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INTRODUCTION TRANSLOCATION MACHINERY

The ultrastructure of a bacterial cell such as Escherichia coli
may appear simple compared to that of eukaryotic cells, but
nevertheless the cell contains several compartments. Starting
from the inside, there is the cytosol, the cytoplasmic mem-
brane, the periplasm, the outer membrane, and, finally, the
exterior. Proteins synthesized in the cytosol at ribosomes must
be targeted to the right compartment in order to fulfil their
specific function. This review deals with the first step in the
process of the delivering proteins to their final destination: the
targeting of presecretory proteins from the cytosol to the trans-
location site in the cytoplasmic membrane. The targeting to
their final destination following their translocation across the
inner membrane is not discussed. Several targeting routes for
presecretory proteins have been identified, of which the signal
recognition particle (SRP)- and SecB-dependent targeting
routes are the best studied. Recently, the twin-arginine route
has been proposed as a new pathway.

* Corresponding author. Mailing address: Department of Micro-
biology, Groningen Biomolecular Sciences and Biotechnology Insti-
tute, University of Groningen, Kerklaan 30, 9751 NN Haren, The
Netherlands. Phone: 31-50-3632164. Fax: 31-50-3632154. E-mail: A.J.M
.Driessen@biol.rug.nl.

1 Present address: Department of Biology, University of California
San Diego, La Jolla, CA 92093-0347.
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The E. coli translocation machinery is a well-studied enzyme
complex, which consists of several integral membrane proteins
and a peripheral bound ATPase (reviewed in references 46, 48,
and 50). The core of this multisubunit enzyme is formed by the
integral membrane proteins SecY, SecE, and SecG, together
with the peripherally bound SecA (22, 45, 65) (see Fig. 3).
Collectively, they are termed translocase. Additionally, there
are two membrane proteins, SecD and SecF, that are not
essential for protein translocation per se but that stabilize
SecA in its active conformation (49). The Sec system is in-
volved in the translocation of precursor proteins across the
cytoplasmic membrane, and recent data suggests that it is also
needed for the insertion of integral membrane proteins.

Preprotein Translocation Is Governed
by the ATPase SecA

The key player in the translocation of preproteins across the
cytoplasmic membrane is the ATPase SecA. SecA supplies the
energy for the preprotein translocation reaction by mediating
repeated cycles of ATP binding and hydrolysis (159). SecA
performs a dazzling array of activities: it binds to almost all the
components of the translocation process, exhibits ATPase ac-
tivity, and regulates its own expression by binding to its own
mRNA (reviewed in reference 47). When bound to the mem-
brane at the SecYEG complex, SecA is “activated” for the
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high-affinity recognition of the SecB export chaperone (67), for
the leader (signal) region of preproteins, and for the mature
domain of precursor proteins. Binding of the precursor protein
activates SecA for the exchange of bound ADP for ATP at one
of its two ATP-binding sites (105). The energy of ATP binding
is thought to drive the insertion of SecA domains (51) plus a
loop of the signal sequence and the amino-terminal region of
the preprotein across the membrane (159). After insertion,
release of the inserted preprotein requires hydrolysis of ATP.
Retraction of SecA from its membrane-inserted state occurs
upon binding and hydrolysis of a second ATP at a distinct
ATP-binding site on the SecA molecule (52). Repeated cycles
of SecA preprotein association, ATP binding and hydrolysis,
and SecA-preprotein dissociation result in the stepwise trans-
location of the entire preprotein across the membrane.

TARGETING SIGNALS

Precursor proteins are equipped with signals that are recog-
nized by targeting factors to direct them to the translocation
site. For Sec-dependent translocation, these signals are located
both in the mature part of the preprotein and in a short amino-
terminal extension of the protein, the signal sequence. Not all
proteins that are targeted to the membrane have to cross this
barrier. Cytoplasmic membrane proteins are anchored in the
inner membrane with hydrophobic a-helical stretches that
function as internal degenerative signal sequences, sometimes
referred to as stop-transfer signals. For these proteins, only the
periplasmic loops have to be translocated across the mem-
brane.

Signal Sequence

The signal sequence of secretory proteins functions as both
the targeting and recognition signal and ranges in length from
18 to about 30 amino acid residues. It is composed of three
domains: the positively charged amino terminus (N region);
the nonpolar, hydrophobic core region (H region); and the
more polar cleavage region (C region) (Fig. 1) (183). The
amino acid sequences of these domains are not well conserved
among the many signal sequences, but their physicochemical
properties are (78).

N domain. The presence of a net positive charge in the N
region, introduced by lysine or arginine residues, enhances the
processing and translocation rates of a precursor protein but is
not essential. Preproteins with signal sequences that carry a
neutral or even negatively charged N region can be processed,
albeit at reduced rates (64). With increasing positive charge at
the N region of the signal sequence, the SecA requirement for
translocation is reduced while the interaction of the preprotein
with SecA is enhanced (1). This suggests that the N region is
involved in the targeting of the preprotein to the translocase.
Interestingly, a secretion deficiency caused by a reduction in
the number of positive charges can be restored by mutations in
secA (140, 141). However, the same mutations in secA also
suppress mutations in the hydrophobic core of the signal se-
quence (57, 76), indicating that the suppressing mutation may
not simply restore the recognition of the defective signal se-
quence by SecA. The N region has been suggested to bind the
negatively charged surface of the lipid bilayer of the membrane
(42). A reduction in the number of positive charges in the N
region results in inefficient interaction with the membrane; this
phenomenon can be compensated for by an increased hydro-
phobicity of the H region (134). Strikingly, this is accompanied
by a restoration of the translocation defect, suggesting that the
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FIG. 1. Domain structure of the signal sequence of precursor proteins. (A)
Signal sequences of SRP- or SecB-dependent preproteins have a net positive
charge in the N region (indicated by +), a hydrophobic H region, and a C region
with the signal peptidase cleavage site () preceded by the motif S XS, in
which S, stands for an amino acid with a small neutral side chain and X stands
for any amino acyl residue. (B) Type II signal sequences L XS, C, in which Lj,
stands for an amino acid with a large hydrophobic side chain and C stands for
cysteine. The cleavage site is located between S, and C. (C) Signal sequences of
precursor proteins that are dependent on the twin-Arg route resemble normal
signal sequences but have an extended N region and possess the RRXFXK motif,
which straddles the H and C domains (9). For both types of signal sequences, the
variation in length of the different regions and of the total signal sequence is
indicated.

