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The complete gene sequence (sprE) for the glutamic-acid-specific serine protease (SGPE) of the gram-positive bacterium
Streptomyces griseus is reported. The sprE gene encodes a 355 amino acid pre-pro-mature enzyme. The presence of
a glutamic acid residue at the junction of the pro and mature segments of the protein suggests that the enzyme is self-
processing. SGPE was found to have extensive homology with the S. griseus proteases A and B. However, there is
an additional segment to the pro region of SGPE, lacking in proteases A and B, which has significant homology to
the pro region of the a-lytic protease of the gram-negative bacterium Lysobacter enzymogenes. Expression of recom-
binant SGPE in Bacillus subtilis is also reported, and the enzyme is shown to be self-processing.
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La séquence compléte du géne (sprE) de la sérine protéase spécifique de I’acide glutamique (SGPE) de la bactérie
a Gram positif Streptomyces griseus est présentée. Le géne sprE code une enzyme pré-pro-mature de 355 acides aminés.
La présence d’un acide glutamique  la jonction du pro-segment et du segment mature de la protéine suggére que enzyme
s’active elle-méme. La SGPE posséde une trés grande homologie avec les protéases A et B de S. griseus. Cependant,
il'y a un segment supplémentaire apres le pro-segment de la SGPE, absent dans les protéases A et B, qui a une homologie
significative avec le pro-segment de la protéase o-lytique de la bactérie 4 Gram négatif Lysobacter enzymogenes. Nous
décrivons également I’expression d’une SGPE produite par génie génétique dans Bacillus subtilis et nous montrons
que cette enzyme s’active elle-méme.

Mots clés : sérine protéase, maturation, expression, propeptide.

Introduction

Serine proteases fall into two classes or families: the
subtilisin family and the chymotrypsin family. The members
of the two families are very different in sequence and tertiary
structure, yet they make use of a common catalytic mecha-
nism in the hydrolysis of peptide bonds. Although it was
once thought that the subtilisin family of enzymes was exclu-
sively prokaryotic and the chymotrypsin family was exclu-
sively eukaryotic, prokaryotic and eukaryotic members of
both families have been identified. The soil microorganism
Streptomyces griseus is known to secrete a variety of pro-
teases (Jurasek et al. 1971). These include SGT, SGPA, and
SGPB (James et al. 1978), and SGPE (Yoshida et al. 1988),
which are all members of the chymotrypsin-like family of
serine proteases (Fersht 1985) and structurally very similar
to the mammalian members of the family (Neurath 1984).
The S. griseus enzymes are also structurally similar to the
a-lytic protease of Lysobacter enzymogenes (Fujinaga et al.
1985).

The S. griseus enzymes provide a useful system for the
study of relationships between protein structure and activity.
Despite their structural similarities, they have distinct sub-
strate specificities. SGPA and SGPB have primary speci-
ficity for large aliphatic or aromatic amino acid side chains,

ABBREVIATIONS: SGPE, Streptomyces griseus glutamic-acid-
specific serine protease; SGT, S. griseus trypsin; SGPA and SGPB,
S. griseus proteases A and B, respectively; CIP, calf intestinal alka-
line phosphatase; PCR, polymerase chain reaction(s); kbp, kilobase
pair(s); bp, base pair(s); SFPE, Streptomyces fradiae glutamic-acid-
specific protease; S1, subsite 1.
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[Traduit par la rédaction]

SGT has primary specificity for positively charged side
chains, and SGPE has primary specificity for glutamic acid
residues. The closely related o-lytic protease has primary
specificity for alanine.

The assortment of bacterial chymotrypsin-like enzymes
is also potentially important in understanding protein folding
and secretion processes. SGPA, SGPB, and the a-lytic
enzyme are all known to be synthesized as pre-pro-mature
precursors targeted for secretion. Furthermore, the pro
region of the a-lytic protease is now known to be essential
to the folding and maturation of that enzyme (Silen and
Agard 1989), but its role has not been fully determined.

The amino acid sequence of mature SGPE and a portion
of the ‘‘mature’’ gene sequence were reported previously
(Svendsen et al. 1991). As a first step to a complete structural
and kinetic characterization of SGPE, we report the cloning
and sequencing of the complete sprE gene, as well as its
recombinant expression in Bacillus subtilis.

