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To study the diversity and efficiency of signal peptides for secreted proteins in gram-positive bacteria, two
plasmid vectors were constructed which were used to probe for export signal-coding regions in Bacillus subtilis.
The vectors contained genes coding for extraceUular proteins (the a-amylase gene from Bacillus licheniformis
and the p-Iactamase gene from Escherichia coli) which lacked a functional signal sequence. By shotgun cloning
of restriction fragments from B. subtilis chromosomal DNA, a great variet y of different export-coding regions
were selected. These regions were functional both in B. subtilis and in E. coli. In a number of cases where
protein export had been restored, intraceUular precursor proteins of increased size could be detected, which
upon translocation across the ceUular membrane were processed to mature products. The high frequency with
which export signal-coding regions were obtained suggests that, in addition to natural signal sequences, many
randomly cloned sequences can function as export signal.

The ability of bacilli to secrete large amounts of different genes coding for easily assayable extracellular
exoenzymes into the culture medium (17) makes these proteins were chosen as signal sequence selection probes: (i)
organisms interesting for the synthesis offoreign gene prod- the a-amylase gene from Bacillus licheniformis and (ii) the
ucts on an industrial sca!e. This is one of the reasons why, ~-lactamase gene from E. coli. These genes have already
from an applicationa! point of view, studies on protein been cloned (16; Gist-Brocades N. V., European patent
secretion in these organisms are of interest. Research on the application 8320106.9, 1983) and sequenced (21, 30).
mechanism of protein secretion in gram-positive bacteria is The results showed that, by shotgun cloning of restriction
a!so important from a scientific point of view. In both fragments from B. subtilis chromosomal DNA in the signal
gram-positive and gram-negative bacteria, secreted proteins sequence selection v~ctors, a large variet y of different ex-
are initia!ly synthesized with N-terminal signal sequences, port-coding regions could be selected. These regions ap-
which are removed during translocation across the cellular peared to function both in B. subtilis and in E. coli.
membrane. Signal sequences of gram-positives are usually
longer than those of gram-negatives and frequently contain
more charged amino acid residues in the N terminus (26). In
addition, several gram-positive exoproteins, such as several
proteases, are synthesized as even larger precursor forms,
called prepropolypeptides (20, 25, 28).

To optimize the efficiency of protein secretion by bacilli, a
better understanding of the parameters affecting the translo-
cation mechanism(s) is desirable. So far, the approach most
frequently used has been to introduce mutations in the
various regions of the signa! sequence (for review, see
reference 19). Particularly in Escherichia coli, this has
resulted in valuable information about functiona! properties
of the different regions of the signa! peptides. An alternative
approach would be to select a considerable number of signal
sequences naturally occurring in the chromosome and to
compare the properties ofthe corresponding signal peptides.
We have chosen for this approach to study the properties of
signa! sequences in Bacillus subtilis. The present paper
describes an efficient system for the selection of export
signa! sequences. The approach was to construct two plas-
mid vectors containing genes coding for extracellular pro-
teins which lacked part of or the entire signal sequence.
Since signa! sequences are usua!ly functionally interchange-
able (3, 15,23), we expected that cloning in the correct
reading frame of DNA fragments coding for a promoter,
ribosomal binding site, start codon, and signal sequence
would re sult in the synthesis and export of the protein. Two

MA TERIALS AND METHODS

Bacteria and plasmids. Table 1 lists the bacterial strains
and plasmids used. B. subtilis 8G-5 (amy) was obtained by
congression after transformation of competent 8G-5 cells
with DNA from B. subtilis 1-85 and selection for his+
recombinants.

Media and plates. TY medium contained (per liter) 10 9 of
tryptone, 5 9 of yeast extract, and 10 9 of NaCI (pH 7.4).
Minimal media used in the competence regimen for B.
subtilis were as described before (2). Media were supple-
mented with antibiotics as follows: for B. subtilis, chloram-
phenicol at 5 fLg/ml and erythromycin at 1 fLg/ml; and for E.
coli, ampicillin at 25 fLg/ml and erythromycin at 100 fLg/ml
(unless stated otherwise).

(Bio)chemicals. Restriction enzymes, DNA polymerase I,
T4 DNA polymerase, and T4 DNA ligase, obtained from
Boehringer (Mannheim, Federal Republic of Germany) or
from New England Biolabs (Beverly, Mass.), were used as
indicated by the suppliers.

DNA preparations. Chromosomal DNA was extracted
from B. subtilis as described by Bron and Venema (2).
Preparative amounts of plasmid DNA were obtained basi-
cally according to the alkaline lysis procedure described by
Maniatis et al. (11). Selected restriction fragments were
obtained by separation on 0.8 or 2.0% agarose gels, foliowed
by extraction and purification on DEAE NA-45 membranes
(Schleicher & Schuell, Dassel, Federal Republic of Ger-
many) as indicated by the manufacturer. The analytical
"miniprep" procedure described by Ish-Horowicz and* Corresponding author.

