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Abstract

In Escherichia coli, proteins found in the periplasm or the outer membrane are exported from the
cytoplasm by the general secretory, Sec, system before they acquire stably folded structure. This
dynamic process involves intricate interactions among cytoplasmic and membrane proteins, both
peripheral and integral, as well as lipids. /n vivo, both ATP hydrolysis and protonmotive force are
required. Here, we review the Sec system from the inception of the field through the present day,
including biochemical, genetic and structural data.
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Introduction

E. colihas eight different systems for export of protein. This chapter focuses on the general
secretory system, the Sec system, which handles the great majority of proteins that are
exported from the site of synthesis of all bacterial proteins, the cytoplasm, into the
cytoplasmic membrane, the outer membrane or the aqueous space between, the periplasm.
The periplasm is the final destination for some proteins but for others it is only the initial
step. Proteins destined for the outer membrane engage several periplasmic chaperones. A
multiprotein complex, the § barrel assembly machine, BAM, facilitates transfer and
insertion of the p-barrel proteins into the outer membrane. Lipoproteins arrive in the
periplasm and are sorted either to the cytoplasmic membrane or to the outer membrane by
the Lol transport system.

Membrane proteins integral to the cytoplasmic membrane are inserted co-translationally
while undergoing elongation on the ribosome and are recruited to the Sec system by the
signal recognition particle (SRP). YidC functions in concert with the SRP-Sec pathway in
insertion of cytoplasmic membrane proteins and assembly of multimeric membrane proteins.
YidC can also function independently as an insertase for proteins with short transmembrane
sequences.

The Sec system transports proteins before they acquire stable tertiary structure. Proteins that
are folded are transferred to the periplasm via the twin arginine translocation, TAT, system.
Some proteins secreted to the periplasm by either the Sec system or TAT system are further
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exported across the outer membrane into the extracellular environment by specialized
apparatuses of the type Il or type V systems. Other proteins are exported across both the
cytoplasmic and outer membranes in one step by the type I, type I, type 1V or type VI
pathways.

The interested reader is referred to Table 1 for reviews of systems involved in export of
proteins. We begin our discussion of the Sec system from a historical perspective, describing
basic principles that were established before any of the components of the system had been
identified.

Early Studies

By the mid-1970s it had been well established that in eukaryotic cells secreted proteins are
synthesized on ribosomes bound to the membrane of the endoplasmic reticulum and the
energy for transfer through the membrane has its origin in the energy of protein synthesis
(1-3). However, it was controversial as to whether or not bacteria contained physiologically
significant membrane-bound ribosomes. Early studies in the 1960s used a high concentration
of lysozyme to break the cells (4-8), which was later shown to cause non-specific
association between ribosomes and membranes (9). Evidence for physiological function of
membrane-bound ribosomes came in 1977 from two different approaches. Membrane-bound
polysomes were isolated from cells without use of lysozyme and were shown to synthesize
both outer membrane and periplasmic proteins whereas the major product of free polysomes
was a cytoplasmic protein, EF-Tu (10). In a different approach, nascent polypeptide chains
associated with ribosomes were labelled from outside of the cell, demonstrating that they
spanned the membrane (11).

Studies in mammalian systems that led to the signal hypothesis (3) demonstrated that
secreted proteins were synthesized as precursors carrying amino-terminal extensions
(signals) and subsequently were processed to the mature form in the endoplasmic reticulum.
In E. coli, precursor forms of exported proteins were detected by several techniques: by
labelling of toluene treated cells (12, 13), by examining the translational products of genes
for exported proteins using /n vitro systems (14) and by pulse-labelling of cell cultures /n
vivo (15). An early review by Michaelis and Beckwith (16) catalogues the numerous
precursor proteins that had been demonstrated by 1982. Isolation of mutants having
alterations in the amino-terminal sequences of precursor species confirmed that these signal
sequences were essential for export (17-19).

Transport into the endoplasmic reticulum in mammalian cells occurs during synthesis of the
polypeptide chain and thus the energy of synthesis can provide the energy for the vectorial
transfer. In prokaryotes (20, 21), as well as some eukaryotes (22, 23), transfer can occur
post-translationally, after synthesis is complete, necessitating a different source of energy. In
E. coli, even when transfer of protein into the periplasm occurs co-translationally, while the
polypeptides are still undergoing elongation on the ribosome, the export is only temporally
coupled to synthesis, it is not mechanistically coupled (20, 24). Approximately 80% of the
polypeptide chain is elongated before transfer occurs. Thus it is post-translational from the
point of view of mechanism. There is no evidence that the details of transfer differ between
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the two temporal modes of transfer in £. coli. In recent years, the Sec pathway that uses
SecA and SecB to export proteins to the periplasm has been referred to as occurring entirely
post-translationally to distinguish it from the SRP-mediated pathway that inserts proteins
into the cytoplasmic membrane and occurs during synthesis of polypeptides. However, it
must be emphasized that the fundamental difference between SRP-mediated export and that
which uses the SecA-SecB pathway is not a difference in the timing relative to protein
synthesis but rather the mechanistic tight coupling of synthesis to translocation.

Protein export in £. coli requires both ATP and the electrochemical potential of protons,

Af,,., or protonmotive force. The first indication of the nature of the energy for export came
from studies /n vivo using uncouplers or ionophores that indicated a role for protonmotive
force (25-28). The electrical potential (A'Y) and the chemical potential (ApH) appear to
function interchangeably (29). Demonstration of the requirement for ATP came after the
establishment of an /n vitro assay for post-translational translocation so that the ATP
requirement for protein synthesis could be separated from effects on translocation (30-33).
Reconstitution of the export system with purified components led to identification of SecA
as an ATPase with a crucial role in export (34—36). The precise role of each source of energy
remains a subject of investigation (Section M odels of Translocation).

The discovery that fully elongated proteins can be translocated led to studies of the
relationship between the structure of polypeptides and their translocation. The competence
of a polypeptide for export is correlated to a lack of stable tertiary structure (37). A Kinetic
partitioning (38) exists between productive export and non-productive folding of precursors
in the cytoplasm. The signal sequence, also called the leader peptide, retards folding of
precursors (39-41) allowing time for the chaperone SecB to bind and maintain the precursor
in an unfolded state (Section SecB, a Chaperone).

By the mid-1980s, Jon Beckwith (for a review of the approach see (42)) and his colleagues
had developed elegant genetic techniques that led to the identification of the genes that
encode the proteinaceous components of the export apparatus (Table 2). Subsequent genetic,
biochemical and structural inquiry resulted in detailed understanding of much of the
phenomena of protein secretion through the Sec apparatus.

The proteins involved in the Sec system that have known structures are shown in Figure 1.
Table 3 presents the Protein Data Bank codes for all structures solved to date. The number of
copies of each protein per cell can be found in Table 4. Before presenting a detailed survey
of the proteins and the current understanding of their roles we give a brief overview of
export through the Sec system.

Passage through the cytosolic membrane is mediated by the SecYEG translocon. Proteins
exported to the periplasm or to the outer membrane are delivered to the translocon in a
nonnative state by interaction with the cytosolic chaperone SecB and the peripheral
membrane component of the translocation apparatus, SecA, an ATPase. Transfer can occur
either after the protein is completely synthesized, i.e., post-translationally, or during
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translation, but only after the majority of the polypeptide has been finished. The activity of
SecA as an ATPase is enhanced by its binding to its partners, SecB, precursors, lipids and
SecYEG. When bound to the translocon SecA undergoes cycles of ATP binding, hydrolysis
and release of ADP. During this cycle SecA inserts into the membrane and deinserts coupled
to an inversion of SecG. Both ATP hydrolysis and protonmotive force are required for /n
vivo export. The signal peptide is cleaved on the periplasmic side of the membrane by signal
peptidase. The cleaved signal peptides are degraded by signal peptide peptidase. Following
release, periplasmic proteins fold whereas outer membrane proteins enter the Bam pathway
for assembly into the outer membrane.

The discussion of the individual proteins begins with SecB since this chaperone participates
in the early steps of export. During the export cycle all the protein components of the system
participate in many interactions so that it is impossible to discuss one independently of the
others. For this reason, when discussing one protein we frequently refer the reader to other
sections.

SecB, a Chaperone

SecB is one of a wide family of proteins, termed molecular chaperones, whose general
function is to ensure correct interactions within and between other polypeptides (43).
Chaperones interact with a diverse group of polypeptides and are involved in many
processes including proper folding, assembly of oligomeric proteins, prevention of
aggregation during stress and facilitating proper localization. SecB plays a crucial role as a
chaperone during protein secretion by binding precursors and delivering them to the
membrane for translocation. In the course of its function SecB displays two modes of
binding. When SecB acts as a chaperone to capture its precursor ligands it binds
promiscuously, capable of interacting tightly with many polypeptides. To deliver the bound
ligand to the translocon, SecB demonstrates specific binding to a unique partner, SecA. In E.
coli, SecB facilitates export only through the Sec system; however, in Serratia marcescens
secretion of HasA, a hemoprotein, is strictly dependent on the chaperone function of SecB
for secretion through the type 1 secretion system (44-47).

The secB gene was the second gene of the Sec system isolated by selection for mutants with
pleiotropic defects in protein export, secA was the first (48). Whereas secA is an essential
gene, secB is not. Null mutants are not lethal and export of some proteins is unaffected (49).
In the publication describing the isolation of the secB null it was reported that the strain
could grow on minimal media, but not on rich media. Subsequently, it was shown that the
growth defect was not related to export, but arose from a polar effect on the adjacent gene
encoding sn-glycerol-3-phosphate dehydrogenase, gosA (50).

The secB gene encodes 155 aminoacyl residues (51) which form the monomeric unit of the
functional homotetramer (total mass 68.6 kDa) (51-54). The oligomer is arranged as a dimer
of dimers (54-57). Although the dimers exchange (56), the equilibrium constant for the
wild-type is well below 20 nM (55). Given that the concentration of SecB /n vivoiis in the
micromolar range, dimers are not populated.
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Role of a Soluble SecB:SecA Complex

The targeting role of SecB requires specific binding to SecA. In solution SecB binds SecA
with affinity in the micromolar range as determined by fluorescence anisotropy spectroscopy
(58) and by isothermal titration calorimetry (59, 60). The binding affinity of SecB for SecA
is greatly increased if the SecA is bound to SecYEG (Kg 30 nM (61) to 200 nM (62)). If
SecB has a precursor bound there is a further increase in affinity of two- to three-fold (K4 10
nM (61) to 60 nM (62)). This enhancement of the affinity is due to the presence of the signal
which increases affinity even if it is bound as a separate peptide (61).

The 100-fold higher affinity of SecB:precursor for SecA bound to the translocon relative to
cytoplasmic SecA has brought into question the existence of physiologically significant
soluble complexes between SecB:precursor and SecA. There is no question that SecB is
present in the cytoplasm complexed with precursors since SecB binds not only to fully
synthesized precursors but also to polypeptides in the process of elongation on the ribosome
(63, 64). Even given the much higher affinity of SecB:precursor for membrane-bound SecA,
cytoplasmic complexes of SecA:SecB will exist since the amount of SecYEG in the cell is
limiting. SecA and SecB are present in a 10-fold molar excess over SecYEG (Table 4). If
SecYEG were saturated SecB:precursor:SecA, complexes in the cytoplasm could wait until
a free translocon became available. The ternary complex of SecA:SecB:precursor has an
affinity for SecYEG (K4 ~60 nM) similar to that of SecA alone for SecYEG (K4 ~40 nM)
(62). A complex isolated from the cytoplasm containing SecB and a factor later shown to be
SecA was active in translocation of a precursor into inverted membrane vesicles (53, 65, 66).

Structure of SecB

The X-ray structures of SecB from both Haemophilus influenza (169 residues) (67) and E.
coli (155 residues) (68), which have 59% sequence identity over a stretch of 132 residues,
confirm the conclusion from biochemical studies (55, 56) that the homotetramer is organized
as a dimer of dimers (Fig. 2). The protomer, from N to C terminus, comprises a four-
stranded, Greek key, antiparallel p-sheet followed by a long a-helix (a-1) and a long
antiparallel linking strand ending in a short a-helix (a—2). The dimer is a flat molecule
formed by rotation of one protomer relative to the other so that the 1 strands of each are
antiparallel and come together to result in an eight-stranded B-sheet on one surface with the
a-helices packed against the opposite hydrophobic surface. The only differences between
the structures are found in the loops. The dimers associate through the a-helices to form a
tetramer with flat B-sheets on the opposite faces and a-helices at the interface. The interface
of the tetramer is stabilized by hydrogen bonds between B1 of one dimer and a1 of the
opposite dimer and hydrogen bonds between the two a1 helices. Stabilization by hydrogen
bonding via water molecules at the interface may explain the free exchange of dimers in
solution. The extreme N- and C-terminal residues are not resolved in either structure. Both
proton nuclear magnetic resonance (NMR) spectroscopy (69) and electron paramagnetic
resonance (EPR) spectroscopy (70) show that the C-terminal region is highly mobile in
solution.
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SecB Binding to Ligands

To be exported via the Sec pathway proteins must be devoid of their final stable tertiary
structure (37, 71). /n vivo, SecB is the cytosolic factor that captures the majority of
precursors before they fold (for exceptions see section SecB: Dependence on SecB) (72).
Influenced by the fact that secretion into the eukaryotic endoplasmic reticulum involves the
signal recognition particle, SRP, which specifically binds the signal sequence to bring its
ligands to the translocon, it was thought that SecB would also recognize and bind the signal.
This notion was supported by demonstration that SecB could form a stable complex with
precursor maltose-binding protein (pMBP), but not with the mature form (73). The only
apparent difference between the two forms was the presence or absence of the signal, thus, it
was mistakenly concluded that SecB binds the signal sequence. The missing element was
time, which is not readily visible. The signal sequence is crucial to binding, but it is not
directly recognized (74). The signal retards folding (39, 40, 52) exposing the mature region
for binding (41, 72, 74-79). In vivo studies show that the retardation of folding is a
physiologically significant role of the signal sequence (41). The signal does not contribute
significantly to the binding energy since proteins that can be maintained in an unfolded state
show equally tight binding to SecB with or without the signal (80). The Ky for both species
of unfolded MBP is approximately 30 nM (80, 81).

