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be restored by SecYEG.

location pathways.
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(Background: SecA has been viewed as ATPase helping precursors across SecYEG channels.
Results: SecA alone could promote protein translocation and ion channel activity, but loses specificity and efficiency, which can

Conclusion: SecA plays important structural roles and can function as low affinity protein conducting channels in membranes.
Significance: Establishing SecA as channels is crucial for understanding diverse mechanisms and evolution of bacterial trans-

N
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SecA is an essential component of the Sec-dependent pro-
tein translocation pathway across cytoplasmic membranes in
bacteria. Escherichia coli SecA binds to cytoplasmic mem-
branes at SecYEG high affinity sites and at phospholipid low
affinity sites. It has been widely viewed that SecYEG functions
as the essential protein-conducting channel through which
precursors cross the membranes in bacterial Sec-dependent
pathways, and that SecA functions as a motor to hydrolyze
ATP in translocating precursors through SecYEG channels.
We have now found that SecA alone can promote precursor
translocation into phospholiposomes. Moreover, SecA-lipo-
somes elicit ionic currents in Xenopus oocytes. Patch-clamp
recordings further show that SecA alone promotes signal
peptide- or precursor-dependent single channel activity.
These activities were observed with the functional SecA at
about 1-2 uM. The results show that SecA alone is sufficient
to promote protein translocation into liposomes and to elicit
ionic channel activity at the phospholipids low affinity bind-
ing sites, thus indicating that SecA is able to form the protein-
conducting channels. Even so, such SecA-liposomes are less
efficient than those with a full complement of Sec proteins,
and lose the signal-peptide proofreading function, resem-
bling the effects of PrlA mutations. Addition of purified
SecYEG restores the signal peptide specificity and increases
protein translocation and ion channel activities. These data
show that SecA can promote protein translocation and ion
channel activities both when it is bound to lipids at low affin-
ity sites and when it is bound to SecYEG with high affinity.
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The latter of the two interactions confers high efficiency and
specificity.

Most proteins destined to traverse cytoplasmic membranes
through the Sec-dependent pathway carry a transient N-termi-
nal hydrophobic signal peptide that is cleaved during, or shortly
after, translocation. In bacteria both biochemical and genetic
approaches have provided important and complementary
insight into the mechanism of this Sec secretion pathway. The
current and prevailing model for Sec-dependent translocation
depicts the bacterial SecYEG complex as providing the essen-
tial, protein-conducting channel, with SecA acting as a periph-
eral component of the translocase hydrolyzing ATP (1, 2), as it
cycles on and off the cytoplasmic membrane during protein
translocation (3, 4). This model of SecYEG as being the essential
protein-conducting channel arises in part from the homology
of SecY to Sec61p, which has been proposed to be a component
of the translocation channel in yeast and mammals (5—8). The
Sec61 complex is assumed to form 2 nm pores, which further
assemble into 4 —6 nm pores, through which nascent peptides
in the ribosomes pass through the endoplasmic reticulum
(5-7). The x-ray structure of an archea SecYEG complex shows
similar pore size. The Escherichia coli SecYEG translocation
complex (9) is significantly smaller than both the yeast Sec61
complex and the more complete SecA/SecYEGg,, as defined by
more recent x-ray structural analysis (10).

However, Blobel and co-workers (11) have presented strong
evidence that reconstituted E. coli membranes, lacking detect-
able SecY, efficiently translocate proLamB. They suggested that
SecY is not the only receptor for SecA and that it may not be
essential for protein translocation. Our previous work has con-
firmed these observations with other precursors, and showed
further that both SecE-deficient or SecY-deficient membranes,
derived from genetically manipulated cells, are also capable of
efficiently to translocating certain precursors in vitro (12, 13).
Indeed, a set of proteins (mostly inner and outer membrane
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proteins) were only minimally affected in E. coli cells upon
depletion of SecE (14), indicating a differential requirement of
SecYEG. Thus, neither SecE nor SecY is apparently essential for
the translocation of all proteins. Moreover, SecA, often referred
as a peripheral subunit of pre-protein translocase with ATPase
activity (3, 4), has been found to integrate into membranes (15,
16). It does not cycle on and off the membrane during protein
translocation (15), and it is an integral part of the protein-con-
ducting channel (15, 17). Indeed, it has been found that SecA
can bind to membranes at SecYEG high affinity sites and at
phospholipids low affinity sites (15, 16). We have also found
that, upon binding to anionic phospholipids, SecA undergoes
conformational changes to form ring-like structures, and that
these may form the core of the protein-conducting channels
(18-20). These observations suggest that there may be a Sec
pathway in which SecA plays a channel-forming structural role.
In this study, we show that SecA alone can indeed promote
protein translocation and elicit ion channel activity in lipo-
somes, and that SecYEG restores the lost efficiency and
specificity.

