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Abstract

Carbohydrates are the most abundant organic molecules in nature and are characterized by their enor-
mous structural complexity and functional diversity. The synthesis and cleavage of glycosidic bonds in
glycoconjugates, oligosaccharides and polysaccharides is catalyzed by a specific group of enzymes, the
carbohydrate-active enzymes (CAZymes). Among them are sucrose phosphorylase from Leuconostoc
mesenteroides and cellobiose phosphorylase from Cellulomonas uda, enzymes responsible for the cleav-
age of glycosidic bonds through substitution of phosphate. Both enzymes are supposed to serve a
catabolic role in vivo, fueling the energy metabolism of the cell with glucose 1-phosphate produced
from sucrose or cellobiose, respectively. Site-directed mutagenesis of active-site residues was used
to thoroughly investigate structure-function relationships in sucrose phosphorylase intended to gain
insights on the molecular level of substrate specificity, substrate binding and catalysis. Furthermore,
the spectrum of glucosylated products synthesized by sucrose phosphorylase was broadened. When
sucrose was used as donor and glyceric acid amide as alternative acceptor to phosphate, sucrose phos-
phorylase catalyzed the highly regio- and stereoselective as well as efficient single-step synthesis of
the novel osmolyte (R)-2-O-a-D-glucopyranosyl glyceric acid amide. Cellobiose phosphorylase was
investigated in respect of its donor substrate specificity, by probing a substrate analogue, the endo-
cyclic enitol glucal, as alternative to cellobiose. Glucal was utilized as substrate and the 2-deoxy
glucosyl moiety was transferred to phosphate, thereby catalyzing the single-step synthesis of 2-deoxy-
glucose 1-phosphate, a substrate for chemical mutagenesis studies. Finally, we investigated the activity
spectrum of glucose-1-phosphatase from Escherichia coli, an enzyme classified as hydrolase and de-
scribed to cleave phosphoric monoester bonds. In our studies we were able to elucidate the potential
of glucose-1-phosphatase to transfer the phosphoryl group from glucose 1-phosphate to an accep-
tor different to water. When glucose 1-phosphate was provided as donor and fructose as acceptor,
glucose-1-phosphatase catalyzed the synthesis of fructose 1-phosphate. By coupling the phosphoryl
transfer activity of glucose-1-phosphatase to the glucosyl transfer activity of sucrose phosphorylase,
the high-value metabolite fructose 1-phosphate was synthesized from the commodity products sucrose

and phosphate in an efficient one-pot, two-step cascade reaction.
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Zusammenfassung

Kohlenhydrate sind die in der Natur am weitesten verbreiteten organischen Molekiile und zeichnen
sich durch ihre enorme strukturelle Komplexitdt und funktionelle Vielfalt aus. Die Bildung und
Spaltung von glycosidischen Bindungen in Glycokonjugaten, Oligosacchariden und Polysacchariden
wird von einer bestimmten Gruppe von Enzymen, den kohlenhydrataktiven Enzymen (CAZymes),
katalysiert. Zu ihnen zdhlen Saccharose Phosphorylase aus Leuconostoc mesenteroides und Cellobiose
Phosphorylase aus Cellulomonas uda, Enzyme, die glycosidische Bindungen spalten und die Glyco-
sylgruppe auf Phosphat tibertragen. Beide Enzyme sind in vivo in katabolische Prozesse involviert,
indem sie, ausgehend von Saccharose bzw. Cellobiose, dem Zellstoffwechsel Glucose 1-Phosphat
zur Verfligung stellen. Mittels ortsgerichteter Mutagenese wurden ausgewdhlte Aminosdurereste im
aktiven Zentrum von Saccharose Phosphorylase substituiert, um Struktur-Funktions-Beziehungen zu
untersuchen und um zum besseren Verstindnis von molekularen Vorgiangen auf Ebene der Substrat-
spezifitdt, Substratbindung und Katalyse beizutragen. Zudem konnte das Produktspektrum erweit-
ert werden. Ausgehend von Saccharose als Donorsubstrat und Glyzerinsdureamid als alternativer
Akzeptor zu Phosphat katalysierte Saccharose Phosphorylase die hoch regio- und stereoselektive sowie
effiziente, einstufige Synthese von (R)-2-O-a-D-Glucopyranosylglyzerinsdureamid. Cellobiose Phos-
phorylase wurde in Bezug auf die Donorsubstratspezifitidt untersucht. Als Substratanalogon wurde
das endozyklische Enitol Glucal getestet, das von Cellobiose Phosphorylase verwertet und im Zuge
der Reaktion auf Phosphat tibertragen wurde. Das Reaktionsprodukt, das im einstufigen Synthe-
severfahren produziert wurde, wurde als 2-Deoxy-Glucose 1-Phosphat, ein Substrat fiir chemische
Mutagenesestudien, identifiziert. Schliellich haben wir uns auf Glucose-1-Phosphatase aus Escherichia
coli, ein Enzym, das als Hydrolase klassifiziert und als Phosphorsduremonoester-spaltendes Enzym
beschrieben wird, konzentriert und das Aktivitdtsspektrum untersucht. Im Zuge dessen konnten wir
zeigen, dass Glucose-1-Phosphatase die Phosphatgruppe von Glucose 1-Phosphat nicht nur auf Wasser,
sondern auch auf alternative Akzeptoren iibertragt. Ausgehend von Glucose 1-Phosphat als Donor
und Fructose als Akzeptor katalysierte Glucose-1-Phosphatase die einstufige Synthese von Fructose
1-Phosphat. Durch Kopplung der Phosphoryltransferaktivitiat von Glucose-1-Phosphatase und der
Glucosyltransferaktivitdt von Saccharose Phosphorylase konnte ein effizientes biokatalytisches Synthe-
severfahren, bestehend aus einer zweistufigen Reaktionskaskade, entwickelt werden, um ausgehend
von den leicht und giinstig zugénglichen Substraten Saccharose und Phosphat, den hochpreisigen

Metaboliten Fructose 1-Phosphat herzustellen.
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1 Extended abstract

Biocatalysis has emerged as an environmentally friendly alternative to traditional catalysts and can be
exploited for a variety of processes, from the synthesis of fine chemicals (1) to the generation of novel
biofuels (2). Natural evolution has evolved a remarkable set of enzymes catalyzing a range of chemical
transformations, usually with high catalytic efficiencies, tight substrate specificities and complete regio-
and stereospecificities (3, 4). Whilst these properties turn enzymes into ideal catalysts for catalyzing
their natural reaction, some of these properties are orthogonal for catalyzing non-natural reactions.
Protein engineering provides a way to broaden the scope of enzyme catalyzed reactions, thereby in-
tending to enhance their ex vivo synthetic utility (5). State of the art engineering-approaches of the
present “third wave of biocatalysis” (6) include 1) rational design (3), the identification of distinct point
mutations based on protein structure or homology models and 2) directed evolution combined with
screening or selection (7, 8) for randomly introducing mutations and searching for hits. Both methods,
previously considered as two opposing approaches being unique and exclusive, succeeded in gener-
ating a remarkable range of new enzyme properties (3, 9, 10). Currently, (semi)rational design and
random approaches are converging to optimize hand-in-hand biocatalysts in a less labour-intensive
and more time-efficient manner (11, 12). Still in its infancy is the de novo design (13-15), the computa-
tional design of enzymes for catalyzing reactions which cannot be catalyzed by any known naturally
occurring enzyme. At present, results from rational design and directed evolution studies as well as
of combinations thereof help to deepen our understanding on relationships between enzyme structure
and activity, thereby providing the basis for predictive enzyme engineering and the future de novo de-
sign of tailored biocatalysts.

The work presented in this thesis contributes to a better understanding of enzyme structure and func-
tion by thoroughly characterizing structure-function relationships of selected enzymes catalyzing trans-
glycosylation and transphosphorylation reactions. Site-directed mutagenesis and substrate analogues
were used to study structure-function relationships. Furthermore, the selected enzymes were exploited
for biocatalytic processes for the synthesis of high-value glycosides. Sucrose phosphorylase from Leu-
conostoc mesenteroides (SPase, EC 2.4.1.7) and cellobiose phosphorylase from Cellulomonas uda (CPase,

EC 2.4.1.20) were chosen as representatives of glycosyl transferring enzymes; two members of the
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haloacid dehydrogenase-like phosphatase family, HAD4 and HAD13 and glucose 1-phosphatase from
Escherichia coli (G1Pase, EC 3.1.3.10) were selected from the pool of phosphoryl transferring enzymes.
All five enzymes have in common that they utilize glucose 1-phosphate as donor substrate, either cat-
alyzing the transfer of the glucosyl (SPase, CPase) or the phosphate group (HAD4, HAD13, G1Pase) to

a corresponding acceptor substrate.

Enzymatic glucosyl transfer

SPase is a retaining bacterial disaccharide phosphorylase from the glycoside hydrolase family 13 (GH-
13) (16, 17) that catalyzes the reversible conversion of sucrose and phosphate to glucose 1-phosphate
and fructose (16). The proposed reaction mechanism is a double displacement-like reaction mechanism
that involves the formation of a B-glucosyl enzyme intermediate. In the first step, the glucosyl moiety
of sucrose is transferred to the enzyme, resulting in the formation of the p-glucosyl enzyme interme-
diate. In the next step, the glucosyl moiety is transferred from the -glucosyl enzyme intermediate to
the natural acceptor phosphate, thereby synthesizing glucose 1-phosphate. Whereas SPase’s function
in vivo is to fuel the energy metabolism of the cell with glucose 1-phosphate, SPase can be exploited in
vitro for the synthesis of a diverse range of glucosides, among which some of them entered the cosmetic
industry (18) or are used in the fine-chemical sector (17, 19, 20). The property that transforms SPase
into a highly attractive transglucosylation catalyst is its ability to utilize sucrose as cheap and readily
accessible donor substrate combined with its ability to transfer the glucosyl group from sucrose to a
broad range of acceptors (instead of phosphate as natural acceptor). However, the spectrum of synthe-
sized glucosides is limited by SPase’s strict specificity for donor substrates with a glucosyl moiety (like
sucrose, glucose 1-phosphate and to less extent glucose 1-fluoride). To understand how strict specificity
for glucosyl donor substrates is achieved, SPase’s active-site architecture was thoroughly investigated.
The accessibility of the crystal structure of sucrose phosphorylase from Bifidobacterium adolescentis, with
sucrose bound as ligand, enables to descry active-site residues interacting with the glucosyl moiety of
sucrose. Firstly, a network of charged hydrogen bonds seems to be responsible for accommodating
the glucosyl moiety of the donor substrate at subsite -1. Interestingly, the C4-OH of the glucosyl
moiety is engaged in strong hydrogen bonding interactions with two active-site residues of opposite
charge (Asp49 and Arg39s). To evaluate their contribution on substrate binding and/or catalysis, both
residues were substituted, thereby generating D49A and R395L. A detailed kinetic analysis revealed
that substitution of Asp49 and Arg39s resulted in impaired substrate binding, significantly decreased

catalytic activities and transition state destabilization. Although Asp49 and Arg3gs are interacting
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with the glucosyl moiety of the donor substrate at subsite -1, the structural disruptions caused by the
substitutions relayed to proximal parts inside and outside of the catalytic subsite -1, thereby providing
an unexpected opportunity to gain insight into binding recognition at subsite +1, the subsite where
the leaving group/nucleophile binds. This result suggests that the two neighbouring subsites show a
certain degree of synergism in catalytic function, which was partially impaired upon substitution of
Asp49 and Arg395.

Secondly, an aromatic motif (Phes2) is present at the catalytic subsite of SPase, which is positioned at
the B-face of the glucopyranosyl ring of the substrate. To analyse the role of Phes2 on substrate binding
and/or catalysis, Phe52 was mutated to Ala and Asn, respectively, thereby generating F52A and F52N.
Both mutants were characterized by free energy profile analysis for catalytic glucosyl transfer from
sucrose to phosphate. Phes2’s role could be addressed to selective transition state stabilization. Each
of the two oxocarbenium-ion like transition states, flanking the S-glucosyl enzyme intermediate, were
found to require stabilization from Phes2 most probably by forming cation-7t interactions between the
oxocarbenium-ion like transition state and the 7r-electron cloud of the aromatic ring.

To expand the general understanding on aromatic-carbohydrate interactions at the catalytic subsite of
enzymes from family GH-13, a follow-up study was performed to examine the influence of Phes2 on
the functionality of the catalytic triad. Therefore, each residue of the catalytic triad was substituted on
the F52A template by Ala, thereby generating the F52A-D196A (nucleophile), F52A-E237A (acid-base
catalyst) and F52A-D29g5A (transition-state stabilizer) mutant. Kinetic analysis of the doubly mutated
enzymes supplemented by molecular docking studies provided new insights on how decisive the con-
formation of glucose 1-phosphate is for catalysis. The disposition in which the phosphate moiety is
“tucked-under” the sugar is proposed to be the reactive conformation of glucose 1-phosphate required
by SPase for functional catalysis.

Finally, the spectrum of glucosides synthesized by SPase was broadened, by demonstrating SPase’s
transglucosylation potential towards glyceric acid amide as acceptor. A biocatalytic process was es-
tablished which started from sucrose as donor substrate and a racemic mixture of glyceric acid amide
as acceptor substrate. The reaction resulted in the synthesis of a regio- and diastereomerically pure
product in near theoretical yield. A combination of NMR analysis, molecular docking studies and
chiroptical techniques was used to identify the reaction product as (R)-2-O-a-D-glucopyranosyl glyc-
eric acid amide, a novel osmolyte, which is proposed to act as protectant against heat denaturation
of biological macromolecules. The synthesis of (R)-2-O-a-D-glucopyranosyl glyceric acid amide is the
first evidence that SPase catalyzes a transglucosylation reaction with complete regio- and stereose-

lectivity. As a side-effect of chiral synthesis of (R)-2-O-a-D-glucopyranosyl glyceric acid amide, the
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non-converted enantiomer can be obtained in good yield, thereby suggesting a chiral resolution strat-
egy via stereo-selective transglucosylation.

CPase is an inverting bacterial disaccharide phosphorylase from family GH-94 that catalyzes the re-
versible conversion of cellobiose and phosphate to glucose 1-phosphate and glucose. The proposed
reaction mechanism is a single displacement-like reaction mechanism that proceeds through an oxo-
carbenium-ion like transition state. A close relative to CPase, cellobiose phosphorylase from Cellvib-
rio gilvus, was shown to utilize the endocyclic enitol glucal as alternative substrate to cellobiose and
to transfer the 2-deoxy-D-glucosyl moiety to different acceptor sugars, thereby synthesizing transfer
products having a S-(1—4) glycosidic structure. The availability of 2-deoxy-D-glucosyl saccharides is
of interest as these substrates are considered as valuable tools for investigating substrate recognition,
binding and catalysis in various carbohydrate processing enzymes. To understand the mechanism of
glucal utilization, we carefully investigated the reaction with glucal by employing CPase as biocatalyst.
By using glucal as donor and phosphate as acceptor substrate, we were able to synthesize 2-deoxy-a-D-
glucose 1-phosphate, a substance which is difficult to obtain chemically, in a single-step transformation
and in a yield of 40% based on the initial substrate concentration. The proposed enzymatic mechanism
for the synthesis of 2-deoxy-a-D-glucose 1-phosphate involves first substrate activation by protona-
tion at C2 prior to or concomitant with nucleophilic attack of phosphate oxygen on C1. We probed
the stereoselectivity of the protonation event and provided evidence that the proton transfer occurred
from below the substrate ring in a re side attack on C2. Finally, we added glucose to the reaction
of glucal and phosphate and could show that catalytic concentrations of phosphate stimulated the
regioselective 2-deoxy-D-glucosyl transfer from glucal to the 4-hydroxyl of D-glucose to synthesize 2-

deoxy-B-D-glucosyl-(1—4)-D-glucose in a yield of up to 60%.

Enzymatic phosphoryl transfer

HAD4, HAD13 and G1Pase are enzymes classified as phosphatases either belonging to the haloacid
dehalogenase-like phosphatase family (HAD4, HAD13) (21) or the histidine acid phosphatase family
(22), respectively. The proposed reaction mechanism of the three enzymes is a double displacement-
like reaction mechanism that proceeds either through a phosphoaspartate (HAD4, HAD13) or a phos-
phohistidine (G1Pase) intermediate. In our study the three phosphatases were benchmarked by their
hydrolytic activities towards several donor substrates and were tested to possess synthetic next to their
hydrolytic activity. Whereas HAD4 and HAD13 were found to catalyze exclusively hydrolysis reac-
tions, evidence could be provided that GiPase transfers the phosphate group to an acceptor different

to water. In contrast to conventional activated donor substrates for phosphoryl transfer, like nucleoside
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triphosphate and pyrophosphate, Gi1Pase utilizes glucose 1-phosphate, which was not yet considered
as potential donor for phosphoryl transfer reactions. Next to elucidating GiPase’s phosphoryl trans-
fer activity, the newly-discovered function was exploited for the synthesis of fructose 1-phosphate in
a single-step enzymatic conversion from glucose 1-phosphate and fructose. Under optimized condi-
tions, the enzymatic conversion resulted in a remarkable yield of 67%. In a further step, the reaction of
G1Pase was coupled to the reaction of SPase, thereby elaborating an one-pot, two-step cascade reaction
to synthesize fructose 1-phosphate from the cheap commodity products sucrose and phosphate in a
yield of up to 63%. Moreover, we could tap the full potential of GiPase by exploiting its promiscuity
to acceptors different from fructose, thereby gaining access to various sugar phosphates in single en-

zymatic conversions starting from glucose 1-phosphate and the respective carbohydrate acceptor.
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Abstract

Sucrose phosphorylase is a bacterial o-transglucosidase that catalyses glucosyl transfer from sucrose to phosphate, releasing
D-fructose and o-D-glucose 1-phosphate as the product of the first (enzyme glucosylation) and second (enzyme deglucosyla-
tion) step of the enzymatic reaction, respectively. The transferred glucosyl moiety of sucrose is accommodated at the cata-
lytic subsite of the phosphorylase through a network of charged hydrogen bonds whereby a highly conserved residue pair
of Asp and Arg points towards the equatorial hydroxyl at C,. To examine the role of this ‘hyperpolar’ binding site for the
substrate 4-OH, we have mutated Asp*® and Arg>®> of Leuconostoc mesenteroides sucrose phosphorylase individually to Ala
(D49A) and Leu (R395L), respectively, and also prepared an ‘uncharged’ double mutant harbouring both site-directed
substitutions. The efficiency for enzyme glucosylation from sucrose was massively decreased in purified preparations of
D49A (107-fold) and R395L (10°-fold) as compared to wild-type enzyme. The double mutant was not active above the
detection limit. Enzyme deglucosylation to phosphate proceeded relatively efficient in D49A as well as R395L., about 500-
fold less than in the wild-type phosphorylase. Substrate inhibition by phosphate and a loss in selectivity for reaction with
phosphate as compared to water were new features in the two mutants. Asp*® and Arg>°> are both essential in the catalytic
reaction of L. mesenteroides sucrose phosphorylase.

Keywords: sucrose phosphorylases glycoside hydrolase family GH-13, glycosyltransferase, catalytic mechanism, glucosyl

transfer, covalent intermediate

Introduction

Family GH-13 of the glycoside hydrolase families
constitutes a large and functionally very diverse
group of hydrolases and transglycosidases that all
act on o-glucosidic substrates, catalysing hydrolysis
or rearrangement of the glycosidic bond in different
natural saccharides such as maltodextrins, starch,
a,a-trehalose and  sucrose (o-D-glucopyranosyl
2-B-p-fructofuranoside) (Stam et al. 2006). The
economic relevance of enzymatic conversions of
starch (van der Maarel et al. 2002) and sucrose
(Buchholz & Seibel 2008) into value-added com-
modity products has raised considerable interest in
the elucidation of structure—function relationships
for various members of family GH-13 (Sauer et al.
2000), particularly the ones that have known or
potential applications as industrial catalysts. Of
note, family GH-13 contains an array of starch pro-
cessing enzymes that are all utilised in large-scale

biotransformations (Buchholz & Seibel 2008). Engi-
neering of the properties of these enzymes for
enhanced performance (e.g. stability, activity, spec-
ificity) under conditions of industrial manufacturing
is a clear goal of process optimisation (van der Veen
et al. 2004, 2006). Enzymes of family GH-13 adopt
a (B/a)4 barrel fold (Brayer et al. 1995; Brzozowski
& Davies 1997; Abad et al. 2002), like that shown
in Figure 1A for SPase, and share a highly conserved
catalytic site in which three carboxylic acid residues
are key in promoting the enzymatic reaction (Nielsen
& Borchert 2000; MacGregor et al. 2001; Mirza
et al. 2001, 2006; Sprogee et al. 2004). A double
displacement-like catalytic mechanism is utilised
that involves formation and breakdown of a [3-glucosyl
enzyme intermediate on an aspartate side chain in
the active site, acting as catalytic nucleophile (Voet
& Abeles 1970; Davies & Wilson 1999; Uitdehaag
et al. 1999).
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Enzyme-substrate interactions in sucrose phosphorylase

Sucrose phosphorylase (SPase) is a somewhat
unusual member of family GH-13 that catalyses glu-
cosyl transfer to phosphate (P,), a negatively charged
acceptor molecule that is usually expelled from the
relevant subsite in glycoside hydrolases (Rydberg
et al. 2002). The net reaction of SPase therefore is
conversion of sucrose and P, into D-fructose and
o-D-glucose 1-phosphate (GIclP), as shown in
Scheme 1 (Goedl et al. 2007). However, SPase is
able to utilise a large number of other acceptor mol-
ecules (e.g. sugar alcohols) in place of P,, making the
enzyme an attractive transglucosylation catalyst for
the synthesis of different a-glucosides (Goedl et al.
2010). Glucosylation of glycerol to yield the natural
osmolyte a-D-glucosyl-sn-glycerol has recently been
developed into an industrial application for SPase
(Goedl et al. 2008).

SPase is an enzyme of bacterial origin (Weimberg
& Doudoroff 1954; Russell et al. 1988; van den
Broek et al. 2004; Lee et al. 2006; Goedl et al. 2010)
and the available amino acid sequences have previ-
ously been categorised into sub-family 18 of family
GH-13 (Stam et al. 2006). Crystal structures of
SPase from Bifidobacterium adolescentis (BaSPase)
have been determined for the free enzyme (Sprogee
et al. 2004), the enzyme—sucrose complex, and the
B-glucosyl enzyme intermediate (Mirza et al. 2006),
as shown in Figure 1A, B and C, respectively. The
structural evidence provides detailed information
about substrate binding recognition in SPase cataly-
sis. Figure 1B shows how the transferred glucosyl
moiety is accommodated at sugar-binding subsite — 1 of
the enzyme. In addition to the residues that are
directly involved in the catalytic reaction as general
acid-base (Glu) (Mirza et al. 2006; Schwarz et al.
2007) and nucleophile (Asp) (Schwarz & Nidetzky
2006), there are several amino acids that provide
charged hydrogen bonding interactions with non-
reacting parts of the glucosyl substrate (Mirza et al.
2006). Sequence comparison reveals that these inter-
actions are highly conserved among the sucrose
phosphorylases, as shown in Figure 2, and they are
usually also present across the entire family GH-13
(see Supporting Figure S1 available online at http://
www.informahealthcare.com/bab/doi/10.3109/
10242422.2012.674720). For example, the Asp
interacting with the hydroxyls at C, and C; of the
glucosyl moiety belongs to the active-site signature
of family GH-13 enzymes (Janecek et al. 1997). It is
often referred to as a ‘transition state stabiliser’, and
its role in SPase catalysis has been examined using
site-directed Asp — Glu and Asp — Asn replace-
ments in the enzyme from Leuconostoc mesenteroides
(LmSPase) (Mueller & Nidetzky 2007a). SPase and
related enzymes from family GH-13 are highly spe-
cific for transferring a glucosyl residue. A small structural
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GIn232

Asp290

(C) ;
//His88

Af:
g,

Glu232

Asp290

Figure 1. Structural view of substrate binding in sucrose
phosphorylase. (A) Three-dimensional fold of the protein subunit
of BaSPase derived from the crystal structure of the dimeric
enzyme (PDB-entry 1r7a, molecule A). (B) and (C) Close up
views of the accommodation of a glucosyl residue in the substrate
binding site of BaSPase bound with sucrose (PDB-entry 2gdu,
molecule A) and the B-glucosyl enzyme intermediate (PDB-entry
2gdv, molecule A). Residues forming hydrogen bonds with the
glucopyranosyl moiety (orange) are displayed. Note: Arg'® and
His?% interacting with the hydroxy groups at C, and C, are not
shown for clarity reasons. The shown residues of BaSPase are
highly conserved in other sucrose phosphorylases (Figure 2).
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Synthesis
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Phosphorolysis

Scheme 1. Reaction mechanism of sucrose phosphorylase in two catalytic steps via a covalent glucosyl-enzyme intermediate (E-Glc).

change in the substrate such as that resulting from
epimerisation at C, (mannosyl as compared to glucosyl),
for example, was shown to lead to loss by several
orders of magnitude in phosphorylase catalytic effi-
ciency (Mueller and Nidetzky 2007a).

Figure 1B and C reveals an additional feature of
substrate binding recognition in SPase that is of a
general interest. The equatorial C,~OH of the glu-
cosyl substrate is accommodated in an extremely
polar binding site where two residues of opposite
charge (Asp®, Arg3%°) are engaged in strong hydro-
gen bonding interactions with the sugar hydroxyl.
The importance of the two conserved residues in the
different steps of reaction of LmSPase has not been
previously analysed using mutagenesis. There is,
however, some precedence within family GH-13 that
results from work with deoxy substrate analogues in
which the C,~OH of the transferred glucosyl moiety
had been replaced by hydrogen (Frandsen et al.
2002). Using three different a-glucosidases cleaving
the a-1,6-glycosidic linkage in isomaltosides, Svens-
son and co-workers have shown that the catalytic
efficiency for hydrolysis was decreased by about
three orders of magnitude as result of substrate
deoxygenation at C, (Frandsen etal. 2002). Sequence

comparison reveals that the o-glucosidases used in
the previous study contain an aspartic acid homolo-
gous to Asp®® of SPase but they do not have Arg>°°.
Non-covalent bonding of the glucosyl 4-OH with the
conserved Asp and perhaps other residues of the
catalytic subsite of the a-glucosidases seems to be
important for substrate binding and/or catalysis. The
research reported herein was performed to examine
kinetic consequences resulting from individual and
combined site-directed substitutions of the relevant
Asp and Arg residues in SPase from L. mesenteroides
(ASp49, Arg395).

Materials and methods

Phusion high-fidelity DNA polymerase was obtained
from Finnzymes. All other materials used have been
described elsewhere (Goedl et al. 2007).

Stite-directed mutagenesis and enzyme preparation

Point mutations Asp?® — Ala (D49A) and Arg>®> —
Leu (R395L) were introduced using a reported two-
stage PCR protocol (Wang & Malcolm 1999) in

Enzyme Asp His

His Asp

Ci-CH Ce-0H

STG--fi

C:-0OH & Cy-OH C:-0OH & Cy-CH

Figure 2. Partial multiple sequence alignment of sucrose phosphorylases from different organisms showing positional conservation of all
amino acids that provide charged hydrogen bonding interactions with the glucosyl moiety. The partial sequences shown are sucrose
phosphorylases from Leuconostoc mesenteroides (LmSPase; BAA14344.1), Lactobacillus acidophilus (LaSPase; AAO21868.1), Streptococcus
mutans UA159 (StmSPase; AANS58596.1), Bifidobacterium adolescentis (BaSPase; AAO33821.1), Bifidobacterium longum JCM 1217
(BISPase; BAF62433.1) and Agrobacterium vitis (AvSPase; CAA80424.1). Alignment was performed by using the Clustal 2.0.12 alignment

tool. Conserved residues are shaded in grey.
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which a pASK-IBA7+ (IBA GmbH) expression vec-
tor encoding wild-type LmSPase was used as tem-
plate (Wildberger et al. 2011). The following
pairs of oligonucleotide primers were used to
amplify the entire plasmid with Pfu DNA polymerase
for D49A and Phusion High-Fidelity DNA poly-
merase for R395L, respectively, whereby the mis-
matched codons are indicated in bold. D49A:
5'-TCAACAGGTGCACGCGGT-3’ (forward), 5'-
ACCGCGTGCACCTGTTGA-3' (reverse); R395L.:
5'-AATATTAACTTGCATTACTATACG-3' (for-
ward), 5'-CGTATAGTAATGCAAGTTAATATT-
3" (reverse). In stage one for the substitution of
D49A, two separate PCRs with the forward and
reverse primer, respectively, were performed. Each
PCR consisted of a pre-heating step at 95°C for 60
s and was followed by four reaction cycles (50 s at
95°C; 50 s at 49°C; 10 min at 72°C). In stage two,
the two PCRs were combined and continued for 18
reaction cycles (50 s at 95°C; 50 s at 49°C; 10 min
at 72°C) followed by a final extension step at 72°C
for 10 min. In the first stage for substitution of
R395L, the two separate PCRs with the forward and
reverse primer, underwent a pre-heating step at 98°C
for 30 s followed by six reaction cycles (15 s at 98°C;
20 s at 51°C; 180 s at 72°C). In the second stage,
the two PCRs were combined and continued for 30
reaction cycles (15 s at 98°C; 20 s at 51°C; 3 min at
72°C) followed by a final extension step at 72°C for
5 min. Based on D49A and R395L, a doubly mutated
enzyme, termed D49A-R391, was generated.
The R395L plasmid served as template for substitu-
tion of Asp#® by Ala. The PCR was carried out in
the same way as described above for the creation
of D49A.

In all cases (D49A, R395L and D49A-R395L),
the final amplification product was subjected to
parental template digest by Dpnl. Sequenced plas-
mid vectors harbouring the mutagenised gene were
transformed into Escherichia coli BLL21-Gold (DE3)
cells, and recipient strains were grown at 37°C in
Lysogeny broth (LLB)-medium containing 0.15 mg/LL
ampicillin. Induction of gene expression and recom-
binant protein production was carried out as reported
elsewhere (Wildberger et al. 2011).

The vector pASK-IBA7+ encodes wild-type
LmSPase that has Strep-tag II fused to the N-terminus
of the enzyme. The likewise Strep-tagged mutants
were purified by gravity flow Szrep-Tactin Sepharose
column chromatography at 4°C. All buffers were
degassed and filtered using 0.45-pm cellulose-
acetate filters (Sartorius). The E. coli cell extract was
passed through a 1.2-um cellulose-acetate filter
(Sartorius) before loading on a Strep-Tactin Sephar-
ose column (binding capacity 300 nmol/mL; bed
volume 5 mL). The column was equilibrated with
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buffer W (100 mM Tris/HCI, 150 mM NaCl, 1 mM
EDTA, pH 8.0) for 5 column volumes. Cell extract
was applied and the column was washed with buffer
W for 5 column volumes. Affinity bound enzyme,
identified as a 59 kDa protein band in SDS-PAGE,
was eluted with buffer E (100 mM Tris/HCI,
150 mM NaCl, 1 mM EDTA, 2.5 mM desthiobio-
tin, pH 8.0) for 4 column volumes. Pooled fractions
were concentrated and desalted using a Vivaspin
ultrafiltration tube (10 kDa cutoff; Vivascience) and
again concentrated to about 5-15 mg/mL in 50 mM
MES buffer, pH 7.0. Stock solutions of wild-type
and mutants were stored at —20°C. Purification was
monitored by SDS-PAGE.

Assays

Enzyme activity in the direction of sucrose phospho-
rolysis (see Scheme 1, lower panel) was determined
at 30°C using a continuous coupled enzymatic assay
with phosphoglucomutase and glucose-6-phosphate
dehydrogenase (Goedl et al. 2007). Protein concen-
tration was measured with the BioRad dye-binding
method referenced against BSA. Glucose was deter-
mined using an assay with hexokinase and glucose-
6-phosphate dehydrogenase (Goedl et al. 2007).
Glucose in the presence of fructose was determined
using an assay with glucose oxidase and peroxidase
(Goedl et al. 2008). GIc1P was assayed using phos-
phoglucomutase and glucose-6-phosphate dehydro-
genase (Goedl et al. 2007). P, was determined
colorimetrically at 850 nm (Goedl et al. 2007).

Analytical method for sucrose detection

Reaction mixtures containing D49A (0.6 mg/mL) or
R395L (0.5 mg/mL), 20 mM GlIcl1P and 100 mM
fructose in 50 mM MES buffer (pH 7.0) were incu-
bated at 30°C for 72 h and analysed for sucrose
synthesis by high performance anion exchange
chromatography with pulsed amperometric detec-
tion (HPAE-PAD). The analysis was performed
using a Dionex BioLLC system (Dionex Corporation,
Sunnyvale, CA, USA) equipped with a CarboPac
PA10 column (4 X 250 mm) and an Amino Trap
guard column (4 X 50 mm) thermostated at 30°C.
Sucrose was detected with an ED50A electrochemi-
cal detector using a gold working electrode and a
silver/silver chloride reference electrode by applying
the predefined waveform for carbohydrates. Elution
was carried out at a flow rate of 1 mL/min with the
following method: isocratic flow of 52 mM NaOH
for 20 min, followed by an isocratic flow of 100 mM
NaOH and 100 mM NaOAc for 5 min and a linear
gradient from 100 mM NaOAc to 400 mM NaOAc
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applied within 15 min in an isocratic background of
100 mM NaOH. The column was washed for 10 min
with 52 mM NaOH. Under the conditions applied,
sucrose eluted after 12.5 min.

Initial-rate studies and steady-state kinetic analysis

Reactions were performed at 30°C in 50 mM MES
buffer, pH 7.0, and monitored by product formation
(phosphorolysis: GIc1P; synthesis: P,) in discontinu-
ous assays. The typical concentrations of D49A and
R395L were 0.5 and 0.3 mg/mL, respectively and an
incubation time of 1 h was used. Glucosyl donor and
acceptor concentrations were varied in a suitable
range: sucrose (5-800 mM), P, (0.01-250 mM),
GlclP (1-900 mM) and fructose (10-800 mM).
Control reactions lacking the enzyme or one of the
substrates were performed in all cases, and enzy-
matic initial rates were corrected as required. Kinetic
parameters (V... K ) were obtained from non-
linear fits of data to Equation (1). When substrate
inhibition occurred, initial velocities were fitted to
Equation (2). k_,, is defined in Equation (3).
S

o=V 2 (1)
(K, +9S)

S

=V, )
(Km +S.(HS)J
K,
V.
k = max 3
w =g 3)

where v is the observed reaction rate [mM/min], V___
is the maximal initial rate [mM/min], S is the substrate
concentration [mM], K  is the apparent Michaelis—
Menten constant [mM], K, is the substrate-inhibition
constant [mM], &, is the catalytic constant [s71] and
E is the total molar enzyme concentration based on a
molecular mass of 59 kDa for the wild-type LmSPase
subunit [mM]. When enzyme was not saturable with
substrate and an independent determination of I/

and K therefore not possible, IV /K was obtainnrfl:adX

from data acquired under subst;nsge—limited reaction
conditions where the rate increases in linear depen-
dence on substrate concentration. The decrease in
k. /K, can be expressed as loss of transition state sta-
bilisation energy (Equation (4)):

AAG* = —RT- ln([kca/Km] mu/ [kca/Km] wt) (4)

where AAG# is the free energy change [k]J/mol],
(2., /K ] 18 the catalytic efficiency of the mutants,
(k. /K], is the catalytic efficiency of the wild-type
enzyme, R is the gas constant [8.31 J mol™! K]
and T is the temperature [303.15 K].
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Hydrolysis as side reaction

In the absence of a suitable nucleophile. LmSPase
displays hydrolase activity towards sucrose and Glc1P
under conditions in which a suitable nucleophile
(P, or fructose) is lacking. The hydrolytic activities of
the wild-type LmSPase and mutants towards Glc1P
(100 mM) and sucrose (500 mM) were determined
at 30°C in 50 mM MES buffer, pH 7.0, using dis-
continuous assays. Reactions were carried out using
0.5 mg/mL D49A, 0.3 mg/mL R395L and 0.1 mg/mL
wild-type LmSPase. The release of glucose was mea-
sured using a coupled enzyme assay with glucose
oxidase and peroxidase (see subsection Assays).

In the presence of a suitable nucleophile. To test whether
hydrolysis occurs even under conditions of the pres-
ence of P, wild-type LmSPase and mutants were
incubated with 500 mM sucrose and varying con-
centrations of P, at 30°C in 50 mM MES buffer, pH
7.0. P, concentrations were varied at five levels
(1, 10, 50, 100 and 300 mM) for D49A and R395L,
and at four levels (10, 50, 100 and 300 mM) for
wild-type LmSPase. Reactions were carried out using
0.1-0.5 mg/mL D49A, 0.01-0.3 mg/mL R395L and
0.1-10 pg/mL wild-type LmSPase. Samples were
taken every half hour up to 8 h (50 mM P)) or every
hour for up to 5 h (all other P; concentrations). To
determine the hydrolytic activity (k_,), the release
of glucose was measured by using the coupled
enzyme assay with glucose oxidase and peroxidase
(see subsection Assays). To determine the phospho-
rolytic activity (R ,.p), the release of Glc1P was mea-
sured, by using the coupled enzyme assay with
phosphoglucomutase and  glucose-6-phosphate
dehydrogenase (see subsection Assays) and the ratio
of R /R.p Was calculated. Our used assays for
measuring glucose and GlclP had a limit of detec-
tion of 0.01 mM.

Results and discussion
Stite directed muragenesis

Asp®® and Arg?®° of BaSPase are highly conserved
among the known sucrose phosphorylases (Figure
2). To characterise their roles in enzymatic glucosyl
transfer to and from P, we have performed site-
directed mutagenesis on the homologous residues in
LmSPase, Asp* and Arg®®>, and prepared the D49A
and R395L variants of the enzyme. A double mutant
harbouring both substitutions was also made, and
Figure 3 shows an SDS—polyacrylamide gel of the
isolated mutants along with the wild-type enzyme
that was produced and purified in exactly the same
way as the mutants. The choice of residue substitution
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Figure 3. Enzyme purification monitored by SDS-PAGE. Lane
1: D49A; 2: R395L,; 3: molecular mass standard; 4: D49A-R395L;
5: LmSPase wild-type.

