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Abstract A cell-free protein translocation system derived exclu-
sively from a Gram-positive bacterium is described here for the
first time. Highly efficient in vitro synthesis of plasmid encoded
preprolipase of Staphylococcus hyicus is accomplished by coupled
transcription/translation using either a cytosolic extract of
S. carnosus alone or in combination with T7-RNA-polymerase.
Addition of inside-out cytoplasmic membrane vesicles of S. carno-
sus leads to the partial conversion (processing) of preprolipase to
prolipase. In addition, as shown in a protease protection assay,
a significant part of preprolipase plus prolipase is translocated in
vitro into the lumen of the vesicles. Translocation of preprolipase
into the membrane vesicles requires the proton-motive force and
the S. carnosus SecA protein.
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1. Introduction

By use of genetic as well as biochemical methods, protein
translocation across the cytoplasmic membrane of the Gram-
negative bacterium Escherichia coli has been investigated inten-
sively [1-4]. A number of sec genes and their products (SecA,
B, D, E, F, G, Y), which are involved in protein translocation,
have thus been identified and characterized. The introduction
of in vitro translocation systems prepared either from crude
subcellular fractions [5,6] or reconstituted from purified Sec
proteins [7,8] have rendered possible detailed investigations on
the molecular mechanisms of protein translocation in this or-
ganism (most recent examples are: [9-11]). In addition to the
Sec proteins, the existence of an SRP (signal recognition par-
ticle)-dependent pathway of protein export in E. coli has re-
cently been suggested (reviewed in [12]).

Despite their importance in industrial enzyme production
[13], investigations on protein translocation in Gram-positive
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Abbreviations: lip, S. hyicus lipase encoding gene; ppL, preprolipase;
pL, prolipase; mL, mature lipase; INV, inside-out cytoplasmic mem-
brane vesicles; DCCD, dicyclohexyl carbodiimide; FCCP, carbonyl
cyanide p-trifluoromethoxyphenyl-hydrazone; IPTG, isopropyl-1-thio-
B-p-galactoside; TeaOAc, triethanolamine acetate; PVDF, polyvi-
nylidene difluoride; SDS-PAGE, polyacrylamide gel electrophoresis in
the presence of sodium dodecylsulfate.

Results of this work were presented in part at the Fall Meeting of the
Gesellschaft fiir Biologische Chemie, Wiirzburg/Germany, September
19-21, 1994 (Biol. Chem. Hoppe-Seyler, 375 (1994) Supplement 1, p. 88).

bacteria have only recently led to the discovery of Sec and SRP
homologues [14-22] of which SecA [23] and SecY [24] were
shown to be essential for growth and protein translocation in
B. subtilis. These findings suggest that only minor variations
exist between the molecular mechanisms of protein transloca-
tion across the cytoplasmic membranes of Gram-negative and
Gram-positive organisms.

However, as pointed out by Simonen and Palva [25] “the fact
that no in vitro translocation assay is available for Bacillus
species has hampered the characterization of its secretion com-
ponents”. In this report, we describe the first in vitro protein
translocation system of a Gram-positive bacterium. In vitro
synthesis [26,27] and signal sequence cleavage [28,29] by mem-
brane-free extracts of Gram-positive bacteria have been re-
ported previously.

2. Materials and methods

2.1. Plasmids

Plasmid pLipPSI1 contains the preprolipase gene of S. hyicus on a
Pstl fragment [30]. Plasmid pCULP was constructed (B. Freundlieb,
unpublished) by inserting this fragment into pCUI[31]. A promoter-free
lip gene was isolated from pEFO [32] by cleavage with PstI and ligated
into pGEM3z (Promega, Madison, WI) so that its expression became
dependent on the T7 RNA polymerase promoter (plasmid pCSl1).

To obtain plasmid pCS2 encoding an uncleavable ppl. a BamHI-Sal/l
fragment of pJM1 [32] corresponding to the 222 NH,-terminal amino
acids of ppL was ligated into double stranded DNA of phage
M13mp18. The uracil-containing single stranded template DNA of this
phage was used in a mutagenesis reaction with the mismatch primer
K1 (5-TTGTGTTGTCGAATCGTTAACCTCTGCCACGCCCC-3).
DNA from the resulting phage clones was screened for the presence of
the desired mutation by sequencing [33]. The BamHI-Sal/l fragment
isolted from double stranded phage DNA was ligated into pJM1 from
which the wild-type fragment had been removed. From the resulting
plasmid pJM1.1 the lip allele (encoding a modified signal sequence
cleavage site, —1 Ala to —1 Val) was isolated on a BamHI-HindIIl
fragment which was finally ligated into pGEM3z to give plasmid pCS2.
Construction of pJM10 encoding /ip under the lac promoter has been
described elsewhere [32]. Plasmid DNA was isolated according to pub-
lished procedures from E. coli and B. subtilis [34) and S. carnosus [35].

