Introduction
All living cells are surrounded by membranes
allowing the maintenance of an internal
environment with unique ion and proton
composition. In addition, the cytoplasm of
Eukaryotic
cells
consists
of
many
subcompartments, each surrounded by one or
more
membranes.
In
these
different
subcompartments enzymatic and bioenergetic
processes take place that would be incompatible
when contained in a single compartment.
Likewise, various subcompartments can be
identified in bacteria. For instance in the Gramnegative bacterium Escherichia coli, one can
identify various compartments, i.e., the cytosol,
separated by the cytoplasmic membrane from
the periplasm, which in turn is separated from
the external milieu by the outer membrane.
Proteins that have to function in these
compartments or in the membranes that
separate them, are synthesised in the cytosol
and need to be transported across one or more
membranes to reach their final destination. One
intriguing requirement with energy-transducing
membranes is that this transport must occur
without compromising the barrier function of
these membranes. Various mechanisms have
been discovered for the transport of proteins
across membranes. These mechanisms are not
only used to transport proteins across
membranes, but also show overlap with the
mechanisms used to integrate newly synthesised
membrane proteins into the lipid bilayer.
In bacteria, the major route of protein
translocation is the so-called Secretion pathway
abbreviated as “Sec-pathway”. Secretory
proteins are synthesised at the ribosome as
precursors with an amino-terminal extension,
the signal peptide. These precursor proteins
(preproteins) are either targeted directly
(Figure 1, A) to a membrane-bound complex

that functions as a protein-conducting channel
or are targeted to this complex by molecular
chaperones such as SecB (Figure 1, B). This
protein-conducting channel complex consists of
an ATPase, SecA, and a large integral
membrane domain with SecY and SecE at its
core, and SecG, SecD, SecF and YajC as
additional subunits. Energy in the form of ATP
and the proton motive force is used to allow the
translocation of the preprotein across the
cytoplasmic membrane. At the periplasmic face
of the membrane, the signal sequence of the
preprotein is removed by signal peptidase, and
the mature domain is released to fold into its
native conformation and assemble into larger
oligomeric structures. Some proteins are
subsequently targeted to the outer membrane in
order to be integrated or to be translocated
across this membrane. Alternatively, some
proteins, like most membrane proteins, contain
internal signals directing them to the protein
conducting channel through a pathway
involving the Signal Recognition Particle SRP
and its receptor FtsY (Figure 1, C). Here, we
will discuss the mechanisms involved in the
translocation of proteins across and the
integration of membrane proteins into the
cytoplasmic membrane. This process shows a
striking similarity with the protein translocation
pathways that are operational in the
endoplasmic
reticulum
and
chloroplast
thylakoid membrane. Other pathways will only
be discussed briefly.
Protein
targeting
to
the
bacterial
translocaseSecretory proteins (preproteins) are
synthesised as precursors with a signal that is
recognised by targeting factors and the
components of a complex secretion system (for
review see (1)). This amino-terminal signal
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Figure 1. Schematic overview of the components of bacterial translocase. A protein with a signal sequence
emerging from the ribosome can be targeted to the translocase by at least three different routes. Posttranslationally, the precursor proteins may either directly associate with the translocase (A) or it may use
SecB as a targeting factor (B). Co-translationally, proteins will associate with signal recognition particle
(SRP), and via FtsY, associate with the translocase (C). This latter process requires the hydrolysis of GTP
by both SRP and FtsY. Proteins are translocated across the membrane through a membrane-integrated
pore complex that consists of the SecY, SecE and SecG polypeptides. Protein translocation is driven by
the hydrolysis of ATP by SecA, and once translocation has been initiated at the expense of ATP, the proton
motive force can also drive translocation. During translocation the signal sequence can is removed by
signal peptidase (Lep). SecD, SecF and YajC are other membrane proteins involved in protein
translocation, but their exact function is not yet known.
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sequence (for review see (2)) has a length that
ranges from 18 up to 30 amino acids. Signal
sequences show no conservation in amino acid
sequence but they are equipped with the same
physical properties. Signal sequences have a
tripartite structure:
i) N-domain: The amino-terminal domain, with
a size of 1 up to 5 amino acids, contains a net
positive charge. Preproteins that do not have
this positive charge are still targeted to the
translocase but at a reduced rate (3). The Ndomain is thought to interact with the
translocation ATPase SecA (4) and negatively
charged phospholipids (5). The positive charges
of the N-domain are thought to orient the signal
sequence with the N-terminus in the cytosol by
preventing the translocation of positive charges
against the ∆ψ, which in E. coli is negative
inside and positive outside (6,7).
ii) H-domain: The hydrophobic core of the
signal sequence consists of a stretch of 7 to 15
hydrophobic residues that may fold into an αhelical conformation. This domain is thought to
insert into the lipid bilayer. Frequently, glycine
and proline residues are found in the middle of
this domain. These residues may act as helix
breakers to form a hairpin-like structure that
facilitates insertion of the signal sequence into
the membrane or translocation channel. Inside
the lipid bilayer, the glycine and proline
residues adopt an α-helical conformation (8,9),
resulting in ‘unlooping’ of the hairpin and
further insertion of the signal sequence (10-12).
The N-and H-domain have overlapping
functions in protein secretion (13), and both
have been suggested to interact with SecA
(4,14). The α-helical conformation of the Hdomain is promoted by interaction of positively
charged residues of the N-domain with anionic
phospholipids (15).
iii) C-domain: The polar C-domain stretches
from 3 to 7 residues, and bears the recognition

motif, i.e., cleavage site, for signal peptidase.
Signal peptidase is responsible for the
proteolytic cleavage of the signal peptide from
the preprotein during or after its translocation
across the membrane. E. coli contains a signal
peptidase for regular signal sequences, and
another enzyme that cleaves the signal sequence
of lipid-modified precursors of lipoproteins (for
review see (16)). In some bacteria, multiple
signal peptidases are found with overlapping
substrate specificities (17). Signal peptidase
recognises residues at the –1 and –3 positions
relative to the cleavage site (18). These
positions contain amino acids with small neutral
side chains. The C-domain is oriented by the Hdomain to be in the correct position for
cleavage by the signal peptidase (19).
Processing of the signal sequence is not needed
for protein translocation per se, but is essential
for the release of the mature domain into the
external medium. The released signal peptide is
degraded by various peptidases and removed
from the membrane (20).
Co- and post-translational export
When a protein with an amino-terminal signal
sequence is translated by the ribosome, it can be
targeted either co- or post-translationally to the
translocase. In the co-translational modus,
polypeptide chain elongation and translocation
are coupled events, whereas in the posttranslational modes, the preprotein is first
synthesised to its full-length prior to its
translocation. The
following
paragraph
discusses these pathways in detail.
Co-translational protein targeting
Co-translational protein targeting has first been
discovered in the endoplasmic reticulum of
mammals (for a more detailed description see
(21,22)). Shortly, a complex of six proteins
assembled on a RNA scaffold binds to the
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signal sequence and the ribosome, and this
binding event arrests further translation. This
complex termed Signal Recognition Particle
(SRP) targets the ribosome-nascent chain
(RNC) complex to the membrane, where it
binds to the SRP receptor. The eukaryotic SRP
receptor is composed of a peripheral (SRα) and
a transmembrane (SRβ) GTPase. Upon GTP
binding, the SRP receptor releases SRP from
the RNC complex followed by binding of the
signal sequence and the ribosome to Sec61p,
the eukaryotic homologue of the SecYEG
complex. GTP hydrolysis subsequently releases
SRP from the SRP receptor so that it recycles to
the cytosol.
In
prokaryotes,
co-translational
translocation appears to follow a similar
mechanism as in eukaryotes (23,24). In E. coli,
a small SRP has been identified that consist of a
4.5 S RNA and a 48 kDa GTPase called P48 or
Ffh (for fifty-four-homologue), which are
similar to the eukaryotic 7S RNA (25,26) and
SRP54 (27,28). Both Ffh (25,29,30) and 4.5S
RNA (31) were shown to be involved in protein
translocation and essential for growth. Ffh and
4.5S RNA form a complex (26,32-35) that
interacts specifically with the signal sequence
of nascent preprotein and therefore is a signal
recognition particle (36). Ffh is not only
structurally related to SRP54, it can also bind
the other subunits of the eukaryotic SRP and
replace SRP54 in biochemical assays. (36,37).
Ffh is, however, unable to interact with the
mammalian SRP receptor (37,38). Also Bacillus
subtilis contains a SRP54 homologue (39) that
binds a small cytoplasmic RNA (40,41) and
forms a SRP particle that can be crosslinked to
preproteins (42,43). Depletion of the B. subtilis
Ffh results in growth arrest, morphological
changes and a defect in the translocation of
several preproteins (39). Ffh consists of three
domains: an amino-terminal N domain, a
middle G domain, and a carboxyl-terminal M
domain. The G domain is closely related to the
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p21Ras GTPase family (27), and contains the
GTP binding site. The GTPase cycle of Ffh,
however, differs from those of other GTPases
(44). The N-domain senses or controls the
nucleotide occupancy of the G-domain. Both
the N and G domains have been suggested to be
involved in direct recognition of the signal
peptide (45). The C-terminal M domain is
methionine- rich, and binds both SRP RNA and
signal peptides (46-49). The atomic structure of
the conserved NG GTPase domain of SRP has
been resolved (50,51). The N-domain is mainly
α-helical, and has several contacts with the Gdomain. The active site side chains of the
nucleotide-free form of the G-domain are
effectively sequestered, thus providing a
relatively stable non-nucleotide bound state
(50). The Mg2+-GDP and GDP containing
structures show two regions of structural
mobility at opposite sides of the nucleotidebinding site which sense the nucleotide
occupancy and transfer this from the G to the N
domain (51).
In E. coli, a homologue of the
mammalian SRα has been identified on the
basis of sequence similarity. This protein, FtsY
(27,28,52) is essential for cell viability (52).
Depletion of FtsY results in an accumulation of
preproteins in the cell (53). The E. coli SRP
binds tightly to FtsY (54,55) in a GTPdependent manner. The interaction between
both proteins stimulates the GTP hydrolysis,
which in turn can be inhibited by synthetic
signal peptides (54). No homologue of the
mammalian SRβ has been found, and it has
been suggested that FtsY may fulfill the
functions of both the SRα and SRβ subunits.
Ffh, 4.5S RNA and FtsY can efficiently replace
their mammalian counterparts in targeting
nascent preproteins to microsomal membranes
in vitro (56). Also, in B. subtilis, a homologue
of the SRα receptor has been found termed Srb
(57). Depletion of the B. subtilis Srb results in
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the same phenotypic response as observed for
the depletion of Ffh (58).
FtsY consists of two major domains: a
strongly acidic amino-terminal domain and a
carboxyl-terminal GTP binding domain. The Nterminal domain of FtsY has a high similarity to
the N-domain of SRα that is involved in
membrane attachment via SRβ. Both are rich in
acidic amino acid residues, and in analogy to
SRβ, the membrane-targeting activity is
mediated by this N-terminal domain of FtsY
(59). The atomic structure of the C-terminal
GTP binding domain of FtsY has been solved
(50,60,61) showing a high similarity with the
GTP-binding domain of Ffh.
SRP-mediated protein targeting occurs
via several steps: (1) The SRP complex
recognises the signal sequence emerging from
the ribosome and binds the signal sequence
through the M-domain of Ffh. It is unclear
whether the SRP under those circumstances is
in a GDP-bound (62) or in the empty state as
the eukaryotic SRP54 (63,64). Contrary to the
eukaryotic system, there is also no direct
evidence that the E. coli SRP arrests translation
once it binds to the emerging preprotein. SRP
from Gram-negative bacteria lacks the 5’ and 3’
RNA domains (65) and the eukaryotic SRP9
and SRP14 subunits that bind each other and
are essential for the translational arrest in
eukaryotes (66). Translation arrest may not be
essential in bacteria, due to the shorter traffic
distances and the faster translocation rates (67).
However, in Gram-positive bacteria like
B. subtilis, the 5’ and 3’ RNA domains are
present, and a possible homologue of SRP9/14,
Hbsu, has been identified. Hbsu can bind the
scRNA in a similar manner as SRP9 and
SRP14, suggesting that translocation arrest may
be a feature in Gram-positive bacteria (65). (2)
The RNC-bound SRP associates with cytosolic
FtsY. Interaction between FtsY to Ffh changes
the GTP binding affinity of both proteins

