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Abstract

The Tat pathway is distinct from the Sec machinery
given its unusual capacity to export folded proteins,
which contain a twin-arginine (RR) signal peptide,
across the plasma membrane. The functionality of the
Tat pathway has been demonstrated for several Gram-
negative and Gram-positive mesophilic bacteria. To
assess the specificity of the Tat system, and to analyze
the capacity of a mesophilic bacterial Tat system to
translocate cytoplasmic proteins from
hyperthermophilic bacteria, we fused the Thermus
thermophilus ß-glycosidase (Glc) to the twin-arginine
signal peptide of the E. coli TorA protein. When
expressed in E. coli, the thermophilic RR-Glc chimera
was successfully synthesized and efficiently
translocated into the periplasm of the wild type strain.
In contrast, the ß-glycosidase accumulated within the
cytoplasm of all the tat mutants analyzed. The ß-
glycosidase synthesized in these strains exhibited
thermophilic properties. These results demonstrated,
for the first time, the capacity of the E. coli Tat system
to export cytoplasmic hyperthermophilic protein,
implying an important potential of the Tat system for
the production of thermostable enzymes used in
bioprocessing applications.

Introduction

Bacteria export numerous proteins across the cytoplasmic
membrane via either the Sec machinery (Pugsley, 1993;
Schatz and Dobberstein, 1996), or the Tat (also called MTT)
system (Settles et al., 1997; Santini et al., 1998; Weiner et
al., 1998; Sargent et al., 1998; Bogsch et al., 1998). The
Tat system is different from the Sec pathway given its
unusual ability to transport folded proteins (Wu et al., 2000),
and even enzyme complexes, via a hitchhiker mechanism
(Rodrigue et al., 1999) into the periplasm. The functionality
of the Tat pathway has been demonstrated for E. coli

(Chanal et al., 1998; Weiner et al., 1998; Sargent et al.,
1998; Bogsch et al., 1998), Zymomonas mobilis (Halbig et
al., 1999), Ralstonia eutropha (Bernhard et al., 2000),
Bacillus subtilis (Jongbloed et al., 2000), Pseudomonas
stutzeri (Heikkila et al., 2001), Streptomyces lividans
(Schaerlaekens et al., 2001) and Pseudomonas aeruginosa
(Voulhoux et al., 2001). All hetero-expression of the tat
genes does not lead to functional complementation of the
E. coli tat mutations (Wu et al., 2000), suggesting species
specificity for the Tat system. Indeed, the glucose-fructose
oxidoreductase (GFOR) of Z. mobilis can be exported by
the E. coli Tat pathway only if the cognate twin-arginine
signal peptide is replaced by that of the trimethylamine N-
oxide (TMAO) reductase (TorA) of E. coli (Blaudeck et al.,
2001).

E. coli ß–galactosidase (LacZ) is a cytoplasmic
enzyme, composed of four identical subunits of ~ 116 kDa
each. LacZ catalyzes the hydrolysis of the ß–galactoside
and its derivatives. It has been widely used as a marker to
study the cellular location of soluble proteins and the
topology of integral membrane proteins. Fusions between
the lacZ gene and sequences encoding either cytoplasmic
proteins or cytoplasmic segments of membrane proteins
result in high cellular ß–galactosidase activity (Manoil,
1990; Manoil and Bailey, 1997; Nelson and Traxler, 1998).
In contrast, when fused to the Sec-dependent preproteins
or signal peptides, the folded ß–galactosidase is blocked
in the Sec-translocon, jamming the Sec machinery, and
resulting in a toxic effect (Tommassen et al., 1985; Ito et
al., 1986; Kiino et al., 1990; Snyder and Silhavy, 1995).
On the other hand, twin-arginine signal peptides cannot
direct the Tat-dependent export of the ß–galactosidase, in
neither Z. mobilis nor E. coli (Halbig et al., 1999; Stanley
et al., 2002). This failure to be exported via the Tat system
might be due to its size (~ 4x116 kDa) being too large for
the Tat translocase, or due to intrinsic characteristics which
are incompatible with the Tat system. In order to test these
hypotheses, and assess the capacity of the Tat system to
export heterologous cytoplasmic proteins, we have studied
the export of the cytoplasmic ß-glycosidase (Glc) from
Thermus thermophilus via the E. coli Tat system. This
enzyme is encoded by the glc gene and belongs to family
1 of the glycosyl hydrolases, which catalyze the hydrolysis
of ß-galactoside (as the ß-galactosidase), ß-glucoside and
ß-fucoside derivatives (B.Henrissat, http://www.expasy.ch/
cgi-bin/lists?glycosid.txt). It is a thermostable monomeric
enzyme of 49-kDa and displays an optimum temperature
of 88°C (Dion et al., 1999). We fused the T. thermophilus
ß-glycosidase to the TorA twin-arginine signal peptide, thus
constructing a chimera, RR-Glc. When expressed in E.
coli, the RR-Glc precursor was active in the cytoplasm and
it was translocated into the periplasm and processed to
the mature form in the wild type strain. In marked contrast,
RR-Glc accumulated in the cytoplasm of various tat
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mutants. Hence, the thermophilic ß-glycosidase was
successfully exported via the E. coli Tat system.

