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Institut für Biotechnologie und Bioprozesstechnik

xxxx

2010



Statutory Declaration

I declare that I have authored this thesis independently, that I have not used other than

the declared sources/resources, and that I have explicitly marked all material which has

been quoted either literally or by content from the used sources.

Date:

Signature:

i



Acknowledgement

I would like to thank my supervisor Univ.-Prof. Dipl.-Ing. Dr. Bernd Nidetzky for giving

me the possibility to do my thesis in his group and for his excellent guidance and his

constant feedback.
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Kurzfassung

Interaktionen zwischen Proteinen und Kohlenhydraten spielen in biologisch relevanten

Erkennungs- und Kommunikationsprozessen, wie zum Beispiel bei Immunreaktionen, Stoff-

wechselvorgängen, bakteriellen Infektionen sowie bei der Krebs-Metastase, eine wesentliche

Rolle. Die Gegenwart von aromatischen Aminosäuren in der Bindetasche von Zucker ver-

wertenden Enzymen hat sich als besonders wichtige Interaktion herausgestellt. Dabei stellt

der aromatische Ring von Phenylalanin, Tryptophan oder Tyrosin eine geometrisch kom-

plementäre apolare Oberfläche für Wechselwirkungen bereit und die π-Elektronenwolke in-

teragiert mit den aliphatischen Protonen des Saccharides. Laut vorangegangenen in-silico

Studien bekannter 3D-Strukturen besitzen Glykosidhydrolasen eine spezifische hydrophobe

Plattform, bestehend aus einem (oder zwei) aromatischen Aminosäureresten. Solche aro-

matischen Interaktionen sind auch in der GH-13 Familie präsent, wo eine Interaktion

zwischen einem Phenylalanin oder einem Tyrosin mit dem Glucosylring des Substrates

konserviert ist. Saccharose Phosphorylase (SPase; EC 2.4.1.7) von Leuconostoc mesen-

teroides ist eine bakterielle Transglukosidase aus der GH 13 Familie, deren physiologische

Funktion die reversible Umsetzung von Saccharose und Phosphat (Pi) in α-D-Glukose-1-

Phosphat (G1P) und D-Fruktose darstellt. Mit Hilfe von zielgerichteter Mutagenese wurde

in dieser Arbeit der aromatische Phenylalaninrest Phe52 der SPase von L. mesenteroides

mit Alanine (F52A) und Asparagin (F52N) ersetzt und hinsichtlich der Auswirkungen

auf den Reaktionsmechanismus untersucht. Detaillierte kinetische Studien zeigten, dass

die katalytische Aktivität der beiden Mutanten, im Vergleich zum Wild-Typ Enzym, in

Phosphorolyse-Richtung (Saccharose + Pi→G1P + Fruktose) signifikant verringert wurde

und in Synthese-Richtung (G1P + Fruktose→ Saccharose + Pi) komplett gehemmt wurde.

Weiters konnte in dieser Arbeit gezeigt werden, dass der Phe52-Rest die Donorsubstrat-

Spezifizität beeinflusst und für die strikte Präferenz des Wild-Typ Enzyms für Glukosyl-

substrate mitverantwortlich ist. Im Wild-Typ Enzym steht der Phe52-Rest in sterischem

Konflikt mit der axialen C-4 Hydroxygruppe von Galaktosylsubstraten und somit kann das

Wild-Typ Enzym, im Gegensatz zu den Mutanten, keine Galaktosylsubstrate umsetzen.
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Abstract

Interactions between proteins and carbohydrates play a significant role in biologically rel-

evant recognition and communication processes, like in immune reactions, metabolism,

bacterial infections and cancer metastasis. The presence of aromatic residues in the bind-

ing site of sugar-processing enzymes is found to be essential for protein-sugar interactions.

The aromatic ring of phenylalanine, tryptophan or tyrosine provides a geometrically com-

plementary apolar surface for interactions with the sugar ring and its π-electron cloud

interacts with the aliphatic protons of the sugar that carry a positive charge. According

to previous in-silico survey of known 3D-structures, glycoside hydrolases possess a family-

specific hydrophobic platform consisting of one (or two) aromatic amino acid residues.

Such an interaction can also be found in enzymes of the glycoside hydrolase family GH-

13, where a phenylalanine or a tyrosine, stacking with the glucosyl ring of the substrate

in the catalytic site, is strictly conserved. Sucrose phosphorylase (SPase; EC 2.4.1.7) from

Leuconostoc mesenteroides is a bacterial transglucosidase that catalyzes the reversible con-

version of sucrose and phosphate (Pi) into α-D-glucose-1-phosphate (G1P) and D-fructose.

Using site-directed mutagenesis the Phe52 residue was replaced by alanine (F52A) and as-

paragine (F52N) and the effect of the mutation on the reaction mechanism of SPase was

investigated. Detailed kinetic studies showed that the catalytic activity in phosphorolysis

direction (sucrose + Pi → G1P + fructose) was significantly reduced in both muteins and

activity in synthesis direction (G1P + fructose→ sucrose + Pi) was completely disrupted.

Additionally it could be shown that the Phe52 residue influences the substrate specificity

and it seems from the structure of SPase that the presence of Phe52 generates a steric

conflict with an axial hydroxyl at C-4 of galactosyl substrates, explaining the preference

for glucosyl substrates in the wild-type enzyme and its loss in Phe52 muteins.
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1 Aromatic interactions at the catalytic subsite of sucrose

phosphorylase: Their roles in enzymatic glucosyl transfer

probed with Phe52 → Ala and Phe52 → Asn muteins.

Patricia Wildberger, Christiane Luley-Goedl, Bernd Nidetzky∗

Institute of Biotechnology and Biochemical Engineering, Graz University of Technology,

Petersgasse 12/1, A-8010 Graz

1.1 Abstract

Replacement of Phe52 by Ala (F52A) and Asn (F52N) decreased the activity in phospho-

rolysis direction of Leuconostoc mesenteroides sucrose phosphorylase (LmSPase) to about

0.34% (F52A) and 0.04% (F52N) of the wild-type level (k cat = 195 s−1), whereas in synthe-

sis direction, catalytic activity was completely disrupted in both muteins. The significant

decrease in catalysis in phosphorolysis direction of the two mutants suggests that Phe52,

through stacking interaction between the π-electron cloud of the aromatic residue and the

aliphatic protons of the sugar, contributes to transition state stabilization. Disruption of

catalysis in synthesis direction let assume that Phe52 has an important role on proper

positioning of the leaving group. The 130,000-fold preference of the wild-type LmSPase

for glucosyl transfer from α-D-glucose-1-phosphate to arsenate compared with galactosyl

transfer form α-D-galactose-1-phosphate to arsenate was changed to 21-fold and 6-fold for

the F52A and F52N mutein, respectively. These results delineate the importance of Phe52

for substrate specificity. A steric conflict between the phenylalanine ring and the axial

hydroxyl at C-4 of a galactosyl substrate could explain selectivity of the wild-type enzyme

for glucosyl substrates and its preference loss in Phe52 muteins.

Keywords: Aromatic residue interaction; sucrose phosphorylase; glycoside hydrolase fam-

ily GH-13; donor substrate selectivity
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1.2 Introduction

Interactions between biomolecules and carbohydrates play a significant role in biologi-

cally relevant recognition processes including signal transduction, cell-cell interactions,

pathogen entry to host cells, cancer metastasis, inflammation, fertility and development

[1, 2, 3]. Apart from hydrogen bonding and solvation effects, the presence of aromatic

residues in the binding site of sugar-processing enzymes is found to be indispensable for

protein-sugar interactions [4, 5]. The protein-sugar interactions are characterized by the

structure and conformation of the carbohydrate as well as the nature and orientation of

the aromatic rings [4, 6] and have been considered as CH/π, van der Waals or hydrophobic

interactions [7]. It is suggested that the aromatic ring provides a geometrically comple-

mentary apolar surface for interactions with the sugar ring and that its π-electron cloud

interacts with the aliphatic protons of the sugar that carry a partial positive charge (CHδ+)

[7, 8]. Tryptophan is often the preferred aromatic residue in the saccharide-binding site of

proteins, although phenylalanine and tyrosine are also found. However, tryptophan, with

its lager surface area, offers many more position-orientations for the saccharide to optimize

its interactions with the other binding site residues [7]. Nerinckx et al. performed an in-

silico survey of the -1 subsite of known 3D-structures of O-glycoside hydrolases and stated

that all α- and β-O-pyranoside-glycoside hydrolases posses a family-specific hydrophobic

platform consisting of one (or two) aromatic amino acid residues [9]. Such an interaction

can also be found in enzymes of the glycoside hydrolase family GH 13, where a phenylala-

nine or a tyrosine, stacking with the glucosyl ring of the substrate in the catalytic site,

is strictly conserved (Figure 1). Considering the crucial role of sugar-aromatic residue

interactions for molecular recognition of carbohydrates in nature, it is surprising that the

influence of those interactions on the catalytic mechanism of enzymes in family GH 13 has

never been described before. Here we report for the first time on the investigation of an

aromatic residue in the catalytic site of sucrose phosphorylase (SPase; EC 2.4.1.7) from

Leuconostoc mesenteroides (LmSPase). SPase is a bacterial transglucosidase that cat-

alyzes the reversible conversion of sucrose (α-D-glucopyranosyl-1,2-β-D-fructofuranoside)

and phosphate (Pi) into D-fructose and α-D-glucose-1-phosphate (G1P). The reaction
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proceeds via a glycoside hydrolase-like double displacement mechanism that involves a

catalytically competent β-glucosyl enzyme intermediate [10]. Using site-directed mutage-

nesis the Phe52 residue was replaced by alanine (F52A) and asparagine (F52N) to prevent

interaction (a schematic picture of the stacking interaction is shown in Figure 2). Detailed

kinetic studies of the resulting muteins were performed to determine the mutation-caused

change of the catalytic efficiencies, the influence of aromatic stacking on transition-state

stabilization and the change of donor substrate specificity.

Figure 1: A) Comparison of aromatic-sugar interactions in the catalytic site of different GH-
13 enzymes. Alignment was performed with the Clustal 2.0.12 multiple sequence alignment
tool. Conserved aromatic residues are shaded in grey. B) Stacking interaction between the
glucosyl ring of sucrose and the aromatic loop region in Bifidobacterium adolescentis SPase
(2GDU) [18]. C) Overlay of SPase (2GDU; black), amylosucrase (1JGI; green) and isomal-
tulose synthase (1M53; red) aromatic loop regions. Average distance between the aromatic
residue and the glucosyl ring was calculated to be 4.61 Å in SPase and 4.63 Å in amylosucrase.
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1.3 Materials and methods

1.3.1 Site-directed mutagenesis and enzyme production

The point mutations Phe52 → Ala (F52A) and Phe52 → Asn (F52N) were introduced

using a two-stage PCR protocol [19]. The pQE30 expression vector encoding the gene of

wild-type LmSPase was used as template [20]. One complementary pair of oligonucleotide

primers was designed for each mutation (mismatched bases are underlined):

LmSPase F52A forward: 5’-GGTGATCGCGGTGCTGCGCCAGC-3’

LmSPase F52A backward: 5’-GCTGGCGCAGCACCGCGATCACC-3’

LmSPase F52N forward: 5’-GGTGATCGCGGTAATGCGCCAGC-3’

LmSPase F52N backward: 5’-GCTGGCGCATTACCGCGATCACC-3’

In the first step, two separate PCR reactions with the forward and backward primer were

performed which consisted of a preheating step at 95◦C for 60 s followed by 4 reaction

cycles (95◦C, 50 s/60◦C, 50 s/72◦C, 10 min). In the second step, PCR reactions were

combined and continued for 18 reaction cycles (95◦C, 50 s/60◦C, 50 s/72◦C, 10 min). The

amplification product was subjected to parental template digest by DpnI and transformed

into electro-competent E. coli Top10 cells. Mini-prep plasmid DNA was sequenced in

order to verify the introduction of the desired substitutions. The LmSPase wild-type and

muteins encoding genes were digested from the pQE30 vector using Fast Digest restriction

enzymes BamHI and PstI (Promega). Ligation into the dephosphorylated pASK-IBA7+

expression vector was done using a T4-DNA ligase (Promega). Strep-tagged wild-type

and muteins encoding genes were sequenced in sense and antisense directions.

