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Following the leader: bacterial protein
export through the Sec pathway
Anastassios Economou

I

nformation transfer in the Significant strides have been made during
substrates are guided to exit
living cell does not end with
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peptide chain. The familiar
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central dogma of molecular
secretory polypeptide chains and usher
through the translocase. Fibiology comes with essential them to a membrane-embedded preprotein nally, in stage III, the translosmall print: a polypeptide chain
translocase. This unique molecular
cated chain is released and
will only fulfil its designated machine envelops the polymeric substrate
allowed either to acquire its
function if it is correctly folded.
and migrates along its length in defined,
native folded state in the
Additionally, for a significant
energy-dependent steps. Consequently,
periplasm or to proceed to the
subset of cellular proteins preproteins are gradually pumped into the outer membrane for integration
(more than 30% of the total periplasm where they acquire their native, (reviewed in Ref. 3).
proteome), folding must take
folded conformation.
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the secretion of polypeptides,
coli (Fig. 1b). Stage I of the
as well as with their subsereaction requires two secretionquent folding: enter the protein translocases (also specific chaperones: SecB (Refs 5–7) and a ribonucalled translocons) and chaperones. This review cleotide complex, the signal-recognition particle
focuses on protein secretion, which is, in effect, noth- (SRP), which is composed of the Ffh protein and a
ing more than a means of topologically guiding and 4.5S-RNA species4,8–11. SecB and the SRP both recognize subsets of secreted polypeptides, with the SRP
temporally controlling protein folding.
Protein-secretion research was inspired by a conun- being particularly important for the targeting of
drum: how can a long heteropolymer that contains polytopic (multiple-membrane-spanning) membrane
hydrophilic and hydrophobic regions and that ac- proteins8–11. In certain cases, the additional involvequires a tightly folded native conformation cross a ment of housekeeping chaperones, such as GroEL
hydrophobic lipid membrane? Evolution has solved (Ref. 12), DnaK (Ref. 13) and trigger factor8, has also
this problem not once but several times, using dis- been documented.
Stage II of the reaction is catalysed by preprotein
similar molecular machines in each case. In Bacteria,
there are at least five non-homologous protein export translocase, a biochemically fascinating and complex
systems, allowing them not only to construct their molecular machine (Fig. 1b). The translocase has a
membranes and cell envelope but also to secrete an membrane-spanning domain containing heterotrimers
army of toxins, adhesins and hydrolytic enzymes. Of of the polytopic membrane proteins SecY, SecE and
these systems, only one, the Sec (for secretion) system, SecG. Using electron microscopy, it has been estiis essential for cell viability and this system has also mated that up to three SecYE dimers can assemble in
a quasipentagonal, ring-shaped structure built around
been found in the Archaea and Eukarya1.
Currently, all the essential components of the Sec a putative pore14. In contrast to SecY and SecE, SecG
pathway are known and an impression of the secre- is not essential for viability in most E. coli strains
tion mechanism and its energetics has emerged1–4. In tested15, is not conserved outside the Bacteria and is
contrast to the situation in the mammalian endoplasmic apparently not required for the formation of the
reticulum, protein secretion across the bacterial plasma SecYE ring14.
membrane mainly occurs post-translationally. This
In addition to these mainly structural subunits, the
distinguishing feature has allowed full reconstitution translocase has a mechanical motor device, the SecA
of the bacterial reaction using purified components2,4. ATPase. SecA is essential and unique to Bacteria1; the
The Sec pathway can be divided into three distinct eukaryotic translocase uses a different ATPase. SecA
but sequential and interdependent stages: targeting, is a large, elongated, dimeric molecule16 comprising two
translocation and release (Fig. 1). In stage I, preprotein primary domains2,4: the ATPase (amino-terminal)
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Fig. 1. Bacterial preprotein secretion. (a) Secretion occurs in three distinct stages, targeting (I),
translocation (II) and release (III). The preprotein crosses the membrane plane through the preprotein translocase (white box). N9 symbolizes the new amino terminus of the secretory protein
after cleavage of the leader peptide has taken place. (b) The targeting chaperones, preprotein
translocase and the leader peptidase. The cellular machinery intimately involved in the three
stages of protein secretion in Escherichia coli is shown. Several housekeeping chaperones (not
shown) can also contribute to efficient membrane-targeting. SecA and SecYEG compose the core
of the preprotein translocase, whereas SecD and SecF are regulatory subunits. The orientation of
SecA (Ref. 16) and the relative sizes of the proteins are arbitrary.

