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ABSTRACT  Protein targeting by the signal recognition particle (SRP) and the bacterial SRP 
receptor FtsY requires a series of closely coordinated steps that monitor the presence of a 
substrate, the membrane, and a vacant translocon. Although the influence of substrate bind-
ing on FtsY-SRP complex formation is well documented, the contribution of the membrane is 
largely unknown. In the current study, we found that negatively charged phospholipids stim-
ulate FtsY-SRP complex formation. Phospholipids act on a conserved positively charged am-
phipathic helix in FtsY and induce a conformational change that strongly enhances the FtsY-
lipid interaction. This membrane-bound, signal sequence–independent FtsY-SRP complex is 
able to recruit RNCs to the membrane and to transfer them to the Sec translocon. Signifi-
cantly, the same results were also observed with an artificial FtsY-SRP fusion protein, which 
was tethered to the membrane via a transmembrane domain. This indicates that substrate 
recognition by a soluble SRP is not essential for cotranslational targeting in Escherichia coli. 
Our findings reveal a remarkable flexibility of SRP-dependent protein targeting, as they indi-
cate that substrate recognition can occur either in the cytosol via ribosome-bound SRP or at 
the membrane via a preassembled FtsY-SRP complex.

INTRODUCTION
Protein trafficking is an essential process for maintaining cellular in-
tegrity, and all living cells employ specific mechanisms for the deliv-
ery of proteins into subcellular compartments (Rapoport, 2007; 
Driessen and Nouwen, 2008; Cross et al., 2009). One such mecha-
nism is the universally conserved cotranslational targeting by the 
signal recognition particle (SRP). In both eukaryotic and prokaryotic 
cells, SRP targets roughly 25–30% of newly synthesized proteins to 
distinct cellular compartments, i.e., to the eukaryotic endoplasmic 
reticulum (ER) or to the bacterial cytoplasmic membrane (Luirink 
et al., 1994; Koch et al., 2003; Bibi, 2010; Facey and Kuhn, 2010).

Cotranslational targeting is initiated by the early recognition of a 
substrate by ribosome-bound SRP (Powers and Walter, 1997; 
Neumann-Haefelin et al., 2000; Halic et al., 2006a; Schaffitzel et al., 
2006; Grudnik et al., 2009; Janda et al., 2010; Hainzl et al., 2011) 
which then targets the ribosome-nascent chain (RNC) via the mem-
brane-bound SRP receptor (SR) to the Sec translocon (Koch et al., 
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the half-life of the SR-SRP complex be significantly increased not 
only by the presence of a substrate (Zhang et al., 2009) but, alterna-
tively, also upon membrane contact. In agreement with this, a recent 
kinetic study has shown that phospholipids accelerate the formation 
of a stable FtsY-SRP complex (Lam et al. 2010).

In the current study, we have analyzed the significance of phos-
pholipid-induced FtsY-SRP complex formation for cotranslational 
targeting. Our data demonstrate that the preformed, membrane-
bound FtsY-SRP complex is able to recruit RNCs to the membrane 
and to subsequently transfer them to the Sec translocon. Further-
more, we show that the recognition of RNCs by cytosolic SRP is not 
essential for viability of E. coli. This discloses a remarkable flexibility 
of SRP-dependent protein targeting, because it shows that sub-
strate recognition can occur either in the cytosol by ribosome-bound 
SRP or at the membrane by a preformed FtsY-SRP complex.

RESULTS
Negatively charged phospholipids stimulate FtsY-SRP 
complex formation
For understanding the impact of phospholipids on cotranslational 
targeting, we analyzed FtsY-SRP complex formation by Blue-native 
PAGE (BN-PAGE) analyses. Previous data had shown that in vitro 
synthesized FtsY (35S-FtsY) migrates at ∼250-kDa on BN-PAGE, but 
assembles into a 400-kDa complex in the presence of E. coli inner 
membrane vesicles (INV) and the nonhydrolyzable GTP analogue 
guanosine 5′(β,γ-imido) triphosphate (GMP-PNP; Angelini et al., 
2006; Figure 1A). The 250-kDa band most likely corresponds to mo-
nomeric FtsY, which has been shown to migrate in size exclusion 
chromatography at ∼250 kDa, despite its predicted molecular mass 
of 56 kDa (Luirink et al., 1994). In a previous study, we were unable 
to localize Ffh in the 400-kDa complex by Western blotting (Angelini 
et al., 2006); however, when we synthesized Ffh in vitro (35S-Ffh) and 
incubated it in the presence of INV with GMP-PNP, we also observed 
a 400-kDa band on BN-PAGE (Figure 1A). This could indicate that 
the 400-kDa complex corresponds to an FtsY-SRP complex formed 
in the presence of membranes. This was confirmed by antibody-
shift assays. In these assays, the composition of protein complexes 
is determined by pretreating them with antibodies before loading 
them on BN-PAGE (Boy and Koch, 2009). Antibodies that recognize 
specific components of the complex increase its molecular mass, 
resulting in a massive shift of the complex under the nondenaturing 
conditions of the BN-PAGE. In vitro synthesized FtsY was incubated 
with INV in the presence or absence of GMP-PNP and solubilized. 
Before the sample was loaded on BN-PAGE, the reaction mixture 
was further incubated with preimmune serum or antibodies against 
either FtsY or Ffh. After treatment with preimmune serum, the 
250-kDa FtsY band was detectable in the absence of GMP-PNP and 
the 400-kDa complex was detectable in the presence of GMP-PNP 
(Figure 1B). Polyclonal FtsY antibodies recognized both bands and 
increased the molecular mass of the complexes so that they did not 
enter the separating gel of the BN-PAGE; this is expected when 
multiple epitopes are recognized by the antibodies. Treating the 
samples with polyclonal Ffh antibodies did not influence the migra-
tion of the 250-kDa FtsY band, but shifted the 400-kDa complex 
(Figure 1B). We also performed the antibody-shift assay with the 
400-kDa complex observed with 35S-Ffh (see Figure 1A). Both Ffh 
and FtsY antibodies shifted the 400 kDa complex (Supplemental 
Figure S1). This further supports our conclusion that the 400-kDa 
complex corresponds to an FtsY-SRP complex formed in the pres-
ence of SRP- and FtsY-containing membranes and GMP-PNP.

In our in vitro analyses, the formation of the 400-kDa FtsY-SRP 
complex on BN-PAGE was only observed in the presence of INV, 

1999; Fulga et al., 2001; Halic et al., 2006b). After docking of the 
RNCs onto the Sec translocon (Cheng et al., 2005), the SRP-SR com-
plex dissociates in a GTP-dependent reaction (Shan et al., 2009), 
and SRP can begin another targeting cycle. In bacteria like Escheri-
chia coli, SRP-dependent targeting is achieved by just three compo-
nents: the Ffh protein and the 4.5S RNA constitute the bacterial SRP 
(Poritz et al., 1990; Ribes et al., 1990), while FtsY, a homologue of 
the eukaryotic SRα subunit, serves as the bacterial SR (Luirink et al., 
1994; Koch et al., 2003). The bacterial SRP mainly targets inner 
membrane proteins; secretory proteins are primarily targeted post-
translationally by the SecA pathway (Driessen and Nouwen, 2008). 
In contrast, eukaryotic cells employ the SRP pathway for the delivery 
of both secretory and membrane proteins to the ER (Rapoport, 
2007; Cross et al., 2009).

