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et al. 1983), and the Isp gene, encoding SPase II (Innis et al.
1984; Y u et al. 1984), are essential in E. coli.

The primary aim of the present investigations was to
examine the role of SPase I in the synthesis, translocation
and processing of secretory proteins derived from Gram -
and Gram + bacteria in E. coli. To this purpose we have

constructed a mutant in which the synthesis of SPase I
can be regulated. Using this mutant we studied the effects
of inhibition of processing on the synthesis and processing
rates of two model proteins: (1) E. coli (Gram-) TEM-P-
lactamase (EC 3.5.2.6); and (2) Bacillus licheniformis
(Gram+) cx-amylase (EC 3.2.1.1). The gelles encoding these
proteins had already been cloned (Bolivaret al. 1977; Gist-
Brocades N.V., European patent application 8320106.9,
1983) and sequenced (Sutcliff 1978; Yuuki et al. 1985).

In addition to generally confirming, with a different SYS-
tem to regulate SPase I synthesis, the conclusion of Dalbey
and Wickner (1985) that the Iep gene is essential and that
SPase I limitation retards the processing of M13 coat pro-
tein, maltose binding protein and OmpA protein, we show
that SPase I limitation also resulted in reduced rates of
E. coli TEM-p-lactamase processing. In contrast with
TEM-p-lactamase, we were unable to demonstrate the pre-
cursor form of wild-type B. licheniformis cx-amylase, despite
the requirement for a signal peptide for translocation
(Smith et al. 1987). Moreover, SPase I limitation resulted
in a severe reduction of the synthesis of cx-amylase. This
suggests an intimate relationship between the processing
and synthesis of cx-amylase.

Summary. A mutant of Escherichia coli, in which signal
peptidase I synthesis can be regulated, was constructed. The
mutant was used to study the effects of signal peptidase
I limitation on the synthesis and efficiency of processing
of two proteins: the periplasmic E. coli TEM-p-lactamase
and Bacillus licheniformis a-amylase, which also accumu-
lates in the periplasm of E. coli. Signal peptidase I limitation
resulted in reduced rates of processing of pre-p-lactamase
and in strong inhibition of synthesis of a-amylase. The data
suggest that p-lactamase is processed post-translationally
and that an intimate relationship exists between the synthe-
sis and processing of a-amylase.

Key words: Signal peptidase I -TEM-p-lactamase -a-amy-
lase -Controllable processing -Lambda PL

Materials and methods

Bacteria and plasmids. Table llists the bacterial strains and
plasmids used.

Media and plates. TY medium and plates contained (per
liter) tryptone (10 g), yeast extract (5 g) and NaCl (10 g).
M9 medium (Miller 1972) was supplemented in two differ-
ent ways: M9 medium-1 contained glucose (0.4%), CaC12
(15 ~g/ml), MgSO4.7H2O (250 ~g/ml), casamino acids
(0.02%), thiamine (1 ~g/ml) and thymidine (2 ~g/ml). M9
medium-2 is a methionine- and cysteine-free medium which
differed from M9 medium-1 in that the MgSO4.7H2O was
replaced by MgC12 (250 ~g/ml) and the casamino acids by
a solution containing all amino acids (2.5 mg/ml each) ex-

Introduction

Several genes are involved in the translocation of proteins
across the cytoplasmic membrane of Escherichia coli (for
review, see Oliver 1985). Although some of the proteins
encoded by these genes, like SecA and SecY, have been
identified and characterized, little is known about their pre-
cise role in the translocation process (Akiyama and Ito
1986; Bacallao et al. 1986; Liss and Oliver 1986; Oliver
and Beckwith 1982). However, the role of the processing
enzymes signal peptidase I and II (SPase I and II) has been
described in more detail. These enzymes are responsible
for the proteolytic removal of NH2-terminally located sig-
nal peptides from the pr~bursors of translocated proteins.
SPase I, also known as leader peptidase, has been shown
to process M13 procoat and several periplasmic and outer
membrane proteins (Dalbey and Wickner 1985; Wolfe et al.
1982), except glyceride modified lipoproteins, which are
processed by SPase II, also known as prolipoprotein signal
peptidase (Tokunaga et al. 1982; Yamada et al. 1984; Ya-
magata et al. 1982). Limitation of SPase I (Dalbey and
Wickner 1985), or mutations in SPase II (Yamagata et al.
1982), result in reduced processing rates of precursor pro-
teins and in a concomitant, severe inhibition of cell growth,
probably caused by the accumulation of precursor proteins.
This-indicates that the lep gene, encoding SPase I (Wolfe
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Table Bacterial strains and plasmids (1982). Enzylles were froll Boehringer (Mannheill, FRG)
and [CX-32p]dCTP (3000 Ci/llMol) was obtained froll
Allershall International.Plasmid Of

