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The Bacillus subtilis a-amylase signal peptide consists of 33 amino acids from its translation initiation site.
To analyze the structural requirements for efficient processing of the signal peptide, single and repeated
Ala-X-Ala sequences and their modifications were introduced into B. subtilis a-amylase signal peptides of
different lengths and the mature thermostable a-amylase. Then the cleavage positions and processing rates of
the signal peptides were analyzed by the NH,-terminal amino acid sequences of the exported thermostable
a-amylases and by in vivo pulse-chase experiments. In B. subtilis, the most efficient cleavage site was located
at the peptide bond between Ala-33 and amino acid X at position 34, even though Val-X-Ala and six repeating
Ala-X-Ala sequences were present around the cleavage site. However, the cleavage site was shifted to the peptide
bond between Ala-31 and amino acid X when Ala-33 was deleted, and it was also shifted to Ala-35 and X when
Ala-33 was replaced with Val-33. The shorter signal peptide consisting of 31 amino acids reduced the processing
rate and o-amylase production. In contrast, those signal peptides were cleaved preferentially at the peptide bond
between Ala-31 and amino acid X in Escherichia coli. In addition to the presence of an Ala residue at the —1
amino acid position, the length of the signal peptide was another important requirement for efficient processing.

Most exported proteins are synthesized as precursors with
an NH,-terminal extension, the signal peptide, which is
removed by a specific enzyme. The signal peptide and signal
peptidase mechanisms for the secretion of exported proteins
are similar in both prokaryotic and eukaryotic cells (2, 8, 10,
22). In prokaryotic cells, the amino acid residues at positions
—3 and -1 are important for cleavage site recognition by the
signal peptidases when signal peptides are cleaved between
positions —1 and +1, with position —1 being particularly
important (30). On the basis of the amino acid sequences of
signal peptides reported by Watson (31) and Perlman and
Halvorson (23), we compared the amino acid residues at
positions —3 and —1 in 34 exported proteins of prokaryotic
cells, excluding lipoproteins, whose signal peptides are
cleaved by signal peptidase II (6). Eighty percent (27 of 34)
of the amino acid residues at position —1 consisted of Ala,
44% (15 of 34) of the amino acid sequences at positions —3
and —1 were Ala-X-Ala, and 9% (3 of 34) of the sequences
were Val-X-Ala and Thr-X-Ala. The sequence Ala-X-Ala
predominates at positions —3 and —1 of the signal peptide
cleavage site in precursors of exported proteins.

Yamazaki et al. (34) predicted the amino acid sequence
around the signal peptide cleavage site of Bacillus subtilis
a-amylase to be Gly-27-Pro-Ala-Ala-Ala-Ser-Ala | Glu-
Thr-35. The cleavage site was confirmed as the peptide bond
between Ala-33 and Glu-34 (Fig. 1a), on the basis of the
analysis of the NH,-terminal amino acid sequences of the
intermediate and mature forms of a-amylase (28) and on the
basis of the analysis of deletion mutations in the B. subtilis
a-amylase gene (amyE) (25). The propeptide from Glu-34 to
Glu-41 in the secreted precursor protein of AmyE was
mainly cleaved by the action of extracellular alkaline pro-
tease (12).

* Corresponding author.

4203

In the signal peptide of AmyE, there were two Ala-X-Ala
sequences at positions 29 to 31 and 31 to 33 near the signal
peptide cleavage site. A cleavage site was found only at the
peptide bond between Ala-33 and Glu-34 and not after
Ala-31.

In order to analyze the structural requirements for signal
peptide cleavage in B. subtilis and to compare the sites with
those in a gram-negative bacterium, Escherichia coli, whose
protein translocation apparatus has been extensively stud-
ied, we constructed artificial hybrid genes (amyE’-'amyT)
for the amyE signal peptides of different lengths and the
mature thermostable a-amylase (‘amyT) of Bacillus stearo-
thermophilus. The thermostable a-amylase does not contain
a natural prosequence (26). DNA sequences encoding single
and repeated Ala-X-Ala sequences and their modifications
were introduced between amyE' and 'amyT. The amyE'-
'amyT hybrid genes were highly expressed in both B. subtilis
and E. coli cells, although the expression of amyE in E. coli
cells was only 3 to 5% of that in B. subtilis. The resulting
thermostablg a-amylases were rapidly purified in the pres-
ence of phenylmethylsulfonyl fluoride (PMSF). Signal pep-
tide cleavage sites were determined by the NH,-terminal
amino acid sequences of the exported thermostable a-amy-
lases from the hybrid genes. It has been shown that a
possible secondary proteolysis in the a-amylase prepara-
tions did not occur or was negligible under the present
culture conditions with the protease-deficient B. subtilis
strain and E. coli HB101 as the host cells and during the
subsequent purification steps under hydrophobic conditions
(11, 12). The processing rates of the signal peptides were
evaluated by pulse-chase experiments.

