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General Introduction
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1.1 Introduction to motion
Living in the macroscopic world as we do, it is natural to think only of
“directed motion” as it occurs often in day to day life. When we move
somewhere, we usually move with a purpose! We are used to standing in
queue or driving a motorcycle along the road. Sometimes we think about air
being sucked in and pushed out of our lungs or blood being pumped through
a circulatory system. Even though the paths followed by air and blood are
complicated, they are still examples of things moving in some systematized,
directed way.
Eukaryotic living organisms such as vertebrates, insects, and plants rely on
both directed and undirected motion for circulating necessary substances
(like nutrients or oxygen) throughout their system. But, early life forms
such as bacteria have no circulatory system. Then how did they accomplish
getting necessary substances throughout the cell? the answer is that, due to
their small cell size, small particles such as proteins, lipids, ions and other
molecules move around and bounce off each other constantly throughout the
cell, in an undirected way, "random motion" (figure 1.1A). In the
microscopic world, anything that is immersed in an aqueous environment
(e.g. the cell) will move due to thermal fluctuations. In 1820s, this was
discovered by Robert Brown who observed random motion of pollen grains
suspended in a fluid. The observed random motion of the particles also
referred to as Brownian motion or diffusion1, is the consequence of thermal
forces. This thermal force results from thermal fluctuations that make the
solvent move around randomly and collide with the particles1. A typical
characteristic of random motion is that after a number of displacements the
2
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molecule might return to its starting point, resulting in a trajectory without
net displacement. If we now divide a trajectory in time windows and
determine the net displacement within such a window, a distribution of
displacement will be obtained that has a Gaussian shape centered around
zero. The width of the distribution of displacement increases with the square
root of time (figure 1.1C) which shows that random motion works well for
small organisms like bacteria.

Figure 1.1. (A) Cartoon of the random motion of a single molecule inside a bacterial cell.
(B) Plot representing a 2D trajectory obtained from a random walk. (C) Cartoon of the
displacement distributions that can be obtained from a random walk for increasing time
interval (0.5<0.75<1<2). For simplicity the displacements of a one-dimensional random
walk was plotted. The obtained distributions are all Gaussian and centered around zero, the
width of the distribution increases with the square root of time.
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1.2 Bacterial membrane
The bacterial cell consists of a cell envelope, the membrane(s) and other
structures that surround and protect the cell’s cytoplasm. Membranes are
essential cellular structures that separate the cell body from the
surroundings. They allow the passage of specific molecules and block the
passage of others. A membrane consists of a large part of phospholipids,
molecules that are partly hydrophobic and partly hydrophilic and
spontaneously form a bilayer in aqueous solution, minimizing the exposure
of their hydrophobic parts to the watery solution. Based on this structure, the
first model of the membrane was a simple two-dimensional fluid with an
occasional, embedded protein (fluid-mosaic)2. Later on, the discovery that
the membrane was composed of a diversity of lipids and embedded proteins
led to a more complex model3, 4, 5. In this complex model, local interactions
cause the formation of subdomains that can distort the thickness of the
membrane6, 7, 8, 9.
Bacteria are mainly classified into two types based on their envelopes:
Gram-negative and Gram-positive bacteria10. Gram-negative bacteria, such
as Escherichia coli (E. coli), are surrounded by two distinct membranes: the
inner (cytoplasmic) membrane, and outer (periplasmic) membrane (figure
1.2). The two membranes, which are separated by a peptidoglycancontaining periplasm, are composed of phospholipids but differ considerably
in their structure and composition. The bacterial inner membrane is
composed of a symmetrical phospholipid bilayer. The bacterial outer
membrane, in contrast, is an asymmetrical bilayer containing mostly
phospholipids and lipopolysaccharides in the inner leaflet and in the outer
4
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leaflet, respectively. Both membranes contain numerous membrane proteins
that are critical for many cellular functions11, 12. These proteins mostly rely
on lateral diffusion to encounter an interaction partner or a binding site
within the plane of the membrane and play key roles in many cellular
functions such as energy transduction, sensing and signal transduction of
environmental stimuli as well as the uptake and efflux of substances.

Figure 1.2 Schematic representation of a Gram negative bacterium Escherichia coli (
E. coli). The enlarged section (right) represents the cell membrane structure of E. coli
bacterium.

1.3 Single-molecule fluorescence microscopy
In the past, diffusion of membrane proteins in bacterial cells has been
studied using various biophysical techniques such as Fluorescence
correlation

spectroscopy

photobleaching (FRAP)14,

(FCS)13
15

and

fluorescence

recovery

after

, which has contributed greatly to our

knowledge about the mobility of cytoplasmic and membrane proteins in
bacteria16, 17, 18. However, these techniques have certain drawbacks for e.g.
FCS cannot discriminate between molecules bleaching and molecules
5
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diffusing out of the detection volume that results in a drop of fluorescence
intensity and FRAP is a bulk technique that mainly probe the behavior of
large ensembles, where the individual behavior of molecules cannot be
distinguished, and only average characteristics can be measured. A
technique known as single-molecule fluorescence microscopy truly
revolutionized the field of prokaryotic cell biology. It provides high
sensitivity, speed, and one order of magnitude gain in spatial resolution for
live-cell imaging. Hence, using this technique, it is possible to study the
behavior of single proteins, and even for studying their individual
conformational change using Forster Resonance Energy Transfer (FRET),
sensitive on the nanometer length scale and sub-millisecond time scale.
Single-molecule studies are technically very challenging, therefore most of
the work has been performed in vitro, which allows full control of the
environmental conditions. In vitro studies often use minimal amount of
components (e.g. only few thousand proteins are reconstituted in artificial
membranes such as GUVs and its motion is studied)19 minimizing system
complexity. The intracellular environment is, however very different: many
factors like membrane viscosity, bacterial cytoskeleton, membrane
heterogeneity and molecular crowding can influence the mobility of
membrane proteins. Therefore, gaining deeper insights into membrane
protein diffusion in a cellular environment requires in vivo studies. This
introduces additional challenges for e.g. 1) Typical size of a bacterium (1-4
µm), which is slightly larger than the diffraction limit of optical microscopes
2) high autofluorescence background. Recently, we have achieved singlemolecule detection sensitivity inside living E. coli bacteria by overcoming
these challenges. The combination of our custom-built single-molecule
6
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fluorescence microscope (figure 1.3), fluorescent labeling of membrane
proteins, sophisticated image and data analysis techniques allowed us to
perform single particle tracking in live E. coli cells.

Figure 1.3 Single-molecule epi-fluorescence microscope used for in vivo imaging of
membrane proteins in living E. coli bacteria.

1.4 Single particle Tracking
Single-particle tracking (SPT) is based upon highly sensitive fluorescence
wide-field (WF) microscopy. The ability to image single fluorescently
labeled proteins at high temporal resolution over several minutes requires
ultrasensitive detection. The setup we have used for the SPT experiments in
this thesis is shown in (figure 1.4). Excitation light is provided by lasers
7
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with the appropriate intensity required for strong photon emission by the
fluorophores and whose narrow spectrum allows efficient suppression of
scattered light without blocking fluorescence signals. The laser lines that we
use for excitation of fluorophores are 491 and 561 nm. The availability of
several laser lines allows simultaneous imaging of multiple fluorophores,
depending on emission spectra of the labels and filters available. We use an
acousto-optical tunable filter to select the appropriate excitation wavelength
or wavelengths without speed limitations or vibrational and mechanical
constrains related to mechanical shutters or rotating wheels. The laser light
is focused onto the back focal plane of the objective for WF and total
internal reflection fluorescence (TIRF) illumination. The cells are kept at
room temperature throughout the experiment by a temperature controlled
stage. Focal instabilities in the microscope mechanics due to temperature
fluctuations in the surroundings after mounting the sample provide major
difficulties for SPT. We use an auto-focus system to keep the sample at a
constant

z-position

for

intermediate

and

long-term

(1–2

hours)

measurements. The emission light is collected by a 100x oil immersion
objective with high numerical aperture (up to 1.49 NA) and separated from
the excitation light with the appropriate dichroic mirror. The fluorescence
emission is then directed to and detected by a highly sensitive (typically
back-illuminated) electron multiplied charge-coupled device camera. For
multicolor visualization, we imaged multiple regions on different portions of
a single camera. The exact configuration of the setup, mainly the choice of
lasers, dichroic mirrors and filters, depends on the combination of
fluorophores used. Accessory optics for TIRF illumination or confocal
detection can be added to increase the flexibility and variability of custom8
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built setups. TIRF illumination is especially interesting for fast tracking of
cell surface associated events at the basal plasma membrane.

Figure 1.4. A schematic representation of the single-molecule epi-fluorescence setup
described in this chapter.

9
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1.5 Data analysis
In the images collected with the instrument described above, individual
fluorescent particles can be identified as bright spots on a dark background.
Each frame in the movie is a representation of the position of the particles at
a certain time point. By extraction of the x- and y-coordinates of the
particles from the centroids of their diffraction-limited spots in all frames of
the movie where the particle is detectible, the trajectories of the particles can
be obtained. This is typically performed by first reducing the background
noise and then selecting particles by setting an intensity threshold on the
filtered image. In a second step, particles for tracking are selected based on
their intensity, size and shape. The x-and y-coordinates are obtained by
fitting a 2D-Gaussian function to the particle's intensity profile (figure
1.5A). In a final step, the particle coordinates are used for calculating the
corresponding trajectories based on a nearest-neighbor algorithm20, 21(figure
1.5B). With this method, a positional accuracy well beyond the optical
diffraction limit is achieved. The centroid position of a sufficiently bright
fluorophore can be determined to within nanometer precision22. The
resulting trajectories are usually analyzed using mean square displacement
(MSD) analysis for determining their type of motional behavior as the
motion provides information on the surroundings and interactions of the
particle23.

10

Chapter 1

Figure 1.5 (A) Representation of a single particle present in the psf and the X-, Ycoordinates of the particle at a given time can be derived from the central position of its
diffraction limited intensity profile by fitting it to a 2D-Gaussian function. (B) Five
consecutive frames of a single TatA-eGFP complex tracked in living E. coli cell (horizontal
scale bar: 1µm). Indicated are time interval between two consecutive frames: 32 ms.

1.6 Mean squared displacement
MSD analysis describes the average of the squared distances between a
particle's start and end position for all time-lags of certain length Δt within
one trajectory. One of the main purposes of MSD analysis is the extraction
of the diffusion coefficient value, and the type of diffusion regime
undergone by the particle. Using equation 1, diffusion coefficient of a
randomly moving particle can be determined.
〈𝑟⃗(𝑡)2 〉 = 4𝐷𝑡 𝛼 + 4𝜎 2

(1)

11
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Where 𝐷 is the diffusion coefficient, 𝑡 the time lag, 𝑟 the displacement and

𝜎 the localization error and the exponent, α that distinguishes between

Brownian diffusion (α = 1), sub-diffusion (α < 1) and super-diffusion (α >1).
The factor 4 is specific for diffusion in two dimensions. For Brownian
motion, the MSD increases linearly with Δt (figure 1.5). Anomalous
diffusion is typically observed when the diffusive particle is hindered by
obstacles.
In traditional MSD analysis, MSD values are averaged over all time lags and
all particles, which can only yield an average diffusion coefficient. In living
cells, particles such as proteins and lipids can undergo heterogeneous
motion. Since MSD is an averaging method, it provides no information
about the heterogeneous motion of such particles. A better approach to
unravel heterogeneity is to calculate diffusion coefficients for individual
trajectories and consider the distribution of single trajectory diffusion
coefficients. One approach is the determination of cumulative probability
distributions (CPDs).

12
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Figure 1.5 MSD analysis of TatA-eGFP complexes in the membrane of living E. coli
bacteria. MSD scales linear with time lag. Black line represents linear fit resulting in a
value for D = 0.099 ± 0.002 μm2 s-1.

1.7 Cumulative probability distribution
The CPD is equal to 1-P(r2, t), with P the probability that a particle remains
within a circle of radius 𝑟 after a given time lag 𝑡. The CPD of a single

species diffusing with a diffusion coefficient 𝐷, plotted as a function of 𝑟 2 is

characterized by an exponential decay, which can be readily fitted to the
following equation (2)
𝐶𝐶𝐶(𝑟 2 , 𝑡) = 1 − 𝑒

−

𝑟2
4𝐷𝐷+4𝜎2

(2)
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The CPD of a measurement of two diffusing populations with a relative
occurrence 𝛾 and 1- 𝛾 and diffusion coefficients D1 and D2 (equation (3)) is
the sum of two exponentials24.
2

𝐶𝐶𝐶(𝑟 , 𝑡) = 〈1 − ⟨𝛾. 𝑒

−

𝑟2
4𝐷1 𝑡+4𝜎2

+ (1 − 𝛾). 𝑒

−

𝑟2
4𝐷2 𝑡+4𝜎2

〉

(3)

By applying multi-exponential fitting (figure 1.6), CPD analysis can
robustly identify and quantify multiple diffusing components, as has been
demonstrated in vitro as well as in vivo24, 25.

Figure 1.6 CPD analysis of TatA-eGFP complexes in the membrane of living E. coli
bacteria. Black line represents double exponential fit yielding two population with distinct
diffusion coefficients where D1 = 0.0241 ± 0.005 representing fast moving population and
D2= 0.175 ± 0.005 representing slow moving population and
representing relative occurrence.
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1.8 Outline of the thesis
In the work described in this thesis, I have used single-molecule
fluorescence microscopy technique to study the lateral mobility of different
inner membrane proteins in living E. coli bacteria. I have investigated the
mobility of 10 different E. coli inner membrane proteins such as peptide
transporter CstA, electron transporters YedZ and CybB, Glycerol-3phosphate transporter GlpT, mechanosensitive channel protein of large
conductance MscL, mechanosensitive channel protein of small conductance
MscS, twin arginine translocation pore protein TatA, actin-homologue
MreB, lipid rafts associated protein YqiK and a synthetic membrane protein
WALP-KcsA. The unlimited goal is to understand how heterogeneity and
the crowded nature of the bacterial cytoplasmic membrane influence the
diffusion, and hence the biological function of transmembrane proteins.
In Chapter 2, I present a general protocol for fluorescence labeling and
imaging of E. coli trans-membrane proteins. In this chapter, I describe how
to choose right fluorescent proteins (FPs) for labeling membrane proteins
and how to clone them in E. coli bacteria. Then, I describe how to image the
labeled membrane proteins in live E. coli cells using single-molecule
fluorescence microscopy.
In Chapter 3, I present a study on how the MreB cytoskeletal network
influences the mobility of trans-membrane proteins in E. coli bacteria. This
chapter highlights the existence of microdomains in the E. coli inner
membrane. The results indicate that the cytoskeletal network formed by
MreB below the membrane stabilizes these microdomains and confines the
mobility of trans-membrane proteins.
15
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In Chapter 4, I present a study on the mobility of the TatA component of the
twin-arginine protein transport system in E. coli. In this study, fluorescently
labeled TatA molecules expressed from the E. coli genome are tracked in
vivo. This chapter highlights the heterogeneous diffusive property of the
TatA complex under various conditions. The results indicate that the
heterogeneous diffusion of TatA is due to the existence of fast and slow
moving complexes. Based on this observation we propose a new model for
the dynamics of the Tat system.
In Chapter 5, I present a study on the mobility of membrane-organizing
proteins YqiK and MreB in E. coli. In this study, YqiK and MreB proteins
are fluorescently labeled and imaged using single-molecule fluorescence
microscopy. The results show that the YqiK protein harbors flotillin-like
properties and localizes to regions of decreased fluidity in the membrane. In
contrast, the MreB protein localizes to the regions of increased fluidity.
Based on this observation, we conclude that YqiK and MreB localizing
regions are spatially and functionally distinct from each other.

16
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Chapter 2
Fluorescent labeling and single-molecule imaging of E.
coli trans-membrane proteins
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2.1 Introduction
Fluorescence microscopy is a powerful technique that enables to probe
macromolecular organization and localization in living cells. However, the
maximum resolution achieved in standard fluorescence microscopy is
intrinsically limited by the diffraction limit of light. This limitation is a
serious problem for imaging bacteria, since the maximal resolution
(∼250 nm) is comparable to the size of the entire cell (typically ∼1–2 μm).
As a result, the structures and dynamics of key bacterial machineries, often
smaller that the diffraction limit, are hard to be probed in vivo. In this
chapter, we describe a protocol for fluorescence labeling and imaging of
trans-membrane proteins that allows detection of single molecules within
live E. coli cells and allows locating them with a better accuracy than the
diffraction limit. To achieve this, we genetically fuse a fluorescent reporter
to the N-terminus or C-terminus of the protein of interest. Then we clone the
labeled protein into a low expression plasmid that produces ~10-100
fluorescently labeled protein molecules per cell. These cells are grown in a
shaking flask and imaged on a temperature-controlled microscope stage.
Using wide-filed fluorescence microscope, individual fluorescent protein
molecules within bacterial cells are visualized and their mobility is tracked
using single-particle tracking software.

20
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2.2 Materials
2.2.1 PCR Master Mix

2 µl of template DNA (1-10 ng for plasmid
DNA, up to 250 ng of genomic DNA), 2.5 µl
(10 pmol) forward primer, 2.5 µl (10 pmol)
reverse primer, 1.4 µl (5mM) dNTPs, 5 µl
(10X) polymerase buffer, 1 µl (30 u/µl) DNA
polymerase, make the volume up to 50 µl
using nuclease-free water.

2.2.2 Gibson Master Mix

50 µl (40 u/µl) Taq ligase, 100 µl (5X)
isothermal
exonuclease,

buffer,

2

µl

(1

u/µl)

T5

6.25

µl

(2

u/µl) Phusion

polymerase, 216.75 µl nuclease-free water.
Aliquot 15 µl and store at -20°C.
2.2.3 DNA Ligation Mix

2 µl (10X) DNA ligase buffer, 100 ng (4 kb)
vector DNA, 37. 5 ng (1kb) insert DNA, 1 µl
T4 ligase, make the volume up to 20 µl with
nuclease-free water.

2.2.4 TY medium

Add 16 g Tryptone, 10 g Yeast Extract, 5 g
NaCl in ~ 900 ml of distilled water, Adjust the
pH to 7.0 with NaOH, make the volume up to
1 L with distilled water, sterilize the solution
by autoclaving.

2.2.5 1X M9 medium

Dissolve 6g Na2HPO4, 3g KH2PO4, 1g NH4Cl,
0.5 g NaCl in 900 ml deionized water and
21
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autoclave the solution. Subsequently add 2 ml
(1M) MgSO4, 0.1 ml (1M) CaCl2, 20 ml
(20%) Glucose, 10 ml (10%) casAA, 10 ml
(1%) thiamine, all filter-sterilized, and make
the volume up to 1L with sterile water.

