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Introduction

Roughly 30% of the genome encodes membrane proteins, 
which are anchored to cellular membranes via at least one trans-
membrane domain (TMD) and play diverse physiological roles 
such as signaling, cell shape maintenance, and cell motility. To 
attain their proper structure and function, newly synthesized 
membrane proteins must engage dedicated protein targeting 
pathways by which they are delivered to the correct membrane 
destination in the cell (Zhang and Shan, 2014). Mislocalization 
of membrane proteins not only deprives cells of functional pro-
teins, but it also disrupts cellular protein homeostasis as a result 
of improper exposure of the hydrophobic TMDs in the cytosol 
that could lead to aggregation and misfolding. This demands 
that the targeting processes for membrane proteins act with high 
efficiency to minimize the exposure of TMDs in the cytosol.

The cotranslational targeting of proteins by signal recog-
nition particle (SRP) is the most well-understood pathway for 
targeted delivery of integral membrane proteins. SRP recognizes 
hydrophobic signal sequences or TMDs near the N terminus 
of nascent proteins as soon as they emerge from the ribosome 
exit tunnel (Walter et al., 1981; Schaffitzel et al., 2006; Zhang 
and Shan, 2014). The TMD on the nascent protein is shielded 
from the cytosol by the M domain of SRP. Through the inter-
action between SRP and the SRP receptor (SR; termed FtsY in 
bacteria), the nascent protein is delivered to the SecYEG (or 
Sec61p) protein translocation machinery on the bacterial inner 

membrane (or the eukaryotic endoplasmic reticulum; Zhang et 
al., 2010). SRP-dependent targeting is complete before ∼130 
amino acids of the nascent polypeptide C-terminal to the signal 
sequence or TMD is translated (Siegel and Walter, 1988; Ariosa 
et al., 2015), and releasing nascent proteins from the ribosome 
abolishes the targeting of SRP-dependent substrates (Kuruma et 
al., 2005). In bacteria, SRP is generally thought to mediate the 
targeted delivery of the majority of inner membrane proteins 
and several periplasmic secretory proteins that contain highly 
hydrophobic signal sequences (Luirink and Sinning, 2004; 
Schibich et al., 2016).

A second major protein-targeting pathway in bacteria uses 
SecA, with the participation of the chaperone SecB in some 
cases. The SecB/A pathway targets the majority of secretory 
and outer membrane proteins via a posttranslational mechanism 
(Hartl et al., 1990). Substrates entering this pathway contain 
signal sequences that are less hydrophobic than those that en-
gage SRP/SR (Neumann-Haefelin et al., 2000). These signal se-
quences are recognized by the preprotein cross-linking domain 
of SecA, which couples its ATPase cycle to the translocation 
of substrate proteins across SecYEG (Bauer et al., 2014). The 
posttranslational chaperone SecB assists in maintaining prepro-
teins in the unfolded translocation-competent state while also 
delivering these proteins to SecA bound at the inner membrane 
(Weiss et al., 1988). The posttranslational nature of the SecB/A 
pathway is supported by the following observations: (A) clas-
sic SecB/A-dependent substrate proteins, such as OmpA and 
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PhoA, can be efficiently inserted into the membrane without 
coupling the targeting reaction to protein synthesis (Hartl et al., 
1990; Gouridis et al., 2009), indicating that a cotranslational 
mode of targeting is not mechanistically obligatory for these 
substrates; (B) the SecA ATPase cycle and its interaction with 
SecYEG are enhanced by the mature domain of the nascent 
protein C-terminal to the signal sequence, suggesting that a 
substantial length of the nascent protein needs to be exposed 
before they are targeted by the SecB/A pathway (Gouridis et 
al., 2009); (C) C-terminal fusion to fast-folding proteins such as 
thioredoxin (TrxA) severely blocks the translocation of SecA- 
dependent substrate proteins (Huber et al., 2005a), suggest-
ing that targeting and translocation was not finished before the 
complete synthesis of the nascent polypeptide.

More recently, however, SecA was found to also interact 
with the ribosome. SecA binds the 70S bacterial ribosome with 
a dissociation constant (Kd) of 0.9 µM (Huber et al., 2011), in 
part via an interaction with conserved acidic residues on the 
L23 protein near the ribosome exit site (Singh et al., 2014). Dis-
ruption of this ribosomal contact modestly reduces the trans-
location efficiency of several secretory proteins (Huber et al., 
2011). Nevertheless, a clear understanding for the role and im-
portance of the SecA–ribosome interaction has been lacking. 
Although SecA has been observed to contact nascent proteins 
while they are still bound to the ribosome in vitro (Karamyshev 
and Johnson, 2005; Huber et al., 2016) and in vivo (Randall, 
1983), a cotranslational requirement has not been demonstrated 
for the SecA–preprotein contact nor for the targeting of these 
secreted proteins, raising questions as to the necessity of re-
cruiting SecA cotranslationally.

Up till now, SRP is the only known factor in bacteria that 
can cotranslationally target inner membrane proteins. Never-
theless, model SRP substrates are still targeted to the bacte-
rial inner membrane, albeit more slowly, under SRP-depleted 
conditions (Wickström et al., 2011; Zhang et al., 2012), sug-
gesting the presence of alternative targeting pathways for inner 
membrane proteins. In addition, SecA is required for the in-
sertion of multiple inner membrane proteins that contain large 
periplasmic domains (Wolfe et al., 1985; Gebert et al., 1988; 
Sääf et al., 1995; Traxler and Murphy, 1996), which implicates 
that SecA plays a role at some stage of the biogenesis of these 
membrane proteins. Moreover, some inner membrane pro-
teins in Escherichia coli depend on SecA rather than SRP for 
insertion (Ulbrandt et al., 1997; Kihara and Ito, 1998; Rawat 
et al., 2015). An inner membrane protein, AcrB, showed more 
severe defects in membrane insertion under SecA-depleted, 
than SRP-depleted, conditions (Qi and Bernstein, 1999). Re-
cently, Rawat et al. (2015) explored the insertion requirements 
of two single-span membrane proteins, RodZ and CadC, and 
suggested the possibility that RodZ is inserted cotranslationally 
by SecA (Lindner and White, 2014). A common feature of both 
proteins is a TMD >100 residues downstream of the N termi-
nus and a strict dependence on SecA, but not SRP or FtsY, for 
insertion. In chloroplasts, cpSecA has been speculated to be an 
alternative targeting factor, as the cpSecA-dependent substrate 
protein PetA is cotranslationally targeted to the thylakoid mem-
brane (Zoschke and Barkan, 2015). These observations compel 
us to explore the possible role of SecA in mediating a potential 
cotranslational targeting pathway for inner membrane proteins.

Using a combination of quantitative binding measure-
ments, in vitro reconstitutions, and in vivo targeting assays, we 
demonstrate in this study that SecA cotranslationally recognizes 

and targets the inner membrane protein RodZ. The extended 
N-terminal element (NTE) preceding the internal TMD of 
RodZ and periplasmic sequences immediately after the TMD 
enable the selection of RodZ by SecA, rather than the SRP ma-
chinery, for membrane targeting. This study uncovers a new 
role of SecA and provides evidence for an SRP-independent 
cotranslational targeting pathway for a subset of inner mem-
brane proteins in bacteria.

Results

SecA cotranslationally interacts with the 
RodZ nascent chain
As a candidate substrate that could cotranslationally interact 
with and be targeted by SecA, we tested RodZ (Rawat et al., 
2015). RodZ is a single-pass type II membrane protein com-
prised of an N-terminal cytoplasmic domain (residues 1–111), 
a TMD (residues 112–132) anchored on the bacterial plasma 
membrane, and a C-terminal periplasmic domain (residues 
133–337). The in vivo biogenesis of RodZ was shown to be 
dependent on SecA and SecYEG but had no dependence on the 
bacterial SRP protein Ffh, the SR FtsY, or the posttranslational 
chaperone SecB (Ulbrandt et al., 1997; Rawat et al., 2015). As 
discussed by Rawat et al. (2015), a cotranslational mechanism 
of targeting would be beneficial for minimizing the cytosolic 
exposure of the RodZ-TMD and the premature folding of the 
RodZ periplasmic domain in the cytosol; we therefore hypoth-
esized that SecA could be recruited to ribosome-nascent chain 
complexes (RNCs) bearing newly synthesized RodZ.

