Biochimica et Biophysica Acta 1843 (2014) 1466-1474

Contents lists available at ScienceDirect

Research

Biochimica et Biophysica Acta

journal homepage: www.elsevier.com/locate/bbamcr

Review

) . . . ¥
SecA-mediated targeting and translocation of secretory proteins @CmssMark

Katerina E. Chatzi *¢, Marios Frantzeskos Sardis ¢, Anastassios Economou *”<*, Spyridoula Karamanou ***
2 Institute of Molecular Biology and Biotechnology, FORTH, University of Crete, PO Box 1385, GR-711 10 Iraklio, Crete, Greece

b Department of Biology, University of Crete, PO Box 1385, GR-711 10 Iraklio, Crete, Greece

€ KU Leuven, Rega Institute for Medical Research, Department of Microbiology and Immunology, Laboratory of Molecular Bacteriology, 3000 Leuven, Belgium

ARTICLE INFO ABSTRACT

Article history:

Received 27 November 2013

Received in revised form 12 February 2014
Accepted 15 February 2014

Available online 25 February 2014

More than 30 years of research have revealed that the dynamic nanomotor SecA is a central player in bacterial
protein secretion. SecA associates with the SecYEG channel and transports polypeptides post-translationally to
the trans side of the cytoplasmic membrane. It comprises a helicase-like ATPase core coupled to two domains
that provide specificity for preprotein translocation. Apart from SecYEG, SecA associates with multiple ligands
like ribosomes, nucleotides, lipids, chaperones and preproteins. It exerts its essential contribution in two phases.
Keywords: First, SecA, alone or in concert with chaperones, helps mediate the targeting of the secretory proteins from the
SecA ribosome to the membrane. Next, at the membrane it converts chemical energy to mechanical work and
translocates preproteins through the SecYEG channel. SecA is a highly dynamic enzyme, it exploits disorder-

Protein translocase

SecYEG order kinetics, swiveling and dissociation of domains and dimer to monomer transformations that are tightly
Preproteins coupled with its catalytic function. Preprotein signal sequences and mature domains exploit these dynamics to
ATPase

manipulate the nanomotor and thus achieve their export at the expense of metabolic energy. This article is

Motor protein part of a Special Issue entitled: Protein trafficking and secretion in bacteria. Guest Editors: Anastassios Economou

and Ross Dalbey.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

In bacteria, protein secretion commonly describes the process by
which a polypeptide crosses the semi-permeable cytoplasmic or plasma
membrane and is transferred to the trans side [1,2]. Additional steps
may further guide proteins to the Gram negative outer membrane or,
the extra-cellular milieu. Secretion is an essential process that localizes
hydrolytic enzymes, motility elements, electron chain transfer compo-
nents, sensor transducers, transporters etc. in extra-cytoplasmic loca-
tions. Proteins that reach their final localization after complete traversal
of at least one membrane bilayer are referred to here, collectively, as
secretory proteins.

The main conduit for either trans-membrane crossing or membrane
insertion of proteins is a single channel, comprising three polypeptides
(SecY, SecE and SecG) that assemble into a membrane-embedded
trimer. SecYEG is essential, ubiquitous and conserved in all three
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domains of life and is located in the plasma membrane (Bacteria/Ar-
chaea) or, the endoplasmic reticulum (Eukaryotes) [3]. Other special-
ized systems, have evolved to handle secretion of toxins or
components of extracellular organelles, across the outer membrane or
across the cell envelope with no periplasmic intermediates [1,4-7].

Sec-dependent polypeptides that cross the membrane are synthe-
sized as pre-proteins: A short N-terminal signal sequence of conserved
physicochemical properties is followed by a unique, for each other
secretory protein, mature domain of variable length, with no obvious
similarities. The latter will form the actual functional, native polypep-
tide released to the trans side of the membrane. This occurs after the
cleavage of the signal sequence on the periplasmic face of the mem-
brane [8-10]. Sec-dependent membrane-embedded proteins may, or
may not have signal sequences.

During “co-translational” secretion, the Signal Recognition Particle
(SRP), composed of the Ffh (Fifty four homologue) protein and the
short 4.5S RNA species, recognizes and binds to the ribosomal L23
subunit [4-6] and to the exiting, usually highly hydrophobic, signal
sequence [7]. Then RNC (ribosome-nascent chain complex) is delivered
to FtsY, its membrane-associated receptor [8,9]. Eventually the SRP-
FtsY complex dissociates, at the expense of GTP [10,11]. In Escherichia
coli this mode of targeting/translocation is mainly taken by the ~1000
inner membrane proteins and by only a handful of secretory proteins
[12-14].