In this article, we demonstrate that the length of the signal
peptides is an important factor for their efficient cleavage in
addition to the presence of an Ala residue at the —1 amino
acid position of the signal peptide cleavage sites and that the
cleavage sites are changeable.
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FIG. 1. Predicted amino acid sequences around the signal peptide cleavage sites in the wild-type and mutant precursor proteins containing
one or repeated Ala-X-Ala sequences and in their mutations. (a) Predicted amino acid sequence of the signal peptide and propeptide of B.
subtilis a-amylase. Numbers above the amino acid residues indicate the positions from the translation initiator, Met. Ala-X-Ala sequences
are underlined. Symbols: * 4, signal peptide cleavage site; A, final cleavage site for formation of the extracellular mature a-amylase of B.
subtilis. (b) Nucleotide and predicted amino acid sequences around the junction regions of B. subtilis a-amylase signal peptide (amyE') and
the mature thermostable a-amylase ('amyT) of B. stearothermophilus A631 in plasmids pTUBE691, pTUBE693, and pTUBE69S, in which
one, two, and three Ala-X-Ala sequences were inserted, respectively. The nucleotides derived from the HindIII linker DNA are boxed. (c)
Nucleotide and amino acid replacements in mutated plasmids pTUBE695-V29, -V31, -V33, and -A32A34, which were prepared from
pTUBEG695. Symbols: A, replaced nucleotides; @, replaced amino acid residues; ===, Ala-X-Ala sequence; =+ , Val-X-Ala sequence;

—, Ala-X-Val sequence.
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MATERIALS AND METHODS

Bacterial strains. An a-amylase- and protease-deficient
strain of B. subtilis, 104HLA (amyE15 nprE18 AaprA3 hisAl
leud8 Str*), which was derived from a protease-deficient
strain, B. subtilis BD104 (13), and E. coli HB101 (F~ hsdS20
recA13 ara-14 proA2 lacY1 galK2 rpsL20 xyl-5 mtl-1 supE44
A7) were used as the host cells. These strains harboring
plasmids were cultured in L broth containing 10 pg of
kanamycin per ml under conditions described previously
(33).

Construction of E. coli-B. subtilis shuttle plasmids
pTUBEG91, pTUBE693, and pTUBEG695 containing single and
repeated Ala-X-Ala sequences. To construct the pTUBE695
plasmid containing three Ala-X-Ala sequences around the
signal peptide cleavage site, an E. coli-B. subtilis shuttle
plasmid, pTUBE219-5 (25), was used, in which a DNA
sequence (amyE') encoding the 33 amino acids (only the first
nucleotide in the codon for Ala-33) from the translation
initiator Met of amyE’' followed by HindIII linker DNA
(5'CAAGCTTG3') was present. The 2.2-kb HindIII-Bg/II
fragment of pTUBE219-5 was replaced with a 5.5-kb
HindIII-BgllI fragment from pTUB616 (26), with the DNA
encoding the mature enzyme of 'amyT with 1 bp (TA) added
at its 5’ terminus after the HindIII linker. The constructed
plasmid was cleaved at the unique HindIII site, treated with
mung bean nuclease, and religated. By this treatment, 4 bp
of the HindIII cohesive ends were deleted and the amyE’
signal peptide was able to fuse with ‘amyT in a correct
reading frame, although the Cys residue (TGT) remained at
the junction of amyE' and 'amyT (Fig. 1b). By the same
strategy, pTUBEG691 and pTUBEG693 containing one or two
Ala-X-Ala sequences were constructed from E. coli-B. sub-
tilis shuttle plasmids pTUBE219-1 and pTUBE219-3, with
DNA sequences encoding the 29 (only the first nucleotide in
the codon for Ala-29) and 31 (only the first nucleotide in the
codon for Ala-31) amino acids from the Met of amyE’,
respectively. The DNA nucleotide sequences of the con-
structed plasmids were ascertained by the method of Sanger
et al. (24), and the predicted amino acid sequences in the
plasmids are indicated in Fig. 1b.

