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Abstract 

About 30 % of proteins synthesized in Bacteria perform their 

functions outside of the cytoplasm and have to be inserted into 

or translocated across the cytoplasmic membrane. The primary 

system for protein translocation is the Secretory (Sec) pathway. 

Its essential components include the membrane-embedded 

protein-conducting channel SecYEG, the motor ATPase 

SecA, and the YidC insertase, and a number of accessory 

integral and peripheral membrane proteins, which facilitate 

targeting and translocation. Structural and in vitro functional 

studies on the Sec pathway have been carried out either in 

detergents or in model membranes, such as lipid monolayers, 

supported lipid bilayers and (proteo-)liposomes. However, 

detergents may alter structural and functional properties of 

studied proteins, while the sample heterogeneity and protein 

aggregation occurring in large-scale model membranes 

often interfere with experimental analysis. Here, we review 

a recent progress in isolating Sec components within lipid-

based particles, nanodiscs, for biophysical, biochemical, and 

structural analysis. Nanodiscs have been successfully applied 

to investigate oligomeric states of individual Sec components, 

to monitor structural dynamics of proteins and their assembly 

into functional complexes, and to reconstitute translocation 

and membrane insertion reactions. Cryo-electron microscopy 

of nanodisc-reconstituted SecYEG and YidC in complex 

with ribosomes visualized intermediates upon membrane 

protein insertion and demonstrated structural dynamics of 

insertases. Nanodisc-based experiments have highlighted 

the importance of the physiologically relevant molecular 

environment for functionality of membrane-embedded 

components, but also for membrane-associated targeting 

machinery, and suggested nanodiscs as a powerful platform for 

further studies, including high-resolution structural analysis. 
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Introduction

Sec-mediated protein translocation
In Gram-negative bacteria four different compartments can be distinguished: 

the cytoplasm, cytoplasmic membrane, periplasm and outer membrane. 

Exchange of energy and mass between these compartments is necessary to 

ensure cell viability. Each compartment, as well as the interfaces, comprises a 

characteristic set of proteins which allow for specific functions and properties. 

Integral and peripheral membrane proteins determine the functionality of 

cellular membranes, as they facilitate energy metabolism, sense the environ-

ment and transduce external signals into cell interiors and conduct selective 

transport of a diverse range of substrates, from ions and small molecules to 

proteins and nucleic acids, through the hydrophobic core of the lipid bilayer. 

Thus, while small lipophilic molecules can diffuse through the cytoplasmic 

membrane, the transport of larger molecules, such as proteins, is facilitated 

by dedicated systems.  

The primary route for protein translocation across and into the cytoplasmic 

membrane is provided by the essential and universally conserved secretory 

(Sec) pathway (Fig. 1) (1, 2). The central component of the pathway, the 

Sec translocon, is a membrane-embedded protein-conducting channel that 

mediates protein transport across and into the cytoplasmic membrane of 

Bacteria and Archaea, and into the lumen of the endoplasmic reticulum (ER) 

of eukaryotes and plant thylakoids (3). In bacteria, the Sec translocon is also 

involved in transport of substrates of type 2 and type 5 secretion systems, 

which are translocated as precursors into the periplasm and then picked up 

by an appropriate secretion system to cross or to be inserted into the outer 

membrane (4). The bacterial translocon consists of three integral membrane 

proteins, namely SecY, SecE and SecG (Fig. 1), and its eukaryotic homolog, 

Sec61, is built of Sec61α (homolog of SecY), Sec61β and Sec61γ (homolog 

of SecE). In the yeast ER, two translocon complexes are found: Sec61 and 

Ssh1. The heterotrimeric Sec61 complex additionally associates with Sec62, 

Sec63, Sec71, and Sec72 proteins during post-translational translocation, thus 

forming a heptameric translocase (2). During the co-translational transloca-

tion, the Sec62 subunit is dispensable. The Ssh1 translocon does not interact 
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with Sec62 and Sec63 and is believed to be solely involved in co-translational 

translocation. 

Prior to being translocated via the Sec system, nascent proteins are rec-

ognized and targeted to the membrane interface via dedicated pathways, 

which in bacteria distinguish between secretory proteins and membrane 

proteins (Fig. 1). Targeting of secretory and outer membrane proteins occurs 

post-translationally, i.e. preproteins are fully synthesized before initiation of 

translocation. Preproteins are characterized by the presence of an N-terminal 

signal sequence, which is generally composed of a positively charged N- 

terminus, a hydrophobic core and a polar C-terminal region (5), and which 

slows down the folding rate of the precursor (6). Most preproteins harbor 

a less hydrophobic signal sequence than nascent membrane proteins and 

Figure 1. Sec-mediated protein transport and membrane insertion in bacteria. (A) Co- 
translational (left) and post-translational (right) delivery of nascent chains to SecYEG translocon are 
facilitated by SRP/FtsY and SecB targeting components, respectively. SecA motor protein employs 
ATP hydrolysis to translocate unfolded polypeptide chains through SecYEG channel with assistance 
of the proton motive force-driven SecDF complex. Essential YidC insertase facilitates insertion and 
folding of a vital subset of membrane proteins. (B) Structures of E. coli SecB (PDB ID 5JTL, (13)) 
and Bacillus subtilis SecA (PDB ID 1M6N, (32)). SecB is complexed with its natural substrate, prepro-
tein of alkaline phosphatase (proPhoA). Functional domains of SecA are indicated and described in 
text. “2-helix finger” domain is indicated as “2HF”. (C) Structure of Thermus thermophilus SecYEG 
(PDB ID 5AWW, (25)). Subunits of the translocon are marked, as well as cytoplasm-exposed loops 
serving as interaction sites with ribosomes and SecA. The membrane-facing lateral gate and the 
central “plug domain” are indicated.
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are bound at the ribosome by the chaperone Trigger factor (TF) (7), while 

membrane proteins and a subset of preproteins with a highly hydrophobic 

signal sequence are recognized by the signal recognition particle (SRP, de-

scribed below) (8). The interaction of TF with the signal sequence further 

decreases the binding affinity of SRP, making this an important check-point 

for substrate sorting (9, 10). When the secretory protein is fully synthesized, 

it is bound by the ubiquitous molecular chaperone SecB (11, 12). SecB is a 

cytosolic tetramer organized as a dimer of dimers, where a long consolidated 

solvent-exposed hydrophobic groove binds apolar polypeptide stretches of 

precursor proteins (Fig. 1B) (13, 14). SecB-bound preproteins are prevent-

ed from aggregation and kept in an unfolded, secretion-competent state. 

The preprotein:chaperone complex is targeted to the C-terminus of the 

SecYEG-bound SecA dimer (15) and after transferring the preprotein to 

SecA, translocation is initiated. Translocation can be assisted by SecDFyajC, 

a heterotrimeric protein complex within the cytoplasmic membrane that 

transiently interacts with the Sec translocon and likely forms a proton motive 

force-dependent chaperone (16). Although SecDFyajC is not essential for 

protein translocation per se (16, 17), it has been suggested to play a role in 

the downstream stages of translocation by interacting with the preprotein at 

the periplasmic side of the membrane preventing backwards movement and 

promoting forward movement (18). In the final step of the translocation, the 

membrane-inserted signal sequence is cleaved by the membrane-anchored 

signal peptidase I and further degraded by the intramembrane protease RseP 

(19, 20). The released translocated domain is either targeted to the outer 

membrane or folded by periplasm- located chaperones (21).

Structure and dynamics of Sec translocon
The first X-ray structure of the translocon was obtained after successful crys-

tallization of SecYEβ complex from the archaeon Methanococcus jannaschii 

(22) and has been followed by structures of bacterial and archaeal homologs 

(23–25). The core subunit SecY consists of 10 transmembrane α-helices 

(TMHs) with both termini facing the cytoplasm (Fig. 1C). The protein is 

divided into an N-terminal (TMHs 1–5) and C-terminal (TMHs 6–10) do-

main, which are linked by a periplasmic loop to form a pseudo-symmetric 
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clamshell-like structure with a centrally located pore. The pore of SecY has a 

funnel-like structure with a diameter of ~ 20–25 Å at its widest and ~ 5–8 Å at 

its narrowest points. The narrowest point represents the pore “ring” composed 

of hydrophobic residues, which act as a seal to prevent uncontrolled passage 

of ions between the cytoplasm and periplasm. The funnel is blocked towards 

the periplasmic side of the membrane by TMH 2a, called the ”plug” domain 

(Fig. 1C) (26, 27). TMH 2b, in conjunction with TMH 7, forms the lateral 

gate, which is believed to be the membrane entry path for nascent membrane 

proteins. Crosslinking studies have shown that hydrophobic parts of incoming 

signal sequences interact with TMHs 2 and 7 and phospholipids, indicating 

positioning of the signal sequence at the interface of the lateral gate and the 

membrane (28). The minimal structure of SecE consists of two helices: the 

amphipathic N-terminal helix that lies in the plane of the cytoplasmic leaflet 

of the membrane, and a long C-terminal TMH that is strongly tilted in the 

membrane. SecE TMH contacts TMHs 1, 5, 6 and 10 of SecY and clamps 

together the N- and C-terminal halves of the translocon. Some SecE homo-

logs, including one in E. coli, also contain a non-essential N-terminal TMH 

pair, which role remains to be elucidated. The SecG/Secβ subunit consists 

of either a single TMH or a helical pair, which form only limited contacts 

with SecY. SecY and SecE are evolutionarily conserved and essential for cell 

viability, while the dispensable subunits SecG and Secβ share no homology 

and stimulate protein translocation by unknown mechanisms (29, 30). 

The motor protein SecA forms an essential part of the bacterial transloca-

tion system, as it provides the energy for protein transport via cycles of ATP 

binding and hydrolysis (31, 32). SecA consist of several structural domains, 

which play well-defined and essential roles upon functioning or regulation 

(Fig. 1B). Two nucleotide binding domains, NBD1 and IRA2, form a con-

served DEAD helicase motor, which is also found in DNA/RNA helicases 

and is essential for ATP binding and hydrolysis (33), and is connected to the 

rest of the protein via a long helical scaffold domain (HSD). HSD interacts 

with the IRA2 and polypeptide cross-linking domain (PPXD) and has an 

ATP hydrolysis regulator function. Upon ATP hydrolysis conformational 

changes are induced in the helical wing domain (HWD) and PPXD, where-

by the latter one is involved in the binding of secretory proteins, also called 
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preproteins (34). The C-terminal linker domain contains a zinc-finger motif 

and is involved in SecB binding (35). There are several structures of SecA 

proteins from various organisms available, where protomers are arranged as 

antiparallel or parallel dimers (reviewed in Ref. (36)). The observed diversity 

in the homodimerization suggested that the protein structure is dynamic and 

the oligomerization state may change during the functional cycle (31, 36, 37).

Translocon structures resolved so far demonstrate a conserved organiza-

tion, but also imply functionally relevant dynamics. Based on the very first 

structure of the detergent-solubilized translocon, the so-called “closed” or 

“quiescent state” of the protein has been described, where TMH 2 and 7 of 

the lateral gate appear in a close contact (22). Interestingly, the gate confor-

mation is less compact when the translocon is reconstituted into lipidic cubic 

phase membranes, suggesting that the lipid environment may influence the 

protein dynamics (25). A pre-open state is likely illustrated by the crystal 

structure of Thermotoga maritima SecYEG complex bound to SecA (24). 

The two proteins share a surface interaction area of ~ 6800 Å, whereby the 

most critical interaction points are between the PPXD domain of SecA and 

cytoplasmic loops 6–7 and 8–9 of SecY, as well as between SecA HSD and 

SecY C-terminus. Interestingly, a helical hairpin within SecA HSD, named the 

“two-helix finger”, inserts into the funnel of SecY. This insertion is possible, 

as the C-terminal half of SecY, in particular TMHs 7, 8 and 9, perform an 

outwards shift. In spite of the translocon rearrangements upon SecA binding, 

the lateral gate and the channel remain closed in absence of a preprotein. 

The open state of the translocon has recently been resolved when trapping 

the SecYEG:SecA complex with the signal sequence genetically fused to the 

“two-helix-finger” domain of SecA (Fig. 2) (38). Structural changes between 

the pre-open and open state of SecY largely involve the lateral gate and the 

“plug” domain. The periplasmic sides of TMHs 3 and 7 move towards each 

other, and TMH 7 is tilted such, that a binding pocket for a signal sequence 

is formed within the opened lateral gate of the translocon. The inserted signal 

sequence is positioned vertically to the membrane plane, with the positive-

ly charged N-terminus interacting with anionic lipids and being oriented 

towards the cytoplasm, and the C-terminus sealing the opening between 

TMHs 3 and 7. The “plug” domain is displaced towards the periplasmic 
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side of the channel and resides in close proximity to SecE, thus opening the 

channel for the protein translocation is in a good agreement with previous 

biochemical analysis (27). Remarkably, in both crystallized complexes, SecA 

is oriented in a way that the positively charged N-terminal helix would reach 

the lipid head groups and mediate membrane interactions. Complementary 

to crystallographic studies, a range of cryo-electron microscopy (cryo-EM) 

based reconstructions of translocon:ribosome complexes has provided a view 

on the translocon dynamics upon co-translational insertion of membrane 

proteins (39–43), as described below.

Model membranes for in vitro studies
Up to date, the vast majority of membrane protein crystal structures, including 

the Sec translocon discussed in the previous section, have been obtained using 

detergent-solubilized proteins, although new crystallization strategies, such 

as lipidic cubic phase, are rapidly evolving. Detergents may alter structural 

Figure 2. Translocon dynamics upon SecA binding. Crystal structure of SecYE:SecA complex 
traps the open conformation of the translocon with the signal sequence located at the lateral gate 
(PDB ID: 5EUL, (38)). The “quiescent” structure of SecYEG complex (PDB ID: 5AWW, (25)) is 
overlaid (transparent grey). Opening of the translocon is accomplished via movements of TMHs 8 
and 9 at the lateral gate, as well as the “plug” domain of SecY (shown with black arrows).
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and functional properties of proteins (44, 45), thus, there is a great demand 

to perform structural, biochemical and biophysical analysis in physiologically- 

relevant and well-defined systems. Model membranes, such as liposomes, 

giant vesicles, or, more recently, nanodiscs, offer diverse alternatives to ensure 

membrane protein activity in vitro, while the lipid composition of these model 

membranes can be tailored to study effects of physico-chemical properties 

on protein:lipid interactions and functionality. 

Langmuir-Blodgett membranes, i. e. lipid monolayers formed at the air:wa-

ter interface, have been used to investigate the organization and secondary 

structures of membranes proteins, including the Sec system (46). Upon mea-

suring the surface tension in Langmuir-Blodgett membranes, it was shown 

that SecA binds and partially inserts into the phospholipid monolayer with its 

N-terminal domain, and the insertion is stimulated by anionic lipids, DOPG 

and cardiolipin (Fig. 3A) (47). However, the missing second lipid leaflet and 

Figure 3. Biophysical analysis on Sec pathway in model membranes. (A) Langmuir-Blodgett 
lipid monolayers allowed measuring changes in surface tension (γ) upon SecA binding (47). (B) 
Black lipid membranes have been used to study conformational dynamics of SecYEG/Sec61 trans-
locons, as well as YidC-type insertases based on their ion conductivity (48, 49). (C) Atomic force 
microscopy on supported lipid membranes visualized single SecYEG translocons and SecYEG:SecA 
 complexes based on height differences (53). (D) Proteoliposomes containing reconstituted translocons 
or multiple components of the Sec machinery have allowed for diverse biochemical and biophysical 
assays, including accumulation of preproteins in lumen as a measure for the translocon activity (57).
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the water surface tension may cause protein denaturation, and thus limit 

reconstitution possibilities (44). Black lipid membranes (BLMs) formed step-

wise at the interface of two aqueous solutions allow incorporation of mem-

brane proteins in physiologically-relevant lipid bilayers (Fig. 3B). Seminal 

work of Günter Blobel and co-workers allowed identifying the  SecYEG/Sec61 

translocon based on measurements of preprotein-triggered ion conductivity 

in BLM-based electrophysiological experiments (48, 49), and BLM-based 

measurements have been further used to study gating of SecYEG and YidC 

upon the interaction with ribosomes (50–52).

When transferring a planar lipid bilayer to a solid-state surface, such as mica 

surfaces, glass or SiO2, or by fusing lipid vesicles on the surface, supported 

lipid bilayers (SLBs) can be formed. These model membranes are particularly 

suitable for biophysical investigations, such as surface plasmon resonance and 

microscopy (Fig. 3C). Gari et al. have performed single-molecule studies using 

atomic force microscopy (AFM) of the detergent-purified SecYEG complex 

reconstituted in SLBs built of E. coli lipids (53). The bilayer immobilization 

was confirmed by visualizing patches of 40 Å height on the atomically flat 

mica surface, and individual translocons within the SLB could be detected, 

as their surface-exposed loops resulted in local height increases of ~ 30 Å in 

AFM scans. Single-molecule analysis suggested that the cytoplasmic loops 

of SecYEG may adopt collapsed and extended conformations, which modu-

late SecA recruitment. SLB-reconstituted SecYEG has been further used to 

determine the oligomeric state of the translocon: AFM imaging has shown 

that SecYEG can adapt a monomeric, dimeric and even tetrameric state in 

the near-native bilayer. In a complementary approach, solid-supported lipid 

bilayers with reconstituted YidC insertase were used to study folding and 

insertion of single lactose permease molecules (54). 

Liposomes, i.e. sphere-shaped closed lipid bilayers, are the most extensively 

used model membranes (Fig. 3D). They are easy to form by sonication, which, 

however, results in a broad distribution of liposome sizes, or by extrusion via 

porous membranes with a pore diameter typically ranging from 50 to 200 nm 

to ensure higher monodispersity and unilamelarity of the liposomes (55). 

Detergent-solubilized membrane proteins can be reconstituted in liposomes 

destabilized either by adding additional detergent or by another extrusion 
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of the lipid-membrane protein mixture, followed by removal of detergents 

by sorbents, such as Bio-beads, or by rapid dilution (56). Liposomes have 

been broadly used as a model membrane system to reconstitute diverse cel-

lular pathways, including Sec-mediated protein transport and insertion, and 

allowed for detailed analysis of roles played by proteins and lipids in those 

reactions (57). When reconstituting membrane proteins at high protein:lipid 

ratios, well-ordered arrays of protein molecules, or so-called two-dimensional 

crystals, can be formed upon the detergent removal. 2D crystals have been 

used in electron microscopy experiments to elucidate structures of membrane 

proteins, and served to build the first 3D map of the bacterial translocon 

(58). Another prominent development of conventional liposomes is recon-

stitution of membrane proteins into giant membrane vesicles (GUVs) (59). 

Typically, pre-formed proteo-liposomes are dehydrated on a solid support in 

the presence of protecting agents, such as saccharose or trehalose, and then 

rehydrated, optionally under oscillating voltage applied to the support (55). 

Gradual gentle hydration of lipid layers causes formation of micrometer- 

sized bilayer sheets that spontaneously close to form GUVs of 5–50 μm in 

diameter, which can be observed with optical or fluorescence microscopes. 

GUVs have been extensively employed over the last two decades to monitor 

diffusion processes in the membrane and at the membrane interface, and 

assembly of macromolecular complexes (60–62). We have earlier employed 

GUV-reconstituted SecYEG to probe the oligomeric state of the translocon 

during protein transport (63). Briefly, translocons bearing spectrally dif-

ferent fluorophores were co-reconstituted in GUVs and their interactions 

were assayed at different stages of translocation via either measuring inter-

molecular Förster’s resonance energy transfer (FRET) or monitoring their 

co-migration with fluorescence cross-correlation spectroscopy (FCCS). When 

using different labelling strategies, also the assembly of SecYEG:SecA or 

SecYEG:preprotein complexes could be visualized. However, it is difficult to 

determine the extent of membrane protein aggregation upon the liposome 

reconstitution, and also to control the uniform and functionally relevant 

orientation of the proteins or complexes in the membrane, as it would be 

desired for functional studies. Further, the non-monodispersity of (proteo-) 

liposomes, limited reproducibility between preparations, and instability due 



20

Introduction — Biophysical analysis of Sec-mediated protein translocation in nanodiscs

to liposome aggregation and/or fusion in presence of biologically relevant 

divalent cations are often bottlenecks in employing liposomes in quantitative 

biophysical or biochemical analysis. 

Nanodiscs 
The nanodisc technology introduced and extensively developed since early 

2000th by the Stephan Sligar lab offers a powerful tool to investigate mem-

brane proteins and complexes thereof by a wide range of methods, while 

keeping the studied proteins in a physiologically-relevant membrane envi-

ronment (64). A single nanodisc is built by the major scaffold protein (MSP), 

which entangles a discoidal patch of lipid bilayer like a molecular belt (Fig. 4). 

MSP was derived from the human apolipoprotein A-1 (apo A-1), the main 

Figure 4. Scheme of the nanodisc assembly. Detergent-destabilized liposomes, target protein 
(SecYEG) and the scaffold proteins are mixed at tunable ratios. Upon the gradual detergent re-
moval, nanodiscs are spontaneously formed. Size-exclusion chromatography allows separation of 
SecYEG-loaded (*) and empty (**) nanodiscs, and the nanodiscs can be visualized by negative-stain 
electron microscopy (scale bar 20 nm, (128)). Dimensions of nanodiscs are sufficient to accommodate 
a single, but also multiple copies of a membrane protein.
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component of high-density lipoprotein particles, which are involved in binding 

and reversed transport of cholesterol (65, 66). Due to their crucial role in the 

human metabolism, formation of HDL particles has been extensively stud-

ied in molecular medicine, and formation of protein:lipid particles could be 

reconstituted in vitro upon mixing apo A-1 with detergent-solubilized lipids 

and subsequent detergent removal (Fig. 4) (67). However, in presence of 

the wild-type apo A-1 predominantly spherical structures were formed (68). 

Differently, MSP contains a truncation within the N-terminal domain of apo 

A-1 and allows the rapid formation of monodisperse discoidal particles in a 

process that has been studied experimentally and computationally over the 

last years (69–71). Typically, a belt around the self-assembled lipid bilayer is 

formed by two molecules of MSP, each interacting with a single lipid leaflet. 

While hydrophobic parts of MSP interact with the lipid acyl chains, their 

hydrophilic parts are exposed outwards, thus ensuring the solubility of nano-

discs in aqueous environments. In such architecture, the lateral dimensions 

of the lipid bilayer are largely determined by the length and the structure of 

MSP. The primary MSP construct, MSP1D1 consists of ~ 200 amino acids 

organized in 9 amphipathic α-helices, each “capped” with prolines and inter-

connected by short linking regions that ensure higher flexibility (64, 72). The 

protein allows the formation of nanodiscs ~ 10 nm in diameter. By removing 

single or multiple helices, or by introducing helical repeats, the length of 

MSP has been tuned, and so the diameter of entangled lipid bilayers, which 

span a range between 4 and 17 nm (66, 73). 

Overexpression of poly-histidine-tagged MSP constructs in E. coli, as well 

as purification and, optionally, fluorescence labelling, have been optimized, 

allowing for rapid establishing of the technology in many biochemical and 

biophysical groups. The primary benefit of the nanodisc technology is the 

possibility to use the entangled and well-defined lipid bilayer for reconsti-

tuting diverse membrane proteins and restoring their functionality. Also, 

because of the planar discoidal shape, the membranes have no particular 

sidedness allowing externally added partner proteins to bind unrestricted 

to the membrane protein of interest. Membrane proteins can be extracted 

from native cellular membranes by means of detergents, optionally purified 

or subjected to modifications, and mixed with lipid micelles and MSP, while 
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removal of the detergent leads to incorporation of the membrane protein 

into newly assembled nanodiscs (Fig. 4). Reconstitution of functional tri-

mers of bacteriorhodopsin, as well as mammalian rhodopsin, both serving 

for a long time as models of G-protein coupled receptors (74, 75), proved 

the applicability of the approach and have been followed by studies on ABC 

transporters, ion channels and large membrane complexes (76–78). Impor-

tantly, a broad repertoire of protein:protein interactions that occur at the 

interfaces of cellular membranes, can be reconstituted in vitro when using 

nanodiscs, with a possibility to investigate the effect of particular lipid spe-

cies (for recent reviews see Ref. (79, 80)). Depending on the molecular size 

of the target protein, the dimensions of the nanodiscs can be tailored, as it 

may be required to achieve a sufficient bilayer area or satisfy requirements 

of experimental techniques (66, 73). 

Nanodiscs as a tool to study protein transport

Post-translational translocation
First nanodisc-based studies on the Sec system date from 2007, as Duong 

and co-workers successfully reconstituted SecYEG complexes for studying 

interactions with the SecA motor protein (81). Following a conventional 

protocol for the nanodisc assembly, detergent-purified SecYEG was incorpo-

rated into native E. coli lipids in presence of MSP1D1 and nanodiscs formed 

after detergent removal and isolated by size exclusion chromatography. At 

blue-native polyacrylamide gel electrophoresis (BN-PAGE) SecYEG-contain-

ing nanodiscs manifested the molecular mass of ~ 160 kDa, so each nanodisc 

presumably consisted of a single SecYEG translocon (74 kDa), two copies 

of MSP (each 25 kDa) and lipid molecules. BN-PAGE was further used to 

assay SecYEG:SecA interactions, which suggested that nanodisc-embedded 

SecYEG was active and could bind a single copy of SecA. Complementary 

analysis using fluorescently labelled SecA in a FRET-based assay showed 

that SecYEG-nanodiscs shifted the monomer:dimer equilibrium of SecA 

towards the monomeric state, while no SecA dimer disassembly was observed 

in the presence of empty nanodiscs. To study the role of the lipid head group 
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charge on the SecYEG:SecA interaction, the translocons were reconstituted 

into nanodiscs either in presence or absence of anionic lipids (DOPG). In 

agreement with previous liposome-based studies (57, 82), SecA binding to 

SecYEG-nanodiscs was enhanced in presence of anionic lipids. A follow-up 

study has also demonstrated interactions of SecYEG and Syd, a hypothetical 

quality control factor for the translocon assembly (83). In this study, SecYEG 

was reconstituted into nanodiscs, and binding to Syd, as well as SecA/Syd com-

petition for the translocon were examined by BN-PAGE. These initial studies 

validated nanodiscs as a relevant model system to preserve the structure and 

functionality of the SecYEG complex, the largest nanodisc- reconstituted 

protein at that time. 