domain and the dimerization (carboxy-terminal) domain (Fig. 2). The carboxy-terminal domain allows
SecA to bind to SecYEG, leading to the assembly of
the functional translocase core2,17–23. SecA, unequivocally, is central to bacterial secretion, as it not only
provides a physical link between most of the reaction
components (the functional regions and ligands are
shown in Fig. 2) but also provides a mechanism for
the conversion of energy into intersubunit communication and translocase work4,22–24. The auxiliary,
nonessential1–3 translocase subunits SecD and SecF
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optimize the secretion reaction2,25.
Acidic phospholipids are also an
important component of the active preprotein translocase and are
required for activation of SecA,
correct leader-peptide–membrane
interaction and SecYEG stability26.
The sources of energy for the
translocase machinery are both
chemical (ATP) and electrochemical [proton motive force (PMF)].
Whereas ATP is essential, the PMF
enhances translocation rates2,4.
Stage III involves the leader
peptidase, Lep. Lep is a serine
peptidase that removes leader
peptides after transfer of the mature domain of the exiting chain
to the cis side of the membrane27.
A homologous protein is responsible for cleaving the leader peptides of secreted lipoproteins.
The information discovered to
date is the result of pioneering
work using E. coli as a model system. Bacterial genomics has vindicated this choice by establishing that E. coli can indeed serve
as a true paradigm for bacterial
protein secretion. All the essential sec and SRP-related genes are
present in every bacterium whose
genome sequence has become
available. Nevertheless, interesting variations on a theme have
also been revealed and more
are expected. For example, in
Mycobacterium tuberculosis, two
distinct secA orthologues exist in
the same cell. These two SecAs
might have different substrate
specificities. Some Gram-positive
bacteria, such as Bacillus subtilis,
carry at least five different Lep
isozymes28 and their SecD and
SecF proteins are fused in a single
polypeptide29.

The substrate
The secretion pathway is used by
hundreds of substrates (including
many heterologous ones used in the biotechnology
industry) that do not share any sequence similarity.
How does the cell discriminate between cytoplasmicresident proteins and secreted proteins, and maintain
correct subcellular sorting? The information on the
final cellular destination of all secretory polypeptides
is contained in their primary sequence in the form of
a 20–30-residue amino-terminal extension known as
the leader, or signal, peptide. Although leader peptides do not show strict conservation of their primary
sequence, they do share common chemical properties,
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including a central hydrophobic core30.
Leader peptides are not physical constituents
of the native protein and are removed from
the preprotein by Lep in a precise endoproteolytic event.
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By virtue of their leader peptides, secretory
proteins get trapped in the export pathway
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200
by association with chaperones. Cytoplasmic proteins, which do not carry leader
SecY
ATP
ATP
sequences, generally escape the attention of
Phospholipids
chaperones and are allowed to fold in the
cytosol. Nascent leader peptides delay the
folding of the whole polypeptide2,6,7, thus alCarboxy-terminal
Amino-terminal
lowing chaperones such as GroEL (Ref. 12)
domain
domain
or SecB (Refs 5–7) to bind. In contrast to
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SecB, which binds to the mature part of the
preprotein7, the SRP specifically recognizes
Fig. 2. A schematic representation of a single SecA protomer, depicting the regions
the leader peptide and, together with the
where ligands are known to bind2–4. Abbreviations: aa, amino acids; NBD1, high-affinity
8,10
FtsY GTPase , mainly targets hydrophobic,
nucleotide-binding site; NBD2, low-affinity nucleotide-binding site.
polytopic proteins9–11. The final outcome of
these different binding reactions is the arrival of preproteins at the inner surface of the cell drives de-insertion. Initially, only the carboxy-terminal
membrane.
third of SecA was shown to become protease protected
In a remarkable demonstration of biochemical effi- in a complete in vitro translocation reaction23 and to
ciency and fidelity, all the different ternary complexes be exposed to the periplasmic phase in non-transloof preproteins and chaperones bind to the same mem- cating membranes34,35. Subsequently, using different
brane receptor: SecA, the peripheral subunit of the labelling techniques, it was demonstrated that some
translocase. SecA binding is facilitated by the leader amino-terminal regions could also be embedded in
peptide, which specifically recognizes SecA even in the membrane21,36,37. A more-detailed examination of
the absence of any other auxiliary factors31. In addi- membrane-inserted SecA is required as the probes
tion, the mature domain of the polypeptide chain, as used to date give only a coarse topological picture.
