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A DNA fragment of Serratia marcescens directing an extracellular serine protease (M., 41,000) was cloned
in Escherichia coli. The cloned fragment caused specific excretion of the protease into the extracellular medium
through the outer membrane of E. coli host cells in parallel with their growth. No excretion of the periplasmic
enzymes of host cells occurred. The cloned fragment contained a single open reading frame of 3,135 base pairs
coding a protein of 1,045 amino acids (M, 112,000). Comparison of the 5’ nucleotide sequence with the
N-terminal amino acid sequence of the protease indicated the presence of a typical signal sequence. The
C-terminal amino acid of the enzyme was found at position 408,-as deduced from the nucleotide sequence.
Artificial frameshift mutations introduced into the coding sequence for the assumed distal polypeptide after the
C terminus of the protease caused complete loss of the enzyme production. It was concluded that the Serratia
serine protease is produced as a 112-k|lodalton proenzyme and that its N-terminal signal peptide and a large
C-terminal part are processed to cause excretion of the mature protease through the outer membrane of E. coli

cells.

Escherichia coli, a gram-negative bacterium, has two
distinct membrane systems, the outer membrane and the
inner cytoplasmic membrane, Several enzymes of E. coli
such as alkaline phosphatase and B-lactamase are localized
in the space between these two membranes, which is called
the periplasm. The N-terminal signal coding sequence found
in the periplasmic protein genes is involved in their secretion
through the cytoplasmic membrane. However, the outer
membrane functions as a barrier to prevent further secretion
into the extracellular medium. The signal sequences of these
periplasmic proteins have been used for the construction of
vectors which can facilitate the secretion of cloned heterol-
ogous proteins into the periplasm but not into the extracel-
lular medium (2, 6, 10, 17).

However, several observations have suggested that direct
excretion of proteins through the outer membrane is possible
in some cases, even in E. coli. Hemolysin is excreted
directly into media from E. coli cells (25), and a cloned
penicillinase of an alkalophilic Bacillus sp. has been shown
to be excreted from host E. coli cells at the late-stationary
phase (11, 12). Also, a lysis gene has been identified which
facilitates extracellular excretion of colicins from host cells
).

Serratia marcescens, a gram-negative bacterium belong-
ing to the family Enterobacteriaceae, is known to produce
large amounts of extracellular metalloprotease into the sur-
rounding medium (18). During the course of cloning the
protease, we obtained an E. coli clone which produced a
hitherto unknown serine protease of Serratia origin. In this
study we examined the cloning of this Serratia serine prote-
ase and its excretion through the outer membrane of E. coli.
The nucleotide sequence of the cloned DNA and the N- and
C-terminal amino acid sequences of the excreted protease
suggested processinig of the long C-terminal peptide of a
large proenzyme, as wel] as processing of the N-terminal
31gnal peptide during the excretion of the mature protease
through the outer membrane.

* Corresponding author.
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MATERIALS AND METHODS

Bacterial strains and plasmids. S. marcescens IFO-3046
was used as a DNA donor; and E. coli C600 (hsdR hsdM leu
thr thi supE), E. coli KO-60 (K strain wild type, this
laboratory), and E. coli JM105 [A(lac pro) thi rpsL endA
sbcBI15 hsdR4 F' traD36 proAB lacI® lacZAM15] (purchased
from Amersham Co. Ltd., England) were used as hosts.
pBR322 was used as a cloning vector. pMC1403 was used to
detect promoter activity of the cloned fragment (3).

Media. S. marcescens and E. coli were grown in Penassay
broth (Difco Laboratories, Detroit, Mich.) or in L broth
aerobically at 30 and 37°C, respectively. E. coli transform-
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FIG. 1. Restriction map of pSP11. The thick line represents the
5.8-kb chromosomal DNA insert from S. marcescens IFO-3046, and
the thin line represents pBR322.
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FIG. 2. Southern blot DNA-DNA analysis. Hybridization anal-
ysis of the Southern transfer of the DNAs from the electrophoresed
1.0% agarose gel. The 32P-labeled 3.3-kb EcoRI fragment was used
as a probe. Lane 1, S. marcescens 1F0-3046 chromosomal DNA
digested with EcoRlI; lane 2, pSP11 digested with EcoRI.

ants were plated on Penassay broth containing 50 wug of
ampicillin (Sigma Chemical Co., St. Louis, Mo.) per ml, 1%
skim milk, and 1.2% agar; and halo-forming colonies were
detected after 12 h of cultivation at 37°C.