allowing them to bind GTP. (3) The RNC-SRPFtsY complex binds to the membrane. (4) GTP
hydrolysis dissociates the RNC-SRP-FtsY
complex and the released RNC complex is
targeted to the translocase. Crosslinking data
has shown that the release of SRP from the
RNC complex and association of the latter with
the translocase are linked (68). It is essential
that the RNC complex is released close to the
translocase, but the events that initiate GTP
hydrolysis and release of the RNC complex
have not yet been clearly defined.
Post-translational protein targeting
In E. coli, preproteins can also be translocated
post-translationally. Since these proteins need
to be retained in the cytosol as full-length
unfolded precursors, the involvement of
chaperones has been a major issue. SecB is a
molecular chaperone with a function dedicated
to protein translocation. It was genetically
identified in a screen for mutants with
pleiotropic defects in protein secretion (69). The
secB locus maps at 80.5 min on the E. coli
genome. This locus encodes a 17 kDa cytosolic
protein (69). SecB exists as a tetramer (70-72).
In vivo, SecB is very selective and is found to
interact with only a subset of preproteins
(73,74). These proteins are kept in a
translocation-competent state, i.e., a loosely
folded, non aggregated conformation with
defined secondary structure (75-79). In vitro,
however, SecB is rather unselective and
interacts with any protein that is in a non-native
conformation (75,80).
The mechanism by which SecB
differentiates between secretory and nonsecretory proteins is unknown. The signal
peptide has been suggested to confer specificity
to the SecB-preprotein interaction (81,82), but
other studies demonstrate that SecB recognises
mainly the mature part of the preproteins (8396). A thermodynamic analysis indeed shows
13
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that the signal sequence does not contribute to
the binding affinity of SecB for precursor
proteins (96). The signal sequence may only
indirectly affect the SecB binding by retarding
the folding of the mature domain (97-99)
thereby increasing the chance of a productive
interaction (100). In vivo, translocation becomes
more SecB-dependent when the signal sequence
of the preprotein is omitted (101-104). This
shows that the signal sequence and the
retardation of folding are not necessary for the
SecB interaction per se. Selectivity in binding
has been attributed to a kinetic partitioning of
polypeptides between folding and association
with SecB (105). The model assumes that the
pathway a protein takes in vivo depends on the
rate of its association with SecB. Cytosolic
proteins that fold rapidly are precluded from
binding, whereas slower folding proteins would
have ample time to associate with SecB. In vivo
studies with the precursor of maltose-binding
protein (MBP) indeed demonstrate a negative
correlation between the rate of folding of
preMBP and its ability to associate with SecB
(106). The binary complex of preMBP and
SecB is in a dynamic, rapid equilibrium with
the free states of these proteins (107). Other
studies show that the rate of association of SecB
with polypeptide substrates is much faster than
polypeptide folding and limited only by the rate
of collision (80,108,109). In vivo, SecB appears
to associate mainly with a subset of nascent
preproteins (74). Therefore, the interaction
between SecB and the emerging precursor is
expected to be limited by the rate of chain
elongation rather than the rate of folding (80).
The nascent chain must, however, first grow to
a critical length before it can bind to SecB. The
required length approaches the length that
defines the binding frame within denatured,
full-length proteins bound to SecB (5). Kinetic
partitioning seems to be the result of specific
interactions between the preprotein and SecB,
and must relate to a particular affinity for
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peptide motifs in the unfolded protein. The
features of the binding motif appear rather
general. SecB binds highly positively charged
peptides such as mastropan and poly-lysine
(110). Introduction of clusters of basic residues
may even render preproteins SecB-dependent
for their translocation (111). A more systematic
study demonstrates that SecB binds a motif of
7-9 residues long that is significantly enriched
in aromatic and basic residues while acidic
residues are strongly disfavored (112). Such
SecB binding regions occur frequently,
statistically every 20 to 30 residues, in protein
sequences. The occurrence and affinity of these
binding regions is similar in SecB dependent
and independent preproteins as well as in
cytosolic proteins. Further selectivity is
provided by the interaction of SecB and the
signal sequences of the SecB-bound preproteins
with the SecA subunit of the translocase
(79,113).
The SecB tetramer contains two types of
ligand binding sites (114): one site that seems to
interact with polypeptides with extended βsheet stretches (89,115,116) and another site
that interacts with hydrophobic polypeptide
regions (80,96,109,114,117). Mutations that
disrupt the interaction between SecB and
preproteins are restricted to alternating residues
(Phe74, Cys76, Val78 and Gln80) which are
conserved in all known SecB homologues
(115,118). Since these residues are mainly
hydrophobic, they may be part of a hydrophobic
β-β interface that interacts with the preprotein
(80,89,116). These mutations destabilise the
SecB tetramer and cause the protein to
dissociate into small molecular species (119).
Based on gel filtration, it was suggested that
these smaller species are dimeric, although
analytical ultracentrifugation studies suggest
that the molecule is in equilibrium with the
monomeric forms (120). The identified residues
may thus either directly or indirectly be
involved in forming the interface between the
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dimers that would normally associate to form
the tetramer.
The SecB targets the preprotein to the
translocase where it binds the SecYEG-bound
SecA with high affinity (79). Also soluble
complexes between SecA, precursor and SecB
have been observed (121,122), but this
interaction is of much lower affinity (123).
SecA has different binding domains for SecB
and the preprotein, and it interacts both with the
signal sequence and the mature domain of the
preprotein (79). High affinity binding requires
both the positively charged N-domain (4) and
central H-domain (14,104,124). The preprotein
binding region has been located between amino
acid residues 267 and 340 of SecA by means of
a crosslinking approach (125). The SecB
binding domain of SecA has been localised at
the C-terminus of SecA (126). It consists of
only the last 22 amino acyl residues (113), a
region that is rich in glycine residues and basic
amino acids. This highly conserved region of
SecA also contains three Cysteine residues and
one histidine residue that together coordinate a
zinc atom (127). Mutagenesis of the Cysteines
to serines alters the translocation ATPase
activity and interferes with the translocation of
SecB-dependent proteins (128). These residues
seem not to be essential for the ability of SecA
to support preprotein translocation in general
(129). Zinc is needed for the productive
interaction between SecA and SecB (127), and
it presumably stabilises the fold of this highly
positively charged C-tail of SecA. The
C-termini of the SecA dimer are in close
proximity (130), and both are necessary for the
high affinity binding of SecB to SecA (113).
Mutations in SecB that affect SecA binding are
clustered in two regions, i.e., Asp20, Glu24,
Leu75 and Glu77 (104,115). These residues
presumably form a negatively charged surface
on the SecB protein that interacts with the
C-terminus of SecA. Leu75 and Glu77 are
located in the same domain that is implicated in

preprotein binding and/or tetramer assembly
(see above). This domain possibly forms a
β structure with on one side the negatively
charged SecA binding site and a hydrophobic
contact surface on the other.
Binding of the signal sequence to SecA
elicits a conformational change of the SecA
protein (131). This event promotes a tighter
binding of SecB to SecA and concomitantly
causes the dissociation of the mature preprotein
domain from its association with SecB thus
effecting an efficient transfer of the preprotein
to the translocase (104). In this respect, the
export defect of the SecBL75Q mutant, which
binds SecA with low affinity (104) can be
suppressed by overexpression of SecA (132).
Only after the initiation of translocation by the
binding of ATP to SecA, SecB is released from
the membrane to bind a new preprotein at the
ribosome (113).
Divergence between SRP and SecB pathways
How can a preprotein decide between the SRPand SecB-dependent targeting pathways? These
pathways seem to differ in the recognition of
the preprotein when it emerges from the
ribosome (133). SRP interacts much earlier with
the nascent chain than SecB. SecB seems to
bind only long nascent chains ( > 200 residues )
(5), while SRP binds the signal sequence of
short nascent preproteins (134,135). SRP
competes with trigger factor for nascent chain
binding. Trigger factor is an abundant cytosolic
protein originally identified by its ability to
maintain the preproteins in a translocation
competent form (136), but later found to be a
peptidyl-prolyl-cis/trans-isomerase capable of
catalyzing protein folding in vitro (137). SRP
non-specifically
interacts
with
nascent
polypeptides, but it specifically binds to
hydrophobic signal sequences (135). The
strength of the interaction is correlated with the
hydrophobicity of the H-region of the signal
15
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sequence (135). SecB does not bind the signal
sequences (see previous section). SRP may
interact with all nascent chains, but
preferentially binds to preproteins with a
hydrophobic signal sequence. These precursors
are then routed into the SRP-dependent
pathway. Preproteins that bind SRP poorly may
either be targeted directly to the translocase or
follow the SecB pathway. Small differences in
the hydrophobicity of signal peptides may thus
define the pathway that will be followed for
targeting (138). Indeed, the SRP dependency of
preprotein translocation increases with the
hydrophobicity of the signal sequence, while
the requirement for SecB is reduced (139).
Targeting of membrane proteins
One question of which the details only slowly
unfold is how membrane proteins are targeted
to the translocase. SRP recognises not only very
hydrophobic signal sequences (134,135), but
also binds to the hydrophobic TMS domains of
membrane proteins (140). In a genetic screen
for possible SRP substrates, a large number of
membrane proteins were isolated that were
found to compete with known SRP-substrates
for binding to SRP (141). Depletion of SRP
components like Ffh, 4.5S RNA and FtsY
strongly affects the insertion of membrane
proteins such as leader peptidase (142), lactose
permease (LacY) (143,144) and others (145).
Integration of LacY into the membrane could be
prevented by overexpression of pre-β-lactamase
(146), a SRP substrate protein (26,36,39,53).
However, not all membrane proteins appear to
be dependent on the SRP pathway (147). For
instance, HflK and HflC integrate into the
membrane independently of SRP (148). Using
an in vitro membrane-free translation system, it
has been shown that the chaperonne GroEL
added cotranslationally interacts with nascent
LacY, and that it in vitro can mediate the
posttranslational insertion of LacY into the
16

membrane (149).
Another question concerns the role of
the translocase in membrane protein insertion.
Studies with conditionally lethal mutants
suggest that SecY and SecE are needed for the
membrane integration of MalF (150), MtlA
(151) and leader peptidase (142), while the
melibiose permease (MelB) (152) and LacY
(153) appear relatively independent of SecY,
although the latter has been shown to dependent
on SRP (143,146). Further evidence that SecY
may be involved in membrane protein
integration comes from observations that
mutations in SecY may affect the topology
(154) and insertion (155) of some membrane
proteins. Insertion of many membrane proteins,
i. e., TolQ (156), MelB (152), MtlA (151) and
LacY integration (143) seems to be SecA
independent. Initially, translocation of MalF
was also thought to be SecA independent (157),
but later studies showed that the translocation of
the large periplasmic loop of MalF requires
SecA (150,156). The SecA dependency,
however, seems to vary with the protein
context, i.e., the reporter protein used to analyse
membrane translocation of the large periplasmic
loop (158). The introduction of secA mutations
into strains that have modest SRP deficiency
results in synthetic lethality suggesting that
SecA and SRP might function in the same
pathway (159). In vitro studies demonstrate that
SRP releases the nascent membrane protein to
the translocase. Nascent FtsQ can not only be
crosslinked to membraneous components of the
translocase, SecY and SecG, but also to SecA
(68). In the absence of SecA, however, nascent
FtsQ can be crosslinked directly to SecY
suggesting that SecA is not needed for the
initial stages of membrane protein insertion
(160). In B. subtilis, SecA and Ffh seem to
interact and function cooperatively in protein
translocation (161). With the membrane
insertion of AcrB, a protein normally targeted
through the SRP pathway, depletion of SecA
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resulted in a complete block of insertion (159).
SecA could be important for insertion of certain
classes of membrane proteins. However, the use
of conditional secA or secY mutant strains or
treatment of cells with sodium azide may not be
sufficient to demonstrate or disprove a
requirement for the translocase (162).
Membrane integration of membrane
proteins with a long N-terminal periplasmic
domain (type III proteins) like ProW (163,164)
and Pf3 coat protein (165) has been suggested
to occur independently of the translocase and
SRP but seems to require the transmembrane
electrical potential, ∆ψ. In a recent study, using
a new set of conditional lethal strains,
translocation of the long N-tail of ProW
associated to the first TMS required SRP but
not SecE, an essential component of the
translocase (166). On the other hand, a fusion of
this protein to a globular domain of signal
peptidase that remained in the cytosol, rendered
translocation of the N-tail, SecE-dependent.
Translocation of the N-tail of various type III
proteins has been reported to occur in a SecAdependent manner (167). Unfortunately, most
studies deal with artificial fusion proteins,
which is particularly alarming, as it becomes
increasingly evident that the overall protein
structure may affect the requirement for
translocase components. The bacterial process
of N-tail translocation may resemble the
translocation of the mitochondrially encoded
pCoxII to the intermembrane space of the
mitochondria, a process that requires an integral
membrane protein, Oxa1p (168,169). Oxa1p is
widely conserved in pro- and eukaryotes, but it
is not clear, if these homologues are involved in
the translocation of type III membrane proteins
in prokaryotes. Homologues of Oxa1p have
been identified in bacteria, but their role in
protein translocation is unclear (170).
The mechanism by which membrane
proteins integrate into the membrane is largely
unknown (171). Some membrane proteins are

