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Chapter 1
Single Molecule studies on the Protein 
Translocon

Anne-Bart Seinen and Arnold J.M. Driessen
Annual Review of Biophysics 2019. Volume 48

Single-molecule studies provide unprecedented details about processes that are difficult to grasp 
by bulk biochemical assays that yield ensemble-averaging results. One of these processes is the 
translocation and insertion of proteins across and into the bacterial cytoplasmic membrane. 
This process is facilitated by the universally conserved secretion (Sec) system, a multi-subunit 
membrane protein complex that consists of dissociable cytoplasmic targeting components, a 
molecular motor, a protein-conducting membrane pore, and accessory membrane proteins. Here, 
we review recent insights into the mechanisms of protein translocation and membrane protein 
insertion from single-molecule studies.
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1.1 Introduction

The basic structural part of all living matter on planet Earth is a cell. It can exist as highly 
organized multicellular organisms like ourselves, or on its own like microorganisms and 
other unicellular life. Since the discovery of microorganisms by Antonie van Leeuwenhoek 
in the late 17th century by the use of rudimentary microscopes, major advances have been 
made in the development of these instruments. The importance of directly observing objects 
made microscopy a valuable tool to study not only organisms, but also the processes inside 
these organisms by the use of fluorescent proteins and chemical probes. For many centuries, 
however, a physical barrier called the Abbe’s diffraction limit (Figure 1), withheld scientists 
from studying object smaller than 200 nm using microscopes. 

Figure 1 | The diffraction limit. The wave-like nature of visible light limits the resolution of a microscope. This 
border, known as the Abbe’s diffraction limit, lies around the 200 nanometers for typical optics using visible light and 

makes separation of objects smaller than this barrier impossible.

 

However, technical breakthroughs during the last decades made it possible to go beyond this 
limit and made scientist venture into the realm of viruses, proteins and even small molecules. 
At the basis of passing the Abbe’s diffraction limit, is the ability to detect light emitted from 
individual fluorescent reporters. These can either be small molecules, like fluorescent dyes, 
or proteins, like the green fluorescent protein (GFP), which emit light upon excitation with 
a light source. Using computational methods to define the emitted light using a Gaussian 
function, a spatial resolution of 5-20 nm can be achieved which lead to a new field, super-
resolution microscopy. The importance of visualizing beyond the Abbe’s limit and momentous 
breakthroughs that made this possible were recently acknowledged by the rewarding of a 
Nobel prize.

1.2 In vitro versus in vivo

Using various microscope methods and techniques, scientist have studied biological processes 
in their native environment, e.g. in vivo, and outside the host, e.g. in vitro, to provide a more 
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focused analysis of the object studied. In vitro experiments are based on aqueous solutions and 
purified proteins to allow for a high degree of control over the experimental parameters. An 
advantage of this approach is that a scientist can reduce the complexity of a biological system and 
study a particular part of it. Which technique to use to study the in vitro object depends heavily 
on the research question as each technique has its limitations. Techniques often used for in vitro 
studies are: Electron Microscopy (EM), Atomic Force Microscopy (AFM), fluorescence spectro- 
or microscopy and optical tweezers. Upon today, a down side to the in vitro approach is that 
these experiments are limited to studying the isolated object and cannot provide information 
on how the object functions as a part of the system due to the non-native conditions. The 
only way to circumvent this problem is to study the object in their native environment, e.g. in 
vivo. A multitude of techniques based on super-resolution microscopy exist nowadays. Photo 
Activation Localization Microscopy (PALM), Stochastic Optical Reconstruction Microscopy 
(STORM), Stimulated Emission Depletion (STED) microscopy and Light Sheet Fluorescence 
Microscopy (LSFM) are techniques often used for in vivo studies. These techniques allow for 
visualization far below the diffraction limit of the object under native conditions inside the 
cell. However, studying objects in vivo adds unconceivable complexity to the observations of 
said object as numerous uncontrollable factors are present in living cells. Nevertheless, using 
sophisticated data analysis methods, unprecedented details on the behavior of the object of 
interest and system it is a part of can be extracted.

1.3 Ensemble versus single-molecule

The past decades structural and biochemical studies have provided important insights into 
our understanding of biological processes, from protein structure to how pathways work. The 
methods used in these studies, however, provide ensemble-averaged readouts, concealing the 
dynamical information of individual components. Single-molecule based techniques however, 
allows for direct observations of the individual components either in vitro or in vivo. The ability 
to study single-molecules provides unprecedented details thereby providing new insights into 
important structure and functional properties of not only the compound of interest, but also 
the system as a whole.

1.4 Single-molecule studies of the general secretion system

Over the past two decades, numerous biological systems have been researched through the 
use of the aforementioned single-molecule techniques. The complexity of these systems 
ranges from tissues and isolated cells to bio-molecular complexes and individual molecules. 
One of the key cellular processes studied is protein biogenesis: the synthesis, maturation, 
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and partitioning of a protein to specific compartments within a cell. Despite the difference 
in organisms, protein biogenesis happens in every cell and organism. Although the specific 
route towards the final destination depends on the species, secretory (also termed 
preproteins) and integral membrane proteins are faced with a similar maturation path due 
to a comparable biological architecture. Namely, every cell is separated from its environment 
by a semipermeable cytoplasmic membrane, isolating the key interior features of a cell from 
the exterior. On the inside, a cell contains cytoplasm, a gel-like substance called cytosol. Here, 
all the machinery for cell growth and metabolic functions are sited. Isolated to a specialized 
region called the nucleus or nucleic region, is where the information on how to support life and 
propagate is encoded by genetic material called DNA is located. To support life, a cell needs to 
take up nutrients from its environment and secrete products. Some small molecules can pass 
the cytoplasmic membrane on their own, however, most nutrients require specialized channels 
or transporters in the membrane to pass this barrier. The same applies for proteins that have 
a function in the cytoplasmic membrane or outside of the cell. These proteins have diverse 
functions, ranging from energy production and signal transduction, nutrient transport up to 
cellular motility. The majority of these proteins are inserted or secreted across the cytoplasmic 
membrane by the highly conserved secretion (Sec) system, centered around a heterotrimeric 
SecYEG translocon, which is homologous to the eukaryotic Sec61 translocon residing in the 
endoplasmic reticulum (ER).

1.5 Modus operandi of the bacterial Secretory complex 

In a prokaryotic cell (Bacteria and Archaea), the core of the secretory complex consists of 
the SecY, -E and -G proteins also termed the translocon, which forms a protein conducting 
channel in the cytoplasmic membrane. The translocon works in concert with a set of cytosolic 
and membrane proteins to form the holotranslocon to facilitate efficient protein insertion 
or translocation. From the start of synthesis on the ribosomes until their final destination, 
secretory (also termed preproteins) and integral membrane proteins are faced with a 
maturation path that is filled with obstacles. A highly regulated process of protein targeting 
directs newly synthesized proteins to their insertion or secretion site by recognizing and 
acting on specific signals contained in these proteins, i.e. signal sequences or hydrophobic 
trans-membrane domains (TMDs) 1. Depending on the signal features, one of the two major 
targeting routes is taken, that directs the protein to the SecYEG translocon 2 (Figure 2). 
Secretory proteins are generally targeted post-translationally to the membrane (Figure 2A), 
whereas the co-translational (Figure 2B) targeting route is mostly employed for the insertion 
of integral membrane proteins. 



1

11

 
Single M

olecule studies on the Protein Translocon

 
Figure 2 | Schematic representation of the bacterial SecYEG pathway. (A) Unfolded secretory proteins 
are post-translationally targeted to the SecYEG-bound SecA (Green) by the chaperone SecB (Blue) 
and translocated in an ATP-dependent fashion through a membrane pore formed by SecYEG (orange). 
Translocation is stimulated by the proton motive force (PMF) which involves the SecDF(yajC) complex 
(Pink). (B) Nascent membrane proteins bound by SRP (Purple), and co-translationally targeted to the SecYEG 
translocon via FtsY (Purple) for membrane insertion. (C) YidC (Red) is a membrane protein insertase that 
can insert small hydrophobic proteins into the membrane, or work in concert with the SecYEG translocon.  
Figure adopted from Driessen and Nouwen. Protein translocation across the bacterial cytoplasmic membrane, 2008. 
Additional abbreviation: CM, cytoplasmic membrane.

These two pathways diverge at an early stage when the N-terminus of a nascent protein emerges 
from the ribosome exit tunnel 3. At this point, signal recognition particle (SRP) and peptidyl-
prolyl cis-trans isomerase trigger factor (TF) compete for binding the ribosome nascent 
chain 4,5. In the post-translational route, the N-terminal signal sequence is recognized by TF. 
During chain elongation and once more than 100 amino acids are exposed from the ribosome 
exit tunnel, molecular chaperones like SecB bind the nascent chain. Our current knowledge 
on chaperone binding is limited, however, chaperones display a highly specific substrate 
specificity. In case of SecB, binding stabilizes the newly synthesized polypeptide, keeps it in an 
unfolded translocation competent state and directs it to the SecYEG-bound SecA, which forms 
the motor domain of the holotranslocon 6. SecB releases the polypeptide to SecA, which on 
ATP binding and hydrolysis, initiates translocation of the unfolded peptide through the protein 
conducting channel 7. The exact mechanisms by which SecA mediates translocation are still 
largely unknown, but several working models have been suggested: 1) Brownian ratchet 8; 2) 
power stroke 9,10; 3) peristalsis 1,9; 4) subunit recruitment 11 and 5) reciprocating piston model 
12. The last model combines all the known data of protein translocation in a unifying theory. The 
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initiation steps are made when a SecA dimer binds with high affinity to the SecYEG translocon 
(step 1) and whereby it is activated for ATPase activity (step 2) 13–16. Subsequently, the SecB-
bound preprotein is targeted to the SecYEG-bound SecA (step 3), where SecB binds to SecA 
and releases the preprotein to SecA.  Upon binding and hydrolysis of ATP by SecA, the amino-
terminal signal sequence of the protein is inserted into the SecYEG pore and SecB is released 
from the complex (step 4) 17. The hydrolysis of ATP possibly causes dissociation of SecA from 
the preprotein and may promote monomerization in which one SecA remains bound to the 
SecYEG pore to prevent backsliding of the polypeptide (step 5) 18–20. ATP hydrolysis also leads to 
a conformational change in the SecYEG-bound SecA protomer which is called the de-insertion 
step (step 6) 18. Next, cytosolic SecA binds the trapped polypeptide (step 7) and dimerization 
of the cytosolic SecA and SecYEG-bound SecA translocates the preprotein through the pore 
(step 8). The subsequent binding of ATP to the dimer drives the polypeptide chain even further 
through the translocon (step 9). The translocation cycle (steps 5-9) are repeated until the 
preprotein is fully transported across the cytoplasmic membrane. The final step of protein 
translocation is the cleavage of the signal sequence by the signal peptidase, which releases 
the secretory protein into the periplasm. Two other proteins associating with the SecYEG 
translocon are SecD and –F, that form another heterodimeric membrane protein complex that 
also includes YajC, a membrane protein with unknown function. SecDF are involved in the later 
stages of translocation, and pull the translocating protein through the SecYEG channel at the 
periplasmic side of the cytoplasmic membrane in a process that is driven by the proton motive 
force (PMF) 7. ATP-dependent translocation is a slow process, but in the presence of a PMF, 
translocation occurs very fast once SecA has released the preprotein 20. In contrast to secretory 
proteins, membrane proteins generally do not contain a N-terminal signal sequence, instead a 
TMD functions as a signal for co-translational targeting 1. During synthesis, a TMD displayed by 
the ribosome-bound nascent chain (RNC) is bound by SRP, which targets the RNC-SRP complex 
to the SRP membrane receptor, FtsY 3. FtsY facilitates docking of the RNC-SRP-FtsY complex 
to the translocon. This results in the formation of a heterodimeric SRP-FtsY complex which is 
activated for GTP hydrolysis to release the RNC from SRP to the SecYEG complex. Following 
insertion into the SecYEG channel, the hydrophobic TMDs are partitioned into the lipid bilayer. 
This last step is made possible by the unique structure of the SecY, which forms a lateral gate 
through which TMDs can pass into the lipid bilayer 21.

In the next sections, we discuss recent insights into the mechanism of protein translocation 
and membrane protein insertion through the bacterial secretory complex based on single 
molecule approaches.
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1.6 Single-molecule measurements on the co-translational targeting 
components SRP and FtsY

Figure 3 | Structure of RNC-SRP-FtsY complex docked at the SecYEG translocon. (A) A ribosome (Gray) displaying 
a signal sequence (Magenta) is bound by SRP, FtsY (Green), and the SecYEG translocon (Red). (B) Illustration of Förster 
resonance energy transfer principle between two probes. (C) Jablonski diagram of Förster resonance energy transfer. 
Complex structure in panel A adopted from A. Jomaa et al. Structure of the quaternary complex between SRP, SR, and 
translocon bound to the translating ribosome, 2017. Abbreviations: RNC, ribosomal nascent chain; S0, ground state; 
S1, excited state; SR, SRP receptor; SRP, signal recognition particle; SS, signal sequence.

A set of loops located at the cytoplasmic side of the Sec translocon, extending into the 
cytoplasm, facilitate the binding of cytoplasmic accessory proteins for the post- and co-
translational protein translocation modi. These cytoplasmic loop are part of the SecY protein 
and are involved in binding of SecA and translating ribosomes 22,23. In E. coli, the RNC complex is 
targeted co-translationally to the SecYEG translocon (Figure 3A, Red) by SRP and endogenous 
membrane-bound receptor FtsY (Figure 3A, Green). FtsY is a monomeric GTPase that consists 
of several domains. The A-domain facilitates the interactions with the cytoplasmic membrane 
and the translocon 24,25, while the helical NG-domain contains a Ras-like GTPase subdomain 
and the binding site for a homologous NG-domain on SRP 26,27. Structure elucidation of the 
bacterial SRP protein revealed a heterodimeric arrangement, consisting of a single-protein 
subunit, Ffh, and a 114-nucleotide-long 4.5S SRP RNA construct. The SRP protein moiety Ffh, 
contains two domains: a methionine-rich M-domain (Figure 3A, Cyan) that facilitates high-
affinity SRP RNA 28 binding and signal sequence recognition 29 and a NG-domain (Figure 
3A, Blue) that is homologous to the NG-domain on FtsY, and which facilitates the binding 
of SRP to FtsY 26,27. The RNA moiety (Figure 3A, Orange) of SRP is essential and universally 
conserved. Structural analysis of the RNA molecule suggested large conformational changes 
upon binding of FtsY that are essential for SecYEG ribosome interactions 30. The function of 
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this RNA moiety was investigated using single-molecule Förster resonance energy transfer 
(FRET) (Figure 3B and 3C) to observe conformational dynamics of single SRP molecules 31. In 
a FRET experiment, an object is labeled with a set of two light-sensitive fluorescent probes, a 
donor and an acceptor. Initially, the acceptor probe is in a dark state and upon transference 
of energy from the excited donor through non-radiative dipole-dipole coupling, switches to 
the bright state and is detected. The efficiency of energy transfer is inversely proportional 
to the sixth power of the distance between the donor and acceptor fluorophores, allowing 
for the detection of nanometer conformational changes. The distance at which the transfer of 
energy is 50% is termed the Förster distance and is specific for a FRET pair. To measure the 
changes in conformation, the NG-domain of FtsY was labeled with a FRET donor, where the 
acceptor was located at the distal end of the SRP RNA. In the presence of a non-hydrolyzable 
GTP analog, stable and functional SRP-FtsY complexes displayed two pronounced FRET states. 
The low-efficiency FRET state, indicates a relative large distance between probes, signifying 
that the GTPase complex residing in the NG-domain of Ffh is located close to the SRP RNA 
tetraloop. The high-efficiency FRET state corresponds to a state in which the GTPase complex 
is in close proximity to the FtsY NG-domain on the distal site. By analyzing the dwell times, 
kinetics of FRET transition states were obtained, revealing two intermediate transient states. 
Further analysis showed that the conformational changes are regulated by the GTPase cycle of 
SRP and FtsY, the SecYEG translocon and translating ribosomes. These single-molecule FRET 
(smFRET) observations visualized for the first time the movement of the GTPase complex on 
the SRP RNA moiety and revealed dynamical conformational changes at the single-molecule 
level with unprecedented detail. 
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1.7 The SecYEG translocon

Figure 4 | Crystal structure and cellular localization of Escherichia coli SecYEG. 
(A) Crystal structure of SecYEG translocon (PDB ID: 5NCO), indicated are the plug domain (Magenta) and the lateral 
gate flanked by the TMD2 and TMD7. SecY TMDs 1-6 (Green), TMDs 7-10 (Blue), SecE (Yellow), and SecG (Orange). 
(B) Crystal structure of SecYEG rotated 90 degrees, top view of the SecYEG translocon clearly visualizing the central 
pore and lateral gate. (C) Super-resolution imaging of SecE in E. coli cells showing stretches of higher fluorescence 
intensity possibly indicating sites for protein insertion. Scale bar is 1 µm. Abbreviation: TMD, transmembrane domain.