Materials and methods

Enzymes and reagents

T, DNA polymerase was purchased from Pharmacia and CIP
was from Boehringer Mannheim Biochemicals. Vent DNA poly-
merase (New England Biolabs) was used for all PCR. All other
enzymes for digesting or modifying DNA were purchased from
New England Biolabs, Inc., or Bethesda Research Laboratories,
Inc. Enzymes were used in accordance with the recommendations
of the supplier. [«-*PIdATP (~3000 Ci/mmol; 1 Ci = 37 GBq)
was from Amersham. Ampicillin and kanamycin were from Sigma.
Zeta-probe was purchased from Bio-Rad and X-ray film was from
Kodak. All chemicals and reagents were of the highest grade com-
mercially available.
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EFl: 5' AGCTCCGGCGGTTCG 3
S S G G S 48
ER1: 3'" CAGTTGCAGTGGCAG 5"
(5'" GTCAACGTCACCGTC 3')
\Y% N \% T v 121
EF2: 5'" CCCGGGGCCGACACCCCGCCGGCC 3
G A D T B P A -134
ER2: 3'" CCGCACTGCCACATGACTAGATCT 5"
(5" GGCGTGACGGTGTACTGA 3°')
G \Y% T v Y % 187

F1G. 1. Oligonucleotide PCR primers. EF1 and EF2 hybridize to the noncoding strand, while ER1 and ER2 hybridize to the coding
strand. The 5’ terminus of EF2 contains a Smal site (CCCGGG) and the 5' terminus of ER2 contains an Xbal site (AGATCT) to

facilitate cloning.

Strains and plasmids

Streptomyces griseus IMRU3499 was obtained from the
Waksman Institute of Microbiology, Rutgers University,
Piscataway, N.J. Escherichia coli DH5«/P3 was a gift from Dr. R.
Kay, Terry Fox Laboratories, Vancouver, and the plasmid pPT30
(Thomas et al. 1985) was a gift from Professor A.R. Fersht,
Cambridge University, U.K.

Media and growth conditions
Growth of S. griseus mycelium for the isolation of DNA was

>, as described previously (Hopwood et al. 1985). Escherichia coli

was transformed as described previously (Sambrook et al. 1989)
and grown on YT medium (1.0% tryptone, 0.5% yeast extract,
0.5% NaCl) (Miller 1972) containing 200 ug/mL of ampicillin.
Protoplasts of B. subtilis were prepared by lysozyme treatment,
transformed with plasmid DNA, and selected for resistance to
kanamycin as described previously (Chang and Cohen 1979).
Bacillus subtilis transformants were grown on YT medium con-
taining 50 pg/mL of kanamycin and 1.5% w/v skim milk powder.

Isolation of DNA

Chromosomal DNA was isolated from S. griseus as described
previously (Hopwood et al. 1985). Escherichia coli plasmid DNA
was purified by an alkaline lysis procedure (Sambrook et al. 1989)
and B. subtilis plasmid DNA was purified by a modified alkaline
lysis procedure (Lovett and Amulos 1989). DNA fragments and
vectors were gel purified for each cloning step by established
methods (Sambrook et al. 1989).

Construction of genomic library

Streptomyces griseus IMRU3499 chromosomal DNA was
digested to completion with Bg/II and size fractionated on a 1.0%
agarose gel. DNA fragments ranging in size from 0.5 to 12 kbp
were isolated and cloned into pUC18 (Norrander et al. 1983), which
had been linearized with BamHI and treated with CIP. The
S. griseus Bglll fragments (0.2 pg) and linearized pUCI18 (0.2 ug)
were ligated in a final volume of 10 uxL and the ligation mixture
was used to transform E. coli DH5a/P3.

Hybridization

In all colony blot and Southern blot procedures, DNA was
covalently cross-linked to Zeta-probe membranes using a Stratagene
UV Stratalinker 2400 in accordance with the manufacturer’s
instructions. Filters were hybridized with labeled probe for 18 h
at 42°C in the presence of 50% formamide as described previously
(Vogelli and Kaytes 1987). Filters were subsequently washed at 55°C
and hybridization was detected by autoradiography.

Cloning of the gene encoding SGPE
Two oligonucleotides (EF1 and ER1, Fig. 1) having sequences
complementary to the previously reported partial DNA sequence

of SGPE (Svendsen et al. 1991) were synthesized on an Applied
Biosystems 392 DNA/RNA Synthesizer and used as PCR primers.
A 234-bp DNA fragment, encoding amino acids 44-121 of mature
SGPE, was amplified from Bg/lI-digested S. griseus genomic DNA
(Fig. 2). The PCR-amplified fragment was then used in the prepa-
ration of an *P-labeled hybridization probe (E-mat) according to
protocols provided in New England Biolabs’ Random Priming
System I. A previously described colony hybridization method
(Vogelli and Kaytes 1987) was used to select clones from the
S. griseus genomic library for further analysis.

