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Abstract

Many proteins synthesized in the cytoplasm ultimately function in non-cytoplasmic locations. In
Escherichia coli, the general secretory (Sec) pathway transports the vast majority of these proteins.
Two fundamental components of the Sec transport pathway are the SecYEG heterotrimeric complex
that forms the channel through the cytoplasmic membrane, and SecA, the ATPase that drives the
preprotein to and across the membrane. This review focuses on what is known about the oligomeric
states of these core Sec components and how the oligomeric state might change during the course of
the translocation of a preprotein.
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All cells have mechanisms to export proteins from the cytoplasm to their final destination.
Bacteria have several transport pathways including the TAT (twin arginine translocation) that
transports folded proteins that often contain co-factors (for a recent review, see [1]), the YidC
pathway for membrane proteins (for a recent review, see [2]), and the general secretory (Sec)
pathway that translocates unfolded preproteins (for a recent review, see [3]).

The Sec pathway is found in bacteria, archaea and eukaryotic organelles such as chloroplasts
and the endoplasmic reticulum. Components of the bacterial Sec translocon include two
heterotrimeric membrane spanning complexes, SecYEG and SecDFYajC, and a peripherally
associated SecA, although homologues for each component are not universal throughout the
three kingdoms of life.

A nascent chain destined for export via the Sec pathway emerges from the ribosome in the
Escherichia coli cytoplasm. This nascent chain consists of the protein to be secreted linked to
atargeting signal called the signal peptide, and together known as a preprotein. It may associate
directly with SecA or be targeted to SecA in complex with the cytoplasmic chaperone, SecB.
SecA directs the preprotein to the membrane where the hydrolysis of ATP by SecA, along with
the protonmotive force, promotes translocation across the membrane through the channel
comprising three integral membrane proteins, SecY, SeckE and SecG. The SecDFYajC complex
may promote membrane cycling of SecA to enhance translocation through the SecYE pore
[4]. The signal peptide is then cleaved from the preprotein by leader peptidase. An overview
of protein export in E. coli is shown in Fig. 1. A more complete review of Sec transport
components not discussed in detail here can be found in [3].
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Components of the Sec translocase were first identified when mutations in the genes encoding
SecA (prID) and SecY (prlA) suppressed protein export defects caused by signal sequence
mutations (for review, see [5]). In 1990, the translocon was reconstituted in liposomes using
only purified SecYE(G), SecA and ATP, and found to be sufficient for preprotein translocation

[6].

Sixteen years later, much has been learned about the components involved in the translocation
of preproteins, how they function and how they interact. However, the biophysical nature of
the translocon, and specifically the oligomeric states of its components, remains in question.
If we are to fully understand protein export in E. coli, a physical description of the proteins
involved is needed. While the recent crystal structures of bacterial SecAs [7-9] and the archaeal
SecY complex [10] have provided great insight, they are static pictures of a dynamic process.
This review focuses specifically on what is currently known of the oligomeric states of SecA
and SecYEG.

1. SecA—the translocation motor

The SecA gene was first described in 1982 [11] as coding for a component in secretion. The
SecA gene product was identified as a large peripheral membrane protein; biochemical data
in a cell free system [12] and in vitro using membrane vesicles [13] confirmed that SecA is
involved in protein secretion and furthermore, that it couples ATP to protein translocation
[14]. More recent studies suggest that SecA may also act as a cytoplasmic chaperone [15].

SecA may exist in monomer—dimer equilibrium [16,17] with a dissociation constant
determined to be 0.25 uM-0.5 uM in a aqueous environment [17]. The cellular concentration
of SecA has been estimated at about 5 uM [16] suggesting that SecA is predominantly dimeric
in the cytoplasm. In fact, a number of studies indicate that SecA is an antiparallel [7,18]
homodimer in the absence of detergent and lipids [18-20]. The ratio of monomer to dimer
SecA populations can be altered by temperature and salt concentration [17] and by the presence
of translocation ligands [16,21,22]. SecA interacts as a dimer with tetrameric SecB in the
cytoplasm [23,24] and while SecB is thought to disrupt SecA’s dimer interface, it does not
cause dissociation into monomers [24].

The dimerization domain of SecA was originally thought to reside in the C-terminus; when
isolated from the rest of the protein, this domain was shown by size exclusion chromatography
to form a dimer in solution [25,26]. However, a truncated SecA mutant without its most C-
terminal 70 residues remains dimeric [27-29] although when the hydrophobicity of 6 residues
along another possible dimer interface is reduced, conversion to monomer is complete [16].
More recently, the crystal structure [7] and analysis via size exclusion chromatography [24]
suggested that the immediate N-terminus may also contain a dimerization domain.