Asp — Ala and Arg — Leu was primarily based on
the consideration that the original hydrogen bond to
the glucosyl C, hydroxy group (Figure 1B and C)
should be disrupted as a result of the site-specific
replacement. However, we were also mindful of the
fact that each substitution alters the properties of the
binding site for the C, hydroxy group, both in terms
of polarity and net charge. Of note, the overall neu-
tral net charge of the binding site in the wild-type
enzyme is re-installed in the double mutant. The
purified mutants were suitably stable and could be
stored frozen at a concentration of =5 mg/mL
(50 mM MES buffer, pH 7.0) for at least several
weeks without substantial loss of activity.

Kinetic characterisation of LmSPase mutants

We first evaluated the specific activity of each mutant
in the standard assay for phosphorolysis of sucrose
(Goedl et al. 2007). Compared to the wild-type
enzyme whose specific activity was 98 U/mg under
the conditions used (Wildberger et al. 2011), the
R395L mutant was 650-fold less active. The specific
activity of D49A was even lower than that of R395L,
reflecting a 50,000-fold activity loss in comparison
to the specific activity of wild-type LmSPase. These
results suggest that both Asp* and Arg??> have an
important role for substrate binding and/or catalysis
by LmSPase.

The double mutant displayed a further loss of
specific activity in comparison to D49A and R395L,
showing an almost 300,000-fold decrease in activity
compared to the wild-type enzyme. It is clear there-
fore that the second mutation, Asp*® — Ala or Arg>®>
— Leu, on the relevant single mutant R395L or
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D49A brings about a significant additional disruptive
effect on the enzyme activity. However, the com-
bined effect of the two substitutions in the double
mutant was substantially smaller than the effect that
could have been expected from the two individual
mutations (50,000 X 650 = 1075), suggesting that
the two site-directed replacements are not com-
pletely independent one of another. It would seem
that especially the replacement Asp*® — Ala destroys
the function of the binding site composed of Asp*®
and Arg®®. Considering that the double mutation
reverts the imbalance in site effective net charge that
was introduced by each of the single mutations
(D49A: net charge +1; R395L: net charge —1;
D49A-R395L.: net charge 0; wild-type enzyme: net
charge 0), it is interesting that the second mutation
did not in any way ‘repair’ the damage resulting from
a single mutation. Antagonism of two single muta-
tions in a doubly mutated enzyme has been observed
previously (Mildvan 2004), and reversal of charge
perturbation in the functional site is probably one
important reason for it (see for example, Kratzer &
Nidetzky 2005).

We realised that the specific activity of D49A-
R395L would be too low to perform a more detailed
kinetic characterisation of the double mutant. We
therefore attempted to restore activity in the double
mutant through the addition of external reagents.
The reagents chosen for potential ‘chemical rescue’
were meant to compensate for the loss of the car-
boxylate side chain of Asp?®. Acetate, formate, bro-
mide and chloride were tested, each in a concentration
of 100 mM using the sodium salt. The notion under-
lying the experiment was that the reagent might bind
at the site vacated by the substitution of Asp* by Ala
and thus restores part of the function of the original
side chain (for the general case, see Peracchi 2001,
2008). Halides have previously been shown to serve
in rescuing the activity of mutants in which carbox-
ylate side chains had been removed by mutagenesis
(Hayden et al. 1999). The rate-enhancing effect of
the external reagents was generally borderline sig-
nificant (= 1.3-fold), except that of formate, which
reached a still modest value of 5. Kinetic analysis of
the D49A-R395L mutant was therefore not pursued,
and we also abandoned chemical rescue studies of
the D49A mutant.

A steady-state kinetic analysis for phosphorolysis
and synthesis of sucrose was performed with the
single mutants D49A and R395L. The results are
summarised in Table I along with the relevant kinetic
data for the wild-type enzyme, which were taken
from one of our recent papers (Wildberger et al.
2011). Interpretation is done on the basis of the
Ping-pong bi-bi kinetic mechanism of wild-type
LmSPase (Goedl & Nidetzky 2009). In this mechanism,
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the catalytic efficiency (k_ /K ) for the glucosyl
donor and acceptor substrate represents the forma-
tion and breakdown of the covalent glucosyl-enzyme
intermediate, respectively, as a kinetically isolated
step (Scheme 1).

Enzyme glucosylation: reaction with glucosyl donor sub-
strates. Formation of the -glucosyl enzyme interme-
diate occurs in either direction of the enzymatic
reaction from sucrose (phosphorolysis) or GlclP
(synthesis) as the glucosyl donor substrate (Scheme 1).
In phosphorolysis, the initial rate of reaction
catalysed by D49A and R395L showed a linear
dependence on the sucrose concentration up to a
very high level of 800 mM. This finding suggested
that the K for sucrose had increased more than
82-fold (=800/9.8) in both mutants as compared to
the K for the wild-type enzyme (Table I) and that

it had been raised to a value far outside of the
experimental range. In the absence of saturation at
high sucrose concentration, only a catalytic efficiency
and no turnover number could be determined from
the initial rate measurements. Expressed in &_, /K
terms, the D49A mutant showed a dramatically
reduced efficiency for enzyme glucosylation from
sucrose that was about 7 X 10°-fold lower than that
of wild-type LmSPase. The k_ /K of R395L for
reaction with sucrose was not as strongly affected as
that of D49A, even though it was decreased by about
40,000-fold as compared to the corresponding
k_,/K,, for the wild-type enzyme. The kinetic analy-
sis for reaction with sucrose reinforces the notion
that Asp*® and Arg3°> are both highly important for
activity of LmSPase, more specifically for promoting
glucosylation of the enzyme in the direction of
phosphorolysis. Loss of substrate binding affinity,

impaired positioning of sucrose for catalysis and

Table I. Kinetic parameters for phosphorolysis and synthesis of sucrose catalysed by wild-type LmSPase (Wildberger et al. 2011) and the
D49A and R395L mutants thereof.

Reaction Wild-type D49A R395L
Phosphorolysis of sucrose
Glucosylation from sucrose? kg [s71] 117 n.a. n.a.
K [mM] 9.8 n.a. n.a.
ko /K, [s7! mM™1] 12 1.8 X 107° 3.1 X 1074
AAG [K]/mol] - 40 27
Deglucosylation by P,° ke [s71] 145 2.0 X 1073 0.2
K [mM] 6.0 4.0 X 1072 2.4
ko /K, [s71mM™1 24 5.0 X 1072 8.3 X 1072
K, [mM] - 46 55
AAG [K]J/mol] - 16 14
Synthesis of sucrose
Glucosylation from Glc1P¢ ke 571 39 4.0 X 1072 0.4
K [mM] 4.5 676 140
ko /K, [s7! mM™1 8.3 5.9 X 107> 2.9 X 1073
AAG [K]/mol] - 30 20
Deglucosylation by fructose? kg [s71] 47 1.8 X 1072 0.2
K [mM] 13 387 180
ko /K, [s7! mM™1] 3.7 4.7 X 107 1.1x1073
AAG [kJ/mol] - 28 21
Hydrolysis
Hydrolysis of sucrose® kg 571 3.32 2.0 X 1073 2.0 X 1072
Hydrolysis of Glc1Pf ke [s7! 1.6° 1.0 X 1073 7.0 X 1073
Hydrolysis of sucrose in presence of P2
Hydrolysis kg [s71] 1.6 1.0 X 1073 2.0 X 1073
Phosphorolysis ke [s71] 90 1.0 X 1073 2.5 % 107!
The S.D. for &k, K and k_ /K was equal to or smaller than 9.3%, 24.4% and 1.0% of the reported values respectively, with the

exception of 211% and 20%. The S.D. for K; was equal to or smaller than 18.7%. *Sucrose was varied at 14 levels between 0.01 and
120 mM for the wild-type enzyme (Wildberger et al. 2011). For D49A, sucrose was varied at 8 levels between 50 and 800 mM. For
R395L, sucrose was varied at 10 levels between 5 and 800 mM. P, was constant at 50 mM. bPi concentration was varied at 17 levels
between 0.01 and 140 mM for the wild-type enzyme (Wildberger et al. 2011). For the mutants, P; was varied at 16 levels between 0.01
and 250 mM. Sucrose was constant at 500 mM. °Glc1P was varied at 12 levels between 0.5 and 250 mM for the wild-type enzyme
(Wildberger et al. 2011). For both mutants, Glc1P was varied at 11 levels between 1 and 900 mM. Fructose was constant at 100 mM.
dFructose was varied at 12 levels between 1 and 200 mM (Wildberger et al. 2011). For the mutants, fructose was varied at 16 levels
between 10 and 800 mM. GlclP was constant at 100 mM. °Hydrolysis of sucrose was determined under conditions when no
P, was present. Sucrose was used at 500 mM. fHydrolysis of Glc1P was determined under conditions when no fructose was present.
GIc1P was used at 100 mM. Hydrolysis of sucrose was determined under conditions when P, was present. Sucrose was used at 500 mM,
P, was used at 50 mM.
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decrease in ability to stabilise the oxocarbenium
ion-like transition state of the reaction could all be
responsible for the dramatic lowering of catalytic
efficiency in the two mutants.

Enzyme glucosylation from GIclP was also
impaired strongly in the D49A and R395L mutants.
However, the kinetic consequences resulting from
the mutations were not completely uniform when
the reaction with Glcl1P was compared to the reac-
tion with sucrose. First of all, initial rates in the
direction of synthesis showed a saturable (hyper-
bolic) dependence of the concentration of GIclP,
allowing for an independent determination of k_,
and K . Secondly, the disruptive effect of mutation
of Asp*® and Arg3°> expressed in fold decrease in
k.,/K,, was lower by about two orders of magnitude
in the reaction with GIc1P as compared to the reac-
tion with sucrose. In other words, the damage that
each of the mutations did on enzyme glucosylation
was less severe in synthesis than it was in phospho-
rolysis. The leaving group of the glucosyl donor sub-
strate, P, in Glc1P as compared to fructose in sucrose,
and the way that the respective leaving group is
accommodated in the enzyme appears to have an
important influence on the expression of kinetic con-
sequences resulting from the individual site-directed
mutations. The structural disruption in D49A and
R395L therefore seems not to be strictly local, and
there might be a correspondence between the inter-
action with the glucosyl C,~OH at the catalytic sub-
site and interactions between the enzyme and the
leaving group at subsite + 1 (see later). We can fur-
thermore calculate from the data in Table I that the
loss in &k, /K | for D49A and R395L was distributed
between up to 150-fold increases in K and near
1000-fold decreases in k_,.. As noted before, R395L
was less strongly affected in all its kinetic parameters
than D49A.

Enzyme deglucosylation: reaction with acceptor sub-
strates. We begin by analysing enzyme deglucosyla-
tion to fructose. Table I shows that k_ /K _ for the
reaction with fructose was decreased by several
orders of magnitude in both mutants as compared
to the corresponding k_, /K  for wild-type LmSPase.
The severity of the disruptive effect on &, /K (fruc-
tose) was comparable to that observed on k_ /K
(GIc1P). The dependence of the initial rate on the
concentration of fructose was hyperbolic in both
mutants, so that both 2 and K could be deter-
mined in each case. The losses in catalytic efficiency
are explained as the result of up to 30-fold increases
in K and up to 2611-fold decreases in k_, . The
somewhat larger effect of the mutations on k_, than
on K _ in the direction of synthesis under conditions

Enzyme-substrate interactions in sucrose phosphorylase
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where enzyme glucosylation or deglucosylation was
analysed supports the idea that replacement of Asp*°
and Arg>°® does, in fact, damage the steps of cataly-
sis, not just substrate binding. We emphasise that
even though initial rates in the synthesis direction
were measured as release of P, from Glc1P, produc-
tive glucosyl transfer from the mutated enzyme to
fructose was confirmed by direct determination of
the sucrose formed in the reaction. The putative
disaccharide product synthesized in the reaction of
each mutant co-eluted with the authentic sucrose
standard in high-performance anion exchange chro-
matography.

Figure 4 shows the dependence of the initial rate
of phosphorolysis of sucrose catalysed by D49A and
R395L on the concentration of P,. In contrast to the
wild-type enzyme that displayed ‘normal’ Michaelis—
Menten behaviour when assayed with P, as the vari-
able substrate under otherwise identical conditions
(data not shown), both mutants were subject to a
marked substrate inhibition by P,. Fit of the data
with Equation (2) gave a similar substrate inhibition
constant of around 50 mM for both mutants. We
interpret the substrate inhibition by P; to originate
from binding of P, to the free enzyme, thereby pre-
venting glucosylation of the enzyme by sucrose from
taking place. Non-productive binding of P, to the
B-glucosyl enzyme intermediate would also interfere
with reaction and manifest itself in a lowering of &_,,
by the fraction of non-productively bound enzyme.
However, it would not produce substrate inhibition.
Wild-type LmSPase appears to have evolved a struc-
tural mechanism that disfavours binding of P; to the
free enzyme (see later). Another interesting feature
of the mutated enzymes was that their K for P, was
decreased, in D49A by two orders of magnitude, in
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Figure 4. Michaelis—Menten plot for the determination of kinetic
parameters for phosphorolysis of sucrose catalysed by D49A (@)
and R395L (O). Initial rates were recorded from GIclP release
using a discontinuous assay. P; was varied at 16 levels between
0.01 and 250 mM. Sucrose was kept constant at 500 mM. Lines
are fits of Equation (3) to the data.
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comparison to the corresponding K for the
wild-type enzyme. The calculated k_,, values were,
however, extremely low (Table I), consistent with the
notion that the catalytic events during enzyme deglu-
cosylation had been strongly disrupted as a result of
the mutations.

Glucosyl transfer to water: hydrolysis as a side reaction

We first examined hydrolysis of sucrose and Glc1P
under conditions where P, or fructose was lacking as
nucleophile for reaction in phosphorolysis and
synthesis, respectively. Apparent catalytic constants
(*PPk ) for glucosyl donor hydrolysis were deter-
mined at a single constant substrate concentration
and are summarised inTable I. The wild-type enzyme
has previously been shown to promote hydrolysis of
sucrose and GlclP at approximately 2-3% of the
level of activity for enzymatic conversion of the same
donor substrates in the presence of the naturally pre-
ferred nucleophiles. The hydrolysis **Pk_ for the
mutated enzymes was lower than the corresponding
PPk . for wild-type LmSPase by about two (R395L1)
and three (D49A) orders of magnitude. The relative
decrease in (apparent) turnover number resulting
from the use of water instead of P; or fructose as
nucleophile of the reaction was 20-fold or greater
and therefore comparable between the two mutants
and the wild-type enzyme. Therefore, this implies
that the selectivity for transferring the glucosyl resi-
due from the enzyme to P; or fructose as compared
to transferring the same glucosyl residue to water
had not been altered in LmSPase as a result of the
site-directed replacement of Asp?® and Arg>°>.
However, we were also interested in determining
the extent of competition between water and P,
under conditions of phosphorolysis of sucrose. In
other words, we wanted to examine the possible
occurrence of a true ‘error hydrolysis’ as an accom-
paniment to the normal glucosyl transfer to P,
Figure 5 displays an analysis in which the initial rate
of release of GIclP (phosphorolysis) and glucose
(hydrolysis) from sucrose was measured at a variable
concentration of P;.. Remarkably enough, the wild-
type enzyme showed a low level of erroneous hydro-
lysis that accounted for about 2% of the total
glucosyl transfer catalysed and was independent of
the P, concentration used in the range 10-300 mM.
The D49A mutant, by contrast, had completely lost
the ability of the wild-type enzyme to discriminate
between water and P; as acceptor substrate. The ratio
of the rates of hydrolysis and phosphorolysis was
about unity for the D49A mutant, and this was con-
stant over a wide range of P, concentrations. The K |
of P, for the D49A mutant is given in Table I as 40
uM. Therefore, this K implies that the B-glucosyl
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Figure 5. Ratio of hydrolytic (k) and phosphorolytic (k)
activities of wild-type LmSPase (V) and mutants (D49A (@),
R395L (O)) towards sucrose in the presence of varying
concentrations of P; (WT: 10, 50, 100 and 300 mM; mutants: 1,
10, 50, 100 and 300 mM).

enzyme intermediate of D49A mutant was completely
saturated with P, under the conditions described in
Figure 5. The observed ratio of reaction rates thus
represents an intrinsic property of this enzyme
complex to undergo conversion via glucosyl transfer
to water and P,. The selectivity of D49A for reaction
with P, is low. The R395L mutant differs from the
D49A mutant in that discrimination between reac-
tion with P, and water seems to occur mainly at the
level of binding of the nucleophile to the pB-glucosyl
enzyme intermediate. The selectivity ratio decreased
as the P, concentration was increased (Figure 5)
to eventually reach the value seen in wild-type
LmSPase.

Structural interpretation of the consequences of
substitution of Asp*® and Arg>®>

Using Equation (4), the kinetic data in Table I can
be used to calculate the amount of Gibbs free energy
(AAG*) that is no longer available for stabilisation of
the transition states flanking the p-glucosyl enzyme
intermediate once Asp*® or Arg3°> has been substi-
tuted by site-directed mutagenesis. The calculated
losses of transition state stabilisation energy in the
two mutants as compared to the wild-type enzyme
are large and seem to exceed by far the typical value
of AAG* ~ 14.5-18.5 kJ/mol) that one would maxi-
mally expect for the removal of a charged hydrogen
bond between an enzyme side chain and a non-
reacting hydroxy group of the substrate. There is use-
ful evidence from work on the selective modification
of the interacting sites on the enzyme (point muta-
tion; for two seminal papers, see Fersht et al. 1985;
Wells & Fersht 1985), the substrate (synthetic sub-
stitution of the relevant hydroxy group by hydrogen
or fluorine; e.g. Street et al. 1986; Frandsen et al.
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2002) or both (e.g. Sierks & Svensson 1992; Sierks
& Svensson 2000) that support this rough upper
limit to the energetic contribution of a single hydro-
gen bond to transition stabilisation.

The very large AAG# values associated with
enzyme glucosylation from sucrose in both mutants,
however, especially in the D49A mutant, are prob-
ably best explained by a structural disruption caused
by the mutations that was not strictly local but
relayed to proximal parts inside and outside of the
catalytic subsite where the glucosyl residue is accom-
modated. Comparison of the specific activities in
phosphorolysis direction for the single mutants with
the corresponding specific activity for the D49A-
R395L double mutant supports the suggestion that
mutation of Asp?® has probably resulted in an essen-
tially complete destruction of the functionality of the
binding site for the C, hydroxy group, disrupting not
only the hydrogen bond from Asp*® but also that
from Arg3°3.

Moreover, consequences of the two mutations
expressed in terms of AAG* (enzyme glucosylation)
were highly dependent on the leaving group of the
glucosyl donor substrate, being up to 10 kJ/mol
(D49A) or 7 kJ/mol (R395L) smaller when GlclP
was utilised instead of sucrose. This result suggests
that there is a certain degree of synergism in catalytic
function between the subsite that binds the glucosyl
residue and the neighbouring subsite that binds the
leaving group; and that the cooperation between the
two subsites is decreased as a result of the substitu-
tion of Asp?® and Arg?®> through the occurrence of
a proximally disruptive effect. Of note, the work of
Frandsen et al. (2002) provides an estimate for the
energetic consequence in the transition state of
enzyme glucosylation in GH-13 a-glucosidases that
results from complete removal of hydrogen bonding
with the glucosyl C, hydroxy group due to the use
of a deoxygenated donor substrate. These AAG* val-
ues are in the order of [120 kJ/mol and substantially
lower than AAG¥ values for reaction of D49A and
R395L mutants with sucrose (Table I), supporting
the notion that the effect of the mutations goes
beyond destruction of the hydrogen bonding at C,.
Even though this conclusion invalidates the use of
the kinetic data in Table I for measurement of the
hydrogen bond strength with the C, hydroxyl in
LmSPase, the results have an important bearing on
our understanding of the role of communication
between the two phosphorylase subsites on recogni-
tion and specificity of the enzyme, as follows.

It has been suggested from crystal structures of
BaSPase (Sprogee et al. 2004; Mirza et al. 2006) that
the enzyme must undergo a protein conformational
change at subsite + 1 to switch between utilisation of
fructose and P, as leaving group/nucleophile of the
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reaction. The residues mainly involved in this con-
formational change are Arg!®’, Asp33® and Tyr340
(LmSPase numbering), and their proposed roles in
binding recognition and catalysis have been con-
firmed by mutagenesis (Mueller & Nidetzky 2007a).
Structural plasticity at subsite + 1 is suggested to be
responsible for two salient features of the D49A and
R395L mutants that are not present in the wild-type
enzyme: substrate inhibition by P,, and strong com-
petition from water for reaction with the B-glucosyl
enzyme intermediate.

Superimposition of the structure of free BaSPase
(Sprogee et al. 2004) with the structure of the
enzyme-sucrose complex (Mirza et al. 2006)
(Supporting Figure S2 available online at http://www.
informahealthcare.com/bab/doi/10.3109/
10242422.2012.674720) reveals that binding of
sucrose does not induce conformational changes at
either one of the two subsites of the enzyme. This
finding implies that BaSPase is structurally preorganised
already in the free enzyme to bind an o-glucosyl
donor substrate that contains a fructose leaving group.
Of note, the structure of free BaSPase has the main
phosphate-binding residues (Arg!3?, Tyr?%) pointing
out of subsite + 1, suggesting that the enzyme should
be able to discriminate against formation of a non-
productive binary complex with P,. The timing of
binding of P, that seems to be so very well-orchestrated
with respect to formation of the P-glucosyl enzyme
intermediate in wild-type LmSPase, has probably
been messed up as result of mutations of Asp*® and
Arg?%. Accumulation of the enzyme—phosphate com-
plex at high P, levels in the steady state appears to be
a plausible reason for the onset of substrate inhibition
by P, in the mutated phosphorylases. Both D49A and
R395L mutants would seem to favour a ‘phosphate-
binding ready’ conformation of the free enzyme that
is not present in wild-type LmSPase.

Why is deglucosylation to P, affected (up to 210-
fold) less strongly by mutation of Asp*® and Arg3°>
than the deglucosylation to fructose? We think that
the structural requirements for binding of P, are by
far less stringent than those for binding of fructose.
One could imagine multiple reactive conformations
of the P, molecule while for fructose, there probably
exists only a single conformation that leads to gluco-
syl transfer. Therefore, small structural changes at
subsite —1 caused by the proximally disruptive effect
of substitution of Asp* or Arg3°> could simply be
more easily tolerated, through alternative conforma-
tions, in the reaction with P, as compared to the reac-
tion with fructose. The notion of an alternatively
bound P; acceptor substrate would be consistent with
observations for the D49A mutant where water shows
an unusually strong competition with bound P, for
reaction with the B-glucosyl enzyme intermediate.
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Conclusion

The evidence presented herein portrays Asp*® or
Arg®%5 as essential residues of glucosyl transfer to
and from P, catalysed by LmSPase and by extension
due to sequence conservation, other sucrose phos-
phorylases. The proximally disruptive effects of site-
directed substitution of Asp?® by Ala and Arg>°> by
Leu provided an unexpected opportunity to gain
further insight into binding recognition of the leav-
ing group/nucleophile at subsite +1 of the enzyme.
The results reveal how important it may be for the
wild-type enzyme to discriminate against binding of
P, to the free phosphorylase in order to prevent sub-
strate inhibition by P, from taking place.
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Enzyme Asp His Arg Asp Glu His Asp Arg
v C.-OH Cs-OH C,-OH Cs-OH C.-OH C,-OH & C;-OH | C,~OH & C3-OH C4—OH
Amylosucrase PEGKSD*!GGYAV | DFIFNH'STSNEH | GVDILR®®MDAVA | DILRMDPMAVAFI | PDOVVEMSYIGQO- | HTAWVN®YVRSH | TAWVNY?®VRSHD | RWAHRB®ZRYNEA

(Mirza et al. 2001)
Sucrose hydrolase
(Kim et al. 2008)

a-Glucosidase

(Shirai et al. 2008)

Tsomaltulose synthase
(zhang et al. 2003)

Sucrose phosphorylase

(Sprogee et al. 2004)

RAGDND'GGFAV | DFVLNH'TADDH | GVEAFRPLDSTA | EAFRLD®’STAYL | MTQLPP'™YFGSG | HCAWLS™YVRCH | CAWLSY'VRCHD | RWLHRBP?AMDWQ

P--NAD® NGYDI | DLVINH!?TSDEH | GIDGFR™IIDAIS | DGFRIDMAISHI | YDIMTV?*'GEANG | KRTLTK’*7WQKGI RTLTKWOKGLE | PWIKVN'ENYRT

P--NTD'™NGYDI | DVVINH™ITSDQH | GVSGMR*¥FDTVA | SGMRFD*'TVATY | YDVATA**GEIFG | RQITSK™MDVTV | QIISKM’™DVTVG | PWFHIN'*PNYVE

PFDGAD® AGFDP | DATVNH™MSWES | HVSYIR™PLDAVG | SYTRLD!AVGYG | LEILIE®?VHSYY | TVLDTH®*¥DGIGV | VLDTHD®¥GIGVI | ----- R¥DINRH

Supplementary Figure S1. Partial multiple sequence alignment of selected glucoside hydrolases and
transglucosidases from family GH-13 showing partial positional conservation of amino acids that pro-
vide charged hydrogen bonding interactions with the glucosyl moiety of their substrate. The par-
tial sequences shown are amylosucrase from Neisseria polysaccharea (AAT15258.1), sucrose hydrolase
from Xanthomonas axonopodis pv. glycines (AAQ93678.1), a-glucosidase from Geobacillus sp. HTA-462
(BAE48285.1), isomaltulose synthase from Klebsiella sp. LX3 (AAK82938.1) and sucrose phosphorylase
from Bifidobacterium adolescentis (AAO33821.1).

22



2 Sucrose phosphorylase: Enzyme-substrate interactions at the catalytic subsite

Supplementary Figure Sz2. Structural overlay of the catalytic subsites in free (blue; PDB entry 1rya
molecule A) and sucrose bound (grey; PDB entry 2gdu, molecule A) BaSPase. The residues inter-
acting with the glucopyranosyl moiety of sucrose are shown. Furthermore, the residues involved
in the conformational change at subsite -1 between utilisation of fructose and phosphate as leav-
ing group/nucleophile are displayed. The figure reveals that there are no significant conformational

changes at both subsites in response to binding of sucrose.
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Ala (F52A) or Asn (F52N) were characterized by free energy profile analysis for catalytic glucosyl
transfer from sucrose to phosphate. Despite large destabilization (> 3.5 kcal/mol) of the transition
states for enzyme glucosylation and deglucosylation in both mutants as compared to wild-type,
the relative stability of the glucosyl enzyme intermediate was weakly affected by substitution of
Phe®2. In reverse reaction where fructose becomes glucocylated, “error hydrolysis” was the prepon-
derant path of breakd of the coval intermediate of F52A and F52N. It is proposed, therefore,
that Phe’? facilitates reaction of the phosphorylase through (1) positioning of the transferred gluco-
syl moiety at the catalytic subsite and (2) strong cation-n stabilization of the oxocarbenium ion-like
transition states flanking the covalent enzyme intermediate.

© 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.

Oxocarbenium ion
Aromatic stacking
Glycoside hydrolase
Glycosyltransferase

1. Introduction

Recognition of carbohydrates by proteins often involves
m-interactions from aromatic side chains of Phe, Tyr, and Trp.
Aromatic rings undergo stacking with pyranoses and furanoses
whereby their m-electron cloud interacts with aliphatic protons
of the sugar ring [1-4]. The resulting interaction energies were
reported to vary between —0.5 and —0.8 kcal/mol, depending on
the nature of the aromatic ring and the carbohydrate [5]. Not
surprisingly, therefore, carbohydrate-m interactions are widely
utilized by glycoside hydrolases (e.g. [6,7]), glycosyltransferases
(e.g. [8-10]) and carbohydrate-binding modules [11,12] to achieve
recognition and specificity for their natural substrates. A striking
commonality among the diverse families of glycoside hydrolases
is the occurrence of a family-specific hydrophobic motif in their
catalytic subsites. This motif usually consists of one or more aro-
matic residues and is found irrespective of whether the glycoside

Abbreviations: Glc1P, a-p-glucopyranosyl phosphate; Glc1F, a-p-glucopyranosyl
fluoride; SPase, sucrose phosphorylase (EC 2.4.1.7); BaSPase, Bifidobacterium
adolescentis SPase; LmSPase, Leuconostoc mesenteroides SPase

* Corresponding author. Fax: +43 316 873 8434.
E-mail address: bernd.nidetzky@tugraz.at (B. Nidetzky).

hydrolase utilizes an o or B-configured pyranosyl substrate and
hydrolyzes it with retention or inversion of anomeric configuration
[13]. Its proposed role in catalysis is to aid in the conformational
itinerary of the glycopyranoside upon moving from the ground
state (e.g. “Cy chair) to the oxocarbenium ion-like transition state
(e.g. “Hs half-chair). Non-polar contacts with the hydrophobic
C4-Cs-hydroxymethyl moiety of the glycopyranoside that become
tightened in the transition state are believed to be the source of the
catalytic facilitation provided. In addition to this conformational
stabilization derived from carbohydrate-n interactions, there is
the interesting question if aromatic side chains contributed to
the catalytic subsite might also be important for electrostatic stabil-
ization of the transition state of the glycoside hydrolase reaction.

Family GH-13 constitutes a large group of retaining hydrolases
and transglycosidases that act on a-O-glycosidic substrates such as
starch and sucrose [14]. Its members contain a special aromatic
motif (Fig. 1; [15-21]) where a highly conserved Phe/Tyr is posi-
tioned at the B-face of the glucopyranosyl ring bound in the cata-
Iytic subsite. Sucrose phosphorylase (from Leuconostoc
mesenteroides; LmSPase) was chosen for examining with site-direc-
ted mutagenesis the function of the relevant aromatic residue
(Phe®?) in the catalytic mechanism. Note: the aromatic motif in
Fig. 1 must be distinguished from the likewise present hydrophobic

0014-5793/$36.00 © 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
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Organism
Enzyme GenBank Sequence

Amylosucrase [15] NElSSE“‘;:ﬁ?;Z%CTMF" EGKSDGGER#AVSSYRD

- - Xanthomonas axonopodis pv. Glycines 133,
Sucrose hydrolase [16] ARQ93678.1 AGDNDGGESTAVSDYGQ

B Geobacillus sp. HTA-462 L 62,
a-Glucosidase [17] BAEA8285 .1 NADNGEHDISDYYA

Klebsiella sp. LX3 _ ~Epu0E
Isomaltulose synthase [18)] ARK82938 .1 NTDNGEE¥DISsNYRQ

. Bacillus circulans 133,
Cyclodextrin glycosyltransferase [19] CAR48401.1 TNTAYHGY S WARDFKK
a-Amylase [20] Edmu“smi;;;ggff'mm GYGAYDLERDLGEFEQ

- ” Bifidobacterium adolescentis 53,
Sucrose phosphorylase [21] AR033821.1 FDGADAGE "DPIDHTK

Cc

Fig. 1. The aromatic motif at the catalytic subsite of selected glucoside hydrolases and transglucosidases from family GH-13, revealed by Phe/Tyr residue conservation in both
sequence (A) and three-dimensional structure (B and C). Panel B shows relevant interactions with the glucopyranosyl moiety of sucrose in the catalytic subsite of B.
adolescentis sucrose phosphorylase (BaSPase). Note: Phe®? of LmSPase is homologous to the shown Phe®® of BaSPase. Panel C is a structural overlay of the corresponding
catalytic subsite parts of BaSPase (2GDU; black), N. polysaccharea amylosucrase (1JGI; green) and Klebsiella sp. isomaltulose synthase (1M53; red).

motif (Phe!®® in LmSPase) of conformational stabilization [13]
that is not considered herein. LmSPase belongs to a particular
group of transglycosidases within family GH-13 that promote
reversible glucosyl transfer from sucrose to phosphate (P;), yielding
o-p-glucopyranosyl phosphate (Glc1P) and p-fructose as products
[22]. Like in other GH-13 enzymes [23-26], catalytic reaction of
LmSPase involves formation (glucosylation) and breakdown
(deglucosylation) of a covalent B-glucosyl enzyme intermediate
[27]. The proposed role of Phe®? involves stabilization, by strong
cation-mt interactions, of the oxocarbenium ion-like transition
states leading to and from the glucosylated enzyme.

2. Materials and methods

Materials used have been described elsewhere [22]. o-p-Gluco-
pyranosyl fluoride (Glc1F) was prepared by Zemplen deprotection
from 2,3,4,6-tetra-O-o-p-glucopyranosyl fluoride that was ob-
tained from TCI Europe.

2.1. Site-directed mutagenesis and enzyme preparation

Mutations resulting in substitution of Phe®? by Ala (F52A) or
Asn (F52N) were introduced using a reported two-stage PCR
protocol [28] in which a pQE30 expression vector encoding wild-
type LmSPase was used as template [22]. Oligonucleotide primers
and details of conditions used for PCR are summarized in
Supplementary data. For expression, we subcloned native and
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mutated genes, via BamHI and Pstl restriction sites, from pQE30
into pASK-IBA7+ (IBA GmbH). The pASK-IBA7+ constructs intro-
duce Strep-tag II at the N-terminus of each enzyme. The new tag
(8 amino acids) is comparable in length to the previously used
His-tag (11 amino acid), which however did not facilitate protein
isolation [22]. All inserts were confirmed by sequencing in sense
and antisense directions. Escherichia coli Top10 cells harboring
PASK-IBA7+ construct were cultivated under standard conditions
(Supplementary data) using induction with 200 pg/l anhydrotetra-
cycline (6 h, 25 °C). Crude cell extract was prepared with a French
press and protein was purified using chromatography on a Strep-
Tactin Superflow column (bed volume 5 ml) (for details, see the
Supplementary data). Purification was monitored by SDS-PAGE.

2.2. Assays

Enzyme activity in direction of phosphorolysis of sucrose was
determined at 30 °C using a continuous coupled enzymatic assay
with phosphoglucomutase and glucose-6-phosphate dehydroge-
nase [22]. Protein concentration was measured with the BioRad
dye-binding method referenced against BSA. Glucose was deter-
mined using an assay with hexokinase and glucose-6-phosphate
dehydrogenase [22]. Glucose in the presence of fructose was deter-
mined using an assay with glucose oxidase and peroxidase [29].
Glc1P was assayed using phosphoglucomutase and glucose-6-
phosphate dehydrogenase [22]. Phosphate was determined colori-
metrically at 850 nm [22]. Other analytical methods (NMR, HPLC)
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were described elsewhere [27] and specific details are provided in
Supplementary data.

2.3. Initial-rate studies and steady-state kinetic analysis

Reactions were performed at 30 °C in 50 mM MES buffer, pH
7.0, and monitored by product formation (phosphorolysis: Glc1P;
synthesis: P;) in discontinuous assays. The typical concentration
of wild-type LmSPase was 0.001 mg/ml, that of F52A and F52N
was 0.3 mg/ml. Initial-rate measurements were done under condi-
tions in which conversion of limiting substrate was less than 5%
and increase in product concentration was linearly dependent on
incubation time. Glucosyl donor and acceptor concentrations were
varied in a suitable range, depending on the enzyme used: sucrose
(0.01-800 mM), P; (0.01-250 mM), Glc1P (0.01-250 mM), fructose
(0.01-800 mM), Glc1F (0.1-250 mM). Control reactions lacking the
enzyme or one of the substrates were performed, and enzymatic
initial rates were corrected as required. Kinetic parameters (Viax,
Ky,) were obtained from non-linear fits of data to the Michaelis-
Menten equation. When enzyme was not saturable with substrate
and independent determination of V.« and Ky, therefore not pos-
sible, Vimax/Km was obtained from data acquired under substrate-
limited reaction conditions where the rate increases in linear
dependence on substrate concentration. The catalytic constant
was calculated from the relationship kcac = Vinax/E Where E is the
molar enzyme concentration based on a molecular mass of
59 kDa for the LmSPase subunit.

2.4. Construction of free energy profiles

A 1-M standard state was assumed for all reactants. Tempera-
ture (T) was 303.15 K. Keq_kin and Keq_therm are kinetic and thermo-
dynamic expressions of the equilibrium constant for the
phosphorylase reaction (Eq. (1)) at pH 7.0.
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Keq_therm Was determined from a series (N = 9) of phosphorolysis
experiments that used different initial concentrations of sucrose
(0.05-0.5M) and phosphate (0.05-0.5M) dissolved in 50 mM
MES buffer, pH 7.0. The concentration of GIc1P at apparent equilib-
rium was measured, and Keq therm Was calculated according to Eq.
(1). A value of 9 (+61%) was obtained. Gibbs free energies (AG)
were calculated using Eqs. (2) and (3) where R is gas constant
(8.314]/(mol K)), k is the Boltzmann constant (1.38 x 1023 J/K)
and h is the Planck constant (6.626 x 10734 ]s). AG® and AG* are
equilibrium and transition-state energies, respectively.

AG® = —RT I Keg_iin )
AG" = RT In(ksT/h) — RT In(Keae/Kom) 3)

Eq. (4) was used to calculate the Gibbs free energy for the cova-
lent intermediate where Kca/Km (P;) and Kcat/Km (Glc1P) are cata-
lytic efficiencies for P; and Glc1P, respectively.

