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Figure 30: Uncaging GTP-NPE to unravel FtsZ dynamics 

a, Representative micrographs of GUVs containing FtsZ filaments. b (top), FtsZ pattern with GTP look very similar before/after 
exposure to the 405nm laser b, (bottom). 405nm laser cleaves the caging group from NPE-GTP and allows pattern formation 
of FtsZ. c, Quantification of the intensity of FtsZ recruited to the SLB after/before exposure to 405nm laser. d, Quantification 
of membrane bound FtsZ intensity after exposure to increasing intervals of the 405nm laser, marked by the dashed lines.  
e (top), GUVs filled with FtsA/Z and NPE-GTP do not change their appearance upon exposure with 488nm only. e (bottom), 
Upon simultaneous exposure to 405nm, FtsZ filaments start to form within 2 minutes. Scale bars are 50µm in confocal and 5 
µm in TIRF images. 
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7.6 Conclusion 
My experiments have 
shown that Ficoll70 at 
concentrations of up to 
100 mg/mL does not 
negatively affect 
treadmilling of FtsZ 
recruited to flat 
membranes. Importantly, 
the lipid composition 
drastically affects 
recruitment of FtsZ to 
membranes via FtsA. 
Most likely packing 
defects are essential to 
embed FtsAs amphipathic 
helix into a lipid bilayer. 
When titrating Cy3-FtsA 
R286W on SLBs 
composed of either 
POPC/G or DOPC/G, we 
observed a drastic 
difference in membrane recruitment (Fig. 31). 

 
Many studies use POPC/G lipids as they increase the yield of liposomes. These 

findings should be cross-checked carefully, to ensure correct protein-membranes 
interactions. Unfortunately, I wasn’t able to obtain dynamic FtsZ encapsulated inside 
liposomes. Using NPE-GTP however is interesting for future studies investigating 
initial stages of FtsZ filament assembly.  

The missing dynamics of FtsZ might still be correlated to low levels of available 
GTP. The introduction of a GTP regeneration system or rendering GUVs permeable 
for nucleotides might allow to improve the system further. Other studies have used 
hemolysin to allow GTP to diffuse into GUVs or a GTP regeneration system, such as 
a combination of Acetate kinase and acetyl phosphate231,232. The encapsulation 
method might still be too harsh for some proteins and could be improved by using 3D 
printed mini-cDice devices233.  
Altogether, while my trials with GUVs have not yielded the desired results, my protocol 
should allow future students to encapsulate proteins faster with higher yield and 
reproducibility.  
 

 
Figure 31: FtsA R286W Titration on SLBs with POPC/G or DOPC/G 

Membrane recruitment of FtsA R286W depends heavily on the lipid 
composition. The cyan curve is the intensity of 400nM Cy3-FtsA  R286W 
on standard SLBs composed with DOPC/G/ The orange curve shows a 
titration from 0.4 – 2.4 µM FtsA R286W with only minor increases in the 
membrane bound protein. 
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7.7 Reagents 
Table 12: Reagents for GUV encapsulation experiments 

Reagent Source Identifier 

Chemicals 

Decane Sigma-Aldrich 457116 

Mineral Oil Sigma-Aldrich M3516 
Ficoll70 Sigma-Aldrich F2878-50g 
Catalase Sigma-Aldrich C40-100MG 
Trolox Sigma-Aldrich 238813-1g 
DTT Sigma-Aldrich 11583786001 
PD10 Sigma-Aldrich GE17-0851-01 
BSA Sigma-Aldrich A3059-10G 
Tris-HCl Media Kitchen --- 
KCl Media Kitchen --- 
MgCl2 Media Kitchen --- 

Glucose Media Kitchen --- 
GTP ThermoFisher Scientific R0461 
ATP Sigma-Aldrich A2383-5G 
NPE-caged GTP JenaBioscience NU-302S 
Glucose Oxidase SERVA (AL-Labortechnik) 22778.01 
Desalt spin column, Zeba Spin VWR PIER89882 

Dyes 

DiD ThermoFisher D7757 

DOPE-Rhodamine Avanti Polar Lipids 810150C 
Alexa 488 ThermoFisher Scientific A10254 

Lipids 

DOPG Avanti Polar Lipids 840475C 

DOPC Avanti Polar Lipids 850375C 
POPC Avanti Polar Lipids 850457C 
POPG Avanti Polar Lipids 840457C 

Other 

Mikro Osmometer, Modell 3320 Advanced Instruments --- 

Sensoplate; 96-well glass bottom Greiner 655891 
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7.8 Methods 
 

 
Figure 32: Illustration of GUV preparation 

 
 

A. Prepare reaction buffers and buffer exchange proteins 
The inner and outer solutions are both based on the reaction buffer (150mM KCl, 
50mM Tris, 5mM MgCl2, pH 7.40) and their osmolarity can be estimated by calculating 
the number of Osmoles. However, adjustment of the pH will affect the osmolarity and 
thus, I always measured the osmolarity after each preparation with the Osmometer. 
To avoid osmolarity effects on the stability of GUV, I prepared all reagents (GTP, DTT, 
Trolox, Catalase, Glucose Oxidase, and Glucose) in the reaction buffer. Furthermore 
I buffer exchanged FtsZ and FtsA R286W into the reaction buffer by ZebaSpin 
(<130µL) or PD10 columns (>500µL) according to the manufacturer’s manual. The 
protein concentration was quantified via Bradford. To estimate the osmolarity of the 
inner solution, I mixed GTP, ATP, Ficoll70 at 75mg/ml, 0.5 µM FtsA R286W and 2 µM 
FtsZ and measured the osmolarity. Accordingly, the outer solution can be adjusted by 
adding Glucose. 
 