Site-directed mutagenesis and construction of mutagenized
plasmids pTUBE695-V29, -V31, -V33, and -A32A34. Four
appropriate mutagenic oligonucleotides (18-mer to 22-mer)
were synthesized on an automated DNA synthesizer (model
380A; Applied Biosystems). The oligonucleotides were
phosphorylated and subjected to site-directed mutagenesis
on pTUBEG95 according to the method of Kunkel (15). The
resulting plasmids were designated as pTUBE695-V29 (Ala-
29—Val-29), pTUBE695-V31 (Ala-31-Val-31), pTUBE695-
V33 (Ala-33—Val-33), and pTUBE695-A32A34 (Ser-32-Cys-
34—Ala-32-Ala-34) (Fig. 1c).

Transformation of E. coli and B. subtilis cells. Transforma-
tion of B. subtilis 104HLA by the plasmids was performed by
the protoplast transformation method of Chang and Cohen
(4). Transformation of E. coli HB101 was accomplished by
the method of Hanahan (9).

Purification of thermostable o-amylases from B. subtilis and
E. coli. To determine the NH,-terminal amino acid se-
quences of the exported thermostable a-amylases, the plas-
mid-encoded enzymes were purified from the culture super-
natants of B. subtilis and the periplasm of E. coli strains in
the presence of 1 mM PMSF. All purification procedures
were performed at 4°C or on ice. To prepare the thermo-
stable a-amylases from the transformants of the protease-
deficient B. subtilis strains, the cells were grown in 2 to 5
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liters of L broth containing 10 pg of kanamycin per ml at
37°C for 24 h. The cells were removed by centrifugation
(6,000 x g for 10 min) and the proteins in the supernatants,
containing 3 x 10° to 5 x 10° U of a-amylases, were
precipitated by the addition of solid ammonium sulfate to
reach 85% saturation. The pellets were dissolved in 10 mM
Tris-HCI buffer, pH 7.5, containing 1 mM PMSF, and, after
adjustment with ammonium sulfate to 25% saturation by the
addition of a saturated solution, they were loaded onto
Toyopearl HWSS columns (1.2 by 5 cm) that had been
equilibrated with ammonium sulfate (25% saturation) in 10
mM Tris-HCl, pH 7.5. The a-amylases were eluted with a
300-ml linear gradient of ammonium sulfate (25 to 0%
saturation) in 10 mM Tris-HCI buffer, pH 7.5. They were
eluted at 15 to 12% saturation. The amylases in the eluates
were precipitated by the addition of solid ammonium sulfate
to 85% saturation.

To prepare the a-amylases from the periplasm of E. coli
strains, the enzymes were extracted from the cells by the
osmotic-shock method of Chan et al. (3) in the presence of 1
mM PMSEF after cultivation of the cells at 37°C for 12 h. Then
proteins containing 5 X 10° U of a-amylases were precipi-
tated by the addition of solid ammonum sulfate and a-amy-
lases were purified with the same columns and under the
same conditions as described above.

The purity of the thermostable a-amylases in the prepara-
tions ranged from 80 to 90% on the basis of sodium dodecyl
sulfate (SDS)-8.5% polyacrylamide gel electrophoresis (16)
followed by staining with Coomassie brilliant blue. The
specific activities (units per milligram of protein) of the
thermostable a-amylase preparations from both the peri-
plasm of E. coli and the culture supernatants of B. subtilis
were 1.8 x 10* U/mg of protein on the basis of the starch-
degrading activity assayed by the blue value method of Fuwa
).

Amino acid sequencing. For the determination of the
NH,-terminal amino acid sequences of the thermostable
a-amylases, 100 pg of amylase proteins, which were esti-
mated on the basis of their specific activities in each purified
a-amylase preparation, were boiled for 3 min in a 1%
SDS-1% mercaptoethanol solution. Then each sample was
subjected to SDS-8.5% polyacrylamide gel electrophoresis.
The bands corresponding to the amylases were blotted onto
a polyvinylidene difluoride membrane by the method of
Matsudaira (17). Then the NH,-terminal amino acid se-
quences of the blotted enzymes were determined by an
automatic Edman degradation sequencer (470A sequencer;
Applied Biosystems). :

