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Characterization of a New Glycosynthase Cloned by Using Chemical
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Despite their fundamental role in biological processes and po-
tential use as therapeutics, it still remains difficult to synthesize
carbohydrates. In the past two decades, there has been tre-
mendous progress in the chemical synthesis of complex carbo-
hydrates.[1–7] However, chemical synthesis is still limited by the
need for differentially protected intermediates and reactant-de-
pendent coupling yields and stereocontrol. Enzymes, with their
control of both regio- and stereochemistry, provide an obvious
alternative to traditional small-molecule chemistry for the syn-
thesis of oligosaccharides.[8, 9]

Recently, Withers and co-workers demonstrated that retain-
ing glycosidases can be engineered to glycosynthases simply
by mutating the nucleophilic Glu residue at the base of the
active site to a small hydrophobic residue and using an a-gly-
cosyl fluoride as the donor substrate.[10] This strategy is based
on extensive characterization of the mechanism of retaining
glycosidases.[10,11] Mutation of the active-site nucleophile to a
small residue both accommodates the glycosyl fluoride donor
and inactivates the hydrolytic activity of the enzyme, allowing
the reaction to proceed in the reverse direction. This approach
was first demonstrated with the Agrobacterium sp. b-glucosi-
dase/galactosidase (Abg).[10] The active-site nucleophile Glu358
was mutated to Ala. This Abg:E358A variant was shown to
accept both galactosyl fluoride and glucosyl fluoride as donors
to form glycosidic bonds with several mono- and disacchar-
ides. This result opened a new route for carbohydrate synthe-
sis, and already several retaining glycosidases have been suc-
cessfully converted to glycosynthases with this strategy.[12–23]

Directed evolution would offer an obvious route to improve
the activity and alter the substrate selectivity of these en-
zymes, except that there is no intrinsic way to screen or select
for glycosynthase activity. Mayer et al. developed a coupled
enzyme assay using an endo-cellullase that can be used to
screen for glycosynthase mutants with improved activity.[24]

This screen, however, can only be used for glycosynthases that
synthesize products that are substrates of the endo-cellulase.
Screens only allow relatively small libraries, about 104 variants,
to be assayed.

Thus, our laboratory applied “chemical complementation”, a
general, high-throughput assay for enzyme catalysis of bond
formation and cleavage reactions, to the directed evolution of
glycosynthases.[25–27] In chemical complementation, glycosyn-
thase activity is linked to reporter gene transcription and
hence cell survival through covalent coupling of a methoACHTUNGTRENNUNGtrex-
ACHTUNGTRENNUNGate ACHTUNGTRENNUNG(Mtx)-disaccharide-fluoride donor and a dexa ACHTUNGTRENNUNGmethaACHTUNGTRENNUNGsone-
ACHTUNGTRENNUNG(Dex)-disaccharide acceptor, such that Dex-tetrasaccharide-Mtx
effectively reconstitutes the transcriptional activator and in-
creases transcription of a downstream reporter gene.[26] Use of
the reporter gene LEU2 allows for a growth selection in the
ACHTUNGTRENNUNGabsence of leucine (Figure 1). Using the LEU2 selection, we pre-
viously demonstrated that chemical complementation can be
used to read-out glycosynthase activity, and a Humicola inso-
lens Cel7B:E197S variant with a fivefold increase in glycosyn-
thase activity was selected from a Glu197 saturation library.[26]

Having established chemical complementation as a selection
for glycosynthase activity, we then sought a glycosynthase
that would provide a robust scaffold for the directed evolution
of glycosynthase variants with altered substrate specificities. In
our initial publication, the H. insolens CeL7B:E197A glycosyn-
thase was employed because it was the only reported endo-
glycosynthase at that time. However, this enzyme has poor ex-
pression properties and does not present an obvious scaffold
for protein engineering.[26] Thus, we sought to develop an
endo-glycosynthase derived from a family 5 glycosidase.[28,29]

The in vitro activities and substrate specificities of many
family 5 glycosidases have been extensively characterized, and
several of these enzymes have shown good expression in
E. coli. Moreover, family 5 retaining glycosidases are monomeric
triose-phosphate isomerase (TIM) barrel enzymes, an appealing
scaffold for enzyme engineering given that TIM barrels argua-
bly are a “privileged” scaffold for enzyme catalysis of diverse
chemical transformations.[30–34] In this paper, we report the
cloning and characterization of a new glycosynthase from a
family 5 glycosidase using a chemical complementation LEU2
enrichment assay.

