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Signal peptidase loverproduction results in increased efficiencies of
export and maturation of hybrid secretory proteins in Escherichia coli
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Summary. The effects of 25-fold overproduction of
Escherichia coli signal peptidase I (SPase I) on the pro-
cessing killetics of various (hybrid) secretory proteins,
comprising fusions between signal sequence functions
selected from the Bacillus subtilis chromosome and the
mature part of TEM-p-Iactamase, were studied in E.
coli. One precursor (pre[A2d]-p-Iactamase) showed an
enhanced processing rate, and consequently, a highly
improved release of the mature enzyme into the peri-
plasm. A minor fraction of a second hybrid precursor
(pre[A13i]-p-Iactamase), which was not processed under
standard conditions of SPase I synthesis, was shown to
be processed under conditions of SPase I overproduc-
tion. However, this did not result in efficient release of
the mature p-Iactamase into the periplasm. In contrast,
the processing rates of wild-type pre-p-Iactamase and
pre(A2)-p-Iactamase, al ready high under standard con-
ditions, were not detectably altered by SPase I overpro-
duction. These results demonstrate that the availability
of SPase I can be a limiting factor in protein export
in E. coli, in particular with respect to (hybrid) precursor
proteins showing low (SPase I) processing efficiencies.
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Introduetion

Export of proteins by bacteria depends on the properties
of both the exported protein and the export machinery
of the host. The exported proteins are usually synthe-
sized as precursors with an NH2-terminal extension, the
signal peptide, which is essential for export (Pollit and
Inouye 1987; Watson 1984).

From both a fundamental and an applied point of
view it is important to elucidate the mechanisms underly-
ing protein export. In studies on this topic, two lines

of investigation have mainly been followed. The first
involved studies on the properties of the exported pro-
teins, including both the signal peptides, the mature
parts and the folding properties of the precursors (for
reviews, see Bankaitis et al. 1987; Saier et al. 1989). The
second major line of investigation has dealt with the
analysis of the cellular components of the protein export
machinery.

Genetically and biochemically the best characterised
bacterial export machinery is that of Escherichia coli
(for review, see Saier et al. 1989). It consists of cytoplas-
mic and membrane-bound components. Cytoplasmic
proteins like SecB and GroEL, denoted as chaperones,
are essential for the export competence of the precursors,
either by stabilizing an unfolded conformation (Lecker
et al. 1989; Saier et al. 1989), or by preventing their ag-
gregation (Lecker et al. 1990; Mitraki and King 1989).
The soluble, peripheral cytoplasmic membrane protein
SecA (Cunningham et al. 1989; Lill et al. 1989; Schmidt
et al. 1988), and the integral cytoplasmic membrane pro-
teins SecE (Schatz et al. 1989) and SecY (Ito 1984; Wa-
tanabe and Blobel 1989) form a complex, which func-
tions as a translocase (Bieker and Silhavy 1990; Brun-
dage et al. 1990; Hartl et al. 1990). The possible func-
tions of other components of the export machinery, like
PrlC (Trun and Silhavy 1989) and SecD (Gardel et al.
1987, 1990), are not known. Finally, the signal pepti-
dases (SPases), which are integral cytoplasmic mem-
brane proteins, catalyse the proteolytic removal of the
signal peptide from the precursor (processing; for re-
view, see Ray et al. 1986). SPase I, also known as leader
peptidase, has been shown to process bacteriophage
M13 procoat and several periplasmic and outer mem-
brane proteins (Dalbey and Wickner 1985; Wolfe et al.
1982). SPase II, also known as prolipoprotein signal pep-
tidase, has been shown to process glyceride-modified li-
poproteins (Tokunaga et al. 1982; Yamada et al. 1984;
Yamagata et al. 1982).

A common approach to the analysis of the structure-
function relationship of signal peptides has been the in-
troduction of mutations. Such studies have demon-Offprint requests ta: J.M. van Dijl
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Table I. Bacterial strains and plasmids

Plasmid ar
strain

Saurce ar
reference

Properties and genotype

Plasmids

pBS61L1pl pSC101 derivative carrying Van Dijl et al. (1988)
the lambda cJ857 gene ;
7.3 kb; Km'

pBR322-derived expression Pharmacia,
vector carrying the tac Uppsala,
promoter (de Boer et al. Sweden
1983); 4.6 kb; Ap'

pBR322 carrying the
E. coli Iep operon;
8.9 kb; Ap'

pBS61t1pL carrying the This paper
E. coli Iep gene under the
control of the tac promoter ;
9.8 kb; Km'

