (OD600 0.4–

0.6). The induction of protein expression occurred by the addition of IPTG (0.1 mM). After 

induction, the cultures were incubated for 8 h at 37 °C, then at 4 °C until harvesting of the cells. 

The cultures were constantly shaken at 120 rpm. Cells were harvested by centrifugation 

(10 min, 10,000 rpm) and the cell pellets stored at -20 °C until needed. (Procedure modified 

from Merker et al.)[69] 

8.3.5 Esculin-agar plate assay 

The esculin-agar plate assay was applied for the identification of hydrolytically inactive 

β-glucosidase mutants heterologously expressed in E. coli BL21(DE3). Esculin (500 mg) was 

dissolved in 2 mL water, sterilised by filtration and added to sterile LB-agar (0.5 L). Ammonium 

ferric citrate (250 mg in 1 mL dH2O, sterile) and ampicillin (final concentration 100 µg/mL) were 

also added to the agar solution before pouring into petri dishes to solidify. Transformed cells 

containg plasmids with possible mutant glucosidase variants were cultivated 18 h at 37 °C. 

The expression of the glucosidase was induced by addition of 2.5 µL IPTG (50 µM) in the 

centre of the agar plate. After 16–24 h incubation at ~25 °C, colonies with a functional 

glucosidase were distinguishable from non-functional variants by a dark brown colouration. 
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8.4 Protein biochemical methods 

8.4.1 Cell lysis 

Sonification 

Cell disruption for protein purification/isolation was performed using sonification. The Sonoplus 

of Bandelin electronic GmbH & Co. (KG, Berlin) with an adequate sonotrode (depending on 

the volume of the sample) was applied for the procedure. A 20% (w/v) cell suspension was 

produced by weighing of the cell pellet and resuspension in lysis-buffer. The sonification was 

carried out differently depending on the target protein: 

Abg, BglU, Cbg1, RhaB, Endo-CC N180H: 3× 30 s, 5× 10% cycle, max. 40% power 

BglC: 2× 5 min, 5× 10% cycle, max. 40% power 

All samples were cooled 1 min between sonification cycles. The cell lysates were centrifuged 

(10 min, 4 °C, 12,000 rpm) and the supernatant used for further purification. 

Table 26 Composition of the buffer required for cell lysis. 

Buffer Composition 

Lysis-buffer 50 M KH2PO4/K2HPO4, pH 8.0, 10 mM imidazole, 1 M NaCl 

 

Heat-denaturation 

Cell lysates containing the wild type or mutations of BglC were further purified by a two-step 

heat-denaturation. The cell-free extract was heated in 2 mL reaction tubes for 30 min at 75 °C, 

600 rpm (heat-denaturation I). Precipitated protein was the separated from the solution via 

centrifugation and the supernatant heated once more for 30 min at 85 °C, 600 rpm 

(heat-denaturation II). The samples were then centrifuged once more and the enzyme solution 

used for biocatalytic reactions or stored at 4 °C until further use. 

 

8.4.2 Protein isolation 

Target proteins were isolated by immobilised metal ion affinity chromatography. The target 

proteins were expressed with a C-terminal His6-tag consisting of six histidine residues. For the 

purification, the Ni-NTA column (Superflow Cartridge, 5 mL; Qiagen GmbH, Hilden, Germany) 

was equilibrated with 5 column volumes (CV) of equilibration-buffer, using a peristaltic pump 

(Pharmacia Fine Chemicals, Uppsala, Sweden). The cell lysate of a 20% cell suspension in 
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equilibration-buffer was centrifuged for 10 min at 10,000 rpm and 4 °C. The supernatant was 

subsequently charged onto the Ni-NTA column pumping the solution through the column in a 

loop for 5 min to ensure thorough binding of the target protein to the column matrix. Excess 

protein and unspecific bound protein was washed out of the column with 6 CV wash-buffer I. 

The bound target protein was then eluted with a high concentration of imidazole by adding 

2 CV of elution-buffer. The elution fraction was then further desalted, concentrated 

(Section 8.4.3), and used for biochemical characterisation of the enzymes or synthetic 

reactions. After the isolation, the Ni-NTA column was additionally washed with 3 CV of 

wash-buffer II in order to ensure complete removal of bound protein. Columns were stored at 

4 °C flushed with 20% ethanol solution until further needed. 

Table 27 Buffers applied for protein isolation via IMAC. 

Buffer Composition 

Equilibration-buffer 50 M KH2PO4/K2HPO4, pH 8.0, 10 mM imidazole, 1 M NaCl 

Wash-buffer I 50 M KH2PO4/K2HPO4, pH 8.0, 20 mM imidazole, 0.3 M NaCl 

Elution-buffer 50 M KH2PO4/K2HPO4, pH 8.0, 250 mM imidazole, 0.3 M NaCl 

Wash-buffer II 50 M KH2PO4/K2HPO4, pH 8.0, 1 M imidazole, 0.3 M NaCl 

 

8.4.3 Buffer exchange, desalting, and concentrating protein samples 

After isolation of the target protein via IMAC, the sample solution (elution fraction) contains a 

high concentration of imidazole (~250 mM) which can damage the enzyme over time. 

Therefore, a desalting of the buffer is necessary. Desalting of samples containing phosphate 

buffers was carried out with PD-10 desalting columns containing Sephadex G-25 (GE 

Healthcare Europe GmbH, Freiburg, Germany) under gravity flow. Columns were washed and 

equilibrated with the desired buffer (3× 3.5 mL buffer) before adding 2.5 mL of the sample to 

the column. Once the sample had completely flowed through the column, the protein was 

eluted from the column with 3.5 mL buffer. The collected sample was then either concentrated 

or applied directly in further experiments. After desalting of the sample, the columns were freed 

of imidazole by washing thrice with 3.5 mL buffer. The columns were subsequently stored at 

4 °C in 20% (v/v) ethanol. 

The exchange of phosphate buffer with NH4HCO3-buffer (150 mM, pH 7.9) occurred via 

ultrafiltration using Vivaspin® 20 centrifugal concentrators (Satorius AG, Göttingen, Germany). 

Concentrators with a molecular weightcut-off of 10 and 50 kDa for the Abg, BglU variants and 
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the GalPf variants, were chosen respectively. The samples were repeatedly centrifuged for 

10 min, 8,000 rpm at 4 °C and diluted with the desired NH4HCO3-buffer (150 mM, pH 7.9). 

The Vivaspin® 20 centrifugal concentrators were also used to concentrate protein solutions 

with a low protein concentration. The sample was filtrated down to the desired volume by 

centrifugation (10 min, 4 °C, 8,000 rpm). 

 

8.4.4 Protein concentration determination 

Protein concentration of all samples was measured using the colorimetric Bradford-Assay.[195] 

The method is based on the change in absorption (at 595 nm) of Coomassie brilliant blue when 

complexed with protein structures. The samples (100 µL) were diluted appropriately, mixed 

with the Bradford-reagent (900 µL), and incubated for 10 min at ~25 °C. The absorption of each 

sample at 595 nm was measured and the protein concentration determined via a calibration 

curve (measurement of various BSA-solutions between 0–300 µg/mL). A calibration occurred 

before the measurement of each sample batch, due to possible changes of the 

Bradford-reagent over time. 

Table 28 Composition of the Bradford-reagent 

Reagent Composition 

Bradforda 
0.02% (w/v) Coomassie G-250 
5% (v/v) ethanol 
10% (v/v) phosphoric acid 

a Reagent was stored in a light protected bottle at ~25 °C 

 

8.4.5 Lyophilisation 

The removal of residual solvent/water in synthetic products and preparation of protein samples 

for long-term storage was carried out by lyophilisation. The samples were therefore frozen 

using liquid nitrogen and then freeze-dried in the Zirbus VaCo2 Lyophilisator 

(Zibrus technology GmbH, Bad Grund, Germany). Lyophilised samples were stored at -20 °C 

or 4 °C until used in experiments.  
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8.4.6 SDS-PAGE 

For the analysis of protein expression and purification, SDS-PAGE analysis of each purification 

fraction occured. The SDS-PAGE gels were cast using the BioRad Mini Protean Tetra System. 

The higher concentrated separation gel was polymerised first, overlaid with iso-propanol to 

eliminate possible bubbles and ensure a straight edge of the gel. After the polymerisation, the 

lower concentrated stacking gel was cast over the separation gel and a sample chamber comb 

inserted. Two types of SDS-PAGE systems, differing in the composition of the gels and buffers, 

were applied during the work of this thesis, Glycine-SDS-PAGE and Tricine-SDS-PAGE. The 

Tricine-SDS-PAGE offers a higher resolution of proteins in the size range of 1–100 kDa.[171] 

All samples were prepared with a total volume of 20 µL by heat denaturation (98 °C, 15 min) 

after the addition of 4 µL SDS-loading-buffer (5×). The gels were loaded in the electrophoresis 

chamber, with the use of SDS-chamber-buffer for the Glycine-SDS-PAGE and the 

Anode/Kathode-buffer for Tricine-SDS-PAGE, and run at ~25 °C, at 180 V for 1 h. Gels were 

then stained, after a 30 min wash step (water), with colloidal Coomassie G-250 solution over 

night. After removal of the staining solution, the results of the SDS-PAGE were documented 

by photography. 

Table 29 Composition of the solutions required for SDS-PAGE analysis of protein samples. 

Solution Composition 

Glycine-SDS-PAGE 

Separation gel (12%, 4 gels) 

12 mL separation gel buffer (0.6 M Tris/HCl, 
pH 8.8, 0.16% SDS), 7.9 mL acryl amide/bis 
acryl amide (30%, 37.5 : 1; Carl Roth), 100 µL 
APS (10% w/v), 100 µL TEMED 

Stacking gel (4.5%, 4 gels) 

6.83 mL stacking gel buffer (0.13 M Tris/HCl, 
pH 6.8, 1.08% SDS), 1.2 mL acryl amide/bis 
acryl amide (30%, 37.5 : 1; Carl Roth), 100 µL 
APS (10% w/v), 100 µL TEMED 

SDS-Chamber-buffer (1×) 25 mM TRIS, 192 mM glycine, 0.1% w/v SDS 

Tricine-SDS-PAGE: 

Separation gel 

10 mL acryl amide/bis acryl amide (30%, 
37.5 : 1; Carl Roth), 10 mL gel buffer (3×), 70 mL 
aqua dest., 3 g glycerol, 150 µL APS (10% w/v), 
15 µL TEMED 
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Stacking gel 

1.6 mL acryl amide/bis acryl amide (30%, 
37.5 : 1; Carl Roth), 3 mL gel buffer (3×), 7.4 mL 
aqua dest., 100 µL APS (10% w/v), 10 µL 
TEMED 

Gel-buffer (3×) 3 M TRIS, 1 M HCl, 0.3% (w/v) SDS, pH 8.45 

Anode-buffer (10×) 1 M TRIS, 0.225 M HCl, pH 8.9 

Kathode-buffer (10×) 1 M TRIS, 1 M Tricine, 1% w/v SDS, pH 8.25 

General 

SDS-loading-buffer 5x 
10% (w/v) SDS, 30% (w/v) sucrose, 0.1% (w/v) 
bromphenolic blue, 0.5 M Tris/HCl, pH 6.8, 
50 mM DTT 

Colloidal Coomassie G-250 solution 
2% (w/v) phosphoric acid, 10% (v/v) ethanol, 5% 
(w/v) aluminium sulphate, 0.02% (w/v) 
Coomassie brilliant blue G-250 

 

 

8.5 Biocatalytic assays 

8.5.1 Hydrolytic activity 

Characterisation of all wt glycosidases was carried out using p-nitrophenyl glycoside 

substrates. For hydrolytic activity measurements of Abg, BglU, and Cbg1, 20 µL purified 

enzyme solution was added to 180 µL p-nitrophenyl glucopyranoside (5h, 20 mM) in 

NH4HCO3-buffer (150 mM, pH 7.9) or KPi-buffer (50 mM, pH 7.5) at 25 °C. For hydrolytic 

activity measurements of RhaB, 20 µL purified enzyme solution was added to 180 µL 

p-nitrophenyl rhamnopyranoside (5r, 10 mM) in KPi-buffer (50 mM, pH 7.5) at 25 °C. The 

absorption of released p-nitrophenol (13b) was measured at 410 nm for a 5–10 min reaction 

time. The wt BglC was characterised in citrate-phosphate-buffer (35 mM trisodium citrate, 

128 mM NaH2PO4, pH 6) containing p-nitrophenyl glucopyranoside (5h, 40 mM) for 20 min at 

85 °C. Before absorption measurement, 200 µL Na2CO3 solution (0.2 mM) was added to the 

mixture. In all cases the concentration of released pNP 13b was determined via a calibration 

with pNP (75 µM–2 mM, 13b) in the respective buffer. Kinetic parameters were measured with 

substrate concentrations ranging from 100 µM–72 mM. Temperature dependency was 

measured identically to the hydrolytic activity in a range from 7 °C to 85 °C. All measurements 

were carried out in triplicate for determination of the standard deviation. 
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8.5.2 Coniferin hydrolysis 

The activity of Cbg1 and mutant variants of Cbg1 towards the natural substrate coniferin (14a) 

was determined by the assay described by Castle et al.[85] In a microplate, 20 µL of the to be 

examined enzyme solution was added to 90 µL substrate solution (0.5 mM coniferin, 50 mM 

KPi-buffer, pH 7.5). The reaction was halted by addition of 20 µL Na2CO3 solution (0.1 M) and 

the absorption at 490 nm recorded as a blanck reading. The absorption at 490 nm was 

recorded once more after addition of 20 µL Fast Blue RR salt solution (5 mg/mL). The 

Fast Blue RR salt (Sigma-Aldrich) reacts with released coniferyl alcohol (14b) observable as 

a red colouration. Calibration of the assay was carried out measuring the 490 nm absorption 

of various coniferyl alcohol (14b) concentrations. 

 

8.5.3 Glycosynthase activity assay  

Quantification of fluoride 

The fluoride concentration in enzymatic reactions was measured by cleavage of TIPSpNP (23) 

in aqueous acetonitrile. Therefore, after biocatalysis 20 µL of the enzymatic reaction was 

added to 180 µL acetonitrile containing 1 mM TIPSpNP (23) in a 96-well microplate. The 

mixture was allowed to react for 10 min at 25 °C before transferring 100 µL of the solution in 

to a new well for absorption measurement at 410 nm. The transfer step was necessary due to 

precipitate formation after addition of the enzymatic reaction mixture to the organic solution, 

which would disturb the absorption measurement. Calibration of the assay was carried out with 

varying solutions of sodium fluoride (75 µM–2 mM). The slope of the calibration curve was used 

to determine the concentration of fluoride via absorption at 410 nm. The limit of detection (LOD) 

and limit of quantification (LOQ) of the developed assay was determined by linear regression 

(50 µM–160 µM NaF calibration) with LOD = 3·Sa/b and LOQ = 10·Sa/b (Sa = standard deviation 

of the response; b = slope of the calibration curve).[196] 

Glycosynthase activity 

For synthetic activity measurements of potential and actual glycosynthases, the fluoride, 

released by the conversion of the respective glycosyl fluoride donor, was determined by the 

fluoride quantification described above. The substrate solution containing the donor and 

acceptor compounds were prepared for BglU-E377A and Abg-E358S in NH4HCO3-buffer 

(150 mM, pH 7.9) and for the BglC variants E113S, E189S and E316S in 

citrate-phosphate-buffer (35 mM trisodium citrate, 128 mM NaH2PO4, pH 6). Substrates for the 

mutated variants of Cbg1 and RhaB were prepared in KPi-buffer (50 mM, pH 7.5). In a 96-well 

microplate, 20 µL of the respective enzyme solution was added to 80 µL of the substrate 
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solution to start the biocatalytic reaction. Stopping of the reaction and quantification of the 

released fluoride was carried out by the cleavage of TIPSpNP (23) as described above. 

For the acceptor screening of BglU-E377A and Abg-E358S, α-GlcF 2a was used as the donor 

molecule which was dissolved in NH4HCO3-buffer (150 mM, pH 7.89) with the acceptor 

molecule of interest (15b–g, 11a–h, 5a/b, 5g–I, 5r, 1a–c) in a ratio of 1:2 (donor : acceptor). 

The screening was carried out with 24 different alcohols. Stock-solutions for each acceptor 

molecule 15b–g, 11a–h, 5a/b, 5g–I, 5r, 1a–c (80, 20, and 10 mM) and donor molecule 2a 

(66,7, 16,7, and 8,3 mM) were generated. Due to the low solubility of some alcohols, 10% 

acetonitrile was added as a co-solvent if necessary and samples (buffer containing only the 

acceptor) were heated and sonicated until complete solubilisation. The screening reaction was 

initiated by addition of 20 µL enzyme solution towards a mixture of 30 µL donor- and 50 µL 

acceptor stock-solutions. Reactions containing only the glycosyl donor 2a were also carried 

out to exclude self-coupling of the donor. Fluoride release was subsequently quantified as 

described above. The reactions were carried out in triplicate and control reactions without 

enzyme (only the addition of buffer) were measured. 

 

8.5.4 Chemical recovery experiments 

Enzymatic assay 

The recovery of activity of mutated glycosidases in the presence of external nucleophiles was 

determined by chemical recovery experiments. The enzymatic reaction was carried out 

identically to the hydrolytic activity measurements (section 8.5.1) with the addition of the 

external nucleophile (azide or formate) in the respective substrate solution. The cleavage of 

the p-nitrophenyl glycopyranoside was followed by absorption at 410 nm and the concentration 

of released pNP 13b determined by calibration measurements with different pNP 13b 

concentrations. Reactions were carried out in triplicate for determination of the standard 

deviation. Control reactions with no external nucleophile were measured simultaneously to 

exclude catalysis by the mutant glycosidase without an external nucleophile. 

