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Abstract Biotechnology needs to explore the capacity of
different organisms to overproduce proteins of interest at
low cost. In this paper, we show that Streptomyces lividans
is a suitable host for the expression of Thermus thermo-
philus genes and report the overproduction of the
corresponding proteins. This capacity was corroborated
after cloning the genes corresponding to an alkaline
phosphatase (a periplasmic enzyme in 7. thermophilus)
and that corresponding to a beta-glycosidase (an intracel-
lular enzyme) in Escherichia coli and in S. lividans.
Comparison of the production in both hosts revealed
that the expression of active protein achieved in S.
lividans was much higher than in E. coli, especially in the
case of the periplasmic enzyme. In fact, the native signal
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peptide of the T. thermophilus phosphatase was functional
in S. lividans, being processed at the same peptide bond in
both organisms, allowing the overproduction and secretion
of this protein to the S. lividans culture supernatant. As in
E. coli, the thermostability of the expressed proteins
allowed a huge purification factor upon thermal denatur-
ation and precipitation of the host proteins. We conclude
that S. lividans is a very efficient and industry-friendly
host for the expression of thermophilic proteins from
Thermus spp.

Introduction

Thermostable enzymes (thermozymes) from several sources
are useful tools for different biotechnological process
(Pantazaki et al. 2002). Frequent sources of these enzymes
are strains of the genus Thermus, and the most common
way to overproduce them involves use of a surrogate
mesophilic host as cell factory, Escherichia coli being the
one most widely used (Pessela et al. 2004). When
production of the active form of a thermophilic enzyme in
this mesophile is possible, the use of a purification step
involving thermal denaturalization of the host proteins
strongly facilitates its purification.

Alternative methods for the overexpression of these
proteins in engineered expression hosts of the same species
have been successfully applied to the overproduction of
different enzymes (Hidalgo et al. 2004; Kayser and Kilbane
2001; Moreno et al. 2003, 2005). However, the scaling up
of these thermophilic expression systems is still poorly
known in comparison to the long experience already
available for classical industrial microorganisms such as
Streptomyces.
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We have developed an expression system for Strepto-
myces based on the promoter of a xylanase gene: the xysAp
promoter (Santamaria et al. 2005). This is a strong promoter
that is repressed by glucose and induced by xylose or xylan
(Rodriguez et al. 2005). The system has proved useful for
the expression of genes from different Streptomyces
species, up to several grams per liter being achieved for
some enzymes, such as cellulases or amylases (Diaz M and
Santamaria RI, unpublished). In addition, a 100-fold over-
expression of the xylanase X, from Aspergillus nidulans
has been obtained, representing a 20-fold improvement
with respect to production in Saccharomyces cerevisiae
(Diaz et al. 2004), despite relevant differences between
Aspergillus and Streptomyces in codon usage.

Owing to similarities in their codon usage, with C or G
preferentially as the third base of most codons, we
speculated that Streptomyces could be an ideal host for
the expression of genes from Thermus spp. Two genes from
Thermus thermophilus encoding two thermostable enzymes
were selected to study this capacity of Streptomyces and to
compare it with the production obtained in E. coli. One of
them encodes an extracellular alkaline phosphatase (Castan
et al. 2002) and the other encodes an intracellular -
glycosidase (TTP0042) (Henne et al. 2004). The reason for
selecting these genes lies in the potential biotechnological
usefulness of these enzymes and their different locations in
the cell. Thus, alkaline phosphatases are usually used to
eliminate phosphate from DNA in different molecular
biology techniques and as a biochemical marker in ELISA
and in non-radioactive techniques such as blotting and
sequencing systems (Gong et al. 2005). The B-D glycosi-
dase can be used as a tool in organic chemistry and for the
hydrolysis of lactose and dairy products (Pessela et al.
2003).

