
 

 

 University of Groningen

Functional role of lipids in bacterial protein translocation
Koch, Sabrina

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2019

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Koch, S. (2019). Functional role of lipids in bacterial protein translocation. [Thesis fully internal (DIV),
University of Groningen]. University of Groningen.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://research.rug.nl/en/publications/1b4c1275-1623-4b68-a8d4-1ae99db0a33c


1
Introduction — Biophysical analysis 

of Sec-mediated protein translocation 

in nanodiscs

Sabrina Koch1, Arnold J. M. Driessen1, Alexej Kedrov2

1
Molecular Microbiology, Groningen Biomolecular Sciences and Biotechnology Institute and 

Zernike Institute for Advanced Materials, University of Groningen, Groningen, The Netherlands 
2
Synthetic Membrane Systems, Institut für Biochemie, Heinrich Heine University Düsseldorf, 

Düsseldorf, Germany 

Advances in Biomembranes and Lipid Self-Assembly, Volume 28



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).



17

1

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

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 
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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 



44

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

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 



46

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

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.



47

1

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

1.  du Plessis, D. J. F., Nouwen, N., and Dries-
sen, A. J. M. (2011) The Sec translocase. 
Biochim. Biophys. Acta. 1808, 851–865

2.  Park, E., and Rapoport, T. A. (2012) Mech-
anisms of Sec61/SecY-Mediated Protein 
Translocation Across Membranes. Annu. 
Rev. Biophys. 41, 21–40

3.  Hartmann, E., Sommer, T., Prehn, S., 
Gorlich, D., Jentsch, S., and Rapoport, T. 
A. (1994) Evolutionary conservation of 
components of the protein translocation 
complex. Nature. 367, 654–657

4.  Costa, T. R. D., Felisberto-Rodrigues, C., 
Meir, A., Prevost, M. S., Redzej, A., Trokter, 
M., and Waksman, G. (2015) Secretion sys-
tems in Gram-negative bacteria: structural 
and mechanistic insights. Nat. Rev. Micro-
biol. 13, 343–359

5.  von Heijne, G. (1985) Signal sequences. The 
limits of variation. J. Mol. Biol. 184, 99–105

6.  Tomkiewicz, D., Nouwen, N., and Driessen, 
A. J. M. (2008) Kinetics and Energetics 
of the Translocation of Maltose Binding 
Protein Folding Mutants. J. Mol. Biol. 377, 
83–90

7.  Hoffmann, A., Bukau, B., and Kramer, G. 
(2010) Structure and function of the mo-
lecular chaperone Trigger Factor. Biochim. 
Biophys. Acta. 1803, 650–61

8.  Akopian, D., Shen, K., Zhang, X., and Shan, 
S. (2013) Signal Recognition Particle: An es-
sential protein targeting machine, 10.1146/
annurev-biochem-072711–164732.Signal

9.  Bornemann, T., Holtkamp, W., and Winter-
meyer, W. (2014) Interplay between trigger 
factor and other protein biogenesis factors 
on the ribosome. Nat. Commun. 10.1038/
ncomms5180

10.  Ariosa, A., Lee, J. H., Wang, S., Saraogi, I., 
and Shan, S. (2015) Regulation by a chap-
erone improves substrate selectivity during 
cotranslational protein targeting. Proc. Natl. 
Acad. Sci. 112, E3169–E3178

11.  Xu, Z., Knafels, J. D., and Yoshino, K. 
(2000) Crystal structure of the bacterial 
protein export chaperone SecB. Nat. Struct. 
Biol. 7, 1172–1177

12.  Sala, A., Bordes, P., and Genevaux, P. (2014) 
Multitasking SecB chaperones in bacteria. 
Front. Microbiol. 10.3389/fmicb.2014.00666

13.  Huang, C., Rossi, P., Saio, T., and Kalodi-
mos, C. G. (2016) Structural basis for the 
antifolding activity of a molecular chaper-
one. Nature. 537, 202–206

14.  Bechtluft, P., Kedrov, A., Slotboom, D. J., 
Nouwen, N., Tans, S. J., and Driessen, A. J. 
M. (2010) Tight hydrophobic contacts with 
the SecB chaperone prevent folding of sub-
strate proteins. Biochemistry. 49, 2380–2388

15.  Zhou, J., and Xu, Z. (2003) Structural de-
terminants of SecB recognition by SecA in 
bacterial protein translocation. Nat. Struct. 
Biol. 10, 942–7

16.  Duong, F., and Wickner, W. (1997) Distinct 
catalytic roles of the SecYE, SecG and 
SecDFyajC subunits of preprotein trans-
locase holoenzyme. EMBO J. 16, 2756–68

17.  Brundage, L., Hendrick, J. P., Schiebel, E., 
Driessen, A. J. M., and Wickner, W. (1990) 
The purified E. coli integral membrane 
protein SecY/E is sufficient for reconstitu-
tion of SecA-dependent precursor protein 
translocation. Cell. 62, 649–57

18.  Tsukazaki, T., Mori, H., Echizen, Y., and 
Ishitani, R. (2013) Structure and function 
of a protein export-enhancing membrane 
component SecDF. Nature. 474, 235–238

19.  Auclair, S. M., Bhanu, M. K., and Kendall, 
D. A. (2012) Signal peptidase I: cleaving 
the way to mature proteins. Protein Sci. 21, 
13–25

20.  Saito, A., Hizukuri, Y., Matsuo, E., Chiba, 
S., Mori, H., Nishimura, O., Ito, K., and 
Akiyama, Y. (2011) Post-liberation cleavage 
of signal peptides is catalyzed by the site-2 
protease (S2P) in bacteria. Proc. Natl. Acad. 
Sci. U. S. A. 108, 13740–13745

21.  de Geyter, J., Tsirigotaki, A., Orfanoudaki, 
G., Zorzini, V., Economou, A., and Kara-
manou, S. (2016) Protein folding in the cell 
envelope of Escherichia coli. Nat. Microbiol. 
1, 1–13

