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A strain of Streptomyces lividans 66 deleted for a major tripeptidyl aminopeptidase (Tap) was used as a host
to screen an S. lividans genomic library for clones overexpressing activity against the chromogenic substrate
Ala-Pro-Ala-B-naphthylamide. In addition to reisolation of the tap gene, clones representing another locus,
slpD, were uncovered. slpD was analyzed by deletion subcloning to localize its functional sequence. Nucleotide
sequence determination revealed an open reading frame encoding a 55-kDa protein exhibiting significant
amino acid sequence homology to Tap, particularly around the putative active-site serine residue. No secreted
protein was observed for strains harboring the sipD clone, but inspection of the predicted protein sequence
revealed a putative lipoprotein signal peptide (signal peptidase II type), suggesting a mycelial location for the
SlpD proteinase. In an attempt to isolate an endoprotease known to be active against some heterologous
proteins, a second clone was isolated by using a longer substrate (¢-butyloxycarbonyl [Boc]-APARSPA-f-naph-
thylamide) containing a chemical blocking group at the amino terminus to prevent aminopeptidase cleavage.
This locus, sipE, appeared to also encode a 55-kDa mycelium-associated (lipoprotein) proteinase, whose
predicted protein sequences showed significant amino acid homology to Tap and SlpD, particularly around the
putative active-site serine residues. Chromosomal integration and deletion analysis in both the wild-type and
Tap-deficient backgrounds appeared to indicate that SlpD was essential for viability and SIpE was required for

growth on minimal media.

Streptomyces lividans 66 has been used by a number of work-
ers for the expression of heterologous proteins. Recent reviews
have documented the successful production of a variety of
heterologous proteins which can be directly secreted into the
culture medium and correctly folded to allow the formation of
appropriate disulfide bonds (1, 3, 10). Relatively little is known
about the proteases present in this host strain, although such
information is clearly crucial to the ability to make particular
heterologous proteins. A gene, slpA, encoding an endopro-
tease was previously identified (7) by expression screening of a
genomic library for the ability to cleave skim milk. However,
strains in which this chromosomal locus had been specifically
deleted retained the ability to degrade at least a number of
heterologous proteins (unpublished observations).

Aminopeptidase activity in S. lividans 66 cultures has been
suspected because of the observation of processed forms of
some secreted proteins, notably, the endogenous secreted
serine protease inhibitor (17). We have recently identified a
gene encoding the major aminopeptidase activity in S. lividans
66 (6) which was shown to be a previously unknown tripeptidyl
aminopeptidase (Tap). Characterization of the Tap protein
(15) demonstrated its ability to remove tripeptides from the
amino termini of proteins. Hydrolysis of chromogenic peptide
substrates by Tap was also demonstrated. The tap gene was
indeed cloned by virtue of overexpression of its ability to hy-
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drolyze Gly-Pro-Leu-B-naphthylamide (GPL-BNA). Deletion
of the chromosomal tap gene eliminated the ability of the
strain to hydrolyze GPL-BNA and drastically reduced the trip-
eptidyl aminopeptidase activity. However, low levels of fap
activity were still observed for several of the heterologous
proteins produced in strains carrying the fap deletion. Many of
these proteins contained amino-terminal residues consisting of
the amino acids Ala-Pro-Ala. We therefore, set out to charac-
terize and eliminate the remaining minor aminopeptidase ac-
tivities present in the S. lividans Atap strain MS7. This ap-
proach resulted in the isolation and deletion of the gene
encoding a subtilisin-like protease (Ssp) from S. lividans (4).
The resulting deletion strain MS11 (Atap Assp) exhibited re-
duced but significant Tap activity compared with its parental
strain, MS7. In an effort to identify genes encoding the residual
activity against the tripeptide substrate, two loci which appear
to encode mycelium-associated proteinases important for
growth and viability of this organism have been identified. An
analysis of these genes and their products is presented in this
report. To our knowledge, this is the first description of the
existence of a cell wall-associated proteinase in a Streptomyces

sp.

MATERIALS AND METHODS

Bacterial strains and plasmids. Streptomyces strains shown in Table 1 were
maintained and cultured as described by Hopwood et al. (13). S. lividans MS5
was derived by sequential deletion of pepPI, and -2 (5) and slpA and -C (7).
Deletion of tap from MS5 produced the MS7 strain (6). Deletion of ssp (4) then
produced the MS11 strain. Escherichia coli strains were maintained and manip-
ulated as described by Maniatis et al. (16). The pINT2 integration vector carries
the Amp" gene for propagation in E. coli and a thiostrepton resistance gene for
selection in Streptomyces spp. The xylE gene is expressed from the aph promoter
and is used as an independent reporter of stable integrative transformation into
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid

Relevant characteristics

Source or reference(s)

Strains
S. lividans John Innes Institute®
66
MS5 ApepP1 ApepP2 AsipA AslpC 5,7
MS7 MSS Atap 6
MS11 MS7 Assp Unpublished data
MS20 AslpE This study
S. alboniger 504 P. Redshaw”
S. ambofaciens ATCC 23877 ATCC
S. coelicolor M130 John Innes Institute
S. fradiae ATCC 14544 ATCC
S. griseus ATCC 10137 ATCC
S. rimosus ATCC 10970 ATCC
S. parvulus 2238 John Innes Institute
E. coli
HB101 Bethesda Research Laboratories
DH5a Bethesda Research Laboratories
Plasmids
pT7T318U Amp* Pharmacia
pINT2 pUC-based vector for integrative transformation into Streptomyces 7

(wIE* Amp*, thiostrepton resistant)

“ Norwich, United Kingdom.
b Austin College, Austin, Tex.
¢ ATCC, American Type Culture Collection.

the chromosome of S. lividans (Table 1) (7). Integration occurs via a single
crossover event, and thiostrepton-resistant, xy/E™ colonies are allowed to sporu-
late in the absence of thiostrepton. To detect excision via a second crossover,
colonies derived from such spores are screened for the appearance of a thio-
strepton-sensitive, xy/E-negative phenotype and then subjected to Southern hy-
bridization to detect true deletion mutants.

