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Abstract The genes for trehalose synthesis in Thermus
thermophilus RQ-1, namely otsA [trehalose-phosphate
synthase (TPS)], otsB [trehalose-phosphate phosphatase
(TPP)], and treS [trehalose synthase (maltose convert-
ing) (TreS)] genes are structurally linked. The TPS/TPP
pathway plays a role in osmoadaptation, since mutants
unable to synthesize trehalose via this pathway were less
osmotolerant, in trehalose-deprived medium, than the
wild-type strain. The otsA and otsB genes have now been
individually cloned and overexpressed in Escherichia coli
and the corresponding recombinant enzymes purified.
The apparent molecular masses of TPS and TPP were 52
and 26 kDa, respectively. The recombinant TPS utilized
UDP-glucose, TDP-glucose, ADP-glucose, or GDP-
glucose, in this order as glucosyl donors, and glucose-6-
phosphate as the glucosyl acceptor to produce trehalose-
6-phosphate (T6P). The recombinant TPP catalyzed the
dephosphorylation of T6P to trehalose. This enzyme
also dephosphorylated G6P, and this activity was en-
hanced by NDP-glucose. TPS had an optimal activity at
about 98�C and pH near 6.0; TPP had a maximal
activity near 70�C and at pH 7.0. The enzymes were
extremely thermostable: at 100�C, TPS had a half-life of
31 min, and TPP had a half-life of 40 min. The enzymes
did not require the presence of divalent cations for
activity; however, the presence of Co2+ and Mg2+

stimulates both TPS and TPP. This is the first report of
the characterization of TPS and TPP from a thermo-
philic organism.
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Introduction

The strains of the species Thermus thermophilus have
optimum growth temperatures in the neighborhood of
75�C and are frequently isolated from marine hot
springs. The strains of this species grow in media with-
out added NaCl, but are also capable of growing in
media containing up to about 5.0–6.0% NaCl (da Costa
et al. 2001). Trehalose is the major compatible solute of
the strains of T. thermophilus during osmotic stress in
yeast extract–tryptone–NaCl medium, while mannosyl-
glycerate accumulates in lower amounts (Nunes et al.
1995). The accumulation of trehalose during osmotic
stress by T. thermophilus in yeast extract-containing
medium is, as in many other organisms, due to its up-
take from the medium (Mikkat et al. 1997; Lamosa et al.
1998; Silva et al. 2003). However, some strains of this
species are also capable of synthesizing trehalose in a
minimal salt-containing medium deprived of exogenous
trehalose (Silva et al. 2003).

The nonreducing disaccharide trehalose is formed
from two glucose units linked by a a,a-1,1-glycosidic
linkage. This disaccharide is widespread throughout the
biological world, where it serves many functions. It may
serve as a carbon and energy reserve, as an intermediate
in the synthesis of mycolic acids, and as a signaling
molecule to control metabolic pathways. Trehalose is
also a very common compatible solute of microorgan-
isms, as it protects proteins and membranes against
inactivation or denaturation caused by a variety of stress
conditions (Leslie et al. 1995; Santos and da Costa 2002;
Elbein et al. 2003; Silva et al. 2003).

Three different pathways for the biosynthesis of tre-
halose are known. The most common pathway for the
synthesis of trehalose in bacteria involves condensation
of glucose-6-phosphate (G6P) with UDP-glucose
(UDPG), catalyzed by trehalose-phosphate synthase
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[(TPS), the product of the otsA gene] to yield trehalose-
6-phosphate (T6P). This intermediate is subsequently
dephosphorylated to yield trehalose via a specific
trehalose-phosphate phosphatase [(TPP) the product of
otsB gene, Giæver et al. 1988]. In Saccharomyces cere-
visiae, trehalose is synthesized by the same reactions, but
the corresponding enzymes, TPS1 and TPS2, form a
multimeric synthase complex together with additional
regulatory subunits (Reinders et al. 1997). The second
pathway converts maltose to trehalose via a trehalose
synthase encoded by trehalose synthase (treS). Homo-
logues of treS are known in some bacteria, including
T. thermophilus (Tsusaki et al. 1996, 1997; White et al.
1999; De Smet et al. 2000; Wolf et al. 2003). A third
pathway is found in several bacteria (Maruta et al. 1995,
1996a, b; De Smet et al. 2000) and the hyperthermo-
philic archaeon Sulfolobus acidocaldarius (Maruta et al.
1996c). This pathway uses polyglucose to generate tre-
halose via maltooligosyltrehalose (MOT) synthase en-
coded by treY and by MOT trehalohydrolase encoded
by treZ. Some organisms may possess one, two, or even
the three of the pathways (De Smet et al. 2000; Wolf
et al. 2003). Osmoregulated trehalose synthesis appears
to involve TPS and TPP in some organisms, but a recent
report associates the accumulation of trehalose during
osmotic adjustment to the TreYZ pathway in Coryne-
bacterium glutamicum, which contains the genes for the
other two pathways, as well (Wolf et al. 2003).

