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ABSTRACT  We describe a secretion vector system for intro-
ducing foreign genes into Bacillus subtilis. We constructed secre-
tion vectors from the plasmid pUB110 and the promoter and signal
sequence region of the a-amylase gene from Bacillus amylolique-
faciens. Foreign structural genes can be inserted into the various
vectors after the signal sequence region of the a-amylase gene.
Demonstrating secretion of a foreign gene product from Bacillus,
we here report that the Escherichia coli B-lactamase gene, devoid
of its own signal sequence coding region, can be expressed in B.
subtilis by the aid of the secretion vectors so that >95% of the
enzyme activity is secreted to the growth medium. Efficient se-
cretion of B-lactamase (penicillin amido-B-lactamhydrolase, EC
3.5.2.6) is observed if the complete signal sequence coding region
of the a-amylase gene precedes the B-lactamase structural gene.
However, an incomplete a-amylase signal peptide lacking the six
carboxy-terminal amino acid residues does not promote secretion
of the fused B-lactamase, which remains unprocessed and cell-
associated.

Bacilli are potential hosts for the biosynthesis of foreign gene
products in microorganisms by recombinant DNA technology.
Compared to Escherichia coli, B. subtilis has the following ad-
vantages: (i) it is nonpathogenic, (ii) it is well known as an in-
dustrial organism, and (iii) it can secrete proteins to the culture
medium. However, efficient expression of foreign genes and
secretion of the gene products in Bacilli is still hampered by
several problems. For instance, the secretory mechanisms of
gram-positive Bacilli are not sufficiently well characterized, and
particularly the control mechanisms remain unresolved. There
also has been a lack of suitable vectors to promote expression
and secretion of the product of an inserted gene. Expression of
hepatitis B core antigen and of the major antigen of foot-and-
mouth disease virus in B. subtilis has been obtained (1), but
there have been no reports on secretion of foreign gene prod-
ucts by Bacilli.

The enzyme a-amylase (1,4-a-D-glucon gluconohydrolase,
EC 3.2.1.1) is secreted in large amounts by some Bacilli to the
culture medium. We have chosen the a-amylase gene as a
model system to study the regulatory gene regions involved in
efficient expression and secretion. The chromosomal a-amylase
gene from Bacillus amyloliquefaciens, including the promoter
region, has been isolated and cloned in the plasmid pUB110,
with B. subtilis as host organism (2). The nucleotide sequence
of the promoter and signal sequence region of this gene has been
determined (3). Here we have constructed a series of secretion
vectors for cloning in B. subtilis in hopes of obtaining both ef-
ficient expression and secretion of foreign gene products. The
vectors are derivatives of the plasmid pUB110, and they contain
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the promoter, ribosome binding site, and signal sequence re-
gion of the a-amylase gene in front of the site where a foreign
gene can be inserted. It has been shown that expression of for-
eign genes in B. subtilis apparently requires transcriptional and
translational initiation signals from Bacillus or other gram-pos-
itive bacteria (4-6). Here we show that B. subtilis can secrete
enzymatically active B-lactamase (penicillin amido-B-lactam-
hydrolase, EC 3.5.2.6) to the culture medium after transfor-
mation with hybrid plasmids containing the a-amylase pro-
moter and complete signal sequence region fused to the pBR322
structural gene of B-lactamase.

MATERIALS AND METHODS

Bacteria, Plasmids, and Media. Bacillus subtilis strain
TH6140, a prototrophic derivative of B. subtilis Marburg with
reduced level of exoprotease activity, was from our collection.
Plasmid pHV33, a tetracycline-resistant derivative of pHV14
(7), was obtained from S. D. Ehrlich. Plasmids pKTH38 and
pKTH39 were derived from pKTH10 (2, 3) by exonuclease
treatment as described below. Plasmid pKN410 carrying the 8-
lactamase gene (8) was a kind gift from K. Nordstrém through
T. Palva. B. subtilis [H6140 transformants were selected on L-
broth plates supplemented with 10 ug of kanamycin per ml.
To assay the B-lactamase activity in liquid cultures, B. subtilis
were grown in minimal medium (9) containing 0.5% glycerol,
1% soluble starch, and 10 ug of kanamycin per ml.

Cloning and Plasmid Isolation. E. coli K-12 strain HB101 was
transformed (10), and plasmids were isolated (11) under stan-
dard conditions. Transformation of B. subtilis was as described
by Gryczan et al. (12). To obtain plasmid multimers necessary
for the physiological transformation of B. subtilis, the ligation
was performed at 23°C for 3 hr by using an insert/plasmid ratio
of 2:1 and a plasmid concentration of 75 ug/ml. Plasmid iso-
lation in preparative scale was as described (3) and rapid screen-
ing was done by the method of Bimboim and Doly (13).