B. Preparation of Lipid/Oil Mix 
Chloroform stocks of POPC, DOPC, POPG and DOPG (all 25mg/ml) were combined 
at a ratio of 33.5:33.5:16.5:16.5% and mixed by vortexing. Lipids were then dried using 
a stream of filtered N2. Importantly, the lipid film should be kept on the bottom of the 
glass vial and not spread too much. 20µL Decane is added to the glass vial, vortexed 
for 20 seconds followed by 1mL of mineral oil and vortexed for 1 minute. The lipid oil 
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Lipid Oil Mix

Encapsulation Mix
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Lipid Monolayer

Centrifugation

GUVs

Lipid Bilayer



References 

7-101 

mix is then placed in the water bath sonicator and sonicated for 30 minutes. The water 
bath is filled with ice water to avoid overheating of the lipid mix. The lipid mix then 
should be used within 1 hour for best results. 

 
C. Layering and GUV harvest 

1.5mL Eppendorf tubes were used to layer the different solutions on top of each other 
and harvest GUVs. First 400µL of the outer solution are placed in the tube. 
Subsequently 200µL of the lipid/oil mix are carefully added and incubated for 15 
minutes at room temperature. During this time an interface of lipid monolayers formed 
at the water/oil interface. Meanwhile, I prepared the inner solution. For best results I 
used 3.0 µM FtsZ-A488/FtsZ (3:1 unlabeled: labeled ratio), 1.0 µM FtsA R286W, 2mM 
GTP/ATP and 0.5µL of DTT, Glucose, Glucose Oxidase, Catalase and Trolox.  
The inner solution was emulsified by adding 4µL to 200µL of the lipid/oil mix inside a 
1.5mL Eppendorf tube and tapping it 10x gently to obtain lipid droplets. Finally, 160µL 
of this encapsulation mix are added on top of the lipid/oil mix, incubated for 10 minutes 
and centrifuged for 10 minutes at room temperature at 1000g. The centrifugal speed 
depends on the density of crowders used. (3000g for 10mg/ml Ficoll70, 500g for 
100mg/ml Ficoll70). After centrifugation, the oil phase and the supernatant of the 
aqueous phase are removed until ~50µL remain. While removing the supernatants, 
tips are changed to avoid any lipid pollutions. The bottom of the tube contains a white 
GUV pellet. 
 

D. Transfer into imaging plate and microscopy 
Passivate wells of the optical imaging plate by adding 50 µL of a 10 mg/ml BSA 
solution in reaction buffer and incubate for 10 minutes. Afterwards remove BSA by 
exchanging the solution 5x with 200µL osmolarity matched outer solution. 20µL of the 
outer solution are left in the well to avoid drying out. Finally, the GUV pellet is gently 
resuspended and transferred them into the imaging wells. 
GUVs were imaged with a spinning disk microscope (CSU-W1-02 or CSU-W1-03). 
FtsZ was illuminated with the GFP-4050B laser line. I used the CFI Plan Apo λ 60x oil 
/ NA 1.4/  WD 0.13 mm / oil objective. To free NPE-GTP, I used 2% laser power of the 
DAPI-5060C laser liner (405nm). 
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8 Studying FtsA on SLBs by dynamic mass photometry 
Mass photometry (MP) relies on interference reflection and interferometric scattering 
microscopy and can be used to detect individual biomolecules in a label-free manner. 
Individual landing events of protein molecules on a glass coverslip can be visualized 
by measuring their scattering signal234,235. The signal of proteins can be measured 
and, together with a mass calibration curve, used to determine the molecular weight. 
Thus, mass photometry is used to observe the homogeneity of a purified protein or to 
test if proteins form complexes in solution (Fig. 33). Mass photometry employs a 
background removal strategy, where the average scattering signal of the glass 
coverslip is removed. Protein landing leads to a black and unbinding to a white, 
spherical signal, where the contrast is directly proportional to the molecular weight. 
More recently, mass photometry has been further developed to study dynamics of 
unlabeled proteins bound to biomimetic membranes, a technique termed dynamic 
mass photometry236,237. Here, a glass flow chamber is functionalized with a supported 
lipid bilayer and proteins are flown in. The movement of the diffusing proteins bind is 
visualized by their constant light scattering. The default software of Refeyn identifies 
the movement as constant protein unbinding event. Thus, diffusing proteins seem to 
carry a white tail in the back. This artifact impedes particle detection using the MP 
Discover Software. To circumvent this problem, a median background removal 
strategy was employed instead of a mean background removal algorithm236,237. 
 

 
Figure 33: Illustration of the mass photometry principle 

Left: Classical mass photometry setup. Proteins land on the glass and depending on their molecular weight produce a 
scattered signal. When the glass coverslip is functionalized with a model membrane (SLB), the proteins diffuse and can be 
tracked via the scattering signal. 
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8.1 Establishing the method and protocol 

For initial trials to measure the molecular weight of FtsA on SLBs, I visited the group 
of Georg Hochberg at the Max-Planck-Institute in Marburg. I succeeded to establish a 
protocol to measure FtsA binding and diffusion via mass photometry. This protocol is 
found in the methods section and has been optimized for the newest version of the 
mass photometer (MP2), which is available at IST.  

The data in the following chapter were acquired together with Sarah Boigner, a 
rotation student that I supervised. Sarah optimized the protocol for dynamic MP on the 
MP2. In total 29 experiments were used for the following chapter, 20 of which were 
performed by Sarah and the remaining ones by myself. Data analysis was performed 
mostly by myself, with the help of Sarah and Frederik Steiert, a PhD student of Petra 
Schwille’s group at the Max Planck Institute for Biochemistry in Martinsried. 
Unfortunately the previous data, which was acquired in Marburg was compressed and 
could not be used for further analysis. 
 

