REVIEWS

Recent Advances in the Oligosaccharide Synthesis Promoted by
Catalytically Engineered Glycosidases

Giuseppe Perugino,* Beatrice Cobucci-Ponzano,* Mos¢ Rossi,” Marco Moracci®*

* Institute of Protein Biochemistry — Consiglio Nazionale delle Ricerche, Via P. Castellino 111, 80131, Naples, Italy

Fax (+39)-081-6132277, e-mail m.moracci@ibp.cnr.it

" Dipartimento di Biologia Strutturale e Funzionale, Universita di Napoli “Federico 11", Via Cinthia 16,

80126, Naples, Italy

Received: February 2, 2005; Accepted: March 31, 2005

Abstract: In oligosaccharide synthesis the chemo-en-
zymatic approach is often chosen to obtain the de-
sired glycosidic bond by exploiting the exquisite sub-
strate specificity and stereoselectivity of glycosidases
and glycosyltransferases. In recent years the invention
of new enzymatic activities, named glycosynthases,
created a third route for the enzymatic synthesis of
oligosaccharides. Glycosynthases are mutant glycosi-
dases, devoid of hydrolytic activity, that produce oli-
gosaccharides with yields >80%. The glycosynthase
technology is now well established and was greatly
improved recently. Several groups experimentally
proved that this methodology can be applied to sever-
al glycosidases and that the activity of existing glyco-
synthases can be significantly enhanced. In this review
we briefly describe the characteristics of these syn-
thetic tools and show a survey of the most recent find-
ings. Methods for the prediction of the glycosynthetic
potential of known glycosidases are also discussed.
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1 Introduction

The challenges that are faced in the synthesis of carbo-
hydrates involve the presence on the monosaccharides
of several functional groups and chiral centres. In these
regards, chemical synthesis offers exceptional flexibility
providing the means to generate any oligosaccharide,
oligosaccharide analogue, or glycoconjugate. Chemical
synthesis of oligosaccharides requires stereochemical
and regiochemical control in glycosidic linkage forma-
tion by sequential protection-deprotection strategies
of the functional groups present on the monosacchar-
ides. These procedures often result in time-consuming
manipulations and low yields, hindering the efficient
production of oligosaccharides that is needed for biolog-
ical testing.!"

Enzymatic and chemo-enzymatic synthesis represent
alternative tools to obtain the desired glycosidic bond
by exploiting the exquisite substrate specificity and ster-
eoselectivity of glycosidases and glycosyltransferases.!
For instance, the use of a multi-enzymatic system mim-
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icking the natural pathway in the Golgi apparatus al-
lowed the synthesis of the (antithrombin III)-binding
pentasaccharide in only six steps, outrunning the tradi-
tional chemical route that consists in 60 steps.?!
Enzymatic oligosaccharide synthesis is performed by
two main classes of catalysts: glycosidases and glycosyl-
transferases. Glycosidases are classified on the basis of
their amino acidic sequence into about 100 families
and 14 superfamilies or clans showing the same reaction
mechanism and 3D structure (http://afmb.cnrs-mrs.fr/
CAZY/index.html). Thanks to this valuable classifica-
tion any new glycosidase can be assigned to an existing
family and the residues involved in the catalytic activity
or the 3D structure can be easily identified. The oligo-
saccharide synthesis promoted by glycosidases is accom-
plished either by displacing the equilibrium with a large
excess of acceptor (thermodynamically controlled syn-
thesis) or by using activated glycosyl donors (kinetically
controlled transglycosylation) (Scheme 1A).1) Howev-
er, typically, retaining glycosidases give only modest syn-
thetic yields (10-40%) precluding their exploitation in
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large-scale synthesis (Scheme 1A). Glycosyltransferas-
es are classified as belonging to the Leloir or the non-Le-
loir pathway on the basis of their substrate specificity."!
The former enzymes transfer the glycone moiety from a
nucleotidyl sugar substrate to an acceptor, while the en-
zymes of the non-Leloir pathway use glycosyl phos-
phates as donors. Despite their high specificity and al-
most quantitative yields, glycosyltransferases are ham-
pered by their scarce availability and by the high costs
of the substrates.!)
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A third route for the enzymatic synthesis of oligosac-
charides appeared in the last decade with the invention
reported by Withers and colleagues in 1998 who descri-
bed for the first time that a mutant of a $-glycosidase, de-
void of hydrolytic activity, could produce oligosacchar-
ides with yields >80%. This new class of enzymes was
named glycosynthase.'