Signal sequence selection
vector

pGPB14 carrying the intact H. Smith et al.
TEM-p-lactamase gene; in preparation
Ap'; Em'

pGPB14 carrying signal
sequence A2; Ap'; Em'

pGPB14 carrying signal
sequence A2d; Ap'; Em'

pGPB14 carrying signal
sequence A13i ; Ap' ; Em'

pKK223-3

pTDiOi Date and Wickner
(1981)

pGDL2

pGPB14 Smith et al. (1987)

pGB25

pSPB-A2 Smith et al. (1988)

pSPB-A2d H. Smith et al.

in preparation

H. Smith et al.

in preparation
pSPB-A13i

Escherichia coli

C600 thr leu thi lac y tonA phx
supE vtr

strated the importance of different domains of the signal
peptide: the basic NH2-terminal region, which is fol-
lowed by a hydrophobic core, and an SPase cleavage
site (for review, see Pollitt and Inouye 1987). In addition,
the availability of mutant signal peptides, which fre-
quently re sult in reduced or impaired export efficiencies,
has allowed the selection of a variet y of suppressor mu-
tations, both intragenic (Bankaitis et al. 1987; Cover
et al. 1987) and extragenic. Extragenic suppressor muta-
tions were found in several components of the export
machinery like SecA, SecE, SecY and PrlC (for reviews,
see Bankaitis et al. 1987; Beckwith and Perro- Novick
1986; Stader et al. 1989).

We have folIowed a different approach to study signal
sequence functions in Bacillus subtilis and E. coli (Smith
et al. 1987). We selected a large number of sequences
from the B. subtilis chromosome, which can functionally
replace natural signal sequences of exported bacterial
proteins. The selected signals encoded typical signal pep-
tides, which were able to direct Bacillus licheniformis (X-
amylase and E. coli TEM-p-Iactamase secretion in B.
subtilis and export into the periplasm in E. coli (Smith
et al. 1988). Some of these signals encoded large poly-
peptide stretches, reminiscent of the pro-regions of exo-
proteases (Stahl and Perrari 1984; Vasantha et al. 1984),
between the putative signal peptide and the fusion point
with the target protein. The efficiencies of processing
of these hybrid precursor proteins varied greatly and
appeared to depend on (1) the signal peptide, (2) the
target protein ((X-amylase or p-Iactamase) and (3) the
host strain (B. subtilis or E. coli; Smith et al. 1989a,
b; H. Smith et al., in preparation).

Little is known about the components of the protein
export machinery that may become rate limiting under
certain conditions. In the present investigation we asked
whether the export efficiency of poorly processed pro-
teins can be increased by overproduction of E. coli SPase
I. Por this purpose, the signal sequences selected from
the B. subtilis chromosome, referred to above, appeared
extremely valuable. These signals, when fused to p-Iacta-
mase, directed translocation of the precursor across the
cytoplasmic membrane, but in several cases processing
occurred very slowly (Smith et al. 1989a, b; H. Smith
et al., in preparation). This suggests that the processing
of these translocated proteins by SPase I was inefficient
and was the limiting step in the export. This hypothesis
was examined in the present study. The results showed
that for two poorly processed precursors, the efficiency
of processing could be significantly increased by SPase

loverproduction.

Phabagen collection,
State University
Utrecht,
The Netherlands

dine. M9 medium-2 was a methionine- and cysteine-free
medium that differed from M9 medium-1 in that
MgSO4.7H2O was replaced by 250 I.Lg/ml MgCl2 and
the Casamino acids by a solution of all (20) amino acids
(250 I.Lg/ml) except methionine and cysteine. If required,
100 I.Lg/ml erythromycin and 20 I.Lg/ml kanamycin were
added.

DNA techniques. Procedures for DNA purification, re-
striction, ligation, agarose gel electrophoresis, and trans-
formation of competent E. coli cells were carried out
as described by Maniatis et al. (1982). Enzymes were
from Boehringer (Mannheim, FRG).

Western blot analysis. The expression of SPase I was
assayed by Western blotting (Towbin et al. 1979) on ni-
trocellulose membranes (BA 85; Schleicher and Schuell,
Dassel, FRG). SPase I production was monitored with
specific antibodies and subsequent tracing of bound an-
tibodies with alkaline phosphatase (AP)-anti-rabbit IgG
conjugates (Protoblot@, Western Blot AP system, Pro-
mega Biotec, Madison, USA). Reference SPase I was
purified from an overproducing strain as described by
Wolfe et al. (1983b).