targeted by SRP to the translocase from where
they are integrated into the membrane, while
others may use an alternative route, and
possibly directly insert into the membrane.
Ultimately, validation in an in vitro system will
be required to determine if the various
membrane proteins use the translocase for
membrane insertion. The following section
discusses the components, the structure and the
dynamics of the bacterial translocase.
Translocase,
a
multisubunit
membrane protein complex

integral

Bacterial translocase consist of the peripherally
bound ATPase SecA and a complex of integral
membrane proteins (See Figure 2). The core of
the integral membrane domain is formed by the
SecY and SecE polypeptides. SecYE forms a
heterotrimeric complex with SecG, which is the
most abundant form of the integral membrane
domain of translocase. Other subunits, i.e.
SecD, SecF, YajC and possibly other proteins
may be recruited by the SecYE complex that
increase the efficiency of the preprotein
translocation reaction.
SecA
SecA performs a central role in preprotein
translocation. In the cell, it exists both as a free
cytosolic form and a membrane-bound form.
SecA binds with low affinity to the
phospholipids present in the cytoplasmic
membrane, but will associate with high affinity
to the SecYEG complex. SecA binds SecB and
interacts directly with the preprotein. SecA is
the only ATPase involved in preprotein
translocation, and its role is to couple the
hydrolysis of ATP to the stepwise translocation
of the preprotein across the membrane. The
secA gene was discovered in a screen for
proteins that are pleiotropically defective in
secretion (172). It encodes a 102 kDa protein of
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901 amino acids (173,174) (175,176). SecA is
found in prokaryotes and in chloroplasts and
can be recognised by the following Prosite
recognition sequence [IV]-X-[IV]-[SA]-T[NQ]-M-A-G-R-G-X-D-I-X-L. SecA functions
as a homodimer (130,177) and each of the
monomers contains two thermodynamically
independently folding domains, termed N- and
C-domain (178). SecA is an ATPase. Its low
endogenous ATPase activity is stimulated by its
interaction with the SecYEG complex and even
further stimulated by the presence of a
translocation-competent
preprotein.
This
ATPase activity is termed “SecA Translocation
ATPase” as it is coupled to the translocation of
the preprotein across the membrane. SecA
contains two essential nucleotide binding sites
(NBSs) (179). One of them (NBS-1) is
responsible for high-affinity ATP binding
(Kd = 0.13 µM) and contains Walker A ( [AG]XXXX-G-K-[ST]) and Walker B (hXhhD)
motifs (180) located in the N-domain (181).
The second NBS (NBS-2) is responsible for
low-affinity ATP binding (Kd = 340 µM ) and is
located in the C-domain (182). Both NBSs are
essential for the preprotein-stimulated SecA
ATPase activity and protein translocation (182185). The three dimensional structures of
several NTPases (for review see (186)) can be
used to define an atomic model for NBS-1 of
SecA. Lys108, Thr109, Arg209 and Asp217 are
part of the Mg2+-ATP binding domain (183).
The Mg2+ ion is stabilised by Thr109, Arg209
and Asp217 (187), while Lys108 binds the βand γ-phosphates of the Mg2+-ATP complex
(184). Asp-133 acts as a catalytic carboxylate,
which activates a water molecule to attack the
γ-phosphate of ATP (185). Crosslinking studies
with ATP homologues indicated that an early
N-terminal region between amino acid residues
75 and 97 of SecA also is in proximity of NBS1 (188). The Walker B motif of NBS-1 shows
some similarity to the DEAD-box found in
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RNA binding proteins such as helicases (189),
and may be involved in the helicase activity,
which has been shown for the SecA in vitro
(190). The latter activity may function in the
autogenous regulation of SecA translation
(189,191-194) (See section on regulation).
NBS-2 has been studied in much lesser detail
(182). The Walker A and B-sites of NBS-2 are
less well conserved. Based on sequence
similarity to NBS-1, the Mg2+ ion could be
stabilised by Thr511, Arg633 and Asp641,
while Arg509 binds the β- and γ-phosphates of
the Mg2+ NTP and Glu532 could play a role as
a catalytic carboxylate. The SecA homodimer
can be photo-crosslinked with bifunctional ATP
analogues that bind to NBS-2 (195). NBS-2
appears to be close to a region that has been
implicated in dimer formation (amino acid
residues 662 to 831) (196).
The signal sequence of the preprotein
has been crosslinked to a region of SecA just
adjacent to NBS-1, i.e., amino acid residues 267
to 340 (4). However, mutations that alter the
specificity of signal sequence recognition by
SecA, i.e., the so-called prlD suppressors
(protein localization mutations) are located
throughout the entire primary sequence of SecA
(for overview of SecA mutations see (197).
Many of the prlD and azi mutations coincide.
The latter render SecA resistant to azide, an
inhibitor of the translocation ATPase (198-201).
The extreme C-terminus has been
implicated in various catalytic activities of the
SecA protein. This region is involved in the
binding of SecB (113,126,127) (See section on
SecB), but also associates in an electrostatic
manner with acidic lipids (126). In conjunction
with N-terminal and central regions of SecA,
the C-terminus is accessible to membraneimpermeable reagents and proteases added from
the periplasmic face of the membrane
(129,202,203). This suggests a complex
membrane-topology of the SecYEG-bound
SecA. Using ligand affinity blotting (204) and
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Figure 2. Schematic overview of the topology and conservation of integral membrane proteins involved in
protein translocation. Conservation was determined by aligning all available SecY, SecE, SecG, SecD and
SecF sequences from the SWISSPROT database using CLUSTALW.

in vivo crosslinking (205), a direct interaction of
SecA with SecY has been demonstrated. The Cterminal third of SecA protein has been shown
to bind to the N-terminal 107 amino acid
residues of SecY protein. The SecY binding
frame corresponds to a domain of SecA that has
been implicated in membrane insertion (206)

(See section on dynamic structure of
translocase).
Nucleotide binding to SecA influences
the interaction between the two independently
folding domains of SecA (178). Upon binding
of ADP, SecA assumes a more compact
conformation,
whereas
binding
of
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nonhydrolyzable ATP analogues gives a more
extended conformation (178,207). These
conformational changes could not be detected
by small angle X-ray scattering, and it was
suggested that SecA does not undergo large
changes in its shape (208). Unfortunately, this
study did not access the SecA activity after the
exposure to the high-energy irradiation. Indirect
methods such as site directed tryptophan
fluorescence spectroscopy and proteolytic
digestion also indicate that the soluble SecA
undergoes conformational changes upon
nucleotide binding (131,178).
SecY
The localisation of the gene encoding SecY was
discovered in a screen for mutations, which
could specifically suppress signal sequence
mutations. This genetic locus was termed prlA
for protein localization (209). The prlA gene
product was suggested to interact directly with
the mutant signal sequence to restore export
(210,211). PrlA was shown to be the first of two
open reading frames downstream of the last
known gene (l15) of the spc ribosomal operon
followed by the gene encoding the adenylate
kinase protein (212). The organisation of this
genetic locus in various prokaryotes is
extremely conserved. Complementation of a
temperature-sensitive (Ts) SecY24 protein
secretion mutant that carries a single base
exchange in the secY gene resulting in
substitution G240D by the wild-type SecY
further confirmed the involvement of SecY in
protein translocation (213). Determination of
the amino-terminal sequence confirmed the
SecY reading frame (214). Hydropathy analysis
predicts that the SecY protein harbors 10
hydrophobic transmembrane segments (TMS).
The presence of these domains was confirmed
by characterizing SecY-PhoA hybrid proteins
(215). SecY has been identified in a large
number of bacterial species and is highly
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conserved (see Figure 2). Only the N- and Cterminal cytoplasmic domains, TMS 3, 4 and 6,
and the periplasmic loops except P1
(periplasmic loop 1) are not conserved.
Although the primary sequence of SecY is well
conserved, no single mutations have been
described yet, which are directly lethal.
Conditionally lethal mutations are all located in
the conserved domains (compare Figure 2 and
3). In addition, SecY contains a large numbers
of prl mutations (see Figure 3), which result in
a relaxed specificity of signal sequence
recognition (216,217) (101,103,210,218-222).
These prlA mutations are mainly found in the
conserved regions (compare Figure 2 and 3).
Related to prl mutations are a number of
mutations in TMS 7 (prlA4-1, F286Y, prlA401,
S282R, secY121, I290T, and secY161, P287L)
which show a blockage of staphylokinase
translocation instead of suppression of signal
sequence mutations (223,224).
The protein translocation activity
connected with SecY was first purified and
reconstituted from octylglucoside-solubilised E.
coli inner membranes (225). SecY co-purified
with two other proteins, SecE and SecG (226228). The translocation activity of reconstituted
SecY increases proportional with the amount of
co-reconstituted SecE (229). Pulse chase
experiments demonstrated that SecY and SecE
form a stable complex in the membrane, and no
exchange of SecE molecules between SecYE
complexes appears to take place (230,231).
SecY and SecE can also be co-immunoprecipitated (232). In the absence of SecE,
SecY is unstable and becomes degraded by
FtsH (233). In this respect, SecY cannot be
overproduced
without
SecE
(234).
Overproduction of SecY in FtsH mutant cells
proved to have a deleterious effect on cell
growth and protein export suggesting that
elimination of uncomplexed SecY is important
for optimal protein translocation and for the
integrity of the membrane (233). Ligand affinity
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Figure 3. prl and temperature sensitive mutations in SecY, SeE and SecG. Prl mutants are indicated by
black circles, while temperature sensitive mutants are indicated by dark grey circles.

blotting experiments indicate that the aminoterminal 107 amino acid residues of SecY
protein support SecA binding (204). This region
covers the first three TMSs of SecY, and can be
crosslinked to SecA in vivo (205).
SecE
SecE has been found in a screen for mutations
affecting the expression of the secA gene.
Mutations that cause protein secretion defects
normally lead to elevated levels of SecA in the
cell. The SecE501 mutant causes pleiotropic
protein export and cold sensitive growth
defects. The gene was mapped at approximately
90 min on the E.coli chromosome (235).
Genetic analysis of extragenic suppressors of a
LamB signal sequence mutation (called prlG)
also showed that dominant suppressor
mutations were linked tightly to the secE gene
(236). The corresponding region was sequenced
and the secE gene was found to form an operon
with the nusG gene. NusG encodes a
polypeptide of 181 amino acids and is involved
in transcription antitermination (237). The
secE-nusG genes are cotranscribed (238), and
the genetic region surrounding secE seems well
conserved in prokaryotes.

Analysis of the hydrophobicity pattern
and PhoA fusion proteins suggests that the E.
coli SecE contains three membrane spanning
domains (239) (See Figure 2). Most bacterial
SecE proteins, however, contain only one TMS
domain that is homologous to the third TMS of
the E. coli SecE. Alignment of the larger SecE
sequences (240) reveals that the non-essential
N-terminal half is less homologous than the
essential C-terminal part. A SecE truncate
missing the first two TMSs is still functional in
supporting growth of E. coli (241) and in vitro
protein translocation (242). SecE proteins from
various bacteria (243-245) with only one TMS
domain complement the lethal secE deletion in
E. coli. Replacement of the third TMS domain
of the E. coli SecE for an unrelated TMS from
the MalF protein yields a partially active SecE
protein that can complement the ∆secE strain at
37 ºC but not at 30 or 42ºC (243), suggesting
that this TMS mainly fulfills a passive function
in maintaining the proper topological
arrangement of the conserved cytoplasmic
domain (C2) that precedes TMS3. In TMS3 and
the P2 loop, four strong repressors of defective
signal sequences have been located (prlG1,
L108R (222,236); prlG2, S105P (222,236);
prlG3, S120F (222,236); prlG8, ∆V116-R117
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(222)). Mutations in TMS3 (L111R and D112P)
have been found that do not affect expression
but that completely abolished the function
(156,232). This indicates that TMS3 is involved
in a catalytic function of SecE. Sequence
comparison between the different SecE proteins
actually confirms that only the C2 region of
E. coli SecE and a periplasmic aspartic acid
residue (D112) are conserved in all prokaryotes.
SecE is homologous to Sec61γ, an
eukaryotic protein interacting with Sec61α
(246). The most conserved sequence is located
in the C2 domain. Deletion of this region in
SecE, or replacement by unrelated sequences
completely abolished function (243,232). Most
single amino acid substitutions in C2 at the
conserved positions caused mild secretion
defects, but had little effect on growth at 37° C.
Severe growth and translocation defects are
observed only upon the introduction of double
substitutions or the deletion of the conserved
proline residues (156,232). It thus appears that
the strong conservation of the amino acid
residues in C2 does not reflect an obligatory
requirement.
Several regions contribute to the
formation of a stable SecE-SecY complex, and
elimination of a single contact point may not
necessarily affect the functionality of the
complex ( Figure 4). By use of SecE truncates it
has been shown that only the C-terminal part of
SecE is essential for the interaction with SecY
(242). Mutations in C2 and TMS 3 of SecE
destabilise the SecE-SecY complex (232). Sites
of direct contact between these two proteins
have been suggested by the allele-specific
synthetic phenotypes exhibited by pairwise
combinations of prlA and prlG signal sequence
suppressor mutations in these genes.
Combination of prlA mutants in the P1 loop of
SecY (F67C, S68P) with prlG3 (S120F
mutation in P2 of SecE ), or combination of
prlA mutants in TMS 10 of SecY (L407R,
I408N) with prlG1 (L108R mutation in TMS 3
22