These observations lead to the idea that SecB modulates a partitioning among the pathways
open to a newly synthesized precursor: 1) aggregation, 2) intracellular folding which may
result in the correct fold, but in the wrong compartment, and 3) properly engaging the
translocon while still in a nonnative state for productive export followed by folding. The role
of SecB to capture nonnative proteins during this partitioning is dominated by the Kkinetics
(rates) of the competing events (38). Thermodynamics plays an important role in respect to
the affinities (K4s) of the protein:protein interactions such as the binding of SecB carrying
the ligand to SecA and binding of the ternary complex to SecYEG (62).

SecB, like other members of the chaperone family, has the remarkable ability to recognize
ligands because they are in a nonnative state (82). The binding is rapid, near diffusion
limited (83-85), and promiscuous. SecB will bind to proteins that are not its natural ligands
if they are unfolded (38, 41). Binding occurs at multiple subsites on the surface of SecB
(81). There is no obvious consensus in sequence of the ligands tested. Peptide studies show a
binding preference for sequences of eight or nine aminoacyl residues that are enriched in
aromatic and basic amino acids (82, 86, 87). If the nonnative proteins are small, such as
RBPTI (reduced bovine pancreatic trypsin inhibitor, 58 residues) (88) or a 131 residue
fragment of staphylococcus nuclease (81), multiple copies can bind one tetrameric SecB.
Most of the natural ligands of SecB are larger than these model ligands, having masses of
approximately 20 kDa to 50 kDa. For polypeptides tested with masses ranging from 36 kDa
to 61 kDa, the stoichiometry is one polypeptide per tetramer (76, 80, 81, 89).

The length of the natural ligands combined with the multiple subsites for binding on SecB
account for high affinity binding (60, 80) with low specificity (84). The long polypeptide
chain can wrap around SecB to simultaneously occupy several low specificity sites resulting
in high affinity from the sum of binding energies. The residues on SecB that are in contact
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with ligands were mapped by site-directed spin-labeling and EPR spectroscopy (70, 90).
Contact residues on SecB were found not only in the deep cleft identified as a candidate for
binding from visual inspection of the X-ray structure (67, 68), but also at the ends of the
tetramer and on the flat B-sheets located at the sides. The pattern of contact sites suggests
that there are many possible pathways around SecB allowing one ligand to bind on both
sides (Fig. 3). The EPR-based technique is an ensemble approach that averages the results
from all complexes in the sample. It is not likely that each polypeptide ligand would follow
precisely the same path around the chaperone or occupy all the potential sites. A cryo-
electron microscopy study concluded that the binding of proOmpA was confined to one side
of SecB (91).

The residues on SecB that make contact with ligands are the same for all ligands tested:
galactose-binding protein (GBP), both the precursor and mature forms, and several forms of
the outer membrane protein OmpA, full-length precursor, mature and a truncated form that
includes the transmembrane domain, but lacks both the signal peptide and the periplasmic
domain (70, 90). SecB makes contact with approximately 50% of the length of its ligands
centered around the middle of the mature region as determined for pMBP (92), pGBP (93)
and precursor oligopeptide binding protein (proOppA) (89). The large interactive surfaces of
both SecB and the ligands accounts for the near diffusion limited rate of association that
allows SecB to bind proteins before they fold (83-85).

Thermodynamic and Kinetic Aspects of Protein Export

The central premise that SecB modulates a kinetic partitioning of proteins among several
pathways does not mean that thermodynamics are unimportant. Consider the effects of
thermodynamic (affinity) and kinetic (rate) parameters during protein export. The strength of
binding between two proteins is given by the dissociation constant, Ky, a thermodynamic
parameter that can be expressed as the ratio of...mb the kinetic parameters Kqg, the rate
constant for dissociation, and kgp, the rate constant for association, Kq = Kgg/kon- The Ky
dictates the probability that at equilibrium a complex exists. During the initial stage of
export it is not the K4 of binding that is crucial; there are overriding Kinetic aspects. In the
subsequent targeting of the precursor to the translocon, thermodynamics play a dominant
role. The stability of binding between SecB carrying a precursor and SecA, which will
shuttle the precursor into the export pathway, is determined by the affinity (Kg).

SecB cannot bind if the rate of folding of a polypeptide to its native state exceeds the rate of
association with SecB. When the folding reaction is at equilibrium, the polypeptide is no
longer a ligand. Many studies /n vitro demonstrate that SecB binds only the nonnative state
(41, 74, 93, 94). Additionally, the rate of folding has been shown to be crucial to binding
SecB /n vivo (41, 95-97). The importance /in vivo of kinetics of folding is strongly supported
by the successful isolation of mutations that slow folding by selection for intragenic
suppressors of signal sequence mutations both in precursor ribose-binding protein (pPRBP)
(96) and in pMBP (98).

The central idea of kinetic partitioning, that the interaction of SecB with its ligands is
modulated by the rate of folding of the polypeptide ligands relative to the rate of association
with SecB (38, 84) was quantitatively tested and validated using rate constants determined
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empirically for the interaction of pMBP and SecB (99). However, the idea that SecB
distinguishes proteins destined for export based on the partitioning has been questioned (99).
It was proposed that since binding is near diffusion limited (ko for MBP is 1 x 107 M~1s71)
SecB could capture cytoplasmic proteins unless they folded with a ks 10-fold higher than the
binding rate, i.e., k greater than 40s™1 (for assumptions made see (85, 99)). Even so, the
majority of proteins would escape capture by SecB based on the folding rates given in the
comprehensive data base of protein folding, ACPro (100) (https://www.ats.amherst.edu/
protein), which currently lists 126 proteins, 57% of which have a ks greater than 40s™1.
Although such calculations are useful to determine general feasibility, it must be
remembered that rates determined /7 vitro in dilute solution are different from what occurs
in the cytoplasm of cells. The extreme macromolecular crowding that exists in cells (protein
concentration in £. coliis between 200 and 300 mg/mL(101)) generally enhances the rates
of reactions such as protein folding that lead to a reduction of volume whereas diffusion is
slower than in dilute solution (102, 103). Therefore the number of proteins that fold faster
than they can bind SecB is likely to be much higher than estimated. If cytosolic proteins
were to bind SecB they would not enter the export pathway because they would lack a signal
peptide. SecB would not become saturated with such proteins. The ligands, if unfolded,
could be degraded by proteases as observed for a SecB-bound precursor that lacks a leader
(95) or they might be capable of refolding on the surface of SecB (99).

Dependence on SecB

When a strain completely lacking SecB was first examined for protein export, the proteins
studied fell into two classes: 1) proteins that were exported normally, RBP and alkaline
phosphatase (PhoA), and 2) those that accumulated as precursors, MBP, outer membrane
protein F (OmpF) and maltoporin (LamB). It was concluded that SecB is required for
efficient export of a subset of proteins (49). Since that time exported proteins often have
been classified as SecB-dependent and SecB-independent. This is misleading since the
involvement of SecB is not so clearly demarcated. The physiological conditions of growth
greatly influence the need for SecB. PhoA is a good example. It has been reported to be
SecB independent (49, 72), slightly SecB dependent (75) and SecB dependent (104). In the
case of PhoA it is likely that the observed difference in SecB dependence resulted from
differences in growth temperature. As discussed below (I nterplay of Chaperones), PhoA
uses the heat shock proteins DnaK/DnaJ as its primary chaperones. RBP does not require
SecB in normal growth conditions, but when export is compromised either by mutation in
the signal sequence, which blocks export, paired with a suppressor mutation in the mature
region, which slows folding to restore export (96), or in the presence of an uncoupler which
dissipates protonmotive force, SecB facilitates translocation (105). Most proteins classified
as SecB dependent are not absolutely dependent on SecB for export but rather SecB
enhances the export. The degree of stimulation by SecB varies with the protein species. The
need for the chaperone to maintain a nonnative state is decreased if the precursor folds
sufficiently slowly (106). The need for the targeting function of SecB depends on the affinity
of the precursor to bind SecA directly relative to the affinity to bind SecA via SecB. For
example, precursor PhoA directly binds the SecA:SecYEG complex with a Ky of 230 nM
(107). The affinity of other precursors delivered via a complex of precursor with SecB is
only approximately four-fold higher (Ky 60 nM) (62). SecA itself acts as a chaperone
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through binding that involves the mature portion of ligands (108) as well as the signal
peptide (109-112). There may be other as yet undefined functions of SecB during the actual
translocation step. When SecB mediates export of RBP it does not function by increasing the
lifetime of the competent structural state, but might stabilize binding of RBP at the
translocon through interaction with SecA (113). In addition, SecB might act directly on
SecA to enhance precursor-activated ATPase (114).

The number of proteins that are known to utilize SecB was increased through a comparative
proteomic approach combined with Western blotting and pulse-chase experiments (115)
(Table 5). The list of secreted periplasmic and outer membrane proteins using other
chaperones to enter the Sec system has not increased, but that does not mean that there are
no others.

Interplay of Chaperones

In a living cell there is a great deal of overlap and interplay among chaperones. The cell does
not maintain neatly compartmentalized roles for each, but takes advantage of the entire
available pool to adapt to changes and maintain viability. The first evidence that heat shock
proteins play a role in export through the Sec system was the demonstration that
overproduction of DnaK facilitated export of a fusion protein between precursor LamB and
B-galactosidase, which normally jams the apparatus because it cannot be translocated (116).
Additionally, synthesis of heat shock proteins is induced when precursors that fail to be
exported accumulate in the cytoplasm (117, 118). The involvement of heat shock proteins is
also implicated by the finding that overproduction of 32, the transcriptional factor that
regulates the production of heat shock proteins can substitute for SecB in a secB null strain
and restore export of proteins which normally would use SecB (119).

Several proteins that were originally identified in a secB null strain as independent of SecB
for export through the Sec system (49) use other chaperones. DnaK and DnaJ are the
primary chaperones in the secretion of periplasmic PhoA /n vivo (120). However, when cells
are grown at 30°C, SecB plays a role. Perhaps at the low temperature there is insufficient
DnaK and DnaJ (104). Export of the lipoprotein (Lpp) which was not affected when SecB
was depleted uses SRP (121). Even so, in a secB null strain a low level of aggregated Lpp
was detected within the cytoplasm (115) indicating that SecB is involved to some degree.
The chaperone pair GroEL and GroES mediate export of TEM p-lactamase (104, 122, 123).
No other exported proteins have been identified that use the GroEL/GroES chaperones.

The singular ability of chaperones to recognize and bind nonnative structure results in
promiscuous binding which can apply in both directions. Ligands for SecB will bind other
chaperones in the absence of SecB and SecB will interact with unstructured proteins in the
absence of their normal binding partner. In a previous review (124) we attributed early
insight into this phenomenon to Jagger and Richards who pointed out in 1969, “You can’t
always get what you want, but if you try sometimes you just might find you get what you
need.” (125)

Evidence that SecB serves as a general buffer of nonnative proteins when the need arises
comes from several observations. The loss of heat shock chaperones GroEL, GroES, DnaK
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or DnaJ results in increased production of SecB (126). SecB can aid in dissociation of
aggregates of misfolded polypeptides. Through a thermodynamic coupling, /n vitro SecB
uses the energy of binding to monomers to pull the equilibrium and disrupt aggregates of
insulin B chains (127). /n vivo, SecB might use this mechanism to disrupt aggregates and
upon dissociation from SecB, the monomer might either fold properly or enter a pathway for
degradation. Strains lacking both DnaK/DnaJ and TF (trigger factor, the product of the tig
gene), display a temperature-sensitive phenotype and the proteins produced are prone to
aggregate. Both problems are suppressed by overproduction of SecB, even if the SecB is a
variant that is defective in secretion. Thus the general chaperone function of SecB is
independent of its role in translocation (128).

SecB:SecA Complex

Two areas of contact on SecB stabilize the specific binding between SecA and SecB, either
with or without a precursor bound: 1) the flat sides of the tetramer and 2) the 13 C-terminal,
highly mobile residues of each protomer. The binding site on the B-sheet (termed the side
site) was first identified by isolation of mutants defective in export /n vivo that had
alterations at residues D20, E24, L75 and E77 (129, 130). The site on SecA that interacts
with the flat side of SecB is the carboxyl-terminal 21 aminoacy! residues that contain an
essential bound zinc (61, 131-134). A structure of H. influenzae SecB in complex with a
peptide representing the C-terminal residues of H. influenzae SecA shows that the role of the
zinc is to impart structure to the peptide so that the side chains are in position to contact
residues in the B-sheet (135). The structure of the C-terminal zinc domain of SecA does not
change upon binding SecB (136, 137).