In the cases of Cbg1 and RhaB, the transferral of the potential glycosyl donor, produced by 

the chemically recovered activity, onto an acceptor was tested by adding the acceptor to the 

substrate solution before addition of the enzyme solution. 

Quantification of azide 

The release or incorporation of azide ions during chemical recovery experiments was 

determined in a microplate assay using acidic FeCl3 solution. Therefore, 20 µL of the 
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enzymatic reaction was added to 80 µL of a 40 mM FeCl3 in 10 mM HCl solution and thoroughly 

mixed. The absorption at 456 nm was measured immediately and the concentration of azide 

calculated by comparison of the absorption with a calibration (sodium azide solutions ranging 

from 1–10 mM). Control reactions containg no enzyme were recorded to exclude a conversion 

or release of azide without participation of the examined enzyme. 

 

8.5.5 Glycosylation modification of RNase B 

De-glycosylation of RNase B 

To obtain the acceptor protein RNase B-GlcNAc, native RNase B was de-glycosyated by 

digestion with the enzyme Endo-H. The reaction mixture contained 10 mg native RNase B, 

5 μL 10× G5-buffer and 5 μL Endo-H (1 kU) in a total volume of 50 μL and was incubated for 

12 h at 37 °C. The reaction was then heat-deactivated at 70 °C for 1 h. Centrifugation removed 

aggregated Endo-H enzyme and the supernatant was subjected to further reactions/analysis. 

Glycosylation of RNase B-GlcNAc 

RNase B-GlcNAc (2 μg) was incubated at 30 °C for 2 h with 150 μg SGP 20 and 0.75 mU 

Endo-CC N180H in KPi-buffer (25 mM, pH 7.5) in a total volume of 10 μL. The reaction was 

stopped by heating at 100 °C for 3 min. The product was then analysed by Tricine-SDS-PAGE. 

 

8.5.6 Naringinase deactivation and activity assay 

The β-glucosidase activity of the naringinase of P. decumbens was deactivated by the 

procedure described by Vila-Real et al.[103] Therefore, the lyophilised naringinase (1 mg/mL) 

was dissolved in the deactivation-buffer and incubated at 82 °C for 16 min. The enzyme 

solution was then kept on ice and used directly or lyophilised and stored at -20 °C. The activity 

was measured by a discontinuous activity assay for the naringinase carried out in microplate 

wells. Buffer A and a 2 mM pNPGlc 5h or pNPRha 5r substrate solution were combined with 

the enzyme solution (1 g/L) at room temperature (~25 °C, Table 30). The reaction (200 µL 

reaction volume) was halted after 1.5 min (α-L-rhamnosidase activity) or 5 min (β-D-

glucosidase activity) by the addition of 8.8 µL1 M aqueous NaOH and the absorption measured 

at 410 nm. Calibration curves for the concentration determination of p-nitrophenol (13b) was 

carried out with various concentrations in Buffer A (200 µL) with the addition of 8.8 µL of 1 M 

NaOH. 
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Table 30 Composition of the buffers (left) required for deactivation and activity measurement of the 
naringinase of P. decumbens and the respective activity assay (right). The NaOH solution is added after 
incubation of the reaction. 

Buffer Composition  Solution 
Volume 

[µL] 

Buffer A 
20 mM sodium citrate/ citric acid, 
pH 3.4 

 Buffer A 170 

Deactivation-
buffer 

20 mM sodium citrate/ citric acid, 
pH 3.9 

 
pNPGlc/pNPRha 5h/r 
(20 mM, in Buffer A) 

20 

   
Enzyme solution 
(1 mg/mL) 

10 

   NaOH (1 M) 8.8 
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8.6 Chemical synthesis 

8.6.1 Chromatography 

Reaction product separation and analysis 

For column chromatography, silica gel 60M (0.040–0.063 mm, 230–400 mesh) purchased 

from Machery-Nagel (Düren, Gemany) was used. Respective solvent mixtures were made 

using low boiling petroleum ether (b.p.: 40–60 °C), ethyl acetate, dichloromethane, ethanol, 

methanol and water. Standard and reverse phase TLCs were carried out on 

POLYGRAM® SIL G/UV254 with fluorescence-indicator and ALUGRAM® RP-18 W/UV254 from 

Macherey-Nagel (Düren, Germany). Compound visualisation was carried out via 

UV-absorption and staining with either cerium-molybdenum-staining solution [10 g 

Ce(SO4)2·4 H2O, 25 g phosphomolybdic acid, 60 mL conc. H2SO4, 940 mL H2O] or 

vanillin-staining solution (12 g vanillin, 200 mL ethanol, 5 mL H2SO4) and subsequent heating 

with a heat gun. 

HPLC analysis of SGP-glycosides 

HPLC analysis was carried out using the Cosmosil 5C18-MS reverse phase column 

(150 mm × 4.6 mm). The column was equilibrated with 0.1% (v/v) trifluoro acetic acid at a 

flow-rate of 0.9 mL/min. The product and substrate were eluted depending on the type of 

glycoside. Flavonoid substrates were eluted using a linear gradient of 0–30% (v/v) acetonitrile 

in 0.1% trifluoro acetic acid over 30 min and detected by absorption at 290 nm. The acceptor 

and product of pNPGlcNAc 5a was eluted using a linear gradient of 0–20% (v/v) acetonitrile in 

0.1% trifluoro acetic acid over 30 min and detected by absorbance at 280 nm. UDP-GlcNAc 28 

reactions were analysed using 100 mM acetic acid neutralised to pH 7 with triethylamine at a 

flow-rate of 0.5 mL/min. 

 

8.6.2 LC-MS analysis 

The LC-MS analysis occurred via an Aglient 1100 Series LC-mass spectrometer 

(Aglient Technologies, Santa Clara, CA, USA) equipped with a diode array- and atmospheric 

pressure ionisation (API) electronspray mass detector. Compound mixtures were separated 

by a revesed phase Atlantis T3 column (100 mm×3.0 mm, 3 µm). Water and methanol both 

containing 0.1% (v/v) formic acid were applied as elution solvents. The separation occurred 

using the following procedure: 

0.00 min H2O/MeOH (90 : 10); 4.00 min H2O/MeOH (40 : 60); 6.00 min MeOH. 
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The flowrate and column temperature was held constant at 0.6 mL/min and 30 °C respectively 

and the procedure halted after 10 min. Samples were prepared in H2O : acetonitrile (50 : 50) 

and the injection volume of the sample was 10 µL. Absorption was detected at the wavelengths 

250 nm, 510 nm, 520 nm, 535 nm, and 540 nm. Mass detection occurred in the positive mode. 

Compounds were identified by the UV-absorption, mass to charge ratio (m/z), or the 

measurement of reference compounds. 

 

8.6.3 Mass spectrometry 

For the determination of the molecular weight of the (via HPLC) isolated transglycosylation 

product (section 8.6.1) electrospray ionisation-ion trap-mass spectrometry was used. The 

measurement was carried out with a HCT plus ion-trap mass spectrometer operated in the 

negative ion mode. The nebulizer flow was 10 psi with a dry gas flow-rate of 5 L/min and a 

temperature of 300 °C. Samples for the ESI-MS were dissolved in 50% acetonitrile (v/v) in a 

concentration of 1 nmol/μL. 

High-resolution mass spectra were measured by the Central Institute for Engineering, 

Electronics and Analytics (ZEA-3) of the Forschungszentrum Jülich GmbH. The spectra were 

recorded using Fourier-transform ion cyclotronresonance mass spectrometry (FT-ICR-MS) 

after ionisation of the sample by electronspray ionisation (ESI). Samples were provided in 

solution (methanol). The theoretical and recorded mass values are given for the respective 

compounds. 

 

8.6.4 NMR-Spectroscopy 

The recordings of 1H- and 13C-NMR-spectra were carried out using following instruments: 

1H-NMR-Spectra: Bruker Avance/DRX 600 (Measurement frequency: 600 MHz) 
13C-NMR-Spectra: Bruker Avance/DRX 600 (Measurement frequency: 151 MHz) 

The spectra were recorded using deuterated chloroform, D2O or d6-DMSO. The 1H- and 

13C-spectra were calibrated using the characteristic signals of CDCl3 (1H: 7.26 ppm; 13C: 

77.00 ppm), D2O (1H: 4.79 ppm), and d6-DMSO (1H: 2.5 ppm; 13C: 40.00 ppm). Chemical shifts 

δ and coupling constants J are given in ppm and Hz respectively. Assignment of each signal 

was carried out by comparison of coupling constants J and additional DEPT-, COSY- and 

HSQC-spectra. Connectivity of oligosaccharides was determined by HMBC-spectra showing 

the coupling of a specific anomeric proton with the respective proton of the preceding 
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saccharide. Signal multiplicities were given the appropriate abbreviations: s (singlet), bs (broad 

singlet), d (doublet), t (triplet), q (quartet), m (multiplet). 

 

8.6.5 IR-Spectroscopy 

IR-spectra were recorded using a PerkinElmer SpectrumOne IR-Spectrometer. The 

ATR-procedure was used for each measurement and the absorption bands of each spectrum 

listed as wave numbers ṽ (cm-1). The analysis of the spectra was limited to only strong 

characteristic absorption bands, which allowed the characterisation and identification of the 

analysed molecule. In some cases a classification of the band is added (e.g. br = broad, 

w = weak). The bands were also differentiated into valence vibrations (ν) and deformation 

vibrations (δ). 

 

8.6.6 Measurement of rotatory power ([α]D
20) 

The rotatory power of each compound was measured using the polarimeter of PerkinElmer at 

589 nm (sodium-D-line) in a tempered cylindrical cuvette (1 dm in length). The solvent, 

concentration (c = g/mL) and temperature used in each measurement are given with the 

analytical data of the respective compound. 

 

8.6.7 Melting points 

The melting points of crystalline compounds were determined using the Point SMP-20 

apparatus from Büchi. 

 

8.6.8 Peracetylation of monosaccharides 

The peracetylation of β-D-glucose (11b) was described by Steinmann et al. and was 

transferred to other monosaccharides such as α/β-D-xylose (11a) and α-L-rhamnose (11e) in 

this thesis.[154] The peracetylation was carried out in a 25 mL round-bottom flask with 91 mg 

(5.5 mmol) or 1.0 g (6.7 mmol) of the respective sugar 11a or 11e in 1 mL/mmol pyridine. 

Acetic anhydride (1.5 equiv/OH-group of the respective sugar) was slowly added to the 

reaction solution and the reaction stirred overnight (18 h) at room temperature (~25 °C). The 

reaction mixture was then diluted with 5 mL Et2O and pyridine removed by extraction with 

saturated CuSO4-solution. The organic phase was dried over MgSO4 and filtered through 
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Celite. The solvent was removed under reduced pressure yielding the pure product in a 

α/β-anomeric mixture. The analytical data was in accordance with literature.[197] 

 

1,2,3,4-Tetra-O-acetyl-α,β-L-rhamnopyranoside 22q 

Clear syrup; Yield = 83% (1.5 g/ 4.6 mmol, α : β mixture = 2.5 : 1); 
1H-NMR (600 MHz, CDCl3): δ [ppm] = 1.23 (d, 3J6,5 = 6.2 Hz, 3H, 6-H), 

2.00 (s, 3H, Ac-H), 2.05 (s, 3H, Ac-H), 2.15 (s, 3H, Ac-H), 2.16 (s, 3H, Ac-H), 

3.93 (tt, 3J5,4 = 12.4 Hz, 3J5,6 = 6.2 Hz, 1H, 5-H), 5.11 (dd, 3J4,5 = 10.0 Hz, 

3J4,3 = 10.0 Hz, 1H, 4-H), 5.24 (dd, 3J2,3 = 3.3 Hz, 3J2,1 = 2.0 Hz, 1H, 2-H), 

5.29 (dd, 3J3,4 = 10.1 Hz, 3J3,2 = 3.5 Hz, 1H, 3-H), 6.01 (d, 3J1,2 = 1.7 Hz, 1H, 

1-H); 13C-NMR (151 MHz, CDCl3): δ [ppm] = 17.45 (CH3, C-6), 20.68, 20.76, 20.79, 

20.91 (CH3, Ac), 68.64 (CH2, C-2), 68.72 (CH, C-5), 68.77 (CH, C-3), 70.48 (CH, C-4), 

90.64 (CH, C-1), 168.39, 169.83, 169.85, 170.09 (CO, Ac); IR (ATR-film): ν [cm-1] = 3016, 

2970, 2935 (aliph. C-H-ν), 1741, 1366, 1216 (ester, CO-ν), 1051, 970 (C-H-δ); Rf-Value: 

α 0.49 (PE : EA = 1 : 1); β 0.44 (PE : EA = 1 : 1). 

 

1,2,3,4-Tetra-O-acetyl-α,β-D-xylopyranoside 22c 

Clear syrup; Yield = 92% (1.9 g/ 6.1 mmol, α : β mixture = 2.5 : 1); 
1H-NMR (600 MHz, CDCl3): δ [ppm] = 2.03 (s, 3H, Ac-H), 2.05 (s, 3H, Ac-H), 

2.05 (s, 3H, Ac-H), 2.18 (s, 3H, Ac-H), 3.72 (t, 2J5,5 = 11.2 Hz, 3J5,4 = 11.2 Hz 

1H, 5-Hax), 3.94 (dd, 2J5,5 = 11.2 Hz, 3J5,4 = 5.9 Hz, 1H, 5-Heq), 5.03 (m, 2H, 

2/4-H), 5.47 (dd, 3J3,2 = 9.8 Hz, 3J3,4 = 9.8 Hz, 1H, 3-H), 6.62 (d, 

3J1,2 = 3.6 Hz, 1H, 1-H); 13C-NMR (151 MHz, CDCl3): δ [ppm] = 20.49, 20.66, 

20.73, 20.86 (CH3, Ac), 60.65 (CH2, C-5), 68.67 (CH, C-4), 69.34 (CH, C-3), 69.34 (CH, C-2), 

89.25 (CH, C-1), 169.00, 169.71, 169.76, 170.12 (CO, Ac); Rf-Value: 0.49 (PE : EA = 1 : 1). 

 

8.6.9 Fluorination of peracetylated glycosides 

Fluorination of the peracetylated glycosides were each carried out in 100 mL plastic 

round-bottom flasks (Important! Plastic ware should always be used while working with 

hydrofluoric acid as glass wear will be degraded by the acid!). The peracetylated 

glycosides 22q, 22a or 22c (5.68 mmol, 933 mg; 4.99 mmol, 1.95 g; 6.07 mmol, 1.93 g) were 

dissolved at 0 °C in HF/pyridine solution (1 mL/mmol peracetylated glycoside, 70% HF in 

pyridine). The reaction was stirred for 4 h at 0 °C and monitored by TLC (PE : EtOAc = 1 : 1). 
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After completion, the reaction was diluted with CH2Cl2 (15 mL) and dH2O (15 mL). Excess 

fluoric acid was neutralized using K2CO3 powder and the organic phase separated from the 

aqueous (K2CO3 is more effective for the neutralisation than Na2CO3, as KF is more soluble in 

H2O than NaF). Pyridine was removed by extraction with saturated CuSO4-solution and the 

organic phase dried over MgSO4 and filtered. The solvent was removed under reduced 

pressure and the product purified by flash chromatography (22d, 22e: PE : EA = 60 : 40, 22t: 

PE : EA = 50 : 50). The analytical data was in accordance with literature.[198, 199] 

 

2,3,4,6-Tetra-O-acetyl-α,β-D-glucopyranosyl fluoride 22d 

Colourless solid, Yield = 57% (1.01 mg/ 2.88 mmol, 3 : 1 α : β mixture), 45% 

(797 mg/ 2.27 mmol, α-anomer) 

Analytical data for α-anomer: 1H-NMR (600 MHz, CDCl3): δ [ppm] = 1.96 (s, 

3H, Ac-H), 1.98 (s, 3H, Ac-H), 2.04 (s, 6H, Ac-H), 4.09 (dd, 2J6,6 = 12.6 Hz, 

1H, 6-H), 4.12 (m, 1H, 5-H), 4.22 (dd, 2J6,6 = 12.5 Hz, 3J6,5 = 4.0 Hz, 1H, 6-H), 

4.89 (ddd, 3J2,F = 24.2 Hz, 3J2,3 = 10.2 Hz, 3J2,1 = 2.6 Hz, 1H, 2-H), 5.09 (dd, 

3J4,3 = 9.9 Hz, 3J4,5 = 9.9 Hz, 1H, 4-H), 5.43 (dd, 3J3,4 = 9.9 Hz, 3J3,2 = 9.9 Hz, 1H, 3-H), 5.69 (dd, 

2J1,F = 52.8 Hz, 3J1,2 = 2.4 Hz, 1H, 1-H); 13C-NMR (151 MHz, CDCl3): δ [ppm] = 20.55, 20.61, 

20.69 (CH3, Ac), 61.2 (CH2, C-6), 67.35 (CH, C-4), 69.40 (CH, C-3), 69.85 (CH, C-5), 

70.14/70.30 (CH, C-2), 103.00/104.52 (CH, C-1), 169.43, 169.65, 169.99, 170.55 (CO, Ac); IR 

(ATR-film): ν [cm-1] = 3012, 2958 (aliph. C-H-ν), 1732, 1219 (ester, CO-ν), 1035 (C-F-δ); 

Rf-Value: α 0.51 (PE : EA = 1 : 1), β 0.50 (PE : EA = 1 : 1); mp = 109 °C (lit.: 108 °C); 

[α]D
20 = +89 ° ± 0.05 ° (c = 1.1, CHCl3, lit.: [α]D20 = +90 °, c = 3.0, CHCl3). 