E. coli Top10 cells, transformed with the corresponding pASK-IBA7+ expression plasmid,

were cultivated in 1-L baffeled shaken flasks at 37◦C and 110 rpm using LB-media and

115 mg/L ampicillin. When OD550 reached 0.5-0.6, temperature was decreased to 25◦C

and gene expression was induced with 200 µg/L anhydrotetracycline for 6 h. Cells were

harvested by centrifugation at 4◦C and 5,000 rpm for 30 min in a Sorvall RC-5B Refrig-
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erated Superspeed centrifuge. Resuspended cells were frozen at -20◦C, thawed and the

suspension was passed twice through a French pressure cell press (Aminco). Cell debris

was removed by centrifugation at 4◦C, 14,000 rpm for 45 min. The resulting supernatant

was used for further purification of LmSPase-F52A and LmSPase-F52N.

1.3.2 Purification and characterization

All purification steps were carried out at 6◦C on a Duoflow system (BioRad). The elution

of proteins was monitored at 280 nm. All buffer solutions were degassed and filtered using

0.2 µm cellulose-acetate and 0.2 µm Sartolon polyamide filters (Sartorius). The crude cell

extract was passed through an 1.2 µm cellulose-acetate filter (Sartorius) before loading

on a Strep-Tactin Superflow column (binding capacity 100 nmol/mL; bed volume 5 mL).

Note that Strep-tagged LmSPase has a molecular weight of 59 kDa, which results in a

loading capacity of 30 mg. For a detailed description of the purification procedure see

Supplementary Information.

1.3.3 Enzyme assays

Enzyme activity in the direction of sucrose phosphorolysis was determined at 30◦C using

a continuous coupled enzymatic assay with phosphoglucomutase and glucose-6-phosphate

dehydrogenase as described elsewhere [20]. Protein concentrations were determined us-

ing the BioRad dye-binding method with BSA as standard. Glucose was determined

using a coupled enzymatic assay with hexokinase and glucose-6-phosphate dehydrogenase

[21]. Glucose in the presence of fructose was determined using a coupled enzymatic as-

say with glucose oxidase and peroxidase [22]. Galactose was assayed using a galactose

dehydrogenase based assay (galactose dehydrogenase (0.6 U/mL), 2.2 mM NAD+ in 90

mM Tris/HCl, pH 8.6) where the formation of NADH with time was monitored spec-

trophotometrically at 340 nm. G1P was assayed in a coupled enzymatic system with

phosphoglucomutase and glucose-6-phosphate dehydrogenase [23]. Phosphate was deter-
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mined colorimetrically at 850 nm [24].

1.3.4 Kinetic studies

Initial-rate measurements of glucosyl transfer to and from phosphate were carried out at

30◦C in 50 mM MES buffer, pH 7.0 using discontinuous assays, in which formation of G1P

and phosphate was determined, respectively. The concentration of one substrate was kept

constant at saturating concentrations of 5-10 times its apparent Km value, while the other

substrate was varied. Each assay contained approximately 0.3 mg/ml of LmSPase-F52A

or LmSPase-F52N. Control reactions lacking the enzyme or one of the substrates were

performed in all cases and values reported are corrected for those readings. Substrate

concentrations were varied in the range of 10 µM to 3 mM for G1P, 1 mM to 850 mM

fructose, 1 mM to 100 mM for phosphate and 5 mM to 800 mM for sucrose. Kinetic

parameters were obtained from non-linear fits of the data to equation 1:

ν = kcat · E ·
S

Km + S
(1)

where ν is the observed reaction rate [mM/min], k cat is the catalytic constant [min−1],

E is the total molar enzyme concentration based on a molecular mass of 59 kDa for the

protein subunit [mM], S is the substrate concentration [mM] and Km is the apparent

Michaelis-constant [mM]. Instead of phosphate, arsenate can be used as alternative glyco-

syl acceptor substrate. In contrast to the reversible reaction of phosphorolysis, arsenolysis

is irreversible. Using G1P or galactose-1-phosphate (Gal1P) as donor substrate, the ob-

tained α-glycopyranosyl arsenate product decomposes hydrolytically [25] yielding glucose

or galactose, arsenate and phosphate, respectively. The rate of arsenolysis was determined

at 30◦C in 50 mM MES buffer, pH 7.0 using discontinuous assays [50 mM arsenate, 50

mM G1P or 50 mM Gal1P, in the presence of 0.15 mg/mL enzyme], in which formation

of glucose or galactose was measured. Hydrolytic activity of the wild-type LmSPase and

muteins towards G1P and sucrose was determined at 30◦C in 50 mM MES buffer, pH

7.0 using discontinuous assays [20 mM G1P, enzyme concentration 0.2 mg/mL (muteins)
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and 0.02 mg/mL LmSPase wild-type; 500 mM sucrose, enzyme concentration 0.2 mg/mL

for LmSPase wild-type and muteins respectively] under conditions in which a suitable

nucleophile (phosphate or fructose) was lacking.

1.4 Results and discussion

1.4.1 Influence of the F52A and F52N mutation on the reaction mechanism

of LmSPase.

In a new approach of producing recombinant LmSPase, the affinity tag was changed. The

enzyme carries an 8 amino acid long N-terminal fused Strep-Tactin affinity tag, instead of

an 11 amino acid long N-terminal fused His-tag [20]. The specific enzyme activities were

not affected by the different tags and the purification procedure was simplified by using a

two step protocol for the Strep-tagged enzyme, compared to a three step protocol for the

His-tagged enzyme [25]. A detailed kinetic characterization of the F52A and F52N mutein

showed that all enzyme activities were significantly decreased. Depicted in Scheme 1 is

the proposed reaction mechanism for the SPase catalyzed phosphorolysis and synthesis of

sucrose. The catalytic activity in phosphorolysis direction was decreased to about 0.34%

(F52A) and 0.04% (F52N) of the wild-type level as shown in Table 1. The Km for su-

crose increased indefinitely and also the catalytic efficiency for sucrose was significantly

lower as compared to the wild-type (18 and 87 times for F52A and F52N, respectively).

The Km for phosphate was only moderately changed, but [k cat/Km]Pi decreased drasti-

cally (139-fold and 6,833-fold for F52A and F52N, respectively). These results indicate

that the absence of the stacking interaction between the glucosyl ring of sucrose and the

aromatic residue lead to a weak binding of sucrose and consequently to a decrease in the

catalytic efficiency for the formation of the covalently linked glucosyl-enzyme intermediate

([k cat/Km]Suc). Moreover, the drastic decrease in the catalytic efficiency for the degluco-

sylation step [k cat/Km]Pi let assume that a major contribution to transition stabilization

is missing due to the replacement of the aromatic residue.

The decrease in k cat/Km can be expressed as loss of transition state stabilization energy,

using Equation 2, where ∆∆G is the free energy change [kcal/mol], [k cat/Km]mut is the
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Scheme 1: Reaction mechanism of SPase proceeds in two catalytic steps via a covalent
glucosyl-enzyme intermediate (E-Glc). Enzymatic reaction in phosphorolysis direction (lower
panel) and synthesis direction (upper panel) is shown. The E-Glc can react with phosphate
(phosphorolysis), fructose (synthesis), H2O (hydrolysis) or with an alternative glucosyl accep-
tor substrate like arsenate (Asi, arsenolysis).

catalytic efficiency associated with the muteins, [k cat/Km]wt is the catalytic efficiency

associated with the wild-type, R is the gas constant [8.31 J mol−1 K−1] and T is the

temperature [303.15 K].

∆∆G = −RT · ln([kcat/Km]mut/[kcat/Km]wt) (2)

According to Spiwok et al., interaction energies of a pyranose moiety with a side chain of

an aromatic residue were calculated as attractive with interaction energies ranging from

-2.8 to -12.3 kcal/mol. The most attractive interaction was associated with an apparent

combination of CH/π interactions and classical H-bonds [27]. The important role of aro-

matic amino acid residues in the catalytic site of carbohydrate-active enzymes and the

significant decrease in activity or affinity for substrates upon mutation of the aromatic

residues were studied in various proteins [28, 29] but never in an enzyme from family

GH13. We could show that the replacement of the aromatic residue Phe52 by alanine and

asparagine in LmSPase led to a significant drop in activity and substrate affinity. Sum-

marized in Table 1 are the results from the calculated free energy changes. According to

∆∆G values, the catalytic efficiency for the deglucosylation step ([k cat/Km]Pi) was more

significantly affected than the catalytic efficiency for the glucosylation step ([k cat/Km]Suc)
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Table 1: Kinetic parameters in phosphorolysis direction and apparent k cat values for the
arsenolysis and hydrolysis reactions catalyzed by wild-type LmSPase and muteins.

a250 mM sucrose was used [26]; n.a., not applicable

although the binding affinity of sucrose was indefinitely increased. A plausible explanation

could be that due to the missing interaction between the glucosyl moiety and the aromatic

residue the stabilization of the transition state is drastically weakened.

1.4.2 Disruption of the enzymatic activity in synthesis direction.

To encore with the significantly lower activity in phosphorolysis direction, the catalytic

activity in synthesis direction was completely disrupted in both muteins. Varying fruc-

tose concentrations in the presence of a saturating concentration of G1P did not alter

the catalytic reaction rate, revealing a non-effective binding of fructose (see Supplemen-

tary Figure 3). On the contrary, G1P showed a very high binding affinity towards the
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LmSPase muteins (Km = 0.38 mM for F52A; Km = 0.63 mM for F52N). These find-

ings in combination with the absence of any product accumulation within the detection

limit of the performed NMR analysis led to the assumption that sugar transfer from the

glucosyl-enzyme intermediate to fructose was disrupted due to an irreconcilable distance

between the donor and the acceptor. Instead of product formation, hydrolysis occurred.

Interestingly, the hydrolytic activity (k cat) towards G1P was 160 times (F52A) and 53

times (F52N) lower as compared to the wild-type (see Table 1). The free energy change

∆∆G for [k cat/Km]G1P was calculated to be 0.57 and 0.60 kcal/mol for F52A and F52N,

respectively and revealed only a moderate change although k cat and Km values were sig-

nificantly affected. Reactions catalyzed by the LmSPase wild-type proceed in a two-step

double displacement-like mechanism via the formation of a covalent intermediate. Any

assumption about an alternative reaction mechanism used by the muteins was disproved

by arsenolysis experiments because arsenate can only react when the glucosyl-enzyme in-

termediate has been formed (see Scheme 1) [25].

1.4.3 Change of donor substrate selectivity.

When Mueller et al. [30] was investigating the role of Asp-295 in the molecular mechanism

of LmSPase, the replacement by asparagine and glutamate reduced the selectivity for

glucosyl and promoted the one for mannosyl donors. Wild-type LmSPase is highly specific

for transferring glucosyl residues. We compared activity of LmSPase in synthesis reactions

that used G1P or Gal1P as donor substrate. On the molecular level, the aromatic residue

and the axial hydroxyl at C-4 of a galactosyl donor substrate would cause a steric conflict.

