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Voorwoord
Zoals altijd wordt het voorwoord als laatste geschreven. Heel toepasselijk, ’s avonds laat op het lab.
Het heeft een tijd geduurd, maar het zit er bijna op. Het is een stuk werk geworden waar ik heel
trots op ben. Ik heb het zeker niet alleen gedaan, en ik wil proberen de mensen die de laatste jaren
een bijdrage aan het proefschrift geleverd hebben hier te bedanken.
Ten eerste mijn promotor, Arnold. Een betere begeleider had ik me niet kunnen wensen. Je had
altijd tijd als er weer eens iets besproken moest worden. Je hebt me kunnen motiveren toen het
onderzoek de eerste jaren niet liep, en je was er ook altijd als ik weer eens veel te vroeg enthousiast
je kamer binnen kwam rennen met een nieuw resultaat. Je hebt me altijd vrij gelaten als ik weer
eens wat nieuwe ideeen had, en je wist tevens de goede richting aan het onderzoek te geven als ik
weer eens veel te veel projecten had opgestart. Daarnaast stond je altijd klaar om even een figuur af
te maken of te verbeteren als ik weer eens te druk op het lab bezig was.
Daarnaast Wil Konings. Ik ben blij dat ik de laatste jaren onderzoek heb kunnen doen bij een van de
beste groepen van Nederland. Dat we een van de betere groepen zijn, is zeker te danken aan de
mensen zoals Arnold, Bert en Juke die je binnen de groep hebt weten te houden, en de ‘We
beginnen hier om negen uur’ metaliteit binnen de groep. Ook Bert Poolman en Juke Lolkema dank
ik voor hun bijdragen.
De leden van de leescommisie bedank ik voor het snelle goedkeuren van het proefschrift.
Naast de begeleiding is het meeste werk natuurlijk verricht aan de labtafel. Hiervoor moet vooral
mijn paranimfen Andreas en Erik bedanken. We waren drie verschillende persoonlijkheden, maar
een erg goed team. Andreas, ik zal je ongelovelijke kloneerschema’s en het ‘French Pressen’ met
een motorhelm op nooit vergeten. Erik, vaak kwam je met de experimenten die de resulaten weer
net iets mooier maakten, en samen hebben de proeven toch nog af gekregen. Next to Erik and
Andreas, I should also thank Andreas Engel and the people working in his group in the Biozentrum
in Basel. Herve Remigy is thanked for the enormous effort he put in the electron microscopy and
single particle alignment described in chapter 6.
Lange dagen zijn ook gemaakt door de studenten die bij mij een onderwerp deden, Nancy, Marco,
John en Andreas. Ik heb jullie met plezier begeleid, en jullie hebben belangrijke bijdragen aan dit
proefschrift geleverd. Daarnaast wil ik de mensen waarmee ik het meeste contact gehad heb
bedanken : Andreas, Dirk-Jan (Nederlandse samenvatting) , Gert, Jack (de tips voor de layout),
Janny (zonder wie alles vast zou lopen), Jeanine, Jelto (mijn kamergenoot), Karel, Marieke, Nico en
Martin (bedankt voor het nakijken van het proefschrift), Paolo, Sonja K., Titia, Tanneke (dank je
voor de steun in de eerste jaren) en Wim (bedankt voor je bijdrage aan hoofdstuk 4). Ik besef dat ik
met het noemen van bovenstaande namen vele mensen, zeker uit de eerste jaren op het lab vergeten
ben. Het is haast onmogelijk om alle mensen waar ik een leuke tijd mee gehad te noemen. Daarom
wil ik hierbij in één zin alle mensen die in de groep Moleculaire Microbiologie hebben
rondgelopen, de mensen van het secretiaat, de keuken en het isotopenlab bedanken !!
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Niet alleen de mensen van het lab zijn de laatste jaren erg belangrijk geweest. Medebewoners van
Chopinlaan ‘3 Noord’ zijn bijna allemaal goede vrienden geworden. Ze begrepen dat ‘witte’
bacterieen een goeie dag op het lab betekende, en dat ik van blauwe bacterieen niet erg vrolijk
werd. Nadat iedereen van de flat verhuisd was, hebben we toch nog goed contact gehouden, en is de
groep van mensen waarmee we nog regelmatig ‘wandel en spelletjes’ week-einden/avonden
houden, of gewoon een avondje bij elkaar komen om bij te praten, steeds groter geworden. Ik hoop
dat ik de komende tijd minder vaak af zal moeten zeggen omdat het weer eens te druk is.
Hetzelfde geld voor Frank, Michiel en Rogier in Delft. Hele goede vrienden die ik de laatste jaren
eigenlijk te weinig heb gezien. Misschien de komende tijd weer.
Iedereen die mij kent weet hoe belangrijk basketbal voor mij is geweest. Alweer mijn 6e jaar by
Groene Uilen, in drie heel verschillende teams. Veel lol gemaakt, veel mooie, veel goede en ook
slechte wedstrijden gespeeld. Veel geleerd van trainers en medespelers. Ik had het niet kunnen en
willen missen.
Natuurlijk moet ik hier ook Margit noemen. Een groot deel van deze promotie zijn we ‘bij elkaar’
geweest, en als iemand heeft moeten leiden onder het labwerk dan ben jij het wel geweest. Het is
een fijne tijd gweest, maar het is helaas toch fout gegaan. Gelukkig zijn we als vrienden uit elkaar
gegaan.
Lieve paps en mams, de belangrijkste rol is voor jullie geweest. Jullie hebben me altijd
gestimuleerd om zo ver mogelijk door te gaan. Door jullie heb ik altijd zorgeloos door kunnen
studeren. Ik wilde altijd graag promoveren, en dat is nu (bijna) gelukt. Helaas dat mams het
allemaal niet mee heeft mogen maken. Dit boekje draag ik daarom aan jullie op.
Tenslotte Sonja, het is nog niet zo lang, maar ik hoop dat je weet wat ik voor je voel. Bedankt voor
je hulp bij de laatste loodjes. Ik zie de toekomst met vertrouwen tegemoed !
Tenslotte wilde ik alleen nog zeggen,
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Dit proefschrift draag ik op
aan mijn vader en mijn moeder
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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
9
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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
11
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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
12

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
14

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
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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
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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
25
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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
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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
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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
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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
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(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).

41

Chapter 1

42

SecYEG overexpression

SecA is an intrinsic subunit of the Escherichia coli
preprotein translocase and exposes its carboxylterminus to the periplasm
Chris van der Does, Tanneke den Blaauwen, Janny G. de Wit, Erik H. Manting, Nancy A. Groot,
Peter Fekkes, and Arnold J. M. Driessen
Summary
SecA is the dissociable ATPase subunit of the Escherichia coli preprotein
translocase, and cycles in a nucleotide-modulated manner between the cytosol and
the membrane. Overproduction of SecY, SecE and SecG, the integral subunits of the
translocase, results in an increased level of membrane-bound SecA. This fraction of
SecA is firmly associated with the membrane as it is resistant to extraction with the
chaotropic agent urea, and appears to be anchored by SecYEG rather than by lipids.
Topology analysis of this membrane-associated form of SecA indicates that it
exposes a carboxyl-terminal domain to the periplasmic face of the membrane.
Introduction
Export of proteins across the inner membrane of
Escherichia coli is catalysed by the preprotein
translocase. The preprotein translocase (226)
consists of the integral membrane subunits
SecY (543), SecE (234,239) and SecG
(255,259) and the peripheral subunit SecA
(79,176,544). Together these proteins suffice
for the energy-dependent translocation of
preproteins into reconstituted proteoliposomes
(226,255,256,259,261). The homodimeric SecA
recognises the signal sequence domain and
targets the preprotein to the membrane where it
interacts with negatively charged phospholipids
and the SecYEG complex. A subset of
preproteins first associates with the exportdedicated chaperone SecB (545,546) before
they are targeted to SecA (79,121). SecA is a
preprotein-stimulated ATPase (179) and
undergoes nucleotide-modulated cycles of
membrane
insertion
and
deinsertion

(184,314,363) It uses the energy of ATP
binding to insert into the cytoplasmic
membrane and to release the signal sequence
domain of the bound preprotein (343,363). The
interaction between SecA and the SecYEG
complex activates SecA for ATP hydrolysis
(79,179,226). This process drives the release of
the preprotein from SecA and promotes
deinsertion of SecA from the cytoplasmic
membrane. Preproteins may then be
translocated stepwise across the membrane
(343) through co-insertion with SecA (363)
A photo crosslinking approach that
employed a stable protein translocation
intermediate was used to show that SecA and
SecY, but not SecE or phospholipids, are in the
environment of the translocating chain of the
preprotein (325). This suggests that the
membrane-integrated form of SecA associates
with SecY to form a protein conducting
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Figure 1 Overexpression of the SecY, SecE, and SecG proteins in E. coli SF100 cells. (A) Coomassie
Brilliant Blue-stained SDS-PAGE of membranes derived from SF100 cells harbouring plasmids pET324
+
(control) (lane 1) or pET340 (SecYEG ) (lane 2). Positions of the molecular weight markers are indicated. (B)
+
Immunoblots of control and SecYEG membranes developed with pAbs raised against SecA and synthetic
peptides corresponding SecY, SecE, and SecG domains. Anti-SecY pAb stains in addition to intact SecY,
two amino-terminal degradation products of SecY with apparent molecular masses of about 24 and 14.5
kDa.

channel. A 30 kDa SecA fragment was found to
be resistant to proteolytic treatment of E. coli
inside-out membrane vesicles (ISO) during in
vitro preprotein translocation in the presence of
ATP. It has been suggested that this domain
penetrates the membrane to expose a region to
the periplasmic face of the membrane (363).
Another study, however, suggests that even
without translocation, SecA may completely
traverse the membrane and expose domains to
the periplasmic face of the membrane (284).
Some cellular SecA is intimately associated
with the cytoplasmic membrane (547) and can
only be partly removed by treating the
membranes with urea (344,369). It is not known
which part or domain of SecA associates with,
or inserts into the membrane. It is also not
obvious what the relation is between the
membrane-inserted state of SecA under
translocating (363) and non-translocating (284)
conditions.
We now show that the high level,
plasmid-directed
overexpression
of
the
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heterotrimeric integral membrane domain of the
translocase results in an increased level of
SecA membrane association. This form of SecA
is active in translocation and appears to be
firmly attached to the membrane while it
exposes a carboxy-terminal domain to the
periplasmic face of the membrane under nontranslocating conditions. It is concluded that
SecA is an intrinsic membrane-protruding
subunit of the translocase, and the possible role
of membrane anchoring is discussed.
Results
Overexpression of SecY, SecE and SecG
To achieve overexpression of the integral
subunits of the preprotein translocase, a
synthetic operon was created with the gene
order: secY-secE-secG, and placed behind the
inducible T7 and trc promoters (Table 1).
Inducible overexpression of a secE-secY-secG
construct has been reported by Douville et al.
(548). Different combinations of strains and
plasmids
were
checked
under
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Table 1. Bacterial strains and plasmids.
Strain/Plasmid
E. coli strains
DH5α
JM105
NO2947
BL21(DE3)
SF100
UT5600
Plasmids
pBlueIISK+
pUC19
pTRC99A
pET301
pET313
pET316
pET329
pET338
pET340
pET347

Relevant characteristic
supE44 ∆lacU169 (∆80lacZαM15) hsdR17 recA1 endA1 gyrA96 thi-1 relA1
supE endA sbcB15 hsdR4 rpsL thi ∆ (lac-proAB)
∆lac[IPOZYA], araD139, ∆ [ara-leu]7697, galU, galK, rpsL, recA56 srl::Tn10, rkmk
hsdS gal (∆cIts857 ind1 sam7 nin5 lacUV5-T7 gene1
F ∆lacX74 galE galK thi rpsL (strA) ∆phoA(PvuII), ∆ompT
F ara14 leuB azi6 lacY1 proC14 tsx67 (∆ompT-fepC)266 entA403
trpE38 rfbD1 rpsL109 xyl5 mtl1 ompP
amp T7 promoter
amp lacZ al., 1985
amp trc promoter 1988
pTRC99A with NcoI-BamHI fragment (secE) of pET316
pSK(II)+ with KpnI-ClaI PCR fragment of secY pET314
pSK(II)+ with ClaI-BamHI PCR fragment of secE pET324
pSK(II)+ with SalI-ClaI PCR fragment of secY pET335
ClaI-BamHI fragment of pET316 cloned into pET347 (T7, secYEG)
NcoI-XbaI fragment of pET338 cloned into pET324 (trc, secYEG)
BamHI-XbaI fragment of pET314 cloned into pET335 (T7, secYG)

inducing conditions for expression levels of the
SecY, SecE and SecG proteins by SDS-PAGE
(sodium dodecyl sulfate polyacrylamide gel
electrophoresis)
(Figure
1A)
and
immunoblotting (Figure 1B) of isolated
membranes. Although with all strains and
constructs substantial overexpression of SecY,
SecE and SecG could be achieved, the highest
levels were obtained with the ompT deletion
strain SF100 transformed with a vector
harbouring the secYEG synthetic operon under
control of the inducible trc promoter (pET340)
(Figure 1). Based on quantification of
Coomassie Brilliant Blue stained gels, the SecY
polypeptide represents at least 15% of the
membrane proteins in this strain. Further
experiments were performed with membranes
derived from SF100 cells harbouring either
pET340 (SecYEG+) or pET324 (control).
Functional characterization
membrane vesicles

of

SecYEG+

To establish whether the SecYEG complex was
functionally overexpressed, the preproteinstimulated
translocation
ATPase
and
translocation activity of ISO membrane vesicles
derived from SecYEG+ and control cells was
determined. Membranes were extracted with
6 M urea to inactivate the membrane-resident
SecA (344). Even after this treatment, a
significant level of translocation ATPase
activity was detected in the SecYEG+
membranes, i.e., 50 ± 7 nmol of released Pi/mg
protein/min (n = 9). Addition of purified SecA
dramatically stimulated the translocation
ATPase activity to a level of 380 nmol/mg of
protein/min. The translocation ATPase activity
of control membranes was negligible in the
absence of added SecA (< 2 nmol/mg of
protein/min) and increased to about 80 nmol/mg
of protein/min in the presence of SecA.
To preclude that translocation is limited
by the availability of preprotein, chemical
amounts of 125I-labeled proOmpA were used to
assay for translocation, rather than in vitro
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2C). Even in the absence of added SecA, a low
but significant level of ATP-dependent
proOmpA translocation was observed with the
urea-treated SecYEG+ membranes (Figure 2C).
As expected (344,549), a strict requirement for
SecA addition was not evident when non-urea
treated membranes were used (Figure 2A),
while addition of an excess purified SecA
resulted in a 2-fold stimulation of translocation
(data not shown). In control membranes, a
greater fraction of the translocated proOmpA
was processed to OmpA as compared to
SecYEG+ membranes (Figure 2A), suggesting
that the amount of leader peptidase in SecYEG+
membranes is a limiting factor in processing.
These data demonstrate that the SecYEG
complex is overproduced in a functional state.

Figure 2 Overexpressed SecYEG complex is active
in preprotein translocation. Time course of the
125
translocation of I-labeled proOmpA into native (A)
and urea-extracted (B) ISO membrane vesicles
+
derived from control and SecYEG cells. (C)
Quantification of the translocation of proOmpA into
urea-extracted membranes derived from control
+
(circles) and SecYEG cells (squares) assayed in
the absence (closed symbols) and presence (open
symbols) of 40 µg of SecA/ml. The translocation of
+
proOmpA into urea-treated SecYEG membranes in
the presence of SecA and in the absence of ATP is
also shown (open diamonds).

synthesised 35S-proOmpA. In the presence of an
excess of purified SecA, SecYEG+ membrane
vesicles showed an enhanced (4- to 5-fold) rate
of 125I-proOmpA translocation (Figure 2B and
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Overexpression of SecYEG increases the
amount of SecA that is tightly associated with
the membrane
The total amount of SecA in both control and
SecYEG+ cells was determined by quantitative
immunoblotting using dilution series. SecYEG+
cells consistently contained about 1.3 ± 0.1
(n=3) times the amount of total SecA found in
the control cells. To examine the cellular
distribution of SecA, extracts obtained by
sonication were separated into a soluble
(cytosolic) and pellet (membrane) fraction by
ultracentrifugation analogous to the method
described by Cabelli et al. (547) SecYEG+
membranes contained a larger amount of
membrane-bound SecA than the control
membranes (Figs 3A and B). The increase in
SecA membrane association was accompanied
with a slight decrease of the SecA present in the
cytosolic fraction. Sucrose-gradient purified
SecYEG+ membranes used for the translocation
assays shown in Figure 2B, bear about 3-4 fold
more SecA than the control membranes
(Figure 1B, and Figure 3B). When membranes
were extracted with 6 M urea, nearly all of the
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Figure 3 Overproduction of the SecYEG complex
increases the amount of membrane-associated
SecA. (A) Subcellular location of SecA in control
+
and SecYEG cells. Cell lysates (lane 1, control;
+
lane 2, SecYEG ) were fractionated into a soluble
+
(control, lane 3; SecYEG , lane 4) and pellet
+
(control, lane 5; SecYEG , lane 6) fraction by
centrifugation. The pellet fraction was resuspended
in the original volume of fresh buffer, and of each of
the fractions, identical volumes were loaded on
SDS-PAGE, blotted and immunostained with an
anti-SecA pAb. (B) Urea-extraction of SecA from
+
control and SecYEG ISO vesicles. As indicated,
membrane vesicles (0.5 mg of protein/ml) in 50 mM
TrisCl, pH 7.6 were incubated for 30 min at 4°C with
or without 6 M urea. Membranes were subsequently
collected by ultracentrifugation (TLA100, 200,000 x
g, 60 min), washed once, and resuspended in
identical volumes of 50 mM TrisCl, pH 7.6. Equal
volumes of the various fractions (about 12 µg of
protein for non-urea treated membranes) where
applied on an SDS-PAGE, and further analysed by
immunoblotting with a pAb against SecA. The blot
was quantified by densitometric scanning. The
amount of SecA associated to non-urea treated
+
SecYEG vesicles was set to 100%.

SecA is tightly associated to the integral domain
of the translocase.

SecA was
membranes,

removed

from

the

control

while in SecYEG+ membranes only a fraction
was removed (Figure 3B). A second extraction
of these membranes with urea did not further
reduce the amount of membrane-bound SecA
(data not shown). Taken together, these results
indicate that upon SecYEG-overproduction, a
greater share of the cellular SecA is membraneassociated, consistent with the observation that
SecYEG overexpression increases the number
of high affinity SecA binding sites (548). A
considerable portion of the SecA bound to
SecYEG+ membranes, however, resists ureaextraction suggesting that this subfraction of

Increased membrane association of SecA is
not due to a changed phospholipid content
The level of SecA membrane association is
known to vary with the phospholipid
composition of the membrane (315,327). To
exclude that the extra SecA membrane binding
is due to an altered phospholipid content in cells
overexpressing SecYEG, the phospholipid
composition of membranes derived from the
SecYEG+ and control cells was determined. No
significant difference was detected in the
phospholipids per mg of cellular protein
between both cell types (Table 2). The total
amount of chloroform/methanol extractable
amount of acidic phospholipids (cardiolipin and
phosphatidylglycerol) increased only slightly
from 27 to 33 mol% in the SecYEGoverproducing strain (Table 2). Since the
substitution
of
all
of
the
phosphatidylethanolamine
for
acidic
phospholipids causes only a two-fold increase n
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the amount of membrane-associated SecA
(327), it is concluded that the moderate change
in phospholipid composition in the SecYEGoverproducing strain cannot account for the
large increase of membrane-bound SecA.

Table 2. Phospholipid composition of the parental
and SecYEG overproducing E. coli strain SF100.
a
Phospholipid composition is expressed in mol%
on the basis of phosphate content and set to
100% for the three dominant lipid species. The
remainder of the phospholipids, i.e., less than 1%,
b
was lysophosphatidylethanolamine. Amount of
chloroform/ methanol extractable phospholipid per
mg of cell protein.
Phospholipid

Control
pET320

Phosphatidylethanolamine
Phosphatidylglycerol
Cardiolipin
Phospholipid:protein ratio

SecYEG
pET340

a

67%

a

21%
a
12%

73%

22%
a
5%

a

a

b

nmol Pi/mg of protein
1.26
1.23

SecYEG-associated SecA penetrates the
membrane and exposes a domain to the
periplasmic face of the membrane
To determine if the SecYEG-bound SecA is in a
membrane-inserted
state,
the
trypsinsusceptibility of SecA was analysed in
rightside-out (RSO) membrane vesicles that
expose the periplasmic membrane face to the
outside, and in ISO membrane vesicles that
expose the cytosolic face of the membrane to
the outside. The orientation of the membrane
vesicles was confirmed by analysing the
trypsin-susceptibility of the β-subunit of the F1domain of the F1F0-ATPase as a marker of the
cytosolic face of the membrane, and penicillin
binding protein 1B (PBP1B) as a marker of the
periplasmic face of the membrane. PBP1B is a
periplasmic protein that is anchored to the
cytoplasmic membrane by an amino-terminal
membrane spanning segment (550,551). ISO
and RSO membrane vesicles were incubated for
15 min on ice (PBP1B) or 3 hrs at 30 °C (F1-β)
with increasing trypsin concentrations and
analysed by SDS-PAGE and immunoblotting.
PBP1B was readily digested in the RSO

+

Figure 4 Trypsin-accessibility of SecA in ISO and RSO membrane vesicles of control and SecYEG cells. (A)
Trypsin digestion of the F1-β subunit of the F1F0-ATPase (F1) (cytosolic membrane face marker) and penicillin
binding protein 1B (PBP1B) (periplasmic membrane face marker) in ISO and RSO membrane vesicles of
+
SecYEG cells. Membranes were incubated with trypsin as described in the Experimental Procedures
section, and after quenching of the proteolysis by the addition of trypsin inhibitor, the vesicles were analysed
on a 10% SDS-PAGE. Immunoblots of trypsin-treated ISO and RSO membrane vesicles were developed
with pAb against F1-β or a mAb F2-12 against PBP1B. (B) Trypsin digestion of SecA in ISO membrane
+
vesicles of control and SecYEG cells. (C) Trypsin digestion of SecA in RSO membrane vesicles of control
+
and SecYEG cells. Immunoblots in (B) and (C) were developed with a pAb against SecA. The open arrow
indicates the tryptic 98 kDa SecA fragment formed in RSO membrane vesicles.
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membrane vesicles (Figure 4A, data shown for
SecYEG+ membranes alone, but identical
results were obtained with control membranes).
From the PBP1B digestion pattern, it appears
that these membranes are contaminated with
about 19% ISO membrane vesicles. Such levels
are typical for osmotic lysis vesicles (552,553).
Apart from the small amino-terminal cytosolic
domain, PBP1B is almost completely resistant
to proteolysis in ISO membrane vesicles. As a
complementary result, F1-β was found to be
readily digested by trypsin in ISO membrane
vesicles, whereas it was far less trypsin
susceptible in RSO membrane vesicles (Figure
4A). At very high trypsin concentration, the F1β was entirely digested in RSO membrane
vesicles indicating that under those conditions
the vesicles are no longer sealed. It is important
to note that F1-β is far more resistant to trypsin
(554); Figure 4A) as compared to PBP1B
(Figure 4A) or SecA (Figure 4B, and see
below). These results, therefore, not only
demonstrate the correct sidedness of the
vesicles, but also show that the integrity of the
vesicles is not compromised under conditions
that the trypsin treatment leads to a digestion of
SecA.
SecA was readily digested by trypsin in
ISO membrane vesicles (Figure 4B), consistent
with the notion that SecA exposes large
domains to the cytosolic side of the membrane.
Free SecA was about 50-fold more sensitive to
trypsin-digestion as compared to the SecA
bound to ISO membranes. On the other hand, in
RSO membrane vesicles of the control only
limited proteolysis of SecA occurred, and a
subfraction was digested to a 98 kDa fragment
that was not further proteolysed (Figure 4C).
Strikingly, almost all of the SecA in the
SecYEG+ RSO membrane vesicles was digested
to the 98 kDa fragment, while only a small
fraction of the SecA remained intact. Taking
into account that the samples were normalised

Figure 5 The 98 kDa tryptic SecA fragment lacks its
carboxyl-terminus. (A) RSO membrane vesicles of
+
control and SecYEG cells were incubated with 110
U/ml trypsin as described and analysed by
immunoblotting using an anti-SecA pAb and pAb
1045 was raised against a synthetic peptide that
recognises the carboxy-terminal 20 amino acid
residues of SecA. The amount of membrane protein
loaded on the gel was 12 µg. (B) RSO membrane
vesicles of control cells were incubated with 100
U/ml trypsin, and biotinylated with biotin-maleimide
(MPB) as described in the Experimental Procedures
section. SecA protein was immunoprecipitated with
anti-SecA pAb, and analysed by immunoblotting
using an oAb against SecA, and a Streptococcal
avidin-alkaline phosphatase conjugate to detect the
biotin. The tryptic 98 kDa SecA fragment is
indicated by the open arrow. The additional band
stained by avidin-APase is an unrelated protein that
is co-immunoprecipitated by the anti-SecA pAb, but
is not recognised by the oAb.

for SecA protein prior to loading on the gel to
correct for the increased level of SecA
membrane association in SecYEG+ membranes
as compared to the control (Figure 3), the data
demonstrate that in the SecYEG-overproducing
strain a greater amount of membrane-bound
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SecA exposes a trypsin cleavage site to the
periplasmic face of the membrane.
The 98 kDa tryptic fragment of SecA lacks the
carboxyl terminus
The tryptic 98 kDa fragment found in RSO
membrane vesicles either represents an aminoor carboxy-terminal truncate of SecA. To
determine the identity of this fragment, a pAb
was raised against a synthetic peptide that
corresponds to the carboxy-terminal 20 amino
acids of SecA. In trypsin-treated control and
SecYEG+ RSO membrane vesicles, the
antibody detected the intact SecA but failed to
immunostain the tryptic 98 kDa fragment
(Figure 5A). Immunostaining of the same blot
with a pAb against SecA confirms the presence
of the intact SecA and the 98 kDa fragment
(Figure 5A). As an alternative approach, the
carboxy-terminal Cysteines of SecA were
biotinylated with 3-(N-maleimidylpropionyl)biotin (MPB) (555). SecA has Cysteinyl
residues at amino acid residue positions 98, 885,
887, and 896, of which the Cysteine at position
98 is poorly accessible for bulky maleimides
(130). RSO membrane vesicles of control cells
were incubated with trypsin to convert a
fraction of the SecA into the 98 kDa fragment.
Although MPB is membrane permeable (556),
membranes were sonicated in addition during
the
biotinylation
to
assure
complete
equilibration of the MPB across the membrane.
Subsequently, SecA was immunoprecipitated
with a pAb against SecA and analysed by
immunoblotting. Both the intact SecA and 98
kDa fragment were immunoprecipitated from
the trypsin-treated RSO membrane vesicles by
the SecA pAb as both forms were detected by a
mouse oAb (oligoclonal, i.e. a mixture of
mAbs) (Figure 5B). Staining of the same
sample with avidin-conjugated alkaline
phosphatase, in order to identify biotinylated
proteins, only stained the intact SecA and not
the 98 kDa SecA fragment (Figure 5B). These
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data indicate that the SecYEG-bound SecA
exposes a carboxy-terminal domain to the
periplasmic face of the membrane that is
accessible to externally added trypsin. Based on
the loss of a 4 kDa fragment, the trypsin
cleavage site is most likely after Arg850.
Discussion
In recent years, compelling evidence has
demonstrated that the E. coli preprotein
translocase consists of the SecA, SecY, SecE
and SecG proteins (For reviews, see (557,558)).
The SecA subunit is particularly intriguing as it
is a preprotein-stimulated ATPase that exists in
soluble and membrane-bound forms (547),
while the membrane-bound form may alternate
between a surface-bound and membraneintegrated state (314,363). The functional
overexpression of the SecY, SecE, and SecG
proteins from a tandem gene construct has been
reported before (548), but the impact of the
overexpression on the SecA-membrane
association and topology has not been studied.
We now show that in a SecYEG overproducing
strain, the level of membrane-bound SecA is
elevated with most of the protein firmly
associated with the membrane. The increased
membrane binding at the SecYEG complex is
due to a shift of the cytosolic SecA pool to the
membrane bound form and slight increase in
total amount of cellular SecA. Further
examination of the SecA membrane topology
demonstrates that the protein exposes a
carboxy-terminal region to the periplasmic face
of the membrane. It is concluded that SecA is a
membrane-protruding
subunit
of
the
translocase, even under conditions in which it is
not involved in protein translocation.
SecA binds with low affinity to
phospholipids (311), and with high affinity
(Kd ~ 40 nM) to the SecYEG complex (79). To
observe high-affinity SecA binding (79) and
translocation strictly depending on the addition
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of purified SecA (344), membrane vesicles need
to be extracted with urea. This treatment only
partly removes the SecA from the membrane
(369, 547, this study), while it has been argued
that the urea-resistant SecA retains the ability to
translocate
preproteins
(369).
SecYEG
overproduction results in an increased number
of SecA high affinity binding sites in ureaextracted membranes (548). Our study
elaborates on this observation and demonstrates
that the overproduction of the SecYEG complex
elevates the amount of membrane-bound SecA
without a notable change in the lipid
composition. Most of the additionally bound
SecA cannot be extracted by 6 M urea nor by
100 mM sodium hydrogen carbonate, pH 10 (C.
van der Does, unpublished results) and it thus
seems, that a significant fraction of the
membrane-bound SecA in the overproducing
strain is firmly associated with the SecYEG
complex. This form of SecA is catalytically
active, as urea-treated membranes retain a
significant level of translocation ATPase and
translocation activity.
SecA penetrates the cytoplasmic
membrane with a domain that is periplasmically
exposed (284). This inserted state has been
detected under conditions that the secDF locus
is overproduced (559), while the translocase is
not actively involved in protein translocation.
The present study shows that the functional
overproduction of the SecYEG proteins results
in a larger fraction of membrane-bound SecA
that is accessible to trypsin in RSO membrane
vesicles. In contrast to the study of Kim et al.,
(284), SecA is not completely digested but only
truncated to a 98 kDa tryptic fragment. Two
independent techniques were used to determine
whether trypsin cleaves the SecA at the
carboxy- or amino terminus. In contrast to intact
SecA, the 98 kDa fragment could not be
immunostained by an anti-peptide antibody that
recognises the carboxy-terminal 20 amino acids
of SecA, and could not be alkylated by biotin-

