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Escherichia coli (E. coli) belongs to the family of Enterobacteriaceae and is 

a Gram-negative, facultative anaerobic bacterium, which can be found in 

the intestinal tract of animals as a part of the commensal microflora. This 

bacterium is one of the best characterised prokaryotes and due to the facility 

of genetic manipulations and availability of protocols it is used as a model 

organism in biology and biochemistry to study a variety of cellular processes. 

In general, Gram-negative bacteria like E. coli contain at least four different 

compartments: the cytoplasm, cytoplasmic membrane, periplasm and outer 

membrane. Each section comprises a characteristic set of proteins, which 

allow for specific activities and properties. To ensure cell viability and growth, 

transfer of energy and mass between these compartments is necessary. The 

cytoplasmic membrane is selectively permeable. Although, small lipophilic 

molecules can pass, the cytoplasmic membrane is an energy transducing 

membrane, and thus sealed for ions such as protons that are used in energy 

consuming processes that occur at this membrane. Therefore, the uncon-

trolled release of molecules from the cell has to be prevented. For proteins 

that are synthesized in the cytoplasm, but carry out their distinct functions 

outside the cytosol, specific transport systems that allow such proteins to 

insert or pass the cytoplasmic membrane are needed.

Even though Bacteria have evolved several transport platforms, the major 

route in prokaryotes for protein translocation across and membrane protein 

insertion into the cytoplasmic membrane is provided by the secretory (Sec) 

pathway. The Sec pathway is essential for cell viability and is universally con-

served. The central component is the highly conserved protein conducting 

channel SecYEG or translocon. It mediates its function in the cytoplasmic 

membrane of Bacteria and Archaea, but is also present in the endoplas-

mic reticulum (Sec61 complex) and thylakoid membrane of eukaryotes (1). 

Bacteria harbor an additional component: the motor ATPase SecA, which 

provides the energy for translocation. Targeting of proteins to the translocon 

occurs via two major pathways in E. coli, that distinguish between secretory 

preproteins and membrane proteins. Most membrane proteins are targeted 

co-translationally. Once the first highly hydrophobic α-helical segment (2, 3) 
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of a ribosome nascent chain (RNC) emerges from the ribosomal exit tunnel, it 

is bound by the signal recognition particle (SRP) (2, 3). The SRP-RNC com-

plex binds to the membrane associated SRP receptor FtsY (4, 5) and is then 

loaded onto SecYEG (6). SecYEG binds to the ribosome and the nascent chain 

is inserted into the channel and subsequently slides into the membrane in a 

process driven by the translation force of the ribosomes and the partitioning of 

the hydrophobic transmembrane segments into the interior of the membrane 

(7, 8). In contrast, most secretory proteins are targeted to the translocon in 

a post-translational manner. These proteins are first fully synthesized before 

initiation of translocation. Secretory proteins harbor an amino-terminal (N- 

terminal) signal sequence, which is generally composed of a positively charged 

N-terminus, a hydrophobic core and a polar C- terminus (3). Once a major 

share of the secretory protein has emerged from the ribosome it is bound by the 

molecular chaperone SecB, which prevents the protein from aggregation and 

keeps it in an unfolded, secretion-competent state. SecB targets the secretory 

protein to SecA (9), whereupon SecA binds to SecYEG to initiate translocation. 

In the following steps, the energy of ATP binding and hydrolysis is used by 

SecA to guide the secretory protein through the translocon. 

Even though a wealth of structural and functional information about Se-

cYEG and SecA are available, several mechanistic details about protein 

translocation remain to be elucidated. In the last decades lipids, in particular 

negatively charged (anionic) lipids, of the cytoplasmic membrane, have been 

identified as an essential functional component for protein translocation. 