Materials and methods

Bacteria and plasmids. Table 1 lists the bacterial strains
and plasmids used.

Media and plates. TY medium contained 10 g/l Bacto
tryptone, 5 g/l Bacto yeast extract and 10 g/l NaCl. M9
medium (MilIer 1972) for E. coli contained 0.4% glu-
cose, 15 Ilg/ml CaCI2, 250 Ilg/ml MgSO4.7H20, 0.02%
Casamino acids, 1 Ilg/ml thiamine and 2 Ilg/ml thymi-
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Protein content. Protein content was determined by tbe
metbod of Bradford (1976).

ultroscan X L enhanced laser densitometer (LKB, Swe-
den).

Pulse-chase protein labelling. Pulse-chase labelling for
studying the kinetics of processing of exported proteins
was carried out essentially as described by Minsky et al.
(1986). Exponentially growing cells in M9 medium-1,
supplemented with 0.2 mM isopropyl-p-D-thiogalacto-
pyranoside (IPTG), were washed once with M9 medium-
2 and incubated for 45 min in this methionine- and cys-
teine-free medium, which was also supplemented with
IPTG. Labelling with [3SS]methionine (15 ~Ci/ml;
1330 Ci/mmol; Radiochemical Centre, Amersham, UK)
for the times indicated in the respective experiments,
chasing with excess (2.5 mg/ml) non-radioactive methio-
nine and cysteine, and sampling, folIowed by immediate
precipitation with trichloroacetic acid (TCA; 0° C), were
performed as described previously (Van Dijl et al. 1988).

In vitro transcription, translation and processing. 35S-la-
belled precursors of exported proteins were synthesized
in vitro and their processing by purified SPase I at 37° C
was studied as described by de Vrije et al. (1987). In
co- and post-translational processing assays SPase I was
added to the translation mixture 5 min and 25 min af ter
the start of the translation, respectively. Incubation with
SPase I was continued for 30 min.

Results

Overproduction of signal peptidase I in E. co li

The E. coli Iep gene encoding SPase I (Wolfe et al. 1983a)
was inserted into plasmid pBS61L1pL, and placed under
the control ofthe repressible tac promoter, derived from
pKK223-3 (Fig. 1). This resulted in plasmid pGDL2.
In E. coli C600 the expression of the pGDL2-encoded
Iep gene resulted in approximately 25-fold overproduc-
tion of SPase I, as estimated from Western blots (Fig. 2).
In this strain the tac promoter appeared not to be detec-

Spheroplasting. To study the intracellular localization of
precursors and mature proteins pulse-chase labelling ex-
periments were performed as described above. However,
samples were not immediately precipitated with TCA,
but incubated for 30 min at 0° C with spheroplast buffer
(100 mM TRIS-HC1, pH 8.0, 0.5 M sucrose, 10 mM
EDTA, 0.1 mg/mllysozyme). Spheroplasts and periplas-
mic contents were then separated by centrifugation prior
to precipitation of the proteins with TCA.

-SPase IImmunaprecipitatian, palyacrylamide gel electrapharesis
and fluaragraphy .Immunoprecipitation was carried out
as described by Edens et al. (1982) with specific antisera.
Sodium dodecyl sulphate-polyacrylamide gel electro-
phoresis (SDS-PAGE) was performed according to
Laemmli (1970). (14C]Methylated molecular weight ref-
erence markers were from Amersham (Radiochemical
Centre, Amersham, UK). Fluorography was performed
as described by Skinner and Griswold (1983). Relative
amounts of radioactivity (pulse-chase experiments), or
of alkaline phosphatase staining (Western blot analysis)
were estimated by densitometer scanning with an LKB

2 3

Fig. 2. Production of SPase I. Escherichia coli C600 cells, trans-
formed with pBS61L1pL or pGDL2, were grown in M9 minimal
medium. Exponentially growing cells were lysed in buffer contain-
ing 0.1 M potassium phosphate, pH 7.2 and 0.2 mg/mllysozyme.
Similar amounts (approximately 0.02 mg) oftotal protein were sub-
jected to SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and
Western blotting. SPase I was detected with specific antisera. Lane
1, E. coli C600(pBS61L1pL); lane 2, E. coli C600(pGDL2); lane
3, reference SPase I
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Fig. I. Schematic presentation ofthe construction ofpGDL2. Only
restriction sites relevant for the construction and properties of the
plasmids are shown. The pSC101-derived plasmid pBS61LJpL (Van
Dijl et al. 1988) was linearized with Bg/II and ligated to a 2.3 kb
BamHI-Bg/II fragment from pTD101 (Date and Wickner 1981)

containing the promoterless Escherichia coli Iep gene and a BamHI
fragment (approximately 250 hp) from pKK223-3 containing the
tac promoter (de Boer et al. 1983). This yielded plasmid pGDL2
in which the Iep gene is placed under the control ofthe tac promoter



