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Abstract 

In Escherichia coli the cell division is carried out by a large dynamic protein 

complex called the divisome. The divisome assembles in a two-step manner 

starting with the localization of the eukaryotic tubulin homologue FtsZ to the 

midcell. Together with other early arriving proteins FtsZ form an  

intermediate structure called the Z-ring. After a considerable time lag the 

divisome maturates fully by recruiting several other late arriving proteins 

before it starts to constrict the cell envelope that ultimately will lead to 

cytokinesis and the formation of two identical daughter cells. Despite of 

being objectives of extensive study over the last decades, understanding of 

the exact molecular roles of many of the divisome proteins is still lacking 

and to date there is very limited knowledge of the disassembly  

process of the divisome. In this thesis I have used various fluorescence  

microscopy based methods to better characterize the role of FtsZ and other 

divisome proteins during the final stages of the cell division. I have shown 

that FtsZ disassembles from the divisome prior to inner membrane closure 

indicating that it is not the force generator during this final step of division 

that it is widely thought to be. I have also shown that the disassembly of the 

divisome is a multistep process in which the proteins that arrive in the sec-

ond step of divisome assembly also remain at the division septum longer 

than those proteins that arrive in the first step. These findings add new  

important information regarding the cell division and together they provide a 

more complete picture of this event that ultimately may lead to more 

efficient identification of novel antibiotic targets. 
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Abbreviations 

AFM  Atomic Force Microscopy  

BiFC Bimolecular Fluorescence Complementation 

CL Cardiolipin 

ECT Electron Cryo-Tomography 

EM Electron Microscopy 

FRAP     Fluorescence Recovery After Photobleaching 

GFP Green Fluorescent protein 

isc intersystem crossing  

PALM Photoactivated Localization Microscopy 

PE Phosphatidylethanolamine 

PG Phosphatidylglycerol 

SIM Structured Illumination Microscopy 

SNOM Scanning Near field Optical Microcopy 

STED Stimulated Emission Depletion 

STORM Stochastic Optical Reconstruction Microscopy 

TAT Twin-Arginine translocation 

TEM Transmission Electron Microscopy 
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Introduction to the thesis 

 
 

 In the first part of the thesis I will give a brief introduction to 
fluorescence and fluorescent proteins.  
 

 In the second part I will introduce the methods that were used 
in the thesis. 

 
 In the third part I will describe the model system (i.e. Esche-

richia coli), with emphasis on the cell envelope and the cell 
cycle.    

 
 Lastly, a short summary of the papers included in this thesis 

will be presented.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



13 

 

 
 
 

  



14 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Par t  I  
  



15 

 

 



16 

 

Fluorescence and fluorescent proteins  

Phenomena that involve the emission of light are collectively termed 

luminescence, of these two processes are governed by photon excitation and 

are therefore termed photoluminescence. In both these processes the  

molecule of interest, the fluorophore, absorbs energy provided by the  

incident photons and is excited from its ground state S0 (i.e. the least  

energetic state) to a higher energy state S1 (Figure 1, green arrow). Within a 

higher energy state the molecule may exist in different vibrational states and 

the excitation usually occurs to one of these higher vibrational states of S1.  

Following internal conversion down to the lowest energy vibrational state of 

the first excited state (Figure 1, yellow arrow) the relaxation down to the 

ground state may occur in different ways, where the most probable event of 

spontaneous de-excitation from S1 to S0 bears the name Fluorescence (Figure 

1, red arrow). The life time of S1 is usually in the order of nanoseconds, and 

this is much faster than other possible decay rates (e.g. relaxation by heat 

dissipation). Therefore fluorescence (emission of a photon) will be the  

dominant process for molecules with high quantum efficiency.  

The other process governed by photoluminescence involves the low  

probability event of intersystem crossing (isc) due to spin conversion from 

S1 to the first excited triplet state T1 (Figure 1, orange arrow). The transition 

from T1 to S1 is quantum mechanically forbidden and therefore rates of  

triplet emission are orders of magnitudes smaller than for singlet emission. 

The subsequent delayed de-excitation (10
-4

 – 10
2
 seconds) from the triplet 

state is known as phosphorescence (Figure 1, purple arrow). Phosphores-

cence will not be covered in this thesis. 
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Figure 1; Simplified Jablonski diagram depicting the principle of the excitation and 

emission cycle of a fluorophore. A molecule absorbs energy (     ) and undergoes 

electronic excitation from the ground state S0 to a vibrational state in the first excit-

ed state S1 (green, ~ 10
-15

 s). Following vibrational relaxation down to the lowest 

vibrational state of the first excited state (yellow, 10
-12

-10
-10 

s) the molecule either 

emits a photon (      ) through de-excitation (red, fluorescence, 10
-10

-10
-7

 s) or 

undergoes the low probability event of intersystem crossing occurs (orange, 10
-10

-

10
-6 

s) to the lowest energy triplet state T1. Subsequent delayed relaxation from T1 to 

S0 (purple, 10
-4

-10
2
 s) is known as phosphorescence (      . 

 

Due to vibrational energy loss when the molecule is residing in state S1 the 

emitted photon will carry less energy than the incident.  

The relationship between the energy and the wavelength is described by  

   
  

 
  (here h is Plank’s constant                  , c is the speed of 

light =           and λ = wavelength) and thus will the color of the  

emitted light that is observed always be red shifted (longer wavelengths, less 

energetic) when compared to the incident,          . This phenomenon 

was first observed in 1852 by Sir G. G. Stokes and the shift in wavelengths 

between incoming and outgoing light is now named after him (Stokes shift). 

What Stokes observed and later summarized in a paper
¥
 was that in his  

experiment a (thin layer of a) solution of Quinine was able to absorb the  

 
¥  On the Change of Refrangibility of Light, Philosophical Transactions of the Royal Socie-

ty of London,1852. 

https://archive.org/search.php?query=publisher%3A%22Philosophical+Transactions+of+the+Royal+Society+of+London%22
https://archive.org/search.php?query=publisher%3A%22Philosophical+Transactions+of+the+Royal+Society+of+London%22
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ultra violet radiation from the sun and then that the subsequent emission was 

blue, which implied that the wavelength of the emitted light was longer 

when compared to that of the incident light. In the same paper Stokes also  

introduced the very term fluorescence for the first time.  

The relation between wavelength and color and the part of the electromag-

netic spectrum used for fluorescence is depicted in Figure 2. The part of the 

electromagnetic spectrum the contains visible light is located between the 

ultraviolet and infrared parts of the electromagnetic spectrum where more 

blue shifted light contains more energy and is adjacent to the ultraviolet 

(UV) part, while more red shifted light is less energetic and is adjacent to the 

infrared (IR) part. 

 

 

 Figure 2; Top, The electromagnetic spectra, the inlet shows the part that contains 

the visible light.  Numbers on top represents the wavelength in m.  Bottom, Portion 

of the electromagnetic spectrum (between the UV and IR part of the spectrum) that 

contains the wavelengths that lay in the visible range. Light of blue shifted 

 wavelengths are higher in energy than the red shifted.  

 

There is a wide range of molecules (e.g. synthetic dyes and quantum dots) 

that may give raise the fluorescence, however in this thesis I will focus on 

fluorescent proteins. 
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Fluorescent Proteins 

 

One of the most significant discoveries during the last century in biology 

was unquestionably the discovery of the green fluorescent protein (GFP) 

(Shimomura et al, 1962) from the jellyfish Aequorea victoria, a marine  

habitant living on the west coast of North America. However, it wasn’t until 

1994 that GFP had its real breakthrough, as a fluorescent indicator for gene 

expression (Chalfie et al, 1994). The structure of GFP was revealed to be a 

barrel composed of 11 β-strands surrounding a three amino-acid  

chromophore (Ormö et al, 1996). The original version of GFP was not  

particularly bright and therefore further development of the GPF molecule 

was necessary (especially important were two point substitutions at positions 

S65T and F64L), which resulted in an enhanced version (EGFP) that had 

improved folding characteristics, maturated well at 37 ºC , had a high 

extinction coefficient and thus permitted the practical use of GFPs in live 

cells (Cormack et al, 1996; Heim et al, 1995). EGFP has an  

absorption/emission spectrum with Absmax at 488 nm and Emimax around 512 

nm. Soon after the characterization of (E)GFP (and its derivatives the Blue, 

Cyan and Yellow fluorescent proteins (Cubitt et al, 1995; Heim & Tsien, 

1996; Ormö et al, 1996)) other molecules derived from different species but 

with similar structure as GFP were found that fluoresce at longer  

wavelengths. One of these was DsRed isolated from non-bioluminescent reef 

corals and true dual-color imaging was now possible using two fluorescent 

proteins (Matz et al, 1999). One issue with this protein however, was that it 

naturally tetramerized and therefore limited its use in certain biological  

applications. A few years later this issue was solved by a few amino-acid 

point substitutions to the DsRed molecule that effectively lead to the  

evolution of a truly monomeric red fluorescing protein (mRFP1) (Campbell 

et al, 2002). In 2004 Shaner et al. described the “fruit basket” (containing 
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mHoneydew, mBanana, mOrange, tdTomato, mTangerine, mStrawberry, 

and mCherry) of fluorescent proteins all with improved photophysical 

properties compared to their predecessor (Shaner et al, 2004).  