Table 13: Reagents for dynamics mass photometry 

Reagents  
Name Provider Cat. Number 

DOPC Avanti Polar Lipids 850375C 
DOPG Avanti Polar Lipids 840475C 
Chloroform ultrapure Sigma-Aldrich 1024311000 
Tris Media Kitchen --- 
KCl Media Kitchen --- 
MgCl2 Media Kitchen --- 
ATP ThermoFisher R0441 
DTT ThermoFisher 10708984001 

Equipment 
Vortex --- --- 
Glass vials Sigma-Aldrich 854190 
Hamilton syringe Sigma-Aldrich 20888 
Desiccator Fisher Scientific 10444641 
pH-Meter Metrohm 913 
Syringes VWR 613-6079 
Syringe filter, 0.22µm IST Austria 000000000000100151 
Water bath sonicator --- --- 
Sonicator QSonica Q700 --- 
Glass coverslips, 24*50 VWR 630-2187 
Glass coverslips, 22*22 VWR 630-2186 
Mass Photometer 2 Refeyn --- 

 
Buffer preparation 

Reagent Swelling buffer Reaction buffer 
KCl 300 mM 150 mM 
Tris-HCl 50 mM, pH 7.4 50 mM, pH 7.4 
MgCl2 --- 5 mM 

 
It is critical that buffers are free of impurities. Thus, all buffer components are filtered 
twice with syringe filters (0.22 µm pore size). Fresh mqH2O is used for buffer 
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preparation. The pH of the buffer is adjusted as for experiments in a phosphate free 
environment: two buffers are prepared and the pH is adjusted in one of them with help 
of the electrode. The amount of 3M KOH or 37% HCl used is noted and added to the 
second buffer. This avoids impurities from the pH electrode. Afterwards, the buffer is 
filtered twice with syringe filters (0.22 µm pore size). 
 
Preparation of SUVs 
The first step of formation of SUVs is to prepare a dry lipid film with the preferred lipid 
composition. The final concentration of lipids, after drying and swelling is 5mM. The 
calculation example below is set for a total volume of 500µL SUVs. 
 

Table 14: Lipid calculation example for SLB 

Lipid 
MW 
[g/mol] 

C(stock) 
[mg/ml] 

C(stock) 
[mM]  

Final 
mol %  

mM, of 5mM 
total  Dilution 

 V of lipids 
in Chl [µL] 

DOPG 796.50 25.00 31.39 33.00 1.65 19.02 26.28 
DOPC 786.00 25.00 31.81 67.00 3.35 9.49 52.66 

 

Add lipids of desired amounts into a glass vial, vortex and dry the lipids under N2-flow. 
While drying, take care to constantly rotate the vial to achieve a homogeneous lipid 
film on the edges and remove all residual chloroform. Subsequently the vial is placed 
into a vacuum desiccator for at least 1h to evaporate remaining chloroform. This step 
is crucial, as remaining chloroform will impede bilayer formation. The lipid film can be 
stored film at -20°C for at least 1 month. However, it is essential to fill the vial with an 
inert gas, such as nitrogen or Argon. To obtain multilamellar vesicles (MLVs), 500 µL 
of Swelling Buffer are added to the lipid film and incubated for 45 minutes. To obtain 
a homogeneous suspension, place the mix in the waterbath sonicator filled with ice-
water and followed by rigorous vortexing. The MLVs are then ruptured by the 
freeze/thaw method. The lipid suspension is frozen in liquid N2 (or dry ice), then 
thawed in a warm water bath and finally rigorously vortexed for 15 seconds. These 
steps are repeated 8x and the final suspension will be yellow and slightly more 
translucent. The suspension contains vesicles of various sizes, which is not favorable 
for bilayer formation. To achieve a more homogeneous suspension of small vesicles, 
either extrusion or tip sonication can be used. 
 
Extrusion 
Clean the extruder rigorously with H2O and buffer before use. The extruder pore size 
should be 100 nm or lower to enable formation of a homogeneous supported lipid 
bilayer. Load your vesicle suspension in a syringe and extrude 37x. It is crucial to 
remove the lipid suspension from the second syringe, as the first syringe still contains 
some debris and bigger vesicles. The extruded suspension should be more 
translucent and only slightly hazy.  
 
Sonication 
Transfer the vesicle suspension into a 1.5ml Eppendorf tube, place it on ice and insert 
a sonication probe (1.6mm diameter). SUVs are sonicated for a total time of 25 
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minutes, with the lowest amplitude (1) and with cycles of 1 sec on and 4 sec off. 
Afterwards the vesicle suspension is completely clear and containing SUVs of sizes 
between 30-100 nm. Finally centrifuge the vesicle suspension for 10 minutes, 4°C at 
23500 rpm. This will result in a small metal pellet on the bottom originating from the 
sonicator tip. To obtain clean SUVs, the supernatant is aspirated and stored for up to 
3 days at 4°C. To avoid oxidization, add N2 or Argon gas into the Eppendorf tube and 
seal it with Parafilm. 
 
Cleaning of glass coverslips and flow chamber assembly 
To achieve a homogeneous, fluid bilayer in the final experiment it is essential to 
remove all kind of dust and other debris from the coverslips. Thus, coverslips are 
cleaned by sonication in mqH2O, Isopropanol and again mqH2O for at least 5 minutes 
each. Afterwards the coverslips can be blown dry with the air gun and stored for 2 
days or, alternatively, stored in mqH2O and dried right before plasma cleaning. For 
further cleaning and activation, the glass coverslips are subjected to plasma cleaning. 
Activate them for 30s in the plasma oven. Longer cleaning had detrimental effects in 
previous observations. Flow chambers are assembled by gluing two glass slides (1x 
24*50mm and 1x 22*22mm) together. Double sided tape is recommended for ease of 
use and flow chambers should be prepared within one hour after plasma cleaning.  
 
Formation of supported lipid bilayer 
To enable bilayer formation, dilute the SUV suspension to 0.5mM in reaction buffer 
supplemented with 2mM CaCl2. Add 30-50µL of the diluted SUV suspension on one 
side of the flow chamber and the suspension will spread within the flow chamber due 
to the capillary effect. Incubate the bilayer for 15 minutes at room temperature. Place 
two small drops of Buffer A on each side of the flow chamber to avoid evaporation. 
Mass photometry is an extremely sensitive method and all disturbances have to be 
removed before starting a SLB experiment. Thus, the bilayers are washed 10x with  
200 µL of buffer. The buffer is pipetted on one side of the flow chamber and a Kimwipe 
is placed on the opposite side. Due to the capillary effect the buffer will flush the 
chamber and remaining vesicles are washed away. Finally flow in your reaction buffer 
containing 1mM ATP and 1mM DTT (both filtered). The SLBs stable for up to 5 hours. 
It is necessary to always record a control experiment with only buffer to ensure all 
vesicles have been washed away and that the buffer is free of impurities.  
 