1.7.1 Structural insights into the SecYEG translocon

The bacterial translocon consists of a stable complex of the SecY, -E, and -G proteins (Figure 
4A and 4B). In vitro reconstitution studies have shown that translocation is still possible 
if the translocon consists solely out of the SecY and -E proteins together with SecA 31. The 
peripherally located SecG protein is not essential for cell viability, but its presence increases 
the efficiency of translocation at low temperatures or when the PMF is absent or low 32–34. 
Elucidation of the structure of the translocon has provided detailed insights into the structural 
basis of the translocation mechanism. Using X-ray diffraction, the structure of SecYEG was 
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resolved at high resolution 21,35–37. SecY displays an unique conformation of 10 α-helical TMDs 
in which the α-helices 1 to 5 and 6 to 10 are arranged in a structure resembling a bivalve 
shell (Figure 4A and 4B, red and green TMDs) 21. Loops between the SecY TMDs 6/7 and 8/9, 
termed C4 and C5 respectively, are extending into the cytosol and are involved in binding of 
SecA and translating ribosomes 22,23. SecY is stabilized by SecE, which encompass the pore in 
a V-shaped manner (Figure 4A and 4B, yellow TMDs). Unlike SecY, the topology of SecE varies 
among species. In E. coli SecE consists of three TMDs, whereas the homologue in M. jannaschii 
contains only one TMD. The E. coli SecE protein consists out of an amphipatic helix, which 
runs parallel to the membrane, and a conserved tilted helix, which contacts the two halves of 
the bivalve shell formed by SecY. These two helices are connected by the hinge region which is 
essential for stability of the pore and provides flexibility to the whole complex, while the two 
TMS are not required for activity 38–40. 
The angle of the pore, formed by the SecY TMDs, creates a characteristic hourglass-shaped 
channel with an aqueous funnel-like entrance and exit cavity. At its widest point, the pore 
has a diameter of approximately 20-25 Å from which it narrows down to the central ring 
with a diameter of ~4 Å 21. This pore ring consists out of six hydrophobic isoleucine residues 
that form a seal that prevents leakage of ions in the closed conformation of the pore and 
may maintain membrane integrity during translocation by forming a ion barrier around 
the polypeptide 41–43. Another mechanism preventing undesired passage of ions through 
the SecY pore is the presence of a small α-helix domain within the SecY protein, which 
functions as a plug to seal off the channel at the periplasmic side of the pore 21. During protein 
translocation, however, some ions pass through the channel 44,45. This translocation-associated 
ion conductance of the translocon has been examined using various biochemical methods.  
In pursue of obtaining more accurate readings of the ion conductivity and mechanistically 
insights on how a translocon channel is sealed, single-molecule electrophysiology was 
employed. Using a model lipid bilayer system called black lipid membranes, referring to the 
reflection of light resulting from the formation of membrane of molecular-scale thickness, 
reconstituted with single translocon channels, the conductivity of single channels was assayed. 
In these black lipid membrane setups, a lipid bilayer is formed over small pore which separates 
two buffer solution filled chambers. A constant voltage is kept on the electrodes in each chamber 
while the electrical current is monitored. Opening and closing of a channel reconstituted 
inside the lipid bilayer results in a change of ion flux through the channel, resulting in a change 
of the measured electrical current. Early studies using black lipid membranes focused on 
SecYEG and the eukaryotic homologue, Sec61 from canine pancreas 46,47. Remarkably, a similar 
115 picosiemens (pS) large conductance was detected for both assays, suggesting that the 
conductance was facilitated by an open conformation of the SecYEG and Sec61 channels. 
The same value also indicated that the prokaryotic and eukaryotic channels share a similar 
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structural conformation of the pore leading to the similar conductance. 
A follow-up study, employing black-lipid membranes, investigated different structural 
properties of the E. coli SecYEG channel 42. Measuring the conductance of wild-type SecYEG, it 
was found that in the closed or resting state the channel was impermeable for ions and water 
molecules. To investigate the role of the pore ring, a prlA4 SecY mutant was examined with 
the black lipid technique. This mutant belongs to a class of signal-suppressor mutants that 
allow for translocation of secretory protein with defective or missing signal sequences. The 
prlA4 mutant contains two mutations, one in the pore ring and another mutation in TMD 7 
that counteracts the destabilizing mutation in the pore ring. The mutant showed significant 
conductance in the resting state that arose from intermittent opening of the channel with no 
apparent cause other than time-dependent structural rearrangements of SecY, supporting 
the hypothesis that the prlA4 translocon is less selective and more easily opened. However, 
the central ring is not the only structural feature sealing the translocon as the plug domain 
seals the structure from the periplasmic side. To investigate the role of this plug domain in 
the conductance of ions and water molecules, mutations were created to investigate crucial 
amino acid residues or fixate the plug in a permanent open position. Mutating the residues 
in key positions lead to a similar intermittent transient opening of the channel akin to the 
observations of the prlA4 mutant. By locking the channel in a permanent open position by 
crosslinking the plug domain to SecE, a massive ion flux was detected. Hardly any channel-
closing events were detected in this state, and breakage of the crosslink between SecE and the 
plug domain, the conductance stopped indicating a reversion to the closed state. Together, the 
pore ring and the plug domain effectively seal the channel, where the plug domain plays a major 
role in sealing the channel and the central pore ring forming a gasket for prevent ion leakage 
during translocation of a protein. Under native conditions, opening and closing of the SecY 
channel is orchestrated on demand when a preprotein needs to be translocated. More recent 
black lipid membrane studies, focused on the effect of ligands on the channel conductance 48,49. 
Introduction of signal peptides and ribosomes to SecYEG channels, were found to change the 
conductance, implying channel conformations induced by ligands. 
Plug domain dynamics were also studied by an in-vitro smFRET approach 50. To follow the 
opening of the channel, the plug and cytosolic loop of TMD2 were labeled with a donor and 
acceptor fluorophore respectively. Total internal reflection microscopy (TIRFm) and confocal 
microscopy were employed to detect the FRET signals. In the presence of a preprotein, 
SecA, SecB and ATP, a bimodal distribution of two plug domain states was obtained. The 
first state corresponds to a closed conformation of the SecY pore, and the second reflects an 
open conformation where the plug was displaced from the channel. Although the transition 
between states seemed instantaneous using TIRFm, the high temporal resolution of confocal 
microscopy made it possible to resolve fast opening and closing of the channel on the 



18

millisecond time scale. Interestingly, initial opening of the channel depends on the hydrolysis 
of ATP by SecA, while closing of the channel does not. The ATP-driven plug opening produces 
only a partially opened conformation while complete displacement of the plug additionally 
requires preprotein insertion into the channel. This observation is in line with the previous 
black lipid membrane studies and underlines the high dynamical nature of the translocon. The 
dwell times obtained from the FRET experiments indicate the time the channel was closed or 
open, and this was related to the length of the preprotein passing through the channel. The 
duration of the open state was used as a proxy to calculate the translocation rate of substrates 
with different lengths. A fast rate of ~40 amino acids per second was found. In vivo, however, 
translocation is much faster owing to the PMF 7,52. 

1.7.2 The lateral gate opening mechanism

The SecYEG channel conformations to allow protein insertion into or secretion across 
the cytoplasmic membrane are related to the unique structure of the translocon channel. 
The bivalve shell formed by SecY can on one side open to the lipid bilayer. This lateral gate 
is believed to form the path for the insertion of membrane proteins into the lipid bilayer. 
In the crystal structures the gate is located between the TMDs 2b and 7 and observed in a 
closed conformation. The distance between these two helices is approximately 7 Å 21 and 
must increase to 24 Å 22 to allow passage of hydrophobic polypeptide segments into the lipid 
bilayer. Biochemical ensemble studies indicated a binding pocket for signal sequences and 
hydrophobic TMDs between TMDs 2b and 7, that triggers the opening of the lateral gate 21. 
Observing the real-time insertion of a nascent membrane protein is very challenging. To study 
the fast and transient mechanisms involved in membrane protein insertion, biochemical and 
single-molecule techniques were employed to monitor and trap the translocon in different 
translocation intermediate states 51,52. The SecM stalling sequence was used to create RNCs 
displaying different hydrophobicity and lengths of SecYEG substrates 51. One such substrate used 
in many in vitro assays, is the leader peptidase (Lep). This substrate contains two N-terminal 
TMDs that are inserted into the cytoplasmic membrane of E. coli by the SecYEG translocon. 
Stalled RNCs with the first 75 N-terminal residues of Lep (Lep75-RNC), display approximately 
40 amino acids outside the ribosomal peptide exit tunnel, that traps the translocon in a co-
translational intermediate state, making it possible to investigate transient conformational 
changes of the lateral gate during the protein insertion event. Recent studies employed single-
molecule FRET 52 and single-molecule photon-induced electron transfer (PET) 51 to investigate 
the unique gating feature of SecY and the conformational changes involved in opening of the 
gate. Unlike the energy transfer in FRET, an excited state electron is transferred with PET. The 
process of electron transfer starts when a photon excites an electron. The excitation leaves a 
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vacancy in a ground state orbital that can be filled by an electron from a donor. Additionally, 
the excited electron can be transferred to an electron acceptor. The two processes generate a 
charge separation, making the photo-excited molecule a good oxidizing and reducing agent. 
Moreover, where FRET is generally sensitive in the nanometer scale range, PET can be used 
to study conformational changes on the Ångstrom scale. Conformational changes in the SecY 
structure leading to opening or closing of the lateral gate were investigated using single-
molecule PET (smPET) with the fluorophore boron-dipyrromethene dye BODIPY FL (Bpy) and 
a PET quencher tryptophan, attached to TMDs 2b and 7, respectively. In close proximity e.g. a 
resting state, an electron is transferred between the excited Bby to tryptophan resulting in the 
quenching of Bby. However, opening of the lateral gate prohibits the electron transfer and an 
increased fluorescence is observed as a result. To study purified proteins, model membrane 
systems are often used. One such model are nanodiscs, discoidal lipid bilayers encircled by 
membrane scaffolding proteins (MSP) derived from the apolipoprotein A1 (apoA1). Bpy 
labeled E. coli SecYEG monomers were integrated into nanodiscs and the PET efficiency was 
monitored in the presence of vacant ribosomes or RNCs displaying varying hydrophobicity 
nascent peptides of known SecYEG substrates. Remarkably, vacant ribosomes already 
decreased the PET efficiency, as an increase of Bby fluorescence was observed. However, PET 
decreased even further when Lep75-RNCs were introduced, indicating that although vacant 
ribosomes already seem to induce a partially opening of the lateral gate, a hydrophobic TMD 
induces conformational changes within the SecY structure that opens the lateral gate to allow 
the passage of the TMD into the lipid bilayer. To investigate whether a TMD alone is sufficient 
to induce opening of the lateral gate, an isolated hydrophobic peptide was introduced. The 
addition of this peptide did not lead to a significant change in PET efficiency and the subsequent 
addition of vacant ribosomes in addition did not elicit the opening of the lateral gate more than 
observed with vacant ribosomes alone. Opening of the lateral gate and subsequent insertion of 
a peptide is dependent on the combined effects of the binding of a ribosome and the insertion 
of the nascent TMD into the SecY channel. 
Another study, employing single-molecule FRET (smFRET) addresses the conformational 
changes in SecY in the presence of SecA and different nucleotides 52. Like in the smPET 
study, the TMDs 2b and 7 helices on either side of the gate were labeled only this time with 
a donor and acceptor fluorescent probes. A single copy of labeled SecYEG was reconstituted 
into proteoliposomes and smFRET efficiency was monitored in the presence of nucleotides 
and the ATP-dependent motor protein SecA using time-lapse TIRF imaging. In the absence of 
ligands, a high FRET efficiency was observed, indicating that the probes are in close proximity, 
signifying a closed conformational state of the lateral gate. The addition of SecA and different 
nucleotides significantly changed the FRET efficiencies. In the presence of SecA and ATP 
three different states of the lateral gate were discerned on the basis of statistical criteria 
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and these were correlated to a closed, partly open and open state. In an attempt to obtain a 
better understanding of these states, non-hydrolyzable AMPPNP was supplied to the sample, 
trapping SecA in an ATP bound state. FRET efficiencies measured under these conditions were 
mainly low, indicating a predominantly open conformation of the lateral gate. Interestingly, 
addition of a hydrophobic peptide also resulted in a low FRET efficiency indicating an open 
conformational state. In contrast, ADP resulted in a predominantly closed state as high FRET 
efficiencies were measured. The three different states observed with hydrolysable ATP are in 
agreement with the AMPPNP and ADP experiments. However, the partly open state could not be 
explained and might represent an intermediate. The broad distributions of the states observed 
in this study make it difficult to isolate a specific population, and only through extensive data 
fitting and statistical analysis could evidence for the existence of different populations be 
obtained. Single-molecule approaches like FRET have the ability to distinguish between subtle 
conformational changes and should be able to give a more distinct separation between the 
different conformational states. The single-molecule FRET and PET measurements provided 
crucial insights into the mechanism of opening of the lateral gate, allowing passage of TMD 
into the lipid bilayer. The translocon displays a dynamic structure with large conformational 
changes between a fully closed and open state of the lateral gate, which changes are modulated 
by vacant ribosomes, hydrophobic peptides displayed by translating ribosomes and SecA. 
Although these studies provided insights into conformational changes, and suggest a high 
conformational plasticity of the translocation pore, the exact mechanism by which hydrophobic 
segments enter the bilayer is still not well understood.

1.7.3  Membrane dynamics of SecYEG

Upon today, only one study reports the in vivo localization of the SecYEG translocon at the 
single-molecule level (Figure 4C) 53. By replacing the chromosomal secE gene of E. coli with 
a ypet-secE construct, a fluorescently labeled SecE fusion protein was created. Employing 
a photo-activated localization microscopy (PALM)-type super-resolution approach, the 
localization of the translocon was resolved with a nanometer-scale resolution at the single-
molecule level. Time course imaging of exponentially growing E. coli cells, resulted in a 
homogeneous distribution of the SecYEG translocon over the cytoplasmic membrane under 
native expression conditions. Remarkably, the localization pattern of SecYEG showed regions 
with an increased detection frequency, indicating possible sites for insertion and secretion 
of proteins. Moreover, the localization of the translocon did not follow apparent structures 
inside the cell or membrane, which is in contrast to previous localization studies using 
conventional microscopy that depends on fixed cells, protein overexpression and/or slow 
acquisition times 54–57. This underlines the importance of super-resolution imaging at the 
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single-molecule level, giving unprecedented details and insights into the object studied. For 
efficient membrane protein insertion and/or protein translocation, the PMF and correct 
functioning of SecA are essential. These two key mechanisms were selectively targeted and 
disrupted to study the direct effects of impaired protein insertion and/or translocation on 
the SecYEG translocon. To this end, cells were treated with sub-lethal concentrations of 
the PMF uncoupler carbonyl cyanide 3-chlorophenylhydrazone (CCCP), to dissipate the 
electrochemical gradient of protons and the ATPase inhibitor sodium azide (NaN3), to block 
SecA-mediated protein translocation. Although inhibition of SecA did not lead to a significant 
change of the translocon localization compared to native conditions, disruption of the PMF 
resulted in a more homogeneous distribution of SecE. Although there is a general agreement 
in the field about the monomeric state of the functional translocon, some studies employing 
site and non-specific cross-linking of SecYEG dimers also indicate towards the presence of an 
oligomer. Fluorescence cross-correlation spectroscopy (FCCS) was employed to visualize the 
oligomeric state in giant unilamellar vesicles (GUVs) at a lipid to protein ratio that is similar to 
the native bacterial membrane 58. Two spectrally non-overlapping probes were conjugated to 
single SecYEG translocons, with each translocon labeled once with a certain probe. Codiffusion 
of the two populations was assessed by the analysis of the fluctuations of the fluorescence 
intensity. Using GUVs, only a significant monomeric population was observed. The addition 
of the SecA did not change the oligomeric state. To investigate whether a preprotein induces 
changes in the oligomeric state, a proOmpA-DhfR fusion protein was used as a substrate for 
protein translocation. In the presence of SecA and ATP, this fusion protein is only partially 
translocated through the translocon owing to the tightly folded DhfR domain at the carboxyl 
terminus, which stalls the translocation creating a translocation intermediate. This formation 
of the translocation intermediate was monitored using FRET between probes at the translocon 
and N-terminal part of the proOmpA-DhfR protein. Although the majority of translocons were 
stalled in translocation, no oligomerization was detected using FCCS. These experiments 
with single-molecule sensitivity suggested that a single copy of SecYEG is sufficient for the 
interaction with SecA and for preprotein translocation. A similar conclusion was reached with 
SecYEG reconstituted into nanodiscs that were found to be active when only the monomer was 
reconstituted 59. Recently, the oligomeric state of the translocon was visualized in living E. coli 
cells under native conditions 53. This approach probed the functional state without artificially 
induced cross-linking and thus more likely represents the native functional form of the 
translocon. By correlating the fluorescence intensity of a focus to a single molecule intensity, 
the functional state in living cells was found to be monomeric. Additionally, the localization of 
SecE showed a highly dynamic behavior as indicated by single-molecule tracking. From the 
trajectories of the movement of SecE in a 2D plane through the E. coli cytoplasmic membrane, 
diffusion coefficients were calculated using the cumulative probability distribution (CPD) of 
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the step sizes. From this analysis, it followed that the diffusion of SecE was not homogeneous, 
(e.g., the particles did not move with a homogeneous rate). In fact, three different diffusion 
coefficients were found, correlated to different states of the translocon. The first population 
likely corresponds to SecYEG translocons diffusing as single complexes in the membrane. The 
second population displayed a diffusion coefficient corresponding to a complex of SecYEG 
with YidC and a large structure, possibly ribosomes or polysomes. The last population was 
immobile, corresponding to a relatively large complex, possibly the holotranslocon, where the 
SecYEG translocon is bound to the YidC and SecDF proteins and the large cellular structures 
indicated before.
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1.8 The SecA motor protein
 

Figure 5 | The Escherichia coli SecA monomer and cellular localization visualized by super-resolution 
microscopy. (A) The crystal structure of E. coli SecA (PDB ID: 2FSF). The nucleotide-binding folds 1 and 2 (NBF1 
and NBF2) of the ATPase core, NBD, are shown in blue (residues 1–220 and 377–416) and cyan (residues 417–621), 
respectively. The preprotein cross-linking domain (PPXD) (residues 221–376) is shown in red. The three subdomains 
of the C-terminal domain (CTD): the helical scaffold domain (HSD) (residues 621–669); the intramolecular region of 
ATP hydrolysis 1 (IRA1) (residues 756–829) and the helical wing domain (HWD) (residues 670–755) are depicted in 
green, magenta and yellow, respectively. There was insufficient electron density to confidently build some residues at 
the N- and C- termini and most of the PPXD 60. (B) Super-resolution imaging of SecA in E. coli cells showing spots of 
higher fluorescence intensity possibly indicating sites for protein insertion. Scale bar is 1 µm.

