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Chapter 3
Dynamical organization of the Sec 
holotranslocon in Escherichia coli cells

Anne-Bart Seinen, Dian Spakman, Wenxuan Zhang, Irfan Prabudishia, Antoine 
M. van Oijen, Arnold J.M. Driessen
(To be submitted)

The holotranslocon is a large multi-component complex consisting of cytosolic and membrane 
proteins that function together in a highly orchestrated fashion to facilitate the efficient 
translocation and insertion of proteins across and into the bacterial cytoplasmic membrane. Here, 
for the first time, the major components of the holotranslocon were localized with (dual color) 
super-resolution microscopy in living Escherichia coli cells. Additionally, single-particle tracking 
was employed to obtain dynamical insights on complex formation. By correlating single-particle 
intensities to a calibrated single-molecule intensity, we determined the cellular concentration 
of these components and their functional state under native conditions. We observed the 
(holo)translocon to be monomeric and found no evidence for functional higher oligomers nor 
did we find a preferred cellular localization. Rather the components were distributed through 
the cytoplasmic membrane. Additionally, single-particle tracking showed a highly dynamical 
behavior indicating that the holotranslocon is a dissociable complex. 
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3.1 Introduction

For all living organisms, the insertion of membrane proteins into the cytoplasmic membrane 
and the translocation of protein across this membrane is essential for cell viability and 
development. In bacteria, the principal complex facilitating these processes is the highly 
conserved heterotrimeric SecYEG translocon 1. This protein conducting pore works in concert 
with membrane and cytosolic accessory proteins in a multi-component complex, termed the 
holotranslocon, to facilitate efficient protein insertion and/or translocation 2. 
Generally, membrane proteins are co-translationally targeted and inserted into the cytoplasmic 
membrane. Herein, the N-terminal transmembrane segments of a ribosomal nascent chain (RNC) 
is recognized by signal recognition particle (SRP), whereupon the RNC-SRP complex is targeted 
to the SRP receptor, FtsY, which resides at the cytoplasmic membrane. Binding of the RNC-SRP 
complex to FtsY facilitates the GTP-dependent transfer of the RNC to the SecYEG translocon 
where translation and insertion occurs concomitantly. A subset of membrane proteins require 
the aid of the integral membrane chaperone, the highly conserved YidC insertase, for the correct 
partitioning and folding of transmembrane segments in the cytoplasmic membrane 3. Additionally, 
YidC is also capable of inserting small hydrophobic proteins independently of the translocon 4.  
 In contrast to membrane proteins, secretory proteins are post-translationally 
targeted to the SecYEG translocon. These proteins are fully synthesized in the cytosol, 
where they are stabilized in an unfolded, translocation competent state by the molecular 
chaperone SecB. Next, they are transferred to the SecA ATPase and translocated 
across the cytoplasmic membrane through the SecYEG pore. The driving force for 
protein secretion from the cytosolic side, is provided by the binding and hydrolysis of 
ATP by SecA, whereas the SecDF membrane complex provides a proton motive force 
dependent pulling force from the periplasmic side at the later stages of translocation 5–7.  
 It has been proposed that these secretion system components assemble into a SecYEG-
SecA-SecDF-YidC super complex together with other small accessory proteins, to form the so 
called holotranslocon. Biochemically, however, the holotranslocon is purified as subcomplexes 
such as the separate SecYEG and SecDF complexes, suggesting that the holotranslocon is a 
fragile entity possibly with only a short half-life in the membrane. A wealth of biochemical 
assays and structure elucidation studies have provided key insights into the mechanisms 
of the insertion and secretion components, but the dynamics of the process in living cells is 
only poorly understood. This in particularly concerns the dynamics of the holotranslocon 
in the membrane and whether such a complex stably exists or is formed on demand. Also 
other key questions like the stoichiometry of the holotranslocon components, the potential 
sub-states of the complex and cellular localizations remain largely unanswered or elusive.  
 Direct observations of the Sec system components via microscopy might provide 
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essential information on the aforementioned dynamic aspects of the holotranslocon. In the 
past decade, conventional fluorescence microscopy was employed to study the translocon 
and accessory proteins in various bacteria using different protein expression and labeling 
methods, leading to divers localization patterns and conclusions. SecY and SecE have been 
visualized in E. coli 8–10 and B. subtilis 11,12 by N- or C-terminally GFP fusions or a N-terminally 
FlAsH-tag. These fusion constructs were expressed from the genome under control of 
the endogenous promotor or by inducible plasmid based expression systems. Depending 
on the techniques and microscopy setup used, contradictory localization patterns were 
reported. The E. coli SecY (ecSecY) and SecE (ecSecE) C-terminal fused GFP constructs 8,9, 
expressed from the genome under their own promotor, show an even distribution over the 
cytoplasmic membrane. However, when ecSecE is N-terminally fused to GFP and expressed 
from a plasmid 13, the localization changed drastically into a helical arrangement along the 
cytoplasmic membrane throughout the cell. Additionally and in line with the plasmid based 
approaches, N-terminally FlAsH-tagged ecSecY or ecSecE 10, also showed spiral formations. 
Moreover, SecG was visualized in E. coli using an indirect immunofluorescence approach 
where the cells were fixed with formaldehyde, followed by localization microscopy 13. 
 In contrast to the SecY, -E and –G proteins, accessory proteins like SecA, -D, -F and 
YidC are much less studied using microscopy. Only one study reports the localization of 
YidC in the late exponentially to early stationary phase, using an inducible plasmid based 
YidC-GFP fusion expressed in E. coli cells 14. Here, YidC is mainly located at the old cell 
poles, with low fluorescence signals uniformly distributed throughout the cell along the 
cytoplasmic membrane with few regions of higher intensity. Taken together, there is no 
consensus on the localization of the holotranslocon components, however, a common 
denominator is that all studies rely on diffraction-limited conventional microscopy.  
 We recently reported a highly dynamic behavior of the essential cytosolic SecA 
ATPase using single molecule tracking. This approach can provide more detailed information 
on the cellular localization of the holotranslocon components and answer long standing 
questions about concentration and possible sub-states. In the present study, we created fusion 
constructs between fluorescent reports and SecE, SecF and YidC that expressed from the 
native chromosomal locus and used super-resolution microscopy to determine their location, 
concentration and dynamics in exponentially growing E. coli cells. The data demonstrate an 
even distribution of the membrane proteins in the cytoplasmic membrane of E. coli cells. 
Moreover, the concentrations of these membrane proteins were found to be an order of 
magnitude less than based on biochemical assays, but in line with recent quantitative mass 
spectrometry. Using new developments in single-molecule tracking methods, we found multiple 
populations of species of the translocation system and combined with super-resolution dual 
color microscopy identified these as holotranslocons and subcomplexes. 
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3.2 Results
3.2.1 Localization and distribution of the holotranslocon components

