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During posttranslational translocation in Escherichia coli,
polypeptide substrates are driven across the membrane through
the SecYEG protein– conducting channel using the ATPase
SecA, which binds to SecYEG and couples nucleotide hydrolysis
to polypeptide movement. Recent studies suggest that SecA is a
highly dynamic enzyme, able to repeatedly bind and dissociate
from SecYEG during substrate translocation, but other studies
indicate that these dynamics, here referred to as “SecA pro-
cessivity,” are not a requirement for transport. We employ a
SecA mutant (PrlD23) that associates more tightly to mem-
branes than WT SecA, in addition to a SecA–SecYEG cross-
linked complex, to demonstrate that SecA–SecYEG binding and
dissociation events are important for efficient transport of the
periplasmic protein proPhoA. Strikingly however, we find that
transport of the precursor of the outer membrane protein
proOmpA does not depend on SecA processivity. By exchanging
signal sequence and protein domains of similar size between
PhoA and OmpA, we find that SecA processivity is not influ-
enced by the sequence of the protein substrate. In contrast,
using an extended proOmpA variant and a truncated derivative
of proPhoA, we show that SecA processivity is affected by sub-
strate length. These findings underscore the importance of the
dynamic nature of SecA–SecYEG interactions as a function of
the preprotein substrate, features that have not yet been
reported using other biophysical or in vivo methods.

In Escherichia coli, many periplasmic and extracellular pro-
teins are transported across the inner membrane through the
heterotrimeric SecYEG protein– conducting channel. Proteins
can be transported either co-translationally or posttranslation-
ally (1–4). During posttranslational translocation, the polypep-
tide substrate is synthesized by ribosomes before being directed
toward SecYEG. The energy for protein translocation is then
provided by the cytosolic ATPase SecA, which binds to the
SecYEG channel and drives protein export through a series of
ATP-dependent conformational changes (1, 2, 5– 8). The pro-
ton motive force across the inner membrane also contributes to
driving protein translocation, particularly at the later stages of
the transport reaction (3, 9, 10).

A landmark previous study reported that ATP binding to
SecA triggers a “power stroke,” resulting in forward movement
of a polypeptide segment into the mouth of the SecYEG chan-
nel (11). Following ATP hydrolysis, when ADP is still bound to
the enzyme, SecA adopts a conformation allowing the polypep-
tide to slide across the SecYEG channel until the next ATP-
binding event (11, 12). In this model, SecA exists mainly in an
ADP-bound state when translocation is taking place (11, 13).
More recently, elegant FRET-based studies led to an alternative
model in which protein translocation does not require a power
stroke (14). Instead, SecA rather operates as a “Brownian
ratchet,” allowing substrates to passively diffuse within the
SecY channel while the enzyme is in an ADP-state. When a
steric blockage is reached because of a stretch of bulky or aro-
matic residue within the substrate, ATP binding to SecA leads
to temporary widening of the SecY channel, thus allowing the
blockage to pass (14, 15). Both of these models, in which trans-
port largely relies on passive sliding of substrates through the
SecY channel without specific sequence recognition, explains
why the translocon is able to handle such a wide variety of
proteins, each with a different sequence (8, 11, 14, 15).

Despite these recent insights, some aspects of SecA–SecYEG
interactions during the translocation reaction remain unclear.
Studies by Morita et al. (5) and Mao et al. (16) suggest that SecA
is a highly dynamic enzyme that must undergo successive cycles
of binding and dissociation from the SecYEG complex for
translocation to proceed efficiently. In both of these studies,
SecA is hypothesized to dissociate from SecYEG while a poly-
peptide substrate is undergoing transit across the membrane (5,
16). Importantly, dissociation of SecA does not dislodge the
substrate from SecYEG. Instead, a fresh copy of cytosolic SecA
binds to SecYEG and completes translocation of the substrate
(5, 16). Hereafter we refer to these cycles of SecA binding to and
dissociating from SecYEG as “SecA processivity” (11). Other
studies, however, have reported that SecA processivity is not
essential for efficient protein translocation. Whitehouse et al.
(17) and Gold et al. (18) showed that immobilization of SecA
onto SecYEG via cysteine cross-linking results in the formation
of a SecA–SecYEG complex that is still competent for translo-
cation of proOmpA. Furthermore, a fusion construct of SecA–
SecYEG also is able to catalyze translocation of proOmpA (19).
Given the two differing views reported in the literature, the
importance of SecA processivity warrants further investigation.