According to our expectations, arsenolytic activity towards Gal1P was slightly increased

to about 5.0- and 9.2-fold of the wild-type level (k cat = 3.8 · 10−4 s−1) when Phe52 was

replaced by alanine and asparagine, respectively. Arsenolysis of G1P was still detectable

with both muteins however it was 1,235 (F52A) and 2,470 (F52N) lower compared to

the wild-type (k cat = 49.4 s−1). Thus, the donor substrate selectivity (G1P/Gal1P) was

changed from 130,000 for the wild-type enzyme, to 21 and 6 for the F52A and F52N
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mutein, respectively. This indicates that the large preference of the LmSPase wild-type

for the arsenolysis reaction with G1P was nearly completely lost in both muteins. SPase

is a suitable biocatalyst in the production of industrial fine chemicals [31], therefore it is

of concern to enhance the donor substrate selectivity. Thus, an engineered SPase which is

capable of transferring galactosyl moieties to various acceptor substrates is of high interest.

1.5 Conclusions

The important role of aromatic stacking interactions at the catalytic subsite is revealed

by the required pre-arranged complementarity between the aliphatic protons of the sugar

moiety and the aromatic residue, which is present in all glycoside hydrolases. According to

the sequence based classification of glycoside hydrolases and glycosyltransferases, SPase is

a glycoside hydrolase [32], more precisely a transglucosidase, which shows the typical aro-

matic stacking interactions in the catalytic subsite. Upon mutation of the Phe52 residue

the transition state stabilization was significantly affected. Thus, the binding affinity of

sucrose decreased significantly which can be explained by the missing electrostatic in-

teractions between the aliphatic protons of the donor substrate in the ground-state 4C1

conformation and the π-electron cloud of the aromatic residue. The dramatic change

in catalytic activities of glucosyl transfer, which is expected to proceed through an oxo-

carbenium ion-like transition state [33], can be explained by the lacking stabilization of

the Phe52 residue on the sugar ring, which is constrained to a 4H3 half-chair transition

state conformation. Furthermore, the aromatic residue has an effect on the relative po-

sitioning of the nucleophile, depicted by the complete disruption of the catalytic activity

in synthesis direction. Phe52 is further involved in discrimination between glucosyl and

galactosyl donors. Although the catalytic turnover number is drastically reduced com-

pared to the wild-type, this is a useful approach to investigate donor substrate selectivity

and to generate SPase muteins with a different glycosyl donor spectrum.
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1.7 Supplementary information

1.7.1 NMR spectroscopy.

Reaction mixtures contained LmSPase-F52A or LmSPase-F52N (0.6 mg/mL), 20 mM

G1P and 100 mM fructose in 50 mM MES buffer (pH 7.0) and were incubated at 30◦C

for 120 h.

The reaction mixtures were lyophilized, dissolved in D2O (99.95%, 0.7 mL) and used for

NMR spectroscopic data recording without further purification. Samples were transferred

into 5 mm high precision NMR sample tubes (Promochem, Wesel, Germany). All spec-

tra were recorded on a Bruker DRX-400 AVANCE spectrometer (Bruker, Rheinstetten,

Germany) at 300K and 400.13 MHz (1H), 100.61 MHz (13C) or 161.98 MHz (31P) using

the Bruker Topspin 1.3 software. For 1D-spectra, 32k data points were acquired using

a relaxation delay of 1.0 s and an appropriate number of scans for reasonable signal to

noise ratios. After zero filling to 64k data points and Fourier transformation, spectra with

a range of 7,200 Hz (1H), 20,000 Hz (13C) and 16,200 Hz (31P) were obtained, respec-

tively. To determine the 2D COSY, TOCSY, NOESY, HMQC, and HMBC as well as

1H/31P-HMQC spectra, 128 experiments with 8 scans and 1024 data points each were

performed. After linear forward prediction to 256 data points in the f2-dimension and ap-

propriate sinusoidal multiplication in both dimensions, the data were Fourier transformed

in order to obtain 2D-spectra with ranges of 4,000 Hz (1H), 20,000 Hz (13C) and 8,100

Hz (31P). Chemical proton and carbon shifts were referenced to external acetone (1H: δH

2.225 ppm; 13C: δC 31.45 ppm) and phosphorus shifts were referenced to external aqeous

85% phosphoric acid (31P: δP 0.00 ppm).
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1.7.2 Enzyme purification.

Supplementary Figure 1: Typical chromatogram recorded during purification of the
LmSPase-F52N mutant by Strep-Tactin affinity chromatography. The column was equili-
brated with buffer W (100 mM Tris/HCl, 150 mM NaCl, 1 mM EDTA, pH 8.0) at a flow rate
of 3 mL/min (5 column volumes). The crude cell extract was applied (2.5-12.5 min) at a flow
rate of 1 mL/min. After washing with buffer W (12.5-20.5 min) at a flow rate of 2 mL/min
(5 column volumes), the LmSPase containing fractions were eluted (20.5-28 min) with buffer
E (100 mM Tris/HCl, 150 mM NaCl, 1 mM EDTA, 2.5 mM desthiobiotin, pH 8.0) at a flow
rate of 2 mL/min (3 column volumes).

Supplementary Figure 2: Purification monitored by SDS-PAGE. Precast gradient gels
(PhastGel 8-25) were used on a PhastSystem from GE Healthcare. Lane 1,3,5: LMW-
standard; 2: purified enzyme fraction LmSPase-F52N; 4: purified enzyme fraction wild-type;
6: purified enzyme fraction LmSPase-F52A.
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1.7.3 Kinetic studies

Supplementary Figure 3: Michaelis-Menten plots for the determination of kinetic param-
eters in synthesis direction catalyzed by LmSPase-F52A (left plot) and LmSPase-F52N (right
plot). Initial-rates were determined as function of Pi release using a discontinuous assay.
The enzymatic assay was performed in 50 mM MES buffer, pH 7.0 at 30°C and 550 rpm at
saturating concentrations of 20 mM G1P.
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3.1 Abstract

1,2-Propanediol and 3-aryloxy/alkyloxy derivatives thereof are bulk commodities produced

directly from glycerol. Glycosylation is a promising route for their functional diversifica-

tion into useful fine chemicals. Regioselective glucosylation of the secondary hydroxyl

in different 1,2-propanediols was achieved by a sucrose phosphorylase-catalyzed transfer

reaction where sucrose is the substrate and 2-O-α-D-glucopyranosyl products are exclu-

sively obtained. Systematic investigation for optimization of the biocatalytic synthesis

included prevention of sucrose hydrolysis, which occurs in the process as a side reaction of

the phosphorylase. In addition to ”nonproductive” depletion of donor substrate, the hy-

drolysis also resulted in formation of maltose and kojibiose (up to 45%) due to secondary

enzymatic glucosylation of the glucose thus produced. Using 3-ethoxy-1,2-propanediol as

acceptor substrate (1.0 M), the desired transfer product was obtained in about 65% yield

when employing a moderate (1.5-fold) excess of sucrose donor. Loss of glucosyl substrate

to ”glucobiose” by-products was minimal (< 7.5%) under these conditions. The reactivity

of other acceptors decreased in the order, 3-methoxy-1,2-propanediol > 1,2-propanediol >

3-allyloxy-1,2-propanediol > 3-(o-methoxyphenoxy)-1,2-propanediol > 3-tert-butoxy-1,2-

propanediol. Glucosylated 1,2-propanediols were not detectably hydrolyzed by sucrose

phosphorylase so that their synthesis by transglucosylation occurred simply under quasi-

equilibrium reaction conditions.

Keywords: Biocatalysis; glycosides; sucrose phosphorylase; glucosylation; 2-O-α-D-glu-

copyranosyl 1,2-propanediol
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3.2 Introduction

Due to the large amounts of glycerol accumulating as by-product of bio-diesel production,

there is currently high interest in the chemical industries to develop routes for efficient

transformation of this ”process residue” into useful commodities.1,2 1,2-Propanediol and

3-aryloxy/alkyloxy derivatives thereof (Scheme 1A) are bulk products obtained through

immediate follow-up chemistry on glycerol.3 There are diverse technological uses for these

compounds, including applications as food additive, as anti-freeze and de-icing agent,

and as (chiral) building blocks for fine chemical synthesis.4,5 Cosmetics is another field

where 1,2-propanediols could play a significant role, as moisturizing ingredients for exam-

ple. However, because 1,2-propanediol causes skin irritation,6 its application in cosmetic

formulations is currently restricted. Glycosylation could be a very useful and general ap-

proach with which to enhance the bio-compatibility of the 1,2-propandiols. It could also

promote a functional diversification of these compounds such that entirely novel fields of

use are opened up. Application as pesticide in weed control is an interesting example. The

1-O-α-D-cellobioside of 1,2-propanediol (rhynchosporoside) is a host-selective phytotoxin

in Rhynchosporium secalis, the causal agent of scald disease of barley.7 A non-natural

analogue in which the secondary hydroxyl was glycosylated showed similar plant toxicity

as the authentic rhynchosporoside.8

Despite its potentially useful effect upon product properties, glycosylation is by no means

a routine chemical modification of small molecules.9 Control of reactivity and selectivity

is specially important during glycoside synthesis. Because the strength of biocatalysis lies

in coping with exactly these issues of a chemical transformation, enzymes are often the

preferred choice of glycosylation catalyst.10 However, a previously reported galactosylation

of 1,2-propanediol catalyzed by β-galactosidase took place with poor regioselectivity and

gave only modest yields.11 Considering the expected value of structurally well defined gly-

cosylated 1,2-propanediols, we therefore examined a transformation catalyzed by sucrose

phosphorylase where sucrose is the glucosyl donor substrate and the used 1,2-propanediol

is the acceptor. The specificity of enzyme with respect to the 1,2-propanediols in Scheme

1A was unknown.12 However, two recent papers showing regioselective glucosylation of
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glycerol13 and glycerate14 by the phosphorylase strongly promoted this investigation. A

high-yielding biocatalytic glucosylation of 3 into 3-ethoxy 2-O-α-D-glucopyranosyl 1,2-

propanediol (3a, Scheme 1B) is described. Transformation in a single enzyme-catalyzed

step is generally applicable to the compounds in Scheme 1A and proceeds with splendid

regioselectivity, irrespective of reactivity differences across the acceptor series used. De-

tailed analysis of the complex enzymatic reaction, which in addition to desired glucosyl

transfer also involves donor substrate hydrolysis and secondary glucosylation of hydrolysis

product (glucose), supported design of the overall biocatalytic conversion for optimum

product yield (65% based on 3 consumed).

Scheme 1: A) 1,2-Propanediols used in this study. 1, 1,2-Propanediol; 2, 3-methoxy-1,2-
propanediol; 3, 3-ethoxy-1,2-propanediol; 4, 3-allyloxy-1,2-propanediol; 5, 3-tert-butoxy-1,2-
propanediol; 6, 3-(o-methoxyphenoxy)-1,2-propanediol. B) Glucosylated product structure of
the most efficient acceptor 3. 3a, 3-Ethoxy-2-O-(α-D-glucopyranosyl)-propanediol.

3.3 Results and discussion

The natural reaction catalyzed by sucrose phosphorylase is the reversible transformation

of sucrose and phosphate into α-D-glucose 1-phosphate and D-fructose. In the absence

of phosphate, however, alternative glucosyl acceptors can take part in the conversion.