In order to image holotranslocon components of E. coli in the cytoplasmic membrane under 
native expression conditions, the secE, secF and yidC genes were within their original locus 
fused to the gene of a fluorescent reporter protein via homologues recombination. SecE forms 
a stable complex with SecY and SecG and thus labeling of SecE will provide information on 
the localization of the SecYEG complex. SecF interacts stably with SecD and YjaC and thus the 
labeled variant can be used to visualize SecDFyajC complexes in the cell. Structure elucidation 
showed an intimate interaction of the second and third a-helix of ecSecE with ecSecY. However, 
the first two a-helices of SecE were previously described to be non-essential for E. coli 15. By 
replacing the first a-helix of ecSecE with Ypet, a N-terminally fusion of SecE was created where 
the Ypet remains cytosolic. Using whole gene replacement via homologues recombination, an 
Ypet-SecE construct was inserted in the secE locus, effectively replacing the only copy of secE 
gene by the labeled variant. SecF and YidC were C-terminally fused with Ypet for single or 
paTagRFP for dual-color microscopy respectively, by integrating the coding gene of Ypet or 
paTagRFP into the corresponding loci. SecE, SecF and YidC fulfill essential tasks, indicated by 
a severe cell growth defect upon mutations. Growth is thus an excellent indicator for impaired 
protein function 16. Cells containing the fusion constructs as the sole copy of the gene showed 
normal growth kinetics similar to wild-type (Figure S1) and western blotting showed no 
degradation or processing of the fusion constructs (Figure S2).
 To visualize the SecA, SecE, SecF and YidC fluorescent constructs, we utilized PALM-
type super-resolution imaging at the single-molecule level. To gain more insight into the 
localization and dynamic behavior, we visualized these proteins under native and impaired 
protein translocation conditions. For efficient protein insertion and/or translocation, the 
proton-motive-force (PMF) is essential, while SecA activity is required for protein translocation. 
To target these key mechanisms, we used sub-lethal concentrations of the uncoupler carbonyl 
cyanide 3-chlorophenylhydrazone (CCCP) to dissipate the PMF and blocked SecA mediated 
protein translocation specifically using the ATPase inhibitor sodium azide (NaN3). To localize 
these proteins with high accuracy, we reconstructed the fluorescence into color coded plots 
as described in chapter 2, resulting in a super-resolution image of the locations of SecA, SecE, 
SecF and YidC with a typical spatial resolution of 10-20 nm (Figure 1 and 2). 
 Under native conditions, SecA is localized predominantly at the cytoplasmic membrane 
(Figure S3, black dashed line) with locations of more frequent detections as indicated by the 
white color (Figure 1A). Specifically blocking the function of SecA using NaN3 did not change the 
localization pattern and distribution (Figure 1B). However, disruption of the PMF results in a 
drastic re-localization of a subset of the SecA molecules to the cytosol (Figure 1C and Chapter 2).  
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As expected for a membrane protein, under native conditions, SecE is detected throughout 
the cytoplasmic membrane (Figure 1D and Figure S3, green dashed line). Regions of more 
frequent detections are observed as stretches with a lighter color in the super-resolution 
reconstructions. These elongated spots originate from movement of the molecules faster than 
the acquisition time, but slower than the integration time of a single frame. Addition of NaN3 
or CCCP did not change the localization of SecE, however, the detections throughout the cell 
increased, leading to a more homogeneous distribution as seen in the reconstructions.
 SecE, as the central core of the holotranslocon, is bound to the SecDF complex, 
however, SecF shows a different localization pattern compared to SecE (Figure 2A-C). The total 
number of foci detections was orders lower compared to SecE and displayed a punctuated, 
highly localized distribution under native conditions; only a few spots and stretches of multiple 
detections were observed (Figure 2A). Addition of NaN3 almost completely immobilized the 
moving SecF molecules, which clustered into several membrane foci (Figure 2B). In contrast, 
addition of CCCP did not change the localization pattern significantly compared to the native 
condition (Figure 2C). Due to the low fluorescence, it was impossible to create a proper cellular 
distribution graph for SecF (Figure 2A-C, cross-section profile).
 Another component of the holotranslocon is YidC. Under native conditions, YidC 
is localized in the cytoplasmic membrane (Figure S3) with an even distribution over the 
membrane with regions of more frequent detections (Figure 2D). The addition of NaN3 or CCCP, 
like SecE, also results in a more homogeneous distribution over the membrane (Figure 2E,F). 
From the super-resolution reconstructions, the components constituting the holotranslocon 
share some localization similarities, however, patterns of the different components cannot be 
directly related to a holotranslocon complex. To gain more insight into the formation of this 
super complex, accurate protein concentrations are needed. 
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Figure 1 | SecA and SecE super-resolution reconstructions and cellular distributions under native and stressed 
conditions. SecA (A-C) or SecE (D-F) cellular localization and corresponding short-axis cross section distribution 
under native conditions (A, D) or SecA translocation impaired by treatment with sodium azide (B, E) or PMF deficient 
cells by addition of CCCP (C, F). Left panel (Z-projection) are single frame representations of the average fluorescence 
in the first 7.5 seconds (250 frames). Immobile and moving membrane and cytosolic (auto)fluorescence and signals 
originating from the out-of-focus regions contribute to the average image. Second panel (Reconstruction), are super-
resolution reconstruction plots of the signals detected in the focal plane. Colors indicate the frequency and accuracy 
of signal observed at the coordinate. Red indicating a low fit accuracy and/or frequency, whereas white signifies a high 
fit accuracy and/or frequency of fluorescence observed at that location. Third panel (Overlay), is a merge of the super-
resolution reconstruction with the average Z-projection to clarify the cellular localization. Fourth panel (Cross-section 
profile), a short axis cross section profile of the normalized fluorescence intensity distribution of each corresponding 
cell, used for calculating the cellular distribution of the protein (Figure S3). Scale bar is 1 µm.
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Figure 2 | SecF and YidC super-resolution reconstructions and cellular distributions under native and stressed 
conditions. SecF (A-C) or YidC (D-F) cellular localization and corresponding distribution under native conditions (A, 
D) or translocation impaired by treatment with sodium azide (B, E) or PMF deficient cells by addition of CCCP (C, F). 
Left panel (Z-projection) are single frame representations of the average fluorescence in the first 7.5 seconds (250 
frames). Immobile and moving membrane and cytosolic (auto)fluorescence and signals originating from the out-of-
focus regions contribute to the average image. Second panel (Reconstruction), are super-resolution reconstruction 
plots of the signals detected in the focal plane. Colors indicate the frequency and accuracy of signal observed at the 
coordinate. Red indicating a low fit accuracy and/or frequency, whereas white signifies a high fit accuracy and/
or frequency of fluorescence observed at that location. Third panel (Overlay), is a merge of the super-resolution 
reconstruction with the average Z-projection to clarify the cellular localization. Fourth panel (Cross-section profile), a 
short axis cross section profile of the normalized fluorescence intensity distribution of each corresponding cell, used 
for calculating the cellular distribution of the protein (Figure S3). Scale bar is 1 µm.
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3.2.2 Intracellular concentration of the holotranslocon components

The cellular copy numbers of SecE, SecF and YidC were previously determined by quantitative 
mass spectrometry showing varying numbers depending on the growth conditions. Recently 
we reported the cellular concentration of SecA by calculating the total number of molecules 
per cell based on the fluorescence intensity of SecA-Ypet fusion constructs. In short, single 
Ypet molecule intensities were determined from well separated signals prior to complete 
photobleaching. Plotting these intensity values in a histogram resulted in a normal distribution 
wherein the peak maximum represents the intensity of a single Ypet molecule. By integrating 
the total cellular fluorescence of a single cell, i.e. representing all the fluorescent molecules, and 
dividing this number by a single-molecule intensity, we obtained the total number of molecules 
present in a single cell. We previously described the average SecA copy number per cell under 
native conditions to lie between 37 and 336 molecules, with an average of 126 SecA copies per 
cell 17. In this study, we employed the same techniques to determine the concentrations and 
investigate the effect of the NaN3 and CCCP on SecE, SecF and YidC under native and stressed 
conditions like previously described 17. Mid-exponentially growing cells expressing Ypet-SecE 
were highly fluorescent. Integrating the cellular intensity of 151 cells resulted in a protein copy 
number range of 67 to 469 SecE molecules per cell (Figure 3A SecE and Table 1). Averaging 
resulted in a 185 ± 8 (S.E.M) SecE copies per cell, indicating a significant increase compared 
to the previously obtained SecA dimer numbers (Table 1). Interestingly, our data aligns well 
with recent QMS data, indicating a range of 74 to 291 SecE molecules per cell depending in the 
growth conditions 17. To minimize the variation due to cell volume variations, the number of 
molecules per cubic micrometer was calculated. This resulted in 71 ± 2 (S.E.M) SecE molecules 
per µm³ (Figure 3C SecE and Table 1), which is double the number we previously found for 
SecA of 38 ± 2 (S.E.M) molecules per µm³.
 In contrast to SecE, exponentially growing cells carrying the SecF-Ypet fusion 
construct were less fluorescent. Consequently, determining the protein copies per cell showed 
a significantly less abundant protein, with an average copy number of 64 ± 2 (S.E.M) molecules 
per cell or 16 ± 2 (S.E.M) molecules per µm³ (Figure 3A,C SecF and Table 1). The spread of 
SecF also decreased to 23 to 116 molecules per cell. In contrast to SecE, our SecF protein copy 
number is lower than the data obtained from QMS studies, estimating a higher range of 229 18 
to 1250 17. However, our data aligns with biochemical and genetic-based assays, indicating a 
copy number of less than 60 SecF copies per cell 5,6. Remarkably, the number of SecF molecules 
per cubic micrometer is more than half of the corresponding SecA or SecE numbers, implying 
the presence of subcomplexes of the holotranslocon.
 Previously, the YidC insertase was also subjected to QMS copy number determination, 
which resulted in a range of 486 to 2030 copies per cell 17. In the present study, we calculated 
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a range of 15 to 360 molecules per cell with an average YidC copy number of 102 ± 3 (S.E.M) 
molecules per cell or 24 ± 1 (S.E.M) molecules per µm³ (Figure 3A,C YidC and Table 1). 
Previously, we observed an upregulatory effect of NaN3 on the copy number of SecA, which 
significantly increased (Table 1 SecA NaN3). This effect is not observed for SecE, SecF or YidC 
nor does the dissipation of the PMF significantly influence the total concentration of these 
proteins (Table 1 CCCP). Additionally, the average cell volumes nor the spread in volume varied 
significantly under the conditions tested.

