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Abstract The sprA and sprB genes, encoding the
chymotrypsin-like proteases Streptomyces griseus protease A
(SGPA) and Streptomyces griseus protease B (SGPB), and the
sprT gene that encodes Streptomyces griseus trypsin (SGT)
were cloned from S. griseus and were overexpressed in
various strains of S. griseus. When the sprT gene was
introduced into S. griseus, trypsin activity increased 2-fold in
the A-factor deficient mutant strain, S. griseus HHI, and
increased 4-fold in the wild strain, S. griseus IFO13350.
However, there was no detectable increase of chymotrypsin
activity in the transformants of S. griseus with either sprA
or sprB, in contrast to the results obtained from S. lividans as
a heterologous host. To solve the negative gene dosage effects
in 8. griseus, cither the sprA or the sprB genes with their own
ribosome binding sites were linked to the downstream of
the entire sprT gene, and the coexpression efficiency was
examined in §. lividans and S. griseus. The transformants of
S. lividans with either pWHM3-TA (sprT+sprA) or pWHM3-
TB (sprT+sprB) showed 3-fold increase of trypsin activity
over that of the control, however, only the transformant of
pWHM3-TB demonstrated 7-fold increase in chymotrypsin
activity, indicating that the pWHM3-TB has a successful
construction for the overexpression of chymotrypsin in
Streptomyces. When the coexpression vectors were introduced
into S. griseus IFO 13350, the trypsin level sharply increased
by more than 4-fold, however, the chymotrypsin level did
not increase. These results strongly suggest that the
overexpression of the sprA and sprB genes is tightly regulated
in S. griseus.
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Streptomyces griseus is one of the most important
industrial microorganisms because it can produce many
kinds of antibiotics and enzymes, and the study on the
biosynthetic genes for the secondary-metabolites formation
has become the hottest issue in streptomycetes works
especially for the polyketides [11} and aminoglycoside antibiotics
[9, 10, 23]. Streptomycetes have unique characteristics in
their life cycle, leading to aerial mycelium and spore
formation, and many kinds of regulatory factors involved
in this complex differentiation process have been intensively
studied [16,21]. A-factor (2-isocapryloyl-3-R-hydroxy-
methyl-y-butyrolactone) is a microbial hormone that is
known as a positive regulator for the physiological and
morphological differentiation in S. griseus [5, 6]. Therefore,
S. griseus HH1, an A-factor-deficient mutant strain derived
from strain IFO 13350 by NTG-mutagenesis, resulted
in loss of ability for streptomycin production and
sporulation [7].

Genes such as sprA, sprB, sprC, sprD, and sprT, encode
for S. griseus protease A (SGPA), §. griseus protecase B
(SGPB), S. griseus protease C (SGPC), S. griseus protease
D (SGPD), and S. griseus trypsin (SGT) [4, 13, 22]. All
the proteases produced from S. griseus belong to a bacterial
serine protease that has a common catalytic mechanism,
involving a triad of the residues serine, histidine, and
aspartic acid [17,24]. Four chymotrypsin-like serine
proteases, SGPA, SGPB, SGPC, and SGPD, are closely
related to the mammalian Asp-Ser-Gly serine proteases,
and SGT is a bacterial serine protease that is more similar
to a mammalian protease, trypsin [18, 20, 24].

In the previous report, we described that sprA, sprB, and
sprT genes were cloned from S. griseus and successfully
overexpressed in S. lividans TK24 as a heterologous host.
The chymotrypsin activity of the culture broth measured
with the artificial chromogenic substrate was 5 and 7 times
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Fig. 1. Restriction maps of expression vector pWHM3-A, pWHM3-
B, pWHM3-T, pWHM3-TA, and pWHM3-TB containing insert
of entire sprA, sprB, sprT, sprA linked to spr7, and sprB linked to
sprT genes, respectively.

