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Cloning and expression of a 3-glycosidase gene
from Thermus thermophilus. Sequence and
biochemical characterization of the encoded enzyme
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A 3.2 kilobase pair DNA fragment from

showed strong identity with those of
overexpressed in  Escherichia coli

Thermus thermophilus HB27 coding for a p-galactosidase activity was cloned and
sequenced. A gene and a truncated open reading frame orfl encoding respectively a
sugar permease were located directly adjacent to each other. The deduced aminoacid sequence of the enzyme Tt
p-glycosidases belonging to the glycosyl hydrolase family 1. The enzyme was
and was purified by a two-step purification procedure. The recombinant enzyme is
monomeric with a molecular mass of 49-kDa. It catalyzes the hydrolysis of
derivatives. However, the kcat/Km ratio is much higher for p-nitrophenyl-

B-glycosidase ( ttp-gly) and probably a
B-gly

p-D-galactoside, B-D-glucoside and p-D-fucoside
B-D-glucoside and p-nitrophenyl-  p-D-fucoside than

for p-nitrophenyl- p-D-galactoside. The specificity towards linkage positions of the disaccharides tested decreased in the

following order:

p1-3 (100%) > p1-2 (71%) > pl-4 (40%) > B1-6 (10%). Ttp-gly is a thermostable enzyme displaying an

optimum temperature of 88 °C and a half life of 10 min at 90 °C. It performs transglycosylation reactions at high temperature
with a yield exceeding 63% for transfucosylation reactions. On the basis of this work, the enzyme appears to be an attractive

tool in the synthesis of fucosyl adducts and fucosyl sugars.
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Introduction

Structures and mechanisms of glycosyl hydrolases begin to
be well-known [1]. These enzymes catalyze synthesis and
transfer reactions as well as glycosidic linkage hydrolysis.
They have been used for in vitro synthesis of oligosaccha-
rides [2-4], various glycosidic derivatives [5], and mono-
and disaccharide-amino acid conjugates [6-8]. Until now,
the latter have always been obtained with low yields using
the conventional sources of glycosidases (Escherichia coli,
Aspergillus oryzae, almond, Jack bean). In this regard, gly-
cosyl hydrolases from hyperthermophilic microorganisms
are particularly attractive for their extreme stability and
resistance to organic solvents [9] which can be useful prop-
erties for transglycosylation reactions. Several glucosidases
and galactosidases have been purified or cloned from Py-
rococcus furiosus, Sulfolobus solfataricus and Thermotoga
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transglycosylation.

maritima (for a review, see ref. [10]). The cloning of some
genes has enabled high yields of pure protein to be ob-
tained and structure/function relationships to be analyzed.
For instance, the gene of B-glycosidase of S. solfataricus
(SsB-gly) has been overexpressed [11] and the structure of
the enzyme has been determined allowing a better expla-
nation of its thermostability along with an accurate identi-
fication of the amino acids involved in the catalysis [12].
The transglycosylation properties of the recombinant en-
zyme have also been investigated at high temperature [13].
However the utilization of enzymes from hyperthermo-
philes is sometimes limited by difficulties in expressing the
active form of the corresponding recombinant protein in
the mesophilic E. coli host [9] or by their low activity at
temperatures compatible with the stability of the substrates
or products. Hence enzymes from thermophilic eubacteria,
which are also highly resistant but display lower optimal
temperatures, can be of great interest for many fields
[14-16] and particularly for carbohydrate hydrolysis [17]
and synthesis [18,19] since these molecules do not tolerate
high temperatures.

Several glycosidase genes have already been cloned
from thermophilic eubacteria and the encoded enzymes
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have been classified by Henrissat [20]. Although the Ther-
mus genus is one of the most widely studied of the thermo-
philic ones, the B-glycosidases from this microorganism
have not been extensively studied. An inducible -galac-
tosidase from Thermus 41-A strain has been isolated and
only partially purified [21]. More recently, Berger et al. [18]
demonstrated the presence of B-glycosidase activity in the
crude extract of different strains of the Thermus genus
including 7. thermophilus HBS. B-Galactosidase activity in
these strains was influenced in different ways by the vari-
ation of the aglycone moiety of the substrate suggesting the
presence of several kinds of enzyme. Thus the 3-galactosi-
dase gene from Thermus T2 strain cloned by Koyama et al.
[22] failed to hybridize with the T. thermophilus HB27
chromosome [23]. However, a weak and constitutive -
galactosidase activity detected in the HB27 strain [22] indi-
cated that at least one B-galactosidase gene exists in this
bacteria.

In the present study, we carried out the cloning and
expression of a gene encoding a B-galactosidase from T
thermophilus HB27 in order to expand the basic knowl-
edge about B-glycosidases from thermophilic bacteria and
to use it for future structural studies and applications.

Materials and methods
Bacterial strains, plasmids and media

E. coli and T. thermophilus HB27 [24] strains were culti-
vated in LB medium at 37°C and 65°C respectively. Selec-
tion of ampicillin-resistant (100 pg/ml) E. coli was
performed on LB agar plates. Expression of the #f-gly gene
was carried out in E. coli TOP 10 (Invitrogen) and
BL21(DE3) strain (Novagen) using plasmid vectors
pUCI8 and pET21a (Novagen) respectively.