Recombinant DNA techniques. Chromosomal DNA of S.
marcescens IFO-3046 was purified by the method of Marmur
(14). Preparation of a large amount of plasmid was per-
formed by the method of Tanaka et al. (26). For small-scale
plasmid isolation, the method of Holmes and Quigley (8) was
employed. Serratia chromosomal DNA was partially di-
gested with Sau3Al, and 3- to 20-kilobase (kb) fragments
were collected from electrophoresed agarose gel. The frag-
ments were ligated to the linear pBR322 DNA cleaved with
BamHI and dephosphorylated with bacterial alkaline phos-
phatase. Transformation of E. coli with the ligated mixture
was performed by the method of Norgard et al. (19). Various
restriction endonucleases and other enzymes were pur-
chased from Takara Shuzo Co. Ltd., Kyoto, Japan.

Southern blot analysis. Transfer of DNA fragments from
agarose gel to nitrocellulose paper was performed as de-
scribed by Southern (24). Hybridization conditions and
labeling of DNA for hybridization probes by nick translation
were as described by Rigby et al. (21).

DNA sequencing. Specific restriction fragments of the
cloned DNA were ligated into the appropriate M13 vector
mpl0 or mpll (15) and sequenced by the chain-terminating
dideoxy method (23). dGTP was replaced by dITP in some
reaction mixtures to resolve compression of bands in the gels
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FIG. 3. Bacterial growth and protease production by E. coli
KO-60 carrying pSP11. E. coli KO-60(pSP11) was inoculated into L
broth containing 50 pg of ampicillin per ml and cultured aerobically
at 37°C. Bacterial growth (ODss, optical density at 550 nm; [Asso;
@]; and protease activity (units per milliliter of culture, extracellular
[O]; periplasmic [A] were determined.

due to stable secondary structures in unusually GC-rich
regions (1).

Assay of enzyme activities. Protease activity was assayed
by the modified method of Hagihara et al. (7). A total of 700
wl of prewarmed 0.6% casein in 50 mM phosphate buffer (pH
7.5»-100 pl of enzyme solution incubated for 30 min at 37°C.
The reaction was stopped by adding 700 ul of stop solution
containing 0.11 M trichlaroacetic acid, 0.22 M acetic acid,
and 0.33 M sodium acetate. After the reaction mixturé was
allowed to stand for 30 min at room temperature, it was
centrifuged, and the A,g of the supernatant was measured.
One unit of the protease activity was defined as the amount
causing an increase in absorbance of 0.1 during the 30-min
incubation. To measure the effect of inhibitors, the enzyme
was preincubated with the inhibitors for 30 min at 37°C.

TABLE 1. Locali;ation of the protéase and other enzymes in E. coli KO-60(pSP11) and E. coli (pBR322)"

Plasmids Extracellular Periplasmic Cytoplasmic
Enzymes® carried activity (U) aCti\lr)ity L) aztivli,ty ()}
Protease pSP11 39.1 (76)° 2.02 (4) 10.1 (20)
pBR322 0(0) 0() 9.9 (100)
B-Lactamase pSP11 40 (14) 224 (80) 16 (6)
pBR322 35@4) 852 (93) 28 (3)
B-Galactosidase pSP11 0.013 (4) 0.026 (8) 0.273 (88)
pBR322 0.001 (0.3) 0.007 (2) 0.265 (97)

“ Both strains were grown aerobically in L broth for 8 h at 37°C.

b Enzymatic activities of protease, B-Lactamase, and B-Galactosidase were measured as described in the text.
© Values in parentheses indicate percent distribution of the enzymes in each strain.
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FIG. 4. Optimum pH (a) and optimum temperature (b) of the cloned protease activity. (a) Effect of pH was examined in 50 mM
Na,HPO,~NaH,PO, buffer (pH 6.1 to 8.2 [A]) and 50 mM NH,OH-NH,CI buffer (pH 7.1 to 10.5 [O]) at 37°C. (b) Effect of temperature was

‘examined in 50 mM Na,HPO,NaH,PO, buffer (pH 7.5).

Activities of B-lactamase and B-galactosidase were mea-
sured by the method of macroiodometry (22) and by the
method of Miller (16), respectively.

