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Signal sequences of pfokaryotic exported proteins have a dipolar character due to positively charged amine-acid 
residues at the N-terminus and to a preferentially negatively charged region around the cleavage site. The role of the 
two lysine residues at the N-terminus of the signal sequence of outer membrane protein PhoE of E. co/i-KI2 was 
investigated. Replacement of both of these residues by aspartic acid slightly affected the kinetics of protein 
translocatiou in vivo. This export defect, which was observed only when PhoE was overproduced, could not he 
suppressed by the p d A 4  mutation, which has been shown to restore export defects caused by alterations in the 
hydrophobie core of the signal sequences of various exported proteins. In an in vitro translncation assay, the export 
defect was more pronounced. Replacement of both lysines by uncharged residues did not disturb the kinetics of protein 
export in vivo. in the in vitro assay, an extraordinarily efficient processing was detected upon incubation of this 
precursor with inverted cytoplasmic membrane vesicles. However, this efficient processing was not accompanied by 
more efficient translocation of the protein. We conclude that the positively charged residues at the N-terminus of the 
signal sequence are not essential for protein export, but contribute to the efficiency of the process. 

Introduction 

Proteins which are exported from the cytoplasm of 
E. coil K-12 are synthesized as precursors with an 
N-terminal 15-30 amino-aciid-iong extension called the 
signal sequence. These signal sequences are essential for 
translocation of the protein across the cytoplasmic 
membrane [1,2]. During or shortly after translocation 
the signal sequence is proteolyticaily removed by one of 
two distinct leader peptidas~,'s, which are located in the 
cytoplasmic membrane. Leader peptidase It removes 
the signal sequence from lipoprotein molecules, whereas 
leader peptidase I removes the signal sequence from 
other precursors. 

Structural similarities among signal sequences can be 
used to divide the signal sequence into three segments 
[3]: (i) an N-terminal positively charged segment con- 
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taming 1-3 basic amino-acid residues, (ii) a hydro. 
phobic core of 10-15 amino-acid residues and (iii) a less 
hydrophobic C-terminal segment containing the signal- 
sequence cleavage site. The region around the cleavage 
site seems to be preferentially negatively charged [4]. 
Especially the amino acid at position + 2 in the mature 
protein is strongly biased towards negatively charged 
residues, whereas neither an Arg nor a Lys has been 
observed in this position. 

Of these three segments, the functioning of the hy- 
drophobic core is best-documented. Mutations which 
reduce the length or hydrophobicity of this segment in 
the signal sequences of several proteins have been de- 
scribed [1,5,6]. In general, these mutations have a pro- 
nounced effect on the translocation efficiency. The ef- 
fects of these mutations can extragenicaily be sup- 
pressed by mutations in the prlA ( secF)  gene [6-8]. 

We have recently studied the role of the negatively 
charged residues in the region around the processing 
site. Replacement of the Giu residue in position + 2 of 
the mature o,~ter membrane PhoE protein by Lys re- 
sulted in a weak export defect when studied in vivo or 
in vitro (unpublished data). Reduced cleavage efficiency 
by purified leader peptidase I suggested a conforma- 
tional alteration in the mutant precursor, it was argued 
that this negatively charged residue might function in 
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connection with the positively charged residues at the 
N-terminus of the signal sequence to stabilize a looped 
structure oi" the signal sequence [9], which may be 
required for export. 

The role of the positively charged residues at the 
N-terminus of the signal sequence is not well under- 
stood. In case of the major outer membrane lipoprotein, 
the total charge at the N-terminus has systematically 
been reduced from +2  to +1,  0, - 1  and - 2  [10,11]. 
Reduction to 0 had an effect on protein synthesis but 
hardly or not on translocation. However, it should be 
noted that the second residue of the signal sequence in 
this construct was Ala. It seems likely that the initiator 
fMet is cleaved off when followed by Ala [12,13], thus 
creating a positive charge at the N-terminus. When the 
charge was further reduced to - 1  or - 2 ,  there was a 
pronounced effect on translocation in vivo. However, 
when the functioning of these mutant signal sequences 
was tested in an in vitro system using inverted micro- 
somal membranes, no translocation defect was observed 
[14]. 