To detect the interaction between RNCRodZ and SecA, we 
used Förster resonance energy transfer (FRET). As the FRET 
donor, we used amber suppression technology (Saraogi et al., 
2011) to incorporate a fluorescent amino acid, 7-hydroxycou-
maryl ethylglycine (Cm), at residue 111 upstream of the RodZ 
TMD (Fig. 1 A and Table S1). As the FRET accepter, we la-
beled SecA at residue 12 with BOD​IPY-FL (BDP). The mu-
tations and fluorescence labeling did not perturb the activity 
of SecA in mediating posttranslational protein translocation 
(Fig. S1 A) nor the interaction of RNC with targeting factors 
(Saraogi et al., 2011). For initial binding measurements, we 
purified RNCRodZ displaying the N-terminal 180 amino acids 
of RodZ; the RodZ nascent chain is followed by a 34-residue 
SecM stalling sequence (Nakatogawa and Ito, 2002), which oc-
cupies most of the ribosome exit tunnel (Zhang et al., 2015). 
When purified RNCRodZ was incubated with SecABDP, we ob-
served a 44% reduction in Cm fluorescence and a correspond-
ing increase in BDP fluorescence, indicating FRET (Fig. 1 B, 
red). As expected from the competition between labeled and 
unlabeled SecA, addition of a 10-fold excess of unlabeled SecA 
removed the FRET signal (Fig. 1 B, blue). This result also ruled 
out the environmental sensitivity of Cm as a contributor to the 
FRET signal and indicated a reversible binding equilibrium be-
tween RNCRodZ and SecA.

Equilibrium titrations based on the FRET assay showed 
that SecA binds RNCRodZ tightly, with a Kd value of ∼1 nM 
(Fig. 1 C); this affinity is ∼900-fold higher than that of SecA 
for empty ribosomes (Huber et al., 2011), suggesting additional 
interactions of SecA with the RodZ nascent chain. As other 
ribosome-associated protein biogenesis factors such as SRP 
and trigger factor (TF) could compete for binding to the ribo-
some and RodZ nascent chain under physiological conditions 
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(Ariosa et al., 2015; Gamerdinger et al., 2015), we further 
tested whether the SecA–RNCRodZ interaction survives the 
presence of these factors. Equilibrium titrations in the presence 
of near-physiological concentrations of SRP (400 nM) or TF 
(2 µM) showed that the SecA–RNCRodZ interaction was weak-
ened by these factors but remained strong, with Kd values of 
∼19 nM and ∼55 nM, respectively (Figs. 1 C and S1 B). In 
addition, raising the SRP concentration beyond 50 nM did not 
significantly weaken the binding between SecA and RNCRodZ 
(Fig. 1, D and F; and Fig. S1 C). As a negative control, we used 
RNCFtsQ, a well-characterized SRP substrate (Estrozi et al., 
2011). Although the interaction of SecA with RNCFtsQ could be 
detected, this interaction was ∼20-fold weaker than that with 
RNCRodZ and did not withstand the competition from physiolog-
ical concentration of SRP (Fig. 1, E and F). These data strongly 
suggest that the nascent chain of RodZ can efficiently and spe-
cifically recruit SecA during translation.

We next asked whether the ribosome contributes to the 
recruitment of SecA onto nascent RodZ. To this end, we dis-
assembled the ribosomes in purified RNCs by RNase A and 
EDTA treatment (Fig. S1 D). As an independent and more 
specific means to perturb the SecA–ribosome interaction, we 
mutated an acidic patch (F51A/E52A/E54A/E56A/E89A) 
on the ribosomal protein L23 that contacts the N terminus 
of SecA (Fig.  2  A; Huber et al., 2011; Singh et al., 2014). 
Both perturbations significantly weakened the interaction 
of SecA with the RodZ nascent chain. The L23 mutations 

weakened the binding affinity of SecA for RNCRodZ >20-fold 
(Fig.  2, B and E, red). The binding defect was larger, ∼60-
fold, with EDTA- and RNase A–treated RNCRodZ (Fig.  2, B 
and E, blue). As a negative control, we tested RNC bearing 
the nascent chain of PhoA, a posttranslational SecA substrate 
(Gouridis et al., 2009). Although an interaction between SecA 
and RNCPhoA could be detected, neither the L23 mutations 
nor the EDTA–RNase A treatment affected this interaction 
(Fig. 2, C and E), indicating that SecA binds the PhoA nascent 
chain independently of the ribosome. As a positive control, 
the interaction of SRP with its substrate, RNCFtsQ, was also 
disrupted by the RNase A and EDTA treatment (Fig. 2, D and 
E, blue). However, SRP-RNCFtsQ binding was unaffected by 
the L23 mutations (Fig. 2, D and E, red), indicating that this 
acidic patch on L23 provides a specific docking site for SecA. 
These results show that efficient recruitment of SecA to the 
RodZ nascent chain requires specific contacts of SecA with 
the ribosomal protein L23.

SecA recognizes multiple sequence 
elements on the RodZ nascent chain
To probe the sequence elements on the RodZ nascent chain re-
quired for SecA recognition, we first tested the role of the RodZ 
TMD (Fig. 3 A). Introduction of two arginines weakened the 
SecA–RodZ interaction ∼26-fold, raising the Kd value to ∼26 
nM (Fig. 3 B, TMD mut). Introduction of six basic residues into 
RodZ-TMD abolished detectable interaction of SecA with the 

Figure 1.  Fluorescence measurements of SecA–RNC interac-
tions. (A) Scheme of the FRET assay to detect the interaction of 
SecA with the RodZ nascent chain on the ribosome. (B) Fluo-
rescence emission spectra for indicated samples. Where indi-
cated, reactions contained 20 nM ​​RNC​ RodZ​ Cm ​ ,​ 40 nM SecABDP, 
and 400 nM unlabeled SecA. (C) Representative equilibrium 
titrations to measure the Kd values of the SecA–RNCRodZ com-
plex. Reactions contained 20 nM ​​RNC​ RodZ​ Cm ​​  without (black) or 
with SRP (blue) or TF (green) present. The titration curves be-
fore normalization are shown in Fig. S1 B. Lines are fits of the 
data to Eq. 3. (D and E) Representative equilibrium titrations 
to measure the Kd values of the SecA–RNCRodZ (D) and SecA–
RNCFtsQ (E) complexes at increasing concentrations of SRP. 
Lines are fits of the data to Eq. 3. (F) Summary of the Kd values 
of SecA–RNC complexes obtained from the data in C–E and 
their replicates. Values represent mean ± SD; n = 3.
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nascent chain (Fig. 3 B, 3K3R mut). These results suggest that 
the hydrophobic TMD on RodZ provides an important recog-
nition element for SecA.

If SecA recognizes the TMD on RNCRodZ, then the SecA–
RNCRodZ interaction would be sensitive to the length of the 
nascent polypeptide, as complete exposure of the TMD on the 
ribosome would require at least 133 amino acids of the RodZ na-
scent chain to be displayed on the stalled RNC. We therefore sys-
tematically varied the length of the RodZ nascent chain (length 
does not include the SecM arrest sequence). As expected, SecA 
binding was barely detectable when the RodZ nascent chain was 
120 amino acids, at which length only a portion of the TMD was 
available (Figs. 3 C and S1 E, inset). Significantly stronger SecA 
binding was observed at longer nascent chain lengths, with the 
tightest binding observed when the RodZ nascent chain was 160 
amino acids (Fig. 3 C). Collectively, these data strongly suggest 
that SecA recognizes the TMD of the RodZ nascent chain.

The RodZ TMD is preceded by an extended NTE com-
prised of a helical MreB-binding domain (MBD; residues 
1–103) followed by a consecutive sequence of six basic 

residues (KRR​KKR; residues 104–109). Deletion of the 
MBD did not perturb high-affinity binding between SecA and 
RNCRodZ, whereas deletion of the basic residues preceding the 
TMD weakened binding >10-fold (Fig. 3, D–F). These results 
are consistent with previous findings that positively charged 
residues N-terminal to the signal sequence enhance prepro-
tein binding and translocation by SecA (Akita et al., 1990; 
Hikita and Mizushima, 1992).

The enhancement in the RNC binding affinity of SecA 
when the RodZ nascent chain was lengthened from 140 to 
160 amino acids suggests the possibility of additional interac-
tions of SecA with the periplasmic sequence of RodZ after the 
TMD. To test this hypothesis, we replaced the sequences in the 
N-terminal periplasmic region of RNCRodZ160 (residues 134–
160) with the corresponding sequence from FtsQ (Fig.  3  D, 
Peri swap). This mutation weakened the affinity of SecA for 
RNCRodZ160 >40-fold (Fig. 3, E and F), indicating that the peri-
plasmic sequence of RodZ after its TMD also contributes sig-
nificantly to high-affinity SecA recruitment. Intriguingly, this 
periplasmic region of RodZ does not belong to the “hydropho-
bic patch” that binds SecA as described by previous studies 
(Gouridis et al., 2009; Chatzi et al., 2017), but is instead unusu-
ally enriched in acidic residues (net charge −4) compared with 
the corresponding region of FtsQ (net charge 0; Table S1). To 
test whether these acidic residues contribute to SecA recruit-
ment, we further incorporated the acidic residues in the peri-
plasmic region of SecA into the corresponding positions in the 
FtsQ periplasmic sequence (R54E/K59E/R66E/H67D/R70D; 
Fig.  3  D, Peri swap acidic). The incorporation of these addi-
tional acidic residues indeed restored high-affinity SecA bind-
ing (Fig. 3, E and F, peri swap vs. peri swap acidic), indicating 
the importance of these acidic residues in SecA recognition.

