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Most extracytoplasmic proteins are synthesized with
an N-terminal signal sequence that targets them to
the export apparatus. Escherichia coli prlA mutants
(altered in the secY gene) are able to export cell
envelope proteins lacking any signal sequence. In order
to understand how such proteins are targeted for
export, we isolated mutations in a signal sequenceless
version of alkaline phosphatase that block its export
in a prlA mutant. The mutations introduce basic amino
acyl residues near the N-terminus of alkaline phosphat-
ase. These changes do not disrupt an N-terminal export
signal in this protein since the first 25 amino acids can
be removed without affecting its export competence.
These findings suggest that signal sequenceless alkaline
phosphatase does not contain a discrete domain that
targets it for export and may be targeted simply
because it remains unfolded in the cytoplasm. We
propose that basic amino acids near the N-terminus of
a signal sequenceless protein affect its insertion into
the translocation apparatus after it has been targeted
for export. These findings allow the formulation of a
model for the entry of proteins into the membrane-
embedded export machinery.
Keywords: Escherichia colilpriA mutations/protein
export/protein targeting/signal sequenceless proteins

Introduction
Most extracytoplasmic proteins are synthesized with an

N-terminal signal sequence that targets them for export.
The function and structure of these sequences are con-

served from bacteria to mammals and signal sequences
from different organisms are often interchangeable (von
Heijne, 1985; Gierasch, 1989). Signal sequences are gener-
ally about 25 amino acids long and share three physical
characteristics: a positively charged N-terminal, a core of
at least six hydrophobic amino acids, and a more polar
C-terminal domain lacking charged amino acids where

cleavage by signal peptidase takes place (see Izard and

Kendall, 1994, for a recent review). Mutations in the first

two domains can affect the rate at which a protein is

translocated both in vivo and in vitro (Gennity et al., 1989).
While the function and physical properties of signal

sequences are preserved across species, a variety of ways

( Oxford University Press

in which signal sequences target proteins for export have
been identified. In mammalian cells, proteins with signal
sequences are bound by a 16S ribonucleoprotein particle,
signal recognition particle (SRP), as they emerge from
the ribosome (Walter and Johnson, 1994). The SRP targets
the translating ribosome to the endoplasmic reticulum
(ER) membrane where a second signal sequence recogni-
tion event is performed by a component of the protein
translocation apparatus (Jungnickel and Rapoport, 1995;
Belin et al., 1996). In addition, nascent-polypeptide-
associated complex (NAC) may play a role in protein
targeting by preventing SRP from binding proteins without
signal sequences (Lauring et al., 1995). In contrast, many
proteins in Saccharomyces cerevisiae do not require SRP
for export (Walter and Johnson, 1994; High, 1995). It is
not known how signal sequences are recognized for SRP-
independent transport, but it is likely that a heterotetra-
meric complex of membrane proteins, the Sec62/63p
complex, plays a role in this process (Panzner et al., 1995).

Less is known about how signal sequences target
proteins for export in Escherichia coli. Signal sequences
can interact with the mature portion of a secreted protein
to help maintain it in an unfolded translocation-competent
state (Park et al., 1988; Laminet and Pluckthun, 1989).
The export-specific cytoplasmic chaperone SecB interacts
with a subset of exported proteins and prevents them from
folding. While it has been suggested that SecB recognizes
signal sequences (Altman et al., 1990; Watanabe and
Blobel, 1989, 1995), the preponderance of evidence indi-
cates that SecB binds to the mature domains of secreted
proteins (Randall et al., 1990; Derman et al., 1993a).
SecB is also thought to target its substrate proteins to the
translocation machinery in the membrane (Kumamoto,
1990). While E.coli has an SRP homolog which can bind
proteins with signal sequences (Poritz et al., 1990; Ribes
et al., 1990; Luirink et al., 1992), SRP does not appear
to be required for the export of many proteins (Phillips
and Silhavy, 1992) and the role of SRP in protein
translocation is not clear. It has also been suggested that
SecA recognizes signal sequences (Lill et al., 1990).
Finally, studies on the interaction of signal sequences with
lipid bilayers have been used to argue that the insertion of
signal sequences into the cytoplasmic membrane facilitates
protein export (Jones et al., 1990).
One method that has been used to try to identify