3321

Escherichia coli and Bacillus subtilis
HILDE SMITH,l* SIERD BRON ,1 JAN V AN EE,2 AND GERARD VENEMA 1

Department of Genetics, Center of Biological Sciences, 9751 NN Haren (Gn),l and Gist-Brocades N. V., 2600 MA Delft,2
The Netherlands

Received 10 February 1987/Accepted 17 April1987



3322 SMITH ET AL. J. BACTERIOL

TABLE I. Bacterial strains and plasmids

Source or
reference

Plasmid Of stfain Properties and genotype

Plasmids
pKTH74

pGK13

pGK13-amy

pRWlOl

E. coli plasmid; 5.8 kb; Apr, I. Palva
Tcr

Streptococcus cremoris plas- Laboratory col-
mid, derivative of pGK12; lection, Kok
4.8 kb; Cmr, Emr et al. (9)

pGK13, carrying the Laboratory col-
a-amylase gene of B. lection
licheniformis; 7.8 kb; Cmr,
Emr; a-amylase+

Bifunctional replicon, carrying Mezes et al. (13)
the penicillinase gene of B .
licheniformis; 7.0 kb; Kmr
(B. subtilis); Apr (E. coh')

E. coli plasmid; 2.7 kb; Apr Messing et al.

(12)
t al.

al.

pUC13

pPL60S

pT AIO60

pHP14

pGPBll

pGPB14
pGPAll

B. subtilis plasmid; 5.0 kb; Williams el
Km', Cm' (27)

Cryptic B. subtilis plasmid; Uozumi et
8.6 kb (24)

Bifunctional replicon; 4.2 kb; This paper
Em'; carrying the M CS of
m13 mpll

Export signa! selection vector; This paper
5.7 kb; Em'

As pGPBll This paper
Export signa! selection vector; This paper

5.8 kb; Em'
As pGPAll This paperpGPA14

Strains

B. subtilis

8G-5

80-5 amy

DBI04

1-85
E. coli

BHB2600

trpC2 tyr his nic ura rib met Bron et al. (2)
ade

a-Amylase-negative derivative Laboratory col-
of 8G-5 lection

his nprR2 nprE18 aprA3 Kawamura et al.

(8)
trpC2 amy Yuki (29)

803 supE supF rk- mk~ met K. Murray

digested vector molecules (pGPB14 or pGPA14) in a 4:1
weight ratio. The construction of these vectors is described
in Results. Ligated samples were used to transform compe-
tent E. coli cells. Transformants were selected by plating on
TY plates containing erythromycin (200 IJ.g/ml) plus 1%
soluble starch (for pGP A14) or erythromycin (50 IJ.g/ml) plus
ampicillin (2 IJ.g/ml) (for pGPB14). Plasmid DNAs extracted
from the transformants were subsequently used to transform
competent B. subtilis cells to erythromycin resistance.
Transformants were analyzed for their capacity to secrete
either amylase or TEM 13-lactamase into the culture medium
as described below.

Agarose gel electrophoresis. Gel electrophoresis was car-
ried out on 0.8 to 2.0% agarose (Bio-Rad, Richmond, Calif.).
Electrophoresis buffer consisted of 89 mM Tris, 89 mM boric
acid, 10 mM EDTA (pB 8.3), and 1IJ.g of ethidium bromide
per ml.

PAA gel electrophoresis. Sodium dodecyl sulfate (SDS)-
polyacrylamide (P AA) gel electrophoresis was performed on
slab gels by the method of Laemmli (10). Electrophoresis
was conducted at room temperature for about 4 h at a
constant current of 20 mA. Samples were heated for 5 min at
loo°C before being applied to the gels.

Assays for a-amylase activity. (i) In solutions. Assay mix-
tures contained 2 ml of substrate solution (0.1% soluble
starch in 100 mM potassium phosphate, pB 7.0) and 2 ml of
various dilutions of the enzyme solutions. The mixtures
were incubated for 1 h at 60°C, and the reactions were
stopped by the addition of 0.2 ml of iodine reagent (0.3% h
+ 0.6% KI). One unit of a-amylase was defined as the
amount of enzyme which hydrolyzed 0.1 mg of soluble
starch in 1 min under the conditions used.

(ii) In colonies. E. coli colonies were grown on TY agar
supplemented with 1% soluble starch. B. subtilis colonies
were grown on minimal agar without glucose, supplemented
with 1% soluble starch. Af ter the addition of iodine reagent
(0.3% h + 0.6% KI), clear halos appeared around a-
amylase-producing colonies.