maleimide that reacts with the Cysteine residues
present in the carboxyl-terminus of SecA.
Therefore, these data suggest that the SecYEGassociated SecA protrudes the cytoplasmic
membrane with a carboxy-terminal domain.
This region has been implicated in membrane
binding before (126), but not in the context of
the SecYEG-complex. It also seems to be
involved in coupling ATP hydrolysis to protein
translocation, and the interaction of SecA with
SecB (126,128, P. Fekkes, unpublished results).
Although the carboxyl-terminal region is not
essential for SecA activity per se, it is essential
for growth and its removal interferes with in
vitro translocation.
It has been shown that a membraneprotected tryptic 30 kDa fragment of SecA is
formed when the protein is actively involved in
translocation (363), or when it is supplied with a
non-hydrolysable ATP analogue such as AMPPNP (285). Overexpression of SecD and SecF
stabilise the membrane inserted tryptic 30 kDa
SecA fragment at the SecYEG complex (285).
In native membrane vesicles, the carboxylterminus of SecA protrudes to the periplasmic
side of the membrane (this study).
Mechanistically, membrane penetration of the
carboxyl-terminus of SecA may serve to anchor
the protein stably at the SecYEG complex. This
may allow an efficient ATP-driven movement
(i.e., the creation of a “pushing” force) of
another SecA domain into the membrane
concurrently with a preprotein segment (363)
driving the stepwise translocation of the
preprotein. Such a model would explain why
truncation of the carboxyl-terminus results in a
poorer coupling of ATP hydrolysis to preprotein
translocation (126,560) without losing the
ability to support translocation.
In conclusion, the current study suggests
that SecA is an intrinsic subunit of the
translocase complex and protrudes the
membrane while it is associated with the
SecYEG complex. In this respect, it seems to
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resemble the ATPase domains of binding
protein-dependent transport systems that stably
penetrate the membrane while in association
with the integral membrane subunits (561).
Unlike these ATPase subunits, SecA is a
dissociable subunit (184,363). It will be
important to define the molecular details of
SecA membrane insertion, how the different
domains and subunits of the SecA dimer are
involved in this process, and how this process is
linked to preprotein translocation.
Materials and methods
Materials
E. coli SecA (344,549), SecB (77), and
proOmpA (562) were purified as described.
Purified ProOmpA was labeled with carrier-free
125
I (Radiochemical Centre, Amersham, U.K.)
to a specific activity of about 4 x 104 cpm/µmol
according to the following procedure. Purified
ProOmpA (100 µg) was suspended in 200 µl
buffer A (50 mM TrisCl pH 7.6, 6 M Urea,
50 mM KCl, 5 mM MgCl2), and transferred to a
reaction vial coated with IODO-GEN Iodination
Reagent (Pierce, Rockfors, IL). The reaction
was started by adding 2 µl K125I (200 µCi),
incubated for 15 min at room temperature, and
terminated by transfering the mixture into a new
reaction vial containing DTT at a final
concentration of 10 mM. Free iodine was
removed by chromatography on a PD-10
Sephadex column (Pharmacia Biotech AB,
Uppsala, Sweden) which was prewashed with
buffer A containing 1 mM DTT.
SecA polyclonal antiserum (pAb) 1045
(Neosystem Laboratoire, Strasbourg, France)
was raised against the synthetic peptide H2NGRNDPSPCGSGKKYKQCHGR-COOH, and
recognises amino acid residues 879-901 of
SecA. The mouse oAb is a mixture of mAbs
raised against different epitopes of E. coli SecA
(T. den Blaauwen, unpublished results). pAbs
against synthetic peptides corresponding to
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amino acid residues 64-81 of SecE (H2NKGKATVAFAREARTEVRK), and 88-97 of
SecG (H2N-APAKTEQTQP) were raised by
Research Genetics Inc. (Huntsville, AL,
U.S.A.). pAbs directed against SecY, SecA and
SecB were from W. Wickner (Dartmouth
College, Hanover, NH, U.S.A.), the pAb against
the cytosolic F1 domain of the E. coli ATPase
was from K. Altendorf (Universität Osnabrück,
Osnabrück, Germany) and the mAb F2-12
against PBP1B was from N. Nanninga
(University of Amsterdam, Amsterdam, The
Netherlands). Trypsin (specific activity of
11,000 U/mg of protein), and soybean trypsin
inhibitor were purchased from Sigma Chem.
Co. (St Louis, MO, U.S.A.), Proteinase K was
from Boehringer (Mannheim, Germany), and 3(N-maleimidpropionyl)biotin (MPB) was from
Molecular Probes (Eugene, OR, U.S.A.).
Bacterial strains and growth conditions
The strains used are shown in Table 1. Unless
indicated otherwise, strains were grown
aerobically at 37°C on L-broth supplemented
with 50 µg of ampicillin/ml until the end of the
logarithmic phase. For the induction of plasmid
encoded genes under control of an isopropyl-1thio-β-D-galactopyranoside (IPTG) inducible
promoter, exponentially growing cultures were
supplemented with 0.5 mM IPTG at OD660 ~
0.5 and grown for another 2 hrs.
Construction of a synthetic operon containing
the secY, secE and secG genes
To construct a synthetic secYEG operon,
individual genes were amplified from E. coli
chromosomal DNA by PCR using the primers
described in Table 3. All PCR reactions were
done with Pwo polymerase (Boehringer
Mannheim, Germany) using a Biometra triothermoblock (Biometra, Göttingen, Germany)
according to the manufacturer’s recommendations. The PCR products contained the entire
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Tabel 3. Mismatch oligonucleotides and PCR amplification primers. Recognition sites of indicated restri
enzymes are underlined. Introduced ribosome binding sites, start and stop codons are indicated in bold.
Primer

Sequence

Mismatch oligonucleotide
secY∆ClaI

5'-CGGCGAAGTAGTCGACAAAGTAATG
SalI

PCR amplification primers
secY, forward

5'-CGCGGTACCAGGAGTAGCCCATGGCTAAAC
KpnI

secY, reverse

NcoI

5'-GGCATCGATTTATCGGCCGTAGCC
ClaI

secE, forward

5'-GCGATCGATAGGAAACAGACCATGGGTGCGA
ClaI

secE, reverse

NcoI

5'-GCGGATCCTTAGAACCTCAGGCCAGTG
BamHI

secG, forward

5'-GCGGATCCAGGAGTTGATTATGTATGAAGCTC
BamHI

secG, reverse

5'-CGTCTAGATTAGTTCGGGATATCGC
XbaI

genes with new ribosome binding sites (RBS),
and new restriction sites directly in front of the
RBS or directly after the stop codon. In
addition, new NcoI sites were created in the start
codons of secY and secE to facilitate the cloning
in various expression vectors. The introduction
of the NcoI site in secE caused a substitution of
the serine at position 2 into a glycine. The secY
gene contains a internal ClaI site. To simplify
cloning procedures this ClaI site was removed
by PCR using the secY∆ClaI and the secY
reverse primer. PCR fragments were digested
with KpnI/ClaI (secY), ClaI/BamHI (secE),
BamHI/XbaI (secG), and SalI/ClaI (secY∆ClaI),
cloned in pBluescript II SK+ (Stratagene, La
Jolla, CA, U.S.A.) and sequenced on a Vistra
DNA
sequencer
725
(Amersham,
Buckinghamshire, England) using the automated
∆taq sequencing kit of Amersham. A synthetic
operon of secY-secE-secG under control of the
T7 promoter in pBluescript II SK+ was derived
from the single gene constructs by standard
cloning techniques (See Table 1). To place the

synthetic secYEG operon under control of the
trc promoter, the partially digested large
NcoI/XbaI fragment from pET338 was cloned in
pET324 digested with NcoI/XbaI to yield
pET340. The pET324 vector was derived from
pTRC99A. The lacZα gene from pUC19 (563)
was cloned into the multiple cloning site of
pTRC99A to obtain pET324 that allows
blue/white screening on IPTG/X-gal plates.
Overexpression of SecY, SecE, and SecG,
subcellular fractionation, and immunoblotting
Cells overexpressing SecY, SecE, and SecG
were grown as described above, harvested by
centrifugation, washed once with 20% glycerol,
50 mM TrisCl, pH 8.0 and resuspended in the
same buffer. The cell suspension (20 mg of
protein/ml) was sonicated on ice with a
Soniprep 150 (MSE Instruments, Crawley,
U.K.) using 30 pulses of 15 seconds duration at
6 micron. Cell debris was removed by low
speed centrifugation (Eppendorf, 4.000 x g,
5 min), and the supernatant (lysate) was
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fractionated in a soluble (cytoplasmic) and
pellet
(membrane)
fraction
by
ultracentrifugation (TLA100, 200,000 x g, 60
min). Pellet fractions were resuspended in 50
mM NaPi, pH 7.0 in a volume identical to that
of the original cell lysate. Equal volumes of the
fractions were analysed on 10 or 15% SDSPAGE (Laemmli, 1970) stained with Coomassie
Brilliant Blue or blotted on PVDF membranes
(Millipore, Bedford, MA, U.S.A) using a semidry blotter (Biorad, Hercules, CA, U.S.A.).
Immunodetection was carried out with pAb
raised against synthetic peptides corresponding
to regions of SecY, SecE, and SecG, and a pAb
raised against SecA. Blots were developed with
the chemiluminescence kit (Tropix, Bedford,
MA, U.S.A.).
Isolation of membrane vesicles and trypsin
digestion
ISO and RSO membrane vesicles of E. coli
SF100 cells were isolated (552,553) and stored
in liquid N2. Vesicles (0.65 mg protein/ml; final
volume 50 µl) were incubated with various
trypsin concentrations (0.0022-1.8 mg/ml) for
15 min on ice for SecA and PBP1B, and 3 hrs at
30 °C for the cytosolic F1-β- subunit of the
E. coli F1F0-ATPase. The proteolysis was
stopped by addition of soybean trypsin inhibitor
(5 µl of a 10 mg/ml solution), and 10 µl (about
6 µg of membrane protein) of this suspension
was loaded on 10% SDS-PAGE. In the case of
SecA digestion, the samples were normalised
with respect to the amount of SecA present in
the membranes prior to loading on the gels.
Immunoblotting and detection were carried out
with a pAb against SecA, a pAb against the
β-subunit of the F1-domain, and mAb F2-12
against PBP1B (551). Blots were developed
with alkaline phosphatase conjugated anti-rabbit
and anti-mouse IgG (Sigma) and bromo-4chloro-3-indolyl
phosphate/p-nitro
blue
tetrazolium or a chemiluminescence kit (Tropix,
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Bedford,
MA,
U.S.A.).
Films
were
densitometrically scanned using a Dextra DF2400T
scanner
(Dextra
Technology
Corporation, Taipei, Taiwan ) and analysed
using SigmaScan/Image (Jandel Corp., San
Rafael, CA, U.S.A.).
Maleimidpropionyl-biotinylation (MPB) of
SecA
The sulfhydryl groups of SecA in RSO
membrane vesicles (0.65 mg protein/ml), which
were incubated without or with trypsin
(9 µg/ml), were alkylated with the membranepermeable maleimide derivative (555,556) as
follows: before trypsin digestion, the Cysteines
of SecA were reduced in 50 mM TrisCl pH 7.6,
0.1 mM DTT for 30 min on ice. Prior to
alkylation with 0.8 mM MPB for 30 min on ice,
the DTT was diluted to 0.015 mM by the
addition of 50 mM TrisCl, pH 7.6, and the
samples were sonicated to rapidly distribute the
MPB across the membrane. The reaction was
quenched by incubation for 20 min on ice in the
presence of 80 mM DTT. Samples were
immunoprecipitated with a pAb against SecA
and analysed by SDS-PAGE. Immunoblotting
and detection were carried out with an oAb
against SecA and on an identical immunoblot
with Streptococcus avidin-alkaline phosphate
conjugate (Boehringer Mannheim, Germany)
using the chemiluminescence kit.
In vitro translocation and SecA translocation
ATPase assays
In vitro translocation of 125I-labeled proOmpA
into inner membrane vesicles of E. coli was
assayed by its accessibility to added proteinase
K (344). Reaction mixtures (50 µl) contained:
50 mM HEPES-KOH, pH 7.5, 30 mM KCl,
0.5 mg/ml BSA, 2 mM DTT, and 2 mM
Mg(OAc)2, 0.5 µg of SecA protein, 1.6 µg of
SecB protein, 2 mM ATP, inner membranes
(15 µg of protein), 10 mM creatine phosphate,
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and 0.5 µg creatine kinase. Reactions were
initiated by the addition of 1 µl of 125I-labeled
proOmpA (0.4 µg) and translocation was
followed in time at 37°C. Samples were treated
with proteinase K (0.1 mg/ml) for 15 min. on
ice, precipitated with 7.5% (w/v) TCA, washed
with acetone, and solubilised in SDS sample
buffer. Samples were separated by 10% SDSPAGE and analysed by autoradiography.
Translocation ATPase of 6 M ureaextracted membranes (344) was measured as
described (179) except that the reactions (50 µl
final volume) were supplemented with 1.6 µg of
SecB.
Other analytical techniques
The protein concentration of whole cells was
determined by the method of Lowry (564) in the
presence of SDS using bovine serum albumin as
a
standard.
Phospholipids
were
chloroform/methanol extracted according to
Blight and Dyer (565) and Ames (566), and
stored
at
-20
under
N2
in
°C
chloroform/methanol (1:2 v/v). Inorganic
phosphate was determined using the method of
Rousser (567). Phospholipids (700 nmol of
inorganic phosphate) were spotted on precoated
silica gel plates (Merck, Kieselgel 60) and
separated by two dimensional thin layer

chromatography using the following solvent
systems: A. chloroform/methanol/ammonia/
water (90:54:5.5:5, v/v), and B. chloroform/
methanol/acetic acid/water (90:40:12:2, v/v).
For the identification of the phospholipid
species, chromatograms were stained with I2
vapour (lipids) and ninhydrin (amino groups),
and compared with the chromatographic
behaviour
of
phospholipid
standards.
Phospholipids were stained by the method of
Dittmer and Lester (568), excised from the
silica gel, and quantified by determination of
phosphorous content.
Aknowledgements
We would like to thank Prof. Dr. Karlheinz
Altendorf for the pAb against the β-subunit of
the F1-domain, Dr. N. Nanninga for the mAb
against PBP1B, and Drs. Karry Linton and Jan
Knol for strain SF100 and NO2947,
respectively. The technical expertise of Wieny
Kuiper and Harry Gosker is appreciated. These
investigations were supported by a PIONIER
grant of the Netherlands Organisation for
Scientific Research (N.W.O.), and the Life
Sciences Foundation (S.L.W.) which is
subsidised by N.W.O.

55

Chapter 3

56

SecYEG purification

Interaction between SecA and SecYEG in micellar
solution and formation of the membrane-inserted state
Chris van der Does, Erik H. Manting, Andreas Kaufmann, Marco Lutz, and Arnold J. M. Driessen
Summary
Preprotein translocation in Escherichia coli is mediated by the translocase with
SecA as peripheral ATPase and SecY, SecE and SecG as membrane domain. To
facilitate largescale purification of the SecYEG heterotrimer, SecY was fused at its
amino-terminus to a hexa-histidine tag and co-overexpressed with SecE and SecG.
The presence of the his-tag allowed purification of homogeneously pure SecYEG
complex by a single anion-exchange chromatographic step starting from
octylglucoside-solubilised inner membranes. Endogenous levels of SecD and SecF
co-purified with the SecYEG protein. Purified SecYEG complex retained a nativelike, α-helical conformation in octylglucoside and in micellar solution bound SecA
with high affinity. In the presence of the nonhydrolysable nucleotide analogue
adenosine 5’-(β
β,γγ-imidotriphosphate), octylglucoside-solubilised SecYEG is nearly
as effective as the reconstituted enzyme in inducing the formation of a
proteinase K-protected 30 kDa fragment of 125I-labeled SecA, while SecYEG is
proteolysed to fragments smaller than 6 kDa. These data demonstrate that the 30
kDa SecA fragment is neither protected by the lipid phase nor by SecYEG, but
rather indicate that it represents a SecYEG- and nucleotide-induced stable
conformational state of a SecA domain.
Introduction
The last decade has seen a major advance in the
study of bacterial protein translocation (for
reviews see (557,558)). The components
involved in the translocation reaction have been
genetically identified, biochemically purified,
and the translocation reaction as it proceeds
across the inner membrane of Escherichia coli
has been reconstituted in liposomes using
purified components (226,261). The general
secretion pathway in E. coli consists of a
cytoplasmic chaperone, SecB (69), a
peripherally membrane-associated ATPase,
SecA (549), and five inner membrane proteins,

i.e., SecY (209), SecE (235), SecG (255), SecD
and SecF (275,559). The minimal requirements
for preprotein translocation across the inner
membrane are met by SecA, SecY and SecE
which together with SecG form the translocase
(226). SecG enhances the fidelity of the
reconstituted SecYE protein translocation
reaction at least 20-fold(259), while secG null
strains are cold-sensitive for growth (255).
SecD and SecF are integral membrane proteins
that expose large hydrophilic domains to the
periplasmic space (275,277,559). SecD and
secF null strains are also cold-sensitive (277).
SecY, SecE and SecG can be coimmunoprecipitated, isolated and purified as a
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stable heterotrimeric complex (226,274).
Genetic evidence suggests that SecY and SecE
are dissociable subunits (300), but biochemical
evidence suggests that they interact stably once
assembled in the membrane (230). Together
SecY and SecE suffice to constitute a highaffinity membrane binding site for SecA
(79,274). Recent evidence suggests that the
proteins encoded by the secD operon, i.e.,
SecD, SecF, and YajC, also form a
heterotrimeric complex, that associates with the
SecYEG complex to form a large hexameric
integral
membrane
protein
domain
(SecYEGDFYajC) which is stable in the mild
detergent digitonin (274). Stabilization by
overexpression (270,289) experiments indicate
that SecG and SecE interact with SecY, while
SecF interacts with SecD and SecY. YajC is a
dispensable protein which has no known
function in protein export (275). When present
on a high copy plasmid, it suppresses the SecY-d
mutation and causes impaired growth of the
SecY39 mutant at 42°C (290). SecD and SecF
have been implicated in the maintenance of
proton motive force across the cytoplasmic
membrane (287), in the release of translocated
proteins into the periplasmic space (281), and in
the stabilization of membrane-inserted SecA
(274,285). Overexpression of SecD and SecF
restores the translocation of preproteins with a
defective signal peptide (277). SecA is a
dissociable subunit of the translocase and exists
both in free cytosolic forms and as membrane
bound forms (547). SecA interacts in a
nonsaturable manner with acidic phospholipids
(315), and binds with high affinity to the SecY
subunit
of
the
SecYEG
complex
(204,205,270,274)
SecYEG-bound
SecA
exhibits a high affinity for the binary
SecB:preprotein complex, and recognises the
preprotein by interacting with both the signal
sequence and mature domain of the preprotein
(315,569). SecA is a preprotein-stimulated
ATPase (179), which is activated for ADP:ATP
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exchange in the presence of acidic
phospholipids and SecYEG (179,226). Binding
of ATP elicits a conformational change (178)
that releases SecB into the cytosol (113) and
promotes insertion of a SecA carboxyl-terminal
domain into the membrane (206,285,363). At
the same time, limited translocation of SecAbound preprotein polypeptide segments occurs
(343). SecA releases the bound preprotein upon
the hydrolysis of ATP (343), concomitantly
with the de-insertion of the SecA domain from
the membrane (363). Repeated cycles of ATP
binding and hydrolysis coupled to the
membrane insertion and de-insertion of SecA at
the SecYEG complex ultimately allow the
stepwise translocation of the preprotein across
the membrane (343,347,367). The proton
motive force stimulates the rate of translocation
(340).
The preprotein translocation reaction
across the inner membrane of E. coli shares
many characteristics with that of the eukaryotic
endoplasmic reticulum (for review see ref (21)).
The quaternary organisation of the mammalian
and yeast endoplasmic reticulum translocase
largely resembles that of the SecYEG complex
of E. coli. The mammalian Sec61p complex
consists of three subunits, i.e., Sec61α, Sec61β
and Sec61γγ. Sec61α and Sec61γγ are
homologous to the bacterial SecY and SecE,
respectively, while Sec61β has a similar
organisation as SecG, but is not homologous.
The mammalian Sec61p complex is found
associated with the TRAM protein has no
known homologues in bacteria. In S. cerevisiae,
also a posttranslational translocase has been
identified, which in addition to Sec61 (Sec61α
in mammals), Sbh1 (Sec61β in mammals), Sss1
(Sec61γγ in mammals), involves Sec62, Sec63,
Sec71 and Sec72 (409). S. cerevisiae does not
contain a SecA homolog, but luminal BiP
(Hsp70) couples the hydrolysis of ATP to the
translocation of preproteins into the ER lumen.
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Table 1. Plasmids used in this study
Plasmid
pET324
pET302
pET340
pET320
pET349
pET512

Relevant characteristics
pTRC99A-derived vector containing lacZα behind the trc promotor
pET324-derived vector containing a His-tag and an enterokinase site
pET324 with secYEG under control of the trc promotor.
pET302 containing secYEG behind trc promotor with N-terminally His-tagged SecE
pET302 containing secYEG behind trc promotor with N-terminally His-tagged SecY
pET340 containing C-terminally His-tagged SecY

These complexes have been purified to
homogeneity (409,414), and investigated by
High-resolution electron microscopy showing
ringlike structures suggesting that the
membrane domain consists of three to four
Sec61p trimers with a central pore (474). The
translocation pore of the mammalian Sec61p
complex may have a diameter of 40-60 A
during protein translocation (490). A lowresolution structure of the bacterial SecYEG
complex is not yet available.
The SecYEG complex can be purified
from wild-type cells (226), or as separate,
isolated subunits from overproducing strains
(227). To facilitate studies on the structure and
function of the bacterial translocase, we have
developed a rapid purification protocol that
permits isolation of milligram amounts of
functional SecYEG protein using membranes
derived from an E. coli strain that overexpresses
the SecYEG complex with a his-tag on SecY.
The catalytic and functional properties of the
SecYEG complex have been analysed in
micellar solution in the absence of compartmentalisation. The solubilised complex binds
stoichiometrical amounts of SecA with high
affinity and, more strikingly, supports the
nucleotide-induced formation of a 30 kDa
proteinase protected fragment of SecA that is
thought to be membrane-integrated. Since the
SecYEG complex is degraded under these
conditions, it appears that this SecA fragment is
neither protected by the lipid bilayer nor by a
transmembrane shell of SecYEG protein, but
rather represents a stable conformation of a

SecA domain induced by its interactions with
SecYEG and nucleotides.
Results
Purification of functional SecYEG complex
To simplify the purification of the SecYEG
complex from an overproducing strain (202),
affinity purification of the complex with histagged SecY or SecE on Ni2+-NTA columns
was tried. For this purpose, vectors were used
that express the secYEG genes in tandem with a
hexa-histidine tag and a cleavable enterokinase
site at either the amino- or carboxyl terminus of
SecY (Table 1, 205). The his-tagged SecY
protein can be co-overexpressed to high levels
together with SecE and SecG as shown by
CBB-staining of a SDS-PAGE gel loaded with
SechYnEG+ IMVs (Figure 1A). We have
previously shown that the his-tag does not
interfere with the level of SecYEG
overexpression, the proOmpA-stimulated SecA
translocation ATPase and 35S-proOmpA
translocation into IMVs (205). Ni2+-affinity
chromatography
with
Triton
X-100,
octylglucoside, or dodecylmaltoside solubilised
IMVs resulted only in the purification of histagged SecY or SecE protein with almost no
detectable co-purification of the other
components of the SecYEG complex.
Moreover, E. coli phospholipids could not be
included in the elution buffer as they interfered
with the binding of the his-tagged proteins to
the Ni2+-NTA resin. Previously, it was shown
that phospholipids are needed to maintain the
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Figure 1. Co-overexpression of hexa-histidine tagged SecY with SecE and SecG, and purification of the
SecYEG complex. (A) CBB-stained SDS-PAGE of IMVs derived from SF100 cells harbouring plasmids
+
+
pET324 (control) (lane 1), and pET349 (SechYnEG ) (lane 2). (B) Octylglucoside-solubilised SechYnEG
IMVs were applied on a DEAE column and eluted with a linear gradient of 0-300 mM KCl. Column fractions
were analysed by SDS-PAGE and CBB staining and after reconstitution into liposomes by rapid dilution,
assayed for the SecA ATPase activity in the absence (filled bars) and presence (open bars) of proOmpA.
The positions of the various Sec-proteins and molecular mass markers are indicated.

SecYEG complex in an active state during
solubilisation
and
reconstitution
(225).
Therefore, the conventional method for
purification of the SecYEG complex was
attempted which is based on octylglucoside
solubilisation of urea-treated IMVs followed by
three consecutive chromatographic steps (226).
Since the urea-extraction reduced the efficiency
of solubilisation, this step was eliminated and
octylglucoside-extracted proteins were directly
loaded on a DEAE column. In contrast to the
native complex, the SecYEG heterotrimer with
amino-terminally his-tagged SecY binds only
weakly to the column and elutes at a KCl
concentration of about 10 mM in an essentially
pure form (Figure 1B). Similar results were
obtained with carboxyl-terminally his-tagged

SecY (data not shown). In contrast, wild type
SecYEG complex elutes at a KCl concentration
of about 50-60 mM along with most of the other
membrane protein (226). For convenience, the
purified complex harbouring the aminoterminally his-tagged SecY is termed
SechYnEG in the further sections.
The identity of the protein bands in the
purified fractions was verified by the use of
pAbs directed against the his-tagged SecY and
SecE proteins, a pAb raised against a synthetic
peptide corresponding to a SecG domain, and
by total amino acid analysis of the proteins
excised from the gel. In addition, minor
amounts of two other proteins were present coeluting with the SechYnEG protein. These
proteins, with apparent molecular masses of 54

Table 2. Purification of SecYEG protein. The percentage of recovery of SecA translocation ATPase is
indicated in parenthesis.
Protein Sample
+

SecYEG membranes
DEAE pool

60

SecA translocation ATPase
mg
60 (100%)
15 (25%)

Total activity
mmol Pi/min

Specific activity
nmol Pi/min/mg of protein

7860 (100%)
8118 (103%)

131
580
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Figure 2. Purified SechYnEG is reconstituted in an
35
active state. Time-course of the translocation of S+
IMVs
and
proOmpA
into
SechYnEG
proteoliposomes
reconstituted
with
purified
+
SechYnEG in the presence of SecA and ATP.
Samples contained identical amounts of SecY as
determined
by
quantitative
immunoblotting.
Positions of proOmpA and processed OmpA are
indicated.

and 27 kDa reacted with α-SecD and SecF
antibodies, respectively. Immunoblot analysis
further showed that the purified SechYnEG was
devoid from YajC and leader peptidase (Lep),
that where recovered in the flow-through and
bulk protein fractions, respectively (data not
shown).
Column fractions were reconstituted by
rapid dilution in liposomes composed of E. coli
lipids, and analysed for the proOmpA
stimulated SecA translocation ATPase activity.
Only the fractions containing SechYnEG
protein were active in this assay (Figure 1B).
Purification resulted in an almost 5-fold
increase in the specific SecA ATPase activity,
and apparently without loss of activity (Table
2). When analysed at the same SecY content,
proteoliposomes reconstituted with SechYnEG
were nearly as active in the ATP- and SecAdependent translocation of 35S-proOmpA as
non-urea-treated SechYnEG+ IMVs (Figure 2).
The use of a his-tagged SecY, therefore, allows
for a rapid purification of large quantities of
functional SechYnEG complex with only a
minimal loss of activity.
Stability of the SecYEG complex
To facilitate further biochemical and
biophysical research, the stability of the
detergent-solubilised SechYnEG was compared

Figure 3. Temperature stability of the SechYnEG
complex. The time course of the remaining
proOmpA-stimulated SecA ATPase activity of (A)
+
SechYnEG IMVs, (B) SechYnEG proteoliposomes,
and (C) solubilised SechYnEG protein after
incubation at - 20ºC (closed circles), 4ºC (open
cricles), 25ºC (closed squares) and 37ºC (open
squares) was measured as described in Materials
and Methods. The SecA translocation ATPase
+
activity of SechYnEG IMVs stored in liquid nitrogen
was set to 100%.

with the reconstituted enzyme, and with
SechYnEG+ IMVs. For this purpose, the SecA
translocation ATPase activity was measured
after incubation under different sets of
conditions. SechYnEG+ IMVs appeared highly
stable, and hardly any inactivation occurred
after a three day incubation at 37°C (Figure 3).
Reconstituted SechYnEG complex was stable
on ice and when stored at -20°C or below, but
lost its activity when incubated for longer
periods of time at 25 and 37°C. Finally, the
purified SechYnEG complex in octylglucoside
was stable only at 4°C and below, and rapidly
inactivated at 37°C (t1/2 = 15-20 min) (Figure 3).
For stability, it was necessary that the glycerol
concentration was kept at 40% (v/v), and that at
least 0.2 mg/ml of E. coli lipids are present.
Under these conditions, it was possible to store
the purified complex for at least 7 months at 20°C without loss of activity.
Octylglucoside-solubilised SecYEG is in a
near-native, α-helical conformation
The influence of octylglucoside on the
secondary structure of SechYnEG was analysed
by circular dichroism (CD) spectroscopy. The
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Figure 4. Circular dichroism spectra of SechYnEG
(A) and SecA (B) in the absence (closed lines) and
presence (dashed lines) of octylglucoside. Shown
spectra were corrected for the lipid and detergent
contributions.

spectrum of reconstituted SechYnEG is typical
for an α-helical protein (Figure 4A).
Computational deconvolution of the CD
spectrum revealed an α-helical content of at
least 83% indicating that the protein is largely
in a non-denatured state. Although some loss of
secondary structure seemed to occur, the
SechYnEG complex remained mainly α-helical
(72%) when solubilised in octylglucoside. The
CD spectrum of SecA (Figure 4B) points at a
high amount of β-structure (55% β-sheet,
18% β-turn, and 18% α-helical). Octylglucoside
(1.25%) hardly altered
the
spectrum
(48% β-sheet, 16% β-turn and 21% α-helical).
These data indicate that both SechYnEG and
SecA maintain a native-like secundary structure
when present in detergent solution.
Octylglucoside-solubilised SecYEG binds SecA
with high affinity
To determine the orientation of reconstituted
SechYnEG, the accessibility of the enterokinase
recognition site at the amino-terminus of SecY
to externally added enterokinase was analysed
in the absence and presence of octylglucoside.
In the absence of octylglucoside, enterokinase
removes about 50% of the his-tags from the
reconstituted SecY protein (Figure 5, compare
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Figure 5. Orientation of SecY in reconstituted
SechYnEG proteoliposomes. The accessibility of
the introduced proteolytic enterokinase site at the
amino-terminus
of
SecY
towards
purified
enterokinase was used to probe the orientation of
SecY
in
the
reconstituted
SechYnEG
proteoliposomes. SechYnEG proteoliposomes were
incubated in the absence (lane 1 and 2) and
presence of 1.25% octylglucoside (OG) (lane 3 and
4) and as indicated, treated with enterokinase as
described in the Experimental Procedure section.
Incubations were at 25 °C in a buffer containing
20 mM Tris-HCl, pH 8.0, 50 mM NaCl, 2 mM CaCl2.
After 1 hr, samples were analysed by 12% SDSPAGE and CBB staining. The positions of SecE,
SecG, his-tagged (hisSecY) and enterokinasecleaved SecY (SecY) are indicated by an arrow.

lane 1 and 2), and completely when solubilised
by octylglucoside (lane 4). Immunoblot analysis
of the samples using a mAb directed against the
his-tagconfirmed that enterokinase indeed
removes the his-tag from SecY (See Figure 6B).
The data suggest that SechYnEG is
reconstituted in a scrambled orientation.
Next, the ability of SecA to protect the
his-tagged SecY of SechYnEG proteoliposomes
against enterokinase cleavage was determined.
Experiments were performed at 25°C where the
SechYnEG complex is reasonably stable in
detergent solution when incubated for only
short periods of time, i.e., 30 min to 1 hr (Figure
3C). When the amount of BSA in the buffer was
gradually replaced by SecA, protection of the
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ability to bind SecA with high affinity when
present in detergent solution.