 

2,3,4-Tri-O-acetyl-α-D-xylopyranosyl fluoride 22e 

Colourless solid; Yield = 56% (938 mg/ 3.37 mmol, α-anomer); 

1H-NMR (600 MHz, CDCl3): δ [ppm] = 2.04 (s, 3H, Ac-H), 2.04 (s, 3H, Ac-H), 

2.09 (s, 3H, Ac-H), 3.77 (t, 2J5,5 = 11.1 Hz, 1H, 5-Hax), 3.97 (dd, 

2J5,5 = 11.2 Hz, 3J5,4 = 5.9 Hz, 1H, 5-Heq), 4.88 (ddd, 3J2,F = 24.1 Hz, 

3J2,3 = 10.1 Hz, 3J2,1 = 2.7 Hz, 1H, 2-H), 5.03 (td, 3J4,3 = 10.4 Hz, 3J4,5 = 5.9 Hz, 

1H, 4-H), 5.49 (dd, 3J3,2 = 9.9 Hz, 3J3,4 = 9.9 Hz, 1H, 3-H), 5.68 (dd, 2J1,F = 53.0 Hz, 

3J1,2 = 2.7 Hz, 1H, 1-H); 13C-NMR (151 MHz, CDCl3): δ [ppm] = 20.56, 20.63, 20.67 (CH3, Ac), 

60.30 (CH2, C-5), 68.21 (CH, C-4), 68.94 (CH, C-3), 70.42/70.58 (CH, C-2), 

103.21/104.73 (CH, C-1), 169.82, 169.89, 170.06 (CO, Ac); IR (ATR-film): ν [cm-1] = 3017, 

2970 (aliph. C-H-ν), 1741 (ester, CO-ν), 1366 (anom. C-H-ν), 1212 (ester, CO-ν), 

 

22d 

C14H19FO9 
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C11H15FO7 
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1047 (C-F-δ); Rf-Value: 0.54 (PE : EA = 1 : 1); mp = 63 °C (lit.: 87 °C); [α]D
20 = +64 ° ± 0.07 ° 

(c = 1.0, CHCl3, lit.: [α]D20 = +67 °, CHCl3, c not given). 

 

2,3,4-Tri-O-acetyl-α-L-rhamnopyranosyl fluoride 22t 

Clear syrup; Yield = 79% (1.31 g/ 4.49 mmol, α-anomer, Yield of two steps: 

peracetylation, fluorination); 
1H-NMR (600 MHz, CDCl3): δ [ppm] = 1.25 (d, 3J6,5 = 6.2 Hz, 3H, 6-H), 

1.98 (s, 3H, H-Ac), 2.04 (s, 3H, H-Ac), 2.14 (s, 3H, H-Ac), 4.02 (dq, 

3J5,4 = 12.4 Hz, 3J5,6 = 6.2 Hz, 1H, 5-H), 5.10 (dd, 3J4,5 = 10.1 Hz, 

3J4,3 = 10.1 Hz, 1H, 4-H), 5.24 (ddd, 3J2,F = 10.3 Hz, 3J2,3 = 3.5 Hz, 

3J2,1 = 1.6 Hz, 1H, 2-H), 5.36 (brs, 1H, 3-H), 5.47 (dd, 2J1,F = 48.86 Hz, 3J1,2 = 1.5 Hz, 1H, 1-H); 
13C-NMR (151 MHz, CDCl3): δ [ppm] = 17.27 (CH3, C-6), 20.59, 20.69, 20.71 (CH3, Ac), 

68.10 (CH, C-3), 68.21 (CH, C-2), 68.89 (CH, C-5), 69.94 (CH, C-4), 104.03/105.50 (CH, C-1); 

Rf-Value: 0.68 (PE : EA = 1 : 1). 

 

 

8.6.10 O-Glycosylation 

The O-glycosylation of aglycons 13b and 13c was generally carried out in a solution of the 

peracetylated glycoside in 3 mL/mmol CH2Cl2. The glycosides 22q (4.6 mmol, 1.5 g) and 22a 

(4.8 mmol, 1.9 g) were therefore dissolved in CH2Cl2 and the aglycon 13b or 13c (1.5 equiv) 

and triethyl amine (0.5 equiv) were added to the solution. The lewis acid BF3·(OEt2) was added 

dropwise over 30 min at 0 °C to the reaction and then stirred over 72 h at room temperature 

(~25 °C). The reaction course was followed via TLC (PE : EtOAc = 1:1) and 1H-NMR. Portions 

of saturated aqueous sodium bicarbonate (around 1 L in total) were added to the solution to 

extract left over starting material (extraction repeated until barely any colouration of the fresh 

aqueous phase occurred). The combined aqueous phases were extracted twice with a small 

amount of CH2Cl2. The combined organic phases were dried over MgSO4, filtered and the 

solvent removed under reduced pressure. The residual syrup was dissolved in a small amount 

of hot ethanol and the product obtained by crystallisation/precipitation and subsequent filtration 

(modification of the O-glycosylation method from Lee et al.).[153] The analytical data was in 

accordance with literature.[200, 201] 

  

 

22t 

C12H17FO7 

[292.25] 
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(4-Nitrophenyl)-2,3,4-tri-O-acetyl α-L-rhamnopyranoside 22r 

Colourless solid; Yield = 53% (1.0 g/ 2.4 mmol); 
1H-NMR (600 MHz, CDCl3): δ [ppm] = 1.21 (d, 3J6,5 = 6.3 Hz, 3H, 6-H), 

2.05 (s, 3H, Ac-H), 2.07 (s, 3H, Ac-H), 2.22 (s, 3H, Ac-H), 3.90 (dq, 

3J5,4 = 10.0 Hz, 3J5,6 = 6.3 Hz, 1H, 5-H), 5.18 (dd, 3J4,3 = 10.0 Hz, 

3J4,5 = 10.0 Hz, 1H, 4-H), 5.45 (dd, 3J2,3 = 3.5 Hz, 3J2,1 = 1.8 Hz, 1H, 2-H), 

5.49 (dd, 3J3,4 = 10.1 Hz, 3J3,2 = 3.5 Hz, 1H, 3-H), 5.57 (d, 3J1,2 = 1.6 Hz, 1H, 

1-H), 7.19 (m, 2H, Ph-H), 8.23 (m, 2H, Ph-H); 13C-NMR (125 MHz, CDCl3): 

δ [ppm] = 17.42 (CH3, C-6), 20.74, 20.77, 20.87 (CH3, Ac), 67.84 (CH, C-5), 69.55 (CH, C-3), 

69.71 (CH, C-2), 70.48 (CH, C-4), 95.56 (CH, C-1), 116.30, 125.91, 142.93, 160.14 (CH, Ph), 

169.90, 170.05, 170.06 (CO, Ac); IR (ATR-film): ν [cm-1] = 3118, 3083 (arom. C-H-ν), 2980, 

2936, 2916 (aliph. C-H-ν), 1746 (ester, CO-ν), 1594 (arom. CC-ν), 1515, 1369 (NO-ν), 

1210 (ester, CO-ν); Rf-Value: 0.58 (PE : EA = 1 : 1). 

 

(2-Chloro-4-nitrophenyl)-2,3,4-tri-O-acetyl α-L-rhamnopyranoside 22s 

Colourless solid; Yield = 32% (0.72 g/ 1.2 mmol); 
1H-NMR (600 MHz, CDCl3): δ [ppm] = 1.20 (d, 3J6,5 = 6.2 Hz, 3H, 6-H), 

2.03 (s, 3H, Ac-H), 2.06 (s, 3H, Ac-H), 2.20 (s, 3H, Ac-H), 3.91 (dq, 

3J5,4 = 12.4 Hz, 3J5,6 = 6.2 Hz, 1H, 5-H), 5.19 (dd, 3J4,3 = 9.9 Hz, 3J4,5 = 9.9 Hz, 

1H, 4-H), 5.51 (m, 1H, 2-H), 5.53 (dd, 3J3,4 = 10.0 Hz, 3J3,2 = 3.5 Hz, 1H, 3-H), 

5.63 (d, 3J1,2 = 1.5 Hz, 1H, 1-H), 7.28 (d, 3JPh,Ph = 9.2 Hz, 1H, Ph-H), 8.13 (dd, 

3JPh,Ph = 9.1 Hz, 3JPh,Ph = 2.7 Hz, 1H, Ph-H), 8.31 (d, 3JPh,Ph = 2.7 Hz, 1H, 

Ph-H); 13C-NMR (151 MHz, CDCl3): δ [ppm] = 17.39 (CH3, C-6), 20.68, 20.76, 20.83 (CH3, Ac), 

68.34 (CH, C-5), 68.49 (CH, C-3), 69.17 (CH, C-2), 70.32 (CH, C-4), 96.17 (CH, C-1), 115.01, 

123.71, 124.58, 126.29, 142.73, 156.14 (CH, Ph), 169.85, 169.91, 170.01 (CO, Ac); IR 

(ATR-film): ν [cm-1] = 3001, 2970, 2945 (aliph. C-H-ν), 1741 (ester, CO-ν), 1586 (arom. CC-ν), 

1520 (NO-ν), 1366 (ester, CO-ν) 1345 (NO-ν), 1216 (ester, CO-ν), 976 (C-Cl-ν); Rf-Value: 

0.58 (PE : EA = 1 : 1); mp = 177 °C; [α]D
20 = -93 ° ± 0.21 ° (c = 1.0, CHCl3). 

  

 

22r 

C18H21NO10 

[411.36] 

 

22s 

C18H20ClNO10 

[445.81] 
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(4-Nitrophenyl)-2,3,4,6-tetra-O-acetyl β-D-glucopyranoside 22b 

Colourless solid; Yield = 46% (1.1 g/ 2.3 mmol); 
1H-NMR (600 MHz, CDCl3): δ [ppm] = 2.05 (s, 3H, Ac-H), 2.07 (s, 3H, 

Ac-H), 2.07 (s, 3H, Ac-H), 2.08 (s, 3H, Ac-H), 3.96 (ddd, 3J5,4 = 10.0 Hz, 

3J5,6 = 5.5 Hz, 3J5,6 = 2.4 Hz, 1H, 5-H), 4.19 (dd, 2J6,6 = 12.4 Hz, 

3J6,5 = 2.4 Hz, 1H, 6-H), 4.29 (dd, 2J6,6 = 12.4 Hz, 3J6,5 = 5.5 Hz, 1H, 6-H), 

5.19 (m, 1H, 4-H), 5.24 (d, 3J1,2 = 7.3 Hz, 1H, 1-H), 5.32 (m, 2H, 

3-H/2-H), 7.09 (m, 2H, Ph-H), 8.21 (m, 2H, Ph-H); 13C-NMR (125 MHz, 

CDCl3): δ [ppm] = 20.56, 20.56, 20.59, 20.66 (CH3, Ac), 61.82 (CH2, C-6), 68.01 (CH, C-4), 

70.93 (CH, C-2/3), 72.41 (CH, C-2/3), 72.42 (CH, C-5), 98.05 (CH, C-1), 116.63, 125.79, 

143.26, 161.16 (CH, Ph), 169.20, 169.37, 170.15, 170.44 (CO, Ac); IR (ATR-film): 

ν [cm-1] = 2952 (aliph. C-H-ν), 1752, 1730 (ester, CO-ν), 1593 (NO-ν), 1519 (arom. CC-ν), 

1340 (NO-ν), 1210 (ester, CO-ν), 1036 (ether, C-O-ν), 862; mp = 176 °C (lit.: 175–177 °C); 

[α]D
20 = -38 ° ± 0.23 ° (c = 1.1, CHCl3, lit: [α]D20 = -31 °, c = 1.0, CHCl3). 

 

8.6.11 One-pot peracetylation and bromination of α-L-rhamnose (11e) 

In a round-bottom flask 1.33 mL of HBr/AcOH (33%) was added slowly to a suspension of 

1.0 g α-L-rhamnose (11e, 6.1 mmol) in 5 mL acetic anhydride. Once all of compound 11e had 

gone into solution (~5 min) further 5.65 mL HBr/AcOH (33%) was added to the solution. The 

reaction was followed by 1H-NMR. The reaction could not be followed by TLC, as product 22u 

was instable on silica gel. After completion of the reaction (24 h), the reaction was diluted with 

toluene (5 mL) and HBr/AcOH removed under reduced pressure (addition of solid sodium 

hydroxide in the solvent trap for neutralisation).The mixture was repeatedly co-evaporated with 

toluene. The residue was dissolved in 5 mL diethyl ether and the solvent again removed under 

reduced pressure resulting in the product 22u (96%, 5.3 mmol, 1.9 g) as a brown syrup. The 

analytical data was in accordance with literature.[202] 

  

 

22b 

C20H23NO12 

[469.39] 
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2,3,4-tri-O-acetyl α-L-rhamnopyranosyl bromide 22u 

Brown syrup; Yield = 96% (1.9 g/ 5.3 mmol); 
1H-NMR (600 MHz, CDCl3): δ [ppm] = 1.28 (d, 3JCH3,5 = 6.3 Hz, 3H, 6-H), 

2.00 (s, 3H, Ac-H), 2.07 (s, 3H, Ac-H), 2.16 (s, 3H, Ac-H), 4.10 (dq, 

3J5,4 = 10.0 Hz, 3J5,6 = 6.3 Hz, 1H, 5-H), 5.15 (dd, 3J4,5 = 10.1 Hz, 

3J4,3 = 10.1 Hz, 1H, 4-H), 5.44 (dd, 3J2,3 = 3.4 Hz, 3J2,1 = 1.6 Hz, 1H, 2-H), 

5.66 (dd, 3J3,4 = 10.2 Hz, 3J3,2 = 3.4 Hz, 1H, 3-H), 6.25 (d, 3J1,2 = 0.8 Hz, 1H, 

1-H); 13C-NMR (125 MHz, CDCl3): δ [ppm] = 16.98 (CH3, C-6), 20.62, 20.75, 20.79 (CH3, Ac), 

67.93 (CH, C-3), 70.32 (CH, C-4), 71.12 (CH, C-5), 72.46 (CH, C-2), 83.71 (CH, C-1), 169.64, 

169.78, 169.87 (CO, Ac); IR (ATR-film): ν [cm-1] = 2992, 2970, 2936 (aliph. C-H-ν), 1746, 1368, 

1205 (ester, C=O-ν), 676 (C-Br-ν); [α]D
20 = -144 ° ± 0.36 ° (c = 1.0, CHCl3, lit: [α]D20 = -172 °, 

c = 1, CHCl3). 

 

8.6.12 Synthesis of 2,3,4-tri-O-acetyl β-L-rhamnopyranosyl azide (22v) 

Compound 22u (0.29 g, 0.82 mmol) was dissolved in HMPA (1.8 mL/mmol) and sodium azide 

(4.1 mmol, 5 equiv) added slowly to the reaction solution. The suspension was heated to 75 °C 

and the reaction course followed by 1H-NMR. The solution was poured into ice water and the 

mixture extracted three times with CH2Cl2. The combined organic phases were dried over 

MgSO4 and filtered. The solvent was removed under reduced pressure and the residue 

washed with ice water. The product 22v (0.92 mmol, 0.29 mg) was dried by freezing in liquid 

nitrogen and lyophilisation of the sample. The analytical data was in accordance with 

literature.[166] 

 

2,3,4-tri-O-acetyl β-L-rhamnopyranosyl azide 22v 

Colourless/yellow solid; Yield = 112% (0.29 g/ 0.92 mmol), residual HMPA 

present; 
1H-NMR (600 MHz, CDCl3): δ [ppm] = 1.31 (d, 3J6,5 = 6.2 Hz, 3H, 6-H), 

1.98 (s, 3H, Ac-H), 2.05 (s, 3H, Ac-H), 2.19 (s, 3H, Ac-H), 3.62 (dq, 

3J5,4 = 9.6 Hz, 3J5,6 = 6.2 Hz, 1H, 5-H), 4.68 (d, 3J1,2 = 1.0 Hz, 1H, 1-H), 

4.98 (dd, 3J3,4 = 10.2 Hz, 3J3,2 = 3.3 Hz, 1H, 3-H), 5.07 (dd, 3J4,5 = 9.9 Hz, 

3J4,3 = 9.9 Hz, 1H, 4-H), 5.42 (dd, 3J2,3 = 3.3 Hz, 3J2,1 = 1.2 Hz, 1H, 2-H); 13C-NMR (125 MHz, 

CDCl3): δ [ppm] = 17.37 (CH3, C-6), 20.57, 20.75, 20.76 (CH3, Ac), 69.59 (CH, C-2), 

69.96 (CH, C-4), 70.99 (CH, C-3), 72.95 (CH, C-5), 84.95 (CH, C-1), 169.79, 170.07, 

170.07 (CO, Ac); IR (ATR-film):  [cm-1] = 2987, 2970, 2942 (aliph. C-H-ν), 2121 (azide, 

 

22u 

C12H17BrO7 

[353.16] 

 

22v 

C12H14N3O7 

[315.28] 
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N≡N-ν), 1742, 1366, 1206 (ester, C=O-ν), 1050; [α]D
20 = +23 ° ± 0.11 ° (c = 1.0, CHCl3, lit: 

[α]D20 = +114 °, c = 1, CHCl3). 

 

8.6.13 Deprotection of acetylated compounds 

The deprotection of acetylated compounds was either carried out using sodium methanolate 

in methanol (Zemplén conditions described by Steinmann et al.[154]) or ammonia in methanol 

(described by Yamamoto et al.[203]). 

Deprotection with NaOMe/MeOH[154]: 

The acetylated compound (1.0 mmol) was dissolved in dry 10 mL CH2Cl2 : MeOH (1 : 2) and 

0.67 mL NaOMe/MeOH (0.5 M) added to the solution. The deprotection was stirred at room 

temperature (~25 °C) until complete deacetylation (followed by TLC). Quenching of the 

reaction was carried out using Dowex Monoshpere 650C (activated with aqueous HCl) and 

stirring for 0.5 h. The Dowex Monoshpere 650C was removed by filtration and the solvent 

removed under reduced pressure yielding the deacetylated product. 

Deprotection using ammonia in MeOH[203]: 

The acetylated compound was dissolved in NH3/MeOH (7 M) with final concentrations of 0.1 M 

acetylated compound and 2 M ammonia. The reaction was followed by TLC and stirred at room 

temperature (~25 °C) until complete deacetylation. The solvent was removed under reduced 

pressure and lyophilisation. 