Materials and methods
Strains and culture conditions

The T. thermophilus strains HBS (ATCC 27634) and HB27
(ATCC BAA-163) were the source of the DNA encoding a
hyperalkaline phosphatase PhoA, (Castan et al. 2002)
(Accession number AJ309568; EC number: 3.1.3.1) and a
putative beta-glycosidase (TTP0042, Accession number:
AAS82372.1; EC number: 3.2.1.21), respectively. E. coli
DHS5« (Hanahan 1983) was used for the cloning and
isolation of plasmids, following standard procedures, and .
coli BL21(DE3) (Stratagene) was used for the overexpres-
sion of genes under the control of a promoter dependent on
the T7-RNA polymerase. Streptomyces lividans JI66 (DSM
46482) (Kieser et al. 2000) was used for cloning and
protein expression.
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Growth and manipulation of E. coli and S. lividans were
accomplished as described previously (Hanahan 1983;
Kieser et al. 2000).

Plasmid construction and protein expression

The phoA gene was PCR amplified from plasmid pAPA
(Castan et al. 2002) with the primers OpaNdel (GGCA
TATGAAGCGAAGG) and OpaSall (GGGGTCGAC
GGCCCAGAQ), which included Ndel and Sall restrictions
sites (underlined), respectively. The gene encoding the
TTP-0042 protein was PCR-amplified from total DNA of
T, thermophilus HB27 with the primers oTTP0042Ndel
(AAACATATGACCGAGAACGCCGA) and oTT
P0042Hindlll (AAAAGCTTAGGTCTGGGCCCG), which
included Ndel and HindIII restriction sites (underlined).

The phoA gene was cloned into plasmid pET22b
(Novagen), which provides a C-terminal (6x)Histidine tag
to the produced protein, whereas the putative beta-glycosi-
dase gene was cloned in pET28b (Novagen), from which the
corresponding protein is also produced with a N-terminal
(6x)Histidine tag. The final plasmids were designated
pET22PA and pTTP0042.

For protein overproduction, the E. coli BL21DE3 strains
transformed with each of these plasmids were grown at 37°C
in Luria-Bertani (LB) up to an ODsso of 0.5, after which
1 mM isopropyl-beta-D-thiogalactopyranoside (IPTG)
was added to the cultures, which were kept under the
same growth conditions for 4 more hours before cell
harvesting.

The Streptomyces expression plasmids were obtained in
two steps. In the first step, the phod and TTP0042 genes
were cloned under the control of the xylanase xysA
promoter (xysAp) of Streptomyces halstedii between the
mmrt (T1) and fdt (T2) transcriptional terminators. In the
second step, these expression cassettes were transferred to
the Streptomyces multicopy vector plJ702 (Katz et al.
1983). To accomplish this, the phod gene DNA was
isolated from plasmid pET22PA by digestion with the Sa/l
and Ndel restriction enzymes. The TTP0042 gene was
obtained by digestion with Ndel and HindIll from the
plasmid pTTP0042. Both ORFs were inserted into the
corresponding sites of the plasmid pXHisl (Adham et al.
2001), yielding the E. coli multicopy plasmids pXFOSI
and pXGALL, respectively.

The expression cassettes of both plasmids were
obtained by digestion with Bglll, and after agarose gel
purification they were ligated to the plasmid plJ702
digested with the same enzyme and treated with CIAP
(calf intestine alkaline phosphatase). After transformation
of S. lividans protoplasts, the plasmids pTXF1 (carrying the
phoA gene) and pTXGall (carrying the TTP0042 gene)
were obtained.
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The production of both enzymes with the C-terminal
6xHis tag by S. lividans transformed with the above
plasmids was carried out in YES medium supplemented
with 1% xylose as described (Diaz et al. 2004).

Protein analysis and enzymatic assays

Protein profiles were analyzed with denaturing polyacryl-
amide gel electrophoresis (SDS-PAGE) (Ruiz-Arribas et al.
1995). Proteins were detected by 0.5% Coomassie brilliant
blue R staining. Protein contents were determined using the
Bio-Rad D protein assay, with bovine serum albumin as
standard. The amino terminus of the secreted phosphatase
was determined with an Applied Biosystems 470A Protein
Sequenator.