(iii) In SDS-PAA gels. Stacking and separating gels con-
tained 0.25% soluble starch. Af ter electrophoresis of the
a-amylase-containing samples, the gels were washed (four
times for 30 min) in 10 mM Tris hydrochloride (pB 6.8) plus
0.25% starch to remove the SDS and to allow renaturation of
the proteins. Subsequently, the gels were incubated for 2 h at
65°C (or ovemight at 37°C) in the same buffer. a-Amylase
activity was visualized as clear zones af ter the starch in the
gels was stained with h (0.5%) + KI (1.5%).

Assay of 13-lactamase activity. 13-Lactamase activity in B.
subtilis culture supematants was determined spectrophoto-
metrically using nitrocefin (Becton Dickinson B. V .,
Amersfoort, The Netherlands). Nitrocefin (5 mg) was dis-
solved in 0.5 ml dimethyl sulfoxide and diluted to 10 ml with
100 mM potassium phosphate (pB 7.0). Assay mixtures
containing 0.3 ml of the nitrocefin substrate solution, 2.7 ml
of potassium phosphate buffer (pB 7.0), and appropriate
amounts (25 to 500 IJ.I) of the enzyme solutions were incu-
bated for 5 to 10 min at room temperature. ODe unit of
13-lactamase was defined as the amount of enzyme that
increased absorbance at 486 nm by 0.001 in 1 min at room
temperature.

ICDH assay. Isocitrate dehydrogenase (ICDR), an enzyme
involved in the tricarboxylic acid pathway, is exclusively
localized in the cytoplasm. Therefore, the amount of ICDR
found in B. subtilis culture supematants is a measure of the
degree of cel 1 lysis. Assay mixtures containing 500 IJ.I of 100
mM potassium phosphate (pB 8.0), 20 IJ.I of 250 mM MgCI2,

Burke (5) was used to extract plasmids from 2.5-ml cultures
of E. coli. Minipreps from B. subtilis were prepared basically
according to the same procedure with the modification that
cells from 5-ml cultures were washed once by centrifugation
with 50 mM Tris hydrochloride (pH 7.4}-10 mM EDTA-200
mM NaCl before being lysed. Miniprep DNAs were incu-
bated with 100 IJ.g of pancreatic RNase (BDH, Poole, En-
gland) per ml for 30 min at 37°C.

Molecular cloning procedures. Vector molecules and re-
stricted target DNAs were mixed in approximately a 1:4
weight ratio at a tota1 concentration of 100 IJ.g/ml. Ligation
was carried out as described by Maniatis et al. (11). Ligated
samples were used to transform competent B. subtilis or E.
coli cells.

Transformations. Transformation of competent B. subtilis
and E. coli cells was as described by Bron and Luxen (1).
Transformants were selected on TY plates supplemented
with selective antibiotics as follows: for B. subtilis, erythro-
mycin at 1IJ.g/ml and kanamycin at 5 IJ.g/ml; and for E. coli,
erythromycin at 200 IJ.g/ml or erythromycin at 50 IJ.g/ml plus
ampicillin at 2 IJ.g/ml.

Probilig for chromosomal export signals. B. subtilis chro-
mosoma1 DNA was digested with Sau3A, AluI, HaelIl, or
RsaI and subsequently ligated with BamHI- or SmaI-
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PIG. 1. Construction ofthe export signal-selection vectors pGPAll and pGPBll. The origins ofplasmid segments are as indicated. Only
those restriction sites relevant for the construction and properties of the recombinant plasmids are shown. Por details, see the text. The
conversion of these plasmids to pGPA14 and pGPB14 is described in the legend of Pig. 2.

fragment carries the a-amylase gene from B. licheniformis,
which lacks the coding region for the first 26 N-termina!
amino acid residues of the signal peptide (tota!, 29 amino
acids). Therefore, this vector still contains the origina!
processing site of the a-amylase gene. pGPBll was con-
structed by inserting into the BindlIl site of pHP14 a 1.5-kb
BindlIl fragment carrying the E. coli TEM ~-Iactamase gene
from pKTH74. This gene lacked the entire signa! sequence-
encoding region, including the origina! processing site. In
pGPAll and pGPBll the multiple cloning site contained an
amber (TAG) nonsense codon (at the XbaI site) in the
translational reading frames for the structura! genes. Since
this limits the nuffiber of sites available for shotgun cloning
experiments, we eliminated the amber codon by digesting
the plasmids with PstI, folIowed by remova! of the 3'
protruding sticky ends by T4 DNA polymerase. The result-
ing vectors were designated pGPA14 and pGPB14, respec-
tively. Relevant nucleotide and amino acid sequences are

50 IJ.1 of 8 mM NADP, 10 IJ.1 of 100 mM isocitrate (pB 7.0),
and 420 IJ.1 of appropriate dilutions of the enzyme solution
were incubated at 30°C. The change in A340 was measured as
a function of time. One unit of ICDR was defined as the
amount of enzyme producing 10-9 mol NADPR (A340 =
0.00622) in 1 min at 30°C.