Finally, to distinguish whether the periplasmic sequence 
of RodZ exerts its effect directly by interacting with SecA or 
indirectly by altering the conformation of the remainder of the 
RodZ nascent chain, we fused this sequence (RodZ residues 
134–160) or the corresponding periplasmic sequence from 
FtsQ (residues 50–74) to the well-folded small ubiquitin-like 
modifier (SUMO) protein. We tested whether the resulting 
fusion proteins acted as competitive inhibitors of the interac-
tion between SecA and RNCRodZ. If the periplasmic sequence 
of RodZ directly bound SecA, SUMO-RodZ(peri) should be 
able to compete with RNCRodZ for SecA binding and thus re-
store the fluorescence signal of donor-labeled RNC caused 
by loss of FRET between RNCCm and SecABDP (Fig.  3  G). 
Dose-dependent saturable restoration of the fluorescence 
of RNCCm was indeed observed with SUMO-RodZ(peri) 
(Fig. 3 H). In contrast, SUMO by itself did not compete with 
RNCRodZ, and SUMO-FtsQ(peri) provided significantly less 
effective competition than SUMO-RodZ(peri) (Fig.  3  H). 
Quantitative analysis of this competition reaction yielded 
an estimated Ki value of 1.2  µM for the interaction between 
SecA and SUMO-RodZ(peri).

Collectively, the results in this section show that the 
strong interaction of RNCRodZ with SecA are contributed by 
three sequence elements on the RodZ nascent chain: (A) the 
consecutive positively charged residues upstream of the RodZ 
TMD, (B) the hydrophobic TMD of RodZ, and (C) the nega-
tively charged residues in the periplasmic region of RodZ after 
its TMD. It is likely that each of these elements contributes a 
modest affinity, but together they enable high-avidity SecA rec-
ognition by providing multiple simultaneous interactions.

Figure 2.  Contribution of the ribosome to RNC–SecA affinity. (A) Structure 
of SecA bound to the 70S ribosome (EMD-2565). The crystal structures of 
SecA (PDB 1m6n; orange) and ribosome (PDB 2aw4; gray) were docked 
into the EM density. Residues on L23 (cyan) that contact SecA are in space-
fill. (B–D) Equilibrium titrations to measure the affinity of SecA for WT and 
modified RNCRodZ (B) and RNCPhoA (C) as well as the affinity of SRP for 
RNCFtsQ (D). Lines are fits of the data to Eq. 3. (E) Summary of the Kd values 
derived from the data in B–D. Values represent mean ± SD; n = 3.
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RodZ is cotranslationally targeted and 
translocated in vivo independently of SRP
The cotranslational recruitment of SecA to nascent RodZ in vitro 
raised the possibility of SecA-mediated targeting and transloca-
tion of RodZ. Previous work showed that the in vivo insertion 
of RodZ is strictly SecA dependent (Rawat et al., 2015). To fur-
ther test whether the targeting and translocation of RodZ oc-
curred cotranslationally, we adapted a previously developed in 
vivo assay based on fusion of the N-terminal targeting sequence 
(NTS; Fig. 4 A and Table S1) of the protein of interest to TrxA 
(Schierle et al., 2003; Huber et al., 2005b). TrxA folds rapidly 
and tightly in the cytosol, which would block its translocation 
across the membrane if targeting and translocation of the fusion 

protein occurred after the C-terminal TrxA is fully synthesized. 
Only if the NTS enables a cotranslational mode of targeting and 
translocation would TrxA be successfully translocated across 
the inner membrane (Fig. 4 A). A Myc tag at the C terminus of 
NTS-TrxA constructs allowed us to monitor the localization of 
the fusion protein in cell fractionation experiments. In addition, 
secretory proteins contain signal sequences that are cleaved by 
the signal peptidase upon successful translocation across the 
inner membrane (Fig. 4 A), providing an independent readout 
for their secretion into periplasm. For proteins that contain a 
TMD anchored in the bacterial inner membrane, successful 
translocation of TrxA across the inner membrane exposes the 
Myc tag to the periplasm, where it is susceptible to proteinase 

Figure 3.  Defining the sequence elements 
of RodZ for SecA recognition. (A) Sequences 
of TMD in WT RodZ and RodZ TMD mutants. 
Letters in blue indicate positively charged 
residues. (B) Equilibrium titrations to measure 
the affinity of SecA for RNCRodZ bearing WT 
and mutant TMD sequences. The data were fit 
to Eq. 2 and gave Kd values of 0.94 ± 0.42 
and 25.9 ± 1.1 nM for WT and TMD mut, 
respectively. (C) Summary of the Kd values at 
indicated lengths of the RodZ nascent chain 
(sequences in Table S1) obtained from the 
data in Fig. S1 E as well as their replicates. 
Schemes for RNCRodZ at each chain length 
are shown below the graph, with ribosome 
in gray, RodZ TMD in brown, and sequences 
upstream of TMD depicted as hexagons. 
(D) Scheme of sequence elements in WT 
and mutant RodZ nascent chain used for the 
RNC–SecA binding measurements in E and 
F.  MBD (purple) denotes the maltose-binding 
protein (residues 1–103), 6KR (blue) denotes 
the 104KKR​KRR109 sequence, the RodZ TMD 
is in brown, and RodZ peri (red) and FtsQ 
peri (green) denote the early periplasmic re-
gions of RodZ (residues 134–160) and FtsQ 
(residues 50–74), respectively. Mutations to 
acidic residues at corresponding positions of 
the RodZ periplasmic sequence are indicated 
in the Peri swap acidic construct. All the mu-
tant constructs are derived from RodZ160 in 
Fig. 3 C. See Table S1 for detailed sequences. 
(E) Equilibrium titrations to measure the bind-
ing of SecA to RNCs bearing the WT and 
mutant RodZ nascent chain depicted in D. (F) 
Summary of the Kd values for RNCs bearing 
WT and mutant RodZ nascent chain obtained 
from the data in B and E. (G) Scheme for the 
competition assay to measure the binding of 
SUMO fusion proteins to SecA. BDP-labeled 
SecA was allowed to form a complex with 
RNCCm. This binding equilibrium is perturbed 
if the inhibitor binds SecABDP and traps it into 
a SecA ⋅ SUMO variant complex, generating 
free RNCCm and resulting in loss of FRET (i.e., 
increase of Cm fluorescence). (H) Competition 
reactions to measure the binding of SUMO 
and SUMO variants to SecA. SUMO, SMT3 
residues 1–101; SUMO-RodZ(peri), SMT3 
fused to the N terminus of RodZ periplasmic 
region (residues 134–160); SUMO-FtsQ(peri), 
SMT3 fused to the N terminus of FtsQ peri-
plasmic region (residues 50–74). The data 
with SUMO-RodZ(peri) were fit to Eq. 8 and 
gave a Ki value of 1.2 ± 0.7 µM. In contrast, 
SUMO and SUMO-FtsQ(peri) did not give ro-
bust competition. Values represent mean ± SD; 
n = 2–3. c.p.s., counts per second.
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K digestion (Fig. 4 A); this provides an independent readout for 
the proper insertion of the fusion protein at the inner membrane.

When the PhoA signal sequence (residues 1–21; Table 
S1) was used as the NTS, only a small fraction of the fusion 
protein was successfully translocated into the periplasm (Fig. 4, 
B and C), consistent with previous work showing that PhoA 
is primarily posttranslationally targeted by SecA (Schierle et 
al., 2003; Gouridis et al., 2009). As previously reported (Schi-
erle et al., 2003), the more hydrophobic signal sequence from 
DsbA (residues 1–19; Table S1) enabled efficient translocation 
of TrxA into the periplasm (Fig. 4 B). The N-terminal sequence 
containing the TMD of FtsQ (residues 1–33; Table S1), a sub-
strate of the cotranslational SRP pathway, directed efficient tar-
geting of the fusion protein to the inner membrane (Fig. 4 B). 
The C-terminal Myc tag in FtsQ(1–33)-TrxA was susceptible 
to proteinase K digestion in spheroplasts, indicating that its 
C terminus was successfully translocated across the bacterial 
inner membrane (Fig. 4 B). These data validated the robustness 

of the TrxA-based assay to distinguish co- versus posttransla-
tional modes of targeting and insertion in vivo. Importantly, 
when RodZ residues 1–150 encompassing its TMD was fused 
to TrxA (Table S1), the fusion protein was efficiently targeted 
to and translocated across the bacterial inner membrane analo-
gously to FtsQ (Fig. 4 B), indicating that the RodZ-TrxA fusion 
protein was cotranslationally targeted and inserted in vivo.