Recombinant DNA techniques and
cloning procedure

All the plasmid extractions were performed by alkaline
lysis according to Ausubel et al. [25]. Restriction endonu-
cleases, modifying enzymes, Pfu DNA polymerase and T4
DNA ligase were purchased from Boehringer Mannheim,
Stratagene or Biolabs. For the genomic library, high mo-
lecular weight DNA from 7. thermophilus was partially
digested with Sau3A and size fractionated by agarose gel
electrophoresis. The 3-20-kilobase pair fraction was ex-
tracted from the gel and ligated into BamHI digested and
dephosphorylated pUC18 vector [25]. The ligation mixture
was used to transform E. coli TOP 10. Recombinant E.coli
strains were cultivated and grown at 37°C to single colonies
on the agar plates containing ampicillin (100 pg/ml). The
plates were incubated at 60°C for 2h. Then 2 ml of Z buffer
[26] containing 1.5 mg of 5-bromo-4-chloro-3-indolyl-p-D-
galactopyranoside (X-gal) was spread directly onto the
colonies and the plates continued to be incubated at 60°C.
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Overexpression and purification of the TtB-gly
enzyme

The recombinant plasmid pLY12 was used for amplifica-
tion of the #f-gly coding sequence with the Pfu DNA po-
lymerase.

Two oligonucleotides bgll: 5'-TACATATGACCGA-
GAACGCCGAAAA and bgl2: 5-TTGAATTCTGG-
CGGGGCACTTAGG were used as primers and for the
creation of Nde I and EcoRI restriction sites (in bold face)
respectively at the extremities of the #f-gly gene by PCR.
The amplified DNA was digested with Ndel and EcoRI
and then inserted in the pET21a vector treated with the
same enzymes. BL21(DE3) E. coli strain was transformed
with the resulting pETBg8 plasmid and grown at 37°C,
induced with 1mM isopropyl-B-D-thiogalactopyranoside
(IPTG) at a cell density of 6 X 108 cells/ml and grown for
another 4h. Cells were harvested by centrifugation, resus-
pended in 100 mM phosphate buffer (pH 7.0) and dis-
rupted by sonication in a Raytheon sonicator (250W) for
2h at 25°C. The extract was centrifuged for 20 min at 6000
X g and the supernatant was incubated at 70°C for 1h.
Labile proteins of E. coli were removed by centrifugation
at 6000 X g for 20 min. The supernatant was concentrated
by adding ammonium sulfate to 75% final saturation; then
the precipitate was dissolved in 100 mM phosphate buffer
(pH 7.0) and the resulting solution was passed through a
Superdex-75 column (1.5 X 60 cm) that had been equili-
brated with the same buffer, at a flow rate of 0.3 ml/min;
fractions of 1ml were collected. The purity of the Ttp-gly
enzyme was checked by sodium dodecyl sulfate-polyacry-
lamide gel electrophoresis (SDS-PAGE) on continuous
10% polyacrylamide gels [27] and by capillary electropho-
resis (P/ACE System 5000, Beckman).

DNA sequencing and analysis

The DNA sequence of the #tf-gly gene was determined by
Eurogentec on an AB1377-based fluorescent sequencing
system using the pLY12 plasmid as template, synthetic
primers and engineered thermophilic polymerase specifi-
cally dedicated for high accuracy DNA sequencing. Se-
quence comparisons with Genbank and Swissprot
databanks were performed by means of the BLAST pro-
gram. Precise alignments were performed by means of the
ALIGN program located in « Pedro’s Biomolecular Re-
search Tools » on the World Wide Web.

Enzyme assay, kinetic parameters and
protein determination

Under the standard test conditions, TtB-gly activity was
measured at 65°C in 1 ml of 100 mM phosphate buffer (pH
7.0) containing 1 mM p-nitrophenyl-p-D-glucopyranoside
(pNPGIc). A Kontron Uvikon 860 spectrophotometer,
equipped with a cell holder system connected to a circulat-
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ing water bath which maintained the cells at a constant
temperature, was used. Cells of 1-cm path length were em-
ployed for all experiments. After prewarming the mixture
for 5 min, the reaction was initiated by adding the enzy-
matic sample (5 pl) and the pNPGlIc hydrolysis reaction
was followed by measuring the increase in absorbance at
420 nm due to liberation of p-nitrophenoxide anion. The
reference cell contained all reactants except the enzyme.
Determination of other nitrophenyl-glycosidase activities
was carried out in the same way using the corresponding
p-nitrophenyl-glycopyranosides as substrates.

The kinetic parameters (Km and Vmax) were deter-
mined from Lineweaver-Burk and Eadie representations
using different concentrations of p-nitrophenyl-B-D-gly-
copyranosides (0.05-15 mM) or cellobiose (5-100 mM).
Each experimental point was determined at least in tripli-
cate and in all cases the initial rate was used for plotting.

Enzyme activity on natural substrates was assayed in 1
ml of 100 mM phosphate buffer (pH 7.0) containing the
tested substrate at the indicated concentration. After pre-
warming the mixture for 5 min at 70 °C, the reaction was
initiated by 5 ul of the diluted enzyme solution. Aliquots
(100 pl) were withdrawn at different times and the reaction
was stopped by adding 4 ul of 10 M NaOH. The released
glucose was measured by the glucose oxidase-peroxidase
method [28]. Protein concentration was determined by the
bicinchoninic acid method [29] using bovine serum albu-
min as the standard. The enzymatic unit was defined as the
amount of enzyme that catalyzes the hydrolysis of 1 pmol
of substrate per min at 65 °C under the conditions de-
scribed above.

