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Abstract

Protein translocation across the bacterial cytoplasmic membrane 

is an essential process catalyzed by the Sec translocase, that in 

its minimal form consists of the protein-conducting channel 

SecYEG, and the motor ATPase SecA. Cytosolic SecA binds 

via its positively charged N-terminus to membranes containing 

anionic phospholipids, leading to a lipid-bound intermediate. 

This interaction induces a conformational change of SecA, 

allowing it to bind with high-affinity to SecYEG, and initiate 

protein translocation. Here, we examined the effect of anionic 

lipids on translocation in more detail and discovered a second 

anionic phospholipid-dependent event. Based on molecular 

dynamics simulations we identified anionic lipid enrichment 

within the lateral gate of SecY, indicating that anionic lipids 

are involved in correct folding and positioning of an incoming 

signal sequence of a secretory protein within the translocon.
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Introduction

About 25–30 % of bacterial proteins carry out their metabolic and structural 

function outside the cytoplasm. Therefore, they either have to be inserted 

into, or translocated across the cytoplasmic membrane. The major route for 

membrane protein insertion and translocation in bacteria is provided by the 

secretory (Sec) pathway. Targeting of proteins to the Sec translocase occurs 

either post-translationally via an amino-terminal (N-terminal) signal sequence 

or co-translationally as ribosome nascent chains with the aid of signal recogni-

tion particles (SRP) (1). During post-translational targeting, the hydrophobic 

core of a preprotein is recognised and bound by the molecular chaperone 

SecB, keeping the preprotein in an unfolded, secretion-competent state. The 

SecB-preprotein complex is then targeted to the motor ATPase SecA (2) that 

is bound to the membrane-embedded protein-conducting channel SecYEG, 

where translocation occurs. 

The SecYEG complex comprises a heterotrimeric organisation of three 

integral membrane proteins SecY, SecE and SecG (3). SecY consists of 

10 α-helical transmembrane helices (TMH) and is divided into an N-terminal 

(TMH 1–5) and C-terminal domain (TMH 6–10), which are connected by a 

periplasmic loop forming a clamshell structure with a centrally located pore. 

The pore ring, which is composed of hydrophobic residues, separates the 

periplasmic and cytoplasmic hydrophilic environments on both sides of the 

membrane. The channel is plugged on the periplasmic site by a short helix 

(TMH2a) in the centre of SecY and a loosened junction between TMH2b 

and TMH7 of SecY forms a lipid-facing lateral gate (4). When SecA inter-

acts with the preprotein and SecYEG, it is activated for the ATP-dependent 

stepwise translocation of preproteins (5, 6). In the initial stages of the process, 

the N-terminal signal sequence of the preprotein binds at a site close to the 

lateral gate, whereupon it intercalates into the lateral gate (7), and eventually 

slides outside of the lateral gate (8). It was proposed that the signal sequence 

relocates in such a way that the N-terminus is located towards the cytoplasm, 

while the C-terminus is oriented towards the periplasm (8, 9). The positioning 

of the signal sequence in the lateral gate leads to a widening of the pore ring, 

which in turn causes the plug to shift outwards. This mechanism results in 
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the formation of a central channel that can accommodate a translocating 

polypeptide. The pore ring acts as a gasket surrounding the polypeptide, 

thereby preventing any undesired ion leaks (8).

The numerous components and their interplay demonstrate the complex-

ity of translocation, in which not only proteins, but also the phospholipid 

membrane play a crucial role. Evidently, the supporting bilayer provides a 

matrix in which the Sec-channel is embedded, allowing for specific translocon- 

phospholipid interactions. The zwitterionic non-bilayer lipid phosphatidy-

lethanolamine (PE) has been shown to stimulate protein translocation (10). 

Furthermore, anionic phospholipids are essential for protein translocation, 

however their exact role is poorly understood (11, 12). Recently, we have 

shown that anionic phospholipids are needed for the high affinity binding of 

SecA to SecYEG. In this process, SecA binds to anionic lipids (phosphatidyl-

glycerol) in the cytoplasmic membrane via its amphipathic positively charged 

N-terminus. This enables the tethering of SecA to the membrane (13) and 

allosterically alters the SecA conformation, thereby promoting its binding 

to SecYEG with high affinity (14) and stimulating its ATPase activity (12) 

for protein translocation.

Although these findings provide a first mechanistic insight into the role of 

anionic lipids in SecA localization and activation, further lipid dependent 

steps may exist. For instance, anionic phospholipids are known to interact 

with isolated signal peptides and induce α-helicity (15), but the significance 

of these findings for protein translocation has not been resolved. To examine 

the precise role of anionic phospholipids in protein translocation, we have 

examined the effect of anionic phospholipids on both the SecA-SecYEG 

interaction and translocation. Our data show that SecA binding follows 

a different lipid-dependent profile than translocation, indicating a second 

lipid-dependent step during translocation. This observation is supported by 

molecular dynamics simulations, which identified an enrichment of anionic 

lipids at the lateral gate of SecYEG. We propose that anionic phospholipids 

act during at least two stages in translocation, i.e., by activating SecA for the 

high affinity binding to SecYEG, as well as by stabilizing the pre-open state 

of the lateral gate and supporting the correct positioning of an incoming 

signal sequence of a preprotein.
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Results

Protein translocation is independent of the anionic lipid type — An-

ionic lipids are essential for protein translocation (11, 12). One of the translo-

cation related processes in which anionic lipids function is the interaction of 

SecA with the translocon. Recently, it was shown that phosphatidylglycerol 

(PG), one of the major lipid species in E. coli, is needed for the high affinity 

binding of SecA to the SecYEG channel (14). It was proposed that the binding 

mechanism of SecA to the membrane is not specific for PG, but is rather based 

on the ionic interactions between the positively charged N-terminus of SecA 

and the negatively charged headgroup of PG. To verify this charge-dependent 

interaction, we investigated the influence of several anionic lipid types on 

the binding of SecA to SecYEG, as well as their influence on translocation.