The restriction enzyme sites used for cloning are placed at both ends of the
inserts. The DNA fragments derived from S. griseus are indicated by a
thick line, and only the parts from the muiticfoning sites introduced by the
DNA manipulation procedure are depicted by a thin line. The organization
of the structural genes, with pre-pro peptide (&) and mature protease (1),
is shown on the maps. Abbreviations: amp', ampicilline resistance; tsr',
thiostreptone resistance; B-gal, B-galactosidase; B, BamHI; Bg, Bglll; E,
EcoRL H, Hindlll; K, Kprl; X, Xbal,

higher in the transformants harboring either sprA or sprB
gene than that of the control, respectively {2]. In addition,
the transformant of S. lividans TK24 with pWHM3-T
containing the sprT gene produces 15 times more SGT in
R2ZYE medium than the S. lividans control, and 3.5 times
more than S. griseus 10137, from which the sprT gene
originated [14, 15]. In addition, the introduction of the
sprA gene into S. lividans triggered the biosynthesis of the
pigmented antibiotics, actinorhodin and undecylprodigiosin,
and the introduction of sprA and sprT genes induced
significant morphological changes in the colonies [2].
These results imply that certain proteases play very
important roles in secondary-metabolites formation and
morphological differentiation in Streptomyces.

Based on the successful overexpression and resulting
physiological and morphological changes in the S. lividans
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host system, the same recombinant plasmids such as
pWHM3-A, pWHM3-B, and pWHM3-T, containing the
sprd, sprB, and sprT genes, were reintroduced into S.
griseus HH1, an A-factor deficient mutant, using the
protoplast transformation method {8, 19]. Then, the plasmids
were reisolated from S. griseus HH1 and used for the
transformation of S. griseus IFO 13350 to avoid the strong
restriction system of S. griseus wild strain. The transformants
were culiured in an R2YE broth [8] containing 20 pig/mi of
thiostrepton, and then the chymotrypsin proteolytic activity
was analyzed using the artificial substrate, N-succinyl-Ala-
Ala-Pro-Phe-p-nitroanilide, as described [2].

The growth curve of each transformant was compared
for the protein concentration of the cell lysates by the
method of Bradford [1]. Although there were small
fluctuations in the growth curves of each strain, significant
differences were not observed (Figs. 24, 2C). In contrast
to the results from S. lividans, the chymotrypsin activity in
the transformants of S. griseus with pWHM3-A and
pWHM3-B was almost the same as that of the control, and
no gene dosage effect could be observed in any of the
host strains used (Figs. 2B, 2D). This fact suggests that
the expression of chymotrypsin-like protease genes, such
as sprA and sprB, is repressed by some factor(s) in its
original strain, which is absent in S. lividans. Although
the chymotrypsin activity of the S. griseus IFO 13350
transformed with pWHM3-A was more than 2 times higher
than the control during the earlier stage of growth, the
difference disappeared after 6 days of cultivation (Fig. 2D).

The transformants with pWHM3-T were also cultivated
under the same conditions, and their trypsin activities were
measured, as shown in Fig. 3. The trypsin activity was
spectrophotometrically measured, based on the release of
p-nitroaniline caused by the enzymatic hydrolysis of the
artificial chromogenic substrate, N-o-benzoyl-DL-arginine-
p-nitroanilide {2]. In all the strains, gene dosage effects
were observed, but to different degrees. The transformant
of 8. griseus IFO 13350 showed 7-fold increase in trypsin
activity and the transformant of S. griseus HH1 showed
2-fold increase. This observation suggests that the sprT
gene can be overexpressed in S. griseus, as in S. lividans,
and its activity is higher in A-factor-positive strains, such
as S. griseus IFO 13350 and S. griseus HO1, than in the
A-factor-negative strain S. griseus HH1 (data in S. griseus
HO1 is not shown).