The analytical data of the deacetylated compounds was in accordance with literature.[28, 166, 198, 

204, 205] 

α-D-Glucopyranosyl fluoride 2a 

Colourless solid, Yield = 100% (0.35 g/ 1.9 mmol), deprotection: NH3/MeOH; 
1H-NMR (600 MHz, d6-DMSO): δ [ppm] =  3.12 (m, 1H, 4-H), 3.24 (m, 1H, 

2-H), 3.40 (dt, 3J3,4 = 9.3 Hz, 3J3,2 = 4.1 Hz, 1H, 3-H), 3.49 (m, 2H, 6-H/5-H), 

3.64 (dt, 2J6,6 = 9.2 Hz, 3J6,5 = 4.6 Hz, 1H, 6-H), 4.62 (t, 3J6′,6 = 5.7 Hz, 1H, 

6′-H), 5.05 (d, 3J3′,3 = 5.1 Hz, 1H, 3′-H), 5.09 (d, 3J4′,4 = 5.9 Hz, 1H, 4′-H), 

5.28 (d, 3J2′,2 = 6.1 Hz, 1H, 2′-H), 5.49 (dd, 2J1,F = 54.1 Hz, 3J1,2 = 2.7 Hz, 1H, 

1-H); 13C-NMR (151 MHz, d6-DMSO): δ [ppm] = 60.89 (CH2, C-6), 69.50 (CH, C-4), 

71.67/71.83 (CH, C-2), 73.09 (CH, C-3), 76.25 (CH, C-5), 107.62/109.10 (CH, C-1); Rf-Value: 

0.26 (CH2Cl2 : EtOH = 15%); [α]D
20 = +92 ° ± 0.06 ° (c = 1.1, methanol, lit.: [α]D20 = +77 °, c = 1, 

H2O). 

 

2a 

C6H11FO5 

[182.15] 
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α-D-Xylopyranosyl fluoride 2d 

Colourless solid; Yield = 94% (0.26 g/ 1.7 mmol), deprotection: NH3/MeOH; 
1H-NMR (600 MHz, D2O): δ [ppm] = 3.60 (ddd, 3J2,1 = 2.7 Hz, 3J2,F = 26.1 Hz, 

3J2,3 = 9.24 Hz, 1H, 2-H), 3.63–3.73 (m, 3H, 3-H/4-H/5-H), 3.86 (dd, 

2J5,5 = 10.4 Hz, 3J5,4 = 4.7 Hz, 1H, 5-H), 5.68 (dd, 2J1,F = 53.4 Hz, 3J1,2 = 2.7 Hz, 

1H, 1-H); 13C-NMR (151 MHz, D2O): δ [ppm] = 63.20 (CH2, C-5), 68.35 (CH, 

C-4), 71.09 (CH, C-2), 72.65 (CH, C-3), 107.54 (CH, C-1). 

 

α-L-Rhamnopyranosyl fluoride 2o 

Clear syrup; Yield = 100% (0.31 g/ 0.19 mmol), deprotection: NH3/MeOH; 
1H-NMR (600 MHz, d6-DMSO): δ [ppm] =  1.19 (d, 3J6,5 = 6.2 Hz, 3H, 6-H), 

3.27 (dd, 3J4,5 = 9.4 Hz, 3J4,3 = 9.4 Hz, 1H, 4-H), 3.43 (ddd, 3J3,4 = 9.4 Hz, 

3J3,2 = 3.2 Hz, 3J3,3′ = 2.5 Hz, 1H, 3-H), 3.54 (dq, 3J5,4 = 9.6 Hz, 3J5,6 = 6.2 Hz, 

1H, 5-H), 3.76 (dd, 3J2,3 = 3.3 Hz, 3J2,1 = 1.6 Hz, 1H, 2-H), 5.41 (dd, 

2J1,F = 51.0 Hz, 3J1,2 = 1.5 Hz, 1H, 1-H); 13C-NMR (151 MHz, CDCl3): 

δ [ppm] = 18.18 (CH3, C-6), 69.30 (CH, C-2), 70.37 (CH, C-3), 71.52 (CH, C-4), 71.62 (CH, 

C-5), 108.350/109.75 (CH, C-1); Rf-Value: 0.07 (PE : EA = 1 : 1). 

 

4-Nitrophenyl α-L-rhamnopyranoside 5r 

Colourless solid; Yield = 97% (0.67 g/ 2.3 mmol), deprotection: NH3/MeOH; 
1H-NMR (600 MHz, d6-DMSO): δ [ppm] = 1.10 (d, 3J6,5 = 6.2 Hz, 3H, 6-H), 

3.31 (ddd, 3J4,3 = 9.3 Hz, 3J4,5 = 9.3 Hz, 3J4,4′ = 5.8 Hz, 1H, 4-H), 3.39 (tt, 

3J5,4 = 12.3 Hz, 3J5,6 = 6.1 Hz, 1H, 5-H), 3.65 (ddd, 3J3,4 = 9.3 Hz, 

3J3,3′ = 5.9 Hz, 3J3,2 = 3.4 Hz, 1H, 3-H), 3.86 (m, 1H, 2-H), 4.82 (d, 

3J3′,3 = 5.9 Hz, 1H, 3′-H), 4.93 (d, 3J4′,4 = 5.7 Hz, 1H, 4′-H), 5.17 (d, 

3J2′,2 = 4.5 Hz, 1H, 2′-H), 5.57 (d, 3J1,2 = 1.8 Hz, 1H, 1-H), 7.24 (d, 

3JPh,Ph = 9.2 Hz, 2H, Ph-H), 8.21 (d, 3JPh,Ph = 9.1 Hz, 2H, Ph-H); 13C-NMR (125 MHz, CDCl3): 

δ [ppm] = 18.32 (CH3, C-6), 70.30 (CH, C-2), 70.54 (CH, C-5), 70.72 (CH, C-3), 72.02 (CH, 

C-4), 98.87 (CH, C-1), 117.11, 126.26, 142.06, 161.68 (CH, Ph); IR (ATR-film): ν [cm-1] = 3498, 

3427, 3324 (O-H-ν), 3159 (arom. C-H-ν), 2939, 2921 (aliph. C-H-ν), 1592 (arom. C=C-ν), 

1505, 1350 (N-O-ν), 1066, 1008, 976; Rf-Value: 0.68 (CH2Cl2 : EtOH 15%); mp = 180 °C (lit: 

179 °C); [α]D
20 = -151 ° ± 0.11 ° (c = 1.0, methanol; lit: [α]D20 = -144 °, c = 1, methanol). 

 

 

2d 

C5H9FO4 

[152.12] 

 

2o 

C6H11FO4 

[166.15] 

 

5r 

C12H15NO7 

[285.25] 
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2-Chloro-4-nitrophenyl α-L-rhamnopyranoside 5ae 

Colourless/yellow solid; Yield = 89% (0.38 mg/ 1.2 mmol), deprotection: 

NaOMe/MeOH; 
1H-NMR (600 MHz, d6-DMSO): δ [ppm] = 1.09 (d, 3J6,5 = 5.8 Hz, 3H, 6-H), 

3.32 (dd, 3J4,5 = 9.3 Hz, 3J4,3 = 5.8 Hz, 1H, 4-H), 3.36 (m, 1H, 5-H), 3.70 (m, 

1H, 3-H), 3.91 (m, 1H, 2-H), 4.89 (d, 3J3′,3 = 5.8 Hz, 1H, 3′-H), 5.01 (d, 

3J4′,4 = 5.2 Hz, 1H, 4′-H), 5.25 (d, 3J2′,2 = 4.6 Hz, 1H, 2′-H), 5.72 (d, 

3J1,2 = 1.7 Hz, 1H, 1-H), 7.51 (d, 3JPh,Ph = 9.3 Hz, 1H, Ph-H), 8.21 (dd, 

3JPh,Ph = 9.3 Hz, 3JPh,Ph = 2.2 Hz, 1H, Ph-H), 8.33 (t, 3JPh,Ph = 2.2 Hz, 1H, Ph-H); 13C-NMR 

(151 MHz, d6-DMSO): δ [ppm] = 18.27 (CH3, C-6), 70.22 (CH2, C-2), 70.68 (CH, C-5), 

70.97 (CH, C-3), 71.81 (CH, C-4), 99.43 (CH, C-1), 116.36, 123.10, 124.76, 126.01, 141.95, 

156.93 (CH, Ph); IR (ATR-film): ν [cm-1] = 3437, 3280 (br, O-H-ν), 3103, 3073 (arom. C-H-ν), 

3012, 2970, 2941 (aliph. C-H-ν), 1730, 1585 (arom. C=C-ν), 1514, 1365 (N-O-ν), 1049, 

734 (C-Cl-ν); Rf-Value: 0.72 (CH2Cl2 : EtOH 15%); mp = 143 °C. 

 

4-Nitrophenyl β-D-glucopyranoside 5h 

Colourless solid; Yield = 100% (1.3 g/ 4.3 mmol), deprotection: 

NH3/MeOH; 
1H-NMR (600 MHz, d6-DMSO): δ [ppm] = 3.20 (dd, 3J4,4′ = 13.7 Hz, 

3J4,5 = 8.5 Hz, 1H, 4-H), 3.30 (m, 2H, 2-H/3-H), 3.43 (dd, 3J5,4 = 8.5 Hz, 

3J5,6 = 5.4 Hz, 1H, 5-H), 3.49 (dd, 2J6,6 = 11.6 Hz, 3J6,5 = 5.7 Hz, 1H, 6-H), 

3.70 (dd, 2J6,6 = 11.2 Hz, 3J6,6′ = 4.4 Hz, 1H, 6-H), 4,60 (t, 3J6′,6 = 5.5 Hz, 

1H, 6′-H) 5.09 (m, 2H, 4′-H/1-H), 5.16 (d, 3J2′/3′,2/3 = 3.8 Hz, 1H, 2′/3′-H), 

5.45 (d, 3J2′/3′,2/3 = 4.2 Hz, 1H, 2′/3′-H), 7.23 (d, 3JPh,Ph = 9.0 Hz, 2H, Ph-H), 8.21 (d, 

3JPh,Ph = 9.0 Hz, 2H, Ph-H); 13C-NMR (125 MHz, d6-DMSO): δ [ppm] = 60.99 (CH2, C-6), 

69.94 (CH, C-4), 73.55 (CH, C-2/3), 76.88 (CH, C-2/3), 77.67 (CH, C-5), 100.31 (CH, C-1), 

117.02, 126.17, 142.12, 162.86 (CH, Ph); IR (ATR-film): ν [cm-1] = 3475, 3324 (br, O-H-ν), 

3016 (arom. C-H-ν), 2970, 2944 (aliph. C-H-ν), 1738, 1595 (N-O-ν), 1435 (arom. C=C-ν), 

1365 (N-O-ν), 1229; Rf-Value: 0.46 (CH2Cl2 : EtOH 15%); mp = 151 °C (lit.: 165–166 °C); 

[α]D
20 = -86 ° ± 0.12 ° (c = 1.1, methanol, lit: [α]D20 = +76 °, c = 0.8, methanol); LC-MS (API-ES, 

70 eV): m/z = 324.3 [M + Na]; tR = 4.7 min. 

  

 

5ae 

C12H14ClNO7 

[319.70] 

 

5h 

C12H15NO8 

[301.25] 
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β-L-Rhamnopyranosyl azide 16d 

Brown/yellow syrup; Yield = 84% (43 mg/ 0.23 mmol), deprotection: 

NH3/MeOH; 
1H-NMR (600 MHz, D2O): δ [ppm] = 1.32 (d, 3J6,5 = 6.2 Hz, 3H, 6-H), 

3.38 (dd, 3J4,5 = 9.6 Hz, 3J4,3 = 9.6 Hz, 1H, 4-H), 3.47 (dq, 3J5,4 = 9.5 Hz, 

3J5,6 = 6.2 Hz, 1H, 5-H), 3.58 (dd, 3J3,4 = 9.7 Hz, 3J3,2 = 3.3 Hz, 1H, 3-H), 

4.00 (dd, 3J2,3 = 3.3 Hz, 3J2,1 = 0.7 Hz, 1H, 2-H), 4.81 (d, 3J1,2 = 0.7 Hz, 1H, 

1-H); 13C-NMR (125 MHz, D2O): δ [ppm] = 16.59 (CH3, C-6), 71.17 (CH, C-4), 71.55 (CH, C-2), 

72.47 (CH, C-5), 74.38 (CH, C-3), 87.27 (CH, C-1); IR (ATR-film):  [cm-1] = 3341 (br, O-H-ν), 

2904 (aliph. C-H-ν), 2113 (Azide, N≡N-ν), 1661, 1383, 1251, 1061, 983, 869, 793, 559; Rf-

Value: 0.58 (RP, CH2Cl2 : EtOH 15%). 

 

8.6.14 Synthesis of triisopropyl-(4-nitrophenoxy)-silane (TIPSpNP, 23) 

The synthesis of TIPSpNP (23) was carried out under inert atmosphere in Schlenk-flasks. For 

synthesis, 4-nitrophenol (pNP, 13b, 0.70 mg, 5.0 mmol, 1.0 equiv) and imidazole (1.0 g, 

15 mmol, 3.0 equiv) were dissolved with dry CH2Cl2 (10 mL/mmol) and cooled to 0 °C on ice. 

Triisopropylsilyl chloride (2.14 mL, 10 mmol, 2.2 equiv) was added dropwise and the reaction 

stirred for 18 h. Excess of triisopropylsilyl chloride was hydrolysed by addition of dH2O (5 mL). 

The reaction mixture was extracted twice using CH2Cl2, and the combined organic phases 

washed with brine. The organic phase was dried over MgSO4 and filtered over CeliteTM. The 

solvent was removed under reduced pressure and the crude product purified by flash 

chromatography (PE 100%). After removal of the solvent, the product 23 was obtained as a 

pale yellow oil (97%, 1.4 g, 4.8 mmol). Analytical data was in accordance with literature.[206, 207] 

Triisopropyl-(4-nitrophenoxy)-silane 23 

Pale yellow oil; Yield = 97% (1.43 g/ 4.84 mmol); 
1H-NMR (600 MHz, CDCl3): δ [ppm] = 1.11 (d, 3J1′,2′ = 7.4 Hz, 18H, 1′-H), 

1.26–1.36 (m, 3H, 2′-H), 6.91–6.94 (m, 2H, Ph-H), 8.13–8.17 (m, 2H, Ph-H); 
13C-NMR (125 MHz, CDCl3): δ [ppm] = 12.67 (CH, C-2′), 17.81 (CH3, C-1′), 

119.92 (CH, C-Ph), 125.88 (CH, C-Ph), 141.72 (Cq, C-Ph), 162.09 (Cq, C-Ph). 

 

 

 

16d 

C6H11N3O4 

[189.17] 

 

23 

C15H25NO3Si 

[295.45] 
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8.6.15 Enzymatic synthesis of prunin (1b) from naringin (1c) 

A solution of naringin (1c, 10 mM, 58 mg, 0.1 µmol) in 9.5 mL citrate-buffer (20 mM, pH 3.4) 

was incubated at 60 °C after the addition 0.5 mL deactivated naringinase-solution (1 g/L, 

section 8.5.6) and shaken at 500 rpm over night (18 h). The reaction was followed on normal 

phase TLC plates using CH2Cl2 and EtOH (15%) as a solvent mixture. After complete 

conversion, the reaction mixture was cooled to 0 °C. The precipitated product was separated 

via filtration and dissolved in acetone. The solvent was subsequently removed under reduced 

pressure yielding the product 1b in a yield of 84% (37 mg, 0.84 µmol). The obtained analytical 

data was in accordance with literature.[208] 

 

Naringenin-7-O-β-D-glucoside 1b 

Yellow solid; Yield = 84% (37 mg/ 0.84 µmol); 
1H-NMR (600 MHz, d6-DMSO): δ [ppm] =  2.75 (dt, 

2J9a,9b = 17.1 Hz, 3J9a,8 = 3.2 Hz, 1H, 9-Ha), 3.15 (td, 

3J4′,5′/3′ = 9.1 Hz, 3J4′,4″ = 5.3 Hz, 1H, 4′-H), 3.24 (m, 1H, 

2′/3′-H), 3.27 (td, 3J3′/2′,2′/3′ = 8.8 Hz, 3J3′/2′,3″/2″ = 4.9 Hz, 1H, 

2′/3′-H), 3.32 (9-Hb overlapped by DHO-solvent signal 

3.33 ppm), 3.45 (dt, 3J6′b,5′ = 5.9 Hz, 2J6′b,6′a = 11.7 Hz, 1H, 

6′-Hb), 3.65 (m, 1H, 6′-Ha), 4.56 (dd, 3J5′,4′ = 10.5 Hz, 3J5′,6′b = 5.3 Hz, 1H, 5′-H), 4.98 (dd, 

3J = 14.3 Hz, 3J = 7.6 Hz, 1H, 1′-H), 5.04 (d, 3J4″,4′ = 5.1 Hz, 1H, 4″-H), 5.11 (d, 3J2″/3″,2′/3′ = 4.9 Hz, 

1H, 2″/3″-H), 5.36 (d, 3J2″/3″,2′/3′ = 5.1 Hz, 1H, 2″/3″-H), 5.49 (m, 1H, 8-H), 6.25 (m, 2H, 14/16-H), 

6.81 (d, 3J5,6 = 8.4 Hz, 2H, 5-H/6-H), 7.34 (d, 3J3,4 = 8.5 Hz, 2H, 3-H/4-H), 9.61 (s, 1H, 1-H), 

12.06 (d, 4J13,14 = 3.8 Hz, 1H, 13-H); 13C-NMR (125 MHz, d6-DMSO): δ [ppm] = 31.17 (Cq), 

42.50 (CH2, C-9), 61.03 (CH2, C-6′), 69.96 (CH, C-4′), 73.49 (CH, C-2′/3′), 76.90 (CH, C-2′/3′), 

77.52 (CH, C-5′), 79.17 (CH, C-8), 96.70 (CH, C-14/16), 100.06 (CH, C-1′), 115.66 (CH, 

C-6/5), 128.94 (CH, C-3/4), 129.08 (CH, C-3/4), 158.29 (Cq), 163.26 (Cq), 163.46 (Cq), 

165.79 (Cq), 197.73 (C=O, C-10); IR (ATR-film): ν [cm-1] = 3324 (br, O-H-ν), 3027 (arom. 