[3-glycosidase activity was determined as described by
Miller (Miller 1972) by mixing samples (2-5 pl) with
buffer Z 1x (60 mM Na,HPO,, 40 mM NaH,PO,4, 10 mM
KCI, 1 mM MgSOy, 50 mM {3-mercaptoethanol, pH 7) up
to final volume 500 pl. After incubation at 70°C for 5 min,
100 pl of an ONPG (ortho-nitrophenyl-beta-D-galactopyr-
anoside) solution (4 mg/ml in 100 mM sodium phosphate
buffer, pH 7.5) was added as substrate. The samples were
incubated for 5 min at 70°C and the incubation was finally
stopped by adding 250 ul of 1 M sodium carbonate and,
cooling on ice. Activity was measured at 420 nm DO and is
referred to as DOy ml ™! min L.

Alkaline phosphatase activity was assayed by mixing
100 pl of the sample, 800 ul of 0.2 M sodium carbonate
buffer pH 11.3 and, as substrate, 50 pl of PNPP 0.4%
(para-nitrophenylphosphate/Sigmal04 phosphatase sub-
strate) in the same buffer. The reaction time was 10 min
at 60°C. Reactions were stopped by adding 50 pl of 1 M
K,HPO,4. The samples were centrifuged at 12,000xg and
measured at 420 nm (modified from Brickman and Beckwith
1975). One enzyme unit was defined as pmoles PNP ml ™'
min "' produced.

Purification of His-tagged proteins

His-tagged phosphatase and beta-glycosidase were purified
in a first step of thermal denaturation of the host proteins
(70°C, 30 min) followed by affinity chromatography of the
soluble thermostable fraction on Ni-NTA-agarose, accord-
ing to the standard procedures of the manufacturer
(Qiagen). Briefly, samples were adjusted to 50 mM sodium
phosphate, 300 mM NaCl, pH 8.0, for binding to the resin,
washed twice with 5 mM imidazole in the same buffer and
eluted with 250 mM imidazole. Fractions containing highly
purified protein were pooled and dialyzed against 50 mM
sodium phosphate buffer, pH 7.5, plus 50 mM NaCl
Purified fractions containing PhoA were incubated with
40 mM CoSOQy, for 15 min at 65°C to reactivate the enzyme.

Results

Cloning and expression of TTP0042 in S. lividans J166
versus E. coli.

The gene encoding the beta-glycosidase from 7. thermo-
philus was cloned into the Streptomyces multicopy plasmid
plJ702 (“Materials and methods™). The expression plasmid,
pTXGALI, containing the sequence encoding TTP0042
transcribed under the control of the Strepfomyces promoter
xysA (xysAp) (Fig. la, left), was transformed in S. lividans
J166 protoplasts and the plasmid vector plJ702 was used as
a negative control. Transformants were cultured in liquid
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Fig. 1 a Expression plasmids for Streptomyces (pTXGall, left) and E.
coli (pTTP0042, right) schemes: tsr: thiostrepton resistance; melC2:
tyrosinase gene; T1: mmrt transcriptional terminator; xysAp: xylanase
promoter; Tthgall: T. thermophilus glycosidase; T2: fdt transcriptional
terminator; kan: kanamycin resistance; lacl: galactosidase gene; 77p:
T7-polymerase promoter; 7: T7 transcriptional terminator; b Thermus
B-glycosidase production in Streptomyces versus E. coli transformed
with pTXGall or pTTP0042. Coomassie-stained gel protein of 10 pl
of total cell extract protein culture (CE); S. lividans: Sp: supernatant;
E. coli: P: particulate fraction after cell lysis; S: soluble proteins after
cell lysis; empty plasmids plJ702 or pET28b(+) were used as negative
controls (C-), lanes / and 4, respectively; ¢ Soluble proteins after
treatment of the same fractions at 70°C for 30 min; d Glycosidase
activity of the different fractions (activity unit: DOz ym ml~ ' min ).
Error bars correspond to the standard deviations of four different
assays. Numbers between ¢ and d correspond to the different lanes or
reactions
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media (YES medium supplemented with 1% xylose) for 4
and 6 days, and the cells were harvested and mechanically
disrupted (fast prep), obtaining a cell extract (CE). A good
production of the beta-glycosidase was observed with SDS-
PAGE stained with Coomassie Blue (Fig. 1b). A clear extra
protein band of 48.6 kDa with respect to the negative
control cultures was detected in the cell extracts of the
pTXGALI cultures (Fig. 1b, lane 2).