The repression of the gene dosage effect in S. griseus
was observed in the case of another chymotrypsin-like
protease gene, sprD, which was also well overexpressed in
S. lividans (data not shown). The common feature of
promoter regions for sprd, sprB, and sprD genes was
compared (Fig. 4). Several conserved regions were found,
and one possible explanation for this repression might be
that some repressor protein might recognize one of those
conserved regions and control its transcription.
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Fig. 2. Comparison of the growth curve and chymotrypsin activity, produced by each transformant of S. griseus HHI1 (A, B) and IFO

13350 (C, D) in R2YE medium.

(A, C) The concentration of cellular protein in the transformants was measured using the Bradford method after the cells were disrupted by sonication, and
expressed in mg/ml. (B, D) The chymotrypsin activity of the cultural filtrate prepared from the transformant was expressed in unit/mg of cellular protein, as
described in Materials and Methods. 03—, HH1 control with pWHM3; A—a, HH1 transformant with pWHM3-A; O—O, HHI transformant with
pWHM3-B; B—M, TFO 13350 control with pWHM3; A —a , TFO 13350 transformant with pWHM3-A; @ —@, IFO 13350 transformant with pWHM3-B.

The above data indicate that the sprT gene could be
successfully overexpressed in all the streptomycetes strains
tested, thus prompting us to construct a coexpression system
for sprA and sprB genes by using the sprT promoter. For
the construction of the coexpression system, the sprA and
sprB genes respectively were amplified with its ribosome-
binding site by polymerase chain reaction (PCR) [3]. The
primers with appropriate restriction enzyme sites are listed
in Table 1. The amplified sprA and sprB genes were
connected to the downstream of the entire sprT gene,
which resulted in pWHM3-TA and pWHM3-TB, respectively,
as depicted in Fig. 1. At first, two plasmids were respectively
introduced into S. lividans TK24, and the chymotrypsin
and trypsin activities were measured.

After the cultivation for 9 days, the trypsin activities of
the transformants harboring either pWHM3-TA or pWHM3-
TB were 3.5 and 2.5 times higher than those of the
transformant harboring pWHM3 (Fig. 5A). This result
suggests that the constructs are operating well to express

the sprT gene. The chymotrypsin activities of the transformants,
harboring either pWHM3-TA or pWHM3-A, were almost
the same, but much higher than those of the transformant
with pWHM3 (Fig. 5B). Surprisingly, the chymotrypsin
activities of the transformants, harboring either pWHM3-B
or pWHM3-TB, were 7.1 and 6 times higher than those of
the transformant with pWHM3 (Fig. 5B). In addition, the
transformant with either pWHM3-A or pWHM3-B showed
much higher chymotrypsin activity than those of pWHM3-
TA or pWHM3-TB, possibly reflecting the polar effect of
the linked gene. These data indicate that at least the pWHM3-
TB was correctly constructed for successful cotranscription
and translation of chymotrypsin and trypsin by using the
promoter of sprT in S. lividans TK24.

Next, the coexpression vectors, pWHM3-TA and pWHM3-
TB, were respectively introduced into S. griseus IFO
13350. As shown in Fig. 6A, the trypsin level increased
sharply by more than 4 to 5 times than that of the control
(transformant with pWHM3) after cultivation for 10 days.
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Fig. 3. Comparison of the growth curve (A) and trypsin activity
(B), produced by each transformant of S. griseus HH1 and IFO
13350 in R2YE medium.

(A) The concentration of cellular protein in the transformants was
measured using the Bradford method after the cells were disrupted by
sonication, and expressed in mg/ml. (B) The trypsin activity of the cultural
filtrate prepared from the transformant was expressed in unit/mg of cellular
protein, as described in Materials and Methods. (1— 1, IFO 13350 control
with pWHM3; A—A, HHI control with pWHM3; B—M, IFO 13350
with pWHM3-T; A— A, HHI with pWHM3-T.