The vast majority of the 400-500 secretory proteins of E. coli, the best
characterized bacterial model, reaches SecYEG post-translationally, after
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more than two-thirds of the chain has been synthesized at the ribo-
some [15]. In this case SecA is the SecYEG partner and the energizer
of the system [2]. Secretory proteins are targeted to the channel ei-
ther by binding to cytoplasmically diffusing SecA or on SecY-bound
SecA with or without assistance from chaperones like trigger factor
(TF) or SecB [16,17]. TF, that also binds to ribosomes, is ubiquitous
in Bacteria, while SecB is only found in some proteobacteria [18].
However, neither one is an essential E. coli gene [19,20]. Different
chaperones, like CsaA, have been proposed to assist targeting in
Gram positive bacteria [21]. Alas, we still only poorly understand
the underlying networks of complex equilibria that drive such
processes. It is anticipated that they are affected by preprotein-
chaperone affinity constants, effective cytoplasmic concentrations
of the various partners, folding and/or aggregation propensities of
preproteins, sub-cellular localization of the secretory RNCs and of
the respective mRNAs. In addition, a fundamental property that
needs to be satisfied stems from the necessity that any secretory
chain must maintain a non-native three-dimensional structure
until the narrow pore of the SecYEG channel (0.8-2.5 nm) is negoti-
ated [22-24].

Post-translational protein secretion can be dissected in three distinct
and biochemically separable stages: 1) Sorting and targeting: Nascent
preproteins are sorted from cytoplasmic resident polypeptides and get
from the ribosome to the membrane-embedded translocase either
alone or by binding via their signal peptides and/or mature domains
to distinct areas on chaperones and/or SecA. 2) Translocase priming
and activation: Upon signal peptide binding, SecA reduces the energy
requirement for translocase activation and undergoes conformational
changes that lead to dimer-to-monomer transition. 3) Multiple rounds
of translocation: Monomeric SecA performs multiple rounds of ATP
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hydrolysis coupled to mechanical translocation of the preprotein
mature domain through the lipid bilayer embedded SecYEG pore.

This review will focus on the recent advances of the role of SecA in
post-translational protein secretion.

2. SecA protomer structure and domain organization

Crystal structures [25-31] together with biochemical and biophysi-
cal studies [2,32,33] reveal the protein's structure and domain orga-
nization. SecA belongs to the Superfamily 2 of DExH/D (Asp-Glu-
X-His/Asp) proteins, which include various helicases and nucleic
acid modifying enzymes [34,35]. Two RecA folds - NBD (Nucleotide
Binding Domain) and IRA2 (Intramolecular Regulator of the
ATPase2) - comprise the DEAD motor. The two domains sandwich
the ATP, which, through binding or hydrolysis, is the metabolic
energy source for various translocation steps (Fig. 1A-B).

Members of the Superfamily 2 might share the tertiary structure of
the DExH/D motor but their functional specificity is acquired by its
extra subunits or domain. Likewise, two domains, absent from any
other helicase, confer to SecA specificity for preproteins; the preprotein
binding domain (PBD) and the C-domain (Fig. 1A-B) [43,44]. Each one
of them is rooted in one of the two motor domains. Moreover, the two
appendages physically associate between them. This way SecA recog-
nizes a great variety of preproteins, binds to the channel and dimerizes
in a very sophisticated, finely orchestrated manner. Also it has a struc-
tural framework through which all domains sense each other.

PBD sprouts out from the NDB through a Stem that includes two
anti-parallel beta strands (stem;,, and stem,,,) and ends up in a bilobate
bulb structure. The Stem contacts the NBD, the C-domain and the Bulb.

scaffold C-domain

Closed

Fig. 1. (A) and (B); Models of the Escherichia coli SecA (PDB code: 2FSF) in the Open conformation based on PBD topology [30]. The four domains of SecA are: Nucleotide Binding Domain
(NBD; blue), Intramolecular Regulator of ATP-hydrolysis 2 (IRA2; cyan), Preprotein Binding Domain (PBD; purple), C-domain; green. The additional structural elements are noted on each
view of the structure. (C), (D), and (E); Space filling models of SecA protomers in three distinctive conformational states: (C) (1M6N; Bacillus subtilis) [28], (D) (2FSF; E. coli) [30] and
(E) (3DIN; Thermotoga maritima) [26]. The orange region on the carboxyterminal region of SecA, termed C-tail (visualized only in A), controls preprotein domain docking on the
translocase [28,36]. In the translocase complex, SecYEG would be bound at the back of each depicted structure.