Table 1 | SecA, SecE, SecF and YidC protein copy number data per cell under native and stressed conditions.

Strain
Average 

copy number 
per cell

Average 
molecules 

per µm³

Cell volume 
(µm³)

Lowest 
detected 

copies per 
cell

Highest 
detected 
copies 
per cell

n

SecA-Ypet 126 38 3.51 37 336 255

+ 50 µM CCCP 73 28 2.62 20 126 72

+ 3 mM NaN3 141 51 2.86 28 384 122

Ypet-SecE 185 71 2.66 67 469 151

+ 50 µM CCCP 163 82 1.99 63 470 123

+ 3 mM NaN3 164 82 2.02 73 495 114

SecF-Ypet 64 16 4.28 23 116 121

+ 50 µM CCCP 73 19 3.83 33 138 87

+ 3 mM NaN3 87 18 4.99 50 153 58

YidC 102 24 4.62 15 360 257

+ 50 µM CCCP 91 22 4.24 30 237 135

+ 3 mM NaN3 90 18 5.11 26 195 140



98

Figure 3 | Scatter- box plots of the protein copy numbers under exponential growth. Per construct plotted are 
the single cell values (left, ̄ ) and corresponding box plot (right) showing the lower 25% and 75% quartile with mean 
indicated by the square box (£). Whiskers indicate the lower 5% and upper 95% fence. (A) Protein copy number 
per cell. (B) Protein copy number per cubic micrometer or femtoliter and (C) the cell volumes of each cell in cubic 
micrometer. 

A

B
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3.2.3 Oligomeric states of SecE and SecF

Based on in vitro biochemical assays and crosslinking, the E. coli translocon has been found 
in different oligomeric states and evidence for both mono- and a dimeric state have been 
suggested 19–22. To investigate the in vivo oligomeric states of the holotranslocon components 
SecE, SecF and YidC, we calculated the number of molecules per focus (Figure 4A-C). Ypet-SecE 
is prior to bleaching too abundant in the cell for single particle detection. The resulting low 
spatial distance between fluorescent molecules leads to overlapping point-spread-functions 
(PSF), making it impossible to accurately determine the foci intensities. To circumvent this 
problem, we utilized the green-to-red photo-convertible mEos3.2-SecE expression strain. 
After photo-conversion, we determined the average protein copy number to be 17 fluorescent 
molecules per cell (data not shown). Assuming that all Ypet-SecE molecules are detectable, 
we determined that approximately 10% of the total mEos3.2 proteins photo-switched to 
the red variant, hence, it is impossible to detect anything other than monomeric fluorescent 
observations. As expected, determination of the number of fluorescent molecules per focus 
resulted a monomeric majority (Figure 4A). Using a statistical approach, we are, however, 
able to determine whether higher oligomeric states were present based on the observed 
number of molecules using k-combinations (Figure 4C-E). Using this method, we determined 
that SecE is monomeric in vivo (Figure 4C), based on the theoretically detectable molecules 
in higher oligomeric states being multiple factors higher than the observed mEos3.2 copy 
number. The very low numbers of dimeric mEos3.2-SecE originates from the false readout 
due to overlapping PSF. In contrast to SecE, SecF is much less abundant and foci intensities 
can be, prior to bleaching, accurately determined. The heatmap of SecF-Ypet clearly shows 
that SecF is monomeric with virtually no dimers detected (Figure 4B). The slight increase to 
numbers higher than monomeric, results from overlapping PSF, resulting in false readout. 
Like SecE, the abundancy and low spatial separation between fluorescent YidC-Ypet molecules 
makes it impossible to accurately determine the functional state of this protein, resulting in 
detection of higher order states likely because of overlapping PSF (data not shown). In line 
with the intracellular concentrations of SecE and SecF, the oligomeric state did not change 
upon induction with NaN3 or CCCP (data not shown). Whilst the oligomeric state provides 
valuable insights in the functional state of the holotranslocon, addition of another dimension, 
the diffusional behavior of the protein, will complete the model.
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Figure 4 | Functional state of SecE and SecF proteins under native conditions subjected to bleaching as a 
function of time. Heat maps show the number of molecules per focus for SecE (A) and SecF (B) ranging from dark 
purple (lowest occurrence) to dark red (highest occurrence) and corresponding line plots for the total foci count with 
a single, double or triple molecules. Prior to photobleaching, a high occurrence population (red color) is observed 
around a single molecule, signifying that SecE and SecF are prior to bleaching predominantly monomeric. (C-E) 
K-combinations indicating the theoretical number of mEos3.2-SecE fluorescent molecules observable for monomeric 
(C), dimeric (D) and trimeric (E) states, indicated by solid green circle and adjacent percentage.

