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An a-galactosidase gene from Thermus brockianus ITI360 was cloned, sequenced, and expressed in Esche-
richia coli, and the recombinant protein was purified. The gene, designated agaT, codes for a 476-residue
polypeptide with a calculated molecular mass of 53,810 Da. The native structure of the recombinant enzyme
(AgaT) was estimated to be a tetramer. AgaT displays amino acid sequence similarity to the a-galactosidases
of Thermotoga neapolitana and Thermotoga maritima and a low-level sequence similarity to a-galactosidases of
family 36 in the classification of glycosyl hydrolases. The enzyme is thermostable, with a temperature optimum
of activity at 93°C with para-nitrophenyl-a-galactopyranoside as a substrate. Half-lives of inactivation at 92
and 80°C are 100 min and 17 h, respectively. The pH optimum is between 5.5 and 6.5. The enzyme displayed
high affinity for oligomeric substrates. The Kms for melibiose and raffinose at 80°C were determined as 4.1 and
11.0 mM, respectively. The a-galactosidase gene in T. brockianus ITI360 was inactivated by integrational
mutagenesis. Consequently, no a-galactosidase activity was detectable in crude extracts of the mutant strain,
and it was unable to use melibiose or raffinose as a single carbohydrate source.

a-Galactosidases catalyze the hydrolysis of a-1,6-linked
a-galactose residues from oligosaccharides such as melibiose
(galactose-a-1,6-glucose), raffinose (galactose-a-1,6-sucrose),
and stachyose (galactose a-1,6-raffinose) and from polymeric
galactomannans (37, 38, 48, 49, 58). Some a-galactosidases are
also known to catalyze transgalactosylation, especially at a high
concentration of substrate (21, 22). a-Galactosidases have
been isolated from a variety of eucaryotes and bacteria. The
known eucaryotic enzymes display a significant degree of
amino acid sequence homology and have been placed in family
27 in the classification of glycosyl hydrolases (23, 24). The
exceptions are the fungal a-galactosidases AGLII from Tricho-
derma reesei (38) and AglB from Aspergillus niger (14a), which
resemble bacterial a-galactosidases of family 36. a-Galactosi-
dases from the hyperthermophilic bacteria Thermotoga nea-
politana and Thermotoga maritima were recently cloned and
expressed in Escherichia coli (31, 35). These enzymes display a
low level of amino acid sequence similarity with a-galactosi-
dases of family 36, and they have a lower molecular mass, with
a subunit size of ;62 kDa versus ;80 kDa for the family 36
representatives. The eucaryotic a-galactosidases of family 27
are considerably smaller than the bacterial counterparts of
family 36, with an average 50-kDa subunit molecular mass.
Only a limited degree of amino acid sequence similarity occurs
between the a-galactosidases of these two families. The only
shared consensus pattern, [LIVMFY]-x(2)-[LIVMFY]-x-
[LIVM]-D-[DS]-x-[WY], is near the amino-terminal end of
eucaryotic enzymes (family 27) and within the central region of
the bacterial enzymes (family 36). Its presence indicates a
similar reaction mechanism or a substrate binding site of the
enzymes of both families. The E. coli melibiase (gene melA)
(36) represents the third family of a-galactosidases (family 4)
(23). The E. coli melibiase requires NAD1 and manganese
ions as a cofactor (9) and is structurally related to neither

family 27 nor family 36, with the consensus pattern described
above being missing.

Many a-galactosidases of eubacterial and eucaryotic sources
have been studied extensively regarding their biochemical and
physical properties, and a number of sequences are available in
sequence databases. Furthermore, work dealing with the crys-
tallization and X-ray analysis of eucaryotic enzymes has been
reported (19, 41). Still, the structure and a detailed catalytic
mechanism remain to be solved.

a-Galactosidases have found a practical value in biotechnol-
ogy. In the pulp and paper industry, the use of hemicellulases,
including a-galactosidase, has gained interest (51, 58). Also,
the potential application of a-galactosidases in the processing
of soy molasses and soybean milk has been demonstrated (31,
52). Furthermore, they have been used for the elimination of
D-raffinose from sugar beet molasses in the sugar industry in
order to facilitate the crystallization and consequently improve
the yield of sucrose (17, 40, 48). Due to the elevated temper-
atures used during these processes, thermostability is an im-
portant and desirable quality.

Thermophilic bacteria are known to be a source of thermo-
stable hydrolytic enzymes, including a-galactosidases. Several
a-galactosidases from thermophilic bacilli have already been
studied regarding their potential as hydrolyzing enzymes for
different substrates (13, 16, 17, 30, 51). Furthermore, a-galac-
tosidases from the hyperthermophilic bacteria Thermotoga
neapolitana and Thermotoga maritima were recently cloned and
characterized (31, 35). Bacteria of the genus Thermus are
known to exhibit a-galactosidase activity (5) and an a-galacto-
sidase gene has already been cloned along with a b-galactosi-
dase gene from the Thermus strain T2 (33). Still, no paper
describing enzyme properties or a primary structure of Ther-
mus a-galactosidase has been published.

The thermophilic bacteria of Thermus strain ITI360, isolated
in Iceland, exhibited an a-galactosidase activity and were able
to utilize melibiose or raffinose as a single carbohydrate source.
The strain was identified as a T. brockianus species by multilo-
cus enzyme electrophoresis and 16S rRNA analysis (26). Due
to our interest in thermostable a-galactosidases with reference
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to the required properties for industrial application, we de-
cided to study further the enzyme(s) accounting for the a-gal-
actoside hydrolyzing activity in strain ITI360. Here, we report
the cloning and sequencing of an a-galactosidase gene from
this thermophilic bacterium and the purification and charac-
terization of the recombinant enzyme. Furthermore, the inser-
tional inactivation of the a-galactosidase gene in strain ITI360
is described.