Here we used a SecA mutant, PrlD23 (SecA Y134S), that is
less processive than WT SecA (20). The mutant exhibits ele-
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vated ATPase activity and associates more tightly with bacterial
membranes and with SecYEG than WT SecA (20, 21). We
reconstituted purified SecYEG with SecA or PrlD23 into pro-
teoliposomes and assessed the in vitro translocation efficiency
of proOmpA and proPhoA. As a complementary approach, we
assessed translocation efficiency using a covalently cross-linked
SecA–SecYEG complex. Interestingly, we observed an effect
of SecA processivity on proPhoA translocation but not on
proOmpA translocation. To determine which features of the
two substrates lead to this difference, we generated a series of
chimeric substrates by exchanging protein domains between
proPhoA and proOmpA. Our data indicate that SecA pro-
cessivity is mainly influenced by the length of the preprotein
substrate.

Results

Effect of a SecA mutation that stabilizes SecA–SecYEG
interactions

We reconstituted purified E. coli SecYEG into extruded
100-nm E. coli liposomes as described under “Experimental
procedures.” Translocation assays were performed in the pres-
ence of ATP, fluorescently labeled proPhoA, and either WT or
PrlD SecA. The data are shown in Fig. 1. With the PrlD mutant,
a reproducible transport defect is observed; the amount of fully
transported substrate measured in the presence of the PrlD
mutant is only 60% of the amount observed with WT SecA.
Additionally, there is a greater accumulation of translocation
intermediates (partially transported substrate fragments) in the
presence of the PrlD mutant. The apparent molecular mass of
these intermediates is �35 kDa. Although some intermediates
are formed in the presence of WT SecA, these are far less prom-
inent and do not form a discrete band, in contrast to the inter-
mediates seen with the PrlD mutant (Fig. 1A, quantified in Fig.
1B). Similar results were obtained when we performed translo-
cation assays using IMVs2 containing overexpressed SecYEG
instead of proteoliposomes (Fig. 1C, quantified in Fig. 1D).
These data led us to hypothesize that the PrlD mutation stabi-
lizes SecA–SecY interactions at the membrane surface, thereby
reducing SecA processivity and, as a consequence, increasing
formation of translocation intermediates while reducing full
translocation.

PrlD is able to outcompete WT SecA at SecYEG

We next assessed the relative stabilities of SecYEG–SecA and
SecYEG–PrlD complexes using a competition assay. We recon-
stituted preformed SecYEG–SecA and SecYEG–PrlD com-
plexes into proteoliposomes as described under “Experimental
procedures.” The reconstitution efficiency of both preparations
was comparable, as assessed by SDS-PAGE (Fig. 2A). We also
verified that SecA and SecYEG remained in complex during the
co-reconstitution process by measuring the translocation activ-
ity without additional SecA. As seen earlier (Fig. 1), the amount
of the 35-kDa translocation intermediates formed with PrlD
SecA (Fig. 2B, lanes 5– 8) is appreciably higher than the amount
formed with the WT enzyme (Fig. 2B, lanes 1– 4). In both cases,

however, translocation does not require additional SecA, show-
ing that SecA and SecYEG remain in a functional complex dur-
ing the reconstitution process, in agreement with studies pub-
lished previously (16, 22).

The co-reconstituted SecYEG–SecA complexes were subse-
quently incubated with a stoichiometric excess of WT or PrlD
SecA (Fig. 2C). With WT SecA, the protein translocation pro-
file is similar to that seen in Fig. 2B, left panel. In contrast, with
PrlD, there is less proPhoA transported and more translocation
intermediates (Fig. 2C, lanes 5–7; quantified in Fig. 2D). The
reciprocal experiment, wherein a stoichiometric excess of SecA
is added to the preformed SecYEG–PrlD complex, was per-
formed in parallel (Fig. 2C, quantified in Fig. 2D). In that case,
the protein translocation profile was unchanged with both
SecA and PrlD. As expected, addition of PrlD SecA to the pre-
formed SecYEG–PrlD complex had no effect (Fig. 2C, lanes
12–14).