However, the chymotrypsin level did not show any
significant difference among all the transformants after
cultivation for 6 days, even though a big difference was
observed in the earlier stage of the growth (Fig. 6B).
These observations imply that the overexpression of
sprA and sprB cannot be attained in S. griseus, in contrast
to S. lividans, by increasing the copy number of the gene
and by replacing the promoter region. This fact strongly
suggests that there are some special devices regulating the
level of SGPA and SGPB in S. griseus. One possibility is

Table 1. Primers used in this study.
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1 10 20 30 40 50 20

1 |

sprfl STCUAZECE

sprB  GEGAGCGGARCCEEATCGRCGLCTEACCCEEGLGAGRLLCCRLLGGLCCCEECATCIGEA

sprD  GGATCCGCGCLG~~TCGAATACCGGRCAGEACTARTCCTCREC-~CAGGG CCCTCARE
Consensus  ,gpa,c.g..c08..L088,,.0.8,.C.8..C. 88,80, 800, .C. . 7000, Cate

61 70 80 90 100 110 120

| J
sprl  CATCTCATTLCGSC=ww TCRLCERCECEIATCCRECCTTGRE A TCRTCBACGRTCLCCRY
sprB  CGBCTIC--CG3GGECCEGTGACEGATCTG  CCCGCCTRGC-CAARCICATTCTTGCGTC
sprB  GGTCGIR=--CCHRGT-6TCGLERTCSGACCGRECTEETGE SACCC S666RGGTRANCE

Consensus  cgtltla, loigle.g, iegllg,el,glrec cligateljacaga, Jotbec, .,

121 130 140 150 160 170 180

I |

sprA CAACCATTmmemCCRGL 3= TRCARL w7 GGCRGETTIRZ ZC 0 »m=CRETCCC

sprB  CCCOETCCGRCCICCTYUIATAITCIGRTCAGCGA CRGIGG CHARTTCGARA

spr)  CETLGmm=====CGTECSRAGLATCGmmm e GTETRZ —---TGGRAG
Consensus  Ce.lh, 000 le,gllatgl, 800 0ees b1 Caglbglith, [, ., ,tegaa,
181 190 260 210 220 230 240

|
sprl ALTGGGTGRSAACTY =
sprB  TCCGGACAGSCCCCCGACT.
sprl)  TCem—mwwGACCTIGTRT!
Consensus

241 250 260 266

1

sprB  CATACCTCEGS

sprB  TTCCCCT

sprD  TCCTCCHTE
Consensus bt,c,Cltelgl, Ghaa’el, ade’C
———

Fig. 4. Comparison of promoter regions of three chymotrypsin
genes, sprA, sprB, and sprD.

The translational start codons are indicated by the box and the putative
ribosomal biding sites are represented by the thick underline.

the transcriptional or posttranscriptional regulation by
some factor(s), and the other possibility is the production
of a protease inhibitor that is specific for chymotrypsin,
but not for trypsin. The posttranslational modification of
the expressed chymotrypsins, SGPA and SGPB, into
inactive ones, or the limited processing of premature forms
of SGPA and SGPB into active forms, can also be
considered.

Recently, some of the present authors studied the
proteases produced by S. griseus IFO13350 and S. griseus
HHI1 {12], showing higher degree of protease activity in
proportion to its ability to produce a higher amount of
A-factor. In particular, the specific activity of the trypsin of
S. griseus TFO13350 was greatly enhanced in the later
stage of growth, which coincides with our data. Interestingly,
the formation of aerial mycelium and spores was delayed
by the treatment of the serine protease inhibitor, pefabloc
SC, and the metalloprotease inhibitor, EDTA, in S. griseus
IFO13350 [12]. These observations suggest that certain
proteases may be very important for differentiation, and that

Genes Forward Reverse
sprT atcgecegecgaaticgcaacatct---(219 nts)---GTG acgetcTGAcggeaggtaceggea
SprA teccecggtaccteggaggatctcGTG TGAgcgectacggggeaacggtectgtagecggtgecaccgaageticgggct
sprB ggcceccggtaccccteggaggaacccgaaGTG TGAccggcecegececggtegggtacggageatgecgtacaaacgt

Only the underlined sequences were used for primers, and the restriction enzyme sites used for the cloning are represented in italicized bold letters. Start
codons (GTG) and stop codons (TGA) are depicted in the capital letters to show the relative positions.
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Fig. 5. Comparison of the trypsin activity (A) and chymotrypsin
activity (B) produced by each transformant of S. lividans in
R2YE medium.