2.2. Preparation of an extract from S. carnosus for cell-free
transcription/transiation

A protocol previously described for E. coli [S] was modified as fol-
lows. S. carnosus strain TM300 [36] grown overnight in Brain-Heart-
Infusion medium (Difco) at 30°C was used to inoculate 1 1 batches (15
ml/l) which were grown up to an A4, of about 1. Cells were rapidly
cooled by pumping the suspension through a copper coil immersed in
an ice-water bath and then harvested for 15 min at 4,400 x g, and
5°C. The cell pellet was resupended in 10 mM TeaOAc pH 8.0, 14 mM
Mg(OAc),, 60 mM KCl, 1 mM DTT (1 g wet weight plus 1.5-2 ml) and
cells were broken by 5 passages at 8,000 psi followed by 5 at 16,000 psi
through a French Pressure Cell (SLM-Aminco, Urbana/IL) which was
kept at 4°C by intermediate coolings. An S-30 was prepared by centrif-
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ugation for 30 min at 30,000 X g,,.., 5°C, and subjected to a read-out
of the endogenous mRNAs as described [37] followed by dialysis
against 1 1 batches of S-30 buffer in which KClI had been replaced by
KOACc (three times for 1 h each at 5°C). An S-200 was prepared by
loading the tubes of rotor A110 of the Beckman Airfuge with 175 ul
each, spinning for 5 min at 30 psi (199,000 X g,,..,), and carefully remov-
ing 130 4] supernatant from the top. Aliquots of S-30 and S-200 were
frozen in liquid nitrogen and stored at —70°C. The S-200 was further
freed of small molecules by repeated concentrations and dilutions in
dialysis buffer using Centricon 10 microconcentrators (Amicon).

2.3. Inside-out cytoplasmic membrane vesicles from S. carnosus

Gradient-purified inner membrane vesicles were prepared as de-
scribed [5] with the following modifications. S. carnosus strain TM300
was grown to an Agy, of about 3.5 as detailed above (equally active INV,
however, were obtained when cells were harvested at Ay ranging from
0.9 to 4.5). Phenylmethylsulfonyl fluoride did not proof to be necessary
and was therefore omitted. Breakage was performed at 4°C by 4 pas-
sages through the French Press at 8,000 psi followed by 3 at 16,000 psi.
INV were finally resuspended to a concentration of 40 A,s/ml. Re-
peated freezing and thawing on ice did not affect the translocation
activity of the INV.

2.4. In vitro synthesis

Reactions were performed in 25 ul aliquots containing (in the order
of addition): 3.2% (w/v) polyethylene glycol 6000-8000, 40 M each of
19 amino acids without methionine, 2.5 mM ATP, 0.5 mM each of
GTP, CTP, UTP, 16 mM KOH, 2 mM DTT, 5 mM phosphoenol
pyruvate, 40 mM TeaOAc, pH 7.5, 200 mM KOAc, pH 7.5, 8.5 mM
Mg(OAc),, pH 7.5, 20 mM NH,OAc, pH 7.5, 0.8 mM spermidine,
8 mM creatine phosphate, 1 ug creatine phosphokinase, 8 mM pu-
trescine, 20 units placental RNAse inhibitor, 0.15 ug plasmid (pCS1 or
pCS2) or 2 ug plasmid (pCULP) DNA, 10 g¢Ci [**S}methionine (1,000
Ci/mMol). Reactions were started by adding 3 ul S-200 and (when pCS1
or pCS2 was used) 20 units T7 RNA polymerase and incubated at 30°C
for 120 min. They were stopped with 5% (w/v) TCA. To obtain maximal
translocation of ppL, INV were added after 60 min (cotranslationally).
In posttranslational assays, INV were added following termination of
synthesis after 120 min incubation with 185 gg/ml chloramphenicol (or
185 uM of neutralized puromycin). In these cases, ATP; creatine phos-
phate, creatine phosphokinase, and DTT were added to the original
concentrations in order to compensate for potential consumptions dur-
ing the previous incubation.