Part of the enzyme could also be observed in the
supernatant fraction (Fig. 1b, lane 3) in spite of being an
intracellular enzyme, and hence without a signal peptide
sequence. The specific activity of this enzyme was
confirmed by colorimetric assays with ONPG, as described
in “Materials and methods,” in both fractions after 4 days of
culture (Fig. 1d). These pTXGALI cultures had about 260
enzyme units per milliliter (U/ml) in the cell extract fraction
whereas 28 U/ml were detected in the supernatant. The
amino terminal sequence of the secreted protein was
determined as “TENAEKFL”, corresponding to the second
amino acid (only lacking the methionine), and hence the
protein was not processed by any known secretion pathway.
Production was not enhanced in the cell extract fraction
(229 U/ml) at longer incubation time (6 days) and was even
slightly more abundant in the supernatant fraction (55 U/ml).
The presence of the protein in the supernatant could be
explained in terms of partial cell lysis.

Simultaneously, E. coli BL21 (DE3) was transformed
with plasmids pTTP0042 (Fig. la, right) and pET28b+ as
negative controls (C—) and the production of beta-glycosi-
dase under the T7-promoter was induced with 1 mM IPTG,
as described in “Materials and methods.” The cells were
harvested and disrupted by sonication (total cell extract:
CE), after which the cell extract was centrifuged to separate
the soluble fraction (S) from the particulate fraction (P),
and their activities were measured. As shown in Fig. 1b
lane 5, a large amount of beta-glycosidase (about half of
that produced by Streptomyces) was produced in the cells
(CE) as seen in Coomassie-stained SDS-PAGE protein gels,
but the B-gal activity of the protein overexpressed in E. coli
was quite low (3.6 U/ml) in comparison with that expressed
in Streptomyces (about 260 U/ml) (Fig. 1d). In fact, all the
activity present in whole cells extracts of E. coli corre-
sponded to the small amount of the protein that remained
soluble after disruption of the cells (S, Fig. 1b, d lane 7)
(3.4 U/ml). This result indicates that most of the protein
produced in E. coli under these conditions does not fold
properly and precipitates as inclusion bodies (P fraction,
Fig. 1c lane 6). Thus, despite the good production of the
protein in E. coli its specific activity was very poor in
contrast to the high specific activity of the enzyme
produced in Streptomyces.

As TTP0042 is a thermozyme, we subjected the different
fractions containing the protein to a heat treatment (70°C
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during 30 to 60 min). The results with the Streptomyces
fractions revealed a clear enrichment in the thermophilic
protein (Fig. lc, lane 2), which remained active in both
fractions (205 U/ml in CE and 30 U/ml in Sp) even after
60 min at 70°C. However, it is worth noting that different
host proteins remained soluble after the treatment. As
expected, the heat treatment applied did not result in an
increase in the amount of soluble and active forms of the
enzyme in the CE and S fractions from E. coli, the same
activity (3.5 U/ml in CE and 3.2 U/ml in S) being detected
as that measured before the treatment. This shows that a
single heat treatment is not sufficient to refold the enzyme
from the inclusion bodies produced during its expression in
E. coli.