22.  van den Berg, B., Clemons, W. M., Collinson, 
I., Modis, Y., Hartmann, E., Harrison, S. C., 

References



48

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

and Rapoport, T. A. (2004) X-ray structure 
of a protein-conducting channel. Nature. 
427, 36–44

23.  Egea, P. F., and Stroud, R. M. (2010) Lat-
eral opening of a translocon upon entry of 
protein suggests the mechanism of insertion 
into membranes. Proc. Natl. Acad. Sci. U. S. 
A. 107, 17182–17187

24.  Zimmer, J., Nam, Y., and Rapoport, T. A. 
(2008) Structure of a complex of the AT-
Pase SecA and the protein-translocation 
channel. Nature. 455, 936–943

25.  Tanaka, Y., Sugano, Y., Takemoto, M., Su-
gita, Y., Nureki, O., and Correspondence, 
T. T. (2015) Crystal Structures of SecYEG 
in Lipidic Cubic Phase Elucidate a Precise 
Resting and a Peptide-Bound State. Cell Rep. 
13, 1561–1568

26.  Li, W., Schulman, S., Boyd, D., Erlandson, 
K., Beckwith, J., and Rapoport, T. A. (2007) 
The plug domain of the SecY protein sta-
bilizes the closed state of the translocation 
channel and maintains a membrane seal. 
Mol. Cell. 26, 511–21

27.  Lycklama a Nijeholt, J. A., Wu, Z. C., and 
Driessen, A. J. M. (2011) Conformational 
dynamics of the plug domain of the Se-
cYEG protein-conducting channel. J. Biol. 
Chem. 286, 43881–90

28.  Plath, K., Mothes, W., Wilkinson, B. M., 
Stirling, C. J., and Rapoport, T. A. (1998) 
Signal sequence recognition in posttransla-
tional protein transport across the yeast ER 
membrane. Cell. 94, 795–807

29.  Nishiyama, K., Mizushima, S., and Toku-
da, H. (1993) A novel membrane protein 
involved in protein translocation across the 
cytoplasmic membrane of Escherichia coli. 
EMBO J. 12, 3409–15

30.  Hanada, M., Nishiyama, K., and Tokuda, H. 
(1996) SecG plays a critical role in protein 
translocation in the absence of the proton 
motive force as well as at low temperature. 
FEBS Lett. 381, 25–28

31.  Kusters, I., and Driessen, A. J. M. (2011) 
SecA, a remarkable nanomachine. Cell. Mol. 
Life Sci. 68, 2053–2066

32.  Hunt, J. F., Weinkauf, S., Henry, L., Fak, 
J. J., McNicholas, P., Oliver, D. B., and 

Deisenhofer, J. (2002) Nucleotide control 
of interdomain interactions in the confor-
mational reaction cycle of SecA. Science 297, 
2018–2026

33.  Tanner, N. K., and Linder, P. (2001) DEx-
D/H box RNA helicases: From generic mo-
tors to specific dissociation functions. Mol. 
Cell. 8, 251–262

34.  Gelis, I., Bonvin, A. M. J. J., Keramisanou, 
D., Koukaki, M., Gouridis, G., Karamanou, 
S., Economou, A., and Kalodimos, C. G. 
(2007) Structural Basis for Signal-Sequence 
Recognition by the Translocase Motor SecA 
as Determined by NMR. Cell. 131, 756–769

35.  Fekkes, P., de Wit, J. G., Boorsma, A., 
Friesen, R. H., and Driessen, A. J. M. (1999) 
Zinc stabilizes the SecB binding site of 
SecA. Biochemistry. 38, 5111–5116

36.  Sardis, M. F., and Economou, A. (2010) 
SecA: A tale of two protomers: MicroRev-
iew. Mol. Microbiol. 76, 1070–1081

37.  Kusters, I., van den Bogaart, G., Kedrov, 
A., Krasnikov, V. V, Fulyani, F., Poolman, B., 
and Driessen, A. J. M. (2011) Quaternary 
structure of SecA in solution and bound to 
SecYEG probed at the single molecule level. 
Structure. 19, 430–439

38.  Li, L., Park, E., Ling, J. J., Ingram, J., Ploegh, 
H., and Rapoport, T. A. (2016) Crystal 
structure of a substrate-engaged SecY 
protein-translocation channel. Nature. 531, 
395–399

39.  Beckmann, R., Bubeck, D., Grassucci, R., 
Penczek, P., Verschoor, A., Blobel, G., and 
Frank, J. (1997) Alignment of Conduits 
for the Nascent Polypeptide Chain in the 
Ribosome-Sec61 Complex. Science. 278, 
2123–2126

40.  Ménétret, J.-F., Schaletzky, J., Clemons, W. 
M., Osborne, A. R., Skånland, S. S., Deni-
son, C., Gygi, S. P., Kirkpatrick, D. S., Park, 
E., Ludtke, S. J., Rapoport, T. A., and Akey, 
C. W. (2007) Ribosome Binding of a Single 
Copy of the SecY Complex: Implications 
for Protein Translocation. Mol. Cell. 28, 
1083–1092

41.  Becker, T., Bhushan, S., Jarasch, A., Armache, 
J. P., Funes, S., Jossinet, F., Gumbart, J. C., 
Mielke, T., Berninghausen, O., Schulten, 



49

1

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

K., Westhof, E., Gilmore, R., Mandon, E. 
C., and Beckmann, R. (2009) Structure of 
monomeric yeast and mammalian Sec61 
complexes interacting with the translating 
ribosome. Science 326, 1369–1373

42.  Frauenfeld, J., Gumbart, J., Sluis, E. O. van 
der, Funes, S., Gartmann, M., Beatrix, B., 
Mielke, T., Berninghausen, O., Becker, T., 
Schulten, K., and Beckmann, R. (2011) 
Cryo-EM structure of the ribosome-SecYE 
complex in the membrane environment. 
Nat. Struct. Mol. Biol. 18, 614–21

43.  Voorhees, R. M., and Hegde, R. S. (2016) 
Structure of the Sec61 channel opened by 
a signal sequence. Science. 351, 361–365