(A) The trypsin activity of the cultural filtrate prepared from the
transformant was expressed in unitmg of cellular protein. (B) The
chymotrypsin activity of the cultural filtrate prepared from the
transformant was also expressed in unit/mg of cellular protein, as described
in Materials and Methods. [J—[1, Control with pWHM3; A—a,
transformant with pWHM3-A; O—O, transformant with pWHM3-
B; A—a, transformant with pWHM3-TA; @—@®, transformant with
pWHM3-TB.

their expression may be precisely regulated in Strepromyces.
Therefore, studies on the regulatory cascade of the
protease production are expected to be very helpful to
understand the cellular function of proteases.
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Fig. 6. Comparison of the trypsin activity (A) and chymotrypsin
activity (B) produced by each transformant of S. griseus in R2YE
medium.

(A) The trypsin activity of the cultural filtrate prepared from the
transformant was expressed in unit/mg of cellular protein. (B) The
chymotrypsin activity of the cultural filtrate prepared from the
transformant was also expressed in unit/mg of cellular protein, as described
in Materials and Methods. 00—, Control with pWHM3; A—A,
transformant with pWHM3-A; O—O, transformant with pWHM3-
B; A—a, transformant with pWHM3-TA; @—@. transformant with
pWHM3-TB; @—M, transformant with pWHM3-T.

REFERENCES

1. Bradford, M. M. 1976. A rapid and sensitive method for the
quantitation of microgram quantities of protein utilizing the
principle of protein-dye binding. Anal. Biochem. 72: 248-
254.

2. Chi, W.-J., J.-M. Kim, S.-S. Choi, D.-K. Kang, and S.-K.
Hong. 2001. Overexpression of SGPA and SGT induces
morphological changes in Strepromyces lividans. J. Microbiol.
Biotechnol. 11: 1077~ 1086.

3. Choi, S.-S., W.-J. Chi, J. H. Lee, S.-S. Kang, D.-K. Kang,
B. C. Jeong, and S.-K. Hong. 2001. Overexpression of



10.

11.

12.

13.

the sprD gene encoding Streptomyces griseus protease D
stimulates actinorhodin production in Streptomyces lividans.
J. Microbiol. 39: 305- 313

. Henderson, G., P. Krygsman, C. J. Liu, C. C. Davey, and

L. T. Malek. 1987. Characterization and structure of genes
for proteases A and B from Streptomyces griseus. J.
Bacteriol. 169: 3778-3784.

. Hong, S. K. and S. Horinouchi. 1998. Effects of protein

kinase inhibitors on in vitro protein phosphorylation and on
secondary metabolism and morphogenesis in Streptomyces
coelicolor A3(2). J. Microbiol. Biotechnol. 8: 325-332.

. Hong, S. K., M. Kito, T. Beppu, and S. Horinouchi. 1991.

Phosphorylation of the AfsR product, a global regulatory
protein for secondary metabolite formation in Streptomyces
coelicolor A3(2). J. Bacteriol. 173: 2311-2318.

. Horinouchi, S. 2002. A microbial hormone, A-factor, as a

master switch for morphological differentiation and secondary
metabolism in Streptomyces griseus. Front. Biosci. 7: 2045-
2057.

. Hopwood, D. A., M. J. Bibb, K. E Chater, T. Kieser,

C. J. Bruton, H. M. Kieser, D. J. Lydiate, C. P. Smith, and
J. M. Ward. 1985. Genetic Manipulation of Streptomyces: A
Laboratory Manual. The John Innes Foundation, Norwich,
England.

. Jo, Y.-Y., S.-H. Kim, Y.-Y. Yang, C.-M. Kang, J.-K. Sohng,

and J.-W. Suh. 2003. Functional analysis of spectinomycin
biosynthetic genes from Streptomyces spectabilis ATCC
27741. J. Microbiol. Biotechnol. 13: 906-911.

