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The gene for staphylococcal nudease (SNase), an extracellular enzyme of Staphylococcus aureus, was
introduced into Corynebacterium gbiamicum. The heterologous gene was expressed in this host organism, and
SNase was efficiently exported to the culture medium. Amino-terminal sequencing of SNase secreted by C.
glutamicum revealed that the signal peptide was apparently cleaved off at precisely the same position as in the
original host, S. aureus. As with S. aureus, a second smaller form of SNase (A form), whose appearance is
presumably the result of a secondary processing step, was found in the culture medium of the recombinant C.
glutamicum strain. The A form was one residue shorter than the mature nuclease A produced by S. aureus.
Variation of the sodium chloride concentration in the growth medium had a marked influence on the location
and the processing of SNase by C. glutamicum. In a complex growth medium containing 4% sodium chloride,
SNase was exclusively located in the supernatant, but a significant amount of the enzyme remained cell
associated if the strain was grown in a low-salt medium. Also, high salt concentrations seemed to inhibit
processing of the high-molecular-weight form of SNase (B form) to the smaller A form. Similarities and
differences in the export and modes of processing of SNase by three different, nonrelated gram-positive host
organisms are discussed. Finally, a versatile Escherichia coli-C. gluamicum tae-lacl expression shuttle vector
was constructed. With this vector, it was possible to achieve isopropyl-o-D-galactopyranoside (ITG)-inducible
overexpression and secretion of SNase in C. gtamicum, whereby the expression level was dependent on the
concentration of the inducer.

Corynebacterium glutamicum is a gram-positive bacte-
rium with a high G+C content ofDNA and is closely related
to other so-called "amino acid-producing corynebacteria"
(12). These organisms are used for the industrial production
of certain amino acids. Recent progress in the development
of more sophisticated genetic tools for C glutamicum makes
this species an interesting alternative gram-positive cloning
host. Compared with other established high-G+C gram-
positive hosts such as certain Streptomyces species, C.
glutamicum has some advantages; e.g., there are no com-
plex cellular differentiation steps such as mycelium forma-
tion or sporulation during growth. Also, C. glutamicum does
not have the disadvantage of seVere genetic instabilities, as
are known to occur in Streptomyces species. One major
advantage over low-G+C gram-positive hosts such as Bacil-
lus species or Staphylococcus species is the rather broad
acceptance of heterologous expression signals, including
gram-negative promoters (23), observed for C. glutamicum
("Brevibacterium lactoferinentum").

It is generally accepted that gram-positive bacteria are
superior to other bacteria as protein secreters, the most
prominent examples being certain Bacillus species. Never-
theless, knowledge about protein export by gram-positive
bacteria is still very poor. This is especially true for the
branch of gram-positive bacteria with a high moles percent
G+C. Therefore, we have initiated studies on protein export
by a member of this group of bacteria, C. glutamicum (15,
16). Practically nothing is known about this organism's
capability for and mechanism of protein export. In one case,
however, weak expression of a Bacillus amyloliquefaciens
cx-amylase and its appearance in the culture medium of "B.
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lactofennentum" has been reported (26). Also, we were able
to isolate a gene encoding an extracellular nuclease from C.
glutamicum AS019 (16). These studies have made clear that
C. glutamicum is capable of directing the secretion of
proteins synthesized within the cell.

In order to gather more detailed information about protein
secretion by C. glutamicum, we have now developed a
model system in which we use staphylococcal nuclease (also
called heat-stable nuclease, thermonuclease, and micrococ-
cal nuclease and hereafter referred to as SNase) as a
secreted enzyme. SNase is a small, biochemically well-
characterized enzyme. From culture supernatants of Staph-
ylococcus aureus, the natural producer of this nuclease, two
different forms of nuclease have been recovered: nuclease A
(149 amino acids), the mature form, and nuclease B, which
differs from nuclease A by an amino-terminal extension of 19
amino acids. Nuclease A is believed to be a processed form
of the initially exported nuclease B (5). The gene encoding
SNase has been isolated from S. aureus strain Foggie (25).
This paper deals with the heterologous expression of S.
aureus SNase in C. glutamicum and the use of this system
for investigating protein export and processing in this host
organism.

MATERIALS AND METHODS

Strains and plasmids. The C. glutamicum strains used
throughout this study were AS019 (30) and R163, a restric-
tion-deficient mutant of AS019 (14). The Escherichia coli
strain used for plasmid constructions was JM83 (29). S.
aureus Foggie was an American Type Culture Collection
strain (ATCC 27735). pFOG301 (25), a kind gift from D.
Shortle (Baltimore, Md.), was the source of the gene encod-
ing SNase. The tac expression vector pJF118ut (2), a deriv-
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TABLE 1. Bacterial plasmids