To further test the dependence of the targeting reaction 
on the SRP protein Ffh, we used the WAM121 strain in which 
Ffh expression is under control of the ara promoter (de Gier et 
al., 1996). In contrast to FtsQ, which depends on Ffh for proper 
insertion into the membrane, RodZ was not sensitive to Ffh de-
pletion (Fig. 4, D and F), consistent with previous studies show-
ing that RodZ requires SecA, but not SRP nor the SR FtsY, for 
membrane insertion (Ulbrandt et al., 1997; Rawat et al., 2015). 
Thus, the N-terminal sequence of RodZ is sufficient to direct 
the cotranslational targeting of the remainder of the protein via 
an SRP-independent pathway.

Figure 4.  RodZ is cotranslationally targeted and translocated in vivo. (A) Scheme of the in vivo assay to distinguish between co- and posttranslational 
modes of targeting and translocation based on NTS-TrxA fusions. All NTS sequences are provided in Table S1. (B, left) Subcellular localization of NTS-TrxA 
fusion proteins. C, cytosol; M, membrane; PM, periplasm; T, total. (B, right) Assay for translocation of the C terminus of the NTS-TrxA fusion proteins into 
periplasm based on protection against proteinase K. K, proteinase K; T, Triton X-100. (C) Controls for cell fractionation. Mature AmpC is secreted into the 
periplasm (asterisk). YidC is an inner membrane protein. TrxA is a cytoplasmic protein. (D) Effects of Ffh depletion on the targeting and translocation of 
NTS-TrxA fusions. In vivo targeting and insertion were measured and analyzed as in B. Ffh expression is under control of the arabinose promoter. (E) Ffh 
is depleted in WAM121 cells grown in glucose without significantly affecting SecA abundance. (F) Translocation efficiency of NTS-TrxA constructs derived 
from the data in D and their replicates. Asterisks in B–D denote mature translocated secretory proteins whose signal sequences have been cleaved. Values 
represent mean ± SD; n = 2–3 biological replicates.
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Although SecA dependence was observed for the targeting 
and translocation of all the NTS-TrxA fusion proteins tested in 
the in vivo assay (Fig. S2 A), these data likely reflect a require-
ment for SecA during the translocation of the TrxA moiety and 
cannot be used to conclusively infer the involvement of SecA in 
their targeting (Schierle et al., 2003). In addition, in vivo exper-
iments could only demonstrate the requirement, but not suffi-
ciency, for specific factors. These limitations were addressed by 
in vitro reconstitution experiments described in the next section.

SecA provides the minimal factor sufficient 
to drive the cotranslational targeting and 
insertion of RodZ in vitro
We sought to reconstitute the targeting and insertion of nascent 
RodZ using the PURE in vitro translation (IVT) system (Shi-
mizu et al., 2001) coupled with urea-washed inner membrane 
vesicles (IMVs; U-IMVs; Kuruma et al., 2005); successful 
translocation of substrate proteins across U-IMVs leads to their 
partial or complete protection from proteinase K digestion. 
This homologous IVT translocation system contains no endog-
enous targeting factors, allowing us to probe the contribution 
of specific factors to the targeting and translocation of protein 
substrates of interest.

OmpA is a well-studied outer membrane protein that is 
posttranslationally targeted and translocated by SecA (Hoff-
schulte et al., 1994; Kuruma et al., 2005). Consistent with 
these expectations, proOmpA exhibited SecA-dependent but 
SRP- and FtsY-independent targeting and translocation across 
U-IMVs in the IVT translocation assay (Fig. 5 A and replicates 
in Fig. S3 A). However, FtsQ requires SRP and FtsY for target-
ing to the membrane and SecA for translocation of its periplas-
mic loop (Scotti et al., 1999; Kuruma et al., 2005). The coupled 
IVT translocation assay recapitulated the dependences of FtsQ 
on both factors (Fig. 5 A and replicates in Fig. S3 A). Impor-
tantly, RodZ was inserted in the presence of SecA alone in this 
assay, and the additional presence of SRP/FtsY did not improve 

its translocation efficiency (Fig. 5 A and Fig. S3). These data 
are consistent with the in vivo observation that RodZ requires 
SecA but not SRP and FtsY for its proper biogenesis (Fig. 4; Ul-
brandt et al., 1997; Rawat et al., 2015). Moreover, they strongly 
suggest that SecA provides the minimal factor that can mediate 
the targeting and insertion of newly synthesized RodZ.

To test the cotranslational requirement for RodZ insertion 
in this assay, we changed the order of addition of targeting/
translocation components. Robust insertion of RodZ was only 
observed if SecA and U-IMVs were added during IVT (Figs. 
5 B and S3 B, reaction 1). In contrast, if SecA and U-IMVs 
were added after termination of translation by chlorampheni-
col, no insertion was observed (Figs. 5 B and S3 B, reaction 3). 
Under this obligatorily posttranslational condition, proOmpA 
was still efficiently inserted, albeit with lower efficiency than 
if SecA and U-IMVs were supplied during IVT (Figs. 5 B and 
S3 B, reactions 2 vs. 3). Finally, although inclusion of the post-
translational chaperone SecB improved the insertion efficiency 
of proOmpA as previously described (Kuruma et al., 2005), 
SecB did not affect the targeting and insertion of RodZ (Figs. 
5 B and S3 B, reactions 1 vs. 2; Rawat et al., 2015). Collec-
tively, these results support the model that SecA provides the 
minimal machinery sufficient for the cotranslational target-
ing and insertion of RodZ.

The extended NTE and early periplasmic 
region of RodZ dictate its selection by 
SecA over SRP
The majority of the bacterial inner membrane proteome is gen-
erally thought to be targeted by SRP, which recognizes hydro-
phobic TMDs or signal sequences on the nascent polypeptide. 
The observation that SecA also cotranslationally recognizes the 
RodZ-TMD raises the intriguing question of how nascent mem-
brane proteins are selected between these two factors. Compar-
ison of RodZ with well-studied SRP substrates such as FtsQ 
suggested the 111-residue NTE of RodZ preceding its TMD 

Figure 5.  Reconstitution of RodZ targeting and translocation in vitro. (A) Effect of SecA and SRP/FtsY on the translocation of indicated substrates into 
U-IMVs during PURE IVT. Reactions contained 400 nM Ffh, 1 µM FtsY, and 0.94 µM SecA where indicated. 4.5S RNA was included in the tRNA mix 
(Kuruma et al., 2005). (B) Targeting and translocation of RodZ is strictly cotranslational, whereas that of proOmpA is not. Reactions contained 0.94 µM 
SecA and 2.5 µM SecB where indicated. Chl, chloramphenicol. Values under each lane are quantifications of percent translocation from these data and 
their replicates (Fig. S3) and represent mean ± SD; n = 2–3. Asterisks denote the protected fragment after proteinase K digestion.
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as a potential distinguishing feature. Another SecA substrate, 
EspP, was shown to be excluded from the SRP pathway because 
of its extended NTE, and deletion of this NTE reroutes EspP 
to the SRP pathway (Peterson et al., 2003; von Loeffelholz et 
al., 2013). We therefore hypothesized that, analogous to EspP, 
the extended NTE of RodZ disfavors its engagement with SRP.

To test this hypothesis, we deleted the NTE of RodZ 
(RodZΔNTE) or fused the RodZ NTE to the N terminus of FtsQ-
TMD (RodZNTE-FtsQ; Fig. 6 A and Table S1). We tested the 
effects of this mutation on multiple activities: (A) the binding 
affinity of SecA and SRP for RNCs displaying WT and mutant 
nascent chains (Fig. 6, B and C); (B) the SecA and SRP depen-
dence of preprotein targeting and translocation across U-IMVs 
in vitro (Fig. 6, D–G); and (C) the SRP dependence of trans-
location of NTS-TrxA fusion proteins in vivo (Fig. S2, C and 
D). Deletion of the NTE significantly weakened the binding of 
SecA to RNCRodZ, and the weakened binding was exacerbated 
in the presence of competing TF and SRP (RodZ vs. RodZΔNTE; 
Fig. 6 B). RodZΔNTE also exhibited more reduced SecA-depen-
dent targeting and translocation across U-IMVs in vitro than 
RodZ (Fig. 6 D). These results are consistent with our earlier 
finding that the basic residues in the RodZ NTE are important 
for high-affinity SecA recruitment (Fig. 3 C).

However, deletion of the NTE from RodZ enabled strong 
SRP binding to the RNC even in the presence of competing 
SecA and TF (RodZ vs. RodZΔNTE; Fig. 6 C). In agreement with 
the binding data, deletion of the NTE converted RodZ into an 
SRP-dependent substrate in the IVT translocation assay in vitro 
(Fig. 6 E) and increased the SRP dependence of the transloca-
tion of RodZ-TrxA fusion proteins in vivo (RodZ vs. RodZΔNTE; 
Fig. S2, C and D). These data suggest that the NTE of RodZ 
disfavors SRP binding. As predicted from this hypothesis, fu-
sion of the RodZ NTE to the N terminus of FtsQ TMD desta-
bilized SRP binding to RNCFtsQ in the presence of SecA and 
TF (FtsQ vs. RodZNTE-FtsQ; Fig. 6 C, black bars). Consistent 
with these binding data, fusion to the RodZ NTE also abolished 
the SRP dependence of FtsQ targeting to U-IMVs in vitro (FtsQ 
vs. RodZNTE-FtsQ; Fig. 6 G) and reduced the SRP dependence 
of the targeting and insertion of FtsQ-TrxA in vivo (FtsQ vs. 
RodZNTE-FtsQ; Fig. S2, C and D). Thus, the N-terminal exten-
sion of RodZ is necessary and sufficient to prevent the nascent 
protein from engaging the SRP-targeting machinery.