43

ly slowly in E. coli was pre(A2d)-/3-lactamase, a deriva-
tive of pre(A2)-/3-lactamase, from which the "pro-like "

region of the selected export function had been deleted.
Processing of a third precursor, pre(A13i)-/3-lactamase,
which was obtained by extending the hydrophobic core
(nine amino acids) of the relatively inefficient export
signal A13 with ten amino acids, was totally inhibited.
However, translocation of this precursor appeared not
to be affected since it was exposed to the periplasm,
giving rise to high levels of ampicillin resistance, al-
though it remained attached to the membrane (H. Srnith
et al., in preparation). As a control, the effects of SPase
loverproduction on the processing kinetics of wild-type
TEM-/3-lactamase were measured. Strains of E. coli
C600 producing the various plasmid-encoded hybrid /3-
lactamases were transformed with plasmids pGDL2
(overproduction of SPase I), or pBS61L1pL (standard
production of SPase I). The latter plasmids, based on
pSC101, were present in all test strains.

The results of the pulse-chase labelling experiments
with the various precursors are shown in Figs. 3 to 6.
Figure 3 shows that at 25° C the processing rate of wild-
type /3-lactamase, which is very high compared with
those of the other (hybrid) /3-lactamases, was not mea-
sureably affected by SPase loverproduction. The time
necessary to process 50% of the precursor (tso) was ap-
proximately 10 s both under standard conditions
(Fig. 3A and C), and when SPase I was overproduced
(Fig. 3 B and C). At 37° C processing was too fast to
allow detection of the precursor (data not shown).
Pre(A2)-/3-lactamase was processed more slowly than
wild-type /3-lactamase (Fig. 4). The tso, measured at

tably repressed, since the levelof SPase loverproduction
was similar in the presence or absence of IPTG (data
not shown). Moreover, SPase loverproduction did not
appear to be affected by the growth phase of the cells,
or by the growth medium (TY or M9; data not shown).
For the present studies plasmid pGDL2 offered two ad-
vantages over plasmid pTD101, which causes SPase I
overproduction to a similar level (Date and Wickner
1981). First, pGDL2 is compatible with the plasmids
encoding the hybrid pre-p-lactamases, which are based
on pBR322. Second, pGDL2 does not encode (wild-
type) p-lactamase, which would interfere with measure-
ment of the processing kinetics of the hybrid pre-p-lacta-
mases.

Effects of SPase [overproduction on the processing kinet-
ics of hybrid precursor proteins

In order to study the effects of SPase loverproduction
in E. coli C600 on the processing kinetics of various
hybrids of mature p-lactamase, fused to signal peptides
randomly selected from the B. subtilis chromosome,
pulse-chase labelling experiments were performed. Por
this purpose three hybrid pre-p-lactamases were chosen
that showed varying efficiencies of processing in E. coli
under standard conditions of SPase I production.
Pre(A2)-p-lactamase was one of the most efficient sig-
nals for processing (Smith et al. 1989a; H. Smith et al.,
in preparation). A precursor that was processed extreme-
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Fig.3A-C. Pulse-chase analysis of wild-type TEM-p-Iactamase
processing. The processing of wild-type pre-p-Iactamase by
Escherichia coli C600(pGB25, pBS61L1pL) (A) and E. coli
C600(pGB25, pGDL2) (B) was analysed by pulse-chase labelling
at 25° C and subsequent immunoprecipitation, SDS-PAGE and
fluorography as described in Materials and methods. Cells were
labelled for 30 s and samples were withdrawn af ter the chase (t=o)
at the times indicated. The kinetics of processing are plotted as
the percentage of the total p-Iactamase protein (precursor plus ma-
ture) that is still present in the precursor form at the time of sam-
pling. C (.) E. coli C600(pGB25, pBS61L1pL); (0) E. coli
C600(pGB25, pGDL2). p, precursor; rn, mature
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Fig. 4A-C. Pulse-chase analysis ofpre(A2)-p-lactamase processing.
The processing of pre(A2)-p-lactamase by Escherichia coli
C600(pSPB-A2, pBS61ApL) (A), and E. coli C600(pSPB-A2,
pGDL2) (B) was analysed by pulse-chase labelling at 25° C and
subsequent immunoprecipitation, SDS-PAGE and f1uorography as
described in Materials and methods. Cells were labelled for 60 s
and samples were withdrawn after the chase (t=o) at the times
indicated. The kinetics of processing are plotted as in Fig. 3. C
(.) E. coli C600(pSPB-A2, pBS61ApL); (0) E. coli C600(pSPB-A2,
pGDL2). p, precursor; rn, mature
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Fig. 6A-C. Pulse-chase analysis of pre(AI3i)-p-lactamase process-
ing. The processing of pre(AI3i)-p-lactamase by Escherichia coli
C600(pSPB-AI3i, pBS61ApL) (A) and E. coli C600(pSPB-AI3i,
pGDL2) (B) was analysed by pulse-chase labelling at 37° C and
subsequent immunoprecipitation, SDS-PAGE and fluorography is
described in Materials and methods. Cells were labelled for 60 s
and samples were withdrawn after the chase (t=o) at the times
indicated. The kinetics of processing are plotted as in Fig. 3. C
(.) E. coli C600(pSPB-AI3i, pBS61ApL); (0) E. coli C600(pSPB-
A13i, pGDL2). p, precursor; rn, mature

