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Abstract It was found that Shinorhizobium meliloti
hemoprotein (SM) was more effective than Vitreoscilla
hemoglobin (Vhb) in promoting secondary metabolites production
when overexpressed in Streptomyces lividans TK24. The
transformant with sm (sm-transformant) produced 2.7-times
and 3-times larger amounts of actinorhodin than the vib-
transformant in solid culture and flask culture, respectively.
In both solid and flask cultures, a larger amount of
undecylprodigiocin was produced by the sm-transformant. Tt
is considered that the overexpression of SM especially has
activated the pentose phosphate pathway through oxidative stress,
as evidenced by an increased NADPH production observed,
and that it has promoted secondary metabolites biosynthesis.

Keywords: Bacterial hemoproteins, S. /ividans, secondary
metabolites production

Limited oxygen availability is one of the serious problems
facing large-scale cultures for secondary metabolite production
by Streptomyces and other mycelia-forming microorganisms,
and results in poor cell growth and a reduced product
yield. In 1988, Khosla and Bailey [22, 23] reported a new
genetic strategy based on cloning the Vitreoscilla hemoglobin
gene (vhb), which then prompted further research related
to bacterial hemoglobins and hemoproteins [1, 11, 13,
18-21, 31). Essentially, Magnolo introduced vhb into
S. coelicolor and S. lividans and observed enhanced
actinorhodin production and cell growth, respectively [28].
Bacterial hemoglobins belong to the large superfamily of
hemoproteins. Many hemoproteins have been identified in
such organisms as protozoa, plants, fungi, and bacteria:
Escherichia coli [33], Ralstonia eutropha (alcaligenes
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eutrophus) | 8], Erxinia chrysanthemi [12], Bacillus subtilis
[26], Salmonella typhimurium [9], Mycobacterium tuberculosis
[16], and Pseudomonas aeruginosa, Krebsiella pneumoniae,
Deinococcus radiodurans, and Campylobacter jejuni [7].
Moreover, it has been demonstrated that overexpression of
these hemoproteins also enhances cell growth and byproduct
formation, similar to the Vifreoscilla hemoglobin (Vhb).
Accordingly, this paper describes the first application of a
newly isolated hemoprotein from Shinorhizobium meliloti
(SM) as a vehicle for oxygen-transfer in vivo to enhance
the production of secondary metabolites in a Strepromyces
strain.

From a protein BLAST, it was found that a flavor
hemoprotein (GenBank Accession No. AAP93662) from
Shinorhizobium meliloti (SM) had a high homology to
Vhb. Thus, the sm gene from S. meliloti (ATCC 9930) was
isolated and cloned, together with vhb from Vitreoscilla
(ATCC 15218) [17]. When compared with Vhb, SM has
two additional domains (oxidoreductase FAD-binding and
NAD-binding domains) and is about three times larger.
Furthermore, the S. coelicolor genome harbors an SM
homolog with a 39% identity and 57% similarity. Thus, S.
lividans, which has a 97% genome homology with S.
coelicolor, was expected to include an ortholog. The primers
used for the PCR were supplied by DyneBio Science
(Korea): vhb (forward), 5-CTTAAGGAAGACCCATATG-
TTAGACCAGC-3' (Ndel); vib (reverse), S'-CAATATTT-
GICCCAAGCTTTGGCAACAG-3' (HindIIT); sm (forward),
5-AGGAGAAACCATATGCTCACTCAGAAG-3' (Ndel);
and sm (reverse), 5'-TGCCCCTCGGAATTCGCTCGAA-
ACAGC-3' (EcoRI). The PCR amplification was carried
out in a thermocycler (Applied Biosystem, GeneAmp PCR
System 2700, CA, U.S.A.) with Taq polymerase (TaKaRa,
Japan). After an initial denaturation step (5 min at 96°C),
30 cycles of amplification with 2 steps (20 sec at 98°C,
1 min at 68°C) were followed by a final extension period
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of 10 min at 72°C. The amplified DNA of vhb (564 bp)
and sm (1,269 bp) was cloned into pGEM-T (Promega),
and then transformed into E. col/i DH5a. Thereafier,
the cloned hemoglobin genes were subcloned into
pUWL201PW, a streptomycetes expression vector that has
an ermE strong promoter and ribosomal binding site. The
resulting recombinant plasmids, pUWL201PW-vhb and
pUWL201PW-sm, were then transformed into S. /ividans
TK24. An R2YE medium [24] was used for the liquid and
solid cultivation of S. lividans TK24, where the solid
cultures were performed on an agar plate for 7 days at
28°C, whereas the flask cultures were performed in a 500-ml
baffled flask containing 100 ml of an R2YE liquid medium
supplemented with thiostreptone (50 pg/ml) at 28°C and
200 rpm in a rotary shaker. A 1-cm’ fragment (cells+agar)
of the solid culture after 7 days of cultivation was used as
the inoculant for the seed culture, and 5 ml of the 2-day-
old seed culture was used as the inoculant for the flask
culture [5, 25, 33].