Plasmid Relevant characteristicsa Propagation in: Reference

pCA43 Cmr(S) S. camosus 9
pNucl Cmr(S) nuc S. camosus This study
pFOG301 Apr(E) nuc E. coli 25
pJF118EH Apr(E) lacq Pt,ac E. coli 6
pJF118ut Apr(E) lacIq Ptac E. coli 2
pWST1 Apr(E) Kmr(C) E. coli, C. glutamicum 15
pWLT1 Apr(E) Kmr(E,C) E. coli, C. glutamicum This study
pWLTld Apr(E) KMr(E,C) E. coli, C. glutamicum This study
pWLQ1 Apr(E) Kmr(E,C) lacIq Ptac E. coli, C. glutamicum This study
pWLQ2 Apr(E) KMr(E,C) laclq Ptac E. coli, C. glutamicum This study
pWNucl Apr(E) Kmr(C) nuc E. coli, C. glutamicum This study
pWNuc5 Apr(E) KmT(C) nuc E. coli, C. glutamicum This study
pWLQN2 Apr(E) Kmr(E,C) lacIq Ptac nuc E. coli, C. glutamicum This study
pWLQN4 Apr(E) KMr(E,C) lacIq Ptac nuc E. coli, C. glutamicum This study
pWLQN10 Apr(E) KMir(E,C) laclq Ptac nuc E. coli,Ca glutamicum This study
pWLQN12 Apr(E) Kmr(E,C) laclq Ptc nuc E. coli, C. glutamicum This study
pWLQN14 Apr(E) Kmr(E,C) lacq Ptac nuc E. coli, C. glutamicum This study

a Abbreviations: Apr, ampicillin resistance marker; Kmr, kanamycin resistance marker; Cmr, chloramphenicol resistance marker; letters in parentheses indicate
if the markers function in E. coli (E), S. aureus (S), or C glutamicum (C); laclq, lac repressor gene; Ptac, tac promoter; nuc, SNase gene.

ative of pJF118EH (6), was kindly supplied by A. Bock
(Munchen, Germany). The features and, where appropriate,
the construction of all plasmids used can be found in Table 1
and in Results, respectively.

Strains were normally propagated in LB medium (1%
tryptone, 0.5% yeast extract, 1% sodium chloride, pH 7.2 to
7.3) supplemented with selective antibiotics when appropri-
ate (20 ,ug of kanamycin per ml for C. glutamicum and 50 p,g
of kanamycin per ml or 100 jig of ampicillin per ml for E.
coli). The medium used for most SNase expression studies
and for the purification of nuclease produced by C glu-
tamicum was LB2, which is LB medium containing 2%
tryptone instead of 1%.

RecoMnbinant DNA methods. Restriction endonucleases
and DNA modification enzymes were purchased from
Boehringer (Mannheim, Germany) and used according to the
supplier's instructions. Standard recombinant DNA tech-
niques and the isolation of plasmid DNA from E. coli were
done as described by Ausubel et al. (1). Plasmid DNA from
C. glutamicum was extracted according to the method of
Yoshihama et al. (30). The introduction of plasmid DNA into
C. glutamicum was performed with protoplast transforma-
tion or electroporation as described previously (11, 30). For
transformation of E. coli, either a calcium chloride proce-
dure described by Maniatis et al. (18) or the electroporation
protocol described by Ausubel et al. (1) was followed.
DNase assays. Production of DNase by recombinant clones

was checked on DNase agar (Oxoid) plates as described
previously (15). DNase activity in the supernatant of cul-
tures was determined spectrophotometrically by monitoring
DNA hydrolysis, which is accompanied by an increase in
absorbance at 260 nm, by the method described by Cuatreca-
sas et al. (4). Chromosomally encoded extracellular DNase
activity of C. glutamicum AS019 (16) was not detectable
under these assay conditions.

Purification of SNase from the supernatant of C. glutamicum
AS019/pWNuc5. A logarithmic culture of C. glutamicum
AS019/pWNuc5 was inoculated (0.5%) into LB2 broth sup-
plemented with 1 mM calcium chloride and 20 ,ug of kana-
mycin per ml and was grown aerobically at 30°C. The culture
(10 liters total) was harvested after 18 h at an optical density
(600 nm) of 3.7, and the cells were discarded. The superna-
tant was mixed with 0.1 volume of 0.2 M Tris-HCI buffer (pH

7) and then passed through a ZetaPrep 250 (SB cartridge;
LKB) mass ion exchange unit preequilibrated with 20 mM
Tris-HCI (pH 7) at a flow rate of 40 ml/min. Proteins bound
to the ion exchange matrix were eluted with 500 ml of 0.1 M
Tris-HCl (pH 9)-0.5 M NaCl. The eluate fractions with
DNase activity (160 ml) were pooled and concentrated by
ultrafiltration, first with an Amicon model 52 unit using a
PM10 filter and subsequently with a Centricon 10 spin
concentrator (Amicon, Beverly, Mass.).