 

Figure 3; Purified fluorescent proteins derived from Discosoma sp. red fluorescent 

protein (from left to right, mHoneydew, mBanana, mOrange, tdTomato,  

mTangerine, mStrawberry, and mCherry). Reprinted from (Shaner et al, 2004) with 

permission from Nature Publishing Group. 

 

The wide range of available fluorescent proteins made it possible to image 

proteins in live cells in multiple colors (Shaner et al, 2005). The discovery of 

GFP and its derivatives proved to be an important enough finding to  

subsequently award its discoverers the Nobel Prize in Chemistry in 2008 

(Nobel, 2008). The most advantageous feature of fluorescent proteins when 

compared to synthetic dyes is the fact that they can be produced from within 

the cell with remarkably little effect on cell viability. This has made it  

possible to monitor gene regulation and expression as well as single  

molecule detection in living cells (Elf et al, 2007; Yu et al, 2006). However, 

some caution has to be taken when working with the fluorescent proteins as 

they may interfere with the sub-cellular localization of the target protein 

(Margolin, 2012; Swulius & Jensen, 2012). 

During the last decades there have been significant efforts to manipulate the 

photophysical properties, functions and/or structure of fluorescent proteins. 

One class of fluorescent proteins that have been developed is the  

photoactivatable fluorescent proteins (Patterson & Lippincott-Schwartz, 

2002). These proteins may be photoswitched (going from a dark state to a 

bright state) or photoconverted (changing emission spectra, most commonly 
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from green to red) after being manipulated by various excitation schemes 

(Habuchi et al, 2005; Nienhaus et al, 2006). This development made it  

possible to develop sub diffraction limited single molecule localization  

microscopy, since it is possible to switch on (and off) one fluorescent  

molecule at a time.  

 

Another modification to fluorescent proteins that not involves photophysics 

but rather the actual structure of the molecule itself has evolved from  

bimolecular fluorescence complementation (BiFC). BiFC is a technique in 

which complementary fragments of a fluorescent protein reporter are fused 

to putative interaction partners within a protein complex. The rationale  

behind BiFC assays is that protein-protein interaction can be easily  

monitored though the emission of fluorescence as the fragments of the  

reporter resembles to the native structure when in close proximity to one 

another  (Ghosh et al, 2000). Initially BiFC assays often involved only the 

use of the yellow fluorescent protein (YFP) in mammalian cells while GFP 

was used in bacterial studies. The fluorescent protein was usually split in two 

almost equal sized fragments with the N-terminal part somewhat larger than 

the C-terminal part (154 vs. 84 amino acids) (Kerppola, 2006), but the 

toolbox has now increased to include 15 of the most commonly used  

fluorescent proteins that even may be split three ways  (Cabantous et al, 

2013; Kodama & Hu, 2012). 

Split GFP 

 

In our study a GFP molecule is split into one larger fragment (hereon called 

[1-10OPT]) and a smaller fragment [11H7], similar to (Cabantous et al, 2005). 

Were the larger fragment is composed of the first 10 β-stands of the whole 

GFP molecule and the smaller is the 11:th β-strand consisting of only 16 
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amino acids. The rationale is that the two fragments if let in close  

proximity of one another would spontaneously reassemble into one  

functional (fluorescent) molecule (Figure 4). 

 

Figure 4; Principle of the Split GFP system. The large fragment (large black) 

 consists of the first 10 β-sheets of the GFP molecule whereas the small fragment 

(small black) is the 11:th. Neither of the fragments is fluorescent when expressed 

separately. However, if the two fragments are expressed in close proximity of one 

another they will reassemble into one functional molecule. Reprinted from (Toddo et 

al, 2012) with permission from John Wiley and Sons. 

Split GFP as a membrane protein topology reporter 

 

During my Ph. D. studies I have used the split GFP system as a topology 

reporter for proteins in the inner membrane in Escherichia coli. The reporter 

systems that are currently in use involve large and bulky reporters that may 

interfere with both folding of the target protein and more importantly the 

correct insertion into the membrane (when fused to the N-terminus).  

This may lead to incorrect topology and an inactive protein. However, since 

the [11H7] fragment is only 16 amino-acids long it can be fused to either the  

N- or C-terminus of the protein of interest without interfering with  

membrane insertion. The two GFP fragments are then expressed  

sequentially, first the target protein (containing the [11H7]-tag) is expressed 

and then the [1-10OPT] fragment. From ensemble fluorescence intensity 

measurements it is possible to determine the topology of the target protein 

and this is then confirmed at the single cell level as GFP fluorescence is  

detectable as a halo if the [11H7] peptide and the [1-10OPT] fragment is in the 

same compartment. One of the model protein used in our study was ZipA. 
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ZipA has a previously known Cin/Nout (where “in” refers to the cytoplasmic 

and “out” to the periplasmic side of the membrane) topology and is a protein 

that assembles into the Z-ring early in cell division and therefore  

accumulates that the mid-cell during division (Hale & de Boer, 1997). 

The fact that ZipA-[11H7] can be seen accumulated at the midcell suggests 

that the protein is functional (Figure 5). 

 

Figure 5; The Split-GFP system can be used for membrane protein topology 

determination in E. coli. Top; When both the [1-10OPT] and [11H7] fragments are 

expressed in the same compartment of the cell the two fractions will reassemble into 

a functional (fluorescent) molecule (left). In contrast if the [1-10OPT] and [11H7] 

fragments are expressed in different compartments the fragments cannot reassemble 

and no fluorescence will be detected (right).  Bottom; The model protein ZipA (with 

known topology where the C-terminus is facing the cytoplasm) was fused to [11H7] 

as proof-of-principle. Left; ZipA-[11H7]. Right; [11H7]-ZipA. The accumulation of  

ZipA-GFP signal at the septum indicates that the fusion protein is functional.  

FL; fluorescence image. BF; bright field image. Scale bar 2 µm. 

 

In conclusion, we have developed a method based on the Split-GFP system 

to experimentally determine the topology of inner membrane proteins in  

E. coli. The reporter tag can be fused to either the C- or N-terminus of 

membrane proteins has minimal to no effect on the targeting to and the  

insertion in the membrane and may be used in cell division related studies. 
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Methodology 

Fluorescence Microscopy  

One of the most frequently used tools in modern day biological research is 

the confocal fluorescence microscope. Two of the main reasons are the  

non-invasive nature of method and the excellent contrast ratio that is  

obtainable. One extremely important improvement of fluorescence  

microscopy was the ability to make optical sectioning of the sample and thus 

fluorescence microscopy experiments are nowadays often performed in a 

confocal microscope. The concept of a confocal microscope was introduced 

by M. Minsky in the late 1950s but it was not until the late 1980s that the 

first successful confocal images were acquired (Carlsson et al, 1985; 

Minsky, 1961). In a confocal microscope the sample is illuminated  

(preferably with a monochromatic light source) and undergoes electronic 

excitation to the excited state, subsequently the emitted light emerging from 

the sample is guided through, via lenses and emission filters, a pin-hole that 

will filter away most out-of-focus light, leaving only the signal originating 

from the focal plan to reach the detector (Figure 6). 

 

When compared to other imaging techniques such as Electron Microscopy 

(EM), Atomic Force Microscopy (AFM) or Scanning Near field Optical 

Microcopy (SNOM) fluorescence microscopy is highly advantageous due to 

its compatibility with live-cell protein specific multi-color imaging. Since it 

is possible to genetically tag target proteins it is also possible to deduce  

intracellular dynamics over long time.  
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Figure 6; Confocal set-up. 

An excitation laser (blue) is reflected on a 

dichroic mirror and focused by an  

objective lens onto the sample.  

Fluorescence emanating from the focus 

point (green) is collected back through the 

objective lens and transmitted through the 

dichroic mirror to the detector lens focus-

ing the beam through the pin hole and onto 

the detector. Background fluorescence 

originating from an out of focus plane 

(orange dotted line) is filtered out. 