Since the situation in the signal sequence of the 
lipoprotein is not completely clear, and also since the 
iipoprotein follows at least partly a different transloca- 
tion pathway, as evidenced by the dependency on a 
distinct leader peptidase and as suggested by the dis- 
tinctive properties of lipoprotein signal sequences [15], 
we wanted to assess the functioning of the positive 
charges at the N-terminus of ti~',: signal sequence of 
PhoE protein. In the present study, we replaced the 
basic amino-acid residues in the PhoE signal sequence 
by neutral and acidic residues. We studied the influence 
of these mutations on translocation and processing in 
vivo as well as in vitro. 

Material and Methods 

Bacterial strains, plasmids and growth conditions 
Bacterial strains used were all derivatives of E. coil 

K-12. CE1224 is deleted for phoE and does not produce 
the related OmpF and OmpC proteins as a result of an 
ompR mutation [16]. CE1248 also contains phoE and 
ompR mutations and carries in addition a phoR muta- 
tion resulting in constitutive expression of the pho 
regulon [17]. Strain NT1004 [7] is aderivative of MC4100 
and carries the prlA4 allele. This mutation suppresses 
the effect of defective signal sequences. Strains IQ85 
[18] and MM52 [19] are also derivatives of MC4100 and 
contain the temperature-sensitive mutant alleles secY24 
and secA51, respectively. At the restrictive temperature, 
these strains are defective in protein export. Plasmid 
priG329 is a derivative of pUC18 and carries the LacZa 
expression region with a multiple cloning site and the 
rop gene for controlled plasmid replication [20]. Unless 
stated otherwise, bacteria were grown under aeration at 
37°C in L-broth [16] or in a medium described by 

Levinthal et al. [21] in which the phosphate concentra- 
tion is limiting for growth. Where necessary, the medium 
was supplemented with chloramphenicol (25/ tg/ml)  or 
ampicillin (50/ tg/ml) .  

DNA manipulations 
Plasmid DNA was prepared as described in Ref. 22 

by Birnboim and Doly, followed by CsCl-ethidium 
bromide isopycnic centrifugation. Recombinant DNA 
techniques were performed essentially as described by 
Maniads et al. [23]. Restriction endonuclease reactions 
and bacteriophage T4 DNA ligase treatments were per- 
formed as proposed by the manufacturers of these 
enzymes. The synthetic oligonucleotides were synthe- 
sized on a Biosearch 8600 DNA synthesizer, DNA 
sequencing was performed as described by Sanger et al. 
[24]. 

The construction of the recombinant plasmids is 
outlined in Fig. 1. Plasmid pJP315 was constructed 
previously [25] and carries a deletion which removes the 
complete promotor region and the codons for the first 
three amino-acid residues (Met-Lys-Lys) of the PhoE 
signal sequence. A Sail recognition site overlapping 
with the fourth codon of the signal sequence is present. 
The plasmid was digested with EcoRV and BamHI 
linkers were ligated to the DNA. Subsequently, a Sall- 
BamHI restriction fragment was isolated and ligated 
into plasmid priG329. Due to an in-frame fusion with 
the DNA c0aing for LacZa, the resulting plasmid 
pLAC-200 encodes an N-terminally extended PhoE pre- 
cursor as indicating in Fig. 1. Mutagenic cassettes were 
synthesized containing a ribosome binding site (SD) 
and three codons for the first three amino-acid residues 
of the signal sequence. To terminate possible translation 
of a fusion protein the cassettes contained a stopcodon 
in the PhoE reading frame upstream from the ribosome 
binding site. The cassettes are flanked by HindllI and 
SalI cohesive ends. The mutagenic cassettes 1, 2 and 4 
were iigated into HindIII- and SalI-digested pLAC-200, 
resulting in the plasmids pLAC-201, pLAC-202 and 
pLAC-204. These phoE constructs were subcloned to 
obtain protein expression under control of the phoE 
promoter. To this purpose, plasmid pJP360 (unpub- 
lished data), a derivative of pJP29 of which the DNA 
coding for the PhoE signal sequence is deleted but 
which still contains a functional phoE promoter, was 
digested with PstI. The sticky ends of the linearized 
plasmid were digested with S1 exonuclease and Hhadlll 
linkers were ligated to the DNA. The HindIll.Bglll 
fragment of this plasmid was subsequently substituted 
for the ItindIlI-Bglll fragment of plasmids pLAC-201, 
pLAC-202 and pLAC-204, resulting in the plasmids 
pPHO-201, pPHO-202 and pPHO-204, respectively (Fig. 
1). To obtain SP6 RNA polymerase, directed mRNA 
synthesis of the phoE mutants for use in the in vitro 
translation, translocation assay, Hindlll.b+'amHl re- 