of SecE) are synthetically lethal, suggesting that
P1 and TMS 10 of SecY interact with P2 and
TMS 3 of SecE, respectively (102). PrlG1
(L108R) produces a less strong synthetic lethal
phenotype when combined with the I278N
mutation in TMS7 of SecY. Cysteine-scanning
mutagenesis of the P1 loop of SecY and P2 loop
of SecE (247) and TMS 2 of SecY and TMS 3
of SecE (248) (See Chapter 5) has revealed
pairwise
reducible
disulfide
bonds
demonstrating that these regions are indeed in
close proximity. A single mutation (SecY24,
G240D) in the C4 region of SecY strongly
weakens the interaction between SecY and
SecE (249). This was discovered by using a
dominant negative secY allele, secY-d, which
contains a major deletion (∆R372-T374) at the
interface of C5 and TMS 9 of SecY (250). This
deletion inactivates SecY but preserves its
ability to interact with SecE and thereby
sequesters the SecE in an inactive complex.
Overexpression of SecE can overcome the
lethality of secY-d (249). Second site mutations
that disrupt the SecE binding site also suppress
the export defect caused by secY-d. Such
mutations and deletions cluster in the C4 loop
of SecY. SecY24 also suppresses the secY-d as a
second site revertant. These results indicate that
C4 of SecY is important for the association
between SecY and SecE, and that the SecYSecE interaction is less stable in SecY24 (249).
E. coli Syd, a cytosolic protein, shows strong
toxicity against SecY24 cells, while it
suppresses the secY-d mutant. In SecY24 cells,
Syd abolished the functional interaction
between SecA and SecY, and even induces the
release of the membrane-inserted form of SecA
(251). A SecY24 variant with a second
mutation (secY249, A249V) resists the Syd
(252). It may either interact more strongly with
SecE than SecY24, or has a reduced affinity for
Syd. Syd and SecE may have overlapping
binding sites on SecY and competes for binding
(252). Syd contains a limited sequence
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Figure 4. Sites of interactions between the SecY and SecE proteins. Synthetically lethal combinations of prlA
and prlG mutants suggest interactions between the P1 loop of SecY with the P2 loop of SecE, and
interactions between transmembrane segment (TMS) 7 and TMS 10 of SecY with TMS3 of SecE (Grey
arrows). An interaction between the P1 loop of SecY and the P2 loop of SecE and between TMS 2 of SecY
and TMS 3 of SecE was confirmed with cysteine directed crosslinking (White arrows). Mutations in the C4
loop of SecY diminish the interaction between SecY and SecE, probably by lessening the interaction with the
C2 loop op SecE (Black arrow).

similarity with the SecE signature sequence
motif (253). Also YSY6, a small amphiphilic
peptide of 65 amino acids with one TMS
domain was isolated from a yeast genomic
library as a multi-copy suppressor of the cold
sensitive phenotype of the SecY24 mutant
(254). YSY6 exhibits no significant sequence
similarity to SecE, but it may mimic a ‘more or
less’ non-specific function of SecE, i.e., the
stabilization of SecY.
SecG
SecG was originally not identified through a
genetic screen, but found to co-purify with
SecYE as a third component of the membrane
domain of the translocase (226). SecG, also

termed ‘band 1’ or ‘p12’ (255,256) was found
to co-immunoprecipitate with SecY and SecE
(257), but appeared not essential for protein
translocation per se, as this process could be
reconstituted with purified SecA, SecY, SecE
and acidic phospholipids (227). SecG can be
purified from a trichloracetic acid-soluble
membrane protein fraction. When coreconstituted with SecYE, it strongly enhanced
protein translocation activity of reconstituted
SecYE (255). The secG gene is located at 69
minutes on the E. coli chromosome, and
encodes a hydrophobic protein of 11.4 kDa.
Deletion of secG renders cells cold sensitive for
growth and protein export but these phenomena
depend on the genetic background of the E. coli
strains (258). SecG therefore seems to be
23

Chapter 1
important for the efficiency of protein
translocation, particularly at lower temperature
(259). In vitro studies indicate that SecG is
important in the absence of the proton motive
force (pmf) (260). SecG increased the
efficiency of translocation and of the precursor
stimulated ATPase activity, but does not affect
SecA binding (261).
Hydrophobicity analysis of SecG
predicts either two or three TMSs. Further
topology analysis demonstrated that SecG
contains two TMSs (262). Proteolysis studies
suggest that the topological orientation of these
two TMSs completely reverses upon the
membrane insertion of SecA (262). It was
speculated that this remarkable topology
inversion of SecG is needed to facilitate
membrane insertion of SecA, in particular at
lower temperature when the microviscosity is
high. The latter suggestion is based on the
results of a genetic screen for proteins that
suppress the cold sensitive growth defect of the
∆secG strain. This screen mainly identified
genes involved in phospholipid biosynthesis,
i.e., the E. coli and B. subtilis pgsA (263), which
encode
phosphatidylglycerophosphate
synthases, E. coli gpsA which encodes a snglycerol-3-phosphate dehydrogenase (264), and
B. subtilis scgR (265) which encodes a
regulatory protein, that increases the proportion
of
cardiolipin
at
the
expense
of
phosphatidylglycerol. An increase in the total
amount of anionic phospholipid may increase
the efficiency of protein translocation rendering
cells less dependent on the SecG function. In
this respect, the lipid requirement of protein
translocation does not depend on the presence
of SecG (See chapter 5), but the activation of
the translocase by elevated levels of acidic
phospholipids rescues cells from the coldsensitive growth defect of the secG null strain
(266). On the other hand, not in all cases, a
change in (anionic) phospholipid composition
upon the introduction of the complementing
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gene could be demonstrated. Many mutations in
the membrane subunits of the translocase yield
a cold sensitive growth phenotype. It has been
suggested that the cold sensitive sec mutants of
E. coli reflect the cold sensitivity of protein
export itself (267). Cold-sensitivity would
become exacerbated by any mutations that
interfere with the activity of the translocase.
The mechanism underlying thermal sensitivity
of this process is not known, but potential coldsensitive steps could be insertion of the signal
sequence and/or SecA into the membrane,
and/or the oligomerisation of the SecYEG
complex into a protein conducting channel (See
section of translocase structure).
Bacterial SecG homologues have been
identified by sequence analysis, but functional
evidence has been obtained only in B. subtilis
(268). The B. subtilis ∆secG strain shows a mild
cold sensitive phenotype for growth, which is
exacerbated by high level production of
secretory proteins. Sequence comparison
reveals that conserved amino acid residues are
present throughout the entire SecG sequence,
while the C-terminal periplasmic domain is
lacking in Gram-positive bacteria. The genetic
localization of SecG is not conserved. SecG
homologues appear to be absent in eukaryotes
and archaea. Although classic genetic screens
for secretion defects did not find SecG, a new
selection method that detects mild secretion
defects, identified three consecutive essential
residues (Thr41 to Phe43) in SecG. Mutation of
these residues strongly inhibits secretion, but
the effects are not as strong as the secG deletion
(258). Although no suppressors of signal
sequence mutations were mapped to secG by
the original screens, prl alleles of secG could be
found by a direct screen of a mutagenised secG
library. These prl mutations in secG were
termed prlH, and are distributed along the secG
sequence but do not map to the three residues
yielding a defective SecG protein. Several prlH
alleles are as strong as the strongest known
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prlG alleles of secE, suggesting that also SecG
contributes to signal sequence recognition
(269).
Little is known about the interaction
between SecG and the SecYE complex. SecG
increases the stability of SecY (270), the SecYE
complex (271) and of an unstable truncate of
SecE (270). Other studies suggest that SecG
interacts mainly with SecY (258,271) and SecA
(258), and not with SecE. Although binding of
SecA to the SecYE complex is not affected by
SecG (261), the topology inversion of SecG is
hampered with a partially functional SecA
truncate that lacks the 8 N-terminal amino acid
residues (272). This suggested that the Nterminal region of SecA is important for the
functional interaction with SecG (272). SecA is
thought to interact with both SecY and SecG,
although direct evidence for an interaction with
SecG is lacking. SecA36 suppressed both the
cold sensitive SecY205 mutant and the secG
deletion mutant (273), indicating that defects in
the integral membrane domain of the
translocase can be compensated by mutations in
SecA.
SecD, SecF and YajC
The SecYE complex can associate with SecG to
form the heterotrimeric SecYEG complex
(226), but it can also associate with another
trimeric complex consisting of the SecD, SecF
and YajC polypeptides (274). The genes
encoding these three proteins are organized in
an operon located at 9 minutes on the E. coli
chromosome (275). SecD was identified in a
screen for mutants altered in export of PhoALacZ and LamB-LacZ fusion proteins. These
mutants are cold sensitive for growth, and
accumulate precursors in the cell. A further
analysis of the genomic region around the secD
gene identified a second gene, secF, of which
the deletion caused the same cold sensitive
phenotype as of the secD strain. Amino acid

sequence and PhoA fusion analysis indicates
that SecD and SecF are integral membrane
proteins with 6 TMSs and a large periplasmic
domain (276,277) (See Figure 2). The secDF
operon contains a third open reading frame cotranscribed with secD and secF, named orf12 or
yajC. Analysis of introduced yajC mutations
reveals that the YajC protein is neither essential
for growth nor involved in protein secretion.
YajC is a membrane protein with a single TMS
and a large cytosolic domain. Database searches
have identified SecD and SecF homologues in
several organisms, including Archeae (278). In
B. subtilis and some other bacteria, SecD and
SecF are jointly present in one polypeptide with
12 putative TMS domains (279). The B. subtilis
∆secDF strain showed a cold sensitive
phenotype, which was exacerbated by high
level production of secretory proteins. YajC is
also conserved among bacteria, and its gene is
often located in an operon together with secD
and secF.
SecD
and
SecF
have
been
overproduced, purified and co-reconstituted
with SecY and SecE in proteoliposomes. These
in vitro studies did not reveal any catalytic
activity of SecD and SecF (280), but in vivo
studies using a SecD-specific antibody showed
the inhibition of proOmpA and preMBP
secretion with the concomitant accumulation of
the precursor and mature forms in the cell
(281). Overexpression of SecD and SecF
improves the export of proteins with defective
signal sequences (282) and of the
heterologously expressed human interleukin-6
fused to the proOmpA signal sequence (283).
Depletion of SecD and SecF greatly reduces but
does not abolish protein translocation. SecD,
secF and double deletion strains exhibit severe
export defects at 37ºC and are barely viable
(282). The exact role of SecD, SecF and YajC is
unclear. In E. coli, SecD has been suggested to
be involved in the release of proteins once they
have been translocated across the cytoplasmic
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membrane (281). SecDFYajC also has been
suggested to control the process of protein
translocation by facilitating the ATP-driven
cycle of SecA membrane insertion and deinsertion at different stages of the translocation
reaction (274). Overproduction of SecD and
SecF stabilises SecA in the membrane-inserted
state (284,285). The SecDFYajC domain of
translocase would slow down the movement of
preprotein in transit against both reverse and
forward translocation thereby controlling the
rate of translocation (286). It seems highly
unlikely that SecD and SecF directly affect the
SecA catalytic cycle as SecA is absent in
Archaea whereas these organisms do contain
SecD and SecF. SecD and SecF have also been
suggested to maintain the proton motive force
(287). Cells that are depleted from SecD and
SecF are no longer able to maintain a proton
motive force. One may argue that the secretion
defect in these strains indirectly results from the
lack of a proton motive force. Finally, SecD and
SecF show some structural similarity to certain
multidrug resistance RND-type pumps with 12
TMSs (i.e. AcrF and ActII-3) (278,288). Based
on this homology, it is possible that the SecDF
complex fulfills a transport function, such as the
removal of the signal peptide or phospholipids
from the aqueous protein conducting pore
formed by the translocase.
SecD, SecF and YajC interact to form a
heterotrimeric complex (274,289), which then
interacts with the SecYEG complex to form a
large supramolecular translocase complex
(274). SecD overexpression partially suppresses
the SecY39 mutation (290), while SecF
overexpression exacerbates the export defects
of SecY122 and SecY125 mutations (290). In
this respect, SecD and SecF have little effect on
the stability of SecY (231), but yajC has been
identified as a multi-copy suppressor of secY-d1
phenotype (290) and shown to partially stabilise
SecY (231). Disruption of yajC impairs the
growth of the SecY39 mutant at 42ºC (290). In
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vitro studies show that the core of the
translocase, SecYE, either associates with SecG
or SecDFYajC (274). In the cell, SecYEG is the
most abundant complex. SecG and SecDFYajC
can both support the translocation activity of
SecYE by regulating the ATP-driven cycles of
SecA membrane insertion and de-insertion
(274,286). The stoichiometry of this complex
and the regulation of various translocase
components will be discussed in the next
section.
Regulation
secretion