2.3 Methods
2.3.1 Plasmid construction and cloning
1. Amplify the DNA sequence encoding the
protein of interest from the chromosome of
E. coli strain of interest using Polymerase
chain reaction (PCR).
2. In order to fluorescently label the protein of
interest, amplify the DNA sequence of a
fluorescent protein and fuse it to the Nterminal or C-terminal end of the protein of
interest using Gibson assembly26.
For example, we choose the cytoplasmic Nterminal end of the following transmembrane proteins of E. coli strain
MC4100 - YedZ, CybB, GlpT, CstA and
WALP-KcsA for fusing green fluorescent
protein (eGFP). For MscL trans-membrane
protein, we choose the cytoplasmic Cterminal end for eGFP fusion. In the case of
MscS trans-membrane protein, we choose
22
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the periplasmic N- terminal end for fusing
superfolder

green

fluorescent

protein

(sfGFP)27 as the C- terminal end is involved
heptamerization.
3. Ligate the fusion fragments into a low or
medium copy number plasmid that allows
tight regulation of protein expression. We
typically

use

an

arabinose

inducible

plasmid, pBAD24 or pBAD3328.
4. Verify all modifications by sequencing.
5. Transform the plasmid that contains the
fusion fragments into E. coli cells of
interest by electroporation or heat-shock.
Then plate the transformants on TY agar
plates supplemented with the appropriate
antibiotics, for example ampicillin (100
µg/ml) for pBAD24 or chloramphenicol (34
µg/ml)

for

transformants

containing

pBAD33.
2.3.2 Cell culture and sample preparation
1. Pick one E. coli colony from the TY agar
plate and inoculate the cells in fresh TY
medium

containing

the

appropriate

antibiotics. Incubate in a shaker at 37 °C,
23
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long enough to reach OD600 > 1.0 (optical
density at 600 nm).
2. Dilute the culture 100 times in 5 ml fresh
TY medium with appropriate antibiotics and
incubate in a shaker at 37 °C.
3. Turn on the fluorescence microscope and set
the objective lens heater to the desired
imaging temperature. We used a stage top
incubator system (Tokai Hit, INU-ZILCSF1) for equilibrating apochromatic 100x
1.49 NA TIRF oil-immersion objective to
23°C. Leave the microscope at this setting
for 90-120 minutes in order for temperature
equilibration to be complete.
4. When the cell culture reaches an OD600 of
0.3-0.4 (at 37 °C, with an initial OD600 of
0.02, this will take about 90 minutes), start
preparing the agarose gel pad (step 2.3.3).
5. The cells are ready for imaging when
OD600 equals 0.3-0.4.
6. Centrifuge 5 ml incubated culture at 4000
rpm for 2 min in a benchtop microcentrifuge
in order to obtain the cell pellet.
7. Discard the supernatant and add 5 ml fresh
minimal medium M9 and resuspend the
pellet gently.
24
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8. Cells resuspended in 5 ml M9 medium can
be directly used for short-term time-lapse
imaging. For long-term time-lapse imaging,
dilute the resuspended cells 10 to 100-fold in
fresh M9 medium. Note that low cell
densities are important for extended timelapse imaging. Due to exponential growth of
cells, high initial cell concentrations can
significantly deplete oxygen within the
chamber after prolonged growth in the gel
pad, reducing fluorescent-protein maturation
and affecting cell growth.
2.3.3 Preparation of agarose solution
1. Weigh approximately 75 mg very pure low
melting agarose (eg. Roche, Agarose MP,
11388991001) into a 5 ml Greiner tube.
2. Add

appropriate

volume

M9

minimal

medium without antibiotics to make a 1.5%
agarose solution.
3. Heat the agarose solution for 45-60 seconds
in a microwave oven to dissolve the agarose.
Shake the tube to ensure that the solution is
completely clear and homogenous. The gel
pad can be poured at this point (step 2.3.4)
25
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or the temperature can be decreased to 50°C
and held for several hours for later use.

2.3.4 Preparation of gel pad on the microscope slide
1. About 60 mins before imaging, clean the
microscope slide and cover slip by blowing
with compressed air. Then clean them with a
plasma-cleaner (we use Harrick Plasma, RF)
by setting the RF level high for 15 minutes.
We use 22 x 22 mm cover slips from
Menzel-Gläser with the thickness of 0.16 to
0.19 mm.
2. Prepare two spacers by putting two layers of
Timemed tape (spectrum chemical Mfg
Corp) on each of two microscope slides
(figure 2.1). We use 76 X 26 mm
microscope slides from Menzel-Gläser with
the thickness of about 1 mm. The Timemed
tape has a thickness of about 0.127 mm.
3. Clean the lab table with 70% alcohol and
prepare the sample under a lit burner to
avoid contamination of the slides.
4. Place a clean microscope slide between the
two spacer slides as shown in figure 2.1.
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5. Apply 400 μl agarose solution (step 2.3.3) to
the center of the clean slide.
6. Top the agarose solution with a second clean
slide as shown in (figure 2.1).
7. Allow the agarose solution to solidify at
room temperature for 1 min.
8. Carefully slide off the second glass slide
from the top of the gel pad. Add 8 μl of cell
culture suspended in M9 (from step 2.3.2) to
the top of the gel pad. Wait for ~20-30
seconds for the culture to be absorbed by the
gel pad. It is important not to wait too long,
such that the gel pad dries out, but long
enough for cells to properly adhere to the gel
pad. The ideal waiting time will vary with
(room) temperature and humidity.
9. Seal the sample chamber with molten
VALAP wax (10 g Paraffin, 10 g Lanolin,
10 g Vaseline) around the edges of the cover
slip. The sample can now be used for
imaging on the microscope.
2.3.5 Time-lapse imaging
1. Mount the sample on top of the microscope
objective

equilibrated

at

the

desired
27

Chapter 2

measuring temperature for at least 90
minutes.
2. Let the sample be on top of the objective for
~15 min (this will equilibrate the cells to the
objective temperature) In practice, we use
this time to find regions of interest and
modify imaging scripts and file names as
necessary for an experiment.
3. Find

cells

on

the

microscope

using

transillumination and position them in the
center of the imaging region. We typically
use a motorized microscope stage controlled
by

a

joystick

(Applied

Scientific

Instrumentation, MS-2000). We then Use
the motorized focus system to bring the cells
into right focus. More than one cell can be
imaged in each image acquisition time
window. For time-lapse imaging over
several generations, ensure that imaged cells
are initially separated from other cells by at
least a few hundred μm so that other
colonies will not enter the imaging region
during growth.
4. Turn on the excitation laser. To image
eGFP, we use a 491 nm diode-pumped
solid-state laser (Cobolt Calypso 50TM 491
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nm DPSS), in combination with a dichroic
mirror

(Semrock,

Brightline®

488/561

dual-edge

nm

lasers

laser-flat,

Di01-

R488/561-25x36) and an emission filter
(Semrock, 525/50 Brightline® single-band
band pass filter, FF03-525/50-25). A typical
laser intensity of ~200 W/cm2 is required for
single-molecule imaging.
5. A sensitive camera is required to image
single, diffusing fluorescent molecules. We
use an EMCCD camera (Andor iXon3, type
897) for acquiring fluorescence images
continuously with an integration time of 32
ms per image. We use a total magnification
of 200x, corresponding to 80 nm by 80 nm
in the image plane per pixel. Record a
continuous series of images until all
fluorescent molecules have bleached. We
typically record 200-300 images per region
of interest.
6. Images are analyzed to find the positions of
individual molecules in each image and link
the positions into trajectories, from which
diffusion coefficients can be extracted. We
use custom-written routines in MATLAB
(MathWorks) described elsewhere29,chapter 3.
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2.4 Notes
1. We find that it is best to use eGFP for
cytoplasmic labeling of E. coli membrane
proteins due to its high photo-stability, high
brightness, low blinking rate and fast
maturation.
2. We find that it is best to use sfGFP for
periplasmic labeling of E. coli membrane
proteins because of its robust folding and
fluorescing property in highly oxidizing
periplasmic environment27
3. We use pBAD24 and pBAD33 plasmids
because of its medium copy number and
tight regulation of protein expression in
bacterial cells28.
4. We use the MC4100 E. coli strain due to its
wide usage as an experimental system.
5. We choose midlog phase cells for imaging
because at this phase E. coli cells are
generally

healthy

and

metabolically

homogeneous, and produce most of the
intracellular proteins.
6. We use M9 minimal medium for imaging
due to its reduced auto-fluorescent property
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which reduces background fluorescence
signal during image acquisition.
7. We clean the microscope slide and cover
slip

using

plasma

cleaner

to

reduce

background noise emerging from the glass
surface during image acquisition.
8. We use agarose-pads for immobilizing
bacterial cells because they provide a
suitable environment for the cells to adhere
gently on their surface with less physical
pressure. On agarose pads, nearly all cells
are lying horizontally, which is not the case
in other immobilization methods that we
tried.
9. We seal the microscope slides with VALAP
to prevent the sample from drying.
10. We perform sample preparation at room
temperature for ~15 minutes.
11. We incubate the sample on the microscope
for 15-30 minutes to allow the cells to adjust
to the imaging temperature (23 ± 1˚C). This
is important because we initially grow cells
at 37˚C in a shaking flask and later image
them at 23˚C. Drastic temperature shift will
cause

significant

changes

in

cellular

functions. Even small shifts in temperature
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during acquisition, in the order of 0.1 degree
lead to significant drift of the diffusion
coefficient. Therefore allow sufficient time
for the cells to adapt to required measuring
temperature.
12. We strictly follow the sample preparation
and incubation timing (i.e. from the point
where the cells are resuspended in M9
medium to imaging) to get reliable and
reproducible data.
13. We acquire images for approximately 40-60
minutes. Longer imaging will lead to data
collection from aging cells which are
generally

smaller

in

size

and

less

fluorescent, which might be due to nutrient
depletion or metabolic changes.
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Figure 2.1 Sample preparation for microscopy (A) Spacer slide with double layered
marking tape. (B) 2 spacer slides flanking a clean bottom slide with a 400 µl of agarose
dissolved in M9 medium. (C) A clean top slide is added to level off agarose, (D) Finished
slide with a thin square shaped agarose pad.

.
Figure 2.2 Cytoplasmic fluorescence labeling of CstA trans-membrane protein (1)
Transcription factor (TF) initiating the transcription of eGFP labeled CstA trans-membrane
protein (2) Translation of eGFP labeled CstA trans-membrane protein (3) Membrane
insertion of eGFP labeled CstA trans-membrane.
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Figure 2.3 Periplasmic fluorescence labeling of MscS trans-membrane protein (1)
Transcription factor (TF) initiating the transcription of sfGFP labeled MscS transmembrane protein, (2) Co-translational membrane insertion of sfGFP labeled MscS transmembrane protein, (3) Cleavage of DsbA signal peptide by Lep1 protein
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Figure 2.4 Workflow of sample preparation and imaging of fluorescently labeled
trans-membrane proteins in E. coli.
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3.1 Abstract
The functional organization of prokaryotic cell membranes, which is
essential for many cellular processes, has been challenging to analyze due to
the small size and non-flat geometry of bacterial cells. Here, we use singlemolecule fluorescence microscopy and three-dimensional quantitative
analyses in live Escherichia coli to demonstrate that its cytoplasmic
membrane contains micro-domains with distinct physical properties. We
show that the stability of these micro-domains depends on the integrity of
the MreB cytoskeletal network underneath the membrane. We explore how
the interplay between cytoskeleton and membrane affects trans-membrane
protein (TMP) diffusion and reveal that the mobility of the TMPs tested is
sub-diffusive, most likely caused by confinement of TMP mobility by the
sub-membranous MreB network. Our findings demonstrate that the dynamic
architecture of prokaryotic cell membranes is controlled by the MreB
cytoskeleton and regulates the mobility of TMPs.
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3.2 Introduction
Life requires cellular organization in time and space, a principle that applies
to all branches of the evolutionary tree, including bacteria. Bacteria rely on
temporal and spatial organization for processes as diverse as cell division30,
morphogenesis31 and chemotaxis32. These processes in particular are
dependent on the functional organization of the membrane. Since bacterial
cells lack membrane-bounded organelles, most of the membrane-dependent
processes ranging from signaling, nutrient uptake, to respiration and
transmembrane protein (TMP) folding are contained in a single membrane,
the bacterial cytoplasmic membrane. This multitude of processes is brought
about by a variety of proteins, including TMPs. Some TMPs function as
discrete units, while others work in teams and assemble in homo- and
heteromeric complexes. TMPs mostly rely on lateral diffusion to encounter
an interaction partner or a binding site within the plane of the membrane.
While initially conceived as a homogeneous lipid bilayer serving as a
reaction platform for freely diffusing membrane proteins, membranes are
increasingly perceived to be crowded, inhomogeneous and subdivided into
domains33.
Over the past decades, the cortical actin cytoskeleton in eukaryotic cells has
emerged as a key modulator of plasma-membrane organization34, 35, 36. The
viscoelastic network of F-actin attached to the inner leaflet of the plasma
membrane can alter membrane component mobility. It has been shown to
act as a network of physical barriers to lipid and protein diffusion that
effectively subdivides the plasma membrane into compartments37, 38, 39, but
has also been involved in the formation of membrane domains with distinct
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composition and function, such as lipid-rafts5, 40, 41, 42. As a result, the lateral
diffusion of lipids and TMPs in eukaryotic plasma membranes is often
complex, characterized by anomalous diffusion (also referred to as subdiffusion). Anomalously diffusing lipids and TMPs show rapid and random
(Brownian) diffusion at short length scales (often up to ~100 nm, i.e. the
mesh size of the actin network) and substantially slower diffusion at larger
length scales37, 43, 44.
For a long time, the bacterial membrane was believed to not contain
functionally distinct lipid-domains. In the past years it has, however,
become evident that organization does occur in bacterial membranes. For
example, cardiolipin (CL) was reported to be enriched in the polar regions
of the Gram-negative bacterium Escherichia coli45, and small regions of
high order, with similar properties as lipid rafts in animal cells, have been
reported in the Gram-positive Bacillus subtilis and various other bacteria8.
Recently, liquid-disordered lipid domains, called regions of increased
fluidity (RIF), have been visualized in B. subtilis using specific fluorescent
membrane probes46. Interestingly, the formation of these RIFs was shown to
be dependent on the bacterial actin homolog MreB, suggesting that the
interplay between the sub-membranous cytoskeleton and the plasma
membrane could be an evolutionarily conserved mechanism controlling the
plasma membrane organization in both prokaryotic and eukaryotic cells.
The prokaryotic MreB builds a cytoskeleton that is quite distinct from its
eukaryotic homolog actin. Rather than forming a network that is persistent
over long distances, MreB polymerizes along the cytoplasmic membrane
into short, uncoordinated filaments31,
40
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morphogenesis by directly imposing cellular geometry but by locally
coordinating peptidoglycan cell-wall synthesis, resulting in a persistent
movement of individual MreB filaments around the membrane driven by the
cell-wall synthesis machinery48, 49. Although several reports have described
TMP and lipid diffusion in living E. coli16,

18, 50, 51, 52, 53, 54

, a systematic

investigation of these processes and the involvement of the MreB
cytoskeleton is lacking.
Here, by combining single-molecule fluorescence microscopy, threedimensional quantitative image analyses and small-molecule inhibitors of
MreB function, we investigate the influence of the bacterial MreB
cytoskeleton on the diffusion of lipid probes and TMPs within the
cytoplasmic membrane of live E. coli. We demonstrate the existence of
micro-domains in the membrane with distinct physical properties, which
become destabilized upon inhibition of MreB polymerization. Although
TMP

diffusion

organization

is

appears

homogeneous,
to

cause

the

MreB-dependent

sub-diffusion.

Inhibition

membrane
of

MreB

polymerization results in increased and normal Brownian TMP mobility.
Furthermore, we find that the diffusion coefficients of GFP-labeled TMPs
decrease with increased protein radius, essentially as described by the
Saffman-Delbrück theory55. This is surprising considering that the
membrane is highly crowded and compartmentalized by the MreB
cytoskeleton. Our data suggest that, similar to eukaryotic cells, the submembranous cytoskeleton in bacteria exerts control over the spatiotemporal
organization of the cytoplasmic membrane and modulates the dynamics of
lipids and TMPs.
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3.3 Results
3.3.1 MreB organizes lipid micro-domain
We first investigated whether the cytoplasmic membrane of E. coli contains
regions with increased fluidity (RIFs), as reported before for B. subtilis46.
These RIFs can be specifically stained with the fluorescent dye DiI-C12,
which has a preference for liquid disordered regions of membranes due to its
short hydrophobic tail56. We grew E. coli in the presence of DiI-C12 and
observed a stable, punctuated fluorescence pattern (Fig. 1a). DiI-C12
specifically localized to the cytoplasmic membrane, as demonstrated by
performing plasmolysis (Supplementary Fig. 1). The size of the fluorescence
spots was limited by the optical resolution of our microscope (~300 nm),
which implies that the DiI-C12-containing membrane patches are smaller
than a few hundred nanometers. We then grew E. coli in the presence of the
membrane dye BODIPY FL-C12, which has no preference for ordered or
disordered regions15, resulting in homogenous staining of the whole
cytoplasmic membrane (Fig. 1c). In order to eliminate the possibility that
DiI-C12 domains from due to a lipid phase separation at room temperature,
as might be expected from the phase transition of the E. coli membrane
around 28 ˚C described by Nenninger et al, we repeated the DiI-C12
staining experiment at 37 ˚C and did observe the same punctuated
fluorescence pattern (Supplementary Fig. 2). Together, these experiments
indicate that the cytoplasmic membrane of E. coli contains domains with
distinct properties, most likely of more fluidic nature compared to the rest of
the membrane46.
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Fig. 1. MreB-dependent micro-domains in the cytoplasmic membrane of E. coli
bacteria. (A-C) Live E. coli cells stained with lipid dyes. Top panels: time-averaged images
(100 frames). Bottom panels: single frames of 32 ms. (A) DiI-C12; (B) DiI-C12 in the
presence of MreB-polymerization inhibitor A22; (C) BODIPY FL-C12.

We next tested whether the bacterial cytoskeleton plays a role in organizing
DiI-C12-containing domains in the E. coli membrane, as it does in B.
subtilis46. When treating bacteria with A22, a small-molecule inhibitor of
MreB polymerization57 the cytoplasmic membrane appeared homogeneously
stained with DiI-C12 (Fig. 1b). Upon closer inspection with shorter
exposure times (32 ms), however, the fluorescence pattern looked far more
intriguing: DiI-C12-stained patches were observed, but these patches were
much more mobile and instable compared to cells not treated with A22 (Fig.
1 ab; Supplementary Movie 1, Movie 2).
3.3.2 Mirco-domains form via MreB-induced lipid confinement
To obtain more insight into the mechanisms leading to lipid-domain
formation, we tracked the fate of individual DiI-C12 molecules, either in the
absence or in the presence of A22, using short exposure times of 12 ms.
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Stacks of images were analyzed with automated single-particle tracking
analysis (Fig. 2a), allowing reconstruction of the single-molecule
trajectories. Since trajectories obtained in this way are 2D projections of the
actual 3D paths along the highly curved cytoplasmic membrane (Fig. 2b),
straight-forward analysis of raw 2D data would yield erroneous results (Fig.
2c)25, 29, 53, 54. To avoid this, we here apply IPODD (Inverse Projection Of
Displacement Distributions)29 to obtain quantitative three-dimensional
insights in the diffusion process (Fig. 2d).

Fig. 2. Single-particle tracking of individual lipid dye molecules and diffusion analysis.
(A) Time-lapse images of a DiI-C12 molecule tracked in the cytoplasmic membrane of a
live E. coli cell (horizontal scale bar: 1µm). Indicated are frame numbers; time interval
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between two consecutive frames: 12 ms. (B) Illustration of a simulated 3D diffusion
trajectory in the curved membrane of an E. coli cell. (C) Simulated MSD (left) and CPD
(right) curves in 3D (blue) and projected in 2D (grey). As illustrated, 2D projection yields a
30% reduced diffusion coefficient using MSD analysis and distorts the mono-exponentially
decaying CPD of 3D displacements. (D) Schematic of Inverse projection of displacement
distributions (IPODD): 2D displacement distribution (grey) can be processed via IPODD to
find the most likely 3D displacement distribution (blue). Fits to Rayleigh distributions (red)
indicate that the distortion introduced by 2D projection is restored in the resulting 3D
displacement distribution29.