1468 K.E. Chatzi et al. / Biochimica et Biophysica Acta 1843 (2014) 1466-1474

The Bulb contributes to the binding of the signal peptide [36] and possi-
bly the mature domain (Fig. 1A-B) [37].

The a-helical C-domain, fused C-terminally to the IRA2 domain of
the DEAD motor, contains 4 sub-structures: a) the scaffold domain, a
long a-helix that connects the C-domain with both NBD and IRA2,
b) the wing domain, c) the conserved and motile helix-loop-helix
IRA1 (also known as two helix finger) and d) an extreme C-terminal
flexible tail which comprises two regions. The first one interacts with
the core of SecA and ends up forming a 3-sheet with the two antiparallel
[-strands of the Stem [28] (Fig. 1). The second one contains a zinc-finger
motif that binds zinc ions, lipids and the SecB chaperone [38-40]. Since
the last part of the C-tail is highly motile, it has only been partially re-
solved crystallographically but it has been analysed by NMR [28,36].

3. The oligomeric state of SecA

Considering its intracellular concentration (5.7-8.2 uM) [41] and
inter-protomer affinity (0.001-3 uM) [42-44], SecA is anticipated to
function as a dimer (Fig. 2). There are six SecA crystal structures in ap-
parent dimeric assembly [25,27,28,30,31,45] yet, the relative protomer
positioning is unique in each one [46]. Several reports suggest that
ligand binding [25,27,45], acidic phospholipids or detergents [54] can
affect the dimeric state of SecA. Some of these reports are conflicting.
Synthetic signal peptides either cause dissociation of the dimer [47]
or, promote dimerization of previously monomerized SecA [48] or,
have no effect [36]. SecB, in complex with a secretory protein, did not
cause dissociation of the SecA dimer. Neither did ATP or ATP-y-S nor
ADP or liposome binding [49,50]. On the contrary, SANS (Small-Angle
Neutron Scattering) measurements suggest that ADP-Mg? " or binding
of non-hydrolyzable ATP analogue may cause dimer dissociation on
lipid-bound SecA [51] although it is not clear whether these relate to
on-pathway SecYEG-bound SecA states.

Ensemble FRET studies that were carried out to dissect the oligomer-
ic state of SecA during translocation suggest that it remains dimeric dur-
ing catalysis [49]. Moreover, a SecA that had its two protomers
covalently linked by cross-linkers remained functional, suggesting that
complete dissociation of the protomers is not necessary [52-54].
Other studies support that SecA functions as a monomer in the presence
of SecYEG [55-57]. In the crystal structure of the SecA-SecYEG complex,
a continuous groove created by a single SecA protomer bound to SecY
seemed to adequately allow preproteins to travel through it and led
the authors to propose it as the minimal functional translocase unit
[33,65] (Fig. 3B). However, the functionality of the complex is ambigu-
ous due to the detergents used to achieve membrane solubilization
(for a detailed review on the monomer-dimer studies see [46]).

A recent study presented the coupling of the quaternary dynamics of
SecA with function [41]. The authors suggest that SecA does not exist as
a conformationally unique dimer; various combinations of hydrophobic
and/or electrostatic interactions allow sliding as well as rotational mo-
tions between the two protomers thus generating multiple possibilities

of high affinity dimers with distinct roles (Fig. 2). By studying the func-
tional properties of the otherwise elusive monomer, both in vitro as well
as in vivo, the authors propose the following SecA quaternary states:
Cytoplasmic SecA mainly exists in two conformationally distinct states:
a major “electrostatic dimer” (95%) and a minor salt-resistant dimer
(~5%); in the latter, interprotomer interactions, predominantly hydro-
phobic, stabilize an elongated quaternary state (Figs. 2 and 3A). SecYEG
and signal peptide binding, induce a third state, the “triggered dimer”.
All of these dimers are connected to defined mechanistic steps of trans-
location. The SecA dimer docks on SecYEG yet, only one of its protomers
makes direct contact with the channel. This holoenzyme reduces its ac-
tivation energy upon signal peptide binding. Subsequent ATP hydrolysis
monomerizes SecA. Beyond this point translocation can be completed
by the monomer. Once the secretory protein is released the monomer
will re-dimerize and a new cycle of events will be repeated (Fig. 4) [41].

