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This statistical study shows that in proteins of gram-negative bacteria exported by the Sec-dependent
pathway, the first 14 to 18 residues of the mature sequences have the highest deviation between the observed
and expected net charge distributions. Moreover, almost all sequences have either neutral or negative net
charge in this region. This rule is restricted to gram-negative bacteria, since neither eukaryotic nor gram-
positive bacterial exported proteins have this charge bias. Subsequent experiments performed with a series of
Escherichia coli alkaline phosphatase mutants confirmed that this charge bias is associated with protein
translocation across the cytoplasmic membrane. Two consecutive basic residues inhibit translocation effec-
tively when placed within the first 14 residues of the mature protein but not when placed in positions 19 and
20. The sensitivity to arginine partially reappeared again 30 residues away from the signal sequence. These
data provide new insight into the mechanism of protein export in gram-negative bacteria and lead to practical
recommendations for successful secretion of hybrid proteins.

Protein export in cells is initiated by an N-terminal hydro-
phobic signal sequence that routes the protein into the secre-
tory pathway. The signal sequence contains information for
interaction with protein components of the secretory machin-
ery (for reviews, see references 15 and 42), membrane phos-
pholipids (12, 20, 37), and signal peptidase (9, 25). A signal
peptide is not, however, sufficient to mediate the export of any
attached polypeptide. The fusion of a signal peptide to a nor-
mally cytoplasmic protein has frequently failed, in gram-nega-
tive bacteria, to induce secretion into the periplasm (4, 7, 19,
34, 41). Moreover, despite similarity in the signal sequences,
not all of proteins normally secreted in eukaryotic cells can be
exported in bacteria even with a prokaryotic signal peptide.
These facts suggest that some features of the mature protein
either contribute to or constrain the secretory process, at least
in bacteria. Indeed, it was shown that the mature part of the
exported protein should not include a highly hydrophobic
membrane anchor sequence (11). Furthermore, Li et al. (29),
Yamane and Mizushima (53), MacIntyre et al. (33), and Geller
et al. (16) have shown that positively charged residues can
block export when introduced directly after the signal se-
quences of exported proteins. A statistical study also revealed
that most prokaryotic proteins have a negative or neutral net
charge in the region (about five residues) immediately down-
stream of the signal sequence (51). However, analysis of the
latest releases of sequence databases shows that this rule does
not hold for all exported prokaryotic proteins. It was also
suggested that net positive or neutral charge difference be-

tween the N- and C-terminal regions of the signal peptide may
be required for protein secretion (51). Further mutational
analysis has shown that this N-C charge imbalance may not be
obligatory for translocation of proteins across the cytoplasmic
membrane of bacteria (5, 37, 43). Several experimental works
suggested that the charge-sensitive mature sequence critical
for protein export in bacteria may be extended to 15 (47), 20
(27), and even 30 residues (1). Nevertheless, the wide scatter of
the critical region lengths and the absence of additional evi-
dence made it impossible to provide precise answers to the
following questions: (i) where does the export domain end, (ii)
what is the property of the mature sequence which is critical
for protein export, and (iii) how general are these require-
ments? Thus, despite numerous indications of the importance
of the charged residue distribution in the mature region adja-
cent to the signal sequence, the precise explanation of these
observations is not known.

The number of known amino acid sequences has now in-
creased sufficiently to make detailed statistical studies feasible
for secreted proteins from various species. In this work, we
have analyzed systematically the net charge distribution in a
region of the mature proteins adjoining to the signal sequence.
This analysis shows that almost all exported proteins of gram-
negative bacteria have either neutral or negative net charge in
the region of the first 16 6 2 residues of the mature sequences.
At the same time, neither eukaryotic nor gram-positive bacte-
rial exported proteins have this charge bias. We also report
examination of the secretion of mutants of Escherichia coli
alkaline phosphatase. These mutant proteins were designed to
verify the hypothesis that the observed charge bias is critical for
protein translocation across the cytoplasmic membrane of
gram-negative bacteria.