Nanodiscs offer the unique opportunity to control the number of recon-

stituted proteins and, when needed, to investigate the functionality of iso-

lated protomers in native-like membranes, while the oligomerization can be 

 excluded due to the high stability of nanodiscs. This clearly contrasts lipo-

some-based approaches, where the apparent monomeric state of a studied pro-

tein is typically achieved by a large excess of lipids over proteins at molecular 

ratios of 1:5,000 to 1:100,000, but still leaving a chance for stably associated 

protein oligomers or aggregates. The oligomeric state of the translocon during 

protein translocation has been disputed over more than a decade, and, based 

on biochemical and low-resolution structural analysis, a dimer of SecYEG was 

anticipated as a minimal functional unit (84). The role of the dimerization was 

not clear, but a putative dimer was suggested to dock the SecA motor protein 

at the cytoplasmic interface, or to be needed for translocon dynamics, such 

as displacement of the “plug” domain. However, two complementary studies 

using fluorescence spectroscopy and crosslinking suggested that a single copy 

of SecYEG is sufficient for protein translocation (63, 85). To test this hypoth-

esis, we employed nanodiscs to isolate different oligomeric states of SecYEG 

and to assay their activity (86). FCCS was used to control the monomeric 

state of translocons labelled with two spectrally separated fluorophores prior 

and after the nanodisc reconstitution. Co-migration of differently labeled 

molecules, as it would occur in dimers or higher oligomers, was minimized in 

the detergent-solubilized state, and large excess of the extended MSP variant, 

MSP1E3D1, and lipids (SecYEG:MSP:lipids molar ratio of 1:10:500) was 
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used for the nanodisc assembly. According to the Poisson distribution, below 

3 % of formed nanodiscs would contain two or more copies of SecYEG, a 

monomer could be found in ~ 20 % of the nanodiscs, while the remaining discs 

were loaded with lipids only. As validated by FCCS, occasional oligomers/

aggregates of SecYEG could be separated by size-exclusion chromatography, 

while the majority of SecYEG-nanodiscs demonstrated no cross-correlation 

signal, pointing to successful reconstitution of monomers. To probe the ac-

tivity of nanodisc-embedded SecYEG, translocation of a model preprotein 

proOmpA was assayed. Herein, a proOmpA fusion with C-terminal dihydro-

folate reductase (DhfR) could be partially translocated by SecYEG prior to 

“jamming” of the translocon with the tightly folded DhfR domain (Fig. 5A) 

(63). When FRET pair fluorophores are conjugated within proOmpA and at 

the periplasmic side of the translocon, the translocation and the “jamming” 

stages could be monitored spectroscopically in real time (Fig. 5B). Differently 

to conventional assays, which measure the amount of translocated, and thereby 

protease-protected substrates in lumen of membrane vesicles, the FRET assay 

is applicable also for non-vesicular systems, such as nanodiscs. When applying 

the assay to monomeric SecYEG-nanodiscs, a gradual increase in the acceptor 

fluorescence was observed in presence of SecA and ATP, thus validating the 

activity of a single SecYEG complex. Remarkably, when multiple copies of 

SecYEG were reconstituted into nanodiscs by tuning the SecYEG:MSP:lipids 

molar ratio, neither the kinetics nor the overall translocation efficiency in-

creased (Fig. 5B), and SecA-dependent ATP hydrolysis rates were not affected. 

However, different results were presented by Duong and co-workers, who 

observed enhanced stimulation of the ATP hydrolysis when reconstituting a 

genetically fused SecYEG dimer in nanodiscs (87). A possible explanation for 

the discrepancy could be a peculiar choice of membrane-forming lipids, 100 % 

DOPG, which are known to stimulate the SecA even in absence of SecYEG, 

but barely reflect the native composition of E. coli inner membrane (25 % PG).

Interactions between SecA motor protein and the membrane, as well as 

associated SecA dynamics, have been extensively studied (31). The N-terminal 

domain of SecA, which forms an amphipathic helix, determines the mem-

brane binding (Fig. 2), and this region is crucial for the protein functionality. 

Previous studies have shown that anionic lipids are essential for SecA binding 
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and translocation (57, 82). However, the actual role of the lipid bilayer in the 

translocation process remained to be elucidated. To investigate the effect of 

SecA:lipid interactions and to provide a larger lipid area for SecA binding, we 

recently employed a newly developed scaffold protein ApoE422k, a 22 kDa 

fragment of the apolipoprotein E-4, to form larger nanodiscs ranging up to 

31 nm in diameter (Fig. 5) (88–90). In comparison to the nanodiscs generated 

with apoA-1 derivatives, the size distribution of ApoE422k-based nanodiscs 

was much broader, and the number of ApoE422k per disc varied, with each 

additional copy of ApoE422k increasing the disc diameter by approximately 

4.5 nm (88). With the mean diameter above 30 nm, the membrane surface 

area of these nanodiscs exceeded that of MSP1E3D1-based particles approx. 

5-fold, and single SecYEG complexes reconstituted into these two different 

types of nanodiscs (Fig. 6A) were surrounded by ~ 1000 and 120 phospholipids, 

respectively. The presence of SecYEG complexes was detected by scanning 

AFM, and the monomeric state of the translocon was additionally confirmed 

by FCCS. When measuring the translocation kinetics using the FRET-based 

Figure 5. SecYEG:SecA-mediated post-translational translocation in nanodiscs. (A) Scheme 
of the stable translocation intermediate used in the real-time FRET assay. DhfR domain is tightly 
folded in presence of the co-factor methotrexate and cannot be translocated via SecYEG, thus 
jamming the channel. FRET-paired fluorophores conjugated within the translocated segment and 
at the periplasmic side of SecYEG allow monitoring the intermediate formation and assessing the 
translocation kinetics (B). Single nanodisc-reconstituted translocons are functional in translocation, 
and multiple co-reconstituted copies of SecYEG do not stimulate the transport. No translocation is 
observed in absence of ATP (“AMP-PNP”).
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assay (Fig. 5), it was shown that protein transport was severely suppressed in 

MSP1E3D1-based nanodiscs, as compared to SecYEG-proteoliposomes, and 

only at elevated SecA concentrations of up to 1 μM activity could be detected 

(Fig. 6B). In contrast, SecYEG reconstituted in ApoE422k-based nanodiscs 

was active already at 50 nM SecA, and the translocation rate approached 

that in proteoliposomes. To determine whether the translocation deficiency 

of SecYEG in MSP1E3D1-based nanodiscs was due to impaired binding of 

SecA, the SecYEG:SecA interactions were analyzed using microscale ther-

mophoresis (MST). To monitor SecYEG:SecA binding, fluorescently labelled 

SecYEG-nanodiscs were titrated with increasing amounts of SecA, and the 

movement of the nanodiscs in temperature gradients was traced (91). MST 

analysis suggested that SecA binds to SecYEG in ApoE422k nanodiscs with a 

high affinity, KD ~ 300 nM, while the binding affinity to SecYEG reconstituted 

in MSP1E3D1 was found to be much lower, KD ~ 3 µM (Fig. 6C). This poor 

Figure 6. SecA:lipid binding is required for efficient translocation. (A) Large nanodiscs 
(ApoE422K) provide extensive lipid surface area for docking SecA that may further interact with 
SecYEG. In smaller nanodiscs (MSP1E3D1) SecA:lipid interactions are spatially hindered. (B) Re-
duced lipid area within MSP1E3D1 nanodiscs results in a drastic decrease in SecYEG:SecA-mediated 
translocation kinetics (B), in agreement with a lower affinity of SecA to SecYEG-nanodiscs (C). No 
SecA:nanodisc interactions are observed in absence of anionic lipids (open circles) (90).
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SecA binding explains the translocation defect of SecYEG reconstituted in 

smaller discs. Since SecA binds to anionic lipids via its N-terminus (Fig. 2), 

the limited lipid surface likely hinders this initial binding, which appears es-

sential for the high affinity interaction with SecYEG and translocation activity. 

Importantly, the nanodisc experiments have suggested that the lipid-bound 

SecA is an intermediate in the translocation cycle (Fig. 6A). It has been pro-

posed that the lipid binding allosterically alters the SecA conformation to 

prime it for high affinity SecYEG binding. Interestingly, a fusion protein of 

SecYEG:SecA has been recently described, and its activity was demonstrated 

in proteoliposomes and nanodiscs (92). The fusion protein could bind pre-

proteins via SecA when being reconstituted into nanodisc, and it could also 

actively translocate the preprotein into liposomes. Further developments of 

such modular and well-defined systems may help to investigate the structure 

of the functional translocon in the native-like environment.

Membrane protein biogenesis

Spontaneous insertion of membrane proteins
The functionality of membrane proteins essentially relies on their correct 

spatial assembly, i.e. folding, and membrane integration. Membrane proteins 

found in the eukaryotic plasma membrane, as well as inner membranes of 

mitochondria and bacteria, are composed of TMHs connected by extra- 

membrane loops. The TMHs mainly contain aploar and aliphatic amino acid 

residues, whose backbone polar groups N-H and C=O form hydrogen bonds 

characteristic for the helical structures, and therefore reduce the polarity of 

the surface, as required for partitioning into hydrophobic core of the lipid 

bilayer (93, 94). Interactions with lipid head groups are typically formed by 

bulky aromatic residues, first of all tryptophan, which form “caps” of TMHs. 

As described by experimental and computational studies (94, 95), lipid mem-

brane partitioning of a single TMH built of largely hydrophobic amino acids 

residues becomes an energetically favorable process, with the free energies of 

~ 12 kcal mol-1, as calculated for glycophorin A (94), so the stability of a single 

TMH is comparable to that of a small soluble protein (96). 
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Being a thermodynamically favorable process, spontaneous insertion of 

hydrophobic polypeptide chains into lipid membranes has been extensively 

studied by biophysical methods in vitro, down to single-molecule resolution 

(97–99). Most recently, it has been shown that several polytopic membrane 

proteins, such as bacteriorhodopsin or potassium channel KcsA, can be ex-

pressed in cell-free systems and spontaneously insert into lipid-containing 

nanodiscs, where they form native tertiary and quaternary structures (100, 

101), suggesting that the in vitro production of membrane proteins in nanodiscs 

can be potentially employed in biomedical and biotechnological applications. 

However, the kinetics of such processes appear to be extremely slow, with bot-

tleneck steps lasting for many hours; thus, it is unlikely to reflect the insertion 

pathway occurring in living cells. Nevertheless, knowing the propensity of a 

protein or its individual TMHs to be incorporated into the bilayer may help 

to understand the thermodynamic basis of membrane protein folding (94).

While previous biophysical studies have provided a comprehensive view on 

the requirements of the nascent polypeptide chain to partition into the lipid 

bilayer, they have barely addressed the role of the lipid moiety in protein fold-

ing, although the role of the membrane composition may be crucial (98, 102). 

Even relatively simple bacterial membranes contain hundreds of lipid species, 

which differ in their physico-chemical properties (103). We have recently 

examined the role of the lipid head group charge on interactions with and, 

potentially, on spontaneous insertion of a nascent membrane protein (104). 

As membrane proteins are prone to aggregation due to their hydrophobicity, 

translation-stalled ribosome-nascent chain complexes (RNCs) (105–107) were 

used as native carriers of solvent-exposed nascent chains of a model mem-

brane protein, subunit c of ATP synthase (Foc). The target membranes were 

present in the form of nanodiscs, which ensured high sample monodispersity 

and compatibility with spectrophotometrical applications. Nanodiscs were 

assembled in presence of two-component lipid mixtures, DOPG/DOPE or 

DOPG/DOPC, where the content of anionic DOPG lipids varied between 

0 % and 40 %, and all lipid mixtures were additionally supplied with ~ 1 % 

DOPE-Atto 488 fluorescent lipid derivative for detection (104). Lipid prepa-

rations containing solely DOPE could not form nanodiscs, and only limited 

efficiency was observed in presence of 10 % DOPG, as could be expected 
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due to the conical shape of DOPE molecules and their limited compatibility 

with the planar structure of the lipid bilayer (102). 

To analyze the interaction of nanodiscs with RNCs, we employed fluores-

cence correlation spectroscopy (FCS) that allows determining diffusion coeffi-

cients of fluorescently-labeled particles upon their three- dimensional diffusion 

(108). As the diffusion coefficient is inversely proportional to the hydration 

radius of the particle, assembly of large complexes, such as RNC:nanodiscs, 

could be monitored and quantified by measuring changes in translational 

diffusion of nanodiscs (Fig. 7A). In absence of RNCs, nano discs of different 

lipid compositions showed comparable diffusion rates, as expected from 

Figure 7. Spontaneous insertion of nascent chains into nanodiscs. (A) Fluorescence cor-
relation spectroscopy of fluorescently labeled nanodiscs allows measuring their diffusion time (tD) 
and the diffusion coefficient (D), which change upon binding of a ribosome due to the increase in 
the molecular radius (R). (B) Auto-correlation curves of SecYEG-free “empty” nanodiscs indicate 
binding of RNCs, which expose hydrophobic Foc nascent chains, while no binding of empty 70S 
ribosomes is detected (104). (C) Spontaneous binding/insertion of Foc nascent chains into nanodisc 
membranes depends on presence of anionic lipids (DOPG). Physiological concentrations of anionic 
lipids strongly inhibit the insertion.
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similar dimensions of MSP-based nanodiscs. When RNC Foc were added, a 

pronounced shift towards longer residence times was observed in auto-correla-

tion curves of nanodiscs, and its magnitude depended on the concentration 

of RNCs (Fig. 7B). If RNCs carried a polar nascent chain, no changes in 

nanodisc diffusion were observe, suggesting that the hydrophobic domain 

of Foc determined the RNC:nanodisc binding. The nascent chain-mediated 

binding/insertion clearly correlated with the DOPG content in the lipid 

membranes (Fig. 7C). Thus, in absence of DOPG, above 80 % of DOPC-

based nanodiscs were bound to RNC Foc, but the bound fraction reduced 

three-fold when DOPG was present at 20 % level, and another six-fold when 

the DOPG content reached 40 %. Similarly, RNC binding to DOPG/DOPE-

based nanodiscs rapidly declined upon increased concentration of DOPG, 

suggesting that anionic lipids form an energy barrier for the spontaneous 

insertion of generally hydrophobic TMHs. It should be noted here, that 

bacterial inner membranes typically contain lipids with anionic head groups, 

such as PG or cardiolipin, which molar fraction is ~ 30 % in E. coli, but may 

reach above 70 % in Gram-positive bacteria. Thus, it is rather unlikely that 

spontaneous insertion of TMHs is a common phenomenon in vivo. Rather, 

their partitioning should be facilitated by dedicated proteins, such as SecYEG 

and YidC, as described below. We employed RNCs exposing the first TMH 

of Foc composed exclusively of aliphatic residues, methionines and glycines 

(sequence LLYMAAAVMMGLAAIGAAIGIGILG) with a single tyrosine 

as a capping residue to stabilize the domain at the lipid:water interface. It 

is possible though to extend the approach towards studying effects of phys-

ico-chemical properties of the nascent chain on its propensity to bind and 

insert into the lipid bilayer upon emerging from the ribosome. 

Membrane protein targeting
In the most general view, the nascent polypeptide chain emerging from the 

ribosome exit tunnel is immediately exposed to a number of chaperones 

and targeting complexes, which triage the polypeptide chain based on its 

hydrophobicity (109). While a ubiquitous bacterial chaperones TF, SecB, 

and Hsp40/Hsp70 facilitate folding of cytoplasmic proteins, as well as main-

tenance of precursors of secretion and outer membrane proteins, RNCs 
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exposing hydrophobic nascent chains of membrane proteins are recognized 

by a ribonucleoprotein SRP and delivered to membrane-bound receptors for 

further insertion (Fig. 1) (8). SRPs of Gram-negative bacteria possess the 

minimal functional core and consist of a short folded RNA (4.5S RNA) and 

a protein Ffh (homolog of eukaryotic SRP54 protein, fifty-four homolog) 

(110). Ffh is a GTPase extended with the methionine-rich M-domain that 

binds hydrophobic stretches of amino acids typical for membrane anchors 

or nascent TMHs. While only a few hundred copies of SRP are present in a 

bacterial cell, they efficiently recognize and interact with RNCs translating 

membrane proteins with low nanomolar or sub-nanomolar affinity even prior 

the nascent chain is exposed from the ribosomes (111). The minimal 4.5S 

RNA stimulates the GTPase activity of Ffh and forms an essential scaffold 

for its structural dynamics (112). At the cytoplasmic membrane interface 

the RNC-bound SRP is recognized by the SRP receptor, termed FtsY in 

bacteria (Fig. 1) (8). Upon the assembly of SRP:FtsY complex, the GTPase 

activity of Ffh is strongly stimulated and it triggers a conformational change 

within the targeting complex, as the Ffh:FtsY complex relocates to the distal 

end of the SRP RNA (112, 113). The conformational change is required for 

transferring the bound RNC to the translocon, accompanied by the release 

and disassembly of the SRP:FtsY complex.

While many eukaryotic SRP receptors are membrane-anchored proteins, 

the E. coli homologue FtsY is a peripheral protein that interacts with the cy-

toplasmic membrane leaflet via a ~ 300 amino acids long, largely unstructured 

A-domain (114, 115). In the presence of anionic lipids, the domain partially 

folds, as an amphipathic α-helix is formed at the membrane interface. Re-

markably, deletion of the domain releases FtsY from the membrane interface, 

but does not influence the protein targeting reaction (116), therefore raising 

questions on the mechanism of protein:lipid and protein:protein interactions. 

To address those, Wintermayer and colleagues have recently investigated the 

structure and function of FtsY in presence of other components of the path-

way, while employing lipid nanodiscs and nanodiscs-reconstituted SecYEG 

to probe interactions in a well-defined environment (117–119). Biophysical 

approaches, such as fluorescence spectroscopy and NMR, demonstrated 

that electrostatic interactions between positively charged residues within 
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the A-domain of FtsY and head groups of anionic phospholipids facilitate 

 FtsY:membrane binding. The presence of SecYEG in nanodiscs enhanced 

the binding affinity up to 10-fold (180 nM vs. 1.4–2 μM), and the interaction 

was shown to be mediated by the surface-exposed loops of SecYEG and neg-

atively charged regions of the FtsY A-domain (119). Chemical crosslinking 

verified SecYEG:FtsY interactions in nanodiscs, while no interactions were 

detected in non-ionic detergents (117). Detailed analysis using FtsY fragments 

suggested that both the A- and NG-domains may bind the translocon non- 

competitively, and the interaction triggers conformational rearrangements 

within FtsY: The unstructured A-domain becomes separated from the NG 

domain to facilitate the assembly of the FtsY:SRP complex (118). The nano-

disc-based SecYEG:FtsY complex was able to bind SRP with 10-fold higher 

affinity than FtsY alone, and the conformational dynamics of the receptor 

were greatly stimulated upon assembly of the ternary complex. While the 

vast majority of complementary studies have used detergent-solubilized 

translocons to probe interactions with the SRP:FtsY complex (120, 121), 

nanodisc-based analysis has offered unique kinetic and thermodynamic 

insights into the targeting process under near-native conditions.

SecYEG:ribosome interactions
After being delivered to the membrane interface via the SRP pathway, the 

hydrophobic nascent chain should be loaded into either the Sec translocon 

or the YidC insertase, which both mediate the membrane partitioning of na-

scent TMHs. Up to date, the triage of RNCs to either one of these insertion 

pathways is poorly understood. It has been experimentally shown that the 

presence of negative charges within the nascent chain, either in TMHs or their 

capping regions, may render YidC-dependency of the insertion (122–124). 

SecYEG and YidC also demonstrate different affinities to RNCs (1). How-

ever, as the translocon and insertase have been shown to interact with the 

same nascent chains in vitro, and often both of them are required for correct 

folding of nascent proteins, such as NuoK and CyoA (122, 125, 126), it seems 

plausible that dynamic interactions between SecYEG, YidC and RNCs exist, 

and that the ribosome may switch between these two membrane insertases 

upon translation and insertion of a single nascent chain.
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As described above, SecYEG, as well as its homologs in eukaryotic cells, 

forms a regulated hourglass-shaped channel within the membrane (Fig. 1). 

As the channel may open towards the membrane core in a clamshell-like 

manner, it suits not only for translocation, but also for releasing the nascent 

TMHs via the lateral gate into the lipid bilayer. A range of biochemical and 

structural studies identified the structured cytoplasmic loops between helices 

6–7 and 8–9, as well as the amphipathic helix of the subunit SecE as ribosome- 

binding sites (41, 127). SecYEG:RNC binding can be investigated in vitro, 

using nanodisc- embedded translocons (128), and probing the assembly of 

translocon:ribosome complexes by measuring changes in diffusion rates by 

Figure 8. SecYEG:ribosome interactions depend on the molecular environment. (A) Auto- 
correlation traces of detergent-solubilized SecYEG indicate interactions with RNC FtsQ, but also 
binding of “crude” ribosomes (128). (B) Interactions with “crude” ribosomes are strongly suppressed 
upon reconstitution of SecYEG into nanodiscs (“SecYEG-ND”), while the specific binding of RNC 
FtsQ is barely affected. (C) RNCs and SecA demonstrate competitive binding to nanodisc-reconsti-
tuted SecYEG. No competition is observed for the detergent-solubilized translocon (“0.05 % DDM”).
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FCS offered an opportunity to analyze effects of the molecular environment, 

i.e. detergent and lipid-based nanodiscs, on those interactions, while using the 

same experimental technique. Nanodisc-reconstituted SecYEG  manifested 

high specificity to ribosome-exposed hydrophobic nascent chains of the mem-

brane protein FtsQ, but showed rather low binding of “crude” ribosomes 

bearing a broad ensemble of nascent chains, which represent an instant cellular 

translatome (Fig. 8A and B) (128). Interestingly, detergent-solubilized trans-

locons could bind both types of ribosomes with comparable efficiencies, thus 

suggesting either a difference in the translocon dynamics, or the modulatory 

role of the environment, e.g. via polar/apolar interactions. By using FCS on 

reconstituted proteins, we have also shown that point mutations of charged 

residues within the structured loops of SecY affect the ribosome binding, 

which is in agreement with experiments performed in native membranes (127). 

Upon inserting a polytopic membrane protein with large periplasmic do-

mains an orchestrated cooperation of a translating ribosome and SecA at the 

translocon is required. As the cytoplasm-facing loops of SecYEG are necessary 

for ribosome binding, but are also involved in docking SecA (24), this raised 

the question whether SecA and RNC can bind the translocon simultane-

ously or whether the binding is mutually exclusive. Although sedimentation 

experiments initially suggested the simultaneous binding (129), the effect 

of SecA on RNC:SecYEG binding was tested using nanodisc-reconstituted 

translocons (128). In FCS-based assay RNC binding was strongly reduced 

at elevated concentrations of SecA, thus favoring the model of competitive 

binding (Fig. 8C). The results were further supported by surface plasmon 

resonance binding experiments employing cellular membranes (128). Re-

markably, no competition between RNCs and SecA was observed when 

detergent-solubilized SecYEG was tested, thus highlighting once again the 

importance of physiologically-relevant analytical systems.

The oligomeric state of the Sec translocon upon the co-translational in-

sertion of membrane proteins, and so upon interactions with ribosomes, has 

been extensively debated for more than a decade. Cryo-EM of eukaryotic 

ribosome:translocon complexes isolated from membranes upon detergent 

solubilization initially suggested that the translocon assembles into oligomers 

at the ribosomal tunnel exit, either to build a consolidated pore, or to serve 
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for translocation and membrane insertion of nascent chains via separated 

channels (39, 130, 131). However, follow-up studies demonstrated that a 

substantial part of the visualized density arose not from the translocon, but 

the surrounding detergent micelle, and the refined analysis revealed that a 

monomer of eukaryotic Sec61 complex forms a complex with the ribosome (40, 

41). Still, studies based on a digitonin-solubilized translocon may not reflect 

the physiological state, while cryo-EM on liposome-reconstituted proteins is 

unlikely to yield high-resolution data, as the thickness of amorphous ice needed 

to embed liposomes is beyond the optimal range of 25–50 nm, thus resulting in 

low image contrast (132). Differently, nanodiscs of 10–20 nm diameter ideally 

match that requirements, so cryo-EM and single-particle analysis have been 

employed to gain insights into the structure of the nanodisc-reconstituted 

SecYEG bound to a translation-stalled ribosome (42). Similar to FCS experi-

ments described above (128), a complex of SecYEG-nanodiscs and RNC FtsQ 

was formed in vitro, vitrified, and subjected to structural analysis. Although 

having relatively low signal-to-noise ratio, the data allowed resolving both es-

sential subunits of the translocon, SecY and SecE, their contact sites with the 

Figure 9. Cryo-electron microscopy structure of SecYE in nanodisc bound to RNC FtsQ. 
Electron density of the complex and the molecular model of the ribosome, SecYE translocon, apo 
A-1 scaffold protein, as well as simulated lipid molecules are shown (42). Cytoplasmic loops of SecY 
interact with the ribosomal exit tunnel, and the RNA H59 contacts lipid molecules near the lateral 
gate of SecY (asterisks). The anchoring helix of FtsQ nascent chain is fully inserted into the lipid 
bilayer of the nanodisc.
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ribosome and domain organization within the membrane (Fig. 9). Interestingly, 

SecYEG:ribosome interaction sites matched those previously described for 

the detergent-solubilized translocon (41), but an additional contact site was 

revealed at the lipid interface, as the ribosomal RNA loop H59 approached 

the surface of the lipid bilayer and caused a distortion of the lipid bilayer near 

the lateral gate of the translocon and the newly inserted FtsQ TMH (Fig. 9, 

asterisks) (42). The ribosome:lipid interaction was also in agreement with 

complementary molecular dynamic simulations. Even though their role in 

the translocon functioning could not been clarified, it was speculated that the 

lipid distortion plays an assisting role in partitioning of nascent TMHs. Inter-

estingly, a follow-up structure of a native SecYEG:ribosome complex purified 

from cellular membranes suggested that the same ribosomal RNA loop H59 

contacts a newly inserted membrane protein and, probably, determines its 

orientation in the membrane (133), so the “positive-inside” topology may be 

established based on electrostatic interactions between the ribosomal RNA 

and cationic residues of the nascent protein (94, 134).