of

components

involved

in

None of the integral membrane components of
the translocase, SecY (291), SecE (241), SecG
(258), and SecD and SecF (277) seems to be
strongly regulated. Estimates of the number of
translocase subunits in the cell vary
tremendously. Reported values for SecY range
from 100 to 400 copies per cell (234,280,292),
while SecE has been estimated at 100-600
copies per cell (234,241,280,292). The number
of SecG molecules ranges from 100-1000 per
cell (234,270). SecD has been reported to be
present at less than 30 (277) up to 450-900
copies per cell (280). SecF appears to be a low
abundance protein with estimates of less than
30 (277) up to 60 copies per cell (280). Since
SecD and SecF exist as fusion protein in some
bacteria, their functional amount is likely to be
identical. Nevertheless, SecD and SecF appear
to be present in sub-stoichiometric amounts
compared to SecY, SecE and SecG. The relative
amount of each of the subunits is presumably
regulated or balanced by other mechanisms. For
instance, excess SecY is proteolysed by FtsH
while overexpression of one of the components
may result in increased amounts of other
subunits (231,234,289).
Protein translocation in E. coli seems to
be regulated at the level of targeting cascades.
Whereas the amount of SRP seems constant (50
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copies of Ffh per cell (293)), the level of 4.5 S
RNA is strongly regulated and depletion of 4.5S
RNA results in impaired cell growth and protein
translation (reviewed by (294)). In B. subtilis,
the SRP-dependent pathway seems to be
regulated by HBsu, a component that binds to
the alu-like sequence of the scRNA (295). This
alu-like sequence is absent in all Gram-negative
bacteria. The exact mechanism of regulation of
the SRP pathway in B. subtilis is not known, but
it was suggested that HBsu plays a role in SRP
function rather than simply stabilizing the other
SRP components such as scRNA (295). The
SecB level in the cell, i.e. about 1000 copies
(292) does not seem to be regulated in relation
to the demand of protein translocation. Under
conditions where other molecular chaperones
such as GroEL and DnaK become depleted, the
SecB levels may rise 2-5 fold (296).
Overexpression of SecB-dependent and –
independent preproteins increases and reduces
the secB promoter activity, respectively (297).
The secB promoter activity was also shown to
be carbon source dependent (292) and under
control of catabolite repression (298). Promoter
elements involved in SecB regulation have been
identified (298).
SecA is present at about 500 to 5000
copies per cell (173,280,292). Its expression is
tightly regulated in relation to the protein
secretion demand. Mutations that interfere with
the activity of translocase components, high
level expression of secretory proteins or
expression of poorly translocated fusion
proteins to β-galactosidase, immediately result
in 10-20 fold increase in the cellular SecA level
(192,235,299-301). SecA regulates its own
translation (191,301) by binding to a large
secretion-responsive element that spans a 96
nucleotide long region (302) located near the 5'
end of its gene on the geneX-secA mRNA
(192,303). GeneX is an gene upstream of secA
that encodes a secretory protein, which is
nonessential for cell growth and viability (304).

The precursor form of GeneX is secreted into
the periplasm by the translocase. On the geneXsecA-mRNA, the sites of ribosome and SecA
binding overlap, indicating that a simple
competition for binding to the mRNA may
govern the translation initiation step (194). The
binding region contains two predicted helices,
helix I and II, whereby helix I serves as an
activator element while helix II serves as a
repressor element (305). A mechanism of
activation and repression has recently been
proposed: The RNA can adopt two distinct
conformations
in
solution.
The
first
conformation (helix I) arises from the basepairing of the secA Shine-Dalgarno (SD)
sequence with the geneX terminus. This
structure appears to be involved in translational
coupling by directly linking the geneX and secA
sequences, where geneX translation activates
secA translational initiation through the
unpairing and unmasking of the secA SD
sequence. The second conformation, in which
the secA SD sequence is no longer paired with
the geneX terminus, contains a GC-rich stem
upstream of the secA SD sequence. This
structure is probably involved in SecA binding
and translational repression of the secA gene
(306). The protein product of gene X has been
suggested to interact with the translocase during
its secretion and in this manner may function as
a secretion sensor (307). Furthermore, it is
hypothesized that SecA possesses an RNA
helicase activity (190) that may couple ATP
hydrolysis to hairpin unwinding of its own
mRNA, also leading to autogenous regulation
of translation (189)
Involvement of lipids in protein translocation
Phospholipids play an important role in protein
translocation. The phospholipid composition of
the E. coli inner membrane constitutes about
70% phosphatidylethanolamine (PE) and 30%
anionic phospholipids, mainly phosphatidyl27
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glycerol (PG) and cardiolipin (CL). With the
aid of an E. coli mutant in which the synthesis
of the major anionic membrane phospholipids
could be controlled, it was demonstrated that
PG is involved in preprotein translocation
(308). The efficiency of protein translocation is
directly proportional to the PG content in
isolated inner membrane vesicles (309).
Elevated levels of SecA can counteract the
reduction of translocation efficiency observed at
low levels of anionic phospholipids (310).
Anionic phospholipids are necessary for the in
vitro reconstitution of protein translocation
(227,311,312) (See Chapter 6). Only the
negative charge is essential, as any anionic
phospholipids can restore protein translocation
in PG-depleted inner membrane vesicles (309).
These phospholipids may directly influence the
SecA catalytic activity. Anionic phospholipids
stimulated binding of SecA to (313) and
penetration of SecA into (314) phospholipid
membranes. These lipids are also essential for
the preprotein-stimulated ATPase activity of
SecA. SecA binds with low affinity to
membranes containing anionic lipids (315).
This interaction renders SecA thermolabile, but
the presence of a preprotein can protect SecA
against this lipid-induced thermal inactivation.
This phenomenon is termed “SecA lipid
ATPase” (315). In contrast to the SecA
translocation ATPase (316), the lipid ATPase is
not only stimulated by preproteins, but also the
isolated mature domain of preproteins when
added in conjunction with a synthetic signal
peptide (315). At high concentration, the signal
peptide alone may even suffice to stabilise the
SecA lipid ATPase (124). Also, the SecA
translocation
ATPase
requires
anionic
phospholipids, but since these lipids are needed
at very high concentrations, they may have
multiple effects. For instance, anionic
phospholipids stabilise SecYEG during the
octylglucoside extraction (225,312), but are not
needed when SecYEG is solubilised in
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dodecylmaltoside (See Chapter 4). Anionic
phospholipids are needed for a functional
interaction of the signal sequence with the
membrane (12,15,317,318). A reduction of the
number of positively charged amino acids in the
N-region of the signal sequence can be
compensated by an increase in the
hydrophobicity of the H-region (319).
Strikingly, this phenomenon is paralleled by a
reduction in the requirement for anionic
phospholipids, suggesting that the signal
sequence-membrane interaction is governed
both by electrostatic and hydrophobic
interaction. Proteins without a cleavable signal
sequence, like integral membrane proteins
require anionic phospholipids for insertion
(320). The M13 phage coat protein is
translocated across the membrane in a
translocase-independent
manner,
i.e.
‘spontaneous’ membrane insertion. Membraneinsertion of this protein also requires anionic
phospholipids (321) indicating that these lipids
may affect protein translocation and membrane
insertion by similar mechanisms. Anionic
phospholipids have also been implicated as
determinant of the membrane topology of
polytopic membrane proteins (322).
Although there is strong evidence that
anionic phospholipids are needed for preprotein
translocation, the active form of the SecYEGbound SecA seems not to be in direct contact
with phospholipids (323,324). Photoaffinity
reactive lipid probes readily label the lipidbound SecA, and the SecY, SecE, and SecG
polypeptides, but the high affinity bound SecA
is inaccessible. Likewise, the translocating
polypeptide chain seems to be shielded from
lipids (325). Although the data gathered thusfar
points to a role of anionic phospholipids in the
initial stages of translocation (326), the exact
mechanism remains to be determined.
Non-bilayer lipids are also involved in
efficient protein transport (327). The main nonbilayer lipid in E. coli is PE. Depletion of PE is
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accompanied by an increase in the amount of
PG and CL, but in the absence of high
concentrations of Mg2+ or other divalent
cations, this phenomenon is lethal to the cells.
Mg2+ forces the type II lipid CL into a nonbilayer conformation (328). Depletion of PE has
many pleiotropic effects on membrane protein
function, and amongst others results in an
inactivation of protein translocation (327). In
vitro, addition of Mg2+ to PE-depleted inner
membrane vesicles or re-introduction of PE, reactivates preprotein translocation (327). The
SecA lipid ATPase activity was shown to
increase in the presence of non-bilayer lipids
(329), but this phenomenon seems less strict
than observed with protein translocation.
Although protein translocation can be
reconstituted in liposomes that do not contain
non-bilayer lipids (311), inclusion of nonbilayer lipids like PE or dioleoylglycerol
strongly enhances the protein translocation
efficiency (See Chapter 4). A requirement for
anionic and non-bilayer phospholipids was also
demonstrated for B. subtilis (See Chapter 4).
The inner membrane of B. subtilis contains
approximately 80-85% PG and CL and 20-15%
PE (330). The requirement for anionic
phospholipids is strict while non-bilayer lipids
only stimulate. It seems unlikely that the nonbilayer lipids are catalysts of preprotein
translocation, rather it seems that they have a
general
effect
on
membrane
protein
functioning.
Energetics of protein translocation
Preprotein translocation is driven by ATP
hydrolysis (331) and the proton motive force
(332-336). In vivo, both the proton motive force
and ATP hydrolysis are essential for protein
translocation (337). Both the ∆ψ and the
transmembrane gradient of protons (∆pH)
participate in the translocation process (338340). In vitro, ATP hydrolysis alone can drive

protein translocation (338,341-343). The
translocation ATPase activity of SecA requires
SecYEG (315), acidic phospholipids (308,311),
Mg2+ and a translocation-competent preprotein
(344). Neither the mature protein nor synthetic
signal peptides are effective substrates for the
translocation ATPase (316). At high
concentrations, the signal peptide is a
competitive inhibitor of the translocation
ATPase. Translocation can also be driven by
higher concentrations of CTP or UTP, whereas
GTP is inactive (345). Translocation is inhibited
by nonhydrolysable ATP analogs, like AMPPMP and ATPγS (331), Mg2+ chelating
compounds (346), and azide which blocks the
SecA translocation ATPase (201,347).
ATP and the proton motive force
function at different stages of protein
translocation (342,348,349). ATP is essential
for the initiation of preprotein translocation
(336), while the proton motive force can drive
translocation at the later stages (339,343,349).
The proton motive force provides directionality
to protein translocation (340) and can complete
translocation in the absence of ATP hydrolysis
(339,343). A ∆ψ, inside acid and positive,
stimulates protein translocation (341,348),
while a ∆ψ of opposite polarity, inside alkaline
and negative, suppresses translocation (340).
The proton motive force has also been found to
stimulate the initial insertion of the signal
sequence into the membrane (11). A tentative
correlation has been found between the
presence of a helix-breaking residue in the Hdomain of the signal sequence and the proton
motive force requirement for translocation.
Substitution of a glycine residue in the Hdomain of the signal sequence of prePhoE for
an amino acid that favors an α-helical
conformation renders protein translocation less
dependent on the proton motive force (11).
These results have lead to the so-called
‘unlooping’ model that predicts that the signal