Exonuclease Treatments. Partial digestion of 9 pmol of lin-
earized plasmid DNA with 75 units (18 pmol) of E. coli exonu-
clease III (New England BioLabs) was in 100 ul of 20 mM
Tris'HCl, pH 7.6/0.66 mM MgCl,/1 mM 2-mercaptoethanol
at 22°C. Aliquots were removed at several time points (10-20
min) to an equal volume of 60 mM sodium acetate, pH 4.5/
0.6 M NaCl/6 mM ZnSO, to stop the reaction. To obtain blunt
ends, the pooled DNA was digested with S1 nuclease (0.1 units,
P-L Biochemicals) first for 30 min at 37°C and then for 5 min
at 4°C, followed by phenol extraction and a fill-in reaction with
10 units of reverse transcriptase (gift of J. Beard, Life Sciences)
in 50 mM Tris-HCI, pH 8.3/60 mM KCl/12 mM MgCl,/1 mM
dithiothreitol/150 uM dNTPs for 30 min at 37°C.

Partial digestion of 10 pmol of linearized plasmid DNA with
1 unit of BAL-31 (Bethesda Research Laboratories) was in 250
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l of 20 mM Tris'HCI, pH 8.1/0.6 M NaCl/12 mM CaCl,/
12 mM MgCly, /1 mM EDTA at 30°C. An excess of EDTA was
added to aliquots removed at time points between 5 and 7.5
min, and the pooled DNA was extracted with phenol and filled
in with T4 DNA polymerase (P-L Biochemicals) as follows: 3.3
pmol of DNA termini, 10 units of T4 polymerase, 50 uM of each
dNTP in 6.3 mM MgCl, /63 mM Tris:HCI, pH 8.1, in 20 ul for
80 min at 11°C. Linkers were ligated to linearized plasmids at
15°C for 16 hr by using a linker-to-plasmid molar ratio of 40: 1.

Other Methods. B-lactamase was assayed from the super-
natants of cultured cells by the method of Callaghan et al. (14).
After electrophoresis in 12.5% NaDodSO,/polyacrylamide
gels (15), B-lactamase was visualized by an immunoblotting
method (16) by using anti-B-lactamase anti-serum and !*I-la-
beled protein A. DNA sequences were determined by the
method of Maxam and Gilbert (17) as described (3).

RESULTS

Construction of Secretion Vectors for Cloning in Bacillus.
The parental plasmid, pKTH38, is a derivative of the plasmid
pKTH10 (2, 3), which contains the cloned chromosomal a-am-
ylase gene from B. amyloliquefaciens. In pKTH38, the pro-
moter and signal sequence for the secreted a-amylase is fol-
lowed by 90 nucleotides from the coding region and an EcoRI
linker. The plasmid pKTH38 was linearized with EcoRI (Fig.
1), partially digested with exonuclease BAL-31, followed by
ligation of HindIII linkers to the digested plasmid population.
Linear plasmid monomers with HindIII linkers at the termini
were purified, ligated, and transformed into B. subtilis.

The position of HindIII linkers in the plasmid DNA of
30 individual transformants was determined by sequence de-
termination of the purified DNAs labeled at the HindIII
sites and cleaved with Cla I. The sequence ladders A+G and
C+T (17), covering nucleotides 1-40 for each sample, unequiv-
ocally determined the position of the HindIII linkers within the
previously determined nucleotide sequence region of the a-am-
ylase gene (3). By this screening, we obtained 12 different po-
tential secretion vectors, with the HindIII linkers attached to
the codon at the signal-sequence-processing site (pKTH50) or
at various amino-terminal codons of the a-amylase structural
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gene. The gene coding for mature B-lactamase was fused to the
plasmid pKTHS50 to construct pKTH78.

We also prepared a pool from 120 isolated transformants con-
taining HindIlII linkers at various sites and characterized the
pool by electrophoresis of the Cla 1/HindIII double digests
(Fig. 2). The size distribution of the Cla 1/HindIII fragments
showed that the HindIII linkers are attached within a 70-nu-
cleotide region that should cover also the signal sequence cleav-
age site of a-amylase. When B. subtilis was transformed with
plasmids that were recombinants of this pool and the B-lacta-
mase gene, and when the transformants were screened for
expression of B-lactamase, the plasmids pKTH83, -84, and -86
were obtained (Fig. 3).