 

Due to the live cell imaging compatibilities fluorescence microscopy can be 

used across a large range of questions in biology; from investigation of  

single protein dynamics and kinetics in single bacterial cells (Alexeeva et al, 

2010; Romantsov et al, 2007; Stricker et al, 2002; Stromqvist et al, 2010) to 

high speed imaging of early development in whole organisms and  

investigations of intact biological systems (Chung et al, 2013; Krzic et al, 

2012; Wu et al, 2011).  Although confocal microscopy is a powerful  

technique, one fundamental limitation is the modest spatial resolution  

capability, which ultimately is a direct result of the diffraction limit of light. 

The resolution limit for a light microscope was first presented in the work by 

Abbe (Abbe, 1873) in which it is stated that the minimal full width at half 

maximum (FWHM) resolution in the lateral (  ) and axial (  ) planes are   

   
 

       (  
 

   
 

        (
 
 )
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Here n is the refractive index of the medium embedding the sample and θ the 

half aperture angle of the objective collecting the light. Later Lord Rayleigh 

explained the criterion for the minimal distance of two point-like objects 

where they still can be seen as separated, the Rayleigh criterion (Rayleigh, 

1896). With the foundation in those early works it is today commonly stated 

that the best achievable resolution (ability to distinguish between two point 

sources located a distance dmin from one another) in the xy-plane in a confo-

cal microscopy system is:  

     
 

 
 

Effectively, this gives an achievable resolution of 200-300 nm, which in 

many biological applications is too large to resolve fine sub-cellular  

structures. In recent years, however, successful attempts to circumvent the 

limit have been made. In broad terms two categories of super-resolution 

techniques have been developed. Structured Illumination Microscopy (SIM) 

is one example of a technique that uses restrictions in the light pathway to 

physically modulate the illumination pattern produced over the sample 

(Gustafsson, 2000; Heintzmann et al, 2002; Hell & Wichmann, 1994; Klar & 

Hell, 1999). The other category exploits the switching properties of the 

fluorophores to produce a super resolved image. In STimulated Emission 

Depletion (STED) an excitation laser is overlaid by a doughnut shaped 

“STED” laser that depletes the fluorescence in the outer rim leaving only 

fluorescently active molecules in the middle of the doughnut, and in that way 

employs targeted switching of the fluorophores. The resolution regularly 

achieved in a commercial availably STED system is approximately 50 nm, 

with an possible resolution improvement of ~30-40 nm when a time gated 

modality, termed g-STED, is included (Vicidomini et al, 2011). The main 

limitations of STED are that the alignment of the lasers has to be on the  

order of nanometer and that one uses very high laser power (that quickly 

may cause photo-induced damage on the biological sample) to de-excite the 
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fluorophore, the second point puts high demands on the photostability of the 

fluorophore and to date there are only a handful fluorescent proteins that are 

compatible with STED due to wavelength compatibility issues.  

On the other hand, PhotoActivatable Localization Microscopy (PALM) and 

Stochastic Optical Reconstruction Microscopy (STORM) use the stochastic   

photoswitchable properties of fluorescent molecules to localize the “center 

of mass” of the emission spot (i.e. of the fitted point spread function) in a 

sub-diffraction limited manner one molecule at the time (Betzig et al, 2006; 

Rust et al, 2006). Generally speaking these two methodologies are based on 

the same fundamental principle and differ only from each other in that 

PALM uses fluorescent proteins while STORM utilizes synthetic dyes. 

These point localization methods may effectively produce a lateral  

localization precision in the order of 10-20 nm (Greenfield et al, 2009), 

which is more than a tenfold resolution improvement compared to  

diffraction limited illumination methods.  Additionally, using interferometry 

(iPALM) it is possible to achieve sub 20 nm resolution axially (Shtengel et 

al, 2009). There is a wide range of fluorescent proteins that can be  

photoswitched in order to accommodate PALM, it is though still very  

challenging to do multi-color imaging using localization microscopy  

methods. One limitation of PALM/STROM is that a large amount of data 

(usually tens of thousands images) need be to collected in order to  

reconstruct a super resolution image. This has at least two implications, 

1) data acquisition time will be long and 2) if protein dynamics are fast it 

will result in a smear in the image. Another limiting factor to point  

localization methods is the labeling density, it is highly challenging to 

achieve labeling dense enough to meet the Nyquist criterion, which states 

that the labeling density has to be twice the sampling frequency (i.e. if the 

desired resolution is 10 nm the labeling density needs to be one fluorophore 

every 5 nm).  
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Therefore, despite the somewhat modest “super-“ resolution achievable with 

SIM (~100 nm laterally and ~300 axially) I have mainly used this method 

during my work due to the fact that SIM is compatible with fast multi-color 

imaging on live samples.  

Structured Illumination Microscopy 

 

In Structured illumination Microscopy (SIM) the sample is illuminated with 

spatially structured excitation light. This can generate moiré fringes  

containing additional high-resolution information that is normally  

inaccessible. A number of images containing moiré fringes are processed in 

frequency space to extract the additional high-resolution information. 

This information is subsequently used to generate a reconstruction image 

with improved resolution (Gustafsson, 2000; Heintzmann & Cremer, 1999). 

In frequency space the accessible information resides within a circle with 

radius k0 located with the midpoint at the origin (Figure 7A). Low resolution 

encoded in the image will be close to the origin while high resolution  

information will be found with increasing distance from the origin. The 

highest spatial frequency k0 that can be resolved in a confocal microscope is 

            ⁄ , where N.A. is the numerical aperture of the objective and 

     is the wavelength of the emitted light.  

If a grid of known periodicity is placed between the sample and the  

excitation source it will give raise to moiré fringes. These fringes will be 

coarser than the original pattern and will contain information about the sam-

ple being resolved (Figure 7B). A striped illumination grid (sinusoidal pat-

tern) has only three Fourier components and the possible positions of the two 

side components are limited by the same circle that defines the observable 

region (Figure 7A, red dots). The amount of that movement is represented by 

the three Fourier components of the illumination grid. The expanded  
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observable region will thus contain, in addition to the normal information, 

high resolution information that originates in two offset regions (i.e. a larger  

circle ideally with radius 2k0 is generated from which “new” high resolution  

information which now can be accessed) (Figure 7C, red dashed line).  

In practice a grating is placed between the sample and the illumination 

source to generate the moiré fringes whereby a number of phase shifted  

images are acquired. The grating is thereafter rotated a predetermined angle 

(typically 180/3 or 180/5 degrees in the set-up used in this thesis), and new 

images are acquired. In total a data set of 15-25 images are generated. These 

images are subsequently Fourier transformed into frequency space and  

reassembled into one extended resolution image. Finally, by applying an 

inverse Fourier transform the newly uncovered information in reciprocal 

space will be mapped into real space resulting in a resolution improvement 

ideally of a factor of two. 

 

 

Figure 7; A, The resolvable information of an image in frequency space resides in 

the “observable region”, that is, within a circle with radius             ⁄ . 

B, An idealized sample containing high frequency information (blue) is overlaid by 

a high frequency grid (red) and results in the generation of Moiré fringes (thick dark 

lines). Since the periodicity of the grid and of the measured Moiré fringes are known 

this information is used to back calculate the periodicity of the original pattern (i.e. 

the sample). C, Theoretical maximum of observable region increases from   
|  |       |  | (red dashed line) and a high resolution image can be reconstruct-

ed. Adapted from (Gustafsson, 2000). 
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Fluorescence Recovery After Photobleaching 

The idea of Fluorescence Recovery After Photobleaching (FRAP) is to  

irreversibly bleach fluorescent molecules in a small well defined area and 

monitor the following fluorescence recovery until a relaxed state of  

equilibrium is re-established. Schematically shown in Figure 8 is an  

idealized FRAP experiment on a small area element (white circle in step 

two) of the cytosol of a cell.  

 

 

Figure 8; Concept of Fluorescence Recovery After Photobleaching (FRAP). The 

fluorescent molecules in a small well defined area are irreversibly bleached where-

by the subsequent recovery of fluorescence into the bleached area is monitored over 

time.   

 

FRAP provides information on the diffusion of proteins in various 

environments of the cell (diffusion coefficients) (Mullineaux et al, 2006; 

Stromqvist et al, 2010), mobility and binding kinetics (Montero Llopis et al, 

2012) and protein turnover in super complexes (Stricker et al, 2002).       

Generally, during a FRAP experiment one has to apply a laser pulse short 

enough to not permit any molecules diffuse in or out of the region of interest  

during the bleaching time as this will effectively distort the data and  

substantially increase the complexity of the subsequent data analysis.  
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FRAP as a tool for monitoring cell division in Bacteria  

 
What I have taken advantage of in my work is that the different  

compartments in E. coli (i.e. cytoplasm and periplasm, see next chapter of 

details of the E. coli physiology) will be sealed off during cell division and 

will therefore have a binary readout in the FRAP measurements, that is, after 

bleaching an open compartment will allow fluorescence recovery across the 

division septum while a closed compartment will not. 