EXPERIMENTAL PROCEDURES

Bacterial Strains and Plasmids—E. coli K12 strain
MC4100 (F araD139 A(argF-lac) U169 rpsL150 relAl
deoClrbsRfthD5301 fruA25 A~) was from J. Beckwith (21), and
a derivative of BA13 (MC4100 supF*trp™"secA13""zch:: Tn10)
was from D. Oliver (22) and SecY suppression mutants, PrlA4,
from T. Silhavy (21). The no-plug SecY mutants were from T.
Rapoport (23). D10-1 (rna-10 relAl spoT1 metBl ompT:K,,
RNase- thi-), BL21.19 harboring plasmids pET5a/secAA (19) or
pET20b/secAL43P are lab stocks. Plasmids containing
secAL43P and secAR509K were from H. Takamatsu (24) and D.
Oliver (25), respectively. Plasmid encoding SecYE, ;.G was from
F. Duong (26, 27).

Protein Purification—E. coli SecA, its derivatives and
homologs, were purified as described (19, 28). Purified
proOmpA, proPhoA, wild-type LamB signal peptides, and
LamB deletion mutant (LamB DM) signal peptides were pre-
pared as described (2, 15). Protein concentration was deter-
mined by A,g,,¢ ratio or Bradford assay. SecAL43P and
SecAR509K were laboratory stocks purified by L. Yu and Y.
Huang, respectively.

Liposome Preparation—E. coli total lipids extracts (Avanti
Polar Lipid, Inc.) were dried in the Thermo Savant vacuum and
resuspended in specific buffer (150 mm KCI for oocytes injec-
tion and patch clamp, and TAK buffer containing 50 mm Tris-
HCI, pH 7.6, 20 mm NH,Cl and 25 mm KCl for in vitro translo-
cation). The suspension was subjected to sonication (Fisher
Scientific Sonic Dismembrator Model 500) at the amplitude of
70% for two to three times with the pause between consecutive
times of 2 min each at 0 °C water bath. The size distribution of
opalescent liposomes was measured by a Beckman Coulter N5
submicron particle size analyzer and showed a normal distribu-
tion with a peak around 130 nm. The liposomes were aliquoted,
stored at —80°C, and thawed only once for experiments.
SecYEG-liposomes were prepared by mixing and vortexing
SecYEG with liposomes in the indicated amounts.
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Membrane Vesicles and SecYEG Preparation—Inside-out
membrane vesicles (IMV) of wild-type MC4100, PrlA4 and
SecY plug-domain mutant were prepared as described (23, 29).
SecA-depleted membrane vesicles from the secAamber mutant
BA13 were prepared as described (30). SecYEG-His-tagged
membranes were prepared from a C43 strain carrying a pPBAD/
secE,,; YG plasmid and SecYEG was purified by affinity to SecE-
His as described (26, 27) followed by the monoQ column using
buffer containing 0.2% C12E9. The purified SecYEG was stored
in 0.2% CI12E9, and used in liposome preparation at least
30-fold dilution.