The cryo-EM structure of the nanodisc-reconstituted SecYEG suggested 

that the lateral gate acquires an open conformation, which may be required 

for releasing the nascent chain into the membrane (42, 135). In a comple-

mentary approach, Wintermeyer and co-workers analyzed the lateral gate 

dynamics using fluorescence spectroscopy (136). Briefly, a BODIPY dye was 

conjugated to TMH 7 of SecYEG, where its fluorescence could be quenched 

by a tryptophan residue within TMH 2b, when appearing in proximity, such 

as in closed state of the translocon, but the fluorescence would increase 

when TMHs are separated. The approach enabled to probe dynamics of 

nanodisc-reconstituted SecYEG in its free state and upon interactions with 

RNCs. RNC binding caused an increase in measured donor fluorescence, that 

was dependent on the nascent chain, its hydrophobicity and the length, thus 

supporting the model of the lateral gate opening already at early stages of 

membrane protein insertion. However, when measurements were conducted 

at 4 °C, the opening of the gate was strongly suppressed, although RNCs were 

able to bind the translocon with minimal changes in the affinity. Importantly, 

the lateral gate dynamics were strongly affected by the temperature even in the 

absence of RNCs, and the translocon converted into a closed conformation 
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upon decreasing the temperature from 37 to 25 °C. The molecular mechanism 

of such “closure” is not clear, but these observations suggests that the struc-

tural dynamics of the translocon are more complex than anticipated and the 

molecular environment may be of the utmost importance.

YidC-mediated insertion
Three decades of extensive studies on the structure and function of the Sec 

translocon have resulted in the advanced understanding of this essential 

protein complex. Meanwhile, several other systems for membrane protein 

translocation have been discovered in pro- and eukaryotic cells. Examples 

are the Tat system involved in transport of folded protein domains in bac-

teria, archaea and plant thylakoids (137), a set of highly diversified protein 

transport complexes in inner and outer membranes of mitochondria (138), 

and universally conserved membrane protein insertases of YidC/Oxa1/Alb3 

superfamily (139). While the first member of the superfamily, Oxa1, was 

described in the inner membrane of mitochondria (140), its close homologs 

have also been found in Gram-negative and Gram-positive bacteria (YidC), 

as well as plant thylakoids (Alb3) (139). Most recently, their distant homologs 

have been identified in archaea and the eukaryotic ER (141, 142). 

Functional roles of YidC-type proteins include the co- and post-trans-

lational insertion of topologically simple membrane proteins, assistance in 

folding and assembly of proteins inserted via the Sec pathway, as well as 

insertion of tail-anchored proteins, which contain transmembrane domains 

at the C-terminal end of the nascent chain (139, 143). Crystal structures of 

YidC from Gram-positive and Gram-negative bacteria have recently pro-

vided clues on the insertion mechanism (144, 145). Differently to the Sec 

translocon that forms a transmembrane channel for nascent proteins, YidC 

builds a rather compact structure with a core functional domain of 5 TMHs 

(Fig. 10A). These TMHs form a bundle with a deep polar crevice facing the 

hydrophobic region of the cytoplasmic lipid leaflet. As the crevice is accessi-

ble for water molecules and bulky polymers (146), and nascent chains could 

be cross-linked to several positions within (147), the polar environment has 

been suggested to form the passage for the nascent chain upon the insertion 

(145). Moreover, most YidC TMHs are unusually short, having 4 to 5 helical 
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turns, and are therefore not sufficient to protrude the lipid bilayer. Resulting 

hydrophobic mismatch between the protein and the membrane likely causes 

deformation of the cytoplasm-facing lipid leaflet and leads to the membrane 

thinning (Fig. 10A) (148, 149). The membrane deformation reduces the 

energy barrier for inserting nascent chains, thus offering a mechanistically 

simple and robust principle for YidC functioning that is very different from 

the action of the Sec translocon. In some species, including E. coli, the func-

tional core of YidC is extended by a non-essential N-terminal TMH and a 

non-conserved periplasmic domain (139) that may interact with SecDFyajC 

complex or exposed nascent chains (150, 151). Bacterial YidC also contains 

a long helical hairpin that connects the core TMHs 2 and 3 at the cytoplas-

mic interface (Fig. 10A) (145). Deletions or mutations within the hairpin is 

lethal for cells, therefore, it was suggested to be involved in interactions with 

ribosomes or targeting components (148, 152). 

Members of the YidC-type family have been shown to insert a subset of 

membrane proteins, either alone or in cooperation with the Sec translocon, 

and the insertase activity could be reconstituted in model membranes, such 

as proteoliposomes (122, 126, 141, 153). As membrane proteins are common-

ly inserted in a co-translational manner, an interaction between YidC-type 

insertases and translating ribosomes has been suggested. The C-terminus 

of YidC-type insertases would be a potential contact site, as it is typically 

enriched with cationic amino acid residues that would stimulate electrostatic 

interactions with the ribosomal RNA (154, 155). Furthermore, the oligo-

meric state of the protein has been extensively debated, and the protein was 

suggested to function as a dimer assembled to form a consolidated pore in 

the membrane (156, 157).  However, later cryo-EM analysis provided a clear 

evidence that also a monomer of the detergent-solubilized YidC is sufficient 

to interact with the ribosome, highlighted the role of the positive charges at 

the C-terminus of YidC, and suggested a path for the nascent chain between 

TMHs 2, 3 and 5 to slide into the membrane (148, 158). Still, the question 

remained open whether the detergent-solubilized state correctly reflected the 

structure and function of the insertase. 

Nanodisc reconstitution allowed to isolate fluorescently labeled mono-

mers of YidC and to assay their interactions with RNCs by FCS (159). By 
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supplying the membrane with 30 % DOPG lipids the spontaneous insertion 

of nascent chains could be excluded. Monomeric YidC could efficiently bind 

stalled RNCs bearing substrate nascent chains of Foc, thus questioning the 

significance of the previously described dimeric form (Fig. 10B and C). Fur-

thermore, monomeric YidC could interact with RNCs when being trapped 

in detergent micelles, although the affinity was substantially reduced. The 

physico-chemical properties of the nascent chain greatly modulated the inter-

action, and binding was severely suppressed when hydrophilic polypeptides 

Figure 10. Structure and ribosome specificity of YidC insertase. (A) Side and cytoplasmic 
views on E.coli YidC insertase (PDB ID: 3WVF, (144)). Conserved and functionally essential TMHs 2, 
3 and 6 are shown in dark. The putative path of a nascent membrane protein and the bilayer thinning 
at the cytoplasmic interface are indicated. (B) FCCS analysis confirms the monomeric state of YidC 
reconstituted into nanodiscs. (159) (C) Auto-correlation curves of YidC-nanodiscs indicate binding 
of RNCs bearing hydrophobic Foc nascent chains, while no binding of empty 70S ribosomes is de-
tected. (D) YidC:RNC interactions depend on the molecular environment and strongly suppressed 
in detergent (“YidC-DDM”) as compared to nanodiscs (“YidC-ND”). (E) A deletion within the 
cytoplasm-facing helical hairpin (“YidCΔ1”) barely affects RNC binding by YidC-nanodiscs in vitro, 
while deletion of the C-terminus (“YidCΔC”) strongly inhibits the complex assembly in absence of 
targeting factors (160).
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of a similar length were exposed from the ribosome, or when a hydrophobic 

domain was only partially exposed from the ribosomal tunnel. No binding 

of either empty or “crude” ribosomes to YidC was observed (Fig. 10C and 

D), although the interaction could be stimulated when the C-terminus of 

YidC was extended with positively charged residues (157, 159). Such critical 

dependence on the nascent chain suggests that the substrate itself plays a 

decisive role in YidC:ribosome interaction. To test this hypothesis further, we 

also studied effects of mutations and deletions within cytoplasmic domains of 

nanodisc-reconstituted YidC on ribosome binding, and assayed the activity 

of YidC in vivo and in vitro (160). While deletions within the helical hairpin 

were lethal for cells and so clearly interfered with YidC functionality, they 

barely affected its interaction with RNCs (Fig. 10E, “YidCΔ1”). Oppositely, 

when the C-terminus of YidC was truncated (“YidCΔC”), the RNC binding 

in vitro was strongly inhibited, but this did not affect cell viability. Furthermore, 

none of those deletions substantially affected the co-translational insertase 

activity of YidC, suggesting that targeting pathways may compensate for the 

structural defects, while cytoplasmic domains play a limited role in direct 

YidC:ribosome assembly.

As the experiments with nanodisc-reconstituted YidC revealed the impor-

tance of the molecular environment, we employed the system to investigate 

whether properties of the lipid bilayer modulate the functioning of YidC (104). 

The FCS approach was extended towards measuring binding affinities for the 

YidC:ribosome complex by titrating stalled ribosomes from sub-nanomolar 

to sub-micromolar concentrations (Fig. 11A). The presence of non-bilayer 

lipids within the nanodisc membrane had moderate effect on the complex 

assembly, as the affinity reduced approx. 3-fold, from 80 to 210 nM upon re-

placing DOPE with DOPC (Fig. 11B). Interestingly, when lipids containing 

unsaturated oleoyl acyl chains (DOPG/DOPC) were exchanged with those 

bearing fully saturated palmitoyl chains (DPPG/DPPC), YidC remained 

fully competent in RNC binding. Efficient cross-linking of the nascent chain 

to the polar crevice of YidC further suggested that the exposed transmem-

brane domain is recognized by YidC and partitioned at the YidC:membrane 

interface in nanodiscs, although the lipid bilayer should form a gel phase 

below 40 °C (Fig. 11C). Differently, when using DOPG/DOPC lipids, rather 
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limited cross-linking efficiency could be observed, as the nascent substrate 

likely leaved the crevice and completely partitioned into the fluid phase lipid 

membrane.

The discovered approach to “immobilize” the nascent chain prior its re-

lease from YidC by using gel phase-forming lipids was employed to probe 

the structure of the YidC:RNC complex by cryo-EM (104). Similar to fluo-

rescence studies (159, 160), complexes could be assembled in vitro by using 

nanodisc-reconstituted YidC and translation-stalled ribosomes. Aiming to 

reduce the flexibility and heterogeneity of the complex, the nanodisc dimen-

sions were decreased by using a truncated version of MSP, MSP1D1ΔH5, 

previously developed for the NMR analysis (73). With the inner diameter of 

Figure 11. Effect of lipids on YidC:RNC interactions. (A, B) FCS allowed measuring the af-
finity of RNCs to YidC reconstituted into nanodiscs of varying lipid compositions (104). (C) Lipid 
membranes in gel phase (“DPPx”, DPPG/DPPC) promote YidC:Foc cross-linking, likely as a result 
of reduced diffusion of the inserted Foc nascent chain, as compared to fluid phase membranes 
(“DOPx”, DOPG/DOPC).
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~ 6 nm, the nanodisc was sufficiently large to accommodate a single copy of 

YidC (6 TMHs), while a complete SecYEG translocon (15 TMHs) could not 

be accommodated. Cryo-EM and single-particle analysis of the YidC:RNC 

complex provided a structure resolved to 3.8–4.0 Å for the ribosome and ~ 10 Å 

for YidC (Fig. 12A) (104). Differently to other ribosome-bound factors, which 

typically manifest somehow lower resolution due to their higher flexibility, but 

form stable connections to the ribosome, YidC did not demonstrate higher 

resolution even at ribosome binding sites. The observation was in agreement 

with the hypothesis that the YidC:ribosome interaction is largely mediated by 

the nascent chain and not specific contact sites (160). Based on the available 

structural data, a model of YidC functional core in the lipid environment was 

built (Fig. 12B), that suggested a conformational change occurring upon the 

ribosome binding and the nascent chain insertion: TMHs 2 and 3 were found 

tilted within the membrane plane, and the essential amphipathic helix was 

deeply buried into the lipid bilayer. To elucidate, whether this conformational 

Figure 12. Conformational dynamics of RNC-bound YidC. (A) Cryo-EM reconstruction of 
YidC:RNC Foc complex (104). (B) A molecular model of the functional core of YidC (TMHs are 
numbered, EH1: extramembrane helix 1) and the membrane-inserted α-helix Foc in nanodiscs derived 
from single-particle analysis. (C) Changes in fluorescence of IANBD fluorophore conjugated within 
YidC upon RNC binding. EH1-conjugated fluorophores (“334” and “342”) demonstrated enhanced 
fluorescence upon interaction of nanodisc-reconstituted YidC with RNC, thus experimentally sup-
porting the model of EH1 displacement towards the core of the bilayer (104).
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change was indeed functionally relevant, or could arise from the nanodisc 

reconstitution, the dynamics of the EH1 helix were analyzed. The environ-

ment-sensitive fluorophore NBD was conjugated within the helix (positions 

334, 342, and 346), and its fluorescence was shown to increase when RNCs 

were added and bound to YidC (Fig. 12C and D), in agreement with the helix 

displacement from the membrane interface into the more hydrophobic envi-

ronment. The displacement of the EH1 helix may be required to synchronize 

movements of TMHs 2 and 3 upon RNC binding, so the nascent chain is 

displaced from the polar crevice of YidC into the lipid bilayer.

Summary and Outlook

Recent applications of the nanodisc technology have for the first time provided 

the opportunity to examine vital processes of membrane protein insertion 

and translocation in a well-defined and physiologically-relevant environment, 

while being compatible with most biochemical and biophysical methods. As 

described above, nanodiscs allowed to isolate and probe the functionality 

of single SecYEG and YidC proteins, whose oligomeric states have been 

debated for over a decade. Analysis of the lipid environment and its effects 

on protein dynamics or interactions within the membrane or at the interface 

have become straightforward when combining nanodiscs with fluorescence 

spectroscopy. In turn, structural studies based on cryo-EM have made it 

possible to visualize distinct stages of the protein translocation occurring in 

the native-like environment.

Still, there are enough challenges in the protein translocation field where 

the nanodisc technology may be applied in the nearest future. So far, most 

of studies investigated rather static conformations formed by the transloca-

tion system in nanodiscs, but have not addressed the intrinsic dynamics of 

the system, such as exchange of SecA protomers upon the translocation, or 

continuous insertion of the nascent chain emerging from the ribosome. While 

some insights on the kinetics can be acquired when conducting real-time 

fluorescence measurements in bulk or studying binding reactions by surface 

plasmon resonance, single-molecule methods have probably the highest 
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potential to resolve details of those molecular reactions and to describe po-

tential heterogeneities and alternative pathways. Furthermore, sufficiently 

large nanodiscs (90) may be used to reconstitute not only single proteins, but 

larger complexes, such as SecYEG:SecDF:yajC or SecYEG:YidC, which have 

been previously described in literature, but which dynamics and structure 

remain intensively debated (161, 162).

Novel technical and computational approaches to cryo-EM data collection 

and processing have recently resulted in the so-called “resolution revolution” 

and have made it possible to solve structures of challenging membrane pro-

teins down to 3–4 Å. Several studies have employed high-resolution cryo-EM 

to investigate the structure of bacterial and eukaryotic translocons and to 

probe their dynamics upon the nascent chain insertion (43, 163). However, 

with a single exception described above (42), detergent-solubilized states 

have been examined so far, thus leaving it unclear whether those structures 

describe the native membrane-embedded protein. At the same time, a range 

of membrane proteins have been successfully studied by cryo-EM after be-

ing reconstituted into nanodiscs, resulting in structures of ~ 4 Å resolution 

(164–166), while a rapidly developing cryo-electron tomography technique 

has already allowed to obtain mid-resolution reconstructions of macromo-

lecular complexes, including membrane systems, in their native state (167, 

168). It seems possible in a near future to use those methods also to study the 

structure of the translocon and its complexes with lipids and soluble partners 

at Angstrom resolution, while employment of the nanodisc reconstitution 

would ensure the compositional homogeneity of the sample needed for sin-

gle-particle analysis (132) and would allow complementary biochemical and 

biophysical characterization.

The overall success of nanodiscs have also stimulated development of alter-

native approaches to isolate and maintain membrane proteins in native-like 

environment. Styrene-maleic acid (SMA) and diisobutylene maleic acid 

(DIBMA) copolymers have been shown to disintegrate cellular membranes 

and to form so-called “native nanodiscs”, which isolate target proteins, in-

cluding the SecYEG translocon, for further analysis (169, 170). In contrast to 

conventional detergent isolation, SMA polymers do not only isolate proteins 

from disintegrated membranes, but also encapsulate a substantial number of 
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native lipids and may protect the intact contacts of the target protein. When 

SecYEG was isolated by SMA, it was shown to co-purify with anionic lipids 

and the SecA motor protein, two essential components for protein translo-

cation (170). Also, SMA-based co-isolation of other membrane components, 

such as YidC and SecDF, has been achieved (170). Importantly, SMA-em-

bedded proteins can be reconstituted back into the lipid membrane and 

even used for crystallization, thus offering new perspectives in experiment 

design (171). Next to polymer-based nanodiscs, new approaches using either 

helical saposin proteins or self-assembling β-strands to stabilize lipid:protein 

assemblies have been reported (172, 173). Similar to MSP-based nanodiscs, 

both methods employ detergent-purified target proteins, which are reconsti-

tuted then with lipids and scaffold proteins to form discoidal particles. The 

primary difference is that the dimensions of formed particles are largely 

determined by the target protein, not by the scaffold. First applications of 

these approaches have immediately demonstrated their compatibility with 

structural analysis (172, 174), but the functionality of isolated proteins should 

be evaluated in future.

Scope of this thesis

Up to date a wealth of functional and structural information about the Sec 

translocon and binding partners, such as SecA and ribosome nascent chains, 

are available. However, the function of another interaction and key compo-

nent for protein translocation has remained obscure: the phospholipids of 

the cytoplasmic membrane. This thesis examines the importance of lipids, in 

particular anionic lipids, for the SecA-SecYEG interaction and identifies the 

lipid bilayer as an active element and functional matrix for protein transloca-

tion. We further introduce two model membranes, nanodiscs and supported 

lipid bilayers, as tools to investigate functional characteristics of the translocon.

Chapter 1 presents an overview about biological membranes and the Sec path-

way. The (dis-) advantages of model membranes for structural and functional 

investigation of membrane proteins in vitro, such as the Sec translocase, are 
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being discussed. Nanodisc technology is discussed in detail and their latest 

applications to investigate Sec-dependent protein translocation is reviewed. 

Chapter 2 describes the functional role of the first anionic-lipid dependent 

step during protein translocation: SecA binding to the cytoplasmic mem-

brane. Small and large nanodiscs harbouring single SecYEG complexes 

surrounded by low and high quantities of lipids were formed to study the 

functional interaction between SecYEG and SecA. It is shown that SecA 

gains access to the SecYEG complex via a lipid-bound intermediate state, 

whilst acidic phospholipids allosterically activate SecA for ATP-dependent 

protein translocation. 

Chapter 3 concerns a functional analysis of the second anionic lipid-dependent 

step during protein translocation. Using SecYEG reconstituted nanodiscs as 

model membranes, the concentration and type of negatively charged lipid was 

altered to investigate the SecA-SecYEG interaction and translocation activity. 

Since both processes showed a different lipid-dependency, at least two distinct 

anionic lipid-dependent steps must exist during translocation. Combining 

our in vitro data with an in silico approach, we show that anionic lipids do not 

only bind to the N-terminus of the SecA, but also interact within the lateral 

gate of SecY. Since this is the site of interaction of the signal sequence, we 

propose a mechanism by which anionic lipid promote the correct folding and 

positioning of an incoming signal sequence of a secretory protein.

Chapter 4 presents real-time observations of the diffusion of single SecYEG 

molecules reconstituted in a supported lipid bilayer. SecYEG diffuses pre-

dominantly as a monomer with two distinct diffusion coefficients. Remarkably, 

binding of ribosome nascent membrane protein chains, causes a significant 

decrease in the diffusion that cannot be explained by the viscosity of the 

surrounding aqueous environment. Rather, the extensive lipid interactions 

of the SecYEG-bound ribosome as suggested by molecular dynamics studies 

impacts the diffusion of SecYEG.
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Abstract

Protein translocation across the bacterial cytoplasmic 

membrane is an essential process catalyzed predominantly by 

the Sec translocase. This system consists of the membrane-

embedded protein-conducting channel SecYEG, the 

motor ATPase SecA, and the heterotrimeric SecDFyajC 

membrane protein complex. Previous studies suggest that 

anionic lipids are essential for SecA activity and that the 

N-terminus of SecA is capable of penetrating the lipid 

bilayer. The role of lipid binding, however, has remained 

elusive. By employing differently sized nanodiscs reconstituted 

with single SecYEG complexes and comprising varying 

amounts of lipids, we establish that SecA gains access 

to the SecYEG complex via a lipid-bound intermediate 

state, whilst acidic phospholipids allosterically activate 

SecA for ATP-dependent protein translocation

. 
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Introduction

About 25–30 % of bacterial proteins are embedded in the cytoplasmic mem-

brane or carry out their distinct functions outside the cell. The majority of 

these proteins are synthesized at ribosomes in the cytoplasm and directed 

to the Sec translocase, the major platform for translocation across and in-

sertion into the cytoplasmic membrane (1). Proteins are targeted to the Sec 

translocase either post-translationally by their amino-teminal (N-terminal) 

signal sequence or co-translationally as ribosome nascent chains. During 

post-translational targeting, secretory proteins are captured by the cytoplas-

mic chaperone SecB which prevents premature (mis)folding and degrada-

tion and keeps the preprotein in a translocation competent state (2). The 

SecB-preprotein complex is bound by SecA, which in turn interacts with 

the heterotrimeric protein conducting channel SecYEG. SecA is a multiple 

domain protein, and enables protein translocation via ATP hydrolysis (3) 

through its interactions with the SecYEG complex and unfolded secretory 

proteins. It has been proposed that SecA directs secretory proteins into the 

SecYEG pore via two short helices (two helix finger) (4). 

The exact targeting mechanism of SecA to the membrane and the dynamics 

of its interaction with the SecYEG channel are poorly understood. Studies 

using cell fractions have shown that SecA cycles between the cytosol and the 

cytoplasmic membrane (5) which was suggested to be ATP-dependent (6). 

As shown with liposomes SecA binds with low affinity to lipids, a process that 

is enhanced by the presence of negatively charged lipids (7, 8). In contrast, 

no binding was found to inner-membrane vesicles (IMV’s) that lack the 

negatively charged lipid phosphatidylglycerol (7). In the free soluble state, 

SecA is inactive for ATP hydrolysis and exhibits only poor peptide binding 

(7). In the lipid-bound state, SecA is thermolabile, but is stabilized by the 

presence of unfolded secretory proteins, an activity that is termed SecA lipid 

ATPase. SecA binds with high affinity to the membrane embedded SecYEG 

complex (KD = 4.5 nM) (9) but it shows only low affinity binding to the 

 detergent-solubilised SecYEG (3.9 μM) (10). Important, acidic phospholipids 

such as phosphatidylglycerol are essential for protein translocation. In vitro, 

the signal sequence of secretory proteins has been shown to bind, fold and 
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penetrate membranes containing acidic phospholipids. These experiments 

indicate that not only the presence but also the type of lipid might play a role 

in the targeting and/or functioning of SecA to the membrane, but an exact 

role for lipid binding has never been demonstrated.

The crystal structure of the SecA-SecY complex in solution has provided 

new insights into the binding mechanism of SecA (4). Binding mostly occurs 

through cytosolic loops 6–7 and 8–9 of SecY via electrostatic interactions to 

the polypeptide-cross-linking (PPXD) and helical scaffold (HSD) domains 

of SecA. However, there are no distinct interactions with phospholipids 

that emerge from the structure. The SecA N-terminus was shown earlier to 

be involved in lipid binding (11). This N-terminus is not conserved but its 

highly amphipathic nature is omnipresent. Because of its net positive charge, 

this region of SecA is predicted to be membrane surface seeking interacting 

with acidic phospholipids (12). Deletion of the N-terminus results in the 

inactivation of SecA but activity can be restored by replacing the N-terminus 

with a His-tag and supplementing SecYEG proteoliposomes with Ni-NTA 

lipids suggesting that membrane tethering is important for functioning (11). 

In the SecA-SecY structure, however, the helical amphipathic N-terminus of 

SecA is positioned away from where the membrane would be located and a 

major conformational change involving a 30 Å translational movement would 

be required to allow this region to deeply penetrate the membrane which 

could potentially impact the SecY binding mode and SecA function. This 

N-terminal displacement of SecA does not only suggest a tethering function 

of the N-terminus but also a key role function in conformational activation 

of SecA upon lipid binding.

Earlier studies have shown that the presence of negatively charged lipids 

is essential for the activity of the Sec translocase. However, the actual role of 

the lipid bilayer in the translocation process remained to be  elucidated. Here, 

we have used two different sizes of nanodiscs harbouring single  SecYEG 

complexes surrounded by different quantities of lipids to study the func-

tional interaction between SecYEG and SecA. Our data suggest that high 

affinity binding of SecA to SecYEG is dependent on the presence of bulk 

acidic phospholipids. We further show that the SecA N-terminus that inter-

acts with acidic phospholipids is not only important to tether SecA to the 
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membrane, but that this binding event induces a conformational change of 

SecA that promotes its interactions with SecYEG. Our data suggests that the 

lipid bound SecA is a true intermediate in the catalytic cycle, and provides 

an explanation why SecA is primed for high affinity SecYEG binding upon 

its interaction with acidic phospholipids. We propose a new mechanism of 

protein translocation, whereby SecA first binds acidic phospholipids in the 

membrane whereupon the lipid bound SecA intermediate interacts with 

SecYEG with high affinity. 