29

Chapter 1

Figure 5. Model for targeting and stepwise translocation of precursor proteins. (1) SecB targets the
preprotein to the translocase where it binds the SecYEG bound SecA with high affinity. (2) Binding of the
SecB/precursor protein complex to SecA results in a conformational change in SecB, and in a transfer of
the signal sequence of the bound precursor protein to SecA. The latter elicits another conformational
change in SecA that stimulates the binding of SecB to SecA and results in dissociation of preprotein from
SecB. (3) Upon binding of the precursor, SecA is stimulated for the exchange of ADP for ATP. Binding of
ATP to SecA results in a release of SecB into the cytosol, and (4) causes a conformational change of SecA
that allows translocation of approximately 2.5 kDa of precursor protein. (5) Upon the hydrolysis of ATP,
SecA reverses its conformational change and releases the precursor protein to the SecYEG complex.
Hydrolysis of ATP at NBS-I promotes the de-insertion of SecA from its membrane-integrated state, a step
that is inhibited by azide (6). Hydrolysis of ATP at NBS-I and NBS-II is needed for the release of SecA from
the membrane. De-inserted SecA can rebind to the precursor protein, and this binding reaction allows the
translocation of another 2.5 kDa of precursor protein. Next, exchange of ADP for ATP takes place, and
another 2.5 kDa of precursor protein mass is translocated across the membrane concomitantly with the
membrane-insertion of SecA (7). Consecutive steps of ATP driven SecA insertion and de-insertion drive
translocation of the precursor protein in a stepwise fashion. After the initial insertion of the precursor
protein, the proton motive force can drive translocation provided that SecA is no longer associated with the
translocating precursor protein.

sequence adopts a loop-like structure in
solution, that at the initiation of translocation
stretches to insert into the membrane (11). The
proton motive force would promote the
stretching of the looped signal sequence.
Stabilization of an internal loop-like structure in
the signal sequence of prePhoE by the
formation of a disulfide bond renders this
protein inactive in translocation, but still allows
high affinity binding to the SecA protein
suggesting that the loop-like structure is
recognised by the translocase (11). Direct
support for the ‘unlooping’ model was obtained
in studies on the translocation of the C-terminal
part of a synthetic signal sequence across a
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liposomal membrane. Translocation was found
to be stimulated by the ∆ψ, inside positive,
while substitution of the helix-breaking glycine
residue at position –10 for a leucine residue
abolished this ∆ψ requirement (7).
Early models of proton motive forcedriven preprotein translocation involved an
electrophoretic mechanism by which ∆ψ would
drive the translocation of negatively charged
residues across the membrane. The charge
distribution of the mature domain may indeed
affect the proton motive force requirement for
translocation (332,336,341,342,350), but other
studies demonstrate that uncharged preprotein
domains may require a proton motive force for
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translocation
as
well
(341,351).
An
electrophoretic mechanism has been implicated
for proton motive force-driven translocation of
proOmpA. Charged residues near the signal
peptidase cleavage site render proOmpA
translocation proton motive force dependent
(352). Confusingly, the presence of a proline
residue in the same region may have a similar
effect (353). Electrophoretic mechanisms have
also been implicated in the membrane insertion
of small phage coat proteins (354) and in the
determination of membrane protein topology
(6,350,355). The ∆ψ, inside negative, would
prevent translocation of loops with excess
positive charge according to the so-called
‘positive-inside’ rule. However, ∆ψ does not to
seem be a major factor, as its orientation does
not seem to determine the topology of polytopic
membrane proteins. For instance, also in
acidophilic bacteria and archaea in which the
∆ψ has the opposite orientation, i.e. outside
negative, the ‘positive-inside’ rule applies
(356).
Once translocation has been initiated at
the expense of ATP hydrolysis, the proton
motive force may drive translocation. Studies
with translocation intermediates have shown
that the proton motive force drives efficient
preprotein translocation when SecA is no longer
associated with the translocating preprotein
(343,347). Mechanistically, it appears that
proton motive force-driven translocation is
SecA-independent,
while
ATP-driven
translocation is SecA-dependent. There is,
however, a strong interrelationship between
these two modes of translocation. For instance,
the proton motive force reduces the amount of
ATP needed to translocate preproteins (340),
and lowers the apparent Km value of the
translocation reaction for ATP (357). The latter
has been attributed to a stimulatory effect of the
proton motive force on the release of ADP from
SecA, a step that may be rate determining in the

SecA catalytic cycle. Also SecD, SecF and
SecG have been implicated in proton motive
force-driven translocation. Cells depleted of
SecD and SecF are no longer able to maintain a
proton motive force across the membrane (287).
Inner membranes derived from the secG null
strain exhibit a greater proton motive force
dependency for the translocation of preproteins,
while in the absence of a proton motive force,
translocation appears more dependent on SecG
(260). Both SecDF and SecG support
translocation by stabilizing SecA in the
membrane inserted state, i.e. the ATP-bound
state (274). The proton motive force on the
other hand stimulates SecA membrane
deinsertion and release of SecA from the
membrane (358). The latter corroborates with
the observation that proton motive force-driven
translocation occurs when SecA is no longer
bound to the translocating preprotein (343), and
is also consistent with the suggestion that the
proton motive force would stimulate ADP
release from SecA (357). Taken together, from
these studies it appears that SecG and SecDF
direct translocation into the ATP-dependent
pathway by stabilizing SecA in the membraneinserted state at the translocation site, while
proton motive force disengages SecA from the
translocating polypeptide chain and the
SecYEG complex to allow an efficient proton
motive force-driven translocation. In this
respect, a high concentration of SecA shifts the
translocation reaction into an ATP-dependent
cycle while reducing the requirement for a
proton motive force (357,359).
The molecular mechanism by which the
proton motive force drives translocation,
however, remains obscure. For instance, it is
not clear if the proton motive force-driven
translocation is a stepwise process like the
ATP-driven reaction. Both the proton motive
force and ATP are essential to drive the
translocation of loop-like structures in
proOmpA that are for instance stabilised by an
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intramolecular disulfide bridge (348,349) or a
chemical crosslink (360). Strikingly, in PrlA
strains the translocation of these stabilised loop
structures no longer requires the proton motive
force, and the translocation of preproteins in
general appears less proton motive forcedependent (361). The prlA4 mutation of SecY
causes increased affinity for SecA (216).
Tighter binding of SecA to the SecYEG protein
will favor ATP-dependent translocation, thus
reducing the requirement for the proton motive
force as observed in these strains. Strikingly,
this mutation also reduces the amount of
membrane-inserted SecA irrespective of the
presence or absence of a proton motive force,
although the proton motive force still stimulates
SecA deinsertion in the PrlA4 strain (358). To
allow translocation of loop-like polypeptide
structures other aspects need to be considered as
well. The proton motive force may modulate
the opening or even the formation of the
translocation channel, and possibly exclude the
SecA from the channel mouth to allow a large
opening. In this respect, it has been suggested
that in PrlA and PrlG strains, the translocation
pore is ‘more-or-less’ in an open state due to a
looser association between the SecY and SecE
subunits (362). Prl strains seem to represent
useful model systems to study aspects of proton
motive force-driven translocation.
Mechanism
of
translocation

ATP

driven

protein

ATP is an essential energy source for protein
translocation. One of the main questions is how
ATP is used to drive the movement of a protein
across the membrane. The cycle of events
during ATP dependent translocation has been
partially resolved in the last decade. ATPdriven translocation is a stepwise process (See
Figure 5). First, the preprotein is targeted to
SecA bound with high affinity to SecYEG.
Preprotein binding to SecA promotes the
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exchange of ADP for ATP (179,181) and this
triggers a conformational change in SecA that
converts the protein from the compact ADPbound state into the more extended ATP-bound
state (178,207). This conformational change is
thought to result in the membrane-insertion of
SecA domains, i.e. the C-terminal 30 kDa
domain (285,363) and a N-terminal 65 kDa
domain (364). Insertion takes place at the
SecYEG complex, and concomitantly with the
binding of ATP to SecA, the free form of SecB
is released into the cytosol (113). Membrane
insertion of SecA is also coupled to a topology
inversion of SecG (262,273,365,366). The
initial event of membrane insertion results in
translocation of a loop of the signal sequence
and early mature domain to the extent that the
signal sequence can be processed by signal
peptidase (343). Hydrolysis of ATP at both
NBS-I and NBS-II reverses the conformational
change of SecA, and the protein returns to its
compact state (178,207). Concomitantly, SecA
releases the bound preprotein (343), and retracts
from the membrane-inserted state (363). At that
stage, the SecYEG-bound SecA can rebind to
the translocating preprotein, and drive the
translocation of 2-2.5 kDa of polypeptide mass
(343,347). Rebinding of the preprotein again
promotes exchange of the bound ADP for ATP,
and a subsequent cycle of SecA membrane
insertion allows the translocation of another of
2-2.5
kDa
of
polypeptide
mass
(285,343,347,347,363,367). According to this
model, a complete catalytic cycle of the
preprotein translocase permits the stepwise
translocation of 5 kDa polypeptide segments by
two consecutive events, i.e. ~2.5 kDa upon
binding of the polypeptide by SecA, and
another 2.5 kDa upon binding of ATP to SecA
(347).
Hydrolysis of ATP at NBS-I is
sufficient to de-insert SecA, but hydrolysis of
ATP at both NBS-I and NBS-II is needed to
release SecA from the membrane (285,363).
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Azide was shown to inhibit protein
translocation (201). It functions as an inhibitor
of the translocation ATPase and blocks the deinsertion step (347). During this insertiondeinsertion cycle, SecA remains a dimer (130).
It has been argued that the membrane cycle of
SecA is not an essential element of ATP-driven
translocation. Overproduction of SecDFYajC,
stabilises SecA in the membrane inserted state
(284,285) and slows down release of SecA from
the membrane (286,364) without affecting the
catalytic activity of the translocase. Likewise,
prlA mutations of secY giving rise to tighter
binding of SecA to the SecYEG complex
enhance the translocation activity (216,361). A
significant fraction of the SecA seems to be
permanently embedded in the membrane as it
resists urea or carbonate extract and remains
catalytically active (368,369). This SecA
subfraction could well correspond to the lipidbound SecA, as its proteolytic fragmentation
pattern (370) deviates from that of the SecYEGbound SecA (364).
ATP-driven translocation occurs in a
stepwise manner. When translocation is slow,
i.e. for instance at low temperature or at low
ATP
concentration,
distinct
preprotein
translocation intermediates accumulate. In
general, these intermediates are either 2.5 or
5 kDa apart (343,347,367). However, deletion
or relocation of hydrophobic segments in the
mature domain can significantly alter the
pattern of the stepwise translocation (371). In
this respect, intermediate stages of translocation
are reversible (343), and in the absence of a
energy source reverse movement may take
place (340). This may also result in an
uncoupling of the SecA ATPase from
translocation progress, which is particularly
notable when a non-translocatable polypeptide
moiety is bound to the precursor. The presence
of hydrophobic segments may cause the
intermediate to reverse its translocation and
stabilise it in a position that is energetically