To examine the influence of the anionic lipid type on the SecA-SecYEG 

interaction, SecYEG was reconstituted into nanodiscs. Nanodiscs are small 

lipid patches, which are stabilized by a surrounded protein belt, i.e., a scaffold 

protein (16). As shown previously, SecA needs a large lipid surface in order 

to be able to penetrate the lipid bilayer with its N-terminus (14). Therefore, 

the scaffold protein ApoE422k, the 22 kDa fragment of the human Apolipo-

protein E-4, was used to form nanodiscs of approximately 31 nm. Nanodiscs 

were prepared with a lipid composition of an anionic lipid:DOPE:DOPC 

(molar ratio 30:30:40), whereby DOPA, DOPG or DOPS were chosen as the 

anionic lipid. Further, nanodiscs harboring cardiolipin (CL) were formed as 

well. Since cardiolipin contains two negative charges, the overall net charge 

was kept constant by adjusting the molar ratio to CL:DOPE:DOPC 15:30:40. 

To determine SecA binding to SecYEG in the presence of different anionic 

lipids, Microscale Thermophoresis (MST) was performed. With this method, 

the movement of a fluorescently labelled molecule along a temperature gra-

dient is traced. When applying heat, the hydration entropy of the molecule 

is decreased, resulting in diffusion out of the heated spot until a steady-state 

distribution is reached (Fick’s law) (17). This movement can be visualized 

by a decrease of fluorescence. In the presence of a binding partner, the size, 

charge and solvation entropy of the fluorescently labelled molecule changes, 

resulting in an altered thermophoretic behavior, e.g. different steady-state 
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distribution. By plotting FNorm against the logarithmic concentration of the 

binding partner, a binding curve can be obtained. Here, we used nanodiscs re-

constituted with SecYEG, fluorescently labeled with Cy5 at a unique Cys 148 

position of SecY. Increasing amounts of SecA were titrated to obtain a binding 

curve. Regardless of the type of anionic lipid, similar levels of SecA binding to 

the SecYEG containing nanodiscs were observed, whereas in the absence of 

anionic lipids, the SecA-SecYEG interaction was completely absent as shown 

Figure 1. SecA-SecYEG translocation efficiency is independent of the anionic phospholipid 
type. (a) Microscale Thermophoresis (MST) analysis of the binding of SecA to SecYEG reconstituted 
in nanodiscs harboring either CL (dark grey), PA (blue), PS (light grey), PG (black) or no anionic 
lipid (white). Fraction of bound SecYEG was plotted as a function of the SecA concentration. (b) 
An in vitro proOmpA translocation assay with SecYEG proteoliposomes that possess anionic lipid 
(PG, PA, PS or CL), lack anionic lipids, or consist of the native E. coli cytoplasmic membrane lipid 
composition. The translocation velocity was plotted on the y-axis.
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previously (14) (Fig. 1a). Only slight differences between the anionic lipids 

could be observed. In the presence of Cardiolipin, the binding affinity was 

found slightly higher (KD = 44.3 ± 24.3 nM) in comparison to SecA binding 

to SecYEG nanodiscs harboring DOPA (KD = 80.8 ± 31.4 nM) and DOPG 

(KD = 102.7 ± 25.5 nM). A slightly lower binding affinity was found in the 

presence of DOPS (KD = 173.1 ± 44.7 nM). Overall the results show that SecA 

exhibits similar affinities for SecYEG regardless of the anionic lipid species, 

indicating that the SecA-membrane interaction is mainly charge dependent 

and does not rely on a specific type of anionic phospholipid.

To investigate how different anionic lipid species influence translocation, a 

proOmpA translocation assay was performed using SecYEG proteo- liposomes 

and analyzed by SDS-PAGE (Fig. S1a). Translocated proOmpA is protected 

from degradation by the externally added ProteinaseK and can be  detected. 

SecYEG proteoliposomes featured the same lipid composition as the nano-

discs. The formation of Proteinase K-protected proOmpA is ATP- and SecA- 

dependent. Experiments were performed at a SecA concentration of 100 nM. 

As anionic lipids are essential for protein translocation, no translocation was 

observed in their absence, whereas in the presence of any of the anionic lipid 

species translocation occurred (Fig. 1b). Interestingly, the translocation rate 

of SecYEG proteoliposomes was hardly influenced by the type of anionic 

lipid present in the proteoliposomes. A small increase in SecYEG activity 

was observed in the presence of cardiolipin, but this was not observed when 

SecYEG was reconstituted in a cardiolipin containing native E. coli lipid 

mixture. Taken together, these results indicate no specific preference for any 

of the anionic lipid species in translocation.

Translocation activity can be restored by introducing newly syn-

thesized anionic lipid — Previous results demonstrate that in the absence 

of anionic lipids, SecA-SecYEG binding and translocation are disrupted. In 

general, lipid-protein interactions are transient and dynamic. However, it 

cannot be excluded that anionic lipids play a more permanent role in the 

structural organization of the membrane reconstituted translocon, which in 

their absence would lead to irreparable deficiencies. To examine the dynam-

ics involved in the lipid-translocon interaction, anionic phospholipids were 

reintroduced in an anionic deficient membrane. Herein, we made use of a 
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recently developed in vitro system for the enzymatic synthesis of PG (18). In 

a cascade of enzymatic conversions, oleic acids and glycerol 3-phosphate are 

converted into the anionic phospholipid DOPG. As the oleic acid partitions 

into the existing lipid bilayer of the SecYEG proteoliposomes, conversion 

directly leads to the incorporation of DOPG into the existing proteoliposo-

mal membrane (Fig. 2a). The presence of the translocon did not interfere 

with in vitro phospholipid biosynthesis and all oleic acid was converted into 

DOPG, with under the experimental conditions employed, to a maximum 

of 25 % of total phospholipid (Fig. 2b). To determine whether the newly 

synthesized DOPG enables the restoration of SecYEG activity, an in vitro 

proOmpA translocation was performed (Fig. 2c). Introduction of DOPG into 

DOPE:DOPC proteoliposomes restored translocation up to 75 % compared 

to synthetic DOPG:DOPE:DOPC (30:30:40 molar ratio) proteoliposomes, 

whereas proteoliposomes without DOPG did not support translocation. 