Like many other cellular processes, SRP-dependent targeting re-
quires a series of closely coordinated steps that monitor the presence 
of a correct substrate, the membrane, and a vacant translocon. Mul-
tiple studies have shown that this coordination is primarily achieved 
via subtle conformational rearrangements within the SRP-SR com-
plex (Shan and Walter, 2005; Buskiewicz et al., 2009). The intrinsically 
slow complex formation between Ffh and FtsY is accelerated by the 
4.5S RNA (Peluso et al., 2000, 2001; Jagath et al., 2001) and by the 
presence of RNCs, which expose a hydrophobic signal sequence 
(Bradshaw et al., 2009; Zhang et al., 2009). Recent data indicate that 
this acceleration is the result of a transient contact between the 4.5S 
RNA and FtsY upon RNC binding (Shen and Shan, 2010; Ataide 
et al., 2011). The presence of the substrate also increases the stability 
of the FtsY-SRP complex (Zhang et al., 2009), which otherwise would 
rapidly dissociate due to GTP hydrolysis, resulting in a half-life of <1 s 
in solution (Peluso et al., 2001). RNC-dependent stalling of the FtsY-
SRP complex in a stable and GTPase-deficient conformation proba-
bly opens a time window for location of a vacant translocon (Zhang 
et al., 2009). Only upon binding to the translocon and release of the 
RNCs does the FtsY-SRP complex undergo additional conformational 
changes that finally lead to full GTPase activation, which then induces 
the dissociation of the complex. In agreement with this, RNCs, SRP, 
and SR have been shown to form a stable complex in the absence of 
the translocon (Song et al., 2000).

This highly ordered series of events provides the basis for the 
directionality of the targeting reaction and implements several 
proofreading steps. Nevertheless, some observations suggest a cer-
tain degree of flexibility within the targeting reaction. In mammalian 
cells, the large ribosomal subunit can stay attached to the ER mem-
brane after completion of targeting (Adelman et al., 1973; Borgese 
et al., 1973), and thus does not need to be membrane targeted after 
reinitiation of translation (Seiser and Nicchitta, 2000; Potter et al., 
2001). Efficient docking of these RNCs onto the Sec translocon 
probably still requires the SRP-SR complex, because SRP promotes 
RNC binding to the translocon in the presence of competing ribo-
somes (Neuhof et al., 1998; Raden and Gilmore, 1998; Schaletzky 
and Rapoport, 2006). In addition, SR appears to be required for 
sensing a vacant translocon (Helmers et al., 2003; Jiang et al., 2008). 
Thus SRP needs to recognize potential substrates not only in the 
cytosol but also at the membrane. In agreement with this, in eukary-
otic cells ∼40% of SRP is membrane-localized, while the remaining 
SRP is either ribosome-associated (50%) or occurs in free form 
(Walter and Blobel, 1983). As a similar distribution has also been 
observed in bacteria (Koch et al., 1999), it appears that the recogni-
tion of substrates by membrane-bound SRP is a general feature of 
the SRP pathway. SRP does not seem to bind directly to the mem-
brane, and therefore it is likely that SRP is bound to the membrane 
via its contact with FtsY/SR. This, however, would necessitate that 
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demonstrates that complex dissociation is 
much faster than our analyses, the data nev-
ertheless reveal the strong effect of lipids 
on complex formation.

The strong stimulation of complex for-
mation by phospholipids was further ana-
lyzed by comparing liposomes containing 
the endogenous lipid composition of the 
E. coli inner membrane (70% phosphati-
dylethanolamine [PE], 25% phosphatidylg-
lycerol [PG], 5% cardiolipin [CL]) with li-
posomes containing only the neutral 
phospholipids (PE [65%]) and phosphatidyl-
choline (PC [35%]). Complex formation in 
the presence of neutral phospholipids was 
observed only at high SRP concentrations 
(600 nM; Figure 1D) and thus at SRP con-
centrations that also allowed a phospho-
lipid-independent FtsY-SRP complex forma-
tion. This demonstrates that complex 
formation is stimulated only by negatively 
charged phospholipids like PG or CL and 
explains the important contribution of PG 
and CL to FtsY function, which has been ob-
served in previous in vitro (Parlitz et al., 
2007; Braig et al., 2009; Lam et al., 2010) 
and in vivo studies (Erez et al., 2010).

FtsY-SRP complex formation confers 
proteinase K resistance to FtsY
A recent flotation gradient analysis indi-
cated that upon contacting SRP, FtsY binds 
more strongly to lipids (Lam et al., 2010). 
However, because FtsY exhibits strong lipid 
binding even in the absence of SRP (de 
Leeuw et al., 2000; Parlitz et al., 2007; Braig 
et al., 2009), we further tested the FtsY-lipid 
interaction by proteinase K (PK) protection 
assays. We have recently shown that after 
incubating FtsY with INV in the presence of 
GMP-PNP, two major protease-protected 
fragments of FtsY can be observed: a 
33-kDa fragment, which over time is further 

proteolysed into two fragments running at 25 and 24 kDa (Angelini 
et al., 2006; Figure 2A). The 33-kDa fragment was shown to lack the 
complete A domain but to contain the complete NG domain 
(Angelini et al., 2006), which is responsible for SRP binding (Egea 
et al., 2004; Focia et al., 2004). Since the A domain is responsible for 
the anomalous migration of FtsY (Weiche et al., 2008), the size of 
the 33-kDa fragment is in agreement with the predicted molecular 
mass of the NG domain. The 25- and 24-kDa fragments correspond 
to C-terminally truncated NG domains (Angelini et al., 2006). Pro-
tease protection of FtsY was not observed in the presence of GMP-
PNP and liposomes containing the endogenous lipid composition 
of the E. coli inner membrane (Figure 2A). This demonstrates that 
the FtsY–lipid contact is not sufficient to render FtsY PK resistant. 
We therefore analyzed whether the PK resistance of FtsY was de-
pendent on SRP. In the presence of liposomes, SRP, and GMP-PNP, 
FtsY was largely protease protected (Figure 2B), but failed to be-
come PK resistant in the absence of either liposomes or SRP. The 
addition of bovine serum albumin (BSA) had only a minor effect 
on PK protection of FtsY. This indicates that FtsY undergoes a 

which contain ∼200 nM SRP (Figure S1). Thus the in vitro analyses 
were performed at a final SRP concentration of ∼15–20 nM SRP. 
However, in previous studies, FtsY-SRP complex formation was 
also observed in the absence of INV (Jagath et al., 2000; Shan 
et al., 2004). We therefore wanted to analyze whether the SRP 
concentration required for observing complex formation was de-
pendent on the presence of lipids. In vitro synthesized FtsY was 
incubated with different SRP concentrations in the presence or 
absence of liposomes. In the absence of liposomes, the 400-kDa 
FtsY-SRP complex was observed at high SRP concentrations 
(600 nM; Figure 1C), confirming the above-mentioned reports 
that the FtsY-SRP complex can be observed in the absence of 
lipids. However, reducing the SRP concentration below 600 nM 
prevented complex formation in the absence of liposomes. In 
contrast, complex formation was already observed at 6 nM SRP in 
the presence of liposomes (Figure 1C), demonstrating that lipids 
stimulate the formation of the FtsY-SRP complex. In these assays, 
complex formation required the addition of GMP-PNP for pre-
venting GTPase-dependent dissociation. Although this clearly 

FIGURE 1:  Anionic phospholipids stimulate FtsY-SRP complex formation. (A) In vitro 
synthesized FtsY and Ffh were affinity purified via metal-affinity chromatography and 
subsequently incubated with E. coli INV in the presence or absence of 2 mM GMP-PNP. After 
solubilization with DDM, the proteins were separated on a 5–15% BN-PAGE gel. (B) FtsY was 
incubated with INV in the presence and absence of GMP-PNP. The sample was then 
solubilized and incubated with preimmune serum or with the indicated antibodies and 
separated on a 5–10% BN-PAGE gel. (C) FtsY was incubated with either INV or buffer/
liposomes together with the indicated amount of SRP. Proteins were solubilized and separated 
on a 5–10% BN-PAGE gel. (D) As for (C), but liposomes were prepared from synthetic lipids. 
PE/PG/CL (70, 25, and 5%, respectively) liposomes mimic the E. coli inner membrane lipid 
composition, PE/PC (65 and 35%, respectively) are zwitterionic phospholipids, which lead to 
the formation of neutral liposomes.
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conformational change upon interacting with SRP that protects the 
NG domain against PK cleavage. PK protection of FtsY was also 
observed when the in vitro synthesized FtsY was first purified via 
metal-affinity chromatography and then incubated with purified SRP 
and liposomes (Figure 2C). Thus the conformational change does 
not require the presence of the translocon and or the presence of 
ribosomes or RNCs.