Flowing in FtsA 
Prepare tubes containing 30 -50µL of FtsA at the desired concentration. The table 
below is a calculation example of FtsA WT with a stock concentration of 12 µM. The 
buffer used to dilute has to contain all components, such as DTT and ATP. The 
concentration range which works nicely for mass photometry is 5-200 nM. 
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Figure 36: Effect of nucleotide state on mass and diffusion coefficient of FtsA WT 

Titration of FtsA WT on model membranes with different nucleotides. With ATPγS (top) the distribution of the molecular mass 
and the diffusion coefficient is very similar as with ATP. With ADP (middle) or no nucleotide (bottom), the molecular mass 
distribution is narrower and less high molecular weight oligomers are observed. The number of membrane bound protein 
decreases, especially at lower concentrations (50 or 100nM). 

 
 

8.5 FtsA* forms smaller oligomers 

Our next step was to further confirm our experimental approach. For this we measured 
the behavior of FtsA R286W, a variant which is known to bypass the need for some 
essential proteins in vivo144,185. This variant is known to form different structures on 
lipid monolayers and we have previously shown that it is less oligomeric (Chapter 5 
and Chapter 6)87,182–184. However, FRET measurements provided only indirect 
information about the oligomeric state. Thus we were interested to perform mass 
photometry on membrane bound single complexes and measure directly their 
oligomeric state.  
 
Titration experiments with FtsA R286W confirmed our previous results and we found 
smaller oligomers on SLBs (For 200nM: 166kDa vs. 105 kDa for WT and R286W 
respectively, Fig. 37). The median diffusion coefficient of R286W was higher than for 
FtsA WT, in accordance with our previously published single molecule data. With 200 
nM and dynamic MP we measured a diffusion coefficient of 0.15 vs 0.25 µm2 s-1 for 
WT and R286W respectively. By single molecule tracking we measured the mobility 
to be 0.02 vs 0.15 µm2 s-1 at the same concentration. We observed a similar number 
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of binding events for FtsA R286W compared to WT. We know from QCM-D studies, 
that FtsA R286W binds slightly weaker to membrane, but have also found that it binds 
more transiently to membranes183. Thus, the similar number of membrane binding 
events could be due to more, but shorter trajectories. 
 

 
Figure 37: FtsA WT forms bigger oligomeric species than FtsA R286W 

Comparison of 2D-KDE plots of titrations of FtsA WT (top, green) and FtsA R286W (bottom, blue) in the presence of ATP. 
 

8.6 Does FtsN change the behavior of FtsA WT and R286W? 

Previous electron microscopy studies and our own work suggested that the 
cytoplasmic tail of FtsN (FtsNcyto) triggers a change in the oligomeric state of 
FtsA183,184. We were interested to see if we can observe this switch by dynamic mass 
photometry. Thus, we used SLBs containing 0.25% Tris-NTA lipids and pre-incubated 
them with 0.5 µM His6-FtsNcyto. After 10 minutes of incubation, the flow chamber was 
washed rigorously to keep only membrane bound FtsNcyto. Subsequently, we 
performed the titration of FtsA WT and R286W in the presence of ATP. 

In the presence of FtsNcyto, the oligomeric states of FtsA WT showed a narrower 
distribution and preference for dimers. In contrast, FtsA R286W formed bigger 
oligomers and the number of binding events increased drastically (Fig. 38, top). At 
first, this finding is counterintuitive, as both variants of FtsA have been shown to form 
the same type of filaments in the presence of FtsNcyto on lipid monolayers. This result 
could indicate that FtsA R286W forms longer antiparallel filaments more readily 
compared to FtsA WT. R286W alone has been shown to adopt arc-like structures and 
thus, re-arranging these arcs to antiparallel double filaments could be less costly. This 
hypothesis is supported by results of Tim Nierhaus from 2022184. FtsA R286W formed 
antiparallel double filaments more readily and at lower concentrations of FtsNcyto 
compared to FtsA WT (Fig. 38, bottom). Supposedly, the straight filaments of FtsA 
R286W can grow into bigger structures more easily when FtsNcyto is present. 
Unfortunately, the length of antiparallel filaments of FtsA WT or R286W in with FtsNcyto 
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was not compared directly. FtsNcyto was added at much higher concentrations than in 
our assay. This is necessary, as the peptide was not immobilized on the membrane 
surface. The membrane localization of FtsN positions the cytoplasmic tail in the correct 
geometry and facilitates interaction with FtsA already at lower concentrations. 

Maybe FtsA WT adopts a more similar mass distribution at higher FtsNcyto 
concentrations. When we tried to repeat the assay with 1% Tris-NTA lipids however, 
the background noise increased too much and prohibited further measurements.  
While, this is an interesting finding we can only speculate about the underlying reason 
why FtsA R286W forms bigger oligomers in the presence of FtsNcyto. 
 

 

 
Figure 38: FtsNcyto affects oligomeric states of FtsA WT and R286W differently. 

Top row: 2D-KDE plots of FtsA WT (green) and R286W (blue). The size distribution of WT seems to be more limited to smaller 
oligomers, such as dimers. At the same time, R286W forms big oligomeric species at 200nM. Additionally more trajectories 
are found for R286W. Bottom row: In the presence of 7 µM FtsNcyto, R286W forms exclusively antiparallel double filaments, 
while WT still shows a mixed population. Micrographs are taken from Nierhaus et al184 with permission from Springer Nature. 

8.7 Detailed analysis of tracks from dynamic MP requires 
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So far, we were able to compare the effect of the nucleotide on the median mass and 
median diffusion coefficient of FtsA WT and the ensemble behavior of WT and R286W. 
However, the data obtained from dynamic mass photometry contains a lot more 
detailed information. Membrane-bound oligomers of FtsA can change their mass 
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during the course of recording. Thus, we can track the molecular weight over time and 
obtain the dwell time of different species of FtsA oligomers. Further unravelling of 
these trajectories will give us detailed information how oligomers shrink and grow.  
 