interaction of the signal sequence domain with the membrane
is an important step in targeting and/or translocation. The
positive charges in the N region are thought to orient the signal
sequence of secretory proteins or the stop-transfer signal of
membrane proteins correctly within the lipid bilayer. The
transmembrane electrical potential (Ay, inside negative)
prevents the translocation of positively charged residues and
facilitates that of negatively charged residues (5). In this
manner, the Ay would contribute to the realization of the
correct topology of integral membrane proteins, which obey
the “positive-inside rule” (184). On the other hand, in aci-
dophilic bacteria and archaea, the Ay has a reversed polar-
ity, i.e., inside positive versus outside. The topology of the
inner membrane proteins of these bacteria also obeys the
positive-inside rule (179), whereas the signal sequences of
the secretory proteins identified thus far are undistinguish-
able from those of neutro- or alkalophiles. This challenges
the electrophoretic mechanism and suggests that Ay may
affect protein translocation and membrane insertion by an-
other mechanism that would involve the translocation ap-
paratus in a more direct manner.
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H domain. The H domain is the hydrophobic core of a signal
sequence and varies in length from 7 to 15 amino acids. It is the
most important part of the signal sequence; this is best illus-
trated by the observation that an increase in the total hydro-
phobicity of this domain can overcome mutations in the other
regions of the signal sequence (see, e.g., references 74, 111,
and 134). To some extent, the total hydrophobicity of the H
region determines the efficiency of translocation: the translo-
cation efficiency increases with the length and hydrophobicity
of the H region (26). This relation is sigmoidal, and a minimum
hydrophobicity is required for translocation (44). The residues
in the H region are responsible for the a-helical conformation
which extends from the N region. Frequently, a so-called helix
breaker, i.e., a glycyl or prolyl residue, is found in the middle of
the H region. This may allow the signal sequence to form a
hairpin-like structure that can insert into the lipid bilayer.
According to the unlooping model, the signal sequence inserts
into the membrane by extension through unlooping of this
hairpin (42, 165). Indeed, nuclear magnetic resonance spec-
troscopy studies have shown that in a membranous environ-
ment, signal sequences may adopt a two-domain conformation
consisting of an amino-terminal a-helix and a more flexible
carboxy-terminal domain (27, 151, 188). Also, when two cys-
teines are introduced into the signal sequence, translocation
under oxidized conditions is hampered (128), indicating that
the formation of the loop prevents translocation. Unlooping
would be facilitated by the Ay to orient the signal sequence
within the electrical field. In this respect, some replacements of
the a-helix breakers with a-helix-forming residues render pre-
protein translocation less dependent on the proton motive
force (129), although the effects are rather subtle. In our opin-
ion, it seems that the formation of the loop slows translocation
rather than being an essential element of the translocation
reaction. The unlooping model does not explain how the signal
sequence inserts into the membrane while bound to SecA. It is
more likely that both SecA and the signal sequence insert
simultaneously at the translocation site upon the binding of
ATP.

C domain. The leader peptidase cleavage site (C domain) is
the only part of the signal sequence that demands some pri-
mary sequence specificity. Two types of leader peptidases are
known, type I, serving ordinary preproteins, and type II, cleav-
ing the leaders of lipoproteins. For the signal sequences that
rely on type I leader peptidases, the constraints are on the
residues located at positions —1 and —3 relative to the start of
the mature part (182). This domain interacts with the leader
peptidase which cleaves off the signal sequence (for a review,
see reference 34). Usually, these residues have small neutral
side chains, such as alanine, glycine, serine, and threonine, with
a preference for alanine (182). Lipoproteins rely on type II
leader peptidases, and the demands differ from those for type
I peptidases only at the —3 and +1 positions (154). Precursors
of lipoproteins contain larger hydrophobic amino acid residues
at the —3 position, with a preference for leucine. At the +1
position, a cysteine is always present and has to undergo mod-
ification prior to processing. For both prelipoproteins and
prenonlipoproteins, the position relative to the H region is also
important, since the active site of the leader peptidase is lo-
cated near the surface of the membrane (36). However, pro-
cessing is not essential for the actual translocation process, and
the cleavage site can be omitted, resulting in a protein that
remains anchored to the membrane by an uncleaved signal
sequence. After the signal sequence has been removed, it is
degraded completely by a number of peptidases (184).
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Interaction between the Signal Sequence Domain
and the Translocase

Although the signal sequence can be divided into three do-
mains, it functions as a single entity. This is illustrated by the
observation that deleterious alterations in one domain can be
restored by mutations in another (64, 78). Also, extragenic
mutations that relieve the translocation blockade caused by the
signal sequence modifications have been found. These are
termed prl mutations, for “protein localization.” Such muta-
tions are found in secA, secY, secE (for reviews, see references
11 and 158), and secG (16), suggesting a direct interaction of
the signal sequence with all of the components of the translo-
case. Biochemically, however, only SecA has been shown to
interact directly with signal peptides, since they can alter the
ATPase activity of SecA (33, 105) and can be chemically cross-
linked to it (116). It is not clear whether the signal sequence
first interacts with the integral membrane components of the
translocation machinery and then inserts into the membrane,
or reverse.

Role of the Mature Domain

Targeting information may also be located within the mature
part of precursor proteins. This is underscored by the obser-
vation that proteins can be translocated even when they lack a
signal sequence (41, 59, 138). In these situations, the prepro-
tein relies totally on targeting factors such as SecB. Also, not
all proteins that are artificially equipped with a signal sequence
are indeed translocated (101). Translocation is often prevented
by the presence of positively charged residues at the beginning
of the mature domain (101, 104, 197). This is also true for
signal sequence-less precursor proteins (138), suggesting that
even in the absence of a signal sequence, the interaction of the
mature domain of secretory proteins with SecA is similar to
that of native precursors. When the positively charged residues
are removed, the translocation of the preprotein is restored.
Also, an increase in the length of the H domain of the signal
sequence can restore normal translocation (112). It could well
be that a positive charge juxtaposed to the signal sequence
interferes with the simultaneous insertion of SecA and the
preprotein, because it will oppose the positive-inside rule (see
above).