MATERIALS AND METHODS

Bacterial strains and plasmids. T. brockianus ITI360 was obtained from a
collection of thermophilic bacteria, Technological Institute of Iceland (IceTec,
Keldnaholt, Reykjavik, Iceland). The E. coli strains TAP90 (supE44 supF58 hsdR
pro leuB thi-1 rpsL lacY1 tanA1 rec D1903::minitet) (43) and HB101 F9lac
(::Tn1739tnpR) supE44 hsdS20 (r2

B, m2
B) recA13 ara-14 proA2 lacY1 galK2

rpsL20 xyl-5 mtl-1 F9 (::Tn1739 Cmr lac) (2) were used as hosts for l-RES phage
and RES plasmid respectively. E. coli JM109 [supE44D(lac-proAB) hsdR17 recA1
endA1 gyrA96 thi-1 relA1] (F9 traD36 proAB lacIqZDM15) (55) and RM448 (supE
supF rpsL gyrA hsdR thi DlacX74), isogenic with LA108 (44), were used as hosts
for sequencing and expression plasmids. l-RESIII and the plasmids pUC18/19
and pBTac1 are described elsewhere (see references 2, 57, and 8, respectively).

Media, culture conditions, and transformation procedure. T. brockianus
ITI360 was grown at 65°C under strong aeration in mineral medium 162 (12) with
0.25% tryptone and 0.25% yeast extract at pH 7.5. Growth on single carbon
sources was tested on agar plates with minimal medium 162 containing 0.05%
NH4Cl, biotin (50 mg liter21) and thiamine (1 mg liter21). The method of
Koyama et al. (32) was used for the Thermus transformation with a slight
modification. The cells were grown at 65°C in the medium described above with
MgCl2 and CaCl2 concentrations increased to 2 mM. Plasmid DNA (1 mg) was
added to 0.5 ml of early-log-phase cells and incubated for 2 to 3 h at 60°C under
strong aeration. The cells were then washed with 0.9% NaCl and plated on agar
plates (2% agar) containing the nutrient agar medium 162 with 15 mg of kana-
mycin ml21. The plates were incubated for 48 h at 60°C. The E. coli strains were
grown in Luria-Bertani medium at a relevant temperature. When necessary,
selective antibiotic was added (100 mg ml21 for ampicillin, 25 mg ml21 for
kanamycin). E. coli transformation was performed according to the transforma-
tion and storage solution method (10).

Enzyme assays. a-Galactosidase activity was determined by two different
methods, depending on the substrate. (i) The rate of hydrolysis of para-nitro-
phenyl-a-D-galactoside (pNP-a-galactoside [4 mg ml21]) was measured in 0.1 M
potassium buffer (pH 6.5). The reaction was stopped by addition of sodium
borate (pH 9.8) to a final concentration of 0.5 M. The concentration of p-
nitrophenol (molar extinction coefficient, 18,500 liters mol21 cm21) liberated
was determined by A405. One unit of activity is defined as the amount of enzyme
which liberates 1 mmol of p-nitrophenol per min under the given assay condi-
tions. (ii) The rate of D-raffinose or melibiose hydrolysis was determined by
assessing the amount of D-galactose released by high-performance liquid chro-
matography (HPLC). The HPLC apparatus consisted of a 2200 pump (Bischoff,
Leonberg, Germany) and an ESA Coulochem II electrochemical detector
(Bischoff). The sugars were separated on a Hamilton RCX-10 column (250 by 4.1
mm), with 0.1 M sodium hydroxide solution, with a flow rate of 0.75 ml min21.
The eluted sugars were detected by pulsed amperometry with an analytical cell
(5040, ESA Coulochem II; Bischoff). The protein concentration of crude extracts
or fraction of purification was estimated by the method of Bradford (6) with
bovine serum albumin as a standard.

Cloning and sequencing of the T. brockianus a-galactosidase gene, agaT.
Recombinant DNA techniques were performed by conventional protocols (46).
DNA was extracted from the thermophilic bacteria, and size-fractional fragments
produced by partial digestion with XhoII were used to construct a genomic phage
l-RESIII library (2). The library was amplified in E. coli TAP90. The l-RESIII
vector allows excision of cloned fragments by site-specific recombination from
the l DNA and the conversion into autonomously replicating plasmids. This was
achieved by infection of an E. coli strain harboring the transposon Tn1739tnpR
on an F9 plasmid (2). The strain HB101 F9lac::Tn1739tnpR was infected with
;2,000 recombinant phage from the Thermus genomic library. Following infec-
tion and plasmid conversion, the cells were divided into 20 portions, and each
portion (each containing ;100 recombinants) was grown in 5 ml of LB medium
containing 25 mg of kanamycin ml21. An aliquot of the cells (4 ml) was washed
and resuspended in 100 ml of lysis buffer (4 mg of lysozyme ml21, 25 mM EDTA,
0.1% Triton X-100 [pH 8]) and incubated for 30 min at 37°C. One milliliter of 0.1
mM potassium phosphate buffer (pH 6.5) containing pNP-a-galactoside (0.8 mg
ml21) was added, and the suspension was incubated for 15 h at 55°C. The enzyme
reaction was stopped with 2 ml of borate buffer (0.4 M [pH 9.3]), and liberated
p-nitrophenol was measured spectrophotometrically at 405 nm. An HB101 strain
harboring a l-RESIII plasmid with its original insert served as a control. The
culture belonging to the part displaying the highest hydrolyzing activity was
diluted, and a portion containing ;200 CFU was divided into 20 parts. Each part
was grown in 5 ml of LB medium containing 25 mg of kanamycin ml21, and the
same procedure as before was repeated. The culture exhibiting the highest

a-galactosidase activity was diluted and plated. Single colonies were picked and
checked for a-galactosidase activity. One clone with a-galactosidase activity was
investigated further. The recombinant plasmid of this clone, designated pOF932,
contained a Thermus a-galactosidase gene, designated agaT, on an ;8.4-kb
cloned XhoII fragment. The plasmid was analyzed by restriction mapping, and
fragments were subcloned into pUC18/19 for activity tests and sequencing. DNA
sequencing reactions with double-stranded DNA were carried out according to
the dideoxy chain termination method (47), and DNA was analyzed with an
automated laser fluorescent A.L.F. sequencer (Pharmacia) by using labeled
primers or labeled dATP. The nucleotide sequence was analyzed on a Sun
workstation with programs from the University of Wisconsin Genetics Computer
Group package, version 8.01 (14). All database searches were run with the
program BLASTX on a server from the National Center for Biotechnology
Information, Bethesda, Md. (3).