most favorable. The presence of hydrophobic
domains in preproteins may result in a
translocation arrest (372,373). Also the
presence of positive charges around a
hydrophobic domain may cause such a
translocation arrest (374). Such polypeptide
regions elicit the de-insertion of SecA from the
membrane, and subsequently, the hydrophobic
domain may partition into the membrane (375).
It has also been suggested that the partitioning
into the membrane is kinetically determined,
and that moderate hydrophobic regions may
escape membrane insertion as a result of rapid
translocation (373). It is not clear how a
hydrophobic domain partitions into the
membrane. It may laterally leave the
translocation pore formed by the SecYEG
complex as suggested for the integration of
membrane proteins into the lipid bilayer (171).
Alternatively, it may be released due to a
dissociation of the oligomeric SecYEG pore
complex once SecA is de-inserted.
Dynamic structure of translocase
The dynamic structure of the SecA-SecYEG
complex has been probed by various means.
From proteinase digestion and labeling with
reactive chemicals, it appears that the SecYEGbound form of SecA is membrane integrated
and accessible from the periplasm even when it
is not actively involved in translocation
(129,202,284). Exposure of SecYEG bound
SecA to the periplasm is also dependent on the
nucleotide bound state of SecA (129,376).
Upon interaction with the preprotein and ATP
or the non-hydrolysable ATP analogues, N- and
C-terminal fragments of SecA with a mass of
respectively 65 and 30 kDa, become resistant to
high concentrations of trypsin and proteinase K
(206)(363,364). This resistance is lost upon
membrane disruption by freeze-thaw, sonication
or detergent solubilisation (363,364). Mutations
in SecY can dramatically alter the extent of the
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formation of these fragments (273,365).
Overproduction of SecD and SecF results in a
stabilisation of the proteinase resistant
fragments of SecA (285,286). Based on these
findings, it has been suggested that the SecA
domains become proteinase inaccessible rather
than merely proteinase resistant, for instance as
a result of folding (203,363,364). The
hypothesis that SecA truly inserts into the
membrane with nearly its entire mass is
questionable for the following reasons: (i) the
65 and 30 kDa fragments of SecA are not
formed in stoichiometric amounts. Detection of
the 30 kDa C-terminal fragment requires the use
of SecA that is labeled with a high specific
activity of 125Iodine. The 30 kDa fragment is
only a minor proteolytic product when 35S
labeled SecA or immunoblotting is used as
detection technique (178,370,377). (ii) The
membrane-inserted 30 kDa C-terminal fragment
is accessible to a monoclonal antibody that
recognises an epitope present in this domain
(378). This implies that the fragment cannot be
completely inaccessible. iii) The 30 kDa and
65 kDa fragments can also be formed in
solution, albeit with low efficiency (206)
indicating that these fragments originate from
pre-existing domains. (iv) Even in detergent
solution, the 30 kDa (379) and 65 kDa (377)
fragments can be produced in a SecYEG, SecA
and AMP-PNP dependent manner. It has been
argued that this may not reflect membrane
insertion of SecA because the fragments are less
stable than with membrane-integrated SecYEG
and are formed only in the presence of high
concentrations of SecYEG (377). However,
under these conditions, i.e. in the presence of
detergent, SecA is more proteinase sensitive
and thermolabile. The stability of the fragments
is mainly determined by the detergent used.
Triton X-100 destabilises the SecA fragments,
whereas octylglucoside and some other
detergents yield stable fragments (379). A
possible explanation for the requirement for a
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high concentration of SecYEG may be found in
a need for SecYEG to oligomerise in order to
support the conformational change of SecA (see
below). In the three-dimensional space of a
solution, this will be much less efficient than in
the two-dimensional plane of the membrane. (v)
Under conditions where stable fragments of
SecA are formed, SecY is proteolysed to
fragments smaller than 6 kDa (379). It cannot
be excluded that the small SecYEG remnants in
conjunction with a detergent micelle are still
able to protect SecA from proteinases. (vi) The
kinetics of the formation of the 30 kDa
fragment is very slow as compared to protein
translocation (363). (vii) Topology studies of
SecA using accessibility to proteinases and
chemical probes as a measure of membrane
penetration may be obscured by the fact that
SecA is part of a large transmembrane structure.
SecA may be accessible from the periplasmic
side of the membrane via the proteinaceous
pore that would build the translocation channel.
Therefore, there may be no need for complete
insertion into the membrane. (viii) The size of
SecA has been determined by small angle X-ray
diffraction (208). Dimeric SecA is a very
elongated molecule, 15 nm long and 8 nm wide.
SecA is therefore four times as long as the
membrane is wide, and there is simply no
means for the membrane to accommodate such
a large structure. Clearly, it will be important to
resolve the surface topography of SecA in the
surface-bound and membrane-integrated states
to unequivocally establish the membrane
insertion of the large dimeric SecA.
Both in the idle, surface-bound state,
and in the active, membrane inserted state,
SecYEG bound SecA (323,324) and the
translocating preprotein (325) are largely
shielded from the phospholipid acyl chains.
This remarkable finding can only be understood
if the SecA is part of an oligomeric assembly of
SecYEG heterotrimers. Indeed, high-resolution
electron microscopy of B. subtilis SecYE (380)
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suggests an oligomeric assembly of translocase
subunits. In another study, functional assays,
negative-stain electron microscopy and mass
measurements with the scanning transmission
microscope suggest that the oligomerisation of
SecYEG into an active protein conducting
channel is initiated by SecA (Chapter 6). SecA
recruits the SecYEG complexes when it is
activated by the binding of AMP-PNP or when it
is actively involved in preprotein translocation.
The protein conducting pore that has a diameter
of 10.5 nm and exhibits an approximately 5 nm
central cavity. The active translocase seems to
consist of a SecA dimer and a SecYEG
tetramer. The oligomeric organisation of the
SecYEG complex explains why SecY and SecE
do not dissociate in vivo (230) but appear to
interact dynamically in a genetic screen based
on suppressor directed inactivation (299).
Within the SecYEG heterotrimer, SecY and
SecE will remain physically associated, but
within the oligomeric assembly, it will appear
as if they are dissociable when the oligomer
disassembles. The conditions that elicit
oligomer formation also induce a pairwise
contact between SecE subunits of the
translocase (248) (Chapter 5). However, unlike
the formation of the SecYEG tetramers, these
SecE rearrangements require initiation of
translocation in the presence of a translocation
competent precursor protein. The presence of a
large pore in the translocase may be deleterious
to the cells as for its size one would predict that
it will allow passage of small solutes and
protons. Since the oligomerisation of the
SecYEG complex requires an active state
SecA, one may speculate that the large channel
structure of the translocase accommodates part
of the SecA protein.
Based on the formation of the proteinase
protected fragments it has been suggested that
SecG undergoes a topology inversion that is
coupled to the SecA membrane insertion cycle
(262). Since the evidence for topology inversion

is based only on ligand-induced changes in the
proteolytic fragmentation pattern, other
explanations may still be possible. For instance,
when SecG is part of a large channel structure
of the translocase, a conformational change or
subunit relocation may already result in a
dramatic change in the accessibility of SecG
regions to the proteinase. Nevertheless, various
lines of evidence demonstrate that the SecG and
SecA conformational changes are coupled. The
secY205 mutant that no longer supports the
ATP- and preprotein-dependent insertion of
SecA and the SecG topology inversion (365)
can be suppressed by SecA36. Combined with
SecY205, SecA36 no longer requires SecG for
membrane insertion and translocation activity
(273). Strikingly, SecA36 also suppresses the
cold sensitive phenotype of the secG null strain.
CsSecA is a mutant that strictly requires SecG
for membrane insertion and for translocation.
This mutant possesses a single amino acid
substitution in the precursor-binding region of
SecA and appears defective in preprotein
binding (366). The SecG function is required
for expression of azide-resistant and signal
sequence suppressor activities of azi and prlD
alleles of secA, and in turn, these alleles
suppress cold sensitivity and export-defective
phenotypes of a secG null mutant (381). Azide
resistance is a cold-sensitive property. It thus
seems that SecG promotes SecA membrane
cycling, and that this process is dependent on an
endothermic change in the SecA conformation.
Alternative protein translocation pathways
Recently, a new protein translocation pathway,
the twin-arginine translocation (TAT) pathway,
has been identified both in bacteria and
chloroplasts (382). The TAT signal peptide
resembles the typical signal peptides but
includes a conserved double arginine motif
[S/T]RRxFLK (383) and appears to have less
hydrophobic H-regions (384). It has been
35

Chapter 1
suggested that this conserved motif functions as
a Sec-avoidance motif (385). Although this may
not be the only important signal (386), the TAT
pathway seems to be a specialized translocation
route for fully folded redox proteins with the
bound co-factor (387). The components that are
involved in catalysis have been identified (388391). These proteins are homologous to the
components involved in the ∆pH dependent
import of folded proteins in chloroplasts (392).
Homologues have also been found in
mitochondria (391).
Some small phage coat proteins insert
spontaneously into the membrane (for review
see (393,394)), and are subsequently
translocated across the membrane via a
mechanism that involved assembly of the phage
coat. Spontaneous insertion can occur with the
N-terminus outside or inside, but the
mechanisms involved seem to differ. The 44
amino acids long coat protein of Pseudomonas
aeruginosa Pf3 contains one TMS and exposes
its N-terminus in the periplasm (395). Insertion
of the N-terminal domain is limited to a
relatively short protein regions (165), and a
restricted number of charged amino acid
residues (396). Strikingly, Pf3 membrane
insertion is dependent on the proton motive
force (171). Domains fused to the carboxylterminus of Pf3 are translocated across the
membrane in a translocase-dependent manner,
but the initial membrane insertion of the Nterminal region of Pf3 remains spontaneous
(397). The C-terminal region of Pf3 contains
several positively charged residues. Although
these residues are not essential they may
stimulate insertion by binding to negatively
charged phospholipids (393). Insertion by this
mechanism seems to follow the ‘positive inside
rule’ (355,393). The 73 amino acid long procoat
protein from the E. coli bacteriophage M13
inserts into the membrane by another
mechanism. This protein contains two TMS that
are thought to insert spontaneously, but in a
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synergistic manner, with the N-terminus
remaining in the cytoplasm. The presence of the
second TMS is essential for insertion of the first
TMS (398). This ‘helical hairpin’ type of
insertion mechanism has also been observed for
fusion proteins of M13 procoat with a mutant
“inverted” leader peptidase (399). M13 procoat
membrane insertion is also driven by the proton
motive force (400). Negatively charged residues
(350) are inserted more efficiently in the
presence of a proton motive force, but change
of the net charge of the central translocated
domain from -3 to +3 does not prevent
translocation (398). This suggests that
electrophoresis-like insertion mechanisms are
not involved. Although spontaneous membrane
insertion occurs, as a translocation mechanism,
it is an exception rather than the rule.
Conservation of the protein translocation
mechanism in bacteria, eukaryotes and
archaea
In recent years, homologues of SecY and SecE
have been identified in eukaryotes and archaea
(reviewed in (401-404)). The structure of the
pore seems remarkably conserved, although the
mechanisms by which protein translocation may
take place differ (Figure 6). The first
homologue of SecY was identified in
Saccharomyces cerevisiae via genetic screening
for translocation defects and was encoded by an
essential gene, SEC61 (405-407), encoding a 44
kDa protein with 10 TMS domains (408).
Sec61p was purified from canine pancreatic
microsomes on basis of its ribosome association
(409). This purification resulted in the copurification of two smaller membrane proteins
(409). The subunits of Sec61p are called
Sec61α, Sec61β and Sec61γ. N-terminal
sequencing of these small proteins allowed the
cloning of the corresponding genes (401).
Sec61γ is similar to the Saccharomyces
cerevisiae SSS1p protein, which was previously
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identified as a suppressor of a sec61 Ts strain
(410), and homologous to bacterial SecE
proteins. Homologues of Sec61α and Sec61γ
have been found in a wide range of eukaryotes,
bacteria and archaea. The Sec61α and Sec61γ in
archaea are more closely related to the
eukaryotic counterparts than to the SecY and
SecE subunits (411-413). The Sec61β
homologue identified in S. cerevisiae also copurified with Sec61α and Sec61γ and was
called Sbh1 (414). Although Sec61β is probably
functionally homologous to SecG, it shows no
sequence similarity. Further homologues of
Sec61β have only been identified in eukaryotes
(410). Endoplasmic reticulum membranes of S.
cerevisiae contain a second trimeric complex
related to the Sec61p complex, the Ssh1p
complex. The α-subunit and β-subunits, Ssh1p
and Sbh2p are close homologues to Sec61α and
Sec61β, while the γ-subunit, Sss1p is common
to both trimeric complexes (415). The structure
of a soluble fragment corresponding to the
cytosolic domain of the Sec61γ protein has been
solved by NMR(416) showing an amphiphatic
helix.
SecY homologues have also been
identified in chloroplasts of higher plants,
cyanobacteria and algae (417-419). Arabidopsis
thaliana contains both a Sec61α and a SecY
homologue. Sec61α is present in the
endoplasmic reticulum. The SecY protein is
synthesised in the cytoplasm and contains an
amino-terminal extension of approximately 120
residues. This extension serves to target the
protein to the thylakoid membrane in
chloroplast (420).
Protein translocation in mammals occurs
mainly co-translationally, while protein
translocation in S. cerevisiae is posttranslational and driven by a lumenal chaperone
called Kar2p/Bip (See below). In chloroplasts,
both homologues of SecA (421-423) and
components of SRP (424-426) have been

identified. In these organelles, a translocase-like
complex is involved in the translocation of
stromal proteins into the lumen of the thylakoid.
Translocation can be both co-and posttranslational, but it remains unclear whether the
translocase is also involved in co-translational
translocation. In addition to these two
pathways, proteins can be translocated via a
∆pH-dependent pathway which seems to
resemble the TAT system in bacteria, and via
spontaneous routes (427-429).
Although a large number of complete
genome sequence of Archeae are available, no
homologues of SecA or BiP/Kar2p have been
identified. Since homologues of SRP have been
identified (430-434), translocation in these
organisms may be co-translational. Strikingly,
SecD and SecF homologues have also been
found in Archaea. This suggests that the SecD
and SecF function is not directly related to
SecA mediated catalysis as one would predict
from the studies in E. coli.
In
the
following
section,
the
mechanisms of co-and post-translational protein
translocation across the endoplasmic reticulum
will be discussed briefly. Recently, it has
become clear that the Sec61p is also involved in
‘retrograde’ transport of misfolded proteins
from the lumen of the endoplasmic reticulum to
the cytosol, where they can be degraded by the
ubiquitin system (435-443). The mechanism of
this ‘reverse’ protein translocation will not be
further discussed.
Co-translational
mammals

protein

translocation

in

The mechanism of co-translational protein
translocation in mammals has been described in
great detail (21,22,49,444). An SRP-dependent
pathway is found in all eukaryotes but it is
utilised to varying degrees. S. cerevisiae
mutants lacking SRP or the SRP receptor are
viable, although they grow poorly (445,446).
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Figure 6. The protein translocating pore is conserved in all kingdoms. The eubacterial SecY and SecE
proteins are homologous to the Sec61α and Sec61γ proteins of the protein-conducting channel of the
endoplasmic reticulum of Eukarya and Archaea. SecG and Sec61β are found in Eubacteria and Eukarya,
respectively but bear no significant sequence similarity. Although the heterotrimeric organisation of the
translocation pore is conserved, post-translational protein translocation in Eubacteria and the Yeast
endoplasmic reticulum is driven by different mechanisms. Hydrolysis of ATP by either SecA (Eubacteria,
cyanelles, plastids and plant thylakoids) pushes the preprotein in a stepwise fashion through the pore,
while hydrolysis of ATP by BIP (Eukarya) pulls the preprotein through the channel, a process that is
assisted by Sec62, Sec63, Sec71 and Sec72. SecD and SecF are accessory proteins that are found only in
Eubacteria and Archaea, while the TRAM protein is found only in Eukarya. During co-translational
translocation of proteins across the endoplasmic reticulum membrane, the ribosome directly associates
with the Sec61p complex. Such interaction has not yet been demonstrated for the co-translational
translocation in Eubacteria. The model of the protein translocase of Archaea is speculative and based only
on the identification of homologous proteins found in the genetic databases.