Results

Formation of SecYEG-containing small and large nanodiscs — To 

examine the influence of phospholipids on the reconstituted SecA-SecYEG 

complex, two different nanodisc systems were employed. Nanodiscs are lipid 

patches that are formed by a protein belt, i.e., a scaffold protein. By changing 

the scaffold protein, the size and therefore the amount of lipids in the nano-

disc can be changed (Fig. 1). To generate small nanodiscs, the membrane 

Figure 1. Schematic workflow of nanodisc preparation. Detergent-solubilised SecYEG was 
mixed with lipids and the detergent Na-cholate. Scaffold proteins MSP1E3D1 or ApoE422k were 
added to form small or large nanodiscs, respectively. The formation of discs was initiated by removal 
of detergent using biobeads. SecYEG small and large discs are drawn on relative scale.
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Figure 2. Preparation of SecYC148EG small and large nanodiscs. (A) Single detergent- solubilised 
SecYC148EG complexes were reconstituted into small and large nanodiscs. Nanodiscs were subjected 
to size-exclusion chromatography and (B) visualised by atomic force microscopy. The white bars in 
the bottom right corners represent a lateral scale of 50 nm. The colour coded bars on the right side 
represent height scales. (C) The diameter of small (n = 200) (grey) and large nanodiscs (n = 200) 
(white) was measured and the size-distribution was plotted in a histogram. The centers of gravity 
were found at 12.7 nm and 31 nm for small and large discs, respectively. (D) The height of empty 
(black) and SecYEG (grey) large discs were plotted against their corresponding diameter. On average 
the discs have a height of 3.8 nm, which increases in the presence of SecYEG. (E) The cross-section 
through an empty and SecYEG large disc shows an increase of height caused by the cytoplasmic or 
periplasmic loop of SecYEG. (F) FCCS analysis of the oligomeric state of SecYEG in large discs. 
SecYC148EG was simultaneously labelled with Atto647N (red) and AlexaFluor 488 (blue) and re-
constituted into large nanodiscs. The autocorrelation of the fluorescence of both fluorophores was 
recorded and the cross-correlation (black) was determined. To ensure a monomeric state, SecYEG, 
ApoE422k and lipids were mixed in a molar ratio of 0.25:10:1800. The monomeric state of SecYEG 
in the discs was confirmed by a low cross-correlation. In contrast the oligomeric state, represented 
by high cross-correlation, was achieved when the amount of SecYEG was increased using a SecYEG, 
ApoE422k and lipid molar ratio of 1:10:1800.
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scaffold protein MSP1E3D1 (13) was used. This scaffold protein is derived 

from the apolipoprotein A-1 and forms a two-copy helical belt, yielding discs 

of about ~ 13 nm (13). In contrast, for large nanodiscs the scaffold protein 

ApoE422k, which is the 22 kDa fragment of the Apolipoprotein E-4, was 

employed (14). For this scaffold protein, nanodiscs sizing from 14.5 nm to 

28 nm have been reported (15). Importantly, with ApoE422k the ratio of 

scaffold protein to lipid determines the disc size. Computer simulations have 

shown that each additional copy of ApoE422k increases the disc diameter by 

approximately 4.5 nm (15). By using both nanodiscs systems, it is possible 

to generate compartments where the SecYEG channel is embedded by low 

or high lipid quantities, respectively (See below). In the nanodiscs, the copy 

number of reconstituted SecYEG per disc can be determined via Poisson 

distribution. Since single SecYEG complexes are sufficient for protein 

translocation (16), a SecYEG to lipid molar ratio (0.25:1800) was chosen 

that favors the formation of discs with single SecYEG complexes. This 

method was used previously for the small nanodiscs (17), but the increased 

size of the large nanodiscs caused us to ascertain the above assumption 

experimentally. According to the molar ratio and ~ 1100 lipid molecules 

per 31 nm nanodisc (assuming 8 copies of ApoE422K (15)), 16 % of the 

discs are expected to contain a single copy, while 80 % will be empty, and 

less than 3 % will contain multiple copies of SecYEG, as shown previously 

(18). Nanodiscs were formed using sodium cholate as described (19), with 

a lipid composition of DOPC:DOPE:DOPG (40:30:30 molar ratio) (16). 

Small and large nanodiscs were subjected to size-exclusion chromatography 

(SEM) and analysed by SDS-PAGE. Peak fractions (# 19–26 for large discs 

and # 29–34 for small discs) were pooled (Fig. 2A) and further analysed 

by AFM (Fig. 2B). The diameters of the discs (n = 200 for both large and 

small discs) were analysed, plotted in a histogram and fitted to a Gaussian 

model (Fig. 2C). The mean diameter of the small nanodiscs was found to be 

~ 12.7 nm (σ = 4 nm) which is consistent with data from previous studies (13). 

The diameter of the large nanodiscs was found to be 31 nm (σ = 9 nm). To 

demonstrate that the discs consist of a lipid bilayer, the height of large discs 

was measured (n = 200) (Fig. 2D). On average, the discs had a thickness of 

3.8 nm (σ = 0.3 nm). Considering that the lipids used in this study had a acyl 
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chain length of 18 carbon atoms, the thickness value is in good agreement 

with the expected values for single lipid bilayers (20). Moreover by AFM, 

the presence of SecYEG complexes was detected being evident due to an 

increase in height, which could represent the periplasmic or cytoplasmic 

loop of SecYEG (21) (Fig. 2E). Examination of a set of large nanodiscs 

(n = 200) showed that 14.5 % of the discs showed such elevations, which is 

in agreement with the theoretical expected distribution of single SecYEG 

complexes over the nanodiscs (Fig. 2D). With the experimentally determined 

average sizes of the small and large nanodiscs of 12.7 and 31 nm, the number 

of lipids present in these discs amounts to ~ 160 and 1100, respectively, as-

suming 0.6 nm2 as the lipid head surface area (22). To account for the space 

occupied by single SecYEG complexes, small and large SecYEG nanodiscs 

contain 120 and 1060 lipids, respectively, assuming a surface area of 20 nm2 

for the SecYEG channel.

To further validate the monomeric state of the SecYEG complexes in the 

large nanodiscs, Fluorescence cross-correlation spectroscopy (FCCS) was 

performed. Herein, SecYC148EG was exposed in the label reaction to Atto 

647N and Alexa Fluor488 to ensure that each complex had either one or 

the other attached to it with equal probability. The labelled complexes were 

reconstituted into large nanodiscs as reported previously for small nano-

discs (17). The autocorrelation of the fluorescence of both fluorophores was 

recorded in a laser scanning LSM710 inverted confocal microscope. The 

cross-correlation in the large discs was less than 10 %, representing a mono-

meric state of SecYEG (17) taking into account the low level of nonspecific 

double labelling of SecY (See Materials and Methods). When the amount 

of SecYEG was increased in the reconstitution mix, a cross-correlation and 

therefore an oligomeric state, was detected (Fig. 2F). Both the AFM and 

FCCS experiments therefore demonstrate the presence of single SecYEG 

complexes in the large nanodiscs.

Translocation is dependent on the lipid surface — To study the 

influence of the available lipid surface on the translocation efficiency, the 

SecA-dependent translocation by SecYEG reconstituted into small and 

large nanodiscs was measured using a Förster resonance energy transfer 

(FRET) based translocation assay (16). Herein, the preprotein proOmpA 
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fused at its C-terminus to a dihydrofolate reductase (DHFR) domain was 

used. This domain can be folded in the presence of methotrexate (MTX) 

and NADPH, so that the translocation of proOmpA-DHFR via SecYEG 

is stalled as the bulky, folded DHFR domain blocks further translocation. 

The unique cysteine position 282 of proOmpA-DHFR and C148 at the 

periplasmic side of SecYEG were labelled with the FRET pair Cy3 and 

Atto647N, respectively. When both fluorophores get in close proximity, an 

increase of the FRET signal is detected reminiscent of translocation in the 

compartment-less system (Fig. 3A). SecYEG proteoliposomes and SecYEG 

reconstituted in small or large were incubated with fluorophore-conjugated 

proOmpA-DHFR and SecA until a steady fluorescent signal was achieved. 

Translocation was initiated by addition of 2 mM ATP, which resulted in the 

formation of a SecYEG-preprotein translocation intermediate as evidenced 

by an increase of the acceptor fluorescence (Fig. 3B). As expected, FRET 

was strictly dependent on the presence of ATP and SecA (data not shown) 

(16). Both nanodiscs support translocation, but with SecYEG reconstituted 

in the large nanodiscs, already low SecA concentrations (~ 50 nM) sufficed 

to observe an efficient FRET signal. This concentration of SecA compares 

favourable with the SecA dependence of protein translocation in SecYEG 

proteoliposomes (23). In contrast, for SecYEG-containing small nanodiscs, 

very high SecA concentrations (~ 1 μM were needed to obtain a FRET signal 

indicating very inefficient translocation (Fig. 3C). These data suggest that 

the presence of a larger available lipid surface in the large nanodiscs allows 

for efficient translocation.

SecA binding to SecYEG is dependent on the lipid surface — To 

determine whether the translocation deficiency of SecYEG in small discs 

was due to an impeded interaction of SecA with SecYEG, the SecA-Se-

cYEG binding was determined using Microscale Thermophoresis (MST). 

With this method, the movement of a fluorescently labelled molecule along 

a temperature gradient is traced. By applying heat to these molecules, their 

hydration entropy decreases which results in an enhanced diffusion out of 

the heated spot. This effect can be monitored by a decrease of fluorescence 

in the  heated area. When adding a binding partner, the hydration of the flu-

orescently labelled protein will change and therefore resulting in a different 
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movement along the temperature gradient, which can be detected by an 

altered, usually slower decrease of fluorescence. Such binding events can be 

transformed into a binding curve. To employ the MST method, fluorescently 

labelled SecYEG in small or large nanodiscs was titrated with increasing 

amounts of SecA and the temperature gradient movement of the nanodiscs 

was traced (Fig. 4A). SecA binds with high affinity to SecYEG present in 

Figure 3. Large lipid surface enhances SecA-dependent translocation (A) Principle of real-time 
FRET-based assay. The prefolded DHFR domain fused to the precursor protein proOmpA cannot 
be translocated via the SecYEG pore which stalls translocation and brings the donor-acceptor pair in 
close proximity for efficient FRET. (B) SecYEG proteoliposomes (black), SecYEG large discs (blue) 
or SecYEG small discs (grey) were incubated in the presence of Cy3-conjugated proOmpA-DHFR 
and 50 nM (left panel) or 1000 nM (right panel) SecA. Translocation was initiated by the addition of 
ATP, the formation of a stable SecYEG-preprotein intermediate was recorded following the acceptor 
fluorescence. (C) ProOmpA translocation as a function of SecA concentration using SecYEG prote-
oliposomes (black circles), SecYEG large discs (white squares) or SecYEG small discs (white circles). 
The acceptor fluorescence signal after addition of ATP (time window t = 70 s to 120 s) was plotted 
against a logarithmic time scale, data points were fitted linear with the equation y = a + bx, wherein 
a represents initial intensity with b as translocation rate. The translocation rate was plotted against 
the SecA concentration. Large nanodiscs are highly active and support translocation at low SecA 
concentrations (50 nM), whereas small nanodiscs need a very high SecA concentration (~ 1–2 µM).
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large nanodiscs (KD ~ 300 nM) with a Hill coefficient of 1 indicating a non-co-

operative binding between one SecA dimer and one SecYEG complex. In 

contrast SecA binding to SecYEG in small nanodiscs occurred with a very 

low affinity (KD ~ 3 μM). Instead of the synthetic lipid mixture, SecYEG was 

reconstituted in large nanodiscs comprising of native E. coli lipids. Binding 

of SecA to SecYEG in native lipids was slightly less efficient compared to 

the synthetic lipid mixture DOPC:DOPE:DOPG (40:30:30 molar ratio) 

(Fig. 4A). No SecA binding was detected, when SecYEG large discs were 

used that lacked the anionic lipid DOPG, DOPC:DOPE (40:60, molar ratio). 

This is in good agreement with earlier studies, showing that anionic lipids 

are essential for protein translocation (7, 8).

To investigate the SecA binding in the absence of SecYEG, the ApoE422k 

was fluorescently labelled. Now a linear increase of the binding to large nano-

discs was observed, which did not saturate (Fig. 4B). The non-saturating 

binding behavior of SecA suggests non-specific lipid binding. Taken together, 

these results indicate that the available lipid surface is an important factor in 

high affinity SecA-SecYEG binding.

Figure 4. SecA-SecYEG binding affinity is dependent on lipid surface area. Microscale ther-
mophoresis (MST) was performed to measure the binding of SecA to nanodiscs. (A) SecA binding 
curves of SecYEG reconstituted in small (black squares) or large (black and white circles and white 
squares) nanodiscs as a function of the SecA concentration. With the large nanodiscs, the lipid com-
position was changed showing SecYEG in native E. coli lipids (white squares), DOPG:DOPC:DOPE, 
30:40:30 (molar ratio) (black circles), and DOPC:DOPE, 40:60 (molar ratio) (white circles). (B) 
SecA binding curves of lipid-filled (white circles) and SecYEG-reconstituted (black circles) large 
discs as a function the SecA concentration. While SecA binds to empty discs in a nonsaturable 
manner (linear) up to 10 μM SecA, the interaction with SecYEG discs remains specific (sigmoidal). 
Experiments were performed in triplets.
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Figure 5. The SecA N-Terminus allosterically activates SecA for high affinity binding to 
SecYEG. (A) Side-view of the T. maritima SecA-SecYEG complex (4). The trimeric SecYEG com-
plex is highlighted in red, yellow and blue, respectively. The N-terminus of SecA (grey) is highlighted 
in magenta and demonstrates the remote location from the membrane. In order to penetrate the 
membrane, the N-terminus would have to perform a ~ 30 Å translational movement (arrow) (B) E. coli 
BL21.19 temperature sensitive secA strain, expressing plasmid-borne SecA mutants, was grown at 
permissive (30 °C) or nonpermissive (42 °C) temperature. When overexpressed (lower panel), SecA 
and a SecALinker could rescue the phenotype at the nonpermissive temperature. SecAΔN20 is inactive, 
but also complements when overexpressed at a low level. (C) SecA (variant) sample was supplemented 
with SecYEG proteoliposomes and the ATPase activity was measured in the absence and presence 
of proOmpA. SecA Linker (grey bar) shows low enzymatic activity at low concentrations (50 nM), but 
close to wild type (black bar) activity at high concentrations (500 nM). In contrast, even at high 
concentrations the N-terminal deleted SecA (white bar) barely shows activity. Wild type activity of 
100 % refers to an activity of 4.8 nmol/min (D) The SecA-dependent translocation of proOmpA into 
SecYEG proteoliposomes was plotted against the SecA concentration. SecA Linker (grey bar) shows 
a low translocation activity at low concentrations, but wild type (black bar) activity at 2000 nM. 
The N-terminal deletion (white bar) of SecA disrupts its function. The asterisk represents SecYEG 
proteoliposome sample that lacked the polar lipid DOPG, which caused a translocation deficiency 
for SecA (mutants). (E) MST based SecA binding curves to SecYEG large discs for the wild type 
SecA (black square), SecALinker (dark grey rhombus), SecAΔN20 (light grey circle). Although SecALinker 
and SecAΔN20 show a decrease in binding affinity, they showed saturation of binding at very high 
concentrations. Experiments were performed in triplets.
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Lipids induce a conformational change to SecA to prime it for high 

affinity SecYEG binding — Previously, it was shown that the N-terminus 

of SecA binds acidic phospholipids (11, 12) and is capable of penetrating 

the lipid bilayer (24) to function solely to tether the SecA to the lipid bilayer 

(11). However, in the Thermotoga maritima SecA-SecYEG complex structure 

in detergent, the N-terminus of SecA is positioned such that it would not 

contact the lipid bilayer (Fig. 5A). A relocation of the N-terminus to the lipid 

bilayer can occur only when SecA undergoes a large conformational change. 

To discriminate between a tethering function and a conformational change, 

we designed a SecA mutant harbouring a 10 amino-acid linker after the first 

20 amino acids of the N-terminus (SecALinker). If the N-terminus is solely 

responsible for membrane tethering, the linker insertion should not affect the 

activity. In contrast, the linker would disrupt a lipid induced conformational 

function of the N-terminus. Plasmids bearing wild type SecA, SecALinker and 

the N-terminal truncated SecAΔN20, which was previously shown to be inac-

tive (11), were transformed into E. coli BL21.19 to test for complementation 

of the SecA function. This strain harbors a secATs mutation and is not viable 

at non-permissive temperatures (42 °C), while growth can be restored by a 

plasmid-based SecA expression. Although the SecALinker mutant was able 

to complement the SecA deficiency, it did so with a much lower efficiency 

than the wild type SecA. In contrast, the deletion of the N-terminus was 

lethal (Fig. 5B). When the SecA (variants) were overexpressed in the same 

strain, the SecALinker could largely restore growth, while SecAΔN20 hardly 

complemented. 

To investigate the SecA (variant) activity in vitro an ATPase activity assay in 

the presence of SecYEG proteoliposomes was performed (Fig. 5C). Thereby, 

the ATPase hydrolysis activity of SecA in the absence (basal ATPase) and 

presence of proOmpA (translocation ATPase) was determined by measuring 

the free phosphate concentration using a malachite green reagent. At low 

concentrations (50 nM) SecA (variants) barely showed ATPase activity. In 

the presence of proOmpA the translocation ATPase activity of wild type SecA 

increased, while the mutants were still barely active. Interestingly, at high 

SecA concentrations (500 nM), SecALinker performed ATP hydrolysis close 

to wild type level in the absence and presence of proOmpA. 
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To further examine the concentration-dependent SecALinker activity, 

proOmpA translocation assays were performed with SecYEG proteolipo-

somes. Translocation of proOmpA into the SecYEG proteoliposomes results 

in the appearance of proOmpA that is protected against externally added 

proteinase K. The formation of proteinase K-protected proOmpA is depen-

dent on ATP while the rate of translocation saturates at about 200 nM SecA 

(Fig. 5D). As expected, SecAΔN20 did not show any translocation activity. 

However, the SecA with the linker insertion was barely active at nominal 

SecA concentrations (200 nM), but at very high concentration (~ 500 nM), 

supported proOmpA translocation at rates comparable to those observed 

with wild type SecA at much lower concentrations.

To investigate the reason for the remarkable concentration-dependent ac-

tivity of SecALinker, the binding of SecA to SecYEG reconstituted into large 

nanodiscs was tested (Fig. 5E). In comparison to wild type SecA, the binding 

affinity of SecALinker is strongly reduced. However, at very high concentration 

(2 μM) saturation of binding was detected, which demonstrates that the linker 

insertion impacts translocation by reducing the SecA-SecYEG binding affin-

ity. Interestingly, SecAΔN20 shows a similar reduced binding affinity but this 

mutant is also inactive at high concentrations. These data therefore suggest 

that the lipid interaction of the N-terminus of SecA in addition to tethering 

the SecA to the membrane, functions by allosterically activating the SecA 

for high affinity SecYEG binding and ATP hydrolysis.

Discussion

During protein translocation, SecA and SecYEG form a functional interaction 

unit. A crucial step in this process is the targeting of SecA to the cytoplasmic 

membrane. Although it has been shown that anionic lipids are crucial for the 

SecA function (7, 8), the exact role of the lipids has remained elusive. Here, 

we designed small and large nanodiscs, containing a single copy of SecYEG 

surrounded by low or high lipid quantities, respectively. The formation of 

nanodiscs was confirmed by size exclusion chromatography and AFM. It 

demonstrated that SecYEG and the scaffold protein MSP1E3D1 (for small 
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discs) or ApoE422k (for large discs) eluted in one fraction during the purifi-

cation. Small discs showed an average diameter of 12.7 nm, which is in good 

agreement with the 13 nm reported before (13). The large nanodiscs had a size 

of 31 nm. However, in comparison to the small discs, the size distribution of the 

large discs was much broader. Considering that MSP1E3D1 always forms a 

two-copy belt around the lipids, while the copy number of ApoE422k can vary, 

the broader size distribution is not surprising. It has been suggested that the 

ApoE422k to lipid ratio determines the particle size (15). A previous study by 

Blanchette et al. reported disc sizes ranging from 14 nm to 33 nm, when a ratio 

of ApoE422k:lipid of 10:1300 was used (25). A recent study using the same 

reconstitution ratio as described in this work (ApoE422k:lipid ratio: 10:1800) 

reported a monodisperse disc size of 23 nm. However, the discs sizes increased 

and a broader size distribution was achieved when the lipid composition was 

changed from POPC to a more complex lipid composition (19). Therefore 

the disc sizes reported here are in good agreement with early studies.

The SecYEG complex was reconstituted such that according to Poisson 

distribution a monomeric state was achieved in 16 % of the discs, while 80 % 

remained empty. It has been reported earlier that the disc size increased when 

the membrane protein bacteriorhodopsin (bR) was reconstituted (25). With 

bR, not only monomeric but also trimeric states were achieved. Here, the 

presence of reconstituted single SecYEG complexes did not have an effect 

on the disc size. When measuring the height of the large discs, some discs 

showed a local increase in height. These height increases have been shown 

in earlier studies to correspond to the periplasmic and cytoplasmic loop of 

SecYEG (21). Therefore, the local height increases allowed us to determine 

the number of discs containing SecYEG. About 14.5 % of the discs showed 

an increased height representing reconstituted SecYEG complexes, which is 

in good agreement with the Poisson distribution calculation to determine the 

reconstitution efficiency. To further assess the oligomeric state of SecYEG in 

the large discs, a FCCS experiment was performed. Thereby the cross-correla-

tion between differently labelled and reconstituted SecYEG complexes was 

determined. For large discs the cross-correlation was determined to be less 

than 10 %, which is due to excitation cross talk and unspecific double-labelling 

as reported earlier (17). When the SecYEG to ApoE422k ratio was changed 
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from 0.25:10 to 1:10, statistically resulting in 14 % of the discs containing 

multiple copies of SecYEG, a cross-correlation of 50 % was detected. Overall, 

these data are in good agreement with the FCCS experiments performed by 

Taufik et al. demonstrating a monomeric SecYEG state in small discs (17).

Based on our findings and the resulting average size distribution of the 

small and large nanodiscs, the single reconstituted SecYEG complexes will 

be surrounded by ~ 120 and 1060 phospholipids, respectively. Strikingly, Se-

cYEG complexes present in the small nanodiscs are barely active for protein 

translocation using a FRET assay reported previously (17). Only at very high 

SecA concentration, activity is detected. In contrast, the single SecYEG pres-

ent in the large nanodiscs is active already at the SecA concentrations needed 

to induce protein translocation in SecYEG proteoliposomes or IMVs. The 

translocation activity of SecA in the nanodiscs as addressed with a FRET 

based assay correlates with the ability to bind SecYEG. While in the large 

nanodiscs, protein translocation already was detected at 50 nM SecA, very 

high SecA concentrations where needed to support protein translocation in 

the small nanodiscs (i.e., up to 1 µM). SecYEG present in large nanodiscs 

showed a KD  for SecA binding of about 300 nM, with the small nanodiscs a 

KD of ~ 3 μM was obtained. The latter is in the same order of magnitude as 

binding as the KD of SecA to detergent-solubilised SecYEG (~ 3.9 μM) (10). 

This poor binding affinity might be explained by several aspects. According to 

the dimensions of SecYEG approx. 20 % of the small discs will be occupied 

by the translocation complex, leaving only a low lipid surface area unoccupied 

(26). Therefore, the binding of SecA to the disc might be hindered due to 

spatial interference with SecYEG. This idea is supported by the observation 

that SecA-empty disc binding curves show a linear increase and as expected, 

no saturation. The data imply that SecA binds unspecifically to lipids, but spe-

cifically to SecYEG. Compared to proteoliposomes, SecYEG large discs still 

show a lower binding affinity for SecA (1–3 nM versus 300 nM, respectively). 

This difference could suggest that although the disc size was increased, the 

lipid area is still not large enough to support the most efficient binding. Fur-

ther, as shown by AFM, only 14.5 % of the discs contained a copy of  SecYEG. 

Although not labelled, the remaining 85.5 % empty discs can be bound un-

specifically by SecA. Even though unspecific binding of SecA to empty discs 
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was only observed at high SecA concentrations, we cannot exclude that lipid 

binding interfered with the KD calculations from the MST data. Therefore 

the calculation yields an apparent KD. Further, a binding defect could be 

due to the planar organization of the bilayer in the discs possibly providing 

a different lateral lipid pressure as compared to curved liposomes. It is well 

established that SecA binds acidic phospholipids through its amphipathic 

N-terminus. This region of SecA is known to penetrate the lipid bilayer as 

shown with Langmuir planar lipid monolayers (6) and membrane vesicles 

(27). Possibly, a spherical shape of the liposomes favors membrane insertion 

of the N-terminus as compared to the planar nanodiscs bilayers. 

To investigate the importance of the lipid composition, also SecA binding 

to SecYEG large discs comprising native E. coli lipids was measured. E. coli 

cytoplasmic membranes contain approx. 25 % PG (28), which is similar to 

the DOPG concentration of the synthetic lipid mixture used in this study. 

SecA binding was slightly less efficient when SecYEG was reconstituted into 

native E. coli lipids. No SecA binding was detected when the SecYEG large 

discs lacked the anionic lipid DOPG, which is consistent with earlier studies 

showing that this lipid mixture also does not support translocation (7, 8, 23).

Our data support the notion that SecA first needs to bind to acidic phos-

pholipids via ionic interactions with its N-terminus before it can bind SecYEG 

with high affinity. Previously, we have shown that acidic phospholipids form 

a annulus around the SecYEG channel (29) and we hypothesize that this 

phenomenon contributes to the SecA binding and activity. The N-terminus 

may have two distinct functions: a membrane tethering and/or an allosteric 

function, whereby lipid binding induces a conformational change on SecA. 