    

 

Figure 9; Idealized FRAP measurements on GFP expressed in the E. coli cytoplasm 

during different stages of the cell cycle. Theoretical fluorescence intensity is  

highlighted within the dotted circle at four different time points, “pre-bleach”, 

 momentarily after bleaching, after “some” time and after “long” time (as seen 

from left to right). A, Cells that have their cytoplasmic compartment open will  

permit fluorescence recovery across the septum. B, Cells that have their cytoplasmic 

compartment compartmentalized do not permit fluorescence recovery across the 

septum.  

 

In papers I and II I have utilized this fact in a dual color approach in live  

E. coli cells. Freely diffusing GFP or Cerulean was expressed in the  

cytoplasm and mCherry was expressed and exported via the TAT pathway to 

the periplasm. After the bleaching pulse the diffusion across the septum  

(or lack thereof) in both the cytoplasm and the periplasm was simultaneously 

monitored over time in order to assess the states of the compartments  

(i.e. open or closed). 
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The Model System 

Escherichia coli 

 

E. coli are a rod-shaped Gram-Negative bacterium that was  

discovered by Theodor Escherich in 1886. Slow growing E. coli roughly 

measure 2 µm in length and 1 µm in diameter while fast growing cells  

normally are almost twice that length. E. coli cells are surrounded by a cell  

envelope, which is composed of an inner membrane, periplasmic space and 

an outer membrane.  

The cell envelope 

 

Both the lipid and the protein composition in the two membranes are very 

different. The inner membrane contains 75 % Phosphatidylethanolamine 

(PE), 20 % Phosphatidylglycerol (PG) and 5 % Cardiolipin (CL) and a  

variety of α-helical membrane proteins (membrane proteins that have one or 

more α-helices imbedded in the membrane) (Bogdanov et al, 2009). 

In contrast, the outer membrane is made up of phospholipids (inner leaflet), 

lipopolysaccharide (LPS, outer leaflet) and β-barrel proteins. Between the 

two membranes is the periplasmic space. Within the periplasm resides the 

peptidoglycan, an exo-cytoskeleton structure responsible for the  

maintenance of the cell shape and much of its rigidity (Vollmer & Seligman, 

2010).  
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Figure 10; The cell envelope of E .coli. The cytoplasm is surrounded a phospholipid 

(PL) bilayer (the inner membrane (IM)), that also contains proteins that either span 

the membrane through α-helical transmembrane domains or are anchored to the 

outer leaflet through a lipid moiety (IM lipoproteins). Bound between the IM and the 

outer membrane (OM) is the periplasm, which is an aqueous compartment 

 containing the peptidoglycan layer that is responsible for the cell shape. The OM is  

anchored to the rest of the cell via proteins that are covalently attached to the  

peptidoglycan. The OM is asymmetric, as it contains phospholipids in the inner 

leaflet and lipopolysaccharides (LPS) in the outer leaflet. In addition, the OM  

contains two types of proteins, integral OM proteins that are β-barrels and  

lipoproteins. Reprinted from (Ruiz et al, 2009) with permission of Nature Publishing 

Group 

 

The peptidoglycan molecule is composed of glycan strands made of 

N-acetylmuramic acid (MurNAc) and β1,2-linked N-acetylglucosamine 

(GlcNac) which are connected by β-1→ 4 bonds (Schleifer & Kandler, 

1972). The peptidoglycan is attached to the outer membrane mostly by a 

peptide bond to the brown lipoprotein (LPP) (Hantke & Braun, 1973). 

As the cell grows, it must elongate and then divide. To accommodate this 

process the cell envelope has to be continuously remodeled. Cell division in 

most rod-shaped bacteria, such as E. coli, occurs in a binary mode of fission. 

First the mother cell elongates to approximately twice its original size, then 

the cell envelope starts to invaginate, which ultimately results in partitioning 
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of the cell compartments and birth of two (to the mother) identical daughter 

cells (Figure 11). Remarkably, this cycle is repeated every 20 minutes when 

cells are kept in a nutritient rich environment at 37 ºC.  

 

Figure 11; A schematic view of the cell cycle in E. coli. First the cell elongates to 

approximately twice its original size. Thereafter the membranes start to constrict, 

first the inner- followed by the outer membrane. In a final stage the mother cells 

pinches of to become two daughter cells. Adapted from (Skoog et al, 2012). 

Cell Division  

 

Cell division is mediated by a large complex known as the divisome 

(Goehring et al, 2005). The divisome and its auxiliary constituents spans all 

compartments of the cell, from the cytoplasmic side of the inner membrane 

via the periplasm to the outer membrane, reviewed in (Natale et al, 2013). 

Over 30 different proteins are known to be directly or indirectly involved in 

the cell division process, however, the “core” consists of the essential 

proteins FtsZ, ZipA, FtsA, FtsK, FtsL, FtsB, FtsQ, FtsI and FtsN (Weiss, 

2004). Although the molecular roles for each of the divisome proteins are 

not fully understood, much of what is known was discovered with the aid of 
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fluorescence microscopy/spectroscopy. The nomenclature in the 

literature on this subject is not consistent; where some define the divisome as 

all proteins involved in the division event, see for example (Rico et al, 

2013), while others define the “FtsZ-ring with all its associated proteins” as 

the divisome (Aarsman et al, 2005). To avoid confusion; from here on when 

I refer to the divisome I specifically mean only the essential proteins FtsZ, 

ZipA, FtsA, FtsK, FtsL, FtsB, FtsQ, FtsI and FtsN. These proteins are either 

cytoplasmic proteins (FtsZ and FtsA) or inner membrane proteins (ZipA, 

FtsK, FtsL, FtsB, FtsQ, FtsI and FtsN). With the definition presented above 

the assembly of the divisome occurs in a two-step manner (Aarsman et al, 

2005) and once fully assembled the mature divisome initiates the  

constriction of the cell envelope towards closure (Lutkenhaus, 2009).  

Spatial modulators of the divisome  

 

Two independent but complementary systems ensure correct spatial  

localization of the divisome during division. These are the Min system  

(de Boer et al, 1989) and nucleoid occlusion (Woldringh et al, 1991).  

The Min system prevents the divisome from assembling anywhere other than 

the midcell while, as the name suggests, nucleoid occlusion hinders cell  

division across the nucleoids.  

 

The E. coli Min system includes three components MinC, MinD and MinE 

that are all encoded in the min operon, reviewed in (Rowlett & Margolin, 

2013). Initially the Min system was thought to be a static structure with 

MinCD localized at the poles while MinE was present at the septum (Zhao et 

al, 1995). However, with the introduction of the GFP-fusion technology it 

was soon discovered that GFP-MinD was oscillating along the long axis of 

the cells in a pole-to-pole manner and that this behavior was MinE  

dependent (Raskin & de Boer, 1999b). MinD is an ATPase belonging to the 
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Walker A cytoskeletal ATPase (WACA) family that is powering the  

pole-to-pole oscillations by ATP consumption (Lutkenhaus, 2008; Raskin & 

de Boer, 1997). Knockout studies revealed that in the absence of MinE, 

MinD was localized as a (non-oscillating) halo around the cell periphery 

indicating that it was bound to the membrane. Subsequent studies showed 

that MinC was oscillating in a manner similar to that of MinD (Hu & 

Lutkenhaus, 1999; Raskin & de Boer, 1999a).  MinC is the only Min protein 

that directly interacts with FtsZ and its main activity is to prevent FtsZ to 

form Z-rings at the septum. 

Even though MinC is the active inhibitor of FtsZ polymerization into  

filaments, it is a quite weak inhibitor when working on its own.  

In contrast, when working in concert with MinD the activity of MinC  

increases ~50 fold (de Boer et al, 1992). This increase in activity is attributed 

to the recruitment of MinC to the membrane by a MinD dimer (Szeto et al, 

2003). MinD binds both MinE and MinC and recruits them both to the 

membrane. The binding sites of MinE and MinC on MinD are partly  

overlapping and if both are present MinE is the slightly preferred binding 

partner (Hu et al, 2003; Lackner et al, 2003). Since MinE has higher affinity 

for binding to MinD it will promote MinC displacement and has therefore an 

anti-MinCD activity associated to it. MinE also converts MinD from active 

to inactive through stimulation of MinD ATPase activity (Pichoff et al, 

1995). It has been proposed that the MinD also plays an active role in  

chromosome segregation (Di Ventura et al, 2013) and that FtsZ, ZipA, ZapA 

and ZapB move in a counter-oscillatory manner in respect to MinC prior to 

septum formation (Bisicchia et al, 2013). These recent findings suggest that 

the complete role of the Min system is not fully understood and that its role 

may be more complex than simply preventing FtsZ from forming Z-rings at 

the poles.  
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Figure 12; Mechanism of the Pole-to-pole oscillations of the Min system.  

