
JOURNAL OF BACTERIOLOGY, Nov. 2004, p. 7467–7473 Vol. 186, No. 22
0021-9193/04/$08.00�0 DOI: 10.1128/JB.186.22.7467–7473.2004
Copyright © 2004, American Society for Microbiology. All Rights Reserved.

MINIREVIEW

A Little Help from My Friends: Quality Control of Presecretory
Proteins in Bacteria
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All organisms, including bacteria, localize a fraction of all of
their proteins partially or completely outside of the cytosol.
Along the way, these proteins must cross at least one hydro-
phobic lipid membrane. The remarkable feat of delivering
proteins across tightly sealed membranes is achieved largely by
complex secretion machineries known as translocons. These
machines recognize their substrates via signal sequences, which
are required for proper targeting to the translocon. The bulk of
protein transport across the inner cytoplasmic membrane is
facilitated by the well-known general secretory (Sec) pathway,
but additional categories for transport into or across the inner
membrane, including the recently discovered twin-arginine
translocation (Tat) pathway, exist. More-specialized mech-
anisms for targeting proteins to the inner membrane, the outer
membrane, or the extracellular environment also exist and are
reviewed elsewhere (19, 31, 71).

Proteins targeted to the Sec pathway achieve membrane
translocation through the Sec translocon, a proteinaceous con-
duit formed by an oligomeric assembly of the heterotrimeric
membrane protein complex SecYEG (7, 79) and the periph-
eral ATPase SecA as a molecular motor (26). Sec substrates
traverse the membrane in a largely unfolded state and effec-
tively thread their way through the pore. In stark contrast to
the Sec-dependent threading of unstructured substrates, the
Tat pathway has the unique ability to transport proteins that
have attained a substantial degree of tertiary or even quater-
nary structure in the cytoplasm prior to membrane transloca-
tion (13, 22, 35, 66, 70). This process is enabled by a translo-
con consisting of the TatA, TatB, TatC, and TatE proteins,
which share little homology with the components of the Sec
translocon. Consistent with these distinct modes of translo-
cation, both the Sec and Tat pathways have evolved unique
measures for surveying the quality of their respective sub-
strates.

This minireview will discuss how the proper structural integ-
rity of proteins to be transported (hereinafter referred to as
preproteins) is ensured during the early stages of Sec and Tat
targeting so that these proteins remain compatible with their
respective macromolecular transport machineries.

REQUIREMENTS FOR REMAINING COMPETENT
WITH THE Sec AND Tat TRANSLOCONS

It is well established that the bacterial Sec system and its
eukaryotic counterpart employ a threading mechanism for de-
livering preproteins across the cytoplasmic membrane (Fig.
1A) (26). In order for a productive threading event to occur,
preproteins must be prohibited from attaining a well-ordered
structure prior to transport by the Sec machinery (16, 17). This
notion is well supported by experiments in which domain fold-
ing of a translocating polypeptide chain becomes possible only
after the chain has emerged from the translocon pore (40). The
requirement that preproteins be unstructured is mandated
largely by physical constraints imposed by the translocon itself.
Recent X-ray crystallography studies suggest that the Sec com-
plex is an hourglass-shaped channel with aqueous funnels that
taper to a 5- to 8-Å constriction in the middle of the membrane
(Fig. 1B) (79). This constriction is created by a ring of 6
hydrophobic residues that may form a gasket-like seal around
a translocating polypeptide. Slight expansion of this constric-
tion, which could be envisioned to arise from shifts in the
helices that line the channel, would be large enough to accom-
modate an �-helical sequence (anhydrous diameter of 10 to 12
Å) and would explain how �-helix-like structures could form
inside the Sec translocon (52). However, the relatively small
size of the pore and the absence of a large internal chamber
indicate that polypeptide chains exhibiting significant tertiary
structure are not tolerated within the Sec channel.

More recently, a second pathway for delivering proteins
across biological membranes was discovered first in plant thy-
lakoid membranes and later in archaeal and bacterial inner
membranes (3, 75, 81). This pathway was termed the Tat path-
way because of the signature Arg-Arg dipeptide found in most
of the leader peptides of proteins that utilize this mode of
export (3). The hallmark of the Tat pathway that sets it apart
from all other modes of protein translocation across lipid bi-
layer membranes is the ability to transport proteins of various
dimensions that have already folded in the cytoplasm (Fig. 2).
In many instances, substrates traverse the Tat pathway because
they are inherently incompatible with the Sec machinery. This
can occur if the substrate simply folds too rapidly to remain Sec
export competent or if the substrate is unable to reach its
native conformation in the compartment to which it is tar-
geted. For instance, some transported proteins need to incor-
porate cofactors or assemble subunits in the cytoplasm prior to
export (4, 33, 66). Others benefit from prefolding in the cyto-
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plasmic compartment, which can provide a more favorable
folding environment relative to certain extracytoplasmic loca-
tions (68).