Scheme 2 shows the enzymatic reaction resulting in glucosyl transfer from sucrose (donor)

to the reactive alcohol group of a suitable acceptor molecule. The absolute stereoselectiv-

ity of the enzyme for α-anomeric glucosylation is dictated by the double displacement-like
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catalytic mechanism in which a β-configured glucosyl enzyme intermediate has a pivotal

role.15,16 Regioselectivity with respect to different acceptor hydroxyls would seem to re-

flect requirements of the acceptor binding site of the enzyme. In sucrose phosphorylase,

however, the role of the second hydroxyl of the reactive diol moiety in acceptor sub-

strates like fructose,16 xylitol,17 glycerol13 and glycerate14 appears to be directly auxiliary

to catalysis. The crystal structure of an enzyme-sucrose complex of the phosphorylase

from Bifidobacterium adolescentis16 supports the idea that the second adjacent hydroxyl

facilitates optimum alignment of the catalytic groups of the enzyme relative to the sec-

ondary acceptor hydroxyl, which is now the site of the substrate exclusively undergoing

reaction.18 Scheme 2 implies that prevention of donor substrate hydrolysis and thus the

accumulation of glucose could represent an important component of reaction optimization

(see later). Glucose is a strong inhibitor of sucrose phosphorylase that competes with

sucrose for binding to the free enzyme (K i ≈ 0.5 mM).19 Moreover, as described later

and shown in literature20, glucose can also bind where fructose normally binds and serves

as alternative glucosyl acceptor substrate (Scheme 2) leading to secondary glucosylation

which is a highly undesirable accompaniment.

Scheme 2: Mechanism of transglucosylation catalyzed by sucrose phosphorylase, and possible
reactions occurring in a biocatalytic conversion of sucrose in the presence of a suitable acceptor.
α-D-Glucose is the product of hydrolysis. However α- and β-D-glucose can serve as acceptor
in a secondary glucosylation reaction.

3.3.1 Reactivity of different 1,2-propanediols.

Sucrose phosphorylase was incubated for 72 h in the presence of sucrose and either one of

the acceptors shown in Scheme 1 (0.3 M each). Analysis of the product mixture by NMR
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or HPLC (Table 1) revealed formation of glucosyl transfer product in useful (2, 3) to only

modest yields (other acceptors). However, most (∼90%) of the sucrose initially present had

been used up in all reactions at the time of the analysis. The order of acceptor reactivity

was 3 > 2 > 1 > 4 > 6 > 5, indicating that the 3-aryloxy/alkyloxy side chain of 1,2-

propanediols was well compatible with acceptor function in the phosphorylase reaction.

With each acceptor, glucosyl transfer occurred to the secondary hydroxyl (see Supple-

mentary Information for relevant NMR data), with a possible reaction of the primary

hydroxyl being below the detection limit of the analytical method used. The acceptors

used in Table 1 were racemic mixtures of R and S antipodes. Using isolated enantiomers

of 1 we found that R and S forms displayed identical reactivities toward glucosylated

sucrose phosphorylase (Table 1). This result is consistent with previous findings showing

that the enzyme utilizes R and S -glycerate as glucosyl acceptors14 and supports the notion

of a highly regioselective transglucosylation catalyzed by sucrose phosphorylase in which,

however, enantiomeric discrimination of acceptor alcohols is small. Due to the enzyme’s

broad acceptor specificity12 and relatedly to the conformational flexibility of its acceptor

binding site16, evaluation of structural features of the 3-aryloxy/alkyloxy side chain on

the enantioselectivity was beyond the scope of this work. Low acceptor enantioselectivity

is quite common among transglycosidases.10c−e,21 It does not, however, compromise the

synthetic utility of sucrose phosphorylase in the glucosylation of 1,2-propanediols. As bulk

chemicals, the 1,2-propanediols are likely to be available in racemic form, and complete

utilization of the acceptor alcohol, that is, reaction of both its R and S antipodes will be

desired. For glucosylation of 1,2-propanediols, therefore, regioselectivity of the biotrans-

formation was the decisive feature.

An unexpected finding of the transglucosylation experiments just described was that gluco-

bioses (maltose, 4-O-α-D-glucopyranosyl glucose, kojibiose; 2-O-α-D-glucopyranosyl glu-

cose) were formed in large amounts, exceeding in almost all cases the amount of the desired

transfer product (Table 1; see Roslund et al.22 for chemical shift assignment). Production

of either maltose or kojibiose had not been observed previously during glucosylation of

glycerol13 and glycerate14 under otherwise similar reaction conditions. Earlier work of
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Kitao et al.20 had however shown that either “glucobiose” can be formed by a sucrose

phosphorylase-catalyzed transglucosylation.

Table 1: Product distribution resulting from conversion of sucrose in the presence of different
1,2-propanediol acceptors. Analytical yields, based on sucrose converted, are given.

Reaction mixtures (1 mL) were incubated at 30◦C and 550 rpm for 72 h using equimo-
lar concentrations of 0.3 M. aProduct yield obtained in conversion with the pure R-
enantiomer. bProduct yield obtained in conversion with the pure S -enantiomer. n.d.,
not determined. The glucobiose product consisted of maltose and kojibiose which were
present in approximately equimolar concentrations.

3.3.2 Reaction optimization

Preventing hydrolysis of sucrose and glucosyl transfer to glucose.

Under the standard reaction conditions used for acceptor screening, hydrolysis was a pre-

ponderant path of donor substrate conversion (Scheme 2), strongly hampering synthesis.

Using 3 as acceptor, about 36% of the sucrose utilized was hydrolyzed by the phosphorylase

(Table 2). The concentration of 3a was just half that of the glucose released. A gradual

increase in the initial molar excess of sucrose over the constant acceptor concentration of

0.3 M resulted in substantial (up to 2.6-fold) enhancement of 3a formation. A product

yield of 50% (based on initial acceptor concentration) was obtained. Glucose production

also increased as the sucrose level was raised. However, the portion of the converted donor

substrate that was lost to hydrolysis decreased markedly in response to an increase in the

initial concentration of sucrose. The molar distribution of products (3a, glucose) in Table

2 implies that the overall selectivity of the β-glucosyl enzyme intermediate for reaction

with 3 as compared to reaction with water was significantly enhanced at high sucrose

concentration. It should be noted, therefore, that even at the highest substrate concentra-
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tion used (1.5 M), glucosylation of sucrose was not observed! A particular disadvantage

of other transglycosylation catalysts described in literature is that substrate competes

strongly with external acceptor to become glycosylated in the enzymatic reaction.

Table 2: Product distribution resulting from conversion of sucrose in the presence of 3.
Data are from HPLC analysis and are based on the limiting concentration of donor sucrose or
aacceptor 3.

Reactions mixtures (1 mL) were incubated at 30◦C and 550 rpm for 24 h.

Table 2 further shows the effect of variation of the concentration of 3 upon production of

3a under conditions where sucrose was supplied at a constant concentration of 0.3 M. As

expected from the proposed kinetic mechanism of the phosphorylase (Scheme 2), hydrolysis

of donor substrate was increasingly suppressed as the acceptor concentration was raised.

Using 1.5 M of 3, that is a 5-fold molar excess of acceptor over donor, the yield of 3a was

∼90% based on the limiting concentration of sucrose. Because the remainder substrate

was converted via hydrolysis (Table 2), we can calculate that glucosylated phosphorylase

showed a 9-fold preference for reaction with 3 as compared to reaction with water under the

conditions used. The yield of 3a displayed a roughly linear dependence on the acceptor

concentration, suggesting that binding of 3 to the β-glucosyl enzyme intermediate was

weak and reaction to give 3a had to occur from a rather unstable encounter complex. By

way of comparison, the apparent binding constant (KM ) for fructose is∼20 mM, indicating

that in contrast to 3, relatively low concentrations of the natural acceptor substrate are

sufficient to saturate the glucosylated phosphorylase.
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Maximizing the productivity of 3a.

Results in Table 2 indicate that high concentrations of both sucrose and 3 promote forma-

tion of 3a. Figure 1 (panel A) shows results of experiments designed to identify optimum

initial concentrations for each substrate, aiming at a maximum final 3a concentration.

Using 1.0 M of 3 and a slight (1.5-fold) molar excess of sucrose, we obtained about 0.65

M of 3a. The enzymatic reaction was performed at the limit of solubility of substrates so

that further increase in either one concentration would have resulted in phase separation.

Production of 3a was lowered in a biphasic system, partly due to instability of sucrose

phosphorylase under these conditions (data not shown).

Figure 1 (panel B) depicts a time course of 3a production applying the optimized sub-

strate concentrations. The different reactions involved in the overall substrate conversion

(Scheme 2) took place in the first 44 h of the biocatalytic process. Formation of 3a contin-

ued after this time at a sluggish rate, and the synthesis can be considered to have reached

quasi-equilibrium after about 44 h. Sucrose phosphorylase had a half-life of 130 h under

the conditions used, indicating that enzyme activity was not a factor limiting production

of 3a. Glucose accumulated quickly to a concentration of ∼130 mM and interestingly,

remained then at this level throughout. A steady state between hydrolysis and glucosyl

transfer to glucose appears to have been reached. NMR data for a sample taken after 44 h

confirmed formation of glucobioses in a concentration of about 90 mM (see Figure 1, panel

B). The marked decrease in the 3a production rate (as well as in the associated substrate

consumption rates) already after ∼8 h of reaction may thus have been caused by glucose

inhibition. However, considering the attainable product concentrations (0.65 M; 180 g/L),

synthesis of 3a in a single enzyme-catalyzed step seems preparatively highly useful. Prior

work has shown clearly the potential for up-scaling of the transglucosylation process to

gram scale in the laboratory13 as well as to industrial manufacturing scale (Glycoin®),

and known procedures of downstream processing on activated charcoal13 should be readily

applicable in the isolation of 3a and related transfer products (Table 1). These aspects of

the biotransformation were therefore not further pursued here.
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Figure 1: A: Optimization of 3a production. Coloured bars show the initial sucrose con-
centration (� 0.3, � 0.5, � 0.8, � 1.0, � 1.5 M). Data are shown for a 72 h-long reaction.
B: Time course of 3a production from 1.5 M of sucrose and 1.0 M of 3. The symbols show
sucrose in a mixture with glucobioses (◦), 3 (4), 3a (•), and glucose (4). The concentrations
of sucrose (∗) and glucobioses (?), obtained from NMR analysis of a sample taken after 44 h,
are indicated separately.

3.3.3 Interpretation of optimization results.

The suggestion from Table 2 that formation of glucose and the consequential formation

of maltose and kojibiose was proportionally decreased at high sucrose concentrations was

further examined in a ”hydrolysis” experiment where 1.5 M of donor substrate were in-

cubated with sucrose phosphorylase in the absence of external acceptor for 24 h. The

product distribution of a sample in which 220 mM sucrose had been converted was 20

mM glucobioses (9%) and 180 mM glucose. By way of comparison, the product mixture

obtained from an enzymatic conversion of 1.5 M sucrose in the presence of 1.0 M 5 con-

tained 70 mM glucobioses (28%), 100 mM glucose and 10 mM transglucosylation product.

The effect of acceptor substrate upon reaction-selectivity of sucrose phosphorylase (hy-

drolysis as compared to glucosylation) is not accounted for by the kinetic mechanism in

Scheme 2. However, crystallographic evidence for sucrose phosphorylase from B. adoles-

centis reveals that the enzyme exploits conformational flexibility of its acceptor binding

site in the accommodation of fructose and phosphate16, two natural, yet structurally com-

pletely different glucosyl acceptor substrates of the phosphorylase. The conformation of

glucosylated phosphorylase ready to undergo hydrolysis is not known. Notwithstanding,

a possible scenario could be that binding of a poor acceptor like 5 favors the “hydrolytic”
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protein conformation of the glucosylated phosphorylase and by accumulation of a high

amount of glucose within a short time, glucosyl transfer to glucose is promoted as a com-

petitive secondary glucosylation reaction. The main effect of adding 1.0 M glucose to the

reaction of sucrose phosphorylase with sucrose (1.5 M) was inhibition of the enzymatic

rate. However, formation of glucobioses was also enhanced (3-fold) as compared to the

reference reaction lacking glucose.

