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Abstract Amino-terminal degradation has been ob-
served for many of the secreted heterologous proteins
produced by S. lividans 66. We, therefore, set out to
characterize the relevant proteinases and their genes.
A tripeptide chromogenic substrate was used to ident-
ify a gene that was shown to encode a secreted protein
which removed tripeptides from the amino terminus of
extracellular proteins (tripeptidyl aminopeptidase, Tap;
Butler et al. 1995). This activity was removed by
a homologous gene deletion replacement and the abil-
ity of the S. lividans strain to remove N-terminal
tripeptides was greatly reduced, but still significant.
When the tap-deleted strain was used as a host for the
rescreening of a S. lividans 66 genomic DNA library,
a number of other genes encoding proteases with
aminopeptidase activities were discovered. One
clone (P5-4) produced a 45-kDa secreted protein (Ssp),
which showed activity against Ala-Pro-Ala-J3-naph-
thylamide (A PA-/3NH-Nap) substrate. Further analysis
of the cloned DNA showed an open-reading
frame encoding a protein larger than 45 kDa. Direct
Edman degradation of the secreted protein confirmed
that it was encoded within the cloned DNA and prob-
ably processed from a larger precursor. Protein se-
quence analysis revealed a striking homology to sub-
tilisin BPN' in three regions around the active-site
residues suggesting that the protein is a serine protease.
As expected, the protease activity was inhibited by
phenylmethylsulphonyl fluoride. Mutant strains with
most of the ssp gene deleted exhibited reduced activity
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against APA-/3NH-Nap substrate compared to their
non-deleted parental strains.

Introduction

The development of microbial expression systems to
produce biologically active proteins requires an under-
standing of the gene-expression machinery and endo-
genous proteolytic capability of the host cells. Strepto-
myces lividans strains have been successfully used by
several workers to produce soluble protein secreted
directly into the culture medium. (Anne and van Mel-
laert 1993; Bender et al. 1990; Brawner et al. 1990, 1991;
Chang and Chang 1988; Malek et al. 1990). Until re-
cently relatively little information has been available
about the endogenous proteases present in S. lividans;
although some proteolytic activities (Aretz et al. 1989)
have been observed the proteins and their respective
genes have not been described. Aminopeptidase activ-
ities (Aphale and Strohl 1993) and some relevant genes
have been isolated and characterised (Butler et al.
1994a, b; 1993). Recently, a previously unknown se-
creted tripeptidyl aminopeptidase (Tap) from S. lividans
was described which was shown to remove tripeptides
from the N-termini of recombinant proteins (Krieger et al.
1994). Inactivation of the tap gene by homologous recom-
bination using a DNA fragment, in which a deletion had
been made within the Tap-encoding region, reduced the
Tap activity in such deletion strains (Butler et al. 1995).
However, a low but significant level of Tap-like activity
was still observable. Therefore, we searched for other
activities similar to those of Tap, using the deletion strain
MS7 as a host for a genomic library and screening for the
overexpression of the ability to hydrolyse the chromo-
genic tripeptide substrate Ala-Pro-Ala-13-naphthylamide
(APA-J3NH-Nap) in an agar-plate assay (Butler et al.
1993). This work describes the isolation, characterization
and deletion of another gene, ssp, encoding a secreted
protease (Ssp) active against this chromogenic substrate.
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Materials and methods

Streptomyces strains were cultured and manipulated as described by
Hopwood et al. (1985). The protease-deficient strains MS7 (Atop,
AsIpA, AsIpC, ApepPl, ApepP2) and MS9 (Atop) have been
described elsewhere (Butler et al. 1995) E. coli transformations used
competent cells from Bethesda Research Laboratories, Burlington,
Ontario. Genetic manipulation was according to Maniatis et al.
(1982). Hybridization conditions were described previously (Butler
et a). 1992) and used [- 32 P dATPdATP supplied by either Amersham,
Oakville, Ontario, or Du Pont Canada Inc., Mississauga, Ontario.
Aminopeptidase assays were as previously described (Butler et al.
1994a) using either p nitroanilide (-pNH-Np, measured at 405 nm) or
fl-naphthylamide (-f3NH-Nap, measured at 540 nm) chromogenic
peptide substrates. Sodium dodecyl sulphate/polyacrylamide gel elec-
trophoresis (SDS-PAGE) analysis was as described by Laemmli (1970).