DNA sequence characterization and manipulation. DNA was isolated and
manipulated as described by Henderson et al. (12). DNA and protein sequence
analyses were carried out with DNA STAR software (9). Restriction enzymes
were supplied by New England Biolabs Inc. Transformation-competent cells of
E. coli HB101 were supplied by Bethesda Research Laboratories. Southern
hybridization analyses were carried out with DNA fragments labelled with
digoxigenin (Boehringer Mannheim), and DNA was sequenced as described
previously (7). Restriction enzyme site mapping was carried out on DNA isolated
from E. coli HB101 transformants.

Protease activity and sequence analysis. The protease phenotype encoded by
the purified plasmid clones was confirmed by retransformation into S. lividans
protoplasts followed by overlaying with a solution of the chromogenic BNA
peptide substrate. Aminopeptidase assays were performed as described else-
where (5) by using BNA substrates (Bachem Inc.) for both liquid and agar
plate-based assays or paranitroanilide substrates for liquid assays. Amino-termi-
nal amino acid sequencing was performed by the Core Facility for Protein/DNA
Chemistry in the Department of Biochemistry at Queen’s University (Kingston,
Canada) by using proteins electroblotted onto Immobilon polyvinylidene difluo-
ride membranes (Millipore). Catechol oxygenase agar plate assays were per-
formed as described by Ingram et al. (14).

Construction of plasmids for expression of soluble derivatives of SlpD and
SIpE proteins. To adapt the N terminus of the SlpD protein, oligonucleotides
encoding the 11 amino acids of SlpD immediately downstream of the putative +1
cysteine were synthesized. An EcoRI cloning site at the 5" end allowed ligation
of the oligonucleotides into the EcoRI site contained within the polylinker of a
pT7T318U-based subclone (no. 4) of the sipD clone p5-6. This subclone also
contained a HindIII site from the vector polylinker sequence located 380 nucle-
otides downstream of the slpD stop codon. The oligonucleotides also contained
at the 3’ terminus a BamHI site, which was ligated to a natural BamHI site within
the sipD coding sequence. An Nisil cloning site designed within the oligonucle-
otides allowed for ligation to the PstI site of the AP6.H vector and subsequent
joining of the protease B signal plus the APAAPA leader directly to the SlpD
gene at the +2 serine residue. The 1,920-nucleotide Nsil-to-HindIII fragment
from pOSES54 containing modified sipD was subsequently subcloned into AP6.H
to produce AP6.slpD. The resulting DNA and amino acid sequences at the
junction of the signal peptide and modified SlpD are shown in Fig. 1.

An analogous strategy was used to adapt the N terminus of the SIpE protein
with oligonucleotides encoding 35 amino acids of SIpE immediately downstream
of the putative +1 cysteine. A PstI-compatible site located at the 5’ end allowed
for ligation into the PstI site located within the polylinker of a pT7T318U-based
subclone (no. 5) of the sipE clone P8-2. The oligonucleotides also contained at

the 3’ end a PfIMI site for ligation to a natural PAIMI site within the slpE coding
sequence, located 100 nucleotides downstream from the codon encoding the +1
cysteine. An Nsil cloning site contained within the oligonucleotides allowed for
the subsequent ligation in the correct reading frame into the PstI site of AP6.H,
effectively fusing the protease B signal peptide plus the APAAPA hexapeptide
leader directly to SIpE at the +2 serine residue. A Sacl site located 238 nucle-
otides downstream of the sipE stop codon was used in conjunction with a
HindIII-Sacl 8-mer adapter (AGCTAGCT) to join the 3’ end of the sipE clone
to the HindIII site in the AP6.H expression plasmid. The 1,820-nucleotide Nsil-
to-Sacl fragment encoding modified SIpE was then used along with the HindIII-
Sacl adapter in a three-way ligation into AP6.H to produce AP6.slpE. The
resulting DNA and amino acid sequences at the junction of the signal peptide
and modified SIpE are also shown in Fig. 1.

Nucleotide seq e accessi bers. The nucleotide sequences of sipD
and sipE have been submitted to GenBank under accession numbers L42758 and
142759, respectively.

RESULTS

Screening genomic libraries with APA-BNA. Pooled DNA
isolated from a genomic library (7) prepared in a bifunctional
plasmid vector from E. coli HB101 cells was used to transform
protoplasts of the S. lividans MS7 strain. Thiostrepton-resistant
transformants were screened for the ability to hydrolyze APA-
BNA. From 13,000 transformants 11 strongly positive colonies
were isolated. Four of these were reisolates of the tap locus.
Four other isolates showed similarity by restriction enzyme site
mapping. Three of these were indistinguishable, and, there-
fore, only one (P5-6) was further studied. The fourth clone
(P5-17) was shown to represent an overlapping DNA frag-
ment. Southern hybridization experiments (data not shown)

APS6 sipD ... GCG CCT GCA TCG GCC GGG ...
ala pro ala ser ala gly ..
AP6 sipE ... GCG CCT GCA TCG GGC GGC ...

ala pro ala ser gly gly ..