From 3D-corrected distributions of step sizes, diffusion coefficients were
determined using mean squared displacement (MSD) analysis. For a
normally diffusing molecule, the MSD increases linearly with the time
interval Δt:
〈𝑟(∆𝑡)2 〉 = 4𝐷∆𝑡 + 4𝜎 2

(1)

The diffusion coefficient D and the localization error σ can thus be readily
obtained from a straight-line fit to the MSDs plotted as a function of time
interval (Fig. 3a). We found that the diffusion coefficient of BODIPY FLC12 is rather high, and independent of MreB polymerization (D = 1.502 ±
0.078 μm2 s-1 without A22; 1.463 ± 0.089 μm2 s-1 with A22). In contrast,
diffusion of DiI-C12 is significantly faster when MreB polymerization is
inhibited (D = 0.365 ± 0.012 μm2 s-1 without A22; 0.561 ± 0.021 μm2 s-1
with A22; Fig. 3a and Table 1).
Visual inspection of the image sequences gave the impression that the
mobility behavior of individual DiI-C12 molecules is rather heterogeneous.
To find out if individual DiI-C12 molecules diffuse uniformly, we
determined the cumulative probability distribution (CPD) of the IPODD45
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corrected displacement distributions. In contrast to MSD analysis, which is
an averaging technique, CPD analysis can reveal heterogeneity58. The CPD
is defined as the probability that a particle steps out of a circle of radius r
after a time lag t. Plotting the CPD against r2 yields an exponentially
decaying function for a single species diffusing with diffusion coefficient D
58

:
2

𝐶𝐶𝐶(𝑟 , 𝑡) = 𝑒

−

𝑟2
4𝐷∆𝑡+4𝜎2

(2)

Diffusion of BODIPY FL-C12 was found to be homogeneous and
independent of treatment with A22 (Fig. 3b; Table 1). Remarkably, the CPD
of DiI-C12 displacements did not follow a single exponential decay (Fig.
3b). The CPD could, however, be well fitted with the sum of two
exponentials (Fig. 3b), reflecting heterogeneous diffusion, i.e. the presence
of at least two populations with distinct diffusion coefficients (D1 and D2),
with relative occurrences γ and 1-γ, respectively. In cells with a functional
MreB cytoskeleton, DiI-C12 diffuses within the membrane in two equal
populations (D1 = 0.029 ± 0.008 μm2 s-1, D2 = 0.584 ± 0.007 μm2 s-1, γ =
0.49 ± 0.01) (Fig. 3b). The diffusion coefficient of the slow component
indicates that this fraction is almost immobile. In contrast, in cells treated
with A22, the CPD of DiI-C12 appeared less heterogeneous and less steep,
indicating a higher overall mobility of individual DiI-C12 molecules. While
a two-exponential fit yielded similar diffusion coefficients as for cells with
unperturbed MreB, their relative occurrence was substantially different, with
the fast-diffusing component dominating (D1 = 0.006 ± 0.090 μm2 s-1, D2 =
0.617 ± 0.020 μm2 s-1, γ = 0.17 ± 0.06), consistent with the increased
mobility obtained with MSD analysis.
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Fig. 3 MreB de-polymerization increases DiI-C12 mobility by reducing the capture
probability of DiI-C12 molecules. (A-B) MSD (A) and CPD (B) analysis of BODIPY FLC12 (cyan) and DiI-C12 (magenta) diffusion in the absence (filled, black-outlined symbols)
and presence (open symbols) of A22. Solid lines: linear (A) or exponential (B) fits (see text,
Table 1 and Table S2). (C) Individual, long single-molecule trajectory of DiI-C12. Left
panel: sequence of raw images; right panel: 2D-Gaussian-rendered single-molecule
positions of the trajectory. The DiI-C12 molecule diffuses between two capture sites where
it essentially remains immobile for 15 frames. Frame numbers are indicated on the left; time
interval between two consecutive frames: 12 ms. Scale bar (bottom right): 1µm. (D) 3Dcoordinate transformation of the trajectory of (C) allows for recovering the 3D trajectory
plotted on a 3D bacterial model. (E) CPD analysis of the long single-molecule DiI-C12
trajectories using the actual 3D displacements. CPD calculated from trajectory visualized in
(C) highlighted in red.
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We next tested whether individual DiI-C12 molecules diffuse either in the
slow- or in the fast-diffusive mode all the time, or whether individual
molecules switch between the two modes. In Fig. 3c and Supplementary
Movie 3, an example trajectory is shown of an individual DiI-C12 molecule.
First, it is nearly immobile for 15 frames, and then diffuses for an equivalent
time, until it gets trapped at a different location. Since 3D correction using
IPODD only works well for large data sets, another approach was taken to
obtain insight in 3D displacements from individual trajectories using
coordinate transformation (Fig. 3d). In Fig. 3e, CPD plots of a number of
long, coordinate-transformed trajectories are shown. Two groups of
trajectories can be discriminated. For many trajectories, the CPD decays
rapidly, representing DiI-C12 molecules that remain trapped for most of the
observation time. For a second group of trajectories, the CPDs are less steep,
suggesting that they correspond to freely diffusing DiI-C12 molecules. As in
the case of the molecule displayed in Fig. 3c, the CPDs of some trajectories
are bimodal (Fig. 3e), indicating switching between the trapped and the
mobile mode.
Together these observations suggest that DiI-C12-containing lipid domains
form via a diffusion-capture mechanism: individual DiI-C12 molecules
appear to diffuse freely between MreB-stabilized capture sites where they
are transiently confined. To obtain better insight in the size of these
domains, we determined, for 40 long trajectories where DiI-C12 molecules
appeared trapped, the spread (standard deviation) of individual DiI-C12
localizations within the trajectories. This yielded a distribution of standard
deviations with a mean of ~40 nm (Supplementary Fig. 3, Supplementary
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Movie 4), comparable with size estimates of lipid rafts in eukaryotic cells5.
This value is, however, close to the localization error under our
experimental conditions (~30 nm), which occludes discerning between the
possibilities that DiI-C12 molecule are truly immobilized or diffuse freely
within domains of ~40 nm diameter.
3.3.3 TMP diffusion is homogeneous yet confined by MreB
Having established that MreB organizes lipid domains within the E. coli
cytoplasmic membrane, we wondered whether this domain structure results
in TMPs experiencing different environments, leading to heterogeneous
TMP diffusion. To test this, we expressed the monomeric peptide transporter
CstA, a protein consisting of 18 trans-membrane helices, fused to enhanced
green fluorescent protein (eGFP) in E. coli (see Methods), and analyzed its
diffusion as described above for DiI-C12. Remarkably, CPD analysis
revealed that CstA-eGFP diffusion is homogeneous (Fig. 4a). Also long
trajectories of individual CstA-eGFP molecules did not show signs of
heterogeneity (Fig. 4c, Supplementary Fig 5a, Supplementary Movie 5).
These results indicate that CstA-eGFP is not confined or immobilized by
MreB, in the way we observed for the membrane probe DiI-C12. To
investigate whether the MreB cytoskeleton has an effect on TMP diffusion
at all, we measured CstA-eGFP diffusion in the presence of A22 and
observed that diffusion was still homogeneous but that the diffusion
coefficient substantially increased (from 0.13 to 0.21 μm2 s-1, Fig. 4a,d,e and
Table 1, Supplementary Movie 6).
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Fig. 4 TMP diffusion in the presence and absence of polymerized MreB. (A) CPD
analysis of CstA-eGFP diffusion in the absence (filled, black-outlined symbols) and
presence (open symbols) of MreB-polymerization inhibitor A22. Solid lines indicate fits
with single-exponential functions (Supplementary Table 2). (B) MSD plots of experimental
data shown in panel A. Solid lines indicate linear fits on the first four time lags (Table 1).
Dotted lines indicate nonlinear fits on MSD values simulated by a random walk with the
same diffusion coefficient over the part of a bacterial cell that is observable by wide-field
fluorescence microscopy. (C-D) Individual, long single-molecule trajectory of CstA-eGFP
in absence (C) and presence (D) of A22. Left panel: sequence of raw images; right panel:
2D-Gaussian-rendered single-molecule positions of the trajectory. Frame numbers are
indicated on the left; time interval between two consecutive frames: 32 ms. (E-F) CPD (E)
and MSD (F) analysis on the individual single-molecule trajectories of CstA-eGFP from (C)
and (D). (F) Fits were performed as in (B). Color-coding as in (A).
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How could the inhibition of MreB polymerization result in faster TMP
diffusion? The most simple explanation would be that de-polymerization of
membrane-bound MreB relieves spatial confinement of the TMPs.
Confinement typically quenches displacements at longer time scales,
resulting in a non-linear dependence of the MSD on time lag which is
referred to as sub-diffusion:

with α < 1

59

〈𝑟(∆𝑡)2 〉 = 4𝐷∆𝑡 𝛼 + 4𝜎 2

(3)

. To test whether CstA-eGFP displays sub-diffusive behavior,

we calculated MSDs and observed linear scaling of MSD with time for the
first four time lags. Notably, at longer time scales the MSD curve showed
clear non-linear scaling (Fig. 4b). Non-linear scaling, however, can also be
caused by the observable membrane area being limited (by the size of the
bacterium and the depth of field (DOF) of our microscope). In order to
assess these effects we simulated Brownian motion along a 3D bacterial
surface model and excluded diffusion steps that reached outside the
observable membrane area (see Methods, Supplementary Fig. 6). We first
compared experimental data from the lipid dyes BODIPY FL-C12 and DiIC12 to simulations. For the lipid dyes, the non-linear scaling of the MSDs at
longer time lags was fully consistent with normal Brownian motion limited
by the observable membrane area (Supplementary Fig. 7). In contrast, the
MSD values of CstA-eGFP at longer time lags substantially deviated from
the simulated ones (Fig. 4b), indicating that this protein moves in a subdiffusive manner. The sub-diffusive behavior was also observed in long
individual CstA-eGFP trajectories (Fig. 4f). To find out whether the subdiffusion was caused by the MreB cytoskeleton, we analyzed CstA-eGFP
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diffusion in the presence of A22. Strikingly, the MSD curve of CstA-eGFP
did not deviate from the simulations, indicating that the TMPs diffused in a
normal, Brownian way when MreB polymerization was inhibited (Fig. 4b).
The same could be observed in MSD curves obtained from long individual
trajectories of CstA-eGFP in the presence of A22 (Fig. 4f).
In order to rule out that the MreB-dependent sub-diffusion is specific for
CstA-eGFP, we generated seven more TMP-eGFP fusion proteins (Fig.
5a,b, Table 1; see Methods). Apart from the TatA translocation pore, which
exists in various oligomeric states and interacts with accessory proteins TatB
and TatC52, 54, these proteins were chosen for their apparent lack of specific
protein-protein interactions. We recorded diffusion data for all 7 TMPs and
applied CPD analysis as described above (Fig. 5c). For large oligomeric
TatA-eGFP complexes, CPD analysis revealed two populations with distinct
diffusion coefficients differing by about one order of magnitude (D1 = 0.016
± 0.001 µm2 s-1, D2 = 0.176 ± 0.004 µm2 s-1, γ = 0.90 ± 0.01). Also for
individual TatA-eGFP complexes heterogeneous diffusion could be
observed (Supplementary Fig. 4b, Supplementary Movie S7). We speculate
that this is connected to its function - the translocation of folded proteins
over the membrane - which might involve substantial conformational
changes of the Tat translocation pores60. All other CPDs, however, could be
well described with a single exponential function, showing that TatA-eGFP
is an exception and that TMPs in general diffuse homogeneously.
We then analyzed whether sub-diffusion at longer time scales is a general
feature as well. Indeed, MSDs of all TMPs consistently displayed substantial
deviations at longer timescales compared to simulated ones, confirming that
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confinement effects at relatively long time scales are a general feature of
TMPs in the E. coli cytoplasmic membrane (Fig. 5e, Supplementary Fig. 8).
3.3.4 TMP diffusion is weakly size-dependent
Our set of eight TMPs with differently sized membrane inclusions allowed
us to assess the size dependence of diffusion, which might contain additional
information about the diffusion mechanism.

Fig. 5. Size-dependent TMP diffusion in the cytoplasmic membrane of E. coli bacteria.
(A) Illustration of the library of the eight GFP-tagged TMPs used in this study (see Table 1
for names and radii). (B) Schematic of GFP fusion constructs: Top: eGFP (green) fused to
the amino-terminus of CstA. Bottom: sfGFP (light blue) fused to the periplasmic aminoterminus of MscS, preceded by the signal sequence (SS) of DsbA, to achieve cotranslational translocation of sfGFP. The arrow points to the site of leader peptidase
processing, L indicates a short flexible linker. (C) CPD analysis of TMP diffusion within
time lag of 64 ms. Straight, solid lines are single-exponential fits to the CPD data. In the
case of TatA-eGFP a double-exponential function was fitted. Fit results are presented in
Supplementary Table 2. (D) Diffusion coefficients obtained using MSD analysis (Table 1)
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plotted against radius R of corresponding TMP. Fitting the Saffman-Delbrück model yields
a membrane viscosity µm of 1.2 ± 0.1 Pa·s and bulk viscosity µf of 0.24 ± 0.02 Pa∙s. (E)
Mean-squared-displacement analysis of KcsA-eGFP, MscL-eGFP, MscS-sfGFP and TatAeGFP. Time lag 32 ms. Solid lines indicate linear fits on the first four time lags (Table 1).
Dotted lines show nonlinear fits on MSD values simulated by a random walk with the same
diffusion coefficient over the part of a bacterial cell that is observable by wide-field
fluorescence microscopy. Color-coding as in (C).

The well-known Saffman-Delbrück model55 considers the membrane as a
thin, two-dimensional layer of viscous fluid (with height h, and membrane
viscosity µm) that is surrounded by a less viscous bulk fluid (with bulk
viscosity µf), representing the cytoplasmic and the extracellular space. It
predicts a weak logarithmic dependence of the diffusion coefficient on the
radius of the protein:
𝑘 𝑇

𝐷 = 4𝜋𝜇𝑏

𝑚ℎ

𝜇 ℎ

�ln � 𝜇𝑚𝑅 � − 𝛾�
𝑓

(4)

with kb Boltzmann's constant, T the temperature, and γ ≈ 0.5772 Euler’s
constant. The model has been experimentally confirmed for TMPs in
artificial lipid bilayers13,

19

. In eukaryotic membranes however, much

stronger size-dependencies have been observed61. This is believed to be a
direct effect of the cortical actin mesh subdividing the membrane into
compartments: smaller proteins have a much larger propensity to escape
from one compartment to another than larger ones. In order to reveal the
size-dependence of TMP diffusion in the E. coli cytoplasmic membrane, we
plotted the diffusion coefficients against the radius of the trans-membrane
part of the protein and observed a decrease of the diffusion coefficient with
increased size (Fig. 5d). Remarkably, the size dependence of the TMP
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diffusion coefficients can be well described by the Saffman-Delbrück
model, with µm = 1.0 ± 0.1 Pa·s and µf = 0.21 ± 0.01 Pa·s (Fig. 5d), despite
of the MreB-controlled heterogeneity of the E. coli cytoplasmic membrane.

3.4 Discussion
We have shown, using the membrane probe DiI-C12, which has a
preference for disordered regions, that the E. coli cytoplasmic membrane
contains domains of distinct physical properties. Those domains were rather
static and appeared to be randomly distributed over the membrane. Tracking
individual DiI-C12 molecules revealed that they switch between mobile and
immobile states rather frequently. In their immobile state, DiI-C12
molecules appear to remain localized within ~40 nm. These observations
indicate that DiI-C12 lipid dyes are contained by a diffusion-capture
mechanism. The stability of the lipid domains requires polymerized MreB:
inhibition of MreB polymerization resulted in mobile, less stable domains
and less restricted diffusion of single DiI-C12 molecules. A similar effect of
MreB on membrane organization has been observed before for B. subtilis46.
The mechanism by which MreB controls lipid micro-domains remains
elusive. For eukaryotic membranes, a picket-fence model has been
proposed, in which the dense cortical actin cytoskeleton forms nanometersized compartments physically restricting lipid diffusion37. Since the
prokaryotic MreB cytoskeleton is less dense and spatially uncoordinated31,
47

, it is not likely that MreB can compartmentalize the prokaryotic

membrane in the same way. The tendency we observed for the formation of
transient DiI-C12-contained lipid domains in the absence of polymerized
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MreB indicates that lipid self-organization plays an important role in microdomain formation, similar to what has been proposed for the formation of
eukaryotic lipid rafts62, and that MreB stabilizes them.
One might expect that protein diffusion would be affected by the
heterogeneity in membrane composition, for example resulting in distinct
diffusion coefficients in different regions of the membrane. Remarkably, the
diffusion of almost all proteins investigated could be well described by a
single population. This apparent homogeneity in diffusion properties might
be the result of the limited temporal and spatial resolution of our
measurements. Within the 32 ms exposure time, the proteins move tens to
hundreds of nanometers, which could result in an effective averaging out of
membrane heterogeneity on this length scale. Yet, the possibility that, in
addition, the TMPs are excluded from certain regions in the membrane
cannot be ruled out. This latter possibility is supported by our experimental
results on TMP diffusion in the presence and absence of polymerized MreB.
On the one hand, polymerized MreB has a confining effect on TMPs, which
is reflected by the sub-diffusive nature of TMP diffusion, resulting in shorter
displacements at longer time scales than expected for normal Brownian
diffusion. On the other hand, at short time scales TMP diffusion is
substantially faster (~ 50%) upon inhibition of MreB polymerization. This
might be the effect of mixing of the destabilized lipid micro-domains with
bulk membrane, resulting in a less viscous membrane environment sensed
by the TMPs.
We have furthermore demonstrated that size-dependent TMP diffusion in E.
coli can be well described by the Saffman-Delbrück model55. This is a
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surprising result because the high degree of crowding in the E. coli
membrane as well as the MreB-regulated membrane heterogeneity appear to
be in contradiction with the assumptions underlying the model, which
describes the membrane as a continuous, thin viscous fluid. As discussed
above, the discontinuity and granularity of the TMP-crowded membrane
(with crowder size and distance on the order of a few nanometers) are most
likely averaged out in our experiments. A fit with the Saffman-Delbrück
model to our data results in a membrane viscosity that is 16 to 40 times
higher than found in vitro13, 19. Also the bulk viscosity is substantially higher
(~200-300 times) than reported in in vitro studies on giant unilamellar
vesicles13, 19. These values should not be interpreted as the actual viscosities
of the membrane and the cytosolic/periplasmic fluid in E. coli. They rather
represent effective viscosities accounting for the effect of collisions with
other macromolecules in this highly crowded space.
In conclusion, our findings show that MreB plays a crucial role in the
spatiotemporal organization of the cytoplasmic membrane of E. coli: it
stabilizes physically distinct lipid micro-domains and modulates the
dynamics of lipids and TMPs. The weak size-dependence of TMP diffusion
as well as the confinement at larger time and length scales compared to
eukaryotes63 most likely reflect the uncoordinated nature of the MreB
cytoskeleton opposed to the dense and regular mesh of cortical actin. Our
findings thus indicate that the interplay between the sub-membranous
cytoskeleton and the cytoplasmic membrane is an evolutionarily conserved
mechanism controlling the cytoplasmic membrane organization in both
prokaryotic and eukaryotic cells.
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3.5 Materials and methods
3.5.1 Bacterial Strains and Plasmids
The following E. coli trans-membrane proteins (TMPs, see Table 1) were
selected based on their lack of known specific protein-protein interactions
and radius in the plane of the membrane: monomeric peptide transporter
CstA, monomeric synthetic membrane protein WALP-KcsA, monomeric
electron transporters YedZ and CybB, monomeric Glycerol-3-phosphate
transporter GlpT, pentameric mechanosensitive channel protein of large
conductance MscL, heptameric mechanosensitive channel protein of small
conductance MscS, and oligomeric twin arginine translocation pore protein
TatA. Fusion genes with enhanced green fluorescent protein (eGFP) were
cloned into plasmids pBad24 or pBad33 that allowed tight regulation of
protein expression28. Membrane inclusion radii were estimated from the
following 3D structures available in the Protein Data Bank (PDB): KcsA
(2KB1.pdb), MscL (2OAR.pdb), MscS (2OAU.pdb), GlpT (1PW4.pdb),
CybB (4GD3.pdb; complex with hydrogenase 1). For YedZ, a homology
model

was

built

using

the

automated

service64

(www.proteinmodelportal.org). The TMP radius in the plane of the
membrane was measured from the PDB model using PyMol (DeLano
Scientific). Some proteins had a rather elliptically shaped membrane
inclusion. In that case, the average of the long and the short radius was used.
The radius of large TatA-eGFP complexes was estimated based on the 3D
architecture obtained via electron microscopy65
For the first five proteins, eGFP was fused to the cytoplasmic aminoterminus. The open reading frames coding for YedZ, CybB, GlpT and CstA
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TMPs were amplified from the chromosome of E. coli strain MC4100 by
polymerase chain reaction (PCR). For WALP-KcsA, the open reading frame
was amplified from a plasmid (a kind gift from Peter van Ulsen, Vrije
Universiteit Amsterdam and Antoinette Killian, University of Utrecht). PCR
products were restricted with SpeI and SalI restriction enzymes and
transferred to a pBAD2428 expression plasmid containing an in-frame eGFP
gene upstream from the multiple cloning site.
For MscL and TatA, eGFP was fused to the cytoplasmic carboxy-terminus.
For MscL, first, the open reading frame of MscL was amplified from the E.
coli

genome

(strain

MC4100)

by

PCR

using

(5’-

GGGAATTCATGAGCATTATTAAAGAATTTCGCGAATTTGCGATGC
GCGGGAAC-3’)

as

forward

primer

and

(5’-

TTCTCCTTTACCCATGCCGCTGCCGCTGCCGCTAGAGCGGTTATTC
TG-3’) as reverse primer. Then, the open reading frame of eGFP was
amplified

from

a

plasmid

by

PCR

using

(5’-

CAGAATAACCGCTCTAGCGGCAGCGGCAGCGGCATGGGTAAAGG
AGAA-3’)

as

forward

primer

and

(5’-

GTGTCGACTCATTTGTATAGTTCATCCATGCCATGTGTAATCCCA
GCAGCTGT-3’) as reverse primer. Finally, these two fragments were fused
by Gibson assembly and ligated into pBAD24 as described above. For TatAeGFP, an existing plasmid was used25.
In the case of MscS, the cytoplasmic carboxy-terminus is essential for
heptamerization and is therefore not accessible for fusion with eGFP. The
amino-terminus is located at the periplasmic side of the membrane, which
hampers folding of eGFP. Instead, an amino-terminal fusion with
59