Protein Translocation into Liposomes—The in vitro translo-
cation of purified proOmpA or OmpA was determined by its
inaccessibility to proteinase K. Translocation mixtures per ml
contained translocation buffer, 2 mm Mg(OAc), and an ATP-
regenerating system (30), and unless indicated contained 100
g SecA or derivatives, 1.2 pug of proOmpA and 1.2 mg of lipo-
somes prepared in TAK buffer containing 50 mm Tris-HCI, pH
7.6,20 mm NH,Cl and 25 mm KCl. After incubation at 30 °C for
30 min, samples were kept on ice and treated with proteinase K
(0.4 mg/ml) for 25 min to remove untranslocated protein. The
reaction was stopped by 2 mm PMSF as described, and the lipo-
somes containing protease-protected proOmpA or OmpA was
pelleted by centrifugation (17) in a TLA 100.3 Beckman rotor at
90,000 rpm for 25 min at 4 °C, resuspended in the sample buffer
and loaded onto SDS-PAGE. The amount of translocated
protein was analyzed by Western blotting followed by
quantification.

Xenopus Oocyte Preparation and Voltage Clamp Measure-
ment—The preparation of oocytes and voltage clamp measure-
ment are as described previously (31). The 50 nl sample mixture
was injected into the dark pole site of oocytes (average volume
500 nl). The current was recorded after 3 h of incubation at
23 °C. Unless otherwise noted, the amounts for membrane ves-
icles injection into oocytes were 60 ng membranes, 60 ng SecA,
9 ng LamB signal peptides, or 14 ng precursors (proOmpA,
proPhoA) or mature proteins (OmpA, PhoA). For SecA-lipo-
somes, the amount for injection is 120 ng liposomes and 120 ng
SecA, 9 ng LamB signal peptides, or 14 ng precursors or mature
proteins. For signal peptide specificity experiments, all the
injections were carried out with 4 mm puromycin to release the
endogenous oocytes signal peptides (31). For SecYEG proof-
read experiments, the purified 30 ng SecYEG was mixed with
SecA-liposomes and injected with ATP, Mg, and proOmpA
into oocytes.

Liposome Patch-clamp Preparation and Measurement—
Currents flowing through ionic channels formed in liposomes
were monitored by inside-out patch clamp techniques (32).
Liposomes prepared from total E. coli lipids extracts were dehy-
drated on the poly-lysine-coated glasses at room temperature.
After dehydration, the dried liposomes were rehydrated in the
solution containing 150 mm KCl, pH 7.4 at 4 °C for 48 h. The
glass micropipette, filled with 150 mm KCI, pH 7.4, was pressed
against the re-hydrated liposomes and suction was applied to
assist patching sealing. Once the seal was formed, the pipette
was withdrawn to obtain inside-out patch and the intracellular
surface of liposome was exposed to the bath solutions in 0.1 ml
containing where indicated 3 mm ATP, 1 mm MgCl, 1.8 ug of
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FIGURE 1. SecA-dependent proOmpA translocation with phospholipids liposomes. ProOmpA translocation (in 50 ul reaction mixtures) as a function of (A)
SecA conc. (n = 4),and (B) incubation time at 30 °C. The highest amount of translocated proOmpA is 6.6 ng defined as 100%. C, lack of translocation of proOmpA
with non-functional SecAL43P and BSA. The highest activity is 5.2 ng, defined as 100%. D, stimulation by SecB in SecA-liposomes. The translocation activity

without SecB is defined as 100%.

LamB signal peptides, or 2.8 ug of proOmpA and 24 ug of SecA
(Activation bath). After incubation in the Activation bath, the
active patch where indicated was moved into Inhibition bath
with 10 mm EDTA, pH 8.0.

The recordings were initiated after 15—20 min incubation in
each bath solution. In the ramp recording protocol, a command
of =100 mV to +100 mV was given, whereas a steady potential
of —80 mV was applied for the continuous protocol. The total
recording time for the continuous protocol was 1 min.