striction fragments of pLAC-201, pLAC-202 and 
pLAC-204 were subcloned into the Hindlll-BamHl-di- 
gested vector pGEM-blue (Promega Biotec), resulting in 
the plasmids pGEM.201, pGEM-202 and pGEM-204, 
respectively. 

In vivo pulse label and trypsin accessibility experiments 
Cells induced for the synthesis of PhoE protein by 

phosphate starvation were labeled for 30 s at 30°C with 
[3SS]methionine and subsequently chased with an excess 
of non-radioactive methionine as described [26]. 

To test the accessibility of periplasmic proteins for 
trypsin, cells were radiolabelled for 30 s at 30°C, 
chased for 20 s and put on ice. The cells were ,.esus- 
pended in 1 ml ice-cold 100 mM Tris-HC1/O,,25 mM 
sucrose (pH 8.0) with either 10 mM MgCI 2 or 5 mM 
EDTA. The presence of EDTA makes the outer mem- 
brane leaky, thus allowing the entrance of trypsin into 
the periplasm. 50 pg of trypsin (Serva) was added and 
the suspension was kept on ice for 20 rain prior to the 
addition of a 3-fold excess of trypsin inhibitor (Serva). 
The cells were washed with 100 mM Tris-HCl/0.25 mM 
sucrose/10 mM MgCI 2 and resuspended in 15 pl hot 
1% SDS/50 mM Tris-HCI/1 mM EDTA (pH 8.0) and 
PhoE proteins were subsequently immunoprecipitated. 

In vitro translocation and processing 
In vitro transcription, translation and translocation 

reactions were carried out essentially as described [27], 
except that SP6 RNA polymerase was used to catalyse 
mRNA synthesis. 1/~g of EcoRI linearized plasmid was 
transcribed with 3 units SP6 RNA polymerase for I h at 
40°C in a buffer containing 20 mM Hepes, 100 mM 
magnesium acetate, 2 mM spermidine, 10 mM DTT, 0.5 
mM NTP and 15 U RNAase inhibitor (RNA guard; 
Pharmacia) (pH 7.3), The mRNA was used to direct the 
translation of PhoE protein. The translation was carried 
out for 25 min at 37°C using an $-135 extract of E. coli 
strain MRE600. Co-translational translocation was in- 
vestigated by adding inverted vesicles of the cyto- 
plasmic membrane of strain MRE600 5 min after pro- 
tein synthesis was initiated. The susceptibility of pre- 
cursors to leader peptidase I was tested by adding 
purified leader peptidase in 0.2% fl-glucoside to the 
translation mix 5 rain after protein synthesis was ini- 
tiated. 

lmmunoprecipitation 
For immunoprecipitation of [3SS]methionine-labelled 

proteins, cell pellets were resuspended in 15 ~tl 1% 
SDS/50 mM Tris-HCI/l mM EDTA (pH 8.0) and 
incubated for 5 min at 100°C. Then, 750 /zl Triton 
buffer containing 2% Triton X-100, 50 mM Tris-HCl, 
0.15 M NaCI, 0.1 mM EDTA and I mg/ml BSA (pH 
8.0) was added. The suspension was centrifuged for 10 
rain and 1 #l of monoclonal antibody reEl, which 
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recognizes denatured PhoE, was added to the super- 
natant. After overnight incubation at 4°C, 3 mg of 
protein A-Sepharose CL-4B (Pharmacia) was added and 
incubated for 1 h at room temperature under gentle 
shaking. The pellet obtained after centrifugation for 4 s 
in an Eppendorf centrifuge was washed twice in Triton 
buffer, resuspended in sample buffer and incubated for 
5 rain at 100°C. The sampled were analysed by SDS- 
PAGE and autoradiography. 

