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ABSTRACT: Understanding the transport of hydrophilic proteins across biological membranes continues to
be an important undertaking. The general secretory (Sec) pathway inEscherichia colitransports the majority
of E. coli proteins from their point of synthesis in the cytoplasm to their sites of final localization, associating
sequentially with a number of protein components of the transport machinery. The targeting signals for
these substrates must be discriminated from those of proteins transported via other pathways. While targeting
signals for each route have common overall characteristics, individual signal peptides vary greatly in
their amino acid sequences. How do these diverse signals interact specifically with the proteins that comprise
the appropriate transport machinery and, at the same time, avoid targeting to an alternate route? The
recent publication of the crystal structures of components of the Sec transport machinery now allows a
more thorough consideration of the interactions of signal sequences with these components.

The general secretory (Sec) pathway inEscherichia coli
transports the majority of exportedE. coli proteins from their
point of synthesis in the cytoplasm to their sites of final
localization, and it serves as a model system for the Sec
pathway of the eukaryotic endoplasmic reticulum (ER1).
Preproteins that are secreted across the inner membrane
through the Sec system contain a hydrophobic, cleavable
signal peptide (Figure 1) that interacts posttranslationally with
SecA in the cytoplasm (Figure 2a). The SecA-preprotein
complex associates with SecYEG at the membrane where
the preprotein travels through the SecYEG pore (Figure 2b).

Following preprotein translocation, signal peptidase cleaves
the signal peptide from the mature protein (Figure 2c). We
know that a signal peptide is critical for entrance of a
preprotein into this pathway yet how signal sequences are
recognized and interact specifically with the transport
machinery is the subject of intense study.

The lack of primary sequence homology among signal
peptides was for some time misleading and the possibility
that these peptides were nonetheless endowed with specific
recognition elements was not actively considered. Indeed,
the “helical hairpin hypothesis” put forth in 1981 (1)
emphasized the thermodynamic considerations of moving a
hydrophilic protein through a hydrophobic membrane in the
absence of specific membrane receptors or transport proteins.
More recently, the identification of additional transport routes
has required that we rethink the role of the signal peptide.
Inner membrane proteins are delivered to SecYEG cotrans-
lationally via the interaction of their highly hydrophobic
signal sequences (signal anchor sequences; Figure 1) with
the signal recognition particle (SRP) in the cytoplasm (for
review, see ref2; Figure 2d). YidC, a bacterial homolog of
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mitochondrial Oxa1p that is associated with the Sec trans-
locase (2; Figure 2f), mediates the insertion of both Sec-
dependent and Sec-independent inner membrane proteins
including some earlier thought to spontaneously insert in the
E. coli inner membrane (3). In another route, the TAT (twin
arginine translocation) pathway exports folded proteins with
an N-terminal signal peptide containing the conserved
sequence motif S/TRRXFLK (Figure 1) and includes the
transmembrane components, TATA, TATB, and TATC (4).
The efficient use of these pathways requires that a cell not
simply distinguish cytosolic proteins from secretory proteins
but also harbor mechanisms to ensure specific targeting to
the proper pathway, to maintain a directional process, and
to provide energy transduction to power protein translocation.
Intriguingly, utilization of the TAT pathway is dictated by

the twin arginine motif preceding the hydrophobic core and
a basic residue in the carboxyl terminus of its signal peptide,
which serves as a Sec-avoidance signal (5). These findings
argue that while signal peptides share global physical
properties that facilitate the transport process, these properties
are finely tuned for specific interactions and may include
critical differences among signal peptide subsets that enhance
or inhibit the affinity for one component over another.
Consequently, it becomes all the more pressing that we
delineate how signal peptides and their corresponding
preproteins interface with components of a transport pathway.
There is good agreement that at least four components of
the Sec pathway interact directly with signal peptides,
namely, the SRP, SecA, SecY, and signal peptidase (Figure
3). This perspective focuses on signal peptide recognition
by these components.