Alignment and construction of phylogenetic tree. Amino acid sequences of the
following enzymes were used for alignment with the amino acid sequence of the
T. brockianus a-galactosidase (AgaT) and construction of a phylogenetic tree:
GalA of T. maritima (35), accession no. 2660642; Agl1 of T. neapolitana (31),
accession no. 3237318; AgaN of Bacillus stearothermophilus NUB3621 (16), ac-
cession no. AF130985; Aga of S. mutans (1), accession no. P27756; RafA of E.
coli (4), accession no. P16551; AgaR and AgaS of Pediococcus pentosaceus,
accession no. L32093; and AglII of T. reesei (38), accession no. Z69254. The
amino acid sequence of AglA of Aspergillus niger (13a), accession no. P28351, was
added to the alignment by the construction of the phylogenetic tree. Amino acid
sequences of these enzymes were retrieved from the protein databases (accord-
ing to the sequence accession numbers) and aligned by using the CLUSTAL W,
version 1.60 (53). A distance measure for the sequences was computed with the
program PROTDIST (maximum-likelihood estimates) of the Phylip package
(15). The measures were used to construct a phylogenetic tree by the neighbor-
joining method (45) by using the program Neighbor (Phylip package). AglA of A.
niger was used as an outgroup.

Purification of recombinant Thermus a-galactosidase, AgaT. E. coli JM109
harboring the plasmid pOF1037 (a subclone of pOF932, agaT on a 2,375-bp
BglII-HindIII fragment) was used as a source of recombinant enzyme. The
recombinant strain was grown with shaking overnight at 37°C in 100 ml of LB
medium containing 100 mg of ampicillin ml21. The cells were harvested by
centrifugation and resuspended in 20 ml of potassium phosphate buffer (10 mM
[pH 6.5]). Crude extract was prepared by sonication (Sonicator W-385, Ultra-
sonics microtip; 2 3 30 s; duty cycle, 50% s21), and debris was removed by
centrifugation. The majority of the E. coli proteins were removed by thermal
precipitation of the crude extract at 65°C for 15 min and centrifugation. Proteins
were fractionated by fast protein liquid chromatography with an anion-exchange
column, (MonoQ, HR5/5 [1 ml]; Amersham, Pharmacia Biotech) equilibrated
with 10 mM phosphate buffer (pH 6.5). Proteins were eluted with an NaCl
gradient (0 to 1 M) in the same buffer. One milliliter fractions were collected and
tested for a-galactosidase activity. Active fractions were tested further for purity
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (34).

Determination of molecular mass. The molecular mass of AgaT subunits was
determined by SDS-PAGE. Before loading the gel, denaturation of E. coli
extracts containing AgaT was done at 100°C for 30 min in order to denature the
enzyme completely. The molecular mass of the native enzyme was determined by
gel filtration chromatography with a Smart-System apparatus (Amersham Phar-
macia Biotech). Purified enzyme was applied on a Superdex 75 column (Amer-
sham Pharmacia Biotech) equilibrated with 10 mM sodium acetate buffer (pH
5.5). The column was calibrated with the following proteins: alcohol dehydroge-
nase from yeast (Sigma), approximate molecular mass, 150,000 Da; b-amylase
from sweet potato (Sigma), approximate molecular mass, 200,000 Da; and bovine
serum albumin, approximate molecular mass, 66,000 Da.

N-terminal amino acid sequence analysis of AgaT. Purified AgaT was lyoph-
ilized and subjected to N-terminal amino acid sequencing by an Edman degra-
dation procedure. A model 470A Sequencer (Perkin-Elmer—Applied Biosystems,
Weiterstadt, Germany) was employed in accordance with the manufacturer’s
procedure. The sequencing was performed at the Institut für Lebensmittel Tech-
nologie, Universität Hohenheim, Stuttgart, Germany.

Expression of AgaT in E. coli RM448. The pBTac1 expression vector was used
for the constitutive expression of agaT in E. coli RM448. The agaT gene was
amplified with the forward primers f1 (GCG AAT TCG ATG CGG GTA AAG
GTG GG) with original Thermus codons or f2 (GCG AAT TCG ATG CGT
GTA AAG GTT GTT AGC CTG GAG GTG) with exchanged codons and the
reverse primer S733 (GGG AAG CTT GTG GCG TTT AAA GAA GGG). The
PCR amplification was performed with 0.5 U of Taq DNA polymerase (Biomas-
ter), 10 ng of plasmid pOF1037, a 0.1 mM concentration of each synthetic primer,
a 0.2 mM concentration of each deoxynucleoside triphosphate, 1.5 mM MgCl2 in
the buffer recommended by the manufacturer, and 5% dimethyl sulfoxide. A
total of 30 cycles were performed; each cycle consisted of denaturing at 94°C for
50 s, annealing at 50°C for 40 s, and extension at 72°C for 80 s. Subsequently, the
amplified products from the f1 and f2 primers were cloned into the EcoRI and
HindIII sites of pBTac1 to produce pOF3822 and pTR4, respectively.

Determination of kinetic parameters. Michaelis-Menten kinetics of hydrolyz-
ing reactions were verified by plotting reaction rates against substrate concen-
tration. The Km and Vmax values were determined by nonlinear regression anal-
ysis of the plots and graphically from Lineweaver-Burk plotting of the initial
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cleavage rate. Enzyme assays were performed in 100 mM potassium phosphate
buffer (pH 6.5) at 90°C for pNP-a-galactoside and at 80°C for melibiose and
raffinose. Substrate concentrations were in the range of 0.05 to 4, 0.1 to 20, and
1 to 40 mM for pNP-a-galactoside, melibiose, and raffinose, respectively.