For correlating the PK-resistant state of FtsY (Figure 2) with the 
occurrence of the 400-kDa FtsY-SRP complex (Figure 1), we tested 
several FtsY mutants. FtsY contains two autonomous lipid-binding 
helices (Figure 3A; Parlitz et al., 2007; Weiche et al., 2008; Braig 
et al., 2009). One is located at the very N-terminus of FtsY, but is not 
essential for function, although deleting it reduces membrane bind-
ing of FtsY (Weiche et al., 2008; Braig et al., 2009). The second helix 
is located at the interface between the A domain and the conserved 
NG domain and is absolutely essential for FtsY function and, there-
fore, for cell viability (Bahari et al., 2007; Parlitz et al., 2007; Braig 
et al., 2009; Grudnik et al., 2009). When this second helix was de-
leted (FtsYΔ195–203), PK protection of FtsY was drastically reduced 
(Figure 3B) and a similar effect was observed when two conserved 
positively charged residues were replaced by negatively charged 
aspartate residues (R198D + K200D; Figure 3B). Replacing R198 
with a positively charged lysine or a neutral alanine did not impair 
protease protection, but replacing it with aspartate drastically re-
duced protease protection (Figure 3B). The same pattern was 
observed when FtsY-SRP complex formation was determined by 
BN-PAGE analyses (Figure 3C): The 400-kDa complex was observed 
only for the FtsY(R198K) and the FtsY(R198A) mutants. Complex for-
mation was significantly reduced with the R198D mutant, and no 
400-kDa complexes were observed with the double-mutant 
FtsY(R198D+K200D) or for the FtsY mutant that completely lacked 
the second lipid-binding helix. Thus the 400-kDa complex and the 
PK-resistant state of FtsY most likely depict the same conformational 
organization of the FtsY-SRP complex.

To exclude the possibility that the mutations/deletions had a 
more global effect on the FtsY structure, we determined the basal 
GTPase activity of the FtsY derivatives. In comparison to wild-type 
FtsY, the GTPase activity of the mutants was only slightly reduced 
(Figure 3D), demonstrating that GTP binding and hydrolysis was not 
significantly impaired by the mutations. Importantly, when we tested 
the effects of liposomes on the GTPase activity, we observed in 
agreement with previous reports (de Leeuw et al., 2000; Bahari 
et al., 2007) an increase for wild-type FtsY that was not observed for 
the deletion mutant or the double mutant (Figure 3D). Of the single 
mutants, only the R198K and R198A mutants displayed increased 
GTPase activity.

In summary, these mutant analyses highlight the importance of 
lipid binding for FtsY-SRP complex formation and demonstrate that 
the interaction between negatively charged lipids and the positively 
charged lipid-binding helix of FtsY stimulates complex formation. 
The data also explain why the lipid-binding helix at the interface of 
the A and NG domains of FtsY is universally conserved and essential 
for cotranslational targeting.

A FtsY-Ffh fusion protein forms a 400-kDa complex 
and is capable of GTP hydrolysis
The stimulatory effect of phospholipids on FtsY-SRP complex forma-
tion was comparable to the stimulation that occurs in solution when 
RNCs are added (Zhang et al., 2009). Whether the preformed, 
membrane-bound FtsY-SRP complex was capable of recruiting 
RNCs to the membrane and transferring them to the SecY translo-
con was analyzed by constructing an FtsY-Ffh fusion protein. In this 

construct, the respective NG domains of FtsY and Ffh were geneti-
cally linked by a 20-amino-acid-long flexible linker, and the corre-
sponding fusion protein was termed FF-fusion (Figure 4A). During 
the course of our study, a similar FtsY-Ffh fusion protein was con-
structed for CryoEM studies (Estrozi et al., 2011) but not tested for 
its functionality and membrane binding.

For determining the properties of the FF-fusion, we first ana-
lyzed whether the purified FF-fusion would be able to bind and 
hydrolyze GTP. FtsY and Ffh display only low intrinsic GTPase 
activities, which are significantly stimulated if both proteins in-
teract in the presence of the 4.5S RNA. When purified Ffh and 
FtsY were incubated together, we observed significant GTP hy-
drolysis, which was not observed for the individual proteins 
(Figure 4B). The addition of 4.5S RNA further stimulated GTP 
hydrolysis, which is in agreement with the previous observation 

FIGURE 2:  FtsY acquires a PK-resistant conformation upon 
interaction with SRP and lipids. (A) FtsY was in vitro synthesized and 
then incubated in the absence or presence of INV or liposomes with 
GMP-PNP (2 mM) or INV buffer and treated with PK (0.5 mg/ml for 
20 min at 25°C). Samples were precipitated with trichloroacetic acid 
(TCA, 5% final concentration), separated on 13% SDS–PAGE, and 
visualized on a phosphorimager. (B) PK resistance was tested as in (A), 
but after preincubation with SRP (0.1 μM) or BSA (8 μM). (C) FtsY was 
in vitro synthesized and purified via metal-affinity chromatography 
before PK resistance testing.
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that 4.5S RNA stabilizes the FtsY-SRP 
complex formation (Neher et al., 2008; 
Shen and Shan, 2010; Ataide et al., 2011). 
The FF-fusion displayed a GTPase activ-
ity that was comparable to the GTP hy-
drolysis measured in the presence of FtsY, 
Ffh, and 4.5S RNA, and was only weakly 
stimulated by the 4.5S RNA; this would 
be expected if 4.5S RNA is required for 
stabilizing the FtsY-SRP complex (Shen 
and Shan, 2010).

We next tested whether the purified FF-
fusion would be detectable as a 400-kDa 
complex on BN-PAGE. When micromolar 
amounts of purified FtsY and purified SRP 
were incubated in the presence of GMP-
PNP, the 400-kDa FtsY-SRP complex was 
easily detectable on BN-PAGE by Western 
blotting using α-Ffh antibodies (Figure 4C). 
The use of purified components also dem-
onstrated that the 400-kDa complex does 
not contain stoichiometric amounts of any 
other component and the reduced migra-
tion on BN-PAGE is most likely due to the 
well-documented aberrant migration be-
havior of FtsY (Luirink et al., 1994; de Leeuw 
et al., 2000; Weiche et al., 2008). In addi-
tion, the presence of the SRP-RNA and 
binding of detergent and Coomassie further 
reduces the mobility on BN-PAGE (Kulajta 
et al., 2006). Because SRP and FtsY were 
present in concentrations above 600 nM, 
complex formation in this assay did not re-
quire the presence of lipids. The very same 
400-kDa complex was detected when the 
purified FF-fusion was separated on BN-
PAGE and analyzed by Western blotting 
with α-Ffh antibodies (Figure 4C). We did 
not detect dimerization of the FF-fusion in 
the presence of GMP-PNP, which suggested 
that the FtsY and Ffh parts of the FF-fusion 
interacted primarily with each other and not 
with their cognate partner on a second FF-
fusion molecule. In summary, these data 
further verify that the 400-kDa complex rep-
resents an FtsY-SRP complex.