The signal of mass photometry is intrinsically noisier than fluorescence 
microscopy data, as small vibrations or focus loss can lead to a change in the 
measured contrast. Even small deviations of contrast can lead to changes of the 
inferred molecular mass. This is exemplified by the grey trace, which contains a lot of 
spikes (Fig. 39 A-C). Thus, the measured mass does not always perfectly relate to the 
actual molecular weight. In order to reliably assign the contrast to oligomeric states of 
FtsA, we used a Hidden Markov Model (HMM). Here we allowed 12 different states, 
which represent all states between Mono- and Dodecamer. We did not allow bigger 
oligomeric states, as we rarely encountered species that were bigger than 600 kDa. 

Each state has a certain probability to change into another, bigger or smaller, 
state). As we did not have any data available to influence this decision, we assigned 
equal probabilities for each step. We then used 10% of our data of FtsA WT in the 
presence of ATP to train an HMM model. The majority of the tracks is very short (6 
frames), which complicates the training and analysis. We thus removed all tracks 
below 8 frames for our analysis. Furthermore, focus drift or small vibrations can lead 
to a transient change in the measured mass. Thus, we only allowed switching between 
oligomeric states, when the change was constant for more than five frames (25 ms). 
The code for this model was written by Christoph Sommer, a staff scientist of the 
Imaging & Optics Facility at the institute of Science and Technology Austria. 

In Figure 39 tracks are shown by plotting the molecular weight over time, the 
raw data in grey and the corresponding fitted stepping function. The longest, 
exemplary tracks of FtsA WT oligomers at different concentrations in the absence and 
presence of ATP are shown. The initial molecular weight corresponds to the oligomeric 
state upon binding to the membrane. Steps with an increase of the molecular weight 
correspond to polymerization events, while decreasing molecular weight steps 
represent depolymerization events. The final termination of the signal reflects 
unbinding events. 

So far, we only managed to analyze the behavior of the ensemble in terms of 
diffusion and molecular weight. The next step of the analysis will be to quantify the 
probability and dwell time of individual oligomeric species. These results then need to 
be compared over the whole concentration range tested and with the different 
nucleotides used. This should allow us to understand what determines growth and 
shrinkage of FtsA oligomers and how the nucleotide state affects these processes. We 
will understand if the oligomeric state during polymerization or depolymerization 
events always changes by a specific molecular weight. Extracting the rates of 
binding/unbinding will allow us to describe how FtsA oligomers on membranes behave 
in an unprecedented resolution. Achieving this however is no trivial task and will 
require further effort in data analysis. Due to the massive variations of the measured 
molecular mass, the results need to be closely checked and verified. 
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Figure 39: Plotting changes of molecular weight with time 

A, B, Example trajectories for FtsA WT in the presence (A) and absence (B) of ATP. The longest track for each condition is 
shown. C, A zoom-in to one of the tracks. Different events in changes of the molecular weight are described and depicted in 
the model drawing on the right. 

 

9 Conclusion and an updated model of divisome assembly 
9.1 Modell of divisome assembly 

 
 

 

Figure 40: An updated model of the E.coli divisome assembly 
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Revealing the mechanism of bacterial cell division is a challenging task that requires 
a combination of different experimental approaches. To unravel the exact underlying 
mechanism, future experiments should enhance the complexity of in vitro 
reconstitution approaches or use faster single molecule imaging techniques in vivo. 
While in vitro experiments offer great experimental control, it can be difficult to replicate 
the conditions found in vivo. So far, in vitro reconstitution studies focus only on the 
reactions on either side of the inner cell membrane, either on the cytoplasmic or 
periplasmic side. However, the presence of periplasmic domains and peptidoglycan 
are known to affect the interactions between divisome proteins. For example, FtsN, in 
addition to its interaction with FtsA, directly interacts with the FtsQLB complex as well 
as denuded PG strands. Upon interaction with FtsN, FtsL contacts FtsI and activates 
FtsW to produce newly synthesized PG. These complex interactions necessitate 
experiments that include the cytoplasmic and periplasmic components, to better 
understand their role during cell division. Maybe even the molecular players located in 
the outer membrane of Gram-negative cells need to be considered. In parallel, we 
think it will be necessary to establish experimental conditions that allow faster imaging 
of single protein behavior with increased signal-to-noise ratio in living cells, as the 
divisome is a highly dynamic protein assembly.  
 With the help of in vitro data and in vivo observations, we can now propose a 
refined model for divisome assembly and activation. The dynamics of the divisome in 
E.coli are characterized by two types of movements which are important at different 
stages of the divisome assembly: FtsZ treadmilling is indispensable to bring division 
proteins to the cell center and to promote divisome assembly. Dynamics powered by 
PG synthesis are crucial to finish cell septation141. 

In the initial stages of the cell cycle, FtsZ filaments are recruited to the 
membranes via FtsA and ZipA. Together they treadmill near the cell center, but are 
sparsely distributed. Protofilaments gradually become denser, due to activity of 
crosslinking proteins, such as ZapA. Shortly thereafter FtsEX is recruited to FtsZ, 
followed by FtsK which acts as a DNA translocase to segregate the chromosomes. 
Upon interacting with FtsN, FtsA changes its oligomeric architecture from closed 
structures, such as minirings, to antiparallel filaments. This change could also be 
triggered by condensed FtsZ filaments that force a different organization upon FtsA, 
interactions with other proteins, such as ZipA or FtsX or by ATP hydrolysis of FtsA. 
FtsZ filaments then pack closer and a narrow signaling zone is formed.  