1.8.1 Structural insights into SecA

The driving force for membrane protein insertion is provided by polypeptide chain elongation 
and the hydrophobic properties of polypeptide segments that by thermodynamic partitioning 
determines whether a segment will integrate into the lipid bilayer. However, some membrane 
proteins possess large periplasmic domains that need to be translocated across the cytoplasmic 
membrane. The driving force for translocation is provided by ATP hydrolysis through the action 
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of the SecA protein. SecA utilizes ATP to mediate the translocation of unfolded preproteins 
through the SecYEG channel into the periplasm 20, a process that is stimulated the PMF 61–

63. SecA comprises several highly conserved structural and functional domains involved in 
cellular localization, nucleotide and preprotein binding and motor action (Figure 5A) 12,64–66. 
The 29 α-helices and 23 β-strands 60 of the E. coli SecA protein are arranged into three main 
functional domains; the nucleotide-binding domain (NBD) (Figure 5A, NBD, blue and cyan), 
the preprotein cross linking domain (PPXD) (Figure 5A, PPXD, red) and the C-terminal domain 
(CTD) (Figure 5A, CTD, green, yellow and magenta). The NBD domain consists of two essential 
functional nucleotide-binding folds (NBF1 & NBF2) (Figure 5A, NBF1, blue and NBF2, cyan) 
that catalyze the binding and hydrolysis of ATP. Due to the regulatory function of NBF2 it is also 
referred to as intramolecular regulator of ATP hydrolysis 2 or IRA2 60,67. While NBD facilitates 
ATP hydrolysis, the substrate recognition is mainly regulated by the PPXD and the CTD 60,68. 
The latter can be sub-divided into 3 sub-domains, termed the C-terminal linker (CTL) or IRA1 
(Figure 5A, IRA1, magenta), the α-helical wing domain (HWD) (Figure 5A, HWD, yellow)and 
the α-helical scaffold domain (HSD) (Figure 5A, HSD, green), which contacts all the three main 
domains and contains a two-helix finger motif 60,69. Besides substrate recognition, the CTD is 
involved in SecB- and phospholipid-binding 70. For the interaction of SecA with SecYEG, all 
SecA (sub)domains, except HWD, are involved 37,71,72.
Based on structural data, it has been proposed that unfolded preproteins are trapped in a 
clamp or binding groove that is formed by PPXD, NBD2 and HSD (Figure 5A), while ATP is 
trapped at the interface of NBD1 and NBD2. Upon binding of ATP between the motor sub-
domains, NBD2 controls the ADP-release and optimizes ATP catalysis at NBD1, the catalytic 
sub-domain 73. The ongoing ATP-binding and subsequent ADP-release cause a motion of 
the motor domain NBD, which is thought to be transmitted to PPXD and CTD, providing the 
mechanical force necessary for the translocations through the channel 12,74. In order to prevent 
futile ATP hydrolysis cycles in the absence of both substrate and SecYEG, cytoplasmic SecA is 
maintained in a thermally stabilized ADP-bound state. This state is accomplished by restricting 
the activator function of NBD2 due to physical contact of IRA1 with NBD in the absence of 
translocation ligands and SecYEG 73. Furthermore, a conserved electrostatic salt bridge located 
in the HSD, called Gate1, might also function to prevent futile ATP hydrolysis cycles. Gate1 links 
the two motor domains and controls the opening/closure of their interface 16. In the presence 
of both translocation ligands and SecYEG, Gate1 is suggested to functionally connect NBD with 
PPXD, which allosterically stimulates the SecA ATPase activity. Besides the presence of ligands, 
SecB and SecYEG, stimulation of the ATPase activity of SecA is found in the presence of anionic 
phospholipids 15.
Despite these structural insights, the exact molecular mechanism by which SecA mediates 
translocation is still poorly understood. Based on biochemical assays, a predominant cytosolic 
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localization has been suggested 14,75–77 as SecA is readily isolated from cellular lysates. However, 
some SecA is tightly bound to the membrane and in vitro it is only released upon urea or 
carbonate extraction 78. The latter likely reflects a population of SecA that is bound to anionic 
phospholipids via its amphipathic N-terminus that penetrates the membrane 79. Anionic 
phospholipids are essential for protein translocation. The latter is likely a multifaceted process, 
but a critical element is the activation of SecA by anionic phospholipids. The insertion of the 
N-terminus of SecA into membranes harboring anionic lipids likely induces a conformational 
change to SecA priming it for high-affinity binding to SecYEG. The lipid requirement for 
high affinity binding implies that the lipid-bound form of SecA is an intermediate in the 
functional cycle. These insights were obtained by using microscale thermophoresis (MST) on 
single molecules of SecYEG reconstituted into small and large nanodiscs 79. Like nanodiscs, 
every biomolecule has a hydration shell as a result of their conformation and/or structure 
and can be manipulated using temperature. The appliance of heat, results in changes in the 
biomolecule conformation and/or structure, which directly affects the diffusive behavior. MST 
is based on this principle. Using thin capillaries filled with solution, the directed diffusion of 
fluorescently labeled particles upon applying a microscopic temperature gradient is detected 
and quantified. Addition of a binding partner will change the hydration shell upon binding, 
resulting in a different diffusion behavior along the temperature gradient and resulting in a 
typical binding curve. The binding of SecA to the translocon was assayed in the presence of 
a small and large pool of lipids, using small and large nanodiscs respectively. In the presence 
of limiting number of lipids, SecA bound with a low affinity (Kd = ~ 3 µM) to the translocon 
reconstituted in the small nanodiscs. In contrast, a high affinity (Kd = ~ 300 nM) was observed 
when SecA had access to a large lipid surface. Using mutant constructs of SecA lacking the 
amphiphatic N-terminus, or containing a flexible extension linking the amphiphatic helix 
to SecA, it was observed that membrane tethering is not sufficient, and that this process is 
coupled to a conformational change of SecA allowing it to bind to SecYEG. This lipid bound 
intermediate of SecA likely plays further crucial functions in the catalytic cycle. The membrane 
might act as platform to reduce the targeting complexity from 3-dimensions, e.g. the cytosol, to 
the 2-dimensional plane of the membrane, thereby kinetically enhancing the binding of SecA 
to the SecYEG translocon.

1.8.2 Single-molecule observations of the cellular concentration and localization of 
SecA

Recently, evidence has been provided for the existence of this membrane-bound SecA 
intermediate in cells. Super-resolution fluorescence microscopy at the single-molecule level 
was employed to study the localization of SecA in vivo under native conditions and impaired 
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protein translocation conditions (Figure 5B) 80. By replacing the chromosomal secA gene of E. 
coli with a secA-ypet construct, a fluorescently labeled fusion protein was created. A PALM-type 
super-resolution microscopy approach was employed to resolve the localization of SecA at the 
single-molecule level. Under native conditions, only a very small cytosolic pool was observed. 
Rather, SecA was predominantly bound to and distributed over the cytoplasmic membrane 
without an apparent preferred cellular location. However, regions of higher detection 
frequency were detected. These patches possibly indicate sites for protein secretion as similar 
regions were observed for the SecE protein. Additional localization insights were obtained by 
dissipating the PMF using CCCP and blocking SecA-mediated protein translocation using NaN3. 
Remarkably, blocking the ATPase function of SecA did not result in a change of localization, 
however, a significant amount of SecA molecules were relocalized to the cytosol. In pursue of 
gaining further insights into the mechanisms of SecA-mediated translocation, the same study 
employs single-molecule counting to determine the concentration of SecA in vivo 80. In contrast 
to biochemical assays, but in line with a recent quantitative mass-spectrometry study, between 
37 and 336 with an average of 126 SecA molecules per cell were detected, which amounts to 
a cellular concentration of approximately 23 to 207 nM respectively. Disruption of the PMF 
did not influence this number significantly, however, an increased SecA concentration was 
observed as a direct effect of the treatment with NaN3. This increase is presumably an effect 
of the upregulation of the secA via transcriptional feedback by the SecA substrate and protein 
translocation monitor SecM 63. Under native secretion conditions, the concomitantly translation 
and SecA mediated translocation of the SecM protein prevents the formation of a RNA hairpin, 
blocking the translation of the secA gene. However, during secretion-limiting conditions due 
to impaired SecA functioning, translation of the SecM causes elongation arrest preventing the 
formation of the RNA hairpin, leading to the translation of the secA gene. The blockage of the 
SecA ATPase by NaN3, rendering SecA-mediated protein translocation impaired, is lethal for a 
cell, and this is signaled through SecM resulting in the upregulation of the secA gene. 

1.8.3 Functional quaternary state of SecA
 
The quaternary functional state of SecA has been one of the questions that has raised 
controversy in the field. Through crystallography, both monomeric and dimeric structures of 
SecA have been described that differ in conformation and/or dimer interface 37,60,64,65,81,82. It is 
proposed that the native antiparallel dimerization is mediated exclusively by the nucleotide 
binding domains of the two monomers 60. Moreover, SecA is purified from cells in a dimeric 
form while in vitro translocation studies suggested that SecA is functional as a dimer 13,83. 
Mutation-induced monomerization of SecA is associated with a severe loss of activity, but 
can be overcome by high level expression of SecA allowing the formation of dimers at high 
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SecA concentration 14,84,85. To investigate the oligomeric state of SecA in vitro at the single-
molecule level, dual-color fluorescence burst analysis (DCFBA) was employed 86. DCFBA relies 
on the diffusion of particles labeled with two spectrally non-overlapping probes through the 
confocal volume. When these particles are binding partners, a codiffusion through the confocal 
volume is detected as overlapping fluorescent bursts. To address the oligomeric state of SecA 
in solvent, proteins were labeled with two spectrally non-overlapping probes, creating two 
spectral populations of SecA. Titration experiments with the SecA concentration resulted in 
a dissociation curve, indicating a Kd of < 1 nM for SecA dimerization. The affinity of SecA for 
SecYEG was also investigated, and measured to be ~ 4 nM, in line with previous studies 87.  
Based on a cellular concentration of ~ 73 nM, the dimerization constant implies that SecA 
is predominantly dimeric. However, due to the minimalist nature of in vitro assays, it might 
not represent the native state in vivo. Recently, the oligomeric state of SecA was assays in vivo 
under native conditions using super-resolution fluorescence microscopy 80. By calculating the 
number of molecules per focus, by measuring the fluorescence of SecA-Ypet in single foci, the 
dimeric state of SecA was visualized in living cells. These studies revealed that the majority of 
the SecA in these foci is dimeric. Whether dimeric SecA was bound to a translocon or active in 
translocation was not possible to determine using the aforementioned technique. However, the 
oligomeric state of SecA bound to the SecYEG translocon was also studied in vitro using DCFBA. 
Fluorescence ratio between a, in proteoliposomes reconstituted, cross-linked SecA:SecYEG 
construct and a non-crosslinked SecA and reconstituted SecYEG was determined 88. Under 
low salt concentrations, no difference was observed in the fluorescence ratio between the two 
protein conditions. High salt conditions cause monomerization of SecA in solution. The non-
crosslinked SecA was found to bind with the same affinity to SecYEG as the cross-linked SecA 
albeit with a near to 2-fold lower ratio under high salt conditions, indicating the binding of a 
SecA monomer under those conditions.  The combined in vivo and in vitro evidence supports 
the notion that SecA binds SecYEG as a functional dimer. 

1.8.4 Co-localization of the SecA ATPase with the SecYEG translocon

In pursue of observing the dynamical SecA interactions with the SecYEG translocon, a super-
resolution dual-color approach was employed 53. To this end, a strain was constructed bearing 
the SecA-Ypet and paTagRFP-SecE fusion proteins, as a replacement for the respective wild-
type genes. Kymographs were made from the fluorescence of both proteins, which showed 
a high colocalization in time. Additionally, the localization of SecA showed a highly dynamic 
behavior. Single-molecule tracking with a high temporal resolution resulted in trajectories of 
the movement of SecA through a 2D focal plane of the E. coli cytoplasmic membrane. Like 
SecE, diffusion coefficients were calculated using the cumulative probability distribution of 
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the step sizes and different diffusive populations were found. The data indicated that SecA 
displays three different states of mobility, correlating to different states in its catalytic cycle. 
In the first state, SecA diffuses rapidly along the cytoplasmic membrane (~ 2 µm2 s-1). From 
the oligomeric state studies, these particles are presumed to be dimeric. This state possibly 
represents a scanning state of SecA, wherein the SecA is diffuses along the surface until it 
binds to a translocon. This bound state also appears short-lived, and likely at that instances, 
translocation occurs. SecA was also found to be diffusing with a rate indicative for integral 
membrane proteins, possibly the state where SecA bound to a SecYEG translocon. The last 
state SecA was found to be immobile akin to the immobile state of the translocon, and this form 
is presumably engaged with a super complex or holotranslocon as discussed in a previous 
section.
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1.9 The SecDF complex

Figure 6 | Structure and cellular localization of Escherichia coli. (A) Structure of SecDF with the periplasmic 
domain of SecD and SecF indicated with blue and magenta respectively (PDB ID: 3AQP). The SecD and SecF membrane 
domains are indicated with green and yellow, respectively. (B) Visualization of SecF in E. coli cells showing spots of 
higher fluorescence intensity, possibly indicating sites for protein insertion. Scale bar is 1 µm.

1.9.1 Structural insights into the SecDF complex

At the later stages of translocation, another set of Sec accessory proteins aid in the protein 
translocation process initiated by SecA. This concerns the SecDF complex that consists of the 
integral membrane proteins SecD and SecF that in some bacteria form a single fused polypeptide. 
SecDF plays a role in the downstream stages of translocation of secretory proteins as well as 
in membrane protein biogenesis and stabilization of the SecY proteins forming the pore 89–92. 
Structure elucidation showed that the SecDF complex consists of 12 TMDs, 6 TMDs per protein, 
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and 6 periplasmic domains (P1-P6) (Figure 6A) 93,94. Of these domains, P1 (Figure 6A, blue) 
and P4 (Figure 6A, magenta) form distinct (sub)structures of which the base substructures is 
structurally homologous 95. In contrast to P4, P1 has an additional head substructure covalently 
linked to the base by a hinge region. Crystal structures showed that this head domain exists 
in two different conformational states, F and I 95. It has been proposed that these states aid in 
the translocation by interacting with the polypeptide on the periplasmic side of the membrane 
by pulling the polypeptide through the pore through changing the conformational state 95. The 
shift between the different states is possibly promoted by the proton-conducting ability of 
a conserved TMD at the interface of SecD and SecF. This process is dependent on the PMF 
which may be utilized to power the change in state which eventually leads to the complete 
translocation of the mature protein 95. 

1.9.2 Cellular localization of the SecDF complex

Recently, the localization of the SecDF complex was studied using single-molecule super-
resolution microscopy (Figure 6B) 53. A functional fluorescent SecF-Ypet protein was 
constructed by integrating the gene of ypet into the secF locus in E. coli, replacing the wild-
type gene by a fluorescent fusion construct. As expected for a membrane protein, under 
native conditions SecF was detected in the cytoplasmic membrane of E. coli and formed highly 
localized foci. To gain more insights into this localization pattern, the PMF was dissipated with 
the addition of CCCP. Since conformational changes of the SecDF complex depend on a proton 
flux, correct functioning of the complex was presumed to be impaired. Evidence for defective 
SecDF-mediated protein translocation was found in the slight change in localization pattern 
under these impaired conditions to an increase in detections outside of the typical foci under 
native conditions to a more homogeneous distribution through the membrane. This change 
possibly indicates the disassembly of the SecDF complex or loss of interaction with the SecYEG 
complex. Additional evidence to support this hypothesis is the effect of NaN3, as a native 
localization pattern is observed under these impaired SecA-mediated protein translocation 
conditions. 

1.9.3 Cellular concentration of the SecDF complex

The low abundance of SecDF already follows from super-resolution reconstructions of the low 
intensity of the total fluorescence emitted by a single cell 53. Correlating the total emission 
by a single cell to the intensity of a single fluorescent protein, indicates that SecF is indeed 
a low abundant protein with an average of only 64 copies per cell with a range of 23 to 116 
molecules detected for the population. Interestingly, the data obtained using single-molecule 
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counting aligns well with other biochemical and genetic-based assays, indicating a copy 
number of less than 60 SecF copies per cell 94,96. However, QMS indicated a range of 229 and 
532 SecF molecules per cell 97,98. The discrepancy between these techniques and QMS might 
be the use of reference peptides to determine the copy number of another protein. Overall, 
the single-molecule method together with the biochemical and genetic studies indicate a low 
abundance of the SecDF complex. Biochemical assays examining the stoichiometry of the 
holotranslocon suggest that a single SecDF complex associates with the SecYEG translocon 99. 
Recently, this monomeric state was confirmed using a single-molecule microscopy approach 
53. A functional fluorescent SecF-Ypet construct was used to count the molecules per focus. 
As prior to bleaching all the foci comprised single Ypet molecules, the complex is monomeric 
under native conditions in E. coli. Because of the low abundance of the SecDF complex, not all 
SecYEG complexes in the membrane will be engaged with a SecDF complexes at a given time. 

1.9.4 Membrane dynamics of the SecDF complex

Membrane diffusion analysis of the SecF-Ypet construct indicated that this protein diffuses 
in two distinct forms 53. Under native conditions, the majority of molecules (68%) were 
immobile, the remainder of 32% showed an apparent diffusion coefficient comparable to that 
of a membrane protein. Blocking SecA-mediated protein translocation by NaN3 resulted in 
only a slight increase in the immobile population but did not affect the diffusion coefficients. 
Dissipating the PMF had a similar but stronger effect as NaN3, as the immobile population 
increased up to 79% of all the molecules. Apparently, blockage of protein translocation, 
renders the stalled translocons complexed with the SecDF, thereby affecting the dynamics of 
this complex in the cytoplasmic membrane. These data suggest that SecDF complex binds in a 
dynamic manner to the SecYEG translocon consistent with its role in the later stages of protein 

translocation. Thus, the holotranslocon is a dissociable entity that likely forms on demand.



32

1.10 The membrane protein insertase YidC

Figure 7 | Structure and cellular localization of the Escherichia coli YidC insertase. (A) Crystal structure of YidC 
(PDB ID: 3WVF) with the periplasmic domain indicated with blue and membrane and cytosolic domains indicated 
with green. (B) YidC structure rotated 90 degrees, visualizing the hydrophobic groove, which presumably facilitates 
the protein insertion into the cytoplasmic membrane. (C) Visualization of YidC in E. coli cells showing spots of higher 
fluorescence intensity possibly indicating sites for protein insertion. Scale bar is 1 µm.

1.10.1 Structural insights into the YidC insertase

Another protein associated with the SecYEG translocon is a membrane protein insertase from 
the universally conserved YidC/Oxa1/Alb3 protein family, termed YidC. Functional studies 
on YidC suggests that it aids in the folding and quality control of newly inserted membrane 
proteins 100,101. Most of the specific YidC substrates are small integral membrane proteins with 
one or two TMDs, often with one or more polar or charged amino acids residues in a TMD 102,103. 
Therefore, YidC may facilitate membrane insertion of proteins that are difficult to insert by 
SecYEG alone, although the exact molecular basis of substrate specificity remains unresolved. 
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In this respect YidC can act on its own or function in concert with SecYEG (Figure 2 pathway 
indicated by the letter C). In the latter modus operandi, YidC interacts with the SecDF complex 
of the holotranslocon, which probably facilitates the association of YidC to SecYEG 104,105. YidC 
likely associates near the lateral gate of SecY in order to have access to nascent membrane 
protein segments and to aid to their membrane partitioning 106–108. These interactions may 
create a secluded environment in membrane where proteins are inserted. The elucidation of 
the structure of YidC has provided tremendous insights into the mechanisms by membrane 
proteins are inserted into the lipid bilayer (Figure 7A and 7B) 109–112. YidC homologues share 
a highly conserved core, consisting out of five TMDs connected by hydrophilic loops. The only 
major difference is observed in the homologues N-terminal region where YidC homologues 
from Gram-positive bacteria contain a putative lipoprotein signal sequence, which is removed 
by single peptidase II upon membrane insertion, leaving a lipid anchor at the N-terminus 113. 
In contrast, YidC proteins of Gram-negative bacteria contain an additional N-terminal TMD, 
which is followed by a large periplasmic domain 114,115. The highly conserved core of YidC 
proteins consists of five TMDs and forms a globular structure that contains a hydrophobic 
groove between TMD3 and TMD5 in which a conserved charged arginine residue resides. 
This hydrophobic groove is accessible from the cytoplasmic site and presumably facilitates 
the passage of membrane segments from the cytoplasm into the lipid bilayer, where the 
conserved arginine seems to function as a possible selector for insertion. Key insights on 
the YidC structure using X-ray diffraction were obtained from crystals formed in the lipidic 
cubic phase 109–112. This approach, however, is limited to a non-native environment. Recently, 
high-resolution solid-state nuclear magnetic resonance spectroscopy (ssNMR) and electron 
cryotomography (cryoET) techniques were combined to study the structure and function of 
YidC in its native environment 112. These two techniques complement each other limitations 
to obtain high-resolution structural data with dynamical information. Due to the sample 
preparation of cryoET, it can only provide a nanometer scale spatial static snapshot of the 
subject in its native environment, while ssNMR is able to provide bulk dynamical information 
with nanosecond temporal resolution at the Angstrom scale. In pursue of obtaining the YidC 
structure in a native environment, NMR-active nuclei were incorporated into YidC in vivo. 
After isolation of the cell envelopes by gentle cell lysis, samples were subjected to ssNMR. 
NMR spectra of YidC in these native membranes showed a high structural comparison to YidC 
reconstituted into proteoliposomes, however, significant structural differences were found 
between the native and reconstituted environments suggesting different structural dynamics 
of the YidC protein under native and reconstituted conditions. 
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1.10.2 Single-molecule observations of the YidC functional quaternary state, cellular 
localization and concentration

Recent biochemical data and the YidC crystal structures indicate a monomeric functional state 
109–112, although the protein has the tendency to dimerize. To investigate the functional state of 
YidC, FCCS was employed to study the native state of YidC upon interaction with ribosomes 116. 
To this end, solubilized YidC proteins were labeled with two spectrally different fluorophores, 
creating two pools with each one probe. A low cross-correlation for detergent solubilized 
pools of YidC, indicated that under these conditions YidC did not form oligomers, but remained 
predominantly monomeric. To investigate the quaternary state in the presence of translating 
ribosomes, RNC were added to the pool of dual color labeled YidC proteins, but this did not 
cause a significant change in the cross-correlation signal. Likewise, RNCs translating a YidC 
substrate membrane protein were found to bind to nanodiscs containing single YidC proteins, 
further suggest that the monomer is the functional entity 116. 
YidC has recently been visualized in E. coli cells using single-molecule super-resolution 
microscopy (Figure 7C) 53. YidC was fluorescently labeled by integration of the ypet gene into 
the YidC locus, resulting the labeling of the only yidC copy, creating a functional YidC-Ypet 
fusion protein. The population of exponentially growing E. coli cells expressed on average 102 
molecules of YidC per cell and ranged from 15 to 360 molecules per cell in the whole population. 
The copy number obtained in this study is similar to the range found using quantitative mass 
spectrometry, which estimated between 52 to 2030 YidC molecules per cell 98. Reconstructing 
the fluorescence detected of natively expressed YidC-Ypet in exponentially growing E. coli 
cells, indicated a near-perfect homogeneous distribution of YidC through the cytoplasmic 
membrane. Disruption of the PMF or SecA-mediated protein translocation, did not change 
the localization of YidC significantly. Employing in vivo single-particle tracking, indicated that 
particles displayed heterogeneity in diffusion parameters. Remarkably, three distinct diffusion 
coefficients were found comparable to the diffusion coefficients of the SecYEG translocon. 
Two of these diffusion coefficients correspond to slow migrating species, likely representing 
different compositions of the holotranslocon complex, whereas the fast moving species likely 
corresponds to uncomplexed YidC. In line with the SecDF data, this further suggests that the 
holotranslocon is a dissociable entity and resulting in holotranslocons in the membrane with 
different subunit compositions.
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1.11 Single-molecule studies of the molecular chaperone SecB

Figure 8 | Structure of the molecular chaperone SecB and optical tweezer experimental setup. (A) SecB 
quaternary structure (PDB ID: 1QYN) with each monomer indicated with a different color (B) SecB structure rotated 
90 degrees to show the interface of the dimer-of-dimers (C) Experimental optical tweezer setup with maltose-binding 
protein (MBP) tethered between two beads; is held in place on the left by the optical trap, allowing for force detection, 
and is attached on the right to a position-controlled micropipette to exert force on MBP.