We recently cloned and sequenced the genes associ-
ated with trehalose biosynthesis in T. thermophilus RQ-
1. In this strain the otsA, otsB, and treS genes are
structurally linked. An otsA/otsB deletion mutant of
strain RQ-1 only grew in a defined NaCl-containing
medium with 3% NaCl, whereas the wild type grew in
the medium with 5% NaCl. This mutant only accumu-
lated mannosylglycerate, which appears to play a role in
low-level osmotic adjustment of T. thermophilus (Santos
and da Costa 2002; Silva et al. 2003). The addition of
trehalose to the medium restored osmotic tolerance, but
maltose did not, implying that the latter disaccharide
could not be converted to trehalose via TreS. This work
provided crucial evidence for the importance of TPS/
TPP pathway for the synthesis of trehalose during os-
moadaptation of T. thermophilus RQ-1 and showed that
trehalose was the primary compatible solute of this
organism (Silva et al. 2003). The present work concerns
the detailed characterization of TPS and TPP in T.
thermophilus RQ-1 and is the first to report the charac-
teristics of these enzymes in a thermophilic organism.

Materials and methods

Cloning of otsA and otsB from Thermus thermophilus
RQ-1

Thermus thermophilus RQ-1 chromosomal DNA was
isolated as previously described (Marmur 1961). The
otsA gene (GenBank accession number AY275558) was

amplified from T. thermophilus RQ-1 genomic DNA,
using the forward primer TPS009 (5¢-GCG GA-
ATTCATGGGGCTCATCATCG-3¢) and the reverse
primer TPS002 (5¢-GCG CTGCAGTCATCCCTCCT-
CCAAGGAGGC-3¢). These primers were designed to
include an EcoRI site (underlined) upstream of the start
codon (boldface) and a PstI restriction site (underlined)
downstream of the stop codon (boldface). The amplified
gene otsA was ligated into and EcoRI- and PstI-digested
pKK223-3 (Amersham Biosciences) expression vector to
obtain pKKTPS.

The otsB was cloned as a fusion gene with gluthati-
one-S-transferase (GST). The GST gene, and the
thrombin cleavage site was obtained from plasmid
pEG(KG) (Mitchell et al. 1993) digested with SacI and
XbaI. The 0.7-kb SacI/XbaI fragment was cloned into
the same sites of pTRC99A (Pharmacia Biotech),
yielding pTRC99A-GST. The otsB gene (GenBank
accession number AY 275558) was amplified from RQ-1
chromosomal DNA, using the forward primer GST1 (5¢-
GCG GGATCCATGAGGGCGGAAAACCCCG-3¢)
and the reverse primer GST2 (5¢-GCG TCT-
AGACTAAAGGCTAGTGGGTCG-3¢). These primers
were designed to include a BamHI site (underlined)
upstream of the start codon (boldface) and a XbaI
restriction site (underlined) downstream of the stop co-
don (boldface). Gene otsB and pTRC99A-GST plasmid
were digested with BamHI and XbaI and ligated to
transform Escherichia coli XL1-blue. The resulting
clones containing plasmid pTRC99A-GSTPP were se-
lected for ampicillin resistance. The constructions bear-
ing the otsA gene (pKKTPS) or otsB gene (pTRC99A-
GSTPP) were used to transform an E. coli BL-21
Rosetta strain (Novagen, Madison, Wis., USA) that
carries tRNA genes for rare codons. PCR amplifications
were carried out in a PerkinElmer GeneAmp PCR sys-
tem 2400 instrument with reaction mixtures (50 ll)
containing 100 ng of T. thermophilus RQ-1 DNA, as
described previously (Silva et al. 2003).