In the next step, FtsQLB is recruited to the divisome by an interaction between 
FtsA and FtsQ and potentially FtsK. Near simultaneously, FtsWI and EnvC are 
recruited to the Z-ring and assemble to form the inactive divisome. The trigger to 
activate septal peptidoglycan synthesis is tightly connected with full segregation of the 
nucleoids and the arrival of high levels of FtsN. Initially low levels of FtsN are recruited 
to the divisome via interaction of its cytoplasmic tail with FtsA. FtsEX then hydrolyzes 
ATP, which results in EnvC mediated activation of the Amidases AmiA and AmiB. 
These enzymes cleave the existing cell wall and generate denuded PG strands, to 
which more FtsN can bind via its SPOR domain. Subsequently FtsN bridges FtsQLB 
and FtsWI and activates their enzymatic activity to synthesize the septal cell wall. As 
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soon as the cell reaches a critical diameter (~12nm), FtsZ becomes dispensable and 
the PG synthesis machinery, connected by the FtsA-FtsN interaction, continues to 
move around the cell septum and finish the septation (Fig. 40)133. 

9.2 Outlook 
The model outlined above is still an extreme simplification, as other proteins 

additionally interact with the divisome to ensure precision and efficiency of cell division. 
While our understanding of the molecular properties of FtsZ and FtsA has improved 
significantly by a combination of in vivo and in vitro studies, several unanswered 
questions remain. How are different oligomeric architectures of FtsA controlled; what 
is the combined effect of FtsA and ZipA on FtsZ; what regulates the switch between 
fast and slow PG dynamics; how exactly are cytoplasmic and periplasmic components 
coupled? Answering the remaining questions will require novel approaches and a 
substantial amount of effort. A potential experiment is a double-layered GUV, 
containing a “cytoplasmic” FtsZ ring and a rudimentary PG synthesis machinery in the 
“periplasm”. The advances in cell-free expression together with recent purifications of 
PG synthesis complexes, should allow future studies to combine components from 
both sides of the divisome. Advanced fluorescence microscopy will then allow to 
observe the dynamics of both components. Perturbation of single parameters, such 
as GTP hydrolysis, the oligomeric state of FtsA or the PG synthesis rates should allow 
us to understand the underlying connections. By a stepwise increase of divisome 
components the necessary proteins to connect both sides of the divisome should be 
identified.  

Another aim of future reconstitution studies is motivated by the fact that the 
mechanisms of cell division seem to be organism specific. In contrast to E.coli the 
synthesis of PG and the motion of the PG machinery in B. subtilis and S. aureus is 
independent of FtsZ treadmilling and it remains to be seen if there is a unifying, 
underlying mechanism. Consequently, we should try to reconstitute divisome 
components from other organisms and also consider more exotic organisms240–242. 
The investigation of archaeal division proteins will be of special interest, as they 
contain two FtsZs with different roles in cell division and use different membrane 
anchors12,115,243. The role of FtsZ might have changed during evolution and studying 
more ancient organisms will allow us to understand how cell division evolved.  
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11 Appendix: Code to quantify transient confinement 
events 

 
During the preparation of the manuscript for Radler 2022 in Nature Communications, 
we developed a Python Workflow to analyze single molecule trajectories for transient 
confinement. Paulo Caldas wrote the script, while I was performing troubleshooting 
and acquired the data to analyze. The code is accessible at 
https://zenodo.org/record/6397261 or at https://github.com/paulocaldas/Transient-
Confinement-Analysis/ together with a documentation on how to use it.  

To ensure that the code tracks correct confinement events and to optimize the 
filter conditions for detecting confinement evens, we performed controls on simulated 
single molecule trajectories. In the following section I will describe (i) the principle 
behind the code, (ii) the simulations we performed to ensure proper performance of 
the code, (iii) how to perform FtsN experiments to measure confinement; (iv) how to 
build single molecule trajectories with TrackMate and (v) how to use the code to 
quantify confinement events (Fig. 41). 
 

 
Figure 41: Workflow of confinement quantification 
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11.1 Rationale of the code 
We previously attempted to use different approaches based on the mean-square-
displacement (MSD) to identify different types of motion along hundreds of trajectories 
of a transmembrane protein essential for cell division in bacteria called FtsN. The MSD 
asymptotically approaches a value related to the size of the confinement area when 
diffusion is confined207. Unfortunately, the information obtained from the MSD analysis 
is limited due to the fact that the MSD is calculated by averaging the displacements 
within the trajectory that correspond to a given time interval. We used SlimFast to show 
that FtsN has periods of confinement along their trajectories139. SlimFast is a single 
molecule analysis tool written in Matlab that is able to identify sub-diffusion periods in 
multiple tracks244. However, the analysis took several hours and the validity of 
confinement was based on visual inspection of individual tracks. 
To overcome these limitations, we use the packing coefficients (Pc) to show when 
FtsN molecules switch between a free diffusion and confined motion. The packing 
coefficient is defined as the length of the trajectory in a short time window and the 
surface area that it occupies. This gives an estimate of the degree of free movement 
of a molecule in a given time period and is independent of its global diffusivity207. By 
using a sliding time window (w) to compute Pc for consecutive sub-trajectories, 
transient changes between free and confined diffusion can be identified by sharp 
fluctuations in this parameter, which allows to efficiently discriminate a confinement 
motion from a slow Brownian movement. This approach is adapted from Renner et al., 
2017 and implemented here as an easy-to-use python script.  The packing coefficient 
is computed for each time point as: 

𝑃𝑃𝑃𝑃 =  �  
𝑖𝑖+𝑛𝑛−1

𝑖𝑖

(𝑥𝑥𝑖𝑖+1 − 𝑥𝑥𝑖𝑖 )2 −  (𝑦𝑦𝑖𝑖+1 − 𝑦𝑦𝑖𝑖 )2

𝑆𝑆𝑖𝑖 2
 

Where xi , yi are the coordinates at time point i; xi+1, yi+1 are the coordinates at time 
point i+1, n is the length of the time window, and Si is the surface area of the convex 
hull of the trajectory segment between time points i and i+n. Thus, each position will 
have a characteristic Pc, considering the behavior of the following n positions. Since 
Pc scales with the size of the confinement area, periods of confinement are identified 
by a sharp increase in this parameter along each trajectory. Then, it is possible to 
localize confinement periods in space and time, compute their frequency and duration. 
To classify a given sub-trajectory as a confined period, two thresholds are set: 
p_thresh, the value of Pc above which a given trajectory is considered under 
confinement; and t_thresh, the duration a given particle has to remain above p_thresh 
to be considered confined. This suppresses the detection of apparent non-random 
behaviors, as the Brownian diffusion trajectories can temporarily mimic confinement 
due to random fluctuations of the length of the displacements207. These parameters 
will depend on the characteristic time of confinement of the biological process at hand. 
In addition, the window size w should be adjusted accordingly to the acquisition 
frequency of the experiment: Too large windows will not properly detect the 
confinement period, while the statistical uncertainty increases in shorter windows. 
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Further below we illustrate how parameters can be adjusted and manipulated for 
different experimental conditions and applications using simulated tracks. 