Figure 6. SechYnEG maintains its ability to interact
with SecA when present in octylglucoside micellar
solution. Reconstituted SechYnEG proteoliposomes
(50 µg/mL) (lanes A and B) or solubilized
SechYnEG complex (lanes C and D) was incubated
with 0 - 100 µg/mL of SecA, and treated with
enterokinase for 1 hr at 25°C as described in the
Experimental Procedure section. The amount of
SecA was balanced by BSA at a constant level of
100 µg of protein per mL, while the samples
containing solubilized SechYnEG complex were
supplemented with 1.25% octylglucoside. Samples
were separated on 15% SDS-PAGE and analysed
by Western blotting using α-SecY (lane A and C)
and α-SecE IgG (lane B and D). The latter has
been raised against His-tagged SecE and strongly
cross-reacts with the His-tag on the SecY protein,
but not with SecY.

his-tagged SecY against proteolysis by
enterokinase occurred (Figure 6A and B).
Strikingly, the same protective effect of SecA
was observed when the experiments were
performed in the presence of octylglucoside to
solubilise the SechYnEG protein (Figure 6C
and D). In the absence of SecA, enterokinase
completely removed the his-tag from SecY. On
the other hand, full protection against
proteolysis was obtained when SecA monomer
(~ 0.95 µM) was added in a slight excess
relative to SecY (~ 0.7 µM). The protective
effect of SecA on reconstituted and detergent
solubilised his-tagged SecY was not influenced
by nucleotides (ATP, AMP-PNP, or ADP)
and/or proOmpA. In contrast to the
reconstituted
enzyme,
the
solubilised
SechYnEG did not support SecA translocation
ATPase activity (data not shown). These data
demonstrate that SechYnEG maintains the

SecYEG dependent and nucleotide-induced
formation of the SecA membrane inserted state
in detergent solution
At 37°C, in the presence of ATP and preprotein,
the SecYEG-bound SecA undergoes a
conformational change resulting in the
formation of a proteinase inaccessible 30 kDa
carboxy-terminal domain (206,285,363). It has
been suggested that this fragment corresponds
to a membrane-inserted domain of SecA. The
30 kDa SecA fragment can also be formed
without preprotein at 4°C in the presence of
nonhydrolysable ATP, i.e., AMP-PNP. To
determine
whether
the
octylglucoside
solubilised SechYnEG supports the formation
of this membrane-inserted state, SecA was
radiolabeled with 125I, added to purified
SechYnEG either present in octylglucoside
micellar
solution
or
reconstituted
in
proteoliposomes, and treated with proteinase K
(up to 1 mg/ml). In the presence of AMP-PNP,
the solubilised SechYnEG supported the
formation of the 30 kDa SecA fragment as
effectively as proteoliposomes reconstituted
with SechYnEG, and about halve as active as
urea-treated SechYnEG+ IMVs (Figure 7A). In
the absence of AMP-PNP or SechYnEG, no
30 kDa SecA fragment was formed. In contrast
to octylglucoside, Triton X-100 did not support
the formation of the 30 kDa fragment
(Figure 7B). Our data demonstrate that
octylglucoside-solubilised SechYnEG supports
the formation of the 125I labeled 30 kDa
fragment of SecA which implies that the 30 kDa
fragment is not protected by the lipid phase.
To establish whether the 30 kDa SecA
domain is protected by SechYnEG, samples
were also analysed for remaining SechYnEG
complex. In the absence of SecA and AMPPNP, already at a low proteinase K
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Figure 7. Octylglucoside-solubilized SechYnEG
supports the AMP-PNP induced formation of the
125
I-SecA fragment.
proteinase K-resistant 30 kDa
125
(A) I-SecA (2.5 ng/mL) was incubated at 4°C with
+
SechYnEG IMVs (lanes 1 - 3), SechYnEG
proteoliposomes (lanes 4 - 6), octylglucosidesolubilized SechYnEG (lanes 7 - 9), or liposomes
(lanes 10 - 12) with and without 1.25 mM AMPPNP.
Samples
containing
the
solubilized
SechYnEG complex were supplemented with
1.25% octylglucoside. Subsequently, the amount of
125
30 kDa
I-SecA fragment was determined by
incubation for 15 min with various concentrations of
proteinase K (0.04, 0.2 and 1 mg/mL) as indicated
by the black bars. Samples were precipitated with
7.5% (w/v) trichloroacetic acid, washed with aceton,
solubilized in SDS-sample buffer, and analysed by
125
12% PAGE and β-imaging. (B)
I-SecA
(2.5 ng/mL) was incubated at 4°C with SechYnEG
proteoliposomes (lanes 1 and 2), octylglucoside(lane 3) and Triton X-100 (lane 4) solubilized
SechYnEG, with (lanes 2, 3 and 4) or without
(lane 1) AMP-PNP. Samples were further treated as
described above

concentration (i.e., 10 µg/ml) both the
reconstituted (Figure 8A) and the solubilised
SechYnEG (data not shown) was rapidly
degraded to fragments of 6 kDa and smaller
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than could be detected by silver staining.
Similar results were obtained by CBB staining
(data not shown), and are in accordance with
previous observations that SecY is highly
susceptible to proteolysis (79). Since the
staining assay could not be used for proteolysis
experiments in which SecA was included, two
other approaches were followed, i.e.,
immunoblot analysis of the SecY using a pAb
directed against the purified SecY protein
(Figure 8B), and autoradiography of 125I-labeled
SechYnEG complex (Figure 8C). At the
concentration of proteinase K (i.e., 1 mg/ml)
used to form the 30 kDa SecA fragment,
immunoblotting with the α-SecY IgG revealed
that SecA was unable to prevent proteolysis of
SecY, both in the absence and presence of
AMP-PNP, either with the SechYnEG complex
reconstituted into proteoliposomes (Figure 8B)
or solubilised in octylglucoside (data not
shown). Although the pAb presumably
recognises multiple epitopes on SecY, these are
likely confined to the exposed loops of SecY
that are most readily proteolysed. As an
independent assay, reconstituted SechYnEG
was labeled with the nonspecific lipophilic
photoaffinity probe 3-(trifluoromethyl)-3-(miodophenyl)-diazirine (TID) added in 125Ilabeled form. 125I-TID readily labeled the SecY,
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Figure 8. SecA and AMP-PNP do not protect
SechYnEG against proteolysis by proteinase K. (A)
SechYnEG proteoliposomes (100 µg/mL) in 50 mM
KCl, 50 mM Tris-HCl, pH 8.0, were incubated for
15 min at 4 C in the absence (lane 2) or presence
(lane 3) of proteinase K (10 µg/mL). Samples were
separated on a 16% tricine gel and analysed by
silver staining. As a control, the amount of
proteinase K present in the assay was silverstained (lanes 1). The position of hisSecY, SecE
and SecG are indicated. Additional polypeptide
bands in lane 2 are proteolytic degradation products
of
his-tagged
SecY.
(B)
SechYnEG
proteoliposomes (10 µg/mL) (lane 1) were
incubated for 30 min in the translocation buffer D
without any additions (lane 2), with 1.25 mM AMPPNP (lane 3), 20 µg/mL SecA (lane 4), or both with
SecA and AMP-PNP (lane 5). Samples were
subsequently incubated with proteinase K (1
mg/mL) for 15 min at 4°C, separated on a 16%
tricine gel and analysed by Western blotting using a
pAb directed against the purified SecY protein (αSecY IgG). The position of hisSecY and an
immunoreactive
amino-terminal
fragment
of
125
I-TID labeled
hisSecY are indicated. (C)
SechYnEG proteoliposomes (10 µg/mL) were
incubated for 30 min at 4°C in translocation buffer D
in the absence (lanes 1 - 4) and presence (lanes 5 8) of 1.25% octylglucoside. Samples (lanes 2 and
6) were supplemented with 20 µg/mL SecA (lanes 3
and 7), or both with SecA and 1.25 mM AMP-PNP
(lanes 4 and 8). As indicated, samples were treated
with proteinase K (1 mg/mL) for 15 min at 4°C,
solubilized in SDS-sample buffer, separated on
16% tricine gels and analysed by autoradiography.
The positions of the his-tagged SecY(hisSecY),
SecE/G, phospholipids (PL), and proteolytic
fragments are indicated. Molecular mass standards
are marked.

SecE and SecG proteins (Figure 8C, lane 1).
Since only radiochemical amounts of 125I-TID
were used for labeling, photo crosslinking had
little effect on the SecA translocation ATPase of

the SechYnEG proteoliposomes (data not
shown), indicating that the enzyme retained
most of its activity. Reconstituted or solubilised
125
I-labeled SechYnEG was completely digested
by proteinase K (i.e., 1 mg/ml) yielding only
small fragments (Figure 8C, lanes 2 - 4 and 6 8). The fragments are poorly resolved in the
lower molecular range due to the presence of
125
I-TID labeled phospholipids in same region
of the tricine gel. An excess of SecA, both with
or without AMP-PNP, did neither protect the
125
I-SechYnEG nor did it yield larger protected
fragments of SecY (Figure 8C). These data
demonstrate that under conditions that allow the
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formation of the 30 kDa SecA fragment,
SecYEG is proteolysed to fragments of 6 kDa
and smaller.
Discussion
In this paper a simple method is described for
the rapid isolation of large quantities (about 5
mg per litre of cells) of homogeneously pure
SecYEG protein using IMVs derived from
E. coli cells overexpressing this complex with a
hexa-histidine tagged SecY. The method is
based on the weak anion-exchange column
binding characteristics of the octylglucosidesolubilised SechYnEG complex. The his-tag on
SecY causes a dramatic shift in the elution
profile of the SecYEG complex such that it
elutes in a region that is essentially free from
contaminants. Wild type SecYEG complex
elutes from the DEAE column together with the
bulk protein fractions (226), and even when
overproduced, more than one chromatographic
step is needed to purify the complex (548). Due
to the distribution of charges, the sequence
bearing the hexa-histidine tag and the
enterokinase site will have a net negative charge
at pH 8.0. Therefore, tighter instead of weaker
binding to the anion exchange resin was
expected. The reason for this aberrant
chromatographic behaviour is unclear. On the
other hand, protocols based on Ni2+-affinity
column chromatography failed to purify the
SechYnEG protein as a complex, and instead
only the his-tagged protein is retained by the
column (205, this paper). It thus appears that the
subunit interaction cannot be maintained using
Ni2+-affinity column chromatography, which is
either due to the absence of phospholipids,
extensive washing procedures, or both.
The presence of a his-tag does not affect
the activity of the SecYEG protein.
Translocation and SecA translocation ATPase
activities of SechYnEG+ IMVs are identical to
that of SecYEG+ IMVs (205). Also the
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specificity of the SecYEG complex appears not
to be affected. Unlike proteoliposomes
reconstituted
with
purified
SechYnEG
containing a prlA mutation, SechYnEG
proteoliposomes and IMVs are unable to
translocate a signal sequence mutant of
proOmpA with a deletion of Ile at position 8
(A.K. and C.v.d.D., unpublished results).
As judged from the recovery of SecA
translocation ATPase activity, slightly more
than 100% of the total activity observed with
SechYnEG+ IMVs was recovered after
purification. An increase in SecA translocation
ATPase activity was noted during the
purification of the SecYEG complex from wildtype IMVs (226). When the mixed orientation
of the reconstituted SechYnEG is taken into
account, and assuming that the wrongly oriented
molecules do not contribute to the SecA
translocation ATPase activity, an almost 2-fold
increase in total activity is predicted. These data
are normalised to the activity observed with
urea-treated IMVs. Urea-treatment largely
inactivates the SecA bound to the translocation
sites (179), and in particular with SechYnEG+
IMVs, a major part of the SecA protein remains
bound to the membranes (202,547). It may well
be that this SecA blocks translocation sites that
are recovered when the SecA is dissociated
from SecYEG during solubilisation and
purification. Alternatively, it may be that ureatreatment results in a partial inactivation of the
SecYEG complex. In this respect, we have
noted that SecA re-addition to urea-treated
IMVs does not completely restore the
translocation activity to the level observed with
native membranes. Taken together it appears
that our purification method allows for the
isolation of pure SecYEG complex with a high
recovery of activity.
Circular dichroism analysis of the
secondary structure of the SechYnEG
reconstituted into liposomes suggests that the
complex is in a largely α-helical conformation.
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The complex encompasses 15 transmembrane
segments (TMS) that are connected by cytosolic
and periplasmic loops. A high α-helical content
is thus consistent with the predicted secondary
structure of the SecYEG, and readily accounts
for the presence of 15 α-helical TMS. There is
only a small loss of secondary structure when
the protein is incubated with octylglucoside or
dodecyl-maltoside (C.v.d.D., unpublished data),
suggesting that the complex retains a near
native-like secondary structure when present in
detergent solution. The amino-terminally his-tag
on SecY can readily be removed by
enterokinase, while SecA protects the SechYn
against cleavage when the SechYnEG is either
reconstituted in proteoliposomes or present in
detergent solution. The latter is remarkable as
the translocation and lipid ATPase activity of
SecA is (reversibly) inactivated by detergent
(315). In detergent solution approximately
stoichiometric amounts of the SecA monomer
relative to SecY protein are needed for complete
protection against enterokinase digestion. A
one-to-one SecA - SecY interaction has been
reported in wild-type IMVs (79). The
SechYnEG complex (0.7 µM) was used at a
concentration far above the binding affinity (30
nM) for SecA. Therefore, it is not possible to
derive a Kd value from these proteolysis
experiments. Since only a slight excess of SecA
is needed relative to SechYnEG complex, it is
evident that the interaction must be of high
affinity. SecA also binds with high affinity to
amino-terminal fragments of SecY on blotting
membranes (204).
Octylglucoside-solubilised SechYnEG
not only binds SecA, but in the presence of the
nonhydrolysable ATP analogue AMP-PNP it
also supports the formation of the 30 kDa
fragment of 125I-labeled SecA. The 30 kDa
fragment corresponds to a carboxyl-terminal
domain of SecA (206), and is thought to insert
into the membrane upon binding of AMP-PNP

(285,363). We now show that this reaction can
be carried out at 4°C under conditions that the
octylglucoside-solubilised SechYnEG is stable.
At 37°C, the complex rapidly aggregates in
detergent solution, and therefore it was not
possible to analyse the formation 30 kDa SecA
fragment under “translocating” conditions, i.e.,
in the presence of ATP and preprotein.
Previously, solubilisation of the membranes
with Triton X-100 was used as a control to
demonstrate that the 30 kDa proteolytic
fragment is a membrane-integrated SecA
domain (363), i.e., in the presence of Triton X100, the 30 kDa fragment is readily digested by
proteinase K. Our studies show that, in contrast
to octylglucoside, Triton X-100 is unable to
stabilise the 30 kDa fragment. Triton X-100 is a
more potent detergent in comparison to
octylglucoside due to its lower critical micellar
concentration. It may be destructive for the
SecA - SecYEG interaction, or disrupt the SecA
conformation. Freezing and thawing of the
solubilised SechYnEG complex in the presence
of proteinase K did not result in a loss of the
125
I-SecA
fragment
(C.v.d.D.,
30 kDa
unpublished results). Recent studies suggest that
the membrane-inserted form of SecA is not
exposed to the lipid phase since it is
inaccessible to lipid-embedded photoaffinity
crosslinkers (324). This has led to the
suggestion that the 30 kDa fragment entirely
penetrates the membrane and exposes domains
to the periplasmic membrane face, or
alternatively, that it is shielded from lipids by
the SecYEG complex (324,364). Our data with
the SecYEG complex in octylglucoside solution
supports the finding that the 30 kDa SecA
fragment is not protected against proteinase
digestion by the lipid membrane, but also
excludes the possibility that it is exposed to a
different compartment, i.e., the periplasmic
membrane face of IMVs. The latter seems also
unlikely on the basis of the observation that
AMP-PNP and SecYEG-bound SecA is
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accessible from the cytosolic membrane face for
binding towards a mAb recognising an epitope
which is part of the 30 kDa SecA fragment
(378). Most importantly, the conditions used to
form the SecA fragment result in the complete
digestion of the SecYEG complex, yielding
degradation products that are smaller than 6
kDa. Therefore, it appears that the SecA
fragment is also not proteinase-protected by a
belt of SecYEG helices. Our data suggests that
only small fragments of SecY suffice to
maintain the SecA domain in a proteaseresistant conformation, or, alternatively that the
formation of the 30 kDa proteolytic fragment is
irreversible. In this respect, SecA has been
shown to bind to SecY fragments that cover
only the 107 amino-terminal residues of the
protein (204). It should be emphasized that the
30 kDa fragment is not unique for the SecYEGbound form of SecA and albeit less stable, it can
also be formed in solution (206). This is an
indication that the 30 kDa fragment might
resemble a conformational state rather than
being proteinase-inaccessible. Taken together,
we conclude that the 30 kDa fragment
represents a stable conformation of a SecA
domain that is induced by its interaction with
nucleotides and further stabilised by the
SecYEG complex.
Our data do not argue with the
hypothesis that SecA drives preprotein
translocation across the membrane by the coinsertion of a SecA domain and bound
preprotein (363), but demonstrate that any
evidence for membrane insertion based on the
formation of a protease-resistant conformation
has to be taken with caution. Recently, it has
been shown that SecA is also proteolysed into a
stable amino-terminal 65 kDa fragment under
exactly the same conditions that result in the
formation of the 30 kDa fragment, i.e., in the
presence of ATP and preprotein or AMP-PNP
alone (364) or at low proteinase concentration
in solution (206). Both fragments cover more
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that 90% of the molecular mass of SecA, which
is a 102 kDa protein. The 65 kDa fragment
bears both of the nucleotide binding sites of
SecA and this part must evidently be accessible
from the cytosol. Since the evidence that the
65 kDa fragment is membrane-inserted is also
based on proteinase protection experiments,
while it is also not photoaffinity labeled from
the lipid phase (364), its exact localization
requires further investigation. In this respect,
recent studies on the membrane topology of
monocysteine SecA variants indicate that
amino-terminal, central and carboxy-terminal
regions of SecA are periplasmically accessible
to biotin maleimid (129). Biotine maleimide
labeling can be blocked by prior treatment with
a membrane-impermeable Cysteine-reactive
reagent, suggesting that the labeling does not
occur within the membrane bilayer. These
regions therefore either span the membrane or
are located within a channel which is
periplasmically accessible to molecules of the
size of biotin maleimide. These data confirm
previous studies on the periplasmic accessibility
of the carboxy-terminal (202) and other regions
(284) of SecA to trypsin. The extreme carboxylterminal part of SecA contains the SecB binding
domain (113), and releases the SecB upon the
initiation of preprotein translocation by binding
of ATP to SecA (113). Since other regions of
the carboxyl-terminal part of SecA interact with
SecY (204), it seems that the carboxyl-terminus
fullfils a critical role in anchoring of SecA to
the SecYEG heterotrimer during a translocation
cycle. Alternatively to the membrane insertion
hypothesis, polypeptide segments may also be
translocated across the membrane by a
mechanism that involves only conformational
changes (and mechanical movements) of the
SecA domains (178), while they are anchored at
the SecYEG complex (129,202).
Summarising, the SecYEG complex can
now be purified in large quantities in a
functional form, and retains many of its
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catalytic and functional properties in micellar
solution. This provides the unique opportunity
to biochemists and biophysicists to study the
mechanism of preprotein translocation in the
absence of compartmentalisation.
Materials and methods
Materials
E. coli SecA (549), SecB (77), and proOmpA
(562) were purified as described. 35S-labeled
proOmpA was synthesised by in vitro
transcription/translation, affinity-purified (136),
and stored frozen in 6 M urea and 50 mM TrisHCl, pH 7.8. pAbs were raised against synthetic
peptides conjugated to bovine serum albumin
(BSA) that correspond to domains of SecG
(Research
(H2N-APAKTEQTQP-COOH)
Genetics Inc., Huntsville, AL) (α-SecG IgG),
YajC
(H2N-YRPQQKRTKEHKKLMDSCOOH),
SecD
(H2NKEELSNGRTVQQAIDEGYRG-COOH) (αSecD
IgG)
and
SecF
(H2NMAQEYTVEQLNHGRKC-COOH) (α-SecF
IgG) (Neosystem Laboratoire, Strassbourgh,
France). The pAb against leader peptidase (αLep IgG) was a generous gift of W. Wickner
(Dartmouth College, Hanover, NH). E. coli
lipids (Avanti Polar lipids, Inc., Brimingham,
AL) were washed with aceton and ether and
suspended at 20 mg/ml in water containing
1 mM dithiothreitol (DTT).
Plasmid construction
The vector pET340 (SecYEG+) allows the
overproduction of SecYEG under control of the
isopropyl-β-D-thiogalactopyranoside (IPTG)inducible trc promoter (202), and contains an
ampicillin resistance gene and colE1 origin. The
construction of plasmids overproducing the
SecYEG complex with a hexa-histidine tag at
the amino-terminus of SecY (pET349;
SechYnEG+) and SecE (pET320; SecYhEnG+),
and carboxy-terminus of SecY (pET512;

SechYcEG+) is described previously (205). The
hexa his-tag followed (or preceded in case of
the carboxy-terminal tag) by an enterokinase
recognition site contains the amino acids
sequence MH6E4KA. As a control plasmid, the
linking sequence coding for the his-tagand
enterokinase site (205) was inserted in pET324
(202) resulting in pET302. All constructs were
confirmed by sequence analysis on a Vistra
DNA sequencer 725 using the automated ∆taq
sequencing kit (Amersham, Buckinghamshire,
U.K.). All other DNA techniques followed
standard procedures.
Bacterial strains and growth conditions
For all experiments, the OmpT- and OmpP(A.K., unpublished results) protease-deficient
strain SF100 (570) was used. Strains were
grown aerobically at 37°C in L-broth in a
shaking incubator until the end of the
logarithmic phase. Ampicillin was used at 50
µg/ml. For the induction of plasmid encoded
genes under control of an IPTG-inducible
promoter, exponentially growing cultures were
supplemented with 0.5 mM IPTG at OD660 of
0.5 and grown for another 2 hrs. Large scale
production of cells was done in a 15 litre
fermentor (ADI 1065 Biobench, Applikon, The
Netherlands) in L-broth supplemented with 1%
glycerol. At an OD660 of about 4, cells were
induced for 2 hrs, collected by centrifugation,
resuspended into 20% sucrose, 50 mM TrisHCl, pH 8.0, and frozen as nuggets in liquid
nitrogen.
Isolation of inner membrane vesicles (IMVs)
Cells were quickly thawn at 37°C and diluted
with an equal volume of 20% glycerol, 50 mM
Tris-HCl, pH 8.0 (buffer A) supplemented with
1 mg/ml of DNase and RNase, and 1 mM
phenylmethanesulfonyl fluoride (PMSF). The
suspension was subjected to French press
treatment (4 times at 8,000 psi), diluted with an
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equal volume of buffer A, and cleared from
debris by centrifugation (10 min at 4,000 x g).
Membranes were isolated from the supernatant
by centrifugation (90 min at 40,000 x g),
resuspended in buffer A, and applied onto a
30-60% sucrose gradient in 50 mM Tris-HCl,
pH 8.0. After 18 hrs, IMVs were collected,
diluted with 5 volumes of buffer A, and recollected by centrifugation (90 min at 40,000 x
g). Purified IMVs were resuspended in buffer A
at 20 mg/ml, and stored in liquid nitrogen.
Solubilization and purification of SecYEG
SechYnEG+ or SechYcEG+ IMVs (60 mg of
protein) were solubilised on ice for 20 min at 1
mg/ml in 1.25% n-octyl-β-D-glucopyranoside
(octylglucoside), 10 mM Tris-HCl, pH 8.0, 20%
glycerol, 0.5 mg/ml E. coli lipids and 5 mM
(buffer
B).
Nonp-aminobenzamidine
solubilised proteins and aggregates were
removed by centrifugation (30 min at 40,000 x
g) and the cleared supernatant was loaded onto
a DEAE column (volume 60 ml) (Whatman,
DE-52) equilibrated with buffer B. The column
was washed with 2 volumes of buffer B, and
proteins were eluted with a linear KCl gradient
(0-300 mM) in 3 volumes of buffer B. The ionic
strength of the elution was monitored
continuously with a conductivity monitor
(Pharmacia Biotech, Uppsala, Sweden).
Fractions of 6 ml were collected, immediately
supplemented with 87% glycerol, 1.25%
octylglucoside to yield a final glycerol
concentration of 40% and stored at -18°C.
Fractions were analysed on a 15% SDS-PAGE
(sodium dodecyl sulphate-polyacylamide gel
electrophoresis) gel (571) and stained with
Coomassie
Brilliant
Blue
(CBB).
Immunoblotting was performed using a semidry blotter (Transblot-SD, BioRad Laboratories,
Hercules, CA) and blots were developed using
several different pAbs and the p-nitroblue
tetrazolium chloride/sodium 5-bromo 4-chloroindolyl-phosphate
staining
(Boehringer
70

Mannheim, Mannheim, Germany) of alkaline
phosphatase conjugated secondary antibody
(Boehringer Mannheim, Mannheim, Germany).
Preparation of polyclonal antibodies directed
against SecY and SecE
To obtain pAbs directed against purified SecY
and SecE, membranes were isolated from E.
coli strain SF100 harbouring pET320
(SecYhEnG+) or pET349 (SechYnEG+),
respectively. his-tagged proteins were purified
from the octyl-glucoside solubilised IMVs by
Ni2+-NTA affinity chromatography using a
HiTrap Chelating column (Pharmacia Biotech),
and a buffer containing 100 mM NaCl and
50 mM NaPi, pH 8.0, and a gradient of 0-500
mM imidazole. Fractions containing SecY and
SecE were separated on a preparative 15%
PAGE gel, and the individual proteins were
excised from the gel and collected by
electroelution
(Electro-Eluter,
BioRad
Laboratories, Hercules, CA). Purified proteins
(over 99% pure as checked by SDS-PAGE
followed by CBB staining) were used as
antigens to immunize rabbits to yield pAbs
against the his-tagged SecY (α-SecY IgG) and
SecE (α-SecE IgG).
Reconstitution of SecYEG into liposomes
The SechYnEG complex was reconstituted into
liposomes by a modification of the detergent
dilution technique (226). Solubilised SechYnEG
(100 µl; 0.25 - 0.5 mg/ml) was mixed with
20 µl of E. coli lipids (20 mg/ml), and incubated
for 5 min on ice. The sample was diluted into
4 ml of buffer containing 50 mM Tris-HCl, pH
8.0, and 50 mM KCl. After 5 min of incubation,
proteoliposomes
were
collected
by
centrifugation (30 min, SW-28, 50,000 rpm,
4°C) and resuspended in 100 µl of 50 mM TrisHCl, pH 8.0 and 50 mM KCl. Reconstituted
SechYnEG proteoliposomes were frozen and
stored in liquid nitrogen. Before use, samples
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were thawn at 37°C and sonicated 3 times for
10 sec in a bath sonicator.
Translocation and SecA translocation ATPase
assays
35
S-proOmpA
into
Translocation
of
proteoliposomes was assayed by its accessibility
to added proteinase K (344). Reaction mixtures
(50 µl) contained: buffer D [50 mM HEPESKOH, pH 7.5, 30 mM KCl, 0.5 mg/ml BSA,
2 mM DTT, and 2 mM Mg(OAc)2], 1.6 µg of
SecB, 0.5 µg of SecA, 2 mM ATP, 10 mM
creatine phosphate, and 0.5 µg creatine kinase.
Based on quantitative immunoblot analysis,
reactions
were
supplemented
with
approximately equal amounts of SecY, i.e., with
SechYnEG proteoliposomes (20 µg/ml) or
SechYnEG+ IMVs (100 µg/ml). 35S-proOmpA
was diluted 50-fold from a solution containing
6 M urea and 50 mM Tris-HCl, pH 7.8.
Translocation reactions were performed at
37°C, and at various times samples were taken,
chilled on ice, and treated with proteinase K
(0.1 mg/ml) for 15 min. Samples were analysed
by 12% SDS-PAGE and quantified with the βimager 2000 (Biospace Measures, Paris,
France).
Translocation ATPase activity of ureatreated inner membranes or SecYEG
proteoliposomes was measured with proOmpA
as described (179).
Circular dichroism spectroscopy
Circular
dichroism
(CD)
spectra
of
octylglucoside-solubilised or reconstituted
SechYnEG protein (95 µg/ml) were recorded in
10 mM NaPi, pH 7.8, 10 mM KCl and 1 mg/ml
E. coli lipids. CD spectra of SecA (168 µg/ml)
were determined in 10 mM NaPi, pH 7.6, 10
mM KCl and 2 mM MgCl2 in the absence and
presence
of
1.25%
octylglucoside.
Measurements were performed with an AVIV
CD spectrophotometer Model 62a DS. The

measuring cell was thermostated at 4°C. Spectra
were corrected for the lipid and detergent
contributions, and deconvoluted with the
SELCON software package (572).
Enterokinase digestion of his-tagged SecY
The accessibility of the introduced enterokinase
site at the amino-terminus of SecY was
determined as follows: solubilised or
reconstituted SechYnEG complex (50 µg/ml)
was incubated at 20°C in a buffer (30 µl)
containing 20 mM Tris-HCl, pH 8.0, 50 mM
NaCl, and 2 mM CaCl2. Varying amounts of
SecA or BSA were added to the samples, and
after 10 min, the mixture was supplemented
with 1 unit of enterokinase (New England
Biolabs, Beverly, MA) and incubated for
1 hour. Reactions were terminated by the
addition of SDS sample buffer, and analysed by
15% SDS-PAGE followed by CBB staining or
immunoblotting using the pAbs directed against
his-tagged SecY or SecE.
Formation of the 125I-labeled 30 kDa fragment
of SecA.
Purified SecA was labeled with carrier-free 125I
as described (363,378). 125I-SecA (2.5 ng/ml)
was incubated on ice in buffer D containing
either SechYnEG+ IMVs (0.5 µg/ml), or
purified SechYnEG (50 ng/ml) reconstituted
into
proteoliposomes
or
present
in
octylglucoside solution. Incubations were
performed with or without 1.25 mM adenosine
5’-(β,γγ-imidotriphosphate) (AMP-PNP), and in
the case of the solubilised SechYnEG, the
buffer was supplemented with 1.25%
octylglucoside or 1% Triton X-100. After
30 min, samples were treated with proteinase K
(0.04 to 1 mg/ml) for 15 min on ice, precipitated
with 7.5% (w/v) trichloroacetic acid, washed
with aceton, and solubilised in SDS sample
buffer. Samples were separated by 12% PAGE
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and analysed by autoradiography and beta
imaging.

staining, autoradiography,
blotting using α-SecY IgG.