MATERIALS AND METHODS

Selection of sequences for statistical analysis. Sequences from gram-negative
bacteria were taken from SwissProt 32.0 (3) using Sequence Retrieval System
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software (http://www.ebi.ac.uk/srs/) and then checked manually. The sequences
are for 110 proteins of E. coli (68 with known and 42 with well-predicted cleavage
sites) and 81 proteins of other gram-negative bacteria with known cleavage sites.
The collection did not include highly homologous sequences with more than 80%
identity. Anomalous signal sequences (those whose lengths of the hydrophobic
core did not fall to the range between 7 and 17 residues) and proteins, secreted
by other or modified secretion machineries (hydrogenases, having RRxxFxK
pattern within the signal sequence [39], pili [42], and lipoproteins), were also
excluded. The collection of the 191 sequences is available over the World Wide
Web (http://cmm.info.nih.gov/kajava/). The data sets of the exported proteins
from gram-positive bacteria and humans and cytoplasmic proteins from gram-
negative bacteria were taken from the SIGNALP database (38). The sequences
were randomized using the RandSeq option of the EXPASY server (http://
www.expasy.ch).

Bacterial strains and plasmids. E. coli E15 (Hfr DphoA8 fadL701 tonA22
garB10 ompF627 relA1 pit-10 spoT1T2) (2) was used as a host strain for the
expression of wild-type and mutant phoA genes cloned in plasmids. E. coli Z85
[thi D(lac-proAB) D(srl-recA) hsdR::Tn10 (F9 traD proAB lacIqDZM15)] (54) was
used to construct mutant phoA genes. Phagemid pPHOA12 (24), produced by
cloning of the wild-type alkaline phosphatase gene (phoA) in the vector
p15SK(1), was used to construct and express mutant phoA genes. Helper phage
R408 was used to isolate single-strand recombinant phagemids. Plasmid harbor-
ing the amber suppressor tRNAAla gene of E. coli in the vector pGFIB (26) was
provided by J. Miller.

Media and culture conditions. Bacteria for cloning and oligonucleotide-di-
rected mutagenesis were grown on Luria-Bertani (LB) or 2YT medium at 37°C.
All media were supplemented with chloramphenicol (25 mg/ml) to either select
for or maintain phoA-containing plasmids. To screen for colonies expressing
active alkaline phosphatase, E. coli cells were grown on agar plates made of LB
medium free of inorganic phosphate and containing 40 mg of XP (5-bromo-4-
chloro-3-indolylphosphate) per ml (17). The cells were grown on minimal me-
dium (50) with 1 mM K2HPO4 for repression of enzyme synthesis. For its
derepression, E. coli cells were grown to the mid-log phase, collected by centrif-
ugation, washed with 0.14 M NaCl at 4°C, resuspended in the same medium
lacking orthophosphate, and grown for additional hour.

Oligonucleotide-directed mutagenesis. To generate mutant forms of phoA, we
used a new two-step method which allowed us to omit hybridization with labeled
nucleotides during selection of clones containing mutant genes (21). First, an
amber codon in a place of codon corresponding to positions of interest was
introduced by oligonucleotide-directed mutagenesis using oligonucleotides 1 to 5
(Table 1). Colonies expressing active alkaline phosphatase become blue when
growing on agar plates containing XP, a chromogenic substrate of the enzyme.
Insertion of an amber codon resulted in a premature termination of protein
synthesis; therefore, colonies bearing the mutant genes remain white on the
plates with XP. This allowed us to identify mutant clones. The amber mutation
was confirmed by recovery of the alkaline phosphatase phenotype (blue colonies)
after introduction into cells of a plasmid carrying the Ala2 amber suppressor.
Next, the codons of the desired amino acids (Arg or Lys) were introduced in
place of the amber codons by using oligonucleotides 6 to 14 (Table 1). That led
to recovery of alkaline phosphatase phenotype in cells lacking of amber suppres-
sor (blue colonies). Oligonucleotide-directed mutagenesis was carried out by the
protocol of Promega (Madison, Wis.). Isolation of single-strand phagemid DNA
and plasmid DNA, electrophoresis of DNA fragments in agar gels, phosphory-
lation of oligonucleotides, and transformation of E. coli cells were performed by
standard procedures (44). Mutations were confirmed by DNA sequencing (45).