In this respect, in the Thermotoga maritima SecA-SecYEG complex structure, 

the N-terminus of SecA is positioned such that it would not contact the lipid 

bilayer. It is important to note here that the crystal structure was produced 

with detergent solubilised protein in the absence of a membrane. However, 

as predicted from this structure, at least a 30 Å translational movement of 

the N-terminus of SecA is needed to penetrate the membrane. Given the 

proximity of the N-terminus of SecA to the NBF1, such reallocation is pre-

dicted to evoke a conformational change to SecA that may directly affect the 

ATPase activity and the ability of SecA to binding SecYEG. To discriminate 
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between a sole tethering function and the proposed conformational change, or 

a combination of both, a SecALinker mutant was constructed which contained 

a flexible 10 amino acid linker after the first 20 amino-terminal residues. This 

linker should not disrupt the N-terminal tethering function, but should no 

longer or less efficiently be able to inflict the lipid binding dependent proposed 

conformational change. Indeed, the activity of SecALinker was substantially 

reduced both in vitro and in vivo, but activity was fully restored when high 

levels of SecALinker were used. In contrast, removal of the N-terminal 20 amino 

acid (SecAΔN20) rendered SecA essential inactive even when tested at high 

concentration, consistent with previous studies (11). Both the SecALinker and 

SecAΔN20 showed a reduced ability to bind SecYEG as compared to the 

wild type SecA. The residual lipid binding of SecAΔN20 might relate to the 

C-terminus that has been shown to also bind to lipids (30). Importantly, the 

observation that high levels of SecALinker restore the activity is consistent with 

our proposed allosteric binding mechanism in which SecA is initially recruited 

to the membrane via a lipid bound intermediate whereupon it changes its 

conformation thereby becoming primed for high affinity SecYEG binding. 

With SecALinker this priming step is deficient, thus allowing SecYEG binding 

only with lower affinity, hence the need for high levels of SecA.

To summarize, our study provides evidence for a new mechanism by which 

SecA binds to the SecYEG complex, wherein SecA binds to negatively charged 

lipids via its positively charged N-terminus leading to a lipid-bound interme-

diate. This process is associated with a conformational change of SecA that 

is brought about by penetration of the N-terminus of SecA into the lipid 

membrane. This step is essential for high-affinity SecYEG binding and thus 

the initiation of protein translocation thereby providing a mechanism that 

involves the lipid bound SecA as a true intermediate in the translocation cycle. 

One may speculate that the large lipid surface allows recruitment of SecA at 

high rates, upon which SecA diffuses over the two-dimensional surfaces and 

encounters SecYEG. The significantly larger area presented by the lipid sur-

face compared to the SecA-binding area on SecYEG may act as an antenna to 

kinetically enhance the binding of SecA to SecYEG in a manner reminiscent 

of the manner with which DNA-binding proteins bind to DNA and diffuse 

1-dimensionally along the duplex before binding their cognate site (31)
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Experimental procedures

Cloning procedure — Wild type secA and secA mutants were generated 

from pMKL18 (32) and cloned into pTrc99A. Standard cloning techniques 

were used to generate the N-terminal truncated SecA (SecAΔN20) that lacks 

amino acids 1–20. The generation of secALinker, with an (SAG)2(SAAG) linker 

inserted after the first 20 N-terminal amino acids was carried out by overlap 

PCR using the primers indicated in Table 2.

In vivo complementation assay — Plasmids encoding for wild type SecA, 

SecAΔN20 and SecALinker were transformed into the secATs mutant strain 

E. coli BL21.19 and tested for the ability to complement the SecA deficiency 

by growing on LB plates at non-permissive temperatures as described previ-

ously (33). For overexpression, plates were supplemented with 10 μM IPTG.

Protein production and purification — E. coli BL21 (DE3) harbouring 

wild type SecA or SecA mutants, designed in this study, was grown at 37 °C 

until an OD600 of 0.6, whereupon protein expression 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, resuspended in 25 mM HEPES/KOH pH 6.5 and stored at 

−80 °C. SecA was purified as described before (34). 

Table 1 Strains and plasmids used

Strain/plasmid Description Source

E. coli strain

DH5a F-, endA1, glnV44, thi-1, recA1, relA1, gyrA96, deoR, nupG, 

Φ80dlacZΔM15, Δ(lacZYA-argF)U169, hsdR17(rK- mK+), λ− 

(41)

SF100 F-, lacX74, galE, galK, thi, rpsL (strA), ΔphoA(pvuII), ΔompT (42)

BL21 (DE3) F- ompT hsdSB(rB–, mB–) gal dcm (DE3) (43)

BL21.19 secA13(Am) supF(Ts) trp(Am)zch::Tn10 recA::CAT clpA::KAN (44)

Plasmids

pEK20-C148 SecY (L148C)EG (16)

pET504 proOmpA (S282C;C290S;C302S)-DhfR (C334S) (38)

pMKL 18 E. coli SecA under control of lac promoter/operator (32)

pTrc99 SecA Wild type SecA This study

pTrc99 SecA ΔN20 SecA with N-Terminal 20 aa deletion This study

pTrc99 SecA linker SecA with (SAG)2(SAAG) after the first N-Terminal 20 aa This study
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The proOmpA derivative fused to dihydrofolate reductase (proOmpA- 

DHFR) was overexpressed from pET504 in E. coli DH5α, purified from inclu-

sion bodies and stored in 8 M Urea as described previously (35). ProOmpA- 

DHFR harbouring a cysteine mutation at position 282 in the OmpA domain 

was labelled with Cy3. Free dye was removed by TCA precipitation.

SecYEG was overexpressed in E. coli SF100 and purified from IMVs as de-

scribed before (35). Briefly, IMVs were solubilised with 2 % DDM for 30 min 

in the presence of 1 Complete Protease inhibitor tablet (Roche). The solu-

bilised membranes were incubated with Ni+-NTA beads (Qiagen) for 2 h and 

transferred to a Bio-spin micro column (Bio-Rad). The column was washed 

6 column volumes with a washing buffer containing 50 mM phosphate buffer 

pH 7, 100 mM KCl, 0.1 % DDM, 10 mM Imidazole and 20 % Glycerol. The 

Ni+-NTA bound SecYEG was labelled with 600 μM of either Atto 647N, Alexa 

488 or Cy5 for 2 h at 4 °C. The labelling procedure was performed at pH 7 

to ensure a higher labelling specificity and efficiency. Free dye was removed 

by extensive washing with washing buffer. SecYEG was eluted with 300 mM 

imidazole. The purity and concentration of SecYEG and the fluorophores 

was estimated by SDS-PAGE and spectrophotometrically. 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. 

Table 2 Primers used in this study

Primer 

name

Primer sequence 5’-3’ 

ABS49 GTAGTAGTAGAGCTCATGCTAATCAAATTGTTAACTAAAG

ABS50 GTAGTAGTATCTAGATTATTGCAGGCGGCCATG

ABS51 GTAGTAGAGCTCATGCATCATCACCACCACCATGGCAGCGGCAGCAT-

GCTAATCAAATTGTTAACTAAAG
ABS52 GTAGTAGTAGAGCTCATGCGCAAAGTGGTCAAC

ABS53 GTAGTAGAGCTCATGCATCATCACCACCACCATGGCAGCGGCAGCATGC-

GCAAAGTGGTCAAC
ABS54 CACCAATGCTTCTGGCGTCAGG

ABS55 GCCCGCCGCGCTGCCCGCGCTGCCCGCGCTCCGGCGCAGGGTGCGATC

ABS56 AGCGCGGGCAGCGCGGGCAGCGCGGCGGGCATGCGCAAAGTGGTCAAC

ABS57 CAGACCGCTTCTGCGTTCTG
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The expression clone to produce the scaffold protein ApoE422k represent-

ing an N-terminal 22 kDa fragment of the human apolipoprotein E4, har-

bouring a 6-His and thioredoxin (Trx) tag was kindly provided by Prof. James 

Rothman (Yale University, New Haven, USA). ApoE422k was produced and 

purified as described (19). MSP1E3D1 was kindly provided by Prof. Stephan 

Sligar (University of Illinois, Urbana, USA) and produced and purified as 

previously reported (36).

Reconstitution of SecYEG into proteoliposomes —  A lipid mixture 

containing DOPC:DOPG:DOPE (molar ratio 40:30:30), or DOPC:DOPE 

(molar ratio 40:60) (Avanti Biochemicals, Birmingham, USA) (100 µl; 4 mg/ml) 

was solubilised with 0.5 % Trition X-100 and mixed with 2.5 nmol purified 

SecYEG. Reconstitution was performed as described before (37).

Nanodisc reconstitution of SecYEG — For nanodisc formation, a lipid 

mixture containing DOPC:DOPG:DOPE (molar ratio 40:30:30), DOPC: 

DOPE (molar ratio 40:60) or E. coli phospholipids (Avanti Biochemicals, 

Birmingham, USA) was dried in a vacuum evaporator. Remaining traces of 

chloroform were removed by further drying of the lipid film in a desiccator 

overnight. Lipids were resuspended in a buffer containing 23 mM Na-cholate, 

25 mM HEPES/KOH, pH 7.4, 140 mM KCl, 0.17 mM DTT. For small nano-

discs formation SecYEG, MSP1E3D1 and lipids were mixed in a molar ratio of 

1:10:250. Large nanodiscs were produced by mixing SecYEG, ApoE422k and 

lipids in a molar ratio of 0.25:10:1800. The reconstitution mixtures were incu-

bated at 4 °C for 1 h. Detergent was removed using Bio-Beads SM2 sorbent 

(Bio-Rad) in an overnight step. Minor amounts of formed proteoliposomes 

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

subjected to size-exclusion chromatography by fast protein liquid chroma-

tography using a Superose 6 column (GE Healthcare), and 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 analysed by SDS-PAGE.

In vitro proOmpA translocation assay — The activities of wild type 

and mutated SecA were analysed by a standard proOmpA translocation and 

protease protection assay (38).

ATPase activity assay — ATPase activity assay of SecA was per-

formed with minor modifications as described before (7, 39). A reaction 
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mixture containing 25 mM HEPES/KOH, pH 7.4, 25 mM KCl, 5 mM 

MgCl2, 0.1 mg/ml BSA, 2 mM DTT, 0.04 mg/ml SecB, 5 μM SecYEG prote-

oliposomes and 50 or 500 nM wild type or mutated SecA was prepared. To 

measure the proOmpA-dependent SecA activity proOmpA was added to a 

final concentration of 0.04 mg/ml. The basal SecA activity was measured by 

adding an 8 M Urea buffer instead of proOmpA. Reactions were initiated 

by addition of 5 mM ATP and performed at 37 °C for 30 min. Following, 

samples were diluted to reach an ATP concentrations below 0.25 mM. Free 

phosphate was quantified using a Malachite Green Phosphate Assay Kit 

(GENTAUR).

Atomic force microscopy — Nanodiscs were diluted in a buffer contain-

ing 50 mM HEPES/KOH, pH 7.4, 50 mM KCl, 5 % glycerol and 100 mM 

MgCl2 to a final concentration of approximately 1 nM. By incubation of this 

solution for 10 min with freshly cleaved mica, the nanodiscs were immobilised 

on the surface. Non-immobilised material was rinsed off. Atomic force mi-

croscopy (AFM) images were recorded in tapping mode in ScanAsyst-fluid 

regime by a Multimode 8 instrument, Controller V (Bruker). Images were 

taken using SNL-A silicon probes with a reflective Au coating on the back 

side and a tip radius of 2 nm. All images were obtained in buffer at room 

temperature using a spring constant of 0.35 N/m. A 2 kHz tapping frequency 

was used with a scan size of 3 μm, a scan speed of 0.2 Hz and a 1024 lines/

sample resolution capability. Analysis of height and diameter of the recorded 

images was performed manually using NanoScopeAnalysis 1.2 software.

Microscale Thermophoresis — Microscale Thermophoresis experiments 

were performed using a Monolith NT.115 from Nanotemper Technologies 

(Munich, Germany) to assess the binding of SecA to the SecYEG contain-

ing nanodiscs. A serial dilution of unlabelled SecA or a SecA mutant was 

prepared using a buffer containing 50 mM HEPES/KOH, pH 7.4, 50 mM 

KCL, 5 % glycerol and 0.5 mg/ml BSA. Cy 5 labelled SecYEG reconstituted 

in either small or large nanodiscs and ATP was added to a final concentration 

of 50 nM and 5 mM, respectively. The samples were loaded into Monolith 

NT.115 Series MST Premium Coated Capillaries and MST measurements 

were performed using 80 % LED power and 80 % IR-laser power. Data were 

fitted using the Hill equation.
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FRET measurements — FRET assays to examine protein translocation 

into SecYEG reconstituted nanodiscs were performed using SLM2 spectroflu-

orometer (Aminco Bowmann), as described previously (16).  Briefly, proOmpA- 

DHFR was labelled with Cy3-maleimide (donor) (εEX= 550, εEM= 570) and 

the DHFR domain was folded in the presence of methotrexate and NADPH. 

SecYC148EG was labelled with Atto647N (acceptor) (εEX= 650, εEM= 670). 

FRET-based real-time translocation of 200 nM prefolded proOmpA- DHFR-

Cy3 was performed in the presence of 200 nM SecYC148EG-Atto647N recon-

stituted small or large nanodiscs, 50 mM HEPES/KOH, pH 7.4, 30 mM KCL, 

5 mM MgCl2 and 10 mM DTT. Translocation was initiated with 5 mM ATP 

whereby the donor fluorophore was excited at 525 nm and FRET efficiency 

was measured as an increase in acceptor fluorescence at 670 nm.

Fluorescence cross-correlation spectroscopy — Fluorescence cross- 

correlation spectroscopy (FCCS) experiments were performed on a dual- 

color laser scanning LSM710 inverted confocal microscope (Zeiss GmbH). 

A He-Ne laser at 488 nm and an argon laser at 633 nm were used to excite 

the fluorophore-conjugated SecYC148EG. The fluorescence was recorded in a 

blue (505–570 nm) and red (640–700 nm) channel. SecYC148EG was labelled 

with Atto647N and AF488 simultaneously (17, 18). The labelling efficiency 

for each fluorophore reached approximately 55 %, resulting in a 110 % overall 

labelling efficiency. This slight overlabelling suggests a small amount of un-

specific labelling. Fluorescently labelled SecYC148EG was reconstituted into 

large nanodiscs. Auto-correlation in fluorescence for both fluorophores was 

recorded and analysed as described before (40).
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The abbreviations used are: N-terminal, amino-terminal; IMVs, inner mem-

brane vesicles; PPXD, polypeptide-cross-linking domain; HSD, helical scaf-

fold domains; IPTG, isopropyl 1-thio-β-D-galactopyranoside; OmpA, outer 

membrane protein A; DHFR, dihydrofolate reductase; DDM, n-Dodecyl 

β-D-maltoside; Apo, Apolipoprotein; MSP, major scaffold protein; DOPC, 

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

3-phosphoglycerol; DOPE, 1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine; 

SEM, size-exclusion chromatography; AFM, atomic force microscopy; MST, 

Microscale thermophoresis; MTX, Methotrexate; FCCS, Fluorescence cross- 

correlation spectroscopy, bR, bacteriorhodopsin; NBF, nucleotide binding fold.
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Figure S1 related to Figure 1. Height of large SecYEG discs. On average the large discs have 
a height 3.8 nm (min height), which increases in the presence of SecYEG (max height). The max 
and min height of SecYEG large discs was measured by AFM. If max and min height were equal 
the discs were considered empty lipid Apo Nd. If max and min height were different the discs were 
classified as SecYEG Apo Nd. 14.5 % of the analysed discs (n = 200) contained a copy of SecYEG. 
The max height of lipid Apo Nd’s and SecYEG Apo Nd’s was plotted. The height range of lipid Nd’s 
was narrower than when SecYEG was present.

Figure S2 related to Figure 1. FCCS analysis of multimeric SecYEG in large discs. To 
confirm a multimeric state of SecYEG in large discs, FCCS analysis was employed. SecYEG was 
labelled with Atto647N and AlexaFluor 488 simultaneously. To ensure a multimeric state, SecYEG, 
ApoE422k and lipids were mixed in a molar ratio of 1:10:1800, which results in approximately 14 % 
of discs harbouring multiple copies of SecYEG. The multimeric state of SecYEG in the discs was 
confirmed by a high cross-correlation
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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, 
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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. 
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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. 
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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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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).



116

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

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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Abstract

Protein translocation and membrane protein insertion across 

and into the bacterial cytoplasmic membrane is an essential 

process mainly catalyzed by the Sec translocase. In its minimal 

form it is composed of the membrane-embedded protein-

conducting channel SecYEG with the associated motor ATPase 

SecA or a translating ribosome. Various mechanistic studies 

were conducted using detergent-solubilized Sec translocons. 

However, detergent may alter structural and thus functional 

properties of proteins. Alternatively, model membranes provide 

a tool for biochemical and biophysical studies in physiologically-

relevant environments. Here, we used supported lipid bilayers as 

model membranes and analysed the motion of single SecYEG 

particles to examine their diffusional characteristics and 

oligomeric state. We found two distinct diffusional populations, 

the first displaying a diffusion coefficient of 0.03 µm/s2 on 

average, the second, a much faster diffusing population, with 

an average diffusion rate of 0.7 µm/s2. Furthermore, we found 

the majority of the mobile population to be monomeric. 

Interaction with SecA did not affect the monomeric state, but 

caused a slight decrease in the diffusion rates of translocons. 

In contrast, ribosome:nascent chain complexes (RNCs) 

significantly slowed down the diffusion of single SecYEG. 

These data suggest that extensive lipid interactions significantly 

contribute to the diffusion of RNC:translocon complexes.



121

4

Single-molecule observation of the  ribosome-Sec translocon interaction in planar bilayers

Introduction

About 25 to 30 % of the total bacterial proteins synthesized at ribosomes within 

the cell carry out their metabolic and structural function in compartments 

outside the cytoplasm. The major route in bacteria for exporting these proteins 

beyond the cytoplasmic membrane is provided by the essential and universally 

conserved secretory (Sec) pathway (1, 2). The Escherichia coli Sec pathway 

contains two major recognition and targeting routes. Targeting of secretory and 

outer membrane protein precursors (preproteins) occurs generally post-trans-

lationally. During preprotein synthesis, the N-terminal signal sequence of 

the polypeptide emerging from a ribosome is recognized and bound by the 

chaperone Trigger Factor (TF) (3) and, possibly, the SecA motor protein (4). 

Once the synthesis is completed, the preprotein is bound and kept in an un-

folded, secretion-competent state by the secretion-dedicated chaperone SecB 

(5). The SecB-bound preprotein is targeted and transferred to SecA, which 

is bound to the translocation pore SecYEG (6) and translocation is initiated. 

In contrast to moderately hydrophobic preproteins, most membrane proteins 

are targeted co-translationally to the SecYEG translocon. The recognition of 

a nascent membrane protein is based on the presence of a highly hydrophobic 

N-terminal domain, either a signal sequence or the first transmembrane α-helix 

(7, 8). Once this signal emerges from the ribosomal exit tunnel, it is recognized 

and bound by the signal recognition particle (SRP) that facilitates targeting 

of the ribosome:nascent chain complex (RNC) to the membrane-localized 

SRP receptor FtsY (9, 10). FtsY is in loose, dynamic association with lipids 

and the SecYEG translocon. Upon SRP:FtsY binding, the RNC complex is 

released and transferred to SecYEG (11). The nascent chain is inserted into the 

SecYEG translocon, and membrane partitioning is facilitated by translation 

forces of the ribosomes, as well as pulling forces originating from interactions 

of the nascent chain with the translocon and lipids (2, 12, 13). Large and polar 

periplasmic loops within membrane proteins additionally require SecA and/

or proton motive force for the translocation (14–16). 

Atomic structures of Sec translocons show that SecY, as well as its eu-

karyotic homolog Sec61α, consists of 10 transmembrane α-helices (TMHs) 

with N-in/C-in topology (17–19). The protein is divided into N-terminal 
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(TMHs 1–5) and C-terminal (TMHs 6–10) domains, which are linked by a 

periplasmic loop and form a clamshell-like structure with a centrally located 

pore. The pore has a hourglass-like structure with a diameter of ~ 20–25 Å at its 

widest and ~ 5–8 Å at its narrowest points. The narrowest point represents the 

pore “ring” composed of hydrophobic residues, which act as a seal to prevent 

uncontrolled passage of ions between the cytoplasm and periplasm. Another 

functional sub-structure is formed by TMH 2a, a so-called “plug” domain, 

that blocks the periplasmic side of the translocon. TMH 2b, in conjunction 

with TMH 7, forms the “lateral gate”, which is believed to be essential for 

the signal peptide positioning and membrane entry for nascent membrane 

proteins (20). 

The majority of translocon structures, as well as many functional studies, 

have employed detergent-solubilized proteins, although detergents are known 

to alter structural and functional properties of proteins, including SecYEG 

(21–23). Therefore, there is a great demand to perform structural, biochem-

ical and biophysical analysis in physiologically-relevant and well-defined 

systems (21, 24). The most commonly used model system are reconstituted 

proteoliposomes (25, 26), and more recent studies also use translocons re-

constituted in lipid-based nanodiscs (22, 27, 28). Model membranes, such 

as free-standing and supported lipid bilayers (SLB) have offered suitable 

and diverse alternatives to ensure membrane protein activity in vitro (24). 

SLBs are formed by fusing lipid vesicles to a solid surface, such as mica or 

glass surfaces. SLBs were first introduced by Brian and McConnell (29), 

and has provided a powerful tool for surface imaging, such as total internal 

reflection fluorescence microscopy (TIRFm) and atomic force microscopy 

(AFM) down to single-molecule level. Recently, Gari et al., have performed 

AFM imaging of SecYEG complexes embedded in SLBs (30).The bilayer 

formation was confirmed by visualizing a 40 Å thick layer on the mica sur-

face, and individual translocons within the SLB could be detected, as their 

surface- exposed loops resulted in local height increases in AFM scans. Single- 

molecule analysis of SecYEG height and lateral dimensions revealed collapsed 

and extended configurations of SecY loops due to SecA recruitment, and also 

suggested oligomerization of SecYEG to occur upon preprotein translocation. 

 Differently to AFM, fluorescence microscopy does not involve mechanical 
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interaction with the examined sample, but also offers single-molecule reso-

lution, while monitoring temporal dynamics of membrane proteins (31, 32). 

Here, we have employed SLBs and super-resolution fluorescence microscopy 

to investigate the lateral diffusion of reconstituted and fluorescently labelled 

SecYEG translocons in the absence and presence of its ligands SecA and 

RNCs. SecYEG complexes remained largely monomeric both in its freely 

diffusing state and when bound to either RNC or SecA, but diffusion slowed 

down dramatically upon binding of RNCs.

Results

Formation of a supported lipid bilayer — To investigate functional 

properties of SecYEG in a near-native environment, single-particle tracking 

of single translocons was employed to monitor their lateral diffusion within 

supported lipid bilayers (SLBs). A microfluidic flow cell was used to form a 

continuous system, allowing the addition of buffer and binding partners to 

pre-formed SLBs, as well as washing off unbound material. The flow cell was 

built from a functionalized coverslip and an object slide, that were connected 

via a spacer containing the flow channel (Fig. 1a). For SLB formation several 

requirements are essential: Firstly, the surface has to be cleaned vigorously in 

order to eliminate organic adsorbents and other contaminants, such as dust 

(33). Secondly, a critical concentration of vesicles has to be supplied to the 

surface to initiate vesicle rupture and subsequent SLB formation. Crowding 

most likely enhances the interaction between vesicles, which induces stress 

and rupture (34). Thirdly, to support SLB formation for vesicles harboring 

negatively charged lipids, high ionic strength buffers are necessary (35). 

Prior to loading into the flow cell, SecYEG proteoliposomes were mixed 

1:250 with SUVs of identical lipid composition. After the vesicle mixture was 

loaded into the flow channel, the vesicles could bind to and spread over the 

coverslip due to electrostatic interactions between the positively charged 

amine group of the silane-functionalized coverslip and the lipids in presence 

of 150 mM KCl (Fig. 1b). Vesicles that did not rupture were washed out of 

the flow cell to minimize background fluorescence by flushing the flow cell 
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with buffer. To verify the proper formation of a single-lipid bilayer, simulta-

neous dual-color TIRFm of SecYEG-Atto 647N (Fig. 1c, right panel) and 

octadecyl rhodamine B chloride (R18) (Fig 1c, left panel) was employed. R18 

is a fluorescent probe, which spontaneously immerses into a lipid bilayer with 

its alkyl tail, while the fluorophore will face the hydrophilic exterior. After 

vesicles containing R18 were added to the flow cell, they fused with the SLB 

in the flow chamber, whereupon R18 molecules diffuse freely throughout the 

field of view (Fig. 1d), indicating proper bilayer formation without exclusion 

zones (33).2D diffusion of R18 was monitored for every experiment to validate 

reliable SLB formation and diffusion analysis.

CPD analysis shows existence of two populations of diffusing 

 SecYEG — Observations of single translocons within a lipid bilayer could 

advance our understanding of SecYEG dynamics in a near-native environment. 

Therefore, SecYEG-Atto 647N was imaged using TIRFm with 30 ms temporal 

resolution at room temperature. Locations of the labelled translocons were 

detected in consecutive frames, below the diffraction limit with an accuracy of 

10–20 nm by fitting the corresponding point spread functions (PSFs) to a 2D 

Gaussian function. Trajectories were obtained by linking the nearest two detec-

tion points in consecutive frames, resulting in a step size and hence, diffusion 

distance (Fig. 2a). To quantify the diffusion of single translocons, trajectories 

were filtered on the fitting accuracy of at least 20 nm, trajectory length and 

particle displacement to exclude immobile particles (see experimental section). 