125

Other analytical techniques
Protein concentrations were determined by the
method of Lowry (564) in the presence of SDS
using BSA as a standard. The SecYEG
concentration was estimated from quantitative
total amino acid determination performed by
Eurosequence (Groningen, The Netherlands).
SecA protein concentrations were determined
spectrophotometrically at 280 nm using an
extinction coefficient of 90.85 mM-1 cm-1
(T. den Blaauwen, personal communication).

I-labeling and proteolysis of purified
SechYnEG complex
Reconstituted SechYnEG protein (10 µg) in
50 mM KCl, 50 mM Tris-HCl, pH 8.0 (100 µl)
was photoaffinity labeled with 13.3 µCi of
3-(trifluoromethyl)-3-(m-[125I]iodophenyl)diazirine (125I-TID) (Radiochemical centre,
Amersham, U.K.) for 2 min at 0°C with a 254
nm lamp (Model UVG-54, UVP Life Sciences
Inc., Cambridge, U.K.) placed at a distance of 1
cm.
For
proteolysis
experiments,
proteoliposomes bearing nonlabeled or 125I-TID
SechYnEG (0.5 µg), or solubilised SechYnEG
complex, were incubated for 30 min at 4°C in
buffer D (50 µl) in the absence or presence of
1.25% octylglucoside, 1.25 mM AMP-PNP
and/or 20 µg/ml of SecA protein. Subsequently,
samples were incubated with proteinase K
(1 mg/ml) for 15 min at 4°C, solubilised in
SDS-sample buffer, separated on 16% tricine
gels (573) and analysed by silver and CBB
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Lipid dependency

Non-bilayer lipids stimulate the activity of the
reconstituted bacterial protein translocase
Chris van der Does, Jelto Swaving, Wim van Klompenburg and Arnold J. M. Driessen
Summary
To determine the phospholipid requirement of the preprotein translocase in vitro,
the Escherichia coli SecYEG complex was purified in a delipidated form using the
detergent dodecylmaltoside. SecYEG was reconstituted into liposomes composed
of defined synthetic phospholipids, and proteoliposomes were analysed for their
preprotein translocation and SecA translocation ATPase activity. The activity
strictly required the presence of anionic phospholipids, whereas the non-bilayer
lipid phosphatidylethanolamine was found to be stimulatory. The latter effect could
also be induced by dioleoylglycerol, a lipid that adopts a non-bilayer conformation.
Phosphatidylethanolamine derivatives that prefer the bilayer state were unable to
stimulate translocation. In the absence of SecG, activity was reduced, but the
phospholipid requirement was unaltered. Remarkably, non-bilayer lipids were
essential for the activity of the Bacillus subtilis SecYEG complex. Optimal activity
required a mixture of anionic and non-bilayer lipids at concentrations that resemble
the natural lipid composition.

Introduction
Complementary genetic and biochemical
approaches have shown that the translocation of
proteins across the inner membrane of
Escherichia coli is mediated by the translocase
(574-576). The essential subunits of the
translocase are the dissociable peripheral
ATPase SecA, and the integral membrane
proteins SecY and SecE (226,227). The SecYE
complex forms a preprotein-conducting channel
that may associate with SecG or the
heterotrimeric SecDFYajC complex (274).
SecA binds with high affinity to the SecYEG
complex, and functions as a molecular motor
that utilises the binding and hydrolysis of ATP
to drive the stepwise translocation of a

preprotein across the membrane (347). In
addition, the proton motive force accelerates the
translocation reaction (340).
Phospholipids have been shown to play
an important role in protein translocation. The
E. coli inner membrane mostly consists of the
zwitterionic phospholipid phosphatidylethanolamine (PE, 70-75%), and two anionic
phospholipids, phosphatidylglycerol (PG, 2025%) and cardiolipin (CL, 5-10%). The
membrane lipid composition is normally tightly
regulated, but by the use of strains engineered
in the expression of enzymes involved in
phospholipid biosynthesis, the in vivo
manipulation of the bulk phospholipid
composition has been achieved (577). The
major anionic phospholipids PG and CL can be
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depleted in a strain in which the expression of
the
gene
encoding
the
pgsA
phosphatidylglycerophosphate
synthase
is
controlled. At low PG and CL content (2-3%),
protein translocation is severely compromised,
whereas lack of only CL did not affect
translocation (308). Only the negative charge of
the polar lipid headgroup is important as many
other anionic phospholipids are able to restore
the protein translocation activity of PG and CLdepleted inner membrane vesicles (IMVs) or in
reconstituted proteoliposomes (227,311,312).
The efficiency of protein translocation is
directly proportional to the amount of anionic
phospholipids (309). Anionic phospholipids
influence various steps in the preprotein
translocation cascade: i) they promote the
interaction of SecA with the membrane surface
(313-315) and SecYEG (311) and are needed
for the SecA translocation ATPase activity, i.e.,
the preprotein-stimulated ATPase activity of the
SecYEG-bound SecA (312,315). At low levels
of anionic phospholipids, excess SecA can
compensate for the reduced translocation
activity (310) suggesting a role of these lipids in
the targeting of preproteins and SecA to the
membrane. In addition, the endogenous SecA
ATPase activity at low Mg2+ concentration is
stimulated by the presence of anionic
phospholipids, an activity termed SecA lipid
ATPase (315). ii) Membrane insertion of the
positively charged signal sequence of a
preprotein
is
dependent
on
anionic
phospholipids (12,15,317,318,578). iii) Anionic
phospholipids stabilise the SecYEG complex
during octylglucoside solubilisation (225,312),
and iv) influence the acquisition of the correct
topology of membrane proteins (322).
The cold-sensitive growth defect of a
secG null strain (263,264,264,265,265,366) can
be suppressed by various gene products
involved in phospholipid biosynthesis among
which PgsA. Likewise, the cold-sensitive
growth defect of the secAcsR11 mutant strain is
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suppressed by overproduction of the PgsA
protein (366). These effects have been
attributed to an increase in the anionic
phospholipid content which restores the
secretion defect of these strains by facilitating
the SecA catalytic cycle at low temperature
(366). The exact mechanism of this activation,
however, remains obscure as studies with
photo-reactive phospholipid analogues suggest
that the SecYEG-bound, membrane-inserted
form of SecA is not in contact with
phospholipids (323,324).
The other main phospholipid of the E.
coli inner membrane is the type II lipid PE. PE
adopts a non-bilayer hexagonal II phase
conformation (579). Deletion of the pssA gene
(580) which encodes the phosphatidylserine
(PS) synthase, renders cells devoid of the
amino-based phospholipids PS and PE. This
results in severe pleiotropic effects on
membrane protein function, among others the
inactivation
of
protein
translocation
(327,581,582). For growth, this strain is
dependent on the presence of a high
concentration of divalent cations (Ca2+, Mg2+,
or Sr2+) (327,580). These cations stimulate the
bilayer to non-bilayer transition of CL, which
comprises 44% of the total phospholipid in this
strain (328). It therefore appears that the
polymorphic behaviour of these lipids is
essential for growth, a role normally fulfilled by
PE. The requirement for non-bilayer lipids for
protein translocation appears less strict than for
anionic lipids (327) but the mechanism by
which these lipids act on protein translocation is
unknown. Non-bilayer lipids only marginally
affect the SecA lipid ATPase activity (329), and
appear not essential for the functional
reconstitution of protein translocation using
octylglucoside- (OG-) purified SecYEG
complex (311).
The reconstitution of preprotein
translocation with only a limited set of purified

Lipid dependency

Figure. 1. Anionic lipid and phosphatidylethanolamine requirement for the functional reconstitution of the
E. coli SecYEG complex. Dodecylmaltoside purified SecYEG was reconstituted in liposomes composed of
125
the indicated synthetic phospholipids and analysed for the ATP-dependent translocation of
I-proOmpA
(A/C) and the SecA ATPase activity in the presence (filled bars) and absence of proOmpA (open bars) (B/D).

Sec-proteins provides a unique opportunity to
systematically assess the lipid requirement for
preprotein translocation. We now report on a
method that allows purification of the SecYEG
complex in a delipidated state. The activity of
the delipidated SecYEG can be restored after
reconstitution into liposomes with a defined
phospholipid composition. The data with the
purified E. coli SecYEG complex not only
confirms the hypothesis that anionic lipids are
essential for activity, but also shows that nonbilayer lipids stimulate the activity of the
reconstituted translocase. Strikingly, with the B.
subtilis SecYEG both lipid classes are essential
for activity. Overall, optimal activity is
observed when anionic and non-bilayer lipids
are present at a concentration that matches that
of the natural membrane.

Results
Purification and delipidation of SecYEG
complex
For the purification of the octylglucoside (OG)
solubilised SecYEG complex, the presence of at
least 0.2 mg/ml of E. coli phospholipids is
essential to retain activity (225,257,312). To
assess the phospholipid dependency of the
translocase in a systematic manner, it is
necessary to deplete the purified SecYEG
complex of endogenous lipids. When OG was
replaced for dodecylmaltoside (DDM), the
addition of phospholipids was no longer
required to purify the SecYEG complex in a
functional state. DDM-solubilised and purified
SecYEG complex was as active as complex
purified from OG-solubilised membranes in the
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Table 1. Purification of the E. coli SecA translocation ATPase was measured in the presence of
proOmpA using SecYEG proteoliposomes reconstituted into E. coli phospholipids. N.D. : not detectable
Detergent

Lipid added Protein content Phospholipid content
(mg/ml)

(mg/ml)

Octylglucoside

0.2
0

0.2
0.2

0.3
N.D.

625 ± 50
N.D.

Dodecylmaltoside

0

0.4

N.D.

700 ± 50

presence of added phospholipids (Table 1). The
final amount of endogenous phospholipid
present in the DDM-solubilised SecYEG
complex was below the detection limit, which
corresponds to less than 3 mole of phospholipid
per mole of SecYEG complex, assuming an
equimolar stoichiometry of the subunits. In
contrast, the OG-purified enzyme retained
about 200 mole of phospholipid per mole of
SecYEG. These data demonstrate that the
SecYEG complex can be purified in a
delipidated and functional state with the
detergent DDM.
Reconstitution of SecYEG and lipid
dependency
Delipidated SecYEG complex was used to
examine the phospholipid requirement of
protein translocation. The phospholipid
composition of the E. coli inner membrane
corresponds to about 70 mol% of the nonbilayer lipid PE and 30 mol% of the acidic PG
and CL. To mimic the native polar headgroup
composition, the SecYEG complex was
reconstituted into liposomes composed of 70
mol% of DOPE and 30 mol% of DOPG. The
amount of DOPC was gradually replaced by
DOPG to analyse the requirement for anionic
phospholipids. Total amounts of SecY, SecE
and SecG reconstituted in the liposomes were
determined by Western blotting, and were equal
for each of the proteoliposomes (data not
shown). Proteoliposomes were supplemented
with SecA and analysed for the SecA ATPase
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(µmol phosphate/ml)

Specific SecA translocation
ATPase activity
(nmol/mg of protein . min)

activity in the absence and presence of the
precursor proOmpA (Figure 1B), and for the
translocation of chemical amounts of 125I
labeled proOmpA (Figure 1A). The activity was
determined after 10 min of incubation because
within this time interval, the amount of
translocated proOmpA increased linearly in
time (data not shown). SecYEG was completely
inactive when reconstituted into DOPC:DOPE
(30:70, molar ratio) (Figure 1AB), but became
activated when the DOPC was replaced for
DOPG or DOPS (Figure 1A). A similar
observation was made for the endogenous and
proOmpA-stimulated SecA ATPase activity
(Figure 1B). The requirement for the other main
lipid constituent of the E. coli inner membrane,
PE, was determined by reconstitution of the
SecYEG complex into liposomes composed of
DOPG:DOPC (30:70, molar ratio) whereby the
DOPC was gradually replaced for DOPE.
Unlike DOPG, DOPE appears not to be
essential for protein translocation activity. A
low, but significant translocation (Figure 1C)
and translocation ATPase (Figure 1D) activity
was observed with the SecYEG complex
reconstituted in the absence of DOPE.
However, DOPE markedly stimulated the
activity of SecYEG up to three-fold. These
results show that anionic phospholipids are
essential for the reconstitution of a functional
translocase using purified and delipidated
SecYEG, while the non-bilayer lipid PE is only
stimulatory.
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Figure. 2. Reversible activation of reconstituted
SecYEG by DOPE. SecYEG was reconstituted in
proteoliposomes of the indicated lipid compositions,
and as indicated by the arrows, equal volumes of
proteoliposomes were fused by repeated freezethawing steps. The amount of reconstituted
SecYEG was 0, 10 and 20 µg, indicated by -, + and
++ respectively. The proOmpA-stimulated SecA
ATPase activity of the original and fused
proteoliposomes was measured as described in the
Experimental Procedures. The activity of the
SecYEG reconstituted into liposomes composed of
DOPG:DOPC:DOPE (15:60:25, molar ratio) which
had undergone similar freeze thawing cycles was
set to 100%.

Phospholipids reversibly influence translocase
activity
To exclude the possibility that the observed
phospholipid requirement is due to a difference
in reconstitution efficiency, the SecYEG
complex
was
first
reconstituted
into
proteoliposomes composed of a lipid mixture
that does not support activity. Subsequently
other lipids were introduced into these inactive
proteoliposomes by freeze-thaw-induced fusion
with liposomes of different phospholipid
composition.
SecYEG
proteoliposomes
composed of DOPC were essentially inactive
(2% activity) for the proOmpA-stimulated SecA
ATPase activity (Figure 2). Activity could,
however, be restored by fusion of these
proteoliposomes with DOPG:DOPC:DOPE
(30:20:50, molar ratio) liposomes yielding a

final lipid composition of DOPG:DOPC:DOPE
(15:60:25, molar ratio). The activity of these
fused proteoliposomes was about 65% of a
control in which the SecYEG complex was
reconstituted directly into this lipid mixture
(Figure 2). In another experiment SecYEG was
reconstituted with DOPG:DOPC (30:70, molar
ratio) yielding proteoliposomes that support a
low SecA translocation ATPase activity. Reintroduction
of
DOPE
into
these
proteoliposomes by fusion with DOPC:DOPE
(50:50, molar ratio) liposomes, again yielding a
final lipid composition of DOPG:DOPC:DOPE
(15:60:25, molar ratio), resulted in an increase
of the activity to about 60% of the control.
These results demonstrate that the activity of
the reconstituted SecYEG complex can be
reversibly modulated by the bulk phospholipid
composition.
Non-bilayer
lipids
stimulate
protein
translocation
To further examine the effect of the non-bilayer
lipid PE on protein translocation, the headgroup
and acyl chain properties were varied. In a lipid
mixture of DOPC:DOPG (70:30, molar ratio),
the DOPC was gradually replaced for either
DOPE, methyl-DOPE, or dimethyl-DOPE.
Although introduction of DOPE significantly
stimulated the proOmpA translocation activity
(Figure 3A) and SecA translocation ATPase
activity
(Figure
3B)
of
SecYEG
proteoliposomes, this effect was largely
abolished when the DOPE was mono- or
dimethylated. When the DOPE was exchanged
for dimyristoyl-PE (DMPE), a PE derivative
with a shorter hydrophobic acyl chain, hardly
any stimulation of the activity was observed
(Figure 3). Since the methylated forms of PE
and DMPE are all bilayer lipids (31, 48) it
appears that the stimulatory effect of DOPE is
indeed due to its ability to form non-bilayer
structures. To further confirm this hypothesis,
the effect of dioleoylglycerol (DOG), a lipid
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Figure 3. Non-bilayer lipids stimulate preprotein translocation. Purified SecYEG complex was reconstituted
in DOPG:DOPC (30:70, molar ratio) proteoliposomes in which the DOPC was gradually replaced for DOPE
(open circles), methyl-DOPE (open squares), dimethyl DOPE (closed squares), DMPE (open triangles) or
DOG (closed circles). Proteoliposomes were supplemented with SecA and assayed for the ATP-dependent
125
translocation of
I-proOmpA (A) and for the SecA-ATPase activity in the absence and presence of
proOmpA (B).

with strong non-bilayer forming properties, was
examined. DOG markedly stimulated the
activity of the SecYEG complex to the same
extent as DOPE (Figure 3). Taken together
these data demonstrate that PE affects protein
translocation by its ability to adopt a nonbilayer conformation.
The lipid requirement of the SecYE complex is
not affected by SecG
To determine if the presence of SecG influences
the lipid requirement of translocation, the
SecYE complex was purified from an
overexpressing strain and reconstituted into
various lipid mixtures. Although some
endogenous SecG co-purified with SecYE,
western blotting demonstrated that the amount
of SecG in the SecYE proteoliposomes was at
least 25 fold lower than in the SecYEG
proteoliposomes (data not shown). The absence
of SecG resulted in a dramatic reduction of the
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activity of the SecYE complex. However, the
requirement for anionic phospholipids (DOPG)
and non-bilayer lipids (DOPE) (Figure 4) as
observed with the SecYE complex was
indistinguishable from that found for SecYEG.
This indicates that there is no direct mechanistic
relation between the SecG function and the
activating effect of lipids.
Lipid requirement of the Bacillus subtilis
SecYEG complex
To determine if the lipid requirement found for
the E. coli SecYEG complex extends to other
bacterial species, the lipid specificity of the B.
subtilis SecYEG complex was determined.
Unlike E. coli, anionic phospholipids are the
major constituents of the B. subtilis cytoplasmic
membrane, i.e., 70% PG, 4% CL, and 12% PE
(330). To obtain functional B. subtilis
translocase, the SecY, SecE and SecG proteins
were overproduced in E. coli (583). IMVs
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Figure 4. Lipid dependence of SecYEG and SecYE-mediated proOmpA translocation. Purified SecYE and
SecYEG was reconstituted into liposomes with the indicated lipid compositions and analyzed for the
125
translocation of I-labelled proOmpA.

derived from cells overexpressing either the B.
subtilis or E. coli SecYEG were solubilised in
OG without the addition of exogenous lipids,
and directly reconstituted into a 20-fold excess
of synthetic lipids by rapid dilution. A mixture
of DOPG:DOPE (70:30, molar ratio) was used
to mimic the lipid composition of B. subtilis.
Either the DOPG or DOPE was replaced for
DOPC to analyse the requirement for anionic
and non-bilayer lipids, respectively. The
translocation activity of the B. subtilis SecYEG
complex was assayed in the presence of purified
B. subtilis SecA and 125I-labeled prePhoB, a
precursor
(583,584).
Bacillus-specific
125
I-proOmpA was used with the E. coli
SecYEG proteoliposomes. Translocation of
proOmpA by the E. coli SecYEG
proteoliposomes again showed the strict
requirement for PG and stimulation by PE
(Figure 5). The presence of 25 mol% of PG and
30 mol% of PE in the E. coli SecYEG
proteoliposomes was already sufficient to
saturate the activity (See also Figure 1C and
1D). Therefore, it seems that the E. coli
SecYEG is most active in a synthetic lipid
mixture resembling the polar headgroup
composition of the E. coli inner membrane.
Remarkably, translocation of prePhoB by B.
subtilis SecYEG proteoliposomes appeared
much more critical with respect to the lipid

composition. Maximal translocation activity
required a very high DOPG concentration
(Figure 5), and was optimal in a lipid mixture
corresponding most closely to the polar
headgroup composition of the B. subtilis
membrane, i.e., DOPG:DOPE (70:30, molar
ratio) (Figure 5). The data suggests that the
requirement for anionic and non-bilayer lipids
for preprotein translocation is a general feature
of bacterial translocase complexes, and further
show that in B. subtilis, non-bilayer lipids are
essential for activity.
Discussion
The E. coli preprotein translocase depends for
its activity on specific classes of phospholipids.
Previous in vivo and in vitro studies have shown
that anionic phospholipids are essential for
activity while non-bilayer lipids are stimulatory
(257). A systematic study of the phospholipid
requirement of the purified translocase has not
been reported yet, despite the fact that the lipid
composition
of
the
reconstituted
proteoliposomes can be manipulated in a
convenient and systematic manner. We now
show that functional reconstitution of the
purified, delipidated E. coli SecYEG requires
anionic phospholipids, while non-bilayer lipids
stimulate translocation. These results confirm
79
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Figure 5. Comparison of the lipid dependence of B. subtilis and E. coli SecYEG-mediated preprotein
translocation. IMVs containing highly overproduced B. subtilis or E. coli SecYEG complex were solubilized in
octylglucoside and reconstituted in proteoliposomes with the indicated lipid compositions. Proteoliposomes
were supplemented with purified B. subtilis or E. coli SecA protein, and analyzed for the ATP-dependent
125
translocation of I-labelled prePhoB or proOmpA as indicated.

the studies performed in the crude membrane
system, but in addition, extend these
observations to the B. subtilis SecYEG.
Remarkably, the activity of the B. subtilis
SecYEG strictly depends on the presence of
non-bilayer lipids. For optimal activity, anionic
and non-bilayer lipids need to present at
amounts corresponding to the native membrane
phospholipid composition.
In order to analyse the phospholipid
requirement of the purified translocase, it is
desirable to first delipidate the enzyme and
subsequently
restore
its
activity
by
reconstitution in liposomes with a defined
phospholipid composition. The SecYEG
complex has been purified from IMVs after
solubilisation with OG. However, to obtain a
functional SecYEG complex it is necessary to
include phospholipids in the buffers used during
the purification (225,226,312) (this study).
Delipidation of OG-purified SecYEG leads to
the irreversible inactivation of the enzyme
(Table 1). We now show that SecYEG can be
purified in a delipidated and functional form
when instead of OG, DDM is used as a
detergent. OG is a detergent with a rather short
acyl chain of only eight carbon moieties. The
acyl chain of DDM is longer, and thus may
more closely resemble the interaction of the
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phospholipid acyl chain with the SecYEG
complex present in detergent micelles. In this
respect, it was previously noted that OGsolubilised
SecYEG
is
thermolabile
(257,362,379).
DDM-purified
SecYEG
complex is less susceptible to such thermal
inactivation (A.Veenendaal, manuscript in
preparation). The DDM purified SecYEG
complex, like the OG-purified, lipidsupplemented SecYEG complex (379) supports
the high affinity binding of SecA, the
nucleotide-induced conformational states of
SecA, and the endogenous SecA ATPase
activity (unpublished results). However, it has
not been possible to detect SecA translocation
ATPase activity with the detergent solubilised
translocase even though the enzyme is stable at
the temperatures that support this activity in
reconstituted liposomes. Electron-microscopical
studies on the B. subtilis SecYE complex
indicate the presence of oligomeric forms that
may represent the preprotein conducting
channel (380). This oligomeric form may be a
stable state of the SecYE complex, but
alternatively, the SecYE oligomer may be a
dynamic entity, disassemble, and assemble in
response to the demand for translocation. When
reconstituted into a lipid membrane, the kinetics
of such an assembly event will largely be
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dictated by the lateral protein diffusion rate. In
detergent micelles, however, assembly will be
limited by the rate of collision within the threedimensional space and /or the ability of the
micelles to fuse. These events may be effective
only when the enzyme is present at a very high
concentration.
Strikingly,
preprotein
translocation in detergent solution has been
reported for the Sec61p isolated from the
endoplasmic membrane of yeast (536), but is
observed only at a very high Sec61p
concentration.
Although the purification method in the
absence of phospholipids was developed to be
able to examine effects of small quantities of
phospholipids on the activity of the translocase,
the data shows that high concentrations of
anionic and non-bilayer lipids are needed to
saturate the translocation activity. It thus
appears that phospholipids act on protein
translocation in a more global sense. The E. coli
SecYEG complex is maximally active in a
mixture of 30% DOPG and 70% DOPE. As far
as the ratio between anionic and non-bilayer
lipids concerns, this mixture ‘more or less’
corresponds to the lipid composition of the
E. coli inner membrane. The activity in the
optimal synthetic mixture is about 75% of that
found with natural E. coli phospholipids,
showing that substantial activity can be
recovered
with
the
defined
system.
Reconstituted B. subtilis SecYEG complex is
maximally active in 70% DOPG and 30%
DOPE, i.e., at a ratio that closely matches that
of anionic to non-bilayer lipids in the native
B. subtilis inner membrane. It is remarkable that
both systems differ in their quantitative lipid
requirement and are most active at their
physiological lipid conditions. In this respect,
the lipid requirement of the E. coli SecYEG
complex did not change significantly when
instead of proOmpA, prePhoB translocation
was assayed (unpublished results).
Anionic phospholipids have been shown

to fulfill at least a dual role, i.e., they promote
SecA membrane binding and insertion and
stimulate the interaction of the signal sequence
of preproteins and the membrane (326). These
lipids may indirectly stimulate targeting of
SecA to the SecYEG complex, for instance, by
promoting the low affinity membrane binding
of SecA. This may result in a membrane bound
pool of SecA protein that could have a kinetic
advantage relative to the cytosolic pool to
associate with SecYEG complexes that have
completed
a
translocation
reaction.
Experimental evidence for such a mechanism is,
however, difficult to obtain. Another possible
role for anionic phospholipids may be found in
the putative assembly of the SecYEG complex
into larger functional oligomers. The collective
cold-sensitive secretion defect of the secG null
and secAcsR11 strain (366) and many other
Sec-mutants may be found in a compromised
channel assembly activity.
The reconstitution studies with the
purified SecYEG complex provide compelling
evidence that non-bilayer lipids stimulate
translocation. The activating effect of DOPE
can be mimicked with dioleoylglycerol, a lipid
that like DOPE adopts a non-bilayer
conformation, while bilayer forming PEderivatives fail to stimulate translocation. These
data provide strong evidence that the lipid shape
is the major factor for activation rather than the
amino group of PE. In contrast to the E. coli
SecYEG, the activity of the B. subtilis SecYEG,
strictly required the presence of non-bilayer
lipids. In contrast, the amino group of PE is
needed for the functional reconstitution of the
lactose permease of E. coli (585,586) and
leucine permease of Lactococcus lactis (587).
PE stimulates the folding of the lactose
permease into its active conformation
(588,589). Likewise, non-bilayer lipids may be
needed for folding and/or assembly of the
SecYEG complex.
Our data suggest that the absolute
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amounts of bilayer (or anionic) and non-bilayer
lipids are essential for optimal activity. Since
these lipids are needed at high concentration, it
seems that the protein translocation activity is
determined by the collective, physical
properties of the membrane. The requirement
for non-bilayer lipids could relate to their effect
on the lateral membrane pressure and/or
optimal matching of the protein-lipid interface,
and thus affect the conformation of the active
translocase.