However, fusion of the RodZ NTE to the N terminus 
of FtsQ did not confer tight SecA binding (RodZNTE-FtsQ; 
Fig. 6 B) nor efficient SecA-dependent targeting into U-IMVs 
(RodZNTE-FtsQ; Fig. 6 F), indicating that the NTE of RodZ is 
not sufficient to reroute an SRP substrate to a SecA-dependent 
pathway. Because the periplasmic region of RodZ after its TMD 
is also important for high-affinity SecA recognition (Fig.  3), 
we further replaced the sequences in the FtsQ periplasmic do-
main after its TMD (residues 50–74) with the corresponding 
sequence from RodZ (RodZ NTE-peri-FtsQ; Fig. 6 A). RNCs 
bearing the resulting construct bound tightly to SecA (Fig. 6 B) 
and displayed SecA-dependent targeting and insertion into 
U-IMVs in vitro (Fig. 6 F). RodZ NTE-peri-FtsQ did not bind 
strongly to SRP (Fig.  6  C) nor was it targeted and inserted 
into U-IMVs in an SRP-dependent manner (Fig.  6  G), indi-
cating that it resembles RodZ as a SecA-dependent and SRP- 
independent substrate. Thus, the extended NTE together with 
the early periplasmic region of RodZ are sufficient to reroute 
an SRP-dependent membrane protein into the alternative SecA- 
mediated cotranslational targeting pathway.

Discussion

Protein targeting to the bacterial cytoplasmic membrane was 
generally thought to occur via two major pathways (Fig. 7). The 
majority of periplasmic, secretory, and outer membrane proteins 
contain weakly hydrophobic signal sequences and are targeted 
posttranslationally with or without the aid of the chaperone 
SecB to SecA–SecYEG complexes that translocate preproteins 
across the inner membrane (Fig. 7, left path). Proteins contain-
ing TMDs or highly hydrophobic signal sequences near the N 
terminus are recognized by SRP as soon as they emerge from 
the ribosome exit tunnel and are delivered cotranslationally to 
the SecYEG translocation machinery via interaction between 
SRP and the SR (Fig. 7, right path). This work demonstrates the 
existence of an alternative targeting route mediated by SecA for 
cotranslational targeting to SecYEG sites and integration into 
the membrane (Fig. 7, middle path). The complete repertoire of 
substrate proteins using this targeting route remains to be de-
fined. Nevertheless, together with the finding of other substrates 
that exhibit distinct requirements for alternative translocases 
(Samuelson et al., 2000; van der Laan et al., 2004), our results 
add to the diversity of protein-targeting mechanisms in bacteria.

SecA is an essential ATPase in bacteria known to drive 
the posttranslational translocation of secretory and outer mem-
brane proteins across the SecYEG translocation machinery. The 
recent findings that SecA also binds ribosomes near the nascent 
polypeptide exit site (Huber et al., 2011; Singh et al., 2014) 
suggest additional roles for this protein, but the function of 
the SecA–ribosome interaction has been unclear. The previous 
model, in which nascent proteins contact SecA during transla-
tion and then engage SecB for membrane delivery after they are 
released from the ribosome (Huber et al., 2011), regresses to 
a largely posttranslational mechanism of targeting. The results 
in this study demonstrate a new possibility: SecA can specifi-
cally recognize and mediate the targeting/translocation of some 
inner membrane proteins in a strictly cotranslational manner. 
Although the interactions of SecA with nascent periplasmic 
and outer membrane proteins have been previously character-
ized and are known to facilitate translocation (Karamyshev and 
Johnson, 2005; Huber et al., 2011, 2016), the interaction and ac-
tivity of SecA on the RodZ nascent chain observed in this study 
is the first example in which the cotranslational mode of SecA 
action is mechanistically obligatory for the proper biogenesis of 
the substrate protein. Thus, this work provides a potential mech-
anism by which the SecA–ribosome interaction plays an essen-
tial role in nascent protein biogenesis. Additional mechanistic 
roles for the SecA–ribosome interaction include providing an 
early chaperone for nascent polypeptides or facilitating the 
translocation of large periplasmic loops for proteins still bound 
to the ribosome; these possibilities remain to be explored.

Nascent RodZ was shown to bind SRP in ribosome profil-
ing experiments (Schibich et al., 2016). This is consistent with 
our observation in this study that RodZ still binds SRP with a 
Kd value of 24 nM in the presence of physiological concentra-
tions of TF and SecA (Fig. 6 C). Indeed, SRP altered the FRET 
value of the RNC–SecA complex, and the weakening effect of 
SRP on RNC–SecA binding saturated at SRP concentrations 
above 50 nM (Fig. S1 C). These observations argue against a 
model in which the binding of SRP and SecA to RNCRodZ is mu-
tually exclusive and instead are more consistent with a model 
in which these two factors allosterically modulate the affinity 
and conformation of one another at the ribosome exit site (see 
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Figure 6.  The NTE and early periplasmic region of RodZ together dictate the selection of a membrane protein into the SecA versus SRP pathway. (A) Scheme of the 
sequence elements of the substrate variants tested in this figure. Detailed sequences are in Table S1. (B and C) Summary of the Kd values of RNCs bearing different 
nascent chains for binding to SecA (B) or SRP (C) derived from the equilibrium titrations in Fig. S4. All titrations contained 20 nM RNCs and 2 µM TF, 400 nM SRP, 
or 2 µM SecA where indicated. (D and E) In vitro translocation assays of WT RodZ or mutant RodZΔNTE and their dependence on SecA (D) or SRP (E). (F and G) 
In vitro translocation assays of WT FtsQ and mutants RodZNTE-FtsQ and RodZNTE-peri-FtsQ. The dependence of the reaction on SecA was shown in F, and the 
dependence on SRP was shown in G. The reactions in D and F contained 3.8 µM TF, 400 nM Ffh, 1 µM FtsY, and indicated concentrations of SecA. The reactions 
in E and G contained 50 nM SecA, 3.8 µM TF, the indicated concentrations of SRP, and a fivefold excess of FtsY over SRP. Values represent mean ± SD; n = 2–3.
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Ariosa et al. [2015] for a formulation of the different models 
and their experimental predictions). However, as we have de-
scribed extensively (Zhang et al., 2009, 2010), binding of SRP 
to an RNC does not necessarily turn on downstream steps in 
the targeting pathway, including efficient assembly of SRP with 
the SR, regulated GTP hydrolysis in the SRP/SR complex, and 
cargo unloading at the membrane translocon. Given the obser-
vation that RodZ does not require SRP for insertion in vitro 
and in vivo, the observed binding of SRP on RNCRodZ likely 
represents a “standby” interaction mode of SRP that does not 
lead to SRP-dependent targeting.

The ribosome exit site is a crowded environment at which 
multiple protein biogenesis factors can bind and access the 
nascent polypeptide. The ability of SecA to cotranslationally 
interact with nascent proteins further increases the complexity 
of this environment. This raises intriguing questions as to how 
nascent proteins are selected by the proper biogenesis factor or 
factors, and the preference of both SecA and SRP for hydro-
phobic TMDs renders this selection particularly challenging. 
Although the precise mechanism remains to be determined, the 
results in this study provided important information. First, the 
extended NTE of RodZ effectively weakens the interaction of 
SRP with nascent proteins. This is analogous to the long NTEs 
preceding the signal sequences of bacterial autotransporters 
such as EspP, which also act as self-sufficient SRP avoidance 
sequences (Peterson et al., 2003; von Loeffelholz et al., 2013). 
Interestingly, the recently discovered SRP-independent path-
way in yeast primarily targets ER-destined membrane proteins 
harboring internal TMDs (Ast et al., 2013; Aviram et al., 2016), 
suggesting that a long N-terminal sequence preceding a down-
stream TMD might be a general feature to disfavor engagement 

with the SRP machinery. In addition, the consecutive basic 
residues immediately upstream of the TMD facilitate SecA re-
cruitment. Enrichment of N-terminal basic residues correlated 
with enhanced signal sequence binding and preprotein trans-
location by SecA (Akita et al., 1990; Hikita and Mizushima, 
1992; Gelis et al., 2007). The same enrichment of basic residues 
was also observed in the NTE of EspP (Peterson et al., 2003) 
and might provide another distinguishing feature that favors the 
selection for SecA over SRP. Finally, the periplasmic region of 
RodZ after its TMD is also required for directing the substrate 
into the SecA-dependent targeting pathway. Acidic residues in 
the early periplasmic region have been shown to be important 
for the translocation of secretory protein across membrane (Ka-
java et al., 2000). The results in this study suggest a function of 
these acidic residues to directly interact with SecA to facilitate 
translocation. Given the challenges in recognizing degenerate 
topogenic signals on nascent proteins among a multitude of bio-
genesis factors, such a “multiplexed” recognition mechanism 
might be an effective strategy to ensure accurate nascent protein 
selection into the appropriate biogenesis pathway.