These data indicate that PrlD can replace SecA during the
translocation process but not the opposite, implying that the
functional PrlD–SecYEG complex is more stable than SecA–
SecYEG complexes. This is in agreement with an earlier study
showing that PrlD SecA inserts stably into the membrane at
SecYEG to a much greater extent than WT SecA (20). Impor-
tantly, the heightened stability of the SecYEG–PrlD complex is
not due to an affinity difference between WT and PrlD SecA
but, rather, due to the altered conformation of the PrlD mutant
(20).

Covalent cross-linking of SecY–SecA mimics the effect of the
PrlD mutation

We measured translocation of proPhoA when SecA pro-
cessivity is limited via a cysteine cross-link between SecA and
SecY. The cysteine variants were cross-linked together and
purified according to the protocol of Whitehouse et al. (17)
before being reconstituted into proteoliposomes (Fig. 3A). As
expected, the SecA–SecY cross-link is reducible with DTT (Fig.
3A). Translocation assays were then performed with the recon-
stituted cross-linked complex for 10 min at 30 °C. In that case,
there was an accumulation of translocation intermediates,
which are not detected in the presence of DTT (Fig. 3B, com-
pare lane 2 with lane 3). These accumulated intermediates can,
however, complete translocation upon addition of DTT (Fig.
3B, compare lane 4 with lane 5). Together, these results show
that cleavage of the SecY–SecA covalent bond restores SecA
processivity and promotes the forward movement of the
jammed translocation intermediates. Quantification of the fully
and partially transported species is shown in Fig. 3C.

The importance of SecA–SecY processivity varies between
preprotein substrates

The results above indicate that SecA processivity is impor-
tant for proPhoA translocation. To determine whether SecA
processivity is required for translocation of a different sub-
strate, we employed proOmpA. In contrast to proPhoA,
translocation of proOmpA seems to not be influenced by SecA
processivity. ProOmpA translocation proceeds modestly
more efficiently under conditions where SecA processivity is2 The abbreviation used is: IMV, inner membrane vesicle.
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restricted either by the PrlD23 mutant (Fig. 4A) or by the SecA–
SecYEG cross-linked complex (Fig. 4C).

Influence of substrate leader peptide and mature domain on
SecA

Why is an effect of SecA processivity apparent with the pro-
PhoA substrate but not with proOmpA? We determined the
influence of both the substrate leader peptide and the mature
domain on SecA processivity. We attached the signal sequence
of proOmpA to the PhoA mature domain (pOAss-PhoA,
Fig. 5A). As seen with proPhoA, a significant amount of pOAss-

PhoA translocation intermediates (size, �35 kDa) is formed
with PrlD SecA. Thus, variations in the substrate signal
sequence do not influence SecA processivity.

We next exchanged portions of the mature domains of
proPhoA and proOmpA. We generated two constructs,
PhoA202-OmpA and pOA199-PhoA, which have similar
molecular weights as WT proPhoA (Fig. 6A). In the presence of
the PrlD mutant, both of these substrates form the same, �35
kDa translocation intermediate observed with PhoA (Fig. 6, B
and D; quantified in Fig. 6, C and E). This result suggests that
the substrate sequence does not influence SecA processivity.

Figure 1. Translocation activity of PrlD23 with the substrate PhoA. A, translocation assays were performed using SecYEG proteoliposomes under condi-
tions as described under “Experimental procedures.” Fluorescently labeled PhoA (10% of the total input for one reaction) was loaded onto the gel as a standard.
Positions of fully translocated substrate (FL) and of the translocation intermediates (Intermediates) are indicated with arrows. B, densitometry analysis of A. Data
were normalized to 100 units based on the densitometry obtained for fully translocated PhoA with WT SecA after 10 min at 30 °C (lane 5). The data represents
the mean � S.D. from three independent experiments. C, translocation assays were performed as in A but using IMVs containing overexpressed SecYEG. D,
densitometry analysis of C.
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Influence of substrate length on SecA processivity