Cloning and expression of PhoA in S. lividans J166

The phoA gene encoding the periplasmic hyperalkaline
phosphatase from Thermus thermophilus was also cloned
under the control of the S. halstedii xysA promoter (see
“Materials and methods”). The final plasmid—pTXF1
(Fig. 2a, left)y—was obtained in S. /lividans JI66 and its
map was corroborated by digestion with restriction
enzymes. Cultures of S. lividans JI66 transformed with
pTXF1 or with the control plasmid plJ702, were grown at
30°C for several days in liquid YES media supplemented
with 1% xylose. The protein pattern was analyzed by SDS-
PAGE and the phosphatase activity (AP) was measured in
culture supernatants and in whole cell extracts. An
accumulation of a protein band corresponding to the
expected size of the PhoA protein (54.7 kDa) was observed
along the culture time in the supernatant of the cultures
carrying pTXF1 (Fig. 2b, lanes 3 and 4) but not in the 4-
and 6-day cultures of S. lividans J166 transformed with
plJ702 (Fig. 2b, lanes 1 and 2).

In the latter fractions, a protein slightly larger than PhoA
was observed, but it did not accumulate as the growth time
advanced. In fact, these fractions showed a basal level of
alkaline phosphatase activity (about 13 U/ml). In contrast,
an activity of about 267 U/ml of phosphatase was detected
in the supernatant of 6-day cultures carrying pTXF1
(Fig. 2d); this supports the notion that the accumulating
protein detected by Coomassie blue staining in fact corre-
sponded to the 7. thermophilus PhoA. Confirmation of this
was obtained by N-terminal sequencing of this secreted
protein, which revealed the existence of two consecutive
processing sites (+29 and +34: Q|NQPSL|GRRYNL...)
that were identical to those detected for the PhoA protein
purified directly from the periplasmic fraction of T
thermophilus (Castan 2004).

It is interesting to note only a small fraction of
phosphatase activity remained bound to the cells (data not
shown), showing that almost all the protein was efficiently
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Fig. 2 a Expression plasmids for Streptomyces (pTXF1, left) and E.
coli (pET22PA, right) schemes: tsr: thiostrepton resistance; melC2:
tyrosinase gene; T1: mmrt transcriptional terminator; xysAp: xylanase
promoter; TthphoA: T. thermophilus phosphatase; T2: fdt transcrip-
tional terminator; amp: ampicillin resistance; lacl: galactosidase gene;
T7p: T7-polymerase promoter, 7: T7 transcriptional terminator; b
Thermus phosphatase production in Streptomyces versus E. coli
transformed with pTXF1 or pET22PA. Coomassie-stained protein gel
showing production of 10 pl liquid culture. S. lividans: Sp(4): 4-day
supernatant; Sp(6): 6-day supernatant; E. coli: CE: total cell extract
protein; P: particulate fraction after cell lysis; S: soluble proteins after
cell lysis; empty plasmids plJ702 or pET22b(+) were used as negative
controls (C—) lanes / and 5 respectively; ¢ Soluble proteins after
treatment of the same fractions at 70°C for 30 min; d Phosphatase
activity of the different fractions (activity unit: pmoles PNP ml™' min™").
Error bars correspond to the standard deviations of four different
assays. Numbers between ¢ and d correspond to the different lanes or
reactions

secreted to the growth medium in Strepfomyces, thus
avoiding, on one hand, the limitations that the volume of
the periplasmic space imposes on the amount of overex-
pressed proteins in E. coli (Castan et al. 2002) and, on the
other, reducing the requirements for subsequent purification
steps.

A clear example of the limitations to the expression of
secreted proteins in E. coli was observed when the PhoA
protein was expressed in E. coli BL21 (DE3) from plasmid
pET22PA (Fig. 2a, right). After induction with IPTG, the
cells were disrupted and the soluble and particulate
fractions were analyzed. As shown in Fig. 2b, the enzyme
could not be easily detected by Coomassie blue staining in
any of the fractions. However, a low activity was detected
in the whole-cell (CE, 15 U/ml) and soluble (S, 11 U/ml)
fractions (Fig. 2d).

Owing to its thermophilic nature, the fractions from both
organisms containing PhoA were also subjected to thermal
treatment at 70°C for 30 min, as above. As shown in
Fig. 2c, most of the Streptomyces-secreted proteins dis-
appeared after this treatment, PhoA remaining as the major
component of the soluble fraction from 4- and 6-day
cultures (Sp(4), lane3 and Sp(6), lane 4). The AP activity
recovered from the culture supernatant after this treatment
was more than 85% of that detected before it.