Temperature and pH optima, and thermal stability

The effect of pH on the enzyme activity was determined by
measuring the hydrolysis of pNPGIc in a series of buffers
at various pH values ranging from pH 4.1 to 9.1. The buffers
used were: sodium acetate buffer (100 mM) from pH 4.1 to
5.1, sodium citrate/phosphate buffer (100 mM) from pH 5.0
to 7.2, sodium phosphate buffer (100 mM) from pH 6.0 to
8.0 and Tris-HCl buffer (100 mM) from pH 7.8 to 9.1. The
pH values of each buffer were determined at 25 °C. The
incubation mixture, prewarmed for 5 min at 70 °C, com-
prised 1 mM pNPGlc and 100 mM appropriate buffer in a
total volume of 1 ml. The reaction was initiated by 5 pl of
the diluted enzyme solution, carried out at 70 °C for 3 min
and then stopped by adding 2 ml of 1 M Na,COj;. The
absorbance at 420 nm was measured and the amount of
liberated p-nitrophenoxide anion was determined from a
calibration curve performed under the same experimental
conditions.

The experimental protocol to study the dependence of
the activity on temperature was the same as that for the
pH-studies but the incubations were carried out at various
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temperatures ranging from 40°C to 95°C and only in 100
mM phosphate buffer at pH 7.0.

The thermal inactivation of the enzyme was studied at
70°C and 90°C by prewarming the enzyme solutions in 100
mM phosphate buffer (pH 7.0), removing aliquots at differ-
ent times and measuring the residual activity under the
standard conditions.

Transglycosylation reaction

The B-glycosyltransferase activity of Ttp-gly was tested at
65°C in 3 ml of 100 mM phosphate buffer (pH 6.0) contain-
ing 0.1 unit of the enzyme, 10 mM p-nitrophenyl-f-D-gly-
copyranoside and 150 mM 2-phenylethanol used as the
glycosyl acceptor. The progress of the reaction was moni-
tored at different times (between 0.5 and 10 h) by with-
drawing aliquots (200 ul) which were added to 400 ul of 1M
sodium carbonate (pH 11.0). After filtration of the mixture
through 0.45 um hydrophilic Durapore membrane (Mil-
lipore), the reaction products (20 pl- portions) were ana-
lyzed by high-performance liquid chromotography (HPLC;
Waters) on a LiChrospher 100RP-18 (5 pm) reverse-phase
column (0.4 X 12.5 cm) from Merck. A methanol-water
(35:65, v/v) mixture which was continuously purged with
dry Helium was used as the eluent. Experiments were per-
formed at room temperature and chromatographic separa-
tions were monitored by UV-absorption at 257 nm
(2-phenylethyl- and p-nitrophenyl derivatives) and at 310
nm (p-nitrophenylderivatives), at a constant flow rate of
0.5 ml/min. Further characterization of the transglycosyla-
tion products was performed by NMR spectroscopy
(Bruker WM250) [30].

Results
Cloning and nucleotide sequence of the ttp-gly gene

As a B-galactosidase activity has already been observed in
T. thermophilus HB27 [22], we tried to clone the corre-
sponding gene(s). A genomic library of T. thermophilus
HB27 was constructed in E. coli TOP10 by ligation of
Sau3 A incompletely digested DNA into BamHI linearized
pUCI18 vector. Approximately 5000 recombinant clones
containing inserts of 3- to 20-kilobase pairs were obtained
and the plates were incubated at 60°C for 2h. At this high
temperature E. coli cells die and E. coli B-galactosidase is
inactivated, but if the thermostable Thermus enzyme is
produced by the cells, f-galactosidase acivity can be de-
tected. After addition of X-gal to the colonies and further
incubation at 60°C, one clone turned blue. The recombinant
plasmid, designated pLY12, was extracted from this dead
colony and used to retransform E. coli TOP 10. pLY12
contained a 3.2-kilobase pair insert as shown by a restric-
tion map analysis.

The entire sequence of the DNA insert was determined
and the 1949-base pair sequence located downstream of the
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1 ATCCTCTTCCTGATCCCCATCTACATCATGTACATCTACGTGCAGAACTGGGTCCGCTCC 60
I L F L I P I ¥ I MY I YV Q NUWV R 8