RESULTS

Construction of the export signal-selection vectors. The
vectors constructed are shown in Fig. 1. pHP14 is a bifunc-
tional E. coli-B. subtilis replicon (4.2 kilobases [kb], Em'),
containing the Emr gene from pGK13, the origin of replica-
tion, and the lacZ region (including the MCS) from pUC13
plus a 1.6-kb fragment from the cryptic B. subtilis plasmid
pTA1060 containing the replication functions. pGPA11 was
constructed by inserting a 1.6-kb PstI-Hindl11 fragment from
pGK13-amy+ into PstI + Hindl11-digested pHP14. This
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FIG. 2. Construction of pGPA14 and pGPBI4. The DNA se-
quences at the fusion points of the multiple cloning site (MCS) with
the structural genes are shown. The vertical arrows indicate the
original cleavage sites for leader peptidase. Several codons around
the processing sites are numbered, and the corresponding amino
acids are indicated. The pGPA14 and pGPB14 derivatives were
constructed by digesting pGPAll and pGPBll with PstI, foliowed
by removal of the four-base 3' protruding sticky ends with T4 DNA

polymerase.

complete or nearly complete signal sequences will be picked
up in E. coli. On the basis ofthese findings, we tried to select
export signal sequences from the B. subtilis chromosome
with both pGPB14 and pGPA14. These experiments are
described next.

Selection of export-coding functions from B. subtilis DNA by
shotgun cloning in E. coli. To minimize the risk of missing
potential export signals by cloning the inserts in incorrect
translational reading frames relative to the target genes, a
number of different restriction en:zymes (Sau3A, AluI,
HaeIIl, RsaI) were used to cleave the B. subtilis chromo-
somal DNA. After the B. subtilis DNA fragments were
ligated into both vectors, clones were selected in E. coli on
the basis either of their ability to form ha1os on starch plates
(pSPA series of plasmids) or their resistance to ampicillin
(pSPB series of plasmids). Out of thousands of transform-
ants tested, a.-amylase positive clones were obtained with
efficiencies varying from 0.1 to 0.5%, and Apr clones were
obtained with about a fivefold lower efficiency (0.02 to
0.1%). A possible explanation for this difference is that, in
contrast to pGPB14, the vector used to select a.-amylase-
positive transformants contained the SPO2 promoter. A
random selection of 35 potential export-proficient clones is
presented in Table 2. Restriction ana1ysis showed that in-
serts of various length had been cloned. Moreover, the
various inserts rendered the E. coli cells resistant to different
concentrations of ampicillin (Table 2; pSPB series) or gave
rise to different levels of a.-amylase production (results not
shown; pSPA series). These results indicate that a large
variety of potentia1 export signal coding sequences had been
picked up.

a.Amylase activities produced by the recombinant plasmids
in B. subtilis. To study whether the inserts initia1ly selected
in E. coli were a1so effective in protein secretion in B.
subtilis, a number of recombinant plasmids were used to
transform competent B. subtilis cells. The transformants
were analyzed for the production of p-lactamase and a.-
amylase in the culture supernatants. The assays of the
a.-amylase activities (Fig. 4 and Table 3) showed that con-
siderable amounts of a.-amylase activity were present in the
culture supernatants of B. subtilis cells containing the
recombinant plasmids. These results strongly supported the
view that export coding regions, effective in both E. coli and
B. subtilis, had been cloned. The amounts of a.-amylase
produced by the various clones differed considerably. It is
interesting that B. subtilis strains bearing pSPA2, pSPA8,
and pSP A12 exhibited a.-amylase activities which were sub-
stantially higher than those produced by the control strain,
containing the wild-type a.-amylase on pGK13. Since a1l

indicated in Fig. 2. An additional vector was constructed by
inserting a 280-base-pair (bp) EcoRI fragment from pPL608,
containing a phage SPO2 promoter, into the unique EcoRI
site of pGPA14. These vectors were constructed with the
aim of detecting additional promoterless, export signal-
coding fragments, which would remain undetected with the
original vector .