Expression and purification of the recombinant enzymes

A clone bearing pKKTPS was grown in YT medium at
37�C to overexpress the recombinant TPS enzyme.
Ampicillin was added at a final concentration of 100 lg/
ml for selection of plasmids pKKTPS, and cloramphe-
nicol was added at a final concentration of 50 lg/ml to
select for the plasmid with the genes for the rare tRNAs.
The E. coli clone was grown until it reached a turbidity
(O.D610) of about 1.0, induced with 0.5 mM isopropyl-
b-D-thiogalactopyranoside (IPTG) and grown further
for 12 h. Cells were harvested by centrifugation (7,000 g,
10 min, 4�C). The pellet was resuspended in Tris-HCl
(20 mM, pH 7.6) containing DNase I (10 lg) and pro-
tease inhibitors, disrupted, and centrifuged to remove
cell debris (Silva et al. 2003). The cell-free extracts were
heated for 20 min at 70�C to denature and precipitate
the majority of the host proteins and then centrifuged
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(25,000 g, 30 min, 4�C). The resulting supernatant was
filtered through 0.22-lm-pore-size filters (Schleider and
Schuell) and sequentially applied to two Q-Sepharose
fast-flow columns (Hi-Load 16/10) equilibrated with
20 mM Tris-HCl (pH 7.6). Elution was carried out at a
constant flow of 3 ml/min with linear NaCl gradient
(0.0–1.0 M) in the same buffer. The fractions showing
TPS activity were pooled, concentrated, and loaded on a
Superose-12 HR (10/30) column equilibrated with Tris-
HCl 50 mM (pH 7.6) containing 150 mM NaCl and
eluted with a flow rate of 0.3 ml/min. The fractions
containing the pure TPS were pooled, concentrated, and
stored at �20�C.

To overexpress the recombinant GST-tagged TPP,
the clone bearing pTRC99A-GSTPP was grown as
described for the clone bearing pKKTPS, induced with
IPTG, and grown further for 6 h. Cells were harvested
by centrifugation (7,000 g, 10 min, 4�C). The pellet
was resuspended in PBS (pH 7.3, 140 mM NaCl,
2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4)
containing DNase I and the protease inhibitors as
described above. The cell suspension was disrupted,
centrifuged, and filtered, as described above. After
filtration, the supernatant was loaded on a GSTPrep
FF 16/10 column at a constant flow rate of 2 ml/min
and eluted with 50 mM Tris-HCl (pH 8.0) containing
10 mM reduced glutathione at a constant flow rate of
4 ml/min. The eluted fractions containing the fusion
protein were pooled and treated with thrombin pro-
tease (40 U/mg protein) for 16 h at 22�C. The fraction
was applied to a Q-Sepharose fast flow column
(Hi-Load 16/10) equilibrated with 20 mM Tris-HCl
(pH 7.6), and then eluted with a linear NaCl gradient
(0.0–1.0 M) in the same buffer to separate the GST
and thrombin protease from TPP. The fractions con-
taining the pure TPP were pooled, concentrated, and
stored at �20�C.

Enzyme assays during purification of the proteins

TPS and TPP activities were confirmed in cell-free
extracts of E. coli containing pKKTPS or pTRC99A-
GSTPP and during the fast protein liquid chromatog-
raphy as follows. TPS and TPP activities were detected
in reaction mixtures (100 ll) that contained 10 ll cell-
free extract or 25 ll eluted fraction, 25 mM MgCl2 in
25 mM Tris-HCl (pH 7.0), and 2 mM of the corre-
sponding substrates (UDPG and G6P for TPS or T6P
for TPP). The reaction mixtures were incubated at 70�C
for 15 min and then cooled on ice. The product of TPS
reaction was incubated for additional 15 min with 2 U
of alkaline phosphatase (Sigma-Aldrich) at 37�C to form
trehalose. The products of the reactions were visualized
by thin-layer chromatography (TLC), on a Silica Gel 60
plate (Merck). The solvent system used was composed of
butanol:ethanol:water (5:3:2, v/v), and the compounds
were visualized by charring with a-naphtol-sulfuric acid
solution (Silva et al. 2003). Trehalose, T6P, UDPG, and

G6P were used as standards. Cell extracts from E. coli
containing the plasmids without the inserts were also
incubated in the same conditions, as negative controls.