1.11.1 Structure of the molecular chaperone SecB

The cytosolic chaperone SecB is a secretion dedicated chaperone that prevents premature 
folding of preproteins in the cytosol while facilitating their targeting to the SecA ATPase 
subunit of the translocon 6,17,117. Although signal sequences play a major role in the targeting 
of preproteins to the translocon, they may also play a role in recruitment of SecB to RNCs. 
It is proposed that SecA recognized and binds specific SecB substrate signal sequences and 
subsequently recruits SecB to the polypeptide 118. This data obtained from ribosome profiling 
extents the current understanding of the SecB catalytic cycle and is in agreement with the 
general knowledge that SecB recognizes and interacts with regions in the mature part of 
preproteins. This feature makes SecB an unique and intriguing chaperone as the substrates 
share no sequence homology apart from a general binding motif consisting of nine charged 
and aromatic amino acid residues. In vivo, SecB highly abundant with a cellular concentration 
between 1.6 and 2.5 µM in E. coli 119. Structural insights into SecB showed a homotetrameric 
structure (Figure 8A and 8B) 120, consisting of a dimer-of-dimers arrangement. Each monomer 
(A-D) is composed of a 4 antiparallel stranded Greek key motif β-sheet and two α-helices 
separated by a helix connecting loop, running along the hydrophobic side of the β-sheet. The 
SecB dimer is formed by a 180° rotation of monomer B with respect to monomer A. Interactions 
between the β1 strands and α1 helices of each monomer facilitate the dimerization, mainly via 
β1 main chain hydrogen bonding of the two dimers. The β1 strands are orientated antiparallel 
forming one large 8-stranded β-sheet. The fully functional chaperone is formed by packing of 
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the α1 helices of the four monomers in between the 8-stranded β-sheets. The homotetramer is 
stabilized by hydrogen bonding via water molecules located at the dimer-dimer interface. This 
kind of hydrogen interaction possibly facilitate a rapid exchange of dimers as the tetrameric 
form is in a dynamic equilibrium with the dimeric form 121. Binding of the substrate is facilitated 
by a groove located between helix α2, strand β2, the crossover loop connecting strand β1 and 
β2 loop and a helix-connecting loop between the strands β3 and β4. The groove consists of two 
peptide binding subdomains. The first an aromatic deep section of the channel called subsite 1 
and the second a more accessible and shallower hydrophobic subsite 2. Together the binding 
subsites form a 70 Å long peptide binding groove on either side of the dimer adding to a total of 
4 protein binding sites in the tetrameric form. The size of the binding grove allows for binding 
of extended peptide segments of approximately 20 residues. Strikingly, it has been shown that 
SecB can bind fragment up to 150 residues, suggesting that an unfolded polypeptide may wrap 
around the tetrameric form thereby regulating the affinity for substrates. Patches of more 
neutral and slightly positively charged surface near subsite 1 and negatively charged residues 
near subsite 2 may act as a selectivity filter, which is in line with an study indicating that 
initially SecB binds substrates via electrostatic interactions whereas subsequent hydrophobic 
interactions result in a condensed complex 122. Moreover, structural insights have indicated a 
high flexibility of the crossover and helix-connecting loops, which is speculated to regulate the 
accessibility or extend of the hydrophobic subsite 1 thereby regulating the substrate specificity 
120. 

1.11.2 Single-molecule observations of the chaperoning function of SecB

The activity of SecB was assayed using a remarkable single-molecule approach 123. To study 
the folding and unfolding pathway of the SecB substrate maltose binding protein (MBP) and 
the influence of SecB on this process, optical tweezers were employed. Originally called single-
beam gradient force traps, commonly known as optical tweezers, are scientific instruments 
used to manipulate dielectric particles attached to the research object using a highly focused 
laser beam called a trap. Application of piconewtons (pN) force to these dielectric particles 
allows for the exertion of a pulling or pushing force on the object of interest. Changes in these 
forces are recorded and give, when exerted on a protein, detailed insights into the folding and 
unfolding forces upon conformational changes. At the basis of the particle manipulation lies 
the fundamental linear and angular momentum properties of light. In a typical setup, an infra-
red laser beam is focused by a high numerical aperture (NA) objective, creating an hour-glass 
shaped Gaussian beam profile. At the narrowest point, a very strong electric field gradient 
forces a particle towards the center of the beam. The dielectric particle, typically a polystyrene 
bead, plays a key role in the positioning as functions as a microscopic lens, refracting the 
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laser light as it exits the bead, resulting in a directional momentum towards the beam center. 
Folding and unfolding events of MBP were assayed using this technique by tethering a MBP 
molecule between two polystyrene beads. By displacement of the micropipette away from a 
static trap a pulling force was applied to MBP, resulting in a force-extension curve. After each 
extension, the micropipette was moved back towards the static trap resulting in a relaxation 
curve. Purified MBP showed a sudden change in this extension curve when a force of 25 pN 
was applied, indicating that the force applied resulting in the unfolding of the MBP protein to a 
linear polypeptide. Interestingly, when the distance between the beads was decreased, hence, 
the pulling force decreased, MBP folded back into the native conformation as evident from a 
second stretching experiment yielding a similar extension curve. Increasing the number of 
MBP moieties in the polypeptide between the polystyrene beads from one to four (4MBP), a 
saw-tooth pattern was observed. Interestingly, the unfolding events remained exactly the same 
as for a single protein, with an average force of 23 pN. However, after allowing for refolding into 
the native conformation, the second extension curve did not result in a similar curve. Instead, 
a sudden change was observed when applying 40 pN. Supposedly, the four MBP molecules 
close together aggregated to a more stable structure instead of refolding into the native 
conformation. The effect of SecB on this construct was assayed by the same experimental 
procedure. When a single MBP molecule was subjected to a pulling force in the presence of 
SecB, an extension curve similar to that in the absence of SecB was obtained with an average 
unfolding force of 24 pN. SecB thus does not influence the unfolding pathway of MBP. However, 
when the pulling force decreased and MBP was allowed to refold into its native conformation, 
the subsequent extension curve followed the path of the relaxation curve. This indicated 
that SecB binds only to the unfolded MBP molecule and prevents its refolding into any stable 
tertiary conformation. Interestingly, 4MBP showed similar extension and relaxation curves as 
a single MBP molecule. Where in the absence of SecB the 4 MBP molecules aggregated, the 
presence of SecB prevents the formation of aggregates. Single-molecule observations allow for 
an incredible detailed analysis. Observed from the force extension curves below 15 pN, small 
intermediate steps were detected prior to the fully unfolding event at approximately 25 pN. 
Using molecular dynamics simulations and a more detailed analysis of extension forces below 
15 pN using optical tweezers, α-helices located at the N and C-terminus were found to unfold 
and refold at near equilibrium forces prior to the unfolding of the core structure of MBP. The 
presence of SecB did not change the dynamics of the refolding of the a-helices indicating that 
SecB does not bind to these regions of MBP but binds to motifs in the core structure of MBP. A 
folding model was formed based on the data obtained from the optical tweezer experiments. 
Firstly, the peptide is compacted to a molten globule state in either the presence or absence 
of SecB, however, the presence of SecB prevents the formation of any tertiary conformations 
maintaining a translocation competent state. Second, once the core of MBP is formed SecB 
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fails to bind and the peptide continues to fold exhibiting similarities with a nucleation-growth 
mode into the native conformation with the N- and C-terminal α-helices folding at the latest 
stages. 
The temporal regulation of SecB binding to nascent substrates remains largely unknown. 
Recently, site-specific cross-linking of SecA to RNC investigated the recruitment of SecA 
and cytosolic chaperones to RNCs 118. Isolation of cross-linked species indicated that SecA 
binds to Sec substrates of at least 100 amino acids longs, more importantly, the binding of 
SecB to nascent chains was depended on the initial binding of SecA, possibly indicating that 
SecA recruits SecB to the nascent chain. Subsequently, the binding of SecB to the nascent 
chain dislocates SecA, possibly freeing the signal sequence for targeting. Once the substrate 
preprotein is bound by SecB, it is targeted to SecA subunit of the holotranslocon. This targeting 
is based on the specific recognition of SecB by the SecA dimer involving the C-termini that 
contain a zinc binding domain 124,125. The binding site for SecA on SecB is located at the dimer 
interface to the solvent exposed highly negative charged region of the β-sheet. Lying opposite 
to the SecA binding site are the essential residues for tetramer stabilization. Therefore, it has 
been postulated that the binding of SecB by SecA may affect the quaternary structure of SecB. 
Such changes indirectly may influence substrate binding and be a crucial step in the transfer 
of the preprotein to SecA. 

1.12 Future outlook on single-molecule techniques to investigate protein biogenesis

Here we have provided an overview of the recent single-molecule insights into the structural 
and mechanistic aspects of the Sec-translocon as well as its cellular distribution and dynamics. 
The Sec-translocon has been studied by a wealth of genetic and biochemical approaches, 
mostly by bulk assays. Importantly, the structural studies have provided the first glimpse 
of the mode of action of a molecular machine that performs a dual function, i.e., vectorial 
translocation across the membrane and lateral integration of membrane proteins into the 
membrane. In this respect, the new developments in cryo-electronmicroscopy will reveal 
the exact organization of the holotranslocon and will image intermediate stages of protein 
translocation and membrane protein insertion. To understand the functional aspects of the 
translocon and the mechanisms involved, the structures have inspired further biochemical 
analysis as well as computational studies to further understand the complex mechanisms 
involved in protein biogenesis. Although molecular dynamics can provide deeper insights 
in local structural dynamics of proteins at very short time scales, it is not possible to mimic 
the entire process over longer time scale. Also most of the biochemical techniques can not 
faithfully explore the dynamics of this process. Many aspects of protein biogenesis are fast or 
transient, which, population averaging in bulk measurements cannot resolve. Our knowledge 
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of single-molecule techniques has increased rapidly during the past decades and are more 
frequently used to study complex biological processes both in vitro and in vivo. Single-molecule 
techniques will therefore increasingly play a larger role in investigating this process leading to 
groundbreaking new insights in the mechanisms and dynamics involved.
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1.13 Scope of the thesis

During the last few decades, the bacterial Sec system has been extensively studied using 
numerous methods and techniques. However, this crucial system with homologues found in 
all kingdoms of life has never been studied at the single molecule level in vivo under native 
conditions. This marks the starting point of the work described in this thesis. The scope of this 
thesis is to develop and implement in vivo single-molecule imaging techniques and methods 
for studying the Sec system in exponentially growing Escherichia coli cells. 

Chapter 1 provides a review on the current knowledge of the bacterial secretion system. The 
review is focused on single-molecule techniques used to elucidate different aspects of the 
mechanism of bacterial protein translocation and membrane protein insertion.

Chapter 2 presents the development of an in vivo single-molecule imaging technique. At the 
basis of this study lies the labeling of the endogenous SecA protein through in frame fusion of 
the ypet gene into the secA locus, resulting in a strain with functional SecA-Ypet fusion proteins 
as sole copy. Our developed imaging and analysis methods resulted in irrefutable evidence 
of the dimeric nature of SecA in cells, and showed a highly dynamic behavior of this protein. 
Moreover, we found evidence of a much lower intracellular SecA concentration then previously 
assumed on the basis of biochemical experimentation. The chapter provides an unifying model 
of the cellular localization and different states of SecA under native conditions.

Chapter 3 is based on the developed techniques and methods in chapter 2. It extents the scope 
to other proteins of the Sec system. This chapter presents the in vivo study of the SecE, SecF and 
YidC proteins, all membrane subunits of the holotranslocon. Here, we visualized for the first 
time the locations of these protein in vivo with high resolution and observed the functional state 
of these proteins under native conditions. By combining two spectrally different fluorescent 
proteins in a single strain, empirical evidence was obtained for the existence of the elusive 
holotranslocon.

Chapter 4 addresses the possibilities of isolating membrane proteins from their endogenous 
environment and measuring diffusional and binding characteristics in a more controllable 
model membrane system. Here, we developed a method of constructing and tracking single 
SecYEG translocation channels in a supported bilayer. Interestingly, we observed similar 
diffusion coefficients in vitro as found in the in vivo setting in chapter 3. Additionally, we 
observed binding of stalled ribosomes containing a translocation substrate.
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Chapter 2
Dynamics of membrane localization of the 
SecA ATPase in E. coli cells

Anne-Bart Seinen, Dian Spakman, Antoine M. van Oijen, Arnold J. M. Driessen
(Submitted)

In bacteria, the SecA ATPase provides the driving force for protein secretion via the SecYEG 
translocon. While the dynamic interplay between SecA and SecYEG in translocation is widely 
appreciated, it is not clear what mechanisms direct the association of SecA with the translocon 
in the crowded cellular environment. We use super-resolution microscopy to directly visualize 
the dynamics of SecA in Escherichia coli at the single-molecule level. We find that SecA is 
predominantly associated with and evenly distributed along the cytoplasmic membrane as a 
homodimer, with only a minor cytosolic fraction. SecA moves along the cell membrane as three 
distinct but interconvertible populations with diffusion constants that suggest a state loosely 
associated with the membrane, an integral membrane form, and association with a large, 
immobile complex. Disruption of the proton-motive-force, which is essential for protein secretion, 
re-localizes a significant portion of SecA to the cytoplasm and results in the transient location of 
SecA at specific locations at the membrane, likely SecYEG translocons stalled in translocation. 
These data support a model in which the membrane acts as a storage location for dimeric SecA 
to facilitate rapid access to the SecYEG translocon.
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2.1 Introduction

Translocation of proteins across membranes is an essential process in all living cells. In bacteria, 
secretory proteins (preproteins) are synthesized at ribosomes in the cytosol, targeted to the 
cytoplasmic membrane by molecular chaperones such as SecB, and translocated across this 
membrane by a conserved secretion (Sec) complex. Its central component is the heterotrimeric 
SecYEG complex, which forms a protein conducting channel in the cytoplasmic membrane 1. 
Ancillary components like the heterotrimeric SecDFyajC complex or the ATPase SecA 2,3 associate 
with the SecYEG translocon to facilitate protein translocation. SecA is a motor protein that utilizes 
ATP to mediate the translocation of unfolded preproteins through the SecYEG channel into the 
periplasm 4, a process that is stimulated by SecDFyajC and the proton motive force (PMF) 5–7. 
 SecA comprises several highly conserved structural and functional domains involved 
in nucleotide and preprotein binding 8–11. Despite these structural insights, the exact molecular 
mechanism by which SecA mediates translocation is still poorly understood. Both monomeric 
and dimeric crystal structures of SecA have been described that differ in conformation 
and/or dimer interface 9,10,12–15. Moreover, SecA is purified from cells in a dimeric form and 
in vitro translocation studies suggested that SecA is functional as a dimer 16,17. Mutation-
induced monomerization of SecA is associated with a severe loss of activity 18–20. Since 
SecA is readily isolated from cellular lysates, a predominant cytosolic localization has been 
suggested 20–23. However, some SecA is tightly bound to the membrane and is only released 
upon urea or carbonate extraction. The latter likely reflects a population of SecA that is bound 
to anionic phospholipids via its amphipathic N-terminus that penetrates the membrane 24. 
The lipid interaction primes SecA for high-affinity binding to SecYEG 25, indicating that the 
lipid-bound SecA is an intermediate in the functional cycle. Furthermore, SecA also binds to 
ribosomes 26 suggesting that there are at least four distinct populations of SecA in the cell. 
 Estimates on the exact number of SecA molecules per cell reported in literature 
vastly differ. By quantitative western-blotting, SecA has been proposed to be present in E. 
coli cells at micro-molar concentrations (5-8 µM) 18,27, which would correspond to 8,000-
13,000 SecA copies per cell. However, proteomic 28,29, ribosome profiling 30 and FACS 
analysis 31 studies suggest that SecA is a low abundance protein, with only 100 to 2000 SecA 
molecules per cell. The estimated number of SecYEG complexes is around 500 8,21,32,33, which 
would be more in par with the lower estimates for SecA. None of these methods, however, 
directly addresses the number of SecA copies per cell nor did they determine the exact 
cellular localization and distribution, the dynamics of localization and the quaternary state.  
 Several studies have addressed the cellular localization of SecA using conventional 
fluorescence microscopy in bacteria, indicating a membrane and cytosolic localization 22,23 . 
However, in recent years, developments in fluorescence microscopy paved the way for single-
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molecule visualization inside living cells. The high spatial and temporal resolution of this 
technique makes it possible to visualize biological processes with great detail and provides 
dynamic information on protein diffusion and localization in its native environment providing 
insights that cannot be gained by conventional fluorescence microscopy. In the present study, 
we used super-resolution fluorescence microscopy to examine the cellular concentration of 
SecA, its localization, its oligomeric state, and the dynamics of localization. By expressing 
functional SecA from its native locus as a fusion to a fluorescent protein marker and visualizing 
its fluorescence by using high-sensitivity fluorescence imaging, we demonstrate that in viable 
cells, SecA is a low abundance dimeric protein that is predominantly membrane-associated 
where it distributes over three distinct diffusional populations. The data support a model in 
which SecA diffuses along the membrane surface to gain access to the SecYEG translocon.