Signal Peptides Direct the Preprotein into the
Appropriate Pathway

An amino-terminal signal peptide earmarks a cytoplasmic
preprotein for transport and plays a fundamental role in
determining the appropriate pathway for exported proteins
(Figure 1). The signal peptides of preproteins to be trans-
ported via the Sec pathway in bacteria, archaea, and
eukaryotic ER and thylakoids all exhibit the same general
pattern of overall sequence features although they lack
primary sequence homology even within species. Slight
variations in length, charge, and hydrophobicity distinguish
the signals from different organisms, but side chain properties
required for cleavage by signal peptidase are conserved
throughout (6).

In E. coli, Sec signal peptides are composed of an amino-
terminal region of 5-6 residues containing at least one
positive charge, followed by a central hydrophobic core of
10-15 residues, and a 6-residue carboxyl terminus in which
residues at the-3 and-1 positions have small side chains.
The importance of these traits in promoting efficient transport
in vivo has been described in numerous studies. Signal
sequences containing a negative or net zero charge in the
amino terminus result in decreased rates of transport (7, 8)
that can be rescued by increased hydrophobicity of the core
region (9-11). Disruption of the hydrophobic core by
insertion of a polar or charged residue also results in secretion
defects (12-15). This region must maintain a minimum
“hydrophobic density” to function efficiently (16-18) al-
though a core that is too short, regardless of its hydrophobic-
ity, is nonfunctional (19, 20). A correlation was also shown
between in vivo function of signal sequences and the
R-helical content of the hydrophobic core of the correspond-
ing synthetic signal peptides (21-23). Many of the signal
sequence mutations described above, including charged
residues in the hydrophobic core and a lack of charge in the
amino terminus, result in severe processing defects in vivo
yet have no effect on in vitro processing by signal peptidase
(24). However, a strict requirement for cleavage by signal
peptidase is small neutral side chains at positions-1 and
-3 in the carboxyl region; this has been verified by both
statistical (25) and site-directed mutagenesis studies (26-
29).

While the importance of certain characteristics of the signal
sequence in promoting efficient preprotein transport has long

FIGURE 1: Classes of bacterial signal peptides. Sec signals are
characterized by an amino-terminal positively charged domain of
5-6 residues, followed by a central hydrophobic core of 10-12
residues and a polar region of 6 residues containing the signal
peptidase cleavage site. TAT signals contain slightly longer amino-
terminal (containing the signature RR) and hydrophobic domains
of 10-20 residues each, followed by a similar carboxyl-terminal
cleavage region. SRP substrates are typically inner membrane
proteins in which a long hydrophobic transmembrane domain acts
as a signal anchor and is surrounded by polar regions that ultimately
reside in the cytoplasm and periplasm. These signals are discrimi-
nated and funneled to the appropriate pathway based on these
characteristics at various stages of the preproteins’ export. For
example, the long hydrophobic domain of an SRP substrate is
detected during synthesis; SRP associates cotranslationally with the
nascent chain emerging from the ribosome and directs it to the
SecYEG pore. Sec signals are detected posttranslationally and
targeted by SecA to the SecYEG translocon. TAT signals are
translocated posttranslationally via the TAT translocation channel.
Blue, charged amino terminal region; yellow, hydrophobic region;
orange, polar cleavage region.
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been recognized, as have mutations in SecA and SecY that
suppress signal sequence defects, the molecular details of
how the features of the signal peptide interface with the
transport machinery remain a mystery. The amino-terminal
positive charge may be important for electrostatic interactions
with the negatively charged phospholipids that comprise the
E. coli inner membrane (30, 31) or for promoting the
association with SecA (9, 32). However, this association of
the preprotein with SecA and then the SecYEG channel is
likely driven by the hydrophobic core region. Finally, the
specific residue requirements near the signal peptidase
cleavage site reflect the enzyme’s substrate specificity.
Recent structural data on individual components of the Sec
transport pathway provide additional information for under-
standing the dynamic process of protein translocation.
However, without a high-resolution structure of the prepro-
tein in complex with these components, the mechanistic
details of the interactions remain unclear.