61 GCTTTGGGCCTCGAGGTGCGCCTCGTCGGCAGCTACGGGGGGCTCGTCTTCACCTACACC 120
AL GL EVRULV G SY G GL V F TY T

121 GCCTTCTTCGTCCCTCTGAGCATCTGGATCCTCAGGGGCTTCTTCGCCTCCATTCCCAAG 180
A F FV?PLSIWTIULIRGT FTFA ASTITZPIK

181 GAGCTGGAGGAGGCGGCCATGGTGGACGGGGCCACGCCCTTCCAGGCCTTCCACCGGGTG 240
EL EEAAMUVDGATU?PTFOQATFHTRUV

241 ATCCTGCCCCTGGCCCTCCCGGGCCTCGCGGCCACGGCCGTCTACATCTTCCTCACCGCC 300
I L PLALPGILAATA AVWVY IV FIULT A

301 TGGGACGAGCTCCTCTTCGCCCAGGTCCTCACCACCGAGGCCACGGCCACCGTTCCCGTG 360
WDETILULVFAQVLTTEA AT ATV PV

361 GGCATCCGCAACTTCGTGGGCAACTACCAGAACCGCTACGATCTGGTCATGGCCGCCGCC 420
G I RNF V GNY ONZRYDIULVMAR A-A

421 ACGGTGGCCACGCTGCCCGTCCTCGTCCTCTTCTTCTTCGTGCAGCGCCAGCTCATCCAG 480
T VA TL P VL VL FFFV QROQULTIQ
ttf-gly

481 GGCCTCACCGCCGGGGCGGTGAAGGGCTAGGTTCTTGGAGGAGAAACGCCTATGACCGAG 540

G L T A G AV K G * M T E 3

541 AACGCCGAAAAATTCCTTTGGGGAGTGGCCACCAGCGCCTACCAGATTGAGGGGGCCACC 600
4 NAEIKV FUL WGV ATSAY QI EGA AT 23

601 CAGGAGGACGGCCGGGGGCCTTCCATCTGGGACGCCTTCGCCCAGCGCCCCGGGGCCATC 660
24 Q EDGRGUP S I WD ATFA AQRUPGA ATI 43

661 CGGGACGGGAGCACAGGGGAGCCCGCCTGCGACCACTACCGCCGCTACGAGGAGGACATC 720
44 R D G S T G E P A CDHU YU RIRYEETDTI 63

721 GCCCTGATGCAATCCCTCOGGGGTGCGGGCCTACCGCTTCTCCGTGGCCTGGCCCCGGATC 780
64 AL MQ SL GV RAYIRTFSVAWPTR RI 83

781 CTCCCCGAGGGCCGGGGGCGGATCARCCCCAAGGGCCTCOGCCTTCTACGACCGCCTGGTG 840
84 L PEGRGRTINPIEKGTLAFYDURTILUV 103

841 GACCGGCTTCTCGCTTCCGGGATCACGCCCTTTCTCACCCTCTACCACTGGGACCTGCCT 900
104 D R L L A S G I TFPVFILTULYHWDTL P 123

901 TTGGCCCTGGAGGAGCGGGGAGGCTGGCGGAGCCGGRAACCGCCTTCGCCTTCGCCGAGT 960
124 L A L E E R GG WU R SR KUPUP S P S P S 143
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961 ACGCCGAGGCGGTGGCCCAGGCCCTTCGCCGACCGGGTGCCCTTCTTCGCCACCCTGARC 1020
144 T P R R W P G P F A DRV P FF A TUL N 163

1021 GAGCCCTGGTGCTCGGCCTTCCTCGGGCACTGGACGGGGGAACACGCCCCCGGCCTCAGG 1080
164 E P WCSAFULGHWTGEHUHA APGTL R 183

1081 AACCTGGAAGCGGCCCTCCGCGCCGCCCACCACCTCCTCCTGGGCCACGGCCTCGCCOGTG 1140
184 N L E A A L RAAHUHILIULILGUHGTL AV 203

1141 GAGGCCTTGAGGGCCGCGGGGGCGAGGCGGGTGGGGATCGTCCTCAACTTCGCCCCGGCC 1200
204 EALRAAGARRVYVGIUVILNTFATPA 223

1201 TACGGCGAGGACCCCGAGGCGGTGGACGTGGCCGACCGCTACCACAACCGCTTCTTCCTG 1260
224 Y G ED P EA VDV ADURYHNTR RTFEFF L 243

1261 GACCCCATCCTGGGCAAGGGGTATCCCGARAGCCCCTTCCGAGACCCCCCGCCOGTCCCC 1320
244 D PILGKGYUPESZPTFRDTZPZPZPV P 263

1321 ATCCTCTCCOGCGACCTGGAGCTCGTGGCAAGGCCCCTGGACTTCCTGGGGGTGAACTAC 1380
264 I L SRDILETLVARUPILDT FULGV N Y 283

1381 TACGCCCCCGTCCGCGTGGCCCCGGGGACGGGGACCTTGCCCGTGCGCTACCTTCCCCCG 1440
288 Y A PVRVAPGTG GTTLZ®PVRYTLUPP 303

1441 GAAGGGCCGGCCACGGCCATGGGGTGGGAGGTCTACCCCGAGGGGCTTCACCACCTCTTG 1500
304 EGPATAMGWEV VY PEGLHUHTLTL 323

1501 AAGCGCCTCGGCCGGGAGGTGCCCTGGCCCCTTTACGTCACGGARARCGGGGCCGCCTAC 1560
324 K RL GREVPWUPTLYVTE_ NG AAY 343

1561 CCCGACCTCTGGACGGGAGAGGCCGTGGTGGAGGACCCCGAGCGGGTGGCCTACCTCGAG 1620
344 P DL WTGEA AV YV EDTPET RVYVAYTLE 363

1621 GCCCACGTGGAGGCCGCCCTCCGGGCCCGGGAAGARGGGGTGGACCTCCGGGGCTACTTC 1680
34 A HV EAALURARETEGVDILRGTY F 383

1681 GTCTGGAGCCTCATGGACAACTTTGAGTCGGCCTTCGGCTACACCCGGCGCTTCGGCCTC 1740
33 VWS L MDNTFEWATFGYTRZERTFG L 403

1741 TACTACGTGGACTTCCCCAGCCAGAGGCGCATCCCCAAAAGGAGCGCCCTCTGGTACCGSG 1800
404 Y Y V D F P S Q RR I P KRS AL W Y R 423

1801 GAGCGGATCGCGCGCGCCCAGACCTAAGTGCCCCGCCAGAGGGGCGGGCCCTAAAACTCA 1860
424 E R I A R A Q T * 431

1861 AAGAAGGCCGGGACGAARGGCGTAGCCCTCCCCTTCCCGCCGGATGTACCCGACGGCGGGE 1920
1921 CAGGGGAAGTGGTAGGCGGTGATCAGGCT 1949

Figure 1. Nucleotide and deduced amino acid sequences of the tif-gly gene and of the truncated orfl. (EMBL accession number Y16753).
Numbering of the nucleotide sequence begins at the BamHI/Sau3A junction site beside the lactose promoter. Numbering of the amino acid sequence
begins at the Ttf-gly amino-terminus. The putative ribosome binding site of the tt5-gly gene is underlined. The two amino acid motifs fully conserved
among glycosyl hydrolases from thermophilic and mesophilic bacteria are also underlined. The putative nucleophile (Glu338) and general acid base

catalyst (Glu164) are represented in bold character.