Kharel, M. K., B. Subba, H. C. Lee, K. Liou, J. S. Woo,
D. H. Kim, Y.-H. Moon, and J. K. Sohng. 2003. Identification
of 2-deoxy-scyllo-inosose synthase in aminoglycoside producer
Streptomyces. J. Microbiol. Biotechnol. 13: 828-831.

Kim, C.-Y,, H.-I. Park, and E.-S. Kim. 2003. Heterologous
expression of hybrid type II polyketide synthase system in
Streptomyces species. J. Microbiol. Biotechnol. 13: 819-
822,

Kim, J.-M. and S.-K. Hong. 2000. Streptomyces griseus
HHI, an A-factor deficient mutant, produces diminished
level of trypsin and increased level of metalloproteases. J.
Microbiol. 38: 160~ 168.

Kim, J. C, S. H. Cha, S. T. Jeong, S. K. Oh, and
S. M. Byun. 1991. Molecular cloning and nucleotide sequence
of Streptomyces griseus trypsin gene. Biochem. Biophys.
Res. Commun. 181: 707-713.

4.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

OVEREXPRESSION OF sprA AND sprB GENES 1355

Koo, B-J., K-H. Bai, S. M. Byug, and S.-K. Hong. 1998.
Purification and characterization of Streptomyces griseus
trypsin overexpressed in Streptomyces lividans. J. Microbiol.
Biotechnol. 8: 333-340.

Koo, B.-I., J.-M. Kim, S.-M. Byun, and S.-K. Hong. 1999.
Optimal production conditions of Streptomyces griseus
trypsin (SGT) in Streptomyces lividans. J. Biochem. Mol.
Biol. 32: 86-91.

Kwon, H. J, S. Y. Lee, S. K. Hong, U. M. Park, and
J. W. Suh. 1999. Heterologous expression of Streptomyces
albus genes linked to an integrating element and activation
of antibiotic production. J. Microbiol. Biotechnol. 9: 235~
242

Narahashi, Y., K. Shibuya, and M. Yanagita. 1968. Studies
on proteolytic enzymes (pronase) of Streptomyces griseus
K-1. 1. Separation of exo- and endopeptidases of pronase. J.
Biochem. (Tokyo) 64: 427-437.

Nicieza, R. G., J. Huergo, B. A. Connolly, and J. Sanchez.
1999. Purification, characterization, and role of nucleases
and serine proteases in Streptomyces differentiation. Analogies
with the biochemical processes described in late steps of
eukaryotic apoptosis. J. Biol. Chem. 274: 20366-20375.
Okanishi, M., K. Suzuki, and H. Umezawa. 1974. Formation
and reversion of streptomycete protoplasts: Cultural conditions
and morphological study. J. Gen. Microbiol. 80: 389~ 400.
Olfason, R. W. and L. B. Smillie. 1975. Enzymatic and
physicochemical properties of Streptomyces griseus trypsin.
Biochemistry 14: 1161-1167.

Park, U., J. W. Suh, and S. K. Hong. 2000. Genetics analysis
of absR, a new abs locus of Streptomyces coelicolor. J.
Microbiol. Biotechnol. 10: 169-175.

Sidhu, S. S., G. B. Kalmar, L. G. Willis, and T. J. Borgford.
1995. Protease evolution in Streptomyces griseus. J. Biol.
Chem. 270: 7594- 7600.

Sohng, J.-K., H.-R. Noh, O.-H. Lee, S.-J. Kim. J.-M. Han,
S.-K. Nam, and J.-C. Yoo. 2002. Function of lysine-148
in dTDP-D-glucose 4,6-dehydratase from Streptomyces
antibioticus Tu99. J. Microbiol. Biotechnol. 12: 217-221.
Trop, M. and Y. Birk. 1970. The specificity of proteases
from Streptomyces griseus (pronase). J. Biochem. 116: 19-
25.