Signal Recognition Particle Targets Inner Membrane
Protein Localization

In eukaryotes, the signal recognition particle (SRP)
pathway is well-characterized as the major transport pathway
in the endoplasmic reticulum, transporting its preproteins
cotranslationally. The SRP is composed of RNA and peptide
components, the number of which vary among organisms.
E. coli SRP is composed of a 4.5S RNA and a single
polypeptide, initially termed P48 (33) or Ffh (for fifty-four
homologue; it is homologous to SRP54, a peptide component
of the ER SRP;34). A ribosome-bound nascent chain is
transported via Ffh to FtsY (theE. coli SRP receptor) on
the cytoplasmic membrane where it then interacts with the
SecYEG channel for preprotein translocation. Whether a
signal targets its protein to SRP or to SecA (Figure 2) appears
to depend on the hydrophobicity of the core region of the
signal; the highly hydrophobic inner membrane protein
signals associate with SRP, while the less hydrophobic
signals of secretory proteins utilize SecA (35). Cross-linking
studies showed that increasingly hydrophobic signals inter-
acted more strongly with Ffh (36); similarly, highly hydro-
phobic signals were able to outcompete less hydrophobic
ones, precluding these precursors from the Sec pathway under
conditions in which Ffh was limited (37). It is also possible
that both positive charge and hydrophobicity of the targeting
signal play a role in preprotein recognition by Ffh, and
increased hydrophobicity can compensate for a lack of
positive charge in binding SRP (38). The helical propensity
of the hydrophobic region of the signal peptide may also
play a role in recognition by Ffh (39). Fluorescence
spectroscopy analysis indicates that theKd for SRP binding
of ribosome-nascent chain complexes containing different
signal sequences is below 1 nM (40).

SRP54 (and Ffh) contain an NG domain that binds GTP,
and an M domain that has been shown by cross-linking (41,
42) and recently cryo-EM (43) to directly bind the signal
peptide of a nascent chain. The M domain is defined by its
high content of methionine residues, and the hydrophobic
groove in this domain is thought to provide the signal
sequence binding pocket. Consistent with this view, the
crystal structure of Ffh fromThermus aquaticus(44;
Figure 3A) depicts a hydrophobic binding groove of suf-

ficient size and hydrophobicity to accommodate a variety
of signal sequences.

SecA ProVides the Energy for Preprotein Translocation

While SRP functions cotranslationally, SecA delivers
preproteins posttranslationally to the SecYEG channel. SecA
may interact with the preprotein alone or in complex with
SecB. SecB is a cytoplasmic, transport-dedicated chaperone
that maintains the preprotein in an unfolded state in the
cytoplasm by interacting with the mature portion of the
preprotein rather than the signal sequence and thus can assist
SecA in targeting the preprotein to SecYEG (45). SecA
becomes peripherally associated with the cytoplasmic mem-
brane and provides the energy, via ATP hydrolysis, to power
preprotein translocation. SecA may also function as a
cytoplasmic chaperone, preventing preproteins without signal
sequences from entering the transport pathway (46). SecA
is present only in prokaryotes and in the chloroplasts of
plants. In the eukaryotic ER transport system, the ATPase,
BiP, may play a similar role but on the trans side of the
membrane, acting in the ER lumen to assist the preprotein
in completion of translocation as it emerges from the
translocon (47).

SecA is likely dimeric in the cytoplasm, but there is
considerable debate as to whether it remains dimeric

FIGURE 2: Schematic representation of signal peptide interactions
with components of the Sec machinery during transport. Signal
peptides of secretory proteins are bound by SecA (a) in the
cytoplasm, delivered to, bound by, and translocated via SecY of
the pore (b), and ultimately bind to signal peptidase for cleavage
of the signal from the mature protein (c). Inner membrane protein
signals are bound by SRP as they emerge from the ribosome (d)
and targeted to the membrane. The signal anchor interacts with
SecY (e) and translocation occurs via the membrane-embedded
SecYEG channel followed by membrane integration via YidC (f).
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throughout its reaction cycle. Several studies provide evi-
dence that lipids (48, 49), SecY (50), and signal peptides
(48, 51) cause SecA to dissociate into monomers whereas
other studies indicate that SecA remains dimeric (52-56).
Furthermore, crystal structures of SecA from several species,
includingMycobacterium tuberculosis(57), E. coli (58), and
Bacillus subtilis(59, Figure 3B), suggest a dimeric form. A
more “open” form of monomeric SecA has also been
crystallized fromB. subtilis(60).