4. Flexibility and disorder of the SecA nanomachine

SecA is a highly dynamic enzyme. Its plasticity is synchronized with
its catalytic function. Below, we will describe the movements of the
DEAD motor, PDB and C-domain.

4.1. The DEAD motor

The motor of SecA is so flexible that attachment of the C-domain
provides for a fine mechanism to suppress and regulate its inherent
flexibility and ATPase activity [58]. NMR studies on a SecA derivative
which lacks the C-domain, revealed that the IRA2 domain remains sub-
stantially unstructured even at low temperatures (e.g. 22 °C; [59]). ADP
binding stabilizes the DEAD motor, although its dynamic nature is
retained and affects allosterically the conformational state of the PBD
[59]. A salt bridge, formed between one positively (R566) and one
negatively (D212) charged amino acyl residue at the base of the
motor, is an internal switch, termed Gate 1. This Gate controls the open-
ing and closure of the nucleotide cleft as well as the signal propagated
from the PBD to the motor and that stimulates ATP hydrolysis [58].

4.2. The PBD

In all of the available SecA structures a clamp is formed between PDB
and IRA2 (Fig. 1). This clamp becomes largely affected as the motile PBD
adopts three different conformations: a) closed [26], b) open [30] and c)
wide open [28] (Fig. 1C-E). In the wide open state PBD interacts exten-
sively with the C-domain creating a large cleft [25,28] (Fig. 1E). In the
open state PBD undergoes an ~60° rotation and exposes most of its sur-
face to solvent [29,30] (Fig. 1D). Soluble SecA exists mainly in the open
conformation (90%) or in the less populated wide open conformation
(10%) [36]. On the contrary, the crystallized SecY-bound SecA is in
the closed conformation [26] (Fig. 1E). A tripeptide, co-crystallized
with Bacillus subtilis SecA was bound on the clamp [60]. If the tripeptide

Fig. 2. Models of the interconverting SecA dimers in the cytoplasm. (A) A ecSecA dimer modeled after mtSecA 1NL3_1 [25] and (B) a ecSecA dimer modeled after bsSecA TM6N [25,27,28].
The fixed protomer is coloured grey. The domains of the moving protomer are coloured as in Fig. 1.
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Fig. 3. Space-filling models of protein complexes that form during preprotein translocation. Potential complexes formed during preprotein translocation. (A) Model of the interconverting
SecA dimers at the cytoplasm [41]. (B) Model of the translocase complex; SecYEG (yellow); SecA (domains indicated by their respective colour, NBD blue; PBD magenta; IRA2 cyan;
C-domain green) (PBD code 3DIN [26]) (C) Hypothetical model of a SecB dimer docked on the translocase based on 3DIN [26] and 10ZB [39]. A preprotein (red line) has been drawn
for visualization purposes (D) Cartoon of a preprotein (red line) bound on the translocase. (E) Model of a translocase with bound a LamB signal sequence, based on the cryo-EM structure

solved structure [148].

is a true preprotein mimic, PBD motion is anticipated to correlate with
preprotein targeting, as it would regulate access of preproteins to the
SecA receptor. Moreover, immobilizing PBD, through disulfide cross-
links, at different positions interfered with the initiation of the translo-
cation process suggesting that PBD motility might be essential for
SecA function [61].

4.3. The C-domain

A part of the signal peptide binding groove is occluded by the C-tail
of SecA (Fig. 1E). Binding studies using Isothermal Titration Calorimetry

demonstrated that the C-tail must be detached from its position for
efficient signal sequence binding to occur [36].

Cross-linking experiments revealed that the loop at the tip of IRA1
(helix two finger) interacts with translocating polypeptides at the
entrance of the SecY pore. Specifically, based on the association of the
polypeptide chain with the bulky aromatic Tyr794 in ecSecA, the
authors proposed that IRA1 pushes the peptide through the SecY chan-
nel [62]. However, it was recently suggested that the exact positioning
of IRA1 might be vital, its motility is not, as its immobilization at the
edge of the SecY channel did not affect translocation [63].