The dimeric from of MinD binds to the membrane and there it recruits MinC.  

MinE has two anti-MinCD roles; it displaces physically MinC and stimulates MinD  

release form the membrane through activation of MinD ATPase activity. The  

concentration of MinD-ATP at of the old pole is lower because it binds  

cooperatively to the membrane already containing bound MinD. In contrast, the 

MinD-ATP concentration increases at the other pole, which lacks bound MinD. 

As the MinD concentration rises, it eventually binds, forming a new polar zone. 

Subsequently when MinE is released from the old pole, it will bind to the ends of the 

new MinD polar zone. Reprinted from (Lutkenhaus, 2007) with permission. 
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Nucleoid occlusion hinders the Z-ring from constrict over undivided  

chromosomes. The protein involved in this process was identified when 

screening for synthetically lethal with a defective Min system (slm mutants) 

and was therefore given the name SlmA (Bernhardt & de Boer, 2005). When 

comparing cells lacking the Min system with cells lacking both the Min  

system and SlmA it was found that the cells lacking both had an increased 

number of Z-rings and these Z-rings were often located across the nucleoids. 

In contrast, in wild-type cells SlmA moves away from the septum as the 

chromosomes segregate, promoting Z-ring formation at the septum.  

SlmA binds specifically to a palindromic DNA sequence in the E. coli  

chromosome and that binding of SlmA to DNA activates  

anti-FtsZ activity. Moreover, when SlmA is bound to DNA the GTPase  

activity of FtsZ is increased and increased levels of GTP activates  

disassembly of FtsZ polymers (Cho et al, 2011; Tonthat et al, 2011).  

Taken together those findings indicate that the function of SlmA seems to be 

a kind of anti-guillotine mechanism.     

Divisome assembly  

 

The first protein to arrive at the division septum is FtsZ (Bi & Lutkenhaus, 

1991). FtsZ acts as a scaffold for the rest of the divisome proteins and is 

widely thought to be the main force generator in the membrane constriction 

process (Mingorance et al, 2010). Since the crystal structure of FtsZ from the 

hyperthermophilic methanogen Methanococcus jannaschii was solved in 

1998 (Lowe & Amos, 1998), many models have been proposed for the GTP 

dependent constriction process. One particularly appealing model suggests a 

hinge-opening mechanism that would provide the necessary force to  

constrict the Z-ring (Li et al, 2013). Osawa and Erickson suggested that FtsZ 

(in the presence of FtsA) could constrict unilamellar liposomes (Osawa & 

Erickson, 2013). But in their study it was unclear if the constriction was 
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initiated from completely round liposomes or from liposomes with an inherit 

kink at the middle (as this would mean that it would constrict spontaneously 

as long as the line tension is higher than the surface tension). Thus, the force 

generating role of FtsZ is still controversial and remains to be further  

elucidated through experimental work.   

 

Next to be recruited to the midcell are FtsA and ZipA (Pichoff & 

Lutkenhaus, 2002). The roles of these proteins are somewhat overlapping 

and they tether FtsZ to the inner membrane, stabilize it and they facilitate 

polymerization of FtsZ (Addinall & Lutkenhaus, 1996; Hale & de Boer, 

1997; Ma et al, 1996). FtsZ, FtsA and ZipA are together with four non-

essential proteins, ZapA-ZapD (Durand-Heredia et al, 2012; Durand-Heredia 

et al, 2011; Ebersbach et al, 2008; Gueiros-Filho & Losick, 2002; Hale et al, 

2011), forming an intermediate structure called the Z-ring. ZapA interacts 

direct with FtsZ, binding on the inside of the Z-ring, while ZapB binds to 

ZapA in a stabilizing context (Galli & Gerdes, 2010). ZapC suppresses FtsZ 

GTPase activity and together with ZapD increases the Z-ring stability by 

promoting lateral interactions between and bundling of FtsZ polymers 

(Durand-Heredia et al, 2012; Hale et al, 2011). A fifth Zap protein (ZapE) 

was recently identified, but as opposed to the other Zap proteins ZapE was 

found to be recruited at a late stage of cell division and that it correlated with 

constriction of the Z-ring (Marteyn et al, 2014).  

In spite of the many interaction partners identified for FtsZ, its turnover in 

the Z-ring is estimated to be on the order of 10 seconds (based on FRAP 

measurements on FtsZ-GFP) (Stricker et al, 2002), FRAP measurements on 

ZipA-GFP also revealed that ZipA is dynamic (Stricker et al, 2002).  

The Z-ring can thus be regarded as a highly dynamic structure. 
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After the assembly of the Z-ring a lag period follows before the rest of the 

essential divisome proteins are recruited to the midcell, these proteins are 

FtsK, FtsQ, FtsL, FtsB, FtsW, FtsI and FtsN (Begg et al, 1995; Boyle et al, 

1997; Buddelmeijer et al, 2002; Dai et al, 1993; Guzman et al, 1992; Spratt, 

1977). The specific roles of these proteins are not fully understood.  

However, through a combination of genetic and fluorescence studies it is 

known that proteins that arrive in the second step of divisome assembly 

closely interact with one another but also with proteins in the Z-ring 

(Alexeeva et al, 2010; Egan & Vollmer, 2013; Fraipont et al, 2011). FtsK is 

responsible for sister chromosome segregation and is required for  

recruitment of the preformed FtsQ-FtsL-FtsB complex (Sherratt et al, 2010; 

Stouf et al, 2013; Yu et al, 1998). The functions of FtsL and FtsB are not 

known, but it has been suggested that they act as scaffolding proteins  

facilitating recruitment of other divisome proteins (Gonzalez & Beckwith, 

2009). FtsL might also have a role in Zn
2+

 transport across the membrane 

(Blencowe et al, 2011). Through bacterial two-hybrid analyses FtsQ has 

been shown to interact with at least 8 of the other divisome proteins (Di 

Lallo et al, 2003; Karimova et al, 2005). But other than that it interacts with 

many of its divisome partners, it is not well understood if FtsQ has a more 

specific role in the divisome. As the cell elongates and a septum is formed, it 

has to be synthesized new peptidoglycan. FtsW is a member of the SEDS 

(shape, elongation, division, and sporulation) family and is involved in  

flipping of a peptidoglycan precursor (lipid II) across the cytoplasmic  

membrane (Holtje, 1998; Mohammadi et al, 2011). FtsW localization at the 

septum required for recruitment of FtsI and they can form a subcomplex 

independently of other divisome proteins (Fraipont et al, 2011). FtsI is a 

transpeptidase that is involved in the biogenesis of peptidoglycan at the 

midcell (Weiss et al, 1999; Weiss et al, 1997). Finally, FtsN is believed to 

have a stabilizing effect on the divisome and potentially trigger the onset of 

membrane constriction (Rico et al, 2010).  
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Figure 13; Hierarchical assembly order of the divisome. The arrows indicate the 

specific pathways for the recruitment of the proteins to the septum and sub complex-

es are illustrated by boxes.    

 

The outer membrane is thought to constrict partly powered by the  

transenvelope spanning Tol-Pal system, partly by ingrowth of the  

peptidoglycan layer (Egan & Vollmer, 2013). The outer membrane localized 

lipoprotein Lpp (Braun’s lipoprotein) is covalently linked to the  

peptidoglycan (Cowles et al, 2011; Hantke & Braun, 1973). This suggests 

that an inward growth of the peptidoglycan would pull the outer membrane 

to follow. The Tol and Pal proteins are recruited to the septum in an FtsN 

dependent manner and therefore is the Tol-Pal system usually considered as  

(peripheral) part of the cell division machinery. This complex is comprised 

by five known constituents; TolQ, TolR and TolA that are all cytoplasmic 

transmembrane proteins, TolB that is a soluble periplasmic protein and Pal 

that is an outer membrane protein (Gerding et al, 2007). TolQ, TolR and 

TolA forms a subcomplex in the inner membrane through interactions  

between their transmembrane helices and TolB and Pal forms a complex in 

the outer membrane (Bouveret et al, 1995; Derouiche et al, 1995; Lazzaroni 

et al, 1995). The two complexes are connected through interactions between 

both TolA-Pal and TolA-TolB (Cascales et al, 2000; Dubuisson et al, 2002). 

