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Chapter 4
Single-molecule observation of the 
ribosome-Sec translocon interaction in 
planar bilayers
Anne-Bart Seinen, Sabrina Koch, Alexej Kedrov, Arnold J M Driessen
(Submitted)

Protein translocation and membrane protein insertion across and into the bacterial cytoplasmic 
membrane is an essential process mainly catalysed by the Sec translocase. In its minimal form it 
is composed of the membrane-embedded protein-conducting channel SecYEG with the associated 
motor ATPase SecA or a translating ribosome. Various mechanistic studies were conducted 
using detergent-solubilised Sec translocons. However, detergent may alter structural and thus 
functional properties of proteins. Alternatively, model membranes provide a tool for biochemical 
and biophysical studies in physiologically-relevant environments. Here, we used supported lipid 
bilayers as model membranes and analysed the motion of single SecYEG particles to examine their 
diffusional characteristics and oligomeric state. We found two distinct diffusional populations, 
the first displaying a diffusion coefficient of 0.03 µm2 s-1 on average, the second, a much faster 
diffusing population, with an average diffusion coefficient of 0.7 µm2 s-1. Furthermore, we found 
the majority of the mobile population to be monomeric. Interaction with SecA did not affect 
the monomeric state, but caused a slight decrease in the diffusion coefficients of translocons. In 
contrast, ribosome:nascent chain complexes (RNCs) significantly slowed down the diffusion of 
single SecYEG which cannot be explained by the viscosity of the aqueous environment. These data 
suggest that extensive lipid interactions significantly contribute to the diffusion of RNC:translocon 
complexes.
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4.1 Introduction

About 25 to 30 % of the total bacterial proteins synthesized within the cell carry out their 
metabolic and structural function in compartments outside the cytoplasm. The major route 
in bacteria for exporting these proteins across the cytoplasmic membrane is provided by 
the essential and universally conserved secretory (Sec) pathway 1,2. The Escherichia coli Sec 
pathway contains two major recognition and targeting routes. Targeting of secretory and 
outer membrane protein precursors (preproteins) occurs generally post-translationally. 
During preprotein synthesis, the N-terminal signal sequence of the polypeptide emerging from 
a ribosome is recognised and bound by the cytosolic chaperone Trigger Factor (TF) 3 and, 
possibly, the SecA motor protein 4. Once the synthesis is completed, the preprotein is bound 
and kept in an unfolded, secretion-competent state by the secretion-dedicated chaperone 
SecB 5. The SecB-bound preprotein is targeted and transferred to SecA, which is bound 
to the translocation pore SecYEG 6 and translocation is initiated. In contrast to moderately 
hydrophobic preproteins, most membrane proteins are targeted co-translationally to the 
SecYEG translocon. The recognition of a nascent membrane protein is based on the presence of 
a highly hydrophobic N-terminal domain, either a signal sequence or the first transmembrane 
a-helix 7,8. Once this signal emerges from the ribosomal exit tunnel, it is recognized and bound 
by the signal recognition particle (SRP) that facilitates targeting of the ribosome:nascent chain 
complex (RNC) to the membrane-localized SRP receptor FtsY 9,10. FtsY is in loose, dynamic 
association with lipids and the SecYEG translocon. Upon SRP:FtsY binding, the RNC complex is 
released and transferred to SecYEG 11. The nascent chain is inserted into the SecYEG translocon, 
and membrane partitioning is facilitated by translation forces of the ribosomes, as well as 
pulling forces originating from interactions of the nascent chain with the translocon and lipids 
2,12. Large and polar periplasmic loops within membrane proteins additionally require SecA 
and/or proton motive force for the translocation 13–15. 
Atomic structures of Sec translocons show that SecY, as well as its eukaryotic homolog Sec61a, 
consists of 10 transmembrane α-helices (TMHs) with N-in/C-in topology 16–18. The protein is 
divided into N-terminal (TMHs 1-5) and C-terminal (TMHs 6-10) domains, which are linked 
by a periplasmic loop and form a clamshell-like structure with a centrally located pore. The 
pore has a hourglass-like structure with a diameter of ~ 20-25 Å at its widest and ~ 5-8 Å at its 
narrowest points. The narrowest point represents the pore “ring” composed of hydrophobic 
residues, which act as a seal to prevent uncontrolled passage of ions between the cytoplasm 
and periplasm. Another functional sub-structure is formed by TMH 2a, a so-called “plug” 
domain, that blocks the periplasmic side of the translocon. TMH 2b, in conjunction with TMH 
7, forms the “lateral gate”, which is believed to be essential for the signal peptide positioning 
and membrane entry for nascent membrane proteins 19. 
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The majority of translocon structures, as well as many functional studies, have employed 
detergent-solubilised proteins, although detergents are known to alter structural and 
functional properties of proteins, including SecYEG 20–22. Therefore, there is a great demand 
to perform structural, biochemical and biophysical analysis in physiologically-relevant 
and well-defined systems 20,23. The most commonly used model system are reconstituted 
proteoliposomes 24,25, and more recent studies also use translocons reconstituted in lipid-
based nanodiscs 21,26,27. Model membranes, such as free-standing and supported lipid bilayers 
(SLB) have offered suitable and diverse alternatives to ensure membrane protein activity in 
vitro 23. SLBs are formed by fusing lipid vesicles to a solid surface, such as mica or glass. SLBs 
were first introduced by Brian and McConnell 28, and has provided a powerful tool for surface 
imaging, such as total internal reflection fluorescence microscopy (TIRFm) and atomic force 
microscopy (AFM) down to single-molecule level. Recently, Gari et al., have performed AFM 
imaging of SecYEG complexes embedded in SLBs 29. The bilayer formation was confirmed by 
visualizing a 40 Å thick layer on the mica surface, and individual translocons within the SLB 
could be detected, as their surface-exposed loops resulted in local height increases in AFM 
scans. Single-molecule analysis of SecYEG height and lateral dimensions revealed collapsed 
and extended configurations of SecY loops due to SecA recruitment, and also suggested 
oligomerization of SecYEG to occur upon preprotein translocation. Differently to AFM, 
fluorescence microscopy does not involve mechanical interaction with the examined sample, 
but also offers single-molecule resolution, while monitoring temporal dynamics of membrane 
proteins 30,31. Here, we have employed SLBs and super-resolution fluorescence microscopy to 
investigate the lateral diffusion of reconstituted and fluorescently labeled SecYEG translocons. 
Analysis of the cumulative probability distribution (CPD) of step sizes 32,33 has revealed two 
distinctively diffusive populations of SecYEG and detected binding of SecA and RNCs to 
translocons at the single-molecule level. Interestingly, the diffusion coefficient of single SecYEG 
complexes altered slightly upon SecA binding, but decreased dramatically in the presence of 
RNCs. SecYEG complex remained largely monomeric both in its freely diffusing state and when 
bound to either RNC or SecA.