SecA drives preprotein translocation and its ATPase
activity is stimulated by the preprotein (61) and by the signal
peptide region alone (62). Consistent with the in vivo work
described above, a synthetic signal peptide with limited core
region hydrophobicity stimulated SecA ATPase activity,
provided sufficient positive charge was present in the amino
terminus (63).

Helicity and charge of a signal peptide was shown in NMR
analyses to be important for peptide binding to SecA (64),
and this association occurred with aKd ≈ 10-5 M. This
indicates that SecA’s affinity for targeting signals is signifi-
cantly weaker than is that of SRP (<1 nM). This difference
in affinity may be appropriate given the cellular concentration
of SecA (5µM in cell; 48) versus SRP (10 nM in mammalian
cytosol;65). It may also have functional significance. SRP
is the first transport component to interface with a nascent
chain. It should have high affinity for its substrates so that
they are not incorrectly released into the cytosol and
degraded. If, as has been proposed (46), SecA has a
chaperone function in the cytosol, binding and release of its
substrates is required; therefore, a highKd is expected.

SecA can discriminate among targeting signals to direct
only appropriate substrates to the SecYEG channel. SecA
ATPase activity is preferentially stimulated by Sec-dependent
signal peptides relative to TAT or Sec-independent ones (66).
Furthermore, chloroplast SecA discriminates thylakoid Sec-
dependent signals from those of the∆pH-dependent pathway
and fromE. coli Sec signals (67).

Different regions of SecA have been proposed as potential
preprotein binding sites (Figure 3B). A cross-linking study
using deletion mutants of SecA suggested residues of the
preprotein cross-linking domain (PPXD, residues 267-340)
were responsible for preprotein binding (68). More recently,
a similar approach pointed to the involvement of a substrate
specificity domain (SSD, residues 219-244), based on a loss
of synthetic peptide binding to a SecA variant with this
fragment deleted (69), and the possibility that a region of
the preprotein binding domain (PBD, residues 233-365)
largely overlapping the PPXD binds the remainder of the
preprotein (70). However when such large regions of the
molecule are removed, key elements of the native structure
may be lost. A recent study used intactE. coli SecA
photolabeled with a synthetic signal peptide and subsequently
cleaved at a unique protease site to delineate the region of
binding (71) and identified a 53 residue signal peptide
binding groove (SPBG) comprising residues 269-322. The
crystal structure ofB. subtilisSecA suggested a deep groove
between the PPXD and the helical scaffold and wing domains
(HSD/HWD) as a good candidate for peptide binding (60).
This groove extends C-terminally from the SPBG and may
provide a site in which the remainder of the preprotein
resides.

FIGURE 3: Models based on the crystal structures of Sec transport
components with the predicted location of bound signal peptide
(pink cylinder) illustrated: (A) Ffh fromThermus aquaticus(PDB
ID 2FFH). Conserved residues that line the hydrophobic groove of
the M-domain and are implicated in signal peptide binding are
shown in blue. This region was entirely disordered in theE. coli
structure (113) suggesting flexibility inherent in binding a variety
of sequences. (B) SecA fromBacillus subtilis(PDB ID 1M6N).
The residues proposed to bind signal peptide are shown in red
(PPXD; 68), green (“stem” of PBD;70), and blue (SPBG;71).
The signal peptide is shown as predicted in ref71; the SPBG
overlaps with the PPXD and is adjacent to the PBD “stem”. (C)
SecYEâ from Methanococcus jannaschii(PDB ID 1RHZ). Cross-
linking data suggest that helices two and seven (shown in blue)
interact with the signal peptide (93, 94). (D) Catalytic domain of
E. coli signal peptidase (PDB ID 1KN9). Molecular modeling
suggested hydrogen bonding of the signal peptide toâ-sheets
(shown in purple) that line the shallow substrate binding pocket
(99).
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SecYEG: The Proteinaceous Pore through the Membrane