Isolation of the B-Lactamase Gene Devoid of the Signal Se-
quence. Expression of an inserted foreign gene in B. subtilis
and secretion of the product was tested by using 8-lactamase
gene from pBR322. For isolation of the B-lactamase gene devoid
of its signal sequence, a fusion plasmid pHV33 (Fig. 1B) was
linearized with EcoRI and partially digested with E . coli exonu-
clease III. The use of this fusion plasmid instead of pBR322
enabled the preservation of the tetracycline-resistance marker
of pBR322. Exonuclease III1/S1 nuclease-digested plasmids
were attached to EcoRI linkers, sealed, and transformed into
E. coli. Plasmids from ampicillin-sensitive transformants were
isolated, and the EcoRI linkers were localized by nucleotide
sequence determination from the EcoRI sites. Thus, the plas-
mid pKTH33 obtained has an EcoRI linker attached to the B-
lactamase gene that is devoid of its signal sequence.

To obtain a construction with an EcoRI linker also near the
3’ end of B-lactamase gene, the BstNI fragment containing this
gene was isolated from pKTH33, EcoRI linkers were attached
to it, and, after EcoRI digestion, the fragment was cloned in
pBR325. For insertion of this B-lactamase gene into the Bacillus
secretion vectors, the EcoRI linkers were replaced by HindIII
linkers, and the fragment was recloned in pBR322.

Fusion of B-Lactamase Gene with Bacillus Secretion Vec-
tors. The B-lactamase gene from pBR322, devoid of its signal
sequence and containing HindIII termini, was ligated with the
secretion vector pool. It also was ligated with one of the secre-
tion vectors of known sequence, pKTH50, that had the linker
attached to position —1 in the a-amylase signal sequence. The
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Fic. 1. (A) Plasmid pKTH38. The thin line represents pUB110 DNA, and the heavy black line represents a 0.7-kilobase chromosomal DNA
insert from B. amyloliquefaciens. The EcoRI site is formed by a DNA linker at a position coding for amino acid 32 in the mature a-amylase. The
arrows < — indicate the BAL-31 digestion starting at the EcoRI site. P and ss, promoter—signal sequence area of the a-amylase gene. (B) Plasmid
pHV33. The thin line represents pBR322 DNA, and the heavy black line represents the pC194 DNA. The arrows «<——> indicate the E. coli exonuclease
11 /81 digestion starting at the EcoRI site of pBR322. The position of the relevant BstNI site is shown by the thick arrow (=»).
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Fic. 2. Polyacrylamide gradient gel electrophoresis (18) of the BAL-31 digest of pKTH38. Lanes: A, HinflI digest of pBR322; B, Cla I/EcoRI
double digest of plasmid pKTH38, which has an EcoRI linker 362 base pairs from the Cla I site; C, Cla 1/HindIII double digest of a plasmid pool
isolated from 120 independent BAL-31-digested pPKTH38 derivatives; D, Cla1/EcoRI double digest of plasmid pKTH39, a pKTH10 derivative, which
has an EcoRI linker 196 base pairs from the Cla I site. Sizes are shown in base pairs.

hybrid plasmids were transformed into B. subtilis, the kana-
mycin-resistant transformants were screened for B-lactamase
activity, and the sequences of some hybrid plasmids isolated
from the B-lactamase-positive transformants were partially de-
termined from the HindIII sites as described above.

Fig. 3 shows nucleotide sequences at the a-amylase gene—f-
lactamase gene junctions of the plasmids pKTH78, pKTH83,
pKTH84, and pKTHS86. In plasmid pKTH78, only one nucleo-
tide is missing from the full signal sequence of a-amylase, and
the linker is attached to the codon for amino acid residue —1
(=1 construction). The plasmids pKTH83 and -84 contain in
addition to the complete signal sequence, 11 nucleotides (+4
construction) and 41 nucleotides (+14 construction), respec-
tively, from the a-amylase gene. In plasmid pKTHS6, the B-
lactamase gene is joined to an incomplete a-amylase signal se-
quence, which is devoid of 19 nucleotides (—7 construction).
The deduced amino acid sequences of these constructions are
shown in Fig. 4 together with those of the signal sequence and

=31 =30 - 25

amino terminus of a-amylase and B-lactamase. In all four hybrid
plasmids, an additional tetrapeptide sequence, Gln-Ala-Cys-
Pro, coded by the linker construction, precedes the mature -
lactamase that starts from the proline residue at position 2.