4.2 Results
4.2.1 Formation of a supported lipid bilayer

To investigate functional properties of SecYEG in a near-native environment, single-particle 
tracking of translocons was employed to monitor their lateral diffusion within supported lipid 
bilayers (SLBs) . A microfluidic flow cell was used to form a continuous system, allowing the 
addition of buffer and binding partners to pre-formed SLBs, as well as washing off unbound 
material. The flow cell was built from a functionalized coverslip and an object slide, that 
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were connected via a spacer containing the flow channel as described by 32 (Figure 1A). 
For SLB formation several requirements are essential: Firstly, the surface has to be cleaned 
vigorously (see experimental procedures) in order to eliminate organic adsorbents and other 
contaminants, such as dust 34. Secondly, a critical concentration of vesicles has to be supplied 
to the surface to initiate vesicle rupture and subsequent SLB formation. Crowding most likely 
enhances the interaction between vesicles, which induces stress and rupture 35. Thirdly, to 
support SLB formation for vesicles harboring negatively charged lipids, high ionic strength 
buffers are necessary 36. 

Figure 1 | Preparation of Supported lipid bilayers. (A) Schematic set-up of a flow cell. (B) Schematic representation 
of the fusion of SecYEG proteoliposomes and liposomes with the functionalized glass surface of the flow cell. (C) 
Example frame of the dual-view data acquisition with a beam splitter for green and red channel, detecting R18 (left) 
and SecYEG Atto 647N (right) molecules. (D) Fusion of R18 molecules with the supported lipid bilayer proving the 
formation of the bilayer. T0, prior to R18 vesicle fusion. T1 first contact, R18 vesicle enters the focal plane. T2, R18 
vesicle fusion with the SLB, releasing the R18 molecules into the SLB showing a radial Brownian diffusion pattern. 
T3, 66 ms after initial vesicle fusion with the SLB still showing a radial diffusion pattern without exclusion zones, 
indicative for improper SLB. T4, 99 ms after initial vesicle fusion, R18 molecules start to diffuse out of the imaging 
boundaries, still in a radial diffusion pattern and without indications of an improper SLB. T5, diffusion out of the 
imaging boundaries and bleaching of the R18 molecules resulted in a state similar to T0 with only a couple of particles 
detectable.

A

B

C D
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Prior to loading into the flow cell, SecYEG proteoliposomes were mixed 1:250 with SUVs of 
identical lipid composition. After the vesicle mixture was loaded into the flow channel, the 
vesicles could bind to and spread over the coverslip due to electrostatic interactions between 
the positively charged amine group of the silane-functionalized coverslip and the lipids in 
presence of 150 mM KCl (Figure 1B). Vesicles that did not rupture were washed out of the 
flow cell to minimise background fluorescence by flushing the flow cell with buffer. To verify 
the proper formation of a single-lipid bilayer, simultaneous dual-color TIRFm of octadecyl 
rhodamine B chloride (R18) (Figure 1C, left panel) and SecYEG-Atto 647N (Figure 1C, right 
panel) and was employed. R18 is a fluorescent probe, which will spontaneously immerse into 
a lipid bilayer with its alkyl tail, while the fluorophore will face the hydrophilic exterior. After 
vesicles containing R18 were added to the flow cell, they fused with the SLB in the flow chamber, 
whereupon R18 molecules started diffusing freely throughout the field of view (Figure 1D), 
indicating proper bilayer formation without exclusion zones or/and fluidity restrictions 34. 
2D-diffusion of R18 was monitored for every experiment to validate reliable SLB formation 
and diffusion analysis.
 