stfain

Properties and genotype" Saurce ar
reference

Detection of IX-amylase activity. E. coli colonies were grown
on TY agar supplemented with 1% soluble starch. After
the addition of iodine reagent (0.3% 12, 0.6% KI), clear
halos appeared around IX-amylase-producing colonies.

Plasmids

pPLc2819 Remaut et
al. (1981)

pTD10l Date

Wick

(1981

This

Pulse-chase protein labeling. Pulse-chase labeling of proteins
to study the kinetics of their synthesis and processing was
carried out essentially as described by Minsky et al. (1986).
For these experiments E. coli N4156: :pGD28(pGDA2) was
used. M9 medium-1 (20 ml), containing ampicillin and kan-
amycin, was inoculated with a colony of this strain, grown
at 42° C on TY medium which also contained ampicillin
and kanamycin. This culture was divided into two equal
portions, one of which (culture A) was incubated at 28° C
to prevent de novo synthesis of SPase I due to the presence
of active c/857 repressor at this temperature. The other
portion (culture B) was incubated at 42° C as a control
in which de novo synthesis of SPase I could proceed. After
7 generations, necessary to dilute the SPase I in the cells
after the temperature shift of culture A to 28° C, both cul-
tures A and B were washed once with M9 medium-2 and
resuspended in 5 ml of this methionine- and cysteine-free
medium. Incubation at the appropriate temperatures (28° C
and 42° C) was continued for 45 min, to deplete the free
methionine and cysteine pools of the cells. To eliminate
temperature effects on the kinetics of protein synthesis and
processing, both cultures A and B were incubated at the
same temperature (24° C) for 10 min prior to labeling. Pro-
teins were labeled by incubating the cultures in the presence
of [35S]-methionine (15 ~Ci/~l; 1005 Ci/mMol; New Eng-
land Nuclear) for 30 s at 24° C. Immediately after the pulse,
further incorporation of radioactivity was prevented by the
addition of excess (2.5 mg/ml) non-radioactive methionine
and cysteine. Subsequently, as a function of time, samples
(0.5 ml) were withdrawn, immediately mixed with an equal
volume of ice-cold trichloroacetic acid (TCA) and kept on
ice for 30 min. Precipitates were collected by centrifugation,
washed 3 times with acetone, vacuum-dried and dissolved
in 0.1 ml of 50 mM Tris-hydrochloride (pH 8.0), 2 mM
EDT A, 2% sodium dodecyl sulphate (SDS) by boiling
(5 min). In some experiments, processing of proteins was
partially inhibited by adding the proton motive force dissi-
pator (uncoupler) carbonyl cyanide m-chlorophenylhydra-
zone (CCCP) at a final concentration of 50 ~M to the cul-
ture, 4 min prior to the addition of label.

pGD28

pBS61 Stoker et
al. (1982)

pBS61L1pL This paper

pBS61ApLAcI This paper

pGK13-amy+ Laboratory

collection

pGDA2 This paper

pGDA3 This paper

pBR322-derived expression
vector carrying the lambda
PL promoter; 2.8 kb; Apr

pBR322 carrying the
Escherichia coli lep operon;
8.9 kb; Apr; SPase+

pPLc2819-derivative carrying
the central part of the
Escherichia coli lep operon;
4.9 kb; Apr; SPase-

pSC105-derived expression
vector carrying the lambda
PL promoter and the lambda
c/857 gene; 9.8 kb; Kmr

pBS61 from which the lambda
PL promoter was deleted ;
7.3 kb; Km'

pBS61L1pL from which the
lambda c/857 gene was
removed; 6.2 kb; Kmr

pGK13 carrying the IJ(-amylase
gene of Bacillus licheniformis;
7.8 kb; Cmr; Emr

pBS61L1pL carrying the
IJ(-amylase gene of
Bacillus licheniformis; 10.2 kb;
Kmr

pBS61L1pLL1cI carrying the
IJ(-amylase gene of
Bacillus licheniformis; 9.1 kb;
Kmr