DNA sequencing and primer-extension analysis of transcription
was carried out as previously described (Butler et al. 1993; Hender-
son et al. 1987) with data compilation using DNASTAR (Doggette
and Blattner 1986), and homology searches using the BLAST pro-
gram (Altschul et al. 1990). The nucleotide sequence data have been
deposited in the Genbank database, accession no. L41655. Auto-
mated Edman degradation for direct amino acid sequence deter-
mination was performed by the Sequencing and Amino Acid Analy-
sis Laboratory, at the Core Facility for Protein/DNA Chemistry,
Department of Biochemistry, Queens University, Kingston, Ontario.

The Ssp protease described in this work was partially purified
from the cell-free broth of an S. lit/dons MS7 (Tap) transformant
harbouring the P5-4 plasmid, grown for 22 h in trypticase soy broth.
representing the optimal time for expression of this protease under
these conditions. Extracellular proteins from the cell-free broth were
precipitated by saturating the broth to 85% (w/v) ammonium sul-
phate and standing on ice for 30 min. Precipitated material was
recovered by centrifugation at 16000g and at 4 C. The resulting
pellet was resuspended in a minimal amount of distilled water (crude
enzyme mix) and column-dialysed to 20% ammonium sulphate in
20 mM Tris/Cl, pH 6.5 using a Bio-Rad Econo-Pak 10 GD dispos-
able column (Bio-Rad, Hercules, Calif.).

Hydrophobic-interaction chromatography (HIC) was performed
using a phenyl-Superose column (HR 5/5, Pharmacia, Uppsala,
Sweden) pre-equilibrated in 20% ammonium sulphate in 20 mM
Tris/Cl, pH 6.5. The sample was loaded at 24 column volumes/h
(cv/h) and bound proteins were eluted from the column at the same
flow rate by a linear gradient of 20%-0% ammonium sulphate in
Tris/Cl, pH 6.5. Fractions representing 2 column volumes each were
collected for analysis. APA-pNH-Np degradation assays and SDS-
PAGE analysis indicated that P5-4 activity and a 45-kDa protein
co-eluted from the column at approximately 7%-8% ammonium
sulphate concentration. Active fractions were pooled, column-dialy-
sed to 10% ammonium sulphate and reloaded on the phenyl-
Superose column re-equilibrated to the same buffer conditions.
Bound protein eluted from the column at a concentration of approx-
imately 2.5% ammonium sulphate and was used for substrate-
degradation assays. The HIC step served to remove pigments and
a large amount of contaminating proteins from P5-4. The protease
at this stage was approximately 75% pure, as judged by SDS-PAGE
analysis. This material was used for inhibitor studies described in the
text.

Results

Screening an S. lividans 66 genomic library
with APA-/3NH-Nap

Protoplasts of S. lividans MS7 were transformed using
pooled bifunctional plasmid pSS12 DNA isolated from