A recent study using circular dichroism, tryptophan fluorescence
and limited proteolysis demonstrated that SecA undergoes several
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Fig. 4. Schematic representation of preprotein translocation steps. The model represents discrete steps that have been experimentally demonstrated and are described in detail in the text.
SecYEG (drawn as dimers; yellow) and SecA (cyan) monomer to dimer transitions (arrows) are shown. Signal sequence (red rectangle), mature domain (red line), ADP (D) and ATP (T) are
also indicated. Changes in the orientation of SecA protomers and the shape of SecA and SecYEG indicate conformational rearrangements that lead to the activation of the holoenzyme.
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conformational reorganizations like partial unfolding of IRA2, partial
dissociation of the scaffold domain from IRA2, and restructuring of the
C-terminal region. These changes coincide with the appearance of
high SecA ATPase activity and may thus mimic aspects of the transloca-
tion competent state [64].

5. SecA and ligands
5.1. SecA and the ribosome

SecA binds to the ribosome with 1:1 stoichiometry and a ~0.9 pM
affinity [65]. The scaffold domain is necessary and sufficient to crosslink
the protein on the L23 subunit of the ribosomal tunnel [65]. Thus, SecA
may recognize the exiting, nascent preproteins and target them to the
SecYEG channel. More intriguingly, it was suggested that it might act
as a co-translational preprotein aid/selector; by binding on the signal
sequences of translating chains it might assist in the transfer of the
RNC to the SecYEG channel [66]. However, in such a case SecA would
have to compete with binding factors like SRP or TF (see below,
Section 6).

5.2. SecA and signal sequence binding

Signal sequences share conserved physicochemical properties. They
are usually 15-40 amino acyl residues long and have a tri-partite struc-
ture: 1) a positively charged N terminal sequence, 2) a hydrophobic, he-
lical core of 8-12 residues and, 3) a slightly polar, extended C-terminal
domain which includes the cleavage site used by the signal peptidase
[2,67,68]. Their affinity for SecA varies from medium to low (1-100 pM)
[76,77,79/45].

Several studies focus on how signals interact with SecA [47,69,70].
One of them determined the structure of SecA complexed with a signal
sequence, using NMR [36]. The signal sequence docks in an elongated
groove formed at the interface of PBD and IRA1 and adopts an a-helical
structure (Fig. 3E). Its N-terminal part participates in electrostatic
interactions with negatively charged residues from the Bulb of the PBD.
Its C-terminal region remains unstructured and solvent-exposed [36].
Additional surfaces, from the IRA1 and one from the NBD, were shown
to participate in the signal sequence binding by a study that used Forster
resonance energy transfer (FRET) experiments [77].

The signal sequence binding groove is relatively long (~28 A), is
mostly hydrophobic and surrounded by charged and polar amino acyl
residues. These features and its multipartite structure explain how it
can accommodate hundreds of signal sequences of varying charge and
length. Taking into account that SecA promiscuously binds a variety of
signal sequences using the same groove, one would anticipate a certain
degree of degeneracy in the recognition process. At the same time signal
sequences must be recognized with high fidelity. Single amino acid
substitutions within a signal sequence reduce or even abolish secretion
of the preprotein (e.g. proPhoA(L8Q) or proPhoA(L14R)) [16]. Interest-
ingly, the necessity for a preprotein to have a signal sequence can be
bypassed if mutant translocases are used. Such mutations, known as
prl (for protein localization), were isolated either within SecA or in the
membrane-embedded translocase subunits [71]. Generally, prl are
allosteric mutations, which mimic the effect that the signal sequence
binding has on the translocase by shifting it to the active, “triggered”
conformational state [16]. This allows secretion even of signal-less sub-
strates, albeit very inefficiently [16,41,72], since in downstream strokes
of the SecA motor the physical presence of the signal peptide is required.

5.3. SecA and mature domain binding

Preprotein mature domains and signal sequences bind at distinct
SecA sites [16] (Fig. 3D,E). A long-standing dogma was that signal
sequences are the only features responsible for targeting preproteins.
However, it is now clear that mature domains can also be targeted

independently of their signal sequences. In some cases they even exhibit
better affinity for the translocase when alone than when fused to signal
sequences [16]. It appears that for every preprotein separate contribu-
tions from the two distinct targeting elements have been fine tuned
for optimal binding.