The preformed FtsY-SRP complex is 
functional in cotranslational targeting
The functionality of the FF-fusion was 
tested in vivo by expressing it in the condi-
tional E. coli Ffh mutant Wam113 (Phillips 
and Silhavy, 1992), which expresses the 
endogenous Ffh under the arabinose pro-
moter. In the absence of arabinose this strain 

FIGURE 3:  A positively charged helix of FtsY is crucial for complex formation with SRP. 
(A) Drawing showing the domain structure of E. coli FtsY. The localization of the two lipid-
binding helices and their amino acid sequences are also shown. (B) Wild-type (wt) FtsY and FtsY 
derivatives carrying mutations within the second lipid-binding helix were in vitro synthesized and 
affinity purified via a C-terminal His tag. PK resistance of the mutants was analyzed in the 
presence of INV as described in Figure 2. (C) As in (B), but the samples were incubated with INV, 
solubilized, and separated on a 5–10% BN-PAGE gel. (D). The FtsY mutant proteins were 
expressed in E. coli C43 (DE3) and purified via metal-affinity purification. The GTPase activity of 

the FtsY mutants was analyzed in a 20 μl 
reaction mixture containing 0.5 μM FtsY. The 
reaction was started by the addition of GTP 
(200 μM GTP and 2.5 μM [γ-32P]-GTP). When 
indicated, 2 μl of liposomes (70% PE, 25% PG 
and 5% CL, as in Figure 1D) was added.
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is not viable (Figure 5A), however, expressing either wild-type Ffh or 
the FF-fusion protein in this strain allowed cell growth even in the 
absence of arabinose. This demonstrates that the Ffh part of the 
FF-fusion protein is functional. Performing the same experiment 
with the conditional E. coli FtsY mutant strain IY28 (Bürk et al., 2009; 
Erez et al., 2010) also demonstrated that the FtsY part within the 
fusion protein is functional.

In principle, the FF-fusion could support cotranslational target-
ing in vivo if it were proteolytically cleaved into the individual pro-
teins at the linker region. However, in both the absence and the 
presence of arabinose, we detected by Western blotting using anti-
bodies against the C-terminal His tag of the FF-fusion only the full-
size FF-fusion in wild-type DH5α, in IY28, and in WAM113 cells 
(Figure 5B). The amount of the bacterial Hsp60 protein GroEL was 
determined as a loading control in these experiments. We noticed 
for this series of experiments that the expression of the FF-fusion 
was lower when the endogenous FtsY and, in particular, the endog-
enous Ffh were present (Figure 5B, arabinose-containing cells). 
However, the reasons for this observation were not further analyzed 
in this study. To exclude the possibility that the in vivo functionality 
of the FF-fusion was due to unphysiologically high expression, we 
compared its expression in wild-type cells with the endogenous 
FtsY and Ffh levels (Figure 5C). In wild-type cells, FtsY is present as 
full-size FtsY running at ∼100 kDa and as an N-terminally truncated 
version running at 75 kDa (FtsY-14; Luirink et al., 1994; Weiche et al., 
2008). Western blotting revealed that the expression of the FF-
fusion was comparable to the endogenous FtsY level, and that there 
was also no significant difference in the endogenous Ffh content. 
GroEL was analyzed as the control in these experiments. These re-
sults demonstrate that the in vivo complementation activity of the 
FF-fusion was not the result of a higher expression or a significant 
proteolytic cleavage of the FF-fusion into two functional proteins.

Nevertheless, cleavage of even a small portion of the FF-fusion 
could be sufficient for supporting growth of WAM113 or IY28. It was 
also possible that the FF-fusion was functional because the Ffh part 
interacted with the endogenous FtsY in Wam113 and the FtsY part 
with the endogenous Ffh in IY28. To exclude both possibilities, we 
constructed two additional FF-fusions, in which either the FtsY or 
the Ffh part was inactivated due to single amino acid substitutions. 
We chose the A144W mutation in the GTPase domain of Ffh and 
the A336W mutation in FtsY, because both mutations had been 
shown to inactivate Ffh or FtsY, respectively (Shan et al., 2007). The 
rationale of this experiment was that if the in vivo complementation 
was due to cleavage or due to interaction with endogenous FtsY or 
Ffh in the corresponding strains, then FF-fusion (A144W) should still 
complement the FtsY-depletion strain IY28, because the FtsY part in 
the fusion was unaltered. Likewise, the FF-fusion (A336W) should 
complement the Ffh-depletion strain WAM113. However, both half-
inactivated FF-fusions failed to complement WAM113 or IY28 
(Figure 5D), which demonstrates that the FF-fusion is not cleaved 
and that the Ffh and FtsY parts of the FF-fusion interacted exclu-
sively with each other.

FIGURE 4:  An FtsY-Ffh fusion protein forms a 400-kDa complex on 
BN-PAGE and hydrolyzes GTP. (A) The FtsY-Ffh-fusion protein 
(FF-fusion) was constructed by genetically fusing the C-terminal end 
of the FtsY NG domain to the N-terminal end of the Ffh NG domain 
via a 20-amino-acid-long, flexible linker (L). Label A indicates the A 
domain of FtsY and label M the signal sequence–binding domain of 
Ffh. (B) The GTPase activity of the FF-fusion was analyzed in a 20 μl 
reaction mixture containing 0.05 μM FF-fusion. The reaction was 

started by the addition of GTP (200 μM GTP and 2.5 μM [γ-32P]-GTP). 
FtsY and Ffh were also used at a final concentration of 0.05 μM each 
and, when indicated, 0.5 μg 4.5S RNA was added. The mean values 
and SD of at least three independent experiments are shown. 
(C) 4 μM FtsY was incubated with 1.5 μM Ffh and 0.1 mg/ml 4.5S RNA 
in the presence or absence of 2 mM GMP-PNP; alternatively, 1.5 μM 
of the FtsY-Ffh fusion protein was incubated with 0.1 mg/ml 4.5S RNA 
in the presence or absence of GMP-PNP and then separated on a 
5–15% BN-PAGE gel. After transfer to a nitrocellulose membrane, the 
protein complexes were detected by α-Ffh antibodies.
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no FtsY or SRP, unless added (Koch et al., 1999), and also no YidC, 
which most likely cooperates with the SecYEG translocon to facili-
tate folding of membrane proteins (Facey and Kuhn, 2010). We 
tested the integration of the polytopic membrane protein mannitol 
permease (MtlA), a typical E. coli SRP substrate (Koch et al., 1999). 
When MtlA was synthesized in vitro in the presence of INV, we 
observed a membrane-protected fragment (MtlA-MPF) after PK 
treatment, which corresponds to the membrane-integral part of 

The in vivo complementation data strongly indicate that a pre-
formed FtsY-SRP complex is capable of recruiting RNCs and trans-
ferring them to the translocon. This was further verified by an in vitro 
transport assay using SecYEG proteoliposomes. The purity of the 
components used in these assays was first determined by Coo-
massie staining and Western blotting (Figure 6A), which revealed no 
major contaminating band in the purified protein preparations. In 
particular, this completely reconstituted transport assay contained 