2.2 Results
2.2.1 Super-resolution localization and cellular distribution of the SecA ATPase

To study the cellular distribution of SecA in living E. coli cells, we performed PALM-type super-
resolution imaging at the single-molecule level. To this end, the fluorescent proteins (FPs) Ypet 
and the photo-convertible mEos3.2 were functionally integrated into the genome at the secA 
locus (Figure S1 and S2) yielding C-terminal fusions. We employed this region of SecA as it is 
flexible and directs away from the core structure 12,34,35, while it can be deleted without activity 
loss 36. Furthermore, it was previously used for plasmid-based SecA-GFP fusion expression 23. 
Cells containing the chromosomal SecA-FP fusion constructs were viable with growth kinetics 
similar to the wild-type strain (Figure S2A) which demonstrates the functionality of the SecA-
FP fusion constructs. SecA-FP was expressed at the same levels as native SecA (Figure S2B) 
and no degradation of SecA-Ypet occurred (Figure S2B,C).
Using super-resolution microscopy, the spatial distribution of SecA-Ypet was visualized in single 
cells to a localization accuracy of 10-20 nm, well below the diffraction limit. Reconstructing the 
fluorescent signals of cells grown under native expression conditions showed an enrichment 
of fluorescence at the cytoplasmic membrane (Figure 1A,B). The recorded fluorescence 
and the localized molecules are distributed along the cytoplasmic membrane (Figure 1A,B; 
reconstruction, cross-section profile), indicating that SecA molecules are moving along the 
membrane at a time scale faster than the time needed to obtain all the localization data, but 
slower than the timescale needed for a single image (10 or 30 ms). Small regions with an 
increased detection frequency are observed, and could indicate locations of SecA mediated 
protein translocation. Hardly any cytosolic fluorescence was detected using this technique. 
Whilst reconstructing the fluorescence is an excellent technique for localization, it cannot 
provide information about proteins that are rapidly diffusing in the cytosol. Therefore, cellular 
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fluorescence distribution profiles of an established membrane protein, i.e., LacY-Ypet (Figure 
2B), and a cytosolic reference, Ypet (Figure 2B), were used to deconvolve the SecA fluorescence 
intensity profile (Figure 2A). Deconvolution indicated that the majority of SecA (>90%) is 
associated with the cytoplasmic membrane, implying that the cytosolic pool of SecA is much 
smaller than previously suggested by cell lysis and sub-cellular fractionation.
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Figure 1 | Super-resolution reconstructions and cellular distributions of SecA-Ypet under different conditions. 
(A,B) SecA under native conditions, (C,D) SecA-mediated translocation is blocked by 3 mM NaN3 (E,F) protein 
translocation is impaired due to collapse of the PMF by 50 µM CCCP. (A-F). Visible in the left panels (Z-projection) are 
the results of averaging the fluorescence in the first 7.5 seconds into one image with a single frame acquisition time of 
10 ms (A,C,E) and 30.5 ms (B,D,F). Signals observed in the cytosol are a combination of fast moving cytosolic (auto)
fluorescence and out of focus signals originating from molecules within the cytoplasmic membrane on the axial axis. 
Second panel (Reconstruction), super-resolution reconstruction images showing signal detected at the cytoplasmic 
membrane. 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), a merge of the super-resolution reconstruction with Z-projection to clarify the 
localization of SecA-Ypet. Fourth panel (Cross-section profile), a short axis cross section profile of the normalized 
fluorescence intensity distribution of each cell. Scale bar is 1 µM. 
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To determine if the inhibition of protein translocation affects the SecA localization, E. coli 
cells were treated with sub-lethal concentrations of the PMF uncoupler carbonyl cyanide 
3-chlorophenylhydrazone (CCCP) and the SecA ATPase inhibitor sodium azide (NaN3). 
Reconstructions show little difference in SecA localization when cells are treated with sodium 
azide (Figure 1C,D), which is also evident by a similar deconvolution of the cross-section 
profile (Figure 2A). In contrast, incubation with sublethal CCCP concentrations resulted in 
highly localized foci (Figure 1E,F). This behavior could indicate stalling of translocation due 
to the lack of a PMF and rescue attempts from SecA to recover from this state. Moreover, CCCP 
also induced a re-localization of SecA within the cell, now also showing significant cytosolic 
localization (Figure 2A). Deconvolution confirms a more distinct cytosolic population (~14%).

Figure 2 | Cellular distribution profiles. (A) 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 under native 
conditions (Black dahed line), treatment with 3 mM NaN3 (Green dashed line) and treatment with 50 µM CCCP (Cyan 
dashed lines). (B) Z-projections of the membrane marker LacY-Ypet and cytosolic marker cytosolic Ypet. Plots are the 
result of averaging the fluorescence in the first 10 seconds into one image with a single frame acquisition time of 30 
ms. 

B
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2.2.2 Intracellular concentration of SecA obtained from single cells

Next, we determined the concentration of SecA within individual cells. Here, the single-
molecule intensity of Ypet was determined from fluorescent molecules spatially well separated 
detected in the last seconds prior to complete photobleaching. Due to the stochastic nature of 
bleaching, these molecules are single-molecules and by plotting the calculated intensities in 
distributions, wherein the largest population represent the intensity of a single fluorescence 
molecule (Figure S4). The cellular copy number of SecA was calculated under both native 
and stress conditions by integrating the total cellular fluorescence intensity and dividing this 
number by the single-molecule intensity and the cellular volume. The box-plots in figure 3 
show the combined SecA copy numbers, molecules per µm3 and cell volume under different 
conditions obtained from multiple independent microscopy experiments. When grown under 
native conditions, the majority of the exponentially growing E. coli cells expressed between 
86 and 154 SecA-Ypet molecules (Figure 3, SecA-Ypet box-plot interquartile range (IQR) and 
Table S1). The remaining cells expressed SecA-Ypet in a range of 37 to 336 molecules per cell.  
To minimize the variation due to different cell volumes, the copy number for each cell was 
divided by the volume of that particular cell (Table S1). This procedure resulted in an average 
of 38 SecA molecules per µm3 centered around a range of 30 to 45 SecA molecules per µm3, with 
a minimum and maximum number of 15 to 72 SecA molecules per µm3 (Figure 3, SecA-Ypet 
box-plot IQR and Table S1). To verify the obtained observations with a different fluorophore, 
the green-to-red photo convertible mEos3.2 was used (Figure 3, SecA-mEos3.2). The majority 
of exponentially growing cells, express between 38 and 90 SecA-mEos3.2 molecules (Figure 3, 
SecA-mEos3.2 box-plot IQR and Table S1). The remainder of cells expressed SecA-mEos3.2 in a 
range of 15 to 144 molecules per cell. The decrease, compared to the SecA-Ypet strain, results 
from the photo-conversion efficiency, as not all green fluorescent molecules are switched 
to red upon irradiation. A recent study on photo activation efficiencies showed an average 
conversion for mEos3.2 of 42 ± 9% 37, which is consistent with the discrepancy in the copy 
number between Ypet and mEos3.2. Taken from these results, the copy number of SecA under 
native conditions ranges between ~37 to ~ 336 molecules per cell, corresponding to a cellular 
concentration of approximately 23 to 207 nM (assuming average cell volume 3 µm3).
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Figure 3 | Cellular SecA copy numbers under different conditions. Plotted per condition are the values for each 
individual cell (left, ¯) and corresponding box-plot (right) showing the lower 25% and upper 75% quartile with 
mean indicated by (£). (A) SecA molecules calculated per cell. (B) SecA molecules per cubic micrometer or femtoliter, 
and estimated cell volumes (C). Whiskers indicate the lower 5% and upper 95% fence.

B
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To investigate the effect on the intracellular concentration of SecA by blocking protein 
translocation, cells were either grown in the presence of CCCP or NaN3. When cells were 
grown in the presence of 5 µM CCCP, there was a slight decrease in SecA numbers compared 
to the untreated strain, to a range of 65 to 116 SecA-Ypet molecules per cell (Figure 3, 5 µM 
CCCP box-plot IQR and Table S1). Whilst the lowest detected copy number of 41 is comparable 
to that of the untreated condition, the highest detected number decreased 2-fold to 161 
molecules per cell. Increasing the CCCP concentration to 50 µM significantly affected the 
average cell volume, cells shrank from 3.5 ± 0.1 (S.E.M) to 2.6 ± 0.1 (S.E.M) µm3, while the SecA 
numbers decreased further to a range of 60 to 84 molecules (Figure 3, 50 µM CCCP box-plot 
IQR and Table S1). Moreover, the total spread of molecules per cell decreased significantly 
compared to the untreated condition to a minimum of 20 and a maximum of 126 molecules 
per cell. This decrease in SecA numbers is most likely due to the effect of CCCP on the 
metabolic state of the cell. After 60 minutes of incubation, most CCCP treated cells had lysed.  
Previous reports on the effect of NaN3 on SecA have shown an upregulation via a transcriptional 
feedback by SecM 7. Indeed, a slight increase in SecA concentration to a range of 96 to 158 
molecules per cell was observed when cells were grown in the presence of 500 µM NaN3 (Figure 
3, SecA-Ypet 500 µM NaN3 IQR and Table S1). The overall spread did not change significantly 
compared to untreated cells as the range of the detected copies per cell ranged from 34 to 
324 molecules. However, upregulation was more pronounced when cells were grown in the 
presence of 3 mM NaN3. The range of SecA molecules per cell increased to 96 to 169 (Figure 3, 
SecA-Ypet 3 mM NaN3 IQR and Table S1). Whilst the lowest detected copy number per cell of 
approximately 28 was comparable to untreated cells, the highest detected number increased 
to 384 molecules per cell. Though the upregulation of SecA observed here is weaker than 
reported before using transcriptional reporters, these studies used longer exposure times and 
more severe translocation stresses.

2.2.3 Oligomeric state of SecA in cells

To investigate the oligomeric state of SecA in living cells, the number of molecules per focus 
were determined based on the emitted fluorescence intensity divided by the intensity value 
of a single Ypet molecule. We found that the majority of foci in the SecA-Ypet expressing strain 
initially consist of two molecules as indicated in the heat map by the dark red population (Figure 
4A). The less frequent higher oligomeric states (line plot, green line) seen at this time point 
are caused by the initial high background fluorescence originating from overlapping PSF from 
foci out of the focal plane. Moreover, hardly any fluorescent monomeric species are observed 
at these early stages of bleaching. The total cell fluorescence and number of molecules per foci 
decreases in time due to bleaching, gradually transitioning to single-molecules as indicated 
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by the light blue colors. Also, the foci intensities from the SecA-mEos3.2 expressing strain was 
measured in time (Figure S5A). Due to the photo conversion efficiency, approximately 54% 
of the total mEos3.2 molecules were fluorescent, assuming the copy number obtained from 
the Ypet strain is the total quantity, the chance of observing dimeric foci with mEos3.2 are 
drastically decreased. Calculation of the number of possible combinations of fluorescent and 
bleached molecules, however, confirms the dimeric state of SecA-Ypet (Figure S5). 
Treatment with CCCP has little effect on the oligomeric state of SecA (Figure 4B). In contrast, 
cells treated with 500 µM NaN3 show an increase in oligomers initially and over time (Figure 
4C). Increasing the NaN3 concentration to 3 mM caused a further increase of SecA oligomers 
(Figure 4D). The spread of the oligomeric states is higher and also the bleaching occurs over 
an extended time. This is likely due to the elevated synthesis rate due to the effect of NaN3 on 
the SecA expression, leading to an increased detection of newly synthesized proteins at these 
later time points. Taken together, these observations indicate dimerization as an intrinsic SecA 
protein property in cells, but show that SecA upon NaN3 inhibition aggregates into higher 
membrane-bound oligomers.
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Figure 4 | Oligomeric state of SecA under different conditions subjected to bleaching as a function of time. The 
oligomeric state of SecA-Ypet is presented as a heat map ranging from dark purple (lowest occurrence) to dark red 
(highest occurrence) and line plot for the total count foci with single, double or triple molecules. Initially, under native 
conditions (A), a population around two SecA-FP molecules per focus is observed, indicating the dimeric state of 
SecA. (B) Treatment with 5 µM CCCP did not change the dimeric state, as seen by the hot spot around the 2 molecules 
per focus. Treatment of 500 µM (C) and 3 mM NaN3 (D) increased the SecA expression, as observed by increased 
detections at later time points. Initially, the number of molecules per focus is increased to higher oligomers as a 
result of false-readouts due to this increased copy number. Black contour lines indicate major levels of frequencies as 
indicated by the numbers in the legend.
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2.2.4 Membrane diffusivity of SecA

The motion of the SecA-Ypet molecules along the cytoplasmic membrane is most easily observed 
in kymographs obtained from single cells (Figure 5). For this purpose, the fluorescence of the 
SecA particles along the radial direction of the cytoplasmic membrane are plotted as a function 
of time (Figure 5A). Moving SecA particles in untreated cells appear as erratic diagonal lines in 
the kymograph (Figure 5B), corresponding to a highly dynamic motion along the cytoplasmic 
membrane. The kymograph for cells treated with 3 mM sodium azide did not change 
significantly from the untreated graph (Figure 5C). However, treatment with 50 µM CCCP 
changed the erratic pattern to horizontal lines (Figure 5D), indicating that SecA molecules 
stay or return to the same location in time, which corresponds to the highly localized spots 
observed with the super-resolution reconstructions (Figure 1E,F). A more detailed analysis of 
these locations showed that these foci originate from very short reoccurrences of fluorescence 
(average 4 frames, ~122 ms on average per detection) at the same location over time (Figure 
S3). 

Figure 5 | In vivo motion of SecA at the cytoplasmic membrane. (A) model of a cell outline with polar coordinates 
indicating the radians displayed at the kymographs. (B-D) Kymographs of the SecA-Ypet fluorescence along the 
cytoplasmic membrane under native and treated conditions. Movement of foci along the membrane results in diagonal 
lines where reoccurrences at the same location over time appears as horizontal lines. 

To study the dynamics of SecA motion within cells in more detail, single-particle tracking of 
SecA-YPet molecules was used to calculate diffusion coefficients. The obtained trajectories 
showed that the behavior of the particles differs widely, ranging from highly confined 
movement to diffusion along the cytoplasmic membrane (Figure 6A). Using mean square 
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displacement (MSD) analysis, a diffusion coefficient for SecA-Ypet was obtained by collecting 
tracking data from 24 cells that were imaged with an acquisition time of 10 ms. From the SecA 
MSD data consisting of 450 trajectories we obtain a diffusion coefficient of 0.48 µm2·s-1, which 
corresponds to a diffusion coefficient typical for integral membrane proteins (Table S2) 38–40. 
However, MSD analysis has its limitations as it assumes that each single-molecule behaves 
homogeneous. Therefore, the model cannot account for changes in behavior throughout the 
trajectory, e.g. SecA binds or unbinds the SecYEG translocon. As an alternative approach to 
determining diffusion coefficients, we used the cumulative probability distribution (CPD) of 
step sizes. As the CPD considers each step independently it can account for heterogeneity 
in diffusion but the diffusion coefficients are generalized, e.g. at any given time, a certain 
percentage of molecules diffuse with a certain coefficient. The cumulative probability 
distribution (CPD) is defined as the probability of a molecule staying within an area defined by 
a radius, r, after a given time, τ and provides diffusion data by fitting the cumulative probability 
distribution function (CPF) in Eq. 8 to the CPD curve.

 (Eq. 1)

Tracking SecA molecules in untreated cells, resulted in a CPD curve that was described best 
with a triple exponential CPF model (Eq. 1, Figure 6B), as the residual sum of squares (RSS) did 
not decrease significantly after adding another component (RSS 0.24 ± 0.03 a.u.). Fitting the 
CPD curve to the multi-component CPF in Eq. 1, provided diffusion data for each population (α, 
β, γ) after a given time, τ. Where α, β, γ is the fraction of each population with the constraints 
that the sum of fractions cannot exceed 1, and the experimental localization accuracy σ. The 
lateral diffusion coefficient for each population at each time point (τ) is given by �r2

α,β,γ�. The 
major population of SecA molecules in untreated cells (~51 %) displayed a diffusion coefficient 
of 0.21 µm2 s-1, which is comparable to known diffusion coefficients of integral membrane 
proteins (Figure 6E, SecA and Table S2). Such a diffusion coefficient would be consistent with 
SecA interacting with a membrane protein, possibly the SecYEG translocon which is its high 
affinity binding partner. The second population of SecA molecules (27 %) showed a diffusion 
coefficient of 2.09 µm2 s-1, which is in line with diffusion coefficients of cytosolic proteins (table 
S2). Since the observed SecA signals originate close to the cytoplasmic membrane, this SecA 
population diffuses along the membrane interface. The remainder of the SecA molecules, 23 
%, were immobile – these SecA molecules might be bound to a large complex of the translocon 
and possibly ribosomes during active protein translocation to obtain temporally a negligible 
diffusion coefficient. 
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Figure 6 | In vivo SecA-Ypet trajectories and diffusion curves. (A) Trajectories resulting from in vivo particle 
tracking display diffusion alongside the cytoplasmic membrane as well as static localization. (B-D, CPD, solid black 
line) reveal multiple populations (B-D, single, double and triple exponential CPF models, dashed lines) of different 
diffusion coefficients explaining the observed trajectories. CDP of untreated cells (B) and incubated with 3 mM NaN3 

(C) are best described by a triple exponential CPF model. Indicating three diffusive populations. (D) CDP of cells 
incubated with 50 µM CCCP fits best to a double exponential CPF model, indicating two diffusive populations. (E) 
In vivo SecA-Ypet diffusion coefficients under native and protein secretion impaired conditions. Stacked bar chart 
summarizing the diffusion coefficients obtained from the CPD analysis. Under native conditions and impaired SecA-
mediated protein secretion (+3 mM NaN3), three populations with comparable diffusion coefficients are observed. A 
significant change in the diffusive behavior of SecA is observed with the addition of 50 µM CCCP (+ 50 µM CCCP) as the 
immobile population is not detectable anymore. CPF indicates two populations remain.
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To investigate the effect of an inhibited ATPase activity of SecA on the diffusion coefficients, 
cells were treated with 3 mM NaN3. Similar to untreated cells, step size data of these cells 
was best described by fitting a triple exponential CPF model (Figure 6C, RSS 0.15 ± 0.02 a.u). 
The addition of NaN3 did not affect the diffusion coefficients significantly compared to the 
untreated cells. The largest population of 55 % exhibit a diffusion coefficient of 0.19 µm2 s-1, 
while 21 % had a diffusion coefficient of 2.19 µm2 s-1 and ~24 % were immobile (Figure 6E, 
+ NaN3). However, dissipating the PMF with 50 µM CCCP had a major effect on the diffusion 
of SecA (Figure 6D). The step size data did not fit to a three-component model (RSS 0.93 ± 
1.30 a.u.), but was described best by a double exponential CPF model (RSS 0.98 ± 0.12 a.u.). 
Compared to untreated cells, 52 % of the SecA diffused with a rate of 0.16 µm2 s-1. Where ~48 
% of the molecules showed a diffusion coefficient of 2.20 µm2 s-1 (Figure 6E, + CCCP). The 
lack of an apparent immobile population was striking as the reconstruction and kymographs 
data showed an increase in localization at specific spots. This absence is due to a lack of peak 
detections in consecutive frames, which indicates very short retention times of SecA at the 
sites of immobility discussed before.
 
