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Abstract

The export of the maltose-binding protein (MBP), the malE gene product, to
the periplasm of Eschericha coli cells has been extensively investigated. The
isolation of strains synthesizing MalE-LacZ hybrid proteins led to a novel
genetic selection for mutants that accumulate export-defective precursor MBP
(preMBP) in the cytoplasm. The export defects were subsequently shown to
result from alterations in the MBP signal peptide. Analysis of these and a
variety of mutants obtained in other ways has provided considerable insight
into the requirements for an optimally functional MBP signal peptide. This
structure has been shown to have multiple roles in the export process, includ-
ing promoting entry of preMBP into the export pathway and initiating MBP
translocation across the cytoplasmic membrane. The latter has been shown to
be a late event relative to synthesis and can occur entirely posttranslationally,
even many minutes after the completion of synthesis. Translocation requires
that the MBP polypeptide exist in an export-competent conformation that
most likely represents an unfolded state that is not inhibitory to membrane
transit. The signal peptide contributes to the export competence of preMBP by
slowing the rate at which the attached mature moiety folds. In addition,
preMBP folding is thought to be further retarded by the binding of a cytoplas-
mic protein, SecB, to the mature moiety of nascent preMBP. In cells lacking
this antifolding factor, MBP export represents a race between delivery of newly
synthesized, export-competent preMBP to the translocation machinery in the
cytoplasmic membrane and folding of preMBP into an export-incompetent
conformation. SecB is one of three E. coli proteins classified as “molecular
chaperones” by their ability to stabilize precursor proteins for membrane
translocation.
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Introduction

The maltose-binding protein (MBP?) of Escherichia coli, the product of the
malE gene, is secreted through the cytoplasmic membrane to the periplasm
where it functions in both maltose uptake and chemotaxis. It is initially
synthesized as a precursor protein that includes a 26 amino acid signal
peptide and a 40.6-kDa mature moiety (370 residues). As a model for protein
translocation across a biological membrane, the study of MBP export in
E. coli is particularly attractive for the following reasons:

(1) The genetics of the E. coli mal regulon, of which the malE gene is a
component, are very well understood.

(2) MBP is an essential component of the maltose transport system.
Thus, secretion of this protein into the periplasm is essential for cells to utilize
maltose as a carbon source. This greatly facilitates the use of genetic selec-
tions for analyzing MBP export and, in addition, the efficiency of MBP
export can often be monitored by the growth of cells on maltose minimal
medium or by colony color on maltose indicator agar.

(3) MBP export involves translocation across a single membrane. There
is only one processing step, and the protein is not further localized or
modified.

(4) Unlike many exported proteins of E. coli, precursor MBP (preM BP)
is unusually stable in the cytoplasm when secretion is blocked.

(5) Mature MBP (mMBP) is a soluble protein that can be produced and
secreted in large amounts without affecting cell viability and is easily purified
by affinity chromatography.

(6) Mature MBP folds into a highly stable, tertiary structure that is
unusually protease-resistant. In fact, acquisition of protease resistance can be
used as an indicator of MBP folding. In studies involving the latter, the lack
of Cys residues in the protein eliminates the possible complication of intra-
molecular disulfide bond formation.

MBP export has been investigated in a number of laboratories but most
extensively in those of Bassford and Randall. This review will largely con-
centrate on those studies concerned with the export properties of the preMBP
molecule itself, as well as the interaction of preMBP with the secretion
machinery, particularly SecB.

? Abbreviations: MBP, maltose-binding protein and RBP, ribose-binding protein (the prefix
“pre”’ specifically indicates the precursor form of the protein, whereas “m” indicates the mature
form); SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis; SRP, signal
recognition particle.
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MalE-LacZ Hybrid Proteins

Initial studies of MBP export were greatly facilitated by the isolation of
E. coli strains in which the malE gene was genetically fused to the lacZ gene
encoding the cytoplasmic enzyme f-galactosidase (reviewed in detail by
Bankaitis er al., 1985). In certain instances, a malE-lacZ hybrid gene resulted
that encodes a hybrid protein having, at its amino terminus, an amino-
terminal portion of the MBP and, at its carboxyl terminus, enzymatically
active f-galactosidase (Bassford er al., 1979). It was originally anticipated
that those hybrid proteins possessing an intact MBP signal peptide at the
amino terminus would be secreted into the periplasm. Such a result would
have provided strong support for the hypothesized role of the signal peptide
in initiating protein export.

Five different MalE-LacZ hybrid protein-producing strains were charac-
terized. The hybrid proteins differ in the amount of MBP attached to
B-galactosidase. The smallest protein retains only the first 14 residues of the
MBP signal peptide (designated class I); the largest one lacks only a small
carboxyl-terminal portion of the MBP (designated class V). Secretion of the
hybrid protein into the periplasm could not be demonstrated for any of the
fusion strains. However, those hybrid proteins that include an intact MBP
signal peptide (classes II-V) are inserted into the cytoplasmic membrane to
various degrees, strongly suggesting that the export of the hybrid proteins is
at least initiated.

The malE-lacZ fusion strains encoding class 11-class V hybrid proteins
exhibit an unusual phenotype. Cells that are otherwise mal/* but which
synthesize these MalE-LacZ hybrid proteins are sensitive to maltose, the
inducer of the mal regulon. This maltose-sensitive (Mal®) phenotype is a
direct consequence of the induction of high-level hybrid protein synthesis,
which is under control of the malE promoter. Following induction, the
hybrid protein accumulates in the cytoplasmic membrane, resulting in a
progressive, coordinate inhibition of export of virtually all periplasmic and
outer membrane proteins (Bassford ef al., 1979; Ito et al., 1981), and even
some cytoplasmic membrane proteins (Herrero ez al., 1982). This was demon-
strated by the observation that the proportion of the precursor form to the
mature form for various exported proteins (e.g., wild-type MBP, alkaline
phosphatase, LamB, OmpA) pulse-radiolabeled and analyzed at various
times postinduction continually increases with time. Several hours after
induction of hybrid protein synthesis, these exported proteins are encountered
almost exclusively in their precursor forms. Under these conditions, the cells
form long filaments and eventually lyse. It was proposed that this Mal°
phenotype results from the progressive occupation by the hybrid protein of
specific sites in the cytoplasmic membrane required for general protein export
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(Bassford et al., 1979; Ito er al., 1981). More recent studies by Bieker and
Sithavy (1989) conclusively demonstrated that PrlA (SecY) is the component
of the protein export pathway that is sequestered by LacZ hybrid proteins in
the membrane.

Studies by Rasmussen et al. (1984) showed that the MBP portion of
MalE-LacZ hybrid proteins with an intact signal peptide is transferred across
the cytoplasmic membrane into the periplasm. This was indicated by the
findings that the signal peptide is removed from those hybrid protein mole-
cules synthesized immediately following induction, and that the processed
forms are susceptible to protease added to spheroplasts. It was suggested that
secretion of the hybrid proteins commences in the same manner as MBP
itself. However, at some point in the translocation process, the sequence or
structure of the f-galactosidase tail aborts the export process, leaving the
hybrid protein embedded in the cytoplasmic membrane. It is not known why
p-galactosidase is incompatible with membrane translocation. Several studies
indicate that there are multiple regions within the polypeptide that each
contribute to this problem (Bassford ef al., 1979; Schwartz et al., 1981; Lee
et al., 1989). Lee et al. (1989) have hypothesized that rapid folding of small
domains of f-galactosidase may be resposible for the failure to translocate
this protein. Regardless of the explanation, note that it was the early studies
with both MalE-LacZ and LamB-LacZ fusions that were the first to clearly
demonstrate that the presence of an amino-terminal signal peptide is not
necessarily sufficient to assure the secretion of a normally cytoplasmic protein
(Sithavy et al., 1977; Bassford and Beckwith, 1979; Bassford et al., 1979;
Moreno et al., 1980).

The unusual Mal® phenotype of certain malE-lacZ fusion strains suggested
a selection for the isolation of mutants defective in MBP export. It was
predicted that mutants that survive induction with maltose (Mal’) and con-
tinue to synthesize the hybrid protein (Lac*) will no longer attempt to export
the hybrid protein from the cytoplasm. Indeed, Mal" Lac* mutants were
obtained and in cach case the hybrid protein produced by these cells frac-
tionates primarily with the cytoplasm. The mutations responsible for the
Mal" phenotype were mapped to the very early malE portion of the hybrid
gene. It was subsequently demonstrated that the export-defective nature of
the hybrid proteins is due to mutational alterations of the MBP signal peptide
(see below). At the time, it was somewhat disappointing that mutants with
alterations in the protein export machinery of the cell were not also obtained
by this selection. However, another unusual property exhibited by these same
malE-lacZ fusion strains was later exploited to isolate mutations that led to
the identification of both the sec4 (Oliver and Beckwith, 1981) and secB
genes (Kumamoto and Beckwith, 1983) of E. coli (see articles by Oliver and
Kumamoto, this volume).
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Processing Site
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Met Lys Tle Lys Thr Gly Ala Arg lie Leu Ala Leu Ser Ala Leu Thr Thr Met Met Phe Ser Ala Ser Ala Leu Ala'Lys lle
B Pro Ghu Lys Arg Arg
10-1 14~1 16-1  18-119-1
c V277222 o i2772278 A2-ta
D Arg Pro Pro

10-211-1 14-2

Ser
11-2

Fig. 1. Primary amino acid sequence of the wild-type MBP signal peptide and alterations
resulting from various malFE signal sequence mutations. (A) The wild-type MBP signal peptide
and the first two residues of mMBP. The cleavage site for processing by signal peptidase I is
indicated. (B) MBP signal peptide alterations resulting from strong malE point mutations
obtained in the original selection (Bassford and Beckwith, 1979; Bedouelle ez al., 1980). (C) The
malEA12-18 mutation removes residues 12-18 from the hydrophobic core (Bankaitis e al.,
1984). (D) Signal peptide alterations resulting from a selection for weak signal sequence mutations
(Bankaitis ef al., 1985). Single amino acid alterations in the wild-type sequence are indicated by
arrows. Residues removed as a result of a deletion mutation are indicated by a shaded bar. The
corresponding malE allelic designations are also given. (From Ryan ez al., 1986b.)

The MBP Signal Peptide

Although the MBP signal peptide displays little primary sequence
homology with other signal peptides, it exhibits the conserved features typical
of signal peptides of both prokaryotic and eukaryotic origin (Perlman and -
Halvorson, 1983; von Heijne, 1985; Sjostrom et al., 1987; see articles by
Gierasch and Inouye et al., this volume). It is 26 amino acids long and has
three recognizable regions (Fig. 1A). The first eight residues constitute the
hydrophilic segment (designated the n-region; von Heijne, 1985, 1986). This
region carries a net positive charge due to the presence of three basic residues.
The hydrophilic segment is followed by the hydrophobic core (residues 9-20;
h-region), a region devoid of charged residues and predicted to assume an
o-helical conformation (Bedouelle and Hofnung, 1981). The overall hydro-
phobic character of this region has been shown to be a major determinant
of signal peptide function. Finally, the six carboxyl-terminal residues of the
MBP signal peptide (residues — 6 to — 1 relative to the cleavage site) repre-
sent the recognition sequence for the processing enzyme, signal peptidase I.
This region (c-region) is the most highly conserved among various signal
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peptides, since the cleavage site must be recognized by the processing enzyme
(Perlman and Halvorson, 1983; von Heijne, 1983). A f-turn structure is
thought to occur at the boundary between the hydrophobic core and the
signal peptidase recognition sequence (Perlman and Halvorson, 1983).
According to the loop model (Inouye and Halegoua, 1980), the positively
charged amino terminus interacts with the inner surface of the cytoplasmic
membrane, and the hydrophobic core inserts into and spans the membrane
as a loop or reverse hairpin structure, exposing the cleavage site on the
external face at some point during the translocation process. Many details of
this model remain a matter of conjecture; still, the experimental evidence
supports this orientation of the signal peptide during translocation (Duffaud
et al., 1985; Dalby and Wickner, 1985; Fikes and Bassford, 1987; Millan
et al., 1989; Summers et al., 1989).

The Hydrophobic Core

Mutational alterations in the MBP signal peptide were obtained using the
selection procedure described above (reviewed in detail by Bankaitis et al.,
1985). Although such signal sequence mutations were originally isolated in a
malE-lacZ hybrid gene, such mutations were easily recombined into an intact
malE gene where their effect on MBP export was subsequently determined
(Bassford and Beckwith, 1979). The original selection yielded five unique
single amino acid substitutions in the MBP signal peptide (Fig. 1B), each of
which alters the hydrophobic core and results in a significant export defect
(Bedouelle et al., 1980). The substitution of proline for leucine at residue 10
is predicted to significantly disrupt the secondary structure through the core
region (Bedouelle and Hofnung, 1981). The other four mutations introduce
a charged residue into the core, strongly supporting the idea that the hydro-
phobic nature of the core is essential for the role of the signal peptide in
initiating export. In E. coli cells synthesizing these various mutant MBP
species, the MBP accumulates in the cytoplasm as unprocessed preMBP to
various extents (Fig. 2). MBP18-1 exhibits the strongest export defect; only
about 4% of the total MBP synthesized is exported and processed to the
mature form.

