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We have isolated a novel acidic amino-acid-specific proteinase from Streptomyces fradiae ATCC 14544, using benzyloxy-
carbonyl-L-Phe-L-Leu-L-Glu-p-nitroanilide (Z-Phe-Leu-Glu-pNA) as a substrate. A proteinase, which we propose to call SFase,
was purified from the culture filtrate by salting out, repeated S-Sepharose chromatography, and affinity chromatography
(CH-Sepharose-Phe-Leu-p-Glu-OMe). The purified enzyme showed a single band having an apparent molecular weight of 19 000
on sodium dodecyl sulfate polyacrylamide gel electrophoresis. When synthetic peptides were used as substrates, SFase showed
high specificity for Z-Phe-Leu-Glu-pNA. Comparison with nitroanilides of glutamic acid and aspartic acid as substrates revealed
that the reactivity was about 10-fold higher for a glutamyl bond than an aspartyl bond. SFase selectively hydrolyzed the -Glu-Ala-
bond of two glutamyl bonds in the oxidized insulin B-chain within the initial reaction time until the starting material was
completely digested. Diisopropylfluorophosphate and benzyloxycarbonyl-Phe-Leu-Glu chloromethylketone completely inhibited
SFase, while metalloproteinase inhibitors, such as EDTA and o-phenanthrolin, did not inhibit the enzyme. The findings indicate
that SFase can be classified as a serine proteinase, and is highly specific for a glutamyl bond in comparison with an aspartyl bond.
To elucidate the complete primary structure and precursor of SFase, its gene was cloned from genomic DNA of the producing
strain, and the nucleotide sequence was determined. Consideration of the N- and C-terminal amino-acid sequences of the
mature protein of SFase indicates that it consists of 187 amino acids, which follows a prepropeptide of 170 residues. In
comparison with the acidic amino-acid-specific proteinase from Streptomyces griseus (Svendsen, L., Jensen, M.R. and Breddam,
K. (1991) FEBS Lett. 292, 165-167), SFase -had 82% homology in the amino acid sequence. The processing site for maturation of
SFase was a unique sequence (-Glu-Val-), so that the propeptide could be released by cleavage of the peptide bond between Glu
and Val.

Introduction that it has a different protein structure from V8 pro-

teinase [4].

Glutamic-acid-specific proteinase (V8 proteinase),
which is produced by a pathogenic Staphylococcus au-
reus strain V8, has been widely used as a tool for
analysis of protein sequence [1]. The V8 proteinase has
been subjected to nucleotide sequencing [2], and also
X-ray structural study [3]. Recently, we found a novel
glutamic-acid-specific proteinase from S. aureus ATCC
12600, which we proposed to call SPase, and reported
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Abbreviations: ATCC, American Type Culture Collection; BSA,
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Two kinds of acidic-amino acid-specific proteinase
from nonpathogenic microorganisms, have been re-
ported; one occurrs in a small amount in a commer-
cially available pronase from Streptomyces griseus
(Kaken Seiyaku, Tokyo) [5,6], and another is present in
a small amount in proteinase type XVI from Bacillus
subtilis (Sigma) [7]. Although the main cleavage point
of these proteinases is the carboxyl side of the glu-
tamic-acid residue, acidic amino acids such as cysteic
acid and aspartic acid are also cleaved to a small extent
with respect to the long oligo-peptide substrate. The
primary structure of these proteinases has been re-
ported, but gene cloning of them has not yet been
achieved. .

Recently, many attempts have been made to pro-
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duce bioactive peptides by gene technology using
amino-acid-specific proteinases as tools for selective
cleavage of fusion proteins which are expressed in a
host strain. For this purpose, we screened various
amino-acid-specific proteinases from nonpathogenic
microorganisms and found a glutamic-acid-specific pro-
teinase from Bacillus licheniformis, which we called
Bl.ase. We have reported on its enzymatic charac-
terization and gene cloning [8,9]. Recently, a glutamic-
acid-specific proteinase from Alcalase™, which has
the same protein sequence and character as BLase,
was reported by the Carlsberg group [10,11].

While searching for a glutamic-acid-specific pro-
teinase, we isolated a novel proteinase from Strepto-
myces fradiae ATCC 14544, which we called SFase. In
the present paper, we report on the purification, char-
acterization and molecular cloning of SFase, and also
discuss the processing mechanism of its maturation.