Expression of the B-Lactamase Gene Fused to the Vectors.
B. subtilis carrying the hybrid plasmids were grown in glycerol
minimal medium supplemented with starch, and the B-lacta-
mase activity was assayed from the culture supernatants and
from sonicated cells (Fig. 5). The activity curves for strains car-
rying the plasmids.pKTH78 and pKTH83 (construction —1 and
+4) were almost identical (Fig. 5 A and B). The maximal activ-
ity, about 2,000 units/ml, was obtained 68 hr after the loga-
rithmic growth phase.

B. subtilis harboring the plasmids with —1 or +4 vector con-
structions were able to secrete over 95% of the B-lactamase ac-
tivity to the growth medium, and those carrying the plasmid
pKTHB84 (+14 construction) secreted over 90%. The total ac-
tivity obtained by using the +14 construction was only 20% of

=20 - 15 - 10

PKTH10 ATG ATT CAA AAA CGA AAG CGG ACA GTT TCG TTC AGA CTT GTG CTT ATG TGC ACG CTG TTA TTT GTC AGT TTG

-5 -1 +1

+5 +10 +15

CCG ATT ACA AAA ACA TCA GCC GTA AAT GGC ACG CTG ATG CAG TAT TTT GAA TGG TAT ACG CCG AAC GAC GGC

— b -3 -2 -1

+3 +4

+2
«v+ AAA ACA TCA GC§_CAA GCT TGC COc CCA GGA ACG ...

CAA GCT TGC C CCA GGA ACG ...

.+ TGG TAT ACG CCl5_CAA GCT TGC CCk ccA GGA ACG ...

PKTH78

+1  +2  +3 4+
pKTH83 v GTA AAT GGC A

+11 412 413 414
PKTH84

-10 -9 -8 -7
pPKTH86

«v+ GTC AGT TTG CCG_CAA GCT TGC cdc ¢CA GGA ACG ...

o-amylase gene

B-lactamase gene

Fi1c. 3. The nucleotide sequence of the a-amylase gene—B-lactamase gene junction in the hybrid plasmids pKTH78, pKTH83, pKTH84, and
pKTH86. The nucleotides from the linkers are encased (G-C-A-A-G-C-T-T-G-C is the HindIIl linker and C-C is from an EcoRI linker), and those
from the B-lactamase structural gene are given in italics. The complete signal sequence (—31 to —1), and the codons for 17 amino-terminal amino

acids in the a-amylase gene contained in pKTH10 (3) are shown.
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=1 +1 +10 +20

M IQKRKRTVSF RLVLMCTLLF VSLPITKTSA VNGTLMQYFE WYTPNDGQHW ...

PRACAPE TL...

TRACAPE TLVKVKDAED ...

A QACHAPETLVK VKDAED. ..

-23 -20 -10

PRACPPE TLVKVKDAED ...

-1 +1 +10 +20

MSI QHFRVALIPF FAAFCLPVFA HPETLVKVKD AEDQLGARVG ...

Fic. 4. The deduced amino acid sequences coded by the a-amylase and B-lactamase hybrid constructions +14 (pKTH84), +4 (pKTHS83), —1
(pKTH78), and —7 (pKTH86). The sequences coded by the linker are encased, and the B-lactamase sequences are shown in italics. Identity is denoted
by a line. The B-lactamase structural gene in the hybrids starts with a codon for proline at position +2. For comparison, the signal peptide and amino
terminus of a-amylase (3) is given at the top and those of B-lactamase from pBR322 (19) are given at the bottom of the figure. The arrows indicate
the site for processing for a-amylase and B-lactamase. A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, Ile; K, Lys; L, Leu; M, Met; N, Asn;

P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; Y, Tyr.

that from the —1 or +4 constructions. The —7 construction, in
contrast to the three others, did not contain the full signal se-
quence of a-amylase; and 90% of the B-lactamase activity was
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Fic. 5. Activity curves of B-lactamase assayed from the culture
supernatants and sonicated cells of the different a-amylase gene-B-
lactamase gene hybrid constructions. These constructions were: —1
(A); +4 (B); +14 (C); and —7 (D). The cells- were grown in Spizizen
minimal medium containing 0.5%. glycerol, 1% soluble starch, and 10
ug of kanamycin per ml in a rotatory shaker at 37°C. o----e, B-Lac-
tamase activity in supernatant; o----0, B-lactamase activity in soni-
cated cells; —, turbidity.