SECB-DEPENDENT TARGETING

The first indication that preproteins in E. coli rely on a factor
early in the translocation route came from the discovery of the
secB gene (87, 88). Deletion of this gene resulted in a mild
translocation defect of only a subset of precursor proteins (88).
SecB is a highly acidic protein, with a predicted molecular mass
of about 17 kDa (90), that exists as a tetramer (166, 189). It
plays a dedicated role in guiding precursor proteins to the
cytoplasmic membrane (86). Unlike many other chaperones,
SecB is not an ATPase. So far, homologues of SecB have been
found only in gram-negative bacteria, and completed se-
quences are available for Buchnera aphidicola (95) and Hae-
mophilus influenzae (58).

Heat Shock Proteins Cannot Substitute for
the SecB Function

SecB is not an essential protein, and only under certain
conditions, i.e., growth on rich medium, was the absence of
SecB believed to be lethal (88). In assays based on the resto-
ration of growth on rich medium, it was found that the heat
shock proteins GroEL and DnaK could restore the growth
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defect of a secB-null strain (4, 195). However, the inability to
grow on rich medium can be accounted for by the lack of gps4
expression in the secB-null strain (164). This gene codes for
sn-glycerol-3-phosphate dehydrogenase, which is involved in
phospholipid synthesis. The coding region of gps4 begins
within the termination codon of secB (168), and deletion or
disruption of the secB gene leads to inactivation of gps4 ex-
pression, which causes the growth defect on rich medium.
Although the chaperones GroEL and trigger factor are capa-
ble of maintaining a preprotein in a translocation-competent
state in vitro, they fail to stimulate the translocation (99),
suggesting that they can substitute for SecB in the transloca-
tion reaction with regard to the interaction with the preprotein,
but cannot properly target the preprotein to the translocase.
Large amounts of trigger factor even inhibit translocation.

Lowering the level of the general heat shock proteins GroE,
Dnak, Dnal, and GrpE results in increased SecB production,
while disturbance of translocation caused by mutations in
other sec genes has no effect on secB expression (123). Con-
versely, accumulation of preproteins induces the production of
the heat shock proteins but not that of SecB (94, 195). This
indicates that the secB promoter is not sensitive for a translo-
cation feedback mechanism but responds to a lack of other
chaperones. The secB promoter is also sensitive to the carbon
source, since SecB production in the presence of acetate, glyc-
erol, and maltose is higher than in the presence of glucose
(161). Addition of cyclic AMP and the presence of the cyclic
AMP receptor can partially restore the lower SecB levels in
glucose medium, indicating that the secB gene is under the
control of catabolite repression (161).

The processing of the SecB-independent precursor of alka-
line phosphatase (AP) is disturbed in cells lacking DnaK or
Dnal (194), and it has been suggested that these chaperones
play a more general role in the targeting of SecB-independent
precursor proteins. Overexpression of DnaK can even protect
the cells from the toxic effect of jamming of the translocation
site by precursor proteins fused to B-galactosidase (132).
Taken together, these data point to an early but marginal role
for DnaK and Dnal in the targeting of precursors to the trans-
locase.

Selective Binding of Preproteins by SecB

In vivo, SecB binds highly selectively to only a subset of
precursor proteins (85, 91), but in vitro, it interacts with all
kinds of proteins provided that they are in a nonnative con-
formation (54, 100). Although conflicting opinions exist (190,
191), it is generally believed that SecB binds the preprotein at
its mature domain (145). The signal sequence provides no
positive contribution to the binding energy or binding affinity
of the interaction of the preprotein with SecB (147), but the
signal sequence slows the folding of the mature domain (66,
130). It has been suggested that this slowing process allows
SecB to discriminate between the precursor proteins and other
proteins in the cell, as formulated in the kinetic partitioning
model (66). In this model, the cytosolic proteins would escape
stable interaction by folding more rapidly than precursor pro-
teins do. The final distribution of the precursor protein among
the different pathways in the cell is then determined by parti-
tioning that is dependent on the rate of folding or aggregation
relative to the rate of binding to the chaperone (145). Indeed,
when the folding rate of the SecB-dependent precursors of
maltose-binding protein (MBP) and galactose-binding protein
(GBP) was increased, the amount of unbound ligand increased
as well (174). However, several other observations are against
the folding rate as the determining factor for SecB selectivity.
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First, in vivo, the folding rate is determined by the rate of chain
elongation, and SecB is known to bind nascent chains (91)
regardless of the presence of a signal sequence (146). Second,
SecB is capable of binding fully folded proteins, albeit with low
affinity, and can even unfold them and guide them back to the
transport pathway (199). Third, when the folding rate of bar-
nase is changed, the affinity for SecB is not. Moreover, barnase
folds into its native conformation while bound to SecB (169).
Fourth, the binding occurs at rates that are much higher than
the folding rates (54). Finally, precursor proteins that lack a
signal sequence and are not slowed in their folding become
totally dependent on SecB for their translocation (41, 56, 59,
138, 180).

SecB maintains the precursor protein in a loosely folded
conformation, which is competent for translocation (30, 99,
100, 144, 193). However, not all proteins that are SecB depen-
dent for in vivo translocation are maintained in vitro in a
translocation-competent state by SecB (37, 60). This clearly
points to an additional and presumably a more important role
for SecB as targeting factor. This was already suggested by
Kumamoto and Gannon (89), who demonstrated that the de-
letion of the secB gene caused a defect in cotranslational trans-
location. In agreement with this, the interaction between SecB
and preproteins had already occurred when the preprotein was
still nascent and emerged from the ribosome (91, 146). For this
interaction, the presence of a signal sequence is not a prereq-
uisite (146). In fact, when the signal sequence is omitted, tar-
geting and translocation become entirely SecB dependent (41,
56, 59, 138, 180).

Analysis of the interaction between Bacillus amyloliquefa-
ciens RNase (barnase) and SecB by two-dimensional nuclear
magnetic resonance spectroscopy revealed that SecB can bind
to native barnase, and the data indicate that SecB could even
fully unfold barnase (199). It was concluded that SecB has the
potential to act as an unfoldase by using protein-protein bind-
ing energy to denature the bound polypeptide chain to its fully
unfolded state, allowing misfolded states to be corrected and
guided back to the transport pathway. Although SecB can bind
to fully unfolded and fully folded barnase, the majority of the
bound substrate is in the intermediate folding state (169, 198),
suggesting that the unfolding activity is more a backup system
than a primary task of SecB.

