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Thermostable Mn-dependent catalases are promising enzymes in biotechnological applications as H,0,-de-
toxifying systems. We cloned the genes encoding Mn-dependent catalases from Thermus thermophilus HB27 and
HBS8 and a less thermostable mutant carrying two amino acid replacements (M129V and E293G). When the
wild-type and mutant genes were overexpressed in Escherichia coli, unmodified or six-His-tagged proteins of the
expected size were overproduced as inactive proteins. Several attempts to obtain active forms or to activate the
overproduced proteins were unsuccessful, even when soluble and thermostable proteins were used. Therefore,
a requirement for a Thermus-specific activation factor was suggested. To overcome this problem, the Mn-de-
pendent catalase genes were overexpressed directly in 7. thermophilus under the control of the Pnar promoter.
This promoter belongs to a respiratory nitrate reductase from of 7. thermophilus HB8, whose transcription is
activated by the combined action of nitrate and anoxia. Upon induction in 7. thermophilus HBS, a 20- to 30-fold
increase in catalase specific activity was observed, whereas a 90- to 110-fold increase was detected when the
laboratory strain 7. thermophilus HB27::nar was used as the host. The thermostability of the overproduced
wild-type catalase was identical to that previously reported for the native enzyme, whereas decreased stability
was detected for the mutant derivative. Therefore, our results validate the use of T. thermophilus as an alter-
native cell factory for the overproduction of thermophilic proteins that fail to be expressed in well-known

mesophilic hosts.

Catalases (EC 1.11.1.6) are widely distributed enzymes in
nature that decompose hydrogen peroxide to water and mo-
lecular oxygen as a detoxifying mechanism. In addition to its
crucial biological relevance, this enzyme has many industrial
applications, including (i) degradation of hydrogen peroxide
after textile bleaching in order to prevent problems in subse-
quent dyeing (12); (ii) in the dairy industry, elimination of
H,O, added to sterilize milk (2, 44); (iii) coupled with oxi-
dases, prevention of inactivation of the oxidases in the pres-
ence of high peroxide concentrations (15, 23, 43); and (iv)
coupled with oxidases, prevention of the destruction by H,O,
of the target product in an oxidase-catalyzed reaction (19, 42).

Three phylogenetically distinct types of catalases have been
described (29). Two of them contain a heme group, and the
enzymes are defined as bifunctional and monofunctional cata-
lases, depending on their abilities to function as peroxidases as
well. The monofunctional heme catalases are by far the most
widely distributed type and are present in Bacteria, Archaea,
and Eukarya, whereas bifunctional catalases have been not
found in higher eukaryotes yet. The third group of catalases is
the nonheme or pseudocatalases, and these enzymes appar-
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ently have a much more restricted distribution. They contain
Mn instead of ferric heme in the active site and therefore are
also called Mn-dependent catalases. Until now, only five Mn-
dependent catalases have been purified and biochemically
characterized, and four of them are from thermophiles or
hyperthermophiles, including Thermus sp. strain YS 8-13 (24),
Thermus thermophilus (5-7), Thermoleophilum album (3), and
Pyrobaculum calidifontis (4). The fifth Mn-dependent catalase
is from the mesophile Lactobacillus plantarum (25).

Interestingly, the search for homologues of Mn-dependent
catalases encoded in the available complete genomes has re-
vealed their unsuspected presence in a wider range of bacteria,
in which they are frequently found as hypothetical proteins of
unknown function. In this sense the absence of Mn-dependent
catalase from most nonpathogenic enterobacteria, including
Escherichia coli (39), is especially relevant for this work. By
contrast, very few of the sequenced archaeal genomes encode
Mn-dependent catalases (4).

For some of the above-mentioned applications, the use of
thermostable catalases would constitute a relevant advantage.
The main source of such thermostable enzymes should be
thermophilic bacteria, because they are adapted to function
optimally at temperatures close to the temperatures at which
the growth rate is maximal (1, 11). In addition to their excep-
tional thermal stability, enzymes from thermophiles are also
intrinsically more resistant to other denaturing agents (cosol-
vents, chemical modification, extreme pH) (37), which allows
the development of new industrial biotransformation processes
(14). In addition to the Mn-dependent catalases, several ther-
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mophilic enzymes (thermozymes) with actual or potential bio-
technological applications have been reported to be present in
the great diversity of Thermus spp. isolates described so far (10,
16, 26).