Subsequent studies employing a similar selection yielded additional
alterations in the signal peptide, including several in-frame deletion mutations
that extend into the mature coding sequence (not shown), and one that
removes seven residues from the core (designated mal/EA12-18) (Figs. 1C.2).
The latter represents, in terms of its effect on MBP export, the strongest
alteration in the wild-type signal peptide obtained by genetic selection.
However, this extremely truncated signal peptide still facilitates export of
approximately 1% of the total MBP synthesized, which is sufficient to permit
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Fig. 2. SDS-PAGE of wild-type and export defective MBP. Immune precipitation of radio-
labeled MBP from solubilized extracts of E. coli cells and analysis by SDS-PAGE and autoradi-
ography was performed as described by Bankaitis et al. (1984). Note that, under the radiolabel-
ing conditions employed, only mMBP is recovered from wild-type (ma/E™) cells. MBP preci-
pitated from mal EA12-18 cells is found almost exclusively in its truncated precursor form. Other
MBP species (see Fig. 1B) are found in-varying ratios of intact preMBP and mMBP. The arrow
indicates the position of mMBP.

growth of E. coli cells on maltose, albeit with a very slow doubling time
(Bankaitis ez al., 1984).

The signal peptide alterations shown in Fig. 1D were obtained using a
selection procedure specifically designed to yield mutants demonstrating only
minor export defects (Bankaitis er al., 1985). Interestingly, such alterations
are also confined to the hydrophobic core region, as are all the previous
mutants obtained (except those resulting from large deletions). The charac-
terization of these mutants revealed that the introduction of a charged
residue early in the core at position 10 is not nearly as disruptive as placing
a charged residue further into this region. Likewise, the introduction of a Pro
residue at either position 11 or 14 is not as detrimental to signal peptide
function as the Pro at position 10. In the latter case, the helix-breaking
property of the Pro is probably considerably amplified by its close proximity
to the Gly at residue 6, which is also a strong helix breaker (Fikes er al., 1987).
A similar situation was described in a study of LamB signal peptide alter-
ations (Emr and Silhavy, 1983).

It was interesting that most of the mutants described above were
obtained multiple times among a large number of independently isolated
mutants that were analyzed. Alterations confined to either the hydrophilic
segment or the cleavage site regions were not obtained, nor were substitutions
at several positions within the hydrophobic core, including the Leu residue at
position 15. Recently, oligonucleotide mutagenesis was employed to substitute
Arg for Leu at this position (designated MBP15-1) (S. Van Meter, S. M.
Strobel, and P. J. Bassford, Jr., unpublished results). This mutant was
constructed for several reasons. Leu is extremely hydrophobic, has a high
propensity for ¢-helix formation (Arfmann et ol., 1977), and on a statistical
basis is the most frequently occurring amino acid in the hydrophobic cores
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of prokaryotic signal peptides (von Heijne, 1986). Also, it requires a minimum
of two nucleotide changes to convert this Leu codon (TTA) to one encoding
a charged residue. To date, all of the substitution mutations in the MBP
signal peptide coding region obtained by genetic selections have resulted
from the change of a single nucleotide. MBP15-1 was found to be totally
export-defective; cells synthesizing this MBP species are unable to utilize
maltose as a carbon source. This may represent the only example of a single
amino acid substitution within a signal peptide that renders the correspond-
ing precursor protein totally export-defective (see Ferenci and Silhavy, 1987).

Additional information concerning the hydrophobic core was obtained
by isolating phenotypically Mal™ revertants of various malFE signal sequence
mutations. Beginning with five different mutants, Bankaitis er al. (1984)
and Ryan et al. (1986a) obtained a total of 29 unique intragenic reversion
mutations. Most of the revertants harbor second-site suppressor mutations
that suppress to some degree the effects of the original lesion. For the six
unique revertants of the deletion mutation mal/EAI2-18 (Bankaitis et al.,
1984), this is necessarily the case. Except for two instances (see below), each
of the reversion mutations results in an increase in the overall hydrophobicity
of the core region. Hydrophobicity is restored by several different mechan-
isms, including one in which the core is lengthened at the expense of the
hydrophilic segment by converting the Arg at residue 8 to a neutral or
nonpolar residue. It was also apparent from the analysis of these revertants
that the hydrophobic core can be functionally extended into the cleavage site
region, even to include the first several residues of the mMBP, without any
obvious effect on signal peptide processing (see below). Because of the variety
of ways in which hydrophobicity can be restored to the core, and the clear
correlation between the efficiency of MBP export and the hydrophobic nature
of the core region, it was concluded that the overall hydrophobicity of this
structure, rather than the absolute length of its uninterrupted core, is a
major determinant of signal peptide export competency. Studies by other
investigators with mutationally altered (Michaelis et al., 1986), partially
synthetic (Kendall et al., 1986; Kendall and Kaiser, 1988), and randomly
selected (Kaiser ef al., 1987) signal peptides have provided additional support
to this concept.

Two of the intragenic suppressor mutations obtained in these selections
are single amino acid substitutions at residue 19 of the mature MBP. In the
case of a suppressor of malEAI2-18, the improvement in MBP export
is barely discernible (Bankaitis ez al., 1984). However, in the case of an
intragenic revertant of malE19-1, MBP export is substantially improved
(Ryan et al., 1986a). It was not obvious how these changes, fairly far removed
from the signal peptide, serve to partially suppress an export defect resulting
from an altered hydrophobic core. The isolation of such mutations suggested
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that the early region of mMBP may contain important information for
initiating protein export. In the case of LamB, several studies have indicated
that the early mature region of this protein may have a role in export (Benson
et al., 1984; Rasmussen and Silhavy, 1987). However, the deletion of residues
17-21 from the mature moiety of otherwise wild-type preMBP was found to
have no effect on MBP export (J. W. Puziss and P. J. Bassford, Jr., unpub-
lished results). In a more recent study, a signal sequence suppressor mutation
was characterized that altered residue 283 of the mMBP (Cover et al., 1987).
Suppression in this instance resulted from the effect of this alteration on the
folding properties of preMBP (sce below). It now seems probable that the
alterations at residue 19 of the mMBP mediate their suppressive effects
through a similar mechanism, although this has not yet been specifically
demonstrated.

Extragenic suppressor mutations were also obtained among Mal*
revertants of various MBP signal sequence mutants (Bankaitis and Bassford,
1985; Ryan and Bassford, 1985). The isolation of such mutations has proven
particularly useful for genetically dissecting the E. coli protein export path-
way. Silhavy and coworkers have extensively characterized numerous extra-
genic suppressors of LamB signal sequence mutations. These studies led to
the identification of several new genes, including at least two genes, prid
(secY) and priG (secE), encoding essential components of the E. coli protein
export machinery (Emr et al., 1981; Stader et al., 1989). pri4 mutations were
found to suppress signal sequence mutations in other genes as well, including
malE (Emr and Bassford, 1982) and phod (Michaelis er al,. 1986). Among
extragenic revertants of malE signal sequence mutations a number of new
alleles of pri4 were obtained, including several that were particularly power-
ful suppressors (Bankaitis and Bassford, 1985). A new class of suppressor
mutations was also obtained that were designated prID (Bankaitis and
Bassford, 1985; Ryan and Bassford, 1985). Although originally thought to
identify a new gene, Fikes and Bassford (1989) subsequently demonstrated
that these represent novel alleles of the secA4 locus previously characterized
by Oliver and Beckwith (1982). The finding that mutational alterations in key
components of the export pathway can partially restore export of proteins
with defective signal peptides suggests that the PrlA, PrlG, and SecA proteins
may directly interact with the signal peptide in the protein export process.
Except for SecA (see below), this has not been directly demonstrated. For
more information concerning pr/ mutations, see the article by Bieker et al.
(this volume).

The R2 Signal Peptide

One of the Mal* revertants of malEAI2-18 substitutes Leu for Arg
at residue 8 of the MBP signal peptide (designated malEAI2-18R2 and
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henceforth referred to as R2) (Bankaitis et al., 1984). The MBP signal peptide
synthesized by the R2 mutant is 7 residues shorter than the wild-type and has
one fewer basic residue in the hydrophilic (Fig. 3). Still, it facilitates MBP
secretion and processing at a rate and efficiency that is comparable to those
of the wild-type structure (Bankaitis et al., 1984; Fikes et al., 1987; Puziss
et al., 1989). It was postulated that the functional hydrophobic core of this
signal peptide extends from the Ala at residue 7 through to the cleavage site.
To test this possibility, mutational alterations in the R2 signal peptide were
selected by the same method that previously yielded alterations in the wild-
type signal peptide (Fikes er al., 1987). Seven unique single amino acid
substitutions in the R2 signal peptide were obtained (Fig. 3). As was
previously the case for the wild-type MBP signal peptide, the introduction of
either charged residues or proline residues into the R2 signal peptide adversely
affects export function. Furthermore, alterations that are expected to disrupt
the R2 core structure are found at positions —3 and — 2 relative to the
cleavage site, residues normally constituting the processing site region of the
MBP signal peptide. Since the unaltered R2 signal peptide is processed
rapidly and efficiently to yield mMBP, almost certainly at the normal
cleavage site (Fikes and Bassford, 1987), these results strongly indicate that
the processing site can overlap the hydrophobic core and does not necessarily
constitute a totally distinct region of the signal peptide.

One of the mutants obtained in this study, designated CC15, proved to
be of considerable interest. In this instance, Asp is substituted for Ala at
residue — 3 relative to the cleavage site. For prokaryotic signal peptides,
Ala-X-Ala is the most frequently observed sequence at positions — 3 to - 1
and is thought to represent the recognition site for signal peptidase I (sce

Processing Site

1 2 3 4 5 6 7 8 9 10 11 19 20 21 22 23 24 25 26 2 3 5 6
Met Lys lle Lys Thr Gly Ala Leu lle Leu Ala Met Phe Ser Ala Ser Ala Leu Ala Lys fle Glu Glu Gly Lys
CTC CTCGCGATG TCC GCT CTC

GAG ccc GAT CGC
Glu Pro Asp Arg
(cc18) (CC13) (ccis)(CcC1T)
CCC CGC AGG
Pro Arg Arg

(Cc19) (CC21) (CC23)

Fig. 3. Mutational alterations in the R2 signal peptide. The primary amino acid sequence of the
truncated R2 signal peptide, including the R2-encoded alteration at position 8, and the first six
residues of mMBP are shown. Seven unique amino acid alterations resulting in export defects
are indicated. The changes in the nucleotide sequence and the corresponding designations are
also given. (From Fikes et al., 1987.)
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below). Although inefficiently exported due to the alteration in the signal
peptide, preMBP secreted by CC15 cells is not processed; rather, unprocessed
preMBP is released into the periplasm in a soluble form and is functional in
facilitating maltose uptake (Fikes and Basford, 1987). This finding prompted
the construction by oligonucleotide mutagenesis of another mutant MBP
species, designated MBP24-1, in which Asp is substituted for Ala at position
24 (i.e., —3) of an otherwise wild-type signal peptide. This alteration has no
adverse effect on MBP translocation across the cytoplasmic membrane,
indicating that, in the wild-type MBP signal peptide, the hydrophobic core
and the signal peptidase recognition sequence are probably distinct, nonover-
lapping regions.

As is the case with CC15 preMBP, the substitution of Asp for Ala at
residue — 3 effectively prevents processing of preMBP24-1 by signal pep-
tidase I. However, in marked contrast to the former, the latter remains
tethered to the cytoplasmic membrane by its unprocessed signal peptide
having a full-length hydrophobic core. It was somewhat surprising that the
tethered preMBP24-1 efficiently participates in maltose uptake, as does the
soluble preMBP produced by CCI15 cells (Fikes and Bassford, 1987; Dean
et al., 1989). The finding that the signal peptide of MBP24-1 serves as a
membrane anchor is most consistent with the orientation of the signal
peptide relative to the membrane as proposed in the loop model (Inouye and
Halegoua, 1980). On the other hand, the severely truncated hydrophobic core
retained by CC15 preMBP is capable of inefficiently promoting MBP export,
but is less than the minimal structure thought to be capable of serving as an
anchor domain (Davis and Model, 1985).

The Processing Site

Comparative analysis of numerous prokaryotic signal peptides has
identified a strongly conserved feature regarding the residues at positions — 3
and — 1 relative to the cleavage site (see article by Dev and Ray, this volume).
It was noted that amino acids with small, neutral side chains predominated
at these two positions (Perlman and Halvorson, 1983; von Heijne, 1983). von
Heijne (1986) compared 36 prokaryotic signal peptides processed by signal
peptidase 1, and only Ala, Gly, Leu, Ser, Thr, and Val were encountered at
the —3 position. Somewhat more restrictive, position —1 was found to
harbor only Ala, Gly, Ser, and Thr. As previously mentioned, Ala-X-Ala is
the most frequently observed sequence preceding the cleavage site. Positions
—3 and —1 have been proposed to constitute a recognition site for the
processing enzyme, signal peptidase I. These observations were also used to
formulate the A-X-B model (Perlman and Halvorson, 1983) and the (-3,
— 1) rule (von Heijne, 1983) for predicting signal peptide cleavage sites. The
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latter was further modified by von Heijne (1986) to incorporate a larger
statistical basis and a weight matrix approach.