Properties of the recombinant TPS

Several sugar nucleotides were tested as possible sugar
donors, namely ADP-glucose (ADPG), GDP-glucose
(GDPG), TDP-glucose (TDPG), UDPG, ADP-
mannose, GDP-mannose, UDP-mannose, and UDP-
galactose. The activity of TPS for CDP-glucose was not
examined, because it was not commercially available.
We examined G6P, glucose-1,6-bisphosphate, mannose-
6-phosphate, and fructose-6-phosphate, as sugar accep-
tors. The reaction mixtures containing 4 mM of each
substrate in 25 mM of Tris-HCl (pH 7.0) and 25 mM
MgCl2 were incubated with 0.3 lg of pure TPS at 80�C
for 30 min, followed by dephosphorylation at 37�C for
15 min with 2 U of alkaline phosphatase. Samples were
examined for the formation of products by TLC.

We characterized TPS, except for the determination of
the kinetic parameters (Km andVmax), using the following
protocol. The reactions were initiated by the addition of
0.05 lg of TPS to the reaction mixtures containing the
appropriate buffer and 16 mMG6P, 8.0 mMUDPG and
an excess of TPP (1.2 lg) to ensure complete dephos-
phorylation of T6P. The release of free phosphate was
measured by the Ames reaction (Ames 1966). Since we
perceived that T. thermophilus RQ-1 TPP dephosphoryl-
ated G6P, a parallel reaction mixture of the same com-
position as described above, without TPS, was incubated
under the same conditions. Free phosphate from the
dephosphorylation of G6P by TPP was subtracted from
the total free phosphate obtained in the reaction mixture
containing the two enzymes (TPS and TPP). The reaction
mixtures were also spotted on TLC plates to confirm that
the dephosphorylation of T6P was complete. The for-
mation of glucose was determined to confirm that free
glucose, resulting from the activity of TPP on G6P, was
equal in reaction tubes with TPP alone or with TPP and
TPS. Glucose was quantified enzymatically using the
glucose oxidase assay kit (Sigma-Aldrich) as recom-
mended by the manufacturer.

The effect of pH on TPS activity was determined in
25 mM morpholineethanesulfonic acid (MES) buffer
(pH 5.0–6.0), Bis-Tris-propane buffer (pH 6.0–9.0) and
N-tris(hydroxymethyl)-methyl-3-aminopropanesulfonic
acid (TAPS) buffer (pH 8.0–9.0). All pH values were
measured at room temperature (25�C); correct pH val-
ues at 80�C were calculated by using the conversion
factor, Dp Ka/DT (�C)=�0.011 for MES, �0.015 for
Bis-Tris propane, and �0.027 for TAPS.

The reaction mixtures to examine the effect of cations
on enzyme activity, contained 25 mM Tris-HCl (pH 7.0)
supplemented with 0.02, 0.2, 2.0, 20, and 200 mM of the
cation to be tested (Mg2+, Co2+, Ca2+, Cu2+, Ba2+,
Sr2+, and Zn2+) or did not contain any addition. Assays
were performed at 80�C.
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To determine the kinetic parameters of TPS, tre-
halose formation was assayed spectrophotometrically
in a coupled enzyme assay where free UDP, released
from glucose transfer from UDPG to G6P, was
quantified by the conversion of phosphoenolpyruvate
and UDP to pyruvate by pyruvate kinase and the
conversion of pyruvate to lactate by lactate dehydro-
genase (Pan et al. 2002). In one set of reactions,
UDPG was varied between 0.1 and 8.0 mM, while
16.0 mM glucose-6-phosphate was maintained con-
stant to assess the rate dependence of recombinant
TPS on UDPG. In another set of reactions, 0.1–
8.0 mM G6P plus 8.0 mM UDPG were used to
determine the rate dependence of the recombinant TPS
on G6P.

The reactions were performed at 80�C in 25 mM
Tris-HCl (pH 7.0) with 25 mM MgCl2, stopped by
cooling in ethanol ice and freeze drying. The amount of
free UDP was determined by resuspending the lyophi-
lized material in 100 ll deionized water to which
0.15 mM NADH, 0.4 mM phosphoenolpyruvate,
126 lg of pyruvate kinase, and 20 lg lactate dehydro-
genase and 25 mM Tris-HCl (pH 7.0) with 25 mM
MgCl2 were added to a final volume of 1 ml. This
reaction mixture was incubated at 30�C, and the rate of
NADH oxidation was measured at A340 nm.