Results

Cloning and Expression of the glc Gene of T.
thermophilus HB27
Based on the published glc gene sequence (Dion et al.,
1999), a pair of oligonucleotides was designed and the
Thermus thermophilus HB27 glc gene was amplified and
cloned (see Materials and methods). The resulting plasmid,
pRR-Glc, was able to direct the synthesis of a chimeric
protein containing the ß-glycosidase fused at its N terminus
to the twin-arginine signal peptide and the first eight amino
acids of the mature part of the TorA protein. The crude
extract of the wild type E. coli strain MC4100A with the
plasmid pRR-Glc (MC4100A/pRR-Glc) grown with
arabinose in an LB-medium, exhibited a specific activity of
2.19 units/mg of protein when assessed by hydrolysis of
p-nitrophenyl-β−galactopyranoside, whereas that of
MC4100A with the control empty vector pBAD24 was <0.01
unit/mg of protein (data not shown). A basic level of
<0.01unit/mg of protein was observed for both strains
grown in the glucose-containing LB-medium (data not
shown). These results suggest that the T. thermophilus
glc gene is successfully expressed in E. coli.

Since the T. thermophilus ß-glycosidase exhibits
thermophilic properties (Dion et al., 1999), we assessed
the thermoactivation of hetero-synthesized chimera RR-
Glc. As shown in Table 1, pre-incubation of cellular extracts
at 70°C for one hour led to a more than four-fold increase
of the activity, compared with the same extracts directly
measured for activity without heating. Therefore, as
frequently observed, the thermophilic enzyme synthesized
in a mesophilic host requires thermo-activation for optimal
activity.

The synthesis of T. thermophilus ß-glycosidase in E.
coli was further confirmed by MALDI-TOF mass
spectrometry. Cellular fractions were heated at 70°C for
60 min. After eliminating the denatured polypeptides by
centrifugation, the soluble proteins were resolved on 12.5%
or 15% polyacrylamide SDS-denaturing, or native gels and
visualized by Coomassie-blue staining. A polypeptide with
an apparent molecular mass of about 50 kDa was present
in the periplasmic fraction, together with spheroplasts of
MC4100A/pRR-Glc (Figure 1A, lanes 3 and 4, open circle).
To establish their authenticity, the 50-kDa bands were
excised from the gel, digested with trypsin and the peptides
analyzed by MALDI-TOF mass spectrometry. The peptide

distributions corresponded only to that of the T.
thermophilus ß-glycosidase from the NCBInr20011020
database with significant Mowse scores of 267 (periplasmic
band) and 219 (spheroplast band). Taken together, the
peptide mapping and activity assay confirm that the T.
thermophilus glc gene has been successfully cloned and
expressed in E. coli.

Export of Thermophilic ß-Glycosidase via the Tat-
System in E. coli
To characterize the RR-Glc translocation, we compared
the cellular distribution of the ß-glycosidase in the wild type
strain with that in the tat mutants. When analyzed by SDS-
denaturing gels, T. thermophilus ß-glycosidase was found
only in the periplasm of the wild type strain (Figure 1A,
lane 3) but was absent from the periplasm of all tat mutants
(Figure 1A). Therefore, the twin-arginine signal peptide is
capable of mediating the export of the heterologous
thermophilic, cytoplasmic enzyme into the periplasm via
the E. coli Tat system.