lactose promoter is presented in Figure 1. Its overall G+C
content was 69.3 %, which is very close to that of the DNA of
the whole T. thermophilus HBS genome (69%) [31]. Com-
puter analysis revealed the presence of a 1296-base pair orf
displaying strong homologies with several B-glucosidase
genes. The other part of this insert (data not shown) did not
display significant homology with already known glycosi-
dase genes. It appeared likely therefore that the 1296-base
pair orf encoded for a B-glucosidase which also displayed a
B-galactosidase activity that we could detect on the colony.
This point has been biochemically confirmed (see below)
and this orf was therefore designated as being a glycosidase
gene of T. thermophilus, termed tt-gly. This enzyme should
be 431 amino acids long with a deduced molecular mass of
48642 Da.The ATG initiation codon is preceded by a typical
ribosome binding site of E. coli but no typical promoter

sequence of T. thermophilus [32] was detected upstream of
the rtf-gly orf. Thus the thermostable glycosidase expression
was probably due to the lactose promoter correctly oriented
and located at 0.6-kilobase pair upstream of the #f-gly orf.
Between these two sequences, a 5S11-base pair truncated orf
(designated orfl) was found presenting significant similari-
ties (41 to 54%) with several sugar permease genes. No
palindromic sequence was detected between the orfl and
ttp-gly sequences.

Sequence comparison between the Ttp-gly protein
and other glycosidases

The amino acid sequence deduced from the encoded Ttp-
gly from T. thermophilus HB27 was compared with other
glycosyl hydrolases whose sequences are available in data-
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bases. This analysis revealed that the enzyme is a member
of the glycosyl hydrolase family 1 [20] which is composed
in particular of B-glucosidases, phospho-f-glucosidases, and
phospho-B-galactosidases of Bacteria, Archea, and Eu-
carya. Scores higher than 40% of identity over the entire
length of sequences were found between Ttp-gly and the
B-glycosidases of i) thermophilic bacteria: 45.5% with BglA
of T. maritima [33], 43.8% with BglA of Caldocellum sac-
charolyticum [34], 45.6% with BgIB of Microbispora [35]
and of ii) mesophilic bacteria: 48.2% with Bgl3 of Strep-
tomyces sp. [36], 44.3% with Abg of Agrobacterium sp.[37].
Scores were much lower with B-glycosidases of Archea and
Eucarya: 27.1% and 28.8% with the B-glycosidases Ssp-gly
of S. solfataricus [38] and CelB of P. furiosus [39] respec-
tively, 28.8% with the cyanogenic B-glucosidase Cbg of -
Trifolium repens [40]. The two motifs Asn-Glu-Pro and
Glu-Asn-Gly, which are fully conserved among glycosyl
hydrolases from mesophilic and thermophilic bacteria as
described by Morracci et al. [41], were also conserved in the
Ttp-gly sequence (Figure 1). The Glu338 located in the
second motif of the T. thermophilus sequence would corre-
spond to the nucleophile identified previously in the active
sites of Abg [42,43], SsB-gly [41], Cbg [44], and the phos-
pho-B-galactosidase of Lactococcus lactis (LacG) [45]. The
Glul164 located in the first motif would correspond to the
general acid/base catalyst identified previously in the active
sites of Abg, Ssp-gly, Cbg, and LacG.

Overexpression and purification of the
Ttp-gly enzyme

For the expression of the recombinant 7. thermophilus en-
zyme, we used the T7 RNA polymerase gene expression
system [46]. The 7zf-gly coding sequence was amplified by
PCR and cloned in the pET21a expression vector to obtain
the pETBg8 plasmid. A cell sample of IPTG-induced E.
coli BL21 (DE3)/pETBg8 was analyzed by SDS-PAGE
(Figure 2). A major band corresponding to a 50-kDa pro-
tein and representing about 50% of total proteins was de-
tected in the crude extract. TtB-gly enzyme was purified by
heat treatment of the cell-free extract allowing the precipi-
tation of the majority of E. coli proteins (Figure 2). A last
step on Superdex-75 column achieved the purification of
the enzyme. A sample of the purified enzyme was analyzed
by capillarity electrophoresis and displayed a single peak
indicating the homogeneity of the preparation.

Molecular properties

The molecular weight of 48642 deduced from the amino
acid sequence is in good agreement with that obtained by
electrophoresis on polyacrylamide gels in the presence of
SDS (Figure 2) and also with that determined by gel-filtra-
tion through a calibrated Superdex-75 column in the ab-
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Figure 2. SDS-PAGE of Ttp-gly expressed in E. coli. The gel was
stained with Coomassie Brilliant Blue; lane 1, crude cell extract of
BL21/pET21a; lanes 2-4, purification of TtB-gly from IPTG-induced
E.coli BL21(DE3)/pETBg8 : lane 2, crude cell extract; lane 3, super-
natant of heat-treated extract; lane 4, Ttf-gly obtained after filtration on
Superdex-75 column. Molecular masses of standard proteins (values in
kDa) are indicated at the right.

sence of any denaturing agent. The fact that denatured and
non-denatured Ttp-gly exhibit the same molecular weight
suggests a monomeric structure for the enzyme. Its theo-
retical isoelectric point was found to be 6.47 as estimated
using the DNASIS program.