FIG. 1. DNA and amino acid sequences at the junction of sipD or slpE and
the modified prtB signal peptide.
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FIG. 2. Restriction map of the sipD locus and plasmid derivatives. The extent of substrate hydrolysis was assessed quantitatively by eye (+++++, high; +, host
background level). pMN3 is a derivative of pT7T318 modified by linker addition to include MIuI and Ncol restriction sites. The size and orientation of the sipD ORF

are indicated.

established that these four isolates represented the same chro-
mosomal locus. The remaining three positive colonies were
subsequently shown to encode two other secreted aminopep-
tidase activities including Ssp (4). The restriction enzyme site
maps for clones P5-6 and P5-17 are shown in Fig. 2. P5-17 was
used to make deletions within the cloned DNA. The ability of
the deleted plasmids to direct hydrolysis of APA-BNA was
found to be abolished (i.e., no greater than the background
from vector-only controls) in the agar plate assay with trans-
formants of S. lividans MS7. The lack of activity from pSS12
deletion clones 1 and 2 suggested that the active region of
DNA was at the left-hand end of the P5-6 DNA (as shown in
Fig. 2). The lack of activity from pSS12 deletion clone 5 dem-
onstrated that removal of the leftmost DNA fragment of P5-6
up to the BamHI site also led to inactivation of the plasmid-
encoded phenotype.

Although the P5-6 and P5-17 clones encoded significant
hydrolytic capability against the APA-BNA substrate in the
agar plate assay, no activity above background was observed in
cell-free broth derived from cultures containing these plasmids
grown in liquid tryptic soy broth media. Neither was it possible
to experimentally identify the protein product of this locus. For
cultures in liquid medium similar in composition to the agar
medium (i.e., R2 without added phosphate or agar and con-
taining 0.25% yeast extract instead of the usual 0.5%) APA-
BNA-degrading activity was observed in the cell-free broth.
However, in contrast to the previously described Tap protein,
this activity was unable to hydrolyze GPL-BNA. Furthermore,
no significant protein bands were detectable by silver staining
after sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) of proteins secreted into the modified R2

liquid medium by the S. lividans MS7 host strain carrying the
cloned DNA (not shown).

Sau3A-generated DNA fragments from P5-6 were, there-
fore, subcloned into pT7T3 vectors, and the nucleotide se-
quence (Fig. 3) was determined. An open reading frame
(ORF) which would encode a predicted protein of 539 amino
acid residues was observed. There is no obviously visible con-
ventional signal peptide sequence at the amino terminus of the
predicted protein. However, there is a sequence which matches
well the signal peptidase II consensus sequence, specifically,
the cysteine at position 31 followed by serine at position 32.
Consistent with the observations of von Heijne (18), the resi-
dues around the cysteine are TACSAGGAS. The glycine res-
idues are consistent with those in other lipoprotein signal pep-
tides in which turn-promoting residues occur in positions +2 to
+6 (with respect to the cleavage site), whereas in nonlipopro-
tein signal peptides they tend to occur at positions —6 to —4.
As noted for other signal peptides of gram-positive origin, the
N-terminal region of the putative signal peptide is highly pos-
itively charged with seven arginine residues (and one aspartate
residue). Overall, these observations are consistent with the
presumed membrane-bound location of the SlpD protein.

Screening genomic Libraries with a substrate for endopro-
teolytic activity. Another chromogenic substrate was designed
to model a sequence (NH,-APARSPS. . .) in the amino-termi-
nal region of human granulocyte-macrophage colony-stimulat-
ing factor which was known to be subjected to proteolytic
degradation under certain conditions when expressed by S.
lividans (unpublished observation). An endoprotease which
cleaves granulocyte-macrophage colony-stimulating factor be-
tween the Arg and Ser residues to generate a —4 form has
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Fededekek
CCCGGGCCCGCGTCGGAGTCATGACCGGTTGACGCCGTAACACGTACGGGGCACGCGCACCACGCACCGCAACTGCTTCGTCGCGGAGAGTTACGCTCGC

TGAATGGACACAAGGCGCACTCACCGCAGGACCCGCACCGGCGGCACCCGTTTCCGGGCCACGCTGCTCACCGCCGCGCTGCTCGCCACCGCCTGCTCGG
fM D T RRTHRRTRTGGTR RTFRATLTLTAALLATATCSA

CCGGGGGCGCGTCGACGTCCGCCGGATCCCCCGCGGCCAAGGCGGCCGGCGCGACGGAGGCGGCCACGGCGACCCTGACCCCCCTGCCGAAGGCCACGCC
G G A S S AGSPAAKAAGATEAATATLTPLPIKATTP®P

CGCCGAGCTGTCCCCGTACTACGAGCAGAAGCTCGGCTGGCGCGACTGCGGCGTCCCGGGCTTCCAGTGCGCCACCATGAAGGCCCCGCTCGACTACGCC
A ELSPYYEAQKTLSGWRDTCGVPGFQCATMIKAPLTEDTY YA

AAGCCCGCCGACGGCGACGTCCGGCTCGCGGTGGCCCGCAAGAAGGCCACGGGGCCGGGCAAGCGCCTCGGCTCGCTGCTGGTCAACCCGGGCGGACCGG
K PADGDVRLAVARIKTIKATSGPGI K RTLTGSTLLVNPSGS GTPSG

GCGGCTCGGCGATCGGCTACCTCCAGCAGTACGCGGGCATCGGCTACCCGGCGAAGGTCCGCGCCCAGTACGACATGGTGGCGGTCGACCCCCGGGGCGT
G S AIGYLQQYAGTIGYUPAKVRAQYDMVAVDZPRTGEGYV

GGCCCGCAGTGAACCCGTCGAGTGCCTGGACGGGCGCGAGATGGACGCGTACACGCGCACCGACGTCACCCCGGACGACGCGGGCGAGACGGACGAGCTG
A RSEPVETCLDGREMDAYTRTDVTPDUDAGETTUDE'L