To check the expression of the vhb and sm genes, the
S. lividans TK24 transformed with pUWL201PW-vhb or
pUWL201PW-sm was cultured in an R2YE broth, and then
an RT-PCR [5] was carried out using the primer pairs listed
in Table 1. A SuperScript One-Step RT-PCR (Invitrogen,
U.S.A.) with Ex Tag (TaKaRa, Japan) was used to generate
a product from each mRNA with 0.5 pg of the total RNA
as the template. The experimental conditions were as
follows: first-strand ¢DNA synthesis, 38°C for 50 min,
followed by 95°C for 3 min; amplification, about 30 cycles
of 95°C for 30 sec, 55°C for 30 sec, and 72°C for 30 sec.
As a result of the RT-PCR, transcript signals for the vib
and sm genes were detected in the transformants with
pUWL201PW-vhb and pUWL201PW-sm, respectively,
yet no signal was found in the control (Fig. 1A). Therefore,
these data clearly show that the vhb and sm genes were
successfully transcribed in the S. /ividans transformants.

To confirm the transcriptional analysis result, 1% SDS-
15% PAGE of the total cellular proteins prepared from the
transformants was performed. From their amino acid
sequences, the molecular masses of Vhb and SM were
expected to be 15.724 kDa and 44.673 kDa, respectively.
Consistently, two proteins with approximate molecular

Table 1. Primers used for RT-PCR.
Function Gene

Bacterial vhb
hemoproteins

Oligonucleotide

Forward: 5'-gga gca gec taa gge tit gge g-3'
Reverse: 5'-gtc atc ggt tge gge ate gee g-3'
sm  Forward: 5'-cge cgt gea ggt gee taa get cg-3'
Reverse: 5'-cgt cga cga gge ceg caa agt cg-3'
Forward: 5'-gcc tee tac cgg cac cat gea cgg-3'
Reverse: 5'-ctg gtt gce gte gac geg cat gg-3'
sodF Forward: 5'-gcc gga ggg gat ccg cca tgt cc-3'
Reverse: 5'-ggt gga gee ctg gee gac gtt ge-3'

Antioxidant  card
enzymes

A Marker

VHB SM

CON1 CON2

B CON VHB SM

50 kDa
37 kDa

25 kDa
20 kDa

15 kDa

Fig. 1. Transcriptional (A) and proteomic (B) analyses of S.
lividans transformed with expression vectors.

A. Expression analysis of vhb and sm based on RT-PCR analysis of
transformants. Total RNA was isolated from the S. lividans transformants,
and then an RT-PCR was performed as explained in the text. Lane 1,
protein ladder (100 bp); lane 2 (VHB), RT-PCR of vhb-transformant with
vhb primers; lane 3 (SM), RT-PCR of sm-transformant with sm primers;
lane 4 (CON1) and lane 5 (CON2), RT-PCR of vector-transformant with
vhb and sm primers, respectively. B. SDS-PAGE analysis of total cellular
proteins: Lane 1, protein size marker; lane 2 (CON), vector only; lane 3
(VHB), vhb-transformant; lane 4 (SM), sm-transformant.

masses of 15kDa and 45kDa were detected in the
transformants with pUWL201PW-vAib and pUWL201PW-s71,
respectively (Fig. 1B), thereby supporting that the vhb and
sm genes had been successfully expressed in the host strain
on the transcriptional and proteomic levels.

Based on the confirmed expression of the vib and sm
genes in the transformants, the effects of Vhb and SM on
the host were examined. Although the transformants showed
the same growth and spore formation as the control, a large
amount of the blue-pigmented antibiotic actinorhodin was
produced by the transformant with sm, followed by the
transformant with vAb on R2YE agar plates (data not
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shown). Thus, the transformants were cultured in R2YE
agar and liquid media, and their cell growth and the
production of actinorhodin and undecylprodigiosin measured.
To measure the cell mass or concentration, the cells
were washed with a phosphate buffer. The washed
cells were then dried at 80°C for 24 h and weighed at
room temperature. The amounts of actinorhodin and
undecylprodigiocin were measured according to previously
reported procedures [2, 6, 27]. To analyze the intracellular
actinorhodin, 20 mg of dried cells was extracted with 5 ml
of chloroform in a test tube for 30 min at room temperature.
Then, 5ml of 1 N NaOH was added, and the mixture
vortexed and spun in a microcentrifuge for 15 sec. The
resulting aqueous phase contained actinorhodin, exhibiting
a blue color at an alkaline pH of 12. The optical density of
the aqueous phase was determined at 615 nm. To analyze
the intracellular undecylprodigiosin, which turns red in an
acidic pH, the chloroform phase was acidified with HCI,
and the optical density determined at 540 nm. To analyze
the extracellular actinorhodin and undecylprodigiocin in
the flask culture, the optical density of the cell-free culture
broth was measured at 615nm (pH 12) and 468 nm
(pH 2), respectively. To analyze the actinorhodin secreted
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Fig. 2. Effects of Vhb and SM overexpression on secondary
metabolism of S. lividans TK24.