A high-resolution structure for SecA complexed with a mature
domain is not currently available. The main technical challenge here is
that the mature domain must be solved in a non-native conformation.
Do preproteins bind in the clamp that is formed by the IRA2 and PBD
domains? (Fig. 1) This was suggested by a study that immobilized, by
cross-linking, a translocating preprotein chain on SecY and at various
SecA positions [73]. In support of this idea, the structure of SecA with
a tripeptide crystallized inside the clamp was solved [60]. However, a
highly hydrophobic tripeptide cannot account for the properties of
mature domains that span 40-2500 residues and have charged regions
interspersed with short hydrophobic patches. On the other hand, it has
been suggested that the Bulb of the PBD might be a mature domain
binding site, as SecA Bulb mutants fail to load preproteins onto SecYEG
[37]. Whether one of these or a different region or even multiple
regions, acting in concert, represent the mature domain docking site
on SecA it is still under investigation.

5.4. SecA and chaperones

SecB is a tetrameric chaperone organized as a dimer of dimers
[74,75], that binds to a SecA dimer in solution with modest affinity
(Kp ~1.7 uM) [85], using the zinc-binding site within the last 21C-tail
residues (Fig. 3C). Two additional SecA sites, the scaffold domain [76]
and the first 11 N-terminal residues [76], were proposed to interact
with SecB. Since binding of SecB to SecYEG-bound SecA is much higher
(~40 nM), it was proposed to act as a piloting factor for preproteins [77].

TF is a highly abundant bacterial chaperone that is considered impor-
tant for the secretion of outer membrane proteins [90]. It binds to the
ribosomal exit tunnel and to exiting polypeptides [78,79], preferentially
of first 100 amino acyl residues [17]. There is no known direct interaction
between TF and SecA and it is not clear in any mechanistic detail how TF
would contribute to the secretion pathway.

5.5. SecA and SecYEG

The bacterial protein-conducting channel consists of the SecY, SecE
and SecG proteins [80,81]. SecY is an essential, conserved, trans-
membrane protein, present in all domains of life [82,83]. It forms the
central export pore and is embraced and stabilized by SecE [84,85].
SecG is not essential for viability or translocation but facilitates the bind-
ing of SecA on SecY [86] and its subsequent membrane insertion [87]
(see below).

High resolution structures reveal that the central pore of the channel
resembles an hourglass, with one opening facing the cytoplasm and the
other the periplasmic or extra-cellular space [22,88,89]. The external
opening is sealed by an a-helical “plug”. The plug, along with the re-
striction of the pore, inhibits the leakage of small molecules and keeps
the channel sealed [90]. During translocation the plug moves aside
and the channel may be allowed to expand [91]. An additional feature
of SecY is that its ten trans-membrane helices create a clamshell with
its opening facing the lipid bilayer. The opening, known as lateral gate,
allows the hydrophobic signal sequences and trans-membrane helices
to diffuse into the lipid bilayer [92,93].

SecA interacts with the SecYEG channel with high affinity (~20-
40 nM) [94] (Fig. 3B). Parts of NBD, IRA2 and the C-domain form a contin-
uous groove with the SecY pore. PBD lies facing the middle of the pore
[26]. The stoichiometry of the SecA-SecYEG complex remains controver-
sial [46,95,96] but the 1:1 stoichiometry represented by the crystal struc-
ture [26] could represent the minimal translocation unit. A dynamic
conversion from a SecA,:SecY; to a SecA;:SecY; in the process of translo-
cation was recently proposed [41].



K.E. Chatzi et al. / Biochimica et Biophysica Acta 1843 (2014) 1466-1474 1471

5.6. SecA and nucleotides

The nucleotide binds on NBD and IRA2 residues without causing
major rearrangements yet restricting the flexibility of the SecA motor
[25,28,30,36]. ATP gets immediately hydrolyzed by soluble SecA and
the resulting ADP occupies the nucleotide cleft. Release of ADP becomes
a limiting step as it thermally stabilizes the protein [97].

The short lived ATP-SecA state is prolonged at the membrane. The
binding energy of ATP allows the membrane-bound SecA to acquire a
different conformation. Significant parts of the protein now become
protease resistant. ATP hydrolysis (or ADP binding) drives to the previ-
ous more protease sensitive SecA state. These steps are known as
“membrane insertion” and “de-insertion” states respectively and are
both essential for secretion [41,98,99] Repetitive cycles of ATP binding,
hydrolysis and ADP release, together with the PMF are required for
preprotein translocation [100-102]. The inherent hydrolytic activity of
SecA (basal ATPase) increases upon binding to the SecYEG receptor
(membrane ATPase) and gets further stimulated in the presence of
preproteins (translocation ATPase) [58,103,104].