The studies described above with MBP24-1 identified an excellent system
to conduct mutational analysis of cleavage site structural requirements with-
out affecting protein translocation. Subsequently, oligonucleotide-directed
mutagenesis was utilized to generate fourteen different amino acid substi-
tutions at — 3 and thirteen different substitutions at — 1 of the MBP signal
peptide (Fikes et al., 1990). Overall, the results obtained agree fairly well with
statistically derived models of signal peptidase I specificity, with the following
three exceptions: (i) Although not previously encountered at — 3, Ile at this
position is compatible with efficient preMBP processing. Leu and Val were
previously recognized to permit efficient processing at this position in the
signal peptide (von Heijne, 1986). (i) Thr at — 1 results in inefficient process-
ing of preMBP. Kuhn and Wickner (1985) had previously reported that Thr
at — 1 of M13 procoat is a poor substrate for signal peptidase I, both in vive
and in vitro. (iii) Cys was found to permit efficient processing when present
at either —3 or — 1. Although Cys is commonly found at either —3 or —1
of eukaryotic signal peptides (von Heijne, 1986), Cys is probably excluded
from the processing site of those prokaryotic signal peptides cleaved by signal
peptidase 1 to help distinguish precursor nonlipoproteins from precursor
lipoproteins which are modified and subsequently processed by signal pep-
tidase II (Wu and Tokunaga, 1986). Precursor lipoproteins require a Cys
residue in the + 1 position.

In this same study, it was somewhat surprising to find that substi-
tutions at — 1 which block processing at the normal cleavage site redirect
processing, with varying efficiencies, to an alternate site in the signal peptide
represented by the Ala-X-Ala sequence at positions — 5 to — 3 (see Fig. 1A).
The substitution of Asp for Ala at — 5 prevents processing at this alternate
site but has only a very small effect on processing at the normal site.
Processing at the alternate site can be quite efficient. For example, with
Asp at —1, which totally blocks processing at the normal site, greater
than 90% of the preMBP synthesized is processed at the alternate site.
On the other hand, with Tyr at —1 blocking processing at the normal
site, very little processing at the alternate site is detected. At present,
it is not understood why different substitutions at — 1, each of which
effectively blocks the normal site, can result in wide variations in processing
efficiency at the alternate site. However, even when processing at the
alternate site is highly efficient, the processing kinetics are much slower
than those exhibited by preMBP species processed at the normal site.
This may be due to the closer proximity of the alternate site to the f-turn
structure separating the core and the signal peptidase recognition sequence.
Presumably, in the wild-type signal peptide extremely rapid processing



MBP Export 413

at the normal cleavage site effectively precludes the slower, alternate process-
ing event.

The Hydrophilic Segment

A specific role for the hydrophilic segment in protein export was first
suggested in the loop model (Inouye and Halegoua, 1980). The basic residues
of the hydrophilic segment were proposed to initiate an ionic interaction
between the signal peptide and the negatively charged inner face of the
cytoplasmic membrane. More recent studies have suggested that the role of
the hydrophilic segment is primarily to orient the hydrophobic core with
respect to the direction in which it spans the membrane. Thus, positively
charged amino acids immediately preceding a hydrophobic segment help to
ensure that it functions as a signal sequence, whereas when positively charged
residues immediately follow a hydrophobic segment, the latter will most
likely serve as a membrane anchor with its amino terminus on the external
face of the membrane (Li er al., 1988; von Heijne er al., 1988; Szczesna-
Skopupa er al., 1988; Millan et al., 1989; Summers et al., 1989; Summers and
Knowles, 1989; Boyd and Beckwith, 1989). Several studies have shown that
eliminating the net positive charge at the amino terminus of signal peptides
of several proteins decreases export efficiency, particularly if the end result is
a signal peptide with a net negative charge (Inouye er al., 1982; Viasuk er al.,
1983; Iino et al., 1987; Bosch et al., 1989). Such changes in some but not all
instances have also been shown to result in a decrease in synthesis.

Puziss et al. (1989) used oligonucleotide-directed mutagenesis to substi-
tute either neutral or acidic residues for the basic residues at the amino-
terminus of both the wild-type and R2 signal peptides. As with other proteins
studied, a net positive charge is not absolutely required for MBP export to
the periplasm. However, export is most rapid and efficient when the signal
peptide retains at least a single basic residue and a net charge of +1. The
nature of the adjacent hydrophobic core helps to determine the effect of
charge changes on MBP export efficiency. Thus, the export competency of
the R2 signal peptide with its truncated hydrophobic core is more sensitive
to changes in the hydrophilic segment, such that a mutant with a net charge
of —3 is totally export-defective. On the other hand, greater than 60% of
preMBP with a full-length hydrophobic core and a net charge of —3 is
exported. The finding that a full-length hydrophobic core can compensate for
changes in the hydrophilic segment suggests that these two regions of the
signal peptide do not have totally distinct functions.

It was of particular interest to find that virtually 100% of preMBP with
a full-length hydrophobic core and a net charge of — 2 is eventually exported
to the periplasm and processed, albeit with significantly slower kinetics than
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wild-type preMBP (see below). Thus, the lack of basic residues preceding the
hydrophobic core is not sufficient in itself to convert this signal peptide to a
membrane anchor, as might have been suggested from earlier studies. Specific
amino acid changes in the region immediately following the core, particularly
the addition of one or more Arg residues (Summers et al., 1989), may be
required to complete the conversion of the MBP signal peptide to a mem-
brane anchor that no longer promotes the export of the trailing mature MBP
moiety.

Puziss et al. (1989) also found that the export defect resulting from
alterations in the hydrophilic segment of the MBP signal peptide is not
noticeably improved in cells harboring prid4 suppressor mutations but is
markedly improved in cells harboring a priD mutation. The failure of prid
alleles, all of which were originally obtained as suppressors of hydrophobic
core mutations, to suppress similar export defects in two other proteins has
been reported by lino and Sako (1988) and Bosch er al. (1989). The markedly
different pattern of suppression observed with MBP species altered in the
hydrophilic segment may be related to the nature of the respective prl/ gene
products, both of which are essential components of the export pathway.
PriA (SecY) is an extremely hydrophobic, integral cytoplasmic membrane
protein (Ito, 1984), whereas SecA (PriD) is a mostly hydrophilic, peripheral
membrane protein (Oliver and Beckwith, 1981; Schmidt et al., 1988) that has
recently been shown to functionally bind signal peptides (Cunningham and
Wickner, 1989). Puziss et al. (1989) speculated that PrlA interacts more
strongly with the signal peptide hydrophobic core and SecA interacts more
strongly with the hydrophilic segment in facilitating protein export.

For both the wild-type and R2 signal peptides, the total amount of MBP
synthesized progressively decreases as the net charge of the hydrophilic
segment is systematically decreased to — 3. Similar results have been reported
for Lpp (Inouye et al., 1982; Vlasuk et al., 1983) and LamB (Hall et al., 1983).
The reduction in synthesis of the latter two proteins has been interpreted as
possible evidence for a mechanism that obligately couples protein export
and translation, perhaps in a manner similar to that described for signal
recognition particle (SRP) in eukaryotic systems (reviewed by Walter and
Lingappa, 1986). However, the results of Puziss er al. (1989) strongly suggest
that translational coupling is not responsible for the observed decrease in
MBP synthesis. It scems likely that mutations very early in the coding region
of the malE message that are responsible for the alterations in the hydrophilic
segment may induce changes in the mRNA primary sequence or secondary
structure that somehow reduce the efficiency of translation initiation. Most
recently, additional experimental support for the latter interpretation has
been obtained (J. W. Puziss, R. J. Harvey, and P. J. Bassford, Jr., manuscript
in preparation).
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Redundant Information Contained Within the MBP Signal Peptide

Extensive analysis of the MBP signal peptide has revealed that very few
mutational alterations in this structure, even including small deletions such
as malEAI2-18, totally abolish its ability to promote MBP export and
processing. The studies described above demonstrate that the export com-
petence of the MBP signal peptide is not noticeably different whether the
hydrophilic segment has one, two, or the three basic residues of the wild-type
structure. The hydrophobic core of the MBP signal appears to be longer than
absolutely required, particularly if the signal peptidase recognition site is
included, and an alternate cleavage site is present within the signal that can
be used if cleavage at the normal site is blocked. As discussed by Fikes ez al.
(1990), this built-in redundancy of export information established for the
MBP signal peptide may be generally true for most other E. coli signal peptides.
Such redundancy may exist to ensure that single mutational events are unlikely
to totally inactivate the signal peptide. On the other hand, there may be
circumstances faced by the cell beyond the laboratory setting where such seem-
ingly redundant information may be crucial to maintain protein translocation
and signal peptide cleavage as rapid and highly efficient cellular processes.

Biochemical Studies of MBP Export

Precursor MBP Is Primarily Synthesized on Membrane-Bound Polysomes

Early studies with E. coli alkaline phosphatase indicated that this peri-
plasmic protein is primarily synthesized on membrane-bound polysomes
(Cancedda and Schlesinger, 1974), strongly suggesting that protein export in
bacteria is a cotranslational process similar to that put forth for protein
secretion in higher organisms by the signal hypothesis (Blobel and Dob-
berstein, 1975). Randall and Hardy (1977) first demonstrated that MBP is
preferentially synthesized on membrane-bound polysomes. Since these same
workers showed that ribosomes enriched in the membrane-bound fraction
appeared to be no different from those engaged in the synthesis of cytoplas-
mic proteins (Randall and Hardy, 1975), it seemed likely that the MBP
nascent chain is chiefly responsible for determining the membrane associ-
ation of ribosomes engaged in its synthesis. Randall er al. (1978) isolated
membrane-bound polysomes from E. coli cells, and the translation of nascent
chains initiated in vivo was completed in vitro. Under these circumstances,
MBP and two other exported proteins were shown to be synthesized as
larger-molecular-weight precursor proteins. It was hypothesized that exported
proteins in prokaryotes are initially synthesized with signal peptides similar
to those previously described for several eukaryotic secreted proteins. The
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determination of the malE gene sequence (Bedouelle et al., 1980: Duplay
et al., 1984) and the isolation and characterization of MBP signal sequence
mutants (Bassford and Beckwith, 1979) that accumulated preMBP in the
cytoplasm subsequently firmly established that MBP is initially synthesized
with an amino-terminal signal peptide that plays a key role in the secretion
process.

Rasmussen and Bassford (1985) investigated the site of synthesis of
wild-type and export-defective MBP in E. coli cells. This study confirmed that
wild-type preMBP is synthesized primarily on membrane-bound polysomes.
Thus, these results further indicated that it is primarily the nascent chain that
attaches ribosomes to the membrane. In this same study, it was shown that
the presence of a strong prid suppressor allele partially restores synthesis of
export-defective preMBP on membrane-bound polysomes whereas, in the
absence of functional SecA, wild-type preMBP is synthesized primarily on
free polysomes. It was concluded that it is the interaction of the nascent
chain, most likely the signal peptide, with components of the export machinery
that leads to the synthesis of preMBP at the membrane surface.

Thom and Randall (1988) investigated the interaction of newly synthe-
sized preMBP and nearly completed nascent preMBP chains with the cyto-
plasmic membrane, using the technique of flotation gradient centrifugation.
Their studies indicated that the MBP export process can be divided into four
discrete steps. The first of these was operationally defined as entry into the
export pathway, which includes all the steps occurring in the cytoplasm, as
well as the initial association of the MBP polypeptide with the cytoplasmic
membrane. Next is the translocation event itself, which includes transfer of
the nascent or fully elongated precursor from the site of initial interaction
with the membrane to the translocation site. The latter was found to be
associated with a membrane fraction of density 1.21 g/ml, somewhat heavier
than that of bulk cytoplasmic membrane (1.16 g/ml), suggesting that trans-
location sites may be associated with zones of adhesion between the cytoplas-
mic and outer membranes (Bayer ef al., 1982). The third step in this process
is the proteolytic removal of the signal peptide, which is followed by the
release step involving folding of the mature MBP and its dissociation from
the periplasmic side of the membrane. With regard to the latter, Ito and
Beckwith (1981) had previously suggested that release of the newly translo-
cated and processed polypeptide from the cytoplasmic membrane requires
proper folding of the mMBP into a water-soluble conformation.