Strains

Escherichia coli

C600 thr leu thi lac y tonA phx supE

vtr

Phabagen col-
lection State
U niversity
Utrecht, The
Netherlands

Gellert
et al. (1977)

This paper

N4156 polA end thy gyrA

N4156::pGD28 Derivative ofN4156 carrying
pGD28 in the chromosome; Ap'

N4156::pGD28 Unable to grow at 28° C; Ap'
(c/857)

This paper Immunaprecipitatian, palyacrylamide gel electrapharesis and
fluaragraphy. Immunoprecipitation was carried out as de-
scribed by Edens et al. (1982) with specific antisera. SDS-
polyacrylamid.e gel electrophoresis was performed accord-
ing to the method of Laemmli (1970). r4C]-Methylated
molecular weight reference markers (Amersham Interna-
tional) were lysozyme (14300 dalton), carbonic anhydrase
(30000 dalton), ovalbumin (46000 dalton), bovine serum
albumin (69000 dalton), phosphorylase b (92500 dalton)
and myosin (200000 dalton). Fluorography was performed
as described by Skinner and Griswold (1983). Relative
ambunts of radioactivity were estimated by densitometer
scanning of films with a double-beam recording microdensi-
tometer.

a Ap; ampici!!in; SPase, signa! peptidase; Km, kanamycin; Cm

ch!oramphenico!; Em, erythromycin

cept methionine and cysteine. Ir required, ampicillin (40 I.tg/
ml) and kanamycin (20 I.tg/ml) were added.

DNA techniques. Procedures of DNA purification, restric-
tion, ligation, agarose gel electrophoresis, Soqthern blot-
ting, nick translation and transformation of competent
E. coli cells were carried out as described by Maniatis et al.

and

ner

paper
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EcoRI
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Fig. 1. Campbell-type integration of pGD28 into the Iep region of the Escherichia coli
N4156 chromosome, resulting in lambda PL -controlled transcription of the Iep gene. P,

promoter; T, terminator; bla, gene encoding p-Iactamase; LepA' and Lep', 5' deleted lepA
and 3' deleted Iep gene, respectively

~

Results

Construction of a mutant

with controllable SPase I expression

To study the role of SPase I, mutant N4156::pGD28, in
which the expression of SPase I can be modulated, was
constructed. In this mutant the originallep gene promoter
was replaced by the repressible leftward promoter (PL) of
phage lambda. The construction of this strain is shown
schematically in Fig. 1. pGD28 was constructed by the in-
sertion of a 2.0 kb SmaI-Hindl11 fragment containing the
central part of the lep operon (March and Inouye 1985)
in the multiple cloning site (M CS) of pPLc2819. E. coli
N4156, deficient in DNA polymerase I, was transformed

to ampicillin resistance with pGD28. Since pGD28, con-
taining the pBR322 replication functions, is unable to repli-
cate in polA strains, transformants can only be obtained
as a re sult of a Campbell-type integration into the homolo-
gous Iep sequences on the chromosome (Yamaguchi and
Tomizawa 1980). This would disrupt the lep operon: the
lepA gene would remain under control of its own promoter ,
whereas the lep gene would be controlled by PLo Correct
integration was confirmed by Southern blotting of EcoRI-
cleaved chromosomal DNA, extracted from ampicillin-re-
sistant N4156 transformants, using pGD28 as a hybridiza-
tion probe (data not shown).