Given the difference in size between proOmpA (346 resi-
dues, 37 kDa) and proPhoA (471 residues, 49 kDa), we exam-
ined whether SecA processivity is influenced by the length
of the substrate. We constructed an extended variant of

proOmpA by fusing a C-terminal fragment of PhoA (PhoA res-
idues 203– 471) onto proOmpA. This generated the substrate
pOAFLPhoACT (614 residues, 68 kDa, Fig. 7A). We have shown
above that the 35-kDa translocation intermediates observed
with proPhoA are not dependent on this fragment of PhoA

Figure 2. Competition assay(s) between PrlD SecA and WT SecA. A, to verify the efficiency of our co-reconstitution procedure, 4 �g of co-reconstituted
SecYEG-SecA and 4 �g of co-reconstituted SecYEG-PrlD were analyzed by 15% SDS-PAGE, followed by Coomassie Blue staining. B, translocation assays were
performed with 4 �g of SecYEG co-reconstituted in liposomes with SecA (SecYEG–SecA) or with PrlD SecA (SecYEG–PrlD) without addition of extra SecA. FL,
full-length. C, assays were performed as described in B in the presence of 1.5 �g of additional SecA or PrlD SecA, as indicated. D, densitometry analysis of C. The
plotted data represent the mean � S.D. for two independent experiments.

SecA–SecYEG processivity during protein translocation
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(compare WT PhoA with PhoA202-OmpA). Thus, any new
translocation intermediates we observe with this fusion protein
can be attributed to its size as opposed to its sequence. In the
presence of WT SecA, we observe time-dependent accumula-
tion of both fully translocated material as well as an �50-kDa
translocation intermediate. We observe less fully translocated
material in the presence of the PrlD mutant along with more
pronounced accumulation of the 50-kDa translocation inter-
mediate (Fig. 7, B and C). Thus, it appears that substrate length
does influence SecA processivity.

To accumulate more evidence for the possible role of sub-
strate length, we also tested the effect of SecA processivity on
translocation of an N-terminally truncated variant of proPhoA
termed PhoA202 (202 residues, 22 kDa, Fig. 8A) (23). We
expected that reducing the substrate length would decrease its
dependence on SecA processivity. Consistent with this hypoth-
esis, we found that translocation of PhoA202 was not influenced
by SecA processivity. Indeed, as with proOmpA, we found that
translocation of PhoA202 is modestly increased with the nonpro-
cessive PrlD mutant (Fig. 8B, quantified in Fig. 8C).

Discussion

We examined the importance of successive cycles of SecA
binding and dissociation from SecYEG, termed SecA pro-
cessivity, using a SecA mutant (PrlD23) that associates more
tightly with bacterial membranes than WT SecA (20).
Although previous work has shown that SecA undergoes
cycles of binding and dissociation from SecYEG, this study
was motivated by conflicting reports of whether this pro-
cessivity is an absolute requirement for substrate transloca-
tion (5, 11, 16).

By monitoring the accumulation of translocation intermedi-
ates, we show that SecA processivity influences translocation of
the substrate proPhoA but not of proOmpA. To unravel the
reason for this difference between the two substrates, we exam-
ined the effect of the substrate signal sequence and mature
domain on SecA processivity. We generated a series of chimeric
substrates by exchanging substrate signal peptides as well as
portions of the substrate mature domains. The sizes of the chi-
meric substrates are comparable with that of proPhoA (�50

Figure 3. Translocation activity of a covalently linked SecA–SecYEG complex. A, the cross-linked SecYEG–SecA complex reconstituted into proteolipo-
somes (4 �g) was analyzed by 12% SDS-PAGE and Coomassie Blue staining with DTT (1 mM) as indicated. B, translocation assays were performed as described
for Fig. 2. All incubations were for 10 min at 30 °C. The translocation intermediates formed in lane 3 were reincubated for an additional 10 min with or without
DTT as indicated (lanes 4 and 5, respectively). FL, full-length. C, densitometry analysis of B. Data were normalized to 100 units based on the densitometry
obtained for fully translocated PhoA in lane 2. The plotted data represent the mean � S.D. for three independent experiments.
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kDa), but these chimeric substrates display the same depen-
dence on SecA processivity as WT proPhoA, leading us to con-
clude that substrate sequence is likely not the main factor deter-
mining SecA processivity.