The C terminus of SecA was incorrectly considered to be the sole binding site for SecB
based on binding studies using a fusion between the C-terminal 22 residues with zinc bound
and glutathione-S-transferase immobilized on a column (61). Wild-type SecB bound to the
column whereas SecB variants with substitutions in the side site did not. The fundamental
problem with this reasoning is that the remainder of the large SecA protein (molar mass 101
kDa) was not present and so of course was not tested for interaction. In the complete
absence of the interaction between the side of SecB and the C terminus of SecA there are
additional sites of contact that stabilize a SecA:SecB complex (138). These contacts are
between the C-terminal 13 mobile residues of SecB (termed the tail sites) and both the
amino-terminal 10 residues of SecA and the aminoacyl residues in a stretch that connects the
nucleotide binding fold 2 and the helix scaffold domain of SecA (residues 600 — 610, see
section SecA for structure) (59, 139, 140). The energy of stabilization between the wild-type
species (Kq ~ 2 uM) and substituted variants lacking contact at the side sites is small. The
weakest binding was seen with SecBL75Q binding wild-type SecA and with wild-type SecB
binding SecA that has a deletion of the C-terminal zinc-containing region (Kgs ~ 4 uM) (60,
139). It should be noted that because energy is a function of the log of the K, (association
constant), the difference in binding energy between 2 uM and 4 uM is only 5% of the total
energy of stabilization. The small difference results from enthalpic/entropic compensation,
i.e., the loss of enthalpy when binding sites are missing is compensated by an increase in
entropy (60, 139). Heterotetramers, i.e., hybrids, formed by mixing two species of SecB
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carrying different binding sites, allowed determination of the relative contribution to binding
energy from interaction at the side and tail sites on SecB (57).

Even though the complexes stabilized by all contacts and those stabilized by a subset of
interactions show very similar stabilities, they differ in stoichiometry of SecA:SecB. With all
contacts present the complex has two protomers of SecA bound to a tetramer of SecB,
whereas species that are missing one of the two contact sites have only one SecA protomer
bound (59). When complexes were first identified that contain only one protomer of SecA
they were considered to be inactive (59, 133, 138). However, the complex having only one
SecA protomer is active in translocation but it is much less efficient in the coupling of ATP
hydrolysis to translocation as compared to the complex with two SecA protomers bound
(141). When SecB binds SecA, the protomers do not maintain the SecA dimer interface, but
bind separately (114, 140).

The contacts between SecA and SecB are distributed asymmetrically even though the
complex of two protomers of SecA bound to one tetramer of SecB is itself symmetrical.
Breaking the contact at the side site on SecB within a wild-type complex results in
dissociation of only one protomer (59). The site of asymmetry has been defined: only one
SecA protomer contacts the side site of SecB, whereas both protomers interact with SecB
tails (57). A model was proposed in which the contacts between SecA and the tails of SecB
involve SecB protomers that lie directly across the dimer interface (57).

After a precursor is bound to SecB it must be passed to SecA and on to the translocon. In
free solution SecB has a higher affinity for precursor than does SecA. For transfer to occur
the relative affinities must be reversed. Binding of the model ligand, BPTI, causes an
opening of the tetrameric structure of SecB across the dimer interface (142, 143). The
proposed interactions of the SecA amino termini on opposite dimers of SecB would allow
binding of SecA to exert a force across the interface to reverse the change exerted by ligand
binding and thereby weaken the precursor interaction (57). Additional energy to effect a
conformational change might come from binding and hydrolysis of ATP by SecA or by
interaction of the complex with SecYEG.

SecA, an ATPase

SecA is a large (901 aminoacy! residues), multidomain protein that is essential for export of
protein (35). In the cell 50% of SecA is free in the cytoplasm and 50% is associated with the
cytoplasmic membrane (144). Of the membrane-associated SecA, approximately 30% is
integral to the bilayer as demonstrated by many approaches (144-148). Association of SecA
with SecYEG at the membrane increases the affinity of SecA for precursors 20 to 30 fold
(62, 110). Nonetheless, the soluble fraction of SecA has a crucial role. During translocation
through a single SecYEG translocon multiple molecules of SecA function in translocation
through exchange with SecA from the cytosol (149).

The SecA in the cytoplasm is in equilibrium between monomers and dimers. The
dissociation constant (Kg) is sensitive to temperature and to salt concentration (150, 151). In
solutions chosen to mimic intracellular conditions (buffer at pH 7.5, 5 mM Mg2*acetate, 300
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mM K* acetate), the Kd was approximately 1 pM at 8°C. Potassium acetate was used at 300
mM because the thermodynamic activity of potassium has been determined to vary between
0.14 M and 0.76 M depending on the osmolarity of the growth media (101, 152). Cells
maintain intracellular sodium at low concentration, usually 10 — 20 mM (153, 154). As the
salt concentration decreases the association of the protomers to dimers is strengthened (K4 ~
0.1 uM). The weakest binding is observed at 8°C, the lowest temperature tested (150),
whereas at 20°C in low salt, Kg4s between 0.6 uM and 14 nM have been determined (151,
155). The monomer-dimer equilibrium is shifted toward monomer when SecA binds
phospholipids (156, 157) or SecY (158).

The Structures

SecA has been crystallized in five dimeric forms (159-163). Whereas SecA from different
organisms reveal different contacts at the dimer interface, the protomer structures are closely
related (Fig. 4) (159, 164). SecA is organized in multiple domains, which undergo
rearrangements during translocation. (The N-terminal segment (residues 1 — 619) comprises
three folded domains. There are two nucleotide-binding folds, Nucleotide Binding Domains
1and 2 (NBD1, yellow and NBD2, red/brown). The Precursor Binding Domain (PBD,
pink), originally identified as a region that crosslinked overlapping fragments of SecA to a
precursor (109), emerges from the NBD1 between p-strands 5 and 6 of that domain. The
carboxyl-terminal segment of ~30 kDa (residues 620 — 901) forms a-helices. The a-helical
domain termed the Helix Scaffold Domain (HSD, blue) is connected to NBD2 via a short
Linker Helix (green). The HSD comprises three antiparallel a-helices. A long helix at the
amino terminal end and two shorter helices toward the C terminus. The two short helices
have been termed the Intramolecular Regulator of ATPase, (IRA1, brown) (165) or the two-
helix finger (161). The amino-terminal region of the long helix has one face packed onto
NBD1 and NBD2. The C-terminal helices of the HSD make contact with the PBD in the
closed conformation seen in all the dimeric structures except £. coli, in which the PBD was
modeled based on the Bacillus open monomer (Fig. 5 for a comparison of open and closed)
(163). Structures of SecA bound to ADP in solution and bound to SecYEG indicate that the
PBD undergoes rigid body movements (Section SecY EG for further discussion) (166-168).
A second helical domain, the Helical Wing Domain (HWD, purple) is inserted between
helices 1 and 2 in the HSD. Twenty-five residues, the C-terminal linker (CTL, green), form a
B-strand bound to the two antiparallel B-strands that connect NBD1 to the PBD. The
remaining 40 residues of SecA are flexible and not observed in the structure. In £. coli SecA
the last 22 residues function to bind phospholipids (132) and to also bind SecB due to the
coordination of zinc through three cysteines and one histidine (132, 134).

The structures of the dimers show distinct interfaces. The extreme N-terminal residues 2 —
11 and one face of the HSD are involved at the interface of the antiparallel B. subtilis dimer
(Fig. 6a, PDB 1M6N) and the parallel dimer from 7. thermophilus (Fig. 6b, PDB 2IPC). The
arrangement of the protomers in the dimer of M. tuberculosis (Fig. 6¢, PBD 1NL3) is
antiparallel and the interface involves contacts between loops at the end of the B-sheet of the
PBD of one protomer with the HSD of the opposite protomer. The final two arrangements
differ drastically from the others. The interface of the £. colidimer (Fig. 6d PDB 2FSF)
(163) is the variable domain (VAR, lilac), which lies within the NBD2 (residues 519 — 547)
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(169). This domain is present in £. coli, T. thermophilusand in M. tuberculosis, but is
lacking in B. subtilisand in 7. maritima (169). SecA from B. subtilis has been crystallized in
a dimer form(Fig. 6e, PDB 2IBM) that is stabilized by contacts between the two-stranded p-
sheet that forms the stem connecting the PBD to NBD1 and a short segment from the
opposite protomer that interacts to form the third strand of the B-sheet. The equivalent region
is a-helical in the other protomer and corresponds to the Linker Helix.

Many attempts have been made to determine which of the five dimer interfaces represents
the physiological dimer in £. coli. As pointed out in the excellent work of Auclair, Oliver
and Mukerj (170) many of the studies used non-equilibrium techniques such as crosslinking
that distort normal equilibria and could trap dimeric forms that may exist as minor
populations. The authors present a well-controlled study of SecA from E. coli using Forster
resonance energy transfer (FRET) which does not perturb the equilibrium. They determined
15 distances which were sufficient to distinguish among the five dimeric forms. The only
reasonable fit for the data obtained using £. coli SecA was the antiparallel dimer seen in the
structure of B. subtilis SecA (Fig. 6). A separate, extensive /n vivo photocrosslinking study
identified crosslinks that were not consistent with any one dimer (171). This may mean that
/n vivo minor populations of several dimeric forms exist and were trapped.

Role of SecA during Translocation

During protein translocation SecA binds precursors and delivers them to the membrane-
embedded translocon through its binding affinity for SecYEG. Precursors that rapidly
aggregate or acquire folded structure are first captured by SecB. SecB with precursor bound
interacts with SecA and the ternary complex engages the translocon (Section SecB: SecB
Binding to Ligands and SecB:SecA Complex). SecA binds precursor polypeptides directly
to the HSD and the PBD through interaction with both the signal and mature domains (107,
108, 172, 173). The binding site of the signal peptide has been mapped by two techniques,
NMR (111) and Forster Resonance Energy Transfer (FRET) (174, 175). The two binding
sites are in the same general area, but differ in the precise location and the orientation. The
NMR study used a model signal peptide, KRR — LamB, which is the signal of LamB
extended at the N terminus by a lysine and two arginine residues. This peptide bound within
a groove at the interface of the HWD and the PBD. The peptide was oriented perpendicular
to the IRA subdomain (two helix finger) of NBD1. The FRET studies located the signal
peptide of PhoA in a region bounded by the PBD, the HSD and NBD1. This peptide was
oriented parallel to the two helix finger (IRA) subdomain. These differences may reflect the
species of signal peptide studied or the conditions used: NMR requires high concentrations
of the proteins while FRET allows studies of proteins at much lower concentrations.

SecA hydrolyzes ATP during translocation of precursors (36). In solution, SecA exhibits a
low level of ATPase activity defined as the basal level. The basal level is stimulated by
binding to lipids (172), referred to as lipid ATPase and reaches a maximum when SecA is
bound to both a precursor and SecYEG, which is denoted translocation ATPase (36).
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Conformational Changes in Activation of ATPase

Hydrolysis of ATP by SecA is coupled to productive translocation. There are several ideas as
to precisely the work that is done (Section M odels of Trandocation). The following
discussion is limited to the mechanism of activation of ATP hydrolysis without speculation
about the work done. We begin with the conformational changes in the active site and the
propagation of those changes between domains.

The two nucleotide binding domains NBD1 and NBD2 are structurally similar to the
DEAD-box helicases named for the crucial residues Asp, Glu, Ala, Asp (176). As in the
related helicases, the high-affinity binding site for ATP is located at the interface of these
two domains. The residues comprising the high affinity ATP binding site had been identified
by mutagenesis prior to the determination of the structure (177). The X-ray structures of
Bacillus SecA with and without ADP bound show no difference (159). Conformational
changes do occur but they are too small to be resolved in the structures.

NMR identified two disordered regions in intact SecA that are involved in conformational
changes during function. One region is the extreme C-terminal segment (residues 864 — 901)
and the other lies within NBD2 (residues 564 — 579) (178). An extensive study (179) of the
N-terminal fragment of SecA, which includes the mobile residues in NBD2, combined
thermodynamic analyses with NMR spectra to show that the surfaces at the interface of
NBD1 and NBD2 are dynamic, undergoing order — disorder transitions. The binding of ATP
favors the ordered state whereas after hydrolysis the binding cleft remains closed with ADP
bound but disorder increases making this conformation less stable. The high ATPase activity
characteristic of SecA poised for translocation is suppressed by the association of the HSD
with the NBDs. The interface between the HSD and the NBDs is stabilized by two salt
bridges, one between Asp649 and Arg220 (179) and the other between Arg642 and E400
(180). If the association loosens, the equilibrium is shifted toward disordered and the ATPase
activity is increased. In the extreme, removal of the entire region spanning the start of the
HSD to the C terminus, termed the C domain, results in high, unregulated ATPase activity
(181, 182).

A structural element comprising two antiparallel helices (residues 756 — 835), originally
considered to be part of the HSD, was renamed IRA1, intramolecular regulator of ATPase,
when it was discovered to be primarily responsible for the suppression of ATPase activity by
mediating the association of the HSD with the N domain (165). The same region on SecA is
a site of interaction with SecY (183). Since the binding site on IRA1 for the HSD and for
SecY overlap, binding of SecA to SecY might loosen the IRA1 — HSD contact thereby
activating SecA ATPase (For an alternative model of the role of IRAL, also called the two
helix finger, see section M odels of Translocation).