To render transcription of the lep gene controllable, the
temperature-sensitive lambda c/857 repressor was intro-
duced in E. coli N4156::pGD28. To this purpose



58

This suggests that growth is iffipaired in the presence of
active c/857 repressor. A possible explanation for the obser-
vation that transformants carrying the cJ857 repressor gene
still appeared at 28° C is that a considerable nuffiber of
generations are required to reduce the initial affiount of
SPase I to such an extent that further growth is prevented.
This explanation appeared to be correct, because af ter
transfer of the transformants grown at 28° C to fresh plates
and subsequent incubation at 28° C and 42° C, colonies
of N4156::pGD28(pBS61LlpL or pGDA2) were unable to
grow at 28° C, whereas the growth at 42° C was not inhib-
ited (Fig. 3 B). In contrast, no reduced viability at 28° C
was observed when N4156::pGD28 (pBS61LlpLLlcI or
pGDA3) was transferred to fresh plates (Fig. 3A). This
clearly shows that the c/857 gene product, and therefore
the absence of Iep gene expression, was responsible for
growth inhibition at 28° C. Taken together, these data sug-
gest that in E. coli N4156::pGD28, in which the teffipera-
ture-sensitive repressor gene had been introduced, condi-
tional SPase I expression had been achieved.

100
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Fig.3A, B. Growth of Escherichia coli N4156::pGD28
(pBS61L1pL, pBS61L1pLL1cI, pGDA2 or pGDA3) at 28° C and
42° C. The viability of 50 transformants of each class obtained
at 28° C was tested by transfer to fresh plates and subsequent
incubation at 28° C or 42° C. The relative number of toothpickings
on fresh plates that developed into colonies at both temperatures
was determined as a function of time of incubation. A no c/857
gene present (pBS61L1pLL1cI or pGDA3); B cI857 gene present
(pBS61L1pL or pGDA2). (0),28° C; (.),42° C

Synthesis and processing of p-lactamase
and(X-amylase in E. coli N4156::pGD28

To study the effects of SPase I limitation on the synthesis
and processing of p-lactamase and (X-amylase, E. coli
N4156::pGD28 was transformed with pGDA2. Colonies
resistant to ampicillin and kanamycin were selected at
42° C. M9 medium-1, containing ampicillin and kanamycin,
was inoculated with a single transformant and growth at
28° C (culture A) and at 42° C (culture B) was optically
monitored (A6oo). After 21 h corresponding to approxi-
mately 7 generations, growth at 28° C ceased whereas
growth at 42° C continued, indicating that within 7 genera-
tions the concentration of SPase I in the cells had been
reduced to such an extent that further growth was pre-
vented. Therefore, in the pulse labeling experiments aimed
at measuring the synthesis and processing of p-lactamase
and (X-amylase under conditions of SPase I limitation, cells
were grown for 7 generations on M9 medium-1 prior to

pBS61L1pL, carrying the cJ857 repressor gene and pGDA2,
additionally carrying the B. licheniformis IX-amylase gene,
were constructed and are schematically presented in Fig. 2.
Since it has been reported that in E. coli lep is an essential
gene (Dalbey and Wickner 1985; Date 1983), we examined
the effect of the presence of the cJ857 repressor on the
viability of E. coli N4156 : : pGD28 at 28° C and 42° C after
transformation with pBS61L1pL and pGDA2. Unexpected-
ly, equal numbers of ampicillin- and kanamycin-resistant
transformants were obtained upon 24 h incubation at 28° C
and 42° C. However, the colonies obtained upon incubation
at 28° C were smaller than colonies obtained by transforma-
tion with pBS61L1pLLIcI and pGDA3, both lacking the
cJ857 gene, which had grown for the same time at 28° C.
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Fig. 4A, B. Effects of signal peptidase I limitation on the synthesis and processing of Escherichia coli TEM-p-Iactamase and Bacillus
licheniformis IJ(-amylase. E. coli N4156: :pGD28 transformed with pGDA2 was grown in M9 medium-1 at 28° C or 42° C. Pulse-chase
labeling ofproteins was carried out essentially as described by Minsky et al. (1986). Samples were taken 15 s after the chase. A p-Iactamase;
B IJ(-amylase; lanes 1, 2, 4, 5, samples of cells cultivated at 42° C; lanes 3, 6, samples of cells grown at 28° C; lanes 2, 5, samples
of cells labeled in the presence of carbonyl cyanide m-chlorophenylhydrazone. p and rn in A indicate the positions of pre-p-Iactamase
and the mature enzyme, respectively; p in B indicates the expected position of pre-lJ(-amylase on the basis of the molecular weight
deduced from sequence data; rn in B indicates the position of mature IJ(-amylase



59

~
--
t..
O
VI
t..
;:,
\J

~
Q

Discussion
... '""

-
.