When analyzing these results, we also considered the poten-
tial effect of substrate folding and secondary structure. A recent
study by Tsirigotaki et al. (24) revealed important differ-
ences between the in-solution behavior of proOmpA and
proPhoA. They show that proOmpA adopts some elements
of secondary structure in solution whereas proPhoA does
not (24). Additionally, the mature domains of both
proOmpA and proPhoA adopt highly dynamic, loosely folded
“folding intermediate” states. We consider it unlikely that the

difference in the dependence on SecA processivity between
proPhoA and proOmpA is caused by the potentially different
folding dynamics of the two substrates because the exchange of
portions of the substrate mature domains results in no apparent
change in substrate dependence on SecA processivity.

We next tested the possible effect of substrate length. It has
been speculated earlier that preprotein substrates of differing
lengths and differing amino acid compositions may behave dif-
ferently during the translocation reaction (25). However, this
question has not been fully addressed, particularly in the con-
text of SecA processivity. We extended the size of proOmpA
beyond that of proPhoA, generating a substrate termed
pOAFLPhoACT (68 kDa). In that case, we observed some accu-

Figure 4. Translocation activity of PrlD23 SecA with the substrate proOmpA. A, fluorescently labeled proOmpA was employed in translocation assays as
in Fig. 1. FL, full-length. B, quantification of A. C, proOmpA was employed in translocation assays with the SecYEG–SecA cross-linked complex. Proteoliposomes,
ATP, and labeled substrate were incubated at 30 °C for the indicated times in the presence or absence of 1 mM DTT. 50-�l aliquots were withdrawn at the
indicated time points before being analyzed as described for Fig. 1. D, quantification of B. 100 units of translocation activity is defined as the level of fully
translocated proOmpA observed after 15 min in the presence of ATP and 1 mM DTT (lane 7).
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mulation of translocation intermediates when SecA was able to
act in a processive manner. Accumulation of these intermedi-
ates is increased in the presence of the PrlD mutant, suggesting
that increasing the length of proOmpA increases its depen-
dence on SecA processivity.

We also tested whether decreasing the length of proPhoA
would decrease its dependence on SecA processivity. As
expected, translocation with the shorter PhoA202 is not depen-
dent on SecA processivity, further supporting our conclusion
regarding the importance of substrate length. We note that ear-
lier studies by Tomkiewicz et al. (25) and Fessl et al. (15) exam-
ined the effect of substrate size using extended proOmpA
derivatives, but these studies did not assess accumulation of
translocation intermediates (15, 25). The authors employed
either a fluorescent probe or an epitope tag located at the
extreme C terminus of their substrates; thus, any intermediates
that may have accumulated would not have been detectable
(25). In our study, we suspect that the 35-kDa PrlD-dependent
translocation intermediates observed with proPhoA as well as
the � 50-kDa intermediates seen with pOAFLPhoACT may rep-
resent rate-limiting steps in the translocation reaction. It could
be, for instance, that � 35 kDa is the maximum length of pro-
PhoA that can be translocated by SecA before the enzyme needs
to dissociate from the membrane and SecYEG. However, in the
case of the longer substrate, pOAFLPhoACT, we no longer
observe this �35 kDa intermediate. Instead, the size of the
observed intermediates is shifted up to �50 kDa. This could be
because the translocase is able to “sense” the length of the sub-

strate and because the size of the rate-limiting step varies
according to preprotein length.

Altogether, our findings are in line with the processive model
of protein translocation that has been proposed previously,
wherein SecA cycles on and off of the membrane and SecYEG
during the translocation reaction (5, 16). We further report that
the importance of this on/off cycling varies depending on the
length of the translocating substrate. However, this is demon-
strated using only two substrates. Therefore, a more compre-
hensive analysis testing multiple substrates on the scale of the
recent studies by Bariya and Randall (22), Chatzi et al. (26), and
Tsirigotaki et al. (24) will be needed to determine whether SecA
processivity is a universal phenomenon.