Although, the majority of the oleic acid (99 %) was converted into DOPG, 

minute amounts of remaining oleic acid could have an effect on translocation. 

To exclude that the negative charge of oleic acid caused restoration of SecYEG 

activity, SecYEG proteoliposomes containing twice the amount of remaining 

oleic acid were prepared. As expected, those low traces of oleic acid did not 

induce protein translocation. These data demonstrate that the activity of the 

translocon can be restored by replenishing the acidic phospholipid content 

of the proteoliposomes.

Protein translocation involves two lipid-dependent steps — To gain 

a better insight in the anionic lipid dependency of protein translocation, we 

assessed the influence of the anionic lipid concentration on both the trans-

location process and the specific anionic lipid-dependent SecA-SecYEG 

interaction. SecYEG reconstituted in nanodiscs were supplemented with 0 %, 

5 %, 10 %, 20 % or 30 % DOPG, the most abundant anionic phospholipid 

species in the E. coli cytoplasmic membrane. The SecA-SecYEG interaction 

was examined by MST (Fig. 3a). Interestingly, SecA binding was only af-

fected when the DOPG concentration was below 10 %, but quickly saturated 

above this concentration. In contrast, the proOmpA translocation activity by 

SecYEG proteoliposomes kept rising with increasing DOPG concentrations 

even up to 30 % (Fig. 3b, right Y-Axis, black data points, see Fig. S1b for 
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examples of SDS-PAGE gels illustrating translocation at varying DOPG 

concentrations). To emphasize the difference in anionic lipid dependence 

of SecA-SecYEG binding and the actual translocation process, the SecA 

bound SecYEG nanodisc fraction at a SecA concentration of 1000 nM was 

plotted in the same graph (Fig. 3b, left Y-Axis, grey data points). Whereas the 

SecA-SecYEG binding was similar in the presence of 10 % or more DOPG, a 

defect in binding occurred only at 5 % or below. The different lipid-dependent 

profiles of SecA binding and translocation suggest the existence of a second 

anionic lipid-dependent step.

To elucidate the role of SecA in these two lipid-dependent processes, the 

lipid-dependency of the SecA ATPase activity was tested. An in vitro  ATPase 

activity assay in the presence of SecYEG proteoliposomes, possessing 0 %, 5 %, 

10 %, 20 % or 30 % DOPG, was performed (Fig. 3c). Thereby, the  ATPase hy-

drolysis activity of SecA in the presence of proOmpA (translocation  ATPase) 

was determined by measuring the free phosphate concentration using a mal-

achite green reagent. Similar to the overall translocation activity, the SecA 

activity showed a linear anionic lipid-dependency. This phenomenon was 

independent of the SecA concentration, i.e., at non-saturating (50 nM) or 

saturating (500 nM) concentrations, thereby confirming that SecA-SecYEG 

binding and SecA mediated translocation are two distinct anionic lipid de-

pendent processes. 

Identification of the second lipid-dependent step during transloca-

tion — To understand how anionic lipids may be involved in translocation, 

other than the SecA-SecYEG interaction, CG molecular dynamics simu-

lations were performed using the MARTINI force field. The use of a CG 

model provides access to longer time scales, required to identify preferential 

lipid behavior around membrane proteins (19, 20). The MARTINI model, 

which maps on average four heavy atoms into an effective interaction site, 

has proven very efficient for this purpose (21–23). 

Mapping of anionic lipid localization in the cytoplasmic leaflet of the mem-

brane containing 10 % DOPG, clearly shows enrichment around the embed-

ded SecYEG-SecA complex (Fig.4a). In particular, two distinct high-density 

spots (green) (site 1 and site 2) can be identified around the SecYEG-SecA 

interface, close to the SecA N-terminus and SecG (Fig. 4a, upper panel). 
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Figure 3 Different anionic phospholipid dependency of SecA-SecYEG binding compared 
to SecA mediated protein translocation. (a) Anionic lipid dependency of the SecA-SecYEG 
binding. The apparent KD values were determined by MST and plotted against the corresponding 
DOPG percentage present in the SecYEG nanodiscs. (b) Comparison of anionic lipid dependent 
SecA-SecYEG binding and translocation. The fraction of bound SecYEG nanodiscs, was determined 
at a SecA concentration of 1000 nM by MST (left y-axis), and plotted against the percentage of 
DOPG per nanodisc. Translocation activity was tested by SecA-dependent translocation of proOmpA 
into SecYEG proteoliposomes. The percentage of translocated proOmpA at a SecA concentration of 
1000 nM (right y-axis) was plotted against the PG percentage present in the SecYEG proteoliposomes. 
(c) Anionic lipid dependency of the ATPase activity of SecA during translocation of proOmpA into 
SecYEG proteoliposomes. ATPase activity was measured in the presence of 50 and 500 nM SecA, 
and the data points were fitted linear using the equation y = a + bx.
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Figure 4. Simulation of anionic lipid-enrichment around the SecYEG channel. (a) 2D density 
map of anionic lipids (DOPG) around the SecY-SecA complex viewed from the cytoplasmic and 
periplasmic side of the membrane, in the presence of 10 % and 30 % DOPG (left and right panel, 



97

3

Two distinct anionic phospholipid- dependent steps during  SecA-mediated protein translocation

Similar to the cytoplasmic leaflet, the anionic lipids in the periplasmic leaflet 

are mapped (Fig. 4a, lower panel). As a result, two other high-density spots 

could be identified: one at the lateral gate and one near the loop between 

TMH5 and TMH6 of SecY. Increasing the DOPG concentration to 30 % 

resulted in an overall increase of anionic lipids around the SecYEG-SecA 

complex but revealed no new distinct high-density spots in either of the leaflets 

(Fig. 4a, right panels). Instead, DOPG seems to particularly accumulate at the 

earlier identified high-density spots. To confirm these results based on CG mo-

lecular dynamics simulations, short simulations at atomistic resolution were 

performed as well, showing the PG binding spots to be preserved (Fig. S5).