4.2.2 CPD analysis shows existence of two populations of diffusing SecYEG

Observations of single translocons within a lipid bilayer could advance our understanding of 
SecYEG dynamics in a near-native environment. Therefore, SecYEG-Atto 647N was imaged 
using TIRFm with 30 ms temporal resolution at room temperature. Locations of the labeled 
translocons were detected in consecutive frames, below the diffraction limit with an accuracy of 
10-20 nm by fitting the corresponding point spread functions (PSFs) to a 2D Gaussian function. 
Trajectories were obtained by linking the nearest two detection points in consecutive frames, 
resulting in a step size and hence, diffusion distance (Figure 2A). To quantify the diffusion of 
single translocons, trajectories were filtered on the fitting accuracy of at least 20 nm, trajectory 
length and particle displacement to exclude immobile particles (see experimental section). 
Roughly 25 % of particles were diffusing, while the rest remained immobile (Figure 2B). The 
case of the immobile particles might be attributed to contaminations, protein aggregation 
and/or interference with the glass surface. The remaining trajectories, which were on average 
5000 – 10000 step sizes per movie, were used to calculate the diffusion coefficients using the 
cumulative probability distribution (CPD) of step sizes (Figure 2C). CPD refers to the probability 
that a particle stays within a given area around it (r2). Thus, a small radius around a moving 
particle inversely increases the chances that the particle will exit the area. On the contrary, the 
larger the area, the lower the probability that the particle will diffuse out. The CPD curve when 
fitted with the cumulative probability function (CPF, Eq. 1), provides the number of diffusive 
species, quantity and speeds depending on the number of terms used. Interestingly, SecYEG 
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particles did not diffuse with a single step size, but switched between immobile, short and 
long step sizes (slow and fast diffusion speed). No adequate fitting of the experimental data 
to a single-component CPF could be achieved, as the goodness-of-fit indicated by the residual 
sum of squares (RSS) was larger compared to the two-component CPF fit (Figure 2C, lower 
panel). The experimental CPD is best described by the two-component as increasing the terms 
leads to overfitting, yielding erroneous fitting parameters. Diffusion coefficients from the two-
component CPF obtained from ten independent movies of labeled SecYEG were plotted using 
a box plot (Figure 2D). The median of the slow-moving population was found at 0.029 µm2 s-1, 
while the faster moving population had a median of 0.70 µm2 s-1. These data are in line with 
previous reports on diffusion coefficients of membrane proteins 37. To test whether the two 
diffusion coefficients corresponded to different oligomeric states of SecYEG, the intensity of 
a single molecule and following the number of molecules per foci was determined over time. 
Thereby, it was shown that SecYEG was predominantly present as a monomer (Figure 2E, red 
corresponds to high abundance). In contrast, the occurrence of dimers or higher oligomers 
was hardly and even not detected, respectively (Figure 2E, green and blue correspond to low 
and extremely low abundance, respectively).
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Figure 2 | Tracking of SecYEG. (A) Example trace of a single SecYEG-Atto 647N molecule. Heterogeneous step sizes 
are observed. Black bar represents 0.5 µm. (B) Percentage of SecYEG particles that are moving. Box plot was created 
from 40 different movies, median was found at 22.6%. (C) Example CPD analysis of SecYEG-Atto 647N showing the 
fitting of the data to different CPF and the corresponding residuals. (D) Two population were determined with a 
median of 0.03 µm2 s-1 and 0.7 µm2 s-1. (E) Determination of the oligomeric state of SecYEG in SLBs. Ranging from 
blue (lowest occurrence) to red (highest occurrence) and corresponding distribution show the calculated number of 
molecules per focus. Throughout the imaging time span of 30 seconds, a high occurrence population (red and orange 
colors) is observed spread around a single molecule per focus, indicating that the SecYEG translocon in a native-like 
environment is mostly monomeric. The ratio of monomers vs. dimers was 1:3 (15792 monomeric vs. 5663 dimers, 
based on one movie).

4.2.4 CPD analysis reveals altered diffusion behavior upon RNC binding

To detect whether the diffusion of the translocon changes upon binding of nascent polypeptide 
chains and initiation of translocation, SecYEG-Atto 647N particles were imaged in the absence 
and presence of FtsQ-ribosome nascent chains (FtsQ-RNCs). In this construct, a single 
membrane spanning TMH of FtsQ was fused at its C-terminal end to the regulatory TnaC 
sequence, which allows the stalling of ribosome 38,39. The complete FtsQ TMH is exposed 
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from the ribosomal exit tunnel and allows for interaction with the Sec translocase 21. The 
trajectories were filtered using the same criteria as stated in the experimental section. CPF 
fits suggested the existence of two populations with different diffusion coefficients before 
and after the addition of 50 nM FtsQ-RNCs (Figure 3A and Figure S1). Initially, SecYEG-Atto 
647N particles showed a switch between slow and fast diffusion coefficients, 0.025 µm2 s-1 and 
0.70 µm2 s-1, respectively. Interestingly, upon FtsQ-RNC addition the fast-moving population 
diffusion coefficient significantly decreased to 0.48 µm2 s-1, while the slow-moving population 
showed a slightly increased diffusion coefficient (0.034 µm2 s-1), but the latter change remained 
within the experimental error. The decrease of the diffusion coefficient of SecYEG upon RNC 
binding can also be directly seen in the trajectories (Figure 3B). In absence of RNCs the Sec 
translocon particles show a distribution of approximately 50 % short and 50 % long steps 
sizes. Interestingly, upon adding FtsQ-RNC the long step sizes do not only reduce in their 
length, but also become less abundant (20%). 
 To test whether this switch of diffusion behavior is indeed due to the binding of RNCs 
to SecYEG, we analyzed diffusion of the translocons upon the addition of non-programmed, 
or empty ribosomes. Again, CPF fitting suggested two diffusive populations of SecYEG (Figure 
3C and Figure S1). However, both population diffusion coefficients remained unchanged upon 
ribosome addition, indicating no binding or transient binding events of empty ribosomes 
to SecYEG, which were too fast to be detected. Also, the trajectories showed an unaltered 
even distribution of short and long step sizes after the addition of ribosomes (Figure 3D). 
Furthermore, RNCs bearing a highly polar nascent chain of cytoplasmic protein GatD did not 
alter the translocon diffusion coefficients and could only weakly bind nanodisc-reconstituted 
SecYEG (Figure S2). It allowed us to conclude that the observed differences in diffusion 
coefficients with and without substrate RNCs are a direct effect of the binding of RNCs to the 
translocon. 
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Figure 3 | Effect of SecYEG diffusion in the presence of FtsQ RNCs and 70S empty ribosomes. (A) CPD analysis 
shows that the fast-moving population changes speed from 0.7 µm2 s-1 to 0.47 µm2 s-1. As shown with CPD analysis, 
SecYEG step sizes decrease upon binding to RNCs. (B) A representative trace of a single SecYEG-Atto 647N molecule 
in the absence (left) and presence (right) of FtsQ RNCs. Black bars represent 0.5 µm. (C) CPD analysis shows that fast 
moving population changes speed from 0.74 µm2 s-1 to 0.68 µm2 s-1. (D) Example trace of a single SecYEG-Atto 647N 
molecule in the absence and presence of 70S ribosomes. As there is no binding of SecYEG to empty ribosomes, the step 
size of the translocon diffusion is not affected. Black bars represent 0.5 µm.