25° C, was about 150 s under standard conditions
(Fig. 4A and C). Under conditions of SPase I overpro-
duction (Fig. 4B and C) the tso was not significantly
reduced (data not shown). These results suggest that
SPase loverproduction has no effect on the rates of
processing of p-lactamase precursors that are already
efficiently processed under standard conditions of SPase
I production.

In contrast to the wild-type p-lactamase and pre(A2)-
p-lactamase, the processing kinetics of the other two
pre-p-lactamases studied were clearly affected by SPase
loverproduction. A drastic effect was observed with
pre(A2d)-p-lactamase. This precursor, which in E. coli
C600 is hardly processed under standard conditions
(Fig. 5A; H. Smith et al., in preparation), showed a dra-
matic increase in the rate of processing under conditions
of SPase loverproduction (Fig. 5 B) : about 65% of the
total (A2d)-p-lactamase was already processed 1 min
after the start of labelling (Fig. 5C; tso < 1 min). The
possibility that an unidentified suppressor mutation had
occurred in the signal sequence of pre(A2d)-p-lactamase,
which might explain the increased processing efficien-
cies, could be ruled out. Transformation of E. coli C600
with pSPB-A2d extracted from the SPase I overproduc-
ing strain, and subsequent pulse-chase analysis (under
non-overproducing conditions) revealed the original
slow processing kinetics, characteristic of pre(A2d)-P-
lactamase (data not shown).

The processing of pre(A13i)-p-lactamase was also
clearly affected by SPase loverproduction. In contrast
to the other two hybrid p-Iactamases described above, no processing at all of this precursor could be detected

under standard conditions (Fig. 6A; H. Smith et al., in
preparation). However, when SPase I was overproduced
a small amount of mature enzyme was detectable
(Fig. 6B), which was already present immediately af ter
the chase. lts relative amount (6% to 7% of the total
amount of [A13i)-f3-lactamase synthesized) remained al-
most unaltered during the period of sampling (Fig. 6 C),
indicating that its rate of processing was very high.
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Proteolytic processing of the precursors of translocated
proteins by SPases in E. coli is considered to be a pre-
requisite for the release of the mature enzyme into the
periplasm (Dalbey and Wickner 1985). It was therefore
of interest to study the localization of the slowly pro-
cessed export proteins used in these investigations (pre-
[A2d]-f3-lactamase and pre[A13i]-f3-lactamase), which
were sensitive to SPase loverproduction. The localiza-
tion of precursors and mature products was determined
by pulse-chase labelling of proteins, followed by spher-
oplasting, and subsequent separation of spheroplasts
and periplasmic contents by centrifugation. As controls,
the localizations of wild-type f3-lactamase and (A2)-f3-
lactamase were determined at 25° C. Apparently, pro-
cessing of wild-type f3-lactamase (the samples were taken
90 s af ter the chase) could not be stopped instantaneous-
ly by chilling on ice, as revealed by the fact that no
precursor could be detected. As expected, the mature
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Fig. 5A-C. Pulse-chase analysis of pre(A2d)-p-lactamase process-
ing. The processing of pre(A2d)-p-lactamase by Escherichia coli
C600(pSPB-A2d, pBS61ApL) (A) and E. coli C600(pSPB-A2d,
pGDL2) (B) was analysed by pulse-chase labelling at 37° C and
subsequent immunoprecipitation, SDS-PAGE and fluorography as
described in Materials and methods. Cells were labelled for 60 s
and samples were withdrawn after the chase (t=o) at the times
indicated. The kinetics of processing are plotted as in Fig. 3. C
(.) E. coli C600(pSPB-A2d, pBS61ApL); (0) E. coli C600(pSPB-
A2d, pGDL2). p, precursor, rn, mature