C-H-ν), 2967, 2916 (aliph. C-H-ν), 1737 (C=O-ν), 1634,1576 (arom. C=C-ν), 1168 (ether, 

C-O-ν) 1059, 1016; Rf-Value: 0.32 (CH2Cl2 : EtOH 15%); [α]D
20 = -63 ° ± 0.06 ° (c = 1.1, 

methanol, lit: [α]D20 = -72 °, c = 0.6, methanol); LC-MS (API-ES, 70 eV): m/z = 891.3 [2M + Na], 

435.3 [M + H]; tR = 6.3 min. 

 

 

1b 

C21H22O10 

[434.39] 
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8.6.16 Biocatalytic synthesis of β-D-glucosides 

The syntheses of various β-D-glucoside derivatives were catalysed by the glycosynthase 

variants Abg-E358S and BglU-E377A. As a general procedure, the acceptor and donor 

compounds were dissolved in the respective buffer and the purified enzyme solution added to 

the mixture, which was then incubated at 25 °C and shaken at 500 rpm. The reaction was 

followed by reversed phase TLC, which was stained using the vanillin staining solution 

(section 8.6.1). 

After incubation the buffer solvent was evaporated under reduced pressure and the remaining 

residue peracteylated by adding acetic anhydride (2.0 equiv/OH-group, calculated from the 

starting material) and 1 mL/mmol (starting material) pyridine. The acetylation was followed by 

normal phase TLC until completion. The reaction mixture was then diluted with 2 mL ethyl 

acetate and pyridine removed by extraction with saturated CuSO4-solution. The organic phase 

was dried over MgSO4 and filtered through Celite™. The solvent was removed under reduced 

pressure and the residual product mixture separated by column chromatography 

(PE : EA 1 : 1). 

 

Glucosylation of p-nitrophenyl β-D-glucopyranoside (5h) 

The donor 2a (80 mM) and acceptor 5h (40 mM) were dissolved in 1 mL KPi-buffer (50 mM, 

pH 7.0) and the reaction started by addition of 0.5 mL purified BglU-E377A solution (3.1 nM). 

The reaction was incubated at 25 °C for 24 h. The work-up followed the general procedure. 

The analytical data of compound 5c was in accordance with literature.[209] 

 

p-Nitrophenyl 2,3,6-tri-O-acetyl-4-O-(2,3,4,6-tetra-O-acetyl-β-D-glucopyranosyl) 

β-D-glucopyranoside 5c 

White solid; Yield = traces; 
1H-NMR (600 MHz, CDCl3): δ [ppm] = 1,99 (s, 3H, Ac-H), 

2,02 (s, 3H, Ac-H), 2,05 (s, 3H, Ac-H), 2,06 (s, 6H, Ac-H), 

2,09 (s, 3H, Ac-H), 2,10 (s, 3H, Ac-H), 3,68 (ddd, 

3J5′,6′ = 2.4 Hz, 3J5′,6′ = 4.4 Hz, 3J5′,4′ = 9.8 Hz, 1H, 5′-H), 

3,83 (ddd, 3J5,6 = 2.1 Hz, 3J5,6 = 5.7 Hz, 3J5,4 = 9.9 Hz, 1H, 

5-H), 3,88 (dd, 3J4,3 = 8.9 Hz, 3J4,5 = 9.9 Hz, 1H, 4-H), 

4,06 (dd, 3J6′,5′ = 2.4 Hz, 3J6′,6′ = 12.5 Hz, 1H, 6′-H), 4,14 (dd, 3J6,5 = 5.9 Hz, 3J6,6 = 12.0 Hz, 1H, 

6-H), 4,37 (dd, 3J6′,5′ = 4.4 Hz, 3J6′,6′ = 12.5 Hz, 1H, 6′-H), 4,53 (d, 3J6,5 = 2.1 Hz, 1H, 6-H), 

 

5c 

C32H39O20 

[757.65] 
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4,55 (d, 3J1′,2′ = 7.9 Hz, 1H, 1′-H), 4,95 (dd, 3J2′,1′ = 7.9 Hz, 3J2′,3′ = 9.4 Hz, 1H, 2′-H), 5,08 (t, 

3J4′,3′ = 9.7 Hz, 1H, 4′-H), 5,17 (m, 2H, 3′-H, 1-H), 5,22 (dd, 3J2,1 = 7.6 Hz, 3J2,3 = 8.9 Hz, 1H, 

2-H), 5,29 (t, 3J3,2 = 8.9 Hz, 1H, 3-H), 7,06 (m, 2H, Ph-H), 8,20 (m, 2H, Ph-H); Rf-Value: 0.21 

(PE : EA 1 : 1). 

 

p-Nitrophenyl 2,3,6-tri-O-acetyl-4-O-(hepta-O-acetyl-β-D-cellobiosyl)-β-D-glucopyranoside 5x 

White solid; Yield = 20% (8 mg/ 8 µmol); 
1H-NMR (600 MHz, CDCl3): δ [ppm] = 1,92 (s, 

3H, Ac-H), 1.94 (s, 3H, Ac-H), 1.94 (s, 3H, 

Ac-H), 1.95 (s, 3H, Ac-H), 1.97 (s, 3H, Ac-H), 

1.97 (s, 3H, Ac-H), 1.99 (s, 3H, Ac-H), 2.02 (s, 

6H, Ac-H), 2.09 (s, 3H, Ac-H), 3.54 (ddd, 

3J5′,6′ = 1.8 Hz, 3J5′,6′ = 4.9 Hz, 3J5′,4′ = 9.9 Hz, 1H, 

5′-H), 3.57 (ddd, 3J5″,6″ = 2.5 Hz, 3J5″,6″ = 4.3 Hz, 3J5″,4″ = 9.9 Hz, 1H, 5″-H), 3.72 (t, 3J4′,3′ = 9.3 Hz, 

1H, 4′-H), 3.77 (ddd, 3J5,6 = 2.0 Hz, 3J5,6 = 5.5 Hz, 3J5,4 = 9.9 Hz, 1H, 5-H), 3.79 (t, 3J4,5 = 9.8 Hz, 

1H, 4-H), 3.96 (dd, 3J6″,5″ = 2.2 Hz, 3J6″,6″ = 12.4 Hz, 1H, 6″-H), 4.05 (m, 2H, 6-H/6′-H), 4.29 (dd, 

3J6″,5″ = 4.2 Hz, 3J6″,6″ = 12.6 Hz, 1H, 6″-H), 4.38 (dd, 3J6′,5′ = 1.5 Hz, 3J6′,6′ = 12.3 Hz, 1H, 6′-H), 

4.43 (d, 3J1″,2″ = 7.8 Hz, 1H, 1″-H), 4.45 (d, 3J1′,2′ = 7.8 Hz, 1H, 1′-H), 4.48 (dd, 3J6,5 = 1.7 Hz, 

3J6,6 = 11.8 Hz, 1H, 6-H), 4.80 (dd, 3J2′,1′ = 7.9 Hz, 3J2′,3′ = 9.3 Hz, 1H, 2′-H), 4.84 (dd, 

3J2″,1″ = 8.0 Hz, 3J2″,3″ = 9.2 Hz, 1H, 2″-H), 4.99 (t, 3J4″,3″ = 9.5 Hz, 1H, 4″-H), 5.06 (t, 

3J3″,4″ = 9.4 Hz, 1H, 3″-H), 5.07 (t, 3J3′,4′ = 9.3 Hz, 1H, 3′-H), 5.10 (d, 3J1,2 = 7.6 Hz, 1H, 1-H), 

5.14 (dd, 3J2,1 = 7.8 Hz, 3J2,3 = 8.9 Hz, 1H, 2-H), 5.21 (t, 3J3,2 = 8.8 Hz, 1H, 3-H), 6.99 (m, 2H, 

Ph-H), 8.12 (m, 2H, Ph-H); 13C-NMR (125 MHz, CDCl3): δ [ppm] = 20.49, 20,54, 20.55, 20.56, 

20.57, 20.59, 20.63, 20.68, 20.77, 20.81 (CH3, Ac), 61.51 (CH2, C-6″), 61.70 (CH2, C-6), 

62.02 (CH2, C-6′), 67.73 (CH, C-4″), 71.19 (CH, C-2), 71.59 (CH, C-2″), 71.77 (CH, C-2′), 

72.05 (CH, C-3), 72.12 (CH, C-5″), 72.56 (CH, C-3′), 72.87 (CH, C-3″), 72.89 (CH, C-5′), 

73.24 (CH, C-5), 76.01 (CH, C-4′), 76.10 (CH, C-4), 97.84 (CH, C-1), 100.50 (CH, C-1′), 

100.77 (CH, C-1″), 116.58 (CH, C-Ph), 125.77 (CH, C-Ph), 143.23 (Cq, C-Ph), 161.15 (Cq, 

C-Ph), 169.06, 169.30, 169.31, 169.40, 169.67, 169.76, 170.08, 170.19, 170.21, 170.50 (Cq, 

C-Ac); Rf-Value: 0.15 (PE : EA 1 : 1). 

  

 

5x 

C44H55NO28 

[1045.90] 



8 Experimental Section 
 

187 

p-Nitrophenyl trideca-O-acetyl cellotetraside 5y 

Colourless solid; Yield = 5% (2 mg, 

2 µmol); 
1H-NMR (600 MHz, CDCl3): 

δ [ppm] = 1.97 (s, 3H, Ac-H), 1.98 (s, 

3H, Ac-H), 2.00 (s, 3H, Ac-H), 

2.01 (s, 3H, Ac-H), 2.02 (s, 3H, 

Ac-H), 2.03 (s, 3H, Ac-H), 2.04 (m, 

6H, Ac-H), 2.05 (s, 3H, Ac-H), 2.09 (s, 6H, Ac-H), 2.15 (s, 3H, Ac-H), 2.15 (s, 3H, Ac-H), 

3.57 (ddd, 3J5′,6′ = 1.9 Hz, 3J5′,6′ = 5.1 Hz, 3J5′,4′ = 9.9 Hz, 1H, 5′-H), 3.59 (ddd, 3J5″,6″ = 2.6 Hz, 

3J5″,6″ = 5.9 Hz, 3J5″,4″ = 11.3 Hz, 1H, 5″-H), 3.63 (ddd, 3J5‴,6‴ = 2.3 Hz, 3J5‴,6‴ = 4.4 Hz, 

3J5‴,4‴ = 10.0 Hz, 1H, 5‴-H), 3.76 (m, 2H, 4′-H, 4″-H), 3.84 (m, 2H, 4-H, 5-H), 4.04 (dd, 

3J6‴,5‴ = 2.0 Hz, 3J6‴,6‴ = 12.5 Hz, 1H, 6‴-H), 4.09–4.13 (m, 3H, 6-H/6′-H/6″-H), 4.36 (dd, 

3J6‴,5‴ = 4.4 Hz, 3J6‴,6‴ = 12.5 Hz, 1H, 6‴-H), 4.42 (m, 2H, 6′-H, 6″-H), 4.46 (d, 3J1‴,2‴ = 7.8 Hz, 

1‴-H), 4.47 (d, 3J1″,2″ = 7.8 Hz, 1″-H), 4.49 (d, 3J1′,2′ = 7.9 Hz, 1′-H), 4.52 (dd, 3J6,5 = 1.9 Hz, 

3J6,6 = 11.9 Hz, 1H, 6-H), 4.83 (dd, 3J2‴,1‴ = 8.0 Hz, 3J2‴,3‴ = 9.0 Hz, 1H, 2‴-H), 4.85 (dd, 

3J2′,1′ = 8.0 Hz, 3J2′,3′ = 9.1 Hz, 1H, 2′-H), 4.90 (dd, 3J2″,1″ = 7.9 Hz, 3J2″,3″ = 9.3 Hz, 1H, 2″-H), 

5.05 (t, 3J4‴,3‴ = 9.7 Hz, 1H, 3-H), 5.11 (m, 3H, 3‴-H/3″-H/3′-H), 5.17 (d, 3J1,2 = 7.6 Hz, 1H, 1-H), 

5.20 (dd, 3J2,1 = 7.6 Hz, 3J2,3 = 8.8 Hz, 1H, 2-H), 5.28 (t, 3J3,2 = 8.8 Hz, 1H, 3-H), 7:05 (m, 2H, 

Ph-H), 8.19 (m, 2H, Ph-H); Rf-Value: 0.08 (PE : EA 1 : 1). 

 

Glucosylation of naringenin-7-O-β-D-glucoside (1b) 

The donor 2a (80 mM) and acceptor 1b (40 mM) were dissolved in 2 mL NH4HCO3-buffer 

(150 mM, pH 7.9) with 10% DMSO (v/v) and the reaction started by addition of 3 mg purified 

Abg-E358S (lyophilised powder; purified with NH4HCO3-buffer, which was removed by 

lyophilisation). The reaction was incubated at 25 °C for 24 h. The work up followed the general 

procedure. The analytical data was in accordance with literature.[210] 

  

 

5y 

C56H71NO36 

[1334.16] 
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7-O-(Hepta-O-acetyl β-D-cellobiosyl)-5,4′-diacetyl naringenin 22i 

Yellow solid; Yield = 15% (12 mg/ 12 µmol); 
1H-NMR (600 MHz, d6-DMSO): 

δ [ppm] = 1.98 (s, 6H, Ac-H), 2.01 (s, 3H, Ac-H), 

2.03 (s, 3H, Ac-H), 2.04 (s, 3H, Ac-H), 2.04 (s, 

3H, Ac-H), 2.09 (s, 3H, Ac-H), 2.31 (s, 3H, 

Ac-H), 2.37 (s, 3H, Ac-H), 2.75 (dd, 

3J8a,8b = 16.7 Hz, 3J8a,7 = 2.6 Hz, 1H, 8-Ha), 

3.01 (dd, 3J8b,8a = 16.8 Hz, 3J8b,7 = 13.5 Hz, 1H, 8-Hb), 3.66 (ddd, 3J5″,6″ = 2.2 Hz, 3J5″,6″ = 3.9 Hz, 

3J5″,4″ = 9.6 Hz, 1H, 5″-H), 3.77–3.85 (m, 2H, 7-H/4′-H), 4.04 (dd, 3J6″,5″ = 1.9 Hz, 

2J6″,6″ = 12.4 Hz, 1H, 6″-H), 4.07–4.12 (m, 1H, 6′-H), 4.36 (dd, 3J6″,5″ = 4.4 Hz, 2J6″,6″ = 12.4 Hz, 

1H, 6″-H), 4.48–4.57 (m, 2H, 1″-H/6′-H), 4.93 (t, 3J = 8.4 Hz, 1H, 2″/3″/4″-H), 5.07 (t, 

3J = 9.5 Hz, 1H, 2″/3″/4″-H), 5.07 (d, 3J1′,2′ = 7.5 Hz, 1H, 1′-H), 5.14 (t, 3J = 9.5 Hz, 1H, 

2″/3″/4″-H), 5.18 (t, 3J2′,3″ = 9.1 Hz, 1H, 2′-H), 5.25 (t, 3J3′,2′ = 9.0 Hz, 1H, 3′-H), 5.44 (ddd, 

3J5′,6′ = 2.5 Hz, 3J5′,6′ = 5.4 Hz, 3J5′,4′ = 13.7 Hz, 1H, 5′-H), 6.33 (d, 3J14,12 = 2.3 Hz, 1H, 14-H), 

6.51 (dd, 3J12,14 = 2.3 Hz, 3J = 4.3 Hz, 1H, 12-H), 7.15 (d, 3J2/3,4/5 = 8.5 Hz, 2H, 2-H/3-H), 7.43 (d, 

3J4/5,2/3 = 8.5 Hz, 2H, 4-H/5-H); HRMS (ESI-FTMS, positive-ion): Calculated for C45H50O24Na 

(M + Na) = 997.2590, measured = 997.25894. 