However, the exact mode of action by which these lipids exert their effect on 

translocation has remained elusive. An active role of lipids was suggested by 

the observation that SecA binds with low affinity to anionic lipids (10, 11). In 

this process, SecA penetrates the membrane with its amphipathic N-termi-

nus (12). Furthermore, the ATPase activity of SecA is stimulated by anionic 

lipids (10). Finally, the signal sequence of secretory proteins has been shown 

to bind, fold and penetrate membranes supplemented with anionic lipids 

(13, 14). In this thesis, we have investigated the role of anionic lipids as an 

essential partner for the functional interaction between SecA and SecYEG.

In Chapter 1 we review the recent nanodisc technology as a new tool to 

reconstitute membrane proteins within a lipid-based environment, with 
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an emphasis on the Sec translocon. Nanodiscs are discoidal lipid patches 

that are formed by a protein belt, called major scaffold protein (MSP). We 

further highlighted the importance of nanodiscs in recent studies on the 

mechanistic and structural features of the translocon and their use for bio-

physical, biochemical, and structural analysis. Many studies have been carried 

out with detergent-solubilised translocons, and the use of detergents may 

cause structural and functional defects of the proteins. Most notably, this 

is evident in the translocon-ribosome interaction which appears substrate 

independent in detergent solution, but strictly substrate dependent when 

nanodisc reconstituted translocons are used (15). Therefore, nanodiscs of-

fer many possibilities to investigate membrane proteins in a physiologically 

relevant environment.

In Chapter 2 we investigated the role of lipids for SecA binding and trans-

location activity. We have used two different sizes of nanodiscs (small ~ 12 nm 

and large ~ 30 nm) harboring a single SecYEG channel and thus differing in 

the number of phospholipids trapped by the scaffold protein. Interestingly, 

we found that SecA binds with a higher affinity to the translocon when lipids 

were highly abundant (i.e., the large nanodiscs) as compared to the smaller 

nanodiscs. Previous studies showed that SecA binding only occurred when 

the nanodiscs are supplemented with anionic lipids (10, 11), but those stud-

ies did not determine as to whether binding occurred with affinity to lipids 

or with affinity to SecYEG. Thus, our studies demonstrated that anionic 

lipids are required for high affinity binding of SecA to SecYEG. We further 

showed that binding of SecA to the anionic lipids is promoted via its posi-

tively charged N-terminus (16). Upon deletion of the N-terminus, both the 

SecYEG binding and translocation was affected. To distinguish between a 

simple membrane tethering function of the N-terminus of SecA or a poten-

tial allosteric function of the SecA-lipid interaction, we introduced a flexible 

linker between the N-terminus and the catalytic ATPase domain of SecA. 

Herein, it was hypothesized that membrane insertion of the N-terminus of 

SecA would enforce a conformational change of the SecA protein allowing it 

to bind with high affinity to SecYEG. The flexible linker thus should interfere 

with this allosteric function, but would not prevent membrane tethering of 

SecA. Indeed, the flexible linker interfered with translocation and high affinity 
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SecYEG binding, which could only be overcome by high SecA concentrations. 

Therefore, our data suggest that anionic lipids serve to prime SecA for the 

high affinity binding to SecYEG, an allosteric function that implies that the 

phospholipid surface bound SecA is a true intermediate in the catalytic cy-

cle. We propose a new mechanism of protein translocation, where SecA first 

binds acidic phospholipids in the membrane whereupon the lipid bound SecA 

intermediate interacts with SecYEG with high affinity. In a single molecule 

study in living E. coli cells, most of the SecA was found to be membrane sur-

face localized (17). Remarkably, SecA was found to diffuse at the membrane 

surface with multiple distinct diffusion rates mostly corresponding to rates 

typically observed for membrane protein (complexes). However, one of the 

rates suggests rapid movement of SecA along the membrane surface which 

might correspond to the aforementioned SecA intermediate that is bound to 

the lipid surface and primed to bind the translocon with high affinity.

Even though the findings of Chapter 2 provided a first insight into the 

functional role of anionic lipid in SecA-SecYEG interaction, in Chapter 3 we 

further examined the role of anionic phospholipids for protein translocation. 