The relative degree of the polar or non-polar character
of a protein depends on the proportion of both hydrophilic
(H) and apolar (A) sets of amino acids. We have classified
Asx,Glx, Lys, Arg, Ser, Thr and His as hydrophilic residues
(H) and Val, Ile, Leu, Phe and Met as apolar residues (A).
This classification follows that proposed by Hatch and
Bruce [47]. The H/A ratio, calculated from the amino acid
composition, is 1.5. This value is lower than that of most
soluble proteins (mean value, H/A = 2.1) and indicates a
relatively large proportion of apolar residues. It is also
interesting to note the large content of Pro (9.5%) and Arg
(10.2%), and the high Arg/Lys ratio (7.3).

Physico-chemical properties

The effect of pH on the catalytic activity of the enzyme was
studied at 70 °C between pH 4.1 and 9.1. The pH/activity
curve displayed a maximum at pH 6.5-7.0 (Figure 3). The
enzyme retained more than 80% of its activity in the range
pH 6.0-7.5 and at least 50% at pH 4.1 and 8.4. An inhibi-
tory effect of Tris was observed on the enzyme activity. This
amine buffer is a well-known inhibitor of many glycosi-
dases [48] and cannot be considered as either inert or un-
reactive in many enzyme reactions [49].

The optimum temperature for the hydrolysis of pNPGlc
was 88°C (Figure 4) and the value of the temperature coef-
ficient (Q) calculated between 70°C and 80°C was 1.5. The
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Figure 3. Effect of pH and buffer on TtB-gly activity. The experiments
were carried out at 70°C with pNPGIc as substrate and using sodium
acetate (H), sodium citrate/phosphate (A), sodium phosphate (@), and
Tris-HCI(() buffers; for further details, see « Materials and Methods ».

latter is much lower than that observed for most enzymes
(Q around 2.0). From the Arrhenius plot (inset Figure 4)
the activation energy was found to be 38.2 kJ/mol. The
effect of temperature on the enzyme stability was also in-
vestigated by incubating enzyme solutions for 10 min at
different temperatures (Figure 5). The enzyme retained
100% of its activity up to 80°C. At higher temperatures,
thermostability decreased rapidly : the half-life of the en-
zyme was 10 min at 90°C and it completely lost its activity
after treatment at 98°C for 10 min.

Substrate specificity and kinetic parameters

A variety of glycosides were tested for their ability to serve
assubstrates. Ttp-Gly is an exoglycosidase with a high speci-
ficity for the B-anomeric configuration of the glycosidic link-
age. It catalyzes the hydrolysis of p-D-galactosides
(oNPGal, pNPGal, lactose), B-D-glucosides (oNPGlc,
pNPGlc, cellobiose) and B-D-fucosides (o0NPFuc, pNPFuc).
The enzyme can also hydrolyze B-D-xylosides but at a much
lower rate. No N-acetyl-f-D-galactosaminidase or N-acetyl-
B-D-glucosaminidase activity was detected using the cor-
responding p-nitrophenyl derivatives as substrates. For
purposes of comparison, the kinetic parameters were deter-
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mined, in particular, for three substrates (derivatives of -D-
galactoside, B-D-glucoside, and B-D-fucoside) carrying the
same aglycone moiety (p-nitrophenyl) in order to eliminate
the potential effect of the latter on their kinetic behavior.
Examination of Table 1 shows that the enzyme specificity is
largely dependent on the nature of the substrate tested. The
Km values indicate a high binding specificity for pNPGlc,
the relative affinity for glycosyl residues decreases in the
following order: 3-D-glucosyl > -D-fucosyl > -D-galacto-
syl. Although the value of kcat is in favor of pNPGal, the
kcat/Km ratio, known to be the more significant parameter
with respect to catalytic efficiency, is much higher for pNPIc
and pNPFuc than for pNPGal.

Concerning the specificity towards linkage positions, the
enzyme preferentially cleaves the B1-3 bond. The rate of
hydrolysis of the disaccharides tested at a concentration of
5 mM decreased in the following order : Glc B1-3 Glc
(laminaribiose) (100% reaction rate) > Glc B1-2 Glc
(sophorose) (71%)> Glc B1-4 Glc (cellobiose) (40%)>
Glc B1-6 Glc (gentiobiose) (10%). In addition to disaccha-
rides, the enzyme was able to hydrolyze oligosaccharides.
The hydrolysis rate, measured by the amount of glucose
released in the reaction medium, increased with the chain
length : cellopentaose (100%)> cellotetraose (87.5%)
>cellotriose (60%).

Evidence for the hydrolysis of B-D-galactosides,
B-D-glucosides and B-D-fucosides at a common
catalytic site

The presence on the enzyme of a common site responsible
for the hydrolysis of B-D-galactosides, B-D-glucosides and
B-D-fucosides was tested by experiments of mutual compe-
tition between substrates and studies of thermal inactiva-
tion. First, mixed-substrate incubations involving two
p-nitrophenyl-B-D-glycosides were performed and the re-
sults were treated by the Dixon method [50]. As shown in
Table 2, the values observed for the total velocity of hy-
drolysis agreed quite well with the theoretical ones calcu-
lated from the common site reaction and disagreed with
those calculated from a reaction scheme involving distinct
sites (one per substrate). Secondly, thermal inactivation
studies, performed at 70°C and 90°C, displayed that the
B-D-galactosidase, B-D-glucosidase and B-D-fucosidase ac-
tivities were lost in the same way in the course of time
(Figure 6). The enzyme inactivation kinetics showed first-
order reactions with values of the rate constant estimated
to be 0.08 h—! and 0.09 min~! at 70°C and 90°C respectively.
Finally, both experiments indicated a common catalytic site
at which all tested substrates were hydrolyzed.