E. coli transformants representing a genomic library
(Butler et al. 1992) of S. lividans 66 DNA. Thiostrepton-
resistant transformant colonies were screened directly
using the APA-/3NH-Nap substrate. Among 13 000 col-
onies tested, 11 strongly positive clones were identified.
Plasmid DNA was isolated and used to transform
competent cells of E. coli HB101, facilitating the isola-
tion of larger quantities of relatively pure plasmid
DNA for restriction-enzyme-site analysis. Four of these
clones were recognised to represent the previously de-
scribed tap locus. Four other clones were shown to
represent another locus encoding a putative mem-
brane-bound protease showing significant homology to
the Tap protein (Binnie et al. 1995). Two further clones
(designated P5-4 and P5-15) were shown by Southern
hybridization analysis to represent overlapping frag-
ments from another locus in the S. lividans 66 chromo-
somal DNA by virtue of a common pattern of positive
signals from restriction digests of genomic DNA
probed at high stringency (0.1 x SSC, 68°C) using each
clone as a hybridization probe (not shown). Finally,
another clone (P5-10) was also obtained and shown to
represent a chromosomal locus unlinked to P5-4/P5-15
(unpublished data).

Identification of a Streptomyces subtilisin-like
protease

SDS-PAGE analysis of the culture supernatant from
the S. lividans MS7 strain retransformed with either
P5-4 or P5-15 showed a major secreted protein species
with an apparent subunit molecular mass of 45 kDa
(Fig. 1). Preparative SDS-PAGE followed by electro-
transfer of the 45-kDa protein to an Immobilon poly-
vinylidene difluoride (PVDF) membrane (Millipore) al-
lowed direct automated Edman degradation to be car-
ried out to yield the amino acid sequence NH2-
DTGAPQVLGG EDLAAAKAASAKAEGQDPLE.
Aminopeptidase activity was significantly (20-fold) in-
creased over background levels in these culture super-
nates with APA-pNH-Np substrate (Table 1). Activity
appeared to be lost on prolonged culture (42 h) of
P5-4/P5-15 transformants, correlating with the disap-
pearance of the 45-kDa band, as revealed by SDS-
PAGE analysis (not shown).

Sequence analysis of the P5-4 locus

The restriction-enzyme-site map of the P5-4/P5-15
locus is shown in Fig. 2. Deletion subcloning analysis
was carried out to localise the protein-encoding
DNA region. Plasmid subclones were constructed in
E. coli HB101 strains and DNA used to retransform
S. lividans MS7 protoplasts to examine their proteolytic
capability using the agar-plate APA-/3NH-Nap
assay. The DNA fragments and their related hydrolytic
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Fig. I SDS-PAGE analysis and silver staining of extracellular pro-
teins (50 µl cell-free broth) from S. lividans MS7 transformants har-
bouring plasmids P5-4 and P5-15. The overproduced 45-kDa pro-
tein is indicated and is not present in lane 6, representing a pSS12
vector control. Lane 2 P5-4, 23 h; lane 3 P5-4, 26 h; lane 4 P5-15,
23 h: lane 5 P5-15, 26 h; lane 6 vector pSS12, 26 h. Molecular mass
markers was loaded on the same gel and their relative positions
indicated as shown (lane 1)

Table 1 Ala-Pro-Ala-p-nitroanilide (APApNH-Np) hydrolysis by
10 pl cell-free broth of S. lividans MS7 transformed with P5-4 and
P5-15 ssp-containing plasmids. Background activities obtained from
a pSS12-vector-only transformant are as shown. Transformants
were grown in shake flasks in trypticase soy broth/0. l M MOPS/2°/^
glucose including thiostrepton (10 pg ml - ') and sampled at 23 h and
26 h (late exponential, early stationary phase). The results are from
the linear range of the assay, and uncorrected for dry cell weight, as
all cultures grow essentially at the same rate

Plasmid	 APA-pNH-Np hydrolysis

(AA 405, corrected for	 (AA405 ml - ` min - ')
no substrate)

23h	 26h	 23h	 26h

P5-4	 0.546	 0.710	 1.8	 2.4
P5-15	 0.729	 0.991	 2.4	 3.3
PSS12	 0.033	 0.032	 0.1	 0.1

activities are as shown in Fig. 2. The activity data suggest
the location of the active region of DNA to be around
the centre of the inserted sequence in P5-4. DNA frag-
ments from this region were, therefore, subcloned into
the E. coli pT7T3 vector for nucleotide sequence deter-
mination. The nucleotide sequence is shown in Fig. 3.
Inspection of the sequence reveals a potential protein-
encoding region located between the NcoI(7) and