GTCGACGCCTACAAGGAGTTCGCCGAGGGCTGCGGGGCGGACGCGCCGAAGCTGCTGCGCCACGTCTCCACGGTCGAGGCGGCACGCGACATGGACGTCC
VDAYIKETFAEGCGADAPIKTLTLRUHYVSTVEAARDMDUVL

TGCGCGCGGTGCTGGGCGACGAGAAGCTGACCTACGTGGGAGCGTCGTACGGCACCTTCCTGGGCGCGACCTACGCCGGTCTGTTCCCCGACCGGACGGG
R AV LGDEIKTLTYVGASYGTTFLSGATYA AGLTFTPDTRTSEG

CCGCCTGGTCCTGGACGGCGCGATGGACCCCTCGCTGCCCGCCCGCCGCCTGAACCTGGAGCAGACGGAGGGCTTCGAGACGGCGTTCCAGTCCTTCGCG
RLVLDGAMDEPSTLPARRLNLTE GQTEGTFTETATFA QSTFA

AAGGACTGCGTGAAGCAGCCGGACTGCCCCCTCGGCGACAAGGACACCACCCCCGACCAGGTCGGCAAGAACCTCAAGTCCTTCTTCGACGACCTGGACG
K DCVKO Q@PDTCPLGDIKDTTPDA QVGKNTLTIKT ST FTFDTUDTLTDA

CGAAGCCCCTGCCCGCCGGCGACGCCGACGGCCGCAAGCTCACCGAATCCCTCGCCACCACCGGCGTGATCGCCGCGATGTACGACGAGGGCGCCTGGCA
K PLPAGDADSGRIKTLTES SLATTGVIAAMYDTETGAUWAaQ

GCAGCTGCGCGAGTCCCTCACCTCGGCGATCAAGGAGAAGGACGGTGCGGGCCTGCTGATCCTCTCCGACAGCTACTACGAGCGCGAGGCCGACGGCGGC
Q LRESLTSAIKEIKDGAGLTLTIULSDS SYYETRTEA ADTEGSGEG

TACAGCAACCTGATGTTCGCCAACGCCGCCGTGAACTGCCTCGACCTCCCCGCCGCCTTCTCCTCCCCGGACGAGGTGCGCGACGCCCTCCCCGACTTCG
Y S NLMFANAAVNTCLDTLPAATFSSPDEVR RDALTPUDTFE

AGAAGGCGTCCCCGGTCTTCGGCGAGGGCCTCGCCTGGTCCTCCCTGAACTGCGCGTACTGGCCGGTGAAGCCCACGGGGGAGCCGCACCGCATCGAGGC
K ASPVFGEGLAWSSLNTCAYUWPVIKPTGETPHT RTITEA

GGCCGGCGCCACCCCGATCGTCGTGGTCGGCACCACCCGCGACCCGGCCACCCCCTACCGCTGGGCCGAGGCCCTCTCCGACCAGCTCACCTCCGGCCAC
AGATPIVVVGEGTTRDZPATPYRUWAEALSDT GQLTSGH

CTCCTCACCTACGAGGGAGACGGCCACACCGCGTACGGCCGCGGCAGCTCCTGCATCGACTCCGCGATCAACACGTACCTGCTGACCGGCACCGCCCCGG
LLTYEGDG GIHTAYGRGSSTCIDSAINTYTLLTGTA ATPE

AGGACGGCAAGCGCTGCTCGTAACCCCCGCCTGCCCGCCCCGGGACCCACGCCTCCGGGGCGGGTTCGGAGCACCCCGGGAAACTGTGTAGACTTGCCGA

J. BACTERIOL.

D GKRTCS .

1801 CGTTGCTGATCGCACCATGG

FIG. 3. Nucleotide and predicted amino acid sequences of sipD. The DNA sequence of the nontranscribed strand between an upstream Smal site and a downstream
Ncol site is shown. A sequence likely to form a strong ribosome binding site in slpD mRNA is indicated by asterisks. Underlined are the first 10 amino acids determined
for the soluble SlpD derivative described in the text. A putative transcription termination region is indicated just downstream of the translation stop codon.

been identified for S. lividans (1a). In designing a chromogenic
substrate, the amino-terminal residue was modified by the ad-
dition of a Boc group, such that proteases whose activity re-
quires a free NH, group would be unable to act directly on this
substrate. However, the —4 endoprotease present in the S.
lividans host having a recognition sequence compatible with
that of the substrate (specifically Boc-APARSPA-BNA) would
be able to cleave and remove the Boc-linked tetrapeptide from
the tripeptide-linked BNA. The later tripeptide, with a free
NH, terminus, provides a substrate for the native Tap protease
to release the chromogenic BNA moiety, which could subse-
quently be visualized by reaction with Fast Garnet GBC dye.

The above strategy was used to screen the S. lividans 66
genomic DNA library after transformation into the MS5 host
strain (Tap™). After screening of 8,000 colonies, six clones
which demonstrated the ability to degrade the substrate signif-
icantly faster than the host strain alone were isolated. Surpris-
ingly, two clones proved in restriction enzyme site analysis to
be identical to P5-6, described above, and another clone was
similarly shown to be the same as P5-17. Three novel clones
(P8-1, -2, and -3) were isolated and shown to represent the
same region of chromosomal DNA by Southern hybridization
experiments. The restriction enzyme site maps are presented in