Production of thermozymes of industrial interest is usually
achieved through overexpression of the corresponding genes in
model bacterial or eukaryotic hosts used as cell factories (1).
When soluble thermozymes are successfully overproduced in
these subrogate hosts, the mesophilic character of the host
enzymes frequently allows a first purification step that involves
simply heat denaturation of most of the host’s proteins (1, 11).
However, only a fraction of the thermozymes with biotechno-
logical potential can be overproduced in an active form in such
mesophilic hosts. In many instances, protein aggregates known
as inclusion bodies accumulate during expression, probably
because of domain misfolding during synthesis at temperatures
that are 30 to 50°C below the natural growth temperature of
the natural host (17, 32). Additionally, factors such as a re-
quirement for a specific chaperone(s) implicated in the inser-
tion of cofactors or metals or the lack of a genus- or species-
specific posttranslational modification could also lead to the
synthesis of inactive forms. Examples of the first type can be
found in the synthesis of iron-sulfur-containing proteins whose
activation depends on the presence of the so-called iscSUA
genes (46) or in the synthesis of the respiratory nitrate reduc-
tase, which depends on the presence of a small protein (NarJ)
to keep the structure partially folded, which allows insertion of
the molybdopterin guanidine dinucleotide cofactor (9). Post-
translational modifications are especially relevant for secreted
enzymes, which frequently suffer specific proteolytic cuts or
disulfide bond formation (18).

All these reasons could make it extremely difficult or even
impossible to overproduce in E. coli not just active forms of
complex heterooligomeric thermozymes but even active forms
of certain monomeric or homooligomeric thermozymes, as we
show in this work with the Mn-dependent catalase. Therefore,
development of genetic tools for alternate thermophilic hosts
that could overcome these problems and be used as cell fac-
tories has been the goal of our research group in recent years
(13, 34).

The genus Thermus includes an extremely wide diversity of
thermophilic and extreme thermophilic bacteria, many of
which are sources of thermozymes that have enormous poten-
tial (16, 36, 38). This fact and properties like the natural com-
petence of many strains, the high growth rates, and the high
culture yields make this thermophile one of the most promis-
ing models of potential subrogate cell factories for the produc-
tion of thermozymes.

In previous work the stable and versatile nature of biocata-
lysts prepared with native Mn-dependent catalases from two
strains of the extreme thermophilic bacterium 7. thermophilus
(21), which in this organism constitute the major H,O,-degrad-
ing activities, was reported. We describe here the cloning and
controlled overproduction in 7. thermophilus of such an Mn-
dependent catalase, whose synthesis in an active form in E. coli
has repeatedly failed. Our results demonstrate the high poten-
tial of T. thermophilus as an alternative cell factory for the
overproduction of thermozymes with great biotechnological
potential.
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MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. 7. thermophilus HB8
(= ATCC 27634) and HB27::nar (34) were used as hosts for expression of the
Mn-dependent catalase-encoding genes. E. coli strains DHSa [supE44 AlacU169
($80lacZAM15) hsdR17 recAl endAl gyrA96 thi-1 relA1] and BL21(DE3)/pLysS
[hsdS gal (\cIts857 ind1 Sam7 nin5 lacUVS5-T7 gene 1)] were used as hosts for
genetic manipulation of plasmids and for the overexpression of proteins, respec-
tively. Plasmids pET-22b(+) and pET-28b(+) (Novagen) were used for cloning
and for expression in E. coli BL21(DE3)/pLysS. Plasmid pMKEI is a bifunctional
E. coli-Thermus sp. vector with multiple cloning sites that allow directed cloning
of genes to be expressed in T. thermophilus under the control of the Pnar
promoter (34).

E. coli strains were grown in Luria-Bertani (LB) medium (28) at 37°C. Kana-
mycin (30 mg/liter) and/or ampicillin (100 mg/liter) was used when needed.
Aecrobic growth of T. thermophilus was carried out at 70°C with shaking (150
rpm) in TB medium (13). For plasmid selection, kanamycin (30 mg/liter) was
added to TB medium plates. Transformation of 7. thermophilus was achieved
with naturally competent cells as described previously (13). Transformation of
E. coli was performed as described previously (20).