Applicability of the export signal selection system. To
examine the general applicability for the selection of export
signals, the truncated ~-lactamase gene was first fused to
two known signal sequences (Fig. 3). pGK13-amy+ was
digested with BamHI ~nd PstI. The 940-bp BamHI-PstI
fragment, containing the entire promoter and signal se-
quence of a-amylase except for the last three amino acids,
was purified and ligated to BamHI + partially PstI-digested
pGPB11. Since Apr transformants cannot be selected di-
rectly in B. subtilis, the ligation mixture was used to trans-
form E. coli BHB2600 cells. The resulting plasmid of
pGPB15 (Fig. 3), yielded Apr E. coli transformants (about
103/fJ.g of DNA), indicating that with the truncated ~-
lactamase gene probe in pGPB11, the export signalof
a-amylase could easily be detected. We also assayed
whether an incomplete signal sequence would result in
protein secretion. To that aim a 300-bp BamHI-PstI frag-
ment from pRW101, containing the promoter and coding
sequence for the first 13 amino acids of the penP signal
peptide, was fused to BamHI-plus-PstI-cleaved pGPB11. In
this case, the hybrid signal sequence lacked a hydrophQbic
core. With the resulting plasmid (pGPB16), E. coli could not
be transformed to Apr. This indicates that with pGPB11 only

pGPB15
Ps

-3L. -21 f3-lactamase

~ -IJ-.U~.u,.,u~~. pGPB16
Pst I

FIG. 3. Construction of pGPB15 and pGPB16. Schematic pre-
sentation of the construction of fusions between penP and the gene
for 13-lactamase (pGPB16) and the a-amylase and 13-lactamase genes
(pGPB15). The numbers refer to the amino acid residues in the
signal sequence. Rectangles, Fragment derived from pGK13-amy+;
dot-dash line, fragment derived from pRWI0l; solid line, truncated
13-lactamase gene from pGPBll; +++, charged amino acid resi-
dues. For details, see the text.
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TABLE 2. Properties of potential export-proficient clones

obtained in E. coli
TABLE 3. Amounts of a-amylase in the culture supernatants of

various B. subtilis clonesa

Ampicillin
resistance"

(IJ.g/ml)

a-Amylase
activity
(U/liter)

Size of insertb

(hp)
Size of inserte

(hp)
Plasmid" Plasmid" Plasmid

pSPB4'
pSPB5'
pSPB6'
pSPB8'
pSPB9'
pSPBll'
pSPB12'
pSPB13'
pSPB16'
pSPB19
pSPB20'
pSPB21'
pSPB23
pSPB28
pSPB29
pSPB30
pSPB31
pSPB32
pSPB34
pSPB38

710
650
780
600
360
270
830
650
780
420

1,500
740
490
280
300
260
420

1,080
370
660

10
20
10

300
50

5
10
10
50

300
300

50
300
100

5
5
5

300
10
20

pSP
pSP
pSP
pSP
pSP
pSP
pSP
pSP
pSP
pSP
pSP
pSP
pSP
pSP
pSP

730
340

1,400
700

1,200
260

<100
880
940

50
<100

100
100

<100
400

7,000
32,000
16,000

2,000
100

4,000
200

1,000
800
500
200

0
400

0
0

2,000

pSPA2 pSPA8 pSPA8 (-SPO2) .

pSP A9 pSPA9 (-SPO2) .

pSPA12 pSPA12 (-SPO2)

pSPA13 pSPA26 pSPA31. pSPA41 pSPA41 (-SPO2)

pSPA42 pSPA42 (-SPO2)

pGPA14. pGK13-amy+

a B. subtilis 8G-5 cultures were grown for 2 days in TY medium, and the

<x-amylase activities in the culture supernatants were determined as described
in Materials and Methods.

a The pSPB clones shown lacked the SPO2 promoter .
b AII pSPB clones contain Sau3A inserts. The size of the inserts was

determined by restriction analysis.
c The levelof resistance to ampicillin was defined as the maximal concen-

tration of ampicillin to which 100% of the viabie cells were resistant.
d All pSP A clones shown contain the SPO2 promoter .
, pSPA2, -26, -27, and -33 contain anAluI insert; pSPA8 contains an HaeIIl

insert; and pSPA9, -12, -13, -28, -29, -31, -32, -34, -41, and -42 contain an RsaI
insert.

contain promoter activity (pSPA8, pSPA9, and pSPA12) and
others did not (pSPA41 and pSPA42). These results indi.
cated that export functions can be most efficiently selected
with selection vectors containing a promoter sequence up-
stream of the site of insertion of chromosomal DNA.