The glycosynthase approach is now well established
and has been described in detail in several reviews.”)
Nevertheless, recent papers disclosed several aspects
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of the glycosynthase mechanism and addressed the
question of how the synthetic potential of an existing
glycosynthase can be improved/expanded.

In this review we briefly describe the characteristics of
these novel synthetic tools and show a survey of the most
recent findings. Methods to predict the glycosynthetic
potential of known glycosidases are also discussed.

2 Transformation of a Glycosidase into a
Glycosynthase

The glycosynthase technology arose from mechanistic
studies performed in Withers’ laboratory on the (3-glyco-
sidase from Agrobacterium sp.® In particular, these au-
thors showed that the modification of the catalytic nu-
cleophile Glu358 into a residue unable to perform a nu-
cleophilic attack (i.e., Ala or Gly) inactivates the en-
zyme, but small ions, like sodium azide, acting as exter-
nal nucleophiles, restore the activity. The analysis of
the products obtained by reactivation enables the iden-
tification of the residue of interest (for a review of the
common methods for the analysis of the active site-res-
idues in glycosidases, see ["%).

A consequence of this modification is that the reaction
mechanism of the enzyme was changed from retaining
to inverting and it could use a glycosyl fluoride with op-
posite anomeric configuration to that of the normal sub-
strate (a-glucosyl fluorides vs. B-p-glucosides).®! Suc-
cessively, Withers and colleagues showed that, in the
presence of a-glucosyl fluorides and suitable acceptors,
the nucleophile mutant synthesised oligosaccharides
acting as a glycosynthase.[®!

From this first report, the glycosynthase technology
was actively developed in other laboratories in the world
leading to a variety of novel activities including other
exo-glycosynthases, endo-glycosynthases, hyperther-
mophilic exo- and endo-glycosynthases, a-glycosynthas-
es, mannosynthases, mannansynthases, and galactosyn-
thases.”!

The two main glycosynthase modes of action have
been classified into inverting and retaining on the base
of the anomeric configuration of donor substrate and
of the final products (Scheme 1B and 1C). The mecha-
nism proposed for endo-glycosynthases, likewise that
of inverting exo-glycosynthases, employs a-oligosac-
charidic fluorides as donors (Scheme 1D). Instead, re-
taining exo-glycosynthases synthesise oligosaccharides
by using activated donor-sugars with the same anomeric
configuration of the normal substrate (typically 2-nitro-
phenyl- (NP) or 2.4-dinitrophenyl-p-glucosides) in
the presence of external ions such as sodium formate
(Scheme 1C)."! This external nucleophile mimics the
natural active site carboxylate promoting the formation
of a metastable glycosyl-formate intermediate, which
has been isolated in one case,!"" and the attack of an ac-
ceptor (Scheme 1C).
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A survey of the available glycosynthases is described
in Table 1 in which we make a comparative list of the
produced sugars and of the glycosidic bonds formed.
Details of the different enzymes and of the reaction con-
ditions can be found in the papers describing these stud-
ies. The known glycosynthases include 12 enzymes from
7 different families (Table 1) and can produce a variety
of products at high yields, including mannose derivatives
that are particularly difficult to synthesize by following
the common chemical routes."” In addition, glycosyn-
thases have been successfully used also for the solid-
phase synthesis of sugars and glycoconjugates.¥ Exo-
glycosynthase products include oligosaccharides rang-
ing from di- to hexasaccharides. They can be new sub-
strates for the study of glycosidases or can have several
applications; for instance, branched (1-3)-p- and (1-6)-
B-linked oligosaccharides, produced by the glycosyn-
thase from Sulfolobus solfataricus, are the building
blocks of the -1,3—1,6-glucans that are recognised as
elicitors of the defence response against pathogens in
plants.!"!