Protein analysis and immunological detection of SNase.
Active nuclease proteins could be visualized after sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and removal of the SDS from the gel by an activity-
staining procedure. Protein samples were separated on an
SDS-12.5% polyacrylamide gel, and half of the gel was cut
off and stained with Coomassie brilliant blue. The SDS was
removed from the rest of the gel by washing it for 60 min in
40 mM Tris-HCl (pH 7)-25% isopropanol and for another 60
min in 40 mM Tris-HCl, pH 7 (buffer changed every 15 min).
The gel was then laid on the agar surface of a petri dish
containing 10 ml of toluidine blue agar (10) (50 mM Tris-HCl
[pH 9.6], 0.01 mM calcium chloride, 1% agar, 1% sodium
chloride, 0.03% boiled salmon testes DNA [Sigma], 0.3 mM
toluidine blue 0 [Sigma]) and incubated at 37°C for 2 to 3 h.
Protein species with DNase activity become visible as pink
bands against a dark blue background.
For immunoblot experiments, proteins separated by SDS-

PAGE were blotted electrophoretically onto nitrocellulose
filters (Schleicher and Schuell, Dassel, Germany) as de-
scribed previously (13). The specific anti-SNase antibodies
used were a polyclonal preparation from a rabbit, kindly
supplied by D. Shortle. The second antiserum used for
detection was alkaline phosphatase-conjugated anti-rabbit
immunoglobulin G [F(ab')2 fragment; Sigma]. The commer-
cial SNase preparation ("micrococcal nuclease"; Sigma)
used as a standard in SDS-PAGE and Western blot (immu-
noblot) experiments represents mature nuclease A from the
supematant of S. aureus Foggie.
Amino-terminal protein sequencing. Sequencing of amino-

terminal peptide residues was done with a microsequencing
method. For this purpose, protein samples (approximately
100 pmol of each protein of interest) were electrophoresed
on a 12.5% denaturing polyacrylamide gel and then electro-
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blotted onto an Immobilon membrane (Millipore, Bedford,
Mass.), as described by Matsudaira (20), and sequenced with
an Applied Biosystems 470A gas-phase sequencer. These
analyses were carried out by W. Lane of the protein micro-
sequencing facility at Harvard University, Cambridge,
Mass.

RESULTS

Introduction of the SNase gene into C. glutamicum. The
source of the nuclease gene for the construction of nuclease
shuttle plasmids pWNucl and pWNuc5 was plasmid pNucl.
This plasmid is a derivative of staphylococcal vector pCA43
(9) carrying the S. aureus nuclease gene. It was constructed
by ligating the nuclease gene as a 1.8-kb EcoRI-SalI frag-
ment of pFOG301 with XbaI-cut pCA43 (both DNA frag-
ments blunt ended with Klenow fragment of DNA polymer-
ase I) and directly transforming the ligation products into
Staphylococcus camosus protoplasts. A spontaneous dele-
tion of approximately 1 kb downstream of the SNase gene
yielded plasmid pNucl (Fig. 1). The SNase gene was excised
from pNucl with EcoRV and ligated into the E. coli-C.
glutamicum shuttle vector pWST1 (15) linearized with SmaI
(Fig. 1). The resulting plasmids carrying the nuclease insert
in both possible orientations, designated pWNucl and
pWNuc5, were transformed into C glutamicum AS019.

Expression and secretion of SNase by C. glutamicum. C.
glutamicum AS019 or R163 transformants bearing the plas-
mids pWNucl or pWNuc5 displayed a DNase-positive phe-
notype in the plate assay described in Materials and Methods
(see Fig. 6) (15), indicating that staphylococcal DNA se-
quences upstream of the SNase-coding region had promoter
activity in C. glutamicum. Extracellular SNase production
during growth of C. glutamicum AS019/pWNuc5 in LB2
liquid medium containing 20 ,ug of kanamycin per ml was
monitored by measuring the DNase activity present in the
supernatant at various stages of growth (Fig. 2A). The
growth curve and the DNase activity profile had practically
identical shapes. The extracellular activity reached a plateau
when the bacteria entered the stationary phase. An increase
in nuclease activity occurred during growth only. The con-
centration of SNase in the supernatant of a stationary culture
of this strain was measured (not shown) by a semiquantita-
tive agar diffusion assay (10) and was estimated to be roughly
1 to 2 mg/liter.

Localization of SNase produced by C. glutamicum. The
intracellular precursor form of SNase, which should be 25.1
kDa in size (21), was never detected in crude extracts of
either exponential- or stationary-phase C glutamicum
AS019/pWNuc5 cells by Western blot experiments (not
shown), indicating efficient export across the cellular mem-
brane. Active SNase enzyme was found in the supernatant
of growing C. glutamicum AS019/pWNuc5 cultures (see
above). The presence of SNase in the culture medium was
also confirmed by immunoblot experiments. The anti-SNase
serum reacted specifically with two bands of approximately
18 and 20.5 kDa. S. aureus, the original producer of SNase,
has also been observed to produce two different forms of
nuclease, termed nuclease A and nuclease B, with molecular
masses of about 16.8 and 18.8 kDa, respectively (5). By
analogy with the SNase species produced by S. aureus, the
two forms of SNase secreted by C glutamicum AS019/
pWNuc5 are hereafter referred to as the A form and the B
form, respectively. In SDS-PAGE, the A and B forms
migrated similarly to nuclease A and nuclease B, respec-

tively, of S. aureus Foggie (Fig. 3 and 4; data for the B form
not shown).
When the supernatant of a stationary-phase culture grown