The structural features of the SecB-binding frame in pre-
proteins have been assessed by determination of the nature of
SecB-protected proteolytic preprotein fragments (80, 167, 173)
and deletion analysis (2, 3). For the outer membrane protein
LamB, a region between amino acids 320 and 380 has been
proposed to be the main determinant for SecB binding (2, 3).
The SecB-binding frame of the periplasmic proteins MBP
(173), GBP (80), and oligopeptide-binding protein (OppA)
(167) is centrally located in the primary structure of these
proteins. For MBP and GBP, the binding frame is about 160
amino acyl residues long, while that of OppA covers about 460
amino acids. Comparison of these binding frames has not re-
vealed any obvious resemblance. Recently, it was suggested
that the SecB-binding site on precursor proteins is composed
of a stretch of several basic residues (81). This was based on
studies with sequence modules that were inserted into the
mature domain of AP, which is normally SecB independent for
its targeting. Insertion of several basic residues conferred SecB
dependence on the precursor, suggesting that this introduced a
SecB-binding site into the protein. However, when the signal
sequence of AP is removed, translocation also becomes SecB
dependent (41). This implies that a SecB-binding site is already
present in AP. Therefore, it could well be that the introduced
basic residues negatively affect the targeting information, for
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FIG. 2. The SecA- and preprotein-binding sites of SecB are predicted to face
in opposite directions in a B-structural conformation. The mainly hydrophobic
residues Phe74, Cys76, Val78, and GIn80 are involved in preprotein binding,
while the alternating residues Leu75 and Glu77 are involved in SecA binding.

instance by interacting with the signal sequence or preventing
the proper interaction with SecA. This would make AP depen-
dent on SecB for proper targeting. Alternatively, the SecB-
binding site could normally be obscured and become exposed
upon the introduction of basic residues into the polypeptide
sequence. Overall, it can be concluded that the structural basis
of preprotein recognition is not well understood at this junc-
ture.

Sites of Preprotein and SecA Binding on SecB

In contrast to the undefined SecB-binding motif in prepro-
teins, specific mutations in SecB that disrupt the interaction
between SecB and preproteins have been characterized (63,
82). These mutations are restricted to a short polypeptide
stretch that contains mainly hydrophobic residues. These res-
idues are conserved in the known SecB proteins, and their
mutation causes a failure in the formation of stable complexes
between SecB and preMBP but results in only mild transloca-
tion defects (82). Since the mutations that affect preprotein
binding occur in an alternating fashion in this restricted region
of SecB, it has been suggested that the interaction between
SecB and preproteins occurs at a B-B interface and is hydro-
phobic (Fig. 2) (18, 82). The major substrates for SecB indeed
have a high B-sheet content (113), while binding of the pre-
protein has been shown to involve hydrophobic interactions
(54).

The receptor for SecB at the membrane is SecA (67), but
SecA and SecB can already interact in solution (67, 75). This
latter interaction is of low affinity (K, ~ 1.6 uM) (40), and its
physiological relevance is not clear. The SecB-binding site on
SecA is located at the carboxy terminus (19) and consists of
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only the last 22 amino acyl residues (55). This domain, which is
functional as a dimer (55), is highly conserved among the bac-
terial SecA proteins except for those of Streptomyces, Myco-
bacterium, and Mycoplasma species. It is rich in arginyl and lysyl
residues and is therefore positively charged. Due to the high
content of glycyl and prolyl residues, this region is probably
very flexible. Another remarkable feature is the presence of
three cysteinyl residues. Replacement of these residues with
serines does not influence the biological function of SecA,
as judged from complementation studies with mildly over-
expressed SecA (143), but alters the translocation ATPase
activity (142). Furthermore, the processing rate of the SecB-
dependent precursor proOmpA is decreased whereas that of
pre-B-lactamase, which is SecB independent (96), remains un-
affected (142).

Based on mutagenesis studies and biochemical characteriza-
tion, it appears that part of the SecA-binding site on SecB
overlaps the preprotein-binding site in an alternating fashion.
When the conserved residues Leu75 and Glu77 (Fig. 2) are
mutated, SecB still interacts with preproteins but fails to target
them to the membrane-bound SecA as a result of the impaired
SecA-SecB interaction (56). In a B structural conformation
(53), the amphipatic, hydrophobic preprotein-binding site and
the polar, negatively charged SecA-binding site are located
opposite each other (Fig. 2). Other residues in SecB that are
presumably involved in SecA binding are Asp20 and Glu24
(82). These two residues are also conserved among the differ-
ent SecB proteins. Together with Leu75 and Glu77, they may
form a negatively charged surface that can interact electro-
statically with the positively charged SecB-binding domain
of SecA.

Preprotein Transfer upon SecA-SecB Interaction

In the presence of preprotein, SecB binds SecA with higher
affinity (55, 67). Only the signal sequence is needed to stimu-
late SecA for this high-affinity SecB recognition (56). Upon
interaction of SecB with SecA, SecB releases the precursor
protein, which is subsequently transferred to SecA (55, 56).
This reaction involves binding of the signal sequence of the
preprotein to SecA. Upon binding SecB, SecA might lower the
affinity of SecB for the preprotein by modulating the confor-
mation of preprotein binding site of SecB. This site is located
at the opposite face of the putative 3 strand that constitutes the
SecA-binding site. According to this scenario, the SecA-bound
SecB will be unable to interact with a new preprotein, and
therefore the binding reaction precludes other proteins from
entering the translocation pathway at a site that is already
occupied. Only upon initiation of translocation, i.e., after the
binding of ATP to SecA, is SecB released from the membrane
to bind a new preprotein in the cytosol (55).