The DOPG binding sites found near the lateral gate and near SecG and 

the SecA N-terminus show a long (μs) life-time (depicted in red), while 

DOPG binding near other locations close to the translocon was found to be 

more transient (ns life-time, depicted in green) (Fig. 4b). In fact, we observe 

that once associated, the binding of DOPG near the lateral gate is persistent 

till the end of the simulation (50 μs). Other lipid species, i.e. DOPE, do not 

accumulate near the translocon (Fig. S2). A detailed analysis of the SecA- 

SecYEG interface shows DOPG localizing in two distinct sites, both in close 

proximity of SecG (Fig. S3). More specifically, at site 1 the DOPG molecule 

is sandwiched between the SecY and SecG interface and further stabilized 

by residues K54 (SecG) and R177 (SecY) (Fig. S3a). At site 2, the lipid is 

interacting with the external face of SecG and additionally stabilized by the 

N-terminal residue M1 of SecA (Fig. S3b). This site represents the binding site 

for the SecA N-terminus. Interestingly, an important role of the N-terminus of 

SecA in the interaction with SecG has been reported earlier (24). From these 

observations, we conclude that the interactions at site 1 and site 2 are specific 

for anionic phospholipid: a high stabilization of DOPG in these sites is given 

respectively). (b) Long-live localization of anionic lipids around the SecY-SecA complex. (I) Topology 
of the SecY-SecA complex. The structure highlights SecY (grey ribbons), SecG (orange ribbons), 
SecE (yellow ribbons) and SecA (blue ribbons). (II) Lateral view of the complex with accompanied 
DOPG lipids. Two sets of anionic lipids can be identified: green lipids (ns life-time) and red lipids (μs 
life-time). Lipids were identified using the density map provided in (A) (III) Idem as II but rotated 
180 around the Z axis. (IV) 90 rotation around the X axis with respect to (III). Three long life-time 
binding sites for DOPG (red) have been identified: one within the lateral gate and two near SecG 
and the SecA N-terminus (namely site-1 and site-2). 
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by salt-bridges between specific basic residues and the charged headgroup, 

and hydrophobic amino acids in contact with the lipid acyl-chains. Lipids 

interacting in this region have shown exchange times ranging from 15–20 μs.

DOPG is further enriched in the periplasmic leaflet of the membrane 

close to the loop between TMH5 and TMH6 of SecY and near the lateral 

gate between TMH 7, TMH8 and 2b of SecY. Although the functioning of 

the loop connecting TMH5 and TMH6 of SecY in translocation is unknown, 

the lateral gate was identified earlier to participate in this process. During 

translocation of preproteins, the structural conformation of the lateral gate 

changes from a closed via a pre-open to an open state (4, 8, 25), which should 

allow for interactions of surrounding lipids with the interior of the translo-

cating channel. Indeed, our simulations show that DOPG is located at the 

lateral gate and partially inserts into the channel in the middle of the lateral 

gate. Further analysis shows that the phospholipid is stabilized by persistent 

binding regions within the lateral gate (one within TMH 7, one within TMH 8 

and one within TMH 2b of SecY) (Fig. S4). Interestingly, the lateral gate is 

positioned along the membrane, and entry of lipids from both bilayer leaflets 

is observed (Fig. 5, movie S1 for lipid insertion from the cytoplasmic side). 

This implies that the DOPG originating from the periplasmic leaflet performs 

a complete flip-flop (Fig. 5 lower panel, movie S2 for lipid insertion from the 

periplasmic side). In the presence of 10 % DOPG, the probability for anionic 

phospholipids to enter the lateral gate from the periplasmic or cytoplasmic 

side is equal (result of 10 independent replicas). Although the observed final 

equilibrated position of DOPG is independent of the anionic phospholipid 

origin, two distinct pathways, involving specific residues in SecY, lead to 

its localization within the lateral gate (Fig. 5). By increasing the amount of 

DOPG in the membranes to 30 %, the probability for DOPG to engage the 

lateral gate from the periplasmic side decreases to 20 %. 

To summarize, the increase of the DOPG concentration to 30 % did not 

result in additional DOPG crowding spots, but rather increased the anionic 

lipid enrichment also identified at 10 % DOPG concentration. This is in 

accordance with the experimental data, which show a gradual increase of 

translocation with increasing DOPG concentration, instead of a critical 

DOPG concentration that activates the translocation process.
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Discussion

Anionic phospholipids have been previously identified as essential compo-

nents of the phospholipid membrane, which provides a functional matrix for 

the translocon. These phospholipids are involved in the binding of SecA to 

the membrane (12, 26, 27) and to SecYEG (28), the SecA ATPase activity 

(12, 29) and in preprotein membrane targeting (15, 30–33). Furthermore, 

anionic lipids have been implicated in inducing α-helicity of synthetic signal 

sequences (15). Here, we further elaborated on the specific role of anionic 

lipids during protein translocation.

By using single SecYEG complexes embedded in nanodiscs containing 

either DOPG, DOPS, DOPA or CL, we show that SecA is able to bind the 

translocon to a similar extent, regardless the anionic lipid type. In the absence 

of anionic lipids, SecA is not able to bind SecYEG, showing that the presence 

of anionic lipids is crucial for this association; a feature that thus depends 

on the negative charge of the phospholipid headgroup. Although the bind-

ing of SecA to the translocon is not dependent on a particular anionic lipid 

species, small differences in the affinity of SecA for SecYEG were observed. 

In the presence of DOPS, SecA had a lower affinity for SecYEG nanodiscs 

in comparison to other anionic phospholipids. Although, the headgroup of 

DOPS is overall negatively charged, it also contains a positively charged bulky 

amino-group, which might form a charge- and spatial-dependent obstruc-

tion for the insertion of the positively charged N-terminus of SecA into the 

membrane. On the contrary, in the presence of cardiolipin, the SecA-SecYEG 

interaction is slightly enhanced. As the headgroup of cardiolipin contains two 

negative charges, this results in a smaller anionic surface area compared to 

e.g. DOPA and DOPG. This could stimulate the insertion of the positively 

charged N-terminus of SecA into the membrane (27).