Processes which render proteins Sec incompatible, such as
cofactor incorporation and the assembly of protein subunits,
hinge on the formation of a secondary or tertiary structure.
Therefore, the observation that Tat transport was abolished
when cytoplasmic cofactor incorporation was blocked provided
early evidence that Tat preproteins fold prior to transport (33).
Consistent with these findings, in vitro experiments using the
plant thylakoid system demonstrated that preproteins could be
transported even after they were irreversibly cross-linked (13).
Given that the Tat system accommodates folded proteins, it is
reasonable to ask whether both folded and unfolded polypep-
tides can be accepted as substrates or whether only preproteins
that have obtained a substantially native state in the cytoplasm
are competent for translocation. In support of the latter model,
Roffey and Theg showed that efficient in vitro translocation of
a thylakoid Tat substrate requires the preprotein to be cor-

rectly folded (67). However, similar thylakoid assays demon-
strated that malfolded dihydrofolate reductase can be translo-
cated by the Tat system, as can physiological substrates that are
severely malfolded by the incorporation of amino acid analogs
(35). Thus, the thylakoidal Tat system apparently tolerates
both folded and unfolded substrates in vitro; however, whether
a strict folding requirement exists in vivo is an open question.
In fact, in vivo genetic studies performed with Escherichia coli
indicate that the bacterial Tat pathway exports only native-
protein-like proteins (22, 66, 70). Those studies demonstrate a
clear ability of the Tat system to selectively discriminate be-
tween properly folded and misfolded proteins in vivo and sug-
gest the existence of a folding quality control mechanism in-
trinsic to the process. Since there is no current evidence for
factors additional to TatABCE, it is plausible that this “proof-
reading” mechanism resides within the translocon itself, al-
though the possibility of a yet-to-be-determined accessory pro-
tein that prescreens Tat substrates cannot be ruled out.

The Tat translocon must possess an amazing structural flex-
ibility, especially considering the fact that Tat substrates can
vary dramatically in size, surface properties, and three-dimen-
sional structure and also that most bacterial genomes typically
encode numerous Tat substrates (24). For instance, the Tat
system can accommodate proteins with diameters ranging from
20 to 60 Å (9, 36). In agreement with these dimensions, low-
resolution images of a detergent-solubilized TatAB complex
appeared as a ring of macromolecular density surrounding a
cavity of 65 to 70 Å (73), which has been postulated to be the
substrate transport channel. Clearly, such a large pore would
be sufficient to handle a folded polypeptide, but exactly how
this pore tolerates proteins of various dimensions and still
remains impermeable to ions and small molecules remains a
mystery.

FIG. 1. (A) Schematic of Sec translocation. Briefly, (a) SecB bind-
ing of a nascent polypeptide maintains export competence and assists
in proper targeting to the Sec machinery. SecA serves several func-
tions, including (b) preprotein binding; (c) targeting to the inner mem-
brane; (not shown) maintaining quality control by assisting the cyto-
plasmic folding of nontransported polypeptides; and (d) driving
preprotein translocation by repeated cycles of ATP-dependent mem-
brane insertion-deinsertion. Finally, (e) translocation is completed and
SecA and SecB are recycled. (B) Structural basis for Sec protein
translocation adapted from the work of Van den Berg et al. (79) (see
the text for a description).

FIG. 2. Working model for Tat transport of folded proteins. Fol-
lowing preprotein folding in the cytoplasm (a and b), Tat substrates
(S) are recognized by the translocon (c) in a process that likely involves
TatB, TatC, and the leader peptide. According to the cyclical assembly
model of Mori and Cline (54), preprotein binding to the TatB-TatC
complex triggers assembly of multiple TatA monomers that likely form
a translocation pore (d) through which a folded substrate is able to
pass (e). Following successful transport, the TatABC complex disas-
sembles. This model of assembly-disassembly may explain how the
translocon can accommodate proteins of various sizes and how the Tat
system can be present within membranes without compromising per-
meability to ions and protons.
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QUALITY CONTROL MECHANISMS THAT PRESERVE
Sec AND Tat COMPETENCE