Endo-glycosynthases produce oligosaccharides and
polysaccharides depending on the reaction condi-
tions."**"1%l One of these compounds, with a degree of
polymerization of up to 12 consists of alternating (1-
3)-B- and (1-4)-p-glucosyl units, representing a novel
polysaccharide that forms platelets aggregating in
spherulites of diameters ranging from 5 to 50 pm.[®!
Thus, endo-glycosynthases appear to be valuable tools
for the production of novel biomaterials with specific
and controlled structures. Moreover, in the presence of
different polymers, these enzymes may direct the syn-
thesis of composite materials with interesting biomed-
ical applications.!"”

3 Thioglycoligases and Thioglycosynthases

A recent achievement in the rational design of improved
synthetic glycoside hydrolases is the preparation of thi-
oglycoligases and thioglycosynthases (Scheme 2).°¥/ In
thioglycoligases the acid/base catalyst of two retaining
[-glycosidases, namely the $-glucosidase from Agrobac-
terium and the -mannosidase from Cellulomonas fimi,
was changed in the non-nucleophile residue alanine pro-
ducing mutants whose activities were severely affec-
ted.” In the presence of activated dinitrophenyl-p-gly-
cosides the mutants were re-activated by the addition
to the reaction mixture of thio-sugar as acceptor. In
these compounds the SH group is more nucleophilic
than the OH group and does not require the assistance
of the base catalyst (Scheme 2A). The resulting disac-
charides containing S-glycosidic linkages were obtained
with yields of 35-82%; consequently, the mutant en-
zymes were named thioglycoligases. These molecules
have considerable interest as stable glycoside analogues
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Table 1. List of available glycoside synthases.!™"

Organism GH  Synthase Products Refs
Exo-glycosynthases
Agrobacterium 1 B-glycosynthase B-(1,3)-, p-(1,4)-di- and -trisaccharides [6]
B-glycosynthase B-(1,4)-di-, tri- and -tetrasaccharides [9¢]
Sulfolobus solfataricus 1 B-glycosynthase p-(1,3)-, p-(1,4)- and B-(1,6)-2-NP-disaccharidesp-(1,3)-  [10a]
and B-(1,6)- branched tri- and -tetrasaccharides
[B-glycosynthase Glc-p-(1,3)-Gle-p-2-NP [10a]
B-glycosynthase Gal-p-(1,3)-Xyl-p3-4P [12]
[-glycosynthase B-(1,3)-, p-(1,4)- and B-(1,6)-disaccharidesp-(1,3)- [10b]
and -(1,6)- branched tri- and -tetrasaccharides
Cellulomonas fimi 2 -mannosynthase B-(1,3)- and B-(1,4)-tri- to -hexasaccharides [9e]
Schizosaccharomices pombe 31 a-glucosynthase B-(1,4)- and B-(1,6)-4-NP-disaccharides [9f]
Escherichia coli 2 [B-galactosynthase Gal-B-(1,6)-Glc-p3-4-NP [91]
Thermosphaera aggregans 1 [-glycosynthase B-(1,3)-, p-(1,4)- and B-(1,6)-2-NP-disaccharidesp3-(1,3)-  [10b]
and -(1,6)- branched tri- and tetrasaccharides
[-glycosynthase Glc-p-(1,3)-Gle-p-MU [12]
B-glycosynthase Gal-p-(1,3)-Xyl-p-4P [12]
Pyrococcus furiosus 1 B-glycosynthase B-(1,3)-2-NP-disaccharides [10b]
Endo-glycosynthases
Bacillus licheniformis 16 B-glucansynthase Glc-p-(1,3)-Gle-p-(1,4)-Gle-p-MU [9b]
B-glucansynthase Glc-p-(1,4)-Gle-p-(1,3)-Gle-p-(1,4)-Gle-p-(1,4)-Gle-MU  [9g]
[-glucansynthase Gal-$-(1,4)-Glc-p-(1,3)-Glc-p-(1,4)-Gle-p-(1,4)-Gle-MU  [9¢]
Humicola insolens 7 B-glucansynthase B-(1,4)-tri-, -tetrasaccharides [9d]
Hordeum vulgare 17 [-glucansynthase B-(1,3)-glucan [9nh]
B-glucansynthase B-(1,3)-S-glucan [95]
Cellvibrio japonicum 26 p-mannansynthase  [-(1,4)-tri- to -heptasaccharides [9k]
Pyrococcus furiosus 16 B-glucansynthase Glc-p-(1,3)-Gle-p-(1,4)-Gle-p-MUGIe-3-(1,3)-Gle-B- [9m]
(1,3)-Gle-B-(1,3)-Gle-p-MU
Thioglycoligases
Agrobacterium 1 B-thioglucoligase Glc-B-S-(1,4)-Glc-p-4-NPGlc-3-S-(1,4)-Xyl-p-4-NP [91]
Cellulomonas fimi 2 B-thiomannoligase =~ Man-3-S-(1,4)-Glc-$-4-NPMan-f3-S-(1,4)-Xyl-p3-4-NP [91]