Fig. 2 Restriction-enzyme-site map of cloned ssp DNA. Two plas-
mids (P5-4 and P5-15) were isolated from a Sau3A1 genomic library.
DNA remaining in the P5-4 plasmid deletions (Al to A5) is shown by
a horizontal line. The relative hydrolytic ability of strains carrying
the plasmids in the agar-plate assay under Ala-Pro-Ala-/3-naph-
thylamide is indicated at the left-hand side of the figure: + Strongly
red colonies, — pale orange-coloured, indistinguishable from that
produced by host colonies carrying only the plasmid vector. Arrow
the location and direction of the open-reading frame (orf)

Ncol(11) sites. The predicted protein consists of 513
amino acids. A potential ribosome-binding site
(GGAG) occurs 9 nucleotides upstream from the puta-
tive initiator ATG codon. The transcription start point
(tsp) for this gene was mapped by primer-extension
analysis using an oligonucleotide (5'-CGAGGGCAC
GGCGGTGACGCGAGAGGGGAG) that hybridizes
to a DNA sequence encoding amino acids 3-12 of the
primary translation product (data not shown). The tsp
appears to be located to a thymidine base 167 bases
upstream of the translation initiation codon (Fig. 3).
The hexameric sequences, TAGCTT and TTGCTG,
located approximately 10 and 35 bases upstream of the
tsp and separated by 18 bases, conform in part of
consensus sequences (TAGA/GA/GT, TTGACA/G)
for promoters of genes transcribed by the major form of
the RNA polymerase holoenzyme (E6 70) present in
vegetatively growing mycelium of Streptomyces (Stroh]
1992).

Sequence and activity comparison of P5-4 and
subtilisin BPN'

The predicted N-terminal amino acids appear to re-
semble a typical gram-positive signal peptide with three
arginine residues close to the NH 2 end. The amino acid
sequence determined from the observed secreted pro-
tein was identical to that of residues 125-154 in the
predicted protein sequence, indicating that the P5-4
protein is processed from a larger precursor form after
secretion. When the amino acid sequence was used to
screen the protein databases the most similar sequence
detected was that of subtilisin BPN', which is also
processed from a larger, inactive precursor form after



	1 	 GGTACCAGGCGACGAAGGCGACGGTCAGCGGGAACGCGAAGGAACGGAAGGAGCGGCGCAGTTCGGCGAACTCGGCGCTCTGCTGCACTTCGGAGAACTC

	

101	 CTCGGCGGAGGGGAGGCGGTGCTCCTCTTGCGAGGGGGGCTCCTCTTTGGAGGGGGGCGGTGCGTCGGGTGGCCACGGAGTCTCCTCGTACGACGGACAT

	

201	 GACGGCTTGGACCTCGGTGTTCTCGCAGGGGGCTGATCGTGCTCGGGCTCCCTGTCCAACGACACGGCGCCCCGCGGGGCCCGGTTCAACACCCGTGGCA
H

	301	 CTTTCCGAAGTCGTCCTCGGCGGGTCATTGCTGGCCAGGGACTTCGGGGGATAGCTTCACCCTGCACCACTACGTCATGTACCTGCCCGGCCCGTTTCAC

	

401	 CCGTGCCCGGGCAGGTGCTGTTTGCCGGATGATGTGGAGACCCCATGGATCATCTGCGCTTCCCGCGCGACCCGCGCTCCAGACGCGGGCTCGTTTCCCG

	

501	 AGCTTTCCCGACGGACTGGAGACATCACGCATGACCGCTCCCCTCTCGCGTCACCGCCGTGCCCTCGCGATTCCGGCGGGCCTGGCCGTGGCCGCGTCGC
fM T A P L S R H R R A L A I P A G L A V A A S L

	