Pulse-chase experiments to analyze the signal peptide pro-
cessing rates in B. subtilis and E. coli. The B. subtilis and E.
coli strains containing each plasmid were grown in modified
L broth and M9 media, respectively. When the cultures
reached a reading of 300 in a Klett colorimeter, the formation
of the precursor and mature forms of the thermostable
a-amylases was examined by pulse-labeling of the cells with
100 p.Ci of [>**S]methionine (DuPont-New England Nuclear)
for 30 s at 37°C followed by a chase with 200 pg of non-
radiolabeled L-methionine per ml. The labeled cultures (300
ul) of B. subtilis were withdrawn at the indicated periods,
immediately mixed with an equal volume of ice-cold 10%
trichloroacetic acid, and kept on ice for 30 min. Precipitates
were collected by centrifugation, washed with acetone,
dried, and dissolved in 30 ul of 50 mM Tris-HCI buffer, pH
8.0, containing 2 mM EDTA and 1% glucose. Then the
samples were incubated with 5 mg of egg white lysozyme per
ml at 37°C for 10 min and boiled for 10 min in the presence
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FIG. 2. Activity of thermostable a-amylases in culture supernatants of B. subtilis 104HLA transformants carrying pTUBE691 (a),
pTUBES693 (b), and pTUBEG95 (c). The cells were cultured in L broth containing 10 pg of kanamycin per ml at 37°C, and the cells were
removed by centrifugation at 6,000 X g for 10 min. Symbols: ®, amylase activity at 60°C; O, growth.

of 0.1% SDS. The thermostable a-amylases were precipi-
tated with antiserum against AmyT of B. stearothermo-
philus. The labeled cultures of E. coli were boiled for 3 min
in the presence of 1% SDS and 1 mM EDTA (20). The
thermostable a-amylases were precipitated with anti-AmyT
serum. The immunoprecipitated materials were washed,
boiled for 3 min in the presence of 1% SDS and 1%
mercaptoethanol, and subjected to SDS-10% polyacryl-
amide gel electrophoresis to obtain autoradiographs. The
densities of the bands for the precursor and mature forms of
the thermostable a-amylases were quantitated with a densi-
tometer (Bio-Image; Millipore Co., Ann Arbor, Mich.).

RESULTS

Expression of thermostable a-amylases from pTUBEG91,
pTUBEG93, and pTUBEG9S in B. subtilis. Similar amounts of
the enzymes (125 and 115 U/ml after 48 h of cultivation) were
produced in the culture supernatants of B. subtilis strains
harboring pTUBE693 or pTUBE695 (Fig. 2b and c). The
activity in the strain harboring pTUBE691 (Fig. 2a), how-
ever, was approximately 40% (48 U/ml) of those of the

(a) pTUBE691

(b) pTUBE693

former two. In the three B. subtilis strains, more than 85% of
the amylase activity was located in the culture supernatants
and less than 10 U of the activity per ml was found in the
cells. The molecular masses of the extracellular a-amylases
from the three plasmids were estimated to be 61 kDa, the
same as that of the enzyme produced by B. stearothermo-
Pphilus.

Processing rates of signal peptides in the precursors from
the three plasmids. The processing of the signal peptides of
the extracellular a-amylases from the three plasmids was
analyzed by pulse-chase experiments (Fig. 3). In the B.
subtilis strain harboring pTUBEG691, a large amount of the
precursor accumulated and approximately 50% of the pro-
teins still remained as the precursor after 4 min of chase.
However, the precursors in the strains harboring pTUBE693
and pTUBEG695 were efficiently converted into their mature
forms during 4 min of chase. To estimate the processing rate
of each signal peptide, the bands for the precursor and
mature proteins in the autoradiographs shown in Fig. 3 were
quantitated densitometrically and the half-life of each pre-
cursor protein was calculated from Fig. 4. The results are
summarized in Fig. 7. The signal peptide of pTUBEG691

(¢) pTUBE695

0 1 2 4 0 1

2 4 0 1 2 4

FIG. 3. Autoradiographs of SDS-polyacrylamide gels resolving immunoprecipitates with rabbit anti-AmyT serum from transformants of
B. subtilis. B. subtilis strains containing pTUBE691 (a), pTUBE693 (b), and pTUBE695 (c) were pulse-labeled with [**S]methionine for 30 s
and chased with nonlabeled methionine for 0, 1, 2, and 4 min. Samples were precipitated with the serum after the cells were lysed, and then
samples were analyzed by SDS-polyacrylamide gel electrophoresis. p, precursor proteins of the thermostable a-amylases from the plasmids;

m, mature forms.



VoL. 175, 1993

100

50

Relative amounts of remaining precursors

0 1 1 1 A"
0 1 2 3 4

Time of chase (min)

FIG. 4. Kinetics of the processing of the precursor proteins of
the thermostable a-amylases in transformants of B. subtilis. Auto-
radiograms in Fig. 3 were quantitated densitometrically. The pro-
portions of the densities of the bands for the precursor proteins
against the total densities of the bands for the precursor and mature
a-amylases were calculated. The calculated proportions at 0 min of
chase were expressed as 100, and relative proportions at 1, 2, and 4
min of chase were plotted for each a-amylase. Relative amounts of
the precursor proteins from pTUBE691 (@), pTUBE693 (A), and
pTUBEG695 (W) are indicated. The half-lives (in minutes) of each
precursor protein were obtained, and they are summarized in Fig. 7.

a-amylase does not seem to be a suitable peptide in B.
subtilis. Tts half-life was approximately three and six times
longer than those of the precursors from pTUBEG693 and
pTUBEG695, respectively.