2l Glycoside hydrolase family according to http://afmb.cnrs-mrs.fr/CAZY/index.htIm.

[l Abbreviations: 4P, 4-penten-1-yl-a-p-xylopyranoside; Gal

, D-galactopyranoside; Glc, p-glucopyranoside;

Glc-B-(1,3)-Gle, p-glucosyl-f3-(1,3)-p-glucopyranoside; Man, b-mannopyranoside ; Xyl, b-xylopyranoside.

to be used as competitive inhibitors and ligands for the
formation of complexes for X-ray crystallography.'”
More recently, Withers’ group demonstrated that a
thioglycoligase depleted also of the catalytic nucleo-
phile is still catalytically competent."®! The double mu-
tant Glul71Ala/Glu358Gly of the f-glycosidase from
Agrobacterium incubated in the presence of a-glucosyl
fluoride and 4-nitrophenyl-4-thio-$3-p-glucopyranoside
as donor and acceptor, respectively, produced the ex-
pected thio-linked 4-nitrophenyl disaccharide (Scheme
2B). Thus, the double mutant used in this way was
named thioglycosynthase. The authors reported that
one of the advantages of this new methodology over
the thioglycoligase described above is that the double
mutant is completely inactive (because of the absence
of the nucleophile residue) and does not hydrolyse the
donor. In addition, the thioglycosynthase uses glycosyl
fluoride donors that are more easily synthesised than di-
nitrophenyl glycosides."s! However, the yields of the re-
action did not increased significantly (~45-50%) and
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the k., was 100- to 400-fold lower than that measured
on the single mutants Glul71Ala (thioglycoligase) and
Glu358Gly (glycosynthase), respectively."s! Presuma-
bly, the double mutant worked as a scaffold to position
the reagents and the reduced activity could be explained
by the lack of some unidentified chemical catalysis pro-
vided by the remaining carboxylate in the single mu-
tants.

The catalytic competence of glycosidase mutants lack-
ing the catalytic carboxylic groups was demonstrated
also by the group of Planas on the 1,3-1,4-p-glucanase
from B. licheniformis.'™ In this case, the activity of
the double mutant Glul34Ala/Glul38Ala was chemi-
cally rescued by sodium azide in the presence of the do-
nor Glcf4Glcp3Gle-2,4DNP and it produced a-glycosyl
azide. No transglycosylation products were obtained in
this case.
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Scheme 1. Reaction mechanisms of glycosidases and glycosynthases. R=R’ indicates the aglycone part of the sugars; X in the
schematic active site of the enzyme indicates the mutated nucleophile residue.

4 Molecular Bases of the Glycosynthase
Mechanism

A crucial point for the exploitation of the synthetic po-
tential of these new enzymes is the detailed knowledge
of their reaction mechanism; in this way their activity
can be enhanced and adapted to the synthesis of specific
products. These issues have been addressed recently in
different laboratories.