Alkaline phosphatase maturation. Pulse-chase experiments were used to an-
alyze the alkaline phosphatase maturation. E. coli cells grown to the mid-log
phase in the minimal medium with 1 mM K2HPO4 were harvested, washed, and

incubated for 10 min in the same medium without orthophosphate to induce
alkaline phosphatase synthesis. The cells were labeled with [35S]methionine (50
mCi/ml) for 60 s and chased for 0.1, 1.0, 5.0, or 60.0 min by addition of unlabeled
methionine to a final concentration of 0.05%. Proteins were precipitated with
10% trichloroacetic acid. Alkaline phosphatase and its precursor were immuno-
precipitated with rabbit antibodies and separated by 10% sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS-PAGE) followed by autoradiogra-
phy. Proteins were quantified with an LKB UltroScan laser densitometer. The
relative quantity of mature alkaline phosphatase and its precursor was calculated
with adjustment for the difference in number of methionine residues between the
precursor and mature form.

Alkaline phosphatase isoforms. Cells expressing alkaline phosphatase were
harvested and converted to spheroplasts in 20 mM Tris-HCl (pH 7.5)–10 mM
EDTA–50 mM sucrose–1 mg of lysozyme per ml for 15 min at 0°C. The periplas-
mic fraction was separated from the cell debris by centrifugation at 12,000 3 g for
5 min. The samples were analyzed by nondenaturing PAGE in a 7.5% gel (10).
Staining of the alkaline phosphatase isoforms was performed by incubation of
the gel with a-naphthyl phosphate (Sigma N-7255) and fast red dye TR (Che-
mapol, Praha, Czech Republic) (31).

Analytical methods. Protein SDS-PAGE was performed in 10% gels (28).
Immunoprecipitation was carried out as described elsewhere (35). Alkaline
phosphatase activity was determined by measuring the rate of p-nitrophenylphos-

FIG. 1. Deviation between observed and expected net charge distribution
(estimated as x2

8) for a collection of 191 exported proteins from gram-negative
bacteria (thick line), 138 exported proteins from gram-positive bacteria (dotted
line), 415 exported human proteins (gray line), and 128 cytoplasmic proteins
from E. coli (thin line) plotted as a function of the length of the N-terminal
region of the mature protein. Probability of having x2

8 . 20 by chance is 0.01.

TABLE 1. Mutagenic oligonucleotides

Oligonucleotide structurea Substitution(s)

59-GGCATTTCTGGCTACCGGGCTTTTG-39 T23amber
59-CCAGAACAGGCTATTCTGGTGTC-39 M53amber
59-TATCGCCCTAAGCAGCCCG-39 Q143amber
59-GAGCACCGCCCTATGCAGTAATATCGC-39 P203amber
59-GCGGCAGTCTAATCACCCGTTAAACG-39 Q303amber
59-ACAGGCATTTCTTTTTTCCGGGCTTTTG-39 Amber23K/P33K
59-GTTTTCCAGAACTTTTTTTTCTGGTGTCC-39 Amber53K/P63K
59-CAGTAATATCGCCTTTTTTAGCCCGGTTTTC-39 A133K/amber143K
59-CGAGCACCGCCTTTTTTAGTAATATCGCCCTG-39 A193K/amber203K
59-GAGCGGCAGTTTTTTTACCCGTTAAACG-39 D293K/amber303K
59-GTTTTCCAGAACACGACGTTCTGGTGTCCG-39 Amber53R/P63R
59-CAGTAATATCGCCACGACGAGCCCGGTTTTC-39 A133R/amber143R
59-CGAGCACCGCCACGACGAGTAATATCGCCCTG-39 A193R/amber203R
59-GAGCGGCAGTACGACGACCCGTTAAACG-39 D293R/amber303R

a Substituted residues are underlined.
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phate hydrolysis, taking the hydrolysis of 1 mmol of substrate per min at 37°C as
a unit of enzymatic activity. Protein was assayed by the Lowry method (32).