Assays for catalase activity. Catalase activity was assayed in vitro by monitor-
ing the decomposition of 0.14% (wt/wt) hydrogen peroxide in 50 mM potassium
phosphate buffer (pH 7.5) at 25°C with a Shimadzu UV-240 spectrophotometer.
Aliquots (200 pl) of the cell fraction assayed were added to 2.9 ml of the reaction
mixture, and the decrease in absorbance at 240 nm was measured. An extinction
coefficient of 39.4 M~!-cm ™! was used to calculate catalase activity (35). One
unit of catalase activity was defined as the amount of enzyme required to trans-
form 1 pmol of hydrogen peroxide to water and oxygen per min at 25°C. Catalase
activity was also detected in nondenaturing acrylamide electrophoresis gels by
using the method of Woodbury et al. (45).

Molecular biology protocols. Isolation of 7. thermophilus genomic DNA was
performed as described by Marmur (31). Plasmid purification and restriction
analysis were performed by using standard methods. DNA was sequenced by
automatic methods (Applied Biosystems) by using the synthetic primers de-
scribed below (Isogen Bioscience, Maarssen, The Netherlands). Amplification of
the Mn-dependent catalase gene was performed with total DNA samples from
T. thermophilus HB27 and HB8 by PCR by using oligonucleotides ONdecat (5’
GAG CAT ATG TTC CTG AGG A 3') and OHindcat (5" CTA AAG CTT ACT
TGG CCT TCT 3') and DNA polymerase from 7. thermophilus (Biotools B & M,
Madrid, Spain). The primers included Ndel and HindIII restriction sequences
(underlined) for cloning purposes and were based on the sequence of the gene
for the Mn-dependent catalase from Thermus sp. strain YS8-13 (accession num-
ber AB008786), whose N terminus was identical to that of the purified Mn-
dependent catalase from T. thermophilus (21a).

PCR were carried out with purified total DNA from T. thermophilus HB8 and
HB27. A single DNA fragment of the expected size (~940 bp) was obtained from
both strains and was subsequently inserted into plasmid pCR2.1 (Novagen) for
further cloning steps. Five independently amplified products were sequenced
from each strain.

For construction of the expression plasmids, the PCR products cloned in
pCR2.1 were digested with Ndel and HindIII, purified, and ligated into plasmids
pET22b(+), pET28b(+), and pMKEI1, which were previously digested with the
same endonucleases. The derivatives pET22bcat, pET28bcat, and pMKEcat
were obtained. From these plasmids, either a wild-type cat gene or a mutant
derivative (cat*) was overexpressed in E. coli (pET-derived plasmids) or in
T. thermophilus (pMKEcat). In all instances, the cat genes were sequenced again
directly from the expression plasmids before production of the enzyme.

Overexpr of Mn-dependent catalase. Expression from the T7 RNA
polymerase-dependent promoter of the pET-derived plasmids was induced by
addition of IPTG (isopropyl-B-p-thiogalactopyranoside) to exponential cultures
(50 ml) of the corresponding E. coli BL21/pLys/pET strains grown in LB medium
to an optical density at 550 nm of 0.5. Cultures were incubated for an additional
3 h, and cells were then harvested by centrifugation, resuspended in 4 ml of
25 mM potassium phosphate buffer, and sonicated in 1-ml aliquots (three 30-s
pulses; maximum power; high intensity; 0.5-s repeating duty cycle; Labsonic U;
Braun). Particulate material (cell envelopes and inclusion bodies) was separated
by centrifugation at 13,000 X g for 15 min at 4°C. The supernatant was heated at
70°C for 10 min and then centrifuged. The soluble and insoluble fractions
obtained after heating and the particulate fractions were analyzed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis on 10% polyacrylamide gels
as described by Laemmli (27) and stained with Coomassie blue.

Clones of T. thermophilus strains HB8 and HB27::nar harboring the pMKEcat
and pMKEcat* plasmids were grown aerobically at 70°C with shaking (150 rpm)
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in kanamycin-containing TB medium. At an optical density at 550 nm of 0.2,
transcription from the Pnar promoter was activated by adding KNO; (40 mM)
and simultaneously stopping the shaker, as described previously (34). After
incubation for 4 h at 70°C, cell extracts were prepared as described above for E.
coli strains. Expression was verified by assaying catalase activity both spectro-
photometrically and in nondenaturing 7% polyacrylamide electrophoresis gels.
The contents of these gels were revealed with ferricyanide (45). The thermal
stability of overexpressed products was tested with the glyoxyl-immobilized de-
rivatives of the Mn-dependent catalases (21) by incubating suspensions of the
derivatives (with an approximate activity of 25 IU/ml) in phosphate buffer (pH 7)
at 85°C and measuring the catalase activity at fixed time intervals.