FIGURE 5:  The FtsY-Ffh fusion protein is functional in vivo. (A) Plasmid-borne copies of FtsY, Ffh, or of the FF-fusion 
protein were expressed in the conditional Ffh mutant WAM113 or the conditional FtsY mutant strain IY28. In both 
strains, the respective gene is under the control of the arabinose promoter and growth requires the addition of 0.2% 
arabinose. Overnight cultures were grown in LB medium in the presence of arabinose to an OD600 of 1.0, and serially 
diluted on LB plates containing either arabinose or fructose. The complementation did not require the presence of 
IPTG, which demonstrates that the basal expression level is sufficient. (B) Western blot analyses of the FF-fusion 
expressed in either wild-type DH5α cells or in IY28 and WAM113 cells, grown either in the presence of arabinose or 
fructose. Antibodies against the C-terminal His tag of the FF-fusion revealed no detectable cleavage of the fusion 
protein. As control, the same samples were also analyzed for the presence of the bacterial Hsp60 protein GroEL. 
(C) The expression level of the FF-fusion in wild-type DH5α cells was compared with the endogenous FtsY/Ffh content 
by Western blotting using antibodies against FtsY and Ffh. FtsY-14 corresponds to an N-terminally truncated FtsY-
derivative, which lacks the first 14 amino acids. Note that FtsY has a predicted molecular mass of 56 kDa but runs at 
∼100-kDa on SDS–PAGE due to its highly charged N-terminal A domain. As control, antibodies against GroEL were 
used. (D) For excluding the possibility that the functionality of the FF-fusion is due to proteolytic cleavage within the 
linker region, two FF-fusion derivatives were constructed that contained either an inactive Ffh-part (FF-fusion A144W) or 
an inactive FtsY part (FF-fusion A336W). The complementation assay was performed as in (A).
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FIGURE 6:  The FtsY-Ffh fusion protein is capable of targeting ribosome nascent chains to the SecYEG translocon in a 
reconstituted in vitro transport system. (A) Coomassie staining and immune detection of SecYEG-proteoliposomes. 
SecYEG proteoliposomes were loaded for Coomassie staining (4 μl) and immune detection (0.2 μl). INV (3 μl) served 
as control. SecE and SecG have approximately the same size and are not well separated; in addition, Coomassie 
Brilliant Blue hardly stains SecG. (B) The SRP-dependent polytopic membrane protein MtlA consists of six 
transmembrane domains and a long C-terminal cytoplasmic domain, which is cleaved off by PK treatment (scissors), 
leaving behind a membrane-protected 30-kDa fragment (MtlA-MPF) that corresponds to the membrane-integral part 
of MtlA. (C) MtlA was in vitro synthesized in an E. coli transcription–translation system that does not contain FtsY, 
SRP, or INV (Koch et al., 1999) unless added. One-half of the reaction mixture was subsequently precipitated with 
TCA, whereas the second half was further digested with PK. MtlA was visualized by autoradiography after separation 
on a 13% SDS–polyacrylamide gel. INV correspond to E. coli inner membrane vesicles. The lipid composition of 
liposomes reflects the E. coli cytoplasmic membrane. SecYEG-proteoliposomes were generated as described in 
Material and Methods. When indicated, INV (0.5 μl), liposomes (4 μl), SecYEG proteoliposomes (4 μl), FtsY (1 μg), SRP 
(0.4 μg Ffh + 0.7 μg 4.5S RNA), or FF-fusion (1.5 μg FF-fusion + 0.7 μg 4.5S RNA) was added. The integration rate was 
calculated considering the loss of methionines for the MtlA-MPF and is the mean value of at least three independent 
experiments. The SD is indicated.
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(Figure 8B). We tested with Western blotting whether the comple-
mentation was due to a proteolytic release of the FF-fusion from 
the membrane. In WAM113 cells expressing the TM-FF-fusion, 
α-Ffh antibodies detected only the full-length TM-FF-fusion, but 

MtlA (Figure 6, B and C [lane 2]). In the absence of INV, MtlA was 
completely degraded by PK (Figure 6C, lane 1). When MtlA was 
synthesized in vitro in the presence of liposomes, it was also com-
pletely degraded by PK, independently of whether the individual 
components of the SRP pathway or the FtsY-Ffh fusion protein were 
present (Figure 6C, lanes 3–7). In SecYEG-proteoliposomes, we ob-
served a weak background integration even in the absence of the 
SRP-components (Figure 6C, lane 8), which is expected considering 
the intrinsic affinity of the ribosome for the SecYEG translocon (Prinz 
et al., 2000). The addition of either SRP or FtsY did not stimulate 
MtlA integration in SecYEG proteoliposomes (Figure 6C, lanes 9 
and 10). However, when FtsY and SRP were added simultaneously, 
we observed a significant stimulation of MtlA integration (Figure 6C, 
lane 11), and importantly, the same stimulation was also detected 
by adding the FtsY-Ffh-fusion protein (Figure 6C, lane 12). This dem-
onstrates that a preformed FtsY-SRP complex is capable of recruit-
ing RNCs to the membrane and transferring them to the SecYEG 
translocon. These data also show that MtlA integration does not 
strictly require the presence of YidC; however, it is important to note 
that the SecYEG content in our proteoliposomes is higher than the 
SecYEG content in INV (see Figure 6A). Whether a coreconstitution 
of YidC and SecYEG would further increase MtlA integration was 
not further analyzed in this study.

Substrate recognition by a membrane-bound FtsY-Ffh fusion
In the in vitro and in vivo assays described above, we cannot 
exclude that the FF-fusion shuttles between the membrane and 
the cytosol, that is, it binds to RNCs in the cytosol and only then 
targets them to the membrane. We therefore analyzed the cel-
lular localization of the FF-fusion in living E. coli cells by fluores-
cence microscopy using a green fluorescent protein (GFP)-tagged 
FF-fusion. Fluorescently labeled FtsY has been shown to be pre-
dominantly membrane-localized in vivo (Mircheva et al., 2009), 
which we also show here (Figure 7A). The localization of FtsY-
GFP was basically identical to the localization of the integral 
membrane protein SecY-YFP. In comparison, fluorescently la-
beled Ffh was evenly partitioned between the membrane and 
the cytosol (Figure 7A), supporting previous biochemical assays 
that have localized ∼40% of SRP to the membrane and ∼60% to 
the cytosol (Walter and Blobel, 1983; Koch et al., 1999). Impor-
tantly, the GFP-tagged FF-fusion, like FtsY, was predominantly 
membrane-localized (Figure 7A), suggesting that the FF-fusion 
functions at the membrane in vivo. The predominant membrane 
localization of the FF-fusion was observed in all E. coli cells, inde-
pendent of the growth phase.

However, in the GFP construct, the small linker connecting FtsY 
and Ffh was replaced by the larger GFP moiety, and it was there-
fore possible that the presence of GFP favored membrane local-
ization. We therefore used additional assays for demonstrating 
that the membrane-bound FF-fusion was functional in targeting. In 
a first assay, SecYEG proteoliposomes were preincubated with ei-
ther FtsY/Ffh or the FF-fusion and isolated by centrifugation. Coo-
massie staining revealed that the FtsY/Ffh and the FF-fusion were 
efficiently bound to both liposomes and SecYEG-proteoliposomes 
(Figure 7B). Using these preincubated liposomes/proteoliposomes 
for in vitro transport assays demonstrated that MtlA was efficiently 
integrated into SecYEG proteoliposomes that only contained the 
membrane-bound FF-fusion (Figure 7C). Finally, we created a 
membrane-integral FF-fusion by attaching it to the C-terminus of 
TatC, a polytopic membrane protein containing six transmem-
brane domains (Figure 8A). The resulting TM-FF-fusion was like 
the FF-fusion capable of complementing WAM113 and IY28 cells 