Since there is a distinct possibility that Sec preproteins ex-
posed in the cytosol might fold into more highly ordered struc-
tures prior to the translocation process, clearly an important
question to consider is how do cells prevent premature folding
or at least delay the folding process of presecretory polypep-
tide chains prior to translocation? Similarly, since the Tat sys-
tem transports proteins that have already folded, an equally
important and inverse question is how do cells establish that
a protein is sufficiently folded to be competent for transport?
It turns out that cells have devised several ingenious surveil-
lance strategies for ensuring that preproteins to be secreted are
maintained in a translocation-competent state (Fig. 3). One el-
egant strategy is to couple translocation with ribosomal trans-
lation by bringing the site of preprotein synthesis into close
proximity to the translocon, thus ensuring that no amount of
secondary structure is formed in the cytoplasm. This process,
known as cotranslational translocation, is utilized primarily by
eukaryotes for delivery of Sec substrates into the endoplasmic
reticulum, but emerging data suggest that a similar phenome-
non occurs in bacteria via the signal recognition particle (SRP)
pathway (61, 74). For proteins not transported in synergy with
translation, some feature of the substrate protein or the trans-
port process itself must actively ensure competence. For ex-
ample, signal sequences themselves can act as intrapolypeptide
chaperones to prevent rapid folding. Another common tactic
is the use of cytosolic molecular chaperones that dynamically
regulate folding (prevent tight folding or aggregation in the
case of Sec and promote correct folding in the case of Tat) and,
in some instances, guide the substrate from the ribosome to the
translocon.

Signal sequence. The first level of quality control is provided
by the signal sequence. Indeed, the presence of a Sec leader
peptide can retard the folding of its cognate substrate by as
much as 15-fold relative to the speed of folding of the mature
substrate alone (49). This appreciable destabilization is func-
tionally significant because it enhances the likelihood that the
preprotein will be in a translocation-competent form and it
provides cytoplasmic chaperones (e.g., SecB [see below]) am-
ple time to bind multiple regions of the polypeptide backbone,
thereby minimizing premature folding. Interestingly, the qual-
ity control afforded by the signal sequence can be suppressed
by mutations to the Sec machinery (e.g., prlA mutations), al-
lowing the transport of Sec substrates which lack a signal se-
quence (23, 30, 63). This phenotype is likely due to a loosened
SecYEG association, which may represent the “relaxed” state
of the translocon (25, 55), but a disruption of translocon proof-
reading activity has also been postulated (57). It is noteworthy
that bacterial strains that carry prl mutations can still accu-
rately differentiate between cytoplasmic and secretory pro-
teins. Therefore, entry into the export pathway must involve
additional signals that compensate for the absence of a signal
sequence, or there may exist one or more means of entry that
do not require signal sequences at all.

Tat signal sequences are considerably less hydrophobic than
their Sec and SRP counterparts, with Tat signals being the
least and SRP signals being the most hydrophobic (15). In
addition to playing a role in preventing mistargeting, the weak-

er hydrophobicity of Tat leader peptides is less likely to desta-
bilize the passenger protein, as would be expected for a system
that favors folding prior to transport. In fact, nuclear magnetic
resonance data indicate that resonances from the mature pro-
tein are not significantly shifted in the presence of the signal
sequence, arguing against a direct interaction of the signal with

FIG. 3. Quality control of a nascent polypeptide during its voyage
to the translocon. (a) The SRP targets nascent inner membrane pro-
teins to the membrane by specifically recognizing transmembrane seg-
ments. On the other hand, (b) TF remains effectively bound to the
mature region of nascent preproteins until a relatively late stage of
translation. Following TF dissociation, cytosolic factors such as SecB
and DnaK help to maintain preproteins in a loosely folded conforma-
tion. (c) SecA maintains quality control by assisting the cytoplasmic
folding of nontransported polypeptides. Sec substrates that retain an
extended conformation, such as through interaction with SecB (d), are
efficiently transported. However, if prefolding of a Sec substrate occurs
(e), the protein is degraded in the cytoplasm or else can become
jammed in the translocon. For a subset of preproteins destined to the
Tat translocon, association with a chaperone (f), such as DnaK or
other Tat-specific factor, likely shields the signal sequence until folding
is completed. This same factor or an additional factor may also pro-
mote correct folding and serve as a first layer of proofreading prior to
translocation. Tat transport proceeds only if the Tat substrate is cor-
rectly folded; otherwise transport is aborted and the substrate is de-
graded by proteolytic machinery (g).
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the mature domain in vitro (38). This conclusion rules out a
leader peptide sequestration model whereby nonspecific pro-
tein-protein interactions with exposed hydrophobic residues of
the substrate protein would sequester the signal sequence and
prevent transport until folding was completed (4). Alternately,
the binding of an accessory protein (e.g., chaperone) to the
preprotein in a manner that “shelters” the signal sequence
until folding is finished (72) could be envisioned to help main-
tain Tat transport competence. The chaperone DnaK is a plau-
sible candidate based on the observations that virtually all Tat
leader peptides contain putative DnaK binding sites (A. C.
Fisher and M. P. DeLisa, unpublished observations, and ref-
erence 69) and also that DnaK exhibits affinity for at least one
Tat leader peptide in vitro (56).