601	 TCGCGTTCCTGCCGGGCACCCCGGCCGCCGCGACCCCCGCGGCCGAGGCCGCGCCCTCGACGGCGGCGGACGCGACCTCGCTCAGCTACGTCGTCAACGT
A FL P CT PA A AT P A A E A A P ST A A DAT S L S Y V V N V

	

701	 CGCCTCCGGGCACCGTCCTTCGGCCACCGTGCGGCGGGCGATAGCCAAGGCGGGCGGCACGATCGTCACGTCGTACGACCGGATCGGCGTGATCGTCGTC
AS G HR P S A TV HR A IA K AG G TI VT S Y DR I CVI V V

	

801	 CACTCCGCCAACCCCGACTTCGCCAAGACCGTGCGCAAGGTGCGCGGCGTGCAGTCGGCCGGTGCCACCCGCACCGCGCCACTGCCCTCGGCCGCCACCA
H S A N PD F A K TV R K V R CV Q SAGA PR TAP L PS AA IT

	

901	 CCGACACGGGCGCGCCGCAGGTGCTCGGCGGCGAGGACCTGGCCGCCGCCAAGGCCGCCTCCGCGAAGGCCGAGGGCCAGGACCCGCTGGAGTCGCTCCA
D T G A P Q V L G G E D L A A A K A A S A K A E G Q D P L E S L Q

	

1001	 GTGGGACCTGCCCGCCATCAAGGCGGACAAGGCGCACGAGAAGTCGCTGGGCAGCAGGAAGGTGACCGTCGCCGTCATCGACACCGGCGTCGACGACACC
W DL PA I K AD K A H E K S L G SR K VT VA V ID T G V D D T

	

1101	 CACCCGGACATCGCCCCGAACTTCGACCGGCAGGCGTCCGTCAACTGTGTGGCGGGCAAGCCGGACACCGCCGACGGGGCCTGGCGGCCGAGCGCGGCGG
H PD IA PH F DR Q AS V N CV AG K PDT ADO A WE PS A A E

	

1201	 AGAGCCCGCACGGCACCCACGTGGCCGGGGAGATAGCCGCCGCCAAGAACGGCGTCGGCATGACCGGCGTGGCACCCGGGGTGAAGGTGGCCGGCATCAA
S PH CT H VA G El A A A K N G V G M T G V A PG V NV AG I K

	

1301	 GGTCTCCAACCCCGACGGCTTCTTCTACACCGAGGCCGTGGTCTGCGGCTTCATGTGGGCGGCCGAGCACGGCGTCGACGTGACCAACAACAGCTATTAC
VS N PD G F F Y TEA V V CC F MW A A E H G V DV TN N S Y Y

	

1401	 ACCGACCCGTGGTACTTCAACTGCAAGGACGACCCCGACCAGAAGGCGCTCGTCGAGGCCGTCTCGCGGGCCTCCCGGTACGCGGAGAAGAAGGGCGCGG
T D p WY F NC K D D PD Q NA L V E A V SR A SR Y A EM KG A V

	

1501	 TCAACGTCGCCGCGGCCGGCAACGAGAACTACGACCTCACCTCCGACGAGATCACCGACCCGTCCTCGCCCAACGACACCACGCCCGGCGACCGGACCGT
N VA A AG N EN Y DL PS D SIT D PSS P NOT PP G DR TV

	

1601	 CGACCCGTCGAAGTGCCTGGACATCCCGACCCAGCTGCCGGGTGTCGTGACGGTCGCGGCGACCGGTGCGAAGGGCCTCAAGTCGTCCTTCTCCAACCAC
D P S K CL DIP T Q L PC V V TV A AT G A KG L KS SFS NH

	

1701	 GGGCTGGGCGTCATCGACATCGCCGCGCCCGGCGGCGACTCGACGGCCTACCAGACCCCGGAGCCGCCCGCCACGAGCGGCCTGATCCTGGGCACGCTGC
CL CVI DI A A PG CD STAY Q T PEP PATS CLI L GIL P