Materials and Methods

Materials

Oxidized bovine insulin B chain (oxd-insulin B chain)
was purchased from Sigma; S-Sepharose Fast Flow
from Pharmacia LKB Biotechnology; benzyloxy-
carbonyl-L-Phe-L-Leu-L-Glu-p-nitroanilide (Z-Phe-
Leu-Glu-pNA) and EndoLysC from Boehringer-Man-
nheim Yamanouchi; t-butoxycarbonyl-Ala-Ala-Glu-
pNA (Boc-Ala-Ala-Glu-pNA) and Boc-Ala-Ala-Asp-
pNA from Bachem; and benzoyl-Tyr-pNA (Bz-Tyr-
pNA), Bz-Arg-pNA, Bz-Trp-pNA, Z-Ala-Ala-Leu-
pNA, succinyl-Ala-Ala-Ala-pNA (Suc-Ala-Ala-Ala-
pNA), tosyl-Lys-chloromethylketone (TLCK) and tosyl-
Phe-chloromethylketone (TPCK) from Peptide Insti-
tute (Japan). We synthesized Z-Gly-Ser-pNA and Z-
Phe-Leu-Glu-chloromethylketone (Z-Phe-Leu-Glu-
CK).

The Protein Assay Kit was from Bio-Rad; protein
molecular weight marker ‘RAINBOW™’ from Amer-
sham; and the HPLC column ‘Protein C,’ from Vydac.

Restriction endonucleases, M13 sequencing kits for
dideoxy chain-termination method and the enzymes
used for DNA manipulation were purchased from
Takara Shuzo, the DNA amplification reagent (PCR)
kit from Perkin Elmer Cetus, the nylon membrane
(Zeta-probe) from Bio-Rad, and radiolabeled deoxyri-
bonucleotide from Amersham. Streptomyces fradiae
ATCC 14544 was used as a producer of SFase and
Escherichia coli JM103 as the host for cloning the
SFase gene. All other reagents were commercial prod-
ucts of the highest grade available.

Methods

Assay of enzyme activity. Enzyme activity was mea-
sured by Z-Phe-Leu-Glu-pNA as substrate, and the
reaction was started by adding an appropriate amount

of an enzyme solution composed of 0.2 mM Z-Phe-
Leu-Glu-pNA, 2% DMF, 50 mM Tris-HCl and 2 mM
CaCl, (pH 7.5) to make a final volume of 1.0 ml. After
10 min of reaction at 37°C, the absorbance of liberated
p-nitroaniline was measured at 410 nm. When the
substrate was Z-Phe-Leu-Glu-pNA, the specific activity
of SFase was expressed as an amount (wmol) liberated
of p-nitroaniline using 1.0 mg SFase in 1 min under
the above conditions.

Protein concentration. The protein concentration was
determined by a Protein Assay Kit using bovine serum
albumin as the standard.

Purification of SFase. Streptomyces fradiae ATCC
14544 was cultivated by the methods described by
Morihara et al. [12]. The culture was centrifuged at
4200 rpm for 30 min to remove the cells and the
resultant supernatant was precipitated by addition of
ammonium sulfate to 60% saturation. This precipitate
was collected by centrifugation at 8000 rpm for 30 min,
followed by dissolution in 10 mM Tris-HCl buffer
containing 2 mM CaCl, (pH 7.5) and dialysis against
the same buffer, with subsequent lyophylization. The
resulting material was used as crude enzyme for the
following preparation.