44.  Shen, H.-H., Lithgow, T., and Martin, L. L. 
(2013) Reconstitution of membrane pro-
teins into model membranes: Seeking better 
ways to retain protein activities. Int. J. Mol. 
Sci. 14, 1589–1607

45.  Cross, T. A., Sharma, M., Yi, M., and Zhou, 
H.-X. (2011) Influence of solubilizing envi-
ronments on membrane protein structures. 
Trends Biochem. Sci. 36, 117–125

46.  Brockman, H. (1999) Lipid monolayers: 
Why use half a membrane to characterize 
protein-membrane interactions? Curr. Opin. 
Struct. Biol. 9, 438–443

47.  Breukink, E., Demel, R. A., de Korte-Kool, 
G., and de Kruijff, B. (1992) SecA Inser-
tion into Phospholipids Is Stimulated by 
Negatively Charged Lipids and Inhibited 
by ATP: A Monolayer Study. Biochemistry. 
31, 1119–1124

48.  Simon, S. M., and Blobel, G. (1991) A pro-
tein-conducting channel in the endoplasmic 
reticulum. Cell. 65, 371–380

49.  Simon, S. M., Blobel, G., and Zimmer-
berg, J. (1989) Large aqueous channels in 
membrane vesicles derived from the rough 
endoplasmic reticulum of canine pancreas 
or the plasma membrane of Escherichia coli. 
Proc. Natl. Acad. Sci. U. S. A. 86, 6176–6180

50.  Saparov, S. M., Erlandson, K., Cannon, K., 
Schaletzky, J., Schulman, S., Rapoport, T. 
A., and Pohl, P. (2007) Determining the 
conductance of the SecY protein transloca-
tion channel for small molecules. Mol. Cell. 
26, 501–9

51.  Knyazev, D. G., Lents, A., Krause, E., 
Ollinger, N., Siligan, C., Papinski, D., 
Winter, L., Horner, A., and Pohl, P. (2013) 
The bacterial translocon SecYEG opens 
upon ribosome binding. J. Biol. Chem. 288, 
17941–6

52.  Sachelaru, I., Winter, L., Knyazev, D. G., 
Zimmermann, M., Vogt, A., Kuttner, R., 
Ollinger, N., Siligan, C., Pohl, P., and Koch, 
H.-G. (2017) YidC and SecYEG form a het-
erotetrameric protein translocation channel. 
Sci. Rep. 7, 101

53.  Sanganna Gari, R. R., Frey, N. C., Mao, C., 
Randall, L. L., and King, G. M. (2013) Dy-
namic structure of the translocon SecYEG 
in membrane: direct single molecule obser-
vations. J. Biol. Chem. 288, 16848–16854

54.  Serdiuk, T., Balasubramaniam, D., Sugihara, 
J., Mari, S. A., Kaback, H. R., and Müller, 
D. J. (2016) YidC assists the stepwise and 
stochastic folding of membrane proteins. 
Nat. Chem. Biol. 12, 911–917

55.  van Swaay, D., and deMello, A. (2013) Mi-
crofluidic methods for forming liposomes. 
Lab Chip. 13, 752

56.  Rigaud, J. L. (2002) Membrane proteins: 
Functional and structural studies using re-
constituted proteoliposomes and 2-D crys-
tals. Brazilian J. Med. Biol. Res. 35, 753–766

57.  van der Does, C., Swaving, J., van Klompen-
burg, W., and Driessen, A. J. M. (2000) 
Non-bilayer lipids stimulate the activity of 
the reconstituted bacterial protein translo-
case. J. Biol. Chem. 275, 2472–2478

58.  Breyton, C., Haase, W., Rapoport, T. A., 
Kühlbrandt, W., and Collinson, I. (2002) 
Three-dimensional structure of the bacte-
rial protein-translocation complex SecYEG. 
Nature. 418, 662–665

59.  Fenz, S. F., and Sengupta, K. (2012) Giant 
vesicles as cell models. Integr. Biol. 4, 982

60.  Doeven, M. K., Folgering, J. H. A., Kras-
nikov, V., Geertsma, E. R., van den Bogaart, 
G., and Poolman, B. (2005) Distribution, 
lateral mobility and function of membrane 
proteins incorporated into giant unilamellar 
vesicles. Biophys. J. 88, 1134–1142

61.  Eierhoff, T., Bastian, B., Thuenauer, R., 
Madl, J., Audfray, A., Aigal, S., Juillot, S., 



50

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

Rydell, G. E., Muller, S., de Bentzmann, 
S., Imberty, A., Fleck, C., and Romer, W. 
(2014) A lipid zipper triggers bacterial in-
vasion. Proc. Natl. Acad. Sci. U. S. A. 111, 
12895–12900

62.  Merkle, D., Kahya, N., and Schwille, P. 
(2008) Reconstitution and anchoring of 
cytoskeleton inside giant unilamellar ves-
icles. Chembiochem. 9, 2673–2681

63.  Kedrov, A., Kusters, I., Krasnikov, V. V, and 
Driessen, A. J. M. (2011) A single copy of 
SecYEG is sufficient for preprotein trans-
location. EMBO J. 30, 4387–4397

64.  Civjan, N. R., Bayburt, T. H., Schuler, M. A., 
and Sligar, S. G. (2003) Direct solubiliza-
tion of heterologously expressed membrane 
proteins by incorporation into nanoscale 
lipid bilayers. Biotechniques. 35, 556–563

65.  Brouillette, C. G., Anantharamaiah, G. M., 
Engler, J. A., and Borhani, D. W. (2001) 
Structural models of human apolipoprotein 
A-I: a critical analysis and review. Biochim. 
Biophys. Acta - Mol. Cell Biol. Lipids. 1531, 
4–46

66.  Ritchie, T. K., Grinkova, Y. V., Bayburt, T. 
H., Denisov, I. G., Zolnerciks, J. K., Atkins, 
W. M., and Sligar, S. G. (2009) Reconstitu-
tion of Membrane Proteins in Phospholipid 
Bilayer Nanodiscs. Methods Enzymol. 464, 
211–231