11.2 Simulations with FluoSim 
To test the performance of the code, we simulated single molecule trajectory using 
FluoSim208. This software allowed us to simulate trajectories containing confinement 
events with different lengths and at different acquisition parameters. Thus, we were 
able to analyze these different tracks using our software and find optimal parameters 
to detect transient confinement events. To test our code, we simulated tracks 
containing confinement events of different durations (400ms, 1000ms and 2500ms). 
These tracks were simulated to be 30 seconds long with an acquisition time of 10ms 
(3000 frames total). In the next step we sampled these tracks down to obtain tracks 
with different acquisition times (10ms, 30ms, 90ms and 180ms). Finally we assigned 
tracks with three different difficulties (simple, medium and difficult), which corresponds 
to the difference between free diffusion and confined diffusion and thus how easily 
confinement can be identified (Table 17). The exact parameters and definitions of the 
simulated tracks from FluoSim can be found in table 18. 
 

Table 17: Difficulty of simulated tracks 

Difficulty Dcoeff free [µm2/s] Dcoeff confined [µm2/s] 
Simple 1.0 0.001 
Medium 0.2 0.001 
Difficult 0.01 0.001 

 
Table 18: Parameters for FluoSim 

Sim 
Dcoeff  free 
[µm2/s] 

Dcoeff conf 
[µm2/s] 

Binding 
[s-1] 

Unbinding 
[s-1] 

Confinement 
Time [s] 

Acquisition 
rate [ms] 

Crossing 
[%] 

Immobile 
[%] 

Switch 
On [s-1] 

Switch 
Off [s-1] 

1 1.00 0.001 0.50 0.40 2.50 10.00 1.00 0.00 0.00 0.00 

2 1.00 0.001 0.50 1.00 1.00 10.00 1.00 0.00 0.00 0.00 

3 1.00 0.001 0.50 2.50 0.40 10.00 1.00 0.00 0.00 0.00 

4 0.20 0.001 0.50 0.40 2.50 10.00 1.00 0.00 0.00 0.00 

5 0.20 0.001 0.50 1.00 1.00 10.00 1.00 0.00 0.00 0.00 

6 0.20 0.001 0.50 2.50 0.40 10.00 1.00 0.00 0.00 0.00 

7 0.01 0.001 0.50 0.40 2.50 10.00 1.00 0.00 0.00 0.00 

8 0.01 0.001 0.50 1.00 1.00 10.00 1.00 0.00 0.00 0.00 

9 0.01 0.001 0.50 2.50 0.40 10.00 1.00 0.00 0.00 0.00 
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Figure 42: Packing coefficient illustration and effect of the rolling window 

a, Simulated trajectory with three confinement events (red) indicated by arrows. The zoom-in illustrates the calculation of the 
packing coefficient. A is the area covered by the sub-trajectory segment, i the starting point and i+n is the end of the sub-
trajectory segment. The packing coefficient (confinement ratio) is calculated as the ratio of displacement/area. b, The resulting 
confinement ratio plot of the trajectory shown in A. When p is above the threshold (red dashed line), the segment is classified 
as a confinement event. Changing the window size affects the packing coefficient. c, Heatmap depicting the fidelity 
performance of the code of simulated trajectories of different difficulties and with different analysis parameters (increasing 
acquisition rates and rolling windows). If the fidelity value is above 0.2, the fidelity of the code is severely compromised. d, 
Example for a single simulated trajectory, which is down sampled to four acquisition rates. The track appearance as well as 
the resulting packing coefficient plots are shown. The insets show the number of confinement events (n), the mean 
confinement time (t) and the mean confinement area (s). Decreasing the acquisition rate leads to the loss of many confinement 
events as well as an increase of the measured confinement area. If simultaneously the rolling window is increased to 16, no 
confinement events are detected anymore. 

 
Real experiments can be classified as tracks of medium difficulty. When we analyzed 
simulated trajectories, we found a rolling window of 4 and an acquisition rate of 30 ms 
to lead to confident detection of transient confinement events. Increasing the rolling 
window leads to a loss of all confinement events, while decreasing the acquisition rate 
significantly diminishes the number of identified events. Also the apparent confinement 
area drastically increases (Fig. 42).  
 

11.3 FtsNcyto single molecule experiments 
 

1. Add 1 µL of 50 µM unlabeled FtsNcyto peptide supplemented with 50 pM Cy5-
FtsNcyto to the reaction chamber and incubate for 15 min. 

2. Wash 6x with 200 µL reaction buffer, to remove any peptide from the bulk 
reaction volume. The final volume inside the reaction chamber is 100 µL. 
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3. Remove an equivalent volume of buffer before addition of nucleotides, 
scavengers and the proteins. Add 2 µL Glucose, DTT, Trolox (2 mM final 
concentration) and Catalase (0.04 mg/ml final). Add 2 µL Glucose Oxidase 
(0.32 mg/ml final) last, as it will initiate the scavenging reaction. Finally add 4 
µL of ATP and GTP (4mM total) to the reaction chamber.  
Note: The volume which needs to be removed depends on the protein 
concentrations, as nucleotides and scavengers amounts are kept constant. 

4. To initiate pattern formation add 0.2 µM FtsA and 1.25 µM of a mix of labelled 
and unlabeled FtsZ (0.91 µM Alexa Fluor 488-FtsZ: 0.34 µM FtsZ unlabeled).  
Note: After addition of the proteins, the experiment can be recorded for up to 
50 min, afterwards the nucleotides are used up and the reaction will end. 