E.coli proteins which interact with signal sequences and
recognize them as export signals in vivo is to isolate
mutants that are able to export proteins with defective
signal sequences (Emr et al., 1981). These mutants might
have compensatory mutations that allow the recognition
of a defective signal sequence. This class of mutation, the
prl mutations, has been detected in many of the genes
encoding components of the secretion apparatus including
secY, secA, secE and secG (Bieker et al., 1990; Schatz
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and Beckwith, 1990; D.Belin, personal communication).
prl mutants are not allele-specific; they can export proteins
with a wide variety of signal sequence defects (Randall
et al., 1987). One explanation for prl mutations is that
they disrupt a proof-reading system of the secretory
apparatus that ordinarily prevents proteins with defective
signal sequences from entering the export pathway
(Osborne and Silhavy, 1993).
The strongest prl mutations (those best able to promote

the export of proteins with defective signal sequences)
are found in secY and are named prlA mutations. prlA
mutations even allow the export of secreted proteins for
which the signal sequence has been totally deleted (Derman
et al., 1993a). To date, this latter finding has held for all
proteins tested, including alkaline phosphatase (AP), MalE,
,3-lactamase, LamB and MalS (Bowden et al., 1992;
Derman et al., 1993a; Flower et al., 1994; M.Ehrmann,
unpublished results). In the case of AP without its signal
sequence, ~30% of the AP is exported in a prlA4 strain
(a strong prlA mutation). If cell envelope proteins without
their signal sequences can be efficiently translocated, one
might expect that cytoplasmic proteins would also be
exported in prlA mutants. However, cytoplasmic proteins
are not exported in prlA strains to any significant extent.
Fractionation of wild-type cells and prlA mutants (includ-
ing prlA421 cells; see Results) followed by two-dimen-
sional SDS-PAGE revealed no significant difference in
the distribution of proteins between the periplasm and
cytoplasm of these strains (D.Boyd and S.Pedersen,
personal communication).
Why do prlA mutants export cell envelope proteins

missing their signal sequences, but not cytoplasmic
proteins? One possibility is that all exported proteins
contain sequences, in addition to the N-terminal signal
sequence, that reside in their mature regions and contribute
to their targeting for export. Alternatively, it is possible
that all exported proteins have evolved so as to fold slowly
or incompletely when expressed in the cytoplasm and any
unfolded protein is targeted for export in prlA mutants
(Derman et al., 1993a). In order to distinguish between
these possibilities, and to learn more about how proteins
are targeted for export, we isolated mutations in signal
sequenceless AP and MalS that prevent these proteins
from being exported in prlA4 cells.

Results
Mutations in AP42-22 that block its export in a
prlA4 strain
The plasmid pAID 135 encodes a version of alkaline
phosphatase, called APA2-22, which lacks its entire signal
sequence and the first amino acid of the mature protein
(Derman et al., 1993a). When expressed in prlA+ cells,
APA2-22 is not exported to the periplasm so that colonies
of this strain are white on plates with 5-bromo-3-chloro-
3-indolyl-phosphate (XP, a chromogenic substrate for AP).
By contrast, prlA4 cells export APA2-22 to the periplasm
and form blue colonies on plates with XP. Thus, it is
possible to screen for mutations in APA2-22 that prevent
it from being exported in a prlA4 strain by screening for
colonies that are white or light blue on media containing
XP. However, this approach would also yield mutations
that reduce the amount of APA2-22 or its specific activity.

In order to avoid having to screen out these mutations-
which would be quite frequent-the screen was performed
under conditions which require that the mutant proteins
still be capable of exhibiting AP activity. This can be
done by including a genetic selection that requires an
active AP in the cytoplasm.

In wild-type cells, APA2-22 cannot fold into an active
conformation in the cytoplasm because its essential disul-
fide bonds do not form (Derman et al., 1993b). However,
in the cytoplasm of cells lacking thioredoxin reductase
(encoded by trxB), the reducing environment is altered so
that disulfide bonds can form in APA2-22 and the protein
folds into an enzymatically active conformation. In a trxB
strain, active APA2-22 can substitute for a number of
cytoplasmic phosphatases including phosphoserine phos-
phatase (the product of serB; Derman et al., 1993b). A
serB strain is not able to grow on media lacking serine.
By contrast, a trxB serB strain expressing APA2-22 is
able to grow on media without serine because APA2-
22 is able to substitute for phosphoserine phosphatase.
Reducing the amount of APA2-22 in this strain by as
little as 10-fold prevents it from growing without serine
supplementation (data not shown). Thus, these properties
allow us to select for the continued presence of active
alkaline phosphatase in the cytoplasm. Mutations which
dramatically affect the amount or specific activity of
APA2-22 will prevent a trxB serB strain from growing
without serine. A trxB serB prlA4 strain producing APA2-
22 is also able to grow on media without serine and forms
blue colonies on plates containing XP. An isogenic prlA+
strain does not form blue colonies (presumably because
XP is not able to enter the cytoplasm). Therefore, a
mutation in APA2-22 that still allows growth without
serine, but causes a trxB serB prlA4 strain to be white or
light blue on media containing XP will probably be a
mutation that prevents the export of APA2-22 while
not affecting the ability of APA2-22 to substitute for
phosphoserine phosphatase in the cytoplasm.
The genetic screen and selection was performed by