67.  Bayburt, T. H., Carlson, J. W., and Sligar, S. 
G. (1998) Reconstitution and imaging of 
a membrane protein in a nanometer-size 
phospholipid bilayer. J. Struct. Biol. 123, 
37–44

68.  Carlson, J. W., Jonas, A., and Sligar, S. 
G. (1997) Imaging and manipulation of 
high-density lipoproteins. Biophys. J. 73, 
1184–1189

69.  Denisov, I. G., Grinkova, Y. V., Lazarides, 
A. A., and Sligar, S. G. (2004) Directed 
self-assembly of monodisperse phospho-
lipid bilayer Nanodiscs with controlled size. 
J. Am. Chem. Soc. 126, 3477–3487

70.  Shih, A. Y., Arkhipov, A., Freddolino, P. 
L., Sligar, S. G., and Schulten, K. (2007) 
Assembly of lipids and proteins into li-
poprotein particles. J. Phys. Chem. B. 111, 
11095–11104

71.  Debnath, A., and Schäfer, L. V. (2015) 
Structure and Dynamics of Phospholipid 
Nanodiscs from All-Atom and Coarse-
Grained Simulations. J. Phys. Chem. B. 119, 
6991–7002

72.  Bayburt, T. H., Grinkova, Y. V., and Sligar, S. 
G. (2002) Self-Assembly of Discoidal Phos-
pholipid Bilayer Nanoparticles with Mem-
brane Scaffold Proteins. Nano Lett. 2, 853–856

73.  Hagn, F., Etzkorn, M., Raschle, T., and 
Wagner, G. (2013) Optimized phospholipid 
bilayer nanodiscs facilitate high-resolution 
structure determination of membrane pro-
teins. J. Am. Chem. Soc. 135, 1919–1925

74.  Bayburt, T. H., Grinkova, Y. V., and Sligar, 
S. G. (2006) Assembly of single bacterior-
hodopsin trimers in bilayer nanodiscs. Arch. 
Biochem. Biophys. 450, 215–222

75.  Bayburt, T. H., Leitz, A. J., Xie, G., Oprian, 
D. D., and Sligar, S. G. (2007) Transduc-
in activation by nanoscale lipid bilayers 
containing one and two rhodopsins. J. Biol. 
Chem. 282, 14875–14881

76.  Ishmukhametov, R., Hornung, T., Spetzler, 
D., and Frasch, W. D. (2010) Direct obser-
vation of stepped proteolipid ring rotation 
in E. coli FoF1-ATP synthase. EMBO J. 29, 
3911–3923

77.  Pandit, A., Shirzad-Wasei, N., Wlodarczyk, 
L. M., van Roon, H., Boekema, E. J., Dek-
ker, J. P., and de Grip, W. J. (2011) Assembly 
of the major light-harvesting complex II in 
lipid nanodiscs. Biophys. J. 101, 2507–2515

78.  Karasawa, A., Swier, L. J. Y. M., Stuart, M. 
C. A., Brouwers, J., Helms, B., and Pool-
man, B. (2013) Physicochemical factors 
controlling the activity and energy coupling 
of an ionic strength-gated ATP-binding cas-
sette (ABC) transporter. J. Biol. Chem. 288, 
29862–29871

79.  Denisov, I. G., and Sligar, S. G. (2017) 
Nanodiscs in Membrane Biochemistry and 
Biophysics. Chem. Rev. 117, 4669–4713

80.  Schuler, M. A., Denisov, I. G., and Sligar, 
S. G. (2013) Nanodiscs as a new tool to 
examine lipid-protein interactions. Methods 
Mol. Biol. 974, 415–433

81.  Alami, M., Dalal, K., Lelj-Garolla, B., Sli-
gar, S. G., and Duong, F. (2007) Nanodiscs 



51

1

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

unravel the interaction between the Se-
cYEG channel and its cytosolic partner 
SecA. EMBO J. 26, 1995–2004

82.  Đapic, V., and Oliver, D. (2000) Distinct 
Membrane Binding Properties of N- and 
C-terminal Domains of Escherichia coli SecA 
ATPase. J. Biol. Chem. 275, 25000–25007

83.  Dalal, K., Nguyen, N., Alami, M., Tan, J., 
Moraes, T. F., Lee, W. C., Maurus, R., Sligar, 
S. S., Brayer, G. D., and Duong, F. (2009) 
Structure, binding, and activity of Syd, a 
SecY-interacting protein. J. Biol. Chem. 284, 
7897–7902

84.  Bessonneau, P., Besson, V., Collinson, I., 
and Duong, F. (2002) The SecYEG pre-
protein translocation channel is a confor-
mationally dynamic and dimeric structure. 
EMBO J. 21, 995–1003

85.  Park, E., and Rapoport, T. A. (2012) Bacte-
rial protein translocation requires only one 
copy of the SecY complex in vivo. J. Cell 
Biol. 198, 881–893

86.  Taufik, I., Kedrov, A., Exterkate, M., and 
Driessen, A. J. M. (2013) Monitoring the 
activity of single translocons. J. Mol. Biol. 
425, 4145–4153

87.  Dalal, K., Chan, C. S., Sligar, S. G., and 
Duong, F. (2012) Two copies of the SecY 
channel and acidic lipids are necessary to 
activate the SecA translocation ATPase. 
Proc. Natl. Acad. Sci. 109, 4104–4109

88.  Blanchette, C. D., Law, R., Benner, W. H., 
Pesavento, J. B., Cappuccio, J. A., Walsworth, 
V., Kuhn, E. A., Corzett, M., Chromy, B. A., 
Segelke, B. W., Coleman, M. A., Bench, G., 
Hoeprich, P. D., and Sulchek, T. A. (2008) 
Quantifying size distributions of nanolipo-
protein particles with single-particle anal-
ysis and molecular dynamic simulations. J. 
Lipid Res. 49, 1420–1430