ATP binds at the interface between NBD1 and NBD?2 at the top of the cleft. At the bottom of
the cleft, a salt bridge between two aspartate residues (D212, D217) and an arginine (R566),
referred to as Gate 1, connects the two NBDs and stabilizes the interface (184). This
stabilization imposes an energy barrier to activation of ATP hydrolysis in addition to that
imposed by association of the HSD and the NBDs. The barrier provided by the HSD is
dominant but when it is loosened, then the barrier of Gate 1 regulates allosteric

EcoSal Plus. Author manuscript; available in PMC 2018 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Crane and Randall

SecYEG

Page 15

communication between the PDB and the NBDs. When the salt bridge is broken, the NBDs
go from a high affinity, closed state, to a low affinity, open state. Thus Gate 1 controls the
rate-limiting step in the ATP hydrolysis cycle of SecA, the release of ADP (185). Binding of
precursor to the PBD causes conformational changes that are propagated allosterically
through Gate 1 to activate ATPase. The propagation occurs through the two antiparallel p-
strands that form the stem of the PBD. The stem emerges from NBD1 very near Gate 1. The
binding of precursor to HSD may also be involved in the loosening of interactions between
the HSD and NBDs. Site-directed spin labelling coupled with EPR spectroscopy shows that
precursor binds the HSD in addition to the PBD. Additionally, interactions of SecA with
SecYEG, with lipids and with SecB result in mobilization of residues in the HSD, consistent
with loosening of the structure (108). Thus, when SecA engages the translocon the barrier
provided by the C-terminal domain may be overcome, poising the system for full activation
by binding precursors. Further evidence for the conformational relay between the NBD and
PBD comes from an NMR study (179) demonstrating that nucleotide binding induces slow
dynamics at residues that have been shown to be crucial to binding precursors such as
Tyr326 (186) and Trp349 (110).

The ATPase is also regulated in £. coli SecA by the variable subdomain (VAR) (169).
Deletion of VAR results in azide resistance and in accelerated release of ADP. Both effects
can be explained if deletion of the region loosens the contact of NBD1 and NBD2 to
enhance release of ADP. In ATPases that are structurally related to SecA, azide blocks
hydrolysis in the presence of ADP by occupying the site that normally binds the -y phosphate
of ATP, thereby tightening the site and stabilizing the binding of ADP (187).

The Structures

After 25 years of accumulation of data from biochemical, genetic and biophysical studies,
which provided insights into the mechanism of export, the first structure of the membrane
translocon was reported in 2002 with a cryoelectron microscopic study of 2-D crystals of £.
coli SecYEG in a lipid bilayer. The 8A structure allowed identification of 15 transmembrane
helices in a monomer (188). The first high resolution structure was the X-ray structure of the
archaeal SecYEP from Methanocaldococcus jannaschii (189). The SecY and SecE subunits
are evolutionarily conserved among eukaryotes, eubacteria and archaea. The third subunit,
Sec61p in mammals, Sbhlp in S. cerevisiae and Secp in archaea, shows no homology to
SecG, the third subunit in eubacteria. To date, X-ray structures with resolution of 3.6 A or
better have been solved for the translocon from two archaea (M. jannaschii and Pyrococcus
furiosus) (190) and two thermophilic eubacteria 7hermotoga maritima (166) and Thermus
thermophilus (191) (Table 3 gives a complete list of structures, including solution NMR and
electron microscopy, and references).

All translocons display a common structure of the SecYE core (Fig. 7). A central channel is
formed by 10 a-helical transmembrane (TM) segments arranged in pseudosymmetrical
halves, TM1 to 5 and TM6 to 10. The halves are hinged by a flexible loop between TM5 and
TMBG. A lateral gate lies opposite the hinge between helices TM2b and TM7. The central
channel has an hourglass shape. On the cytoplasmic face of the membrane a large funnel-
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like cavity leads into a constriction at the middle formed by a ring of six hydrophobic
residues, which in £. coliare all isoleucine. The ring closes the channel to block the passage
of precursors (192, 193).

The fully open channel with the lateral gate widened can translocate proOmpA conjugated
to rigid spherical organic molecules of sizes up to diameters 22 to 24 A. When the spheres
have a diameter of 29 A, translocation is blocked (194). On the periplasmic face of the
membrane a short a-helical plug extends into the channel and blocks the exit. When the
channel opens and is occupied by a translocating polypeptide, ions can pass (195). If this
were to happen /n vivo the dissipation of protonmotive force by passage of protons would
lead to cell death. However, the presence of a physiological level of membrane potential
(AY) drives the channel to close thereby maintaining protonmotive force (196). It is not
clear what senses the voltage and closes the channel.

In E. colithe two small subunits of the translocon, SecE and SecG differ from those in M.
Jannaschii. The SecE subunit in M. jannaschii comprises two helices, an N-terminal
amphipathic helix that lies on the cytoplasmic surface of the membrane and a second long
transmembrane helix that crosses the membrane at an approximately 35° angle making
contacts with TM1, TM5, TM6 and TM10 of SecY, thereby clamping the two halves
together. The SecE subunit from E. colihas 127 amino acyl residues whereas the M.
Jannaschii SecE has 74 amino acyl residues. The last 62 amino acyl residues of £. coli SecE
(amino acid 65 to 127) correspond to the M. jannaschii Seck subunit. In E. colithe
additional amino acids at the N terminus form two transmembrane helices that are connected
to the third transmembrane helix through the surface, amphipathic helix. Only the third
transmembrane helix is essential for viability and function (197, 198). In E.colithe third
subunit, SecG, contains three transmembrane helices whereas M. jannaschii Secf has only
two.

The extensive similarity of the two translocons allowed the X-ray structure of SecYE to be
visually docked into the electron density map of the 2-D crystals from £. coli SecYEG. The
overall fit was excellent indicating that the general architecture of the two translocon
complexes is the same (189). Subsequently an atomic model of £. coli SecYEG was built
using the X-ray structure of M. jannaschiitaking into account insertions and deletions in the
two sequences. The homology model was then docked into the 8A map of the £, coli dimer
of SecYEG in the lipid bilayer. Interesting differences were observed between the visual fit
(189) and the refined homology model docking (199). Interactions between monomers
within the lipid bilayer cause a 9A displacement of TM6. The change propagates through the
complex so that the plug moves closer to the membrane surface on the periplasmic side and
movements of TM2b and TM7 result in a slight widening of the channel. The hydrophobic
ring and the plug maintain a seal in the channel so that translocation of polypeptides would
require additional factors to open the channel fully.

Conformational Changes in SecYEG and SecA

The binding of SecA to SecYEG further opens the translocon as indicated by the structure of
SecA in complex with SecYEG. (7. maritima) (166) Relative to the closed channel seen in
M. jannaschii, the SecY has a gap of 5A at the lateral gate between TM7 and TM2b. The
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plug moves away from its position at the center of the channel. However, the channel
remains sealed toward the periplasmic surface.

A second example of a structure showing a “pre-open” state is that of SecYE from 7.
thermophilus in complex with an anti-SecY Fab fragment (191). The Fab fragment binds to
the same site as does SecA in the highly conserved C5 loop and can be considered to mimic
SecA binding. In comparison to the M. jannaschii structure the helices in the C-terminal half
of SecY occupy different locations, opening a hydrophobic crack toward the cytoplasm with
dimensions of ~6A by 15A between TM2, TM7 and TM8.

The binding of SecA to SecYEG not only widens the channel of the translocon but also
induces changes in SecA. Comparison of three structures of SecA from 7. maritima. 1) SecA
free in solution, 2) SecA bound to SecYEG and 3) SecA in solution with ADP bound shows
the PBD in different positions relative to the remainder of SecA (Fig. 8). These structures
suggest that binding of SecA to SecY results in movement of PBD that would trap a
polypeptide in a clamp between the PBD, NBD2 and the HSD to position it directly over the
mouth of the channel in SecY ready for translocation. In the structure of SecA in solution
(PDB 3JUX) (167), the clamp is completely open with the PBD closely associated with the
HWD and the HSD at a distance of 36A from the NBD2. When SecA, occupied by ADP and
BeFx, is bound to SecY the PBD moves to contact NBD2 and close the clamp (PDB 3DIN)
(166). In the structure of SecA with ADP bound, the PBD is in a position intermediate
between fully open and closed (PDB 4YSO) (168). The two B strands that connect NBD1
and the PBD act as a hinge to allow the movements. When SecY interacts with SecA, the
loop between TM6 and TM7 of SecY inserts at the interface of PBD and the HSD/HWD,
breaking contacts between domains of SecA. The intramolecular contacts are replaced by
interactions between SecA and SecY. The IRA1 (two-helix finger) moves from its
association with the HSD to insert into the entrance of the channel in SecY (200). The PBD
in SecA from B. subtilis has also been crystallized in two positions (Fig. 5). It is associated
with the HWD/HSD in a “closed” state in the dimeric form (PDB 1M6N) (159) and in an
“open” state in the monomer (PDB 1TF2) (164).

Biochemical Studies

Movement of the PBD in solution has been demonstrated by fluorescence energy transfer
studies of SecA (201). The movement of the PBD from the open position seen in idle SecA
to closed position upon binding to SecYEG is crucial to initiation of the translocation
process (202). When the clamp was held in the open position by intramolecular crosslinks,
the basal ATPase of SecA was unchanged but activation by SecYEG was reduced. In
contrast, when the clamp was fixed in the closed position, the keat and Ky, of ATP hydrolysis
were increased to the same degree as that seen when activated by SecYEG (203, 204). Both
species of SecA with intramolecular crosslinks were inactive in mediating translocation. It is
likely that the crosslinks interfered with transfer of the polypeptide into the channel.
Stabilization of the closed position by a crosslink at a different site between SecY and SecA
activated the ATPase and supported translocation. Therefore the PBD does not need to make
large movements during translocation, but must initially move from open to closed to initiate
the process (202).
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The interactions of polypeptides in the process of moving from SecA through the SecY
channel were mapped using disulfide crosslinking. Two cysteines were introduced into the
polypeptide, one that would crosslink to the pore ring near the center of the SecY channel
and a second at a distance appropriate to crosslink to SecA. The results defined the pathway
taken through the clamp of SecA, past the two-helix finger and into the channel (205). Sites
of interaction between SecA free in solution and polypeptide ligands, including both
precursor and mature forms, were mapped using site-directed spin-labelling and EPR
spectroscopy. Contacts were identified on the surface of the PBD facing the NBD2, which
forms the wall of the proposed clamp, and were also seen along the HSD (108).

Insertion of Signal Peptide to open the Lateral Gate

It has been proposed that the signal peptide inserts into the lateral gate to effect a widening
of the channel. Support for this idea is found in two structures that show insertion of
polypeptides accompanied by opening of the lateral gate. In the structure of SecYEP from 2
furiosus (190) the C-terminal a-helical region of an adjacent SecY in the crystal was
inserted to open the gate laterally, but the plug still occluded the pore. This structure
suggests a route for lateral exit of cytoplasmic membrane proteins that follow the SRP
pathway, but may also represent early stages of insertion of polypeptides destined for the
periplasm. A high resolution structure of 7. thermophilus SecYEG obtained from crystals in
a lipidic cubic phase (206) also shows a peptide from a symmetrically related molecule
inserted into SecY. In this case it is the amino-terminal hydrophobic residues of SecE that
insert into the cytoplasmic hydrophobic crack seen in the structure of 7. thermophilus
SecYEG in complex with the Fab fragment that mimics SecA binding. The result is an
expansion of the crack between TM2 and TM8. The gate remains unchanged on the
periplasmic side suggesting that the insertion represents an early stage of interaction.

Two structures have been solved that have authentic signal peptides bound outside of the
lateral gate. A structure of dimeric SecYEG in membranes solved by cryo-electron
microscopy of two-dimensional crystals (207), shows one copy of SecY in the dimer
associated with a truncated preprotein comprising the signal sequence of the outer
membrane protein LamB and 15 aminoacy! residues of the mature protein. The signal is not
intercalated but binds outside the lateral gate in contact with TM2b. The helix TM7 is
relocated to bring the periplasmic end toward TM5 and TM10 resulting in displacement of
the plug. The unoccupied copy of SecYEG is more tightly closed than are the unoccupied
SecYEG dimers observed in the 2-D crystals grown without peptides (188). This result
supports the idea that whereas two units of SecYEG may bind to one SecA, only one
SecYEG functions as a channel (208, 209).

A crystal structure has been solved that has a fragment of the N-terminal region of a
precursor within the channel of SecY. (PDB 5EUL, (210)) This was accomplished by fusing
the signal sequence of OmpA with a short polypeptide following it into the tip of the two
helix finger of B. subtilis SecA and forming a complex with SecYE from Geobacillus
thermodenitrificans. The hydrophobic core of the signal forms a helix and docks into a
groove outside of the lateral gate in contact with lipids. The following stretch of polypeptide
is within the channel in extended form. The strategy involving the fusion of SecA to a signal
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sequence was based on the previous observation that in a SecA:SecY complex the two helix
finger was positioned over the mouth of the channel (166).