5.7. SecA and lipids

The inner membrane of E. coli is composed by phosphatidylethanol-
amine (PE) (75-80%), phosphatidylglycerol (PG) (20%) and cardiolipin
(CL) (5%). PE stimulates the ATPase activity of SecA and affects protein
translocation [105,106]. Ionic phospholipids, like PG and CL, are essen-
tial for SecA's ATPase [103], high affinity binding of SecA to SecY
[120,121] and membrane insertion [107-109]. Moreover, together
with derivatives that have long acyl chains, ionic phospholipids were
proposed by in vitro experiment to promote SecA monomerization
[48,56], a feature necessary for late steps of the catalytic cycle [41].

5.8. SecA and mRNA

SecA regulates its own translation by binding to its own mRNA.
Mg? ™ and ATP concentrations influence this interaction [110]. An
additional mechanism proposed to regulate SecA's intracellular concen-
tration involves the SecM gene (secretion monitor) that is translated
prior to SecA on the same transcript. Its 3/ mRNA region causes a tran-
sient translational arrest that in turn facilitates the exposure of the
Shine-Dalgarno sequence of the succeeding SecA mRNA, thus up-
regulating its biosynthesis. The arrest is reversed by the active secretion
of SecM. Prolonged arrest, due to the lack of SecA molecules, upregulates
their synthesis [111,112]. SecM is secreted to the periplasm where it is
cleaved by the Prc protease [113], so mainly its role in the cell is to mon-
itor its own secretion and regulate the extent of the translation arrest.
SecA also possesses an RNA helicase activity [114] but that is not neces-
sary for protein translocation or regulation of its own translation [115]. It
is not clear how wide-spread these regulatory mechanisms are beyond
E. coli.

6. SecA-mediated preprotein targeting

So far we have discussed the role of SecA during translocation. Can
SecA also target secretory preproteins? To address this we need to
follow the preproteins as they exit the ribosome. SRP, TF and SecA all
bind on the same ribosomal region [65,116,117]. Which one of these
factors is going to latch onto the exiting polypeptide? Clearly, the intra-
cellular concentrations of these factors, their stoichiometric excess over
the ribosomes, their respective affinities for the ribosome and their
involvement in other non-ribosomal processes need to be considered.

SRP is in low cellular amounts (0.4 uM) and is vastly sub-
stoichiometric compared to ribosomes (~20 pM). It has a very high affin-
ity for nascent hydrophobic trans-membrane segments and very hydro-
phobic signal sequences (1-10 nM) [4,118]. SRP probably binds its

substrates first, due to its high affinity, and this would sequester those
proteins away from the post-translational secretion pathway.

SecA and TF have similar affinities for the ribosome (0.9 and 1 pM
respectively; [65,119]) and both have the potential to bind a nascent
preprotein. TF is found in the cell at a concentration of 40-50 pM; almost
7 times more abundant than SecA (5.7-8.2 uM) [41,56,120] but is also
involved in the general folding of the cytoplasmic proteome. Usually,
TF is likely to interact first with the nascent exiting polypeptide. In the
absence of available TF, SecA might have a better chance to bind sub-
strates co-translationally and target them to the SecYEG channel [66].
Under the same conditions more SecA associated with the inner
membrane [41,56,120].

SecB can bind on preproteins after their first ~150 amino acyl
residues are synthesized [121]. SecB is found also in high intracellular
concentration (4-20 pM) [122,123] and there are known examples of
substrate delivery from SecB to SecA [122]. Baars and colleagues, using
a SecB null mutant and comparative proteomics analysis, identified 12
SecB dependent secretory substrates. Six more proteins were already
shown to be SecB-dependant [75,124,125]. The rest of the secretome
is not affected by the absence of this chaperone [126]. Although it
cannot be excluded that SecB binds more preproteins in vivo, this result
indicated that more than one chaperone might recognize the same set
of secretory proteins. Alternatively, preproteins can be efficiently
targeted un-chaperoned. This is supported by findings that preproteins
can exist in non-native, translocation-competent states in solution in
the absence of any chaperone [16].

7. SecA as a translocation motor

Combining results, that have been accumulated over the past years,
from several different labs we will provide an overview of post-
translational secretion in bacteria, emphasizing the role of SecA and
relying heavily on the E. coli paradigm (Fig. 4).

1. ADP-SecA exists as a tight electrostatic dimer in the cytoplasm. It
also docks on the SecYEG channel, with a 2:2 stoichiometry, using
only one of its two protomers. An approximate 50:50 distribution be-
tween the membrane bound and the cytoplasmic SecA is thought to
govern this equilibrium in the cell [41] (Fig. 4A).