RESULTS
Statistical analysis of net charge distribution. We have an-

alyzed the net charge distribution in the N-terminal 30-residue-
long mature part of the proteins exported by the Sec-depen-
dent pathway. First, for a window of length n residues starting
at the first position of the mature protein, the net charge was
calculated for each of the 191 selected proteins (see Materials
and Methods), counting arginine and lysine as 11 and aspar-
tate and glutamate as 21. As a result, a distribution of the 191
net charges was obtained. The same procedure was repeated
for the window shifted to the second, through to the 30 2 n
position, which resulted in the 30 2 n net charge distributions.
All possible windows of lengths equivalent to 6 to 30 residues
were subsequently tested. As controls, theoretical net charge
distributions expected for random sequences, with overall
amino acid composition as in 30-residue-long domains of the
mature proteins, were derived for all windows. The analysis
reveals that the deviation between the observed and expected
net charge distributions (evaluated using x2 analysis) is always
maximal when the windows start at the first position. Of par-
ticular interest is the conclusion that the first 14 to 18 residues
of the mature sequences have the highest deviation (Fig. 1).
Comparison of this definitely nonrandom net charge distribu-
tion with an expected theoretical one has shown a markedly
higher incidence of acidic than basic residues in these regions
(Fig. 2). The net charge usually is between 23 and 0, and there
are only a few proteins with a net positive charge in the N-
terminal 14- to 18-residue region. Altogether, only 8 sequences
(versus an expected 76 for sample with random sequence) have

a positive net charge when the first 16 residues are included in
the calculation.

The charge bias is equally observed for periplasmic, outer
membrane, and extracellular proteins of gram-negative bacte-
ria. In contrast, such a high deviation between the observed
and expected net charge distributions does not hold for ex-
ported eukaryotic proteins (based on the analysis of human
proteins) and gram-positive bacteria proteins (Fig. 1). Indeed,
in gram-positive bacteria, exported proteins have a much
weaker preference for negative charges, and this preference is
almost uniform over 6- to 30-residue windows. Human ex-
ported proteins have a relatively high deviation between the
observed and expected net charge distributions at the begin-
ning of the mature sequence. However, this deviation is caused
not by a high incidence of acidic than basic residues but by a
frequent occurrence of charged residue clusters of both signs.
The analysis also shows that cytoplasmic proteins of gram-
negative bacteria do not have the charge bias (Fig. 1).

Examination of the secretion of a series of mutant alkaline
phosphatases. To systematically study the effect on transloca-
tion of positively charged residues placed at different distances
from a signal sequence, we analyzed mutants derived from the
E. coli alkaline phosphatase (PhoA). The secretion of this
protein is well studied and is typical for Sec-dependent pro-
teins of gram-negative bacteria (18, 25, 35, 37). The mature
alkaline phosphatase has 0 net charge in the region of the first
14 or 15 residues and 21 net charge in the 16- to 18-residue
regions. Our statistical analysis suggested that introduction of
additional negative charge into this early mature region should
not inhibit the export. Indeed, in a previous mutational anal-
ysis, we have shown that substitution of Arg in position 11 with
Glu, which shifts the net charge of the 14- or 15-residue region
from 0 to 22, has no effect on translocation and processing of
alkaline phosphatase (23, 25). On the other hand, introduction
of two positively charged residues gives a positive sign to the
net charge of the 14- to 18-residue regions, and as is predicted
by the sequence analysis, this can reduce the secretion. We
thus constructed five mutant proteins where two residues at
positions 2 and 3, 5 and 6, 13 and 14, 19 and 20, or 29 and 30
were replaced by two lysines and four mutant proteins with
residues at positions 5 and 6, 13 and 14, 19 and 20, or 29 and
30 replaced by two arginines (Fig. 3).