SRP-DEPENDENT TARGETING

Until the discovery of an SRP-like particle in E. coli, most of
our knowledge on SRP-dependent targeting was based on
studies with mammalian cells (reviewed in references 108, 148,
and 187). Soluble proteins that have to cross the endoplasmatic
reticulum (ER) membrane or membrane proteins that have to
integrate into this membrane are targeted to the translocon by
SRP and SRP receptor. Targeting occurs cotranslationally with
the proteins still attached to the ribosome. Directly after the
signal sequence emerges from the ribosome, the nascent chain
is bound by SRP. This interaction results in a pause in the
translation of the nascent chain, and the ribosome-bound com-
plex is then targeted to the SRP receptor at the ER membrane.
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The interaction between SRP and its receptor releases SRP
from the ribosome and the signal sequence. Subsequently,
the translation arrest is relieved. The ribosome binds the
membrane-embedded translocon, and the protein is thread-
ed across or into the ER membrane by chain elongation.

Components of the Eukaryotic SRP Route

The eukaryotic SRP is a ribonucleoprotein complex consist-
ing of one 7S RNA molecule as the central core to which six
proteins of different sizes from 9 to 72 kDa are attached (185,
186). The 54-kDa protein (SRP54) is the only subunit that
interacts with signal sequences (83, 92). SRP54 harbors a GTP-
binding motif which is functional in GTP binding and hydro-
lysis (117). The SRP receptor consists of two GTP-binding
proteins, SRa and SR (172). SRa is peripherally attached to
the membrane via its N-terminal domain (98), while SRB is a
true integral membrane protein (172). Based on the similarity
in the GTP-binding boxes, SRP54 and SRa are classified to-
gether in a separate subgroup of GTPases (17).

Bacterial SRP

The E. coli homologues of SRP54 and 7S RNA are Fth
(“fifty-four homologue,” also called P48) and 4.5S RNA, re-
spectively (9, 135, 136, 152, 170). These components were
identified by sequence comparison and together suffice to con-
stitute a functional SRP. The 4.5S RNA of E. coli SRP is
contained in the ffs gene and is much smaller than its eukary-
otic and archaeal counterparts and those of most other bacte-
ria (97, 136). 4.5S RNA can functionally be replaced by 7S
RNA of human SRP (150). When E. coli cells are depleted of
4.5S RNA or when a dominant mutation in ffs is present, the
translocation of preBla is strongly impaired but pre-MBP, pre-
RBP and pro-OmpA are processed normally (136, 150). Both
SRP54 and Fth specifically bind to 4.5S RNA in vitro (103,
150), and in turn, Ffh can replace SRP54 in the mammalian
SRP for SRP assembly, signal sequence recognition, and trans-
lation arrest but not for translocation of preprolactin into mi-
crosomal membranes (10). SRP54 fails to restore the defects in
an ffs conditional mutant (131). Ffh is essential, since E. coli
cells which lack a functional Fth fail to grow (133). Depletion
of Ffh results in an elongated cell phenotype. Furthermore, the
translocation of pre-AP, pre-Bla, and pre-RBP in Ffh-depleted
cells is strongly hampered while that of pre-MBP, pre-LamB,
pre-OmpF, and pro-OmpA is less affected (131, 133).

Based on the primary sequence, Ffh can be divided into
three domains: the N domain at the amino terminus; the G
domain, which harbors the GTPase activity; and the methi-
onine-rich M domain, which for SRP54 binds both RNA and
the signal sequence (153, 203). The M domain of Ffh, however,
has been implicated only in RNA binding, while the N and G
domains bind signal peptides (201, 202). The crystal structure
of the protease-resistant N and G domains (NG domain) of
Ffh of Thermus aquaticus has recently been resolved at the
atomic level and shows that the GTPase domain resembles that
of Ras-GTPases. The two domains are closely associated by a
short linker peptide of only 10 residues (61).

SRP Interacts with Hydrophobic Signal Sequences

SRP recognizes its substrate by the presence of a hydropho-
bic signal sequence, hence the name “signal recognition parti-
cle.” Photo-cross-linking experiments demonstrate that the sig-
nal sequence binds to the mammalian SRP54 (83, 92), and the
E. coli Fth (107). Just like its eukaryotic homologue (163), Fth
binds only when the preprotein is still associated with the
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ribosome and when it is between 70 and 150 amino acids long
(106). Furthermore, in a heterologous system, SRP54 and Ffh
compete for signal sequence binding, but in contrast to SRP54,
Ffh binds the signal sequence only when it is associated with
4.5S RNA (107). The interaction of Ffh with the signal se-
quences increases with the hydrophobicity of the signal se-
quence. Fth also binds to internal signal anchor domains like
the transmembrane segments of integral membrane proteins
(176). It has been suggested that the magnitude of the inter-
action between SRP and the signal sequence correlates with
the translocation efficiency (176), since precursors with a more
hydrophobic signal sequence are translocated more efficiently
(44). Likewise, the interaction between signal sequences and
the SRP54 homologues of plant chloroplasts and yeast is dic-
tated by the signal sequence hydrophobicity (73, 125). The
binding of Fth to the signal sequence in a heterologous system
does not result in translational arrest, but the Ffh-4.5S RNA
complex can target the eukaryotic ribosome-bound preprotein
toward microsomal membranes in an FtsY-dependent fashion
and thus can support cotranslational translocation (137). This
implies a specific interaction between the ribosome and trans-
locase, since in heterologous systems containing wheat germ
ribosomes and E. coli SRP, the nascent preproteins are not
targeted to E. coli membranes, nor is SRP released by purified
or membrane-bound FtsY (177). By making use of a homolo-
gous E. coli system, Valent et al. (177, 178) have shown that
E. coli SRP indeed interacts with presecretory and membrane
proteins synthesized at the E. coli ribosome. As in the eukary-
otic system (68), the additional presence of cytoplasmic mem-
branes is a prerequisite for the GTP-dependent release of the
signal sequence (178).