Transglycosylation reactions

The ability of Ttp-gly to catalyze transglycosylation reac-
tions was tested with p-nitrophenyl-p-D-glycopyranosides
as glycosyl donors and 2-phenylethanol as a glycosyl ac-
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Figure 4. Effect of temperature on Ttp-gly activity. The experiments were carried out at the indicated temperatures for 3 min in 100 mM sodium
phosphate buffer (pH 7.0) containing 1mM pNPGIc; for further details, see « Materials and Methods ». Inset: Arrhenius plot of the data in the range

70-85 °C.

ceptor. The latter has already been used to test the trans-
glycosylase activities of B-galactosidase from Aspergillus
oryzae [51] and Achatina achatina [8,52]. Glycosylation ki-
netics were studied as a function of incubation time and are
reported in Figure 7 for the 2-phenylethyl-B-D-fucoside
synthesis. The yields of the transglycosylation products de-
pended on the glycosyl donor; pNPFuc gave a two-fold
higher yield than pNPGal and pNPGlc (Table 3).

Discussion

Screening of an expression library of 7. thermophilus HB27
with the X-gal chromogenic substrate gave rise to a clone
displaying a thermostable B-galactosidase activity. The se-

quence of the cloned DNA fragment revealed the presence
of a gene sharing a strong homology with already charac-
terized B-glucosidases of the glycosyl hydrolase family 1,
according to the classification based upon amino acid se-
quence similarities [20]. The sequence also showed that the
orf 1 located upstream of the #f-gly orf very probably
encodes a sugar permease and seems to belong to the same
transcription unit as that of #f-gly since neither a typical
promoter of T. thermophilus nor a putative transcriptional
terminator was found between these two close orfs. Thus
these genes display the classical structure of operons for
B-glycoside utilization as it has been observed in E. coli, B.
subtilis and other eubacteria. However, this point should be
confirmed since in the hyperthermophilic microorganism S.
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Figure 5. Thermal denaturation of Ttp-gly. The enzyme was maintained
for 10 min at the indicated temperatures in 100 mM sodium phosphate
buffer (pH 7.0). The residual activity was then measured under the
standard assay conditions.

solfataricus, the same genetic organization led to the tran-
scription of the permease and glycosidase genes from inde-
pendent promoters [53].

The high thermostability of the recombinant B-glycosi-
dase allowed its complete purification from E. coli
/pETBg8 and its biochemical and molecular charac-
terization. Ttp-gly is a monomeric enzyme with a molecular
mass of 48642Da. Although most subunits of family 1 gly-
cosyl hydrolases have molecular masses in the range of 45
to 60 kDa, the thermophilic B-glucosidases belonging to
this family differ in their subunit structure which can be

Table 1. Kinetic parameters of the Thermus thermophilus B-gly-
cosidase

Substrate Km Keat Ke/Km
(mM)  (s71) (mM-1s71)
p-nitrophenyl-B-D-galactoside? 6.6 118 18
p-nitrophenyl-B-D-glucoside? 0.09 23 256
p-nitrophenyl-B-D-fucoside? 0.16 56 347
Cellobiose2®b 4.0 41 10

a. The experiments were carried out at 65°C for the p-nitrophenyl-p-D-
glycosides and at 70 °C for cellobiose

b. For cellobiose, the value of kcat was calculated taking into account
that one mol of cellobiose liberated two mol of glucose.
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monomeric like BglA from C. saccharolyticum [38] and
Clostridium thermocellum [54], and CgIT from Thermoan-
aerobacter brockii [17], dimeric like BglA from T. maritima
[55] or tetrameric like SsP-gly from S. solfataricus [56] and
CelB from P. furiosus [57].

TtB-gly displayed a broad substrate specificity as is the
case with most glycosyl hydrolases belonging to family 1.
The enzyme was able to catalyze the hydrolysis of various
B-galactoside, B-glucoside and B-fucoside derivatives. As
demonstrated by mutual competition experiments between
substrates and studies of thermal inactivation, all the hy-
drolyzed substrates were at least recognized by a common
catalytic site. The TtB-gly hydrolytic activity was not limited
to a single linkage type. Indeed, although the enzyme
cleaved preferentially the f1-3 bond, it hydrolyzed, at an
appreciable rate, disaccharides with B1-2 and f1-4 linkages
but very weakly the B1-6 linkage. Such a linkage specificity
was also found for recombinant 7. brockii B-glucosidase
CglT purified from E. coli [17] and for SsB-gly [58] although
for the latter the B1-2 bond was not tested. Concerning the
enzyme activity in relation to oligosaccharide chain length,
TtB-gly hydrolyzed short-chain cello-oligosaccharides up
to at least pentamers, but the enzyme was practically inac-
tive on high molecular weight polymers such as laminarin.
In this case, Ttp-gly showed the same behavior as B-glucosi-
dase purified from barley seeds [59], while for Ssp-gly the
maximum catalytic efficiency was observed with cel-
lotetraose and hydrolysis was lower with cellopentaose.