All mutant proteins were active in the cells (Fig. 4). Thus,
the mutants were translocated across cytoplasmic membrane,
as it is known that alkaline phosphatase becomes active only
after translocation into the periplasm, where disulfide bond
formation and enzyme dimerization take place (35). However,
the level of enzyme activity in the cells secreting mutant pro-

FIG. 2. Observed (histograms) and theoretical (broken line) net charge dis-
tributions in the N-terminal 16-residue region of the 191 proteins from gram-
negative bacteria.

FIG. 3. N-terminal sequences of the first 30 residues of mature wild-type (w.t.) and mutant alkaline phosphatases (lysine series). Amino acid substitutions are in
boxes. Charged residues are in bold. The first 18 residues are underlined. The corresponding net charge of the 18-residue region is on the right (in parentheses).
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teins was lower than that in cells secreting the wild-type pro-
tein. Most effect was observed in proteins having the amino
acid substitutions for positions near the signal peptide: posi-
tions 2 and 3 with Lys and positions 5 and 6 with Arg. The least
effect was observed when either Lys or Arg was placed in
positions 19 and 20. Moreover, the level of alkaline phospha-
tase activity in cells producing mutant protein K[19,20] was
equal to that in cells producing wild-type protein. Surprisingly,
we found that the activity decreased again for both K[29,30]

and R[29,30]. It is worth mentioning that all corresponding
mutants of the arginine series were less active than mutants of
the lysine series.

Study of protein secretion based on the level of enzyme
activity is a reasonable approach if the mutations do not affect
the catalytic properties of alkaline phosphatase. Indeed, anal-
ysis of the three-dimensional structure shows that the mutated
residues are located far apart from the active center and
dimerization surface of the enzyme. However, we could not
completely exclude changes in the catalytic properties of the
mutant alkaline phosphatases. Therefore, the effect of the
substitutions on alkaline phosphatase translocation was also
assessed by the rate of conversion of pulse-labeled mutant
protein precursors into the mature forms in vivo using the
standard pulse-chase method. As shown in Fig. 5, translocation
of the wild-type alkaline phosphatase was essentially com-
pleted within a 1-min pulse (corresponding to 0 min of chase).
In contrast, most amino acid substitutions located within the
first 14 residues resulted in an inhibition of protein transloca-
tion. Similar to the results with enzyme activity, the most se-
vere effect was observed when a couple of lysines or arginines
was placed closest to the signal peptide. The further away the
residues substituted by lysine were from the signal peptide, the
less the effect of the inhibition. When lysines were placed at
distance 19 residues or more, the translocation was completely
restored (Fig. 5A and C). The arginine series of mutant pro-
teins had a similar dependence of the translocation inhibition
(Fig. 5B and D), although the inhibition was stronger. In con-
trast to the lysine mutant proteins, the arginine constructs
R[5,6] and R[13,14] had almost the same level of inhibition,

FIG. 4. Alkaline phosphatase activity in cells producing wild-type (w.t.) or
mutant enzyme forms.

FIG. 5. The dynamics of maturation of wild-type and mutant alkaline phosphatases. (A and C) Lysine series of mutant proteins. (B and D) Arginine series of mutant
proteins. (C and D) Graphical representations of average percentage of mature alkaline phosphatases (PhoA) at various time of chase depending on the positions of
the mutations.
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followed by more sharp restoration of translocation for
R[19,20]. Unlike the study of enzyme activity, the pulse-chase
experiments did not reveal the inhibition for K[29,30] and
R[29,30] mutant proteins 60 min after the pulse. However, this
secondary inhibition was observed for R[29,30] for the first 5
min after the pulse (Fig. 5B and D). This suggests that the
introduction of arginines at positions 29 and 30 affects kinetic
of the translocation.