AG™ = AG™ + RT In[Keat /Kon (P)/Kear/Kin(GIC1P)] (4)

3. Results and discussion

Strep-tagged phosphorylases were purified to apparent electro-
phoretic homogeneity in a single step of affinity chromatography
(Supplementary Fig. 1). Protein isolation was therefore made much
simpler than it was when working with His-tagged LmSPase that
needed to be purified through a multiple-step procedure [27]. Ki-
netic parameters for phosphorolysis and synthesis of sucrose by
the Strep-tagged form of wild-type LmSPase are summarized in
Table 1. Although the numbers are not identical to those reported
in earlier work using the His-tagged enzyme [30], it is clear that
exchange of the N-terminal tag went along with useful retention
of the known kinetic properties of wild-type LmSPase. However,
data for the wild-type enzyme are required as reference for analy-
sis of kinetic consequences in LmSPase mutants that also harbor

Sucrose + phosphate < GIc1P + fructose (1) Strep-tag II.
Table 1
Kinetic parameters in phosphorolysis and synthesis direction catalyzed by wild-type LmSPase and Phe®? mutants thereof.
Reaction Wild-type F52A F52N
Phosphorolysis of sucrose
Glucosylation from sucrose' keat [s71] 117 na. na
K [MM1] 9.8 na. n.a.
keat/Km [s7' mM~'] 12 23 %1073 30x 1073
Deglucosylation by phosphate? keat [s71] 145 3.3 3.1¢
Km [MM 1] 6.0 46 42
keat/Kem [s! mM '] 24 7.2 x 102" 74 %1024
Synthesis of sucrose
Glucosylation from Glc1P? keat [s71] 39 9.8 x 1073 35x 1072
K [MM 1] 47 0.4 18
Keat/Km [s~1 mM~1] 83 2.5 %1072 1.9 x 1073
Deglucosylation by fructose* Keat [s71] 47 na. n.a.
K [MM "] 13 n.a. n.a.
Keat/Km [s7! mM '] 3.7 (7.1 x 1074)¢ (1.3 x1072)
keaw® [s71] 1.5 44 %1073 34x1073
Phosphorolysis of GIc1F
Glucosylation from Glc1F® keat [s7] 121 na. na.
K [MM1] 22 na. n.a.
keat/Km [s7' mM~'] 5.5 33 %1073 43 x10°3

The S.D. for ke, and kea/Km Was equal or smaller than 3.5% and 14% of the reported values, respectively, with the exception of 22%, "31%, €19%, 929%. °The values in
parenthesis were calculated with the Haldane relationship, assuming a value of 9 for Keq ki
1 Sucrose was varied at 14 levels between 0.01 and 120 mM for the wild-type enzyme. For the mutants, sucrose was varied at 10 levels between 5 and 800 mM. Phosphate

was constant at 50 mM.

2 Phosphate concentration was varied at 17 levels between 0.01 and 140 mM for the wild-type enzyme. For the mutants, phosphate was varied at 11 levels between 1 and

250 mM. Sucrose was constant at 500 mM.

3 Glc1P was varied at 12 levels between 0.5 and 250 mM for the wild-type enzyme. For F52A, Glc1P was varied at 10 levels between 0.01 and 10 mM. For F52N, Glc1P was

varied at 16 levels between 0.01 and 250 mM. Fructose was constant at 100 mM.

4 Fructose was varied at 12 levels between 1 and 200 mM. GIc1P was constant at 100 mM.
5 Hydrolysis of Glc1P was determined under conditions when no fructose was present. Glc1P was used at 50 mM.
6 GIc1F was varied at 14 levels between 0.1 and 250 mM for both wild-type enzyme and mutants. Phosphate was constant at 50 mM.
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3.1. Kinetic consequences of substitution of Phe® in LmSPase

Purified preparations of F52A and F52N showed specific activi-
ties for phosphorolysis of sucrose under standard assay conditions
(50 mM of each sucrose and P;) that were 221- (F52A) and 145-fold
(F52N) below the wild-type level of 98 U/mg, suggesting that Phe®?
has an important role for substrate binding and/or catalysis by
LmSPase. Kinetic parameters of the two mutants were determined
for each direction of enzymatic glucosyl transfer, and the results
are shown in Table 1. The phosphorolysis rate of both F52A and
F52N showed a linear dependence on the sucrose concentration
up to a level of 800 mM, indicating that K, for this substrate was
dramatically increased in the mutants, substantially more than
80-fold (= 800/10) as compared to the K, for the wild-type
enzyme, and that it was raised to a value far outside of the
experimental range. Expressed in ke, /K terms, F52A was about
5200-fold and F52N was about 4000-fold less efficient than the
wild-type enzyme.

Using P; as varied substrate when the sucrose level was constant,
the K, value for P; of both mutants was about 8-times higher than
the wild-type K;,. The phosphorolysis rate of each mutant showed
substrate inhibition by P;, the corresponding inhibition constant
Kis being 66 mM for F52A and 87 mM for F52N. The catalytic effi-
ciency of the two mutants was decreased about 330-fold as com-
pared to kea/Kn (P;) of the wild-type enzyme. The effect of
substitution of Phe®? on kinetic parameters for the synthesis direc-
tion was interesting because it involved a large decrease in both k¢
and kcat/Km (GIc1P) relative to the corresponding parameters of
wild-type LmSPase while at the same time the K, for Glc1P was
only moderately changed. We describe later why it was not possible
to determine kinetic parameters of the two mutants for fructose.

3.2. Enzymatic phosphorolysis of GIc1F

GIc1F is a highly active glucosyl donor substrate for wild-type
LmSPase [31]. It was examined here as alternative substrate for
the phosphorolysis reaction catalyzed by the Phe®? mutants. Just
like when sucrose was utilized as glucosyl donor, the phosphorol-
ysis rate of F52A and F52N was linearly dependent on the Glc1F
concentration. In terms of k./Ky, (Table 1), both mutants were
about 1000-fold less active than the wild-type enzyme that em-
ploys GIc1F with an efficiency comparable to that for the reaction
with sucrose. GIc1F differs from sucrose with respect to chemical
nature and molecular size of the leaving group, fluoride in contrast
with fructose. Because site-directed substitution of Phe®? had a
similar disruptive effect of comparable magnitude on apparent
binding of both donor substrates, it seems highly unlikely that loss
of stabilizing interactions with the fructose moiety at subsite +1
accounts for the large increase in K, for sucrose in F52A and
F52N as compared to the corresponding K, for wild-type enzyme.

3.3. Free energy profiles for reactions of wild-type and mutated
enzymes

Interpretation of kinetic data for F52A and F25N is done on the
basis of the Ping-pong bi-bi kinetic mechanism of wild-type
LmSPase [31]. Therefore, kc.t/Km for donor and acceptor substrate
represents formation and breakdown of the glucosyl enzyme
intermediate, respectively. Because limitation in acceptor sub-
strate results in accumulation of a high steady-state concentration
of glucosylated enzyme irrespective of the saturation level of donor
substrate, k..t/Km of F52A and F52N for P; are useful despite the
very high K, for sucrose. The ratio of kc,¢/Ky, for sucrose and fruc-
tose is the equilibrium constant of enzyme glucosylation from su-
crose (Keq giu). The ratio of ke/Km for P; and GIc1P is the
equilibrium constant for enzyme deglucosylation by P; (Keq_degiu)-
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Data from Table 1 are used to calculate that in the reaction of
the wild-type enzyme, Keq g1y and Keq_gegiy have similar values of
3.24 and 2.89, respectively. The kinetic expression (Haldane rela-
tionship) for the overall equilibrium constant (Keq kin) iS Keq giu %
Keq_degiu and has a value of 9. Keq kin is validated by useful agree-
ment with an experimentally determined value of 10 for Keq therm-
The discrepancy between this Keq_therm and the Keq therm Of 44 re-
ported by us in an earlier paper [22] is brought to knowledge.
The source of problem in determination of Keq_therm in the previous
study is not known.

Free energy profiles were constructed by applying kinetic data
in Table 1 to Egs. (2)-(4), and results are displayed in Fig. 2. Substi-
tution of Phe>? caused a large destabilization of the transition state
for enzyme glucosylation by sucrose (AAG* ~ +5 kcal/mol). This
destabilization was uniform among the two mutants. The transi-
tion state for glucosylation by Glc1P was destabilized by
+3.5 kcal/mol in F52A and even more so (~ +5 kcal/mol) in F52N.
Interestingly, therefore, the stability of the covalent intermediate
was not affected (F52A) or only slightly decreased (F52N;
1.6 kcal/mol) in the mutants as compared to wild-type enzyme.
We are not aware of studies that have measured the thermody-
namic stability of covalent reaction intermediates in glycoside
hydrolases and transglycosidases of family GH-13. We therefore
believe that Fig. 2 could be of a general interest in this respect. It
is also worth pointing out that glucosylation of the wild-type en-
zyme by sucrose is thermodynamically favored whereas “reverse”
glucosylation from Glc1P must proceed energetically uphill.

The results in Fig. 2 support the suggestion that stabilization by
Phe®? is selective for the transition states of the reaction catalyzed
by LmSPase. Cation-m interactions between the aromatic ring of
the Phe and the glucopyranosyl oxocarbenium ion-like species that
is thought to be formed in each transition state [31] are the prob-
able source of this stabilization. Both the distance of about 4.6 A
between the interacting groups (Fig. 1) and the apparent amount
of stabilization energy derived from the proposed interaction
(Fig. 2) would be in useful agreement with literature on geometri-
cal and energetic features of the cation-m interaction [32-35].
However, interpretation of kinetic consequences resulting from
site-directed substitutions of Phe® in terms of loss of local interac-
tion energy must be made with caution. It is crucial to consider the
possibility of a proximally disruptive effect of the Phe>? replace-
ment, on interactions of the nearby Asp*® with the transferred

20 -
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enzyme B-glucosyl enzyme intermediate enzyme
+ + +
-5 J sucrose —2 P; =——— GIc1P
+ + +
Pi fructose fructose

Fig. 2. Standard free energy profile for phosphorolysis of sucrose catalyzed by wild-
type LmSPase (black), F52A (red), and F52N (green) at 30°C and pH 7.0. TS,
transition state.
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glucosyl moiety (Fig. 1B), for example. However, crystallographic
data for Bifidobacterium adolescentis SPase (BaSPase) [21,23] reveal
that Phe®? and Asp*® (LmSPase numbering) as well as the entire loop
containing the two residues are almost perfectly superimposed in a
structural overlay of the catalytic subsites in free, sucrose-bound
and glucosylated enzyme forms (Supplementary Fig. 3). The posi-
tions of Asp>° and Phe>? are further stabilized by a turn structure
that involves residues 49-52 (Fig. 1B). We therefore believe that
effects of substitution of Phe®® on catalytic function of LmSPase
are predominantly due to a local structural disruption.

3.4. “Error hydrolysis” during glucosyl transfer to fructose

When F52A or F52N was assayed in direction of synthesis of su-
crose, it was found that the initial rate of P; release was hardly
changed from “background level” (50 mM Glc1P, no fructose) upon
the addition of fructose in concentrations ranging from 10 uM to
800 mM. We therefore used NMR and HPLC to analyze samples
that were taken from a 72 h-long synthesis reaction (20 mM GIc1P,
100 mM fructose) catalyzed by the two mutants. Despite substan-
tial conversion of Glc1P (F52A: 85%; F52N: 66%), sucrose was pro-
duced in very low amounts (F52A: 1.5 mM; F52N: 4.5 mM). The
analysis also revealed that donor substrate utilization by the two
mutants was mainly via hydrolysis. Luley-Goedl and Nidetzky
[36] have determined a partition coefficient of 36.4 M~! for reac-
tion of the B-glucosyl enzyme intermediate of wild-type LmSPase
with fructose and water. Observations for F52A and F52N imply
that the analogous partition coefficient for the mutants must have
been decreased dramatically as result of substitution of Phe2.
Using data in Table 1 we can apply the Haldane relationship,
Keq_giu X Keq_deglu = Keq_therm, t0 estimate that ke, /Ky for fructose
is on the order of 7 x 1074 mM's! (F52A)and 1 x 10> mM's~!
(F52N). When we now calculate the ratio of kc,/Ky, (fructose) and
the ket for hydrolysis of Glc1P (kcan, Table 1), partition coefficients
of 161 M~! and 3800 M~! are obtained for F52A and F52N, respec-
tively. The analogously calculated partition coefficient for the wild-
type enzyme is 2467 M, differing from the experimentally deter-
mined partition coefficient [36] by almost two orders of magni-
tude. A tentative explanation for this discrepancy is that
hydrolysis of glucosylated LmSPase can take place from a complex
of the enzyme intermediate and fructose, and this hydrolysis is
substantially (>10%-fold) faster than hydrolysis of the intermedi-
ate under conditions when no fructose is present (kca). Note:
fructose could bind to glucosylated LmSPase in several of its differ-
ent conformations (e.g. o/B-furanose; o/B-pyranose) in aqueous
solution. It is speculative but certainly possible that enzyme com-
plexes with fructose unable to form sucrose might show enhanced
tendency towards hydrolysis. The change in enzyme selectivity for
reaction with fructose as compared to reaction with water that re-
sults from substitution of Phe>? and is clearly observable in the
synthesis experiments described above would thus be determined
by altered reactivity of the complex between glucosylated enzyme
and fructose for undergoing conversion via transfer to acceptor or
hydrolysis. It would not be determined by competition between
mutually exclusive nucleophiles, that is, fructose and water, for
binding to the enzyme intermediate.

We also examined if hydrolysis was a relevant side reaction
during phosphorolysis of sucrose by the two mutants. However,
like wild-type LmSPase, both F52A and F52N did not produce glu-
cose within limits of error as long as P; was present in the reaction
mixture. Therefore, these findings imply that substitution of Phe®?
was selective in opening up competition from reaction with water
during enzyme deglucosylation to fructose as compared to enzyme
deglucosylation to P;. Aromatic interactions from Phe®? appear to
be required for precise positioning of the transferred glucosyl moi-
ety such that productive nucleophile attack from fructose can take
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place and “error hydrolysis” is suppressed effectively. Reaction
with P; may not be dependent on similar positioning effects from
Phe>? or the binding of P; could prevent nucleophilic water from
entering the active site.

4. Conclusions

Aromatic interactions from Phe®? in the catalytic subsite of
LmSPase facilitate enzymatic catalysis of reversible phosphorolysis
of sucrose in two different ways. Each of the two oxocarbenium
ion-like transition states leading to and from the B-glucosyl en-
zyme intermediate appears to recruit a large amount of stabiliza-
tion from cation-m interaction with Phe®?. Making the error of
reacting with water instead of reacting with fructose becomes
strongly favored upon replacement of Phe®2. We therefore suggest
that uncharged = interaction with the B-glucosyl moiety of the
covalent enzyme intermediate contribute to precise positioning
of the transferred glucosyl residue relative to fructose acceptor,
thereby reducing possible interception from water. There is a high
degree of conservation for the aromatic motif at the subsites —1 of
various glycoside hydrolases and transglycosidases of family GH-
13 (Fig. 1). Stabilization of oxocarbenium ion-like transition states
by cation-7m interactions could therefore be a common theme of
catalysis by the members of this family. Several other enzymes
[10,37-41], among them glycosyltransferases [8,10] that show sig-
nificant mechanistic analogy to glycoside hydrolases [42], have
been proposed to stabilize (partial) positive charges in intermedi-
ates or transition states of their reaction, by up to 4 kcal/mol
[37], with the help of ® bonding interactions.
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S1 Site-directed mutagenesis, production and purification of enzymes
A pair of complementary oligonucleotide primers, each introducing the desired site-directed substitu-

tion at the protein level, was used. The mismatched bases are underlined.

F52A forward: 5-GGTGATCGCGGTGCTGCGCCAGC-3
F52A reverse: 5-GCTGGCGCAGCACCGCGATCACC-3’
F52N forward: 5'-GGTGATCGCGGTAATGCGCCAGC-3’
F52N reverse: 5-GCTGGCGCATTACCGCGATCACC-3’

The two-stage protocol involved in the first step, two separate PCR reactions with the forward and
reverse primer. These reactions consisted of a preheating step at 95°C for 60 s followed by 4 reaction
cycles (95°C, 50 5/60°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 Dpnl and transformed into electro-competent E. coli Top1o
cells. Mini-prep plasmid DNA was sequenced in order to verify the introduction of the desired sub-
stitutions. Isolated pQE30 vectors harboring genes for wild-type and mutated LmSPase were digested
using Fast Digest restriction enzymes BamHI and Pstl (Promega, Madison, USA). The genes excized
in that way were ligated into dephosphorylated pASK-IBA7+ expression vector (IBA, Gottingen, Ger-
many) using a T4-DNA ligase (Promega, Madison, USA). Sequencing in sense and antisense directions
was used to confirm the resulting inserts.

E. coli Top1o cells harboring one of the pASK-IBA7+ expression vectors were cultivated in 1-L baffeled
shaken flasks at 37°C and 110 rpm using LB-media and 115 mg/L ampicillin. When ODs5( reached
0.5-0.6, temperature was decreased to 25°C and gene expression was induced with 200 pg/L anhy-
drotetracycline for 6 h. Cells were harvested by centrifugation at 4°C and 5,000 rpm for 30 min in a
Sorvall RC-5B Refrigerated Superspeed centrifuge. Resuspended cells were frozen at —20°C, thawed
and the suspension was passed twice through a French pressure cell press (American Instruments,
Silver Springs, USA) at 150 bar. Cell debris was removed by centrifugation at 4°C, 14,000 rpm for 45

min. The resulting supernatant was used for further enzyme purification.

Sz Enzyme purification
Protein purification was done at 6°C using a Bio-Rad Duoflow system. Elution of proteins was moni-
tored automatically at 280 nm. All buffers were degassed and filtered using 0.45 ym cellulose-acetate

and 0.2 ym Sartolon polyamide filters. The crude cell extract was passed through an 1.2 ym cellulose-
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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. Results of a typical chromatography are shown in Sup-

plementary Figure 1.

S3 NMR spectroscopic analysis

Reaction mixtures contained F52A or F52N (0.4 mg/mL), 20 mM glucose 1-phosphate and 100 mM
fructose in 50 mM MES buffer (pH 7.0) and were incubated at 30°C for 72 h. Samples were lyophilized,
dissolved in D,O (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 spectra were recorded on a Bruker DRX-400 AVANCE spectrometer (Bruker,
Rheinstetten, Germany) at 300K and 400.13 MHz (*H), 100.61 MHz (13C) or 161.98 MHz (°'P) 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 (H), 20,000 Hz
(13C) and 16,200 Hz (3'P) were obtained, respectively. To determine the 2D COSY, TOCSY, NOESY,
HMQC, and HMBC as well as 'H/3'P-HMQC spectra, 128 experiments with 8 scans and 1024 data
points each were performed. After linear forward prediction to 256 data points in the f,-dimension
and appropriate sinusoidal multiplication in both dimensions, the data were Fourier transformed in
order to obtain 2D-spectra with ranges of 4,000 Hz (H), 20,000 Hz (13C) and 8,100 Hz (*'P). Chemical
proton and carbon shifts were referenced to external acetone (H: 6y 2.225 ppmy; 13C: 5¢ 31.45 ppm)

and phosphorus shifts were referenced to external aqueous 85% phosphoric acid (*'P: §p 0.00 ppm).

S4 HPLC

The same reaction mixtures described above (53 NMR spectroscopic analysis) were analyzed by HPLC.
This was performed on a Shimadzu CTO-20AC system equipped with an Aminex HPX-87C column
(Bio-Rad, Vienna, Austria) that was operated at 75°C. Water was the mobile phase and was applied at
a constant flow rate of 0.6 mL/min. Refractive index detection (Shimadzu RID-10A) was used for all
compounds. Under the conditions applied, the following retention times were obtained: 7.7 min for

sucrose, 9.7 min for glucose, 12.3 min for fructose and 6.2 min for glucose 1-phosphate.
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Supplementary Figure S1. Typical chromatogram for all enzymes isolated. Chromatogram recorded
during purification of F52N by Strep-Tactin affinity chromatography. The column was equilibrated
with buffer W (100 mM Tris/HCI, 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), fractions
containing the enzyme (59-kDa band in SDS-PAGE) 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). Pooled fractions were concentrated and desalted using a HiPrep 26/10 desalting
column (Amersham Biosciences, Uppsala, Sweden), and again concentrated to about 2-5 mg/mL in 50
mM MES buffer, pH 7.0. Stock solutions of wild-type and mutants were stored at —20°C. The yield of

pure protein from one liter culture was about 6 mg.
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Supplementary Figure Sz. Purification monitored by SDS-PAGE. Lane 1: molecular mass standard; 2:

purified wild-type LmSPase; 3: purified F52A; 4: purified F52N.
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Supplementary Figure S3. Structural overlay of the catalytic subsites in free (green), sucrose bound

(blue) and glucosylated (yellow) SPase from Bifidobacterium adolescentis.
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Abstract

Sucrose phosphorylase catalyzes the reversible reaction of sucrose and phosphate to glucose 1-phosphate
and fructose. The reaction proceeds via a double displacement-like reaction mechanism that involves
formation and breakdown of a B-glucosyl enzyme intermediate. Three active-site residues constitute
the catalytic triad, acting as nucleophile (Asp196), acid-base catalyst (Glu237) and transition state stabi-
lizer (Asp295). An aromatic amino acid residue, Phes2, is situated at the B-face of the glucopyranosyl
ring of the donor substrate bound at the catalytic subsite. Phes2 is proposed to facilitate the reaction
by stabilizing the oxocarbenium ion-like transition states flanking the S-glucosyl enzyme intermedi-
ate. To investigate the interplay between the aromatic side chain of Phes2 and the residues of the
catalytic triad on substrate binding and/or catalysis, three double mutants, F52A-D196A, F52A-E237A
and F52A-D29g5A, were designed and subjected to a detailed kinetic characterization. Double mutants,
in which Phes2 and Asp196 or Glu237, respectively, were substituted by Ala resulted in non-active
mutants. Interpretation of the data for the F52A-D295A mutant revealed drastic changes compared
to the kinetic pattern of LmSPase. In particular, the catalytic efficiency for glucosylation from glu-
cose 1-phosphate was strongly affected. Based on these findings docking studies were performed to
thoroughly investigate the accommodation of glucose 1-phosphate in the active-site of LmSPase and
the corresponding mutants. The structural investigations provided an unexpected opportunity to gain
insight on binding of glucose 1-phosphate and revealed how important the conformation of glucose

1-phosphate may be for catalysis.
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INTRODUCTION

Molecular interactions between proteins and carbohydrates are critical in many physiological and
pathological processes (1), including protein trafficking, cell adhesion, fertilization, infection and dif-
ferent aspects of the immune response (2). However, although of great biological relevance the general
understanding of these protein-carbohydrate interactions is still limited (3). Therefore, great effort
takes currently place to contribute to a better understanding of protein-carbohydrate interactions and
to elucidate the mechanisms underlying carbohydrate recognition in the binding sites of the receptor
proteins (1, 2, 4, 5).

Recognition of saccharides by proteins is mainly achieved via hydrogen-bonding interactions, how-
ever, noncovalent interactions mediated from aromatic rings were found to be pivotal too (2). A rich
source for investigating aromatic-carbohydrate interactions are carbohydrate-active enzymes, in partic-
ular glycoside hydrolases and glycosyltransferases (6), which use carbohydrate-aromatic interactions
to achieve recognition and specificity for their natural substrates. Selective binding of carbohydrates to
aromatic residues is mainly accomplished via CH-7 interactions, in which the aromatic ring of pheny-
lalanine, tyrosine or tryptophan can stack with the planar face of the carbohydrate ring (2). Next to
this conformational stabilization mediated by CH-7r interactions, aromatic residues can provide elec-
trostatic stabilization of the transition states of the reaction. The proposed source of the electrostatic
stabilization is a cation-7 interaction, an interaction between aromatic amino acid residues and partial
positive charges of intermediates or transition states (7).

Sucrose phosphorylase from Leuconostoc mesenteroides (LmSPase, EC 2.4.1.7) (8), a representative of
the glycoside hydrolase family 13 (GH-13), contains an aromatic motif, Phes2, which is positioned at
the B-face of the glucopyranosyl ring bound in the catalytic subsite. In a former study, we evaluated
the role of this aromatic motif and analyzed its contribution on ligand binding as well as on catal-
ysis (9). Therefore, we substituted Phes2 to Ala and Asn, respectively. The corresponding mutants,
F52A and F52N, were characterized by free energy profile analysis. Interpretation of the free energy
profile was done on the basis of the Ping-pong bi-bi kinetic mechanism of wild-type LmSPase (10). a-D-
Glucopyranosyl 1-phosphate and D-fructose are converted reversibly into sucrose (a-D-glucopyranosyl-
1,2-B-D-fructofuranoside) and phosphate (Scheme 1). In the first step (enzyme glucosylation), the glu-
cosyl moiety of sucrose (phosphorolysis) or glucose 1-phosphate (synthesis), respectively, is transferred
to Asp196, thereby forming the B-glucosyl enzyme intermediate. In the second step (enzyme degluco-
sylation), the glucosyl moiety is transferred from the S-glucosyl enzyme intermediate to fructose (syn-
thesis) or phosphate (phosphorolysis), respectively (8). Both steps proceed through an oxocarbenium-

ion like transition state. The aromatic interactions from Phe were found to facilitate enzymatic catalysis
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of reversible phosphorolysis of sucrose through (1) positioning of the transferred glucosyl moiety at
the catalytic subsite and (2) strong cation-7r stabilization of the oxocarbenium ion-like transition states
flanking the covalent enzyme intermediate. The amount of stabilization of the oxocarbenium ion-like
transition states from cation-7r interactions with Phes2 was found to be 5.0 kcal/mol for enzyme glu-
cosylation by sucrose and 3.5 kcal/mol for glucosylation by glucose 1-phosphate (9). The observation
that Phes2 is selective for transition state stabilization may be a common theme of catalysis by the
GH-13 family members, as the presence of an aromatic amino acid residue at the subsite -1 is not just a
characteristic in LmSPase but present in various members of the GH-13 family (Supplementary Figure
S1). To expand our understanding on aromatic-carbohydrate interactions, we further investigated the
role of Phes2, in particular we examined the influence of Phes2 on the functionality of the catalytic
triad. The residues representing the catalytic triad were identified in former studies as the nucleophile
(Asp196) (11), the acid-base catalyst (Gluz32) (12) and the transition state stabilizer (Asp295) (13). To
examine whether the known properties of these active-site residues are affected by the substitution
of Phes2, we substituted the corresponding residues and generated three doubly mutated enzymes,
F52A-D196A, F52A-E237A and F52A-D29g5A. Proper folding at the secondary structural level was en-
sured after extensive rebuilding of the active-site in the doubly mutated enzymes, before a detailed

kinetic analysis followed.
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RESULTS AND DISCUSSION

Protein production, folding and characterization

Asp196, Gluz32 and Asp295 were unambiguously identified as nucleophile, acid-base catalyst and tran-
sition state stabilizer in former studies (11-13). To examine whether their known properties are affected
by the substitution of Phes2, we have performed site-directed mutagenesis of the three residues on the
F52A (9) template to generate the three doubly mutated enzymes, F52A-D196A, F52A-E237A and F52A-
D29g5A. Strep-tagged phosphorylases were purified to apparent electrophoretic homogeneity in a two
step-purification procedure (Supplementary Figure S2). The second purification step was introduced
after we noted the problem of co-purification of phosphatase activities in some batches after the single
Strep-tag purification. The phosphatase hydrolyzed glucose 1-phosphate into glucose and phosphate.
This activity was completely absent in samples purified via the two-step purification procedure.
Correct folding of purified LmSPase and mutants was ensured by circular dichroism (CD) spectroscopy.
Far-UV spectra of the purified mutated enzymes were super-imposable on the corresponding spectrum
of LmSPase. The relative proportions of secondary structural elements between LmSPase and mutants
were conserved (Table 1) and agreed with the anticipated data observed in the crystal structure of
LmSPase, which characterizes LmSPase by a mixed a-B composition, whereas the amount of a-helices
(37%) slightly exceeds the amounts of B-sheets (20%) (14, 15).

The specific activities of purified preparations of LmSPase and mutants were evaluated in the standard
assay of phosphorolysis of sucrose (8). As expected, the introduction of the second purification step
went along with an increase in specific activity. In LmSPase, the additional purification step resulted
in an enhancement of specific activity by around 14% to 114 U/mg. This increase was uniform in
F52A, which specific activity was around 200-fold (0.6 U/mg) decreased compared to LmSPase. The
additional substitution of the transition state stabilizer (F52A-D295A) decreased the specific activity by
around 1.6-fold (0.4 U/mg) compared to F52A and by around 300-fold compared to LmSPase. The site-
directed replacement of the nucleophile (F52A-D196A) and acid-base catalyst (F52A-E237A) resulted
in mutants not active within limits of detection of the used assay which corresponds to > 0.0004% of

the activity of LmSPase.

Enzyme-ligand interactions in LmSPase and mutants
We start by presenting some structural investigations, performed to support the subsequent kinetic
interpretations. Based on the crystal structure of the closely related sucrose phosphorylase from Bi-

fidobacterium adolescentis (BaSPase; PDB entry 2gdu) (14), homology models of LmSPase and mutants
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were prepared. Subsequently, the deprotonated form of glucose 1-phosphate was docked into the
active-site of LmSPase and mutants (Figure 1). Several binding modes with comparable energies were
obtained for each enzyme. The selection of the chosen binding mode was done on the basis of best
structural alignment between the glucopyranosyl ring of the docked glucose 1-phosphate and the
glucopyranosyl ring of sucrose, the ligand which was co-crystallized in the structure of BaSPase. The
approach for selecting the binding mode on basis of structural alignment was verified by the STD-NMR
measurements performed with glucose 1-phosphate as ligand and LmSPase and mutants as receptors.
Figure 2 shows the results of the STD-NMR measurements, which were performed to identify the
ligand-binding epitopes of glucose 1-phosphate when bound to LmSPase and mutants. The protons of
glucose 1-phosphate, which are in close contact to the receptor, receive a higher degree of saturation
via the protein resulting in the observation of stronger STD-NMR signals compared with ligand pro-
tons that do not interact with the protein surface. The STD-NMR pattern resulting from the binding of
glucose 1-phosphate to LmSPase was then compared to the corresponding binding pattern of glucose
1-phosphate to the mutants. Overall, the binding behavior of glucose 1-phosphate to LmSPase (Figure
2B) was very comparable of glucose 1-phosphate binding to F52A (Figure 2C), F52A-E237A (Figure
2D) and F52A-D2g5A (Figure 2E); a significant different pattern was just observed when F52A-D196A
was employed as ligand (Figure 2F).

In LmSPase, the reactive group arrangement relative to glucose 1-phosphate seems to be optimal for
catalysis (Figure 1A). Glucose 1-phosphate is positioned such that the nucleophilic attack by Asp196
on the anomeric carbon of the glucosyl moiety (distance 3.2 A) is highly plausible. Furthermore, the
binding of glucose 1-phosphate is supported by hydrogen bonding interactions from the carboxylate
side chain of Asp295 to the hydroxyl groups at C2 (distance 2.8 A) and C3 (distance 3.2 A) of the glu-
cosyl residue. Interestingly, the phosphate of glucose 1-phosphate is positioned in a “tucked-under”
conformation on the A-face of the glucopyranosyl moiety, thereby enabling an interaction between
the phosphate group and the C2-OH of glucose 1-phosphate (distance 2.7 A). Such a conformation
is proposed to provide some ground-state destabilization and to assist the acid/base catalysis of gly-
cosyl transfer (16). The finding of this relatively unusual disposition in LmSPase is surprising, as it
hints structural parallels to several retaining GTs (x-galactosyltransferase LgtC and glucosyltransferase
OtsA) (17, 18) and retaining glycosidases classified as GTs (glycogen phosphorylase, maltodextrin
phosphorylase) (19, 20), in which crystal structures the “tucked-under” conformation of the phosphate
moiety was already observed. The phosphate group of glucose 1-phosphate also interacts with the side
chain of Arg13y, which presumably neutralizes the negative charge that develops during catalysis.

In a previous study Phes2 was substituted by Ala. As this mutant served as template for the introduc-
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tion of the substitutions of the residues from the catalytic triad, we investigated the binding of glucose
1-phosphate in F52A (Figure 1C). Consistent with the in the former study obtained K;, values for glu-
cose 1-phosphate (4.7 mM for LmSPase and 0.4 mM for F52A) (9), which reflected no drastic changes
in substrate binding, the conformation and the binding pattern of glucose 1-phosphate in LmSPase
was very similar compared with F52A.

Note: Glucose 1-phosphate has a pK of 6.13. All reactions for the kinetic characterizations were per-
formed at pH 7.0. The corresponding docking studies were accordingly performed with the dianion
of glucose 1-phosphate as ligand. In addition, a separate docking study was performed in which glu-
cose 1-hydrogenphosphate was employed as ligand (see Supplementary Figure S3). With exception for
F52A-E237A, all other docking studies resulted in the same outcome irrespective if the deprotonated
form of glucose 1-phosphate or glucose 1-hydrogenphosphate was used.

In addition to glucose 1-phosphate as traditional substrate for LmSPase, a phosphono analogue of glu-
cose 1-phosphate, in which the glycosidic oxygen atom was substituted by a carbon atom, was used as
ligand in STD-NMR measurements, molecular docking studies and kinetic characterizations. The STD-
NMR measurement employing the glucose 1-phosphate analogue as ligand and LmSPase as receptor
did not result in any STD-effects, which means that either the ligand inhibits LmSPase or does not bind
to the active-site. Subsequently, the hydrolytic activity of LmSPase towards glucose 1-phosphate and
the phosphono analogue of glucose 1-phosphate (both present in a concentration of 5 mM) was tested
and compared to the hydrolytic activity of LmSPase towards glucose 1-phosphate without supplement.
The kgt for both reactions was determined as 1.1 s~, thereby supporting the hypothesis that the glu-
cose 1-phosphate analogue does not productively bind to the active-site of LmSPase. This outcome is
supported by the docking of the glucose 1-phosphate analogue to the active-site of LmSPase (Figure
1B). Compared to glucose 1-phosphate, the conformation and alignment of the glucose 1-phosphate
analogue shows significant differences. The glucose 1-phosphate analogue adopts a relaxed conforma-

tion and its alignment is not supported by a strong hydrogen bonding network.

Kinetic characterization of LmSPase and mutants

Kinetic characterization of F52A-D196A. Substitution of the catalytic nucleophile, Asp196, to Ala on
the template of the F52A mutant resulted in a doubly mutated enzyme, F52A-D196A, which was not
active above detection limits, irrespective if fructose (synthesis) or phosphate (phosphorolysis) was
used as acceptor. This finding is in agreement with a former study, in which the Asp196 was un-

ambiguously identified as the catalytic nucleophile and which substitution to Ala, D196A, resulted in
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an inactive variant of LmSPase (11). The performed STD-NMR measurements (Figure 2F) intended
to compare the binding behavior of glucose 1-phosphate in LmSPase and mutants revealed a signifi-
cant different binding pattern of F52A-D196A compared to LmSPase. This result is in agreement with
the predicted binding of glucose 1-phosphate in subsite -1 of LmSPase (Figure 1D), which assumes
that glucose 1-phosphate binds in a flipped position, the phosphate group pointing towards the Alas2

rather than binding to the phosphate binding site.

Kinetic characterization of F52A-E237A. The role of Glu237 as acid-base catalyst in the two-step en-
zymatic mechanism of LmSPase has been carefully analyzed in a former study (12). Assistance from
the acid-base catalyst affects both half reactions of the canonical two-step mechanism, enzyme gluco-
sylation from sucrose or glucose 1-phosphate and enzyme deglucosylation by phosphate or fructose.
Substitution of Glu23y by Gln (E237Q) resulted in a 10°-fold decrease in wild-type activity in both
directions (12). To get more detailed information about the role of Glu237, enzyme glucosylation and
deglucosylation were examined as two kinetically isolated steps. The catalytic efficiency (kcat/Kim)
for the glucosyl donor and acceptor substrate represents the formation (enzyme glucosylation) and
breakdown (enzyme deglucosylation) of the covalent glucosyl-enzyme intermediate, respectively. In
the event of enzyme glucosylation, Glu237 has to provide protonic assistance to the departure of the
leaving group, either fructose (phosphorolysis) or phosphate (synthesis). In the event of enzyme deglu-
cosylation, Glu237 has to deprotonate the incoming acceptor, phosphate (phosphorolysis) or fructose
(synthesis). The catalytic efficiency for enzyme glucosylation is mainly correlated to the leaving group
ability of the donor substrate. The glucosyl transfer from fructose, an example of a poor leaving group,
was strongly affected in E237Q (10*-fold decreased compared to LmSPase), whereas the glucosyl trans-
fer from phosphate to the enzyme was only moderately affected in E237Q (23-fold decreased compared
to LmSPase) (12). Under conditions when a donor substrate with a good leaving group ability (glu-
cose 1-phosphate) was used, the deprotonation of the acceptor substrate was the rate limiting step.
To circumvent this rate limitation, chemical rescue reagents, which were meant to compensate for the
loss of the carboxylate side chain of Gluz23y, were added to the reaction with glucose 1-phosphate.
The addition of azide, acetate and formate was found to restore catalytic activity up to 3oo-fold in
E237Q compared to the wild-type level. The double mutant F52A-E237A showed no activity in either
phosphorolysis or synthesis direction. In analogy to E237Q), we tried to restore activity in F52A-E237A
by adding external reagents. Acetate, chloride, bromide, azide, cyanide and formate were tested as

external nucleophiles, however, none of the reagents could restore activity. Finally we added arsenate
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to glucose 1-phosphate and F52A-E237A. Arsenate, a closely related nucleophile to phosphate with
similar natural bond orbital charges for the nucleophilic oxygens and similar pK values (21), was used
as replacement for fructose and is expected to intercept the glucosyl-enzyme intermediate to form «a-
D-glucose 1-arsenate, which decomposes spontaneously to free glucose and arsenate. Consistent with
the expectations that both steps, glucosylation and deglucosylation, are just weakly affected in the ar-
senolysis of glucose 1-phosphate, the catalytic efficiency of E237Q (keat /Ky = 0.6 s™1 mM 1) was just
minorly decreased compared to LmSPase (keq: /Ky = 5.5 s~ mM™1). In contrast, no activity could be
detected for arsenolysis of glucose 1-phosphate catalyzed by F52A-E237A. Hence, several characteris-
tics which defined Glu237 as acid-base catalyst in the former study with E237Q could not be regained
in F52A-E237A.

The results obtained from the kinetic characterization are supported by the structural investigations of
the predicted binding of glucose 1-phosphate in the active-site of F52A-E237A. Compared to LmSPase
and F52A, further rebuilding of LmSPase active-site by substituting the acid-base catalyst by alanine
(Figure 1E) had two consequences: The glucopyranosyl ring of glucose 1-phosphate is significantly
shifted, reflected by an increased distance (up to 4.1 A compared to LmSPase) between the carboxylate
side chain of Asp295 to the hydroxyl groups at C2 and C3. Secondly, the orientation of the phosphate
group in F52A-E237A is distorted compared to the “tucked-under” conformation observed in LmSPase
reflected by an increased distance from 2.7 to 5.2 A between the C2-OH of glucose 1-phosphate and the
oxygen of phosphate. The obtained results let assume that the presence of both residues, Phes2 and
Gluz23y, is required for forcing glucose 1-phosphate into the reactive conformation. If these structural
elements are missing, glucose 1-phosphate adopts a rather relaxed conformation, which precludes the
release of the leaving group. As direct consequence the B-glucosyl enzyme intermediate cannot be
formed, resulting in an inactive mutant. In this case, the addition of arsenate cannot have any effect,
as arsenate can just be active after the B-glucosyl enzyme intermediate has formed. Chemical rescue
reagents, intended to compensate for the loss of the carboxylate side chain of Glu237 and to attack the
glycosidic oxygen atom, are restricted in their function as the glycosidic oxygen atom is far out of their

range.