Chapter 3

superfolder GFP (sfGFP)27 was generated, which was able to fold and
become fluorescent. The signal sequence of DsbA was used to achieve cotranslational translocation of sfGFP into the periplasm. The open reading
frame of the DsbA N-terminal signal peptide was amplified from the E. coli
genome

(strain

MC4100)

using

(5’-

GGGAATTCATGAAAAAGATTTGGCTGGCGCTGGCT-GGTTTA-3’)
as

forward

primer

and

(5’-

AGCCGGATCCGCGCCACCCTCGAGATCTTCATACTGCGCCGCCGATGC-3’) as reverse primer. The gene encoding sfGFP was
amplified from a plasmid27 (a kind gift from Thomas G. Bernhardt, Harvard
medical

school,

Boston,

U.S.A)

using

(5’-GCATCGGCGG-

CGCAGTATGAAGATCTCGAGGGTGGCGCGGATCCGGCT-3’)
forward

primer

and

as

(5’-AACATTCA-

AATCTTCGCCGCTGCCGCTGCCGCTTTTGTAGAGCTCATC-3’)

as

reverse primer. The MscS open reading frame was amplified from the E.
coli

genome

(strain

MC4100)

using

(5’GATGAGCTCTA-

CAAAAGCGGCAGCGGCAGCGGCGAAGATTTGAATGTT-3’)
forward

primer

and

as

(5’GTGTCGACT-

TACGCAGCTTTGTCTTCTTTCACCCGCTTAAAGTTCACATC-3’)

as

reverse primer. Finally, the three amplified DNA fragments were fused
together in a Gibson assembly reaction (60 minutes at 50 ˚C) using 1.33 X
Gibson master mix (New England Biolabs, Ipswich, MA), restricted with
EcoRI and SalI restriction enzymes and ligated into the pBAD24 expression
plasmid.
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3.5.2 Sample preparation and wide-field fluorescence microscopy
E. coli strain MC4100 was transformed using a pBAD24 plasmid containing
the gene of interest and plated on YT agar plates containing ampicillin (100
µg/ml). Single colonies that grew on ampicillin plates were inoculated in YT
media containing 100 µg/ml ampicillin and grown overnight at 220 rpm and
at 37°C. From the overnight culture 50 µl was added to 4950 µl fresh YT
media containing the appropriate antibiotics. Cells were grown for 90
minutes to reach mid-log phase at 220 rpm and 37°C. Cells were collected
by centrifugation for 2 minutes and suspended in minimal media M9 (0.6%
(w/v) Na2HPO4.2H2O, 0.3% (w/v) KH2PO4, 0.1% (w/v) NH4Cl, 0.1 % (w/v)
NaCl, 0.002M MgSO4, 0.4% (w/v) glucose, 0.0001M CaCl2). For imaging,
resuspended cells in minimal media were immobilized on a thin agarose pad
(1.5% (w/v) agarose in M9 medium) between a microscope slide and a
cover slip (both plasma-cleaned). Finally, the sample chambers were sealed
with VALAP (10 g Paraffin, 10 g Lanolin, 10 g Vaseline). Prior to imaging,
samples were incubated on the microscope for 30 minutes to allow the cells
to adjust to the imaging temperature (23 ± 1˚C). Bacteria were then imaged
at a constant temperature of 23˚C using a custom-built epi-illuminated widefield fluorescence microscope built around an inverted microscope body
(Nikon, Eclipse Ti) equipped with an apochromatic 100x 1.49 NA TIRF oilimmersion objective and a stage top incubator system (Tokai Hit, Japan).
Excitation light (wavelength 491 nm and 561 nm, intensity ~200 W/cm2 in
image plane) was provided by Cobolt diode-pumped solid-state lasers.
Fluorescence images were taken continuously with an EMCCD camera
(Andor iXon3 type 897), with an integration time of 32 ms per image, unless
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indicated otherwise. The total magnification was 200x, corresponding to 80
nm by 80 nm per pixel.
Each protein was measured in three independent experiments (>80
trajectories per experiment, trajectory length ≥ 4, average length ~15 time
lags of 32 ms). A comparison of the single-particle intensities tracked in live
E. coli with those of surface-immobilized, purified eGFP, shows that the
intensities were as expected on basis of the number of GFPs per protein (i.e.,
the monomeric proteins showed a similar intensity distribution as eGFP,
MscL gave a distribution of 1.4 ± 0.4 eGFP molecules, and MscS 1.8 ± 0.6;
note that they were expressed in the presence of unlabeled protein at wildtype levels) (Supplementary Fig. 4; Supplementary Table 1). In case of
TatA-eGFP, which was expressed in a TatA knock-out strain66 singleparticle intensities were used to select large complexes consisting of at least
30 monomers yielding a distribution of 38.4 ± 6.6 eGFP molecules.
For DiI-C12 or BODIPY FL-C12 staining experiments, YT was
supplemented with DiI-C12 (5 µg/ml)46 or BODIPY FL-C12 (0.4 µg/ml)15
during regrowth. Prior to immobilization on the microscope slides, cells
were washed three times with M9 in order to remove unbound dye.
Plasmolysis was performed as described67. In short, cells grown to mid-log
phase were resuspended in M9 that was supplemented with 15% sucrose.
After two minutes cells were fixed using 2.5% glutaraldehyde68 and imaged
subsequently (Supplementary Fig. 1).
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To minimize the effect of A22 on the shape of E. coli cells, A22 (10µg/ml)57
was only supplemented into M9 that was used for cell resuspension and
immobilization on the microscope slides.
3.5.3 Single-particle tracking
Images were analyzed using custom-written routines in MATLAB
(MathWorks). For automated single-particle tracking in bacteria a modified
version of the tracking algorithm utrack20 was used. In order to account for
changes in the point-spread function due to axial movement of particles
along the highly curved bacterial surface (in or out of focus), the location
and intensity of the particles was obtained by a Gaussian fit with variable
width. In addition, background subtraction was performed using a local
approach allowing multi-particle localization54. Subsequently, the particle
localizations were linked to obtain single-particle trajectories using the
utrack linking algorithm. For further analysis trajectories with a total length
less than four subsequent time points were discarded.
3.5.4 Determination of single eGFP fluorescence intensity
Single eGFP intensities were measured in vitro using E. coli expressed and
purified eGFP in imaging buffer (50 mM Tris, pH 8.0, 100 mM NaCl, 2 mM
MgCl2) immobilized on a 22 x 22 mm cover glass (Marienfeld, High
Precision No. 1.5H, 0107052).
3.5.5 3D – Coordinate Transformation
On basis of the sum of fluorescence images acquired for single-particle
tracking, the outline of the cells perimeter was fit by a cylinder of length L
and radius r, capped on both ends with half spheres of radius r and
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confirmed by overlaying the single-particle localization that were rendered
with a 2D Gaussian of width σ = 30 nm, the approximate localization
precision. Based on their localization, single-molecule trajectories were
assigned to their respective bacterium. For each bacterium the 2D
coordinates of its assigned trajectories were transformed according to a local
Cartesian coordinate system with its origin at the junction of short and long
axis of the cell and y-axis parallel to the long axis.
𝑥𝑙𝑙𝑙 = (𝑥 − 𝑥𝑂 ) cos(𝜃) − (𝑦 − 𝑦𝑂 ) sin(𝜃), and

(5)

𝑦𝑙𝑙𝑙 = (𝑥 − 𝑥𝑂 ) sin(𝜃) + (𝑦 − 𝑦𝑂 ) cos(𝜃)

For localizations occurring in the cylindrical region of the bacterium (-L/2 <
yloc < L/2) the z coordinate was calculated using the cylindrical coordinate
transformation,
𝑥𝑙𝑙𝑙 = 𝑟𝑟𝑟𝑟(𝜃𝑙𝑙𝑙 ), and

𝑧𝑙𝑙𝑙 = 𝑟𝑟𝑟𝑟(𝜃𝑙𝑙𝑙 ) = 𝑟𝑟𝑟𝑟(acos(

𝑥𝑙𝑙𝑙
𝑟

))

(6)

For localizations occurring in the upper cap (L/2 < yloc < L/2+r), the
coordinates were calculated using:
𝑥𝑙𝑙𝑙 = 𝑟𝑟𝑟𝑟(𝜃𝑙𝑙𝑙 )𝑐𝑐𝑐(𝜑𝑙𝑙𝑙 ),

𝑦𝑙𝑙𝑙 − 𝐿/2 = 𝑟𝑟𝑟𝑟(𝜃𝑙𝑙𝑙 )𝑠𝑠𝑠(𝜑𝑙𝑙𝑙 ), and
𝑥𝑙𝑙𝑙

𝑧𝑙𝑙𝑙 = 𝑟𝑟𝑟𝑟(𝜃𝑙𝑙𝑙 ) = 𝑟𝑟𝑟𝑟(asin �

𝑟

·

1

�) (7)

𝑥𝑙𝑙𝑙
)
(𝑦𝑙𝑙𝑙 −𝐿/2)

sin(atan(

Coordinates of locations in the lower cap (-L/2-r < yloc < -L/2) were
transformed accordingly. Based on their localization within the bacteria,
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trajectory segments were assigned to either the cylindrical or one of the cap
regions, when longer than four time points and discarded otherwise.
3.5.6 IPODD
For generating a matrix of projected displacement distributions (PDDs) as
previously described29, a 3D bacterial surface model was generated,
consisting of a cylinder with 1 µm diameter and 1 µm length, capped on
both ends with half spheres with 0.5 um radius. Triangulation of this model
was achieved using 3D modelling software (Google Sketchup). The
cylindrical part of the model consists of 38 triangles forming 24 flat patches,
while each of the half-sphere end caps is composed of 264 triangles forming
144 flat patches. The average angle between each flat patch is 15 degrees.
PDDs were generated by sampling displacement vectors of a given length
by randomly distributing individual displacements over the model surface
and determining their projected length in the 2D plane. By limiting the
sampling area, different depths of field can be simulated. To simulate epi
wide-field elimination, a depth of field of 500 nm was chosen, effectively
probing the lower side of the bacterium. To simulate TIRFM data, the
effective depth of field was limited to the lower 150 nm of the bacterium.
The normalized PDD represents the probability distribution for finding a
2D-projected length given a 3D displacement with particular length on the
probed surface of the bacterial model. For 3D displacements ranging from 0
to 1000 nm, in 5 nm increments, PDDs were generated sampling 105
displacements per given length, yielding a transformation matrix that can
convert any distribution of 3D displacements (with 5 nm bin size) over the
surface of the spatial model in a 2D-projected displacement distribution
65

Chapter 3

(with 5 nm bin size) by simple multiplication of an input distribution vector
with the transformation matrix29. For inverse projection of displacement
distribution (IPODD), the projection matrix was inverted using Gaussian
elimination. The inverted projection matrix was used to convert measured
2D-projected displacement distributions into the most probable 3D
displacement distribution over the probed model surface.
3.5.7 MSD Analysis
For each single-molecule trajectory of N consecutive images the
displacement distribution ri,nΔt at a time interval τ = nΔt was determined as
follows:
2

𝑟𝑖,𝑛Δt = �(𝑥(𝑖𝑖𝑖 + 𝑛𝑛𝑛) − 𝑥(𝑖𝑖𝑖))2 + (𝑦(𝑖𝑖𝑖 + 𝑛𝑛𝑛) − 𝑦(𝑖𝑖𝑖))2
for 𝑖 = 1 … 𝑁 and 𝑛 = 1 … 4.

(8)

Values for ri,nΔt from all detected single-molecules trajectories were pooled
into a discrete 2D displacement probability distribution PD2D(mΔr,τ) for
time intervals τ ≤ 4Δt and bin sizes ranging from 0 to 1000 nm, in Δr = 5 nm
increments. Inverse projection of displacement distribution (IPODD) was
performed by multiplying the PD2D(mΔr,τ) with the appropriate inverted
projection matrix, yielding the most probable global 3D displacement
probability distribution PD3D(τ). The average diffusion constant was
determined by means of mean squared displacement (MSD) analysis69
including the experimental localization accuracy:
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〈𝑅3𝐷 (𝜏)2 〉 =

∑𝑖 (𝑃𝑃(𝑖𝑖𝑖,𝜏)·𝑖𝛥𝛥 2 )
∑𝑗 𝑃𝑃(𝑗𝑗𝑗,𝜏)

= 4𝐷𝐷 + 4𝜎 2

(9)
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Fits yielded localization accuracies σ ranging from 26 nm (CybB-eGFP) to
43 nm (KcsA-eGFP) with a mean of 32 nm and standard deviation of 3 nm.
3.5.8 CPD Analysis
Heterogeneity in diffusion was probed by analyzing the cumulative
probability distribution (CPD). To this end the discrete 3D-corrected
displacement distribution PD (τ) for a given time-lag was integrated:
𝐶𝐶𝐶(𝑚𝛥𝛥 2 , 𝜏) = 1 − 𝐶𝐶𝐷′ (𝑚𝛥𝛥 2 , 𝜏) = 1 −

∑𝑚
𝑖=1 𝑃𝑃(𝑚𝑚𝑚,𝜏)
∑𝑗 𝑃𝑃(𝑗𝑗𝑗,𝜏)

(10)

Assuming two populations simultaneously exhibiting Brownian motion the
corresponding cumulative probability function (CPF) is expected to
resemble the sum of two exponentials24
2

2

𝐶𝐶𝐶(𝑚𝛥𝛥 , 𝜏) = 1 − 𝐶𝐶𝐶′(𝑚𝛥𝛥 , 𝜏) = 𝛾 · 𝑒
(11)

−𝑚𝛥𝛥2
4𝐷1 𝜏+4𝜎2

+ (1 − 𝛾) · 𝑒

−𝑚𝛥𝛥2
4𝐷2 𝜏+4𝜎2

The experimental CPD was fitted with the CPF excluding data points below
10-1 in order to minimize the contribution of noise at low probability values.
The localization accuracy σ was set 30 nm, consistent with the results
obtained from the MSD analysis.
3.5.9 Estimation of DiI-C12 domain sizes
Long low-mobility single-molecule trajectories of DiI-C12 molecules as
well as long low-mobility stretches of trajectories displaying obvious
switching in mobility were considered in order to estimate DiI-domain sizes
(Supplementary Fig. 3a). As a measure for the space explored by lowmobility DiI-molecules the standard deviation σ of single-molecule
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localization from their mean localization was calculated (Supplementary
Fig. 3b):
2
∑𝑁
�)2
𝑖 (𝑥𝑖 −𝑥̅ ) +(𝑦𝑖 −𝑦

𝜎=�

𝑁

(12)

3.5.10 Brownian motion simulation and long time-lag MSD analysis
The 3D bacterial surface model was used to assess the effect of a limited
depth of field (DOF) on the MSD analysis of normal Brownian motion. Per
time lag, 200 trajectories of a length of 100 displacements were simulated
with their origins randomly placed on the bacterial model. For each
diffusion-step a displacement r was drawn from a Rayleigh distribution
corresponding to the time-lag and diffusion constant simulated. The
direction of the displacement vector 𝑟⃗ with respect to the latter location was

determined by a randomly chosen lateral angle α. Displacements with their
start- and / or end-position occurring outside of the considered depth of field
were discarded. In accordance with experimental conditions, the depth of
field for the EPI-fluorescence microscopy simulations (single-particle
tracking on TMPs) was set to the lower half of the bacterial model (0 nm ≤ z
≤ 500 nm) and for the TIRF simulations (single-molecule tracking on DiIC12 and BODIPY FL-C12) to 0 nm ≤ z ≤ 150 nm with respect to the bottom
of the bacterial model. The remaining displacements were analyzed in terms
of MSD analysis (Supplementary Fig. 6).
For all lipid-dyes and TMPs investigated the experimentally obtained
diffusion constants were used for DOF simulations. MSD values of DOFfiltered simulation data increasingly deviate from the unfiltered simulation
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data with increasing time-lag resulting in a sub-diffusive MSD curve
(Supplementary Fig. 7).
For DiI-C12 and BODIPY FL-C12 the experimental and DOF-simulated
MSD curves are in good agreement suggesting that the apparent subdiffusive behavior can solely be accounted for by the limited depth of field
under experimental conditions (Supplementary Fig. 7). In contrast,
experimental MSD curves for all TMPs show an additional sub-diffusive
deviation compared to the DOF-simulated data (Supplementary Fig. 8).
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3.8 Table
DMSD (μm2/s)

TM-Protein/ Lipid-

Radius

Dye

(nm)

WALP-KcsA-

0.9

0.211 ± 0.004

YedZ-eGFP

1.3

0.188 ± 0.004

CybB-eGFP

1.7

0.175 ± 0.008

GlpT-eGFP

2.0

0.153 ± 0.003

CstA-eGFP

2.3

0.131 ± 0.003

CstA-eGFP +A22

2.3

0.207 ± 0.052

MscL-eGFP

2.5

0.118 ± 0.003

MscS-sfGFP

4.0

0.081 ± 0.008

TatA-eGFP

6.5

0.026 ± 0.003

BODIPY FL-C12

-

1.502 ± 0.078

BODIPY FL-

-

1.463 ± 0.089

DiI-C12

-

0.365 ± 0.012

DiI-C12+A22

-

0.561 ± 0.021

eGFP

C12+A22

Table 1 Mobility of TMPs and lipid-dyes in the presence and absence of A22
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3.9 Supporting Information
Supplementary Fig. 1

Supplementary Fig. 1. Plasmolysis of a DiI-C12 stained E.coli cell. Left: Image obtained
by phase contrast. The dark area shows the deformed high-refractive cytoplasm that has
detached from the cell wall due to plasmolysis. Right: Fluorescence image of DiI-C12
displays the same deformation, indicating that DiI-C12 exclusively stains the cytoplasmic
membrane of E.coli. Middle: the overlay of phase-contrast (cyan) and fluorescence
(magenta) images shows that the cytoplasmic and DiI-12 stained areas match. Scale bar:
1µm.
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Supplementary Fig. 2

Supplementary Fig. 2. Stable DiI-C12 micro-domains also form at 37°C. E. coli cells were
grown and imaged at 37°C. (A) single frame of 32 ms. (B) time-averaged image (100
frames). Scale bar: 1µm.
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Supplementary Fig. 3

Supplementary Fig. 3. Estimation of DiI-C12 domain sizes. (A) CPDs of long singlemolecule trajectories of DiI-C12 with low-mobility trajectories highlighted in dark blue.
Highlighted in black a CPD of the mobility-switching DiI-C12 molecule shown in
Supplementary Movie 4, with the CPD of its mobile stretch highlighted in red and the CPD
of its immobile stretch highlighted in cyan. (B) Distribution of the standard deviation of
localizations of low-mobility DiI-C12 molecules as an estimate of DiI-C12 domain size.
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Supplementary Fig. 4

Supplementary Fig. 4. Intensity distributions of purified eGFP measured in vitro and
CstA-eGFP, MscS-sfGFP, TatA-eGFP obtained in vivo. Mean intensity of monomeric
CstA-eGFP (Imean = 520 ± 80 a.u., N= 132) and purified eGFP (Imean = 510 ± 150 a.u.,
N= 183) match within the standard deviation. MscS-sfGFP displays a broader distribution
(Imean = 920 ± 30 a.u., N= 201) indicating that multiple MscS-sfGFP incorporate in
pentameric complexes with unlabelled wild-type MscS. The mean eGFP intensity was used
to select for TatA-eGFP multimers that incorporate at least 30 monomers yielding a
distribution with an average complex size of 38.4 ± 6.6 monomers (Imean = 196.8·102 ±
34·102 a.u., N=63).
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Supplementary Fig. 5

Supplementary Fig. 5. CPDs of 3D-corrected long single-molecule trajectories of CstAeGFP (A) and TatA-eGFP (B). Highlighted CPDs correspond to trajectories visualized in
Supplementary Movie 5 and Supplementary Movie 7.
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Supplementary Fig. 6

Supplementary Fig. 6. Illustration of depth-of-field (DOF) simulation for TIRF (A) and
epi (B) imaging conditions. Brownian motion simulated along the bacterial surface model
with accepted displacements occurring within the DOF in red and discarded displacements
in black.
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Supplementary Fig. 7

Supplementary Fig. 7. Long-time MSD analysis of lipid-dye mobility and the effect of the
limited depth of field. (A) Experimental long time-lag MSDs of BODIPY FL-C12 and DiIC12 in presence and absence of A22 indicated by circles as shown in the legend. MSDs of
Brownian motion simulation assuming experimental diffusion constants and considering the
limited DOF under TIRF conditions indicated by squares. (B),(C),(D) MSD plots of
diffusion simulations considering (blue) and without considering (red) TIRF DOF. Note
that the blue curves and symbols are also shown in (A).
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Supplementary Fig. 8