Materials and methods

Strains
The E. coli strains EO527 and WAM121 have been described previously 
(de Gier et al., 1996; Or et al., 2005). To construct the strain KC623 
harboring mutant L23 (KC6 ΔrplW::kan pL23F51A/E52A/E54A/E56A/E89A), 
DNA coding L23 mutations was cloned into pEK20 by Gibson as-
sembly (Gibson et al., 2009) and transformed into the E.  coli strain 
KC6 (A19 ΔendA met+ ΔtonA ΔspeA ΔtnaA ΔsdaA ΔsdaB ΔgshA; 
Calhoun and Swartz, 2006). The genomic L23 in KC6 harboring 
pL23F51A/E52A/E54A/E56A/E89A was then knocked out by λ-red recombina-
tion (Datsenko and Wanner, 2000).

Protein expression and purification
N-terminally His6-tagged SecA (WT and mutant) was cloned in 
pET28a and expressed in BL21 (DE3) cells. Expression was induced 
by 0.5 mM IPTG at OD600 = 0.5 and 30°C for 4 h. Cells were lysed 
by FRE​NCH PRE​SS (Thermo Fisher Scientific) in SecA500 buf-
fer (20 mM Hepes, pH 7.5, 500 mM KCl, 4 mM MgCl2, and 4 mM 
β-mercaptoethanol [BME]) containing 10 mM imidazole and cOmplete 
protease inhibitor cocktail (Roche). Clarified lysate was loaded onto 
Ni-NTA resin and washed with SecA500 buffer. Protein was eluted 
with SecA500 buffer containing 250 mM imidazole. The His6 tag was 
removed by tobacco etch virus protease digestion in SecA200 buffer 
(20 mM Hepes, pH 7.5, 200 mM KCl, 4 mM MgCl2, 10 mM imid-
azole, and 4 mM BME) at 4°C overnight and reloaded onto Ni-NTA. 
Flowthrough was collected, exchanged into SecA50 buffer (20  mM 
Tris-HCl, pH 8.0, 50 mM KCl, 4 mM MgCl2, and 2 mM DTT), and 
then further purified on MonoQ 10/100 GL (GE Healthcare) using a 
linear gradient of 50–1,000 mM KCl.

Ffh was expressed in pET3a vector with an E. coli BL21(DE3) 
pLysE strain (Peluso et al., 2000). At OD600 = 0.8, Ffh was induced 
by 1  mM IPTG at 37°C for 4  h.  Cells were lysed in Ffh buffer 1 
(20  mM Hepes, pH 8.0, 2  mM EDTA, 2  mM DTT, 250  mM NaCl, 
and 1 mM PMSF) by sonication. Clarified lysate was loaded onto an 
SP Sepharose fast flow column (GE Healthcare) equilibrated in Ffh 
buffer 1. Protein was eluted using a linear gradient of 250–1,000 mM 
NaCl. Ffh was further purified by a Superose 12 gel filtration column 
(GE Healthcare) in Ffh buffer 2 (20 mM Hepes, pH 8.0, 2 mM EDTA, 
2 mM DTT, and 250 mM NaCl).

Figure 7.  Diverse targeting pathways deliver nascent proteins to the Sec-
YEG translocon at the inner membrane. Left path, proteins with weakly hy-
drophobic signal sequences are maintained soluble by SecB and targeted 
to membrane via interaction with SecA, which translocates the nascent 
polypeptide across SecYEG. Right path, proteins containing hydrophobic 
TMDs or signal sequences are cotranslationally recognized by SRP and tar-
geted to SecYEG via the SRP/SR interaction. Middle path, proteins harbor-
ing internal TMDs are cotranslationally recognized and targeted by SecA.
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C-terminal His6-tagged FtsY was cloned in pET9a vector and 
expressed in E. coli BL21(DE3) pLysS strain (Jagath et al., 2000). At 
OD600 = 0.6, FtsY was induced by 0.5 mM IPTG at 37°C for 5 h. Cells 
were lysed in FtsY buffer 1 (20  mM Hepes, pH 7.5, 2  mM EDTA, 
150 mM NaCl, 0.01% [wt/vol] nikkol, 2 mM DTT, and 1 mM PMSF) 
by sonication. Lysate was clarified in Ti 45 rotor (Beckman Coulter) at 
38,000 rpm for 45 min and loaded onto Q Sepharose Fast Flow column 
(GE Healthcare) equilibrated in FtsY buffer 1, and bound protein was 
eluted by a linear gradient of 150–500  mM NaCl. FtsY was further 
purified by a Superose 12 gel filtration column in FtsY buffer 2 (20 mM 
Hepes, pH 8.0, 2 mM EDTA, 2 mM DTT, and 250 mM NaCl). Pooled 
fractions were dialyzed against FtsY buffer 3 (20 mM Hepes, pH 7.5, 
and 150 mM KCl) and then loaded onto Ni-NTA equilibrated in buf-
fer 3. Bound protein was washed with FtsY buffer 4 (20 mM Hepes,  
pH 7.5, 1 M KCl, and 10 mM imidazole) and eluted with FtsY buf-
fer 4 (20 mM Hepes, pH 7.5, 150 mM KCl, and 200 mM imidazole). 
Protein was further dialyzed against FtsY buffer 5 (50 mM Tris-HCl,  
pH 7.4, 1  mM EDTA, and 2  mM DTT) and loaded onto MonoQ 
(10/100 GL) equilibrated in FtsY buffer 5. FtsY was eluted by a linear 
gradient of 150–1,000 mM NaCl.

TF was cloned in pH6 vector and expressed in E. coli DH5α strain 
transformed with pZA4 (Ariosa et al., 2015). Cells were grown at 30°C 
to OD600 = 0.6, induced by 0.5 mM IPTG for 3 h, and then lysed in TF 
buffer 1 (50 mM Tris-HCl, pH 7.5, 20 mM imidazole, 200 mM NaCl, 
1 mM EDTA, 4 mM BME, and 1 mM PMSF) by FRE​NCH PRE​SS. 
Clarified lysate was loaded onto Ni-NTA equilibrated with TF buffer 
1. TF was eluted with TF buffer 2 (50 mM Tris-HCl, pH 7.5, 500 mM 
imidazole, 200 mM NaCl, 1 mM BME, and 1 mM PMSF) and dialyzed 
against TF buffer 3 (50 mM Tris-HCl, pH 7.5, 50 mM NaCl, 1 mM 
EDTA, and 1 mM DTT). Protein was further purified on MonoQ 10/100 
GL (GE Healthcare) using a linear gradient of 100–1,000 mM NaCl.

pHKSB366 encoding SecB was a gift from A.  Karamyshev 
(Texas Tech University, Lubbock, TX; Fekkes et al., 1998). SecB was 
expressed in BL21(DE3) using 1 mM IPTG at OD600 = 1.0 at 37°C for 
2 h. Cells were lysed by sonication in SecB buffer 1 (50 mM potassium 
phosphate, pH 7.5, and 300 mM NaCl) containing 20 mM imidazole. 
Clarified lysate was precipitated with 50% ammonium sulfate and cen-
trifuged at 10,000 g for 10 min. The pellet was resuspended in SecB 
buffer 1 and loaded onto Ni-NTA preequilibrated with SecB buffer 
1. SecB was eluted with SecB buffer 1 containing 500 mM imidazole 
followed by dialysis in 50 mM Tris, pH 7.5. After ultracentrifugation 
in TLA100.3 (Beckman Coulter) at 60,000 g for 1 h, the supernatant 
was loaded onto MonoQ equilibrated in SecB buffer 2 (50 mM Tris-
HCl, pH 7.5, and 30 mM NaCl) and eluted with a linear gradient of 
30–1,000 mM NaCl. The protein was desalted in SecB buffer 2.

SUMO and SUMO fusions to the periplasmic segments of RodZ 
or FtsQ were expressed using a pET28 vector encoding N-terminal 
His6-tagged full-length SUMO family protein SMT3 from Saccharo-
myces cerevisiae fused to RodZ residues 134–160 or FtsQ residues 
50–74 where applicable. Proteins were expressed in BL21(DE3) using 
0.5  mM IPTG at OD600 = 0.5 and 37°C for 3  h.  Cell was lysed by 
sonication in SUMO buffer 1 (20 mM Hepes, pH 7.5, 300 mM NaCl, 
and 4 mM BME) containing 20 mM imidazole and cOmplete protease 
inhibitor cocktail. Clarified lysate was loaded onto Ni-NTA resin and 
washed with SUMO buffer 1. Protein was eluted with SUMO buffer 1 
containing 250 mM imidazole. Proteins were dialyzed against SUMO 
buffer 2 (20  mM Hepes, pH 7.5, 300  mM NaCl, 10% glycerol, and 
2 mM TCEP) at 4°C and stored at −80°C.