Kinetic characterization of F52A-D295A. In addition to Asp196 and Gluz23y, two residues which are
directly involved in the catalytic reaction of LmSPase, Asp295 is characterized as the third residue
belonging to the catalytic triad. In literature, Asp29s is often described as transition state stabilizer,

a residue which provides charged hydrogen bonding interactions to the C2 and C3 of the glucosyl
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moiety of the donor substrate (13). These charged hydrogen bonding interactions assist substrate dis-
tortion and stabilize the transition states flanking the S-glucosyl enzyme intermediate. To investigate
the interplay between Phes2 and Asp295 on substrate binding and catalysis, the corresponding double-
mutant F52A-D29g5A was subjected to a steady-state kinetic analysis for phosphorolysis and synthesis
of sucrose. The results are summarized in Table 2, along with the data for LmSPase and F52A, which
were determined in an earlier study (9).

We begin by analyzing kinetic consequences in direction of phosphorolysis by sucrose. Compared to
the single mutant F52A, the additional substitution of Asp295 to Ala had no major further effect on the
kinetic parameters. Enzyme glucosylation from sucrose was strongly impaired in F52A and in analogy
in F52A-D295A. The initial rate of reaction showed a linear dependence on the sucrose concentration,
up to a high level of 8oo mM. This result suggested that the K, for sucrose was increased substan-
tially, up to 81-fold (800/9.8) compared to the K, of LmSPase. Expressed in ks /Ky, terms, the F52A
mutant showed a 5,200-fold reduced efficiency, the F52A-D295A mutant showed a 7,500-fold reduced
catalytic efficiency compared to LmSPase. When the acceptor substrate phosphate was used as vari-
able substrate, the catalytic efficiencies for enzyme deglucosylation by phosphate were similar in both
mutants, F52A and F52A-D29g5A. Expressed in kgut /Ky, terms, the F52A mutant showed a 333-fold re-
duced efficiency, the F52A-D29g5A mutant showed a 480-fold reduced efficiency compared to LmSPase.
In contrast to F52A and LmSPase, which displayed “normal” Michaelis-Menten behavior, F52A-D29g5A
was subjected to a substrate inhibition of phosphate. Fit of the data with Equation 2 resulted in a
substrate inhibition constant of 12 mM.

Analysis of kinetic consequences of F52A-D29g5A in direction of synthesis of sucrose depicted marked
differences to the kinetic pattern of F52A. Compared to LmSPase and F52A, F52A-D295A showed
a linear dependence on the glucose 1-phosphate concentration up to a level of 8oo mM. This result
suggested that the K,; for glucose 1-phosphate was increased significantly, up to 178-fold (800/4.5)
compared to the K;, of LmSPase and up to even 2,000-fold (800/0.4) compared to the K;; of F52A. Ex-
pressed in keqt /Ky, terms, the F52A-D29g5A mutant showed a 120-fold decreased catalytic efficiency for
enzyme gluosylation from glucose 1-phosphate compared to F52A and a 40,000-fold decreased catalytic
efficiency compared to LmSPase. Figure 1F shows the proposed binding of glucose 1-phosphate in the
substrate binding site of F52A-D295A. Compared to the binding of glucose 1-phosphate in LmSPase
and F52A, the accommodation of glucose 1-phosphate in the active-site is very similar in terms of
conformation and alignment. The observed “tucked-under” conformation of the phosphate moiety is
still preserved and the interactions to Asp196, Glu237 and Argi137 are very comparable. However, loss

of hydrogen bonding interactions from the carboxylate side chain of Asp295 to the hydroxyl groups at
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C2 and C3 of the glucosyl residues as well as from the carboxylate side chain of Asp295 to the oxygen
of the phosphate group, resulted in a less productive binding of glucose 1-phosphate. The loss of
stabilization towards the hydroxyl groups at carbons 2 and 3 may explain the dramatic increase in Kj;,
for binding of glucose 1-phosphate.

The effects of enzyme deglucosylation from fructose were less severe compared to the effect of enzyme
glucosylation from glucose 1-phosphate. Initial rates in the direction of synthesis showed a hyperbolic
dependence of the concentration of fructose, allowing an independent determination of K, and k4.
The around 130-fold decrease in catalytic efficiency compared to LmSPase was mainly attributed to an
around 5,200-fold decreased k.

In summary it can be said that all kinetic steps in phosphorolysis direction were affected to a similar
extent, irrespective if Phes2 alone or Phes2 and Asp295 were substituted by Ala. However in synthesis
direction, substitution of Asp295 to Ala on the F52A template had a major effect. The binding of glu-
cose 1-phosphate was significantly affected and hence, the catalytic efficiency for enzyme glucosylation
from glucose 1-phosphate was greatly decreased. Sucrose and glucose 1-phosphate differ in their leav-
ing group, fructose versus phosphate. For LmSPase it is known that the structural requirements for
binding of phosphate are less stringent than those for binding of fructose. Phosphate can be accom-
modated in subsite +1 in a variety of reactive conformations, still recruiting stabilization from residues
present in subsite +1. The binding of fructose, however, is restricted to one certain conformation. For
F52A-D29g5A it seems that the presence of fructose as leaving group has a positive effect on the binding
of the donor substrate, which is missing when phosphate is present as leaving group. The catalytic
efficiency for glucosylation from sucrose was decreased in F52A-D29g5A around 7,500-fold compared
to LmSPase. The catalytic efficiency for glucosylation from glucose 1-phosphate, however, was de-
creased around 40,000-fold compared to LmSPase. These results suggest that the binding of fructose to
the acceptor binding site can somehow compensate for the loss of stabilization of the glucopyranosyl
moiety due to the substitution of Asp2gs to Ala. Phosphate cannot compensate for this stabilization
loss, resulting in an unproductive binding of glucose 1-phosphate. However, although the binding of
glucose 1-phosphate is strongly affected and the catalytic efficiency is dramatically decreased, sucrose
is formed. The road to productive catalysis in direction of synthesis seems to be dependent on the
conformation of glucose 1-phosphate. The phosphate moiety of glucose 1-phosphate is proposed to be
aligned in the “tucked-under” conformation. This disposition seems to be the reactive conformation

for glucose 1-phosphate and seems to be required for catalysis.
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CONCLUSION

The study presented herein shows how well-orchestrated active-site residues in LmSPase interact with
each other. Slight changes in active-site architecture have tremendous effects on substrate binding
and/or catalysis. Based on the evidence obtained in the present study the conformation of glucose
1-phosphate in its binding mode seems to be decisive for functional catalysis. The disposition in which
the phosphate moiety is “tucked-under” the sugar is proposed to be the reactive conformation of
glucose 1-phosphate. Although unusual, this alignment has already been observed in several retaining
GTs and retaining phosphorylases classified as GTs but not yet in a retaining phosphorylase classified

as GHs, to which class LmSPase belongs to.
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MATERIALS AND METHODS

Chemicals and reagents

Pfu DNA polymerase and Dpnl were purchased from Promega (Madison, USA) and Fermentas (Burling-
ton, Canada), respectively. Oligonucleotide synthesis was performed by Invitrogen (Carlsbad, USA).
DNA sequencing was performed at LGC Genomics (Berlin, Germany). The plasmid vector pASK-
IBA7+, anhydrotetracycline and all materials used for Strep-tag purification were obtained from IBA
(Gottingen, Germany). Fractogel EMD-DEAE column (2.6 x 9.5 cm) was purchased from Merck (Darm-
stadt, Germany). Amicon Ultra-15 Centrifugal Filter Units with a 10,000-molecular-weight cutoff
were from Millipore (Billerica, USA). Phosphoglucomutase from rabbit muscle (PGM) and glucose-6-
phosphate dehydrogenase from Leuconostoc mesenteroides (G6PDH) were obtained from Sigma-Aldrich
(Vienna, Austria). Glucose oxidase from Aspergillus niger (GOD), peroxidase from horseradish (POD)
and 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS) were purchased
from Sigma-Aldrich. The phosphono analogue of glucose 1-phosphate was synthesized as described
by Beaton et al (22).

All other chemicals were obtained from Sigma-Aldrich or Roth (Karlsruhe, Germany) in highest purity

available.

Site-directed mutagenesis, enzyme production and purification

The point mutation Phes2 to Ala, for the generation of F52A, was introduced according to reported
procedures (9). The F52A plasmid encoded in the pASK-IBA7+ expression vector served as template
for substitution of Asp196 to Ala, Glu237 to Ala and Asp29gs to Ala, respectively. The PCR was carried
out in the same way as for F52A (9), except for an annealing temperature of 47.6°C for F52A-D196A
and 61.8°C for F52A-E237A and F52A-D2g5A. The following mutagenic primers and their reverse com-
plementary ones were used, whereby the mismatched codons are underlined:

F52A-D19g6A: 5-ATTCGTTTGGCTGCCTTTGCG-3';

F52A-E237A: 5'-CCATTAAAGGCTGAAATTTTACCAGCAATTCATG-3;

F52A-D29g5A: 5'-GGACACGCATGCAGGTATTGGTG-3".

All four amplified plasmid vectors (F52A, F52A-D196A, F52A-E237A and F52A-D295A) harboring the
sequence-proven mutated gene were transformed into electro-competent cells of Escherichia coli BL21-
Gold (DE3). E. coli BL21-Gold (DE3) cells harboring one of the pASK-IBAy+ expression vectors were
cultivated in 1-L baffeled shaken flasks at 37°C and 110 rpm using LB-media and 115 mg/L ampicillin.

When ODs5) reached 0.8-1.0 temperature was decreased to 22°C and gene expression was induced with
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200 pg/L anhydrotetracycline for 20 h. Cells were harvested by centrifugation at 4°C and 5,000 rpm
for 30 min in a Sorvall RC-5B Refrigerated Superspeed centrifuge (Du Pont Instruments, Wilmington,
USA). Resuspended cells were frozen at -20°C, thawed and the suspension was passed twice through
a French pressure cell press (American Instruments, Silver Springs, USA) at 150 bar. Cell debris was
removed by centrifugation at 4°C, 14,000 rpm for 30 min. The resulting supernatant was used for
further enzyme purification.

LmSPase and mutants were purified via a two-step purification procedure. The clear supernatant of
LmSPase and mutants was applied on a Strep-Tactin Sepharose column, like described previously (23).
Pooled fractions of eluted LmSPase and mutants were concentrated, loaded on Fractogel EMD-DEAE
and purified according to reported procedures (11). Buffer exchange to 50 mM MES, pH 7.0 was per-

formed using Amicon Ultra-15 Centrifugal Filter Units. Purification was monitored by SDS-PAGE.

Assays and analytical methods

Enzyme activity in direction of phosphorolysis of sucrose was determined at 30°C using a continu-
ous coupled enzymatic assay with PGM and G6PDH (detection limit: 0.05 mM) (8). The quantity of
inorganic phosphate present was determined colorimetrically at 850 nm (detection limit: 0.0025 mM)
(24). D-Glucose was determined using a colorimetric GOD-POD assay (detection limit: 0.005 mM) (25),
glucose 1-phosphate was assayed in a coupled enzymatic system with PGM and G6PDH (26). Forma-
tion of sucrose was measured using high performance anion exchange chromatography with pulsed
amperometric detection (HPAE-PAD; detection limit of sucrose: 0.005 mM) (23). Protein concentration

was measured with the BioRad dye-binding method referenced against BSA.

Characterization of LmSPase and mutants

Hydrolysis in the presence and absence of the glucose 1-phosphate analogue. LmSPase displays hy-
drolase activity towards glucose 1-phosphate under conditions in which a suitable nucleophile is lack-
ing. The hydrolytic activity of LmSPase towards glucose 1-phosphate (5 mM) and glucose 1-phosphate
in the presence of glucose 1-phosphate analogue (both substrates were present in a concentration of 5
mM) was determined in 50 mM MES, pH 7.0. The release of phosphate was measured in dependence

of time of incubation up to 50 min.

Chemical rescue studies using exogenous nucleophiles. In an attempt to restore activity in F52A-

E237A we added external reagents to a reaction mixture containing 10 mM glucose 1-phosphate and
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0.3 mg/mL F52A-E237A in 50 mM MES, pH 7.0. The sodium salts of acetate, chloride, bromide, azide,
cyanide and formate were tested as external nucleophiles, each present in a concentration of 50 mM.
The release of phosphate was measured in dependence of time of incubation up to 24 h. The reported
values are corrected for the amount of phosphate produced by spontaneous hydrolysis of glucose 1-

phosphate.

Enzymatic reaction with arsenate. Arsenate replaced fructose as glucosyl acceptor in the reaction of
F52A-E237A with glucose 1-phosphate. In contrast to the natural, reversible reaction, arsenolysis is a
completely irreversible process as a-D-glucose 1-arsenate is spontaneously hydrolyzed to glucose and
arsenate. The rate of arsenolysis was determined at 30°C in 50 mM MES, pH 7.0, in discontinuous
assays containing 50 mM arsenate and 50 mM glucose 1-phosphate. The concentration of F52A-E237A
used was 0.3 mg/mL. The release of glucose was measured in dependence of time of incubation up to
24 h. The reported values are corrected for the amount of glucose produced by spontaneous hydrolysis

of glucose 1-phosphate.

Initial-rate studies and steady-state kinetic analysis. Reactions were performed at 30°C in 50 mM
MES, pH 7.0, and monitored by product formation (phosphorolysis: glucose 1-phosphate; synthesis:
phosphate) in discontinuous assays. The typical concentration of F52A-D295A used was 0.3 mg/mL.
All reactions were incubated for 1 h. The concentrations of donor and acceptor substrate were varied
in a suitable range: sucrose (5-8oo mM), phosphate (1-250 mM), glucose 1-phosphate (1-8oo mM) and
fructose (0.01-100 mM). Control reactions lacking the substrate or the enzyme were recorded in all cases
and initial rates were corrected as required. Kinetic parameters (V 4y, Ki) for the glucosylation from
sucrose and glucose 1-phosphate, respectively as well as the deglucosylation by fructose were obtained
from non-linear fits of data to equation 1. When substrate inhibition from phosphate occurred, kinetic
parameters (Vyx, Kin) were determined using a Lineweaver-Burk plot. V., and K;;, were set constant

and the substrate inhibition constant was calculated by using equation 2. k¢ is defined in equation 3.

S
U= Viax - K ¥S (1)
S
v=V C ——— 1% 2
max e 1I4<_is (2)
Vi
kcat = 7’%” (3)
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where v is the observed reaction rate [mM/min], V,;,,, is the maximal initial rate [mM/min], S is the
substrate concentration [mM], K, is the apparent Michaelis-Menten constant [mM], K; is the substrate-
inhibition constant [mM], k¢, is the catalytic constant [s71] and E is the total molar enzyme concentra-
tion based on a molecular mass of 59 kDa for the wild-type LmSPase subunit [mM]. When enzyme was
not saturable with substrate and an independent determination of V,, and K, therefore not possible,
Vimax/ Ky was obtained from data acquired under substrate-limited reaction conditions where the rate

increases in linear dependence on substrate concentration.

Circular dichroism (CD) spectroscopy

Far-UV CD spectra of protein solutions of LmSPase and mutants (0.1 mg/mL; 50 mM MES, pH 7.0)
were recorded at 22°C on a Chirascan Plus system (Applied Photophysics, Leatherhead, UK). CD spec-
tra were collected at a scan speed of 20 nm/min at 1.0 nm bandwidth and response time of 0.5 s. All
spectra were recorded in a 0.1 cm cuvette between 200 and 280 nm. All data shown here represent
the average of 5 recorded spectra, corrected with a buffer spectrum before converting the CD signal to

molar ellipticity using the program CDNN (27).

Homology modeling and molecular docking

The homology models of LmSPase, F52A, F52A-D196A, F52A-E237A and F52A-D295A were build us-
ing SwissModel (28). The crystal structure of the closely related sucrose phosphorylase from Bifidobac-
terium adolescentis (BaSPase; PDB entry 2gdu) (14) was manually selected as template. AutoDock 4.2
(29) as implemented in Yasara V 11.11.21 was used for the enzyme-ligand docking. The AMBEROo3 force
field (30) and the default parameters provided by the standard docking macro were used, except that
the number of runs was increased to 50. The homology models of LmSPase, F52A, F52A-D196A, F52A-
E237A and F52A-D29g5A were used as macromolecules in a molecular docking experiment that em-
ployed deprotonated glucose 1-phosphate and glucose 1-hydrogenphosphate as ligand. The 3D coor-
dinates for the ligands was generated from SMILES strings using Chimera (http://www.cgl.ucsf.edu/
chimera). The ligand was flexible placed into the active-site of LmSPase and mutants. A search space
of 15 x 15 x 25 A around the C1 atom of Asp196 was used. The same set-up was used to dock the
phosphono analogue of glucose 1-phosphate (in the deprotonated and glucose 1-hydrogenphosphate
form) to the active-site of LmSPase. When the deprotonated form of glucose 1-phosphate was used
as ligand, the docking algorithm resulted in 5 binding modes for F52A-E237A, 6 binding modes for
LmSPase, 7 binding modes for F52A-D29g5A, 8 binding modes for F52A-D196A and 11 binding modes
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for F52A. When glucose 1-hydrogenphosphate was used as ligand, the docking algorithm resulted in
6 binding modes for F52A-E237A, 7 binding modes for LmSPase and F52A-D295A, 8 binding modes
for F52A-D196A and 12 binding modes for F52A. The docking of the deprotonated form and glucose
1-hydrogenphosphate form of the glucose 1-phosphate analogue resulted in 9 binding modes. The
selection of the best-fit binding mode was done on the basis of best structural alignment between the
glucopyranosyl ring of the docked glucose 1-phosphate and the glucopyranosyl ring of sucrose, the
ligand which was co-crystallized in the structure of BaSPase.

PyMOL (http://pymol.sourceforge.net) was used for visualization.

Saturation Transfer Difference (STD) NMR

STD spectra were recorded as described earlier (31). Samples were prepared in D,O (pH 6.65) and
contained 50 mM MES, 7 uM enzyme and 5 mM ligand. Selective protein saturation was achieved by a
series of 40 Gaussian pulses (50 ms length) with a 1 ms delay resulting in a 2.04 s total irradiation time.
On and off resonance irradiations were made by concomitant change of the irradiation frequencies
at -2.0 ppm and 40.0 ppm, respectively. Each experiment was performed with two times 256 scan.
A spin lock (30 ms) after the 90°C pulse was used to eliminate the protein frequencies. No water
suppression was applied to avoid influences of signals close to HDO signal. Subtraction of the spectra
was performed after the measurement. For the interpretation the largest signal in all comparable

experiments was set to 100% and the relative intensities were determined in steps of 5% (31, 32).
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of the acid-base catalyst.
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Figure 1. Close-up view of predicted binding of (deprotonated) glucose 1-phosphate (green) in subsite
-1 of LmSPase (A), F52A (C), F52A-D196A (D), F52A-E237A (E) and F52A-D29g5A (F). The predicted
binding of the phosphono analogue of glucose 1-phosphate in the active-site of LmSPase is shown in
B. Hydrogen bonds (< 3.5 A) are shown as black-dashed lines. Interactions potentially relevant for

catalysis are shown as gray-dashed lines. Distances are given in A.
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4 Sucrose phosphorylase: Interplay between aromatic interactions and the catalytic triad

Figure 2. Analysis of glucose 1-phosphate binding to LmSPase and mutants. Values are relative STD
effects of glucose 1-phosphate bound to LmSPase and mutants. Each STD effect is calculated as a
quotient of signal intensities in the STD spectrum and in the reference proton spectrum. The effects

are normalized to the respective largest effect in the sample.
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Table 1. Far UV-CD spectra were recorded on an Applied Photophysics Chirascan Plus system. The

analysis of the secondary structure was performed with the CD deconvolution software CDNN.

Secondary structure LmSPase Fs52A F52A-D196A F52A-E237A F52A-D295A

[%] [%] [%] [%] [%]
Alpha helices 38.3 42.5 35.6 41.3 34.3
Beta strands 15.1 13.6 16.1 14.1 16.4
Turns 16.2 15.8 16.6 16.0 16.7
Unordered 30.4 28.1 31.7 28.6 32.6
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Table 2. Kinetic parameters in phosphorolysis and synthesis direction catalyzed by LmSPase, F52A

and F52A-D2g5A.

Reaction LmSPase F52A F52A-D29g5A
Phosphorolysis of sucrose

keat [s~ 1] 117 n.a. n.a.
Glucosylation from sucrosel Ky [mM] 9.8 n.a. n.a.

keat /Ko [s7! mM~1] 12 2.3 - 1073 1.6 - 107°

keat [s71] 145 33 541
Deglucosylation by phosphate2 Ky [mM] 6 46 107

keat /K [s7! mM~1] 24 7.2 - 1072 5.0 - 1072

K; [mM] - - 12
Synthesis of sucrose

Keat [s71] 39 9.8-103 n.a.
Glucosylation from glucose 1-phosphate® K, [mM] 4.7 0.4 n.a.

keat /K [s7! mM~1] 8.3 2.5 - 1072 21-10%

kear [s71] 47 n.a. 9.1-10 97
Deglucosylation by fructose* Ky [mM] 13 n.a. 0.3

keat /K [s7! mM~1] 3.7 4.4 - 1073 2.9 - 1072

The S.D. for keq and keqt /Ky was equal or smaller than 3.2% and 8.3% of the reported values respectively, with

the exception of “5.4%, "7.3%. n.a., not applicable.

Kinetic parameters in phosphorolysis and synthesis direction catalyzed by LmSPase and F52A were determined

in an earlier study (9).

! For F52A-D295A, sucrose was varied at 10 levels between 5 mM and 800 mM. Phosphate was constant at 50 mM.

2 For F52A-D2g5A, phosphate was varied at 11 levels between 1 mM and 250 mM. Sucrose was constant at 500

mM.

3 For F52A-D295A, glucose 1-phosphate was varied at 10 levels between 1 mM and 800 mM. Fructose was constant

at 100 mM.

4 For F52A-D29g5A, fructose was varied at 8 levels between 0.01 mM and 100 mM. Glucose 1-phosphate was con-

stant at 20 mM.
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SUPPLEMENTARY INFORMATION

Supplementary Figure S1. The aromatic motif at the catalytic subsite of selected GH-13 glucoside hy-
drolases and transglucosidases is revealed by Phe/Tyr residue conservation. A structural overlay of the
corresponding catalytic subsite parts of BaSPase (pdb entry 2gdu; black), N. polysaccharea amylosucrase

(pdb entry 1jgi; green) and Klebsiella sp. isomaltulose synthase (pdb entry 1m53; red) is shown.
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Supplementary Figure Sz. Enzyme purification monitored by SDS-PAGE. Lane 1: molecular mass
standard; 2: LmSPase; 3: F52A; 4: F52A-D196A; 5: F52A-E237A; 6: F52A-D29g5A; 7: molecular mass

standard.
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Supplementary Figure S3. Close-up view of the predicted binding of glucose 1-hydrogenphosphate
(green) in subsite -1 of LmSPase (A), F52A (C), F52A-D196A (D), F52A-E237A (E) and F52A-D29g5A
(F). The predicted binding of the glucose 1-hydrogenphosphate analogue in the active-site of LmSPase
is shown in B. Hydrogen bonds (< 3.5 A) are shown as black-dashed lines. Interactions potentially

relevant for catalysis are shown as gray-dashed lines. Distances are given in A.
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Sucrose phosphorylase catalyses glucosylation of glyceric acid
amide with complete regio- and diastereo-selectivity, giving
exclusively (R)-2-O-a-D-glucopyranosyl glyceric acid amide
(up to 250 mM) in near theoretical yield from a single-step
transformation of racemic glyceric acid amide and sucrose.
Non-productive binding of (S)-glyceric acid amide underlies
strict enantiodiscrimination by the enzyme, thus supporting
chiral resolutions based on stereoselective transglycosylation.

=
15}

Biocatalytic transglycosylations constitute highly expedient
transformations in synthetic organic chemistry. Transglycosy-
lations can be applied broadly to the targeted modification of
small molecules, polymers and even materials through covalent
attachment of sugar moieties.1* Chemically, transglycosylations
proceed via transfer of a glycosyl residue from a donor glycoside
onto a suitable functional group, typically an alcohol, on an
acceptor substrate (Scheme 1). Biocatalytic transglycosylations
usually involve robust and co-substrate-independent enzymes that
utilise inexpensive donor substrates. They are therefore regarded
as practical methodology of glycoside synthesis that can be
applied readily across scales. A number of glycosidic products
prepared through biocatalytic transglycosylation have important
industrial applications in the food, cosmetic and fine-chemicals
sectors.> 6 Despite these clear advantages, however, there exists a
significant gap in the scope of biocatalytic transglycosylations, in
that known enzymes are often lacking in acceptor substrate
regioselectivity, stereoselectivity, or both.” Site-heterogeneous
glycosylation of acceptor substrates offering more than a single
reactive group severely restricts practicability of the method.
Also, chiral resolution of racemic alcohols through
diastereoselective glycosylation has not so far been a useful
option for biocatalytic synthesis.

We herein provide a first-time example of enzymatic
transglycosylation with complete regio- and stereo-selectivity.
When offered sucrose (1) as glucosyl donor and racemic glyceric
acid amide (2) as acceptor (Scheme 1), sucrose phosphorylase
was highly specific for formation of (R)-2-O-a-D-glucopyranosyl
glyceric acid amide (3) as single diastereomerically pure glucosyl
transfer product. The enzymatic reaction thus supports different
s chiral resolution strategies for 2 in which synthesis of a
structurally and stereochemically well defined glycoside 3 or
recovery of unreacted acceptor (S enantiomer of 2) is targeted.
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Based on results of molecular docking analysis we explain how
sucrose phosphorylase achieves strict discrimination between R
and S enantiomers of 2. We also provide evidence on the role of
the acceptor’s 1,2-diol group for substrate binding recognition
and positioning for regio- and stereo-selective catalytic
glycosylation. Our findings suggest that sucrose phosphorylase-
catalysed chiral synthesis from racemic diols (for which 2 is a
representative example) could be an interesting novel strategy for
application of enzymatic transglycosylations in organic synthesis.
Work of Franssen and co-workers has recently shown that the
enzyme promotes 2-O-a-D-glucosylation of various diols with
useful stereoselectivity.® Glycoside 3 was synthesized herein for
the first time. It is a close structural analogue of (R)-2-O-o-D-
mannopyranosyl glyceric acid amide (4), also called Firoin-A,
which was reported from the thermophilic bacterium
Rhodothermus marinus. Firoin-A is an intracellular compatible
solute that the organism accumulates in response to high salt
environment. Firoin-A is described as a useful stabilizer of
proteins in different applications, refolding processes in
particular.®

Sucrose phosphorylase promotes transglucosylation from
sucrose in a two-step catalytic mechanism, depicted in Scheme 1,
that involves formation of a B-glucosyl enzyme intermediate.
In the natural reaction of the enzyme, phosphate is the terminal
glucosyl acceptor and a-D-glucose 1-phosphate is formed. In the
absence of phosphate, when an alternative acceptor alcohol is
present, a new O-a-D-glucoside is synthesized, provided that the
acceptor competes effectively with water for reaction with the
enzyme intermediate. Acceptor 2 was synthesized chemically as
described in the ESI (Materials). Purified sucrose phosphorylase
from Leuconostoc mesenteroides, recombinantly produced in
Escherichia coli as described in earlier work, was used. We incu-
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Scheme 1. Proposed mechanism of sucrose phosphorylase for kinetic
resolution of 2 and chiral synthesis of 3.
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bated a mixture of 1 and 2 (each 500 mM) in the presence of
enzyme (30 units of activity/mL; see the ESI for methods and
reaction conditions used) and analyzed samples from the reaction
mixture with liquid chromatography. Release of fructose from
conversion of 1 exceeded by up to 2-fold the concurrent
formation of glucose, providing indirect evidence for the
occurrence of transglucosylation next to a significant hydrolysis
of the enzyme intermediate. Product mixture in which about 45 -
50% of 2 had been consumed was analyzed by NMR, and Figure
1 summarizes pertinent results. The glucosylation of 2 was
confirmed and it was shown that only a single main
transglucosylation product had been formed in the enzymatic
reaction. Identity of this product was established as 2-O-o-D-
glucopyranosyl glyceric acid amide. The interglycosidic linkage
was identified by the 3Ju.c couplings determined from HMBC
spectra showing interactions between the H-1 of the glycoside
and C-2’ of the aglycon, as well as between the C-1 of the
glycoside and H-2’ of the aglycon. Furthermore, the two protons
in these positions have an intensive dipolar interaction, detected
in the 2D NOESY spectrum. The o-anomeric form of the
glucopyranosyl moiety was determined from the typical *C and
IH chemical shifts as well as from the small coupling constant
(3.8 Hz) between the protons in position one and two of the
glycoside (Figure 1). Although the absolute configuration of C-2’
could not be elucidated from the NMR data, the absent signal
splitting of H-1 of the glycoside and H-2” of the aglycon strongly
hinted the presence of a diasteromerically pure glycoside (d.e. >
99%). A racemic mixture would have led to a double set of
signals with slightly different chemical shifts (ESI, Figure S1).

In a next step, we applied chiroptical techniques for the
determination of the transglucosylation product’s absolute
configuration. Due to unavailable reference data for the product,
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Figure 1. Details of 2D NMR spectra recorded from the reaction mixture
35 to determine the product’s glycosidic linkage. TOCSY and COSY traces
of the anomeric proton H-1 allow for determination of further protons in
the glycosidic moiety. The NOESY trace indicates spatial closeness of H-
1 to H-2" and H-3ab’ of the glyceric acid amide aglycon. Concomitant
trace of H-2’ is shown. HSQC and HMBC trace indicates the ‘Jy.c and
40 3Juc couplings of H-1 and H-2’, respectively. The long-range coupling
over three bonds clearly indicates the glycosidic bond to be formed to the
secondary alcohol of the glyceric acid amide. The signal group directly
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an indirect approach was chosen. Residual 2 was recovered from
45 the reaction mixture as described in the ESI (conversion of 2 >
35%) and the optical rotation [a]o?? of the sample was determined
as +15°. The significant sign of the measurement can be
compared with literature where an optical rotation of [o]p? =
—-63° was reported for (R)-2.1* A circular dichroism spectrum of
so the sample (ESI, Figure S2) showed only one extremum at A =
230 nm with Ae = +15.7. Data can be compared to circular
dichroism spectra of (R) and (S)-serine because serine shares
some structural similarity with 2. The S enantiomer of serine
shows a similar positive circular dichroism band as the purified
ss residual sample whereas the circular dichroism band of (R)-serine
is negative.!> 13 In summary, therefore, strong evidence is
presented supporting the suggestion that 2 recovered from the
reaction with sucrose phosphorylase has S configuration.
Stereochemical structure of the glucosylation product is assigned
60 accordingly as (R)-2-O-a-D-glucopyranosyl glyceric acid amide
(3). Synthesis of pure 3 necessitates that sucrose phosphorylase
provides complete regio- and diastereo-selectivity in the reaction
with 2 which is a combination of selectivity properties not
previously observed in other transglycosidase-catalysed
65 conversions. Remaining 2 was recovered in excellent yield from
the reaction (> 40%), suggesting the possibility of Kinetic
resolution via stereoselective transglucosylation.
To gain a molecular interpretation of the phosphorylase’s
remarkable selectivity, we performed energy-minimised docking
70 studies on the high-resolution crystal structure of the enzyme
(from Bifidobacterium adolescentis)!® whereby the R and S
enantiomers of 2 were placed flexibly into the acceptor-binding
pocket of the B-glucosyl enzyme intermediate. Figure 2 illustrates
the obtained best-fit binding modes for (R)-2 and (S)-2. Reactive
7 group arrangement was highly plausible for the (R)-2 pose where
the 2-OH was well aligned for nucleophilic attack on the glucosyl
anomeric carbon, catalytically assisted by Glu-232 functioning as
a general base, consistent with the proposed catalytic mechanism
of the enzyme. The primary hydroxyl of (R)-2 was coordinated
g0 tightly by Asp-290 and GIn-345. The amide group of (R)-2 was
bound weakly by comparison. For (S)-2 the predicted binding
mode was characterized by a conspicuously large distance
between the reactive carbon and oxygen, clearly indicating that
the (S)-2 pose was non-productive for reaction. As in (R)-2,
ss however, the primary hydroxyl of (S)-2 was accommodated
through hydrogen bonding interactions with Asp-290 and GIn-

A

GIn345 Asp290 Gin345 Asp290

Glu232 Asp192 Asp192

Figure 2. Best-fit docking poses for binding of (R)-2 (A) and (S)-2 (B) to
a trapped covalent intermediate of sucrose phosphorylase having B-
9 glucosyl residue linked to Asp-192 (PDB-entry 2gdv, molecule A).
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345. Other acceptors harbouring a terminal diol moiety (Figure 3)
were previously shown to be glucosylated by the enzyme with
useful stereoselectivity, resulting in 2-O-a-D-glucosidic products
of high diastereomeric purity.® 1 Molecular docking of (R)- and
s S-forms of glyceric acid and 3-methoxy-1,2-propanediol to
sucrose phosphorylase underpins the observed preference for
reaction with one enantiomer of the acceptor, suggesting this to
be the R-form in each case (ESI, Figure S3). In search of an
interpretable structural parameter of enzyme stereoselectivity in
10 reactions with different acceptors, we compared reactive atom
distances (glucosyl carbon and acceptor oxygen; C1...02) in the
respective (R)- and (S)-acceptor poses. The C1...02 distance in
the (S)-acceptor pose was highly variable across the different
acceptors used (ESI; Figure S3), while the corresponding
15 C1...02 distance in the (R)-acceptor pose was constant at about
3.0 A. The ratio of C1...02 distance in the (S)- and (R)-acceptor
pose appears to correlate to the observed diastereoselectivity of
the enzyme, as shown in Figure 3. The docking data suggest that
GIn-345 might be generally important for chiral recognition by
2 the enzyme.> 16 Use of sucrose phosphorylase in chiral synthesis
and chiral resolution strategies for diol-containing acceptor
substrates is therefore supported, and this presents a new type of
application  for enzymatic  transglycosylations.  Protein
engineering that has been employed widely for selectivity
2s enhancement in esterases and lipases should be useful to improve
existing (not highly selective) transglycosylation catalysts.'
We examined synthesis of 3 as biomimetic analogue of 4.
Reaction optimisation was complex, because antagonising effects
of the concentration of 2 on formation of 3 needed to be
a0 balanced. Donor substrate hydrolysis was suppressed optimally at
high concentrations of 2 (ESI, Figure S4). Release of glucose due
to hydrolysis is known to cause strong product inhibition and
glucose can serve as acceptor substrate to become glucosylated
from the enzyme.® In addition, non-productive binding of (S)-2
ss can also result in inhibition of the enzyme at high levels of
racemic 2. Figure S4 in ESI shows a full time course of synthesis
of 3 when 2 was present in 2.5-fold molar excess over 1 (400
mM). Two-thirds of the offered 1 was utilized for glucosylation
of (R)-2 while the remainder substrate was lost to hydrolysis.
40 Product 3 was obtained in a concentration of about 250 mM.
Glucosylation of glucose occurred to a minor extent under these
conditions (< 5%). Production of 3 was lowered substantially
(<140 mM) upon decreasing the concentration of 2 to 400 mM,
now equaling the applied concentration of 1 (ESI, Figure S4), or
45 when using 1 (1000 mM) in excess over 2 (400 mM). Use of 2 in
excess over 1 is therefore supported. Procedures for efficient
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Figure 3. Diastereoselectivity of sucrose phosphorylase in the
glucosylation of 1,2-diols correlated to the ratio of reactive atom distances
s0 (C1...02) in (S)- and (R)-acceptor poses from molecular docking.
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preparative work-up of reaction mixtures from sucrose
phosphorylase-catalyzed transglucosylations have previously
been developed.® 14

Summarizing, single-step diastereoselective glucosylation of 2
provides convenient access to the new biomimetic glycoside 3
through chiral synthesis. The same reaction could be exploited
through chiral resolution to obtain (S)-2. Chiral 1,2-diols are
important target molecules in organic chemistry, and their
preparation through chiral resolution is therefore of considerable
interest.® Relying on the selectivity of enzymes, biocatalytic
glycosylation might present a useful alternative to reported two-
step esterification processes catalysed by lipases/esterases.*®
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(Institute of Biological Chemistry, University of Vienna, Austria) for help
in recording CD spectra.
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Chemicals and reagents

Glyceric acid amide was prepared from commercially available 2,3-dihydroxypropanoic acid (40% so-
lution in water; TCI Europe nv, Antwerp, Belgium), which was dissolved in methanol and methylated
with an excess of the etheral solution of diazomethane. Methyl 2,3-dihydroxy-propanoate was iso-
lated from the concentrated reaction mixture and purified by column chromatography on silica gel
with chloroform-methanol mixture as eluent. Then, methyl 2,3-dihydroxypropanoate was dissolved in
methanol, and an equal volume of 25 - 28% aq. NH3; was added to this solution. The reaction mixture
was kept overnight at room temperature, concentrated in vacuo, and the residue was crystallized from
water (from concentrated solution). No impurities have been determined in the 'H NMR spectrum,
indicating a glyceric acid amide purity of > 97%.

Glyceric acid amide: 'H NMR (D,0, 600.13 MHz): § 4.16 (dd, | = 4.8, 3.6 Hz, 1H, H-2), 3.75 (dd, ] =
12.0, 3.6 Hz, 1H, H-3a), 3.73 (dd, ] = 12.0, 4.8 Hz, 1H, H-3b). 3C NMR (D,0, 150.90 MHz): 177.5 (C-1),
72.0 (C-2), 63.1 (C-3).