Supplementary Fig. 8. Long-time MSD analysis of TMP mobility. Black solid lines
represent linear fits to only the first 4 time lags of experimental MSDs (black circles). Blue
dashed lines represent nonlinear fits to MSDs of diffusion simulations (blue circles)
assuming diffusion constants obtained from linear fits to the first 4 time lags and a DOF
under EPI conditions.
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Supplementary Table 1
Protein

Mean Intensity (102

Number (eGFP)

a.u.)
eGFP

5.1±1.5

1.0±0.2

WALP-KcsA-eGFP

4.8±0.8

1.0±0.2

YedZ-eGFP

5.1±1.3

1.0±0.3

CybB-eGFP

5.6±1.2

1.1±0.2

GlpT-eGFP

5.2±0.8

1.0±0.2

CstA-eGFP

5.2±0.8

1.0±0.2

MscL-eGFP

7.2±1.9

1.4±0.4

MscS-sfGFP

9.2±3.0

1.8±0.6

TatA-eGFP

196.8±33.9

38.4±6.6

Supplementary Table 1. Mean values of intensity distributions obtained in vitro for
purified eGFP and in vivo for GFP-tagged trans-membrane proteins. The mean intensity of
eGFP was used to estimate the number of TMP-GFP monomers in analysed single-particle
trajectories. Values are given with the corresponding standard deviation of the underlying
intensity distributions.
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Supplementary Table 2
TM-Protein/ Lipid-Dye

Radius

D1 (μm2/s)

D2 (μm2/s)

γ

(nm)
WALP-KcsA-eGFP

0.9

0.196 ± 0.002

-

-

YedZ-eGFP

1.3

0.186 ± 0.001

-

-

CybB-eGFP

1.7

0.168 ± 0.001

-

-

GlpT-eGFP

2.0

0.137 ± 0.001

-

-

CstA-eGFP

2.3

0.130 ± 0.001

-

-

CstA-eGFP +A22

2.3

0.193±0.003

-

-

MscL-eGFP

2.5

0.114 ± 0.001

-

-

MscS-sfGFP

4.0

0.080 ± 0.001

-

-

TatA-eGFP

6.5

0.016 ± 0.001

0.176 ± 0.004

0.90 ± 0.01

BODIPY FL-C12

-

1.649±0.057

-

-

BODIPY FL-C12+A22

-

1.475±0.062

-

-

DiI-C12

-

0.029 ± 0.008

0.584 ± 0.007

0.49 ± 0.01

DiI-C12+A22

-

0.006 ± 0.090

0.617 ± 0.020

0.17 ± 0.06

Supplementary Table 2. CPD analysis of TMP and lipid-dye diffusion. In case of TatAeGFP and DiI-C12, double-exponential fits yield two populations with two distinct
diffusion constants D1 and D2 with the relative occurrence γ.
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Supplementary Movie 1

Supplementary Movie 1. Movie of E.coli stained with DiI-C12 observed with continuous
epi-fluorescence illumination and 32ms exposure time per frame. Scale bar: 1µm.
Movie link - http://www.cell.com/cms/attachment/2061159400/2062912413/mmc2.mp4

Supplementary Movie 2

Supplementary Movie 2. Movie of E.coli stained with DiI-C12 in presence of A22
observed with continuous epi-fluorescence illumination and 32ms exposure time per frame.
Scale bar: 1µm.
Movie link - http://www.cell.com/cms/attachment/2061159400/2062912414/mmc3.mp4
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Supplementary Movie 3

Supplementary Movie 3. Movie of a DiI-C12 single-molecule trajectory (depicted in Fig.
3c) observed with continuous TIRF-fluorescence illumination and 12ms exposure time per
frame. Top: raw images. Bottom: 2D-Gaussian-rendered single-molecule positions of the
trajectory. Scale bar: 1µm.
Movie link - http://www.cell.com/cms/attachment/2061159400/2062912415/mmc4.mp4
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Supplementary Movie 4

Supplementary Movie 4. Movie of a DiI-C12 mobility switching single-molecule
trajectory observed with continuous TIRF-fluorescence illumination and 12ms exposure
time per frame. Bottom: raw images. Top: 2D-Gaussian-rendered single-molecule positions
of the trajectory with its mobile stretch in red and immobile stretch in blue. Scale bar: 1µm.
Movie link - http://www.cell.com/cms/attachment/2061159400/2062912416/mmc5.mp4
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Supplementary Movie 5

Supplementary Movie 5. Movie of a CstA-eGFP single-molecule trajectory (depicted in
Fig. 4c) observed with continuous epi-fluorescence illumination and 32ms exposure time
per frame. Top: raw images. Bottom: 2D-Gaussian-rendered single-molecule positions of
the trajectory. Scale bar: 1µm.
Movie link - http://www.cell.com/cms/attachment/2061159400/2062912417/mmc6.mp4
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Supplementary Movie 6

Supplementary Movie 6. Movie of a CstA-eGFP single-molecule trajectory in presence of
A22 (depicted in Fig. 4d) observed with continuous epi-fluorescence illumination and 32ms
exposure time per frame. Top: raw images. Bottom: 2D-Gaussian-rendered single-molecule
positions of the trajectory. Scale bar: 1µm.
Movie link - http://www.cell.com/cms/attachment/2061159400/2062912418/mmc7.mp4
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Supplementary Movie 7

Supplementary Movie 7. Movie of a TatA-eGFP single-molecule trajectory observed with
continuous epi-fluorescence illumination and 32ms exposure time per frame. Top: raw
images. Bottom: 2D-Gaussian-rendered single-molecule positions of the trajectory. Scale
bar: 1µm.
Movie link - http://www.cell.com/cms/attachment/2061159400/2062912419/mmc8.mp4
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Mechanical insights into the role of TatA in the twinarginine protein transport system obtained using singleparticle tracking

Aravindan Varadarajan, Felix Oswald, Yves J. M. Bollen and Erwin J.G. Peterman
Manuscript in preparation
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4.1 Abstract
The twin-arginine translocation (Tat) system transports fully folded proteins
across the cytoplasmic membrane of most bacteria and archaea. In the gramnegative bacterium Escherichia coli, the Tat system consists of four
essential proteins TatA, TatB, TatC and TatE. In previous studies, a
mechanism has been proposed in which translocation of a substrate protein
by the Tat system starts with substrate binding to TatB and C, followed by
the recruitment of TatA, triggering the actual translocation over the
membrane and disassembly of the Tat protein complex. This mechanism
implies that the Tat system transiently forms complexes of varying size. To
gain deeper insight into the dynamics of the Tat machinery, we used
sensitive laser-illuminated wide-field fluorescence microscopy and singleparticle tracking (SPT) to image eGFP-fused TatA expressed from the
genome in live MC4100 E. coli cells. We tracked individual eGFP-fused
TatA complexes under wild-type conditions, in the presence of
chloramphenicol, overexpressing the transportable substrate SufI and
overexpressing the transport-arresting substrate high potential iron–sulfur
protein (HiPIP) with a long flexible linker between the signal peptide and
the mature domain. Our results show that the number of TatA complexes per
cell about triples when substrate proteins are overexpressed. The diffusion
behavior of the TatA complexes is different for the four conditions. In all
conditions diffusion is heterogeneous, indicating that fast and slow diffusing
complexes coexist, with a diffusion coefficient ~10-fold different.
Remarkably, the contribution of the slow component was substantially
higher when transport-arresting substrate HiPIP was overexpressed. These
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results indicate that TatA complexes exist in E. coli cells in two states with
substantially different diffusion coefficients that may represent two distinct
steps in the Tat translocation mechanism.

4.2 Introduction
Bacteria and archaea mainly use two protein transport systems for
translocating proteins across the cytoplasmic membrane70. The secretory
(Sec) system transports unfolded proteins through a narrow pore formed by
the SecYEG protein complex in the membrane while hydrolyzing ATP,
whereas the Twin arginine transport (Tat) system transports fully folded
proteins by an uncharacterized mechanism driven solely by proton motive
force (pmf)70. One of the key properties of the Tat system is its ability to
translocate fully folded proteins across the cytoplasmic membrane without
leakage of other cytoplasmic content into the periplasm.
The Tat pathway plays a crucial role in many cellular processes, including
energy metabolism, formation of the cell envelope, and nutrient
acquisition71. It has been shown that the Tat system is essential for the
virulence of some bacterial pathogens72, 73. In plant chloroplasts, which are
evolutionarily linked to bacteria, the Tat pathway plays an essential role in
the biogenesis of the photosynthetic electron-transport chain. Therefore,
dissecting the complex working mechanism of the Tat system is of great
interest.
Substrate proteins that are translocated by the Tat pathway are synthesized
with a N-terminal signal peptide that has a consensus amino acid sequence
motif that contains two highly conserved consecutive arginine residues72.
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Mutation studies have shown that substrate translocation is impaired when
these arginine residues are substituted with other amino acid residues74, 75.
In the Gram-negative bacterium Escherichia coli, the Tat system consists of
four integral membrane proteins TatA, TatB, TatC and TatE. TatB and TatC
form large complexes (400 – 600 KDa) containing several copies of both
proteins in a 1:1 ratio76. These TatBC complexes interact with the Nterminal signal peptide of Tat substrates and act as substrate receptors77, 78.
TatA is the most abundant protein of the Tat system and is thought to be the
pore-forming component of the Tat system79. TatE, a functional homologue
of TatA is less abundant. It can partially compensate for the lack of TatA
activity in a knock-out strain72. For long, it was believed that under most
laboratory conditions TatE does not play an important role in translocation.
It has, however, recently been shown that a GFP fusion to TatA, which in
absence of TatE results in heavily compromised Tat activity, is much better
tolerated in the presence of intact TatE72, 80. These results suggest that TatE
might have a distinct role in the translocation process.
It has been shown that detergent-solubilized TatA forms large homooligomeric complexes of variable size81,

82

. A Cryo-electron microscopy

study revealed that TatA forms a ring-like shape with an internal cavity wide
enough to transport folded substrate proteins. Single-molecule imaging in
live E. coli cells showed that there are about 100 TatA monomers freely
diffusing and 15 TatA complexes present in the membrane54. These
complexes have a wide distribution of sizes, with an average of 25 TatA
monomers per complex54. Recently, it has been shown in E. coli that
increasing the number of Tat-transportable substrate proteins increases the
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number of TatA complexes per cell. Formation of these TatA complexes
requires both a functional TatBC substrate receptor and the trans-membrane
proton motive force (PMF)72. These observations have led to the "substrateinduced Tat association model"72. In this model (figure 4.1), the assembly of
an active Tat complex begins with binding of substrate to the TatBC
complex, possibly via 2D diffusion on the membrane surface83, followed by
PMF-dependent recruitment of TatA, which is dispersed in the membrane as
protomers. Next, TatA forms a pore through which substrate protein can
pass from the cytoplasmic to the periplasmic side. Finally, after
translocation, the signal peptide is cleaved from the substrate and the Tat
complex disassembles, resetting the translocation cycle.

Figure 4.1 The substrate-induced association model for the E. coli Tat system. (1) At
the beginning of the cycle TatB and TatC are associated in a large complex in a 1:1 ratio
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(for clarity, only monomers are represented), while TatA is dispersed over the membrane as
protomers. (2) Substrate protein binds the TatBC complex involving its consensus sequence
motif. (3) PMF-dependent recruitment of TatA to the TatBC complex followed by TatA
oligomerization and pore formation. (4) Substrate translocation over the membrane via the
TatA pore, followed by cleavage of the C-terminus of the substrate protein by signal
peptidase. The cycle can restart (1) after disassembly of TatA and substrate protein from the
TatBC complex. Model based on Palmer et al. 2012.

If this model is correct, one would expect that (i) TatA complex size
changes during the translocation cycle and (ii) that increase or depletion of
Tat substrate alters TatA complex size. To test these predictions, we
performed a combination of single-molecule fluorescence experiments and
biochemical assays on E. coli strains with natural expression of Tat substrate
proteins,

overexpressing substrate,

overexpressing transport-arresting

substrate and with blocked translation. We find that the average number of
TatA complexes per bacterium indeed varies between these conditions. We
furthermore find that the diffusion of TatA complexes is heterogeneous
under all conditions, showing a slow and a fast component. The fast
diffusion coefficient is larger than would be expected for a large protein
complex embedded in the inner membrane, suggesting that this component
is due to TatA complexes in a different physical environment than the slow
ones. We discuss how these two classes of TatA complexes might play a
role in the Tat translocation process.
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4.3 Materials and Methods
4.3.1 Generation of a ΔTatABC strain
Because the correct relative expression levels of the Tat system has been
shown to be crucial for correct Tat activity84, we introduced an in-frame
eGFP fusion behind TatA while keeping the Tat-operon structure intact. We
followed the two-step homologous recombination protocol from the Court
lab85,

86

. In the first step, the tatABC operon was replaced by a double

selection marker; in the second step the marker was replaced by
tatA(gfp)BC. For recombination, we made use of the elements (Exo, Beta
and Gam enzymes) of the defective λ prophage, available under a
temperature-inducible promoter from the pSIM6 plasmid, which also carries
an ampicillin resistance gene87, 88. pSIM6 was transformed into E. coli strain
MC4100. Cells were grown to mid-log phase at 32 ˚C, after which
expression of the homologous recombination genes were induced at 42 ˚C
for 15 minutes. Cells were then cooled on ice, made competent, and
transformed

with

a

double-stranded

DNA

fragment

encoding

a

chloramphenicol acetyl transferase / levansucrase (CAT/SacB) gene
cassette, flanked on either side by approximately 40 base pairs of the upand downstream region of the Tat operon. The CAT/SacB cassette allows
for positive selection on Chloramphenicol and counter-selection on sucrose.
To check whether the recombination of CAT/SacB cassette was successful,
the cells were grown and plated on double-selective Lysogeny Broth (LB)
plates containing ampicillin (100 µg/ml) and chloramphenicol (15 µg/ml).
The colonies that grew on double selective plates were then cultured and
plated on 5% sucrose plates. Finally, colonies that grew on double selective
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plates and died on sucrose plate were screened using Polymerase Chain
Reaction (PCR) to identify positive ΔTatABC colonies.
4.3.2 Recombination of TatAeGFPBC gene cassette in the E. coli genome
First, the TatAeGFPBC gene cassette was amplified by PCR using forward
primer (5’-GCTCGGCTCCATCGGTTCCG-3’) and reverse primer (5’CAGTACATCGGGATCGCCAACAGC-3’) from plasmid pBAD33-TatAGFP-BC (in-house collection). Then, flanking regions of Tat operon were
amplified from the chromosomal DNA of E. coli by PCR using an upstream
forward flanking primer (5’-CGACAGTTTGCGCCAGGGCA-3’) and a
reverse flanking primer (5’-AAGCCTTTGATCGACGCACCAAGA-3’)
and

a

downstream

forward

flanking

primer

(5’-

CGCCGGATGTCTTCTCGCAAAC-3’) and a reverse flanking primer (5’AAGTCGCAGCTTGCCACTGGC-3’). The resulting flanking fragments
and TatAeGFPBC gene cassette were incubated for 1 hour in 1.33X Gibson
mastermix26. The resulting TatAeGFPBC gene cassette fused with flanking
regions was amplified using PCR. Finally, the amplified gene product was
introduced into the E. coli MC4100 strain containing the chromosomal
CAT/SacB cassette and the pSIM6 plasmid using electroporation, as
described above. To check whether the recombination of TatAeGFPBC was
successful, the cells were grown and plated on plates containing 5% sucrose
and plates containing chloramphenicol (15 µg/ml). The colonies that grew
on sucrose and died on chloramphenicol were screened by PCR and
sequenced to identify positive TatAeGFPBC colonies.
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4.3.3 Western-blot functionality assay
To check the transport function of fluorescently labeled TatA, the
endogenous E. coli Tat substrate protein SufI was fused at its carboxyterminus to a flexible Pro-Gly-Gly linker and then the influenza
hemagglutinin tag (HA-tag), and cloned into pCL1920 plasmid using
standard molecular biology techniques. pCL1920-SufI-HA plasmid was then
transformed into ΔTatABC, TatAeGFPBC, Jarv16 (MC4100 ΔtatA/E)89 and
wild-type MC4100 E. coli strains. Transformants were selectively grown on
LB plates containing Spectinomycin (50 µg/ml). All four Tat variant strains
were grown to mid-log phase at 30oC and WT-SufI-HA substrate protein
was induced with 1mM Isopropyl β-D-1-thiogalactopyranoside (IPTG) for
2h at 37oC. Cells were harvested by centrifugation (6,500xg, 5 min) and the
pellet was resuspended in phosphate-buffered saline pH 7.4 (PBS) to a final
OD600 of 10. The cell suspension was diluted twice in 2X SDS sample buffer
and incubated for 10 minutes in boiling water. Protein samples were
separated on 10% SDS-PAGE gel and blotted on a nitrocellulose membrane
for western blot analysis. Blots were incubated with blocking buffer (PBS
with 0.5% skimmed milk and 0.1% (v/v) Tween 20) for at least 4h. Primary
antibody (rabbit anti-HA, Sigma H6908) was diluted 1:5000 in blocking
buffer and incubated overnight. After washing, the blots were incubated for
1 hour with secondary antibody (goat anti-rabbit IgG-HRP, Promega
W4018) that was diluted 1:10000 in blocking buffer. The binding of
antibodies to the blot was visualized using Pierce ECL Western Blotting
Substrate (Thermo Scientific). The indicated relative molecular weight of
the protein was deduced from Precision Plus Protein Standards (BioRad).
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4.3.4 Expression of Tat substrate protein SufI and HiPIP in TatAeGFPBC E.
coli strain.
To study the effect of substrate overexpression on TatA dynamics, Tat
transportable substrate protein SufI was expressed from plasmid pBAD33SufI and Tat translocation arresting substrate protein HiPIP-R10 - with a
long flexible linker between the signal peptide and the mature domain - was
expressed from pBW-R10 plasmid (a gift from Thomas Brüser, Leibniz
Universität Hannover, Hannover, Germany)90. pBAD33-SufI and pBW-R10
plasmids were transformed separately into E. coli strain MC4100TatAeGFPBC. Cells transformed with pBAD33-SufI were grown on LB
plates containing chloramphenicol (34 µg/ml) and cells transformed with
pBW-R10 plasmid were grown on LB plates containing ampicillin (100
µg/ml). The transformants were then inoculated in YT medium containing
appropriate antibiotics and grown overnight at 220 rpm at 37°C. From the
overnight culture 50 µl was added to 4950 µl fresh YT medium. Cells
containing pBAD33 plasmid were grown for 30 minutes and SufI substrate
protein was subsequently induced with 0.002%, 0.02% and 0.2% Larabinose (w/v) for 1h at 37oC. Similarly, cells containing pBWR10 plasmid
were grown for 30 minutes after which HiPIP expression was induced with
0.2% L-rhamnose (w/v) for 1h at 37oC. In both cases cells reached mid-log
growth phase at the end of induction.
4.3.5 Sample preparation for microscopy
E. coli strains (TatAeGFPBC wild-type, TatAeGFPBC overexpressing SufI and
TatAeGFPBC overexpressing HiPIP) that were grown up to mid-log phase as
described above were collected by centrifugation for 2 minutes and
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suspended in minimal medium M9 (0.6% (w/v) Na2HPO4.2H2O, 0.3% (w/v)
KH2PO4, 0.1% (w/v) NH4Cl, 0.1 % (w/v) NaCl, 0.002 M MgSO4, 0.4%
(w/v) glucose, 0.0001 M CaCl2). For imaging, resuspended cells in minimal
medium were immobilized on a thin agarose pad (1.5% (w/v) agarose in M9
medium) between a microscope slide and a cover slip (both plasmacleaned). Finally, the sample chambers were sealed with VALAP (10 g
Paraffin, 10 g Lanolin, 10 g Vaseline). Prior to imaging, samples were
incubated on the microscope for 30 minutes to allow the cells to adjust to the
imaging temperature (23 ± 1˚C). Bacteria were then imaged at a constant
temperature of 23˚C using a custom-built epi-illuminated wide-field
fluorescence microscope built around an inverted microscope body (Nikon,
Eclipse Ti), equipped with an apochromatic 100x 1.49 NA TIRF oilimmersion objective and a stage top incubator system (Tokai Hit, Japan).
Excitation light (wavelength 491 nm and 561 nm, intensity ~200 W/cm2 in
image plane) was provided by Cobolt diode-pumped solid-state lasers.
Fluorescence images were taken continuously with an EMCCD camera
(Andor iXon3 type 897), with an integration time of 32 ms per image, unless
indicated otherwise. The total magnification was 200x, corresponding to 80
nm by 80 nm per pixel. Each strain (TatAeGFPBC wild-type, TatAeGFPBC
overexpressing SufI and TatAeGFPBC over expressing HiPIP) was measured
in three independent experiments (>80 trajectories per experiment, trajectory
length ≥ 4 frames, average length ~15 time lags of 32 ms).
4.3.6 Chloramphenicol treatment of TatAeGFPBC E. coli strain
In order to investigate the disassembly of TatA complexes in the absence of
substrate proteins, TatAeGFPBC wild-type E. coli strain was grown up to
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mid-log phase and resuspended in minimal medium as mentioned above.
Then, the resuspended cells were immobilized on a thin agarose pad
containing chloramphenicol (100 µg/ml) between a microscope slide and a
cover slip and the sample chambers were sealed as mentioned above. The
sample was kept at room temperature for 3 hours and later imaged as
described above. In the remainder of this paper, TatAeGFPBC wild-type
strain treated with chloramphenicol is referred to as TatAeGFPBC-CAM
4.3.7a Fluorescence spot counting
Fluorescence images were imported into ImageJ software and the number of
TatA complexes per cell was determined by counting bright fluorescent
spots. For each bacterial strain (TatAeGFPBC wild-type, TatAeGFPBC
overexpressing