General molecular chaperones. Bacteria possess numerous
cytoplasmic chaperones which are known to lack substrate
specificity, to recognize different structural motifs, and to sur-
vey the folding status of substrates. Owing to these properties,
chaperones are well equipped to bind to nascent preproteins in
order to maintain these chains in a conformation suitable for
transport and to prevent illicit interactions between subunits of
a polypeptide which lead to aggregation. Indeed, in vitro stud-
ies confirmed that GroEL, a member of the Hsp60 heat shock
protein family and one of the best-studied of these chaperones,
has a capacity for maintaining purified Sec preproteins in a
translocation-competent state (44). A similar phenomenon was
observed for another cytosolic molecular chaperone, trigger
factor (TF) (18, 44). In addition, some of these chaperones are
also involved in the specific targeting of the preprotein to Sec
translocation sites at the membrane (6, 28).

However, while such chaperones apparently maintain pre-
proteins in a Sec-permissible conformation in vitro, there does
not appear to be a strict requirement for their involvement in
vivo. For instance, deletion of TF has no effect on Sec protein
transport (32) and in some instances its absence leads to an
overall increase in transport efficiency (46). Similarly, the ab-
sence of GroEL or its cellular partner GroES (Hsp10) results
in only a moderate decrease in the rate of Sec-mediated �-
lactamase processing (43). Interestingly, GroEL and DnaK
(Hsp70) were shown to promote transport of a normally trans-
location-incompetent �-galactosidase fusion protein, but this
required that the chaperones be greatly overexpressed relative
to their normal cellular levels (59). One explanation for why
general chaperones play only a limited role in Sec transport
might be the fact that many complex cytoplasmic chaperones
actively promote correct folding, an outcome that is counter-
productive for Sec translocation. Instead, the Sec system ap-
parently favors chaperones that bind only to the unfolded or
partially folded preprotein in order to prevent tight folding
until contact is made with the translocon. Finally, should the
tertiary structure be unavoidable, it appears that the translo-
cation event itself can drive the unfolding of a substantial
protein domain (2).

In the case of the Tat system, it is tempting to speculate that
this pathway would be a viable alternative for preproteins
which require the assistance of ATP-dependent chaperone sys-
tems (e.g., GroELS) for correct folding, especially since the
periplasm is devoid of such systems. In addition, such general
folding catalysts may participate in the suspected proofreading
of Tat substrates by sequestering misfolded proteins from the

translocon until correct folding (or proteolytic degradation)
had occurred. The strongest evidence that general molecular
chaperones participate in Tat transport comes from plants,
where the Tat-transported Rieske Fe/S protein has been found
to interact with both Cpn60 (homologous to E. coli GroEL)
and the DnaK/Hsp70 homolog prior to membrane insertion
(50, 53). Currently, however, there is only limited and conflict-
ing evidence for the involvement of such chaperones in bacte-
rial Tat transport. For instance, both groEL and groES were
essential for the in vivo processing and activity of the Tat-
dependent E. coli hydrogenase-1 isoenzyme but not for the
hydrogenase-2 isoenzyme, also a Tat substrate (65). Another
ATP-dependent cytosolic chaperone, DnaK, displays affinity
for Tat leader peptides in vitro (56) but is not required for the
in vivo transport of the high-potential iron-sulfur protein Tat
substrate (8). Finally, in a search for factors that, when over-
expressed, confer enhanced Tat export of a short-lived version
of the green fluorescent protein (green fluorescent protein-
SsrA), DeLisa and coworkers identified the phage shock pro-
tein PspA, as well as the small heat shock chaperone IbpB (21).
However, separate studies indicate that deletion of ibpAB im-
proves Tat transport of long-lived green fluorescent protein in
E. coli (Sang Yup Lee, personal communication). It is also
noteworthy that, as was found for Sec transport, Tat translo-
cation efficiency is largely unaffected by the loss of TF (Fisher
and DeLisa, unpublished observations). Clearly, more experi-
ments are needed to resolve the role of generalized molecular
chaperones in Tat export.