Purification of delipidated SecYEG and SecYE
complexes
IMVs overexpressing his-tagged SecYE(G)
were isolated from E. coli SF100 cells
transformed with pET610 (E. coli SecYEG)
(379), or pET320 (E. coli SecYE) (this study)
as described (379). IMVs (60 mg of protein)
were solubilised on ice for 30 min at 1 mg/ml in
10 mM TrisCl, pH 8.0, and 20% glycerol
(buffer A) supplemented with 2% (w/v)
dodecylmaltoside (DDM). Non-solubilised
proteins and aggregates were removed by

Materials and methods

centrifugation (30 min at 40,000 x g at 4 °C)
and the supernatant was loaded onto a DEAE
column (volume 60 ml) (Whatman, DE-52)
equilibrated with buffer A supplemented with
0.03% (w/v) DDM. The column was washed
with 2 volumes of equilibration buffer, and
proteins were eluted with a linear gradient of
0-300 mM KCl in 3 volumes of the same
buffer. Alternatively, the SecYEG complex was
extracted from the IMVs and purified with
1.25% (w/v) OG in the presence or absence of
0.2 mg/ml of E. coli phospholipid. Fractions
were analysed by 15% sodium dodecyl
sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE) and stained with Coomassie
Brilliant Blue (CBB). Purified protein was
either stored on ice or frozen in liquid nitrogen

Materials
E. coli SecA (549), B. subtilis SecA (183),
SecB (77), proOmpA (562), and prePhoB (584)
were purified as described. ProOmpA and
prePhoB were labeled by iodination with K125I
(584) and stored frozen in 6 M urea, 50 mM
TrisCl, pH 7.5. 1,2 dioleoyl-sn-glycero-3phosphocholine (DOPC), N-methyl 1,2
dioleoyl-sn-glycero-3-phosphoethanolamine
(methyl-DOPE), N,N,-dimethyl 1,2 dioleoyl-snglycero-3-phosphoethanolamine
(dimethylDOPE), 1,2 dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), 1,2 dimyristo-oleoyl-snglycero-3-phosphoethanolamine (DMPE), 1,2
dioleoyl-sn-glycero-3-[phospho-L-serine]
(DOPS), 1,2 dioleoyl-sn-glycero-3-phosphoglycerol (DOPG) and dioleoylglycerol (DOG)
were from Avanti Polar lipids, Inc.,
Birmingham, AL. Polyclonal antibodies (pAb)
raised against purified his-tagged SecY and
SecE, and against a synthetic peptide
corresponding to a SecG domain were obtained
as described previously (379).
Plasmids
pET610 (248) was partially digested with
NcoI/BamHI and the large secYE fragment was
cloned into pET302 (379) to yield pET320
allowing the overproduction of the E. coli
SecYE.
82

and stored at – 80 °C.
Reconstitution of SecYEG and SecYE
complexes
Synthetic phospholipids were mixed in desired
ratios in chloroform solution, dried under
vacuum, washed with ethanol and dried again.
Next, the lipid film was slowly (1-2 hrs)
hydrated at a final concentration of 10 mg/ml
by incubation at room temperature under a
nitrogen atmosphere in a buffer containing
10 mM TrisCl, pH 8.0, and 1 mM dithiothreitol.
The suspension was finally dispersed using a
bath sonicator. For reconstitution, 100 µl of
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purified E. coli SecYEG or SecYE protein
(about 0.1 mg/ml) was mixed with 20 µl of
lipids (10 mg/ml), incubated for 5 min on ice,
and diluted rapidly with 8 ml of 50 mM TrisCl,
pH 8.0, 50 mM KCl. After 5 min,
proteoliposomes
were
collected
by
centrifugation (30 min, Ti-70, 200,000 x g, 4°C)
and resuspended in 100 µl of 50 mM TrisCl,
pH 8.0, and 50 mM KCl. Proteoliposomes were
analysed for the amount of incorporated protein
using the DC Protein assay (Bio-Rad, Hercules,
CA), by 15% SDS-PAGE stained with CBB,
and by immunoblotting on PVDF membranes
using antibodies directed again SecY, SecE and
SecG.
Reconstituted
SecYE(G)
proteoliposomes were frozen and stored in
liquid nitrogen. Before use, samples were thawn
at 37°C and sonicated 3 times for 10 sec in a
bath sonicator. Control experiments showed
that the SecA translocation ATPase activity
after rapid dilution was linear with the amount
of SecYEG added at lipid-to-protein ratios
(W/W) above 10.
To reconstitute the B. subtilis SecYEG
into liposomes of different lipid compositions,
IMVs were isolated from E. coli SF100 cells
transformed with pET822 that directs the
functional overexpression of the B. subtilis
SecYEG complex (583). IMVs (100 µl; 0.1 mg
of protein/ml) were solubilised in 1.25% (w/v)
OG in buffer A as described (379). After
30 min incubation on ice, the non-solubilised
material was removed by centrifugation
(TLA100.4, 30 min, 180,000 x g, 4°C). The
supernatant fraction (100 µl) was subsequently
mixed with 20 µl of lipids (10 mg/ml), rapidly
diluted, and isolated as described above. In
control experiments, IMVs were used derived
from E. coli SF100 cells transformed with
pET610 overproducing E. coli SecYEG (248).
Fusion of SecYEG proteoliposomes
SecYEG (proteo)liposomes (100 µl; containing

0, 10 or 20 µg of SecYEG protein and 0.2 mg
of phospholipids) were mixed with an equal
volume and amount of (proteo)liposomes of
different lipid composition. Samples were
quickly frozen in liquid nitrogen and slowly
thawn on ice. This procedure was repeated three
times. Before use in activity assays, samples
were sonicated 3 times for 10 sec in a bath
sonicator.
Translocation assays
Translocation assays were performed in a final
volume of 50 µl consisting of 50 mM HEPESKOH, pH 7.6, 30 mM KCl, 5 mM Mg(Ac)2,
2 mM ATP, 10 mM creatine phosphate, 0.5 µg
of creatine kinase, 25 µg of bovine serum
albumin, 1.6 µg of SecB, 1 µg of purified
E. coli or B. subtilis SecA and proteoliposomes
containing 6.5 µg of SecYEG or SecYE
complex. Samples were preincubated for
10 min at 37 °C, and the translocation reaction
was started by the addition of 1 µl of 125Ilabeled proOmpA or prePhoB (0.2 mg/ml in
6 M urea, 50 mM TrisCl, pH 7.5). After 10 min,
reactions were terminated by chilling on ice.
Samples were treated with proteinase K
(0.1 mg/ml) for 15 min, precipitated with icecold 10% (w/v) trichloric acid, acetone-washed
and analysed by SDS-PAGE on 10% (prePhoB)
and 12% (proOmpA) polyacrylamide gels.
Other analytical techniques
Translocation ATPase activity of urea-treated
IMVs or SecYEG proteoliposomes was
measured with proOmpA as substrate as
described (179). Protein concentration was
determined with the DC Protein assay (Bio-rad,
Hercules, CA). Phospholipid phosphorus was
assayed
after
heat
destruction
of
chloroform/methanol extracted phospholipids
using the method of Rouser et al. (590).
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SecY-SecE interactions

Cysteine-directed crosslinking demonstrates that helix
3 of SecE is close to helix 2 of SecY and helix 3 of a
neighboring SecE
Andreas Kaufmann, Erik H. Manting, Andreas K. J. Veenendaal, Arnold J. M. Driessen, and Chris
van der Does
Summary

Preprotein translocation in Escherichia coli is mediated by translocase, a multimeric
membrane protein complex with SecA as peripheral ATPase and SecYEG as
translocation pore. Unique Cysteines were introduced into transmembrane segment
(TMS) 2 of SecY and TMS 3 of SecE to probe possible sites of interaction between
the integral membrane subunits. The SecY and SecE single Cys mutants were
cloned individually and in pairs into a secYEG expression vector and functionally
overexpressed. Oxidation of the single Cys pairs revealed periodic contacts
between SecY and SecE that are confined to a specific α-helical face of TMS 2 and 3,
respectively. A Cys at the opposite α-helical face of TMS 3 of SecE was found to
interact with a neighboring SecE molecule. Formation of this SecE dimer did not
affect the high affinity binding of SecA to SecYEG and ATP hydrolysis, but blocked
preprotein translocation and thus uncoupled the SecA ATPase activity from
translocation. Conditions that prevent membrane deinsertion of SecA markedly
stimulated the interhelical contact between the SecE molecules. The latter
demonstrates a SecA-mediated modulation of the protein translocation channel that
is sensed by SecE.

Introduction
In the well studied general secretory pathway of
Escherichia coli, preproteins are targeted to the
cytoplasmic membrane either as ribosomebound nascent chains by signal recognition
particle and FtsY (56,134) or as completely
synthesised polypeptides. Proteins which are
secreted through the post-translational pathway
can be kept translocation competent by the
export-dedicated molecular chaperone SecB
(79,591). Both targeting routes converge at a

membrane protein complex termed translocase
(68). Translocase consists of a peripherally
membrane-associated ATPase, SecA (549), and
the SecYEG heterotrimeric integral membrane
protein complex (226). The dimeric SecA is
activated for SecB recognition when bound to
the membrane at SecYEG (79,113). SecB
donates the preprotein to SecA, and is released
into the cytosol upon the exchange of SecAbound ADP for ATP (104). The latter reaction
elicits a conformational change that permits
SecA domains to insert into the membrane with
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the concomitant insertion of the preprotein
(363). The inserted preprotein is released from
its association with SecA upon the hydrolysis of
ATP (343) and SecA reverses to its membrane
surface-bound state. SecA may rebind the
partially translocated preprotein, and complete
translocation by multiple cycles of ATP binding
and hydrolysis (343,347). In the absence of
SecA association, translocation may also be
driven by the proton motive force (340,343).
The translocase holoenzyme is formed
by only SecA, SecY and SecE (227,274).
However, SecG co-purifies with the SecYE
complex (226,379) and its presence markedly
enhances the efficiency of in vitro preprotein
translocation (255). SecD, SecF and YajC are
integral membrane proteins that assemble into a
complex, which interacts with SecYEG (274).
They may add to the fidelity of the translocation
reaction as overexpression of the SecDFYajC
complex stabilises SecA in the membraneinserted state (285,286). SecD and SecF are not
essential for preprotein translocation, but in
their absence, cells are no longer able to sustain
a proton motive force and are cold sensitive for
growth (282,287). In vitro experiments have
demonstrated that the SecYEG complex
suffices to support efficient SecA-dependent
preprotein translocation (226,261,379).
The SecYEG complex shares functional
and structural characteristics with the Sec61p
protein-conducting channel of the eukaryotic
endoplasmic reticulum (401,403). Highresolution electron microscopy images of the
mammalian and yeast Sec61p complex show
ring-like oligomeric structures, which are
formed after interaction with the ribosome
(474,494). These structures seem to consist of
two to four Sec61p trimers with a central pore.
Recently, it has been shown that the SecYE of
Gram-positive bacterium Bacillus subtilis
shows quasi-pentagonal structures, which
resemble the Sec61p complex (380). These
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structures are thought to consist of an
oligomeric assembly of three SecYE subunits.
Both biochemical and genetic data have
demonstrated that SecY and SecE interact, but
the exact sites of interaction are not known.
Synthetic lethality of various combinations of
SecY (prlA) and SecE (prlG) signal sequence
suppressor mutants suggests an interaction
between the periplasmic loop 1 (P1) of SecY
and P2 of SecE, and indicates that
transmembrane segment (TMS) 7 and TMS 10
of SecY are in close proximity of TMS 3 of
SecE (219,102). The cytoplasmic domain 4
(C4) of SecY has been suggested to interact
with C2 of SecE (232,249). To obtain detailed
insight into the molecular architecture of the
SecYEG complex, we have carried out a
Cysteine scanning mutagenesis. This is a
powerful technique that has been used to reveal
helix
packing
and
structure-function
relationships in polytopic membrane proteins
(592,593). Based on the interaction between P1
of SecY and P2 of SecE and the observation
that TMS 1 and 2 of SecE are not essential for
its function (241), we have selected TMS 2 of
SecY and TMS 3 of SecE to introduce single
Cysteine residues. By combining single Cys
mutants we were able to directly demonstrate
specific contacts between these TMSs. In
addition, a specific helical face of TMS 3 of
SecE interacts with a neighboring SecE
molecule. The latter interaction is stimulated
when SecA membrane deinsertion in the
presence of a preprotein is blocked, and
suggests an oligomeric structure of the SecYEG
complex where at least two SecE subunits are in
close proximity.
Results
Construction and activity of single Cysteine
mutants of SecY and SecE
To investigate the interaction between SecY
TMS 2 and SecE TMS 3, we have employed a
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Figure 1. Topology model of SecY and SecE. The endogenous cysteine residues that were replaced by
serine residues to create the Cys-less SecY are depicted by black diamonds. Single Cys mutations in TMS 2
of SecY and TMS 3 of SecE are depicted by black circles.

Cysteine scanning mutagenesis approach. The
E. coli SecY contains two endogenous
Cysteines, i.e., Cys329 and Cys385 located in
TMS 8 and 9, respectively (Figure 1). SecE and
SecG are devoid of Cys residues. A Cys-less
SecY was constructed by replacing Cys329 and
Cys385 by serine residues using site-directed
mutagenesis. The Cys-less SecY was
subsequently used to introduce five (F78C,
A79C, L80C, G81C and I82C) unique Cys
residues into a consecutive stretch of TMS 2 as
to cover at least one turn of this putative αhelical segment. Likewise, five (S105C, L106C,
I107C, L108C and W109C) unique Cys
residues were introduced into TMS 3 of SecE.
These mutations are predicted to be located
close to the periplasmic face of the membrane
(Figure 1, 238). The single Cys SecY and SecE
mutants were cloned either individually or as
pairs into the secYEG expression vector under
control of the trc promoter with a N-terminal
his-tag on SecY (202) (See Table 1). Inner
membrane vesicles (IMVs) derived from cells
expressing the SecYEG complex were checked
by SDS-PAGE, CBB staining and western

blotting using pAbs against SecY, SecE and
SecG. With each of the constructs, SecY, SecE
and SecG were overexpressed to the same level
as the wild-type SecYEG complex. This is
shown in Figure 2A for the Cys-less SecYEG
and the complexes that bear the single Cys
SecE mutations, but identical results were
obtained for the individual SecY mutants, and
the SecE-SecY mutant combinations. Since
SecY is only stable when overexpressed
together with SecE (234), it appears that with
each of the Cys mutants a stable SecY-SecE
interaction is achieved. IMVs were analysed for
the in vitro translocation of 125I-labeled
proOmpA (Figure 2B) and for the SecA
translocation ATPase activity in the presence of
proOmpA (Figure 2C). These assays were
performed in the presence of DTT to prevent
possible oxidation of the Cys residues. In all
cases, the activities of the mutant SecYEG
complexes were similar to that of the wild type.
IMVs were also tested for the translocation of
125
I-∆8proOmpA, a proOmpA derivative with a
defective signal sequence due to the deletion of
Ile-8. In contrast to IMVs of the prlA4 strain
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Figure 2. Overexpression of SecY, SecE and SecG
proteins in E. coli SF100 cells. (A) Coomassie
brilliant blue-stained SDS-PAGE of IMVs derived
from SF100 cells harboring plasmids pET324
[control, 1], pET610 [SecYEG, 2], pET607 [Cysless SecYEG, 3], pET626 [SecYE(S105C)G, 4],
pET627 [SecYE(L106C)G, 5], pET628
[SecYE(I107C)G, 6], pET629 [SecYE(L108C)G, 7]
and pET630 [SecYE(W109C)G, 8]. The positions of
the molecular mass markers are indicated. (B)
125
Translocation
of
I-proOmpA
into
IMVs.
Translocation reactions were performed for 10 min
in the presence of SecA and ATP. Positions of
proOmpA and OmpA are indicated. Lanes are
numbered as above. (C) SecA ATPase activity of
urea-treated IMVs in the absence (open bars) and
presence (closed bars) of proOmpA. Lanes are
numbered as above.

(216) expressing the PrlA4 SecY at wild-type
levels, none of the overexpressed mutants was
able to translocate ∆8proOmpA (data not
shown). This suggests that the mutagenesis has
not yielded any strong prlA or prlG mutants. In
summary, the Cys-less SecYEG, the single Cys
mutants of SecY and SecE, and the pairs of
SecY and SecE mutants are normally
overexpressed and are functionally active.
TMS 2 of SecY and TMS 3 of SecE are
interacting transmembrane segments
To identify interhelical contacts between SecY
and SecE, the membranes containing the
SecYEG complex with the pairs of single Cys
mutants of SecY and SecE were oxidised with 1
mM Cu2+(phenanthroline)3. The reaction was
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then quenched with 10 mM neocuproine, and
protein profiles were analysed by SDS-PAGE
in the absence of reducing agents, western
blotting and immunodetection using pAbs
directed against SecY and SecE. Out of a total
of 25 Cys pairs, only the combinations of
SecY(F78C) with SecE(L108C), SecY(A79C)
with SecE(L108C), and SecY(I82C) with
SecE(S105C) yielded a slowly migrating
protein band after oxidation that reacted both
with pAbs directed against SecY and SecE
(Figure 3). This putative crosslinked product of
SecY and SecE showed an apparent molecular
mass of 50 kDa on SDS-PAGE, and its
formation was reversed by the addition of DTT
(data not shown). The crosslinked product was
not observed in membranes containing the Cysless SecYEG (See Figure 4) or single Cys
mutants of SecY or SecE. Modeling of TMS 2
of SecY and TMS 3 of SecE reveals that all
detected crosslinks are confined to a distinct
helical face, and that the interaction reappears
after a single turn of both helical segments
(Figure 9). The latter periodicity indicates that
TMS 2 of SecY and TMS 3 of SecE are indeed
α-helical and that both TMSs are in close
proximity, i.e., within disulfide bonding
distance.
SecE(L106C) contacts a neighboring SecE
molecule
In all samples that contained the SecE(L106C)
mutant, even in combination with the Cys-less
SecY, the oxidising conditions also yielded a
highly specific protein band with an apparent
molecular mass of 28 kDa (Figure 3). This
crosslinked product stained only with the pAb
directed against SecE, and not with the SecYor SecG-specific antibodies. The 28 kDa
crosslinked
product
disappeared
upon
incubation with DTT, and was not found with
wild type SecE. Based on its size, it may
represent an oxidised dimer of SecE(L106C)
molecules. To exclude crosslinking of SecE
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Figure 3. Identification of specific cross-links between unique cysteines in TMS 2 of SecY and TMS 3 of
SecE. IMVs derived from SF100 cells over-expressing the SecYEG complex containing pairs of the indicated
Cys mutants in TMS 2 of amino-terminally His-tagged SecY and the following Cys mutants in TMS 3 of
SecE: S105C (lane 1), L106C (lane 2), I107C (lane 3), L108C (lane 4) and W109C (lane 5). IMVs were
2+
oxidized for 30 min on ice in the presence of Cu (phenanthroline)3, and subsequently quenched with an
excess of neocuproine. Samples were analyzed by immunoblotting using pAbs directed against SecY and
SecE. Resultant cross-linked products with apparent molecular masses of 50- (SecY-E) and 28-kDa (SecEE) are indicated. SecY stains as a double band due to the presence of the endogenous SecY,
overexpressed His-tagged SecY, and proteolytic loss of the His-tag. The protein band that runs in all
samples at 30 kDa and slightly above the (SecE-E) cross-link is outer membrane protein A (OmpA), which is
nonspecifically detected by the anti-SecE pAb. Note that this band is not present in the oxidized purified
SecYE(L106C)G complexes shown in Figure 4.
Figure 4. The 28 kDa cross-linked product
represents a SecE dimer. Proteoliposomes
reconstituted with the purified Cys-less SecYEG
and SecYE(L106C)G complex (6.5 g/mL) were
oxidized for 30 min on ice in the presence of
2+
Cu (phenanthroline)3,
as
indicated,
and
subsequently quenched with an excess of
neocuproine. Samples were separated on SDSPAGE in the absence or presence of DTT, blotted
and immunostained with pAbs directed against
SecE. The position of 28 kDa cross-linked SecE
product is indicated (SecE-SecE).

L106C) with another membrane protein of
unknown identity, both the SecYE(L106C)G
and Cys-less SecYEG complex were purified to
homogeneity (379). The SecE(L106C) molecule
co-purified with SecG and the his-tagged Cys-

less SecY in the same stochiometry as the
wildtype SecYEG complex (data not shown),
which confirms that the SecE mutant interacts
normally with SecY and SecG. Moreover,
under oxidising conditions, the reconstituted
SecYE(L106C)G complex again yielded the
28 kDa protein band (Figure 4), while the
crosslinked band was not observed with the
89

Chapter 5

Figure 5. Single Cys mutants of SecE dimerize
when overexpressed in the absence of SecY. IMVs
derived from SF100 cells overexpressing SecE
(wild-type, lane 1), SecE(S105C) (lane 2),
SecE(L106C) (lane 3), SecE(I107C) (lane 4),
SecE(L108C) (lane 5) and SecE(W109C) (lane 6)
2+
were
oxidized
with
Cu (phenanthroline)3,
quenched with neocuproine, and separated on
SDS-PAGE in the absence (left) and presence of
DTT (right). Samples were stained with Coomassie
brilliant blue and the position of the SecE dimer is
indicated (SecE-E)

Cys-less SecYEG complex. This unequivocally
demonstrates
that
oxidation
of
the
SecYE(L106C)G
complex
results
in
dimerisation of SecE. It is important to stress
that the apparent ratio between monomeric
SecE and the species crosslinked to SecY or
SecE on western blots depended on the applied
blotting conditions. Longer blotting times
resulted in a loss of signal of the polypeptide
band representing monomeric SecE, whereas
shorter blotting times hardly revealed any
crosslinked SecE. Therefore, even though the
amount of SecE is equal in all samples, the total
of immunostained SecE varies. The blotting
conditions applied were optimal to visualise the
crosslinked products without complete loss of
the monomeric SecE signal. As the unique
dimerisation of the SecE(L106C) mutant was
observed after purification and reconstitution of
SecYE(L106C)G complex, it unlikely results
from a loose interaction with SecY or an overstoichiometric expression level of the mutant
SecE molecule. The latter is also apparent from
the overexpression level of SecE(L106C),
which is the same as for the other SecE Cys
mutants.
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Figure
6.
Proteoliposomes
bearing
SecYE(L106C)G are reversibly inactivated upon
oxidation. Samples containing Cys-less SecYEG or
SecYE(L106C)G proteoliposomes (6.5 µg/mL) were
oxidized for 30 min on ice with 1 mM
2+
Cu (phenanthroline)3, transferred to 37 °C, and
further incubated for 5 min in the absence or
presence of 10 mM DTT. Translocation was
125
followed in time after the addition of I-proOmpA,
SecA (10 µg/mL) and ATP (2 mM). The arrows
indicate the positions of proOmpA and the
translocation intermediate I31.

When each of the single Cys SecE mutants was
overexpressed separately, i.e., without SecY
and SecG, the oxidation-induced formation of
the 28 kDa crosslinked product was no longer
unique for the SecE(L106C) but occurred with
all constructs (Figure 5). Apparently,
uncomplexed SecE is in a conformation in
which crosslinking of Cysteines in TMS 3
readily occurs upon oxidation. However, upon
association with SecY, SecE is oriented in such
a manner that except for SecE(L106C), all Cys
mutants are protected from disulfide bond
formation. These results therefore suggest that
SecE(L106) crosslinks with another SecE
molecule within the SecYEG complex (Figure
9) as confirmed by the experiments with the
purified SecYEG (Figure 4).
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Figure 7. Dimerized SecE(L106C) binds SecA with
high affinity and does not inhibit membrane
insertion, but uncouples the translocation ATPase
activity (A) SecA binding. Reduced or oxidized
µg/mL)
IMVs
(50
bearing
overexpressed
SecYE(L106C)G or Cys-less SecYEG were
incubated for 15 min on ice in the presence of 30
125
nM
I-labelled SecA. Binding of SecA to the
vesicles was determined after their isolation through
a 0.2 M sucrose-cushion (white bars). The
nonspecific binding level was determined in the
presence of 500 nM unlabelled SecA (black bars).
Error bars indicate the mean standard error of three
independent experiments. (B) SecA ATPase activity
in the presence (white bars) or absence (black
bars) of proOmpA. Averages and deviations of two
experiments are shown. (C) SecA membrane
insertion. The AMP-PNP induced membrane
insertion of SecA was measured as the formation of
125
a 30 kDa
I-labeled proteolytic SecA fragment in
the presence of reduced [+ DTT] or oxidized [+
2+
Cu (phenanthroline)3] IMVs bearing overproduced
Cys-less SecYEG (lanes 1-3) or SecYE(L106C)G
(lanes 4-6).

Oxidation of SecYE(L106C)G inhibits
translocation
To establish whether the formation of the
SecE(L106C) dimer had any influence on the
activity of the SecYEG complex, Cys-less
SecYEG or SecYE(L106C)G were treated with
Cu2+(phenanthroline)3 and analysed for SecAdependent proOmpA translocation. These
studies were performed both with IMVs (data
not shown) and proteoliposomes reconstituted

with the purified SecYEG complexes
(Figure 6). The translocation of proOmpA with
SecYE(L106C)G was greatly reduced by
oxidation, whereas the Cys-less SecYEG
allowed translocation up to a translocation
intermediate (I31) with a molecular weight of
31 kDa. The latter is due to the presence of a
disulfide bridge in the carboxyl-terminus of
proOmpA that prevents further translocation
(343). In IMVs, this intermediate exhibits an
apparent molecular mass of 29 kDa due to
removal of the signal peptide by leader
peptidase. Upon the addition of DTT, proOmpA
translocation with Cys-less SecYEG and
SecYE(L106C)G occurred equally effective
(Figure 6). These results demonstrate that the
oxidation-induced dimerisation of SecE(L106C)
inactivates translocase in a reversible manner.
The effect of oxidtion of the SecY-SecE single
Cysteine pairs was not further analysed due to
the low efficiency of disulfide bond formation.
Dimerised SecE(L106C) uncouples the SecA
ATPase activity
The effect of the oxidation of the SecY-bound
SecE(L106C) was further examined by
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Figure 8. Stable membrane insertion of SecA promotes interhelical SecE(L106C) contacts. IMVs containing
overproduced SecYE(L106C)G were pre-reduced with 5 mM DTT and diluted into translocation mixtures
containing SecA, proOmpA (pOA), 2 mM ATP, AMP-PNP, or ATPγS, as indicated. NaN3 (20 mM) was either
added before the onset of the translocation reaction (lane 10), or after 25 min of translocation (lanes 11 and
12). After 30 min, samples (lanes 2-12) were oxidized by further incubation for 30 min on ice in the presence
2+
of 1 mM Cu (phenanthroline)3. Lane 1 corresponds to the reduced control.