transforming WP610 with hydroxylamine-mutagenized
pAID135 and plating on minimal media containing XP
and lacking serine. Sixteen independent light blue colonies
were characterized. In order to determine whether the
APA2-22 encoded by the mutant plasmids was defective
for export in a prlA4 strain, but could still fold into an
active conformation in the cytoplasm of a trxB strain, the
plasmid from each mutant was isolated and used to
transform AD494 (trxB prlA+) and WP637 (trxB+ prlA4)
and the AP activity of the resulting strains assessed. The
plasmids from 11 of the 16 mutants encoded APA2-22
that was exported poorly in WP637, but was still active
in the cytoplasm of AD494. The plasmids from the
remaining five mutants encoded APA2-22 that had low
activity in both strains and were not further characterized.
The phoAA2-22 allele on these 11 plasmids was sequenced;
in nine the fourth codon of phoAA2-22 was changed from
GAA to AAA while in the remaining two the ninth codon
of phoAA2-22 was changed from GAA to AAA. These
mutations convert the glutamate residues at positions four
and nine of APA2-22 to lysines (Figure 1). Table II shows
the AP activity of these mutants in various strains.

Since both mutations introduce basic amino acids near
the N-terminus of APA2-22, we assessed whether another
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N-terminus of APA2-22

MT PEM PV LEN RA A QGD ITA PGGA R RLTGDQT A...
+ +
K K _

[APA2-22E9 Kl MVPRRLT ....IAPA2 -2 2A2 3

[APA2-22 E4KI
+*

M RT P EM. .. [APA2-21I M V P L T... FAPA2-22A25

Fig. 1. Sequence of the N-termini of APA2-22 and various derivatives.

restriction sites:

pcsl

amino acid sequence:

EcoRI KpnI

I

M A I A I G I R A R Y P...
+ +

cut with

EcoRI/KpnI

blunt

religate

restriction sites:

pCs7
amino acid sequence:

EcoRI

M A I A I G I P...

Fig. 2. Sequence of the N-termini of AssMalS and AssAR'sMalS and
an outline of how pCS7 was derived from pCSI.

construct in which a basic amino acyl residue is introduced
near the N-terminus of APA2-22 would have the same
effect. The plasmid pAID134 encodes APA2-21 (Derman,
1994), which is identical to APA2-22 except that it contains
an additional arginine following the N-terminal methionine
of the protein (Figure 1). In order to determine whether
this addition affects the ability of APA2-21 to be exported
in a prlA4 strain, pAID134 was introduced into WP637
and AD494 and the AP activity of the resulting strains
was determined (Table II). Relative to the amount of
APA2-22 made from pAID135, cells containing pAID134
make 10-fold less APA2-21 (Derman, 1994). Accord-
ingly, AD494 expressing APA2-21 has ~10-fold less AP
activity than the same strain expressing APA2-22 (Table
II). Since APA2-21 is exported more than 170-fold less
efficiently in a prlA4 strain than is APA2-22 (Table II),
the additional arginyl group near the N-terminus of APA2-
21 greatly reduces the ability of APA2-21 to be exported
in a prlA4 mutant. Therefore, introducing a positively
charged residue at a number of positions near the N-
terminus of APA2-22 blocks its export in a prlA4 mutant.

Positively charged amino acids near the
N-terminus of AssMalS affect its ability to be
exported in a prlA4 strain
MalS is a periplasmic E.coli amylase (Schneider et al.,
1992). A plasmid, pCS 1, was constructed which encodes
MalS without its signal sequence under the control of the
PBAD promoter of the arabinose operon (Figure 2). This
plasmid encodes a protein (AssMalS) in which the signal
sequence of MalS has been replaced by ten amino acids
encoded by pBAD18s. These ten amino acids include two

arginyl residues (Figure 2). MalS is enzymatically active
when it is exported to the periplasm, but remains inactive
in the cytoplasm (unpublished results). Therefore, the
amount of amylase activity in strains expressing different
versions of MalS reflects how much of the protein is
exported. When pCS 1 was introduced into CS 12 (prlA+)
and CS18 (prlA4), MalS was not efficiently exported in
either strain (Table III). A second plasmid was constructed
from pCS 1 that encodes a version of AssMalS
(AssAR'sMalS) that does not include the two arginyl
residues near the N-terminus of this protein (Figure 2).
Unlike the product of the initial construct, the amylase
without these two arginyl residues is exported in a prlA4
strain (Table III). Eliminating these residues does not
change the level of expression or stability of AssMalS
(data not shown). Therefore, as with APA2-22, positively
charged amino acyl residues near the N-terminus of
AssMalS block its export in a prlA4 mutant.