RESULTS

SecA Alone Can Promote Translocation of proOmpA into
Phopholiposomes—Using the traditional in vitro protein trans-
location assays of a precursor protein acquiring resistance to
protease digestion (15, 17) we now find that SecA alone can
promote translocation of proOmpA into E. coli phospholipo-
somes (Fig. 1). The translocation requires an increased amount
of SecA (Fig. 1A). It occurs efficiently from 30-37 °C, but is
more stable at 30 °C (Fig. 1B). There is little translocation (Fig.
1C) with the inactive mutant protein SecAL43P (24). Under the
conditions used, the optimal amount of SecA needed to pro-
mote the maximal translocation is about 1-2 um, which is ~10
times higher than that required for the SecYEG-containing
membranes used for in vitro translocation assays (data not
shown). This higher level is close to the concentration of SecA
found in bacterial cells (33—35). These results show that SecA
alone in liposomes can promote protein translocation even
though it is at a low level (about 10% of the input). The molec-
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ular chaperone SecB further stimulates the SecA-liposomes
translocation of proOmpA (Fig. 1D).

SecA and Liposomes Are Necessary and Sufficient for Eliciting
Ion Channel Activity in Oocytes—We previously developed a
semi-physiological assay in Xenopus oocytes to measure bacte-
rial SecA-dependent ion channel activities in an effort to com-
plement the in vitro protein translocation assay (31). Because of
findings that SecA-liposomes can promote protein transloca-
tion (Fig. 1), we expected similar results for the ion channel
activity in the oocyte system. However, no significant activity
was observed, unless ATP-Mg>" was added together with
SecA-liposomes (Fig. 24), even though the oocytes contain suf-
ficient ATP to promote ion channel activity with regular BA13
membranes (Fig. 24, bar 2; Ref. 25). Optimization of the system
revealed that more ATP-Mg>" and SecA are required by SecA-
liposomes (Fig. 2A and supplemental Fig. S1) than by BA13
membranes to elicit the ion channel activity, but only at a level
of about 50% (Fig. 2B). The amount of SecA needed to reach the
maximal activity is about 1-2 um, which is similar to the
amounts needed for in vitro protein translocation system (Fig.
1A), and in the bacterial cells as noted above. The localized
concentration of SecA that forms the channels in the mem-
brane might be even higher (33). These data indicate that SecA
can elicit ion channel activity, albeit with lower efficiency.

We next examined whether other bacterial SecA homologs
can promote ion channel activity in oocytes. We found that
purified SecA’s of Bacillus subtilis and Pseudomonas aerugi-
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FIGURE 2. SecA and liposomes alone are capable for promoting ion chan-
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for achieving optimal channel activity with liposomes than BA13 membranes
containing SecYEG. B, additional SecA is needed for channel activity with
SecA-liposomes (M) as compared with BA13 with SecYEG (@). C, homologous
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EcSecA-SecA, EcSecAL43P, EcSecAR509K; Pa: Pseudomonas aeruginosa PAO1;
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nosa, as well as the genetically constructed E. coli tandem SecA-
SecA (19), were all active in eliciting ion channel activities to
about the same extent (Fig. 2C). Neither of the inactive SecA
L43P (36, 37), or SecA R509K (25), however, demonstrated any
ion channel activity of note (Fig. 2C). These data provide fur-
ther evidence that functional SecAs alone can elicit ion channel
activities in liposomes.
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SecA Alone Promotes Single Channel Activity with Liposome
Patch-clamp Recording—Recordings of the ionic current in the
oocytes reflect the activities of a population of several hundred
thousand channels (31). To explore and characterize the
requirements of SecA-liposome channel activity and to deter-
mine the specificity of precursor or signal peptides for opening
the channels, we developed a liposome patch-clamp recording
system. We found that SecA-induced channel activities were
activated by ATP-Mg>" in the presence of LamB signal pep-
tides (Fig. 34). These channel activities (Fig. 3, A.b) were strictly
dependent on the presence of both SecA (Fig. 3, A.c) and signal
peptides (Fig. 3, A.d), whereas they were inhibited by EDTA
(Fig. 3, A.e). Similar results were obtained with proOmpA (Fig.
3B). The SecA-dependent channels mediated by the signal pep-
tide often opened and closed rapidly (Fig. 3, A.b), while those
mediated by proOmpA appeared to have extensively “open
states” (Fig. 3, B.a, b). The sizes of the single channels varied
from 40 to 120 pS, a range similar to those reported for mem-
brane-liposome fusions (38). However, the majority of channels
with SecA-liposomes appeared to be around 50 pS (Fig. 3C).
These results further provide strong evidence that in the pres-
ence of signal peptides or precursors SecA alone can elicit ionic
channel activities in the liposomes.