Thom and Randall (1988) also demonstrated that MBP synthesized
without a signal peptide (designated MBPA2-26; see below) fails to enter the
export pathway. Somewhat surprisingly, MBP18-1 that is synthesized with a
defective signal peptide (see Fig. 1B) appears to proceed through the pathway
as far as delivery to the translocation site. It appears that the mutant signal
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peptide is specifically unable to mediate the actual membrane translocation
event. It was concluded that the signal peptide is involved in both of the first
two steps of protein export (and, obviously, the processing step, as well), and
that the MBP18-1 signal peptide is sufficiently competent to facilitate entry of
preMBP into the export pathway. Other investigators have also proposed
multiple roles for the signal peptide in export (Ryan and Bassford, 1985;
Stader er al., 1986; Kaiser et al., 1987). Although this finding may appear
inconsistent with the earlier results of Rasmussen and Bassford (1985) dis-
cussed above, it seems likely that the association of MBP18-1 polysomes with
membranes may be considerably weaker and, thus, more easily lost when
polysomes are prepared by the methods employed in that particular study.
The use of flotation gradient centrifugation by Thom and Randall was
undoubtedly crucial to their experiments.

The finding that MBP18-1 having a charged residue inserted into the
hydrophobic core is specifically blocked at the translocation step suggests
that hydrophobic interactions are involved in this process. Dierstein and
Wickner (1985) demonstrated that purified preMBP but not mMBP binds to
detergent; several export-defective preMBP species, including MBP18-1,
were unable to bind detergent. It was suggested that the hydrophobic par-
tition of the signal peptide into the membrane is responsible for initiating
membrane translocation. Likewise, from studies of the interaction of synthetic
wild-type and mutant LamB signal peptides with various lipid systems,
Briggs et al. (1985) reached similar conclusions.

MBP Translocation Is Independent of Chain Elongation

The signal hypothesis proposed that the translocation of proteins across
membranes is directly coupled to translation. This concept was strongly
supported by the identification of SRP in eukaryotic systems that binds to the
nascent polypeptide chain and prevents further translation until the ribo-
some associates with the membrane. The finding that E. coli exported
proteins are synthesized with amino-terminal signal peptides on membrane-
bound polysomes led many investigators to extend the principles of the
signal hypothesis to prokaryotic systems (reviewed by Silhavy et al., 1983).
However, it soon became apparent that protein translocation in prokaryotes is
not obligatorily cotranslational. Early studies by Ito et al. (1979) demonstrated
that the bacteriophage M13 coat protein is posttranslationally inserted into
the cytoplasmic membrane of E. coli cells. Shortly afterwards, Koshland and
Botstein (1980) reported that TEM S-lactamase is exported to the periplasm
of E. coli cells in a totally posttranslational manner. Likewise, in eukaryotic
cells, it is now recognized that the translocation of proteins into mito-
chondria and chloroplasts is a posttranslational event, and posttranslational



418 Bassford

translocation has even been demonstrated for some proteins targeted for the
endoplasmic reticulum (see Eilers and Schatz, 1988; Rothman, 1989).

The studies of Randall and coworkers have shed considerable light on
the mode of MBP translocation. Josefsson and Randall (1981a) immune-
precipitated MBP polypeptides from extracts prepared from cells that had
been briefly pulse-radiolabeled with [**S]methionine and were able to tran-
siently detect fully elongated preMBP, indicating that processing can occur
entirely postiranslationally. In addition, an analysis by two-dimensional
SDS-PAGE revealed that the signal peptide can be proteolytically removed
from the amino-terminus of some incompletely synthesized nascent chains.
Approximately one-third of the MBP molecules are cotranslationally
processed. Since maturation requires translocation of at least the cleavage
site across the cytoplasmic membrane (Date et al., 1980), this result demon-
strated that translocation of MBP can be initiated cotranslationally. How-
ever, cotranslational processing is a late event relative to synthesis, since
signal peptide cleavage is only detected for polypeptides elongated to
approximately 80% of their full length or more. A subsequent analysis of a
number of E. coli exported proteins demonstrated that processing can exhibit
either or both temporal modes, but cotranslational processing invariably is a
late event. It was stated that if translocation of these polypeptides, like
processing, also proves to be a late cotranslational or entirely posttrans-
lational event, then clearly translocation cannot be directly coupled to chain
elongation (Josefsson and Randall, 1981b).

Randall (1983) used the accessibility of MBP nascent chains to externally
added proteinase K in E. coli spheroplasts as the criterion for membrane
translocation. Nascent chains that retain the signal peptide are protease-
resistant, whereas processed nascent chains are always degraded. Only when
the membrane is disrupted prior to protease addition are the precursor forms
of nascent chains accessible to protease degradation. Likewise, ribose-binding
protein (RBP), which exhibits a strictly posttranslational mode of processing,
only becomes protease-accessible after chain elongation is complete. From
these studies, it was concluded that maturation occurs coincident with trans-
location (and, thus, is a good indicator of translocation), and that both
translocation and processing are late events in the synthesis of both MBP and
RBP and probably other precursor proteins, as well. It was further postulated
that entire domains of polypeptides are translocated after their synthesis, as
originally proposed in the membrane trigger hypothesis of Wickner (1979).
These findings are not necessarily inconsistent with earlier studies indicating
that exported proteins are synthesized on membrane-bound polysomes. As
noted previously, the events that bring the nascent chain into association with
the membrane appear to be independent of translocation. In addition, in her
study Randall (1983) suggested that folding of the polypeptide at the
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membrane surface could be required for it to achieve a translocation-
competent conformation (see below).

Since protein synthesis cannot be the driving force for protein translo-
cation, what does provide the energy for this process? It has been suggested
that conformational changes in the polypeptide could be sufficient as the
source of energy for both insertion into and transfer across membranes
(Engelman and Steitz, 1981). However, experiments using in vivo and in vitro
systems have clearly demonstrated that both ATP and the proton-motive
force are required for protein translocation in bacteria (reviewed by Randall,
1987; see articles by Fandl and Tai and Mizushima and Tokuda, this issue).

Kinetic Studies of MBP Export in Signal Sequence Mutants

Josefsson and Randall (1981a,b) demonstrated that MBP export is a
very rapid process, even for that fraction of the total MBP synthesized that
is translocated and processed in a posttranslational fashion. Intact preMBP
could only be detected using a very short radiolabeling period. Bassford and
coworkers (Bankaitis ez al., 1984; Bankaitis and Bassford, 1984; Ryan and
Bassford, 1985; Ryan et al., 1986a) also employed pulse-chase studies to
investigate the kinetics of MBP export. When cells were pulse-radiolabeled
with [*S}methionine and incubated (chased) for various time periods in the
presence of excess unlabeled methionine, preM BP was transiently detected in
small amounts only at early chase points. Even after no chase period, the
great majority of MBP precipitated is processed (Fig. 4). The same analysis
has been applied to a variety of MBP species having mutational alterations
in the hydrophobic core or hydrophilic segment. (Recall that most of these
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Fig. 4. Kinetics of MBP export in SecB* and SecB™ cells. Cells synthesizing either wild-type
MBP (MBP*) or export-defective MBP16-1 were pulse-radiolabeled with [**S]methionine for
15 sec and chased with excess unlabeled methionine. At the indicated time points (min), samples
were removed, the chase was terminated, and the MBP immune-precipitated and analyzed by
SDS-PAGE and autoradiography. The positions of preMBP (p) and mMBP (m) are indicated
by arrows. See the text for a discussion of the SecB requirement for MBP export. (From Collier
and Bassford, 1989).
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species are not totally export-defective.) In many instances, only preMBP can
be precipitated at the earliest time point, but a slow conversion of preMBP
at later time points is clearly discerned. It was found that, the stronger the
export defect, the longer into the chase that it takes for mMBP to be detected.

Fractionation of cells radiolabeled and chased for various time periods
convincingly demonstrated that preMBP which is detectable at various chase
points resides in the cytoplasm, whereas mMBP is in the periplasm. Thus,
preMBP processing once again proved to be a good indicator for translo-
cation. For some mutants, essentially 100% of the preMBP seen at the
earliest chase point is eventually converted to mMBP (Ryan et al., 1986a).
For other mutants, generally those exhibiting a stronger export defect, the
preMBP/mMBP ratio is seen to slowly decrease for some period of time and
then stabilize (e.g., MBP16-1; see Fig. 4). The preMBP detected beyond this
point appears to be permanently trapped in the cytoplasm (Ryan and
Bassford, 1985). These studies indicated that preMBP can remain in the
cytoplasm in a state competent for membrane translocation for many
minutes after its synthesis. Eventually, however, export competence appears
to be permanently lost.

Ryan and Bassford (1985) investigated the export kinetics of various-
preMBP species in cells harboring prid and priD suppressor alleles. In most
instances, prl-mediated export of MBP species with defective signal peptides
markedly increases both the fraction of MBP that is translocated and pro-
cessed and the rate at which this is accomplished. The presence of both a prid
and priD mutation in the same strain can act synergistically in suppressing
MBP export defects, suggesting that the PrlA (SecY) and SecA (PriD)
proteins may directly interact in facilitating MBP export. Still, MBP export
kinetics in any of these strains are much slower relative to that of wild-type
MBP, and membrane translocation remains a posttranslational process.
Interestingly, the kinetics of wild-type MBP export appear to be no different
in cells harboring either pri* or mutant prl alleles.

On the basis of their kinetic studies, Ryan and Bassford (1985) proposed
a model in which the nascent preMBP assembles into a complex with several
components of the export pathway, either in the cytoplasm or on the cyto-
plasmic membrane, which subsequently serves to promote MBP translocation
across the cytoplasmic membrane. For MBP with a wild-type signal peptide,
translocation is rapidly effected either cotranslationally or posttranslation-
ally. For MBP species with a defective signal peptide, it was proposed that
the efficiency of complex formation is reduced relative to the strength of the
export defect. In those instances where an export complex does not form
cotranslationally, the preMBP assumes an export-incompetent conformation
and can never be translocated from the cytoplasm. In those instances where
a complex is formed, subsequent steps in export are still inefficient due to the
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presence of the defective signal peptide and, thus, the export kinetics are by
necessity slower than those observed for wild-type MBP. Alteration of the
PrlA and/or SecA proteins can improve both the efficiency of complex
formation and the subsequent rate of MBP export to various extents,
although the defective signal peptide will always slow the translocation step.
However, in both pri* and prl suppressor strains, the complex has a limited
half-life and may disassemble prior to initiating MBP translocation. Again,
such a model suggests multiple roles for the signal peptide in the export
process. Also note that, according to this model, there are no mechanistic
differences between co- and posttranslational translocation. Rather, both
export modes are dependent on the early interaction of the precursor protein
with soluble factors.

The suggestion that the defective signal peptide interacts inefficiently
with at least certain components of the translocation machinery was supported
by an interesting observation. The addition of chloramphenicol early during
the chase period to inhibit new protein synthesis was found to dramatically
improve both the proportion of mutant preMBP that is eventually exported
and the rate at which this is accomplished (Ryan and Bassford, 1985).
Presumably, since proteins with fully competent signal peptides are no longer
being synthesized and therefore competing with preMBP for access to the
translocation machinery, there is greater opportunity for the mutant preMBP
to productively interact with that same machinery during the limited period
that it remains export-competent.

Precursor MBP Folding and Export Competence

The finding that MBP translocation is an event that is not initiated until
cither late in synthesis or after synthesis has been completed has implications
for the export process beyond those concerned with the driving force for
translocation. One of these concerns the structural state of the polypeptide
in the cytoplasm prior to translocation. Presumably, a fully elongated
preMBP polypeptide, or perhaps even a nascent chain that is 80% com-
pleted, should be capable of folding. As noted previously, Randall (1983)
suggested that synthesis of the preMBP on membrane-bound polysomes
might be beneficial in terms of the ability of the entire polypeptide or
individual domains to assume some conformation crucial for translocation.
The studies of Ryan and Bassford (1985) showed that preMBP under some
circumstances can remain in an export-competent state in the cytoplasm for
many minutes prior to translocation. What about the structural state of
preMBP under these conditions? Ferenci and Randall (1979) reported that
preMBP can bind substrate, indicating that the unprocessed precursor can
assume a conformation similar to that of mMBP. In fact, just as periplasmic
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mMBP is highly resistant to protease digestion, preMBP also is capable of
achieving a stable, tertiary conformation in which only the signal peptide is
susceptible to protease digestion (Randall, 1983; Dierstein and Wickner,
1985).

In light of the fact that intact preMBP can be released from the ribosome
prior to translocation, several questions need to be considered: First, can
preMBP assume a stable, tertiary structure in the cytoplasm and, if so, can
it subsequently be translocated across the cytoplasmic membrane or does
folding render it permanently export-incompetent? Second, is the observed
loss of export competence by preMBP in the cytoplasm a result of folding of
the protein into a conformation that is not compatible with translocation?
Finally, if folding does negatively impact on the export competence of
preMBP, are there factors that modulate folding of preMBP in the cyto-
plasm or, alternatively, exhibit some ability to unfold preMBP prior to
translocation?