Biochemical properties of the thermophilic proteins

After thermal denaturalization of the host proteins we
performed a His-tag affinity chromatography of the
thermostable soluble fraction to purify and characterize
both proteins, as described in “Materials and methods.”
Aliquots of the purified proteins were then used to analyze
the optimal pH and temperature of both enzymes. As
shown in Fig. 3a, the TTP0042 enzyme functions optimally
between pH 6.5 and 7.5, being inhibited in the presence of
Tris—HCI buffer, as described for other beta-glycosidases
(Dion et al. 1999). At the optimal pH, the activity at 75°C
was the maximum (Fig. 3b). A further stability assay was
carried out, and it was observed that the enzyme was stable
for more than 2 h at 70 and 80°C, but that it was completely
inactivated after 40 min at 90°C (Fig. 3c). No activity was

Fig. 3 Biochemical properties 2100+ " .
of TTP0042. a optimal pH de- g ‘.‘g‘m‘;ﬁ%ﬁ?ﬁm 100 b
termination; b optimal tempera- 8 804 "™ 80~
ture determination; ¢ thermal : \
inactivation pattern at different a 80+ \ 6C™
temperatures :% 40
3 # /
—h 20— 201 =
&
L] 0 I 1 ]{ U T T T T T T 0 T T T T T T
® 215 6 3 40 30 50 70 80 90 20 20 60 80 100 120

Temperature (° C) Time {minutes)

@ Springer



1006

Appl Microbiol Biotechnol (2008) 79:1001-1008

detected when PNPG (para-nitrophenyl-alpha-D-galacto-
pyranoside) was used as substrate instead of ONPG
(ortho-nitrophenyl-beta-D-galactopyranoside) (not shown),
supporting the idea that the enzyme has no alpha-
glycosidase activity.

However, the PhoA enzyme thus purified was complete-
ly inactive. As the activity was readily detected upon
overproduction, we speculated that such absence of activity
would be due to a loss of the necessary required cations
during its purification through the chelating column.
Accordingly, we incubated the purified protein with
different salts (40 mM) at 60°C, observing activation in
the following order: Co®" > Zn*" >Mg*" > Cu*" (data not
shown). The optimal pH and temperature for the Co+ -
reactivated enzyme was measured as above with appropri-
ate buffers, values of pH 11.3 and 80°C, respectively, being
obtained (Fig. 4).

Discussion

Microorganisms included within the genus Streptomyces
are used for the industrial production of a broad number of
active compounds, such as antibiotics, antitumorals, and
several enzymes, such as proteases, transglutaminase, or
xylose isomerase (Challis and Hopwood 2003; Van
Mellaert and Anne 2001). In this work, we observed that
Streptomyces also has great potential for producing large
amounts of thermophilic proteins. In particular, we used S.
lividans for the production of enzymes from the thermo-
phile Thermus thermophilus. Our results show that the
expression of genes with a codon usage similar to
Streptomyces (C or G in the third base), as is the case in
Thermus, clearly improves the probabilities of success
when expressing heterologous genes in this microorganism,
as has also been demonstrated for Mycobacterium proteins
(Vallin et al. 2000).

The interest of the present work derives from the fact
that mesophilic organisms with a high industrial back-
ground can be used for the production of thermostable
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Fig. 4 Biochemical properties of PhoA. a optimal pH determination
The buffers used were: Tris—HCI (7-10) and Carbonate (11-13); b
optimal temperature determination
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enzymes isolated from a thermophilic organism that is
difficult to scale up. We used two different organisms (a
Gram-negative E. coli and a Gram-positive Streptomyces)
to produce a periplasmic alkaline phosphatase (PhoA) and
an intracellular beta-glycosidase (TTP0042). We obtained a
good expression level of the beta-glycosidase in both
microorganisms, but whereas most of the protein was
produced in an active and soluble form in Strepromyces,
the protein produced in E. coli was improperly folded and
was accumulated in the particulate fraction, most likely as
inclusion bodies. Therefore, at least for this particular
protein, the use of Streptomyces as an expression host
represents a dramatic improvement in comparison with the
use of E. coli.