Results 

Expression of the mutant proteins 
A series of plasmids was constructed encoding PhoE 

protein under lac promotor control as described in 
Materials and Methods. The signal sequence of the 
PhoE precursor encoded by pLAC-201 is similar to the 
wild-type PhoE signal sequence with a net charge at the 
N-terminus of +2. This net charge is altered in the 
PhoE precursors encoded by pLAC-202(-2) and 
pLAC-204(0). The pLAC-200 encoded precursor is ex- 
pected to carry 2 N-terminal positive charges. One is 
caused by Arg(-22) and one by the N-terminal ~x-amino 
group. As is the case with fl-galactosidase, the fMet of 
the N-terminus, consisting of LacZ-a-amino-aeid re- 
sidues, is expected to be removed from this precursor 
(Fig. 1). 

When cell envelopes of CE1224 cells carrying the 
plasmids pLAC-200, pLAC-201, pLAC-202 and pLAC- 
204 grown in TK medium with 2 mM IPTG were 
analysed by SDS-PAGE, a protein migrating with the 
same electrophoretic mobility as PhoE could be de- 
tected (data not shown). When no IPTG was added to 
the medium a residual amount of PhoE protein was still 
synthesized, probably because the amount of Lac re- 
pressor, encoded by the chromosomal lacI gene is not 
sufficient to inhibit the lac operators presented by the 
multicopy plasmids. The cell envelopes of the four 
CE1224 derivatives contained approximately equal 
amounts of PhoE protein, although this amount was 
lower than we usually observed when PhoE is expressed 
from its own promoter on a multicopy plasmid. Ap- 
parently, the synthetic oligonucleotides used for the 
cassette mutagenesis encode functional translation ini- 
tiation signals and the amino-acid substitutions in the 
PhoE precursors do not influence the efficiency of 
protein synthesis. 

Translocation and processing of the mutant proteins in 
vivo 

CE1224 cells containing any of the four pLAC 
plasmids grown in the presence of IPTG were sensitive 
to the PhoE-specific phage TC45, showing that the 
proteins are translocated and normally incorporated 
into the outer membrane, To determine whether the 
kinetics of translocation and/or  processing were af- 
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Fig. I. Construction of recombinant plasmids encoding N-terminally mutated signal sequences• The phoE gene lacking the N-terminal three codons 
of the signal sequence is ligated into expression vector pHO329, resulting in plasmid pLAC-200. The matagenic cassettes 1, 2 and 4 were 
subsequently inserted into plasmid pLAC-200. Insertion of ¢asseUe 1 results in plasmld pLAC-20I, which encodes a completely wild-type PhoE 
precursor. Insertion of the cassettes 2 and 4 results in plasmids pLAC-202 and pLAC-204, respectively. Only the coding nucleotides of these 
cassettes are shown. The amino-acid substitutions created by these cassettes in the PhoE precursor are indicated. In the mutagenic cassettes, a 
stopcodon present in the PhoE reading frame upstream from the ribosome binding site (SD) is underlined. The mutations were subcloned to obtain 

expression under control of the phoE promotor (PphoE), resulting in the plasmids pPHO-201, pPHO-202 and pPHO.204. 

fected by  the muta t ions ,  pulse-label a n d  pulse-chase 
experiment,,~ were per formed followed by PhoE  im- 
munoprec ip i ta t ion ,  S D S - P A G E  and  au to rad iography .  

However ,  no  PhoE precursors  could  be detected,  show- 
ing that  t rans loca t ion  a n d  processing were very rap id  in 
all cases (not  shown).  
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Fig. 2. Autoradiogram of [3SS]methionine-labeled proteins of CE1224 cells immunoprecipitated with antibodies directed against PhoE and 
separated by SDS-polyacrylamide gel electrophoresis. The cells contained pPHO-20I (wt) and the mutant plasmids pPHO-202 and pPHO-204 
encoding PhoE precursors with an N-terminal charge as indicated between brackets. Cells were starved for phosphate and pulse-labded with 
[3SS]methionine for 30 s. The pulse was followed by the indicated chase period (mini. The positions of precursor PhoE (pPhoE) and mature PhoE 

(m-PhoE) are shown. 