To test whether the translocon:RNC diffusion is influenced by their interaction with the lipid 
bilayer or the surrounding aqueous solution, binding experiments were repeated in the 
presence of Ficoll PM70. Ficoll is a hydrophilic polysaccharide and it is used to increase the 
buffer viscosity, e.g. to mimic cellular crowding, without interfering with proteins 40. 

D
iff

us
io

n 
co

effi
ci

en
t (

µm
2 
s-1

)
D

iff
us

io
n 

co
effi

ci
en

t (
µm

2 
s-1

)
A B

C D



138

If the diffusion coefficient of the SecYEG:RNC in SLB is highly dependent on the aqueous 
environment, an increase of the buffer viscosity caused by the addition of Ficoll, should 
result in a decrease of diffusion coefficients of complexes. However, if the complex mobility 
is dependent on the interaction with the lipid bilayer rather than the buffer environment, 
the intramembrane diffusion would not be affected by the solvent viscosity. As could be 
expected, the presence of 40 % Ficoll 70 (v/w) did not interfere either with the diffusion of 
free translocons within SLB, or with SecYEG:RNC complex formation (Figure S3). Interestingly 
though, also the diffusion of SecYEG:RNC complex was not affected by the presence of Ficoll, 
suggesting that the altered diffusion of those complexes strongly and exclusively depends on 
protein:lipid interactions.

4.2.5 SecA binding affects SecYEG diffusion

Upon posttranslational translocation SecYEG binds the cytosolic motor protein SecA. To 
investigate whether the binding of SecA affects the diffusion dynamics of the translocon in 
a similar fashion as RNCs, SecA was introduced to translocon-containing SLBs. As shown 
above, CPD analysis of translocons without a ligand could be fitted to a two-component CPF, 
revealing a slow and fast-moving populations, with diffusion coefficients of 0.024 µm2 s-1 and 
0.78 µm2 s-1, respectively. Upon SecA addition, the fast-moving population revealed only a 
modest, but significant decrease in the diffusion coefficient, from 0.78 to 0.68 µm2 s-1 (Figure 
4A). Interestingly, unlike translocon trajectories in the presence of RNCs, no changes could be 
detected in the trajectories in the presence of SecA (Figure 4B), whereas SecA binds SecYEG 
with high affinity even in the absence of a preprotein 21,27. The effect of RNC binding to SecYEG 
has a much stronger influence on the diffusion behavior of the translocon than the binding of 
SecA. Both RNCs and SecA have been shown to also interact with lipids while binding to the 
translocation channel 12,27,41, however, SecA has a smaller surface area than a ribosome, this 
difference could explain why the diffusion coefficient of the translocon is stronger influenced 
upon RNC binding. 
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Figure 4 | Effect of SecYEG diffusion in the presence of SecA. (A) CPD analysis shows that the fast-moving 
population changes speed from 0.78 µm2 s-1 to 0.68 µm2 s-1. (B) Example trace of a single SecYEG-Atto 647N molecule 
in the absence and presence of SecA. SecA is known to bind to SecYEG, the diffusion step size of the translocon is 
slightly affected. Black bars represent 0.5 µm.
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4.3 Discussion
 