well as the chaperones, has an affinity for SecA Several residues of the presumed membrane-inserted
(Refs 2,5,12). A specific binding site for SecB has SecA are probably still exposed to solvent37,38. In some
been identified at the extreme carboxyl terminus of cases, the extreme carboxyl terminus is found facing
SecA (Ref. 5). Despite the fact that up to 50% of the cytosol23; in others, it faces the periplasm35. An
cellular SecA is cytosolic, this fraction is unlikely to inherent problem with some of these early expericontribute to preprotein targeting, as it has a low mental techniques was that they could not discrimiaffinity for SecB (Ref. 32) and for the preprotein nate between SecA bound to SecYEG and SecA
substrate2,31.
bound to lipid. A significant recent advance is the isoOn initiation of the translocation reaction, the ma- lation of chemically pure SecA–SecYEG in a micellar
ture part of the preprotein is dislodged from the SecB solution39. This system will permit the study of transchaperone and transferred onto SecA that is already locase oligomerization, structure and conformation
bound to SecYEG at the membrane33. Following this during catalysis.
transfer, SecB is no longer required and is expelled
The membrane insertion of SecA occurs at SecYEG
from the membrane5 and recycled.
(Refs 18,20,23,40). Phospholipids have not been detected in the immediate vicinity of membrane-inserted
Crossing the sea of lipid
SecA (Refs 41,42), suggesting that ATP-driven SecA
ATP-driven SecA cycling
membrane penetration could take place largely within
Stage II of the secretion reaction takes place wholly a proteinaceous environment. Such an environment
within the membrane plane. As a result, and despite would be provided by the SecYE ring structure14. The
remarkable progress, many aspects of this reaction exciting possibility remains that SecYE, together with
stage are still poorly understood (reviewed in Ref. 4). SecG (not included in the study of Meyer et al.14),
A central mechanistic element of translocase activity forms a rather flexible complex that can accommodate
is that SecA uses the energy from ATP to fuel cycles of SecA insertion and cyclical movement.
membrane insertion and de-insertion23,24. In the inOnce inserted, SecA can be de-inserted from the
serted state, significant parts of SecA are buried in the membrane following ATP hydrolysis18,22,23,43. SecA
membrane and become inaccessible to exogenously de-insertion occurs only during translocation22,23,25
added proteases23. The binding energy of ATP at the and allows recycling of the enzyme for further transhigh-affinity nucleotide-binding site NBD1 (Fig. 2) location reactions. This reaction cycle makes use of
promotes membrane insertion and hydrolysis of ATP the ATP interactions at NBD1. The low-affinity
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SecA membrane cycling as a
mechanical device
SecA membrane cycling offers a
mechanistic path for the converPeriplasm
sion of energy into work (i.e. the
forward movement of the preprotein through the export channel).
Under the same conditions reSecYEG
SecYEG
quired for SecA insertion, and in
the same time frame, short
SecA
stretches of the substrate also
enter the membrane plane and
SecA
become protected from proteases.
The SecA-mediated forward preprotein movement occurs in two
distinct steps48. Initially, the mere
binding of SecA to the exiting
polypeptide chain causes limited
translocation of ~20 amino acid
residues. Subsequently, ATP binding to SecA promotes the forward
Cytoplasm
translocation of another 15–20
amino acid residues. At this stage,
C
C
preproteins are threaded through
the translocase and are close to
trends in Microbiology
SecA and SecY (Refs 2,4). SecDFFig. 3. Two models of translocase processivity. The translocase ‘walks’4 along its polymeric submediated stabilization of inserted
strate in defined steps48 as a result of ATP-driven SecA membrane cycling23,24. The size of each
SecA prevents the reverse movestep is probably dictated by the degree of movement of, and the distance covered by, the SecA
ment of translocation intermedidomains during conformational changes, whether in the form of deep membrane-penetration
ates46. When the ATP bound to
(a) or relative rotational movement of the two protomers (b). The two SecA protomers might participate in different binding subreactions, thus contributing to SecA asymmetry, which is expected
SecA is hydrolysed, the polymeric
to be important for processive forward movement4. In this schematic representation, the prepreprotein (or rather parts of it) is
protein translocase is shown in the absence of the essential phospholipid component26 for simreleased from SecA into the
plicity and to emphasize its similarity with other processive cellular machines known to occur in
SecYE ‘pore’. Multiple rounds of
the cytoplasm, such as nucleic acid polymerases and helicases. N9 represents the new aminoSecA insertion and de-insertion
terminus of the secretory protein after cleavage of the leader peptide has taken place.
are proposed to drive the translocation of a whole polypeptide
NBD2 (Fig. 2) is essential for protein translocation chain in segmental fashion, without the substrate
but not for SecA cycling24 and its precise role remains ever leaving the translocase. When the substrate is
undetermined.
halfway through the translocase, the PMF alone can
complete translocation if SecA has been removed2,46.