Fig. 4. P8-3 contained a larger DNA fragment which was prob-
ably derived from the cocloning of noncontiguous Sau3A frag-
ments in the construction of the library. P8-1 contained an
inserted DNA fragment of approximately 8 kbp, while P8-2
had a smaller insert (3.6 kbp). No secreted hydrolytic activities
or novel protein could be observed in liquid cultures of strains
carrying these cloned DNA sequences, even when modified
liquid R2 medium was used. However, the agar plate activities
seen were significant; therefore, deletion mapping and DNA
sequence analysis were carried out essentially as for P5-6, re-
vealing a potential protein-coding region in the central part of
the P8-2 insert (Fig. 5). Inspection of the predicted N-terminal
amino acid sequence revealed another putative lipoprotein
signal peptide. In this case there were fewer positively charged
residues but the AGCSGGSS sequence showed a striking clus-
tering of turn-promoting residues immediately after the cys-
teine, suggesting that the predicted protein may be associated
with the mycelial membrane or cell wall. Comparison of the
predicted protein sequence (SIpE) derived from the DNA se-
quence (Fig. 6) with those encoded by the fap and sipD genes
showed a significant homology (35% identity) between the
SlpD and SIpE proteins. Smaller but still significant levels of
homology were detectable between either SlpD (25%) or SIpE
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FIG. 4. Restriction map of the slpE locus and plasmid derivatives. Substrate activities of subclones are indicated as in Fig. 2.

(23%) and the Tap protein. The apparent conservation of
amino acid sequences around the putative active-site serine
residues of these proteins is consistent with their similarity to
members of the lipase family of hydrolytic enzymes which are
characterized by the conserved GXSXG motif (2).

Soluble secreted forms of the SlpD and SIpE proteins. In
order to allow biochemical purification of the predicted pro-
teins from culture supernatants to examine their hydrolytic
capabilities (and attempt to confirm that the predicted proteins
are directly responsible for these activities), the nucleotides
encoding both the putative promoter/leader mRNA region and
the lipoprotein signal peptide including the +1 cysteine were
replaced by sequences encoding the aminoglycoside phospho-
transferase (aph) promoter and the protease B signal peptide
(12). Also, in an attempt to improve secretion efficiency, a
small leader peptide (APAAPA) was added to the C terminus
of the protease B signal peptide upstream of the sequences
coding for the SlpD and SIpE proteins. This was accomplished
by the use of oligonucleotides to adapt the encoded protease B
signal peptide at its C-terminal coding region with the leader
and a cloning site and to adapt the slpD and slpE genes at their
5" ends with appropriate cloning sites.

When these plasmids were used to transform protoplasts of
S. lividans MS11, secreted proteins for both AP6.slpD and
APOG.sIpE were observed at approximate molecular sizes of 55
kDa (Fig. 7). Direct automated N-terminal Edman degrada-
tion analysis of the secreted proteins produced amino acid
sequences SAGGASTXAG and APAAPASGGSSDEDK for
SlpD and SIpE, respectively. For SlpD, culture supernatants
showed a dramatic increase in the ability to hydrolyze APA-
BNA. This correlates with the N-terminal sequence data on
soluble SlpD which show that it is lacking the leader peptide
APAAPA, which may have been cleaved because of autocat-
alytic activity of the modified SlpD itself. In contrast, soluble
SIpE culture supernatants showed no ability to hydrolyze Boc-
APARSPA-BNA or APA-BNa, in agreement with the pres-

ence of an intact P6 leader at the N terminus of the secreted
protein.

Deletion of sipD and sipE from the S. lividans chromosome.
Several attempts were made to inactivate the slpD gene in S.
lividans 66 by recombinational deletion using four different
pairs of restriction fragments flanking the sipD ORF (Fig. 1) to
direct integration and excision of an integration vector, pINT2
(7), containing paired sets. Assuming that during integration
and excision the likelihood of two crossover events occurring
in the same fragment of each pair is 50%, approximately half
of the thiostrepton-sensitive, xyl/E-negative transformants
should be of the parental type and half should exhibit a mutant
phenotype. However, although integration occurred via recom-
bination at a high frequency in all cases as judged by the
appearance of thiostrepton-resistant, xy/E™ transformants, the
excision event took place via a crossover event only within the
same fragment, such that the only thiostrepton-sensitive, xy/E-
negative isolates obtained were of the parental type, as judged
by Southern hybridization using colony blots or genomic DNA
prepared from these isolates (data not shown). The observa-
tion that SIpD can be overexpressed from the P5-6 clone alone
and not from other deletion derivatives of p5-17 (Fig. 2) sug-
gests that slpD is transcribed as an independent unit. It appears
likely, therefore, that deletion of slpD does not induce a del-
eterious effect on the expression of a downstream gene of
unknown function.

In order to test whether inactivation of the slipD gene was a
lethal event, an insertional mutagenesis strategy in which a
1.1-kb BamHI-Pvull restriction fragment internal to the sipD
OREF was subcloned into the pINT?2 vector (p5-17-10) to direct
integration via a single crossover event was used. If inactivation
of slpD is lethal, it should not be possible to obtain thiostrep-
ton-resistant xy/E™* transformants from such an integration,
whereas insertion via a 2.0-kb restriction fragment (BamHI-
Ncol) in pINT2/p5-17-4 only partially overlapping the sipD
OREF should restore one full copy of the slpD gene, giving rise
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GGTACCGGCGGCCAAGACCGTGTGCTCCTGACCGCGGACGCCACCACAGGTCGGCAGAAGCAGCAGATCGACAGAAGTAGCAGGTCAGAGCGTTATCCAC
Rekkk

AGGCGTCGGCGGGTGCTGCCCCCGCCACCTACCATGGCAGGAACGCCATCCGCCGCACGGCGCGGACGGCTTGCCAGGGGGGAGAGGACATGGCGCGTCT
fM A R L

CGTCCGGTGGACGGCTCTGACGGCCGCCGCCGCACTGCTGACGGCGGGCTGCAGCGGCGGCTCGTCCGACGAGGACAAGGACGACGGGGGCAGGAGCAGC

VRWTALTAAAALILTAGTCSGG S S DEDKUDUDTGTG GTR RS S

GCGGGACCTTCGGCGGCGGCACCCTCCGGGGTGCCGGAGGCACTGGCGTCCCAGACGCTGGACTGGGCCCGATGCGAGGGCAGCGACGATGCCCCGGCGC
A GPSAAAPSGVZPEALASAO QTTLDWART ECETGS SDTDATPATP