Previously, in similar pulse-label experiments we 
could observe the precursor of PhoE protein when it 
was expressed from its own promoter on a multicopy 
plasmid [261. Apparently, translocation and processing 
are retarded under such overproduction conditions. 
Therefore, we wanted to assess the effect of the signal- 
sequence mutations under such overproduction condi- 
tions and the plasmids pPHO-201, pPHO-202 and 
pPHO-204 were constructed as described in Materials 
and methods. In these plasmids the mutant alleles of 
pLAC-201, pLAC-202 and pLAC-204 are placed under 
control of the phoE promoter. When pPHO-201-con- 
taining CE1224 cells, expressing the wild-type PhoE 
protein, were labelled for 30 s, most of the PhoE protein 
was present in the mature form (Fig. 2, lane a) and after 
a 30 s ch~se period only minor amounts of precursor 
could be detected (lane b). The pPHO-204 encoded 
precursor showed similar kinetics of processing (lanes i 
and j, respectively). However, when pPHO.202-contain- 
ing CE1224 cells were labelled for 30 s, most of the 
protein was present in the precursor form (lane e) and 

p.PhoE, , -  ~ .~ . . . .  
m . P h o E , , .  O ~ .  ' : ~  w 

a b c d e f 
,M g.M E.M.E. 

charge 1+21 1-21 101 
Fig. 3. Trypsin accessibility of proteins in whole cells. Cells contained 
the plasmids pPHO-201 (lanes a and bl, pPHO-202 (lanes c and d) 
and pPHO-204 (lanes e and f) encoding PhoE precursors with an 
N-termlnal charge as indicated. Cells were pulse-labeled with 
[3SS]methionine for 30 s followed by a chase period of 20 s with 
nun-radioactive methionine. The cells were then incubated with tryp- 
sin in the presence of 10 mM MgCI 2 (M) or 5 mM EDTA (El and 
PhoE proteins were immunopreclpitated and analysed by SDS-PAGE 
and autoradiography. The positions of the mature protein (m-PhoE) 
and the precursor (p-PhoE) as well as the N-terminal charge of the 

precursors are indicated. 

after a 30 s chase period a large amount of the protein 
was still not converted to mature PhoE (lane f). Ap- 
parently, the translocation and/or  processing of this 
mutant precursor is slightly retarded, as compared to 
the wild.type precursor under similar conditions. 

To determine whether the accumulated precursors 
are translocated across the cytoplasmic membrane, 
trypsin-accessibility experiments were performed. Cells 
carrying pPHO-201, pPHO-202 and pPHO-204 were 
radiolabelled for 30 s and subsequently chased for 20 s 
with non-radioactive methionine. The cells were in- 
cubated with trypsin in the presence of 10 mM Mg 2+ or 
5 mM EDTA. EDTA permeabilizes the outer mem- 
brane, thus allowing the entry of trypsin into the peri- 
plasm. PhoE proteins were subsequently immunopre- 
cipitated and anal:.:sed by SDS-PAGE and autoradi- 
ography (Fig..3). ~he precursor is protected against 
trypsin/EDTA treatment (lanes b, d and f) and is 
apparently not translocated across the cytoplasmic 
membrane. Interestingly, after the 20 s chase period, 
mature PhoE is accessible for trypsin when this pro- 
teinase is present in the periplasm (Fig. 2, lanes b, d and 
f), whereas the protein is fully protected after a 5 rain 
chase period, as was shown previously [28]. Apparently, 
during the 20 s chase period, the processed PhoE is not 
yet normally incorporated into the outer membrane. 