The conserved heterotrimeric membrane protein com-
plexes, SecYEG and Sec61Râγ, form the protein-conducting
channel across the cytoplasmic membrane in prokaryotes and
the ER membrane in eukaryotes, respectively (47). Some
evidence suggests that like its eukaryotic counterpart, Se-
cYEG may oligomerize during channel formation when
protein translocation is initiated and then disassemble upon
completion of translocation (72). On the other hand, the
recent crystal structure ofMethanococcus jannaschiiSecYEâ
(Figure 3C; homologous toE. coli SecYEG) suggests that a
single heterotrimer, as opposed to an oligomer, may function
as the conducting channel for protein translocation (73).
Similarly for E. coli, although a dimer of SecYEG may exist
during preprotein translocation, a single heterotrimer of
SecYEG likely functions as the active channel during
transport (74, 75). Freeze-fracture experiments showed the
increased presence of dimers (and tetramers) ofE. coli
SecYEG in lipid bilayers in the presence of the translocation
ligands, SecA, ATP, and preprotein (76).

SecY, a polytopic membrane protein with 10 transmem-
brane segments, represents the central component of the
translocation channel, and it interacts directly with SecA,
SecE, SecG, SecDFYajC, and the preprotein (77). SecY
shares sequence homology and similar topology with Sec61R/
Sec61p, while SecE is homologous to Sec61γ/Sss1p in
mammals and yeast, respectively (78). SecG is not homolo-
gous to eukaryotic Sec61â and is not required for SecA-
dependent precursor translocation in proteoliposomes, where
only SecY and SecE are required (79). However, SecG
stimulates preprotein translocation probably by regulating
membrane cycling of SecA (80).

Suppressors of signal sequence defects have been found
in SecY (prlA), SecE (prlG), SecG (prlH) and SecA (prlD).
Of these, most commonly isolated suppressors are inprlA
and are clustered in transmembrane regions seven and ten
(TM7 and TM10) and the plug domain (TM2a, previously
referred to as periplasmic loop 1 (P1)) (81). It was initially
thought that these suppressor mutations restored the recogni-
tion of a defective signal sequence (82); however, the fact
that certainprl strains can efficiently transport both peri-
plasmic and outer membrane proteins that lack a signal
sequence, combined with the lack of allele specificity
between signal sequence mutations andprl suppressors,
refutes this hypothesis(83-85). PrlA suppressors were also
shown to relieve the requirement for the proton-motive force
during translocation of preproteins with folded domains (86)
and are thought to result in a weaker association among the
subunits of the SecYEG complex (87). These studies indicate
thatprlA mutations cause an increase in the conformational
flexibility of the Sec channel rather than a decrease in signal
peptide recognition and selectivity. Moreover, studies with
prlA4 strains indicate that these suppressors stabilize SecA-
SecY binding during initiation of translocation (81). On the
other hand, it was proposed that someprlA suppressors
accelerate the deinsertion of SecA, the rate-limiting step of
translocation (88). A comprehensive analysis of characterized
prlA mutations localize all to the channel interior, the plug
region thought to play a role in channel gating, or the
hydrophobic constriction at the pore’s center (89). It appears
that these mutations all act by either stabilizing the open

state of the channel or destabilizing the closed state (73, 89).
Recently, a phenotype like that ofprl mutants was displayed
by a SecY in which the plug region was deleted (90, 91).

Signal peptide binding to SecYEG is thought to initiate
translocation through the channel by destabilizing interactions
that maintain the plug in the pore. This results in plug
movement away from the pore for tanslocation of the
preprotein through its center. Initial studies by Osborne and
Silhavy (92) suggested that TM7 of SecY, where most of
the prlA alleles are clustered, is the site of signal sequence
recognition, and crystal structure evidence also suggests that
the signal sequence binds to TMs 2b (the portion of TM2
not involved in formation of the plug) and 7 of SecY of the
M. jannaschiiSecYEâ complex (73; Figure 3C). A small
hinge movement between TMs 5 and 6 would create a pore
of sufficient dimensions to allow insertion of the preprotein
as a loop. This hinge movement could vary to allow TMs
2b and 7 to orient as needed to accommodate different signal
peptides. Direct cross-linking betweenE. coli SecY and a
synthetic signal peptide demonstrated that the binding was
primarily to regions of the protein containing transmembrane
domains 7 and 2b (93). This is consistent with work on
Sec61p showing intercalation of prepro-R-factor into TMs
2 and 7 (94).