Plasmid DNA was purified from individual clones and digested
with appropriate restriction endonucleases. The digested plasmid
DNA was electrophoresed on a 1.0% agarose gel and centrifugally
transferred (Wilkins and Snell 1987) to Zeta-probe membranes at
1000 rpm in an International Equipment Co. HN-S centrifuge
equipped with a microtiter plate rotor. Filters were hybridized with
the E-mat probe as described above. Four plasmids, each containing
a 4.7-kbp insert, were found to hybridize strongly with the probe.
One of these plasmids, designated pDS-E, was chosen for further
characterization.

DNA sequencing

pDS-E restriction fragments were selected for sequencing by
Southern blot hybridization with the E-mat probe. Various sequenc-
ing subclones were prepared by cloning the appropriate restriction
fragments into pUC18. Subclones were sequenced by a combination
of manual and automated methods. Manual sequencing involved
the use of [a->*P]dATP in accordance with protocols provided in
Pharmacia’s "'Sequencing Kit. Severe compressions in the DNA
sequence caused by regions of high secondary structure were
alleviated by the addition of dimethyl sulfoxide to the sequencing
reaction and by the substitution of 7-deaza-dGTP and 7-deaza-
dATP for dGTP and dATP. Automated sequencing involved the
use of an Applied Biosystems 370A DNA Sequencer with reagents
and protocols supplied by the manufacturer.

Construction of pEB11

A 3.4-kbp fragment of pUB110 (digested with EcoRI and Pvull
and blunt ended with T, DNA polymerase) and a 2.3-kbp frag-
ment of pUCI8 (digested with Pvull and treated with CIP) were
gel purified and ligated (0.2 pg of each fragment) in a final volume
of 10 uL. The ligation mixture was used to transform E. coli
DH5a/P3. A recombinant plasmid (pEB1) was selected by restric-
tion enzyme analysis such that both the ampicillin gene and the
kanamycin gene had the same polarity.

Based on the sequence of the Bacillus amyloliquefaciens sub-
tilisin gene (subtilisin BPN) (Wells et al. 1983), two oligonucleotides
(SF1 and SR1) were synthesized and used as PCR primers with
EcoRlI-digested pPT30 (Thomas et al. 1985) (a plasmid carrying
the subtilisin BPN gene) as template. A 330-bp PCR-amplified
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GCCCTCCGGCGACCCCGGTACGCGGTCTITGTGAACCAGGTAATGAGCATGTCAAATTCCT 60