The N-terminus of APA2-22 is not essential for
export
One explanation for our results is that AP contains export
targeting information within the N-terminal portion of the
mature protein, and the introduction of positively charged
residues disrupts this signal in APA2-22. If this were true,
the deletion of the N-terminus of APA2-22 would prevent
it from being exported in prlA mutants. Two plasmids
were constructed that encode versions of APA2-22 with
N-terminal truncations. APA2-22A23, encoded by
pWP851, lacks the first 23 amino acids of the mature
sequence of APA2-22, while APA2-22A25, encoded by
pWP852, is missing the first 25 amino acids of APA2-22
(Figure 1). The first three amino acids of both proteins
are MVP. APA2-22A23 contains two arginyl groups near
its N-terminus which are absent in APA2-22A25.
The plasmids encoding these proteins were introduced

into DHB4 (prlA+) and WP827 (prlA421, a priA allele
that will be described below). Since AP is oxidized to
generate disulfide bonds when it is exported to the peri-
plasm, the amount of oxidation of APA2-22A23 and
APA2-22A25 indicates the degree to which they are
exported. Pulse-chase labeling of these strains followed
by non-reducing SDS-PAGE was used to determine the
oxidation state of these proteins when they are expressed
in DHB4 and WP827. The strains were labeled for 1 min
with [35S]methionine and chased with cold methionine for
10 min. Samples were taken at the times indicated in Figure
3. A protein band running at a position corresponding to
oxidized AP is seen only when APA2-22A25 is expressed
in WP827 (Figure 3). That this is indeed oxidized AP is
indicated by the finding that when the samples in Figure
3 were run on SDS-PAGE with 50mM ,-mercaptoethanol,
only reduced APA2-22A25 was visible (data not shown).
These results show that the N-terminus of APA2-22 is not
essential for its export in prlA mutants. In addition, the
basic amino acyl residues near the N-terminus of APA2-
22A23 block its export. Thus, basic amino acyl residues
have the same affect on the export of APA2-22 with an

N-terminal deletion of the mature sequence as they do on

APA2-22 itself.

Screen for suppressors that are able to export
APA2-22 E4K
One way to learn more about how positively charged
residues block the export of APA2-22 and AssMalS is to
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Fig. 3. APA2-22A25, but not APA2-22A23, is exported in a prlA421
mutant. Strains WP851, WP852, WP857 and WP858 were labeled
with [35S]methionine for 1 min and chased with cold methionine for
10 min. Samples were taken 0, 2, 5 and 10 min after the start of the
chase (times indicated by numbers above lanes). Reduced and oxidized
APA2-22A25 are indicated by 'red' and 'ox' respectively. The material
marked '*' is probably a break-down product of AP.

obtain suppressor mutations that allow APA2-22 E4K to
be exported in a pr/A4 strain. These mutations might
directly affect the process that is disrupted by the positive
charges. Suppressors were isolated by mutagenizing
WP739 (which expresses APA2-22 E4K and carries the
pr/A4 mutation) with nitrosoguanidine and screening for
mutants that form blue colonies on media containing XP.
After screening 5 X 106 colonies, two mutants were isolated
that have elevated AP activity. One contained a direct
reversion of the original mutation that caused the E4K
change in APA2-22 (data not shown). The second, CFS21,
maps to the secY region by P1 transduction (data not
shown).

This second mutation was further characterized by
determining how well it was able to allow export of
different versions of AP with defective or missing signal
sequences. The secY region of CFS21 was transduced into
a number of strains encoding AP with various signal
sequence defects. In all cases, the resulting strains were
able to export AP more efficiently than isogenic pr/A4 or
prlA+ strains (Table IV). Thus, this mutation does not
appear specifically to counteract the effects of basic
residues on the export of AP. In addition, as with prlA4-
mediated export of APA2-22 (Bieker et al., 1990), the
export of APA2-22 E4K in CFS21 is dependent on SecB
(data not shown). Finally, all strains containing the prlA
allele from CFS2 1 grow more slowly than otherwise
isogenic prlA± strains (data not shown). We have named
the prlA allele in CFS21, prlA421.

Discussion
Targeting of signal sequenceless proteins in priA
mutants
Signal sequenceless extracytoplasmic proteins, such as
APA2-22, are exported in prlA mutants while cytoplasmic
proteins are not exported. We have considered two explana-
tions for this difference between exported proteins and
cytoplasmic proteins. According to the first explanation,
the mature portion of all secreted proteins contains export
signals that are missing in cytoplasmic proteins. For
example, the N-termini of the mature domains of exported
proteins may function as cryptic signal sequences. Altern-
atively, since APA2-22 is dependent on SecB for export
(Derman et al., 1993a), the signal may simply be a SecB-
binding site. However, SecB can bind to a wide variety

of polypeptides and does not appear to bind to a specific
sequence (Hardy and Randall, 1993). According to the
second explanation, all exported proteins, in contrast to
cytoplasmic proteins, have evolved to remain unfolded or
to fold slowly in the cytoplasm, and unfolded proteins are
targeted for export in prlA mutants. If the first explanation
were correct, then it might be possible to identify these
cryptic targeting sequences by obtaining mutations which
disrupt them. We sought such mutations in APA2-22 and
found that altering either Glu4 or Glu9 to Lys blocks the
export of APA2-22 in a pr/A4 mutant. In addition, a
version of APA2-22 with an additional arginyl residue in
the N-terminus (APA2-21; Figure 1) is not exported
efficiently in a prlA4 mutant. Thus, mutations which
introduce positively charged amino acyl residues near the
N-terminus of APA2-22 block its export in a pr/A4 mutant.
Similar results were obtained with a signal sequenceless
version of MalS (Table III).