in low-salt (0 or 1% sodium chloride) medium and the crude
extract from washed cells corresponding to the same volume
of culture were analyzed by SDS-PAGE and immunoblot-
ting, it was found that a substantial amount (up to an
estimated 40%, as judged from various Western blots) of the
SNase produced was cell associated (Fig. 5). Interestingly,
the cell-bound SNase was predominantly the lower-molecu-
lar-weight A form. In this and several other Western blots
(not shown), it was repeatedly found that during growth in
low-salt medium the ratio of B form to A form was signifi-
cantly smaller for the cell-bound than for the extracellular
SNase species. It was not possible to significantly decrease
the amount of cell-associated SNase by simply washing the
cells with dilute (10 mM) phosphate buffer (pH 7) with or
without 4% sodium chloride (not shown). Similarly, sonica-
tion or treatment of the cells with lysozyme did not effect
release of the cell-associated SNase (not shown). However,
when C. glutamicum AS019/pWNucS was grown to station-
ary phase in LB2 broth containing 4% sodium chloride, the
location of SNase was exclusively extracellular, and cell-
associated enzyme could no longer be detected in Western
blot experiments (Fig. 5).

Processing of SNase by C. ghutamicum. SNase secreted to
the culture medium by C. glutamicum AS019/pWNuc5 was
purified from the culture supernatant as described in Mate-
rials and Methods. The final concentrate was analyzed by
SDS-PAGE. Two major bands at about 18 and 20.5 kDa and
a weak band at 38 kDa were visible after protein staining
with Coomassie brilliant blue (Fig. 3). Staining of DNase
activity after removal of the SDS from the gel revealed that
both the 18- and 20.5-kDa bands had DNase activity and thus
represent the A and B forms, respectively.
The amino-terminal amino acid sequences of both active

peptides were determined. For this purpose, a sample con-
taining approximately 80 pmol of the A form and 40 pmol of
the B form was separated by SDS-PAGE and electrophoret-
ically blotted onto a polyvinylidene fluoride membrane (20).
Amino-terminal sequence analysis was performed with an
Applied Biosystems 470A gas-phase sequencer. The se-
quence obtained for the B form was H2N-Ser-Gln-Thr-Asp-
Asn-Gly, which corresponds to amino acids -19 to -14 in
the sequence published by Shortle (25). This sequence is the
same as the N terminus of nuclease B secreted by S. aureus
(5). Since serine -19 is the first amino acid after the putative
SNase signal peptide (25), C. glutamicum clearly uses the
same signal peptide cleavage site as S. aureus. The A form of
SNase produced by pWNucS-bearing C. glutamicum had the
sequence H2N-Thr-Ser-Thr-Lys-Lys-Leu, which corre-
sponds to positions 2 through 7 in the SNase sequence of
Shortle (25). Thus, the A form found in the culture superna-
tant of the recombinant C glutamicum strain is one residue
shorter than the mature nuclease A of the natural producer
S. aureus Foggie (3). During sequence determination of the
A form, a small degree of "premove" was found, meaning
that a small Ser peak was found in the first cycle, a small Thr
peak was found in the second cycle, and so on. This
indicates that processing of the A form is not strictly
specific, thus leading to slight heterogeneity of the amino
terminus of the polypeptide.

Overexpression of SNase in C. glutamicum. After it was
determined that C glutamicum is capable of secreting and
processing SNase, it was of interest to try to assess the
potential of this organism for high-level overexpression of an
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FIG. 1. Construction of nuclease shuttle and expression vectors. For details, see text. Abbreviations: Ap, ampicillin resistance marker;

Cm, chloramphenicol resistance marker; Km, kanamycin resistance marker; nuc, SNase gene; lacIq, lac repressor gene; P, tac promoter.
Black boxes represent the corynebacterial replicon pSR1 (Yoshihama et al. [30]). Restriction maps and construction details for the plasmids
pCA43, pWST1, pJF118EH, and pJF118ut have been published elsewhere (2, 6, 9, 15).

exported protein. Thus, we sought to place the SNase gene
under the transcriptional control of a strong promoter in C.
glutamicum. Since the E. coli tac promoter-lac operator-
lacIq repressor system has been shown to function in C.

glutamicum (28), we decided to use this system as the basis
for the construction of a regulable expression vector.