Signal Peptidase Catalyzes the Final Step in Protein
Maturation

Protein translocation is accompanied by cleavage of the
signal peptide by signal peptidase, and although the cleavage
event is not required for translocation, uncleaved precursors
remain membrane bound with the uncleaved signal peptide
acting as a membrane anchor (16). The ER membrane, the
inner mitochondrial membrane, chloroplasts, and the bacterial
cytoplasmic membrane all contain type I signal peptidase
(SPase I) (95). In addition to SPase I, which cleaves most
signal peptides,E. coli has a type II signal peptidase that is
associated with the Sec pathway and cleaves signal peptides
from lipid-modified proteins (96). The signal peptidase
complex (SPC) in the ER is composed of five membrane-
associated polypeptides, of which two share a weak homol-
ogy to bacterial SPase I (96). Bacterial SPase I can cleave
ER signals, and SPC can cleave bacterial signal sequences
(97). Similarly, thylakoid processing peptidase and bacterial
SPase I have identical substrate specificities (98).

E. coli SPase I is a membrane bound serine protease with
two transmembrane segments; both the N- and C-termini are
located in the periplasmic space, and its active site is located
in the large C-terminal domain (99). The active enzyme
lacking its transmembrane segments has been crystallized
with (99, 100) and without (101) a bound inhibitor. The
crystal structure of the apoenzyme (101; Figure 3D) was used
to model the signal peptide binding site based, in part, on
the enzyme structure with inhibitor bound (99). Current
models indicate that only the cleavage region is in intimate
contact with SPase I, leaving open the possibility that the
remainder of the signal peptide is still associated with the
transport machinery at the time of cleavage.

SPase I is a product of thelepBgene that exists as a single
copy with approximately 1000 SPase I molecules per cell
(102). In addition to Sec signal peptides, SPase I cleaves
the M13 procoat signal peptide (28), which requires YidC
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for transport (103), and is believed to process signals for
the TAT pathway (104). TAT signals are, on average, less
hydrophobic and 14 amino acids longer than Sec signals
(Figure 1). It is not clear whether SPase I interfaces with
both the Sec and TAT pathways, either through active
recruitment by the respective translocon or by passive
recognition, or whether multiple copies of the enzyme allow
individual peptidases to be dedicated to one transport route.

For the cleavage event to occur, specific requirements with
regard to amino acid composition, topological alignment, and
conformation of the cleavage region are required. The small
neutral side chains at positions-1 and -3 of the signal
peptide cleavage region are required because they occupy
two shallow binding clefts lined with hydrophobic residues
(the proposed S1 and S3 binding sites) (Figure 3D) in the
region of Ser90 and Lys145, the catalytic dyad (99). Proper
presentation of the cleavage region to the signal peptidase
at the surface of the lipid bilayer is essential for cleavage.
Cleavage regions ranging from three to nine residues are
processed efficiently, whereas the extent of cleavage drops
markedly thereafter with no processing observed for signal
peptides with a 13 residue long C-region (105). Such a long
linker might extend too far into the periplasm, removing the
cleavage site of the precursor from proximity with the
enzyme’s active site thus making interaction with the signal
peptidase difficult.

Extending the signal peptide hydrophobic core length of
a secretory protein to 20 leucines leads to translocation
without cleavage (16) and results in the hydrophobic core
functioning as a signal anchor probably positioned in the
translocase in a way that precludes its access to the SPase I.
Similarly in eukaryotes, signal peptides with polyleucine
hydrophobic cores of up to 17 residues and wild-type
cleavage regions are cleaved by signal peptidase, while
signals with 20 to 26 residues in the core are not (106). This
suggests that perhaps signal peptides are accessible to SPase
I while signal anchors are not because the length of their
respective hydrophobic cores causes them to be positioned
differently in the translocase; in the case of signal anchors,
their position in the translocon may be critical to allow for
their lateral exit.