Since all the mutations which block the export of APA2-
22 in a prlA4 mutant cluster near the N-terminus of APA2-
22, we considered whether the N-terminus of this protein
functions as a signal sequence in prlA mutants. Functional
signal sequences always contain a hydrophobic core and
a positively charged N-terminal domain. The mutations
which block the export of APA2-22 do not disrupt any
obvious stretch of hydrophobic amino acids. In addition,
since all of the mutations introduce positively charged
residues near the N-terminus of APA2-22, one might
expect that these changes would make the N-terminus of
APA2-22 more rather than less like a functional signal
sequence. Finally, if APA2-22 contains a cryptic signal
sequence, then deleting the N-terminal 25 residues of
APA2-22 should prevent its export in a prlA mutant.
However, this is not the case (Figure 3). Therefore, the
N-terminus of APA2-22 does not function as a cryptic
signal sequence in prlA mutants; the mutations which
block the export of APA2-22 do not disrupt an N-terminal
targeting signal but must affect the export competence of
APA2-22 in some other way.
Our findings make less likely the explanation for prlA-

based translocation that posits an export signal in the
mature portion of cell envelope proteins. We expected
mutations which disrupt such a signal in our genetic
screen; but instead, among 11 independent mutants, we
found only the Glu->Lys changes early in APA2-22. While
our failure to find mutations in a putative targeting site
suggests that the site does not exist, such negative results
should be interpreted with caution.

Nevertheless, we believe that our results indicate that
a more likely explanation for prlA-based translocation is
that slowly folding or partially unfolded proteins are
targeted for export in prlA mutants (Derman et al., 1 993a).
AP and other proteins that require disulfide bonds remain
unfolded in the cytoplasm (Derman and Beckwith, 1991;
Derman et al., 1993b). Furthermore, AP without its signal
sequence, MalE, and other proteins are maintained in an
export-competent, unfolded state by SecB (Randall et al.,
1990; Derman et al., 1993a). In addition, the fact that many
exported proteins are unstable when they are expressed in
the cytoplasm (Emr and Bassford, 1982; Michaelis et al.,
1986) suggests that they fold slowly in the cytoplasm.
One way to test whether slowly folding proteins are
targeted for export in prlA mutants would be to find
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Signal N-terminal priA
sequence + charge allele

wild-type none

wild-type +

none none

none +

priA +

prIA +

prIA4

prIA4

Fig. 4. Model of the initiation of protein translocation. In the protein to be exported, the hatched line represents the signal sequence and the filled
bar. the N-terminus of the mature protein. (A) The signal sequence (striped line) of a protein to be translocated is positioned at a recognition site in
SecA and causes a conformational change in the SecYEG complex (indicated by a change from a cylinder to a cylinder with a concave surface).
Next, the C-terminus of the signal sequence and the N-terminus of the mature portion of the translocating protein are inserted as a loop into the
secretion machinery. (B) When a positively charged amino acyl residue is introduced immediately downstream of the signal sequence cleavage site
(black bar), the second step of the initiation process is blocked. (C) When a signal sequenceless protein is targeted for export, it is bound by SecA,
but is unable to tricger the conformational change in the SecYEG complex. However, in prl mutants the SecYEG complex is locked into the
activated conformation and the N-termini of signal sequenceless proteins are inserted into the secretion machinery. (D) Positively charged amino
acids near the N-terminus of a signal sequenceless protein block the second step in the initiation process.

mutations that alter the folding, of a cytoplasmic protein
so that it is exported in a prlA mutant. We looked for
mutations in MalZ, a cytoplasmic maltodextrin glucosidase
(Tapio et al., 1991), that allow it to be exported in a prlA
mutant since MalZ is highly homologous to MalS, an

exported protein. So far, we have failed to find such
mutations (unpublished results).

Several lines of evidence suggest that the secretory
apparatus recognizes the mature domains of exported
proteins in wild-type cells as well as prlA mutants. The
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Table 1. Strains and plasmids used in this paper

Strain or plasmid Description or relevant genotype

expresses APA2-22 under tac promoter
expresses APA2-21 under tac promoter
expresses APA2-22 E4K under tac promoter
expresses APA2-22 E9K under tac promoter
expresses APA2-22A23 under araBAD promoter
expresses APA2-22A25 under araBAD promoter
malS in pBR322
expresses AssMalS under araBAD promoter
expresses AssAR'sMalS under araBAD promoter

Guzman et al. (1995)
Guzman et al. (1995)
Derman et al. (1993a)
Derman (1994)
this study
this study
this study
this study
Schneider et al. (1992)
this study
this study