SufI,

TatAeGFPBC

overexpressing

HiPIP-R10,

and

TatAeGFPBC-CAM) 100 cells were taken into account for counting. From
100 cells, average number of complexes per cell and standard errors of the
mean were calculated.
4.3.7b Flow cytometry
Cells were grown to early logarithmic growth phase and washed in M9
minimal medium exactly as described for fluorescence microscopy. Samples
were analyzed in a BD Accuri C6 flow cytometer equipped with a 488 nm
laser and a 530/30 nm emission filter, measuring forward scatter, side scatter
and fluorescence intensity.
4.3.8 Single-particle tracking
Images were analyzed using custom-written routines in MATLAB
(MathWorks). For automated single-particle tracking in bacteria a modified
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version of the tracking algorithm utrack was used20. In order to account for
changes in the point-spread function due to axial movement of particles
along the highly curved bacterial surface (in or out of focus), the location
and intensity of the particles was obtained by a Gaussian fit with variable
width. In addition, background subtraction was performed using a local
approach allowing multi-particle localization54. Subsequently, using the
utrack linking algorithm, particle localizations were linked and singleparticle trajectories were reconstructed. Note that the trajectories obtained in
this way are 2D-projections of the original 3D trajectories along the highly
curved E. coli cytoplasmic membrane. To correct for this, we used IPODD
(Inverse Projection Of Displacement Distributions) for converting the 2Dprojection back into the most likely 3D-displacement distribution29. Then,
from the 3D-corrected distributions of displacement, diffusion coefficients
were extracted using mean squared displacement (MSD) or cumulative
probability distribution (CPD) analysis.
4.3.9 MSD Analysis
For each TatA trajectory consisting of N time points, the displacement
distribution ri,nΔt at a time interval τ = nΔt was determined using:
2

𝑟𝑖,𝑛Δt = �(𝑥(𝑖𝑖𝑖 + 𝑛𝑛𝑛) + 𝑥(𝑖𝑖𝑖))2 + (𝑦(𝑖𝑖𝑖 + 𝑛𝑛𝑛) + 𝑦(𝑖𝑖𝑖))2
for 𝑖 = 1 … 𝑁 and 𝑛 = 1 … 4

(1)

Values for ri,nΔt from all detected single-particle trajectories were pooled into
a discrete 2D displacement probability distribution PD2D(mΔr,τ) for time
intervals τ ≤ 4Δt and bin sizes ranging from 0 to 1000 nm, in Δr = 5 nm
increments. Inverse projection of the displacement distribution (IPODD)
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was performed by multiplying the PD2D(mΔr,τ) with the appropriate
inverted projection matrix, yielding the most probable 3D displacement
probability distribution PD3D(τ)29. The average diffusion constant was
determined by means of mean squared displacement (MSD) analysis69
including the experimental localization accuracy:
〈𝑅3𝐷 (𝜏)2 〉 =

∑𝑖 (𝑃𝑃(𝑖𝑖𝑖,𝜏)·𝑖𝛥𝛥 2 )

4.3.10 CPD Analysis

∑𝑗 𝑃𝑃(𝑗𝑗𝑗,𝜏)

= 4𝐷𝐷 + 4𝜎 2

(2)

Heterogeneity in diffusion was probed by analyzing the cumulative
probability distribution (CPD). To this end, the discrete 3D-corrected
displacement distribution PD (τ) for a given time-lag was integrated:
𝐶𝐶𝐶(𝑚𝛥𝛥 2 , 𝜏) = 1 − 𝐶𝐶𝐷′ (𝑚𝛥𝛥 2 , 𝜏) = 1 −

∑𝑚
𝑖=1 𝑃𝐷(𝑚𝑚𝑚,𝜏)
∑𝑗 𝑃𝑃(𝑗𝑗𝑗,𝜏)

(3)

Assuming two populations simultaneously exhibiting Brownian motion the
corresponding cumulative probability function (CPF) is expected to be the
sum of two exponentials24.
−𝑚𝛥𝛥2

−𝑚𝛥𝛥2

𝐶𝐶𝐶(𝑚𝛥𝛥 2 , 𝜏) = 1 − 𝐶𝐶𝐶′(𝑚𝛥𝛥 2 , 𝜏) = 𝛾 · 𝑒 4𝐷1𝜏+4𝜎2 + (1 − 𝛾) · 𝑒 4𝐷2𝜏+4𝜎2

(4)

The experimental CPD was fitted with the CPF excluding data points below
10-1 in order to minimize the contribution of noise at low probability values.
The localization accuracy σ was set to 30 nm, consistent with the results
obtained from the MSD analysis.
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4.3.11 Cell-membrane fractionation and sodium carbonate extraction of
TatA-eGFP protein
To isolate potentially loosely bound TatA-eGFP protein from the
cytoplasmic membrane surface, TatAeGFPBC wild-type E. coli strain was
inoculated in LB medium and grown overnight at 220 rpm at 37°C. From
the overnight culture 1 ml was added to 1 L fresh LB medium. Cells were
grown for 2 days at 18°C, harvested by centrifugation (10,000 g, 4 min) and
the pellet was resuspended in 25 ml 0.1 M Na2HCO3 pH 11.5 containing
cOmplete protease inhibitor (Roche). To purify the membrane fraction, cell
pellet was lysed using a cell disrupter (Stansted Fluid Power Ltd, UK). Cell
debris was eliminated by centrifugation (10,000 g, 2 min), and the
membrane

fraction

was

precipitated

from

the

supernatant

by

ultracentrifugation (300,000 g, 45 min). The supernatant was removed and
kept on ice. Resuspension and precipitation steps were performed again and
supernatants were pooled. As a control, the above-mentioned membrane
resuspension procedure was performed using phosphate-buffered saline pH
7.4 (PBS).
4.3.12 Fluorescence spectroscopy and western blot analysis
To check whether the membrane fraction and supernatant isolated using
Na2CO3 and PBS contain TatA-eGFP protein, we recorded GFP
fluorescence spectra using a Cary Eclipse spectrophotometer (Agilent), with
excitation at 480 nm and emission recorded between 490 and 600 nm.
Then, these samples were diluted and incubated in 5X SDS sample buffer
for 1 hour in boiling water. Protein samples were separated on 12% SDS103
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PAGE gel and blotted on a nitrocellulose membrane in the cold room for
western blot analysis. Blots were incubated with blocking buffer (TBS with
1% skimmed milk and 0.1% (v/v) Tween 20) for at least 4h. Primary
antibodies (rabbit anti-GFP, Sigma AB3080P) were diluted 1:2000 in
blocking buffer and incubated for an hour at room temperature. After
washing, the blots were incubated for 1h with secondary antibodies (mouse
anti-rabbit IgG-HRP, Promega W4018) that was diluted 1:10000 in blocking
buffer. The binding of antibodies to the blot was visualized using Pierce
ECL Western Blotting Substrate (Thermo Scientific). The indicated relative
molecular weight of the protein was deduced from Precision Plus Protein
Standards (BioRad).

4.4 Results
4.4.1 Fluorescently labeled genomic TatA is functional
We constructed an E. coli strain in which a gene cassette encoding for a
TatA-eGFP fusion, TatB and TatC was placed under the control of the
native tat promoter integrated into the chromosome at the endogenous tat
locus. The resulting strain, referred to as TatAeGFPBC, lacks the native TatA
protein but expresses TatA-eGFP , as well as TatB, TatC, and TatE from the
chromosome under control of the endogenous promoter.
We assessed the transport activity of the TatAeGFPBC strain by examining
the translocation of wild-type Tat substrate protein SufI fused to the HA tag,
to facilitate immuno-detection. SufI, a 55 kD cell division protein that is
involved in the assembly of the bacterial divisome, is transported from
cytoplasm to periplasm via the Tat system. During the transport process the
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N-terminal signal peptide (~5 kD) of SufI is cleaved off at the outer surface
of the inner membrane, resulting in the release of a 50 kD protein in the
periplasm. Western blotting of SufI-HA expressed from Tat knockout strains
(ΔTatABC and Jarv16) showed a prominent 55 kD band indicating that SufI
was not processed and hence not transported to the periplasm (figure 4.2). In
contrast, the TatAeGFPBC and wild-type MC4100 E. coli strains showed an
intense 50 kD and a less intense 55 kD band indicating that most of the SufI
produced in these strains was processed and transported to the periplasm
(figure 4.2).

Figure 4.2 Western blot of whole-cell lysates from MC4100 E. coli strains. Jarvis 16,
ΔTatABC, TatAeGFPBC, and wild-type MC4100 expressing SufI-HA substrate protein
probed with anti-HA antibodies. White arrow indicates unprocessed SufI-HA (55 kD) and
black arrow indicates processed SufI-HA (50 kD).
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TatAeGFPBC cells were examined using epi-illuminated wide-field
fluorescence microscopy. Bacteria contained bright, mobile fluorescent
spots indicating that TatA-eGFP localizes to the membrane (figure 4.3A). In
case TatA-eGFP would be present in the cytoplasm, a fluorescent smear
would be observed all over the bacteria, because protein diffusion in the
cytoplasm is orders of magnitude faster than diffusion in the membrane. In
addition, cells were well separated and had normal shapes, whereas cells
without functional TatA are known to suffer from elongated growth and
chain formation91. Figure 4.3B, shows a strain expressing TatA-eGFP from
the genome in which accidentally the first few bases of the TatB-gene were
removed. Deletion of the N-terminal membrane anchor region from TatB
causes defective pore formation, resulting in the common chain-formation
phenotype of ΔTat strains.

Figure 4.3 Wide-field fluorescence microscopy image of TatAeGFPBC E. coli cells. (A)
Cells expressing functional TatA-eGFP from the genome. (B)

N-terminal membrane

anchor region of TatB deleted cells expressing non-functional TatA-eGFP from the
genome. Cells are aspecifically immobilized on a glass slide. The localization of TatAeGFP in the membrane allows the visualization of the contour of the bacterium.
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Together, these results indicate that the function of genomic TatA is not
hampered by eGFP fusion, which is in agreement with previous
observations72 75, 92.
4.4.2 TatA complex assembly is substrate dependent whereas disassembly is
not
Fluorescence microscopy shows that TatA-eGFP forms large complexes
(figure 4.3). There also appears to be a background of diffuse TatA-GFP,
which consists of monomers or small oligomers. It has been shown before
that an increase of the available Tat substrates result in an increased number
of TatA complexes in the membrane72, 92. To confirm those results with our
strain, we determined the average number of TatA complexes in
TatAeGFPBC cells and compared this to a strain overexpressing substrate
protein SufI from a L-arabinose inducible plasmid. This comparison showed
that the average number of TatA complexes increased gradually from 1 in
the TatAeGFPBC wild-type strain to more than 3 in TatAeGFPBC + SufI 0.2%
Ara+ strain (figure 4.4, Supplementary figure 1) indicating that substrate
proteins elevate the number of TatA complexes when more of it is present.
We also determined the number of TatA-eGFP complexes in bacteria
overexpressing (from a pBW-R10 plasmid93,

94

) a transport-arresting

substrate, consisting of high-potential iron-sulfur protein (HiPIP) with a long
flexible linker between the signal peptide and the mature domain. The long
flexible linker encoded in pBW-R10 is composed of 10 naturally unfolded
repetitive domains from yeast nuclear-pore protein Nsp1p, the so-called FG
repeats95. These repeats result in a 205 amino acid residues linker between
signal peptide and the rest of the protein. Such a long linker has been shown
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to

completely abolish

Tat

transport

activity93.

These

HiPIP-R10

overexpressing strains contained more than 3 TatA complexes per cell
(figure 4.4, Supplementary figure 1).

Figure 4.4 Number of TatA-eGFP complex formed in MC4100 E. Coli cells.
TatAeGFPBC E. coli strain expressing wild-type levels of TatA-eGFP, overexpressing
substrate protein SufI and transport arresting substrate protein HiPIP-R10 from L-arabinose
inducible plasmid and TatAeGFPBC E. coli strain treated with chloramphenicol are
represented in the bar graph. Results represent the means of 90 or 100 independent cells
with standard error of the mean (SEM) estimated using �𝜆/𝑁, with λ the mean and N the

sample size.
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An increase in the number of TatA-GFP complexes might be caused by
either an increase in TatA expression or by changes in the size of TatA
complexes. In order to discriminate between these two possibilities, we
measured the expression level of TatA-GFP by using flow cytometry under
wild-type

condition,

in

cells

overexpressing

SufI,

and

in

cells

overexpressing HiPIP-R10. The three distributions of total cellular
fluorescence intensity were nearly indistinguishable (Supplementary figure
2). Hence, these results indicate that TatA complex assembly from a
relatively constant pool of monomers or small oligomers is a generic
response to the presence of substrate proteins, irrespective of translocation
efficiency.
It has been hypothesized that TatA complexes disassemble after every
translocation cycle72. To check this hypothesis, we treated TatAeGFPBC wildtype strain with chloramphenicol for ~3 hours. Chloramphenicol blocks
protein synthesis on the ribosome without affecting the trans-membrane
proton motive force, resulting in complete translocation of the remaining,
already synthesized Tat substrate proteins, and eventually depletion of
substrate protein in the cytoplasm. We imaged these cells and determined
the average number of TatA complexes. Strikingly, the chloramphenicol
treated cells contained on average only one large TatA complex per cell,
slightly less than the wild-type condition, suggesting that TatA complexes
do not completely disassemble in the absence of substrate proteins.
4.4.3 The diffusion of TatA complexes is altered by the expression of
transport-arresting substrate HiPIP-R10 and chloramphenicol treatment
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After having shown that TatA complex assembly is substrate-dependent, we
determined whether the elevation of substrate protein expression affects the
mobility of TatA complexes. To this end, we tracked individual TatA-eGFP
complexes under wild-type Tat-substrate conditions, overexpressing the
transportable substrate SufI and overexpressing the transport-arresting
substrate HiPIP-R10. Using automated single-particle tracking, stacks of
images were analyzed and diffusion trajectories of large, bright TatA
complexes were reconstructed. The trajectories obtained using our
microscope are 2D projections of the actual 3D trajectories along the highly
curved membrane surface. Direct analysis of this 2D-projected data would
yield erroneous results 25, 29, 53, 54. To avoid this, we applied IPODD (Inverse
Projection Of Displacement Distributions)29 to reconstruct 3D displacements
and determine diffusion coefficients using mean squared displacement
(MSD) analysis. We determined that the diffusion coefficients of TatAeGFP complexes in wild-type substrate conditions (D = 0.099 ± 0.002 μm2
s-1) and SufI substrate overexpressing conditions (D = 0.094 ± 0.003 μm2 s1

) were nearly identical (figure 4.5, Table 4.1). In contrast, when

overexpressing the transport-arresting substrate HiPIP-R10, the diffusion
coefficient of TatA-eGFP complexes was 2.5-fold lower (D = 0.039 ± 0.001
μm2 s-1). Furthermore, after chloramphenicol treatment, TatA diffusion
instead speed up 1.6-fold compared to wild-type substrate conditions (D =
0.156 ± 0.003 μm2 s-1).
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Figure 4.5 MSD analysis of TatA-eGFP complexes diffusing in the membrane of living
bacteria. Wild-type substrate conditions (rose), substrate protein SufI overexpression
(black), transport arresting substrate protein HiPIP-R10 overexpression (red) and
chloramphenicol treatment (blue). Solid lines: linear fits yielding diffusion coefficients (D)
(see Table 4.1).

4.4.4 Diffusion of TatA is heterogeneous
Visual inspection of the image sequences gave the impression that the
mobility behavior of individual TatA-eGFP complexes was heterogeneous
in all conditions tested. MSD analysis is an averaging technique, averaging
out heterogeneity. Cumulative probability distribution (CPD) analysis, in
contrast, can unravel heterogeneity. Using this analysis method on the
IPODD-corrected displacement distributions, we found that the CPD of
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TatA-eGFP complex displacements was not a single exponentially decaying
function in all four conditions (figure. 4.6). Instead, the CPD could be well
fitted with a sum of two exponentials (figure 4.6 and Table 4.1), reflecting
the presence of two populations with distinct diffusion coefficients (D1 and
D2), differing an order of magnitude, with relative occurrences γ and 1- γ,
respectively. The TatA-eGFP diffusion parameters under wild-type substrate
conditions and overexpressing SufI were almost identical. Overexpressing
transport-arresting substrate HiPIP-R10, in contrast, resulted in only slightly
different diffusion coefficients, but a substantially larger fraction of slowdiffusing complexes. Chloramphenicol treatment resulted in increases of
both diffusion coefficient (2-fold for the slow component, 1.3-fold for the
fast), leaving the ratio relatively unaffected. Together these results show that
the diffusion of TatA is heterogeneous, with a complex dependency on Tat
activity. In all four conditions tested, fast and slow moving TatA complexes
co-exist.

112

Chapter 4

Figure 4.6 CPD analysis of TatA-eGFP complexes in the membrane of living E. coli
bacteria. Wild-type substrate conditions (rose), overexpression of substrate protein SufI
(black), overexpression of transport-arresting substrate protein HiPIP-R10 (red) and
chloramphenicol treatment (blue). Solid lines: double exponential fits yielding two
populations with distinct diffusion coefficients (see Table 4.1).

4.4.5 Large TatA complexes with unusually high diffusion coefficient
We next wondered whether the two diffusion components might be due to
complexes of different size, since, in general, the diffusion coefficient of a
trans-membrane protein depends on its size (see previous chapter).
However, we only analyzed large, bright complexes, suggesting that both
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fast and slow moving populations of TatA-eGFP particles have similar
intensities, and hence a similar number of TatA molecules. Furthermore, we
often observed individual particles switching between fast and slow
diffusion modes (see Supplementary movie 7 of Oswald et al.)96. Even the
largest particles, consisting of more than 30 TatA-GFP molecules based on
the fluorescence intensity, displayed rapid diffusion for approximately 10%
of the time. Hence, we have strong indications that the fast and the slow
complexes consist of similar numbers of TatA-eGFP molecules.
In order to obtain more quantitative insight into the size distributions of the
TatA-eGFP complexes under various substrate conditions, we determined
histograms of the fluorescence intensities of individual TatA-eGFP
complexes. Under wild-type substrate conditions and overexpressing
translocation-competent substrate SufI, the size of TatA-eGFP complexes
was almost equal (~27 and ~30 TatA-eGFPs per complex, respectively)
(figure 4.7). These results are consistent with an electron microscopy study
of purified TatA complexes, which showed that TatA forms complexes of
various sizes, including large ones in the range of 20-35 monomers (10-13
nm diameter)65. Cells overexpressing transport-arresting substrate HiPIPR10 contained much smaller TatA complexes, consisting of on average only
~17

monomers,

whereas

chloramphenicol-treated

cells

contained

substantially larger complexes containing ~43 monomers (figure 4.7).

114

Chapter 4

Figure 4.7 Histogram of the fluorescence intensities of tracked TatA-eGFP complexes
in vivo. TatAeGFPBC E. coli strain expressing wild-type levels of substrate (top left);
overexpressing the Tat substrate SufI (top right); overexpressing the transport-arresting
substrate HiPIP-R10 (bottom left); treated with chloramphenicol (bottom right). For
comparison, the mean intensity of purified eGFP under identical imaging conditions is 510
± 150 a.u. (N=183).