Temperature optimum and stability. The temperature optimum was deter-
mined by performing pNP-a-galactosidase assays at a temperature range from
25°C to 100°C. Hydrolysis of raffinose at different temperatures was monitored at
a raffinose concentration of 100 mM. Thermal stability was determined by the
following procedure. After thermal precipitation of E. coli crude extract (1 mg
ml21) as described before, the enzyme was preincubated in 100 mM phosphate
buffer (pH 6.5) at various temperatures (92, 86, 80, and 75°C) for different
periods of time and then assayed for residual activity at 37°C.

pH optimum. The a-galactosidase activity against pNP-a-galactoside was mea-
sured over a pH range from 2.0 to 9.0 by using 0.1 M potassium phosphate
buffers (range, pH 4.6 to 9.0) and sodium citrate buffers (range, pH 2 to 4.8).

Effect of metal ions and other substances on enzyme activity. Purified AgaT
was preincubated with various metal ions and reagents at a 1 mM concentration
(except with EDTA, which was 10 mM; and NAD1, which was 0.05 mM) in 100
mM potassium phosphate buffer (pH 6.5) at 37°C for 15 min. The residual
enzyme activity was assayed at 37°C.

Insertional inactivation of agaT in T. brockianus ITI360. For the inactivation
of agaT, the following chromosomal integration cassette was constructed. The
gene for the thermostable kanamycin resistance protein (kan) (39) from pYK134
(25), kindly supplied by T. Hoshino, was amplified by PCR. The forward primer,
S765 (CCG CTC GAG GAG GAA TAA TGA ATG GACC) contained an XhoI
restriction site and a Thermus Shine-Dalgarno sequence 4 bp upstream of the
ATG start codon, as apparent by agaT. The reverse primer S718 (CGG GAT
CCG TCA TCC GTT CAA AAT GG) contained a BamHI site. The plasmid
pOF1037 has a single XhoI restriction site 18 bp downstream of the ATG start
codon of agaT and a single BamHI site in the 39 region of the gene. The
XhoI-BamHI fragment of pOF1037 with a partial agaT coding sequence was
substituted with the amplified kan gene. The resulting plasmid, pOF545, con-
tained kan with an ;800-bp flanking Thermus sequence downstream from the
gene and an ;400-bp flanking sequence upstream. To extend the 59 flanking
homologous sequence, a HindIII fragment from the plasmid pOF1031 (Fig. 1)
was cloned into the HindIII site of pOF545 to produce pOF642. The correct
orientation of the fragment was verified by restriction analysis. T. brockianus
ITI360 was transformed with plasmid pOF642. The resulting transformants,
selected on 162 nutrient kanamycin agar medium at 60°C, were analyzed for
a-galactosidase activity and for growth on minimal agar medium containing
melibiose or raffinose as a single carbohydrate source. Furthermore, SacI- and
BamHI-digested chromosomal DNA of the wild-type strain, ITI360, and a de-
letion strain, OF642, was analyzed by Southern hybridization. An agaT gene
fragment generated by PCR amplification with primers f1 and S733 and a kan
gene fragment generated by PCR amplification with primers S765 and S718, both
labeled with digoxigenin (Boehringer Mannheim), were used as probes.

Nucleotide sequence accession number. The GenBank accession number for
the sequence reported in this article is AF135398.

RESULTS

Cloning of T. brockianus ITI360 a-galactosidase gene, agaT.
Thermus strains, isolated in Iceland, were screened for a-ga-
lactosidase activity by using pNP-a-galactoside (data not
shown). No inducers were used. Generally, the Thermus strains
exhibited a low basal a-galactosidase activity: ,100 mU mg21

at temperature optimum versus 100 to 500 mU mg21 observed
for thermophilic Bacillus strains (16). On the other hand, the
temperature optimum of activity with pNP-a-galactoside as a
substrate was observed at .90°C with Thermus versus 65 to
80°C with the Bacillus strains.

The cloning of agaT was facilitated by the functional assay of
the a-galactosidase gene product in E. coli. The activity in each
portion of a divided Thermus gene library was screened against
pNP-a-galactoside as a substrate. Of 20 portions, 2 showed a
slight yellow color development distinguishable from the other
portions, after incubation overnight at 55°C, indicating the
liberation of p-nitrophenol. Overnight incubation at tempera-
tures higher than 55°C was not applied due to the thermal
lability of the substrate. The portion displaying the highest
a-galactosidase activity was chosen for a new round of screen-
ing. This time, 5 portions of 20 developed a yellow color in the
assay. The culture exhibiting the highest a-galactosidase activ-
ity was diluted and plated on LB agar containing kanamycin
(25 mg ml21). a-Galactosidase activity was detected in 2 out of
50 colonies which were tested. Plasmid isolation and restriction
analysis revealed the identity of the positive clones. Further-
more, restriction fragments of the gene library clone pOF932,
which displayed a-galactosidase activity, were subcloned into
pUC18 and -19. The subclones were tested for a-galactosidase
activity. Hence, the a-galactosidase gene was located on a
2,375-bp HindIII-BglII fragment, cloned into both pUC18
(pOF1036) and pUC19 (pOF1037). Higher activity in E. coli
JM109/pOF1037 than E. coli JM109/pOF1036 indicated the
direction of the gene downstream from the HindIII restriction
site (Fig. 1).