Fractionation of extracellular, periplasmic, and cytoplasmiic
enzymes in E. coli cells. Fractionation was performed by the
method of Cornelis et al. (5). E: coli cells were harvested at
the early-stationary phase and washed twice with 10 mM
Tris hydrochloride buffer (pH 7.5) containing 25% sucrose.
The washed cells were suspended in the same buffer con-
taining 25% sucrose and 1 mM EDTA, and the suspénsion
was shaken for 10 min at room temperature. After centrifu-

gation at 7,000 X g for 10 min, the cells were quickly and
vigorously suspended in ice-cold water. The suspension was
further shaken for 10 min at 4°C and centrifuged at 9,000 X
g for 10 min. The precipitated cells were suspended in 10
mM Tris hydrochloride buffer (pH 7.5) and disrupted by
sonication. The extracellular enzyme fraction was the sum of
the activities in the culture supernatant, the two washes, and
the supernatant of the EDTA treatment. The periplasmic
fraction was the activity found in the supernatant after
treatment with cold water. The cytoplasmic fraction was the
activity found in the supernatant after sonication.

Proteolytic phenotype
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FIG. 5. Subcloning of the DNA coding the Serratia serine protease. Arrows indicate the direction of transcription from the tetracycline
promoter on the vector. The arrow in parentheses for pSP33 indicates the opposite orientation of the insert, although the tetracycline
promoter on the vector was deleted in this construction. The proteolytic phenotype was determined by halo formation on 1% skim milk-agar

medium. Numbers in parentheses are in kilobases.
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CGATACTTTC TCCGCGACCT ATTCCCCCGG
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FIG. 6. Nucleotide sequence of the Serratia serine protease gene. The large box (left) indicates the sequence corresponding to the mature
protease deduced from the N- and C-terminal amino acid sequences. Asp’®, His!!2, and Ser*!, which predict the active site of this serine
protease, are boxed. The position of the possible ribosome-binding sequence is underlined. A typical p-independent transcription termination
region is indicated by the arrows facing each other.
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TABLE 2. Purification of the Serratia serine protease
Total Total

" N Sp act (U/pg of .
ac(t{}';ty p:z:;;n protein) Yield (%)
Culture supernatant 337,500 500 0.675 100
Ammonium sulfate 300,000 297 1.010 89
precipitate
After DEAE column 220,000 9.8 224 65
After G100 column 170,000 6.6 25.6 50

Purification of the cloned Serratia protease. Five liters of
the stationary-phase culture of E. coli C600(pSP11) was
centrifuged at 9,000 X g for 15 min, and the supernatant was
treated with solid ammonium sulfate to give 70% saturation.
After standing for 24 h at 4°C, the precipitates were collected
by centrifugation and dissolved in 50 ml of 10 mM Tris
hydrochloride (pH 7.0). The solution was dialyzed three
times against 30 liters of the same buffer, and the dialysate
was applied to a column (50 by 100 mm) of DEAE-cellulose
DE 52. The enzyme was eluted with 400 ml of a linear
gradient of NaCl (0 to 400 mM) in the same buffer. The
eluted enzyme fraction was concentrated with a Diaflo
membrane (PM30; Amicon Corp., Lexington, Mass.), and 30
to 3 ml and was subjected to gel filtration on a Sephadex G
100 column (30 by 900 mm). Purification steps were moni-
tored by sodium dodecyl sulfate- (SDS)-polyacrylamide gel
electrophoresis (13). The molecular weight of the protease
was estimated by gel filtration by using a high-performance
liquid chromatograph (Shimazu LC-4A; Shimazu Co., Ltd.,
Kyoto, Japan) equipped with a Shodex PROTEIN WS-803
column (Showa Denko Co. Ltd., Tokyo, Japan) and SDS-
polyacrylamide gel electrophoresis.

N- and C-terminal amino acid sequencing. The N-terminal
amino acid sequence of the purified Serratia protease ex-
creted by E. coli C600(pSP11) was determined with a gas-
phase amino acid sequencer (system 890D; Beckman In-
struments, Inc., Fullerton, Calif.) reverse-phase high-
performance liquid chromatograph equipped with a Senshu
Pak SEQ-4 column (Senshu Scientific Co. Ltd., Tokyo,
Japan) for analysis of the phenylthiohydantoin amino acids.

The C-terminal amino acid sequence of the protease was
determined by using the acid carboxypeptidase of Aspergil-
lus saitoi (9) and an amino acid analyzer (automatic amino
acid analyzer 835-30; Hitachi Co., Ltd., Tokyo, Japan) by
the method of Takeuchi and Ichishima (M. Takeuchi and E.
Ichishima, Agric. Biol. Chem., in press).