Pathway-specific chaperones. Unlike the general molecular
chaperones discussed above, SecB has been classified as a
translocation-specific molecular chaperone (14, 41, 80). Active
SecB tetramers bind to numerous Sec preproteins but to only
a few cytosolic proteins (41, 42). While early experiments sug-
gested that SecB was primarily a signal sequence-specific rec-
ognition factor (80), it is now generally accepted that SecB
exhibits a much broader selectivity that targets the mature
portion of the preprotein. SecB has a high affinity in vitro for
9-residue sequence motifs enriched in aromatic and basic res-
idues that occur statistically every 20 to 30 residues in the
proteome (39) and helps explain why SecB substrates share no
sequence homology. SecB appears to have a preference for
those polypeptides, secretory and nonsecretory, that fold
slowly, although this characteristic is not the sole factor in SecB
selectivity, as simply retarding the folding of a nonsecretory
protein is insufficient to allow SecB binding or membrane
targeting (51). A close inspection of the high-resolution SecB
structural data indicates that SecB recognition of unfolded
preproteins is facilitated by two long channels that run along
the side of SecB, defining a suitable environment for binding
nonnative polypeptides (82). Based on these findings, an
emerging interpretation is that SecB functions as a general
chaperone that can mediate interactions between signal se-
quences of SecB-bound preproteins and the translocation ap-
paratus. However, SecB can also perform chaperone activity
independent of its role in translocation (78) and can even affect
the transport efficiency of proteins that engage the Tat ma-
chinery (5, 12) or ABC transporters (20).

In the Tat pathway, a class of system-specific accessory pro-
teins termed redox enzyme maturation proteins, which partic-
ipate in the assembly of complex redox enzymes but do not
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constitute part of the final holoenzyme, have been identified
(76). One of these, DmsD, binds specifically to the Tat-specific
signal sequence of DmsA (56). Initially, it was proposed that
DmsD was a bifunctional chaperone with one role in DmsA
enzyme maturation and a second role in directing DmsA to the
Tat translocon. However, more-recent data demonstrate that
the DmsD protein, while essential for the attachment of the
DmsA cofactor molybdopterin guanine dinucleotide, does not
function as a guidance factor to target pre-DmsA to the trans-
locon (64). Instead, it has been proposed that DmsD performs
a “masking” function by binding to the DmsA signal sequence
and rendering it unavailable to direct protein export until after
DmsA cofactor attachment has been completed (72). In sep-
arate studies, Pop et al. present tantalizing evidence that Ba-
cillus subtilis TatA interacts with the Tat-dependent prePhoD
substrate prior to its own membrane integration (60), implying
that cytoplasmic TatA might chaperone Tat preproteins di-
rectly to the site of translocation.

Given the involvement of molecular chaperones, a vital
question is when do they become associated with preproteins?
Cross-linking studies indicate that after emerging from the exit
tunnel of the ribosome, the early mature region of a nascent
preprotein is accessible to both SRP and TF, which are both
cross-linked to protein L23 at the exit (10, 77). SRP and TF can
bind simultaneously to ribosomes and ribosome-nascent chain
complexes, exposing a highly hydrophobic SRP-type signal se-
quence, suggesting that SRP and TF sample nascent chains on
the ribosome in a nonexclusive fashion (10). In the presence of
a significantly hydrophobic targeting sequence, SRP binding is
stabilized and excludes TF (10, 45), whereas in the absence of
such hydrophobic sequences, TF remains bound to the nascent
polypeptide in regions rich in aromatic and basic residues (58).
Upon release of the polypeptide from the ribosome, TF dis-
sociates from the preprotein, allowing access to SecA and
SecB. While little is known about how Tat preproteins journey
from the ribosome to the translocon, it seems likely that TF
will also interact with Tat-specific nascent chains. The reduced
hydrophobicity of Tat signal sequences might favor TF binding
or otherwise alter the affinity of TF in a way that shunts a Tat
preprotein into a productive folding pathway such as through
DnaK association (Fig. 3).