This crude enzyme (104.4 g) was dissolved in 1.2 1 of
5 mM Tris-HCI buffer (pH 7.5) and dialyzed against
the same buffer (20 1, 20 h). After centrifugation (8000
rpm, 20 min), the supernatant was combined with 1.0 1
of S-Sepharose Fast Flow equilibrated with 5 mM
Tris-HCI buffer (pH 7.5), and the mixture was slowly
stirred 5 h at 4°C. After the supernatant was discarded
by decantation, the S-Sepharose Fast Flow was poured
into a glass column, which was subsequently washed
with 3.0 1 of 5 mM Tris-HCI buffer (pH 7.5), and eluted
with 10 1 of a linear salt gradient of 0-0.3 M NaC(l in
the same buffer. The fractions containing activity to-
wards Z-Phe-Leu-Glu-pNA were collected to a volume
of 2.5 |, dialyzed against 5 mM Tris-HCl buffer (pH
7.5, 20 1 X 3, 20 h), and loaded onto an S-Sepharose
Fast Flow column (5 X 25 cm) equilibrated with the
same buffer. After the column had been washed with
2.5 1 of the same buffer, elution was done with 51 of a
salt gradient of 0—0.1 M NaCl in the same buffer. The
active fractions (1 1) were pooled and dialyzed against 5
mM Tris-HCI buffer (pH 7.5, 20 1x 2, 20 h), then
applied to CH-Sepharose-Phe-Leu-p-Glu-OMe column
(2.5 X 14 cm) equilibrated with the same buffer. The
column was then washed with 500 ml of 5 mM Tris-HCl
buffer (pH 7.5), and eluted with 1.0 1 of a linear salt
gradient of 0-0.1 M NaCl in the same buffer. The
active fractions (200 ml) were pooled and dialyzed
against 5 mM Tris-HCl buffer (pH 7.5, 20 1 x 3, 20 h),
then applied to the S-Sepharose Fast Flow column
(3.2 X 40 cm) described above, equilibrated and eluted
in the same way. The eluates with activity (200 ml)
were dialyzed against 5 mM Tris-HCl buffer (pH 7.5,



201X 3, 20 h), and pooled. This final enzyme prepara-
tion showed a single protein band on sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-
PAGE). '

Hydrolysis of oxd-insulin B chain. To examine the
cleavage points of the oxd-insulin B chain, the chain
was dissolved in a buffer composed of 50 mM Tris-HCI
(pH 7.5), to obtain a final concentration of 1.0 mg,/ml.
To this solution the enzyme was added (S/E =139,
weight by weight), and the reaction was allowed to
proceed at 25°C. The reaction was terminated by addi-
tion of HCl to pH 3.0. The resultant solution was
analyzed by HPLC using a Vydac Protein C, Column,
4.6 X 250 mm. After the column had been equilibrated
with a mixture of water and acetonitrile (4: 1) contain-
ing 0.1% trifluoroacetic acid, the above sample solu-
tion was loaded onto the column, which was then
washed with the same mixture. Subsequently, the
acetonitrile concentration was increased from 20% to
45% over 30 min. Each degradation product was col-
lected from the effluent corresponding to each peak in
the chromatogram and identified by amino-acid analy-
sis.

SDS-PAGE. SDS-PAGE was performed on a 15%
gel as described by Laemmli [13] using ‘RAINBOW’
(Amersham) as the molecular weight marker to esti-
mate the molecular weight and the purity.

Amino-acid analysis. After hydrolysis in 4 M
methanesulfonic acid containing 0.2% 3-(2-amino-
ethyl)indole at 110°C for 24 h, the amino-acid composi-
tion was determined with an amino-acid analyzer
(Model 835 Hitachi).

N- and C-terminal sequence determination. Auto-
mated Edman degradation was performed with a Model
477A Applied Biosystems gas phase sequencer
equipped with a 120A PTH amino-acid analyzer. After
the SFase was inhibited by DFP (DIP-SFase), the
N-terminal sequence was determined. The C-terminal
sequence was determined by the digestion of DIP-
SFase with EndoLysC proteinase (S/E = 40) at 24°C
for 6 h in 25 mM Tris-HCl (pH 7.5), and the resulting
digests were separated by HPLC using Protein C,

TABLE 1
Purification of SFase from Streptomyces fradiae ATCC 14544
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Column (4.6 X 250 mm) under various conditions. Next,
all fragments of peptide were examined using the
amino-acid analyzer. We identified the peptide frag-
ment, which had no basic amino acid on the carboxyl
side, as the carboxyl-terminus peptide of SFase.