SecA-liposomes Lose Signal Peptide Specificity in Protein
Translocation and in the Opening of lon Channel—In addition
to the reduction in efficiency and channel activity, these SecA-
liposomes also lost the signal peptide specificity in the translo-
cation of OmpA. Thus, while SecYEG-containing membranes
could not translocate the unfolded, mature OmpA without sig-
nal peptides as expected (data not shown), the SecA-liposomes
translocated OmpaA efficiently in a dose-dependent manner at
30 °C, but not at 0 °C (Fig. 44, bars 1 and 7). The translocation
efficiency of the unfolded OmpA is lower than that of
proOmpA (Fig. 4A).

We further characterized the features of SecA-liposomes
activity in the oocytes which allow easier measurement of ionic
activities with the sum of hundred-thousand channels (31). To
determine the signal peptide specificity, we used puromycin to
release the oocyte endogenous signal peptides such that the
channel activity is strictly dependent on the addition of exoge-
nous signal peptides or precursors. As shown in Fig. 4B, SecA-
liposomes were active in generating ion channel activity with
unfolded mature OmpA without signal peptides (Fig. 4B), while
BA13 membranes were not active as expected (31). By compar-
ison, proOmpA was able to elicit ion channel activities in either
BA13 membranes or SecA-liposomes (Fig. 4B). Similar results
were obtained with precursor protein proPhoA or mature
unfolded PhoA (by urea and DTT treatment); though the
mature PhoA without unfolding was not active (data not
shown), indicating some limitation for activities.

Similarly, SecA-liposomes were less efficient but also lost the
specificity for proofreading recognition of signal peptides (31).
Thus, while BA13 membranes differentiated the wild-type
from defective LamB signal peptides for channel activity (Fig.
4B, also see Ref. 25), SecA-liposomes generated similar channel
activity with both LamB WT and LamB DM signal peptides,
indicating that the SecA-liposomes channels were also opened
by defective signal peptides (Fig. 4B).
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FIGURE 3. Patch clamp measurements of ionic channel activity in SecA-
liposomes. The intracellular side of the inside-out patch was exposed to var-
ious solutions (0.1 ml). (C, closed baseline, O7, single opening, 02, double
channels opening.) A, channel activity was observed only in the presence of
LamB, SecA, ATP, and Mg?*. The channels opened and closed rapidly, and
two channels were active, both with the same conductance of about 50 pS.
The time showed is about 4 s. B, activation of SecA channels by proOmpA.
Some channels opened by the Activation solution showed long opening with
a large conductance (~120 pS), while no channel activity was seen in Minus
SecA solution. The arrow zoom-in areain B.c.is 10s. C, single channel conduct-
ance by proOmpA stimulation. Single channel conductance was measured in
activation treatment from Fig. 3B. The ramp voltage was from —100 mV to
+100 mV. An active channel was observed, and the slope indicates the single
channel conductance is 50 pS.

The loss of proofreading of signal peptides recognition in
SecA-liposomes resembles those of PrlA/SecY mutants (23, 29,
38, 39). We therefore tested the SecY suppressor mutant, PrlA4,
which enables translocation of pre-proteins with a defective or
missing signal peptides (23, 39), for the proofreading function
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of channel activity in the oocytes. The PrlA4 membranes
showed current activities with OmpA or LamB DM (Fig. 4C),
and PhoA (data not shown), while wild-type MC4100 mem-
branes did not. As expected, proOmpA (Fig. 4C), and proPhoA
(data not shown) stimulated similar ionic currents with wild-
type as well as PrlA4 suppressor membranes.

Similar results were obtained with membranes isolated from
SecYEG plug-mutants that also lose proofreading specificity
(23). These membranes elicit similar ion channel activities with
unfolded OmpA or proOmpA, and LamB wild-type or defective
signal peptides (Fig. 4D). Similar results were obtained with
PhoA or proPhoA protein (data not shown). These data indi-
cate that SecA-liposomes lose the signal peptide recognition
specificity, mimicking the SecY/PrlA mutants in eliciting ionic
channel activities in the oocytes.