Thus protein-protein interactions physically connect the inner and outer 

membrane at the septum and therefore is was suggested that the Tol-Pal  

system could be responsible for the inward pulling of the outer membrane 

during division.  
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Not much is known about how the peptidoglycan hydrolases function and 

how they regulate septum cleavage towards the end of cell division but the 

data available indicates that the activation of a number of cell wall  

hydrolases (AmiA, AmiB and AmiC) is regulated by the divisome associated 

proteins EnvC and NlpD, which in turn are regulated and activated by FtsN 

or FtsEX (Uehara et al, 2010). FtsN is required for correct localization of 

AmiB to the septum and EnvC is recruited by FtsEX. AmiA and AmiB are 

activated by the periplasmic EnvC.  Correct localization is essential for these 

proteins as displacement of EnvC causes cell lysis, potentially by  

recruitment and activation of AmiA and AmiB at sites away from midcell 

(Uehara et al, 2010). Furthermore, an active FtsI is required for recruitment 

and activation of the septum cleaving amidases (Peters et al, 2011).  

 Visualizing the Z-ring  

 

The possibility to genetically tag divisome components with GFP and then 

follow their localization patterns in live cells was a breakthrough when it 

was first reported some 15 years ago (Sun & Margolin, 1998). However, it 

quite soon became evident that conventional fluorescence microscopy would 

not give enough information to shed light on the finer structure of the Z-ring 

in vivo. Recent improvements in imaging technologies, both light and  

electron based, have allowed for eluding parts of the structure of the Z-ring. 

Electron Cryo-Tomography (ECT) images on the FtsZ-ring from another  

Gram-Negative bacterium, Caulobacter crescentus, revealed that the  

structure of the ring not homogenous but that it was composed of short  

single layered filaments, each 40-120 nm long and localized 16 nm from the 

inner membrane (Li et al, 2007). Although electron microscopy is superior in  

resolution when compared to light microscopy based methods and has 

proved to be successful in certain aspects of cell division related questions, 

the sample preparation is tedious and the technique is fundamentally limited 
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by sample thickness, which rules out investigations in larger bacteria (such 

as E. coli and Bacillus subtilis). One particular important step in better  

understanding the role of FtsZ during cell division in live cells came through 

the introduction of fluorescence based super resolution microscopy. Fu et al. 

pioneered PALM imaging on the divisome and were able to determine the in 

vivo structure of the Z-ring in E. coli to be 110 nm thick and (in contrast to  

previous ECT data obtained from C. crescentus) that the Z-ring was  

composed of several overlapping FtsZ protofilaments (Fu et al, 2010).  

Recently, also using PALM Buss et al. provided new information regarding 

the roles of ZapA and ZapB in vivo. Rather than to promote association of 

individual FtsZ protofilaments the Zap proteins were suggested to align FtsZ 

clusters consisting of multiple FtsZ protofilament (Buss et al, 2013).  

The Z-ring in both B. subtilis and Staphylococcus aureus appears to form a 

kind of beads on a string formation determined from 3D-SIM images 

(Strauss et al, 2012). Using PALM Manley and colleges recently confirmed 

that C. crescentus Z-ring did not form a homogenous ring (Holden et al, 

2014). Furthermore, in C. crescentus the three-dimensional strucutre of  FtsZ 

also appered to change thickness during different stages of cell cycle (going 

from 67 nm prior to division to 92 nm during division) when imaged by 

super-resolution based on astigmatism and the turn over of FtsZ molecules at 

the septum was also found to be higher than previously reported for E. coli 

(~100 ms vs. ~8 sec.) (Biteen et al, 2012). Even though there are clear  

differences in the Z-ring dynamics between the different species it appears 

consistent that with the foundation in these super resolution based studies a 

picture is starting to emerge of the Z-ring as a dynamic cluster of short het-

erogeneous FtsZ protofilaments (organized either in a single layer or  

overlapping layers) rather than a homogenous ring that spans the mid cell. 
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Figure 14; Model for FtsZ protofilament organization at the midcell. Short 

(~100 nm) protofilaments (red stripes) forms either a single layer (as suggested by 

ECT) or overlaying layers (as suggested by super-resolution fluorescence  

microscopy). In neither model is the Z-ring a continuous structure.  Reprinted with 

permission from Elsevier 

 

Unfortunately, none of these studies revealed anything about the structure, 

behavior or localization of FtsZ at the very last stages of inner membrane 

closure. One reason for that is that that even super resolution imaging has its 

limits, not only in terms of resolution but also in terms of practicality  

(e.g. fixed vs. live cells, photo physical properties of the fluorescent proteins, 

image acquisition time etc.). Therefor I believe that our FRAP approach is 

an excellent complement to the super resolution methods as it provides a 

different kind of resolution.      

Divisome disassembly  

 

Towards the end of the division process the divisome must disassemble so 

that the membranes can fuse and that the involved proteins can redistribute 

to the daughter cells in order to initiate the next round of division. To date, 

very little is known about this late stage in cell division. From electron  

microscopy studies on FtsZ protofilaments in vitro we know that the Z-ring 

cannot form a closed ring. These studies lay the foundation for theoretical 

calculations that showed a minimal possible FtsZ protofilament diameter of 

approximately 24 nm (Erickson et al, 2010; Lu et al, 2000). If taking in to 

account the linker (FtsA) this would result in the maximum possible  
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constriction of the inner membrane would be approximately 57 nm. It could 

even be so that FtsZ even prefers a less curved intermediate conformation 

with a diameter of approximately 200 nm (Erickson et al, 2010). Thus the 

view of FtsZ as the main force generator constricting the inner membrane 

may hold early in the constriction event, however towards the end of  

membrane constriction it seems unlikely that FtsZ can provide the force 

needed. As FtsZ disassembles from the divisome it will within seconds  

relocate to the future division sites in the daughter cells (Sun & Margolin, 

1998). Following inner membrane closure and compartmentalization of the 

cytoplasm the rest of the divisome lags behind still accumulated at the  

division septum (Paper II). 

 

 

Figure 15; FtsZ minirings. FtsZ can not form rings smaller than 24 nm in diameter 

(blue), and taking in to account the tether (pink) and FtsA (brown) the inner 

membrane has a minimun diamter or ~57 nm. Reprinted from (Erickson et al, 2010; 

Erickson et al, 1996)  with premission from the American Society for Microbiology. 

 

FtsA and ZipA are the first proteins to disassemble from the divisome after 

FtsZ. As they do so, they will almost instantaneously relocate to the future 

division site in the daughter cells and there form new Z-ring together with 

FtsZ (Addinall & Lutkenhaus, 1996). We have shown (in Paper II and III) 

that the late divisome proteins FtsQ, FtsL and FtsI remain at the septum even 

after the relocation of FtsZ, FtsA and ZipA to the future division sites in the 
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daughter cells. Two independent studies showed that FtsK remained at the 

septum while FtsZ and ZapA/B relocated to the future division sites in the 

daughter cells (Galli & Gerdes, 2010; Wang et al, 2005). Although, we have 

not investigated the localization behavior of all the “late” divisome proteins 

it stands to reason that FtsW and FtsN might also lag at the old septum due 

to their interactions with other “late” divisome proteins and the fact that if 

FtsN is not present the divisome starts to disassemble in a reverse order to its 

assembly (Rico et al, 2010). The reason for this lag is not fully understood. 

One plausible explanation would be that the proteins that are not required in 

the first step of divisome assembly are purposely retarded at the old septum 

in order not to initiate membrane invagination prematurely, potentially in 

order to allow the cells to synthesize enough polar peptidoglycan for septum 

ingrowth. This would agree with previous observations that the late divisome 

proteins arrives at the division site in a sequential manner (Aarsman et al, 

2005).  
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Conclusions and unpublished observations 

With the completion of this thesis the first few steps have been taken in  

order to obtain a better understanding of the disassembly dynamics of the 

cell division machinery in E. coli. With the combined use of confocal  

microscopy, SIM and FRAP I made novel observations regarding the  

progression of the cell division event correlated to divisome localization.  

In Paper I it was unequivocally shown that the cytoplasm compartmentalizes 

prior to the periplasm, which was before not experimentally shown for E. 

coli. The experimental approach (dual color FRAP) developed in Paper I 

was thereafter used in Paper II to show that FtsZ (and ZapA) disassembles 

from the division septum prior to cytoplasmic compartmentalization. It has 

been suggested that it might be the disassociation of FtsZ from the divisome 

that ultimately allows the bilayer of inner membrane to fuse, owing the fact 

that fusion in principle could be mediated by lipid synthesis, as shown in the 

L-form of B. subtilus (Mercier et al, 2013). Another possibility is that inner 

membrane fusion might be driven by inward growth of the peptidoglycan 

layer; however, further experimental work is required to resolve this funda-

mental question regarding the final step in E. coli cytokinesis.  