Sequence analysis of agaT and the deduced amino acid se-
quence. The insert of plasmid pOF1037 was sequenced (2,375
bp). It contained one continuous open reading frame of 1,431
bp with an ATG codon at position 396 and a TAA stop codon
at position 1825. The deduced amino acid sequence of the
potential a-galactosidase gene was compared with a-galacto-
sidase amino acid sequences available from GenBank (NCIB
database). There was 57.9% similarity and 29.4% identity be-
tween the T. brockianus a-galactosidase (AgaT) and GalA of
T. maritima and 52.6% similarity and 28.6% identity between
AgaT and Agl1 of T. neapolitana. A low-level amino acid
sequence similarity was observed with a-galactosidases of fam-
ily 36, mainly restricted to an amino acid sequence region
(residues 380 to 460 according to AgaT numbering) containing
the consensus pattern [LIVMFY]-x(2)-[LIVMFY]-x-[LIVM]-
D-D-x-[WY] (Fig. 2). No similarity with the eucaryotic a-ga-
lactosidases of family 27 was observed, except for a sequence
matching the a-galactosidase consensus pattern. The gene,
named agaT, encodes a polypeptide (AgaT) of 476 amino acids
with a calculated molecular mass of 53,810 Da. The G1C
content of the open reading frame (ORF) is 62.9%. As ex-
pected for organisms with a relatively high G1C content, Arg,
Pro, Ala, and Gly codons occur with a higher frequency—9.6,
8, 9, and 10%, respectively, than GC poor codons (e.g., Asn,
Lys, Tyr, Phe, and Ile codons, with 1.5, 2.3, 3.3, 4.4, and 1%,
frequency respectively. A putative ribosome binding site, GGA
GGAGGG, was present 7 bp upstream of a ATG start codon.
No potential 235/210 consensus sequence was recognized.

Upstream of agaT, a truncated ORF (due to the cloning

FIG. 1. The insert of the gene library plasmid pOF932 and structure of
subclones. a-Galactosidase active and inactive clones are indicated by 1 and 2,
respectively. The activity was determined by using pNP-a-galactoside as a sub-
strate. One of the two BglII sites used for the cloning of the fragment in pOF1031
comes from the vector region (pRESIII) of pOF932.
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procedure) was identified. The deduced amino acid sequence
of this ORF displays similarity to the C-terminal amino acid
sequence of b-galactosidases from Thermus strain T2 (54) (ac-
cession no. Z93773) and Thermus strain A4 (42) (accession no.
g2765752). Downstream and overlapping the agaT gene, a
truncated ORF was observed. The predicted amino acid se-
quence displays a similarity to the N-terminal part of a galac-
tose-1-P-uridylyltransferase from T. maritima (35) (accession
no. AJ001072) and T. neapolitana (31) (accession no. AF055482)
(to be published elsewhere).

Purification of recombinant AgaT and its molecular mass.
The specific a-galactosidase activities in crude extracts of E.
coli JM109/pOF1037 were low—about 1 and 3.4 U mg21 with-
out and with IPTG (isopropyl-b-D-thiogalactopyranoside) in-
duction, respectively, at 75°C. Despite this low-level expres-
sion, the strain was used for the production of AgaT. Thermal

precipitation greatly facilitated further purification, which re-
quired just one chromatographic step using a MonoQ column.
SDS-PAGE of the column fraction corresponding to the peak
of activity revealed a single protein band with a molecular mass
of ;54 kDa (Fig. 3), which agrees with the molecular mass of
53.8 kDa, calculated from the nucleotide sequence of agaT.
The molecular mass of the native enzyme was estimated to be
;200,000 Da on a calibrated Superdex 75 gel filtration column.
These results indicate a tetrameric form of the native enzyme.
AgaT, purified to homogeneity, exhibited the specific activity
of 250 U mg21 at 75°C with pNP-a-galactoside as substrate.

N-terminal amino acid sequencing of AgaT. The purified
AgaT was subjected to peptide sequencing. A single N-termi-
nal sequence was revealed, Met-Arg-Val-Lys-Val-Gly-Ser-
Leu-Glu-Val, which corresponds to the N-terminal deduced
amino acid sequence of the agaT ORF and thus confirms the
suspected start of the coding region.

Expression of agaT. In order to improve the expression of
agaT in E. coli, the AgaT coding sequence in pOF1037 was
amplified by PCR with the f1 forward primer and the reverse
primer as described in Materials and Methods and cloned in
pBTac1. The resulting plasmid, pOF3822, was introduced into
E. coli RM448 by transformation. The lac operon, including
the lac repressor gene in RM448, was deleted (DlacX74) (44).
Therefore, the expression of agaT in RM448/pOF3822 was
constitutive. Although agaT was inserted downstream of the
strong tac promoter in pBTac1, the specific activity was only
4.6 U mg21 at 75°C. The sequence analysis of the agaT gene
revealed a high content of rare E. coli codons (7, 27). Even
among the first 21 bp after the ATG start codon, the existence
of three rare codons for Arg, Gly, and Leu (27) was conspic-
uous. Due to the possible interference of these rare codons
with translation initiation, the gene was amplified again with a
forward primer, f2, with exchanged codons as described in
Materials and Methods and shown in Fig. 4A. Instead of the
rare Arg, Gly, and Leu codons and a Val codon, primer f2
contains corresponding codons which are more frequently used
in E. coli (Fig. 4A) according to the codon usage table for E.
coli genes (27) and enteric bacterial highly expressed genes
(Wisconsin sequence analysis package, Genetics Computer
Group, Inc.) (14). The new amplification product was cloned
into pBTac1 as before, and E. coli RM448 was transformed
with the resulting plasmid (pTR4). The specific activity of
AgaT in crude extract of RM448/pTR4 was found to be 9.6 U

FIG. 2. Alignment of T. brockianus ITI360 AgaT (partial amino acid se-
quence) with the a-galactosidases of T. maritima, GalA (35), accession no.
2660642; T. neapolitana, Agl1 (31), accession no. AF011400; B. stearothermophi-
lus NUB3621, AgaN (16), accession no. AF130985; S. mutans, Aga (in the
alignment designated Aga1) (1), accession no. P27756; E. coli, RafA (4), acces-
sion no. P16551; P. pentosaceus, AgaR and AgaS, accession no. L32093; and T.
reesei, AglII (38), accession no. Z69254. Hyphens indicate gaps. Alignment was
achieved by using CLUSTAL W, version 1.60 (53). Identical residues are indi-
cated by shaded boxes. The consensus pattern of eucaryotic and bacterial a-ga-
lactosidase is indicated. A conserved cysteine residue is marked with a solid
triangle.