2.3 Discussion

The ATPase dependent motor protein SecA plays an essential role in protein translocation 
across the cytoplasmic membrane in bacteria. Despite the multitude of structural and 
biochemical data available, little is known about the dynamic behavior of SecA in living cells. 
Previous studies based on biochemical assays postulated that approximately half of the total 
cellular SecA proteins in E. coli are located in the cytosol 20–23. Fluorescence microscopy reports 
suggest that SecA localizes in specific clusters at the cytoplasmic membrane in Bacillus subtilis, 
possibly in the shape of a spiral 23,41. Using Super-resolution imaging in this study indicates that 
under native conditions, SecA is predominantly located at the cytoplasmic membrane where 
it is evenly distributed. Importantly, deconvolving fluorescent signals of a membrane and 
cytosolic protein, revealed that the cytosolic fraction of SecA is very small. The discrepancy 
with the fractionation is likely explained by release of weakly bound SecA from the lipid bilayer 
upon mechanical disruption of cells, resulting in an overestimation of the cytosolic SecA pool. 
Conventional fluorescence microscopy is often limited in spatial and temporal resolution and 
the projected nature of the images prevents an accurate estimate of the cytosolic pool. In the 
present study where short integration times lead to a high temporal resolution, we found 
no evidence for spiral formation of SecA in E. coli. An explanation for the spiral hypothesis 
suggested for Bacillus subtilis could originate from the high mobility of SecA, where a low 
temporal resolution could lead to artifacts caused by fast diffusion SecA molecules 41. A recent 
localization study of SecA in Streptococcus agalactiae localizes SecA predominantly at sites of 
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ongoing peptidoglycan synthesis 42. Super-resolution reconstruction of SecA does not show an 
equivalent situation at corresponding sites in exponentially growing E. coli cells. However, the 
dynamic data in our study are more in line with an immunogold electron microscopy study 
43 using antiserum against SecA showing also an even distribution of SecA in Streptococcus 
pyogenes. Nevertheless, as the latter study was carried out on fixed cells only a static picture of 
a highly mobile protein is obtained.  
To gain more insight into the SecA localization pattern, we disrupted either the SecA ATPase 
activity via NaN3 or blocked protein translocation via the dissipation of the PMF. Addition of 
NaN3 did not change the localization pattern nor the cellular distribution as compared to the 
untreated cells. However, dissipating the PMF resulted in a markedly different localization 
pattern and a partially re-localization of SecA to the cytosol. The even distribution along the 
cytoplasmic membrane was replaced by a more localized pattern. Closer examining of these 
regions with an increased SecA detection, we found that these spots find their existence via 
reoccurrences of SecA molecules returning to the same location with very short retention 
times. We hypothesize that these spots are stalled translocons induced by uncoupling of the 
PMF and at which SecA attempts to rescue from this state by reinitiate a translocation step.
 Widely varying numbers on the cellular concentration of SecA have been reported, 
ranging from 57-1794 as assessed from SecA-LacZ levels 28, proteomics 29 and 
FACS based single cell fluorescence 31, up to a claimed high abundance of 8,000-
13,000 SecA copies per cell as determined using quantitative immunoblots 18,27.  
 Our in vivo single-cell approach yields a range of 37 to 336 molecules per cell with 
an average of 126 molecules per cell. These copy numbers correspond to a concentration of 
23 to 207 nM per cell, which are in line with a single cell FACS 31 and a recent proteomics 
study 29. The numbers here are, however, an order lower compared to a recent ribosome 
profiling study 30. While this study calculates the protein copy number based on the 
translation efficiency and number of transcripts being processed for a complete generation, 
errors may affect the total protein count. Our number might be influenced by a couple of 
factors; firstly, a possible transcription and translation effect due to the fusion construct, 
and secondly, the maturation of the fluorescent protein. These factors would ultimately 
lead to an underestimation of the actual number of SecA molecules per cell. To address 
these aspects, we used two different FPs for copy number determination, which both lead 
to a comparable number of SecA molecules per cell ruling out maturation as a major issue. 
Moreover, a possible effect of the fusion construct on transcription and translation would 
have resulted in different protein levels, but western blots show similar levels of wild-type 
and fusion constructs. Therefore, we conclude that SecA concentrations in the cell are in 
the nanomolar range rather than in the micro molar range. Nanomolar concentrations of 
SecA are much more easy to reconcile with the SecM-based regulatory mechanism of SecA 
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expression than concentrations in the micromolar range. In vitro translocation assays suggest 
that the apparent Km for SecA in translocation is about 100 nM 44. Thus, an increased SecA 
expression as induced by a translocation stress via the SecM regulatory mechanism would 
only stimulate translocation when SecA levels are in the nanomolar range and would have little 
impact when SecA levels are already oversaturating at the upper micromolar concentration.  
 Using the in vivo single-molecule approach, we also addressed the oligomeric state 
of SecA in living cells. Under native conditions, we quantified the cytoplasmic membrane 
associated SecA-Ypet foci, which showed that particles residing at this membrane consisted 
of two molecules. Higher oligomeric states were detected, but in much lower numbers. The 
majority of these higher-order oligomerizations find their origin in overlapping single-
molecule foci, leading to a higher intensity measured. Moreover, the mEos3.2 construct, 
confirmed a dimeric state of SecA. By employing a combinatorial analysis and an estimated 
54% switching efficiency for SecA-mEos3.2 based on the deviation of numbers observed 
SecA-Ypet, only the dimeric state resulted in a maximum number of molecules detectable 
that lies in the range of the SecA-mEos3.2 copy number that was experimentally observed. 
Higher oligomeric states lead to an increase of the observable molecules, which would be 
too close to the detected copy number of SecA-Ypet. Therefore, we conclude that SecA is a 
homodimer associated with the cytoplasmic membrane. This contrasts an early in vitro 
report where a dissociation constant Kd of 0.1 µM was reported for SecA in solution based on 
gel filtration 45, but is in line with the Kd of 0.74 nM estimated in a single-molecule study 44. 
 The diffusion coefficients obtained from the particle tracking revealed a highly 
dynamic nature of SecA under native conditions in cells. By using the cumulative probability 
distribution of step sizes we found three distinct but interconvertible diffusive populations. 
The majority of the SecA diffused with rates corresponding to those of integral membrane 
proteins (Table S2), representing a subset of SecA molecules possibly bound to SecYEG or the 
holotranslocon (Figure 5E). The second population of SecA displayed diffusion coefficients 
corresponding to that of cytosolic proteins. This population of molecules is a subset loosely 
bound to the cytoplasmic membrane and likely “scans” the membrane to bind to SecYEG once 
loaded with a substrate protein (Figure 7E). The last population showed to be temporarily 
immobile. These SecA molecules are bound to a very large structure, likely representing the 
active (holo)translocon as this population disappeared when translocation is blocked with 
uncoupler. Remarkably, under those conditions, SecA repeatedly but transiently localized to 
the same spots at the cytosolic membrane, possibly attempting to complete translocation that 
is interrupted by the loss of the proton-motive force. However, the retention time at those sites 
is too short to yield a significant immobile population.
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Figure 7 | Explanatory model of SecA diffusive populations in living cells. SecA (Green), SecYEG (Orange), YidC 
(Red), and SecDF (Blue). Based on known literature and the data presented in this paper, we propose that SecA can be 
found three distinct states. 
The first, a lipid-bound state, SecA is associated at the cytoplasmic membrane in a “scanning” state, diffusing rapidly 
over the membrane, possibly looking for substrates to translocate. Although we cannot exclude a very small cytosolic 
pool of SecA, we propose that SecA is predominantly associated with the cytoplasmic membrane of E. coli. 
The second, a translocon-bound state, based on the diffusion data obtained here, SecA exhibit a diffusion coefficient of 
a membrane protein. Since SecA does not poses the characteristics of a membrane protein, we propose dimeric SecA 
associated with the translocon in a resting state or in a state where it is engaged in protein translocation. 
The third state, a holotranslocon-bound state, the significant immobile population of SecA discovered by single-
particle tracking indicates that SecA is bound to a large protein complex. We believe the only known interaction 
complex large enough to cause such an effect is the holotranslocon.

In summary, by employing the power of super-resolution microscopy on E. coli cells, we 
were able to gain new insights into the cellular distribution, concentration, oligomeric state 
and diffusional behavior of the essential SecA ATPase in vivo. Our current findings provide a 
deeper insight into the dynamics of SecA in living cells and will help to obtain a more detailed 
molecular understanding of the protein translocation process.

2.4 Materials and Methods
2.4.1 Compounds, bacterial strain 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®. 
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2.4.1.1 Bacterial cultivation

Table S3 lists the strains used in this study. Escherichia coli K-12 MG1655 was used as a host 
for the homologous recombination 46 and subsequent microscopic analysis. E. coli strains were 
grown at 30 °C or 37 °C in Lysogeny-Bertani (LB) 47, SOB 48or MOPS EZ rich defined 49 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™ 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 by diluting the overnight 
culture 300-fold 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 and 
imaged at OD600 ~0.3 to ~0.6. To disrupt the protein translocation process, cultures were 
incubated for 30 minutes with the appropriate inhibitor. SecA-mediated protein translocation 
was blocked using either 500 µM or 3 mM NaN3. While blocking protein translocation by 
dissipation of the PMF was achieved via the addition of 5 or 50 µM CCCP. 
 
2.4.2 Construction of the genomic SecA fusion with fluorescent proteins

Table S1 lists the plasmids and primers used in this study. A template plasmid for the mEos3.2 
integration fragment was built by ligation of the genes of mEos3.2 and chloramphenicol into the 
pUC18 vector. In short, Phusion DNA polymerase was used in combination with primers ABS76 
and ABS77 to amplify the mEos3.2 gene (753 bp) from pBAD mEos3.2 TEV His10 plasmid and 
in combination with ABS78 and ABS79 to amplify the chloramphenicol gene (877bp) from 
pBAD18 camR plasmid. The resulting amplicons were purified from a 1% agarose gel, digested 
with AvaI and BamHI (mEos3.2) or BamHI and HincII (chloramphenicol). The amplicons were 
then cloned into the corresponding sites of pUC18, resulting in pUC18 mEos3.2 camR. 
Integration of the yellow protein of electron transfer (Ypet; λex = 517nm, λem = 530nm 50) or the 
improved photo convertible monomeric Eos3.2 (mEos3.2; Green: λex = 506nm, λem = 519nm. Red: 
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λex = 573nm, λem = 584nm 51 ) gene downstream of the secA gene via homologous recombination 
as described by Datsenko and Wanner 46. In short, using Phire DNA polymerase with primers 
sets ABS45 & ABS46 and ABS70 & ABS71, for Ypet and mEos3.2 respectively, 1905 bp and 1649 
bp linear DNA integration fragments were obtained. These fragments consisted of a sequence 
coding for a 14 amino acids long unstructured protein linker followed by the genes of Ypet or 
meos3.2 and kanamycin or chloramphenicol resistance. 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 secA omitting the stop codon to create a translational 
linked fusion protein, whereas the 3’ was homologous to the 50 nucleotides downstream of the 
secA gene. The integration fragment was gel purified prior to electroporation into competent 
lambda Red containing E. coli MG1655 cells. After multiple successive screening rounds using 
primer sets ABS47 & ABS61 (Ypet) and ABS82 & ABS83 (mEos3.2), positive clones were send 
for sequencing for verification of correct genomic integration using primers ABS82 & ABS83. 

2.4.3 Immunodetection of SecA-Ypet fusion protein

For verification of the presence of a SecA-Ypet fusion protein 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. 
Immunodetection was carried out with polyclonal anti-SecA antibodies (anti-rabbit, 1:20,000 
in PBST + 0.2% I-block) or monoclonal anti-GFP (anti-mouse, 1:2000 in PBST + 0.2% I-block) 
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 (FujiFilm, Inc.).

2.4.4 Microscope experimental set-up

In-vivo microscopy measurements were performed at 37 °C on an Olympus IX-81 microscope 
equipped with an automated z-drift compensator and a 100x total internal reflection fluorescence 
(TIRF) objective (UApoN, NA 1.49 (oil), (Olympus, Center Valley, PA) set to epi-illumination (ϴ > 
ϴc). Imaging of the molecules was carried out in a mid-cell focal plane, which was autocorrected 
for z-drift during acquisition. 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 was accomplished 
by photo converting mEos3.2 from green to red emission by exciting molecules for 5 seconds 
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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. Fluorescent emissions were detected after passage through an 
emission filter (Ypet; emission filter: 540/30 and mEos3.2; emission filter: 645/75 (Chroma, 
Bellows Falls, VT)). Frames 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 and 100 frames·second-1 for kymograph analysis and single particle tracking.  
 To optimize the bacterial cell conditions during microscopy, e.g. provide enough 
oxygen for proper maturation of the fluorescent proteins and maintain exponential growth, 
all experiments were carried out in homebuilt flow cells. High precision coverslips (75 x 25 x 
0.17 mm) were functionalized with 3-aminopropyltriethoxysilane (APTES, Sigma) to enable 
non-toxic cell adherence 52. In short, coverslips were sonicated in 5M KOH for 45 minutes at 
30°C. After thorough rinsing with double-distilled H2O (ddH2O), the slides were dried for 30 
minutes at 110°C. Next, the coverslips were plasma cleaned (PE-50, Plasma Etch, Inc) for 10 
min and directly after, incubated in 2% APTES (v/v) in acetone. These functionalized coverslips 
were stored under vacuum in a desiccator to slow down the silane degradation. Prior to each 
microscopy experiment, a channel was fixed and capped by a plasma cleaned object slide 
containing inlet and outlet tubes. Synchronized cells growing mid-exponentially were flushed 
through and after a short settling time, oxygen rich EZ-glucose medium was flowed through 
the flow cell at 30 µL·min-1 after which fluorescence acquisition was started. For impaired 
protein translocation conditions, appropriate concentrations of NaN3 or CCCP was added to 
the EZ-glucose medium to prevent cells from recovering from the impaired state.

2.4.5 Data analysis
 
Data obtained from the microscope measurements were analysed with ImageJ v1.48 using 
built-in and purpose-built plugins. Movies were corrected for electronic offset and background 
fluorescence prior to analysis. Cells were selected using ROIs obtained by the built-in 
“Threshold” function manually adjusted for best cell selection. To visualize the boundaries of 
the bacterial cell, fluorescence intensities of the first 7.5 seconds were averaged and plotted 
as a single image using the built-in function “Z-project” of ImageJ. For super-resolution 
reconstructions, cellular distribution, copy number determination, foci intensity and single 
particle tracking, the purpose-built plugin SURREAL was used. Cell volumes were calculated 
using the conventional rod-shaped bacterium model 53. Data was visualized using OriginPro 
v9.1 (OriginLab Corp.) or MATLAB R2016b (MathWorks Inc.). 
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2.4.5.1 Peak detection

When emission light from a fluorescent protein is recorded by an EMCCD camera, the resulting 
signal has a certain point-spread function (PSF) which can be defined by a symmetrical 
Gaussian function given by:

    (Eq. 2)

Where A is the amplitude,  x0 and y0   the centroid coordinates of the peak and s the symmetrical 
spread of the signal. To detect SecA beyond the diffraction limit, images were processed using 
a discoidal averaging filter with an inner and outer radius of respectively 1 and 3 pixels 54. 
Subsequently, local maxima were selected on a minimal distance between peaks of 3 pixels 
and a minimal intensity using a dynamic threshold defined as x̅ + n * s , where n is indicated 
in the text, peaks not fulfilling this criteria were discarded. Next, a two-dimensional Gaussian 
model (Eq. 2) was fitted to each PSF on the original unprocessed image by minimizing the 
sum of squares of the residuals by means of the Levenberg-Marquardt algorithm 55,56. The 
resulting Gaussian model gave the amplitude, sub-pixel coordinates, symmetrical spread and 
localization accuracy of the peak positions for each frame. 

2.4.5.2 Super-resolution reconstruction and cellular distribution of the SecA ATPase

To create a super-resolution image of SecA, local maxima were detected using a threshold of 
n = 2. A normalized Gaussian distribution with a standard deviation equal to the localization 
error for each fitted peak was plotted in a color-coded image to obtain a super-resolution 
reconstruction. Here the red colors indicate a low localization accuracy and/or frequency and 
white indicates a high localization accuracy and/or frequency. 
The specific localization of a membrane or cytosolic protein results in a typical short-axis 
cross section profile, which can be used as compartmental markers to deconvolve a profile 
of interest following Eq. 3. Rewriting this formula to Eq. 4, we obtain a function of which the 
outcome is the cytosolic weighing factor by which we can determine the profile of interest’s 
cellular distribution. To determine the cellular distribution of SecA, fluorescence signals from 
an image sequence spanning the first 7.5 seconds were averaged and a short-axis cross section 
was created for bacteria expressing either the lactose transporter LacY fused to eYFP as an 
inner membrane protein (IMP), Ypet as cytosolic marker (CP) or SecA-Ypet. Cross-section 
data of 20 cells per data set were averaged and normalized to a maximum of 1. The resulting 
averaged cross-section profiles were used in Eq. 4 to deconvolve the SecA profile to obtain the 
distribution ratios of SecA, e.g. α, cytosolic, and β, membrane bound fractions.
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(Eq. 3)

 (Eq. 4)

2.4.5.3 In vivo concentration of SecA

For determining single fluorophore intensities, a purpose-built plugin was used. Measuring 
single fluorophore intensities started when fluorescent molecules were spatially well separated, 
e.g. frames 100-1000, to minimize errors in determining the intensity. Local maxima were 
detected using the ImageJ built-in “Find maxima” function with a fixed minimal noise tolerance 
based on the intensities observed in the last frames. Signals passing the tolerance threshold 
were selected with a radius of 2 pixels from the centroid. Foci fulfilling the criteria were fitted 
with a 2D Gaussian using Eq. 2, best fitting parameters were obtained by minimizing the sum 
of squares of the residuals by means of the Levenberg-Marquardt algorithm. Subsequent fitting 
data was filtered on a minimal adjusted R2 above 0.75, to obtain fluorescence intensity data 
from in focus fluorophores. Next, amplitudes and point-spread functions (PSF) of the filtered 
data were used in Eq. 5 to calculate the single-molecule integrated Gaussian intensity. Average 
single-molecule intensities were obtained by plotting the calculated integrated Gaussian 
intensities in distributions with a bin size (W) obtained from Eq. 6 57. Fitting a Gaussian 
function to the distribution resulted in a centroid value representing the raw integrated grey 
value of a single Ypet or mEos3.2 molecule. Excitation of the fluorophores by epi-illumination 
(ϴ > ϴc) with a high-power density resulted in fluorescence emission from all the mature Ypet 
or mEos3.2 molecules. This value, representing the total quantity of SecA molecules per cell, 
was divided by the integrated grey value of a single Ypet or mEos3.2 molecule, resulting in the 
calculated SecA copy number per cell or when divided by the cell volume in SecA copy number 
per femtoliter.                 