	

1801	 CCGGCGGCAAGTGGGGCTACATGGCCGGTACGTCCATGGCCTCCCCGCACGTCGCGGGCGTCGCCGCCCTCATCAAGTCGACGCACCCGCACGCCTCCCC
CC NW G Y M ACT S M A S PH VA G V A A L I K ST HP HASP

	

1901	 CGCCATGGTGAAGGCGCTGCTGTACGCCGAGGCCGACGCCACGGCGTGCACCAAGCCGTACGACATCGACGGCGACGGCAAGGTCGACGCGGTGTGCGAG
A MV NA L L Y A E A DATA CT K P Y DID G D G K V D A V CE

	

2001	 GGCCCGAAGAACCGCAACGGCTTCTACGGCTGGGGCATGGCCGACGCGCTGGACGCGGTGACCTGGTAGCCGGTACGCGTACCCGTGCGTGAGGCGGGGG
G P K N RN G F Y G W GM AD AL D A VT W.

	

2101	 CGG GGGTCCGGTTCCCGTCCGGTCCGCCGCCCCCGTCGTCGTCGTCGTACGACAGTATCTTCGCCATGGACACTTACGAGGATCC
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Fig. 3 The nucleotide sequence of the S. liridans 66 ssp locus. The
deduced amino acids in the coding region are aligned under the first
nucleotide of each codon. Asterisks are marked above the nucleo-
tides that constitute a potential ribosome-binding site. The transla-
tion-termination codon is indicated by a dot and is followed by an
inverted repeat sequence (AG = — 219 kJ calculated according to
the rules of Tinoco et al. 1973), which is shown by an orerline.
Amino acid residues that were observed by direct sequencing of the
protein are underlined. The transcription start point is indicated by
an arrow and putative — 10 and — 35 promoter sequences are
shown in hold upstream of this site

secretion. Alignment of these two sequences reveals
three striking regions of homology centred around each
of the active-site residues characterised for subtilisin
(Fig. 4).

Given the observed homology, it was of interest to
examine the relative hydrolytic specificities of the
two enzymes. Ideally this should be undertaken with
purified proteins but since our initial objective was to

identify and delete protease activities rather than ex-
haustively characterize host proteases, we carried out
a limited study using crude fermentation broth samples
of a strain containing the overproduced protein (which
was designated Streptomyces subtilisin-like protease,
Ssp) as well as the host transformed with a plasmid
vector as the control. A preliminary analysis (Table 2)
of the relative hydrolysis of chromogenic substrates
by Ssp compared to subtilisin BPN' (Boehringer
Mannheim) suggested that the specificities of the two
enzymes appear to be significantly different. The Ssp
was much less effective than subtilisin BPN' in hy-
drolysing azocasein and substrates in which the free
NH 2 -terminal group was chemically blocked or altered
(SucAPA-pNH-Np and H-D-PFA-pNH-Np). Con-
versely, APA-/3NH-Nap was much more rapidly
hydrolysed by Ssp than by subtilisin BPN'. A further
study of Ssp activity was carried out using a protein
fraction enriched for APApNH-Np activity, purified
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Fig. 4 Amino-acid sequence alignments between S. lividans Ssp and
subtilisin BPN'. Amino acid numbering for each protein commences
with the residue at the NH 2 terminus of the final processed product.
Identical amino acids are indicated by boxes. Active- site residues in
the subtilisin sequence are indicated by an asterisk

from an Ssp-overexpressing strain from which Tap
activity had been deleted (MS7). The results showed
activity to be calcium-dependent, inhibited by phenyl-
methylsulphonyl fluoride and EDTA (reversible with
excess Ca t ), and not inhibited by phenanthroline
(data not shown), implying that the Ssp protease is of
the serine protease type.