FIG. 3. SDS–10% polyacrylamide gel of crude extract before and after ther-
mal precipitation and purified recombinant T. brockianus ITI360 a-galactosi-
dase. Lanes: 1, molecular mass markers; 2, crude extract of JM109/pOF1037
before thermal precipitation; 3, crude extract of JM109/pOF1037 after thermal
precipitation; 4, column fraction of purified AgaT, corresponding to the peak of
activity. The sizes of the marker proteins in kilodaltons are indicated.
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mg21 at 75°C. Higher activity in RM448/TR4 than in RM448/
pOF3822 was reproducible and correlated with an increased
production of AgaT in RM448/pTR4, as verified by SDS-
PAGE (Fig. 4B).

Enzyme properties. AgaT was specific for a-galactopyrano-
sidic compounds. In contrast to pNP-a-galactopyranoside, it
did not hydrolyze pNP-a-fucopyranoside, pNP-a-arabinoside,
pNP-a-glucopyranoside, pNP-b-galactopyranoside, or pNP-a-
mannopyranoside. The enzymatic properties of the recombi-
nant AgaT were studied by using substrates with relevance to
the sugar beet process, such as raffinose and melibiose and the
artificial substrate pNP-a-galactoside. The Km and Vmax values
for these substrates are listed in Table 1. The purified AgaT
displayed a temperature optimum of activity for the substrate

pNP-a-galactoside at 94°C, whereas the temperature optimum
for raffinose hydrolysis was about 80 to 85°C (Fig. 5A). The
maximum activity of AgaT was determined between pH 5.5
and 6.5. Identical enzyme activities were observed in both
buffer systems used, at the overlapping pH range of 4.6 to 4.8.
Thermostability of AgaT was determined by studying the ki-
netics of thermal inactivation. The results are represented in
Fig. 5B. The half-lives of inactivation at 92, 86, 80, and 75°C
were 100 min, 4.5 h, 17 h, and 22 h, respectively. The enzyme

FIG. 4. Production of AgaT in E. coli RM448. (A) Exchange of rare E. coli
codons within the first 21 bp of agaT after the start codon. The upper sequence
shows the first 21 bp of agaT in pOF3822. The lower sequence shows the first 21
bp of agaT with exchanged codons as they occur in pTR4. The exchanged codons
are marked by shaded boxes. The codon usage (fraction) according to the codon
usage table for enteric bacterial highly expressed genes (Wisconsin Sequence
Analysis Package, Genetics Computer Group, Inc.) (14) is indicated below the
corresponding codons. The EcoRI sites, used for the ligation in pBTac1, are
underlined. (B) SDS-PAGE of crude extracts of RM448 containing the plasmids
pOF3822 and pTR4 after thermal precipitation. Lanes: 1, molecular mass mark-
ers; 2, RM448 without plasmid; 3, RM448 with pOF3822; 4, RM448 with pTR4.
The sizes of the marker proteins (in kilodaltons) are shown. AgaT is indicated by
an arrow.

FIG. 5. Effect of temperature and pH on the activity of AgaT. (A) Effect of
temperature on pNP-a-galactoside hydrolysis (}) and raffinose hydrolysis (■).
Standard assays at pH 6.5 with purified AgaT were performed. The raffinose
concentration was 100 mM. (B) Thermoinactivation of recombinant AgaT. After
thermal precipitation of crude extract (1 mg ml21) as described in the text, the
enzyme was preincubated in 100 mM phosphate buffer (pH 6.5) at 92°C (3),
86°C (Œ), 80°C (■), and 75°C (}) for different periods of time and then assayed
for residual activity at 37°C. All activity tests were done in triplicate. The max-
imum variation from the mean values (shown) was less than 5%.

TABLE 1. Kinetic parameters for the hydrolysis of pNP-a-galactoside, melibiose, and raffinose

Substrate
AgaT AgaNa RafAa Agaa

Km (mM) Vmax (U mg21)b Km (mM) Vmax (U mg21) Km (mM) Vmax (U mg21) Km (mM) Vmax (U mg21)

pNP-a-galactose 2.47 350 0.38 520 0.16 55 0.22 109
Melibiose 4.1 162 12.0 464 NDc ND ND ND
Raffinose 11.0 50 16.4 230 17.4 45 9.0 299

a Comparative data from Fridjonsson et al. (16) for AgaN of B. stearothermophilus NUB3621, RafA of E. coli, and Aga of S. mutans. Hydrolyzing reactions were
performed at or near the temperature optimum of activity for each enzyme: i.e., at 90°C for pNP-a-galactoside and at 80°C for raffinose and melibiose when AgaT was
examined, at 75°C for AgaN, and at 37°C for RafA and Aga.

b U mg21 5 1 mmol of substrate hydrolyzed per minute per mg of enzyme.
c ND, not determined.
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was stable at room temperature, with the activity remaining the
same after 3 days. Some enzyme properties of AgaT are sum-
marized in Table 2 along with properties of AgaN from B.
stearothermophilus NUB3621 (16) and GalA from T. maritima
(35) for a comparison. a-Galactosidase activity was slightly
inhibited by CuCl2, CuSO4, and ZnCl2 (relative activities, 0.85,
0.74, and 0.88, respectively) and inhibited almost completely by
AgNO3, HgCl2, and PCMB (relative activities, 0.12, 0.02, and
0.17, respectively). Other metal ions (Na1, K1, Li1, Mg21,
Ca21, Mn21, Fe21, and Co21, added as chloride salts; and
Fe31-citrate and NiSO4) or EDTA did not significantly affect
the a-galactosidase activity, suggesting that AgaT does not
have any metal cofactor requirement. Also, the a-galactosidase
activity was not affected by NAD1, dithiothreitol, or mercap-
toethanol.

a-Galactosidase gene inactivation by integration mutagen-
esis. agaT gene inactivation was carried out in order to exam-
ine whether T. brockianus ITI360 possessed a-galactosidases
other than AgaT. The strain was transformed with the plasmid
pOF642, which contains an integration cassette for the inser-
tional inactivation of agaT. A low transformation frequency
was observed with this plasmid (1026 transformants per cell).
The few kanamycin-resistant transformants obtained were no
longer capable of growing on minimal medium containing
melibiose or raffinose as the sole carbohydrate source. Also, no
a-galactosidase activity was detectable in crude extracts of the
mutant strains.