In contrast, FtsA, ZipA, FtsQ, FtsL and FtsI were shown to remain at the  

division septum until the cytoplasm was compartmentalized. This  

observation was in Paper II and III strengthen by dual color time lapse  

microscopy showing that there is a sequential order governing the  

disassembly of the divisome. Furthermore, in Paper III I showed that both 

ZipA and FtsA relocated to the future division sites prior the disassembly of 

FtsQ, FtsL and FtsI from the old septum, indicating that the divisome  
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disassembly is at a least three step process. As an extra step I was also able 

to integrate the FRAP approach with the dual color localization  

experiments in order to confirm both that the cytoplasm is  

compartmentalized in the absence of FtsZ and that other divisome  

components remain that the old septum even after cytoplasmic  

compartmentalization and relocation of FtsZ to the quarter sites in the 

daughter cells (Figure 16). 

 

 

 

Figure 16; 2-in-1 experiment. FRAP measurements on Cerulean in the cytoplasm 

were carried out on cells simultaneously expressing FtsZ-mCherry and GFP-FtsI. 

A, Fluorescence images of cells during different stages of cell division confirmed the 

sequential disassembly of the divisome. B, Intensity profiles shows the GFP (FtsI) 

and mCherry (FtsZ) localization in the cells at each stage. C, FRAP profiles of  

Cerulean fluorescent protein indicates whether or not the cytoplasm has  

compartmentalized (and thus if the inner membrane has sealed of). These combined 

data confirmed our previous obtained results that the cytoplasm is compartmental-

ized in the presence of FtsI but that FtsZ already had relocated to the future division 

sites in the daughter cells. 
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With basis in the recent super resolution studies in E. coli (using PALM) and 

other bacteria (e.g. B. subtilis and C. crescentus) a picture is starting to 

emerge of the Z-ring as a dynamic cluster of short heterogeneous FtsZ  

protofilaments rather than a homogenous ring that spans the mid cell.  

This can also be seen with 3D-SIM and conventional high resolution  

confocal microscopy (Figure 17).   However, to obtain a full understanding 

of the Z-ring structure even higher resolution imaging is needed.  

 

 

 

Figure 17; 3D renderings of E. coli FtsZ-ring structure in vivo suggests an uneven 

distribution of the FtsZ protofilaments (red arrows). A, Confocal. B, 3D-SIM. 

 

 

When working with membrane proteins (as the majority of the proteins are 

that are involved in the cell division) one issue that may arise is that a large 

reporter (such as GFP) might affect the targeting to and insertion in the 

membrane if it is fused to the N-terminus of the protein of study. Since GFP 

generally is not active in the periplasm this fact hampers the amount of  

experimental information that can be gained from fluorescence studies. To 

overcome this obstacle we (in Paper IV) developed a membrane protein  

topology assay based on the split-GFP technology. We were able to produce 

functional protein fusion and we showed that this assay can be used when 

studying membrane proteins involved in cell division.     
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Future prospects 

Even though a great deal is known about the bacterial cell division  

machinery there are fundamental questions that lack answers. Some of the 

most intriguing questions related directly to my work are (1) what is  

triggering FtsZ to disassemble from the divisome? (2) What powers the final 

step in inner membrane invagination and closure? And (3) what is the exact  

structure of the Z-ring in vivo? In order to answer the questions posed above 

a few experimental advancements have to be successful; for example would 

the generation a fully functional FtsZ-GFP fusion to use as a sole source of 

FtsZ in the cell be highly desirable, to obtain an E. coli FtsZ crystal structure 

would benefit the understaninding of Z-ring constriction and additionally I 

believe that to do correlative light and electron microscopy on FtsZ rings 

would provide highly valuable and novel insights. A fully functional  

FtsZ-GFP fusion could potentially be generated from the split-GFP system 

and is currently developed in the lab. But to generate crystals that diffract 

well enough to solve the structure of the E. coli FtsZ is highly challenging 

and has not been possible so far (personal communication with members 

from the Löwe lab). Using a novel tag called miniSOG ( short for mini  

Singlet Oxygen Generator ) that can be genetically expressed and is both 

fluorescent and electron dense it is possible to combine light and electron 

microscopy using only one label (Shu et al, 2011). Furthermore, since the 

miniSOG is just under half the size of GFP (106 vs. 238 amino acids) it may 

be possible that such a fusion protein (miniSOG-FtsZ) would function as a 

sole source of FtsZ in live cells.   
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We have shown that the “late” divisome proteins FtsQ, FtsL and FtsI (and 

potentially FtsW, FtsB and FtsN) remain at the septum after cytoplasmic 

compartmentalization and even as the FtsZ and ZipA relocate to the future 

division sites in the new born daughter cells (Papers III and IV).  

In two independent studies it was shown that FtsK remains longer at the 

division septum than does both FtsZ and ZapA (Galli & Gerdes, 2010; Wang 

et al, 2005). Collectively, those data indicates that the disassembly of the  

E. coli divisome may be regarded as a multi-step process. However, before it 

is possible to make that claim for a fact all divisome proteins need to be  

assayed. To obtain a complete picture of the localization patterns of the  

different divisome components during the later stages of cytokinesis, it 

would be of interest to include all components of the divisome in the FRAP  

measurements on periplasm as well, since this would provide answers to 

what components are present during outer membrane closure. This would 

indirectly shed light on the question whether or not peptidoglycan synthesis 

ongoing at this stage.  

 

Moreover, the interplay between the divisome and the Min system during the 

final stages of cell division is poorly understood. I have begun to correlate 

the localization pattern for divisome proteins with the behavior of the Min 

system using 3D-SIM. I believe that live cell super resolution microscopy 

combined electron microscopy in a correlative imaging mode is the future 

way to go to further understand prokaryotic cell division. Correlative  

imaging may provide a platform to better determine the structural  

organization of known cytoskeletal elements and perhaps also reveal if 

additional cytoskeletal structures are present in bacteria. 

 

 

  



56 

 

 

 

 

Figure 18; Time lapse images depicting pole-to-pole oscillations of EYFP-MinD 

(pseudo colored green). Cells were engineered to express both EYFP-MinD and 

FtsZ-mCherry. Midcell localization of FtsZ-mCherry is evident. 

 Images were acquired by SIM. 

 

Little is known about the temporal cues that enable the Min system to 

change from whole cell pole-to-pole oscillation to half-cell oscillations  

during division. Di Ventura and Sourjik showed that the partitioning of the 

Min system components are equally distributed in the daughter cells and that 

this event occurs before disassembly of FtsZ from the midcell (Di Ventura & 

Sourjik, 2011). Schwille and coworkers have shown that the Min system 

undergoes a transition from single pole-to-pole oscillations to multiple  

oscillations in microengineered polydimethylsiloxane compartments  

containing purified Min proteins ((Zieske & Schwille, 2013) and personal 

communication). This behavior was also observed in filamentous cells  

(treated with cell division inhibiting antibiotics) expressing EYFP-MinD. 

But if it is one or several divisome proteins that are responsible for the  

triggering of the switch from pole-to-pole oscillations to half-cell oscillations 

or if the Min proteins somehow spontaneously transit due to a sensory  

system that detects the variation in cell length and invagination at the 

midcell during division is not known and needs to be further investigated. 
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One specific (on a philosophical level very interesting) type of questions 

regarding cell division that I have encountered numerous times during my 

Ph. D. studies is questions of the type; when is the division over? And, when 

is the old cell becoming two new cells? Is it when the cytoplasm is  

compartmentalized and no more genetic material can be transferred between 

the two or is it when the periplasm is compartmentalized and no proteins can 

be transported across the septum? Or is it even later as the outer membranes 

of the daughter cells physically separate? What is you view?   

- Now this is not the end. It is not even the beginning of the end.  

  But it is, perhaps, the end of the beginning. 