Artificial frameshift mutation by linker insertion. pSP11
DNA (10.1 kb) was partially digested with HinclI or Pvull,
and linear DNAs of 10.1 kb were collected bgragarose gel
electrophoresis. An 8-mer Bgl/II linker SAPAGAS (obtained
from Nippon Zeon Co. Ltd.) was ligated to these linear
DNAs and successively digested with BglIl. After removal
of the small fragments, the full-length linear plasmids were
religated and transformed into E. coli. The insertion site in
each plasmid was identified by determining loss of the
restriction site after complete digestion with Hincll or Pvull.

RESULTS

Cloning of S. marcescens DNA coding an extracellular
protease. The partial Sau3Al fragments of chromosomal
DNA of S. marcescens IFO-3046 were inserted into the
BamHI site of pBR322, and the ligated DNA was trans-
formed into E. coli C600. Among 25,000 transformants, 2
formed a distinct turbid zone around their colonies on the
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plate containing 1% skim milk. Colonies of the parental
Serratia strain formed a large clear zone because of the
extracellular metalloprotease (18). The turbid halo of the
transformants suggested extracellular production of a dif-
ferent protease which caused precipitation of casein by
limited proteolysis. A recombinant plasmid containing a
5.8-kb segment of insert DNA was recovered from both
transformants and designated pSP11. Restriction analysis
resulted in the map of pSP11 shown in Fig. 1. Southern blot
DNA-DNA hybridization of the EcoRI-digested chromo-
somal DNA of S. marcescens with 3?P-labeled 3.3-kb EcoRI
fragments within the insert used as probes, showed a posi-
tive band identical to that of the cloned fragment (Fig. 2).

Excretion of the cloned Serratia protease from E. coli cells.
When E. coli KO-60 harboring pSP11 was cultured in liquid
L broth aerobically at 37°C, the cells produced the protease
in the medium in parallel with their growth (Fig. 3). Almost
all the protease activity was found in the extracellular
fraction of the cells at the early-stationary phase, while most
of the B-lactamase and B-galactosidase activities were local-
ized in the periplasm and the cytoplasm, respectively (Table
1). No accumulation of the protease in the periplasm was
observed even at the beginning of the excretion in the early
growth phase (Fig. 3). The maximum amount of the protease
accumulated in the medium was estimated to be 4 pg/ml.

Enzymatic properties of the cloned Serratia protease. The
protease produced by E. coli C600(pSP11) in the medium
was purified to give an almost single band on SDS-
polyacrylamide gel electrophoresis (Table 2). The purified
protease was completely inhibited by 1 mM phenylmethyl-
sulfonyl fluoride (PMSF) but not by 10 mM EDTA. In
contrast, the major extracellular protease of S. marcescens
IFO-3046 was inhibited by EDTA but not by PMSF. When
the S. marcescens strain was cultured in the presence of 1
mM EDTA, a trace amount of the PMSF-sensitive protease
was detected in the medium. These observations indicate
that the cloned protease is a hitherto unknown serine prote-
ase, a small amount of which is produced extracellularly by
S. marcescens with a large amount of the extracellular
metalloprotease.

The optimum pH of the serine protease was between 8.0
and 9.0 (Fig. 4a), and its optimum temperature was 45°C
(Fig. 4b). The molecular weight of the enzyme was estimated
to be approximately 43,000 from gel filtration and about
58,000 from SDS-polyacrylamide gel electrophoresis.

Subcloning and sequencing of the DNA coding the Serratia
serine protease. Subcloning experiments were performed to
identify the minimum region of the insert DNA necessary for
directing the protease. The results (Fig. 5) indicate that the
3.7-kb region from the BamHI site at the end of the insert to
the Srul site nearest from the BamHI site was essential.

The total base sequence of this region was determined and
was found to contain a single open reading frame of 3,135
base pairs (bp) directing a polypeptide composed of 1,045
amino acid residues (Fig. 6).

The plasmid pSP33 carrying the essential coding region of
the protease in the opposite direction failed to produce the
enzyme (Fig. 5). When the 360-bp BamHI fragment contain-
ing the 250-bp sequence farthest upstream from the Shine-
Dalgarno sequence of the gene was cloned into the promoter
probe vector pMC1403 (3), two recombinant plasmids car-
rying the insert in the opposite direction were obtained.
Neither of these recombinants showed any expression of the
B-galactosidase gene on the vector. These results indicate
that the Serratia protease gene is expressed by readthrough
from the promoter of the tetracycline resistance gene on
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FIG. 7. Effect of artificial frameshift mutations in the cloned Serratia DNA fragment. The open reading frame is shown under the
restriction map of pSP11. The putative signal peptide, mature enzyme, and distal large polypeptide of the C-terminal side are represented by
W, O, and @, respectively. Linker insertion sites causing loss of the protease production and those without effect are indicated by ¥ and V,

respectively.

pBR322 and that the Serratia promoter on the fragment does
not function in E. coli.