Randall and Hardy (1986) used sensitivity to proteinase K degradation to
determine the structural state of export-competent and export-incompetent
preMBP in vivo. Wild-type preMBP whose export is specifically blocked at
the translocation step by uncoupler is maintained in a state sensitive to
proteinase K degradation. In contrast, wild-type preMBP whose export is
presumably blocked at an earlier step in the export pathway by concomitant
synthesis of a MalE-LacZ hybrid protein (see above) is rapidly converted to
a proteinase K-resistant conformation, indicating that the preMBP under
these conditions folds into a stable, tertiary structure. Precursor MBP is also
rapidly converted from a proteinase K-sensitive to resistant state in cells
producing MBP species with defective signal peptides. In the latter case, a
strong correlation was established between the kinetics of mutant preMBP
export and the kinetics of preMBP folding; the cessation in MBP export
coincides with the point at which the intracellular population of preMBP is
completely folded.

Based on their results, Randall and Hardy (1986) proposed the follow-
ing: (i) For newly synthesized preMBP, a kinetic competition exists between
productive entry into the export pathway and folding of the precursor in the
cytoplasm into a stable, export-incompetent conformation. (ii) The interaction
with either the membrane or, more likely, one or more protein components
of the export pathway helps to maintain preMBP in an export-competent
state. (iii) It is probably the lack of stable, tertiary structure, rather than the
attainment of a specific conformation, that determines the export competence
of the precursor. This last point is most consistent with the picture that has
emerged from a variety of experimental systems over the last several years.
It is now widely believed that the translocation of proteins across virtually
any biological membrane (bacterial, endoplasmic reticulum, mitochondrial,
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etc.) requires that the polypeptide exhibit a ““translocation-competent™ con-
formation representing a largely unfolded or loosely folded state (for recent
reviews, see Filers and Schatz, 1988; Meyer, 1988; Verner and Schatz, 1988;
Bernstein, 1989; Rothman, 1989).

Further studies indicating that the early interaction with the export
machinery serves, at least in part, to maintain preMBP in an export-
competent conformation will be considered below. In addition, Randall and
coworkers (reviewed by Randall and Hardy, 1989) have demonstrated that
the presence of the signal peptide itself has a significant effect on the folding
of the attached mature moiety of preMBP. Using fluorescence spectroscopy,
relaxation times for folding and unfolding transitions were determined for
both purified preMBP and mMBP by diluting these proteins either out of or
into denaturant (guanidinium hydrochloride). The presence of the signal
peptide has little effect on MBP unfolding but significantly slows the rate at
which MBP refolds following denaturation (Park er al., 1988). A similar
difference in the rate of refolding of purified preRBP compared to mRBP
was also shown in this same study. It was suggested that this interference with
folding of the mature moiety by the signal peptide may be crucial in allowing
precursor proteins to enter the export pathway. Strong support for this concept
has been provided by both in vitro and in vivo experiments in which an MBP
species (MBPA2-26) is synthesized without a signal peptide (see below).

Finally, with regard to preMBP folding and export competence,
additional information was provided from a somewhat unexpected source.
Beginning with cells synthesizing export-defective MBP14-1 (see Fig. 2B), a
phenotypically Mal™ revertant was obtained in which the responsible mutation
(designated malE2261) substitutes Asp for Tyr at position 283 of the mature
MBP moiety. Cover er al. (1987) found that the double mutant species,
MBP14-1,2261, although exported very poorly in comparison to wild-type
MBP, is exported at an efficiency approximately twice that of MBP14-1. The
export of MBP2261 synthesized with an unaltered signal peptide is indis-
tinguishable from that of wild-type MBP. Although mMBP2261 in the
periplasm facilitates maltose uptake, its significantly reduced affinity for
substrate, marked instability in vivo, and aberrant migration on SDS-PAGE
indicate that the mutational alteration significantly affects the structure of the
protein.

The mechanism by which a mutational alteration late in the precursor
polypeptide partially suppresses the export defect resulting from an alter-
ation in the signal peptide is not readily obvious. The possibility of a direct
interaction between the signal peptide and a distant region of the mature
moiety seems unlikely. Instead, it was suggested that the alteration at
residue 283 of mMBP slows the folding of preMBP in the cytoplasm, thus
extending the period that the precursor remains competent for export. This,
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in turn, provides additional time for the defective signal peptide to pro-
ductively interact with the export machinery and promote translocation of
MBP to the periplasm. The export kinetics determined for MBP14-1 and
MBP14-1,2261 were consistent with this hypothesis (Cover et al., 1987).
Subsequently, Liu et al. (1988) purified preMBP14-1, preMBP14-1,2261, and
mMBP2261 and once again used fluorescence spectroscopy to measure relax-
ation times for refolding and unfolding of these proteins. The results clearly
demonstrated that the change in the mature mMBP sequence dramatically
decreases the rate of preMBP folding. As will become apparent shortly,
MBP2261 has proven to be a particularly useful mutant protein.

In Vitro Studies of MBP Synthesis and Translocation

Rasmussen et al. (1985) placed the malE gene under regulatory control
of the lacUV5 promoter-operator to facilitate MBP expression in an in vitro,
coupled transcription-translation system. When wild-type MBP is synthe-
sized in vitro using an S-100 fraction and purified ribosomes, only precursor
is detected by SDS-PAGE. When membrane vesicles are included in the
reaction mixture, approximately 30% of MBP synthesized migrates on SDS-
PAGE identically to mMBP. No mMBP is detected when export-defective
MBP18-1 is synthesized in vitro, cither in the presence or absence of mem-
branes. Although resistance to proteolytic degradation is usually employed
to confirm protein import into membrane vesicles in vitro (Miiller and Blobel,
1984; Rhoads er al., 1984; Bacallao et al., 1986), this is not possible with
wild-type mMBP which, as noted previously, is highly protease-resistant.
However, the mMBP produced in vitro pellets with the membranes, whereas
the majority of the preMBP remains in the supernatant. Thus, preMBP
appears to be imported into vesicles and processed at an efficiency similar to
that reported for most other E. coli proteins analyzed in vitro (Miiller and
Blobel, 1984; Chen et al., 1985).

Weiss et al. (1989) further investigated MBP translocation i vitro. In
order to be able to monitor MBP import into vesicles by resistance to
proteinase K, this analysis included the use of protease-sensitive MBP
species. The latter was accomplished by recombining into the mal/E genes of
interest a small, internal, in-frame deletion designated malEAll6 that
removes residues 142-150 from the mature MBP moiety. The loss of
these residues renders the MBP exquisitely sensitive to proteinase K
digestion. The export kinetics of MBPA116 in vivo are indistinguishable
from wild-type MBP, indicating that MBPA116 is fully export-competent.
The amount of precursor processing discerned when either wild-type
preMBP or preMBPA116 are synthesized in vitro is essentially identical.
However, proteinase K-resistance revealed that some small but still signifi-
cant proportion of the total preMBP synthesized is consistently imported
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into vesicles without processing. Again, this has also been the case with other
proteins similarly analyzed (Miiller and Blobel, 1984; Rhoads et al., 1984;
Yamane et al., 1987).

It was found that approximately 40% of preMBP synthesized with
a wild-type signal peptide is imported into vesicles. In marked contrast,
MBP species with alterations in the signal peptide hydrophobic core are
imported into vesicles with an efficiency that is much lower than predicted
from in vivo studies. For example, MBP with the R2 signal peptide (see
above) appears to be fully export-competent in vivo but its ability to be
translocated in vitro is only 25% of wild-type MBP. Likewise, MBP11-2
which exhibits only a minor kinetic defect in vivo is translocated in vitro
with an efficiency only 10% of wild-type. Import of MBP species with
stronger export defects (MBP16-1, MBP19-1) is not detectable. The inability
of these altered MBP species to be translocated in vitro was suggested to
reflect a defective interaction of the signal peptide with some component,
possibly a soluble one, early in the export pathway. This was supported
by the finding that the use of vesicles prepared from cells harboring strong
prid suppressor alleles does not appreciably increase import efficiency (Weiss
et al., 1989).

Wild-type preMBP can be posttranslationally imported into vesicles,
although at an efficiency much reduced from that obtained if vesicles are
present cotranslationally. It is very difficult to demonstrate posttranslational
import of wild-type preMBP when vesicles are present cotranslationally,
indicating that import of translocation-competent preMBP is effected very
rapidly. In addition, if vesicles are added to the reaction mixture at various
times posttranslationally, wild-type preMBP rapidly loses its ability to
be translocated. Similar results have been demonstrated for other E. coli
proteins in vitro (Goodman et al., 1981; Chen et al., 1985). Folding of
the preMBP into a translocation-incompetent conformation is at least
partially responsible, since several MBP species that are defective in folding,
including MBP2261 (see above) and MBPA116, maintain competence for
posttranslational import for significantly longer time periods. However,
with time these latter MBP species also lose their translocation competence.
From their results, Weiss ef al. (1989) proposed essentially the same model
for protein export that was previously offered by Ryan and Bassford (1985)
(see above).

The folding of preMBP synthesized in vitro in the absence of membranes
was also investigated, again using acquisition of protease resistance as an
assay. Wild-type preMBP slowly assumes a protease-resistant conformation
under these experimental conditions. Somewhat surprisingly, it takes
approximately 60 min for 100% of the preMBP to reach this state which is,
admittedly, a very stringent assay for protein folding (Weiss ez al., 1989).
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This is clearly a much longer time for folding to occur than that exhibited by
purified preMBP (Park ez al., 1988; see above), indicating that the inter-
action of preMBP with soluble components of the in vitro reaction mix
probably contribute to the folding kinetics (see below). In addition, the fact
that competence for posttranslational import into vesicles is completely
lost in a considerably shorter period indicates that intermediates in preMBP
folding that remain protease-sensitive have already lost translocation
competence. Folding of preMBP19-1 is somewhat accelerated over wild-
type preMBP, indicating that at lease some factors interact specifically
with the signal peptide to slow folding. This analysis also included an
MBP species, designated MBPA2-26, that is deleted for the entire signal
peptide except for the initiating Met residue; the mature moiety remains
completely intact. It is very difficult to even detect unfolded MBPA2-26 by
protease sensitivity, further indicating that the presence of the signal peptide
dramatically influences folding.

The Role of SecB in MBP Export

SecB is a nomnessential, tetrameric, cytoplasmic protein composed of
identical 16.4-kDa subunits that is required for the efficient export of a subset
of E. coli envelope proteins, including MBP. Mutations in the secB gene were
first described by Kumamoto and Beckwith (1983, 1985). Recent studies,
primarily by Bassford and coworkers (Collier et al., 1988; Weiss et al., 1989;
Collier and Bassford, 1989), have strongly indicated that SecB promotes
MBP export by serving as an antifolding factor that specifically binds to the
mature MBP moiety and retards folding of preMBP in the cytoplasm into a
translocation-incompetent form. Thus, SecB is thought to be one of a class
of cytoplasmic proteins, termed “‘chaperones” (see Ellis and Hemmingsen,
1989), that can serve to maintain the export competence of precursor poly-
peptides in E. coli. This proposed role for SecB is entirely consistent with the
work described in the preceding section concerning preMBP folding and
export competence, and has been strongly supported by several studies in
other laboratories (Kumamoto and Gannon, 1988; Gannon and Kumamoto,
1989; Lecker et al., 1989; Liu et al., 1989). However, it should be noted that
there is some controversy concerning the role of SecB. Watanabe and Blobel
(1989¢) have recently presented evidence indicating that SecB binds to the
emerging signal peptide of newly synthesized preMBP. They proposed that
SecB functions as the prokaryotic equivalent of SRP, targeting preMBP to
the export machinery in the cytoplasmic membrane. This section will deal
primarily with the work of Bassford and coworkers on SecB. For additional
information, see the article by Kumamoto, this issue.
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Synthesis of Export-Defective pre MBP Interferes
with Normal Protein Export

Bankaitis er al. (1984) first observed that the MBP export kinetics
discerned for cells harboring intragenic suppressor mutations of malEA12-18
(see above) are significantly slower when the cells also harbor the lamBS60
signal sequence mutation. It was suggested that export-defective LamB
encoded by /lamBS60 at least transiently enters the protein export pathway
and competes with wild-type and mutant MBP species for components of the
export machinery. Bankaitis and Bassford (1984) subsequently investigated
this finding in more detail. They demonstrated that the synthesis of either
export-defective MBP or LamB interferes with the normal export of wild-
type MBP, LamB, and OmpA proteins. The effect is quite subtle and does
not confer any obvious phenotypic abnormalities to the host cell. Instead,
interference in normal protein export is primarily manifested as a kinetic
delay in the export of these proteins, although 40% of the total wild-type
preMBP synthesized is rendered permanently export-incompetent and, thus,
accumulates in the cytoplasm.