F' lac-pro lacI/QIA(ara-let)7697 araD139 A/acX74 galE galK rpsL phoR A(phoA)PvuII lnalF3 thi
F A(ara-leu)7697 araD139 A/acX74 galU galK phoR rpsL
DHB4 trxB::Kanr
DHB4 prlA4 .... TnlO
DHB4 pr/A421 .... TnlO
WP637 + pWP620
WP637 trxB::KanrA(deoD-serB)252
WP739 but prlA421
Mph42 but phoA82
Mph42 but phoA21
Mph42 but phoA73
Mph54 prlA4 TnlO
Mph53 pr/A4 .... TnlO
Mph56 prlA4 TnlO
Mph42 prlA4 .... TnlO
Mph54 pr/A421 TnlO
Mph53 prlA421 .... TnlO
Mph56 prlA421 .... TnIO
Mph42 pr/A421 .... TnlO
DHB4 + pAID 135
WP551 trxB::Kanr
WP551 pr/A4 .... TnlO
DHB4 + pWP620
WP888 trxB::Kanr
WP888 pr/A4 TnlO
DHB4 + pWP643
WP889 tr.xB::Kanr
WP889 pr/A4 .... TnlO
DHB4 + pAID 134
WP760 trxB::Kanr
WP760 pr/A4 TnIO
WP551 pr/A421 .... TnlO
WP888 pr/A421 .... TnlO
DHB4 + pWP851
DHB4 + pWP852
WP851 prlA421
WP852 prlA421
F araD139 A/acU169 rpsL thi rbsR
MC4100 malTc AinalQ 4(ma/P-lacZ) malS malZ
CS10 Aara714 /eu::TnlO
CS 12 prlA4 TnIO

lab collection
lab collection
Derman et al. (1993b)
this study
this study
this study
this study
this study
lab collection
lab collection
lab collection
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
lab collection
this study
this study
this study

secretion machinery in prlA mutants is able to distinguish
signal sequenceless cell envelope proteins from cyto-
plasmic proteins. This ability must reflect differences in
the properties of the mature domains of exported proteins
and cytoplasmic proteins. The existence of these differ-
ences suggests that they must be required for the efficient
targeting and export of cell envelope proteins in wild-type
cells and not just pr/A mutants. This idea is supported by
the findings that both SecA and SecB recognize the mature
domains of exported proteins in vitro (Cunningham and
Wickner, 1989; Lill et al., 1990; Randall et al., 1991). In
addition, studies on MalE suggest that, in wild-type cells,

SecB recognizes the mature domains of cell envelope
proteins in vivo (Bankaitis and Bassford, 1984; Collier
et al., 1988).

The effect of basic amino acids on export
competence
Introducing basic residues near the N-terminus of a signal
sequenceless protein affects its export competence, not by
disrupting its ability to be targeted for export, but by some

other mechanism. This finding is reminiscent of results
seen when basic amino acids are introduced into proteins
with signal sequences. Basic residues early in the mature
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Plasmids
pBAD18s
pBAD22
pAID 135
pAID 134
pWP620
pWP643
pWP851
pWP852
pUMa1O3
pCS 1
pCS7

Source

Strains
DHB4
Mph42
AD494
WP637
WP827
WP739
WP610
CFS21
Mph53
Mph54
Mph56
WP880
WP881
WP882
WP883
WP884
WP885
WP886
WP887
WP551
WP552
WP636
WP888
WP890
WP739
WP889
WP891
WP892
WP760
WP893
WP761
WP828
WP829
WP851
WP852
WP857
WP858
MC4100
CS10
CS 12
CS 18
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portion of wild-type AP, immediately after the signal
sequence, cause a substantial reduction in export (Li et al.,
1988). Similar findings have been reported for other
exported proteins (Gennity et al., 1989). To explain these
observations, it has been proposed that the basic amino
acids block translocation by preventing the formation in
the membrane of a loop structure that includes the signal
sequence (Li et al., 1988). Our results show that inserting
a basic amino acyl residue early in the mature portion of
AP affects the export competence of AP whether it is
expressed with a signal sequence or not. We suspect that
the same mechanism accounts for the export block in both
cases. If this is so, basic amino acids must affect a step
in the process that does not require a signal sequence or,
by extension, the formation of a loop structure by the
signal sequence.

A model for protein export
We have developed a model for the initiation of protein
translocation that incorporates our current findings,
explains the properties of prlA mutants and suggests how
basic amino acids block translocation. This model is based,
in part, on the assumption that basic amino acids at
the N-terminus of the mature protein cause a block in
translocation by the same mechanism whether the protein
has its signal sequence or not. This assumption would
lead to the further assumption that, at an early stage of
the process, the N-terminus of the mature protein is
positioned at the same location in the secretion machinery
irrespective of whether it carries a signal sequence. In our
model, we make no assumptions about whether a secreted
protein enters directly into a channel formed by the
membrane-embedded components or is translocated
through some interface between those components and
SecA or the lipid bilayer itself. For simplicity's sake, we
will refer to this process as entry into the membrane,
although the model, as depicted in Figure 4, shows entry
into a pore that is partially exposed to the lipid bilayer.