FIGURE 7:  The FF-fusion protein functions exclusively at the 
membrane. (A) The localization of the FF-fusion was analyzed in vivo 
by fluorescence microscopy and compared with fluorescently labeled 
FtsY, Ffh, and SecY. FtsY, Ffh, and SecY were C-terminally fused to 
either GFP or yellow fluorescent protein (YFP). For labeling of the 
FF-fusion, GFP was inserted into the linker region that connects FtsY 
and Ffh (see Figure 4A). (B) Liposomes or SecYEG-proteoliposomes 
were preincubated with FtsY/Ffh or FF-fusion in the presence of 4.5S 
RNA, isolated by centrifugation, and resuspended in buffer A (50 mM 
triethanolamine acetate, pH 8.0; 250 mM sucrose); for concentrations 
see legend to Figure 6. The resuspended liposomes/proteoliposomes 
were separated on a 5–20% SDS–polyacrylamide gel and stained with 
Coomassie Brilliant Blue. (C) The preincubated liposomes/
proteoliposomes shown in (B) were used for MtlA in vitro transport 
assays as described in Figure 6. INV were used as control.
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we used antibodies against the C-terminal 
His tag, because the low specificity of the 
polyclonal α-FtsY antibody prevented its 
use for whole cells. In summary, these data 
demonstrate that the membrane-bound 
FtsY-Ffh complex is sufficient for cotransla-
tional targeting in E. coli and that soluble 
SRP is not absolutely required.

DISCUSSION
Phospholipids do not merely provide a pas-
sive scaffold for membrane-integral or 
membrane-associated proteins, but they 
also determine the topology of membrane 
proteins (Bogdanov et al., 2008; Romantsov 
et al., 2008) and influence their stability. This 
has been shown for respiratory complexes 
(Wenz et al., 2009) and for the SecYEG 
translocon (Gold et al., 2010), which both 
require the presence of CL. This recent ob-
servation underscores the important link be-
tween phospholipids and protein transport, 
initially observed for SecA, which is stimu-
lated by negatively charged phospholipids 
(de Vrije et al., 1988; Lill et al., 1990). Nega-
tively charged phospholipids are also im-
portant for SRP-dependent protein target-
ing, because they provide a binding site for 
FtsY (de Leeuw et al., 2000; Parlitz et al., 
2007; Braig et al., 2009).

Whether the contribution of phospholip-
ids to SRP-dependent protein targeting goes 
beyond providing a binding site for FtsY was 
unknown. It was recently shown that nega-
tively charged phospholipids activate FtsY, 
which subsequently accelerates FtsY-SRP 
complex formation (Lam et al. 2010). How-
ever, whether a phospholipid-induced FtsY-
SRP complex is able to recruit RNCs to the 
membrane and to transfer them to the Se-
cYEG translocon was not addressed in that 
study. Here we confirm the substrate-inde-
pendent, phospholipid-induced FtsY-SRP 
complex formation by using a different ex-
perimental setup, and we also demonstrate 
that the preformed FtsY-SRP complex at the 
membrane is functional in cotranslational tar-
geting both in vivo and in vitro. This reveals 
an unexpected plasticity of the SRP-depen-
dent protein targeting, because it demon-
strates that substrate recognition can occur 
either in the cytosol by ribosome-bound SRP 
or by a preassembled FtsY-SRP complex at 
the membrane.

This stimulatory effect of phospholipids 
on FtsY-SRP complex formation is similar 
to the stimulatory effect of RNCs on com-
plex formation in solution (Zhang et al., 
2009). It has been suggested that RNCs 
stall the FtsY-SRP complex in a conforma-

tion, where the complex displays only low GTPase activity. In 
agreement with this, the presence of RNCs delays GTP hydrolysis 

FIGURE 8:  A membrane-integral FtsY-Ffh-complex is functional. (A) The FF-fusion was fused to 
the C-terminus of the integral membrane protein TatC to generate TM-FF-fusion. (B) The 
functionality of the TM-FF-fusion was determined by complementation assays as described in 
Figure 5. (C) Expression and integrity of the TM-FF-fusion was analyzed by Western blotting 
using antibodies against Ffh or against the C-terminal His tag of the TM-FF-fusion. IY28 or 
WAM113 cells (approx. 0.5 × 108 cells) grown in the absence (−) or presence (ara) of arabinose 
and expressing the indicated constructs were directly precipitated by TCA (10% final 
concentration) and separated on 5–15% SDS–PAGE. The band running below the 34-kDa 
marker band, which is labeled with (*), was unspecifically recognized by both antibodies and 
served as an internal loading control.

no cleavage product (Figure 8C). We also observed no cleavage in 
IY28 cells expressing the TM-FF-fusion (Figure 8C). However, here 
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that a membrane-bound FtsY-SRP complex 
simply enhances the efficiency of targeting 
by increasing the local concentration of SRP 
close to an available SecY translocon. In-
creasing the local concentration appears to 
be a fundamental principle in living systems 
and has been observed for many biological 
processes (Oehler and Muller-Hill, 2010).

In addition, a preformed FtsY-SRP com-
plex might be important beyond the effi-
ciency aspect. Previous studies have shown 
that ribosomes remain bound to the ER 
membrane after nascent chain release 
(Adelman et al., 1973) and do not easily dis-
sociate from the membrane (Potter and 
Nicchitta, 2000). These ribosomes can reini-
tiate the translation of SRP substrates at the 
membrane, and thus would not depend on 
cytosolic SRP (Potter and Nicchitta, 2000). 

Transfer of these RNCs to the SecYEG translocon would probably 
still require SRP, because SRP gives RNCs a competitive advantage 
over nontranslating ribosomes in translocon binding (Neuhof et al., 
1998; Raden and Gilmore, 1998; Schaletzky and Rapoport, 2006). 
The preassembled FtsY-SRP complex would be perfectly suited to 
facilitate translocon binding of nascent chains initiated on mem-
brane bound ribosomes. Finally, it has been suggested that mRNAs 
may contain targeting information that localizes them to the right 
compartment without the need of protein synthesis or the SRP path-
way (Palazzo et al., 2007; Pyhtila et al., 2008; Kraut-Cohen and 
Gerst, 2010). Because mRNAs encoding for bacterial membrane 
proteins have significantly higher uracil content than mRNAs for cy-
tosolic proteins, the existence of a specific mRNA targeting has also 
been proposed for bacteria (Prilusky and Bibi, 2009). In agreement 
with this, a recent study has demonstrated that mRNAs that encode 
inner membrane proteins can localize to the membrane by a trans-
lation-independent mechanism (Nevo-Dinur et al., 2011). After 
translation initiation of these alternatively targeted mRNAs, the pre-
assembled membrane-bound FtsY-SRP complex could recognize 
the signal-anchor sequence and ensure the delivery of the RNC to 
the Sec translocon.

In summary, our data indicate that a second targeting pathway 
exists (Figure 9) in addition to the canonical targeting by the 
SRP-pathway that involves the recognition of the substrate in the 
cytosol and its subsequent targeting to the membrane-bound 
translocon. This pathway involves a preformed membrane-bound 
FtsY-SRP complex (Figure 9, steps 1 and 2) that recognizes RNCs at 
the membrane (step 3) and transfers them to the SecYEG translocon 
(step 4). Subsequently the FtsY-SRP complex can dissociate due to 
GTP hydrolysis (step 5) or can accept another RNC. It is difficult to 
determine the extent to which this alternative pathway is utilized in 
bacterial cells. The ability of the TM-FF-fusion to support growth of 
E. coli in the absence of a soluble SRP indicates that the membrane-
bound FtsY-SRP complex has at least the minimal activity required 
for viability. This indicates that soluble SRP is not absolutely essential 
for cotranslational targeting in E. coli.