 

Self-coupling of the donor α-D-glucopyranosyl fluoride (2a) 

The donor 2a (80 mM) were dissolved in 2 mL NH4HCO3-buffer (150 mM, pH 7.9) and the 

reaction started by addition of 3 mg purified Abg-E358S (lyophilised powder; purified with 

NH4HCO3-buffer, which was removed by lyophilisation). The reaction was incubated at 25 °C 

for 24 h. The work up followed the general procedure. Tha analytical data was in accordance 

with literature.[211] 

Hepta-O-acteyl α-D-cellobiosyl fluoride 22f 

Yellow solid; Yield = 7% (7 mg/ 11 µmol); 
1H-NMR (600 MHz, CDCl3): δ [ppm] = 1.98 (s, 3H, Ac-H), 2.01 (s, 3H, 

Ac-H), 2.03 (s, 3H, Ac-H), 2.04 (s, 3H, Ac-H), 2.09 (s, 3H, Ac-H), 

2.09 (s, 3H, Ac-H), 2.14 (s, 3H, Ac-H), 3.67 (ddd, 3J5′,6′ = 2.3 Hz, 

3J5′,6′ = 4.6 Hz, 3J5′,4′ = 10.0 Hz, 1H, 5′-H), 3.83 (dd, 3J4,3 = 9.8 Hz, 

3J4,5 = 9.8 Hz, 1H, 4-H), 4,04 (dd, 3J6′,5′ = 2.3 Hz, 3J6′,6′ = 12.5 Hz, 1H, 

6′-H), 4.10 (ddd, 3J5,6 = 1.9 Hz, 3J5,6 = 4.3 Hz, 3J5,4 = 10.0 Hz, 1H, 5-H), 4.14 (dd, 3J6,5 = 4.3 Hz, 

3J6,6 = 12.3 Hz, 1H, 6-H), 4.36 (dd, 3J6′,5′ = 4.5 Hz, 3J6′,6′ = 12.5 Hz, 1H, 6′-H), 4.54 (d, 

 

22i 

C45H50O24 

[974.87] 

 

22f 

C26H35FO17 

[638.55] 
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3J1′,2′ = 7.9 Hz, 1H, 1′-H), 4,56 (dd, 3J6,5 = 2.0 Hz, 3J6,6 = 12.3 Hz 1H, 6-H), 4.88 (ddd, 

3J2,1 = 2.3 Hz, 3J2,3 = 10.3 Hz, 3J2,F = 24.1 Hz, 1H, 2-H), 4.93 (dd, 3J2′,1′ = 8.0 Hz, 3J2′,3′ = 9.3 Hz, 

1H, 2′-H), 5.07 (t, 3J4′,3′ = 9.6 Hz, 1H, 4′-H), 5.15 (t, 3J3′,4′ = 9.4 Hz, 1H, 3′-H), 5.47 (dd, 

3J3,2 = 10.2 Hz, 3J3,4 = 9.4 Hz, 1H, 3-H), 5.66 (dd, 2J1,F = 53.0 Hz, 3J1,2 = 2.8 Hz, 1H, 1-H).  

 

2,3,6-Tri-O-acetyl-4-O-(hepta-O-acetyl β-cellobiosyl) α-D-glucopyranosyl fluoride 22g 

Yellow solid; Yield = 1.6% (2.4 mg/ 2.6 µmol); 
1H-NMR (600 MHz, d6-DMSO): δ [ppm] = 1.98 (s, 3H, 

Ac-H), 2.00 (s, 3H, Ac-H), 2.00 (s, 3H, Ac-H), 2.01 (s, 3H, 

Ac-H), 2.02 (s, 3H, Ac-H), 2.04 (s, 3H, Ac-H), 2.09 (s, 6H, 

Ac-H), 2.14 (s, 3H, Ac-H), 2.15 (s, 3H, Ac-H), 3.60 (ddd, 

3J5″,6″ = 1.9 Hz, 3J5″,6″ = 5.2 Hz, 3J5″,4″ = 10.0 Hz, 1H, 5″-H), 

3.64 (ddd, 3J5′,6′ = 2.2 Hz, 3J5′,6′ = 4.3 Hz, 3J5′,4′ = 10.0 Hz, 1H, 5′-H), 3.78 (t, 3J4,3 = 9.3 Hz, 1H, 

4-H), 3.81 (t, 3J4′,5′ = 9.7 Hz, 1H, 4′-H), 4.03 (dd, 3J6′,5′ = 2.0 Hz, 3J6′,6′ = 12.5 Hz, 1H, 6′-H), 4.09–

4.15 (m, 3H, 6-H/5-H/6″-H), 4.34 (dd, 3J6′,5′ = 4.5 Hz, 3J6′,6′ = 12.4 Hz, 1H, 6′-H), 4.40 (dd, 

3J6″,5″ = 1.8 Hz, 3J6″,6″ = 12.0 Hz, 1H, 6″-H), 4.48 (d, 3J1″,2″ = 7.8 Hz, 1H, 1″-H), 4.52 (d, 

3J1′,2′ = 7.8 Hz, 1H, 1′-H), 4.56 (dd, 3J6,5 = 1.6 Hz, 3J6,6 = 11.9 Hz, 1H, 6-H), 4.86 (dd, 

3J2′,1′ = 8.0 Hz, 3J2′,3′ = 9.2 Hz, 1H, 2′-H), 4.88 (m, 1H, 2-H), 4.91 (dd, 3J2″,1″ = 7.9 Hz, 

3J2″,3″ = 9.3 Hz, 1H, 2″-H), 5.05 (t, 3J4″,3″ = 9.6 Hz, 1H, 4″-H), 5.11 (t, 3J3′,4′ = 9.2 Hz, 1H, 3′-H), 

5.14 (t, 3J3,4 = 9.3 Hz, 1H, 3-H), 5.46 (t, 3J3″,4″ = 9.9 Hz, 1H, 3″-H), 5.66 (dd, 2J1,F = 53.0 Hz, 

3J1,2 = 2.5 Hz, 1H, 1-H). 

 

8.6.17 Glycosylation of glycoside molecules by Endo-CC N180H 

For the glycosylation of small glycosidic molecules 0.75 mU Endo-CC N180H was incubated 

with 7.5 mM SGP 20 and 10 mM of the specific acceptor molecule in KPi-buffer (25 mM, pH 7.5), 

in a total volume of 10 μL. The glycosylation reaction was stopped by heat-deactivation for 

3 min at 100 °C. After centrifugation, the supernatant was analysed by HPLC/LC-MS. 

  

 

22g 

C38H51FO25 

[926.80] 
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Following compounds were detected: 

Glycosylation of p-nitrophenyl N-acetyl β-D-glucosaminide (5a) 

 

5af 

C90H141N7O64 

[2343.80] 

LC-MS (API-ES, 70 eV): m/z = 1172 [M + 2H]2+, 782 [M + 3H]3+; tR = 6.0 min. 

 

Glycosylation of p-nitrophenyl β-D-glucopyranoside (5h) 

 

5ag 

C88H138N6O64 

[2302.77] 

LC-MS (API-ES, 70 eV): m/z = 1152 [M + 2H]2+, 768 [M + 3H]3+; tR = 5.4 min. 
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Glycosylation of p-nitrophenyl β-D-glucopyranoside (5h) 

 

1l 

C97H145N5O66 

[2437.20] 

ESI-MS (ESI-IT-MS, negative ion mode): m/z = 2436.2 [M - H]- 

 



9 Appendix 
 

192 

9 APPENDIX 

9.1 Gene and protein sequences 

9.1.1 Standard expression vectors 

 
Figure 109 Vector map of pET-21a(+) showing the positions of common restriction enzymes. 

 
Figure 110 Vector map of pET-28a(+) showing the positions of common restriction enzymes. 
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Figure 111 Vector map of pET-Duet-1 showing the positions of common restriction enzymes. 

 

9.1.2 abg — β-Glucosidase of R. radiobacter 

 
Figure 112 Vector map of pET-21a(+)::abg_WT containing abg of R. radiobacter in the wild type form 
inserted between Nde I and Xho I. The map shows the positions of common restriction enzymes. 

GenBank Accession: JZLL01000080.1 (genome, Locus 39,485–40,885), KJX85806.1 

(protein) 
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Gene Sequence (5′→3′, 1404 bp, underlined nucleotides originate from the vector’s His6-tag): 

ATGACCGATCCCCAAACGCTTGCAGCCCGTTTCCCCGGCGATTTCCTGTTCGGCGTGG
CGACCGCCTCCTTCCAGATCGAGGGTGCCACCAAGGTTGACGGCCGCAAGCCATCCAT
CTGGGATGCCTTCTGCAACATGCCGGGCCATGTCTTCGGGCGCCACAATGGCGACGTT
GCCTGCGATCACTATAATCGCTGGGAGGATGATCTCGATCTCATCAAGGAAATGGGTGT
CGAGGCCTATCGTTTCTCCATTGCCTGGCCGCGCATCATTCCCGATGGATTCGGCCCG
ATCAACGAGAAGGGGCTGGATTTCTACGACCGCCTCGTCGATGGCTGCAAGGCGCGCG
GCATCAAGACCTATGCGACGCTTTACCATTGGGACCTGCCGCTGACACTGATGGGCGA
CGGCGGCTGGGCCTCGCGTTCCACCGCCCATGCCTTCCAGCGTTACGCCAAGACCGT
CATGGCACGGCTGGGCGACCGGCTGGATGCGGTGGCGACCTTCAATGAACCCTGGTG
TGCGGTTTGGCTCAGCCATCTCTATGGCATCCATGCGCCGGGCGAGCGCAACATGGAA
GCAGCCCTTGCGGCCATGCACCACATCAACCTTGCCCATGGTTTCGGCGTCGAGGCGT
CCCGCCATGTTGCGCCCAAGGTGCCGGTCGGACTGGTGCTGAACGCCCATTCCGTCAT
CCCGGCCTCCAATAGCGACGCCGACATGAAGGCAGCTGAACGGGCATTCCAGTTCCAC
AACGGCGCGTTTTTCGATCCGGTCTTCAAGGGCGAATATCCGGCCGAAATGATGGAGG
CCCTGGGCAGCCGCATGCCGGTGGTGGAGGCGGAAGACCTGTCCATCATCAGCCAGA
AGCTCGACTGGTGGGGCCTGAATTATTATACACCGATGCGCGTTGCCGACGACGCCAC
CGAAGGTGCGGAATTCCCTGCCACCAAACCAGCCCCGGCCGTCAGCGATGTCAAAACC
GATATCGGCTGGGAAGTCTATGCGCCGGCGCTGCATTCCCTGGTGGAGACGCTCTACG
AGCGCTACGAGCTGCCCGATTGCTACATCACCGAAAATGGCGCCTGCTACAATATGGG
CGTCGAAAACGGCGAGGTGGATGATCAACCCCGTCTTGACTATTACGCCGAACATCTTG
GTATCGTTGCTGATCTGGTGAAGGACGGTTACCCCATGCGGGGTTACTTCGCCTGGAG
CCTGATGGACAATTTCGAATGGGCGGAAGGGTACCGCATGCGCTTTGGCCTCGTTCAC
GTGGATTACGAAACGCAGGTTCGTACGCTGAAGAACAGCGGCAAATGGTACAGCGCGC
TGGCATCGGGTTTTCCGAAGGGGAACCATGGTGTGGTGAAGGGGCTCGAGCACCACCA
CCACCACCACTGA 

Amion acid sequence (467 aa, underlined amino acids derive from the fused His6-tag): 

MTDPQTLAARFPGDFLFGVATASFQIEGATKVDGRKPSIWDAFCNMPGHVFGRHNGDVAC
DHYNRWEDDLDLIKEMGVEAYRFSIAWPRIIPDGFGPINEKGLDFYDRLVDGCKARGIKTYA
TLYHWDLPLTLMGDGGWASRSTAHAFQRYAKTVMARLGDRLDAVATFNEPWCAVWLSHL
YGIHAPGERNMEAALAAMHHINLAHGFGVEASRHVAPKVPVGLVLNAHSVIPASNSDADMK
AAERAFQFHNGAFFDPVFKGEYPAEMMEALGSRMPVVEAEDLSIISQKLDWWGLNYYTPM
RVADDATEGAEFPATKPAPAVSDVKTDIGWEVYAPALHSLVETLYERYELPDCYITENGACY
NMGVENGEVDDQPRLDYYAEHLGIVADLVKDGYPMRGYFAWSLMDNFEWAEGYRMRFGL
VHVDYETQVRTLKNSGKWYSALASGFPKGNHGVVKGLEHHHHHH 
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9.1.3 bglU — β-Glucosidase of M. antarcticus 

 
Figure 113 Vector map of pET-21a(+)::bglU_WT containing bglU of M. antarcticus in the wild type form 
inserted between Nde I and Xho I. The map shows the positions of common restriction enzymes. 

GenBank Accession: FJ483828 (gene), ACM66669 (protein) 

Gene sequence (5′→3′, 1443 bp, underlined nucleotides originate from the vector’s His6-tag): 

ATGATGAACCATCTAAGCCAAAAGTTCGCATGGCCTAAGGAGTTCCTCTGGGGTAGCGC
TACCGCTGCTGCACAGATTGAGGGTGCTGGTCACTCGTACGGTAAGGAGGACAGCGTT
TGGGATGCATTCGCACGTAAGGAGGGTGCAATTGCTGGGGGAGAAAACTTAGAGGTTG
CTGTTGATCATTACCATCGTTACCGTGAGGACGTTCAGTTAATGCGTGAGCTGGGTCTG
GATAGCTACCGTTTCAGCACCTCTTGGGCTCGTGTTGTTCCGGGTGGTCGTACCGTTAA
CCCGGAGGGTCTGGACTTCTACAGCCGTCTGGTTGATGAACTGCTGGAAAACGGTATT
CTGCCGTGGCTGACCTTATACCATTGGGACCTGCCGCAGGCTCTAGAGGAACGTGGAG
GTTGGACCAACCGTGAAACCAGCTACAAGTTCTTAGAGTACGCAGAAACTGTTCACGAG
AAGTTAGGTGATCGTGTTAAGCATTGGACCACCTTCAACGAGCCGCTGTGTTCGAGCCT
GATAGGTTACGCAGCAGGTGAACACGCACCGGGGCGTCAAGAGCCTCAAGCAGCACT
GGCTGCAGTTCATCATCAGCACCTGGCACATGGTCTCGCAACCGCACGCCTGCGTGAG
CTGGGTGCAGAACACATTGGTATTACCCTGAACCTGACCAACGCAGTTCCGAACAACCC
GGGTGACCCGGTTGACCTGGAGGCTGCACGTCGTGTTGATGCTCTCTGGAACCGTATG
TACCTGGACCCTGTTCTGCGTGGAAGCTACCCGGAGGATCTGCTAGAGGATGTTCAGG
GACTCGGTCTGGCTGAGGTTATAGAGGCTGGGGATCTGGAAATTATTAGCCAGCCTATT
GATTTCCTCGGTGTTAACCATTACCATGACGATAACGTATCGGGTCACCCGCTGCCGGC
AGGTCAGCCGCAGCCGGTTGTTCCTACCGACAGCCCGAAGTCGAGCCCTTTCGTTGGT
TCTGAATACGTTACCTTCCCGGCTCGTGATCTGCCGCGTACCGCAATGGGTTGGGAGG
TTAACCCGGAGGGTCTGCGTGTTCTGCTCAACCGTCTCAACCAGGATTACGCTAACCTA
CCGAGCCTGTACATTACCGAAAACGGTGCTAGCTACACCGACACCGTTACCGAAGCAG
GGACCGTAGAGGACCCGGAGCGTGAAGAGTACATTTTAAACCATCTAGACGCTGTTGTT
CGTGCAATAGCTGATGGTGTTGACGTTCGTGGTTACTTCGTTTGGTCGCTCCTGGATAA
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CTTCGAGTGGGCTTGGGGTTACGCAAAGCGTTTCGGTATAATTCATGTTGACTACCAGA
CCCAGGTTCGCACCATAAAGAACTCGGGTAAGGCATACGCTGGTCTCATAGCAGCTAAC
CGCACTATGGCTCTCGAGCACCACCACCACCACCACTGA 

Amino acid sequence (480 aa, underlined amino acids derive from the fused His6-tag): 

MMNHLSQKFAWPKEFLWGSATAAAQIEGAGHSYGKEDSVWDAFARKEGAIAGGENLEVAV
DHYHRYREDVQLMRELGLDSYRFSTSWARVVPGGRTVNPEGLDFYSRLVDELLENGILPW
LTLYHWDLPQALEERGGWTNRETSYKFLEYAETVHEKLGDRVKHWTTFNEPLCSSLIGYAA
GEHAPGRQEPQAALAAVHHQHLAHGLATARLRELGAEHIGITLNLTNAVPNNPGDPVDLEA
ARRVDALWNRMYLDPVLRGSYPEDLLEDVQGLGLAEVIEAGDLEIISQPIDFLGVNHYHDDN
VSGHPLPAGQPQPVVPTDSPKSSPFVGSEYVTFPARDLPRTAMGWEVNPEGLRVLLNRLN
QDYANLPSLYITENGASYTDTVTEAGTVEDPEREEYILNHLDAVVRAIADGVDVRGYFVWSL
LDNFEWAWGYAKRFGIIHVDYQTQVRTIKNSGKAYAGLIAANRTMALEHHHHHH 

 

9.1.4 bglC — β-Glycosidase of P. furiosus 

 
Figure 114 Vector map of pET-Duet-1::bglC_WT containing bglC of P. furiosus in the wild type form 
inserted between Nco I and Sal I. The map shows the positions of common restriction enzymes. 