CGGACGGCGACTGGCGGTGCGCCACGCTGAAGGCACCGCTGGACTGGTCCGACCCCGACGGCGAGACGATCGATCTCGCGCTGATCCGGTCCCGGGCGAG
D GDWRZ CATLIKAPLUDUWSDPDGETTIDTLALTIRSIR RAS

CGGGGACGACCGCATCGGCTCCCTGCTGTTCAACTTCGGCGGCCCGGGCGCCTCCGGCGTCTCCACGATGCCGTCCTACGCCGACACCGTCTCCTCCCTG
G DDRTIGS SLLTFNTFGGPGASGV STMPSYADTUVSS.L

CACGAGCGGTACGACCTGGTGAGCTGGGACCCGCGCGGGGTGGCCGCCAGCGAGGGCGTCCGCTGCCGCACCGACGAGGCGATCGAGGCCGCCGAGTCGG
HERYDILVSWDPRGVAASETGVRTCRTDEA ATIEAAES SV

TGGACTCCACGCCGGACTCCCCGGCCGAGGAGCAGGCCTACCTGAAGGACGCCGCCGACTTCGGCAGGGGCTGCGAGAAGGCCGCCGGCAAGCTCATGGA
D s TPDSPAETEA QAYTLKDAADTFSGRGT CETZKAAGTIKTILME

ACACGTCTCGACCACGGACACGGCCCGCGACATGGACCTGATGCGGCACGTCCTGGGCGACGAGAGGATGCACTACTTCGGCATCTCCTACGGCACCGAA
HVSTTDTARDMDILMRUHVLGDERMUHYTFGTI SYGTE

CTCGGCGGCGTCTACGCCCATCTGTTCCCCGAGCACGTGGGCCGCGTGATCCTCGACGCGGTGGTGGACCCGGGCGCCGACACGATGGGCCACGCCGAGA
L GGVYAHLTFPEHVGRVYILDAVVDPGADTMMGHATEHN

ACCAGGCCAGGGGTTTCCAGCGCGCGCTGGACGACTACCTGGAGTCGACCGGCCAGGAACCCGAACAGGGGTCGCGGAAGATCGCCGGCCTGCTGGAGCG
Q ARGFQRALDUDYLESTGQEZPET QGS SR RIKTIAGTLITLTEHTR

GCTGGACGCCGAGCCACTGCCCACGTCCTCGCCGGGGCGGGAGCTGACGCAGACCCTCGCGTTCACCGGCATCGTGCTGCCGCTGTACAGCGAGAGCGGC
LDAEPLPTSSPGRETLTOQTLAFTGTIUVLPLYSESSG

TGGCCGGCCCTGACCAGTGCGCTGAAGGCGGCCGAGGAGGGCGACGGCTCGGAGTTGCTGGCCCTCGCCGACGGCTACAACGAGCGTGATCCCTCGGGGC
WPALTSALIKA AAETETGDGS LALADGYNERTDTPSGR

GCTACGGCACGACGACCCACTCGCAAAGGGTCATATCGTGCCTGGACGACAAGCAGAGGCCGACCGTGGAGGAGACGAAGAAGCTGCTGCCGAGGTTCGA
Y 6GTTTHSQRVISCLDDI KA QRPTVETETTI KTIKILTLTPRTFE

GAAGGTCTCTCCCGTCTTCGGCGCCTTCCTCGGCTGGGACACGGCCGGGTGGTGCCACGACTGGCCGGTGGCCGGTCAGCACGAGACCGCGGAGGTGAGC
K VsSPVFGATFILGWDTAGWTCHDWPVAG QHETATEUVS

GCGCCCGACGCGGCCCCGGTCCTGGTGGTCGGCAACACGGGCGACCCGGCCACGCCCTACGAGGGCGCCCGCAGGATGGCGGACGAGCTGGGCAAGGACG
APDAAPVLVVGNTGDPATPYEGARRMADTETLSGT KT DV

TCGGCGTGGTGCTGACCTGGCAGGGCGAGGGACACGGTGCCTACGGGAACGGAAGCGACTGTGTCGACTCCGCGGTGGACGCCTACCTGT TGAAGGGGAC
G VVLTWOQGEGHG GAYG GNGSDT CVDSAVDAYTLLZKSGT

GGTGCCGAAGGACGGCAAGGTCTGCTCATGACGGCGGCGGGGGCTTCGGGCACCTGCGGTGCGCGAAACCCCCGCCGACGGGAAAGCGGGT TGGGGAGCC
VPKDGIKUVC

GGTCAGTAGACGGGCTTCTCCGGCTCGATCTGGTTGACCCAGCCGATCACGCCGCCGCCGACGT GGACGGCGT CCGAGAAGCCGGCGGACT TGAGGACCG

CGAGGACTTCCGCACTGCGGACACCCGTCTTGCAATTCAAGACGATCTTCTTGTCCTGCGGGAGGTTCTCGAG
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FIG. 5. Nucleotide and predicted amino acid sequences of sipE. The DNA sequence of the nontranscribed strand between an upstream Kpnl site and a downstream
Xhol site is shown. Other sequences are indicated as in Fig. 3. A second putative transcription termination region which is probably related to a downstream convergent

OREF (not shown) is shown.

to thiostrepton-resistant, xy/E* transformants. The results of a
transformation experiment involving these two integration
plasmids (8 and 1 S. lividans 66 and 19 and 0 S. lividans MS11
thiostrepton-resistant, xylE™ transformants for pINT2/p5-17-4
and pINT2/p5-17-10, respectively) appeared to verify that via-
ble xylE* transformants could be obtained only when integra-
tion resulted in restoration of an uninterrupted copy of sipD,
implying that its inactivation is lethal. Southern analysis of
chromosomal DNA prepared from a sample of the integrants
obtained in this experiment indicated that site-specific recom-
bination of the entire integration plasmids occurred only for
pINT2/p5-17-4 (not shown). One single thiostrepton-resistant,
xylE™ transformant was obtained after transformation with
pINT2/p5-17-10, but integration appeared to occur at a locus
unlinked to slpD (not shown).