Implications for Mechanism of Translocation

The multiple structures of SecYEG are static representations of unique moments in the
dynamic interactions of the protein complex. These structures, when considered in
combination with the vast body of data accumulated from studies of the translocon in action,
can provide insight into the mechanism.

Only SecY and SecE are absolutely required to observe translocation /n vitro when
reconstituted into proteoliposomes (211), however, the level is very low compared to inner
membrane vesicles (IMV). Addition of SecG (originally called bandl or p12) stimulated
activity twenty-fold to reach the level seen in membrane vesicles (212, 213). The original
demonstration of stimulation by SecG was carried out in proteoliposomes in the absence of
protonmotive force (213). If protonmotive force is present then the requirement for SecG in
membrane vesicles is less strong indicating an overlap in function of SecG and protonmotive
force (214).

SecA undergoes a cycle of membrane insertion and deinsertion driven by ATP binding and
hydrolysis (215, 216) that is associated with movement of precursor into the translocon
channel (217). SecA inserts into the membrane when ATP binds, and the hydrolysis of ATP
causes deinsertion. The cycle of insertion — deinsertion is coupled to inversion of the
topology of SecG in the membrane (218). When the system is idle, the C terminus of SecG
is exposed on the periplasmic side of the membrane, whereas when SecA is in the process of
translocating precursors SecG inverts to move the C terminus to the cytoplasmic side of the
membrane (Fig. 9). To recover the original topology of SecG, SecA must hydrolyze ATP and
deinsert. The evidence for this inversion is robust. In idle inverted membrane vesicles that
are not actively translocating, the C terminus of SecG is inside the vesicle on the periplasmic
side and inaccessible to antibodies specific for the C-terminal region. However, if the
vesicles are in the presence of precursor, SecA and ATP and are undergoing translocation,
addition of the antibody inhibits the transfer indicating that the C terminus of SecG becomes
accessible to the antibody, and therefore is on the cytoplasmic side. Translocation-dependent
changes are also documented for proteinase K sensitivity. The inversion exposes a protease-
sensitive site found between the two transmembrane segments. The site is sequestered as
ATP is hydrolyzed and SecG recovers the original topology (218). A translocation-
dependent cycle of accessibility and inaccessibility of single cysteine variants of SecG to a
membrane-impermeant reagent was seen in studies using spheroplasts as well as inverted
membrane vesicles (219).

Membrane vesicles derived from cells that overexpress both SecY and SecE without
accompanying overexpression of SecG show a high level of SecA translocation ATPase that
is not coupled to translocation (220). Not only is the presence of SecG necessary for ATP
hydrolysis to be productive, but the SecG must also be able to invert. If SecG is present, but
inversion is blocked by fusion of alkaline phosphatase to the C terminus of SecG, ATP
hydrolysis is not accompanied by translocation (221). The simplest interpretation is that
inversion of SecG is essential for the coupling.
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The inversion of topology was questioned when SecG was fixed by crosslinking and no
effect on translocation was seen (222). However, the vesicles used were isolated from cells
overexpressing SecYEG. It was later shown that the SecG inversion does not occur if
SecYEG is overproduced or reconstituted into proteoliposomes (223). This suggests a need
for a factor that is limiting. The factor was determined to be a glycolipid that is involved in
membrane protein integration and also stimulates protein export. The lipid was hamed
membrane protein integrase or MPlase, a glycolipozme (224). Co-reconstitution of purified
MPlase with SecYEG restored inversion of SecG.

The extreme amino-terminal region of SecA is involved in the function of SecG. Deletion of
the first eight aminoacyl residues of SecA resulted in defective translocation of three
precursors assayed in the absence of protonmotive force. The defect was strongest for the
precursor that was most dependent on protonmotive force (225). SecA with the amino-
terminal deletion is also less efficient in coupling its ATP cycle to the topology inversion of
SecG indicating that SecA may directly interact with SecG. Interaction of the two proteins
has been directly demonstrated by examining crosslinks between SecA and SecG as a
function of the cycle of inversion. Crosslinking increased when the topology was inverted
(219).

SecDFYajC

Discovery of the secD Locus

The secD locus was identified in 1987 by isolation of mutants that were cold sensitive for
growth and expressed defects in protein export /n vivo (226). The locus includes an operon
encoding three genes secD, secFand yafC (227, 228). The three proteins form a
heterotrimeric complex, SecDFYajC (229) that associates with SecYEG via interactions of
SecY with SecF. YajC is in direct contact with both SecY and SecF (229, 230). When SecDF
was purified and added to SecYEG in proteoliposomes it showed no stimulation (231). This
was unexpected because of the growth and export defects observed /in7 vivo (226). The
problems with demonstration of a stimulation of export /n vitro will be discussed later. The
growth defect observed /n vivois not a direct effect on secretion into the periplasm, but
rather is a secondary effect on insertion of Sec-dependent proteins into the cytoplasmic
membrane, which requires YidC. In the absence of SecDF, YidC does not efficiently
associate with SecYEG (230, 232). This idea is confirmed by the finding that overproduction
of YidC suppresses the growth defect in strains depleted of SecDF (230).

Insights from the Structure of Thermus thermophilus SecDF

We shall begin with the X-ray structure of SecDF from Thermus thermophilus solved in
2011 (233) and proceed to discuss the accumulated knowledge from past contributions
within the framework of that structure. SecDF from 7. thermophilus (TtSecDF) is encoded
as a single polypeptide chain of mass 80.5 kDa whereas in £. coli SecD (66.6 kDa) and SecF
(35.4 kDa) are produced as separate polypeptides from one operon. The topology of the
SecD and SecF proteins, which have sequence similarity, was mapped by determining the
alkaline phosphatase activity of constructs with p/10A introduced within the secD gene.
Alkaline phosphatase is only active if it is secreted to the periplasm so that the native

EcoSal Plus. Author manuscript; available in PMC 2018 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Crane and Randall

Page 21

disulfide bonds form. Thus, transmembrane and periplasmic domains can be distinguished.
The activity of the fusions in combination with hydropathy plots of both proteins show that
each contains six transmembrane segments (234). The X-ray structure of the TtSecDF
polypeptide reveals a transmembrane domain that is a pseudo-symmetrical arrangement of
12 transmembrane a-helices with periplasmic domains (Fig. 10) (233). The large
periplasmic P1 domain in TtSecDF corresponds to the predicted periplasmic domain of the
homologous £. coli SecD. The P1 domain is between TM1 and TM2 and the periplasmic P4
domain in TtSecDF is between TM7 and TM8 (in £. coli, SecF). The P1 domain has two
subdomains, a head and a base. The relative positions of the subdomains are different in the
isolated P1 domain as compared to the positions in the full length TtSecDF. Docking of the
base subdomain of the isolated P1 onto the base subdomain in the full length protein
revealed two possible conformations differing in configuration of the head. The full length
has the head bent toward the membrane surface and is designated the F form. The structure
revealed by the docking of P1 has the head rotated 120° to be directly above the
transmembrane domain and is referred to as the | form (Fig. 11). Direct evidence that SecDF
undergoes a conformational transition is provided by electron tomography and single
particle reconstruction (235) showing the presence of both the I and F forms in solution.

SecDF belongs to the RND (resistance nodulation and cell division) superfamily of proteins.
Another member of the RND superfamily is AcrB, a multi-drug efflux transporter, which
couples the energy of the electrochemical potential of protons (protonmotive force) to export
of its substrates (236). The proton flux in AcrB can be abolished by changes in conserved
charged residues thought to be directly involved in proton transport (237). The structural
counterparts of these residues in TtSecDF and in £E. coli SecDF lie on the interface of SecD
and SecF and in the base under the periplasmic head. Changes in three of the conserved
residues from aspartate to asparagine or from arginine to methionine eliminated the
stimulation of protein export by SecDF both in 7. thermophilus and in E. coli, consistent
with the idea that SecDF conducts protons (233). Further evidence for coupling of ion flux
to protein export comes from studies on a marine halophilic bacterium.

A study in 1990 with Vibrio alginolyticus, long before SecDF had been crystallized, showed
that /in vitro protein translocation into inverted membrane vesicles from V. alginolyticusto
which E£.coli SecA was added could be stimulated by the electrochemical potential of Na

* (238). This halophile has two sets of SecDF genes, V.SecDF1 and V.SecDF2, which
couple different species of cations to transport. V.SecDF2, like TtSecDF, uses a H* gradient
whereas V.SecDF1 is coupled to a Na* gradient (239). Expression of the Vibrio, Na*-driven
SecDF1 in E. colithat is depleted of endogenous SecDF results in Na*-driven enhancement
of export. Additionally, changes of the conserved aspartate and arginine residues in
V.SecDF, which are discussed above, eliminate the Na* stimulation of protein translocation
by V.SecDF1 expressed in £. coli (233). These observations provide strong evidence that
SecDF couples cation movement to protein export, although the mechanism is undefined.

Difficulties in Demonstration of a Role for SecDF in vitro

When the SecDF complex was originally purified and added to SecYEG in proteoliposomes
it showed no stimulation (231), even though the strain with a deletion of SecDF was severely
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defective in export in vivo (240). There are several reasons that account for the difficulties in
the demonstration that SecDF couples protonmotive force to translocation. Although /n vivo
ATP hydrolysis is likely to be involved only in the early steps, /n vitro SecA and ATP can
drive transfer of precursors to completion in the absence of protonmotive force (172, 217,
241, 242). Therefore, the role of SecDF and/or protonmmotive force in later steps can be
masked in experiments by the use of saturating amounts of ATP and SecA. When chemical
quantities of precursors were used, as opposed to the high specific activity, radiochemical
quantities used in many early assays, the presence of SecDF stimulated the rate of
translocation two-fold (243). Assessing the rate of translocation, instead of the final level as
was done in most earlier experiments, and use of a high concentration of precursor to render
the SecYEG limiting allowed the stimulation to be observed.

More Confusion

Progress in sorting out the relationship between protonmotive force and SecDF was hindered
for several years when it was reported in 1994 that SecDF was required to maintain
protonmotive force (244). This finding was frequently cited until it was shown to be an
artefact in 2001 (245). In the earlier work the cells had been grown on glucose to deplete the
level of SecDFYajC. Glucose represses the synthesis of the succinate dehydrogenase
complex. Thus the lack of protonmotive force in the vesicles was not the result of depletion
of SecDF, but rather was because succinate had been used as the energy source. Generation
of protonmotive force by NADH in vesicles depleted of SecDFYajC showed normal levels
of protonmotive force. Nonetheless, the relationship between SecDF and protonmotive force
remained confused because stimulation by protonmotive force derived from NADH was
observed with or without SecDF (245).

Functional Roles of SecDF

In the two decades following the discovery of SecD and SecF much research was directed
toward defining the role of these proteins and several proposals have been set forth. One role
suggested for SecDF is the release of the proteins from the membrane after export is
complete. Treatment of spheroplasts with anti-SecD IgG specifically inhibited the release of
the matured form of maltose-binding protein (246). The release of exported protein into the
periplasm also has been shown to be dependent on protonmotive force (247, 248). A
proposal for a mechanism of release of proteins mediated by SecDF comes from: 1)
demonstration by patch clamp studies that TtSecDF conducts protons, 2) observed
enhancement of the conductance by inclusion in the assay of an unfolded protein that binds
the P1 head domain, 3) observation in solution of both the F form and | form of SecDF and
4) demonstration that introduction of a disulfide bond to constrain movement between the
two forms causes a defect in export. Tsukazaki and his colleagues (233) have proposed that
the transition of SecDF from the F form to the | form is coupled to protonmotive force. The
translocating polypeptide might emerge from the translocon and bind to the head domain of
SecD on the periplasmic side of the membrane. The transition from F to | could include a
conformational change that would release the bound polypeptide. A slight modification of
this model could explain how SecDF could couple protonmotive force directly to pull the
polypeptide through the channel as discussed below (Section M odels of Translocation:
Energy Source of Translocation).
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A third possible role of SecDF overlaps with the function of SecG. Both are involved in the
cycle of SecA insertion and deinsertion. SecDF acts to stabilize the inserted state by slowing
the deinsertion (249, 250). Since stabilization of the inserted state of SecA requires that a
precursor be bound, it is possible that these results reflect interaction of the translocating
polypeptide with the head domain of SecD as suggested in the role of polypeptide release.
Such an interaction would stabilize insertion as well as prevent backsliding.

YajC, a protein of unknown function

SecYEG is ubiquitous, found in all bacteria, archaea and eukaryotes, whereas SecDFYajC is
limited to prokaryotes (251). Not all prokaryatic translocons contain YajC. For example,
SecDF from 7. thermophilus is not associated with YajC. In £. coli, SecDF copurifies as a
complex with YajC, but no function has been assigned to YajC. YajC is produced at five to
ten fold the amount of SecDF (Table 4) (234), which may mean it has roles outside of
protein export. The structurally related protein AcrB, which functions in drug efflux, was co-
crystallized with YajC (252). However, deletion of YajC had only a modest effect on
sensitivity to antibiotics. Thus YajC remains a protein of unknown function.