                                                                         Winston Churchill  
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Short summary of the publications included in 

this thesis 

Paper I 

Sequential closure of the cytoplasm and then the periplasm 

during cell division in Escherichia coli 

 

Karl Skoog*, Bill Söderström*, Jerker Widengren, Gunnar von Heijne 

and Daniel O. Daley 

J Bacteriol. 2012 FEB 194(3):584-586. doi: 10.1128/JB.06091-11  

* authors contributed equally to this work 

 

It had long has been thought that the inner membrane seals prior to the outer 

membrane, however this had not been unambiguously shown. In this study 

we developed an assay that enabled us to follow the closing of the inner- and 

outer-membranes during division. We used dual-color FRAP on E. coli cells 

during different stages of the cell cycle. The cells were engineered to express 

GFP freely diffusing in the cytoplasm and mCherry freely diffusing in the 

periplasm. The mCherry molecules were exported to the periplasm via the 

twin arginine translocon pathway. The rationale behind the FRAP 

measurements was that a cell that was open across the division septum 

would show fluorescence recovery after irreversible bleaching of all the  

http://jb.asm.org/search?author1=Karl+Skoog&sortspec=date&submit=Submit
http://jb.asm.org/search?author1=Bill+S%C3%B6derstr%C3%B6m&sortspec=date&submit=Submit
http://jb.asm.org/search?author1=Jerker+Widengren&sortspec=date&submit=Submit
http://jb.asm.org/search?author1=Gunnar+von+Heijne&sortspec=date&submit=Submit
http://jb.asm.org/search?author1=Daniel+O.+Daley&sortspec=date&submit=Submit
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fluorescence in one half of the cell. We found that in an early stage of  

division (were only a small invagination in the membranes were visible as 

judged by light microscopy) both the cytoplasm and periplasm were open for 

diffusion of the fluorescent molecules. At a later stage where the  

invagination was larger, we found that recovery was only allowed for 

periplasmic mCherry but not for cytoplasmic GFP indicating that the inner 

membrane had sealed off and compartmentalized the cytoplasm. In a final 

stage both membranes were closed not allowing for fluorescence recovery in 

neither compartment. From these data we concluded that there is a sequential 

order of the closing of the inner then outer membrane during cell division in 

E. coli.  

Paper II 

Disassembly of the divisome in Escherichia coli: Evidence 

that FtsZ dissociates before compartmentalization 

 

Bill Söderström, Karl Skoog, Hans Blom, David Weiss,  

Gunnar von Heijne
 
and Daniel O. Daley.  

Mol. Microbiol. 2014 92(1):1-9. doi: 10.1111/mmi.12534 

 

A combination of Super Resolution Structured Illumination Microscopy 

(SR-SIM) and FRAP was used in this study to determine if cell division 

proteins are present at the point of cytoplasmic compartmentalisation.  

Cells were engineered to express three fluorescent proteins simultaneously, 

ECFP (Cerulean) in the cytoplasm, RFP (mCherry) in the periplasm and one 

divisome protein fused GFP whereby I monitored the localization  

patterns throughout the cell cycle. In line with the previous presented in vitro 
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data, we show in vivo data that suggests that FtsZ disassociates form the 

division septum prior to cytoplasmic compartmentalization. At this point 

ZapA also disassembles from the divisome. In contrast, all the other proteins 

(i.e. FtsA, ZipA, FtsQ, FtsL and FtsI) under study remained at the septum 

even after cytoplasmic compartmentalization. To further investigate the  

localization patterns, GFP or mCherry was fused to seven of the divisome  

proteins and imaged in a pairwise manner. These data showed that FtsZ  

disassembles from the septum and reassembles at the future  

division sites in the daughter cells prior to the disassembly of FtsQ, FtsL and 

FtsI, which further strengthened our interpretation of a sequential  

disassembly process. Together these data suggests that FtsZ is unlikely to be 

the force generator during the final stage(s) of inner membrane constriction 

in E. coli. 

 

Paper III 

ZipA and FtsA disassemble prior to FtsQ, FtsL and FtsI 

during divisome disassembly. 

 

Bill Söderström, Stephen Toddo, Gunnar von Heijne
 
and Daniel O. 

Daley 
Manuscript. 

 

To better understand the fine details of disassembly of the septal ring in  

E. coli, we in this study compared the localization patterns 

fluorescently tagged divisome proteins during division in a pair 

-wise manner. Here we show that both ZipA and FtsA dissociated from the 

divisome prior to FtsQ, FtsL and FtsI.  We also show that both ZipA and 
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FtsA also reassembles at the future division sites in the daughter cells prior 

the disassembly of FtsQ, FtsL and FtsI from the “old” septum in the mother 

cell. 

With these data we provide a refined model for the disassembly of the  

divisome in the latest stages of cytokinesis in E. coli. 

 

Paper IV 

Application of split-green fluorescent protein for topology 

mapping membrane proteins in Escherichia coli 

 

Stephen Toddo, Bill Söderström, Isolde Palombo, Gunnar von Heijne, 

Morten H Nørholm and Daniel O. Daley 

Protein Sci. 2012 Oct 21(10):1571-1576. doi: 10.1002/pro.2131.  

 

In this paper we developed a system for tagging membrane proteins with 

GFP on the N-terminus. This approach was much needed as the membrane 

insertion can be highly disrupted by fusing a large reporter to the N-terminus 

of the target protein. The split-GFP system can circumvent this problem 

because the smaller fraction is only 16 amino-acids long. The proteins which 

were chosen as model proteins had an already known topology, were PpiD, 

YfgM and ZipA. The two former have their N-termini in the  

cytoplasm and are periplasmic chaperones while the latter has its N-terminus 

in the periplasm and is a component of the divisome. We fused the 16 amino 

acid long polypeptide (called [11H7]) to both the N- and C-termini of the 

model proteins and co-expressed the remainder of the GFP molecule, called  

http://www.ncbi.nlm.nih.gov/pubmed?term=N%C3%B8rholm%20MH%5BAuthor%5D&cauthor=true&cauthor_uid=22825803
http://www.ncbi.nlm.nih.gov/pubmed?term=Daley%20DO%5BAuthor%5D&cauthor=true&cauthor_uid=22825803
http://www.ncbi.nlm.nih.gov/pubmed/22825803
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[1-10OPT], in the cytoplasm. This results in a functional complementation 

whenever the two GFP fractions reside on the same side of the membrane. 

Thus when both 11H7 and 1-10OPT were expressed in the same compartment 

we detected a fluorescence signal. In contrast, when the fractions were  

expressed in different compartments no fluorescence was detected.  

We conclude that the split-GFP system is an excellent addition to the 

toolbox when it comes to topology determination of inner membrane  

proteins in E. coli.          
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Populärvetenskaplig sammamfattning på 

Svenska 

”En bild säger mer än tusen ord”, nog har vi alla hört det uttrycket både en 

och två gånger. När mikroskopet först gjorde intåg i forskningen kunde 

forskare för första gången se enskillda celler, och senare (ett par hundra år 

senare) i och med upptäckten av fluorescenade protein öppnades dörren för 

att på ett icke inovasivt sätt möjliggöra proteinspecifika studier på levande 

celler och i vissa fall hela organismer. Denna avhandling är till största delen 

baserad på resultat erhållna från fluorescensmikroskopiska mätningar. Olika 

aspekter av fluorescensmikroskopi har tillämpats, så som dynamiska- 

(tidsberoende-) och superupplösnings-mätningar. Med ”superupplösning” 

avses metoder som kan ge information (upplösning) vilken vanligtvis inte 

kan erhållas med konventionell fluorescensmikroskopi.     

 

Den modellorganism som använts i mina studier är bakterien Escherichia 

coli. E. coli en vanligen harmlös bakterie som lever tarmarna hos 

varmblodiga djur. E. coli är ett välstuderat modellsystem sett utifrån en 

biologisk synvinkel, och många av upptäckter som sedemera belönats med 

Nobelpris har blivit upptäckta i just E. coli. Tyungpunkten för mina studier 

har lagts vid att undersöka celldelningsapparaten (the ’divisome’). Detta är 

ett multiprotein komplex, vilket är ansvarigt för att cellerna delar på sig på 

korrekt sätt, som består av > 30 proteiner som ansamlas vid septum (cellens 

mitt) på tidsangivna signaler under cellcykeln. Majoriteten av dessa 

proteiner är membranproteiner, d.v.s. proteiner som har ett eller flera 
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segment inkorporerat i cellmembranet. Dessa proteiner måste anta en viss 

topologi (riktning) i membranet för att på korrekt sätt fungera, de måste 

också ansammlas, ”snörpa” ihop cellen och sedemera dissociera från 

varandra vid rätt tidpunkt. För att undersöka membranproteiners topologi i 

inner membranet i E. coli utvecklades en assay baserad på ”split-GFP”. 

”split-GFP” systemet baserar sig på att man fraktionerar en GFP molekyl i 

två icke fluorescerande delar. Dessa delar sedan uttrycks sedan separat i 

cellen och om de kommer i närhet av varandra kommer de att spontant 

sammanfogas till en fungerande molekyl, var på fluorescens kan detekteras. 

Vad jag har i min avhandlig bidragit med till förståelsen gällande celldelning 

i E. coli är att i de senare skederna av celldelningsprocessen är inte hela detta 

komplex nödvändigt och att det sker en sekventiell disassociation av det 

multiprotein komplexet som är ansvarigt för celldelningsprocessen. Denna 

kunskap kan potentiellt leda till effektivare identifikation av nya 

målproteiner för antibiotika.         
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