Regulation of SecA cycling
The combination of the two SecA mechanical
Recently, several previously identified disparate strokes described above leads to a model of enzymatic
translocase subreactions have been shown to be processivity that provides a simple basic framework
linked to the central reaction of SecA cycling. SecG within which bacterial translocation can be viewed4.
undergoes an inversion of its topology that is coupled These mechanistic events allow the translocase to
to insertion of SecA into the membrane44; this change ‘walk’ along the length of the polymeric substrate
has been proposed to facilitate SecA cycling25,39,42,44,45. (Fig. 3). One exciting possibility is that processive
The contribution of SecG can be more clearly observed steps are generated by each of the two SecA prowhen translocation is compromised: at low tempera- tomers during non-simultaneous insertion (Fig. 3a) or
tures44, in the absence of SecDF (Ref. 25) or at low rotational movement (Fig. 3b) of the two protomers
PMF levels22. Conversely, in the absence of SecG, two in the membrane. To test this model, it is essential
other regulatory translocase subunits, SecD and SecF, that SecA membrane cycling is examined further using
become important43. SecDF has been shown to stabi- quantitative biophysical and biochemical methods.
lize membrane-inserted SecA24,46. Finally, the welldocumented stimulation of ATP-driven translocation Going native
by the PMF (Ref. 2) is exerted via SecA de-insertion Once a portion of the exiting chain has been exposed
from the membrane22. The PMF might affect SecY to the periplasm, the Lep cleavage site is available for
conformation directly22,47. For the first time, these proteolytic attack. Lep is a membrane protein with a
exciting observations place the elusive molecular large periplasmically exposed hydrophilic domain
mechanism of PMF-driven translocation within ex- that carries the catalytic centre27. This domain could
perimental reach.
be positioned over the translocase exit in proximity to
(a)

N9

(b)
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the leader peptide cleavage sites. Once the leader peptide is cleaved, the remaining part of the mature chain
is no longer attached to the membrane and can begin
folding as soon as sufficient chain segments exit the
translocase. Based on the observation that antibodies
against the large periplasmic domain of SecD prevent
preprotein release from the membrane, a role for
SecD in this stage of the reaction has been proposed49.
However, the same role has not been observed for the
B. subtilis SecDF protein29. Given the involvement of
SecDF in stabilizing membrane-inserted SecA44,46, it is
possible that SecDF influences periplasmic release
indirectly, via one of the essential Sec proteins. As
mutations in practically any Sec protein lead to the
accumulation of membrane-threaded and unreleased
intermediates2,3, it follows that stage III reactions are
intimately connected to productive ongoing translocation in the preceding stage.
Several periplasmic-folding catalysts have recently
been identified. These proteins accelerate specific
subreactions, such as disulphide-bond formation or
proline isomerization, and, in concert with other factors, play an important role in the folding of soluble
periplasmic proteins as well as outer-membrane proteins3,50. A connection between these folding reactions
and a secreted polypeptide exiting the translocase
remains to be established.
Conclusions
Protein secretion is a complex, multistep reaction.
With a complete inventory of the biochemical components that relay the substrate from the cytoplasm
to the periplasm, the field has now entered a mature
phase. The emphasis has shifted to determining the
atomic structures of the components and the biophysical parameters and kinetics of intermediate
reaction stages. The first low- and high-resolution
structures of components of the Sec pathway are
already available. The combination of structure determination with traditional biochemistry and molecular biology has allowed us to take full advantage
of the data provided by bacterial genomics. Understanding the molecular mechanics of this reaction
promises to teach us a lot about basic features of
other nanomachines that handle polymeric substrates
in the modern cell, such as polymerases, proteases,
chaperones and helicases. Moreover, we can now
manipulate the secretion pathway to allow bacterial
production of biopharmaceuticals51 and industrial
enzymes as secreted proteins.
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Mapping regulatory networks in
microbial cells
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ago. This review summarizes
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gest a function, understanding
A combination of several of
the connections is essential.
the new methods must be couConsider a unicellular prokaryote. Its ability to re- pled with more established methods to elucidate
spond quickly to complex environmental changes is global regulatory networks.
essential for its survival. Although such organisms
could, in theory, have specific regulators tailored to Studying global responses and regulatory networks
each of their several-thousand genes, this would rep- Adaptation by an organism to an environmental
resent a tremendous genetic burden. Instead, regu- stimulus is not simply a group of independent relators usually control numerous genes and sometimes sponses by individual genes, but rather a coordinated
even control other regulators. These networks of regu- series of linked events. Perhaps the most difficult
lators provide important integration of the cell’s re- tasks in studying global regulation are determining the
sponses to various environmental shifts1. Identifying appropriate experiments to elucidate the components
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