89.  Dong, J., Peters-Libeu, C. A., Weisgraber, 
K. H., Segelke, B. W., Rupp, B., Capila, I., 
Hernáiz, M. J., LeBrun, L. A., and Linhardt, 
R. J. (2001) Interaction of the N-terminal 
domain of apolipoprotein E4 with heparin. 
Biochemistry. 40, 2826–2834

90.  Koch, S., de Wit, J. G., Vos, I., Birkner, J. P., 
Gordiichuk, P., Herrmann, A., van Oijen, A. 
M., and Driessen, A. J. M. (2016) Lipids 

activate SecA for high affinity binding to 
the SecYEG complex. J. Biol. Chem. 291, 
22534–22543

91.  Seidel, S. A. I., Dijkman, P. M., Lea, W. A., 
van den Bogaart, G., Jerabek-Willemsen, 
M., Lazic, A., Joseph, J. S., Srinivasan, P., 
Baaske, P., Simeonov, A., Katritch, I., Melo, 
F. A., Ladbury, J. E., Schreiber, G., Watts, A., 
Braun, D., and Duhr, S. (2013) Microscale 
thermophoresis quantifies biomolecular 
interactions under previously challenging 
conditions. Methods. 59, 301–315

92.  Sugano, Y., Furukawa, A., Nureki, O., Tana-
ka, Y., and Tsukazaki, T. (2017) SecY-SecA 
fusion protein retains the ability to mediate 
protein transport. PLoS One. 12, e0183434

93.  Heyden, M., Freites, J. A., Ulmschneider, M. 
B., White, S. H., and Tobias, D. J. (2012) As-
sembly and stability of α-helical membrane 
proteins. Soft Matter. 8, 7742

94.  Cymer, F., von Heijne, G., and White, S. H. 
(2015) Mechanisms of integral membrane 
protein insertion and folding. J. Mol. Biol. 
427, 999–1022

95.  White, S. H., and Wimley, W. C. (1999) 
Membrane protein folding and stability: 
physical principles. Annu. Rev. Biophys. 
Biomol. Struct. 28, 319–365

96.  Daggett, V., and Fersht, A. (2003) The 
present view of the mechanism of protein 
folding. Nat. Rev. Mol. Cell Biol. 4, 497–502

97.  Meijberg, W., and Booth, P. J. (2002) The 
activation energy for insertion of trans-
membrane alpha-helices is dependent on 
membrane composition. J. Mol. Biol. 319, 
839–853

98.  Charalambous, K., Miller, D., Curnow, P., 
and Booth, P. J. (2008) Lipid bilayer compo-
sition influences small multidrug transport-
ers. BMC Biochem. 10.1186/1471–2091–9-31

99.  Kedrov, A., Janovjak, H., Ziegler, C., Kuhl-
brandt, W., and Muller, D. J. (2006) Observ-
ing folding pathways and kinetics of a single 
sodium-proton antiporter from Escherichia 
coli. J. Mol. Biol. 355, 2–8

100.  Henrich, E., Hein, C., Dötsch, V., and Ber-
nhard, F. (2015) Membrane protein pro-
duction in Escherichia coli cell-free lysates. 
FEBS Lett. 589, 1713–1722



52

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

101.  Henrich, E., Peetz, O., Hein, C., Laguerre, 
A., Hoffmann, B., Hoffmann, J., Dötsch, V., 
Bernhard, F., and Morgner, N. (2017) Ana-
lyzing native membrane protein assembly in 
nanodiscs by combined non-covalent mass 
spectrometry and synthetic biology. Elife. 6, 
1–19

102.  Bogdanov, M., and Dowhan, W. (1998) 
Phospholipid-assisted protein folding: 
phosphatidylethanolamine is required at a 
late step of the conformational maturation 
of the polytopic membrane protein lactose 
permease. EMBO J. 17, 5255–64

103.  Sohlenkamp, C., and Geiger, O. (2015) 
Bacterial membrane lipids: Diversity in 
structures and pathways. FEMS Microbiol. 
Rev. 40, 133–159

104.  Kedrov, A., Wickles, S., Crevenna, A. H., 
van der Sluis, E. O., Buschauer, R., Bern-
inghausen, O., Lamb, D. C., and Beckmann, 
R. (2016) Structural Dynamics of the Yid-
C:Ribosome Complex during Membrane 
Protein Biogenesis. Cell Rep. 17, 2943–2954

105.  Bischoff, L., Berninghausen, O., and Beck-
mann, R. (2014) Molecular basis for the 
ribosome functioning as an L-tryptophan 
sensor. Cell Rep. 9, 469–475

106.  Nakatogawa, H., and Ito, K. (2002) The 
ribosomal exit tunnel functions as a dis-
criminating gate. Cell. 108, 629–636

107.  Su, T., Cheng, J., Sohmen, D., Hedman, 
R., Berninghausen, O., von Heijne, G., 
Wilson, D. N., and Beckmann, R. (2017) 
The force-sensing peptide VemP employs 
extreme compaction and secondary struc-
ture formation to induce ribosomal stalling. 
Elife. 6, 1–17

108.  Krichevsky, O., and Bonnet, G. (2002) 
Fluorescence correlation spectroscopy: the 
technique and its applications. Reports Prog. 
Phys. 65, 251–297

109.  Balchin, D., Hayer-Hartl, M., and Hartl, F. 
U. (2016) In vivo aspects of protein folding 
and quality control. Science. 353, aac4354

110.  Halic, M., Blau, M., Becker, T., Mielke, T., 
Pool, M. R., Wild, K., Sinning, I., and Beck-
mann, R. (2006) Following the signal se-
quence from ribosomal tunnel exit to signal 
recognition particle. Nature. 444, 507–511

111.  Mercier, E., Holtkamp, W., Rodnina, M. V., 
and Wintermeyer, W. (2017) Signal recogni-
tion particle binds to translating ribosomes 
before emergence of a signal anchor se-
quence. Nucleic Acids Res. 45, 11858–11866