Models of Translocation

Overlap of Function

There is a high degree of interaction among the proteins which mediate export and an
apparent overlap of function; thus, the roles are not easily disentangled. Much research
indicates that not all components of the system are absolutely required in all conditions. We
focus our discussion on what the roles of each might be. The presence of one component
may compensate for the lack of another. Perhaps SecDF, SecG and protonmotive force have
overlapping roles. Without protonmotive force, the hydrolysis of ATP, which involves SecG
inversion, can drive translocation. Since there is evidence that when SecG is present it must
invert to stimulate translocation (221), could it be that protonmotive force can also mediate
inversion of SecG either through SecDF or directly? In the absence of SecG, SecDF
stimulates translocation four-fold, whereas when SecG and SecYE are present in
stoichiometric amounts no stimulation can be seen (229). It appears that SecG masks the
role of SecDF.

Insights from Studies of Suppressor Mutations

Clues of overlap and a common underlying principle come from studies of suppressors of
signal sequence mutations. The mutations, designated pr/, have been isolated in secY (priA)
(253), in secA (prID) (254), in secE (prlG) (255) and in secG (priH) (256). As the
suppressors were identified, different ideas were put forth. Early work proposed that in pr/A
mutants (changes in SecY) precursors carrying defective signal sequences were translocated
because of loss of a proofreading function of SecY (257, 258). Later it was proposed that the
prlA mutants increased the affinity of SecYEG for SecA (259). Mutations in secG (prIH)
restore export of precursors with defective leaders and were thought to function by
recognition of the altered signals (256). The strongest suppressors are alleles of prfA. These
suppressors restore export of proteins completely lacking signal sequences (260) and also
enhance the rate of translocation of normal precursors (261, 262). Moreover, defects in
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export that are not derived from altered signals but from folded elements in the mature
portion of precursors are suppressed (262).

Demonstration that pr/ mutations in SecY and SecE destabilize the association of SecYEG
led to the simple unifying explanation that all effects of suppressors result from changes in
rigidity of the SecYEG complex (262, 263). What seem to be disparate functions may in fact
be directed to the same end, opening the channel of the translocon to allow efficient transfer.
While reading the literature of the field in preparation for writing this review we began to
wonder if it might be that many of the diverse components that stimulate protein
translocation work through the same fundamental mechanism: loosening the SecYEG
structure to open the channel.

First, consider SecA and SecG. Hydrolysis of ATP by SecA results in the inversion of SecG.
The change in the contacts between SecG and SecYE as it inverts might destabilize the
channel and allow it to open. Thus, one role of ATP hydrolysis might be to open the channel
indirectly. Since, as discussed earlier (Section SecDFYaj C, Functional Roles of SecDF)
SecDF modulates SecA insertion and deinsertion, it could also be involved in cycles of
relaxing the tranlocation channel. It is likely that protonmotive is involved since it is clear
that SecDF couples proton movement to translocation. Protonmotive force many not only
work through SecDF, but it might also act directly on SecYEG (264). If so, we could
reconcile the confusing result that protonmotive force stimulates export in the absence of
SecDF both in vesicles (245) and in proteoliposomes (212). Such an overlap would allow the
system to function lacking some components, but at lower efficiency.

Energy Source of Translocation

Citations of the work that support the cycle described here are given in the previous sections.
Precursors to be exported enter the Sec pathway through interactions with SecB, a cytosolic
chaperone, and SecA, an ATPase that is a peripheral membrane component of the
translocation apparatus. The channel which provides the pathway through the membrane is
formed by SecY within one trimeric unit of the translocon, SecYEG (158, 265). In the idle
state the channel is closed and provides a permeability barrier to polypeptides as well as to
ions and small compounds. In the initial stage of translocation the channel is widened by
interactions of SecYEG with SecA and precursor polypeptides. The binding of SecA to
SecYEG also releases the suppression of the active site on SecA for ATP hydrolysis. The
precursor is transferred from SecB and binds to SecA in a clamp between the wall of NBD2
and PBD to be positioned over the mouth of the translocation channel. Up to this stage there
is general agreement. Nonetheless, even in these initial steps, there is ongoing discussion
concerning the details. Much less defined is the exact mechanism and source of the energy
for the movement of the precursor polypeptide through the channel.

In order to discuss the diverse and very distinct models we will divide them into two groups.
The models in the first group postulate that the chemical energy, whether it be hydrolysis of
ATP or protonmotive force (an electrochemical potential energy), is converted to mechanical
work. An early model, proposed long before any structural data were available, proposed
that the cyclic membrane insertion — deinsertion of SecA is accompanied by insertion of the
precursor, in steps of 20 — 30 aminoacy! residues for each round of ATP hydrolysis (215-
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217, 266). This model implicates SecA as providing the pushing force, but does not
speculate as to the region of SecA involved. A recent, closely related model introduced a
refinement based on a structure of SecA bound to SecY. In the structure the two helix finger
(also referred to as IRAL) of SecA is inserted into the wide opening at the top of the channel
in SecY. It is posited that a translocating polypeptide is bound at the tip and hydrolysis of
ATP results in movement of the finger further into the channel to push the precursor through.
The finger would release the precursor and withdraw to rebind in another cycle (200). Both
models propose that when released from SecA, the polypeptide chain is free to diffuse either
forward or backward (referred to as sliding). Whereas the earlier model proposed a defined
step size based on the observation of discrete intermediates during translocation, the two
helix finger model suggests that the length of the polypeptide chain that is moved in a single
step depends on the distance between stretches of aminoacyl residues that make sufficiently
strong contact with the two helix finger to be pushed into the channel. Indirect support for
this idea is that a precursor undergoing translocation can be crosslinked to the tip of the
finger (200). Further support is found in the model of signal peptide binding determined by
FRET studies that shows a parallel alignment of the peptide with the two helix finger
positioning the two elements for interaction (174, 175). There is no evidence to date for the
purported movement of the two helix finger into and out of the channel. Inconsistent with
the model is an independent study in which very little effect on translocation was observed
when the two helix finger was immobilized by crosslinking it to the edge of the channel
(267), indicating that a high degree of flexibility cannot be required.

A model has also been proposed that couples protonmotive force to mechanical work
through SecDF. As the polypeptide emerges from the channel it binds SecDF on the
periplasmic side of the membrane (233). If protonmotive force acts to induce the
conformational changes observed in the head of the P1 domain, then SecDF might pull the
precursor through the translocon (233). In the extreme, ATP would be required only to push
a length of residues sufficient to reach the SecD head. Both proposed mechanisms, pushing
by SecA and pulling by SecDF, might function together. It has long been known, but
frequently forgotten, that /n vivothe energy of ATP hydrolysis alone is not sufficient to
translocate precursors through the membrane; proton motive force is also required.

A model different from those discussed above proposes that no exogenous energy is required
for the actual movement through the channel. Kinetic studies of translocation in an /n vitro
fluorescence-based real time assay (268, 269) led to proposal of a model in which the source
of energy for movement of polypeptides is Brownian diffusion after an initial opening of the
channel. The diffusion would be directional if the channel were blocked at the cytoplasmic
side, either by association of SecA or closure by a different mechanism. Since diffusion over
the short distance from SecA through the channel in SecY would be complete in a few
seconds (~5 seconds), it was proposed that passage through the channel is not the rate-
limiting step but rather the rate observed (~25 seconds) is slower because it is limited by the
probability of abortive transport, which might be due to the polypeptide becoming
incompetent within the channel. The kinetics show no evidence of step-wise transfer
predicted by the models that propose a mechanical coupling of either ATP or protonmotive
force to provide the power to push or pull the precursor. However, if, as it is speculated in
the diffusion model, the rate were limited by abortive translocation, which would require
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clearing of incompetent precursors from the channel, then ATP would be necessary through
the entire process for reinitiation (269). Although this aspect of the diffusion model appears
to be inconsistent with observations that translocation can be completed /n vitro by
protonmotive force in the absence of ATP, it is not. In this case, the intermediates in transfer
are not incompetent necessitating removal from the translocon, but remain in the channel
and can bypass the initiation step. If diffusion were to drive translocation, then the energy of
ATP hydrolysis and/or protonmotive force might function to open the channel. Speculation
on how this might happen was given in the section which discusses insights from studies of
suppressor mutations.

Although it is not known what step limits the rate, evidence that the rate-limiting step /n
vitro involves proton-transfer reactions is found in the demonstration that the rate of
translocation /n vitro is approximately three-fold slower in deuterium oxide relative to water
(270).

The Translocon: a Modular Assembly

The essential core unit of the translocon that is capable of secretion of protein into the
periplasm is the heterotrimer, SecYEG. /n vivothe SecY and SecE subunits are stably
associated showing no exchange. The SecG subunit exchanges under some conditions (271).
There is an equilibrium between monomers and dimers of SecYEG (272, 273) that can be
modified by translocation-binding partners (274). There are two dimeric forms of SecYEG.
One form has SecG at the interface (referred to as back-to-back) and the other has the lateral
gate of SecY at the interface (front-to-front). Both forms exist in vivo (275, 276). While it is
clear that a monomeric unit of SecYEG contains the translocon channel, there is continuing
discussion as to whether for activity SecYEG must be dimeric (208, 209, 277) or can act
alone (275, 278). Two studies carried out /7 vivo using very similar approaches came to
conflicting conclusions. One using disulfide crosslinking to detect SecYEG dimers showed
that when translocating polypeptides jammed the translocon the level of dimeric SecYEG
dropped (275). The other study utilized both /n vivo photo-crosslinking and disulfide
crosslinking to determine the oligomeric state of active translocons (276). The results show
that the level of SecYEG dimers was constant whether the SecYEG was actively engaged in
translocation or the translocons were cleared of precursor substrates. In addition, a complex
of SecA bound to a dimer of SecY in the process of translocating proOmpA was observed.
Clearly a dimer is functional, but it cannot be concluded that to be functional SecY must be
a dimer. The answer may not be one or the other. It is likely that the functional oligomeric
state varies depending on whether SecYEG is functioning in the SecB:SecA pathway for
secretion or works in conjunction with the SRP mediated co-translational pathway for
insertion of membrane proteins (272). To insert membrane proteins YidC must associate
with SecYEG through association with SecDF. This “holotranlocon” contains a monomeric
unit of SecYEG (279). Additionally, within either pathway of precursor undergoing
translocation may dictate the stoichiometry of the SecYEG (280).

Two chaperones that function in the periplasm, PpiD and YfgM, interact with SecYEG.
Each is tethered to the membrane via a single transmembrane helix. PpiD is positioned near
the lateral gate of SecY and interacts with secreted proteins as they emerge from the channel
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on the periplasmic side (281, 282). When the SecYEG functions to insert membrane
proteins, the PpiD dissociates allowing YidC to approach the lateral gate. YfgM interacts
with both PpiD and SecYEG (283, 284). These chaperones aid the entrance of newly
translocated proteins into the periplasmic chaperone network.

The SecYEG in complex with SecDFYajC and YidC, which has been termed the
“holotranslocon,” (279) must represent a minor fraction of the assemblies containing
SecYEG since /n vivothere are approximately ten copies of SecYEG for every one SecDF
(Table 4). The “holo” complex allows coupling of protonmotive force through the SecDF
unit and insertion of membrane proteins via YidC. It is not known whether in vivo the
holotranslocon exists as a static stable subpopulation of the translocation apparatuses or if a
dynamic equilibrium exists, allowing modules to associate as needed. YidC, which is in
large excess (~ 2500 copies per cell, Table 4), can function either with SecYEG or it can act
alone to insert cytoplasmic membrane proteins (285).

Perhaps the term holotranslocon is a misnomer in that there are many possible modular
assemblies. So, in fact, the complete or “holo” translocon will depend on the function.

Level of Proteins in the Cell

Regulation of Expression

Regulation of the synthesis of several components of the Sec system in £. coliis dependent
on growth rate. The production of SecA, SecY and SecE has been shown to increase during
rapid growth in rich media relative to slower growth in minimal media. The greatest
difference observed was a three-fold increase in SecY. SecA showed a 60% increase and
SecE an increase of 30% (286). Such growth-rate dependent regulation is characteristic of
“housekeeping” genes such as the genes encoding ribosomal proteins. Thus the increased
expression of SecY and SecE can be explained since the SecY gene is located at the
promoter-distal part of the spc operon and is co-transcribed with ribosomal proteins (287)
and SeckE is transcribed with nusG, which encodes a protein involved in transcription anti-
termination (288). The production of SecY, SecF and SecA show differential expression
dependent on growth phase. The levels of SecY and SecF are lower in stationary phase
compared to the levels in exponential phase; whereas the level of SecA is higher in
exponential phase (289).

Production of SecA is very tightly regulated to produce the optimal amount for the cellular
conditions. This is achieved by an upstream gene, secM, which exerts regulation at the level
of translation (290). Years before the mechanism was worked out it was known that the
synthesis of SecA is derepressed 10 to 20 fold when secretion is blocked either genetically
or physiologically (291, 292). Sequencing of the secA gene (293) revealed a gene of
unknown function geneX immediately upstream. A mutation in that gene had a polar effect
on secA expression indicating that geneX and secA are in the same operon. The protein
encoded by geneXis a precursor polypeptide containing 170 aminoacyl residues. Regulation
of secA expression was shown to depend on the secretion status of the geneX preprotein
(294). Therefore, geneX was renamed secM for “secretion monitor.”
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SecM is exported to the periplasm where it is rapidly degraded by Prc, a periplasmic
protease (295, 296). SecM, which has no function in the periplasm, performs its function in
the cytoplasm as a monitor of secretion. When the sequence 150FX,WIX,GIRAGP166
(where X can be any amino acid) interacts with the exit tunnel of the ribosome, translation is
transiently arrested (297). The interaction of the nascent peptide stalled at Pro166, the fifth
position from the C terminus, with both the 23S rRNA and with L22, a ribosomal protein
(298), propagates changes through the 50S ribosomal subunit. Rearrangements have been
observed by cryo-electron microscopy of both the ribosomal RNA (299) and of the
ribosomal proteins (300). These changes reach the site of mMRNA and tRNA binding at the
interface of the 30S and 50S subunits. A structure with 5.6A resolution (300) indicates
changes in the geometry of the peptidyl transferase center that can explain the arrest.