-168

TCTCGGTACGTCCCCACACGTCACCCCAGAAGGAGCTCCCCCATGAGACGCAACTCCCGC 120
-------- M R R N S R 6

-160 -150

I
GCGCGCCTCGGTGTTTCCCTGCTGCTCGTCGCCGGCGCCCTCGGACTCGGAGCCGCCCCC 180
AR L GV S L L L VAGA ATULGTUL G A A P 26

~-140 -130

TCCACCGCCGCCGACACCCCGCCGGCCGCCCCCTCGGCGATCCCCGCCCCETCCGCGTAC 240
s T A A DT P P A A P S A I P A P S A Y 46

-120 -110

GCGCTCGACGCCGCCGTCGAACGACAGCTCGGGGCCGCCACCGCCGGCACCTACCTCGAC 300
A°'L DA AV ER QL G A AT AGT Y L D 66

-100 -90

GCGAAGACCGGCGGCCTGGTCGTCACCGTCACCACCGACCGCGCCGAGGAGCAGGCCCGC 360
A K T GG G L VvV VTV TTTDI RAETE Q A R 86

-80 -70

GCCGCCGGGGCCACCGTCCGCCGAGTGGCCCGCAGCGCCGCCCAGCTCGACGCCGCGATGE 420
A A G A TV R RV AR S AAQL DA A M 106

-60 =50

GCGACCCTGGAGGCCGAGGCCAAGATCACCGGCACCTCCTGGGECGTCGACCCGCGCACC 480
A T L E A E A K I TG T S W G V D P R T 126

—40 -30

AACCGGGTCGCCGTCGAGGCCGACTCCTCCGTCTCCGCGCGGGACATGGCCCGCCTCGAA 540
N R V A VvV E A D S S V S A RDMMA AR L E 146

-20 -10

GCCGTCGCGGAACGCCTCGGCAGCGCGGTCGACATCAAGCGCGTGCCGGGCGTCTTCCAC 600
AV A E R L G S AV DI KRV P G V F H 166

. 10

CGCGAGGTGCTGGGCGGCGGCGCCATCTACGGCGGCGGCAGCCGCTGCTCGGCGGCCTTC 660
R E VL GG G A I Y GG G S R C S A A F 186

20 30

|
AACGTCACCAAGGGCGGGGCCCGCTACTTCGTGACGGCCGGGCACTGCACCAACATCTCC 720
N V T K G G A R Y F V T A G H C T N I S 206

40 50

GCCAACTGGTCGGCCAGCTCCGGCGGTTCGGTCGTCGGAGTGCGGGAGGGCACCAGCTTC 780
AN W S A S S G G S VV GV REGT S F 226

60 70

CCGACCAACGACTACGGCATCGTCCGCTACACGGACGGCTCGTCGCCCGCCGGCACCGTC 840
P T N D Y G I VR Y TD G S S P A G T V 246

80 90

GACCTCTACAACGGCTCCACCCAGGACATCTCCTCCGCCGCCAACGCCGTCGTCGGCCAG 900
D L Y NG S T bI S S A AN AV V G Q 266

FiG. 2. DNA sequence of sprE. The deduced amino acid sequence is shown below the DNA sequence, with the stop codon indicated
by an asterisk. The pre-pro junction (hollow arrow) and pro-mature junction (solid arrow) are shown. The putative ribosome-binding
site is indicated by dots, putative promoter sites are underlined, and a 3’ inverted repeat sequence is double underlined. Numbering
to the right of the figure is relative to the first nucleotide and amino acid of each sequence. In addition, amino acid numbering with
respect to the amino terminus of the mature protease is shown above the sequence.
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GCCATCAAGAAGAGCGGATCCACCACGAAGGTGACCTCCGGCACGGTCACCGCCGTCAAC
A I K K $ 6 s T T K VT S G T V T A V N

120 130

GTCACCGTCAACTACGGCGACGGGCCCGTCTACAACATGGTCCGCACCACCGCCTGCTCG
v TV N Y G D G P VY NMV R T TA C S

140 150

GCCGGCGGCGACAGCGGCGGAGCGCACTTCGCCGGGTCCGTCGCCCTCGGCATCCACTCG
A G G D S G G A HVF A G S V AL G I H s

160 170

GGCAGCTCCGGCTGCTCCGGCACCGCGGGCTCGGCCATCCACCAGCCGGTCACCGAGGCG
G §s §s G ¢ 8 6GT A G S A I HQ P V T E A

180 187

CTCTCCGCGTACGGCGTGACGGTGTACTGAGCCGCCACGGCAGCGACCGGGGCCGCGGTC
L S A Y GV T V Y *

GCCTCCGCGGCCCCGGTCACTGTCGGCGCACCGTCCGGACGTGGCCAGGTCGCCGCCCCG

GCCACCGCCCGGACCGCGGCCACGGTCACCGCCGTCGCCGGCCCTGCCCGACCCCGCCCG
CCCGGACCCCGCGCACCCCGGTCCGGGCGGETCCGCGCGCEGCGGTGAATCTCGGTGTCG
GGCGGECCGGGGCEECTEGECAGGCTGAGGGGCATGGACCGCTCTCCCGCACCGCGCGTCG
CCCACACCCATGAGCTCACCCCGGETCGAACGGGGCCGGATCC

FIG. 2 (concluded)
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fragment was isolated encompassing a region of the subtilisin gene
extending from 210 bp upstream of the initiation codon to the last
codon of the pre region. After an initial cloning step involving
pUCI18, the PCR-generated fragment was blunt-end ligated into
pEBI, which was Pvull digested and treated with CIP. The ligation
mixture was used to transform DH5«/P3. A clone (pEBI11) in
which the subtilisin pre region has the same polarity as antibiotic
resistance genes was selected by restriction analysis (Fig. 3).

Expression of SGPE in B. subtilis

Two oligonucleotides were synthesized (EF2 and ER2, Fig. 1)
based on the sequence of sprE and used as PCR primers with
EcoRI-digested pDS-E as template. The amplified product was
digested with Xball and ligated into pUC18, which had been
digested with Xbal and Smal and treated with CIP. The PCR
product (0.2 pg) and vector (0.2 ug) were ligated in a final volume
of 10 uL, and the ligation mixture was used to transform E. coli
DHS5a/P3. Vectors with inserts of the correct size were identified
by restriction analysis. One of these (pDS-E2) was partially
sequenced to verify accurate amplification and ligation. pDS-E2
was then digested with PsfI and Smal, and the fragment containing
the pro-mature portion of sprE was gel purified and ligated into
pEB11 (digested with PsfI and Smal and treated with CIP).
Escherichia coli DH5a/P3 was transformed with the ligation
mixture, and a vector containing the correct insert in the correct
orientation was isolated on the basis of restriction enzyme analysis
and designated pEB-E (Fig. 3). Bacillus subtilis DB104 (Kawamura
and Doi 1984) was transformed with pEB-E and transformants con-
taining the correct plasmid were identified using restriction enzyme
digests. Expression of SGPE in these transformants was verified
using a skim milk clearing assay (Wells et al. 1983).