A B

C D E
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3.2.4 Holotranslocon components are dynamically localized 
Recently we used the cumulative probability distribution (CPD) of step sizes to investigate the 
diffusion behavior of SecA, 17, which allowed us to distinguish three different diffusive populations 
corresponding to different states of protein biogenesis. Here we used the CPD analysis to 
investigate the dynamic localization of the holotranslocon in living E. coli cells, by tracking single 
particles of SecE, SecF and YidC. In short, the CPD is defined as the probability of a molecule 
remaining within a certain radius, r, after a given time, τ. Fitting a multi-component cumulative 
probability distribution function (CPF) to the CPD, diffusion coefficients and population size 
for each component after a given time, τ, are obtained. The goodness-of-fit was determined for 
each multi-component model by calculating the residual sum of squares (RSS). The model which 
fitted best, e.g. RSS closed to 0, was used to calculate the diffusion coefficient for each population. 
 As previously described 17, SecA displays 3 different diffusive states, a fast (2.09 ± 
0.10 µm2 s-1), slow (0.209 ± 0.016 µm2 s-1) and for the time resolution a population with a 
negligible diffusion coefficient, as the displacement was less or equal to the localization error.  
SecE, SecF and YidC particle tracking data was subjected to the same CPD analysis and, 
for each cell, the CPD diffusion coefficient of each population was plotted in a scatter plot 
(Figure S4), where the average diffusion coefficient and percentage of each population 
were plotted in a stacked bar graph to visualize the differences between components 
(Figure 5). To verify the average CPD diffusion constants and number of diffusive 
populations with a statistical approach, k-means clustering analysis was performed on 
the scatter data (Figure S4, red cross), resulting in an unbiased statistical cluster number.  
 The CPD analysis of SecE diffusion data, indicates that there are three distinct, but 
interconvertible, diffusive populations under the tested conditions (Figure 5A,D and Table 
S2), which is validated by k-means clustering analysis (Figure S3, SecE, red cross). Under 
native conditions, a relatively fast moving population averaging 19 ± 0.79% of the molecules, 
displays an average diffusion coefficient of 0.30 µm2 s-1 (Figure 5D and Table S2), which is a 
typical diffusion coefficient found for membrane proteins in E. coli 23. The largest population, 
consisting out of 47 ± 1.25% of all molecules diffuse with an average rate of 0.04 µm2 s-1, 
with the remainder of the molecules, 34 ± 1.5%, displaying a temporally negligible diffusion 
coefficient, hence, are immobile. Addition of NaN3 or CCCP did not significantly change the 
population size nor the diffusion coefficient of the diffusive populations of SecE (Figure 5D 
and Figure S4). Interestingly, the CPD diffusion coefficients of SecE show two populations 
with comparable diffusion coefficients as found for SecA. Indicating that at some point these 
molecules diffuse at the same rate in the membrane, possibly within a common complex.  
In contrast to SecA and SecE, SecF only diffuses as two distinct populations (Figure 5B,D and 
Table S2), an observation supported by k-means clustering analysis (Figure S4). The major 
population consisting out of 68 ± 2.89% of all SecF molecules displays a negligible diffusion 
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coefficient and are immobile (figure 5D). The remainder of 32 ± 2.89% shows an average 
diffusion coefficient of 0.19 µm2 s-1. NaN3 or CCCP did not affect the diffusion coefficients of 
SecF, however, affected the number of mobile molecules (Figure 5D and Figure S4). Addition 
of CCCP resulted in a slight decrease of the mobile population size with 4% to 28 ± 2.30%. A 
more noticeable effect on the population size is observed under the NaN3 condition, as the 
mobile population significantly decreased with 11% to 21 ± 1.90%. Remarkably, independent 
of the conditions tested, the two SecF populations share the same diffusion coefficients as 
one of the SecA and two of the SecE populations. This apparent intrinsic overlap might be due 
to the formation of a common complex. YidC displays a similar diffusive behavior as SecE; 
three populations with comparable diffusion coefficients (Figure 5C,D and Table S2). The 
relatively fast diffusing molecules display an average diffusion coefficient of 0.33 µm2 s-1 and 
is apparent by 14 ± 0.63% of the total molecules. The largest population of 47 ± 1.03% of all 
molecules, display an average diffusive rate of 0.05 µm2 s-1, with the remainder of 39 ± 1.21%, 
are immobile. The addition of NaN3 and CCCP did not affect the diffusion coefficients of the 
YidC molecules, however, the conditions resulted in a shift in the size of the interconvertible 
populations. The smallest change was observed with CCCP, where the relatively fast-moving 
population size increased to 19 ± 1.0%, an increase of approximately 5%. More pronounced is 
the effect of NaN3 on this population size, which roughly doubled to 28 ± 0.09%. The similarity 
of the diffusion coefficients of which the SecA, SecE, SecF and YidC molecules move in and 
along the membrane might be due to the formation of a common complex, however, this 
evidence is indirect. To obtain concrete evidence for such a complex exists we used dual-color 
super-resolution microscopy.
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Figure 5 | The Sec system components have a highly dynamic behavior. Single-particle tracking and subsequent 
CPD analysis resulted in the CPD plots of SecE (A), SecF (B) and YidC (C) indicating multiple populations with 
different diffusion coefficients. The stacked bar chart (D) shows the population size and corresponding diffusion 
coefficient obtained from the average CPD diffusion coefficients. The difference in population size and change upon 
stress conditions between the strains is clearly visible. 

A B C
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3.2.5 Dual color super-resolution microscopy shows real-time observations of 
translocon states

Real-time detection of two fluorescent reporters simultaneously allows us to observe two 
Sec components within the same cell at the same time, giving unprecedented detail on the 
dynamics of the translocon interacting components in real-time under native conditions. 
To this end we created three strains: Ypet-SecE/SecA-paTagRFP, Ypet-SecE/SecF-paTagRFP 
and Ypet-SecE/YidC-paTagRFP. The photoactivatable TagRF protein has unlike all GFP-like 
chromophores, no yellow intermediate emission spectrum 24, which would overlap with the 
spectrum of Ypet, and is therefore an excellent red fluorescent protein for dual color super-
resolution microscopy. Each of the strains showed normal growth rates demonstrating 
the functionality of the fusion proteins (Figure S1). To observe the (co)-localization of the 
proteins of the different strains over a time, we reconstructed the detected fluorescence into 
separate color-coded plots and created a super-resolution co-localization reconstruction by 
merging these plots (Figure 6-8, A). However, these images only show the (co)-localization 
independent of time. The dynamical organization and co-localization of these proteins along 
the cytoplasmic membrane is most easily observed in kymographs (Figure 6-8, B-D). Early 
in the graphs (< 12 seconds), bleaching is minimal and the true functional state is observed. 
In the kymographs, diffusion of particles appears as diagonal lines, corresponding to motion 
alongside the membrane, where horizontal lines are a result of immobile complexes. The 
individual super-resolution images of Ypet-SecE and SecA--paTagRFP (Figure 6A) are in 
line with previous findings (Figure 1D-F), both proteins are localized throughout the cell at 
the cytoplasmic membrane with regions of more frequent detections. Merging of the two 
individual protein plots to a single co-localization plot (Figure 6A, Co-localization), shows 
a high co-localization of SecE and SecA in the regions with more detections, as indicated 
by the white color. Additionally, there are spots of SecE (green) with no SecA during the 
acquisition time of 1.5 minutes (right side of the cell). Kymographs of these two proteins 
clearly show immobile and diffusive traces with co-localization (white line) (Figure 6 B-D).  
A comparable super-resolution plot of SecE is observed in the Ypet-SecE and SecF-paTagRFP 
dual color strain (Figure 7A). However, in this case the co-localization of SecE and SecF is less 
than with SecE and SecA as observed by less white color in the time averaged reconstruction 
plot (Figure 7A, Co-localization) and more pronounced in the kymographs of SecE and SecF in 
the less frequently observed co-localizing traces (Figure 7B,C) and more frequently observed 
foci with only SecE (green) or SecF (magenta) (Figure 7D). Such events are indicated with the 
white arrows and are traces that seem to correspond to SecYEG and SecDF subcomplexes. 
However, co-localization is observed for mobile and immobile complexes, as highlighted by 
the white line. Akin to previous (dual color) SecE strains, reconstruction of the detected SecE 
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signals in the Ypet-SecE and YidC-paTagRFP dual color strain again shows a distribution over 
the membrane with locations with more frequent detections (Figure 8A, SecE). Interestingly, 
the reconstruction of YidC shares a similar detection pattern (Figure 8A, YidC). Merging the two 
channels, indicates that SecE and YidC share a high co-localization over time as indicated in the 
super-resolution-reconstruction with the white color (Figure 8A, Co-localization). Kymographs 
of this strain reinforce this observation as many co-localizing traces are detected, with an 
example highlighted (white line and white colored traces) (Figure 8B-D). Interestingly and not 
observed in the super-reconstruction images due to the integration of the temporal dimension, 
specific YidC traces can be observed in the kymograph (Figure 8D, magenta), showing a YidC 
protein uncomplexed with the SecYEG translocon. Like with the SecDF subcomplexes (Figure 
7D, magenta), these uncomplexed YidC proteins might represent an intermediate step of the 
holocomplex formation or a functional state of these proteins independent of the SecYEG 
translocon, in membrane chaperoning or the YidC-only insertion pathway.
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Figure 6 | Real-time in vivo co-localization of SecE and SecA. (A) Temporal integrated super-resolution 
reconstructions and dual color co-localization of a cell expressing Ypet-SecE and SecA-paTagRFP. Real-time in vivo 
localization of SecE (B) and SecA (C) visualized as kymographs. (D) Real-time in vivo co-localization of SecE (Green) 
and SecA (Magenta), is indicated by a white color. An example of a co-localizing trace of SecE and SecA is highlighted 
with a white line under the trace in corresponding kymographs. Scale bar in de super-resolution reconstruction is 1 
µm.
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Figure 7 | Real-time in vivo co-localization of SecE and SecF. (A) Temporal integrated super-resolution 
reconstructions and dual color co-localization of a cell expressing Ypet-SecE and SecF-paTagRFP. Real-time in vivo 
localization of SecE (B) and SecF (C) visualized as kymographs. (D) Real-time in vivo co-localization of SecE (Green) 
and SecF (Magenta), is indicated by a white color. An example of a co-localizing trace of SecE and SecF is highlighted 
with a white line under the trace. Arrows indicate traces of uncomplexed SecE and SecF proteins. Scale bar in de super-
resolution reconstruction is 1 µm.
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Figure 8 | Real-time in vivo co-localization of SecE and YidC. (A) Temporal integrated super-resolution 
reconstructions and dual color co-localization of a cell expressing Ypet-SecE and YidC-paTagRFP. Real-time in vivo 
localization of SecE (B) and YidC (C) visualized as kymographs. (D) Real-time in vivo co-localization of SecE (Green) 
and YidC (Magenta), is indicated by a white color. An example of a co-localizing trace of SecE and YidC is highlighted 
with a white line under the trace. Arrows indicate traces of uncomplexed SecE and YidC proteins. Scale bar in de super-
resolution reconstruction is 1 µm 
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3.3 Discussion
3.3.1 Localization of the holotranslocon components