Surprisingly, the periplasmic ß-glycosidase exhibited
similar mobility to that in the spheroplasts on SDS-
denaturing gels with both 12.5% (Figure 1A) and 15%
polyacrylamide (data not shown). These results suggest
that either the periplasmic mature form of ß-glycosidase
cannot be distinguished from its cytoplasmic precursor
under these conditions, or the cytoplasmic precursor is

Table 1 Thermoactivation of the heterologously expressed β-glycosidase

          Strains Total Activity Total Activity
without with

thermoactivation thermoactivation

MC4100A/pBAD24 <1 10
MC4100A/pRR-Glc 72 283
DADEA/pRR-Glc 47 378

Thermoactivation was performed by incubation of the cellular extracts at
70°C for 1 hour prior to the enzyme assays.

Figure 1. Expression and identification of ß-glycosidase. The periplasmic
fractions (odd number lanes, 8 µg of protein each) and spheroplasts (even
number lanes, 80 µg of protein each) prepared from 4-hour induced cells
of the strains MC4100A/pBAD24 (lanes 1 and 2 in panel A, lanes 3 and 4 in
panel B), MC4100A/pRR-Glc (wild type, lanes 3 and 4 in panel A, lanes 1
and 2 in panel B), ELV15A/pRR-Glc (∆tatA, lanes 5 and 6), B1LK0A/pRR-
Glc (∆tatC, lanes 7 and 8), BODA/pRR-Glc (∆tatB, lanes 9 and 10), MCMTA/
pRR-Glc (tatB::Kan, lanes 11 and 12), JARV16A/pRR-Glc (∆tatAE, lanes
13 and 14) and DADEA/pRR-Glc (∆tatABCDE lanes 15 and 16) were heated
at 70°C for 60 min and the supernatants were separated either on 12.5%
SDS-denaturing gels (panel A) or on native (panel B) gels. The open circles
indicate the ß-glycosidase of T. thermophilus, as identified by mass
spectrometry. The closed circle shows a polypeptide with a slightly higher
molecular weight compared to that of the ß-glycosidase. This band was
identified, by MALDI-TOF mass spectrometry, as the E. coli glutamate
decarboxylase isozyme with a Mowse score of 207. High-range Rainbow
molecular mass markers (in kDa, Amersham Biosciences) were used and
are indicated.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

21

A
97

66

45

B
43
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degraded in the cytosol to the mature size. To assess these
hypotheses, the protein samples were separated on native
polyacrylamide gels. Compared to those of the MC4100A/
pBAD24 strain, one and two specific bands were detected
in the periplasm and the spheroplasts of the MC4100A/
pRR-Glc strain, respectively (Figure 1B, lanes 3 and 4
versus lanes 1 and 2). The periplasmic and one of the
spheroplast-bands specific for the MC4100A/pRR-Glc
strain were identified as the T. thermophilus ß-glycosidase
by mass spectrometry with a Mowse score of 180 and 166,
respectively. Significantly, the periplasmic ß-glycosidase
displayed an increased mobility compared to that of the
cytoplasmic ß-glycosidase, which must result from the RR-
Glc processing. Indeed, the N-terminal sequence of the
periplasmic ß-glycosidase was Ala-Gln-Ala-Ala-Thr-Asp,
which are the first 6 amino acids of the mature TorA protein
and correspond perfectly to the expected sequence of the
processed chimera. The other specific band in the
spheroplasts displayed a slower mobility than the band
identified as ß-glycosidase. At present, we do not know
the nature of this band. These results indicate that the T.
thermophilus ß-glycosidase is successfully synthesized,
translocated into the periplasm and processed in E. coli.
Most importantly, as observed for metalloenzymes exported
by the Tat system (Santini et al., 1998; Weiner et al., 1998;
Sargent et al., 1998; Rodrigue et al., 1999), both
cytoplasmic and periplasmic ß-glycosidases were detected
as active enzymes (Table 2). Therefore, the thermophilic
cytoplasmic enzyme is likely to be exported in a folded
conformation via the Tat system.