Table II. AP activity of strains expressing wild-type and mutant forms
of APA2-22

AP synthesized Relevant genotype Number
isolated

prlA+ trxB+ prlA4 trxB+ prlA+ trxB

APA2-22 43 1200 910 n.r.

APA2-22 E4K 7.1 32 810 9
APA2-22 E9K 4.2 37 670 2
APA2-21 1.0 6.9 82 n.r.

n.r., not relevant.

We propose that basic amino acids at the N-terminus
of a mature protein directly block entry of a protein into
the membrane. In the case of the wild-type secretion
machinery interacting with a normal signal sequence,
these basic amino acids block the process of initiation of
insertion of the signal sequence into a loop structure in
the membrane (Figure 4A and B). If this is correct, then
the initiation of formation of the loop structure occurs not
by insertion of the hydrophobic signal sequence into the
membrane, but rather by the insertion of the region of
exported proteins that includes the C-terminus of the
signal sequence and the N-terminus of the mature protein
(Figure 4A). According to this picture, the loop structure
is a result of the initiation of translocation, not a cause.

It seems simplest to us to imagine the following
steps in the export process for proteins carrying signal
sequences: (i) An unfolded protein interacts with the
secretion machinery. It may be that this machinery will
bind any unfolded protein. Some evidence exists for a
function of SecA as a chaperone protein (Cunningham
and Wickner, 1989; Lill et al., 1990; Kumamoto, 1991),
in addition to its direct role in the translocation process.
Alternatively, SecB or other chaperones (e.g. SRP) may
specifically target any unfolded protein to the membrane
apparatus. (ii) After interaction with SecA, proteins to be
translocated are aligned in the machinery so that the signal
sequence is positioned at a recognition site involving
perhaps both the hydrophobic membrane components
(SecY, E and G) and SecA (Figure 4). At this point, the
machinery utilizes a proof-reading mechanism to reject
proteins with either defective or missing signal sequences
(Osborne and Silhavy, 1993). After successful proof-
reading, the machinery undergoes a conformational change
that allows the translocation process to begin. The align-
ment of a functional signal sequence in the machinery
will position the C-terminus of the signal sequence and
N-terminus of the mature protein so that they can enter
the membrane as a loop. (iii) The translocating protein is

Table IV. AP activity of strains with different phoA alleles

phoA allele Relevant genotype

prlA+ prlA4 prlA421

phoAA2-22 40 1200 1800
phoA21 28 200 340
phoA82 130 480 540
phoA73 300 480 510
phoA+ 640 660 540
phoAA2-22 E4K 7.1 32 260

Table III. Amylase activity of strains expressing various MalS derivatives

Strain MalS synthesized priA allele MalS activity Relative increase

CS12+pCS1 AssMalS prlA+ 0.005a lb

CS18+pCSl AssMalS prlA4 0.006 1
CS12+pCS7 AssAR'sMalS prlA+ 0.036 8
CS18+pCS7 AssAR'sMalS prlA4 0.590 131
CS12+pUMalO3 MalS prlA+ 1.950 n.r.

aOne unit corresponds to 1 nmol p-nitrophenyl-hexoside hydrolyzed/min/mg cellular protein at room temperature.
bRatio with respect to CS12+pCSl.
n.r., not relevant.
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then inserted into the membrane. Recent evidence suggests
that this process requires the insertion of SecA, along
with the protein to be exported, into the membrane
(Economou and Wickner, 1994; Kim et al., 1994;
Economou et al., 1995). A protein that carries a net
positive charge at the N-terminus of the mature protein
will not be able to enter the membrane and will be rejected
by the machinery (Figure 4B and D). (iv) Many of the
details of translocation itself, including the energetics of
the process, are proposed elsewhere (Schiebel et al., 1991;
Wickner et al., 1991).

priA mutants and basic amino acids
How do prlA mutants alter the translocation machinery
so that signal sequenceless proteins can be exported?
Osborne and Silhavy (1993) have suggested that prlA
mutants eliminate or weaken the proof-reading activity of
the machinery. A similar post-targeting signal sequence
recognition step has recently been discovered in mamma-
lian systems (Jungnickel and Rapoport, 1995; Belin et al.,
1996). Thus, the secretion machinery in a prlA mutant
will accept an unfolded protein without a signal sequence.
We propose that when such a protein enters the secretion
apparatus, the N-terminus does not position itself along the
signal sequence-binding-proof-reading site, but remains at
the site where the mature portion of proteins with signal
sequences bind. The N-terminus of the protein then enters
the translocation machinery facilitated by SecA (Figure
4C). If there are basic amino acids at the N-terminus of
the protein, entry is blocked in the same way as with a
protein with a normal signal sequence followed by basic
amino acids (Figure 4D).
We have found that prlA421 cells are able to export

signal sequenceless AP even when it is expressed with a
basic residue near its N-terminus. It is unlikely that this
mutation affects the ability of positively charged residues
to be inserted into the membrane [step (iii), above] since
it does not specifically counteract the effects of basic
residues on the export of AP. Rather, prlA421 cells
probably allow a greater fraction of signal sequenceless
AP to proceed to the membrane insertion step of protein
translocation than prlA4 cells. This, in turn, allows a small
fraction of signal sequenceless AP with a basic residue
near its N-terminus to be exported.