Homology searches

Homologous DNA and protein sequences were searched for, and
identified, using the BLAST network service at the National Center
for Biotechnology Information (NCBI).

Results

Cloning and sequencing of sprE

Taking advantage of the previously published partial gene
sequence of sprE (Svendsen et al. 1991), we used PCR to
amplify a fragment of the gene encoding amino acids 44-121
of the mature protease. The amplified fragment was then
used as a probe to isolate plasmids containing sprE from
a genomic DNA library prepared from S. griseus DNA
digested to completion with Bg/II. From approximately
20 000 E. coli transformants screened by colony hybridiza-
tion, 48 potential positive clones were selected for further
analysis. Southern blot analysis of plasmid DNA isolated
from the 48 clones revealed four that contained inserts which
hybridized strongly with the probe. Restriction analysis
showed that each of the four plasmids contained an identical
4.7-kbp insert, and one of these plasmids (designated pDS-E)
was chosen for sequencing.

Sequence analysis confirmed that sprE was contained
within the 4.7-kbp insert of pDS-E. The complete sequence
of sprE revealed an enzyme organized into a pre-pro-mature
precursor (Fig. 2) consisting of 187 amino acid mature SGPE
preceded by a 168 amino acid leader sequence. The pre
region, determined by the method of von Heijne (1986) using
the computer program PC/Gene (IntelliGenetics, Inc.,
Mountain View, Calif.), encompasses the first 29 amino
acids of the extension and is typical of prokaryotic secretion
signals. The remaining 139 residues constitute a propeptide.

The 5’ untranslated region of sprE contains putative
promoter and ribosome-binding sites which were identified
by comparison with other Streptomyces gene sequences
(Henderson et al. 1987; Hutter and Eckhardt 1988). The
translation stop codon is followed by a pair of inverted
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Sph1
Pst I
Sal I Hinc IT Acc 1
Xbal

Smal

pEB11 (6.0 kbp)

Eco RV

pEB-E (7.0 kbp)

EcoR 1

FIiG. 3. Plasmid maps of pEB11 and pEB-E. Genes are represented by either open or solid boxes with arrowheads indicating the
direction of transcription. The ampicillin resistance gene of pUCI18 (amp"), the kanamycin resistance gene of pUB110 (kan"), and a
330-bp fragment from the subtilisin BPN gene (PP sub) are present in both vectors. pEB-E also contains the pro-mature region of
sprE (SGPE) fused in frame with the subtilisin pre region, thus allowing recombinant expression of SGPE in B. subtilis.

F1G. 4. Recombinant expression of SGPE. Bacillus subtilis
DB104 transformed with either (A) pEB11 or (B) pEB-E was plated
on YT plates containing 50 ug/mL of kanamycin and 1.5% skim
milk. Plates were photographed after a 72-h incubation at 25°C.
A zone of clearing indicating the secretion of active protease is
visible only in the case of pEB-E transformant.

repeated sequences capable of forming a stable hairpin loop.
Such structures, believed to be involved in transcription
termination, have been identified in other Streptomyces
genes (Henderson et al. 1987; Hutter and Eckhardt 1988).

Construction of an E. coli - B. subtilis shuttle vector
Bacillus subtilis is a gram-positive organism adapted for
the secretion of hydrolytic enzymes (Harwood 1989); the
protease-deficient DB104 strain of B. subtilis (Kawamura
and Doi 1984) is an ideal host for recombinant expression

of SGPE. Low-efficiency labour-intensive transformations
make the genetic manipulation of DNA in B. subtilis gen-
erally more difficult than in E. coli. Therefore, we assembled
the E. coli - B. subtilis shuttle vector pEBI11 (Fig. 3) from
the E. coli plasmid pUC18 and the B. subtilis plasmid
pUBI110. pEBI11 contains origins of replication recognized
by both organisms, an ampicillin resistance gene for selection
in E. coli and a kanamycin resistance gene for selection in
B. subtilis. The transformation efficiencies of pEBI1 in
E. coli and B. subtilis were found to be comparable to those
of pUCI18 and pUB110 in the respective hosts. pEB11 also
contains a 330-bp PCR-amplified fragment derived from the
B. amyloliquefaciens subtilisin gene. This fragment contains
the region encoding the subtilisin secretion signal (pre region)
preceded by 210 bp of 5’ untranslated region containing
promoter and ribosome-binding sites recognized by B. sub-
tilis (Wells et al. 1983). pEB11 was designed in such a way
that insertion into the unique Smal site of the vector
produces an open reading frame consisting of the subtilisin
pre region joined in-frame to the inserted DNA by a proline
residue.