MATERIAL AND METHODS
Strains and plasmids
The following E. coli strains were used: MC4100 (Koch et al., 1999), 
DH5α (Hanahan, 1983), BL21 (DE3) pLysS (Novagen, Bad Soden, 
Germany), TY0 (Matsumoto et al., 2000), IY28 (Burk et al., 2009), and 
Wam113 (Phillips and Silhavy, 1992).

of the FtsY-SRP complex ∼10-fold (Zhang et al., 2009). If nega-
tively charged phospholipids stabilize the FtsY-SRP complex in the 
same conformational state as RNCs, then the phospholipid-in-
duced complex should also display reduced GTPase activity. In 
support of this assumption, the 100-fold stimulation of complex 
formation observed here and in a recent kinetic study (Lam et al., 
2010) is accompanied by only a two- to fivefold increase in 
GTPase activity when FtsY is incubated with liposomes and SRP 
(Bahari et al., 2007; Marty et al., 2009). This indicates that both 
RNCs and negatively charged phospholipids stabilize the FtsY-
SRP complex by delaying GTP hydrolysis. Stalling the FtsY-SRP 
complex in this early conformational state (Shan et al., 2009; Lam 
et al., 2010; Estrozi et al., 2011), which has reduced GTPase activ-
ity, probably provides a time window that allows for the location 
of vacant translocons.

In vivo, more than 80% of FtsY is bound to the E. coli membrane 
(Mircheva et al., 2009), mainly via contact to the head groups of PG 
and CL (Braig et al., 2009). However, these electrostatic interactions 
(Reinau et al., 2010) do not render FtsY protease-resistant. Only 
when lipid-bound FtsY is in contact with SRP does the NG domain 
of FtsY become protease-protected. FtsY contains an amphipathic 
lipid-binding helix at the interface between the conserved NG do-
main and the N-terminal A domain of FtsY (Parlitz et al., 2007; Egea 
et al., 2008; Braig et al., 2009; Marty et al., 2009), which is essential 
for function. We now show that this lipid-binding helix is required for 
lipid-induced FtsY-SRP complex formation and the enhanced stabil-
ity of the FtsY-lipid contact. This helix is located immediately up-
stream of the αN1-helix of FtsY, which is delocalized upon SRP inter-
action (Neher et al., 2008). It is possible that this delocalization 
inserts the downstream lipid-binding helix more deeply between 
the phospholipid head groups, allowing for additional hydrophobic 
interactions and resulting in protease protection of FtsY.

Our data using the FtsY-Ffh fusion protein demonstrate that a 
preassembled FtsY-SRP complex is able to recruit RNCs to the mem-
brane and to transfer them to the SecY translocon both in vitro and 
in vivo. The presence of a stable FtsY-SRP complex at the membrane 
would also explain why in both eukaryotes and prokaryotes ∼40% of 
the SRP are found at the membrane (Walter and Blobel, 1983; Koch 
et al., 1999) and why membrane-bound SRP is sufficient for target-
ing of RNCs (Bornemann et al., 2008). The RNC-independent for-
mation of an FtsY-SRP complex at the membrane raises the question 
about its physiological function. Because FtsY can bind directly to 
SecY (Angelini et al., 2005, 2006; Kuhn et al., 2011), it is conceivable 

FIGURE 9:  Model for RNC targeting by a preformed FtsY-SRP-complex. A preassembled 
FtsY-SRP complex at the membrane (FtsY, red; SRP, orange) is able to recruit RNCs to the 
membrane and to transfer them to the SecYEG translocon (blue). It is only after contact of the 
FtsY-SRP complex with the translocon that the stimulation of GTPase activity induces the 
dissociation of the complex and allows docking of the RNCs onto the translocon. The 
dissociated SRP can either replenish the pool of cytosolic SRP or assemble again in a 
phospholipid-dependent manner with FtsY.
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The FtsY-Ffh-fusion protein (FF-fusion) was constructed by am-
plifying FtsY from plasmid pTP37 (Powers and Walter, 1997) using 
primer FtsY_fusion_f and FtsY_fusion_r. The PCR product was di-
gested with NcoI and EcoRI. Ffh was amplified from plasmid 
pET19b-Ffh (Eisner et al., 2003) using primer Ffh-fusion_f and 
Ffh_fusion_r. The PCR product was digested with EcoRI and Hin-
dIII. Subsequently the FtsY and Ffh fragments were ligated into 
NcoI and HindIII-digested pTrc99a, resulting in pTrc99a-FF-fusion. 
For in vitro synthesis of the fusion protein, the NcoI/HindIII FtsY-
Ffh-fusion fragment was cloned into pET22b vector to allow T7-
dependent expression. pTrc99a-Ffh was constructed by digesting 
pET19b-Ffh (Eisner et al. 2003) with NcoI and BamHI and ligating 
the resulting Ffh fragment into NcoI/BamHI-digested pTrc99a. 
pBAD33-Ffh-YFP was constructed as follow: Ffh-EYFP was ampli-
fied from plasmid pES118-Ffh-EYFP (kindly provided by Victor 
Sourjik, University of Heidelberg, Germany) using the primer 
Ffh_YFP_XbaI and Ffh_YFP_pBad33_rev digested with XbaI and 
ligated into XbaI-digested pBAD33. For construction of pTrc99a-
FtsY-GFP-Ffh-fusion, the GFP gene was amplified from pTrc99a-
FtsY-GFP (Mircheva et al. 2009) using primer GFP_EcoRI_for and 
GFP_EcoRI_rev and subsequently digested with EcoRI. The re-
sulting fragment was ligated into EcoRI-digested pTrc99a-FtsY-
Ffh-fusion. FF-fusion A144W and A336W were constructed by 
site-directed mutagenesis using Phusion DNA-Polymerase (NEB, 
Biolabs, Frankfurt, Germany) and the appropriate oligonucle-
otides (Table S1).

The TM-FF-fusion was constructed by amplifying tatC from plas-
mid p8737 (Alami et al., 2002) using the primer fw-NcoI-TatC and 
rev-NcoI-TatC. The PCR product was subsequently digested with 
NcoI and cloned into NcoI-digested pTrc99a-FF-fusion, resulting in 
pTrc99a-TM-FF-fusion. The orientation of tatC and its correct fusion 
to the FF-fusion protein was verified by restriction digestion and 
sequencing.

For the complementation analyses of strain WAM113 (see In vivo 
complementation activity and localization of the FtsY-Ffh fusion pro-
tein), the ampicillin cartridge of pTrc99a-FF-fusion and pTrc99a-TM-
FF-fusion had to be replaced by a chloramphenicol cassette. The 
ampicillin cartridge was deleted by inverse PCR using the primer 
pTrc99a-Amp-for and pTrc99a-Amp-rev. The chloramphenicol 
cassette was amplified from vector pBAD33 using the primer 
CM_p15A-pBad-for and CM_p15A-pBad-rev and blunt-end ligated 
to the inverse PCR product of the pTrc99a-FF-fusion, resulting in 
plasmid pTrc99a-FF-fusion(Cm). The same strategy was used for 
generating pTrc99a-TM-FF-fusion(Cm).

The sequences of the oligonucleotides used in this study are 
listed in Table S1.

In vitro transcription–translation assays and PK protection
The composition of the reconstituted transcription–translation sys-
tem of E. coli, the purification of its components, the preparation of 
INV, and the proteinase protection assay followed previously de-
scribed protocols (Koch et al., 1999).