Experimental procedures

Protein production and purification

Expression and purification of SecYEG were performed from
the plasmid pBad22 his-EYG (pEYG) as described previously
(23, 27–29). Inner membrane vesicles (IMVs) containing over-
expressed SecYEG were prepared from the E. coli strain KM9 as
described previously (23, 30). Expression and purification of
WT and mutant variants of SecA were as described previously,
using the plasmid pET23 SecAHis (23, 31). The coding region of
alkaline phosphatase A (proPhoA) was cloned into the plasmid
pBad33 and transformed into E. coli strain BL21. A 2-liter cul-
ture of pBad33-PhoA (C190S) was grown in Lysogeny Broth
medium supplemented with 50 �g/ml chloramphenicol. At

Figure 5. Effect of the substrate leader peptide on SecA processivity. A, cartoon representations of proPhoA and the pOAss-PhoA fusion protein. The leader
peptide of proOmpA (red) was fused to the mature sequence of PhoA (blue). The molecular masses of each protein are indicated on the right. B, pOAss-PhoA was
fluorescently labeled and employed in translocation assays with SecYEG IMVs as described in Fig. 1C. FL, full-length. C, the amounts of fully translocated
products and translocation intermediates were quantified as described for Fig. 1.

SecA–SecYEG processivity during protein translocation
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A600 0.4, 0.2% (w/v) L-arabinose was added to induce protein
expression. After 3 h of induction, cells were harvested and
lysed using a Microfluidizer (3 passes at 8000 p.s.i.). proPhoA
was extracted from the resulting inclusion bodies in buffer A
(50 mM Tris-HCl (pH 7.9) and 6 M urea). Expression and
purification of proOmpA bearing a unique cysteine (mutant
S108C) was carried out as described previously (27, 32). Clon-
ing of all PhoA/OmpA recombinant translocation substrates
used in this study was carried out using the polymerase
incomplete primer extension method (33). All constructs
were verified by DNA sequencing (Genewiz). Protein

expression and purification of all derivatives were carried
out as described above for proPhoA.

Fluorescent labeling

Dye labeling of translocation substrates was performed as
described previously (23). Briefly, 100 �g of purified protein was
incubated in the dark for 2 h with a molar excess of the cysteine-
specific Alexa Fluor 680 labeling reagent (Invitrogen/Molecular
Probes). Labeling was quenched by addition of 1 mM DTT. Excess
dye was removed by gel filtration as described by Dalal et al. (23).

Figure 6. Effect of substrate mature domain on SecA processivity. A, cartoon representations of proPhoA, proOmpA, and the two fusion substrates
generated in this study. The molecular masses of each protein are indicated on the right. B, phoA202-OmpA, a fusion between the N-terminal 202 residues of
proPhoA and the mature sequence of OmpA, was fluorescently labeled and employed in translocation assays as described in Fig. 6. FL, full-length. C,
quantification of B. D, proOmpA199-PhoA, a fusion between the N-terminal 1–199 residues of proOmpA and residues 203– 471 of PhoA, was fluorescently
labeled and employed in translocation assays as described in Fig. 6. E, quantification of D.

SecA–SecYEG processivity during protein translocation
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SecY–SecA cross-linking

The SecYEG–SecA cross-linked complex was prepared in
accordance with protocols published previously with minor
modifications (11, 17). The SecY cysteine mutation K268C was
introduced into pEYG by site-directed mutagenesis. After
transformation into BL21, membrane extracts bearing the
overexpressed SecY complex were isolated from 6 liters of cul-
ture and resuspended in buffer B (50 mM Tris-HCl (pH 7.9), 100
mM NaCl, and 10% glycerol). Endogenous SecA was removed by
incubating the membranes on ice for 1 h in buffer A. Urea was
removed by ultracentrifugation (55,000 rpm, 4 °C, Beckman
Ti70 rotor), and the washed membranes were resuspended in
buffer B. Urea-treated membranes (50 mg) were incubated with
purified N95 795C SecA (50 mg) on ice for 1 h in buffer B
supplemented with 5 mM MgCl2. After the initial hour-long
incubation, 0.1 mM copper phenanthroline was added to induce
cross-link formation. After a further 1-h incubation, copper
phenanthroline was removed by ultracentrifugation (55,000
rpm, 4 °C, Beckmann Ti60 rotor), and the membranes were
resuspended in buffer B supplemented with 1% dodecyl malto-
side. The cross-linked complex was then purified as described
previously (11, 17).