Ininverting and retaining glycosynthases (Scheme 1B
and 1C) the enzymatic catalytic machinery consists of a
single carboxylic group that, in the parental glycosidas-

Adv. Synth. Catal. 2005, 347, 941-950 asc.wiley-vch.de

es, works as acid/base catalyst, and the products of the
reaction cannot be hydrolysed by the enzyme. However,
the two mechanisms differ substantially in the number
of steps of the reaction and in the catalytic function of
the carboxylic group in the active site. In inverting glyco-
synthases, only the de-glycosylation step is present, be-
cause the a-glycosyl-F mimics the covalent intermediate
observed in retaining glycosidases (Scheme 1B). Re-
cently, Faijes and colleagues showed that in the inverting
endo-glycosynthase from B. licheniformis the carboxylic
group in the active site (Glu138) acts as a general base.*")
This was experimentally demonstrated by analysing the
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Scheme 2. Reaction mechanisms of thioglycoligase and thioglycosynthase. R=R’ indicates the aglycone part of the sugars.

pH dependence of the glycosynthase activity, the kinet-
ics of enzyme inactivation by a carboxyl-specific re-
agent, and the reactivation of a double mutant in which
both the nucleophile and the acid/base were changed in
non-nucleophilic residues (see also above). These stud-
iesrevealed that, as expected for a general base catalysis,
the pK, of the Glu138, which is 7.0 in the wild-type en-
zyme (general acid catalysis), drop to 5.3 in the glycosyn-
thase.

In retaining glycosynthases, likewise parental glycosi-
dases (Scheme 1A), the reaction takes place through
two steps, a glycosylation and de-glycosylation, through
the formation of a metastable glycosyl-formate inter-
mediate (Scheme 1C). In this case, we have recently
demonstrated that at acidic conditions the hyperther-
mophilic glycosynthases showed enhanced activity, pos-
sibly because the carboxylic group present in the active
site acts as a general acid catalyst.'® In particular, we
observed that the exo-glycosynthases from the hyper-
thermophilic archaea S. solfataricus, Pyrococcus furio-
sus, and Thermosphaera aggregans, showed an up to
17-fold increase in the reaction rate at pH3.0 in
50 mM sodium formate if compared to the same en-
zymes assayed at pH 6.5 in 2 M sodium formate.'" Re-
markably, the k ., values measured at acidic conditions
were similar to that of the corresponding wild-type en-
zymes assayed at optimal conditions and allowed the
synthesis of 4-methylumbelliferyl disaccharides."”’ We
proposed that this exceptional reactivation was the re-
sult of the restoration of the correct ionisation state of
the carboxylic group that in the active site acts as general
acid catalyst. In fact, removal of the catalytic nucleo-
phile in retaining glycosidases causes a downward shift
in the pK, of the acid/base catalyst;?!! therefore, this
group is converted in the ionised form and it performs

946 © 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the first step of the reaction less efficiently (Scheme 1C).
Conversely, in the presence of sodium formate buffer
pH 3.0-6.0 the Glu residue could adopt the protonated
form assisting the departure of the leaving group of the
donor."" The high reaction rates observed suggest that
for retaining glycosynthases the first step of the reaction
(glycosylation of the enzyme) is rate limiting and that,
hence, they requires general acid catalysis for optimal
activity. It is worth noting that, at acidic conditions, we
could use less activated and commercially available do-
nor substrates like 2-nitrophenyl and 4-nitrophenyl glu-
cosides. This is a typical example of an application of hy-
perstable enzymes that can resist extreme operational
conditions like pH 3.0 and 65 °C.!"*!2!