In order to keep the size of the envisaged expression
plasmid small, we first constructed a new, handy E. coli-C.
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FIG. 3. SDS-PAGE of SNase produced by C. glutamicum
AS019/pWNuc5. SNase was isolated from the culture supernatant
as described in Materials and Methods. Lane 1, molecular mass
markers: lysozyme (14.3 kDa), ,B-lactoglobulin (18.4 kDa), a-chy-
motrypsinogen (25.7 kDa), ovalbumin (43 kDa), bovine serum
albumin (68 kDa), phosphorylase b (97.4 kDa), and myosin (200
kDa); lane 2, SNase isolated from C. glutamicum AS019/pWNuc5
supernatant; lane 3, commercial SNase preparation ("micrococcal
nuclease" [Sigma] representing mature S. aureus nuclease A). After
electrophoresis, the gel was stained with Coomassie brilliant blue.
The bands with DNase activity (determined with the activity-
staining procedure described in Materials and Methods) are marked
with arrowheads. Commercial nuclease A (16.8 kDa) displayed
unusual mobility in relation to the 18.4-kDa marker protein.
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FIG. 2. Production of SNase during growth of C glutamicum
AS019/pWNuc5 (A) and C. glutamicum R163/pWLQN10 (B) in LB2
broth at 300C. Note the different scales of thex andy axes of the two
graphs. Circles represent the optical densities of the cultures, and
triangles represent SNase activity in the culture supernatants. In the
experiment represented in panel B, 1 mM IPTG was added to one of
the cultures after 3 h (filled symbols), while the other culture was left
without IPTG (open symbols). OD6., optical density at 600 nm.

glutamicum shuttle vector, designated pWLT1 (Fig. 1). For
this purpose, the kanamycin resistance gene of transposon
TnS was isolated as a 1.2-kb Smal-HindIII fragment, treated
with Klenow fragment, and ligated with the 5.7-kb SalI-NdeI
fragment (also blunt ended) of pWST1. The kanamycin
resistance gene of this new E. coli-C glutamicum shuttle
plasmid functions in both host organisms, while the ampicil-
lin resistance marker is useful only for E. coli. The tac
expression shuttle vector pWLQ1 was then derived from
pWLT1 by first deleting most of the multiple cloning site
(pWLT1d; Fig. 1) and subsequently inserting the tac pro-
moter and lacIq gene of pJF118ut (2), as outlined in Fig. 1.
Plasmid pWLQ2 is an improved expression vector, with the
BamHI site in its polylinker the single BamHI site in the
plasmid, but otherwise it is identical to pWLQ1.
The SNase gene was inserted downstream of the tac

promoter-lac operator region of pWLQ2 in the following
way. pWNuc5 was linearized with KpnI, which is located
approximately 600 bp upstream of the SNase-coding region.

In order to place the SNase open reading frame in close
proximity to the tac promoter and thus eliminate any possi-
ble interference of intermitting sequences, the DNA ends
were shortened by nuclease Bal 31 treatment. Upon restric-
tion with SalI, the SNase-encoding fragments were ligated

1 2 3 4

.X-Ai¼

FIG. 4. Effect of different sodium chlorideAcnentrations in the

growth medium on the ratio of A to B forms of SNase produced by
C. glutamicum AS019/pWNuc5 (lanes 1 to 3). The strain was grown

for 18 h in LB2 broth containing 0% (lane 1), 1% (lane 2), or 4% (lane

3) sodium chloride, and 5 pl samples of supernatant were applied

per slot. Lane 4, 0.01 p~g of commercial SNase preparation (Sigma).
Arrows on the left-hand margin indicate the positions of the A and

B forms of SNase.
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0, 01 mM IPTG

FIG. 5. Location and processing of SNase by C. glutamicum
AS019/pWNuc5. Supernatants (lanes 2 and 4) and crude extract
samples (lanes 3 and 5) were obtained from stationary cultures of the
strain grown either in LB2 without sodium chloride (lanes 2 and 3)
or in LB2 with 4% sodium chloride (lanes 4 and 5). The different salt
concentrations in the culture broth had no significant effect on the
final optical density of the cultures (not shown). Crude extracts were
prepared from phosphate-buffered saline (10 mM phosphate buffer
[pH 7.6]-0.85% sodium chloride)-washed cells by passage through a
French pressure cell at 6.9 MPa. For each experiment, the super-
natant (12.5 p,l) and crude extract (about 9 pg of protein) samples
loaded correspond to the same culture volume. Lanes 1 and 6, 0.01
p,g of commercial SNase preparation (Sigma). Arrows on the
left-hand margin indicate the positions of the A and B forms of
SNase.

into SmaI-SalI-digested pWLQ2 (Fig. 1). In the resulting
SNase expression plasmids pWLQN2, pWLQN12,
pWLQN10, pWLQN4, and pWLQN14, the distances be-
tween the vector-borne EcoRI site 41 bp downstream of the
tac promoter -10 region and the putative SNase start codon
(amino acid position -79 in the sequence of Shortle [251) are
20, 50, 150, 200, and 230 bp, respectively (approximate
values +±20 bp]; determined by fine restriction mapping).
SNase expression in C. glutamicum R163 transformed

with the various pWLQN plasmids was examined. Since the
lacIq repressor gene is present in cis on the vector con-
structs, these plasmids directed isopropyl-,B-D-galactopyra-
noside (IPTG)-inducible SNase production by the C. glu-
tamicum transformants (Fig. 6). The amount of SNase
secreted during growth increased with rising IPTG concen-
trations, reaching a plateau of maximum expression at about
0.5 to 1 mM IPTG. Thus, with this system it is possible to
adjust the expression level in C glutamicum at will simply
by changing the IPTG concentration in the culture medium.
The fact that strains R163/pWLQN12 and R163/pWLQN14

displayed substantial DNase activity even in the absence of
inducer (Fig. 6) indicated that the stretch of staphylococcal
DNA upstream of about 50 bp of the SNase-coding region
contains sequences with promoter activity in C. glu-
tamicum. In these cases, induction by IPTG was not as
pronounced as with R163/pWLQN2 and R163/pWLQN4,
where repression in the absence of inducer appears to be
relatively, albeit not entirely, complete. It is not clear why
repression in C. glutamicum AS019/pWLQN4 seems to be
fairly complete whereas strain R163/pWLQN14 produces a
relatively large halo on DNase test plates without IPTG (Fig.