The translational arrest occurs in the cytoplasm requiring no exogenous factors. Under
normal growth conditions the arrest is transient. The signal sequence is recognized by SRP
and the nascent SecM is targeted to SecYEG. When the nascent SecM preprotein undergoes
transfer through the SecYEG channel the arrest is released (301). This provides a
mechanism for translational regulation of secA, the next gene in the operon. The region of
MRNA between the two genes forms a stem-loop structure, which masks the Shine-Dalgarno
sequence of the secA gene. When the ribosome is stalled it occupies sequences that
comprise the 5” end of the structure so that the stem-loop is opened and SecA is translated
(298, 302). In this way, if secretion is blocked, SecA is expressed at a high level. If the arrest
is short-lived, as occurs when the secretion system is functioning normally, SecA is
produced at a basal level. To achieve an appropriate basal level of SecA the timing between
the onset and the release of the arrest is critical. Delivery to the membrane translocon too
soon after arrest does not allow sufficient time to synthesize the basal quantity of SecA;
whereas an arrest that persists too long results in overproduction of SecA. The precise
timing between arrest of translation and delivery to the translocon for release is controlled
by the signal sequence of the SecM preprotein. The property of the signal that achieves the
timing is the unusually long amino-terminal region (303). This signal sequence targets the
nascent SecM-ribosome complex to the translocon at a rate intermediate between that of
signals for co-translational and signals for post-translational export (304).

In addition to regulating the level of SecA synthesized, SecM appears to play a role in
ensuring that SecA has maximal activity. The co-translational targeting of SecM to the
SecYEG translocon would tether the entire polysome so that SecA would also be produced
in close proximity to the membrane (305). It has been suggested that biosynthesis at the
membrane helps SecA adapt a functional conformation. In this context, it is important to
note that SecA has been shown to exist in the cell free in the cytoplasm and associated with
membrane, both peripherally and integrally (144, 148, 306). Additionally, when SecY and
SecA are simultaneously co-assembled into lipids from detergent the resulting
proteoliposomes have a six-fold increase in the number of SecYEG units that are active
compared to reconstituted proteoliposomes containing SecYEG only with SecA added after
assembly (280). The activation of secretion by membrane localization of SecA via
cotranslation with SecM might reflect an /n vivo assembly in the membrane of SecA with
SecY.
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SecB shows no evidence of regulation dependent on growth rate or growth phase, but the
transcription of the secB gene is subject to catabolite repression (307). Cells grown with
glycerol as the carbon source contain more SecB than do cells grown with glucose. The secB
gene is transcribed from two promoters. The distal promoter, P1, transcribes an operon that
contains an open reading frame (ORF) designated y76/ followed by grxC, secB and gpsA.
The gene grxCencodes a minor glutaredoxin and gpsA is the gene for sn-glycerol-3-
phosphate dehydrogenase, an enzyme involved in lipid synthesis. The proximal promoter,
P2, transcribes only the secB and gpsA genes. Whereas the P1 promoter expresses secB
constitutively, the P2 promoter is responsive to the carbon source via the regulatory protein
CRP, the cyclic AMP (cAMP) receptor protein. Growth on glucose decreases the cellular
level of cAMP, which in turn results in a decreased level of the CRP-cAMP complex. The
transcription is decreased because CRP-cAMP is not bound near the promoter. When
transcribed from the P2 promoter in the absence of P1, addition of CAMP increases
expression three to four fold.

Expression of SecB is increased two to four fold in response to depletion of the chaperones
DnaK, DnaJ, GrpE, GroEL and GroES (126). Unlike SecA, SecB is not regulated in
response to defects in the translocation machinery unless the defect results in an
accumulation of precursors of exported proteins that interact with SecB. Overproduction of
an exported precursor with a defective leader or of a cytoplasmic protein does not result in
elevated levels of SecB (308).

Stability of Proteins

The amount of protein in a cell is determined not only by regulation of transcription and/or
translation, but also by the stability of the polypeptide. SecA, SecB, SecE and SecF are
stable in the absence of other proteins involved in export and can be overproduced
individually (34, 309-311). The levels of the other subunits of the translocation complex in
the membrane, SecY, SecD and SecG, are dependent on their protein binding partners for
stabilization.

SecY is the most dependent on assembly into a complex for stability. It cannot be
overproduced in the absence of overproduction of SecE. It is degraded with a half-life of 2
minutes (310, 312) by the FtsH protease (313). When both SecY and SecE are
overproduced, SecY is completely stabilized. YajC overproduction has a slight stabilizing
effect on SecY, lengthening the half-life from two minutes to 10 minutes. SecF also has a
stabilizing effect. In the absence of SecE, overproduction of SecF 5,400 fold allowed
accumulation of SecY at 54-fold the chromosomal level. This extent of stabilization is much
less than that produced by SecE, which when overproduced 176 fold results in a 265-fold
increase in SecY (311).

As discussed in an earlier section (M odels of Translocation), SecDF and SecG appear to
overlap in function and the stability of SecG is dependent on SecDF. The level of SecG in
membrane decreases to about half when SecDFYajC is depleted. Physical interaction
between SecG and SecDFYajC is suggested by the inhibition of crosslinking between two
molecules of SecG by the presence of SecDFYajC (314).
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Removal and Degradation of Signal Peptides

Proteins exported by the Sec system are synthesized as precursors, which are proteolytically
processed to remove the amino-terminal extensions of 20 to 25 residues termed signal
sequences or leader peptides. These sequences begin with a short (five residues), basic
domain (N region), followed by a central hydrophobic core (H region) and end with a region
(C region), which serves as the recognition site for the protease that removes the signal
(315). The enzyme cleaves at sites that have small residues at the =3 and —1 positions
relative to the scissile bond (316). Recognition involves the five to nine amino acyl residues
preceding the cleavage site, including a helix-disrupting glycyl or prolyl residue (317). The
specific protease, signal (leader) peptidase I was first purified in 1980 (318) and the gene
lepB (leader peptidase) was identified in 1981 (319). Signal peptidase | functions at the
periplasmic face of the cytoplasmic membrane (320, 321) and is not necessary for transfer of
the precursor across the cytoplasmic membrane, but rather for the release of the matured
protein from the surface of the membrane into the periplasm (322). Construction of a strain
which overproduces signal peptidase | approximately 75-fold (323) was crucial in obtaining
sufficient quantities of highly pure protein for studies of the enzymic activity.

Signal peptidase | from £. colibelongs to a family of type 1 signal peptidases that use a
serine/lysine catalytic mechanism (324). The crucial catalytic residues are Ser91 and
Lys146. The numbering of these residues does not correspond to the numbering in many
early publications (Ser90 and Lys145) because there was an error in the original DNA
sequence published in 1983 (321), which caused the numbers to be off by one starting with
Asp44. Crystal structures of signal peptidase I, with and without inhibitors, (Table 3, ((325))
in combination with mutational and biochemical studies (324, 326—329) have resulted in the
proposal of a mechanism in which Ser910-y serves as the nucleophile and Lys146N( as the
general base. Signal peptidase | processes not only precursors exported by the Sec system,
but also those transported by the twin-arginine translocation (TAT) pathway (330).

Lipid-modified proteins (lipoproteins) in £. coli are processed by a specialized protease,
signal peptidase 1, the product of the /spA gene (331). Before precursors can be cleaved by
signal peptidase I, the cysteine at the cleavage site must be modified by diacylglyceryl
transferase, which adds a thioether-linked diacylglycerol (332, 333). Cleavage generates an
amino-terminal cysteine which is modified by an N-linked fatty acid. The major lipoprotein
in E. coli, lpp, Braun’s lipoprotein, is anchored to the outer membrane and associates with
the peptidoglycan. This protein is considered the prototype for the numerous lipoproteins in
bacteria. Ninety different lipoproteins of diverse function have been identified; some
associated with the periplasmic face of the cytoplasmic membrane and others the outer
membrane (334).

After cleavage by either signal peptidase | or signal peptidase 11 to generate the mature
proteins, the signal peptides remain in the membrane. Several signal peptide hydrolases have
been implicated in the degradation of the signals. In 1988, signal peptide peptidase, SppA,
(previously called protease 1V) was identified as an endopeptidase that cleaves within the H
region of the peptide (335). SppA is anchored to the cytoplasmic membrane by an N-
terminal transmembrane segment. Crystallization of the soluble catalytic domain revealed
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that SppA is a tetrameric assembly with a bowl-shaped structure (336). The interior of the
inverted bowl is predominantly non-polar and contains four active sites. Each of the
protomers mediates proteolysis using a catalytic dyad with Ser409 serving as the
nucleophile and Lys209 as the general base. The wide opening of the inverted bowl is
oriented over the surface of the membrane by transmembrane N-terminal segments (residues
39-45), which are missing in the crystallized protein. This would position the active site
approximately 45 A away from the surface of the membrane. The SppA assembly exhibits
architecture similar to that of ClpP, an ATP-dependent protease that interacts with
chaperones CIpA and ClpX to unfold and degrade misfolded proteins. Based on this
observation it has been proposed (336) that SppA may interact with protein partners to
extract the signal peptide from the membrane. The induction of HexlI phase by leader
peptides (Section Role of Lipid) might play a role in rendering the peptides more accessible
to proteins at the surface. Another signal peptide hydrolase involved in degradation of signal
peptides is RseP (originally Yael) (337). RseP, a metalloprotease, is a member of the S2P
family of proteins which cleave within membrane spanning regions of proteins and has its
active site embedded in the membrane. RseP requires a C-terminal hydrophobic residue to
activate the protease (338) and therefore can cleave only after cleavage by signal peptidase |
or signal peptidase II.

Role of Lipid

Not only are the proteinaceous components of the translocation apparatus important, but the
proper lipid environment is crucial for activity. The cytoplasmic membrane of £. coli
comprises two main groups of phospholipids. Phosphatidylethanolamine, PE, a zwitterionic,
neutral lipid, makes up 75-80 % of the total phospholipids. The remainder consists of
negatively charged lipids, approximately 20% is phosphatidylglycerol (PG) and
approximately 5% is cardiolipin (diphophatidylglycerol, CL). Both classes of lipids are
necessary for efficient translocation of proteins across the cytoplasmic membrane.

The importance of anionic lipids in protein translocation was first demonstrated /77 vivo by
using strains of £. coli with severe defects in pgsA, the gene which encodes
phosphatidylglycerophosphate synthase, resulting in extremely low levels of anionic lipids
(339). Under these conditions the processing of the precursors of two outer membrane
proteins, OmpA and PhoE was retarded. A more severe effect was demonstrated by an /n
vitro assay of translocation using prePhoE and inner membrane vesicles from the lipid
depleted strain. Translocation was restored to vesicles that had a low content of PG and CL
by introduction of anionic lipids. The efficiency of translocation is directly proportional to
the amount of anionic lipids present (340). Several anionic lipids in addition to PG restore
function indicating that the crucial feature of the lipid is a negative charge on the head
group. Cardiolipin is not specifically required since deletion of the cardiolipin synthase gene
(¢/sA) showed no effect on translocation (339). For a lucid discussion of the complications
surrounding the establishment of a pgsA null mutant and the origin of apparently conflicting
conclusions concerning the viability of strains lacking a functional pgsA gene see Dowhan
(341). Strains constructed in 1989 (342) and in 2000 (343) that have the pgsA gene under
control of inducible promoters were used in later studies in place of a null mutant, allowing
regulation of the level of the anionic lipids.
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The requirement of the translocation system for anionic lipids has several origins. The best
documented interactions are those with SecA. As discussed previously the full ATPase
activity of SecA, the translocation ATPase, occurs in the presence of a precursor protein and
inner membrane vesicles containing SecYEG (172). SecA can be stimulated to a level lower
than that of full translocation ATPase by liposomes alone if they contain PG and CL.
Liposomes comprising zwitterionic lipids, phosphatidylcholine (PC) and phosphatidyl
ethanolamine (PE) are inactive (172) in binding SecA and in activating the ATPase. SecA
not only binds the surface of the membrane but penetrates into the hydrocarbon region (131,
145, 148, 344). This penetration requires anionic lipids and is inhibited by ATP (344). SecA
exists in both a freely soluble form in the cytoplasm but also in a tightly bound membrane
form (144). Association with the membrane induces changes in conformation (148, 306).
Numerous studies by P.C. Tai and his collaborators have suggested an unconventional role
for membrane-inserted SecA as a low efficiency, low specificity channel (306, 345, 346) that
evolved by the recruitment of SecYEG and SecDF into the present day highly specific and
efficient translocon.