The resolution of the 3D-structure of the endo-glyco-
synthase from Humicola insolens (Cel7B) cast new light
on the glycosynthase mechanism."”! The enzyme shows
a long active-centre groove that can accommodate sub-
strates of up to eight monosaccharides in which four sub-
sites (— 2 to +2 by following the nomenclature reported
in ) significantly contribute to catalysis. The nucleo-
phile of the reaction (Glu197) is located at the centre
of the active centre and in the glycosynthase variants
Glul97Ala/Ser no significant changes were observed
suggesting that the mutants maintain the same active
site structure of the wild type (Figure 1). The mutant
Glu197Ser, which is the most active glycosynthase var-
iant, was crystallised with both lactose and cellobiose
and the resolution beyond 1.4 A allowed detailed anal-
ysis of the interactions with the substrate. In the donor
subsites (—2 and — 1) cellobiose and lactose bind equal-
ly well as expected from the kinetic analysis of the en-
zyme (Figure 1).”! More interestingly, in the acceptor
subsites (+1 and +2) lactoside and cellobioside com-
plexes are not equivalent since the former is slightly dis-

asc.wiley-vch.de Adv. Synth. Catal. 2005, 347, 941-950
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placed by approximately 1.7 A and binds in a sort of
+1.5 to +2.5 position (Figure 1). These explains why
lactosides are poor acceptors and are responsible for
substrate inhibition at high donor concentrations.?!
One of the most interesting findings described in this
study is on the mode of action of the Glu197Ser mutant.
Ducros and colleagues found that the O4 of the acceptor
lies4.4 A from the C1 of the donor while the O3 group is
at only 3.3 A; this is quite surprising since the glycosyn-
thase promotes the formation of -1,4 bonds and prod-
ucts containing -1,3 bonds have never been observ-
ed.’ Comparing the structure of the Cel7B H. insolens
glycosynthase with that of Fusarium oxysporum! the
authors suggest that the regioselectivity for 1,4 bond for-
mation could be regulated not only by distance criteria,
but also by the angle of the nucleophilic attack. In fact,
the potential angle of attack of O3 is sub-optimal where-
as the O4—C1—0O1 angle is 173°, close to the optimal 180°
required for the nucleophilic attack (Figure 1).

S Strategies for the Improvement of the
Glycosynthases Activity

The search for glycosynthases with improved activity is
of utmost importance not only because they act more
rapidly, but also because, as a direct consequence, they
can transfer a variety of donors to a much wider array
of acceptors on a useful timescale, making them consid-
erably more versatile synthetic tools. For instance, we
showed that the hyperthermophilic retaining glycosyn-
thases that had increased activity in acid conditions
(see above) widened their specificity towards galacto-
side and xyloside donors!'® and accept a great deal of
acceptors.'?

The nature of the amino acid substituting the nucleo-
phile in glycosynthases has a significant effect on the ac-
tivity of the enzyme. The non-nucleophilic residue has to
generate sufficient space to accommodate the axial

anomeric fluoride of the donor in inverting glycosyn-
thases and the a-formyl glucoside intermediate in re-
taining enzymes (Scheme 1B, 1C). In inverting glyco-
synthases, Gly!”* and Ser mutations®****! gave best
results. In particular, studies of directed evolution re-
vealed that in the glycosynthase from Agrobacterium
the Gly, Ser, Ala, and Cys mutants have a ratio of rate
constants of 102:44:2:1, respectively.” It has been pro-
posed that the increased glycosylation activity in the Ser
mutant originates from a stabilizing interaction between
the Ser hydroxy group and the departing fluorine.
More recently, the inspection of the 3D-structure of
the glycosynthase from H. insolens suggested that,
most probably, this occurs at the transition state.*”!
However, Gly mutants often resulted to be better syn-
thases than the Ser mutants. In the glycosynthase from
C. japonicus this was tentatively explained with the ob-
servation that in the 3D-structure of the Gly mutant a
single water molecule replacing the nucleophile formed
a hydrogen bond to the O1 of the donor.™™!

Similarly, Gly mutants were also found to be efficient
in retaining glycosynthases: in the enzyme from S. solfa-
taricus the rate of hydrolysis of the 2,4-dinitrophenyl-f3-
glucoside donor followed the ratio 59:9:1 for the Gly,
Ala, and Gln mutants.”