GenBank Accession: WP_011011477.1 / PF_RS01865 (gene), AAL80487 (protein) 

Gene sequence (5′→3′, 2367 bp, underlined nucleotides originate from the vector’s His6-tag): 

ATGGGCAGCAGCCATCACCATCATCACCACAGCCAGGATCCGAATTCAATGGTAAAACC
TATCTTCCTTGATGGTAAAAGGATTGTTGTTTATGGAGGTACCCTTCAGTATTTTAGAGTT
CCCAGGAACTCCTGGGAAAGAATGCTAAAGAAAATGAAGTCTCACGGGCTAAACACCAT
TGATACGTACATTGCTTGGAATTGGCACGAGCCCCAAGAAGGACTCTTCGACTTTACTG
GCGAAACTCACCCCCAAAGAGATCTCGTCGGTTTTCTTGATCTAGCACAAAAACTCGGC
TTTTACGTTATCATAAGACCTGGCCCATACATTTGTGGAGAGTGGAAAAATGGAGGCAT
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CCCTGAGTGGTTGATTAACTCTCATCCAGAAATACTTGCAAAAGGCCCGAATGGTACTC
TTCCAAGGGATATATACTATCCTCCAATCACATACCTCCATCCCACTTACTTGGAATATG
TAATGAAGTGGTATGAGAATGTTTTTCCTATAATAAAGGAATATCTGTACTCCAATGGGG
GGCCTATAATAAACGTGACGATTGATGACGAACCTTCCTACTGGGAAACCATCTTCCAG
GCATTCTTGACCGATTACAACGAAATAGTAGTTAAGGAGAATGGGATCTGGCACTCTTG
GCTAAAGGAAAACTACCAGTTGGATGAATTGGAGGAGAGATACGGTCAGAAGTTTTCAG
ATTATGCTGAGATTGTCCCACCAACGTCATTCTCAGAGCCCCTTCCAAAGATACTCGACT
GGCATCACTTCAAGATATGGATGATCAACGAGTACGTAAGGATACTCTACGAAAAGATA
AAGAAGTACGTTGATGTTCCAATTAGCATTTTAGATCCCTATTTACTCTTAGCCGCATGG
AAGGAGTTTTACCTCTACGTAACCAAGCACAAGCTCGACATCCACCTATGGACGGAGTT
CTGGTACTCATTCTACAGAACATTTGACTTCAAAGAAGACAGACTCGGCCACCTCTACTA
TAAGACGGGGGTTTATAGATATTACATAAACAAGCTGAAGACTCCCCCACTAAGCATAG
AGACCCAAACATCCCTCGCCAATGTTATAGAGAAGGATGAGGCCGAGCTCCTCTATGCC
CTCCTTCCAGCTTTGGGAATCCACAACATAAACTACTATCTCTACGTGGGTGGCGAAAAT
CCGAAAGGTTATGAATCACACAACGGAGCTACCTGGGACGTGTATTCCCCCATAGGATT
GGATGGAAGAGAAAGACAGCACGTGGAACCAATAAAGTGGATTGGCGAGTTCTTAAAGT
CTAACATGGACTTCATCGAGTCCCAACTAAAGCCAAAAGTTGCCTTTGGGATGTACGAG
CCTTATGAAGCCTTAAGCATGTGGGGACATCGGCCAGAAAGCTTCGAAGAGAGCGTAA
ATCTCCAAGAATATCTCTTTGGGGAGAGAGGATTGCTCACACTCTTGGCCATGAGCAAT
GTTCCCTTTGACGTCATAGACCTTGAACTTTCCACTGTAGAGGAGATGCTCCAATATGAG
CAGATTTGGATTTACAGCCTGGATTTCATGAGCAGAGAAGTTCAAGAAAAGCTTGCTAG
ATACGTGGAAGAGGGAGGAAACCTCGTGATCCTACCAACCCTTCCATCCCTTGATGAGA
ACATGAAGCCCTACACAAAGCTGAGGGACTTCCTAGGAATTGAAGTTGAGAAGGCCAAG
GCAAGGGATAACATGAGGTTAATTCCCTACATCAGCGTTGATGCAGAGGAGATAGACAG
GATGGTCGTCAGAAACGTCGTTAGGGAGGTTAAAGGAGGGAAAGCTATAGCTTGGGTT
GGAGATAAAGTAGTAGGGGTTATGGTAAGGAAAGGAAAAGGTTCTGCAGTTGTCTTAGG
GTTCAGGCTTCAGTACTACTCGAGCTACCACGATCTACACAGGAAGTTTGTTGATAAGAT
ACTCCAGCTCCAAGGGATTGAAAGGGATTTTGAAGTCTCAAACAGAGACATAATAGTAAT
TCCAAGAGGGAATTATCTGGTGGTGGTAAATCCCAGGGACGACAAGGTTACTGGAAAA
GTTAGATACAGGGGTGTCGAGTTTAATGTTGAGCTTAATAAGAGGGGAGTTCTCTACAT
CCCAATTAATGTGGAAATAAACGGCATTAAGGTGCTCTATGCCACAGCAACTCCAGTGG
GAAGGGGAGAGGGAACAATTAGATTTAGAAACCATTTGGCAAATGTAACTGAAATTGCA
ATTAACGGCAAGATCAAGGAAGTCTCAGGGGGGTATATCCTCCAAGAGAAGAGCTCAG
GAGAGAAAAACATCTATGTGATAAAACACGAGAGCGAAACATTCGAAATAAGAGTTTAG 

Amino acid sequence (788 aa, underlined amino acids derive from the fused His6-tag): 

MGSSHHHHHHSQDPNSMVKPIFLDGKRIVVYGGTLQYFRVPRNSWERMLKKMKSHGLNTI
DTYIAWNWHEPQEGLFDFTGETHPQRDLVGFLDLAQKLGFYVIIRPGPYICGEWKNGGIPE
WLINSHPEILAKGPNGTLPRDIYYPPITYLHPTYLEYVMKWYENVFPIIKEYLYSNGGPIINVTI
DDEPSYWETIFQAFLTDYNEIVVKENGIWHSWLKENYQLDELEERYGQKFSDYAEIVPPTSF
SEPLPKILDWHHFKIWMINEYVRILYEKIKKYVDVPISILDPYLLLAAWKEFYLYVTKHKLDIHL
WTEFWYSFYRTFDFKEDRLGHLYYKTGVYRYYINKLKTPPLSIETQTSLANVIEKDEAELLYA
LLPALGIHNINYYLYVGGENPKGYESHNGATWDVYSPIGLDGRERQHVEPIKWIGEFLKSNM
DFIESQLKPKVAFGMYEPYEALSMWGHRPESFEESVNLQEYLFGERGLLTLLAMSNVPFDVI
DLELSTVEEMLQYEQIWIYSLDFMSREVQEKLARYVEEGGNLVILPTLPSLDENMKPYTKLR
DFLGIEVEKAKARDNMRLIPYISVDAEEIDRMVVRNVVREVKGGKAIAWVGDKVVGVMVRK
GKGSAVVLGFRLQYYSSYHDLHRKFVDKILQLQGIERDFEVSNRDIIVIPRGNYLVVVNPRDD
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KVTGKVRYRGVEFNVELNKRGVLYIPINVEINGIKVLYATATPVGRGEGTIRFRNHLANVTEIA
INGKIKEVSGGYILQEKSSGEKNIYVIKHESETFEIRV 

 

9.1.5 cbg1 — β-Glucosidase of R. radiobacter 

 
Figure 115 Vector map of pET-21a(+)::cbg1_WT containing cbg1 of R. radiobacter in the wild type form 
inserted between Nde I and Xho I. The map shows the positions of common restriction enzymes. 

GenBank Accession: M59852 (gene), AAA22082 (protein) 

Gene sequence (5′→3′, 2481 bp, underlined nucleotides originate from the vector’s His6-tag): 

ATGATCGACGATATTCTCGATAAGATGACACTGGAGGAGCAGGTGTCGCTGCTCTCGG
GCGCGGATTTCTGGACGACCGTCGCGATCGAGCGGCTCGGCGTGCCGAAGATCAAGG
TTACCGACGGCCCCAATGGCGCACGCGGCGGCGGGTCGCTGGTCGGCGGCGTCAAGT
CCGCCTGCTTCCCGGTGGCAATCGCGCTTGGAGCGACGTGGGACCCGGAGCTCATCG
AGCGCGCCGGCGTGGCGCTGGGAGGACAAGCCAAGAGCAAGGGCGCGTCGGTGCTT
CTGGCGCCGACCGTCAACATTCACCGCTCCGGCCTCAATGGCCGCAACTTCGAATGCT
ATTCGGAAGACCCGGCGCTGACCGCCGCCTGCGCCGTCGCCTATATCAATGGCGTGCA
GAGCCAGGGTGTGGCCGCCACGATCAAGCACTTCGTCGCCAACGAGTCCGAGATCGA
GCGGCAGACCATGTCCTCCGATGTCGATGAGCGGACGCTGCGCGAAATCTATCTGCCG
CCTTTCGAGGAGGCGGTGAAGAAGGCCGGCGTGAAGGCCGTCATGTCCTCCTACAACA
AGCTCAACGGCACCTATACGAGCGAAAATCCCTGGCTGCTGACGAAAGTCCTGCGCGA
GGAATGGGGCTTCGACGGCGTGGTCATGTCCGACTGGTTCGGCTCGCACTCGACGGC
TGAAACCATCAATGCCGGGCTCGATCTGGAGATGCCGGGGCCTTGGCGGGATCGCGG
CGAAAAGCTGGTCGCCGCAGTCCGGGAAGGCAAGGTAAAGGCCGAGACCGTGCGCGC
TTCGGCACGGCGTATTCTCCTTCTGCTCGAACGCGTCGGCGCCTTTGAAAAGGCGCCT
GATCTCGCCGAACACGCGCTTGATCTGCCGGAAGATCGTGCGCTCATCCGCCAACTCG
GTGCGGAGGGTGCTGTACTCCTGAAGAATGACGGAGTGCTGCCGCTTGCCAAGTCGTC
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CTTCGACCAGATCGCCGTCATCGGCCCCAATGCGGCTTCCGCACGCGTCATGGGCGGA
GGAAGCGCGCGGATTGCCGCGCATTATACGGTGAGCCCACTTGAGGGCATTCGCGCG
GCGCTGTCCAACGCCAACAGCCTCCGCCATGCGGTCGGCTGTAACAACAACCGGCTCA
TCGACGTCTTCAGCGGCGAGATGACGGTGGAATACTTCAAGGGACGCGGCTTCGAGAG
CCGTCCGGTCCATGTCGAGACCGTCGAAAAGGGCGAATTCTTCTGGTTCGATCTTCCGT
CCGGCGACCTTGATCTCGCCGATTTTTCGGCGCGCATGACGGCGACCTTCGTGCCGCA
GGAAACCGGTGAACACATCTTCGGCATGACCAATGCTGGGCTTGCTCGGCTGTTCGTG
GACGGCGAACTGGTGGTCGATGGCTATGACGGTTGGACGAAGGGTGAGAACTTTTTTG
GAACCGCGAACAGCGAGCAGCGTCGGGCGGTAACGCTTGGGGCCGCACGCCGCTACC
GGGTTGTGGTCGAATATGAGGCGCCGAAGGCCAGCCTGGACGGCATCAACATATGTGC
GCTCCGCTTCGGTGTCGAAAAGCCGCTCGGCGATGCCGGGATTGCGGAGGCGGTCGA
AACCGCCCGCAAGTCCGATATCGTACTGCTCCTCGTCGGCCGTGAGGGCGAGTGGGA
CACCGAAGGTCTGGATCTGCCCGACATGCGCCTGCCGGGTCGCCAGGAGGAGCTGAT
CGAGGCGGTCGCCGAAACCAATCCCAACGTGGTCGTGGTACTGCAAACGGGTGGTCC
CATCGAGATGCCATGGCTCGGCAAGGTGCGTGCGGTGCTGCAGATGTGGTATCCCGG
CCAGGAACTTGGCAATGCGCTTGCGGACGTTCTCTTTGGTGATGTCGAGCCTGCCGGC
CGCTTGCCACAGACCTTCCCGAAGGCGCTCACGGATAATTCCGCCATTACCGACGATC
CGTCGATCTATCCTGGCCAGGACGGCCATGTGCGCTACGCGGAAGGGATCTTCGTCGG
CTATCGCCATCACGATACAAGAGAGATCGAACCACTCTTCCCCTTCGGCTTCGGTCTTG
GCTACACCCGCTTTACCTGGGGTGCCCCGCAACTATCGGGAACGGAAATGGGGGCGG
ATGGTCTTACGGTGACGGTCGATGTCACCAATATAGGCGACAGGGCGGGATCGGACGT
GGTGCAGCTCTATGTTCACTCTCCCAATGCCAGGGTCGAGCGGCCGTTCAAGGAGCTG
CGTGCCTTTGCGAAGCTCAAGCTGGCCCCGGGCGCGACCGGTACGGCGGTGCTGAAG
ATCGCTCCTCGCGACTTGGCTTACTTCGATGTCGAGGCCGGTCGTTTCCGGGCTGATG
CGGGCAAGTACGAGCTGATCGTGGCGGCCAGCGCCATCGATATCCGGGCAAGCGTAA
GTATTCACTTGCCGGTCGATCATGTGATGGAGCCGCTCGAGCACCACCACCACCACCA
CTGA 

Amino acid sequence (826 aa, underlined amino acids derive from the fused His6-tag): 

MIDDILDKMTLEEQVSLLSGADFWTTVAIERLGVPKIKVTDGPNGARGGGSLVGGVKSACFP
VAIALGATWDPELIERAGVALGGQAKSKGASVLLAPTVNIHRSGLNGRNFECYSEDPALTAA
CAVAYINGVQSQGVAATIKHFVANESEIERQTMSSDVDERTLREIYLPPFEEAVKKAGVKAV
MSSYNKLNGTYTSENPWLLTKVLREEWGFDGVVMSDWFGSHSTAETINAGLDLEMPGPW
RDRGEKLVAAVREGKVKAETVRASARRILLLLERVGAFEKAPDLAEHALDLPEDRALIRQLG
AEGAVLLKNDGVLPLAKSSFDQIAVIGPNAASARVMGGGSARIAAHYTVSPLEGIRAALSNA
NSLRHAVGCNNNRLIDVFSGEMTVEYFKGRGFESRPVHVETVEKGEFFWFDLPSGDLDLA
DFSARMTATFVPQETGEHIFGMTNAGLARLFVDGELVVDGYDGWTKGENFFGTANSEQRR
AVTLGAARRYRVVVEYEAPKASLDGINICALRFGVEKPLGDAGIAEAVETARKSDIVLLLVGR
EGEWDTEGLDLPDMRLPGRQEELIEAVAETNPNVVVVLQTGGPIEMPWLGKVRAVLQMWY
PGQELGNALADVLFGDVEPAGRLPQTFPKALTDNSAITDDPSIYPGQDGHVRYAEGIFVGYR
HHDTREIEPLFPFGFGLGYTRFTWGAPQLSGTEMGADGLTVTVDVTNIGDRAGSDVVQLYV
HSPNARVERPFKELRAFAKLKLAPGATGTAVLKIAPRDLAYFDVEAGRFRADAGKYELIVAA
SAIDIRASVSIHLPVDHVMEPLEHHHHHH 
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9.1.6 rhaB — α-L-Rhamnosidase of Bacillus sp. GL1 

 
Figure 116 Vector map of pET-28a(+)::rhaB_WT containing rhaB of Bacillus sp. GL1 in the wild type 
form inserted between Nco I and Hind III. The map shows the positions of common restriction enzymes. 

GenBank Accession: AB046706 (Gene), BAB62315 (Protein) 

Gene sequence (5′→3′, 2910 bp, underlined nucleotides originate from the vector’s His6-tag): 

ATGGCAGGCAGGAATTGGAACGCTTCATGGATTTGGGGAGGACAAGAGGAGAGTCCGC
GCAACGAGTGGCGGTGCTTCCGGGGCAGCTTCGACGCGCCTGCGTCGGTCGAGGGAC
CGGCCATGCTTCATATAACGGCGGATTCGCGATACGTACTGTTCGTGAACGGCGAGCA
AGTGGGGAGAGGCCCCGTGCGCTCCTGGCCGAAGGAGCAGTTTTACGATTCGTACGAC
ATCGGCGGGCAGCTGCGCCCGGGCGTCCGCAATACGATCGCGGTGCTGGTGCTTCAT
TTCGGCGTGTCGAACTTTTATTACTTGCGCGGACGCGGCGGGCTGATCGCCGAGATCG
AAGCCGATGGCCGCACGCTTGCGGCGACGGATGCCGCATGGCGGACGGAGCGGCTG
GGCGGACAGCGTTCCAATTCCCCTCGGATGGCCTGCCAGCAGGGATTCGGGGAAGTC
ATCGACGCGCGCGAGCTGGCGGAAGACTGGGCCCTTCCGGCGTTCGACGACGGCGGC
TGGGCGCAAGCCCGATCGATCGGACCCGCAGGCACGGCGCCCTGGACCTCGCTCGTT
CCGCGCGATATTCCTTTTTTGACGGAAGAAAAGCTGTATCCCGCCTCGATCCAGTCGCT
TAGCCGGGTGAAGGCGCCCAAGTACGCAGCCGCGCTGGATCTGCGCAATCAAATGGT
GCCCGAGAGCGTTAACCATGCGAACCCCGTCTCCTACTGCGGTTATGTGGCGACGATC
CTCACGCTCGAGACAAGCGGCGTCGTCACGCTCGGATTCCCGACCGGCGTACGGGGG
AGCGGCGTATGGGTCGACGGCGTCCTGCAAACCGAGTGGACGGGCGTGCAGCCGGAG
CGATATTACAGCTTGAACCTCGCTGCAGGCGAGCATCTGGTTCTTGTCGATATTACGAG
CTCCGATCATGGCGGCAGCAGCCATTTTGCCATCGACAGCGAAGCGGCGTTCACGCTG
CGCTCGCCGGCCGGCGACAATGGCGTGCCGCTGGCGACGATCGGTACGTTCGACCAG
TCCGAATACATCGATCACCGCCCGGGCAGACGGATGCAGACGGACCATCCGGATTATC
GGGCGCTGCCGGAAGCCGCGCCTACCGCCGCCGCGCTTGAAGCGTTCGCTTCCTGGG
TCAAGCCGTTCGAGCCTTCGCTCTATACGGAGGAAAACGTGTTCGGATCTAACGTATGG
CGAACGCTCGCCGAACGCAGGGCGGTGCCGAGATCCGTTCTGAACGCGATATTGCCG
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GTTCCCGAGCCGGGCGTCCTGCCCGTATTCGAGGACGGAGACTGCGAGCTCGTCATC
GATCTGGGCGCGGAGCGCTCCGGGTTTATCGGCTTCGAGCTCGAAGCGCCCGCCGGT
ACGATCATCGATGCCTATGGCGTCGAATATATGAGAGAAGGCTACACGCAGCACACGTA
CGGGCTCGACAACACGTTCCGCTATATTTGCCGCGAAGGCAGACAATCGTACGTGTCC
CCCGTGCGCCGCGGTTTCCGGTACTTGTTCCTGACCGTCAGAGGCAATAGCGCGCCGG
TGAAGCTGCACGAGATTTATATCCGCCAGAGCACGTACCCGGTCGCGGAACAAGGCAG
CTTCCGCTGCTCCGACGCGCTGCTGAACGCAACGTGGGAGATCAGCAGGCACACCACC
AGATTGTGCATGGAGGACACGTTCGTCGACTGCCCGTCCTATGAACAGGTGTTCTGGG
TGGGCGACAGCCGCAACGAGGCGCTGGTCAACTATTACGTTTTCGGCGAGACCGAGAT
CGTGGAGCGCTGCCTGAATCTCGTGCCGGGCTCGGCGGACGAGACGCCGCTTTATCT
CGACCAGGTGCCGAGCGCATGGAGCAGCGTCATCCCGAACTGGACGTTCTTCTGGATA
CTCGCTTGCCGGGAATATGCCGCGCATACGGGCAACGAAGCCTTCGCCGCCCGCATCT
GGCCTGCGGTGAAGCACACGCTGACGCATTATTTAGAACACATCGACGACAGCGGCCT
GCTGAACATGGCGGGTTGGAATCTGCTGGACTGGGCGCCGATCGACCAGCCGAACGA
AGGCATCGTCACCCACCAGAACCTGTTCCTCGTCAAGGCGCTTCGGGATTCGCGGGCG
CTTGCCGCCGCGGCCGGCGCAACCGAAGAGGCAGACGCGTTCGCGGCGCGCGCCGA
CCTTCTGGCCGAGACGATCAACGCGGTATTGTGGGACGAGGAAAAGCGCGCTTATATC
GATTGCATCCACGCGGACGGGCGCCGTTCGGACGTATACAGCATGCAGACGCAGGTC
GTCGCTTATCTGTGCGGGGTTGCGCAGGGCGAACGCGAAGCCGTCATCGAAGGCTAC
CTGTCGTCCCCGCCGCCGGCTTTCGTACAGATCGGCAGCCCGTTTATGTCGTTTTTCTA
CTACGAGGCGCTCGAGAAGGCCGGCCGTCAAACGCTGATGCTCGACGACATCCGCCG
CAATTACGGCCAGATGCTGCGCTACGATGCCACGACCTGTTGGGAGATGTATCCGAAC
TTTGCGGAAAATCGCAGCAACCCGGACATGCTGACCCGCAGCCATTGCCATGCATGGT
CGGCGGCGCCGGGCTATTTCCTGGGCTCGAGCATTCTCGGCGTCAAGCGGGGAGCTG
ACGGGTGGCGAACCGTCGATATCGCGCCGCAGCCTTGCGATCTAACCTGGGCCGAAG
GCGTCGTGCCGCTGCCGCAGGGCGGTCACATCGCGGTGAGCTGGGAGTTCGTATCCG
CCGGCAAGCTGAAGCTGAGAATCGAGGCGCCGGAGGATATCGAGGTGAACGTGACGC
TGCCCGAAGGAATAGAAGGCGAAGTGACGCAGGTTAAGTATATGAGCAAGCTTGCGGC
CGCACTCGAGCACCACCACCACCACCACTGA 