This specific dependency on the charge of the phospholipid headgroup, was 

also observed in the overall translocation activity of the translocon. SecYEG 

mediated translocation in membranes without anionic lipids was completely 

absent, whereas the presence of DOPG, DOPS, DOPA or CL could stimulate 

the translocation activity to a similar extent. Only small differences in trans-

location activity were observed between the different anionic lipid species. 



101

3

Two distinct anionic phospholipid- dependent steps during  SecA-mediated protein translocation

Notably, in the presence of cardiolipin, the affinity of SecA for SecYEG, as 

well as the translocation activity, seemed to be slightly increased. Previously, 

it has been proposed that cardiolipin is essential for SecYEG activity and 

dimerization and promotes the SecA-SecYEG interaction (34). Although we 

observed a slight increase in SecA binding and translocation in the presence 

of cardiolipin, these observations were solely detected at very high non-native 

(15 %) cardiolipin concentrations. When SecYEG was reconstituted in native 

E. coli lipids, containing a total concentration of 20–30 % anionic lipids of 

which 5 % cardiolipin, a translocation activity similar to SecYEG proteoli-

posomes composed of DOPC:DOPG:DOPE (molar ratio 40:30:30) was 

observed. Furthermore, a triple deletion of all cardiolipin synthetase genes 

clsABC, which leads to a complete loss of cardiolipin in the membrane, does 

not affect E. coli viability (35), thereby showing that cardiolipin cannot be 

essential for protein translocation. Hence, a specific role for cardiolipin in 

translocation is highly improbable. Our findings are further supported by an 

in vivo study that uses a mutant of the E. coli PgsA, i.e., the phosphatidylgly-

cerophosphate synthase. Although this mutant lacks both PG and cardiolipin, 

it was viable and basic life functions, such as protein translocation, were not 

affected (36). Here, the absence of PG and cardiolipin coincided with an 

increased concentration of other anionic lipid species, such as PA. which 

confirms our observation that the charge rather than a specific anionic lipid 

type is crucial for protein translocation.

As lipid-protein interactions are generally transient, the inactivity of the 

channel in the absence of anionic phospholipids was hypothesized to be revers-

ible and not lead to permanent inactivation. By introducing newly synthesized 

DOPG (18) into an anionic lipid deficient membrane, SecYEG mediated 

translocation was restored to the levels expected for the introduction of 25 % 

DOPG, thereby excluding permanent structural deficiencies of the translo-

con during reconstitution. The restoration of translocation further implies a 

dynamic lipid-translocon interplay, a phenomenon that is more clearly illus-

trated by the effect of the anionic phospholipid concentration on translocation. 

Whereas the SecA-SecYEG interaction showed a saturated profile above 10 % 

DOPG, translocation increased with the anionic lipid concentration up to 

30 %. An increase of translocation activity of the Sec substrate prePhoE with 
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increasing DOPG concentration has also been demonstrated by Kusters et al 

(37). Interestingly, this dependency was independent on the anionic  lipid type. 

Thus, the binding of SecA shows a different anionic lipid mediated profile 

compared to translocation. Therefore, we demonstrate that protein translo-

cation involves at least two distinct anionic lipid dependent processes.

As a first step towards identifying both anionic lipid dependent steps, we 

performed computational analysis on a membrane embedded SecYEG-SecA 

complex. By using translocons embedded in lipid bilayer particles encircled 

by SMA (styrene maleic acid) polymers, we have previously shown that an-

ionic phospholipids form an annulus around the SecYEG channel (38). Here, 

we were able to identify specific interaction sites of PG with SecYEG. At a 

concentration of 10 % DOPG, we observed accumulation of anionic lipids in 

the cytoplasmic leaflet at two distinct spots close to the SecYEG-SecA com-

plex. As expected, one spot is located near the SecG and SecA-N-terminus 

interface, representing anionic lipid mediated SecA association with SecYEG. 

Interestingly, the second binding site was found close to the first binding site 

at the interface between SecG and SecY, again indicating a dominant role 

for SecG in the SecA-SecYEG interaction. Previously, it was shown that 

SecG is not essential for protein translocation, but its deletion results in a 

cold-sensitive growth defect that can be attributed to impaired secretion (39). 

Remarkably, this phenomenon could be suppressed by the overexpression of 

the pgsA gene that encodes for an enzyme responsible for PG synthesis (40). 

Thus, elevated PG concentrations can suppress the SecG deficiency. Other 

work indicates that SecG contributes to the binding of SecA to the translo-

con (41). Thus, the presence of acidic phospholipids in the vicinity of SecG 

suggests a potential role in facilitating the anionic lipid-dependent binding 

of SecA to the translocon. 

Both anionic lipid binding sites highlighted in this study, have also been 

identified to bind CL in a recent study (42). By mutating the positive charges 

within TMH 1 and 4, corresponding to the binding sites at the interface be-

tween SecG and SecY, a reduction of the binding affinity for CL was detected. 

Although these binding sites were suggested to be specific for cardiolipin, 

our study demonstrates that the same sites bind the anionic lipid DOPG. 

Importantly, previous in vitro and in vivo studies have shown that there is no 
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specific role for cardiolipin in translocation (35, 36, 38). Rather, the negative 

charge of anionic lipids is decisive for SecA targeting and protein translocation.

Two other anionic lipid hotspots were identified by visualizing the PG lo-

calization of the periplasmic leaflet. One of these hotspots identified a close 

interaction of anionic lipids with the loop between TMH5 and TMH6 of SecY. 

As there is no known function of these interactions, the purpose of anionic 

lipid binding remains unclear. However, the other anionic lipid hot-spot was 

located near to the lateral gate, which is known to switch from a closed to an 

open state at the initiation of protein translocation. Here, anionic lipids insert 

with their phospholipid headgroup into this opened gate. Interestingly, as the 

lateral gate extends across the lipid bilayer, anionic lipids can enter from both 

leaflets, which involves flip-flop for lipids entering from the periplasmic leaflet. 