All other chemicals used were of highest purity available from Sigma-Aldrich (Vienna, Austria) or Roth

(Karlsruhe, Germany).

Biocatalyst production

Recombinant wild-type sucrose phosphorylase from Leuconostoc mesenteroides, encoded in pASK-IBA7+
(IBA GmbH) (1), was produced in Escherichia coli BL21-Gold(DE3) and purified to apparent homogene-
ity according to reported procedures (2). Enzymatic activity of the purified preparation was deter-
mined at 30°C using a continuous coupled enzymatic assay with phosphoglucomutase and glucose-
6-phosphate dehydrogenase (3). Protein concentration of the purified preparation was measured with

the BioRad dye-binding method referenced against BSA.

Product identification

For product identification by NMR analysis, 30 U/mL of sucrose phosphorylase (specific activity: 100
U/mg) were incubated with equimolar concentrations (500 mM) of sucrose and a racemic mixture of
glyceric acid amide for 24 h and the content of the mixture was lyophilized and analyzed as described
under NMR measurements.

The resulting spectra indicate a complete transformation of sucrose. Analysis also indicates the pres-
ence of fructose (1.00 eq., mixture of both isomers), glucose (0.50 eq., mixture of both isomers), four

not further identified disaccharides (in sum < 0.05 eq.), glyceric acid amide (0.55 eq.), and (R)-2-O-a-
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D-glucopyranosyl glyceric acid amide (0.45 eq.).

(R)-2-O-a-D-glucopyranosyl glyceric acid amide (determined from crude reaction mixture): 'H NMR
(D70, 400.13 MHz): 6 5.08 (d, | = 3.8 Hz, 1H, H-1), 4.21 (dd, | = 4.2, 3.7 Hz, 1H, H-2'), 3.97 (dd, | = 12.2,
2.5 Hz, 1H, H-6a), 3.94 (m, 1H, H-5), 3.88 (dd, | = 12.4, 3.7 Hz, 1H, H-3a’), 3.82 (dd, | = 12.4, 4.2 Hz,
1H, H-3b"), 3.75 (dd, | = 9.8, 9.9 Hz, 1H, H-3), 3.65 (dd, | = 12.2, 4.5 Hz, 1H, H-6b), 3.56 (dd, ] = 9.8, 3.8
Hz, 1H, H-2), 3.39 (dd, ] = 9.9, 9.5 Hz, 1H, H-4). 13C NMR (D,0, 100.61 MHz): 174.9 (C-1"), 98.2 (C-1),

77-9 (C-2'), 72.8 (C-3), 71.6 (C-2), 69.6 (C-5), 69.5 (C-4), 63.7 (C-6), 60.8 (C-3).

High performance anion exchange chromatography with pulsed amperometric detection (HPAE-
PAD)

HPAE-PAD was performed using a Dionex BioLC system (Dionex Corporation, Sunnyvale, USA)
equipped with a CarboPac PA10 column (4 x 250 mm) and an Amino Trap guard column (4 X 50 mm).
Glucose, fructose, sucrose, (R)- and (S)-glyceric acid amide and (R)-2-O-a-D-glucopyranosyl glyceric
acid amide were detected with an ED50A electrochemical detector using a gold working electrode and
a silver/silver chloride reference electrode by applying the predefined waveform for carbohydrates.
Elution was carried out at a flow rate of 0.3 mL/min at an isocratic flow of 52 mM NaOH for 50 min.
Under the conditions applied, the following retention times were obtained: 3.0 min for (R)- and (S)-
glyceric acid amide, 25.4 min for glucose, 28.8 min for fructose and 41.2 min for sucrose. Authentic
standards for glucose, fructose and sucrose 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. The two enantiomers of glyceric acid amide co-eluted in the analysis and
could neither separated nor quantified by using the described procedure. The formation of (R)-2-O-
a-D-glucopyranosyl glyceric acid amide was indicated by the appearance of a shoulder (on the right)
of the acceptor peak, but could not be quantified directly from the HPAE-PAD chromatogram. The
concentration of (R)-2-O-a-D-glucopyranosyl glyceric acid amide was therefore determined indirectly
from the difference in the concentration of fructose and glucose. Release of fructose paralleled the con-
sumption of sucrose; the formation of glucose indicated that glucosylated sucrose phosphorylase had
also reacted with water. The portion of sucrose utilised for transglucosylation was assumed to have
resulted in glucosylation of (R)-glyceric acid amide. Results of NMR analysis support the assumption.
However, minor formation of disaccharide by-products (< 5%) was not considered in the analysis of

the HPAE-PAD data.
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NMR measurements

The reaction mixture was dissolved in D;O (99.95%, 0.7 mL) and transferred into 5 mm NMR sample
tubes (Promochem, Wesel, Germany). Spectra were measured with Topspin 3.1 on Bruker DRX-400
AVANCE or AV-III 600 (Bruker, Rheinstetten, Germany). Measurement frequencies were 400.13 MHz
and 100.61 MHz for 'H and '3C, respectively, or 600.13 MHz and 150.90 MHz for 'H and 3C, respec-
tively. Measurement temperature was 298.1 £ 0.1 K. For the 1D proton spectrum 32k data points were
recorded and Fourier transformed to spectra with a range of 6,000 Hz (*H). 2D DQF-COSY, TOCSY,
NOESY, HMQC, and HMBC spectra were measured by 256 experiments with 1,024 data points each.
Appropriate linear forward prediction, sinusoidal multiplication and Fourier transformation led to
2D-spectra with a range of 4,800 Hz and 20,000 Hz for 'H and '3C, respectively. Acetone was used as

external standard for 'H (6H 2.225) and '3C (5C 30.89) spectra.

Molecular Docking

AutoDock 4.2 (4) as implemented in Yasara V 11.11.21 was used for the enzyme-ligand docking. The
AMBERo3 force field (5) and the default parameters provided by the standard docking macro were
used, except that the number of runs was increased to 40. The X-ray crystal structure of sucrose phos-
phorylase from Bifidobacterium adolescentis having a p-glucosyl enzyme intermediate linked to Asp192
(pdb entry 2gdv, molecule A) (6) was used as macromolecule in a molecular docking experiment that
employed (R)- and (S)-glyceric acid amide, the protonated form of (R)- and (S)-glyceric acid and (R)-
and (5)-3-methoxy-1,2-propanediol, respectively, as ligand. The 3D coordinates for the ligands were
generated from SMILES strings using Chimera (http:/ /www.cgl.ucsf.edu/chimera). The ligands were
flexibly placed into the active site of sucrose phosphorylase. A search space of 10 x 10 x 10 A around
the C1 atom of the glucosyl moiety of the B-glucosyl enzyme intermediate was used. The docking al-
gorithm resulted in 3 binding modes for (R)-glyceric acid amide, 2 for (R)- and (S)-glyceric acid as well
as for (R)- and (S)-3-methoxy-1,2-propanediol and in 1 binding mode for (S)-glyceric acid amide. In
case the docking algorithm resulted in more than 1 binding mode, the binding modes had comparable
energies. Best-fit binding modes were selected on the basis of reactive-group arrangement. Distances
between the C2-OH of the ligand to the anomeric carbon of the B-glucosyl residue and distances be-
tween the C2-OH of the ligand to the oxygen of the ionized side chain of Glu232 were determined
in all cases. Based on the distances determined, the binding modes in which the accommodation of
the ligand appeared to be highly plausible for catalysis were selected. The criterions for the selection

comprised that the distance of the reactive 2-OH of the acceptor to the catalytic base (Glu232) was < 3.2
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A and that the distance of the reactive 2-OH of the acceptor to the anomeric carbon of the -glucosyl

residue was < 3.1 A. PyMOL (http:/ /pymol.sourceforge.net) was used for visualization.

Isolation of the residual educt from the reaction mixture

400 mM sucrose were incubated with 400 mM of a racemic mixture of glyceric acid amide in the pres-
ence of 7 U/mL sucrose phosphorylase in 50 mM MES, pH 7.0 at 550 rpm for 65 h. The residual
educt was isolated from the reaction mixture on a Shimadzu CTO-20AC system equipped with an
Aminex HPX-87C column (Bio-Rad, Vienna, Austria) that was operated at 75°C. Deionized water was
the mobile phase and was applied at a constant flow rate of 0.3 mL/min. Refractive index detection
(Shimadzu RID-10A) was used for all compounds. Under the conditions applied, the following reten-
tion times were obtained: 17.2 min for sucrose, 20.7 min for glucose, 26.9 min for fructose and 36.8 min
for the residual glyceric acid amide. The reaction product co-eluted with sucrose. Samples containing
the purified residual educt were pooled. The presence of the purified residual educt and the removal
of all other components were shown by HPAE-PAD and further proved by NMR analysis. A 'H NMR
spectrum was recorded to confirm that no organic impurities have been present. Hence no further

optical active impurities influenced chiroptic measurements.

Optical rotatory dispersion and circular dichroism (CD) spectroscopy

The purified residual educt was then subjected to an optical rotation measurement. For that purpose,
the purified residual educt was lyophilized, dissolved in methanol and the optical rotation was de-
termined by using a Perkin Elmer Automatic Polarimeter 241 (Perkin Elmer Austria GmbH, Vienna,
Austria). Data were recorded at the sodium D line using a 100 mm path length cell. Results are re-
ported as [«] D,T, concentration (g/100 mL, CH3OH).

Far-UV CD spectra were recorded at 25°C on an Applied Photophysics Chirascan Plus system (Ap-
plied Photophysics Ltd, Surrey, UK). The purified residual educt was diluted in acetonitrile to a final
concentration of 50 mM. CD spectra were collected at a scan speed of 20 nm/min at 1 nm bandwidth
and response time of 4 s. All spectra were recorded in a 0.1 cm cuvette between 180 nm and 300 nm.

The data shown are the average of 10 recorded spectra.

Reaction optimization
To find conditions in which glucosyl transfer to (R)-glyceric acid amide is favored over hydrolysis,

three time-profiles were recorded in which sucrose and a racemic mixture of glyceric acid amide were
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present in the following concentrations: 1) 400 mM sucrose and 1,000 mM glyceric acid amide, 2)
equimolar concentrations of sucrose and glyceric acid amide (400 mM each) and 3) 1,000 mM sucrose
and 400 mM glyceric acid amide. The reactions were started by addition of 7 U/mL purified sucrose
phosphorylase. Incubations were performed in 50 mM MES, pH 7.0 using an Eppendorf Thermomixer
comfort set at 30°C and an agitation rate of 550 rpm. Samples were taken after appropriate time inter-
vals for up to 48 h, heat-treated (at 99°C for 5 min) to inactivate the enzyme and centrifuged at 13,000
rpm for 10 min to remove precipitated protein prior to further analysis. Quantification of substrate
consumption and product formation was done like described (section: HPAE-PAD); the presence of

the reaction product was verified by NMR analysis.
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Supplementary Figure S1. 1D and 2D homonuclear proton spectra of the reaction mixture obtained
upon conversion of 500 mM sucrose and 500 mM glyceric acid amide. The conversion of glyceric acid
amide was about 45%. The data are consistent with exclusive formation of one diastereomer resulting

from glucosylation of glyceric acid amide.

All signals of the product recorded from crude reaction mixture do not show any shoulder. Addition-
ally no further signals are present. Hence there is no indication for the presence of a second diastere-
omer. (a) Proton signal H-1 of the glycoside after direct Fourier transformation showing Lorentzian
line shape signal group without presence of any additional signals and shoulders, which would in-
dicate the presence of a second diastereomer. (b) Proton signal H-1 of the glycoside after Gaussian
multiplication (LB = -0.3; GB = 0.2) and Fourier transformation leading to narrower line width at half
height. There is also no indication for a second signal. (c) Proton signal H-2’ of the glycoside as well
as proton signal of the free glyceric acid amide after direct Fourier transformation showing Lorentzian
line shape signal group without any additional signals and shoulders, which would indicate a second
diastereomer. (d) Proton signal H-2" of the glycoside as well as proton signal of the free glyceric acid
amide after Gaussian multiplication (line broadening factor (LB) = -0.3; Gaussian broadening factor
(GB) = 0.2) and Fourier transformation leading to narrower line width at half height. There is also no
indication for a second signal. (e) DQF-COSY trace of proton signal H-1 of the glycoside indicating the
diagonal peak and the cross peak, which shows the coupling to H-2. (f) TOCSY (100 ms mixing time)
trace of proton signal H-1 of the glycoside, which indicates all protons in the glycoside spin system.
(g) NOESY (800 ms mixing time) trace of proton signal H-1 of the glycoside. It indicates the spatial

closeness to other protons, in particular to H-2" of the aglycon moiety.
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Supplementary Figure S2. The CD-spectrum of the purified residual educt is shown.
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Supplementary Figure S3. Close-up view of predicted best-fit molecular docking poses of (R,S)-
glyceric acid amide (A, B), (R,S)-glyceric acid (C, D) and (R,S)-3-methoxy-1,2-propanediol (E, F) with
the B-glucosyl enzyme intermediate of sucrose phosphorylase (pdb entry 2gdv, molecule A). Hydro-

gen bonds (< 3.2 A) are shown as black-dashed lines. Interactions potentially relevant for catalysis are
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shown as gray-dashed lines. Distances are given in A.

Note: When glyceric acid was employed as ligand, the docking experiment was performed with the
protonated and deprotonated form of the R and S-enantiomer of glyceric acid. The protonated form
of both enantiomers resulted in higher binding energies (up to 1.9 kcal/mol), assuming that the pro-
tonated form of glyceric acid is the preferred form. The docking results presented here employed the

protonated form of the R and S-enantiomer of glyceric acid as ligand.
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Supplementary Figure Sq4. Time courses for the enzymatic synthesis of (R)-2-O-a-D-glucopyranosyl
glyceric acid amide from 400 mM sucrose and 1,000 mM glyceric acid amide (A) and equimolar con-
centrations of sucrose and glyceric acid amide (400 mM, B), respectively. The symbols indicate sucrose

(0), fructose (o), glucose (o) and (R)-2-O-a-D-glucopyranosyl glyceric acid amide (V).
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o Cellobiose phosphorylase (from Cellulomonas uda) catalyzes transfer of 2-deoxy-D-glucosyl from

glucal to phosphate in a single-step transformation.

o The resulting 2-deoxy-a-D-glucose 1-phosphate is difficult to synthesize chemically.

e Proposed enzymatic mechanism involves direct protonation of glucal by enzyme-bound phos-

phate.

e Proton transfer occurs from below the substrate ring in a re side attack on C2.

o Catalytic concentration of phosphate stimulate regioselective 2-deoxy-D-glucosyl transfer from

glucal to the 4-hydroxyl of glucose.
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Cellobiose phosphorylase from Cellulomonas uda (CuCPase) is shown to utilize p-glucal as slow alternative
donor substrate for stereospecific glycosyl transfer to inorganic phosphate, giving 2-deoxy-o-p-glucose 1-
phosphate as the product. When performed in D,0, enzymatic phosphorolysis of p-glucal proceeds with
incorporation of deuterium in equatorial position at C-2, implying a stereochemical course of reaction
where substrate becomes protonated from below its six-membered ring through stereoselective re side
attack at C-2. The proposed catalytic mechanism, which is supported by results of docking studies,
involves direct protonation of p-glucal by the enzyme-bound phosphate, which then performs nucleo-
philic attack on the reactive C-1 of donor substrate. When offered p-glucose next to p-glucal and phos-
phate, CuCPase produces 2-deoxy-pB-p-glucosyl-(1—4)-p-glucose and 2-deoxy-o-p-glucose 1-phosphate
in a ratio governed by mass action of the two acceptor substrates present. Enzymatic synthesis of 2-
deoxy-B-p-glucosyl-(1—-4)-p-glucose is effectively promoted by catalytic concentrations of phosphate,
suggesting that catalytic reaction proceeds through a quaternary complex of CuCPase, p-glucal, phos-
phate, and p-glucose. Conversion of p-glucal and phosphate presents a convenient single-step synthesis
of 2-deoxy-o-p-glucose 1-phosphate that is difficult to prepare chemically.
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Stereospecific protonation
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1. Introduction

Cellobiose phosphorylase (CPase; EC 2.4.1.20) catalyzes revers-
ible phosphorolysis of cellobiose into a-p-glucose 1-phosphate and
p-glucose.! Like the majority of known disaccharide phosphoryl-
ases, CPase is an inverting enzyme that forms a glycosidic product
having the opposite anomeric configuration as the substrate.? The
stereochemical course of cellobiose conversion involves a B-to-o
change in anomeric configuration, proposed to result from a single
displacement-like reaction that produces an equatorial-to-axial
substitution at the anomeric carbon.®> The canonical catalytic
mechanism of enzymatic glycosyl transfer with inversion (used
by glycoside hydrolases, for example) involves a pair of acidic res-
idues, typically Asp or Glu, that are positioned in the active site so
that one can function as the general catalytic acid and the other as
the general catalytic base.*> CPase is thought to employ a modified
version of this mechanism, in which only one catalytic residue
(Asp) is used, and this has the role of a general acid.? Since the
acceptor substrate, phosphate, is already ionized at physiological
pH, it does not need to be activated by deprotonation from a cata-
lytic base, therefore explaining the absence of a corresponding

* Corresponding author. Tel.: +43 316 873 8400; fax: +43 316 873 8434.
E-mail address: bernd.nidetzky@tugraz.at (B. Nidetzky).

0008-6215/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.carres.2012.04.003

83

residue in the CPase active site. CPase crystal structures reveal a
distinct phosphate recognition site in the enzyme, rich in positively
charged amino acids (Fig. 1b). Once accommodated at this site,
phosphate is optimally positioned for direct nucleophilic attack
on the glycosidic carbon of cellobiose (Scheme 1).

In an original classification based on sequence analysis, CPase
was classified as a member of the glycosyltransferase families
and further categorized into family GT-36. This classification,
which is in accordance with CPase catalytic function of glucosyl
transfer to and from phosphate, as also reflected in the EC number,
needed to be revised when the first crystal structure of an enzyme
from the CPase group, Vibrio proteolyticus chitobiose phosphorylase
(VbChPase), became available.® Evidence that VbChPase was struc-
turally similar to certain glycoside hydrolases, in particular to
maltose phosphorylase and glucoamylase from glycoside hydro-
lase family GH-65 and GH-15, respectively, necessitated reclassifi-
cation of CPase as a glycoside hydrolase, forming a new family GH-
94.5 It is worth noting therefore that CPase enzymes usually show
no or just scant glycoside hydrolase activity. As of today, family
GH-94 consists of four principal members, CPase (EC 2.4.1.20), cel-
lodextrin phosphorylase (EC 2.4.1.49), ChPase (EC 2.4.1.-), and cyc-
lic B-1,2-glucan synthase (EC 2.4.1.-) (http://www.cazy.org/CAZY).
Among individual enzymes belonging to family GH-94, CPase from
Cellvibrio gilvus (CgCPase) is the one most extensively studied.”®
Two crystal structures of CgCPase are available, one containing
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Figure 1. (a) Three-dimensional fold of the protein subunit of CgCPase (PDB-entry
2cqt, molecule B). CgCPase consists of an N-terminal domain (blue), linker helices
(gray), an a-helix barrel domain (red), and a C-terminal domain (green). (b) Close-
up view of the predicted binding of p-glucal (gray) in subsite -1 of CgCPase (PDB-
entry 2cqt, molecule B) complexed with phosphate (orange) and p-glucose (purple)
in subsite +1. Interactions potentially relevant for catalysis and the reaction are
shown as gray-dashed lines, and strong hydrogen bonds stabilizing the quaternary
complex are shown as black-dashed lines. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

sulfate (PDB-entry 2cqs) and one containing phosphate (PDB-entry
2cqt) at the catalytic site.? The structure of CgCPase monomer is

225

shown in Figure 1a and consists of four distinct regions: an N-
terminal domain, a helical linker region, an o-helix barrel domain,
and a C-terminal domain.

The substrate specificity of CPase has been examined in a num-
ber of biochemical studies using enzymes from different
sources.'%12 It was convenient to analyze the reverse direction
of reaction where a glycosyl residue is transferred from sugar 1-
phosphate donor to acceptor. The various CPases are similar in that
relatively relaxed specificity for the acceptor substrate is con-
trasted with highly restricted use of glycosyl donors.”!> Two rele-
vant examples of active donor substrate analogues are o-p-glucose
1-fluoride'* and o-p-galactose 1-phosphate.!’> Note that ChPase
has of course different structural requirements to its donor
substrate as compared to CPase where in particular 2-hydroxyl in
a-p-glucose 1-phosphate is replaced by 2-acetamido in o-p-N-ace-
tylglucosamine 1-phosphate.® In a recent paper, Kitaoka and co-
workers reported the interesting observation that the endocyclic
enitol p-glucal was accepted by CgCPase as donor substrate for 2-
deoxy-glucosyl transfer to p-glucose and other sugar acceptors
(e.g. p-xylose, p-mannose) used normally in the reaction with o-
p-glucose 1-phosphate.’® They also demonstrated the transfer
products to have B-(1-4) glycosidic structure. Using Cellulomonas
uda CPase (CuCPase), Nidetzky and co-workers had earlier exam-
ined reactivity toward p-glucal as donor substrate for glycosyl
transfer to phosphate or p-glucose but were unable to detect
any." Inspired by Kitaoka's findings, the topic of utilization of
p-glucal was therefore revisited herein, and we would like to com-
municate results of a comprehensive analysis that provide deep-
ened insight into the underlying reaction mechanism. We in
particular clarify the role of phosphate in promoting the enzymatic
reaction with p-glucal and show that depending on reaction condi-
tions used, p-glucal serves as donor substrate for 2-deoxy-p-gluco-
syl transfer to phosphate or sugar acceptor. Requirement for
phosphate to essentially ‘activate’ CuCPase reaction with p-glucal
explains negative findings of our previous experiments that in
direction of disaccharide synthesis were all performed in the ab-
sence of phosphate. In addition, the amount of native enzyme (iso-
lated from the natural host C. uda) and the analytical method used
(TLC) may have been insufficient for identification of p-glucal as
donor substrate for phosphorolysis. We herein also show that con-
version of p-glucal in the presence of phosphate constitutes a con-
venient single-step method for preparation of 2-deoxy-o-p-glucose
1-phosphate (1) that is difficult to synthesize chemically.

In chemical terms, p-glucal and related glycals are characterized
as 1,2-unsaturated derivatives of pentoses or hexoses. These com-
pounds have been widely used as mechanistic probes for study of
glycoside hydrolases and phosphorylases.!”~2* Their unique fea-
ture of structure and function lies in the half-chair conformation
of the typically six-membered ring that contains a highly reactive
double bond between C-1 and C-2. It is known from seminal work
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Scheme 1. Proposed catalytic mechanism of CuCPase. Asp
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synthesis, respectively. See Ref. 2 for a detailed discussion.
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is thought to adopt the catalytic role of a general acid and base in direction of cellobiose phosphorolysis and
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of Hehre, Lehmann, Legler and their co-workers performed as early
as the 1970s that glycals are substrates to become hydrated by
many glycoside hydrolases.'®?42> p-Glucal is utilized by a-glucosi-
dase from Candida tropicalis and B-glucosidase from
sweet almond.'® Disaccharide analogues of maltose (maltal) and
cellobiose (cellobial) in which p-glucal replaces the original ‘reduc-
ing-end’ p-glucose moiety are hydrated by, respectively, sweet po-
tato p-amylase'® and exo- as well as endo-type cellulases.?® Work
of Klein et al. on a-glucan phosphorylase?” and glycogen phos-
phorylase?® provided a first case for reaction of a phosphorylase
with p-glucal. Unlike the hydrolases that promoted double bond
hydration only, the phosphorylase catalyzed transfer of the 2-
deoxy-glucosyl-moiety generated from p-glucal upon protonation
at C-2. Depending on relative abundance of acceptor substrates
present in the reaction, transfer occurred preferentially to
phosphate or o-(1—-4)-p-glucosyl oligo/polysaccharide.?’?® The
exocyclic enitol heptenitol (2,6-anhydro-1-deoxy-p-gluco-hept-1-
enitol) was applied in the study of different glycoside hydrolases
and glycogen phosphorylase. It is particularly relevant for this
work that the phosphorylase catalyzed glycosyl transfer to phos-
phate, forming heptulose 2-phosphate as product.?®

Mechanistic proposals for enzymatic utilization of glycals share
a common initial step that is chemical ‘activation’ of the glycal by
protonation at C-2. Analysis of stereospecifity of this protonation
event has therefore been an important component of the mechanis-
tic characterization of different enzymes, including o~ and B-gluco-
sidases'®, exo-o-glucanases,® and glycogen phosphorylase.?’” To
examine the stereochemical course of the transformation, reactions
were performed in D,0 and their progress analyzed by NMR spec-
troscopy. The same methodology was applied in this work to mon-
itor CuCPase-catalyzed 2-deoxy-p-glucosyl-transfer to phosphate.
We show that deuterium from solvent is incorporated stereospecif-
ically in equatorial position of 1, revealing that proton attack occurs
on the re side of C-2, that is from below the ring of p-glucal.

2. Results and discussion
2.1. Single-step purification of recombinant CuCPase

Using the procedures described under 3.2 enzyme preparation,
we obtained CuCPase in a highly purified form. The isolated en-
zyme migrated as single protein band in SDS PAGE (Supplementary
Fig. 1), and its specific activity of 14.4 U/mg was in useful agree-
ment with the value of 19.2 U/mg reported for the same His-tagged

P. Wildberger et al./Carbohydrate Research 356 (2012) 224-232

CuCPase in a previous paper from this laboratory.! It should be
noted that CuCPase isolation was possible with only a single puri-
fication step via the enzyme’s His-tag, using Ni-chelating Sephar-
ose Fast Flow chromatography with a His-Trap HP column. In
previous work using Cu-loaded chelating Sepharose CL-4B, a sec-
ond chromatographic step on hydroxyapatite resin was necessary
to obtain highly purified enzyme. Elution of CuCPase occurred at
a higher concentration of imidazole (250 mM) using the ‘new’
method as compared to the published protocol (120 mM imidaz-
ole), suggesting that interaction of the His-tagged protein with
the chromatographic material was enhanced under the conditions
used herein. Overall, the purification of CuCPase was made simpler
and more time-efficient as compared to the reported protocol. In
some batches of enzyme purified according to literature, we noted
the problem of co-purification of phosphorylase and phosphatase
activities. The phosphatase hydrolyzed o-p-glucose 1-phosphate
into p-glucose and phosphate. It was important to confirm there-
fore that the purified CuCPase used herein was absolutely devoid
of such phosphatase activity.

2.2. Identification of p-glucal as CuCPase substrate for 2-deoxy-
p-glucosyl transfer to phosphate

When offered p-glucal (50 mM) and phosphate (50 mM) as sub-
strates, CuCPase (5 M) catalyzed formation of a single main prod-
uct that eluted in analytical high performance anion exchange
chromatography with pulsed amperometric detection (HPAED-
PAD) at a position comparable to that of elution of an authentic
o-p-glucose 1-phosphate standard. We determined that product
formation took place at the expense of p-glucal (HPAED-PAD).
NMR analysis from a reaction mixture in which about 20% of the
original substrate had been converted identified the product to
be a phosphorylated sugar. Results depicted in Figure 2a establish
identity of the phospho-sugar product as 1. Presence of the phos-
phate group was indicated by a 3'P signal at 2.4 ppm, which
showed a 3Jp_y coupling in 'H/3'P-HSQC to proton H-1 with a cou-
pling constant of 7.6 Hz. The 3]y coupling of 3.0 Hz between H-1
and H2a pointed to a-anomeric configuration at C-1. In Figure 2a
the TOCSY trace of protons H-1 is shown, which indicates all pro-
tons in the respective spin system. Several scalar couplings can
be deduced from additionally shown separated proton signals of
1. NMR spectroscopic data are summarized in Supplementary
Table 1.

a
H-4
H-1 H-3 H-2e H-\AZa
I
. [ ] L .\
% B = @ . a . {5.5
5.4
b
H-1 H-3 H-4 H-2e H-2a
H-1 | A | — A 56
% Q3 e a =1 {5.5
T \ T T T T T \ T 54
55 5.0 45 4.0 35 3.0 2.5 2.0 1.5 ppm

Figure 2. NMR spectroscopy based identification of 2-deoxy-o-p-glucose 1-phosphate (1) (panel a) and 2-deoxy-o-p-[(2e)-p]-glucose 1-phosphate (4) (panel b). Shown are
the 2D TOCSY traces of protons H-1 in f,-dimension. Additionally, the separated and not overlapped 'H NMR signals are attached to the axes, respectively. Indicative shifts

and coupling constants are listed in Supplementary Table 1.
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NMR analysis revealed that 2-deoxy-p-glucose (2) was a minor
additional product of the conversion of p-glucal that was formed in
low abundance (<2%) relative to 1. Careful controls performed un-
der otherwise identical reaction conditions in the absence of en-
zyme showed that p-glucal was stable over the entire timespan
of the experiment, eliminating the possibility that spontaneous,
non-enzymatic reactions are responsible for the observed product
pattern. These results indicate that CuCPase promotes conversion
of p-glucal via 2-deoxy-p-glucosyl transfer to phosphate whereby
p-glucal serves as donor substrate for phosphorolysis. From time-
course data presented in Figure 3 we estimated that the reactivity
of p-glucal as substrate for phosphorolysis by CuCPase is roughly
three orders of magnitude lower than reactivity of the native donor
substrate cellobiose used under otherwise identical conditions
(50 mM of each cellobiose and phosphate). A plausible explanation
for formation of 2 during phosphorolysis of p-glucal is that slow
non-enzymatic hydrolysis of the relatively unstable 1 takes place
as a secondary reaction of the overall transformation. The alterna-
tive possibility is that CuCPase catalyzes direct hydration of p-glu-
cal at a rate much slower than the phosphorolysis rate. In
experiments described later where CuCPase was incubated with
p-glucal and p-glucose in the absence of phosphate, the enzyme
synthesized tiny amounts of a product that was shown by
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Figure 3. Time-courses for 2-deoxy-a-p-glucose 1-phosphate (1) (O) and 2-deoxy-
p-glucose (2) (x) production from 50 mM p-glucal (@) in the presence of 250 mM
phosphate (a) and 50 mM phosphate (b). The enzyme concentration was 5 M.
Lines show trend of the data.
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HPAED-PAD analysis to consist of 2 next to 2-deoxy-B-p-gluco-
syl-(1—4)-p-glucose (3). Product 2 is quite unlikely to have origi-
nated from hydrolysis of the trace amounts of 3 formed under
these conditions. Direct hydration of p-glucal by CuCPase is there-
fore supported. The hydration product is assumed to be 2-deoxy-o-
p-glucose, which then undergoes mutarotation in solution, yielding
the o- and B-anomers of 2 in the reaction mixture, as observed in
the NMR analysis.

2.3. Enzymatic synthesis of 1 from p-glucal

Figure 3a shows time courses of conversion of 50 mM p-glucal
in the presence of the same molar concentration of phosphate
and a fivefold molar excess of phosphate. Reaction rate was en-
hanced (twofold) by increasing the initial phosphate concentration
from 50 mM to 250 mM. The final concentration of 1 obtained in
the enzymatic conversion was doubled from 10 mM to around
20 mM by the same increase in phosphate concentration, indicat-
ing a mass action effect. The maximum conversion of p-glucal un-
der the conditions used was around 40%. Despite this rather
modest yield, single-step production by CuCPase appears to be
the currently most convenient synthesis of 1. We will show later
under 2.5 enzymatic reaction with p-glucal in the presence of p-
glucose and phosphate, that the presence of p-glucose further stim-
ulates catalytic formation of 1, making the synthesis even more
efficient.

2.4. Stereochemical course of enzymatic reaction with p-glucal

A plausible mechanism of utilization of p-glucal for 2-deoxy-p-
glucosyl transfer to phosphate involves substrate activation by
protonation at C-2 prior to or concomitant with nucleophilic attack
of phosphate oxygen on C-1. To probe the stereoselectivity of the
protonation event, we performed enzymatic reaction in D0 using
50 mM of each p-glucal and phosphate, and analyzed with NMR
the incorporation of deuterium in the resulting 1 obtained after
24 h of incubation. The obtained NMR spectrum identified the
formed product as 2-deoxy-o-p-[(2e)-p]-glucose 1-phosphate (4).
This compound has the same anomeric configuration as 1 and
shows a 3'P signal at 2.5 ppm. It shows the proton signal of H-2a,
while no signal of H-2e is detectable (Fig. 2b). Concomitant the sig-
nal of H-1 and H-3 show only scalar couplings to H-2a as well as to
H-2a and H-4, respectively. Furthermore, C-2 has a typical Jcp
coupling (data not shown). NMR spectroscopic 'H and 'C data of
4 are summarized in Supplementary Table 1.

Our results indicate that protonation of p-glucal by CuCPase is
highly stereoselective. They also suggest a stereochemical course
of the protonation where the proton is delivered from below the
six-membered ring of substrate in a re side attack on C-2
(Scheme 2B). We will discuss later with the help of molecular
docking that the most plausible mechanistic scenario is that en-
zyme-bound phosphate serves as proton donor in the reaction.

2.5. Enzymatic reaction with p-glucal and p-glucose in the
absence and presence of phosphate

Kitaoka et al. have shown exploitation of CgCPase-catalyzed 2-
deoxy-B-p-glucosyl transfer from p-glucal to different acceptors
(p-glucose, p-xylose, p-mannose, and 2-deoxy-p-arabino-hexose)
for synthesis of rare disaccharide analogs of cellobiose.'® We used
CuCPase to perform the same synthesis using p-glucal and p-glu-
cose (50 mM each), but obtained poor yields (<4%). Analysis by
HPAED-PAD of a sample taken after 30 h of incubation confirmed
formation of a disaccharide product that eluted at a position simi-
lar, yet not identical to that of elution of authentic cellobiose. How-
ever, this product was present in a concentration of only about
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Scheme 2. Reaction course for 2-deoxy-p-glucosyl transfer from p-glucal to phosphate catalyzed by CuCPase in H,0 (a) and D,0 (b). In D,0, all acidic protons are assumed to

be exchanged by deuterium.

2 mM (calibrated as cellobiose). We also noticed formation of 2,
presumably resulting from hydration of p-glucal (see Fig. 4f).

The reaction was then repeated in the presence of phosphate.
Interestingly and at first unexpectedly, disaccharide synthesis
was substantially enhanced under these conditions as compared
to the control lacking phosphate. Two main products were
formed: a disaccharide whose identity was revealed by NMR as
3, and 1, re-confirmed by the NMR data. The molar ratio of syn-
thesis and phosphorolysis products was dependent on the initial
phosphate concentration used; it decreased as the phosphate
concentration was raised (see Fig. 4). NMR data for the disaccha-
ride product identify the constituent 2-deoxy-p-p-glucosyl group
from the typical large coupling constants between the axial pro-
tons present in each position, including C-1. The additional equa-
torial oriented proton on position C-2 shows concomitant smaller
3J4-u couplings and leads to a high field shift of the C-2 '3C sig-
nal. The terminal saccharide is a glucose moiety, present in a typ-
ical 2:3 mixture of o- and B-anomers. The interglycosidic linkage
has been determined by a weak NOE between the H-1 of the 2-
deoxy-B-p-glucosyl moiety and H-4 of the terminal glucose. We
isolated 3 from the product mixture, however, only in small
amounts that were not sufficient to determine 3Jc; couplings be-
tween the two sugar units. In spite of that, all NMR spectroscopic
data (Supplementary Table 2) indicate the disaccharide to be a 3
and are in very good accordance with an earlier reported analysis
of this compound.'®

Figure 4 summarizes time-course data for conversion of p-glu-
cal and p-glucose (50 mM each) in the presence of different phos-
phate concentrations in the range 1.00-250 mM. A control lacking
phosphate is also shown (panel f). Each time course in Figure 4
(panels a-e) was characterized by relatively fast drop of p-glucal
concentration in the first 5 h of reaction. Depending on the phos-
phate concentration used, p-glucose was consumed at roughly
the same rate (1 and 5 mM phosphate) or at a rate much lower
(=50 mM phosphate) than the p-glucal utilization rate. The prod-
ucts 3 and 1 were formed according to mass balance. At low phos-
phate concentration, 3 was essentially the only product derived
from p-glucal. At phosphate concentrations of 50 mM and greater,
the distribution of transfer products varied in dependence of the
phosphate concentration. While at 50 mM phosphate the products
were formed in almost identical amounts, use of 250 mM phos-
phate rendered 1 as the predominant reaction product. In each of
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the time courses in Figure 4 (panels a-e) at 10 h and above, the
reaction rate became stalled and the concentrations of substrates
and products remained constant over time. Therefore, this sug-
gested that an apparent equilibrium had been reached in each of
the reactions. The results in Figure 4 are interesting as they hint
a catalytic role of phosphate and p-glucose during conversion of
p-glucal into 3 (panels d and e compared to panel f) and 1 (panel
a compared to Fig. 3), respectively. A plausible scenario is that qua-
ternary complex between CuCPase, phosphate, p-glucal, and p-glu-
cose shows substantially enhanced activity as compared to the
corresponding ternary complexes (enzyme/p-glucal/p-glucose; en-
zyme/p-glucal/phosphate). Preferred direction of reaction, 2-
deoxy-p-glucosyl transfer to p-glucose or phosphate, is determined
by prevalence of acceptor substrate for synthesis or phosphoroly-
sis. Reaction of CuCPase with p-glucal therefore appears to occur
under thermodynamic control (see later under 2.6 molecular dock-
ing studies).

Kinetic analysis of the data in Figure 4 reveals that CuCPase
activity was lowest for reaction with p-glucal and p-glucose in
the absence of phosphate. An approximate turnover number (k,pp)
of 3.5 x103s™! was calculated from data in Figure 4f Using
p-glucal and phosphate in the absence of p-glucose (Fig. 3b), kapp,
was approximately 1.8 x 1072s™'. Presence of phosphate
(150 mM) and bp-glucose next to p-glucal (Fig. 4f compared to
Fig. 3b) resulted in a roughly 15-fold increase in k,p, to a value
of 0.27 s~'. At 1.00 mM phosphate, k,p, was still 0.2s7".