SecYEG Restores Signal Peptide Specificity, and Enhances Ion
Channel and Protein Translocation Activities—Because the
SecA-liposomes have the same ion channel activity character-
istics as PrlA4 and SecY-plug mutants, we further tested
whether purified SecYEG reconstituted into liposome could
restore the proofreading. The purified SecYEG liposomes had
no ion channel activity without SecA-liposomes in the oocytes
(Fig. 5A, bar 4). The ion channel activities elicited by SecA-
liposomes with unfolded OmpA and LamB DM were abolished
in the presence of SecYEG-liposomes (Fig. 54, bars 7, 9) while
the proOmpA or LamB WT were able to stimulate the ion
channel activity in SecA-liposomes and SecA/SecYEG lipo-
somes (Fig. 54, bar 2, 6). In the presence of SecYEG the activi-
ties were about twice as high as in its absence (Fig. 54), and
reduced the requirements of increased SecA and ATP in the
oocytes (data not shown). These results indicate that SecYEG
not only restores the signal peptide proofreading capabilities to
discriminate among different functional signal sequences, but
also enhances the ion channel activity of SecA-liposomes.

We also tested the effect of SecYEG on OmpA translocation
activity of SecA-liposomes. As with ion channel activities, the
loss of recognition specificity of OmpA translocation in SecA-
liposomes was also restored by the addition of purified SecYEG
such that the unfolded OmpA could no longer be translocated
in the presence of SecYEG (Fig. 5B), as in the membranes con-
taining SecYEG. Interestingly, the addition of SecYEG also
increased the translocation activity of proOmpA by 2-fold for
SecA-liposomes.

Thus, the SecA-liposomes are fundamentally functional to
promote ion channel and protein translocation activities, but
lose efficiency and signal peptide specificity, both of which can
be restored by SecYEG.

DISCUSSION

SecA-mediated Protein Translocation and Ion Channel
Activity at Lipid Low Affinity Binding Sites—In this study, we
demonstrate that SecA alone can promote protein transloca-
tion and ion channel activities in the liposomes, indicating that
SecA could function as a protein-conducting channel. The
activity and signal peptide specificity of SecA-liposomes can be
enhanced by the addition of SecYEG. It is known that bacterial
cells contain more molecules of SecA than SecYEG (13), and
that the excess SecA could integrate into the anionic phospho-
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lipids at “low-affinity” sites. Similar phenomena were observed
earlier. Ben de Kruijff and co-workers (40, 41) showed SecA
insertion into lipid bilayers in which two distinct pools of mem-
brane-bound SecA were identified: one is lipid-bound and
other is SecYEG-bound (42). Thus, the two membrane-bound
SecAs that differ in the degree of lipid association enlighten our
observation that lipid-bound SecA, in the absence of SecYEG,
plays a structural role to penetrate into lipids forming protein
conducting channels (20). We hypothesize, therefore, that
there are potentially two kinds of SecA-dependent protein-
conducting channels: One that forms when SecA binds with
high affinity to the SecYEG complexes and another that forms
when SecA binds, with low affinity, to anionic phospholipids
(4). There are many examples of pairs of high and low affinity
transport systems for particular amino acids, which presum-
ably offer a selective advantage. Thus, the existence of two
SecA-dependent protein-conducting channels in bacteria
would also offer a similar selective advantage for protein trans-
location. The current prevailing view is that bacterial SecYEG is
the essential protein-conducting channel, while SecA is the
peripheral ATPase that pushes precursor peptides through
these high affinity channels. Our findings indicate an alterna-
tive understanding, that SecA alone can integrate into the
membrane to form a low affinity site protein-conducting chan-
nel. In support of this view, we have previously observed that
SecA forms a ring-structure of 8.4 nm with a potential pore size
of 2—3 nm (20, 39) upon interaction with anionic phospholip-
ids, while (together with SecYEG) SecA forms a 10.9 nm-diam-
eter structure with a 3.0 —4.8 nm cavity (39). The latter param-
eters are remarkably similar to those of the Sec61 complex.
Thus, our work supports the idea that SecA, in the absence of
SecYEG, forms channels in phospholipids that are capable of
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mediating protein translocation and eliciting ion channel
activity.