2.5. Partial purification of SecA from S. carnosus

SecA from S. carnosus was overexpressed in E. coli strain JM109
containing plasmid pMA16 (Klein, M., unpublished results) after in-
duction with 2 mM IPTG for 4 h. After cell disruption in the French
Press, SecA-containing inclusion bodies were solubilized with 6 M urea
dissolved in buffer A [5] and fractionated by size exclusion chromatog-
raphy at 15°C using a Superdex 26/60 column (Pharmacia). Fractions
enriched in SecA, as detected by Western blot analysis, were pooled and
precipitated with (NH,),SO, (80% saturation according to Green and
Hughes [38]) to remove the urea. The precipitate was resuspended in
buffer A saturated to 80% with (NH,),SO, and then successively
dialyzed against buffer A saturated with 80%, 40%, 20% (NH,),SO, for
5 h each. In the final step (NH,),SO, was omitted. SecA thus renatured
in the absence of urea was separated from aggregated material by
centrifugation.

2.6. Purification of preprolipase and prolipase

S. hyicus preprolipase accumulates in cells of B. subrilis strain DB104
when expression from plasmid pJM10 [32] is induced with IPTG (E.
Frings and R. Freud], unpublished). Cells resuspended in SDS-PAGE
loading buffer containing 6 M urea were broken by sonication and the
cell extract was subjected to preparative SDS-PAGE. Preprolipase was
identified by an activity overlay assay [39] and either electroeluted or
extracted by homogenization of the gel matrix. S. hyicus prolipase
which is secreted from strains of S. carnosus without further processing
[40] was collected from 8 | of culture filtrate of S. carnosus carrying
pLipPS1 by adsorption to 200 ml of Fractogel TSK-butyl-650(M)
(Merck AG, Darmstadt). After washing with 51 of 50 mM Tris-HCI,
pH 8, bound prolipase was eluted with 200 ml 2% (w/v) SDS in 50 mM
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Tris-HCI, pH 8, and precipitated with 80% (NH,),SO,. The precipitate
was collected by filtration, dissotved in the Tris-glycine buffer used for
SDS-PAGE, and further purified by preparative SDS-PAGE.

2.7. Miscellaneous

Published procedures were used with minor modifications for SDS-
PAGE [41], fluorography [42], and quantitation of the radioactivity
present in individual bands of SDS gels [43].

3. Results and discussion

In cultures of S. Ayicus, a prolipase (pL) is secreted into the
medium followed by conversion to the mature lipase (mL) by
removal of the propeptide [44,45]. Prolipase is formed from an
intracellular precursor, preprolipase (ppL), as predicted by
DNA sequence analysis of the lipase gene [30].

3.1. In vitro synthesis of preprolipase

Following a previously described protocol of a cell-free tran-
scription/translation system from E. coli [S] 2 membrane-free,
high speed supernatant (S-200) was prepared from S. carnosus
and used as cytosolic extract for the in vitro synthesis of ppL.
In order to achieve highly efficient incorporation of
[**SImethionine into newly synthesized proteins, the S-200 was
first completely freed of its endogenous amino acids (as verified
by HPLC analysis) by several cycles of dilution and ultrafiltra-
tion. When the resulting S-200 of S. carnosus was programmed
with plasmid pCS1, containing the S. Ayicus lipase gene under
the control of the phage T7 promoter, the time-dependent ap-
pearance of a 91 kDa-protein was observed (Fig. 1; note that
the X-ray film was exposed for 1.5 h only).

The 91 kDa-polypeptide was also obtained when the lipase
gene was expressed from its homologous promoter (plasmid
pCULP) using the endogenous RNA polymerase of the
S. carnosus S-200, but was absent from reactions which had
been directed by the vector plasmid alone (not shown). It was
identified as ppL by immunoprecipitation with antibodies
raised against pL of S. hyicus (Fig. 2C, lane 18). Furthermore,
the in vitro synthesized 91-kDa protein co-migrated on gels of
different acrylamide concentrations with ppL purified from an
overexpressing recombinant strain of B. subtilis (not shown).