In order to verify the insertion of the kan gene into the agaT
locus, SacI-digested chromosomal DNA from the wild-type
and mutant strains were examined by Southern hybridization
(Fig. 6A and B). According to the sequence analysis of agaT
and its flanking sequences, two SacI fragments of 814 and 871
bp were expected to appear following hybridization with the
agaT gene probe to the wild-type strain DNA. Due to their
similar size, they appear as a single broad band of strong
intensity in Fig. 6A, lane 1. On the other hand, a 1.2-kb band
of lower signal intensity is detectable in Fig. 6A, lane 2, result-
ing from the insertion of the kan gene into the agaT locus in
the mutant strain OF642 (Fig. 6A, lane 2). The labeled kan
gene fragment did not hybridize to the chromosomal DNA of
the wild-type strain (Fig. 6B, lane 1), but did hybridize to a
fragment of 1.2 kb in strain OF642 (Fig. 6B, lane 2). In order
to verify further the correct insertion, the chromosomal DNA
from a wild-type strain and a mutant strain was digested with
BamHI, and a Southern hybridization was performed with the
agaT gene as a probe (Fig. 6C). The probe hybridized to a large
fragment (;8 kb) containing the agaT gene region upstream of
a BamHI site located in agaT and to a smaller fragment (5.6
kb) containing the agaT 39 region downstream of the BamH

site in the wild-type strain (Fig. 6C, lane 1). The large fragment
is not visible in OF642 due to a deletion of the agaT gene
region upstream of the BamHI restriction site (Fig. 6C, lane 2).
Hence, this molecular analysis revealed the insertion of the kan
module into the agaT locus by a homologous recombination
creating the mutant strain OF642 (DagaT::kan), which is both
kanamycin resistant and incapable of melibiose and raffinose
metabolism.

DISCUSSION

The purpose of our work was to study a thermostable a-ga-
lactosidase from Thermus bacteria, to isolate the encoding
gene, and to characterize the recombinant protein. We exam-
ined a-galactosidase activity in crude extracts of different Ther-
mus strains and chose T. brockianus ITI360 for further study.
The failure of hybridization in Southern blots of T. brockianus
chromosomal DNA, using an agaB gene fragment from B.
stearothermophilus KVE39 (30) as a probe, indicated insuffi-
cient homology of the Thermus a-galactosidase gene to the
a-galactosidase gene of the thermophilic bacillus (data not
shown). Therefore, instead of using a gene probe, we screened
for a-galactosidase activity in portions of a divided Thermus
gene library in E. coli by using the substrate pNP-a-galactoside.
By repeating this procedure for the portion displaying the
highest activity, a clone with a-galactosidase was isolated. This
enrichment method was successful, while other methods failed,
e.g., histochemical staining with 6-bromo-2-naphthyl-a-D-ga-
lactopyranoside and Fast Blue RR (data not shown). The clon-
ing of the a-galactosidase gene from T. brockianus ITI360
revealed a novel a-galactosidase with only limited homology to
other a-galactosidases with known primary structure. The clos-
est relatives are the a-galactosidases from the hyperthermo-
philic bacteria T. maritima and T. neapolitana (;29% amino
acid sequence identity). Still the Thermotoga enzymes have a
different molecular mass of subunits (;62 kDa versus the 53.8
kDa of AgaT). Furthermore, the GalA of T. maritima was
estimated to be a homodimer (35), whereas in our study, AgaT
was estimated to be a homotetramer. As for the Thermotoga
a-galactosidases, AgaT displays only a low-level homology to
a-galactosidases of family 36 in the classification of glycosyl
hydrolases (20 to 25% amino acid sequence identity), mainly
restricted to a central part of the enzymes containing the a-ga-
lactosidase consensus pattern described in the introduction.
Also, it is smaller, with a molecular mass of the subunit of 53.8
kDa versus ;80 kDa for the family 36 representatives. It is
thus doubtful to assign AgaT to enzyme family 36. Rather, it
could represent a new family of glycosyl hydrolases as reflected
by Liebl et al. for GalA of T. maritima (35). Figure 7 shows a
phylogenetic tree constructed according to an amino acid se-
quence alignment with the amino acid sequence of AglA of A.
niger (an enzyme belonging to family 27) as an outgroup. The
tree, constructed by the neighbor-joining method (45), shows
GalA, Agl1, and AgaT branching together separate from the
family 36 representatives.

The deduced amino acid sequence of the truncated ORFs
flanking agaT displayed partial homology to the deduced
amino acid sequences of genes flanking galA (lacZ and galT)
and agl1 (bglA and galT) in T. maritima and T. neapolitana,
respectively. This indicates a similar organization of the a- and
b-galactoside utilization gene clusters in these thermophilic
bacteria. Bacteria of the genera Thermotoga and Thermus both
branch deeply from the tree of bacterial phylogeny (20, 56),
and in nature, they both inhabit geothermal environments.
Hence, the similar gene arrangements observed in these bac-

TABLE 2. Comparison of properties of AgaT with those of the
thermostable a-galactosidases of B. stearothermophilus

NUB3621 (AgaN) and T. maritima (GalA)a

Protein
Temp

optimum
(°C)

pH
optimum

Half-life
of inactivation

Subunit
size

(kDa)

No. of
subunits

AgaT 93 5.5–6.5 100 min at 92°C,
17 h at 80°C

53.8 4

AgaN 75 6.3–7.0 ,10 min at 80°C,
19 h at 70°C

80.3 4

GalA ;95 5.0–5.5 70 min at 90°C,
48 h at 80°C

63.7 2

a For more details about B. stearothermophilus NUB3621 AgaN and T. mari-
tima GalA, see references 16 and 36, respectively.
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teria may reflect their phylogenetic and ecological relation-
ships.