Protein sequence comparison and analysis. A computer analysis of the Cat
protein was performed with the programs PROSITE (22), MAXHOM alignment
(41), PHD (40), and TMHMM1.0 (E. L. L. Sonnhammer, G. Von Heijne, and A.
Krogh, Sixth Int. Conf. Intelligent Syst. Mol. Biol., p. 175-182, 1998) by using
remote access through the EXPASY molecular biology server (http://us.expasy

.org/).

Nucleotide sequence accession number. The sequence of the wild-type cat
gene has been deposited in the EMBL/GenBank database under accession num-
ber AJ551423.

RESULTS

Sequence of the Mn-dependent catalase genes from T. ther-
mophilus HB27 and HBS. Single products of the size expected
for the car genes (~940 bp) were amplified from total DNA of
T. thermophilus strains HB27 and HBS when oligonucleotides
ONdecat and OHindcat were used as primers. Direct sequenc-
ing of independently amplified cat genes from the strains re-
vealed identical sequences for the encoded Cat proteins. The
amino acid sequences were identical to that described for Ther-
mus sp. isolate YS8-13 (accession number AB008786), which
revealed a high level of conservation of the enzyme despite
minor differences in the DNA sequences. The predicted size of
the Cat proteins (33.3 kDa) was in good agreement with the
deduced electrophoretic mobility of the enzyme protein puri-
fied from T. thermophilus (Hidalgo et al., submitted).

Sequence alignments with Mn-dependent catalase apopro-
teins from P. calidifontis VA1 (4), Salmonella enterica serovar
Typhimurium (39), and L. plantarum (25) revealed that there
was complete conservation of residues E;q, E5(, H/3, E, 55, and
H, 45, which were identified as residues that coordinate two
Mn?* ions in the three-dimensional structure of the Mn-de-
pendent catalases described so far (5-8).

Interestingly, one of five PCR products amplified from
T. thermophilus HBS8 had two differences in its DNA sequence
which resulted in amino acid replacements (M129V and E293G).
This mutant form of the catalase gene (cat™), along a wild-type
form from strain HB27 (cat), was cloned into the expression
vectors (see below) to assay enzyme production both in T. ther-
mophilus and in E. coli.

Production of Mn-dependent catalase in E. coli. The cat and
cat* genes were cloned into the expression plasmids pET22b
and pET28b. From the first plasmid, an unmodified protein
was produced, but a polyhistidine tag (six-His tag) was fused at
the N terminus when derivatives of the second plasmid were
used.

At 37°C, addition of IPTG (1 mM) to exponential cultures of
E. coli BL21 harboring derivatives of the pET28b plasmids
carrying the cat genes resulted in overproduction of six-His-
tagged Cat and Cat™* proteins of the expected sizes (~37 kDa)
(Fig. 1A). Most of these fusion proteins were found in the
insoluble fraction, supporting the hypothesis that they formed
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FIG. 1. Overproduction of Mn-dependent catalases from 7. ther-
mophilus HBS in E. coli. (A and C) Overproduction at 37°C (A) or
22°C (C) of His-tagged Cat and Cat* proteins from pET28b derivatives
(1 mM IPTG). (B and D) Overproduction at 37°C (B) or 22°C (D) of
unmodified Cat and Cat* proteins from pET22b derivatives (1 mM
IPTG). Lane 1, insoluble fractions of cells harboring pET22b or
pET28b (control); lane 2, insoluble fractions of cells harboring the cat*
gene; lane 3, insoluble fractions of cells harboring the cat gene; lane 4,
soluble thermostable (70°C for 10 min) fractions of cells harboring
pET22 or pET28b (control); lane 5, soluble thermostable fractions of
cells expressing the cat* mutant gene; lane 6, soluble thermostable
fractions of cells expressing the wild-type cat gene; lane M, molecular
weight markers.

aggregates (Fig. 1A, lanes 2 and 3). This was confirmed by the
observation of inclusion bodies inside the induced cells (data
not shown).