Roughly 25 % of particles were diffusing, while the rest remained immobile 

(Fig. 2b). The case of the immobile particles might be attributed to contam-

inations, protein aggregation and/or interference with the glass surface. The 

remaining trajectories, which were on average 5000–10000 step sizes per movie, 

were used to calculate the diffusion speeds using the cumulative probability 

distribution (CPD) of step sizes (Fig. 2c). CPD refers to the probability that 

a particle stays within a given area around it (r2). Thus, a small radius around 

a moving particle inversely increases the chances that the particle will exit 

the area. On the contrary, the larger the area, the lower the probability that 

the particle will diffuse out. The CPD curve when fitted with the cumulative 

probability function (CPF, equation (1)), provides the number of diffusive 

species, quantity and speeds depending on the number of terms used. 
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Figure 1: Preparation of Supported lipid bilayers. (a) Schematic set-up of a flow cell. (b) Sche-
matic representation of the fusion of SecYEG proteoliposomes and liposomes with the functionalized 
glass surface of the flow cell. (c) Example frame of the dual-view data acquisition with a beam splitter 
for green and red channel, detecting R18 (left) and SecYEG Atto 647N (right) molecules. (d) Fusion 
of R18 molecules with the supported lipid bilayer proving the formation of the bilayer. T0, prior to 
R18 vesicle fusion. T1 first contact, R18 vesicle enters the focal plane. T2, R18 vesicle fusion with the 
SLB, releasing the R18 molecules into the SLB showing a radial Brownian diffusion pattern. T3, 66 ms 
after initial vesicle fusion with the SLB still showing a radial diffusion pattern without exclusion zones, 
indicative for improper SLB. T4, 99 ms after initial vesicle fusion, R18 molecules start to diffuse out 
of the imaging boundaries, still in a radial diffusion pattern and without indications of an improper 
SLB. T5, diffusion out of the imaging boundaries and bleaching of the R18 molecules resulted in a 
state similar to T0 with only a couple of particles detectable.
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Interestingly, SecYEG particles did not diffuse with a single step size, but 

switched between immobile, short and long step sizes (slow and fast diffusion 

speed). No adequate fitting of the experimental data to a single-component 

CPF could be achieved, as the goodness-of-fit indicated by the residual sum 

of squares (RSS) was larger compared to the two-component CPF fit (Fig. 2c, 

Figure 2: Tracking of SecYEG. (a) Example trace of a single SecYEG-Atto 647N molecule. Het-
erogeneous step sizes are observed. Black bar represents 0.5 µm. (b) Percentage of SecYEG particles 
that are moving. Boxplot was created from 40 different movies, median was found at 22.6 %. (c) 
Example CPD analysis of SecYEG-Atto 647N showing the fitting of the data to different CPF and 
the corresponding residuals. (d) Two population were determined with a median of 0.03 μm/s2 and 
0.7 μm/s2. (e) Determination of the oligomeric state of SecYEG in SLBs. Ranging from blue (lowest 
occurrence) to red (highest occurrence) and corresponding distribution show the calculated number 
of molecules per focus. Throughout the imaging time span of 30 seconds, a high occurrence popula-
tion (red and orange colors) is observed spread around a single molecule per focus, indicating that 
the SecYEG translocon in a native-like environment is mostly monomeric. The ratio of monomers 
vs. dimers was 1:3 (15792 monomeric vs. 5663 dimers, based on one movie).
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lower panel). The experimental CPD is best described by the two-compo-

nent as increasing the terms leads to overfitting, yielding erroneous fitting 

parameters. Diffusion coefficients from the two-component CPF obtained 

from ten independent movies of labelled SecYEG were plotted using a box-

plot (Fig. 2d). The median of the slow-moving population (alpha) was found 

at 0.029 µm2s-1, while the faster moving population (beta) had a median of 

0.7 µm2s-1. These data are in line with previous reports on diffusion speeds 

of membrane proteins (36). To test whether the two diffusion rates corre-

sponded to different oligomeric states of SecYEG, the intensity of a single 

molecule and following the number of molecules per foci was determined 

over time. Thereby, it was shown that SecYEG was predominantly present 

as a monomer (Fig. 2e, red corresponds to high abundance). In contrast, the 

occurrence of dimers or higher oligomers was hardly and even not detected, 

respectively (Fig. 2e, green and blue correspond to low and extremely low 

abundance, respectively).

CPD analysis reveals altered diffusion behavior upon RNC bind-

ing — To detect whether the diffusion of the translocon changes upon binding 

of nascent polypeptide chains and initiation of translocation, SecYEG-Atto 

647N particles were imaged in the absence and presence of FtsQ-ribosome 

nascent chains (FtsQ-RNCs). In this construct, a single membrane span-

ning TMH of FtsQ was fused at its C-terminal end to the regulatory TnaC 

sequence, which allows the stalling of ribosome (37). The complete FtsQ 

TMH is exposed from the ribosomal exit tunnel and allows for interaction 

with the Sec translocase (22).

The trajectories were filtered using the same criteria as stated in the ex-

perimental section. CPF fits suggested the existence of two populations with 

different diffusion coefficients before and after the addition of 50 nM FtsQ-

RNCs (Fig. 3a, see Supplementary Fig. S1). Initially, SecYEG-Atto 647N 

particles showed a switch between slow and fast diffusion speeds, 0.025 µm2 s-1 

and 0.70 µm2 s-1, respectively. Interestingly, upon FtsQ-RNC addition the 

fast-moving population diffusion rate significantly decreased to 0.48 µm2 s-1, 

while the slow-moving population showed a slightly increased diffusion rate 

(0.034 µm2 s-1), but the latter change remained within the experimental error. 

The decrease of the diffusion rate of SecYEG upon RNC binding can also 
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be directly seen in the trajectories (Fig. 3b). In absence of RNCs the Sec 

translocon particles show a distribution of approximately 50 % short and 50 % 

long steps sizes. Interestingly, upon adding FtsQ-RNC the long step sizes 

do not only reduce in their length, but also become less abundant (20 %). 

The observed change in diffusion was specific for the FtsQ-RNC, as the ad-

dition of RNCs with a highly polar nascent chain of GatD, a non-Sec substrate 

that lacks a TM domain, did not alter diffusion speeds (see Supplementary 

Figure 3: Effect of SecYEG diffusion in the presence of FtsQ RNCs and 70S empty ribosomes. 
(a) CPD analysis shows that the fast-moving population changes speed from 0.7 μm/s2 to 0.47 μm/s2. 
As shown with CPD analysis, SecYEG step sizes decrease upon binding to RNCs. (b) A representa-
tive trace of a single SecYEG-Atto 647N molecule in the absence (left) and presence (right) of FtsQ 
RNCs. Black bars represent 0.5 µm. (c) CPD analysis shows that fast moving population changes 
speed from 0.74 μm/s2 to 0.68 μm/s2. (d) Example trace of a single SecYEG-Atto 647N molecule in 
the absence and presence of 70S ribosomes. As there is no binding of SecYEG to empty ribosomes, 
the step size of the translocon diffusion is not affected. Black bars represent 0.5 µm.
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Fig. S2), implying that the observed differences in diffusion rates with and 

without substrate RNCs are a direct effect of the binding of RNCs to the 

translocon. To test whether this switch of diffusion behavior is indeed due to 

the binding of SecYEG to RNCs, the experiment was repeated in the pres-

ence unprogrammed ribosomes. Again, CPF fitting suggested two diffusive 

populations of SecYEG (Fig. 3c, see Supplementary Fig. S1). However, both 

population diffusion rates remained unchanged upon ribosome addition, 

indicating no binding or transient binding events of empty ribosomes to 

SecYEG, which were too fast to be detected. Also, the trajectories showed 

an unaltered even distribution of short and long step sizes after the addition 

of ribosomes (Fig. 3d). 

To test whether the translocon:RNC diffusion is influenced by their interac-

tion with the lipid bilayer or the surrounding aqueous solution, binding exper-

iments were repeated in the presence of Ficoll PM70. Ficoll is a hydrophilic 

polysaccharide and it is used to increase the buffer viscosity, e.g. to mimic 

cellular crowding, without interfering with proteins (38). If the diffusion rate 

of the RNC-SecYEG is highly dependent on the aqueous environment, an 

increase of the buffer viscosity caused by the addition of Ficoll, should result 

in a decrease of diffusion speeds of these complexes. However, if the complex 

diffusion is dependent on the interaction with the lipid bilayer rather than 

the buffer environment, Ficoll would not influence the diffusion dynamics. 

We observed that the diffusion of SecYEG did not change in the presence of 

Ficoll compared to the measurements in buffer (see Supplementary Fig. S3). 

Interestingly, also the diffusion of RNC:SecYEG complex was not affected by 

the presence of Ficoll, suggesting that the altered diffusion of those complexes 

strongly and exclusively depends on protein-lipid interactions.

SecA binding affects SecYEG diffusion — During translocation 

 SecYEG binds the cytosolic motor protein SecA. To investigate whether the 

binding of SecA affects the diffusion dynamics of the translocon in a similar 

fashion as RNCs, SecA was introduced to translocon-containing SLBs. As 

shown above, CPD analysis of translocons without a ligand could be fitted to 

a two-component CPF, revealing a slow and fast-moving populations, with 

diffusion coefficients of 0.024 µm2 s-1 and 0.78 µm2s-1, respectively (Fig. 4a, see 

Supplementary Fig. S1). Upon SecA addition, the fast-moving population 
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revealed only a modest, but significant decrease in the diffusion rate, from 

0.78 to 0.68 µm2 s-1. Interestingly, unlike translocon trajectories in the pres-

ence of RNCs, no significant changes could be detected in the trajectories 

in the presence of SecA (Fig. 4b), whereas SecA binds SecYEG with high 

affinity even in the absence of a preprotein (22, 28). Both RNCs and SecA 

have been shown to also interact with lipids while binding to the transloca-

tion channel (12, 28, 39), however, SecA has a smaller surface area than a 

ribosome, so that could explain why the diffusion speed of the translocon is 

stronger influenced upon RNC binding. 

Figure 4: Effect of SecYEG diffusion in the presence of SecA. (a) CPD analysis shows that 
the fast-moving population changes speed from 0.78 μm/s2 to 0.68 μm/s2. (b) Example trace of a 
single SecYEG-Atto 647N molecule in the absence and presence of SecA. SecA is known to bind 
to SecYEG, the diffusion step size of the translocon is slightly affected. Black bars represent 0.5 µm.
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Discussion 

The properties and the functionality of every biological membrane are de-

termined to a great extent by membrane proteins that are embedded into 

the bilayer, and peripheral proteins that are associated to the surface, while 

phospholipids of these biological membranes commonly regulate the topology 

and activity of membrane proteins (24, 40). Therefore, the reconstitution of 

membrane proteins into model membranes enables a closer near-native investi-

gation of their structure and function. We have previously employed giant unil-

amellar vesicles (GUVs) to probe diffusion and the oligomeric state of SecYEG 

translocons (41), and also lipid-based nanodiscs to probe SecYEG:ribosome 

interactions (22, 27) by means of fluorescence correlation spectroscopy (FCS). 

Complementary to those ensemble-based measurements, here, we have estab-

lished the fluorescence-based approach to investigate SecYEG diffusion at the 

single-molecule level. Supported lipid bilayers allow lateral mobility of lipids 

and thus reproducing the fluidity of both leaflets of the bilayer, as in native 

membranes (42). However, when formed on glass, they only provide 10–20 Å 

aqueous space between the lipid bilayer and the supporting surface. Here, we 

used a silane-derivate to maximize the distance and minimize interactions of 

the protein:lipid membrane with glass. Using flow cells allowed us to eliminate 

unbound material, to exchange buffers, and to supply binding partners, and 

so to trigger different functional states of translocons, while monitoring the 

lateral diffusion of individual molecules in real-time. In contrast to GUVs, 

SLBs are easier to prepare and are not sensitive to axial movement of the 

membrane caused by membrane undulations (43). The application of SLBs 

further allows to detect and exclude immobile particles from the analysis. Here, 

only ~ 25 % of observed fluorescent particles were moving, while the large part 

remained static on the imaging time scale of 30 seconds. The pool of immobile 

particles can be related to proteins strongly interacting with the surface, e.g. 

via long cytoplasmic loops of inversely oriented SecYEG complexes, which 

may constitute 50 % of the total translocon population. Also, limited protein 

aggregation and fluorescent contaminations can contribute to the immobile 

population. Those factors should be addressed in future experiments, but to 

this point, the pool of immobile particles has been excluded from the analysis. 
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Usually, mean square displacement analysis (MSD) is used to extract 

diffusion coefficients. However, MSD only provides a mean diffusion coeffi-

cient, averaging and obscuring any information about particles that exist as 

populations with different diffusional behaviors. In contrast, CPD analysis 

enables to extract different populations of particles, e.g. slow- and fast-moving 

populations or particles that switch between different populations. Here, we 

suggest a two-population model of SecYEG differed by their instant diffusion 

characteristics (Fig. 2c). Trajectories clearly showed that single translocons 

are capable of switching between slow and fast diffusion modes (Fig. 2a). 

Determining the number of SecYEG particles per foci, we exclude oligom-

erization as a possible origin for different diffusion speeds, as the translocons 

were predominantly present as monomers (Fig. 2e). A possible explanation 

for the heterogenous diffusion behavior found here might be provided by 

transient lipid interactions. The diffusion of sphingomyelin-Atto 647N in a 

mica-supported DOPC bilayer has been studied using CPD analysis (42). It 

was found that slow-moving populations in SLBs might be a result of direct 

interactions of molecules and proteins with the surrounding lipid molecules. 

Indeed, SecYEG has been shown to particularly interact with anionic phos-

pholipids, which could limit the diffusion rates. One in vivo study described 

the diffusion of the fluorescent dye Dil-C12, whereby two equal populations 

with diffusion coefficients of 0.58 µm2 s-1 and 0.029 µm2 s-1 were found (36). 

The faster coefficient originated from unperturbed diffusion, while the slower 

is a result of the physical property of the short hydrophobic tail of Dil-C12, 

which has been proposed to have a preference for disordered membrane re-

gions (44). Most recently, the diffusion mobility of SecYEG was investigated 

in living E. coli cells (unpublished data). The translocon subunit SecE was 

fluorescently labelled by fusion to Ypet (yellow fluorescent protein). Tracking 

of Ypet-SecE in vivo revealed two populations with diffusion coefficients of 

0.04 and 0.30 µm2 s-1, likely different states of the fully assembled SecYEG 

translocon. The slow diffusing populations of Dil-C12 and Ypet-SecE show 

a striking similarity to the slow diffusion population of SecYEG particles 

observed here in native-like SLB in presence and absence of RNCs (Fig. 3a). 

Due to the lack of the membrane crowding factor in our in vitro SLB experi-

ments, it is possible that proteins are less occluded and can diffuse somewhat 
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faster. Taken together, it seems likely that the slow-diffusing population 

observed in this study represents the fully assembled SecYEG translocons, 

which are diffusion limited by the interactions with anionic phospholipids. 

Interestingly, a second, fast-moving population of SecE-Ypet is compara-

ble to the faster-moving population of SecY particles (0.70 µm2 s-1) obtained 

in vitro here. Diffusion rates of this magnitude are often found for mem-

brane proteins in E. coli (45). Furthermore, upon addition of FtsQ-RNCs to 

 SecYEG embedded SLBs, the diffusion rate of SecY significantly decreased 

to ~ 0.48 µm2 s-1 (Fig. 3 a and b), indicating that the FtsQ-RNCs bind to fully 

assembled translocation channels displaying typical membrane diffusion 

rates. Several interaction sites between SecYEG and the ribosome have been 

previously identified. The long cytoplasmic loops connecting TMHs 6–7 and 

8–9 of SecY have been shown to bind the ribosomal protein L23, as well 

as the rRNA within the ribosomal exit tunnel (12), while the N–terminus 

and the amphipathic helix of SecE interact with ribosomal protein L23 and 

L29, respectively (12). Interestingly, the ribosome does not only bind to the 

translocon, but also its surrounding lipids near the lateral gate. The rRNA 

helix H59 is in direct contact with the lipid headgroup and has further been 

suggested to recruit anionic phospholipids and disorder the lipid bilayer 

assisting the insertion of membrane proteins emerging from the lateral gate 

(12). Due to those interaction sites it seems plausible that the binding of the 

FtsQ-RNC would affect the translocon diffusion speed. Increasing the buffer 

viscosity during the experiments had no effect on the RNC:SecYEG complex 

diffusion. Therefore, the interaction of the ribosome with phospholipids, as 

well as the distortion of the lipid bilayer, may reduce the complex diffusion 

speed, rather than the shear possibly imposed by the large ribosome when 

binding to the membrane-embedded SecYEG complex. This was specific for 

FtsQ-RNCs, as we did not observe diffusion alternation in the presence of the 

highly polar nascent chain of GatD (see Supplementary Fig. S2). It has been 

shown that SecYEG can bind non-programmed ribosomes, although with 

lower affinity (22). Here, we did not see a significant effect of the presence of 

empty ribosomes on the translocon lateral diffusion, which could be due to 

low affinity, transient binding events, or lack of ribosome:lipid interactions 

(Fig. 3c and d).
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The crystal structure of the SecA:SecYEG complex revealed that SecA in-

teracts with loop 6–7 and loop 8–9 of SecY (39), which are the same binding 

sites as for ribosome binding (12, 22). Here, we detected a moderate, but a sig-

nificant decrease in the diffusion speed of SecYEG upon SecA binding. This 

decrease of mobility correlates with our previous results acquired by means of 

FCS on free-standing membranes of GUVs (41). There,  AMPPNP-stabilized 

binding of SecA reduced diffusion rates of SecYEG. Like the ribosome, SecA 

has been shown to interact with lipids, in particular anionic phospholipid 

(28, 46). SecA penetrates with its N-terminal amphipathic helix the lipid 

bilayer (47), which activates SecA and is essential for high affinity binding to 

the translocon (28). Even though SecA interacts with lipids, it did not affect 

the translocon diffusion as much as shown upon FtsQ-RNC binding, which 

can be explained to a certain extent by a smaller surface area involved in 

SecA:SecYEG:lipid contact. Also, the less pronounced effect on the translo-

con diffusion upon SecA binding might be due to transient association and 

dissociation, which could be stabilized in the presence of nucleotides (41).

To summarize, we have shown here that SLBs provide a suitable model mem-

brane environment to investigate not only diffusion, but also real-time binding 

events of SecYEG at single-molecule level. Our data reveal an unexpected 

large effect of RNC binding on the diffusional characteristics of the SecYEG 

complex which is most readily understood by extensive lipid interactions of the 

ribosome and SecYEG. Further, the work provides benchmarking values of 

membrane diffusion rates of various complexes of SecYEG that will facilitate 

interpretation and analysis of the diffusion of the translocon, also in living cells.

Experimental procedures

Protein purification and labelling — SecA was overexpressed in E. coli 

BL21(DE3) cells harboring the pTrc99A-SecA plasmid (28) and purified 

as described (28, 48). The extinction coefficient used for SecA protein con-

centration determination at 280 nm was 75,750 M-1 cm-1. SecYC148EG was 

overexpressed in E. coli SF100 cells harboring the pEK20-C148 plasmid 

(41) and isolated from crude membranes as described (25). The translocon 
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was labelled using 100 μM Atto 647N-maleimide (Atto-Tec GmbH) at the 

unique C148 position as described (28). The extinction coefficient used for 

SecYEG protein concentration determination at 280 nm was 71,000 M-1 cm-1 

and for Atto 647N – 150,000 M-1 cm-1 at 647 nm.

RNC isolation — TnaC-stalled RNCs were prepared in vivo and isolated 

as previously described (49, 50). Briefly, KC6ΔssrAΔsmpB cells (51) were 

used to synthesize poly-histidine tagged fragments of FtsQ and GatD proteins 

followed by the TnaC sequence that caused stalling of the ribosomal trans-

lation at elevated tryptophan concentrations (37), so stable and well-defined 

RNCs could be formed. N-terminal poly-histidine tags of the nascent chains 

were employed for Ni-NTA-based purification of RNCs, and assembled 

RNCs were further isolated by centrifugation in continuous sucrose gradients 

(10 %-40 %). Presence of the tRNA-linked nascent chains was validated via 

the tag-specific Western blotting. For preparing empty ribosomes, a crude 

ribosome extract from non-transformed KC6 cells was incubated in presence 

1 mM puromycine for 30 min on ice to release nascent chains, and fully as-

sembled 70S ribosomes were isolated via sucrose gradient, as described above.

Lipid preparation — A mixture of chloroform-dissolved lipid DOPG:   

DOPE:DOPC (Avanti Polar Lipids Inc., USA) was prepared at the molar ratio 

30:30:40 (41). The chloroform was evaporated under a nitrogen stream, after 

which chloroform remnants were extracted overnight under vacuum conditions 

using a desiccator. The resulting lipid film was resuspended in 20 mM HEPES/ 

KOH pH 7.5, 2 mM DTT to obtain final lipid concentration of 10 mg/ml. 

Reconstitution of SecYEG into Proteoliposomes — DOPG, DOPC 

and DOPE lipids (10 mg/ml) were diluted to 4 mg/ml using a buffer contain-

ing 20 mM HEPES/ KOH pH 7.5, 50 mM KCl, 0.5 % Trition X-100, and 

0.05 % DDM. Lipids were incubated for 15 minutes at 37 °C and subsequently 

15 minutes on ice. SecYEG-Atto 647N (final concentration 200 nM) was 

added to 1 ml of the lipid mixture (1:100 protein to lipid ratio) and incu-

bated for 30 minutes at 4 °C. Detergent was removed 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. 

Glass functionalization and flow cell preparation — Glass for micros-

copy was sonicated in acetone at 30 °C for 30 minutes followed by rinsing 
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the glass 6 times with MQ. Next, the coverslip surface was activated by 

sonicating for 45 minutes at 30 °C in 5 M KOH. Afterwards, traces of KOH 

were removed by rinsing 6 times with MQ, followed by drying the glass for 

30 minutes at 110 °C. Glass surfaces were plasma cleaned for 10 minutes prior 

to the surface functionalization with 2 % (v/v) N-(2-Aminoethyl)-3-amino-

isobutyldimethylmethoxysilane (abcr, Sigma) for 1 hour at room temperature. 

Afterwards, the coverslips were rinsed once with acetone and subsequently 

dried with pressurized air and stored overnight under vacuum. Prior to each 

microscopy experiment, a flow cell was constructed by cutting out a channel 

from a piece of double-sided tape (75 x 25 mm) and fixed to a cleaned object 

slide containing inlet and outlet holes. The flow cell was formed by placing 

the object slide on top of a functionalized cover slip. Tubing was inserted into 

the in- and outlet holes and fixed with epoxy glue. 

Supported Lipid Bilayer generation — DOPG:DOPC:DOPE (molar 

ratio 30:30:40) lipids (10 mg/ml) were diluted to 4 mg/ml using a buffer 

containing 50 mM HEPES/ KOH, pH 7.5 and 50 mM KCl. The lipid mix-

ture was sonicated in ultra-sonic bath (Bandelin, Sonorex Super, Berlin, 

 Germany) for 15 cycles when alternating between on/off stages, each 15 

seconds duration, to form small unilamellar vesicles (SUVs). Protein-free 

SUVs were mixed with proteoliposomes containing SecYEG (final con-

centration 50 pM). The chamber of the flow cell was first washed using 

50 mM HEPES/ KOH pH 7.5, 50 mM KCl at a flow rate of 10 μl/min. 

Following the SecYEG proteoliposome/liposome mixture was loaded into 

the flow chamber. The fusion of the SecYEG proteoliposomes/liposomes 

with the surface, forming a supported lipid bilayer, was induced by elevat-

ed salt concentration in a washing step using 50 mM HEPES/ KOH pH 

7.5, 150 mM KCl. Unbound material was washed out of the flow cell with 

50 mM HEPES/ KOH pH 7.5, 50 mM KCl. 

Microscope experimental set-up, equipment and settings — In 

vitro microscopy measurements were performed at room temperature on 

an Olympus IX-71 microscope equipped a 100x total internal reflection 

fluorescence (TIRF) objective UApoN, NA 1.49 (oil) (Olympus, Center 

Valley, PA) set to TIRF-illumination (θ < θc) equipped with a Photomet-

rics DV2 multichannel imaging system (Photometrics, Tucson, AZ) with 
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537/29 and 610/75 ET bandpass filters and a zt561RDC mirror. Atto 647N 

molecules (λex = 646 nm, λem = 664 nm)conjugated to SecY were excited by 

638 nm  continuous-wave laser (Coherent, Santa Clara, CA) at approximately 

1 kW·cm-2. Images were captured using MetaVue imaging software (Molecu-

lar Devices, Sunnyvale, CA) via a 512x512 pixel electron multiplying charge 

coupled device ( EMCCD) camera (C9100-13, Hamamatsu, Hamamatsu 

City, Japan) with EM-gain set to 254 at 33 frames·second-1.

Data analysis — Data obtained from the microscope measurements 

were analyzed with ImageJ v1.48 using built-in and purpose-built plugins. 

Data was visualized using OriginPro v9.1 (OriginLab Corp.) and MATLAB 

R2016b (The MathWorks Inc.).

Peak detection — To localize and track fluorescently-labelled translocons, 

images were processed using a discoidal averaging filter with an inner and outer 

radius of 1 and 4 pixels, respectively (52). Next, local fluorescence maxima 

which intensities exceeded a fixed or dynamic threshold, and which were sep-

arated by at least 4 pixels, were selected. The fixed threshold value was based 

on the intensities of particles in the last recorded frames, where bleaching 

positively affected the background fluorescence, and where the remaining 

fluorescence represented an estimation of a single molecule intensity. The 

dynamic threshold was defined as �̅�𝑥𝑥𝑥 + 6 ∗ 𝜎𝜎𝜎𝜎 , where �̅�𝑥𝑥𝑥 + 6 ∗ 𝜎𝜎𝜎𝜎  and �̅�𝑥𝑥𝑥 + 6 ∗ 𝜎𝜎𝜎𝜎  are the average 

and standard deviation of the background grey value. Next, a two-dimensional 

Gaussian model was fitted to each point spread function (PSF) on the original 

unprocessed image by minimizing the sum of squares of the residuals by means 

of the Levenberg-Marquardt algorithm (53, 54). The resulting Gaussian model 

gave the amplitude, sub-pixel coordinates, symmetrical spread localization 

accuracy, and goodness-of-fit of the peak positions for each frame. 