Synthesis of oligonucleotide primers. Oligonucleotide
primers for PCR cloning of SFase gene were designed
on the basis of the most frequent codon usage of
Streptomyces genes [14], in which the third letter was
almost restricted to G or C. Two kinds of single primers
were synthesized on the basis of peptide sequences
derived from the N-terminus of SFase and obtained by
its digestion with EndoLysC proteinase by using Gene
Assembler Plus DNA Synthesizer (Pharmacia LKB
Biotechnology). Sense and antisense primers were 5'-
GTCGCCGGCGGCGACGCCATCTA-3’ (23mer) and
5'-GTCCACGTTGGTGGTGGTGGTGTA-3'
(24mer), which were derived from possible DNA se-
quences corresponding to two parts of partial amino-
acid sequences of SFase, Val-Ala-Gly-Gly-Asp-Ala-Ile-
Tyr (N-terminal residues 1-8) and Tyr-Thr-Thr-Thr-
Thr-Asn-Val-Asp (unknown position), respectively. The
forward and the reverse primers specific for M13 se-
quencing were 5-GTTTTCCCAGTCACGAC-3’ and
5'-CAGGAAACAGCTATGAC-3’, respectively.

Amplification of the DNA fragment encoding SFase.
PCR was performed for 30 cycles on a DNA thermal
cycler (Perkin Elmer Cetus) using a DNA amplification
reagent kit. The thermal cycle of the PCR procedures
included denaturation at 94°C for 30 s, annealing at
50°C for 1 min, and extension at 72°C for 1 min. The
amplified DNA fragment, labeled by [ -32P]dCTP with
a random primer labeling system, was then used as the
probe for hybridization.

Screening of the genomic and size-seleted DNA li-
brary. General techniques including transformation of
E. coli cells, M13 DNA isolation and agarose gel
electrophoresis were described by Maniatis et al. [15].
Genomic DNA of the Streptomyces fradiae ATCC
14544 was prepared as described by Marmur [16].
Southern hybridization between restriction enzyme-di-
gested genomic DNA and 3?P-labeled DNA probe

Substrate: 0.2 mM Z-Phe-Leu-Glu-pNA in 2.0% DMF. Details are described in the text.

Volume Total Total Specific Activity
(ml) Ayg activity activity recovery
(nm) (A 410 (nm)) (pmol/min per mg) (%)

Crude enzyme 104.4 (g) 140800 76000 0.061 100.0
S-Sepharose (1st) 2300 13777 10488 0.087 14.1
S-Sepharose (2nd) 1000 4330 6510 0.171 8.6
Affinity chromatography 400 412 4216 1.163 5.5
S-Sepharose (3rd) 200 35 602 42.316 0.79
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specific for SFase was carried out according to the
method of Southern [17] with the following modifica-
tion. The temperature for hybridization in 1 mM
EDTA /0.5 M NaH,PO, (pH 7.2)/7% SDS /1% BSA
was 65°C, and the nylon membrane was washed with 15
mM NaCl/1.5 mM sodium citrate and 0.1% SDS at
50°C. A DNA fragment amplified by PCR was directly
sequenced as described by Gibbs et al. [18]. Appropri-
ate DNA fragments were inserted into M13mp10, and
nucleotide sequencing was performed by the chain
termination method described previously [19].

Nucleotide sequence accession number. The nu-
cleotide sequence of SFase gene has been submitted to
the GenBank™ /EMBL/DDBJ Data Bank with the
accession number D12470.

Results and Discussion

Purification of SFase

The purification procedures of SFase are summa-
rized in Table 1. The crude enzyme (104.4 g) from the
culture broth of Streptomyces fradiae ATCC 14544 was
used as starting material and then purified to homo-
geneity by sequential chromatographies. First, a rough
separation was achieved by S-Sepharose chromatog-
raphy (1st S-Sepharose) with the fraction containing
both chymotrypsin- and trypsin-like proteinase activi-
ties. In this step, the yield of enzymatic activity toward
Z-Phe-Leu-Glu-pNA was approx. 14%, indicating that
the culture broth contains numerous proteinases [12]
which non-specifically cleave the substrate and the
specific activity of the culture broth is apparently in-

creased. Next, the active fractions were pooled, and
the linear gradient chromatography on S-Sepharose
was performed (2nd S-Sepharose), by which SFase was
eluted with around 0.05 M NaCl and high molecular
weight contaminants were removed.