To determine whether the mutations affect protein translo-
cation or precursor processing, we visualized alkaline phospha-
tase isoforms in gels after electrophoresis under nondenatur-
ing conditions. Active alkaline phosphatase can be stained
in the gel by treatment with the enzyme substrate a-naph-
thyl phosphate and an appropriate dye. It is known that the
periplasmic alkaline phosphatase is active regardless of
whether it is transformed into the mature form or remains as
a translocated precursor with an uncleaved signal peptide due
to mutation. On the other hand, the cytoplasmic precursor
does not have such enzymatic activity (6). Enzymatic activities
of the mature protein and the translocated precursor can be
individually estimated by staining the gel after nondenaturing
electrophoresis, since mature protein isoforms and the trans-
located precursor have different electrophoretic mobilities (22,
25). The precursor translocated across the membrane can be
found at the top of the gel, in forms probably resulting from

protein aggregation due to the presence of hydrophobic signal
peptide. Such unprocessed mutant protein with the substitu-
tion of Val at position 21 was used as a control [Fig. 6, V(21)];
its activity after translocation across the cytoplasmic mem-
brane was shown previously (22). Our experiment showed that
only mature isoforms were found for all mutant proteins of the
lysine and arginine series (Fig. 6). This allowed us to conclude
that the mutations did not inhibit efficiency of processing but
inhibited efficiency of protein translocation.

DISCUSSION

The results of the mutagenesis confirm that the theoretically
observed bias of the net charge in the 16 6 2-residue region is
associated with protein translocation. Two consecutive basic
residues change the net charge of this region to 11, 12 and
reduce translocation when placed inside it but not when placed
only a few residues away. It is known that SecA protein inter-
acts with both signal peptide and the mature part of the protein
precursor at the initiation of its export (15, 30, 46). Therefore,
one can assume that the described nonrandom distribution of
charged residues of the mature part is important for specific
interactions with SecA or any other protein of the secretory
machinery. However, the fact that we did not find specific
sequence patterns within this region of the exported protein,
but a net charge bias, makes the hypothesis of specific protein-
protein interactions highly improbable. The detection of the
net charge bias implies a mechanism based on the sign of the
membrane potential rather than on specific ionic interactions
with components of the export machinery. Remarkably, the
16 6 2-residue length of the mature region containing the
charge bias coincides with the combined length of the N-ter-
minal positively charged region and the hydrophobic part of
the signal sequence. This correlation can be explained within
the frame of the loop or, more precisely, the a-helical hairpin
model of the export initiation domain (8, 13, 52) (Fig. 7). The
insertion of the hydrophobic signal peptide into the lipid bi-
layer may proceed either directly or (as shown in Fig. 7, left)
in association with SecYEG translocation complex, with or
without the help of SecA protein (15, 20). In a mechanism
proposed here, this insertion of the signal peptide favors spon-
taneous diving of the adjoining mature region into the trans-
membrane environment (into the lipid bilayer or SecYEG

FIG. 6. Multiple forms of wild-type (w.t.) and mutant alkaline phosphatases.
Samples were analyzed by PAGE (7.5% gel) under nondenaturing conditions,
and the active enzyme was revealed by incubation of the gel with a-naphthyl
phosphate as the alkaline phosphatase substrate and fast red dye TR. Isoforms
of wild-type alkaline phosphatase (I, II, and III) and active precursor (p) are
indicated.