Properties of the recombinant TPP

G6P, glucose-1,6-bisphosphate, fructose-6-P, mannose-
6-P, T6P, UDPG, ADPG, GDPG, and TDPG (Sigma-
Aldrich) were examined as possible substrates in a
mixture containing 5.0 mM of each substrate, with
0.3 lg pure recombinant TPP, 25 mM Tris-HCl
(pH 7.0), and 25 mM MgCl2 at 70�C for 30 min, fol-
lowed by TLC analysis. The enzymatic activity of TPP
was measured by determining the release of inorganic
phosphate (Ames 1966).

The temperature profile was determined between 30
and 90�C. The assay was performed in 50 ll 25 mM
Tris-HCl (pH 7.0), 25 mM MgCl2, and 4 mM T6P.
Reactions were initiated by the addition of 0.06 lg of
TPP and were stopped at different times by cooling in
ethanol ice. The effect of cations was determined at 70�C
in 25 mM Tris-HCl (pH 7.0) where Mg2+, Co2+; Ca2+,
Cu2+, Ba2+, Sr2+, and Zn2+ were added at appropriate
concentrations; activity was also examined without the
addition of cations.

The effect of pH on TPP activity was determined in
25 mM acetate buffer (pH 4.0–5.5), 25 mM Tris-HCl
buffer (pH 6.0–7.5), and Bis-Tris-propane buffer
(pH 6.0–9.0). All pH values were measured at room
temperature (25�C); pH values at 70�C were calculated
using the conversion factor, Dp Ka/DT (�C)=�0.03 for
Tris-HCl, and �0.015 for Bis-Tris propane.

Kinetic parameters of TPPwere determined in reaction
mixtures containing trehalose-6-phosphate (0.1–6.0 mM)
in 25 mM Tris-HCl and 2 mM MgCl2, at 70�C.

Other experimental procedures

To assess the thermal stability of TPS and TPP, protein
solutions (0.6 mg/ml) were incubated at different
temperatures in 25 mM Tris-HCl (pH 7.0). At appro-
priate times, samples were withdrawn and immediately
examined for residual activities. TPS residual activities
were determined at 80�C in a reaction mixture contain-
ing 25 mM Tris-HCl (pH 7.0) with 25 mM MgCl2, and
TPP residual activities were determine at 70�C in a
reaction mixture containing 25 mM Tris-HCl (pH 7.0)
and 2 mM MgCl2.

All experiments used to determine the properties of
the recombinant enzymes were performed, at least, in
duplicate. The protein contents of the samples were
determined by the Bradford assay (Bradford 1976).

Results

Cloning of the otsA and otsB genes, functional
overexpression in Escherichia coli,
and purification of recombinant enzymes

The otsA (encoding TPS) and otsB (encoding TPP) genes
of T. thermophilus RQ-1 were cloned from a gene library
(Silva et al. 2003). Activity assays carried out in cell
extracts of Escherichia coli clones containing plasmids
pKKTPS or pTRC99A-GSTPP revealed that re-
combinant TPS was responsible for the conversion of
UDPG and G6P into T6P, and that recombinant TPP
dephosphorylated T6P to trehalose at 70�C, whereas
control E. coli bearing empty pKK223-3 or pTRC99A
had no activity at this temperature (results not shown).
SDS-PAGE analysis of crude extracts of XL1-blue
clones showed weak expression bands as compared to
the control cell extracts bearing empty vectors. Higher
expression levels were achieved with BL21-Rosetta
clones expressing tRNA genes for the rare codons.

The purification of the recombinant TPS was
straightforward (Fig. 1a). However, we were unable to
purify the recombinant TPP, using the same procedure
and had to create a GST-TPP fusion protein followed by
purification on a GSTprepFF affinity column chroma-
tography (Fig. 1b). The recombinant TPS and TPP were
nearly homogeneous and had a molecular mass of 52
and 26 kDa, as judged by SDS-PAGE, respectively.