Enzymatic hydrolysis of the B-glycosidic bond requires
the presence of two critical residues: a proton donor and a
nucleophile/base [60]. Members of family 1 catalyze the
transfer of glucosyl groups between oxygen nucleophiles
with retention of the anomeric configuration at the C1
position, the nucleophile catalytic base being close to the
sugar anomeric carbon (1). The two glutamic residues, es-
sential for catalysis in Ttp-gly, were presumed to be Glu164
and Glu338 as determined from sequence alignments with
other glycosidases of the glycosyl hydrolase family 1
[41-45]. Mutagenesis experiments are in progress in order
to confirm the catalytic role of these amino acids.

There is little information available on the enzymatic
synthesis of oligosaccharides and glycoconjugates by en-
zymes from thermophilic bacteria. Only a few studies have
been performed on glycoside derivative production at high
temperatures [13,18,61-63] and no study has been reported
on the transfucosylase activity of thermozymes. However,
work has been carried out by Nunoura et al. [64] with a
B-D-glucosidase (B-D-fucosidase), stable up to 40°C, from
Bifidobacterium breve clb acclimated to cellobiose. The en-
zyme displayed transferase activity for the B-D-fucosyl
group but not for the B-D-glucosyl group. An interesting
property of TtB-gly is also its glycosyltransferase activity
which was quantitatively measured in the present study.
The enzyme was capable of transferring B-D-galactosyl,
B-D-glucosyl and B-D-fucosyl groups from corresponding
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Table 2. Mixed-substrate analysis on p-nitrophenyl-B-D-glycopyranosides. Studies were made using three different combinations of
substrates as follows: pNPGal + pNPGlIc, pNPGIc + pNPFuc and pNPGal + pNPFuc. The values calculated by a simple summation of
the hydrolytic rate of each substrate and the values calculated assuming a common site were determined by the Dixon equation [50].

Rate of p-nitrophenoxide ions formed (arbitrary units)

Calculated
pNPGal PNPGIc PNPFuc Distinct sites Common site Observed
(7 mM) (0.1 mM) (0.2 mM)
0.718 0.149 0.867 0.565 0.598
0.149 0.284 0.433 0.284 0.282
0.718 0.284 1.002 0.640 0.667

p-nitrophenyl-B-D-glycosides but the most surprising fea-
ture of TtB-gly was its very high level of transfucosylase
activity (63 % after 4 h-reaction). On the basis of these
results, Ttp-gly could be used as an attractive tool for the
synthesis of fucosyl adducts or dissaccharides such as fuco-
syl sugars [64].

The structural basis of the thermostability of enzymes
from thermophilic organisms is still poorly understood al-
though most protein-stabilization mechanisms implicated
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Figure 6. Thermal inactivation of TtB-gly. The enzyme was preincu-
bated at 70°C and 90°C in 100mM sodium phosphate buffer (pH 7.0). At
the indicated times, aliquots were withdrawn and the residual activities
were measured at 65°C in the same buffer using pNPGal (O), pNPGIc
(@), and pNPFuc (x) as substrates.

in mesozymes are also found in thermozymes (for a review,
see ref. [65]). The enhanced stability of thermozymes must
be a result of differences in specific amino acid composi-
tions and sequences [65]. First, the large contribution of
apolar residues to the total amino acid composition of Ttf-
gly suggests that this enzyme is probably stabilized by in-
tramolecular hydrophobic interactions in the protein core.
Secondly, the high content of Arg residues (10.2 % in com-
parison with 5.1 %, the average occurence in proteins) and
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Figure 7. Time course of 2-phenylethyl-B-D-fucoside synthesis by Ttp-
gly. The transfucosylation activity was tested at 65°C in 3 ml of 200 mM
sodium phosphate buffer at pH 6.0 containing 10 mM p-nitrophenyl-§-D-
fucoside, 150 mM 2-phenylethanol and 0.1 unit of Ttp-gly. The different
products were analyzed and quantified as described under « Materials
and Methods ». Symbols pNPFuc (H), pNP (), PEFuc (A), fucose (X).
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Table 3. Transglycosylation reactions with Ttply. The enzymatic reaction was carried out with 10 mM of pNPGal, pNPGlc or pNPFuc,
150 mM of PE and 0.1 unit of Ttply in 3 ml of 100 mM phosphate buffer (pH 6). After incubation at 65 °C for 4 h, the hydrolysis and
transglycosylation products were quantified by HPLC ; for further details, see “Materials and Methods”.

Substrate Initial concentration pNP formed Hydrolysis (%) Transglycosylation (%)
mM mM

pNPGal 10 4.1 69 31

pNPGIc 10 4.6 65 35

pNPFuc 10 7.6 37 63

the high Arg/Lys ratio in Ttp-gly might be an important
stabilizing factor in maintaining salt-bridges at high tem-
peratures [66]. Thirdly, the large proportion of Pro residues
in the Ttp-gly molecule (9.5 % in comparison with 5.2 %,
the average occurence in proteins) may stabilize the pro-
tein molecule mainly by decreasing the entropy of unfold-
ing [67].

Concerning the possible in vivo role of Ttp-gly, its hydro-
lytic activity towards cellobiose and short cellooligosaccha-
rides suggests that it functions as a cellobiase which could
be involved in cellulose breakdown in synergy with endo-
and exo-glucanases. The cellodextrins could be imported by
the orfl-encoded-sugar permease since orfl and #f-gly
probably belong to the same operon. However, it cannot be
excluded that the strong B-1,3-hydrolytic activity of Ttp-gly
is involved in the terminal laminarin degradation, as seems
to be the case for the CelB glucosidase of P. furiosus (39),
or in other B-1,3-glycoside hydrolyses.
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