112.  Shen, K., Arslan, S., Akopian, D., Ha, T., 
and Shan, S. (2012) Activated GTPase 
movement on an RNA scaffold drives 
co-translational protein targeting. Nature. 
492, 271–275

113.  von Loeffelholz, O., Jiang, Q., Ariosa, A., 
Karuppasamy, M., Huard, K., Berger, I., 
Shan, S., and Schaffitzel, C. (2015) Ribo-
some-SRP-FtsY cotranslational targeting 
complex in the closed state. Proc. Natl. Acad. 
Sci. U. S. A. 112, 3943–8

114.  Parlitz, R., Eitan, A., Stjepanovic, G., Ba-
hari, L., Bange, G., Bibi, E., and Sinning, I. 
(2007) Escherichia coli signal recognition 
particle receptor FtsY contains an essential 
and autonomous membrane-binding am-
phipathic helix. J. Biol. Chem. 282, 32176–
32184

115.  Stjepanovic, G., Kapp, K., Bange, G., Graf, 
C., Parlitz, R., Wild, K., Mayer, M. P., and 
Sinning, I. (2011) Lipids trigger a confor-
mational switch that regulates Signal Rec-
ognition Particle (SRP)-mediated protein 
targeting. J. Biol. Chem. 286, 23489–23497

116.  Eitan, A., and Bibi, E. (2004) The Core 
Escherichia coli Signal Recognition Particle 
Receptor Contains Only the N and G Do-
mains of FtsY. J. Bacteriol. 186, 2492–2494

117.  Kuhn, P., Draycheva, A., Vogt, A., Petriman, 
N.-A., Sturm, L., Drepper, F., Warscheid, B., 
Wintermeyer, W., and Koch, H. G. (2015) 
Ribosome binding induces repositioning of 
the signal recognition particle receptor on 
the translocon. J. Cell Biol. 211, 91–104

118.  Draycheva, A., Bornemann, T., Ryazanov, 
S., Lakomek, N. A., and Wintermeyer, W. 
(2016) The bacterial SRP receptor, FtsY, is 
activated on binding to the translocon. Mol. 
Microbiol. 102, 152–167

119.  Lakomek, N. A., Draycheva, A., Bornemann, 
T., and Wintermeyer, W. (2016) Electrostat-
ics and Intrinsic Disorder Drive Translocon 
Binding of the SRP Receptor FtsY. Angew. 
Chemie - Int. Ed. 55, 9544–9547



53

1

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

120.  Akopian, D., Dalal, K., Shen, K., Duong, 
F., and Shan, S. (2013) SecYEG activates 
GTPases to drive the completion of cotrans-
lational protein targeting. J. Cell Biol. 200, 
397–405

121.  Jomaa, A., Fu, Y.-H. H., Boehringer, D., Lei-
bundgut, M., Shan, S., and Ban, N. (2017) 
Structure of the quaternary complex between 
SRP, SR, and translocon bound to the trans-
lating ribosome. Nat. Commun. 8, 15470

122. Price, C. E., and Driessen, A. J. M. (2010) 
Conserved negative charges in the trans-
membrane segments of subunit K of the NA-
DH:ubiquinone oxidoreductase determine its 
dependence on YidC for membrane insertion. 
J. Biol. Chem. 285, 3575–81

123. Neugebauer, S. A., Baulig, A., Kuhn, A., 
and Facey, S. J. (2012) Membrane protein 
insertion of variant MscL proteins occurs 
at YidC and SecYEG of Escherichia coli. J. 
Mol. Biol. 417, 375–386

124. Zhu, L., Wasey, A., White, S. H., and Dalbey, 
R. E. (2013) Charge composition features of 
model single-span membrane proteins that 
determine selection of YidC and SecYEG 
translocase pathways in Escherichia coli. J. 
Biol. Chem. 288, 7704–16

125. Urbanus, M. L., Scotti, P. A., Froderberg, 
L., Saaf, A., De Gier, J. W. L., Brunner, J., 
Samuelson, J. C., Dalbey, R. E., Oudega, 
B., and Luirink, J. (2001) Sec-dependent 
membrane protein insertion: sequential 
interaction of nascent FtsQ with SecY and 
YidC. EMBO Rep. 2, 524–9

126.  du Plessis, D. J. F., Nouwen, N., and 
Driessen, A. J. M. (2006) Subunit a of cy-
tochrome o oxidase requires both YidC and 
SecYEG for membrane insertion. J. Biol. 
Chem. 281, 12248–52

127.  Cheng, Z., Jiang, Y., Mandon, E. C., and 
Gilmore, R. (2005) Identification of cy-
toplasmic residues of Sec61p involved in 
ribosome binding and cotranslational trans-
location. J. Cell Biol. 168, 67–77

128.  Wu, Z. C., de Keyzer, J., Kedrov, A., and 
Driessen, A. J. M. (2012) Competitive bind-
ing of the SecA ATPase and ribosomes to 
the SecYEG translocon. J. Biol. Chem. 287, 
7885–7895

129.  Zito, C. R., and Oliver, D. (2003) Two-stage 
Binding of SecA to the Bacterial Translocon 
Regulates Ribosome-Translocon Interac-
tion. J. Biol. Chem. 278, 40640–40646

130.  Ménétret, J. F., Neuhof, A., Morgan, D. G., 
Plath, K., Radermacher, M., Rapoport, T. 
A., and Akey, C. W. (2000) The structure 
of ribosome-channel complexes engaged 
in protein translocation. Mol. Cell. 6, 1219–
1232

131.  Mitra, K., Schaffitzel, C., Shaikh, T., and 
Tama, F. (2005) Structure of the E. coli 
protein-conducting channel bound to a 
translating ribosome. Nature. 438, 318–324

132.  Cheng, Y., Grigorieff, N., Penczek, P. A., and 
Walz, T. (2015) A primer to single-particle 
cryo-electron microscopy. Cell. 161, 438–
449

133.  Bischoff, L., Wickles, S., Berninghausen, 
O., van der Sluis, E. O., and Beckmann, R. 
(2014) Visualization of a polytopic mem-
brane protein during SecY-mediated mem-
brane insertion. Nat. Commun. 5, 4103