As shown in Table I, affinity chromatography of
CH-Sepharose-Phe-Leu-p-Glu-OMe  efficiently sepa-
rated SFase from other proteinases, but a small amount
of chymotrypsin- and trypsin-like proteinase activities
was still found. This step increased the specific activity
toward Z-Phe-Leu-Glu-pNA approx. 10-fold.

As the final step, linear gradient chromatography on
S-Sepharose was performed again (3rd S-Sepharose).
The chromatographic pattern and the resuits of SDS-
PAGE are shown in Fig. 1. SFase showed a single band
on SDS-PAGE, and the relative activity was increased
37-fcld. The overall purification was approx. 700-fold
and the yield was 0.79% (Table I).

Characterization of SFase

The optimum pH of SFase was measured by using
0.2 mM Z-Phe-Leu-Glu-pNA as substrate in a series of
50 mM buffers which contain 10% DMF, acetate buffer
(pH 3.2-6.1), phosphate buffer (pH 5.5-8.1), Tris-HCI
buffer (pH 6.1-9.8) and glycinate buffer (pH 9.1-11.1).
After the solution was allowed to react at 25°C for 10
min, the absorbance was measured at 410 nm. The
effect of pH on the stability of SFase was examined
with the above buffers after the mixture had been left
standing for 1.5 h at 37°C. The pH of the solutions was
adjusted to pH 7.5, then the activity was measured.
The optimum pH of SFase was around 8.2 and it was
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Eluate (x100 ml)
Fig. 1. S-Sepharose chromatography pattern and SDS-PAGE. The effluent profile of the SFase on the 3rd S-Sepharose Fast Flow column.
Details are described in the text. The active fractions indicated by bars were collected. Absorbance at 280 nm, © — — — O; absorbance at 410

nm, which represents the activity degrading Z-Phe-Leu-Glu-pNA, ®

25 30 35 40

®. The purified SFase was analyzed by SDS-PAGE: lane 1, molecular

weight markers; lane 2, crude enzyme (starting material); lane 3, purified SFase.



stable at pH 4.5-9.0 (data not shown). These results
indicate that SFase is typically an alkaline proteinase
and shows the same property as the acidic amino-
acid-specific proteinase from S. griseus [5].

The specificity of SFase for synthetic substrate was
examined by using a series of p-nitroanilide substrates,
in which the P1 position [20] is Glu, Asp, Leu, Trp,
Tyr, Ser, Ala and Arg, respectively. As is evident from
Table 11, SFase showed high reactivity for Z-Phe-Leu-
Glu-pNA, but only weakly cleaved the Asp substrate;
i.e., the activity toward Boc-Ala-Ala-Asp-pNA is ap-
prox. 1/10 that of Boc-Ala-Ala-Glu-pNA. The other
six substrates could not be cleaved (data not shown),
indicating that SFase is an acidic amino-acid-specific
proteinase.

The substrate specificity of SFase for a long oligo-
peptide substrate was examined with oxd-insulin B
chain which consists of 30 amino-acid residues. When
the SFase was incubated with oxd-insulin B chain, the
starting material was completely digested in 5 min,
which allowed the production of two peaks on the
HPLC. The amino-acid analysis of each peak resulted
in identification of the first half peak as the peptide
residue number 1-13, and of the latter half peak as
14-30. Although the oxd-insulin B chain contains two
glutamic-acid residues, SFase cleaved the -Glu!*-Ala!*-
bond, but not the -Glu?'-Arg?- bond in the initial
reaction. Furthermore, although oxd-insulin B chain
contains two cysteinic acids as acidic amino acids,
SFase did not cleave these residues. It was reported
that in the degradation of oxd-insulin A chain, the
acidic amino-acid-specific proteinase from S. griseus
slowly hydrolyzed cysteinic acid [5]. The result on SFase
seems to be inconsistent with the results on the acidic
amino-acid-specific proteinase from S. griseus, which
Breddam et al. [11] proposed to call SG-GSE and
examined with synthetic hexapeptides as substrates.
They proposed that SG-GSE prefer the Arg residue
than the Ala residue at the P1’ position in the sub-
strates. This may arise from the difference in the
species between S. fradiae and S. griseus, or due to the
difference between the long oligo-peptide substrate
and the synthetic peptide substrate. Taken together,

TABLE II
Hydrolysis of glutamyl and aspartyl p-nitroanilide substrates with SFase

Conditions: 50 mM Tris-HCI, 2 mM CaCl, (pH7.5), 25°C; Enzyme,
4.2 pg/ml; substrates, 0.2 mM in 2.0% DMF. Details are described
in the text.