Moreover, at a DOPG concentration of 10 % there is no preference for entry 

from either of the leaflets, whereas at 30 % anionic lipids are mainly deriving 

from the cytoplasmic leaflet. The final position of the anionic lipid molecule 

within the lateral gate is identical, despite its origin from the cytoplasmic or 

periplasmic membrane leaflet. Although there is no experimental evidence 

for the actual occurrence of phospholipid flip-flop during translocation, the 

changed behavior of the anionic lipids at the lateral gate, caused by an increase 

in their concentration, is an indication that the lateral gate indeed is involved 

in the second anionic lipid dependent step in post-translational translocation. 

TMH 2 and 3 of the lateral gate have previously been shown to be involved in 

anionic lipid binding (42). In addition, opening of the lateral gate is critical for 

protein translocation (7). In this respect, a mutational study of the eukaryotic 

Sec61 which is homologous to SecY showed substrate targeting and membrane 

insertion defects when T87 and Q93 were substituted by alanine residues 

(43). These positions correspond to amino acid residues that in our study 

were identified for PG positioning within the lateral gate of SecY (Fig. S4). 

It has been proposed that the lateral gate plays a role for signal sequence 

binding of preproteins (8). Signal sequences are generally composed of a posi-

tively charged N-terminus, a hydrophobic core of 7–15 amino acids and a polar 

C-terminus of 3–7 residues (44). Anionic lipids have been shown to promote 

an α-helical confirmation of signal peptides and binding to the membrane (15, 

30). Interestingly, the induction of a maximal α-helical conformation was only 
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observed at a critical anionic lipid concentration of 35 % and in the absence 

of salt. During binding the positively charged N-terminus binds to negatively 

charged lipid heads, while the hydrophobic core region penetrates the lipid 

bilayer to interact with the hydrophobic core of the membrane. When positive 

charges at the N-terminus of the signal peptide were replaced with negative 

charges, the interaction of the signal peptide with the lipids was impaired 

(45). Our simulations show that the entry of a phospholipid into the lateral 

gate area is exclusively achieved by anionic lipids, thereby supporting the idea 

that the anionic lipid molecule enters to interact with the positively charged 

N-terminus of the preprotein. NMR studies indicate that α-helix formation 

Figure 6. Two anionic lipid-dependent steps during SecA-mediated protein translocation. 
Proposed model for anionic lipid-dependent translocation. (I) SecA (red) binds via its positively 
charged N-terminus to anionic lipids (yellow) in the membrane (grey), which activates the subsequent 
high-affinity binding of SecA to SecYEG (dark blue) (14). (II) Upon binding, the lateral gate switches 
from a closed to a pre-open state (25), which is stabilised by an anionic lipid localised at the middle 
of the lateral gate. (III) During initiation of protein translocation, the lateral gate switches into an 
open state (8). The positively charged signal sequence (light blue) of a preprotein is positioned in 
the lateral gate due to interactions with the anionic lipid and translocation is fulfilled. 



105

3

Two distinct anionic phospholipid- dependent steps during  SecA-mediated protein translocation

of the signal sequence starts right after the N-terminus. Interestingly, there 

is a helix break between the hydrophobic region and the C-terminus of the 

signal sequence. This break has been proposed to be critical for the initia-

tion of protein translocation (46, 47). Our results suggest that anionic lipid 

crowding supports signal peptide positioning at the interface of the lateral 

gate and the membrane interior.

Altogether, we propose a new mechanism of two lipid-dependent steps 

during protein translocation. First, SecA binds via its positively charged 

N-terminus to anionic lipids in the cytoplasmic membrane (Fig. 6 I). This 

binding event activates SecA and primes it for high affinity binding to  SecYEG. 

Lipid bound SecA is then recruited and positioned correctly on top of SecY 

via high anionic lipid crowding spots near SecG (Fig. 6 II). Secondly, the 

translocating preprotein enters the protein-conducting channel with its sig-

nal sequence first. The N-terminus of the signal sequence binds an anionic 

lipid within the lateral gate via a charge dependent interaction and the lateral 

gate undergoes a conformational change from a pre-open to an open stage 

(Fig. 6 III). This enables the binding of the hydrophobic core region of the sig-

nal sequence to the hydrophobic acyl chains of the lipid bilayer. Subsequently, 

the N-terminus of the signal sequence is positioned at the cytoplasmic side 

of the membrane, while the C-terminal side is located towards the periplasm, 

pulling the preprotein through the channel.

Experimental procedures

Protein Production and Purification — All strains and plasmids used 

in this study are listed in Table 1. SecA was overexpressed in E. coli BL21 

(DE3) and purified from the cytoplasm as described (14, 48). The extinction 

coefficient used for SecA at 280 nm was 75,750 M-1 cm-1.

E. coli DH5α harboring pET502 encoding for single-cysteine mutated 

proOmpA was grown at 37 °C until an OD600 of 0.6, whereupon protein ex-

pression was induced by addition of 0.5 mM IPTG. After 2 h of growth, cells 

were harvested at 6000 × g for 15 min at 4 °C, washed in 50 mM Tris/HCl, pH 7, 

spun down at 12000 × g and resuspended in 50 mM Tris/HCl, pH 7. After cell 
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lysis, inclusion bodies were collected at 2000 × g for 10 min and solubilised 

in the presence of 8 M urea. Anion exchange was performed for proOmpA 

purification as explained previously (49). Single cysteine mutated proOmpA 

was labelled with fluorescein and free dye was removed by TCA precipitation.

SecYEG was overexpressed in E. coli SF100 and purified from crude 

membranes using Ni+ affinity chromatography as described previously (10). 

For fluorescent labelling, 1 mg Ni+-NTA bound SecYEG was incubated with 

Cy5 according to manufacturer’s manual (GE Healthcare) for 2 h at 4 °C. 