134.  von Heijne, G. (1992) Membrane Protein 
Structure Prediction. J Mol Biol. 225, 487–494

135.  Gumbart, J., and Schulten, K. (2007) Struc-
tural determinants of lateral gate opening 
in the protein translocon. Biochemistry. 46, 
11147–11157

136.  Ge, Y., Draycheva, A., Bornemann, T., Rod-
nina, M. V., and Wintermeyer, W. (2014) 
Lateral opening of the bacterial translocon 
on ribosome binding and signal peptide 
insertion. Nat. Commun. 5, 5263

137.  Palmer, T., and Berks, B. C. (2012) The 
twin-arginine translocation (Tat) protein 
export pathway. Nat. Rev. Microbiol. 10, 
483–496

138.  Wiedemann, N., and Pfanner, N. (2017) 
Mitochondrial Machineries for Protein Im-
port and Assembly. Annu. Rev. Biochem. 86, 
685–714

139.  Saller, M. J., Wu, Z. C., de Keyzer, J., and 
Driessen, A. J. M. (2012) The YidC/Oxa1/
Alb3 protein family: common principles and 
distinct features. Biol. Chem. 393, 1279–90

140.  Bonnefoy, N., Kermorgant, M., Groudinsky, 
O., Minet, M., Slonimski, P. P., and Dujar-
din, G. (1994) Cloning of a human gene 



54

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

involved in cytochrome oxidase assembly 
by functional complementation of an oxa1- 
mutation in Saccharomyces cerevisiae. Proc. 
Natl. Acad. Sci. U. S. A. 91, 11978–11982

141.  Borowska, M. T., Dominik, P. K., Anghel, 
S. A., Kossiakoff, A. A., and Keenan, R. J. 
(2015) A YidC-like protein in the archaeal 
plasma membrane. Structure. 23, 1715–1724

142.  Guna, A., Volkmar, N., Christianson, J. C., 
and Hegde, R. S. (2018) The ER membrane 
protein complex is a transmembrane do-
main insertase. Science. 10.1126/science.
aao3099

143.  Koch, H.-G., Kuhn, A., and Dalbey, R. E. 
(2017) Targeting and Insertion of Mem-
brane Proteins. EcoSal Plus. 10.1128/eco-
salplus.ESP-0012–2016

144.  Kumazaki, K., Kishimoto, T., Furukawa, A., 
Mori, H., Tanaka, Y., Dohmae, N., Ishitani, 
R., Tsukazaki, T., and Nureki, O. (2014) 
Crystal structure of Escherichia coli YidC, 
a membrane protein chaperone and inser-
tase. Sci. Rep. 4, 7299

145.  Kumazaki, K., Chiba, S., Takemoto, M., 
Furukawa, A., Nishiyama, K., Sugano, Y., 
Mori, T., Dohmae, N., Hirata, K., Naka-
da-Nakura, Y., Maturana, A. D., Tanaka, 
Y., Mori, H., Sugita, Y., Arisaka, F., Ito, K., 
Ishitani, R., Tsukazaki, T., and Nureki, O. 
(2014) Structural basis of Sec-independent 
membrane protein insertion by YidC. Na-
ture. 509, 516–20

146.  Shimokawa-Chiba, N., Kumazaki, K., Tsu-
kazaki, T., Nureki, O., Ito, K., and Chiba, 
S. (2015) Hydrophilic microenvironment 
required for the channel-independent in-
sertase function of YidC protein. Proc. Natl. 
Acad. Sci. 112, 5063–5068

147.  Klenner, C., and Kuhn, A. (2012) Dynam-
ic disulfide scanning of the membrane-in-
serting Pf3 coat protein reveals multiple 
YidC substrate contacts. J. Biol. Chem. 287, 
3769–3776

148.  Wickles, S., Singharoy, A., Andreani, J., See-
mayer, S., Bischoff, L., Berninghausen, O., 
Soeding, J., Schulten, K., van der Sluis, E. 
O., and Beckmann, R. (2014) A structural 
model of the active ribosome-bound mem-
brane protein insertase YidC. Elife

149.  Chen, Y., Capponi, S., Zhu, L., Gellenbeck, 
P., Freites, J. A., White, S. H., and Dalbey, R. 
E. (2017) YidC Insertase of Escherichia coli: 
Water Accessibility and Membrane Shaping. 
Structure. 25, 1–12

150.  Xie, K., Kiefer, D., Nagler, G., Dalbey, R. 
E., and Kuhn, A. (2006) Different Regions 
of the Nonconserved Large Periplasmic 
Domain of Escherichia coli YidC Are In-
volved in the SecF Interaction and Mem-
brane Insertase Activity. Biochemistry. 45, 
13401–13408

151.  Ravaud, S., Stjepanovic, G., Wild, K., and 
Sinning, I. (2008) The crystal structure of 
the periplasmic domain of the Escherichia 
coli membrane protein insertase YidC con-
tains a substrate binding cleft. J. Biol. Chem. 
283, 9350–8

152.  Jiang, F., Chen, M., Yi, L., de Gier, J.-W., 
Kuhn, A., and Dalbey, R. E. (2003) De-
fining the regions of Escherichia coli YidC 
that contribute to activity. J. Biol. Chem. 278, 
48965–72

153.  van der Laan, M., Houben, E. N. G., Nou-
wen, N., Luirink, J., and Driessen, A. J. M. 
(2001) Reconstitution of Sec-dependent 
membrane protein insertion: nascent FtsQ 
interacts with YidC in a SecYEG-depen-
dent manner. EMBO Rep. 2, 519–523

154.  Haque, M. E., Spremulli, L. L., and Fecko, 
C. J. (2010) Identification of protein-protein 
and protein-ribosome interacting regions of 
the C-terminal tail of human mitochondri-
al inner membrane protein Oxa1L. J. Biol. 
Chem. 285, 34991–34998