In contrast to slpD, recombinational deletion of slpE was
successful with S. lividans 66 as a parental strain, giving rise to
strain MS20. In this case a 1.5-kb Stul fragment was effectively
deleted from the chromosome by using the integration plasmid
pINT2/p8-1-2 (Fig. 4). However, slpE deletion strains, al-
though viable, grow slowly on complex media and failed to
grow on minimal medium (containing glucose, NH, " salts) sup-
plemented with all 20 natural amino acids or with alternative

carbon sources such as sucrose, arabinose, glycerol, or starch.
Restoration of growth on minimal medium could be obtained
only when a complex nitrogen source such as yeast extract was
added. The mutant phenotype appeared to be a result of inacti-
vation of sipE, as growth of S. lividans MS20 on minimal medium
could also be restored by transformation with plasmids p8-1 and
p8-2 but not by transformation with p8-1-1 or a vector control
(Fig. 4).

Homologs of sipD and sipE are present in other Streptomyces
species. Cross-species hybridization experiments were per-
formed at high stringency by using digoxigenin-labelled probes
and chromosomal DNA prepared from a variety of Streptomy-
ces species, including S. coelicolor A3(2), S. alboniger, S. am-
bofaciens, S. fradiae, S. griseus, S. parvulus, and S. rimosus (not
shown). In all cases specific hybridization signals were obtained
with the 2.25-kb Kpnl-Sacl fragment of p8-2 (slpE) as a probe.
The strongest signal was obtained for S. coelicolor DNA, and
the weakest signal was observed with S. rimosus DNA. A sim-
ilar experiment was performed with the 2.0-kb BamHI-Xhol
fragment of p5-17 (sipD) as a probe. Again, all species exhib-
ited homology, with S. coelicolor DNA giving the strongest
signal and, in this case, S. fradiae giving the weakest. Both
hybridizations also included digests of the cloned fap, slpD, and
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SLPD )\STSAGSPAAKA TeAA|TAlT L TP L[p]k A T[P]A E[T]s 40
SLPE Glc/s SDEDKDDGGRS S PSARA[------- s G v([p|E A[L{A 33
TAP Ar@D[cJHGHGRSWDREARGAMI[AAARRA---- - 28
SLED PYYEK cfw|r GVPG=-=-=-=-===~ F MKAPLDYAKP|A 72
SLEE S - - -[o|T AR|clEG s DD A[p|a[Plpe DWR Llka P LD[WsDe|D 70
TAP ---RAGI E aapwnNL|pfk|p|1 - - -[ocf[e Yy v v]e[ulpyake|ly 61
steb DG DV[RLAVARKK p-GK[RlL[csLLlv[NPGeoprGGsSaATIGYLQ 111
SLPE ElszDLALI s R|aJs|c- - pp|r[1{6c s L L|F|N[Elc 6 p G[A]s Glvs T M P 108
TAP KelIRLAV|D[RIIGN TRsE[Rjelg/alLfr ¥[NPGerGcGsGlLrRFRPA 101
SLPD ochyp-@KVRAQYDMVAVDPRGVAR e[c]t[De r[E]M 150
SLPE  S[YAIDTV---5SLHER|YDL|V[sW[D P RGVAlA|s E[G|VIR[c|RTDEATI 145
TAP RVTNKsAVWANTAKA|YDFlvlc FDPRGV[eH AE]ISCV@PQ@F 141
SLPD DA|Y TR TDVITP DIDAGIE[TDELVDAYK[EFAEGC|GAD[AlP R|H[ 190
SLPE E[AA[E s V|D|S|T P D s|p EQYL D(A|A D(F|G R|G C|E K A M E|H| 185
TAP v k(alp k Alp] e v(p|c[s|e(alp k r[alo R|k|L[a|R[E]Y[AE G c|F E R s|c[E M[L]p|H] 181
-
SLPD V-EAARDMD VJL[RAV LG D E K LT[¥|v[6]|a[s ¥ ¢ T|r[L G Al T[¥ A]c[L] 230
SLPE T D[T A RDMD|L M|R[H|V L G D E[R M H|¥|F|6[I|s ¥ ¢ T|E|L 6[c[V ¥ AlH|L| 225
TAP mrirje N|T A R D|L|p V]1(R AJAlL 6fE K[k T)n|¥|Llc|v(s Y6 T]¥[L s AV ¥[e T|L] 221
step [ P DJR T[G R|L caMpesiLeAR--RLNIE[QTE T[a]F o s F 268
SLPE  |FP[E[HVGR|VI AVVDPGATM—-GHAEN AR QRALDY 263
TAP F D H V|R[RIM[V]v]p|s|v v[n]e s]r|p/k 1 w ¥ 0 AN L)p|o|D v AlF E]G R W K[D|W 261
SIBD AK-DCVKQPDCP KDTT DVGKNKSFPDDLDAKPLP 307
SLPE - === - - - ===~ E slT|c @ Elofe sr[K[IAGLLER[LDAE|P L P 201
TAP QDWVAANDAAYH RAE/[voDowWL RAAAAK---[KPL|- 298
step  Alglpap K ESTVIAAHYDEGAWQQLRE]SLTSAIK347
SLPE TSSP- orlLAlF|T6l1 v LeL|ys|E s|clw|e alLiT s AlL/k Ala]- E 329
TAP Glgvvera ISFFQSAP----- viyplsAawlarTA[EJI FsKYVA 332
SLPD KGLLILstYaADGGyleLuPANAN L - - 386
SLPE G SELLALRADGYN peslGRlYJeTTTHSQRV IS - - - 367
TAP coroErvolaalaleprsporacnasaENeNavyraVElfTlD)a kW 372
SLPD AFSSPVRDALPDFEKA EG[L|AW|s sLN--- - - c| 420
SLPE DKQRPVE TKKL|LPRFEKV A FlLlG[w|D T A G[w]- - - -[c| 402
e [EaNwrlejwDrRD N T R[L[HR[- - - - DHE|E[- - - M T|WA N - Alm N L plc| 404
SLPD YWPVKPTGIEPHRIEA T[elz v[vvG|r[TRDP A TP Y[RWAEA 460
SLPE HDWPVAGH TAEVSI|A/PDAJA|PVLVVG|N[T|GIDPATPYEGA|RR 442
a2 [AlrlweviolorrrnvkrekgLelevifTlvosERDAATE YEGAIVE 444
SLPD SQTS—~HL‘{EGD T rR[cs|s[c1ps Az N[T YL LT 498
SLPE M A[DJE|L|G K D V|G|V V|L T|W Q|G|E N|G s|D|c|V|D S AV D[A|Y L L|K 482
TP [JHQRF-RGSRLITERDAGS vrlglLvNelcINDRlvDT YL LT 483
step  [6 T|afe]E[D G K|R[C s 509
steE |6 1jv|e|k|D G K|v|c s 493