4.4.6 TatA occurs as both peripheral and integral membrane protein
The observation described above raised a question: how can complexes of
similar size have so distinct diffusion coefficients? To find an answer to this
question, we isolated E. coli membranes and washed them with sodium
carbonate. Sodium carbonate can remove peripheral membrane proteins that
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are loosely bound to the membrane surface leaving the integral membrane
proteins intact97.

Figure 4.8 E. coli membrane washing and western blotting. (A) eGFP emission spectra
of supernatant (light green) and membrane fraction (dark green) extracted from PBS wash.
eGFP emission spectra of supernatant (light blue) and membrane fraction (dark blue)
extracted from Na2CO3 wash. (B) Supernatant and membrane fraction extracted from PBS
and Na2CO3 wash are blotted with anti-GFP antibody for probing TatA-eGFP protein.
Black arrow indicates TatA-eGFP protein size (36 KD).

Next, we recorded the eGFP fluorescence emission spectra of supernatant
and pellet fractions extracted from the Na2CO3 membrane wash. Both
fractions showed a clear eGFP emission peak, indicating that TatA-eGFP is
present in both fractions (figure 4.8 A). In line with this result, Western-blot
data revealed that both fractions contain considerable amount of TatA-eGFP
molecules (figure 4.8 B). In contrast, washing the membrane with only PBS
resulted in trace amounts of TatA-eGFP in the supernatant fraction.
Together, these results indicate that TatA-eGFP is present in two fractions in
the cell: one tightly bound to the membrane and most likely integral to the
membrane, while the other is less tightly bound to the membrane.
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4.5 Discussion
Unraveling the Tat mechanism is crucial to understanding how the transport
of essential proteins occurs over the bacterial cytoplasmic membrane.
Despite previous studies on the bacterial Tat system, complete mechanistic
insight of how this system works is lacking. TatA appears to be the central
component responsible for the actual translocation of folded proteins over
the inner membrane. It is believed to form complexes of varying size during
the translocation cycle. Here we used single-molecule fluorescence
microscopy to study the mobility of individual TatA complexes in living E.
coli bacteria, to gain insights into the localization and dynamics of TatA
under various conditions. Our results show that the number of TatA
complexes indeed varies with the amount of substrate proteins available.
Furthermore, we show that the diffusion of TatA complexes is
heterogeneous in all conditions tested, with fast and slow diffusing
complexes coexisting.
Under wild-type Tat substrate expression conditions, the diffusion of large
TatA-eGFP complexes is characterized by a slow-diffusing state (D = 0.024
μm2/s, 60% relative contribution) and a fast-diffusing state (D = 0.175
μm2/s , almost an order of magnitude faster). In a previous study, we have
related TMP size to diffusion coefficient96, chapter 3. A comparison with that
study indicates that the slow TatA diffusion coefficient is consistent with a
protein complex of the size we measured. The fast diffusion coefficient is,
however, not. It is even faster than that of WALP-KcsA-eGFP, which
contains only two trans-membrane helices and has an ~6.5 times smaller
radius than the TatA complexes96. Our Western-blot analysis of sodium117
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carbonate washed membrane revealed that a substantial fraction of TatAeGFP is loosely bound to the membrane surface and not embedded in the
cytoplasmic membrane. Combined, these results could indicate that the large
TatA complexes switch between a membrane-inserted state and a partially
inserted or weakly membrane-bound state. This idea is supported by the
observation that the TatAd protein is present both in the cytoplasm and the
membrane of B. subtilis98.
We tested how the properties of TatA-eGFP complexes depended on the
availability of Tat substrate proteins. Upon overexpression of (functional)
Tat substrate SufI we observed that bacteria contain more TatA-eGFP
complexes, while the total fluorescence intensity did not change.
Furthermore, complexes had similar fluorescence intensity and diffusion
properties as in strains with wild-type Tat-substrate expression. Together
these observations indicate that substrate overexpression does not elevate
TatA expression, but rather stimulates the formation of large TatA
complexes from a pool of TatA.
We also studied the effect of overexpressing HiPIP-R10, an artificial Tat
substrate that results in translocation arrest93. Consistent with the SufI
overexpression data, these bacteria contain an increased number of TatAeGFP complexes. The fluorescence intensity, however, of these complexes
was significantly lower. Furthermore, these smaller complexes diffuse more
slowly. It thus appears that, under these conditions, TatA complexes are
trapped in an intermediate translocation state, most likely associated with
TatB, TatC and the substrate protein.
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As a final Tat-substrate condition we investigated the effect of depleting Tat
substrate by arresting protein synthesis using chloramphenicol. Bacteria
treated with chloramphenicol contained on average one TatA-eGFP
complex, which was substantially larger than under wild-type substrate
conditions. These large complexes showed biphasic diffusion behavior, as
we observed for the other Tat substrate conditions. The diffusion
coefficients of both components, however, were substantially faster than
under the other conditions. A reason for this might be that the
chloramphenicol treatment results in a less crowded, less protein-dense
membrane, resulting in faster protein diffusion. Remarkably, under these
substrate-depleted conditions, large TatA complexes are still present. This
suggests that complexes, once formed, are stable for many hours, also after
substrate depletion.
Taken together, these data confirm key aspects of the substrate-induced
association model, but also require refinement of the model. In figure 4.9 we
present a refined version of the model, the "substrate-induced flip-flop
model". In this model, the Tat translocation cycle begins with TatA
oligomers and monomers attached to the membrane (that diffuse relatively
fast along the membrane surface) and TatB in complex with TatC (1). Next,
substrate binds to this TatBC complex (2), followed by the PMF-dependent
recruitment of TatA oligomers (3). Subsequently (4), the TatBC-bound TatA
oligomers flip into the membrane, forming a trans-membrane substrateTatABC complex that diffuses relatively slowly. Now, a functional pore is
formed that allows the substrate to pass from the cytoplasmic to the
periplasmic side of the membrane (5). Finally, after translocation, the C119
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terminus of the substrate is cleaved of and the TatABC complex
disassembles, resetting the translocation cycle.

Figure 4.9 The "substrate-induced flip-flop model" for the E. coli Tat system. (1) At
the beginning of the translocation cycle, TatB and TatC are associated in a large complex in
a 1:1 ratio (for clarity, only monomers are represented), while TatA exists as loosely bound
oligomers and monomers at the membrane surface that diffuse relatively fast (only a single
TatA oligomer is represented in the figure for simplicity). (2) Substrate protein binds to the
TatBC complex involving its signal peptide. (3) PMF-dependent recruitment of TatA
oligomers to the substrate-bound TatBC complex. The TatA oligomers are attached to the
TatBC, but are not completely embedded in the membrane. (4) TatA oligomers flip into the
membrane. The TatABC complex formed now diffuses substantially more slowly through
the membrane. (5) The substrate protein is translocated over the membrane via the TatA
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pore. Subsequent cleavage of the C-terminus of the substrate protein by Peptidase-I is
followed by disassembly of the complex, resetting the translocation cycle. Black arrows:
transition under wild-type and SufI-overexpression conditions; red arrows: transitions and
blockage under HiPIP-overexpression conditions; blue arrow indicates blockage of cycle
under chloramphenicol conditions.
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4.7 Table

E. coli strain

DMSD (μm2/s)

D1 (μm2/s)

D2 (μm2/s)

γ

expressing TatAeGFP

TatAeGFPBC

0.099 ± 0.002

0.024 ± 0.005

0.175 ± 0.005

0.57 ± 0.02

TatAeGFPBC +

0.094 ± 0.003

0.023 ± 0.002

0.184 ± 0.003

0.61 ± 0.03

0.039 ± 0.001

0.024 ± 0.003

0.117 ± 0.004

0.82 ± 0.02

0.156 ± 0.003

0.049 ± 0.008

0.230 ± 0.015

0.55 ± 0.05

SufI induced with
0.2% Ara+

TatAeGFPBC +
HiPIP induced
with 0.2% Rham+

TatAeGFPBC treat
with
Chloramphenicol
(100 µg/ ml)

Table 4.1 Diffusion coefficients (D) with relative occurrence (γ) that best describes the
diffusive behavior of TatA-eGFP under various conditions. Values are average ± standard
deviation obtained from two independent experiments.
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4.8 Supporting information
Supplementary Figure 1

Supplementary Figure 1 Number of TatA-eGFP complex formed in MC4100 E. Coli
cells. TatAeGFPBC E. coli strain expressing wild-type levels of substrate (top left);
overexpressing the Tat substrate SufI (top right); overexpressing the transport-arresting
substrate HiPIP-R10 (bottom left); treated with chloramphenicol (bottom right).
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Supplementary Figure 2

Supplementary Figure 2 Total cellular fluorescence intensity measured using a flow
cytometer. Wild-type E. coli MC4100 strain (green); TatAeGFPBC E. coli strain expressing
wild-type levels of substrate (red); TatAeGFPBC E. coli strain overexpressing the Tat
substrate SufI (black); TatAeGFPBC E. coli strain overexpressing the transport-arresting
substrate
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Chapter 5
Single-molecule imaging of membrane organizing
proteins YqiK and MreB in the inner membrane of E.
coli bacteria
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5.1 Introduction
The cell membrane is a common feature of all living organisms. It defines a
boundary between the inside and the outside of the cell. Membrane proteins
that perform key cellular functions like signal transduction, protein
translocation and cell division localize to specific regions in the cell
membrane called “microdomains”99,

100

. These regions appear to be

evolutionarily conserved in all forms of life and are enriched with distinct
lipids and proteins. Microdomains can be classified into two types, fluid
microdomains and non-fluid microdomains or lipid rafts101, 102. Until now,
microdomains have been identified and characterized mainly in eukaryotic
cells. Several recent studies have, however, shown that bacteria also possess
specialized membrane microdomains8, 9, 96, 103.
Bacteria organize their microdomains using the cytoskeletal and flotillin-like
proteins. MreB is an actin-like cytoskeletal protein that stabilizes fluidic
lipid domains, also called regions of increased fluidity (RIFs)46, 96. Flotillins
are a conserved family of proteins that segregate the membrane into small
compartments by creating non-fluidic lipid domains104. Studies have shown
that MreB attaches weakly to the membrane via the N-terminal amphipathic
helix and moves persistently in a nearly circumferential direction46,

105

. In

contrast, bacterial flotillins are associated with ordered, raft-like regions8, 9,
104

; they integrate into the membrane via their N-terminal trans-membrane

helix and their dynamics are not known. It has been recently shown that
flotillins in bacteria can oligomerize via their prohibitin (PHB) domains106.
In a recent study we have shown that perturbing fluidic lipid domains in E.
coli by inhibiting MreB significantly affects the diffusion of trans128
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membrane proteins and lipids in the cytoplasmic membrane96. Together,
these observations suggest that MreB and flotillin are proteins linked to
fluidic and non-fluidic regions of the bacterial cytoplasmic membrane.
Hence, visualizing the localization of MreB and flotillins will shed light on
the organization of fluidic and non-fluidic regions of the bacterial
cytoplasmic membrane. Therefore, we fluorescently labeled MreB and
flotillin YqiK in E. coli bacteria and tracked their mobility using sensitive
laser-illuminated wide-field fluorescence microscopy.

5.2 Materials and Methods
5.2.1 In silico sequence analysis
Sequence analyses were performed with amino acid sequences of E. coli
YqiK, B. subtilis YuaG and M. musculus flotillin2 obtained from Swiss-Prot
protein sequence databank. Multiple sequence alignment between these
proteins were performed using the M-Coffee Web server107. In order to
identify domain families in flotillin proteins, a domain architecture analysis
was performed using SMART Web server108. Furthermore, to get structural
insights, homology models for YqiK and YuaG were generated by the
Phyre2 web site109. The quality of the obtained model was assessed by
comparing it with the NMR structure of PHB domain from M. musculus
flotillin2 (PDB ID - 1wina).
5.2.2 Fluorescent labeling of YqiK and MreB in E. coli
The open reading frame of YqiK was amplified from the genome of E. coli
(strain MG1655) by Polymerase Chain Reaction (PCR), using (5’GGGATCCTCCCTGGCCCCAAATATTGT-3’) as forward primer and (5’129
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TTGCACTTTTTAGCGGAACGCAGATATAAAAAATCCCCGGCTTTT3’) as reverse primer. Then, the open reading frame of sfGFP was amplified
from

a

plasmid

by

PCR

using

(5’-

TCATCATAACCCTTTCCTTCTGTAAGG-3’) as forward primer and (5’AAAAAATCCCCGGCTTTTTGGGCCAGGGATTATTCCTGGAAGAGG
-3’) as reverse primer. Finally, these two fragments were fused by Gibson
assembly and ligated into a pBAD33 plasmid. Then, the pBAD33 plasmid
was transformed into the E. coli MC4100 strain. The transformants were
then plated on LB agar plates containing chloramphenicol (35 µg/ml). The
resulting strain that grew on the chloramphenicol plate was called AV01.
The pBAD33 plasmid containing YqiK-sfGFP fusion was also transformed
into the E. coli MG1655 strain that contains MreB-mCherry fusion in the
genome (a kind gift from Sven van Teeffelen, Institut Pasteur, Paris,
France). The transformants were then plated on LB agar plates containing
chloramphenicol (35 µg/ml). The resulting strain that grew on the
chloramphenicol plate was called AV02.
5.2.3 Production of the ΔYqiK E. coli strain
To create a chromosomal deletion of YqiK E. coli strain, we used the
elements (Exo, Beta and Gam enzymes) of defective λ prophage cloned into
the pSIM6 plasmid that also carries an ampicillin resistance gene110,
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.

Plasmid pSIM6 was transformed into the E. coli MG1655 strain containing
an MreB-mCherry genomic fusion (see above). Next, in this strain we
deleted the genomic YqiK gene by introducing a chloramphenicol acetyl
transferase / levansucrase (CAT/SacB) gene cassette in the YqiK gene
locus112. To check whether the recombination of CAT/SacB cassette was
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successful, the cells were grown and plated on double-selective
Lysogeny Broth (LB) plates containing ampicillin (100 µg/ml) and
chloramphenicol (15 µg/ml). The colonies that grew on double selective
plates were then cultured and plated on 5% sucrose plates. Finally, colonies
that grew on double selective plates and died on sucrose plates were
screened using Polymerase Chain Reaction (PCR) to identify positive
ΔYqiK colonies. The resulting strain was called AV03.
5.2.4 Cell-membrane fractionation on basis of detergent resistance
To check whether YqiK is associated with lipid rafts, wild-type MC4100 E.
coli strain was transformed with the pBAD33 plasmid containing the YqiKsfGFP fusion. The transformed cells were selectively grown on LB plates
containing chloramphenicol (35 µg/ml). From these plates, a single colony
was inoculated in LB media containing 35 µg/ml chloramphenicol and
grown overnight at 220 rpm at 37°C. From the overnight culture 5 ml was
added to 495 ml fresh LB media containing the appropriate antibiotic. Cells
were grown to mid-log phase at 37oC and YqiK-sfGFP was induced with
0.02% of L-arabinose for 2h at 37oC. Cells were harvested by centrifugation
(6,500 g, 5 min) and the pellet was resuspended in phosphate-buffered saline
pH 7.4 (PBS) to a final OD600 of 10. To purify the membrane fraction, cell
pellet was treated with pefabloc protease inhibitor (Sigma-Aldrich) and
lysed by a One Shot cell disrupter (Constant systems, Northants, UK). Cell
debris was eliminated by centrifugation (10,000 g, 2 min), and the
membrane

fraction

was

precipitated

from

the

supernatant

by

ultracentrifugation (407,000 g, 40 min). Next, the membrane fraction was
treated with the CellLytic MEM protein extraction kit (Sigma) to purify
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proteins associated with detergent resistant membrane fraction (DRM)
fractions. Separation of proteins associated with resistant and sensitive
membrane fractions was done at 30°C, according to the protocol provided
by Sigma for the use of the CellLytic MEM protein extraction kit.
5.2.5 Sample preparation for microscopy
E. coli strain AV01 expressing YqiK-sfGFP and AV02 expressing MreBmCherry and YqiK-sfGFP were inoculated in YT media containing 35
µg/ml chloramphenicol and grown overnight at 220 rpm and at 37°C. From
the overnight culture 50 µl was added to 4950 µl fresh YT media containing
the appropriate antibiotics. Cells were grown for 90 minutes to reach midlog phase at 220 rpm and 37°C. Cells were collected by centrifugation for 2
minutes and suspended in minimal media M9 (0.6% (w/v) Na2HPO4.2H2O,
0.3% (w/v) KH2PO4, 0.1% (w/v) NH4Cl, 0.1 % (w/v) NaCl, 0.002M
MgSO4, 0.4% (w/v) glucose, 0.0001M CaCl2). E. coli strain AV01 was used
to visualize YqiK-sfGFP in a wild-type situation, whereas strain AV02 was
used to visualize MreB and YqiK simultaneously. Strain AV02 treated with
A22 (10 µg/ml) for ~15 minutes in late mid-log phase was used to visualize
the localization and dynamics of YqiK-sfGFP in the MreB inhibited
background. A22 was also added to M9 medium used for cell resuspension
and immobilization on the microscope slides. To visualize MreB in the
absence of YqiK, ΔYqiK E. coli cells AV03 strain were grown and imaged
as described above.
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5.2.6 Image capture and analysis
For imaging, resuspended cells in minimal media were immobilized on a
thin agarose pad (1.5% (w/v) agarose in M9 medium) between a microscope
slide and a cover slip (both plasma-cleaned). Finally, the sample chambers
were sealed with VALAP (10 g Paraffin, 10 g Lanolin, 10 g Vaseline). Prior
to imaging, samples were incubated on the microscope for 30 minutes to
allow the cells to adjust to the imaging temperature (23 ± 1˚C). Bacteria
were then imaged at a constant temperature of 23˚C using a custom-built
epi-illuminated wide-field fluorescence microscope built around an inverted
microscope body (Nikon, Eclipse Ti) equipped with an apochromatic 100x
1.49 NA TIRF oil-immersion objective and a stage-top incubator system
(Tokai Hit, Japan). Excitation light (wavelength 491 nm and 561 nm,
intensity ~200 W/cm2 in image plane) was provided by Cobolt diodepumped solid-state lasers. Fluorescence images were taken continuously
with an EMCCD camera (Andor iXon3 type 897), with an integration time
of 32 ms per image, unless indicated otherwise. Images were analyzed using
custom-written routines in MATLAB (MathWorks). For automated singleparticle tracking in bacteria a modified version of the tracking algorithm
utrack20 was used.

5.3 Results
5.3.1 Protein sequence and structure similarity
Flotillins (also called Reggie) are a family of proteins involved in organising
the membrane. They were first discovered in mamals, however, more
recently two flotillins are indentified in the Gram-positive bacterium B.
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subtilis: YuaG and YqfA (now referred to as FloT and FloA)8. Based on
sequence similarity, we identified YqiK as a potential flotillin in E. coli. To
gain insight into the flotillin-like properties of the E. coli YqiK protein, first
we compared the amino acid sequence of YqiK with B. subtilis YuaG (FloT)
and M. musculus flotillin-2. Multiple sequence alignment showed that E.
coli YqiK is 22% identical to B. subtilis YuaG and 16% identical to M.
musculus flotillin-2 (figure 5.1 A). Interestingly, YuaG has a much higher
sequence identity of 44% to M. musculus flotillin-2.
A typical characteristic of flotillins is that they contain a PHB domain that is
generally involved in oligomerization9, 104, 106, 113, 114. Domain analysis of the
sequences of YqiK, YuaG and flotillin2 identified amino acid residues 30199, 119-301, and 87-269 as the respective PHB domain-forming residues
(figure 5.1 B). As the PHB domain of these three proteins are similar in
length, ~170-190 amino acids, it is possible that the structure of their PHB
domain is similar. Therefore, using the NMR structure of M. musculus
flotillin2 (figure 5.2 A) as a template, homology models were developed for
the PHB domain of YuaG (figure 5.2 B) and YqiK (figure 5.2 C). Structural
modeling resulted in 99% confidence score for both YqiK and YuaG models
showing that the homology models developed were reliable. Superimposing
these models showed that all 3 proteins contain four α-helices and four βsheets. The structural differences of YqiK with the other proteins are mainly
localized in the loop 2 region formed by amino acid residues 78-95
(EVSRSTINSLITKDRMRV) and the loop 5 region formed by amino acid
residues 199-207 (LGQRTLSPE) (figure 5.2 D).
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topology of E. coli YqiK, B. subtilis YuaG and M. musculus flotillin2 is shown.

membrane helix, dark green PHB domain, light green coiled-coiled region, purple low complexity region) of the predicted

E. coli YqiK and B. subtilis YuaG is a close homologue of the PHB domain of M. musculus flotillin2. A cartoon (blue trans-

subtilis YuaG and M. musculus Flot2. YqiK is 22% identical to YuaG and 16% identical to flotillin-2. (B) The PHB domain of

Figure 5.1 Analysis of YqiK protein sequence. (A) M-Coffee sequence alignment was performed with E. coli YqiK, B.
Chapter 5
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Together these results show that E. coli YqiK shares key structural traits
with eukaryotic flotillins. Therefore, we test in the remainder of this chapter
the hypothesis that E. coli YqiK localizes to lipid rafts in the membrane, just
like eukaryotic flotillins.