In order for this interference phenomenon to be detected, three require-
ments were identified: (i) interfering MBP and LamB species must exhibit a
strong export defect; (ii) such proteins need to be expressed at a fairly high
level; and (iii) the interfering protein must be actively synthesized at the time
interference is measured. The latter suggested that it is not the accumulation
of export-defective protein in the cytoplasm per se that is responsible for
interfering with normal protein export; rather, that export-defective proteins
mediate interference as nascent polypeptides. This and other evidence
suggested that interference occurs at an early step in the export process.
Bankaitis and Bassford (1984) concluded that export-defective proteins, even
those missing a major portion of their signal peptide, are still capable of
engaging the export machinery. However, the inability of such proteins to
exit the export pathway via the normal route results in a titration effect on
some component of this machinery, thus limiting the availability of this
component to participate in normal protein export.

Collier et al. (1988) demonstrated that MBPA323, a totally export-
defective MBP species missing the last 20 residues of the signal peptide and
the first 89 residues of mMBP, is a particularly strong interfering species.
Since only the first six residues of the signal peptide hydrophilic segment are
retained by MBPA323, this finding strongly suggested that the region of the
MBP responsible for mediating interference is contained within the mature
moiety. By analyzing the interfering capabilities of a number of truncated
and hybrid proteins, this same study showed that the region between residues
151 and 186 of mMBP is sufficient to mediate interference in normal protein
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export. Thus, it appears that preMBP exhibits a secretion determinant that
resides very near the middle of the mature protein sequence.

Interference Results from the Depletion of SecB

Although Bankaitis and Bassford (1984) concluded that interference was
manifested at the level of general protein export, the studies of Collier et al.
(1988) revealed- that the export of many E. coli envelope proteins is not
obviously affected by high-level synthesis of MBPA323. These included RBP,
alkaline phosphatase, TEM f-lactamase, lipoprotein, and phage M13 coat
protein. A general pattern was noted that those proteins whose export is
SecB-dependent are also subject to interference (e.g., MBP, LamB, OmpA),
whereas the export of SecB-independent proteins is not subject to inter-
ference (e.g., RBP, alkaline phosphatase). It was then found that interference
in normal protein export by synthesis of MBPA323 is totally suppressed in
cells overproducing SecB due to the presence of the secB* gene on a multi-
copy plasmid. In addition, wild-type MBP export in SecB™ cells was found
to be virtually indistinguishable from that obtained in SecB™ cells synthesiz-
ing MBPA323.

On the basis of these and other results, Collier ez al. (1988) concluded
that the interference phenomenon results from the prolonged interaction of
SecB with interfering protein species in the cytoplasm. This, in turn, depletes
cells of SecB, resulting in the loss of SecB- dependent protein export. Since
the region of export-defective MBP that mediates interference is contained
within the mature moiety, it was proposed that SecB directly binds to this
region of the preMBP in facilitating its role in normal MBP export. Although
the similarities between SecB™ cells synthesizing MBPA323 and SecB~ cells
are striking, in terms of the export kinetics determined for both SecB-
dependent and SecB-independent proteins, there is one difference that has
not yet been satisfactorily explained. Whereas cells harboring null mutations
in the secB gene are able to grow on minimal media but not complex media
(Kumamoto and Beckwith, 1985), cells synthesizing high levels of MBPA323
grow well on both types of media. Thus, cells depleted of SecB as in the latter
case are not physiologically equivalent to cells that are incapable of making
SecB.

SecB Retards the Folding of pre M BP

An important clue as to the role of SecB in preMBP export was provided
by the finding that the export of certain preMBP species is significantly less
SecB-dependent than wild-type preMBP export. MBPA116 (see above),
MBPA57-145 (deleted for residues 57-145 of the mature moiety), and
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MBP2261 (see above) are each synthesized with a wild-type signal peptide
and exhibit export kinetics identical to wild-type preMBP in SecB™ cells.
However, in SecB™ cells each of these proteins is exported much more
efficiently and at a significantly faster rate than wild-type MBP (Collier ez al.,
1988). These three mutant MBP species are similar in their inability to fold
into a stable, tertiary conformation. This has previously been discussed for
MBPA116 and MBP2261 and should be obvious for MBPA57-145 in which
nearly a quarter of the mature moicty has been deleted. The markedly
reduced SecB-dependence of these proteins suggests that at least one
important function of SecB is to prevent or at least retard the folding of
cytoplasmic preMBP into an export-incompetent conformation. The value of
such an antifolding factor was previously suggested by the studies of Randall
and Hardy (1986) correlating the folding of preMBP into a stable, tertiary
structure with the loss of export competence (see above). Thus, if the ability
of a protein to attain a stable conformation is adversely affected by mutational
alteration, the requirement for an antifolding factor should be substantially
reduced.

Collier et al. (1988) considered the possibility that an MBP species that
is exported in a slow, entirely posttranslational manner would be particularly
dependent on SecB. This proved to be the case. Although greater than 90%
of MBP19-1-R8 synthesized in SecB* cells is eventually translocated and
processed, in SecB ™ cells the export of this preMBP species is totally blocked.
This could be explained if this protein, in the absence of SecB, is assuming
an export-incompetent conformation before translocation can be effected.
The influence of SecB availability on the folding of wild-type preMBP
synthesized in vitro into a stable structure was also tested. Using acquisition
of proteinase K-resistance as the assay, preMBP folding occurs most rapidly
in the absence of SecB, is significantly slower in the presence of haploid levels
of SecB, and is virtually undetectable when excess SecB is present. Shortly
thereafter, Kumamoto and Gannon (1988) reported that preMBP that
accumulates in SecB™ cells very rapidly acquires a protease-resistant confor-
mation. All of these results provided strong support for the proposal that
SecB serves as an antifolding factor. Collier et al. (1988) also demonstrated
that SecB is incapable of unfolding preMBP once it has assumed a protease-
resistant state, thus distinguishing SecB from unfolding factors that have
been strongly implicated in the posttranslational translocation of various
eukaryotic proteins (see Eilers and Schatz, 1988; Rothman, 1989).

Studies with Purified SecB

Weiss et al. (1988) purified SecB from overexpressing E. coli cells and
showed it to be a very minor, cytoplasmic, multimeric protein of identical
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17-kDa subunits [close to the compositional molecular weight of 16.4 kDa
from the secB DNA sequence (Kumamoto and Nault, 1989)]. SecB is required
for efficient import of MBP into membrane vesicles in vitro, whercas RBP
import is totally SecB-independent, as it is in vivo. The addition of purified
SecB to a SecB-deficient in vitro system significantly enhances MBP translo-
cation, although not to the level obtained when cell fractions are prepared
from SecB* cells. Purified SecB also retards folding of wild-type MBP
synthesized in vitro. Finally, in this same study it was demonstrated that
excess purified SecB prolongs the competence of preMBP for posttranslational
translocation. As described above, wild-type preMBP synthesized in vitro in
the absence of membranes rapidly loses competence for translocation into
vesicles added after the termination of protein synthesis. These experiments
were performed with extracts containing haploid levels of SecB (Weiss et al.,
1989). In an identical experiment, the inclusion of excess SecB, well above the
haploid level, in the reaction mix during synthesis was found to significantly
extend the time in which wild-type preMBP remained competent for post-
translational translocation (Weiss et al., 1988). These findings underscore the
importance of SecB in promoting posttranslational MBP translocation.

SecB Binds Directly to pre MBP

The nature of the SecB-preMBP interaction in maintaining preMBP
export competence is not known. Collier ef al. (1988) originally proposed that
SecB binds directly to the mature moiety of the newly synthesized preMBP,
and Gannon et al. (1989) clearly demonstrated that it is the mature moiety
of preMBP that renders this protein SecB-dependent. Subsequently, three
different studies demonstrated that SecB directly associates with several
different precursor proteins, including preMBP, to form soluble complexes
that presumably represent transient intermediates in the export process
(Watanabe and Blobel, 1989b; Kumamoto, 1989; Lecker et al., 1989). In
addition, Liu et al. (1989) very recently demonstrated that the refolding of
both mMBP2261 and wild-type mMBP is immediately and completely
blocked when these proteins are diluted out of denaturant in the presence
of purified SecB. Refolding of the latter can only be blocked by SecB if
the reaction temperature is decreased to 5°C, reflecting the very strong
propensity of this protein, lacking the signal peptide, to rapidly assume its
final tertiary conformation (see above). This same study found that export-
defective MBPA2-26 (for all practical purposes, the equivalent of mMBP) is
not an interfering MBP species when expressed in vivo, even though it
contains the SecB binding site previously identified by Collier e al. (1988).
However, synthesis of the double mutant species, MBPA2-26,2261, does
interfere with SecB-dependent protein export. Liu ef al. (1989) concluded
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that SecB binds to the mature moiety of preMBP, and that one important
function of the signal peptide is to slow folding of preMBP and thereby
expose the binding site for SecB.

Weiss and Bassford (1990) have also demonstrated a direct physical
interaction of SecB with MBP. Sucrose gradient sedimentation confirmed
that SecB is a tetramer that binds to preMBP in a 1:1 stoichiometric
complex, as was previously reported (Watanabe and Blobel, 1989b; Lecker
et al., 1989). Precursor MBP synthesized in vitro or in vivo could be precipitated
with anti-SecB serum. RBP synthesized in vitro could not be precipitated with
anti-SecB serum. The association of SecB with wild-type preMBP is relatively
unstable; such a complex forms only when SecB is present cotranslationally
or following denaturation of previously synthesized preMBP and is detected
by coimmunoprecipitation with only low efficiency. In marked contrast,
MBP species that are defective in folding (MBPA323, MBPAS57-145) or that
exhibit slow folding (MBP2261) form much more stable complexes with
SecB, either co- or posttranslationally. This study also demonstrated that
complex formation is not dependent on the signal peptide, and the presence
of an intact signal peptide does not strengthen the interaction of SecB with
MBP species that are defective in folding. However, as also described by Liu
et al. (1989), this interaction is dependent on the folding properties of
preMBP which, in the case of the wild-type protein, are markedly influenced
by the presence of the signal peptide.

Watanabe and Blobel (1989b) found that SecB represents less than 0.1%
of total cytoplasmic protein. Both Liu er al. (1989) and Weiss and Bassford
(1990) found that the interaction of SecB with MBP is very dependent on the
relative concentration of the two proteins. For example, a molar ratio of at
least 4:1 SecB to MBP2261 is required to totally block MBP2261 folding
(Liu et al., 1989). Considering the strong propensity of MBP to fold, even
with its signal peptide attached, together with the low intracellular concentra-
tion of SecB, it seems clear that the proposed antifolding role of SecB is to
retard rather than totally prevent the folding of preMBP in the cytoplasm.
This interaction is purposely designed to be a transient one, since under
normal circumstances the export of preMBP is achieved very rapidly follow-
ing the completion of translation.

Alterations in the MBP Signal Peptide that Efficiently Suppress the
Requirement for SecB

Wild-type MBP export is only partially blocked in SecB~ cells, and such
cells are phenotypically Mal* (see Fig. 4). In contrast, MBP species with
altered signal peptides that exhibit slow export kinetics in SecB™ cells are
totally export-defective in SecB™ cells (see above). One such MBP species is
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Fig. 5. Mutational alterations in the MBP16-1 signal peptide that restore export in SecB~ cells.
The amino acid sequence for the amino-terminal 29 residues of MBP16-1 is shown, including the
entire signal peptide. The nucleotide sequence for the corresponding malE coding region is also
shown. Single amino acid substitutions that suppress the SecB~ export defect are indicated by
downward-pointing arrows. An upward-pointing arrow indicates addition of residues to the
signal peptide as a result of genetic duplications. Nucleotides deleted from the coding region are
boxed. The corresponding designations for each mutant protein are also provided. Note that for
MBP172, the deletion of nine base pairs removes residues 16-18 from the hydrophobic core. For
MBP 177, Phe* denotes the addition of a novel Phe codon. (From Collier and Bassford, 1989.)

MBP16-1 {see Figs. 1B, 4). SecB~ cells synthesizing MBP16-1 are unable to
utilize maltose as sole carbon source. Beginning with such cells, Collier and
Bassford (1989) isolated a number of phenotypically Mal* revertants. Func-
tional SecB synthesis restored in a small proportion of these revertants.
However, this selection primarily yielded mutants with alterations in the
MBP16-1 signal peptide that permit SecB-independent MBP export to the
periplasm to various extents. Altogether, nine unique mutational events were
identified (Fig. 5). Although each of these alterations increases the overall
hydrophobicity of the signal peptide, it is not possible to strictly equate
changes in hydrophobicity with the degree of SecB-independent export.
Somewhat unexpectedly, two of these mutant MBP species, designated
MBP172 and MBP173, were found to be exported in SecB~ cells at rates and
efficiencies that are markedly superior to those of wild-type MBP. These
mutants result from the deletion of two or three residues in the signal peptide
hydrophobic core, including in both cases the Lys at postion 16 responsible
for the original export defect and the adjacent neutral Thr residue. Although
wild-type MBP is not cotranslationally translocated in SecB~ cells (see
below), MBP172 and MBP173 exhibit significant cotranslational export in
the absence of SecB. Thus, it appears that these mutant signal peptides
mediate more rapid entry of preMBP into the export pathway than does the
wild-type signal. In addition, Collier and Bassford (1989) observed that a
preMBP species having both the MBP172 signal peptide and an additional
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alteration in the mature moiety that slows folding (from MBP2261) is
exported in SecB~ cells nearly as well as wild-type preMBP in SecB™ cells.
The finding that two alterations in the preMBP, one that promotes more
rapid export and one that slows folding of the mature moiety, are sufficient
to virtually eliminate the SecB requirement for efficient MBP export is
considered to provide very strong support for the proposed antifolding
function of SecB.