N- and C-terminal amino acid sequences of the Serratia
serine protease. The purified Serratia serine protease ex-
creted by E. coli C600(pSP11) was analyzed for its N- and
C-terminal amino acid sequences. The N-terminal sequence
of Ala-Tyr-Gln-Asp-Pro-Gly-Arg-Leu- was found, which
corresponds to the sequence after Ala 28 predicted from the
base sequence. The N-terminal sequence from Met 1 to Ala
27 is similar to a typical signal sequence containing proximal
basic amino acids following a sequence rich in hydrophobic
amino acids.

Two amino acids at the C terminus, Glu and Asp, were
determined to exist in the purified extracellular protease.
This dipeptide sequence was found only at positions 407 and
408 in the predicted sequence. The polypeptide from Ala 28

30 3
cAR ....... VAVIDSG ------
SSP  ceccecs IGlvIp/Nnajzh.-----..

* s 70
SSP  ++-G D | g vAGTA
85 90 35

o

2%0 225 2
Gop xsbromarlbavrldviad....
Ss -k S alp HviT|d Vv
315 320 325

310

FIG. 8. Partial homology of the amino acid sequences between
cloned Serratia serine protease (SSP) and subtilisin Carlsberg
(CAR). Putative essential catalytic residues are marked with aster-
isks. The numbers above and below the sequence indicate the amino
acid numbers of each mature protein. Homologous amino acid
sequences are boxed.

to Asp 408 gives a molecular weight of 40,905 which coin-
cides well with that of the protease measured by gel filtra-
tion.

Artificial frameshift mutations in the cloned protease gene.
The results described above indicate the possibility that a
proenzyme of 112 kb is synthesized in the cells and that
processing of not only the N-terminal signal peptide but also
the distal large polypeptide on the C-terminal side is in-
volved in excretion of the mature enzyme. To confirm the
possible role of this distal processing, artificial frameshift
mutations were introduced at various Hincll and Pvull sites
in the inserted DNA of pSP11. Not only the mutations in the
coding region for the mature protease but also those in the
sequence for the distal processed part caused total loss of the
protease activity in both the extracellular medium and peri-
plasm of host cells (Fig. 7). On the other hand, no inactiva-
tion was observed with mutations outside of the assumed
open reading frame of the proenzyme. These results indicate
that the distal processed part of the proenzyme is essential
for extracellular production of the protease.

DISCUSSION

Protein excretion through the outer membrane of E. coli
cells was recently reported with a cloned penicillinase of an
alkalophilic Bacillus strain (11, 12). Excretion of the cloned
penicillinase occurred at the late-stationary phase, accom-
panying excretion of the periplasmic enzymes of the host
cells. Some structural damage to the outer membrane was
induced by the cloned Bacillus DNA or the vector that was
used. In contrast, excretion of the cloned Serratia serine
protease proceeded in parallel with growth of the host
without accompanying significant leakage of the host peri-
plasmic enzymes. It seems highly probable that the specific
excretion of the protease is directed by characteristic se-
quences within the protease gene.

The identified open reading frame in the cloned Serratia
DNA is composed of 3,135 bp coding 1,045 amino acids,
which corresponds to a protein of M, 112,000. Comparison
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of the sequence with the N- and C-terminal amino acid
sequences of the extracellularly produced protease indicates
the processing of a proenzyme of 112 kilodaltons not only at
the N-terminal signal sequence but also at the middle of the
polypeptide. In the predicted amino acid sequence for the
mature enzyme, three possible essential residues for cata-
lytic function, Asp®®, His®, and Ser!4, can be assigned
according to the close homology of their neighboring se-
quences with those of subtilisin, an extracellular serine
protease of Bacillus subtilis (Fig. 8) (20). Although we failed
to detect the assumed 112-kilodalton proenzyme in the
cytoplasm or periplasm of the host cells, loss of the protease
production because of frameshift mutations within the distal
coding sequence suggests its essential role for extracellular
production of the enzyme (Fig. 7). It seems reasonable to
assume that the typical N-terminal signal sequence of the
putative proenzyme and its processing are involved in secre-
tion through the inner cytoplasmic membrane, while proc-
essing of the large C-terminal part of the proenzyme is
involved in excretion through the outer membrane. Studies
involving site-directed mutation and immunological detec-
tion of the protease to identify the functional roles of these
sequences in the excretion of the protease are now in
progress.
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