measuring the SecA membrane binding and
insertion, and the SecA translocation ATPase
activity. SecA binds with high affinity to the
SecYEG complex, and with low affinity to the
membrane lipids. The binding of 125I-labeled
SecA to urea-treated IMVs that harbor
overexpressed
cys-less
SecYEG
or
SecYE(L106C)G was not affected by the
oxidation with Cu2+(phenanthroline)3, but it was
effectively released after the addition of an
excess of unlabeled SecA (Figure 7A). This
demonstrates that the dimerisation of the SecYbound SecE does not interfere with the number
of high affinity SecA binding sites. Next, we
determined whether the SecYEG- and
precursor-stimulated SecA ATPase activity was
influenced by the oxidation of SecE(L106C).
Surprisingly, the amount of ATP hydrolysis by
SecA in the presence of proOmpA was identical
to that observed with the Cys-less SecYEG
complex (Figure 7B). Since the oxidation of the
SecE(L106C) results in a block of translocation,
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the SecA translocation ATPase appears
uncoupled from translocation. Membrane
insertion of SecA was analysed by the
formation of a protease-protected 125I-labeled
30 kDa fragment upon interaction with the
nonhydrolysable ATP analogue AMP-PNP in
the presence of urea-treated IMVs bearing Cysless SecYEG or SecYE(L016C)G (Figure 7C).
Under reducing conditions, both the Cys-less
SecYEG and SecYE(L106C)G complex
allowed formation of the proteolytic 30 kDa
SecA fragment. Oxidising conditions strongly,
but not completely, inhibited 30 kDa formation
with the SecYE(L106C)G complex. These data
demonstrate that SecA retains the ability to bind
with high affinity to
the oxidised
SecYE(L106C)G complex and to hydrolyse
ATP. Since membrane insertion is not
completely
prevented
under
oxidising
conditions, it cannot be excluded whether the
remaining membrane insertion activity relates
to incomplete oxidation of SecE(L106C) or
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residual
activity
of
the
oxidised
SecYE(L106C)G channel. We conclude,
however, that the oxidised SecYE(L106C)G
channel must be in a close-to-functional state to
allow SecA binding and an uncoupled
translocation ATPase activity.
SecA modulates the intrahelical contact
between neighboring SecE molecules
To examine whether the formation of the
Sec(L106C) dimer was modulated by
translocation conditions, conditions were
explored that abolished dimer formation. When
urea-treated membrane vesicles bearing
SecYE(L106C)G were extensively pre-reduced
with 5 mM DTT, diluted in buffer without
DTT, and subsequently oxidised by the addition
of Cu2+(phenanthroline)3, only a low level of
SecE(L106C) dimer was formed (Figure 8, lane
2). We used this method of pre-reduction as an
assay to find conditions that modulate the
efficiency of dimer formation, and in this
manner to detect dynamic changes in the
subunit interactions of SecYEG during
translocation. The yield of dimer formation was
not affected by the addition of SecA
irrespective of the presence or absence of
proOmpA (lanes 4 and 3, respectively) nor by
the subsequent addition of ATP (lane 5).
However, a dramatic elevation of the SecE
dimer
formation
occurred
when
the
nonhydrolysable ATP-analogue AMP-PNP was
added to the solution instead of ATP (lane 6).
This phenomenon strictly depended on the
presence of the preprotein, since in the absence
of proOmpA, no stimulation of dimer formation
was observed (lane 7). We then tested whether
other conditions leading to the stable insertion
of SecA had an effect on the SecE(L106C)
crosslinking. Indeed, a preprotein-dependent
stimulation of dimerisation was observed when
ATP-γ-S was used as a nonhydrolysable ATP
analogue (lane 8 and 9). Non-hydrolysable
ATP-analogues block translocation in its initial
stage, leading to the processing of the signal

sequence by leader peptidase (343) and a
stabilization of the SecA membrane-inserted
state (363). To block SecA in its membraneinserted state during later stages of the
translocation reaction, the ATPase inhibitor
azide was added 25 min after the addition of
ATP (lane 11). Azide interferes with the SecA
ATPase activity (201), and enforces the
formation of membrane-inserted SecA by
preventing its deinsertion (216). This effect
appears strongest during an ongoing
translocation reaction (lane 11), as the addition
of azide before initiation of translocation with
ATP did not result in increased SecE(L106C)
dimerisation (lane 10). Also in the case of the
azide-induced SecA membrane insertion, the
effect on the SecE crosslinking was dependent
on the presence of preprotein (lane 12). Under
the same set of conditions, we were unable to
detect a change in the yield of the SecY-SecE
crosslink using the SecY(A79C) and
SecE(L108C) mutant pair (data not shown).
Furthermore, none of the other SecE single Cys
mutants showed dimer formation upon the
conditions described above. These results
demonstrate that translocase undergoes
dynamic changes that influence the proximity
of two SecY-bound SecE molecules. This
phenomenon is coupled to the membrane
insertion of SecA and takes place only with
active translocase, i.e., in the presence of
preprotein.
Discussion
In this manuscript we provide direct evidence
for an interaction between TMS 2 of SecY and
TMS 3 of SecE of E. coli, and demonstrate that
the SecYG-bound SecE interacts with a
neighboring SecE molecule. SecA influences
the latter interaction in a preprotein and
nucleotide-dependent manner. For this study,
we have used a Cys-less SecYEG complex to
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Figure 9. Schematic representation showing the
periodic sites of interaction between TMS 2 of SecY
and TMS 3 of SecE, and the identified site of
interaction between TMS 3 of neighboring SecE
molecules. In black are indicated the mutagenized
amino acids residues that are part of the amino acid
sequences 77-85 and 102-110 of SecY and SecE,
respectively. For simplicity, the SecY interaction for
the second SecE molecule is not shown.

allow Cysteine scanning mutagenesis. The two
endogenous Cys residues of SecY were
replaced for serine residues, yielding a fully
functional SecYEG complex that was
subsequently used to introduce unique Cys
residues into TMS 2 of SecY (F78 to I82) and
TMS 3 of SecE (S105 to W109). These helical
regions were chosen based on the genetically
identified interaction between the periplasmic
loop 1 (P1) of SecY and P2 of SecE (102). All
mutants could be functionally overexpressed,
implying that the SecY-SecE interaction in
these mutants is retained as the stability of
SecY in the cell is dependent on its interaction
with SecE (234). None of the Cysteine mutants
showed a strong prl phenotype, as evidenced by
the inability of these highly overexpressed
mutants to translocate ∆8proOmpA, despite the
fact that one of the mutated residues
SecE(L108) was previously shown to give a
prlG suppressor phenotype when substituted for
an arginine (241).
By means of Cu2+(phenanthroline)3induced disulfide bond formation, an interaction
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could be demonstrated between Cysteines
replacing F78 and A79 in TMS 2 of SecY and
L108 in TMS 3 of SecE. These residues are
restricted to a specific helical face of both
TMSs and, strikingly, crosslinking re-appeared
when the Cys mutations were moved a single αhelical turn, replacing I82 in SecY and S105 in
SecE (Figure 9). L108 in TMS 3 of SecE was
found to make disulfide bonds with two
adjacent positions in TMS 2 of SecY,
suggesting some conformational flexibility in
this region or in the side-chains of the
introduced Cys residues. Previous genetic
evidence suggested an interaction between P1
of SecY and P2 of SecE, and we now show that
this interaction reflects a close proximity
between at least two of the associated
transmembrane helices. Interactions of SecY
cytoplasmic loop 4 (C4) with SecE C2, and of
TMS 7 and TMS 10 of SecY with TMS 3 of
SecE have been identified genetically
(102,232,249). TMS 2, 7 and 10 of SecY are
most conserved, whereas TMS 3 of SecE is the
only membrane span that is necessary for the
SecE function. Most prlA mutations of SecY
that allow the translocation of signal sequence
defective preproteins are clustered in P2, TMS
7 and TMS 10 of SecY (102,219). TMS 3 of
SecE may therefore be surrounded by the
conserved core of the integral membrane
domain of the translocase, i.e., TMS 2, TMS 7
and TMS 10 of SecY. Based on a systematic
crosslinking study of the signal sequence of a
preprotein to the yeast translocase, it has been
postulated that the signal sequence and
Sss1p/SecE bind to the same or overlapping
regions in Sec61p/SecY (594). The same study
shows that TMS 2 and TMS 7 of Sec61p can be
crosslinked to the signal sequence. Our report
extends this postulate and demonstrates that
TMS 2 of SecY is indeed in close proximity of
TMS 3 of SecE, specifying this interaction to
defined residues. Conditions that lead to the
membrane insertion of the signal sequence, or
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Figure 10. Schematic model for the modulation of the SecYEG translocation channel by the membrane
insertion of SecA. Binding of a precursor protein activates the SecYEG-bound SecA, which triggers channel
opening of an oligomeric assembly of SecYEG complexes. Subsequent binding of ATP to SecA drives the
insertion of a SecA domain together with the signal sequence and amino-terminal mature region of the
precursor protein into the translocation channel. This process is accompanied by the inversion of the SecG
membrane topology and a re-arrangement of the SecY-bound SecE bringing the L106C residues (indicated
by a black stalk) at the periplasmic side of SecE TMS 3 in closer proximity. The latter re-arrangement may be
necessary to accommodate the inserted preprotein. For simplicity, a dimeric assembly of the SecYEG
complex is shown.

that allow preprotein translocation did,
however, not affect the extent of the
Cu2+(phenanthroline)3 induced crosslinking of
SecY(A79C) to Sec(L108C). These conditions
also did not affect the crosslinking between
other SecE Cys mutants, excluding that SecE is
expelled from the translocase by the signal
sequence. These data thus suggest a stable
interaction between SecY and SecE that persists
during translocation.
One of the five examined Cys mutants
of TMS 3 of SecE, SecE(L106C), exhibits a
Cu2+(phenanthroline)3-induced
dimerisation,
irrespective of its combination with the wildtype, Cys-less or single Cys mutants of SecY.
The other four Cys mutants of SecE showed
such behavior only when overexpressed in the
absence of SecY. SecE(L106C) seems to

interact with SecY in a manner that is
indistinguishable from the wild-type, which
does not dissociate from SecY in the membrane
(230). The stability of the SecY-SecE(L106C)
interaction was confirmed by purification of the
SecYE(L106C)G complex, which after
reconstitution
showed
the
same
2+
Cu (phenanthroline)3-induced dimerisation of
SecE. The purified SecYE(L106C)G complex
provided unequivocal evidence that the
crosslinked SecE product indeed consists of a
SecE dimer that is associated with the other
translocase subunits. Although the oxidised
SecYE(L106C)G channel binds SecA and
allows it to undergo cycles of ATP binding and
hydrolysis, translocation and SecA membrane
insertion are severely impaired. Apparently, this
SecYEG channel is trapped in a partially
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functional state that is no longer able to meet
the
requirements
allowing
complete
translocation reaction cycles.
The dynamic nature of the SecYEG
channel was visualised by the modulation of
SecE (L106C) dimerisation by SecA.
Membrane-inserted
SecA
affects
the
conformation of the SecYEG protein
translocation channel in such a manner that it
affects the proximity of two SecE TMS 3
helices (See scheme in Figure 10). This was
apparent, as stabilisation of the membraneinserted state of SecA by non-hydrolysable
ATP analogues or azide, caused a marked
stimulation of the Cu2+(phenanthroline)3induced dimerisation of SecE (L106C). As both
SecE molecules are part of the SecYEG
complex, this event may reflect conformational
changes within an oligomeric organisation of
multiple SecYEG heterotrimers that together
form a translocation channel. Such an
oligomeric organisation of the proteinconducting channel has been demonstrated by
electron microscopy for the homologues
eukaryotic Sec61p and the Bacillus subtilis
SecYE complex. In addition, the oligomeric
organisation of the SecYEG complex explains
the paradigm that SecY and SecE do not
dissociate in vivo (230) but appear to interact
dynamically (299). Our experiments are
consistent with an oligomeric assembly of the
SecYEG complex where two SecE molecules
are in close proximity, but do not reveal the
exact stoichiometry of such a complex. As the
sites of interactions between SecY and SecE are
restricted to specific regions of the two
molecules (102,232,249, this study), it is most
likely that they interact in a stoichiometric
fashion. This is also apparent from their
interdependent
expression
and
cellular
expression levels (234). We therefore propose
that the observed SecE-SecE interaction takes
place between two SecYEG subunits within the
oligomeric channel.
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The modulation of the SecE(L106C)
dimerisation by SecA strictly required the
presence of proOmpA, although SecA
membrane insertion with AMP-PNP is
precursor-independent (363). We therefore
postulate that interrelated, but separate events
underlie the modulation of the translocation
channel by preproteins and SecA. Firstly, signal
sequence recognition triggers a conformational
change in the SecYEG channel and thereby
activates or ‘opens’ the translocation channel
(See Figure 10: ‘channel opening’). Such a
phenomenon has been postulated for both
SecYEG (595) and the Sec61p proteinconducting channel (491). Whereas the pore
size of the Sec61 channel upon interaction with
the ribosome is around 2 nm (474,494), it is
opened to 4-6 nm in the presence of ribosomenascent chain complexes (493). In the E. coli
system, the signal sequence recognition may
involve a specific conformational state of SecA
that triggers opening of the SecYEG channel.
Secondly, the active protein translocation
channel undergoes conformational changes
during the translocation reaction that are
elicited through cycles of conformational
changes taking place in the SecA molecule.
Only with the precursor-activated translocation
channel, SecA membrane insertion triggers the
intimate contact between two SecE(L106C)
molecules causing disulfide-bond formation
(Figure 10: ‘membrane insertion’). We propose
that SecA membrane insertion results in a
subunit re-arrangement or a conformational
change of the active SecYEG translocation
channel that brings the L106C residues in SecE
in a position favorable for disulfide-bond
formation (Figure 10).
The modulation of the crosslinking of
SecE(L106C) together with the SecG topology
inversion (262) and SecA cycling at the
cytoplasmic membrane (363) demonstrate that
translocase is a highly dynamic protein
complex, and indicate a strong relationship
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Table I: Plasmids used in this study.
Plasmid

Relevant Characteristics

pET349
pET608
pET609
pET607
pET610
pET626
pET627
pET628
pET629
pET630
pET636
pET637
pET638
pET639
pET640
pET301
pET1602
pET1603
pET1604
pET1605
pET1606

N-terminal His-tagged SecYEG
pET610 with SecY(C385S)
pET610 with SecY(C329C)
Cys-less SecYEG in pET610
pET349 with ∆HincII in secE
SecE(S105C) in pET607
SecE (L106C) in pET607
SecE(I107C) in pET607
SecE(L108C) in pET607
SecE(W109C) in pET607
SecY(F78C) in pET607
SecY(A79C) in pET607
SecY(L80C) in pET607
SecY(G81C) in pET607
SecY(I82C) in pET607
SecE in pET324
SecE(S105C) in pET324
SecE (L106C) in pET324
SecE(I107C) in pET324
SecE(L108C) in pET324
SecE(W109C) in pET324

Mutations
C385S (TGC Æ AGC)
C329S (TGT Æ AGT)
L60L (CTG Æ CTC)
S105C (TCA Æ TGT) ∆ClaI (ATCGAT Æ ATCGAC)
L106C (CTG Æ TGT) ∆ClaI (ATCGAT Æ ATCGAC)
I107C (ATC Æ TGC) ∆ClaI (ATCGAT Æ ATCGAC)
L108C (CTG Æ TGT) ∆ClaI (ATCGAT Æ ATCGAC)
W109C(TGT Æ TGT) ∆ClaI (ATCGAT Æ ATCGAC)
F78C (TTT Æ TGT) Q146Q (CAA Æ CAG)
A79C (GCT Æ TGT) Q146Q (CAA Æ CAG)
L80C (CTG Æ TGT) Q146Q (CAA Æ CAG)
G81C (GGG Æ TGT) Q146Q (CAA Æ CAG)
I82C (ATC Æ TGC) Q146Q (CAA Æ CAG)

Double Cys mutants are not described in the table. Their names are derived from combinations of the
names of the single Cys mutants
pET636/623 for example overexpresses SecYEG with the mutations F78C and L107C in SechYn and
SecE, respectively.

between the conformation of SecA and that of
the SecYEG complex. The identified contacts
between TMS 2 of SecY and TMS 3 of SecE
(Figure 9) can be incorporated into a model of
the molecular architecture of the SecYEG
complex that will serve as a starting point to
identify further inter- and intramolecular
interactions in order to obtain a low-resolution
molecular model of the integral membrane
domain of the translocase.
Materials and methods
Materials.
E. coli SecA (549), SecB (77) and proOmpA
(562) were purified as described. ProOmpA was
iodinated as described for preAmyL (584), and
stored frozen in 6 M urea, 50 mM Tris-HCl,
pH 7.8. Wild-type and mutant SecYEG
complexes were purified as described and
reconstituted into liposomes of E. coli

phospholipid by detergent dilution (379).
Polyclonal antibodies (pAb) raised against
purified his-tagged SecY and SecE, and against
a synthetic peptide corresponding to a SecG
domain were obtained as described previously
(379). A stock solution of 80 mM
Cu2+(phenanthroline)3 complex was prepared by
mixing 120 µl of 0.36 M 1,10-phenanthroline in
50% ethanol with 60 µl of 0.24 M CuSO4.
Bacterial strains and growth conditions
For all experiments E. coli strain SF100 (570)
was used. Cells were grown aerobically at 37
°C on L-broth in the presence of 100 µg/ml
ampicillin in a shaking incubator until the end
of the logarithmic phase. For the induction of
plasmid encoded genes under control of an
IPTG inducible promoter, exponentially
growing cultures were supplemented with
0.5 mM isopropyl-β-D-thiogalactopyranoside
(IPTG) at an OD660 of 0.6, and growth was
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continued for another 2 hrs.
Plasmid construction
The vector pET349 (SechYnEG+) allows the
overproduction of his-tagged SecYEG under
control of the IPTG-inducible trc promoter
(202). To facilitate cloning and the introduction
of unique Cys mutations in SecY and SecE, the
HincII site in SecE was removed from pET349
resulting in pET610 (Table 1). To construct a
Cys-less SecY, Cys329 and Cys385 were
replaced for serine residues in the secY gene of
pET605, resulting in pET608 and pET609,
respectively. These mutations were transferred
to pET610, yielding pET607 which expresses
the Cys-less SecYEG complex with a his-tag at
the amino-terminus of SecY. pET607 was used
to re-introduce single Cys mutations into SecY
and SecE. To facilitate the screening for correct
mutants, silent modifications in restriction sites
were made. Insertion of single Cys in TMS 3 of
SecE was accompanied by the deletion of the
ClaI site between SecY and SecE (ATCGAT

Æ ATCGAC) and insertion of the single Cys in
TMS 2 of SecY was accompanied with the
deletion of the StuI site in SecY Q146Q (CAA

Æ CAG). Single Cys mutants of TMS 2 of
SecY were combined with the Cys mutants in
TMS 3 of SecE by exchange of the SecYE
EcoRI/BamHI fragment. Overexpression of
single Cys SecE mutants was obtained by
cloning the appropriate NcoI/BamHI SecE
fragments in pET324. All mutagenesis was
done by a two step PCR reaction, and constructs
were confirmed by sequence analysis on a
Vistra DNA sequencer 725 using the automated
sequencing
kit
(Amersham,
∆taq
Buckinghamshire, U.K.). All other DNA
techniques followed standard procedures.
Isolation of inner membrane vesicles
A rapid membrane isolation procedure was
developed to facilitate the analysis of a large
number of mutant SecYEG complexes. Liquid
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nitrogen-frozen cells were quickly thawn at
37 °C, and diluted with an equal volume of 20%
glycerol, 50 mM Tris-HCl, pH 8.0 (buffer A).
The suspension was subjected to French press
treatment (4 times at 8,000 psi), diluted with an
equal volume of buffer A, and cleared from
debris by centrifugation (10 min at 4,000 x g).
Membranes were collected from the supernatant
by centrifugation (90 min at 40,000 x g),
resuspended in buffer A, loaded on a 4-step
sucrose gradient that consisted of 0.3, 0.9, 0.9
and 0.3 ml of a 36, 45, 51 and 54% (w/v)
sucrose solution in 50 mM Tris-HCl pH 8.0,
respectively. Inner membranes vesicles (IMV)
were separated from outer membranes through
velocity centrifugation (30 min at 250 000 x g,
Beckmann TLA 100.4 rotor), collected from the
gradient, and diluted with 5 volumes of buffer
A. Purified IMVs were recollected by
centrifugation (90 min at 40,000 x g),
resuspended in buffer A at 10 mg protein/ml,
and stored in liquid nitrogen.
Crosslinking
For disulfide bridge formation, vesicles were
incubated for 30 min on ice in the presence of 1
mM Cu2+(phenanthroline)3 (oxidised) or, as a
control, with 10 mM dithiothreitol (DTT)
(reduced). Oxidation was terminated with 25
mM neocuproine to protect the unreacted thiols,
and the samples were analysed on 10 or 15%
SDS-PAGE, followed by western blotting and
immunostaining with α-SecY, α-SecE and αSecG pAbs. SecE(L106C) crosslinking after
preincubation was measured with vesicles that
had been reduced with 5 mM DTT before
dilution in the translocation reaction mixture.
Reactions were then incubated as indicated,
placed on ice and oxidised with 1 mM
Cu2+(phenanthroline)3 as described.
Translocation assays
Translocation assays were performed in 50 µL
buffer B consisting of 50 mM HEPES-KOH,
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pH 7.5, 30 mM KCl, 5 mM Mg(Ac)2, and
0.5 mg/ml bovine serum albumine (BSA).
Creatine phosphate (10 mM) and creatine
kinase (0.5 µg) were added as an ATPregenerating system. Reaction mixtures
furthermore consisted of 1.6 µg of SecB, 1 µg
of SecA, 1 µL of 125I-labeled denatured
proOmpA (1 mg/ml in 6M urea, 50 mM TrisHCl, pH 7.5) and 10 µg of SecYEG+ IMVs or
6.5 µg of SecYEG proteoliposomes that had
been pre-incubated for 30 min at 0 °C in the
presence of 5 mM DTT or 1 mM
Cu2+(phenanthroline)3.
Reactions
were
energised with 2 mM ATP, placed at 37 °C, and
at various timepoints samples were taken,
chilled on ice and treated with proteinase K
(0.1 mg/ml) for 15 min. Reactions were then
precipitated (10 min at 20,000 g) with ice cold
trichloric acid (10% w/v), acetone-washed and
analysed by SDS-PAGE on 12% PAA gels. For
SecA membrane insertion assays, reactions
were performed with 0.2 µg of 125I-labeled
SecA and unlabeled proOmpA.

Other analytical techniques
Binding assays were performed as described
(216). Translocation ATPase activity of ureatreated IMVs or SecYEG proteoliposomes was
measured with proOmpA as substrate (179).
SecA membrane insertion assay using 125I-SecA
were performed as described (363). Protein
concentrations were determined by the method
of Lowry (564) in the presence of SDS using
BSA as a standard. Semi-dry western blotting
(Trans-Blot apparatus, Bio-Rad) was performed
at 4 mA/cm2 of blotting membrane (PVDF,
Boehringer) for 45 min, using a buffer
consisting of 48 mM Tris, 30 mM glycine and
20% (v/v) methanol, with or without 0.1%
(w/v) SDS.
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Summary

Translocase mediates preprotein translocation across the Escherichia coli inner
membrane. It consists of the SecYEG integral membrane protein complex and the
peripheral ATPase SecA. Here we show by functional assays, negative-stain electron
microscopy and mass measurements with the scanning transmission microscope that
SecA recruits SecYEG complexes to form the active translocation channel. The active
assembly of SecYEG has a side length of 10.5 nm and exhibits an approximately 5 nm
central cavity. The mass and structure of this SecYEG as well as the subunit
stoichiometry of SecA and SecY in a soluble translocase-precursor complex reveal
that translocase consists of the SecA homodimer and four SecYEG complexes.
Introduction
Escherichia coli translocase consists in its
minimal form of three integral membrane
proteins termed SecY, SecE and SecG, and a
peripheral ATPase SecA (226,261). SecY and
SecE form a stable stoichiometric complex in
the cytoplasmic membrane that does not
dissociate in vivo (230,234). SecYE is purified
from the cytoplasmic membrane as a soluble
complex together with the SecG protein. SecG
strongly stimulates the in vitro translocase
activity (255) and therefore the SecYEG
complex is used for the reconstitution of the
translocation reaction in proteoliposomes
(261,379,548). SecA is a homodimeric protein
that serves both as a receptor for

precursorproteins and as an ATP-driven
molecular motor during the translocation
reaction (576,596). SecA binds to the
cytoplasmic membrane with a low affinity for
phospholipids and a high affinity for the
SecYEG complex (79,311). It binds to
SecYEG, at least partially, via a direct
interaction with SecY (204,205). Upon binding
to SecYEG, SecA is activated for precursorstimulated cycles of ATP-binding and hydrolysis (315). This process permits the
stepwise movement of a translocating
polypeptide chain across the membrane (343)
by a two-stroke reaction (347). Translocation is
further stimulated by the presence of a proton
motive force, which ensures unidirectionality of
the translocation reaction and facilitates the
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Figure 1. Structural analysis of soluble SecYEG. Electron microscopy of negatively stained SecYEG
complexes solubilised in dodecyl maltoside reveals particles of two distinct sizes (overview, scale bar = 50
nm). While particles with a size of ~ 5 nm lack distinct structural features, the larger particles of 8-9 nm are
elongated, sometimes having a central stain-filled pit (bottom inserts, scale bar = 10 nm). Single particle
analysis and class averaging yields projection maps with a width of 6.7 nm, a length of 8.7 nm, and a more
or less pronounced 2 nm wide stain-filled indentation with all three major classes, containing about 450
particles each (right inserts, scale bar = 5 nm). A small size reduction from the top average to the bottom
average indicates that top views and bottom views were recorded. The major class average of the smaller
particles is shown in the top right insert and has a width of 4.5 nm and a length of 6.8 nm. It is close to half
an elongated particle.

SecA reaction cycle (340,358).
SecA is a highly dynamic protein.
Calorimetric studies of the nucleotide-modulated
structural changes of the soluble SecA molecule
demonstrate that it exists in a compact, ADPbound state and an extended, ATP-bound state
(178). During translocation, SecA may insert into
the cytoplasmic membrane with both a 30 kDa
carboxy-terminal domain and a 65 kDa aminoterminal domain (206,363,364). SecYEG appears
to form a sufficiently large transmembrane
structure to accommodate at least a part of SecA
together with a translocating precursor protein,
shielding both from phospholipids (323-325).
The Bacillus subtilis SecYE complex and the
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homologues eukaryotic Sec61p complex have
been visualised by electron microscopy as quasipentagonal structures with a diameter of 8.5 nm
and a central cavity with a diameter of 1.5-2 nm.
Hanein et al. (474) and Meyer et al. (380) have
reported the three-dimensional structure of the
ribosome-bound Sec61p at 2.6 nm resolution. It
is a 4 nm thick disk with a diameter of 9.5 nm
containing a 1.5-3.5 nm wide central pore.
In this study, we determined the
oligomeric nature of the E. coli SecYEG
complex. The majority of purified E.coli
SecYEG forms dimers that resemble the
previously reported B. subtilis SecYE structure
(380). However, membrane insertion of SecA
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Figure 2. Formation of large SecYEG structures after incubation with membrane-inserted SecA. SecYEG
proteoliposomes were incubated with SecA and AMP-PNP, solubilised and subjected to anion-exchange
chromatography. The fraction containing SecYEG was visualized by negative-stain electron microscopy
revealing a heterogeneous size distribution (overview, scale bar = 50 nm). A significant fraction of particles had
a size of 10-12 nm, a 4-6 nm central stain-filled cavity and a squarish shape (bottom inserts, scale bar = 10
nm). Major class averages (200-400 particles) were generated by single particle analysis (right inserts, scale
bar = 5 nm). The size variation of the tetrameric projections indicates that top views and bottom views were
recorded.

triggers the assembly of SecYEG into a larger
complex, consisting of four SecYEG subunits.
The subunit stoichiometry of a soluble
translocase-preprotein complex revealed that
translocase contains four SecY molecules per
SecA dimer. We propose that SecA recruits and
assembles four SecYEG complexes to form the
translocase.
Results
SecYEG is solubilised as dimers and monomers
Translocase was studied in a purified system
using proteoliposomes reconstituted with
SecYEG (379). First, SecYEG was re-solubilised
in dodecyl maltoside without prior incubation
with the other components of the translocation
reaction. Excess phospholipids were removed
from the soluble SecYEG complex by anion
exchange chromatography, without a detectable
loss of the SecYEG activity (data not shown; see
Materials and Methods). The complex was then
visualised
using
negative-stain
electron

microscopy (EM). In uranyl-formate stained
preparations, the SecYEG complex was visible as
an elongated structure with a length of 8-9 nm
and central stain-filled indentation (Figure 1).
Single particle analysis and averaging of the 8 nm
structures resulted in classes of structures that
resembled each other in shape and size (Figure 1,
right inserts). Smaller particles were discerned as
well, but their structural features were less
distinct. The analysis of the small particles
yielded an average with 6.8 nm length and
4.5 nm width (top right inset in Figure 1). The
remarkable similarity of the three major class
averages (Figure 1, inserts), suggests that
SecYEG binds to the supporting carbon EM grids
in a specific orientation, probably representing a
top or bottom view of the complex. Its width and
length estimated from the class averages are
6.7 nm and 8.7 nm, respectively. From the twofold symmetry in the particles and the particle
size, we conclude that the structure of soluble
SecYEG represents an assembly of two SecYEG
subunits (see also Figure 6, Table 1). The smaller
particles observed indicate that part of the
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SecYEG dimers dissociated into monomers due
to the solubilisation and purification procedure.
Membrane
inserted
SecA
triggers
tetramerisation of SecYEG
In the next experiment, SecYEG proteoliposomes
were incubated with SecA in the presence of
AMP-PNP. This non-hydrolysable ATP analogue
triggers membrane insertion of the SecA protein
even in the absence of preprotein (363).
Proteoliposomes were then collected by
centrifugation, solubilised in dodecyl maltoside
solution and subjected to anion exchange
chromatography. The his-tagged SecYEG
complex elutes in the very beginning of the salt
gradient (379) and was easily separated from
SecA and excess phospholipids. After incubation
with membrane inserted SecA, a significant
fraction of SecYEG was visible in negative-stain
EM as large, 10-12 nm-sized structures
(Figure 2).
Incubation
of
SecYEG
proteoliposomes with SecA in the absence of
AMP-PNP did not result in any change in shape
or size of SecYEG, as observed with B. subtilis
SecYE (380) (See also Figure 3A). Due to the bidirectional reconstitution of SecYEG into
proteoliposomes (379), approximately 50% of the
total SecYEG was inactive. Therefore, an
inhomogeneous particle distribution emerged,
with a major fraction of dimeric SecYEG and the
larger particles comprising around 30% of the
number of particles (Figure 2, see also Figure 7,
Table 1). The large SecYEG particles triggered
by membrane-inserted SecA often exhibited a
square shape and a stain-filled central cavity.
Class averages of these square-shaped structures
had a side length of 10.5-12 nm and a 5 nm wide
central stain-filled depression (Figure 2, right
inserts). The size of these structures suggests that
SecYEG had assembled into a tetrameric
structure upon interaction with membraneinserted SecA. As with the dimeric SecYEG, the
major class averages of the SecYEG tetramer
resembled each other in size and shape and
104

Figure 3. Separation of small and large SecYEG
+
complexes by Ni affinity chromatography. (A)
SechisYEG proteoliposomes were incubated with
SecA and AMP-PNP and solubilized with
dodecylmaltoside. The material was loaded on a NiNTA column and eluted with a sharp imidazole
gradient. SecYEG complex that was directly
solubilized eluted as a single peak, while the SecYEG
incubated with SecA and AMP-PNP contained a
second peak at lower imidazole strenght. SDS-PAGE
and silver-staining revealed that these fraction
contained SecYEG protein only. SecA protein did not
bind to the Ni-NTA column, and was found in the
flow-through fraction. (B) Peak fractions of the
SecYEG proteoliposomes incubated with SecA and
AMP-PNP were visualized by negative-stain electron
microscopy. The early eluting SecYEG fraction (13)
contained particles with a size-range of 10-12 nm
(left panel), while the other fraction (15) contained the
smaller particles of 5 – 9 nm (right panel).

appeared to represent top or bottom views. The
size difference in the class averages however
suggests a slightly asymmetrical particle, with a
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Figure 4. Characterization of the I31 intermediate. (A) Translocation of proOmpA (lanes 1-4) or translocation
intermediate I31 (lanes 5-8). Reconstituted SecYEG (10 µg/ml) was mixed with SecA (60 µg/ml), and proOmpA
(20 µg/ml) in the presence or absence of 10 mM DTT. Reactions were energised with 2 mM of ATP, incubated at
37 °C for the indicated time, chilled on ice, and digested with protease K (0.1 mg/ml) for 15 min. Accumulation of
translocated preprotein was analysed by western blotting using monoclonal antibodies against proOmpA. (B)
Densitometrical quantitation of the data in (A). (C) I31 blocks active translocation sites. Proteoliposomes that had
undergone translocation of I31 (lane 1), proOmpA (lane 2), or no translocation (lane 3) were tested for their ability
to support a second round of translocation. Reactions were performed for 20 min in the absence of DTT similar
35
as in (A), except for that proOmpA was replaced by S-labelled single-cysteine proOmpA (C290S). (D) I31 does
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not support formation of the 30 kDa SecA fragment. Translocations with were performed with I-labelled SecA
and in the presence or absence of 10 mM DTT, proOmpA, 2 mM AMP-PNP, or 2 mM ATP, as indicated. After
20 min incubation at 37 °C, or with AMP-PNP at 4 °C, reactions were digested with proteaseK. The 30 kDa SecA
fragment was visualized using autoradiography and quantitated by densitometry. The averages and error
margins of two experiments are shown as arbitrary densitometric units.