The functional difference between the wild-type MBP signal peptide and
those of MBP172 and MBP173 is not known. The hydropathy profiles of
these three peptides reveal that the deletion of two slightly hydrophilic Thr
residues from the wild-type core increases to a small extent the overall
hydrophobicity of this structure. However, the signal peptide of MBP201 (see
Fig. 5) also presents a more hydrophobic profile than the wild-type signal,
but export of this MBP species in SecB~ cells is considerably less efficient
than wild-type preMBP. Regardless of the mechanism, since the MBP172
and MBP173 signal peptides more strongly promote cotranslational MBP
translocation, the nature of the signal peptide must have a major role in
determining whether a protein is co- or posttranslationally translocated.
Freudl et al. (1988) reached the same conclusion for the OmpA signal
peptide. In this same regard, the ability of the MBP signal peptide to convert
RBP translocation from a strictly posttranslational mode (Josefsson and
Randall, 1981b) to a cotranslational mode was recently investigated (D. N.
Collier, S. M. Strobel, and P. J. Bassford, Jr., manuscript in preparation).
Interestingly, the wild-type MBP signal peptide is unable to mediate cotrans-
lational export of a MBP-RBP hybrid protein, but a hybrid protein com-
posed of the MBP172 signal peptide and mRBP does exhibit significant
cotranslational export.

Does SecB Actively Promote Entrance of pre MBP into the Export
Pathway?

Although 60% of wild-type preMBP synthesized in SecB~ cells is
exported (see Fig. 4), Kumamoto and Gannon (1988) demonstrated that such
export is achieved in a strictly posttranslational fashion. Most of the MBP is
translocated within a short time period following synthesis, while preMBP
that is not translocated rapidly acquires a protease-resistant conformation.
These results are consistent with the idea that wild-type MBP export in SecB~
cells represents a race between delivery of the newly synthesized, export-
competent polypeptide to the export machinery in the cytoplasmic membrane
and folding of the preMBP into a translocation-incompetent conformation.
However, if SecB only functions as an antifolding factor, why is cotrans-
lational export defective in SecB~ cells? As previously described, Randall



434 Bassford

(1983) found that cotranslational translocation of MBP is not initiated until
after 80% of the nascent chain has been synthesized (see above), which
includes the SecB binding region identified by Collier ez al. (1988). Weiss
ef al. (1988) suggested that the antifolding activity of SecB might promote
cotranslational preMBP export simply by binding to the nascent chain
in such a manner that ensures that the signal peptide is readily accessible to
the export machinery. On the other hand, both Collier et al. (1988) and
Kumamoto and Gannon (1988) raised the possibility that SecB actively
facilitates the entry of preMBP into the export pathway, perhaps by directly
interacting with a membrane receptor as well as the nascent chain. This could
provide a possible explanation for a much earlier observation by Rasmussen
et al. (1984) that a MalE-LacZ hybrid protein that retains the first 186
residues of the mMBP, now recognized to include the SecB binding site, is
inserted into the cytoplasmic membrane faster and with greater efficiency
than a hybrid protein that contains only the first 23 residues of the mMBP.
In addition, although the export of a mutant MBP species such as MBPAS57-
145 that is severely defective in folding is much improved over wild-type MBP
in SecB~ cells, export is still achieved at a considerably slower rate than for
wild-type MBP in SecB™ cells (Collier et al., 1988)."

Watanabe and Blobel (1989a,b) demonstrated that SecB is a com-
ponent of a previously characterized cytosolic factor necessary for preprotein
import into inverted E. coli membrane vesicles in vitro. Most recently,
they found that SecB competes with canine SRP in binding to the nascent
MBP signal peptide and concluded that SecB functions as the prokaryotic
SRP equivalent (Watanabe and Blobel, 1989¢). These same workers were
unable to demonstrate an interaction of SecB with either mMBP or intact
wild-type preMBP, although SecB could be shown to interact with a trun-
cated preMBP species defective in folding. A model was presented in which
SecB interacts with the preMBP signal peptide cotranslationally and then
targets preMBP delivery to the cytoplasmic membrane, either co- or post-
translationally, by subsequently interacting with a membrane SecB receptor.
An alternate, SecB-independent pathway was proposed for proteins whose
export does not depend on this protein. This model does not account
for the 60% of wild-type preMBP that is exported in SecB~ cells, and it is
difficult to reconcile with much of the data from other laboratories. However,
it is consistent with the suggestion that SecB has two separate roles in the
export process. As for the finding that SecB binds to the signal peptide, there
is some evidence that hydrophobicity may be one important element in
binding of SecB to precursor proteins (Lecker et al, 1989). Thus, some
interaction of SecB with the MBP signal peptide, as assayed by Watanabe
and Blobel (1989c¢), might not be unexpected. This clearly requires additional
investigation.
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Other Chaperone Proteins

Chaperones have been defined as proteins whose role is to mediate the
folding and/or assembly of other proteins, but which are excluded from the
final structure. This definition has also been expanded to include proteins
that can stabilize proteins in a conformation competent for membrane
insertion or translocation, since in some instances the same proteins have
been implicated in both processes. Chaperones have been identified in both
prokaryotes and eukaryotes, and one group of such proteins, termed
“chaperonins,” appear to be highly conserved in bacteria, mitochondria, and
plastids (reviewed by Ellis and Hemmingsen, 1989). In addition to SecB, two
E. coli proteins, designated trigger factor and GroEL, have been postulated
to help maintain the export competence of precursor polypeptides.

Trigger factor has been extensively characterized by Wickner and
coworkers (Crooke and Wickner, 1987; Crooke et al., 1988a,b; Lill et al.,
1988). It was first identified during studies of proOmpA translocation into
E. coli membrane vesicles. Purified proOmpA is competent for membrane
translocation for only a short time period following rapid renaturation.
Trigger factor was isolated from an E. coli cytoplasmic fraction by its
ability to stabilize purified proOmpA in a conformation competent for
posttranslational import into vesicles (Crooke and Wickner, 1987). It is a
63-kDa ribosome-associated protein which forms a soluble, 1:1 stoich-
iometric complex with proOmpA. Lill er al. (1988) proposed a model
in which trigger factor associates with proOmpA cotranslationally, and
simultaneously maintains the tranlocation competence of proOmpA as it
helps to deliver it to the export machinery in the cytoplasmic membrane.
However, while the findings from in vitro experiments are most convincing,
as yet there is no evidence demonstrating that trigger factor is involved in
protein export in vivo.

GroEL is a bacterial heat shock protein of 14 identical 65-kDa subunits
(Hohn ef al., 1979; Hendrix, 1979) which has been shown to stimulate
oligomeric protein and phage assembly (Georgopoulos and Hohn, 1978;
Hemmingsen et al., 1988; Goloubinoff ez al., 1989). Bochkareva er al. (1988)
found that GroEL binds newly synthesized pre-f-lactamase in vitro and
stabilizes it for posttranslational import into membrane vesicles. More
recently, Kusukawa et al. (1989) found that cells producing temperature-
sensitive GroEL are deficient in f-lactamase export under nonpermissive
conditions. However, the export of several other proteins is not obviously
affected, indicating that this protein, like SecB, is only involved in the export
of a subset of E. coli envelope proteins. Interestingly, it has been reported that
induction of the heat-shock response in £. coli can suppress the growth
defects of SecB ™~ cells on rich media (Lecker et al., 1989). Although this effect
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was not shown to be specifically due to the induced expression of GroEL, it
at least suggests some overlap in the roles of GroEL and SecB.

Lecker et al. (1989) found that purified trigger factor, GroEL, and SecB
each have the ability to stabilize proOmpA for membrane translocation;
however, SecB is clearly the most potent in this regard. SecB is known to help
facilitate OmpA export in vivo. In addition, all three chaperones form soluble
complexes with prePhoE, and even mature OmpA, once again demonstrating
that the signal peptide is not essential for complex formation with SecB. A
number of soluble proteins, including SecA, albumin, lysozyme, and ribo-
nuclease, are unable to complex with any of the chaperones, indicating that
there clearly is some specificity to the interaction of these chaperones with
exported proteins. It was suggested that understanding the binding specificity
of this interaction might reveal a fundamental distinction between cytoplas-
mic and noncytoplasmic proteins. Furthermore, these studies indicate that
each of these chaperones may function in a similar manner to maintain the
export competence of precursor proteins and, possibly, to help promote their
entrance into the export pathway.

Acknowledgment

Work in the author’s laboratory has been supported by Public Health
Service grant AI17292 from the National Institute of Allergy and Infectious
Diseases.

References

Arfmann, H. -A., Labitzke, R., and Wagner, K. G. (1977). Biopolymers 16, 1815-1826.

Bacallao, R., Crooke, E., Shiba, K., Wickner, W., and Ito, K. (1986). J. Biol. Chem. 261,
12907-12910.

Bankaitis, V. A., and Bassford, P. J., Jr. (1984). J. Biol. Chem. 259, 12193-12200.

Bankaitis, V. A., and Bassford, P. J., Jr. (1985). J. Bacteriol. 161, 169-178.

Bankaitis, V. A., Rasmussen, B. A., and Bassford, P. J., Jr. (1984). Cell 37, 243-252.

Bankaitis, V. A., Ryan, J. P., Rasmussen, B. A., and Bassford, P. J., Jr. (1985). Curr. Top. Memb.
Transp. 24, 105-150.

Bassford, P. J., Jr., and Beckwith, J. (1979). Nature (London) 277, 538-541.

Bassford, P. J., Jr., Silhavy, T. J., and Beckwith, J. R. (1979). J. Bacteriol. 139, 19-31.

Bayer, M. H., Costello, G. P., and Bayer, M. E. (1982). J. Bacteriol. 149, 758-767.

Bedouelle, H., and Hofnung, M. (1981). In Membrane Transport and Neuroreceptors (Oxender,
D., ed.), Alan R. Liss, New York, pp. 309-343.

Bedouelle, H., Bassford, P. J., Jr., Fowler, A. V., Zabin, L., Beckwith, J., and Hofnung, M.
(1980). Nature (London) 285, 78-81.

Benson, S. A., Bremer, E., and Silhavy, T. J. (1984). Proc. Nail. Acad. Sci. USA 81, 3830-3834.

Bernstein, H. D. (1989). Cell 58, 1017-1019.

Bieker, K. L., and Silhavy, T. J. (1989). Proc. Natl. Acad. Sci. USA 86, 968-972.

Blobel, G., and Dobberstein, B. (1975). J. Cell Biol. 67, 835-851.

Bochkareva, E. S., Lissin, N. M., and Girsohovich, A. S. (1988). Nature (London) 336, 254-257.



MBP Export 437

Bosch, D., de Boer, P., Bitter, W., and Tommassen, J. (1989). Biochim. Biophys. Acta 979, 69-76.

Boyd, D., and Beckwith, J. (1989). Proc. Natl. Acad. Sci. USA 86, 9446-9450.

Briggs, M. S., Gierasch, L. M., Zlotnick, A., Lear, J. D., and DeGrado, W. F. (1985). Science
228, 1096-1099.

Cancedda, R., and Schlessinger, M. (1974). J. Bacteriol. 117, 290-301.

Chen, L., Rhoads, D., and Tai, P. C. (1985). J. Bacteriol. 161, 973-980.

Collier, D. N,, and Bassford, P. J., Jr. (1989). J. Bacteriol. 171, 4640-4647.

Collier, D. N., Bankaitis, V. A., Weiss, J. B., and Bassford, P. J., Ir. (1988). Cell 53, 273-283.

Cover, W. H., Ryan, J. P., Bassford, P. J., Jr., Walsh, K. A., Bollinger, J., and Randall, L. L.
(1987). J. Bacteriol. 169, 1794-1800.

Crooke, E., and Wickner, W. (1987).Proc. Natl. Acad. Sci. USA 84, 5216-5220.

Crooke, E., Brundage, L., Rice, M. and Wickner, W. (1988a). EMBO J. 7, 1831-1835.

Crooke, E., Guthrie, B., Lecker, S., Lill, R., and Wickner, W. (1988b). Ce// 54, 1003-1011.

Cunningham, K., and Wickner, W. (1989). Proc. Natl. Acad. Sci. USA 86, 8630-8634.

Dalbey, R. E., and Wickner, W, (1985). J. Biol. Chem. 260, 15925-15931.

Date, T., Goodman, J. M., and Wickner, W. T. (1980). Proc. Natl. Acad. Sci. USA 77,
4669-4673.

Davis, N. G., and Model, P. (1985). Cell 41, 607-614.