Reaction of CPase with p-glucal is of interest to be applied for
synthesis of 2-deoxy-p-glucosyl saccharides, as already demon-
strated by Kitaoka and co-workers. This work adds to their pre-
vious study showing that 1 can also be synthesized. Generally,
deoxy-sugars in which a particular hydroxy group has been
substituted by hydrogen have proven to be valuable tools in
the biochemical study of substrate binding recognition and catal-
ysis by carbohydrate-active enzymes.>>*> The OH—H replace-
ment can be viewed as chemical mutagenesis of substrate,
resulting in selective removal of hydrogen-bonding interactions
that the original hydroxy group had with the enzyme. Consider-
ing the central physiological role of a-p-glucose 1-phosphate at
the interface of cellular catabolism and anabolism, 1 presents
an interesting analog of o-p-glucose 1-phosphate that could be
used in the examination of various enzymes utilizing o-p-glucose
1-phosphate as their native substrate (e.g., phosphoglucomutase,



6 Cellobiose phosphorylase: Role of phosphate in glycosyl transfer reactions

P. Wildberger et al./Carbohydrate Research 356 (2012) 224-232

[V

60 d 6o
= _. 50
= =
£ £
2 2 40
[$] [$]
=} =]
H H
a 5 30
» @
2 ]
] g 20
® ?
Qo Qo
=3 =]
%) » 10
0
0 5 10 15 20 25 30 35
Time [h]
b e e
= 50 -
= =
E £
£ 401 2
o o
=] =]
K K
g %07 a
@ @
2 L
S 20 1 g
@ @
Qo Q
3 3
@ 10 )
0
0 5 10 15 20 25 30 35
Time [h]
C +0 fg
172}
o
S
< 50 >
€ Q
2 40 S
£ 1
3 A
K =
E: 30 A g
g El
B 204 4
7 Q
< &
@ 10 <
o
(5
Q
04 N
0 5 10 15 20 25 30 35
Time [h]

229

0 5 10 15 20 25 30 35
Time [h]

60

50
40 1
30 1
20 A
10 1
0

0 5 10 15 20 25 30 35
Time [h]

5 60
4 ===z Fso
s =

£
£ £
. F40 g
€ 3 A 8
3 o
S S
2 F3 3
t?’) T
2 24 i
> L ©
§ 20 i:)’
3 Q
&1 10 ©

01 ro
0 5 10 15 20 25 30 35
Time [h]

Figure 4. Time-courses for 2-deoxy-B-p-glucosyl-(1—-4)-p-glucose (3) (A) and 2-deoxy-o-p-glucose 1-phosphate (1) (O) production from 50 mM p-glucal (®) and 50 mM p-

glucose (W

) in the presence of 250 mM phosphate (a), 150 mM phosphate (b), 50 mM phosphate (c), 5 mM phosphate (d) and 1 mM phosphate (e), respectively. (f) shows the

time-course of 2-deoxy-B-p-glucosyl-(1-4)-p-glucose (3) (A) and 2-deoxy-p-glucose (2) (x) production from 50 mM p-glucal (®) and 50 mM p-glucose (M) in the absence of

phosphate. Lines show trend of the data.

NDP-glucose pyrophosphorylase, phosphatase, phosphorylase).
However, applying purely chemical approaches, synthesis of 1
has turned out to be remarkably difficult due to compound
instability.>*>® Percival and Withers used an enzymatic ap-
proach that involved five enzymes and proceeded via 2-deoxy-
p-glucose 6-phosphate and 2-deoxy-UDP-p-glucose.>® Thiem
and co-workers exploited reaction of glycogen phosphorylase
with p-glucal.®® The enzyme used is special in that its activity
is dependent on an o-1,4-oligo-p-glucoside primer. Maltotetra-
ose, which is the smallest primer utilized by the phosphorylase,
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and starch were used. Applying maltotetraose, authors reported
synthesis of 1 in two steps: a 2-deoxy-p-glucosyl polysaccharide
having an average degree of polymerization of 20 was prepared
first and separated from the reaction mixture; polysaccharide
was then used for phosphorolysis, giving 1 in a yield of 50%.
An issue of using starch, which is cheaper than maltotetraose,
was formation of a-p-glucose 1-phosphate next to 1 and diffi-
culty of separation of the two sugar phosphates. Therefore, syn-
thesis of 1 using CuCPase under conditions as in Figure 4 (panels
a and b) is promising.
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2.6. Molecular docking studies and proposal for the enzymatic
reaction mechanism

The crystal structure of CgCPase (PDB-entry 2cqt) in complex
with phosphate and p-glucose (bound at subsite +1) was used for
an energy-minimized docking experiment in which p-glucal was rig-
idly placed into subsite —1 of the enzyme. Inherent ambiguity of the
used docking procedure notwithstanding, predicted accommoda-
tion of p-glucal at the catalytic subsite —1 of CgCPase appears to be
highly plausible. Compared to the PDB structure, no conformational
changes were observed in the docked structure. Figure 1b shows the
resulting enzyme-ligand interaction map. The docking provides
useful insight into formation of and possible reactive group arrange-
ment in a quaternary complex, enzyme/phosphate/p-glucal/p-glu-
cose, that might be catalytically competent. p-Glucal is positioned
through a network of hydrogen bonds that involves protein residues
(D368; W488, D490; H666), but also phosphate and p-glucose. p-
Glucal makes contacts from each of its hydroxy groups, whereby
the 4-OH and 6-OH show strong interactions with, respectively,
phosphate and the main-chain NH of D490 in particular. Both phos-
phate and p-glucose (indirectly via D490) are therefore expected to
contribute to binding affinity of p-glucal in the quaternary complex.

Figure 1b supports a catalytic mechanism for reaction of
CuCPase with p-glucal. The proposed mechanism is shown in
Scheme 3. p-Glucal is accommodated in a position that allows
the bound phosphate molecule to serve as proton donor for stereo-
specific re-face protonation at C-2. From previous studies of invert-
ing glycoside hydrolases and glycosyltransferases,®'* the
subsequent glycosyl transfer is expected to proceed through an
oxocarbenium ion-like transition state. Partial negative charges
at the reactive O atoms of phosphate and p-glucose will stabilize
this transition state. The ionized side chain of D490 will provide
general base catalytic assistance to the reaction through partial
deprotonation of the glucose 4-OH. Regioselective 2-deoxy-p-glu-
cosyl transfer to p-glucose is therefore explained. The proposed
role of D490 during conversion of p-glucal is analogous to its role
in the natural reaction when cellobiose is synthesized.?

A kinetic mechanism for reaction of CuCPase with p-glucal is
proposed in Scheme 4. ‘Activation’ of donor substrate to formally
generate a 2-deoxy-p-glucosyl cation is thought to be completely
rate-limiting and therefore, 2-deoxy-p-glucosyl transfer between
phosphate and p-glucose comes to equilibrium at all times during
the reaction. The thermodynamic equilibrium constant for conver-
sion of 2-deoxy-cellobiose into 1 at given pH (Keq) is defined in
kinetic terms as the ratio of third-order rate constants in direction
of phosphorolysis and synthesis (see Scheme 4). It is interesting that
glycogen phosphorylase differs from CuCPase in that its reaction
with p-glucal is kinetically controlled, where initial 2-deoxy-
p-glucosyl transfer occurs exclusively on the carbohydrate acceptor
substrate (e.g., maltotetraose).?”*° Compound 1 is formed only in a
subsequent step, as required by reaction thermodynamics. A possi-
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Keas/ 0K PSP KA E+DG-P+A

A
%

kcalP/aKmDG-A Kmp

slow
E+D+PH+A

> [E.DG.P.A]

E+DG-A+P
fast

Scheme 4. Proposed kinetic mechanism for reaction of CuCPase with p-glucal. E:
CuCPase; D: p-glucal; PH: phosphate, protonated; A: p-glucose; DG: transient 2-
deoxyglucosyl oxocarbenium ion (2); DG-P: 2-deoxy-a-p-glucose 1-phosphate (1);
DG-A: 2-deoxy-B-p-glucose-(14)-p-glucose (3); P: deprotonated phosphate.
[EDG.P.A] is the quaternary transition state complex. The parameter o is an
interaction coefficient describing the effect of binding of one substrate to the
enzyme on the binding of the respective other substrate.

ble explanation for switch from thermodynamic to kinetic control
in two otherwise similar phosphorylase-catalyzed transformations
of p-glucal could be that, when compared on the basis of turnover
number for reaction with the natural donor substrate o-p-glucose
1-phosphate, glycogen phosphorylase (relative ke.: 0.1-0.4)%7 is
by far (>100-fold) more reactive toward p-glucal than CuCPase
(relative kcae: 0.001). Mechanistic differences between the two phos-
phorylases, reflected in a different stereochemical course of the
reaction catalyzed, could also be responsible. Glycogen phosphory-
lase is a retaining enzyme that promotes an axial-to-axial substitu-
tion at C-1 of the transferred glycosyl residue. Unlike CuCPase that is
reactive with p-glucal and phosphate in the absence of sugar
acceptor, glycogen phosphorylase must form a quaternary complex
of enzyme, phosphate, p-glucal, and oligosaccharide acceptor
(primer) to become detectably active. Arrangement of reactive
groups in this complex may be such that phosphate, which is
thought to serve a proton donor function in the reaction with
p-glucal analogous to that proposed for CuCPase,?” cannot directly
participate as nucleophilic acceptor of the transferred 2-deoxy-p-
glucosyl moiety. Initial formation of oligosaccharide elongated by
2-deoxy-p-glucosyl residues may thus be a necessity of the mecha-
nism utilized. It is interesting that glycogen phosphorylase promotes
conversion of heptenitol to heptulose-2-phosphate in the absence of
primer molecule,?® using a reaction course highly similar to that of
direct 1 formation by CuCPase from p-glucal and phosphate.

3. Experimental
3.1. Materials
Unless otherwise stated, all chemicals used have been described

elsewhere.** p-Glucal was purchased from Sigma, 2-deoxy-o-p-
glucose (2) from Roth.

Asp-490 Asp-490 Asp-490
T -
OH )
o7 © 30 OH Ho~ ©
o \ T
HO HO H OH H OH
0 2 OH OH 5 H o
H HE2 — o9 %1~ Hog 02 o
o 08+ (0] o
HO B
OH A 0d o OH
HO\ " oM o
oy _p—o0
Ho—p—0 HO—R 0 Ho—#
\\ \
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Scheme 3. Proposed catalytic mechanism for reaction of CuCPase with p-glucal, p-glucose and phosphate.
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3.2. Enzyme preparation

Recombinant Cellulomonas uda CPase (CuCPase) was prepared
by a modification of a procedure reported elsewhere.?! Details of
the protocol were as follows. Escherichia coli BL21-Gold(DE3)
expression cells harboring the pQE30-vector encoding CuCPase
were cultivated in 1-L baffled shaken flasks at 37 °C and 110 rpm
using LB-media and 115 mg/L ampicillin. When ODgg reached
0.9-1.0, temperature was decreased to 22 °C and gene expression
was induced with 0.1 mM IPTG for 20 h. Cells were harvested by
centrifugation at 4 °C and 5000 rpm for 30 min in a Sorvall RC-5B
Refrigerated Superspeed centrifuge. Resuspended cells were frozen
at —20 °C, thawed and the suspension was passed twice through a
French pressure cell press (Aminco) at 150 bar. Cell debris was re-
moved by centrifugation at 4 °C, 14,000 rpm for 45 min. The result-
ing supernatant was used for further enzyme purification after it
was passed through a 1.2 pm cellulose-acetate filter (Sartorius).
As the pQE30-vector encoding CuCPase has a His-tag fused to the
N-terminus of the enzyme, CuCPase was purified by using a Ni-
chelating Sepharose Fast Flow chromatography (His-Trap HP, GE
Healthcare) at 4 °C. All buffers were degassed and filtered using
0.45 pm cellulose-acetate filters (Sartorius). The column was equil-
ibrated with buffer A (20 mM Tris-HCl, 20 mM imidazole, 500 mM
NaCl, pH 7.4) at a flow rate of 5 mL/min (5 column volumes). The
crude cell extract was applied at a flow rate of 1 mL/min. After
washing with buffer A at a flow rate of 5 mL/min (5 column vol-
umes), fractions containing the enzyme (91-kDa band in SDS-
PAGE) were eluted with buffer E (20 mM Tris-HCl, 250 mM imid-
azole, 500 mM NacCl, pH 7.4) at a flow rate of 2 mL/min (6 column
volumes). Pooled fractions were concentrated and desalted using a
Vivaspin ultrafiltration tube (10 kDa cutoff; Vivascience) and again
concentrated to about 40 mg/mL in 50 mM MES buffer, pH 6.6.
Stock solutions of CuCPase were stored at —20 °C. The yield of pure
protein from one liter culture was about 50 mg. Purification was
monitored by SDS-PAGE and the measurement of the specific
activity (see Supplementary Fig. 1). To further check the prepara-
tion’s purity and specifically the absence of a phosphatase related
impurity, CuCPase (1 uM) was incubated with 50 mM o-p-glucose
1-phosphate in 50 mM MES buffer, pH 6.6 for 24 h and the reaction
mixture was analyzed by high performance anion exchange chro-
matography with pulsed amperometric detection (HPAED-PAD)
(see below). No hydrolytic activity of a-p-glucose 1-phosphate into
p-glucose and phosphate could be detected with purified CuCPase
prepared with the protocol just described.

3.3. Assays

Enzyme activity in direction of phosphorolysis of cellobiose was
determined at 30 °C using a continuous coupled enzymatic assay
with phosphoglucomutase and glucose-6-phosphate dehydroge-
nase.'* Protein concentration was measured with the BioRad
dye-binding method referenced against BSA.

3.4. Analytical methods

All synthesis products were analyzed by high performance an-
ion exchange chromatography with HPAED-PAD. The analysis
was performed using a Dionex BioLC system equipped with a Carb-
oPac PA10 column (4 x 250 mm) and an Amino Trap guard column
(4 x 50 mm) thermostated at 30 °C. p-Glucal, 2, p-glucose, 3, and 1
were detected with an ED50A electrochemical detector using a
gold working electrode and a silver/silver chloride reference elec-
trode by applying the predefined waveform for carbohydrates. Elu-
tion was carried out at a flow rate of 1 mL/min with the following
method: isocratic flow of 52 mM NaOH for 20 min, followed by an
isocratic flow of 100 mM NaOH and 100 mM NaOAc for 5 min, and
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a linear gradient from 100 mM NaOAc to 400 mM NaOAc applied
within 15 min in an isocratic background of 100 mM NaOH. The
column was washed 10 min with 52 mM NaOH. Under the condi-
tions applied, the following retention times were obtained:
2.6 min for p-glucal, 5.8 min for 2, 7.9 for p-glucose, 11.2 min for
3, and 23.0 min for 1.

3.5. Reactions with p-glucal and phosphate

p-Glucal was tested as a possible glycosyl donor in phosphorol-
ysis direction catalyzed by CuCPase. 5 tM CuCPase were incubated
with 50 mM p-glucal and different concentrations of phosphate
(50 mM, 250 mM) in 50 mM MES buffer, pH 6.6. The formation of
a new product for CuCPase, 1, was monitored by HPAED-PAD after
the reaction mixture was incubated at 30 °C, 550 rpm for up to
30 h.

To determine the stereochemical course of the reaction, we per-
formed a reaction using 50 mM p-glucal, 50 mM phosphate, 50 mM
MES (pH 6.6), and 5 M CuCPase in 99% (v/v) D,0. The mixture was
incubated at 30 °C, 550 rpm for 24 h and the content of the mixture
was analyzed by NMR analysis (see 3.8).

3.6. Reactions with p-glucal and p-glucose in presence and
absence of phosphate

To test whether CuCPase still utilizes p-glucal when phosphate
and p-glucose is present, 5 M CuCPase were incubated with
50 mM b-glucal, 50 mM b-glucose, and different concentrations
of phosphate (1 mM, 5 mM, 50 mM, 150 mM, 250 mM) in 50 mM
MES buffer, pH 6.6, at 30 °C for 30 h. The reaction mixture was ana-
lyzed by HPAED-PAD and the synthesis products were identified by
NMR-analysis as 3 and 1. To test the role of phosphate in the reac-
tion, CuCPase was incubated with only p-glucal and p-glucose
(without phosphate). 5 pM CuCPase were incubated with 50 mM
p-glucal and 50 mM b-glucose in 50 mM MES buffer, pH 6.6, at
30°C and after 24 h the reaction was stopped and the reaction
mixture was analyzed by HPAED-PAD.

3.7. Energy-minimized molecular docking

Yasara V 11.11.21 was used for the determination of energy-
minimized structure and the enzyme-ligand docking. PyMOL
(http://pymol.sourceforge.net) was used for visualization. The X-
ray crystal structure of CgCPase having a p-glucose and phosphate
bound in subsite +1 and phosphate binding site, respectively (PDB-
entry 2cqt) was used as macromolecule in a rigid molecular dock-
ing experiment that employed p-glucal as the ligand. A search
space of 15 x 12 x 12 A was used, spanning the enzyme’s active
site. The docking algorithm resulted in 4 binding modes with com-
parable energies. From these, the most accurate model was se-
lected on the basis of the binding mode of N-acetylglucosamine
in subsite —1 of VpChPase.®

3.8. NMR measurements

NMR spectroscopic measurements were made from crude or
partially purified reaction mixtures. Lyophilized samples were dis-
solved in D0 (99.95%, 0.7 mL) and transferred into 5 mm NMR
sample tubes (Promochem, Wesel, Germany). All spectra were re-
corded on a Bruker DRX-400 AVANCE spectrometer (Bruker, Rhein-
stetten, Germany) at 400.13 MHz ('H), 100.61 MHz ('3C), and
161.98 MHz (*'P) using the Bruker Topspin 1.3 software. Measure-
ments temperature was 300+ 0.1 K. For 1D-spectra, 32k data
points were acquired using a relaxation delay of 1.0 s and appropri-
ate number of scans. After zero filling to 64k data points and Fou-
rier transformation, spectra with a range of 7200Hz ('H),
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20,000 Hz ('3C), and 16,200 Hz (3'P) were obtained, respectively.
To determine the 2D COSY, TOCSY, NOESY, HMQC, and HMBC as
well as 'H/?'P-HSQC spectra, 128 experiments with 8 scans and
1024 data points each were performed. After linear forward predic-
tion to 256 data points in the f,-dimension and appropriate sinu-
soidal multiplication in both dimensions, the data were Fourier
transformed to obtain 2D-spectra with ranges of 4000 Hz ('H),
20,000 Hz (*3C), and 8100 Hz (*'P). Chemical 'H and '3C shifts were
referenced to external acetone (éy 2.225 ppm; é¢c 31.45 ppm) and
phosphorus shifts were referenced to external aq 85% phosphoric
acid (3'P: 6p 0.00 ppm).
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97 kDa
66 kDa
45 kDa

fa— 30 kDa
20.1 kDa
- 14.4kDa
1 2 3

Supplementary Figure Si. Purification of recombinant CuCPase documented by SDS-PAGE. Lane 1:

crude cell extract of CuCPase; lane 2: molecular mass standard; lane 3: purified CuCPase.
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Supplementary Table 1. Proton and carbon NMR spectroscopic data of 2-deoxy-«-D-glucose 1-phosphate

(1) and 2-deoxy-a-D-[(2e)-D]-glucose 1-phosphate (4).

proton Compound 17 Compound 47 carbon Compound P Compound 4[7
H-1 5.49, 1H, ddd, 7.6; 3.0; 1.3 5.52,1H, dd, 7.5; 3.3 C-1 91.9,d 92.3,d

H-2a 1.62, 1H, dddm, 12.7; 11.7; 3.0 1.63, 1H, dm, 11.6 C-2 38.1, t 38.2, t(t)

H-2e 2.15, 1H, ddd, 12.7; 5.1, 1.3 -

H-3 3.96, 1H, ddd, 11.7; 9.0; 5.1 3.96, 1H, dd, 11.6; 9.3 C-3 67.1,d 66.8,d

H-4 3.31, 1H, dd, 9.0; 9.0 3.31,1H,dd, 9.3, 9.3 C-4 71.2,d 70.0, d

H-5 3.83,1H, m 3.83, 1H, m C-5 72.0,d 71.8,d

H-6a 3.81, 1H, m 3.81, 1H, m C-6 60.5, t 60.2, t

H-6b 3.72, 1H, m 3.72, 1H, m

@: chemical shift [ppm], integral, multiplicity, coupling constants [Hz]

b: chemical shift [ppm], multiplicity
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Supplementary Table 2. Proton and carbon NMR spectroscopic data of 2-deoxy-S-D-glucosyl-(1—4)-

D-glucose (3).

proton « anomer (a-3)% B anomer (fi-3)“ carbon « anomer (/x-3)b B anomer (/5-3)[7
2-deoxy-B-D-glucosyl-(1—

H-1 4.83,1H, dd, 10.0; 2.0 4.82,1H, dd, 10.0; 2.0 C-1 101.8,d 101.8,d
H-2a 1.59, 1H, ddd, 12.5; 12.0; 10.0 1.61, 1H, ddd, 12.5; 12.0; 10.0 C2 39.5, t 39.5, t
H-2e 2.37, 1H, ddd, 12.5; 5.0; 2.0 2.38, 1H, ddd, 12.5; 5.0; 2.0

H-3 3.80, 1H, ddd, 12.0; 9.0; 5.0 3.80, 1H, ddd, 12.0; 9.0; 5.0 C-3 72.0,d 72.0,d
H-4 3.33, 1H, dd, 9.0; 9.0 3.33,1H, dd, 9.0; 9.0 Cy 72.5,d 725, d
H-5 3-45,1H, m 3-45,1H, m C-s 77.9,d 779, d
H-6a 3.90, 1H, m 3.90, 1H, m C-6 60.5, t 60.2, t
H-6b 3.80, 1H, m 3.80, 1H, m

—4)-D-glucose

H-1 5.26,1H, d, 3.9 4.67,1H,d, 7.8 C-1 93.4,d 97.8,d
H-2 3.60, 1H, dd, 9.7; 3.9 3.29, 1H, dd, 9.5, 7.8 C-2 72.7,d 76.0,d
H-3 3.83, 1H, dd, 9.7; 9.0 3.66, 1H, dd, 9.5; 9.0 C3 73.1,d 76.0,d
H-4 3.70, 1H, dd, 9.9; 9.0 3.70,1H, dd, 9.1; 9.0 C-4 80.3,d 80.3,d
H-5 3.90, 1H, m 3.60, 1H, m C-5 72.0,d 76.4,d
H-6a 3.82, 1H, m 3.88, 1H, m C-6 61.0, t 61.1, t
H-6b 3.77, 1H, m 3.77, 1H, m

: chemical shift [ppm], integral, multiplicity, coupling constants [Hz]

b. chemical shift [ppm], multiplicity; [determined from 1H/ 13 C-HSQC]
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Abstract

The gene agp encodes for glucose-1-phosphatase from Escherichia coli, a member of the high molecu-
lar weight histidine acid phosphatase family. The periplasmic enzyme was cytoplasmically expressed
and purified by affinity chromatography. Proper folding at the secondary structural level was en-
sured by circular dichroism spectroscopy and correct formation of the three intramoelcular disulfide
bonds was revealed by LC-MS/MS. Glucose-1-phosphatase and two representatives of the haloacid
dehydrogenase-like phosphatase family, HAD4 and HAD13, were benchmarked by their hydrolytic ac-
tivities towards various donor substrates. Glucose 1-phosphate was among the substrates, which was
hydrolyzed most efficiently by all three phosphatases. In a next step we used glucose 1-phosphate as
donor substrate and tested the phosphoryl transfer potential of the three phosphatases to fructose as
phosphoryl transfer acceptor substrate. Whereas HAD4 and HAD13 displayed no phosphoryl trans-
fer activity, we could decipher glucose-1-phosphatase as a bifunctional enzyme, displaying hydrolytic
and synthetic activity. By using Gi1Pase as biocatalyst, we were able to establish an one-step reaction
process for the efficient synthesis of fructose 1-phosphate, in a yield of up to 60%, based on the initial
glucose 1-phosphate concentration. Fructose 1-phosphate is a high-value metabolite which is difficult

to prepare chemically and difficult to access biocatalytically.
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INTRODUCTION

Phosphate esters are essential for all living organisms (1). Their diverse roles range from providing
stability to the genome, lipids and the skeletal structure to being indispensible for protein regulation
and signaling (2). Considering the importance of phosphoryl transfer reactions in biology, it is not
surprising that phosphoryl transferring enzymes have attracted considerable interest in recent years.
The classes of enzymes involved in reactions on phosphate monoesters mainly comprise phosphatases,
kinases and mutases (3). The general understanding of how these enzymes catalyze the formation and
hydrolysis of phosphate esters is constantly growing (3-6). Besides of deepening the insights on the
reaction mechanism utilized by these enzymes, significant progress was made to exploit the enzymes
for the synthesis of phosphorylated compounds, which are often used as prodrugs to improve drug
delivery, nutritional supplements or taste enhancers in the food industry and as cosmetic ingredients
in moisturizers, detergents and new polymers (7, 8).

Enzymes catalyzing phosphoryl transfer reactions have in common that they are dependent on phos-
phate containing activated donor substrates. In biological systems, kinases are the main enzymes re-
sponsible for catalyzing the transfer of a phosphoryl group from the high-energy donor molecule ATP
to a variety of alcohols. Several kinases are exploited in synthetic applications thereby providing access
to valuable metabolic intermediates like glucose 6-phosphate synthesized by hexokinase (9) or ribose
5-phosphate by ribokinase (10). The accompanied bottlenecks of kinase catalyzed phosphoryl trans-
fer reactions include high expenses for the nucleoside triphosphates and potential inhibitory effects
of the resulting nucleoside diphosphates. ATP regeneration evolved as strategy to circumvent these
limitations (11), however, is restricted by introducing additional complexity into the kinase-catalyzed
reaction system. Phosphatases, enzymes catalyzing the in vivo hydrolysis of phosphomonoesters to in-
organic phosphate and the corresponding free alcohol, are used as alternatives to kinases in biocatalytic
reactions. They use pyrophosphate as donor substrate and transfer the phosphate group to a variety of
acceptor substrates, thereby enabling the economic synthesis of products like D-glucose 6-phosphate
(12), N-acetyl-D-glucosamine and allylphosphate (13). Another group of activated donor substrates,
employing a phosphate moiety, are sugar phosphates. Whereas no phosphoryl transferring enzyme is
known to transfer the phosphate group of sugar phosphates to an acceptor, an analogous mechanism
for glycosyl transferring enzymes is well described. Dissaccharide phosphorylases are known to utilize
sugar phosphates and to transfer the glycosyl groups from the sugar phosphate to a variety of accep-
tors (14).

In this study we introduce three sugar phosphate utilizing phosphatases from Escherichia coli. Two

of them, HAD4 and HAD13, belong to the haloacid dehalogenase-like phosphatase (HAD) family,
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whereas G1Pase is classified as an enzyme from the histidine acid phosphatase superfamily. The selec-
tion of the chosen enzymes was made on the ability to display activity towards glucose 1-phosphate (15,
16), which substrate we used as precursor for comparing and benchmarking the three phosphatases
and on the availability of the crystal structure, which is solved for all three enzymes (pdb entry 2boc:
HADy4 in complex with glucose 1-phosphate; pdb entry 1rkq: HAD13; pdb entry int4: GiPase in com-
plex with glucose 1-phosphate).

Based on a structural level, both enzyme families are well characterized and the family-internal con-
served motifs are defined. Interestingly, although both enzyme families are almost exclusively re-
stricted to phosphoryl transfer, their structural topologies and their active-site signature displays sig-
nificant differences.

Figure 1A shows the overall structure of HAD13 (the structure of HAD4 is not considered due to
inconsistencies), which is characterized, like all HAD phosphotransferases, by an a/B-core domain
consisting of a modified Rossmann fold, with two, unique key structural features essential for cataly-
sis: an almost complete a-helical turn, a so-called squiggle and a B-hairpin turn, termed flap (17, 18).
The active-site is located at the interface of this core domain and a second domain, the cap domain. The
two domains are flexibly linked, they enclose the active-site for catalysis and open for product dissoci-
ation and subsequent substrate binding (17). Figure 1B zooms into the active-site of HAD13 to display
the conserved residues of the sequence motifs. The catalytic scaffold accommodates two conserved
aspartic acid residues, one acting as nucleophile (Asp10), the other as acid-base catalyst (Asp12) (19,
20). Furthermore, the active-site accommodates a Thr (Thrg4) and a Lys (Lys198), which are required
to bind the phosphoryl group of the substrate and to position the nucleophile. Two carboxylate groups
(Asp221 and Asp225) are required to bind the Mg? " cofactor, which forms a coordinate with the nucle-
ophile and the phosphoryl group of the substrate, thereby orienting and shielding the negative charges
in the ground and transition state (21).

In contrast to HAD13, the periplasmic glucose-1-phosphatase (G1Pase, EC 3.1.3.10) is characterized by
a typical histidine acid phosphatase-like overall folding architecture. The overall topology comprises
two domains, an a-domain and an «/f domain, embedding the central catalytic shaft (22) (Figure 1C).
The common structural features include a conserved nucleophilic histidine (His18, substituted by Ala
in Figure 1D) and a proton donor (Asp290), next to a catalytic domain filled by positively charged
residues (Argiy, Arg21, Argg4 and His289) (see Figure 1D). Both enzyme families share a double
displacement-like reaction mechanism that involves the formation of a covalently bound phosphoryl
enzyme intermediate to either the nucleophilic aspartic acid (HAD4 and HAD13, Scheme 1A) (23) or

the nucleophilic histidine (G1Pase, Scheme 1B) (24, 25).
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In summary, the representatives selected for this study are known to be three glucose 1-phosphate
hydrolyzing enzymes classified in two enzyme families, whereas each family is well characterized on a
structural and mechanistic level. To gain a better understanding on why evolution has developed two
enzyme families with different structural topologies but an apparently similar function, we compared
the three phosphatases by their hydrolytic activities towards several donor substrates. In addition, we
tested the potential of the three phosphatases to catalyze phosphoryl transfer from glucose 1-phosphate
as donor substrate to a terminal acceptor different from water. The observed differences on substrate

specificity between GiPase and HAD4 and HAD13, respectively, are interpreted on a structural level.
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RESULTS

Molecular cloning, expression and purification of recombinant G1Pase

Encoded by the agp gene, glucose-1-phosphatase from the histidine acid phosphatase family hydrolyzes
glucose 1-phosphate in the periplasmic space of E. coli (26). For recombinant, cytoplasmic enzyme pro-
duction, the G1Pase gene was amplified from the genomic DNA of E. coli BL21-Gold (DE3). The 66 bp
native N-terminal signal sequence, required for exporting the native G1Pase to the periplasmic space
of E. coli, was predicted using SignallP-4.1 and removed to prevent cytoplasmic export. A Strep-tactin
affinity tag was fused to the N-terminus and the resulting construct was cloned into a pMS470_dsbC
vector under control of the tac promoter. To enhance the folding of G1Pase, the expression vector used
contains a polycistronic operon in which the disulfide bond isomerase (DsbC) is encoded on the first
open reading frame and Strep-tagged Gi1Pase (without signal sequence) on the second one. GiPase was
inducibly expressed in the cyctoplasm of E. coli Origami B cells. Purification to apparent homogene-
ity of Strep-tagged GiPase (molecular mass: 45 kDa) was accomplished via an one-step or two-step
purification procedure. Strep-tactin affinity chromatography was used as first step, anion exchange
chromatography as second. The one-step purification procedure resulted in a protein yield of 6 mg
from 1 L of culture; the two-step purification procedure resulted in a protein yield of 1 mg from 1
L of culture. The specific activities of the two preparations, purified via the one-step and two-step

procedure, respectively, were identical (1.1 U/mg).

Molecular cloning, expression and purification of recombinant HAD4 and HAD13

HAD4 (yihX) was cloned into a pT7-Zj,si» under control of the T7 promoter, thereby fused to a strongly
positively charged mini-protein called Z,» (27-29). HAD13 (yidA), encoded by the recombinant vec-
tor p15TvL-yida (15, 30), and HAD4 were inducibly expressed in the cytoplasm of E. coli BL21-Gold
(DE3). Purification to apparent homogeneity of Z,»-tagged HAD4 (molecular mass: 31 kDa) was ac-
complished via a cation exchange chromatography step. Purification of His-tagged HAD13 (molecular
mass: 31 kDa) was accomplished via a two step purification procedure, using a Cu®*-chelat followed
by an anion exchange chromatography step. The yield of protein from one litre of culture was 26 mg
for HAD4 and o.5 mg for HAD13, respectively.

The purity of the three phosphatases was verified by SDS-PAGE (Figure 2).

Circular dichroism (CD) spectroscopy analysis of the three phosphatases

Correct folding of purified GiPase and HAD13 was ensured by CD-spectroscopy (Figure 3). Both
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enzymes contained the anticipated secondary structure elements previously observed in the corre-
sponding crystal structure (Table 1). Gi1Pase is characterized by a mixed a-B composition, whereas
the amount of a-helices exceeds the amount of S-sheets by more than two times. HAD13 has a mixed
«-f composition with similar amounts of a-helices and B-sheets. HAD13 shows a large proportion of
unordered structure (28%) which may result from the flexible HAD-like cap domain. Analysis of the
recorded CD-spectrum for HAD4 revealed discrepancies to the data observed in the crystal structure

and hint a state of partial unfolding of the expressed HAD4.

Formation of disulfide bonds in G1Pase

The sequence of G1Pase contains six cysteines, involved in three intramolecular disulfide bonds (Fig-
ure 1). To map the disulfide bonds, purified GiPase was proteolytically digested with trypsin, chy-
motrypsin or both. The resulting peptides were separated by nano LC-MS/MS and analyzed in an
Orbitrap velos mass spectrometer. Mass spectrometry analysis proved the presence of one disulfide
bond formed between Cys189 and Cys195 (sequence: KDSPACKEKQQCSLVDGKNTF; ion score: 34;
expect 0,00042; see spectrum and ion table in Figure 4). The other two disulfide bridges could not be
detected directly, however, better sequence coverage in reduced samples in the regions around the cys-
teines indirectly indicates a higher probability of correct formation (Figure 5) as proteolytic enzymes

access regions without disulfide bonds easier than in the presence of disulfide bonds.

Hydrolytic activity towards various substrates

The specific activity of GiPase, HAD4 and HAD13 was assayed by following the enzyme-catalyzed
dephosphorylation of a generic phosphatase substrate, p-nitrophenyl phosphate and was determined
as 1.1 U/mg for G1Pase and 0.1 U/mg for HAD4 and HADz13, respectively. In a next step, we tested
the hydrolytic activities of the three phosphatases towards various donor substrates by measuring the
release of free phosphate (Table 2). G1Pase was the most active phosphatase towards all sugar phos-
phates tested as substrates, except for B-glucose 1-phosphate, which was not hydrolyzed by GiPase.
Glucose 1-phosphate and glucose 6-phosphate were hydrolyzed with a hydrolytic activity of 40 s~*

and 56 s~!, respectively, the corresponding fructose analogues with 22 s~1.

Phytate and pyrophos-
phate were tested as non-sugar phosphate donor substrates. Under the conditions described, G1Pase
hydrolyzed neither phytate, nor pyrophosphate. A decrease of pH from 7.0 to 4.5 (going along with
a buffer change from 50 mM MES to 100 mM NaOAc) resulted in a measureable hydrolytic activity

of G1Pase towards phytate, which was hydrolyzed with a k¢ of 2.1 s A catalytic activity towards
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pyrophosphate, which is in general a donor substrate utilized by different bacterial acid phosphatases
(31), was not measureable (detection limit < 2.5 uM free phosphate).

In contrast to G1Pase, HAD4 and HAD13 were active towards all provided sugar phosphates and could
not discriminate between the a- and S-configurated glucose 1-phosphate, hydrolyzing both substrates,
however, with a clear preference for the a-configurated form. HAD4 and HAD13 displayed the highest
hydrolytic activity towards glucose 1-phosphate, with a keyt of 2.3 57! for HAD4 and 12 s~ ! for HAD13,

respectively. Both HADs did not catalyze hydrolysis of the tested non-sugar phosphate substrates.

180 incorporation
The hydrolysis of glucose 1-phosphate catalyzed by GiPase and HAD13 was studied in more detail by
180 incorporation in the presence of H>'80. Subsequent analysis by GC-MS revealed the nucleophilic

attack to occur at the phosphorus (Figure 6).

Phosphoryl transfer activity from glucose 1-phosphate to fructose

In a subsequent step, we tested the potential of the phosphatases to transfer the phosphoryl moiety
from glucose 1-phosphate to fructose as acceptor substrate. HAD4 and HAD13 showed no detectable
phosphoryl transfer activity, incubation of glucose 1-phosphate and fructose resulted in the hydrolysis
of glucose 1-phosphate to phosphate and glucose. The hydrolytic activity towards glucose 1-phosphate
was not dependent on the presence of fructose in the reaction; the catalytic activities for hydrolysis of
glucose 1-phosphate in the absence and presence of fructose were highly comparable (ke;t = 2.2 57! for
HAD4 and 12 s~! for HAD13).