0

0}



45

A B A B (

m-

1 2 3 1 2 3

( D

R1 2 3 1 2 3

FE

p- -p

-rn

tant increase in the rate of release of the mature enzyme
into the periplasm. These results are in full agreement
with the idea (Dalbey and Wickner 1985) that proteolyt-
ic processing of the precursor is required for the release
of the mature protein into the periplasm.

Fractionation of cells producing (A13i)-p-lactamase
showed a different pattem. Under all conditions tested,
pre(A13i)-p-lactamase remained associated with the
spheroplasts (Fig. 7E and F). However, unexpectedly,
a major fraction of the mature enzyme, detectable only
under conditions of SPase loverproduction (Fig. 7 F),
was also associated with the spheroplast fraction. Only
about 20% of the mature enzyme, representing less than
2% of the total amount of (A13i)-p-lactamase synthe-
sized, was detectable in the periplasmic fraction. It re-
mains uncertain whether this small periplasmic fraction
resulted from true release into the periplasm as a conse-
quence of SPase I processing, or from lysis of a small
fraction of the spheroplasts.

2 3 2 3

Fig. 7 A-F. Localization of precursors and mature proteins. Cells
producing the respective precursors were pulse-labelled and chased
under the conditions indicated in the legends to Figs. 3-6. Samples
were withdrawn at various times after the chase (t=o) and the
cells were spheroplasted at 00 C. Total samples (1, spheroplasts
plus periplasmic content, 2, spheroplasts, and 3, periplasmic con-
tents) were precipitated with trichloroacetic acid (TCA), and ana-
Iysed by immunoprecipitation, SDS-PAGE and f1uorography as
indicated in Materials and methods. A Escherichia co/i
C600(pGB25, pBS61,1pL), t=90 s; B E. co/i C600(pSPB-A2,
pBS61,1pL), t=2 min; C E. co/i C600(pSPB-A2d, pBS61,1pL), t=
5min; D E. co/i C600(pSPB-A2d, pGDL2), t=5min; E E. co/i
C600(pSPB-A13i, pBS61,1pL), t=30min; F E. co/i C600(pSPB-
A13i, pGDL2), t=30min. p, precursor; rn, mature; R, molecular
weight reference (30 kDa)

p-lactamase fractionated with the periplasmic contents
(Fig. 7 A), which was not affected by SPase I overpro-
duction (data not shown). The localization ofpre(A2)-p-
lactamase and its mature product was determined in
samples taken 2 min af ter the chase. Although, as with
wild-type pre-p-lactamase, processing was not stopped
instantaneously, a significant amount of pre(A2)-p-lac-
tamase was detectable (Fig. 7 B), presumably as a conse-
quence of the fact that pre(A2)-p-lactamase is processed
more slowly than the wild-type pre-p-lactamase (Figs. 3
and 4). The pre(A2)-p-lactamase appeared to be exclu-
sively associated with the spheroplast fraction, whereas
most of the mature product (94%) was present in the
periplasmic fraction (Fig. 7 B). These results were not
altered by SPase loverproduction (data not shown).

In contrast, the levelof SPase I production clearly
affected the localization of (A2d)-p-lactamase in samples
taken 5 min af ter the chase (37° C). Although, as with
pre(A2)-p-lactamase, pre(A2d)-p-lactamase was asso-
ciated exclusively with the spheroplasts (Fig. 7C and D),
as a result of the increased rate of pre(A2d)-p-lactamase
processing under conditions of SPase loverproduction
(Fig. 5), a markedly increased amount of mature enzyme
could be detected in the periplasmic fraction (Fig. 7D).
These results indicate that overproduction of SPase I
not only resulted in a drastic increase in the rate of
pre(A2d)-p-lactamase processing, but also in a concomi-