SRP Receptor FtsY

Although an E. coli homologue for SRa was found together
with that for SRP54 (9, 152), it was some time before a SRP
receptor function was biochemically demonstrated for FtsY
(109, 118, 137). For a strong interaction between FtsY and the
Ffh-4.5S RNA complex, the presence of a nonhydrolyzable
GTP homologue, such as GMP-PNP, is required (118). This
resembles the interaction between the mammalian SRP and its
receptor (31). Ffh alone seems not to interact with FtsY, even
in the presence of GMP-PNP (118). Ffh possesses GTPase
activity, and although FtsY also contains a GTPase domain (9,
152) and binds GTP (93), it hardly hydrolyzes GTP on its own
(93, 118). The interaction between 4.5S RNA, Ffh, and FtsY
results in a large enhancement of the overall GTPase activity
(118). Both this elevated GTPase activity and the Ffh GTPase
activity are inhibited by the presence of a functional signal
peptide, suggesting that FtsY stimulates the GTPase activity of
Ffh (118). Mutations in the GTP-binding site of FtsY interfere
with GTP binding and hydrolysis and, as a consequence, re-
duce the ability of FtsY to interact with SRP (93). The phe-
notypic characteristics of the depletion of FtsY resemble those
of the depletion of Ffh and cause the accumulation of the
precursor forms of Bla, OmpF, and RBP, whereas those of
OmpA, OmpC, and MBP are processed normally (109). Inter-
estingly, overexpression of wild-type FtsY also causes a de-
creased translocation efficiency of pre-Bla and pre-OmpF,
probably because of nonproductive interactions between FtsY
and SRP (93, 109). In this respect, the translocation of pro-
OmpA and pre-OmpC is unaffected. A similar phenomenon is
observed with an FtsY mutant bearing a GTPase defect (93).

FtsY contains two distinct domains: a highly charged N-
terminal domain (the A domain) and a C-terminal domain (the
NG domain). The crystal structure of the NG domain has
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recently been solved (119). This domain can structurally be
divided into three segments: the N domain; the GTPase do-
main, which displays similarity to the Ras-related GTPases
(17); and an a-B-a insertion into the GTPase domain called
the I box, which is absent in Ras-related GTPase and unique to
all FtsY and Ffh homologues. The N domain is linked to the
GTPase domain by an extended arm that reaches along the
surface of the GTPase domain. The linker is much longer than
the corresponding linker of Ffh (61) and is sensitive to prote-
olysis in the absence of nucleotides (93). The affinity of FtsY
for GTP is rather low (93, 118), which can partially be ex-
plained by the open structure of the nucleotide-binding site
(119). It was also found that the nucleotide dissociation rate of
FtsY is much higher than in Ras but is similar to those seen in
GTPases in the presence of an exchange factor. Since the I box
constitutes the difference between the GTPase domain of FtsY
and Ras, it has been postulated that this domain functions as a
built-in exchange factor (121).

Like its mammalian counterpart, SRa, FtsY is peripherally
associated with the membrane (39, 109). Both domains of FtsY
associate with the membrane, but the nature of the interaction
differs since urea removes the A-domain from the membrane
under conditions where the NG domain remains tightly asso-
ciated (39). Also the interaction between wild-type FtsY and
membranes can be disrupted by urea (109), suggesting that
FtsY is associated with the membrane via the A domain. This
suggestion is reinforced by the finding that expression of the A
domain alone results in a lowering of the amount of wild-type
FtsY associated with inner membrane vesicles (39). This ob-
servation indicates the presence of a specific binding site for
FtsY at the membrane, but no homologue of SRB has so far
been identified. FtsY lacking a functional A domain exhibits a
lower translocation efficiency because it has reduced binding to
microsomal membranes. The translocation activity can be re-
stored by the addition of high concentrations of the mutated
FtsY (137). When the NG domain of FtsY is fused to a mem-
brane anchor, it operates normally (200). This demonstrates
that the main function of the A domain is the targeting of the
NG domain to the membrane. Together, the E. coli SRP and
FtsY can functionally replace their mammalian counterparts in
targeting nascent secretory proteins to microsomal membranes
in vitro (137).

A THIRD TYPE OF TARGETING IN BACTERIA?

In chloroplasts of higher plants, both the Sec machinery and
the SRP-dependent route are conserved but there is also an-
other translocation mechanism. This route is ApH dependent
and mediates the Sec-independent translocation of proteins
across the thylakoid membrane (21, 29, 32, 70, 122, 126). Char-
acteristic of this route is the so-called Sec avoidance motif
found in the signal peptide domain of the preprotein. This
motif consists of a twin arginine at the N terminus and a lysine
near the C terminus of the signal sequence (Fig. 1) (14, 20).
The twin-Arg motif is essential for targeting the preprotein to
the ApH-dependent pathway (25), and the lysyl residue in the
C domain seems to be the only barrier to Sec-dependent trans-
location (14). It has been shown that deletion of the hcf106
gene in corn disturbs the localization of proteins transported
through this pathway (181). The hcfI106 gene codes for a pro-
tein that is anchored by a single membrane-spanning domain
in the thylakoid membrane, exposing a large fraction of the
protein to the stromal side (162). Strikingly, this protein has
homologues in some bacteria whose chromosomes are com-
pletely sequenced (162). E. coli contains two homologues of
Hcf106, which are coded for by ybeC (or tatA) and mttA (or
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tatB [formerly known as yigT]). Recently, both genes have been
shown to be part of a system that mediates Sec-independent
protein translocation (156, 192). A mutation of m#tA (192) or
disruption of tatB or tatA (156) prevented the correct localiza-
tion of several redox enzymes equipped with a twin-Arg signal
sequence. In the gram-negative bacterium Azotobacter chroo-
coccum, the homologous gene is located in a cluster of genes
required for H,-dependent respiration (162). For this process,
which also occurs in E. coli, hydrogenases are secreted to re-
cycle H, produced by nitrogen fixation and fermentation (102).
Hydrogenase consists of several subunits, and E. coli contains
at least three hydrogenases (110), of which two are coded
for by the hya and hyb operons (114, 115). Interestingly, the
precursors of the known B subunits, HyaA and HybA, are
equipped with a twin-Arg-bearing signal sequence (114, 115).
The complete genome sequence of E. coli (12) also disclosed a
putative protein named f372 that has homology to HyaA and
contains the twin-Arg motif in the signal sequence. This pro-
tein might be the B subunit of the third E. coli hydrogenase.
Expression of the hya operon is induced during anaerobic
growth (157). Strikingly, under these conditions, processing of
B-lactamase with the HyaA signal sequence is enhanced (127),
suggesting that the expression of the translocation machinery is
also enhanced. Little is known about the influence of oxygen
pressure on the expression of components of the Sec machin-
ery, but since the expression of most of the components is
decreased at lower growth rates (139), it is highly unlikely that
the expression is elevated during anaerobic growth. Mutational
analysis of the HyaA signal sequence revealed that the twin-
Arg motif is part of the RRXFXK-motif that is essential for
efficient translocation (127). The same motif is also found in
the signal sequence domain of bacterial periplasmic proteins
binding redox cofactors (8). The properties of these translo-
cated proteins are quite different from those of ordinary pre-
proteins in that the latter are kept in a loosely folded confor-
mation to enable passage through the translocase while the
former are believed to be translocated in a completely folded
state, sometimes even in association with their cofactors (8).
The translocation of a periplasmic E. coli molybdoenzyme
TorA, which contains a twin-Arg signal sequence, requires the
acquisition of the molybdocofactor in the cytoplasm and by-
passes the Sec machinery, including SecB. Furthermore, de-
pletion of the SRP function only marginally affects the export,
perhaps indirectly, indicating that pre-TorA is targeted and
translocated in a unique manner (155). Remarkably, during
ApH-dependent translocation across the thylakoid membrane,
precursors remain competent for translocation even when they
are in a tightly folded conformation (28, 32), a feature also
characteristic of the translocation of proteins across the per-
oxisomal membrane (171). No other stromal factors are
needed for translocation (77), but this does not rule out the
presence of specific chaperones, since SecB is also not obliga-
tory for translocation. In this respect, it is highly unlikely that
the chloroplast homologue of SRP54, 54CP, targets prepro-
teins to the ApH-dependent system, since it fails to recognize
the required signal sequence (73). The E. coli Sec machinery is
unable to translocate thylakoid preproteins with a ApH-depen-
dent signal sequence, while a chloroplast Sec-dependent signal
sequence is recognized and able to support translocation (71).
This suggests that the Sec system can discriminate between
normal and ApH-dependent signal sequences. Conversely, a
twin-Arg-bearing signal sequence of E. coli can direct exclusive
translocation via the ApH-dependent pathway in thylakoids
(120), underscoring the genetic link between the two pathways.
It is also important to note that the translocation of precursors
along the ApH-dependent pathway is not sensitive to azide, an
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TABLE 1. Requirements of signal sequence and mature domain for different targeting routes