FIG. 7. Schematic representation of the initial steps of protein secretion. (Left) insertion of the signal peptide into the membrane; (center) spontaneous insertion
of a mature part of the protein and formation of an a-helical hairpin oriented within the SecYEG translocase in a manner favorable for the subsequent ATP-dependent,
SecA-driven translocation; (right) SecA-driven translocation of the protein throughout the transmembrane translocase. SecA protein and SecYEG translocase complex
are marked “A” and “YEG,” correspondingly. The N-terminal hydrophobic region of the signal peptide is outlined in black. Asterisks mark the cleavage site of the
leader peptidase. The region of the mature sequence containing the net charge bias is marked by dashes. The polar head layers of the membrane are in darker gray
compared with the middle nonpolar layer. The dimensions of the membrane and the lengths of protein chain regions are shown in scale (thicknesses of the polar and
nonpolar layers of the membrane are taken as 8 and 30 Å, respectively).
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complex). Then, at the instant the first 14 to 18 residues of the
mature part sink into the membrane and adopt an a-helical
conformation, the transmembrane potential, which is positively
charged at the periplasmic side, does not push out this nega-
tively charged fragment (Fig. 7, center). We cannot rule out
the possibility that during this stage, a mature region of the
precursor, which is remote from the signal peptide, may inter-
act with SecA. However, an important point is that the adjoin-
ing mature domain inserts into the membrane without the help
of SecA. Thus, the mechanism assumes that in gram-negative
bacteria during Sec-dependent protein translocation, there is a
step of spontaneous insertion, which is mainly controlled by
the sequence of the export initiation hairpin. The occurrence
of the negative net charge in the mature sequence suggests a
simple solution for a major problem of the hairpin models that
is to understand how the second (hydrophilic) helix manages to
insert and remain into the nonpolar membrane. The suggested
mechanism agrees well with previous finding that it is the
membrane electrical potential Dc which inhibits the initiation
of translocation of outer membrane protein A precursor in
E. coli when two positively charged residues were inserted
immediately after the signal peptide, whereas it has the oppo-
site effect on the mutant protein with these two positions oc-
cupied by negatively charged residues (16). Our data also sup-
port the earlier observation (47) that the further from the
amino terminus the positive charges, the less blocking effect on
export they have. In the frame of our mechanism, this obser-
vation can be explained by more efficient spontaneous inser-
tion of the second helix, which has positive charge at its end
and therefore overtakes a smaller barrier of insertion com-
pared with the same helix but having positive charges at the
beginning. It is important to mention here, that in both cases
the second helix tends to position itself 16 6 2 residues inside
the membrane in order to be available for next step. Therefore,
the distribution of the charged residues is important for the
efficiency of the insertion, while the net charge of the 16 6 2
residues controls a hairpin position, which can be permissive
for the subsequent ATP-dependent, SecA-driven protein trans-
location (Fig. 7, right).

Our experimental data support previous observations (48)
that arginine is more efficient than lysine for reducing of the
translocation, (Fig. 4 and 5). This suggests that basic residues
near the N terminus of a mature part of a secreted protein may
be deprotonated if orderly export is to occur. The difference
can be also explained by hydrogen bonding of the basic resi-
dues to the phospholipids, because arginine side chain is able
to form more hydrogen bonds compared to lysine side chain.

The sensitivity to positively charged residues partially reap-
peared again 30 residues away from the signal sequence. The
reappearance of the inhibition at position 30 may indicate that
there is the second charge-dependent process, which can re-
duce the efficiency of the secretion. This finding may explain
the discrepancy of the export domain length suggested in pre-
vious studies (15 to 20 residues [27, 47] versus 30 residues [1]).

An important conclusion is that the net charge of the first 18
residues of the mature sequence is probably critical for Sec-
dependent translocation only in gram-negative bacteria, while
this requirement does not hold for exported proteins from
gram-positive bacteria or eukaryotes. It is already known that
there are differences between signal sequences and secretory
machineries of gram-negative bacteria, gram-positive bacteria,
and eukaryotes (15, 36). For example, it was shown that the
translocase subunits of E. coli and Bacillus subtilis cannot be
unconditionally exchanged (49). All this evidence suggests that
the spontaneous insertion controlled by the net charge of the

first 18 residues of the mature part may be a step specific to
gram-negative bacteria.

In parallel with a more detailed insight into the molecular
mechanism of protein export, the demarcation of the region
critical for secretion leads to a practical recommendation. Cy-
toplasmic proteins, as well as proteins secreted in eukaryotic
cells and gram-positive bacteria, frequently have a positive net
charge exceeding 12 in the region of interest. Although it has
been known for some time that exclusion of positively charged
residues in the early mature region may promote efficient ex-
port of heterologous or cytoplasmic proteins in gram-negative
hosts, the precise length of this early mature region and the
value of the net charge which permits the export were not
known. Our study suggests that for successful expression of
these proteins in gram-negative bacteria, it is reasonable to
optimize the sequence, which begins after the hydrophobic
core of the signal peptide and ends at the 18th position of the
mature protein, so that the net charge of this region becomes
electronegative or neutral.
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