RNC preparation
Cm-labeled RNCs were generated by IVT in S30 extract supplemented 
with Cm (Bachem), tRNACm, and Cm tRNA synthetase as described 

previously (Schaffitzel et al., 2006). In brief, pUC19 plasmids (0.06 mg/
ml) containing T7 promoter followed by nascent chain coding sequence 
and SecM arrest sequence (Table S1) were transcribed and translated 
in 5–10 ml reaction mixture containing 12 mM magnesium glutamate, 
10 mM ammonium glutamate, 175 mM potassium glutamate, 1.2 mM 
ATP, 0.86 mM GTP, 0.86 mM CTP, 0.86 mM UTP, 34 µg/ml folinic acid, 
0.17 mg/ml E. coli tRNA (Roche), amino acid mix (2 mM each), 33 mM 
phosphoenolpyrovate, 0.33  mM β-nicotinamide adenine dinucleotide, 
0.26 mM CoA, 2.7 mM sodium oxalate, 1.5 mM spermidine, 1 mM pu-
trescine, 4 µM anti–ssr1 oligonucleotide, 12 µM RF1 aptamer (Saraogi 
et al., 2011), 28% (vol/vol) S30 extract, 12 µM coumarine synthetase 
D286R (Wang et al., 2006), 2 µM T7 RNA polymerase, and 75 µM Cm 
(Bachem), pH 7.8, at 30°C for 1.5 h. Reaction samples were loaded onto 
a StrepTactin column (IBA) equilibrated in solution 1 (50 mM Hepes, pH 
7.5, 100 mM KOAc, and 100 mM Mg(OAc)2) and washed with solution 
1 containing 500 mM KOAc. RNCs were eluted using solution 1 contain-
ing 1.5 mg/ml d-desthiobiotin (Sigma-Aldrich). Strep3 tag was removed 
by thrombin (Roche). RNCs were sedimented in Ti 70 rotor (Beckman 
Coulter) at 42,000 rpm for 3.5 h and resuspended in SRP buffer (50 mM 
Hepes, pH 7.5, 150 mM KOAc, 10 mM Mg(OAc)2, and 2 mM DTT) 
at 4°C overnight. To prepare RNCs harboring mutant L23(F51A/E52A/
E54A/E56A/E89A), S30 extract was prepared from the strain KC623 
harboring L23 mutant (KC6 ΔrplW::kan pL23F51A/E52A/E54A/E56A/E89A; see 
the Strains section for strain construction).

RNaseA/EDTA treatment of RNCs
To release nascent chains from the ribosome, RNCs were incubated 
with 20 mM EDTA, pH 8.0, and 50 µg/ml RNaseA at 37°C for 30 min 
(Ziehr et al., 2010). To verify the effectiveness of this treatment, RNCs 
before and after the treatment were sedimented in a TLA100 (Beckman 
Coulter) rotor at 100,000 g for 2.5 h. The pellet was resuspended with 
SDS loading buffer at equal volume as the supernatant; both pellet and 
supernatant fractions were subject to SDS-PAGE analysis.

Fluorescent labeling
The single cysteine mutant Ffh (C406S/D421C) and the single cysteine 
mutant SecA(C98S/S12C) were purified as described in the Protein ex-
pression and purification section. They were reduced with 2 mM DTT 
at 4°C for 30 min followed by dialysis in labeling buffer (20 mM Hepes, 
pH 7.0, 300 mM KCl, 10% glycerol, and 2 mM TCEP) to remove DTT. 
70 µM Ffh (C406S/D421C) was mixed with a 30-fold excess of BDP 
maleimide, and 40 µM SecA (C98S/S12C) was mixed with a 20-fold 
excess of BDP maleimide on a rotary shaker at 4°C for 4  h.  After 
quenching with 10 mM DTT, free dye was removed by chromatogra-
phy on Sephadex G-25 column (Sigma-Aldrich) in SRP buffer (50 mM 
Hepes, pH 7.5, 150 mM KOAc, 10 mM Mg(OAc)2, 2 mM DTT, and 
10% glycerol). Labeling efficiencies were 86% for Ffh and 99% for 
SecA, respectively, determined using the adsorption coefficient of  
ε = 73,000 M−1cm−1 for BDP maleimide in aqueous buffer (Stray et al., 
2006) and mass spectrometry. The cysteines in the zinc finger domain 
of SecA are coordinated by Zn2+ and were not labeled (not depicted).

Fluorescence measurements
All proteins were ultracentrifuged in TLA100 (Beckman Coulter) at 
100,000 g for 1 h before fluorescence measurements. Fluorescence ex-
periments were performed as described previously (Zhang et al., 2010; 
Ariosa et al., 2015) at room temperature in assay buffer (50 mM Hepes, 
pH 7.5, 150 mM KOAc, 10 mM Mg(OAc)2, 2 mM DTT, and 0.1 mg/ml 
BSA). Experiments were performed on Fluorolog-3 (HOR​IBA) using 
360-nm excitation wavelength (slit, 4 nm) and 455-nm emission 
wavelength (slit, 10 nm) for equilibrium titrations. Equilibrium  
titrations were performed using 20 nM Cm-labeled RNC, indicated 
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concentrations of cytosolic competitors where applicable, and SecA or 
Ffh as the titrant. The observed FRET value at individual titrant con-
centrations (FRETobsd) were calculated from Eq. 1,

	​​ FRET​ obsd​​  =  1 − ​ 
​D​ A​​

 ___ ​D​ 0​​ ​ ,​� (1)

in which D0 is the donor fluorescence signal in the absence of the FRET 
accepter, and DA is the donor fluorescence signal in the presence of the 
accepter-labeled titrant.

The concentration dependence of FRETobsd in a titration curve 
was fit to Eq. 2 (Cooper, 2004),

	 ​​​FRET​ obsd​​  = ​ FRET​ max​​ × 
​ 
​ 
​[​​RNC​]​​ + ​[​​titrant​]​​ + ​K​ d​​ − ​√ 

_____________________________________

    ​​(​​​[​​RNC​]​​ + ​[​​titrant​]​​ + ​K​ d​​​)​​​​ 
2
​ − 4 × ​[​​RNC​]​​ × ​[​​titrant​]​​ ​

      ______________________________________________   2 × ​[RNC]​  ​​�  
� (2)

in which [RNC], [titrant], and FRET are input values, FRETmax 
is the FRET value at saturating titrant concentration, and Kd is the dis-
sociation constant of the complex of interest.

To facilitate comparison of complexes with different Kd values, 
FRETobsd was further divided by the FRETmax values obtained from fit-
ting the data to Eq. 2 to generate normalized titration curves. These 
curves are described by Eq. 3:

	​ ​Normalized ΔF  =  1 × 
​ 
​ 
​[RNC]​ + ​[titrant]​ + ​K​ d​​ - ​√ 

_____________________________________

    ​​(​​​[​​RNC​]​​ + ​[​​titrant​]​​ + ​K​ d​​​)​​​​ 
2
​ − 4 × ​[​​RNC​]​​ × ​[​​titrant​]​​ ​

      ______________________________________________   2 × ​[RNC]​  ​.​�  
� (3)

To measure the binding of the SUMO-RodZPeri fusion protein 
to SecA, 50 nM SecABDP was preincubated with 20 nM Cm-labeled 
RNCRodZ. Increasing concentrations of SUMO-RodZ(peri) were added 
as a competitive inhibitor of the FRET between SecABDP and RNCCm, 
and the observed changes in fluorescence intensity of Cm-labeled 
RNCRodZ (Fobsd) were recorded. The data were fit to Eq. 8, derived by 
numerically solving the four relationships (Eqs. 4, 5, 6, and 7) accord-
ing to the reaction scheme in Fig. 3 G:

	​​​[​​ ​SecA​​ BDP​​]​​ + ​[​​ ​SecA​​ BDP​ ∙ ​RNC​​ Cm​​]​​ + ​[​​ ​SecA​​ BDP​ ∙ SUMO variant​]​​  =  50 nM,​​� 
� (4)

	​​​ [​​Sec ​A​​ BDP​ ∙ ​RNC​​ Cm​​]​​ + ​[​​ ​RNC​​ Cm​​]​​  =  20 nM,​​� (5)

	​​  ​[​​Se ​cA​​ BDP​​]​​ × ​[​​ ​RNC​​ Cm​​]​​  ________________  ​[​​Se ​cA​​ BDP​ ∙ ​RNC​​ Cm​​]​​ ​   = ​ K​ d​​  =  1 nM,​� (6)

	​​   ​[​​Sec ​A​​ BDP​​]​​ × ​[​​SU​]​​  ___________________  ​[​​Sec ​A​​ BDP​ ∙ SUMO variant​]​​ ​  = ​ K​ i​​,​� (7)

	​​
​F​ obsd​​  = ​ F​ 0​​ + m ×

​  
​ 
− ​[​​SU​]​​ − 31 × ​K​ i​​ + ​√ 

_____________________________
   ​​[​​SU​]​​​​ 2​ + 142 × ​[​​SU​]​​ × ​K​ i​​ + 1, 041 × ​K​ i​ 2​ ​    _____________________________________   2 × ​K​ i​​

 ​  .
​​� (8)

In Eq 8, [SU] is the concentration of SUMO variant, Ki is the inhibition 
constant of the competitors for SecA, F0 is the initial fluorescence in-
tensity of Cm-labeled RNCRodZ in the SecABDP–RNCCm complex, and 
m is the contribution to fluorescence intensity per nanomole of RNCCm.