Expression of SGPE in B. subtilis

The pro-mature segment of sprE was cloned into pEB11
to produce the expression vector pEB-E (Fig. 3). The vector
contains an open reading frame encoding a fusion protein
composed of the pre region of subtilisin followed in-frame
by the pro-mature segment of SGPE. Our cloning strategy
added three additional codons to the sprE fragment and
therefore three additional amino acids (Pro-Gly-Ala) to the
amino terminus of the SGPE pro region. Bacillus subtilis
transformants harbouring either pEB-E or pEB11 were
tested on skim milk plates for secretion of proteases (Wells
et al. 1983). Secretion of active SGPE was evidenced by the
appearance of a zone of clearing (representing the degrada-
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tion of milk proteins) around transformants containing
pEB-E (Fig. 4).

Discussion

The sprE gene contains an open reading frame that
encodes a 355 amino acid protein. The deduced amino acid
sequence shows that the enzyme SGPE is organized as a
pre-pro-mature enzyme. This form of organization is found
in other bacterial members of the chymotrypsin family of
serine proteases including SGPA and SGPB (Henderson
et al. 1987), and the a-lytic protease of L. enzymogenes
(Silen et al. 1988). Members of the subtilisin family of serine
proteases are also organized into pre-pro-mature proteins
(Wells et al. 1983). The mature enzyme is 187 amino acids
in length, and notably, differs from the previously published
amino acid sequence (Svendsen et al. 1991) at three posi-
tions. Residues Val132 and Glul77 were previously reported
to be Gly and Lys, respectively, and the published amino
acid sequence contained an additional carboxy-terminal Leu
residue not present in our sequence. We have repeatedly
sequenced the regions in which the discrepancies occur with
sequencing templates derived from both strands of the gene.
We, therefore, have a high degree of confidence in the
derived amino acid sequence presented here.

The maturation of SGPA, SGPB, and the o-lytic protease
is believed to involve two proteolytic cleavages. The first
cleavage takes place at the junction of the pre and pro
regions of the immature enzyme and requires the action of
a leader peptidase (von Heijne 1986). A second cleavage
occurs at the pro-mature junction and is thought to take
place autocatalytically in all three enzymes. The boundary
between the pro and mature regions of SGPE could be
defined because the amino acid sequence (and therefore the

amino terminus) of the mature protein has been determined

= (Svendsen et al. 1991). Notably, the sprE gene encodes a

glutamic acid residue at the amino terminal side of the pro-
mature junction, strongly suggesting that SGPE is a self-
processing enzyme. In contrast to the bacterial members of
the chymotrypsin family of serine proteases, the mammalian
members of this family require the catalytic assistance of
other enzymes for their maturation.

The complete amino acid sequence of SGPE is presented
in Fig. 5 in an alignment with the sequences of enzymes
SGPA, SGPB, the glutamic-acid-specific protease of
Streptomyces fradiae, and the o-lytic protease. The gene
sequence of SFPE was recently deposited in the GenBank
(acquisition No. D12470), although to date a published
characterization has not appeared. Mature SGPE is 83%
identical with the S. fradiae enzyme. However, given that
SGPE and SFPE are both of Streptomyces origin, this
degree of homology is not surprising. Mature SGPE also
shares considerable homology with SGPA (58% identity),
SGPB (54% identity), and the «-lytic protease (36% iden-
tity). Thus, SGPA and SGPB (with a mutual identity of
61%) are as closely related to SGPE as to one another. The
enzymes SGPA and SGPB have primary substrate specificity
for large hydrophobic amino acids, whereas the primary
specificity of the a-lytic protease is for alanine. Crystal
diffraction studies suggest that primary specificity is a func-
tion of the amino acids that line the S1 binding pocket in
the active sites of the enzymes. In SGPA and SGPB the S1
pocket is partially defined by the amino acid residues Ala190
and Thr213 (chymotrypsin numbering), whereas in a-lytic
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protease methionine residues occupy the homologous posi-
tions (Fig. 5). According to the sequence alignment presented
in Fig. 3, both SGPE and SFPE contain Ser and His residues
at positions equivalent to 190 and 213, respectively. Conse-
quently, these residues are likely to play a role in determin-
ing the specificity of the glutamic-acid-specific proteases.
This supposition is reasonable given the polar nature of Ser
and His and the ability of these residues to form favourable
interactions with a glutamic acid side chain.