Herein, we compared the anionic lipid dependency of the SecA-SecYEG in-

teraction with that of protein translocation. Interestingly, whereas the binding 

of SecA to SecYEG was already saturated at concentration of DOPG above 

10 %, the translocation activity increased with the DOPG concentration well 

beyond 30 %. Thus, the anionic lipid-dependency of these two processes is 

vastly different suggesting at least two distinct anionic lipid dependent steps 

in translocation. Using molecular dynamics simulations, we identified an 

enrichment of anionic lipids within and near the lateral gate of the translocon, 

in addition to a shell region of SecYEG and the amphipathic N-terminal helix 

of SecA that binds in the vicinity of SecG to the membrane. The lateral gate 

has been shown in an earlier study to promote signal peptide positioning of 

a secretory protein within the translocation pore (18). Thus, the presence of 

anionic phospholipids at that site could potentially induce or stabilize alpha 

helicity of the inserting signal sequence. Combining the results of Chapter 2 

and 3 we propose a new mechanism of protein translocation in bacteria, where 

anionic lipids act during at least two stages. First anionic lipids support target-

ing of SecA to the cytoplasmic membrane and activate SecA for high affinity 



153

S

Summary

binding to SecYEG. Secondly, anionic lipids stabilize the pre-open state of 

the lateral gate of the SecYEG channel and promote correct positioning of 

an incoming signal sequence of a preprotein.

Although nanodiscs provide a fantastic tool to investigate single complexes 

in a native lipid environment, the studies presented in Chapter 2 and 3 were 

performed as bulk experiments. Therefore, in Chapter 4 we present a new 

method of reconstituting SecYEG channels into supported lipid bilayers to 

investigate not only their diffusion but also real-time binding events at single 

molecule level. Supported lipid bilayers (SLBs) are model membranes and 

are formed by fusion of lipid vesicles to a solid-state surface, such as mica or 

glass surfaces. Here, we have formed SecYEG containing SLBs in flow cells 

to allow elimination of unbound material, buffer exchange and addition of 

binding partners. We tracked the diffusion of SecYEG in those SLBs using 

total internal reflection fluorescence (TIRF) microscopy and investigated the 

dynamics of the channel via the cumulative probability distribution (CPD). 

The analysis resulted in two populations of SecYEG that show distinct diffu-

sion coefficients. In the presence of SecA or RNCs the number of diffusional 

populations remained unchanged. However, the diffusion coefficient of single 

SecYEG complexes were found to alter slightly upon SecA binding, and de-

creased significantly in the presence of RNCs translating a membrane protein. 

This slowdown in diffusion is remarkable, as the diffusion characteristics of 

SecYEG are most likely determined by the viscosity of the surrounding lipid 

environment and are hardly affected by the physicochemical properties of 

the aqueous surrounding. Indeed, induction of crowding events by including 

high concentrations of Ficoll PM70 in the medium had little impact on the 

diffusion of SecYEG. Since the ribosome is known to interact with phospho-

lipids (8), we hypothesized that this additional lipid interaction is the cause 

of reduced diffusion of SecYEG upon ribosome binding, Furthermore, the 

diffusion constants as determined for the purified and defined components 

in a lipid membrane provide a reference to support further interpretations of 

the complex diffusion behavior of SecYEG in the cytoplasmic membrane of 

living cells (19). Taken together, we were able to demonstrate that supported 

lipid bilayers provide an excellent model membrane to investigate diffusion 

and real-time binding events at a single molecule level.



154

References 

In summary this thesis presents new mechanistic insights into protein 

translocation in bacteria and in particular defines the role of anionic lipids 

during this process. It provides a long-sought explanation of why acidic 

phospholipids are essential for translocation, and integrates the various exper-

imental observations of the impact of anionic phospholipids on components 

of the translocon in a unifying model. This thesis also explored new tools, 

i.e., nanodiscs and supported lipid bilayers, for the functional investigation 

of membrane transporters, such as SecYEG, in a native lipid environment 

for bulk and as single molecule studies. 
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