BN-PAGE analysis
In vitro synthesis and purification of 35S-FtsY, solubilization of FtsY-
containing membrane complexes with subsequent BN-PAGE analy-
sis has been described previously (Angelini et al., 2006). This proto-
col was also used for in vitro synthesis and purification of Ffh and the 
FtsY-Ffh-fusion protein. FtsY-SRP complex formation in the presence 
of liposomes was performed as follows. Radiolabeled samples: 35S-
FtsY was incubated with the indicated amount of Ffh in the presence 
of 35 μg/ml 4.5S RNA (Koch et al., 1999) and 0.2 mg/ml liposomes 

composed of either synthetic lipids (Braig et al., 2009) or E. coli lip-
ids in the presence or absence of 2 mM GMP-PNP for 20 min at 
37°C. Further processing of the samples was identical to INV-con-
taining samples. Samples were separated on either 5–10% or 5–15% 
BN-PAGE gels. For nonradioactive BN-PAGE, FtsY (4 μM final con-
centration) was incubated with Ffh (1.5 μM final concentration) and 
0.1 mg/ml 4.5S RNA in the presence or absence of 2 mM GMP-PNP. 
Alternatively, the FtsY-Ffh fusion (1.5 μM final concentration) was 
incubated with 0.1 mg/ml 4.5S RNA in the presence or absence of 2 
mM GMP-PNP. Sample preparation for BN-PAGE was identical to 
sample preparation for the radioactively labeled samples. Proteins 
were subsequently separated on a 5–15% BN-PAGE gel. After blot-
ting on a nitrocellulose membrane, the protein complexes were de-
tected by α-Ffh antibodies.

Expression and purification of proteins, GTPase assays
pTrc99a-FtsY (Braig et al., 2009), pTrc99a-Ffh, and pTrc99a-FF-fusion 
were transformed into E. coli DH5α cells (Hanahan, 1983). Cells 
were grown at 37°C, induced with 1 mM IPTG after reaching an 
OD600 of 0.6–0.8, and harvested 4h after induction. Proteins were 
affinity purified via their His tags using an Äkta chromatography sys-
tem (GE Healthcare, Waukesha, WI) and a 1 ml HisTrap FF crude 
nickel column (GE Healthcare). The equilibration/wash buffer con-
tained 50 mM HEPES KOH, pH 7.6, 1 M NH4Ac, 10 mM MgAc2, 
1 mM dithiothreitol (DTT), 0.5 mM phenylmethylsulfonyl fluoride 
(PMSF), 30 mM imidazole, pH 7.8, and 10% Glycerol. The elution 
buffer contained 50 mM HEPES KOH, pH 7.6, 1 M NH4Ac, 10 mM 
MgAc2, 1 mM DTT, 0.5 mM PMSF, Roche Complete Inhibitor Cock-
tail Tablets, 400 mM imidazole, pH 7.8, and 10% glycerol. Subse-
quently, the buffer was exchanged to 2 × HT buffer (100 mM HEPES 
KOH, pH 7.6, 200 mM KAc pH 7.5, 20 mM MgAc2, 2 mM DTT) using 
PD10 columns (GE Healthcare). Ffh and the FF-fusion protein were 
stored at −20°C in HT buffer supplemented with 50% glycerol; FtsY 
was stored at −70°C in HT buffer supplemented with 10% glycerol. 
The FtsY derivatives carrying mutations in the second lipid-binding 
helix were constructed by PCR mutagenesis using pTP37 as a tem-
plate (Powers and Walter, 1997). The reversed primer Dav_Hr was 
used in all PCR reactions. The forward primers used were Dav_Hf 
(for FtsY(delta195-203)), K198_Dav_f (for FtsY(R198K)), D198_Dav_f 
(for FtsY(R198D)), A198_Dav_f (for FtsY(R198A)), or R198D+K200D_f_
Dav (for FtsY(R198D+K200D)), respectively. The mutated FtsY de-
rivatives were expressed in E. coli CE43 (DE3) and purified via Talon 
(Clontech, Mountain View, CA) metal-affinity chromatography.

GTPase assays were performed at 25°C in a total volume of 20 μl 
and contained 0.05–0.5 μM Ffh, FtsY, or FF-fusion. The reaction was 
performed in HT buffer (50 mM HEPES, pH 7.6; 100 mM KOAc, 
pH 7.5; 10 mM MgOAc; and 1 mM DTT) and started by the addition 
of GTP (200 μM GTP + 2.5 μM [γ-P32]GTP [approx. 2.5 μCi]). When 
indicated, 0.5 μg 4.5S RNA was added. Aliquots were removed at 
frequent time intervals. The reaction was stopped on ice by the ad-
dition of 800 μl charcoal suspension (10% in 20 mM phosphoric 
acid) and the liberated phosphate in the supernatant after centrifu-
gation was determined using a scintillation counter.

In vivo complementation activity and localization of the 
FtsY-Ffh fusion protein
The conditional FtsY mutant strain IY28 and the conditional Ffh mu-
tant strain Wam113 have been described previously (Phillips and 
Silhavy, 1992; Burk et al., 2009). Complementation of IY28 was 
achieved by transforming the strain with pTrc99a vector harboring 
the appropriate genes or the empty vector as negative control. 
Strains were grown to an OD600 of 1.0 following exponential dilution 
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of the culture in lysogeny broth (LB) medium. The diluted cultures 
were plated on LB-agar with and without 0.2% arabinose.

Complementation of WAM113 was achieved by transforming 
the strain with pTrc99a(Cm) vector harboring the appropriate genes 
or the empty pTrc99a(Cm) vector as control. Growth of the mutant 
Wam113 strains was examined identical to IY28.

Fluorescence microscopy was performed exactly as described in 
Mircheva et al., (2009) on an Olympus BX51 microscope (Olympus, 
Hamburg, Germany) at 100× magnification with a numerical aper-
ture of 1.4. Images were acquired with a charge-coupled device 
camera (F-View, Olympus), driven by the cell*F software (Olympus 
Soft Imaging Solutions, Münster, Germany). Cells were immobilized 
on a microscope slide with low-melting agarose.

Integration of MtlA into SecYEG proteoliposomes
SecYEG was purified from E. coli TY0 expressing pBAD-SecYEHisG 
(Collinson et al., 2001). Cells were grown at 37°C and induced with 
0.5% arabinose after reaching an OD600 of 0.5, and harvested 2 h 
after induction. After cell breakage using a French Press (Thermo 
Fisher Scientific, Schwerte, Germany), a crude membrane fraction 
was isolated and solubilized with S1 buffer for 1 h at 4°C (S1 buffer: 
20 mM Tris/HCl, pH 7.5; 300 mM NaCl; 5 mM MgCl2; 10% glyc-
erol; 1% dodecyl maltoside [DDM]; 5 mM imidazole; complete 
protease inhibitor [Roche, Basel, Switzerland]). After centrifugation 
for 25 min at 30.000 rpm in a Ti50.2 rotor, the supernatant was 
added to preequilibrated Talon-beads (Clontech) and incubated 
for 1 h at 4°C. After washing with S1 buffer containing 0.03% DDM, 
SecYEG was eluted with S1 buffer containing 0.03% DDM and 
200 mM imidazole. Reconstitution of purified SecYEG into lipo-
somes and in vitro integration of MtlA with subsequent PK diges-
tion as described previously (Nishiyama et al., 2006) was used with 
slight modifications. SecYEG was reconstituted in E. coli polar 
phospholipids (Avanti Polar Lipids, Alabaster, AL) supplemented 
with 5% diacylglycerol. Integration of MtlA into SecYEG proteoli-
posomes (100 nM SecYEG; 0.1 mg/ml lipids) was analyzed in the 
presence of in vitro synthesized 4.5 S RNA (final concentration 
15 μg/ml; Koch et al. 1999), Ffh (150 nM), FtsY (750 nM), and 
FF-fusion (150 nM) when indicated.
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