The propensity to have a helix-breaking residue (proline
or glycine) at the hydrophobic core/cleavage boundary of
both prokaryotic and eukaryotic signal peptides led to the
suggestion that the cleavage region forms aâ-turn structure,
which is required for transport (107, 108). However,
mutational analysis showed that the proline at-6 of the
alkaline phosphatase signal peptide is not essential and can
be replaced by non-turn-forming amino acids (27). Studies
modeling the pro-OmpA signal peptide bound to signal
peptidase reveal that the interaction likely involves the
cleavage region in an extended chain conformation forming
hydrogen bonds with residues lining the signal sequence
binding site (101; Figure 3D). Sequence mutations of the
cleavage region coupled with molecular modeling of the
alkaline phosphatase signal peptide onto the active site of
SPase I suggested that the cleavage region can assume at
least two conformations and that the hydrophobic core is
not in a fixed position relative to SPase I (109).

The enzyme may act as a free agent in the lipid bilayer,
and its transmembrane domains may not come in contact
with the core of the signal peptide. Supporting this hypothesis

is the finding that a truncated form of SPase I that lacks the
membrane spanning domains is capable of proper processing
of its substrate (24). Interestingly, SPC in the ER associates
with and can be cross-linked to Sec61R (ER homolog to
SecY), where ribosome binding to Sec61R leads to recruit-
ment of the SPC to the translocase (110). No experimental
evidence exists thus far that demonstrates a similar associa-
tion of bacterial SPase with SecY.

Rapoport and co-workers (110) suggest that it would be
more enzymatically efficient for SPC that is associated with
the translocase to cleave the signal peptide just as it emerges
from the translocation channel. Yet, when SPase I is
presented with two WT-signal peptides in tandem on the
same protein, it cleaves both with almost the same efficiency;
when their hydrophobicities differ, the more hydrophobic
signal is preferentially cleaved (111) suggesting that its
location is not an overriding factor. A study by Josefsson
and Randall (112) lends experimental support to the notion
that cleavage of the signal peptide occurs at a later stage of
the transport process. By usingin ViVo labeling of precursor
maltose binding protein and quantitation of the nascent chains
that were processed, they determined that for cotranslational
processing 80% of the polypeptide chain is synthesized
before signal peptide cleavage takes place suggesting that
much of the preprotein has emerged from the translocon prior
to signal peptide cleavage.

Conclusions

The properties of signal peptides play a critical role in
directing preproteins to the appropriate export pathway.
Despite the variety that exists among the sequences of signal
peptides, the interactions they maintain with the components
of the Sec transport pathway are relatively specific. This
specificity is imparted not through primary sequence but via
features such as degree of hydrophobicity, length, and
flanking charge. The recent publication of the crystal
structures of several components of the transport machinery
now allows the examination of signal peptide recognition
sites on each. These sites are as different as the peptides
that interact with them, and no single binding motif is evident
although some themes emerge. Not surprisingly, all include
a hydrophobic groove that should be accessible to the signal
peptide. Each recognition site has features that provide the
flexibility to bind a range of signal peptide substrates.
Consistent with this idea, the signal peptide binding domains
of the E. coli SRP and SecA were not well resolved in
crystals (58, 113). The binding site on SRP is lined with
amino acid side chains, the so-called methionine bristles,
which are flexible and can be readily reoriented (44). TM2
and TM7 of SecY, which contribute to the signal peptide
binding surface, have sufficient flexibility to adapt their
separation and orientation to accommodate different se-
quences (73). More precision is found in the SPase I site
with respect to the S1 and S3 cavities that interact with the
-1 and-3 signal peptide residues, but the remainder of the
binding groove is adaptable to binding a variety of residues
(99). These sites are all appropriate for binding the signal
peptide of a translocating polypeptide that interacts only
transiently with each component. Once a preprotein is
targeted to the Sec pathway, interactions with successive
components need not require particularly high affinity since
the effective concentration of the preprotein in the translocon
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will be high and because release and movement through the
relay system is important. Undoubtedly spatial and temporal
factors also impact recognition, release, and the order of each
binding event. Elucidating these complexities for the mul-
ticomponent system is needed to understand the dynamic
aspects of protein transport.
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