The conversion of the precursor proteins to the mature
forms was completely inhibited by the addition of 25 and 50
mM carbonyl cyanide m-chlorophenylhydrazone as reported
for the processing of signal peptides of exported proteins in
E. coli (5) and B. subtilis (18) cells (data not shown).

NH,-terminal amino acid sequences of the thermostable
a-amylases from pTUBEG691, pTUBEG93, and pTUBEG95.
The NH,-terminal amino acid sequence of the extracellular
a-amylase from pTUBE691 was Ala-Pro-Phe-Asn-Gly--.
This indicates that the precursor proteins from pTUBE691
were cleaved at the peptide bond between Ala-31 and Ala-32
(Fig. 5a). The Ala residues at the NH, terminus corre-
sponded to the second amino acid of the mature thermo-
stable a-amylase when it was produced by the parental
strain, B. stearothermophilus A631, and by the parental
plasmid (pTUBG607) in B. subtilis (26). No cleavage between
Ala-29 and Cys-30 was observed.

The same NH,-terminal amino acid sequence, Ala-Pro-
Phe-Asn--, starting from position 34 was observed in the
pTUBEG693 «-amylase, whereas another NH,-terminal
amino acid sequence, Cys-Ala-Ala-Pro-Phe--, starting at
position 34 was detected in the pTUBE695 a-amylase (Fig.
5b and c). These results indicated that the precursor proteins
from pTUBEG693 and pTUBE695 were cleaved at the peptide
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bond between Ala-33 and Ala-34 and between Ala-33 and
Cys-34, respectively.

The processing rate of the signal peptide in the pTUBE691
a-amylase was reduced to one-third to one-sixth of those of
the precursors from pTUBE693 and pTUBEG95, and the
extracellular production of a-amylase in the strain harboring
pTUBEG691 was decreased to 40% of the amounts found in
the strains harboring pTUBE693 and pTUBE695. Therefore,
the 33-amino-acid signal peptides in the precursors from
pTUBE693 and pTUBEG695 were more efficient for secretion
of the a-amylases than the 31-amino-acid signal peptide of
pTUBEG691.

Effect of the replacement of Ala with Val around the signal
peptide cleavage site. To analyze the changes of the signal
peptide cleavage sites and the processing rate in the precur-
sor protein from pTUBEG69S, Ala residues at positions 29,
31, and 33 were replaced with Val as shown in Fig. 1c. By
these replacements, it became possible to analyze the effect
of the presence of Val-X-Ala and Ala-X-Val sequences on
the cleavage sites.

The extracellular production of the a-amylases by the B.
subtilis transformants harboring pTUBE695-V29, -V31, and
-V33 was quite similar to that of the parental strain harboring
pTUBE695. The processing rates of the precursor proteins
from the three plasmids, which were calculated from the
pulse-chase experiments (Fig. 6), were also similar to the
value found for the precursor from pTUBEG695.

The NH,-terminal amino acid sequences of the a-amy-
lases from the mutant plasmids were analyzed, and the
cleavage sites were determined (Fig. 7). An NH,-terminal
amino acid sequence, Cys-Ala-Ala-Pro-Phe--, starting from
position 34 was detected in the a-amylase preparations from
plasmids pTUBEG695-V29 and -V31, while another NH,-
terminal amino acid sequence, Ala-Pro-Phe-Asn-Gly-Thr-
Met--, starting from position 36 was observed in pTUBE695-
V33 a-amylase. These amino acid sequences indicated that
the precursor proteins from pTUBE695-V29 and -V31 were
cleaved at the peptide bond between Ala-33 and Cys-34 and
that the cleavage site in the precursor from pTUBE695-V33
was shifted to the peptide bond between Ala-35 and Ala-36.
No cleavage at the peptide bond between Ala-31 and Ser-32
was observed.

These experiments indicated the following. (i) The signal
peptides were cleaved at the peptide bonds after Ala-X-Ala
and Val-X-Ala at equal rates in B. subtilis cells. (ii) The bond
after Ala-X-Val in the precursor was not cleaved and the
cleavage site was able to shift to another peptide bond after
an Ala residue. (iii) A longer signal peptide was selected for
the efficient cleavage and production of extracellular a-amy-
lase in B. subtilis.