Formation of 2-O- and 4-O-glycosidic isomers of α-D-glucopyranosyl glucose suggests that

catalytic glucosyl transfer by the phosphorylase involves two different binding modes for

the D-glucose acceptor. Based on the crystallographically characterized interactions of the

fructosyl moiety at the acceptor site of the enzyme16 and by also considering structure-

activity relationships for different acceptor substrates of the sucrose phosphorylase,18 we

propose recognition of glucose as shown in Scheme 3. From the similar relative content

of maltose and kojibiose in the glucobiose mixture produced by the enzyme, we conclude

that there is no clear preference for one particular orientation of glucose at the acceptor

site of sucrose phosphorylase.

Scheme 3: Proposed modes of productive binding of D-fructose and D-glucose at the glucosyl
acceptor site of sucrose phosphorylase. Arrows indicate sites of glucosylation. The hydroxy
group marked (∗) is important for substrate stabilization in the acceptor binding site.

3.4 Conclusions

This paper reports on efficient regioselective glucosylation of 3 (and related 1,2-propanediols)

to yield the corresponding α-D-glucopyranosyl derivatives. Optimization was required to

define a useful ”operational window” for the biocatalytic transformation whereby sup-

pression of donor substrate hydrolysis and secondary transglucosylation at high substrate
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concentrations are main features of the efficient process. It is interesting that side reactions

of glucosylated sucrose phosphorylase were of lower relevance during enzymatic glucosyla-

tion of glycerol13 and glycerate14 as compared to synthesis of 3a. A notable advantage of

sucrose phosphorylase in comparison to the majority of reported transglycosylation cat-

alysts is that the phosphorylase does not glucosylate its substrate sucrose in detectable

amounts.23 Using single-step phosphorylase-catalyzed synthesis, 2-O-α-glucosylated 1,2-

propanediols might become readily accessible as fine chemicals, thus opening up the pos-

sibility for their use in different technological applications and potentially promoting their

exploitation as phytotoxin-like active substances to be employed in weed control.24

3.5 Experimental

3.5.1 Materials

Sucrose, 1,2-propanediol, 3-methoxy-1,2-propanediol, 3-ethoxy-1,2-propanediol, 3-allyloxy-

1,2-propanediol, 3-tert-butoxy-1,2-propanediol, 3-(o-methoxyphenoxy)-1,2-propanediol -

(guaiacol glyceryl ether), and MES buffer (potassium salt) were obtained from Sigma-

Aldrich, Vienna, Austria. Sulfuric acid (0.5 M, HPLC grade) was from Carl Roth GmbH

& Co, Karlsruhe, Germany. A Cation H Micro-Guard cartridge (30 × 4.6 mm) and an

Aminex HPX-87H column (300 × 7.8 mm) were from Bio-Rad, Vienna, Austria. All other

chemicals used were of highest purity available from Sigma-Aldrich.

3.5.2 Biocatalytic glucosylation

A cell-free extract of recombinant sucrose phosphorylase from Leuconostoc mesenteroides

was produced in E. coli DH10B using reported methods.25 The enzyme preparation had a

specific activity of 40 Units/mg protein, measuring at 30°C the conversion of sucrose and

phosphate into α-D-glucose 1-phosphate and fructose, as described elsewhere.25 Enzyme-

catalyzed transformation used a constant phosphorylase activity of 20 Units/mL dissolved

in 50 mM MES buffer, pH 7.0. Sucrose and one of the different 1,2-propanediol acceptors

were present in the concentrations indicated. The used range of acceptor concentrations

was usually limited by solubility. Unless otherwise mentioned, the total volume of the
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reaction was 1.0 mL. Incubations were performed, typically for 72 h, in Eppendorf (Vi-

enna, Austria) tubes (1.5 mL) at 30◦C using an agitation rate of 550 rpm (Eppendorf

Thermomixer comfort). Samples (∼0.1 mL for HPLC; up to ∼1 mL for NMR) were taken

at suitable times, heat-treated (99◦C; 5 min) to inactivate the enzyme, and centrifuged at

9,520 g to remove precipitated protein prior to further analysis.

3.5.3 Analytics

Measurement of protein concentration and determination of enzyme activity were de-

scribed elsewhere.25 HPLC analysis was performed on a LaChrom HPLC system (Merck-

Hitachi) equipped with a Cation H Micro-Guard cartridge followed by an Aminex HPX-

87H column (300 × 7.8 mm, hydrogen form, Bio-Rad) and a L-7490 RI-detector. Baseline

separation was obtained when using 0.005 M sulfuric acid as eluent at a flow rate of 0.6

mL/min and a temperature of 30◦C. Authentic (relevant) standards were used for peak

identification, and quantification was based on peak area that was suitably calibrated with

standards of known concentration dissolved in 50 mM MES buffer pH 7.0. Retention times

[min]: sucrose (7.72), glucose (9.14), fructose (10.17), 1 (16.84), 2 (15.30), 3 (16.77), 4

(18.89) and 5 (19.39). Samples for NMR analysis were freeze-dried and dissolved in D2O.

All spectra were recorded on a Bruker DRX-400 AVANCE spectrometer (Bruker, Rhe-

instetten, Germany) at 300 K and 400 MHz (1H) or 100 MHz (13C) using the Bruker

Topspin 2.1 software. Acetone was used as external standard for 1H (δH 2.225) and 13C

(δC 30.89) measurements. For further experimental details see Supplementary Methods.

3.5.4 Calculations

The mass balance for the enzymatic conversion was usually based on measurements of

decrease in concentration of free acceptor substrate. Unless mentioned, product yield was

calculated based on the initial concentration of the limiting substrate (donor or acceptor).

In certain cases, yield was based on the concentration of substrate converted.
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3.7 Supplementary Information

Contents:

Supplementary Methods: NMR spectroscopy.

Supplementary Figures: Chemical structures of glucosylated 1,2-propanediol derivates.

Supplementary Results: NMR shift assignment in glucosylated 1,2-propanediol derivates.

3.7.1 Supplementary Methods

NMR spectroscopy.

All NMR shifts have been determined from the crude reaction mixtures without further

purification. Freeze-dried samples were dissolved in D2O (1 ml) and transferred into 5 mm

high precision NMR sample tubes (Promochem, Wesel, Germany). Acetone was used as

external standard for 1H (δH 2.225) and 13C (δC 30.89) measurements. All spectra were

recorded on a Bruker DRX-400 AVANCE spectrometer (Bruker, Rheinstetten, Germany)

at 300 K ± 0.1 K at 400.13 MHz (1H) or 100.61 MHz (13C) using the Bruker Topspin 2.1

software. For 1D-spectra, 32k data points were acquired using a relaxation delay of 1.0 s.

After zero filling to 64k data points and Fourier transformation, spectra with a range of

7,200 Hz (1H) and 20,000 Hz (13C) were obtained. To determine the 2D COSY, TOCSY,

NOESY, HMQC, and HMBC spectra, 128 experiments with 1024 data points each were

performed. After linear forward prediction to 256 data points in the f2-dimension and

sinusoidal multiplication in both dimensions, the data was Fourier transformed to obtain

2D-spectra with a range of 4,000 Hz (1H) and 20,000 Hz (13C).

47



3.7.2 Supplementary Figures

Supplementary Figure 1. Chemical structures of glucosylated 1,2-propanediol derivates.

1a, 2-O-(α-D-glucopyranosyl)-propanediol;

2a, 3-methoxy-2-O-(α-D-glucopyranosyl)-propanediol;

3a, 3-ethoxy-2-O-(α-D-glucopyranosyl)-propanediol;

4a, 3-allyloxy-2-O-(α-D-glucopyranosyl)-propanediol;

5a, 3-tert-butoxy-2-O-(α-D-glucopyranosyl)-propanediol;

6a, 3-ortho-methoxyphenoxy-2-O-(α-D-glucopyranosyl)-propanediol.
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3.7.3 Supplementary Results

Assignment of chemical shifts in 2-O-(α-D-glucopyranosyl)-propanediol (1a).

1H NMR (400 MHz, 300 K, D2O) δ = 5.05 (d, J = 3.8 Hz, 1H, H-1), 3.89 (m, 1H, H-2’),

3.79 (m, 1H, H-6a), 3.78 (m, 1H, H-5), 3.71 (m, 1H, H-3), 3.69 (m, 1H, H-6b), 3.53 (m,

1H, H-1a’), 3.52 (m, 1H, H-2), 3.44 (m, 1H, H-1b’), 3.37 (m, 1H, H-4), 1.15 (d, J = 6.6

Hz, 3H, H-3’); 13C NMR (100 MHz, 300 K, D2O) δ = 97.2 (C-1), 74.2 (C-2’), 73.8 (C-3),

72.9 (C-5), 71.2 (C-2), 69.4 (C-4), 67.8 (C-1’), 60.1 (C-6), 19.7 (C-3’).

Assignment of chemical shifts in 3-methoxy-2-O-(α-D-glucopyranosyl)-propane-

diol (2a).

1H NMR (400 MHz, 300 K, D2O) δ = 5.10 (d, J = 3.7 Hz, 1H, H-1), 3.91 (m, 1H, H-2’),

3.81 (m, 1H, H-5), 3.79 (m, 1H, H-6a), 3.74 (m, 1H, H-6b), 3.73 (m, 1H, H-3), 3.70 (m,

1H, H-3a’), 3.62 (m, 1H, H-3b’), 3.53 (m, 1H, H-2), 3.51 (m, 1H, H-1a’), 3.47 (m, 1H,

H-1b’), 3.40 (m, 1H, H-4), 3.38 (s, 3H, H-1”); 13C NMR (100 MHz, 300 K, D2O) δ = 98.3

(C-1), 74.5 (C-2’), 73.8 (C-3), 73.6 (C-1’), 73.5 (C-5), 71.8 (C-2), 69.9 (C-4), 64.3 (C-3’),

60.7 (C-6), 59.0 (C-1”).

Assignment of chemical shifts in 3-ethoxy-2-O-(α-D-glucopyranosyl)-propane-

diol (3a).

1H NMR (400 MHz, 300 K, D2O) δ = 5.13 (d, J = 3.6 Hz, 1H, H-1), 3.88 (m, 1H, H-2’),

3.87 (m, 1H, H-3a’), 3.80 (m, 1H, H-5), 3.78 (m, 1H, H-6a), 3.75 (m, 1H, H-6b), 3.72 (m,

1H, H-3), 3.70 (m, 1H, H-3b’), 3.62 (m, 1H, H-1a’), 3.59 (s, 2H, H-1”), 3.52 (m, 1H, H-2),

3.39 (m, 1H, H-4), 3.45 (m, 1H, H-1b’), 1.17 (s, 3H, H-2”); 13C NMR (100 MHz, 300

K, D2O) δ = 98.0 (C-1), 74.6 (C-2’), 73.8 (C-1’), 73.6 (C-3), 73.1 (C-5), 71.4 (C-2), 70.0

(C-4), 67.3 (C-1”), 64.3 (C-3’), 60.9 (C-6), 14.6 (C-2”).

Assignment of chemical shifts in 3-allyloxy-2-O-(α-D-glucopyranosyl)-propane-

diol (4a).