(Eq. 5)

       (Eq. 6)
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2.4.5.4 Oligomeric state of SecA in cells

For determining the oligomeric state of SecA in living cells, foci were detected using a similar 
approach as described in the peak detection section. Only here, not a dynamic threshold was 
used instead a fixed grey value was chosen based on the fluorescence intensities of molecules 
in the last frames. The obtained sub-pixel coordinates were used to create a selection with a 
radius of 2 pixels from the centroid, where from the raw integrated density was calculated 
and divided by the integrated Gaussian intensity of a single-molecule yielding the number of 
molecules per focus.

2.4.5.5 Membrane diffusivity of SecA

For kymograph analysis, frames were filtered with a discoidal filter to increase the SNR. Next, 
a manual selection of the membrane was made based on an average fluorescence z-projection. 
This selection was applied to the SNR enhanced movie, after which the membrane on each frame 
was straightened using the built-in function “Straighten” of ImageJ. The resulting straightened 
cell membrane consisted of a certain length and width in pixels. For each frame and pixel along 
the length of membrane, the intensities of the corresponding pixels in width were averaged 
and subsequently plotted in the kymograph. Since not all cells are of the same length, polar 
coordinates between 0 and 2π were used to simplify the location in the membrane. 
To study the diffusive behavior of SecA, particles were detected using a dynamic threshold 
value of n = 5. The fitting data was filtered on a minimal adjusted R2 exceeding 0.2, where after 
the coordinates were used in particle tracking by linking two particles located nearest to each 
other in consecutive frames. A maximum step size constraint of 6 pixels was used to prevent 
linkage of particles too far apart to be the same. The resulting step size based trajectory data 
was used in MSD analysis and as input for a purpose-built MATLAB script for calculation of 
the cumulative probability distribution (CPD) of step sizes. To obtain a MSD based diffusion 
coefficient with the highest accuracy possible, only the first four data points were fitted using 
the Brownian motion model Eq. 7 to describe the observed movement.

(Eq. 7)

Where n is the number of dimensions and D the diffusion coefficient for each time point (τ).  
Heterogeneity in the diffusion behavior of the particles tracked, was analysed by the CPD of the 
step sizes. The CPD is defined as the probability of a molecule staying within an area defined 
by a radius, r, after a given time, τ. Step size data obtained from high temporal resolution 
measurements of single cells was aggregated, of which a probability density function (PDF) 
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was created based on a 1 nm bin size. Normalizing the PDF results in the CPD, to which the 
cumulative probability distribution function (CPF) was fitted. Homogeneous diffusion particles 
can be described by a single exponential CPF (Eq. 8). The diffusion coefficient is defined as D 
and is influenced by the localization accuracy σ. 

(Eq. 8)

The experimental localization accuracy σ was determined for the mean X and Y localization 
errors, parameters resulting from the Levenberg-Marquardt LSF algorithm. Experimental 
obtained step size data with high temporal resolution was fitted to a single, double, triple and 
quadruple exponential CPF model. The goodness-of-fit was determined for each 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 from the slope using Eq. 7 
by plotting the obtained MSD values as a function of time.

Acknowledgments

We would like to thank Michiel Punter, Harshad Ghodke, Andrew Robinson, Nadine 
Bredehorn, Victor Krasnikov and Jan-Pieter van den Berg for their technical assistance and 
valuable discussions. This work was supported by the foundation of life sciences with support 
of the Netherlands organization of scientific research (NWO-ALW) and by Stichting voor 
Fundamenteel Onderzoek der Materie (FOM).

Author contribution statement

A.B.S., A.O. and A.D. conceived and designed the research. D. S. performed the strain construction 
and characterization. A.B.S. performed strain construction and characterization, all fluorescent 
experiments and carried out the data analysis. The work was supervised by A.O. and A.D. The 
manuscript was written by the contributions of all the authors.

Competing interests

The authors declare that the research was conducted in absence of any commercial or financial 
relationships that could be construed as a potential conflict of interest.



76

References

1. Brundage, L., Hendrick, J. P., Schiebel, E., Driessen,  a. J. M. & Wickner, W. The purified 
E. coli integral membrane protein SecY/E is sufficient for reconstitution of SecA-
dependent precursor protein translocation. Cell 62, 649–657 (1990).

2. Duong, F. & Wickner, W. The SecDFyajC domain of preprotein translocase controls 
preprotein movement by regulating SecA membrane cycling. EMBO J. 16, 4871–4879 
(1997).

3. Tsukazaki, T. et al. Structure and function of a membrane component SecDF that 
enhances protein export. Nature 474, 235–8 (2011).

4. Schiebel, E., Driessen, A. J. M., Hartl, F. U. & Wickner, W. H+ and ATP function at different 
steps of the catalytic cycle of preprotein translocase. Cell 64, 927–939 (1991).

5. Yamada, H., Matsuyama, S., Tokuda, H. & Mizushima, S. A high concentration of SecA 
allows proton motive force-independent translocation of a model secretory protein 
into Escherichia coli membrane vesicles. J. Biol. Chem. 264, 18577–18581 (1989).

6. Driessen, A. J. M. Precursor protein translocation by the Escherichia coli translocase is 
directed by the protonmotive force. EMBO J. 11, 847–853 (1992).

7. Oliver, D. B., Cabelli, R. J., Dolan, K. M. & Jarosik, G. P. Azide-resistant mutants of 
Escherichia coli alter the SecA protein, an azide-sensitive component of the protein 
export machinery. Proc. Natl. Acad. Sci. U. S. A. 87, 8227–31 (1990).

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

9. Osborne, A. R., Clemons, W. M. & Rapoport, T. A. A large conformational change of the 
translocation ATPase SecA. Proc. Natl. Acad. Sci. U. S. A. 101, 10937–42 (2004).

10. Hunt, J. F. Nucleotide Control of Interdomain Interactions in the Conformational 
Reaction Cycle of SecA. Science (80-. ). 297, 2018–2026 (2002).

11. Vrontou, E. & Economou, A. Structure and function of SecA, the preprotein translocase 
nanomotor. Biochim. Biophys. Acta - Mol. Cell Res. 1694, 67–80 (2004).

12. Papanikolau, Y. et al. Structure of Dimeric SecA, the Escherichia coli Preprotein 
Translocase Motor. J. Mol. Biol. 366, 1545–1557 (2007).

13. Zimmer, J., Nam, Y. & Rapoport, T. A. Structure of a complex of the ATPase SecA and the 
protein-translocation channel. Nature 455, 936–43 (2008).

14. Vassylyev, D. G. et al. Crystal Structure of the Translocation ATPase SecA from Thermus 
thermophilus Reveals a Parallel, Head-to-Head Dimer. J. Mol. Biol. 364, 248–258 
(2006).



77

2

 
D

ynam
ics of m

em
brane localization of the SecA

 ATPase in E. coli cells

15. Zimmer, J., Li, W. & Rapoport, T. A. A Novel Dimer Interface and Conformational Changes 
Revealed by an X-ray Structure of B. subtilis SecA. J. Mol. Biol. 364, 259–265 (2006).

16. Driessen,  a J. SecA, the peripheral subunit of the Escherichia coli precursor protein 
translocase, is functional as a dimer. Biochemistry 32, 13190–13197 (1993).

17. De Keyzer, J. et al. Covalently dimerized SecA is functional in protein translocation. J. 
Biol. Chem. 280, 35255–35260 (2005).

18. Or, E., Navon, A. & Rapoport, T. Dissociation of the dimeric SecA ATPase during protein 
translocation across the bacterial membrane. EMBO J. 21, 4470–4479 (2002).

19. Randall, L. L. et al. Asymmetric binding between SecA and SecB two symmetric proteins: 
Implications for function in export. J. Mol. Biol. 348, 479–489 (2005).

20. Jilaveanu, L. B., Zito, C. R. & Oliver, D. Dimeric SecA is essential for protein translocation. 
Proc. Natl. Acad. Sci. U. S. A. 102, 7511–6 (2005).

21. Cabelli, R. J., Dolan, K. M., Qian, L. & Oliver, D. B. Characterization of membrane-
associated and soluble states of SecA protein from wild-type and secA51(Ts) mutant 
strains of Escherichia coli. J. Biol. Chem. 266, 24420–24427 (1991).

22. Adachi, S., Murakawa, Y. & Hiraga, S. Dynamic nature of SecA and its associated proteins 
in Escherichia coli. Front. Microbiol. 6, 75 (2015).

23. Campo, N. et al. Subcellular sites for bacterial protein export. Mol. Microbiol. 53, 1583–
1599 (2004).

24. Bauer, B. W., Shemesh, T., Chen, Y. & Rapoport, T. A. A “Push and Slide” Mechanism 
Allows Sequence-Insensitive Translocation of Secretory Proteins by the SecA ATPase. 
Cell 157, 1416–1429 (2014).

25. Koch, S. et al. Lipids activate SecA for high affinity binding to the SecYEG complex. J. 
Biol. Chem. 291, 22534–22543 (2016).

26. Huber, D. et al. SecA cotranslationally interacts with nascent substrate proteins in vivo. 
J. Bacteriol. 199, JB.00622-16 (2016).

27. Akita, M., Shinkai, A., Matsuyama, S. ichi & Mizushima, S. SecA, an essential component 
of the secretory machinery of Escherichia coli, exists as homodimer. Biochem. Biophys. 
Res. Commun. 174, 211–216 (1991).

28. Oliver, D. B. & Beckwith, J. Regulation of a Membrane Component Protein Secretion in 
Escherichia coli Required for. Cell 30, 311–319 (1982).

29. Schmidt, A. et al. The quantitative and condition-dependent Escherichia coli proteome. 
Nat. Biotechnol. 34, 104–110 (2015).

30. Li, G.-W. W., Burkhardt, D., Gross, C. & Weissman, J. S. Quantifying absolute protein 
synthesis rates reveals principles underlying allocation of cellular resources. Cell 157, 



78

624–35 (2014).

31. Taniguchi, Y. et al. Quantifying E. coli proteome and transcriptome with single-molecule 
sensitivity in single cells. Science 329, 533–8 (2010).

32. Eser, M. & Ehrmann, M. SecA-dependent quality control of intracellular protein 
localization. Proc. Natl. Acad. Sci. 100, 13231–13234 (2003).

33. Nouwen, N., Berrelkamp, G. & Driessen, A. J. M. Bacterial Sec-translocase Unfolds and 
Translocates a Class of Folded Protein Domains. J. Mol. Biol. 372, 422–433 (2007).

34. van Wely, K. H. M., Swaving, J., Klein, M., Freudl, R. & Driessen, A. J. M. The carboxyl 
terminus of the Bacillus subtilis SecA is dispensable for protein secretion and viability. 
Microbiology 146, 2573–2581 (2000).

35. Singh, R. et al. Cryo-electron microscopic structure of SecA protein bound to the 70S 
ribosome. J. Biol. Chem. 289, 7190–7199 (2014).

36. Breukink, E. et al. The C terminus of SecA is involved in both lipid binding and SecB 
binding. J. Biol. Chem. 270, 7902–7907 (1995).

37. Durisic, N., Laparra-Cuervo, L., Sandoval-Álvarez, A., Borbely, J. S. & Lakadamyali, M. 
Single-molecule evaluation of fluorescent protein photoactivation efficiency using an 
in vivo nanotemplate. Nat. Methods 11, 156–62 (2014).

38. Mullineaux, C. W., Nenninger, A., Ray, N. & Robinson, C. Diffusion of green fluorescent 
protein in three cell environments in Escherichia coli. J. Bacteriol. 188, 3442–3448 
(2006).

39. Fukuoka, H., Sowa, Y., Kojima, S., Ishijima, A. & Homma, M. Visualization of Functional 
Rotor Proteins of the Bacterial Flagellar Motor in the Cell Membrane. J. Mol. Biol. 367, 
692–701 (2007).

40. Leake, M. C. et al. Variable stoichiometry of the TatA component of the twin-arginine 
protein transport system observed by in vivo single-molecule imaging. Proc. Natl. Acad. 
Sci. U. S. A. 105, 15376–81 (2008).

41. Dajkovic, A., Hinde, E., MacKichan, C. & Carballido-Lopez, R. Dynamic organization of 
SecA and SecY secretion complexes in the B. subtilis membrane. PLoS One 11, e0157899 
(2016).

42. Brega, S., Caliot, E., Trieu-Cuot, P. & Dramsi, S. SecA localization and SecA-dependent 
secretion occurs at new division septa in group B Streptococcus. PLoS One 8, e65832 
(2013).

43. Carlsson, F. et al. Signal sequence directs localized secretion of bacterial surface 
proteins. Nature 442, 943–6 (2006).

44. Kusters, I. et al. Quaternary structure of SecA in solution and bound to SecYEG probed 



79

2

 
D

ynam
ics of m

em
brane localization of the SecA

 ATPase in E. coli cells

at the single molecule level. Structure 19, 430–439 (2011).

45. Woodbury, R. L., Hardy, S. J. S. & Randall, L. L. Complex behavior in solution of 
homodimeric SecA. Protein Sci. 11, 875–82 (2002).

46. Datsenko, K. a & Wanner, B. L. One-step inactivation of chromosomal genes in 
Escherichia coli K-12 using PCR products. Proc. Natl. Acad. Sci. U. S. A. 97, 6640–6645 
(2000).

47. Bertani, G. Studies on lysogenesis. I. The mode of phage liberation by lysogenic 
Escherichia coli. J. Bacteriol. 62, 293–300 (1951).

48. Hanahan, D. Studies on transformation of Escherichia coli with plasmids. J. Mol. Biol. 
166, 557–580 (1983).

49. Neidhardt, F. C., Bloch, P. L. & Smith, D. F. Culture medium for enterobacteria. TL  - 119. 
J. Bacteriol. 119 VN-, 736–747 (1974).

50. Nguyen, A. W. & Daugherty, P. S. Evolutionary optimization of fluorescent proteins for 
intracellular FRET. Nat. Biotechnol. 23, 355–360 (2005).

51. Zhang, M. et al. Rational design of true monomeric and bright photoactivatable 
fluorescent proteins. Nat. Methods 9, 727–729 (2012).

52. Sharma, S. & Conrad, J. C. Attachment from flow of Escherichia coli bacteria onto 
silanized glass substrates. Langmuir 30, 11147–11155 (2014).

53. Baldwin, W. W. & Bankston, P. W. Measurement of live bacteria by Nomarski interference 
microscopy and stereologic methods as tested with macroscopic rod-shaped models. 
Appl. Environ. Microbiol. 54, 105–109 (1988).

54. Hedde, P. N., Fuchs, J., Oswald, F., Wiedenmann, J. & Nienhaus, G. U. Online image analysis 
software for photoactivation localization microscopy. Nat. Methods 6, 689–690 (2009).

55. Levenberg, K. a Method for the Solution of Certain Non – Linear Problems in Least 
Squares. Q. Appl. Math. 2, 164–168 (1944).

56. Marquardt, D. W. An Algorithm for Least-Squares Estimation of Nonlinear Parameters. 
Journal of the Society for Industrial and Applied Mathematics 11, 431–441 (1963).

57. Scott, D. W. On optimal and data-based histograms. Biometrika 66, 605–610 (1979).

58. Kumar, M., Mommer, M. S. & Sourjik, V. Mobility of cytoplasmic, membrane, and DNA-
binding proteins in Escherichia coli. Biophys. J. 98, 552–559 (2010).

59. Oswald, F., Varadarajan, A., Lill, H., Peterman, E. J. G. & Bollen, Y. J. M. MreB-Dependent 
Organization of the E. coli Cytoplasmic Membrane Controls Membrane Protein 
Diffusion. Biophys. J. 110, 1139–49 (2016).



80

Supplementary tables and figures

Table S1 | SecA cellular copy number ranges under native and stressed conditions

Strain Q1 Q3

Lowest 
detected 

copies per 
cell

Highest 
detected 

copies per 
cell

Cell 
volume 
(µm³)

Average 
copy 

number 
per cell

Average 
molecules 

per µm³
 n

SecA-Ypet 86 154 37 336 3.51 126 38 255

+ 5 µM CCCP 65 116 41 161 3.23 93 29 20

+ 50 µM CCCP 60 84 20 126 2.62 73 28 72

+ 500 µM NaN3 96 158 34 324 3.21 135 46 95

+ 3 mM NaN3 96 169 28 384 2.86 141 51 122

SecA-mEos3.2 38 90 15 144 3.53 64 16 102
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Table S2 | Diffusion data of cytosolic and membrane(-bound) proteins and probes.