Materials and methods
Materials
Media and chemical reagents were prepared or purchased as previously
described (Derman et al., 1993a). Oligonucleotides were purchased from
Genosys Biotechnologies Inc.

Strains and plasmids
The strains and plasmids used in this study are listed in Table I. Strains
were constructed using standard techniques (Miller, 1992). Plasmids
pWP620 and pWP632 encode APA2-22 E4K and APA2-22 E9K respect-
ively (Figure 1) and were isolated in a screen described below. The
sequence of the phoA alleles in these plasmids was confirmed by
sequencing. The plasmid pWP85 1, which encodes APA2-22A23 (Figure
1), was constructed as follows. Using phoA as a template, the polymerase
chain reaction (PCR) was performed with primers phoA-7 (5'-GGGGGG-
TACCTCGCCGTTTAACGGGTGATCAG-3') and phoA-9 (5'-GGGGT-
CTAGATTATTFT7CAGCCCCAGAGCGGC-3'). The resulting product
was cut with EcoRIand XbaIand ligated into pBAD22 (Guzman et al.,
1995). The same procedure was used to make pWP852, which encodes
APA2-22A25, except that the primer phoA-8 (5'-GGGGGGTACCTTTA-

ACGGGTGATCAGACTGCC-3') was used in place of phoA-7. The
plasmid pCSI was constructed by cutting pUMalO3 with PwdI and
HindlIl, and ligating the resulting fragment containing malS into
pBADL8s (Guzman et al., 1995) cut with SmiaI and HindlIl. The plasmid
pCS7 was derived from pCS1 by cutting pCS1 with EcoRI and KpnI,
blunting the ends, and re-ligating (Figure 2).

Isolation of mutations in APA2-22 that block its export
The plasmid pAID 135 was mutagenized with hydroxylamine as described
by Mendenhall et al. (1988) except that it was kept at 70°C for 2 h.
This mutagenized plasmid was used to transform WP610 and the cells
were plated on M63 medium containing 0.2% glucose, 100 .g/ml each
of isoleucine and leucine, 200,ug/ml ampicillin and 40,tg/ml XP. Light
blue or white colonies were picked after incubation for 2 days at 37°C.

Isolation of mutants that can export APA2-22 E4K
WP739 was mutagenized with nitrosoguanidine as described in Miller
(1992) and plated on NZ-amine-A medium containing 200 ,ug/ml
ampicillin and 40 ,tg/ml XP. Dark blue colonies were picked after
incubation for 1 day at 37°C.

Alkaline phosphatase and amylase assays
For alkaline phosphatase assays, cells were grown in NZ-amine-A plus
200 tg/ml ampicillin and 5 mM isopropyl-thio-p-D-thiogalactopyrano-
side (IPTG) to a final OD600 of -0.4. They were then incubated on ice
for 20 min in the presence of 100 mM iodoacetamide. The remainder
of the assay was performed as described in Derman et al. (1993) except
that 100 mM iodoacetamide was used instead of 1 mM iodoacetamide
in the wash buffer. The assays were performed in duplicate and results
varied by <5%.

Amylase activity was determined in whole cells using p-nitrophenyl-
hexoside (PNP6) as a substrate. The release of p-nitrophenol from PNP6
by MalS was measured at room temperature. Overnight cultures grown
in minimal medium 9 (M9) and 0.4% glycerol were harvested, washed
in M9 and resuspended in M9 to an OD578 of 2.0. Five hundred
microlitres of cells were permeabilized with 25 ,ul of 0.1% SDS and 25
,ul CHC13. After incubation for 10 min at room temperature, PNP6 was
added to a final concentration of 2 mM. After the appearance of a pale
yellow color, the reaction was stopped by adding 170 ,l of 20%
trichloroacetic acid. Samples were kept on ice for 15 min. After
centrifugation, 400 tl of supernatant was transferred to a tube containing
600 Id 1 M Na9CO3. p-Nitrophenol was assayed by determining
absorbance at 405 nm. The extinction coefficient of p-nitrophenol is
0.014 ,uM-1 cm-1 (Walsh, 1979). One unit of MalS activity corresponds
to 1 nmol of PNP6 hydrolyzed per minute; activity is expressed as units
per mg cellular protein.

Radiolabeling and immunoprecipitation
Cells were grown to mid-log phase in M63 medium containing 0.2%
glycerol, 50 mg/ml of all amino acids except cysteine and methionine,
and 100 mg/ml ampicillin and then induced with 0.2% arabinose for
10 min before labeling. Labeling, immunoprecipitation, non-reducing
SDS-PAGE and autoradiography were performed as previously described
(Derman et al., 1993a) except that the cells were treated with 100 mM
iodoacetamide for 20 min on ice immediately after labeling.
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