Substrate Specific activity
(wmol /mg per min)
Z-Phe-Leu-Glu-pNA 36.26
Boc-Ala-Ala-Glu-pNA 14.34
Boc-Ala-Ala-Asp-pNA 1.62
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TABLE II1

Amino-acid compositions of acidic amino-acid-specific proteinases

SFase SPGE BLase V8protei- SPase

s DNa 61 B9  nasel2  [4]
Asp 19.4 18 15 18 65 80
Thr 21.5 21 19 28 19 19
Ser 229 23 25 32 10 10
Glu 59 5 4 11 24 23
Pro 29 3 4 10 25 32
Gly 335 31 34 29 22 22
Ala 20.5 19 22 12 17 17
Cys/2 4.4 4 4 4 0 0
Val 18.9 20 20 13 19 19
Met 1.1 1 1 2 3 3
Ile 6.1 7 7 13 15 15
Leu 5.9 5 5 5 8 8
Tyr 10.5 10 9 17 7 7
Phe 43 4 4 5 9 9
Lys 40 4 5 6 13 13
His 38 4 4 4 8 8
Arg 7.1 7 5 9 2 2
Trp 0.9 1 1 4 2 2
Residues 187 188 222 268 289
Mol. weight 18702 18336 23567 29006 31286

we speculate that SFase has different specificity from
SG-GSE at the S1’ position. Thus, these results sug-
gested that the enzymatic properties of SFase may be
somewhat different from those of the other acidic
amino acid-specific proteinases.

The effects of various inhibitors on the activities of
SFase were examined. SFase was completely inacti-
vated by 2.0 mM DFP, whereas metalloproteinase in-
hibitors, such as EDTA and o-phenanthrolin, did not
inhibit the proteinase activity. TLCK and TPCK, which
are typical inhibitors for trypsin- and chymotrypsin-like
proteinase, did not inhibit the SFase activity, but Z-
Phe-Leu-Glu-CK inactivated SFase. Thus, SFase was
classified into the serine proteinase, with the specificity
for glutamic acid being very high, but that for aspartic
acid being low.

The molecular weight of proteinase was estimated
to be 19000 by SDS-PAGE, as shown in Fig. 1. This
value agreed well with that of 18702 calculated from
the amino acid sequence deduced from DNA, which is
described below. The amino-acid composition of SFase
was analyzed and compared with those deduced from
the nucleotide sequence (Table III). The amino-acid
composition  obtained and that deduced from DNA
showed good agreement. Table III also shows the
amino-acid composition of other acidic amino-acid-
specific proteinases reported thus far. SFase is very
similar to SGPE (Ref. 6, identical with recently re-
named SG-GSE) in both amino-acid composition and
molecular weight, but not to other proteinases. The
amino-terminal sequence of DIP-SFase was deter-
mined up to the 31th residue, and the sequence Val-
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Ala-Gly-Gly-Asp-Ala-Ile-Tyr-Gly-Gly-Gly-Ser-Arg-
Xaa-Ser-Ala-Ala-Phe-Asn-Val-Thr-Lys-Asn-Gly-Val-
Arg-Tyr-Phe-Leu-Thr-Ala- was obtained. In order to
examine the C-terminal sequence, the DIP-SFase was
digested by EndoLysC proteinase and each degrada-
tion product was separated by HPLC. After analysis of
the amino-acid sequence of all peaks, a peptide frag-
ment which does not have a basic amino acid was
obtained; it was Glu-Ala-Leu-Ser-Ala-Tyr-Gly-Val-
Asn-Val-Tyr. In addition, one of the sequence with a
basic amino acid Tyr-Thr-Thr-Thr-Thr-Asn-Val-Asp-
Gly-Arg was obtained.