Protein/Lipid dye
MM*
(kDa)

TM
domains

Radius
(nm)

Diffusion
Coefficient

(µm2 s-1)

Fraction
(%)

Reference

Cytosolic:

eYFP 26.7 - 3-4 7.08±0.32 58

Crr-YFP 45.0 - - 2.03±0.05 58

HtpG-YFP 198.0 - - 1.65±0.07 58

SecA-Ypet 130.3 - - 2.09±0.10 27±1.6 This study

  + 3 mM NaN3 2.19±0.03 21±1.1 This study

  + 50 µM CCCP 2.20±0.04 48±2.5 This study

Membrane-bound:

DiL-C12 - - - 0.365±0.012 59

Bodipy FL-C12 - - - 1.502±0.078 59

YedZ-eGFP 24.1 6 1.3 0.188±0.004 59

CybB-eGFP 20.3 4 1.7 0.175±0.008 59

GlpT-eGFP 50.3 12 2.0 0.153±0.003 59

Tar(1-397)-YFP 142.3 4 - 0.217±0.030 58

SecA-Ypet 130.3 - - 0.209±0.016 51±3.3 This study

  + 3 mM NaN3 0.190±0.010 55±1.5 This study

 + 50 µM CCCP 0.160±0.010 52±2.5 This study

*MM, molecular mass
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Table S3 | 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 This study
E. coli  MG1655 SecA-mEos3.2 MG1655, secA::meos3.2 This study
Plasmids
pKD46 Lambda Red expression vector Wanner et. al. 46

11AAWJ2P Ypet knock in cassette Template for linear Ypet integration DNA fragment van Oijen et. al.
pBAD mEos3.2 TEV His10 Template for mEos3.2 gene Van Oijen et. al. 

pUC18 mEos3.2 camR
Template for linear mEos3.2 integration DNA 
fragment 

This study

pBAD18 CamR Template for chloramphenicol gene Lab collection

pUC18
Backbone for insertion of mEos3.2 and 
chloramphenicol gene

Lab collection

Primers Sequence 5`-3`

ABS45 SecA_C-ter_Ypet_For

GCGGTTCTGGTAAAAAATACAAGCAGTGCCATGGCCGCCTGCA

ACGCCTGCAAAGCAGCGCTGGCAGCGCGGCGGGCAGCGCGA

ATATGTCTAAAGGTGAAGAATTATTCACTGGTG

ABS46 SecA_C-ter_Ypet_Rev
CTATAAAAAAGGCGCAGAATCCTGCGCCTTTTACTTCAACAGTTA

GCTTGAAGTTCCTATTCTCTAGAAAGTATAGGAACTTCG

ABS47 SecA-Ypet_Seq_For GCGCAAATGCAGCAGCTTAG
ABS61 ColPCR_KanR_Rev CTTGCCATCCTATGGAACTG

ABS70 SecA_C-Ter_mEos_For
GCGGTTCTGGTAAAAAATACAAGCAGTGCCATGGCCGCCTGCAA

CGCCTGCAAAGCAGCGCTGGCAGCGCGGCGGGCAGCGCGAAT

ABS71 SecA_C-Ter_mEos_Rev
CTATAAAAAAGGCGCAGAATCCTGCGCCTTTTACTTCAACAGTTA

GCTTGAAGTTCCTATTCTCTAGAAAGTATAGGAACTTCG

ABS76_mEos3.2_Link_AvaI_For
GTAGTAGTACCCGGGCGCCTGCAAAGCAGCGCTGGCAGCGCG

GCGGGCAGCGCGAATATGAGTGCGATTAAGCCAGAC

ABS77_mEos3.2_Link_BamHI_Rev GTAGTAGTAGGATCCTTATCGTCTGGCATTGTCAGG

ABS78_CamR_FRT_BamHI_For
GTAGTAGTAGGATCCGAAGTTCCTATTCTCTAGAAAGTATAGGAA

CTTCCGCCCCGCCCTGCCACTCATC

ABS79_CamR_FRT_HincII_Rev
GTAGTAGTAGTCGACGAAGTTCCTATTCTCTAGAAAGTATAGGAA

CTTCGATCGGCACGTAAGAGGTTC

ABS82 SecA Seq For CGTTTAGCGCAAATGCAGCAGCTTAG

ABS83 SecA Seq Rev CAGTTTATTCGCCATGTGCGCATCTG
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Figure S1 | secA gene fusion strain construction and chromosomal integration. Homologous recombination of a 
ssDNA integration fragment into the secA locus of E. coli K12 MG1655 strain, creating the SecA-Ypet or SecA-mEos3.2 
fusion strains. (A) Genomic map of the locus in E. coli K12 MG1655 strain. (B) Genomic situation of the secA locus 
after successful homologous recombination of the single stranded DNA integration fragment, leading to a fusion of 
the Ypet or mEos3.2 gene in frame with the secA gene still under its native promotor. The correct integration into the 
secA locus yielding the SecA-FP fusion proteins was confirmed by colony PCR (C-E). (C) Colony PCR using ABS82 and 
ABS83 primers of the wild-type situation results in a 317 bp fragment (*). (D) Correct integration of the Ypet knock-in 
cassette results in a 2114 bp fragment (**), (E) the mEos3.2 cassette yields an 1870 bp fragment (***). Primers are 
indicated by delta (Δ). 

EDC
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Figure S2 | C-terminal SecA-FP fusions do not interfere with the SecA activity and successfully replaced the 
endogenous SecA. (A) Growth rates of E. coli MG1655 (¢) versus the SecA-Ypet (l) and SecA-mEos3.2 (p) fusion 
strains plotted against a logarithmic axis. The growth curves display a similar shape, indicating a comparable growth 
between the E. coli MG1655 wild-type strain and the constructed SecA mutant strains. (B) The SecA fusion proteins 
replaced the endogenous SecA. Western blot of SecA wild-type, SecA-Ypet and SecA-mEos3.2 synthesis in E. coli 
MG1655 strains. Indicated with SecA, lysate from E. coli MG1655 expressing wild-type SecA. A band is visible at the 
expected size of approx. 100 kDa. Indicated by SecA-Ypet and SecA-mEos3.2 are the lysates obtained from the E. coli 
MG1655 strains expressing SecA-Ypet and SecA-mEos3.2. Bands at the expected size of approx. 130 kDa are clearly 
visible indicating the presence of the SecA fusion constructs. No wild-type SecA bands are observed in these lanes, the 
fragments visible in all lanes are due to unspecific binding of the polyclonal SecA antibody. Identical band intensities 
suggest similar expression levels between the strains. (C) Western blot of SecA-Ypet lysate with GFP antibody SecA-
Ypet lysate immunoblotted with antibodies raised against GFP. Only one band corresponding to the SecA-Ypet fusion 
protein is visible at approximately 130 kDa. The absence of other bands indicates that the fusion protein is not cleaved.
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Figure S3 | Reoccurrences of SecA-Ypet to the same location. Image sequence of SecA-Ypet with a rough indication 
of the cell outline (yellow outline) and location of reoccurrences (yellow circle). Image is processed with a discoidal 
averaging filter to enhance SNR for visualization.
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Figure S4 | Integrated Gaussian intensity distributions of SecA-Ypet (A) and SecA-mEos3.2 (B). Integrated 
Gaussian intensities were plotted with bin size obtained from Eq.5. 2D Gaussian fitting resulted in centroid integrated 
density value of ~125895 (adjusted R2 0.947) for SecA-Ypet and ~204020 (adjusted R2 0.933) for SecA-mEos3.2, 
corresponding to the fluorescence intensity of a single molecule. The single molecule intensity values obtained were 
recalculated for each new experiment. Identical peak values were obtained from multiple experiments.
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Figure S5 | Dimerization of SecA is confirmed by the SecA-mEos3.2 fusion construct. (A) SecA-mEos3.2 heat map 
displaying the number of SecA molecules per focus. Due to the switching efficiency dimeric foci are observed rarely. 
(B-D) k-combinations giving the maximum number of molecules observable for di-, tri- and tetrameric SecA states 
assuming 54% switching efficiency and a copy number of 118 molecules. (B) Dimeric SecA-mEos3.2 situation, given 
the photo conversion efficiency, 79% or 93 molecules are visible in optimal conditions and 21% or 25 molecules are 
undetectable. This number is lies in the range of the observed copy number of SecA-mEos3.2 (64 ± 14), indicating a 
dimeric state of SecA. Additional evidence comes from assuming tri- (C) or tetrameric states (D), where respectively 
90% and 95% of the molecules would be detectable. Since these numbers are in the range of the detected copy number 
with Ypet, it is highly unlikely that SecA in the native form forms higher oligomeric states than the dimer under native 
conditions.
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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
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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. 
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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.
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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. 
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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.



117

3

 
D

ynam
ical organization of the Sec holotranslocon in E. coli cells

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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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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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. 
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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 



142

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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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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5.1 English summary

The cell is the basic structural part of all living matter on Earth. The shape and size of a single 
cell vary tremendously, however, a common feature shared by all cells is that the interior is 
separated from the environment by a membrane. The interior, or cytoplasm, contains all the 
machinery for cell growth, metabolic functions and the genetic information contained in DNA. 
To support life, a cell needs to take up nutrients from its environment and secrete products. 
However, most nutrients need specialized channels in the membrane to pass this barrier. These 
specialized channels are protein (complexes) embedded in the membrane, which are inserted 
into this membrane by a highly conserved protein complex termed Sec61 for Eukaryotes and 
SecYEG for Bacteria. The heterotrimeric SecYEG complex of the cytoplasmic membrane of 
bacteria, consist of the SecY, -E and –G proteins and facilitates the passages of proteins across 
and into this membrane. During the past decades structural and biochemical studies have 
revealed a complex pathway centered around the SecYEG translocon. This pathway consists of 
two dedicated sub routes for membrane and secretory proteins, although there are exceptions 
to this division. These subroutes contain dedicated proteins that work in concert to facilitate 
efficient protein insertion and translocation in a super complex called the holotranslocon. Our 
knowledge of the protein insertion and translocation mechanisms today is primarily based on 
observations via biochemical assays. However, the idiom “seeing is believing” has a strong impact 
on us humans and since the emergence of powerful microscopes, also on the field of science as 
well. Being able to visualize single molecules and describing their characteristics and dynamics, 
often provides tremendous new insights. In this thesis, I used single-molecule fluorescence 
microscopy to investigate different aspects of the bacterial secretion system. This technique 
is perfectly suited to answer long standing questions, which were only addressed previously 
using biochemical assays and which have led to various controversies; what is the exact location 
of the components of the bacterial secretion system in a living cell? What is their functional 
state under native condition? How do the components dynamically localize in living cells? 
Chapter 1 presents the reader with a detailed overview of the protein secretion pathway. It 
introduces key open questions and explains how structural, biochemical and single-molecule 
techniques are used to address them. Furthermore, it provides a review of recent single-
molecule studies on the bacterial secretion pathway and provides a few examples of the single-
molecule experiments used in this thesis. 
 Chapter 2 forms the experimental and technical basis of this thesis with the 
focus on the ATPase motor protein of the Escherichia coli secretion pathway, SecA. In 
this chapter, principles underlying the analysis of the fluorescent data were formed 
and optimized. One example is the use of a refined way of analyzing the movement of 
particles, making it possible to distinguish multiple diffusive populations. The analysis 
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routine developed in this chapter, revealed the location of fluorescently labeled SecA 
below the diffraction limit being almost exclusively located at the cytoplasmic membrane 
and demonstrated the homodimeric nature of SecA in the cell. Furthermore, multiple 
populations of diffusive molecules were found, the most parsimonious hypothesis is, that 
these populations arise from interactions with other proteins like the holotranslocon. 
 Chapter 3 is dedicated to finding irrefutable evidence for the existence of the 
elusive holotranslocon. There is only circumstantial evidence for the presence of such super 
complex in vivo, however, the single-molecule imaging method and analysis developed in 
chapter 2 allowed us to visualize components constituting the holotranslocon simultaneously. 
The in vivo data presented in this chapter suggests that the holotranslocon is a dissociable 
entity and evidence is provided for various subcomplexes that diffuse with different rates.
 Chapter 4 isolates our focus on the binding effects of substrates to the prokaryotic 
SecYEG translocon. A single-molecule in vitro approach utilizing a model membrane 
system was taken to visualize the diffusive behavior of fluorescently labeled SecYEG. A 
method to create supported lipid bilayers with almost native like lipid composition was 
developed to image single SecYEG molecules diffusing through it or order to provide 
a benchmark for the membrane diffusion of defined complexes containing SecYEG.

5.2 Peroration
To this  day, the Sec-translocon is still a topic of intensive study. Biochemical and structure 
elucidation studies performed over the past decades, provide tremendous insights into the 
mechanistically workings of proteins and protein complexes, however, transient, fast and 
dynamical information is often lost in these approached due to ensemble averaging. Super-
resolution microscopy techniques overcome this shortcoming by focusing on and measuring 
at the single-molecule level. 
 In this thesis I employed a PALM-type super-resolution microscopy technique to 
visualize different components of the prokaryotic Sec system on the single-molecule level 
in living cells and extracting information not observed before. Obtaining such detailed 
information on these essential biological processes was only made possible due to the rapid 
increase in our collective knowledge of single-molecule techniques over the past decades. The 
ongoing development of new, as well as the refinement of existing single-molecule techniques 
and methods will pave the way to an even more detailed and complete understanding of the 
molecular mechanisms and processes sustaining life. Therefore, single-molecule approaches 
will play an increasingly larger role to study complex biological processes both in vitro and 
in vivo, leading to groundbreaking new insights and the prokaryotic Sec pathway will be 
no exception. The developed methods in this thesis will be used to further study the Sec 
components and visualize even more details about the formation of the holotranslocon. 
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6.1 Nederlandse samenvatting

De cel is het fundamentele structurele deel van alle levende materie op aarde. De vorm en grootte 
van een enkele cel kan enorm variëren, maar een gemeenschappelijke eigenschap gedeeld door 
alle cellen is dat het interieur door een membraan van de omgeving wordt gescheiden. Het 
interieur, genaamd cytoplasma, bevat alle middelen voor celgroei en metabole functies en de 
genetische informatie gecodeerd in het DNA. Om in leven te blijven moet een cel voedingsstoffen 
uit zijn omgeving opnemen en producten uitscheiden. De meeste voedingsstoffen hebben 
echter gespecialiseerde kanalen in het membraan nodig om deze barrière te passeren. Deze 
gespecialiseerde kanalen worden gevormd door eiwitten of eiwitcomplexen in het membraan 
die hier geinserteerd worden door een sterk geconserveerd eiwitcomplex dat respectievelijk 
Sec61 of SecYEG wordt genoemd voor Eukaryoten of Bacteria. Het heterotrimere SecYEG-
complex dat in het cytoplasmatische membraan van bacteriën voorkomt, bestaat uit de SecY, 
-E en –G eiwitten en verzorgd de translocatie over en insertie van eiwitten in dit membraan. 
In de afgelopen decennia hebben structurele en biochemische studies een complexe route 
blootgelegd rond het SecYEG-translocon. Deze route bestaat uit twee specifieke subroutes voor 
membraan- en secretie-eiwitten, hoewel er uitzonderingen zijn op deze verdeling. Deze twee 
subroutes bevatten specifieke eiwitten die samenwerken met het translocon om efficiënte 
eiwit insertie en/of translocatie te verzorgen in een super complex dat het holotranslocon 
heet. Onze huidige kennis van de eiwit insertie- en translocatiemechanismen is voornamelijk 
gebaseerd op waarnemingen via biochemische experimenten. Het idioom "zien is geloven" 
heeft echter een sterke impact op ons mensen en sinds de opkomst van microscopen, ook op 
het gebied van de wetenschap. De mogelijkheid om afzonderlijke moleculen te visualizeren en 
om hun kenmerken en dynamieken te kunnen beschrijven levert vaak buitengewone nieuwe 
inzichten op. In dit proefschrift heb ik een krachtige fluorescentie-microscopie techniek 
gebruikt die het mogelijk maakt om individuele moleculen te onderscheiden. Hiermee heb ik 
verschillende aspecten van het bacteriele secretiesysteem onderzocht. Deze techniek is zeer 
geschikt om langlopende vragen te beantwoorden, die eerder alleen werden behandeld met 
behulp van biochemische experimenten, welke tot verschillende controverses hebben geleid. 
Deze vragen, die wij met het toepassen van deze nieuwe aanpak hebben kunnen beantwoorden 
zijn: wat is de exacte locatie van de componenten van het bacteriële secretiesysteem in een 
levende cel? Wat is hun functionele toestand onder normale cellulaire omstandigheden? Wat 
is de dynamische lokalisatie van deze componenten in levende cellen?
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Hoofdstuk 1 geeft de lezer een gedetailleerd overzicht van de verschillende routes van het 
eiwit secretie systeem. Het introduceert belangrijke open vragen en legt uit hoe structurele, 
biochemische en enkel-molecuul technieken worden gebruikt om deze vragen te beantwoorden. 
Verder biedt het een overzicht van recente enkel-molecuul studies over de bacteriële secretie 
systeem en geeft enkele voorbeelden van de enkel-molecuul experimenten gebruikt in dit 
proefschrift.
 Hoofdstuk 2 vormt de experimentele en technische basis van dit proefschrift en richt 
zich op SecA, het ATPase-motor eiwit van de Escherichia coli secretie route. In dit hoofdstuk zijn 
de principes die ten grondslag liggen aan de analyse van de fluorescentie gegevens gevormd en 
geoptimaliseerd. Een voorbeeld hiervan is het gebruik van een verfijnde manier om de beweging 
van moleculen te analyseren, waardoor het mogelijk wordt om meerdere diffusie populaties te 
onderscheiden. De analyse-routine die in dit hoofdstuk is ontwikkeld, onthulde dat de locatie 
van fluorescent gelabeld SecA, onder de diffractie limiet, bijna uitsluitend voorkomt aan het 
cytoplasmatische membraan. Daarnaast toont de analyse de homodimere aard van SecA in 
levende cel aan. Verder werden meerdere diffusie populaties voor SecA moleculen gevonden. 
De minst speculatieve hypothese is dat deze populaties ontstaan   uit interacties met andere 
eiwitten, zoals het holotranslocon.
 Hoofdstuk 3 is gewijd aan het vinden van onweerlegbaar bewijs voor het bestaan 
van het ongrijpbare holotranslocon. Er is alleen indirect bewijs voor de aanwezigheid 
van zo'n supercomplex in vivo. Echter, de experimentele methode en de analyse-techniek 
die in hoofdstuk 2 wordt beschreven, stelde ons in staat om tegelijkertijd de verschillende 
componenten te visualiseren die mogelijk het holotranslocon vormen. De in vivo resultaten 
gepresenteerd in dit hoofdstuk suggereren dat het holotranslocon daadwerkelijk bestaat als 
een dissocieerbare entiteit die vormt wanneer het nodig is. Ook is er bewijs geleverd voor 
het bestaan van verschillende subcomplexen van het holotranslocon die met verschillende 
snelheden diffunderen.
 Hoofdstuk 4 legt de focus specifiek op de bindingseffecten van substraten aan het 
prokaryotische SecYEG-translocon. Een in vitro benadering met een enkel eiwit molecuul 
resolutie benodigde een nieuw modelsysteem om het diffusie gedrag van fluorescent 
gelabeld SecYEG zichtbaar te maken. Een methode om lipidedubbellagen te maken met 
een bijna natuurlijke lipide samenstelling werd ontwikkeld om zo afzonderlijke SecYEG-
moleculen te visualizeren die door deze lipidelaag diffunderen. Dit maakte het mogelijk om 
de membraandiffusie van definieerbare SecYEG complexen gebonden aan verschillende 
substraten te bestuderen
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6.2 Slotwoord

Tot op de dag van vandaag is het Sec-translocon nog steeds een onderwerp van intensieve studie. 
Biochemische en eiwitstructuur studies die in de afgelopen decennia zijn uitgevoerd, bieden 
geweldige inzichten in de mechanistische werking van eiwitten en eiwitcomplexen. Echter 
gaat transiënte, snelle en dynamische informatie vaak verloren in deze experimenten,omdat 
er niet gekeken kan worden naar een enkel eiwit, maar meerdere eiwitten nodig zijn voor een 
reproduceerbaar resultaat. Dit heeft als gevolg dat men een gemiddelde uitkomst krijgt. Super-
resolutie microscopietechnieken overkomt deze tekortkoming door zich te concentreren op 
het niveau van één enkel eiwit molecuul. 
 In dit proefschrift heb ik een super-resolutie microscopietechniek gebruikt om 
verschillende componenten van het prokaryote Sec-systeem op het niveau van een enkel 
molecuul in levende cellen te visualiseren en informatie te onttrekken die niet eerder is 
waargenomen. Het verkrijgen van dergelijke gedetailleerde informatie over deze essentiële 
biologische processen werd alleen mogelijk gemaakt door de snelle toename van onze 
collectieve kennis over  technieken met één-molecuul-resolutie. De voortdurende ontwikkeling 
van nieuwe, evenals de verfijning van bestaande enkel-molecuul technieken en methoden, zal de 
weg banen naar een nog gedetailleerder en vollediger begrip van de moleculaire mechanismen 
en processen die leven mogelijk maken. Daarom zullen enkel-molecuul experimenten een 
steeds grotere rol gaan spelen om complexe biologische processen zowel in vitro als in vivo 
te bestuderen,. Dit zal leiden tot baanbrekende nieuwe inzichten, en het prokaryote Secretie 
systeem zal geen uitzondering zijn. De ontwikkelde methoden in dit proefschrift zullen worden 
gebruikt om de Sec-componenten verder te bestuderen en om  meer details over de vorming 
van het holotranslocon te visualiseren.
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