The junction of the pre and pro regions of SGPE was
determined by searching for potential prokaryotic secretion
signals (von Heijne 1986). The most probable cleavage site
was predicted to lie between residues 29 and 30. In general
there is a poor consensus among the pre regions aligned in
Fig. 5, although they have several common characteristics.
Each pre region begins with a sequence rich in positively
charged residues. This sequence is followed by a span of
hydrophobic residues and the pre region culminates in a
leader peptidase cleavage site. When the pre sequences were
compared pairwise, they fell into three groups wherein the
enzymes SGPA and SGPB formed one group, SGPE and
SFPE formed a second, and the pre sequence of the a-lytic
protease occupied a group of its own. Clearly, there is much
less selective evolutionary pressure on pre region sequences
than on the mature enzyme. Therefore, the extent to which
pre region sequences diverge may correlate well with the
evolutionary divergence of the various enzymes.

Comparison of the pro regions was complicated by large
variations in the lengths of these sequences. Whereas the
pro regions of SGPE, SFPE, and the a-lytic protease are
139, 141, and 166 amino acids in length, respectively, those
of SGPA and SGPB contain only 78 and 76 residues, respec-
tively. Consequently, the pro regions of SGPE, SFPE, and
the a-lytic enzyme may be divided into two segments or
domains of roughly equal length: a carboxy terminal domain
(pro-C) homologous with the pro regions of SGPA and
SGPB proteases and an amino terminal domain (pro-N)
completely absent from SGPA and SGPB (Fig. 5). The dele-
tion of only six amino acids from the amino terminus of
the pro region of the a-lytic protease has been shown to com-
pletely abolish the secretion of active protease in E. coli
(Fujishige et al. 1992). Interestingly, SGPA and SGPB, when
expressed in a gram-positive host (Henderson et al. 1987),
have no requirement for the pro-N domain whatsoever. It
is clear that the pro region is involved in both the folding
and secretion of active enzymes; hence, the presence of a
pro-N domain may reflect differing requirements in either
of these processes. The a-lytic protease is divergent from
SGPA and SGPB to such an extent that it may require a
larger and more divergent pro region for proper folding.
Alternatively, the presence of the pro-N domain of the
a-lytic protease may have been necessitated by the need to
transverse two cellular membranes rather than a single mem-
brane as in the case of the S. griseus proteases. The presence
of a pro-N domain in the S. griseus protease E is at odds
with both these explanations. Given that SGPE is secreted
by a gram-positive organism and is closely related to SGPA
and SGPB, what is the role of the pro-N domain? We are
currently examining the involvement of the pro regions of
SGPA, SGPB, and SGPE in folding and secretion in both
gram-positive and gram-negative hosts.

As a first step in the study of protease folding and secre-
tion, a B. subtilis expression system was developed for the
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SGPE MRRNSRARLG VSLLLVAGALGLGAAP STA 16
SFPE MRR TRARTG LSALLLAASLGLGAAP AGA 18
SGPA MTFKRFSPLSSTSRYARLLAVASGLVAAAALATPSAVA 18
SGPB MRIKRTSNRSNAARRVRTTAVLAGLAAVAALAVPTANA 25
LYTC MYVS NHRSRRVAR VSVSCLVAALAAMSCGAALA 87
. . . . . *
SGPE ADTPP AAPSAI PAPSAYALD AAVER -115
SFPE DAPQRPAPTPASDSAAALHALD AAVER -115
LYTC ADQVDPQLKFAMQRDLGIFPTQLPQYLQTEKLARTQAAAIER -125
* . . * ok o Kk Kk
SGPE QLGAATAGTYLD AKTGGLVVTVTTDRAEE QARAAG -80
SFPE TLGDDSAGTYVD AGTGELVVTVTTEAAAA KVRAAG -80
LYTC EFGAQFAGSWIERNEDGSFKLVAATSGARKSSTLGGVEVRNVR -82
. ok * k. - . . * & . . L

SGPA APEAESKATVSQLADASSAILAAD VAG TAWYTEASTGK =
SGPB ETPRTF SANQLTAASDAVLGAD IAG TAWNIDPQSKR
SGPE ATVRRVARSAAQLDAA MATLEAEAK ITG TSWGVDPRTNR
SFPE ATPRRVQRGAAELDAA MAALEARAK IPG TSWGLDPRTNR o
LYTC YSLKQLQSAMEQLDAGANARVKGVSKPLDGVQSWYVDPRSNA

. * - * . . - * - & . = .