Given that not all retaining glycosidases provide efficient
glycosynthases upon mutation of the active-site nucleophile,
we adapted our LEU2 selection as an enrichment assay to
clone the new glycosynthase.[27] Using this assay, the family 5
TIM-barrel glycosynthase was cloned by screening the active-
site E:G and E:S variants of known family 5 glycosidases. Spe-
cifically, three family 5 glycosidases, Clostridium cellulolyticum
Cel5A, Clostridium thermocellum CelG and Clostridium celluloly-
ticum Cel5N, were tested.[35–38] Among these genes, Cel5A and
CelG have been overexpressed and purified from E. coli, while
the catalytic domains of CelG and Cel5N share high sequence
identity. The high-resolution structure of the Cel5A catalytic
domain shows a classic TIM barrel fold, with Glu170 as the
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general acid/base and Glu307 as the active-site nucleo-
phile.[35,39] These two Glu residues are separated by 5.5 I, as
expected for a glycosidase following a retaining mechanism.
Since there are no high-resolution structures available for CelG
and Cel5N, the active-site residues of these enzymes were de-
termined using sequence alignment with well-characterized
enzymes in the same family.[34,40] For both enzymes, Glu190
was assigned as the general acid/base, and Glu345 was as-
signed as the nucleophile, when signal peptides were exclud-
ed. Previous literature showed that some retaining glycosidas-
es can be converted to glycosynthases by mutation of the
active-site nucleophile to a Gly, Ser or Ala residue, with higher
glycosynthase activities typically observed for Gly or Ser mu-
tants.[24, 41] Therefore, we chose to screen the Gly and/or Ser
variants of the three family 5 glycosidases for glycosynthase
activity, and these variants were expressed in yeast three-
hybrid strain V1019Y under either a MET25 or a GAL1 promot-
er.[42] While these variants also could have been purified and
assayed in vitro, we chose to use the chemical complementa-
tion selection for the cloning both because it could be carried
out with slightly more ease and because it allowed us to
assess the feasibility of using chemical complementation to
clone enzymes based on function.

Having prepared the Gly and Ser variants from Cel5A and
CelG, and Ser variants from Cel5N, we next determined if they
had significant glycosynthase activity in what we term a chem-
ical complementation enrichment assay. If active, the glycosyn-
thase variant should be able to couple the two substrates, me-
thotrexate-lactose-fluoride (Mtx-Lac-F) donor and dexametha-
sone-cellobioside (Dex-Cel) acceptor, synthesizing Dex-Cel-Lac-
Mtx. Dex-Cel-Lac-Mtx should then dimerize the transcriptional
activator, activating transcription of the LEU2 reporter gene
and providing a growth advantage to yeast three-hybrid strain
V1019Y in the absence of leucine (Figure 1).[26,27] In the enrich-
ment assay, a mixture of plasmids encoding a roughly 1:4 ratio
of the glycosidase nucleophile mutant to the wild-type glycosi-
dase was transformed en masse into yeast three-hybrid strain
V1019Y. The resulting transformants were incubated in selec-
tive media lacking the appropriate auxotrophs and leucine and

containing both the Mtx-Lac-F donor and the Dex-Cel acceptor
substrates. After six days of incubation, all assays showed dif-
ferent extent of cell growth. A portion of culture was then
taken from each assay tube, the cells were recovered in nonse-
lective medium, and the plasmids were extracted and subject-
ed to restriction analysis. The rest of cells had been further in-
cubated in selective medium, and assayed at the ninth day of
the selection. Since only cells expressing active glycosynthase
get enriched during selection, the glycosynthase activity was
linked to the enrichment of the plasmids encoding glycosyn-
thase variants. As shown in Figure 2, the fold of enrichment
can be conveniently visualized by restriction analysis. Since we
chose the 1:4 starting ratio of the glycosidase nucleophile
mutant to the wild-type glycosidase, we can observe the in-
verse of their intensity after a relatively small fold of enrich-

Figure 1. Chemical complementation provides a high-throughput assay for glycosynthase activity. The heterodimeric small molecule reconstitutes a transcrip-
tional activator, turning on the transcription of a downstream reporter gene. Here, a Dex-Mtx yeast three-hybrid system is used. Glycosynthase activity is de-
tected as formation of a glycosidic linkage between a Mtx fluoride donor and a Dex acceptor. Dex=dexamethasone; Mtx=methotrexate; DBD=DNA binding
domain; DHFR=dihydrofolate reductase; GR=glucocorticoid receptor; AD=activation domain.

Figure 2. Cel5A:E307G was identified as a glycosynthase with the chemical
complementation enrichment assay. Before and after enrichment assay, the
plasmids were extracted from reaction, amplified by PCR, and digested
using HphI and PstI restriction enzymes. Since the Cel5A wild-type has one
more HphI site than the E307G mutant, the enrichment fold can be readily
determined by restriction digestion.
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ment. In a total of 10 enrichment assays the Cel5A:E307G
mutant under the GAL1 promoter gave the best enrichment
after six or nine days of incubation (Figure 2 and Figure S1 in
the Supporting Informtaion).