Then, we incubated glucose 1-phoshate and fructose in the presence of GiPase, followed the reaction
over time and analyzed samples from the reaction mixture. In a first step, the concentration of glucose
1-phosphate and phosphate was determined by using spectrophotometric assays. An unclosed phos-
phate balance (the sum of glucose 1-phosphate and free phosphate did not correspond to the initial
phosphate concentration at t = o min) evolved and increased over the reaction time, thereby providing
indirect evidence for the formation of a new reaction product. Samples were then analyzed with lig-
uid chromatography, which verified the formation of a new reaction product. The elution pattern of
the new reaction product corresponded to the retention time of fructose 1-phosphate, which identity
was further confirmed by NMR analysis. It was identified using 1D and 2D NMR, which were com-
pared with NMR spectra derived from commercially gained fructose 1-phosphate. Next to fructose

1-phosphate as main reaction product, glucose 6-phosphate and fructose 6-phosphate were formed
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as side products. The formation of the side products over time was followed by spectrophotometric
assays and verified by liquid chromatography. Figure 7 shows a time-profile for fructose 1-phosphate
synthesis. 20 mM glucose 1-phosphate and 200 mM fructose were incubated in the presence of o.1
uM G1Pase in 50 mM MES, pH 7.0 at 37°C. Under these conditions a maximal concentration of fruc-
tose 1-phosphate of 12 mM was achieved after 60 min of incubation, which corresponds to a fructose
1-phosphate yield of 60% based on the inital glucose 1-phosphate concentration. The concentration
of side products was determined to be 1.0 mM for glucose 6-phosphate and 2.7 mM for fructose 6-
phosphate. Spoken in catalytic activities, G1Pase consumed glucose 1-phosphate with a kst of 119 571
and formed fructose 1-phosphate with a ke, of 88 s~!. The catalytic activities for formation of the side
products was determined as 20 s~! for fructose 6-phosphate and 6 s~! for glucose 6-phosphate. The

hydrolytic activity of G1Pase in presence of fructose was determined by 18 s~ 1.
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DISCUSSION

The study reported herein describes the first cytoplasmic expression of G1Pase fused to an N-terminal
Strep-tag to facilitate enzyme expression and purification, thereby providing a time-efficient improve-
ment over the previous purification system, which was based on native periplasmic production of
Gr1Pase followed by purification via dialysis (22). The introduction of the second purification step after
affinity chromatography of Strep-tagged Gi1Pase and His-tagged HAD13 was introduced to remove any
contaminations which may have co-eluted with the target protein during the first purification step. The
isolated enzymes migrated at single protein bands in SDS-PAGE (Figure 2). Visualization was done
by using the sensitive silver-staining method to document the purity of the target enzymes and the
absence of any contaminating proteins. Correct folding of GiPase and HAD13 was ensured by CD
spectroscopy. The CD-spectrum of the expressed HAD4 hinted a state of partial unfolding, which may
be explained by a disturbing interference during the folding process caused by the highly positively
charged Z,s»-tag. Being aware that HAD4 may not be folded correctly, we determined the specific
activity towards the synthetic substrate p-nitrophenylphosphate with 0.1 U/mg. This is in agreement
with a former study, which determined the activity of HAD4 with 0.2 U/mg (15), thereby support-
ing our decision to use the present preparation of HADj4 for further studies. The specific activity of
HAD13 and G1Pase was determined as 0.1 U/mg and 1.1 U/mg, respectively. Compared to the litera-
ture value, the specific activities of the preparations used in this study were decreased around 14-fold
for HAD13 and decreased around 65-fold for Gi1Pase (15, 32). Whereas the reason for the decreased
activity of HAD13 is not known, the decreased activity observed for GiPase can be attributed to the
pH value. The optimal pH for G1Pase for hydrolysis of p-nitrophenylphosphate was determined by
3.5 (32); in our study we used a pH value of 7.0.

In a next step, we tested the hydrolytic activity of the three phosphatases on various intermedi-
ates of central metabolic pathways, like on glucose 1-phosphate, glucose 6-phosphate and fructose
6-phosphate. The three phosphatases have in common to hydrolyze all tested a-configurated donor
substrates. -Glucose 1-phosphate was utilized by HAD4 and HAD13, however, not by G1Pase indicat-
ing that G1Pase is specific for a-configurated sugar phosphates. The HADs hydrolyzed both anomers
of glucose 1-phosphate, although displaying an up to 230-fold preference for the a-configurated form
of glucose 1-phosphate. The hydrolysis of phytate catalyzed by G1Pase was pH dependent. Hydrolytic
activity towards phytate was just detected when the pH value was set to 4.5. The non detected activity
at higher pH values is most probably caused by repulsion between the negatively charged phytate
and the gating residue Glu196, which is negatively charged at neutral pH (16). The HADs showed no

activity towards phytate, which may be explained by the quite narrow and well structured active-site
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(see Figure 1B), which excludes a bulky substrate, like phytate. Pyrophosphate was not accepted as
donor substrate neither by the HADs, nor by G1Pase, which may be caused by the highly negative
charge of pyrophosphate, which may prevent pyrophosphate from entering the active-site.

The proposed reaction mechanism of the three enzymes is a double displacement-like reaction mech-
anism that involves the formation of a phosphoryl enzyme intermediate, followed by a nucleophilic
attack of an activated water molecule on the phosphorus atom of the phosphoryl enzyme intermedi-
ate. To provide evidence for the dephosphorylation step, an inorganic phosphate-water medium 80
exchange was performed. G1Pase and HAD13, respectively, were incubated with glucose 1-phosphate
in the presence of H,'80. In accordance with the reaction mechanism, the nucleophilic attack from the
activated labelled water molecule resulted in 80 incorporation in phosphate, which was detected by
GC-MS, after evaporation and derivatization of the reaction mixture with BSTFA/1%TMCS. The 180
enrichment of phosphate groups was measured by analyzing the peak area ratio of the extracted ion
chromatograms of m/z 301 (derivatized phosphate with O enrichment) and m/z 299 (derivatized
phosphate without 80 enrichment). Controls were performed in which G1Pase and HAD13, respec-
tively, were incubated with unlabeled water. In the absence of enrichment, the experimental value for
the 301/299 ratio was 0.13. This value mainly reflects the natural abundance of the corresponding
isotopes of phosphate. Therefore, 301/299 ratios greater than 0.13 are a measure of 80 enrichment.
Figure 6 shows the 301/299 ratios of the reaction of G1Pase and HADz13 in the presence of H,'80
as well as in the presence of unlabeled water. 80 enrichment was only observed in the presence of
H,'80, demonstrating that the nucleophilic attack occurs at the phosphorus atom of the phosphoryl
enzyme intermediate.

As a completely novel feature observed in GiPase we were able to demonstrate its ability to trans-
fer the phosphate moiety from glucose 1-phosphate to an acceptor other than water. By employing
fructose as terminal phosphate acceptor, we were able to establish the first biocatalytic process for the
efficient synthesis of fructose 1-phosphate (Scheme 1C), a high-value metabolite, which is difficult to
synthesize chemically (33). The turnover number for synthesis of fructose under the conditions tested
was determined with 88 s~! and the biocatalytic process described resulted in a fructose 1-phosphate
yield of 60% based on the initial glucose 1-phosphate concentration.

In contrast to GiPase, HAD4 and HAD13 did not show any synthetic activity. A comparison of
active-site architecture between HAD13 and G1Pase (Figure 1B versus 1D) proposes that the structural
requirements for functional catalysis are by far less stringent in G1Pase than in HAD13. HAD13 is a
cofactor dependent enzyme and functional catalysis requires the formation of a complex in which the

catalytic residues are precisely aligned to Mg?* and the bound substrate. Furthermore, the HADs are
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characterized by mobile caps which supply binding determinants for substrate selectivity (23). The
cap domain of HAD4 and HAD13 can be classified as C2 cap, characterized by forming a roof over the
active site and access to the internal cavities is supposed to be regulated by the movement of the flap
(17). The substrate specificity caused by this movement is not described and unpredictable, but may
explain the selectivity for water over fructose we observed in our studies.

Determining the substrate specificity and reaction selectivity of the three phosphatases provided a
valuable contribution to understand structure-function relationships and to identify subtle differences,
which distinguish the HAD enzymes from GiPase. The unexpected finding that HADs are just hy-
drolytic enzymes, whereas G1Pase is a promiscuous enzyme displaying hydrolytic and synthetic activ-
ity may be of general interest for the spectrum of activities within the superfamilies and may inspire to
test other representatives from the histidine acid phosphatase superfamily for catalyzing phosphoryl
transfer reactions.

The first evidence on using phosphatases to catalyze phosphoryl transfer reactions dates back in time
to the 1960s, when glucose-6-phosphatase was shown to exhibit hydrolytic and synthetic activity (34,
35). These results prompted studies on bacterial phosphatases from the class-A nonspecific acid phos-
phatase family such as acid phosphatase from Shigella flexneri (12, 31), Salmonella enteric (31) and Mor-
genella morganii (36). The acid phosphatases were shown to regioselectively transfer the phosphate
group from pyrophosphate to a wide range of compounds like inosine, hexoses and pentoses and var-
ious alcohols (12, 31, 36). In this study, however, we employed G1Pase, a representative of the histidine
acid phosphatase family, thereby providing the first evidence that one member of this family possesses
synthetic activity. Furthermore, G1Pase utilizes fructose as acceptor substrate, thereby enabling the
efficient synthesis of fructose 1-phosphate. Weaver et al probed the acceptor substrate specificity of the
bacterial acid phosphatase from Shigella flexneri and tested several carbohydrates, among them fructose
(12). However, the phosphorylation efficiency of the bacterial acid phosphatase towards fructose was
found to be extremely low; a transfer yield of 5% was reported. Fructokinase is an enzyme which
natural reaction involves the synthesis of fructose 1-phosphate from fructose and ATP. The catalytic
activity for fructose 1-phosphate synthesis of recombinantly produced fructokinase from Lycopersicon
esculentum was rather low (keir = 28 s™1) and displayed severe substrate inhibition when the fructose
concentration exceeded 0.5 mM (37), thereby diminishing the use of fructokinase for synthetic exploita-
tions. Our reported biocatalytic process for fructose 1-phosphate synthesis is a clear improvement over

the existing chemical and biocatalytic methods.
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MATERIALS AND METHODS

Materials

Phusion DNA polymerase and Dpnl were obtained from Fermentas (Burlington, Canada). Oligonu-
cleotide synthesis was performed by Sigma-Aldrich (Vienna, Austria). DNA sequencing was per-
formed at LGC Genomics (Berlin, Germany). GeneJET genomic DNA purification kit was purchased
from Fermentas. The plasmid vector pASK-IBA7+, anhydrotetracycline and all materials used for Strep-
tag purification were obtained from IBA (Goéttingen, Germany). Lennox medium was purchased from
Roth (Karlsruhe, Germany). Fractogel EMD-DEAE column (2.6 x 9.5 cm) was purchased from Merck
(Darmstadt, Germany). HiTrap SP, DEAE FF and Cu®*-loaded IMAC Sepharose High Performance
columns were obtained from GE Healthcare (Uppsala, Sweden). Amicon Ultra-15 Centrifugal Filter
Units with a 10,000-molecular-weight cutoff were from Millipore (Billerica, USA). Phosphoglucomu-
tase from rabbit muscle (PGM) and glucose-6-phosphate dehydrogenase from Leuconostoc mesenteroides
(G6PDH) were obtained from Sigma-Aldrich.

All other chemicals were obtained from Sigma-Aldrich or Roth in highest purity available.

Molecular cloning, expression and purification of G1Pase

E. coli BL21-Gold (DE3) cells were grown overnight at 30°C in Lennox-medium. The cells were har-
vested by centrifugation at 10,000 rpm and 4°C for 30 min and the pellet was used for preparation
of genomic DNA. The genomic DNA was isolated by using the GeneJET genomic DNA purifica-
tion kit. The gene encoding GiPase was amplified from the genomic DNA by PCR using Phusion
DNA polymerase and the following pair of primers: 5-ATGAACAAAACGCTAATCACC-3" and 5'-
TTATTTCACCGCTTCATTCAAC-3’. PCR consisted of a pre-heating step at 98°C for 5 min and was
followed by 30 reaction cycles of denaturation at 98°C for 30 s, annealing at 70°C for 30 s and elon-
gation at 72°C for 1.5 min. The final extension step was carried out at 72°C for 5 min. The pres-
ence of an N-terminal, 66 bp long signal sequence was predicted using SignallP-4.1 at the Center
of Biological Sequence Analysis (http://www.cbs.dtu.dk/services/SignalP-4.1/) (38). To remove the
N-terminal signal sequence, to add an N-terminal Strep-tag and to prepare the insert for Gibson as-
sembly (39), by extending the C-terminus with overlapping regions to the vector, a PCR using Phu-
sion polymerase was performed, employing the following pair of primes: 5-ATGGCTAGCTGGAG
CCACCCGCAGTTCGAAAAAATCGAAGGGCGCCAAACCGTACCGGAAGGCTATCAGC-3’ and 5'-
CATCCGCCAAAACAGCCAAGCTTATTATTTCACCGCTTCATTC-3". PCR consisted of a pre-heating

step at 98°C for 30 s and was followed by 20 reaction cycles of denaturation at 98°C for 15 s, annealing
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at 70°C for 30 s and elongation at 72°C for 42 s. The final extension step was carried out at 72°C
for 7 min. To prepare the N-terminus for Gibson assembly by extending the 5'-end of the insert with
overlapping regions to the vector, a PCR using Phusion polymerase was performed, employing the fol-
lowing pair of primers: 5'-GTTTAACTTTAAGAAGGAGATATACATATGGCTAGCTGGAGCCACC-3’
and 5-CATCCGCCAAAACAGCCAAGCTTATTATTTCACCGCTTCATTC-3". PCR consisted of a pre-
heating step at 98°C for 30 s and was followed by 30 reaction cycles of denaturation at 98°C for 15
s, annealing at 70°C for 30 s and elongation at 72°C for 42 s. The final extension step was carried
out at 72°C for 7 min. The final amplification product was subjected to parental template digest by
Dpnl. The construct encoding G1Pase was cloned into the linearized pMS470_dsbC vector via Gibson
assembly (39). Sequenced plasmid vectors harbouring the G1Pase gene were transformed into E. coli
Origami B cells. Recipient strains were cultivated in 1-L baffeled shaken flasks at 37°C and 110 rpm
using Lennox-medium containing 0.15 mg/mL ampicillin. When ODg reached 0.8, temperature was
decreased to 18°C and gene induction was induced with 0.01 mM isopropyl-B-D-thiogalactopyranosid
(IPTG) for 21 h. Cells were harvested by centrifugation at 4°C and 5,000 rpm for 30 min in a Sor-
vall RC-5B Refrigerated Superspeed centrifuge (Du Pont Instruments, Newtown, USA). The pellet was
resuspended in 50 mM MES, pH 7.0, and frozen at -20°C. Thawed cell suspension was passed twice
through a French pressure cell press (American Instruments, Silver Springs, USA) at 150 bar. Cell de-
bris was removed by centrifugation at 4°C, 13,000 rpm for 30 min. The resulting supernatant was used
for further enzyme purification. G1Pase was purified via a two-step purification procedure. The clear
supernatant of G1Pase was applied on a Strep-Tactin Sepharose column, like described previously (40).
Pooled fractions of eluted GiPase were concentrated, loaded on Fractogel EMD-DEAE and purified
according to reported procedures (41). Buffer exchange to 50 mM MES, pH 7.0 was performed using

Amicon Ultra-15 Centrifugal Filter Units. Purification was monitored by SDS-PAGE.

Molecular cloning, expression and purification of HAD4

To facilitate efficient protein purification an N-terminal Z;,.;.o-HAD4 fusion protein was constructed.
The gene encoding HAD4 was amplified from the pCA24N-yihx vector by PCR using Phusion DNA
polymerase and the following pair of primers: 5-GAAGCTCTGTTCCAGGGTCCGCTCTATATCTTT
GATTTAG-3" and 5-CTTTGTTAGCAGCCGGATCTCTTAGCATAACACCTTCG-3". PCR consisted of
a pre-heating step at 98°C for 5 min and was followed by 30 reaction cycles of denaturation at 98°C
for 30 s, annealing at 70°C for 30 s and elongation at 72°C for 1.5 min. The final extension step

was carried out at 72°C for 5 min. The resulting PCR product comprised 5’- and 3’- overhangs
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that were complementary to the target sequence of the pT7ZbQGKlenow destination vector. Vector
pT7ZbQGKlenow was amplified by PCR using Phusion DNA polymerase and the following pair of
primers: 5-CGGACCCTGGAACAGAGC-3" and 5-GAGATCCGGCTGCTAACAAAG-3’. PCR con-
sisted of a pre-heating step at 98°C for 5 min and was followed by 30 reaction cycles of denaturation
at 98°C for 30 s, annealing at 70°C for 30 s and elongation at 72°C for 3 min. The final extension step
was carried out at 72°C for 5 min. Both amplification products were subjected to parental template
digest by Dpnl, before they were ligated via Gibson assembly. The sequenced plasmid vector encoding
the Zy,sio-HAD4 fusion protein was transformed into electrocompetent E. coli BL21-Gold (DE3) cells.
The recipient strain was cultivated in 1-L baffeled shaking flasks at 37°C and 110 rpm using Lennox-
medium containing 0.05 mg/mL kanamycin. When ODg reached 0.8, the temperature was decreased
to 20°C and protein expression was induced with 0.0t mM IPTG for 2oh. Cells were harvested by
centrifugation at 4°C and 5,000 rpm for 30 min in a Sorvall RC-5B refrigerated Superspeed centrifuge.
The pellet was resuspended in 50 mM potassium phosphate buffer supplemented with 100 mM NaCl,
pH 7.0, and frozen at -20°C. Thawed cell suspension was passed through a French pressure cell press
at 150 bar. Cell debris was removed by centrifugation at 4°C, 13,000 rpm for 30 min. The resulting
supernatant was used for further enzyme purification.

Protein purification was performed at 6°C using an AKTA prime plus system (GE Healthcare, Uppsala,
Sweden). All buffers were degassed and filtered using 0.45 ym cellulose-acetate and 0.2 ym polyamide
filters. Elution of proteins was monitored at 280 nm. The HiTrap SP FF column (column volume: 5 mL)
was equilibrated with 50 mM HEPES buffer supplemented with 100 mM NaCl, pH 7.0 at a flow rate
of 5 mL/min. The crude cell extract was passed through a 1.2 um cellulose-acetate filter and loaded
onto the column with a flow rate of 2 mL/min. Elution was accomplished using a continuous salt
gradient ranging from 0% to 100% of 50 mM HEPES buffer supplemented with 2 M NaCl, pH 7.0, at
a flow rate of 4 mL/min. The target protein eluted at 50% B, corresponding to a salt concentration of
1 M. Pooled fractions were collected and buffer exchange to 50 mM MES, pH 7.0, supplemented with
100 mM NaCl, was performed using Amicon Ultra-15 Centrifugal Filter Units. The stock solution was

aliquoted and stored at -20°C. Purification was monitored by SDS-PAGE.

Molecular cloning, expression and purification of HAD13
p15TvL-HAD13, encoding an N-terminal His-tagged HAD13, was transformed into electrocompetent
E. coli BL21-Gold (DE3) cells. The recipient strain was cultivated in 1-L baffeled shaking flasks at 37°C

and 110 rpm using Lennox-medium supplemented with 0.15 mg/mL ampicillin. When ODgq reached
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0.6, the temperature was decreased to 18°C and protein expression was induced with 0.4 mM IPTG
for 20 h. Cells were harvested by centrifugation at 4°C and 5,000 rpm for 30 min in a Sorvall RC-5B
refrigerated Superspeed centrifuge. The pellet was resuspended in 50 mM HEPES bulffer, pH 7.0, and
frozen at -20°C. Thawed cell suspension was passed through a French pressure cell press at 150 bar.
Cell debris was removed by centrifugation at 4°C, 13,000 rpm for 30 min. The resulting supernatant
was used for further purification. Protein purification was done at 6°C using a Bio-Logic Duo-Flow
system (model 2128; Bio-Rad, Hercules, USA). Elution of proteins was monitored at 280 nm. All buffers
were degassed and filtered using 0.45 ym cellulose-acetate and 0.2 ym Sartolon polyamide filters. The
crude cell extract was passed through a 1.2 um cellulose-acetate filter before loading on a Cu?*-loaded
IMAC Sepharose High Performance column (column volume: 14 mL). The column was equilibrated
with 50 mM Tris/HCI, pH 7.0, supplemented with 300 mM NaCl, at a flow rate of 5 mL/min. The
crude cell extract was applied at a flow rate of 1 mL/min. Elution of the target protein was done by
using a stepwise gradient with imidazole by applying a 50 mM Tris/HCI, pH 7.0, supplemented with
300 mM NaCl and 400 mM imidazole at a flow rate of 3 mL/min. Fractions containing HAD13 were
pooled, concentrated and a buffer exchange to 50 mM HEPES, pH 7.0, was performed prior loading on
the Fractogel EMD-DEAE column. Purification was performed according to reported procedures (41).
Final buffer exchange to 50 mM HEPES, pH 7.0, was performed using Amicon Ultra-15 Centrifugal
Filter Units. Purification was monitored by SDS-PAGE; protein bands were visualized by silver stain-

ing.

CD spectroscopy

Far-UV CD spectra of protein solutions of HAD4 (0.7 mg/mL; 5 mM HEPES supplemented with 10
mM NaCl, pH 7.0), HAD13 (0.7 mg/mL; 5 mM HEPES, pH 7.0) and G1Pase (0.4 mg/mL; 5 mM MES,
pH 7.0) were recorded at 25°C on a Jasco J715 spectro-polarimeter (JASCO Inst., Gross-Umstadt, Ger-
many). CD spectra were collected at a scan speed of 100 nm/min at 2.0 nm bandwidth and a response
time of 1.0 s. All spectra were recorded in a 0.01 cm cuvette between 190 and 260 nm. All data shown
here represent the average of 10 recorded spectra and are corrected with a buffer spectrum. The CD

data were evaluated by using the online service Dichroweb (42) with reference database No. 4.

Mass spectrometry
Sample preparation. Purified G1Pase (5 pug) was incubated with 5 mM dithiothreitol (DTT) solu-

tion for 30 min at 56°C to reduce the disulfide bonds present, followed by incubation with 20 mM
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iodoacetamide (IAA) solution for alkylation of free cysteines for 30 min at 37°C. Another sample
(5 ug) of GiPase was not reduced prior to alkylation with IAA. The reduced/alkylated and non-
reduced/alkylated samples were digested with modified trypsin (Promega, Madison, USA) according
to Shevchenko et al. (43), and/or with 0.5 ug chymotrypsin (Roche Applied Sciences, Penzberg, Ger-
many) in 50 mM ammonium bicarbonate and 10 mM CaCl,.

MS analysis. Single and double digests were acidified to 0.1% formic acid and separated by nano-
HPLC (Dionex Ultimate 3000) equipped with a u-precolumn (C18, 5 um, 100 A, 5 x 0.3 mm) and a
Acclaim PepMap RSLC nanocolumn (C18, 2 ym, 100 A, 150 x 0.075 mm) (all Thermo Fisher Scientific,
Vienna, Austria). 0.5 ug of digested protein samples were injected and concentrated on the enrichment
column for 2 min at a flow rate of 20 uL/min with 0.5% trifluoroacetic acid as isocratic solvent. Sepa-
ration was carried out on the nanocolumn at a flow rate of 300 nL/min using the following gradient,
where solvent A is 0.05% trifluoroacetic acid in water and solvent B is 0.05% trifluoroacetic acid in 80%
acetonitrile: 0-2 min: 4% B; 2-70 min: 4-28% B; 70-94 min: 28-50% B, 94-96 min: 50-95% B; 96-116 min:
95% B; 116-116.1 min: 95-4% B; 116.1-140 min: re-equilibration at 4% B. The sample was ionized in
the nanospray source equipped with stainless steel emitters (ES528, Thermo Fisher Scientific, Vienna,
Austria) and analyzed in a Orbitrap velos mass spectrometer (Thermo Fisher Scientific, Waltham, MA,
USA) operated in positive ion mode, applying alternating full scan MS (m/z 400 to 2000) in the ion
cyclotron and MS/MS by higher-energy collisional dissociation of the 20 most intense peaks with dy-
namic exclusion enabled. The LC-MS/MS data were analyzed by searching a database containing the
protein sequences of G1Pase and known background proteins with Mascot 2.3 (MatrixScience, London,
UK). Search criteria were charge 2+ or 3+, precursor mass error 0.05 Da, and product mass error 0.7 Da,
and carbamidomethylation, oxidation on methionine, -2H on cysteine (disulfide) as variable modifica-
tions. A maximum false discovery rate of 0.05 using decoy database search, an ion score cut off of 20
and a minimum of 2 identified peptides were chosen as protein identification criteria. As an alternative
approach for detection of disulfide bridges the respective database of crosslinked linearized peptides
of G1Pase was generated by xComb (44) for trypsin and for chymotrypsin single and double digests,
allowing inter- and intramolecular crosslinks and up to three missed cleavage sites, and searched with
Mascot 2.3. For the crosslinked peptides Mascot search criteria were as described above except that a

Mascot ion score of 15 and 1 identified peptide were used as threshold.

Assays

Phosphatase activities were quantified by using a continuous p-nitrophenylphosphate hydrolysis assay
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based on a spectrophotometric measurement at 405 nm on a Beckman Coulter DU 8oo UV /VIS spec-
trophotometer (Krefeld, Germany). Reaction mixtures used for assessing the activity of HAD4 and
HAD13 contained 4 mM p-nitrophenylphosphate and 5 mM MgCl, in 50 mM HEPES, pH 7.0 and were
carried out at 30°C. For G1Pase, the reaction mixture contained 4 mM p-nitrophenylphosphate in 50
mM MES, pH 7.0 and was carried out at 30°C. Activity is expressed in U/mg protein. The total protein
concentration was determined as described by Bradford (45) employing Roti-Quant referenced against
BSA.

The quantity of inorganic phosphate present was determined colorimetrically at 850 nm (46). Glucose
1-phosphate and glucose 6-phosphate were assayed in a coupled enzymatic system with PGM and
G6PDH (47). Fructose 6-phosphate was determined using an assay with mannitol 1-phosphate dehy-
drogenase (48). The concentration of fructose 1-phosphate was quantified indirectly by using equation
1 and directly by using HPAE-PAD and NMR:

Fructose 1-phosphate,,; = glucose 1-phosphatest;+ - glucose 1-phosphate,,; - glucose 6-phosphate,,,; -

fructose 6-phosphate,,; - phosphate,,; (1)

Hydrolysis studies

The hydrolytic activities towards glucose 1-phosphate, B-glucose 1-phosphate, fructose 1-phosphate
and fructose 6-phosphate were determined for the three phosphatases. Each substrate was present in
a concentration of 20 mM. Reactions employing HAD4 and HAD13 were performed in 50 mM HEPES
supplemented with 5 mM MgCl,, pH 7.0, at 37°C and 650 rpm. The reactions were started by ad-
dition of 3.2 yM HAD4 and 0.2 uM HAD13, respectively. Reaction mixtures were incubated for 150
min using discontinuous assays. Samples were taken in 30 min intervals and further processed like
described below. The reactions with GiPase were performed in 50 mM MES, pH 7.0, at 37°C and 650
rpm and were started by addition of 0.0y uM G1Pase. Reaction mixtures were incubated for 75 min
using discontinuous assays. Samples were taken in 15 min intervals.

All samples were heat-treated at 99°C for 5 min to inactivate the enzyme and centrifuged at 13,000 rpm
for 5 min to remove precipitated protein prior to further analysis. To determine the hydrolytic activity
(kcat) towards each donor substrate, the release of phosphate was measured. Catalytic activities were
calculated by applying equation 2, where k., is the catalytic constant [s~!], Vi is the maximal initial
rate [mMM min 1] and E is the total molar enzyme concentration based on a molecular mass of 31 kDa
for HAD4 and HAD13, respectively and 45 kDa for G1Pase.

keat = Lﬁcﬂx (2)
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Phosphoryl transfer studies

To investigate the potential of the three posphatases to catalyze phosphoryl transfer from glucose 1-
phosphate to fructose, 20 mM glucose 1-phosphate were incubated with 100 mM fructose. Reactions
employing HAD4 and HAD13 were performed in 50 mM HEPES supplemented with 5 mM MgCl,, pH
7.0, at 37°C and 650 rpm. The reactions were started by addition of 3.2 yM HAD4 and 0.2 yM HAD13,
respectively. Reaction mixtures were incubated for go min using discontinuous assays. Samples were
taken in 15 min intervals. The reactions with G1Pase were performed in 50 mM MES, pH 7.0, at 37°C
and 650 rpm and were started by addition of 0.1 yM G1Pase. Reaction mixtures were incubated for 75
min using discontinuous assays. Samples were taken in 15 min intervals. All samples were heat-treated
at 99°C for 5 min to inactivate the enzyme and centrifuged at 13,000 rpm for 5 min to remove precip-
itated protein prior to further analysis. Concentrations of glucose 1-phosphate, glucose 6-phosphate,
fructose 1-phosphate, fructose 6-phosphate and phosphate were determined as described. Catalytic

activities were calculated by applying equation 2.

Inorganic phosphate-water medium 80 exchange

Sample preparation. 1 mM glucose 1-phosphate and 50 mM MES, pH 7.0 were solved in 9o% H,'®O.
The reaction was started by addition of either GiPase (0.1 uM), HAD4 (1.0 uM) or HAD13 (0.6 uM)
and was incubated at 37°C, 650 rpm for 2 h. After incubation the reaction was stopped by heating the
sample at 99°C for 5 min. The control samples with H,O instead of Hy'®O were treated in the same
way. The resulting assay mixtures were analyzed by GC-MS.

GC-MS analysis. The reaction mixtures were evaporated in a SpeedVac for 3 h and subsequently
derivatized with BSTFA/1%TMCS in pyridine (1:2, v:v). GC-MS analysis was performed using a Trace
GC and DSQ-MS (Thermo Scientific, Vienna, Austria). The following GC parameters were used: In-
jection volume: 1 uL, injector temperature: 250°C, carrier gas: He, carrier gas flow: 1mL/min, column:
HP-5MS (6om, ID 0.250 mm, film thickness o0.25 ym) (Agilent, Waldbronn, Germany). The tempera-
ture gradient was as follows: Starting temperature 110°C for 4 min, up to 300°C at a heating rate of
20°C/min, final hold time 10 min.

The MS was operated in EI mode (source temperature 280°C) and the detected mass range was 50-700
m/z. The extracted ion chromatograms of m/z 299 and m/z 301 were integrated using the Xcalibur

1.4 software (Thermo Scientific, Vienna, Austria).
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High performance anion exchange chromatography with pulsed amperometric detection (HPAE-
PAD)

To directly detect the formation of fructose 1-phosphate, selected samples were analyzed on a Dionex
BioLC system (Dionex Corporation, Sunnyvale, USA) equipped with a CarboPac PA1o column (4 x
250 mm) and an Amino Trap guard column (4 x 50 mm) thermostated at 30°C. Glucose, fructose, glu-
cose 1-phosphate, glucose 6-phosphate, fructose 1-phosphate and fructose 6-phosphate were detected
with an ED50A electrochemical detector using a gold working electrode and a silver/silver chloride
reference electrode by applying the predefined waveform for carbohydrates. Elution was carried out
at a flow rate of 0.9 mL/min with the following method: isocratic flow of 52 mM NaOH for 20 min,
followed by a linear gradient from 100 mM NaOAc to 400 mM NaOAc applied within 25 min in an
isocratic background of 100 mM NaOH. The column was washed 5 min with 52 mM NaOH. Under the
conditions applied glucose eluted after 10.2 min, fructose after 11.8 min, glucose 1-phosphate after 30.3
min, glucose 6-phosphate after 36.6 min, fructose 1-phosphate after 37.2 min and fructose 6-phosphate

after 39.1 min.

NMR spectroscopic measurements

Sample preparation. 20 mM glucose 1-phosphate and 200 mM fructose were incubated with o.1 yM
G1Pase in 50 mM MES, pH 7.0. The reaction was kept at 37°C, 650 rpm for 75 min and was stopped
by heat-treatment at 99°C for 5 min. After centrifugation at 13,000 rpm for 5 min, the supernatant
was applied on a DEAE FF column, pre-equilibrated with deionized water. Unbound, non-charged
monosaccharides were removed by washing with deionized water. Elution of phosphorylated reaction
products was accomplished by using 50 mM NaCl. Fractions containing the phosphorylated product
were pooled and concentrated by lyophilisation (Christ Alpha, Shrewsbury, UK), prior to NMR analy-
sis.

NMR analysis. The isolated compound was dissolved in D,O (5.0 mg in 0.7 mL) and transferred into 5
mm high precision NMR sample tubes. Measurements were performed on a Bruker DRX-400 at 400.13
MHz (*H) using the Topspin 1.3 software. 1D 'H NMR spectra were recorded by acquisition of 64 k
data points and Fourier transformation resulting in spectra with a range of 14 ppm. To determine the
2D COSY, TOCSY, and NOESY spectra 128 experiments with 2048 data points each were recorded and
Fourier transformed to 2D-spectra with a range of 10 ppm. Measurement temperature was 298 K +/-

0.05 K and external acetone was used as shift reference standard (6 2.225).
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Scheme 1. The proposed reaction mechanisms for hydrolysis of glucose 1-phosphate catalyzed by
HAD4 and HADz13, respectively (A), and GiPase (B). (C) The reaction mechanism for phosphoryl
transfer from glucose 1-phosphate to fructose catalyzed by GiPase.

Note: The theoretical anomeric composition of fructose 1-phosphate in aqueous solution is a-furanose
5%, B-furanose 16%, a-pyranose 5% and B-pyranose 73% (49). Fructose 1-phosphate is shown here in

the B-pyranose form.
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Figure 1. Domain structure and active-site architecture of HAD13 and G1Pase. (A) Three-dimensional
fold of E. coli HAD13 (pdb entry 1rkq). The cap-domain is colored violet, the a /8 domain cyan. The
squiggle is indicated in wheat, the flap in yellow. (B) Close-up view on active-site residues of HAD13
complexed with Mg?*. (C) Three-dimensional structure of E. coli GiPase complexed with glucose
1-phosphate (pdb entry int4, chain A). The a-domain is colored violet, the a/B domain cyan and
the central catalytic shaft wheat. The three disulfide bonds Cg4-C125, C189-C195 and C384-C392 are
indicated. (D) Stereo view of the active-site of GiPase containing glucose 1-phosphate in the complex.

The catalytic residues are depicted in stick representation.
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Figure 2. Enzyme purity was verified by SDS-PAGE. Lane 1: molecular mass standard; 2: HADjy; 3:

HADz13; 4: G1Pase; 5: molecular mass standard.
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Figure 3. CD-analysis of G1Pase (A), HAD4 (B) and HAD13 (C). The black curve represents the average

of ten individual wavelength scans.
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Figure 4. Interpreted MS-MS spectra and detected b and y ions from Mascot search results of the

disulfide bond formed between Cys189 and Cys195 are shown.
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Figure 5. First line (blue): Sample was alkylated with IAA and treated with trypsin/chymotrypsin.

Second line (black): Sample was reduced with DTT, alkylated with IAA and digested with trypsin/

chymotrypsin. Cysteines involved in disulfide bridges are highlighted yellow. Matched peptides are

shown in green.
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Figure 6. The second step of the reaction mechanism of GiPase and HADz13 involves hydrolysis of
the phosphoryl enzyme intermediate via a nucleophilic attack by an activated water molecule on the
phosphorus atom. In line with the proposed mechanism, 80 was incorporated into the phosphate

leaving group when the hydrolysis of glucose 1-phosphate was performed in the presence of H,!'%0O,

reflected by an 180 enrichment in phosphate (m/z 301/299 > 0.13).
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Figure 7. (A) Time-course for the synthesis of phosphorylated products from glucose 1-phosphate
and fructose by G1Pase at 37°C. The reaction mixture contained 20 mM glucose 1-phosphate, 200 mM
fructose and 0.1 uM Gi1Pase in 50 mM MES, pH 7.0. Symbols indicate: glucose 1-phosphate (¥), sum
of phosphorylated products (M) and phosphate (). (B) The observed product pattern at the end of the

reaction.

124



7 Phosphoryl transfer from glucose 1-phosphate catalyzed by Escherichia coli sugar-phosphate phosphatases

Table 1. The secondary structure content for GiPase, HAD4 and HAD13 as extracted from the CD data
is shown and compared with the secondary structural elements as observed in the crystal structures

(numbers in parenthesis; amount of turns/unordered not available).

GiPase HAD4 HAD13

Secondary structure [%] [%] [%]
Alpha helices 51(39) 17 (48) 28(39)
Beta strands 22 (14) 30(15) 25 (22)
Turns 11 22 19
Unordered 16 31 28
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Table 2. Hydrolytic activities of purified phosphatases towards various substrates.

G1Pase HADy4 HAD13
Substrate keat [s1] keat [s1] keat [s1]
Glucose 1-phosphate 40 237 12
B-Glucose 1-phosphate n.d. 1.0 1072 6.0 102
Glucose 6-phosphate 56 2.0 102 8.6
Fructose 1-phosphate 22 n.t. n.t
Fructose 6-phosphate 224 6.0 1072 4.4°¢
Phytate 2.1 n.d. n.d.
Pyrophosphate n.d. n.d. n.d.

The S.D. for ke;s was < 10% of the reported values respectively, with the exception of #23%, b18%, €24%, d14%,‘

n.t. not tested, n.d. no activity above detection limits (< 2.5 uM).
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8 Synthesis of fructose 1-phosphate by using a coupled enzymatic system

Sugar phosphates are essential central metabolites in the non-oxidative pentose phosphate pathway, in
the Calvin cycle and of particular interest for the study of metabolic diseases (1-3). However, although
highly demanded, their availability is limited. Chemical synthesis of sugar phosphates involves tedious
protection and deprotection steps, often accompanied by low product yields, formation of undesired
side products and the use of organic solvents and toxic reagents (4-6). Enzymatic methods, however,
facilitate mild reaction conditions without the need for complex protection/deprotection strategies.
Enzymes employed for the synthesis of sugar phosphates are kinases and phosphatases. B-L-Fucose
1-phosphate (7) or a-D-galactose 1-phosphate (8) are products of successful kinase-catalyzed synthesis
reactions, the accompanied bottlenecks include high expenses for the nucleoside triphosphates re-
quired as donor substrates and potential inhibitory effects of the resulting nucleoside diphosphates.
To circumvent these limitations, phosphatases were considered as alternatives to the use of kinases.
Biochemical studies of mammalian glucose-6-phosphatase go back in time to the 1960s, when it was
shown for the first time that the enzyme exhibits hydrolytic and synthetic activity towards glucose
6-phosphate (9, 10). Follow-up studies identified glucose-6-phosphatase as multifunctional enzyme,
utilizing pyrophosphate, nucleoside di- and triphosphates and sugar phosphate esters as phospho-
ryl donors and transferring the phosphoryl group to glucose as well as to other polyols or sugars
(11). These results prompted studies on bacterial phosphatases from the class-A nonspecific acid phos-
phatase family such as acid phosphatase from Shigella flexneri (12, 13), Salmonella enterica (12) and
Morganella morganii (14). The acid phosphatases were shown to regioselectively transfer the phosphate
group from pyrophosphate to a wide range of compounds like inosine, hexoses and pentoses and
various alcohols (12-14). The major drawback of the utilization of acid phosphatases in transphospho-
rylation reactions lies in the reversibility of the reactions, which results in the dephosphorylation of
the reaction product upon formation. To circumvent this limitation a continuous-flow reactor-based
enzymatic synthesis system was established with which phosphorylated compounds, among them
glucose 6-phosphate, N-acetyl-D-glucosamine 6-phosphate and glycerol 1-phosphate, were produced
on a larger scale by immobilized acid phosphatase (15). In a further step a multi-enzyme continuous
process with immobilized acid phosphatase and aldolase was described, which resulted in the efficient,
but tedious synthesis of sugar analogues (16).