Glycosynthases with improved activity have been re-
cently obtained by directed evolution. This method con-
sists in generating a large population of protein variants
that is screened for the desired function.”®! Recently,
Withers’ group reported that additional mutations
even increased the activity of this glycosynthase.”” In
this case, mutations were introduced randomly in the se-
quence of the gene encoding for the Glu358Gly glyco-
synthase; then, by using an “on-plate” screening two
mutants were identified in the mutant library. This meth-
od is shown in Figure 2A: briefly, it consists in coupling
to the glycosynthase catalysed reaction an assay involv-
ing an endocellulase. The mutant library co-express
Cel5A, hence the glycosynthase activity can be moni-

-2 -1 +1 +2

E202
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Figure 1. Schematic view of the active site of H. insolens glycosynthase Cel7B. The binding sites and the ligands identified by
X-ray crystallography are shown as reported by Ducros and colleagues.”” The sugar in the —2 to — 1 sites indicates both lac-
tose and cellobiose; lactose in the acceptor sites +1 to +2 is shown in grey.
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Figure 2. Method of selection of glycosynthase mutants with enhanced activity. (A) Scheme of the glycosynthase-cellulase cou-
pled assay. The substrates of the glycosynthase are a-glucosyl F and 4-methylumbelliferyl-p-glucoside (MU-Glc) as donor and
acceptor, respectively. Mutant clones expressing an efficient glycosynthase promote the synthesis of MU-oligosaccharides that
are substrate of the -1,4 glucanase from C. fimi (Cel5A) releasing the fluorescent methylumbelliferone; (B) yeast three-hybrid
assay exploited in the “chemical complementation” method (see text for the details of the two methods).

tored directly on a plate simply by adding the substrates
of the glycosynthase. With this straightforward techni-
que the authors identified with two rounds of mutagen-
esis a multiple mutant (Alal9Thr/Glu358Gly/
GIn248 Arg/Met407Val) showing a catalytic efficiency
27-fold higher than that of the parental glycosynthase
Glu358Gly. To understand the molecular reasons of
the improved activity of the new mutant the authors in-
spected a model generated using known structures of
homologous enzymes. From this analysis it was pro-
posed that the mutations Alal9Thr and Met407Val im-
prove the activity by contributing to the transition state
stabilisation and by increasing the fit in the active site of
the a-glucosyl fluoride substrate, respectively. Intrigu-
ingly, no straightforward interpretations could be pro-
posed for GIn248Arg since the residue is located on
the protein surface. This study further confirms the use-
fulness of the directed evolution methods: the mutations
described could be hardly predicted by a rational design
approach.

Recently, a novel directed evolution approach, based
on the yeast three-hybrid system assay named “chemical
complementation”, was applied to the Cel7B glycosyn-
thase from H. insolens *! after application to other en-
zymes.”” Briefly, the case described for the Cel7B glyco-

948 © 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

synthase utilises a three-hybrid assay based on two fu-
sion proteins: the hormone binding domain of the gluco-
corticoid receptor (GR) connected to a transcription ac-
tivation domain (AD), and a dihydrofolate reductase
(DHFR) fused to a DNA-binding domain (DBD) (Fig-
ure 2B). The association of AD to DBD allows the ex-
pression of the gene LEU2 producing the growth in
the absence of leucine. In addition, methotrexate
(Mtx) and dexamethasone (Dex) specifically bind to
the GR and DHFR proteins, respectively (Figure 2B).
Without glycosynthetic activity the fusion proteins
GR-AD and DHFR-DBD cannot dimerise, thus, the
gene LEU2 is not expressed and cannot complement
yeast cells that cannot grow. When the glycosynthase
catalyses in vivo the synthesis of the glycosidic bond be-
tween an Mtx-disaccharide-fluoride donor (Mtx-Lac-F)
and a Dex-disaccharide acceptor (Dex-Cel) the dimeri-
sation of the fusion proteins occurs directing the expres-
sion of the LEU2 gene and the growth without leucine
(Figure 2B). The selection was used for the identifica-
tion of Cel7B mutants with improved activity obtained
by directed evolution. In particular, saturation mutagen-
esis on the Glu197 site randomised to all 20 amino acids
and subsequent chemical complementation produced
three mutants Ala, Gly and Ser giving growth advantage

asc.wiley-vch.de Adv. Synth. Catal. 2005, 347, 941-950
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to yeast.”® The most efficient evolved variant was
Glul97Ser in agreement with the results of Ducros
and colleagues described above.””