Cloning of the SFase gene

For cloning of the SFase gene, PCR methodology
[21] was adopted. Upstream and downstream primers
were deduced from the two known amino-acid se-
quences at positions 1 to 8 of the N-terminal sequence
and a peptide fragment, Tyr-Thr-Thr-Thr-Thr-Asn-
Val-Asp (unknown position), which was isolated from
EndoLysC proteinase digests of DIP-SFase. A DNA
fragment of about 220 bp was amplified by PCR with
the sense primer and antisense primer as described in
Materials and Methods. The direct DNA sequence
analysis of 220-bp PCR product revealed that the de-
duced amino-acid sequence contained all the se-
quences up to the 31th determined by the N-terminal
amino-acid sequencing of SFase (Fig. 2), demonstrating
that the amplified DNA fragment is derived from
SFase gene. The 220-bp fragment thus obtained was
then used as a probe for Southern hybridization of the
digest of S. fradiae genomic DNA with appropriate
restriction enzymes. When digested with Sall/Pst],
two relatively small DNA fragments were detected; a
strongly hybridizing 2-kb and a weakly hybridizing 4-kb,
which suggested the occurrence of two related genes.
As a more specific probe for the SFase gene, a single
oligonucleotide (5-TGCTCCACCTGGTCGTCCAC-
CTCC-3') corresponding to residues 38-45 of SFase
was synthesized and used as the probe for Southern
hybridization of the Sall/PstI-digested genomic DNA
described above. By changing the probe, the 2-kb frag-
ment alone was detected in 2nd Southern hybridization
(data not shown). The 2-kb Sall/Pstl fragment was
subsequently eluted from a gel slice and ligated with
Sall/Pst1-digested M13mp10. The resulting recombi-
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nant phages were transfected into E. coli JM103. The
transformants which did not turn blue on an X-gal
plate were screened by plaque hybridization with the
SFase gene-derived 220-bp probe. Several positive
clones were isolated and found to carry a gene coding
for SFase.

Nucleotide sequence of the SFase gene

On the basis of the results described above, we
determined the nucleotide sequence of SFase gene
involved in the 2-kb Sall/Pst]1 fragment. The whole
nucleotide sequence was determined by the chain ter-
mination method [19] in both orientations. The nu-
cleotide sequence of SFase gene and its flanking re-
gions together with the amino-acid sequence derived
therefrom are shown in Fig. 2. Starting from the initia-
tion codon ATG at nucleotide position 435 and termi-
nating in the TGA codon at nucleotide position 1506, a
single open reading frame (ORF) was found: it was
composed of 1071 nucleotides (357 amino-acid
residues), including the C-terminal amino-acid se-
quence (Fig. 2). The translational initiation codon
(ATG) was preceded by a putative ribosome-binding
site (AAGGAG). Further upstream was the promoter-
like consensus sequence (—35 and — 10 regions) shown
by wavy lines in Fig. 2. The first approx. 30 residues
from the N-terminus resemble a typical signal peptide
sequence, with a short sequence containing two posi-
tively charged residues followed by a long hydrophobic
sequence and a potential signal peptide cleavage site
(Ala-X-Ala). Two transcription terminator structure-
like inverted sequences were also found downstream
from the termination codon (Fig. 2).

SFase is one of the extracellular proteinases synthe-
sized and secreted by S. fradiae. Its nucleotide se-
quence analysis suggests that the gene product is ini-
tially synthesized as a 357-residue precursor protein,
followed by processing to a mature enzyme consisting
of 187 amino-acid residues. Since the N-terminal se-
quence consisting of around 30 residues seems to be
the signal peptide, the length of the pro-sequence is as
long as 140 amino-acid residues. In fact, all other
known extracellular proteinases produced by Bacillus
subtilis are synthesized as pre-pro-enzyme, in which the
length of the pro-sequence goes up to approx. 200
amino-acid residues in the case of neutral proteinase

Fig. 2. Nucleotide sequence and deduced amino-acid sequence of SFase. The amino-acid sequence is shown above the nucleotide sequence. The

first amino acid of translation (Met) is numbered 1 and the cleavage site giving the mature enzyme is indicated by the arrowhead at position 170.

The putative ribosome-binding site (SD) is boxed and the consensus sequence (35 and — 10 regions) of the promoter is indicated by wavy lines.

Two pairs of inverted repeat sequences upstream of the coding region are shown by opposing arrows. Asterisks indicate the termination codon.