We have used both electrophysiological conductance and
protein translocation assays to analyze activities of SecA-de-
pendent protein conducting channels in liposomes. The two
assays measure somewhat different activities. Even so, it is likely
that conductance measures only opening of ion channels, not
necessarily complete translocation process. Thus, LamB signal
peptides and proPhoA can open the channel, but still cannot be
secreted (12, 13). For proOmpA, both translocation and chan-
nel activities are mediated by SecA alone in liposomes. We have
also measured ion channel activities within SecA-liposomes by
both oocyte whole cell and single channel recordings with sim-
ilar conclusion that provide confidence for using oocytes as a
tool for measuring SecA channel activities. While single-chan-
nel recordings provide specific information about the channel
characteristics, the oocyte whole cell recordings are easier to
manipulate with large numbers of test samples (typically 20 -30
oocytes can be measured for each experimental condition), and
yield the sum of more than a hundred-thousand channel activ-
ities (31). With the oocyte recordings, we further show that
inactive EcSecA has no channel activity, but that other SecA
homologs yield comparable channel activities. Moreover, these
same experiments show that SecYEG-liposomes alone without
SecA have no activity in either ion channel or protein translo-
cation activities (Fig. 5).

Earlier studies have shown that protein translocation can
take place in the absence of SecYEG (11-14); see also Introduc-
tion). Our findings that SecA-liposomes alone can promote
protein translocation and ion channel activities provide a plau-
sible explanation and basis to reconcile with the then incon-
ceivable observations.
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A. Channel activity in oocytes
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FIGURE 5. Restoration of efficiency and signal peptide specificity by
SecYEG. A, SecYEG restores signal peptide specificity in ion channel activity.
Purified SecYEG (30 ng) was mixed by vortexing with SecA-liposomes (120
ng) and injected into oocytes in the presence of various precursors or signal
peptides with 4 mm puromycin. LamB WT, wild-type LamB signal peptide.
LamB DM, LamB deletion signal peptide. B, protein translocation. Transloca-
tion mixtures in 0.1 ml containing where indicated 120 ng SecYEG, 120 ng
SecB, 10 g SecA, 120 ng proOmpA, or 120 ng unfolded mature OmpA were
incubated at 30 °C or 0 °C for 30 min.
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Reduction of Efficiency and Loss of Signal Peptide Specificity of
SecA-liposomes and the Restoration by SecYEG—The SecA-li-
posomes are active in promoting both protein translocation
and ion channel activities, but they are less efficient and lose the
specificity for signal peptides. Thus, more SecA and ATP
(though still in the concentration ranges found in the bacterial
cells) are required for SecA-liposomes to reach maximal activ-
ities of about 50% activities obtained from SecYEG-containing
membranes, and the defective, or no signal peptides can still
promote activities (Fig. 4). The loss in the ability of SecA-lipo-
somes to differentiate specificity of signal peptides resembles
that of PrlA suppressors and the “no-plug” SecY mutant (Fig. 4,
Cand D). In SecYEG complex, SecY serves as a “gating” mech-
anism to select the proper precursors with typical signal pep-
tides for translocation (23). Removal of SecYEG plug causes the
similar translocation defects as PrlA suppressor mutants which
allow the translocation of proteins lacking of signal peptide
such as OmpA and PhoA in the cells (29, 43), as have been
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observed in this study with SecA-liposomes. Taken together,
though SecA-liposomes lose the proofreading function and is
less efficient, they may represent the basic essential core for the
Sec-dependent protein-conducting channels.