While there is good agreement that SecA in the cytoplasm adopts a dimeric form, there is
considerable debate as to whether SecA remains dimeric throughout translocation. Evidence
that membrane-bound SecA may be dimeric was shown using chemical crosslinking and
‘membrane trapping’ [30]. A SecA amino-terminal deletion mutant that is predominantly
monomeric did not integrate into the membrane and had limited ATPase activity.

Studies using translocation ATPase, crosslinking, and FRET-based assays indicate that SecA
remains a dimer throughout translocation [19,29-32]. However, several lines of evidence
suggest that translocation substrates including lipids [16,22], SecY [21] and signal peptides
[16,33] cause SecA dissociation into monomers.

That SecA’s oligomeric state in aqueous solution is unaffected by nucleotides is suggested by
studies using small angle X-ray scattering, crosslinking and native PAGE [16,21,34]. On the
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other hand, small angle neutron scattering suggested that the presence of either ATP or ADP
promoted SecA monomer in lipids whereas SecA was dimeric in the absence of nucleotides
[35]. As discussed above, the dissociation constant for the monomer—dimer equilibrium of
soluble SecA is in the submicromolar range and most studies use SecA at concentrations within
or near this range. Therefore the equilibrium is poised to be influenced by a number of factors
including, of course, the concentration of SecA itself. Furthermore, its dissociation constant in
lipids has yet to be determined. In several studies SecA dissociates to monomer in the presence
of negatively-charged lipids alone [16,22]. However, the concentration of SecA used by Bu et
al. [35] was slightly higher and may explain why E. coli lipids alone did not cause
monomerization yet the addition of nucleotide to the lipid—SecA complex did.

While the nucleotide binding domains are essentially identical structurally, studies indicate
that the B. subtilis SecA dimer [7] and monomer [9] are significantly different in the region of
the proposed preprotein cross-linking domain (Fig. 2). The monomer structure is in a more
open conformation similar to that observed in the presence of lipids [18,36,37] and ATP [35,
38], and exposes a groove that may be the signal peptide binding site. Ligands present at the
early steps of translocation appear to promote a conformational state in SecA that may represent
this activated form.

Remarkably, two very similar SecA mutants with small (up to 10 residues) N-terminal deletions
and 70 residue C-terminal deletions displayed different oligomeric states. Karamanou et al.
[29] showed that the mutant SecA remained dimeric and functioned like wild type in binding
to SecY, ATPase activity and translocation of precursor. In contrast, Or et al. [39] describe a
monomeric mutant SecA that functioned reasonably well in binding to SecY (2-fold lower than
wild-type SecA) with ATPase activity similar to wild type, but functioned poorly in preprotein
translocation (16% of wild type). Each study’s authors argued that they had identified SecA’s
functional oligomeric state, illustrating the continuing controversy.

2. SecYEG intra-complex associations

SecY, SecE and SecG exist in a 1:1:1 stoichiometry within the SecYEG heterotrimer [40]. A
variety of methods, including cysteine-scanning mutagenesis and disulfide cross-linking as
well as genetic and crystallographic analyses, show that SecY and SecE have many points of
contact including periplasmic loops [41-43], cytoplasmic loops [10,44,45] and transmembrane
segments [10,43,46-50]. Furthermore, the association between TM7 of SecY and TM3 of SecE
does not change upon preprotein insertion [49]. Cytoplasmic loops [51,52] and transmembrane
segments [53] of SecY also crosslink to SecG.

Interactions have been detected, via cysteine crosslinking, between TMs of neighboring SecEs
in cells overexpressing SecYEG [48] although another study, using near wild-type levels of
proteins, showed no crosslinking upon treatment with formaldehyde [40]. As discussed above
for SecA, and again reflected here, the levels of protein present will likely influence the
observed oligomeric state; thus results must be interpreted with care. Another possibility is
that the crosslinking agent used in the latter study induced monomerization [54]. Additional
evidence, including crosslinking of cytoplasmic loops of neighboring SecYs [51], and
formation of stable, functional homodimers of SecG [55], suggests (at least) dimeric SecYEG
complexes exist although individual YE subunits do not exchange among neighbors during
translocation [56,57].