Free dye was removed using washing buffer containing 50 mM Tris/HCl 

pH 7, 100 mM KCl, 0.1 % DDM, 10 mM Imidazole and 20 % (v/v) Glycerol. 

SecYEG was eluted using 300 mM imidazole. The purity and concentration 

of SecYEG and the fluorophore was estimated by SDS-PAGE and spectro-

photometrically. The extinction coefficient used for SecYEG at 280 nm was 

71000 M 1 cm-1. The extinction coefficients for the fluorophores were used 

as provided by the manufacturers.

The scaffold protein ApoE422k consisting of the 22 kDa N-terminal frag-

ment of the human apolipoprotein E4 linked to a 6-His and thioredoxin (Trx) 

tag was overexpressed and purified as described (50). 

Reconstitution of SecYEG into Proteoliposomes — To form lipo-

somes containing varying anionic lipid concentrations, 0 % PG (DOPC: 

DOPG:DOPE molar ratio 70:0:30), 5 % PG (DOPC:DOPG:DOPE mo-

lar ratio 65:5:30), 10 % PG (DOPC:DOPG:DOPE molar ratio 60:10:30), 

20 % PG (DOPC:DOPG:DOPE molar ratio 50:20:30) and 30 % PG 

Table 1: List of strains and plasmids used in this study

Strain/plasmid Short description source

E. coli strain

DH5α F-, endA1, glnV44, thi-1, recA1, relA1, gyrA96, deoR, nupG, Φ80d-

lacZΔM15, Δ(lacZYA-argF)U169, hsdR17(rK- mK+), λ− 

(61)

SF100 F-, lacX74, galE, galK, thi, rpsL (strA), ΔphoA(pvuII), ΔompT (62)

BL21(DE3) F- ompT hsdSB(rB–, mB–) gal dcm (DE3) (63)

Plasmids

pEK20-C148 SecY (L148C)EG (64)

pET502 proOmpA (C302S, C290) (65)

pTrc99 SecA SecA (14)
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(DOPC: DOPG:DOPE molar ratio 40:30:30) lipid mixtures were prepared 

(Avanti Biochemicals, Birmingham, USA). To prepare liposomes containing 

varying types of anionic lipids, DOPC and DOPE were either mixed with 

DOPG, DOPA or DOPS in a molar ratio 40:30:30. Due to the presence of 

2 negative charges, DOPC:CL:DOPE lipid mixtures were prepared with a 

molar ratio 40:15:30. Lipid mixtures were dried under a nitrogen stream and 

remaining traces of chloroform were removed by further drying of the lipid 

film in a desiccator overnight. Lipids were resuspended in a buffer containing 

20 mM Tris/HCl, pH 8, 2 mM DTT and sonicated. Lipids were solubilised 

in 0.5 % Trition X-100 and mixed with 2.5 nmol purified SecYEG. Recon-

stitution was performed as described before (51).

Reconstitution of SecYEG into Nanodiscs — For nanodiscs preparation, 

lipid mixtures were prepared and solubilised as explained for SecYEG pro-

teoliposomes. SecYEG was mixed with a buffer containing 50 mM Tris/HCl, 

pH 8, 50 mM KCl, 0.1 % DDM, 20 % glycerol to a final volume of 1 mL. To 

achieve a monomeric state of the translocase, SecYEG, ApoE422k and lipids 

in a molar ratio of 0.25:10:1800 and incubated 4 °C for 1 h. Detergent was re-

moved in 3 steps of 1.5 h with 50 mg, 75 mg and 100 mg Bio-Beads SM2 sorbent 

(Bio-Rad), whereby the last incubation was performed overnight. Formed 

proteoliposomes were removed by a centrifugation at 250,000 × g for 30 min. 

The nanodiscs were concentrated using Amicon® Ultra-4 50 K Centrifugal 

Filter Devices and subjected to size-exclusion chromatography by fast protein 

liquid chromatography using a Superose 6 column (GE Healthcare). 0.5 mL 

elution fractions were collected in 50 mM HEPES/KOH, pH 7.4, 100 mM KCl, 

and 5 % glycerol. Nanodisc containing fractions were analyzed by SDS-PAGE.

In vitro proOmpA translocation assay — The translocation activity 

of SecYEG in the presence of varying anionic lipid types and concentrations, 

was determined by a proOmpA translocation and protease protection assay 

as described (52). ProOmpA was fluorescently labelled using fluorescein 

and translocated fluorescent proOmpA was detected in glycine gel using a 

Biomolecular-imager (LAS 4000 Fujifilm).

ATPase assay — The ATPase activity of SecA in the presence of SecYEG 

proteoliposomes consisting of different anionic lipid types and concentrations, 

was analyzed as described (14).
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Microscale Thermophoresis — To investigate the binding of SecA to 

SecYEG nanodiscs harboring varying anionic lipid types and concentrations, 

Microscale Thermophoresis was performed using a Monolith NT.115 from 

Nanotemper Technologies (Munich, Germany) as described (14). Data were 

fitted using the law of mass action.

In Vitro Assays for Phospholipid Production — The in vitro biosyn-

thesis of phospholipids was done as described before, employing purified 

phospholipid biosynthesis enzymes as detailed elsewhere (22). In short, all 

reactions were performed in 100 μL of Assay Buffer containing a final con-

centration of 50 mM Tris/HCl, pH 8.0, 10 mM MgCl2, 100 mM KCl, 15 % 

glycerol and 2 mM DTT. Conversion of oleic acid into PG was assayed in 

buffer A with addition of 0.5 μM FadD, 50 μM CoA, 2250 μM oleic acid, 4 mM 

ATP, 3.5 mM SecYEG proteoliposomes, 10 mM G3P, 0.5 μM PlsB, 1.5 μM 

PlsC, 2 μM CdsA, 3 mM CTP, 1 μM PgsA and 1 μM PgpA. All reactions were 

incubated overnight at 37 °C. Lipids were extracted two times with 0.3 mL of 

n-butanol, and evaporated under a stream of nitrogen gas and resuspended 

in 50 μL of methanol for LC−MS analysis.