1
s
(= o R ol e

SGPA IVLTADSTVSKAELAKVSNALAGSKAK LTVKRAEGKFTPL -1
SGPB LVVTVDSTVSKAEINQIKKSAGANADA LRIERTPGKFTKL -1
SGPE VAVEADSSVSARDMARLEAVAERLGSA VDIKRVPGVFHRE -1
SFPE IAVEADSSVSARDLARLRKVAASLDGA VSVTRVPGVFQRE -1
LYTC VVVKVDDGATDAGVDF VALSGADSAQVRIESSPGKLQTT -1
. . * - - - . * -
SGPA IAGGEAITTG GSRCSLGFNVSVNGVAHALTAGHCTNIS 38
SGPB ISGGDAIYSS TGRCSLGFNVRSGSTYYFLTAGHCTDGA 38
SGPE VLGGGAIYGG GSRCSAAFNVTKGGARYFVTAGHCTNIS 38
SFPE VAGGDAIYGG GSRCSAAFNVTKNGVRYFLTAGHCTNLS 38
LYTC ANIVGGIEYSINNASLCSVGFSVTRGATKGFVTAGHCGTVN 41
. kR S T ] 5 ok ok ok ok K
SGPA ASWS IGTRTGTSFPNNDYGIIRHSNPAAA DGR

SGPB TTWWANSARTTVLGTTSGSSFPNNDYGIVRYTNTTIPKDGT
SGPE ANWS ASSGGSVVGVREGTSFPTNDYGIVRYTDGSSP AGT
SFPE STWS STSGGTSIGVREGTSFPTNDYGIVRYTTTTNV DGR
LYTC ATAR IGGAVVGTFAARVFPGNDRAWVSLTSAQTL LPR

. . ® & ® * R a . .

NN
WINwo

SGPA VYLYNGS YQDITTAGNAFVGQAVQRSGSTTGLRSGSVTGL
SGPB VG GQDITSAANATVGMAVTRRGSTTGTHSGSVTAL
SGPE VDLYNGS TQDISSAANAVVGQAIKKSGSTTKVTSGTVTAV
SFPE VNLYNGG YQDIASAADAVVGQAIKKSGSTTRKVTSGTVSAV
LYTC VA NGSSFVTVRGSTEAAVGAAVCRSGRTTGYQCGTITAK

* . e s e o %k * Kk * . - * ok * * 4 e e .

RPRPRER
RPRRPR e
PPN Yo}

SGPA NATVNYGSSGIVYGMIQTNVCAEPGDSGGSLFAGS TALGL
SGPB NATVNYGGGDVVYGMIRTNVCAEPGDSGGPLYSGT RAIGL
SGPE NVTVNYGD GPVYNMVRTTACSAGGDSGGAHFAGS VALGI
SFPE NVTVNYSD GPVYGMVRTTACSAGGDSGGAHFAGS VALGI
LYTC NVTANYAE GAVRGLTQGNACMGRGDSGGSWITSAGQAQGV

PERE P e
LG NGRE N
Nk o

- * * %k o - * . - * * Rk ® * o . . . * * .
SGPA TSGGS GNCR TGGTTFYQPVTEALSAYGATVL 181
SGPB TSGGS GNCS SGGTTFFQPVTEALSAYGVSVY 185
SGPE HSGSS G CS GTAGSAIHQPVTEALSAYGVTVY 187
SFPE HSGSS G CT GTNGSAIHQPVREALSAYGVNVY 187
LYTC MSGGNVQSNGNNCGIPASQRSSLFERLQPILSQYGLSLVTG 198
* % 4 o * - LR - - * * * Kk -

F1G. 5. Alignment of the amino acid sequence of promature SGPE with SGPA, SGPB (Henderson et al. 1987), SFPE (GenBank
accession No. D12470), and «o-lytic protease (Silen et al. 1988). Aligned separately are (A) the pre regions, (B) the amino terminal pro-N
domains, (C) the carboxy terminal pro-C domains, and (D) the mature proteases. Numbering is from the amino terminus of the mature
proteases. Residues 190 and 213 (chymotrypsin numbering) (Fujinaga et al. 1985) are shown in boldface. Positions with identical residues
in all aligned sequences are indicated by asterisks, whereas conservatively substituted residues (Dayhoff 1972) are indicated with dots.
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purpose of examining SGPE’s ability to self-process. The
shuttle vector pEB11 was created by recombining, within
one plasmid, E. coli and Bacillus origins of replication as
well as genes for resistance to the antibiotics ampicillin and
kanamycin (Fig. 3). Also present within the pEB11 vector
is a portion of the 5’ end of the subtilisin gene that includes
subtilisin promoter and ribosome-binding sites, sequences
encoding the subtilisin pre region, and a polylinker site. The
pro-mature segment of sprE was amplified by PCR methods
(simultaneously introducing restriction enzyme sites) and
ligated into the polylinker site of pEB11, thereby creating
the expression vector pEB-E. SGPE expressed from pEB-E
is a fusion in which the subtilisin pre region replaces the
SGPE pre region. Expression of SGPE was tested in the
protease-deficient B. subtilis DB104. Clones harbouring the
recombinant sprE produced a zone of clearing (Fig. 4) on
skim milk plates and we took this as evidence of proper fold-
ing and autocatalytic maturation of SGPE.
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