In an attempt to increase the amount of soluble six-His-
tagged Cat proteins and putatively the amount of active ho-
loenzymes, we performed the induction experiments described
above at 22°C. As shown in Fig. 1C, this resulted in a lower
expression level concomitant with a moderate increase in the
amount of six-His-tagged Cat proteins which remained soluble
after heating at 70°C for 10 min. Despite this increase in the
soluble and thermostable protein fraction, no catalase activity
was detected either in the soluble fractions or in the particulate
fractions. Further attempts to obtain active enzyme by induc-
tion with lower IPTG concentrations (0.1, 0.25, and 0.5 mM) in
LB medium containing high concentrations of Mn?** were un-
successful (data not shown). Moreover, attempts were also
made to activate the enzyme from the inclusion bodies through
solubilization with 6 M guanidium chloride (32), followed by
slow dialysis against Mn-containing reaction buffer. None of
the assay protocols resulted in active enzyme.

In order to check if the inability to obtain active Mn-depen-
dent catalases was related to the presence of the six-His tag
fused at the N terminus, similar expression experiments were
carried out with unmodified enzymes expressed from pET22
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FIG. 2. Overproduction of Mn-dependent catalases in 7. thermo-
philus. Lane 1, molecular mass markers (94, 67, 43, 30, and 20.1 kDa);
lanes 2 and 3, soluble extract from 7. thermophilus HB8 harboring
pPMKEL1 (control) or pMKEcat; lanes 4 to 6, soluble extracts from
T. thermophilus HB27::nar harboring pMKEI1 (control), pMKEcat*,
and pMKEcat, respectively. The position corresponding to the over-
expressed Mn-dependent catalase is indicated by an arrow.

derivatives. As shown in Fig. 1B and D, a relevant fraction of
the Cat and Cat* proteins (~35 kDa) remained as the major
soluble protein after heat treatment (70°C, 10 min), after in-
duction at either 37 or 22°C. Therefore, native folding could be
anticipated for the soluble Cat proteins of this fraction. De-
spite this, analysis of the catalase activity (at 70°C) revealed
that in all instances the enzyme was not active. As with the
six-His-tagged proteins, all attempts to activate the unmodified
enzymes were unsuccessful.

Production of Mn-dependent catalases in 7. thermophilus.
The results described above suggested that specific factors
required for activation of the Cat apoproteins were absent
from the E. coli cells used as the host for expression (see
Discussion). Consequently, we decided to try overproduction
in T. thermophilus by taking advantage of the recently de-
scribed vector pMKE1 (34). Genes cloned in this vector are
expressed from the Pnar promoter, which is induced by anoxia
and nitrate in facultative anaerobic strains of T. thermophilus.
Therefore, we assayed the expression of the cat and cat™* genes
from pMKE]1 derivatives in 7. thermophilus HB8 and HB27::
nar; the latter strain is a derivative of aerobic strain HB27
which carries the nar operon (34).

As shown in Fig. 2, induction of the Pnar promoter in ex-
ponential cultures of both strains of 7. thermophilus trans-
formed with pMKEcat or pMKEcat* resulted in the produc-
tion of proteins of the expected sizes in amounts that were just
large enough to be detected by Coomassie blue staining. When
the specific activities of induced and control cultures (trans-
formed with pMKE1) were compared, moderate 20- and 27-
fold increases were detected in the HBS strain for induction of
the cat® and cat genes, respectively (Fig. 3). By contrast, the
increase in specific activity obtained was approximately 2 or-
ders of magnitude for both enzymes when strain HB27::nar
was used for expression (Fig. 3).

Stability assays. As the Cat and Cat* proteins had two
differences in their amino acid sequences, we checked their
temperature stabilities, with the perspective of future biotech-
nological applications of these enzymes. As expected, the cata-
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FIG. 3. Specific activity of overproduced Mn-dependent catalase.
The specific activities of catalases in soluble extracts from 7. thermo-
philus HB8 and HB27::nar expressing pMKE1 (control), pMKEcat,
and pMKEcat* were determined. Measurements were carried out with
triplicate samples. The error bars represent standard deviations.

lase activity of a glyoxyl agarose-immobilized derivative from
soluble fractions of cells overexpressing the wild-type Cat pro-
tein proved to be more stable than its counterpart expressing
the Cat* mutant (Fig. 4). The difference was not dependent on
which of the strains (HB8 or HB27::nar) was used as the host
for overexpression (data not shown).

DISCUSSION

The use of thermophilic enzymes for biotechnological pur-
poses has been limited very often by the difficulty of overpro-
ducing the enzymes in an appropriate host, which could allow
synthesis in an active form. This was clearly the case in the
experiments that we describe here involving a thermophilic
Mn-dependent catalase with high biotechnological potential
whose expression in E. coli results in accumulation of inactive
forms.