TAP GGRTDARDVT|CCAPHATPRPL 502

FIG. 6. Amino acid sequence alignment of SlpD and SIpE with Tap. A
putative active-site Ser residue is indicated (w). Putative signal peptide se-
quences are included in this comparison.

slpE genes, and the results appeared to indicate weak but
significant homology between tap and slpE and between sipD
and slpE but not between tap and sipD.

DISCUSSION

The two genes described in this report were isolated by the
strategy of modelling synthetic peptide substrates on the basis
of the amino-terminal sequences of proteins known to be pro-
cessed after secretion in S. lividans. As expected, this approach
had previously uncovered genes encoding extracellular amin-
opeptidases which contribute to such processing. The addi-
tional discovery of genes encoding cell membrane-associated
proteinases by this approach was unexpected and may indicate
that other unidentified activities could be uncovered by exten-
sion of the approach. It is of interest to note that amino-
terminal processing of the extracellular serine protease inhib-
itor native to S. lividans still occurs in the absence of Tap and
SIpE, suggesting the existence of as yet undiscovered activities
in this species.

Another unexpected result of this work was that use of the
NH,-terminally blocked heptapeptide substrate failed to iso-
late a clone expressing endoprotease activity. In addition, no
clones representing the previously identified fap gene were
obtained, suggesting that the route to chromophore release
from this substrate by virtue of cloning of the slpE gene in S.
lividans occurred in an unexpected manner. It is also of interest
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to note that the slpE gene was independently isolated during
the course of this work in a screen using a similarly blocked
substrate (Boc-VRSSSRA-BNA) modelled on but not identi-
cal to the amino-terminal sequence of human tumor necrosis
factor alpha, which is also cleaved to a —4 form after secretion
in S. lividans (8). As the sequences of the two blocked synthetic
substrates are so dissimilar, it is not possible to identify by
inspection the likely cleavage site for SIpE, and further work
would be required to identify its site of action.

The genes described in this report encode related but dif-
ferent protease capabilities of S. lividans. It is not clear why the
organism should require so many active extracellular pepti-
dases or what is the functional role of the cell-bound enzymes,
although it might be argued that the possession of enzymes of
overlapping specificity might confer a selective survival advan-
tage, particularly in the relatively competitive natural soil en-
vironment, where both chemical inhibitors and mutagenic
events are likely to be encountered. It is clear from the results
of this work that these two cell-associated proteases are im-
portant for normal growth, unlike the true extracellular amin-
opeptidases, of which Tap is an example, which appear to be
dispensable under normal laboratory conditions. The role of
cell membrane-associated proteases in streptomycetes is un-
clear, but other gram-positive bacteria, such as Lactococcus
lactis, harbor enzymes which are involved in casein degradation
but which appear to be initially anchored to the cell membrane
via a C-terminal hydrophobic domain (19), in contrast to the
amino-terminal association likely to be involved in anchoring
SlpD and SIpE to the cell membrane in Streptomyces spp. L.
lactis contains another cell-associated lipoprotein, PrtM, which
may be involved in activating the other caseinolytic enzymes by
facilitating the autocatalytic removal of a pro- region from
inactive precursor forms (11). It is possible that Streptomyces
SlpD and/or SIpE could fulfil such a role, especially in those
species which possess many hydrolytic enzymes, such as S.
griseus. However, the deleterious effect of inactivating SlpD or
SIpE in S. lividans would appear to suggest alternative roles for
these proteinases during the process of vegetative growth, pos-
sibly indirect involvement in amino acid or oligopeptide trans-

pe— pe—

FIG. 7. SDS-PAGE analysis of cell-free broth from S. lividans transformed
with the AP6.sipD and AP6.slpE plasmids. One milliliter of trichloroacetic acid-
precipitated material was loaded in each case. Lanes 1 and 4, molecular weight
markers; lane 2, modified SlpD; lane 3, modified SIpE.
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port. It is difficult to envisage a direct role for a proteinase in
such a system. However, the production of soluble forms of
these proteases should facilitate further characterization and
ultimately lead to new insights into their normal physiological
role(s).
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