Since the effects on protein export of the N-terminal 
mutations were only minor, we wondered whether the 
mutant precursors cross the cytoplasmic membrane via 
an abnormal protein-export pathway. It is assumed that 
normal protein export is dependent on expression of 
functional SecY and SecA proteins; expression of the 
temperature-sensitive mutations secY24 and secA$l re- 
sults in the accumulation of precursors of exported 
proteins [18,19]. The processing of the mutant PhoE 
precursors in the secY24 and secA31 strains was studied 
in pulse-label and pulse-chase experiments, as described 
in Materials and Methods, except that 2.5 h prior to the 
labelling, part of the cell cultures were shifted from 
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Fig. 4. Autoradiogram of [3~S]merhionine-labeled proteins of secY24 strain IQ85 immunoprecipitated with antibodies directed against PhoE and 
separated by SDS-polyacrylamide gel electrophoresis. The calls conlained the plasmids pPHO-20l ( + 2), pPHO-202 ( -  2) and pPHO- 204 (0). 
Cells were starved for phosphate at the non-permissive (42°C) or the permissive temperature (30°C) and pulse-labeled with [ 3sSlmethionine for 30 
s. Th• p••s• wns f••••wed by a chase period •f • s (a• d• •• j• m and p)• 2• s (b` e" h" k. n and q) and 2 min (c• f" L •• • and r). The ph•E prec•rsor 

(p-PhoE) and the mature protein (m-PhoE) ate indicated. 

3 0 ° C  to 42°C ,  the non-permissive temperature. At  the 
permissive temperature, as is the case in strain CE1224 
(Fig. 2), processing of  the pPHO-204-encoded precursor 
showed similar  kinetics as the wild-type precursor, 
whereas processing kinetics of the pPHO-202 encoded 
precursor was reduced (Fig. 4, lanes j - r ) .  However, no 
processing could be detected of either the wild-type 
PhoE precursor or  of the mutant  precursors at  the 
non-permissive temperature (Fig. 4, lanes a- i ) .  Similar  
results were obtained in case of the s e c A S l  mutat ion 
(not shown). Apparently,  all  precursors follow the gen- 
eral SecA- and SecY-dependent translocation pathway.  

T h e  p r lA4  mutat ion in the s e c Y  gene has  been 
shown to restore the export  of LamB [7], Ma lE  [8] and 
PhoA [6] precursors, which carry mutat ions  in the hy- 
drophobic core of the signal sequences. The delay in 
processing of the pPHO-202-encoded precursor was, 
however, not  restored by  the pr lA4  mutation,  as was 
revealed by pulse-label and pulse-chase experiments.  On 
the contrary, the processing kinetics of this  precursor 
seem even more retarded than in strain CE1224; after a 
2 rain chase period approx. 50% of the protein is still 
present in its precursor form (Fig. 5, lane f). The pr lA4  

PHA4 

p-Pho E -- 
m-PhoE-  I B t  I ,.~ ~ .... ~lJ 91lib 

chase  (s) ; ~ ,~o do Ie5 , fo 90 h i 120 
i II II I 
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Fig. 5. Autoradiogram of [3~S]methJonine-laheled protiens of prlA4 
strain NT1004 immunoprccipitated with antibodies directed against 
PhoE and separated by SDS-polyacrylar~de gel electrophoresis. The 
cells contained plasmids pPHO-20l (lan~ a, b and c), pPHO-202 
(lanes d, • and f) and pPHO-204 lanes (g, h and i) encoding PhoE 
precursors with an N-terminal charge as indicated. Cells were poise- 
labeled with [35S]methionine for 30 s. The pulse was followed by a 
chase period of 1, 15 and 120 s, as indicated. The PhoE precursor 

(p-PhoE) and the mature protein m-PhoE are indicated. 

muta t ion  is apparent ly  unable  to suppress the N-termi- 
nal muta t ions  in the signal sequence. 

Translocation and  processing o f  the proteins  in vitro 
The translocation of the proteins was also studied in 

an in vi tro t ranscr ip t ion- t rans la t ion  and translocation 
system [28]. Co-~ranslational import  of in vitro synthe- 
sized protein into inverted vesicles of the cytoplasmic 
membrane  can  be demonstrated by  their protection 
against  externally added proteinase K. As shown previ- 
onsly [28], the wild-type PhoE precursor, now encoded 
by pGEM-201,  was par t ly  processed into the mature  
form when cytoplasmic membrane vesicles were added 
5 rain after  ini t ia t ion of protein synthesis (Fig. 6, lane 
b). Incubat ion of  this suspension with proteinase K 
revealed tha t  par t  of the precursor and  most  of the 
mature  PhoE were protected against  proteinase activity 
(lane c). Hardly  any processing (lane g) and protection 
(lane b) of pGEM-202-encoded proteins could be de- 
tected. As  compared  to the wild-type precursor, a large 
amount  of  the pGEM-2-4-encoded precursor was con- 
vetted to mature  protein when incubated with the 
vesicles (lane 1). Surprisingly, however, only a small 
fraction of  the mature  protein was protected against  
proteinase K activity (lane m). The amount  of protein 