S. lividans TK24 transformed with the expression vectors pUWL201PW
(CON), pUWL201PW-vkb (VHB), and pUWL201PW-sm (SM) was
cultivated on R2YE agar plates, and then the amount of actinorhodin (A) and
undecylprodigiosin (B) produced was measured after 7 days of cultivation.

into the agar in the solid culture, the agar was heat-melted
before measuring the optical density.

The production of actinorhodin and undecylprodigiosin
by the transformants on the R2YE agar plates revealed that
the expression of the sm gene was more effective in
enhancing secondary metabolite production than the vib
gene. As seen in Fig. 2, the sm-transformant produced the
largest amount of total (intra- and extracellular) actinorhodin
per unit of cell mass, which was about 4 times more than
the control, whereas the vib-transformant only produced
1.5 times more actinorhodin than the control (Fig. 2A). The
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Fig. 3. Effects of Vhb and SM overexpression on growth and
secondary metabolism of S. /ividans TK24 in liquid culture.

S. lividans TK24 transformed with the expression vectors pUWL201PW
(CON), pUWL201PW-vhb (VHB), and pUWL201PW-sm (SM) was
cultivated in an R2YE broth for 14 days, and then the cell growth (A) and
amount of actinorhodin (B) and undecylprodigiosin (C) produced were
measured as explained in the text.
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amount of extracellular undecylprodigiocin was negligible
(Fig. 2B). The sm- and vhb-transformants produced 1.5
and 1.2 times more intracellular undecylprodigiocin,
respectively, than the control.

The cell growth was slightly enhanced in the vAib- and
sm-transformants, where the sm-transformant had the
highest cell concentration at the end of the seed cultures.
The differences in the initial cell concentration in the main
cultures were simply due to different growth rates in
the seed cultures (Fig. 3A). The amount of extracellular
actinorhodin produced by the sm-transformant was about 6
times more than that produced by the control, whereas the
vhb-transformant only produced 2 times more extracellular
actinorhodin than the control (Fig. 3B). The sm- and
vhb-transformants produced about 8 and 4 times more
extracellular undecylprodigiocin, respectively, than the
control (Fig. 3C). Therefore, overall, the sm- and vhb-
transformants produced a lot more secondary metabolites
than the control. In particular, the newly isolated
hemoprotein SM significantly enhanced both the cell
growth and the secondary metabolite production when
compared with the well-characterized hemoprotein Vhb.
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Fig. 4. Effects of Vhb and SM overexpression on antioxidant
metabolism of S. lividans TK24.

S. lividans TK24 transformed with the expression vectors pUWL201PW
(CON), pUWL201PW-vhb (VHB), and pUWL201PW-sm (SM) was
cultivated in an R2YE agar broth, and then the intracellular concentration
of NADPH (A) and transcription of the catd and sodF genes encoding
antioxidant enzymes (B) and glk4 internal standard were analyzed as
explained in the text.

In previous reports by other groups [32], it has been
suggested that the overexpression of Vhb activates the
pentose phosphate pathway through oxidative stress, thereby
increasing NADPH production and promoting secondary
metabolism. Therefore, the intracellular concentration of
NADPH was measured using an HPLC equipped with a
supelcosil LC-18-T [25x4.6] column. The mobile phase used
a 10% methanol-phosphate buffer solution (0.1 M KH,PO,
(pH 6.0): methanol=90:10) with a flow rate of 1.3 ml/min.

As a result, only the sm-transformant revealed a
significantly enhanced NADPH production (Fig. 4A). In
addition, a RT-PCR analysis of the car4 and sodF' genes
encoding two typical antioxidant enzymes [4] revealed that
their transcription was stimulated by the introduction of
the vkb or sm genes, respectively (Fig. 4B). It has also
been reported that oxidative stress activates glucose-6-
phosphate dehydrogenases (zwfI and zwf2), which are the
first enzymes in the oxidative pentose phosphate pathway
(PPP) [3, 29]. Therefore, it would appear that the expression
of SM imposed oxidative stress on the cells, thereby
enhancing the PPP and increasing the production of
NADPH for biosynthesis, which in turn may have positively
affected the secondary metabolite production.
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