50 ,
~

~

~

-
.

0 ~ ..-:::::=
I

0 60 120 180

Time (sI

Fig. 5. Killetics of processing of p-Iactamase and cx-amylase. Tbe
processing of p-Iactamase and cx-amylase in strain N4156::pGD28
(pGDA2) was analysed by pulse-cbase labeling essentially as de-
scribed by Minsky et al. (1986). Tbe relative amounts of precursor
and mature p-Iactamase and cx-amylase in samples taken 15, 30,
60 and 150 s af ter tbe c base were estimated by densitometric scan-
ning of tbe autoradiograms. Sample of cells grown at 28° C, (.)
p-Iactamase; samples of cells grown at 42° C, (.) p-Iactamase, (0)
cx-amylase; samples of cells grown at 42° C labeled in tbe presence
of carbonyl cyanide m-cbloropbenylbydrazone, (A) p-Iactamase;
(8) cx-amylase

The primary aim of our investigations was to study the
role of cellular functions involved in the synthesis and pro-
cessing of exported proteins in E. coli. One of the key en-
zymes in this process is SPase I, which cleaves the signal
peptide from the mature protein during or shortly af ter
translocation across the cytoplasmic membrane (Randall
and Hardy 1984). In this paper we focused on the role
of this enzyme on several aspects of the translocation of
TEM-p-lactamase from E. coli and IX-amylase from B. li-
cheniformis to the periplasm.

In our approach, a mutant was constructed in which
the synthesis of SPase I could be controlled by the subse-
quent introduction of plasmids carrying a temperature-sen-
sitive repressor gene. The strategy used to construct the
mutant was to place the chromosomaliep gene under con-
trol of the lambda PL promoter. This was achieved by a
Campbell-type integration of a pBR322-derived plasmid,
carrying lambda PL and part of the cloned Iep operon, into
the chromosome of an E. coli polA strain in which this
vector is unable to replicate (Yamaguchi and Tomizawa
1980). The introduction of low-copy plasmids carrying the
cJ857 gene, encoding temperature-sensitive repressor, en-
abled us to control the expression of the Iep gene. The
fact that in the presence of active cJ857 repressor (28° C)
the colony-forming capacity of this strain was very nearly
absent, corroborates the idea that Iep is an essential gene
(Date 1983). The same conclusion was reached by Dalbey
and Wickner (1985) who used a system in which the tran-
scription of the Iep gene was controlled by the repressible
arabinose B promoter .

One significant outcome of the present results is that
SPase I limitation reduced the rate of processing of p-lacta-
mase considerably (8-fold). A similar conclusion was drawn
by Dalbey and Wickner (1985) in their studies with M13
coat protein, maltose binding protein and OmpA protein.
Our results also show that SPase I limitation was considera-
bly more effective in reducing the rate of processing of
pre-p-lactamase than CCCP. An additional adverse effect
of CCCP was the reduction of protein synthesis, probably
as a consequence of secondary effects such as the reduction
of amino acid uptake.

Moreover, the present results show that under condi-
tions of SPase I expression (culture B, 42° C) and SPase
I limitation (culture A, 28° C) both labeled pre-p-lactamase
and mature product were jointly detectable. The progressive
conversion of pre-p-lactamase to mature product, which
is in agreement with previous reports (Koshland and Bot-
stein 1982), suggests that p-lactamase is processed post-
translationally.