Catalytic properties of TPS

The enzyme was specific for glucose diphosphate
nucleosides; ADPG, GDPG, TDPG, or UDPG served
as glucosyl donors. The enzyme was most active with
UDPG (149.6 lmol/min mg), followed by TDPG
(106.7 lmol/min mg), ADPG (95.0 lmol/min mg),
and GDPG (20.6 lmol/min mg). G6P was the only
glucosyl acceptor for any of these donors. G6P could
not be replaced by mannose-6-P, fructose-6-P, or
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glucose-1,6-P (results not shown). The effect of increas-
ing concentrations of UDPG, in the presence of satu-
rating levels of G6P (16 mM), or increasing
concentrations of G6P in the presence of saturating
levels of UDPG (8 mM) on the rate of TPS indicated
that the enzyme exhibited Michaelis–Menten kinetics
(Fig. 2). The Lineweaver–Burk plot of this data indi-
cated a Km value for UDPG of 0.5 mM (Fig. 2a, inset)
and a Km value for G6P of 0.8 mM (Fig. 2b, inset). The
Vmax for TPS was 204 lmol/min mg (Table 1).

The method used to examine the temperature profile,
thermostability, pH range, and cation dependence of
TPS relied on the quantification of free phosphate
released by the action of TPP on T6P and was based
on Empadinhas et al. (2003), who determined enzyme
parameters for mannosylphosphoglycerate synthase on
the specific release of phosphate from mannosylphos-

phoglycerate by mannosylphosphoglycerate phospha-
tase. However, TPP also had some activity towards G6P
that increased when NDP-glucose (NDPG) was added
to the reaction mixture. To insure that the amount of
free phosphate subtracted from the dephosphorylation
of G6P by TPP was accurate, the formation of glucose
was also measured in both reaction tubes (TPP alone or
TPP in the presence of TPS). The glucose produced
under both conditions was the same and was equal to
the amount of free phosphate measured when NDPG
and G6P were incubated with TPP (results not shown).

TPS had no activity at 30�C, but increased dramati-
cally above 40�C with an optimum at 98�C (Fig. 3). At
102�C, TPS still had 80% of the total activity. An acti-
vation energy of 47 kJ/mol was calculated from the
linear part of the Arrhenius plot (Fig. 3, inset) between
40 and 95�C. The enzyme had extremely high stability
against thermal inactivation (Fig. 4a), with a half-life of
31 min at 100�C (Table 1). Within the pH range exam-
ined, the activity of the enzyme was maximal near
pH 6.0.

Divalent cations were not required for activity of
TPS; however, the presence of Mg2+ or Co2+ stimu-
lated enzyme activity. The specific activity of TPS in the
absence of cations was 47.9 lmol/min mg (32.0% of
maximal activity). The maximum activity was obtained
with 20 mM of Mg2+, but 0.2 mM Co2+ produced 61%
of the activity obtained with the Mg2+. Co2+ above
20 mM inhibited TPS. Mn2+ had no effect on activity
between 0.02 and 2.0 mM, but was inhibitory above
20 mM. All the other cations tested (Ca2+, Cu2+, Ba2+,
Sr2+, and Zn2+) inhibited TPS activity at the concen-
trations tested (results not shown).

Catalytic properties of TPP

The recombinant TPP was relatively specific for T6P,
but also had low activity towards G6P (3.1%). Fur-
thermore, all glucose diphosphate nucleosides examined
lead to an increase in the activity of TPP for G6P. The
addition of ADPG, GDPG, TDPG, or UDPG (all at
5 mM) caused an increase in the activity of TPP towards
G6P to 4.5, 3.6, 4.6 and 10% of the total activity for
T6P, respectively. The recombinant TPP did not
dephosphorylate any of the glucose diphosphate nucle-