In vitro processing

In order to determine wbetber tbe precursors studied
bere were appropriate substrates for SPase I, in vitro
syntbesized 35S-labelled precursors were incubated post-
translationally for 30 min witb purified SPase I. Tbe
amount of SPase I added corresponded to tbat present
in approximately 1.5 ml of exponentially growing cul-
tures (M9 medium-1 ; approximately 0.4 mg/ml protein)
of cells producing standard amounts of SPase I. For
unknown reasons pre(A13i)-p-lactamase could not be
syntbesized in vitro. Tbe results for tbe otber precursors
are sbown in Fig. 8. In agreement witb tbe results ob-
tained in vivo from pulse-cbase labelling experiments,
wild-type pre-p-lactamase and pre(A2)-p-lactamase ap-
peared to be efficiently processed: af ter treatment witb
SPase I 76% of tbe wild-type p-lactamase and 78% of
tbe (A2)-p-lactamase were mature. In contrast, pre-
(A2d)-p-lactamase was not processed in vitro by tbe
SPase I added. Similar results were obtained wben tbe
same amounts of SPase I were present during tbe syntbe-
sis of tbe precursors in a co-translational assay (data
not sbown).

Discussion

Recently we have shown that the efficiencies of translo-
cation and processing of different hybrid precursor pro-
teins containing signal peptides, selected from the B. sub-

+ + R +

Fig. 8A-C. In vitro processing. In vitro synthesized precursors were
incubated post-translationally for 30 min at 37° C with ( + ) or
without ( -) purified SPase I. A Wild-type pre-p-lactamase; B
pre(A2)-p-lactamase; C pre(A2d)-p-lactamase. p, precursor; rn,
mature; R, molecular weight reference (30 kDa)
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for a short period of time, a processing-competent con-
formation. Apparently, the increased availability of
SPase I allowed the processing of (part of) that fraction
of processing-competent pre(A13i)-p-lactallase mole-
cules. Illproper folding might also explain the poor re-
lease of the mature (A13i)-p-lactallase into the perip-
lasm. Minsky et al. (1986) have dellonstrated that the
release of mature wild-type p-lactallase occurs concomi-
tantly with a conformational change. This change might
be inefficient in (A13i)-p-lactallase, thereby preventing
efficient release.

A sillilar explanation to that given for the processing
of a fraction of pre(A13i)-p-lactallase might be enter-
tained for the effect of SPase loverproduction on the
processing of pre(A2d)-p-lactallase. In this case also,
processing of a certain precursor fraction occurred very
rapidly: about 65% of the total (A2d)-p-lactallase was
processed during the period of labelling (1 min). This
suggests that pre(A2d)-p-lactallase was processing com-
petent for a short period of time, and that illproved
availability of SPase I allowed the rapid processing of
a substantial fraction of the processing-competent pre-
cursor molecules, before they became a poor substrate
for SPase I. The in vitro processing experiments provide
additional support for the idea that pre(A2d)-p-lacta-
mase may assume a processing-incompetent conforma-
tion: while the in vitro synthesized wild-type pre-p-lacta-
mase and pre(A2)-p-lactallase were readily processed
by purified SPase I, the pre(A2d)-p-lactallase was not
processed by SPase I. The observation that even the
presence of SPase I during synthesis did not re sult in
processing of the latter precursor indicates that it as-
sulled the processing-incompetent conformation very

rapidly.
The results obtained with pre(A2d)-p-lactallase

under conditions of SPase loverproduction are rellinis-
cent of those obtained with the precursor of coat protein
of the mutant bacteriophage M13am8H1R6. The pro-
coat-R6, which differs in its mature part in three allino
acids froll the wild-type protein (Boeke et al. 1980), is
processed considerably more slowly (half-time approxi-
mately 60 s) than the wild-type procoat (half-time <2 s)
in infected cells (Russel and Model 1981). Date and
Wickner (1981) have dellonstrated that the rate of pro-
coat-R6 processing could be greatly increased by 30-fold
overproduction of SPase I. Thus, it would appear that
SPase loverproduction not only has a favourable effect
on the processing rate of this membrane spanning pro-
tein, but also on the processing rates of hybrid pre-p-
lactallases, exported into the periplasm.