 

Amino acid sequence (969 aa, underlined amino acids derive from the fused His6-tag): 

MAGRNWNASWIWGGQEESPRNEWRCFRGSFDAPASVEGPAMLHITADSRYVLFVNGEQV
GRGPVRSWPKEQFYDSYDIGGQLRPGVRNTIAVLVLHFGVSNFYYLRGRGGLIAEIEADGR
TLAATDAAWRTERLGGQRSNSPRMACQQGFGEVIDARELAEDWALPAFDDGGWAQARSI
GPAGTAPWTSLVPRDIPFLTEEKLYPASIQSLSRVKAPKYAAALDLRNQMVPESVNHANPVS
YCGYVATILTLETSGVVTLGFPTGVRGSGVWVDGVLQTEWTGVQPERYYSLNLAAGEHLVL
VDITSSDHGGSSHFAIDSEAAFTLRSPAGDNGVPLATIGTFDQSEYIDHRPGRRMQTDHPDY
RALPEAAPTAAALEAFASWVKPFEPSLYTEENVFGSNVWRTLAERRAVPRSVLNAILPVPEP
GVLPVFEDGDCELVIDLGAERSGFIGFELEAPAGTIIDAYGVEYMREGYTQHTYGLDNTFRYI
CREGRQSYVSPVRRGFRYLFLTVRGNSAPVKLHEIYIRQSTYPVAEQGSFRCSDALLNATW
EISRHTTRLCMEDTFVDCPSYEQVFWVGDSRNEALVNYYVFGETEIVERCLNLVPGSADET
PLYLDQVPSAWSSVIPNWTFFWILACREYAAHTGNEAFAARIWPAVKHTLTHYLEHIDDSGL
LNMAGWNLLDWAPIDQPNEGIVTHQNLFLVKALRDSRALAAAAGATEEADAFAARADLLAE
TINAVLWDEEKRAYIDCIHADGRRSDVYSMQTQVVAYLCGVAQGEREAVIEGYLSSPPPAFV
QIGSPFMSFFYYEALEKAGRQTLMLDDIRRNYGQMLRYDATTCWEMYPNFAENRSNPDML
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TRSHCHAWSAAPGYFLGSSILGVKRGADGWRTVDIAPQPCDLTWAEGVVPLPQGGHIAVS
WEFVSAGKLKLRIEAPEDIEVNVTLPEGIEGEVTQVKYMSKLAAALEHHHHHH 

 

9.1.7 endo-CC N180H — Endo-N-acetylglucosaminidase variant of C. cinerea 

 
Figure 117 Vector map of pET-21a(+)::endoCC_N180H containing endoCC N180H of C. cinerea in the 
mutated form inserted between Nde I and Xho I. The map shows the positions of common restriction 
enzymes. 

GenBank Accession: XM_001839350 (mRNA, gene), XP_001839402 (protein) 

Gene Sequence (5′→3′, 1404 bp, underlined nucleotides originate from the vector): 

ATGCCTATCGCTGGGAAGAAGTTCCACCCCCGGGCTCTGCCTGAGTTCTGGAGGACGT
TCCGGGAGATGGACGAATGGCGGGCCACTCAGACTGGACCTCAGGCTCGTCCGGCTG
AAGGCATTCTCAAGTACGTTCCACGGAAGATTCGGCCTGCTGATATCGCAGGGAAAGGT
CGACTGTTGGTTTCTCATGACTACAAGGGAGGCTACGTCGAAGATCCCTTTTCCAAGTC
GTATAGCTTCAATTGGTGGTTCTCGACGGATAGCTTCAACTACTTCGCTCACCACCGGA
TAACCATTCCCCCTCCGGAATGGATAAACGCTGCTCATCGCCAGGGTGTACCTATTCTC
GGCACCATCATCTTCGAAGGTGGAAGCGACGAAGACATCCTCCGGATGGTGATCGGGA
AAACACCAGGAAGCACCAGCAACTTCCACGCCGAACGAAACGCGGAGTACACCGTACC
AGTTTCGTCGTACTACGCAGAACTCTTCGCAGACCTGGCTGTCGAGCGTGGATTCGATG
GTTGGCTGCTCAACGTTGAGATTGGTCTGCAGGGAGGATCAGAGCAAGCACGAGGTCT
GGCTGCTTGGGTTGCGCTACTGCAGCAGGAGGTTTTGAAGAAGGTTGGCCCACATGGC
TTGGTCATTTGGTACGACAGTGTCACTGTCCGTGGGGACCTGTGGTGGCAAGACAGGC
TGAACGCTTTCAACTTGCCGTTCTTCTTGAATTCTTCGGGAATTTTCACAAACTATTGGT
GGTACAACGATGCACCTCAGAAACAAATCGACTTCCTTTCGAGGGTTGACCCGAATCTC
ACCGGGCAAACCGCTGAGCCGCATCAATACAACCTGCAGAAGACGATTCAAGATATCTA
TATCGGTGTGGATGTCTGGGGACGCGGTTCGCATGGTGGAGGAGGATTTGGTGCCTAC
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AAAGCTATTGAGCACGCAGACCCGAAAGGACTCGGGTTTAGCGTTGCCCTCTTCGCTCA
AGGATGGACCTGGGAAACCGAGGAGGAGAAACCAGGCTGGAACTGGGCACAGTTCTG
GGACTACGACTCTAAACTCTGGGTTGGACCTCCCGGAGTTGTCGAGGCACCTGACCAT
ACCGTCAAACCTGGCGAATACCCCTGCGTTCACGGACCCTTCCAACCCATCTCCAGCTT
CTTCCTGACATATCCACCTCCCGACCCGCTAGACCTGCCATTCTACACCAACTTCTGCC
CCGGTATCGGAGATGCGTGGTTCGTTGAGGGCAAGGAGGTCTTCCGCTCCGAGACGG
GTTGGACAGACATGGACAAGCAGACCACGGTTGGCGACTTGGTCTGGCCCCGACCCAA
GATTTATGATCTTCCATCTCAAAATGCCAGTCAGGCTACGTTAAATGCGGCATTCAACTT
TAACGATGCGTGGAATGGAGGAAACTCGCTTCAGATCAACCTCACCGTCCCTGGAGGA
GCGACCACGTATGGAGCCTACTGGGTTCCCATCCAGACATTCACATTCTCCAGTCGGC
GCCAGTACGAAGCTTCGATCGTCTACAAGCCGGGGTTGAGTGGGAAGACCCGCTTCGA
TGCCAAGTACGAGGTGGGTATCCGAACCATCACAGGGGAAGACCAAGGCAAGATCATC
TCCAACACGACGACGGAAGTTGGAAACGGTTGGCGCAAGGTGCACATTTTGTTCGAGA
TCGAGACGCCAGTTGAAGGAGGGTCCATCATCGTACCTTCATCCATCGGCCTGGTCATT
GCAGTTTCGAACGTATCAACTACCGAGCAATTCGAGTTCCCCTTCCTGGTCGGCCAGAT
TACCATCCACCCCCACCTCCCCGATCGTTACAAGGAGTTCAAGCCGGCCCTCCTGTGG
CTTTTGTTCACACCTTCCGCTGGAACTAATAGCCTCGATGGCACCCTCACTTGGGACGT
CGTCGCAGCCATTGAACGCCCTCCACCAGTCGAAATTAACAACCCCGATGACGCACAAA
TCCCCTGGAACCTGCAGCCGACCAAACAAGAATGGTTCCCCGACTTCCTCTACTTCAAT
GTGTACGTGCTGGAGCTCTTGGATGGTGGTGGACAAGGTCCTCCACAGTGGATTGGCA
CGACTGGATACGATGGGGAGAAAAAGAGGTTCTTCATCTATGACGAAAGCTTGCCACCG
ACGTCCGGTTTAAGGAGGTTCACGTTCCAGATCGAGGGCGTCCTGGAGACGGGAGAGT
CAACGCACTGGTACGATGCACCGGCTGCGCCGTCGGCAACGGCGGGAGGAGAGCAGA
AGCGGACACGACGCACCTCTCTCAAGTCCGTGCTCAGTCCGTTGCGGAGGAAGAAGTC
GAAGGGCGATATCTCCGTCGCCAAGTGACTCGAGCACCACCACCACCACCACTGA 

Amino acid sequence (795 aa, underlined amino acids derive from the fused His6-tag): 

MPIAGKKFHPRALPEFWRTFREMDEWRATQTGPQARPAEGILKYVPRKIRPADIAGKGRLL
VSHDYKGGYVEDPFSKSYSFNWWFSTDSFNYFAHHRITIPPPEWINAAHRQGVPILGTIIFEG
GSDEDILRMVIGKTPGSTSNFHAERNAEYTVPVSSYYAELFADLAVERGFDGWLLNVEIGLQ
GGSEQARGLAAWVALLQQEVLKKVGPHGLVIWYDSVTVRGDLWWQDRLNAFNLPFFLNSS
GIFTNYWWYNDAPQKQIDFLSRVDPNLTGQTAEPHQYNLQKTIQDIYIGVDVWGRGSHGGG
GFGAYKAIEHADPKGLGFSVALFAQGWTWETEEEKPGWNWAQFWDYDSKLWVGPPGVV
EAPDHTVKPGEYPCVHGPFQPISSFFLTYPPPDPLDLPFYTNFCPGIGDAWFVEGKEVFRSE
TGWTDMDKQTTVGDLVWPRPKIYDLPSQNASQATLNAAFNFNDAWNGGNSLQINLTVPGG
ATTYGAYWVPIQTFTFSSRRQYEASIVYKPGLSGKTRFDAKYEVGIRTITGEDQGKIISNTTTE
VGNGWRKVHILFEIETPVEGGSIIVPSSIGLVIAVSNVSTTEQFEFPFLVGQITIHPHLPDRYKE
FKPALLWLLFTPSAGTNSLDGTLTWDVVAAIERPPPVEINNPDDAQIPWNLQPTKQEWFPDF
LYFNVYVLELLDGGGQGPPQWIGTTGYDGEKKRFFIYDESLPPTSGLRRFTFQIEGVLETGE
STHWYDAPAAPSATAGGEQKRTRRTSLKSVLSPLRRKKSKGDISVAKLEHHHHHH 
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9.2 Codon harmonisation of bglU 

 
Figure 118 Codon usage table of Micrococcus sp. 28, which was used as a reference for the codon 
usage of M. antarcticus for the codon harmonisation of bglU.10 

 

 
Figure 119 Codon usage table of E. coli, which was used as a reference for the codon harmonisation 
of bglU.11 

                                                 
10 March 2015: http://www.kazusa.or.jp/codon/ 
11 March 2015: http://www.kazusa.or.jp/codon/ 
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Figure 120 Alignment of the original bglU DNA sequence of M. antarcticus and the codon harmonised 
sequence for the homologous expression in E. coli BL21(DE3). 
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9.3 Content of own contribution to the published publications 

during the work of this thesis 

M. R. Hayes, K. A. Bochinsky, L. S. Seibt, L. Elling, J. Pietruszka, J. Biotechnol. 2017, 257, 

162–170; ‘Development of a colourimetric assay for glycosynthases’.[2] 

The above-mentioned publication contains the following own contribution: Conception of the 

project in close cooperation with Prof. Dr. Pietruszka. Synthesis and analysis of the fluoride 

chemosensor triisopropylsilyl chloride (23) and the glycosyl donor substrate 

α-D-glucopyranosyl fluoride (2a). Development of the colourimetric, fluoride quantification 

assay in a microplate format. Structural analysis and generation of mutant variants of the 

β-glycosidase genes abg1 and bglC, by application of the QuikChange™ PCR method. The 

heterologous expression, isolation via ion metal affinity chromatography and characterisation 

of the wild-type and mutant variants of the β-glycosidases Abg and BglC was carried out. 

Examination of the acceptor substrate scope of the identified glycosynthase variants and 

determination of kinetic parameters. The results were summarised and evaluated within the 

publication. Writing of the first draft of the whole manuscript. 

 

M. R. Hayes, J. Pietruszka, Molecules 2017, 22(9), 1434; ‘Synthesis of glycosides by 

glycosynthases’.[212] 

The above-mentioned publication contains the following own contribution: Literature research 

on the use of glycosynthases in synthesis of various glycosides was carried out and 

summarised in the publication. Writing of the first draft of the whole manuscript. 

 

A. Fulton, M. R. Hayes, U. Schwaneberg, J. Pietruszka, K.-E. Jaeger, Methods Mol. Biol. 2018, 

1685, 209–231; ‘High-Throughput Screening Assays for Lypolytic Enzymes‘.[213] 

The above-mentioned publication contains the following own contribution: Literature research 

towards high-throughput screenings for lipases and esterases, with a focus on enantio-

selectivty, was carried out and summarised in the chapter ‘High-throuput screening for lipases 

and esterases’. The materials and protocol for the synthesis of p-nitrophenyl esters and the 

colourimetric fingerprinting assay were described and an exemplary assay conducted for the 

picture example. Writing of the first drafts of the chapters ‘High-throughput screening for 

lipases and esterases’, ‘Materials 2.1 & 2.2’, and ‘Methods 3.1 & 3.2’. 
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11 LIST OF SYNTHESISED MOLECULES 

 
 

 
 

22b 
C20H23NO12 

[469.40] 
MH029ac 

22d 
C14H19FO9 

[350.29] 
MH022 

5h 
C12H15NO8 

[301.25] 
MH029dep 

2a 
C6H11FO5 

[182.15] 
MH025 

   
 

22c 
C13H18O9 

[318.28] 
MH020 

22e 
C11H15FO7 

[278.23] 
MH024 

2d 
C5H9FO4 

[152.12] 
MH_D_018 

22q 
C14H20O9 
[332.30] 
MH021 

  
  

22r 
C18H21NO10 

[411.36] 
MH023a 

22s 
C18H20ClNO10 

[445.81] 
MH030acyl 

22t 
C12H17FO7 
[315.28] 
MH026 

22u 
C12H17BrO7 

[353.16] 
MH036 

 

  

 

22v 
C12H17N3O7 

[315.28] 
MH037 

5r 
C12H15NO7 

[285.25] 
MH023b 

5ae 
C12H14ClNO8 

[319.67] 
MH030 

16d 
C6H11N3O4 
[189.17] 
MH038 

 
 

 

2o 
C6H11FO4 

[166.15] 
MH027a 

1b 
C21H22O10 

[434.39] 
MH016 

22i 
C45H50O24 
[974.87] 

MH_D_Syn03 
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22i 
C45H50O24 
[974.87] 

MH_D_Syn03 

23 
C15H25NO3Si 

[295.45] 
MH_D_023 

22f 
C26H35FO17 

[638.55] 
MH_D_Syn01 

  

22g 
C38H51FO25 

[926.80] 
MH_D_Syn01 

5y 
C56H71NO36 
[1334.16] 

LS_Synth_01 

  

5c 
C32H39O20 
[757.65] 

LS_Synth_01 

5x 
C44H55NO28 
[1045.90] 

LS_Synth_01 

 

5af 
C90H141N7O64 

[2343.80] 
MH05V09 
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5ag 
C88H138N6O64 

[2302.77] 
MH05V02 

 

1l 
C97H145N5O66 

[2437.20] 
MH05V01 
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