0,1 mM IPTG 1 mM IPTG
FIG. 6. SNase expression by various C. glutamicum strains. The

strains were inoculated onto DNase test agar (Oxoid) plates contain-
ing 20 ,ug of kanamycin per ml. Some of the plates contained IPITG at
the concentrations indicated. After incubation at 30°C for 18 h, the
plates were flooded with 1 N hydrochloric acid. Zones of clearing
against a white background of precipitated DNA are indicative of
DNase activity. The recombinant C glutamicum strains, starting
from the top center of each plate and going in clockwise order, are
R163/pWST1, R163/pWNuc5, R163/pWLQN2, R163/pWLQN4,
R163/pWLQN10, R163/pWLQN12, and R163/pWLQN14.

6) even though the DNA sequences upstream of the SNase
genes of pWLQN4 and pWLQN14 differ only slightly from
one another (about a 30-bp difference). The situation ob-
served with strains R163/pWLQN2 and R163/pWLQN12
was similar (Fig. 6). Perhaps the proximity to the lac
operator of certain sequences in the SNase inserts of the
constructs pWLQN12 and pWLQN14 interferes with the
effective binding of the lac repressor to its site of action.
For one of the SNase expression strains, C. glutamicum

R163/pWLQN10, nuclease production was monitored during
growth in the presence or absence of 1 mM IPTG. The
addition of IPTG to the growing culture 3 h after inoculation
led to a massive induction of SNase expression and secretion
(Fig. 2B). After 33 h of growth, the supernatant of the culture
supplemented with IPTG displayed about 80-fold higher
SNase activity than the culture lacking inducer.

DISCUSSION

A heterologous gene coding for a secreted enzyme, SNase
from the low-G+C gram-positive bacterium S. aureus, has
been introduced into the high-G+C gram-positive host C
glutamicum. The level of SNase expression in C. glu-
tamicum AS019/pWNuc5 was not very high (an estimated 1
to 2 mg/liter), but it could be increased about 10-fold by
placing the SNase gene under the transcriptional control of
the tac promoter, as in the expression plasmid pWLQN10
(Fig. 2B and 6). This probably is not yet the upper limit for
overexpression of a secreted protein in this host organism,
since the G+C content of the SNase open reading frame
(34.5 mol%) and thus the codon usage is not optimal for C.
glutamicum. Additionally, maximum-strength promoters for
C. glutamicum have yet to be found. Such promoters, in

- IPTG
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FIG. 7. Signal peptidase and secondary cleavage sites utilized by S. aureus, B. subtilis, and C. glutamicum for processing of SNase.
Numbering of the amino acid residues was done as described in reference 25. Arrows represent main processing sites, and broken arrows
represent minor processing sites. The N termini of nuclease A and nuclease B of S. aureus Foggie (5) are indicated.

conjunction with an optimized translation initiation site, may
further improve the yield of secreted product.
The export and processing of SNase have now been

studied in three phylogenetically extremely different bacte-
ria: S. aureus, Bacillus subtilis, and C. glutamicum (refer-
ences 5, 8, and 21 and this report). All of these bacteria
translocate SNase across their cytoplasmic membrane, even

though the precursor's signal peptide is much longer (60
amino acids) than average (15 to 30 amino acids [7]) and
exhibits an unusual structure (8). The data known about the
processing of SNase upon export by S. aureus, B. subtilis,
and C. glutamicum are summarized in Fig. 7. For C.
glutamicum and S. aureus, the amino termini of the B forms
of nuclease have been determined and were found to be
identical (reference 5 and this report). For B. subtilis, the B
form was not present in steady-state cultures, but an approx-

imately 20-kDa protein comigrating with SNase B was found
to be the first nuclease form released to the medium by this
host organism too (21). Thus, primary processing of the
SNase precursor seems to occur at the same site, which is a

typical signal peptidase cleavage site (Ala-Asn-Ala l ), in all
these organisms (Fig. 7). The findings mentioned above are

in accordance with the hypothesis concerning the conserved
nature among all organisms of protein transport in general,
and they indicate that the signal peptidases of the three
gram-positive host organisms have similar specificities.