p-Lactamase activities produced by the recombinant plas-
mids in B. subtilis. We tried to estimate the 13-lactamase
activities in the supernatants of B. subtilis cells (strain 8G-5)
carrying various recombinant plasmids, grown ovemight in
rich medium. However, we were not able to detect 13-
lactamase activity. Most likely the absence of activity was
caused by the sensitivity of the TEM 13-lactamase to the B.
subtilis exoproteases (14, 16,23). To examine this possibility
for our system, we investigated whether 13-lactamase activity

a-amylase-positive transformants were selected with a vec-
tor containing the SPO2 promoter, the inserts do not neces-
sarily contain promoter activity oftheir own. Deletion ofthe
SPO2 promoter in pSPA8, pSPA9, pSPA12, pSPA41, and
pSPA42 revealed (Table 3) that, indeed, some inserts did
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FIG. 4. Assay for a-arnylase activity on plates containing starch.
B. subtilis colonies containing various clones were toothpicked to
minimal agar without glucose but supplemented with 1% of soluble
starch. After growth for 2 days at 37°C, the plate was flooded with
iodine reagent. Frorn left to right and frorn top to bottorn: B. subtilis
8G-5 containing pSPA2, pSPA8, pSPA9, pSPA12, pSPA13,
pSPA26, pSPA27, pSPA29, pSPA31, pSPA32, pSPA34, pSPA41,
pSPA42, and pGK13-amv+.

.
0 6 12 18 21.

TIME(h)
FIG. 5. Amounts of 13-lactamase in the culture supernatant of

8G-5(pSPB8'). The bacteria were grown in TY and minimal media.
13-Lactamase activities were determined with nitrocefin as described
in Materials and Methods. Growth ofthe cultures was monitored by
A450. Symbols: ., A450 on TY medium; ., A450 on minimal medium;
0, 13-lactamase activity in TY medium; L, 13-lactamase activity in
minimal medium.

A2
AS
A9
A12
A13
A26
A27
A2S
A29
A31
A32
A33
A34
A41
A42

100

60

20
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TABLE 4. a-Amylase and ICDH activities in cell pellets and
culture supematants of two B. subtilis clones"

processed to the mature form. To examine the nature of the
pellet-associated activity, we analyzed the a-amylase activ-
ities in the culture supematants and cell pellets of strain
8G-5(pSPA8) and a number of other clones on SDS-PAA
gels (Fig. 6). Purified a-amylase from B. licheniformis was
used as a control to determine the molecular weight position
of the mature a-amylase. The molecular weight positions of
a-amylases isolated from the culture supematants of strain
8G-5(pGK13-amy+) and strain 8G-5 carrying either pSPA2,
pSPA8, or pSPA9 seemed to be identical to that of the
control, suggesting that in a!l constructs cleavage of the
export signa! function had occurred at, or very close to, the
original processing site of a-amylase. Interestingly, extracts
of cell pellets from strain 8G-5(pSPA2) and 8G-5(pSPA8)
showed a-amylase bands at higher molecular-weight POsi-
tions than that found in the supematants. Presumably these
bands correspond to the precursor forms of a-amylase
synthesized in the various clones. The precursors in 8G-
5(pSPA2) are of higher molecular weight than those in
8G-5(pSPA8). Analogous to the wild-type situation, no pre-
cursor forms could be detected in the cell pellets of strain
8G-5 carrying pSPA9 (Fig. 6, lane 2). This applied a!so to
strain 8G-5(pSPA12) and strain 8G-5(pSPA13) (results not
shown).

Plasmid

pSPA2
pSPA8 -

a Cultures were grown ovemight in minimal medium without glucose.

Portions (1 ml) were centrifuged for 3 min in an Eppendorf centrifuge. The
cells were washed twice with 100 mM potassium phosphate (pR 8.0). The
pellets were suspended in 0.5 ml of 100 mM potassium phosphate (pR 8.0)
plus 200 ~g of Iysozyme per ml and incubated for 15 min at 37°C. The culture
supematants were filtered (0.45-~m pore size) to remove cells and debris.
a-Amylase and ICDR activities were determined as described in Materials
and Methods.

DISCUSSION

The present report describes a system that can be used in
an efficient way to probe for export signal-coding regions
which function in E. coli and B. subtilis. Two plasmid
vectors containing genes for extracellular proteins, which
lacked the promoter and a functional signal sequence, were
constructed. Therefore, expression of the genes and secre-
tion of their products requires the fusion in the correct
reading frame and correct orientation to DNA fragments
containing a promoter, a ribosoma! binding site, a transla-
tiona! start site, and a signa! sequence-coding region.