In contrast to p-lactamase, in the case of IX-amylase only
mature product could be detected under conditions of SPase
I expression. It is highly unlikely that the absence of label
at the precursor position was the result of an inefficient
interaction with anti-IX-amylase serum. In similar experi-
ments, in which the processing of IX-amylase preceded by
a foreign signal sequence was studied, the radioactivity was
clearly present at the position of precursor molecules (H.
Smith, unpublished results). At least two possible explana-
tions can be envisaged for the observation that only mature
IX-amylase is detectable in cells grown at 42° C. The first
is that the processing of pre-IX-amylase is too fast to be
detectable in the assays used here. An alternative explana-

the addition of labeled methionine. The results are shown
in Figs. 4 and 5. As expected, processing of pre-p-Iactamase
(31500 dalton) to mature product (29000 dalton) was ob-
served in cells grown at 42° C. Under these conditions pre-
p-Iactamase had a half-life of 55 s (Fig. 5). The addition
of CCCP increased the half-life to approximately 100 s, in-
dicating that the rate of pre-p-Iactamase processing was
reduced by this uncoupler. In addition, CCCP reduced the
synthesis of p-Iactamase about 5-fold. In contrast, in cells
grown at 28° C, the amount of p-Iactamase synthesized was
of the same order of magnitude as in cells grown at 42° C,
whereas the rate of processing of pre-p-Iactamase was
strongly reduced. Under these conditions pre-p-Iactamase
had a half-life of approximately 450 s. Furthermore, the
progressive processing of the precursor strongly suggests
that p-Iactamase can be processed post-translationally.
Moreover, it is worthwhile noting that in early samples
(15 s) a variet y of bands with molecular weights smaller
than 31500 dalton were detectable (Fig. 4A). Most likely,
these bands correspond to incomplete p-Iactamase mole-
cules since they disappeared as a function of time (data
not shown).

In contrast to p-Iactamase, only mature cx-amylase
(55200 dalton) could be detected in cells grown at 42° C
(Figs. 4, 5). Aiso, in the presence of the uncoupler CCCP ,
which reduced the amount of cx-amylase synthesized about
5-fold, precursor forms were undetectable. This seems to
indicate that the rate of processing of cx-amylase is extremely
high. Under the conditions of SPase I limitation (cells
grown at 28° C) extremely little mature cx-amylase was de-
tectable (Fig. 4) while wild-type cells (also grown at 28° C)
showed no decreased cx-amylase synthesis (data not shown).
This suggests that the synthesis of cx-amylase is tightly
coupled with the processing of the pre-enzyme.

100
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tion is that the processing of IX-amylase starts before its
translation is completed. Indications that several E. coli
proteins can be co-translationally translocated and pro-
cessed have been obtained by Josefsson and Randall (1981).
However, contrary to IX-amylase, the proteins studied by
these investigators could also be detected in the form of
complete precursor molecules. Therefore, if the latter expla-
nation is correct one has to assume that, in the case of
IX-amylase, the proteolytic removal of the signal peptide
is also exceedingly fast.

In addition to the absence of IX-amylase precursor in
cells grown at 42° C, the second and perhaps more striking
finding was that in cells grown at 28° C, thus under condi-
tions in which SPase I was limiting, barely any synthesis
of IX-amylase was observed. This indicates an extremely
tight coupling between the processing and the synthesis of
this exo-enzyme, in the sense that processing seems to be
a prerequisite for synthesis. In this respect, the strong cou-
pling between processing and protein synthesis is reminis-
cent of the situation in eukaryotes, in which most enzymes
are co-translationally translocated across membranes (for
review, see Wickner and Lodish 1985).

Why the synthesis of IX-amylase appears to depend on
the availability of SPase I can only be speculated on. It
is conceivable that SPase I interacts with the nascent precur-
sor of IX-amylase in such a way that transcription/transla-
tion can proceed. An alternative explanation is that the
expression of IX-amylase is affected by the SPase I limita-
tion-induced accumulation of precursor forms of post-
translationally processed proteins, possibly through a mech-
anism of competition for hypothetical export components
that are required both for the translocation of these precur-
sors and the initiation or continuation of IX-amylase expres-
sion. Finally, it can be conceived that SPase I limitation
results in inhibition of expression of the IX-amylase gene
because of secondary effects not involving the export ma-
chinery, such as the lack of cyclic AMP, as has been re-
ported to be the cause of inhibition of expression of maltose
binding protein in a conditional secA mutant (Strauch et al.
1986).
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