Curiously, at least all three gram-positive bacteria studied
to date (no data are available for E. coli in which SNase has
also been expressed [17, 27]) carry out a second processing
step, presumably subsequent to signal peptide cleavage. In
S. aureus (5) and C. glutamicum (this work), the degree of
secondary processing varies with the culture conditions. In
both organisms, the proportion of A form to B form can be
shifted by changing the concentration of sodium chloride in
the culture medium (not shown for S. aureus; see Fig. 4 for
C. glutamicum). It seems that variations in the growth
conditions leading to the observed differences in the propor-
tions of the A forms to B forms recovered from the medium
cause this effect, mainly via a change of reaction conditions
which either enhance or inhibit the activity of the protease(s)
participating in the secondary processing event(s). This
observation may be of importance for future expression of
other heterologous extracellular enzymes in C. glutamicum,
because it shows that the proteolytic activity responsible for
secondary processing can be suppressed simply by increas-
ing the salt concentration in the culture broth.
The amino terminus of most of the A form secreted by C.

glutamicum is one residue shorter than nuclease A of S.
aureus Foggie (3), and the A form produced by B. subtilis is
even an amino acid shorter (21). Heterogeneity of the amino
terminus of S. aureus nuclease A has also been observed
(19). The most likely explanation for the mechanism of
secondary processing carried out by the three different host
organisms seems to be that more or less nonspecific prote-
ases are involved which cause the trimming of the perhaps
particularly exposed amino termini of the common B forms
to the respective A forms. Supportive of this notion are
suggestions that the 19 extra amino acids of nuclease B as
well as residues 1 to 5 of nuclease A are flexible (5).
Under certain growth conditions, a significant proportion

of SNase produced by C. glutamicum AS019/pWNuc5 was
cell associated (Fig. 5). Similar observations have been made
about the expression of SNase and a SNase hybrid protein in
S. aureus and E. coli, respectively (24, 27). Repeated wash-
ing of the recombinant C. glutamicum cells with dilute
phosphate buffer, sonication, or protoplasting by treatment
with lysozyme did not effect release of cell-bound SNase
(not shown). Possibly, binding of SNase to C. glutamicum
cells is due to electrostatic effects, since upon growth in LB2
with 4% sodium chloride no SNase protein remained cell
bound (Fig. 5). On the other hand, simple salt washes with a
4% sodium chloride solution were not effective in removing
cell-associated SNase from normal LB2-grown cells (not
shown), but the hydrophobic mycolic acid layer typical of
Corynebacterium cell walls (22) may have prevented effec-
tive elution under the conditions used.
The SNase expression system used in this paper provides

a useful tool for more detailed experimental studies on
protein export by C. glutamicum. Inducible overexpression
of SNase in C. glutamicum has been achieved, but produc-
tion of foreign extracellular proteins by this host may be
further improved by the optimization of expression signal
structures as well as the conditions of induction and growth.

ACKNOWLEDGMENTS
This work was supported in part by the Deutsche Forschungsge-

meinschaft (grant B9 of SFB145).

REFERENCES
1. Ausubel, F. M., R. Brent, R. E. Kingston, D. D. Moore, J. G.

Seidman, J. A. Smith, and K Strubi. 1987. Current protocols in
molecular biology. John Wiley and Sons, New York.

2. Binder, F. 1987. Genetische und biochemische Analyse der
Cyclodextrin-Glycosyl-Transferase aus Kiebsiella pneumoniae

J. BACTERIOL.



SECRETION OF S. AUREUS NUCLEASE BY C. GLUTAMICUM 1861

M5al. Ph.D. thesis, Ludwig-Maximilians-Universitat,
Munchen, Germany.

3. Cone, J. L., C. L. Cusumano, H. Taniuchi, and C. Anfinsen.
1971. Staphylococcal nuclease (Foggi strain). II. The amino acid
sequence. J. Biol. Chem. 246:3103-3110.

4. Cuatrecasas, P., S. Fuchs, and C. B. Anfinsen. 1967. Catalytic
properties and specificity of the extracellular nuclease of Staph-
ylococcus aureus. J. Biol. Chem. 242:1541-1547.

5. Davis, A., I. B. Moore, D. S. Parker, and H. Taniuchi. 1977.
Nuclease B: a possible precursor of nuclease A, an extracellular
nuclease of Staphylococcus aureus. J. Biol. Chem. 252:6544-
6553.

6. Ffurste, J. P., W. Pansegrau, R. Frank, H. Blocker, P. Scholz, M.
Bagdasarian, and E. Lanka. 1986. Molecular cloning of the
plasmid RP4 primase region in a multi-host-range tacP expres-
sion vector. Gene 48:119-131.

7. Gierasch, L. M. 1989. Signal sequences. Biochemistry 28:923-
930.

8. Kovacevic, S., L. E. Veal, H. M. Hsiung, and J. R. Miller. 1985.
Secretion of staphylococcal nuclease by Bacillus subtilis. J.
Bacteriol. 162:521-528.

9. Kreutz, B., and F. Gotz. 1984. Construction of Staphylococcus
plasmid vector pCA43 conferring resistance to chlorampheni-
col, arsenate, arsenite and antimony. Gene 31:301-304.

10. Lachica, R. V. F., C. Genigeorgis, and P. D. Hoeprich. 1971.
Metachromic agar-diffusion methods for detecting staphylococ-
cal nuclease activity. Appl. Microbiol. 21:585-587.