3.2. Invitro translocation of preprolipase into membrane vesicles
of S. carnosus
Inside-out plasma membrane vesicles (INV) were prepared
from S. carnosus by repeated passages of a cell suspension
through a French pressure cell followed by sucrose density
centrifugation. In order to visualize translocation of in vitro

Table 1
Effect on the translocation efficiency of SecA depletion from the S-200
by immunoaffinity chromatography and its readdition

% Translocation efficiency

Without With

addition of 6 ug SecA/assay
S-200 (control) 32 6.7
S-200 depleted 2.1 9.5

Radioactivity of the excised bands (ppL and pL) was determined by
liquid scintillation counting. The dpm values were corrected with re-
spect to the different amounts of [**SImethionine being incorporated
into ppL (n=11) and pL (n=29). Translocation efficiency (%) =
[(ppL + pL)afler proteinase K/ (ppL + pL)before proteinase K] x 100
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Fig. 1. Time-dependent cell-free synthesis of [**Smethionine-labeled
preprolipase (ppL) by an extract (S-200) from S. carnosus. Translation
products were precipitated with TCA (final concentration 5% w/v),
separated by SDS-PAGE, and visualized by fluorography. Masses of
prestained standards (SDS7B, Sigma) are given in kDa on the right.

synthesized ppL into INV protease protection experiments
were performed (Fig. 2A). In the absence of INV the majority
of the translation products were digested by proteinase K leav-
ing a single resistant species of 46 kDa (lane 2), whereas this
material was not detected in the absence of proteinase K. Since
mL has the same electrophoretic mobility as the 46-kDa spe-
cies, and is an intrinsically protease-resistant protein [40,46], the
46-kDa protein obtained by digestion with proteinase K (as
well as by trypsin and pronase E, not shown), most probably
is the result of a cleavage of ppL around the propeptide cleav-
age site as described also by others [40].

When INV were present during synthesis of ppL two addi-
tional proteinase K-resistant peptides appeared in proportion
to the amount of INV added (Fig. 2A, lanes 3-8). These pep-
tides co-migrate with ppL (91 kDa) and a protein of 86 kDa.
The latter was not observed when a mutated form of ppL (Fig.
2B) was synthesized in which the signal sequence cleavage site
was rendered non-functional by changing Ala at the —1 posi-
tion to Val. The 86-kDa proteinase K-resistant protein there-
fore must be prolipase generated by the signal peptidase of the
INV. This is further demonstrated by its co-migration on SDS-
PAGE with prolipase purified from a culture filtrate of
S. carnosus (Fig. 2C, lanes 18 and 19). Since ppL and pL
became accessible to proteolytic digestion by disruption of the
membrane vesicles with Triton X-100 (Fig. 2A, lane 11), both
species must represent material translocated into the lumen of
the vesicles.

In samples not treated with proteinase K (such as on lanes
3,5,7 of Fig. 2A), the formation of pL from ppL by INV could
also be seen provided that the X-ray film was exposed for a
much shorter time (2.5 h instead of 25 h as was done in Fig.
2A,B,D). Quantification of the extent of pL formed in these
cases revealed a processing rate of about 20%. In contrast, the
average efficiency of translocation, i.e. the relative amount of
protease-resistant ppL and pL, turned out to be 5-7%. It re-
mains to be analyzed why only a fraction of the prolipase that
underwent proteolytic processing by the INV-borne signal pep-
tidase became fully translocated, i.e. protease-resistant. Similar
situations have been described for in vitro systems of E. coli
under limitation of ATP, Auy+, and SecA [47,48]. 1t is possible
that one of these translocation parameters is not optimally
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balanced in the cell-free translocation system described here
(see below). Alternatively, we cannot rule out the possibility
that a portion of the vesicles used have a right side-out orienta-
tion allowing for a proteolytic processing of ppL without con-
comitant translocation.

Translocation of ppL and pL into the lumen of the INV of
S. carnosus was dependent on the energization of the vesicles.
Translocation decreased considerably when 1 mM DCCD was
included in the cell-free reaction to inhibit the H'-translocating
ATPase of the INV (Fig. 2D, lane 23,24), while addition of the
protonophore FCCP completely blocked translocation at 0.1
mM (Fig. 2D, lane 25,26). We conclude that in vitro transloca-
tion of ppL across the plasma membrane of S. carnosus requires
the H -motive force as shown in vivo by others for a-amylase
secretion of B. amyloliquefaciens [49].

Processing of ppL to pL — but not its translocation — was also
achieved by S. carnosus membranes disrupted with 1% (v/v)
Triton X-100 suggesting that the S. carnosus signal peptidase
was solubilized under these conditions (not shown).