The properties and the functionality of every biological membrane are determined to a great 
extent by membrane proteins that are embedded into the bilayer, and peripheral proteins that 
are associated to the surface, while phospholipids of these biological membranes commonly 
regulate the topology and activity of membrane proteins 23,42. Therefore, the reconstitution 
of membrane proteins into model membranes enables a closer near-native investigation of 
their structure and function. We have previously employed giant unilamellar vesicles (GUVs) 
to probe diffusion and the oligomeric state of SecYEG translocons 43, and also lipid-based 
nanodiscs to probe SecYEG:ribosome interactions 21,26 by means of fluorescence correlation 
spectroscopy (FCS). Complementary to those ensemble-based measurements, here, we have 
established the fluorescence-based approach to investigate SecYEG diffusion at the single-
molecule level. Supported lipid bilayers allow lateral mobility of lipids and thus reproducing 
the fluidity of both leaflets of the bilayer, as in cell membranes 44. However, when formed on 
glass, they only provide 10-20 Å aqueous space between the lipid bilayer and the supporting 
surface. Here, we used a silane-derivate to maximise the distance and minimise interactions 
of the protein:lipid membrane with glass. Using flow cells allowed us to eliminate unbound 
material, to exchange buffers, and to supply binding partners, and so to trigger different 
functional states of translocons, while monitoring the lateral diffusion of individual molecules 
in real-time. In contrast to GUVs, SLBs are easier to prepare and are not sensitive to axial 
movement of the membrane, caused by membrane undulations 45. The application of SLBs 
further allows to detect and exclude immobile particles from the analysis. Here, only ~25 % 
of observed fluorescent particles were moving, while the large part remained static on the 
imaging time scale of 30 seconds. The pool of immobile particles can be related to proteins 
strongly interacting with the surface, e.g. via long cytoplasmic loops of inversely oriented 
SecYEG complexes, which may constitute 50 % of the total translocon population. Also, 
limited protein aggregation and fluorescent contaminations can contribute to the immobile 
population. Those factors should be addressed in future experiments, but to this point, the 
pool of immobile particles has been excluded from the analysis. 
 Usually, mean square displacement analysis (MSD) is used to extract diffusion 
coefficients. However, MSD only provides a mean diffusion coefficient, averaging and obscuring 
any information about particles that exist as populations with different diffusional behaviors. 
In contrast, CPD analysis enables to extract different populations of particles, e.g. slow- and fast-
moving populations or particles that switch between different populations. Here, we suggest 
a two-population model of SecYEG differed by their instant diffusion characteristics (Figure 
2A). Trajectories clearly showed that single translocons are capable of switching between 
slow and fast diffusion modes (Figure 2C). Determining the number of SecYEG particles per 
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foci, we exclude oligomerisation as a possible origin for different diffusion coefficients, as the 
translocons were predominantly present as monomers (Figure 2D). A possible explanation 
for the heterogenous diffusion behavior found here might be provided by transient lipid 
interactions. The diffusion of sphingomyelin-Atto 647N in a mica-supported DOPC bilayer 
has been studied using CPD analysis 44. It was found that slow-moving populations in SLBs 
might be a result of direct interactions of molecules and proteins with the surrounding lipid 
molecules. Indeed, SecYEG has been shown to particularly interact with anionic phospholipids, 
which could limit the diffusion coefficients 46,47. One in vivo study described the diffusion of the 
fluorescent dye Dil-C12, whereby two equal populations with diffusion coefficients of 0.58 
µm2 s-1 and 0.029 µm2 s-1 were found 37. The faster coefficient originated from unperturbed 
diffusion, while the slower is a result of the physical property of the short hydrophobic tail 
of Dil-C12, which has been proposed to have a preference for disordered membrane regions 
48. Most recently, the diffusion mobility of SecYEG was investigated in living E. coli cells 33. 
The translocon subunit SecE was fluorescently labeled by fusion to Ypet (yellow fluorescent 
protein). Tracking of Ypet-SecE in vivo revealed two populations with diffusion coefficients of 
0.04 and 0.30 µm2 s-1, which was proposed to represent the fully assembled SecYEG translocon. 
The slow diffusing populations of Dil-C12 and Ypet-SecE show a striking similarity to the 
slow diffusion population of SecYEG particles observed here in native-like SLB in presence 
and absence of RNCs (Figure 3). Due to the lack of the membrane crowding factor in our in 
vitro SLB experiments, it is possible that proteins are less occluded and can diffuse somewhat 
faster. Taken together, it seems likely that the slow-diffusing population observed in this 
study represents the fully assembled SecYEG translocons, which are diffusion limited by the 
interactions with anionic phospholipids. 
 Interestingly, a second, fast-moving population of SecE-Ypet is comparable to the 
faster-moving population of SecY particles (0.70 µm2 s-1) obtained in vitro here. Diffusion 
coefficients of this magnitude are often found for membrane proteins in E. coli 49. Furthermore, 
upon addition of FtsQ-RNCs to SecYEG embedded SLBs, the diffusion coefficient of SecY 
significantly decreased to ~0.48 µm2 s-1 (Figure 3 A,B), indicating that the FtsQ-RNCs bind to 
fully assembled translocation channels displaying typical membrane diffusion coefficients. 
Several interaction sites between SecYEG and the ribosome have been previously identified. 
The long cytoplasmic loops connecting TMHs 6-7 and 8-9 of SecY have been shown to bind 
the ribosomal protein L23, as well as the rRNA within the ribosomal exit tunnel 12, while 
the N–terminus and the amphipathic helix of SecE interact with ribosomal protein L23 
and L29, respectively 50. Interestingly, the ribosome does not only bind to the translocon, 
but also its surrounding lipids near the lateral gate. The rRNA helix H59 is in direct contact 
with the lipid headgroup and has further been suggested to recruit anionic phospholipids 
and disorder the lipid bilayer assisting the insertion of membrane proteins emerging from 
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the lateral gate 12. Due to those interaction sites it seems plausible that the binding of the 
FtsQ-RNC would affect the translocon diffusion coefficient. Increasing the buffer viscosity 
during the experiments had no effect on the SecYEG:RNC complex diffusion. Therefore, the 
interaction of the ribosome with phospholipids, as well as the distortion of the lipid bilayer, 
may reduce the complex diffusion coefficient, rather than the shear possibly imposed by the 
large ribosome when binding to the membrane-embedded SecYEG complex. This was specific 
for FtsQ-RNCs, as we did not observe diffusion alternation in the presence of the highly polar 
nascent chain of GatD (Figure S1). It has been shown that SecYEG can bind non-programmed 
ribosomes, although with lower affinity 21. Here, we did not see a significant effect of the 
presence of empty ribosomes on the translocon lateral diffusion, which could be due to 
low affinity, transient binding events, or lack of ribosome:lipid interactions (Figure 3C,D). 
 The crystal structure of the SecA:SecYEG complex revealed that SecA interacts with 
loop 6-7 and loop 8-9 of SecY 41, which are the same binding sites as for ribosome binding 
12,21. Here, we detected a moderate, but a significant decrease in the diffusion coefficient of 
SecYEG upon SecA binding. This decrease of mobility correlates with our previous results 
acquired by means of FCS on free-standing membranes of GUVs 43. There, AMPPNP-stabilized 
binding of SecA reduced diffusion coefficients of SecYEG. Like the ribosome, SecA has been 
shown to interact with lipids, in particular anionic phospholipid 27,51. SecA penetrates with its 
N-terminal amphipathic helix the lipid bilayer 52, which activates SecA and is essential for high 
affinity binding to the translocon 27. Even though SecA interacts with lipids, it did not affect the 
translocon diffusion as much as shown upon FtsQ-RNC binding, which can be explained to a 
certain extent by a smaller surface area involved in SecA:SecYEG:lipid contact. Also, the less 
pronounced effect on the translocon diffusion upon SecA binding might be due to transient 
association and dissociation, which could be stabilized in the presence of nucleotides 43. 