11. Liebl, W., A. Bayerl, B. Schein, U. Stiliner, and K H. Schleifer.
1989. High efficiency electroporation of intact Corynebacterium
glutamicum cells. FEMS Microbiol. Lett. 65:299-304.

12. Liebl, W., M. Ehrmann, W. Ludwig, and K. H. Schleifer. 1991.
Transfer of Brevibacterium divaricatum DSM 20297T, "Brevi-
bacterium flavum" DSM 20411, "Brevibacterium lactofermen-
tum" DSM 20412 and DSM 1412, and Corynebacterium lilium
DSM 20137T to Corynebacterium glutamicum and their distinc-
tion by rRNA gene restriction patterns. Int. J. Syst. Bacteriol.
41:255-260.

13. Liebl, W., and F. Gotz. 1986. Studies on lipase directed export
of Escherichia coli 3-lactamase in Staphylococcus camosus.
Mol. Gen. Genet. 204:166-173.

14. Liebl, W., and B. Schein. 1990. Isolation of restriction deficient
mutants of Corynebacterium glutamicum, p. 323-327. In D.
Behrens and P. Kramer (ed.), Dechema biotechnology confer-
ences, vol. 4. VCH Verlagsgesellschaft, Weinheim, Germany.

15. Liebl, W., K. H. Schleifer, and A. J. Sinskey. 1989. Secretion of
heterologous proteins by Corynebacterium glutamicum, p. 553-
559. In L. 0. Butler, C. Harwood, and B. E. B. Moseley (ed.),
Genetic transformation and expression. Intercept Limited, An-
dover, United Kingdom.

16. Liebl, W., and A. J. Sinskey. 1988. Molecular cloning and
nucleotide sequence of a gene involved in the production of

extracellular DNase by Corynebacterium glutamicum, p. 383-
388. In A. T. Ganesan and J. A. Hoch (ed.), Genetics and
biotechnology of bacilli, vol. 2. Academic Press, San Diego,
Calif.

17. Liss, L. R., B. L. Johnson, and D. B. Oliver. 1985. Export defect
adjacent to the processing site of staphylococcal nuclease is
suppressed by a prLA mutation. J. Bacteriol. 164:925-928.

18. Maniatis, T., E. F. Fritsch, and J. Sambrook. 1982. Molecular
cloning: a laboratory manual. Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.

19. Marrakechi, N., and P. J. Cozzone. 1981. Characterization of a
fully active shorter form of staphylococcal nuclease. C.R. Acad.
Sci. 293:23-26.

20. Matsudaira, P. 1987. Sequence of picomole quantities of pro-
teins electroblotted onto polyvinylidene difluoride membranes.
J. Biol. Chem. 262:10035-10038.

21. Miller, J. R., S. Kovacevic, and L. E. Veal. 1987. Secretion and
processing of staphylococcal nuclease by Bacillus subtilis. J.
Bacteriol. 169:3508-3514.

22. Minnildn, D. E., M. Goodfellow, and M. D. Collins. 1978. Lipid
composition in the classification and identification of coryne-
form and related taxa, p. 85-160. In I. J. Bousfield and A. G.
Callely (ed.), Coryneform bacteria. Academic Press, London.

23. Morinaga, Y., M. Tsuchiya, K. Miwa, and K. Sano. 1987.
Expression of Escherichia coli promoters in Brevibacterium
lactofermentum using the shuttle vector pEB003. J. Biotechnol.
5:305-312.

24. Okabayashi, K., and D. Mizung. 1974. Surface-bound nuclease
of Staphylococcus aureus: localization of the enzyme. J. Bac-
teriol. 117:215-221.

25. Shortle, D. 1983. A genetic system for analysis of staphylococ-
cal nuclease. Gene 22:181-189.

26. Smith, M. D., J. L. Flickinger, D. W. Lineberger, and B.
Schmidt. 1986. Protoplast transformation in coryneform bacte-
ria and introduction of an a-amylase gene from Bacillus
amyloliquefaciens into Brevibacterium lactofermentum. Appl.
Environ. Microbiol. 51:634-639.

27. Takahara, M., D. W. Hibler, P. J. Barr, J. A. Gerlt, and M.
Inouye. 1985. The ompA signal peptide directed secretion of
staphylococcal nuclease by Escherichia coli. J. Biol. Chem.
260:2670-2674.

28. Tsuchiya, M., and Y. Morinaga. 1988. Genetic control systems
of Escherichia coli can confer inducible expression of cloned
genes in coryneform bacteria. Bio/Technology 6:428-430.

29. Vieira, J., and J. Messing. 1982. The pUC plasmid, an M13mp7-
derived system for insertion mutagenesis and sequencing with
synthetic universal primers. Gene 19:259-268.

30. Yoshihama, M., K. Higashiro, E. A. Rao, M. Akedo, W. G.
Shanabruch, M. T. Follettie, G. C. Walker, and A. J. Sinskey.
1985. Cloning vector system for Corynebacterium glutamicum.
J. Bacteriol. 162:591-597.

VOL. 174, 1992