Efficiency of the Heterologous ß-glycosidase Export
in E. coli
By monitoring the p-nitrophenyl-β−galactopyranoside
hydrolysis, a weak basic level of endogenous ß-glycosidase
activity was found in the MC4100A/pBAD24 strain (Table
2). Cellular fractionation showed that about 20% of this
activity was located in the periplasm. At present, the identity
of the protein contributing to this endogenous ß-glycosidase
activity is unknown. Since it represents less than one

thirtieth of the ß-glycosidase activity in the MC4100A/pRR-
Glc strain, the endogenous activity should not significantly
affect the cellular distribution analysis of the heterologous
chimera. Enzyme assay revealed that about 50% of the
total ß-glycosidase activity was located in the periplasm of
the MC4100A/pRR-Glc strain when the chimera rr-glc gene
expression was induced for four hours by arabinose (Table
2). In contrast, about 10% of the ß-glycosidase activity was
found in the periplasm of the mutant DADEA/pRR-Glc
grown under the same conditions (Table 2). Using the
lysozyme-cold osmotic shock method, 5% to 10% leakage
of cytoplasmic proteins into the periplasmic fraction may
be observed. Indeed, weak EF-Tu bands were detected in
the periplasm of various strains by immunoblot analysis
using polyclonal antisera against this cytoplasmic protein
(Figure 2). Notably, the EF-Tu level detected in the
periplasm of the tat mutants was higher than that of the
wild type strain, which is consistent with the pleiotropic

Table 2 β-glycosidase activities of the wild type and the ∆tatABCDE mutant strains

Strains Induction time (h) APeri TPeri ASphero TSphero Peri/Total

MC4100A/pBAD24 4 0.39 2 0.13 8 20%

MC4100A/pRR-Glc 4 23.51 149 5.03 134 53%

1 26.87 69 2.95 45 61%

DADEA/pRR-Glc 4 5.63 40 12.87 338 11%

1 3.38 13 6.19 84 13%

Strains were grown at 37°C in LB-ampicillin medium. At OD600=0.6, 0.2% arabinose was added to the cultures.
Chloramphenicol was added to one set of cultures 1-hour later (1-h induction), and cells were harvested after an
additional hour of incubation. Alternatively, cells were harvested 4-h after the induction. ß–glycosidase activity was
measured after 1-hour incubation of the extracts at 70°C. Specific activities (unit/mg protein) of the periplasmic
fractions (APeri) or spheroplasts (ASphero), or the total activities found in the periplasmic fractions (TPeri) or in the
spheroplasts (TSphero), and the percentage of the total periplasmic activities (Peri/Total) are indicated. The values are
the average of at least three independent experiments with a variation less than 5%.

Figure 2. Leakage of the cytoplasmic EF-Tu into the periplasmic fractions.
The periplasmic fractions (even number lanes, 5 µg of protein each) and
spheroplasts (odd number lanes, 25 µg of protein each) prepared from 4-
hour induced cells of the strains MC4100A/pRR-Glc (lanes 1 and 2),
B1LK0A/pRR-Glc (lanes 3 and 4) and JARV16A/pRR-Glc (lanes 5 and 6)
were separated on a 12.5% SDS-denaturing gel, electro-transferred onto a
PVDF membrane and developed by ECL detection reagent using anti-EF-
Tu antisera at 1:1000 dilution. The quantities of proteins loaded on the gels
represent the proportion of proteins distributed in different cellular
compartments, i.e. 20% in the periplasm and 80% in the cytoplasm.

1 2 3 4 5 6
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defects in the cell envelope and the periplasmic leakage
of these mutants (Stanley et al., 2001). To improve the
translocation efficiency, we stopped the rr-glc expression
by adding chloramphenicol one hour after the induction by
arabinose, and allowed the translocation to continue for
an additional hour. The total ß-glycosidase activity was
reduced to half of that measured in the culture with 4-h
expression. Importantly, the proportion of periplasmic
activity increased by up to 61% (Table 2). Therefore, ß-
glycosidase is efficiently exported and the translocation
machinery can be saturated. Moreover, the proportion of
ß-glycosidase activity detected in the periplasm of the tat
mutants remained unchanged, which confirms that the ß-
glycosidase found in the periplasm of the mutant is not
due to an active translocation. Notably, the ß-glycosidase
export kinetics is rather slow, which is consistent with the
kinetics of both in vivo (Santini et al., 1998; Stanley et al.,
2000) and in vitro (Yahr and Wickner, 2001) translocation
of several proteins via the Tat pathway.