FIG. 6. SDS-PAA gel analysis ofthe a-amylase patterns. Culture
supernatants and cell pellets of various B. subtilis clones were
analyzed. Portions (10 ml) of overnight cultures in TY medium were
centrifuged for 10 min at 6,000 x g. The cells were washed twice by
centrifugation with starvation medium. The pellets were suspended
in 5 ml of starvation medium + 200 II.g of Iysozyme per ml and
incubated for 15 min at 37°C. The culture supernatants were filtered
through 0.45-l1.m-pore-size filters (Schleicher and Schuell). Both the
pellet and the supernatant fractions were concentrated about 10
times by dialysis against dry sucrose. Samples (30 11.1) were applied
to 7.5% PAA gels. a-Amylase patterns were visualized in starch-
containing SDS-PAA gels as described in Materials and Methods.
Lanes: 1, control, purified (X-amylase of B. licheniformis; 2, pSPA9.,
pellet; 3, pSPA9, supernatant; 4, pSPA8, pellet; 5, pSPA8, super-
natant; 6, pSPA2, pellet; 7, pSPA2, supernatant; 8, pGKI3-amy+,
pellet; 9, pGKI3-amy+ , supernatant; 10, purified a-amylase. The
vertical arrow indicates the direction of electrophoresis; horizontal
arrows indicate the positions of the mature and precursor forms of
a-amylase.

would be detectable in a protease-deficient mutant, DB104
(8), and whether ~-lactamase would be more stabIe in
cultures grown in minimal compared to rich medium. The
results, obtained with pSPB8', are shown in Fig. 5. In TY
medium, ~-lactamase was only detectable during the loga-
rithmic and early stationary phases of growth. However, the
amount of ~-lactamase started to decrease af ter prolonged
periods of growth and was completely lost in overnight
cultures. In contrast, the amount of ~-lactamase remained
constant for up to 24 h in minimal medium. These results
supported the idea that, at least in TY medium, ~-lactamase
was unstable. Qualitatively similar results were obtained
with the protease-deficient strain DB104 (results not shown).
The inability to improve the stability of ~-lactamase is
probably due to the residuallevels of protease in this strain
(2.6%) (8).

Secretion versus lysis. The results presented in the previ-
ous sections strongly suggest that pGPB14 and pGPA14 are
efficient vectors to select export-coding regions which func-
tion both in E. coli and in B. subtilis. To exclude the
possibility that the enzymatic activities measured in B .
subtilis were the re sult of cel 1 lysis rather than of secretion,
we compared the cellular locations of a-amylase, produced
by pSPA2 and pSPA8, and a cytoplasmic marker protein, for
which ICDH was chosen. First, we tested whether ICDH
itself was stabIe in various media. Af ter 24 h of incubation at
37°C in minimal medium and in the supernatants of B.
subtilis overnight cultures in minimal medium, 80% of the
original ICDH activity was still present. However, in TY
medium ICDH activity was completely lost af ter 3 to 5 h at
37°C. Similar results were obtained with supernatants of
cultures of B. subtilis 8G-5 and DB104. These results indi-
cated that ICDH can be used as a cytoplasmic marker
protein in minimal medium. The cellular locations of a-
amylase and ICDH in B. subtilis cultures grown in minimal
medium are shown in Table 4. Whereas the a-amylase
activity was predominantly found in the culture superna-
tants, most ofthe ICDH activity was associated with the cell
pellets. These results strongly favor the idea that the a-
amylase activities measured in the supernatants were the
re sult of secretion rather than of lysis. In addition, it is
worthwhile to mention that in strain 8G-5(pSPA8) 10 to 20%
of the total a-amylase activity was reproducibly found to be
associated with the cell pellet.

Analysis of a-amylase activities in SDS-PAA gels. As shown
in Table 4, in strain 8G-5(pSPA8) substantial amounts of
a-amylase activity were associated with the cell pellet. This
is surprising, since the wild-type precursor is very rapidly
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ing of a-amylases in these fusions was delayed compared to
the wild type.