Oligomeric state of SecYEG — To investigate the oligomeric state of 

SecYEG particles, foci were detected using a fixed grey value threshold to 

minimize the dynamic threshold filtering artefacts caused by local background 

intensity changes. Sub-pixel coordinates were obtained from particles, which 

met the filtering criteria, upon which a selection with a radius of 2 pixels 

from the centroid was made. From this selection the raw integrated density 

was calculated and divided by the integrated Gaussian intensity of a single 

molecule, resulting in the number of molecules per focus. 



138

Single-molecule observation of the  ribosome-Sec translocon interaction in planar bilayers

Membrane diffusion behavior of SecYEG — To study the diffusional 

behavior of SecYEG, particles were detected using a dynamic threshold. The 

peak location data was filtered to exclude poorly fitted peaks (adjusted R2 

< 0.2), after which the remaining coordinates were used to create particle 

trajectories by linking particles located nearest to each other in consecutive 

frames. A maximum step size constraint of 3 pixels was used to prevent 

linkage of particles too far apart to be the same. The step sizes constituting 

these trajectories were filtered on a minimal displacement of 0.06 µm2 s-1 to 

filter out artefacts, e.g. false linkages and immobile molecules. The resulting 

data set consisting out of approximately 5000–10000 step sizes per movie, 

contained only the coordinates of moving particles, which were further used 

for calculation of the cumulative probability distribution (CPD) of step sizes. 

In short, a probability density function (PDF) was created from the step size 

data and normalized resulting in the CPD. To extract the SecYEG diffusion 

characteristics, the CPD was fitted to the multi-component cumulative prob-

ability distribution function (CPF, equation (1)):

𝑃𝑃𝑃𝑃(𝑟𝑟𝑟𝑟2, 𝜏𝜏𝜏𝜏) = 1 − 𝛼𝛼𝛼𝛼𝑒𝑒𝑒𝑒
( −𝑟𝑟𝑟𝑟2
〈𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎2〉+4𝜎𝜎𝜎𝜎2

)
− 𝛽𝛽𝛽𝛽𝑒𝑒𝑒𝑒

( −𝑟𝑟𝑟𝑟2
〈𝑟𝑟𝑟𝑟𝛽𝛽𝛽𝛽
2〉+4𝜎𝜎𝜎𝜎2

)
− 𝛾𝛾𝛾𝛾𝑒𝑒𝑒𝑒

( −𝑟𝑟𝑟𝑟2
〈𝑟𝑟𝑟𝑟𝛾𝛾𝛾𝛾2〉+4𝜎𝜎𝜎𝜎2

)
 (Eq. 1)

Where α, β, γ are the fraction of each population with the constraints that the 

sum of fractions cannot exceed 1.〈𝑟𝑟𝑟𝑟𝛼𝛼𝛼𝛼,𝛽𝛽𝛽𝛽,𝛾𝛾𝛾𝛾
2 〉  give the mean square displacement 

(MSD) for each population at each time point (τ). The localization accuracy,  

�̅�𝑥𝑥𝑥 + 6 ∗ 𝜎𝜎𝜎𝜎  , was determined from the mean error in the x and y parameters from the 

Gaussian fit. The CPF goodness-of-fit was determined by calculating the 

residual sum of squares (RSS). The MSD of the best fitting model (RSS 

close to 0) was used to calculate the diffusion coefficient from the slope by 

plotting the obtained MSD value as a function of time.
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Footnotes:

The abbreviations used are: AFM, atomic force microscopy; CPD, cumu-

lative probability distribution; DDM, n-Dodecyl-β-D-maltoside; DOPC, 

1,2-Dioleoyl- sn-glycero-3-phosphocholine; DOPE, 1,2-Dioleoyl-sn-glycero- 

3-phosphoethanolamine; DOPG, 1,2-Dioleoyl-sn-glycero-3-phosphoglycerol; 

FCS, fluorescence correlation spectroscopy; GUV, giant unilamellar vesicle; 

IPTG, isopropyl 1-thio-β-D-galactopyranoside; MSD, mean square displace-

ment; PDF, probability density function; PSF, point spread function; R18, 

octadecyl rhodamine B chloride; RNC, ribosome:nascent chain complex; RSS, 

residual sum of squares; SLB, Supported lipid bilayer; SRP, signal recognition 

particle; SUV, small unilamellar vesicles; TF, Trigger Factor; TIRFm, total 

internal reflection fluorescence microscopy; TMH, transmembrane helix; 
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Figure S1: CPD fitting. Example CPD analysis of SecYEG-Atto 647N in the absence and presence 
of FtsQ-RNCs (upper panel), empty ribosomes (middle panel) and Sec (lower panel) showing the 
fitting of the data to different CPF and the corresponding residuals.
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Figure S2: Effect of SecYEG diffusion in the presence of GadD. (A) CPD analysis shows that 
the fast-moving population changes speed from 0.67 μm/s2 to 0.61 μm/s2. 

Figure S3: Effect of Ficoll on SecYEG diffusion. Tracking of SecYEG, SecYEG and FtsQ RNCs 
and SecYEG and empty 70S ribosomes in the absence and presence of Ficoll was detected. Ficoll 
was used at a concentration of 40 % but did not affect the diffusion speed of unbound or FtsQ RNC/
empty ribosome bound SecYEG.
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Escherichia coli (E. coli) belongs to the family of Enterobacteriaceae and is 

a Gram-negative, facultative anaerobic bacterium, which can be found in 

the intestinal tract of animals as a part of the commensal microflora. This 

bacterium is one of the best characterised prokaryotes and due to the facility 

of genetic manipulations and availability of protocols it is used as a model 

organism in biology and biochemistry to study a variety of cellular processes. 

In general, Gram-negative bacteria like E. coli contain at least four different 

compartments: the cytoplasm, cytoplasmic membrane, periplasm and outer 

membrane. Each section comprises a characteristic set of proteins, which 

allow for specific activities and properties. To ensure cell viability and growth, 

transfer of energy and mass between these compartments is necessary. The 

cytoplasmic membrane is selectively permeable. Although, small lipophilic 

molecules can pass, the cytoplasmic membrane is an energy transducing 

membrane, and thus sealed for ions such as protons that are used in energy 

consuming processes that occur at this membrane. Therefore, the uncon-

trolled release of molecules from the cell has to be prevented. For proteins 

that are synthesized in the cytoplasm, but carry out their distinct functions 

outside the cytosol, specific transport systems that allow such proteins to 

insert or pass the cytoplasmic membrane are needed.

Even though Bacteria have evolved several transport platforms, the major 

route in prokaryotes for protein translocation across and membrane protein 

insertion into the cytoplasmic membrane is provided by the secretory (Sec) 

pathway. The Sec pathway is essential for cell viability and is universally con-

served. The central component is the highly conserved protein conducting 

channel SecYEG or translocon. It mediates its function in the cytoplasmic 

membrane of Bacteria and Archaea, but is also present in the endoplas-

mic reticulum (Sec61 complex) and thylakoid membrane of eukaryotes (1). 

Bacteria harbor an additional component: the motor ATPase SecA, which 

provides the energy for translocation. Targeting of proteins to the translocon 

occurs via two major pathways in E. coli, that distinguish between secretory 

preproteins and membrane proteins. Most membrane proteins are targeted 

co-translationally. Once the first highly hydrophobic α-helical segment (2, 3) 
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of a ribosome nascent chain (RNC) emerges from the ribosomal exit tunnel, it 

is bound by the signal recognition particle (SRP) (2, 3). The SRP-RNC com-

plex binds to the membrane associated SRP receptor FtsY (4, 5) and is then 

loaded onto SecYEG (6). SecYEG binds to the ribosome and the nascent chain 

is inserted into the channel and subsequently slides into the membrane in a 

process driven by the translation force of the ribosomes and the partitioning of 

the hydrophobic transmembrane segments into the interior of the membrane 

(7, 8). In contrast, most secretory proteins are targeted to the translocon in 

a post-translational manner. These proteins are first fully synthesized before 

initiation of translocation. Secretory proteins harbor an amino-terminal (N- 

terminal) signal sequence, which is generally composed of a positively charged 

N-terminus, a hydrophobic core and a polar C- terminus (3). Once a major 

share of the secretory protein has emerged from the ribosome it is bound by the 

molecular chaperone SecB, which prevents the protein from aggregation and 

keeps it in an unfolded, secretion-competent state. SecB targets the secretory 

protein to SecA (9), whereupon SecA binds to SecYEG to initiate translocation. 

In the following steps, the energy of ATP binding and hydrolysis is used by 

SecA to guide the secretory protein through the translocon. 

Even though a wealth of structural and functional information about Se-

cYEG and SecA are available, several mechanistic details about protein 

translocation remain to be elucidated. In the last decades lipids, in particular 

negatively charged (anionic) lipids, of the cytoplasmic membrane, have been 

identified as an essential functional component for protein translocation. 

However, the exact mode of action by which these lipids exert their effect on 

translocation has remained elusive. An active role of lipids was suggested by 

the observation that SecA binds with low affinity to anionic lipids (10, 11). In 

this process, SecA penetrates the membrane with its amphipathic N-termi-

nus (12). Furthermore, the ATPase activity of SecA is stimulated by anionic 

lipids (10). Finally, the signal sequence of secretory proteins has been shown 

to bind, fold and penetrate membranes supplemented with anionic lipids 

(13, 14). In this thesis, we have investigated the role of anionic lipids as an 

essential partner for the functional interaction between SecA and SecYEG.

In Chapter 1 we review the recent nanodisc technology as a new tool to 

reconstitute membrane proteins within a lipid-based environment, with 
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an emphasis on the Sec translocon. Nanodiscs are discoidal lipid patches 

that are formed by a protein belt, called major scaffold protein (MSP). We 

further highlighted the importance of nanodiscs in recent studies on the 

mechanistic and structural features of the translocon and their use for bio-

physical, biochemical, and structural analysis. Many studies have been carried 

out with detergent-solubilised translocons, and the use of detergents may 

cause structural and functional defects of the proteins. Most notably, this 

is evident in the translocon-ribosome interaction which appears substrate 

independent in detergent solution, but strictly substrate dependent when 

nanodisc reconstituted translocons are used (15). Therefore, nanodiscs of-

fer many possibilities to investigate membrane proteins in a physiologically 

relevant environment.

In Chapter 2 we investigated the role of lipids for SecA binding and trans-

location activity. We have used two different sizes of nanodiscs (small ~ 12 nm 

and large ~ 30 nm) harboring a single SecYEG channel and thus differing in 

the number of phospholipids trapped by the scaffold protein. Interestingly, 

we found that SecA binds with a higher affinity to the translocon when lipids 

were highly abundant (i.e., the large nanodiscs) as compared to the smaller 

nanodiscs. Previous studies showed that SecA binding only occurred when 

the nanodiscs are supplemented with anionic lipids (10, 11), but those stud-

ies did not determine as to whether binding occurred with affinity to lipids 

or with affinity to SecYEG. Thus, our studies demonstrated that anionic 

lipids are required for high affinity binding of SecA to SecYEG. We further 

showed that binding of SecA to the anionic lipids is promoted via its posi-

tively charged N-terminus (16). Upon deletion of the N-terminus, both the 

SecYEG binding and translocation was affected. To distinguish between a 

simple membrane tethering function of the N-terminus of SecA or a poten-

tial allosteric function of the SecA-lipid interaction, we introduced a flexible 

linker between the N-terminus and the catalytic ATPase domain of SecA. 

Herein, it was hypothesized that membrane insertion of the N-terminus of 

SecA would enforce a conformational change of the SecA protein allowing it 

to bind with high affinity to SecYEG. The flexible linker thus should interfere 

with this allosteric function, but would not prevent membrane tethering of 

SecA. Indeed, the flexible linker interfered with translocation and high affinity 
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SecYEG binding, which could only be overcome by high SecA concentrations. 

Therefore, our data suggest that anionic lipids serve to prime SecA for the 

high affinity binding to SecYEG, an allosteric function that implies that the 

phospholipid surface bound SecA is a true intermediate in the catalytic cy-

cle. We propose a new mechanism of protein translocation, where SecA first 

binds acidic phospholipids in the membrane whereupon the lipid bound SecA 

intermediate interacts with SecYEG with high affinity. In a single molecule 

study in living E. coli cells, most of the SecA was found to be membrane sur-

face localized (17). Remarkably, SecA was found to diffuse at the membrane 

surface with multiple distinct diffusion rates mostly corresponding to rates 

typically observed for membrane protein (complexes). However, one of the 

rates suggests rapid movement of SecA along the membrane surface which 

might correspond to the aforementioned SecA intermediate that is bound to 

the lipid surface and primed to bind the translocon with high affinity.

Even though the findings of Chapter 2 provided a first insight into the 

functional role of anionic lipid in SecA-SecYEG interaction, in Chapter 3 we 

further examined the role of anionic phospholipids for protein translocation. 

Herein, we compared the anionic lipid dependency of the SecA-SecYEG in-

teraction with that of protein translocation. Interestingly, whereas the binding 

of SecA to SecYEG was already saturated at concentration of DOPG above 

10 %, the translocation activity increased with the DOPG concentration well 

beyond 30 %. Thus, the anionic lipid-dependency of these two processes is 

vastly different suggesting at least two distinct anionic lipid dependent steps 

in translocation. Using molecular dynamics simulations, we identified an 

enrichment of anionic lipids within and near the lateral gate of the translocon, 

in addition to a shell region of SecYEG and the amphipathic N-terminal helix 

of SecA that binds in the vicinity of SecG to the membrane. The lateral gate 

has been shown in an earlier study to promote signal peptide positioning of 

a secretory protein within the translocation pore (18). Thus, the presence of 

anionic phospholipids at that site could potentially induce or stabilize alpha 

helicity of the inserting signal sequence. Combining the results of Chapter 2 

and 3 we propose a new mechanism of protein translocation in bacteria, where 

anionic lipids act during at least two stages. First anionic lipids support target-

ing of SecA to the cytoplasmic membrane and activate SecA for high affinity 
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binding to SecYEG. Secondly, anionic lipids stabilize the pre-open state of 

the lateral gate of the SecYEG channel and promote correct positioning of 

an incoming signal sequence of a preprotein.

Although nanodiscs provide a fantastic tool to investigate single complexes 

in a native lipid environment, the studies presented in Chapter 2 and 3 were 

performed as bulk experiments. Therefore, in Chapter 4 we present a new 

method of reconstituting SecYEG channels into supported lipid bilayers to 

investigate not only their diffusion but also real-time binding events at single 

molecule level. Supported lipid bilayers (SLBs) are model membranes and 

are formed by fusion of lipid vesicles to a solid-state surface, such as mica or 

glass surfaces. Here, we have formed SecYEG containing SLBs in flow cells 

to allow elimination of unbound material, buffer exchange and addition of 

binding partners. We tracked the diffusion of SecYEG in those SLBs using 

total internal reflection fluorescence (TIRF) microscopy and investigated the 

dynamics of the channel via the cumulative probability distribution (CPD). 

The analysis resulted in two populations of SecYEG that show distinct diffu-

sion coefficients. In the presence of SecA or RNCs the number of diffusional 

populations remained unchanged. However, the diffusion coefficient of single 

SecYEG complexes were found to alter slightly upon SecA binding, and de-

creased significantly in the presence of RNCs translating a membrane protein. 

This slowdown in diffusion is remarkable, as the diffusion characteristics of 

SecYEG are most likely determined by the viscosity of the surrounding lipid 

environment and are hardly affected by the physicochemical properties of 

the aqueous surrounding. Indeed, induction of crowding events by including 

high concentrations of Ficoll PM70 in the medium had little impact on the 

diffusion of SecYEG. Since the ribosome is known to interact with phospho-

lipids (8), we hypothesized that this additional lipid interaction is the cause 

of reduced diffusion of SecYEG upon ribosome binding, Furthermore, the 

diffusion constants as determined for the purified and defined components 

in a lipid membrane provide a reference to support further interpretations of 

the complex diffusion behavior of SecYEG in the cytoplasmic membrane of 

living cells (19). Taken together, we were able to demonstrate that supported 

lipid bilayers provide an excellent model membrane to investigate diffusion 

and real-time binding events at a single molecule level.
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In summary this thesis presents new mechanistic insights into protein 

translocation in bacteria and in particular defines the role of anionic lipids 

during this process. It provides a long-sought explanation of why acidic 

phospholipids are essential for translocation, and integrates the various exper-

imental observations of the impact of anionic phospholipids on components 

of the translocon in a unifying model. This thesis also explored new tools, 

i.e., nanodiscs and supported lipid bilayers, for the functional investigation 

of membrane transporters, such as SecYEG, in a native lipid environment 

for bulk and as single molecule studies. 
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Escherichia coli (E. coli) behoort tot de familie van Enterobacteriaceae. Het 

is een Gram-negatief, facultatief anaerobe bacterie, dat in het darmkanaal 

van dieren kan worden aangetroffen als onderdeel van de commensalen 

microflora. Dit bacterie is een van de best gekarakteriseerde prokaryoten. 

Vanwege efficiënte methodieken voor genetische manipulatie is E. coli een 

modelorganisme voor de bestudering van de moleculaire mechanismen van 

cellulaire processen. In het algemeen kun je in Gram-negatieve bacteriën 

zoals E. coli ten minste vier verschillende compartimenten onderscheiden, 

namelijk: het cytoplasma, de cytoplasmamembraan, het periplasma en de 

buitenmembraan. Elke onderdeel van de cel bevat een karakteristieke reeks 

eiwitten die met hun specifieke activiteiten de functionele eigenschappen 

van deze compartimenten bepalen. Om de levensvatbaarheid en groei van 

de cel te waarborgen, is overdracht van energie en massa tussen deze com-

partimenten noodzakelijk. De cytoplasmamembraan is selectief permeabel. 

Hoewel kleine lipofiele moleculen eenvoudig middels passieve diffusie het 

membraan kunnen passeren, is de cytoplasmamembraan ook een energie 

transducerende membraan, en dus afgesloten voor ionen zoals protonen. In 

het membraan zijn protonpompen gelegen die verantwoordelijk zijn voor de 

opbouw en het in standhouden van een transmembraan proton gradiënt en 

elektrische potentiaal, wat tezamen de proton drijvende kracht ofwel proton 

motive force wordt genoemd. De protonmotive force wordt gebruikt om 

energie consumerende processen te laten plaatsvinden aan het membraan, 

zoals bijvoorbeeld het transport van voedingsstoffen de cel in, de synthese van 

ATP, de sleutelvorm van chemische energie in de cel, en de voortbeweging 

van de cel. Voor eiwitten die worden gesynthetiseerd aan ribosomen in het 

cytoplasma maar die hun functies buiten het cytosol uitvoeren, zijn specifieke 

transportsystemen nodig die het mogelijk maken dat dergelijke eiwitten de 

cytoplasmamembraan kunnen passeren. Dezelfde transportsystemen worden 

ook gebruikt voor de membraaninsertie van nieuw gesynthetiseerde eiwitten 

in de cytoplasmamembraan. Ook dit zijn energie consumerende processen 

en zowel afhankelijk van de protonmotive force en de hydrolyse van ATP.



157

S

Samenvatting

Alhoewel bacteriën verschillende transportplatformen hebben ontwikkeld 

wordt de belangrijkste route in prokaryoten voor eiwittranslocatie en mem-

braaneiwitinsertie gedreven door het Sec (van secretory) translocase. Het 

Sec-translocase is essentieel voor de levensvatbaarheid van de cellen en is 

universeel geconserveerd. De centrale component is het sterk geconserveerde 

eiwit-geleidende kanaal SecYEG ofwel Sec-translocon. Het bemiddelt zijn 

functie in de cytoplasmamembraan van bacteriën en archaea, maar is ook 

aanwezig in het endoplasmatisch reticulum (Sec61-complex) en de thylako-

idemembraan van eukaryoten (1). Bacteriën hebben een extra onderdeel: het 

motor ATPase SecA, dat de energie levert voor eiwittranslocatie. Eiwitten 

in de cel worden gesynthetiseerd aan ribosomen. Voor het doelgericht over-

brengen van eiwitten naar het Sec-translocon bestaan er twee hoofdroutes in 

E. coli, die onderscheid maken tussen uit te scheiden (precursor)eiwitten en 

membraaneiwitten. De meeste membraaneiwitten worden co-translationeel 

naar het translocon gebracht. Dit wil zeggen dat deze eiwitten nog niet volle-

dig gesynthetiseerd zijn en nog ribosoom-gebonden zijn. Membraaneiwitten 

bestaan voor een belangrijk deel uit hydrofobe aminozuren en een dergelijke 

polypeptide keten is niet stabiel in een waterige omgeving. Wanneer het eer-

ste sterk hydrofobe deel wat in staat is een alfa-helix te vormen (2, 3) uit de 

ribosomen uitgangstunnel, wordt het gebonden door het signaalherkennings-

deeltje (Engels signal recognition particle SRP) en als incomplete ribosoom 

eiwitketen (Engels ribosome nascent chain RNC) door SRP naar het membraan 

gebracht (2, 3). Het SRP-RNC-complex bindt aan de membraan-geassoci-

eerde SRP-receptor FtsY (4, 5) en wordt vervolgens op het translocon (6) 

geladen. Het translocon bindt aan het ribosoom en de gebonden polypeptide 

keten wordt in het kanaal ingebracht en glijdt vervolgens in het membraan in 

een proces dat wordt aangedreven door de translatiekracht van de ribosomen 

en de spontane verdeling van de hydrofobe transmembraansegmenten in 

het membraan (7, 8). Daarentegen worden de meeste secretorische eiwitten 

op een post-translationele manier naar het Sec-translocon gebracht. Deze 

eiwitten worden eerst volledig gesynthetiseerd voordat de translocatie wordt 

gestart. Secretorische eiwitten herbergen een amino-terminale (N-termi-

nale) signaalsequentie, die in het algemeen bestaat uit een positief geladen 

N-terminus, een hydrofobe kern en een polaire C-terminus (3). Zodra een 
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groot deel van het secretorisch eiwit uit het ribosoom is gekomen, wordt het 

gebonden door het moleculaire chaperonne eiwit SecB. SecB voorkomt dat 

het eiwit aggregeert en het in een ontvouwen, secretie-competente toestand 

wordt gehouden. SecB brengt het precursoreiwit naar het motoreiwit SecA 

(9), dat bindt aan het translocon, waarna translocatie kan worden geïnitieerd. 

In de volgende stappen wordt de energie van ATP-binding en hydrolyse door 

SecA gebruikt om het precursoreiwit door het Sec-translocon te leiden.

Hoewel er al veel structurele en functionele informatie beschikbaar is over 

SecA en het translocon, met de afzonderlijke SecY, SecE en SecG onderdelen, 

moeten een aantal mechanische details over eiwittranslocatie nog worden 

opgehelderd. In de laatste decennia zijn fosfolipiden, in het bijzonder de 

negatief geladen (anionische) fosfolipiden, van de cytoplasmamembraan ge-

identificeerd als een essentiële functionele component voor eiwittranslocatie. 

De exacte werkwijze waarmee deze fosfolipiden hun effect op translocatie 

uitoefenen, is echter grotendeels onduidelijk gebleven. Een actieve rol van 

fosfolipiden werd gesuggereerd door de waarneming dat SecA met lage 

affiniteit bindt aan anionische fosfolipiden (10, 11). In dit proces penetreert 

SecA het membraan met zijn amfipathische N-terminus (12) en raakt daarbij 

verankert aan het membraan. Verder wordt de ATPase-activiteit van SecA 

gestimuleerd door anionische fosfolipiden (10). Tenslotte is aangetoond dat 

de signaalsequentie van secretieeiwitten aan het membraan kan binden en 

dat deze interactie een alfa-helix structuur van de signaalsequentie induceert 

die essentieel lijkt voor herkenning (13, 14). In dit proefschrift hebben we de 

rol van anionische fosfolipiden als een essentiële partner voor de functionele 

interactie tussen SecA en SecYEG onderzocht.

In hoofdstuk 1 bespreken we een recente membraaneiwit reconstitutie tech-

niek als een nieuw hulpmiddel voor de bestudering van membraaneiwitten 

in een natuurlijke fosfolipide-gebaseerde omgeving, met de nadruk op het 

Sec-translocon. Deze methode is gebaseerd op het gebruik van eiwitten die 

een ring kunnen vormen rondom een kleine fosfolipiden patch, zogenaamde 

nanodiscs. Deze nanodiscs bestaan dus uit een schijfvormig lipide dubbel 

membranen, die worden gestabiliseerd door een eiwitband, het zogenoemde 



159

S

Samenvatting

major scaffold protein (MSP). We hebben verder het belang van nanodiscs be-

nadrukt in recente studies over de mechanistische en structurele kenmerken 

van het Sec-translocon en het gebruik van deze nanodiscs voor biofysische, 

biochemische en structurele analyse. Veel studies zijn uitgevoerd met deter-

gents-oplosbaar gemaakte translocons en het gebruik van detergentia kan 

structurele en functionele defecten in eiwitten veroorzaken. Dit is vooral 

duidelijk in de translocon-ribosoominteractie die substraat onafhankelijk is 

in detergentsoplossing, maar strikt substraatafhankelijk is wanneer nanodisc- 

gereconstitueerde Sec-translocons of natuurlijke membranen worden gebruikt 

(15). Daarom bieden nanodiscs vele mogelijkheden om membraaneiwitten te 

onderzoeken in een fysiologisch relevante fosfolipide omgeving.

In Hoofdstuk 2 hebben we de rol van fosfolipiden voor SecA translocon binding 

en translocatieactiviteit onderzocht. We hebben twee verschillende groot-

tes van nanodiscs gebruikt (kleine ~ 12 nm en grote ~ 30 nm) die maar één 

SecYEG- kanaal herbergen en dus verschillen in het aantal fosfolipiden dat 

door het scaffold protein wordt opgesloten. We vonden dat SecA veel efficiënter 

aan het Sec-translocon bindt wanneer fosfolipiden zeer overvloedig aanwezig 

waren (d.w.z. de grote nanodiscs) in vergelijking met de kleinere nanodiscs. 