5. Check the quality of the A488-FtsZ pattern with a total internal reflection (TIRF) 
microscope. The pattern reaches an equilibrium state after 10-15 min. FtsZ 
dynamics are usually imaged with 2 sec/frame. 

6. For measurements of single molecules of Cy5- FtsNcyto focus in the Far-Red 
channel and image with faster acquisition rates. We usually record 40s videos 
at frame rates of 31.25 and 20 fps.  
Note: Faster acquisition rates can be employed, but might lead to increased 
photobleaching. Due to the transient nature of confinement, slower acquisition 
rates will affect the performance of the subsequent analysis. 

7. Move to a different spot and repeat the acquisition three times. 

11.4 Single particle tracking with TrackMate 
8. Open a time-lapse movie containing single particles of interest in Fiji/ImageJ 

and set the correct imaging parameters (pixel size and framerate) with the 
parameters command (Image/Parameters). This is important as every 
subsequent step will be dependent on this calibration and not pixels or frames 
as units anymore.  

9. Launch the TrackMate GUI from the Plugins menu. 
10. Select the Laplacian of Gaussian detector (LoG) for particle detection and tune 

the estimated diameter of the particle using the preview tool, which overlays all 
detections with circles (magenta) having the set diameter. Note that a high 
number of low quality spots are erroneously detected by default. They can be 
easily discarded increasing the threshold parameter. Check box for the median 
filter and sub-pixel localization to improve the quality of detected spots. For our 
labelled peptides, TrackMate achieves robust detection using a spot diameter 
of 0.8 microns, and a threshold of 2000. 

11. For trajectory building, we use the Simple Linear Assignment Problem (LAP) 
tracker algorithm, which requires three parameters: (i) the max linking distance, 
(ii) the max distance for gap closing and (iii) the max frame gap. The first 
parameter defines the maximally allowed displacement between two 
subsequent frames. This value has to be chosen carefully, as too low values 
result in fragmentation of trajectories with large displacement steps, while too 
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large values can lead to erroneous linking. The other two parameters consider 
spot disappearance when building trajectories, which can be caused by focus 
issues during data acquisition. We set max linking distance to 0.5 µm and allow 
1 gap with a maximum distance for gap closing of 1.0 µm. 

12. After the trajectories are built, we exclude trajectories shorter than 1.5 seconds 
and trajectories with a total displacement smaller than 1.0 µm to avoid tracking 
of short trajectories or stuck particles.  

13. At this point, TrackMate offers a set of interactive tools to examine spots and 
tracks, which are useful to evaluate the quality of the tracking process, revisit 
the procedure and adjust some of the parameters. All trajectories are then 
exported as an XML file (last panel), which contains all the identified 
treadmilling tracks as spot positions in time. This XML file will be the input to 
our transient confinement detection algorithm (Fig. 43). Note: Here, we briefly 
described our rationale to find optimal parameters using TrackMate GUI, which 
are specific to our biological system and experimental conditions. Detailed 
documentation on how to use TrackMate can be found online 
(https://imagej.net/TrackMate).  

https://imagej.net/TrackMate
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Figure 43: TrackMate Workflow 

a, left: Representative overlay of the FtsZ pattern (green) and single molecules of FtsNcyto (magenta).  The scale bar is 5 
µm. a, right: Representative single molecule tracks of FtsNcyto. b, A screenshot of the TrackMate GUI to set the filters for 
the detection of single molecules (left) and an example micrograph of detected FtsN single molecules (right). Single molecules 
are detected by setting the appropriate filters for the blob diameter and the threshold. The threshold has to be set according 
to the imaging setup, as the signal to noise ratio can vary. c, A screenshot of the TrackMate GUI to set the filters for the linking 
of single molecule trajectories (left) and an example micrograph of detected FtsN single tracks (right). The settings for the 
linking need to be adjusted according to the chosen acquisition rate and the dynamics of the single molecules. d, A screenshot 
of the TrackMate GUI to filter single molecule trajectories (left) and an example micrograph of FtsN single tracks satisfying the 
chosen filters (right). The filters are necessary to remove stuck particles (Track displacement) and very transient tracks 
(Duration of Track). e, Example single molecule trajectories of FtsN displaying confinement. The tracks are zoom-ins of the 
trajectories indicated in the boxes in d. 

11.5 Quantification of transient confinement periods 

To analyze the XML files, two different notebooks at https://github.com/paulocaldas/ 
Transient-Confinement-Analysis need to be use according to the documentation:  

1. Tune-Parameters-Single-Track-Confinement-Classification Notebook  
Inspect tracks individually and tune parameters for rolling window 

 
2. Multi-Track-Confinement-Classification Notebook  

Analysis for tracks in XML file: returns lifetime of confined vs. free diffusion  
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We compared the result of our new code to previously published data quantified with 
the Matlab Toolbox SlimFast (Fig. 44). Previously we measured mean confinement 
periods of 0.41 and 0.36 sec for FtsN WT and DDEE139. Our code revealed 0.37 and 
0.27 sec for the same data. We estimated the confinement frequency previously to be 
56% or 20% for FtsN WT and DDEE respectively. Although the numbers changed, we 
confirmed the difference between FtsN WT and FtsN DDEE (43% and 28%). Thus our 
approach reliably quantifies transient confinement events. 

 
Figure 44: Results of transient confinement code on previously published data 

a,b, Representative tracks of FtsN WT and FtsN DDEE in the presence of FtsA/Z co-filaments. Confinement events are 
indicated by black, dashed circles and red dots. c, The measured confinement area of both peptides is 4nm2. d, Boxplots of 
the mean lifetimes for FtsN WT and FtsN DDEE. e, f. Exponential fits to the confinement times reveal that FtsN DDEE binds 
to FtsA slightly shorter than FtsN WT. g, Histograms of confinement events per track for FtsN WT (magenta, left) and FtsN 
DDEE (gray, right). There is a slight bias towards more confinement events for FtsN WT compared to FtsN DDEE. h, Total 
number of confinement events measured. i, The confinement frequency is higher for FtsN WT than for FtsN DDEE. 
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