1H NMR (400 MHz, 300 K, D2O) δ = 5.96 (ddt, J = 17.3 Hz (d) 11.1 Hz (d), 5.7 (t), 1H,
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(H-2”), 5.28 (dm, J = 17.3 Hz, 1H, H-3a”), 5.21 (dm, J = 11.1 Hz, 1H, H-3b”), 5.12 (d,

J = 3.7 Hz, 1H, H-1), 4.06 (m, 2H, H-3a”), 3.93 (m, 1H, H-2’), 3.85 (m, 1H, H-3a’), 3.81

(m, 1H, H-5), 3.80 (m, 1H, H-6a), 3.75 (m, 1H, H-6b), 3.73 (m, 1H, H-3), 3.70 (m, 1H,

H-3b’), 3.60 (m, 1H, H-1a’), 3.52 (m, 1H, H-2), 3.45 (m, 1H, H-1b’), 3.40 (m, 1H, H-4);

13C NMR (100 MHz, 300 K, D2O) δ = 133.4 (C-2”), 118.3 (C-3”), 97.9 (C-1), 74.6 (C-2’),

74.0 (C-1’), 73.5 (C-3), 73.2 (C-5), 71.9 (C-1”), 71.5 (C-2), 69.8 (C-4), 64.5 (C-3’), 61.1

(C-6).

Assignment of chemical shifts in 3-tert-butoxy-2-O-(α-D-glucopyranosyl)-pro-

panediol (5a).

1H NMR (400 MHz, 300 K, D2O) δ = 5.09 (d, J = 4.0 Hz, 1H, H-1), 3.83 (m, 1H, H-5),

3.80 (m, 1H, H-6a), 3.75 (m, 1H, H-6b), 3.72 (m, 1H, H-3), 3.53 (m, 1H, H-2), 3.39 (m, 1H,

H-4), 3.80 (m, 1H, H-3a’), 3.78 (m, 1H, H-2’), 3.70 (m, 1H, H-3b’), 3.60 (m, 1H, H-1a’),

3.45 (m, 1H, H-1b’), 1.22 (s, 9H, H-2”); 13C NMR (100 MHz, 300 K, D2O) δ = 97.9 (C-1),

74.8 (C-2’), 74.5 (C-1”), 73.7 (C-1’), 73.6 (C-3), 73.4 (C-5), 71.2 (C-2), 69.9 (C-4), 64.4

(C-3’), 60.8 (C-6), 26.9 (C-2”).

Assignment of chemical shifts in 3-o-methoxyphenoxy-2-O-(α-D-glucopyranosyl)-

propanediol (6a).

1H NMR (400 MHz, 300 K, D2O) δ = 6.99 (m, 4H, H-3”, H-4”, H-5”, and H-6”), 5.12 (d,

J = 3.6 Hz, 1H, H-1), 4.10 (m, 1H, H-2’), 3.90 (m, 1H, H-3a’), 3.89 (m, 1H, H-5), 3.83

(s, 3H, H-1”’), 3.79 (m, 1H, H-3), 3.75 (m, 1H, H-3b’), 3.72 (m, 1H, H-2), 3.70 (m, 1H,

H-6a), 3.60 (m, 1H, H-1a’), 3.52 (m, 1H, H-4), 3.50 (m, 1H, H-1b’), 3.40 (m, 1H, H-6b);

13C NMR (100 MHz, 300 K, D2O) 149.2 (C-2”), 148.1 (C-1”), 122.4 (C-5”), 122.0 (C-4”),

113.9 (C-6”), 112.8 (C-3”), 98.0 (C-1), 77.4 (C-1’), 74.6 (C-2’), 73.2 (C-3), 73.1 (C-5), 71.7

(C-2), 70.0 (C-4), 60.8 (C-6), 64.5 (C-3’), 56.1 (C-1”’).
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A Work-flow

A.1 Genetic work

Isolation of pQE30-LmSPase wild-type plasmid from E. coli DH 10B

The Wizard Plus SV Miniprep Kit (Promega) was used. The plasmid-DNA from half of

an agar plate was eluted in 40 µL of warm water and stored at -20◦C.

Agarose gel electrophoresis

Ethidium bromide solution (0.006 µg/mL) was added directly to a 1%-agarose gel. DNA

was separated at room temperature and 75 V in 1x TAE-buffer in a BioRad gel system.

For quantification and sizing of DNA fragments the Gene RulerTM DNA Ladder Mix (100-

10,000 bp) and the Lambda DNA/HindIII Marker (125-23,130 bp) were used.

After electrophoresis the DNA fragments were detected under UV-light at 312 nm using

the BioRad Gel Doc 2000.

Site-directed mutagenesis

The site-directed mutagenesis for introduction of the point mutations Phe52→ Ala (F52A)

and Phe52→ Asn (F52N) was performed as described in 1.3.1 using the pQE30-LmSPase

wild-type plasmid as template. The amplification product was subjected to parental tem-

plate digestion by DpnI and transformed into electrocompetent E. coli Top10 cells.

The encountered problems during purification of the His-tagged proteins were circum-

vented by digestion of the LmSPase wild-type and muteins encoding genes from the pQE30

expression vector and ligation into the pASK-IBA7+ expression vector (see Appendix C),

which resulted in Strep-tagged wild-type and muteins.

For the introduction of the point mutation Asp82 → Ala (D82A) (see Appendix H), the

pASK-IBA7+-LmSPase wild-type plasmid was used as template.

Transformation into electrocompetent E. coli Top10 cells

100 µL electrocompetent E. coli Top10 cells were mixed with 4 µL of the DpnI restricted
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PCR product. Electro-magnetic field was created with the Gene Pulser II (2.5 kV; 5.0

ms). Immediately after electroporation, 900 µL SOC-medium were added and the cells

were incubated at 37◦C for 1 h and afterwards plated on selective medium.

Single transformants were picked, plated and plasmid-DNA was isolated. Sequencing in

both directions was done at the VBC-GENOMICS Bioscience Research GmbH or at LGC

Genetics GmbH. Sequence analysis was carried out with Vector NTI.

A.2 Cultivation

Preparation of electrocompetent E. coli Top10 cells

Electrocompetent E. coli Top10 cells were cultivated in 1 L baffeled shaken flasks at 37◦C

and 140 rpm using LB-media containing 5 g/L yeast extract, 5 g/L NaCl and 10 g/L

peptone until the OD600 reached 0.5-0.6. The flasks were put on ice for 20 min and the

biomass was transferred into sterile, cooled centrifugation beakers. The cells were har-

vested by centrifugation at 4◦C and 5,000 g for 25 min in a Sorvall RC-5B Refrigerated

Superspeed centrifuge. The pellet was resuspended in 60 mL cold, sterile water. For the

first washing step, 200 mL cold, sterile water was added to the cells, followed by centrifu-

gation at 4◦C and 5,000 g for 25 min. The pellet was resuspended in 10 mL cold, sterile

10% glycerin. For the second washing step, 200 mL cold, sterile 10% glycerin was added

to the cells, followed by centrifugation at 4◦C and 5,000 g for 25 min. The pellet was

resuspended in 30 mL cold, sterile 10% glycerin and the suspension was transferred into a

sterile Falcon tube, followed by centrifugation at 4◦C and 5000 g for 25 min. Finally, the

pellet was resuspened in 4 mL cold, sterile 10% glycerin, aliquoted to 100 µL and frozen

with liquid nitrogen.

Heterologous expression of the His-tagged mutants in E. coli Top 10

E. coli Top10 cells transformed with the pQE30 expression plasmid were cultivated in 1

L baffeled shaken flasks at 37◦C and 110 rpm using LB-medium consisted of 5 g/L yeast

extract, 5 g/L sodium chloride, 10 g/L peptone and 115 mg/L ampicillin, until OD600

reached 0.5-0.8. The temperature was decreased to 25◦C and gene expression was induced

52



with 0.1 mM isopropyl-ß-D-thio-galactopyranoside (IPTG) for 9 h. The induced cells were

harvested by centrifugation at 4◦C and 5,000 rpm for 30 min in a Sorvall RC-5B Refriger-

ated Superspeed centrifuge. The resuspended cells were frozen at -20◦C overnight, thawed

and the suspension was passed twice through a French pressure cell press (Aminco). Cell

debris were removed by centrifugation at 4◦C, 14,000 rpm for 45 min. The resulting su-

pernatant was used for further purification of His-tagged LmSPase wild-type and muteins.

Heterologous expression of the Strep-tagged mutants in E. coli Top10

The heterologous expression of the Strep-tagged LmSPase wild-type and muteins was

performed as described in 1.3.1.

A.3 Purification of LmSPase wild-type and muteins

Purification of the His-tagged muteins did not lead to a pure enzyme preparation (see

Appendix I).

Purification of the Strep-tagged wild-type and muteins was performed as described in 1.2.2.

The chromatogram of the purification run and the SDS gel are shown in the Supplementary

Information.

SDS-PAGE was carried out on a Pharmacia PhastSystem, using pre-cast gradient gels

(PhastGel 8-25). The protein bands were visualized by staining with Coomassie Brilliant

Blue. The low molecular weight (LMW) standard (GE Healthcare GmbH) consisted of

marker proteins with masses of 14.4, 20, 30, 45, 66 and 97 kDa.

A.4 Characterization

All characterization studies were performed with the Strep-tagged LmSPase muteins. The

methods of the characterization studies are described in 1.2.3 and 1.2.4. A detailed de-

scription of the enzymatic assays is given in Appendix D.

Results of the arsenolysis, hydrolysis and kinetic studies are summarized in 1.4; a detailed

description of the results is given in Appendix E (arsenolysis), Appendix G (hydrolysis)

and Appendix F (kinetic studies).
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B Materials

Pfu DNA Polymerase, Deoxynucleotide Triphosphates (dNTPs), Lambda DNA/HindIII

marker and DpnI restriction enzyme were obtained from Promega. Restriction endonucle-

ases, T4 DNA ligase and Gene RulerTM DNA Ladder Mix were purchased from Fermen-

tas. The pASK-IBA7+ vector was obtained from IBA GmbH. The Wizard RO Plus SV

Minipreps DNA Purification System was obtained from Promega. E. coli Top10 cells were

used as expression strain for the recombinant pASK-IBA7+ and pQE30 plasmids. Oligonu-

cleotide synthesis was performed at Invitrogen GmbH. DNA sequencing was performed at

VBC Biotech Services GmbH and LGC Genomics GmbH. The Strep-Tactin column was

purchased from IBA GmbH. The HiPrep 26/10 Desalting column and the Low Molecu-

lar Weight Calibration Kit for SDS Electrophoresis were purchased from GE Healthcare

GmbH. Phosphoglucomutase from rabbit muscle (PGM), glucose-6-phosphate dehydro-

genase from Leuconostoc mesenteroides (G6P-DH), hexokinase from Saccharomyces cere-

visiae (HK) were obatined from Sigma-Aldrich in highest purity available. β-Galactose

dehydrogenase S from E. coli (Gal-DH) was purchased from Roche Diagnostics GmbH.

Galactose-1-phosphate disodium salt was purchased from Carbosynth. All other chemicals

were of the highest available purity and were obtained from Sigma-Aldrich.
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C Subcloning of LmSPase from pQE30 into pASK-IBA7+

LmSPase wild-type and muteins encoding genes were digested from the pQE30 expression

vector (Figure 1) and ligated into the pASK-IBA7+ expression vector (Figure 2). The

pASK-IBA7+ vector is equipped with a Strep-Tactin affinity tag, which is fused to the N-

terminus of the recombinant protein. This Strep-tag, which is eight amino acids in lenght,

binds with high selectivity to Strep-Tactin, an engineered streptavidin. After applying the

crude extract on to an Strep-Tactin column and a washing step, elution of the recombinant

protein was achieved by addition of desthiobiotin.