Structure

Requirement for targeting route:

SRP

SecB Twin Arg

Signal sequence Hydrophobic

Mature domain Nascent membrane proteins (?)

Optional

Nonnative proteins, SecB-binding domain (?)

RRXFXK motif

Folded redox proteins

inhibitor of SecA. Taking these results together, a unique
ApH-dependent export system dedicated to the translocation
of folded proteins, which require totally different targeting
components than SRP or SecB, seems to exist in E. coli and
other bacteria.

CONVERGING TARGETING ROUTES

When a nascent chain emerges from the ribosome, a range
of chaperones, folding catalysts, and targeting factors are wait-
ing to bind the new protein (24). At that moment, the different
targeting factors will compete for preprotein binding. Most
chaperones use ATP and cochaperones as cofactors and bind
the emerging polypeptide repeatedly, cycling the nascent chain
between free and chaperone-bound forms (23).

Competition between Chaperones for the Nascent Chain

The first chaperone encountered by a nascent chain is prob-
ably trigger factor (for a review, see reference 72). This ribo-
some-bound peptidyl-prolyl cis/trans isomerase does not dis-
tinguish between secretory and cytosolic proteins (176, 177),
and scans the nascent chain for proline residues. A likely can-
didate to follow trigger factor is Dnal, which bind to the
N-terminal segment of the nascent protein. Dnal is accompa-

nied by DnakK, and subsequent association of GrpE leads to
ATP-dependent dissociation of the complex (84). When the
nascent chain resembles a preprotein bearing a hydrophobic
signal sequence, this team of chaperones has to compete with
SRP for stable binding (Table 1). In contrast to the “general”
chaperones, the factors that cause SRP to dissociate from the
nascent chain are specifically localized at the cytoplasmic
membrane, i.e., the membrane-bound FtsY (Fig. 3) (178). In
our opinion, this enables SRP to outcompete the other chap-
erones for nascent-chain binding and to stably interact with the
signal sequence until it arrives at its destination. The data so
far indicate that E. coli SRP fails to cause translational arrest.
Moreover, when the nascent chain reaches about 150 amino
acids, SRP is released from the ribosome spontaneously (106).
This would imply that the time available for functional target-
ing is limited. When the signal sequence is not hydrophobic
enough, it does not interact with SRP (176, 177). This could
provide other chaperones with an opportunity to interact with
the growing nascent chain. Such a chaperone might be GroEL,
but this chaperone binds only after the protein has been re-
leased from the ribosome (62, 149). When the proper condi-
tions are met, SecB will bind the nascent chain (Fig. 3; Table
1). SecB cannot be cross-linked to short nascent chains (176),
and stable SecB binding depends on the type of precursor. For

FIG. 3. Coexisting SRP- and SecB-dependent targeting routes. When a preprotein or integral membrane protein emerges from the ribosome, the signal sequence
domain is exposed first. (A) When this domain is highly hydrophobic, it will bind SRP and the nascent preprotein will be targeted to the membrane-bound FtsY at the
membrane. At the membrane, SRP is released from the preprotein in a GTP-dependent manner. The preprotein or integral membrane protein is subsequently
transferred to the translocase, which consists of the integral membrane proteins SecY, SecE, and SecG and the peripherally bound ATPase SecA, or inserts into the
membrane via a different pathway. (B) When the signal sequence escapes SRP binding and the mature domain possesses the right features, SecB will bind the mature
domain and targets the preprotein to the membrane-bound SecA. At the membrane, SecB donates the preprotein to SecA. Upon the binding of ATP by SecA,
translocation is initiated and SecB is released from the ternary complex. (C) When the preprotein is not recognized by SecB, the signal sequence may target it directly