To summarize, we have shown here that SLBs provide a suitable model membrane environment 
to investigate not only diffusion, but also real-time binding events of SecYEG at single-
molecule level. Our data reveal an unexpected large effect of RNC binding on the diffusional 
characteristics of the SecYEG complex which is most readily understood by extensive lipid 
interactions of the ribosome and SecYEG. Further, the work provides benchmarking values of 
membrane diffusion coefficients of various SecYEG complexes that will facilitate interpretation 
and analysis of the diffusion of SecYEG, also in living cells.
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4.4 Materials and Methods

4.4.1 Protein purification and labelling 

SecA was overexpressed in E. coli BL21(DE3) cells harboring the pTrc99A-SecA plasmid 27 
and purified as described 27,53. The extinction coefficient used for SecA protein concentration 
determination at 280 nm was 75,750 M-1 cm-1. SecYC148EG was overexpressed in E. coli SF100 
cells harboring the pEK20-C148 plasmid 43 and isolated from crude membranes as described 24. 
The translocon was labeled at the unique periplasmic cysteine in position 148 upon incubation 
with 100 μM Atto 647N-maleimide (Atto-Tec GmbH) or CF488A-maleimide (Biotium/Sigma) 
as described 27. The protein concentration and the labeling efficiencies were determined 
spectrophotometrically using the corresponding extinction coefficients: SecYEG - 71,000 M-1 
cm-1 at 280 nm, CF488A - 70.000 M-1 cm-1 at 490 nm, and Atto 647N – 150.000 M-1 cm-1 at 
647 nm.

4.4.2 RNC isolation

TnaC-stalled RNCs were prepared in vivo and isolated as previously described 54,55. Briefly, 
KC6ΔssrAΔsmpB cells 39 were used to synthesize poly-histidine tagged fragments of FtsQ 
and GatD proteins followed by the TnaC sequence that caused stalling of the ribosomal 
translation at elevated tryptophan concentrations 56, so stable and well-defined RNCs could 
be formed. N-terminal poly-histidine tags of the nascent chains were employed for Ni-NTA-
based purification of RNCs, and assembled RNCs were further isolated by centrifugation in 
continuous sucrose gradients (10%-40%, Biocomp Gradient Station). Presence of the tRNA-
linked nascent chains was validated via the tag-specific Western blotting. For preparing 
empty ribosomes, a crude ribosome extract from non-transformed KC6 cells was incubated in 
presence 1 mM puromycine for 30 min on ice to release nascent chains, and fully assembled 
70S ribosomes were isolated via sucrose gradient, as described above.

4.4.3 Lipid preparation

A mixture of chloroform-dissolved lipid DOPG:DOPE:DOPC (Avanti Polar Lipids Inc., USA) 
was prepared at the molar ratio 30:30:40 43. The chloroform was evaporated under a nitrogen 
stream, after which chloroform remnants were extracted overnight under vacuum conditions 
using a desiccator. The resulting lipid film was resuspended in 20 mM HEPES/ KOH pH 7.5, 2 
mM DTT to obtain final lipid concentration of 10 mg/ml. 
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4.4.4 Reconstitution of SecYEG into Proteoliposomes 

DOPG, DOPC and DOPE lipids (10 mg/ml) were diluted to 4 mg/ml using a buffer containing 
20 mM HEPES/ KOH pH 7.5, 50 mM KCl, 0.5% Trition X-100, and 0.05% DDM. Lipids were 
incubated for 15 minutes at 37 °C and subsequently 15 minutes on ice. SecYEG-Atto 647N 
(final concentration 200 nM) was added to 1 ml of the lipid mixture (1:100 protein to lipid 
ratio) and incubated for 30 minutes at 4 °C. Detergent was removed in 3 steps of 1.5 h with 50 
mg, 75 mg, and 100 mg Bio-Beads SM2 sorbent (Bio-Rad), whereby the last incubation was 
performed overnight. 

4.4.5 Reconstitution of SecYEG into nanodiscs

The reconstitution was performed following the previously established protocols. Briefly, 
purified and fluorescently labeled SecYC148EG translocons in DDM were mixed with MSP1E3D1 
major scaffold proteins and detergent-solubilized DOPG/DOPE/DOPC lipids at the molar ratio 
1:10:500. Spontaneous nanodisc formation was achieved upon the detergent removal with 
Bio-Beads SM2 sorbent. SecYEG-loaded nanodiscs were separated from empty nanodiscs via 
size-exclusion chromatography using Superdex 200 10/300 column and AKTA Pure system 
(GE Healthcare Life Sciences) in the nanodisc buffer (150 mM KOAc, 5 mM Mg(OAc)2, 25 mM 
HEPES pH 7.4, and protease inhibitor cocktail (Roche)).