In bacteria, the Sec system facilitates efficient protein insertion and translocation across 
the cytoplasmic membrane of Escherichia coli. At the center of this system, lies the protein 
conducting SecYEG channel, which interacts with cytosolic and membrane proteins to 
form a super complex termed the holotranslocon 2. Among these accessory proteins is the 
essential ATPase dependent motor protein SecA, the SecDF complex and the YidC insertase. 
However, only indirect evidence for such a super complex, i.e., the holotranslocon exists as 
provided by biochemical assays under non-native conditions 2,25. Additionally, is it unknown 
if the holotranslocon is a stable entity or whether is a dissociable complex. Biochemical 
studies indicate that the complex is rather fragile and difficult to purify as a homogeneous 
entity. Also, the functional oligomeric state of the various components is heavily debated 19,26 
Here, we for the first time show, using PALM-type super-resolution microscopy, the cellular 
localization and distribution of major components of the E. coli Sec system individually. 
Moreover, using dual color super-resolution microscopy we show the dynamical behavior 
of this system giving unprecedented new details into the dynamics of the Sec system. 
 Firstly, we determined in addition to SecA 17, the cellular localization of the proteins 
SecE, SecF and YidC, as they represent different conformations and translational states of 
the Sec system corresponding to subcomplexes SecYEG, SecDFyajC and YidC, respectively. 
Under native expression and exponential growth conditions, fluorescent variants of the 
SecA, SecE and YidC proteins have a comparable localization patterns, the fluorescence is 
detected throughout the cytoplasmic membrane with regions of more frequent detections. 
In contrast, SecF is more concentrated in foci, resulting in a highly localized pattern. The 
moderately uniform distribution seen in this study are in line with other studies using 
endogenous promotors and C-terminal fused GFP constructs of the translocon core 8,9. 
Remarkably, we found no evidence for a helical arrangement of SecA or SecE. Nor did we 
find any preferred membrane location of these components. Previous studies on SecA, SecE 
and SecG showing a helical arrangement 10,13, or a predominant polar localization of YidC 14. 
Previous specific localization is presumably due to artifacts of non-native condition as plasmid 
based overexpression was used the fluorescent detection was with poor temporal resolution.  
 To gain more insight into the localization pattern of the Sec components, we blocked 
protein translocation by using the SecA inhibitor NaN3 and the uncoupler CCCP. As reported 
previously 17, addition of NaN3 does not affect the localization of SecA. CCCP, however, re-
localized a substantial amount of SecA from the membrane towards the cytoplasm. In the 
present study, neither NaN3 nor CCCP changed the cellular localization of SecE, SecF or YidC 
although a more homogeneous distribution in the cytoplasmic membrane was observed in 
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the presence of these inhibitors. Unlike SecA, SecE, SecF and YidC are integral membrane 
prorteins and thus their localization, under any set of conditions, will be restricted to the 
membrane, However, a more homogenous distribution might be a direct effect of impaired 
protein insertion or translocation and indicate disassembled (holo)translocon complexes or 
subcomplexes, hence, a more homogeneous fluorescence throughout the membrane. From the 
super-resolution reconstructions, the components constituting the holotranslocon share some 
localization similarities. To gain more insights into the formation of the holotranslocon, we 
investigated whether these components also share similarities in their cellular concentration 
or oligomeric state.
 
3.3.2 Holotranslocon subunit copy numbers

To this end we determined the concentration of SecE, SecF and YidC in the cell as described in 
17. In short, by relating the total fluorescence to the number of molecules, we determined the 
copy number of the different Sec components. Here, we determined an average of 200 SecE 
molecules per cell. This number is comparable to studies using biochemical assays, 250 to 600 
copies per cell 5,18,27, quantitative mass spectrometry, 114 to 174 copies per cell 17, and a recent 
ribosome profiling approach yielding 83 to 498 copies per cell 28 assuming that the rate of 
translation is constant during the growth cycle of E. coli.
 SecF is much less abundant as can be deducted from the super-resolution 
reconstructions. Determining the copy number resulted in on average 64 SecF molecules 
per cell. Like SecE, our SecF copy number agrees well with previous studies. Biochemical 
and genetic-based assays indicate an copy number of less than 60 copies per cell 5,6. Mass 
spectrometry, however, indicates a copy number between 229 and 532 per cell 17,18, but 
ribosome profiling determines a range between 22 and 139 28. Our data presented here 
aligns well with the biochemical, genetic and ribosome profiling studies, and indicate a low 
abundance protein. The discrepancy with the mass spectrometry approaches may lie in how 
these methods determine the copy number. Reference peptides with a known copy number 
are used to determine the unknown copy number of another protein. However, differences 
in the peptides ionization efficiency and effects of ion suppression e.g. matrix effects, cause a 
peptide to be detected differently, leading to an under- or overestimation of the copy number.  
The cellular copy number of YidC was previously studied using a biochemical-based assay, 
mass spectrometry and ribosome profiling. Quantitative SDS-PAGE analysis, pointed towards 
a highly abundant protein in the range of 2500 to 3000 copies per cell 14, mass spectrometry 
however, indicated a range of 504-1057 copies per cell 17,18. Our approach yielded an much 
lower average of 102 YidC molecules per cell, which is more in line with the range of 52 to 
419 molecules obtained by ribosome profiling 28. Treatment of the constructs with either NaN3 
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or CCCP did not significantly change the average number of molecules per cell. Overall, the 
copy numbers determined by fluorescence imaging correspond very well with the ribosome 
profiling results. 