10.5 nm projection and a 12 nm projection (Fig 2,
right inserts).
To obtain more insight in the distribution
of the various SecYEG complexes, solubilised
proteoliposomes pre-treated with SecA and
AMP-PNP were subjected to alternative
chromatography. Ni2+-NTA affinity purification
resulted in the elution of two distinct fractions
containing SecYEG protein (Figure 3A). The
SecYEG-containing fractions were further
examined by negative stain EM (Figure 3B). The
early fraction contained the largest oligomer,

while the more tighly bound fraction contained
the dimeric and monomeric SecYEG species.
SecA protein was not retained on the Ni2+-NTA,
and was found to elute in the non-bound fraction.
Formation of a soluble translocase-precursor
complex
To determine the number of SecY molecules in
translocase, a stable translocation intermediate
was established in SecYEG proteoliposomes
supplemented with SecA and ATP. The precursor
of outer membrane protein A, proOmpA,
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Figure
5. Immunoprecipitation of soluble
translocase-precursor complexes. Translocation
reactions were incubated for 20 min in the presence
or absence of DTT, 2 mM ATP, 2 mM AMP-PNP, or 2
mM ATP together with 10 mM NaN3, as indicated.
Solubilised proteoliposomes were incubated with
proteinA-sepharose beads coated with antiserum
against OmpA (top panels), SecYE (bottom panels),
SecA (lane 7), or no antiserum (control, lane 8) and
precipitated. Precipitates were eluted and analysed
by western blotting using monoclonal antibodies
against SecA or proOmpA as indicated.

efficiently translocates in this system (226)
(Figure 4A, lanes 1-4). Under oxidising
conditions, however, proOmpA translocates into
the SecYEG proteoliposomes as an intermediate
with an apparent molecular mass of 31 kDa
(Figure 4A, lanes 6-9). This translocation
intermediate, termed I31, resembles the processed
I29 intermediate formed in inner membrane
vesicles due to a disulphide bond between the
unique Cysteine residues C290 and C302 of
proOmpA (343,349). The I29 intermediate is
associated with SecA and is unstable at 37 °C
upon depletion of ATP, reduction of the
disulphide bond, or the addition of antibodies
against SecA, but is completely stable at low
temperature (343).
I31 reached its maximum level within 15
min of incubation at 37°C, while the
translocation reaction in the presence of DTT
continued nearly linearly up to at least 20 min
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(Figure 4B). To confirm that I31 occupied all
active translocation sites, proteoliposomes
bearing I31 and proteoliposomes that had
undergone complete translocation cycles were
harvested, and tested for a second round of
translocation. SecYEG proteoliposomes that had
not been preincubated with proOmpA were used
as controls. For this round of translocation, we
used 35S-methionine labeled proOmpA(C290S), a
single Cysteine mutant that is unable to form an
intramolecular disulphide bond and translocates
completely under both reducing and oxidising
conditions.
Proteoliposomes
that
had
accumulated I31 were inactive for proOmpA
translocation (Figure 4C, lane 1), whereas those
that underwent full translocation were nearly as
active as control proteoliposomes not incubated
with preprotein (lane 2 and 3). Since I31
quantitatively occupies the translocation sites and
the accumulation level of fully translocated
proOmpA exceeds that of I31 (Figure 4B),
SecYEG proteoliposomes must allow multiple
rounds of translocation. This is supported by their
activity after their re-isolation from a previous
translocation reaction. Membrane insertion of
SecA in the presence of proteoliposomes was
assayed using 125I-labeled protein. As expected, a
proteolytically stable 30 kDa fragment was either
formed during translocation, or with AMP-PNP.
In contrast, I31-bound SecA yielded only
background levels of the 30 kDa fragment,
similar to a control experiment were ATP was
omitted. This indicates that I31 retains SecA in a
deinserted state (Figure 4D).
The requirements for a solubilised
translocase-precursor complex were established
using
immunoprecipitation.
SecYEG
proteoliposomes were incubated with SecA and
proOmpA under various conditions, as
described below. They were then collected and
after solubilisation, the interactions between the
SecYEG complex, SecA and proOmpA were
determined
by
co-immunoprecipitation
(Figure 5). AMP-PNP (363) or the ATPase
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inhibitor sodium azide (347) enforces SecA
membrane
insertion.
However,
neither
condition gave rise to a translocase-precursor
complex that is stable in micellar solution, as
only minute amounts of SecA were
immunoprecipitated with anti-SecYE or antiOmpA serum (lanes 1 and 2). After incubation
under conditions that resulted in the completion
of translocation, some proOmpA but no SecA
remained associated with the SecYEG complex
upon solubilisation (lane 5). This may represent
an incomplete release of proOmpA after
translocation, due to the absence of the
accessory translocase subunit SecDF (281) or
the proton motive force (597). A marked
increase in the amount of immunoprecipitable
proOmpA was observed when the translocation
reaction was performed in the absence of DTT
to yield I31 (lane 6). In addition, SecA coimmunoprecipitated with SecYE and proOmpA,
whereas in control samples lacking proOmpA
or ATP no immunoprecipitation of SecA was
observed (lanes 3 and 4). In the reciprocal
experiment proOmpA was immunoprecipitated
by anti-SecA (lane 7). These data establish that
the translocation intermediate I31 is sufficiently
stable to allow its solubilisation.
Translocase contains four SecY molecules per
SecA dimer
The purification of a translocation intermediate
via antibodies against the precursor offered the
possibility to determine the amount of SecA and
SecY
in
translocase
by
quantitative
immunoblotting. First, SecY and SecA
concentration standards were prepared. Hexa-histagged SecY was purified from the soluble
SecYEG complex via Ni2+-NTA chromatography
(205). Amino acid analysis of this SecY sample
determined its concentration as 5.05 (± 0.05) µM,
on the basis of 10 amino acids in a duplo
analysis. A SecA standard with a concentration
of 2.58 (± 0.03) µM was used as a comparison.
To
obtain
purified
translocase,
we

Figure 6. The SecY:SecA ratio in I31-bound
translocase. Translocase was immunoprecipitated via
I31 using NHS-sepharose coated with IgG against
OmpA. Samples incubated without proOmpA were
used as negative controls to verify the specificity of
the immunoprecipitation. The amounts of SecA and
SecY in the immunoprecipitate were determined by
densitometry, using purified SecA (2.6 µM) and SecY
(5.1 µM) as standards. Dilutions of the
immunoprecipitate (lane 4 and 5) were compared
with dilutions of the protein standards (lane 1 and 2)
that gave similar intensities after immunostaining,
taking the average as the outcome of one
experiment. Three immunoprecipitates were in this
manner compared with two independent dilution
series of the protein standards, yielding a total of six
experiments in which the SecY:SecA ratio was
determined as 2.0 ± 0.3.

immunoprecipitated the translocase-I31 complex
with antibodies against OmpA. The amounts of
SecA and SecY associated with the translocation
intermediate was then analysed by quantitative
western blotting, using dilution series of SecA
and SecY as standards (Figure 6). The
SecY:SecA molar ratio in the precipitated
samples was determined to be 2.0 ± 0.3 (n = 6)
by
densitometry
on
films
from
chemoluminescent blots. As SecA is a dimeric
molecule (130,177), the SecY:SecA ratio implies
a tetrameric organisation of SecY in translocase.
Mass analysis of solubilised SecYEG and
translocase-I31
To substantiate the structural and biochemical
data on the different oligomeric states of the
SecYEG complex, scanning transmission
electron microscopy (STEM) was employed to
determine the particle masses in all three cases
described above. Proteoliposomes were directely
solubilised, or pre-incubated with SecA and
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Figure 7. Mass analysis. The scanning transmission
electron microscope (STEM) allows mass analysis of
heterogeneous
particle
mixtures.
Unstained
preparations prepared by freeze-drying were
recorded and evaluated. (A) Solubilised SecYEG
reveals two major peaks (at 176 [peak 1] and 268
kDa [peak 2]) and two minor peaks at the left and
right sides of the histogram (B) SecYEG after
incubation with SecA and AMP-PNP demonstrates a
striking shift of the particle mass. The three major
peaks are centred at 183 kDa [peak 1], 289 kDa
[peak 2], and 421 kDa [peak 3]. The peak at 580 kDa
includes about 10 % of all particles measured. (C)
Sucrose
gradient
fraction
from
solubilised
proteoliposomes after the accumulation of the I31
translocation intermediate reveals a further shift
towards larger complexes. The histogram includes
particles larger than 10 nm. The three major peaks
are centred at 416 kDa [peak 3], 531 kDa [peak 4],
and 686 kDa [peak 5], and a minor peak at 276 kDa
[peak 2]. (D) Mass analysis of the same preparation,
but of particles smaller than 10 nm. The major Gauss
peak is located at 200 kDa [peak 1], the minor peak
at 330 kDa [peak 2].

AMP-PNP, then solubilised and subjected to
anion exchange chromatography that removed
SecA. Proteoliposomes that had accumulated I31
were solubilised and subjected to sucrose
gradient density centrifugation to remove excess
phospholipids.
Samples
were
freeze-dried
after
adsorption to thin carbon film and extensive
washing by double distilled water. Particle
masses were evaluated from dark-field
micrographs recorded at a dose of typically 300
electrons/nm2. Figure 7 shows a striking upshift
of the mass values observed with solubilised
SecYEG (A), SecA- and AMP-PNP- treated
SecYEG (B), and the translocase-I31 complexes
(C). The histogram in Figure 7D shows the mass
histogram of all small particles present in the
translocase-I31 preparation. Distinct peaks
emerged reproducibly in the mass histograms, as
summarised in Table 1. Although the
corresponding Gaussian profiles in Figures 7A-C
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had the same position within the error limits,
their standard deviation varied between 32 and
57 kDa, because the background signal was
different in different preparations. To interpret
these masses, they were compared with the
particle masses estimated from the average
particle projections, and masses calculated from
the assumed stoichiometry of the protein
complexes. Soluble SecYEG that had not been
incubated with translocation ligands was present
in equal amounts as monomers and dimers,
demonstrating that the majority (around 65%) of
SecYEG is organised as a dimer (Figure 7A).
The minor shoulders on both sides of this
histogram indicated two further particle types,
but the corresponding mass values cannot be
related to distinct oligomers.
Importantly, the STEM analysis confirms
the tetrameric assembly of the SecYEG that was
pre-incubated with SecA and AMP-PNP
(Figure 7B). These particles, with a mass of
around 420 kDa, were also observed in sucrose
gradient fractions prepared from proteoliposomes
that had been incubated with proOmpA and ATP
under oxidising conditions (Figure 7C). Two
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other classes of large particles were observed in
these preparations. Particles with a mass of 686
kDa are consistent with the presence of
translocase containing the I31 translocation
intermediate. Another particle mass of 531 kDa
represents a complex that was not observed with
the samples containing purified SecYEG (Figure
7C). As SecA efficiently binds to soluble
SecYEG (379), we propose that these complexes
exist of SecA together with the precursor and
unassembled, dimeric SecYEG. Minor peaks
required to fit the histograms in Figure 7B-D
represent
approximately
10%
of
the
measurements and were not assigned.
The particle masses observed in STEM
analysis corroborate the apparent increase in size
of the SecYEG complex after incubation with
SecA and AMP-PNP observed in negative-stain
EM. The masses and structures of the soluble
SecYEG complexes before and after such
incubation suggest that SecYEG dimers assemble
into a tetramer upon interaction with membraneinserted SecA. The mass of the soluble
translocase-I31 particle and the presence of
subcomplexes of translocase in solubilised
proteoliposomes containing I31 support the SecAmediated assembly of four SecYEG complexes
in translocase. Interpretation of the STEM data in
relation to our other data is summarised in
Table 1 (see also Discussion).

Discussion

This study demonstrates that E. coli translocase
consist of the dimeric SecA ATPase and a
channel structure composed of four SecYEG
complexes. A remarkable enzymological event
underlies formation of the SecYEG tetramer:
SecYEG complexes are recruited by the SecA
protein and assembled upon SecA membrane
insertion. The tetrameric organisation of active
SecYEG elucidates on how the complex provides

a structure that allows ATP-driven membrane
insertion of SecA domains and the concomitant
translocation of preproteins. The recruitment of
additional subunits also explains the plasticity
observed with the protein conducting channel in
the mammalian endoplasmic reticulum (ER)
membrane, which increases its pore size during
translocation (490,493). It is conceivable that
SecA covers the pore formed by SecYEG,
thereby preventing the aspecific passage of
macromolecules and ions through the
translocation channel.
We
have
used
proteoliposomes
reconstituted with SecYEG as a minimal system
to study SecA- and ATP-driven translocation.
SecG is a specific subunit of the bacterial
translocase, and its function appears to be related
to SecA. Membrane insertion and deinsertion of
SecA is accompanied by topology inversions of
the highly hydrophobic SecG, which facilitate the
SecA reaction cycle (262). Our studies do not
include SecD, SecF and the uncharacterised YajC
protein, all of which form a complex that
interacts with SecYE (274,289). SecG and
SecDF(YajC) have apparent complementary
functions, but SecYEG is the most abundant
SecYE-containing complex present in the
cytoplasmic membrane (277,286). Purified
SecYEG suffices to reconstitute translocation
sites that allow multiple rounds of translocation
mediated by SecA and ATP (Figure 3B, 598).
Finally, Duong and Wickner (373) have shown
that this complement of translocase subunits also
permits the integration of hydrophobic
transmembrane segments into the lipid bilayer.
Solubilised SecYEG exists as monomers
and dimers, the latter representing a majority
having a mass of approximately 280 kDa,
including detergent. This value is the average of
three independent STEM measurements and the
mass estimated from the size of negatively
stained particles (Table 1). We suspect that part
of the SecYEG dimers have dissociated during
purification. Alternatively, SecYEG may be
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Table 1. Size and interpretation of the reoccuring peaks in STEM mass analysis.
1
Peak position

1
SecYEG

2

3

4

5

[SecYEG]2

[SecYEG]4

[SecYEG]2
SecA
proOmpA

[SecYEG]4
SecA
proOmpA

2

75

150

300

385

535

3

75

100

150

150

150

SecYEG

176 +/- 32

268 +/- 32

-

-

-

SecYEG after preincubation with SecA
plus AMP-PNP

183 +/- 57

289 +/- 57

421 +/- 57

-

-

ND

276 +/- 48

416 +/- 48

531 +/- 48

686 +/- 48

151

287

477

ND

ND

Protein
Micelle

SecYEG, SecA plus
ATP, proOmpA
4
Calculated

(1) Peak positions relate to the STEM analysis shown in Figure 7. (2) Calculated from the molecular masses
in kDa of the indicated proteins. (3) The amount of dodecylmaltoside micelle bound to the purified SecYEG
complex was determined to be 100 kDa as described in the experimental method section, found to be 100
for the SecYEG dimer. The other values are estimates. (4)Calculated masses of the SecYEG dimer and
2
tetramer were determined by their surface observed in negative-stain EM after single particle analysis (349 nm
2
-3
for the dimer and 582 nm for the tetramer), a height of 6 nm, and a density of 1.35 g.cm , with no correction for
the putative pore. ND = not determined.

present in the membrane in equilibrium between
its monomeric and dimeric form. Upon
interaction with SecA and AMP-PNP, a
substantial amount (30%) of SecYEG had
assembled into tetramers, with a measured mass
of 420 kDa (two independent experiments) and a
calculated mass of 477 kDa (Table 1). The latter
value is an overestimate, because the central
indentation in the SecYEG tetramers has not been
accounted for. These particles were also observed
in the STEM analysis of solubilised
proteoliposomes that were preincubated with
oxidised proOmpA and ATP. In addition, the
proteoliposomes harboured translocase-precursor
complexes with a mass of 686 kDa and smaller,
530 kDa complexes consisting of SecA and
dimeric SecYEG. SecYEG tetramers and
monomeric SecA may also account for the latter
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particle, but this is unlikely as SecA functions as
a dimer and does not dissociate during
translocation (130). In our calculations of the
protein masses (Table 1) we presume a
stoichiometric organisation of SecY, SecE and
SecG within each SecYEG subunit, resulting in a
75 kDa protein complex. SecY and SecE form a
stable complex that does not dissociate in the
cytoplasmic membrane (230). From their
interdependent stability and similar expression
levels in the cytoplasmic membrane (234,277), as
well as their defined regions of interaction
(102,249) it is apparent that they interact
stoichiometrically. SecG is somewhat loosely
associated with the SecYE complex (230), and
may therefore be present in sub- or superstoichiometrical amounts to SecYE.
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The soluble E. coli SecYEG dimer was
visible in negative-stain EM mainly as a two-fold
symmetric, elongated particle, but smaller
particles were present as well. Averages of both
particle types were calculated and compared. The
smaller particle (top right inset in Figure 1) had
the dimensions (4.5 nm x 6.8 nm) of half the
larger particle (6.7 nm x 8.7 nm; right inset in
Figure 1), consistent with the mass
measurements. The central position of their stainfilled depression in the larger particle indicates
that the structures represent a top or bottom view
of the SecYEG complex. The resolution obtained
by single particle analysis and class averaging
approximates 2 nm, and is insufficient to allow a
more detailed analysis of the structural
organisation and subunit assembly within the
SecYEG dimer. The reported structure of
B. subtilis SecYE resembles the SecYEG dimer,
but has a semi-pentagonal appearance (380). The
pronounced shape of the B. subtilis complex may
be the result of the biased particle selection that
was used to obtain the averaged images, different
fixation of the protein samples, or the absence of
the SecG subunit. Although translocation in B.
subtilis is also enhanced by SecG (268,583), the
subunit is apparently not required for formation
of the SecYE dimer. This is consistent with data
obtained in E. coli which indicate that SecYE is
sufficient to support translocation, albeit
inefficiently (274).
The active conformation of the preprotein
conducting channel is not the SecYEG dimer, but
is represented by a larger structure consisting of a
SecYEG tetramer. This square shaped particle
had a side length of 10.5-12 nm (Figure 2).
Firstly, it was formed upon interaction with
membrane-inserted SecA, and not with SecA
without activation with AMP-PNP. Secondly, it
was present in proteoliposomes that had been
incubated with complete translocation reactions.
Thirdly, biochemical analysis of the SecY:SecA
ratio in a soluble translocase-precursor complex
demonstrated that SecY is organised as a

tetramer. We propose a two-step model for the
formation of translocase in which the SecA dimer
first binds two SecYEG dimers, thereby bringing
them together, and subsequently enforces their
stable assembly into a functional channel upon
membrane insertion. Speculatively, SecG and
SecDF influence formation of this active channel
by promoting the stability of the tetramer. The
assembly of translocase via a complex between
SecA and dimeric SecYEG is supported by the
formation under translocation conditions of such
protein complexes. The ability of SecA to bind
unassembled SecYEG is also apparent from
results obtained in detergent solution. We have
also employed negative-stain EM to the sucrose
gradient fractions containing translocase-I31.
However, due to a lack of prefered orientation of
the protein particles on the EM grid and the large
heterogeneity of the samples, we were unable to
obtain averaged images of these complexes.
The eukaryotic Sec61p complex of the
ER membrane is homologues to SecYEG
(401,599). Purified Sec61p has a closed ring
structure and a central pore or indentation with a
diameter of 1.5-2 nm, and these structures are
also observed in the ER membrane (474). When
bound to the ribosome, the central cavity of
Sec61p aligns the putative nascent chainconducting channel in the large ribosomal
subunit (494). The size of the protein conducting
channel in the mammalian ER membrane is
dramatically larger (4-6 nm) during translocation
than the putative pore observed in structural
analysis of Sec61p in the absence of nascent
chains (490). It was therefore suggested that the
Sec61p structure does not represent the active
protein-conducting channel. Indeed, biophysical
studies with microsomal membranes confirm the
presence of two distinct populations of Sec61p
complexes, with a pore size of either 0.9-1.5 nm
or 4-6 nm. The latter is formed only upon
incubation
with
ribosome-nascent
chain
complexes and collapses after release of the
nascent polypeptide (493). Our results with the
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purified and reconstituted SecYEG channel
support a model in which the large ‘active’
channels are formed via recruitment and
assembly of small subcomplexes.
Both the dimeric and tetrameric SecYEG
complexes will be deleterious to the integrity of
cytoplasmic membrane as a chemo-osmotic
barrier. In the ER membrane, the lumenal side of
the Sec61p channel is closed by the BiP ATPase.
BiP remains bound to Sec61p after ribosomal
targeting and channel opening, but is released
when translocating nascent chains have a reached
a length of 70 amino acids or more (493). In
analogy, the SecA molecule may be involved in
closing the pore of the SecYEG complex, either
by binding at the cytosolic side, through the
insertion of specific domains, or both. The
presence of SecA during the translocation
reaction may limit the effective pore size of the
protein-conducting channel, as the small
disulphide-bonded loop of amino acids in
oxidised proOmpA is apparently sufficiently
large to block the translocase. In addition to
SecA, the SecDF complex may contribute to the
maintenance of the proton motive force during
translocation (287). The SecA membrane
topology appears complex and its integral
membrane state is not dependent on translocation
(129,202,284,368). Topology studies on SecA
may be obscured because the SecA protein is part
of a large transmembrane structure. It may be
accessible for chemical probes or proteases added
from the periplasmic side of the membrane via
the proteinaceous channel constituted by
SecYEG. The determination of its crystal
structure will elucidate more structural aspects of
SecA. Although it did not yield immediate
structural information, the stabilisation of
translocase via a translocation intermediate is an
important advance towards its purification and
crystallisation. In addition, it will be important to
establish the thermodynamics of the translocation
reaction and the surface topography of the
SecYEG-bound SecA during the various stages
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of the translocation reaction. A major question
also lies in the structural and mechanistical
features of the protein-conducting channel during
the integration of membrane proteins.
Materials and methods
Materials
ProOmpA (600), SecB (77), and SecA (549)
were purified as previously described. A plasmid
encoding (C290S)proOmpA was constructed by
PCR starting from plasmid pET149 (347) using
the
mutagenesis
primer
5'GGCAACACCTCTGACAACGTG-3'.
The
resulting plasmid pET503 was used for the
synthesis of 35S-labeled (C290S)proOmpA with
an in vitro transcription/translation reaction and
immunopurified as described (347). Hexahistidine tagged SecYEG was purified and
reconstituted into proteoliposomes as described
(379). Rabbit polyclonal antisera against SecY,
SecE, OmpA, SecA and SecB were raised against
the purified proteins at the animal facility of the
Department of Chemistry, University of
Groningen, The Netherlands. The antisera against
SecY or SecE were raised against the His6-tagged
proteins, and contained specific cross-reactivity
with His6-tags on other proteins. Monoclonals
against OmpA were raised and selected by Prof.
Dr. L. de Leij, Academic Hospital Groningen.
SecA was detected with a mixture of
monoclonals (oligoclonal) (378). Protein samples
were analysed by SDS-PAGE using 12-15%
acrylamide gels, followed by western blotting or
silver staining (Bio-Rad, Hercules, CA, USA).
Western
blots
were
developed
using
chemoluminescence (Tropix, Bedford, MA,
USA). For densitometry a Dextra DF-2400T
scanner (Dextra Technology Corp., Taipei,
Taiwan) and SigmaScan/Image Software (Jandel
Corp., San Rafael, CA) were used. Protein A- or
NHS-sepharose beads were from Pharmacia
(Uppsala, Sweden), dodecyl maltoside and octyl
glucoside from Sigma (St. Louis, MO, USA), and
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E. coli phospholipids from Avanti polar lipids
(Alabaster, AL, USA).
Translocation reactions
Translocation reactions were performed with
6.0 µg of SecA, 2.0 µg of urea-denatured
proOmpA, 1.0 µg of reconstituted SecYEG (810 µl of proteoliposomes) and 2 mM ATP in
100 µl translocation buffer consisting of 50 mM
Hepes-KOH, pH 7.6, 100 mM KCl, and 5 mM
MgAc2. For oxidation or reduction of
proOmpA, complete reaction mixtures were
preincubated for 10 min on ice in the absence or
presence of 10 mM DTT. Reactions were
started by placing them at 37 °C and stopped by
chilling on ice, followed by digestion with
protease K, TCA precipitation and a washing
step with ice-cold acetone (347). For
densitometrical quantitation of translocation,
bands representing accumulated proOmpA or
I31 were compared with 5% and 10% of a
reaction mixture that was not digested with
proteaseK as a standard. For a second round of
translocation, proteoliposomes were collected
by centrifugation (Beckman Airfuge, 30 psi, 10
min) and resuspended in ice-cold translocation
buffer. Translocation reactions were then
performed as described above, except for the
proOmpA, which was replaced by 2 µl of ureadenatured 35S-labeled (C290S)proOmpA.
Immunprecipitations
Antibodies (20 µl) were mixed with 10 µl protein
A-agarose suspension in a total volume of 200 µl
with buffer S, consisting of 50 mM Tris-HCl,
pH 8.0, 50 mM KCl, 20% (w/v) glycerol and
0.05% (w/v) dodecyl maltoside. Mixtures were
incubated for 1.5 h at 4 °C and the beads were
then washed with 0.5 ml buffer S (Eppendorf
centrifuge, 14 000 rpm, 3 min). Isolated
proteoliposomes from two translocation reactions
were solubilised with 2% (w/v) dodecyl
maltoside in buffer S (200 µl) and mixed with