Fig. 2 Rate dependence of the recombinant TPS on uridine-
diphosphoglucose (UDPG) (a) and on glucose-6-phosphate (G6P)
concentrations (b), and the rate dependence of the recombinant
TPP on trehalose-6-phosphate (T6P) concentration (c). The insets
show double-reciprocal plots of the rate against the corresponding
substrate concentration. The assay mixtures contained 0.05 and
0.06 lg of recombinant TPS and TPP, respectively
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Fig. 1 SDS-PAGE of the fractions obtained during the purification
of the recombinant enzymes. a Purification of recombinant
trehalose-phosphate synthase (TPS). Lane 1 Protein standards,
lane 2 crude extract after heat treatment, lane 3 pooled fractions
after first Q-Sepharose column, lane 4 pooled fractions after second
Q-Sepharose column, lane 5 pooled fractions after Superose-12
column. b Purification of recombinant trehalose-phosphate phos-
phatase (TPP). Lane 1 Protein standards, lane 2 crude extract of
cells before isopropyl-b-D-thiogalactopyranoside (IPTG) induction,
lane 3 crude extract after IPTG induction, lane 4 fraction eluted
from GSTFF column, lane 5 fraction after thrombin treatment,
lane 6 fraction eluted from Q-Sepharose column
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osides. TPP exhibited typical Michaelis–Menten kinet-
ics. The Lineweaver–Burk plot indicated a Km value of
1.5 mM (Fig. 2c). For this enzyme, a Vmax of 625 lmol/
min mg was estimated (Table 1).

Trehalose-phosphate phosphatase had maximal
activity at 70�C and at 90�C still retained 45% of the
maximum activity (Fig. 3). From the Arrhenius plot
between 50 and 80�C, an activation energy of 57.4 kJ/
mol was calculated. The half-lives determined at 80, 90,
and 100�C were 161, 120, and 40 min (Fig. 4b, Table 1).
The optimum pH for activity was near 7.0. The
recombinant TPP did not require divalent cations for
activity, but was also stimulated by Mg2+ or Co2+.

The specific activity of TPP without cations was
144.6 lmol/min mg (32.5% of maximal activity); the
maximum activity for TPP was obtained with either
2.0 mM Co2+ (100%) or Mg2+ (97%). Manganese had
no effect at concentrations equal or lower than 2.0 mM,
but higher concentrations inhibited activity. Other
divalent cations, namely Ca2+, Cu2+, Ba2+, Sr2+, and
Zn2+ inhibited TPP activity (results not shown).

Discussion

Unlike the majority of TPSs of different origins char-
acterized so far, the TPS of Thermus thermophilus RQ-1
was rather non-specific for glucosyl donors, using
UDPG, TDPG, ADPG, and GDPG. The TPS of Esc-
herichia coli, for example, uses UDPG but not ADPG
(Giæver et al. 1988). The only example of a TPS having
a low substrate specificity was reported for Mycobacte-
rium tuberculosis, which can use all natural glucose
diphosphate nucleosides (Pan et al. 2002).

The T. thermophilus RQ-1 TPP is specific for T6P,
but is also slightly active for the dephosphorylation of
G6P. Surprisingly, NDPG enhanced the activity of TPP
towards G6P. We do not have an explanation for this
observation, but a similar phenomenon has been ob-
served before; the TPP from the blow fly Phormia regina
also hydrolizes G6P (7% of its activity towards T6P),
and this activity was stimulated by the presence of
trehalose which interacts with the active site for G6P,
at low substrate concentration (Friedman 1971).

Some enzymes from thermophiles have higher Kcat

than their mesophilic counterparts do (Thomas and
Scopes 1998). Indeed, the Kcat values of TPS and TPP of
RQ-1 (176.9 and 271.7 s�1, respectively) are very high
when compared to the values of TPS and TPP from E.
coli (Seo et al. 2000). Moreover, the Thermus enzymes
have also lower Km values, meaning that these enzymes
have higher catalytic efficiency, when compared to that
from E. coli.

Both enzymes are stimulated by the presence of Co2+

or Mg2+, although Co2+ was less effective than Mg2+

in stimulating the activity of TPS. All TPSs examined
have activity in the absence of divalent cations although
most are stimulated by Mg2+ but not by Co2+ (Cabib
and Leloir 1958; Murphy and Wyatt 1965; Lapp et al.
1971; Killick 1979; Lippert et al. 1993). The activity of
the Mycobacterium smegmatis TPS is stimulated by
Mg2+ or Co2+ (Lapp et al. 1971). T. thermophilus RQ-1
TPP, unlike other TPPs that have been analyzed, does
not require divalent cations for activity. (Friedman 1971;
Klutts et al. 2003).