Signal peptide cleavage in E. coli cells. To compare the
signal peptide cleavage in B. subtilis with that in E. coli, the
cleavage sites and processing rates in the precursor proteins
from the six plasmids in E. coli cells were also analyzed (Fig.
7). The signal peptides of pTUBE691, pTUBE693, and
pTUBES695 functioned extremely well in E. coli cells, and
amounts of each a-amylase approximately 10 times higher
than those in B. subtilis were produced in their periplasm.
The precursor proteins from the three plasmids were cleaved
preferentially at the peptide bond between Ala-31 and amino
acid X at position 32. The half-lives of the precursors were
less than 0.5 min.

However, the processing rates in the modified precursor
proteins from pTUBE695-V29, -V31, and -V33 were less
than that of the precursor from pTUBE695, with half-lives of
2.1, 5.0, and 1.0 min, respectively. The peptide bond after
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FIG. 5. NH,-terminal amino acid sequences of extracellular a-amylases from B. subtilis transformants which harbor pTUBE691 (a),
pTUBE®693 (b), and pTUBEG95 (c). Numbers above the amino acid residues indicate the amino acid positions from the initiator, Met. A,
cleaved peptide bonds.

Val-X-Ala at positions 29 to 31 does not seem to be a suitable was cleaved well when Cys-34 in pTUBE695-V31 was re-
bond for cleavage. The processing rate of the precursor from placed with Ala. In the mutant precursor protein, the ratio of
pTUBEG695-V29 was less than one-fourth that of the parental ~ the cleavage at each peptide bond between Val-31 and
precursor from pTUBEG695, with cleavage at the two peptide Ser-32, between Ala-33 and Ala-34, between Ala-34 and
bonds between Ala-31 and Ser-32 and between Ala-35 and  AJa-35, and between Ala-35 and Ala-36 was 0:2.0:0:1.0.
Ala-36 at a ratio of 1:1. . Signal peptide cleavage sites in an Ala cluster. To determine
The signal peptide cleavage at the peptide bond between  the preferential signal peptide cleavage sites in B. subtilis
amino acid positions 31 and 32 disappeared when Ala-31 was and E. coli cells, pTUBE695-A32A34 was constructed, from

replaced with Val. The cleavage site in pTUBE695-V31 was (4.1 . . R
. . precursor protein an Ala cluster consisting of eight
shifted to the peptide bond between Ala-35 and Ala-36 but Ala residues from positions 29 to 36 is present and six

not to the peptide bond between Ala-33 and Cys-34 or repeating Ala-X-Ala sequences are contained (Fig. 1c). The

between Ala-29 and Ala-30. The processing rate was reduced . o
to less than 1/10 that of pTUBEp695. Thegproduction of the  Peptide bond between positions 33 and 34 was cleaved by B.
subtilis. In contrast, the peptide bonds between positions 31

a-amylase in the periplasm of pTUBEG695-V31 was de- b g
creased to approximately half the amount in the strain  and 32 and positions 33 and 34 were cleaved at a ratio of 5:1

harboring pTUBE695. The peptide bond between Ala-33and ~ in E. coli cells (Fig. 7). In E. coli, it is possible to observe
Cys-34 was almost never cleaved in E. coli cells, like in the ~ cleavage at the peptide bond between Ala-32 and Ala-33.
pTUBE695-V29 protein, but the peptide bond after Ala-33  However, the cleavage at this site was less than 1/10 that at

(a) (b) (©) (d)

pTUBE695-V29 ~ pTUBEG95-V31  pTUBEG95-V33  pTUBE695-A32A34
0 1 2 4 12 0 1 2 a

8 8 e =

containing pTUBE695-V29 (a), pTUBE695-V31 (b), pTUBE695-V33 (c), and pTUBE695-A32A34 (d). The cells were pulse-labeled with
[**S]methionine for 30 s and analyzed under the conditions described in the legend of Fig. 3. The half-life of each mutant precursor was
calculated from the density of the bands under the conditions indicated in the legend of Fig. 4.
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B. subtilis E. coli

Plasmid . Half life \ Half life
as Cleavage site :aa_ Cleavage site(s) (min)
w..u.....n._mw. | L 5 searomermophitus 5. .u.....u._.nw. ] B. stearothermophilus

signal peptide mature thermostable a-amylase signal peptide ™ mature thermostable o-amylase