For restriction digest Fast Digest BamHI and Fast Digest PstI were used in a 20 µL

reaction mix at 37◦C for 2 h.

� 2 µL 10x Fast Digest Buffer

� 2 µL pQE30 plasmid DNA (100 ng/µL)

� 1 µL Fast Digest BamHI (10 U/µL)

� 1 µL Fast Digest PstI (10 U/µL)

� 14 µL water

The reaction mix was loaded onto a preparative gel and the corresponding insert (1,600

bp) was excised from the agarose gel. DNA was extracted using the Nucleo Spin Kit from

Promega and eluted in 20 µL water at 37◦C.

Ligation of the insert into the cut and dephosphorylated pASK-IBA7+ vector was done

in a 10 µL reaction mix at 4◦C for 16 h.

� 7.5 µL insert (15 ng/µL)

� 0.5 µL vector (90 ng/µL)

� 1 µL 10x ligase buffer

� 1 µL T4-DNA ligase (1-2 U/µL)

The expression plasmid was transformed into E. coli Top10 cells and plated on selective

LB-Amp-plates. Plasmid-DNA was isolated by MiniPrep (Promega) and a control restric-

tion digest was performed to ensure that the insert and vector were present and had the

right size. Finally, the samples were sent for sequencing.
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Figure 1: Expression plasmid pQE30-LmSPase. Recombinant LmSPase carries an N-
terminal His-tag. The abbreviations indicate His-tag, 6x His-tag coding sequence; BamHI
and PstI, restriction sites of the endonucleases; and Amp, β-lactamase coding sequence pro-
viding ampicillin resistance.

Figure 2: Expression plasmid pASK-IBA7+-LmSPase. Recombinant LmSPase carries an
N-terminal Strep-tag. The abbreviations indicate Strep-tag, Strep-Tactin affinity tag; BamHI
and PstI, restriction sites of the endonucleases; ori, origin of replication; and Amp, β-lactamase
coding sequence providing ampicillin resistance.
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D Enzymatic assays

D.1 Activity measurement in phosphorolysis direction

The activity is determined at 30◦C using a continuous coupled enzymatic assay, in which

production of G1P from sucrose and Pi is coupled to the reduction of NAD+ in the presence

of phosphoglucomutase (PGM) and glucose-6-phosphate dehydrogenase (G6P-DH). One

unit of activity (1U) refers to 1 µmol NADH per minute. The standard assay is performed

as described elsewhere [1].

sucrose + Pi
SPase−−−−−→ G1P + D-fructose

G1P
PGM−−−−−→ G6P

G6P + NAD+ G6P-DH−−−−−→ gluconolacton-6-phosphate + NADH + H+

gluconolacton-6-phosphate −−−−−→ gluconat-6-phosphate + H+

Test buffer system:

50 mM potassium phosphate buffer (pH 7.0)

10 mM MgCl2

10 mM EDTA

5 µM glucose-1,6-biphosphate

Reaction mixture:

380 µL test buffer

40 µL NAD+ solution (20 mg/ml)

2 µL PGM (850 U/ml in 3 M (NH4)2SO4, pH 5.0)

2 µL G6P-DH (950 U/ml in 3.2 M (NH4)2SO4, 50 mM Tris, 1 mM MgCl2, pH 7.2)

10 µL enzyme (optimal 0.5 - 1 U/ml, max. 1.5 U/ml)

The reaction is started by addition of 130 µL sucrose solution (1.1 M in buffer). The for-

mation of NADH with time is measured at 340 nm for 15 min. Calculations are performed
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using following equation:

c =
∆E

∆t
· Vtotal
Vsample · ε · d

(1)

with Vtotal=564 µL; Vsample=10 µL; ε=6.22 mM−1cm−1; and d=1 cm
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D.2 Determination of inorganic phosphate concentration

For the activity measurements in synthesis direction, the amount of released phosphate

is determined colorimetrically at 850 nm and 30◦C [2]. The underlying principle is that

phosphate forms a complex with ammonium molybdate in the presence of Zn2+ at pH 5,

which strongly absorbs ultraviolet light. The phosphomolybdate complex is reduced by

ascorbic acid and the chromophore produced shows maximum absorption at 850 nm.

Molybdate reagent:

15 mM ammonium molybdate

100 mM zinc acetate

adjusted to pH 5.0 with concentrated HCl and stored in a polyethylene bottle at
room temperature protected from sunlight, otherwise the blank values increase with
time.

10% ascorbic acid reagent:

100 g/L sodium ascorbic acid

adjusted to pH 5.0 with 4 M HCl

prepared fresh daily

Test solution:

4/5 of molybdate reagent

1/5 of 10% ascorbic acid reagent

Assay mixture:

30 µL sample or H2O

470 µL test solution

After 15 min incubation at 25 ◦C, the absorbance is read at 850 nm against a blank.

Calculation of the inorganic phosphate concentration is done using a calibration curve in

the range of 0.0 to 1.0 mM phosphate. KH2PO4 was used for preparation of standards.
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D.3 Glucose measurement

D-glucose is measured using a hexokinase based assay, where D-glucose is converted to

G6P by hexokinase (HK) and G6P is subsequently converted to gluconat-6-phosphate

by glucose-6-phosphate dehydrogenase (G6P-DH), which is coupled to the reduction of

NAD+ to NADH. The formation of NADH is measured spectrophotometrically at 340 nm

and is proportional to the amount of D-glucose.

glucose + ATP
HK−−−−−→ G6P + ADP

G6P + NAD+ G6P-DH−−−−−→ gluconat-6-phosphate + NADH + H+

Solution 1:

70 mM NaH2PO4

4 mM MgSO4

1.6 mM ATP

1.6 mM NAD+

All compounds are dissolved in 40 mL deionized H2O and adjusted to pH 7.7 with 1 M

NaOH and finally made up to 50 mL. Solution 1 is stable for 14 days at 4◦C.

Enzyme solution:

HK (≥ 100 U/mL)

G6P-DH (≥ 180 U/mL)

100 mM MgSO4

All compounds are dissolved in 0.6 mL of 50% (w/w) glycerol. The enzyme solution is

stable for one month at 4◦C.

Assay mixture:

100 µL solution 1

5 µL sample
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after mixing, absorbance A1 is read at 340 nm, 30◦C

1 µL enzyme solution is added

after steady-state is reached (5 to 20 min), absorbance A2 is read

Calculations are performed using following equation:

c = ∆A · Vtotal
Vsample · ε · d

(2)

with ∆A=A2-A1; Vtotal=106 µL; Vsample=5 µL; ε=6.22 mM−1cm−1; and d=1 cm
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D.4 Galactose measurement

D-galactose is measured using a galactose dehydrogenase based assay, where galactose

is converted to D-galactonate by galactose dehydrogenase (Gal-DH), which is coupled

to the reduction of NAD+ to NADH. The formation of NADH with time is measured

spectrophotometrically at 340 nm for 60 min.

D-galactose + NAD+ Gal-DH−−−−−→ D-galactonate + NADH

Solutions:

100 mM Tris/HCl dissolved in 100 mL deionized H2O and adjusted to a pH of 8.6
with 1 M HCl

72 mM NAD+ dissolved in 1 mL deionized H2O

10 mM galactose dissolved in 2 mL deionized H2O

0.6 U/mL Gal-DH in 1 M (NH4)2SO4

Reaction mixture:

500 µL Tris/HCl, pH 8.6

17 µL NAD+

17 µL sample

after mixing, absorbance A1 is read

17 µL Gal-DH

after mxing and incubation for 60 min, absorbance A2 is read

Calculation of the galactose concentration is done using a calibration curve in the range

of 0.5 to 10.0 mM galactose.
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D.5 Glucose-1-phosphate measurement

D-glucose-1-phosphate is determined at 30◦C using a coupled enzymatic assay, in which

production of G1P is coupled to the reduction of NAD+ in the presence of phosphogluco-

mutase (PGM) and glucose-6-phosphate dehydrogenase (G6P-DH). One unit of activity

(1U) refers to 1 µmol NADH per minute. The standard assay is performed as described

elsewhere [1].

G1P
PGM−−−−−→ G6P

G6P + NAD+ G6P-DH−−−−−→ gluconolacton-6-phosphate + NADH + H+

gluconolacton-6-phosphate −−−−−→ gluconat-6-phosphate + H+

Buffer system:

50 mM Tris/HCl

10 mM MgCl2

10 mM EDTA

5 µM glucose-1,6-biphosphate

dissolved in deionized H2O and adjusted to a pH of 7.7 with half-concentrated HCl

Reaction mixture:

400 µL buffer system

10 µL NAD+ solution (20 mg/ml)

2 µL G6P-DH (950 U/ml in 3.2 M (NH4)2SO4, 50 mM Tris, 1 mM MgCl2, pH 7.2)

40 µL sample

after mixing and incubation for 5 min, absorbance A1 is read

2 µL PGM (850 U/ml in 3 M (NH4)2SO4, pH 5.0)

after mixing, absorbance A2 is read, when the reaction has finished

Calculations are performed using following equation:

c = ∆A · Vtotal
Vsample · ε · d

(3)

with ∆A=A2-A1; Vtotal=454 µL; Vsample=40 µL; ε=6.22 mM−1cm−1; and d=1 cm
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D.6 Glucose measurement in the presence of fructose

D-glucose in the presence of fructose is determined using a glucose oxidase based assay.

According to mutarotation, α-D-glucose is in equilibrium with β-D-glucose which is con-

verted into D-glucono-δ-lactone and hydrogen peroxide by glucose peroxidase (GOD) in

the presence of O2. This conversion is coupled to the oxidation of o-dianisidine by per-

oxidase (POD). The H2O2-dependent formation of coloured product is determined at 405

nm. The standard assay is performed as described elsewhere [3].

α-D-glucose −−−⇀↽−−− β-D-glucose

β-D-glucose + H2O + O2
GOD−−−→ D-glucono-δ-lactone + H2O2

o-dianisidinered + H2O2
POD−−−→ o-dianisidineox + H2O

Reaction mixture:

50 mM K2HPO4

GOD (21 kU/L)

POD (1.5 kU/L)

all compounds are dissolved in 49 mL deionized H2O

0.79 mM o-dianisidine dihydrochloride is dissolved in 1 mL deionized H2O and care-
fully added to the K2HPO4 buffer to prevent turbitity

Assay mixture:

100 µL reaction mixture

5 µL sample

the assay mixture is incubated at room temperature for 30 min (protected from
light) and absorbance is read at 405 nm.

Calculation of the glucose concentration is done using a calibration curve in the range of

0.5 to 3 mM glucose.
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D.7 Measurement of protein concentration

Concentration of the soluble protein is determined using the Bio-Rad Protein Assay. The

Bio-Rad Protein Assay is a dye-binding assay in which a differential colour change of a

dye occurs in response to various concentrations of protein. The absorbance maximum

for an acidic solution of Coomassie® Blue G-250 dye shifts from 465 nm to 595 nm when

binding to protein occurs. The Coomassie blue dye binds primarily basic and aromatic

amino acid residues, especially arginine.

Protein concentration is determined using the Bio-Rad dye binding assay with BSA as the

standard. The sample (20 µL) is mixed with 1000 µL of the 1:5-dilute dye reagent and

after 15 min incubation at 25◦C the absorbance is measured at 595 nm. Calculation of the

concentration is done using the BSA calibration curve in the range of 0.0 to 1.0 mg/mL.
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E Arsenolysis

Instead of phosphate, arsenate can be used as alternative glycosyl acceptor substrate. In

contrast to the reversible reaction of phosphorolysis, the arsenolysis is irreversible, because

the α-glycopyranosyl arsenate (G1As; Gal1As) decomposes hydrolytically, yielding glucose

or galactose, arsenate (Asi) and phosphate (Pi), when G1P or Gal1P serve as substrate,

respectively.