Next the glycosynthase activity of Cel5A:E307G was con-
firmed in vitro using a-lactosyl fluoride (Lac-F) donor and p-
ACHTUNGTRENNUNGnitrophenyl b-cellobioside (PNPC) acceptor substrates.[27,41] The
Cel5A:E307G was overexpressed in E. coli from a Ptac promoter
and purified via a 6xHis tag.[37] The consumption of Lac-F was
monitored with a fluoride ion-selective electrode. When all of
the Lac-F was consumed, the reaction mixture was purified by
reversed-phase HPLC, and the products were characterized by
NMR and mass spectrometry. To our surprise, while Cel5A is a
b-1,4-hydrolase, the Cel5A:E307G variant shows specificity for
the synthesis of the b-1,3-Glu-Glu linkage, with no detectable
b-1,4-Lac-Cel product based on HPLC purification and NMR
characterization of the products (see the Supporting Informa-
tion). The resulting tetrasaccharide can be further glycosylated
by another a-lactosyl fluoride molecule, resulting in a hexasac-
charide as a minor product. To understand whether or not the
unexpected regioselectivity is a consequence of the 4’-axial hy-
droxyl group of the Lac-F donor substrate, we also assayed the
Cel5A:E307G variant with a-cellobiose fluoride (Cel-F) as the
donor substrate. Interestingly, the reaction of Cel-F and PNPC
gave a mixture of tetrasaccharide regioisomers and other
higher order oligosaccharide products (Figure 3). Further NMR
analysis identified the presence of both Celb1!3Celb1!PNP
and the Celb1!4Celb1!PNP tetrasaccharide products (see
the Supporting Information). Therefore, the Cel5A:E307G gly-
cosynthase does have different substrate specificity as its wild-
type enzyme, and the specificity is related to the donor sub-
strates used in the reaction. This phenomenon was also ob-
served from previous glycosynthase references.[17,43] The Gly
mutation increased the size of the active-site pocket and abol-
ished the hydrogen-bond network derived from the Glu resi-
due of the wild-type enzyme, thus allowed the substrates to
bind in a more flexible manner.

In addition to the glycosyl transfer reaction, the Cel5A:
E307G glycosynthase also catalyzes the hydrolysis of the Lac-F
donor substrate, since only a portion of the PNPC is consumed
when Lac-F is 100% consumed (Figure 3). For reaction of
10 mm Lac-F and 10 mm PNPC with 10 mm glycosynthase, 34%
of PNPC was converted to tetrasaccharide, 22% to hexasac-
charide, and 44% remained unreacted. The hydrolysis activity
of Cel5A:E307G was confirmed using 2:1 Lac-F:PNPC (Figure 3).
Considering that the hydrolysis activity might result from
Cel5A wild-type contamination, we prepared the Cel5A:E307G
enzyme from another E. coli single colony and analyzed glyco-
synthase activity with the HPLC assay. However, no improve-
ment in reaction yield was observed (data not shown). The
extent of hydrolysis with Cel-F as the substrate is ambiguous
because the higher-order oligomerization occurs. This hydro-
ACHTUNGTRENNUNGlysis reaction can be treated as a glycosyl transfer reaction
ACHTUNGTRENNUNGbetween the donor substrate and water.[41] For Cel5A:E307G
glycosynthase with Lac-F as the donor substrate, the kwater is
slightly smaller than kPNPC. Presumably the reaction efficacy,
kPNPC/kwater, could be improved using a classic directed-evolu-

tion approach, and chemical complementation provides a con-
venient selection assay for this approach. At last, the specific
activity of Cel5A:E307G was measured based on the rate of ex-
pulsion of fluoride ion from the Lac-F donor substrate, with
10 mm Lac-F, 10 mm PNPC, and 10 mm enzyme in sodium
phosphate buffer (pH 7). The Cel5A:E307G has a specific activi-
ty of 1.2 mmol [F-] per min per mg enzyme.

In conclusion, we cloned a new glycosynthase Cel5A:E307G
which catalyzes the efficient synthesis of an endo-b-1,3-glycosi-
dic linkage between Lac-F donor and PNPC acceptor sub-
strates. Although the specific activity of Cel5A:E307G glycosyn-
thase is relatively low, the chemical complementation can be
used as a selection assay to improve its activity. Cel5A:E307G
has a “privileged” TIM barrel scaffold, which should facilitate di-
rected-evolution experiments to improve the enzyme activity

Figure 3. Analytical HPLC trace for the Cel5A:E307G catalyzed reactions. Re-
ACHTUNGTRENNUNGactions were monitored at 300 nm, as indicated by the black line, and at
220 nm, as indicated by the red line. HPLC was performed when donor sub-
strates were completely consumed, as measured by the fluoride ion selec-
tive electrode. A) 10 mm Lac-F, 10 mm PNPC and 10 mm Cel5A:E307G;
B) 10 mm Lac-F, 5 mm PNPC and 10 mm Cel5A:E307G; C) 10 mm Cel-F, 10 mm

PNPC and 10 mm Cel5A:E307G.
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and alter substrate specificity through mutation of the catalytic
loops. Cel5A:E307G can be readily expressed and purified, thus
not only providing a robust scaffold for directed evolution but
also ultimately a good protein for overproduction for commer-
cial use. Moreover, we demonstrated that the chemical-com-
plementation LEU2 enrichment assay provides an efficient
method for screening glycosynthase activity and thus cloning
enzymes based on function. Currently, we are using the LEU2
selection for the directed evolution of Cel5A:E307G variants
with altered substrate specificities for use in carbohydrate syn-
thesis.
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