3.3.3 Oligomeric state of the Sec system components

To gain more insights into the composition of the holotranslocon, we used an in vivo single-
molecule approach and addressed the oligomeric state of the Sec components in living cells. 
Although a single SecYEG complex is sufficient for translocation 26, the presence of dimeric 
structures have also been proposed 19. Due to the high SecE copy number, a high fluorescence 
of the Ypet-SecE construct resulted in overlapping PSF of foci, rendering the quantification of 
a focus impossible. To circumvent this problem, we used the true monomeric green-to-red-
photoconvertible protein mEos3.2 to investigate the functional state of SecE under native 
condition in vivo. Utilizing the switching capabilities of mEos3.2 to quantify foci of SecE, and 
using k-combinations to calculate the oligomeric state of SecE, we determined that under 
native conditions in exponentially growing E. coli cells the core of the translocon is monomeric. 
To our knowledge there are no reports on the native oligomeric state of SecF. Here, we 
determined the oligomeric state of SecF to be monomeric, considering that SecF is complexed 
with SecD, we presume that natively the SecDF is a monomeric complex. In this respect, in some 
bacteria, SecDF exists as a single long fusion protein. Unfortunately, due to the high copy number 
of YidC, we were not able to determine the oligomeric state of this protein. The low spatial 
separation of the molecules in the cytoplasmic membrane resulted in overlapping PSF, leading 
to false readouts when quantifying the foci. Yet, considering the number of YidC molecules is 
comparable to that of SecA, we might deduce the YidC oligomeric state. Taken into account 
that the number of molecules per cell and the cellular distribution is comparable, a similar 
spatial separation might be expected. However, SecA forms dimers, effectively increasing the 
spatial distance between molecules prior to bleaching, allowing for accurate determination of 
its oligomeric state. Extrapolating this line of reasoning, YidC foci with minimal overlapping 
PSF should also be detectable prior to bleaching. However, in case of monomeric YidC the 
spatial distance decreases, leading to the observed localization pattern and obtained heatmap 
for the foci intensities. We therefore presume YidC to be natively a monomer. 

3.3.4 Diffusion of the holotranslocon components

As previously described 17, the cumulative probability distribution of step sizes is an excellent 
method for determining whether or not dynamical populations with different diffusion 
coefficients exist. Using single-particle tracking and the CPD analysis, we were able to distinguish 
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two different SecF and three different SecE and YidC diffusive populations. In case of SecE, the 
majority of proteins, ~ 47%, diffused slowly at rates indicating that this subset of SecE protein 
is part of a larger complex. Another significant percentage of the SecE molecules, ~ 34%, were 
immobile. Only proteins anchored to a static structure or huge complex would be observed 
as not moving, and we therefore propose that this state represents the holotranslocon. The 
remainder, ~ 19%, displayed a diffusion coefficient comparable to a typical membrane protein. 
This state might be represented by SecYEG translocons. In contrast to the three populations of 
SecE, SecF only has two apparent populations. The first, consisting out of ~ 68% of all molecules, 
were immobile. The second, ~ 32%, displayed a diffusion coefficient comparable to a membrane 
protein. The overlap of these two populations with that of SecE is remarkable, like SecE, the 
large immobile SecF population has to be bound to a huge complex and this likely includes the 
SecE, forming the holotranslocon. The population diffusing like a typical membrane protein 
likely reflects monomeric SecDF complexes. Remarkably, the CPD analysis of YidC results in 
strikingly similar results to that of SecE, three populations with comparable sizes and rates 
and treatment with NaN3 or CCCP did not change the behavior. Considering that these proteins 
all have a role in the same pathway and have been shown to facilitate protein insertion and 
translocation in concert, we presume that the overlap of populations and diffusion coefficients 
are due to interactions with each other. To summarize, all components of the holotranslocon 
studied here and in a previous study 17 are highly dynamic of nature which includes a state in 
which they are monomeric and free diffusing. A functional explanation for these populations 
could be the monomic subcomoplexes resembling a resting state in the membrane. Remarkably, 
CPD analysis indicated that SecE and YidC share a common slow diffusive population. The 
diffusion coefficients of these proteins indicate a large complex, which could represent a state 
of which SecYEG is complexed with YidC. Possibly, this is a state active membrane protein 
biogenesis, where YidC aids in the partitioning and folding of the nascent membrane protein 
into the lipid bilayer. Most strikingly is the existence of the immobile populations which is 
observed for all components under native conditions. This state might represent the actual 
holotranslocon, active in protein biogenesis. The slow diffusing and immobile populations 
are likely associated to ribosomes or polysomes would render the complex immobile. 
 Despite the direct observations of the individual components showing a highly 
dynamic diffusion behavior with overlapping features, only indirect evidence can be 
obtained for the formation of sub-complexes and the existence of a holotranslocon when 
studying individual fluorescent protein fusions. In order to gain more detailed information 
on the complex formation, we used dual color super-resolution microscopy to visualize two 
components simultaneously. Although, we were not able to observe all the proteins fused to 
paTagRFP due to the photo-activation efficiency, we obtained valuable information on the 
complex formation of SecE and accessory proteins. SecE and SecA co-localize frequently as 
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observed by the traces in the kymographs. Images were correct for a theoretical 7 % bleed 
through based on overlap in the Ypet and paTagRFP emission spectra. We found no evidence 
for residual bleed as after this correction the numerous bright Ypet spots did not co-localize 
with paTagRFP. In the trajectories observed, hence, co-localization is the true native state 
of these proteins. In both kymographs the different diffusive populations can be found, the 
immobile population is present as horizontal lines, where the diffusive populations are 
observed as diagonal lines. Like the SecE/SecA dual color strain, the SecE/SecF strain also 
shows co-localization. SecE again shows a typical localization and kymograph. Co-localization, 
however, seems to be less compared to SecA but since the switchable paTagRFP is used, the 
degree of co-localization cannot be quantitated from this data. Further, CPD analysis indicates 
that SecF only exists in two diffusive populations, a lower degree of SecE-SecF co-localization 
is expected. The immobile population of SecF often co-localized with that of SecE where the 
slow diffusing traces share no overlap and do not co-localize. This evidence strengthens our 
proposal for a uncomplexed SecDF state that diffuse in the membrane to contact SecYEG and 
to aid in translocation. In the SecE/YidC strain, the overall co-localization resembles the SecE/
SecA strain more than SecE/SecF. Again the immobile population shares a high degree of co-
localization. However, also traces of fast moving uncomplex YidC are observed, where slower 
diffusing tracers seem to be co-localizing. 

To conclude, here we for the first time employed super-resolution microscopy to study not 
only key components in the Sec system, but also observed the dynamical interaction between 
subunits in time. Our current findings indicate that the Holotranslocon is a highly dynamic 
entity and readily dissociates into the subcomplexes.
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3.4 Materials and Methods
3.4.1 Compounds, bacterial strains construction and cultivation

Phire™ Green Hot Start II DNA polymerase and other enzymes were obtained from Thermo 
Scientific® (Waltham, MA). Plasmid DNA and amplicons were purified from gel using the 
Sigma-Aldrich® GenElute™ Gel Extraction Kit (Sigma-Aldrich, Inc) or Zymoclean™ Gel Recovery 
kit (Zymo Research, Inc). Primers were purchased by SIGMA® and chemicals were obtained 
from BOOM Chemicals® and SIGMA®