Herein we present an operationally simple, one-pot, two-step cascade reaction for the efficient synthe-
sis of fructose 1-phosphate from the inexpensive starting materials sucrose and phosphate (Scheme 1),
which, in a broader sense, can be adapted to a system applicable for the synthesis of various phospho-
rylated carbohydrates.

In the first step sucrose and phosphate are converted to glucose 1-phosphate and fructose (transgluco-
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sylation). The reaction is catalyzed by sucrose phosphorylase from Leuconostoc mesenteroides (SPase, EC
2.4.1.7) and proceeds without formation of any side-products (17). The by SPase catalyzed reaction is
an equilibrium based reaction and strongly favors the phosphorolysis of sucrose (K; = 10) (18). Glu-
cose 1-phosphate and fructose can then be converted directly to the desired fructose 1-phosphate in the
second step of the cascade (transphosphorylation) catalyzed by glucose-1-phosphatase from Escherichia
coli (G1Pase, EC 3.1.3.10). In our previous work, we could provide evidence on the promiscuity of
G1Pase, a representative of the histidine acid phosphatase family (19), to exhibit hydrolytic and syn-
thetic activity (22). Interestingly, the donor substrate for phosphoryl transfer utilized by GiPase is
glucose 1-phosphate, a sugar phosphate which was not yet considered and not yet revealed to serve
as activated donor substrate in phosphoryl transfer reactions. When glucose 1-phosphate (20 mM)
and fructose (200 mM) were incubated with Gi1Pase, G1Pase catalyzed the formation of fructose 1-
phosphate (kc;r = 88 s~1) as main reaction product, along with glucose 6-phosphate (ke,t = 6 s71) and
fructose 6-phosphate (k. = 20 s~ 1) as side products. The yield of fructose 1-phosphate based on the ini-
tal glucose 1-phosphate concentration was determined as 60%. The formation of fructose 1-phosphate
was followed by using enzymatic and/or HPAE-PAD assays. To increase the process efficiency of
the transphosphorylation reaction, process engineering was employed aiming the improvement of the
product yield by reducing byproduct formation. Therefore, we investigated the reaction parameters
of the transphosphorylation reaction regarding pH and the donor to acceptor ratio. In independent
reaction setups, the fructose concentration was varied, while the glucose 1-phosphate and G1Pase con-
centration as well as pH and temperature was constant. By comparing time-courses in which 100 mM,
200 mM, 400 mM and 600 mM fructose (Supplementary Figure S1, left panel) were used as acceptor
in the presence of 20 mM glucose 1-phosphate, we recognized that the catalytic activities for substrate
consumption, product synthesis and hydrolysis were dependent on the fructose concentration (Table
1). The catalytic activity for consumption of glucose 1-phosphate increased 2.6-fold by increasing the
fructose concentration from 100 mM to 600 mM. Concomitantly, the synthesis of fructose 1-phosphate
increased 3.5-times. The corresponding fructose 1-phosphate production rate (r,) was measured and
results are shown in Figure 1A. The half-saturation constant was determined to be 256 mM.

Next, we evaluated the change of the product spectrum in dependency of the donor to acceptor ratio.
Therefore, the ratios of fructose 1-phosphate to glucose 6-phosphate (F1P/G6P), fructose 1-phosphate
to fructose 6-phosphate (F1P/F6P) and fructose 1-phosphate to free phosphate (F1P/P;) were de-
termined for each sample of the time-course analysis (Supplementary Figure S1, right panel). The
F1P/F6P ratio was determined with 3.6 and remained constant independent on the reaction time and

independent on the acceptor concentration. The F1P/P; ratio was constant within each time-course at
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a certain fructose concentration, but increased when the fructose concentration increased; from 1.7 at
100 mM to 7.8 at 600 mM fructose. The F1P/G6P ratio was dependent on both parameters, reaction
time and fructose concentration. In the beginning of each reaction (t = 10 min), when the glucose con-
centration was low, the F1P/G6P ratio was up to 1.6-fold higher compared to the end of the reaction (t
= 50 min), when glucose 1-phosphate was consumed. In addition, the increase in fructose concentra-
tion influenced the F1P/G6P ratio in favor for synthesis of fructose 1-phosphate. When fructose was
present in 5-fold excess to glucose 1-phosphate, the F1P/G6P ratio was determined to be 8.3 (at t = 50
min) and increased to 26 when fructose was present in 30-fold excess. Based on these findings we con-
cluded that an excess of fructose relative to glucose 1-phosphate promotes the reaction rate for fructose
1-phosphate synthesis and suppresses the synthesis of glucose 6-phosphate as well as hydrolysis. A
snapshot of the observed product pattern at t = 50 min in dependency on the fructose concentration is
shown in Figure 1B. As consequence of suppression of byproduct formation, an increased fructose con-
centration directly affects the yield of fructose 1-phosphate. Whereas a 5-fold excess of fructose relative
to glucose 1-phosphate results in a yield of 52%, a 30-fold excess results in a yield of 67%. Additionally,
time-course analysis revealed that secondary hydrolysis of the formed product was inhibited when the
fructose concentration was in > 10-fold excess to the glucose 1-phosphate concentration (see Supple-
mentary Figure S2). Under conditions, when glucose 1-phosphate was employed in 5-fold excess to
fructose, synthesis of fructose 1-phosphate was hardly detectable.

Next, we determined pH-activity dependencies of G1Pase in the direction of synthesis of fructose 1-
phosphate. Equimolar concentrations of glucose 1-phosphate and fructose (20 mM) were used and
initial rates of phosphoryl transfer were determined at five pH values in the pH range 4.0 - 8.0. The
rate of fructose 1-phosphate synthesis was constant at low pH and decreased as the pH was increased
above apparent pK (see Supplemenatry Figure S3), which was determined to be 6.8 £ o.7. Careful
analysis of time-courses at all stages of pH revealed that the product pattern (F1P/G6P, F1P/P;) was
not pH dependent. Based on these results, the one-pot, two-step cascade reaction was performed at
pH 7.0, a compromised pH value, which is optimal for SPase (17) and suitable for GiPase. The tem-
perature was set to 37°C (see Supplementary Figure Sg).

Previous studies characterized G1Pase as promiscuous enzyme, hydrolyzing a variety of a-configurated
sugar phosphates and non-sugar phosphates like phytate and p-nitrophenylphosphate (20, 21). Herein
we tested the potential of G1Pase to display promiscuity towards donor and acceptor substrates differ-
ent from glucose 1-phosphate and fructose, respectively, in phosphoryl transfer reactions. To evaluate
the synthetic applicability of glucose 1-phosphate a variety of polyhydroxy compounds were inves-

tigated as alternatives to fructose, among them D-arabinose, L-arabinose, D-galactose, D-mannose,
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L-arabinose, xylitol and D-xylose. All conversions resulted in the synthesis of phosphorylated prod-
ucts (Supplementary Figure S5A). The transphosphorylation efficiency was dependent on the acceptor
substrate used. D-Fructose and L-sorbose, two ketohexoses, which, in equilibrium, mainly exist in their
pyranose forms were phosphorylated efficiently to similar extents. The two aldohexoses, D-mannose
and D-galactose, in equilibrium mainly present in their pyranose forms were phosphorylated efficiently
too. The reaction products were chromatographically purified and analysed by 1D and 2D NMR.
Main products were identified as fructose 1-phosphate, sorbose 1-phosphate, mannose 1-phosphate
and galactose 1-phosphate, respectively. Aldopentoses, represented by L-arabinose, D-arabinose and
D-xylose, as well as a non-cyclic hemiacetal, xylitol, were phosphorylated, however, transphosphory-
lation strongly competed with hydrolysis. In general, dephosphorylation of the phosphoryl enzyme
intermediate takes place by water (primary hydrolysis) or by interception of a suitable acceptor sub-
strate (transphosphorylation). Good acceptor substrates, like the ketohexoses and aldohexoses tested,
strongly competed with water and showed a high transphosphorylation to hydrolysis ratio (Supple-
mentary Figure S5B). When aldohexoses or non-cyclic hemiacetals were employed as acceptor sub-
strates, hydrolysis was the predominant reaction. Consequently, these acceptors were phosphorylated
in just moderate extent. Although the formation of the phosphorylated products could be proven indi-
rectly (see materials and methods, acceptor substrate studies), the product concentration was too low to
allow isolation and product identification by NMR. From these findings we can conclude that G1Pase
is characterized by a quite flexible acceptor binding site, therefore being capable of phosphorylating
a broad range of acceptor substrates. However, the structure of the acceptor substrates seems to be
crucial for the transphosphorylation efficiency; acceptors which are mainly present in their pyranose
forms are clearly favoured.

Next, we investigated the donor substrate specificity of GiPase. Galactose 1-phosphate and xylose
1-phosphate were tested as alternative sugar phosphates to glucose 1-phosphate and p-nitrophenyl-
phosphate, phytate and pyrophosphate as representatives of non glycosyl phosphate donors. Glu-
cose was employed as acceptor substrate. Detection of glucose 6-phosphate revealed successful trans-
phosphorylation from the respective donor substrate; the detection of free phosphate was a measure
of primary hydrolysis at the level of the phosphoenzyme intermediate (Table 2). Among the donor
substrates tested, glucose 1-phosphate showed the highest catalytic activity for phosphoryl transfer
combined with the lowest activity for primary hydrolysis. Next to galactose 1-phosphate and xylose
1-phosphate, phytate was utilized as donor substrate for phosphoryl transfer, however, with signifi-
cant lower catalytic activities and a higher hydrolysis to transfer ratio compared to the use of glucose

1-phosphate. Surprisingly, p-nitrophenylphosphate was not utilized as donor substrate for phosphoryl
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transfer reactions and was not hydrolyzed as long as fructose was present. In the absence of fructose,

p-nitrophenylphosphate served as donor substrate and was hydrolyzed with a ke of 0.6 s71.

From
this result we can assume that fructose and p-nitrophenylphosphate compete for active-site occupancy
and that the presence of fructose prevents binding of p-nitrophenylphosphate, which results in un-
productive hydrolysis. Cheap pyrophosphate, the preferred donor substrate for phosphoryl transfer
reactions catalyzed by the bacterial non-specific acid phosphatases, was not utilized by G1Pase, neither
for phosphoryl transfer, nor for hydrolysis. Glucose 1-phosphate is, therefore, the most efficient and
economically most justified donor among the substrates tested. To circumvent the use of commercial
glucose 1-phosphate as donor substrate and to make the biocatalytic process for fructose 1-phosphate
production more cost-effective, the one-pot, two-step cascade reaction was introduced. Table 3 sum-
marizes the results of experiments carried out to optimize the product yield of the one-pot, two-step
cascade reaction. In general, there are two ways to perform a cascade reaction: One is the simultane-
ous mode, the other the sequential mode. We started by applying the simultaneous mode, by adding
G1Pase and SPase simultaneously to equimolar concentrations of sucrose and phosphate (Supplemen-
tary Figure S6). Thereby, we achieved a moderate fructose 1-phosphate yield of around 40% after 100
min of incubation. In line with the results from the donor/acceptor studies, we observed a significant
competition between glucose and fructose as acceptor substrate, reflected in a rather low FiP/G6P
ratio of 2.0. In contrast, the F1P/F6P ratio was unexpectedly high (8.0), although the donor/acceptor
studies claimed a F1P/F6P ratio of 3.5. This finding lets assume that the furanose form of fructose,
as it is released in the reaction catalyzed by SPase, promotes the phosphorylation on C1, rather than
on C6. On the basis of our results from the donor/acceptor optimization studies, the above described
set-up was adopted by supplementing the reaction with an excess of fructose at t = o min (Figure 2A).
This resulted in a good fructose 1-phosphate yield of 51% after 100 min. The synthesis of glucose
6-phosphate was suppressed (F1P/G6P = 18), however, as expected the regioselectivity remained poor,
reflected by a F1P/F6P ratio of 3.6.

Next, we performed the one-pot, two-step cascade reaction operated in a sequential mode. Here,
G1Pase and a surplus of fructose was added after the SPase catalyzed phosphorolysis of sucrose
reached its equilibrium (after 100 min, 75% conversion was achieved, Figure 2B). G1Pase efficiently
transferred the phosphate group from glucose 1-phosphate to fructose and the overall reaction resulted
in an even more efficient fructose 1-phosphate yield of 63% compared to the simultaneous mode. The
synthesis of glucose 6-phosphate was effectively suppressed (F1P/G6P = 13), however, the F1P/F6P
ratio was still 2.6, which is a result of the poor regioselectivity of GiPase, which can be hardly over-

come by process engineering and may require protein engineering. Procedure for efficient work-up of
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8 Synthesis of fructose 1-phosphate by using a coupled enzymatic system

reaction mixtures of the one-pot, two-step cascade reactions may employ product purification by using
anion exchange chromatography.

In summary, we have developed a strategy for the synthesis of the high-value metabolite fructose 1-
phosphate. It is accessible via an one-pot, two-step cascade reaction, starting from the cheap commod-
ity products sucrose and phosphate. Under optimized conditions the sequential cascade employing
SPase and G1Pase provided fructose 1-phosphate in a yield of 63%. Formation of glucose 6-phosphate
and primary hydrolysis was successfully suppressed.

The presented biocatalytic process can be made applicable to access a broad spectrum of sugar phos-
phates by exploiting the acceptor promiscuity of GiPase. At the beginning of step 2, an alternative
acceptor to fructose can be added. To prevent competition between the alternative acceptor and fruc-
tose, which is still present as consequence of glucose 1-phosphate formation catalyzed by SPase, the

alternative acceptor is added in large surplus.
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8 Synthesis of fructose 1-phosphate by using a coupled enzymatic system

step 1: transglucosylation reaction catalyzed by SPase to synthesize glucose 1-phosphate and fructose from sucrose and phosphate

H OH
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s OH ¥ | SPase He + OH
OH HO—P—O |=—= -
OH 5 | oH !l o OH
o= o N HO
OH - T ]
-~ o o
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Scheme 1. One-pot, two-step cascade reaction for the synthesis of fructose 1-phosphate from sucrose
and phosphate catalyzed by SPase and G1Pase.

Note: The theoretical anomeric composition of fructose 1-phosphate in aqueous solution is a-furanose
5%, B-furanose 16%, a-pyranose 5% and B-pyranose 73%; the theoretical anomeric composition of
fructose 6-phosphate in aqueous solution is a-furanose 19% and B-furanose 81% (27). Fructose 1-

phosphate is shown here in the S-pyranose form; fructose 6-phosphate in the S-furanose form.
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Figure 1. In independent reaction set-ups, the fructose concentration was varied (20 mM, 100 mM, 200
mM, 400 mM and 600 mM), while the glucose 1-phosphate (20 mM) and Gi1Pase concentration (0.1
#M) were constant. (A) The production rate (rp) for fructose 1-phosphate is dependent on the fructose
concentration. (B) A snapshot (at t = 50 min) of the product spectrum of reactions in which the
fructose concentration (100 mM, 200 mM, 400 mM, 600 mM) was varied to display the dependency of
the product pattern on the acceptor concentration. Reaction conditions: 50 mM MES, pH 7.0, 37°C, 650
rpm. The bars indicate: fructose 1-phosphate (grey), glucose 6-phosphate (black), fructose 6-phosphate
(grey dashed) and phosphate (white).
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Figure 2. (A) One-pot, two-step cascade reaction operated in simultaneous mode. Substrates (100
mM sucrose, 100 mM phosphate, 8oo mM fructose) and enzymes (1.3 #M SPase, 0.1 yM G1Pase) are
added simultaneously in the beginning. (B) One-pot, two-step cascade reaction operated in sequential
mode. In the first step, sucrose and phosphate (200 mM each) is converted to glucose 1-phosphate and
fructose catalyzed by SPase (1.3 #M SPase). In the second step, G1Pase converts glucose 1-phosphate
and fructose to fructose 1-phosphate and byproducts. Reaction conditions: 50 mM MES, pH 7.0, 37°C,
650 rpm. Symbols indicate: glucose 1-phosphate (V), glucose 6-phosphate (V), fructose 1-phosphate

(®), fructose 6-phosphate (o) and phosphate (O).
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8 Synthesis of fructose 1-phosphate by using a coupled enzymatic system

Table 1. In independent reaction set-ups, the fructose concentration was varied (100 mM, 200 mM,
400 mM and 600 mM), while the glucose 1-phosphate (20 mM) and G1Pase (0.1 #M) concentrations
were constant. The catalytic activities for glucose 1-phosphate consumption, fructose 1-phosphate,
glucose 6-phosphate and fructose 6-phosphate synthesis and hydrolysis in dependency on the fructose

concentration are shown. Reaction conditions: 50 mM MES, pH 7.0, 37°C, 650 rpm.

Glucose 1- Fructose 1- Glucose 6- Fructose 6- Phosphate
Fructose phosphate phosphate phosphate phosphate Koot [s—11
keat [571] keat [571] keat [571] keat [571] cat
100 73 39 5 11° 21
200 119 88 6 20 18
400 148 1117 4 28 14
600 189 135 5 36¢ 13

The S.D. for kcqt was < 10% of the reported values with the exception of ?16%, b11%, ©20%.
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Table 2. Different substrates were tested as potential donors for phosphoryl transfer reactions. Each
substrate was present in a concentration of 20 mM in the presence of 200 mM glucose (acceptor).
Detection of glucose 6-phosphate revealed successful transphosphorylation from the respective donor
substrate to glucose. Detection of free phosphate measured primary hydrolysis at the phosphoenzyme
intermediate. Reaction conditions: 50 mM MES, pH 7.0, 37°C, 650 rpm; in case phytate was employed

as donor substrate, the pH was 4.5.

Glucose 6-phosphate Phosphate
Donor substrate Koot [s—11 Koot [s—11
Galactose 1-phosphate 19 10
Glucose 1-phosphate 30° 4.0
p-Nitrophenyl phosphate n.d. n.d.
Phytate 2.1° 1.7
Pyrophosphate n.d. n.d.
Xylose 1-phosphate 10 5.0°

The S.D. for keqt was < 4% of the reported values with the exception of *7%, b10%, ©8%.
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8 Synthesis of fructose 1-phosphate by using a coupled enzymatic system

Table 3. Synthesis of fructose 1-phosphate performed as a simultaneous or sequential one-pot, two-step

cascade reaction.

Sucrose Phosphate  Fructose SPase G1Pase Yield

Reaction [mM] [mM] [mM] [M] [M] (%] F1P/G6P F1P/F6P
17 100 100 - 0.3 0.1 43¢ 2.0 8.0
27 100 300 - 0.3 0.1 38d 2.0 8.0
37 100 100 800 1.3 0.1 51°¢ 18 3.6
4t 100 100 800 1.3 0.1 63° 13 2.6

7 Cascade reaction was operated in simultaneous mode.

b Cascade reaction was operated in sequential mode.

¢ Yield of fructose 1-phosphate based on the initial phosphate concentration.

4 Yield of fructose 1-phosphate based on the initial fructose concentration (in form of sucrose).

¢ Yield of fructose 1-phosphate based on the glucose 1-phosphate concentration at the beginning of step 2 (after a

surplus of fructose was added).
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SUPPLEMENTARY INFORMATION

MATERIALS AND METHODS
Chemicals and reagents
Materials used have been described elsewhere (22). All other chemicals were obtained from Sigma-

Aldrich (Vienna, Austria) or Roth (Karlsruhe, Germany) in highest purity available.

Expression and purification of G1Pase and SPase

E. coli BL21-Gold (DE3) cells harboring the pASK-IBA7+ expression vector encoding SPase were pre-
pared as described previously (18). The cells were cultivated in 1-L baffeled shaken flasks at 37°C
and 110 rpm using LB-media and 115 mg/L ampicillin. When ODs5( reached 0.8-1.0 temperature was
decreased to 22°C and gene expression was induced with 200 ug/L anhydrotetracycline for 20 h. Ex-

pression and purification of GiPase was done as described elsewhere (22).

Assays

The quantity of inorganic phosphate present was determined colorimetrically at 850 nm (23). Glucose
1-phosphate and glucose 6-phosphate were assayed in a coupled enzymatic system with PGM and
G6PDH (24). Fructose 6-phosphate was determined using an assay with mannitol 1-phosphate dehy-
drogenase (25). The concentration of fructose 1-phosphate was quantified indirectly by using equation
1 and directly by using HPAE-PAD. The total protein concentration was determined as described by
Bradford (26) employing Roti-Quant referenced against BSA.

Fructose 1-phosphate,,; = glucose 1-phosphates;,,: - glucose 1-phosphate,,,; - glucose 6-phosphate,,,; -

fructose 6-phosphate,,; - phosphate,,; (1)

Reaction optimization

For reaction optimization, glucose 1-phosphate was applied at a constant level of 20 mM and fruc-
tose was varied (100 mM, 200 mM, 400 mM, 600 mM). In addition, one sample contained glucose
1-phosphate in excess (100 mM) to fructose. The reactions were started by addition of 0.1 uM G1Pase
and were performed in 50 mM MES, pH 7.0, at 37°C and 650 rpm. Reaction mixtures were incubated
for 50 min using discontinuous assays. Samples were taken in 10 min intervals, heat-treated at 99°C
for 5 min to inactivate the enzyme and centrifuged at 13,000 rpm for 5 min to remove precipitated

protein prior to further analysis. Concentrations of glucose 1-phosphate, glucose 6-phosphate, fructose
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1-phosphate, fructose 6-phosphate and phosphate were determined as described.

Catalytic activities were calculated by applying equation 2, where k¢, is the catalytic constant [s~!],
Vmax is the maximal initial rate [mM min~!] and E is the total molar enzyme concentration based on a
molecular mass of 45 kDa for G1Pase.

keat = Vr%ax (2)

Determination of pH-profile

pH-dependences of kinetic parameters for synthesis of fructose phosphate (sum of fructose 1-phosphate
and fructose 6-phosphate) were determined from initial rates recorded at constant concentrations of
glucose 1-phosphate (20 mM) and fructose (20 mM) in the presence of 0.1 uM GiPase. All buffer
pH values were adjusted at the temperature of measurement (37°C) and controlled before and after
recording each enzyme-catalyzed reaction. For pH dependency studies at pH < 6.0 and pH > 8.0
where MES alone (pK = 6.2) has limited buffering capacity, a buffer mixture consisting of 50 mM MES
and 20 mM sodium acetate (pH 4.0-6.0) or 50 mM MES and 50 mM TES (pH 8.0) was used. Reaction
mixtures were incubated for 60 min using discontinuous assays. Samples were taken in 15 min inter-
vals, heat-treated at 99°C for 5 min to inactivate the enzyme and centrifuged at 13,000 rpm for 5 min
to remove precipitated protein prior to further analysis. The concentrations of glucose 1-phosphate,
glucose 6-phosphate and phosphate were determined as described. The concentration of fructose phos-
phate was determined indirectly as described in equation 1, except that fructose 6-phosphate was not
determined and thus not considered in the equation. The concentration of fructose phosphate is the
sum of fructose 1-phosphate and fructose 6-phosphate.

For data analysis SigmaPlot 2004 version 9.0 was used. Equation 3 describes a pH dependency where
the activity log(kcqt) is constant at low pH and decreases above pK. C is the pH-independent value of
kcat at the optimum state of protonation, K is the proton dissociation constant and [H™] is the proton

concentration.

log(keat) = log(;— ) )

(Ht]

Acceptor substrate studies

G1Pase catalyzed phosphoryl transfer from glucose 1-phosphate (20 mM) to a variety of polyhydroxy
compounds was tested. D-Arabitol, L-arabinose, D-galactose, D-glucose, D-mannose, L-sorbose, xylitol
and D-xylose were employed as acceptor substrates, each present in a concentration of 200 mM. The

reactions were started by addition of 0.1 yM G1Pase and were performed in 50 mM MES, pH 7.0, at

145



8 Synthesis of fructose 1-phosphate by using a coupled enzymatic system

37°C and 650 rpm. Reaction mixtures were incubated for 75 min using discontinuous assays. Samples
were taken in 15 min intervals, heat-treated at 99°C for 5 min to inactivate the enzyme and centrifuged
at 13,000 rpm for 5 min to remove precipitated protein prior to further analysis. Concentrations of
glucose 1-phosphate, glucose 6-phosphate and phosphate were determined as described. The concen-
tration of the phosphorylated product was quantified indirectly by using equation 4 and directly by
NMR.

Phosphorylated product = glucose 1-phosphates;qt - glucose 1-phosphate,,; - glucose 6-phosphate,,

- phosphate,,,4 (4)

Donor substrate studies

Galactose 1-phosphate, p-nitrophenylphosphate, phytate, pyrophosphate and xylose 1-phosphate were
tested as alternative donor substrates to glucose 1-phosphate. 20 mM of each donor substrate was
incubated with 200 mM glucose as acceptor substrate. The reactions were started by addition of o.1
uM G1Pase and were performed in 50 mM MES, pH 7.0, at 37°C and 650 rpm. Reaction mixtures were
incubated for 75 min using discontinuous assays. Samples were taken in 15 min intervals, heat-treated
at 99°C for 5 min to inactivate the enzyme and centrifuged at 13,000 rpm for 5 min to remove precipi-
tated protein prior to further analysis. The concentrations of glucose 6-phosphate and phosphate were
determined as described. Formation of glucose 6-phosphate indicated successful transphosphorylation
from the respective donor substrate to glucose; detection of phosphate indicated primary hydrolysis of
the donor substrate.

Under the conditions described, phytate was not hydrolyzed. Therefore, reaction conditions were

changed to 100 mM sodium acetate buffer adjusted to pH 4.5.

One-pot, two-step cascade reaction operated in simultaneous mode

Standard reaction mixtures contained 100 mM sucrose and 100 mM or 300 mM phosphate in 50 mM
MES, pH 7.0. Enzymatic reactions were initiated by the simultaneous addition of 0.3 yM and 1.3 yM
SPase, respectively and 0.1 uM G1Pase and were performed at 37°C and 650 rpm. The reaction mix-
ture was incubated for 100 min using a discontinuous assay. Samples were taken in 20 min intervals,
heat-treated at 99°C for 5 min to inactivate the enzyme and centrifuged at 13,000 rpm for 5 min to
remove precipitated protein prior to further analysis. Concentrations of glucose 1-phosphate, glucose
6-phosphate, fructose 1-phosphate, fructose 6-phosphate and phosphate were determined as described.

For reaction optimization the above described set-up was adopted by adding a supplement of 8oo mM
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fructose to the initial reaction mixture containing 100 mM sucrose and 100 mM phosphate.

One-pot, two-step cascade reaction operated in sequential mode

Equimolar concentrations of sucrose and phosphate (200 mM) were dissolved in 50 mM MES, pH 7.0.
The transglucosylation reaction was initiated by adding 1.3 yM SPase and was performed at 37°C and
650 rpm. The reaction mixture was incubated for 100 min using a discontinuous assay. Samples were
taken in 20 min intervals, heat-treated at 99°C for 5 min to inactivate the enzyme and centrifuged
at 13,000 rpm for 5 min to remove precipitated protein prior to further analysis. Concentrations of
glucose 1-phosphate and phosphate were determined as described. The transphosphorylation reaction
was started by addition of 0.1 uM Gi1Pase accompanied by a simultaneous supplement of fructose
(final concentration: 600 mM) and was prolonged at 37°C and 650 rpm. The reaction mixture was in-
cubated for additional 130 min. Samples were taken in 20 min intervals, heat-treated at 99°C for 5 min
to inactivate the enzyme and centrifuged at 13,000 rpm for 5 min to remove precipitated protein prior
to further analysis. Concentrations of glucose 1-phosphate, glucose 6-phosphate, fructose 1-phosphate,

fructose 6-phosphate and phosphate were determined as described.

NMR spectroscopic measurements

Sample preparation. For product isolation, 20 mM glucose 1-phosphate and 200 mM of the corre-
sponding acceptor were incubated with 0.1 uM G1Pase in 50 mM MES, pH 7.0. The reaction was kept
at 37°C, 650 rpm for 75 min and was stopped by heat-treatment at 99°C for 5 min. After centrifugation
at 13,000 rpm for 5 min, the supernatant was applied on a DEAE FF column, pre-equilibrated with
deionized water. Unbound, non-charged monosaccharides were removed by washing with deionized
water. Elution of phosphorylated reaction products was accomplished by using 50 mM NaCl. Fractions
containing the phosphorylated product were pooled and concentrated by lyophilisation, prior to NMR
analysis.

NMR analysis. To gain NMR spectroscopic measurements the isolated compounds were dissolved in
D,O (5.0 mg in 0.7 mL) and transferred into 5 mm high precision NMR sample tubes. Measurements
were performed on a Bruker DRX-400 at 400.13 MHz ('H), 100.61 MHz (13C), and 161.97 MHz (3'P)
using the Topspin 1.3 software. The 1D spectra were recorded with 32768 data points. Zero filling
to 65536 data points, appropriate exponential multiplication and Fourier transformation led to spectra
with ranges of 6000 Hz (*H), 24000 Hz (}3C), and 16000 Hz (*'P). 2D NMR spectra (COSY; TOCSY;

NOESY; HSQC; HMBC) were recorded with 128 experiments, each with 1024 data points and an ap-
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propriate number of scans. Zero filling and Fourier transformation led to spectra with ranges of 4000
Hz, 24 ooo Hz and 8ooo Hz for proton, carbon, and phosphorus, respectively. Measurement tempera-
ture was 298 K +/- 0.05 K. Chemical shifts have been referenced to external acetone (dy: 2.225 ppm;
dc: 31.45 ppm) and 85% aqueous phosphoric acid (dp: 0.00 ppm).

Product identification B-fructopyranose 1-phosphate - 'H NMR (D,0): § = 3.99 (1H, m, H-6a), 3.93
(1H, m, H-3), 3.84 (1H, m, H-4%), 3.82 (1H, m, H-1b), 3.81 (1H, m, H-1a), 3.77 (1H, m, H-5%), 3.65
(1H, m, H-6b); 13C NMR (D,0): 6 = 96.3 (s, C-2), 71.9 (d, C-3), 71.8 (d, C-4%), 70.5 (d, C-5%), 68.6 (t,
C-6), 66.2 (t, C-1); >'P NMR (D,0): 6 = 5.5 (R-O-POH, ); other isomers regarding anomeric form and
pyrano/furano form are present in negligible concentrations; [*] shifts are not univocally assignable.
a-sorbopyranose 1-phosphate - 'H NMR (D,0): § = 3.39 (1H, d, 8.6 Hz, H-3), 3.50 (1H, m, H-6b), 3.51
(1H, m, H-5), 3.52 (1H, m, H-4), 3.57 (1H, m, H-6a), 3.63 (1H, dd, 11.1, 5.4 Hz, H-1b), 3.74 (1H, dd,
11.1, 7.3 Hz, H-1a); 3C NMR (D,0): 6 = 97.7 (s, C-2), 73.7 (d, C-5), 71.0 (d, C-3), 69.8 (d, C-4), 66.6 (t,
C-1), 62.3 (t, C-6); 3>'P NMR (D,0): 6 = 5.5 (R-O-POH, ); other isomers regarding anomeric form and
pyrano/furano form are present in negligible concentrations.

a-mannopyranose 1-phosphate - H NMR (D,0): 6 = 5.30 (1H, dd, 8.3, 2.0 Hz, H-1), 3.90 (1H, dd, 3.4,
2.0 Hz, H-2), 3.86 (1H, dd, 9.7, 3.4 Hz, H-3), 3.82 (1H, dd, 11.8, 2,2 Hz, H-6a), 3.79 (1H, ddd, 9.7, 5.9,
2.2 hz, H-5), 3.68 (1H, dd, 11.8, 5.9 Hz, H-6b) 3.57 (1H, dd, 9.7, 9.7 Hz, H-4); 13C NMR (D,0): § = 95.4
(s, C-1), 73.2 (d, C-5), 70.8 (d, C-2), 70.0 (d, C-3), 66.8 (d, C-4), 61.0 (t, C-6); 3'P NMR (D,0): § = 5.1
(R-O-POH, ).

a-galactopyranose 1-phosphate - 'H NMR (D20): 6 = 544 (1H, dd, 7.1, 3.6 Hz, H-1), 3.72 (1H, ddd,
10.7, 3.6, 2.3, H-2), 3.83 (1H, ddd, 10.3, 3.6 Hz, H-3), 3.94 (1H, m, 3.6, 0.5 Hz, H-4), 4.08 (1H, ddd, 7.2,
5.2, 0.5 Hz, H-5), 3.68 (1H, dd, 11.9, 7.2 Hz, H-6a), 3.65 (1H, dd, 11.9, 5.2 Hz, H-6b), 13C NMR (D,0): 6
=94.6 (s, C-1), 71.5 (d, C-5), 69.3 (d, C-3), 69.1 (d, C-4), 68.6 (d, C-2), 61.3 (t, C-6); 3'P NMR (D,0): § =
4.2 (R-O-POH; ).

High performance anion exchange chromatography with pulsed amperometric detection (HPAE-
PAD)

To prove the existence of the indirectly calculated fructose 1-phosphate, selected samples were ana-
lyzed on a Dionex BioLC system (Dionex Corporation, Sunnyvale, USA) equipped with a CarboPac
PA10 column (4 x 250 mm) and an Amino Trap guard column (4 x 50 mm) thermostated at 30°C.
Glucose, fructose, glucose 1-phosphate, glucose 6-phosphate, fructose 1-phosphate and fructose 6-

phosphate were detected with an ED50A electrochemical detector using a gold working electrode and

148



8 Synthesis of fructose 1-phosphate by using a coupled enzymatic system

a silver/silver chloride reference electrode by applying the predefined waveform for carbohydrates.
Elution was carried out at a flow rate of 0.9 mL/min with the following method: isocratic flow of 52
mM NaOH for 20 min, followed by a linear gradient from 100 mM NaOAc to 400 mM NaOAc applied
within 25 min in an isocratic background of 100 mM NaOH. The column was washed 5 min with 52
mM NaOH. Under the conditions applied glucose eluted after 10.2 min, fructose after 11.8 min, glu-
cose 1-phosphate after 30.3 min, glucose 6-phosphate after 36.6 min, fructose 1-phosphate after 37.2

min and fructose 6-phosphate after 39.1 min.
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Supplementary Figure S1. Time-courses for fructose 1-phosphate (o) production from 20 mM glu-
cose 1-phosphate (V) in the presence of 100 mM fructose (A), 200 mM fructose (B), 400 mM fructose
(C) and 600 mM fructose (D), respectively. The formation of side products, glucose 6-phosphate (V),
fructose 6-phosphate (o) and phosphate (0), is indicated. The ratios of fructose 1-phosphate to glu-
cose 6-phosphate (F1P/G6P), fructose 1-phosphate to fructose 6-phosphate (F1P/F6P) and fructose
1-phosphate to free phosphate (F1P/P;), displayed on the right panel, are extracted from the corre-
sponding time courses displayed on the left panel. Reaction conditions: 50 mM MES, pH 7.0, 37°C,

650 rpm.
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Supplementary Figure Sz2. Time-course for the synthesis of fructose phosphate (sum of fructose 1-
phosphate and fructose 6-phosphate) from glucose 1-phosphate (20 mM) and fructose (100 mM) and
subsequent product hydrolysis catalyzed by GiPase (0.1 yM). The catalytic activity for synthesis of
phosphorylated fructose was determined as 42 s~!, the catalytic activity for subsequent secondary

hydrolysis was determined as 4.5 s~ 1.

When fructose was used in > 10-fold excess to glucose 1-
phosphate no product hydrolysis was detectable (see Supplementary Figure S1 B, C, D). Reaction
conditions: 50 mM MES, pH 7.0, 37°C, 650 rpm. Symbols indicate: glucose 1-phosphate (V), sum of

fructose 1-phosphate and fructose 6-phosphate (), glucose 6-phosphate (¥) and phosphate ().

152



8 Synthesis of fructose 1-phosphate by using a coupled enzymatic system

2.0

1.8 4

1.6

1.4 1

1.2 1

log(kcat)

1.0 |
0.8

0.6 - .

0.4 ; : . : .
3 4 5 6 7 8 9

pH
Supplementary Figure S3. pH profile of log(k;) for the synthesis of fructose phosphate (sum of
fructose 1-phosphate and fructose 6-phosphate) from glucose 1-phosphate (20 mM) and fructose (20
mM) catalyzed by GiPase (0.1 pM). Reaction conditions: 50 mM MES, pH 7.0, 37°C, 650 rpm. The

solid line is a fit of equation 3 to the data as described in materials and methods, determination of

pH-profile.
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Supplementary Figure S4. Time-course for the synthesis of glucose 1-phosphate (V) from sucrose
and phosphate () (100 mM each) catalyzed by SPase (0.3 uM) at pH 7.0 and 30°C (A) and 37°C (B),
respectively. The equilibrium constant (K,;) for both reactions is 11, which is in good agreement to the

in a previous study reported value of 10 (18).
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Supplementary Figure S5. (A) Time-courses for the synthesis of different glycosyl phosphates. The
reaction mixtures contained glucose 1-phosphate (20 mM), acceptor (200 mM) and Gi1Pase (0.1 uM).
The time-dependent formation of the phosphorylated products of D-arabinose (pink), L-arabinose (or-
ange), D-fructose (black), D-galactose (green), D-mannose (blue), L-sorbose (red), xylitol (purple) and
D-xylose (grey) are shown. (B) The transphosphorylation to hydrolysis ratio at t = 75 min of the tested

acceptors is shown. Reaction conditions: 50 mM MES, pH 7.0, 37°C, 650 rpm.
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Supplementary Figure S6. One-pot, two-step cascade reaction operated in simultaneous mode. Sub-
strates (100 mM sucrose, 100 mM phosphate) and enzymes (0.3 uM SPase, 0.1 yM G1Pase) are added
simultaneously in the beginning. Reaction conditions: 50 mM MES, pH 7.0, 37°C, 650 rpm. Sym-
bols indicate: glucose 1-phosphate (V), glucose 6-phosphate (¥), fructose 1-phosphate (e), fructose

6-phosphate (o) and phosphate ().
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