In vivo translocation assay of NTS-TrxA fusions
pEK20 plasmids coding NTS-TrxA-myc fusion proteins were trans-
formed into E.  coli strains EO527 and WAM121, in which the ex-
pression of SecA and Ffh, respectively, were under control of the 
arabinose promoter (de Gier et al., 1996; Or et al., 2005). To deplete 
Ffh, WAM121 cells were grown to OD600 = 0.5 in LB supplemented 
with 0.02% (wt/vol) l-arabinose, washed twice with LB supplemented 
with 0.4% (wt/vol) d-glucose, and subcultured in LB supplemented 
with 0.4% (wt/vol) d-glucose. Ffh level was reduced to <5% after 3 h 
of media shift. SecA depletion in EO527 was performed similarly to 
Ffh depletion except that the subculture was grown for 5 h to deplete 
SecA. At OD600 = 0.4–0.6, NTS-TrxA-myc expression was induced by 
addition of IPTG (5 µM for RodZ and RodZNTE-FtsQ, 50 µM for all 
other constructs to achieve similar expression levels; Fig. S2 B) for 
30 min at 37°C. Cells were harvested and resuspended in cold TrxA 
buffer 1 (0.1 M Tris-HCl, pH 8.0, and 20% sucrose). 0.5 mM EDTA, 
pH 8.0 and 50 µg/ml lysozyme were added, and the suspension was 
incubated at room temperature for 15 min. 20 mM MgSO4 was added to 
stabilize spheroplasts. Spheroplasts were separated from the periplas-
mic fraction by centrifugation at 3,140 g for 10 min. For the proteinase 
K protection assay, spheroplasts were resuspended in cold TrxA buffer 
2 (0.1  M Tris-HCl, pH 8.0, 20% sucrose, and 20  mM MgSO4) and 
incubated with or without 0.5 mg/ml proteinase K on ice for 1 h. Reac-
tions were stopped by addition of 5 mM PMSF. To further separate the 
cytosol from the membrane fraction, spheroplasts were resuspended in 
TrxA buffer 3 (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1 mM EDTA, 
and 1 mM PMSF), lysed by one freeze-thaw cycle in liquid nitrogen, 
and clarified in TLA120.1 rotor at 63,000 rpm for 1 h. The supernatant 
was the cytosolic fraction, and the membrane pellet was resuspended 
with TrxA buffer 4 (20 mM Tris-HCl, pH 8.0, 5 mM EDTA, and 0.5% 
SDS). The translocation efficiencies for secretory proteins were calcu-
lated from the ratio of the secreted fraction to total protein amount. The 
translocation efficiencies for membrane proteins were calculated from 
the ratio of protein intensity after/before proteinase K digestion.

Western blot
Rabbit anti-SecA antibody was a gift from T.A.  Rapoport (Harvard 
Medical School, Boston, MA). Rabbit anti-Ffh antibody was a gift 
from P.  Walter (University of California, San Francisco, San Fran-
cisco, CA). Rabbit anti-YidC antibody was a gift from R.E. Dalbey 
(Ohio State University, Columbus, OH). The following antibodies 
were commercially available: rabbit anti-TrxA antibody (T0803; 
Sigma-Aldrich), mouse anti–β lactamase antibody (MA1-10712; 
Thermo Fisher Scientific), and rabbit anti–myc tag antibody (ab9106; 
Abcam). Primary antibodies were incubated with IRDye 800CW goat 
anti–rabbit IgG (925-32211; LI-COR Biosciences) or IRDye 800CW 
goat anti–mouse IgG (925-32210; LI-COR Biosciences) for detection. 
Protein band intensity was quantified by the Odyssey CLx imaging 
system (LI-COR Biosciences).

Preparation of U-IMVs
SecYEG was overexpressed in MRE600 by induction with 0.5  mM 
IPTG for 2  h.  Cells were harvested in IMV buffer 1 (50  mM TEA-
OAc, pH 7.5, 250 mM sucrose, 1 mM EDTA, 1 mM DTT, and 0.5 mM 
PMSF) and lysed at 8,000 psi by FRE​NCH PRE​SS. Unbroken cells 
were removed by centrifugation at 4,000  g for 10 min. Membranes 
were further pelleted in a Ti 70 rotor at 45,000 rpm for 2 h and resus-
pended in IMV buffer 1. The membrane suspension was layered onto a 
five-step sucrose gradient (0.8, 1.0, 1.2, 1.4, and 1.6 M sucrose in IMV 
buffer 1) and ultracentrifuged in SW32 (Beckman Coulter) at 24,000 
rpm for 16 h. IMV fractions were collected from the lower one third 
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of the gradient as described previously (Müller and Blobel, 1984a). 
To make U-IMVs, four volumes of IMV buffer 2 (50 mM TEA-OAc,  
pH 7.5, 250 mM sucrose, 1 M KOAc, and 7.5 M urea) were added to 
IMVs. The mixture was incubated on ice for 1 h, after which the urea 
concentration was adjusted to 3 M before pelleting through a sucrose 
cushion (50 mM TEA-OAc, pH 7.5, 750 mM sucrose, 1 M KOAc, and 
1 mM DTT) in TLA100.3 at 60,000 rpm for 2 h. The pellet was resus-
pended in IMV buffer 3 (50 mM TEA-OAc, pH 7.5, 250 mM sucrose, 
and 1 mM DTT; Müller and Blobel, 1984b; Helde et al., 1997).

In vitro translocation assay in PURE system
Translation was performed at 30°C using a PURExpress in vitro pro-
tein synthesis kit (New England Biolabs, Inc.) supplemented with [35S]
methionine (1.5 mCi/ml; PerkinElmer) and indicated concentrations 
of cytosolic factors (SecA, SecB, Ffh, FtsY, or TF). Unless otherwise 
indicated, 0.5 mg/ml U-IMVs was added 5 min after initiation of trans-
lation. The reaction was continued for 85 min at 30°C, after which it 
was split equally into two samples, one of which was digested with 
0.5 mg/ml proteinase K for 30 min at 25°C.  Digestion was stopped 
by addition of 5 mM PMSF, after which the sample was incubated on 
ice for 10 min. Samples with and without proteinase K treatment were 
analyzed by SDS-PAGE and autoradiography. The insertion efficiency 
was calculated from the ratio of the intensity of substrate protein bands 
after and before proteinase K treatment. The loss of methionine or me-
thionines after proteinase K digestion was corrected before calculation 
of insertion efficiency.

ProOmpA translocation in wheat germ lysate
ProOmpA mRNA was in vitro transcribed and purified as described 
previously (Behrmann et al., 1998). ProOmpA was translated using 
wheat germ extract (Promega) in the presence of [35S]methionine  
(1.5 mCi/ml) at 26°C for 30 min, followed by incubation with U-IMVs 
at 37°C for 15 min in the presence of 10  mM phosphocreatine,  
0.05 mg/ml creatine kinase, 4 mM Mg(OAc)2, 2 mM ATP, 0.5 mg/ml 
BSA, 10 mM DTT, and the indicated concentrations of SecA. Samples 
were digested with 0.1 mg/ml proteinase K on ice for 15 min. Digestion 
was stopped by addition of 5 mM PMSF. All samples were precipitated 
by TCA and analyzed by SDS-PAGE and autoradiography.

Online supplemental material
Fig. S1 shows the controls for titration experiments and raw FRET  
titrations before normalization. Fig. S2 shows the SRP and SecA de-
pendence of the targeting and translocation of TrxA fusion constructs in 
vivo. Fig. S3 shows replicates for the SecA/SRP dependence of trans-
location reactions across U-IMVs in vitro. Fig. S4 shows the equilib-
rium titration curves to measure the binding of SecA and SRP to RNCs 
bearing the nascent chains of RodZ, RodZΔNTE, FtsQ, RodZNTE-FtsQ, 
and RodZNTE-peri-FtsQ. Table S1 summarizes the sequence of vari-
ous substrates used in RNC binding and in vivo translocation assays.
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