4.4.6 SecYEG:RNC binding in nanodiscs

200 nM CF488A-labeled translocons reconstituted into nanodiscs were optionally incubated 
with 200 mM FtsQ- or GatD-RNC for 30 min at the ambient temperature, loaded on top of 
continuous sucrose gradients (10%-40%) in SW41-type tubes, and centrifuged 36.000 rpm 
for 3 h at 4 ºC. The gradients were fractionated from top to the bottom with Biocomp Gradient 
station in fractions of 1 mL, while continuously recording absorbance at 280 nm and 525 nm. 
Contents of individual fractions were collected by aggregation in 15 % (w/v) trichloracetic 
acid and analyzed on SDS-PAGE by recording in-gel fluorescence and Coomassie-stained 
proteins (AI680 RGB imager, GE Healthcare Life Sciences). To probe the effect of Ficoll 70 
on SecYEG:RNC interactions, 40 % (w/v) Ficoll 70 was supplemented step-wise to 200 nM 
nanodisc-reconstituted SecYEG-CF488A, dissolved upon gentle pipetting, and then 200 nM 
FtsQ-RNC were added. The reaction was incubated for 30 min at the ambient temperature, 
then rapidly diluted two-fold with the nanodisc buffer, loaded above the sucrose cushion (1 M 
sucrose, 150 mM KOAc, 5 mM Mg(OAc)2, 25 mM HEPES pH 7.4, and protease inhibitor cocktail 
(Roche)) and centrifuged in S120-AT3 rotor (Sorvall/Thermo) at 40.000 rpm for 20 or 40 min, 
4 ºC. Pellets were collected and analyzed on SDS-PAGE.
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4.4.6 Glass functionalization and flow cell preparation 

Glass functionalization for microscopy was carried out as described by Seinen et.al. 32 In short, 
glass for microscopy was sonicated in acetone at 30 °C for 30 minutes followed by rinsing the 
glass 6 times with MQ. Next, the coverslip surface was activated by sonicating for 45 minutes 
at 30 °C in 5 M KOH. Afterwards, traces of KOH were removed by rinsing 6 times with MQ, 
followed by drying the glass for 30 minutes at 110 °C. Glass surfaces were plasma cleaned for 
10 minutes prior to the surface functionalization with 2% (v/v) N-(2-Aminoethyl)-3-aminois
obutyldimethylmethoxysilane (abcr, Sigma) for 1 hour at room temperature. Afterwards, the 
coverslips were rinsed once with acetone and subsequently dried with pressurized air and 
stored overnight under vacuum. Flow cells were built as described by Seinen et. al. 32 In short, 
on top of silane-functionalized coverslips, a flow chamber was created using double-sided tape 
capped by an object slide containing inlet and outlet tubes.

4.4.7 Supported Lipid Bilayer generation 

DOPG:DOPC:DOPE (molar ratio 30:30:40) lipids (10 mg/ml) were diluted to 4 mg/ml using a 
buffer containing 50 mM HEPES/ KOH, pH 7.5 and 50 mM KCl. The lipid mixture was sonicated 
in ultra-sonic bath for 15 cycles when alternating between on/off stages, each 15 seconds 
duration, to form small unilamellar vesicles (SUVs). Protein-free SUVs were mixed with 
proteoliposomes containing SecYEG (final concentration 50 pM). The chamber of the flow cell 
was first washed using 50 mM HEPES/ KOH pH 7.5, 50 mM KCl at a flow rate of 10 μl/min. 
Following the SecYEG proteoliposome/liposome mixture was loaded into the flow chamber. 
The fusion of the SecYEG proteoliposomes/liposomes with the surface, forming a supported 
lipid bilayer, was induced by elevated salt concentration in a washing step using 50 mM 
HEPES/ KOH pH 7.5, 150 mM KCl. Unbound material was washed out of the flow cell with 50 
mM HEPES/ KOH pH 7.5, 50 mM KCl. 2D diffusion of R18 was monitored for every experiment 
to validate reliable SLB formation and diffusion analysis.

4.4.8 Microscope experimental set-up

In vitro microscopy measurements were performed at room temperature on an Olympus IX-
71 microscope equipped a 100x total internal reflection fluorescence (TIRF) objective UApoN, 
NA 1.49 (oil) (Olympus, Center Valley, PA) set to TIRF-illumination (ϴ < ϴc) equipped with 
a Photometrics DV2 multichannel imaging system (Photometrics, Tucson, AZ) with 537/29 
and 610/75 ET bandpass filters and a zt561RDC mirror. Atto 647N molecules conjugated to 
SecY were excited by a 638 nm continuous wave (CW) laser (Coherent, Santa Clara, CA) at 
approximately 1 kW·cm-2. Images were captured using MetaVue imaging software (Molecular 
Devices, Sunnyvale, CA) via a 512x512 pixel electron multiplying charge coupled device 
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(EMCCD) camera (C9100-13, Hamamatsu, Hamamatsu City, Japan) with EM-gain set to 254 at 
33 frames·second-1.

4.4.9 Data analysis

Data obtained from the microscope measurements were analysed with ImageJ v1.48 using 
built-in and purpose-built plugins. Data was visualized using OriginPro v9.1 (OriginLab Corp.) 
and MATLAB R2016b (MathWorks Inc.).

4.4.9.1 Peak detection

To localize and track fluorescently-labeled translocons, images were processed using a 
discoidal averaging filter with an inner and outer radius of 1 and 4 pixels, respectively 32,57. 
Next, local fluorescence maxima which intensities exceeded a fixed or dynamic threshold, 
and which were separated by at least 4 pixels, were selected. The fixed threshold value was 
based on the intensities of particles in the last recorded frames, where bleaching positively 
affected the background fluorescence, and where the remaining fluorescence represented an 
estimation of a single molecule intensity. The dynamic threshold was defined as

 
x̅ + n * s, 

where
 
x̅ and s are the average and standard deviation of the background gray value. Next, 

a two-dimensional Gaussian model was fitted to each point spread function (PSF) on the 
original unprocessed image by minimizing the sum of squares of the residuals by means of the 
Levenberg-Marquardt algorithm 58,59. The resulting Gaussian model gave the amplitude, sub-
pixel coordinates, symmetrical spread localization accuracy, and goodness-of-fit of the peak 
positions for each frame. 