, a b c d e , , f  g h i j ,  ,k I m n o, 

pGEM.201 p G E M .  2 0 2  p G E M . 2 0 4  
cha rge  (+2l ( - 2 )  (0) 

Fig. 6. In vitro cotranslational transloeation of PhoE precursors, 
containing an N-terminal charge as indicated into vesicles of the 
cytoplasmic membrane. Translation products of pGEM-20L pGEM- 
202 and pGEM-204 (lanes a, f and k) were incubated with vesicles 
(lanes b. g and I) and subsequently with proteinese K (lanes c. h and 
m). Processing of the in vitro translation products was done with 40 
pg/ml (lanes d, i and n) or 4 pg/ml (lanes e, j and o) purified leader 
peptidnse I. The positions of the PhoE precursor (p-PhoE) and the 

mature protein (m-PhoE) are indicated. 



protected against proteinase activity was less than in the 
case of the wild-type protein. The relatively,' efficient 
conversion of the pGEM-202-encoded precur:~or to ma- 
ture protein (lane 1) does not Seem to be caused by an 
improved interaction with leader peptidase, as was 
shown by the processing of the precursors by purified 
leader peptidase I in detergent. At a concentration of 40 
pg /ml  of leader pcptidase I, comparable amounts of 
the wild-type precursor and the pGEM-204-encoded 
precursor are converted to mature protein (Fig. 6, lanes 
d and n. respectively). The pGEM-202-encoded pre- 
cursor is more efficiently processed (lane i), suggesting a 
conformational alteration in this precursor, making it a 
better substrate for leader peptidase. When less leader 
peptidase is added (4 lag/ml), only processing of a 
small amount of the pGEM-202-encoded precursor 
could be detected (lane j). 

Discussion 

Signal sequences of prokaryotic exported proteins 
have a dipolar character due to a positively charged 
N-terminus and a region around the processing site, 
which is preferentially negatively charged [4]. Substitu- 
tion in mature PhoE protein of the favorable negatively 
charged Ghi(+  2) to the unfavorable Lys(+ 2) affected 
the kinetics of protein export (unpublished data). Since 
the in vitro interaction of this precursor with purified 
leader peptidase I was also disturbed, the export defect 
was ascribed to an aberrant conformation of the pre- 
cursor. Possibly, the formation of a postulated looped 
orientation of the signal sequence in the cytoplasmic 
membrane, in which the N- and C-termini of the signal 
sequence face the cytoplasm [9], is disturbed by an 
electrostatic repulsion between positive charges at the 
N-terminus and the Lys in position + 2 of this mutant. 
Here we describe the influence on protein export of 
substitutions of the positively charged N-terminal 
amino-acid residues in the PhoE precursor. The amino- 
acid residues introduced in the mutants were chosen 
such that the removal of the formylated initiation 
methionine, which depends on the adjacent amino-acid 
residues [12,13], is not to be expected. Consequently, 
like in the case of the wild-type precursor, the N-termi- 
nal a-amino group of the mutant precursors is expected 
not to contribute to the charge at the N-terminus. 

Substitution of the two N-terminal positively charged 
amino-acid residues into Asp residues affected the 
kinetics of protein export in vivo as well as in vitro. 
This could, in analogy to the Lys(+2) for Glu(+2)  
substitution, be partly explained by a distrubed forma- 
tion of the looped structure of the signal sequence due 
to an electrostatic repulsion of the N-terminal negative 
charges and Glu( + 2). Indeed, the conformation of this 
precursor seems to be changed, since the in vitro inter- 
action with purified leader peptidas ~ , 1 is improved. 