to the membrane-bound SecA.
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both pro-OmpA (7) and pre-MBP (146), ~200 amino acids
suffices for the nascent chain, whereas binding to pre-LamB
requires very long nascent chains (91). These chain lengths
correspond to the assumed location of SecB binding on these
proteins. SecB requires the first 229 amino acids of the mature
domain of pro-OmpA for proper binding (112), and pre-MBP
is bound in the middle of its sequence (30, 173). The SecB-
binding site on pre-LamB is located at the carboxy terminus
(3). Consistent with this hypothesis is the observation that a fair
portion of pre-MBP is translocated cotranslationally whereas
pre-LamB is mainly translocated posttranslationally (79). Un-
like SRP, SecB can interact with preproteins that already are
released from the ribosome. However, we believe that this
does not influence the basic mechanism of SecB-dependent
targeting, since, similar to SRP, SecB releases its substrate only
after interaction with its membrane-localized receptor, SecA
(55, 56). SecB thus seems to act as a cochaperone of SecA. This
mechanism ensures an efficient targeting of the preprotein
from the ribosome to the translocase. Proteins that are tar-
geted to the ApH-dependent translocation system demand spe-
cial requirements, since they appear to be fully folded at the
time of arrival at the membrane (Table 1). It is highly unlikely
that either SRP or SecB plays a role in the targeting of such
presecretory proteins, because SRP fails to bind proteins that
are released from the ribosome whereas SecB can interact
efficiently only with nonnative proteins. After completion of
translation, these proteins may be assisted in their folding by
GroEL and targeted to the membrane solely by their special-
ized signal sequences or by their folded structure.

The fact that GroEL, together with DnaK and Dnal, seems
to be part of a backup system for protein targeting toward the
membrane is a consequence of their ability to bind unfolded or
even misfolded proteins. The targeting is most probably the
result of the presence of a signal sequence domain of the
preprotein and is not directly related to the backup system,
since this system has no affinity for membrane components or
for members of the translocation machinery. Recently, it has
been suggested that GroEL interacts with the membrane via
SecA (13). This is based on observations that GroEL and
membrane-bound SecA could be cross-linked to each other
and that GroEL facilitates the release of SecA from the mem-
brane. However, these results cannot be interpreted clearly,
since the specificity of the reaction has not been demonstrated.

Targeting of Integral Membrane Proteins

Evidence that integral membrane proteins are the main sub-
strate for E. coli SRP is accumulating. When SRP is disrupted
by the presence of a dominant lethal 4.5S mutant or by the
depletion of Ffh, the amount of functional lactose permease
(LacY) inserted into the inner membrane is decreased (111).
Also, leader peptidase (Lep) and a mutant with inverted to-
pology, Lep-inv, are dependent on functional SRP for their
insertion into the inner membrane (38). Furthermore, mainly
polytopic inner membrane proteins have emerged from a ge-
netic screen for substrates of SRP (175). Finally, depletion of
FtsY is suggested to cause failure of the biogenesis of the
membrane proteins SecY and LacY (160). These observations
are consistent with the notion that SRP has a preference for
the highly hydrophobic internal signal sequences of membrane
proteins (177). SecB has never been found to be associated
with membrane proteins, and depletion of SecB affects only
the processing of precursor proteins that are independent of
SRP. On the other hand, an impaired SRP function affects
mainly the processing and translocation of SecB-independent
preproteins. Also, although the timing of interaction with the
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nascent chain is different, this strongly suggests that, by default,
SRP and SecB are components of two different targeting
routes which converge only at the translocase (Fig. 3).

The requirement for SecY and SecA differs among the SRP-
dependent membrane proteins. LacY does not require SecA,
but it probably uses SecY (111). Insertion of Lep is dependent
on SecA and SecY (196), while that of Lep-inv is independent
of both (38). Also, the demand on SecY differs between the
insertion of membrane proteins and the translocation of pre-
proteins. This can be concluded from studies of the secY40
allele, which shows defects in the integration of membrane pro-
teins but enables normal translocation (124). So far, no com-
ponents that mediate the Sec-independent export of N-termi-
nal tails of polytopic membrane proteins are known (35). For
the integration of proteins into the inner membrane of mito-
chondria, a process that resembles the bacterial N-tail export
in its energetics and topogenic signal requirements, the Oxalp
protein has been implicated (69). This mitochondrial protein
has homologs in bacteria (6, 15), and it may well be that these
proteins facilitate the Sec-independent integration of mem-
brane proteins into the cytoplasmic membrane of E. coli. Nas-
cent chains of the membrane protein FtsQ bind very efficiently
to SRP and can be transferred from SRP to SecA and SecY
(178). Combined with the previous data, this suggests that
the requirements for SRP binding are determined by the
highly hydrophobic signal sequence, but it is totally unclear
what governs the targeting to the translocase. In this respect, it
is interesting that SecB targets its substrate specifically to the
translocation site, where it is handed over to SecA. SRP targets
its substrate merely to the membrane and releases it upon in-
teraction with FtsY. This can be taken as an indication that
SRP-targeted proteins do not always rely on the Sec machinery
for insertion or translocation.

CONCLUDING REMARKS

Depending on their intrinsic properties, precursor proteins
take different targeting routes. When they are very hydropho-
bic, such as membrane proteins, they have to be recognized
early in the route to the membrane to prevent their aggrega-
tion. SRP takes care of this by virtue of its high affinity for
hydrophobic signal sequences. The proteins are targeted to
FtsY at the membrane, where the cargo is released from SRP
in a GTP-dependent manner. Unlike the eukaryotic SRP sys-
tem, no specific FtsY receptor has been identified in bacteria.
It might be that, depending on the insertion mechanism, other
membrane proteins like SecY function as the receptor.

Preproteins that escape the SRP route but have difficulties in
finding the translocase are directed to the membrane by SecB.
It is still unclear which structural feature of a preprotein de-
termines the SecB dependence. This will be solved only when
a structure of SecB at the atomic level is available. Further-
more, the high on and off rates of the SecB-preprotein inter-
action give us an opportunity to study this interaction with
nuclear magnetic resonance spectroscopy techniques, thereby
elucidating its nature. A clear homologue of SecB has not been
found in gram-positive bacteria. However, it is to be expected
that a protein with a similar function exists. Such a chaperone
protein probably has different structural features, since outer
membrane proteins rich in B-structure, which are the main
substrates for SecB in E. coli, are absent in gram-positive bac-
teria. It remains to be investigated whether this chaperone uses
the conserved C terminus of SecA as a docking site.

Finally, the twin-Arg route functions as a specialized system
to target proteins that can adopt a tertiary and even quaternary
conformation prior to their translocation. However, the com-
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ponents and mechanisms of this route have yet to be estab-
lished.
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