Table 2 Chromogenic substrate hydrolysis comparison of P5-4 (Ssp)
and Subtilisin BPN', P5-4 activity was measured from a representa-
tive transformant of S. lividans strains MS7 and MS9 deleted for tap
activity and harbouring the P5-4 clone. The data shown are for
a 23 h assay time. All transformants grew at the same rate. Essential-
ly similar results were obtained from 26 h samples. The results were
corrected for background activity (less than 1% of total) from
a vector-only control using a cell-free broth sample. Subtilisin activ-
ity was measured using a commercial preparation (Boehringer
Mannheim), and corrected for background from a no-substrate control

Substrate	 Proteolytic activity
(AA4o5 mg ' min - ')

Subtilisin
P5-4	 BPN'

MS/	 MS9

Deletion of the chromosomal ssp gene

The phenotypic properties of the plasmid deletion
clones (Fig. 2) were consistent with the nucleotide
sequence data and allowed the construction of an integ-
ration plasmid (using the previously described pINT
plasmid, Butler et al. 1992). The integration clone was
used to create a strain containing the specific deletion
at the ssp locus within the predicted transcription unit
in both an independent tap-deleted strain (MS9) to
create MS12 (tap - , ssp -) or in the multiply mutated

HD-Pro-Phe-Arg-pNH-Np 0.005 0.000 0.073
Succinyl-Ala-Pro-Ala-
pNH-Np 0.009 0.000 0.374
Ala-Pro-Ala-pNH-NP 0.412 0.435 0.113
Leu-pNH-NP 0.003 0.000 0.105
Arg-pNH-Np 0.000 0.003 0.020
Azocasein 0.000 0.000 13.40

MS7 strain, to create MS11. This independent line was
established to assess the specific effect of deletion of
tripeptidyl aminopeptidase genes, as the MS7 strain
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Table 3 APApNHNp hydrolysis by cell-free broth from S. licidans
independent strains with Tap and Ssp activity deleted, or only Tap
activity deleted. A 90-pl sample of cell-free broth was tested in each
case. Values are corrected for small (less than 0.5 g/l) differences in
dry cell mass between strains at each assay time, and all figures
quoted were from the linear range of the assay. The 16-h and 19-h
sampling times reflect the optimal expression time in plasmid-free
strains for this protease, occurring at the late exponential/early
stationary phase of growth

Strain	 APApNH-Np hydrolysis
(AA40 g - ' min')

16 h	 19 h

S. lividans 66 wild type 130.0 144.9
S. lividans 66 MS7 13.8 17.7
S. licidans 66 MS9 12.4 16.5
S. licidans 66 MS11 7.7 11.2
S. licidans 66 MS12 7.6 8.6

reproducible reduction in hydrolytic capability, with
the MS11 and MS12 strains exhibiting the lowest activ-
ity. These two strains grew and sporulated in an identi-
cal manner to their parental strains when grown on
minimal medium or on R2 complex solid medium
(Hopwood et al. 1985), or when grown in liquid
trypticase medium.

Detection of ssp homologues in other
Streptomyces species

A high-stringency Southern hybridization was carried
out to determine if ssp-like sequences were detectable in
a variety of Streptomyces species. The results (Fig. 5)
indicated that homologous sequences were detected in
all species tested, the strongest signal being detected in
the closely related S. coelicolor species.