LC-MS Analysis of lipids — Samples from the in vitro reactions were 

analyzed using an Accela1250 HPLC system coupled with an ESI–MS 

 Orbitrap Exactive (Thermo Fisher Scientific) as described (53). In short, 

5 μL was injected into a COSMOSIL 5C4-AR-300 Packed Column, 4.6 mm 

I.D. × 150 mm (Nacalai USA, Inc.) operating at 40 °C with a flow rate 

of 500 μL/min. Separation of the compounds was achieved by a changing 

gradient of Mobile phase A (50 mM ammonium bicarbonate in water) and 

mobile phase B (Acetontrile). The MS settings and specifications used for 

this analysis were the same as described before (53).

Spectral data constituting total ion counts were analyzed using the Thermo 

Scientific XCalibur processing software by applying the Genesis algorithm 

based automated peak area detection and integration. The total ion counts 

of the extracted lipid products: oleic acid (m/z 281.25 [M – H]−), DOPG 

(m/z 773.53 [M – H]−), were normalized for the internal standard DDM 

(m/z 509.3 [M – H]−) and plotted on the y-axis as normalized ion count.

Molecular Dynamics — The GROMACS MD engine (version 5.1.2) 

(54) was used in combination with the MARTINI 2.2 force field for running 
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all coarse-grain (CG) simulations (55). The atomic coordinates of the 

 SecYEG-SecA complex (PDB ID 3DIN) were downloaded and transformed 

into CG representation using the martinize script (56). An internal elastic 

network was applied along the backbone beads of the complex in order to 

improve general stability (57). The complex was embedded in pre-equilibrat-

ed membrane patches containing DOPC-DOPE-DOPG either at 40–30–30 

(504–378–378 lipids respectively) or 60–30–10 (756–378–126 lipids respec-

tively) lipid ratios. The systems were run at neutral charge balance by adding 

Na+ ions. We followed a current update in parameters set-up for performing 

the simulations (58). Equations of motion were integrated using a 30 fs time-

step. Reaction-field electrostatics was used with a Coulomb cut-off of 1.1 nm 

and dielectric constants of 15 or ∞ within or beyond this cut-off, respectively. 

A cut-off of 1.1 nm was also used for calculating Lennard-Jones interactions, 

using a scheme that shifts the Van der Waals potential to zero at this cut-off. 

Constant temperature was maintained at 310 K via separate coupling of the 

solvent and membrane/protein components to velocity rescaling thermostat 

with a relaxation time of 1.0 ps. During equilibration, the system pressure was 

coupled using a semi-isotropic pressure approach at 1 bar using a Berendsen 

barostat with a relaxation time of 12.0 ps. Position restraints were applied 

only to protein beads (backbone and side chain) during the entire equilibra-

tion using a force constant of 1000 kJ/mol⋅nm2. During production time, a 

Parrinello pressure barostat was applied with relaxation time of 12.0 ps and 

no restraints were used on the dynamics of the protein. Equilibration time 

(2 μs) was followed by production time (50 μs) and trajectories were saved 

every 3 ns for analysis using pre-compiled GROMACS tools. An equilibrat-

ed frame from the CG simulation (all anionic binding sites occupied) was 

backmapped (59) into all atom (AA) resolution using the charmm36 force 

field (60), and subject to 0.3 μs simulation.

Accession numbers: PDB ID: 3DIN
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Footnotes

The abbreviations used are: N-terminal, amino-terminal; IPTG, isopropyl 

1-thio-β-D-galactopyranoside; OmpA, outer membrane protein A; DDM, 

n-Dodecyl β-D-maltoside; Apo, Apolipoprotein; DOPC, 1,2-Dioleoyl-sn-

glycero- 3-phosphocholine; DOPG, 1,2-Dioleoyl-sn-glycero-3-phospho-

glycerol; DOPE, 1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine; DOPS, 

1,2-Dioleoyl- sn-glycero-3-phospho-L-serine; CL, Cardiolipin; DOPA, 1,2-   
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Liquid Chromatography - Mass Spectrometry; Signal recognition particles, 
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Figure S2. DOPE enrichment near the translocon. 2D density map of the zwitterionic, non-bi-
layer lipid DOPE around the SecY-SecA complex viewed from the cytoplasmic (upper panel) and 
periplasmic (lower panel) side of the membrane, in the presence of 10 % and 30 % DOPG (left and 
right panel, respectively). 

Figure S1. In vitro proOmpA translocation assay. After the SecA dependent translocation of 
fluorescein labelled proOmpA into SecYEG proteoliposomes, samples were treated with protein-
aseK to digest all accessible untranslocated proOmpA leaving the translocated fraction of proOmpA 
(PK-protected). Translocation assays were performed with SecYEG proteoliposomes harbouring 
different anionic lipid species (a) and different anionic lipid concentrations (b). 10 % controls were 
used as a reference and to ensure an equal concentration of proOmpA in all reactions.
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Figure S2. DOPE enrichment near the translocon. 2D density map of the zwitterionic, non- 
bilayer lipid DOPE around the SecY-SecA complex viewed from the cytoplasmic (upper panel) and 
periplasmic (lower panel) side of the membrane, in the presence of 10 % and 30 % DOPG (left and 
right panel, respectively).
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Figure S3. Binding sites of DOPG near SecG. The average distance of DOPG to SecG was de-
termined for all amino acids. Two long-life binding sites for DOPG were identified in close proximity 
(site-1 and site-2, panel a and b, respectively). The first binding site was found at TMH2 of SecG 
and clamps the DOPG molecule between SecG (K54) and SecY (R177). The second interaction 
site is located at the external part of SecG and involves TMH1 and TMH2 of SecG, and M1 of the 
SecA N-terminus.
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Figure S4. Binding sites of DOPG within the lateral gate of SecY. The average distance of 
DOPG for every amino acid of SecY. Three distinct interaction sites were detected. One interaction 
site was found within TMH2b (red), one within TMH 7 (blue) and one within TMH 8 (green).
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