In support of this idea, we show that the reduction of effi-
ciency and loss of signal peptide specificity in SecA-liposomes
can be restored by SecYEG (Fig. 5). Thus, the addition of puri-
fied SecYEG to the SecA-liposomes not only enhances both
protein translocation and ion channel activities, but also
regains the ability to differentiate the specificity of signal pep-
tides. Moreover, the presence of SecYEG reduces the require-
ments of more SecA and ATP in the oocytes. We propose that
binding of SecA at low affinity sites in the membrane consti-
tutes the basic protein-conducting channel, while the binding
at SecYEG high affinity sites confers additional efficiency and
signal peptide specificity. Though SecA-liposomes resemble
PrlA/SecY mutants in the loss of signal peptide specificity,
whether such low affinity SecA sites are functional in the cells
remains to be determined. It is worth noting that certain pre-
cursors may have different requirements: proPhoA cannot be
translocated in our in vitro system in the absence of SecYEG
(12, 13) and certain proteins are differentially affected during
SecYEG depletion in the cells (14).

Possible Evolution of Sec Protein-conducting Channels—The
general Sec secretion pathway is evolutionally conserved from
prokaryotes to eukaryotes. Indeed, one of the principle argu-
ments for the SecYEG being the essential channel is that it is
conserved evolutionarily (4, 8). The SecY homolog, Sec61, is
found widely, from mammals to bacteria, and the signal recog-
nition particles (SRP)> from elephants to E. coli (44). While SRP
is an obligatory component of co-translational translocation in
the endoplasmic reticulum, the bacterial SRP analog is but one
of several targeting components required for only some mem-
brane protein integration, but not for others. Yet each compo-
nent of FtsY/Ffth/4.5S RNA of the bacterial SRP is essential for
cell growth. Similarly, the secY and secE genes are essential for
cell growth, but not for the translocation of all secreted pro-
teins. Thus, there is no compelling reason why SecYEG should
be the only core protein-conducting channel in bacteria,
despite the extensive literature that is based mainly on in vitro
reconstitution of proteoliposomes with SecYEG. The secretory
system has undergone significant evolutionary modification.
SRP is essential for eukaryotic co-translational secretion, but in
bacteria it is only one of the possible components in membrane
protein biogenesis systems; many proteins can be secreted
without it, and most can be translocated post-translationally.
Evolutionary conservation of a molecule is not proof that the
molecule continues to play the same role. SecA is the only
essential component of all Sec secretion pathways in bacteria,
yet it does not survive the evolutionary division into eukaryotes.

Thus, while it is possible that two SecA-dependent pathways
have evolved independently (one with and the other without
SecYEQG), a division that reflects the diverse pathways in bacte-
rial secretion; we suggest a possible simpler evolutionary route:
there is only one SecA-dependent secretion pathway. In it,

3 The abbreviation used is: SRP, signal recognition particle.
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SecA provides the basic protein-conducting channel, while
SecYEG confers a higher affinity and specificity, much the same
as RNA polymerase being the core enzyme in bacteria with
sigma factors conferring specificity. SecA function is markedly
energy profligate, expending more than a thousand ATPs for
each precursor that passes through the membrane (3), either
co- or post-translationally (1, 2). Although such costs can be
tolerated across the relatively energy-rich bacterial membrane
(including ATP generated from protonmotive force), selective
pressure -exerted by the sub-compartmentalization of cells into
organelles in eukaryotes that lack their own, proximal energy
source, perhaps has intensified the needs for energy conserva-
tion, leading to the extinction of the spend-thrift SecA in higher
organisms. Under such selective pressure, Sec61p might have
evolved in to becoming the channel, mediating a fundamentally
co-translational process that utilizes energy from protein syn-
thesis to push the nascent chain across the channels.

Our data do not differentiate between these two evolutionary
routes: whether two independent SecA-dependent secretion
pathways have evolved (one at the high affinity binding site with
SecYEG, and another at the low affinity binding site with phos-
pholipids, albeit with lower efficiency and specificity) or a single
SecA-dependent pathway has emerged, which has subse-
quently diverged into two. Whatever the mechanism of change,
it is clear from the current studies that, even though SecYEG
enhances the efficiency and specificity of protein translocation
in bacteria, SecA alone is necessary and, by itself, can promote
bacterial protein translocation and ion channel activity.
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