Translocation did not go to completion in the presence of crosslinked SecY-SecE [49,50] or
SecE-SecE [48] yet function was maintained when the N- and C-termini of neighboring SecY's
were linked [51]. It seems reasonable that conformational flexibility during translocation is

required, whether by rearrangements of transmembrane segments or by oligomer dissociation;
if this flexibility is prevented by crosslinking, a translocation defect would likely be the result.
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3. SecYEG—the protein conducting channel

The SecYEG heterotrimer forms the basic unit of the integral membrane pore through which
translocating preproteins travel. The recent crystal structure of the Methanococcus
jannaschii SecYEp (homologous to E. coli SecYEG; Fig. 3) suggests that the monomer could
act as the functional unit [10]. The crystal structure reveals the presence of a plug in the closed
state of the channel [10], and crosslinking studies provide evidence that the functional
translocon requires dimeric SecYEG for displacement of the plug from, and transport of a
preprotein through, a monomeric channel [57]. Similarly, dimers of E. coli SecYEG were
observed in complex with a ribosome and nascent chain by cryo-electron microscopy [58].
These dimers demonstrated a front-to-front orientation, i.e., each protomer resembles a clam
and in the dimer, the mouths open facing each other. In other words, if the lateral gates of each
protomer are open, the pores become connected. (In back-to-back orientation, the lateral gates
would opento lipids). Despite this orientation, it appears that the pore of each protomer remains
a separate translocation channel; the two pores do not open to create a single larger channel.
The authors suggest that during post-translational translocation, one channel actively
translocates the preprotein while the other remains in the closed state with plug in place.

FRET analysis of the SecYEG of Thermus thermophilus indicates that 2 or more complexes
are closely associated in the membrane [59]. Dimers of E. coli SecYEG were observed using
cryo-EM in phospholipid bilayers [60]; a 16 x 25 A cavity formed at the dimer interface was
of similar dimensions to other translocation pores and was closed on the periplasmic side by
highly tilted helices. On the other hand, analytical ultracentrifugation of E. coli SecYEG in
detergent solution [61] detected the presence of monomers and tetramers. Freeze-fracture
electron microscopy recently showed that monomeric, dimeric and tetrameric SecYEG
complexes exist in the membrane and the ratio of oligomeric states changes in the presence of
translocation ligands [62]. The analysis of the state of the preprotein conducting channel is
made more difficult by the fact that detergent and protein concentrations, as well as the presence
of SecG in overexpressed SecYE complexes, effect oligomeric associations [54], yet these
parameters are not always well controlled.

The crystal structure of the monomeric archaeal complex [10] aligns well with a single subunit
of the dimeric E. coli SecYEG [60] suggesting that oligomerization does not significantly
change the conformation of the heterotrimer. Crystal structure data have, thus far, come from
the channel in its “resting” state, i.e. not in complex with other transport components. However,
studies of the channel that include translocation intermediates indicate monomer [40], dimer
[54,58,61] or tetramer [63] SecYEG are present during transport. Negative staining electron
microscopy of Bacillus subtilis SecYE suggests a complex of three protomers in the presence
or absence of SecA [64]. Sec61p, the eukaryotic homologue of SecYEG, has been reported to
form tetramers in the absence and presence of other translocation-associated proteins [65,66].
At this stage, it is evident that SecYEG are detected in multimeric forms though it is not clear
to what extent the method of analysis biases the observations. For example, it is conceivable
that in some analyses of SecYEG complexes, sufficiently high concentrations could generate
FRET among neighboring molecules that do not form intimate non-covalent contacts.
Complicating the picture is the possibility that the oligomeric states of the structural and
functional units are not equivalent. Perhaps the translocon functions as a monomer but the
recruitment of additional translocons to protein export sites during active periods of transport
puts multiple subunits in close association. The functional oligomeric state of the translocon
is discussed in more detail below.
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4. The SecA-SecYEG complex or What happens during translocation?

SecA interacts with the SecYEG channel at the cytoplasmic membrane during preprotein
transport. Immunostaining has shown that SecA and SecY co-localize in B. subtilis membranes
[67], and SecA and SecY crosslink to each other in the absence of nucleotide and preprotein
(a.k.a. the resting state; [68]). SecA and SecY crosslink concurrently to a trapped preprotein
[69] and, during translocation crosslinks between SecA and SecG in the membrane increase
[70]. The C-terminus of SecA binds SecY [71,72] at its two most C-terminal cytoplasmic
domains [47,73-76]. The studies mentioned here, although hardly an exhaustive presentation
of the work, clearly show that SecA and SecYEG interact during preprotein transport. But what
is the oligomeric status of the complex?