3.4.1.1 Bacterial fusion strains construction

Escherichia coli K-12 MG1655 was used as a host for the integration of the yellow protein 
of electron transfer (Ypet; λex = 517 nm, λem = 530 nm 29) the improved photo convertible 
monomeric Eos3.2 (mEos3.2; Green: λex = 506 nm, λem = 519 nm. Red: λex = 573 nm, λem = 584 
nm 30 ) or the improved monomeric photoactivatable Tag red fluorescent protein (paTagRFP; 
λex = 563 nm, λem = 595 nm 24) via homologous recombination 31 and succeeding microscopic 
analysis. Appendix Table S1 lists the strains, plasmids and primers used in this study. 
Homologous recombination was carried out as previously described 17. In short, for whole gene 
replacement of SecE by the N-terminally labeled Ypet-SecE or mEos3.2-SecE fusion construct, 
a homologues recombination backbone plasmid was created. Using Phire DNA polymerase 
with primer set IPSecEFwd and IPSecEREV, a N-terminally truncated secE-nusG gene fragment, 
omitting the first SecE transmembrane domain, was amplified by PCR from E. coli MG1655 
genomic DNA. This linear fragment was cloned downstream of the ypet gene into pIPYpet 
yielding the pIPYpetSecE plasmid. The Ypet sequence was replaced by enzymatic digestion 
and ligation with an mEos3.2 coding sequence, yielding the pABSmEos3.2SecE plasmid. 
A 42 base pair coding sequence for a 14 amino acid unstructured linker replaced the first 
transmembrane domain of SecE, minimizing the interference of the N-terminally fused Ypet 
or mEos3.2 with the function of SecE. Next, a linear DNA integration fragment consistion out 
of ypet-secE-nusG and a kanamycin or meos3.2-secE-nusG and a chloramphenicol resistance 
cassette flanked by two FRT sites was amplified by PCR using primer set IPYpetSecEFwd 
and IPYpetSecERev. The 5` and 3` ends of this integration fragment consisted out of 100 base 
pairs homologues to the genomic region of the the secE-nusG operon, effectively replacing 
the operon with a labeled SecE variant under the endogenous promoter. For the creation 
of the SecF and YidC C-terminally labeled constructs, the pYpet homologues recombination 
backbone plasmid was used. using Phire DNA polymerase with primers sets ABS22 & ABS23 
for SecF and ABS24 & ABS25 for YidC, a linear DNA integration fragment consisting out of ypet 
and a kanamycin resistance cassette flanked by two FRT sites was amplified. These fragments 
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contained a sequence coding for a 14 amino acids long unstructured protein linker followed 
by the genes of ypet and kanamycin. The 5’ and 3’ ends of this fragments were composed of 50 
base pairs homologous to the genomic region of interest, e.g., the 5’ was homologous to the last 
50 nucleotides of secF or yidC omitting the stop codon to create a translational linked fusion 
protein, whereas the 3’ was homologous to the 50 nucleotides downstream of the secF or 
YidC gene. All integration fragments were gel purified prior to electroporation into competent 
lambda Red containing E. coli MG1655 cells. After multiple successive screening rounds using 
primer sets ABS39 & ABS40 (SecF) and ABS41 & ABS42 (YidC), positive clones were send for 
sequencing for verification of correct genomic integration using the same primer sets.

3.4.1.2 Bacterial cultivation

E. coli strains were grown at 30 °C or 37 °C in Lysogeny-Bertani (LB) 32, SOB 33or MOPS 
EZ rich defined 34 medium (EZ medium) in shake cultures with appropriate selective 
markers where needed. When required, transformants were selected on LB agar medium 
supplemented with 30 µg/ml chloramphenicol, 50 µg/ml kanamycin or 100 µg/ml 
ampicillin. For λ-red recombinase induction, 27 mM, 40 mM or 60 mM arabinose was 
used. Growth rates were determined for the E. coli strains at 37 °C in MOPS EZ glucose 
without additional supplements. Optical density at 600 nm was measured every 20 
minutes using a Novaspec Plus (Tm) spectrophotometer (Amersham, UK). Data was 
plotted semi-logarithmic and doubling times were calculated using conventional methods.  
 For fluorescence microscopy, the E. coli strains were synchronized by serial dilution. 
In short, cultures were incubated overnight in LB medium supplemented with appropriate 
antibiotics. The following day, overnight cultures were diluted 1000-fold in EZ medium 
supplemented with glucose and appropriate antibiotics for a second overnight incubation. This 
second overnight culture was inoculated into fresh EZ medium and grown until OD600 of ~0.4. 
From this point the cultures were synchronized and were kept growing mid-exponentially 
by diluting them 4-fold with EZ medium every 60 minutes. Samples for microscopy were 
withdrawn from these synchronized cultures.

3.4.2 Biochemical characterization of the fusion constructs

For verification of the presence of the correct fusion proteins by immunodetection, overnight 
cultures were sonicated and cell debris was spun down at 4000 g for 10 minutes at 4°C. 
Approximately 40 µg of the resulting lysate was subjected to 10% (w/v) SDS-PAGE gel 
electrophoresis for coomassie analysis and blotted on an Immobilon® PDVF membrane 
(0.45 µM) (Merck Millipore, Bedford, MA) using the conventional wet transfer protocol. 
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Immunodetection was carried out with polyclonal anti-SecA antibodies (rabbit, 1:20,000 
in PBST + 0.2% I-block), monoclonal anti-GFP (mouse, 1:2000 in PBST + 0.2% I-block) or 
polyclonal anti-tRFP (anti-rabbit, 1:6000 in PBST + 0.2% I-block) (Thermo Scientific, Waltham, 
MA) and subsequent secondary alkaline phosphatase conjugated anti-mouse or anti-rabbit IgG 
antibodies (1:30,000 in PBST + 0.2% I-block, Sigma). Blots were developed with the CDP-Star 
® chemiluminescence kit (Thermo Scientific, Waltham, MA) and imaged using an ImageQuant 
LAS4000 imager (FujiFilm, Inc.).

3.4.3 Microscope experimental set-up

In vivo single-color microscopy measurements were performed on an Olympus IX-81 
microscope, where in vivo dual-color measurements were performed on an Olympus IX-83 
microscope equipped with a Photometrics DV2 multichannel imaging system (Photometrics, 
Tucson, AZ) with 537/29 and 610/75 ET bandpass filters and a zt561RDC mirror. Measurements 
were carried out as described in 17. In short, microscopes equipped with a 100x total internal 
reflection fluorescence (TIRF) objective (UApoN, NA 1.49 (oil), (Olympus, Center Valley, PA) 
set to epi-illumination (ϴ > ϴc) at 37 °C were used for fluorescent imaging. Ypet molecules 
were excited by a 514 nm continuous wave (CW) laser (Coherent, Santa Clara, CA) at ~1.39 
kW·cm-2. Imaging of mEos3.2 or paTagRFP was accomplished by photo converting mEos3.2 
from green to red emission or photo activating paTagRFP by exciting molecules for 5 seconds 
with a 405 nm CW laser line at ~150 W·cm-2, after which molecules were excited by a 561 
nm CW laser line at ~350 W·cm-2. Images were captured using Meta Vue imaging software 
(Molecular Devices, Sunnyvale, CA) via an 512x512 pixel electron multiplying charge coupled 
device (EMCCD) camera (C9100-13, Hamamatsu, Hamamatsu City, Japan) with EM-gain set to 
1200x at 33 frames·second-1.
  Bacterial growth and fluorescent protein maturation conditions during microscopy 
were kept optimal utilizing APTES functionalized homebuilt flow cells. Oxygen rich EZ-glucose 
medium was flowed through the flow cell at 30 µL·min-1 during acquisition.

3.4.4 Dual color co-localization

Prior to each microscopy experiment, beads were imaged for channel alignment. Data 
obtained from the microscope measurements was analysed with ImageJ v1.48 using built-
in and purpose-built plugins. Movies were corrected for electronic offset, background and 
bleed-through fluorescence and in case of dual color microscopy, misalignment of the two 
channels prior to analysis. Super-resolution reconstructions and kymographs were obtained 
as described in 17 for each channel, after which an overlay was created.
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3.4.5 Data analysis 

As described in Seinen et.al. 17
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Supplementary tables and figures

Table S1 | Strains, plasmids and primers

Genotype/relevant features References
Strains
E. coli MG1655 K-12, F– λ– ilvG– rfb-50 rph-1 Lab collection
E. coli MG1655 SecA-Ypet MG1655, secA::ypet Lab collection
E. coli MG1655 SecA-mEos3.2 MG1655, secA::meos3.2 Lab collection
E. coli MG1655 Ypet-SecE MG1655, ypet::secE This study
E. coli MG1655 mEos3.2-SecE MG1655, meos3.2::secE This study
E. coli MG1655SecF-Ypet MG1655, secF::ypet This study
E. coli MG1655 YidC-Ypet MG1655, yidC::ypet This study
E. coli MG1655 Ypet-SecE/SecA-
paTagRFP