Of all the TPSs and TPPs examined, those of T.
thermophilus RQ-1 have the highest optimum tempera-
ture for activity. The high temperature optima and the
extremely high thermostability of these enzymes stem
from the fact that the organism is thermophilic and
temperature imposes constraints on proteins. All en-
zymes from Thermus spp. examined have high thermo-

Table 1 Biochemical properties of the enzymes and kinetic
parameters for the substrates involved in the synthesis of trehalose
in Thermus thermophilus RQ-1 via trehalose-phosphate synthase
(TPS)/trehalose-phosphate phosphatase (TPP)

Property Valuesa

TPS TPP

Optimum temperature
for activity (�C)

98 70

Optimum pH for activity �6 �7
Activation energy (kJ/mol) 47.0 57.4
Half life (min)
80�C 193 161
90�C 54 120
100�C 31 40
Km (mM)
UDP-glucose 0.5 –
Glucose-6-P 0.8 –
Trehalose-6-P 1.5
Vmax (lmol/min mg) 204 625

aData are the mean values of, at least, two independent experi-
ments
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Fig. 3 Temperature dependence of the activity of recombinant TPS
(filled circle) and the recombinant TPP (open circle). The enzyme
activities were determined at temperatures between 30 and 102�C.
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stability, as would be expected (Koyama and Furukawa
1990; Wang et al. 2003). The TPP from the mesophilic
M. smegmatis, on the other hand, was completely inac-
tivated after incubation for 0.5 min at 100�C (Klutts
et al. 2003), and a mixture of TPS/TPP from E. coli
retained only 3% of the original activity after incubation
at 50�C for 30 min (Seo et al. 2000). The enhanced
stability of enzymes at high temperature is the result of
differences in specific amino acid composition (Vieille
et al. 1996). The T. thermophilus RQ-1 TPS and TPP
(GenPept accession numbers AAQ16095/16096) had
lower frequency of glutamine (1.4- and 4.0-fold,
respectively) than their counterparts did in E. coli. The
frequency of asparagine was 2.9- and 5.0-fold lower than
in the E. coli TPS and TPP. The decrease in the
frequency of glutamine and asparagine is one of the
distinctive characteristics of the enzymes of thermophilic
origin and results from temperature-imposed restrictions
(Vieille et al. 2001; Singer and Hickey 2003). Other
amino acid substitutions contributing to high thermo-
stability were the low cysteine of tryptophan synthetase
from T. thermophilus HB27 (Koyama and Furukawa
1990) and the high alanine and proline content of b-
glycosidase from Thermus strain HG102 (Wang et al.
2003). None of these trends was observed in T. ther-
mophilus RQ-1 TPS and TPP. The relevance of the effect
caused by an amino acid substitution depends on its
location on the 3-D structure of the protein; thus, it is
sometimes difficult to assign amino acid changes that
contribute to thermostability by evaluation of the amino
acid sequence only (Koyama and Furuwaka 1990).

The optimum temperature for activity of TPP is
around 70�C, while that of TPS is about 98�C. However,
the thermostability of the TPP is higher than the TPS.
Other enzymes from (hyper)thermophiles have very high
thermostability and relatively low optimal temperature
for activity, indicating a partial independence between
both parameters (Arnott et al. 2000).

Although other TPSs and TPPs from thermophilic
organisms have been identified by sequence comparison
in the genome databases there is, to our knowledge, no
report of characterization of TPSs or TPPs from
(hyper)thermophilic organisms. These two enzymes dif-
fer from mesophilic counterparts by their notable tem-
perature optimum for activity and their extremely high
thermostability.
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Wolf A, Krämer R, Morbach S (2003) Three pathways for treha-
lose metabolism in Corynebacterium glutamicum ATCC 13032
and their significance in response to osmotic stress. Mol
Microbiol 49:1119–1134

36


	Sec1
	Sec2
	Sec3
	Sec4
	Sec5
	Sec6
	Sec7
	Sec8
	Sec9
	Sec10
	Sec11
	Sec12
	Fig2
	Fig1
	Sec13
	Tab1
	Fig3
	Ack
	Bib
	CR1
	CR2
	CR3
	CR4
	CR5
	CR6
	CR7
	CR8
	CR9
	CR10
	CR11
	CR12
	CR13
	CR14
	Fig4
	CR15
	CR16
	CR17
	CR18
	CR19
	CR20
	CR21
	CR22
	CR23
	CR24
	CR25
	CR26
	CR27
	CR28
	CR29
	CR30
	CR31
	CR32
	CR33
	CR34
	CR35
	CR36
	CR37
	CR38
	CR39
	CR40