\ é 7 LA
pTUBEGYl S ii i o LRz )6 B R L. <0.5
z»aSN.»uzt_u\\\\\\\\\\\\\\\\\\\\\\\\\

27 28 29 30 31
—vﬂ.cwmawu Leu Ala Gly Pro Ala Ala 1!.. j- Ala Ala Pro Phe Asn Cly -— -m Leu Ala Gly Pro Ala Ala Ala Cys Ala Ala Pro Phe Asn Gly Aoum

1 1

25 26 27 28 29 30 31 32 33| | F 25 26 21 28 20 30 3 32 3| Wiz
—U_— cwmawm Teu Ala Gly Pro Ala Ala Ala Ser Ala Cys Ala Ala Pro Phe o m Pro Ala Ala Ala Ser Ala Cys Ala Ala Pro Phe Ao-m
L]

28 29 30 31 32 33

_.e.«w%%m 0.9 2.1
_.a.«wm%m 0.7 5.0
E.,«wum%m 0.9 1.0
PTUBEGSS 1.0 <0.5

FIG. 7. Signal peptide cleavage sites and processing rates of the precursor proteins from the amyE’-'amyT hybrid genes in B. subtilis and E. coli cells. A, signal peptide cleavage
sites determined from the NH,-terminal amino acid sequences of the purified extracellular or periplasmic thermostable a-amylases; ____] region of B. subtilis a-amylase signal peptide;
BZZ , region for the mature thermostable a-amylase of ‘amyT; [, Cys residue introduced during the construction of the amyE’-'amyT hybrid genes; s, a-X-Ala sequences; s
Val-X-Ala sequences; —=, Ala-X-Val sequences. Replaced amino acid residues are boxed. Numbers above the amino acid residues indicate the amino acid positions in the B. subtilis
a-amylase signal peptide region from the initiator, Met. Circled numbers indicate the numbers of repeated Ala-X-Ala sequences and their derivatives. Numbers below triangles in the
cases of E. coli indicate the rates of cleavage at each peptide bond estimated from the molecular ratios of the NH,-terminal amino acid sequences.
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B. subtilis a-amylase

J. BACTERIOL.

l mature thermostable
.

signal peptide

V

25 30
---L AGPAA

30 31 32

| o-amylase

I

;
\
;

35 40

: i 13.68
1216 ;

33 34 35 36 37
Amino acid position

FIG. 8. S values for each peptide bond in the Ala cluster region of the precursor protein from pTUBE695-A32A34 and the signal peptide
cleavage sites in it. §, cleavage site in B. subtilis; E, cleavage sites in E. coli. S values were calculated by the method of von Heijne (30).
Numbers above the amino acid residues indicate the amino acid positions from the initiator, Met.

the peptide bond between positions 31 and 32. The half-lives
of the precursor proteins from pTUBE695-A32A34 in the
two microorganisms were similar to that of the precursor
protein from pTUBE695 (Fig. 6d and 7).

DISCUSSION

To analyze the structural requirements for the appropriate
cleavage of the B. subtilis a-amylase signal peptide, the
lengths of the amyE' signal peptides and amino acid se-
quence near the cleavage site were modified and then the
cleavage positions and processing rates in B. subtilis and E.
coli were examined.

A single cleavage site at the peptide bond between Ala-33
and Cys-34 was found in the precursor protein from
pTUBE®G9S5 in B. subtilis. This cleavage site was identical
with that of the intact amyE signal peptide expressed in B.
subtilis. For pTUBEG693, the precursor protein was also
cleaved at the peptide bond after Ala-33 although the pro-
cessing rate was somewhat decreased. This cleavage site
was located at the NH, terminus and second amino acid of
the mature thermostable a-amylase. Therefore, it is sug-
gested that the cleavage site can be shifted into the NH,-
terminal region of the mature protein when the length of the
signal peptide is shortened to less than 33 amino acids.

On the other hand, the site in the precursor from
pTUBEG691 was shifted to the peptide bond between Ala-31
and Ala-32. No cleavage was observed at the peptide bond
between Ala-32 and Pro-33. The processing rate of
pTUBEG691 signal peptide was approximately one-sixth that
at the peptide bond between Ala-33 and Cys-34 of
pTUBE®695 on the basis of the half-lives of p TUBE691 and
pTUBEG695 precursor proteins (Fig. 7). Moreover, the pro-