Folding quality control. Another Sec-specific factor, SecA,
has multiple functions during the translocation process. In
addition to its well-characterized roles in driving the translo-
cation process (26) and in guiding preproteins to the translo-
con via binding to the inner membrane (28, 29), SecA also
exhibits a chaperone activity that promotes the rapid folding of
nonsecretory proteins (27). In this context, SecA performs a
quality control function whereby it promotes the folding of
signal sequenceless proteins, thereby excluding them from the
Sec secretion process.

In the case of the Tat system, it has been proposed that a
folding quality control or proofreading mechanism monitors
the “foldedness” of a Tat preprotein prior to transport, but it
is unknown how such a process operates. One possibility is that
a portion of the proofreading is handled by a cytoplasmic
accessory factor(s). For instance, chaperone binding of a mis-
folded preprotein may shield it from the Tat transporter until
it is either sufficiently folded for transport or shunted to the
proteolytic machinery (e.g., ClpXP and FtsH). A second pos-

sibility is that proofreading is handled directly by the Tat ma-
chinery. In this scenario, one might envision Tat transport as a
gated process that proceeds only in response to a competent
substrate protein, i.e., a folded protein exhibiting low surface
hydrophobicity. Exposed hydrophobic domains of a preprotein
may form a binary complex with a sensor region present in one
of the Tat proteins. One intriguing candidate is the large TatB
cytoplasmic domain predicted by bioinformatics analysis to
form a coiled coil in this region (47). Interaction with this
sensor region would then prevent subsequent translocation
steps. Some support for this model comes from recent cross-
linking studies that show a protein-protein interaction between
the mature portion of a Tat-specific preprotein and TatB but
not to any of the other Tat proteins (1).

Finally, proteins that are deemed unfit for Tat transport are
likely delivered to a salvage pathway to be refolded or else
degraded. Indeed, mounting evidence indicates that accumu-
lation of nontransported Tat preproteins that arise either from
misfolding in the cytoplasm or from depletion of the tat genes
often results in inactivation and degradation in the cytoplasm
(11, 22). The precise players in this degradation process are not
currently known, although likely candidates include the FtsH
protease (8) and the Clp machinery.

Pathway cross talk. An emerging question pertains to the
notion of Sec and Tat pathway cross talk, both in terms of how
it is prevented (i.e., pathway specificity) and in terms of coop-
erativity between the two pathways. At first glance, Sec and Tat
signal sequences look very similar. Thus, it is not surprising
that as few as two amino acid substitutions to a Tat signal can
completely reroute the passenger protein to the Sec pathway
(5, 15), although similar rerouting of a Sec signal towards the
Tat pathway is significantly more difficult (B. Ribnicky, P. Lee,
M. P. DeLisa, and G. Georgiou, unpublished observations). In
addition, E. coli RbsB, a known Sec substrate, can engage both
Sec and Tat machinery (62) and a number of canonical Tat
leader peptides can direct preproteins to both the Sec and Tat
pathways (22). The SecA protein has even been shown to bind
weakly to a Tat-specific leader peptide (37). In plants, certain
Tat substrates exhibit the innate ability to transit the Sec path-
way, especially under conditions where the Tat system is in-
hibited (48, 53). Along similar lines, an artificial dual-targeting
signal sequence, constructed by combining Tat and Sec do-
mains, was used to simultaneously compare the transport ca-
pabilities of both pathways when confronted with different
passenger proteins (34). Whereas Sec passengers were effi-
ciently transported by both pathways, Tat passengers were
arrested in translocation on the Sec pathway. Taken together,
the above results clearly indicate a substantial level of pathway
redundancy. Whether this redundancy is simply a remnant left
over from the evolutionary divergence of these two pathways
or is instead a programmed fail-safe mechanism to ensure
function is currently unresolved and certainly warrants further
investigation.

CONCLUDING REMARKS

We anticipate that many challenging aspects of Sec and Tat
transport will be addressed in the next several years. Likely to
take center stage will be the complete elucidation of the Tat
mechanism, including how the quality control mechanism is
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integrated with translocation. Crystallographic structures of
the Tat proteins should enable insights into the function of
each of these proteins, but a full description of the Tat mech-
anism will also demand continued biochemical and genetic
studies using both plant and bacterial Tat systems. Finally, the
emerging notion that functional redundancy is programmed
into these two systems highlights our lack of understanding of
the structural determinants that dictate pathway-specific tar-
geting, and a deeper consideration of this overlap will need to
be exercised.
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