The probable transcription terminator in the 3’-flanking region is indicated by inverted arrows. The underlined amino acids represent the

sequence determined by protein sequencing of SFase. Sense and antisense primers used for PCR cloning were synthesized based on the
amino-acid sequence marked with a dotted line.



SFage - - - - - - - - - - - - - -
SGPE - - - - -~ - - - - - - - -
BLase S VI GSDDHR
L. B3
SFase LE—_EIT ST
SGPE 1IsfA N AS
BLase D T[S GISIF A
1 111 131 141
SFase RYTTTTNVDE}RN G Y Iq A AADkVVGOAIKKSGSTTKVTSGTVSE}
SGPE RYTDGSSPAGTYD s fT_g SIS A ANKY VGQAIKKSGSTTKVTISGTVT
BLase E L SEPIGNTVGYFGNSYTHOSSLVGTTVTITSEKGYPGDKT AGH QWQHISGP T AL
1 171 191 191
SFase [VlNVTVNYSDGPVYGVRTTACSAGGD CGAHFAGSYALGIHSGSSGECIGT
SGPE VNV ITVNYGDPGP VY YNMGRTITACSAGGDHSGGAHTFAGSVYALGIHSGSSGCSGT
BlLase - - - - - - - - - - SETYRKLQYAWNDT Y GOKGSP VIIEQISSSRTNCEGP--1cs[L A
a1 211 g 231
SFase NSAIHQPV-RENVY ————————————
SGPE AKG S ATHQPVYTK-RALSAYGYTNYL-----------
BLase V HTNGVYYGGSSYNRGTRITKEYFDNLTNYENSADQ

Fig. 3. Alignment of the amino-acid sequences for SFase, SGPE and BLase. Identical residues of three proteinases are boxed, and the
catalytically essential triad residues His, Asp and Ser are shown by dashes.

[22]. The pro-peptide sequence is suggested to mediate
the folding of the proteinase [23]. Two pairs of inverted
repeat sequence located upstream from the consensus
sequence for the —10 and —35 regions of SFase gene
promoter have been reported to be characteristic in
the Streptomyces promoter sequence [24], suggesting
involvement of gene regulation in the some way. An
interesting feature in the amino-acid sequence of SFase
is the processing site for its maturation. The cleavage
point is located on the C-terminal side of Glu residue
in the -Glu-Val- sequence as indicated by the arrow-
head in Fig. 2. Since SFase cleaves the carboxyl side of
the Glu residue, it is speculated that the matured
SFase is released into the medium after cleavage of the
propeptide by an intramolecular autoproteolytic mech-
anism. Another mechanism is suggested that the partic-
ipation of a metalloproteinase which can cleave the
peptide bond on the N-terminal side of the Val residue,
although other possibilities are not excluded. Thus, the
processing mechanism of SFase remains to be eluci-
dated using the technique of site-directed mutagenesis.

Fig. 3 shows the alignment of the primary sequence
of various acidic amino-acid-specific proteinases. SFase
and SGPE produced by Streptomyces have 82% homol-
ogy in the primary sequence, whereas a low degree of
homology (below 25%) was found with the glutamic
acid-specific proteinase from Bacillus licheniformis.
However, the catalytically essential triad residues His-
57, Asp-102 and Ser-195 (chymotrypsinogen number-
ing) for serine proteinase are conserved at the posi-
tions corresponding to His-47, Asp-96 and Ser-177, and
the regions of catalytic site topographies of the three
proteinases show highly homologies. Also, SFase has
four cysteine residues (Cys-28, Cys-48, Cys-171, Cys-
197) in positions identical to those of SGPE. Since two
disulfide bridges in SGPE are formed between Cys-28
and Cys-48 and between Cys-171 and Cys-197 [6], the

disulfide bridges of SFase may form in a similar man-
ner to those of SGPE.

The acidic amino acid-specific proteinases from var-
ious sources have been reported, but the three-dimen-
sional structure of these proteinases as well as the
hydrolysis mechanism of the glutamyl bond have not
been elucidated. To clarify the correlation of the
three-dimensional structure and function of the acidic
amino-acid-specific proteinase, attempts at crystalliza-
tion of SFase are in progress in our laboratory.
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