MG1655, ypet::secE secA::patagrfp This study

E. coli MG1655 Ypet-SecE/SecF-
paTagRFP

MG1655, ypet::secE secF::patagrfp This study

E. coli MG1655 Ypet-SecE/YidC-
paTagRFP

MG1655, ypet::secE yidC::patagrfp This study

Plasmids

pKD46 Lambda Red expression vector 31

11AAWJ2P Ypet knock in cassette Template for linear Ypet integration fragment van Oijen lab

pBAD mEos3.2 TEV His10 Template for mEos3.2 gene Van Oijen lab

pBAD18 CamR Template for chloramphenicol gene Lab collection

pUC18 Backbone for insertion of constructs Lab collection

pUC18 mEos3.2 camR Template for linear mEos3.2 integration fragment Lab collection

pUC18 paTagRFP camR Template for linear paTagRFP integration fragment Lab collection

pIPYpet
Ypet sequence cloned into pUC18 followed by frt-kan-
frt cassette

This study

pIPmEos3.2
mEos3.2 sequence cloned into pUC18 followed by frt-
cam-frt cassette

This study

pIPYpetSecE
secEnusG cloned into pIPYpet, template for linear 
integration fragment

This study

pIPmEos3.2SecE
secEnusG cloned into pIPmEos3.2, template for linear 
integration fragment

This study

Primers Sequence 5`-3`

ABS22 SecF_C-Ter_Ypet_For
GCAGCAGAAAGTGGAAAAAGAAGGGGCGGATCAGCCGTCAATTC
TGCCGCGCCTGCAAAGCAGCGCTGGCAGCGCGGCGGGCAGCG
CGAATATGTCTAAAGGTGAAGAATTATTCACTGGTG

ABS23 SecF_C-Ter_Ypet_Rev
CCCGATCTTCTGACCGGGATTTTCAACATCAACGGGAACTTGAGA
AGTTCCTATTCTCTAGAAAGTATAGGAACTTCG

ABS24 YidC_C-Ter_Ypet_For
CCGTGGTCTGGAAAAACGTGGCCTGCATAGCCGCGAGAAGAAAA
AATCCCGCCTGCAAAGCAGCGCTGGCAGCGCGGCGGGCAGCGC
GAATATGTCTAAAGGTGAAGAATTATTCACTGGTG

ABS25 YidC_C-Ter_Ypet_Rev
CGAAAAGAAAAAAGGCGGTCAACTGACCGCCCTTATTTTAGCGAA
AACTCACCGAAGAAGTTCCTATTCTCTAGAAAGTATAGGAACTTCG
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ABS39 SecF-Ypet_Seq_For CCGGTACTGGAAGGCTTCTC

ABS40 SecF-Ypet_Seq_Rev GTAGGGTTACGCGCAGTTTC

ABS41 YidC-Ypet_Seq_For TGACCTTTATGCCGGTCATC

ABS42 YidC-Ypet_Seq_Rev TGGCCTGGGCTACGATAGTG

IPSecEFwd
CACGCGAATTCAGCAGCGCTGGCAGCGCGGCGGGCAGCGCGAA
TATGAGTGCGAATACCGAAGCTCAAGG

IPSecERev CACGCGGATCCTTAGGCTTTTTCAACCTGGCTGAAGTC

IPYpetSecEFwd
CTCACGCCTTGTGCAACGATTAAATCGCCGCTTTTTTGATCGCTG
GGGAAGTTCCTATTCTCTAGAAAGTATAGGAACTTCGAATTGG

IPYpetSecERev
CTCACGCCTTGTGCAACGATTAAATCGCCGCTTTTTTGATCGCTG
GGGAAGTTCCTATTCTCTAGAAAGTATAGGAACTTCGAATTGG
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Figure S1 | Growth curves at 37 degrees Celsius of the strains carrying the various fusion constructs. (A) 
Growth of wild-type E. coli MG1655 and E. coli MG1655 carrying a SecA fusion construct. (B) Growth of wild-type E. 
coli MG1655 and E. coli MG1655 carrying a SecE fusion construct. (C) Growth of wild-type E. coli MG1655 and E. coli 
MG1655 carrying a SecF fusion construct. (D) Growth of wild-type E. coli MG1655 and E. coli MG1655 carrying a YidC 
fusion construct. (E) Growth of wild-type E. coli MG1655 and E. coli MG1655 carrying a dual color fusion construct. No 
growth difference is observed between a single or double fusion constructs and MG1655 wild-type cells.
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C

B

D

E
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Figure S2 | The endogenous SecA, -E, -F and YidC replaced by a fluorescently labeled fusion form. (A) Western 
blot of E. coli MG1655 wild-type, SecA-Ypet, Ypet-SecE, SecF-Ypet and YidC-Ypet strain lysates, immunoblotted with 
antibodies raised against GFP. Bands are visible at the expected size of each construct indicating the presence of 
the fusion protein and successful replacement of endogenous gene by the fusion construct. No specific cleavage/
degradation bands are observed in the fusion strains apart from the fragments visible in all lanes are due to unspecific 
binding of the antibody. (B) Western blot of the dual color strains SecA, -F and YidC-paTagRFP in the Ypet-SecE 
background. Lysates of these stains are immunoblotted with antibodies raised against paTagRFP and GFP. Only one 
band corresponding to the paTagRFP fusion protein is visible at approximately expected sizes. Corresponding lysates 
only show one specific band for the Ypet-SecE protein. The absence of other bands indicates that the fusion protein 
is not cleaved.
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Figure S3 | Cellular distribution profiles of the fluorescence for the membrane protein LacY-Ypet (Membrane, red 
solid line), cytosolic protein Ypet (Cytosolic, blue solid line) and SecA (Black, dashed line), SecE (Green, dashed line) 
and YidC (Cyan, dashed lines). 
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Figure S4 | Diffusive populations of SecA, SecE, SecF and YidC. Plotted for each construct and cell, diffusion 
coefficients for 2nd order (SecF) or 3rd order (SecA, SecE and YidC) CPF models. K-means cluster algorithm providing 
the centroid position of each cluster (red cross).  
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Table S2 | Diffusion data of cytosolic and membrane(-bound) proteins. 

Protein

MM* TM Diffusion Fraction

Reference(kDa) domains Coefficient (%)

  (µm2 s-1)  

Cytosolic:

SecA-Ypet 130.3 0 2.09±0.10 27±1.6 17

+ 50 µM NaN3 0 2.19±0.03 21±1.1 17

+ 500 µM CCCP 0 2.20±0.04 48±2.5 17

Membrane-bound,fast diffusion:

SecA-Ypet 130.3 0 0.21±0.02 51±3.3 17

+ 50 µM CCCP 0 0.19±0.01 55±1.5 17

+ 500 µM NaN3 0 0.16±0.01 52±2.5 17

Ypet-SecE 39.2 2 0.30±0.01 19±0.8 This study

+ 50 uM CCCP 2 0.33±0.01 22±1.0 This study

+ 3 mM NaN3 2 0.36±0.01 18±0.9 This study

SecF-Ypet 63.7 6 0.19±0.02 32±2.9 This study

+ 50 uM CCCP 6 0.22±0.03 28±2.3 This study

+ 3 mM NaN3 6 0.18±0.02 21±1.9 This study

YidC-Ypet 89.8 6 0.33±0.03 14±0.6 This study

+ 50 uM CCCP 6 0.34±0.01 19±1.0 This study

+ 3 mM NaN3 6 0.33±0.01 28±0.9 This study

Membrane-bound, slow diffusion:

Ypet-SecE 39.2 2 0.04±0.00 47±1.3 This study

+ 50 uM CCCP 2 0.07±0.01 47±1.7 This study

+ 3 mM NaN3 2 0.04±0.00 47±1.5 This study

YidC-Ypet 89.8 6 0.05±0.00 47±1.0 This study

+ 50 uM CCCP 6 0.07±0.01 50±1.5 This study

+ 3 mM NaN3  6 0.08±0.01 43±1.2 This study

* Molecular mass including Ypet
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