155.  de Gier, J.-W., and Luirink, J. (2003) The 
ribosome and YidC. EMBO Rep. 4, 939–943

156.  Lotz, M., Haase, W., Kuhlbrandt, W., and 
Collinson, I. (2008) Projection structure 
of yidC: a conserved mediator of mem-
brane protein assembly. J. Mol. Biol. 375, 
901–907

157.  Kohler, R., Boehringer, D., Greber, B., Bin-
gel-Erlenmeyer, R., Collinson, I., Schaffit-
zel, C., and Ban, N. (2009) YidC and Oxa1 
form dimeric insertion pores on the trans-
lating ribosome. Mol. Cell. 34, 344–53

158.  Seitl, I., Wickles, S., Beckmann, R., Kuhn, 
A., and Kiefer, D. (2014) The C-terminal 



55

1

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

regions of YidC from Rhodopirellula bal-
tica and Oceanicaulis alexandrii bind to 
ribosomes and partially substitute for SRP 
receptor function in Escherichia coli. Mol. 
Microbiol. 91, 408–21

159.  Kedrov, A., Sustarsic, M., de Keyzer, J., 
Caumanns, J. J., Wu, Z. C., and Driessen, 
A. J. M. (2013) Elucidating the Native Ar-
chitecture of the YidC: Ribosome Complex. 
J. Mol. Biol. 425, 4112–4124

160.  Geng, Y., Kedrov, A., Caumanns, J. J., Cre-
venna, A. H., Lamb, D. C., Beckmann, R., 
and Driessen, A. J. M. (2015) Role of the 
Cytosolic Loop C2 and the C Terminus of 
YidC in Ribosome Binding and Insertion 
Activity. J. Biol. Chem. 290, 17250–17261

161.  Schulze, R. J., Komar, J., Botte, M., Al-
len, W. J., Whitehouse, S., Gold, V. A. M., 
Lycklama á Nijeholt, J. A., Huard, K., 
Berger, I., Schaffitzel, C., and Collinson, 
I. (2014) Membrane protein insertion and 
proton-motive-force-dependent secretion 
through the bacterial holo-translocon Se-
cYEG-SecDF-YajC-YidC. Proc. Natl. Acad. 
Sci. U. S. A. 111, 4844–9

162.  Sachelaru, I., Petriman, N. A., Kudva, R., 
Kuhn, P., Welte, T., Knapp, B., Drepper, 
F., Warscheid, B., and Koch, H.-G. (2013) 
YidC occupies the lateral gate of the Se-
cYEG translocon and is sequentially dis-
placed by a nascent membrane protein. J. 
Biol. Chem. 288, 16295–307

163.  Jomaa, A., Boehringer, D., Leibundgut, 
M., and Ban, N. (2016) Structures of the 
E. coli translating ribosome with SRP and 
its receptor and with the translocon. Nat. 
Commun. 7, 10471

164.  Efremov, R. G., Leitner, A., Aebersold, R., 
and Raunser, S. (2015) Architecture and 
conformational switch mechanism of the 
ryanodine receptor. Nature. 517, 39–43

165.  Gao, Y., Cao, E., Julius, D., and Cheng, Y. 
(2016) TRPV1 structures in nanodiscs re-
veal mechanisms of ligand and lipid action. 
Nature. 534, 347–351

166.  Mi, W., Li, Y., Yoon, S. H., Ernst, R. K., Walz, 
T., and Liao, M. (2017) Structural basis of 
MsbA-mediated lipopolysaccharide trans-
port. Nature. 549, 233–237

167.  Pfeffer, S., Burbaum, L., Unverdorben, P., 
Pech, M., Chen, Y., Zimmermann, R., Beck-
mann, R., and Förster, F. (2015) Structure 
of the native Sec61 protein-conducting 
channel. Nat. Commun. 6, 8403

168.  Pfeffer, S., Dudek, J., Schaffer, M., Ng, B. 
G., Albert, S., Plitzko, J. M., Baumeister, 
W., Zimmermann, R., Freeze, H. H., En-
gel, B. D., and Förster, F. (2017) Dissecting 
the molecular organization of the translo-
con-associated protein complex. Nat. Com-
mun. 8, 14516

169.  Dörr, J. M., Scheidelaar, S., Koorengevel, 
M. C., Dominguez, J. J., Schafer, M., van 
Walree, C. A., and Killian, J. A. (2016) The 
styrene-maleic acid copolymer: a versatile 
tool in membrane research. Eur. Biophys. J. 
45, 3–21

170.  Prabudiansyah, I., Kusters, I., Caforio, A., 
and Driessen, A. J. M. (2015) Characteri-
zation of the annular lipid shell of the Sec 
translocon. Biochim. Biophys. Acta - Biomem-
br. 1848, 2050–2056

171.  Broecker, J., Eger, B. T., and Ernst, O. P. 
(2017) Crystallogenesis of Membrane 
Proteins Mediated by Polymer-Bound-
ed Lipid Nanodiscs. Structure. 10.1016/j.
str.2016.12.004

172.  Frauenfeld, J., Löving, R., Armache, J.-P., 
Sonnen, A. F.-P., Guettou, F., Moberg, P., 
Zhu, L., Jegerschöld, C., Flayhan, A., Briggs, 
J. A. G., Garoff, H., Löw, C., Cheng, Y., and 
Nordlund, P. (2016) A saposin-lipoprotein 
nanoparticle system for membrane proteins. 
Nat. Methods. 13, 345–351

173.  Tao, H., Lee, S. C., Moeller, A., Roy, R. S., 
Siu, F. Y., Zimmermann, J., Stevens, R. C., 
Potter, C. S., Carragher, B., and Zhang, Q. 
(2013) Engineered nanostructured β-sheet 
peptides protect membrane proteins. Nat. 
Methods. 10, 759

174.  Lyons, J. A., Bøggild, A., Nissen, P., and 
Frauenfeld, J. (2017) Saposin-Lipoprotein 
Scaffolds for Structure Determination of 
Membrane Transporters. Methods Enzymol. 
594, 85–99




	Chapter 1