3.3. SecA-dependent in vitro translocation of ppL into INV of
S. carnosus

Polyclonal antibodies raised against the B. subtilis SecA
strongly cross-react with SecA from S. carnosus (Klein, M.,
unpublished results). A fraction of immunogiobulins obtained
by chromatography on DEAE-cellulose was covalently coupled
to Protein A-Sepharose as described [9,50] and used to deprive
the S. carnosus S-200 of its endogenous SecA. Depletion was
almost complete when examined by immunoblotting (not
shown). To restore the SecA content of the depleted S-200,
SecA of S. carnosus was partially purified. The result of one
typical experiment is depicted in Table 1. The efficiency of
translocation of ppL into INV decreased by about one third
after removal of the soluble SecA from the S-200. The residual
translocation activity is most likely due to the INV-bound SecA
(verified by immunoblotting) which in £. coli amounts to about
one half of the total cellular SecA [51]. In comparable experi-
ments performed with an in vitro system of E. coli [48], the mere
removal of soluble SecA also did not greatly impair transloca-
tion of particular precursor proteins as long as the membrane-
bound fraction was not reduced. Importantly, as shown in
Table 1, SecA purified from S. carnosus stimulated transloca-
tion of ppL into INV both in conditions where soluble SecA
was present (control) as well as after its removal. On the one
hand, this is an indication for the limitation of SecA in our in
vitro system explaining in part the rather low efficiency of ppL
translocation (see above). On the other hand, the results clearly
demonstrate that translocation in this novel cell-free system of
a Gram-positive organism is a SecA-dependent process.

We believe that in view of the rather low translocation ability
of the INV prepared from S. carnosus a major clue towards
establishing a cell-free synthesis/translocation system was the
optimization of the in vitro synthesis. This was achieved by the
careful deprivation of the S-200 of its endogenous methionine
(see above) and/or of unknown factors of masses smaller than
10 kDa that might be inhibitory to the cell-free synthesis reac-
tion. Crucial was further the finding that a reaction tempera-
ture of 30°C was by far superior to 37°C (and 25°C), despite
the fact that the organism grows considerably faster at 37°C.
Furthermore, using ppL as precursor turned out to be of ad-
vantage since an equally efficient translocation into INV added
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Fig. 2. Translocation of in vitro synthesized preprolipase (ppL) into inside-out plasma membrane vesicles (INV) from S. carnosus. Panel A:
translocation and processing of ppL to prolipase (pL) is dependent on the concentration of INV and the intactness of the INV. ppL was synthesized
as described in the previous figure in the absence or presence of the indicated amounts of INV. Reactions were subdivided into halves and either
treated immediately with TCA or incubated at 25°C for 30 min with 250 ug/ml proteinase K (PK) added from a 1 mg/ml stock solution prepared
in 5 mM CaCl,. Lane 11, treatment with PK was performed in the presence of 1% (v/v) Triton X-100 (TX-100). mL*, is a non-translocated,
protease-resistant breakdown product of ppL and pL of similar size as mature lipase. Panel B: processing of ppL to pL by INV does not occur with
a mutant form of ppL (ppL*) replacing Ala at position —1 by Val. Panel C: cross-reactivity of in vitro synthesized ppL and pL with antibodies raised
against purified pL. ppL and pL were obtained by in vitro synthesis in the presence of INV. Translation products were immunoprecipitated [43] with
anti-pL-antibodies, the cross-reactive proteins were mixed with unlabeled, purified pL, separated by SDS-PAGE and blotted onto a PVDF membrane
(according to Applied Biosystems, User Bulletin 36). The membrane was developed with anti-pL-antibodies and alkaline phosphatase-conjugated
second antibodies to visualize unlabeled pL (lane 19; lane 20 contains prestained marker proteins). The immunoblot was subsequently autoradio-
graphed to detect the labeled species of lipase (lane 18). Panel D: translocation of ppL is dependent on energized membrane vesicles. Inhibitors
dissolved in DMSO were present during in vitro synthesis at final concentrations of | mM (DCCD; lanes 23, 24) and 0.1 mM (FCCP; lanes 25, 26).
The control samples (lanes 21 and 22) contained an equivalent amount (0.5 ul) of DMSO. Proteinase K treatment was performed on samples of lanes
22, 24, and 26. Quantification of the mL*-band of lanes 22, 24, and 26 revealed that the same amount of material had been loaded onto each lane
indicating that the decrease of protected ppL and pL species was in fact the result of inhibited translocation.
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co- or posttranslationally suggests an inherently high transloca-
tion competence of this protein. This might be due to the pres-
ence of the propeptide which in the case of subtilisin has been
found to function as an intramolecular chaperone [52,53].
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