duction of the extracellular thermostable a-amylase in B.
subtilis(pTUBE691) was decreased to 40% of the value
recorded for the B. subtilis strains harboring pTUBE693 and
pTUBE®69S. In the case of pTUBEG91, there is only one
Ala-X-Ala sequence at positions 29 to 31 in the signal peptide
and the amino acid at position 33 is a Pro residue. The
peptide bond between Pro-33 and Phe-34 in the precursor
from pTUBE691 was not cleaved, although the length of the
signal peptide is appropriate. Pro rarely appears at the —1
position of the cleavage site in statistical studies of many
secretory proteins whose structures have been elucidated.
This is consistent with the idea that a peptide bond between
Pro-33 and Phe-34 cannot be recognized as the signal peptide
cleavage site and consequently the peptide bond after only
one Ala-X-Ala sequence was cleaved, with a great reduction
in the processing rate. In contrast, in the case of p TUBE695-
V33, in which Ala-33 was replaced with Val, the cleavage
site was shifted to the peptide bond between Ala-35 and
Ala-36 without a considerable reduction of the processing
rate or of the production of extracellular a-amylase. The
longer signal peptide seemed to be more functional than the
shorter one in B. subtilis, as previously reported (19).

In the reduced production of pTUBE691 a-amylase in B.
subtilis, it is possible to consider that the decreased rate of
processing of the signal peptide directly affected the produc-
tion of the enzyme but it is also possible that the shortened
signal peptide affected the expression of the a-amylase gene.

In E. coli, in contrast, the major cleavage site in the
precursor proteins was the peptide bond after Ala-31 for all
cases examined here, except for the replacement of Ala-31
with Val (Fig. 7). Therefore, it is suggested that signal
peptides of different organisms may have particular lengths.
This speculation is well supported by the results from the
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analyses of pTUBE695-A32A34. There is an Ala cluster
composed of eight Ala residues from positions 29 to 36,
encompassing the putative cleavage site in the precursor
from pTUBE695-A32A34. Figure 8 shows the cleavage sites
of the precursor in B. subtilis and E. coli and S values at each
peptide bond calculated by the weight-matrix method of von
Heijne (30). The S value is considered to be a good index for
estimating the signal peptide cleavage site. The values at the
peptide bond from Ala-32 to Ala-36 ranged from 10 to 13.
Although the values are considered to be approximately the
same, the most abundant cleavage site in B. subtilis is the
peptide bond between Ala-33 and Ala-34. In contrast, the
peptide bond between Ala-31 and Ala-32 was the major
cleavage site in E. coli. The S value at the peptide bond was
7.31 and was smaller than those found at the peptide bond
from Ala-32 and Ala-36. On the basis of these results, we
point out that the length of the signal peptides is a prerequi-
site for appropriate and efficient processing in vivo, in
addition to the presence of Ala.

The average length of the signal peptides of exported
proteins in E. coli was approximately 22 amino acids, as in
the case of alkaline phosphatase (21 amino acids) (14) and
maltose-binding protein (26 amino acids) (1). The length was
8 to 10 amino acids shorter than that of the extracellular
enzymes of bacilli. The average length of the signal peptides
of extracellular enzymes of bacilli is 30 amino acids, includ-
ing the B. subtilis alkaline protease (29 amino acids) (32) and
B. amyloliquefaciens a-amylase (31 amino acids) (21). How-
ever, the lengths of the hydrophobic cores in the signal
peptides of the two microorganisms are similar, 10 to 12
amino acids. The distance from the hydrophobic cores to the
cleavage sites is one of the major differences in the signal
peptides of the two. Therefore, it is possible to consider the
possibility that this difference in the distance may reflect the
difference in the cleavage sites of the tested amyE' signal
peptides in B. subtilis and E. coli. It remains to be studied,
however, why are such large differences are present in the
lengths of the native signal peptides between B. subtilis and
E. coli proteins.

In this article, we have shown that amyE' signal peptides
functioned extremely well in E. coli cells but that the
preferential cleavage site in the precursors was different
from that in B. subtilis. Recently, the sipS gene for B. subtilis
signal peptidase was cloned in E. coli and SipS was found to
be active in E. coli cells. The predicted amino acid sequence
contained 27.5 to 39.1% identity in three noncontiguous
regions of the leader peptidases of E. coli and Salmonella
typhimurium (29). Suominen et al. (27) reported that, in E.
coli, a large fraction (40%) of B. stearothermophilus o-amy-
lase appeared to be processed at a site different from that in
B. stearothermophilus. These data suggest that, notwith-
standing the functional similarity, the signal peptidases of
gram-positive and gram-negative bacteria are quite distinct
in specificity of substrate recognition. However, another
possibility to be studied is whether there is any difference in
the properties of the membranes of the two bacteria, in
which the signal peptidases are embedded.
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