Discussion

Species specificity and substrate compatibility regarding
a protein transport system address one important question
from the mechanism viewpoint. The Sec system exhibits
high tolerance to the variation of signal peptides. Despite
the structural distinction, as suggested by sequence
analysis, the signal peptides of Gram-negative bacteria can
be recognized by the Sec machinery of Gram-positive
bacteria and vice versa (Pugsley, 1993). However, the Sec
system shows a limited compatibility with respect to the
properties of the proteins to be exported. In fact, only
unfolded proteins are competent for Sec-pathway
translocation (Pugsley, 1993). Very little information is
available with respect to species specificity and substrate
compatibility of the recently discovered Tat system. When
a protein is fused to a twin-arginine signal peptide, its
intrinsic characteristics or its folding state can override Tat-
targeting information in the twin-arginine signal peptide
(Cristobal et al., 1999; Santini et al., 2001; Sanders et al.,
2001). In addition, a recent observation suggests a specific
recognition of the twin-arginine signal peptide by the
cognate Tat apparatus (Blaudeck et al., 2001). Moreover,
it has been reported that an individual tat gene from one
bacterial species cannot complement a mutant orthologous
gene in another bacterial species, but providing the
corresponding entire tat operon may lead to a successful
complementation (Wu et al., 2000). This might imply a
requirement of the Tat apparatus assemblage for cognate
components. All these factors could thus restrict a system
of heterologous protein export.

One factor that might contribute to the thermostability
of the thermophilic enzymes is the protein rigidity. A current
working hypothesis is that hyperthermophilic enzymes are
more rigid than their mesophilic homologues at mesophilic
temperatures and that rigidity is a prerequisite for high
protein thermostability (Vieille and Zeikus, 2001). The rigid
enzymes would be more suitable for a Tat-dependent
translocation since only the Tat system, but not the Sec
system, is able to export folded proteins. Indeed, recently
we observed that the T. thermophilus alkaline phosphatase

(Tap) is synthesized with a twin-arginine signal peptide and
is translocated via the Tat pathway in E. coli (Angelini et
al., 2001). In contrast, E. coli alkaline phosphatase, which
is homologous to Tap (Blastp E value = 7e-20), is exported
via the Sec machinery. Moreover, when fused with twin-
arginine signal peptides, E. coli alkaline phosphatase export
is Tat-independent, suggesting incompatibility of this protein
with the Tat pathway (Stanley et al., 2002). These results
reveal that two sequence and functional related enzymes
are exported by distinct protein transport systems, which
may play an integral role in the bacterial adaptation to their
environment during evolution. Significantly, we
demonstrated here that the Tat system of the mesophilic
E. coli is also capable of exporting the cytoplasmic
thermophilic ß-glycosidase. Notably, the optimal activity of
the T. thermophilus ß-glycosidase synthesized in E. coli
requires thermo-activation. Therefore, the growth
temperature at 37°C might slow down the folding kinetics
of this enzyme, and thus reduce the translocation efficiency,
because the Tat system can export only the folded proteins
(Santini et al., 1998; Rodrigue et al., 1999; Sanders et al.,
2001).

Because periplasmic or secreted proteins are
effectively separated from the bulk cytoplasmic protein
complement, this process greatly facilitates the purification
of recombinant proteins. Our successful demonstration of
the heterologous export of periplasmic and cytoplasmic
thermophilic enzymes reveals an important potential of the
Tat system for producing valuable recombinant proteins.