Interestingly, pre(A2d)- and pre(A13i)-p-lactallase
are processed in B. subtilis under standard conditions,
although with a lower efficiency than the corresponding
non-llutated precursors pre(A2)- and pre(A13i)-p-lacta-
mase (H. Smith et al., in preparation). This suggests that
in B. subtilis either more SPase is available than in E.
coli, or that the interaction of these precursors with the
B. subtilis SPase is more efficient. Alternatively, B. subti-
lis might be able to control the folding of these precur-
sors more effectively than E. coli, resulting in prolonged
periods of processing competence.

ti/is chromosome, depend on (1) the export signal, (2)
the mature protein (tJ-lactamase and (X-amylase were
compared) and (3) the orgranism that expressed the pre-
cursors (B. subti/is and E. co/i were compared) (Smith
et al. 1989a, b; H. Smith et al., in preparation). These
effects might reflect either the folding properties of the
different precursors, or their interaction with particular
components of the bacterial export machinery, or both.

As a first approach to improve the export of two
slowly processed hybrid tJ-lactamases, we examined
whether the availability of SPase I might be a limiting
factor. Other studies have demonstrated that the reduced
availability of SecA, SecB, SecD, SecE, SecY (see Saier
et al. 1989), SPase I (Dalbey and Wickner 1985; Van
Dijl et al. 1988) and SPase II (Yamagata et al. 1982)
as compared with the wild-type situation results in im-
paired processing and export of periplasmic E. co/i pro-
teins. For our purpose, to study whether SPase I over-
production might result in increased rates of precursor
processing and protein export, we constructed the low
copy number plasmid pGDL2, carrying the E. co/i /ep
gene, encoding SPase I under the control of the strong
tac promoter (de Boer et al. 1983). E. co/i cells harbour-
ing pGDL2 overproduced SPase I about 25-fold. The
results showed that this levelof SPase loverproduction
was sufficient to alleviate several export defects in two
different hybrid tJ-lactamase precursors to different ex-
tents.

The stimulatory effect on export was most drastic
with pre(A2d)-tJ-lactamase. This precursor was obtained
by deletion of 37 amino acid residues from the signal
of the hybrid pre(A2)-tJ-lactamase, which is processed
efficiently (Fig.4; Smith et al. 1989a; H. Smith et al.,
in preparation). As compared with pre(A2)-tJ-lactamase,
processing of pre(A2d)-tJ-lactamase in E. co/i was severe-
ly retarded (Fig. 5; H. Smith et al., in preparation). This
retardation of processing could be largely abolished by
SPase loverproduction (Fig. 5). Moreover, the pro-
cessed (A2d)-tJ-lactamase was present in the periplasm,
which is in agreement with earlier experiments by Dalbey
and Wickner (1985) indicating that processing is a pre-
requisite for the release of mature proteins into the peri-
plasm.

In contrast to pre(A2d)-tJ-lactamase, pre(A13i)-tJ-lac-
tamase was, under standard conditions, not processed
at all (Fig. 6; H. Smith et al., in preparation). Neverthe-
less, pre(A13i)-tJ-lactamase was translocated across the
cytoplasmic membrane (H. Smith et al., in preparation).
This indicates that pre(A13i)-tJ-lactamase is a poor sub-
strate for SPase I in vivo. Since the original pre(A13)-tJ-
lactamase was processed efficiently (Smith et al. 1989a,
b; H. Smith et al. in preparation) and the insertion of
ten additional hydrophobic amino acids in the hydro-
phobic core of signal A13 lef t the putative SPase I pro-
cessing site unaltered, we speculate that the conforma-
tion of pre(A13i)-tJ-lactamase was such that the interac-
tion with SPase I was severely affected or, alternatively,
that the SPase I cleavage site was not properly exposed.
The observation that overproduction of SPase I caused
some cleavage of pre(A13i)-tJ-lactamase (6% to 7%)
shortly af ter its synthesis suggests that it had, at least



Both the in vivo and the in vitro experiments indicat-
ed that wild-type and pre(A2)-f3-lactamase are appro-
priate substrates for SPase I. Overproduction of SPase
I had no, or only limited effect on the processing kinetics
of these precursors. This suggests that the availability
ofSPase I is not limiting for the export ofthese efficient-
ly processed precursors. Similar results have been ob-
tained for the in vivo processing rates of wild-type pre-f3-
lactamase and pre-PhoE (Anba et al. 1986) and pre-mal-
tose-binding protein (Randall and Hardy 1984).

In summary our results indicate that the export of
proteins that are processed with low efficiencies under
standard conditions in particular may be considerably
improved by overproduction of SPase I. We conceive
that this could be of considerable help in improving the
export of heterologous proteins, for instance from euk-
aryotic sources, which are frequently exported with low
efficiencies in E. coli and other prokaryotes.
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