However, the effects on protein export of the N-termi- 
nal charge substitutions are especially in the in vitro 
assay more pronounced than the effects on export of 
the Lys( + 2) for Glu( + 2) substitution. The export de- 
feet of the N-terminal negatively larged precursor may 
therefore be better explained by a reduced initial inter- 
action of this mutant precursor with the cytoplasmic 
membrane if one assumes that, for export, an interac- 
tion between the positively charged N-termint:~. of the 
signal sequence and the negatively charged phosphati- 
dylglycerol (PC;) in the cytoplasmic membrane is re- 
quired, in this respect, it is interesting to note that 
mutants with a severely reduced PG content have re- 
cently been shown to be partly disturbed in protein 
export [291. 

The consequences of the N-terminal charge substitu- 
tion from + 2 to - 2  on PhoE export are not as pro- 
nounced as the consequences on export of similar muta- 
tions in the E. coil outer membrane lipoprotein [10,11]. 
This can be explained by considering that the lipopro- 
tein uses at least partly a different export pathway. The 
export in E. coli of mutant staphylokinase precursors 
having a negatively chargea N-terminus is even more 
hampered [30], as in the case of the mutant lipoproteins. 
Here, the export defect was observed in a beterologous 
system in which the interaction between the precursor 
and the cellular export apparatus may not be optimal. 
On the ~ther hand, other characteristics of the signal 
sequence or the mature part of the exported protein 
could determine the relative influence of the charge 
substitutions on protein export. It has previously been 
shown that a mutation in the hydrophobic core of a 
signal sequence fused to the mature regions of fl-lacta- 
mase and Staphylococcus aureus Nuclease A affects 
export of these proteins differently [31]. 

No export defect in vivo could be detected of the 
precursor carrying the Leu(-20) Trp(-19) for Lys(-20) 
Lys(-19) substitution. Apparently, the presence of N- 
terminal positive charges is not required for protein 
export. Incubation of this N-terminally uncharged pre- 
cursor with inverted cytoplasmic membrane vesicles re- 
vealed that substantial amounts of this precursor were 
processed but not protected against proteinase activity. 
This can be explained by a very efficient insertion of 
this more hydrophobic signal sequence into the inverted 
membrane vesicles in a way independent of the normal 
pathway, but such that the cleavage site is presented 
correctly to the endogenous leader peptidase !. How- 
ever, this interaction does not lead to further transloca- 
tion of the protein. This phenomenon does not seem to 
occur in vivo since in such a case one would expect 
processing of the accumulated mutant precursor in the 
SecY and SecA background. 

Differences between the in vivo and in vitro experi- 
ments may be explained by the presence of cytoplasmic 
factors in vivo, which could partly restore aberrant 
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export. A similar conclusion was drawn from experi- 
ments  on the translocation of  the wild-type PhoE pre- 
cursor across membranes  from a mutant  E. coli strain 
with a reduced amount  of  phosphatidylglycerol in the 
membranes  [29]. In vivo, hardly any delay in transloca- 
tion was observed, whereas the translocation in vitro 
was disturbed significantly. It was shown that  a cyto- 
plasmic factor preseh, in the mutant  strain could im- 
prove translocation of  PhoE in vitro. The  expression of  
these factors may be specifically induced when for one 
reason or  another  export of  precursors is disturbf'd. For  
example, it has been shown that the synthesis of  SecA is 
dcrepressed when protein export is disturbed because of  
mutations in the secA, seeD and secY genes or  because 
of  expression of  ~, MalE-LacZ fusion [32]. 

Export defects of  various exported proteins, caused 
by mutations in the l-iydrophol3ic core of  the signal 
s~uences ,  could be suppressed by a r r ,  utation in the 
prlA gene. Although ,he export of  the wild-type PhoE 
precursor and the N-terminally muta ted  precursors was 
dependent  on a functional product  of  secY, which is 
ailelic with priA, the export defect of  the negatively 
charged precursor could not be surpressed by *.he pdA4 
mutation. Apparently,  the prlA4 allele i~ not completely 
unspecific in suppressing signal sequence mutations. 
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