Dean, D. A, Fikes, J. D., Gehring, K., Bassford, P. J., Jr., and Nikaido, H. (1989). J. Bacteriol.
171, 503-510.

Dierstein, R., and Wickner, W. (1985). J. Biol. Chem. 260, 15919-15924.

Duffaud, G. D., Lehnhardt, S. K., March, P. E., and Inouye, M. (1985). Curr. Top. Membr.
Transp. 24, 65-104.

Duplay, P., Bedouelle, H., Fowler, A., Zabin, L., Saukinm, W., and Hofnung, M. (1984). J. Biol,
Chem. 259, 10606-10613.

Eilers, M., and Schatz, G. (1988). Cell 52, 481-433.

Ellis, R. J., and Hemmingsen, S. M. (1989). Trends Biochem. Sci. 14, 339-342.

Emr, S. D., and Bassford, P. J., Jr. (1982). J. Biol. Chem. 257, 5852-5860.

Emr, S. D., and Silhavy, T. J. (1983). Proc. Natl. Acad. Sci. USA 80, 4599-4603.

Emr, S. D., Hanley-Way, S., and Silhavy, T. J. (1981). Cell 23, 79-88.

Engelman, D. M., and Steitz, T. A. (1981). Cell 23, 411-422,

Ferenci, T., and Randall, L. L. (1979). J. Biol. Chem. 254, 9979-9981.

Ferenci, T., and Silhavy, T. J. (1987). J. Bacteriol. 169, 5339-5342.

Fikes, J. D., and Bassford, P. J., Jr. (1987). J. Bacteriol. 169, 2352-2359.

Fikes, J. D., and Bassford, P. J., Jr. (1989). J. Bacteriol. 171, 402-409.

Fikes, J. D., Bankaitis, V. A., Ryan, J. P., and Bassford, P. J., Jr. (1987). J. Bacteriol. 169,
2345-2351.

Fikes, J. D., Barkocy-Gallagher, G. A., Klapper, D. G., and Bassford, P. J., Jr. (1990). J. Biol.
Chem. 265, 3417-3423.

Freudl, R., Schwarz, H., Kramps, S., Hindennach, 1., and Henning, U. (1988). J. Biol. Chem.
263, 17084-17091.

Gannon, P. M., Li, P., and Kumamoto, C. A. (1989). J. Bacteriol. 171, 813-818.

Georgopoulos, C. P., and Hohn, B. (1978). Proc. Nail. Acac. Sci. USA 75, 131-135.

Goloubinoff, P., Gatenby, A. A., and Lorimer, G. H. (1989). Nature (London) 337, 44-47.

Goodman, J. M., Watts, C., and Wickner, W. (1981). Cell 24, 437-441.

Hall, M. N., Gabay, J., and Schwartz, M. (1983). EMBO J. 2, 15-19.

Hemmingsen, 8. M., Woolford, C., van der Vies, S. M., Tilly, K., Dennis, D. T., Georgopoulos,
C. P., Hendrix, R., and Ellis, R. J. (1988). Nature (London) 333, 330-334.

Hendrix, R. W. (1979). J. Mol. Biol. 129, 375-392.

Herrero, E., Jackson, M., Bassford, P. J., Sinden, D., and Holland, 1. B. (1982). J. Bacteriol. 152,
133-139.

Hohn, T., Hohn, B., Engel, A., Wurtz, M., and Smith, P. R. (1979). J. Mol. Biol. 129 359-373.

Iino, T., and Sako, T. (1988). J. Biol. Chem. 263, 19077-19082.

Iino, T., Takahashi, M., and Sako, T. (1987). J. Biol. Chem. 262, 7412-7417.

Inouye, M., and Halegoua, S. (1980). Crit. Rev. Biochem. 7, 339-371.

Inouye, S., Soberon, X., Franceschini, T., Nakamura, K., and Inouye, M. (1982). Proc. Natl.



438 Bassford

Acad. Sci. USA 79, 3138-3141.

Ito, K. (1984). Mol. Gen. Genet. 197, 204-208.

Ito, K., and Beckwith, J. (1981). Cell 25, 143-150.

Ito, K., Mandel, G., and Wickner, W. (1979). Proc. Natl. Acad. Sci. USA 76, 1199-1203.

Ito, K., Bassford, P. J., Jr., and Beckwith, J. (1981). Cell 24, 707-717.

Josefsson, L. -G., and Randall, L. L. (1981a). J. Biol. Chem. 256, 2504-2507.

Josefsson, L. -G., and Randall, L. L. (1981b). Cell 25, 151-157.

Kaiser, C. A., Preuss, D., Grisafi, P., and Botstein, D. (1987). Science 235, 312-317.

Kendall, D. A., and Kaiser, E. T. (1988). J. Biol. Chem. 263, 7261-7265.

Kendall, D. A., Boch, S. C., and Kaiser, E. T. (1986). Nature (London) 321, 706-708.

Koshland, D., and Botstein, D. (1980). Cell 25, 151-157.

Kuhn, A., and Wickner, W. (1985). J. Biol. Chem. 260, 15914-15918.

Kumamoto, C. A. (1989). Proc. Natl. Acad. Sci. USA 86, 5320-5324.

Kumamoto, C. A., and Beckwith, J. (1983). J. Bacteriol. 154, 253-260.

Kumamoto, C. A., and Beckwith, J. (1985). J. Bacteriol. 163, 267-274.

Kumamoto, C. A., and Gannon, P. M. (1988). J. Biol. Chem. 263, 11554-11558.

Kumamoto, C. A., and Nault, A. K. (1989). Gene 75, 167-175.

Kusukawa, N., Yura, T., Ueguchi, C., Akiyama, Y., and Ito, K. (1989). EMBO J. 8,3517-3521.

Lee, C., Li, P., Inouye, H., Brickman, E. R., and Beckwith, J. (1989). J. Bacteriol. 171,
4609-4616.

Lecker, S., Lill, R., Ziegelhoffer, T., Georgopoulos, C., Bassford, P. J., Jr., Kumamoto, C. A,
and Wickner, W. (1989). EMBO J. 8, 2703-2709.

Li, P., Beckwith, J., and Inouye, H. (1988). Proc. Natl. Acad. Sci. USA 85, 7635-7689.

Lill, R., Crooke, E., Guthrie, B., and Wickner, W. (1988). Cell 54, 1013-1018.

Liu, G., Topping, T. B., Cover, W. H., and Randall, L. L. (1988). J. Biol. Chem. 263,
14790-14793.

Liu, G., Topping, T. B., and Randall, L. L. (1989). Proc. Natl. Acad. Sci. USA 86, 9213-9217.

Meyer, D. 1. (1988). Trends Biochem. Sci. 13, 471-474,

Michaelis, S., Hunt, J. F., and Beckwith, J. (1986). J. Bacteriol. 167, 160-167.

Millan, J. L. S., Boyd, D., Dalbey, R., Wickner, W., and Beckwith, J. (1989). J. Bacteriol. 171,
5536-5541.

Moreno, F., Fowler, A. V., Hall, M., Silhavy, T. J., Zabin, 1., and Schwartz, M. (1980). Nature
(London) 286, 356-359.

Miiller, M., and Blobel, G. (1984). Proc. Natl. Acad. Sci. USA 81, 7421-7425.

Oliver, D. B., and Beckwith, J. (1981). Cell 25, 765-772.

Oliver, D. B., and Beckwith, J. (1982). J. Bacteriol. 150, 686-691.

Park, S., Liu, G., Topping, T. B., Cover, W. H., and Randall, L. L. (1988). Science 239,
1033-1035.

Perlman, D., and Halvorson, H. O. (1983). J. Mol. Biol. 167, 391-409.

Puziss, J. W, Fikes, J. D., and Bassford, P. J., Jr. (1989). J. Bacteriol. 171, 2303-2311.

Randall L. L. (1983). Cell 33, 231-240.

Randall, L. L. (1987). Annu. Rev. Microbiol. 41, 507-541.

Randall, L. L., and Hardy, S. J. S. (1975). Mol. Gen. Genet. 137, 151-160.

Randall, L. L., and Hardy, S. J. S. (1977). Eur. J. Biochem. 75, 43-53.

Randall, L. L., and Hardy, S. J. S. (1986). Cell 46, 921-928.

Randall, L. L., and Hardy, S. J. S. (1989). Science 243, 1156-1159.

Randall, I.. L., Hardy, S. J. S., and Josefsson, L. -G. (1978). Proc. Natl. Acad. Sci. USA 75,
1209-1212.

Rasmussen, B. A., and Bassford, P. J., Jr. (1985). J. Bacteriol. 161, 258-264.

Rasmussen, B. A., and Silhavy, T. J. (1987). Genes Dev. 1, 185-196.

Rasmussen, B. A., Bankaitis, V. A., and Bassford, P. J., Jr. (1984). J. Bacreriol. 160, 612-617.

Rasmussen, B. A., MacGregor, C. H., Ray, P. H., and Bassford, P. J., Jr. (1985). J. Bacteriol.
164, 665-673.

Rhoads, D. B., Tai, P. C., and Davis, B. D. (1984). J. Bacteriol. 159, 63-70.

Rothman, J. A. (1989). Cell 59, 591-601.

Ryan, J. P., and Bassford, P. J., Jr. (1985). J. Biol. Chem. 260, 14832-14837.



MBP Export 439

Ryan, J. P., Duncan, M. C., Bankaitis, V. A., and Bassford, P. J., Jr. (1986a). J. Biol. Chem. 261,
3389-3395.

Ryan, J. P., Fikes, J. D., Bankaitis, V. A., Duncan, M. C., and Bassford, P. J., Jr. (1986b). In
Microbiology 1986 (Leive, L., ed.), American Society for Microbiology, Washington, DC,
pp. 254-259.

Schmidt, M. G., Rollo, E. E., Grodberg, J., and Oliver, D. B. (1988). J. Bacteriol. 170,
3404-3414.

Schwartz, M., Roa, M., and Debarbouille, M. (1981). Proc. Natl. Acad. Sci. USA 78, 2937-2941.

Sithavy, T. J., Shuman, H. A., Beckwith, J., and Schwartz, M. (1977). Proc. Natl. Acad. Sci. USA
74, 5411-5415.

Silhavy, T. J., Benson, S. A., and Emr, S. D. (1983). Microbiol. Rev. 47, 313-344.

Sjostrom, M., Wold, S., Wieslander, A., and Rilfors, L. (1987). EMBO J. 6, 823-831.

Stader, J., Benson, S. A., and Silhavy, T. J. (1986). J. Biol. Chem. 261, 15075-15080.

Stader, J. A., Gansheroff, L. J., and Silhavy, T. J. (1989). Genes Dev. 3, 1045-1052.

Summers, R. G., and Knowles, J. R. (1989). J. Biol. Chem. 264, 20074-20081.

Summers, R. G., Harris, C. R., and Knowles, J. R. (1989). J. Biol. Chem. 264, 20082-20088.

Szczesna-Skopupa, E., Browne, N., Mead, D., and Kemper, B. (1988). Proc. Natl. Acad. Sci.
USA 85, 738-742.

Thom, J. R., and Randall, L. L. (1988). J. Bacteriol. 170, 5654-5661.

Verner, K., and Schatz, G. (1988). Science 241, 1307-1313.

Viasuk, G. P., Inouye, S., Ito, H., Itakura, K., and Inouye, M. (1983). J. Biol. Chem. 258,
7141-7148.

von Heijne, G. (1983). Eur. J. Biochem. 133, 17-21.

von Heijne, G. (1985). J. Mol. Biol. 184, 99-105.

von Heijne, G. (1986). Nucleic Acids Res. 14, 4683-4690.

von Heijne, G., Wickner, W., and Dalbey, R. E. (1988). Proc. Nail. Acad. Sci. USA 85,
3363-3366.

Walter, P., and Lingappa, V. R. (1986). Annu. Rev. Cell Biol. 2, 499-516.

Watanabe, M., and Blobel, G. (1989a). Proc. Natl. Acad. Sci. USA4 86, 2248-2252.

Watanabe, M., and Blobel, G. (1989b). Proc. Natl. Acad. Sci. USA 86, 2728-2732.

Watanabe, M., and Blobel, G. (1989c¢). Cell 58, 695-705.

Weiss, J. B., and Bassford, P. ., Jr. (1990). J. Bacteriol. 172, in press.

Weiss, J. B., Ray, P. H., and Bassford, P. J., Jr. (1988). Proc. Natl. Acad. Sci. US4 85,
8978-8982.

Weiss, J. B., MacGregor, C. H., Collier, D. N, Fikes, J. D., Ray, P. H., and Bassford, P. J., Jr.
(1989). J. Biol. Chem. 264, 3021-3027.

Wickner, W. (1979). Annu. Rev. Biochem. 48, 23-45.

Wu, H., and Tokunaga, M. (1986). Curr. Top. Microbiol. Immunol. 125, 128-157.

Yamane, K., Ichihara, S., and Mizushima, S. (1987). J. Biol. Chem. 262, 2358-2362.