The reasons that underlie the absence of activity in the
products of the cat genes expressed in E. coli cannot be ascer-
tained with the present data, but two arguments suggest that
there is a requirement for a genus-specific mechanism of acti-
vation of the Mn-dependent catalase. First, Mizobata et al.
(33) described the overproduction in E. coli of inactive forms
of the apocatalase from Thermus sp. strain YS8-13 and partial
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FIG. 4. Thermostability of the Cat and Cat* proteins. Thermal
inactivation of glyoxyl derivatives of the unmodified wild-type Cat (A)
and mutant Cat* () Mn-dependent catalases overproduced in T.
thermophilus HB27::nar was determined. The experimental conditions
were as follows: 85°C and 25 mM potassium phosphate buffer (pH 7.0).
The amount of incubated enzyme was 25 TU/ml.
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activation of the catalase activity by a protocol which included
chaotropic agents and high temperatures in the presence of
elevated concentrations of manganese (33). Therefore, partial
unfolding and high temperature seem to be required for in-
corporation of Mn*" in the active center (33), suggesting that
there is an in vitro requirement for specific factors to keep the
protein in the unfolded state before activation. This fact is
reminiscent of the requirement for the Isc proteins in the
synthesis and repair of iron-sulfur clusters (46) or the require-
ment for the NarJ chaperone in the insertion of the molyb-
dopterin guanidine dinucleotide cofactor into the alpha sub-
unit of nitrate reductase A of E. coli (9).

An additional argument is based in the results shown in Fig.
1B and D, which show how a relevant amount of the protein
could be synthesized in a soluble and thermostable form (it
remained soluble after heating at 70°C), which supports the
hypothesis that the backbone of the protein is folded in a way
similar to the way in which the wild-type holoenzyme is folded.
Therefore, the absence of activity suggests that the active cen-
ter of the enzyme is not functional, probably because of the
absence of Mn?* from its active center.

Previously published data also support the existence of spe-
cific factors implicated in the insertion of Mn?* cofactors in
other enzymes. In this sense, it has been proposed that a bio-
chemically uncharacterized protein designated MTM1 func-
tions in the mitochondrial activation of superoxide dismutase 2
(SOD) from the yeast Saccharomyces cerevisiae, specifically by
facilitating insertion of the essential manganese cofactor (30).
With the relevant function of SOD in aerobic organisms in
mind, we believe that SOD-specific Mn insertion factors
should also be widely distributed. Moreover, some similarities
between these cofactors and those putatively implicated in the
insertion of Mn®" in Mn-dependent catalases could be ex-
pected. In fact, a manganese-dependent catalase (katN) from
S. enterica serovar Typhimurium is encoded by the last gene of
a four-gene operon, and the upstream genes (yciGFE) could
play a role in the activation of the enzyme (39). Homologues of
the yciGFE genes are organized as an operon in the genome of
E. coli and could be the genes required for activation of SOD
in this organism. These YciGFE homologues could substitute
for their Salmonella orthologues during the production in E.
coli of the active KatN Mn-dependent catalase (39). In this
scenario, it could be expected that such YciGFE putative ac-
tivators could not recognize an apocatalase from a phyloge-
netically distant organism, such as 7. thermophilus. In fact,
homologues of the Salmonella YciGFE proteins are not en-
coded in the genome of 7. thermophilus HB27 (accession num-
bers AE017221 and AE017222), suggesting that these proteins
are not well conserved.

Whatever the origin of inactive forms was, our results clearly
demonstrate that use of the producer organism as a cell factory
overcomes the problems of enzyme activation and allows over-
production of the enzyme in an active form. In this sense, the
overproduction levels depend dramatically on the strain used
as the host; the levels are much lower in 7. thermophilus HB8
than in HB27::nar. This difference has been observed also for
a reporter gene encoding a thermostable B-galactosidase ex-
pressed from pMKE1 and seems to be related to some leaki-
ness of the anaerobic control of the Pnar promoter in the HB8
strain (34). When specific activities were compared, the expres-
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sion in HB27::nar was roughly 10-fold higher than that in HBS,
making the HB27::nar strain an excellent system for overpro-
duction of this enzyme and most likely for future expression of
other thermozymes, which, like the Mn-dependent catalase,
cannot be synthesized in more conventional hosts. Additional
applications in the production or selection of modified forms
of the enzyme, such as the Cat* protein, can be predicted.
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