G1P + Asi
SPase−−−→ G1As + Pi

G1As + Pi −−−→ Glucose + Asi + Pi

Gal1P + Asi
SPase−−−→ Gal1As + Pi

Gal1As + Pi −−−→ Galactose + Asi + Pi

The rate of arsenolysis was determined at 30°C in 50 mM MES buffer, pH 7.0 using

discontinuous assays [50 mM arsenate, 50 mM Gal1P or 50 mM G1P, in presence of 0.15

mg/mL enzyme], in which formation of glucose or galactose, was measured (Figure 3;

Figure 4). Gal1P and G1P decompose hydrolytically over time, yielding galactose or

glucose and phosphate, respectively. Thus, control reactions lacking the enzyme [50 mM

arsenate, 50 mM Gal1P or 50 mM G1P] were performed to determine the time-dependent

autohydrolysis of the substrate. The reported values, from which the catalytic acitivties

were calculated, were corrected for the blank readings.

The released galactose was measured using a galactose dehydrogenase based assay (see

Appendix D.4). Calculation of the galactose concentration was done using a calibration

curve (Figure 5) in the range of 0.5 to 10 mM galactose. All measurements were performed

on the Beckman Coulter DU 800 Spectrophotometer. The released glucose was measured

using a hexokinase based assay (see Appendix D.3). Calculation of the glucose concentra-

tion was done using a calibration curve (Figure 6) in the range of 0.1 to 10.0 mM glucose.

All measurements were performed on the FLUOstar Omega Plate Reader.
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Figure 3: Time-dependent measurements of the G1P arsenolysis catalyzed by LmSPase
wild-type (•), F52A (×) and F52N (�). The reported values were corrected for the blank
readings.

Figure 4: Time-dependent measurements of the Gal1P arsenolysis catalyzed by LmSPase
wild-type (•), F52A (×) and F52N (�). The reported values were corrected for the blank
readings.
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Figure 5: Calibration curve for the galactose dehydrogenase based assay in the range of 0.5
to 10 mM galactose.

Figure 6: Calibration curve for the glucose hexokinase based assay in the range of 0.1 to 10
mM glucose.
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F Kinetic studies

Figure 7: Michaelis-Menten plots for the determination of kinetic parameters in synthesis
direction catalyzed by LmSPase-F52A. Initial-rates were determined as function of Pi release
using a discontinuous assay. The enzymatic assay was performed in 50 mM MES buffer,
pH 7.0 at 30°C and 550 rpm with an enzyme concentration of 0.35 mg/mL at saturating
concentrations of 220 mM fructose or 20 mM G1P, respectively.

Figure 8: Michaelis-Menten plots for the determination of the kinetic parameters in synthesis
direction catalyzed by LmSPase-F52N. Initial-rates were determined as function of Pi release
using a discontinuous assay. The enzymatic assay was performed in 50 mM MES buffer,
pH 7.0 at 30°C and 550 rpm with an enzyme concentration of 0.35 mg/mL at saturating
concentrations of 220 mM fructose or 20 mM G1P, respectively.

The catalytic activity was not altered by varying fructose concentrations, which excludes

fructose from taking part in the reaction. The high binding affinity of G1P to the muteins

in combination with the non-detectable binding affinity of fructose led to the assumption

that the catalytic activity in synthesis direction was completely disrupted and instead of

product formation (=sucrose), hydrolysis occured. Thus, the values shown for the G1P
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binding affinities are hydrolysis values.

Figure 9: Michaelis-Menten plots for the determination of kinetic parameters in phosphorol-
ysis direction catalyzed by LmSPase-F52A. Initial-rates were determined as function of G1P
release using discontinuous assay. The enzymatic assay was performed in 50 mM MES buffer,
pH 7.0 at 30°C and 550 rpm with an enzyme concentration of 0.30 mg/mL at saturating
concentrations of 500 mM sucrose or 50 mM phosphate, respectively.

Figure 10: Michaelis-Menten plots for the determination of kinetic parameters in phospho-
rolysis direction catalyzed by LmSPase-F52N. Initial-rates were determined as function of
G1P release using discontinuous assay. The enzymatic assay was performed in 50 mM MES
buffer, pH 7.0 at 30°C and 550 rpm with an enzyme concentration of 0.30 mg/mL at saturating
concentrations of 500 mM sucrose or 50 mM phosphate, respectively.
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G Hydrolysis

Figure 11: Time-dependent measurements of the G1P hydrolysis catalyzed by LmSPase
wild-type (•), F52A (×) and F52N (�). Initial-rates were determined as function of glucose
and Pi release using a discontinuous assay. The enzymatic assay was performed in 50 mM
MES buffer, pH 7.0 at 30°C and 550 rpm with an enzyme concentration of 0.2 mg/mL for the
muteins and 0.02 mg/mL for the wild-type at saturating G1P concentrations of 20 mM.

Figure 12: Time-dependent measurements of the sucrose hydrolysis catalyzed by LmSPase
wild-type (•), F52A (×) and F52N (�). Initial-rates were determined as function of glucose
release using a discontinuous assay. The enzymatic assay was performed in 50 mM MES
buffer, pH 7.0 at 30°C and 550 rpm with an enzyme concentration of 0.2 mg/mL at saturating
sucrose concentrations of 500 mM.
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H LmSPase-D82A

The point mutation D82→ Ala (D82A) was introduced using a two-stage PCR protocol as

described in 1.3.1 (reaction cycle: 95◦C, 50 s/55◦C, 50 s/72◦C, 10 min). The used template

was the pASK-IBA7+-LmSPase wild-type plasmid (see Appendix C). One complementary

pair of oligonucleotide primers was designed to achieve the desired mutation (mismatched

bases are underlined):

LmSPase D82A forward: 5’-CTATTTGATGTTTGCTTTCATGATTAACC-3’

LmSPase D82A backward: 5’-GGTTAATCATGAAAGCAAACATCAAATAG-3’

Cultivation and purification of the LmSPase-D82A mutein (Figure 13) was performed as

described in 1.3.2. To determine the glucose and galactose transfer activity of the mutant,

an arsenolysis study with G1P and Gal1P was performed.

Figure 13: Purification of LmSPase-D82A. Lane 1-2: 1, purified enzyme fraction; 2, LMW-
standard.

Table 1: Kinetic parameters for the arsenolysis reaction of wild-type and muteins.

Reaction type
Wild-type F52A mutant F52N mutant D82A mutant
k cat [s−1] k cat [s−1] k cat [s−1] k cat [s−1]

Arsenolysis G1P 49 0.04 0.02 0.003
Arsenolysis Gal1P (10−4) 3.8 19 35 46

As seen in Table 1, the activity of the arsenolysis reaction with G1P and Gal1P was

calculated to be 0.003 s−1 and 0.005 s−1, respectively. Compared to the F52A and F52N

muteins, the glucose transfer activity of the D82A mutant was about 10x lower, whereas

the galactose transfer activity was slightly better.
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Figure 14: Time-dependent measurements of the G1P (◦) and Gal1P (•) arsenolysis cat-
alyzed by LmSPase-D82A. The reported values were corrected for the blank readings. Initial-
rates were determined as function of glucose or galactose release using a discontinuous assay.
The enzymatic assay was performed in 50 mM MES buffer, pH 7.0 at 30°C and 550 rpm with
an enzyme concentration of 0.32 mg/mL at saturating concentrations of 50 mM arsenate and
50 mM G1P or 50 mM Gal1P.
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I Troubleshooting

I.1 Oligonucleotide synthesis

Oligonucleotides were ordered at VBC Biotech Services GmbH, however those primers did

not anneal to the template. After ordering the oligonucleotides from Invitrogen GmbH, a

PCR product was obtained.

I.2 Activity measurements from the crude cell extract

The galactose-transfer activity of the muteins was tested in synthesis direction (Gal1P

+ Fructose → galactopyranosyl-1,2-fructofuranoside + Pi). The rate of transfer was de-

termined at 30◦C in 70 mM MES buffer, pH 7.0 using a discontinuous assay [220 mM

fructose, 180 mM Gal1P, in the presence of 0.18 mg/mL crude cell extract], in which the

Pi release was determined. The crude cell extract was partially purified via ammonium

sulfate precipitation before use. Thereby, the supernatant was brought to 30% ammo-

nium sulfate and precipitated proteins were separated by ultracentrifugation. The clear

supernatant was used in the assay.

Table 2: The rate of galactose-transfer was determined in a discontinuous assay, in which
the Pi release [mM] was determined over time.

Time Empty cell extract F52A mutant F52N mutant Wild-type
[min] [mM] [mM] [mM] [mM]

60 1.30 1.75 1.25 0.21
120 1.80 3.65 2.71 0.28
180 2.39 5.27 4.20 0.17
360 5.44 10.91 8.50 0.60

As seen in Table 2, the LmSPase muteins showed a higher activity (=higher concentration

of released Pi) compared to the wild-type, which led to the assumption that the muteins

could use Gal1P as substrate. Thus, the muteins were purified and kinetically character-

ized. The release of Pi by the wild-type was lower compared to the empty E. coli Top10

cell extract which is quite surprising.
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I.3 Purification

For purification of LmSPase muteins a Phenyl Sepharose Fast Flow column (Amersham

Biosciences; 2.6 x 12 cm), followed by a Fractogel EMD-DEAE column (Merck; 2.6 x 9.5

cm) were employed as described elsewhere [4]. Buffer exchange was achieved on a HiPrep

26/10 Desalting column. However, this purification procedure did not lead to a pure

enzyme preparation and thus, the LmSPase wild-type and muteins were subcloned from

the pQE30 into the pASK-IBA7+ expression vector. The pASK-IBA7+ expression vector

is equipped with a Strep-Tactin affinity tag and the LmSPase wild-type and muteins were

purified using a Strep-Tag column (see 1.3.2).

I.4 Detection of synthesis product by HPLC analysis

To determine the activity in synthesis direction (Gal1P + fructose→ D-galactopyranosyl-

1,2-fructofuranoside + Pi) a discontinuous assay [220 mM fructose, 56 mM Gal1P, in the

presence of 0.4 mg/mL enzyme] was performed and the formation of D-galactopyranosyl-

1,2-fructofuranoside was followed via HPLC. However, no product was detected.

HPLC analysis was performed on a LaChrom HPLC system (Merck-Hitachi) equipped

with a Cation C Micro-Guard cartridge followed by an Aminex HPX-87C column (Bio-

Rad) and a L-7490 RI-detector. Baseline separation was obtained when using water as

eluent at a flow rate of 0.6 mL/min and a temperature of 85◦C. Authentic (relevant)

standards were used for peak identification, and quantification was based on peak area

that was suitably calibrated with standards of known concentration.

I.5 Stability of LmSPase muteins

Stability problems were encountered during the kinetic studies. When the muteins were

stored at -20◦C, they were active for two (F52A) and three (F52N) months, while they

were only active for three (F52A) and four weeks (F52N) when stored at -4◦C. An inactive

mutant showed three separate bands on a SDS gel, most probably due to proteolytic

cleavage.
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I.6 Galactose-1-phosphate

The first studies were performed with Gal1P from Sigma-Aldrich. The second delivery of

Gal1P from Sigma-Aldrich was heavily contaminated with phosphate and thus the Gal1P

was further purchased from Carbosynth, which showed only minor phosphate contamina-

tions.
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