The mutation identified in the Cel7B glycosynthase
with the chemical complementation method was not
novel, however, it offers the advantage to analyse a
huge number of clones since it is based on a stringent se-
lection (growth advantage vs. coupled assay). Practical
limits, which may affect the efficiency of the comple-
mentation, can be the design of acceptors and donors
suitable for the three-hybrid assay and the expression
in yeast of the glycosynthase of interest.

6 How to Predict the Gycosynthetic
Potential of a Glycosidase

From that stated in the previous paragraphs, the glyco-
synthase technology is now well established and it has
improved greatly in the last five years. Several groups
experimentally proved that the same methodology can
be applied to a great number of glycosidases and that
the activity of existing glycosynthases can be significant-
ly improved by using chemistry!"™ or directed evolu-
tion.”’?8) Notwithstanding these issues, to obtain a new
glycosynthase is not trivial and several glycosidases mu-
tated in the nucleophile did not show glycosynthase ac-
tivity, i.e., the p-xylosidase from Thermosporum saccha-
rolyticum, B-galactosidase from Bacillus circulans,* the
a-xylosidase (B. Di Lauro, B. C.-P. and M. M. unpublish-
ed results) and the a-L-fucosidase from S. solfataricus.””
Consequently, it is of utmost importance to try to under-
stand what makes an efficient glycosynthase. This prob-
lem was addressed by Ducros and collegues by analysing
the effect on glycosidases of fluoro-glycosides mecha-
nism-based inhibitors. These molecules, in which the hy-
droxy group at C2 is replaced with a fluorine atom, act as
covalent inhibitors of glycosides by trapping the inter-
mediate 2-fluoroglycosyl enzyme.”!! The inhibited en-
zyme is often catalytically competent and the intermedi-
ate can be resolved by an acceptor glycoside or by water;
the rate constants of transfer and hydrolysis are k,,, and
Ko, respectively.?? Noticeably, with this method Blan-
chard and Withers identified a number of sugars able to
reactivate six different glycosidases and therefore acting
as efficient acceptors. 1*

Ducros and collegues proposed that glycosidases that
yield efficient glycosynthases have two reactivation
characteristics: first, a high rate constant of transfer to
an acceptor (they estimate Ky,,,>10"? min~'); second,
a better transferring activity to an acceptor rather than
to water (Kyun/Kino >20).22 The rational observation
behind this prediction is that the 2-fluoro-glycosyl en-
zyme intermediate may resemble the a-glycosyl fluoride
bound to the inverting glycosynthases. By analysing the
kinetic behaviour of the parental glycosidases of existing
glycosynthases and of enzymes whose mutants did not

Adv. Synth. Catal. 2005, 347, 941-950 asc.wiley-vch.de

show glycosynthase activity the authors found some sup-
port to this predictive method.

Interestingly, glycosidases which perform efficiently
transglycosylation reactions often did not act as glyco-
synthases upon mutation. This raises the question of
how the “natural” transglycosylating activity of a glyco-
sidase is lost after mutation of the nucleophile. There is
no clear-cut answer to this question, however, the reac-
tivity of the donors and the binding constants of the ac-
ceptors play an important role in both cases. Moreover,
as stated by Ducros and collegues, the acceptors can im-
prove the glycosynthetic activity by stabilising the tran-
sition state and reducing the transfer activity to water
that is detrimental to the synthesis of the products.””!
Therefore, the binding interactions of the acceptors in
the + 1 site are important for the catalysis of glycosyn-
thases.

These studies further confirm that a detailed kinetic
characterisation, including the use of mechanism-based
inhibitors, is essential prior to the preparation of a glyco-
synthase. The validity of the methods described needs to
be tested by analysing a larger number of glycosidases.
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