Experimental Procedures

Bacterial Strains, Plasmids and Media
Bacterial strains used in this study are: hyperthermophilic T. thermophilus
HB27 (Tamakoshi et al., 1997), mesophilic E. coli strains MC4100A (F'
lac_U169 araD139 rpsL150 thi flbB5301 deoC7 ptsF25 relA1) and its
derivatives ELV16A (∆tatA) (Sargent et al., 1998), B0DA (∆tatB) (Sargent
et al., 1999), JARV16A (∆tatAE) (Sargent et al., 1998), B1LK0A (∆tatC)
(Bogsch et al., 1998), DADEA (∆tatABCDE) (Wexler et al., 2000), and
MCMTA (tatB::Kan) (Chanal et al., 1998). Arabinose-resistant derivatives
of the araD mutants, designated by the letter ‘A’ added at the end of
corresponding strain names, were constructed by selecting purple colonies
of these strains spread on eosin-methylene blue plates containing 0.2%
arabinose (Santini et al., 2001). The plasmid pRR-GFP has been previously
described (Santini et al., 2001).

E. coli strains were routinely grown at 37°C in Luria-Bertani (LB)
medium or on LB plates. Thermus thermophilus was grown at 75°C in rich
medium (TM) composed of 8g polypeptone, 4g yeast extracts, 2g NaCl,
0.35 mM CaCl2 and 0.4 mM MgCl2 per liter of medium. The pH was adjusted
to 7.5 prior to autoclaving. As required, glucose (0.2%), arabinose (0.2%),
ampicillin (Amp, 50 µg/ml) and chloramphenicol (Chl, 300 µg/ml) were added
to the medium. Pre-cultures were grown from three colonies and used at
100-fold dilutions for the inoculation of experimental cultures.

Cloning and Expression of the glc Gene
The T. thermophilus glc gene was amplified from the HB27 chromosome
by PCR, using primers BglyNheIup (5'-cta gct agc atg acc gag aac gcc gaa
aaa-3') and BglyHindIIIdw (5'-ccc aag ctt tta ggt ctg ggc ccg cgc gat-3'),
with the Platinum PCR System according to the manufacturer’s instructions
(Invitrogen). The amplified fragment was digested with NheI and HindIII
and cloned into the corresponding sites of the pRR-GFP (Santini et al.,
2001). Expression of glc was under the tight control of the PBAD promoter
as described by Guzman et al. (Guzman et al., 1995).

Enzyme Assays
ß-glycosidase activity was assayed at 70°C by the hydrolysis of p-
nitrophenyl-β−galactopyranoside at 420 nm, followed by measurement with
a Cary 50 spectrophotomer, using a control without extract as the reference
blank (Miller, 1972). One unit of enzyme activity is defined as the release of
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1µmol of nitrophenol/min and calculated according to (Miller, 1972).

Cellular Fractionation, Electrophoresis, N-terminal Sequence
Determination, Immuno-Blot Analysis and Mass Spectrometry
Subcellular fractions were prepared by lysozyme/EDTA/cold osmoshock
and ultracentrifugation as described previously (Santini et al., 1998). Proteins
were separated by polyacrylamide gel electrophoresis in the presence
(denaturing) or in the absence (non-denaturing) of SDS on 12.5% or 15%
acrylamide gels. For N-terminal polypeptide sequencing, protein samples
were electrotransferred, after the electrophoresis, onto a polyvinylidene
difluoride (PVDF) membrane and stained with Ponceau S. The protein band
corresponding to the ß-glycosidase was excised and subjected to N-terminal
amino acid sequencing by automated Edman degradation. The proteins
immobilized onto a PVDF membrane were also analyzed by immunoblot,
using the ECL method according to the manufacturer’s instructions
(Amersham Biosciences).

For mass spectrometry, protein samples were separated on native or
SDS denaturing gels, stained with Coomassie-blue and then the specific
protein bands were excised. After crushing and washing of the excised gel,
the proteinaceous material was reduced with DTT and alkylated with
iodoacetemide in 100mM NH4HCO3. Proteolytic digestion by trypsin was
then performed overnight at 37°C. The supernatant was collected, the salts
were removed by flowing through an R2 Poros column and the sample
was analysed by mass spectrometry. The protein was identified by the
Mascot Search program at http://www.matrixscience.com based on the
Mowse Score, -10*Log(P), where P is the probability that the observed
match is a random event. Protein scores greater than 65 are significant
(p<0.05).
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