Discussion

Fig. 5 Southern hybridization analysis of restriction digests of chro-
mosomal DNA prepared from various Streptowvices species, probed
with digoxigenin-labelled P5-4 plasmid. Hybridization was carried
out at 68 C in 6 x SSC (1 x SSC: 0.15 M NaCI, 0.015 M trisodium
citrate, pH 7.0), 0.18 M Na 2 HPO 4, 6 mM EDTA, 1% sarkosyl,
50 µgm] - ' sonicated boiled calf thymus DNA, and the final wash
step at 68 C in 0.1 x SSC/0.l% SDS. Digoxigenin-labelled phage
i. DNA was included as a probe to provide molecular mass markers
of i. DNA digested with Hindlll. Lanes 2-9 Neal-digested DNA;
lanes 10-17 Sphl-digested DNA. Lanes 1, 18 i. DNA/HindllI mo-
lecular mass markers; 2, 10 S. alboniger 504 (P, Redshaw, Austin
College, Texas); 3, 11 S. cnnhofaciens ATCC 23877; 4, 12 S. coeli-
color M130 (John Innes Institute, Norwich, UK); 5, 13 S. fradiae
ATCC ]4544; 6, 14 S. griseus ATCC 10137; 7, 15 S. licidans 66 (John
Innes Institute, Norwich, UK); 8, 16 S. parrulus 2238 (John Innes
Institute, Norwich, UK); 9, 17 S. rimosus ATCC 10970

already described was also deficient in non-Tap pro-
teases. The strains were grown in trypticase soy broth
for 22 h and examined for the ability of the cell-free
broth to hydrolyse APA-[3NH-Nap. The results of
a representative experiment (Table 3) showed a small,

Genes encoding proteases that hydrolyse an APA-
/3NH-Nap substrate have been isolated and partially
characterised. It was not surprising to identify during
this search a protease related to subtilisin BPN', since
the production of a secreted subtilisin proteinaceous
inhibitor (SPI) by Streptomyces strains has been well
documented. Moreover, the modulation of protease
activity by coordination of the production of a protease
and its corresponding inhibitor has been widely ob-
served in many cell types. It is, however, noteworthy
that the Ssp described in this report appears to be much
more active as an exo-(amino)peptidase, unlike its sub-
tilisin homologue. Southern hybridization experiments
using chromosomal DNA prepared from different
Streptomyces species detected DNA sequences homo-
logous to the ssp DNA, the homology being strongest
in strains closely related to S. lividans, e.g. S. coelicolor.

A recent report (Taguchi et al. 1995) described the
isolation and characterization of a 20-kDa chymotryp-
sin-like serine protease (SAM-P20) from a Strepto-
myces albogriseolus mutant lacking SPI. The Ssp pro-
tease described in this report, however, appears to differ
significantly from SAM-P20 in its size, sequence com-
position and substrate specificity. The two proteases
are similar to subtilisin BPN' in that they are probably
processed from larger, presumably inactive, precursor
forms. However, the mechanism of activation of the Ssp
protease must be different from the others as it appears
to lack the required chymotrypsin-like cleavage activity
necessary for self-processing, and it behaves more as
a true aminopeptidase rather than an endoprotease.
Activation of S. lividans Ssp may, therefore, require the
action of a separate, so far uncharacterized, endo-
protease present at the same or later stage of growth.
Owing to the apparent difference between Ssp and
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members of the SAM-P20 class of proteases, described
above, it also appears unlikely that Ssp represents the
serine protease most likely to be inhibited by the SPI
native to S. lividans itself. Deletion of the ssp gene
resulted in host strains in which the APA-/3NH-Nap
hydrolytic capability was further reduced compared to
that of both the tap-deleted and S. lividans 66 strains.
Detailed characterization of the specificity and proper-
ties of the Ssp will require more extensive purification
of the active protein. However, we have concentrated
our efforts on the elimination of this activity from the
host strain, for which task this information is not essen-
tial. The remaining low level of substrate activity may
be due to the presence of another aminopeptidase,
P5-10, the gene for which was also uncovered during
the course of isolating the ssp gene. Preliminary se-
quence analysis of the P5-10 gene and its overexpressed
product has indicated that it encodes a 50-kDa ex-
tracellular serine protease of the aminopeptidase class.
Further work is now underway to delete this activity
from S. lividans. It is anticipated that a S. lividans
mutant strain lacking all three activities (Tap, Ssp,
P5-10) will be significantly better than the wild-type
strain in its inability to degrade some heterologous
proteins by virtue of decreased tripeptidyl aminopep-
tidase activity.
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