The molecular mass of the AgaT subunit corresponds to the
lower molecular mass of some eucaryotic enzymes of family 27
and the melibiase of E. coli. Still, no sequence similarity was
observed (except for the a-galactosidase consensus peptide
pattern of family 27). Also, AgaT does not require NAD1 or
Mn21 as a cofactor as in the case of the E. coli melibiase. The
cloning of a- and b-galactosidase genes from the Thermus
strain T2 has been reported (33). Here, the molecular mass of

the active a-galactosidase, with a yet unpublished sequence,
was estimated to be 350 kDa, which corresponds better to the
bacterial enzymes of family 36. No indication of additional
a-galactosidases was found in T. brockianus ITI360. In fact, the
agaT gene deletion led to the complete loss of a-galactosidase
activity in crude extracts of the corresponding mutant strain
(OF642) and the concomitant loss of the ability to use raffinose
and melibiose as a single carbohydrate source.

As for many other recombinant thermostable enzymes, the
purification of the a-galactosidase was easy and efficient. High-

FIG. 6. Southern blot analysis of T. brockianus ITI360 (wild type) and OF642 (DagaT::kan) chromosomal DNA. DNA was digested with SacI, electrophoresed on
1% agarose gel, transferred to a nylon membrane, and hybridized with an agaT gene fragment (A) and kan gene fragment (B) as probes. Furthermore, the DNA was
digested with BamHI, electrophoresed and blotted as before, and hybridized with an agaT gene fragment as a probe (C). In each case, lane 1 contains ITI360 and lane
2 contains OF642. The positions of size markers are shown as horizontal lines, and their sizes are given in base pairs. (A and B) l-EcoRI-HindIII. (C) l-HindIII. Sizes
of detected fragments are given in kilobase pairs. Restriction map of the strains based on sequence analysis and the Southern blot analysis (D). Striped bars indicates
DNA fragments used as probes in the hybridization reactions. Dashed lines indicate regions which flank the sequences homologous to the Thermus sequences in pOF642
(integration cassette).
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level expression in E. coli was not required to obtain sufficient
amounts of purified protein due to the ease of the thermal
precipitation as a purification tool. The purified AgaT was
subjected to a sequential N-terminal Edman degradation in
order to confirm the start of the coding region in pOF1037.
This was done due to the novelty of the enzyme and the lack of
homologous amino acid sequences. Having confirmed the start
of the coding region, the gene was introduced into the expres-
sion vector pBTac1. This vector was used in E. coli RM448 for
the expression of a-galactosidase genes from thermophilic ba-
cilli, in which ;10 to 30% of the soluble protein was obtained
as recombinant enzyme (16, 17). However, the specific activity
of AgaT in crude extract of RM448/pOF3822 was only 4.6 U
mg21 at 75°C, which is less than 2% of soluble protein. Poor
expression of Thermus genes in E. coli has frequently been
described (29, 50). A possible explanation for the low-level
expression of agaT might be the high number of rare E. coli
codons (e.g., 29 CGG arginine codons). Indeed the exchange
of four rare E. coli codons among the first seven codons im-
proved the expression of agaT.

Although this production of AgaT in E. coli was sufficient for
our purposes, it had not reached the level of the Bacillus
a-galactosidase production. Another reason for the low-level
expression might be stable secondary structures of the tran-
script due to the high G1C content of agaT, which could
interfere with the translation in E. coli. Such secondary struc-
tures have already been shown to suppress the translation of
Thermus genes in E. coli (29). In this context, two-cistron
expression systems might be helpful for the expression of agaT
as shown for the leuB gene of Thermus thermophilus in E. coli
(28, 50).

In our study of the enzymatic properties of AgaT, we used
the artificial substrate pNP-a-galactoside and substrates with
relevance to the sugar beet process, such as raffinose and
melibiose. The affinity for raffinose and melibiose at 80°C is
similar to that observed for a-galactosidases from thermophilic

Bacillus strains at their temperature optimum of activity (16,
30). Differences in temperature optimum, stability, and pH
optimum compared to those of the thermostable Bacillus en-
zymes were observed (16, 30). In this respect, AgaT resembles
more the thermostable a-galactosidase of T. maritima and T.
neapolitana. These enzymes display optimum activity at tem-
peratures over 90°C for the hydrolysis of pNP-a-galactoside.
The temperature optimum for AgaT was measured at 93°C for
pNP-a-galactoside and 80 to 85°C for raffinose. The difference
in temperature optimum depending on substrate may be ex-
plained by the kinetic parameters for those substrates, which
are affected differently by changes in the temperature. Also,
the binding of enzyme to raffinose may lead to a conformation
which is less thermostable than the conformation of the en-
zyme bound to pNP-a-galactoside.

The half-life of inactivation at 92°C was 100 min by AgaT,
and thus was longer than that by GalA of T. maritima at 90°C
(70 min) (Table 2). However, during prolonged incubation
periods, AgaT is inactivated faster than GalA (at 80 and 75°C).
The pH optimum of AgaT (between 5.5 and 6.5) is between the
optimum range of the Bacillus a-galactosidases (e.g., AgaN, 6.3
to 7.0) and GalA (5.0 to 5.5). As observed for other a-galac-
tosidases, AgaT was inhibited by HgCl2 and PCMB, which
indicates the presence of a thiol group near the catalytic site of
the enzyme (11, 18). AgaT contains three cysteine residues,
two of which are also found in T. maritima and T. neapolitana
according to an amino acid sequence alignment (residues 161
and 336 according to AgaT numbering). Among them, the
cysteine residue 336 could correspond to the conserved cys-
teine residue found by the family 36 representatives, as seen in
the alignment in Fig. 2 (residue 483 according to E. coli RafA
numbering, marked with triangle).

Concerning biotechnological aspects, AgaT may be of prac-
tical value due to its high activity and stability at temperatures
over 90°C. Also, its affinity is high for melibiose and at reason-
able levels for raffinose compared to the other bacterial a-ga-
lactosidases. Additional improvements in enzymatic proper-
ties, with regard to industrial applications, are being attempted
by genetic engineering. In addition, we hope that further in-
vestigations of AgaT will improve our understanding of en-
zyme structure, function, and stability.
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