A monomeric mutant of SecA binds strongly to SecYEG but translocation activity is low
[39], whereas a similar but dimeric mutant SecA binds and translocates like wild type [29].
Studies on SecYEG in the presence of SecA and a translocation intermediate preprotein showed
SecYEG in the monomeric state using crosslinking [40], whereas native gel electrophoresis
appeared to indicate dimeric SecYEG [54]. However, it was later determined that since SecA
and SecYEG co-migrate in native gel electrophoresis, the gel likely showed monomeric
SecYEG in association with monomeric SecA rather than dimeric SecYEG [21]. When
SecYEG dimers were created, either by covalent linkage [21] or by antibody stabilization
[77], they associated with SecA monomers and dimers. However, during translocation SecA
monomer remained associated with a SecYEG protomer and the preprotein [21]. Recently, a
preprotein was shown by disulfide crosslinking to come in close contact to residues on the
interior of SecY but not to those on the exterior [78]; the authors propose this as evidence that
asingle SecYEG forms the translocation channel but do not rule out the possibility that several
heterotrimers in open front-to-front conformations together could form the channel through
the membrane.

Other studies propose that during translocation the functional complex contains SecA dimers
and SecYEG tetramers. Manting et al. [63] inferred, from mass analysis using scanning
transmission electron microscopy, that purified SecYEG was mostly dimeric but the presence
of SecA and preprotein induced about half to form tetrameric associations. Quantitative
western blotting showed that the ratio of SecA:SecYEG was 1:2, consistent with dimeric SecA
in complex with tetrameric SecYEG. In another study, a SecA dimer trapped in translocation
by a non-hydrolyzable ATP analogue or by the presence of preprotein associated with large
SecYEG oligomers proposed to be tetramers [76].

5. Insights from other bacterial transporters

The SecA ATPase component of the Sec translocon is homologous to the DEAD box helicases,
and the recent crystal structure of B. subtilis SecA highlights the structural similarities [7].
These helicases are generally composed of two parallel o/f domains and interdomain flexibility
allows for substantial conformation changes [79]. The E. coli DEAD box helicases, UvrB
[80] and Rep [81], appear to function as dimers. Alternatively, E. coli RecG [82] and B.
stearothermophilus PcrA [83] are helicases that function as monomers. The functional
oligomeric state of the helicase determines the method for DNA unwinding.

Like the Sec transport system, ABC (ATP-binding cassette) transporters utilize the energy of
ATP hydrolysis to transport substrates across a membrane [84]. Functionally, the ATP-catalytic
component of SecA might be compared with that of the nucleotide binding domains of these
transporters. MalK functions as a dimer in complex with membrane components, MalF and
MalG, to transport maltose [85] but has been shown to be monomeric in solution [86,87].
Similarly, Rad50 [88] and BtuD [89] are dimeric and associate with dimeric partners to form
heterotetramers. The periplasmic histidine permease, HisP [90], and the membrane bound lipid
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A flippase, MsbA [91], are both also functional dimers. One model suggests that during one
transport cycle both protomers of dimeric ATPases of the ABC transporters bind and hydrolyze
ATP [84]. In fact, a hetero-dimeric SecA in which one protomer was inactivated for ATP
hydrolysis did not support preprotein translocation [19].

Transmembrane transporters, SecYEP included, have structural mechanisms for minimizing
water and ion transport [92] and promoting the transport of hydrophobic moieties across a
membrane through a proteinaceous channel. These structures may include an hourglass shape,
and/or a hydrophobic pore or ring.

The recent structure of SecYEP suggests that it functions as a monomer with an hourglass-
shaped pore, formed by pseudo-twofold symmetry of the 10 a-helices of the SecY subunit.
The pore constricts from 20-25 A down to 5-8A [10] and is plugged on its periplasmic side
by a portion of helix 2. The authors propose that the plug moves away from the pore
concomitant with shifts in the helices to allow translocation of a preprotein. E. coli lactose
permease [93] and glycerol-3-phosphate transporter [94], each composed of 12 a-helices
showing pseudo-symmetry of six helix bundles with pore diameters similar to SecYEp, are
thought to function as monomers.

The narrow opening of SecYE in the middle of the membrane is lined with a ring of
hydrophobic residues. Such a hydrophobic constriction has been seen in an E. coli
mechanosensitive channel, McsS, which narrows to 8-11 A and is closed by a hydrophobic
seal [95]; its transmembrane region is composed of a homoheptamer of three a-helices.
Similarly, the 12 ahelices of the Na*/H* antiporter, NhaA, form a funnel lined with
hydrophobic residues [96]. Interestingly, NhaA is thought to function as a dimer, its role being
to regulate activity while the monomer forms the translocation pathway [97]. This is very much
in line with a recent study suggesting that dimerization of SecYEG is necessary for the plug
movement that allows preprotein translocation through a single subunit [57].