found to be cell bound. Also the total activity was low—only
10% of that obtained with the —1 and +4 vector constructions.
The size of the B-lactamase produced was estimated by
NaDodSO,/polyacrylamide gel electrophoresis in combination
with an immunoblotting technique (Fig. 6). The B-lactamase
secreted by.all of the constructions —1, +4, and +14 (Fig. 6,
lanes 4, 5, and 6, respectively) was somewhat larger than the
authentic enzyme . purified from E. coli carrying plasmid
pKN410 (Fig. 6, lanes 3 and 7). This can be understood on the
basis of the DNA sequence data, which indicates that the B-lac-
tamase is preceded by 3, 7, or 18 extra amino acids in the con-
structions —1, +4, and +14, respectively. Apparently the sig-
nal sequence of a-amylase is processed at or near the correct
position in these constructions. However, the cell-bound B-lac-
tamase produced by construction —7 migrated more slowly than
the other products (Fig. 6, lane 1); suggesting that the incom-
. plete signal sequence of a-amylase was not cleaved. Somewhat
unexpected was the relatively slow mobility of the “secreted”
product from the same construction (Fig. 6, lane 2).

1 2 3 - 5 6 7

Fic. 6. Immunoblotting analysis of the B-lactamase synthesized
by a-amylase gene—p-lactamase gene hybrid constructions. Lanes: 1,
cells of —7 construction; 2, supernatant of —7 construction; 3 and 7,
B-lactamase isolated from E. coli carrying the plasmid pKH410; 4, su-
pernatant of —1 construction; 5, supernatant of +4 construction; and
6, supernatant of +14 construction.
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DISCUSSION

We report here the construction of hybrid plasmids to be used
as expression and secretion vectors for cloning of foreign genes
in Bacillus subtilis. The ability of the plasmid constructions to
promote secretion was first tested by introducing the B-lacta-
mase gene, devoid of its own signal sequence, from pBR322 into
the vectors after the promoter and signal sequence region of a-
amylase. The transformed B. subtilis strain secreted B-lacta-
mase efficiently to the culture medium, thus demonstrating the
potential of this system.

The size estimations of the secreted B-lactamase show that
it was processed correctly or at least within a few amino acid
residues from the correct position in the constructions —1 and
+4. The production curves for these constructions were nearly
indistinguishable. This suggests that the amino acid sequence
after the signal peptide cleavage site may not be critical for the
specificity of the signal peptidase(s) in B. subtilis and that the
signal sequence of a-amylase is sufficient for the processing and
secretion of B-lactamase. Most of the B-lactamase coded by the
—17 construction was membrane bound and apparently unpro-
cessed, showing that the carboxyl-terminal six amino acids of
the a-amylase signal peptide are necessary for secretion and
processing.

The yield of B-lactamase by the +14 construction was sur-
prisingly only 20% of that produced by the —1 and +4 con-
structions. This could be due to (i) a lower specific activity of
the enzyme with an amino-terminal extension, (ii) a lower rate
of synthesis, or (iif) greater susceptibility to proteolytic degra-
dation. According to the quantitations from immunoblotting
analysis (Fig. 6), all of the different constructions produced 8-
lactamase with approximately the same specific activity (data
not shown), which would exclude the first possibility.

Secretion of B-lactamase begins at the end of the logarithmic
growth phase, like the secretion of a-amylase. The maximal
amount of extracellular B-lactamase in L broth with starch me-
dia was obtained 4-5 hr after the logarithmic phase and was
about 6,200 units/ml, corresponding to 20 ug/ml. It seems
probable that the proteases emerging at the beginning of the
stationary growth phase of B. subtilis still prevent us from using
the full capacity of this system, even though our host has a re-
duced level of proteases (unpublished data). B. subtilis harbor-
ing the plasmid pKTH10 continues to accumulate a-amylase in
the supernatant for 45 hr (2).

Our approach to construction of the vector resembled that
used by Gilbert and co-workers (20, 21), who fused rat proin-
sulin to the B:lactamase signal sequence and obtained transport
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of the proinsulin into the periplasmic space of E.. coli. The com-
plete signal peptide of a-amylase was in our system sufficient
to direct secretion and processing of E. coli B-lactamase in B.
subtilis, but a shortened signal peptide lacking the six carboxyl-
terminal amino acid residues was not. The gene for B-lactamase
was chosen to test our secretion vector because this enzyme is
normally secreted into the periplasmic space of E. coli. We also
have found that human interferon can be secreted from B. sub-
tilis to the growth medium (unpublished data). It remains to be
clarified whether this system also can be applied to promote
secretion of proteins which normally are not secreted.
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