Figure 5.2 PHB domain structure. (A) NMR solution structure of M. musculus flotillin2
PHB domain. (B) Homology model of B. subtilis YuaG PHB domain. (C) Homology model
of E. coli YqiK PHB domain. (D) Superimposition of predicted YqiK and YuaG PHB
domain structure with NMR structure of M. musculus flotillin2 PHB domain. Arrows
indicate loop 2 and loop 5 region of YqiK.
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5.3.2 E. coli YqiK is associated to the detergent-resistant membrane fraction
Flotillins are membrane proteins known to associate with ordered, tightly
packed regions of the membrane, sometimes referred to as lipid rafts. One
characteristic of ordered domains is that they dissolve poorly in non-ionic
detergents such as Triton. Previous studies on eukaryotic cells and on B.
subtilis have shown that flotillins and other proteins associated to lipid rafts
are generally found in the detergent-resistant membrane (DRM) fraction8. In
order to check whether YqiK in E. coli localizes to lipid rafts, we used a
commercially available triton-based membrane extraction kit to isolate the
detergent-resistant membrane fraction (DRM) and detergent-sensitive
membrane (DSM) fraction from ΔYqiK MC4100 E. coli strain expressing
YqiK-sfGFP from a pBAD33 plasmid. We found that the isolated DRM
fraction was bright green in color under white-light illumination, whereas
the DSM fraction was transparent and color-less (figure 5.3), indicating that
most of the YqiK-sfGFP protein is localized in detergent-resistant regions of
the membrane.

Figure 5.3 Membrane fractionation and
detection of E. coli YqiK. The membrane
fractions sensitive and resistant to detergent
solubilization are named DSM and DRM,
respectively. Green color from DRM
fraction indicates the presence of YqiKsfGFP.
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5.3.3 Fluorescence imaging of YqiK and MreB
We have shown from our membrane isolation experiment that E. coli YqiK
localizes to the more ordered, detergent resistant fraction of the membrane.
In contrast, cytoskletel protein MreB localizes to regions of increased
fluidity (RIFs) in the E. coli membrane46. One might expect RIFs and
RAFTs to be spatially separated. Therefore, we image MreB and YqiK
simultaneously. To visualize YqiK, E. coli strain AV01 expressing YqiKsfGFP from a pBAD33 plasmid was examined using wide-field epifluorescence microscopy. For visualizing MreB, We imaged a natively
expressed, functionally complementing single copy of MreB-mCherry
fusion from the genome of E. coli strain MG165548 using wide-field epifluorescence microscopy. In both cases, bacteria showed bright fluorescent
spots indicating that YqiK-sfGFP expressed from pBAD33 plasmid and
MreB-mCherry expressed from the genome localize to the cytoplasmic
membrane (figure 5.4 A-B). In addition, we observed that the YqiK
fluorescent spots were fewer in number than MreB fluorescent spots and
were mostly localized in the polar regions of the cell (figure 5.4 A-B).
Futhermore, we observed that the cells were lying separate and had a shape
similar to wild-type E. coli. Together these results indicate that both YqiK
and MreB fusion proteins localize to the membrane, not hampered by the
fusion of fluorescent protein.
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Figure 5.4 Wide-filed epi-fluorescence microscopy image of E. coli cells expressing
YqiK-sfGFP (A) and MreB-mCherry (B). Cells are immobilized on a thin agarose pad
made between a microscope slide and a cover slip. Scale Bar, 1 μm

5.3.4 MreB and flotillin YqiK do not co-localize in E. coli
We have shown above that E. coli membrane regions resistant to detergent
contain YqiK protein. In a previous study we have shown that fluidic
microdomains in the E. coli cytoplasmic membrane are stabilized by
MreB96. Therefore, visualizing MreB and YqiK simultaneously in the same
cells will shed light on the organization of fluidic and non-fluidic regions of
the E. coli cytoplasmic membrane. Therefore, we performed dual color
imaging of YqiK-sfGFP and MreB-mCherry in E. coli strain. We observed
the localization pattern of MreB and YqiK is not correlated, indicating that
MreB and YqiK localize to different regions of the membrane (figure 5.5A).
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Figure 5.5 Localization of YqiK and MreB in E. coli cells. (A) MreB-mCherry and
YqiK-sfGFP dos not colocalize in wild-type E. coli cells. (B) MreB-mCherry and YqiKsfGFP do not colocalize in E. coli cells treated with A22. (C) MreB-mCherry in ΔYqiK E.
coli cells. Scale Bar, 1 μm.

5.3.5 Tracking the mobility of YqiK and MreB
To gain insight into the lateral mobility of YqiK in the E. coli cytoplasmic
membrane, first we tracked the position of individual YqiK-GFP molecules
in the wild-type E. coli cells. Using automated single-particle tracking,
stacks of images were analyzed and single molecule trajectories were
reconstructed. The cytoplasmic membrane of E. coli is a highly curved
140

Chapter 5

structure, so the trajectories obtained were 2D-projections on a 3D surface.
Therefore, we used IPODD (Inverse Projection Of Displacement
Distributions)29 method for converting the 2D-projection back into the most
likely 3D-displacement

distribution.

Then,

from

the

3D-corrected

distributions of displacement, a diffusion coefficient was extracted using
mean squared displacement (MSD) analysis. For a freely diffusing
molecule, the MSD increases linearly with the time interval Δt:
〈𝑟(∆𝑡)2 〉 = 4𝐷∆𝑡 + 4𝜎 2

(1)

The diffusion coefficient D and the localization error σ can thus be readily
obtained from a straight-line fit to the MSD plotted as a function of time
interval (figure 5.6 E). We found that YqiK has a diffusion coefficient (D =
0.003 ± 0.0003 μm2 s-1 ).
YqiK is an inner membrane protein, anchored to the membrane via a single
trans-membrane helix. Previously (Chapter 3), we measured the diffusion
coefficient of a number of inner membrane proteins of various sizes.
Comparison shows that the diffusion coefficient of YqiK is significantly
lower than the diffusion coefficient of the largest protein in our dataset, the
oligomeric pore-forming protein TatA (D = 0.026 ± 0.003 μm2 s-1)96. The
diffusion coefficient shows that YqiK certainly does not diffuse freely as a
monomer, consistent with flotillins being known to oligomerize via their
PHB domain.
One might imagine that YqiK molecules switch between a nearly immobile
state when they are in an oligomer and associated with a microdomain, and a
mobile state when they diffuse freely as monomers or small oligomers.
MSD analysis is an averaging method, and is therefore not suitable to
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resolve such heterogeneous behavior. Cumulative probability distribution
(CPD) analysis, in contrast, can reveal heterogeneity58. The CPD is defined
as the probability that a particle steps out of a circle of radius r after a time
lag t. Plotting the CPD against r2 yields an exponentially decaying function
for a single population diffusing with diffusion coefficient D:
𝐶𝐶𝐶(𝑟 2 , 𝑡) = 𝑒

−

𝑟2
4𝐷∆𝑡+4𝜎2

(2)

CPD analysis clearly showed single diffusing population of YqiK yielding a
similar diffusion coefficient (D = 0.005 ± 0.0003 μm2 s-1) (figure 5.6 F) as
determined by MSD analysis indicating that the diffusion of YqiK is
homogeneous.
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Figure 5.6 Tracking of YqiK-GFP complexes in E. coli cells. (A-B) fluorescence image
of initial (A) and final (B) time points of a 30-s-long time lapse of two adjacent E. coli cells
expressing YqiK-sfGFP. (C-D) fluorescence image of initial (C) and final (D) time points
of a 30-s-long time lapse of two adjacent E. coli cells expressing YqiK-sfGFP in the
presence of A22. Red circle indicates point spread function of a single YqiK molecule
tracked near the polar region of the cell. The yellow line indicates a rough cell outline and
the scale bar is 1 μm. (E-F) MSD (E) and CPD (F) analysis of YqiK diffusion in the
absence (black) and presence (red) of A22. Solid lines: linear (E) or exponential (F) fits.

We next tested whether MreB polymerization has an effect on YqiK
mobility by treating cells with A22, a small-molecule inhibitor of MreB
polymerization (figure 5.5 B). MSD (D = 0.004 ± 0.0003 μm2 s-1) and CPD
analysis (single population, D = 0.005 ± 0.0001 μm2 s-1) revealed that MreB
polymers do not substantially influence YqiK diffusion (figure. 5.6 E-F).
To gain insight into MreB dynamics, and whether they are influenced by
YqiK, we tracked individual MreB-GFP molecules in wild-type and in
ΔYqiK cells (figure 5.5 C). Using automated single-particle tracking, stacks
of

images

were

analyzed

and

single-molecule

trajectories

were

reconstructed. As MreB moves around the short axis of the bacterium, we
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selected the displacements of MreB in the XY plane of the cell. In this case,
2D-projected data can be directly used to determine the velocity of MreB.
Using kymograph analysis we found the mobility of MreB is directional
both in wild-type and ΔYqiK cells with similar velocities (13 nm/s in wildtype cells; 11 nm/s in ΔYqiK cells) (figure 5.7), which is in good agreement
with a previous study (10 nm/s wild-type cells)48. This result shows that the
mobility of MreB is not affected by the deletion of YqiK.

Figure 5.7 Tracking of MreB complexes in E. coli cells. (A-B) fluorescence image of
initial (A) and final (B) time points of a 60-s-long time lapse of two adjacent E. coli cells
expressing MreB-mCherry. (C) Kymograph analysis of MreB motion in wild-type cells. (DE) fluorescence image of initial (D) and final (E) time points of a 60-s-long time lapse of
two adjacent ΔYqiK E. coli cells expressing MreB-mCherry. (F) Kymograph analysis of
MreB motion in ΔYqiK cells. Red circle indicates point spread function of a single MreB
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molecule tracked in the rectangular part of the lower cell area. The white line indicates a
rough cell outline and the scale bar is 1 μm.

5.4 Discussion
Eukaryotic cells produce a class of proteins called flotillins that organize
lipid rafts in the cell membrane115, 116, 117. Likewise, Gram-positive bacteria
such as Staphylococcus aureus (S. aureus) and Bacillus subtilis (B. subtillis)
produce flotillin-like proteins (FloT, YuaG, YqfA) that are thought to be
involved in lipid rafts formation104. The role of flotillin proteins and the
study of lipid raft organization in Gram-negative bacteria have not been
addressed so far. Therefore, we scanned the genome of E. coli and identified
a flotillin-like protein YqiK.
As all flotillins, YqiK contains a PHB domain that shares amino acid
sequence similarity with B. subtilis flotillin YuaG (FloT) and M. musculus
flotillin-2. Homology modeling clearly showed that PHB domain structure
of YqiK is mostly identical to YuaG and flotillin-2 except a slight difference
in the orientation of loop 2 and loop 5. Similar to eukaryotic flotillins, YqiK
localizes to detergent-resistant regions of the E. coli cytoplasmic membrane.
The structure-sequence similarity and localization of YqiK to the membrane
suggest that YqiK could likely involve in organizing the regions of
decreased fluidity or lipid rafts in the E. coli cytoplasmic membrane.
Like lipid rafts, fluidic microdomains are also part of biological membranes.
These domains mostly contain unsaturated fatty acids. In a recent study, we
have shown that MreB, an actin homologue, stabilizes fluidic microdomains
in the E. coli cytoplasmic membrane. Here, we visualized fluorescently
labeled MreB and YqiK in living E. coli. Interestingly, we observed many
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MreB fluorescent spots distributed all over the cell membrane. MreB
filaments move in a circumferential direction around the short axis of the
bacterium covering vast areas of the cytoplasmic membrane. In contrast,
there were only few YqiK fluorescent spots mostly near the polar regions of
the cell. This observation suggests that YqiK-organized non-fluidic regions
are less in numbers when compared to regions that are stabilized by MreB.
In addition, MreB and YqiK localization patterns were not correlated
suggesting that MreB-stabilized fluidic regions are spatially separated from
non-fluidic regions organized by YqiK. To support this observation, we
inhibited MreB polymerization with A22 and visualized YqiK mobility. As
expected, A22-treated cells showed no change in the mobility pattern of
YqiK (figure 5.5 E-F). Similarly, YqiK knocked-out cells showed no
significant change in the directed motion of MreB (figure 5.6 C&D). All our
results are consistent with the idea that MreB localizes to regions of
increased fluidity whereas YqiK localizes to regions of decreased fluidity,
and that these regions are spatially and functionally distinct.
In summary, we showed that E. coli genome contains a flotillin like protein
YqiK that might have similar functions as eukaryotic flotillins. Visualizing
fluorescently labeled MreB and YqiK revealed that RIFs and rafts are
intrinsic structural features of E. coli cytoplasmic membrane that are
spatially separated from each other.
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Summary
Imaging membrane-protein diffusion in living bacteria
In living cells, essential processes such as transcription, translation,
intracellular transport and protein secretion are driven by proteins that
interact transiently in a highly dynamic manner. Single-molecule
fluorescence microscopy has been used successfully to study the mobility of
proteins in eukaryotic and prokaryotic cells. With this technique, it is
possible to probe the behaviour of single proteins in millisecond time
resolution and nanometer spatial resolution.
Using single-molecule fluorescence microscopy, I have investigated the
lateral mobility of 10 different E. coli inner membrane proteins (WALPKcsA, YedZ, YidC, CstA, GlpT, MscL, MscS, MreB, TatA and YqiK) to
understand how heterogeneity and macromolecular crowding influence the
mobility and function of proteins in the bacterial cytoplasmic membrane. To
achieve this, I, first of all, fluorescently labeled all ten proteins with
fluorescent proteins and expressed them from plasmids in E. coli bacteria.
Then, using wide-filed fluorescence microscopy, I visualized individual
fluorescent protein molecules within bacterial cells. Finally, I tracked their
mobility using single-particle tracking software.
In Chapter 3 of this thesis, I have shown the influence of MreB cytoskeletal
network on the mobility of trans-membrane proteins in E. coli bacteria. In
this chapter, I have highlighted the existence of membrane micro-domains in
the inner membrane of E. coli. These domains appear to be stabilized by the
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cytoskeletal network formed by MreB just below the inner membrane. In
addition to stabilizing micro-domains, the MreB cytoskeletal network also
confines the mobility of trans-membrane proteins.
In Chapter 4 of this thesis, I have studied the mobility of the TatA
component of the twin-arginine protein transport system in E. coli. This
chapter highlights the heterogeneity in diffusion properties of the TatA
complex, which is caused by complexes that move faster and others that
move slower. Based on this observation I proposed a new model, the so
called "substrate-induced flip-flop model" for the dynamics of the Tat
system. In this model, the Tat translocation cycle begins with TatA
oligomers and monomers attached to the membrane and TatB in complex
with TatC. Then, substrate protein binds to this TatBC complex, followed by
the PMF-dependent recruitment of TatA oligomers. Subsequently, the
TatBC-bound TatA oligomers flip into the membrane, forming a transmembrane substrate-TatABC complex that diffuses relatively slowly. Now,
a functional pore is formed that allows the substrate to pass from the
cytoplasmic to the periplasmic side of the membrane. Finally, after
translocation, the C-terminus of the substrate is cleaved off and the TatABC
complex disassembles, resetting the translocation cycle.
In Chapter 5, I have studied the mobility of membrane-organizing proteins
YqiK and MreB in E. coli bacteria. In this chapter, I have shown that YqiK
harbours flotillin-like properties and might have a similar function as
eukaryotic flotillins. Visualizing fluorescently labeled MreB and YqiK
revealed that regions of increased fluidity (RIFs) and regions of high order
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(rafts) are intrinsic structural features of the E. coli cytoplasmic membrane
that are spatially separated from each other.
In conclusion, my findings show that the E. coli cytoplasmic membrane is
heterogeneous and is organized by the MreB cytoskeletal network. By
studying the diffusion properties of various E. coli cytoplasmic membrane
proteins, I find membrane heterogeneity and macromolecular crowding as
two key parameters that govern trans-membrane protein mobility and
function.
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De visualisatie van membraaneiwit diffusie in levende
bacteriën
In levende cellen worden essentiële processen, zoals transcriptie, translatie,
intracellulair transport en eiwit segregatie gedreven door eiwitten die
tijdelijke en zeer dynamische interacties aangaan. Enkel-molecuul
fluorescentie technieken zijn succesvol ingezet om de mobiliteit van
eiwitten te bestuderen in eukaryote en prokaryote cellen. Deze technologie
maakt het mogelijk om het gedrag in kaart te brengen van individuele
eiwitten met een milliseconden temporele en een nanometer spatiele
resolutie.
Met enkel-molecuul fluorescentie microscopie heb ik de laterale mobiliteit
van 10 verschillinde E. coli membraaneiwitten (WALP-KcsA, YedZ, YidC,
CstA, GlpT, MscL, MscS, MreB, TatA and YqiK) onderzocht om inzicht te
verkrijgen hoe heterogeniteit en macromoleculaire drukte de mobiliteit en
functie van bacteriële cytoplasma membraaneiwitten beïnvloed. Hiervoor
heb ik ten eerste deze tien eiwitten fluorescent gelabeld en tot expressie
gebracht met plasmiden in E. Coli bacteriën. Daarna heb ik individuele
fluorescente eiwitmoleculen binnen bacteriële cellen gevisualiseerd met
wide-field microscopie. Met tracking software heb ik vervolgens de
beweging in tijd van de fluorescente eiwitten in kaart gebracht.
In hoofdstuk 3 van dit proefschrift laat ik de invloed van het MreB
cytoskelet netwerk op de mobiliteit van trans-membraan eiwitten in E. coli
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zien. In dit hoofdstuk benadruk ik het bestaan van membraan microdomeinen in het binnen membraan van E. coli. Naast het stabiliseren van
deze micro-domeinen wordt ook de mobiliteit van trans-membraan eiwitten
door het MreB cytoskelet begrenst.
De mobiliteit van de TatA component van het arginine eiwittransport
systeem in E. coli onderzoek ik in hoofdstuk 4. Dit hoofdstuk brengt de
heterogeniteit in de diffusie eigenschappen van het TatA complex naar
voren, welke veroorzaakt wordt door een gedeelte van de complexen die
sneller bewegen dan anderen. Gebaseerd op deze vindingen stel ik nieuw
model voor, het zogenaamde “substraat geïndiceerde flip-flop model” voor
het beschrijven van de dynamica van het Tat systeem. In dit model begint de
TatA translocatie cyclus met TatA oligomeren en monomeren die vast zitten
aan het membraan een complex vormen met TatB en TatC. Daarna bindt
substraat eiwit aan dit TatBC complex, gevolgd door de PMF-afhankelijke
werving van TatA oligomeren. Vervolgens flippen de TatBC-gebonden
TatA oligomeren in het membraan waarmee zij een transmembraan TatABC
substraat vormen dat relatief langzaam diffundeert. Dit vormt een
gefunctionaliseerde porie die het substraat de mogelijkheid geeft om het
membraan van de cytoplasmatische zijde naar het periplamische zijde te
passeren.
In hoofdstuk 5, bestudeer ik de mobiliteit van de membraan organiserende
eiwitten YqiK en MreB in E.coli bacteriën. In dit hoofdstuk laat ik zien dat
YqiK

flotillin-achtige

eigenschappen

heeft

en

wellicht

dezelfde

eigenschappen heeft als eucaryotische flotillines. Het visualiseren van
fluorescerend gelabelde MreB en YqiK laat zien dat regio’s met verhoogde
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fluïditeit (RIFs) en hogere orde regio’s (rafts) intrinsieke structurele
eigenschappen zijn van E. coli’s cytoplasmatische membraan die spatiaal
gesepareerd zijn van elkaar.
Concluderend laten mijn bevindingen zien dat E. coli’s cytoplasmatisch
membraan heterogeen is en georganiseerd wordt door het MreB cytoskelet
netwerk. Door het diffusie gedrag van verschillende E. coli cytoplasma
membraaneiwitten te bestuderen heb ik ontdekt dat membraan heterogeniteit
en macromoleculaire drukte twee essentiële parameters zijn die transmembrane eiwit mobiliteit en functie controleren.
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