4.4.9.2 Oligomeric state of SecYEG

To investigate the oligomeric state of SecYEG particles, foci were detected using a fixed 
grey value threshold to minimize the dynamic threshold filtering artefacts caused by local 
background intensity changes. Sub-pixel coordinates were obtained from particles, which 
met the filtering criteria, upon which a selection with a radius of 2 pixels from the centroid 
was made. From this selection the raw integrated density was calculated and divided by the 
integrated Gaussian intensity of a single molecule 32, resulting in the number of molecules per 
focus. 
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4.4.9.3 Membrane diffusion behavior of SecYEG

To study the diffusional behavior of SecYEG, particles were detected using a dynamic threshold. 
The peak location data was filtered to exclude poorly fitted peaks (adjusted R2 < 0.2), after which 
the remaining coordinates were used to create particle trajectories by linking particles located 
nearest to each other in consecutive frames. A maximum step size constraint of 3 pixels was 
used to prevent linkage of particles too far apart to be the same. The step sizes constituting these 
trajectories were filtered on a minimal displacement of 0.06 µm2 s-1 to filter out artefacts, e.g. 
false linkages and immobile molecules. The resulting data set consisting out of approximately 
5000 - 10000 step sizes per movie, contained only the coordinates of moving particles, which 
were further used for calculation of the cumulative probability distribution (CPD) of step sizes.  
In short, a probability density function (PDF) was created from the step size data and 
normalized resulting in the CPD. To extract the SecYEG diffusion characteristics, the CPD was 
fitted to the multi-component cumulative probability distribution function (CPF, Eq 1):

(Eq. 1)

Where α, β, γ are the fraction of each population with the constraints that the sum of fractions 
cannot exceed 1. �r2

α,β,γ� give the mean square displacement (MSD) for each population at 
each time point (τ). The localization accuracy, s, was determined from the mean error in the x 
and y parameters from the Gaussian fit. The CPF goodness-of-fit was determined by calculating 
the residual sum of squares (RSS). The MSD of the best fitting model (RSS close to 0) was used 
to calculate the diffusion coefficient from the slope by plotting the obtained MSD value as a 
function of time.
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Footnotes
The abbreviations used are: IPTG, isopropyl 1-thio-β-D-galactopyranoside; DDM, n-Dodecyl-
β-D-maltoside; DOPC, 1,2-Dioleoyl-sn-glycero-3-phosphocholine; DOPG, 1,2-Dioleoyl-sn-
glycero-3-phosphoglycerol; DOPE, 1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine; SLB, 
Supported lipid bilayer; MSD, mean square displacement; RSS, residual sum of squares; PDF, 
probability density function; CPD, cumulative probability distribution; PSF, point spread 
function; RNC, ribosome:nascent chain complex; SUV, small unilamellar vesicles; TIRFm, 
total internal reflection fluorescence microscopy; TF, Trigger Factor; SRP, signal recognition 
particle; AFM, atomic force microscopy; TMH, transmembrane helix; R18, octadecyl rhodamine 
B chloride; GUV, giant unilamellar vesicle; FCS, fluorescence correlation spectroscopy.
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Supplementary figures

Figure S1 | CPD fitting. Example CPD analysis of SecYEG-Atto 647N in the absence and presence of FtsQ-RNCs (upper 
panel), empty ribosomes (middle panel) and Sec (lower panel) showing the fitting of the data to different CPF and the 
corresponding residuals.
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Figure S2 | Effect of SecYEG diffusion in the presence of GadD. (A) Detection of SecYEG:RNC complexes in nanodiscs. 
Continuous sucrose gradients were collected and absorbance of RNCs (260/280 nm, black line) was correlated with 
absorbance of SecYEG-conjugated CF488A dye (525 nm, red lines). A correlation was observed for FtsQ-RNC (solid 
red line), but not for GatD-RNC (dashed red line). (B) SDS-PAGE of fractions #1 (F1) and #5 (F5) of SecYEG nanodiscs 
alone, and in presence of GatD- and FtsQ-RNCs. Top: in-gel fluorescence of SecY-CF488A, bottom: Coomassie-stained 
gel. While unbound SecYEG-ND could be found in the upper F1 fraction, RNC-bound translocons migrated to the 
center of the gradient and were found in F5 together with ribosomal proteins. Equal amounts of SecYEG was supplied 
in each reaction, and 10% of the total fraction content was loaded for F1 fractions. In comparison to FtsQ-RNCs, only 
weak interactions with SecYEG could be measured for GatD-RNCs. (C) CPD analysis shows that the presence of GatD-
RNCs change the diffusion coefficient of SecYEG in SLBs from 0.67 µm2 s-1 to 0.61 µm2 s-1.
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Figure S3 | Effect of Ficoll on SecYEG diffusion. (A) Ficoll 70 does not inhibit SecYEG:RNC interactions. FtsQ-RNCs 
could bind nanodisc-reconstituted SecYEG in presence of 40% (w/v) Ficoll 70 and pellet as a complex through sucrose 
cushion. Top: in-gel fluorescence of SecY-CF488A, bottom: Coomassie-stained gel showing SecYEG-ND bands and the 
pattern of ribosomal proteins. (B) Tracking of SecYEG alone, SecYEG and FtsQ-RNCs, and SecYEG and empty 70S 
ribosomes in the absence and presence of Ficoll was detected. Ficoll was used at a concentration of 40% but did not 
affect the diffusion speed of unbound or FtsQ RNC/empty ribosome bound SecYEG.
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