The large number of different export-proficient clones
obtained in these studies deserves further consideration.
Expression of the a-amylase and p-lactamase genes and
secretion of their products required fusion to DNA frag-
ments containing a promoter, ribosomal binding site, trans-
lational start site, and a signal sequence-coding region,
which we assume to correspond to approximately 30 amino
acids. Altogether we estimate this region to amount to about
175 bp. Since DNA inserts were obtained with restriction
enzymes recognizing 4-bp nucleotide sequences, and the
average gene can be estimated to consist of about 1,000 bp,
the probability that an inserted sequence would contain a
stretch of at least 175 b p of DNA containing the transcrip-
tion/translation signals and a coding region for 30 amino
acids would be 256/1,000 x (256-175)/256, which amounts
to 0.081. Moreover, only one third ofthe inserted sequences
are expected to be in the correct reading frame, and one half
are expected to be in the correct orientation. Furthermore,
since religation of the vector was not prevented, we esti-
mated that about one third ofthe transformants contained an
insert. Therefore, about 0.081 x 1/3 x 1/2 x 1/3, or 0.45% of
all transformants will be expected to carry a fusion with
appropriate transcription/translation signals and a 30-amino-
acid coding region in the correct reading frame and orienta-
tion. Based on the frequencies of export signal-positive
clones among the total number of transformants which we
selected with the p-lactamase probe vector (0.02 to 0.1%),
this would mean that approximately 4 to 15% of the cloned
sequences, expected to be in frame and to carry the required
stretch of 175 bp for transcription/translation, would func-
tion as an export signal. This seems an exceptionally high
frequency, particularly since in B. subtilis only about 20 to
25 different exported proteins seem to be present (17). On
the assumption that the total number of B. subtilis genes will
be approximately 3,000, this would mean that only about
0.83% of the B. subtilis genes code for secreted proteins.
Therefore, our results seem to indicate that, in addition to
natural signal sequences, we have selected a remarkably
high frequency of more or less random sequences which can
function as export signals. Very interestingly, similar con-
clusions were recently drawn by Kaiser et al. (7) from
studies on a eucaryotic system. These authors showed that
in Saccharomyces cerevisiae 20% of random DNA se-
quences cloned in frame were functional as export signal. It
thus seems likely that the specificity with which signal
sequences are recognized by both eucaryotic and procary-
otic systems is low.

Sequence analysis of the various export signals selected in
the present studies (specifying high as well as low levels of
enzyme production and secretion) may provide valuable
information with respect to features essential for efficient
protein export in gram-positive bacteria. Future experiments
will be focused on this purpose.
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Using this system, we have selected a great variet y of
different export signal-coding regions from chromosomal B.
subtilis DNA. Clones in which the export of a-amylase or
p-lactamase had been restored were selected in E. coli. A
significant advantage of using this organism as initial host
was that, in contrast to B. subtilis, E. coli cells producing
and exporting p-lactamase are resistant to ampicillin and,
therefore, can be positively selected. Since cytoplasmic
p-lactamase cannot protect a cell against ampicillin, and
since the catalytic activity ofpre-p-lactamase is very low (6,
18, 22), the selection of Apr transformants in E. coli will
require both the correct translocation and processing of
pre-p-lactamase.

The bifunctional B. subtilis-E. coli character ofthe present
system allowed us to examine whether the export-restoring
clones selected in E. coli also restored protein export in B.
subtilis. The results indicated that this was the case with all
clones selected with both the a-amylase and the p-lactamase
probe vector. Recently, an analogous system for the selec-
tion of export signals has been described (4) which, how-
ever, can only be used in E. coli.

Restriction analysis of approximately 35 randomly chosen
export-proficient recombinant clones indicated that these
contained inserts of different size. Moreover, the various
clones showed different levels of a-amylase or p-lactamase
activities. This indicates that a considerable variet y of dif-
ferent export-restoring DNA inserts had been picked up.
Recent DNA sequence data (Smith et al., manuscript in
preparation) have provided further proof for this idea. An
interesting question was whether the selected inserts resem-
bled typical signal sequences for exported proteins. One
criterion for this is that the initial translation products of the
fusions should be ofincreased size. The results showed that
this was indeed the case for two clones: in cell pellets of
strains 8G-5(pSPA2) and 8G-5(pSPA8), a-amylase activities
could be detected at considerably higher molecular-weight
positions than in the supernatants. Since these activities
were found at the molecular-weight position of mature
wild-type a-amylase, the results also indicate that processing
of fused precursor proteins had occurred at or close to the
original cleavage site. Also, in this respect the properties of
the cloned sequences in pSPA2 and pSPA8 are similar to
those of typical signal sequences.

The pSPA2 and pSPA8 clones revealed several additional
properties of interest. First, strains 8G-5(pSPA8) and 8G-
5(pSPA2) produced substantially higher a-amylase activities
than the control strain containing the plasmid with the
wild-type a-amylase gene. At present it is not clear whether
this increase is caused by differences at the transcriptional or
translationallevel or by altered efficiencies of secretion of
the enzymes.

Second, the precursor bands could be detected immuno-
logically (data not shown) as well as enzymatically with the
same intensities as the mature products. This shows that
these precursor forms of the B. licheniformis a-amylase are
enzymatically active and that the specific activities of the
precursors and mature products are similar .In fact, two
precursor bands were observed with pSPA2 and pSPA8.
One possible explanation for this is that two alternative
transcription/translation start points were present on the
inserts.

Third, the observation that, in strains 8G-5(pSPA2) and
8G-~(pSPA8) under steady-state conditions, considerable
amounts of precursor could be detected is noteworthy, since
precursor forms could not be detected with wild-type a-
amylase. This suggests that the rate of secretion or process-
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