The presence of relevant amounts of the beta-glycosi-
dase in the supernatants of the overproducing S. lividans
cultures (55 U/ml in a 6-day culture) was unexpected owing
to the absence of any putative signal peptide or processing
of the enzyme (only lacking the first methionine). The most
likely first-hand explanation we considered was cell lysis,
although such a phenomenon could not be detected
microscopically. Moreover, no other major intracellular
proteins were detected accompanying the beta-glycosidase
in the culture supernatants, suggesting that if there were
indeed some microscopically undetectable lysis, the Strep-
tomyces-secreted proteases would be degrading such
intracellular proteins without affecting the thermozyme.
Whichever the case, it seems clear from the beta-glycosi-
dase sequence that none of the main bacterial protein
secretion systems described to date (Sec/SRP and Tat) is
likely to be responsible for a putative active secretion of
this protein. Nevertheless, the possibility still remains that
any of the broad variety of new protein-targeting secretion
systems described for Gram-positive bacteria, such as
WXG100/ESAT-6, sortase, etc. (some of which do not
require the presence of a typical signal peptide), could be
involved in the putative secretion of this intracellular
enzyme (Pallen et al. 2003).

An even more dramatic difference was found when the
expression of the PhoA protein in both organisms was
compared. In this case, the secreted nature of this protein,
which is secreted to the periplasm of 7. thermophilus
through the TAT system (Cava and Berenguer 2006; Cava
et al. 2008), was a problem when E. coli was used as
overexpression host. In this bacterium, the amount of
protein produced was basically detected only by its
enzymatic activity, as there were insufficient amounts
available for detection with Coomassie blue staining. This
was probably the consequence of both a limitation in the
number of TAT secretion systems in E. coli, the pathway by
which this protein is secreted in this host (Angelini et al.
2001), and also to the volume limitations imposed by the
periplasmic space.
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In contrast to such limitations, the secretion machinery
of Streptomyces does recognize the PhoA signal peptide
and secretes it efficiently to the growth medium. Moreover,
processing of the signal peptide of this protein was identical
in both organisms, as revealed by comparison of the N-
terminal sequence of the protein secreted by Streptomyces
with that isolated and purified from the periplasmic space
of T. thermophilus (Castan et al. 2002). This is a very
relevant result, not only because it shows that no protein
engineering would be required at signal peptide level for
the expression of Thermus periplasmic proteins in this
industrial microorganism, but also because its direct
secretion to the growth medium bypasses the above-
commented limitations imposed by the periplasm volume
on the amount of expressed proteins in Gram-negative
hosts.

In addition, the fact that active forms of the PhoA and
the beta-glycosidase accumulated in S. lividans super-
natants after several days of culture indicates that the
proteins used here are stable and insensitive to S. lividans-
secreted proteases. Similar results concerning protease
resistance have been described for other heterologous
secreted proteins produced by Streptomyces (Sianidis et al.
2006)). Nevertheless, there are other Streptomyces protease-
defective strains that could be used as hosts in the event of
the protein to be expressed not being so protease-resistant.

Another advantage of using a mesophilic organism as a
host (Streptomyces), compared to recently developed
Thermus homologous expression systems (Moreno et al.
2005), is the use of elevated temperatures to denature and
precipitate most host cell proteins, allowing a very efficient
first purification step. In the case of the secreted proteins,
this results in an essentially pure product that would not
require further purification for most applications, making
the yield of the process highly profitable from an industrial
point of view.

The most remarkable conclusion derived from this work
is the higher capacity of Streptomyces to produce active
Thermus heterologous proteins compared to E. coli. In
particular, the 260 U/ml vs 3.5 U/ml of the B-glycosidase
intracellular enzyme and the 267 U/ml vs 15 U/ml of the
periplasmic phosphatase enzyme are good examples of the
appropriate choice of Streptomyces for protein expression
in biotechnology.
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