Eerdere studies toonden aan dat SecA-binding alleen plaatsvond wanneer de 

nanodiscs werden aangevuld met anionische fosfolipiden (10, 11), maar die 

studies stelden niet vast of de binding optrad aan de fosfolipiden of aan het 

translocon. Ons onderzoek heeft dus aangetoond dat anionische fosfolipiden 

nodig zijn voor de efficiënte binding van SecA aan SecYEG. We hebben vast-

gesteld dat binding van SecA aan anionische fosfolipiden wordt bevorderd 

via de positief geladen SecA N-terminus (16). Na verwijdering van de N- 

terminus werd zowel de binding tussen SecYEG als de translocatie beïnvloed. 

Om een onderscheid te maken tussen een eenvoudige membraan bindende 

functie van de SecA N-terminus of een potentiële allosterische functie van 

de SecA-lipide-interactie, introduceerden we een flexibel stukje polypeptide 

(linker) tussen de N-terminus en het katalytische ATPase-domein van SecA. 

De hypothese is dat de membraaninsertie van de N-terminus van SecA een 

conformationele verandering van het SecA-eiwit veroorzaakt waardoor het 

vervolgens met hoge affiniteit aan SecYEG kan binden. He flexibele stukje 
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polypeptide zou dus deze allosterische functie moeten verstoren, maar zal 

daarentegen de membraanbinding van SecA niet beïnvloeden. De flexibele 

linker interfereerde inderdaad met translocatie en SecYEG-binding en dit 

kon alleen kon worden overwonnen door een hoge SecA-concentraties. Deze 

gegevens suggereren dat anionische fosfolipiden dienen om SecA te activeren 

voor de hoge affiniteit binding aan SecYEG middel een allosterische effect 

van de fosfolipiden op de SecA structuur waardoor de interactie met SecYEG 

kan plaatsvinden. Een belangrijke implicatie van dit werk is dat de fosfolipi-

den-gebonden vorm van SecA een echt tussenproduct is in de katalytische 

cyclus. We stellen een nieuw mechanisme voor van eiwittranslocatie, waarbij 

SecA eerst bindt aan de anionische fosfolipiden in het membraan, waarna 

het fosfolipide gebonden SecA met hoge affiniteit bindt aan het SecYEG 

complex. In een enkel molecuul studie aan de lokalisatie van SecA in levende 

E. coli cellen werd gevonden dat het merendeel van de SecA gebonden is aan 

het membraanoppervlak (17). Het SecA blijkt vlot te diffunderen aan het 

membraanoppervlak met snelheden die typisch worden waargenomen voor 

membraaneiwitten (-complexen). Een van de snelheden suggereert echter 

een snellere beweging van SecA langs het membraanoppervlak, en deze zou 

kunnen corresponderen met het hier genoemde SecA-tussenproduct dat is 

gebonden aan het fosfolipide-oppervlak en dat geactiveerd is om de Sec- 

translocon met hoge affiniteit te binden.

Hoewel de bevindingen van Hoofdstuk 2 een uniek inzicht gaf in de functio-

nele rol van anionisch fosfolipide voor de SecA-SecYEG-interactie, hebben 

we in Hoofdstuk 3 de functionele maar ook structurele rol van anionische 

fosfolipiden voor eiwittranslocatie onderzocht. Hierin vergeleken we de ani-

onische lipide-afhankelijkheid van de SecA-SecYEG-interactie met die van 

de eiwittranslocatie. De binding van SecA aan SecYEG blijkt al verzadigd 

bij een anionische fosfolipiden concentratie van circa 10 %, terwijl de tran-

slocatieactiviteit verder toeneemt met concentratie tot boven de 30 %. De 

anionische fosfolipide-afhankelijkheid van deze twee processen is dus enorm 

verschillend, wat suggereert dat er ten minste twee verschillende anionische 

lipide-afhankelijke stappen in translocatie zijn. Met behulp van molecu-

laire dynamica simulaties identificeerden we een verrijking van anionische 
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fosfolipiden in en nabij de laterale uitgang van het Sec-translocon en bij de 

amfipathische N-terminale helix van SecA die zich in de buurt van de SecG 

sub-eenheid van het translocon bevindt. Uit eerder onderzoek is gebleken dat 

het signaalpeptide van secretorische eiwitten bindt aan de laterale uitgang 

van het translocon en dat dit het openen van de translocatieporie bevordert 

(18). Aldus zou de aanwezigheid van anionische fosfolipiden op die plaats 

mogelijk een alfa-helix vorm van de signaalsequentie kunnen induceren of 

stabiliseren. Door het combineren van de resultaten van Hoofdstuk 2 en 3, 

stellen we een nieuw mechanisme voor van eiwittranslocatie in bacteriën, 

waarbij anionische fosfolipiden op tenminste twee verschillende niveaus wer-

ken. Ten-eerste, ondersteunen anionische fosfolipiden de binding van SecA 

aan het cytoplasmatische membraanoppervlak en activeren zij SecA voor de 

hoge affiniteit interactie met SecYEG. Ten tweede, stabiliseren anionische 

fosfolipiden de pre-open toestand van de laterale uitgang van het SecY-kanaal 

en bevorderen zij de correcte positionering van de binnenkomende signaal-

sequentie van het secretieeiwit.

Hoewel nanodiscs een fantastisch hulpmiddel zijn voor het onderzoek aan 

membraaneiwitten in hun natuurlijke lipidenomgeving, werden de studies, 

gepresenteerd in Hoofdstuk 2 en 3, uitgevoerd als zogenaamde bulk experi-

menten. Daarom presenteren we in Hoofdstuk 4 een nieuwe methode voor 

het reconstitueren van SecYEG-kanalen in membranen om niet alleen hun 

diffusie maar ook in de tijd de bindingsreacties op single-molecule niveau 

te onderzoeken. Hiertoe maken we gebruik van SLBs (van supported lipid 

bilayers). Dit zijn modelmembranen en worden gevormd door fusie van 

lipide vesicles op een vaste stof oppervlak, zoals mica- of glasoppervlakken. 

Deze SecYEG-bevattende SLBs hebben we in stroomcellen gevormd om 

het mogelijk te maken om ongebonden materiaal te verwijderen en buf-

feruitwisseling en toevoeging van bindingspartners mogelijk te maken. De 

diffusie van SecYEG in die SLBs hebben we onderzocht met behulp van 

Total internal reflection fluorescence (TIRF) microscopie en de dynamiek van 

de membraandiffusie van het translocon hebben we geanalyseerd met behulp 

van de cumulative probability distribution (CPD). De analyse resulteerde in 

identificatie van twee populaties van SecYEG die een duidelijk verschillende 
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diffusiecoëfficiënt vertonen. In de aanwezigheid van SecA of RNCs bleef 

het aantal diffusiepopulaties ongewijzigd. Echter de diffusiecoëfficiënt van 

sommige SecYEG-complexen bleek te veranderen na SecA-binding en nam 

significant af in de aanwezigheid van RNCs. Dit betrof een dramatische 

vertraging in diffusie en dit is opmerkelijk, aangezien de diffusiekarakteristie-

ken van SecYEG zeer waarschijnlijk worden bepaald door de viscositeit van 

de omgevende fosfolipidenomgeving en nauwelijks worden beïnvloed door 

de fysisch-chemische eigenschappen van de waterige omgeving. Inderdaad, 

inductie van crowding events door het toevoegen van hoge concentraties 

Ficoll PM70 in het medium had weinig invloed op de diffusie van SecYEG. 

Omdat van het ribosoom bekend is dat het een interactie aangaat met fos-

folipiden (8), stelden we de hypothese op dat deze extra lipideninteractie de 

oorzaak is van vertraagde diffusie van SecYEG na ribosoombinding. Verder 

bieden de diffusieconstanten zoals bepaald voor de gezuiverde en gedefini-

eerde componenten in een fosfolipide membraan een referentiekader voor 

de verdere interpretaties van het complexe diffusiegedrag van SecYEG in 

het cytoplasmamembraan van levende cellen (19). SLBs blijken uitstekend 

modelmembranen te zijn om diffusie en real-time bindingsgebeurtenissen 

op single-molecule niveau te onderzoeken.

Samenvattend presenteert dit proefschrift nieuwe mechanistische inzichten 

in eiwittranslocatie in bacteriën en definieert het met name de rol van ani-

onische fosfolipiden tijdens dit proces. Het biedt een lang gezochte uitleg 

waarom anionische fosfolipiden essentieel zijn voor translocatie en integreert 

verschillende experimentele waarnemingen omtrent de invloed van anionische 

fosfolipiden op componenten van de Sec-translocon in een verenigend model. 
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Zusammenfassung

Escherichia coli (E. coli) gehört zur Familie der Enterobacteriaceae und ist ein 

gramnegatives, fakultativ anaerobes Bakterium, das im Darmtrakt von Tieren 

als Bestandteil der kommensalen Mikroflora zu finden ist. Dieses Bakterium 

gehört zu den am besten charakterisierten Prokaryoten und aufgrund der 

Möglichkeit genetischer Manipulationen und der Verfügbarkeit von Protokol-

len wird es als Modellorganismus in der Biologie und Biochemie verwendet, 

um eine Vielzahl von zellulären Prozessen zu untersuchen. Im Allgemeinen 

enthalten gramnegative Bakterien wie E. coli mindestens vier verschiedene 

Kompartimente: das Zytoplasma, die Cytoplasmamembran, den periplas-

matischen Raum und die äußere Membran. Jeder Abschnitt setzt sich aus 

charakteristischen Proteinen, die spezifische Aktivitäten und Eigenschaften 

ermöglichen, zusammen. Um die Lebensfähigkeit und das Wachstum der 

Zellen sicherzustellen, ist die Übertragung von Masse und Energie zwischen 

diesen Kompartimenten notwendig. Die Cytoplasmamembran ist selektiv 

durchlässig. Obwohl kleine lipophile Moleküle passieren können, ist die 

Cytoplasmamembran eine Energie-transduzierende Membran und somit für 

Ionen, wie Protonen abgedichtet, die in Energie verbrauchenden Prozessen 

verwendet werden, die an dieser Membran auftreten. Daher muss die un-

kontrollierte Freisetzung von Molekülen aus der Zelle verhindert werden. Für 

Proteine, die im Cytoplasma synthetisiert werden, aber ihre charakteristische 

Funktion außerhalb des Zytosols ausführen, sind spezifische Transportsyste-

me erforderlich, die den Transport solcher Proteine in oder über die Cyto-

plasmamembran erlauben.

Obwohl Bakterien mehrere Transportplattformen entwickelt haben, wird der 

Hauptweg für die Proteintranslokation und die Membranproteininsertion 

in die Cytoplasmamembran in Prokaryoten durch das Sec-System (von 

secretory) bereitgestellt. Das Sec-System ist essentiell für das Überleben von 

Zellen und ist universell konserviert. Die zentrale Komponente bildet der 

hochkonservierte Transportkanal SecYEG oder das Sec-Translokon. SecYEG 

vermittelt seine Funktion in der Cytoplasmamembran von Bakterien und 

Archaea, ist aber auch im endoplasmatischen Retikulum (Sec61-Komplex) 



165

Zusammenfassung

Z

und der Thylakoidmembran von Eukaryoten (1) vorhanden. Bakterien be-

sitzen eine zusätzliche Komponente: die ATPase SecA, die die Energie für 

den Transport liefert. Die Leitung von Proteinen zum Transportkanal erfolgt 

über zwei Wege in E. coli, die zwischen sekretorischen Precursorproteinen und 

Membranproteinen unterscheiden. Die meisten Membranproteine werden 

co-translational zum Sec Translokon geleitet. Sobald die erste hydrophobe 

α-helikale Sequenz (2, 3) einer naszierenden Polypeptidkette (englisch ribo-

some nascent chain RNC) aus dem ribosomalen Ausgangstunnel austritt, wird 

diese durch das Signalerkennungspartikel (englisch signal recognition particle 

SRP) (2, 3) gebunden. Im Folgenden bindet der SRP-RNC-Komplex den 

Membran-assoziierten SRP-Rezeptor FtsY (4, 5) und interagiert daraufhin 

mit dem SecYEG Transportkanal (6). SecYEG bindet das Ribosom, worauf-

hin die naszierende Kette in den Transportkanal eingeführt und anschlie-

ßend in die Cytoplasmamembran inseriert wird, in einen Prozess, der von 

der Translationskraft der Ribosomen und der Interaktion der hydrophoben 

Transmembransegmente mit den hydrophoben Kohlenwasserstoffschwänzen 

angetrieben wird (7, 8). Im Gegensatz dazu werden die meisten sekretorischen 

Precursorproteine in einer post-translationalen Weise zum Sec-Translokon 

geleitet. Diese Proteine werden zunächst vor Transportbeginn vollständig syn-

thetisiert. Sekretorische Proteine weisen eine aminoterminale (N- terminale) 

Signalsequenz auf, die sich im Allgemeinen aus einem positiv geladenen 

N-Terminus, einem hydrophoben Kern und einem polaren C-Terminus 

zusammensetzt (3). Sobald der Großteil des sekretorischen Proteins am 

Ribosom synthetisiert wurde, wird die Polypeptidkette durch das moleku-

lare Chaperon SecB, das die Aggregation des Proteins verhindert und es in 

einem ungefalteten, sekretionsfähigen Zustand hält, gebunden. SecB leitet 

das sekretorische Protein zu SecA (9), woraufhin SecA an SecYEG bindet, 

um den Transport einzuleiten. In den folgenden Schritten wird die Energie 

der ATP-Bindung und -Hydrolyse von SecA verwendet, um das sekretorische 

Protein durch den SecYEG Kanal zu transportieren.

Obwohl eine große Auswahl von strukturellen und funktionellen Informatio-

nen über SecYEG und SecA zur Verfügung steht, sind einige mechanistische 

Details der Proteintranslokation noch ungeklärt. In den letzten Jahrzehnten 
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wurden Lipide, insbesondere negativ geladene (anionische) Lipide der Cy-

toplasmamembran als eine wesentliche funktionelle Komponente für den 

Proteintransport identifiziert. Allerdings ist die genaue Wirkung, welche 

Lipide auf die Translokation ausüben, noch ungeklärt. Eine aktive Rolle von 

Lipiden wurde erstmals aufgrund der Beobachtung, dass SecA mit geringer 

Affinität anionische Lipide bindet, suggeriert (10, 11). SecA durchdringt dabei 

die Membran mit dessen amphipathischen N-Terminus (12). Darüber hin-

aus wird die ATPase-Aktivität von SecA durch anionische Lipide stimuliert 

(10). Außerdem wurde gezeigt, dass die Signalsequenz von sekretorischen 

Proteinen Membranen, die mit anionischen Lipiden ergänzt sind, bindet, sich 

daraufhin faltet und in die Membran eindringt (13, 14). In dieser Doktorarbeit 

haben wir die Rolle von anionischen Lipiden als essentieller Partner für die 

funktionelle Interaktion zwischen SecA und SecYEG untersucht.

In Kapitel 1 wird die neue Nanodisc-Technologie erläutert, welche als Werk-

zeug zur Rekonstitution von Membranproteinen in einer Lipid-basierten 

Umgebung dient. Nanodiscs sind diskoidale Lipid-Doppelschichten, die 

von einem Proteingürtel gebildet werden, dem sogenannten Major Scaffold 

Protein (MSP). Wir haben ferner die Bedeutung von Nanodiscs in neueren 

Studien zur Aufklärung mechanistischer und struktureller Merkmale des 

SecYEG Kanals und deren Verwendung für biophysikalische, biochemische 

und strukturelle Analysen hervorgehoben. Bisher wurden viele Experimente 

mit Detergens-solubilisierten Sec-Molekülen durchgeführt. Allerdings kann 

die Verwendung von Detergenzien strukturelle und funktionelle Defekte von 

Proteinen verursachen. Am bemerkenswertesten ist dies in der SecYEG- 

Ribosomen-Wechselwirkung, die in Detergenslösung substratunabhängig 

erscheint, allerdings streng substratabhängig ist, wenn Nanodisc-rekonsti-

tuierte SecYEG verwendet werden (15). Daher bieten Nanodiscs viele Mög-

lichkeiten, Membranproteine in einer physiologisch relevanten Umgebung 

zu untersuchen.

In Kapitel 2 untersuchten wir die Rolle von Lipiden für die SecA-Bindungs- 

und Translokationsaktivität. Wir haben zwei verschiedene Größen von Nano-

discs (kleine ~ 12 nm und große ~ 30 nm), die einzelne SecYEG-Kanäle 



167

Zusammenfassung

Z

enthalten und sich somit in der Anzahl der Phospholipide unterscheiden, 

die sich innerhalb der Nanodiscs befinden, verwendet. Interessanterweise 

fanden wir heraus, dass SecA mit einer höheren Affinität zu SecYEG bindet, 

wenn eine Vielzahl von Lipiden vorhanden war, so wie in großen Nanodiscs, 

verglichen mit den kleineren Nanodiscs. Frühere Studien zeigten, dass die 

SecA-Bindung nur auftritt, wenn die Membranen mit anionischen Lipiden 

ergänzt sind (10, 11), aber diese Studien haben nicht ermittelt, ob die Bindung 

mit höherer Affinität zu Lipiden oder mit hoher Affinität zu SecYEG erfolgte. 

Unsere Studie zeigt somit, dass anionische Lipide erforderlich sind, sodass 

SecA SecYEG mit hoher Affinität binden kann. Wir zeigten weiterhin, dass die 

Interaktion von SecA mit den anionischen Lipiden über den positiv geladenen 

SecA N-Terminus ermöglicht wird (16). Nach der Verkürzung des N-Termi-

nus waren sowohl die SecA-SecYEG Interaktion als auch die Translokation 

betroffen. Um zwischen einer einfachen Membran-Bindungs-Funktion des 

SecA N-Terminus oder einer allosterischen Funktion der SecA-Lipid-Inter-

aktion zu unterscheiden, führten wir eine verlängerte flexible Verknüpfung 

zwischen dem N-Terminus und der katalytischen ATPase-Domäne von 

SecA ein. Wir haben die Hypothese aufgestellt, dass die Membraninsertion 

des N-Terminus von SecA eine Konformationsänderung des SecA-Proteins 

erzwingen würde, die es ihm erlaubt, mit hoher Affinität an SecYEG zu 

binden. Der flexible Linker sollte daher mit dieser allosterischen Funktion 

interferieren, würde jedoch nicht die Membran-Bindung von SecA verhindern. 

In der Tat interferiert der flexible Linker mit der Transportfunktion sowie 

der SecA-SecYEG Interaktion, die nur durch hohe SecA-Konzentrationen 

überwunden werden konnte. Daher legen unsere Daten nahe, dass anionische 

Lipide dazu dienen, SecA für die Interaktion mit SecYEG mit hoher Affini-

tät zu aktivieren, eine allosterische Funktion, die impliziert, dass das an die 

Phospholipidoberfläche gebundene SecA ein Zwischenprodukt im Katalyse-

zyklus ist. Wir stellen einen neuen Mechanismus der Proteintranslokation vor, 

bei dem SecA zuerst negativ geladene Phospholipide in der Membran bindet, 

woraufhin das lipidgebundene SecA-Zwischenprodukt SecYEG mit hoher 

Affinität bindet. In einer Einzelmolekülstudie in lebenden E. coli-Zellen wurde 

festgestellt, dass SecA größtenteils an der Membranoberfläche lokalisiert ist 

(17). Bemerkenswerterweise diffundierte SecA an der Membranoberfläche 
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mit unterschiedlichen Diffusionsgeschwindigkeiten, die meist den Raten 

entsprechen, die typischerweise für Membranproteine (-komplexe) beobach-

tet werden. Eine der Raten deutet jedoch auf eine schnelle Bewegung von 

SecA entlang der Membranoberfläche hin, die dem oben erwähnten SecA- 

Zwischenprodukt, das an die Lipidoberfläche gebunden ist und SecYEG mit 

hoher Affinität bindet, entsprechen könnte.

Obwohl die Ergebnisse von Kapitel 2 einen ersten Einblick in die funktionelle 

Rolle von anionischen Lipiden in der SecA-SecYEG-Wechselwirkung lieferten, 

untersuchten wir in Kapitel 3 die Rolle von anionischen Phospholipiden für 

die Proteintranslokation. Hier verglichen wir die anionische Lipidabhängigkeit 

der SecA-SecYEG-Interaktion mit der anionische Lipidabhängigkeit der Pro-

teintranslokation. Interessanterweise nahm, während die Bindung von SecA 

an SecYEG bereits bei einer Konzentration von DOPG über 10 % gesättigt 

war, die Translokationsaktivität mit der DOPG-Konzentration deutlich bis 

über 30 % zu. Dies bedeutet, dass die anionische Lipidabhängigkeit dieser 

beiden Prozesse stark unterschiedlich ist, was die Existenz von mindestens 

zwei unterschiedlich anionisch lipidabhängigen Schritten bei der Transloka-

tion nahelegt. Mithilfe molekulardynamischer Simulationen identifizierten wir 

eine Anreicherung anionischer Lipide innerhalb und in der Nähe der lateralen 

Öffnung des SecYEG Kanals sowie um den SecYEG Komplex und der am-

phipathischen N-terminalen Helix von SecA, die in der Nähe von SecG an die 

Membran bindet. Die laterale Öffnung wurde in einer früheren Studie mit der 

korrekten Signalpeptidpositionierung eines sekretorischen Proteins innerhalb 

der Translokationspore in Verbindung gebracht (18). Somit könnte die Anwe-

senheit von anionischen Phospholipiden an dieser Stelle möglicherweise die 

Alphahelix-Bildung der Signalsequenz induzieren oder stabilisieren. Durch 

die Kombination der Ergebnisse von Kapitel 2 und 3 stellen wir einen neuen 

Mechanismus der Proteintranslokation in Bakterien vor, bei dem anionische 

Lipide auf mindestens zwei Ebenen wirken. Zuerst unterstützen anionische 

Lipide die Leitung von SecA zur Cytoplasmamembran und aktivieren SecA 

für die Interaktion mit SecYEG mit hoher Affinität. Daraufhin stabilisieren 

anionische Lipide die teils geöffnete laterale Öffnung des SecYEG-Kanals 

und fördern die korrekte Positionierung der Signalsequenz eines Präproteins.
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Obwohl Nanodiscs ein sehr nützliches Werkzeug zur Untersuchung einzelner 

Komplexe in einer nativen Lipidumgebung darstellen, wurden die in Kapitel 2 

und 3 vorgestellten Studien als bulk Experimente durchgeführt Daher prä-

sentieren wir in Kapitel 4 eine neue Methode zur Rekonstitution von SecY-

EG-Kanälen in Biomembranen, um nicht nur deren Diffusion, sondern auch 

Echtzeitbindungsvorgänge auf Einzelmolekülebene zu untersuchen. SLBs 

(von supported lipid bilayer) sind Modellmembranen und werden durch Fusion 

von Lipidvesikeln an eine Festkörperoberfläche wie Silikat- oder Glasoberflä-

chen gebildet. Hier haben wir SLBs mit SecYEG in Durchflusszellen gebildet, 

um ungebundenes Material zu eliminieren sowie Pufferaustausch und die 

Zugabe von Bindungspartnern zu ermöglichen. Wir verfolgten die Diffusion 

von SecYEG in diesen SLBs mittels Interner Totalreflexionsfluoreszenz-

mikroskopie (englisch Total internal reflection fuorescence microscopy TIRFM) 

und untersuchten die Dynamik des Kanals mit Hilfe der kumulativen Wahr-

scheinlichkeitsverteilung (englisch cumulative probability distribution CPD). 

Die Analyse ergab zwei Populationen von SecYEG, die unterschiedliche 

Diffusionskoeffizienten aufwiesen. In Gegenwart von SecA oder RNCs blieb 

die Anzahl der Diffusionspopulationen unverändert. Es zeigte sich jedoch, 

dass sich der Diffusionskoeffizient einzelner SecYEG-Komplexe während der 

Interaktion mit SecA leicht änderte und in Gegenwart von RNCs, die ein 

Membranprotein synthetisierten signifikant abnahm. Diese Verlangsamung 

der Diffusion ist bemerkenswert, da die Diffusionseigenschaften von SecYEG 

höchstwahrscheinlich durch die Viskosität der umgebenden Lipidmembran 

bestimmt werden und kaum von den physikochemischen Eigenschaften der 

wässrigen Umgebung beeinflusst werden. In der Tat hatte die Induktion von 

crowding Ereignissen durch die Aufnahme hoher Konzentrationen von Ficoll 

PM70 in das Medium wenig Einfluss auf die Diffusion von SecYEG. Da das 

Ribosom bekanntermaßen mit Phospholipiden wechselwirkt (8), stellen wir 

die Hypothese auf, dass diese zusätzliche Lipidwechselwirkung die Ursache 

für eine verringerte Diffusion von SecYEG aufgrund der Interaktion mit 

Ribosomen ist. Darüber hinaus liefern die Diffusionskoeffizienten, die auf 

aufgereinigten und definierten Komponenten in der Cytoplasmamembran 

basieren, einen Hinweis auf weitere Interpretationen des komplexen Diffu-

sionsverhaltens von SecYEG in der Cytoplasmamembran lebender Zellen 
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(19). Zusammenfassend konnten wir zeigen, dass SLBs eine exzellente Mo-

dellmembran zur Untersuchung von Diffusions- und Echtzeit-Bindungs-

ereignissen auf Einzelmolekülebene bieten.

Zusammenfassend präsentiert diese Arbeit neue mechanistische Einblicke in 

die Translokation von Proteinen in Bakterien und definiert insbesondere die 

Rolle von anionischen Lipiden während dieses Prozesses. Die hier präsen-

tierten Forschungsergebnisse liefern eine lang gesuchte Erklärung, warum 

negativ geladene Phospholipide essentiell für die Translokation sind und 

integriert die verschiedenen experimentellen Beobachtungen des Einflusses 

von anionischen Phospholipiden auf Komponenten des Sec-Systems in einem 

vereinheitlichten Modell. In dieser Arbeit wurden auch neue Werkzeuge, z. B. 

Nanodiscs und SLBs, für die funktionelle Untersuchung von Membran-

transportern wie SecYEG in einer nativen Lipidumgebung für Bulk- und 

Einzelmolekülstudien untersucht.
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