the proteinA-bound antibodies for 1 h at 4 °C.
Beads were then washed extensively with buffer
S and bound proteins were eluted with SDSsample buffer (10 min, 50 °C). Samples were
analysed on western-blots using mouse
monoclonals as primary antibodies to avoid
cross-reaction of the secondary antibody with the
rabbit IgG used for the precipitation.
Alternatively, purified IgG was covalently
coupled to NHS-sepharose, according to the
manufacturers recommendations. Immunoprecipitations were carried out as described above
with 10 µl of NHS-coupled IgG sepharose.
Bound proteins were eluted with SDS sample
buffer in the absence of reducing agents, to avoid
dissociation of the IgG molecules.
For
quantitative
immunoblotting,
purified SecA in 0.1% (w/v) SDS was prepared
by buffer exchange using a PD10 gel filtration
column (Pharmacia). His-tagged SecY was
purified from 0.5 mg of soluble SecYEG
complex by Ni2+-affinity chromatography (205)
and dialysed against water. Precipitated proteins
were collected by centrifugation (5 min,
14 krpm, Eppendorf) and solubilised in 0.1%
(w/v) SDS (10 min, 50 °C). Non-solubilised
material was removed by centrifugation
(10 min, 14 krpm, Eppendorf). Amino acid
concentrations of the SecY and SecA standards
were determined in duplo, using RNAse as a
standard, by Eurosequence, Groningen. Using a
dilution range of 1 to 1/20 000 of the SecA and
SecY standards, the protein contents in
immunoprecipitates
of
translocase-I31
complexes were estimated by immunoblotting.
Next, the appropriate dilutions were used to
densitometrically determine the amounts of
SecA and SecY in the immunoprecipitates from
films of chemoluminescent blots.
Isolation of SecYEG complexes
Either proteoliposomes containing purified
SecYEG (50 µl, 0.4 mg protein/ml in 50 mM
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Tris-HCl, 50 mM KCl), or reaction mixtures
(500 µl) containing SecYEG proteoliposomes
(20 µg), SecA (120 µg) and 2 mM AMP-PNP in
translocation buffer, were solubilised on ice in a
total volume of 2 ml 2% (w/v) dodecyl maltoside,
10 mM Tris-HCl, pH 8.0, 10 mM KCl and 10%
(w/v) glycerol. The sample was injected on a
miniQ anion exchanger mounted in a
Smartsystem (Pharmacia) equilibrated at 6 °C
with a buffer containing 10 mM Tris-HCl pH 8.0,
10% glycerol, 10 mM KCl and 0.03% (w/v)
dodecyl maltoside. The column was eluted with a
linear gradient of 0.01 to 0.3 M KCl in the same
buffer and 75 µl fractions were collected. To
separate the tetrameric and dimeric SecYEG
complexes, proteins were solubilised on ice in a
total volume of 2 ml 2% (w/v) dodecyl maltoside,
10 mM imidazole pH 8.0, 100 mM KCl, 10%
glycerol and injected on a 1 ml Pharmacia HighTrap chelating column equilibrated with 0,05%
(w/v) dodecyl maltoside, 10 mM imidazole pH
8.0, 100 mM KCl and 10% glycerol. The protein
was eluted in the same buffer containing 200 mM
imidazole pH 7.0. The protein content of these
fractions was assayed by SDS-PAGE and
appropriate fractions were used for electron
microscopy. Activity of the purified SecYEG
complex was confirmed by reconstitution in
E. coli phospholipids via rapid dilution (379) and
measuring the proOmpA-stimulated SecA
ATPase activity.
To
isolate
translocase-precursor
complexes, proteoliposomes yielding the I31
translocation intermediate were harvested from a
total of 2 ml translocation reactions performed in
the absence of DTT. Proteoliposomes were
collected by ultracentrifugation (120 000 x g, 30
min), solubilised in 250 µl of buffer S and loaded
on 10 ml linear sucrose gradients ranging from
10-45% (w/v) in 50 mM Tris-HCl, pH 8.0, 50
mM KCl and 0.03% (w/v) dodecyl maltoside.
After equilibration centrifugation (16 h, 120 000
x g, 4 °C), gradients were fractionated as 1 ml
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samples by pipetting from the top. All translocase
subunits (SecA, SecY, SecE, and SecG)
cofractionationed with I31 and were separated
from phospholipids, that were contained at the
top of the gradient.
Determination
of
dodecylmaltoside
concentration
The final dodecylmaltoside concentration was
determined by a modified protocol for αnaphthol staining of glycolipids. Shortly, 40 µl
of sample was mixed with 40 µl of 0.5% αnaphthol and 400 µl 95% sulphuric acid and
incubated for 10 minutes at 95 °C. The
absorbance of the samples was determined at
555 nm and compared to a standard of known
dodecylmaltoside concentrations in column
buffer.
Electron microscopy
Fractions from anion-exchange chromatography
or sucrose gradients were absorbed to carbon
films rendered hydrophilic by glow discharge.
Grids were washed briefly with distilled water
and stained with saturated uranyl formate. Images
were taken in a Hitachi H-7000 transmission
electron microscope at 100 kV and a
magnification of 50 000 x. Suitable films were
scanned at 50 lines/mm (corresponding to a pixel
size of 0.4 nm) using a Leafscan 45. Particles
were automatically selected based on their size
by calculating the cross-correlation function with
a ring-shaped reference of either 7 nm or 10 nm
diameter, or were selected interactively, using the
SEMPER image processing system (Saxton et al.
1979). Multivariate statistical classification
(601)was achieved on data sets containing over
3000 particles prior to angular alignment and
cluster averages were calculated to allow for
picking an unbiased reference. Aligning ~3000
particles from each set of experimental conditions
using the respective reference laterally and
angularly, and subsequent classification yielded a
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final set of cluster averages from which class
averages containing closely related structures
were calculated. Typically, the class averages
shown included 50-60% of all selected particles.
Scanning
transmission
electron
microscopic mass analysis of detergent
solubilised particles was carried out as described
previously (602). Elastic dark images of
unstained complexes were recorded using a VGHB5 STEM at electron doses of typically 300
electrons/nm2 and 80 kV acceleration voltage.
The particle mass was evaluated by measuring
the number of electrons elastically scattered by a
circular region enclosing the particle and
subtracting the background contribution due to
the thin carbon film using the IMPSYS software
(603). Gaussian curves were fitted to the mass
histogram peaks by a Marquart algorithm (604).
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Summary and concluding remarks
Introduction
All living cells are separated from their external
environment by a lipid membrane. The integrity
and barrier function of this membrane is
essential for the survival of the cell. This barrier
not only prevents hazardous substances to enter
the cell, but it also functions in energy
transduction in which the electrical and
chemical gradients across the membrane
energise various cellular processes. To enable
the cell to grow, nutrients have to pass the
membrane, and proteins, which have their
function outside the cell, have to be secreted
across this membrane. Furthermore, several
proteins function within this membrane
environment, and thus need to be inserted in the
membrane. Translocation of proteins across the
membrane and the integration of membrane
proteins into the membrane have to occur
without compromising the integrity of this
membrane. In bacteria, both processes involve a
pore-like integral membrane protein complex
consisting of three proteins, SecY, SecE and
SecG. The heterotrimeric subunit organisation
of this pore-like complex is conserved in all
organisms. Homologues of SecY and SecE have
been found in eukaryotes and archeae. The third
component of this complex, SecG, is not
conserved but other membrane proteins replace
it. Although the heterotrimeric organisation of
the protein-conducting channel is conserved,
different mechanisms exist that drive protein
translocation across this pore. In E. coli, posttranslational protein translocation is driven by
the large (100 kDa) homodimeric SecA protein
that couples the hydrolysis of ATP to the
stepwise translocation of the preprotein across
the membrane. In mammals, protein
translocation is mostly co-translational and thus

coupled to the chain-elongation at the ribosome.
A detailed overview of the insight obtained
during recent years in the mechanism of protein
translocation across the inner membrane of
bacteria and across the endoplasmatic reticulum
membrane of eukaryotes is presented in
Chapter 1.
The goal of this thesis work was to analyse the
structure and function of translocase that
mediates the translocation of proteins across the
cytoplasmic membrane of E. coli.
Functional overexpression of SecYEG
In wild-type cells, the SecYEG complex
constitutes less than 0.1% of the total
membrane protein. To enable the purification of
large quantities of SecYEG complex, a system
for the high level over-expression of SecY,
SecE and SecG was developed which is
described in Chapter 2. The genes of secY,
secE and secG are not contained in an operon
but located at various sites within the
chromosome of E. coli. Therefore, these genes
were cloned into a synthetic operon and placed
under control of different inducible promoters.
Various strains and growth conditions were
tested for optimal overproduction. This finally
yielded two highly effective combinations,
which allow overproduction of the SecYEG
complex to up to 40% of the total membrane
protein. Membranes which contained high
levels of the SecYEG complex (SecYEG+) were
tested for activity and showed a large increase
in both precursor protein stimulated ATPase
activity of SecA and in in vitro translocation of
proOmpA. Overexpression of SecY, SecE and
SecG resulted in an increased number of highaffinity binding sites for SecA. Moreover, the
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high level of overproduction of the SecYEG
complex caused a shift of the cellular SecA
pool towards a tightly membrane-bound SecA
fraction, which resists extraction with urea.
Purification
SecYEG

and

reconstitution

of

In Chapter 3, a method to purify the
overexpressed SecYEG is described. SecYEG
was expressed with a (His)6-enterokinase tag on
SecY, but attempts to use Ni+-NTA column
chromatography were unsuccessful due to
presence of interfering levels of mixed micelles
of detergent and phospholipids. The presence of
a his-tag on SecYEG, however, allowed the
purification of large amounts of homogeneously
pure SecYEG by a single conventional anion
exchange chromatography step starting from
octylglucoside-solubilised membranes. The
SecYEG
was
reconstituted
into
proteoliposomes using the rapid dilution
method, and was highly active in both precursor
protein stimulated SecA ATPase activity and
the in vitro translocation of proOmpA after
reconstitution. Using the amino-terminally
fused (His)6-enterokinase-tag as topology
marker, it was established that SecYEG
reconstitutes in a random orientation. The
purified SecYEG present in octylglucoside
solution was further characterised. Circulair
dichroism measurements showed that the
complex is largely α-helical. Solubilised
SecYEG bound SecA with high affinity and
supported the AMP-PNP driven conformational
change of SecA.
Lipid dependency of bacterial preprotein
translocation
In Chapter 4, the lipid dependency of the
reconstitution of protein translocation was
determined. When purified in octylglucoside,
the presence of phospholipids is needed to
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stabilise the SecYEG complex in an active
state. To study the lipid dependency of protein
translocation, a method was developed to
delipidate the SecYEG complex. For this
purpose, octylglucoside was replaced for
dodecylmaltoside, yielding a SecYEG complex
that is stable in the absence of phospholipids
and could be re-activated after reconstitution
into proteoliposomes. The reconstitution studies
demonstrated
that
negatively
charged
phospholipids are essential for activity, while
non-bilayer forming lipids stimulate protein
translocation. In the absence of SecG, the
SecYE complex showed a dramatically reduced
activity, but the lipid requirement for
translocation remained unaltered. To determine
if the requirement for negatively charged and
non-bilayer lipids is common to the bacterial
translocase, reconstitution experiments were
performed with the B. subtilis translocase using
prePhoB as the substrate precursor protein. This
system showed an even stronger requirement
for negatively charged and non bilayer
phospholipids. The E. coli and the B. subtilis
translocase are most optimally active when they
are reconstituted into lipid mixtures that most
closely resemble the ‘native’ lipid composition.
Interactions between SecY and SecE
Chapter 5 describes a study of the interaction
between SecY and SecE by Cysteine scanning
mutagenesis. SecY forms a stoichiometric
complex with SecE. To identify sites of
interaction a Cysteine-less SecYEG complex
was constructed by replacing 2 Cysteines in
SecY by serines. This enzyme, which is fully
active was used to re-introduce Cysteines in
transmembrane segment (TMS) 2 of SecY and
TMS 3 of SecE. Putative interacting sites were
selected based on genetic studies, which
indicate that specific pairs of mutations in these
regions may result in a syntheticcally lethal
phenotype. Constructs containing single and/or
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pairs of Cysteine mutants were tested for
overexpression, precursor protein stimulated
SecA ATPase activity, in vitro translocation of
proOmpA and prl suppressor activity, i.e., the
ability of these mutant SecYEG complexes to
allow translocation of precursor proteins with a
defective signal sequence. All individual
mutants and pairs of mutants showed an activity
that was comparable to that of the wild-type
SecYEG complex. Oxidation of the pairs of
Cysteine-mutants in TMS 2 of SecY and TMS 3
revealed a periodic contact between both
transmembrane segments confined to a specific
α-helical face. Strikingly, one of the Cysteine
mutants in TMS3 of SecE was found to interact
with a neighboring SecE molecule. Oxidation of
this particular Cysteine mutant reversibly
blocked protein translocation, but it did neither
interfere with the high affinity binding of SecA
to the SecYEG complex nor inhibit the SecA
ATPase activity. These data suggests that SecE
not only functions in the stabilisation of SecY,
but that it also fulfills a catalytic role in protein
translocation.
Structure of the SecYEG complex
In Chapter 6, the structure of the SecYEG
complex was analysed by high-resolution
negative stain electronmicroscopy, single
particle alignment and averaging. The detergent
solubilised SecYEG complex was found to be
present mainly as a dimeric species. The size of
this dimer was approximately 8.5 by 6.5 nm.
After incubation of SecYEG proteoliposomes
with SecA and AMP-PNP, and re-purification
of the SecYEG complex, a significant fraction
of the SecYEG was found in a larger complex
with a diameter of approximately 10.5 nm and a
stain-filled indentation of about 5 nm. The size
of these particles and determination of their
molecular mass by scanning transmission
electron microscopy indicate that these large
particles represent tetramers of the SecYEG

complex. These data suggests that the AMPPNP-induced conformational change of SecA
allows the recruitment of SecYEG complexes to
yield a stable tetramer of SecYEG possibly
forming the protein-conducting channel.
Interactions between SecA and SecYEG
Several methods were used to examine the
functional aspects of the interaction between
SecA and SecYEG. In Chapter 2, membranes
containing the overproduced SecYEG complex
were used to examine the membrane topology
of the SecYEG-bound SecA protein. It was
shown that the carboxy terminal tail of SecA is
protease accessible from the periplasmic site
suggesting that SecA exposes domains to the
external face of the membrane.
During the process of protein
translocation SecYEG-bound SecA undergoes
conformational changes. These conformational
changes were studied in further detail in
Chapter 3. In the presence of ATP and
precursor protein, or with the non-hydrolysable
ATP analog AMP-PNP alone, the SecYEGbound form of SecA changes its conformation
resulting in the formation of a proteinase K
protected 30 kDa fragment that can be detected
as I125 labeled fragment of SecA. It has been
suggested that the formation of the protease
resistance of this fragment is caused by
membrane insertion of SecA. However, the
formation of the fragment can also be found
when SecA and SecYEG interact in micellar
solution, provided that a detergent is used that
does not disrupt this interaction. In detergent,
however, the SecYEG complex was proteolysed
to remnants smaller that 6 kDa, indicating that
the 30 kDa SecA fragment is neither protected
by the lipid phase nor by the SecYEG complex.
These data suggests that the 30 kDa SecA
fragment represents a SecYEG and nucleotideinduced stable conformation rather than a
membrane-protected form of a SecA domain.
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The SecYEG complex is not merely a
passive pore, but undergoes conformational
changes during protein translocation. This was
demonstrated by using the formation of a
disulfide bond between two neighboring SecE
molecules as a molecular ruler under
translocation conditions. This is described in
Chapter 5. Conditions preventing the deinsertion of SecA from its “membraneintegrated” state after insertion of the signal
sequence strongly stimulated the interhelical
contact between two SecE molecules. This
demonstrates that SecA-mediated insertion of
the signal sequence is transiently sensed by the
SecYEG complex resulting in a re-arrangement
of the subunits.
These SecYEG subunit re-arrangements
induced by the action of SecA were further
studied by high resolution electron microscopy,
as is described in Chapter 6. SecA triggers the
formation of a tetrameric structure of the
SecYEG complex. To investigate the structure
of this SecA-SecYEG complex in the presence
of a preprotein, proOmpA was trapped in this
channel-like structure by utilising a stable
disulfide bridge in the carboxy-terminus of
proOmpA that prevents further translocation
when the system is kept under oxidising
conditions. This proOmpA translocation
intermediate stabilised the SecA-SecYEG
complex in micellar solution. Quantitative
immunoprecipitation experiments showed that
translocase consists of four SecY molecules per
SecA dimer. The proOmpA-SecA-SecYEG
complex was isolated by sucrose gradient
centrifugation and analysed by high-resolution
negative stain electronmicroscopy. Although
the particles appeared heterogeneous in size,
orientation and distribution, a substantial
amount of particles showed the characteristic
shape of tetrameric SecYEG complex. These
data, therefore, demonstrate that the SecYEG
heterotrimers assemble into a tetrameric
supercomplex during translocation.
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Concluding remarks and future work
Major progress has been made in the last
decade in the field of protein translocation. The
proteins involved in this process have been
identified, cloned, overexpressed, purified and
in case of the membrane proteins, the
complexes have been reconstituted in an active
state. Individual steps in the targeting and
translocation process have been identified and
studied. However, there are several important
questions that still need to be answered. First,
what is the atomic structure of the proteins
involved? Knowledge of these structures may
facilitate our understanding of how ATP
hydrolysis is coupled to the translocation of
polypeptide-segments of 2.5 kDa in size.
Further information is needed about the
interacting domains of the various Sec-proteins,
and how the process of channel assembly
occurs. Also the function of the SecD and SecF
proteins is unclear.
In future years, studies will be focussed on
solving the structure of the various Sec-proteins
and understanding the dynamics of the
interactions between these components. The
three-dimensional structure of SecA is close to
completion, but still much may be gained from
structures representing different nucleotide
bound states. Two- and three-dimensional
crystallization studies with the SecYEG
complex are also underway, but a major
challenge will be to obtain snap-shots of the
various states of this complex either with or
without SecA and precursor protein. Since
structure elucidation of membrane proteins is a
tedious task, also other techniques need to be
employed to obtain structural information. In
this respect, the Cysteine scanning mutagenesis
described in chapter 5 will help to define sites
of interactions between the different membrane
proteins, and with the aid of modeling
techniques; detailed information on the
structure can be obtained. In addition, this
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technique also records dynamic changes such as
pore assembly that may also be analysed by
means of fluorescence studies. Finally,
information on the force generation and
thermodynamics of protein translocation can be
obtained
with
atomic
force
and
microcalorimetric techniques. These techniques
will also be used to study the dynamics of the
process of protein translocation.
Another interesting problem in bacteria
is how membrane proteins integrate into the
cytoplasmic membrane. Targeting of membrane
proteins is dependent on the signal recognition
particle, but the actual membrane insertion
mechanism seems to involve the translocase. It
will be important to establish an efficient
reconstituted co-translational membrane protein
insertion assay using purified components to
reveal the intimate details of this process. An
exciting road is in front of us to elucidate the
mechanisms of how preproteins are translocated
across or inserted into the membrane.
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Introductie
Alle levende cellen worden omgeven door een
lipide membraan. De integriteit en barrière
functie van deze membraan is essentieel voor
het overleven van de cel. Behalve dat deze
barrière verhindert dat gevaarlijke substanties
de cel binnendringen, worden de electrische en
chemische gradiënten over de membraan
gebruikt om de energie te verschaffen voor
verschillende cellulaire processen. Om de cel te
laten groeien moeten voedingsstoffen de
membraan passeren en moeten eiwitten, die een
functie hebben buiten de cel, uitgescheiden
worden. Bovendien zijn er verscheidene
eiwitten die een functie hebben in de membraan
en dus in de membraan geplaatst moeten
worden. Translocatie van eiwitten over de
membraan en integratie van eiwitten in de
membraan dient te gebeuren zonder dat de
integriteit van de membraan wordt aangetast.
Eiwitten die over de membraan getransporteerd
of geinserteerd moeten worden hebben een Nterminale pre-sequentie en worden pre-eiwitten
genoemd.
In bacteriën is er bij zowel transport
over als insertie in de membraan van preeiwitten een porie-achtig integrale membraaneiwit complex betrokken, dat bestaat uit drie
eiwitten, SecY, SecE en SecG. De heterotrimere
subeenheidorganisatie van deze porie is in alle
organismen geconserveerd. Er zijn homologen
van SecY en SecE gevonden in zowel
eukaryoten als archaea. De derde component
van dit complex, SecG, is niet geconserveerd in
eukaryoten of archaea, maar wordt daar
vervangen door een ander membraaneiwit.
Hoewel het eiwit-geleidende kanaal sterk
geconserveerd is, bestaan er verschillende
mechanismen die de eiwittranslocatie door deze

porie regelen. In de bacterie Escherichia coli
wordt de post-translationele eiwittranslocatie
gestuurd door een groot (100 kDa) homodimeer
SecA eiwit, dat de hydrolyse van ATP koppelt
aan de stapsgewijze translocatie van het preeiwit over de membraan. In zoogdieren is
eiwittranslocatie meestal co-translationeel en
dus gekoppeld aan polypeptideketenverlenging
door het ribosoom. Een gedetailleerd overzicht
van de vergaarde kennis over het mechanisme
van eiwittranslocatie over de binnenmembraan
van bacterien en de endoplasmatisch
reticulummembraan van eukaryoten, verkregen
gedurende de laatste jaren, is gepresenteerd in
hoofdstuk 1.
Het doel van dit onderzoek was om de structuur
en functie van het translocase, dat de
translocatie
van
eiwitten
over
het
cytoplasmamembraan van E. coli regelt te
analyseren.
In wilde type cellen bestaat minder dan 0.1%
van het totale membraaneiwit uit SecYEG
complexen. Om het SecYEG complex in grote
hoeveelheden te kunnen zuiveren, werd een
systeem ontwikkeld voor de overexpressie van
SecY, SecE en SecG. Dit staat beschreven in
hoofdstuk 2. De genen secY, secE en secG zijn
geen onderdeel van een operon en liggen op
verschillende plaatsen in het chromosoom van
E. coli. Deze genen werden geplaatst in een
synthetisch operon onder de controle van
verschillende induceerbare promoters. Voor
optimale overproductie werden verschillende
stammen en groeicondities getest. Dit leidde
uiteindelijk
tot
twee
zeer
effectieve
combinaties, die een overproductie van het
SecYEG complex mogelijk maakte tot 40% van
de totale hoeveelheid membraaneiwiten.
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Membranen die zeer grote hoeveelheden van
het SecYEG complex bevatten, werden getest
op eiwit translocatie activiteit en vertoonden
een grote toename van zowel door pre-eiwit
gestimuleerde ATPase activiteit van SecA als
van in vitro translocatie van proOmpA.
Overexpressie van SecY, SecE en SecG
resulteerde in een toegenomen aantal
bindingsplaatsen voor SecA met hoge affiniteit.
Bovendien leidde de sterke overproductie van
het SecYEG complex tot een verschuiving van
SecA uit de cellulaire voorraad naar de stevig
membraan-gebonden fractie, die bestand is
tegen extractie met urea. De membranen die
verrijkt waren met SecYEG werden gebruikt
om de membraantopologie van het SecYEG
gebonden SecA
eiwit
te
bestuderen.
Aangetoond werd dat het carboxy-terminale
uiteinde van SecA toegankelijk is voor
proteinase dat wordt toegediend vanuit het
periplasma, wat suggereert dat sommige
domeinen van SecA aan de buitenkant van de
membraan gelokaliseerd zijn.
In hoofdstuk 3 wordt een methode beschreven
om de tot overexpressie gebrachte SecYEG te
zuiveren. SecYEG werd tot expressie gebracht
met een (His)6-enterokinase aanhangsel van
SecY, maar pogingen om Ni2+ affiniteits
chromatografie te gebruiken waren niet
succesvol vanwege de aanwezigheid van
storende hoeveelheden gemengde micellen,
bestaande uit detergens en fosfolipide. Echter,
de aanwezigheid van een his-aanhangsel van
SecYEG maakte wel de zuivering van grote
hoeveelheden homogeen zuiver SecYEG
mogelijk door een enkele chromatografiestap
over een anionen-uitwisselingskolom. Hierbij
werd begonnen met membranen die opgelost
waren in octylglucoside. SecYEG werd daarna
door
middel
van
een
snelle
verdunningsmethode opnieuw ingebouwd in
liposomen, waarna het een hoge activiteit
vertoonde
van
zowel
door
pre-eiwit
124

gestimuleerde SecA ATPase activiteit als van in
vitro translokatie van proOmpA. Er werd
vastgesteld dat SecYEG in een willekeurige
orientatie werd ingebouwd. Het gezuiverde
SecYEG in octylglucoside oplossing werd ook
verder gekarakteriseerd. Circulaire dichronisme
metingen toonden aan dat het enzym
voornamelijk bestaat uit α-helixen. Zelfs in de
aanwezigheid van detergens oplossing bleek dat
het enzym nog steeds met hoge affiniteit SecA
bond. Bovendien kon in de aanwezigheid van
een niet-hydroliseerbaar ATP-analoog, nl.
AMP-PNP, de vorming van een 30 kDa
fragment van I125 gelabeld SecA, dat beschermd
was tegen proteinase K, worden aangetoond. De
vorming van dit fragment duidt op een
productieve interactie tussen SecA en het
SecYEG complex. Omdat het SecYEG complex
werd geproteolyseerd tot afbraakproducten van
minder dan 6 kDa, geven deze data aan dat het
30 kDa SecA fragment niet beschermd wordt
door de lipide fase of door het SecYEG
complex. Dit suggereert eerder een door
SecYEG en nucleotide geinduceerde vorming
van een stabiele conformationele toestand van
SecA, dan dat het duidt op een membraanbeschermde SecA.
In hoofdstuk 4 werd onderzocht in hoeverre het
inbouwen van eiwittranslocatie in liposomen
afhankelijk was van lipiden. Als SecYEG
gezuiverd is in octylglucoside, dienen er
fosfolipiden aanwezig te zijn om het SecYEG
complex te stabiliseren in een actieve toestand.
Om
de
lipideafhankelijkheid
van
eiwittranslocatie te bestuderen, werd een
methode ontwikkeld om het SecYEG complex
te ontdoen van lipiden. Voor dit doel werd
octylglucoside
vervangen
door
dodecylmaltoside, wat leidde tot een SecYEG
complex dat stabiel was in afwezigheid van
fosfolipiden en dat gereactiveerd kon worden na
reconstructie
in
proteoliposomen.
De
reconstructiestudies toonden aan dat negatief
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geladen fosfolipiden essentieel zijn voor de
activiteit van SecYEG, terwijl lipiden die een
niet
bi-laag
structuur
prefereren
eiwittranslocatie stimuleren. In de afwezigheid
van SecG vertoonde het SecYE complex een
drastisch verminderde activiteit, maar de
afhankelijkheid van lipiden voor translocatie
bleef onveranderd. Om te bepalen of bacteriële
translocases in het algemeen afhankelijk zijn
van zowel negatief geladen als niet bi-laag
prefererende
lipiden,
werden
inbouwexperimenten uitgevoerd met het translocase uit
Bacillus subtilis. Hierbij werd prePhoB gebruikt
als het pre-eiwit. Dit systeem vertoonde zelfs
een nog sterkere afhankelijkheid van negatief
geladen lipiden en van fosfolipiden, die niet bilaag structuren prefereren. Deze experimenten
toonden aan dat zowel E. coli als B. subtilis
translocase het meest actief zijn wanneer ze
worden ingebouwd in lipidenmengsels die het
meest
lijken
op
hun
natuurlijke
lipidensamenstelling.
Hoofdstuk 5 beschrijft een studie naar de
interactie tussen SecY en SecE met behulp van
Cysteïne-scanning mutagenese. SecY vormt een
stoichiometrisch complex met SecE. Om inzicht
te krijgen in de positie van interactieplaatsen
tussen SecY en SecE werden Cysteïne scanning
mutagenese gebruikt. In deze techniek wordt de
eigenschap van het aminozuur Cysteïne om een
zwavelbrug met een andere Cysteine in de
directe omgeving te vormen gebruikt om te
onderzoeken of twee Cysteines by elkaar in de
buurt liggen. Om een SecYEG complex te
krijgen zonder Cysteines werden twee
Cysteïnes in SecY vervangen door serines. Dit
enzym, dat volledig actief was, werd gebruikt
om
Cysteïnes
te
herintroduceren
in
transmembraan spannend domein (TMS) 2 van
SecY en TMS 3 van SecE. Deze plaatsen
werden geselecteerd op basis van genetische
studies, die aanduiden dat specifieke
mutatieparen in deze gebieden kunnen leiden
tot
een synthetisch
lethaal
fenotype.

Verschillende constructen en Cysteïne-paar
mutanten werden getest op overexpressie, op
pre-eiwit gestimuleerde SecA ATPase activiteit,
en op in vitro translocatie van proOmpA. Alle
individuele
mutanten
en
mutantparen
vertoonden een activiteit die vergelijkbaar was
met dat van het wildtype SecYEG complex.
Oxidatie van Cysteïne-mutanten combinaties in
TMS 2 van SecY met die in TMS 3 van SecE
toonden een periodiek contact aan tussen beide
transmembraansegmenten.
De
gevonden
contacten waarin in overeenstemming met een
α-helische structuur van de transmembraan
segmenten. Opvallend was dat een van de
Cysteïne mutanten in TMS 3 van SecE een
interactie aanging met een nabij SecE molecuul.
Oxidatie van deze specifieke Cysteïne mutant
blokkeerde de eiwittranslocatie reversibel, maar
het stoorde niet de hoge affiniteitsbinding van
SecA aan het SecYEG complex. Bovendien
remde het niet de pre-eiwit gestimuleerde
ATPase activiteit van SecA. Deze data
suggereren dat SecE niet alleen functioneert in
de stabilisering van SecY, maar dat het tevens
een katalytische rol speelt in eiwittranslocatie.
Dit laatste werd verder onderzocht door de
vorming van een disulfide brug tussen twee
nabije SecE moleculen te gebruiken als een
moleculaire
regelaar
onder
translocatie
condities. Condities, die het verwijderen van
SecA uit zijn membraan geïntegreerde toestand
na insertie van de pre-sequentie van het preeiwit verhinderden, stimuleerden sterk het
contact tussen de twee SecE moleculen. Dit
geeft aan dat SecA afhankelijke insertie van de
pre-sequentie van het pre-eiwit kortstondig
wordt opgemerkt door SecE, wat suggereert dat
het SecYEG complex niet zomaar een passieve
porie is maar dat het enzyme conformationele
veranderingen ondergaat gedurende de initiatie
van eiwittranslocatie.
In hoofdstuk 6 werd de structuur van het
SecYEG complex geanalyseerd door middel
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van electronenmicroscopie. Er werd gevonden
dat het in detergens opgeloste SecYEG complex
voornamelijk aanwezig was als dimeer. De
grootte was ongeveer 8,5 bij 6,5 nm. Na
incubatie van SecYEG proteoliposomen met
SecA en AMP-PNP, en herzuivering van het
SecYEG complex, werd een significante fractie
van het SecYEG complex aangetroffen in een
groter complex, wat een diameter had van
ongeveer 10,5 nm en een inkeeping van
ongeveer 5 nm. De grootte van deze deeltjes en
de bepaling van de moleculaire massa door
scanningtransmissie
electronenmicroscopie
duidde aan dat het tetrameren zijn van het
SecYEG
complex.
Deze
experimenten
suggereren dat de AMP-PNP geinduceerde
conformationele verandering van SecA het
mogelijk maakt dat SecYEG complexen
gerecruteerd worden, wat vervolgens leidt tot
een stabiele tetrameer van SecYEG. Deze
tetrameer vormt mogelijk het eiwitgeleidend
kanaal. Om de structuur van het SecA-SecYEG
complex in de aanwezigheid van het pre-eiwit
te onderzoeken, werd het pre-eiwit proOmpA
gevangen in deze kanaalachtige structuur door
gebruik te maken van een stabiele disulfide
brug in het carboxy-uiteinde van proOmpA. Dit
verhindert verdere translocatie zolang het
systeem onder oxyderende omstandigheden
gehouden wordt. Deze proOmpA translocatie
intermediair stabiliseert het SecA-SecYEG
complex in micellaire oplossing. Quantitatieve
immunoprecipitatie experimenten toonden aan
dat het translocase bestaat uit vier SecY
moleculen per SecA dimeer. Het proOmpASecA-SecYEG complex werd geïsoleerd door
sucrose gradient centrifugatie en geanalyseerd
met behulp van electronenmicroscopie.
Alhoewel de deeltjes heterogeen in grootte,
oriëntatie en distributie waren, vertoonde een
substantiële hoeveelheid de karakteristieke
vorm van een tetrameer SecYEG complex.
Deze data demonstreren daarom dat de SecYEG
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