SRP consists of six proteins assembled on a
RNA scaffold (SRP RNA or 7S RNA) (447).
The structure of the most conserved internal
loop in the SRP RNA has recently been solved
(448). The SRP complex binds only weakly to
the ribosome, but when a nascent polypeptide
emerges from the ribosome, the 54 kDa subunit
(SRP54) binds the H-domain (449) of the signal
sequence (450,451). The strong increase in
SRP-ribosome interaction (452-454) results in a
translation stop. GTP is not necessary at this
stage (48,455), but as a result of this interaction,
the affinity of the SRP for GTP increases,
allowing the protein to bind GTP (62). The
ribosome nascent chain (RNC)-SRP complex is
then targeted to the SRP receptor (20,22,45638

458). The SRP receptor consists of two
subunits, cytosolic SRα and the membrane
bound SRβ (459,460). Both bind GTP and have
an affinity for each other which is modulated by
GTP (461,462). The membrane domain of SRβ
is not essential for its function, suggesting that
it needs to associate with the ER membrane
only transiently (463). The GTPase activity of
the SRβ is regulated by the ribosome. This
interaction of SRβ with the ribosome allows
SRα to scan membrane-bound ribosomes for
the presence of SRP (464). GTP hydrolysis by
both the SRP and SRα results in release of the
RNC complex from the SRP receptor
(63,465,466). The SRP receptor then recycles
for another round of precursor binding and
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targeting. Translocation is resumed and the
nascent chain is targeted to the Sec61p complex
(409,467,468) where a second signal sequence
recognition step takes place (469,470). This
second signal sequence recognition step leads to
a tight junction between the RNC complex and
Sec61p complex, and to the productive insertion
of the nascent chain into the translocation site
(469). Protein translocation takes place through
the pore consisting of Sec61p (471-473) and is
probably driven by the ongoing chain
translation at the ribosome. The interaction of
the ribosome with Sec61p is suggested to
assemble the translocation channel (474).
Removal of the ribosome from bound
translocation intermediates did not disrupt
subsequent translocation, suggesting that the
active state of the protein-conducting channel is
maintained in the absence of the bound
ribosome (475). Translocation intermediates
can be crosslinked to Sec61α (471,476-479),
Sec61β (476,479), TRAM (476), Sec62 (471)
and to lipids (480). Crosslinking experiments
also demonstrate that Sec61β not only interacts
with other subunits of the Sec61 complex (481)
but also with signal peptidase (482). This
interaction is induced when translocation is
initiated suggesting that the signal peptidase is
transiently recruited to the translocation site.
During the translocation, the emerging
polypeptide chain may become modified in the
lumen of the endoplasmic reticulum. These
modifications involve cleavage of the signal
sequence (477), glycosylation, disulfide bond
formation (483), intrachain folding and
oligomerisation with other proteins. Another
protein that associates with Sec61p is TRAM
(translocating chain-associating membrane
protein) (484). This protein contacts the Nterminal region of the signal sequence while the
mammalian Sec61p contacts the H-domain of
the signal sequence and the early mature region
of the preprotein (485). Sec61p remains in the

proximity of the nascent chains early in
translocation
(484).
In
reconstituted
proteoliposomes TRAM protein is stimulatory
or even required for the translocation of some
secretory proteins (409). Selectivity seems to
relate to characteristics of the signal sequence
(486). TRAM has been proposed to regulate the
exposure of the nascent chain domains to the
cytosol during a translocational pause (487).
This translocational pausing is a mechanism
used by certain specialised secretory proteins
whereby discrete domains of a nascent chain
destined for the endoplasmic reticulum lumen
are transiently exposed to the cytosol. This may
regulate all the various modification processes
(488). Membrane proteins that are released into
the lipid bilayer by Sec61p can be crosslinked
to TRAM (489).
Nascent chains, fluorescently labeled at
specific positions, have been used to estimate
the size and polarity of the protein-conducting
pore complex of the endoplasmic reticulum
(490). From the fluorescence characteristics, it
appears that the nascent chain is translocated
through an aqueous pore that spans the entire
membrane. The translocon has an exceptionally
large diameter of its aqueous pore (4-6 nm)
during protein translocation (490). The
permeability barrier of the endoplasmic
reticulum membrane is maintained by the
formation of a sealed ribosome-translocon
junction that prevents the passage of small
molecules (467,491). This pore is sealed off
from the cytoplasm and remains closed to the
lumen until targeting is completed. The pore
opens only after the nascent chain length has
reached about 70 residues (491) The opening or
closing of each end of the aqueous translocon
pore is tightly controlled and occurs in a
sequence that does not compromise the
membrane permeability barrier (492). Soluble
luminal protein BiP was shown to seal the
lumenal end of the pore (493). BiP also seals
the translocon that is assembled but not yet
39
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engaged in translocation. Under these
conditions, the diameter of the pore changes
from 4-6 nm in the active state to 0.9-1.5 nm in
the idle state. The eukaryotic Sec61p complex
has been visualised by electron microscopy as
quasi-pentagonal structures with a diameter of
8.5 nm and a central cavity with a diameter of
1.5-2 nm (474). The three-dimensional structure
of the ribosome-bound Sec61p was reconstructed
as a 4 nm thick disk with a diameter of 9.5 nm
containing a 1.5-3.5 nm wide central pore (494).
The B. subtilis SecYE (380) and the E. coli
SecYEG (Chapter 6) complexes resemble the
Sec61p complex, having a length of 8.5 nm and a
width of 6.5 nm, with a weakly stained central
indentation. From mass analysis, however, these
particles seem to be dimers and they represent the
idle state of the complex. The SecYEG that is
actively engaged in translocation assembles into a
tetrameric structure with a width of 10.5 nm and
a central stain-filled depression of about 5 nm
(See Chapter 6). This latter size corresponds to
the open state of the translocon as determined by
the
fluorescence
collisional
quenching
experiments. It therefore appears that the
bacterial translocase and eukaryotic translocon
have many characteristics in common.
Post-translational protein translocation
Post-translational protein translocation has been
best studied in S. cerevisiae using prepro-α
factor as model protein. In contrast to dog
pancreas, prepro-α factor is efficiently
translocated post-translationally by S. cerevisiae
microsomes (495-498). S. cerevisiae contains
both a co-translational and a post-translational
pathway, and only a subset of precursor
proteins use the co-translational pathway. As in
E. coli, the decision between the pathways
seems to be determined by the hydrophobicity
of the signal sequence (499). The components
involved in post-translational transport have
been identified by genetic screening, i.e. Sec61p
40

(405), SSS1 (410,500), Sec62p (406,500,501),
Sec63p (406,501), Sec71p (502,502) and
Sec72p (502,503). Sec71p and Sec72p were
originally termed Sec66p and Sec67p. Sec62
and sec63 are essential genes, encoding
membrane proteins with large cytoplasmic
carboxy-terminal domains spanning the
endoplasmic reticulum membrane two and three
times, respectively (504). The extended carboxy
terminal domain of Sec63p shows similarity to
the J domain of the E. coli chaperone DnaJ
(505) which interacts with DnaK (506-509)
(510-520). The J domain is located in the lumen
of the endoplasmic reticulum (504) and
interacts with the luminal chaperone BiP (521524), also called Kar2p (525). Sec62p and
Sec63p are also thought to play a role in the
assembly of the Sec61p complex. Freezefracture electron microscopy has revealed that
Sec61p assembles into ring-like structures only
when both the Sec61p and Sec62p/Sec63p
proteins are present (474). Mutations in Sec62p
and Sec63p also decrease the ability of Sec61p
to be crosslinked to stable translocation
intermediates (526). Sec71p is a glycoprotein
with one TMS (527), while Sec72p is a
peripheral membrane protein located at the
cytosolic site of the endoplasmic reticulum
membrane (503). Sec71p and Sec72p form a
complex
with
Sec62p
and
Sec63p
(501,503,527,528).
Sec61p
can
be
immunoprecipitated after chemical crosslinking
with Sec62p, Sec63p, sec71p and sec72p (529).
In these assays, BiP is also coimmunoprecipitated. BiP is an ATPase (530)
stimulating protein translocation both in vivo
(531) and in vitro (414,526,529). In the absence
of ATP, precursors can bind to a complex
consisting of Sec62p, Sec71p and Sec72p (532).
In the presence of ATP, the precursor is
released from this subcomplex in a reaction
mediated by lumenal BiP (532). The complex
of Sec62p, Sec71p and Sec72p may form a
preprotein binding site at the cytosolic side of
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the membrane (532). BiP is stimulated for ATP
hydrolysis when it binds the translocating
polypeptide (533). This reaction requires
interaction between BiP and Sec63p (532)
which results in recruitment of BiP to the
translocon (534). The lumenal domain of
Sec63p stimulates the ATPase activity of BiP
(523) and this in turn elicits the release of the
preprotein from Sec62p at the cytosolic site of
the membrane (471,526,532,535,536). The
interaction between BiP and Sec63p is required
for the completion of protein translocation
(537). BiP binds to the Sec complex in a
reaction requiring ATP hydrolysis (538). Thus,
an ATP induced change of BiP seems to be
transferred to Sec62p through Sec63, resulting
in translocation of the signal sequence from the
cytosolic to the luminal side of the endoplasmic
reticulum. Further interactions of BiP with the
preprotein are stimulated by cycles of ATP
binding and hydrolysis (533). ATP hydrolysis
further stimulates binding of BiP to the
precursor protein, and subsequent exchange of
bound ADP for ATP elicits a conformational
change in BiP and releases the bound preprotein
(539,540). Mutants defective for ATP
hydrolysis fail to undergo an ATP-dependent
conformational change, demonstrating that ATP
binding to BiP is not sufficient for the release of
bound peptides (540). Mutants defective for
ATP hydrolysis are defective in the interaction
with the J domain of Sec63p (541). This
suggests that not only recurring binding of BiP
to the preprotein is necessary but also the
binding interactions to Sec63p. It thus appears
that BiP, together with Sec63p act as the force
generator for protein translocation. In another
model, it has been suggested that BiP functions
as a ‘molecular ratchet’’ by preventing the
backsliding of the protein through the Sec61p
channel and thus giving unidirectionality to the
system of protein translocation (542).

Scope of this thesis
The goal of this thesis work was to analyse the
structure and function of the integral membrane
proteins involved in protein translocation across
the cytoplasmic membrane of the bacterium
Escherichia coli. Translocase is an enzyme that
catalyzes the translocation of precursor protein
across the cytoplasmic membrane. It consists of
a peripheral membrane-associated ATPase,
SecA, and a membrane domain with SecY,
SecE and SecG as main subunits. To obtain
more information about the membrane domain
of the translocase, SecY, SecE and SecG, a
method was developed to overproduce these
proteins in a functional form (Chapter 2), to
purify them in an active state (Chapter 3 and 4)
and to reconstitute them into liposomes
(Chapter 3 and 4). Using oriented inner
membrane vesicles and proteoliposomes
containing the SecYEG complex, the membrane
topology of SecA associated to SecYEG was
probed by means of chemical labeling and
proteolytic digestion (Chapter 2 and 3).
Reconstitution of SecYEG was used to
systematically determine the phospholipid
requirement for protein translocation (Chapter
4). Detailed information about the interaction
between SecY and SecE was obtained by a
Cysteine scanning mutagenesis approach in
which several interhelical contacts between
SecY and SecE and between SecE molecules
were found (Chapter 5). The quaternary and
low-resolution structure of the SecYEG
complex was determined by negative stain
electron and scanning transmission electron
microscopy, and by biochemical studies
(Chapter 6). The data demonstrates that the
active translocase consists of a SecA dimer
bound to a SecYEG tetramer. It is suggested
that SecA recruits SecYEG complexes to form a
tetrameric assembly with a central pore-like
structure (Chapter 6).
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