6. Conclusions

Determining the biologically relevant oligomeric state of a membrane-associated protein is
complicated, and inherent problems exist in many of the experimental strategies used to study
this issue. Protein concentration influences the dissociation of complexes and the concentration
at which an analysis is done may not be physiological. In addition, nonequilibrium methods
are often used so that the oligomeric state of the component may change during the analysis.
Oligomers may also be underestimated by crosslinking because of inaccessible target sites.
Equally confounding, an overestimate of oligomers may result from non-specific crosslinking,
or components may be present in sufficiently high density in the membrane such that near
neighbors cannot be distinguished from proteins in complex. The oligomeric state of a protein
may also be influenced by the environment in which it is studied. For example, membrane
mimetics such as detergent differ significantly from the native lipid environment, and the
crystals required for X-ray structure analysis are analyzed in a non-native environment.
Electron microscopy is a useful technique for studying macromolecular complexes. However,
negative staining electron microscopy uses heavy metal salts and drying of the specimen that
may distort its structure; on the other hand, cryo-EM maintains the molecule in an aqueous
environment. Both techniques provide only moderate resolution, but in combination with
crystal structure information can provide much greater detail for multi-unit complexes [98].
Therefore, no one strategy is likely to unambiguously delineate the oligomeric state of the Sec
components, and several complementary approaches must be used.

The process of protein translocation is a dynamic one with proteins associating and dissociating
throughout. This may also be true of the oligomeric state of the protein components of the
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pathway. Oligomerization may act to regulate function, perhaps by opening or closing the
translocation channel. Or, a multi-meric form of the protein might be important for maintaining
structure while the monomer is the functional unit. A variation of this model involves multimers
whose subunits function cooperatively to propel successive rounds of preprotein transit. This
may involve individual subunits in the oligomer alternating to bind and release progressively
more C-terminal segments of the preprotein. Studies to examine the oligomeric states of SecA
and SecYEG are ongoing and will ultimately define the functional Sec translocon.
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Fig. 1.

Schematic representation of the E. coli Sec transport system. Most models of Sec-dependent
preprotein export share the following features. The nascent chain emerges from the ribosome
and may interact with the cytoplasmic chaperone, SecB. The tetrameric SecB associates in the
cytoplasm with dimeric SecA. Thus, some preproteins are delivered to SecA via SecB, while
others directly interact with SecA without the participation of SecB. Upon interacting with the
inner membrane-bound SecYEG, SecA may or may not dissociate to monomer. SecA
hydrolyzes ATP and, with the protonmotive force (ApH+), drives translocation through the
SecYEG pore, composed of one or more subunits. SecDFYajC may enhance translocation by
regulating the membrane cycling of SecA. The signal peptide of the preprotein is cleaved on
the periplasmic side of the membrane by leader peptidase, releasing the mature protein to its
final location.
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Fig. 2.

Structure of SecA. (A) Dimeric form of Mycobacterium tuberculosis SecA (PDB ID: 1NL3;
[4]). The domains are colored as follows: nucleotide binding fold I, dark blue; nucleotide
binding fold 11, light blue; preprotein crosslinking domain, yellow; helical scaffold domain,
red; helical wing domain, purple. An elliptical pore of 10 A x 35 A is evident at the center of
the dimer which could align with the cavity formed by SecYEG to provide a channel for
preprotein movement. (B) Closed form of an individual subunit of Bacillus subtilis SecA (PDB
ID: 1IM6N; [3]). On the left, domains are colored as in (A). On the right, the dimer interface
based on the crystal structure (residues 572-618; [3]) is indicated in black and other domains
that may impact dimerization, suggested by a variety of studies (residues 1-10 [3,17], 558—
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841[21], 609-771 [20]), are indicated in green. (C) Open form of monomeric Bacillus
subtilis SecA (PDB ID: 1TF5; [5]). The left and right structures are as in (B). In this open
conformation, a deep groove is apparent between the preprotein crosslinking domain and the
helical scaffold and helical wing domains. It has been proposed that this may accommodate
the translocating preprotein.
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Fig. 3.

Structure of an archaeal SecYEP (PDB ID: 1RHZ; [6]). SecY is depicted in blue (with the plug,
formed by a portion of TM2, in light blue), SecE in red, and Secp (homologous to E. coli SecG)
in yellow. Signal peptide binding could induce plug displacement, exposing a channel for the
translocating polypeptide. Alternatively, binding of SecA or another SecYER/SecYEG
complex may play a role in opening the cavity and producing the translocation-competent
structure. To date, information regarding possible oligomerization domains is speculative.
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