It is difficult to separate the effects of anionic lipids on SecA from possible requirements for
direct interaction of anionic lipids with SecYEG since SecA is itself required for
translocation. However, it is clear the cardiolipin specifically associates with SecYEG to
stabilize the dimeric form (347). Extraction of SecYEG with its surrounding annular lipids
from native membrane using styrene- malic acid lipid particles showed enrichment of PG
and CL, whereas extraction of SecDF or YidC by the same method showed no specific
enrichment of the anionic lipids (348).

Phosphatidylethanolamine, the major lipid constituent of the cytoplasmic membrane, has a
preference for non-lamellar structures, such as the hexagonal phase (HexIl), which has
negative curvature. Nonetheless, the biological membrane functions as a lamellar bilayer.
Although it is clear that the activity of many membrane proteins is influenced by nonbilayer
lipids, the mechanism of action of these lipids is not clearly defined. The effects of
nonbilayer lipids on peripheral and integral proteins are discussed in a review by de Kruijff
and colleagues (349). These lipids may exert their influence via aspects of curvature stress,
which arises because nonbilayer lipids tend to form structures with a negative curvature.
Thus, each monolayer has a tendency for negative curvature, but in a bilayer they are forced
to be planar, resulting in curvature stress. The stress has effects on properties of the bilayer
such as packing defects at the interface and changes in lateral pressure across the bilayer. /n
vivo PE is not essential for protein translocation; however, /n vitrotranslocation is very low
in membrane vesicles having low levels of PE (349). Translocation can be stimulated in
these membranes by introduction of PE or other nonbilayer lipids. Derivations of PE that
adopt the lamellar, bilayer structures do not stimulate translocation (350), indicating that it is
the nonbilayer property of PE that is necessary.

During passage of protein through the channel, SecYEG undergoes conformation changes
(166, 189-191, 351-353). The nonbilayer properties of PE might be involved in allowing
function through changes in lateral pressure in the bilayer. The stimulation of translocation
by PE cannot be entirely attributed to interaction with SecYEG since PE has effects on
SecA, stimulating the ATPase activity (354), and on leader peptidase. The insertion of the
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soluble catalytic domain of leader peptidase into the membrane is facilitated by PE (355—
357). This penetration may be functionally significant since signal sequences would not
reach the periplasmic surface of the membrane if they were helical.

Investigations have been carried out that compare the properties of isolated signal peptides
having sequences that function to mediate efficient export of precursors with signal peptides
having altered sequences that are not functional. Active signal peptides are distinguished
from those of low activity by two features: a higher tendency to form a-helices in the
presence of membrane-mimetic systems and a higher affinity for bilayers that contain
anionic lipids (358-363).

After initial interaction with the surface of a lipid bilayer or monolayer, signal peptides
penetrate into the hydrocarbon region where the a-helical conformation forms. The
penetration of the peptide into the hydrocarbon lipid tails induces lateral segregation
resulting in clustering of PG (364). The hydrophobic region of signals ideally comprises 10
leucine or isoleucine residues (365), which is too short to span the bilayer as an a-helix.
This hydrophobic mismatch induces nonlamellar Hex Il lipid structures (366). Although
there is no evidence for a function /n vivo, it has been suggested that this destabilization of
the bilayer may be involved in some phase of protein export.

Closing Remarks

We have endeavored to present an accurate picture of the current understanding of the Sec
system of protein export. However, during the time that we have paused to write this review,
research has continued. Keep in mind that the models presented here involve speculation and
were based on knowledge available at the time. It is difficult to incorporate all accumulated
data into one comprehensive model. Results from different laboratories may appear to be
contradictory; however, as progress is made new ideas arise and what seemed to be
contradictions may be resolved. We hope we have been successful in bringing the robust
data from the past forward to be incorporated into current ideas about the Sec system. There
are many approaches used in research and we see only fragments of the entire picture at a
time: we view export in broken images. We are optimistic that as more is learned we shall, to
paraphrase what Robert Graves wrote in the poem “In Broken Images,” come to a new
understanding of our confusion (367).
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Note to Readers

Our goal in this chapter is to cover the field of export via the Sec system from its
inception to the time of writing. We have read every paper cited; therefore, we are as
certain as possible that if the reader goes to the paper, data will be found to support the
statements made. The reader will find references to other relevant publications within the
papers we have cited. We apologize to the authors of the papers we did not cite.

Our hope is that this review will be useful to investigators new to the field as well as to
those who are currently deeply involved in studies of protein export. My laboratory has
been investigating export in Escherichia coli since 1977 and in writing this chapter, |
learned much that I never knew, or have forgotten.

Sometimes the early literature is overlooked because powerful, new techniques have been
developed and structures have become available. However, the early data are robust and
hold an enormous amount of valuable information. Perhaps early interpretations were
wrong, but well-conceived and carefully carried out experiments produce valid data that
should not be forgotten. One may discover important insight into interpretation of early
data when seen in retrospect and armed with knowledge gained from subsequent work,
including determination of protein structures. If this chapter functions to encourage
investigators to look back at previous work to facilitate movement forward, we will have
succeeded in our goal.
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Signal peptide Signal
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Figure 1. Composite of the structures of the proteins of the Sec system
The structures are shown in ribbon representation of SecYEG in complex with SecA from 7.

maritima PDB 3DIN; SecDF from 7. thermophilus PDB 3AQO; YidC from E£. coliPDB
1B12; signal peptide peptidase soluble domain PDB 3BFO; SecA dimer from B. subtilis
PDB 1M6N; SecA monomer from B. subtilis 1TF5; SecB from £. co/iPDB 1QYN.
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Figure 2. Structure of SecB, a dimer of dimers
SecB is a tetramer organized as a dimer of dimers. (a) and (c) show the two protomers that

make eight-stranded B sheets on the flat sides of SecB. (b) and (d) are related to (a) and (c)
by 90° rotation to show the interface of the dimer of dimers. Each protomer is shown as a
different color. PDB 1QYN.
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Figure 3. Possible pathways of ligand binding
Site-directed spin labeling and electron paramagnetic resonance spectroscopy were used to

map the contact sites between SecB and polypeptide ligands. The sites of contact are shown
in green. Residues that showed no contact are shown in gray and resides not tested in yellow.
(a) Flat eight-stranded { sheet on the side of the tetramer. (b) is related to (a) by a 90°
rotation around the vertical axis to show the channel at the interface between the dimers. (c)
the end view of the tetramer shows the depth of the channel. The structure was generated by
threading the £. coli sequence through the H. influenza structure (PDB 1FX3) which has
more C-terminal residues resolved than does the E. colistructure.
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220 377 420 518| 547 599

Figure 4. Structures of SecA monomers
(a) The sequence is £. coli SecA with the domains colored as in the structures. See text for

domain abbreviations. (b) SecA from £. coliin CPK representation, PDB 2FSF with the
PBD modeled in based on B. subtilis SecA, PDB ITF5, by A. Economou. (c) Ribbon
representation of £. coli SecA shown in (b). (d) — (g) Ribbon representation of SecA from
the following species: (d) 7. thermophilus, PDB 2IPC, (e) M. tuberculosis, PDB 1NL3, (f)
B. subtilis, PDB 1M6N, and (g) 7. maritima, PDB 3JUX.
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Figure 5. Comparison of the open and closed structures of SecA
The closed conformation of B. subtilis SecA (PDB 1M6N) is shown as the gray ribbon. The

open conformation of B. subtilis SecA (PDB 1TF5) is shown in ribbon representation with
the domains colored as in Figure 4. The Protein Binding Domain (pink) is the only domain
that has moved.
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Figure 6. Dimeric forms of SecA
Dimeric structures of SecA with the domains colored as in Figure 4. The SecA species are

from: (a) B. subtilisPDB 1M6N, (b) 7. thermophilus PDB 2I1PC, (c) M. tuberculosis PDB
INL3, (d) £. coli PDB 2FSF, (e) B. subtilis PDB 21B; the three-stranded  sheet that forms
the interface is circled and enlarged in (f).
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Figure 7. Structure of SecYE
The structure of SecYER (PDB 1RHZ) is shown as an example of the common structure of

the SecYE core. SecY is shown as the orange ribbon, SecE as the green ribbon and Sec
(SecG in £ coli) as purple. The view in (a) is in the plane of the membrane with the
cytoplasmic face at the top and the periplasmic face at the bottom. The view in (b) results
from a 90° rotation toward the viewer to show the channel in the translocon from the
cytoplasmic face. The plug can be seen in the middle of the channel at the periplasmic side.
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Figure 8. Movement of the Protein Binding Domain
Ribbon representation of SecA from 7. maritima with the PBD in different positions. The

Linker Helix is shown in green and the NBD2 in brown to serve as references for movement
of the PBD, shown in magenta. The reminder of the SecA is represented in gray. The SecY
loop between TM6 and TM7 which inserts into SecA is shown in cyan in (c). (a) SecA in
solution, PDB 3JUX, (b) SecA in solution with ADP bound, PDB 4YS0, and (c) SecA with
ADP and BeFx bound in complex with SecY, PDB 3DIN.
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Figure9. Inversion of SecG in the cytoplasmic membrane
SecG has two transmembrane domains represented by orange and a segment connecting the

two membrane domains represented by blue. The N and C termini lie on the same side of the
membrane. The left hand image represents SecG in the idle state. During protein
translocation SecG inverts as shown on the right hand side. The open arrows indicate sites of
protease cleavage. The region at the C terminus recognized by anti-SecG antibody is
indicated.
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SecD SecF

Figure 10. Structure of SecDF
The structure of 7. thermophilus SecDF, which is encoded as a single polypeptide chain, is

colored to represent the individual SecD and SecF polypeptides found in £. coli.
Transmembrane helices 1 — 6 (blue) represent £. coli SecD. The periplasmic P1 domain
between TM1 and TM2 is shown at the top of the figure. The head and the base subdomains
are indicated. Transmembrane helices 7 — 8 represent £. coli SecF.
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[
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Figure 11. Two confor mations of SecDF
The P1 domain of SecDF, shown extending into the periplasm comprises two subdomains: a

P1 head (orange) and P1 base (blue). The protein was crystallized in the F form (left hand
side) with the P1 domain positioned so that the head is bent toward the membrane. The |
form shows the head directly above the base. This structure is a model built from
superimposing the base subdomain of the isolated P1 structure onto that of the full-length
SecDF. (used with permission from Tsukazaki et al. (233)
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Systems of Protein Export
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Transfer acrossthe Cytoplasmic Membrane:

System Features Reviews
General Secretory System (Sec)  Export of polypeptides during or after synthesis, but before acquisition of stable structure (368-370)
Twin Arginine Transport (TAT)  Export of fully folded proteins (371, 372)
Insertion of Membrane Proteins:
System Features Reviews
Signal Recognition Co-translational insertion of polypeptides into inner membrane (373, 374)
Particle (SRP) Pathway
YidC Insertion of polypeptides into inner membrane (375, 376)
Transfer Proteins from Periplasm:
System Features Reviews
Type Il Export of folded proteins from the periplasm through the outer membrane (377)
Type V Autotransporter; two partner secretion (378)
BAM Insertion of B-barrel proteins into the outer membrane (379)
Lol Localization of lipoproteins from periplasm to membranes (380, 381)
Transfer through Both Membranes:
System Features Reviews
Type | One step protein translocation to the extracellular space (382)
Type IV Translocate DNA and proteins into prokaryotic and eukaryotic cells by mechanism dependent (383)

on cell-to-cell contact
Type VI Delivers protein effectors into prokaryotic and eukaryotic cells using a contractile mechanism (384)
Type Il Contiguous channel through the bacterial and host membranes (385)
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Level of the Sec proteins in £. coli

Protein Copies/cell Molarity” Reference
200 - 400 (231)
SecY 0.3uM
300 (310)
300 - 600 (231)
SecE 0.4 pM
250 - 500 (197)
SecG 650 —1300 1.0uM (412)
SecD 7-30 20 nM (234)
30-60 (231)
SecF 30 nM
7-30 (234)
150 - 300
YajC 0.2uM (234)
(5 - 10X SecDF)
YidC 2500 25uM (413)
500 (323)
Lep 0.75 pM
1000 (414)
SecA 2500 — 5000 4uM (231)
SecB

*

using an approximation of 1 molecule/cell is 1 nM (415)
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Table 5
Proteins that Utilize SecB
Protein L ocalization Reference
1985 MBP periplasmic (49)
LamB (maltoporin)  outer membrane (49)
OmpF outer membrane (49)
1988 OppA periplasmic (72)
OmpA outer membrane (72, 104)
1989 PhoA periplasmic (49)a(75)b(104)c
PhoE outer membrane (416)
1995 GBP periplasmic (417)
2006  HtrA periplasmic (115)
FhuA outer membrane (115)
FkpA periplasmic (115)
OmpT outer membrane (115)
OmpX outer membrane (115)
TolB periplasmic (115)
TolC outer membrane (115)
PSORT predicts
periplasmic or outer
Yhgrd membrane (115)
PSORT predicts
periplasmic or outer
Yegkd membrane (115)
PSORT predicts
periplasmic or outer
vgiwd membrane (115)
PSORT predicts
Ynce? periplasmic or outer membrane  (115)
BtuB® Outer membrane (115)
Fhug€ Outer membrane (115)
FadL® Outer membrane (115)

aSecB independent
bMinimaIIy dependent on SecB
DDependent on SecB at 30°C
ad . .
Hypothetical proteins

e .
Effect on the rate of translocation
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