2. A preprotein diffusing in the cytoplasm either alone or bound to
chaperones like SecB, binds stochastically onto SecA [122]. The signal
sequence and the mature domain dock independently on their re-
spective SecA docking sites. Unlike the soluble SecA dimer that can
accommodate two preprotein molecules, only one is bound on the
SecA-SecYEG translocase with high affinity [41] (Fig. 4B).

3. The binding of the signal sequence lowers the activation energy of the
holoenzyme (SecA-SecYEG) in a step known as “triggering” [16]. The
conformation of the translocase now undergoes an allosteric change;
a state mimicked by prl mutations on either SecA or SecY [41]
(Fig. 4C).

4, Triggering stabilizes the SecA membrane-inserted state [98]
(Fig. 4D). The mature domains of secretory chains are not yet fully
engaged in the channel [16].

5. The preprotein becomes “trapped”, presumably by forming addition
contacts through its mature domain with the SecA triggered dimer
[16]. SecA monomerizes at this step and proceeds in catalyzing
multiple rounds of ATP hydrolysis (Fig. 4E).

6. ATP hydrolysis by SecA becomes coupled to mechanical work and
will eventually mediate complete transfer of the polypeptide chain
[48] (Fig. 4E). In every catalytic cycle of ATP hydrolysis 20-30
amino acyl residues of the preprotein are translocated [31].

To stimulate ATP hydrolysis, binding of the mature domain onto the
PBD is allosterically transmitted to the ATPase motor. The base of the
motor opens [58], the IRA2 domain becomes disordered and de-
taches from the NBD. These events loosen up the NBD-IRA2 interface
and the previously bound ADP can now diffuse out and is easily
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exchanged for ATP [59,102] (Fig. 4E).

PMF affects different stages of the translocation process [100,127,128].
It has been reported that it facilitates the insertion and possibly the
orientation of the signal sequences as translocation initiates [129].
Moreover, SecA de-insertion from the membrane is accelerated by
PMF either by promoting ADP release from SecA [130,131] or by
conformational changes in SecY [132,133] (Fig. 4E).

7. Association of the signal sequence with the lateral gate of SecY causes
the periplasmic plug to flip out [91]. Next the signal sequence can
diffuse into the bilayer, where the signal peptidase I (SPase II for lipo-
proteins) whose catalytic domain resides in the trans side of the
membrane, can cleave it off [134,135]. Signal sequences can later
become degraded [136] (Fig. 4F).

The mature domain is released in the periplasm possibly with the aid
of SecDF [137]. It either remains there and folds to a native state or, it
becomes embedded in the outer membrane or, it gets secreted to the
extracellular space [2] (Fig. 4G). Periplasmic proteins fold with the assis-
tance of chaperones like Skp, prolyl isomerases (like PpiA) and cysteine
oxidases (like the Dsb protein family) [138,139]. Secretion machines,
such as the BAM (p-barrel assembly machinery) and TAM (transloca-
tion and assembly module) systems [140-142] or the LOL (lipoprotein
outer membrane localization) system for lipoproteins [143], assist the
transport to the outer membrane [144]. Specialized machines like the
type Il and the Curli secretion systems might assist in further extracellu-
lar export [145-147].

8. Conclusions and perspectives

Significant progress has been achieved in understanding the role of
SecA during translocation. Yet, many questions remain unanswered.
Where is the docking site of mature domains on SecA? How does SecA
achieve such a high specificity in binding preproteins that have degener-
ate sequences? How do mature domains promote SecA monomerization
during the late stages of translocation? If the mobility of IRA1 is unneces-
sary, is there some other mechanical event that allows the preprotein to
move forward inside the channel or is forward movement explained by a
Brownian ratchet mechanism? How does the signal sequence detach
from its binding site on SecA to end up in the SecYEG lateral gate?

As far as the role of SecA in targeting is concerned we are missing
in vivo data of what is happening in the presence of all chaperones in
the complex milieu of the cell. Is SecA a primary means of preprotein de-
livery to the membrane? Does it already act at the level of the ribosome?
What are the signals, unknown so far, that allow non-native preprotein
mature domains to be recognized by SecA? High resolution studies in
the presence of the membrane and in vivo real time experiments
using high resolution optophysics tools will shed light on the role of
SecA during targeting and translocation as well as further probe the
function of this unique nanomotor.
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