Proteoliposome reconstitutions

Total E. coli lipid extract (100 mg, Avanti Polar Lipids) dis-
solved in chloroform was dried under a stream of nitrogen and
desiccated overnight. The resulting lipid film was resuspended
in buffer C (50 mM Tris-HCl (pH 7.9) and 50 mM NaCl) to a final
concentration of 10 mg/ml and sonicated to homogeneity.

Unilamellar vesicles were prepared by extrusion through a
100-nm filter at 300 p.s.i. using a Lipex 10/1.5 ml Thermobarrel
and Regular Barrel Extruder (Northern Lipids Inc.). The size of
the resulting liposomes was verified by dynamic light scattering
using a Zetasizer (Malvern Technologies). A solution of Triton
X-100 was titrated into a 0.5-mg aliquot of the extruded lipo-
somes to determine the concentration of detergent required
to swell but not disrupt the vesicles. Liposome swelling was
assessed by monitoring the turbidity of the solution at A550
using a UV spectrophotometer. Optimal swelling was observed
at a concentration of 0.1% Triton X-100. To form proteolipo-
somes, 0.5 mg of extruded liposomes was treated with 0.1%
Triton X-100. The purified SecYEG complex (1 nmol) was
added to this detergent–lipid mixture and incubated for 10 min
on a rocking platform at 4 °C. Liposomes were incubated with a
1/10 volume of BioBeads overnight to facilitate detergent
removal. Proteoliposomes were recovered by ultracentrifuga-
tion (55,000 rpm, Beckman TLA55 rotor) and resuspended in
buffer C. Co-reconstitution of SecYEG with WT or PrlD23
SecA was performed as described previously with minor mod-
ifications (16, 22). Briefly, purified SecYEG (1 nmol) was mixed
with either WT or PrlD mutant SecA (1 nmol each) for 30 min
at 4 °C before being added to the lipids. The co-reconstituted
preparations are termed SecYEG–SecA and SecYEG–PrlD
throughout this paper.

Protein translocation assays

Translocation assays were performed essentially as described
previously (23, 27). Briefly, SecYEG proteoliposomes (2 �g) or

Figure 7. Effect of substrate length on SecA processivity. A, cartoon representations of the recombinant substrate pOAFL PhoACT, using the same color
scheme as Fig. 6A. A cartoon representation of the substrate PhoA is included here for reference. The molecular masses of each protein are indicated on the
right. B, pOAFL PhoACT was fluorescently labeled and employed in translocation assays as described in Fig. 6. FL, full-length. C, quantification of B.
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SecYEG-containing IMVs (5 �g) were mixed on ice with SecA
(1.5 �g), fluorescently labeled substrate (2 ng), and ATP (2 mM)
in 50 �l of TL buffer (50 mM Tris-HCl (pH 7.9), 50 mM NaCl,
and 5 mM MgCl2). A negative control was performed in parallel,
containing all reaction components except ATP. Reactions
were incubated at 30 °C in a water bath for the indicated time
before being chilled on ice. All untransported substrate was
degraded by incubation with Proteinase K (5 �g, Bioshop) on
ice for 10 min. The reactions were precipitated with ice-cold
TCA (17% final, 30 min) followed by centrifugation (13,200
rpm, 10 min, 4 °C). The pellets were washed with ice-cold ace-
tone before being dissolved in SDS-PAGE sample buffer and
analyzed on 15% SDS-PAGE. Transported proteins were visu-
alized by fluorescence scanning using a LI-COR Odyssey (LI-
COR Biosciences).

Analysis of translocation data

Densitometry analysis of the translocation assays was per-
formed using the LI-COR Odyssey software. Densitometry for
full-length translocation was determined by selecting the area
of each lane labeled full-length. The data were normalized to
the densitometry obtained for fully translocated material with
WT SecA at the final time point in each assay. The fluorescent
intensity of this signal was arbitrarily assigned a value of 100.
Densitometry for the translocation intermediates was obtained
by selecting the area of each lane marked “intermediates.” As
for full-length translocation, the fluorescence intensity in this
area was plotted relative to the intensity obtained for fully translo-
cated material with WT SecA at the final time point in each assay.
Each assay was repeated at least twice to ensure reproducibil-

ity. The resulting data were plotted using GraphPad Prism 6
software (GraphPad, San Diego, CA). Error bars represent
standard deviation.
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